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ACIDULANTS 


Food acidulants are categorized either as general purpose 
acids or as specialty acids (1). General purpose acids are 
those that have a broad range of functions and can be used 
in most foods where acidity is desired or necessary. Spe- 
cialty acids are those that are limited in their functionality 
and/or range of application. 

Citric acid and malic acid are the predominant general 
purpose acidulants with tartaric and fumaric acids. Fu- 
maric acid is included in this category even though its low 
solubility limits its potential range of application. How- 
ever, it is used in popular and widely consumed food prod- 
ucts, 

Allother acidulants fall into the specialty acid category. 
The most commonly used specialty acids are acetic acid 
(vinegar), cream of tartar (potassium acid tartrate), phos- 
phoric acid, glucono-delta-lactone, acid phosphate salts, 
lactic acid, and adipic acid. 


CITRIC ACID 


Citric acid is the premier acid for the food and beverage 
industry because it offers a unique combination of desir- 
able properties, ready availability in commercial quanti- 
ties, and competitive pricing. It is estimated that citric acid 
worldwide accounts for more than 80% of general purpose 
acidulants used. It is found naturally in almost all living 
things, both plant and animal. It is the predominant acid, 
in substantial quantity, in citrus fruits (oranges, lemons, 
limes, etc), in berries (strawberries, raspberries, currants) 
and in pineapples. Citric acid is also the predominant acid 
in many vegetables, such as potatoes, tomatoes, aspara- 
gus, turnips, and peas, but in lower concentrations. The 
citrate ion occurs in all animal tissues and fluids. The total 
circulating citric acid in the serum of man is approximately 
1 mg/kg of body weight (2). 

Citric acid is manufactured by fermentation, a natural 
process using living organisms. The acid is recovered in 
pure crystalline form either as the anhydrous or mono- 
hydrate crystal depending on the temperature of crystal- 
lization. The transition temperature is 36.6°C. Crystalli- 
zation above this temperature produces an anhydrous 
product while the monohydrate forms at lower tempera- 
tures. With an occasional exception for technological rea- 
sons, the anhydrous form is preferred for its physical sta- 
bility and is the more widely available commercial form. 

The salts of citric acid that are used in the food industry 
are sodium citrate dihydrate and anhydrous, monosodium 
citrate, potassium citrate monohydrate, calcium citrate 
tetrahydrate, and ferric ammonium citrate, in both brown 
and green powder. These salts are used either for func- 
tional purposes such as buffering or emulsification, as a 
source of cation for technological purposes, such as calcium 
to aid the gelation of low methoxyl pectin, or as a mineral 
source for food supplementation. 


Citric acid is a hydroxy tribasic acid that is a white 
granule or powder. It is odorless with no characteristic 
taste other than tartness. Its physical and chemical prop- 
erties are listed in Table 1. Citric acid and its salts are used 
across the broad spectrum of food and beverage products: 


° Beverages 

* Gelatin desserts 

* Baked goods 

Jellies, jams, and preserves 
Candies 

¢ Fruits and vegetables 
Dairy products 

* Meats 

* Seafood 

Fats and oils 


MALIC ACID 


This is the second most popular general purpose food acid 
although less than one-tenth the quantity of citric acid 
used. Malic acid is a white, odorless, crystalline powder or 
granule with a clean tart taste with no characterizing fla- 
vor of its own. The properties of malic acid are listed in 
Table 1. 

Malic acid is made through chemical synthesis by the 
hydration of maleic acid. An inspection of its structure in 
Table 1 reveals that malic acid has an asymmetric carbon 
which provides for the existence of isomeric forms. The 
synthetic procedure for malic acid produces a mixture of 
the D and L isomers. The item of commerce, racemic D, L- 
malic acid does not occur in nature (3) although the acid is 
affirmed as GRAS for use in foods. 

-Malic acid is the isomeric form that is found in nature. 
Itis the predominant acid in substantial quantity in apples 
and cherries and in lesser quantities in prunes, water- 
melon, squash, quince, plums, and mushrooms. Like citric 
acid, L-malic acid plays an essential part in carbohydrate 
metabolism in man and other animals. 

There are no salts of malic acid that are items of com- 
merce for the food and beverage industries. The applica- 
tion for malic and citric acid cover the same broad range 
of food categories. 


TARTARIC ACID 


While tartaric acid has the characteristics of a general pur- 
pose acid, fluctuating availability and price have caused 
users to reformulate where possible. Tartaric acid is a di- 
basic dihydroxy acid. The product is a white odorless gran- 
ule or powder that has a tart taste and a slight character- 
istic flavor of its own. The properties of tartaric acid are 
listed in Table 1. 
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Table 1. Properties of General Purpose Food Acidulants 


Citric Malic Tartaric Fumaric 
Structure COOH COOH COOH COOH 
I | 1 | 
CH, HOCH HCOH CH 
' | i Il 
HO—C—COOH CH, HOCH HC 
1 1 1 1 
CH, COOH COOH COOH 
I 
COOH 
Formula CeH;0; C,H.Os C4H.O¢ CHO, 
Molecular weight 192.12 134.09 150.09 116.07 
Melting point, °C 153 131 169 286 
Solubility at 25°C (g/100 mL of water) 181 144 147 0.63 
Caloric value, keal/g 247 2.39 1.84 2.76 
Hygroscopicity (Resistance to moisture pick up) 
‘At 66% RH Fair Fair Fair Good 
At 86% RH Poor Poor Poor Good 
Ionization constants 
K, 8.2 x 10-* 4x 10-4 1.04 x 10-* 1x 10-8 
K, 1.77 x 1078 9x 10° 5.55 x 10-5 3x 10-5 
Ky 3.9 x 10-° 


Tartaric acid has two asymmetric carbons which permit 
the formation of a dextro (+) rotatory form, a levo (—) 
rotatory form, and a meso form which is inactive due to 
internal compensation. A racemic mixture of dextro- and 
levo-rotatory forms is also a possibility. 

Apart from very limited synthetic production in South 
Africa, tartaric acid is extracted from the residues of the 
wine industry. Therefore the natural form, L-(+)tartaric 
acid, is the article of commerce. The structure in Table 1 
is L-( + tartaric acid. 

Potassium acid tartrate, also known as cream of tartar, 
is the major salt used in the food industry. It is occasionally 
used as the acid portion of a chemical leavening system for 
baked goods. It is also used as a doctor in candy making to 
prevent sugar crystallization by inverting a portion of the 
sucrose. 

Tartaric acid can be used in most food categories and 
functions that require acidification but in practice it is lim- 
ited to grape flavored products, particularly beverages and 
candies. It is also used where high tartness is desired in a 
highly soluble acid. 


FUMARIC ACID 


Fumaric acid is also a naturally occurring, organic, general 
purpose food acid. Although not found ubiquitously or in 
the concentrations of citric acid, fumaric nevertheless is 
found in all mammals as well as rice, sugar cane, wine, 
plant leaves, bean spouts, and edible mushrooms. 
Fumaric acid is made synthetically by the isomerization 
of maleic acid. It is also produced by fermentation of glu- 
cose or molasses with Rhizopus spp. (4). It is a white crys- 
talline powder that has the clean tartness necessary for a 
food acidulant. Table 1 shows that fumaric acid is the 
strongest of the food acids and is also the least soluble. The 
low solubility of fumaric acid limits its usefulness in foods. 


In processes where 50% stock solutions are mandatory 
such as carbonated beverages and jams and jellies, fumaric 
acid cannot be used. 

Fumaric acid is extensively used in noncarbonated fruit 
juice drinks. Its greater acid strength allows lower use lev- 
els than citric acid and its solubility and rate of solution 
are sufficient for this process. Fumaric is also used in con- 
sumer packed gelatin desserts because of its low hygro- 
scopicity. The only salt of fumaric acid that has had any 
application in the food industry is ferrous fumarate for iron 
fortification. 


FUNCTIONS OF FOOD ACIDS 


Food acidulants and their salts perform a variety of func- 
tions. These functions are as antioxidants, curing and pick- 
ling agents, flavor enhancers, flavoring agents and adju- 
vants, leavening agents, pH control agents, sequestrants, 
and synergists. The definitions for these functions are con- 
tained in the U.S. Code of Federal Regulations (5). Some 
of the functions overlap and in any given application an 
acidulant will often perform two or more functions. 


Flavor Enhancer and Flavor Adjuvant 


These functions are performed by a majority of the acidu- 
lants consumed by the food and beverage industries. Acids 
provide a tang or tartness that compliments and enhances 
many flavors but do not impart a characteristic flavor of 
their own. The acid itself should have a clean taste and be 
free of off notes that are foreign to foods. Some acids, such 
as succinic acid, have a distinctive taste which is incom- 
patible with most food products; and hence, these acids 
have achieved very little use. 

The need for tartness is obvious. Citrus and berry fla- 
vors would be fiat and lifeless without at least a touch of 


acidity. However, not all fruit flavors require the same de- 
gree of tartness. Lemon candies and beverages are tradi- 
tionally very sour, while orange and cherry are a little less 
tart. Flavors like strawberry, watermelon, and tropical 
fruits require only a trace of acidity for flavor enhance- 
ment. 

In noncola carbonated beverages, beverage mixes, can- 
dies and confections, syrups and toppings, and any appli- 
cation where high solubility is required, citric and malic 
acids are used extensively. Fumaric acid is used in all 
ready constituted still beverages for economic reasons. 
Several acids are suitable for some flavors but not for 
others. For example, phosphoric acid is used in cola bev- 
erages but not in fruit flavored ones. Tartaric acid presents 
still another category. It has traditionally been used in 
grape flavored products even though it is suitable for other 
flavors. 

The general purpose acids impart different degrees of 
tartness that are in part a result of their different acid 
strengths. Table 2 summarizes the tartness equivalence of 
the general purpose acids. The relationship shown is based 
only on tartness intensity and not character of flavor. This 
relationship can change depending on the formulation in- 
gredients and the particular flavor system being studied. 
Malic acid, for example, has been claimed to be 10-15% 
more tart than citric acid in juice based, fruit flavored still 
beverages. In fruit and berry carbonated beverages, both 
acids have been perceived as being of equal tartness. Tart- 
ness is a difficult property to measure precisely and it must 
be determined by a trained and experienced taste panel. 

Acids have also been used for their effects on masking 
undesired flavors in foods and food ingredients. Both citric 
and malic acids and citrate salts are known for their ability 
to mitigate the unpleasant aftertaste of saccharin. Gluco- 
nate salts and glucono-delta-lactone (GDL) have been pat- 
ented for this function (6,7). Claims of enhanced benefits 
for malic acid over citric acid when used with the new in- 
tense sweeteners have been made but definitive advan- 
tages have not yet been demonstrated. 


pH Control 


Control of acidity in many food products is important for a 
variety of reasons. Precise pH control is important in the 
manufacture of jams, jellies, gelatin desserts, and pectin 
jellied candies in order to achieve optimum development 
of gel character and strength. Precise pH control is also 
important in the direct acidification of dairy products to 
achieve a smooth texture and proper curd formation. In- 
creasing acidity enhances the activity of antimicrobial food 
preservatives, decreases the heat energy required for ster- 
ilization, inactivates enzymes, aids the development of 


Table 2. Tartness Equivalence 


General-purpose acids Weight equivalence 
Citric 1.0 
Fumaric 0.6-0.7 
Tartaric 0.8-0.9 
Malic 0.85-1.0 
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cure color in processed meats, and aids the peelability of 
frankfurters. 

Gelatin desserts are generally adjusted to an average 
pH of 3.5 for proper flavor and good gel strength. However, 
the pH can range from 3.0-4.0. Adipic and fumaric acids 
are used in gelatin desserts that are packaged for retail 
sales. Their low hygroscopicity allows use of packaging ma- 
terials that are less moisture resistance and less expen- 
sive. 

In jams and jellies, the firmness of pectin gel is depen- 
dent on rigid pH control. Slow set pectin attains maximum 
firmness at pH 3.05-3.15 while rapid set pectin reaches 
maximum firmness at pH 3.35-3.45 (8). The addition of 
buffer salts such as sodium citrate and sodium phosphate 
assist in maintaining the pH within the critical pH range 
for the pectin type. These salts also delay the onset of gel- 
ation by lowering the gelation temperature. The acid 
should be added as late as possible in the process. Pre- 
mature acid addition will result in some pectin hydrolysis 
and weakening of the gel in the finished product. The acid 
is added as a 50% stock solution and thus soluble acids are 
required. Citric is generally used in this application but 
malic and tartaric are also satisfactory. 

The United States Federal Standards of Identity (9) 
provide for the direct acidification of cottage cheese by the 
addition of phosphoric, lactic, citric, or hydrochloric acid as 
an alternate procedure to production with lactic acid pro- 
ducing bacteria. Milk is acidified to a pH of 4.5—4.7 without 
coagulation, and then after mixing, is heated to a maxi- 
mum of 120°F without agitation to form a curd. Glucono- 
delta-lactone is also permitted for this application. It is 
added in such amounts as to reach a final pH value of 4.5— 
4.8 and is held until it becomes coagulated. GDL is pre- 
ferred for this application because it must undergo hydro- 
lysis to gluconic acid before it can lower pH. Thus the rate 
at which the pH is lowered is slowed, avoiding local de- 
naturation. 

The activity of antimicrobial agents (benzoic acid, sorbic 
acid, propionic acid) is due primarily to the undissociated 
acid molecule (10). On the basis of undissociated acid con- 
centration, Giannuzzi et al. (11) have shown that citric acid 
is more effective than ascorbic or lactic acids in inhibiting 
Listeria monocytogenes in a trypticase soya broth contain- 
ing yeast extract. Under refrigerated temperatures, higher 
inhibition indices were obtained in the presence of lower 
concentrations of citric acid. Activity is therefore pH de- 
pendent and theoretical activity at any pH can be calcu- 
lated. Table 3 shows the effect of pH on dissociation. It can 
be seen why acidification improves preservative perfor- 


Table 3. Effect of pH on Dissociation® 


pH Sorbic Benzoic Propionic 
3 98 94 99 

4 86 60 88 

5 37 13 42 

6 6 15 6.7 

cd 06 0.15 0.7 
(pK,) 4.67 4.19 4.87 


"Percentage of undissociated acid. 
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mance and why benzoates are not generally recommended 
above pH 4.5. 

The use of acid to make heat preservation more effec- 
tive, especially against spore-forming food spoilage organ- 
isms, is an established part of food technology. Under U.S. 
Federal Standards of Identity (12), the addition of a suit- 
able organic acid or vinegar is required in the canning of 
artichokes (to reduce the pH to 4.5 or below) and is optional 
in the canning of the vegetables listed in Table 4. Vinegar 
is not permitted in mushrooms. Citric acid is specifically 
permitted as an optional ingredient in canned corn and 
canned field corn. 

The advantage of acidification is especially well illus- 
trated in the canning of whole tomatoes. When the pH of 
these is greater than 4.5, there is increased incidence of 
spoilage in the cans. When tomatoes of pH 3.9 are pro- 
cessed at 212°F, only 34 min are required to kill a normal 
or high spore load without decreases in color and flavor and 
deterioration of structure. In contrast, at pH 4.8 the cook- 
ing must be 110 min (18). 

In the processing of fruits and vegetables, whether for 
canning, freezing, or dehydration, the prevention of dis- 
coloration in the fresh cut tissue is a major concern. Re- 
actions in which polyphenolic compounds are changed by 
oxidation into colored materials play an important part in 
this discoloration which may be accompanied by undesir- 
able flavors. The ascorbic acid naturally present in many 
fruits and vegetables offers some protection, but this is of 
relatively short duration because of destruction of ascorbic 
acid by natural enzymes and air. Heating, as applied in 
blanching, destroys the oxidative enzymes which cause 
discoloration but may alter flavor and texture if continued 
sufficiently to completely inactivate oxidative enzymes. 

Lowering pH by addition of acid substantially decreases 
the activity of natural color producing enzymes in fruits. 
Citric acid also sequesters traces of metals which may ac- 
celerate oxidation. Even greater protection is obtained by 
using citric acid in conjunction with a reducing agent such 
as ascorbic or erythorbic acid. Some processors have found 
that a combination of sodium erythorbate and citric acid 
best serves their needs. 


ically leavened baked goods is the reaction of an acidulant 
with a carbonate or bicarbonate resulting in the generation 
of carbon dioxide. The physical state of some food acids as 
dry solids is a property appropriate for beverage mixes and 
chemical leavening systems. In the absence of water, there 
is essentially no interaction between such acids and so- 
dium bicarbonate. Thus these dry mixes can be stored for 
long periods. 

A desired property for an acidulant in a chemical leav- 
ening system is that it react smoothly with the sodium 
bicarbonate to assure desirable volume, texture, and taste. 
Leavening acids and acid salts vary quantitatively in their 
neutralizing capacity. This relationship is shown in Table 
5. A new heat-activated leavening agent, dimagnesium 
phosphate, was recently reported for use in finished baked 
products (14). 

The various acids differ in their rate of reaction in re- 
sponse to elevation of temperature. This must be taken 
into consideration in selecting an acidulant for a particular 
condition. Under some conditions, a mixture of acidulants 
may be most suitable to achieve desired reaction times. 
Table 6 compares the reaction times of GDL and cream of 
tartar. 

Glucono-delta-lactone is an inner ester of gluconic acid 
that is produced commercially by fermentation involving 
Aspergillus niger or A, suboxydans. When it hydrolyzes, 
gluconic acid forms and this reacts with sodium bicar- 
bonate. Although GDL is relatively expensive, there are 
certain specialized types of products such as pizza dough 
and cake doughnuts for which it is eminently suited as an 
acid component of the leavening system. Cream of tartar 
(potassium acid tartrate) has limited solubility at lower 
temperatures. There is a limited evolution of gas during 
the initial stages of mixing in reduced temperature bat- 


Table 5. Neutralizing Value of Various Acidulants Used in 
Chemical Leavening 


Parts acid to neutralize 
one part sodium 


Acid bicarbonate 
Leavening Agent Fumaric 0.69 
Glucono-delta-lactone 2.12 
The basis for the formulation of effervescent beverage pow- Cream of tartar 204 
ders, effervescent compressed tablet products, and chem- Sodium acid pyrophosphate 1.39 
Anhydrous monocalcium phosphate 1.20 
Monocalcium phosphate monohydrate 1.25 
Table 4. Canned Vegetables in which Use of Acids is Sodium aluminum sulfate 1.00 
Optional Sodium aluminum phosphate 1.00 


Asparagus Celery Potatoes 
Bean sprouts Greens, collard Rutabagas 

Beans, butter Greens, dandelion —_Salsify 

Beans, lima Greens, mustard Spinach 

Beans, shelled Kale Sweet peppers, green 
Beet greens Mushrooms Sweet peppers, red 
Beets Okra Sweet potatoes 
Broccoli Onions Swiss chard 

Brussels sprouts Parsnips. Tomatoes 

Cabbage Peas, black-eyed Truffles 

Carrots Peas, field Turnip greens 
Cauliflower Pimientos Turnips 


Table 6. Comparison of Carbon Dioxide Evaluation in 
GDL and Cream of Tartar at Room Temperature 


Time (min) GDL (%) Cream of tartar (%) 
05 12.7 53.7 
2 19.5 80.0 
5 32.3 92.0 

20 69.0 99.4 

60 92.4 100.0 


ters. At room temperature and above, the rate of reaction 
increases. Because of these characteristics, and its pleas- 
ant taste, cream of tartar is used in some baking powders 
and in the leavening systems of a number of baked goods 
and dry mixes. 


Antioxidants, Sequestrants, and Synergists 


Oxidation is promoted by the catalytic action of certain me- 
tallic ions present in many foods in trace quantities. If not 
naturally present in a food, minute quantities of these met- 
als, particularly iron and copper, can be picked up from 
processing equipment. Oxidation is the cause of rancidity, 
an off flavor development in fat. It is also responsible for 
off color development that renders a food unappetizing in 
appearance. Hydroxy-polycarboxylic acids such as citric 
acid sequester these trace metals and render them un- 
available for reaction. In this regard the acids function as 
antioxidants. 

Hydroxy-polycarboxylic acids are often used in combi- 
nation with antioxidants such as ascorbates or erythor- 
bates to inhibit color and flavor deterioration caused by 
trace metal catalyzed oxidation. The ascorbates and ery- 
thorbates as well as BHA, BHT, and other approved anti- 
oxidants and reducing agents are oxygen scavengers and 
are effective when used alone. The effect of the combina- 
tion of a sequestrant, such as a hydroxy-polycarboxylic 
acid, and an antioxidant is synergistically greater than the 
additive effect of either component used alone. 

Citric acid is the most prominent antioxidant synergist 
although malic and tartaric acid have been used. In meat 
products, U.S, Department of Agriculture regulations per- 
mit citric acid in dry sausage (0.003%), fresh pork sausage 
(0.01%), and dried meats (0.01%). A short dip in a bath 
containing 0.25% citric and 0.25% erythorbic acid improves 
quality retention in frozen fish. This treatment is also ap- 
plicable to shellfish to sequester iron and copper that cat- 
alyze complex blueing and darkening reactions. 

Untreated fats and oils, both animal and vegetable, are 
likely to become rancid in storage. Oxidation is promoted 
by the catalytic action of certain metallic ions such as iron, 
nickel, manganese, cobalt, chromium, copper, and tin. Min- 
ute quantities of these metals are picked up from process- 
ing equipment. Adding citric acid to the oil sequesters 
these trace ions, thereby assisting antioxidants to prevent 
development of off flavors. Although the oil solubility of 
citric acid is limited, this can be overcome by first dissolv- 
ing it in propylene glycol. The antioxidant can be dissolved 
in the same solvent so that the two can be added in com- 
bination. 


Curing Accelerator 


The acids approved by the U.S. Department of Agriculture 
for this function in meat products (1) must be used only in 
combination with curing agents. In addition to ascorbates 
and erythorbates, the approved acids are: 


1. Fumaric acid to be used at a maximum of 0.065% (1 
0z-100 lb) of the weight of the meat before process- 
ing. 
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2. GDL to be used at 8 oz to each 100 lb of meat in 
cured, comminuted meat products and at 16 oz per 
100 Ib of meat in Genoa salami. 

3. Sodium acid pyrophosphate not to exceed, alone or 
in combination with other curing accelerators, 8 oz 
per 100 lb of meat nor 0.5% in the finished product. 

4. Citric acid or sodium citrate to replace up to 50% of 
the ascorbate or erythorbates used or in 10% solution 
to spray surfaces of cured cuts. 


In conjunction with sodium erythorbate or related re- 
ducing compounds, GDL accelerates the rate of develop- 
ment of cure color in frankfurters during smoking. This 
permits shortening smokehouse time by one half or more 
and products have less shrinkage and better shelf life. 

The special property of GDL upon which these advan- 
tages depend is its lactone structure at room temperature. 
In this form there is no free acid group and the GDL can 
thus be safely added during the emulsifying stage of sau- 
sage making without fear of shorting out the emulsion. Un- 
der the influence of heat in the smoking process, the ester 
hydrolyzes rapidly and is converted in part to gluconic 
acid. This lowers the pH of the emulsion during smoking, 
providing conditions under which sodium erythorbate or 
other reducing compounds (erythorbic acid, ascorbic acid, 
and sodium ascorbate) react with greater speed to convert 
the nitrite of the cure mixture into nitric oxide. The nitric 
oxide, in turn, acts upon the meat pigment to form the 
desired red nitrosomyoglobin. 


CONCLUSION 


The many functions and broad range of applications of food 
acidulants makes the selection of the most suitable acid 
for a food product a matter of serious concern. The physical 
and chemical properties of food approved acidulants must 
be an essential part of the knowledge of those food tech- 
nologists who make the decision. 
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AFFLUENCE, FOOD EXCESS, 
AND NUTRITIONAL DISORDERS 


Nutrition research in the first half of the present century 
focused mainly on identifying and assessing nutrients in 
foods and recognizing deficiency diseases. Since essential 
nutrients were unevenly distributed in individual foods, 
consumption of a variety of foods was recommended to 
provide a more nutritionally balanced diet (1). With un- 
dernutrition still a problem even in the richer countries, 
greater consumption of meat and dairy products was rec- 
ommended. Increasing wealth in society allowed these 
recommendations to match producer and consumer 
wishes and acknowledged, at the same time, the perceived 
high nutritional values of these foods of animal origin. By 
the 1950s, however, evidence was accumulating that the 
high rates of premature deaths from some of the major 
chronic diseases could be related to diet. Originally this 
was thought to be a problem only in the industrialized 
countries but, as medicine conquered infectious diseases, 
the phenomenon became recognized as existing world- 
wide. 

The major nutrition-related degenerative diseases in- 
clude obesity, diabetes mellitus, cardiovascular diseases, 
and certain cancers. The still continuing Framingham 
Heart Study, which began in 1948, has been responsible 
for demonstrating many associations between these dis- 
eases and diet, notably excess intake of food energy and 
fat, especially saturated fat and cholesterol, as well as life- 
style factors such as smoking, emotional stress, and lack 
of physical exercise. Consequently, current diet/health rec- 
ommendations differ dramatically from those made ear- 
lier. 


OBESITY 


Obesity affects many millions of Americans and is a major 
public health problem. It is characterized by excess body 
fat caused by an imbalance between energy intake and 
energy expenditure (2). The specific reasons behind such 
an imbalance, however, remain the subject of much de- 
bate. 

Genetic, environmental and behavioral variables all in- 
fluence the risk of becoming overweight (2,4), but the rela- 
tive importance of each remains unclear. The prevalence 
of obesity for different age groups in the United States is 


shown in Table 1. Direct assessment of body fat can be used 
to evaluate obesity but the procedure is mainly limited to 
research. For public health studies and clinical practice, 
simple measures such as height and weight tables, body 
mass index (BMI), or skinfold measurements are used. The 
BMI (weight in kilograms divided by the square of height 
in meters) is an indicator that shows the best correlation 
with independent measures of body fat (2,5). The use of 
BMI was first proposed in 1871 and was long known as the 
Quetelet index. It is now widely used for assessing the de- 
gree of obesity or overweight (Table 2). 

Obesity is more than a problem in its own right since it 
is closely linked to other diseases such as hypertension, 
diabetes, and cardiovascular disease. Many long-term 
studies have shown a greater risk of these diseases with 
increasing levels of obesity, even when other risk factors 
are present (5). Later studies have refined these conclu- 
sions and have demonstrated that the distribution of fat, 
especially in the abdominal area, is an additional factor 
(5). A waist circumference of over 40 in. (102 cm) in men 
and over 35 in. (89 cm) in women signifies increased risk 
in those who have a BMI of 25.0 to 34.9. 

With increasing BMI, average blood pressure and total 
cholesterol levels rise while average high-density lipopro- 
tein (HDL—a protective indicator) levels fall (6). Men in 
the highest obesity category have more than twice the risk 
of hypertension and elevated cholesterol when compared 
with men of normal weight. Women in the highest obesity 
category have four times the risk of either or both of these 
risk factors (6). Obese individuals are also at increased risk 
for several other problems, including lipid disorders, type 
II diabetes, coronary heart disease, stroke, gallbladder dis- 
ease, osteoarthritis, sleep apnea, respiratory problems, 
and certain cancers. 

A number of efforts have been initiated to educate the 
public on altering behavioral risk factors such as improper 
dietary habits and lack of exercise. Examples include the 
Dietary Guidelines for Americans (Table 3), revised edi- 
tions of which are periodically issued by the U.S. Depart- 
ment of Agriculture (USDA) (7). Recently the first federal 
guidelines on the identification, evaluation, and treatment 
of overweight and obesity in adults were released (6). 
These clinical practice guidelines are designed to help phy- 
sicians in their care of overweight and obesity and include 
the scientific background for assessment as well as the 
principles of safe and effective weight loss. Three key in- 
dicators are recommended BMI, waist circumference, and 
the patient’s risk factors for diseases and conditions asso- 
ciated with obesity. Overweight is defined as a BMI of 25.0 
to 29.9 while obesity is a BMI greater than 30.0. These 
values are consistent with the definitions used in many 
other countries and support the Dietary Guidelines for 
Americans. A BMI of 30.0, for example, a weight of 221 lb 
for a 6-ft person (100 kg: 1.83 m) or 186 Ib for a person of 
5 ft, 6 in. (84 kg: 1.68 m) indicates about 30 lb (13.6 kg) 
overweight for both men and women. Highly muscular peo- 
ple may have a high BMI without increased health risks. 
For the majority, however, BMI is an excellent indicator of 
overall risk. 

The most successful strategies for weight loss include 
reduction of food energy intake, increased physical activity, 
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Table 1. Prevalence of Overweight, Severe Overweight, and Morbid Obesity (NHANES II) 


Males Females mbial 

Millions Prevalence % Prevalence % Millions 
Overweight 15.4 24.2 27.1 34.0 
Severe overweight 5.1 8.0 10.6 12.5 
Morbid obesity 0.327 0.6 2.5 2.0 


Source: Ref. 3. 


Table 2. Classification of Overweight and Obesity Based 
on Body Mass Index 


Degree of Obesity BMI* 
Grade III (morbid obesity) >40 

Grade II (obese) 30-39.9 
Grade I (overweight) 25-29.9 
Grade 0 (normal) 20-24.9 


“BMI = weight in kilograms divided by the square of the height in meters. 
Source: Ref. 2. 


Table 3. Dietary Guidelines for Americans 


Eat a variety of foods. 
Balance the food you eat with physical activity; maintain or 
improve your weight. 

Choose a diet with plenty of grain products, vegetables, and 
fruits 

* Choose a diet low in fat, saturated fat, and cholesterol. 

* Choose a diet moderate in sugars. 


Choose a diet moderate in salt and sodium. 
If you drink alcoholic beverages, do so in moderation. 


Source: Ref. 7. 


and behavior therapy designed to improve eating and 
physical activity habits. Other recommendations are listed 
in Table 4. 

One in five children in the United States is now over- 
weight. Care and treatment differ from adults, and there- 
fore pediatric guidelines have been proposed by an expert 
committee (8). Clinicians who care for these children and 
their families are urged not to express blame but to show 
“sensitivity, compassion and a conviction that obesity is an 
important chronic medical condition that can be treated.” 
Balanced nutritional intakes with avoidance of excess to- 
gether with adequate physical activity are important goals 
for all family members. 


HYPERTENSION 


In the adult, hypertension (high blood pressure) is defined 
as a pressure greater than, or equal to, 140 mmHg systolic, 
or greater than or equal to, 90 mmHg diastolic pressure 
(9). In 90 to 95% of the cases of high blood pressure, the 
specific cause may be unknown (10). Hypertension isa risk 
factor for both coronary heart disease and stroke. Although 
it can occur in children and adolescents, it is more preva- 
lent in the middle-aged and elderly, especially African 


Table 4. Selected Recommendations from the First 
Federal Obesity Guidelines Panel 


* Engage in moderate physical activity (30 min or more) on 
most/all days of the week. 

* Reduce dietary fat and calories. Cutting back on dietary fat 

can help reduce calories and is heart-healthy. 

‘The initial goal of treatment should be to reduce body weight 

by about 10% from baseline, an amount that reduces obesity- 

related risk factors. With success, and if warranted, further 

weight loss can be attempted. 

A reasonable time line for a 10% reduction in body weight is 

six months of treatment (weight loss of 1 to 2 Ib per week). 

Weight maintenance should be a priority after the first 6 

months of weight-loss therapy. 

* Overweight and obese patients who do not wish to lose 

weight, or are otherwise not candidates for weight-loss 

treatment, should be counseled on strategies to avoid further 

weight gain. 

Age alone should not preclude weight-loss treatment in older 

adults. A careful evaluation of potential risks and benefits in 

the individual patient should guide management. 


Source: Ref. 6. 


Americans and the obese. Heavy drinkers and women who 
are taking oral contraceptives (11) are also at increased 
risk. Individuals with diabetes mellitus, gout, or kidney 
disease also have a higher frequency of hypertension. Salt 
consumption can increase blood pressure for some. High 
blood pressure is related to obesity and to increases in body 
weight over time (9,12). Factors increasing the risk of de- 
veloping high blood pressure are listed in Table 5. 

Weight loss, an active lifestyle, reduction in sodium in- 
take, and moderation of alcohol consumption are recom- 
mended for prevention and management (9). For many, 
however, medical intervention with antihypertensive 
drugs is required to maintain acceptable blood pressure. 


Table 5. Risk Factors for Hypertension (High Blood 
Pressure) 


Heredity 

Male gender 

Sodium or salt sensitivity 

Heavy alcohol consumption 

Sedentary and inactive lifestyle 

Race (African Americans are at greater risk) 


Age 
Obesity and overweight 
Use of oral contraceptives and some other medications 


Source: Ref. 11. 
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DIABETES MELLITUS 


What can now be recognized as diabetes was described in 
the ancient civilizations of Egypt, Greece, and India. The 
sweet taste of urine in those with the condition was noted 
in the 1600s and the term “mellitus” meaning honeylike 
was introduced (13). Diabetes mellitus is a major public 
health problem worldwide. It ranks sixth as a primary 
cause of death in the United States, but when its compli- 
cations are included, it ranks third. These complications 
can be very serious and involve, in the United States, 50% 
of the amputations of all lower extremities in adults and 
25% of all kidney failure and are also a leading cause of 
blindness. 

Non-insulin-dependent diabetes (NIDDM, or type II) is 
the form of diabetes characterized as a chronic nutrition- 
ally related condition (Table 6) and is a disorder showing 
abnormalities in glucose, fat, and protein metabolism. The 
onset of type II diabetes can be triggered by dietary and 
lifestyle factors similar to those associated with cardiovas- 
cular diseases. Diabetes and heart disease in later life ap- 
pear to be linked to weight at birth (13). 


CARDIOVASCULAR DISEASE 


Cardiovascular disease (CVD) has been for many years the 
leading single cause of death in the United States (14): it 
includes both coronary heart disease (CHD) and stroke. 
CHD is the most common form of cardiovascular disease. 

In 1987 nearly 1 million deaths in the United States, 
half of the total number, occurred due to some form of CVD 
(15). In 1998, CVD remains the leading cause of death in 
the United States (14), although there have been some re- 
ductions in the rate. Cardiovascular disease is often 
thought to affect mainly men and the elderly, but it is also 
a major killer of women and people in the prime of life (14). 
An estimated 58 million Americans live with some form of 
the disease, and almost 10 million Americans aged 65 
years and older report disabilities caused by heart disease. 
Stroke is also a leading cause of disability in the United 
States, affecting more than 1 million people nationwide 
(14). The health burden of this condition is rivaled by the 
economic burden, which has a profound impact on the 
health care system. 

Extensive clinical and epidemiological studies have 
identified several major and contributing risk factors of 
heart disease and stroke (16). The major risk factors are 
listed in Table 7. Some such as increasing age, male gen- 


Table 6. Classification of Diabetes Mellitus 


der, and genetic background cannot be changed, treated, 
or modified (16). Others, for example, smoking, high serum 
cholesterol, high blood pressure, physical inactivity, obe- 
sity, and overweight, are under some control by the indi- 
vidual. Smokers have twice the risk of heart disease com- 
pared with nonsmokers. Nearly one-fifth of all deaths from 
cardiovascular diseases (180,000 deaths per year) are at- 
tributable to smoking (14). Surveillance data indicate that 
an estimated 1 million young people become regular smok- 
ers each year (14). 

The risk of heart disease increases with a rise in cho- 
lesterol levels especially when other risk factors are pres- 
ent (17-19). Plasma total cholesterol was accepted as a 
causal factor (among multiple factors) by the World Health 
Organization (WHO) expert committee in 1982 and by the 
US. National Institute of Health Consensus Development 
Conference in 1985 (17). Diet and its effects on plasma cho- 
lesterol levels are discussed in the next section, Plasma 
triglyceride levels have also been correlated with increased 
risk of heart disease (17) and are associated with increased 
low-density lipoprotein (LDL) cholesterol levels. High 
blood pressure increases the risk of a stroke, heart attack, 
kidney failure, and congestive heart failure. When obesity, 
smoking, high blood cholesterol levels, or diabetes are also 
present, high blood pressure increases the risk of a heart 
attack or stroke severalfold. 

Regular moderate-to-vigorous exercise plays a signifi- 
cant role in preventing heart and blood vessel disease (16), 
Exercise helps control blood cholesterol, diabetes, and obe- 
sity as well as maintaining blood pressure. However, sur- 
veys have shown that more than half of American adults 
do not practice the recommended level of physical activity, 
Obese people are at a greater risk of heart disease, high 
blood pressure, high cholesterol, and other chronic dis- 
eases and diabetes (14,16). Diabetes is also a serious risk 
factor for heart disease with more than 80% of diabetics 
succumbing to some form of heart or blood vessel disease 
(16). 


ROLE OF DIET IN CARDIOVASCULAR DISEASE 


Improper eating habits accompanied by the lack of exercise 
increase the risk of gaining excess weight, a major risk 
factor for heart disease, high blood pressure, and diabetes 
(14). Diet also affects plasma cholesterol levels. Choles- 
terol is carried in the blood associated with two major types 
of lipoproteins; LDL and HDL. LDL cholesterol has been 


Table 7. Major Risk Factors for Cardiovascular Disease 


* Increasing age 

Spontaneous Diabetes Mellitus (DM) * Heredity 
Insulin-dependent (IDDM, or type 1) * High blood cholesterol levels 
Non-insulin-dependent (NIDDM or type IT) * Physical inactivity 

Nonobese NIDDM * Diabetes mellitus 

Obese NIDDM * Male gender 

Maturity onset diabetes of young people * Smoking 
Secondary diabetes * High blood pressure 
Gestational diabetes * Obesity and overweight 
Source: Ref. 13. Source: Ref. 16. 


correlated with increased risk of cardiovascular disease. 
For many years it has been recognized that dietary choles- 
terol has only a limited effect on plasma cholesterol levels 
(17). Absorption of ingested cholesterol is poor, and part of 
the cholesterol in plasma is synthesized in the liver. 

Total lipid intake, and the type of fat consumed, have 
more effect in raising plasma cholesterol than does dietary 
cholesterol (17,20). Saturated fatty acids were found to 
raise cholesterol, polyunsaturated fatty acids lowered 
plasma cholesterol, and monounsaturated fatty acids had 
an intermediate effect. In the classic seven-country pro- 
spective study where lipid intake was correlated with CHD 
(21,22), the disease incidence was also related to the intake 
of saturated fat. Most dietary prevention trials have re- 
duced total fat, saturated fat, and cholesterol intakes along 
with moderately increased polyunsaturated fat levels. 

Similar recommendations are also inclusive in many of 
the guidelines for health in the United States. Recent re- 
search indicates that monounsaturated fatty acids such as 
oleic acid, which were thought to be neutral, have, in fact, 
a substantial cholesterol lowering effect (23). Trans fatty 
acids formed during hydrogenation of certain edible oils 
may, perhaps, increase LDL cholesterol and decrease HDL 
cholesterol (24). A high fish intake has been associated 
with beneficial effects on the prevention of CHD. Fish oils 
contain DHA (docosahexaenoic acid), which has a plasma 
triglyceride-lowering effect (25). 

High levels of dietary carbohydrate, especially complex 
carbohydrate, are associated with a decreased risk of car- 
diovascular disease (17). A recent study found rice bran as 
well as oat bran to have a hypocholesterolemic effect (26). 
Increasing intakes of a number of vitamins have also been 
shown to be protective toward cardiovascular disease. 
These include vitamins Bg, C, E, and folate. Vitamin C and 
E are antioxidants and have been hypothesized as pre- 
venting damage to coronary arteries. Elevated serum vi- 
tamin C has also been correlated with increased HDL cho- 
lesterol levels in women (27). Increased consumption of 
folate and vitamin Bg have also been shown to reduce risk 
of CHD in women (28). Current dietary recommendations 
(Table 3) incorporate many of these proven relationships 
between diet and health. 


CANCER 


Cancer is a disease condition characterized by excessive 
growth of cells due to abnormal multiplication and repli- 
cation. The biological process shows several experimen- 
tally distinct phases following exposure to a carcinogen. 
These include: initiation, tumor promotion, and tumor pro- 
gression (29). After CVD, cancer is the next highest cause 
of death in the United States. Many adverse effects that 
occur in patients are due, not only to the cancer itself, but 
also to the treatment. Loss of appetite (anorexia) is the 
most common side effect. When advanced and persistent, 
this along with other metabolic and physiologic changes 
can eventually lead to severe undernutrition termed can- 
cer cachexia. 

Anorexia is not unique to cancer; however, it is persis- 
tent and severe in certain cancers such as the carcinoma 
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of the stomach, breast, and large bowel. Onset of anorexia 
is insidious and may not be accompanied by any obvious 
manifestations other than progressive weight loss. Energy 
expenditure is high in cancer patients (29) while glucose 
intolerance is found frequently and may be due to the in- 
creased insulin resistance or inadequate insulin release. 
Abnormalities also occur in fat metabolism and include ex- 
cess body fat depletion, protein loss, increased lipolysis, 
changes in free fatty acid and glycerol turnover, as well as 
decreased lipogenesis. Abnormalities in protein metabo- 
lism include increased whole body protein turnover, 
increased hepatic protein synthesis, persistent muscle pro- 
tein breakdown, and decreased levels of plasma branched- 
chain amino acids. Malabsorption as well as protein loss 
through the gastrointestinal tract may also occur. 


DIET AND CANCER RISK 


Diet may have either positive and negative influences on 
cancer risk (30). About 35% of cancer occurrence is related 
to dietary factors (31). The role of diet in cancer etiology is 
summarized in Table 8. Dietary fat intake was associated 
with breast cancer in animals as early as 1942 (32,33). 
More recently, higher intake levels of dietary fat have been 
related to increased risk of colon cancer (34). Positive cor- 
relations between per capita fat intakes and breast cancer 
rates have been described (35,36). It has been argued, how- 
ever, that it may be the high food energy intake that is 
causative rather than the percentage of the food energy 
coming from dietary fat (37). Nevertheless, diets high in 
fat, particularly saturated fat, have also been associated 
with a higher incidence of cancer of the colon, prostate, and 
breast (17). 

Increased consumption of fruits and vegetables has 
been recommended to reduce cancer risk as these foods 
contain protective factors. Many are also high in fiber, an 
increased consumption of which has been associated with 
decreased risk of cancer (especially colon cancer). Diets 
high in plant foods, starches, fiber, and various carotenes 
are commonly associated with a lower incidence of alimen- 
tary tract cancers. A number of dietary and nondietary fac- 
tors have been found to decrease the incidence of various 
cancers. Lycopene found in tomatoes appears to be protec- 
tive against colorectal cancer (38) as it can scavenge per- 
oxyl radicals and quench singlet oxygen. Increased intakes 
of plants of the cabbage family appear to be protective 
against certain cancers (39). More recently, broccoli 
sprouts have been shown to contain high levels of the 
anticarcinogenic chemical sulforaphane. This compound 
has been known to help mobilize the body’s natural cancer- 
fighting resources and reduces the risk of developing can- 
cer (40). 


ANOREXIA NERVOSA AND BULIMIA NERVOSA 


Although not included within the category of nutritionally 
related chronic diseases, the eating disorders anorexia ner- 
vosa and bulimia nervosa are important. These diseases 
are primarily disorders of perception of body image and are 
characterized by an excessive concern over being fat. They 


10 AFFLUENCE, FOOD EXCESS, AND NUTRITIONAL DISORDERS 


Table 8. Dietary Factors and Cancer Etiology 


Carcinogenic dietary factors 


Anticarcinogenic factors 


Energy excess associated with increased cancer mortality in 
men and women 

Amount and type of fat in the diet also related to increased 
cancer risk; high saturated fat, cholesterol, and low 
polyunsaturated fat are risk factors 

High protein intake associated with increased risk of enhanced 
tumorigenesis 

Zine deficiency associated with increased risk of tumors 

Excess alcohol intake 

High intake of coffee is a possible risk factor 

Artificial sweeteners such as saccharin increase risk of bladder 
cancer 

Nitrates, nitrites, and nitrosamines may be causative factors of 
gastric cancer 

Methods of food preparation, such as charcoal broiling, smoking 
food, and frying, may increase risk 


Energy deficit inhibits tamor growth 

High levels of monounsaturated fat in the diet show decreased 
incidence of certain cancers 

High levels of fiber from fruits and vegetables are associated with 
low levels of colon and rectal cancer. 

Vitamin A and its analogues and precursor (carotenids) are 
possible inhibitors of carcinogenesis; f-carotene may be 
protective in a mechanism independent of its role as a vitamin 


A precursor 

Vitamin C has antioxidant properties that may influence 
tumorigenesis 

Vitamin E as an intracellular antioxidant may protect against 
carcinogens 


Calcium intake has a inverse association with colon cancer risk 
Selenium intake has been associated with decreased tumor 
growth in animal models 


Source: Ref. 31, 


are often regarded as modern disorders despite the fact 
that similar conditions have been recognized in medicine 
for more than a century. 

Anorexia nervosa is a condition of self-engendered 
weight loss whose occurrence was originally thought to be 
restricted to young women. It also occurs in young men 
who are concerned with their body image such as dancers 
and models. The diseases appear to be largely confined to 
affluent societies that espouse Western cultural ideals. 

Diagnostic criteria include: refusal to maintain mini- 
mally normal body weight for age and height; intense fear 
of gaining weight or becoming fat, even though already un- 
derweight; undue influence of body weight or shape on self- 
evaluation; and denial of the seriousness of the current low 
body weight with amennorhea often occurring in postmen- 
archal females (41). Associated symptoms include: de- 
pressed mood, irritability, social withdrawal, loss of sexual 
libido, preoccupation with food and rituals, as well as re- 
duced alertness and concentration (42). 

One form of the disease invokes restrictive feeding be- 
havior commonly associated with normal dieting, such as 
undereating, refusal to take high-energy foods, and stren- 
uous exercise. This behavior is abnormal only in the degree 
to which it is pursued. Restlessness is very common once 
emaciation sets in and continues until physical deteriora- 
tion leads to weakness and lassitude. The “purging” form 
involves more dangerous behaviors, such as self-induced 
vomiting, and laxative or diuretic use. 

Bulimia nervosa is a variant of anorexia nervosa and 
shares many of its clinical and demographic features. It is 
closely related to the purging form of anorexia nervosa. 
One of the major differences is that bulimic patients main- 
tain normal weight. The condition generally involves per- 
sistent dietary restriction that is eventually interrupted by 
episodes of binge eating with compensatory behaviors such 
as vomiting and laxative abuse. Behavioral disturbances 
often become the focus of intense guilt feelings. In the early 
stages of the disease, all patients attempt to control their 
weight by dieting and abstaining from high-energy foods. 


They are constantly preoccupied by thoughts of food, but 
their pattern of eating alternates between fasting and 
gorging. Patients are extremely secretive about their bu- 
limic episodes. It is this secrecy that makes the condition 
difficult to diagnose. 

Both conditions occur predominantly in industrialized, 
developed countries and are rare elsewhere (43). Immi- 
grants are more likely to develop eating disorders than 
their peers in their country of origin, probably indicating 
the importance of sociocultural factors in the etiology and 
distribution of these disorders (43). 


CONCLUSION 


The chronic, nutritionally related diseases just described 
are major causes of death and disability in rich industri- 
alized countries. American and North European diets have 
tended to be high in animal foods (meat, dairy, fish, eggs) 
and low in foods of plant origin (grains, fruits, and vege- 
tables). It is claimed by Garrow (44) that most of the 
chronic diseases in the Western society are the manifes- 
tation of the high availability and variety of foods leading 
to overconsumption. Only a small proportion of income is 
now required to be spent on food in the industrialized coun- 
tries (45). Excessive intake of animal foods leads to a die- 
tary pattern that is high in saturated fat and cholesterol 
and low in fiber. 

In contrast, the southern European or the Mediterra- 
nean diet comprises fruits, vegetables, and grains with 
smaller amounts of meat, fish, eggs, and dairy products 
(46,47). Olive oil is often the major lipid, so that the diet 
is low in cholesterol and saturated fat and high in mono- 
unsaturated fatty acids. A comparative study between 
Italians and Americans was performed in the early 1950s. 
It was found that Italian diets were remarkably low in fat 
(20% of energy) or just half of the proportion observed in 
the diets of comparable American groups. The typical 
American diet, rich in meat and dairy fats was thus, to- 


gether with higher concentrations of blood cholesterol, 
identified with increased risk of coronary heart disease 
(48). A seven-country study performed over 20 years con- 
firmed these relationships (22). Recommendations for the 
“Mediterranean Diet” have become popular within the 
United States. This diet plan is indicated in Table 9 (49). 

Tronically, while such diets are now being consumed by 
the affluent, recent dietary surveys carried out on the is- 
land of Crete have reported an increase in intake of meat, 
fish, and cheese and a decrease in intakes of bread, fruit, 
potatoes, and olive oil (50). Similar changes have been ob- 
served in Italy (51). An increased availability of animal 
foods throughout the Mediterranean area has also been 
documented (47). These dietary changes have been accom- 
panied by increases in chronic disease risk factors such as 
higher concentrations of serum cholesterol, hypertension, 
and obesity as well as reduced levels of physical activity 
(50,52). 

Chronic disease risk is increasing, not only in the West- 
ern society, but also in the more affluent classes of the de- 
veloping countries (53). The rich in poor countries often 
have a similar pattern of food consumption to that ob- 
served in the affluent countries. They are also subject to 
many of the same lifestyle factors, including smoking and 
reduced physical activity. 

Dietary Guidelines (Table 3) can help in reducing both 
heart disease and cancer risk. The guidelines now empha- 
size moderation in intake, especially of saturated fat, along 
with increased physical activity. Increasing intakes of 
fruits, vegetables, and complex carbohydrates are also rec- 
ommended. 

Paradoxically, these present recommendations for the 
affluent define diets and lifestyles closer to those common 
in the past for the less affluent. As a further paradox, these 
latter societies, as their wealth increases, are often at- 
tempting to emulate the diets and lifestyles of the West. 
Consequently, they are now increasingly subject to the 
same pattern of disease. 


Table 9. The Mediterranean Diet Plan 


Frequency of Foods 
consumption 
In significant amounts 
Daily Whole grains and grain products 
(breads, pasta, rice, couscous, 
polenta, bulgur) and potatoes 
Fruits and vegetables 
Beans, other legumes, and nuts 
In small or minimal amounts 
Daily Cheese and yogurt 
A few times a week Fish, poultry, eggs, and sweets 
Afew times a month —_Red meat (or in small amounts more 


often) 


In addition, regular physical activity is important. Moderate wine 
consumption is optional. 


Source: Ref. 49. 
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AFLATOXINS. See Mycoroxins. 


AGGLOMERATION 
AND AGGLOMERATOR SYSTEMS 


GENERAL ASPECTS 


Numerous food powders experience significant changes in 
their properties during storage, transportation, or process- 
ing, which are related to the particle size distribution. At- 
trition causes reduction in average particle size while ag- 
gregation increases it. Fines generated by attrition may 
either form clusters or coat larger particles (plating). In- 
terparticle adhesion is decisively influenced by particle 
size, the ratio between adhesion and weight usually being 
inversely proportional to the square of the particle size (1). 
As a result, this ratio is two orders of magnitude higher 
for particles of 10 1m than for particles of 100 zm. Dry food 
powders with average sizes of 80 to 100 ym are usually 
free flowing, whereas powders having sizes below 20 to 30 
#m become cohesive, form secondary particles (clusters) of 
larger size, and form lumps when rewetted. 

Adhesion without formation of bridges between the ad- 
jacent particles occurs as a result of either van der Waals 
or electrostatic forces and causes the formation of compar- 
atively weak agglomerates. Adhesion associated with the 
formation of bridges produces much stronger agglomer- 
ates. Free flowing and cohesive food powders may undergo 
segregation during their storage, transportation, and han- 
dling. Primarily because of the differences in particle size 
and also in density, shape, and resilience, fine particles mi- 
grate to the bottom while large particles find themselves 
at the top of the vessel. As a result, some minor compo- 
nents of beverage blends (colors, flavors, vitamins) may be- 
come unevenly distributed between packages. 

The purpose of particle size enlargement by agglomer- 
ation is to improve powder properties like bulk density, 
flowability, meterability, dusting, powder mix homogene- 
ity, storage stability, and optical appearance. Powdered 
foods, which are in most cases intended to be dispersed in 
liquid, should also have good wettability, sinkability, dis- 
persibility, and (for soluble materials) solubility, that is 
good “instant properties.” A powder layer spread on a liq- 
uid surface should imbibe the liquid, submerge, disperse, 
and dissolve within a few seconds with little mechanical 
aid and without forming lumps. A powder treated by a 
technical process to have such properties is called “in- 
stantized.” Agglomeration is the predominant method for 
instantizing powdered foods, and an example of the depen- 
dency of the wetting time of a powder layer on the average 
agglomerate size is shown in Figure 1. 

Another major quality factor for instant foods is the 
preservation of flavor components. Instant beverages con- 
taining, for example, coffee extract are particularly sus- 
ceptible to flavor loss caused by high temperature or ex- 
cessive contact with air, as, for example, in a fluidized bed. 

Obviously, simultaneous improvement of all powder 
properties is impossible. Increasing agglomerate stability, 
for example, results in most cases in a decline of the in- 
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Figure 1. Wetting time (including standard deviations) of a pow- 
der layer of height hy = 5 mm for three commercial instantized 
food powders. CS, cocoa-sugar mix (21°C); SM, skim milk powder 
(21°C); WM, whole milk powder (50°C). 


stant properties. The way the agglomerates are formed in 
the production process determines their properties, and 
comprehension of the basic physical principles of particle 
adhesion and the mechanisms likely to predominate in a 
given agglomeration process is helpful. 


UNDESIRED AGGLOMERATION—CAKING 


Agglomeration via caking may occur unintentionally since 
blends of particles are always exposed for some time to the 
ambient environmental conditions (temperature and/or 
humidity). For example, food powders that include lipids 
(soups, sauces, baking mixes) may undergo caking if the 
temperature exceeds the melting point of the lipids. As a 
result, sticky liquid bridges are formed. Once cooled, the 
lipids recrystallize, liquid bridges between particles be- 
come solid, and caking is reinforced. Although starchy and 
proteinaceous components are relatively insensitive to the 
environmental conditions, the soluble components of food 
powders (sugars, salts) absorb moisture and eventually 
change their state from solid to liquid. 

The ability of sugars to soften depends on the conditions 
under which they were produced and stored. These con- 
ditions are responsible for the formation of areas of crys- 
talline or amorphous structure. Amorphous sugars absorb 
much more moisture at a given water activity (relative hu- 
midity) and have lower glass-transition temperatures than 
crystalline sugars (2). Whereas a stable, crystalline struc- 
ture is formed at equilibrium conditions, the amorphous 
one is created at nonequilibrium conditions. Relatively 
slow moisture withdrawal during carefully controlled crys- 
tallization (nuclei formation and crystal growth) leads to 
the development of a crystalline structure. Fast moisture 
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withdrawal from a solution of carbohydrate via spray dry- 
ing, roller drying, or freeze drying helps to produce mainly 
the amorphous form; even the mechanical impact of mill- 
ing of sugar crystals produces an amorphous surface ca- 
pable of recrystallization after absorbing water (3). Upon 
recrystallization, amorphous sucrose releases water, 
which facilitates formation of bridges between particles 
and initiates caking. Adding high molecular weight com- 
ponents (eg, maltodextrin) to a blend containing sugars 
may reduce caking (4). 

Caking may be effectively suppressed by adding anti- 
caking agents like tricalcium phosphate, magnesium ox- 
ide, calcium silicate, and so on, which absorb a portion of 
moisture from the blend and thus reduce the amount of 
available moisture. Although total moisture content of the 
blend with or without anticaking agent stays virtually un- 
changed, it is relative humidity generated by the blend in 
a sealed chamber that reflects the amount of available 
moisture: blend with added anticaking agent generates 
lower RH than blend without anticaking agent. The effec- 
tiveness of the anticaking agents depends largely on their 
water-holding capacity, so that with an unlimited source of 
humidity (open storage), their impact is lessened. 

Even packaged food powders may undergo caking influ- 
enced by the environment inside their packages. Being 
relatively isolated, the headspace inside the package is af- 
fected not only by the surface moisture of the particles and 
temperature in the warehouse, but by the permeability 
and heat conductivity of the package film. Variations in the 
temperature and humidity outside of the packaged mate- 
rial often accelerate an exchange in surface moisture be- 
tween the ingredients and initiate caking. 


AGGLOMERATION METHODS 


The first step in any agglomeration process (except drying 
methods starting with a slurry) is to make the primary 
particles contact each other, which is frequently achieved 
by external force. Powders for instant products usually 
consist of primary particles smaller than 200 ym to facili- 
tate solubility. In a second step, permanent adhesion forces 
stronger than any possibly existing disruptive forces must 
be established between these particles. For food powders, 
this is usually achieved by wetting (which causes partial 
dissolution and the development of liquid bridges) and sub- 
sequent drying (which leaves solid bonds in place of the 
liquid bridges). 

The duration and intensity of the forces acting among 
the particles during agglomerate formation and stabiliza- 
tion have an important influence on agglomerate porosity 
and stability. For example, an agglomeration process in 
which high forces act on the particles and agglomerates 
will turn out dense, smooth, and stable agglomerates that 
are easy to handle and dispense. However, instant prop- 
erties would be poor owing to low agglomerate porosity and 
strong bonds between the primary particles. Such a pro- 
cess, like compaction, would be inappropriate for in- 
stantizing. 

The final product should have the following properties: 


* sufficient agglomerate porosity for fast liquid suction 
by capillary action, although a critical porosity must 
not be exceeded (5); 

* particle size in the range of 0.2 to 2 mm; and 

* sufficient agglomerate strength to withstand han- 
dling and transportation. 


Agglomeration processes suitable for producing instant- 
ized food powders can be divided into three groups: 


* moist agglomeration, 
* agglomeration by drying, and 
* combined methods. 


Moist Agglomeration 


Moist agglomeration, using capillary and liquid bridge 
forces to achieve sufficient interparticle adhesion during 
agglomeration, is the most important process for the pro- 
duction of instantized powders. This method starts from 
dry powder, which is moistened either by condensing va- 
por, atomized liquid, or a mixture of both. The material is 
then dried and solid bridges between the primary particles 
provide the necessary strength. A large variety of equip- 
ment is available for moist agglomeration. Schematics of 
some typical examples are shown in Figure 2. 

Except for the static process Figure 2f, all methods are 
“dynamic”; that is, agglomerates are formed due to the col- 
lision and subsequent adhesion of the particles. Common 
features of all processes shown in Figure 2 are the mois- 
tening of the dry powder, the size enlargement of the wet 
particles, and subsequent drying and cooling, if required. 
The drying rate and temperature considerably influence 
the strength of the dry agglomerates because of different 
crystal structures and distributions of the interparticle 
solid bridges formed by crystallization of dissolved sub- 
stances during drying (6). 

Fluidized-bed agglomerators for batchwise or continu- 
ous production, Figure 2a and 2b, are provided by numer- 
ous manufacturers. Units for continuous operation (eg, 
APV Anhydro) utilize either a moisture product feed or a 
rewet system so that sufficient moisture is present to ag- 
glomerate the product. A typical unit has three fluidized 
zones. These include the entry or wetting zone, a drying 
zone, and a cooling zone. 

Also, several mechanical agglomerators utilize mechan- 
ical mixers to provide the liquid addition, product inter- 
action, and mixing to facilitate the agglomeration process. 

The “SCHUGI” mixer (Bepex Corp.), shown in Figure 
2d, has extremely short residence times (approximately 1 
s) and has considerable flexibility in the types and amounts 
of feedstock. The system employs a flexible housing so that 
product buildup on the interior walls of the agglomerator 
is minimized, if not eliminated (7). 

Jet agglomeration (Fig. 2e) has been used in the food 
industry for several years to produce agglomerates with 
favorable instant properties from fine powders. In a jet ag- 
glomeration plant, freely moving, wetted particles are 
made to collide with each other to form agglomerates. The 
solid material fed to the agglomerator consists of individ- 
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Figure 2. Principles of moist agglom- 


eration processes for the production of 
instantized powdered foods. (a) Batch 
fiuidized-bed agglomerator, (b) contin- 
uous mixing chamber with integrated 
fluidized-bed agglomeration, (c) batch 
mixer agglomerator, (d) continuous 
mixer agglomerator with a perpendic- 
ular balling region (‘“SCHUGI” mixer), 
(e) continuous steam fusion process 
(“jet agglomeration”), (f) continuous 
belt aggomerator. A, agglomerates; G, 


ual particles and dry preagglomerates bound mainly by 
van der Waals forces. The effectiveness of this method de- 
pends on a variety of process parameters influencing in- 
terparticle collision frequency, relative velocities of the 
particles, interparticle contact forces between wetted par- 
ticles, and strain on the agglomerates (8). 


Drying Processes 

The second main group of processes for agglomerating food 
powders comprises special drying processes. Two examples 
are shown schematically in Figure 3, a spray drier with 
fluidized bed and a freeze drier. 

Spray drying is one of the most widely used processes 
in food powder technology. The concentrate/slurry, either 
in the form of a suspension or a solution, is finely distrib- 
uted using a nozzle or an atomizer disc, dried, and cooled 
in a connected fluidized bed from which the product is 
withdrawn in agglomerated form. The fluidized bed also 
serves the purpose of removing the fines, which are col- 
lected in a cyclone and recycled into the spray drier. Ag- 
glomeration occurs in the vicinity of the nozzle or atomizer, 
where the fine dry particles collide with the slurry drop- 
lets. In many cases the product is also after-dried in the 
fluidized bed, a process referred to as two-stage drying. 

Freeze drying is relatively expensive but especially use- 
ful for products sensitive to high temperatures. Another 
advantage is the possibility to vary the porosity of the ag- 
glomerates over a wide range by foaming the concentrate 
before freezing (this can be achieved in a spray drier, too, 
by gassing the slurry immediately before atomization). As 
a novel technology, microwave drying in a vacuum cham- 
ber can be used instead of freeze drying. 


Combined Methods 


Two examples for combined agglomeration methods are 
presented in Figure 4. These are special spray driers, the 


gas; L, liquid; P, powder; S, steam. 


“Filtermat” by GEA Niro Als (Soeborg, Denmark), with in- 
tegrated perforated belt drier (Fig. 4a), and spray drying 
with integrated fluidized bed and fines recycling (Fig. 4b). 

In the “Filtermat” process, the product is partially dried 
in the spray-dry section of the machine to a moisture con- 
tent of approximately 16 to 25%, whereupon it is deposited 
by gravity onto the perforated belt and further dried to 
approximately 5 to 10% moisture. Sufficient moisture is 
present in the intermediate dried product so that agglom- 
erates are formed on the belt. These are then classified 
and/or size-reduced to the desired size (9). 

These methods allow production of very loose, but still 
sufficiently strong agglomerates (5) with good instant 
properties and have been widely used in the food industry. 


Further Methods 


Pressure agglomeration is rarely applied to the production 
of redispersible products, because the resulting agglom- 
erates are so compact that they show insufficient disper- 
sibility. Substances dispersing readily—due to a bursting 
effect of special additives—can be agglomerated using die 
pressing or low pressure extrusion processes. If no great 
demands are set upon the redispersibility, roll pressing is 
a useful and inexpensive process. Mostly low-pressure 
ring-roller presses are used in which the moistened powder 
is pressed through holes and thereby shaped into agglom- 
erates. 

A special kind of agglomeration is coating, to improve 
the wetting behavior of the particles. Usually the particles 
are coated by pure liquids, solutions, or suspensions that 
harden on the surface of the solid material. A novel tech- 
nology is coating with submicron particles by “mechano- 
fusion” (10) to improve the wettability and for other appli- 
cations (11). 
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Figure 3. Principles of production of instantized 
powdered foods by spray drying (a) and freeze drying (a) 


(condenser) 
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Heating 


(b). A, agglomerates; C, concentrate; F, fines; G, gas. 


Figure 4. Principles of combined agglomeration 
processes for the production of instantized pow- 
dered foods: “Filtermat” spray drier with perfo- 
rated belt drier (a) and spray drier with integrated 
fluidized bed and fines recycling (b). A, agglomer- 
ates; F, fines; G, gas; SL, slurry, 


CHARACTERIZATION OF AGGLOMERATED POWDERS 


Particle size distribution of agglomerated products should 
be measured using an adequately representative sample 
and with minimum disruption. Care should be taken to 
prevent swelling, dissolution, or disintegration. For suffi- 
ciently stable particles, sieving is still widely in use (dry 
for particles larger than 30 to 40 4m and wet for smaller 
particles), but over the past few years, laser diffraction has 
become a standard method due to the availability ofa large 
number of different devices (Coulter, Malvern, Sympatec, 
etc). The last method is more versatile because it allows 
the measurement of larger particles with a dry feeder ina 
relatively nonviolent way and is also applicable for fines in 
a dispersing liquid. Automatic image analysis systems are 
a recent development employing charge-coupled device 
(CCD) camera imaging of particles falling out of a dry 
feeder. 

Agglomerated particles may partially disintegrate 
when subjected to a more or less violent impact (vibration, 


shaking) during storage, transportation, and handling. In 
the case of agglomerated coffee, attrition is the primary 
cause in separation of fines from the outer surface of ag- 
glomerates (12). Formation of so-called secondary particles 
(shattering) from the disintegrated pieces is also taking 
place. The strength or resistance of agglomerated products 
to attrition may be measured by comparing its size distri- 
bution before and after rotation for a limited time inside a 
cylinder (friabilator). Other properties of agglomerates 
(bulk or free flow density, flowability, cohesion, angles of 
spatula and repose) are measured, for example, with the 
Hosokawa (MicroPul) tester. 

For powdered foods, information about wetting and dis- 
persing behavior is of special interest to the manufacturer. 
Wetting of a powder is easily tested by preparing a sample 
of defined height (5-8 mm) in a cylindrical testing vessel 
with a slide covering the liquid reservoir. When the slide 
is pulled out sideways, the powder sits on the liquid surface 
and is wetted. The wetting time measured in this way is 
useful for quality control purposes and for product prop- 
erty comparison. 


Powder dispersion measurement is more difficult and 
depends on the ability of measuring the amount of mate- 
rial actually dispersed after the mixture/dispersion has 
been prepared in a defined way. For many products, this 
can be achieved by, for example, photometry (milk powder, 
cocoa beverages), conductometry (powdered extracts of cof- 
fee, tea) or refraction index measurement (sugars). The 
dispersed powder mass divided by the total powder mass 
in the sample is called degree of dispersibility (which var- 
ies between 0 and 1). Milk powder can reach a value of up 
to 0.8 (depending on fat content and age), instant cocoa 
beverages up to 0.98 and instant coffee up to 1. 


PRODUCT EXAMPLES 


Agglomerated food products are inseparable from some 
specific processes that were used to obtain these products. 
Steam fusion/steam jet agglomeration is used for agglom- 
erating water-soluble instant beverage powders with high 
sugar content like cocoa drinks or products containing cof- 
fee extract (Fig. 5). After grinding, the particles with an 
average particle size of 25 to 75 yum are fed into an agglom- 
eration chamber in the shape of dry clusters (average size 
up to the mm range). A uniformly distributed curtain of 
powder moves downward where it interacts with jets of 
steam. Steam wets the particles and fuses them into ag- 
glomerates. The wetted agglomerates pass from the top 
section of the agglomerating tower into a drying zone in 
the bottom portion of the tower, which is supplied with hot 
air, The agglomerates are dried and then cooled and 
screened. Critical parts of this agglomeration process are 
the feed port section, where initial cluster formation oc- 
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Figure 5. Principle flow diagram of a steam fusion/steam jet ag- 
glomeration process. 
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curs, and the steam jet zone, where further agglomeration 
by collision of sticky clusters takes place (8). 

A method for making agglomerated bits containing as- 
partame includes preblending aspartame and a bulking 
agent (maltodextrin) to form a premix (13). The latter is 
then mixed with other dry ingredients (flavors, starch 
binders, dispersing agents, and vitamins) to form a dry 
mix. Liquid ingredients (vegetable oil and water) are 
blended into a dry mix with a ribbon blender or a paddle 
mixer to form moistened clumps. These granules must be 
dried in a forced-air convection oven and then screened to 
obtain a desirable particle size distribution. While starches 
(tapioca, corn, potato, modified wheat) and gums are used 
as the binders in forming agglomerates, baking soda and 
maltodextrin assist in the dispersion of the agglomerated 
product. These bits are suitable for use in home-cooked 
grain cereals and other foods. 

Agglomerated potato granules can be prepared from a 
mixture of potato granules, egg white solids, and water 
(14). After the wet premix is formed, a gentle sieving, dry- 
ing, and crushing are used to obtain agglomerates with the 
desired size and density. 

Agglomerated bread crumbs may be produced from a 
starch containing raw material (flour, meal) and water in 
a continuous pellet mixer (15); subsequent baking in a hu- 
midified atmosphere (to control the desired gelatinization) 
and sizing (cutting) of the agglomerates are utilized. A con- 
trolled retrogradation (recrystallization of starch) occurs 
due to the controlled cooling process. 

Agglomerated beverage blends having aspartame as a 
sweetener may be manufactured to prevent clumping of 
aspartame and to improve its water dispersibility (16). Ag- 
glomeration has been conducted in a jacketed blender so 
that a heating or cooling fluid may be passed through the 
jacket while the blender is rotated to provide adequate 
mixing. The blending time and temperature (but not, how- 
ever, humidity) were controlled to obtain a desired agglom- 
erate size distribution. 

Aqueous, sugary syrups (honey, high fructose corn 
syrup, invert sugar, corn syrup, etc) were dehydrated using 
thin film drying in the presence of binders (soy protein and 
ungelatinized starch that was partially gelatinized in situ) 
(17). A spray of water was added during tumbling. The 
resultant agglomerates were dried and then slightly 
coated with a high melting point fat, apparently to prevent 
caking. 

Agglomerates of garlic, onion, and their mixtures were 
produced in an upright chamber (18). Wetting of particles 
was provided by atomized water in the upper part of this 
chamber, followed by drying of the agglomerated product 
with air in the lower part of the chamber. 

An agglomerated milk product was prepared by spray- 
ing a concentrate of milk into a stream of drying gas di- 
rected against the surface of a fluidized layer of already 
spray-dried particles (19). Adjustment of temperatures, 
flow rates of drying air, and residence times allowed bet- 
ter efficiency for skim milk, whole milk, and whey parti- 
cles. 

Agglomerates of meat analogues were prepared by ex- 
trusion cooking of soy concentrate, comminution of the ex- 
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trudate, mixing it with a water slurry of binder, frying the 
mixture in edible fat or oil to produce an agglomerated 
mat, and sizing (20). Particles with the desired size distri- 
bution were used for meat-type sauces. 

A porous and pelletized food product may be formed by 
premixing two or more ingredients, one of which is capable 
of forming sticky bonds after being moistened by an aque- 
ous medium (21). This interaction occurs when the mixture 
of particles is tumbled and rolled on a pelletizing disc; the 
adhered particles form pellets or wet aggregates. Exam- 
ples of a dry mix may include sugars, starches, dried milk 
products, proteinaceous materials, dehydrated juices, and 
powdered coffee concentrates. Some of these products (sug- 
ars, starches) may become self-adherent in contact with 
water and are used to form agglomerates. To provide pel- 
lets with controlled porosity, the particulate mixture also 
includes a chemical leavening system (sodium bicarbonate 
and leavening acid). Once moist agglomerates are in con- 
tact with hot air, two processes take place: drying and for- 
mation of gaseous carbon dioxide (due to a reaction be- 
tween the bicarbonate and leavening acid). The resulting 
pellets have a porous, cellular structure with a crisp, 
crunchy, and friable texture. 

The vast majority of gelatin dessert mixes require the 
use of hot water to dissolve the gelatin and an extended 
time (3-4 h) to prepare the meal. However, if gelatin- 
containing mix with a limited moisture content of 1 to 3% 
is agitated and slowly heated to 190 to 195°F, it forms ag- 
glomerates (22). Subsequent cooling helps to form so-called 
cold-water-soluble gelatin, which dissolves and disperses 
in water at 40 to 50°F. Agglomeration of gelatin mixes (ie, 
sucrose, gelatin, citric acid) was conducted in a jacketed 
rotating blender. 

Other agglomerated (instantized) products include mal- 
todextrin and dextrose, which may be used as carriers for 
flavors, colors, and nonnutritive sweeteners in instant bev- 
erages and desserts (23,24), soy protein isolates for high- 
protein beverage blends and for better dispersibility in 
meat emulsions, prejelled starches and gums as soup 
thickeners, whey protein concentrates and calcium casein- 
ates for dairy blends, all developed by IFT, Inc. (25), and 
coated animal feed with improved nutritional value (26). 
Powders such as egg proteins, cocoa, or various fibers will 
have improved dispersibility after agglomeration in the 
presence of maltodextrin or surfactants (27). 
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ALCOHOLIC BEVERAGES 
AND HUMAN RESPONSES 


Alcoholic beverages are, in essence, flavored solutions of 
ethanol. The flavors may come from grains, as in beer; or 
from grapes and other fruit, as in wine; or from any source 
of carbohydrates, grains, sugar, or grapes, as in whiskey, 
rum, and brandy. In addition, consumers may add their 
own flavors, as lime with some beers or fruits with some 
wine or carbonated sodas with distilled spirits. The spec- 
trum of flavors is wide indeed. But the purpose of drinking 
any of these is to supply ethanol in measured doses to the 
user. 

Ethanol is as unique as humanity itself. It is a food but 
requires no digestion. It acts on many organs in the body 
but has no cellular receptors as do all other drugs. It is 
stable in the atmosphere to any chemical change, whereas 
all other foods will undergo some kind of decomposition. It 
is the only food produced solely by microbial action. It en- 
ters any cell in the body, freely, without any transport 
mechanism. All other foods (and all other substances ex- 
cept water) require a transport mechanism to enter any 
cell. It provides energy more rapidly than any other food. 

This article inquires more closely into these and other 
aspects of ethanol. Although alcohol is a generic term for 
a large group of related substances, so common is ethanol 
that the term alcohol has been usurped for it and will be 
used here from now on to mean ethanol. So common is the 
drinking of alcoholic beverages that the word drink or 
drinker implies the drinking of alcoholic beverages and not 
any others. 

People have always needed a release from reality. From 
earliest recorded history this release has come quite effec- 
tively from alcohol. It must have been discovered by acci- 
dent, and probably in more than one place. It is readily 
produced from any saccharous source, is pleasant tasting, 
and not prone to any pathogenic divergence. 

Whether alcohol appeared first from grapes as wine or 
from grain as beer or from honey as mead is not known. 
The catalyst that converts any of these into alcohol is ubiq- 
uitous. A recipe for beer has been found on a clay tablet 
from Mesopotamia some 4000 yr old. It was probably 
known during the new Stone Age, some 6000 yr ago. All 
but three or four of the many cultures that have survived 
to modern times knew alcohol. It is absent from polar peo- 
ple and Australian aborigines. 

Probably the nature of the alcohol in any culture de- 
pended on the prevalence of the source. In cool northern 
Europe it was likely to be beer or mead. In the Near East 
it may have been beer or wine. In the Far East it was prob- 
ably beer. In early cultures the making of alcohol was so 
cherished that it fell under the domain of the priest and 
clergy. Vestiges of this still remain in many monasteries in 
Europe. 


GENERAL METABOLISM OF ALCOHOL 


The first step in the metabolism of alcohol is a dehydro- 
genation to acetaldehyde. 
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This is mediated by the enzyme alcohol dehydrogenase, 
with nicotine adenine dinucleotide (NAD*) as hydrogen 
acceptor. The reaction is reversible, and the reverse reac- 
tion is the last step in the process by which alcohol is pro- 
duced by yeast. 

This reaction is followed by the oxidation of the alde- 
hyde to acetate, brought about by another enzyme, alde- 
hyde dehydrogenase, again with NAD*. This reaction has 
never been reversed. The acetate in turn joins with coen- 
zyme A to form the ever-present acetyl CoA. This can take 
part in the citric acid cycle and be oxidized to CO, and HO. 
This scheme is shown in Figure 1. 

Alcohol dehydrogenase (ADH) exists in about 20 forms, 
each with differing activity toward ethanol and to other 
alcohols. These isozymes vary in concentration among di- 
verse ethnic groups, no doubt accounting for different sen- 
sitivities to alcohol by different peoples. All forms have zinc 
as the core metallic element. ADH is found in all tissues, 
including red and white blood cells and the brain. Before 
1970, it was thought that ADH existed only in the liver, 
but that is certainly not the case. That it is present inmany 
isosteric forms is probably rooted in the many functions it 
performs and the many needs it satisfies in metabolism, 

Aldehyde dehydrogenase (ALDH) also exists widely in 
humans. Cytoplasmic ALDH is the same in all people, 
whereas the mitochondrial ALDH does differ among peo- 
ple, with that found in Asians being less active than the 
form found in whites. But it is probable that mitochondrial 
ALDH is not nearly as important in oxidizing acetaldehyde 
as is cytoplasmic ALDH. Because very little acetaldehyde 
is found circulating in the blood even after high alcohol 
intake, it is assumed that the rate-limiting step in alcohol 
metabolism is the first step—its dehydrogenation to acet- 
aldehyde. 


HOW ALCOHOL IS CONSUMED 


Wine 


The fermentation of the juice of grapes produces a wine 
containing about 12% alcohol by volume (10% by weight). 
The stoichiometry of fermentation, 


CgH,z20, + 2C,H,OH + 2CO,, 
180 92 88 


dictates that a 22°Brix grape juice will give an alcohol so- 
lution of somewhat more than 10% by weight. Perhaps by 
evolutionary coincidence, a 10% alcohol solution is close to 
the limit that most yeasts can produce. 

Because most countries forbid the addition of water to 
grape juice before fermentation, wines worldwide are very 
similar in alcohol content. Champagnes, which are fer- 
mented twice, may be a little higher, say 14% by volume. 
Fortified wines, such as port and sherry, are wines to which 
brandy has been added at some stage. These may contain 
as much as 20% alcohol by volume. 
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Figure 1. The citric acid cycle. 


Other fruits may also be fermented to wine, but only 
apple juice, as cider, has found even limited acceptance. 


Beer 


The solution from which beer is made, called wort, is made 
at the brewery and not in nature. As such, its concentra- 
tion and fermentability (see BEER) are designed for the 
beer being made and may vary widely. But the concentra- 
tion of the wort only varies between 12 and 18°Brix, and 
the fermentability between about 60% and 90%. So beer is 
never as high in alcohol as wine. Typically, beer contains 


5% alcohol by volume (4% by weight). So-called malt li- 
quors contain about 6% alcohol by volume. 
Mead 


As honey is about 82% solids, it must be diluted to about 
20°Brix and then fermented. The high price of honey and 
the rather weak flavor of its fermented solution has not 
permitted mead to be more than a historical curiosity. 


Distilled Spirits 
These spirits are distilled at a rather high proof, be they 
from grains (whiskey or vodka), molasses (rum), or wine 


(brandy), and are diluted to a marketable strength. The 
normal concentration is about 80 proof or 40% by volume 
or 32% by weight. Whiskeys are usually consumed after 
mixing with water, often carbonated, and also flavored. As 
purchased, wine is 2 stronger than beer, and whiskey is 3 
or more times stronger than wine. 


ABSORPTION OF ALCOHOL 


Alcohol is absorbed into the bloodstream mainly from the 
upper small intestine. Although it enters the stomach, 
there is only a limited exit into the blood from that organ. 

Emptying of the stomach’s contents is controlled by the 
pyloric sphincter muscle at the base of the stomach. It 
opens when the pH of the contents falls below 3. The pres- 
ence of proteins, which act as buffers, or fats, which delay 
access of the stomach’s enzymes and acid to their sub- 
strates, delay the fall in pH and thus also the exit of food 
or drink from the stomach. 

All the blood that nourishes the entire digestive tract, 
and that in turn carries all the digested foodstuffs from the 
tract, first enters the liver via the portal vein. Thus alcohol 
absorbed from the stomach or the small intestine goes first 
to the liver. This probably accounts for the old and incor- 
rect belief that alcohol is oxidized to acetaldehyde only in 
the liver. 

Alcohol consumed at high concentrations is absorbed 
more rapidly than when consumed in diluted forms. The 
presence of carbon dioxide also accelerates the absorption. 
Fatigue and exercise delay the absorption. 

It has been recently found that a considerable amount 
of alcohol is metabolized in the stomach to acetaldehyde, 
and that the quantity oxidized is higher in men than in 
women and lower in alcoholic men and women (1). The 
blood alcohol curves for alcohol administered by mouth or 
intravenously for nonalcoholic and alcoholic men and 
women are shown in Figure 2. Of course, the alcohol me- 
tabolized in the stomach can have no effect elsewhere. This 
so-called first-pass metabolism accounts for the more 
ready effect that alcohol has on women than on men. 

A comparison among whiskey, wine, and beer showing 
the maximum blood alcohol concentrations for the three 
beverages is shown in Table 1 (2). Wine and whiskey reach 
about the same maximum concentration, but whiskey is 
faster. Beer achieves a lower maximum, and it takes longer 
to get there. 

At a lower alcohol level, the same relative relations are 
maintained, but the maximum concentrations attained are 
lower (Fig. 3) (3). 

Table 2 shows the relationship between body weight, 
amount of beer and whiskey to reach certain blood alcohol 
levels, and the time at which the maximum concentration 
is reached. For example, an average person weighing 175 
lb (79.5 kg) who consumes four 12-o0z bottles of beer will 
have a maximum blood alcohol level of 0.08% in about 95 
min (4). 

Another set of experiments compared the sequential 
blood alcohol levels in a group of 50 men weighing between 
145 and 175 Ib who consumed 44 g of alcohol (four bottles 
of beer or four shots of whiskey) at once. The results in 
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Figure 2. Effects of gender and chronic alcohol abuse on blood 
ethanol concentrations. Ethanol was administered orally (solid 
lines) or intravenously (dashed lines) in a dose of 0.3 g/body 
weight. The shaded area represents the difference between the 
curves for the two routes of administration (the first-pass metab- 
olism). 


Table 1. Effects of Alcoholic Beverages on the Maximum 
Blood Alcohol Levels and the Time at Which These Levels 
Are Reached 


Smaxy % tax, Tain 
Whiskey neat 0.108 57 
Whiskey and water 0.107 71 
Whiskey and soda water 0.104 51 
‘Table wine 0.111 15 
Beer 0.086 103 


Note: Alcohol administered at a rate of 0.76 g/kg body weight. Equal to an 
all-at-once consumption of either four 12-02. bottles of beer (for a 160-Ib 
person) or two-thirds of a 750 mL. hottle of 12% alcohol wine, or 3-1/2 shots 
(1-1/2 oz each) of 80-proof whiskey. 


0.07 


Alcoholic 
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Figure 3. Blood alcohol curve after ingestion of 0.5 g aleohol per 
kg body weight in form of a diluted alcoholic solution (12.5%), of 
wine (11%), and of beer (5.5%) (mean value of 13 subjects). 
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Table 2. 
‘To provide given amount of alcohol lisse Sy tous Max. blood 
Body weight,  g Alcohol No. of 12-oz bottles of beer _No. of 1-1/2-oz shots of whiskey _™2%- ale, min Siegal level. % 
Ib (kg) per kg wt (5%) (80 Proof) Beer Whiskey Beer Whiskey 
120 (54.5) 0.25 <1 1 30 15 0.03 0.04 
0.50 2 2 50 35 0.06 0.075 
0.75 2-718 3 95 60 0.08 0.11 
1.0 3-3/8 4 150 95 0.10 0.14 
15 5-3/4 6 (240) 165 0.11 0.17 
150 (68.2) 0.25 1-14 1-1/4 30 15 0.03 0.04 
0.50 2-1/2 1-1/2 50 35 0.06 0.075 
0.75 3-12 3-1/2 95 60 0.08 0.11 
1.0 4-3/4 5 150 95 0.10 0.14 
15 7-1/4 7-1/2 (240) 165 0.12 0.17 
175 (79.5) 0.25 1-12 1-1/2 30 15 0.03 0.04 
0.50 2-445 3 50 35 0.06 0.075 
0.75 4 41/2 95 60 0.08 0.11 
1.0 5-1/2 6 150 95 0.10 0.14 
15 8-1/4 9 (240) 165 0.12 0.17 
200 (90.9) 0.25 1-58 1-3/4 30 15 0.03 0.04 
0.50 3-1/4 3-1/2 50 35 0.06 0.75 
0.75 4-3/4 5 95 60 0.08 0.11 
10 6-1/2 6-3/4 150 95 0.10 0.14 
15 9-1/2 10-1/4 (240) 165 0.12 0.17 


Figure 4 show that while whiskey produces a maximum 
blood alcohol level of 0.085, beer only gives a maximum of 
0.045 (5). 

Fig. 5 shows the maximum blood alcohol concentration, 
in percent of various alcoholic beverages. The effect of di- 
lution on whiskey action is very marked (6). 


PHYSIOLOGICAL ACTIONS OF ALCOHOL 


Alcohol is one of only two substances to which human cells 
have never found a need to bar entrance. The only other 
freely moving substance is water. Because there is no bar- 
rier to entrance, there are no known cellular receptors to 
alcohol. This free movement indicates that the body does 


Time (h) 


Figure 4. Blood alcohol curve after ingestion of 44 g alcohol in 
form of whiskey and of beer by 50 subjects, weighing between 65 
and 79 kg. 
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Figure 5. Blood alcohol maximum after ingestion of 0.5 g alcohol 
per kg body weight in form of several alcoholic beverages with 
different dilutions. 


not consider alcohol toxic or in any way foreign. It is this 
facile movement that permits alcohol to be excreted in the 
urine and in breath and also permits it to be found and 
measured in the breath. 

There is many-faceted evidence that alcohol is a product 
of normal metabolism in humans; it has even been found 
in teetotalers. The amount is low, about 0.001%. 


Effect of Alcohol on Fluid Balance 


The initial effect of alcohol is to produce a slight retention 
of water, followed by a more marked diuresis of water and 
sodium. This latter effect is due to an inhibition by alcohol 


of the pituitary antidiuretic hormone (vasopressin). This 
diuresis occurs only when the concentration of blood alco- 
hol content is rising. The concerted drinking of wine or 
whiskey, but not beer, requires the imbibition of other flu- 
ids to maintain homeostasis (7). 


Effect of Alcohol on Nutrition 


Alcohol is readily metabolized and yields 6.9 kcal/g. The 
rate of metabolism varies from person to person and 
ranges from 50 to 100 mg/kg of body weight per hour. Al- 
cohol does not affect the use of dietary protein and is as 
effective as carbohydrates in protecting the body from loss 
of protein. 

Alcohol does not raise heat production or CO, produc- 
tion, so it has no thermogenic effect. There is no increase 
in alcohol metabolism with exercise, nor a decrease with 
rest. 

Alcohol has only a minor effect on appetite. Distilled 
spirits consumed in concentrated form decrease gastric 
motility, whereas dilute alcohol increases gastric motion. 
These will appear to affect appetite. 

In addition, during a meal, the palate-cleansing action 
of wine and beer will promote eating and lessen the feeling 
of satiety. It is probably the tannin in wine and the hops 
in beer that are responsible for this action. Yet heavy 
drinkers are far less likely to be obese than nondrinkers. 
Among a large group of low-income women in their 30s, 
41% of nondrinkers were obese, whereas only 22% of heavy 
drinkers were so rated. Among men, the ratio is 31% obese 
for nondrinkers and 16% for drinkers. 


Effects of Alcohol on the Central Nervous System 


The primary effect of alcohol in the body is a sequential 
depressant action on the central nervous system. From the 
spinal cord rises the medulla oblongata, the pons, and the 
midbrain, the control centers for the autonomic nervous 
system, which regulates reflexes and those functions be- 
yond control of the will. Above the midbrain lies the thal- 
amus and hypothalamus, whose dominion includes func- 
tions not willfully regulated, such as body temperature, 
metabolism of fats, and blood sugar level. 

Above all this, and more recent in the evolution of the 
species, lie the cerebellum and the cerebral cortex. The for- 
mer has sway over voluntary muscular movements and 
manual skills, as well as balance and speech. The cerebral 
cortex, the corolla of the mind, is master of all that distin- 
guishes humans and makes them distinguished. 

Alcohol, which has ready access to all cells and crosses 
the almost impenetrable blood-brain barrier as if it were a 
sieve, exerts its earliest action on the cerebral cortex. Its 
action is not as a stimulant but as a tranquilizer or de- 
pressant. It lessens inhibitions and increases confidence. 
It replaces discontent with discovery, bashfulness with 
bravado, and cowardice with courage. Alcohol negates a no 
and affirms a yes. 

These effects, which people had sought long before the 
tensions of modern life were imposed on them, occur at 
blood levels between 0.02 and 0.05%. Whatever pressures 
and problems were mankind’s lot in Biblical days, they 
were surely different in scope and pervasiveness than 
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those we confront today. But alcohol was used then and 
was considered of priestly stature. In many cultures, its 
production was limited to the clergy. 

Apparently, the evolution of the cerebral cortex, with its 
awesome powers of the mind, brings with it a need to 
lessen its potent sway over our actions. This alcohol does 
with speed and thoroughness. 

At blood alcohol levels between 0.05 and 0.10%, the 
sphere of its influence expands to the cerebellum. Balance 
and speech become less than normal. The gait becomes un- 
steady and speech uncertain. It is at the higher of these 
levels that ability to operate machinery is impaired. 

At 0.2%, balance is more seriously affected and speech 
nearly incoherent. Neurotransmission in the cerebellum is 
disturbed. At increasing blood alcohol concentrations, the 
effects become deeper and parts of the brain developed ear- 
lier in evolution are also effected. 

At 0.3-0.4%, most of the behavior that we call human 
is sharply curtailed if not lost. Anesthesia sets in. In fact, 
alcohol was the earliest anesthetic, before ether was dis- 
covered. 

At 0.5-0.6% a remarkable shut-off valve operates and 
wakefulness is not maintained. This normally prevents 
any further action, because even the autonomic nervous 
system, controlling basic functions of respiration and heart 
beat, are denervated at a level above 0.6% and death en- 
sues. But sleep normally prevents further inhibition, so 
fatal levels are not attained except with rapid drinking of 
strong whiskey. Fatal levels cannot be achieved with wine 
or beer. 


Interaction of Alcohol and Other Nutrients 


Alcohol and its primary metabolite, acetate, serve as ex- 
cellent sources of energy. Alcohol and acetate penetrate the 
blood-brain barrier almost as efficiently as glucose. Every- 
where, alcohol is used in preference to all other energy 
sources. Acetyl CoA, the entry point of all energy sources 
into the citric acid cycle, is most easily produced from al- 
cohol. 

Also, while all other energy sources—fatty acids, glu- 
cose, and amino acids—can be stored in polymolecular 
forms, alcohol and acetate cannot be stored. Neither do 
they act as substrates for conversion to glucose, amino ac- 
ids, or lipids. Alcohol must thus be metabolized as it be- 
comes available (8). 


Effect on the Digestive Tract 


Alcohol slightly increases gastric and intestinal mobility. 
It also has a slight positive but very transient effect on 
appetite. It has no effect on the absorption of fats or cho- 
lesterol from the intestinal tract. Some of the very slight 
appetite stimulation may not even be due to alcohol, but 
to other factors present in some alcoholic beverages— 
juniper in gin, bitters in some aperitifs, hops in beer. 


Effect on Cardiovascular System 


Alcohol slightly dilates peripheral capillaries, leading to 
blushing and a feeling of warmth. The effects are transi- 
tory and meager. 
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Moderate alcohol consumption reduces the risk of cor- 
onary heart disease. It also reduces the risk of cardiac mor- 
tality. Its action is probably mainly due to its effect on rais- 
ing the HDL levels in the blood, as well as lowering the 
triglyceride levels. Physical activity has the same effect, 
and the effects are additive. 

Moderate drinking is taken to be between 25 and 80 g 
of alcohol a day (two to six 12-oz. bottles of beer, 5% alcohol 
by volume; 250-750 ml of table wine [12% alcohol]; or 70— 
250 ml of whiskey [80 proof]). 

The LDL in the blood (the “bad” cholesterol) is now be- 
lieved to have its malign effect on atherosclerosis after it 
is oxidized. And so antioxidants have been shown to have 
a protective effect. This is the so-called French Paradox: 
the French consume diets high in cholesterol and satu- 
rated fats and yet have very low coronary artery disease. 
The explanation is their relatively high consumption of al- 
cohol, mainly in the form of red wine. Many of the poly- 
phenals, gallic acid, rutin, epicatechin, and quercitin pres- 
ent in red wine are potent antioxidants (9). Such phenolics 
are also present in oak-aged whiskey and in full-bodied 
and darker beers. 

Alcoholic beverages therefore have a two-pronged effect 
on reducing coronary heart disease, raising the “good” 
HDL and keeping the LDL from becoming “bad.” 


Effect of Alcohol on Men versus Women 


Alcohol per se has the same effects on either sex. However, 
a given amount of alcohol has a greater effect on women 
than on men for several reasons. 

First, women are usually smaller than men, so a given 
volume of an alcoholic beverage will have a greater effect 
on the smaller person. 

Second, women have a lower water content in their bod- 
ies than do men. Thus the alcohol, which is only soluble in 
water and not in fat, will reach a higher concentration in 
women. This difference in water content, on an equal 
weight basis, is about 12%. 

And last, and probably most important, women have a 
lower gastric activity of alcohol dehydrogenase than do 
men. They therefore do not destroy as much alcohol in 
their stomach as do men, allowing more of it to be absorbed 
into the blood. This phenomenon, only recently discovered 
(D, is known as first-pass metabolism. It may differ by 20- 
30% between men and women. Thus the bioavailability of 
alcohol is considerably greater in women than in men. 
However, men over 50 years of age begin to lose the high 
alcohol dehydrogenase activity in their stomachs and be- 
come equal to women in their first-pass metabolism (10). 


Alcohol as Medicine 


Before the advent of the modern pharmacopoeia, alcohol 
was prescribed for many human ills. It dulls pain, sum- 
mons sleep, soothes the spirit, and tames the teeming 
mind, Each of these functions can now be accomplished by 
a coterie of drugs, so alcohol is rarely recommended for 
these ills. But no one substance does all of what alcohol 
does, and people in all cultures have found alcohol to be 
the preferred, and possibly less noxious, means to tran- 


quility. Furthermore, as a controlled way to peace and 
pleasure, alcohol has no peer. 

Regulations in the United States prohibit any declara- 
tion of therapeutic value for any alcoholic beverage, so each 
generation must rediscover the value of alcohol. Many 
countries permit some therapeutic claim for alcohol, such 
as a bedtime relaxer or tension reducer. 

As medicine, alcohol differs from drugs. All drugs are 
detoxified in the liver, ie, the liver so chemically modifies 
the drug as to render it inactive and able to be excreted, 
usually by the kidneys. This detoxification usually involves 
oxidation, hydrolysis, or sulfation. But alcohol is not de- 
toxified, it is metabolized, just as is any foodstuff. No drug 
supplies energy; alcohol does. It may be more valid to con- 
sider alcohol as a food that has effects on the body rather 
than as a drug. As was pointed out earlier, alcohol has free 
entrance to every cell in the body; no drug has. All drugs 
operate by attaching themselves to a specific cellular re- 
ceptor; alcohol needs none and has none. 

Alcohol has at least one clinically proven and prescribed 
medicinal function. It is the only antidote to poisoning with 
ethylene glycol (antifreeze). Quick administration of alco- 
hol, usually intravenously, makes all alcohol dehydroge- 
nase sites act on the alcohol, harmlessly, instead of acting 
on the glycol, which produces very toxic oxalic acid. The 
glycol, not oxidized, is slowly excreted by the kidneys. The 
preferential reaction of alcohol dehydrogenase with alcohol 
permits this therapeutic action. 

There are foods other than alcohol that affect the brain 
and human behavior. The amino acid tryptophane is a sop- 
orific and has been used as such. Meals high in carbohy- 
drates produce high tryptophane blood levels. This they do 
by producing an influx of insulin into the blood, which in 
turn mobilizes some amino acids from plasma to muscle, 
leaving a higher concentration of tryptophane in the 
plasma. Histidine, threonine, tyrosine, and choline also are 
neuroactive, but their action is compromised by complex 
factors. 

There are no confirmed allergies to alcohol per se. Its 
free entrance to all cells and ubiquitous presence mitigate 
against any allergic reaction. 


Alcohol the Day After 


The day after a serious session of drinking is often one of 
mental and physical fatigue and headache. In the United 
States, these symptoms are lumped together and called a 
hangover. In other languages the term is more descriptive, 
a wooden mouth in French, for example. The symptoms 
relate to the known constituents of alcoholic beverages and 
the known physiology of alcohol. 

Alcohol masks fatigue, so a night of drinking will lead 
to excessive activity, which will be revealed by fatigue and 
malaise the next day. Rest always allows return to the nor- 
mal state. The dry mouth or excessive thirst is the result 
of the diuretic effect of alcohol (and possibly the very salty 
nibbles that often accompany drinking). Drinking water or 
fruit juice, and a little time, alleviate this condition. 

The headache may result from the fatigue and the de- 
hydration but may also result from the congeners of dis- 
tilled spirits and of wine. The congeners are simple com- 


pounds produced by yeast concomitant with alcohol. They 
range from ethyl acetate to amy] alcohol. Also, particularly 
in some wines, and in brandy, there may be measurable 
amounts of methyl alcohol. These levels of methyl alcohol 
are not toxic per se, but when metabolized to formaldehyde 
may produce headaches. The drinking of a small amount 
of some alcoholic beverage the next day, possibly beer or 
vodka, will induce the liver to return to oxidizing alcohol 
and allow the methanol to be eliminated by the kidneys. 


Alcohol and Alcoholism 


Alcohol, although it effects many organs and systems, is 
singularly responsible for only one disease, alcoholism. 
Those who have this disease are called alcoholics. 

An alcoholic has been defined as a person who has a 
compulsion to drink and cannot stop drinking once begun, 
to the point where that person’s social and economic life 
are adversely affected. There is no certain cause of this 
disease, although a genetic factor may well be involved. An 
alcoholic is a heavy drinker, but not all heavy drinkers are 
alcoholics. Drinking because they want to characterizes 
drinkers, heavy or light, but drinking because they have 
to is the hallmark of alcoholics. In an alcoholic drinking 
sets up a chain reaction, which terminates only with sleep. 
There is no clear evidence that an alcoholic metabolizes 
alcohol any differently than others, but there appears to 
be, in alcoholics, a strong predilection toward alcohol me- 
tabolism, rather than carbohydrate or fat metabolism, as 
the major energy source. 

Alcoholism may lead to several other pathological con- 
ditions. It is important to understand that alcoholics may 
derive up to or even above 50% of their daily caloric re- 
quirements in the form of alcohol. The human system can 
only tolerate such univalent load with carbohydrates. Ei- 
ther fat or protein in such excess will lead to problems of 
a different nature, but none the less severe. 

The major problem facing alcoholics is a series of met- 
abolic and structural changes in the liver. The initial 
change is the accumulation of fats in the liver, resulting in 
a fatty liver. This is easily reversible. It occurs because, in 
the presence of alcohol, the liver uses it as a preferential 
source of energy and the fatty acids, which it would oth- 
erwise use, accumulate. This change is followed, after 
some years, by structural changes in the liver, including 
scarring or necrosis of the liver tissue, the mark of cirrho- 
sis. About 20% of long-term alcoholics develop cirrhosis. 

Alcohol consumption equivalent to about 50% of the 
daily caloric intake, for from 5 to 20 yr, is necessary to 
induce cirrhosis in susceptible persons. Cessation of drink- 
ing often leads to reversal of the cirrhotic condition. 

The male to female ratio of alcoholics in the United 
States is now 4:1. Although alcohol is a necessary compo- 
nent in alcoholism, it is no more correct to say that alcohol 
is the cause of alcoholism than it would be to say that mar- 
riage is the cause of divorce. The roots of alcoholism are 
social, metabolic, and genetic. No medical treatment ex- 
ists. The use of drugs that produce unpleasant symptoms 
if alcohol is consumed is not widespread because of toxic 
effects. Societal treatment, in groups of peers such as Al- 
coholics Anonymous, has proved most beneficial. 
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Prenatal alcohol abuse can lead to birth defects known 
as fetal alcohol syndrome. The most benign symptom is low 
birth weight, and the most serious is impaired brain de- 
velopment and mental retardation. The most severe effects 
are known to occur in chronic alcoholics, but because it is 
neither known what the safe lower limit of alcohol intake 
is nor when during the pregnancy alcohol is most likely to 
harm the fetus, it is generally recommended to avoid al- 
cohol during pregnancy (11,12). 


The Salubrity of Alcohol 


The vast majority of consumers of alcohol—as beer, wine, 
or distilled spirits—do so because it makes them feel bet- 
ter. It relieves stress and smooths the way from work to 
winding down. Not for naught has the time in a tavern 
after work and before the trip home come to be called the 
happy hour. 

In addition to general relief from stress and care, mod- 
erate drinkers have been found to show genuine improve- 
ment in health. Recall that the ill effects of alcohol are 
confined to those who consume, regularly and for many 
years, alcohol in excess of 80 g a day. This amounts to al- 
most two cases (twenty-four 12 oz packages) of beer a 
week, or more than a 750 mL bottle of wine a day, or six 
1-1/2 oz shots of whiskey a day. 

The consumption of moderate amounts of alcohol has 
been found to decrease stepwise the risk of coronary heart 
disease. The lowest level of consumption produces the least 
salutary effect, and the highest levels, more than 31 g but 
less than 80 g a day, reduce the risk to only 20-75% of that 
in nondrinkers. These results have been found in many 
studies, in many lands, among men and women, and 
among various socioeconomic strata. The Framingham 
Study, the longest and largest research of its kind, has al- 
ways found this correlation between alcohol consumption 
and coronary heart disease—moderate alcohol use lowers 
the risk of coronary heart disease. 

The recent (1989) Physicians Health Study, in which 
22,000 physicians were studied prospectively, to determine 
the effect of aspirin on cardiovascular mortality showed 
incidentally that daily alcohol consumption significantly 
reduced the overall mortality rate over that produced by 
aspirin alone. 

Physicians using alcohol daily and taking aspirin had a 
myocardial infarction rate of 1% whereas those taking as- 
pirin alone had a 1.4% rate. This 40% improvement was 
among the best of any other risk factor studied. The syn- 
ergistic effect of moderate alcohol consumption was not ex- 


pected. 


Alcohol and Drugs 


Alcohol has a potentiating effect on some drugs, particu- 
larly sedatives. This may be drug specific, but alsoin many 
cases is due to the fact that the liver, where all drugs are 
detoxified, may prefer to metabolize alcohol and the drugs 
may persist in the bloodstream longer than they would 
normally. Repeating the drug dosage, in, say, 4 or 6 h, may 
lead to an overdosage if the drug has not been removed by 
the liver. 
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Those taking drugs for any chronic ailments should find 
out if alcohol interferes with the action or metabolism of 
those drugs. 


BIBLIOGRAPHY 


1, M. Frezza et al., New Eng. J. Med. 322, 95-99 (1990). 
2. C, Leake and M. Silverman, Alcoholic Beverages in Clinical 
Medicine, World Publishing Co., Cleveland, 1966, p. 54. 
3. A. Piendl, How the Blood Alcohol Curve Develops After Drink- 
ing Beer, Brauwelt International, 1993, pp. 154~157. 
4, K. Crow and R. Batt, Human Metabolism of Alcohol, Vol. I, 
CRC Press, Inc., Boca Raton, Fla., 1989, p. 53. 
5. C. F.Gastineauet al., Fermented Food Beverages in Nutrition, 
Academic Press, New York, 1979. 
6. B, Rouche, The Netural Spirit, Little, Brown, Boston, 1960. 
7. L, Goodman and A. Gilman, The Pharmacological Basis of 
Therapeutics, Macmillan & Co., New York, 1970, p. 139. 
8, L. Bisson et al., Amer: J. Enol. Vit. 46, 449-462 (1995). 
9, E. Frankel et al., J. Agric. Food Chem. 43, 890-894 (1995). 
10. H, Seitz et al., New Eng, J. Med. 328, 58 (1990). 
11. The Merck Manual, 16th ed., 1992, p. 2009. 
12. 'T, M, Roebuck et al., Alcohol Clin. Exp, Res. 22, 339-344 
(1998). 


GENERAL REFERENCES 


©, Leake and M. Silverman, Alcoholic Beverages in Clinical Med- 
icine, World Publishing Co., Cleveland, 1966. 

National Research Council (U.S.), Diet and Health, National 
Academy of Sciences, National Academy Press, Washington, 
D.C., 1989, 

D. A. Roe, Alcohol and the Diet, AVI Publishing Co., Westport, 
Conn., 1979. 

E, Rubin, “Alcohol and the Cell,” Annals of the New York Academy 
of Sciences 492, p. 1-7, 181-190 (1987). 

F.A. Seixas, K. Williams and S. Eggleston, “Medical Consequences 
of Alcoholism,” Annals of the New York Academy of Sciences 
252, p. 11-19, 63-78, 85-100 (1975). 

FA. Seixas, and S. Eggleston, “Alcohol and the Central Nervous 
System,” Annals of the New York Academy of Sciences 215, p. 
10-36; 325-330 (1973). 


Josrpy L. OWADES 
Consultant 
Sonoma, California 


ALKALOIDS 


CLASSIFICATION AND PROPERTIES 


Alkaloids are naturally occurring substances with a par- 
ticularly wide range of structures and pharmacologic ac- 
tivities. They may be conveniently divided into three main 
categories: the true alkaloids, the protoalkaloids, and the 
pseudoalkaloids. 


The true alkaloids have the following characteristics: 
they show a wide range of physiological activity, are usu- 
ally basic, normally contain nitrogen in a heterocyclic ring, 
are biosynthesized from amino acids, are of limited taxo- 
nomic distribution, and occur in the plant as the salt of an 
organic acid. Exceptions are colchicine, aristolichic acid, 
and the quaternary alkaloids. The protoalkaloids, also 
known as the biological amines, include mescaline and 
N,N-dimethyltryptamine. They are simple amines synthe- 
sized from amino acids in which the nitrogen is not in a 
heterocyclic ring. The pseudoalkaloids, those not derived 
from amino acids, include two major series of compounds: 
the steroidal and terpenoid alkaloids (eg, cones-sine) and 
the purines (eg, caffeine). Most alkaloids occur in the An- 
giosperms, the flowering plants, but they are also found in 
animals, insects, marine organisms, microorganisms, and 
the lower plants. The only common characteristic of alka- 
loid names is that they end in “ine” (except camptothecin). 

Alkaloids are preferably grouped by their biosynthetic 
origin from amino acids (eg, ornithine, lysine, phenylala- 
nine, tryptophan, histidine, and anthranilic acid) rather 
than their heterocyclic nucleus, The pseudoalkaloids, 
which are not derived from amino acids and clearly cannot 
be classified this way, are best organized in terms of their 
parent terpenoid class, eg, diterpenoid and steroidal al- 
kaloids, or as purines or ansamacrolides. 


Physical Properties 


Most alkaloids are colorless crystalline solids with a de- 
fined melting point or decomposition range (eg, vindoline 
and morphine). Some alkaloids are amorphous gums and 
some are liquids (eg, nicotine and conine) and some are 
colored (eg, berberine is yellow and betanidine is red). 

The free base of the alkaloid is normally soluble in an 
organic solvent; however, the quaternary bases are only 
water soluble, and some of the pseudo- and protoalkaloids 
show substantial solubility in water. The salts of most al- 
kaloids are soluble in water. 

The solubility of alkaloids and their salts is of consid- 
erable significance in the pharmaceutical industry, both in 
the extraction of the alkaloid from plant or fungus and in 
the formulation of the final pharmaceutical preparation. 
Solubility is also of considerable significance in the clinical 
distribution of an alkaloidal drug. 


Chemical Properties 


Most alkaloids are basic, which makes them extremely 
susceptible to decomposition, particularly by heat and 
light. 


Ornithine-Derived Alkaloids 


Ornithine-derived alkaloids include the tropanes (atro- 
pine, /-hyoscyamine, /-scopolamine, and cocaine), the Se- 
necio alkaloids, and nicotine. 


Tropane. Tropane alkaloids are derived from plants in 
the Solanaceae, Erythroxylaceae, and Convolvulaceae 
families. These alkaloids comprise two parts: an organic 
acid and an alcohol (normally a tropan-3a-ol). The phar- 


macologically active members of this group include atro- 
pine, the optically inactive form of /-hyoscyamine, which is 
isolated from deadly nightshade (Atropa belladonna); I- 
hyoscyamine and l/-scopolamine, which are found in the 
leaves of Duboisia metel L., D. meteloides L., and D. fas- 
tuosa var. alba. 

The tropane alkaloids are parasympathetic inhibitors. 
For example, atropine acts through antagonism of mus- 
carinic receptors, the receptors responsible for the slowing 
of the heart, constriction of the eye pupil, vasodilation, and 
stimulation of secretions. Atropine prevents secretions (eg, 
sweat, saliva, tears, and pancreas) and dilates the pupil. 
Atropine is used to reduce pain of renal and intestinal 
cholic and other gastrointestinal tract disorders, to prolong 
mydriasis when necessary, and as an antidote to poisoning 
by cholinesterase inhibitors. Small doses produce respira- 
tory and myocardial stimulation and decrease nasal secre- 
tion, and the drug has little local anesthetic action. Hyo- 
scyamine and scopolamine have mydriatic effects. They 
are also used in combination as sedatives, in anti-motion- 
sickness drugs, and in antiperspirant preparations. 


Cocaine. Cocaine is a potent central nervous system 
(CNS) stimulant and adrenergic blocking agent. It is ex- 
tracted from South American cocoa leaves or prepared by 
converting ester alkaloids to exgonine, followed by meth- 
ylation and benzoylation. It is too toxic to be used as an 
anesthetic by injection, but the hydrochloride is used as a 
topical anesthetic. It has served as a model for a tremen- 
dous synthetic effort to produce an anesthetic of increased 
stability and reduced toxicity. 
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Senecio Alkaloids. Senecio alkaloids possess a pyrroli- 
zidine nucleus and occur in the genera Senecio (Composi- 
tae), Heliotropium and Trichodesma, and Crotalaria. They 
are biosynthetically derived from two units of ornithine in 
a manner similar to some of the lupin alkaloids. Certain 
of the alkaloids having an unsaturated nucleus are potent 
hepatotoxins. 


Nicotine. Nicotine is toxic, soluble in water, and a con- 
stituent of tobacco. The lethal human dose is ca 40 mg/kg. 
Pharmacologically, there is an initial stimulation followed 
by depression and paralysis of the autonomic ganglia. The 
biosynthesis of nicotine is well established. 
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Lysine-Derived Alkaloids 


Lysine-derived alkaloids contain the pyridine nucleus or 
its reduced form, piperidine. They include alkaloids de- 
rived from the Areca or Betel nut, Lobelia alkaloids, and 
those derived from pomegranate or club mosses. 

Arecoline, a colorless liquid alkaloid that has a pro- 
nounced stimulant action (in large doses, paralysis may 
occur) is found in the Areca or Betal nut. As the hydro- 
bromide it is used as a diaphoretic and anthelmintic. 

Lobelia inflata, known as Indian tobacco, contains lobe- 
line, which is similar to, but less potent than, nicotine in 
pharmacologic action and is used as an emetic; the sulfate 
salt is used in antismoking tablets. 

The root of Punica granatum contains alkaloids such as 
pelletierine and pseudopelletierine, which are formed from 
lysine and acetate. Pelletierine, is toxic to tapeworms and 
is used as an anthelmintic. 

The club mosses, Lycopodium spp., produce polycyclic 
alkaloids such as lycopodine, whereas Hydrangea spp. 
yield febrifugine, an active antimalarial agent. Anabasine 
is found in Haloxylon persicum Bunge; this alkaloid has 
antismoking and respiratory muscle stimulation action 
similar to lobeline and is also used as a metal anticorro- 
sive. 

A host of complex alkaloids such as lupinine, sparteine, 
cytisine, and matrine are found in the lupins, a large plant 
family of the Leguminosae. Sparteine paralyzes motor 
nerve endings and sympathetic ganglia. The sulfate is used 
as an oxytoxic and the adenylate derivative is used to treat 
cardiac insufficiencies. Cytisine, found in the seeds of the 
highly toxic plant Cytisus laburnum L., is a strongly basic 
alkaloid that produces convulsions and death by respira- 
tory failure. 
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Anthranilic Acid-Derived Alkaloids 


Anthranilic acid-derived alkaloids exhibit great structural 
diversity. This group includes dictamnine, platydesmine, 
vasicine, cusparine, and rutecarpine. Vasicine has oxytocic 
activity. 


Phenylalanine- and Tyrosine-Derived Alkaloids 


Phenylalanine- and tyrosine-derived alkaloids are by far 
the most numerous group of alkaloids, ranging from simple 
phenethylamines to the very complex dimeric benzyl- 
isoquinolines and the highly rearranged Cephalotaxus al- 
kaloids. 


Ephedrine. Ephedrine, from the Chinese drug Ma 
Huang, is soluble in water, alcohol, chloroform, and diethyl 
ether. It melts over the range of 33-42°C, depending on the 
water content. Little of the ephedrine of United States 
commerce is obtained from natural sources. Ephedrine is 
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produced commercially through a biosynthetic process. 
Ephedrine has mydriatric effects and demonstrates 
adrenaline-like activity. It causes a rise in arterial blood 
pressure, increased secretions, and dilated pupils; it is a 
monoamine oxidase inhibitor and is used in nasal decon- 
gestants. 


Peyote. Peyote, the small cactus of the Indians of north 
central Mexico, contain over 60 constituents. It is used as 
a hallucinogen in religious ceremonies and for medicinal 
purposes. A principal constituent is mescaline, a simple 
trimethoxyphenethylamine. 
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Ipecac. Ipecac, derived from Cephaelis ipecacuanha 
(native to Brazil), contains emetine and cephaeline, both 
of commercial significance. Emetine exhibits profound 
pharmacologic effects including clinical antiviral activity 
and is used in the treatment of amebic dysentery. Its side 
effects are cardiotoxicity, muscle weakness, and gastroin- 
testinal problems including diarrhea, nausea, and vomit- 
ing. Two synthetic routes to emetine are of commercial 
importance: the Roche synthesis, which produces dehy- 
droemetine, and the Burroughs-Wellcome synthesis. In 
handling emetine and its products, exposure should be lim- 
ited as it can cause severe conjunctivitis, epidermal inflam- 
mation, and asthma attacks in susceptible individuals. 


Isoquinoline and Related Alkaloids 


Isoquinoline and related alkaloids are the largest group of 
alkaloids derived from phenylalanine (or its hydroxylated 
derivatives) and corresponding /-phenylacetaldehydes. 
The alkaloids are prevalent in the plant families Fumari- 
aceae, Papaveraceae, Ranunculaceae, Rutaceae, and Ber- 
beridaceae. There are many structural types, including the 
simple tetrahydroisoquinolines; the benzylisoquinolines; 
the bisbenzylisoquinolines, such as the dl- and d-isomers 
of tetrandrine, which exhibit anticancer activity; the pro- 
aporphines, such as glaziovine, which is an antidepres- 
sant; the aporphines, such as glaucine; the aporphine— 
benzylisoquinoline dimers, such as thalicarpine, which 
shows cytotoxic and antitumor activity; the oxoaporphines; 
the protoberberines, a group of over 70 alkaloids such as 
xylopinine, berberine, canadine, and corydaline, known for 
such diverse pharmaceutical uses as tranquilizers, CNS 
depressants, antibacterial and antiprotozoal agents, anti- 
cancer agents, and alpha adrenergic blockers; the benzo- 
phenanthridines, a group of 30 alkaloids such as fagaro- 
nine and nitidine, which exhibit antitumor properties; the 
protopines; the phthalideisoquinolines, a group that in- 
cludes narcotine, which possesses antitussive activity, de- 
presses smooth muscles, and is not narcotic, and hydra- 
stine, which is used as an astringent in mucous membrane 
inflammation; and the homoaporphines. 


The Opium Alkaloids 


The opium alkaloids number over 25, some of which are of 
commercial importance and major significance. Opium is 
the air-dried milky exudate from incised, unripe capsules 
of Papaver somniferum L. or P. albumen Mill (Papavera- 
ceae). Notable opium-derived alkaloids include morphine, 
codeine, thebaine, noscapine, and papaverine. 

Morphine is the most important alkaloid. It is isolated 
from opium. Along with its salts, it is classified as a nar- 
cotic analgesic and is strongly hypnotic. Side effects in- 
clude constipation, nausea, and vomiting in addition to ha- 
bituation, reduced power of concentration, and reduction 
in fear and anxiety. Respiration is also deepened. 

Codeine is the methyl ether of morphine, and thebaine 
is one of the methyl enol ethers of codeinone. Codeine phar- 
macologically resembles morphine but is weaker, less 
toxic, and exhibits less depressant action (it does not de- 
press respiration in normal therapy). It is used in the treat- 
ment of minor pain and as an antitussive. Codeine is avail- 
able as a free base or the sulfate or phosphate salt. 
Thebaine is a convulsant poison rather than a narcotic. 


men 
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Papaverine, a smooth-muscle relaxant that is neither 
narcotic nor additive, occurs in P. somniferum to the extent 
of 0.8-1.0%, commonly accompanied by noiscopine (nar- 
cotine). Most papaverine used is synthetically produced. 
The glyoxylate salt is used in treating arterial and venous 
disorders. 


Amaryllidaceae 


Amaryllidaceae alkaloids include galanthamine, marge- 
tine, and narciprimine. Galanthamine is a water-insoluble 
crystalline alkaloid that exhibits powerful cholinergic ac- 
tivity and analgesic activity comparable to morphine. It 
has been used to treat diseases of the nervous system. Its 
derivatives show anticholinesterase, antibacterial, and 
CNS depressant activity. Narciclasine, margetine, and 
narciprimine exhibit anticancer activity. 


Colchicine 


Colchicine, also known as hermodactyl, surinjan, and 
ephemeron, has some of the most unusual solubility char- 
acteristics of any alkaloid: it is soluble in water, alcohol, 
and chloroform, but only slightly soluble in ether or petro- 
leum ether. Colchicine-type alkaloids are present in ten 
other genera of the Liliaceae and 19 species of Colchicum. 
Reviews of the chemistry of colchicine and related com- 


pounds and their history and pharmacology are available. 
Colchicine has the ability to artificially induce polyploidy 
or multiple chromosome groups. It is also used to suppress 
gout. 


Cephalotaxus 


Cephalotaxus alkaloids are found in the Japanese plum 
yews, Cephalotoxus spp. The esters, such as harringtonine 
and homoharringtonine, are potent antileukemic agents. 
The absolute configuration of the ester moiety has been 
determined. The a-hydroxy ester is essential for in vivo 
antileukemic activity. 


Cephalotaxine R = H 


OH OH 
Harringtonine R = — COC(CHa)2C(CHs)s 
CH,CO2CH3 
OH 
Deoxyharringtonine R = —COC(CH2)2CH(CHs) 
CH,CO,CH3 


Securinine 


Securinine, isolated from Securinega suffruticosa Rehd, is 
similar to strychnine in action, but exhibits lower toxicity, 
stimulates respiration, raises blood pressure, and in- 
creases cardiac output. The chemistry, pharmacology, and 
biosynthesis of securinine and related compounds have 
been reviewed. 


Tryptophan-Derived Alkaloids 


‘Tryptophan-derived alkaloids, which occur in the families 
Apocynaceae, Rubiaceae, and Loganiaceae, have recently 
become of great interest, particularly those derived from 
tryptamine and a monoterpene unit. There are many di- 
verse structural types in this group. Attempts to determine 
the important details of the biosynthetic interconversions 
of these compounds have been reported. 

The simplest indole alkaloids are derived from 
tryptamine itself. These include indole-3-acetic acid, a 
potent plant-growth stimulator; serotonin (5-hydroxytryp- 
tamine), a vital mammalian product that inhibits or stim- 
ulates smooth muscles and nerves; N-acetyl-5-methoxy- 
tryptamine (melotonin), a constituent of the pineal gland 
with melanophase-stimulating properties; 5-methoxy- 
N,N-dimethyltryptamine, a constituent of the hallucino- 
genic Virola snuffs; psilocybine, a hallucinogenic found in 
the mushroom Psilocybe mexicana Heim. 

The harmala alkaloids, such as harmine and harma- 
line, are powerful monoamine oxidase inhibitors, previ- 
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ously used in the treatment of Parkinsonism. Harmine is 
the active ingredient of the narcotic drug yage. 

Ellipticine and derivatives show anticancer activity. 

Several alkaloids of Calycanthus spp. are the products 
of dimerization or trimerization of simple tryptamine res- 
idues, such as folicanthine. 

The main indole alkaloid skeletons are derived from 
tryptamine and a Cy unit. Examples include corynan- 
thine; yohimbine, which has hypotensive and cardio- 
stimulant properties and is used to treat rheumatic 
disease; ajmaline, which has coronary dilating and antiar- 
rhythmic properties; decarbomethoxydihydrovobasine, 
which shows vasodilating and hypotensive activities 
whereas related compounds exhibit antiviral activity; 
akuammicine; tabersonine; catharanthine; rhynchophyl- 
line; vindoline; dihydrovobasine; 10-methoxyibogamine, 
whose acyl derivatives exhibit analgesic and anti- 
inflammatory activity; and strychnine. This structural di- 
versity has been the source of intense biosynthetic interest. 


Physostigmine 


Physostigmine, found in the perennial West African woody 
climber, Physostigma venenosum Balfour, is pharmacolog- 
ically similar to pilocarpine and is a reversible cholines- 
terase inhibitor used to treat glaucoma. 


The Ergot Alkaloids 


The ergot alkaloids are obtained from ergot, the dried scle- 
rotium of the fungus Claviceps purpurea (Fries) Tulsane 
(Hypocreaceae). Ergot alkaloids are produced by isolation 
from the crude drug grown in the field, by extraction from 
saprophytic cultures, and by partial and total synthesis. 

The ergot alkaloids act pharmacologically to produce 
peripheral, neurohormonal, and adrenergic blockage, and 
to produce smooth-muscle contraction as well. The two me- 
dicinally important ergot alkaloids are ergotamine and er- 
gonovine. 
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Three main groups of ergot alkaloids exist: 


1. The clavine type, a group of over 20 alkaloids, which 
is water insoluble and does not give lysergic acid on hy- 
drolysis. This group includes elymoclavine, agroclavine (a 
potent uterine stimulant), and chanoclavine-I. 

2. The aqueous lysergic acid derivatives such as ergo- 
novine, which in its maleate salt (or as methyl ergonovine 
maleate) is the drug of choice to treat postpartum hemor- 
rhage. 
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8, The peptide ergot alkaloids, a group of water insol- 
uble lysergic acid derivatives. This group includes ergot- 
amine, ergocornine, and ergocryptine. Ergotoxine, a mix- 
ture of three peptide ergot alkaloids, possesses strong 
sympatholytic action and is used as a peripheral vasodi- 
lator and antihypertensive. Dihydroergotoxine is used for 
vascular disorders in the aged. 


Some ergot alkaloids (eg, 2-bromo-a-ergocryptine) stim- 
ulate prolactin release and are being evaluated for treat- 
ment of breast cancer. 


Catharanthus and Vinca Alkaloids 


Catharanthus and Vinca alkaloids, usually discussed to- 
gether, are quite distinct. The most important alkaloids of 
the Catharanthus genus are vincaleukoblastine, leurocris- 
tine, and leurosine, all antileukemic agents. Vincaleuko- 
blastine and leurocristine are used clinically. The most im- 
portant alkaloid of Vinca is vincamine, used to treat 
hypertension, angina, and migraine headaches. Alkaloids 
of this type produce marked hypotensive effects and 
curare-like action. The ethers of vincaminol are potent 
muscle relaxants. 


Rauwolfia 


Rauwolfia alkaloids include reserpine, the first tranquil- 
izer, rescinnamine, and deserpidine. Reserpine is a seda- 
tive and tranquilizer useful in treating hypertension. It is 
also used as a rodenticide. 


Strychnine 


Strychnine, from the seeds of many Strychnos species, is a 
widely known poison (although, in fact, it is only moder- 
ately toxic). Pharmacologically, strychnine excites all por- 
tions of the CNS; it is a powerful convulsant and death 
results from asphyxia. It has no therapeutic uses in West- 
ern medicine, although its nitrate is used in treating 
chronic aplastic anemia. 


Cinchona Alkaloids 


Cinchona alkaloids, derived from the dried stem or root 
bark of various Cinchona species, include quinine and 
quinidine. These alkaloids are bitter tasting white crys- 
talline solids, sparingly soluble in water. Quinine is toxic 
to many bacteria and other unicellular organisms and was 
the only specific antimalarial remedy until the Second 
World War. It is a local anesthetic of considerable duration. 
Quinine is commonly used as the sulfate and dihydro- 
chloride. Quinidine, produced by the isomerization of qui- 
nine or found in Cuprea bark, is more effective on cardiac 
muscle than quinine and is used to prevent or abolish cer- 
tain cardiac arrhythmias. 


Camptothecine 


Camptothecine, isolated from the Chinese tree Campto- 
theca acuminata Decsne, is used to treat cancer in the Peo- 
ple’s Republic of China. 


Histidine-Derived Alkaloids 


Histidine-derived alkaloids include pilocarpine and saxi- 
toxin. Pilocarpine stimulates parasympathetic nerve end- 
ings and is used to treat glaucoma. The main commercial 
source of pilocarpine is Pilocarpus microphyllus Stapf., 
known as Marnham jaborandi. Saxitoxin is an extremely 
toxic neuromuscular blocking agent found in the so-called 
coastal red tides of North America. 


Monoterpenoid Alkaloids 


Monoterpenoid alkaloids include chaksine, a guanidine al- 
kaloid from Cassia lispikula Vahl, which induces respira- 
tory paralysis in mice; f-skytanthine, which is tremori- 
genic; cantleyine, derived from a monoterpene before 
loganin; and those derived from secologanin, such as gen- 
tianine, which exhibits hypotensive, anti-inflammatory, 
and muscle-relaxant actions, gentioflavine, gentiatibetine, 
pedicularine, and actinidine, a potent feline attractant. 


Diterpene Alkaloids 


Diterpene alkaloids are not of commercial or therapeutic 
significance, but some have potent pharmacological activ- 
ity, eg, aconitine and Erythrophleum alkaloids. 


Steroidal and Triterpene Alkaloids 


Steroidal and triterpene alkaloids are found in the plant 
families Solanaceae, Liliaceae, Apocynaceae, and Buxa- 
ceae, There are four main groups based on the botanical 
source: the Veratrum, Solanum, Holarrhena and Funtu- 
mia, and Buxus alkaloids. 

The Veratrum alkaloids include jervine, protoveratrine 
A, and protoveratrine B; the latter two produce pro- 
nounced bradycardia and a fall of blood pressure by stimu- 
lation of vagal afferents. The Solanum alkaloids are of in- 
terest as potential sources of steroids. Examples of these 
alkaloids are tomatidine and solanidine. Some Solanum 
alkaloids exhibit fungistatic activity. Biosynthetically, 
the alkaloids are derived from acetate and mevalonate. 


CHg 


Tomatidine 
HC 
H; 
a N 
HC H3C 
HO H 
Solanidine 


ALKALOIDS 31 


Table 1. Effects of Natural Food Alkaloids on Humans and Animals 


Alkaloid(s); identified or potential food sources 
Clinical effects 
Toxic symptoms 


Amatoxins (a-, f-, y-amanitins, amanin, amanullin); toxic mushrooms [Death Cup (Amanita phalloides, A. verna, A. virosa)} 
Liver and kidney damage (man) 
Delayed vomiting, abdominal pain and diarrhea, coma, death; LD* (man, oral) = 0.11 mg/kg 
Arecoline; Areca nut or Betal nut (Areca catechu) 
Parasympathomimetic agent, cathartic (horses); cholinergic (man) 
Flushing, perspiration, bronchial spasms, contraction of pupils, diarrhea, dyspnea, and collapse; LD* (mouse, subcutaneous) 
= 102 mg/kg 
Caffeine; coffee, tea, cola nuts, guarana 
Cardiac, respiratory, and psychic stimulation, diuresis; vascular cephalalgesia (man) 
Nausea, restlessness, vomiting, insomnia, tremors, tachycardia, cardiac arrhythmia (man); LD59” (rat, oral) = 19.6 mg/kg 
Capsaicine; red peppers 
Skin irritant 
Sweating, salivation (mammals) 
Carapine; papaya (Carica papaya) 
CNS depression (mammals) 
Bradycardia (mammals) 
Caulerpicin; marine algae (Caulerpa sertulariodes C. racemosa var. clavifera) 
Anesthesia (mammals) 
Numbness of lips and tongue (man) 
Chavicine; black and white pepper (Piper nigrum) 
Sharp peppery taste (man) 
No information 
Choline; brain, egg yolk, bivalve mollusks (Callista brevisiphonata), areca nut 
Lipotrophic agent, antihypercholesterolemic agent 
Nausea, vomiting, diarrhea (man); LD* (rabbit, subcutaneous) = 450 mg/kg 
Convicine; fava bean (Vicia sativa or V. fava) 
Inhibition of glucose-6-phosphate dehydrogenase, decreased or reduced glutathione levels in red blood cells 
Hemolysis, growth retardation (rat), hemoglobinemia (dog) 
Curry alkaloids (murrayanine, mukoeic acid, girinimbine murrayacine, koenimbine, koenine, koeniginine, koenigine, mahanimbine, 
Cyclomahanimbine, curryanine); curry plant (Murraya koenigii Spreng) 
For skin eruptions 
No information 
Cystisine; milk {contaminated from Cystisus laburnum, Sophora secundiflora (mountain laurel) 
No information 
Excitement, sweating, incoordination, convulsion, death (man, pig, cattle, horse); LD* (as nitrate, dog, subcutaneous) 
= 4.3 mg/kg 
3,4-Dihydroxy-L-phenylalanine (DOPA); fava bean (Vicia fava) 
Decrease in reduced glutathione in red blood cells (man) 
No information 
Dopamine; banana, avocado, cephalopods 
Hypertensive agent, increased cardiac output 
No information 
Dioscorine; wild yam (Dioscorea hirsutus, D. hispida) 
CNS stimulation: analeptic, diuretic, expectorant 
Sialorrhea, nausea, vomiting, diarrhea, confusion, cold sweat, pallor, clonic convulsion, paralysis, asphyxia (man), emetic 
hemolytic agent; LD* (mouse, intraperitoneal) = 130 mg/kg 
Eptatretin; Pacific hagfish (Polistotrena stouti) 
Cardiac stimulant (frog, dog) 
None, due to rapid detoxication 
Ergot alkaloids (Eorgonovine, ergotamine, ergosine, ergocristine, ergocyptine, ergocornine, ergosinine, ergocristinine, ete); Barley, rye 
(contaminated from ergot produced by the fungi Claviceps paspali and C. pupurea) 
Uterine stimulation, analgesic for migraine headache 
Tachycardia, hypertension, vomiting, diarrhea, mental confusion, hallucinations, convulsions, gangrene, gastrointestinal (GI) 
disturbance; LD* ergotamine, rat, intravenous) = 60 mg/kg 
Gelsemine; Honey [contaminated from yellow jasmine] (Gelsemium sempervirens) nectar] 
Uterine stimulation, CNS stimulant 
Dizziness, dimness of vision, mydriasis, nausea, muscular debility, unusual prostration, weak pulse, dyspnea (man); minimum 
LD (rabbit, subcutaneous) = 0.15 mg/kg Glucobrassicin; broccoli, brussels sprouts, cabbage, cauliflower, kohlrabi, radish, 
rutabaga 
Goitrogenesis (rabbit, rat) 
Hyperplasia of the thyroid; kidney and liver enlargement (rabbit, rat) 
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Table 1. Effects of Natural Food Alkaloids on Humans and Animals (continued) 


Alkaloid(s); identified or potential food sources 
Clinical effects 
‘Toxic symptoms 


Goitrin; cabbage, rape, rutabaga 
Goitrogenesis (rat) 
Hyperplasia of thyroid, liver and kidney enlargement (rat) 
Gramine; barley (Hordeum vulgare) 
Vasoactivity, stimulation of intestines and uterus (rabbit) 
Hypertension, clonic convulsion, and excitation of respiratory center 
Histamine; derived from beer, chocolate, fish, sauerkraut, wine, and yeasts 
Vasoactivity (mammals) 
Headache (man), hypotension (man, mammals); LD;o° (mouse, intraperitoneal) = 12.7 g/kg, LD* (monkey, intravenous) = 52 
mg/kg 
Hordenine; germinated barley (Hordeum vulgare), sorghum (Sorghum vulgare), millet (Panicum miliaceum) 
Sympathomimetic intestinal stimulation, respiratory stimulation (cat, dog); uterine stimulation (guinea pig) 
Hypertension (man, dog), psychostimulation, convulsion, respiratory inhibition (man), LD* (as sulfate, dog, oral) = 1.9 g/kg 
Islanditoxin; rice (contaminated from Penicillium islandicum) 
Carcinogenic hepatotoxin (mouse) 
Liver damage, liver cancer (mouse, rat); LDs° (mouse, oral) = 5.0 mg/10 g 
Laminine; marine algae (Laminaria spp) and others 
Hypotension (rabbit); depression of contraction of smooth muscles (mouse, guinea pig) 
Hypotension (rabbit) 
Methyl pyrazine (various derivatives); green peas (Pisum sativum) 
No information 
No information 
Methyl pyrroline; black pepper (Piper nigrum) 
No information 
No information 
Mimosine; Leucaena glauca 
No information 
Alopecia (mammals) 
Murexine (urocanyl choline); shellfish (Muricidae spp.) 
Excitation of respiratory center, neuromuscular blocking, muscle relaxation (vertebrates and invertebrates) 
Muscular and respiratory paralysis (vertebrates and invertebrates); LD 100 (as oxalate, mouse, subcutaneous) = 310 mg/kg 
Muscaridin i 
Uterine 
Hashish or alcohol-like intoxication (man) 
Muscarine; mushroom fly agaric (Amanita muscaria and other mushrooms) 
Uterine stimulation (rabbit, guinea pig) 
Sialorrhea, lacrimation, diaphoresis, nausea, vomiting, bradycardia, convulsions, coma, death; LDjo9 (mouse) = 16 g/day 
Nicotine; tomato 
Respiratory stimulation (man); uterine stimulation (cat, rabbit, pig); cerebral and visceral ganglial stimulation (man) 
Hypotension (dog); respiratory depression and paralysis (cat); hyperglycemia, convulsion, dizziness, nausea (man), etc; LD 
(man, oral) = 40 mg/70 kg; LDgo? (rat, oral) = 60 mg/kg 
Norepinephrine; banana (particularly the pulp), orange (trace), potato 
Vasoactivity sympathomimetic, adrenergic 
Hypertension 
Pahutoxin; fishes [Hawaiian boxfish (Pahu), Ostraciontidae family] 
Neuromuscular effects (mammals) 
Hemolysis (mammals); ataxia, respiratory distress, coma (mouse); minimum LD* (mouse, intraperitoneal) = 0.25 mg/g 
Phallotoxins (phalloidin, phalloin, phallisin, phallicidin); toxic mushrooms [Death Cup, (Amanita phalloides, A. verna, A virosa)] 
Liver and kidney damage (man) 
Vomiting, abdominal pain, diarrhea, coma, and death (man); LD (man, oral) = 3 mg/kg 
B-Phenylethylamine; Mushrooms, bitter almonds 
Respiratory stimulation, intestinal relaxation, symphatomimetic (man) 
Hyperventilation, hypertension, hypotension (cat); LDso (mouse, intraperitoneal) = 350 mg/kg 
Piperine; black pepper (Piper nigrum) 
No information 
No information 
Pyrrolizidine alkaloids; wheat and other cereals, legume (contaminated from Crotalaria laburnifolia, C. striata) 
No information 
Liver damage, carcinogenesis, venoocclusive disease (mammals); glaucoma (rat, mouse); LD” (mouse) = 20 mg/kg 
Sanguinarine; mustard oil and cereal grains (contaminated from Argemone mexicana) 
Expectorant; for chronic eczema and skin cancers 
LD* (as sulfate, intraperitoneal, rat) = 450 mg/kg 
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Table 1. Effects of Natural Food Alkaloids on Humans and Animals (continued) 


Alkaloid(s); identified or potential food sources 
Clinical effects 
Toxic symptoms 


Saxitoxin; shellfish, bivalve mollusks, and other pelecypods (contaminated from the dinoflagellates Gonyaulax catenella and G. 
tamarensis) 
Neural stimulation (mammals); hypotension (cat and rabbit); myocardial and respiratory depression (mammals) 
Peripheral paralysis, tingling and numbness of lips, respiratory failure (man and other mammals); LDso° (man, oral) = 10-20 
ughkg 
Serotonine; avocado, banana, pineapple, octopus, papaya, plantain, passion fruit, red plum tomato 
Respiratory stimulation (dog); respiratory inhibition (cat) 
Hypertension (man); CNS depression (most animals); inhibition of ovulation (rabbit); teratogenesis (mouse) 
Solanine (solanidine); Irish potato (Solanum tuberosum), tomato (Lycopersicon esculentum) 
Acetylcholine esterase inhibition (mammals) 
Drowsiness, hyperesthesia, dyspnea, vomiting, diarrhea (man); LD* (rabbit, intravenous) = 25 mg/kg 
‘Tetrodotoxin; Pufferfish (Tetradontidae and Diodontidae families) 
Neuromuscular blocking (mammals); hypotension (cat); respiratory inhibition, hypothermia (dog) 
Weakness, dizziness, pallor and paresthesia, nausea, vomiting, sweating, salivation, muscular paralysis, cyanosis, respiratory 
paralysis, death (man); minimum LD (cat, subcutaneous) = 11 mg/kg; LDso” (mouse, oral) = 325 mg/kg 
Tetramine; shellfish (Buccinidae and Cymatidae families) 
Curare-like effects, hypotension, bradycardia (mammals, frog) 
Salivation, lacrimation, miosis, peristalsis (mouse); motor paralysis (mammals) 
Threobromine; cacao bean; cola nuts; tea 
Diuresis, myocardial stimulation, vasodilation, respiratory stimulation (cat) 
GI distress; LD,o° (cat, oral) = 220 mg/kg 
Theophylline; tea 
Diuresis, hypertensive cephaloanalgesia (man) 
Nausea and vomiting, vertigo, insomnia, flushing, convulsions, death; LDso° (mouse, oral) = 550 mg/kg 
‘Tomatine; tomato juice 
No information 
LD (rat, oral) 1 g/kg 
‘Toxoflavin; Indonesian bongkrek (contaminated from Pseudomonas cocovenenans) 
No information 
LDgo? (mouse, oral) = 800 mg/kg LDso° (mouse, intravenous) = 2.0 mg/kg 
Trigonelline; green peas (Pisum sativum), coffee, soybeans, potatoes 
No information 
LD? (rat, subcutaneous) = 4.9 g/kg 
‘Tryptamine; plum (red and blue), orange, tomato 
Vasoactivity, musculotropic (rabbit); intestinal and uterine contraction (rabbit, guinea pig) 
Hypertension, headache (man) 
Tyramine; avocado, banana, octopus, orange, spinach, potato, tomato 
Respiratory stimulation (rat, cat); vasoconstriction (mammals) 
Paroxysmal hypertension, intracerebral hemorrhage (man); mydriasis, bradycardia (dog); hypothermia (cat); LD (rabbit, 
intravenous) = 250 mg/kg 
Vicine; fava bean (Vicia sativa or V. fava) 
Inhibition of glucose-6-phosphate of dehydrogenase; decrease in reduced glutathione 
Hemolysis, growth retardation (rat); hemoglobinemia (dog) 


Source: Ref. 1; see also reference under S. W. Pettetier. 
“LD = lethal dose. 
*LDgo = median lethal dose. 


Purine Alkaloids 


Purine alkaloids are derivatives of the xanthine nucleus 
and include caffeine, theophylline, and theobromine, the 
principal constituents of plants used throughout the world 
as stimulating beverages. 

Caffeine has the structure 1,3,7-trimethylxanthine. It 
is derived from cola, coffee (qv), tea (qv), guarana, and 
maté. Theophylline, 1,3-dimethylxanthine, is found in tea. 
Theobromine, 3,7-dimethylxanthine, is found in cocoa and 


tea. The xanthine derivatives have pharmacological prop- 
erties in common: central nervous system (CNS) and res- 
piratory stimulation; skeletal-muscle stimulation; diure- 
sis; cardiac stimulation; and smooth-muscle relaxation. 
Caffeine is used to increase CNS activity; it acts on the 
cortex to produce clear thought and to reduce drowsiness 
and fatigue. Theophylline is used in smooth-muscle relax- 
ants. Theophylline, as the ethylenediamine salt, is used in 
preference to caffeine in cardiac edema and in angina pec- 
toris. 
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Miscellaneous Alkaloids 


Coniine is an extremely toxic alkaloid that induces paral- 
ysis of the motor nerve endings and is the primary toxic 
constituent of poison hemlock. It was the first alkaloid to 
be synthesized. Carpaine, a crystalline macrocyclic alka- 
loid that induces bradycardia, depresses the CNS and is a 
potent amoebicide. Alkaloids are found in the poisonous 
Amanita species of mushrooms, such as a- and f-amanita 
toxins, ibotenic acid, muscimol, and muscazone. Maytan- 
sine and related ansamacrolides are potent antileukemic 
agents. Surugatoxin, found in the carnivorous gastropod 
Babylonia japonica, produces a pronounced mydriatic ef- 
fect, sometimes resulting in death. 


Ingestion and Human Health 


The effects of natural alkaloids on humans and animals 
vary. This article is concerned mainly with food alkaloids 
and their clinical effects when ingested intentionally or ac- 
cidentally. Table 1 summarizes the information. 
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ANIMAL BY-PRODUCT PROCESSING 


Domesticated animals are grown and slaughtered for meat 
for human consumption. Normally, only 30 to 40% of the 
animal is utilized for human food (meat cuts, edible offals, 
processed meat products). In monetary terms this repre- 
sents by far the most important product of meat processing 
plants. However, economics of operating the meat slaugh- 
ter plant, together with the cost of pollution abatement 
and/or disposal of inedible material from the slaughter 
operation, demands that the rest of the material produced 
from the slaughter operation be used profitably. In most 
countries everything produced by or from the animal other 
than the dressed carcass is considered a by-product. An- 
other name for by-products is coproducts. The term “co- 
product” is coming into common acceptance, to indicate 
that these materials are contributing to process profitabil- 
ity. In some countries the terms “offal” and “by-product” 
are interchangeable. Hides and pelts are obvious by- 
products and are discussed elsewhere. A partial, but not 
all-encompassing, list of animal by-products is given in 
Refs. 1-4. 

Many products can be made from the nonmeat parts of 
the animal (Fig. 1), and various by-products often contrib- 
ute significantly to the meat plant’s profitability. In some 
instances the commercial value of these by-products is of- 
ten higher than the sum of the running expenses and the 
margin required for the meat plant to operate profitably. 
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Also, because there is a worldwide shortage of animal pro- 
tein, it is essential to maximize the use of these raw ma- 
terials. This applies both to products used directly for hu- 
man consumption and to protein-containing material that 
can be processed and fed back to animals. 

By-products are usually classified as “edible” or “inedi- 
ble.” Edible by-products, such as heart, liver, tongue, ox- 
tail, kidney, brain, sweetbreads, and tripe, that are seg- 
regated, chilled, and processed under sanitary conditions 
are called “variety meats” (or in some countries, offals). 
Chitterlings and natural casings (intestines) and fries 
(lamb or calf testicles) can also be eaten. In some countries, 
the blood and/or blood fractions from healthy animals, pro- 
cessed hygienically under conditions specified by the ap- 
propriate regulatory authority, can be an edible by- 
product. Some by-products must be processed or refined 
before they can be eaten. Examples include stomachs for 
tripe, bones and skin pieces for gelatin manufacture, and 
fatty tissue for edible fat. Most noncarcass material, if 
cleaned, handled, and processed in an appropriate manner, 
could be edible. 

There is a sizable international trade in edible by- 
products because they are a very economical source of 
high-quality protein and fat. Custom, religion, palatability, 
and reputation of these products usually limit their use for 
human consumption. How a meat processor classifies a 
specific product depends both on the possible utilization of 
that product and the availability of a potential market. For 
example, many potentially edible by-products are down- 
graded to an inedible use because a profitable market does 
not exist. Many animal by-products are often underused. 
Their effective utilization depends on having a practical 
commercial process to convert the animal by-product into 
a usable commodity, actual or potential markets for the 
commodity produced, a large enough volume of economi- 
cally priced raw material in one location for processing, a 
method for storing perishable material before and after 


Paunch and 
gut contents 


Figure 1. Flow diagram of material from a slaughtered 
animal. 
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processing, and, often, the availability of highly trained 
technical operators. 

By-product yields (as a percentage of the animal's 
slaughter weight) depend on the species and category of 
animals slaughtered, the degree of animal processing, and 
on the end form of the by-product. Edible offals, material 
for pet food, and blood for edible use can represent up to 
20% of carcass weight. When by-products are further pro- 
cessed (eg, rendered into meal and processed fat), one- to 
two-thirds of the original weight of raw material is lost as 
water. 


BLOOD 


Whole blood is a liquid with a dry matter content of 18 to 
20%. Animal type and age may slightly influence blood 
composition. Blood undergoes complex biochemical reac- 
tions (clotting, coagulation, syneresis) once it has been re- 
leased. Uncoagulated blood can be fractionated into 
plasma (a pale yellow fluid) and red blood cells (a fraction 
containing hemoglobin). Serum can be obtained when clot- 
ted blood synereses. 

About 3 to 4% of the animal’s live weight is blood, so 
large quantities are produced daily at slaughter facilities, 
even small ones. As 90 to 95% of the dry matter in blood 
is protein, blood is an obvious source of high-quality pro- 
tein. Whole blood and the processed fractions (especially 
plasma) can be used as food ingredients. The dark red color 
of whole blood and red blood cells usually limits the use of 
these products in foods (5-7), although several processes 
exist for manufacturing decolorized blood fractions. How- 
ever, the high costs and the logistics of collecting blood hy- 
gienically usually preclude extensive use of blood for edible 
products, so it is usually processed into an inedible blood 
meal. Although this processing into blood meal produces 
some income, it is done mainly to reduce pollution treat- 
ment costs: whole blood has a high biological oxygen de- 
mand (250,000 mg/L) and therefore can be a major source 
of pollution. Blood is usually not collected hygienically, in 
which case it may contain urine and ingesta. As well, it 
usually has been diluted with wash water. As a result, 
the dry matter content of the whole blood can be reduced 
to as low as 10%, especially if there is poor water manage- 
ment. 

Whole blood can be stabilized chemically by adding 
urea, ammonia, metabisulfite or sulfuric acid, and the pre- 
served blood can then be held without refrigeration and 
fed to animals (8). However, in most commercial processes, 
the blood is heated to coagulate the proteins, and these 
coagulated solids are then separated and dried to produce 
blood meal with a moisture content of 8 to 10%. This meal 
is a cheap source of animal protein high in lysine. The 
three most common methods of processing inedible blood 
are as follows: 


1. Apply indirect heat to the whole blood to boil off most 
of the water. This process is very energy inefficient 
and produces a denatured product with very low sol- 
ubility. This method is often used at smaller older 
plants that have not updated their equipment. 


2. Inject live steam to bring the temperature to about 
90°C to coagulate the blood, then remove most of the 
water in a decanter and dry the solids (eg, in a ring 
dryer with hot circulating gases, a rotating drum 
cooker, or a batch dryer). This method uses less en- 
ergy than the previously mentioned technique be- 
cause about half of the water is removed mechani- 
cally. A denatured protein powder is produced, the 
solubility of which depends on the type of dryer used: 
powders produced in ring dryers usually are more 
soluble. The high temperatures and/or long times 
used during processing lower the nutritional value 
of the blood meal. 

3. Concentrate whole blood by ultrafiltration, then dry 
the concentrate in a spouted-bed drier (9). A very 
soluble powder is produced. 


The yields of dried blood depend on the processing pa- 
rameters (10). Aging the blood (leaving for 12 or more 
hours before processing) can increase yields. Any water 
added to the raw blood reduces yields. If the steam coag- 
ulator is not working efficiently, the losses of protein in the 
“blood water” from the centrifuge can increase. 

Blood and its components (serum, albumin, red blood 
cells, hemoglobin) can be used in food, animal feeds, labo- 
ratory reagents, medical preparations, and industrial uses 
and as fertilizer. Blood albumin can be a substitute for egg 
albumen. Dried blood meal is used as a protein supplement 
in livestock feed. It is deficient in the amino acids trypto- 
phan and isoleucine but is high in lysine, although lysine 
availability is affected by the drying method. Laboratory 
uses for blood include as a nutrient for tissue culture media 
and as a necessary ingredient in some agars for bacterio- 
logical use. Many blood components are isolated from 
whole blood and used in chemical and medical analyses or 
as nutritive supplements. Industrial uses of blood include 
as an adhesive and for its film-forming properties in the 
paper, lithographic, plywood, veneering, fiber, plastics, and 
glue industries. As a fertilizer, blood meal contributes ni- 
trogen, aids humus formation, and improves soil structure. 

Blood char, or blood charcoal, is the carbon component 
of whole blood or blood meal. Blood char is produced by 
treating 20% of the weight of whole blood or 50% of the 
weight of blood meal with activating agents and heating 
in airtight containers to 650 to 750°C for 6 to 8 h. Blood 
char contains 80% carbon and is used for absorption of 
gases, as an industrial decolorant, and as an antidote for 
chemical poisoning. 


RENDERING 


Introduction 


Animal tissues are composed essentially of water, fat, and 
protein, with some minerals. The term “rendering” refers 
to a variety of processes that are used to separate the wa- 
ter, fat, and protein components, as far as is practicable, 
into commercial products. Until the 1850s, the highly per- 
ishable by-products from meat slaughtering were consid- 
ered waste and were buried. The rendering industry de- 
veloped to convert these materials into farm fertilizer and 


realize a profit from the operation. Proteinaceous by- 
products yielded nitrogen fertilizer, whereas bone pro- 
duced phosphate fertilizer. Today, the rendering industry 
produces many useful products that can be broadly clas- 
sified as edible and inedible fats, fine chemicals, meat 
meals, and bone meals. 

Animal by-products used by renderers consist of fatty 
tissue, trimmings, bones, hooves, and soft offals (viscera). 
Processing carcasses into cuts and boneless meat increases 
the amount of material for rendering through the bones 
and trimmings that result. The material for rendering can 
represent 30 to 60 percent of the weight of a slaughtered 
animal. In developed countries, with centralized slaughter 
of large numbers of animals, a large volume of material is 
available for renderers. This has led to the development of 
sophisticated equipment and processes. 


Basic Principles 


The basic purpose of rendering is to produce stable prod- 
ucts of commercial value, free of disease-bearing organ- 
isms, from raw material that is often unsuitable or unfit 
for human consumption. Most of the fat comes from fatty 
tissue, which can be located anywhere within connective 
tissue, and is made up of cells containing fat. This fat is 
deposited when animals have a surplus of dietary energy. 
The fat cells are surrounded by reticular fibers, and the fat 
cannot be released from animal tissue until the supporting 
structure has been broken. The two basic processes in ren- 
dering are separation of the fat and drying of the residue. 
The most common method used to rupture fat cells is heat, 
although enzymic and solvent-extraction rendering pro- 
cesses also exist. 

A large proportion of the raw material for rendering is 
viscera (soft offal) and its associated contents. Because 
paunch and gut contents contain chemicals that can ad- 
versely affect fat quality, and solids that can downgrade 
meal quality, paunches are usually opened and emptied. 
The viscera are then cut and may be washed. Size reduc- 
tion increases mass and heat transfer, although in some 
rendering processes it may be difficult to get even heat 
transfer in the processing vessel if the particles are too 
small. Both hard and soft offals may undergo size reduc- 
tion. This size reduction is usually done in devices with 
rotating knives or anvils (termed hogors or prebreakers 
when producing large particles, grinders or mincers when 
producing fine-particle material) or with rotating hammer 
devices (hammer mills). Hooves and bones (hard offals) 
need to be reduced in size but usually do not require wash- 
ing. The raw material is then processed to separate the fat 
from the nonfat phase. 


Processes 


A rendering process can generally be classified as wet or 
dry, depending on whether the fat is removed from the raw 
material before or after the drying operation. Processes 
can operate in a batch, semicontinuous, or continuous 
mode, and some of the newer rendering systems are clas- 
sified as low-temperature-rendering (LTR) systems be- 
cause of their milder heat treatment. Table 1 lists the 
best-known and most-used rendering systems, divided ac- 
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cording to process type. Connected systems produce prod- 
ucts of similar quality when processing similar raw ma- 
terial. There is no one “best” process for all applications; 
the most appropriate method will often depend on the ap- 
plication. 

Profitability of any rendering system can be maximized 
by ensuring maximum yields and by obtaining the best 
possible product quality. Regular and planned mainte- 
nance of equipment will minimize repairs and mainte- 
nance costs. Processing additional water (from excessive 
washing and hosing) is wasteful, because more energy and 
a larger rendering capacity is required for a given through- 
put of solid material. 


Wet Rendering. Wet rendering is an old processing 
method. In older systems, the preground raw material is 
cooked in a closed vertical tank (termed a digestor, auto- 
clave, or cooker) under pressure by direct steam injection, 
usually to 380 to 500 kPa for 3 to 6 h (Fig. 2). Operators 
use past experience to gauge the end point. The pressure 
is then slowly released, and the liquid and solid phases are 
allowed to settle. The fat that has floated to the top is 
drawn off and can be “polished” in disc centrifuges to re- 
move residual water and particles (fines). The water phase 
(liquor) in the cooker is drained off, then the solid material 
(greaves) is removed and can be pressed or centrifuged to 
remove additional liquid (stickwater) before being dried. 
The liquor and stickwater may be further processed to re- 
move fines, which can be recycled to the greaves, and re- 
sidual fat. Wet rendering produces good-quality fat (but 
only if the viscera are cut and washed). However, it re- 
quires very long cook times, is very labor intensive, and 
has significant losses (up to 25% of the solids may be lost 
in the stickwater). It is energy intensive, although heat can 
be recovered from the vent steam. 

A more modern wet-rendering system is semicontinu- 
ous and involves cooking the raw material in a conven- 
tional dry-rendering cooker under pressure (to ensure ster- 
ilization) for a short time, then processing the cooked 
material in decanters to separate the liquor from the wet 
solids (Fig. 3). The meal is dried in continuous driers, and 
the fat is separated from the liquor in disc centrifuges. Pro- 
cess water is evaporated in multiple-effect evaporators and 
the concentrate added to the wet solids. The system pro- 
duces high-quality fat and low-fat meal and uses less en- 
ergy than conventional wet- or dry-rendering systems. 
However, capital costs, repair costs, and maintenance costs 
are high. 


Dry Rendering. Both batch and continuous processes ex- 
ist (Fig. 4). The material is heated in a horizontal, steam- 
jacketed vessel until most of the water has evaporated. The 
vessel has an agitator, which also may be steam heated. 
The evaporated water is usually condensed to recover heat 
and reduce atmospheric pollution. In batch systems, the 
raw material can be subjected to 200 to 500 kPa for some 
specified time to sterilize the material and/or hydrolyze 
wool and hair. It may take up to 3 h to produce a “dry” 
material, and the end-point temperature is often 120 to 
140°C. The stage at which pressure is applied can influence 
the ease of further processing. Cooking times in continuous 
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Table 1. Best-Known and Most-Used Rendering Processes 


Cooker temperature, °C 


Batch Cookers 105-130 
Keith 105-140 
Continuous Stord Bartz with centrifuges 110-140 
Duke 120-140 
Dry Carver-Greenfield 90-105 
TM-1 120-140 
Continuous with evaporator Retrofit 120-140 
Stord Barts with presses 120-140 
Batch Digesters 90-110 
Centrimeal 125-140 
Semicontinuous Instant meal 125 
Atlas 
Balfour 
Wet Centribone 
Continuous low temperature MLTR 60-95. 
Pfaudler 
Rendertech 
Stord Bartz wet pressing 
Raw material Raw 
material 
Condensed steam 
from raw material 
Digestor 
Strainer 
Greaves Fat, water, 
for <—C and fines for 
drying purification 


Figure 2. Wet-rendering system. 


systems depend on cooker volume, cooker heat-transfer ca- 
pability, and the characteristics and feed-rate of the raw 
material. Cooker contents are discharged into a percolator 
to remove free-draining fat; then the solid material is 
pressed (a continuous operation) or centrifuged (a batch 
operation) to remove additional fat. The material is then 
ground into meat meal. The fat is polished in disc centri- 
fuges to remove fines and moisture. 
Batch dry rendering has the following advantages: 


* Little material is lost. 

* Cooking, pressurizing, and sterilizing can be carried 
out in the same vessel. 

* Different cookers can be assigned for processing dif- 

ferent raw material, and hence for producing differ- 

ent grades of fat. 

Heat can be recovered from the vent steam. 


Decanter 


Process 
water to <——. 
cooker 
Separator 
Dryer 
Tallow Meal to 


mill 


Figure 3. Semicontinuous wet-rendering system. 


The disadvantages are as follow: 


* The fat is usually of poorer quality than that from 
wet or LTR systems. 

* The high temperatures used produce fines, which can 
pass into the fat, degrading its quality, and which can 
be lost in the effluent from the polishing centrifuges. 
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Pre-breaker 


o Cooker 


Percolator 


Mill 
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Figure 4. Dry-rendering system. 


. 


The meal has a higher fat content than meal from 

wet and LTR systems. 

¢ Raw material must be washed (producing effluent) to 

produce good-quality fat. 

Indiscriminate hosing and inadequate draining of 

washed material add extra water, increasing evapo- 

ration loadings and, hence, energy requirements. 

High-protein, low-fat material, such as slaughter 

wastes from calves and young lambs, is difficult to 

process. 

The end point of the cooks is difficult to control, so fat 

quality can be variable. 

It is difficult to keep the processing area clean and 

tidy; the process is not completely enclosed, so cooked 

products can be recontaminated. 

¢ Energy usage is high, especially if vent steam is not 
recovered as hot water; dry-rendering cookers are not 
efficient dryers. 

* The process is labor intensive. 


. 


Continuous dry rendering has most of the advantages 
of batch dry rendering, uses less labor, and requires less 
space. It has the disadvantages that the system cannot be 
pressurized, so sterilization and hydrolysis cannot be done, 
and tallow quality tends to be lower than with batch opera- 
tions because end-point temperatures are often higher. 


Low-Temperature Rendering (LTR). In the wet- and dry- 
rendering systems discussed so far, the raw material is 
subjected to high temperatures for long times. In dry ren- 
dering, near the end of the cooking process, when most of 
the free water has evaporated, the solids (cracklings) are 
essentially “frying” in the fat. With such high tempera- 
tures, the raw material must be washed to ensure that 


ANIMAL BY-PRODUCT PROCESSING 39 


paunch contents and other “dirt” does not downgrade the 
color of the fat. Operators often overdry the cracklings to 
make pressing easier, so dry-rendered meal can be high in 
fat and low in moisture. 

LTR systems were developed in the late 1970s to over- 
come some of the disadvantages of dry-rendering systems. 
Heat treatment is minimized and phase separation is car- 
ried out at low temperatures (70 to 100°C). Systems are 
usually continuous, so material flow through the size- 
reduction equipment, heating units, phase separating 
units, evaporators, and dryers must be balanced using 
surge bins and/or variable speed drives. Raw material, 
which can be unwashed, is minced, then heated to 70 to 
95°C in a unit called a coagulator, preheater, melting sec- 
tion, or rendering vessel. The phases are then mechani- 
cally separated in decanters or presses. 

In a MIRINZ low-temperature-rendering (MLTR) sys- 
tem (Fig. 5) processing 5 t of raw material per hour, the 
rendering vessel volume is only 1 m*. Despite this, the res- 
idence time for the raw material, along with some recycled 
fat, to reach 80 to 90°C using indirect heat (in coils in the 
vessel) is just 6 to 8 min (11). The resulting liquor and 
solids are separated in a decanter, and the wet solids are 
dried, often in a direct-fired rotary drier, to give a low-fat 
meal. The liquor is separated into high-quality fat and an 
aqueous phase (stickwater). Product loss in the stickwater 
should be low. 

In other low-temperature systems (eg, the Atlas or 
Stord Bartz wet pressing systems), raw material is heated 
indirectly to about 90 to 95°C over a 30- to 60-min period 
in a preheater, then pressed in a twin-screw press (Fig. 6). 
Drainings from the preheater and press are further heated 
to coagulate any soluble protein, then centrifuged to re- 
move fines. The fines and pressed solids are dried, usually 
in contact driers. 

The stickwater from LTR systems can be concentrated 
by ultrafiltration or in evaporators, then dried. The steam 
side of the evaporator is often supplied with waste vapors 
from the cooker/drier to save energy. Heat can be recovered 
from the stickwater and from the vapors from the drier and 
used to preheat incoming raw material, or to provide hot 
water. 

The advantages of LTR systems are as follow: 


Energy requirements are usually about half those of 
dry-rendering systems. 


* The raw material may not need to be washed. 


* A low heat treatment is used, so high-quality fat is 
produced. 


The meal has a low fat content and has a high nutri- 
tional value because heat treatment is minimal. 


* Labor requirements are low. 
The system can be easily automated. 


However, the systems have high capital costs, may have 
high repair and maintenance costs, and usually require 
highly trained technical operators. 

Other methods of treating waste by-products from the 
meat industry (and also the fish and other protein indus- 
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Figure 5. MIRINZ low-temperature rendering (MLTR) 
system. 


tries) include hydrolysis using proteolytic enzymes or en- 
siling (12), 


Uses of Fat 


Animal fats are composed of triglycerides—three fatty ac- 
ids esterified to glycerol. Fat quality is measured by titer; 
free fatty acid (FFA); FAC color (standard set by the Fat 
Analysis Committee of the American Oil Chemists Soci- 
ety); bleach color; and moisture, insoluble impurities, and 
unsaponifiable matter (MIU). Other tests that can be spec- 
ified include saponification number, iodine value, peroxide 
value, and smoke point. 

The fatty acid chain length and degree of saturation of 
the carbon bonds affect the fat’s hardness or melting point 
(titer); the longer the chain length and the more saturated 
the fatty acid, the higher the titer. Fats of different species 
of animals and from different sites in the body have differ- 
ent titers. Type of feed can affect the titer, but rendering 
method does not. 

When fat molecules break down, free fatty acids are re- 
leased, so FFA content, which is usually expressed as per- 
centage of free oleic acid, indicates the degree of spoilage 
that has occurred. To minimize FFA values, poor-quality 
raw material should be segregated from good-quality ma- 
terial, and material should be processed promptly. If ma- 
terial cannot be processed promptly, the raw material 
should be kept whole (unbroken) as long as practicable, to 
minimize microbial and enzymic activity, and preserved by 
cooling, or by adding acid. Processing equipment and stor- 
age tanks should be kept clean. 

The factors affecting the color of fats include: animal 
breed, feed, age, and condition; source of the raw material; 
and presence of contaminants (feces, gut contents, etc). 


Meal to mill 


Raw material 
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Grinder 


Rendering 


vessel Decanter 


Separator 


Stickwater Tallow 


Fats can be almost white, yellow, or green (from contact 
with chlorophyll in digested plant material), or red or 
brown (from overheating or from contact with blood). Pro- 
cessing parameters during rendering (temperature, time) 
influence fat color. Some color components can be removed 
by bleaching with activated clay, and the color of the 
bleached sample read in a Lovibond tintometer. Fat 
bleachability indicates the temperature and handling con- 
ditions that the tallow has been subjected to; the cleaner 
the raw material and the lower the temperatures used, the 
lighter the bleach color. 

The MIU value indicates fat purity. Moisture content 
should be as low as possible, because microbial and en- 
zymic activity can hydrolyze fat at fat—water interfaces. 
Insoluble impurities such as protein fines, ground bone, 
manure, and so on that were not completely removed dur- 
ing processing may form colloidal fines that are not re- 
moved by settling or centrifuging. Trace amounts of copper, 
tin, and zinc can cause fat oxidation, and any polyethylene 
that has melted during rendering can adversely affect in- 
dustrial processes that utilize fats. Unsaponifiable matter 
is fatty components such as cholesterol and gums that can- 
not be converted into soap by the use of alkali. Such matter 
reduces soap yields and affects catalyst efficiency. Un- 
saponifiable matter can also impart objectionable odors. 

The saponification number indicates the average length 
of fatty acid chains, and the iodine number indicates the 
degree of unsaturation. These values can be used to iden- 
tify types of fats and oils. The peroxide value indicates the 
degree of rancidity. Tallow that is not rancid and with good 
oxidative stability will have a low peroxide value. The 
smoke point is directly related to FFA and is the tempera- 
ture to which the fat can be heated before it begins to 
smoke. 
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The two important fats of (land) animals used commer- 
cially are lard (fat from pigs) and tallow (fat from sheep 
and beef animals). Lard is made from specified, clean, 
sound tissues of healthy pigs, whereas rendered pork fat 
can be made from any fatty tissue. Edible tallow (dripping) 
is manufactured from specified edible fatty tissue. Oleo 
stock (premier jus) is a high-grade tallow prepared by low- 
temperature wet rendering of the fresh internal fat from 
beef. Inedible tallows (usually defined as fat with a melting 
point >40°C) and greases (melting point <40°C) are pro- 
duced in many grades from inedible fatty tissue and dead 
stock. 

Many different grades of tallow can be produced, and 
most countries have their own trading standards for tallow 
and grease. Tallow price reflects the prices obtained for 
other oils and fats, especially soy and palm oil. Vegetable 
oils are usually used for edible purposes and tend to be 
higher priced than tallow, which is used mainly for inedible 
processes such as soap manufacture, oleochemical produc- 
tion, and as an energy source in animal feed. Beef tallow 
is the largest component of bath bar soaps because of its 
economics and availability and its chemical composition. 
Fats are a useful component of animal feeds, as they have 
about twice the energy content of protein and carbohy- 
drates. They also reduce dust, improve color and texture, 
enhance palatability, increase pelleting efficiency, and re- 
duce machinery wear during feed production. Tallow can 
be used as an oleochemical feedstock. The resulting deriv- 
atives can be used to make abrasives, candles, cement ad- 
ditives, cleaners, cosmetics, paints, polishes, perfumes, de- 
tergents, plastics, synthetic rubber and water-repellent 
compounds. Tallow can be fractionated into its various 
components by crystallization, supercritical extraction, 
solvent extraction, or detergent fractionation. Tallow and 
its methyl esters can also be used as a fuel oil. Consider- 
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Figure 6. Wet pressing low-temperature- 
rendering system. 


able amounts of tallow are still used for soap making. Gly- 
cerine, a coproduct of soap or fatty acid production, can be 
purified and used as a chemical in its own right. 

Edible tallow and lard can be used in margarine, short- 
enings, and cooking fats. Tallow tends to give a better fla- 
vor to fried foods and is more stable during the cooking 
process than vegetable oils. However, because hard fats 
such as tallow can be associated with heart disease, the 
overall consumption of edible tallow has declined. 


Uses of Meals 


The material remaining after water and fat have been re- 
moved can have one of many names, depending on the ren- 
dering method and/or raw material used. These names in- 
clude tankage, meat-meal tankage, digester tankage, 
wet-rendered tankage, or feeding tankage (finely ground, 
dried residue from wet-rendering material low in hair, 
hoof, horn, manure, and paunch contents), digester tank- 
age with bone, meat and bone meal digester tankage, meat 
and bone meal tankage, or feeding tankage with bone (of 
higher phosphorus content than feeding tankage); meat 
meal (usually from dry rendering processes); and meat and 
bone meal or meat and bone scrap (of higher phosphorus 
content than meat meal). Feather meal is made from finely 
ground, wet-rendered feathers. This material is very di- 
gestible, but not well balanced nutritionally. Steamed bone 
meal (from wet rendering), or bone meal (from dry render- 
ing), is defatted, dried, and ground bones suitable for ani- 
mal feeding. Poultry meal has a similar composition, ap- 
pearance, and nutritional value to meat meal but is made 
from poultry by-products. Fish meal is another high- 
quality meal similar to meat meal. 

The type of raw material rendered and the rendering 
process used influence the composition of the meal pro- 
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duced. Meals made from proteinaceous material are high 
in nitrogen (the crude protein content is usually >50%) 
and also contain calcium, phosphorus, and fat. Bone meal 
and low-quality meat meals are made from material with 
a high bone content and have a relatively small market. 
One main use is as a fertilizer, but these meals are now 
being replaced by mineral fertilizers. Meals with a higher 
protein content are sold as meat and bone meal for use in 
animal feed formulations. They have a typical composition 
of 50% minimum crude protein, 4 to 10% moisture, 8 to 
16% fat, and 20 to 30% ash. The price received for a given 
meal usually depends on its crude protein content, al- 
though some buyers may specify a minimum digestibility 
and availability of amino acids. 

Bovine spongiform encephalopathy (BSE), commonly 
known as mad cow disease, was identified in the 1980s. 
Because of the belief that BSE transmission is via feeding- 
rendered ruminant protein to other ruminants, some coun- 
tries introduced legislation banning the use of ruminant- 
derived animal proteins in animal feeds. This can have a 
great economic impact on the rendering industry. Re- 
searchers are developing economic sterilization processes 
and/or developing methods to monitor the sterilization ef- 
fect of rendering processes (13,14). 


FINE CHEMICALS AND PHARMACEUTICALS 


Animals have ductless (endocrine) glands that secrete hor- 
mones, and ducted glands and organs that release en- 
zymes and other biologically active molecules. Many bio- 
logical chemicals can be recovered. A description of the 
animal glands and the medicinal and pharmaceutical uses 
of by-products is given in References 15 to 17. 

The glands and tissues used for producing fine chemi- 
cals represent a small portion of the animal’s live weight. 
Age, sex, and species of the animal determine the content 
of the active material. Most glands are very perishable and 
must be processed quickly to limit autolysis and microbial 
activity. The logistics of collecting sufficient raw material 
to operate a fine chemical plant or process usually limit 
operations either to larger meat plants or to centralized 
processing of material from many small plants. 


SAUSAGE CASINGS 


Intestines can be processed into natural casings used in 
sausage manufacture (18). Casing quality is affected by 
handling and cleaning procedures. Factors such as the age 
and species of the animal, breed, fodder consumed, and the 
conditions in which the animals are raised also affect cas- 
ing quality and value. Animal casings naturally come ina 
wide variety of different shapes and sizes. The preference 
for a particular type of casing varies from country to coun- 
try. 

Reconstituted casings are manufactured from hide 
pieces (19), and artificial casings are often made from cel- 
lulose. Animal intestines are also used for the manufacture 
of surgical sutures, and strings for musical instruments 
and tennis rackets. Intestinal tract not used for these pur- 


poses is converted into pet food or is rendered to yield meat 
meal and tallow. 


PET FOOD 


Inedible animal tissue and rendered material can be used 
in both wet and dry pet foods. Pet foods require high- 
quality ingredients, which means that renderers may have 
to segregate raw material. Generally, pet-food manufac- 
turers are using less fatty tissue and tallow and more 
protein-rich tissue and/or meat meal in their formulations. 
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ANIMAL SCIENCE 
AND LIVESTOCK PRODUCTION 


The discipline of animal science is concerned with the ap- 
plication of the biological and physical sciences to the ef- 
ficient production of livestock. Food and fiber are the pri- 
mary products of livestock production in the United States. 
Examples of products derived from animal agriculture in- 
clude meat, milk, eggs, wool, mohair, leathers, pharmaceu- 
ticals, and products used in research laboratories through- 
out the world. 


BUSINESS ASPECTS OF LIVESTOCK PRODUCTION 


Livestock are raised on a wide variety of terrains, climates, 
and management systems. However, concentrations of 
livestock raising often border on regions of grain raising 
(cattle and pigs are heavily concentrated in the Midwest- 
ern states of Iowa, Kansas, Nebraska, and Texas) or lo- 
cated near population centers (dairy cattle are concen- 
trated in the Northeastern states, Wisconsin, Idaho, and 
California) (1). Fifty percent of the land area of the United 
States is classified as grazing or range area that cannot be 
used to cultivate crops (2). Ruminant livestock (cattle and 
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sheep) are efficient utilizers of the millions of acres of land 
in the United States too rough or dry to grow crops. 

Agriculture is the largest industry in the United States, 
accounting for 15% of the gross national product. About 2 
million people are directly involved in production agricul- 
ture with ca 1.37 million agricultural operations involving 
beef or dairy cattle (2). 


Beef Cattle 


The beef cattle industry is the largest segment of American 
agriculture, accounting for almost 25% of all farm market- 
ings (3). Indeed, nearly 26 billion Ib of beef were produced 
in 1997 (4). Cattle are raised in every state, including Ha- 
waii and Alaska. Commercial cattle operations tend to be 
large and diverse enterprises that involve many types and 
breeds of cattle. The beef cattle industry in the United 
States is distinctly segmented into three production 
schemes: cow-calf (both commercial and purebred), stocker 
(intensive grazing), and feedlot. The term feeders is some- 
times used to describe cattle, pigs, and lambs going into 
intensive feeding programs. Feeder cattle production is the 
goal of commercial (nonpurebred) cow-calf and stocker 
operations. Feeder cattle may be either steers or heifers 
and are the animals of highest value in terms of beef pro- 
duction. The singular goal of purebred cattle production is 
the selective breeding and selection of superior offspring 
to attain distinguishable characteristics of the breed, such 
as carcass merit, production efficiency, or reproductive 
traits. 

Stocker cattle are weaned calves grazed on grass for 
inexpensive growth. This period is characterized by growth 
of lean tissues and frame size. In the Midwest, stocker cat- 
tle may be grazed on small grain pastures, grain stubble, 
or legume pastures before being placed in feedlots for fat- 
tening. Stocker cattle are usually owned for less than 1 
year. 

Fattening steers and heifers in feedlots involves feeding 
nearly market-sized cattle moderately high to high energy 
rations (grain) until they have reached a sufficient finish 
(fattening) to produce a carcass that will grade USDA 
choice. Large feedlots predominate in the Western states 
and account for a large percentage of fed-beef marketings. 
Midwestern feedlots tend to be more plentiful, but are gen- 
erally smaller and produce a smaller percentage of fed-beef 
marketings. Most fat steers and heifers are slaughtered at 
15-24 months of age. 

Bulls are sometimes fed for slaughter and are usually 
referred to as bullocks. Bulls generally gain weight more 
rapidly and are more feed efficient than steers or heifers. 
Bulls also tend to be leaner. Older cows culled from beef or 
dairy cow herds are also sometimes fed grain for short pe- 
riods of time before slaughter to increase the palatability 
(juiciness and tenderness) characteristics of the meat. 


Dairy Cattle 


Dairy farms are highly specialized agricultural enter- 
prises, with considerable financial and labor input and re- 
turns. Dairying as a secondary enterprise on farms and 
ranches is uncommon. The number of dairy farms and 
dairy cattle in the United States has steadily declined dur- 
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ing the past 20 years. The number of farms with dairy cat- 
tle decreased about 92% from 2 million in 1950 to 164,000 
in 1992 (1,5,6). However, the decrease has been offset by a 
significant increase in milk production (Fig. 1). Modern 
dairy cattle produce an average of 16,400 lb of milk per 
lactation (7). 

The price dairy farmers receive for whole (fiuid) milk 
has been, historically, on hundred weight basis according 
to the percentage of butterfat. However, as the value of 
butterfat has declined as the most valuable component of 
whole milk, the price differential has increased less than 
the price per pound. The decrease in demand for butterfat 
is directly attributable to the introduction of margarine 
(containing plant oils), increased consumption of cheeses 
(made from whole milk), and processed food containing 
nonfat dry milk. Also, there has been a strong trend for 
health-conscious people to eat and drink only low fat and 
non-fat dairy products such as low fat cottage cheese, low 
fat yogurt and skim milk. 

Locations of dairy farms have traditionally been close 
to major markets. This is because of the high cost of trans- 
porting whole milk, which contains a high proportion of 
water, and because milk is relatively perishable. However, 
in recent years location of dairies near consumers has been 
a less important consideration than the high cost of real 
estate near major markets. Also, conflicts between large 
dairies and home owners over water quality, dust, flies, 
and odors have forced dairy farms to relocate to less pop- 
ulated areas. Improved processing techniques and more 
rapid transportation networks also have contributed to de- 
creased costs in moving milk to markets. 


Swine 


Swine production units are located in every state of the 
United States, but are generally concentrated in or near 
feed-grain-growing regions of the central United States. 
The corn belt states of Iowa, Illinois, Minnesota, Indiana, 
and Nebraska are leaders in market hog production (1,9). 
Swine farrowing was traditionally a spring and fall opera- 
tion, but with the development of improved housing and 
nutrition, production of swine is a year-round business. 
This has tended to equalize the monthly marketings of pigs 
and reduced the seasonal fluctuations in market price. 
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Figure 1, Index of milk production, milk per cow, and cow num- 
bers in the United States. Source: Refs. 5, 6, and 8. 


The trend in pork production, as in other agricultural 
operations, has been toward larger and more specialized 
operations. There is also a trend toward more confinement 
units in the production of pigs. Swine production systems 
usually can be described by one of three basic systems: 
farrowing to finishing, feeder pig production, and finishing 
feeder pigs. 

Finished pigs are usually sold directly to the processor 
by the producer, Selecting the market and timing the pre- 
sentation of pigs for slaughter are two of the most impor- 
tant decisions made by the swine producer. Most pigs are 
sold on a live-weight basis, but some are sold based on 
carcass yield and grade. Computerized hog-marketing sys- 
tems are also being used in some parts in the United 
States. 


Sheep 


The products of sheep production businesses are primarily 
lambs and mutton for meat and wool. Most of the sheep in 
the United States are raised in the Western states. Texas, 
California, Colorado, South Dakota, Wyoming, and Utah 
account for more than 50% of the sheep produced (10). 
Sheep production systems are generally classified as farm 
flocks or range flocks. Predators, such as coyotes and wild 
dogs, and disease are some of the common problems asso- 
ciated with raising sheep. Lamb mortality rates as high as 
20% are not uncommon. Most feeder lambs are sold to feed- 
lots weighing between 65-80 Ib. Ewes culled from flocks 
are also marketed for slaughter. The seasonality of breed- 
ing for sheep unfortunately causes a shortage of fresh lamb 
during certain times of the year. 


THE DISCIPLINE OF ANIMAL SCIENCE 


The multiple and interdisciplinary needs of farm animal 
production that focus on growth, reproduction, and lacta- 
tion are at the center of animal science programs in re- 
search, teaching, and extension. Animal science is primar- 
ily an applied science that incorporates advances in science 
and technology from all disciplines. Nearly all land-grant 
universities, as well as several state and private colleges 
with agricultural programs, offer a bachelor of science de- 
gree in animal science. Most animal science departments 
in land-grant universities also offer graduate programs 
leading to master of science (M.S.) and doctor of philosophy 
degrees (Ph.D.). The Ph.D. degree is a research-based sci- 
ence degree. 

Curriculum at the undergraduate level is designed to 
prepare students for professional careers in animal agri- 
culture. The student majoring in animal science usually 
takes specialized courses, which include nutrition, breed- 
ing and genetics, biochemistry, animal reproduction, agri- 
cultural economics, animal health, meat science, dairy sci- 
ence, and animal production and products courses. 

The Journal of Animal Science. The Journal of Dairy 
Science, and Meat Science serve as the repository for ad- 
vances in the science of livestock production as well as 
their products. 


PRINCIPLES OF ANIMAL REPRODUCTION 
AND BREEDING 


Productivity of livestock depends on reproductive effi- 
ciency and is usually measured by the number of offspring 
produced by an animal or herd per unit of time. Therefore, 
management of reproductive cycles is critical for obtaining 
maximum efficiency of reproducing animals. 


Animal Reproduction 


Dairy and beef cattle are derived from common ancestors 
and thus have common reproductive characteristics. The 
period of time from one ovulation to the next ovulation is 
called the estrous cycle. The estrous cycle in cattle is on 
average 21 days in length and is characterized as being 
one in which the cow does not permit mating to occur ex- 
cept at the time of ovulation. This period of time in which 
mating is permitted is relatively short, being in the order 
of 16-18 h. The estrous cycle in cattle is continuous (poly- 
estrous) throughout the year and is not seasonal as is the 
case in some other ruminant-type animals such as sheep, 
deer, antelope, and elk. Cattle ovulate 10-14 h after the 
end of estrus, and normally one follicle ovulates per estrous 
cycle. The gestation period is 283 days, and twins occur 
only 1% of the time. 

Sheep are generally seasonally polyestrous, with recur- 
ring estrous cycles during the fall of the year followed by 
a prolonged quiescent period. Some breeds of sheep that 
originated in equatorial regions and are subject to less var- 
iations in temperature and photoperiod have longer breed- 
ing seasons. The period of sexual receptivity in sheep lasts 
for 24-36 h, but may vary widely. The length of the estrous 
cycle is 14-19 days. Seasonal breeding in animals is as- 
sociated with an increased frequency and size of episodic 
releases of luteinizing hormone (11). Ovulation normally 
occurs near the end of estrus. Ovulation rate is influenced 
by breed and nutrition, but twinning is extremely common 
in sheep. Gestation is 150 days in length. 

The pig, like the cow, is polyestrous. The period of sex- 
ual receptivity in pigs lasts about 40-60 h and may be in- 
fluenced by season, breed, and endocrine dysfunction (12). 
The length of the estrous cycle is 21 days. Ovulation rates 
are strongly influenced by weight of the gilt at breeding 
and the amount of inbreeding. Gestation in the pig is 114 
days and average litter size is in the order of 9-12 pigs per 
litter. 

The estrous cycle in all livestock is characterized by pro- 
found changes in behavioral patterns and blood hormone 
profiles. Cyclic changes during the estrous period reflect 
the secretory functions and interdependence of the ovary, 
uterus, hypothalamus, and pituitary gland. The estrous cy- 
cle is controlled by ovarian hormone secretions (estrogens 
and progesterone) and may be subdivided into a follicular 
phase, an ovulatory phase, and a luteal phase (Fig. 2). The 
ovary functions to provide fertilizable ova and a balanced 
ratio of steroid hormones to facilitate development of the 
reproductive tract for migration of the early embryo and 
successful implantation in the uterus. 

The male reproductive system in livestock is comprised 
of two testes (producing both sperm and the male sex 
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hormone testosterone), excretory ducts (epididymis, vas 
deferens, and ejaculatory duct), and accessory structures 
(prostate, seminal vesicles, bulbourethral glands, and 
penis). The scrotum, containing two testes, provides for ef- 
ficient regulation of testicular temperature. Descent of 
both testes from the abdomen to their proper scrotal loca- 
tion is necessary for maximal fertility. Failure of one or 
both testes to descend is a common reproductive organ de- 
fect in livestock, especially in swine, where the condition 
is a hereditary defect transmitted by the male and is re- 
ferred to as cryptorchidism (13). 

Reproductive management of the male primarily in- 
volves maintenance of health and nutrition to optimize 
sperm production and libido. Methods for assessing indi- 
vidual male fertility, such as breeding soundness evalua- 
tions, are subjective and poorly correlated with pregnancy 
rates, 


Breeds of Livestock 


Decisions about breeding are some of the most important 
decisions a livestock producer must make. The livestock 
breeder must consider the heritability of a characteristic, 
such as prolificacy, feed conversion, milk yield, or carcass 
merit, for example. The livestock breeder also must con- 
sider the merits of inbreeding, outbreeding, crossbreeding, 
and the relative merits of different breeds of animals. 

The development of modern breeds of livestock began 
in the 1700s. The origin of cattle and sheep breeds can be 
traced to Europe and the British Isles. For classification 
purposes there are four basic categories of modern beef and 
dairy cattle. The classification system for cattle is not con- 
sistent because two of the categories reflect geographical 
origin of the cattle and the other two reflect the purpose of 
the cattle. 


1. British and continental breeds (beef): Includes 
Angus, Hereford, Shorthorn, Charolais, Limousin, 
Chianina, Gelbvieh 

2. North American breeds (beef): Brahman, Brangus, 
Beefmaster, and Santa Gertrudis 

3. Dual-purpose breeds (beef and dairy): Ayrshire, 
Milking Shorthorn, Red Poll, and Brown Swiss 


4. Dairy breeds: Guernsey, Holstein, and Jersey 


The foundation of modern-day pigs can be traced to Eu- 
ropean and Asiatic strains of pigs. Modern swine are raised 
to produce lean high-quality pork. However, not long ago, 
breeds of swine were classified as lard-type and bacon- 
type. Although the individual breeds of swine continue to- 
day, all swine producers strive for the same high-quality 
meat-type pig. 

As in the case of cattle, the classification system for 
breeds of sheep is inconsistent. The Rambouillet and Me- 
rino breeds were developed for the production of the fine 
wool characteristic, but much lamb and mutton comes 
from these breeds. Likewise, income derived from wool 
represents a significant portion of the value of the meat- 
type breeds. 
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Figure 2. Cyclic changes in ovarian steroid and gonadotropic hormones in the ewe. 


Animal Breeding 


Crossbreeding is one of the quickest and most economical 
methods for increasing total beef or pork production. Het- 
erosis, also sometimes commonly referred to as hybrid 
vigor, is the result of crossbreeding. Increased performance 
and vigor is not limited to animal breeding, but also results 
in hybrid plant production. Hybrid increases are seen in 
the first generation (F1) crossbred animals. F1 animals are 
the result of crossbreeding two purebred lines of livestock. 
Increased performance benefits may be as high as 25% for 
F1 calves. Hybrid chickens and crossbred pigs have con- 
tributed to the increased economics of poultry and pork 
production. 

Three general crossbreeding systems are used to pro- 
duce market animals: (1) Mating females of one breed with 
males of another to produce a F1 market animal; (2) three- 
breed terminal crossbreeding, where F1 females produced 
according to (1) are mated to bulls of a third breed to pro- 
duce a three-breed market animal with a maximal level of 
heterosis (alternatively, the F1 female could be mated to 
one of the original parent breed to produce a backcross 
market animal); (3) rotational crossbreeding, where the 
breed of the sire is rotated among the three original breeds. 
Rotational breedings usually only use three breeds be- 
cause the heterosis gained by the addition of a fourth breed 
is small. 


PRINCIPLES OF ANIMAL NUTRITION AND FEEDING 


The proper feeding of livestock is a matter of supplying 
them with the correct amount of nutrients essential for 
reproduction, growth, or lactation. Nutrients are chemical 
elements and compounds required by the cells of the ani- 
mal’s body in support of the three basic functions: (1) struc- 
tural matter for building and maintaining the body; (2) a 
source of energy for work, thermogenesis (heat produc- 
tion), and fat deposition; and (3) regulating body processes 
or the synthesis of body regulators. An auxiliary function 
of nutrients would be their use in milk production. 


The Nutrients 


Nutrients required for livestock, just like for humans, can 
be categorized into six functional or chemical classes: car- 
bohydrates, proteins, fats, minerals, vitamins, and water. 
All carbohydrates or saccharides are related structurally 
and chemically and contain the same amount of gross en- 
ergy. Carbohydrates are comprised primarily of hexose 
(CgH 20g) and pentose (C;H1o05) molecules. Tetrose and 
triose molecules are present in small quantities but are 
generally not important in animal nutrition. Carbohy- 
drates are usually categorized as monosaccharides, disac- 
charides, and polysaccharides based on how many hexose 
and pentose molecules are linked together. Common mono- 
saccharides, also called simple sugars, consist of glucose, 
fructose, and galactose. Disaccharides consist of two mono- 
saccharides linked together with hydroxyl groups of each 
sugar unit. The common monosaccharides include sucrose 
(table sugar), maltose, and lactose. Polysaccharides have 
the empirical formula (CgHi90;), and contain large poly- 
mers of monosaccharides. Polysaccharides important in 
livestock nutrition include starch, glycogen, and fiber 
(hemicellulose, cellulose, and lignin). 

Carbohydrates are important energy sources in live- 
stock feeds, comprising 65-80% of plant dry weight. Car- 
bohydrate as a class of nutrients is usually divided into 
two groups: nitrogen free extract (NFE) and fiber. Fiber is 
what remains after a feed has been boiled in dilute acid or 
alkali and roughly approximates the amount of carbohy- 
drate poorly digested in the animal's intestinal tract. NFE 
represents the soluble, readily digestible carbohydrate 
portion of a feedstuff. Corn grain, eg, contains only 2.2% 
fiber and 70% NFE. Good-quality alfalfa hay contains 26% 
fiber and 46% NFE. Cellulose is not an efficient energy 
source for nonruminant livestock (swine and poultry) but 
can be readily digested by the bacteria of the rumen. Be- 
cause of this characteristic, ruminant livestock occupy an 
important niche in utilizing a potentially wasted feed re- 
source. 

Lipids are water-insoluble organic molecules that can 
be extracted from plant and animal tissues with nonpolar 
solvents such as benzene and ether. Lipids contain 2.25 
times more energy per unit weight than either carbohy- 


drate or protein. The term lipid is used in a general sense 
and used interchangeably with fat and oils. Livestock ra- 
tions are generally low in fat, with most grains and rough- 
ages containing less than 5% lipid. Fats may sometimes be 
added to a ration, especially for swine and poultry, and 
high producing dairy cattle when higher energy rations are 
desired. 

Lipids are composed of carbon, hydrogen, and oxygen, 
as are carbohydrates, but contain less oxygen. Lipids have 
several important biological functions, including storage 
and transport forms of energy and components of cell sur- 
face membranes. The fatty acid composition of body fat 
may be altered by the composition of dietary fats. This is 
especially true for swine and poultry. 

Protein constitutes the most expensive portion of live- 
stock feed. Protein primarily consists of 20 a amino acids 
linked together by peptide bonds. Both plant and animal 
tissues contain a diversity of proteins with variable 
amounts of amino acids. Ten amino acids cannot be syn- 
thesized by animal tissues or can be synthesized only to a 
limited extent. These 10 amino acids are referred to as 
dietary essential amino acids (Table 1). The primary func- 
tion of dietary protein in livestock rations is to supply 
amino acids, the building blocks of proteinaceous body tis- 
sues, Ruminant livestock do not have dietary amino acid 
requirements as such, but depend on ruminal bacterial 
protein synthesis to supply these nutrients. Because of 
this, ruminant animals are able to utilize nonprotein ni- 
trogen, such as urea, to replace part of the natural protein 
in the ration. The use of rumen bypass protein supple- 
ments, such as corn gluten meal and blood meal, has been 
shown to increase growth in beef cattle and milk produc- 
tion in dairy cattle (14,15). Swine rations are usually bal- 
anced for the first two or three most-limiting amino acids 
as well as for balancing the ration for crude protein. 

Sixteen or more minerals are required by livestock. Of 
these, seven are classified as macrominerals (Ca, P, K, Na, 
S, Mg, Fe), with the remaining constituting microminerals 
(Co, Cu, F, I, Fe, Mn, Mo, Se, Zn). A description of the 
minerals’ functions and deficiency characteristics in live- 
stock nutrition has been reviewed in Ref. 16. 

Vitamins are dietary-essential organic molecules that 
are required in minute quantities by livestock. Vitamins 
are usually classified into two groups: water soluble and 
fat soluble (Table 2). Approximately 15 vitamins are 
known to function in animal metabolism, but only several 
of these are needed in the ration of livestock because syn- 
thesis of certain vitamins occurs in the animal. Animal nu- 
tritionists formulating livestock rations are especially con- 
cerned about vitamins A and D for ruminants and certain 
B vitamins for nonruminants. Ruminants do not generally 
require B vitamin supplementation because the bacteria 


Table 1. Dietary Essential Amino Acids Required by 
Swine and Poultry 


Arginine Lysine ‘Tryptophan 
Histidine Methionine Valine 

Isoleucine Phenylalanine Glycine (poultry) 
Leucine Threonine Proline (poultry) 
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Table 2. Fat-Soluble and Water-Soluble Vitamins 
Required by Livestock 


Fat-soluble Water-soluble 

Vitamin A Thiamine 

Vitamin D Riboflavin 

Vitamin E Niacin 

Vitamin K Pyridoxine 
Biotin 
Pantothenic acid 
Vitamin By, 
Choline 
Folic acid 
Inositol 


Para-aminobenzoic acid 


of the rumen synthesize sufficient quantities. Vitamin E is 
normally present in ample quantities in natural feeds, but 
may be supplemented to ruminants and nonruminant live- 
stock receiving processed grain diets. Vitamin E supple- 
mentation of cattle diets also has been shown to stabilize 
the red color of fresh beef and help prevent oxidative ran- 
cidity (17). Livestock normally do not need ascorbic acid 
supplementation where adequate quantities are synthe- 
sized in the tissues. Ref. 16 outlines a review of vitamins 
in livestock nutrition. 


Digestion 

Digestion involves the physical and chemical preparation 
of feed in the gastrointestinal tract to absorption-ready nu- 
trients. The digestive systems of livestock are anatomically 
and functionally similar, with the very important distinc- 
tion of the ruminant having a large, four-compartment 
stomach (Fig. 3). The abomasum or the true stomach is 
functionally similar to the stomach of monogastrics. The 
rumen, the largest of the four compartments, with a ca- 
pacity approaching 50 gal, functions as a fermentation vat 
and contains billions of bacteria and protozoa. The pres- 
ence of the bacteria and the enzymes that they secrete en- 
ables the ruminant to efficiently use cellulose from fibrous 
plants and feedstuffs. The microorganisms also synthesize 
amino acids to make bacterial protein and supply the ru- 
minant animal with essential amino acids. 


RED MEAT PRODUCTION 


The slaughtering procedure for beef and pork usually in- 
volves immobilization, bleeding, removing hair (pigs) or 
skin (cattle and sheep), and removing viscera—trachea, 
esophagus, lungs, heart, stomach, intestines, and repro- 
ductive organs. Immobilization of meat animals, except 
those killed for kosher meat, is accomplished according to 
humane, accepted methods (captive bolt or electric shock, 
eg) regulated by state and federal laws. Most commercial 
slaughtering plants use a movable rail where immobilized 
animals are individually hung by their shanks and moved 
along a deassembly line to dress the slaughtered animal. 
Electrical stimulation of fresh beef, pork, veal, and lamb 
carcasses is sometimes employed to improve tenderness 
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Figure 3. The digestive system of 
the polygastric ruminant. 


(18). To facilitate rapid chilling of the carcass, beef car- 
casses are entirely split along the backbone, while pig car- 
casses are usually split to the neck. 

The term carcass is what remains after dressing and 
usually refers to both sides of the same slaughtered ani- 
mal. A side is one of the two halves of a split carcass. Beef 
quarters are the portions remaining after splitting a side 
of beef between the 12th and 13th rib. Wholesale cuts are 
divisions of the quarters including the round, full loin or 
short loin and sirloin, flank, rib, short plate, chuck, brisket, 
and fore shank. Primal cuts are any of the wholesale cuts 
except for short plates, briskets, flanks, and fore shanks. 

The principal cuts of beef, pork, and lamb are shown in 
Figures 4, 5, and 6. Most beef is sold as carcass sides or 
quarter or wholesale cuts to retailers, wholesalers, chain- 
store breaking plants, and restaurants. However, an in- 
creasing portion of beef is sold as 60-80 lb saw- or knife- 
ready subprimal cuts shipped in boxes. Processors nearly 
always reduce pork carcasses to wholesale and retail cuts 
at the plant because hams and bellies, and sometimes 
other cuts, are smoked and cured. Most lamb is sold as 
intact carcasses, but some carcasses are reduced to whole- 
sale cuts. 

Significant quantities of beef are ground, tested for lean 
content, and blended to meet federal and state quality re- 
quirements for fat content. Low-quality carcasses, such as 
cutter and canner grades of beef, pale and soft pork car- 
casses, and cull grades of lamb and mutton, are not sold 
as wholesale or retail cuts but are instead boned-out at the 
plant. The edible meat from these carcasses may be sold 
as hamburger, or used in the preparation of a variety of 
meat products, such as canned meat products or sausage. 

The USDA through the Food Safety and Inspection Ser- 
vice (FSIS) is responsible for ensuring the wholesomeness 
of the meat supply. FSIS assurance includes antemortem 
and postmortem inspection and compliance with sanita- 
tion and temperature, ingredients, and label require- 
ments. Meat bearing the U.S. “inspected and passed” 


stamp informs the buyer the meat was processed in a fed- 
erally approved plant and is wholesome and safe for hu- 
man consumption. Additionally, the carcass may be graded 
for meat yield and quality. The yield grade is an estimate 
of the portion of the carcass that is edible meat. Quality 
grades are intended to identify meat on the basis of pal- 
atability and cooking attributes. Factors used to establish 
quality grades include kind or species of animal, class or 
physical attributes, maturity, marbling, firmness of flank, 
color and structure of lean, and conformation, fleshing, and 
finish of the carcass. USDA quality grades for various 
kinds of meat are given in Table 3. 

The Food and Drug Administration (FDA) is responsi- 
ble for ensuring the safety of the drugs used in livestock 
production and food additives. Both the FDA and the Fed- 
eral Trade Commission have been involved with monitor- 
ing and regulating claims made during advertising of food 
products. 


MILK PRODUCTION 


Dairy cattle are normally milked two or three times per 
24-h day. Following freshening (parturition), maximum 
milk production is normally reached after 45 days. A slow, 
but steady decline in milk produced by the cow occurs after 
peak yield until she is dried. Normal lactation periods for 
commercial dairy farms are 305 days lactation and 60 days 
dry (Fig. 7). The dry period allows for the cow to replenish 
her body reserves and rest her mammary tissue. Because 
a calf must be produced every 12.5 to 13.5 months in order 
to meet this idealized production schedule, cows are bred 
at approximately 80-90 days of lactation. 

Feeding dairy cattle represents approximately 50% of 
the cost of milk production. The percentage of protein and 
fat may be influenced by feeding and management prac- 
tices on dairy farms. Dairies may select feeding programs 
to produce fat and produce percentages that best suit milk 
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BEEF CHART 


RETAIL CUTS OF BEEF — WHERE THEY COME FROM AND HOW TO COOK THEM 


Sutin el GD 


This chart approved by 
Live Stock and Meat Board 


**May be Roasted, (Baked), Bolted, Panbrolled or Pantied. National 


Figure 4. Wholesale and retail cuts of beef. 
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RETAIL CUTS OF PORK 


WHERE THEY COME FROM AND HOW TO COOK THEM 


Saced Sood 
Rinpoche 
——— Resat [Datoe), Conk be Liquid ———— 


Saat ‘Smoked Arm Picnic 
—— eset —— ——Reunt (Buta, Conk in Liquid — —— east — 


cayernas tea goes melanin Saaen US Thu chart aproved SEES eTereY, 


National Live Stock and Meat Board 


Figure 5. Wholesale and retail cuts of pork. 
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LAMB CHART 


RETAIL CUTS OF LAMB — WHERE THEY COME FROM AND HOW TO COOK THEM 


{Lian ors ging bora rm ot . This chart approved by © Matoat ve ek nd Meat Boars CZ 
‘Mes ec pce cl bonsecetamas National Live Stock and Meat Board 


Figure 6. Wholesale and retail cuts of lamb. 
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Table 3. USDA Grades for Meat 


Kind Class Grade names 

Beef quality grades Steer, heifer, cow Prime, choice, good, standard, commercial, utiltiy, cutter, canner 
Bullock Prime, choice, good, standard, utility 

Beef yield grades All classes 1,2,3,4,5 

Calf quality grades Prime, choice, good, standard, utility, cull 

Veal quality grades Same as calf 

Lamb and mutton quality grades Lamb, yearling lamb Prime, choice, good, utility 

Lamb yield grades All classes 1, 2,3,4,5 

Pork carcasses Barrow, gilt US. No. 1, U.S. No. 2, U.S. No. 3, U.S. No. 4, U.S. utility 
Sows US. No. 1, U.S. No. 2, U.S. No. 3, US. No. 4, U.S. utility, cull 

Source; Ref. 19. 
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Figure 7. Typical lactation curve. 


pricing schemes. However, because milk flavor is contained 
in the lipid component of milk, feed flavors are the most 
common causes of off-flavor in milk. Color of milk may also 
vary among breeds. Guernsey cattle milk, eg, has a more 
yellow color than milk from Holstein cattle. 

The term for the facilities used for the milking of cows 
is the milking parlor. Modern milking parlors must meet 
rigid sanitation requirements, keep cows comfortable, and 
be labor efficient. In comparison to the Federal Meat In- 
spection Service, state and local laws regulate cow health, 
sanitation, and milk-handling equipment. Dairy cows are 
no longer milked by hand but instead by modern machines 
that rapidly move milk from the milking parlor to refrig- 
erated storage tanks. Milking machines function to remove 
milk from the cow’s udder by applying partial vacuum to 
the teat end. This vacuum is alternately applied by pul- 
sation consisting of milk and rest cycle 45-60 times per 
minute. 

Milk moves from the cow through a series of stainless- 
steel pipes to a bulk cooling-storage tank. Milk must be 
cooled rapidly to approximately 40°F to prevent bacterial 
growth. Some states allow for in-line rapid cooling coils. 
However, thorough cleaning of the coils must be ensured. 

Most dairies sell their milk directly to processors or 
through cooperative milk marketing associations. Fluid 
milk is usually marketed and priced under federal milk 
marketing orders, in accordance with the Agricultural 
Marketing Act of 1937. The objective of the federal order 
is to promote and maintain orderly milk marketing con- 


ditions for dairy farmers and assure consumers of an ad- 
equate supply of milk. 

Milk production is somewhat seasonal, with more milk 
being produced in the spring. The price of milk paid to 
dairy farmers is usually on the hundred-weight basis ad- 
justed for percentage of components. Milk protein and fat 
are usually considered. The pricing scheme will consider 
local market factors and final use of the milk. For example, 
cheese plants usually will consider milk protein in estab- 
lishing prices paid to producers. Milk purchased for the 
manufacture of cheese may be priced on a cheese yield for- 
mula that estimates the quantity of final product. 

Almost 50% of the milk produced by farms is processed. 
for consumption as whole, low-fat, or skim milk. All milk 
is pasteurized to destroy disease-producing microorgan- 
isms that may be present in unprocessed milk. The pas- 
teurization process involves heating the milk to 161°F for 
15 s in a continuous flow process. 

Bovine somatotropin (bST) administration to dairy cat- 
tle to enhance milk production has been shown to be effi- 
cacious. Depending on the dosage of somatotropin admin- 
istered, milk production will be enhanced by 10-40% 
without significant changes in the composition of the milk 
(20). Concern regarding the impact of this technology on 
the small dairy farmer has been shown to be unfounded. 
Since its 1994 approval and sale for use in dairy cattle, 
bST has been shown to have no deleterious effects on re- 
production (21), hematological profiles (22), general health 
(23), or incidence of mastitis (24). This information con- 
firms earlier work done in Europe (25). The success of bST 
in increasing milk production and the development of a 
slow-release product good for 14 days has made it one of 
the most popular products for use in dairy cattle in recent 
history. 


FUTURE DEVELOPMENTS 


The productivity of modern livestock production was made 
possible through basic and applied research. The applica- 
tion of the principles of genetics, discovery of vitamins and 
other nutrients necessary for health and productivity of 
livestock, and the control of reproduction have made large 
contributions to the economy of producing food. However, 
for livestock production and its products to remain eco- 
nomically competitive the emergence of new technologies 
must continue. 


Several new technologies and discoveries with applica- 
tions in livestock production hold promise for enhancing 
the competitiveness of United States livestock production. 
Recombinant DNA technology is largely responsible for the 
production of commercially abundant supplies of somato- 
tropin, also commonly known as growth hormone, to en- 
hance milk and meat production. Porcine somatotropin 
(PST) administration in pigs increases rate of gain, feed 
efficiency, and carcass muscling, while significantly reduc- 
ing carcass fat deposition (26). Similar, though less dra- 
matic, results are seen in beef cattle given bST (27). This 
technology, along with other methods to regulate lean tis- 
sue growth, such as f agonists, will help the pork and beef 
industry produce meat that is leaner and thus help to re- 
duce fat consumption in the American diet. 

Artificial insemination and embryo transplantation of 
superior lines of swine, sheep, and dairy and beef cattle 
will continue to increase in popularity among livestock 
breeders. The ability of scientists to develop improved em- 
bryo freezing techniques will greatly enhance the efficacy 
of this technology. The successful introduction of trans- 
genic livestock with improved rates of growth, carcass 
characteristics, lactation, and disease resistance will influ- 
ence the methods and efficiency of livestock production 
(28). 

Transgenic animals provide opportunities to greatly de- 
crease genetic lag in breeding schemes (29) and enhance 
transfer of superior genes (30). Transgenics may make it 
possible to alter milk composition in ways that enhance 
human health, such as decreasing lactose for lactose- 
intolerant individuals and increasing the resemblance to 
human milk to improve neonatal nutrition (31). There is 
even research into the use of the transgenic mammary 
gland as a mammalian bioreactor that could produce mam- 
malian therapeutic proteins, thus avoiding the disadvan- 
tages of pharmaceutical proteins produced by microbial 
fermentors (lack of bioactivity, presence of allergenic pro- 
karyotic proteins) (32). This process has been dubbed 
“pharming.” Currently, transgenic technology is still inef- 
ficient, expensive, and socially controversial; however, it 
holds promise for enhancing the productivity of livestock 
and the quality of life for humans. 
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ANTIBIOTICS IN FOODS OF ANIMAL ORIGIN 


In 1877 Pasteur and Joubert discovered that growth of 
Bacillus anthracis could be inhibited by the presence of 
other microorganisms. This discovery led to the isolation 
of pyacyanase, the first antibiotic. In 1928 penicillin was 
discovered by Fleming when he observed that the out- 
growth of an agar culture of Staphylococcus aureus was 
inhibited by mold. In 1932 Domagk discovered that the dye 
prontosil red, the first sulfonamide, demonstrated anti- 
microbial properties. Since these early discoveries the 
number of antimicrobials either isolated from natural 
sources or synthesized in the laboratory has grown tre- 
mendously. Antibiotics, in the narrowest sense, are prod- 
ucts produced by living organisms that are not toxic to the 
producing organism but are capable of inhibiting the 
growth of or terminating other organisms. However, there 
are many synthetically manufactured compounds that in- 
hibit or kill organisms as effectively as natural antibiotics. 
The chemistry and mode of action of these synthetic anti- 
microbial compounds are well documented. While there 
are virtually thousands of known antimicrobials, only a 
few are marketed for use in present-day food animal pro- 
duction. 

Treatment of food animals with therapeutic and sub- 
therapeutic dosage forms of antibiotic-antimicrobial drugs 
has increased in the last decade. This has been due to the 


advent of modern mass production operations that involve 
the maintenance of thousands of animals simultaneously 
and requires the utilization of carefully formulated and 
medicated diets that serve to maximize growth, minimize 
production costs, and provide an acceptable consumer 
product that is wholesome and affordable. Animal feeds 
that contain antibiotics and other antimicrobials as a pro- 
phylactic are now used routinely in beef, swine, chicken, 
and turkey production. In this way the antibiotics— 
antimicrobials help to maintain the optimal health of the 
animals so treated. Antibiotics may be coadministered 
with antimicrobial drugs resulting in a net increase in drug 
effectiveness compared to individual drug administra- 
tions. Strictly speaking, sulfonamides are not antibiotics. 
However, for purposes of this article sulfonamide antimi- 
crobials will be collectively termed antibiotics. 

The aminoglycoside, beta-lactam, ionophore, macrolide, 
sulfonamide, tetracycline, and other antibiotics are an in- 
tegral part of food animal production. Regulations govern- 
ing the use, dosage, and withdrawal times for many of the 
members of these antibiotic classes in animal production 
have been established in the United States by federal law, 
as outlined in the Code of Federal Regulations, Title 21, for 
each compound (1). The U.S. Food and Drug Administra- 
tion (FDA) regulates the use of antibiotics in animal pro- 
duction while the U.S. Department of Agriculture (USDA) 
monitors residue levels by testing animal-derived products 
for antibiotics. Specific information regarding manufactur- 
ers, new animal drug application (NADA) codes, approved 
dosage forms and directions for proper use can be found in 
the Code of Federal Regulations, Title 21 and other pub- 
lished sources (2). 

Antibiotics may manifest themselves as residues in 
animal-derived human foods if improperly used or if with- 
drawal times have not been observed for treated animals. 
Animal-derived human foods that contain violative anti- 
biotic residues may pose a potential human health hazard. 
These potential health hazards can be broken down into 
three broad categories (3): toxicological, microbiological, 
and immunopathological. Toxicological concerns relate to 
the direct toxic effect of the compound on the consumer, 
resulting in physiological abnormalities, an example being 
sulfamethazine, which has recently been shown to produce 
cancer in laboratory animals (4). Microbiological concerns 
relate to the transmittance of antibiotic resistance. Anti- 
biotics have the potential to act as a selective force that 
favors the emergence of resistant pathogenic bacteria in 
the natural flora of meat consumers. An example is a re- 
ported outbreak of salmonella poisoning in humans be- 
lieved to be associated with a resistant strain in ham- 
burger obtained from culled cattle that had been treated 
routinely with chloramphenicol (5). Finally, there are im- 
munopathological mechanisms, whereby the drug serves 
as an antigen, demonstrates allergenic properties, and 
may result in hypersensitivity reactions to the drug that 
has sensitized some individuals. Penicillin is a prime ex- 
ample. Antibiotics are the principal compounds of concern. 
in the federal residue control strategy (6). Such routine 
monitoring for antibiotic residues in animal-derived foods 
is intended to minimize the occurrence of violative antibi- 
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ANTIBIOTICS IN FOODS OF ANIMAL ORIGIN 


In 1877 Pasteur and Joubert discovered that growth of 
Bacillus anthracis could be inhibited by the presence of 
other microorganisms. This discovery led to the isolation 
of pyacyanase, the first antibiotic. In 1928 penicillin was 
discovered by Fleming when he observed that the out- 
growth of an agar culture of Staphylococcus aureus was 
inhibited by mold. In 1932 Domagk discovered that the dye 
prontosil red, the first sulfonamide, demonstrated anti- 
microbial properties. Since these early discoveries the 
number of antimicrobials either isolated from natural 
sources or synthesized in the laboratory has grown tre- 
mendously. Antibiotics, in the narrowest sense, are prod- 
ucts produced by living organisms that are not toxic to the 
producing organism but are capable of inhibiting the 
growth of or terminating other organisms. However, there 
are many synthetically manufactured compounds that in- 
hibit or kill organisms as effectively as natural antibiotics. 
The chemistry and mode of action of these synthetic anti- 
microbial compounds are well documented. While there 
are virtually thousands of known antimicrobials, only a 
few are marketed for use in present-day food animal pro- 
duction. 

Treatment of food animals with therapeutic and sub- 
therapeutic dosage forms of antibiotic-antimicrobial drugs 
has increased in the last decade. This has been due to the 


advent of modern mass production operations that involve 
the maintenance of thousands of animals simultaneously 
and requires the utilization of carefully formulated and 
medicated diets that serve to maximize growth, minimize 
production costs, and provide an acceptable consumer 
product that is wholesome and affordable. Animal feeds 
that contain antibiotics and other antimicrobials as a pro- 
phylactic are now used routinely in beef, swine, chicken, 
and turkey production. In this way the antibiotics— 
antimicrobials help to maintain the optimal health of the 
animals so treated. Antibiotics may be coadministered 
with antimicrobial drugs resulting in a net increase in drug 
effectiveness compared to individual drug administra- 
tions. Strictly speaking, sulfonamides are not antibiotics. 
However, for purposes of this article sulfonamide antimi- 
crobials will be collectively termed antibiotics. 

The aminoglycoside, beta-lactam, ionophore, macrolide, 
sulfonamide, tetracycline, and other antibiotics are an in- 
tegral part of food animal production. Regulations govern- 
ing the use, dosage, and withdrawal times for many of the 
members of these antibiotic classes in animal production 
have been established in the United States by federal law, 
as outlined in the Code of Federal Regulations, Title 21, for 
each compound (1). The U.S. Food and Drug Administra- 
tion (FDA) regulates the use of antibiotics in animal pro- 
duction while the U.S. Department of Agriculture (USDA) 
monitors residue levels by testing animal-derived products 
for antibiotics. Specific information regarding manufactur- 
ers, new animal drug application (NADA) codes, approved 
dosage forms and directions for proper use can be found in 
the Code of Federal Regulations, Title 21 and other pub- 
lished sources (2). 

Antibiotics may manifest themselves as residues in 
animal-derived human foods if improperly used or if with- 
drawal times have not been observed for treated animals. 
Animal-derived human foods that contain violative anti- 
biotic residues may pose a potential human health hazard. 
These potential health hazards can be broken down into 
three broad categories (3): toxicological, microbiological, 
and immunopathological. Toxicological concerns relate to 
the direct toxic effect of the compound on the consumer, 
resulting in physiological abnormalities, an example being 
sulfamethazine, which has recently been shown to produce 
cancer in laboratory animals (4). Microbiological concerns 
relate to the transmittance of antibiotic resistance. Anti- 
biotics have the potential to act as a selective force that 
favors the emergence of resistant pathogenic bacteria in 
the natural flora of meat consumers. An example is a re- 
ported outbreak of salmonella poisoning in humans be- 
lieved to be associated with a resistant strain in ham- 
burger obtained from culled cattle that had been treated 
routinely with chloramphenicol (5). Finally, there are im- 
munopathological mechanisms, whereby the drug serves 
as an antigen, demonstrates allergenic properties, and 
may result in hypersensitivity reactions to the drug that 
has sensitized some individuals. Penicillin is a prime ex- 
ample. Antibiotics are the principal compounds of concern. 
in the federal residue control strategy (6). Such routine 
monitoring for antibiotic residues in animal-derived foods 
is intended to minimize the occurrence of violative antibi- 


otic levels in the food supply. Such a capability is depen- 
dent on the analytical methods utilized. 

Methods for the determination of antibiotics can include 
but are not limited to bioassay (ba), thin layer chromatog- 
raphy (tlc), gas chromatography (gc), liquid chromatogra- 
phy (Ic), and various immunoassay (ia) techniques. Each 
of these methods has found utility in antibiotic determi- 
nations and many have been shown to be precise, specific, 
or sensitive, depending on which analytical technique, de- 
tector, visualization method, and compound are used. In 
this regard, a method utilized to detect an antibiotic resi- 
due at low nanogram antibiotic per gram of sample (ng/g) 
or even picogram antibiotic per gram of sample (pg/g) lev- 
els may be confounded by the presence of interferences 
found in the sample matrix or in the sample extract. Thus 
analytical capability is governed ultimately by the sample 
preparation and extraction steps. The isolation of such res- 
idues from a complex biological matrix poses unique prob- 
lems to the analyst and because of the number of antibi- 
otics being utilized in animal production the need for 
multiresidue determinations exists. An emerging trend is 
the development of rapid multiresidue—multidrug class 
isolation techniques that result in clean, interference-free 
extracts and that minimize cost, time, and expendable ma- 
terial requirements, enabling the analyst to test for mul- 
tiple drugs isolated from one sample. In conjunction with 
improved isolation methods the need to screen samples 
rapidly and accurately for antibiotic residues exists. Such 
antibiotic screening protocols and analytical capability can 
be enhanced by rapid, reproducible, efficient, and cost- 
effective residue isolation techniques. 


SAMPLE PREPARATION AND RESIDUE ISOLATION 


Sample preparation requirements are dependent on the 
particular analysis that is to be performed. For example, 
ba or ia procedures for antibiotics may require little or no 
sample preparation, whereas sample preparation for tlc, 
lc, and ge procedures can be a major limiting factor of the 
analyses. 

Liquid samples such as milk, blood, urine, saliva, or 
other body fluids can be assayed directly for antibiotics by 
ba or ia techniques, or the samples may require only minor 
cleanup steps (centrifugation, pH adjustment, or a protein 
precipitation) prior to the assay. In some cases the antibi- 
otic residues that may be present in the sample at low con- 
centrations may require an analyte-concentration step 
prior to the analysis. 

Residue enrichment methods that concentrate the an- 
tibiotic residue prior to an analysis may involve solvent 
extractions, column chromatography, or solid-phase ex- 
traction (spe) techniques. The utility of solvent-solvent ex- 
tractions is limited because of the polar characteristics of 
many antibiotics such as beta-lactams, aminoglycosides, 
macrolides, polyether ionophores, and tetracyclines. Ion- 
exchange column chromatography techniques utilized to 
isolate polar ionizable antibiotics are only marginally ef- 
fective. Solid-phase extraction appears to hold more prom- 
ise as a routine residue enrichment approach. The appli- 
cation of this technique proved very effective in cleaning 
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and concentrating penicillin residues in animal tissue 
prior to HPLC analysis (7). Methods that attempt to cir- 
cumvent cleanup steps by assaying samples for antibiotics 
directly are only rarely efficient, except for ba or ia tech- 
niques of some liquid samples such as milk. 

Supercritical fluid extraction (SFE), a relatively new ex- 
traction technique, is also superior to conventional sample 
preparation methods as no cleaning is required prior to 
analysis. SFE minimized sample manipulation and elimi- 
nated the use of organic solvents when used to extract sul- 
famethazine in chicken eggs (8). This advantage was also 
evident when supercritical CO. modified with acetonitrile 
was used to recover sulfonamide from chicken liver, beef 
liver, and egg yolk (9). 

Sample-preparation steps may not be necessary in some 
cases for antibiotic determinations but their use can often 
facilitate more accurate analyses. Therefore, it is incum- 
bent on the analyst to obtain the cleanest sample extract 
possible. Clean extracts from some liquids and most non- 
liquid matrices such as muscle or organ tissues are more 
difficult to obtain and generally require an extraction step 
and multiple manipulations to isolate the antibiotic resi- 
due from the sample with high percentage recoveries. Un- 
fortunately, sample extracts obtained in this manner may 
contain naturally occurring inhibitors or interferences that 
could affect the analysis. Thus further cleanup of extracts 
is usually required prior to performing the analysis. Be- 
cause of the polar nature of many antibiotics, buffered 
aqueous solutions are routinely employed for antibiotic ex- 
tractions and it is difficult, if not impossible, to isolate an- 
tibiotic residues from these aqueous extracts by partition- 
ing with organic solvents. Thus drying of the aqueous 
extract, a time-consuming process, or the use of other pre- 
parative steps such as column chromatography or spe tech- 
niques may be required before an analytical determination 
can be made. A direct assay of the aqueous extract may be 
possible if the concentration of the antibiotic in the extract 
is sufficiently high or if the analytical method is particu- 
larly sensitive. As the complexity of the sample and the 
number of sample cleanup steps increases, the utility of 
techniques such as ba, ia, and tle for quick antibiotic 
screening purposes decreases. In addition, extracts suit- 
able for ba or ia procedures may not be sufficiently clean 
for more sophisticated tlc, lc, or ge determinations, thereby 
requiring additional and different residue isolation proce- 
dures for confirmatory techniques. 

Sophisticated techniques based on le, ge, le-mass spec- 
trometry (ms), and ge-ms usually require more rigorous 
sample preparation to isolate the antibiotic free from in- 
terferences found in the sample extract. These classic iso- 
lation techniques can be laborious and time-consuming. 
Classic isolation techniques for aminoglycoside (10), p- 
lactam (11-13), chloramphenicol (14), ionophore (15), mac- 
rolide (13,16), sulfonamide (17-20), and tetracycline (21) 
antibiotics generally involve their extraction from biologi- 
cal matrices with large volumes of extracting solvents, 
chemical manipulations such as pH adjustments and pro- 
tein precipitations, centrifugations, back washing, and the 
evaporation of large volumes of organic solvents. This ap- 
proach limits the usefulness of many classic isolation tech- 
niques for multiresidue determinations by le and ge. 
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Analytical capability is, therefore, limited to a large ex- 
tent by interferences present in the sample extract. While 
state-of-the-art analytical techniques can detect picogram 
levels of pure antibiotic standard compounds, this same 
level of detection may not be achievable for antibiotics ob- 
tained from the extraction of biological samples. Specifi- 
cally, coextracted interferences may hinder antibiotic de- 
terminations by tlc, le, or ge because they may have similar 
detector and chromatographic characteristics or they may 
exist in such a large quantity that they overwhelm the de- 
tection method used. Interferences in ba or ia techniques 
can contribute to cross-reactions that may lead to false- 
positive or false-negative determinations. Thus a major 
limiting factor associated with antibiotic determinations is 
not the available analytical capability but the sample- 
preparation steps required to extract the antibiotics. The 
sample-preparation steps should ideally result in clean 
biological extracts that contain the antibiotic residue with 
high percentage recoveries and that have minimal inter- 
ferences that might limit the choice of analysis. 

The need to test for more antibiotic residues in more 
foods requires rapid, rugged, and multiresidue isolation 
techniques allowing the analyst to test for multiple drugs 
in the same sample. Classic residue isolation techniques 
have not been able to meet this challenge. Matrix solid- 
phase dispersion (mspd) techniques (22-28), recently de- 
veloped for the isolation of drug residues from animal ma- 
trices, have the potential to greatly enhance many 
antibiotic residue isolation protocols. In mspd the sample 
(0.5 g) is dispersed onto octadecasily] polymeric—derived 
silica beads [C-18 reversed-phase packing material (2 g), 
1,000 m? surface area, theoretical]. The dispersion mech- 
anism, utilizing a mortar and pestle, involves the disrup- 
tion, unfolding, and rearrangement of matrix constituents 
by mechanical and hydrophobic forces onto the C-18 beads. 
Lipid and lipophilic materials associate with the lipophilic 
C-18, allowing the more hydrophilic components and pro- 
tein regions to extend outward away from the nonpolar, 
inner C-18—lipid region. Water and more polar constitu- 
ents preferentially associate with the hydrophilic ends. A 
column fashioned from the C-18—sample matrix blend can 
be eluted sequentially with solvents (8 mL) of different po- 
larities to effectively remove interferences in one solvent 
and elute the target residue in a different solvent. The pro- 
cess can be envisioned as an exhaustive extraction process 
whereby a large volume of solvent is passed over a thin 
layer of sample. Mspd has been utilized for the isolation of 
beta-lactams from beef tissue (23); sulfonamides from milk 
(24), infant formula (25), and pork muscle tissue (26); as 
well as for chloramphenicol (27) and tetracycline (28) iso- 
lations from milk. The theoretical aspects describing the 
disruption, unfolding, and rearrangement of matrix con- 
stituents onto the C-18 have been published (22-28). 

Advances in multiclass—multiresidue isolation proce- 
dures, which are rapid, rugged, generic in nature, and free 
from interferences and which facilitate the isolation of 
multiple antibiotic residues from one sample, will greatly 
enhance analytical determinations of antibiotics. 


ANALYTICAL METHODOLOGY 
Bioassays 


Bioassays are used routinely to test for violative levels of 
antibiotics in milk, animal tissues, and feeds. Bioassays 


involve the inhibition of growth of specific bacterial spores 
or viable bacteria in the presence of a sample or sample 
extract that contains antibiotic residues. Bioassays may 
also utilize the measurement of labeled antibiotic analyte 
bound to receptors, a ligand assay, on vegetative bacterial 
cells. Bioassays have been utilized to detect aminoglyco- 
sides (29-32), f-lactams (30,32-34), chloramphenicol 
(32,35-37), ionophore (15), sulfonamide (29,30), and tet- 
racycline (29,30,32,33,38) antibiotics in food. 

For example, the swab test on premises (stop) procedure 
(30) is used by federal meat inspectors to test for chlor- 
amphenicol, tetracycline, aminoglycoside, penicillin G, and 
sulfonamide antibiotics. The stop method involves taking 
a sterile cotton swab and macerating the target organ or 
tissue with the noncotton end. The size of the macerated 
zone should be slightly larger in diameter and deeper than 
the cotton end of the swab. The cotton end is then inserted 
into the disrupted area and allowed to absorb fluids (30 
min). The fluid-soaked cotton swab is then placed onto a 
nutrient agar plate that has been inoculated with a lawn 
of specific bacterial spores and the plates are then incu- 
bated (16-22 h). Standards of known concentration are run 
in parallel. A zone of microbial growth inhibition on the 
sample plate is an indication of the presence of an antibi- 
otic and the size of the zone of inhibition can be semicor- 
related with the size of the zone of inhibition for a given 
concentration of pure antibiotic standard. The sample is 
positive if the size of the zone of inhibition is similar to 
that for a known pure standard. Unfortunately, the stop 
procedure detects only the presence of inhibitors, not their 
specific identity. Other antibiotics or naturally occurring 
inhibitors may contribute to the size of the zone of growth 
inhibition observed, indicating a positive sample although 
the amount of the individual antibiotic compounds present 
may be less than the violative level. 

The classic disk assay procedure (34) is similar to the 
stop procedure for the same antibiotics except that a filter 
paper disk is placed on the inoculated nutrient agar, the 
liquid sample or suitable extract is added to the disk and 
then the plate is incubated for a minimum of 2.5 h or until 
a zone of inhibition can be observed. The zone of inhibition 
may be enhanced by dyeing techniques (39,40), which aid 
in its detection. Semiquantitative determinations by the 
disk assay can be accomplished, provided incubation times 
are increased (16-22 h). The disk assay procedure is the 
official method described in the Pasteurized Milk Ordi- 
nance (PMO) (41) for antibiotic testing in milk. The disk 
assay procedure suffers limitations similar to those of the 
stop procedure. However, the PMO allows for the use of 
any method that gives results equivalent to the disk assay 
method; therefore, many states utilize alternative tech- 
niques such as the color reaction test (crt) to test for anti- 
biotics in milk. The Delvo test (39) is an example of a crt 
technique used to determine antibiotics, specifically beta- 
lactams, in milk. The test involves placing the milk sample 
onto agar containing a viable strain of Bacillus, nutrients, 
and pH indicators. If the color of the agar changes from 
purple (basic) to yellow (acid) after incubation (1.5 h) then 
no penicillin is present to prevent the outgrowth of the 
acid-producing bacteria. Color reaction tests can be rapid 
and simple to perform. 


The microbial receptor assay (mra) (Charm test) tech- 
nique (38) can be used to detect beta-lactam, macrolide, 
and aminoglycoside antibiotic classes. The mra method in- 
volves the use of C-14 or tritium isotopically labeled ana- 
lyte to displace nonlabeled analyte from the bacterial re- 
ceptors located on vegetative cells under a standard set of 
conditions. An equilibrium condition between unlabeled 
and isotopically labeled analyte results, allowing quanti- 
tative measurement of the amount of antibiotic present by 
an appropriate radiometric method. However, the identity 
of the compound is not known and must be determined by 
other methodology. 

The thin layer chromatography—bioautography of tlb 
bioassay technique (15,32,40) uses traditional thin layer 
chromatography to separate sample constituents on silica 
or microcrystalline cellulose chromatography (mcc) plates. 
Different antibiotics will migrate on the plates according 
to their chemical characteristics and the developing sol- 
vent utilized. The developed plates are covered with a 
spore-inoculated nutrient agar and then incubated (16-24 
h). Zones of growth inhibition observed for different loca- 
tions on the plate after incubation indicate the presence of 
antibiotics. Aminoglycoside (32), f-lactam (32), chloram- 
phenicol (32), ionophore (15,32), macrolide (32,40), and tet- 
racycline (32) antibiotics have been assayed by tlb. The tlb 
method is more specific and sensitive (36) than either the 
stop or classical disk assay procedures because it takes ad- 
vantage of the ability of tle to separate 14 different anti- 
biotics from each other as well as from other impurities 
that may be present in the sample. Therefore, zones of in- 
hibition can be more closely correlated to different antibi- 
otics. The tle-developing solutions are designed to optimize 
separations between similar antibiotics. However, the sep- 
aration of up to 14 different antibiotic residues can only be 
accomplished by utilizing three separate tle plates. Fur- 
thermore, extensive sample-preparation and extraction 
steps are employed in the tlb procedure that are similar to 
those employed for more sophisticated analytical deter- 
minations. Because of the incubation time required the tlb 
procedure is not as rapid as the crt or the disk assay meth- 
ods for screening purposes. However, the tlb procedure has 
an advantage over the stop or disk assay procedures for 
screening purposes because it can provide for more precise 
determinations between different antibiotics. Absolute 
confirmation of the antibiotics is not possible by tlb and 
time requirements are in excess of many sophisticated, 
more definitive, liquid and gas chromatographic tech- 
niques. 

The stop, disk assay, crt, and tlb procedures are valu- 
able screening tools. The first three techniques are rela- 
tively cheap, easy to perform, and require a minimal 
amount of equipment and technician training. However, 
they lack specificity and sensitivity and/or they may be 
subject to interpretive errors in the presence of naturally 
occurring inhibitors. Furthermore, each of these four 
methods requires confirmational testing of positives. The 
mra method using isotopically labeled antibiotics can be 
expensive and requires special handling and equipment; 
but it can provide for quantitative determinations. These 
bioassays, if used judiciously, can minimize the number of 
samples screened by more costly analytical methods, but 
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they cannot replace such methods for absolute confirma- 
tions. 


Immunoassay 


Immunoassay techniques are based on classic antibody- 
antigen reactions whereby the antibody will bind with its 
corresponding antigen (antibiotic) and result in visible tur- 
bidity if reacted in solution or form visible immunoprecip- 
itation in a gel at the location where the antigen and an- 
tibody meet. Visible end point immunoprecipitation that 
occurs at low antibiotic concentrations may be difficult to 
see and may require detection by more sensitive nonvisual 
means. 

Immunoassay techniques such as enzyme immunoas- 
say (eia), radio immunoassay (ria), enzyme-linked immu- 
nosorbent assay (elisa), fluorescence polarization immu- 
noassay (fpia), particle-concentration immunoassay (pcia), 
particle-concentration fluorescence immunoassay (pcfia), 
quenching fluoroimmunoassay (fia), and latex-agglutina- 
tion inhibition immunoassay (laia) require the measure- 
ment of by-products produced by linked enzyme systems 
or the measurement of radioactive, fluorescence, metal, or 
latex labels that have been attached to one of the reactants 
(42). The displacement between the unlabeled and labeled 
antigen or antibody allows for true measurement of the 
immunoprecipitate concentration, which corresponds to 
the concentration and type of analyte present in the sam- 
ple extract. Ria determinations of chloramphenicol (43,44) 
as a residue in eggs, milk, and meat were comparable to 
values obtained by ge. The eia determination of monensin 
(45), a polyether antibiotic in urine, serum, and fecal ex- 
tracts, may be applicable to food extracts as well. A review 
of ia techniques such as ria, fia, fpia, and laia for amino- 
glycoside determinations in body fluids has been published 
(46). The recent use of a monoclonal-antibody—based ag- 
glutination test (spot test) for beta-lactams in milk (47) 
and elisa for chloramphenicol determinations in swine tis- 
sue (48), milk (49), and sulfamethazine in swine tissue (50) 
has been adapted to other antibiotics including spectino- 
mycin (51,52), enrofloxacin, (53) and gentamicin (54). 

Immunoassays can be sensitive, class specific, accurate, 
and provide a means for rapidly screening samples for an- 
tibiotics; the future development of monoclonal antibodies 
will allow for more specificity in immunoassay determi- 
nations. The growth in the use of immunoassay-based de- 
tection has lead to the development of commercial kits al- 
lowing for on-site detection of chemical contaminants (55— 
57). Radioimmunoassay techniques that require radioiso- 
topes may be subject to specific regulations, require expen- 
sive counting equipment, and pose disposal problems. Re- 
agent kits can be relatively expensive and have a limited 
shelf life. In this regard, nonisotopic immunoassays such 
as elisa, fpia, pcia, or pcfia, and monoclonal-based ias will 
in all likelihood play an increasingly important role in an- 
tibiotic screening immunoassay determinations. 

At present, ia techniques for antibiotics approved for 
use in animal production are limited and have minimal 
utility for aminoglycoside, f-lactam, chloramphenicol, and 
sulfonamide determinations, but they have the potential 
for use as screens for all the major antibiotic classes. Im- 
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munoassay techniques have been limited to liquid samples 
such as milk because of the difficulties associated with the 
isolation of antibiotic residues from matrices such as mus- 
cle or organ tissues. Increased use of ia techniques to 
screen for antibiotics in tissues is directly dependent on 
the development of rapid residue isolation techniques that 
isolate the antibiotic from the tissue and provide for an 
extract that is free from cross-reacting components and 
nonspecific binding (NSB) factors. The development of 
such isolation techniques will further the use of ia tech- 
niques for the screening of antibiotics in tissues. 

Immunoassay techniques are more specific than micro- 
biological based bioassays and would allow for the rapid 
screening of large numbers of samples. With the need to 
screen more samples for more drugs, the ia techniques will 
become more important in residue control protocols. Im- 
munoassay techniques can greatly reduce the number of 
samples that are presently screened by more sophisticated 
analytical techniques and have the potential to replace 
many bioassay and tlc methods, provided rapid and effi- 
cient antibiotic extraction procedures can be developed. As 
a regulatory tool, ia techniques for antibiotic screening 
coupled to highly specific and accurate techniques, such as 
le, ge, lc-ms, or ge-ms for confirmations of positives, mark 
the future with respect to a rapid and reliable residue con- 
trol strategy. 


Thin Layer Chromatography 


Thin layer chromatography techniques have been used in 
chemical separations for decades. Thin layer chromatog- 
raphy is rapid and inexpensive, can be highly sensitive de- 
pending on the compound examined and the visualization 
technique employed, and is easy to use and versatile. It 
can be adapted to separations of all classes of antibiotics 
by utilizing different sorbents and solvent-developing sys- 
tems. Aminoglycoside (31,32), f-lactam (32,48,58), chlor- 
amphenicol (32), ionophore (15,32), macrolide (16,32,40), 
sulfonamide (59,60), and tetracycline (38,61,62) antibiotics 
have been successfully assayed by tlc. However, the utility 
of tle for the detection of picogram levels of antibiotics is 
limited and thus tlc techniques have come to play only a 
minor role in antibiotic analyses. 

The sulfa on site (sos) tle procedure for sulfonamide de- 
terminations in swine urine was developed by the USDA- 
FSIS and is presently in use in 100 of the largest swine- 
slaughtering facilities in the United States (63). This 
method was adopted in 1988 as the official method for in- 
plant testing of swine for sulfamethazine (64). Thin layer 
chromatography techniques can complement other anti- 
biotic assay techniques such as tic—bioautography bioas- 
says (15,32,40). TLC/bioautography qualitative and semi- 
quantitative methods are routinely used in Austria for the 
analysis of antibiotic residues in poultry, meat, and fish 
(65). This method is limited to a large degree by the clean- 
liness of the sample that is to be analyzed. Impurities in 
the sample can interfere with the chromatography of the 
antibiotic by altering the migration of the antibiotic on the 
tlc plates compared to pure standards, and these impuri- 
ties can negate visualization techniques. Thin layer chro- 
matography determinations also require confirmations of 


suspect residues isolated from the tlc plates to determine 
if the residue is indeed an antibiotic. In this regard bio- 
assay and immunoassay techniques provide for a more pre- 
cise determination of the presence of antibiotics in a sam- 
ple extract. Thin layer chromatography will perhaps play 
a decreasing role in antibiotic residue control strategies 
where low-level detection is required for some antibiotics, 
but should not be eliminated from the analyst’s tools util- 
ized for the isolation and purification of compounds from 
animal-derived matrices. 


Liquid Chromatography 


The convenience and versatility of liquid chromatography 
has led to its adoption as the analytical method of choice 
for the determination of many drugs, especially antibiotics. 
Liquid chromatography, using selective detectors, can give 
reproducible results that are specific, sensitive, and pre- 
cise. The polar characteristics of antibiotics make them 
well suited to Ic procedures, in which mobile phase solvent 
systems and columns can be varied to facilitate specific 
antibiotic determinations. 

Recent publications describing lc methods for the 
analysis of aminoglycoside (10,31,66), f-lactam (11- 
13,16,23,67-69), chloramphenicol (14,27,70,71), ionophore 
(15,16), macrolide (13,16,72), sulfonamide (17,19,24— 
26,73-75), and tetracycline (21,36,61,68,76—80) antibiotics 
underscore the utility of le determinations for the analysis 
of these compounds as residues in foods and other biologi- 
cal matrices. 

Food extracts containing residues of sulfonamide 
(15,18,24-27), f-lactam (11,16,23,67), chloramphenicol 
(14,27), tylosine (16) and spiramycin (13) macrolides, and 
tetracycline (21,36,61,68,78) antibiotics may be analyzed 
directly by ultraviolet (uv) detection at picogram— 
nanogram levels because they have characteristic uv ab- 
sorbances and large extinction coefficients. Photodiode ar- 
ray uv detection of antibiotics can provide the analyst with 
uv spectra of suspect peaks (81) and thus serve as a pre- 
confirmational screening tool. However, some beta-lactams 
and macrolides, which have a maximum absorbance in the 
low uv (210-240 nm) range or relatively small extinction 
coefficients, can be more difficult to analyze by le—uv be- 
cause of coextracted interferences that absorb readily in 
this range. Optimizing lc chromatographic conditions to 
separate a particular antibiotic residue from interferences 
that may be present in the extract severely limits le tech- 
niques in terms of multiresidue antibiotic determinations. 

Aminoglycoside and most macrolide antibiotics that 
have low or nonexistent uv-absorbing properties may re- 
quire the formation of derivatives to aid in their detection 
or the use of alternative detection methods. Benzene sul- 
fonyl chloride (82) and 1-fluoro-2,4-dinitrobenzene (83) 
have been used to prepare uv derivatives of aminoglyco- 
sides for analyses by lc. Detection methods for antibiotics 
that do not require making derivatives are ideal because 
reaction conditions for many derivatizations can be diffi- 
cult to optimize. However, until improved or new detection 
methods are developed for antibiotics, derivatives will con- 
tinue to be used to facilitate sensitive and selective detec- 
tions, especially for aminoglycosides. 


The analyses of aminoglycoside (10), #-lactam (12), mac- 
rolide (16), and tetracycline (38) antibiotics can also be fa- 
cilitated by the formation of fluorescent derivatives. The 
ionophore lasalocid has native fluorescence due to its sal- 
icyclic acid-type aromatic moiety and, therefore, can be 
analyzed directly in food extracts at nanogram levels by 
fluorescence detection (15). Fluorescent derivatives of tet- 
racyclines (38) can be made by simply complexing the tet- 
racycline with different metal ions. The tetracycline— 
metal ion complexes have unique excitation and emission 
wavelengths that can be measured to quantitatively de- 
termine tetracycline concentrations in the food extract. In 
the case of aminoglycoside antibiotics, which do not have 
native fluorescence, fluorescent derivatives must be made 
to facilitate their detection. The preparation of fluorescent 
derivatives can require exacting reaction conditions, ad- 
ditional equipment in the form of reactors and delivery 
pumps, and in many cases the removal of reaction reagents 
before an analysis can be made. However, this cannot be 
avoided in the case of aminoglycosides because no other 
suitable chromatographic method presently exists for their 
detection at nanogram levels. Fluorescence detection of o- 
phthalaldehyde (OPA) or fluorescamine derivatives has 
been shown to give accurate and reliable values for ami- 
noglycoside residues in animal tissue (10,31). The deriva- 
tization of the aminoglycoside amino group with a fluoro- 
genic agent can be accomplished precolumn or postcolumn. 
The added cost of the postcolumn reactor and solvent pump 
needed to deliver the derivatization solution may be dis- 
advantageous. Alternatively, precolumn derivatization re- 
action mixtures may require the removal of derivatizing 
reagents prior to the analyses. Specific applications may 
require either approach and are dependent on the type of 
food that is to be extracted and the inherent interferences 
present. 

Fluorescent derivatives (12) of penicilloaldehyde prod- 
ucts obtained by enzymatic hydrolysis of beta-lactam rings 
and reaction with dansyl hydrazine have been reported for 
eight neutral beta-lactams. This is a novel approach for 
beta-lactam determinations and might be applicable to 
other antibiotics that are inherently unstable and difficult 
to analyze. Techniques that serve to characterize unique 
enzymatic or degradative products of antibiotics may be a 
useful tool for many antibiotic determinations. 

Liquid chromatography of antibiotics will continue to be 
the method of choice for most antibiotic determinations. 
Coupling of photodiode array uv, fluorescence, electro- 
chemical and other yet to be developed detectors in 
tandem can provide information in terms of retention 
times, structures, and characteristic uv and fluorescent 
spectra. Information obtained by this approach may be suf- 
ficient to confirm the presence of specific antibiotics if cou- 
pled with positive results obtained by immunoassay tech- 
niques for the specific antibiotic in question. Liquid 
chromatography—mass spectrometry is not presently suit- 
able for low-level detection of the major antibiotic classes, 
but advances in this area, the use of tandem detection 
methods, and specific monoclonal-based immunoassay 
screening techniques would contribute significantly to 
overall antibiotic residue control strategies needed to in- 
sure a safe and wholesome food supply. 
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Gas Chromatography 


Gas chromatography coupled to specific detectors can pro- 
vide valuable information about the retention time, struc- 
ture, chemical characteristics, and identity of compounds. 
Gas chromatography has been utilized for antibiotic deter- 
minations but is limited to some extent by the molecular 
weight, high polarity and the relative lack of thermal sta- 
bility of many antibiotics. Chemical derivatives can serve 
to impart greater stability and volatility to antibiotics. 
However, controlling reaction conditions to insure the for- 
mation of consistent derivative products with high yields 
can be difficult to accomplish. These difficulties have lim- 
ited the usefulness of ge for routine antibiotic determina- 
tions. 

Presently there are no suitable gc methods for the rou- 
tine determination of aminoglycoside, beta-lactam, and 
most ionophore, macrolide, and tetracycline antibiotics. 
Gas chromatography of trimethylsilyl (TMS) derivatives of 
aminoglycoside (84), lasalocid ionophore (14), and tetra- 
cycline (85) antibiotics have been reported. However, the 
usefulness of this technique for low-level determinations 
of these antibiotics in food extracts is limited because of 
the need to control silylating reaction conditions carefully, 
the formation of multiple TMS antibiotic derivative prod- 
ucts, the abundance of TMS interferences contributed by 
the sample, and the lack of stability of TMS derivatives. 

Gas chromatography methods for chloramphenicol have 
been reviewed (14). Gas chromatography utilizing electron 
capture (ECD), flame ionization (FID) and thermionic 
(TID) detection of TMS and heptafluorobuty] derivatives 
of chloramphenicol isolated from muscle, liver, kidney, and 
milk resulted in picogram—nanogram detection giving re- 
sults comparable to radioimmunoassay determinations 
(43). Gas chromatography of chloramphenicol residues in 
food extracts can provide for confirmations of suspect res- 
idues and complement Ic determinations. 

Gas chromatography methods for sulfonamides have 
also been reviewed (17). Sulfonamide determinations in 
animal tissues (20,86) by ge have been accomplished by 
analyzing volatile methylated or acylated derivatives. 
Methylation of sulfonamides at the N-1 position followed 
by acylation at the N-4 position can provide for stable vol- 
atile derivatives suitable for gc analysis. However, it can 
be difficult to control reaction conditions necessary to op- 
timize this two-step derivative reaction. Low yields and 
the formation of multiple derivative products may result 
in nonrepresentative and misleading data. Although meth- 
ods for the quantitative determination of sulfonamides 
(18,20,75) have been reported, it has been noted (18) that 
some sulfonamides determined in this manner resulted in 
low and variable recoveries. Because of this variability, it 
is necessary to be careful when quantitatively evaluating 
data obtained by this technique. 

Advances in supercritical fluid chromatography (sfc) 
may eventually lead to applications involving antibiotic de- 
terminations. At present, sfc is limited as a routine ana- 
lytical tool to nonpolar substances (87). Analysis of polar 
antibiotics by sfc will require advances in sfe hardware and 
columns. In addition, the solubility characteristics of dif- 
ferent antibiotics in different supercritical media will re- 
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quire extensive laboratory investigation to define optimal 
conditions in terms of pressures and polar mobile phase 
modifiers that may be required: 

Thus gas chromatography methods have minimal util- 
ity for antibiotic determinations. Gas chromatography will 
remain a supplemental analytical tool for antibiotic resi- 
due determinations until new derivatization schemes, re- 
agents, and refined reaction conditions are developed. The 
development of such innovations can, however, advance 
present marginal gc antibiotic techniques to full-fledged 
quantitative antibiotic confirmatory methods, which will 
contribute significantly to an integrated antibiotic residue 
control strategy. 


Le-ms and Gc-ms 


Mass detectors coupled to chromatographic techniques 
such as le and ge can provide for the unequivocal identifi- 
cation of compounds. Sensitivity limitations associated 
with le-me precluded its use in antibiotic residue analyses 
when low-level determinations were required. However, in 
recent years le-ms has been developed to permit such de- 
terminations. Keever, Voysker, and Tyczkowska (88) re- 
ported a quantitative procedure using lc—electrospray ms 
to detect ceftiofur in milk at levels down to 10 ppb. An 
interlaboratory study to monitor pirlimycin residues in bo- 
vine milk using le-thermospray ms was able to detect as 
low as 0.4 ppm in milk and 0.5 ppm in liver tissue (89). 
Ge-ms techniques for antibiotics have been predominantly 
applied to colatile sulfonamide derivatives (17,20,75,86) 
but may provide for confirmation of suspect residues, al- 
though it may be inadequate as a regulatory tool. However, 
gc-ms procedures were reported suitable for identifying 
and quantifying chloramphenicol residues with detection 
limits of 0.1-1.0 ng/kg (90). This method compared well 
with results obtained using radioimmunoassay and en- 
zyme immunoassay and was considered to be a good 
screening test. Nagota and Oka (91) reported a capillary 
gce-ms procedure capable of measuring antibiotic residues 
in yellowtail fish including chloramphenicol, florfenicol, 
and thamphenicol. Recovery of each antibiotic was greater 
than 65% with a detection limit of 5 ppb. Further refine- 
ment of lc—-ms and ge—ms techniques, advances in ms sen- 
sitivity, more efficient lc—ms interfaces, and future devel- 
opments may allow ms to become a routine confirmatory 
tool that will greatly enhance antibiotic residue determi- 
nations. 


FUTURE TRENDS 


Microbiological and bioassays have historically served to 
screen foods for the presence of antibiotics. While these 
assays have proven to be quite sensitive and inexpensive 
they are far too nonspecific and cause too lengthy a delay 
in obtaining data. This delay may allow antibiotic contam- 
inated animal-derived foods to be marketed and consumed 
with drug detection being accomplished after the fact. This 
policy is inherently inadequate but has arisen from the 
limitations of the available analytical technologies. In this 
sense, bioassays and other methodologies that require 
lengthy waiting periods and prolonged and complex ana- 


lytical procedures cannot meet the increasing need to per- 
form rapid drug screening and confirmation on more sam- 
ples for more drugs. 

The advent of more specific, sensitive, and simple to 
perform immunoassays should overcome many of the prob- 
lems of performing rapid screening and early detection of 
antibiotic contamination in animal-derived foods. In this 
regard, simple elisa, card, or test-strip assays that are suit- 
able for use at production sites, slaughterhouses, and pack- 
ing plants could dramatically reduce the occurrence of an- 
tibiotic violations and preclude the problems that can arise 
from antibiotic contamination of the food supply. 

These and other more complex immunoassay methods 
could be performed on milk, urine, blood, or other body 
fluids. However, new methods for the rapid isolation of 
drugs from tissues may also make such immunoassays 
more directly applicable to the screening of this complex 
sample material. Matrix solid-phase dispersion (mspd) 
techniques have shown promise in providing a simple, 
rapid, and generic method for performing drug isolations 
from tissues and milk. Thus the combination of ia and 
mspd may prove to be a useful approach to the more rapid 
screening and analysis of tissues and animal derived prod- 
ucts for antibiotics as well as other drugs. A further ad- 
vantage of mspd is the capability to isolate a class of drugs 
or several classes of drugs from a single sample. In this 
regard the advances in immunoassay screening technology 
must be matched by advances in extraction procedures. 
Extraction methodology that is too narrow in extraction 
capability leads to a need to develop a specific method for 
each antibiotic drug. Extraction methods that are multi- 
drug and multidrug class specific will have the greatest 
utility for performing screening analyses in the future, 
whether such screens are conducted by immunoassay, tlc, 
hple, or ge. 

Of these analytical techniques ia and tle will be best 
utilized for rapid screening, whereas hple and ge may be 
the best methods for subsequent confirmation and quan- 
titation of antibiotic residues. However, hple methods that 
are capable of separating and detecting several drug resi- 
dues obtained, perhaps, from a single multidrug class ex- 
traction may also prove to be useful screening techniques. 
The usefulness of such screens is directly related to the 
efficiency of recovery of a multidrug extraction method, the 
elimination of background interferences, and the ability of 
various detectors to indicate the presence or absence of a 
drug with adequate sensitivity. 

For the antibiotics, ge will remain of limited value but 
should always be considered and applied where feasible. It 
is expected that sfc will eventually play a major role in the 
extraction and analysis of compounds such as the antibi- 
otics. However, current results are less than promising and 
the awaited applications may be long in development. 
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Food antimicrobials are chemical compounds added to or 
present in foods for the purpose of retarding microbial 
growth or killing microorganisms. The major targets for 
antimicrobials are bacteria, molds, and yeasts that are ei- 
ther pathogenic or cause spoilage of foods. The effective- 
ness of food antimicrobials against viruses and parasites 
carried by foods is less well characterized. Food antimicro- 
bials are sometimes referred to as food preservatives; 
however, the latter include food additives that are anti- 
microbials, antibrowning agents, and antioxidants. Under 
normal use conditions, food antimicrobials are bacterio- 
static or fungistatic rather than bactericidal or fungicidal. 
The former indicates inhibition of growth of cells while the 
latter indicates killing of a population. Bacteriostasis is 
often reversible. Because food antimicrobials are generally 
static in nature, they will not preserve a food indefinitely. 
Depending on storage conditions, the food product even- 
tually spoils or becomes hazardous. In addition, food an- 
timicrobials are normally not capable of concealing spoil- 
age of a food product. Rather, the food remains wholesome 
during its extended shelf life. Food antimicrobials are often 
used in combination with other food preservation proce- 
dures such as heat or refrigeration. 

The effectiveness of food antimicrobials depends on 
many factors, including those related to the target micro- 
organisms, characteristics of the food product, the storage 
environment, and processing of the food (1). Microbial fac- 
tors that affect antimicrobial activity include inherent re- 
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sistance of a microorganism, initial number, growth stage, 
cellular composition (eg, gram reaction), previous exposure 
to stress, and injury. Important factors affecting activity 
associated with the food product include pH, oxidation re- 
duction potential, and water activity. pH is the most im- 
portant factor influencing the effectiveness of many food 
antimicrobials. Antimicrobials that are weak acids are 
most effective in their undissociated or protonated form 
because they are able to penetrate the cytoplasmic mem- 
brane of a microorganism more effectively in this form. 
Therefore, the pK, value of these compounds is important 
in selecting a particular compound for an application. The 
lower the pH of a food product, the greater the proportion 
of acid in the undissociated form and the greater the an- 
timicrobial activity. Storage factors affecting antimicrobial 
activity include time, temperature, and atmosphere. Pro- 
cessing of foods may lead to shifts in microflora and reduc- 
tion in microbial numbers. Most of the preceding factors 
influence microbial inhibition or inactivation in an inter- 
active manner. 

Cellular targets of food antimicrobials may include the 
cell wall, cytoplasmic membrane, metabolic enzymes, pro- 
tein synthesis, or genetic systems. The exact mechanisms 
for most food antimicrobials are not known or are not well 
defined. These compounds likely have multiple targets 
with concentration-dependent thresholds for inactivation 
or inhibition. A given target is important in an inhibitor’s 
overall mechanism only when its sensitivity is within the 
range of the antimicrobial concentration that inhibits 
growth (2), 

Following are discussions of compounds that are used 
traditionally in foods as antimicrobials including salt (so- 
dium chloride), organic acids, nitrites, parahydroxybenzoic 
acid esters, sulfites, and dimethyl dicarbonate. In addition, 
selected compounds that are approved as food additives for 
other uses but have antimicrobial activity as well as com- 
pounds that occur naturally in animals, plants, and from 
microorganisms and have a potential for use as food anti- 
microbials are addressed. 


SODIUM CHLORIDE 


Sodium chloride (NaCl), or common salt, is probably the 
oldest known food preservative. Few present-day foods are 
preserved directly by high concentrations of NaCl. Rather 
salt is used primarily as an adjunct to other processing 
methods such as canning or curing (3). In general, food- 
borne pathogenic bacteria are inhibited by a water activity 
of 0.92 or less (equivalent to a NaCl concentration of 138% 
wiv). The exception is Staphylococcus aureus, which has a 
minimum water activity for growth of 0.83 to 0.86. Another 
relatively salt-tolerant foodborne pathogen is Listeria 
monocytogenes, which can survive in saturated salt solu- 
tions at low temperatures. Fungi are more tolerant to low 
water activity than bacteria. The minimum for growth of 
xerotolerant fungi is 0.61 to 0.62, but most are inhibited 
by 0.85 or lower (4). 

The antimicrobial activity of sodium chloride is related 
to its ability to reduce water activity (a,,). As the water 
activity of the external medium is reduced, cells are sub- 


jected to osmotic shock and rapidly lose water through 
plasmolysis. During plasmolysis, a cell ceases to grow and 
either dies or remains dormant. To resume growth, the cell 
must reduce its intracellular water activity (5). In addition 
to osmotic influence on growth, other possible mechanisms 
of sodium chloride inhibition include limiting oxygen sol- 
ubility, alteration of pH, toxicity of sodium and chloride 
ions, and loss of magnesium ions (6). 


ORGANIC ACIDS AND ESTERS 


Many organic acids are used as food additives, but not all 
have antimicrobial activity, The most effective antimicro- 
bials are acetic, lactic, propionic, sorbic, and benzoic acids. 
The activity of organic acids is related to pH and the un- 
dissociated form of the acid is primarily responsible for an- 
timicrobial activity (7). The use of organic acids is gener- 
ally limited to foods with a pH less than 5.5, since most 
organic acids have pX,’s of pH 3.0 to 5.0 (7). Another factor 
affecting potential activity is polarity. This relates both to 
the ionization of the molecule and contribution of any alkyl 
side groups or hydrophobic parent molecules. Antimicro- 
bials must be lipophilic to attach and pass through the cell 
membrane but also be soluble in the aqueous phase (8). 

The mechanism of action of organic acids and their es- 
ters has some common elements. As already stated, in the 
undissociated form, organic acids can penetrate the cell 
membrane lipid bilayer more easily. Once inside the cell, 
the acid dissociates because the cell interior has a higher 
pH than the exterior (9). Bacteria maintain internal pH 
near neutrality to prevent conformational changes to the 
cell structural proteins, enzymes, nucleic acids, and phos- 
pholipids. Protons generated from intracellular dissocia- 
tion of the organic acid acidify the cytoplasm and must be 
extruded to the exterior. This requires energy in the form 
of ATP, which will eventually deplete cellular energy. 


Acetic Acid/Acetates 


Acetic acid (pK, = 4.75), the primary component of vine- 
gar, and its sodium, potassium, and calcium salts are some 
of the oldest food antimicrobials. Derivatives of acetic acid 
including diacetate salts and dehydroacetic acid have also 
been used as food antimicrobials. In contrast to most or- 
ganic acids, acetic acid is generally more effective against 
yeasts and bacteria than against molds (10). Bacteria in- 
hibited include Bacillus, Clostridium, Listeria monocyto- 
genes, Staphylococcus aureus, and Salmonella. Only Ace- 
tobacter species (microorganisms involved in vinegar 
production), lactic acid bacteria, and butyric acid bacteria 
are tolerant to acetic acid (7,11). Some yeasts and molds 
are sensitive to acetic acid and include species of Aspergil- 
lus, Penicillium, Rhizopus, and some strains of Saccharo- 
myces (7). 

Acetic acid and its salts have shown variable success as 
antimicrobials in food applications. Acetic acid can in- 
crease poultry shelf life and decreases the heat resistance 
of Salmonella newport, Salmonella typhimurium, and 
Campylobacter jejuni in poultry scald tank water (12,13). 
The compound has been used as a spray sanitizer at 1.5 to 
2.5% on meat carcasses and as a dip for beef or lamb (14). 


Two-percent acetic acid affected large-scale reductions in 
the number of viable Escherichia coli 0157:H7 on beef af- 
ter seven days at 5°C (15). Sodium acetate has been shown 
to increase the shelflife of meat and fish products and in- 
hibits the molds, Aspergillus flavus, A. fumigatus, A. niger, 
A. glaucus, Penicillium expansum, and Mucor pusillus (7). 
Sodium diacetate inhibits mold growth in cheese spread 
and is an effective inhibitor of rope-forming bacteria (Ba- 
cillus subtilis) in baked goods (7). It is also inhibitory to L. 
monocytogenes, E. coli, Pseudomonas fluorescens, S. enter- 
itidis, and Shewanella putrefaciens, but not S. aureus, Yer- 
sinia enterocolitica, P. fragi, Enterococcus faecalis, or Lac- 
tobacillus (7,16). Dehydroacetic acid has a high pK, of 5.27 
and is therefore active at higher pH values. It is inhibitory 
to bacteria at 0.1 to 0.4% and fungi at 0.005 to 0.1% (7). 

Acetic acid is used commercially in baked goods, 
cheeses, condiments and relishes, dairy product analogues, 
fats and oils, gravies and sauces, and meats. The sodium 
and calcium salts are used in breakfast cereals, candy, 
cheeses, fats and oils, gelatin, jams and jellies, meats, 
snack foods, sauces, and soup mixes (7). Sodium diacetate 
is used in baked goods, candy, cheese spreads, gravies, 
meats, sauces and soup mixes (7). 


Benzoic Acid/Benzoates 


Benzoic acid and sodium benzoate were the first antimi- 
crobial compounds permitted in foods by the U.S. Food and 
Drug Administration (FDA). Benzoic acid occurs naturally 
in cranberries, plums, prunes, apples, strawberries, cin- 
namon, cloves, and most berries. The undissociated form 
of benzoic acid (pK, = 4.19) is the most effective antimi- 
crobial agent; therefore, the most effective pH range is 2.5 
to 4.5. 

Benzoic acid and sodium benzoate are used primarily 
as antifungal agents. The inhibitory concentration of ben- 
zoic acid at pH less than 5.0 against most yeasts ranges 
from 20 to 700 g/ml, whereas for molds it is 20 to 2000 
g/mL (11,17). Fungi including Byssochlamys nivea, Pi- 
chia membranaefaciens, Talaromyces flavus, and Zygosac- 
charomyces bailii are resistant to benzoic acid (18). While 
bacteria associated with food poisoning including Bacillus 
cereus, Listeria monocytogenes, Staphylococcus aureus, 
and Vibrio parahaemolyticus are inhibited by 1000 to 2000 
ug/ml undissociated acid, the control of many spoilage bac- 
teria requires much higher concentrations (11). Benzoic 
acid at 0.1% is effective in reducing viable E. coli 0157:H7 
in apple cider (pH 3.6—4.0) by 3 to 5 logs in seven days at 
8°C (19). 

Sodium benzoate is used as an antimicrobial at up to 
0.1% in carbonated and still beverages, syrups, cider, mar- 
garine, olives, pickles, relishes, soy sauce, jams, jellies, pre- 
serves, pie and pastry fillings, fruit salads, and salad 
dressings and in the storage of vegetables (17). 


Lactic Acid/Lactates 


Lactic acid (pK, = 3.79) is produced naturally during fer- 
mentation of foods by lactic acid bacteria including Lacto- 
coccus, Lactobacillus, Streptococcus, Pediococcus, Leucon- 
ostoc, and Carnobacterium. While the acid and salts act as 
preservatives in food products, their primary uses are as 
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pH control agents and flavorings. Lactic acid inhibits Clos- 
tridium botulinum, C. perfringens, C. sporogenes, Listeria 
monocytogenes, Salmonella, Staphylococcus aureus, and 
Yersinia enterocolitica (7,20,21). Lactic acid at 1-2% re- 
duces Enterobacteriaceae and aerobic mesophilic microor- 
ganisms on beef, veal, pork, and poultry and delays growth 
of spoilage microflora during long-term storage of products 
(7). Sodium lactate (2.5-5.0%) inhibits C. botulinum, C. 
sporogenes, L. monocytogenes, and spoilage bacteria in 
various meat products (7,22,23). 


Propionic Acid/Propionates 


Up to 1% propionic acid (pK, = 4.87) is produced naturally 
in Swiss cheese by Propionibacterium freudenreichii ssp. 
shermanii. Propionic acid and sodium, potassium, and cal- 
cium propionates are used primarily against molds; 
however, some yeasts and bacteria are also inhibited. 
Propionates (0.1-5.0%) retard the growth of E. coli, 
Staphylococcus aureus, Sarcina lutea, Salmonella, Proteus 
vulgaris, Lactobacillus plantarum, and Listeria monocy- 
togenes, and the yeasts Candida and Saccharomyces cer- 
evisiae (7). Rope-forming bacteria in bread dough (B. sub- 
tilis) are inhibited by propionic acid at pH 5.6 to 6.0 (7). 

Propionic acid and propionates are used as antimicro- 
bials in baked goods and cheeses. Propionates may be 
added directly to bread dough because they have no effect 
on the activity of baker’s yeast (7). There is no limit to the 
concentration of propionates allowed in foods, but amounts 
used are generally less than 0.4% due to sensory changes 
that might occur (7). 


Sorbic Acid/Sorbates 


Sorbic acid occurs naturally in the berries of the mountain 
ash tree (rowanberry) (24). As with other organic acids, the 
antimicrobial activity of sorbic acid is greatest when the 
compound is in the undissociated state. With a pK, of 4.75, 
activity is greatest at a pH less than 6.0 to 6.5. 

Sorbates are probably the most well characterized of all 
food antimicrobials as to their spectrum of action and in- 
hibit bacteria, yeasts, and molds at concentrations of 0.05 
to 0.3% (24). Food-related yeasts and molds inhibited by 
sorbates include Byssochlamys, Candida, Saccharomyces, 
and Zygosaccharomyces and Aspergillus, Fusarium, Geo- 
trichum, and Penicillium, respectively (24). Sorbates in- 
hibit the growth of yeasts and molds in microbiological 
media, cheeses, fruits, vegetables and vegetable fermen- 
tations, sauces, and meats. Sorbates inhibit growth and 
mycotoxin production by Aspergillus flavus, A. parasiticus, 
Byssochlamys nivea, Penicillium expansum, and P. patu- 
lum (24). Some of the genera of bacteria inhibited by sor- 
bate include Acinetobacter, Aeromonas, Bacillus, Campy- 
lobacter, Clostridium, Escherichia, Lactobacillus, Listeria, 
Pseudomonas, Salmonella, Staphylococcus, Vibrio, and 
Yersinia (24). 

A number of Penicillium, Saccharomyces, and Zygosac- 
charomyces species can grow in the presence of and de- 
grade potassium sorbate (24). Sorbates may be degraded 
through a decarboxylation reaction resulting in the for- 
mation of 1,3-pentadiene, a compound having a kerosene- 
like or hydrocarbon-like odor. 
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Sorbate inhibits the growth of many pathogenic bacte- 
ria in foods, including Salmonella and S. aureus in sau- 
sage; S. aureus in bacon; Vibrio parahaemolyticus in sea- 
food; Salmonella, S. aureus, and E. coli in poultry; Yersinia 
enterocolitica in pork; and Salmonella typhimurium in 
milk and cheese (24,25). In addition, the compound inhib- 
its growth of the spoilage bacteria, Pseudomonas putrefa- 
ciens and P, fluorescens, histamine production by Proteus 
morgani and K. pneumoniae and listeriolysin O production 
by L. monocytogenes (24,26). Sorbates are effective anti- 
clostridial agents in cured meats and other meat and sea- 
food products. The compound prevents spores of C. botu- 
linum from germinating and forming toxin in beef, pork, 
poultry, and soy protein frankfurters and emulsions and 
bacon (24). 

Sorbate is applied to foods by direct addition, dipping, 
spraying, dusting, or incorporation into packaging. Baked 
goods, icing, fruit, and cream fillings can be protected from 
yeast and molds through the use of 0.05 to 0.10% potas- 
sium sorbate applied either as a spray after baking or by 
direct addition (24). Sorbates may be used in or on bever- 
ages, jams, jellies, preserves, margarine, chocolate syrup, 
salads, dried fruits, dry sausages, salted and smoked fish, 
cheeses, and in various lactic acid fermentations (24). 


Fumaric Acid /Fumarates 


Fumaric acid has been used to prevent the malolactic fer- 
mentation in wines and as an antimicrobial agent in wines 
(7). The compound is lethal to ascospores of Talaromyces 
flavus and Neosartorya fischeri (7). Esters of fumaric acid 
(monomethyl, dimethyl, and ethyl) at 0.15 to 0.2% have 
been tested as a substitute or adjunct for nitrate in bacon. 
Fumaric acid esters inhibit Clostridium botulinum toxin 
formation in bacon, and the methyl, dimethyl, ethyl, and 
diethyl fumarates inhibit fungal growth in tomato juice 
and on bread (7). 


Citric Acid/Citrates 


Although citric acid is not used directly as an antimicro- 
bial, it has activity against some molds and bacteria. Citric 
acid retards growth and toxin production by Aspergillus 
parasiticus and A. versicolor, but not Penicillium expan- 
sum (7). It is inhibitory to Salmonella in media and on 
poultry carcasses, to growth and toxin production by C. 
botulinum in shrimp and tomato products, to S. aureus in 
microbiological medium and to flat sour bacteria isolated 
from tomato juice (7). The mechanism of citrate inhibition 
has been theorized to be related to its ability to chelate 
metal ions (27). However, Buchanan and Golden (28) found 
that, while undissociated citric acid is inhibitory against 
Listeria monocytogenes, the dissociated molecule protects 
the microorganism. They theorized that this protection is 
due to chelation by the anion. 


Fatty Acid Esters 


Certain fatty acid esters have antimicrobial activity in 
foods. One of the most effective of the fatty acid esters is 
glyceryl monolaurate (monolaurin) (29,30). Monolaurin is 
effective as an antimicrobial against Gram-positive bac- 


teria including Bacillus, Listeria monocytogenes, Micrococ- 
cus, and Staphylococcus aureus but generally ineffective 
against Gram-negative bacteria (31-33). Presence of eth- 
ylenediaminetetraacetic acid (EDTA) expands the activity 
spectrum of monolaurin to include Gram-negative bacteria 
such as Salmonella, E. coli 0157:H7, and Vibrio and de- 
creases the minimum inhibitory concentrations against 
Gram-positive strains (29,34). Monolaurin is inhibitory to 
molds and yeasts including Aspergillus, Alternaria, Can- 
dida, Cladosporium, Penicillium, and Saccharomyces. 
Monolaurin is effective against L. monocytogenes in cot- 
tage cheese, Camembert cheese, yogurt, and meat prod- 
ucts (32,33). 


NITRITES. 


Sodium (NaNO,) and potassium (KNO,) nitrite have a spe- 
cialized use in cured meat products. Meat curing utilizes 
salt, sugar, spices, and ascorbate or erythorbate along with 
nitrite. In addition to serving as an antimicrobial, nitrite 
has many functions in cured meats, including formation of 
characteristic cured meat color, contribution to the flavor 
and texture, and as an antioxidant. The primary use for 
sodium nitrite as an antimicrobial is to inhibit Clostridium 
botulinum growth and toxin production in cured meats. In 
association with other components in the curing mix, such 
as salt and reduced pH, nitrite inhibits outgrowth of spores 
of C. botulinum and other clostridia. Nitrite inhibits bac- 
terial spore formers by inhibiting outgrowth of the germi- 
nated spore (35). The effectiveness of nitrite depends on 
reduced pH, salt concentration, presence of ascorbate and 
isoascorbate, storage and processing temperatures, and 
initial inoculum size. 

Meat products that may contain nitrites include bacon, 
bologna, corned beef, frankfurters, luncheon meats, ham, 
fermented sausages, shelf-stable canned cured meats, and 
perishable canned cured meat (eg, ham). Nitrite is also 
used in a variety of fish and poultry products. The concen- 
tration used in these products is specified by governmental 
regulations but is generally limited to 156 ppm (mg/kg) for 
most products and 100 to 120 ppm (mg/kg) in bacon. So- 
dium erythorbate or isoascorbate is required in products 
containing nitrites as a cure accelerator and as an inhibitor 
to the formation of nitrosamines, carcinogenic compounds 
formed by reactions of nitrite with secondary or tertiary 
amines. Sodium nitrate is used in certain European 
cheeses to prevent spoilage by C. tyrobutyricum or C. bu- 
tyricum (35). 


PARAHYDROXYBENZOIC ACID ESTERS (PARABENS) 


Alkyl esters of p-hydroxybenzoic acid (parabens) have been 
known to possess antimicrobial activity since the 1920s. 
Esterification of the carboxyl group of benzoic acid allows 
the molecule to remain undissociated up to pH 8.5, giving 
the parabens an effective range of pH 3.0 to 8.0 (36). In 
most countries, the methyl, propyl, and heptyl parabens 
are allowed for direct addition to foods as antimicrobials 
while the ethyl and butyl esters are approved in a limited 
number of countries. 


The antimicrobial activity of p-hydroxybenzoic acid es- 
ters is, in general, directly proportional to the chain length 
of the alkyl component (8,36). As the alkyl chain length of 
the parabens increases, inhibitory activity generally in- 
creases, Increasing activity with decreasing polarity is 
more evident against Gram-positive than against Gram- 
negative bacteria (8). Parabens are generally more active 
against molds and yeast than against bacteria (8). 

To take advantage of their respective solubility and in- 
creased activity, methyl and propyl parabens are normally 
used in a combination of 2~3:1 (methyl:propyl). The com- 
pounds may be incorporated into foods by dissolving in wa- 
ter, ethanol, propylene glycol, or the food product itself. 
The n-heptyl ester is used in fermented malt beverages 
(beers) and noncarbonated soft drinks and fruit-based bev- 
erages. Parabens are used in a variety of foods including 
baked goods, beverages, fruit products, jams and jellies, 
fermented foods, syrups, salad dressings, and wine (8). 


SULFITES 


Sulfur dioxide (SO,) and its salts (potassium sulfite 
[K,SO,], sodium sulfite [Na,SOg], potassium bisulfite 
{KHSO,], sodium bisulfite [NaHSO,], potassium metabi- 
sulfite [K,S.05], and sodium metabisulfite [NaS,O;]) have 
been used as disinfectants since the time of the ancient 
Greeks and Romans (37). Although sulfites now have mul- 
tiple uses as food additives, their original purpose was as 
an antimicrobial. Sulfites are used primarily in fruit and 
vegetable products to control spoilage and fermentative 
yeasts, and molds on fruits and fruit products (eg, wine), 
acetic acid bacteria, and malolactic bacteria (37). In addi- 
tion to use as antimicrobials, sulfites act as antioxidants 
and inhibit enzymatic and nonenzymatic browning in a va- 
riety of foods. Their primary application is in fruits and 
vegetable products, but they are also used to a limited ex- 
tent in meats. 

The most important factor impacting the antimicrobial 
activity of sulfites is pH. The inhibitory effect of sulfites is 
most pronounced when the acid or SO, - H,0 is in the un- 
dissociated form. As the pH decreases, the proportion of 
SO, - H,0 increases and the bisulfite (HSO; ) ion concen- 
tration decreases. Therefore, their most effective pH range 
is less than 4.0. Sulfites show increased effectiveness at 
low pH because the unionized sulfur dioxide can pass 
across the cell membrane in this form. 

Sulfites, especially as the bisulfite ion, are very reactive. 
These reactions not only determine the mechanism of ac- 
tion of the compounds, they also influence antimicrobial 
activity. For example, sulfites form addition compounds (a- 
hydroxysulfonates) with aldehydes and ketones. 

Sulfur dioxide is fungicidal even in low concentrations 
against yeasts and molds. The inhibitory concentration 
range of sulfur dioxide is 0.1 to 20.2 ug/ml for Saccharo- 
myces, Zygosaccharomyces, Pichia, Hansenula, and Can- 
dida species (37). Sulfur dioxide at 25 to 100 zg/ml inhibits 
Byssochlamys nivea growth and patulin production in 
grape and apple juices (38). Against bacteria, sulfur diox- 
ide is more inhibitory to Gram-negative rods than to Gram- 
positive rods. Gram-negative bacteria susceptible to sul- 
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fites include Salmonella, E. coli, Citrobacter, Yersinia 
enterocolitica, Enterobacter, Serratia marcescens, and Haf- 
nia (39). 

Sulfur dioxide is used to control the growth of undesir- 
able microorganisms in fruits, fruit juices, wines, sau- 
sages, fresh shrimp, and acid pickles and during extraction 
of starches (37). It is added at 50 to 100 mg/L to expressed 
grape juices used for making wines to inhibit molds, bac- 
teria, and undesirable yeasts. At appropriate concentra- 
tions, sulfur dioxide does not interfere with wine yeasts or 
with the flavor of wine. The optimum level of sulfur dioxide 
(50-75 mg/L) is maintained to prevent postfermentation 
changes by microorganisms. In a few countries, sulfites 
may be used to inhibit the growth of microorganisms on 
fresh meat and meat products. Sulfite or metabisulfite 
added in sausages is effective in delaying the growth of 
molds, yeast, and salmonellae during storage at refriger- 
ated or room temperature (39). Sulfur dioxide restores a 
bright color but may give a false impression of freshness. 


DIMETHYL DICARBONATE 


Dimethyl dicarbonate (DMDC) is a colorless liquid that is 
slightly soluble in water. The compound is very reactive 
with many substances, including water, ethanol, alkyl and 
aromatic amines, and sulfhydryl groups (40). The primary 
target microorganisms for DMDC are yeasts, including 
Saccharomyces, Zygosaccharomyces, Rhodotorula, Can- 
dida, Pichia, Torulopsis, Torula, Endomyces, Kloeckera, 
and Hansenula. The compound is also bactericidal at 30 
to 400 mg/L to a number of species including Acetobacter 
pasteurianus, E. coli, Pseudomonas aeruginosa, Staphylo- 
coccus aureus, several Lactobacillus species, and Pediococ- 
cus cerevisiae (40). The compound has been shown to be 
bactericidal against E. coli 0157:H7 in apple cider (41). 
Molds are generally more resistant to DMDC than yeasts 
or bacteria. 


PHENOLIC ANTIOXIDANTS 


Phenolic antioxidants including, butylated hydroxyanisole 
(BHA), butylated hydroxytoluene (BHT), propyl gallate 
(PG) and tertiary butylhydroquinone (TBHQ), are used in 
foods primarily to delay autoxidation of unsaturated lipids. 
The first report on the antibacterial effectiveness of BHA 
was that of Chang and Branen (42) in which E. coli, Sal- 
monella typhimurium, and Staphylococcus aureus were in- 
hibited in nutrient broth. Subsequent studies generally 
demonstrate that Gram-positive bacteria are more suscep- 
tible to BHA than Gram-negative bacteria. BHT is gener- 
ally less effective than other phenolic antioxidants (43). 
TBHQ is an extremely effective inhibitor of Gram-positive 
bacteria including S. aureus and Listeria monocytogenes at 
concentrations generally less than 64 g/mL (43). 

BHA inhibits Aspergillus flavus, A. parasiticus, Penicil- 
lium, Geotrichum, Byssochlamys, and Saccharomyces cer- 
evisiae in microbiological media (43). In addition to growth 
inhibition, BHA inhibits production of the mycotoxins (43). 

A number of studies have been carried out to determine 
the antimicrobial effectiveness of phenolic antioxidants in 
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foods (43), In nearly all studies, the concentration of phe- 
nolic antioxidants required for inhibition in a food, espe- 
cially a meat product, is significantly higher than that 
needed for in vitro inhibition. This is probably because the 
presence of lipid or protein dramatically decreases the ac- 
tivity of phenolic antioxidants due to binding (44). Appli- 
cation studies in lower fat and protein products have 
shown more promise. 


PHOSPHATES 


Some phosphate compounds, including sodium acid pyro- 
phosphate (SAPP), tetrasodium pyrophosphate (TSPP), 
sodium tripolyphosphate (STPP), sodium tetrapolyphos- 
phate, sodium hexametaphosphate (SHMP), and triso- 
dium phosphate (TSP), have variable levels of antimicro- 
bial activity in foods (45). Gram-positive bacteria are 
generally more susceptible to phosphates than Gram- 
negative bacteria. TSPP, SAPP, STPP, and SHMP have 
been shown to inhibit Bacillus subtilis, Enterococcus 
faecalis, Clostridium sporogenes, C. bifermentans, and 
Staphylococcus aureus (45,46). Sodium polyphosphates at 
1% inhibited lag and generation times of Listeria mono- 
eytogenes in BHI broth, especially in the presence of NaCl 
(47). Wagner and Busta (48) found that SAPP has no effect 
on the growth of C. botulinum but delayed or prevented 
toxicity to mice. It was theorized that this was due to bind- 
ing of the toxin molecule or inactivation of the protease 
responsible for protoxin activation. 

Phosphate derivatives also have antimicrobial activity 
in food products (49). SAPP, SHMP, or polyphosphates en- 
hance the effect of nitrite, pH, and salt against C. botuli- 
num (45). Phosphates, sodium chloride, reduced water ac- 
tivity, water content, reduced pH, and lactic acid interact 
to prevent the outgrowth of C. botulinum in pasteurized 
process cheese (50). A 10% sodium tetrapolyphosphate dip 
preserved cherries against the fungal growth by Penicil- 
lium, Rhizopus, and Botrytis (45). Various phosphate salts 
have antimicrobial activity against rope-forming Bacillus 
in bread and Salmonella in pasteurized egg whites (51). 
Trisodium phosphate (TSP) at levels of 8 to 12% reduces 
pathogens, especially Salmonella, on poultry most likely 
due to a physical removal process or high pH (11-12) 
(52,53). 

Several mechanisms have been suggested for bacterial 
inhibition by polyphosphates. The ability of polyphos- 
phates to chelate metal ions, such as magnesium, appears 
to play an important role in their antimicrobial activity 
(45). Knabel et al. (54) stated that the chelating ability of 
polyphosphates is responsible for growth inhibition of B. 
cereus, L. monocytogenes, S. aureus, Lactobacillus, and As- 
pergillus flavus. In addition, inhibition is reduced at lower 
PH due to protonation of the chelating sites on the poly- 
phosphates. It was concluded that polyphosphates inhib- 
ited Gram-positive bacteria and fungi by removal of essen- 
tial cations from binding sites on the cell walls of these 
microorganisms (54). 


NATURALLY OCCURRING COMPOUNDS AND SYSTEMS 
Nisin 

Nisin, a polypeptide produced by Lactococcus lactis spp. 
lactis, was isolated, characterized, and named by Mattick 


and Hirsh (55). The peptide has 34 amino acids and a mo- 
lecular weight of 3,500 Da, however it usually occurs as a 
dimer. The solubility of the compound depends on the pH 
of the solution. At pH 2.2, the solubility of nisin is 56 mg/ 
mL, at pH 5.0, 3 mg/mL, and it is less soluble at neutral 
and alkaline pH. Nisin solution in dilute HCl at pH 2.5 is 
stable to autoclaving (121°C) with no marked loss of anti- 
microbial activity. At pH 7.0, inactivation occurs even at 
room temperature. Nisin remains stable for years in the 
dry form, but activity is gradually lost in foods. The effec- 
tiveness of nisin increases as pH decreases. Nisinase from 
Streptococcus thermophilus, Lactobacillus plantarum, 
other lactic acid bacteria, and certain Bacillus species in- 
activate nisin (55). In addition, resistance to nisin may de- 
velop in cells exposed to the compound through alterations 
of the cell surface or cell membrane (18). 

Nisin has a narrow spectrum affecting only Gram- 
positive bacteria, including lactic acid bacteria, strepto- 
cocci, bacilli, and clostridia. By itself, it does not generally 
inhibit Gram-negative bacteria, yeasts, or molds. Nisin is 
inhibitory to the spore formers Bacillus and Clostridium, 
including Clostridium botulinum. Nisin concentrations 
necessary to inhibit Clostridium botulinum in brain heart 
infusion broth were 200, 80, and 20 ug/mL for types A, B, 
and E, respectively (56). In contrast, the concentration re- 
quired to inhibit C. botulinum in cooked meat medium 
(CMM) was beyond the highest tested for types A (>200 
ug/mL) and B (>80 g/mL). It was theorized that the 
higher levels required in CMM were due to binding of the 
nisin by meat particles. Nisin reduces the heat resistance 
of spore formers. The sensitivity of vegetative bacteria to 
nisin varies. Staphylococcus, Enterococcus, Pediococcus, 
Leuconostoc, Lactobacillus, and Listeria monocytogenes 
have all been shown to be sensitive to nisin (5760). Gram- 
negative bacteria are resistant to nisin activity, but they 
can be sensitized by disruption of the outer membrane ei- 
ther chemically with chelators, such as EDTA, or mechan- 
ically. This expands the spectrum of nisin to Gram- 
negative pathogens such as Escherichia coli, Salmonella, 
Yersinia (61). 

The application of nisin as a food preservative has been 
studied extensively. Nisin-producing starter cultures were 
first used to prevent gas or “blowing” of Swiss-type cheese 
caused by Clostridium tyrobutyricum and C. butyricum 
(62). Nisin has been recommended for use in canned vege- 
table products to prevent the outgrowth of Clostridium bot- 
ulinum when less severe sterilization conditions are de- 
sired or required (61). The compound has been shown to 
have potential benefit in some meat products, although, as 
already stated, binding to meat may be a problem. Nisin 
has been suggested as an adjunct to nitrite in cured meats 
to prevent the growth of clostridia (61). The compound has 
been tested as a preservative in seafood, dairy products, 
vegetables, soups, sauces, beer and ale (61). Nisin was less 
active against L. monocytogenes in milk and ice cream with 
increasing fat concentrations (63,64). This was probably 
due to binding of nisin to fat globules. 

Nisin is permitted for use in foods in many countries 
including the U.S. It was approved by the U.S. FDA for use 
in pasteurized cheese spreads and pasteurized process 


cheese spread to inhibit the growth of C. botulinum at a 
maximum of 250 ppm in 1988. 


Natamycin 


Natamycin, a polyene macrolide antibiotic, was first iso- 
lated in 1955 from a culture of Streptomyces natalensis, a 
microorganism found in soil from Natal, South Africa. The 
name natamycin is synonymous with pimaricin, a name 
used in earlier literature. In the United States, natamycin 
was approved for use in cheese making as a mold spoilage 
inhibitor in 1982. Natamycin may be applied to the surface 
of cuts and slices of cheese by dipping or spraying an aque- 
ous solution containing 200 to 300 ppm. Natamycin does 
not readily migrate into the cheese and does not adversely 
affect flavor or appearance. 

Natamycin is active against nearly all molds and yeasts 
but has little or no effect on bacteria or viruses (65). Most 
molds are inhibited at concentrations of natamycin from 
0.5 to 25 ug/mL. Most yeasts are inhibited at natamycin 
concentrations from 1.0 to 5.0 1g/mL. In addition to fungal 
growth inhibition, natamycin has been shown to inhibit 
aflatoxin B, production of Aspergillus flavus and penicillic 
acid production by Penicillium cyclopium as well as elim- 
inate ochratoxin production by A. ochraceus and patulin 
production by P. patulum (66). 

Several factors affect the stability and resulting anti- 
mycotic activity of natamycin. While pH has no apparent 
effect on antifungal activity, it does influence stability of 
the compound. In the pH range of most food products (pH 
5-7), natamycin is very stable. Under normal storage 
ditions, temperature has little effect on natamycin activity 
when in neutral aqueous suspension. Sunlight, contact 
with certain oxidants (eg, organic peroxides and sulfhydryl 
groups), and heavy metals all adversely effect stability of 
natamycin solutions or suspensions (67). 

Natamycin added in the wash water was effective in 
increasing the shelf life of cottage cheese up to 13.6 days 
at 4.4°C (68). Adding natamycin to the cottage cheese 
dressing was even more effective in extending shelf life. At 
500 or 1000 g/mL, natamycin delayed mold growth on 
cheese for up to six months but did not prevent it com- 
pletely (69). Natamycin was shown to be effective in pre- 
serving Italian cheeses with no detrimental effect on rip- 
ening (70). 

In addition to dairy products, early work on natamycin 
suggested it might be useful to inhibit fungal growth on 
fruit products and poultry. Natamycin was shown to be an 
effective antifungal agent on strawberries, raspberries, 
and cranberries and in orange juice (71,72). Natamycin, 
alone and in combination with chlortetracycline, inhibited 
yeast growth on chicken stored 12 to 15 days at 4.4°C (73). 


Bacteriocins 


It has long been known that lactic acid bacteria are antag- 
onistic to other microorganisms through production of an- 
timicrobial compounds such as hydrogen peroxide, acetic 
acid, lactic acid, and diacetyl. However, these and other 
food fermentation microorganisms also produce peptide 
antimicrobial compounds known as bacteriocins. Bacteri- 
ocins are bactericidal to susceptible genera or species and 
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are often produced under plasmid control. These com- 
pounds are not considered to be antibiotics as they are not 
used for human disease control, are larger than medical 
antibiotics, and usually have a narrow spectrum. Poten- 
tially useful bacteriocins have been demonstrated from 
Lactococcus, Lactobacillus, Pediococcus, Leuconostoc, Pro- 
pionibacterium, Bifidobacterium, and Carnobacterium. Al- 
though none of the compounds are approved for use in 
foods, there is great potential for their use in the future. 
Most of the bacteria that produce bacteriocins being con- 
sidered as food antimicrobials are used or associated with 
fermented dairy, meat, and vegetables products. For that 
reason, the antimicrobials they produce would be assumed 
to be safe from a toxicological standpoint. Many bacterio- 
cins have been isolated and their effectiveness character- 
ized in microbiological media, but much work remains to 
be done on determining their effectiveness in foods. 

Excluding nisin, the most well characterized bacterio- 
cins are those produced by Pediococcus species. Pediococ- 
cus acidilactici produces pediocin AcH and PA-1, and P. 
pentosaceus produces pediocin A. Pediocin AcH and PA-1 
inhibit Bacillus, Brochothrix, Clostridium, Enterococcus, 
Lactobacillus, Leuconostoc, Listeria monocytogenes, other 
Pediococcus, Propionibacterium, and Staphylococcus au- 
reus. Pediocin A is inhibitory to other lactic acid bacteria 
and the pathogens Bacillus cereus, Clostridium botulinum, 
C. perfringens, L. monocytogenes, and S, aureus. Gram- 
negative bacteria can be made to be susceptible to pedi- 
ocins following exposure to sublethal stress treatments 
such as freezing or heat (61). In foods, pediocin AcH inhib- 
its spoilage bacteria in meats, dairy products, salads, and 
salad dressings, and it has a variable effect on growth of 
pathogens inoculated into foods (61). Limitations on the 
use of pediocins in foods include: (1) it may cause resis- 
tance development in some microorganisms; (2) it may se- 
lect for resistant strains in foods; and (3) food components, 
especially lipids, could interfere with antimicrobial activity 
(61). 

Several species of Lactobacillus have been shown to elu- 
cidate bacteriocins. These include L. acidophilus, L. brevis, 
L. casei, L. delbrueckii ssp. bulgaricus, L. fermentum, L. 
helveticus, L. plantarum, and L. sake (18,61). Bacteriocins 
produced by Leuconostoc include those produced by L. car- 
nosum, L. dextranicum, L. gelidum, L. mesenteroides, and 
L. paramesenteroides. Various of these bacteriocins have 
shown activity against C. botulinum, L. monocytogenes, S. 
aureus, and Yersinia enterocolitica (61). Carnobacterium 
piscicola and Bifidobacterium have shown to produce bac- 
teriocins with activity primarily against gram positive bac- 
teria including L. monocytogenes. Milk fermented by Pro- 
pionibacterium freudenreichii ssp. shermanii is effective 
against Gram-negative psychrotrophic bacteria in cottage 
cheese and spoilage microorganisms in a variety of other 
foods. Among the inhibitors in this product are propionic 
acid, lactic acid, and a low-molecular-weight proteinaceous 
compound (74). 


Lysozyme 


Lysozyme (1,4-f-N-acetylmuramidase) is a 14,600 Da en- 
zyme present in avian eggs, mammalian milk, tears and 
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other secretions, insects, and fish. It is most stable under 
acidic conditions. The enzyme catalyzes hydrolysis of the 
f-1,4 glycosidic bonds between N-acetylmuramic acid and 
N-acetylglucosamine of the peptidoglycan of bacterial cell 
walls. This causes cell wall degradation and eventual lysis. 

Lysozyme is most active against Gram-positive bacte- 
ria, most likely because of the exposed peptidoglycan in the 
cell wall. The enzyme inhibits Bacillus stearothermophi- 
lus, B. cereus, Clostridium botulinum, C. thermosaccharo- 
lyticum, C. tyrobutyricum, Listeria monocytogenes, and Mi- 
crococcus lysodeikticus (18). Variation in susceptibility of 
Gram-positive bacteria is likely due to the presence of 
teichoic acids or other materials that bind the enzyme and 
that certain species have greater proportions of 1,6 or 1,3 
glycosidic linkages in the peptidoglycan that are more re- 
sistant than the 1,4 linkage (75). For example, certain 
strains of L. monocytogenes are not inhibited by lysozyme 
unless EDTA is present (76). Lysozyme is less effective 
against Gram-negative bacteria due to a reduced peptido- 
glycan content and presence of outer membrane of lipo- 
polysaccharide and lipoprotein. Gram-negative cell suscep- 
tibility can be increased by pretreatment with chelators 
(eg, EDTA) or if cells are subjected to shock (pH, heat, os- 
motic), drying or freeze-thaw cycling (75). 

The most common use of lysozyme in foods is in hard 
cheeses such as Edam and Gouda to prevent a defect 
known as late blowing. This defect is characterized by for- 
mation of holes in the cheese and the production of unac- 
ceptable flavors caused by C. tyrobutyricum. In foods other 
than cheese, lysozyme has been evaluated as an antimi- 
crobial in seafoods, sake, potato salad, sushi, Chinese noo- 
dles, creamed custard, and sausage. Lysozyme and lyso- 
zyme combined with EDTA may have potential for 
reducing Salmonella on poultry and spoilage microflora 
from shrimp. Lysozyme was bactericidal to L. monocyto- 
genes in shredded cabbage and lettuce, fresh green beans, 
corn, and carrots, and this activity was enhanced by EDTA 
(76). The compound was less effective in refrigerated 
meats and soft cheese. In some studies, no inhibition was 
demonstrated with EDTA and lysozyme against Salmo- 
nella typhimurium or Pseudomonas fluorescens (77). 

Lysozyme is one of the few naturally occurring antimi- 
crobials approved by regulatory agencies for use in foods. 
In the United States and Europe, lysozyme is allowed to 
prevent gas formation in cheeses such as Edam and Gouda 
by C. tyrobutyricum. Lysozyme is used to a great extent in 
Japan to preserve seafood, vegetables, pasta, and salads. 


Lactoperoxidase System 


Lactoperoxidase (MW = 78,000 Da) is an enzyme that oc- 
curs in raw milk, colostrum, saliva and other biological se- 
cretions. Bovine milk naturally contains 10 to 60 mg/L of 
lactoperoxidase (78). This enzyme reacts with thiocyanate 
(SCN~) in the presence of hydrogen peroxide and forms 
antimicrobial compound(s). The components are called the 
lactoperoxidase system (LPS). Fresh milk contains 1 to 10 
mg/L of thiocyanate, which is not always sufficient to ac- 
tivate the LPS (79). Hydrogen peroxide, the third compo- 
nent of the LPS, is not present in fresh milk due to the 
action of natural catalase, peroxidase, or superoxide dis- 


mutase. Approximately 8 to 10 mg/L hydrogen peroxide 
are required to activate the LPS, which can be added di- 
rectly, through the action of lactic acid bacteria or through 
the enzymatic action of xanthine oxidase, glucose oxidase, 
or sulfhydryl oxidase. In LPS reaction, thiocyanate is oxi- 
dized to the antimicrobial hypothiocyanate (OSCN7), 
which also exists in equilibrium with hypothiocyanous acid 
(78). 

The LPS is more effective against active against 
Gram-negative bacteria, including Pseudomonas, than 
Gram-positive bacteria. However, it does _ inhibit 
both Gram-positive and Gram-negative foodborne patho- 
gens, including Salmonella, Staphylococcus aureus, Liste- 
ria monocytogenes, and Campylobacter jejuni (78). There 
is variable activity against catalase-negative microorgan- 
isms, including the lactic acid bacteria such as Lactococcus, 
Lactobacillus, and Streptococcus. 

The LPS system can increase the shelf life of raw milk. 
This could be useful in countries that have poorly devel- 
oped refrigerated storage systems (78). LPS has also been 
used as a preservation process in cream, cheese, liquid 
whole eggs, ice cream, and infant formula. 


Lactoferrin and Other Iron-Binding Proteins 


Lactoferrin is an iron-binding protein that occurs in milk 
and colostrum and has potential for use as a food antimi- 
crobial (78). Lactoferrin is a glycoprotein with a molecular 
weight of around 76,500 Da. Lactoferrin has two iron- 
binding sites per molecule and, for each Fe** bound, re- 
quires one bicarbonate (HCO; ). Lactoferrin is potentially 
active in milk due to the low iron concentration and pres- 
ence of bicarbonate (79). The exact biological role of lacto- 
ferrin is unknown; however, it may act as a barrier to in- 
fection of the nonlactating mammary gland and protect the 
gastrointestinal tract of the newborn against infection 
(78). 

Lactoferrin is inhibitory to a number of microorganisms 
including Bacillus subtilis, B. stearothermophilus, Listeria 
monocytogenes, Micrococcus, E. coli, and Klebsiella (18). 
There is evidence that the most effective form of lactoferrin 
is the iron-unsaturated, or apolactoferrin, form (80). Some 
Gram-negative bacteria may be resistant because they 
adapt to low-iron environments by producing siderophores 
such as phenolates and hydroxamates. Microorganisms 
with a low iron requirement, such as lactic acid bacteria, 
would not be inhibited by lactoferrin (78). 

Lactoferricin B is a small peptide (25 amino acids) pro- 
duced by acid-pepsin hydrolysis of bovine lactoferrin (81). 
The compound is inhibitory to Shigella, Salmonella, Yer- 
sinia enterocolitica, E. coli 0157:H7, Staphylococcus au- 
reus, L. monocytogenes, and Candida species at concentra- 
tions ranging from 1.9 to 125 mg/mL (82). Another 
iron-binding molecule, ovotransferrin or conalbumin, oc- 
curs in egg albumen. Each ovotransferrin molecule has two 
iron-binding sites and, like lactoferrin, it binds an anions, 
such as bicarbonate or carbonate with each ferric iron 
bound. Ovotransferrin is inhibitory against both Gram- 
positive and Gram-negative bacteria, but the former are 
generally more sensitive, with Bacillus and Micrococcus 
species being particularly sensitive (75). Some yeasts are 
also sensitive. 


Avidin 

Avidin is a glycoprotein present in egg albumen. The con- 
centration varies with hen’s age, but the mean is 0.05% of 
the total egg albumen protein (75). The protein is 66,000 
to 69,000 Da and has four identical subunits of 128 amino 
acids each. Avidin strongly binds the cofactor biotin at a 
ratio of four molecules of biotin per molecule of avidin. Bio- 
tin is a cofactor for enzymes in the tricarboxylic acid cycle 
and fatty acid biosynthesis. Avidin inhibits growth of some 
bacteria and yeasts that have a requirement for biotin with 
the primary mechanism being nutrient deprivation. 


Spices and Their Essential Oils 


Spices are roots, bark, seeds, buds, leaves, or fruit of aro- 
matic plants added to foods as flavoring agents. It has been 
known since ancient times that spices and their essential 
oils have varying degrees of antimicrobial activity. Cloves, 
cinnamon, oregano, thyme, and, to a lesser extent, sage 
and rosemary have the strongest antimicrobial activity 
among spices. 

The major antimicrobial components of clove and cin- 
namon are eugenol (2-methoxy-4-(2-propenyl)-phenol) and 
cinnamic aldehyde (3-phenyl-2-propenal), respectively. 
Cinnamon and clove extracts or their essential oils inhibit 
Aeromonas hydrophila, Bacillus, Enterobacter aerogenes, 
lactic acid bacteria, and Staphylococcus aureus in micro- 
biological systems and in foods (8). Bullerman (83) ob- 
served that cinnamon in raisin bread inhibited growth and 
aflatoxin production by Aspergillus parasiticus. Cinnamon 
and clove were the most effective of 16 ground herbs and 
spices tested at 2% w/v against nine mycotoxin-producing 
Aspergillus and Penicillium species (84). 

The antimicrobial activity of oregano and thyme has 
been attributed to their essential oils which contain the 
terpenes carvacrol (2-methyl-5-(1-methylethyl)phenol) 
and thymol (5-methyl-2-(1-methylethyl)phenol), respec- 
tively. These compounds have inhibitory activity against a 
number of bacterial species, molds, and yeasts including 
Bacillus subtilis, E. coli, Lactobacillus plantarum, Pedi- 
ococcus cerevisiae, Pseudomonas aeruginosa, Proteus, Sal- 
monella enteritidis, S. aureus, Vibrio parahaemolyticus, 
and Aspergillus parasiticus (8). 

The active fraction of sage and rosemary has been sug- 
gested to be the terpene fractions of the essential oils. 
Rosemary contains primarily borneol (endo-1,7,7-tri- 
methylbicyclo[2.2.1] heptan-2-ol) along with pinene, cam- 
phene, camphor while sage contains thujone (4-methyl-1- 
(1-methylethyl)bicyclo[3.1.0]-hexan-3-one). Sage and 
rosemary are more active against gram-positive than 
gram-negative bacterial strains (85). Sensitivity of Bacil- 
lus cereus, S. aureus, and Pseudomonas to sage is greatest 
in microbiological medium and significantly reduced in 
foods (86). It is theorized that loss of activity was due to 
solubilization of the antimicrobial fraction in the lipid of 
the foods. 

Vanillin (4-hydroxy-3-methoxybenzaldehyde) is a major 
constituent of vanilla beans, the fruit of an orchid (Vanilla 
planifola, Vanilla pompona, or Vanilla tahitensis). Vanillin 
is most active as against molds and nonlactic Gram- 
positive bacteria (87). Vanillin at 1500 ug/mL significantly 
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inhibited strains of Aspergillus in fruit-based agars con- 
taining mango, papaya, pineapple, apple, and banana (88). 
The compound was least effective in banana and mango 
agars. This was attributed to binding of the vanillin by 
protein or lipid in these fruits, a phenomenon demon- 
strated for other antimicrobial phenolic compounds (44). 

Many other spices have been tested and shown to have 
limited or no activity. They include allspice, anise, bay leaf, 
black pepper, cardamom, celery seed, chili powder, cori- 
ander, cumin, curry powder, dill, fenugreek, ginger, juniper 
oil, mace, marjoram, mustard, nutmeg, orris root, paprika, 
parsley, red pepper, sesame, spearmint, tarragon, and 
white pepper (89). 


ONIONS AND GARLIC 


Probably the most well characterized antimicrobial system 
in plants is that found in the juice and vapors of onions 
(Allium cepa) and garlic (Allium sativum). Growth and 
toxin production of many microorganisms have been 
shown to be inhibited by onion and garlic, including the 
bacteria Bacillus cereus, Clostridium botulinum type A, E. 
coli, Lactobacillus plantarum, Salmonella, Shigella, and 
Staphylococcus aureus, and the fungi Aspergillus flavus, A. 
parasiticus, Candida albicans, Cryptococcus, Rhodotorula, 
Saccharomyces, Torulopsis, and Trichosporon (18). The 
major antimicrobial component from garlic is allicin (dial- 
lyl thiosulfinate; thio-2-propene-1-sulfinic acid-5-allyl es- 
ter) (18), which is formed by the action of the enzyme al- 
linase on the substrate alliin (S-(2-propenyl)-L-cysteine 
sulfoxide). The reaction only occurs when cells of the garlic 
are disrupted, releasing the enzyme to act on the sub- 
strate. A similar reaction occurs in onion except the sub- 
strate is S-(1-propenyl)-L-cysteine sulfoxide and one of the 
major products is thiopropanal-S-oxide. The products ap- 
parently responsible for antimicrobial activity are also re- 
sponsible for the flavor of onions and garlic. In addition to 
antimicrobial sulfur compounds, onions contain the phe- 
nolic compounds protocatechuic acid and catechol, which 
could contribute to their antimicrobial activity (90). The 
mechanism of action of allicin is most likely inhibition of 
sulfhydryl-containing enzymes (18). 


Other Plant Extracts 


Isothiocyanates (R-N=C=S) are derivatives from gluco- 
sinolates in cells of plants of the Cruciferae or mustard 
family (cabbage, kohlrabi, Brussel sprouts, cauliflower, 
broccoli, kale, horseradish, mustard, turnips, rutabaga). 
They are potent antifungal and antimicrobial agents (91). 
These compounds are formed from the action of the en- 
zyme myrosinase (thioglucoside glucohydrolase) on the 
glucosinolates when the plant tissue is injured or mechan- 
ically disrupted. Common isothiocyanate side groups in- 
clude allyl (AIT), ethyl, methyl, benzyl, and phenyl. The 
compounds are inhibitory to fungi, yeasts, and bacteria in 
the range of 0.016 to 0.062 ug/mL in the vapor phase (92). 
Inhibition depends on the compound type against bacteria 
but generally Gram-positive bacteria are less sensitive to 
AIT than are Gram-negative bacteria. The mechanism by 
which isothiocyanates inhibit cells may involve enzymes 
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by direct reaction with disulfide bonds or through thiocy- 
anate (SCN~) anion reaction to inactivate sulfhydryl en- 
zymes (91). These compounds have very low sensory 
thresholds, but they may be useful as food antimicrobials 
due to their low inhibitory concentrations. 


Phenolic Compounds 


Phenolic compounds occurring in foods are classified as 
simple phenols and phenolic acids, hydroxycinnamic acid 
derivatives, and the flavonoids (93). The various classes of 
phenolics and individual compounds within each class 
have various antimicrobial activities. 

Smoking of foods, such as meats, cheeses, fish, and poul- 
try, has a preservative effect through drying and the dep- 
osition of chemicals. The major antimicrobial components 
of wood smoke are phenol and cresol. Smoke distillates and 
liquid smoke are inhibitory to Staphylococcus aureus, E. 
coli, Listeria monocytogenes, and Saccharomyces cerevisiae 
(43). Consistent with results using other phenolic com- 
pounds as antimicrobials, smoke is more effective against 
Gram-positive than Gram-negative bacteria. Isoeugenol is 
one of the most effective antimicrobial compounds in liquid 
smoke, followed by m-cresol and p-cresol (94). 

The phenolic acids, including derivatives of p-hydroxy- 
benzoic acid (protocatechuic, vanillic, gallic, syringic, el- 
lagic) and o-hydroxybenzoic acid (salicylic) may be found 
in plants and foods. Esters of gallic acid including butyl, 
isobutyl, isoamyl, p-octyl, and p-dodecyl have been shown 
to be effective against Clostridium botulinum in micro- 
biological media at 37°C (95). Another ester of gallic acid, 
propyl gallate, inhibited growth of Alcaligenes faecalis,En- 
terobacter aerogenes, E. coli, Klebsiella pneumoniae, L. 
monocytogenes, Proteus vulgaris, Salmonella enteritidis, 
Salmonella paratyphi, and Shigella flexneri (96). Tannic 
acid has antimicrobial activity against Aeromonas hydro- 
phila, E. coli, L. monocytogenes, S. enteritidis, S. aureus, 
and Streptococcus faecalis (43). Stead (97) demonstrated 
stimulation of growth of the lactic acid spoilage bacteria, 
Lactobacillus collinoides and Lactobacillus brevis, by gal- 
lic, quinic, and chlorogenic acids. It was suggested that the 
compounds were being metabolized by the microorganisms 
and that presence of these compounds in beverages may 
potentially result in antagonistic reactions with other food- 
grade antimicrobials. 

Resin from the flowers of the hop vine (Humulus lupu- 
lus L.) used in the brewing industry for imparting a desir- 
able bitter flavor to beer contain a-bitter acids (humulone, 
cohumulone, adhumulone) and f-bitter acids (lupulone, 
colupulone, xanthohumol, adlupulone). Both types of acids 
possess antimicrobial activity primarily against Gram- 
positive bacteria and fungi at low water activity (98). A 
compound isolated from green olives and identified as the 
phenolic glycoside oleuropein, or its aglycone, inhibits Lac- 
tobacillus plantarum, Leuconostoc mesenteroides, Pseudo- 
monas fluorescens, Bacillus subtilis, Rhizopus sp., and Geo- 
trichum candidum (43). 

Hydroxycinnamic acids, including caffeic, p-coumaric, 
ferulic, and sinapic acids, are found in plants and occur as 
esters and less often as glucosides (93). Hydroxycinnamic 
acids have been shown to inhibit bacteria, including B. ce- 


reus, Erwinia carotovora, Lactobacillus collinoides, Lac- 
tobacillus brevis, S. aureus, and fungi, including Aspergil- 
lus flavus, A. parasiticus, and Saccharomyces cerevisiae 
(43). Cinnamic acid was found to be inhibitory to L. mono- 
cytogenes Scott A growth and listeriolysin O activity at pH 
5.5 (99). The degree of inhibition is generally inversely re- 
lated to the polarity of the compounds. 

The furocoumarins are related to the hydroxycinna- 
mates. These compounds, including psoralen and its deriv- 
atives, are phytoalexins in citrus fruits, parsley, carrots, 
celery, and parsnips at levels of 2-6 ug/mL. They inhibit 
many Gram-positive bacteria including, L. monocytogenes, 
E. coli 0157:H7 and Micrococcus luteus, following irradi- 
ation with long wave ultraviolet light (100), These com- 
pounds inhibit growth by interfering with DNA replica- 
tion. 

The flavonoids consist of catechins, proanthocyanidins, 
anthocyanidins and flavons, flavonols, and their glycosides 
(93). Proanthocyanidins or condensed tannins are poly- 
mers of favan-3-ol and are found in apples, grapes, straw- 
berries, plums, sorghum, and barley (93). The tannins 
have been tested for their antimicrobial effectiveness 
against molds, yeasts, bacteria, and viruses. For example, 
proanthocyanidins and flavonols accounted for the major- 
ity of inhibition of Saccharomyces bayanus by cranberries 
(101). Tannins have been reported to be inhibitory to Aero- 
monas, Bacillus, C. botulinum, C. perfringens, Enterobac- 
ter, Klebsiella, Proteus, Pseudomonas, Shigella, S. aureus, 
Streptococcus, and Vibrio (102). Extracts of blueberries, 
crabapples, strawberries, red wines, grape juice, apple 
juice, and tea inactivated poliovirus, coxsackievirus, echo- 
virus, reovirus, and herpes simplex virus (103,104), It was 
concluded that the primary viral inhibitors in these prod- 
ucts are condensed or hydrolyzable tannins. 


Glucose Oxidase 


Glucose oxidase (f-D-glucose:oxidoreductase) catalyzes the 
oxidation of glucose to gluconic acid with the production of 
hydrogen peroxide (89,105). Glucose oxidase acting on glu- 
cose in honey produces hydrogen peroxide as an inhibitory 
agent. Bacteria inhibited by glucose oxidase include Aci- 
netobacter, Bacillus cereus, Campylobacter jejuni, Clostrid- 
ium perfringens, Listeria monocytogenes, Pseudomonas 
fluorescens, Salmonella, Staphylococcus aureus, and Yer- 
sinia (106,107). In most cases, it is hydrogen peroxide pro- 
duced by the enzyme that is responsible for inhibition of 
these microorganisms. Glucose oxidase in the presence of 
added glucose was bactericidal against Salmonella enteri- 
tidis, Micrococcus luteus, and B. cereus and bacteriostatic 
against P. fluorescens in liquid whole egg stored at 7°C 
(105). In contrast, glucose oxidase had no effect on Sal- 
monella or Pseudomonas on chicken breast meat (108). 


Utilization of Naturally Occurring Antimicrobials in Foods 


With the exception of nisin, natamycin, and lysozyme, no 
isolated naturally occurring antimicrobials are approved 
for use in foods by regulatory agencies. For acceptance by 
regulatory agencies, more information will be needed con- 
cerning the antimicrobial activity of the compounds in 
foods, their stability, and their toxicological effects on hu- 


mans. In addition, prior to acceptance by the food industry, 
they must be shown to have no adverse effects on sensory 
qualities of foods and be cost-effective. These are huge bar- 
riers to the use of isolated compounds. It is more likely that 
the future of naturally occurring antimicrobials is in their 
use as crude or partially purified extracts of their compo- 
nent source. 
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ANTIOXIDANTS 


Oxidative reactions cause damage to lipids and proteins, 
thus influencing food quality. For example, oxidation of lip- 
ids results in the formation of volatile compounds that 
cause rancidity, oxidation of pigments (eg, carotenoids and 
myoglobin) leading to color changes, and oxidation of vi- 
tamins (eg, A, C, and E) leading to alterations in nutri- 
tional composition. The biological tissue from which we 
derive foods contains several distinctively different mech- 
anisms to control oxidation catalysts, reactive oxygen spe- 
cies, and free radicals. In addition, many antioxidant ad- 
ditives are available to increase the oxidative stability of 
foods. Utilization of antioxidant additives and protection 
of endogenous antioxidants can be effective methods to in- 
crease the quality and shelf life of foods. 


76 ANTIOXIDANTS: 
CHAIN-BREAKING ANTIOXIDANTS 


Control of free radicals is an effective method to prevent 
both autoxidation and oxidation accelerated by pro- 
oxidants, since free radicals are a universal reaction inter- 
mediate for all lipid oxidation reactions. Chain-breaking 
antioxidants inhibit free-radical reactions by scavenging 
radicals resulting in inactivation of the original free radical 
and formation of a more stable antioxidant radical (1). The 
effectiveness of a chain-breaking antioxidant is a function 
of its chemical and physical properties. For a chain- 
breaking antioxidant to be effective, it must possess a hy- 
drogen, which is weakly bound to the antioxidant so that 
it can be freely donated to the free radical. As the bond 
energy of the hydrogen on the chain-breaking antioxidant 
decreases, the transfer of the hydrogen to the free radical 
is more rapid (1,2). The effectiveness of a chain-breaking 
antioxidant is also related to its ability to decrease radical 
energy so that the antioxidant radical cannot promote fur- 
ther oxidation of unsaturated fatty acids. Effective anti- 
oxidants decrease free radical energy by resonance delo- 
calization (2,3). Effective chain-breaking antioxidants also 
do not react rapidly with oxygen to form peroxides. Deg- 
radation of antioxidant peroxides can deplete the system 
of the antioxidant and can result in the formation of ad- 
ditional free radicals (1). 

The most common functional groups that inactivate free 
radicals are hydroxyl (eg, phenolics), sulfhydryl (eg, cys- 
teine and glutathione) and amino (eg, uric acid, spermine, 
and proteins) groups (4). Phenolic compounds are the most 
common forms of synthetic and natural chain-breaking 
antioxidants in foods. Examples of naturally occurring 
phenolics that inhibit lipid oxidation include a-tocopherol, 
epicatechin, ferulic acid, and carnosic acid (Fig. 1). Many 
of the natural antioxidants are used in foods as plant ex- 
tracts such as rosemary and mixed tocopherol isomers. 
Synthetic phenolics approved as food additives include bu- 
tylated hydroxytoluene, butylated hydroxyanisole, tertiary 
butylhydroquinone, and propyl gallate (Fig. 2). These phe- 
nolics are effective because of their ability to inactivate free 
radicals and form low-energy phenolic radicals. Natural 
phenolic extracts are typically added to foods at concentra- 
tions =500 ppm whereas the synthetic antioxidants are 
normally limited to concentrations =200 ppm of the fat 
content (5,6). 

Effective utilization of phenolic antioxidants in foods of- 
ten depends on the physical characteristics of the food and 
the solubility characteristics of the phenolics. Porter (7) 
originally described the “antioxidant paradox” as a phe- 
nomenon where the ability of a chain-breaking antioxidant 
to inhibit oxidation in bulk oils increased as the polarity of 
the antioxidant increased. Conversely in oil-in-water lipid 
emulsions, the effectiveness of lipid-soluble antioxidants 
increased as their polarity decreased. This phenomenon is 
due to the ability of polar, lipid-soluble chain-breaking 
antioxidants to concentrate at the oil—air interface of bulk 
oils (where oxidation was most prevalent) and the ability 
of nonpolar lipid-soluble chain-breaking antioxidants to be 
retained in the droplet of emulsified lipids. The structural 
diversity of naturally occurring phenolic antioxidants 
means that they vary greatly in polarity. Trolox (a water- 


soluble analog of tocopherol) and gallic acid inhibit lipid 
oxidation more effectively in bulk oils than their nonpolar 
counterparts, a-tocopherol and propyl gallate. In an oil- 
water emulsion, a-tocopherol is more effective at inhibiting 
lipid oxidation than Trolox, and methyl carnosate and car- 
nosol are more effective than their more polar counterpart, 
carnosoic acid. In lipid emulsions, the phenolic anti- 
oxidants can partition into the continuous phase, the 
emulsifier and droplet interior. As the polarity of phenolic 
antioxidants decreases, the amount of the phenolic parti- 
tioning in the lipid droplet increases as does the ability of 
the phenolic to inhibit lipid oxidation (8-12). 

Ascorbic acid and glutathione (Fig. 1) can also inacti- 
vate free radicals and act as chain-breaking antioxidants. 
Glutathione and ascorbate are endogenous food antioxi- 
dants, and ascorbate is often used as an antioxidant food 
additive. Since ascorbate and glutathione are highly water 
soluble, they would primarily interact with water-soluble 
free radicals and reactive oxygen species (4). However, as- 
corbate and glutathione are strong reducing compounds 
that can convert transition metals to their reduced state 
that, in turn, can promote the formation of free radicals 
from hydrogen and lipid peroxides (13). Therefore, ascor- 
bate and glutathione can exhibit pro-oxidative activity if 
the activity of transition metals is not controlled. 

Chain-breaking antioxidants will go through a series of 
reactions with free radicals leading to their eventual in- 
activation (1). However, two or more chain-breaking anti- 
oxidants can interact synergistically, resulting in antioxi- 
dant regeneration. Synergistic antioxidant interactions 
can occur when one chain-breaking antioxidant preferen- 
tially reacts with free radicals due to its lower bond dis- 
association energies or physical location (eg, it is the same 
environment as the free radical) (3). Such a chain breaking 
is very effective at inhibiting oxidation; however, it is con- 
sumed rapidly during oxidation. However, it is possible 
that the highly reactive chain-breaking antioxidant can in- 
teract with another chain-breaking antioxidant resulting 
in antioxidant regeneration. An example of such a system 
is a-tocopherol and ascorbic acid (14). a-Tocopherol reacts 
more readily with lipid radicals due to its presence in the 
lipid phase. Ascorbic acid can then reduce the oxidized a- 
tocopherol back to its active form. In turn, the resulting 
dehydroascorbate is regenerated by enzymes that utilize 
reduced nicotinamide adenine dinucleotide (NADH) or re- 
duced nicotinamide adenine dinucleotide phosphate 
(NADPH) as reducing equivalents (1). 


INHIBITING LIPID OXIDATION CATALYSTS 


The presence and activity of lipid oxidation catalysts often 
determines the shelf life of foods. Therefore, control of lipid 
oxidation catalysts can be very important in preventing 
the oxidative deterioration of foods. 


Transition Metals 


Transition metals promote the formation of free radicals 
by accelerating the decomposition of peroxides (15). The 
activity of pro-oxidant metals can be controlled by chela- 
tors that prevent metal redox cycling, occupy the reactive 


ANTIOXIDANTS, 


GaN. I oy M1 Hy 
cH ~¢- Nv gy Cx 62 Lo 
La eS 
07 “06 ei 
SH 
Glutathione 
CHs 
HO. 
on CHs CH3 CHs 
H,C 
CH; O a-Tocopherol 
HC=CHCOOH 
HOH,C 
HOCH. /O\ 29 
HO ‘OH OH 
Ascorbic acid Ferulic acid 


Carnosoic acid Epicatechin dants in foods. 


7 


Figure 1, Examples of natural chain-breaking antioxi- 
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Figure 2. Synthetic chain-breaking antioxidants approved for food use. 
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metal coordination sites, form insoluble metal complexes, 
and stearically hinder interactions between metals and 
lipids (16), Common chelators added to foods include eth- 
ylenediaminetetraacetic acid (EDTA), polyphosphates, 
and citric acid (4). In addition, biological tissues from 
which we derive foods contain proteins and peptides that 
bind and inactivate metals such as serum albumin (Cu), 
transferrin (Fe), lactoferrin (Fe), ferritin (Fe), carnosine 
(Cu), and histidine (Cu) (4). 

Combinations of chelators and chain-breaking antioxi- 
dants often result in increased inhibition of lipid oxidation 
(3). The ability of chelators to decrease metal-catalyzed 
free-radical generation decreases the rate at which chain- 
breaking antioxidants are consumed, thus making the con- 
centration of the chain-breaking antioxidant greater at 
any given time. 


Singlet Oxygen 


Singlet oxygen is a high-energy form of oxygen that can 
directly interact with unsaturated fatty acids to form lipid 
peroxides (17). Singlet oxygen is most commonly formed 
from the interaction of oxygen with light-activated photo- 
sensitizers such as chlorophyll and riboflavin. Singlet ox- 
ygen can be inactivated by both chemical and physical 
mechanisms. Chemical inactivation occurs when singlet 
oxygen attacks the double bonds of compounds whose ox- 
idation does not result in the development of rancidity (eg, 
carotenoids, tocopherols, amino acids, peptides, proteins, 
phenolics, and ascorbate) (17,18). Carotenoids can also in- 
activate singlet oxygen by physically quenching singlet ox- 
ygen through a transfer of energy from singlet oxygen to 
the carotenoid. The resulting excited state of the carote- 
noid then returns to its ground state by the slow dissipa- 
tion of energy to the surrounding media (17). Similarly, 
carotenoids can absorb energy from photoactivated sensi- 
tizers, thereby decreasing their ability to promote the con- 
version of oxygen to singlet oxygen. For a carotenoid to be 
capable of the physical quenching of singlet oxygen it must 
possess a minimum of nine double bonds (19). 


Lipoxygenases 

Lipoxygenases catalyze the formation of lipid peroxides. 
Little is known about compounds that can directly inhibit 
lipoxygenase activity. Therefore lipoxygenases are most 
commonly inhibited by heat inactivation. 


CONTROL OF REACTIVE OXYGEN SPECIES 


The biological tissues from which we derive foods contain 
enzymes that control reactive oxygen species. The concen- 
tration and activity of the antioxidant enzymes can vary 
greatly in foods as a function of genetic and tissue vari- 
ability and due to enzyme inactivation during food pro- 
cessing operations (4). 


Superoxide Anion 


Addition of an electron to molecular oxygen results in the 
formation of superoxide anion. Superoxide accelerates ox- 
idative reactions by reducing transition metals to their 


more reactive states and by its conversion to the highly 
reactive perhydroxyl radical at low pH (15). Superoxide 
dismutase is an antioxidant enzyme found in foods that 
catalyzes the conversion of superoxide anion to hydrogen 
peroxide (4). 


Peroxides 


Both lipid peroxides and hydrogen peroxide will decom- 
pose into free radicals in the presence of transition metals, 
irradiation, and elevated temperatures (3). Catalase, glu- 
tathione peroxidase, and ascorbate peroxidase are anti- 
oxidant enzymes in food that convert peroxides into stable 
compounds. Catalase and ascorbate peroxidase are active 
against hydrogen peroxide, whereas glutathione peroxi- 
dase is active against both hydrogen and lipid peroxides 
(4,15). Hydrogen peroxide is converted to water, and lipid 
peroxides are converted to lipid alcohols (4). 


EFFECTIVE UTILIZATION OF ANTIOXIDANTS IN FOODS 


Utilization of antioxidant additives and preservation of en- 
dogenous antioxidants can be effective methods for im- 
proving food quality. Maximizing protection by endogenous 
antioxidants can be accomplished by minimizing antioxi- 
dant removal during the processing of raw materials, min- 
imizing inactivation of antioxidants during processing (eg, 
inactivation of antioxidant enzymes during thermal pro- 
cessing operations) (20), selecting food sources that are 
naturally high in antioxidants, and including antioxidants 
in the diet of livestock (21). When antioxidant additives 
are used, several factors should be considered, including 
the antioxidant’s mechanism of action in relation to the 
pro-oxidants in the food, the solubility characteristics of 
the antioxidant in relation to the physical location where 
oxidative reactions are most prevalent, how the antioxi- 
dant will interact with other food components (eg, prooxi- 
dative nature of ascorbate in the presence of transition 
metals), and how food processing operations will influence 
antioxidant stability. 
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ation. The Fellow of AOAC INTERNATIONAL Award rec- 
ognizes the dedication of the volunteers who serve the As- 
sociation. 


TECHNICAL SERVICES 


The AOAC® Official Methods™ Program 


The AOAC® Official Methods™ program is designed to 
provide high-quality validated methods that can be used 
with confidence by regulatory agencies, regulated industry, 
product testing laboratories, academic institutions, and 
others. Proposed AOAC® Official Methods™ are subjected 
to a multilaboratory collaborative study according to in- 
ternationally recognized standards and receive rigorous 
scientific review of performance results. Adopted methods 
are published in the Journal of AOAC INTERNATIONAL 
and in Official Methods of Analysis of AOAC INTERNA- 
TIONAL. 


The AOAC® Peer-Verified Methods™ Program 


This AOAC INTERNATIONAL method validation pro- 
gram, initiated in 1993, is the program of choice when 
speed of validation is essential and a lesser degree of con- 
fidence is acceptable. The performance characteristics of 
these methods are checked in one or more independent lab- 
oratories and reviewed against specific performance stan- 
dards. Accepted Peer-Verified Methods™ are listed in 
AOAC’s magazine and journal, and copies are available for 
purchase. 


The AOAC® Performance Tested Methods™ Program 


The AOAC® Performance Tested Methods™ Program pro- 
vides an independent third-party review for proprietary 
methods to confirm manufacturers’ performance claims. 
This program is administered by the AOAC Research In- 
stitute, a subsidiary of AOAC INTERNATIONAL. Suc- 
cessfully validated test kits are licensed to use the AOAC 
Research Institute “Performance Tested” seal. 


The AOAC® Laboratory Proficiency Testing Program 


Developed in 1998, the AOAC® Laboratory Proficiency 
Testing Program provides a means for laboratories to test 
the quality and accuracy of their analytical results and 
benchmark them against those of other participating lab- 
oratories. The program supports laboratory accreditation 
and international standards through compliance with ISO 
guides. 


TECHNICAL DIVISIONS 


ision on Reference Materials 


Technical 


The Technical Division on Reference Materials (TDRM) 
promotes the use of reference materials to verify the ac- 
curacy of methods. Liaisons from TDRM work closely with 
the AOAC methods committees to define needs for refer- 
ence materials. TDRM plans and conducts educational and 
informational activities on the use of reference materials. 


Technical Division on Laboratory Management 


The Technical Division for Laboratory Management 
(TDLM) provides a forum for networking, information 
sharing, and problem solving on issues of mutual interest 
for managing an efficient, cost-effective, quality laboratory. 
It offers opportunities for leadership and mentoring as well 
as opportunities for learning and professional enhance- 
ment. TDLM maintains a listserv to discuss topics such as 
quality assurance, training, personnel management, 
safety, downsizing, budgeting, laboratory information 
management systems (LIMS), proficiency testing, and ac- 
creditation. 


MEETINGS AND EDUCATION 


Meetings 


The annual meeting and exposition is the focal point of 
AOAC INTERNATIONAL'’s yearly work. The scientific/ 
technical program includes symposia on a variety of topics 
of current interest as well as presentations of contributed 
papers, collaborative studies, and poster sessions orga- 
nized to correspond with the topic areas of the methods 
committees. The program also includes workshops on 
methodology, forums on specialized subjects, and a panel 
presentation and round table discussion on regulatory top- 
ics. At its exposition, the annual meeting offers an oppor- 
tunity for attendees to be introduced to and acquire infor- 
mation about new products and services offered by vendors 
of analytical equipment, services, and publications. 


Training Courses 


AOAC INTERNATIONAL has assumed a leadership role 
in providing continuing education opportunities for all 
members of the analytical community, including the sci- 
entists who use or develop methods, quality assurance per- 
sonnel, and laboratory managers. In addition to courses 
scheduled by AOAC, the Association can also make ar- 
rangements with organizations to present AOAC training 
courses at their location. 


PUBLICATIONS 


Official Methods of Analysis of AOAC INTERNATIONAL 


Considered to be the analytical methods “bible” by thou- 
sands of analysts who use and depend on it, Official Meth- 
ods of Analysis of AOAC INTERNATIONAL (OMA) is 
AOAC’s premiere publication. Methods validated and 
adopted by AOAC are published in OMA, and the book is 
updated annually via revisions available on a subscription 
basis to purchasers of the book. 


Journal of AOAC INTERNATIONAL 


The Journal of AOAC INTERNATIONAL publishes origi- 
nal research articles and reports on the development, val- 
idation, and interpretation of analytical methods for agri- 
cultural commodities, foods, drugs, cosmetics, and the 
environment. A limited number of invited reviews and fea- 
ture articles on selected subjects are also published, as well 


as the proceedings from symposia. The Journal of AOAC 
INTERNATIONAL publishes fully refereed reports on de- 
veloping, improving, and testing methods, including re- 
ports on the collaborative studies that precede and support 
adoption of AOAC® Official Methods™. 


Inside Laboratory Management 


Inside Laboratory Management (ILM) features articles on 
laboratory management, regulatory news, safety concerns, 
new instrumentation, and emerging technologies; pub- 
lishes news of AOAC activities; disseminates information 
to and among methods volunteers; provides notice on 
stages of methods in progress in the AOAC® methods val- 
idation programs; offers a vehicle for communication 
among the AOAC constituencies; and generally promotes 
the purposes, activities, and accomplishments of the As- 
sociation and its members. 
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APHRODISIACS AND STIMULANTS 


When one thinks of aphrodisiacs, the image of oysters 
comes to mind. Yet there is no scientific evidence (short of 
possible pheromonal components of truffles [5a-androst- 
16-en-3a-ol] and celery [5a-androst-16-en-3a-one]) (1,2) 
that most of the traditional foods considered as aphrodisi- 
acs have any aphrodisiac qualities at all. Alternatively, 
there is considerable evidence that foods can act to inhibit 
sexual arousal. In particular, alcohol has a marked inhib- 
iting effect on sexual functions in both men and women 
(3,4). Shakespeare described, “It provokes the desire, but 
it takes away the performance” (5). Scientific research has 
just begun to investigate the aphrodisiacal effects of food 
on sexual arousal. 


COMPONENTS OF FOOD 


When one thinks of giving chocolates on Valentine’s Day 
to a loved one, we hope this acts as an aphrodisiac . . . but 
does it? To understand this better, the sensory components 
of food need to be delineated. These include texture, visual 
appearance, viscosity, tactile properties, and gustatory and 
olfactory components. 

A Twinkie, a cucumber, and a doughnut are particularly 
Freudian based on their shape and visual appearance. The 
texture and viscosity of oysters, likewise, may induce rem- 
iniscence of sexual organs. Alternatively, the sexual expe- 
rience surrounding the ingestion of a food may also cause 
the food itself to become endowed with a sexual valence, 
which may be aphrodisiacal in nature. Another possible 
mechanism is not through achieving a direct sexual mean- 
ing, but rather, a food can become sexually charged by be- 
coming indirectly associated with sexual function, for ex- 
ample, by being considered a “guilty pleasure.” Since in our 
puritan society, sex and other hedonic pleasures are 
frowned upon and repressed, one pleasure can be uncon- 
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sciously substituted for another, while retaining the same 
underlying meaning. Eating chocolate or strawberries and 
whipped cream may be viewed in a sinful way as a reward 
of “badness for good behavior” (as a dessert after having 
eaten the meal of brussels sprouts), or as a violation of an 
unwritten moral code that elevates these foods into a non- 
essential, potentially dangerous, risky (ie, exciting) food, 
and hence strongly desired. Thus, eating these foods is per- 
ceived on some level as a violation of social morals and 
revolt against hedonic repression, which may be mani- 
fested by sexual arousal. Another nonfood example of this 
repressed hedonic affective overflow is the Las Vegas effect 
of gambling, being perceived as a “naughty” thing to do, 
and hence becoming imbued with components of sexual 
arousal. Likewise, sinful foods may come to be endowed 
with other perceived sinful qualities, and this would in- 
clude sexual arousal. 

Alternatively, the taste of the food, that is, sweet, sour, 
bitter, or salty, if endowed with a high degree of sugar, may 
induce release of endorphins and norepinephrine, which 
may act to stimulate sexual arousal. Alternatively, sweet- 
induced reactive hypoglycemia may act to inhibit the 
associated sexual arousal. Sexual arousal in the male is 
manifested by erection and is predominantly parasym- 
pathetically mediated (6). Thus foods that induce parasym- 
pathetic activation (and inhibit sympathetic discharge) 
may have the greatest effect of inducing sexual arousal. 

Last, the smell of the food can influence sexual arousal. 
Since approximately 90% of what is perceived as taste is 
really smell, the smell of food may have a far greater effect 
than is traditionally given credit in assessing food’s overall 
effect on behavior (7). This can be demonstrated by holding 
one’s nose while eating chocolates: it produces a taste of 
chalk. This is a manifestation of an olfactory synesthesia. 
The concept of synesthesia is when one sensation is mis- 
perceived as another sensation. For instance, pressing on 
the eyeballs induces an illusion of the presence of light, yet 
it is the pressure that is misperceived as light. In the ol- 
factory realm, odors that are sniffed from outside the nose 
going up to the olfactory epithelium at the top of the nose 
are interpreted as smell. Alternatively, odors that do not 
go through the orthonasal route rather through the retro- 
nasal route, from the mouth up through the nasopharynx 
in the back of the throat to the top of the nose, are inter- 
preted as taste. 


SMELL AND SEXUAL AROUSAL 


Throughout history aromas have been linked with sexual 
response. Perfume jars were preserved in the chambers 
designed for sexual relations in volcanic remnants of an- 
cient Pompeii. Ancient Sumarians used perfumes to entice 
women. Traditional Chinese rituals highlight the relation- 
ship between smell and affection. Hieroglyphics also relate 
the two. Virtually all cultures use perfume in their mar- 
riage rites. In the modern world as well, the connection is 
pervasive. Use of perfumes and colognes as romantic en- 
ticements are a multibillion dollar business (8). The prom- 
inence of the historical connection between odors and sex 
among diverse cultures implies a high level of evolutionary 
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importance. Could it be inbred within the brain of hu- 
mans? 

Freud, almost a hundred years ago, in Civilization and 
Its Discontents recognized the relationship between olfac- 
tion and sexual arousal. He suggested that to remain a 
civilized society we had to repress our olfactory instincts, 
otherwise humans would walk around sexually excited all 
the time (9). Freud, followed by Bieber and later analysts, 
delineated the connection between smell and sexual de- 
velopment (10). This linkage indicates a specific point in 
time in the development of Oedipal conflicts. When chil- 
dren recognize the smell of the same-sex parent and the 
scent of the opposite-sex parent, they learn to dislike the 
smell of the same sex and transfer positive feelings toward 
the smell of the opposite-sex parent (11). This establishes 
a psychodynamic interrelationship between smell and sex- 
ual identity. The transfer of emotions to a parent’s odor 
imbues sexual meaning to otherwise inert odors (12). In 
those who are unable to work through this phase of Oedi- 
pal development, fetishes develop as in Freud’s rat man 
(13). 

Freud’s analysis followed a millennia of pervasive cul- 
tural myth and practice that linked sexuality and olfac- 
tion. In Western culture the court jester wore a mask with 
a phalliclike nose (14). Native cultures practiced the Es- 
kimo kiss (15). The Pacific Islanders engaged in a similar 
type of nasal kiss (16). 

This cultural awareness may derive from the unique 
characteristics of human neuroanatomy. Humans have the 
largest limbic system compared with body size of any pri- 
mate (17). The olfactory lobe directly connects with the lim- 
bic system (18). The relative size of the limbic system and 
the extensive olfactory/limbic interconnection implies ol- 
faction has a significant effect on human behavior. The ef- 
fect of external stimuli on the olfactory system and sub- 
sequent effect on behavior is well documented (19-23). 
Erectile tissue exists in both human genitals and within 
structures in the nose (24). With sexual arousal and exci- 
tation there is engorgement of tissue not only in the geni- 
tals but also in the nose (25). Other anatomical evidence 
is that common neurotransmitters facilitate both olfactory 
and sexual functioning (26,27). 

Besides purely anatomical similarities, the linkage be- 
tween olfactory function and sexual function is recognized 
in a clinical setting. More than 17% of individuals with 
chemosensory dysfunction develop impaired sexual desire 
or other sexual dysfunction (28). Genetic disorders can af- 
fect both systems; for example, those with Kalliman’s syn- 
drome have both olfactory deficit and impaired sexual 
drive and functioning (29). Other diseases impair olfactory 
ability and sexual functioning concomitantly, including ce- 
rebral vascular disorders (18,30), Parkinson’s disease 
(31,32), senile dementia of the Alzheimer’s type (33), hy- 
pothyroidism (34,35), and vitamin deficiency states includ- 
ing By» deficiency (36). 

Research into the olfactory-sexual link has reached the 
laboratory as well as the physician’s office. Olfactory- 
related sexual behavior has been well documented in lab- 
oratory animals. When the olfactory bulb is lesioned in 
hamsters, it causes an impaired sex drive (37). The lesion 
does not have to be in the brain itself; for example, lesion 


of the olfactory mucosa external to the brain, which pre- 
vents odorant molecule binding, similarly causes impaired 
sexual function and reduced sex drive (38). Homologous 
lesions in mice cause impaired copulatory ability (39,40). 
Alternatively, in the female rat, lesion of the olfactory bulb 
leads to an increase in mating behavior suggesting indis- 
criminate sexual activity (41). This olfactory—sexual con- 
nection is further highlighted in lab animals since castra- 
tion of the animal leads to not only impaired sexual drive 
but also impaired olfactory functioning (42). Alternatively, 
ovariectomy leads to not only impaired sexual functioning 
but also reduced olfactory ability (43,44). Lesions of the 
olfactory bulb, or even of the nasal cartilage alone, cause 
both olfactory deficit (45,46) and malformation of the de- 
veloping animal’s sex organs. These studies suggest a 
strong link among olfaction, olfactory organs, and sexual 
functioning. 

Following the strong evidence from laboratory animals, 
significant research has been accomplished in humans, es- 
pecially regarding the sexual olfactory linkage in women. 
This could be because women’s ability to smell is greater 
than that of men (47). There exists a fluctuation in olfac- 
tory ability concurrent with menstrual cycle (48), such that 
at the time of ovulation a woman’s ability to smell a musk- 
like substance is about 100,000 times better than that of 
men (49). This increased olfactory ability at the time of 
ovulation is even prominent in women who are taking pro- 
gesterone (50). A woman’s superior ability to smell, as com- 
pared with man, does not occur until puberty, around the 
time when apocrine glands obtain their distinct “scents” 
smell (51). Unlike other sensory modalities, which do not 
increase at time of puberty (51), olfactory ability does, 
demonstrating the importance of interrelationship be- 
tween sexual development and olfaction. 

Many explanations exist to describe this olfactory 
sexual connection; the first to be discussed here are pher- 
omones. While pheromones have been well characterized 
extensively in animals, they have not been fully charac- 
terized in humans, although much evidence suggests that 
pheromones also exist in humans. For example, phero- 
mones exist throughout the animal kingdom, including in- 
sects; mechanisms of such evolutionary importance that 
exist throughout so many species usually exist in humans 
as well (52). 

Anatomic evidence suggesting pheromones may exist in 
humans is the presence of apocrine glands in the axilla and 
surrounding the genitals. Unlike eccrine, or sweat glands, 
apocrine glands secrete a high-density steroid substance 
(53). In nonhuman primates, pheromones are released 
from these glands (54). In these sites we find hair tufts, 
creating greater surface area, which would allow greater 
dispersion of any pheromone that may be present (55). 
Apocrine glands are larger in men than in women (56), 
which may act in harmony with women’s greater olfactory 
ability; for example, it would do no good to secrete phero- 
mones that cannot be detected. Further anatomical evi- 
dence is the existence of the vomeronasal organ (VNO). 
The VNO in some mammals is where pheromones act (57). 
In humans this organ is of unknown significance and until 
recently was thought to be only of vestigial origin (58,59). 


It is now postulated to be the site where human phero- 
mones act. 

Physiologically one sees specific changes suggesting the 
presence of pheromones. For example, change in olfactory 
ability is associated with the ovulatory cycle as already 
described (50). Another change is the nasal engorgement 
at time of sexual excitation (60). This engorgement allows 
for greater olfactory ability, since the odorants form eddy 
currents in the nose, which do not go directly down to the 
lung, but rather reach the olfactory epithelium at the top 
of the nose (61). This mechanism would enhance an indi- 
vidual’s ability to detect any potential pheromones that 
may be present. 

Further evidence for the existence of pheromones is 
based on clinical observations. McClintock described the 
development of menstrual synchrony in an all-women dor- 
mitory (62). While entering as freshmen the women’s men- 
strual cycles were asynchronous but became synchronized 
by midterm, suggesting that there was a pheromone pres- 
ent acting to synchronize the women. Likewise, increases 
in copulatory behavior occur in married couples associated 
with time of ovulation, suggesting that a pheromone may 
be present that stimulates the male to respond or self- 
stimulates arousal in the women and the men respond to 
this associated behavior (63). Michael et al. demonstrated 
that when a potential pheromone (copulant) was placed on 
the chest of women, as compared with a placebo odorant, 
there was an increase in copulation associated with the use 
of the copulant (64). 

Pheromones that have received the most attention have 
been androstenol and androstenediol, both pig phero- 
mones (1). Androstenol is reported to be less active than 
androstendiol, and there is an equilibrium whereby an- 
drostendiol is easily converted to androstenol. Kirk-Smith 
et al. placed androstendiol on surgical masks and had in- 
dividuals rating slides, pictures of men and women (65). 
Both men and women tended to rate the figures of women 
as prettier, and so on, in the presence of the androstendiol. 
When androstendiol was placed on surgical masks in an- 
other experiment, and participants were asked to rate 
other individuals, they tended to rate the individuals in a 
more sexually oriented matter (66). 

That women have a greater ability to detect potential 
pheromones is of significance since the propagation of the 
species is based on their sexual activity, and, hence, birth 
rates are maximized by women’s appropriate response to 
pheromones. Existence of pheromones is also suggested 
based on territorial markings. Gustavson et al. placed an- 
drostenol and androstenediol underneath bathroom stalls 
in a men’s room and watched where men sat (67). They 
tended to avoid those stalls with the androstenol, suggest- 
ing that it may act not only as a pheromone but also as a 
repellent or territorial marker for other males. 

While pheromones are one mechanism used to explain 
the olfactory-sexual link, there are several others. For ex- 
ample, odors could act on sexual arousal through a learned 
conditioned response (68). If the odor is one that is asso- 
ciated in the past with being sexually aroused, it might 
induce a sexually arousing mechanism. This could be a pri- 
mary conditioned response or through secondary effects, 
for instance by inducing a more positive mood state or re- 
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laxed state. Inducing a more positive or relaxed state 
might cause a reduction in inhibitions. Positive moods and 
relaxed states can be achieved either directly through a 
conditioned response, through a learned response, or 
through the phenomenon of olfactory-evoked nostalgia 
where an odor induces a positive mood state in an individ- 
ual as a result of recalling the past (69). 

Alternatively, odors may act to enhance sexual arousal 
by actually acting directly on areas of the brain that induce 
sexual arousal (eg, the septal nucleus), by acting directly, 
almost as a drug, influencing them through dopaminergic, 
cholinergic, or serotinergic mechanisms (70). Odors induce 
a change in dopamine in the olfactory bulb and its connec- 
tions, and medications that have been said to induce sex- 
ual arousal include those that are known to affect dopa- 
mine (this side effect is seen in L-dopa treated Parkinson’s 
patients) (71). 

Alternatively odors could affect sexual arousal by in- 
ducing a state of risk taking or of generalized pleasure 
seeking, as in seeking food or other pleasure-oriented re- 
sponses (72). Perhaps odors could inhibit associated corti- 
cal functioning, allowing a release of the id or the under- 
lying limbic system functioning, thus manifesting more 
primitive responses (73). This release is seen in decorticate 
animals as in the Kluver-Bucy syndrome or in children 
with developmental cortical deficits, as in Down syndrome 
patients who become obese in response to their relatively 
uninhibited appetite. Similar responses are seen in indi- 
viduals who became more tired, thus cortically suppressed, 
and hence more easily induced to sexual arousal or eating. 
Similarly, cortical suppression with alcohol leads to ini- 
tially a lack of discrimination for sexual partners. Alter- 
natively, this may be because of alcohol-induced inhibition 
of olfactory reception (74). This is seen in olfactory- 
deprived rats, which engage in indiscriminate mating. 

Environmental stimuli that affect one sex in a species 
also usually affect the opposite sex. In a study by Hirsch 
and Gruss, odors were found to affect male sexual arousal 
(75). Each of the 30 odors produced an increase in penile 
blood flow. The combined odor of lavender and pumpkin 
pie had the greatest effect, increasing median penile blood 
flow by 40%. 

Table 1 shows the median percentage increases in pe- 
nile blood flow produced in the 31 participants by each of 
the odors. Second in effectiveness was the combination of 
black licorice and doughnut, which increased the median 
penile blood flow 31.5%, followed by the combination of 
pumpkin pie and doughnut, which produced a 20% in- 
crease. Least effective was cranberry, which increased pe- 
nile blood flow by 2%. None of the odors tested were found 
to reduce penile blood flow. 

Among individuals with normal olfactory ability, there 
were several significant correlations: higher brachial pe- 
nile indices correlated with greater age and with greater 
responses to the odor of vanilla (p = 0.05); self-assessed 
level of sexual satisfaction correlated with greater re- 
sponses to the odor of strawberry (p = 0.05); and fre- 
quency of sexual intercourse correlated with greater re- 
sponses to the odors of lavender (p = 0.03), oriental spice 
(p = 0.02), and cola (p = 0.03). 
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Table 1. Increases in Penile Blood Flow Produced by 
Various Odors on 31 Individuals 


Table 2. Summary of Results in Study of the Effect of 
Odors on Female Sexual Arousal 


Odor Median % increase 
Lavender and pumpkin pie 40.0 
Doughnut and black licorice 315 
Pumpkin pie and doughnut 20.0 
Orange 19.5 
Lavender and doughnut 18.0 
Black licorice and cola 13.0 
Black licorice 13.0 
Doughnut and cola 125 
Lily of the valley 11.0 
Buttered popcorn 9.0 
Vanilla 9.0 
Pumpkin pie 85 
Lavender 8.0 
Musk 15 
Cola 70 
Doughnut 70 
Peppermint 6.0 
Cheese pizza 5.0 
Roasting meat 5.0 
Parsley 45 
Cinnamon buns 4.0 
Green apple 38 
Rose 3.5 
Strawberry 35 
Oriental spice 35 
Baby powder 3.3 
Floral 3.0 
Chocolate 2.8 
Pink grapefruit 25 
Cranberry 2.0 


Odors found that consistently increased penile blood 
flow were those of food. If odors can increase penile blood 
flow, the ramifications extend beyond mere aphrodisiacs. 
Might odors be used to treat vasculogenic impotence, as in 
diabetics? Or if an odor could be found that decreases pe- 
nile blood flow, might it be used to treat sexual deviants, 
such as pedophiles, as part of their aversion training? 

In a homologous manner, odors’ effect on women’s sex- 
ual arousal were tested with results summarized in Table 
2. Several questions remain as to why food odors enhance 
female sexual arousal. Possible mechanisms by which 
odors can induce female sexual arousal include Pavlovian 
conditioned response olfactory-evoked nostalgia, or physi- 
ological. Odors may act to induce the Pavlovian condi- 
tioned response (69) and may act to release sexual in- 
stincts or basic appetites for hedonic experiences including 
sexual arousal. Alternatively, there may be a conditioning 
response to the smell of food if this was something that 
frequently preceded enjoyable sexual experiences in the 
past, that induced arousal. Hence, in a conditioned re- 
sponse paradigm, reintroduction to food may induce the 
phenomena of sexual arousal. It’s likely it is smell rather 
than the taste that elicits this response since approxi- 
mately 90% of taste is actually smell (76). By eating food 
prior to sexual arousal, the women were primarily expe- 
riencing smell rather than taste, thus odors acted as the 
conditioning stimulus. Presentation of these odors may 


Average change in vaginal Change in vaginal 
blood flow (%) blood flow (%) 
Good and Plenty and cucumber +13 
Baby powder +13 
Pumpkin pie and lavender +11 
Baby powder and chocolate +4 
Perfume +0-1 
Cologne 1 
Good and Plenty -12 
Charcoal barbeque meat -14 
Cherry -18 


Women who find masturbation extremely arousing 


Good and Plenty and banana nut bread +28 
Good and Plenty and cucumber +22 
Perfume +18 


Women who find masturbation not arousing or repulsive 


Baby powder +16 
Pumpkin pie and lavender +10 
Good and Plenty -20 


Women who are positively aroused by genital finger 
manipulation by a partner 

Good and Plenty and cucumber +18 

Pumpkin pie and lavender +12 


Women who are not aroused or are inhibited 
by finger manipulation by a partner 


Perfume -14 
Cologne -14 
Good and Plenty and cucumber 13 


Women who are not usually multiorgasmic 
in sexual encounters with partner 


Baby powder +15 


Women who are usually multiorgasmic 
in sexual encounters with partner 


Baby powder -8 


have acted to focus these women’s attentions on the stim- 
ulus rather than on the external environment within the 
laboratory. 

Another explanation is that the odors may have acted 
through a distractor effect. The women might think about 
the odor rather than think about all the negative aspects 
of being inside a laboratory. This would then remove as- 
sociated negative emotional tone and hence remove inhi- 
bitions, allowing sexual arousal to occur. 

Another potential mechanism is the phenomenon of 
olfactory-evoked nostalgia. Approximately 86% of women 
described a strong olfactory-evoked nostalgic response 
where odor induced a vivid memory of one’s childhood (77). 
The odors might have induced an olfactory-evoked re- 
sponse of these women’s childhood. Childhood memory is 
often associated with positive emotions. By inducing the 


women to be in a more positive mood state, odors may have 
reduced inhibitions, therefore allowing sexual arousal. 

Memories of one’s childhood might induce not only a 
positive mood state but also a sense of security and safety. 
These feelings would then be reintroduced to the women 
on exposure to the odor, allowing them to be less inhibited. 
By feeling safe and secure, urges would come forth as man- 
ifested by enhanced vaginal blood flow. Alternatively, the 
odors may have induced recall of sexual experiences in 
one’s adolescence, which then would have a direct induc- 
tion of sexual arousal. 

Another possible mechanism by which odors could im- 
pact female sexual arousal is by directly acting in a phys- 
iological manner. The odors could have affected perception 
of another sensation, for example, touch or pain. Touch per- 
ception threshold may have been reduced by the odors. 
Hence, the women were able to feel the vaginal probe to a 
greater degree than they were without the odor present. 
This increased touch perception may have induced the vag- 
inal probe to become a sexually arousing stimulus. Studies 
suggest that odors can enhance tactile perception (78), as 
well as affect perceptional thresholds in other forms, that 
is, perception of external space (79). Or the odors might 
not affect the touch threshold so much as the awareness of 
the touch threshold. Another possible physiological mech- 
anism by which odors may enhance sexual arousal is by 
reducing pain. By reducing pain, odors may have acted to 
remove inhibitions. A low level of pain may have existed 
in these women as a result of the vaginal probe and odors 
may have reduced this pain. Evidence that odors can influ- 
ence pain has been demonstrated in migraine headaches 
(21). 

Another possible mechanism arises from the olfactory 
link to the limbic system. Odors, by inducing a strong emo- 
tional response associated with limbic system firing, may 
induce a neighborhood effect. Overflow limbic system dis- 
charges may project to all limbic system structures, in- 
cluding the septal nuclei, the sexual arousal center. Hence, 
the generalized emotional response to odors may have 
acted physiologically to induce arousal. 

The effects of specific odors must also be considered. For 
example, an evolutionary hypothesis may be entertained 
in trying to understand why primarily food odors affect 
sexual arousal. Primitive humans congregated around 
food kills (80). Perhaps there they had the most opportu- 
nities to procreate. An increase in sexual arousal in re- 
sponse to food odors, therefore, may have conferred an evo- 
lutionary advantage for survival. 

Humans can detect approximately 10,000 odors (81). 
Only 46 were examined. Studies have suggested that many 
odors affect behavior; for example, floral smells affect 
learning (82) and buying behavior (83), green apple affects 
claustrophobia, barbecue smoke induces agoraphobia (79), 
and food odors affect weight loss (84). Quite possibly other 
food odors would affect vaginal and penile blood flow more 
than those we examined. 
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APPETITE 


The term appetite does not have a single widely accepted 
meaning. Colloquially, it refers to a motivational state or 
desire, ordinarily for food but more generally for almost 
any reinforcer. Often the desire is not for food per se but 
for a specific food or nutrient (eg, salt). Hunger and appe- 
tite are often regarded as synonyms, although some inves- 
tigators have distinguished between hunger as an objec- 
tive depletion of energy or a specific nutrient and appetite 
as a subjective desire reflecting psychological factors more 
than physiological depletion. When people report a loss of 
appetite in conjunction with, say, an episode of clinical de- 
pression, the decline in the subjective desire for food is as- 
sumed to correspond to a suppression of the physiological 
correlates implicated in objective hunger processes; but it 
remains possible that subjective appetite and objective 
hunger might diverge under certain circumstances. Cer- 
tainly the expression of an intense desire for an attractive 
dessert that appears unexpectedly at the end of a large 
meal cannot easily be reconciled with a simple depletion 
model of hunger. 

People may report on appetite as a subjective state, but 
in accepting such reports at face value, one must proceed 
at one’s own risk. First, people do not readily distinguish 
between their objective need for calories or nutrients (hun- 
ger) and their subjective desires (appetite). Second, few if 
any people can make sophisticated quantitative distinc- 
tions between different gradations of appetite or hunger. 
Indeed, it has been argued that people often infer the in- 
tensity of these internal states only retrospectively, by ob- 
serving the amount of food they have consumed (1). Direct, 
intro-(or viscero-)spection of hunger or appetite, except at. 
the extremes of deprivation or satiation, may not be pos- 
sible for the untrained subject. Thus, people may assume 
that they ate as much as they did because they were cor- 
respondingly hungry, rather than accept the less obvious 
or plausible explanation that they ate because of social in- 
fluence or simply because the food was there (2). The pos- 
sibility that intake might not be directly reflective of hun- 
ger or appetite also eludes many physiological researchers 
(behavioral neuroscientists), who accept as an axiom that 
all eating is driven by hunger and that the cessation is 
eating is necessarily a matter of the onset of physiological 
satiety. 

To the extent that we rely on the amount consumed as 
an index of hunger or appetite, we may be misled by the 
fact that people often desire food but do not consume it 
even when it is available (as happens with dieters) and, 
obversely, people often consume food for which they have 
little or no reported desire (as occasionally happens under 
conditions of social pressure). Finally, much of the research 
on appetite is conducted on nonhuman animals, necessi- 
tating the substitution of physiological or consummatory 
assessments for verbal assessments. We readily assume 
the amount that an animal eats corresponds to its “subjec- 
tive desire” for food, but of course we cannot be sure. Like 
humans, nonhuman animals often eat more in the pres- 
ence of conspecifics (3), and we cannot simply infer that 
the presence of others increases hunger/appetite; it may 
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well be that the presence of others increases intake di- 
rectly, without affecting hunger/appetite. 

Although we cannot complacently assume a direct cor- 
respondence between appetite and hunger, or between ap- 
petite and intake, the paucity of research on appetite (or 
hunger) as a phenomenon separate from intake demands 
that we suspend our concerns about the correspondence 
between desire and behavior and examine the factors that 
influence eating. Whether all of these factors operate 
through the mediator of subjective appetite is doubtful, but 
at this stage in the development of the research, we have 
little choice but to make that assumption. None of the re- 
search on nonhuman animals has connected appetite to 
intake, and even in humans, the majority of the research 
has focused on what is consumed, with a relative neglect 
of the corresponding subjective state. We are thus forced 
to shift our attention to the determinants of intake, on 
which a significant body of research has accumulated. 
These determinants may be classified as arising from the 
internal (physiological) and external environments. The 
role of appetite qua subjective state in this research is 
largely unexplored, but we may indulge ourselves with the 
probably only partly incorrect belief that eventually re- 
searchers will connect the subjective state of appetite to 
the more objective determinants of intake, both in humans 
and (somehow) even in nonverbal animals. 

The factors that affect eating have not been systemati- 
cally cataloged, let alone integrated into a complete sys- 
tems approach to eating. We have elected to divide the in- 
fluences on eating into internal and external categories, 
corresponding roughly to physiological versus environmen- 
tal factors. Some factors, such as the palatability of the 
available food, depend jointly on the properties of food, the 
history of the organism, and the acute physiological state 
of the organism; such factors, obviously, do not fit neatly 
into the internal-external categorization. The internal and 
external distinction is also threatened by findings that 
demonstrate that through conditioning, external signals 
can stimulate hunger, or at least feeding (4). Likewise, the 
perception of attractive food triggers (cephalic) anticipa- 
tory digestive reflexes that in turn may affect feeding (5). 
By the same token, deprivation or other physiological ma- 
nipulations can alter receptivity to external influences (6). 
Any comprehensive analysis of eating must contend with 
these mutual, interactive influences, but current research 
only hints at some of these complexities. In the absence of 
such a fully integrated view of eating, this article will be 
confined to a less satisfactory and somewhat arbitrary list- 
ing of influences. 


PHYSIOLOGICAL INFLUENCES 


As indicated, most laypeople and many researchers sub- 
scribe to an essentially physiological view of feeding. The 
feeding system is activated by various physiological 
events, most notably the progressive depletion over time 
of energy or more specific nutrients. This system is usually 
conceptualized as involving a central regulation of signals 
from the periphery, with eating as a tool in the service of 
homeostasis. 


METABOLIC AND HORMONAL INFLUENCES 


Metabolic factors governing the control of eating are gen- 
erally separated into those associated with turning on eat- 
ing (hunger) and those associated with turning off eating 
(satiety). Hunger (usually accompanied by eating) devel- 
ops during the fasting phase of metabolism, after the in- 
gestion and absorption of nutrients has been completed. 
Satiety (usually accompanied by cessation of eating) de- 
velops during the absorptive phase of metabolism, when a 
meal is being ingested and while nutrients are being ab- 
sorbed from the intestine. 

The principal sources of energy for all tissues are glu- 
cose and fatty acids, which may be drawn directly from the 
bloodstream. Energy reserves are stored in three different 
forms: protein, fat, and glycogen, which must be converted 
to glucose and fatty acids to be used. During the absorptive 
phase, metabolism is directed at the accumulation of these 
reserves; glucose and amino acids are converted to glyco- 
gen and fat, and amino acids are also stored as protein. 

In the fasting phase, metabolic processes are aimed at 
utilizing energy. After a meal, blood glucose is used for en- 
ergy needs, but as the supply of available glucose dimin- 
ishes, energy reserves must be converted to usable forms. 
Glycogen is converted back to glucose and fat to fatty acid. 
These processes are associated with hunger. In the event 
of long-term deprivation or starvation, there is an increas- 
ing demand for energy derived from the conversion of 
amino acids to glucose, and fatty acids to ketones. These 
conversion processes provide the substrate for internal in- 
fluences on eating. 

Initiating Eating 

Low levels of circulating glucose (and a corresponding 
higher rate of glycogen to glucose conversion) are impor- 
tant in the initiation of eating. Experimental manipula- 
tions that decrease glucose availability are a powerful 
means of stimulating eating (7). It is important to note, 
however, that a low level of circulating glucose is not an 
entirely accurate characterization of the metabolic trigger 
for eating. Consider untreated diabetics, who have a high 
level of circulating glucose but who are chronically hungry, 
because the glucose is not metabolically available owing to 
insufficient insulin, the hormone necessary for glucose up- 
take into cells. Thus, it is the unavailability of glucose that 
is the critical signal. Accordingly, because of its importance 
in clearing glucose from the bloodstream, insulin is consid- 
ered an important hormone for the initiation of eating. 

Recent research attempting to characterize more pre- 
cisely the connection between blood glucose level and feed- 
ing indicates that meal onsets are preceded by small tran- 
sient declines in blood glucose (8). If this decline in blood 
glucose is prevented, feeding will not occur. Feeding will 
not begin until a transient decline in blood glucose is ex- 
perienced, supporting the notion that a drop in glucose 
availability is causally related to eating. Of special interest 
is the finding that the glucose-drop signal that initiates 
eating is of surprisingly short duration and small magni- 
tude. 

Whereas glucose appears to be important for regulating 
eating in the short term (ie, meal to meal), lipids appear 


to play a more important role in regulating food intake in 
the long term (9). During fasting, the body’s fat reserves 
are converted to fatty acids for energy; this process prob- 
ably provides an additional signal for turning on eating. 


Terminating Eating 


Physiological factors responsible for the cessation of eating 
can be divided into stomach and hormonal factors. Each of 
these contributes to what is typically referred to as satiety. 


Stomach Factors. The stomach produces two types of 
satiety signal: one associated with the nutrient content of 
the meal and the other with the volume of the meal (10). 
It seems likely that these two meal-related signals are de- 
tected by separate mechanisms in the gut, because rats can 
regulate caloric intake independently from meal volume 
and meal volume can produce satiety cues that do not de- 
pend on caloric content. 

Nutrient receptors in the stomach respond to the caloric 
density of a meal. A large but low-calorie meal would ac- 
tivate a large number of nutrient receptors but at a low 
rate, whereas a small but calorically dense meal would ac- 
tivate a small number of nutrient receptors at a high rate. 
In addition to this indirect effect on nutrient receptor ac- 
tivation rate, meal volume also induces satiety directly by 
activating stretch receptors in the stomach. 

Current research indicates that stomach distension 
cues (which activate stretch receptors) and caloric cues 
(which activate nutrient receptors) are transmitted 
through separate channels. Stomach distension cues are 
transmitted to the brain by way of the vagus nerve, 
whereas stomach nutrient cues do not require the integrity 
of the vagus nerve and may therefore involve hormonal 
messengers (10). 


Hormonal Factors. Although a number of different hor- 
mones have been implicated in satiety, the present discus- 
sion will briefly describe the influence of glucagon and 
cholecystokinin (CCK), the two hormones that have re- 
ceived the most attention as likely satiety agents. Gluca- 
gon is produced by islet cells of the pancreas as well as by 
cells in the gut. Animals treated with glucagon eat smaller 
than normal meals and animals treated with antibodies to 
glucagon eat larger than normal meals, suggesting that 
endogenous glucagon may contribute to meal termination. 
Because glucagon stimulates the conversion of glycogen 
(the stored form of glucose that cannot be directly utilized 
for energy) to glucose, the resultant increased levels of glu- 
cose released into the hepatic vein from the liver may stim- 
ulate glucose receptors and thereby decrease hunger sig- 
nals. 

Cholecystokinin has also received considerable atten- 
tion as a signal associated with postprandial satiety (11). 
CCK is released from the duodenum (the upper portion of 
the small intestine) when food reaches the stomach. Ani- 
mal and human studies indicate that systemic administra- 
tion of CCK inhibits food intake through the normal be- 
havioral sequence that characterizes satiety, without 
affecting water intake, implying that the behavioral effects 
of CCK are specific to feeding. Physiological studies indi- 
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cate that CCK exerts its inhibitory effects on feeding 
through activation of vagus nerve input to the brain. 


Brain Systems Controlling Eating 


The Hypothalamus. Current notions regarding the or- 
ganization of the brain’s feeding system derive from early 
animal studies aimed at identifying brain regions respon- 
sible for turning on or turning off feeding. One of the origi- 
nal findings in this regard was that destruction of the 
medial hypothalamus, in particular the ventromedial hy- 
pothalamic nucleus (VMH), produced a behavioral syn- 
drome characterized by severe overeating and ultimately 
obesity (12). Humans with VMH tumors display a similar 
behavioral profile, confirming across species the impor- 
tance of the VMH for eating. 

Initially, the VMH was viewed as the brain’s satiety cen- 
ter, but it is now recognized that both the psychological and 
neural characteristics of satiety are far too complex to be 
accounted for solely by the VMH. However, it is generally 
agreed that the VMH and its connections are important for 
relaying satiety signals from the periphery to neural sys- 
tems involved in turning off feeding. Recent evidence in- 
dicates that VMH lesions also destroy fibers projecting to 
the pituitary stalk and brain stem, both of which are im- 
portant in the control of various hormones. Of relevance 
here are findings showing that VMH lesions increase in- 
sulin secretion and decrease glucagon secretion, a combi- 
nation associated with overeating. Thus the overeating as- 
sociated with VMH lesions may be secondary to the 
peripheral hormonal and metabolic effects of the lesions 
rather than a direct result of the missing VMH. 

In contrast to the inhibitory role ascribed to the VMH, 
the lateral hypothalamus (LH) has become associated with 
stimulation of eating. Animal experiments reveal that le- 
sions of the LH produce aphagia and adipsia, whereas 
stimulation of the LH produces eating responses (12). Al- 
though LH lesions produce aphagia and adipsia, artifi- 
cially fed animals can eventually recover and maintain 
close to normal eating habits; this recovery indicates that 
the central nervous system is sufficiently plastic to enable 
other brain areas to take over, to some extent, the feeding 
functions of the LH. It should be noted, however, that al- 
though eating deficits can eventually recover, LH-lesioned 
rats seldom return to their prelesion weight. This finding 
suggests that the LH contributes to the establishment and 
maintenance of a set point for body weight, which may be 
altered permanently by the lesion. 


Other Hypothalamic Structures Involved in Eating. An- 
other important structure implicated in eating behavior is 
the paraventricular nucleus (PVN) of the hypothalamus. 
In fact, many of the effects associated with VMH manip- 
ulations have more recently been interpreted as PVN ef- 
fects, owing to the discovery that VMH lesions destroy 
fibers originating from the PVN, some of which are asso- 
ciated with control of hormonal functions already de- 
scribed and others of which project to brain stem mecha- 
nisms involved in the control of eating. Moreover, it has 
been demonstrated that PVN lesions have effects on eating 
similar to those of VMH lesions. For these reasons, as well 


90 APPETITE 


as for reasons to be discussed next, researchers have begun 
to view the PVN as a critical structure for the control of 
feeding. 


Neurotransmitters and Eating. Any description of the 
neural basis of eating would be incomplete without a dis- 
cussion of the neurotransmitter systems implicated in eat- 
ing. Neurotransmitters are responsible for interneuronal 
communication. Thus, the activity of cells within particu- 
lar brain regions is determined by the neurotransmitters 
that stimulate or inhibit them. 

Norepinephrine, endorphins, galanin, and neuropep- 
tide Y are transmitters that act in the PVN to facilitate 
food intake (13). Of special interest here is the finding that 
the stimulatory effects of norepinephrine in the PVN ap- 
pear to be specific to carbohydrate intake (13). Elsewhere, 
growth hormone-releasing factor in the medial preoptic 
area of the hypothalamus stimulates eating (14). Neuro- 
transmitter signals involved in inhibiting eating include 
dopamine and norepinephrine in the perifornical region of 
the hypothalamus as well as serotonin in the PVN (13). 
Interestingly, serotonin’s inhibitory effect, like norepineph- 
rine’s stimulatory effect, is carbohydrate selective (13). 

Although exactly how these transmitter signals are in- 
tegrated during normal eating is still unclear, it is as- 
sumed that these chemical signals reflect food-relevant in- 
formation derived from the periphery. For example, 
consider the regulation of carbohydrate intake. A high- 
carbohydrate meal increases tryptophan uptake in the 
brain and ultimately the synthesis of serotonin, for which 
tryptophan is the precursor. Increased serotonin activity, 
as discussed earlier, suppresses food intake, particularly 
carbohydrates. Thus increased carbohydrate intake even- 
tually feeds back negatively on further carbohydrate in- 
take (probably through serotonin’s action in the PVN), pro- 
viding a mechanism for the short-term regulation of 
carbohydrate intake. 


Extrahypothalamic Influences on Feeding. Nonhypothal- 
amic brain systems have also been implicated in the con- 
trol of feeding. In particular, activation of the nigrostriatal 
and mesolimbic dopamine pathways, which use dopamine 
as a neurotransmitter, is associated with stimulatory ef- 
fects on feeding. These pathways originate in the midbrain 
and project rostrally to striatal and limbic structures in the 
forebrain, with some of the axons involved coursing 
through the lateral hypothalamus en route. This anatom- 
ical fact has been taken to suggest that some of the feeding 
decrements associated with LH lesions may in fact be due 
to destruction of ascending dopamine neurons. Although 
the role of the nigrostriatal and mesolimbic dopamine 
pathways in feeding is not entirely understood, it is of in- 
terest to note that these pathways are crucial for reward 
and reinforcement functions in general (15), suggesting 
that activation of these systems may reinforce the sensory- 
motor associations involved in eating and also increase the 
rewarding properties of food or eating (16,17). Thus con- 
trary to the conventional homeostatic view of eating regu- 
lation, these particular signals may be associated with 
nonregulatory influences on eating such as taste hedonics 
or learned feeding patterns. 


CONDITIONED HUNGER 


Ordinarily, the physiological substrate of appetite is 
thought to respond to energy considerations as previously 
outlined. However, these reactions are also subject to con- 
ditioning, such that particular environmental stimuli may, 
through repeated pairing, come to elicit the physiological 
states associated with the onset or offset of eating. For in- 
stance, it has been demonstrated that previously neutral 
stimuli repeatedly paired with the presentation of food can 
induce sated animals to continue eating (4). Visual, olfac- 
tory, or social cues associated with hunger may induce 
feeding in people who are not otherwise hungry; compa- 
rable cues that have been paired with satiety may likewise 
terminate eating in individuals who are not otherwise 
sated. It has been suggested that such external, condi- 
tioned cues do not control behavior directly, but rather op- 
erate on the physiological substrate of hunger and satiety; 
for example, the mere sight of attractive food cues (of the 
sort that have reliably predicted eating in the past) may 
induce physiological reactions (eg, insulin release) associ- 
ated with hunger (18). Even temporal cues may stimulate 
appetite; people become hungry as mealtime approaches, 
but if for some reason the meal is skipped, hunger may 
subside (C. P. Herman, J. Polivy, and J. Biernacka, unpub- 
lished data, 1998). 


SPECIFIC APPETITES AND NUTRIENT DEPLETIONS 


The organism must concern itself not only with overall en- 
ergy balance, but also with its inventory of the nutrients 
crucial to its well-being. Many well-known diseases (eg, 
scurvy and rickets) may appear in otherwise well-fed in- 
dividuals who lack a particular vitamin or mineral. Spe- 
cific appetites refer to hardwired cravings for certain sub- 
stances the absence of which is detected and, wherever the 
food supply permits, rectified. It should be noted that 
whereas some deficits (eg, salt) produce clear cravings, not 
all deficiencies are detectable by the suffering organism. 
Recently, speculation has arisen that the organism may 
regulate nutrients (especially macronutrients) not somuch 
for their medicinal value as for their psychoactive effects. 
Most notably, a carbohydrate-craving hypothesis has been 
championed (19). It is argued that a deficiency of carbo- 
hydrates affects neurotransmitter levels to create a nega- 
tive affective state; accordingly, individuals may learn to 
(over)eat carbohydrates in an attempt to bolster their 
mood, especially when they are feeling upset or depressed. 
This hypothesis has been offered to explain the overeating 
characteristic of bulimia nervosa and some forms of obe- 


sity. 
SENSORY AND PERCEPTUAL FACTORS 


Flavor 


The term “flavor” is intended to encompass both gustatory 
(taste) and olfactory (smell) properties of food. Palatability 
is a matter of both aspects of flavor; when people say that 
a food tastes good, they tend to underestimate the contri- 
bution of smell. The palatability of food, which corresponds 


to how positively its flavor is rated and also includes cer- 
tain secondary properties of the food such as its texture, is 
a major determinant of intake. Organisms are basically 
finicky, avoiding indiscriminate consumption in favor of se- 
lective consumption (where possible) of preferred foods. 
The finding that nonhuman animals consume more highly 
palatable food is compromised by the fact that palatability 
must often be inferred from intake itself; but humans also 
show a strong tendency to consume more of foods that they 
independently rate as more pleasant. 

Palatability has a direct effect on intake, but whether 
palatability overrides other potentially competing consid- 
erations in controlling intake remains an active research 
question. It has been observed that the duration of the 
meal is largely a matter of the palatability of the available 
food but the likelihood of a rat initiating feeding is more 
closely tied to caloric deprivation (20). In short, palatabil- 
ity may affect some meal parameters more than others. In 
humans, extremes of food deprivation or satiety mute the 
effects of flavor; starving people tend to ignore the flavor 
of food and eat a great deal of unpalatable food if that is 
all that is available, whereas fully sated people eat very 
little of even quite palatable food. Interestingly, research 
indicates that at least under certain qualifying conditions 
hungry animals (including humans) do not display reduced 
finickiness; indeed, finickiness may be exaggerated both 
with respect to acceptance of good-tasting food and rejec- 
tion of bad-tasting food (21,22). An apparent paradox has 
been identified in which “the animal eats . . . fortaste when 
he needs calories [ie, when deprived]” (23). This paradox 
may be more apparent than real, in that the flavor of food 
is ordinarily confounded with its caloric density (ie, good- 
tasting foods are calorically denser, leading one humorist 
to describe the calorie as a term that scientists use to mea- 
sure how good something tastes). Accordingly, the hungry 
animal may become more finicky as a way of maximizing 
energy intake in an energy deficiency crisis. 

The potency of palatability as a determinant of eating 
may vary in different types of individuals. Obese people, 
for instance, have long been regarded as prone to overeat 
highly palatable foods (rather than food per se); this view 
was crystallized in the externality theory of obesity, which 
argues that obese people’s eating is controlled virtually en- 
tirely by environmental cues, including taste, whereas 
normal-weight people’s eating is more responsive to phys- 
iological cues of hunger and satiety (24). The observation 
that obese people are especially responsive to taste (24) 
may be meshed with the observation that hungry organ- 
isms are especially responsive to taste (23), if it is postu- 
lated that most obese people are chronically hungry as a 
result of their partially successful attempts to reduce their 
weight (25). 

Other eating problems have likewise been associated 
with extreme partiality toward highly palatable foods. Al- 
though the evidence is conflictual (26), binge eating in 
normal-weight individuals is often interpreted as targeted 
specifically on highly palatable carbohydrates (27), which 
elevate serotonin levels and, ultimately, mood (19). Con- 
ceivably, this view might be extended in the direction of 
proposing that some flavors are deemed palatable pre- 
cisely because of their central hedonic consequences. 


APPETITE 1 


Sensory Factors 


If eating offset were associated solely with the accumula- 
tion of particular nutrient stores, then it would be difficult. 
to account for the “dessert effect.” That is, despite a sati- 
ating meal (fully repleting nutrient stores), people can still 
find room for dessert. One way of accounting for this effect 
is in terms of sensory specific satiety, which refers to an 
animal becoming satiated to a particular flavor without 
showing satiation to other normally preferred flavors (28). 
Thus the individual may become satiated to the sensory 
characteristics of the main course while not being satiated 
to the sensory characteristics of the dessert. (It should be 
noted that there may be other contributors to the “dessert. 
effect,” including social facilitation, as described later.) 

Collateral support for the role of nongut sensory factors 
in satiety is found in studies of sham-feeding (esoph- 
agotomized) animals. In these animals, food is chewed and 
swallowed but does not reach the gut, and the nutrients 
are therefore not absorbed. Of special interest here is the 
fact that although these animals eat larger than normal 
meals (providing evidence for the involvement of post- 
ingestional factors in regulating eating offset), they do 
eventually stop eating. This has been interpreted to indi- 
cate that sensory aspects of the food (taste, olfaction, and 
texture) are sufficient to induce satiety-like effects on eat- 
ing. A full explication of satiety will eventually have to 
incorporate and reconcile sensory and postingestional fac- 
tors. 


Perceptual Salience 


Does the presence of food act merely to allow individuals 
to satisfy their preexisting hunger, or might the sight of 
food actually stimulate the appetitive drive, which would 
not have existed in the absence of food? One experiment 
found that normal-weight individuals ate the same 
amount (just under two sandwiches) regardless of whether 
they were initially presented with one sandwich (and had 
to obtain additional sandwiches from a refrigerator) or 
three sandwiches (29). This study suggests that the visual 
salience of food has a minimal impact on consumption. 
Obese subjects in this study, however, ate considerably 
more when presented with three sandwiches than when 
presented with only one, suggesting that visual cues have 
a strong effect on them. This finding was interpreted as 
support for the externality theory of obesity, with the vi- 
sual salience of food representing an external cue par ex- 
cellence. (One important implication of this study is that 
in the absence of excitatory external cues, obese people 
should eat less than do normal-weight people.) Another 
experiment found that normal-weight subjects ate the 
same amount of cashews regardless of whether the cash- 
ews were brightly illuminated or difficult to see (and re- 
gardless of whether they were instructed to think about 
the cashews or about something else), whereas obese sub- 
jects ate above-normal amounts of the visually salient 
cashews and below-normal amounts of the dimly illumi- 
nated cashews (30). Obese subjects also ate more when in- 
structed to think about the cashews, reinforcing the point 
that it is awareness of food that matters and not simply 
optical effects. It should be noted that some researchers 
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interpret these findings to mean that obese subjects eat in 
direct response to external cues and not because such cues 
stimulate hunger, which in turn drives eating. However, it 
has been suggested that exposure to food cues may trigger 
anticipatory (cephalic phase) reflexes at the physiological 
level, such that the sight or smell of palatable food may 
literally make the fat person hungry (18). Recently, we 
have shown that directing people’s attention toward or 
away from food-related stimuli can increase or decrease 
their reported hunger (C. P. Herman, J. Ostovich, and J. 
Polivy, unpublished data, 1998); this effect was obtained 
in normal-weight nondieters, suggesting that the effects of 
food stimuli are not confined to the obese. Our study did 
not measure eating, however, so we cannot conclude that 
attentional or perceptual manipulations will affect intake. 


Appetizer Effects 


Does intake itself sometimes stimulate more intake? The 
term “appetizer” would suggest so, and common experience 
would seem to confirm that appetite can be stimulated by 
small delicacies, No compelling research has been con- 
ducted on this topic in humans, but if strong appetizer ef- 
fects were confirmed, then the presumptive physiological 
mediation of such effects (ie, the appetizer triggers an an- 
ticipatory digestive reflex, which in turn demands satis- 
faction in the form of a complete meal) should be distin- 
guished from alternative explanations (eg, the appetizer 
initiates a behavioral response sequence that is not hunger 
driven but that perseverates until satiety occurs). The role 
of behavioral momentum in feeding and other repetitive 
action patterns has not been adequately explored, al- 
though it has been argued that obese subjects overeat be- 
cause of an inability to terminate repetitive behavior se- 
quences (especially eating) once they have begun (31). This 
would suggest that appetizer effects might be stronger in 
the obese. 

Preload studies, in which subjects are initially given a 
fixed amount of food and then permitted to continue ad lib, 
show a complex pattern. When subjects are classified as 
dieters (obese or normal weight) or nondieters, opposite 
reactions are observed, with nondieters eating ad lib in 
inverse proportion to preload size and dieters eating more 
following large preloads than following small preloads. The 
nondieter pattern would seem to contradict expectations 
based on an appetizer effect, and the data from dieters like- 
wise do not fit in well, because a small preload (appetizer) 
would be expected to trigger the greatest amount of sub- 
sequent eating. Interpretations of these effects in dieters 
emphasize deliberate cognitive control of intake and its 
disruption, rather than the sort of analysis ordinarily in- 
voked to explain the hypothetical appetizer effect (32). 


EMOTIONAL FACTORS 


It is readily agreed that emotional disturbance affects ap- 
petite and eating, but the precise nature of this effect is 
variable. In nonhuman animals, arousal tends to promote 
feeding. Nonspecific activation may render them more re- 
sponsive to external, food-related stimuli, which direct be- 
havior toward eating (33). (Such external responsiveness 
is presumably not specifically directed at food-related 


stimuli; rather, it focuses on whatever powerful behavior- 
relevant stimuli may dominate the animal’s immediate 
perceptual environment, and might yield sexual, aggres- 
sive, or other stimulus-bound behavior depending on the 
environmental configuration that obtains when activation 
occurs.) It has been suggested that any sort of activation 
or drive induction might accentuate stimulus-bound eating 
in humans (C. P. Herman et al., unpublished data). Such 
stimulus-bound eating would not necessarily increase in- 
take but rather make it more responsive to environmental 
conditions; if the food were bad-tasting, it might suppress 
eating. Such a mechanism might explain why hungry or- 
ganisms sometimes eat less of a bad-tasting food than non- 
deprived organisms do (22,23). 

Studies of arousal in humans tend to focus on particular 
valenced emotions (eg, anxiety, depression, and anger). In 
general, such negative emotions have developed a repu- 
tation for suppressing eating, even when palatable food is 
available. This effect is usually attributed to the sympa- 
thomimetic effects of emotional distress; these effects pre- 
sumably act to suppress peripheral hunger signals. Clini- 
cal depression is indexed by a loss of appetite, among other 
criteria. Still, some depressed individuals tend to eat more 
and gain weight (34). Indeed, emotional agitation tends to 
increase eating among many people, to the point where 
emotional disturbance is often cited as a prime cause of 
weight gain and failure to maintain dietary restraint. How 
can these contradictory effects be reconciled? 

It does appear to be the case that strong negative emo- 
tions produce physiological effects that oppose appetite. (It 
seems conceivable that minor agitation or disturbances 
might stimulate eating in humans much as seems to be 
the case in other animals, but such weak manipulations 
have not been explored.) Powerful distress (eg, intense 
clinical depression) probably suppresses appetite for vir- 
tually everyone, but short of overwhelming distress, emo- 
tional agitation appears to have opposite effects depending 
on the type of individual involved. Normal eaters, whose 
behavior is at least partially governed by the sort of hunger 
and satiety signals discussed previously, tend to respond 
to distress by eating less. Individuals who ordinarily at- 
tempt to suppress their eating (ie, dieters, including per- 
haps most of the obese), however, tend to eat more when 
they are upset (and possibly when elated, although studies 
of the effects of positive moods are so few as to defy con- 
clusiveness). Dieters, because they must overcome normal 
physiological controls on eating if they are to succeed in 
reducing their intake, eventually dissociate their eating 
from such controls in favor of cognitive calculations of ap- 
propriate intake (see “Cognitive Factors”). Their intake is 
deliberately inhibited, but such inhibitions are vulnerable 
to disruption by (among other factors) emotional agitation. 
The emotionally distressed dieter, then, becomes disinhi- 
bited and overeats, unconstrained by the sort of normal 
satiety considerations that depend on physiological signals 
and conditioning, both of which are functionally atrophied 
in the dieter. The effects of distress may be exacerbated or 
attenuated depending on the type of distress involved; for 
example, physical threats tend to have a stronger sup- 
pressive effect, whereas ego threats tend to have a more 
facilitative effect (35; C. P. Herman et al., unpublished 


data, 1998). The exploration of overeating under condi- 
tions of distress remains a prominent concern of research- 
ers studying obesity and especially bulimia nervosa. 


SOCIAL FACTORS 


Other people influence an individual’s eating in a variety 
of ways. Social facilitation refers to increased intake in the 
presence of others; this usually occurs when these other 
people are eating substantial amounts as well (36). More 
typically, social inhibition of eating is encountered; for ex- 
ample, being observed by noneating others (D. A. Roth, et 
al., unpublished data, 1998) or eating along with others 
who eat very little (37) tends to reduce consumption. More 
generally, people seem to be highly vulnerable to social in- 
fluences on eating, from indirect pressure (such as con- 
formity to a model or experimental confederate) to more 
direct influences (such as requests or demands that a cer- 
tain amount of food be eaten). These social effects are rela- 
tively powerful compared with other experimental manip- 
ulations of factors affecting eating and lend support to a 
nonhomeostatic view of eating, at least in the short term. 
Eating seems to be acutely responsive to social influences 
that bear little relation to an individual’s physiological 
state or needs. Homeostatic considerations may eventually 
correct for such short-term deviations; for example, if a 
person undereats in a public spotlight, he or she may com- 
pensate by eating more later in a private setting. Another 
consideration is the likelihood that such social effects as 
copying others or not gorging when being watched serve a 
broader biological survival purpose. It is possible to benefit 
from others’ experiences, and people may look to social 
guides when the appropriate amount or type of food to be 
consumed is ambiguous, as it often is. Furthermore, social 
norms may demand some sort of equity in the distribution 
of the food supply. Still it is clear that such social factors 
may have a profound effect on eating, and this effect may 
act in direct opposition to purely physiological needs and 
signals. Even 24-hour food-deprived experimental sub- 
jects, who ought to eat in response to powerful internal 
signals, are strongly influenced by the eating patterns of a 
model (38). 

Another sort of social influence on eating occurs when 
people eat in a particular way to convey a certain impres- 
sion. This impression-management view of eating focuses 
on eating as a self-presentational strategy (39). For ex- 
ample, women eat less when they are paired with a man 
than when paired with another woman, presumably be- 
cause they wish to convey a more feminine impression to 
the man, and eating lightly is part of the feminine stereo- 
type. Again, this sort of influence on eating seems to have 
little to do with the exigencies of internal state. 


COGNITIVE FACTORS 


The impact of both internal (eg, hunger) and external (eg, 
food salience) factors on eating is frequently mediated by 
cognition; people may decide to eat (or not eat) upon con- 
sideration of (or despite) the allure of such pressures. Be- 
cause such internal and external factors have seemingly 
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direct effects on eating (ie, because these factors can be 
interpreted as affecting eating directly, without the medi- 
ation of decisions that add little in the way of explanation) 
most analyses of eating do not bother to include delibera- 
tion or conscious choice as important elements. When we 
find that people eat in a manner opposed to both internal 
and external pressures, however, some sort of deliberative 
element seems necessary to account for the behavior. If 
someone were to continue eating an unpalatable food de- 
spite being sated, it would probably be necessary to have 
access to that individual’s phenomenology to help provide 
an explanation. More commonly, people fail to eat despite 
their evident hunger and the availability of palatable food. 
Such dietary restraint demands an analysis that adds a 
set of mental factors to the control of eating in addition to 
physiological and environmental stimuli to which the per- 
son responds more or less reflexively (40). Such cognitive 
dietary calculations do not arise spontaneously, of course; 
they themselves are learned and may be reinforced or ex- 
tinguished. But the prevalence (in humans, at least) of eat- 
ing patterns that depart radically from the straightfor- 
ward application of our knowledge of physiology and 
environmental stimulus control requires that attention be 
paid to willful opposition to such signals. One of the most 
serious problems arising from dieting is that the chronic 
overriding of normal controls on eating renders the dieter 
confused about whether or when she or he is feeling hunger 
or appetite. This problem is exacerbated in the recognized 
eating disorders (anorexia nervosa, bulimia nervosa, binge 
eating disorder). 


INTERACTIONS AMONG RELEVANT FACTORS 


A variety of examples have been presented of the nonad- 
ditive influence of factors affecting eating. For instance, 
hunger does not simply add to palatability as a determi- 
nant of eating, hungry people may eat more good-tasting 
food, as expected, but they may eat less bad-tasting food, 
depending on circumstances. Likewise, social influences 
may combine with, mask, or oppose hunger and satiety 
considerations in eating. An attempt has been made to rec- 
oncile the various influences on eating in a boundary model 
(41). The basic premise is that physiological influences will 
predominate when the person is particularly hungry or 
sated and that environmental and cognitive considerations 
will be most influential when the person is indifferent (nei- 
ther hungry nor sated). This model has not been successful 
in predicting behavior, but its emphasis on the need to as- 
sess the influence of one factor (eg, social influence) in the 
context of other factors (eg, hunger-satiety) has proven 
fruitful experimentally. Research on the influence of one 
particular factor in isolation seems likely to misrepresent 
the importance of that influence; under certain conditions, 
its influence will be exaggerated, whereas under others it 
may be suppressed (42). 


CONCLUSIONS 


The scientific study of appetite has yielded a wide range of 
interesting phenomena. Still, the field is a painfully long 
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way from achieving any sort of satisfying integration, in 
which the mutual and combined influences of various fac- 
tors acting simultaneously might be predicted or ex- 
plained. This conclusion is especially warranted in the case 
of human eating behavior, where social and cognitive fac- 
tors are particularly evident. Such factors may apply as 
well to other animals. It can only be hoped that human 
and animal research, often seemingly at odds with each 
other, will eventually be synthesized into a comprehensive 
analysis of the determinants of feeding and appetite. 
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AQUACULTURE 


The Food and Agriculture Organization (FAO) of the 
United Nations has defined aquaculture as, “the farming 
of aquatic organisms, including fish, molluscs, crusta- 
ceans, and aquatic plants” (1). Other definitions include 
“the rearing of aquatic organisms under controlled or semi- 
controlled conditions” and “underwater agriculture” (2). 
The list of organism groups mentioned in the FAO defini- 
tion is not complete. Aquaculturists have also been in- 
volved in the production of echinoderms (sea urchins), 
cephalopods (octopus, squid, cuttlefish), reptiles (alliga- 
tors, sea turtles, freshwater turtles), and amphibians 
(frogs). Aquaculture is an inclusive term that encompasses 
fresh, brackish, marine, and even hypersaline waters. 
The term mariculture is more restrictive in that it is usu- 
ally defined as referring to aquaculture in saline environ- 
ments. 
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Public sector aquaculture has historically involved pro- 
duction of aquatic animals to augment or establish recre- 
ational and commercial fisheries. More recently, it has also 
come to include attempts to recover threatened or endan- 
gered species by maintaining them in captivity and pro- 
ducing new generations that will ultimately be used to 
stock the waters where the species has become depleted. 
Public sector aquaculture is widely practiced in North 
America and to a lesser extent in other parts of the world. 
The FAO definition of aquaculture indicates that farming 
implies ownership of the organisms being cultured, which 
would seem to exclude public sector aquaculture. 

Going hand in hand with attempts to recover endan- 
gered species are enhancement stocking programs aimed 
at releasing juvenile animals to build back stocks of 
aquatic animals that have been reduced due to overfishing. 
Examples of enhancement programs currently in existence 
include the stocking of cod in Norway, flounders in Japan, 
and red drum in the United States. 

The bulk of global production from aquaculture is util- 
ized directly as human food, with public aquaculture play- 
ing a minor role or being absent in many nations. Private 
aquaculture is not only about human food production, how- 
ever. In some regions, well-developed private sector aqua- 
culture is involved in the production of bait and ornamen- 
tal fishes and invertebrates. The birth of aquaculture may 
have, in fact, been associated with attempts to produce or- 
namental fish to please royalty. Such might be the case 
with the development of colorful koi carp in China (koi are 
a colorful form of common carp, Cyprinus carpio). 

Aquatic plants are cultured in many regions of the 
world. In fact, aquatic plants, primarily seaweeds, account 
for nearly 25% of the world’s aquaculture production (3). 
Seaweed is widely used as food in the orient and elsewhere 
and can be found in many items that people use in their 
daily lives. Extracts from seaweed are important compo- 
nents of many pharmaceuticals, automobile tires, tooth- 
paste, ice cream, and a wide variety of other products. 

As implied, the origins of aquaculture may be rooted in 
China and could, in fact, go back some 4000 years. The 
ancient Egyptians may also have been early, if not the first 
aquaculturists. Pictographs in the tombs of the pharaohs 
can be interpreted to indicate that tilapia (fish native to 
North Africa and the Middle East) were being raised, pos- 
sibly as food or display fish for the royal court. Regardless, 
Asia dominates the world in aquaculture production today 
(4). In North America, the culture of fish began in the nine- 
teenth century and grew rapidly in the public sector after 
the establishment of the U.S. Fish and Fisheries Commis- 
sion in 1871 (5). Private aquaculture existed as a minor 
industry for many decades, coming into prominence in the 
1960s. Since then the United States has become one of the 
leaders in aquaculture research and development, al- 
though production, while significant at nearly 400,000 
metric tons by 1996 (6), amounted to only about 2% of the 
world’s total of 34 million metric tons. 

The U.S. commercial aquaculture industry is domi- 
nated by channel catfish, trout, salmon, minnows, oysters, 
mussels, clams, and crawfish. A number of other fish and 
invertebrates are also being reared. Included are tilapia, 
striped bass and hybrid striped bass, red drum, goldfish, 
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tropical fish, and shrimp. In the public sector, hatcheries 
produce large numbers of such species as salmon, trout, 
largemouth and smallmouth bass, sunfish, crappie, north- 
ern pike, muskellunge, walleye, and catfish for stocking or 
growout. 

Global aquaculture production continues to grow an- 
nually, but increasing competition for suitable land and 
water, problems associated with wastewater from aqua- 
culture facilities, disease outbreaks, and potential short- 
ages of animal protein for aquatic animal feeds are becom- 
ing increasingly important. New technology, including the 
application of molecular genetic approaches to improving 
performance and disease resistance in aquaculture spe- 
cies, along with the development of water reuse (recircu- 
lating) systems, the establishment of offshore facilities, 
and the expansion of enhancement programs may provide 
the impetus for a resurgence in growth of the industry. 


GLOBAL AQUACULTURE PRODUCERS AND 
PRODUCTION 


Aquaculture production around the world grew at an av- 
erage annual rate of 9.6% for the period 1984 through 1995 
(8). In 1995, total production approached 28 million metric 
tons (3). Production jumped to 34.11 million metric tons in 
1996 (6). A breakdown by type of organisms grown is pre- 
sented in Table 1 for each year. The total value of the 1995 
aquaculture crop exceeded $42 billion (3) and rose to $46.5 
billion in 1996 (6). 

The People’s Republic of China is far and away the 
world’s largest producer of aquaculture species. In 1995, 
production in China exceeded 17.5 million metric tons. In- 
dia, in second place, produced slightly over 1.6 million met- 
ric tons, or less than 10% of China’s production (3). In 1996, 
China’s production exceeded 23 million metric tons, with 
India climbing modestly to 1.8 million metric tons (6). The 
top 20 aquaculture-producing nations during 1995 and 
1996, in descending order, are shown in Table 2. The same 
countries are on both lists, but some changes in ranking 
are apparent. Most notable, perhaps, is the movement of 
Chile from ranking 16 to 12, reflecting the emphasis that 
country has been placing on aquaculture, particularly in 
the rearing of salmon. 

U.S. aquaculture production actually dropped from 
1995 to 1996 by 4.9%, and the United States dropped by 
one position in the top 20 from eighth to ninth (Table 2). 


‘Table 1. Percentages of Total World Aquaculture Crop (by 
Weight) Associated with Different Types of Organisms 
during 1995 and 1996 


‘Type of organism 1995 (%) 1996 (%) 
Aquatic plants 24.5 22.7 
Mollusks 18.3 24.9 
Crustaceans 41 34 
Finfish 528 48.8 
Others 03 02 


Total 100.0 100.0 
Source: Refs. 3 and 6. 


Table 2. Top 20 Aquaculture-Producing Nations of the 
World in 1995 and 1996 


Rank 1995 1996 
1 People’s Republic of China People’s Republic of China 
2 India India 
3 Japan Japan 
4 South Korea Philippines 
5 Philippines South Korea 
6 Indonesia Indonesia 
7 ‘Thailand Thailand 
8 United States of America North Korea 
9 Bangladesh United States of America 

10 ‘Taiwan Bangladesh 

11 Norway Norway 

12 France Chile 

13 Ttaly France 

14 ‘Viet Nam Taiwan 

15 North Korea Spain 

16 Chile Italy 

17 Spain Viet Nam 

18 Malaysia United Kingdom 

19 United Kingdom Ecuador 

20 Ecuador Malaysia 


Source: Refs. 3 and 6. 


Of some importance is the fact that unlike most nations, 
where the bulk of the animals produced in aquaculture are 
used directly as human food, a considerable portion of U.S. 
aquaculture is associated with the production of bait min- 
nows and ornamental fish. In 1997, aquaculture sales of 
tropical fish in the state of Florida were $57 million. 
Aquatic plant sales for species used in wetland restoration 
and aquaria netted an additional $13.2 million (7). The 
total value of U.S. aquaculture produce in 1996 was 
slightly more than $735 million (6). 


SPECIES UNDER CULTIVATION 


The emphasis here is on aquatic animal production, but as 
previously indicated, aquatic plants comprise nearly 25% 
of global aquaculture production by weight. Many hun- 
dreds of thousands of people are involved, worldwide, in 
aquatic plant production. The quantity of brown seaweeds, 
red seaweeds, green seaweeds, other types of algae, and 
miscellaneous aquatic plants such as watercress, water 
chestnuts, and ornamental plants produced in 1996 was 
estimated at more than 7.7 million metric tons (6). Several 
species of macroalgae are listed in Table 3. Microscopic al- 
gae and cyanobacteria are sometimes marketed as food or 
as a nutritional supplement (eg, Spirulina sp.). In addi- 
tion, an undocumented quantity of algae (mostly of the 
single-celled variety) is produced for use as food for filter- 
feeding aquatic animals (primarily mollusks and zooplank- 
ton). Planktonic organisms such as rotifers are reared on 
algae and then used to feed the young of crustaceans and 
fish that do not accept prepared feeds. 

Animal aquaculture is concentrated on finfish, mol- 
lusks, and crustaceans. Sponges, echinoderms, tunicates, 
turtles, frogs, and alligators are all being cultured, but pro- 
duction is insignificant in comparison with the three prin- 


Table 3. Examples of Common and Scientific Names of 
Selected Aquaculture Species 
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Table 3. Examples of Common and Scientific Names of 
Selected Aquaculture Species (continued) 


Common name Scientific name Common name Scientific name 
Finfish Crustaceans 
African catfish Clarias gariepinus Blue shrimp Litopenaeus stylirostris 
Atlantic halibut Hippoglossus hippoglossus Giant river prawn Macrobrachium rosenbergii 
Atlantic salmon ‘Salmo salar Kuruma shrimp Marsupenaeus japonicus 
Bighead carp Aristichthys nobilis Marron crayfish Cherax tenuimanus 
Bigmouth buffalo Ictiobus bubalus Pacific white shrimp Litopenaeus vannamei 
Black crappie Pomoxis nigromaculatus Red claw crayfish Cherax quadricarinatus 
Blue catfish Tetalurus furcatus Red swamp crawfish Procambarus clarkii 
Blue tilapia Oreochromis aureus Tiger shrimp Penaeus monodon 
Bluegill Lepomis macrochirus White river crawfish Procambarus acutus acutus 
Brook trout Salvelinus fontinalis White shrimp Penaeus setiferus 
Brown trout Salmo trutta Yabby crayfish Cherax destructor 
Catla Catla catla 
Channel catfish Ictalurus punctatus Algae (seaweeds) 
Chinook salmon Oncorhynchus tshawytscha Te ae, : * 
Chum salmon Oncorhynchus keta California giant kelp Macrocystis pyrifera 
5 Eucheuma Eucheuma cottoni 
Coho salmon Oncorhynchus kisutch a "i . 
r B False Irish moss Gigartina stellata 
Common carp Cyprinus carpio Gracilari A 
: racilaria Gracilaria sp. 
Fathead minnow Pimephales promelus G : 
; Irish moss Chondrus crispus 
Gilthead sea beam Sparus aurata Tainfaazt ; 
é minaria Laminaria spp. 
Goldfish Carassius auratus Neci @alaees Porphyra spp. 
Grass carp Ctenopharyngodon idella A ‘ 
Largemouth bass Micropterus salmoides Wakame Undarta open 
Milkfish Chanos chanos 
Mozambique tilapia Oreochromis mossambicus 
Mrigal Cirrhinus mrigala 
Mud carp Cirrhina molitorella cipal groups. Common and scientific names of many of the 
eae pre Sr aaa species of the finfish, mollusks, and crustaceans currently 
me ae TROCHTOTES BEIM under culture are presented in Table 3. Included are ex- 
Northern pike Esox lucius : ‘ 3 
Paci! ‘Coldesomai metre’ amples of bait, recreational, and food animals. 
Pink salmon Oncorhynchus gorbuscha Various species of carp and other members of the family 
Plaice Pleuronectes platessa Cyprinidae lead the world in terms of quantity of animals 
Rabbitfish Siganus spp. produced. In 1996, the total was more than 9.6 million met- 
Rainbow trout Oncorhynchus mykiss ric tons (6). China is the leading carp-producing nation and 
Red drum Sciaenops ocellatus is the world’s leading aquaculture nation overall. Signifi- 
Rohu Labeo rohita cant amounts of carp are also produced in India and parts 
Sea bass Dicentrarchus labrax of Europe. Species of carp where production exceeded 1 
Suinets Notronts spe. ‘nig Million metric tons in 1996 were silver carp, grass carp, 
Silver carp Hypophthalmichthys molitrix - 
Ae common carp, and bighead carp. 
Smallmouth bass Micropterus dolomieui 1: 5 
Sole ‘Solon anlaa: Fish in the family Salmonidae (trout and salmon) are 
Steelhead Oncorhynchus mykiss in high demand, with the interest in salmon being greatest 
Striped bass Morone saxatilis in developed nations. Salmon, mostly Atlantic salmon, are 
Walking catfish Clarias batrachus produced in Canada, Chile, Norway, New Zealand, Scot- 
Walleye Stizostedion vitreum land, and the United States. Fish in the family Cichlidae, 
White crappie Pomoxis annularis which includes several cultured species of tilapia, are 
‘Yellow perch Perca flavescens reared primarily in the tropics, but have been widely in- 
‘Yellowtail Seriola quinqueradiata troduced throughout both the developed and developing 
world. 
Mollusks Catfish are not a major contributor to aquaculture pro- 
American oyster Crassostrea virginica duction globally, but the channel catfish industry domi- 
Bay scallop Aequipecten irradians nates U.S. aquaculture. Catfish production in the United 
Blue mussel Mytilus edulis j States, primarily channel catfish, was 209,090 metric tons 
Roe cae Mereeoarie mereenaret in 1992 (4) and 206,078 metric tons in 1995 (3). Total world 
acttic oyster,  seamantarel i nae ee catfish production in 1995, which includes walking catfish, 
Southern quahog Mercenaria campechiensis 


was 312,000 metric tons. 

Among the invertebrates, most of the world’s production 
is associated with mussels, oysters, shrimp, scallops, and 
clams. Crawfish culture is of considerable importance in 
the United States but amounted to only 24,211 metric tons 
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in 1992 (4), insignificant compared with some other inver- 
tebrate species. Globally, crawfish production was 29,350 
tons, of which more than 28,000 tons was attributable to 
the red swamp crawfish (3). 

Small amounts of crabs, lobsters, and abalone are being 
cultured in various nations. All three bring good prices in 
the marketplace but have drawbacks associated with their 
culture. Lobsters are highly cannibalistic. Rearing them 
separately to keep them from consuming one another dur- 
ing molting has precluded economic culture in most in- 
stances. Spiny lobster (Panulirus spp.) culturists produced 
a total of 69 metric tons in 1995 (3). Crab culture has also 
failed to develop in some parts of the world. In the United 
States, blue crab (Callinectes sapidus) has been attempted 
but has not been economically feasible, largely due to prob- 
lems with cannibalism. Global production of crabs in the 
family Portunidae (of which C. sapidus is a member) dur- 
ing 1995 was only 20 metric tons. Chinese river crabs and 
various other species of marine crabs are being success- 
fully cultured, with 1995 world production at more than 
89,000 metric tons (3). 

The dominant mollusks being cultured are oysters, 
clams, mussels, and to a lesser extent, scallops. Mollusk 
culture ranges from highly extensive to intensive. An ex- 
ample of one of those extremes is the placement of shell 
material (cultch) on the substrate (in public waters or a 
leased site) to provide additional substrate on which nat- 
urally produced oyster larvae (spat) can settle. That ap- 
proach is highly extensive. At the other (intensive) extreme 
is producing and settling spat in a hatchery and rearing 
them on strings suspended from rafts or in trays. 

Among the mollusks of aquaculture importance, aba- 
lones eat seaweeds and can only be reared in conjunction 
with a concurrent seaweed culture facility or in regions 
where large supplies of suitable seaweeds are available 
from nature. In some instances the value of the seaweed 
for direct human consumption may make the highest and 
best use of the plants. 

Well over 100 species of aquatic animals are being cul- 
tured primarily for human food. That number expands to 
several hundred if ornamental, bait, and recreational spe- 
cies produced by aquaculturists are included. Many re- 
searchers have turned their attention to species for which 
there is demand by consumers, but for which the technol- 
ogy required for commercial production is marginal or not 
completely developed. Examples are dolphin, also known 
as mahimahi (Coryphaena hippurus), cobia (Rachycentron 
canadum), red snapper (Lutjanus campechanus), Pacific 
halibut (Hippoglossus stenolepis), southern flounder (Par- 
alichthys lethostigma), winter flounder (Pseudopleuronec- 
tes americanus), American lobster (Homarus americanus), 
and blue crab (Callinectes sapidus). Each of the species 
mentioned is marine and has small eggs and larvae. Pro- 
viding the first feeding stages with acceptable food has 
been a common problem, as has the fragility of the early 
life stages of many species, and the problem of cannibal- 
ism. 

Fish with large eggs, such as trout, salmon, catfish, and 
tilapia, were among the first to be economically successful 
in modern times. Small eggs do not necessarily mean that 
sophisticated research is required to develop the technol- 


ogy required for successful culture. Carp, which have been 
cultured in China for millennia, have extremely small 
eggs. At the time the methodology for carp culture was 
developed, there were no research scientists, although 
there must have been dedicated farmers who used their 
common sense and trial-and-error methods to establish 
aquaculture. 

In contrast, relatively large eggs do not necessarily 
mean that culture will be easy. Fish with very large eggs 
(eg, such marine catfish as the gaftopsail catfish, Bagre 
marinus) have eggs well over a centimeter in diameter but 
such low fecundity that the number of broodstock required 
to maintain a culture facility would doom the venture. At- 
lantic and Pacific halibut have eggs of about 3-mm diam- 
eter, much smaller than those of trout and salmon, but 
relatively large relative to many marine species, including 
other species of flatfish. Halibut eggs are relatively easy to 
hatch, but the larvae are extremely fragile so providing the 
nearly static conditions for development without causing 
water quality degradation is difficult. Nearly one month is 
required for egg incubation, followed by another approxi- 
mately 35 days until first feeding, and then several addi- 
tional weeks before metamorphosis. Following metamor- 
phosis, halibut postlarvae become easy to maintain, but 
mortality rate from egg to metamorphosis is generally very 
high. 


ECONOMICS 


In nations where fish are produced for recreational fishing, 
funding for hatcheries is often raised from user fees such 
as fishing licenses. Such hatcheries are usually govern- 
ment facilities. For most private aquaculture companies to 
get started, outside funding is required. Funding may 
come through banks and other commercial lending sources 
or from venture capitalists. The high risks associated with 
aquaculture have made it difficult for many firms to obtain 
bank loans, although that situation is changing as bankers 
become more knowledgeable and comfortable with under- 
writing aquaculture ventures. Large corporations have 
also entered the aquaculture field. Some have abandoned 
aquaculture after a few years, but others continue to di- 
versify into the arena. Highly profitable corporations may 
have an easier time obtaining the requisite funding for es- 
tablishing aquaculture ventures than small entrepre- 
neurs. 

A key factor in obtaining funding support for aquacul- 
ture is development of a sound business plan. The plan 
needs to demonstrate that the prospective culturist has 
identified all costs associated with establishment of the fa- 
cility and its day-to-day operation. One or more suitable 
sites should be identified and the species to be cultured 
selected before the business plan is submitted. Cost esti- 
mates should be verifiable. Having actual bids for specific 
tasks at specific locations, for example, pond construction, 
well drilling, building construction, and vehicle costs, in a 
particular geographic region will strengthen the business 
plan. 

Land costs vary enormously both between and within 
countries. Compare, for example, the cost of coastal land 


in south Florida, where it might be possible to consider 
rearing shrimp, with that of Mississippi farmland suitable 
for catfish farming. The former might be thousands of dol- 
lars for every meter of oceanfront, while the latter may be 
obtained for one or two thousand dollars per hectare. 

The amount of land required will also vary, not only as 
a function of the amount of anticipated production, but also 
on the type of culture system that is used. It may take 
several hectares of static culture ponds to produce the 
same biomass of animals as one modest size raceway 
through which large volumes of water are constantly flow- 
ing, for example. Construction costs vary from one location 
to another. Local labor and fuel costs must be factored into 
the equation. The experience of contractors in building 
aquaculture facilities is another factor to be considered. 

Much of the world’s aquaculture is conducted in tropical 
or subtropical regions that feature long growing seasons 
(often year-round). Many such areas lie within developing 
nations where labor and land are typically inexpensive and 
where governments sometimes offer tax incentives to pro- 
spective aquaculturists. Problems with obtaining good 
quality feed, parts, dependable energy supplies, and other 
infrastructure are common and represent a trade-off that 
needs to be considered. Skilled technical personnel, such 
as hatchery managers, may have to be brought into facili- 
ties sited in developing countries because individuals with 
the required credentials may not be available. Expatriate 
labor can be quite expensive but may be necessary. 

The need for redundancy in the culture system needs to 
be assessed in conjunction with each facility. Failure of a 
well pump that brings up water to supply a static pond 
system may not be a serious problem in countries where 
new pumps can be purchased in a nearby town. However, 
it can be disastrous in developing countries where new 
pumps and pump parts are often not available but must 
be ordered from another country. Several weeks or months 
may pass before the situation can be remedied unless the 
culturist maintains a selection of spares. If the culture sys- 
tem requires constantly flowing water (eg, an open race- 
way system or a recirculating system), loss of flow due to 
pump failure for even a few minutes may result in disaster. 
A pump may break down, or there may be a power failure 
that results in pump failure. In either case, having a 
backup that will automatically come on to keep the system 
operational will help ensure against tragic losses. In the 
case of power failures, a backup diesel generator with an 
automatic switching mechanism is a popular choice. 

Redundancy is not restricted to pumps but should be 
considered for all types of equipment where failure can 
lead to rapid loss of environmental control. The up-front 
costs of backup systems can be quite high, but loss of a 
crop may cause a business failure. 

The business plan should provide projections of annual 
production. Based on those estimates and assumed food 
conversion ratios, an estimate of feed costs can be made. 
Food conversion ratio (FCR) is calculated by determining 
the amount of feed consumed for each unit of weight gain. 
For example, if a fish grows from 1 to 2 kg on 2 kg of feed, 
the FCR is 2 kg of feed consumed divided by 1 kg gain or 
2.0. For many aquaculture ventures, between 40 and 50% 
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of the variable costs involved in aquaculture can be attrib- 
uted to feed. 

Aquaculturists may elect to purchase animals for stock- 
ing or maintain their own broodstock and operate a hatch- 
ery. The decision may rest on such factors as the avail- 
ability and cost of fry fish, postlarval fish, oyster spat, or 
other early life history stages in the location selected for 
the aquaculture venture. In regions where the species se- 
lected is being produced in large quantity (eg, channel cat- 
fish in Mississippi or penaeid shrimp in Thailand), suffi- 
cient local hatchery production may be available to supply 
a new venture. A catfish farmer in Nebraska or shrimp 
farmer in Alabama might find it more economical to estab- 
lish a hatchery than to ship in young animals from long 
distances. 

For aquaculturists working with banks and other types 
of lending institutions, money for land purchase, site prep- 
aration, and facility construction can be obtained through 
loans of 15 to 30 years. Equipment such as pumps and 
trucks are usually depreciated over a few years and are 
funded with shorter-term loans (often seven years). Oper- 
ating expenses for such items as feed, chemicals, fuel, util- 
ities, salaries, taxes, and insurance may require periodic 
short-term loans to keep the business solvent. The pro- 
jected income should be based on a realistic estimate of 
farmgate value of the product and an accurate assessment 
of anticipated production. Each business plan should pro- 
ject income and expenses over the term of all loans to dem- 
onstrate to the lending agency or venture capitalist that 
there is a high probability the investment will be repaid. 
Realistic business plans often show losses for up to several 
years while the facility is being constructed and put into 
full production. Some aquaculturists even plan for an oc- 
casional crop loss when developing their long-range pro- 
jections of profitability. 


REGULATION 


The extent to which governments regulate aquaculture 
varies greatly from one nation to another. In some parts of 
the world, particularly in developing nations, there has 
historically been little or no regulation. Inexpensive land 
and labor, low taxes, excellent climates, and a lack of gov- 
ernment interference have drawn many aquaculturists to 
underdeveloped countries, most of which are in the tropics. 
Unregulated expansion of aquaculture in some countries 
has led to pollution problems and destruction of valuable 
habitats such as mangrove swamps and has enhanced the 
spread of disease from one farm to another. The need for 
imposing more restrictive regulations is now becoming evi- 
dent around the world. Response to that need varies con- 
siderably from one nation to another. 

Environmental problems associated with aquaculture 
have become a global phenomenon. In Japan, previously 
unrestricted development of net-pen culture of various 
kinds of marine fish in bays led to what was termed self: 
pollution. The waste feed and excretory products from the 
fish degraded water quality to the point that the aquacul- 
tured fish were unable to grow adequately or, in some 
cases, were unable to survive. Strict controls on the num- 
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ber of net-pens that could be established within each bay 
were established and the problem was adequately ad- 
dressed. Similarly, strict regulations on aquaculture have 
been imposed throughout Europe in an attempt to prevent 
environmental deterioration. Inland aquaculture ventures 
on private lands have come under much less scrutiny and 
governmental control than those established in coastal 
regions in or adjacent to public waters. 

The United States is an example of a mixture of local, 
state, and federal regulations. Permits from a county, 
state, or federal agency may be required for drilling wells, 
pumping water, releasing water, employing exotic species, 
constructing facilities, and so on. In the United States, 
most permits can be obtained at the local or state level. In 
some instances the federal government has devolved per- 
mitting authority to the states when state regulations are 
as rigorous or more so than national regulations. Federal 
agencies become involved when aquaculture projects are 
conducted in navigable waters (U.S. Army Corps of Engi- 
neers) or might impact threatened or endangered species 
(National Biological Service). For aquaculture ventures es- 
tablished in the marine environment outside of state wa- 
ters, only federal permits are required. Once again, a U.S. 
Army Corps of Engineers permit will be required. With its 
mandate to regulate the nation’s fisheries, the National 
Marine Fisheries Service will also become involved in the 
aquaculture permitting process in federal waters. Interest 
in establishing aquaculture operations in conjunction with 
operating or out-of-production oil and gas platforms has 
developed in recent years. For such a platform to be used 
for aquaculture, a permit from the Minerals Management 
Service will be required. During the period when the vari- 
ous permit applications are being reviewed, public hear- 
ings may be held and various other federal agencies may 
be provided with the opportunity to comment. The process 
can be long, arduous, and expensive whether in state or 
federal waters. It is not uncommon for the prospective 
aquaculturist to have to deal with more than a dozen agen- 
cies when seeking state permits. 

In general, it is easier to establish an aquaculture fa- 
cility on private land than in public waters such as a lake 
or coastal embayment. Prospective aquaculturists who 
want to establish facilities in public waters may be con- 
fronted at public hearings by outraged citizens who do not 
want to see an aquaculture facility in what they consider 
to be their water. The issue is highly contentious in some 
nations (eg, the United States). In other countries (eg, Ja- 
pan), when properly conducted, aquaculture in public wa- 
ters not only is seen as a good use of natural resources, but 
also can be considered an amenity. 

Obtaining permits is often not simple. Few states have 
one office that can accommodate the prospective aquacul- 
turist. In most cases it is necessary to contact a number of 
state agencies to apply for permits. As mentioned, public 
hearings may be required before permits are approved. 
The process can take months or even years to complete. 
The costs involved in going through the process may be 
prodigious. After the expenditure of considerable amounts 
of time and money, there is no guarantee that the permits 
will ultimately be granted. 


Most states in the United States now have an aquacul- 
ture coordinator, usually housed in the state department 
of agriculture, who can assist prospective aquaculturists 
in finding a path through the permitting process. In other 
countries the process can vary from highly complicated to 
virtually unregulated. Anyone considering development of 
an aquaculture facility should become educated on the per- 
mitting process of the state or nation in which the facility 
will be developed. In cases where the process is involved, 
it should be initiated well in advance of the anticipated 
time of actual facility construction and, if possible, before 
land acquisition is completed. 


CULTURE SYSTEMS 


At one extreme, aquaculture can be conducted with a small 
amount of intervention from humans and the employment 
of little technology. At the other extreme, aquaculture in- 
volves total environmental control and the use of comput- 
ers, molecular genetics, and complex modern technology. 
Many aquaculturists operate between the extremes. The 
range of culture approaches can be described as running 
from extensive to intensive, or even hyperintensive, with 
extensive systems being relatively simple and intensive 
systems being complex to very complex. In general, as the 
level of culture intensity increases, stocking density and, 
as a consequence, production per unit area of culture sys- 
tem or volume of water increase. 

The most extensive types of aquaculture involve mini- 
mal human intervention to promote increases in natural 
productivity. One good example is the scattering of cultch 
material to provide substrates for oyster spat settlement 
as previously described. A second is the stocking of water 
bodies used in conjunction with recreational fishing. 

The stocking of ponds, lakes, and reservoirs to increase 
the production of desirable fish that depend on natural pro- 
ductivity for their food supply and are ultimately captured 
by recreational anglers is practiced primarily in developed 
nations. In developing nations, community ponds are 
sometimes stocked to provide food for people living at the 
subsistence level. Some would consider the practice of 
stocking fish for recreation or subsistence as lying outside 
of the realm of aquaculture, but since it involves human 
intervention and often employs fish produced in hatcher- 
ies, such programs are certainly associated with, if not an 
actual part of, aquaculture. Since the stocked animals are 
expected to live off available natural food supplies in 
most instances (agricultural waste products are sometimes 
thrown into ponds by subsistence farmers to enhance 
productivity), production levels are often less than 100 
kghha/yr. 

Most of the aquaculture practiced around the world is 
conducted in ponds (Fig. 1). Ponds range in size, but pro- 
duction units are generally 0.1 to 10 ha in area. The inten- 
sity of aquaculture in ponds can range from a few kilo- 
grams per hectare to thousands of kilograms per hectare 
of annual production. Production levels in the U.S. channel 
catfish industry were only a few hundred kilograms per 
hectare in the early 1960s and rose to about 3000 kilo- 
grams per hectare by the end of that decade. A decade 


Figure 1. Catfish culture pond in Texas with paddlewheel aera- 
tor used to increase dissolved oxygen level, as necessary. 


later, some farmers were able to produce 8000 to 10,000 
kg/ha/yr in open ponds. Technological advances in feed 
quality, control of diseases, and water quality management 
were among the factors that allowed for the increased pro- 
duction rates. 

The first step up from the recreational stocking or sub- 
sistence level of culture is to fertilize the water to increase 
natural productivity. Fertilization encourages algae 
blooms, which in turn stimulate the production of plankton 
and benthic organisms, all of which can provide a source 
of nutrients to the target culture species. Moving up in 
intensity from fertilization is the provision of supplemen- 
tal feeds, which are those that provide some additional nu- 
trition but cannot be depended upon to supply all the re- 
quired nutrients. Provision of complete feeds, those that 
do provide all of the nutrients required by the culture spe- 
cies, translates to another increase in intensity. Associated 
with one or more of the stages described might be the ap- 
plication of techniques that lead to the maintenance of 
good water quality. Examples are continuous water ex- 
change, mechanical aeration, and the use of various chem- 
icals to adjust such factors as pH, alkalinity, and hardness. 

With the application of increased technology and control 
over the culture system, intensity continues to increase. 
Utilization of specific pathogen-free animals, provision of 
nutritionally complete feeds, careful monitoring and con- 
trol of water quality, and the use of animals bred for good 
performance can lead to impressive production levels. 

Where water is plentiful and inexpensive, raceway cul- 
ture is an attractive option and one that allows for pro- 
duction levels well in excess of what is possible in ponds. 
Trout are frequently reared in linear raceways from hatch- 
ing to market size. Linear raceways are longer than they 
are wide and are usually no deeper than 1 to 2 in. (Fig. 2). 
High-density raceways used in production facilities are 
commonly constructed of poured concrete. Small raceways 
of the type used in hatcheries and research facilities may 
be constructed of fiberglass or other resilient materials. 
Water is introduced at one end and flows by gravity 
through the raceway to exit the other end. Circular race- 
ways, called tanks (Fig. 3), are also used by aquaculturists. 
Tanks are usually no more than 2 in. deep and may be from 
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Figure 2. Concrete raceways at a trout farm in Idaho. 


Figure 3. Circular tanks for the commercial production of tilapia 
in geothermal water in Idaho. 


less than 1 m to as much as 10 m in diameter. Concrete 
tanks can be found, but most are constructed of fiberglass, 
metal, or wood that is sealed and covered with epoxy or 
some other waterproof material. Plastic liners are com- 
monly used in metal or wood tanks to prevent leakage, and 
in the case of metal, to avoid exposing the aquaculture ani- 
mals to trace element toxicity. 

Linear raceways are commonly used by trout and 
salmon culturists both for commercial production and for 
hatchery programs conducted by government agencies to 
produce fish for stocking. Large numbers of state and fed- 
eral salmon hatcheries in Washington and Oregon, along 
with governmental and private hatcheries in Alaska, col- 
lect and fertilize eggs, hatch them, and rear the young fish 
to the smolt stage at which time they become physiologi- 
cally adapted to enter seawater. It is following smoltifica- 
tion that the fish are transported to release sites. Migrat- 
ing adults will have imprinted on the hatchery water as 
juveniles and can be counted upon to return to their hatch- 
eries of origin with few exceptions. 

Commercial salmon culturists can rear their fish to 
market size in freshwater raceways, although most salmon 
are grown from smolt to market size or adulthood in the 
marine environment, either as free roaming fish or in con- 
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finement. Releasing smolts into the open marine environ- 
ment is called ocean ranching and is a technique that takes 
advantage of the homing instinct of salmon. When the fish 
that had been released as smolts return to spawn, suffi- 
cient numbers of adults are collected for use as broodfish 
to continue the cycle. The remainder may be harvested by 
the aquaculturist or by commercial fishers after which the 
fish are processed and marketed. 

Salmon, steelhead trout, and a variety of marine fish 
are currently being reared in net-pens (Fig. 4). The typical 
salmon net-pen is several meters (sometimes as much as 
20 m) on each side and may be 10 m or more deep (1). 
Smaller units, called cages, are sometimes used by fresh- 
water culturists. Cages tend to have volumes of no more 
than a few cubic meters (Fig. 5). 

Net-pen technology was developed in the 1960s but has 
only been widely employed commercially for salmon pro- 
duction since the 1980s, when the Norwegian salmon 
farming industry was developed. The Japanese began pro- 
ducing large numbers of sea bream and yellowtail in net- 
pens during the 1960s. Other nations have used the tech- 
nology as well. Most of the net-pens currently in production 
are located in protected waters since they are easily dam- 
aged or destroyed by storms. 


Sa 


Figure 4. A marine net-pen facility in Norwegian fjord. 


Figure 5. Marine cages in Malaysia. 


Competition by various user groups for space in pro- 
tected coastal waters in much of the world has led to strict 
controls and, in some cases, prohibitions against the es- 
tablishment of inshore net-pen facilities. As a result, there 
is growing interest in developing the technology to move 
offshore. Various designs for offshore net-pens have been 
developed and a few have been tested (Fig. 6), A number 
of different designs, including systems that are semisub- 
mersible or totally submersible, have been able to with- 
stand storm waves of at least 6 m, but the costs of those 
systems are very high compared with inshore net-pens, so 
commercial viability may be difficult to achieve unless the 
species being reared is of very high value. Tuna, for ex- 
ample, are being cultured to a limited extent and can bring 
very high prices, particularly if they are of high quality, for 
the Japanese sushi trade. Some success in spawning and 
larval rearing of tuna has been achieved, but in most in- 
stances juvenile fish are captured and placed in net-pens 
for growout to market size. Depending on the size at which 
the fish are stocked, the net-pen growout period may re- 
quire only a few months. 

The highest level of intensity that can be found in aqua- 
culture is associated with reuse systems, often called re- 
circulating systems. In these systems, the bulk of the wa- 


Figure 6. A salmon net-pen designed for use in areas where wave 
heights during storms may reach as high as 6 m. 


ter passing through the chambers in which the finfish or 
shellfish are held is continuously treated and reused. Once 
filled initially, reuse systems can theoretically be operated 
for long periods of time without much water replacement. 
It is necessary to add some water to such systems to make 
up for that lost to evaporation and splashout and in con- 
junction with solids removal. 

Recirculating systems can be used for all phases of cul- 
ture, from broodstock maintenance through spawning, 
hatching, larval rearing, to growout. High energy require- 
ments because of the requirement to run pumps and aer- 
ators 24 hours a day, and sometimes greatly increased if 
water must be heated or chilled, have rendered many re- 
circulating systems uneconomical. Exceptions include sys- 
tems used for the production of high-priced products (such 
as ornamental species), those where water and/or heat is 
basically free (such as systems that employ power plant 
cooling water), or when only part of the rearing cycle em- 
ploys recirculating technology (eg, fingerling production in 
a reuse system followed by pond growout). 

Many of the recirculating systems in use today are op- 
erated in a mode between entirely closed and completely 
open (open systems typically have sufficient flow rates to 
exchange the water in the culture chambers every hour or 
less). In most systems there is a significant percentage of 
replacement water added either continuously or intermit- 
tently on a daily basis. Such partial recirculating systems 
may exchange from a few percent to several hundred per- 
cent of system volume each day. 

The heart of a recirculating water system is the biofilter, 
a device that contains a medium on which bacteria that 
help purify the water become established (Fig. 7). Fish and 
aquatic invertebrates produce ammonia as a primary me- 
tabolite. If not removed or converted to a less toxic chem- 
ical, ammonia can quickly reach lethal levels. Two genera 
of bacteria are responsible for ammonia removal in biofil- 
ters. The first, Nitrosomonas, converts ammonia (NH) to 
nitrite (NO; ). The second, Nitrobacter, converts nitrite to 
nitrate (NO; ). Nitrite is highly toxic to aquatic animals, 
although nitrate can be allowed to accumulate to relatively 
high levels. If both genera of bacteria are active, the con- 
version from ammonia through nitrite to nitrate is so rapid 
that nitrite levels remain within the safe range. 

In addition to the biofilter and culture chambers, recir- 
culating systems typically also employ one or more settling 
chambers or mechanical filters to remove solids such as 
unconsumed feed, feces, and mats of bacteria that slough 
from surfaces within the system. Each recirculating sys- 
tem requires a mechanical means of moving water from 
component to component. That usually means mechanical 
pumping, though air-lifts can also be used. Most systems 
ineorporate one pump to lift water and rely on gravity to 
provide flow through the various system components and 
back to the pump (Fig. 8). That approach reduces the need 
to balance flow rates through two or more pumps and re- 
duces operating costs. 

Control of circulating bacteria and oxidation of organic 
matter can be obtained through ozonation of the water. 
Ozone (Og) is highly toxic to aquatic organisms. Ozone 
must be allowed to dissipate prior to exposing the water to 
the aquaculture animals. With time, and with the assis- 
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Figure 7. A circular tank filled with plastic balls to which bac- 
teria attach is one type of biofilter that can be used by aquacul- 
turists; in this case, the biofilter helps maintain water quality at 
a baitstand in Texas. 


Settling chamber 
or mechanical 
filter 


Biofilter 


Pump 


Figure 8. Schematic representation of a typical closed water sys- 
tem design. 
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tance of aeration, ozone can be driven off or converted to 
molecular oxygen. Various commercial firms market ozone 
generators and can assist aquaculturists in selecting the 
proper equipment to meet system needs. 

Ultraviolet (uv) light has also been used to sterilize the 
water in aquaculture systems. The effectiveness of uv de- 
creases with the thickness of the water column being 
treated, so the water is usually flowed past uv lights as a 
thin film (alternatively, the water may flow through a tube 
a few centimeters in diameter that is surrounded by uv 
lights). Ultraviolet light systems require more routine 
maintenance than ozone systems. The bulbs emit lower 
and lower quantities of uv light with time and need to be 
changed periodically. In addition, organic material exposed 
to uv light will foul the surface of the transparent quartz 
or plastic tubes separating the bulbs from the water, 
thereby creating a film between the water and the uv 
source that reduces the effectiveness of the uv light. 

Recirculating systems often feature other types of ap- 
paratus, such as foam strippers and supplemental aera- 
tion. Devices for denitrifying nitrate to nitrogen gas have 
been developed to the point that they may find a place in 
commercial culture systems in the near future. 

The technology associated with recirculating systems is 
expensive. Redundancy in the system, that is, providing 
backups for all critical components, and automation are 
important considerations. When a pump fails, for example, 
the failure must be instantly communicated to the cultur- 
ist, who must have the ability to keep the system operating 
while the problem is being addressed. Loss of a critical 
component for even a few minutes can result in the loss of 
all animals within the system. Computerized water- 
quality monitoring systems that will sound alarms and 
dial emergency telephone numbers to report system fail- 
ures are finding increased use among culturists who em- 
ploy recirculating systems. The computer can also be used 
to put backup systems on line in the event of a primary 
system failure. 

Recirculating systems can make aquaculture feasible in 
locations where conditions might otherwise not be condu- 
cive to successful operations. Tropical and subtropical ani- 
mals such as tilapia and penaeid shrimp have, for example, 
been reared in recirculating systems in the northern tier 
of states in the United States. Recirculation systems can 
also be used to reduce transportation costs by making it 
possible to grow animals near markets. In areas where 
there are concerns about pollution from aquaculture sys- 
tem effluents or with the use of exotic species, recirculating 
systems provide an alternative approach to more extensive 
types of operations. 


WATER SOURCES AND QUALITY 


Sources of water for aquaculture include municipal sup- 
plies, wells, springs, streams, lakes, reservoirs, estuaries, 
and the ocean. The water may be used directly from the 
source or it may be treated in some fashion prior to use. 
Most municipal water sources are chlorinated and con- 
tain sufficiently high levels of chlorine so as to be toxic to 
aquatic life. Chlorine can be removed by passing the water 


through activated charcoal filters or through the use of so- 
dium thiosulfate metered into the incoming water at the 
proper rate. Municipal water is usually not used in aqua- 
culture operations that require large quantities of water, 
either continuously or periodically, because of the initial 
high cost for the water and the cost of pretreatment to re- 
move chlorine. 

Most aquaculturists, if asked, would probably indicate 
a preference for well water over other sources. Both fresh- 
water and saline wells are common sources of water for 
aquaculture. The most commonly used pretreatments for 
well water include temperature alteration (either heating 
or cooling); aeration to add oxygen or to drive off or oxidize 
such substances as carbon dioxide, hydrogen sulfide, and 
iron; and modification of salinity (in mariculture systems). 
Pretreatment may also include adjusting hardness and al- 
kalinity through the application of appropriate chemicals. 
For example, limestone (CaCOg) is commonly used to in- 
crease both hardness and alkalinity. 

To heat or cool water requires large amounts of energy. 
A major consideration in locating an aquaculture facility 
is to have not only a sufficient supply of water but also 
water at or near the optimum temperature for growing the 
species that has been selected. The vast supply of spring 
water of almost perfect temperature in the Hagerman Val- 
ley of Idaho supports the majority of the rainbow trout pro- 
duction in the United States. Where geothermal water is 
available, tropical species can be grown in locations where 
ambient winter temperatures would otherwise not allow 
them to survive. Tilapia farmers have been successful in 
parts of Idaho and other states where geothermal water of 
suitable quality is available. Not all geothermal wells pro- 
duce water of suitable quality, however. High levels of sul- 
fur and other toxic chemicals are commonly found in geo- 
thermal water, so thorough testing should precede any 
attempt to use such water sources for aquaculture. 

Another large cost associated with incoming water is 
associated with its movement. Many aquaculture facilities 
that utilize surface waters and those that obtain their wa- 
ter from wells other than artesian wells are required to 
pump the water into their facilities. Pumping costs can be 
a major expense, particularly when the facility requires 
continuous inflow or high volumes of makeup water to re- 
place evaporative losses from ponds. 

Surface water can sometimes be obtained through grav- 
ity flow by locating aquaculture facilities at elevations be- 
low those of adjacent springs, streams, lakes, or reservoirs. 
Coastal facilities may be able to obtain water through tidal 
flow. 

The most common treatment of incoming surface water 
is removal of particulate matter. This can be effected 
through the use of settling basins or mechanical filters. 
Particle removal may involve the reduction or elimination 
of suspended inorganic material such as clay, silt, and 
sand. It may also involve removal of organic material, in- 
cluding living organisms. Organisms that will enter aqua- 
culture facilities if not filtered from the incoming water 
include phytoplankton and zooplankton, plants and plant 
parts, macroinvertebrates, and fish. Some of the organ- 
isms, if not removed, can be expected to survive and grow 
to become predators on, or competitors with, the target 


aquaculture species. Very small organisms, such as bac- 
teria, can be removed mechanically though filtering par- 
ticles of a few microns in size; such removal becomes in- 
ordinately expensive if there are large volumes involved. 
In most cases, filtration of incoming water involves passing 
the water through screens of various sizes, the smallest of 
which is often no smaller than a window screen. If a situ- 
ation calls for elimination of microorganisms, other forms 
of water treatment, such as ozonation and the use of uv 
radiation, are more efficient and effective than filtration. 

For many freshwater species that can be characterized 
as warmwater (such as channel catfish and tilapia with an 
optimum of about 30°C) or coldwater (such as trout with 
an optimum of about 20°C), the conditions outlined in Ta- 
ble 4 should provide an acceptable environment. So-called 
midrange species are those with an optimum temperature 
for growth of about 25°C (examples are walleye, northern 
pike, muskellunge, and yellow perch). Typically, midrange 
species do well under the conditions, other than tempera- 
ture, specified in Table 4 for coldwater species. Some spe- 
cies have higher or lower tolerances than others. For ex- 
ample, tilapia can tolerate temperatures in excess of 34°C 
but have poor tolerance for low temperature. Most tilapia 
species die when the temperature falls below about 12°C. 
Tilapia have a remarkably high tolerance for ammonia 
compared with such species as trout and salmon, which 
have a high tolerance for cold water but cannot tolerate 
water temperatures much above 20°C. Marine fish may be 
able to tolerate a wide range of salinity (such euryhaline 
species include many species of flounder, red drum, 
salmon, and some species of shrimp), or they may have a 
narrow tolerance range (they are called stenohaline spe- 
cies, examples of which are dolphin, halibut, and lobsters). 
Recommended water quality conditions for marine fish 
production systems are presented in Table 5. 

The water quality criteria for each species should be 
determined from the literature or through experimenta- 


Table 4. General Water Quality Requirements for Trout 
and Warmwater Aquatic Animals in Fresh Water 


Acceptable level or range 


Variable Coldwater Warmwater 
‘Temperature, °C <20 26-30 
Alkalinity, mg/L 10-400 50-400 
Dissolved oxygen, mg/L >5 ~5 
Hardness, mg/L 10-400 50-400 
pH 65-8.5 65-8.5 
‘Total ammonia, mg/L <0.1 <10 
Ferrous iron, mg/L 0 0 
Ferric iron, mg/L 0.5 0-05 
Carbon dioxide, mg/L 0-10 0-15 
Hydrogen sulfide, mg/L 0 0 
Cadmium, ug/L <10 <10 
Chromium, ug/L <100 <100 
Copper, ug/L <25 <25 
Lead, ug/L <100 <100 
Mercury, ug/L <0.1 <0.1 
Zine, ug/L <100 <100 


‘Source: Refs. 2, 8, and 9. 
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Table 5. Suggested Water Quality Conditions for Marine 
Fish Production Facilities 


Variable Acceptable level or range 
Temperature, °C 1-40 (depends on species) 
Salinity, g/kg 1-40 (depends on species) 
Dissolved oxygen, mg/L >6 

pH <7.9-8.2 

‘Total ammonia, ug/L as NHg <10 

Iron, ug/L 100 

Carbon dioxide, mg/L <10 

Hydrogen sulfide, ug/L <1 

Cadmium, yg/L <3 
Chromium, yg/L <25 

Copper, ug/L <3 

Mercury, g/L <0.1 

Nickel, ng/L <5 

Lead, ug/L <4 

Zine, ug/L <25 

Source: Ref. 10. 


tion when literature information is unavailable. Synergis- 
tic effects that occur among water quality variables can 
have an influence on the tolerance a species has under any 
given set of circumstances. Ammonia is a good example. 
Tonized ammonia (NH*) is not particularly lethal to 
aquatic animals, but unionized ammonia (NH*) can be 
toxic even when present at a fraction of a part per million 
(depending on species). The percentage of unionized am- 
monia in the water at any given total ammonia concentra- 
tion changes in relation to such factors as temperature and 
pH. As either temperature or pH increases so does the per- 
centage of unionized ammonia relative to the level of total 
ammonia. Thus, in warmwater and in seawater (which 
generally has a higher pH than freshwater), ammonia tox- 
icity will occur at a lower total ammonia concentration 
than in cool or lower pH water. 

Another example is dissolved oxygen (DO). The amount 
of DO that water can hold at saturation is affected by both 
temperature and salinity. The warmer and/or saline the 
water, the lower the saturation DO level. Atmospheric 
pressure also affects oxygen saturation. The saturation ox- 
ygen level decreases as elevation increases. 

Biocides should not be present in water used for aqua- 
culture. Sources of herbicides and pesticides include runoff 
from agricultural land, contamination of the water table, 
and spray drift from crop-dusting activity. Excessive levels 
of phosphorus and nitrogen may occur where runoff from 
fertilized land enters an aquaculture facility either from 
surface runoff or groundwater contamination. Trace metal 
levels should be low as indicated in Tables 4 and 5. 

Most aquaculture facilities release water constantly or 
periodically into the environment without passing it 
through a municipal sewage treatment plant. The effects 
of aquaculture effluents on natural systems have become 
a subject of intense scrutiny in recent years and have, in 
some instances, resulted in opposition to further develop- 
ment of aquaculture facilities in some locales, particularly 
in public waters. There have even been demands that some 
existing operations should be shut down. 
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Regulation of aquaculture varies greatly both between 
and within nations. Some governmental agencies with ju- 
risdiction over aquaculture have placed severe restrictions 
on the levels of such nutrients as phosphorus and nitrogen 
that can be released into receiving waters. Regulations on 
suspended solids levels in effluent water are also common. 
The installation of settling ponds or created wetlands, ex- 
posure of the water to filter feeding animals that will re- 
move solids, and mechanical filtration have been used to 
treat effluents. Reduction or removal of dissolved nutrients 
through tertiary treatment is possible but is generally not 
economically feasible with current technology. Research is 
currently under way to develop feeds containing reduced 
levels of nutrients or to provide nutrients in forms that the 
culture animals can better utilize. The goal in both ap- 
proaches is to reduce losses of nutrients to the environ- 
ment through excretion. 


NUTRITION AND FEEDING 


Problems associated with excessive levels of nutrients and 
unwanted nuisance species have already been mentioned. 
In some cases, aquaculturists use intentional fertilization 
to produce desirable types of natural food for the species 
under culture. Examples of this approach include inor- 
ganic fertilizer applications in ponds to promote phyto- 
plankton and zooplankton blooms that provide food for 
young fish such as channel catfish in the United States, 
the development of algal mats (called lab-lab) through fer- 
tilization of milkfish ponds in Asia, and the use of organic 
fertilizers (from livestock and human excrement) in Chi- 
nese carp ponds to encourage the growth of phytoplankton, 
macrophytes, and benthic invertebrates. In the latter in- 
stance, various species of carp with different food habits 
are stocked to ensure that all the types of natural foods 
produced as a result of fertilization are consumed. 

Provision of live foods is currently necessary for survival 
of the early stages of many aquaculture species because 
acceptable prepared feeds have yet to be developed. Algae 
is routinely cultured for the early stages of mollusks pro- 
duced in hatcheries. Once the mollusks are placed in grow- 
out areas, natural productivity is depended on to provide 
the algae upon which the shellfish feed. 

In cases where zooplankton are reared as food for pred- 
atory larvae or fry, it may be necessary to maintain three 
cultures (algae, zooplankton, and the desired aquaculture 
species). Though wild zooplankton have been used suc- 
cessfully in some instances (eg, in Norway, wild zooplank- 
ton have been collected and fed to larval Pacific halibut), 
it is much more common practice to provide rotifers or 
brine shrimp nauplii as zooplanktonic food for first-feeding 
stages of animals being reared for marketing. After being 
fed rotifers and/or brine shrimp nauplii for periods ranging 
from several days to several weeks, depending on the spe- 
cies being reared, the aquaculture animals can usually be 
trained to accept pelleted feeds, though a weaning process 
during which both natural and prepared feeds are offered 
is sometimes required. Problems associated with utilizing 
prepared feeds from first feeding include difficulty in pro- 
viding very small particles that contain all the required 


nutrients, loss of soluble nutrients into the water from 
small particles before the animals consume the feed, and 
in some cases, the fact that prepared feeds do not behave 
the same as live foods when placed in the water. For spe- 
cies that are sight feeders, behavior of the food is often an 
important factor. Feed color may also be a factor, as is tex- 
ture, in whether a food item is accepted. Some fish, for 
example, reject hard pellets but will accept pellets that 
have a more spongy texture. 

Some of the most popular aquaculture species accept 
prepared feeds from first feeding. Included are catfish, ti- 
lapia, salmon, and trout. All of the fish listed have rela- 
tively large eggs (several millimeters in diameter) that de- 
velop into fry that have concomitantly large yolk sacs. The 
nutrients in the yolk sac lead to production of first-feeding 
fry with well-developed digestive tracts that produce the 
enzymes required to efficiently digest diets that contain 
the same types of ingredients used for larger animals. 
First-feeding fry of catfish and so on have mouth gapes of 
sufficient size that they can engulf particles that do contain 
all essential nutrients. 

Over the last few decades, fish nutritionists have suc- 
cessfully determined the nutritional requirements of many 
aquaculture species and have developed practical feed for- 
mulations based on those requirements. For species such 
as Atlantic salmon, various species of Pacific salmon and 
trout, common carp, channel catfish, and tilapia, sufficient 
information exists to design diets precisely suited to each 
species. Aquaculturists are always interested in the de- 
velopment of new species. In each instance, the nutritional 
requirements of the new species must be investigated. Al- 
though there are many similarities among aquatic animals 
with respect to nutritional requirements, diets that pro- 
duce the best growth at the least cost will vary significantly 
from species to species and can only be formulated when 
precise nutritional requirements are known. Determina- 
tion of those requirements may require several years of 
research, although diets based on existing formulations 
may be at least adequate to produce reasonable growth 
and survival and can be employed while the research is 
being conducted. 

Requirements for energy, protein, carbohydrates, lipids, 
vitamins, and minerals have been determined for the spe- 
cies commonly cultured (11). As a rule of thumb, trout and 
salmon diets will, if accepted, support growth and survival 
in virtually any aquaculture species. Such diets often serve 
as the control against which experimental diets are com- 
pared. 

Since feeds contain substances other than those re- 
quired by the animals of interest, studies have also been 
conducted on antinutritional factors in feedstuffs and on 
the use of additives. Certain feed ingredients contain 
chemicals that retard growth or may actually be toxic. Ex- 
amples are gossypol in cottonseed meal and trypsin inhib- 
itor in soybean meal. Restricting the amounts of the feed- 
stuffs used in a particular diet is one way to avoid 
problems. In some cases, as is true of trypsin inhibitor, 
proper processing can destroy the antinutritional factor. In 
this case, heating of soybean meal is effective. 

Animals that do not readily accept pelleted feeds may 
be enticed to do so if the feed carries an odor that induces 


ingestion. Color development is an important considera- 
tion in aquarium species and some animals produced for 
human food. External coloration is desired in aquarium 
species. Pink flesh in cultured salmon is desired by much 
of the consuming public. Coloration, whether external or 
of the flesh, can be achieved by incorporating ingredients 
that contain pigments or by adding extracts or synthetic 
compounds. One class of additives that impart color is the 
carotenoids. 

Prepared feeds are marketed in various forms from very 
small crumbles to flakes and pellets of various sizes. Pel- 
leted rations may be hard, semimoist, or moist. Hard pel- 
lets typically contain less than 10% water and can be 
stored under cool, dry conditions for at least 90 days with- 
out deterioration of quality. Dry pellets should, however, 
always be stored in a cool, dry place. Semimoist pellets are 
chemically stabilized to protect them from degradation and 
mold if they are properly stored (either refrigerated or in 
acool, dry place), while moist pellets that contain high per- 
centages of water must be frozen if they are not used im- 
mediately after manufacture. 

Hard pellets are the type preferred if the species under 
culture will accept them. Semimoist feeds are most com- 
monly used in conjunction with feeding young fish and spe- 
cies that find hard pellets unpalatable. Semimoist diets 
tend to be very expensive and can often only be used eco- 
nomically in conjunction with early life history stages 
where only small amounts of feed are required. Moist 
feeds, which contain high percentages of fresh fish, are 
usually available only in the vicinity of fish-processing 
plants. 

Moist and semimoist feed pellets are produced in ma- 
chines similar to sausage grinders. The most widely used 
types of prepared feeds, hard pellets, are produced by pres- 
sure pelleting or extrusion (crumbles are produced by 
grinding larger pellets). Pressure pelleting involves push- 
ing the ground and mixed feed ingredients through holes 
in a die that is a few centimeters thick to produce 
spaghetti-like strands of the desired diameter. The strands 
are cut to length as they exit the die. Steam is often in- 
jected into the pellet mill in a location that exposes the feed 
mixture to moist heat just before the mix enters the die. 
Exposure to steam improves binding and extends pellet 
water stability. In general, a pelleted diet should remain 
stable in water for at least 10 minutes so the fish have 
sufficient opportunity to consume the feed before it dis- 
solves. 

Extruded pellets are produced by exposing the ground 
and mixed ingredients to much higher heat and pressure 
and for a longer time than is the case with pressure pellets. 
In the extrusion process the ingredients undergo some 
cooking that can be beneficial in reducing the levels of cer- 
tain antinutritional factors, such as trypsin inhibitor. 
There may be concomitant losses of heat labile nutrients 
such as vitamin C, so overfortification to obtain the desired 
level in the final product may be required. In some cases, 
a heat labile nutrient is dissolved in oil and sprayed on the 
pellets after they have exited the extruder. 

Specialty feeds such as flakes can be made by running 
newly manufactured pellets through a press or through 
use of a double drum dryer. The latter type of flakes begin 
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as a slurry of feed ingredients and water. When the slurry 
is pressed between the hot rollers of the double drum dryer, 
wafer thin sheets of dry feed are produced that are then 
broken into smaller pieces. The different colors observed 
in some tropical fish foods represent a mixture of flakes, 
with each of the different colored flakes containing one or 
more different additives that impart color. 

Pressure pellets sink when placed in water, whereas un- 
der the proper conditions, floating pellets can be produced 
through the extrusion process. That is accomplished when 
the feed mixture contains high levels of starch. When 
heated, starch expands and the pellets produced will trap 
air as they leave the barrel of the extruder. The trapped 
air gives the pellets a density of less than 1.0, Floating 
pellets are desirable for species that come to the surface to 
feed, because the aquaculturist can visually determine 
that the fish are actively feeding and can control daily feed- 
ing rates based on observed consumption. 

Sinking extruded pellets are used for shrimp and other 
species that will not surface to obtain food and require pel- 
lets with high water stability. Shrimp consume very small 
particles, so they will nibble pieces from a pellet over an 
extended period of time. Unless heavily fortified with bind- 
ers, pressure pellets will dissolve before shrimp have ad- 
equate time to fully consume them. Extruded feeds, 
whether sinking or floating, may remain intact for up to 
24 hours after being placed in the water. Pressure pellets 
begin to disintegrate after a few minutes, unless, as men- 
tioned, supplemental binders are incorporated into the 
feed mixture. 

Nearly all aquaculture feeds contain at least some ani- 
mal protein since the amino acid levels in plant proteins 
cannot meet the requirements of most aquatic animals. 
Fish meal is the most commonly used source of animal pro- 
tein in aquaculture feeds, though blood meal, poultry by- 
product meal, and meat and bone meal have also been suc- 
cessfully used. In 1995 more than 15,500,000 tons of 
prepared feeds were manufactured for use by the world’s 
aquaculture producers. To make that amount of feed, 
1,728,000 tons of fish meal were used. That amounted to 
25.6% of the world’s fish meal production (12). 

Commonly used plant proteins include cornmeal, cot- 
tonseed meal, peanut meal, rice, soybean meal, and wheat. 
A number of other ingredients have also been used, many 
of which are only locally available. Most formulations con- 
tain a small percentage of added fat from such sources as 
fish oil, beef tallow, or more commonly, oilseed oils such as 
corn oil and soybean oil. 

Complete rations contain added vitamins and minerals. 
Purified amino acids, binders, carotenoids, and antioxi- 
dants are other components found in many feeds. Growth 
hormone and antibiotics are sometimes used. Regulations 
on the incorporation of hormones along with other chemi- 
cals and drugs into aquatic animal feeds are in place in the 
United States and some other countries (Table 6). Few 
such regulations have been promulgated in developing 
nations. 

Feeding practices vary from species to species. It is im- 
portant not to overfeed since waste feed not only means 
wasted money, it can also lead to degradation of water 
quality. Most species require only 3 to 4% of body weight 


108 AQUACULTURE 


Table 6. Therapeutants and Disinfecting Agents 
Approved for Use in U.S. Aquaculture 


Name of compound Use of compound 
Therapeutants 
Copper Antibacterial for shrimp 
Formalin Parasiticide for various 
species 
Furanace (Nifurpyrinol) Antibiotic for aquarium fishes 
Oxytetracycline (Terramycin) —_ Antibiotic for fish and lobsters 
Sodium chloride Osmoregulatory enhancer for 
fish 
Sulfadimethoxine (Romet) Antibacterial for salmonids 
and catfish 
Trichlorofon (Masoten) Parasiticide for baitfish and 
goldfish 
Disinfectants 
Calcium hypochlorite (HTH) Used in raceways and on 
equipment 
Didecyl dimethyl ammonium Used in aquaria and on 
chloride (Sanaqua) equipment 


Povidone-iodine compounds 
(Argentyne, Betadine, 
Wescodyne) 


Source: Ref. 13, 


Disinfection of fish eggs 


in dry feed daily for optimum growth. Very young and adult 
animals are exceptions. Young animals are fed at higher 
rates because they are growing rapidly and consume a 
f body weight daily than older ani- 
important to have food readily avail- 
able to them. Food should be spread evenly over the culture 
chamber area so the young animals do not have to expend 
a great deal of energy searching for a meal. That is easily 
possible in tanks and small raceways, but large culture 
units do not lend themselves to having feed spread across 
the entire water surface. In those instances the feed can 
be spread along the pond or raceway’s sides. Feeding rates 
as high as 50% of body weight daily are not uncommon for 
young animals. Since total biomass is small, even in inten- 
sively stocked units such as raceways, the economic cost is 
not high. Water quality in raceways can be maintained by 
siphoning out waste feed periodically. In ponds, any un- 
consumed feed acts as fertilizer, and the quantities used 
are not high enough to affect water quality adversely. Over 
time as the animals become increasingly mobile, the feed- 
ing rate can be reduced to satiation, which will often be 
about 10% of body weight daily for early juveniles and will 
fall to the previously mentioned 3 to 4% as the animals 
grow. Broodfish and other adult animals, such as orna- 
mental species, being held in captivity are often fed at a 
maintenance level, which is usually about 1% of body 
weight daily. 

Young animals may be fed several times daily. Exam- 
ples include the standard practices of feeding fry channel 
catfish every three hours and young northern pike as fre- 
quently as every few minutes. Keeping carnivorous species 
such as northern pike satiated helps reduce the incidence 
of cannibalism. Animals stocked in growout culture cham- 


bers may be fed several times a day, but it is common prac- 
tice to feed only once or twice to satiation. In warm 
weather, feed should be provided early in the day (but after 
making certain that the dissolved oxygen level is within 
the optimum range) and late in the afternoon. As the water 
cools in the fall in temperate climates, feeding rate is often 
reduced. Channel catfish farmers often feed during winter 
on warm days or every three days (unless there is ice cover) 
ata rate of no more than 1% of body weight at each feeding. 
The fish will overwinter without being fed but will lose 
weight. Weight loss can be averted by providing a modest 
amount of feed during winter. 


REPRODUCTION AND GENETICS 


Species such as carp, salmon, trout, channel catfish, and 
tilapia have been bred for many generations in captivity, 
though they usually differ little in appearance or geneti- 
cally from their wild counterparts. A few exceptions exist, 
such as the leather carp, a common carp strain selectively 
bred to produce only one row of scales, and the Donaldson 
trout, a strain of rainbow trout developed over numerous 
generations to grow more rapidly to larger size and with a 
stouter body than its wild cousins. 

Selective breeding has been long practiced as a means 
of improving aquaculture stocks. In some instances it has 
not been possible or is at least quite difficult and expensive 
to produce broodstock and spawn them in captivity, so cul- 
turists continue to rear animals obtained from nature. 
Most of the species that are being reared in significant 
quantities around the world are produced in hatcheries us- 
ing either captured or cultured broodstock. Milkfish is a 
notable exception. That species has been spawned in cap- 
tivity, but most of the fish reared in confinement are col- 
lected as juveniles in seines and sold to fish culturists. Wild 
shrimp postlarvae continue to be used to stock ponds in 
some parts of the world, though hatcheries may also be 
available in the event sufficient numbers of wild postlarvae 
are unavailable in a given year. In the United States, 
where shrimp culture involves the use of exotic species, all 
the animals reared come from hatcheries, both in the 
United States and in Latin America. 

Spawning techniques vary widely from one species to 
another. Tilapia and catfish are typically allowed to spawn 
in ponds. Artificial nests are provided for catfish while ti- 
lapia dig their own nests in the pond bottom. Fertilized 
eggs can be collected from the mouths of female tilapia, 
but it is common practice to collect schools of fry after they 
are released from the mother’s mouth to forage on their 
own. Catfish lay eggs in adhesive masses. Spawning cham- 
bers such as milk cans and grease cans are placed in ponds 
and may be examined every few days for the presence of 
egg masses. Some catfish farmers allow the eggs to hatch 
in the pond, though most farmers collect eggs and incubate 
them in a hatchery. 

Adult Pacific salmon die after spawning. Females are 
usually sacrificed by cutting open the abdomen to release 
the eggs. Milt is obtained by squeezing the belly of males. 
Trout and Atlantic salmon can be reconditioned to spawn 
annually. Eggs are usually obtained from those species in 


the same fashion as from male Pacific salmon. Banks of 
egg-hatching trays, called Heath trays, through which wa- 
ter is flowed are typically used to hatch trout and salmon 
eggs (Fig. 9). 

Unlike catfish, tilapia, trout, and salmon that produce 
from several hundred to several thousand relatively large 
eggs per female, many marine species produce large num- 
bers of very small eggs. Hundreds of thousands to millions 
of eggs are produced by such species as halibut, flounder, 
red drum, striped bass, and shrimp. Catfish, salmon, and 
trout spawn once a year, while tilapia and some marine 
Species spawn repeatedly at intervals of a few days to a 
few weeks for as long as several months if the proper en- 
vironmental conditions are maintained (2). 

Fish breeders have worked with varying degrees of suc- 
cess to improve growth and disease resistance in several 
species. As genetic engineering techniques are adapted to 
aquatic animals, dramatic and rapid changes in the ge- 
netic makeup of aquaculture species may be possible. How- 
ever, since it is virtually impossible to prevent the escape 
of animals into the natural environment from aquaculture 
facilities, potential negative impacts of such organisms on 
wild populations cannot be ignored. Maintaining genetic 
diversity like that of the wild population in cultured stocks 


Figure 9. A bank of Heath trays in a salmon hatchery in Wash- 
ington State. 
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makes good sense, particularly in conjunction with en- 
hancement and when escape from confinement systems 
would produce a high likelihood of escapees intermingling 
with wild counterparts. 

For some species, one sex may grow more rapidly than 
the other. A prime example is tilapia, which mature at an 
early age (often within six months of hatching). At matur- 
ity, submarketable females divert large amounts of food 
energy to egg production. Also, since they are mouth brood- 
ers (holding the eggs and fry within their mouths for about 
two weeks) and repeat spawners (spawning about once a 
month if the water temperature is suitable), the females 
grow very slowly once they mature. Males, on the other 
hand, continue to grow rapidly and can become marketable 
within a few months after reaching maturity. All-male, or 
predominantly male, populations of tilapia can be pro- 
duced by feeding androgens to fry, which are undifferen- 
tiated sexually. Various forms of testosterone have been 
used effectively in sex reversing tilapia and other fishes. 

In species such as flatfish, females may grow more rap- 
idly than males and ultimately reach much larger sizes. 
For them, producing all-female populations for growout 
might be beneficial. 


DISEASES AND THEIR CONTROL 


Aquatic animals are susceptible to a variety of diseases, 
including those caused by viruses, bacteria, fungi, and par- 
asites. A range of chemicals and vaccines has been devel- 
oped for treating the known diseases, although some con- 
ditions have resisted all control attempts to date, and 
severe restrictions on the use of therapeutants in some 
nations has impaired the ability of aquaculturists to con- 
trol disease outbreaks. The United States is a good ex- 
ample of a nation in which the variety of treatment chem- 
icals is limited (Table 6). In many instances when a drug 
is cleared for use on aquatic animals in the United States, 
the species on which the drug can be used is limited. Clear- 
ing a drug for catfish, for example, does not necessarily 
mean it can be used on trout. The cost of obtaining clear- 
ance for drug and chemical use can be in the millions of 
dollars, and it is often uneconomical to attempt gaining 
clearance for species that are not major contributors to 
overall aquaculture production. 

Maintenance of conditions in the culture environment 
that minimize stress is one of the best methods of avoiding 
diseases. Vaccines have been developed against several 
diseases and more are under development. Selective breed- 
ing of animals with disease resistance has met with only 
limited success. Good sanitation and disinfection of con- 
taminated facilities are important avoidance and control 
measures. Some disinfectants are listed in Table 6. Pond 
soils can be sterilized with burnt lime (CaO), hydrated lime 
(Ca{OH],), or chlorine compounds (14). 

When treatment chemicals have to be used, they may 
be incorporated in the food; dissolved in water for use in 
dips, flushes, and baths that allow relatively short expo- 
sure periods; or allowed to remain in the water until the 
chemical breaks down. Higher dosages can be used in dips, 
flushes, and baths than with chronic exposure. Since one 
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of the first responses of aquatic animals to disease is re- 
duction or cessation of feeding, treatments with medicated 
feeds must be initiated as soon as development of an out- 
break is suspected and before the animals quit feeding. 
Antibiotics, such as oxytetracycline, can be dissolved in the 
water but may be less effective than when given orally. 

Vaccines can be administered through injections, orally, 
or by immersion. Injection is the most effective means of 
vaccinating aquatic animals, but it is stressful, time- 
consuming, and expensive. The time and expense may be 
acceptable for use in conjunction with broodfish and other 
valuable animals. Oral administration of vaccines may be 
ineffective, because many vaccines are deactivated in the 
digestive tract of the animals the vaccines are intended to 
protect. Dip treatment by which the vaccines enter the ani- 
mals through diffusion from the water are not generally as 
effective as injection but can be used to vaccinate large 
numbers of animals in short periods of time. Vaccines have 
been developed for a number of fish diseases, but scientists 
have not achieved much success with invertebrates, which 
have a primitive immune system. 


HARVESTING, PROCESSING, AND MARKETING 


Harvesting techniques vary depending on the type of cul- 
ture system involved. Seines are often used to capture fish 
from ponds, or the majority of the animals can be collected 
by draining the pond through netting. Fish pumps are 
available that can physically remove aquatic animals di- 
rectly onto hauling trucks from ponds, raceways, cages, 
and net-pens without causing damage to the animals. 

Aquaculturists may harvest and even process their own 
crops, although custom harvesting and hauling companies 
are often available in areas where the aquaculture indus- 
try is sufficiently developed to support them. Some pro- 
cessing plants also provide harvesting and live-hauling 
services, 

Some species, with channel catfish being a good exam- 
ple, can develop off-flavors. A characteristic off-flavor in 
catfish is often described as an earthy-musty, or muddy, 
flavor. The problem is associated with the chemical geos- 
min and related compounds that are produced by certain 
types of algae (2). Processors often require that a sample 
fish from each pond scheduled for harvest be brought to 
the plant about two weeks prior to harvest for a testing. 
Subsequent samples are taken to the processor three days 
before and during the day of processing. A portion of the 
sample fish is cooked and tasted. If off-flavor is detected 
during any of the tests, the plant will reject the fish from 
that pond until the problem is resolved. Once the source of 
geosmin is no longer present, the fish will metabolize the 
compound. Purging fish of geosmin may involve moving 
them into clean well water or merely waiting until the al- 
gae bloom dissipates, after which the geosmin will be rap- 
idly metabolized. Within a few days after the source of the 
problem has been eliminated, the fish can be retested and, 
if no off-flavor is detected, harvested and processed. 

Centralized processing plants specifically designed to 
handle regional aquaculture crops are established in areas 
where production is sufficiently high. In coastal regions, 


aquacultured animals are often processed in plants that 
also serve capture fisheries. 

Marketing can be done by aquaculturists who operate 
their own processing facilities. Most aquaculture opera- 
tions depend on a regional processing plant to market the 
final product. In all cases aquaculturists should remember 
that their job is not complete until the product reaches the 
consumer in prime condition. 
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cation of engineering to aquaculture is very recent. Only 
during the last 20 to 30 years has there been visible re- 
search activity in this field. This activity has accelerated 
recently fueled in part by the newly formed Aquacultural 
Engineering Society (AES, c/o The Freshwater Institute, 
P.O. Box 1746, Shepherdstown, WV 25443). The AES is an 
international organization bringing together individuals 
interested in the engineering applications to aquaculture. 
Although the number of aquacultural engineering practi- 
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of the first responses of aquatic animals to disease is re- 
duction or cessation of feeding, treatments with medicated 
feeds must be initiated as soon as development of an out- 
break is suspected and before the animals quit feeding. 
Antibiotics, such as oxytetracycline, can be dissolved in the 
water but may be less effective than when given orally. 

Vaccines can be administered through injections, orally, 
or by immersion. Injection is the most effective means of 
vaccinating aquatic animals, but it is stressful, time- 
consuming, and expensive. The time and expense may be 
acceptable for use in conjunction with broodfish and other 
valuable animals. Oral administration of vaccines may be 
ineffective, because many vaccines are deactivated in the 
digestive tract of the animals the vaccines are intended to 
protect. Dip treatment by which the vaccines enter the ani- 
mals through diffusion from the water are not generally as 
effective as injection but can be used to vaccinate large 
numbers of animals in short periods of time. Vaccines have 
been developed for a number of fish diseases, but scientists 
have not achieved much success with invertebrates, which 
have a primitive immune system. 


HARVESTING, PROCESSING, AND MARKETING 


Harvesting techniques vary depending on the type of cul- 
ture system involved. Seines are often used to capture fish 
from ponds, or the majority of the animals can be collected 
by draining the pond through netting. Fish pumps are 
available that can physically remove aquatic animals di- 
rectly onto hauling trucks from ponds, raceways, cages, 
and net-pens without causing damage to the animals. 

Aquaculturists may harvest and even process their own 
crops, although custom harvesting and hauling companies 
are often available in areas where the aquaculture indus- 
try is sufficiently developed to support them. Some pro- 
cessing plants also provide harvesting and live-hauling 
services, 

Some species, with channel catfish being a good exam- 
ple, can develop off-flavors. A characteristic off-flavor in 
catfish is often described as an earthy-musty, or muddy, 
flavor. The problem is associated with the chemical geos- 
min and related compounds that are produced by certain 
types of algae (2). Processors often require that a sample 
fish from each pond scheduled for harvest be brought to 
the plant about two weeks prior to harvest for a testing. 
Subsequent samples are taken to the processor three days 
before and during the day of processing. A portion of the 
sample fish is cooked and tasted. If off-flavor is detected 
during any of the tests, the plant will reject the fish from 
that pond until the problem is resolved. Once the source of 
geosmin is no longer present, the fish will metabolize the 
compound. Purging fish of geosmin may involve moving 
them into clean well water or merely waiting until the al- 
gae bloom dissipates, after which the geosmin will be rap- 
idly metabolized. Within a few days after the source of the 
problem has been eliminated, the fish can be retested and, 
if no off-flavor is detected, harvested and processed. 

Centralized processing plants specifically designed to 
handle regional aquaculture crops are established in areas 
where production is sufficiently high. In coastal regions, 


aquacultured animals are often processed in plants that 
also serve capture fisheries. 

Marketing can be done by aquaculturists who operate 
their own processing facilities. Most aquaculture opera- 
tions depend on a regional processing plant to market the 
final product. In all cases aquaculturists should remember 
that their job is not complete until the product reaches the 
consumer in prime condition. 
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BACKGROUND 


Aquaculture’s origins are ancient, but the explicit appli- 
cation of engineering to aquaculture is very recent. Only 
during the last 20 to 30 years has there been visible re- 
search activity in this field. This activity has accelerated 
recently fueled in part by the newly formed Aquacultural 
Engineering Society (AES, c/o The Freshwater Institute, 
P.O. Box 1746, Shepherdstown, WV 25443). The AES is an 
international organization bringing together individuals 
interested in the engineering applications to aquaculture. 
Although the number of aquacultural engineering practi- 


tioners is still small, interest in the field is very high, and 
engineering sessions are typically some of the best at- 
tended at meetings of aquaculture societies. 

The development of aquacultural engineering has fol- 
lowed a path analogous to that followed by agricultural 
engineering 50 to 75 years earlier. Typically, engineers 
trained in related disciplines have acquired enough under- 
standing of the biological components of aquaculture pro- 
duction systems to be able to design, evaluate, and manage 
these systems. These early activities have led to the train- 
ing of students, graduate and undergraduate, in the com- 
bination of engineering and biological principles that 
would allow them to function effectively as aquacultural 
engineers. However, the number of educational programs 
that offer aquacultural engineering courses and degree 
programs continues to be small, and there continue to be 
all too frequent cases of engineers and other designers 
working in aquaculture without adequate training in the 
discipline, pointing to the continuing need to expand edu- 
cational offerings in aquacultural engineering. 

Aquaculture encompasses a wide range of activities, 
culture techniques, and species. The application of engi- 
neering principles to the different forms of aquaculture 
varies widely from the sophisticated, explicit engineering 
needed for an intensive system that incorporates water re- 
use, to the simple, nonformal engineering used for exten- 
sive, subsistence-type aquacultural operations. Some of 
the processes described here, then, will be applicable only 
to certain types of production systems. 


DEFINITION 


Aquacultural engineering is the application of engineering 
principles to the design, construction, and management of 
systems for the production of aquatic animals or plants. 
Specific areas covered include the overall system design 
and management; the physical system used to hold the ani- 
mals or plants; the supporting structures; processes, moni- 
toring equipment, and techniques needed to ensure an ad- 
equate environmental quality in the production system; 
and the facilities and equipment needed to handle fish* 
and other materials such as feed. As a research discipline, 
aquacultural engineering also deals with the evaluation of 
the effects of water quality and other environmental con- 
ditions on fish, as well as the effect that fish have on the 
water. Effects on the fish that are of concern include 
growth rates, susceptibility to disease, and reproductive 
success. An area of increasing concern is the potential en- 
vironmental impact of aquaculture operations, and aqua- 
cultural engineers are being called upon to help address 
this topic. In addition, traditional engineering disciplines 
ranging from environmental to mechanical to electrical en- 
gineering are used in aquaculture. 


SYSTEM DESIGN 


An aquaculture system must be designed to provide a 
healthy environment for the target fish or plant, and this 


*In the context of this article, fish may be a finfish such 
as trout or catfish, or a crustacean such as shrimp or lob- 
sters, or a mollusk such as oysters or clams. 
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must be achieved within constraints inherent in the choice 
of location where the facility is to be constructed. Other 
considerations that need to be taken into account include: 
marketing, economics, and regulatory restrictions. The 
procedure for the development of an aquaculture system 
is summarized in Figure 1 and follows stages of data col- 
lection, evaluation, design, and construction (1,2). Back- 
ground information needed includes data on the biological 
(or bioengineering as they are sometimes referred to) char- 
acteristics of the target species, as well as data on the site, 
possible markets for the product, and regulations affecting 
aquaculture at the chosen site. The biological data needed 
to quantify the relationship between the target organism 
and its environment include information on tolerances and 
optimum levels for various water quality parameters, the 
effect of target animal activity on water quality, space and 
water velocity requirements, reproductive characteristics, 
feeding behavior, and others. Site data are primarily re- 
lated to water availability and to the quality of the water, 
but other factors are important, such as soil characteristics 
(soil permeability, physical properties affecting possible 
construction, and fertility), topography, climate, other land 
uses, transportation, and other infrastructure. Site char- 
acteristics may be considered at the level of a specific aqua- 
culture site, or at the regional planning level, where at- 
tempts have been made at incorporating satellite imaging 
and geographic information system (GIS) techniques into 
the site characterization process (3). Desirable marketing 
information includes not only the type of species that is 
salable but also the particular requirements imposed by 
the market on product size, level of processing, seasonal 
fluctuations in demand, and so on. Last, regulatory aspects 
of aquaculture must not be overlooked. Restrictions on 
land and water use are augmented by considerations of 
species approvals, and in some cases by the lack of famil- 
iarity of regulators with aquaculture, and their unwilling- 
ness to consider it as a form of agriculture, rather than as 
an industrial enterprise. The Food and Agriculture Orga- 
nization (FAO) of the United Nations has recently released 
a “code of practice” for aquaculturists (4). The intent of the 
code is to promote the safe and environmentally sound de- 
velopment of aquaculture by encouraging aquaculture 
practitioners to consider the full scope of possible impacts 
of aquaculture installations. 

A last topic on which background information should be 
gathered is an overall review of the methods and proce- 
dures used for the culture of the species of interest. Wher- 
ever possible this should focus on conditions that are simi- 
lar to those of the planned facility. 

From this point on, the design process follows fairly well 
established overall guidelines for engineering design. A 
preliminary evaluation is carried out where the back- 
ground information is reviewed and an initial decision is 
made about the possible viability of the operation, or of the 
need to make changes and collect additional background 
information. 

Once a decision has been made to proceed with the plan- 
ning of a facility, detailed review of the practices used by 
others in the culture of the target species is undertaken. 
This review should be based on published information as 
well as on personal contacts with other producers, with 
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Figure 1. Flow diagram of the design process fol- 
lowed for aquaculture operations. 


extension agents, and with researchers. As a first step, sev- 
eral alternative designs may be generated and evaluated 
to select the most promising one for further development. 
After evaluation and selection, the details of the design are 
completed, including estimated costs and preparation of 
construction documents. Evaluation of the plans and fa- 
cilities should be carried out at the various stages of the 
process to minimize the probability of errors, as well as to 
ensure maximum functionality and operational efficiency 
for the investment. Evaluation of the completed installa- 
tion will serve in the preparation of future designs or in 
the possible expansion of the facility. 


HOLDING SYSTEMS 


The types of impoundments or holding systems used in 
aquaculture are determined by the requirements of the 
particular species and by the production and management 
practices being employed. Typical systems include ponds, 
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raceways, tanks, and cages. Although construction mate- 
rials for the various types of holding systems differ de- 
pending on specific requirements, they should have gen- 
eral characteristics, including being corrosion resistant, 
nontoxic, with smooth and nonabrasive surfaces, strong 
and lightweight, resistant to ultraviolet radiation, and low 
in cost (5,6). Typically, no material satisfies all criteria op- 
timally, and selection is based on the particular constraints 
of a given project. 


Ponds 


Pond size, shape, and construction technique varies widely 
(7,8). Ponds tend to be shallow, less than 1.5 m deep, and 
vary in area between less than 100 m? to more than 10 ha 
(Fig. 2). The pond bottom is sometimes covered with con- 
crete or plastic liners to prevent water losses to infiltration. 
The ponds may be built by excavation, by construction of 
dikes, or more commonly by a combination of the two tech- 
niques. In all cases, pond design should incorporate struc- 


Figure 2, Pond being used for the culture of shrimp with supple- 
mental mechanical aeration. 


tures for water inflow for filling and maintenance flows, 
and for effluents including flows during pond drainage and 
emptying. 


Raceways 


Raceways are relatively narrow, long channels with water 
constantly entering through one end of the channel and 
leaving through the opposite end (Fig. 3). Raceways are 
often built of concrete, and the normal dimensions are in 
a ratio of approximately 30:3:1 (length:width:depth). Race- 
ways are the most common holding system for the produc- 
tion of trout and are usually approximately 30 m long. 
Flow in a raceway approaches plug flow characteristics, 
creating a gradient of water quality along the raceway; wa- 
ter quality is best near the head of the raceway where the 
water enters and degrades toward the drain side of the 
raceway. Raceways are often constructed in series of up to 
six raceways with reaeration between raceways to replen- 
ish some of the oxygen used by the fish. 


Tanks 


Aquaculture tanks are normally designed to optimize the 
movement of water around the center of the tank. As such, 
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common shapes are round, square with rounded corners, 
hexagonal, and octagonal (5,9,10) (see Fig. 4). The choice 
is often made on the basis of space availability and con- 
struction materials, as there aren’t large differences in the 
hydraulic properties of the various shapes. Tank size 
ranges from an equivalent diameter of less than 1 m to 
more than 10 m. Water depth is normally maintained be- 
tween 0.5 m for the smaller tanks and 1 to 2 m for the 
larger tanks. The two most common materials used for 
tanks are fiberglass and concrete. 

The size and shape of tanks used in aquaculture vary 
greatly, but the common characteristic is that flow ap- 
proaches the ideal continuously stirred tank reactor 
(CSTR) model in which water quality within the tank is 
approximately uniform. To achieve this uniformity, water 
is introduced along the periphery of the tank through one 
or more inlets that normally inject the water tangentially, 
and the water effluent is collected from the center of the 
tank (10,11). Contrary to raceways, it is possible to achieve 
a certain degree of independence between water flow rate 
and water velocity in a tank by manipulating the inlet and 
outlet characteristics and location. An important feature 
is that by adjusting the circulation pattern and water ve- 
locity to maintain particulate matter in suspension, tanks 
may be made to be “self-cleaning” (10,11). 

A recent development in tank culture is the introduc- 
tion of “double drains” in which two water streams are cre- 
ated in the drain, one constituting a large percentage of 
the flow containing a very small fraction of the solids re- 
leased to the tank water (fish feces and uneaten feed), and 
the second stream conveying no more than 5 to 10% of the 
total flow from the tank, but containing up to 90 or 95% of 
the tank solids (10,11). These new double drains offer op- 
portunities for improved water utilization efficiency and 
water treatment systems, with the high flow—low solids 
stream being relatively easy to treat for reuse, and the low 
flow-high solids stream being suitable for treatment prior 
to disposal. Flow rates in tanks are normally selected to 
result in residence times ranging from 10 to 15 min to sev- 
eral hours, and the value used depends on the level of wa- 
ter treatment (normally aeration) taking place within the 
tank and on the fish biomass being held. 


Figure 3. Farm that uses raceways for the culture of trout. The 
raceways are laid out in series and in parallel to optimize land 
and water use. 


Figure 4. Round concrete tanks used for the culture of striped 
bass. Water in the tanks is reoxygenated using pure oxygen injec- 
tion systems and aerated for carbon dioxide removal. 
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Cages 

Although cages have been used in aquaculture for many 
years, they have received a great deal of attention recently, 
especially with the development of the salmon industry in 
Norway and other countries (Fig. 5). Conventional cage 
technology is based on a rigid frame that is either floating 
or fixed, and to which a cage made of some type of netting 
material is attached. Traditionally, cages had been rectan- 
gular and relatively small, with total volumes of less than 
10 m®, The recent growth of the industry, the availability 
of new materials and technologies, and the presence of 
competing users for coastal resources have resulted in the 
development of large cage systems suitable for open sea 
deployment (6,12). Some of these cages may be more than 
50 m in diameter, 30 m deep, with production volumes of 
more than 50,000 m®, and are designed to hold up to 
1,000,000 kg of fish (6,12). Engineering contributions into 
the design, construction, and anchoring of cages becomes 
very specialized as the cage size increases and as cages are 
placed in more exposed locations. Cages are subjected to 
static and dynamic loads. Static loads are relatively easy 
to quantify and are caused by the weight of the fish and 
the structure itself, but transient loads caused by wind, 
waves, and currents may be orders of magnitude greater 
than static loads and are very difficult to determine accu- 
rately (6). Frequent cage maintenance is required to pre- 
vent fouling of the net from restricting the flow of water. 
Exchange of water through the net must be sufficient to 
maintain adequate water quality for the fish. 


QUANTIFYING PROCESSES 


As was mentioned in the definition of aquacultural engi- 
neering, many engineering disciplines can be applied to 
the design of aquaculture systems. In this section, some of 
the critical processes that are unique in an aquaculture 
system and that define design parameters will be de- 
scribed. The key processes in the design of aquatic systems 
have to do with the primary water quality factors that af- 
fect the cultured organism and with how the organism af- 
fects water quality. 


Figure 5. Cages used for the culture of Atlantic salmon in Nor- 
way. 


As a starting point in the description of important pro- 
cesses in an aquaculture operation, one can consider how 
a fish relates to its environment. Fish consume oxygen 
from the water and release water products from their me- 
tabolism back into the water. The main waste products of 
concern are ammonia, carbon dioxide, and particulate and 
dissolved organics. Depletion of dissolved oxygen below a 
certain level, which is species and size dependent, results 
in increased stress to the fish and may ultimately result in 
suffocation. Similarly, the accumulation of waste products 
may reach toxic levels, as in the case of ammonia and car- 
bon dioxide; it may alter the pH of the water, again as a 
result of carbon dioxide accumulation; it may affect growth 
and reproductive behavior as a result of the accumulation 
of dissolved organics such as hormones; or it may affect the 
overall oxygen balance of the system by the oxygen de- 
mand created by the decomposition of particulate and dis- 
solved organics. 

A major difference between aquaculture and land-based 
food production systems is that in an aquaculture system 
the animal or plant takes its nutrients and oxygen and 
releases its waste products into the same environment: the 
water. Maintaining water quality in an aquaculture sys- 
tem is based on providing sufficient oxygen to satisfy the 
needs of the fish, and in removing metabolites to prevent 
their buildup to toxic levels. Design of systems to achieve 
those goals requires the quantification of processes that 
take place within the system, especially those related di- 
rectly to the target species. The relative importance of the 
various consumption and production processes depends on 
the type of aquatic production system being considered. In 
general, the shorter the residence time of the water in the 
production system, the more important are the fish-related 
processes with respect to other biological processes taking 
place. If, on the other hand, the residence time is long 
(more than one day and as long as one year), as is the case 
in most ponds, biological and chemical processes that are 
not directly associated with the target product’s metabo- 
lism become very important in determining water quality. 
As an example, dissolved oxygen in a tank with a short 
residence time will be determined by the concentration in 
the influent water, the fish biomass being held in the tank, 
the amount of oxygen being added to the system through 
aeration mechanisms, and the oxygen consumption by the 
fish. In a pond, on the other hand, many processes can have 
significant effects on dissolved oxygen concentration. 
These processes include photosynthetic oxygen production, 
respiration by all the organisms in the ponds (phytoplank- 
ton, zooplankton, fish, bacteria, and sediment decomposi- 
tion processes), and gas exchange between the water and 
the atmosphere. 

Quantification, design, and management of aquaculture 
production systems are most predictable in those systems 
with short residence times, where the majority of water 
quality changes are associated with fish activity. Pond sys- 
tems, often with long residence times, are difficult to quan- 
tify and their management remains very much an art 
rather than a science. 

Design of systems is ultimately based on mass balances 
on the critical water quality factors already mentioned. 
The general form of the mass balance equation for a par- 


ticular substance (eg, dissolved oxygen or ammonia) in a 
control volume can be written as 


ACCUMULATION = INFLOW + PRODUCTION 
— OUTFLOW — CONSUMPTION 
qa) 


For simplicity in calculations and because of incomplete 
information on the time dependence of production and con- 
sumption rates, the mass balance is often simplified to con- 
sider steady-state conditions in which ACCUMULATION 
becomes zero, and equation 1 can be written as: 


INFLOW + PRODUCTION = OUTFLOW 
+ CONSUMPTION (2) 


And the INFLOW and OUTFLOW terms may be ex- 
pressed as the product of the concentration of the sub- 
stance being observed and the flow rate: 


INFLOW = Q x C; (3) 
OUTFLOW = Q x C, (4) 


where @ is the flow rate (m* d~}), C, is the influent con- 
centration (g m~5), and C, is the effluent concentration 
(gm~*), 

Ina fully mixed rearing impoundment, the effluent con- 
centration is approximately equal to the concentration at 
any point within the impoundment and is the concentra- 
tion to which the target species is exposed. The production 
and consumption functions depend on the species, size, and 
condition of the fish and on the environmental conditions 
to which they are exposed. In addition, these rates fluctu- 
ate through diel cycles in response to activity levels asso- 
ciated primarily with feeding and digestion. In general, 
there is little quantitative information on how the various 
factors affect the rates of oxygen consumption and metab- 
olite production, and for purposes of design, it is common 
to relate these rates to feeding levels (13,14): 


DOgons = FEED x DO, (5) 
COgproa = FEED X CO ore (6) 
TAN),oq = FEED x TAN,, 0) 

SOLIDS,,.4 = FEED x SOLIDS,. (8) 


where DOvons is the rate of oxygen consumption by fish 
within the impoundment (g d~1), FEED is the amount of 
feed applied to the impoundment (gjeeqg d~'), DO, is the 
oxygen consumption per unit of feed applied (g gieea), and 
similarly for carbon dioxide (CO,), total ammonia nitrogen 
(TAN), and solids productions. Feeding rate is often ex- 
pressed as a proportion of the fish biomass applied per day, 
and tables are available from feed manufacturers for vari- 
ous fish species and ages. Approximate values used for the 
consumption of oxygen and production of carbon dioxide, 
ammonia, and solids per unit mass of feed (g gfeed~1) are 
0.20, 0.28, 0.03, and 0.30, respectively (13,14). These val- 
ues can be useful as a first approximation, but detailed 
calculations must be based on values specifically developed 
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for the species of interest and for the feed and culture sys- 
tem being used. 


WATER CONDITIONING 


Water conditioning operations may be used to treat the 
water and increase the fish biomass that can be held for a 
given water flow rate. The rates of oxygen consumption 
and metabolite production and the tolerances of fish to con- 
centrations of these substances are such that oxygen is the 
first limiting factor encountered. If aeration is used to re- 
plenish oxygen, then the second limiting factor reached 
may be either carbon dioxide or ammonia accumulation, 
depending on characteristics of the water supply (in par- 
ticular alkalinity and pH of the water) and on fish toler- 
ances. 


Oxygenation 

Oxygen sources differ between pond and other types of 
holding systems. Possible sources of oxygen in a pond are 
the production by aquatic plants, including phytoplankton, 
mechanical reaeration, and reaeration across the water 
surface with minimum contributions by the water ex- 
change, with the relative importance of the sources de- 
pending on the type of production system being used. In 
raceways and tanks, oxygen sources are limited to the wa- 
ter supply and some form of mechanical reaeration. 


Oxygen Production by Phytoplankton. Phytoplankton 
produce oxygen through photosynthesis. The rate of oxy- 
gen production by phytoplankton is very difficult to quan- 
tify but conceptually may be expressed as 


DOPHYTO = DOgqui X PHYTO x MAX 
x NUTRI x LIGHT x TEMP (9) 


where DOPHYTO is the oxygen production rate by phy- 
toplankton (g m~* h~!), DO,qui is the oxygen production 
per unit of phytoplankton biomass growth (g g~!), PHYTO 
is the phytoplankton concentration (g m~*), MAX is the 
maximum phytoplankton growth rate under optimum con- 
ditions (h~'), NUTRI is the nutrient limitation on growth 
(0-1), LIGHT is the light limitation on growth (0-1), and 
TEMP is the temperature limitation on growth (0-1). 

A multitude of expressions have been proposed for the 
various limitation terms (eg, Ref. 15). 

The overall effect of phytoplankton on oxygen concen- 
tration in a pond is further complicated by their respira- 
tion at night. This combination of oxygen production by 
phytoplankton during the day and consumption at night 
by phytoplankton, fish, and other organisms results in 
wide variations in dissolved oxygen over diurnal cycles (8). 
Maintaining a balance between the phytoplankton pro- 
duction and consumption terms in ponds becomes the pri- 
mary goal of water quality management in most pond pro- 
duction systems. 

A new production system has been developed recently 
that makes use of the water-treating and oxygen- 
producing capabilities of ponds. The system has been 
called the Partitioned Aquaculture System (PAS) (16) and 
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consists of a shallow pond used for water treatment and 
oxygen production, and a small raceway in which fish are 
held. Water is continuously recirculated between the race- 
way and the pond. A secondary fish crop is raised in a sec- 
tion of the raceway downstream from the primary fish 
crop. The species to be raised as the secondary crop is se- 
lected such that it has the ability to filter the water and 
remove particulates such as algae and uneaten feed from 
the primary crop. These new systems are still in the ex- 
perimental stage but offer great promise given their high 
production rates per unit area and the fact that the water 
is recycled and no effluent is produced. 


Oxygen Production by Mechanical Aeration. Oxygen 
transfer into the water takes place as a result of a driving 
force equal to the difference between the saturation con- 
centration and the actual concentration found in solution, 
a mass-transfer coefficient, and the area of contact be- 
tween the liquid and gas phases. The mass-transfer coef- 
ficient and the area of contact are normally combined into 
an overall gas-transfer coefficient, K,,, that may be deter- 
mined experimentally. The equation describing the rate of 
oxygen transfer can be written as 


DOrrans = (DOsqp — DOK, .V (10) 


where DOvyans is the dissolved oxygen transfer rate (gh~"), 
DOsgat is the saturation concentration of dissolved oxygen 
(g m~*), DO is the dissolved oxygen concentration in so- 
lution (g m~), K,, is the overall gas-transfer coefficient 
(h~), and V is the volume over which the aeration is tak- 
ing place (m°). 

Saturation concentration is determined by the compo- 
sition of the gas phase, by temperature, by atmospheric 
pressure, and by the presence of dissolved substances in 
the water (eg, salinity) (17). Although more complete es- 
timation procedures are available that consider the factors 
just mentioned (17), saturation concentration for fresh wa- 
ter as a function of temperature may be expressed as a 
regression equation (18): 


DOgat = 14.652 — 0.41022 x TEMP 


+ 0.007991 x TEMP? 
= 0.000077774 x TEMP* (11) 


where TEMP is the water temperature (°C). 

Equation 12 and tables of dissolved oxygen saturation 
are normally prepared for an atmosphere of 20.9% oxygen. 
Oxygen enrichment of the atmosphere will result in a cor- 
responding increase in saturation dissolved oxygen con- 
centration. Enrichment may be achieved by aerating with 
“pure” oxygen. 

An important difference between aeration systems used 
for aquaculture and those used in water and wastewater 
treatment is that the “driving force” (DOg,, — DO) in aqua- 
culture tends to be lower, reducing the rate of oxygen 
transfer for a given aerator. The lower driving force is 
caused by the requirement of most fish for dissolved oxy- 
gen concentrations above 3 to 4 g m~°, compared with the 
usual limit of just above zero in wastewater treatment. 


Common types of aerators used in aquaculture may be 
classified as surface, gravity, and diffuser types (5,9,19). 
Surface aerators spray water into the air or beat the water, 
increasing the turbulence and area of contact between the 
water and air. Gravity aerators rely on the fall of water for 
aeration. Different types of structures such as plates, baf- 
fles, and so on may be used in gravity aerators to increase 
transfer rates. A particularly useful and common gravity 
aerator is the packed column aerator (PCA), where water 
is introduced at the top, and air or another gas is intro- 
duced at the bottom of a column filled with a medium de- 
signed to maximize turbulence and transfer area. Design 
equations for the use of PCAs in aquaculture have been 
proposed by Hackney and Colt (20). In diffuse aeration, gas 
bubbles are introduced into the water, and transfer takes 
place between the bubble and the water. The simplest type 
of diffuse aerator is an airstone where bubbles are released 
at the bottom of a tank or pond. This type of aerator tends 
to be inefficient in conventional aquaculture systems due 
to the shallow water depths used and the resulting short 
contact times between the bubble and the water. Varia- 
tions on the basic concept of diffuse aeration have been 
developed, including some systems designed to be used as 
part of a pipeline and that pressurize and trap bubbles 
allowing for longer contact times and, in some cases, com- 
plete dissolution of the bubbles into the liquid (5,9). 

The use of pure oxygen in aquaculture operations has 
become commonplace over the last few years, especially for 
intensive systems that include some form of water reuse. 
Pure oxygen systems rely on either liquid bottled oxygen 
or on the on-site production of oxygen. The use of pure ox- 
ygen makes possible the addition of large amounts of ox- 
ygen to the water, increasing fish biomass held in a given 
water supply. 


Oxygen Production by Surface Reaeration, The transfer 
of oxygen by reaeration is important in ponds where it can 
result in substantial net gains or losses of oxygen depend- 
ing on whether the dissolved oxygen concentration is below 
or above saturation. Estimates of reaeration rates may be 
obtained from the following (21): 


DOgeaer = (DOgat — DO)KReaer/D (12) 
where DOgeser is the reaeration rate (g m~* h7*), 


Kposer = 0.03 x v9.5 — 0.0132 x v,, + 0.0015 
x v3(mh7?) (13) 


v, is the wind velocity (m s~'), and D is the pond depth 
(m). 

An implicit assumption in equation 13 is that conditions 
in the pond are uniform and there is a minimum of strat- 
ification. 


Ammonia Removal 


Ammonia is toxic to aquatic animals and is also the waste 
product of their protein metabolism. The sensitivity of 
aquatic animals to ammonia concentration depends on 
species, live stage, level of stress, and on other environ- 


mental conditions. Ammonia exists in water as the equi- 
librium product of ammonium ion and unionized ammonia: 


NH} +NH, + H* pK, =9.25at25°C (14) 


Unionized ammonia (NHs) is the toxic form of ammonia 
(5,14). Approximate estimates of the concentration of un- 
ionized ammonia in fresh water can be obtained form mea- 
sures of total ammonia (NH; plus NHj concentrations) 
and pH as (5): 


(NHs] = [TA] x (1/10%--P)) (15) 


where [NHs] is the unionized ammonia concentration 
(mol/L) and [TA] is the total ammonia concentration 
(mol/L). 

Removal of ammonia from aquaculture systems may be 
achieved by ion exchange or by biological filtration. Ion ex- 
change is carried out with a natural zeolite (clinoptilolite) 
that has a high affinity for ammonium ions. Removal ca- 
pacity of the resin varies widely, but a common design 
value is around 1 mg NHj (g clino)~* (22). Clinoptilolite 
resin may be regenerated with brackish or salt water, mak- 
ing the use of the resin suitable for fresh water applica- 
tions only. Ion exchange columns need to be designed to 
incorporate the downtime involved with the recharging 
and reconditioning. In addition, unless properly main- 
tained, these columns have a tendency to be colonized by 
bacteria and become biological filters. 

The biological removal of ammonia by the process of 
nitrification is carried out by two groups of bacteria: nitro- 
somonas, which take ammonia to nitrite; and nitrobacter, 
which complete the reaction to nitrate. Nitrate is toxic to 
fish only at very high concentration and therefore is a suit- 
able end product for ammonia and nitrite, forms of nitro- 
gen toxic to fish, The nitrification process is relatively slow 
and sensitive to temperature, pH, and ammonia concen- 
tration. To achieve practical nitrification rates, high bac- 
terial biomass must be maintained, which is normally 
achieved with some form of attached growth filter (23,24). 
Many types of filters are used for ammonia removal: down- 
flow, upflow, rotating disks, submerged, trickling, fluidized 
beds, and soon (23,24). Removal rates are highly variable, 
and this is an area of active research at the present time. 


Solids Removal 


Removal of solids produced by aquaculture may be at- 
tempted for making the water suitable for reuse, or to meet 
discharge guidelines. Solids account for a high percentage 
of the biochemical oxygen demand (BOD) in aquaculture 
effluents; they tend to be highly variable in size and break 
up easily if subjected to mechanical forces. Solids are 
formed from uneaten feed and fecal material. Their density 
tends to be very close to that of water. 

Removal is achieved by filtration with particulate (eg, 
sand) or microscreen (eg, stainless steel) filters, or by sed- 
imentation (25), The high organic content of the particu- 
lates make them highly biodegradable, and filters need to 
be backwashed frequently to prevent clogging by a mat of 
biological slime. Screen filters are common in aquaculture 
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and a number of filters have been developed that incor- 
porate some form of automated cleaning (eg, drum or disk 
filters). Simple settling tanks or ponds with overflow rates 
between 40 and 80 m d™! can result in total suspended 
solids removal rates of 65 to 85% (25). Aquaculture settling 
ponds traditionally have been operated with infrequent 
sludge removal, relying on biological decomposition to pre- 
vent excessive accumulation of sludge. 

Recent concerns with the possible release of nutrients, 
especially phosphorus, from aquaculture operations to nat- 
ural waters have caused a reevaluation of techniques 
available for solids removal. Given the technical difficul- 
ties and expense associated with treating aquaculture ef- 
fluents, a combination of nutritional and engineering ap- 
proaches are being studied to reduce the solids (and 
nutrient) content in effluents. 


FUTURE DEVELOPMENTS 


The aquaculture farm of the future will take many forms. 
The difference with today’s farms will be in the level of 
intensity of water use, in the degree of control over the 
culture environment exerted by the operator, and in the 
predictability of growth and overall production rates. The 
application of engineering will become more and more im- 
portant as the aquaculture industry continues to grow and 
diversify. Developments will be in new culture systems, 
materials, equipment, and water quality monitoring, 
treatment, and control. The efficient use of natural re- 
sources, especially water, will be a primary constraint on 
new aquaculture operations. To make more efficient use of 
water, higher fish biomass will be maintained per unit of 
water volume and per unit of water use by the implemen- 
tation of water treatment and recirculation systems. The 
safe rearing of these large biomasses will require contin- 
uous monitoring of water quality, and the use of alarms 
and backup systems. In most cases these will be all com- 
puter controlled. 

Improvements in water treatment are also needed to 
make possible reductions in water use and the commercial 
viability of culture systems based on water reuse. New, 
more efficient and reliable filtration systems for the re- 
moval of particulate and dissolved organics and of ammo- 
nia will be developed. 

Systems for inventorying and handling fish are needed. 
Obtaining accurate estimates of number and size of fish in 
a culture system are practically impossible today as they 
are based on sampling or on the use of growth functions 
and initial stocking values. Equipment and techniques 
that can be used to count animals and estimate their size 
with a minimum of disruption and stress to the fish will 
have to be developed. 
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AROMATHERAPY 


Aromatherapy is a branch of the alternate medicine ap- 
proach that uses herbal remedies to improve an individ- 
ual’s health and appearance and to alter one’s mood. The 
alleged benefits from aromatherapy range from stress re- 
lief to enhancement of immunity and the unlocking of emo- 
tions from past experience. The concept has ancient roots 
but is primarily used today by the cosmetics, fragrance, 
and alternative-medicine industries. 

The proponents of aromatherapy claim that the tools of 
the trade, such as wood-resin distillates and flower, leaf, 
stalk, root, grass, and fruit extracts, contain antibiotics, 
antiseptics, hormones, and vitamins. Some proponents go 
even further and have characterized the essential oils, 
which are volatile, aromatic, and flammable, as the soul or 
spirit of plants. One of aromatherapy’s promises is that the 
essential oils have a “spiritual dimension” and can restore 
“balance” and “harmony” to one’s body and to one’s life. 
One of its principles is the “doctrine of signatures,” which 
claims that a plant’s visible and olfactory characteristics 
reveal its secret qualities. For example, the violet suggests 
shyness so the proponents conclude that the scent of violets 
engenders shyness and modesty. Aromatherapy encom- 
passes topical application of essential oils, bathing in wa- 
ter containing essential oils, sniffing them, or actually in- 
gesting them. Products supporting this concept include 


shaving gels, aftershaves, facial cleansers, bath salts, 
shower gels, shampoos, hair conditioners, body masks, 
moisturizers, sunscreen preparations, lipsticks, deodor- 
ants, candles, lamps, diffusers, pottery, massage oils, mas- 
sage devices, and jewelry such as lockets and pendants for 
carrying essential oils. 

The most common aromatherapy applications are aes- 
thetic, where a sense of well-being is derived from enjoying 
perfumes, scented candles and baths, and other fra- 
grances. At the opposite end of the spectrum is medical 
aromatherapy, also known as aromatic medicine, which in- 
cludes massage therapists, naturopaths, some nurses, and 
some medical doctors. The alleged beneficial effects are nu- 
merous: essential oil from bergamot normalizes emotions; 
essential oil from roses or sandalwood increases confi- 
dence; essential oil from eucalyptus alleviates sorrow, and 
oil from patchouli creates a desire for peace. Eucalyptus 
oil and peppermint oil have been used to treat respiratory 
diseases. But it is conceded that some oils can be harmful. 
Concentrated oils from cloves, cinnamon, nutmeg, and gin- 
ger can burn the skin and ingestion of oil from pennyroyal 
can cause miscarriages. One of the obvious applications of 
aromatherapy involves the sense of smell, and one re- 
searcher believes that the lack of ability to smell is corre- 
lated with a gain in weight. Others believe that the ability 
to smell or even the ability of the body to produce certain 
odors indicates certain diseases or impairments. If this 
proves to be true, it would be an interesting diagnostic tool. 

The concept behind aromatherapy is accepted in parts 
of Europe. For example, in France, medical students are 
taught how to prescribe essential oils, and in Britain, hos- 
pital nurses use aromatherapy to treat patients suffering 
anxiety and depression and to make terminal-care pa- 
tients more comfortable. Dorene Peterson, principal of the 
Australasian College of Herbal Studies, commented, 
“There is a philosophical difference between hard-core sci- 
ence and the approach that believes there’s vibrational en- 
ergy that’s part of the healing process. Alternative medi- 
cine is offered now in quite a number of medical schools. I 
think a lot of hard-core scientists and doctors who have 
been trained in the data-oriented scientific approach are 
realizing there’s more to heaven and earth than we really 
know about.” However, she admits that empirical evidence 
is necessary for widespread acceptance. In the United 
States, there are no legal standards concerning the edu- 
cation in aromatherapy, or the certification or occupational 
practice of aromatherapy. Several nonaccredited organi- 
zations offer short courses or correspondence courses, but 
no accredited educational institutions offer majors in aro- 
matherapy. It is safe to say that aromatherapy remains 
outside the mainstream of medical therapy, but it is well 
ensconced in the cosmetic area. 
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ARTIFICIAL INTELLIGENCE 


BACKGROUND 


Artificial intelligence is defined as the application for com- 
puter technology to resemble human thought and action. 
It is also the branch of computer science concerned with 
the development of machines having this ability. Artificial 
intelligence was widely acclaimed in the 1980s as revolu- 
tionary technology. However, when expectations went un- 
realized, its popularity faded. More recently it is reemerg- 
ing with revamped development tools and languages and 
advanced flexibility. The restrictions of expensive, large 
machines and obscure languages have been overcome. 
Many of the lofty early claims have been dismissed and 
replaced with more pragmatic and profitable applications. 
The use of artificial intelligence is subtly in place for a va- 
riety of industrial, business, and consumer applications. 

Areas of artificial intelligence include robotics, machine 
vision, voice recognition, natural language processing, ex- 
pert systems, neural networks, and fuzzy logic. The term 
artificial intelligence was first used in 1956 at a conference 
held at Dartmouth College in Hanover, New Hampshire. 
The basis of the conference was the conjecture that every 
feature of intelligence can be so precisely described that a 
machine can be made to simulate it (1). Since that time 
the field has grown, evolved, fragmented, developed, and 
in many ways become incorporated into mainstream soft- 
ware. 


Robotics 


Robotics, along with computer vision, have been applied in 
food-processing operations for sorting and evaluation. Ro- 
bots are used in manufacturing, performing such functions 
as welding and painting. Labor-intensive, repetitive tasks 
such as those found in packaging have been prime appli- 
cations for robots. Even routine lab testing has incorpo- 
rated robotics when the volume of samples justifies the 
expense. Through artificial intelligence techniques robots 
can function in unstructured situations, performing tasks 
such as identifying objects and selecting and assembling 
them into a unit. 


Machine Vision 


Machine vision is the ability of a machine to look at or see 
objects and to differentiate between those objects intelli- 
gently. A vision system can observe defects even at micro- 
scopic levels. Because of its success, the implementation of 
machine vision is extensive. In the food industry, machine 
vision is used for sorting purposes in quality control appli- 
cations. Machine vision, coupled with neural network- 
based products, is being used to recognize patterns, optical 
characters, and bar codes. 


Voice Recognition 


Voice recognition systems respond to the human voice in- 
stead of a keyboard or other input. In certain industrial 
settings such as package routing, voice recognition has 
been successful. Initially, because of the wide variety in 
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human voice patterns, voice recognition was constrained 
to a narrow range of applications or subjects. The technol- 
ogy has since advanced to common usage in telecommu- 
nications for automated information exchange. 


Natural Language Processing 


Natural language processing allows computer software to 
understand normal conversational commands. Natural 
language is gaining strength in foreign language transla- 
tion. Although syntax often suffers, at least approximate 
translations can be commercially provided and are readily 
available by means of the Internet. In database applica- 
tions, natural language programs translate queries from 
natural language to some database query language. Nat- 
ural language processing is steadily developing in order to 
facilitate the user/computer interface. 


Expert Systems 


Expert systems are computer programs designed to solve 
problems requiring experts. In the field of artificial intel- 
ligence, knowledge-based expert systems received most of 
the early attention. An expert system includes a knowl- 
edge base and an inference engine. The knowledge base is 
the accumulation and representation of knowledge specific 
to a particular task. It is often constructed in the form of 
rules, but methods such as frames and semantic nets are 
also used. Rule-based expert systems rule statements nor- 
mally include a premise and a conclusion, using If and 
Then statements. The inference engine is the system’s ma- 
chinery for selecting and applying knowledge from the 
knowledge base to the specific problem. An inference en- 
gine uses the knowledge base along with responses from 
the user to solve problems. The inference engine takes in- 
formation and proceeds forward through the knowledge 
base looking for a valid path. The engine may either take 
information and proceed forward through the knowledge 
base looking for a valid path, or start with goals and work 
backward until a clear path is found. In conventional pro- 
grams the knowledge base is part of the program, but with 
an expert system it is separate. This distinction makes it 
possible to substitute a new knowledge base for a new task 
in place of the existing knowledge base. Expert systems 
can also be updated readily as new knowledge is discov- 
ered. Expert systems take advantage of an expert’s heu- 
ristics or knowledge from experience. The combination of 
heuristics and learned principles helps account for the 
value of an expert. Usually an expert system is developed 
through an iterative process where an initial program is 
prepared and then developed and improved with addi- 
tional items of knowledge. Expert systems cannot exactly 
model human problem-solving processes, but rather they 
attempt to interact with expert thought concerning specific 
areas of knowledge. Most expert systems allow confidence 
factors in order to express uncertainty. Uncertainty may 
arise from either the stored knowledge base or user re- 
sponses. 

Although an expert system is useful for arriving at a 
solution from numerous options, its range of focus needs 
to be narrow to avoid an excessively complex system. The 
economic advantages of going to the time and expense of 


developing an expert system need to be established. If the 
problem is very simple or if ample resources are already 
available to solve the problem within the company, then 
the investment may not be worthwhile. Some problems are 
too broad or general to be solved by an expert system. To 
be solved by an expert system, the problem would have to 
be solvable to start with by a human expert in the field. 
Expert systems work well with programs where symbolic 
logic and rules are required. 

Expert systems can benefit problem-solving situations 
in which humans suffer from cognitive overload or fail to 
monitor all available information. It can be difficult to si- 
multaneously manipulate all relevant information to ob- 
tain the optimal solution. An expert system may be more 
consistent in certain situations in which there is little time 
to think. Expert systems can often deliver solutions more 
quickly than their human counterparts. They are also 
readily available at any time. Human experts are then able 
to better use their skills on more difficult problems beyond 
the ability of the expert system. The process of building a 
knowledge base can help to clarify and organize an expert's 
logic and thinking process. A disadvantage of an expert 
system is that it can be costly to develop. It also needs to 
be maintained and updated to remain current. 


Neural Networks 


Neural networks attempt to figuratively model the neu- 
rological processes of the brain, in a stimulus/response 
structure. Neural networks essentially recognize patterns 
in data leading from initial events to results. These pro- 
grams are well suited to systems in which traditional sta- 
tistics are not applicable. The technology's power lies in its 
ability to analyze large combinations of variables very 
quickly. The neural network is trained by observing a mul- 
titude of patterns. For many processes indications of prod- 
uct quality parameters, such as moisture, color, texture, 
concentration, or taste, cannot be measured at the point of 
control. Quality labs check samples from the end of the 
line, which is too late for process control, resulting in con- 
siderable scrap or costly rework. Neural networks can be 
trained to predict quality parameters from on-line process 
data at the point of control. This information can then be 
used either manually or automatically for controlling the 
process. Whenever product quality needs to be controlled 
based on measurements taken after the process, neural 
networks are useful. 


Fuzzy Systems 


Fuzzy systems are distinguished primarily by their sup- 
port for a gradual and continuous transition rather than a 
sharp and abrupt change between binary values. Infor- 
mation obtained in food process control may be noisy, in- 
complete, scrambled, erroneous, or generally uncertain (2). 
Fuzzy systems are most suitable for uncertain or approx- 
imate reasoning, particularly systems with a mathemati- 
cal model that is difficult to derive. Designers are able to 
represent descriptive or qualitative expressions such as 
“slow” or “moderately fast” and incorporate them with 
symbolic statements. Integrated circuit manufacturers 
have fabricated chips with built-in fuzzy logic capabilities. 


EXAMPLES 


The addition of an expert system can advise a process con- 
troller when to make adjustments. These devices use pat- 
tern recognition algorithms, calculate control loop perfor- 
mance on-line, and readjust operator intervention. Expert 
systems can help monitor a process and notify operators of 
an out-of-specification situation. Self-tuning controllers 
can also use model-based references where the difference 
in response between the process and the model is used to 
tune the controller and also update the model. A classic 
expert system for process control was designed for advisory 
control of thermal processing in a major soup company (3). 
The expertise of a retiring staff member for troubleshoot- 
ing, start-up, and shutdown of hydrostatic and rotary ster- 
ilizers was captured in an expert system program, saving 
the company up to US$3 million per year. An expert sys- 
tem can respond to user questions, query the user for ad- 
ditional information, and provide a report of the interac- 
tion along with a process and instrumentation diagram. 
Fault analyzers respond to alarms and other process in- 
puts to diagnose abnormal conditions. They can find a pre- 
viously determined pattern in a set of alarm messages. 
Rather than receiving a number of alarms, the operator 
will receive a simplified message stating the recommen- 
dation. Corrective action can then be taken. 

A widely used rule-based expert system from Gensym 
Corp (Cambridge, Mass.), among other applications, has 
been useful in controlling wastewater treatment. The ar- 
rangement of equipment and controls is a complex, time- 
consuming assignment and many factors need to be con- 
sidered. With control-system configuration, operating 
conditions and parameters, objectives, and constraints 
such as equipment limitations can be entered into a pro- 
cess model. The configuration best satisfying all require- 
ments is then presented to the user. 

Neural networks can predict patterns in process data, 
which in turn can be used to control the process as desired. 
With neural network pattern recognition software, re- 
sponses are observed and necessary control adjustments 
are made. Applications have been reported across a wide 
variety of industries. Pattern recognition methods have 
been used for the identification of flours (4). BrainMaker 
(Nevada City, Calif.) has reported a wide variety of appli- 
cations for its neural network product including invest- 
ment advising, heart attack diagnosis, beverage quality 
testing, chemical structure recognition, and protein se- 
quence pattern recognition. The application of neural net- 
works in the dairy industry was recently discussed in an 
Australian seminar (5). Reports included neural networks 
in ultrahigh temperature (UHT) operations, natural lan- 
guage computer control of crucial steps in cheese making, 
and fermentation processes. The effects of transmembrane 
pressure and cross-flow velocity on cross-flow filtration 
were modeled using a neural network approach. Modeling 
was obtained after only five experimental trials for either 
raw cane sugar remelt or natural gum solution (6). The use 
of neural networks for modeling instrumental-sensory re- 
lationships has been investigated. The advantages and dis- 
advantages of using neural networks were compared with 
multivariate linear methods of principal components re- 
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gression (PCR) and partial least-squares (PLS) regression. 
It was concluded that neural networks cannot replace PCR 
and PLS for linear relationships but do offer potential for 
modeling nonlinear relationships (7). 

Questions regarding expansion of neural networks 
when necessary have prompted research on network con- 
figuration. Learning rates for neural networks, which were 
expanded by coupling modules, rather than simply directly 
expanding the existing network were improved. Coupled 
neural networks were found to improve food starch iden- 
tification (8). 

The relationships between process parameters and flow 
rates through ultrafiltration membranes have been ex- 
amined using fuzzy mathematics (9). Main parameters in 
the permeate flow were identified. Fuzzy logic has been 
used in many familiar applications including, home appli- 
ances, video cameras, automobiles, robots, and aircraft. 
One company has developed a hybrid product combining 
neural networks, fuzzy logic, genetic algorithms, and chaos 
theory (Neuristics, Baltimore, Md.). The company main- 
tains this design overcomes limitations of neural networks, 
explaining the logic behind its forecasts. 

Regarding business applications, neural networks have 
been successfully used for bank loan applications. A pro- 
gram called Countrywide Loan Underwriting Expert Sys- 
tem, or CLUES (Brightware, Inc, Novato, CA), evaluates 
a loan file’s strengths and weaknesses in human terms. 
Loans can be approved in less than 2 min compared with 
50 min for human underwriters. Benefits include person- 
nel cost savings and better quality and consistency in un- 
derwriting. Neural networks can be used to set up intelli- 
gent agents for information services. These agents are able 
to automatically locate and retrieve competitive intelli- 
gence information. Consumer electronics industries have 
developed software programs with the ability to operate 
autonomously, performing operations ranging from elec- 
tronic shopping to getting data over the Internet. The 
growth of the Internet may create new artificial intelli- 
gence applications. 


ADVANTAGES/FUTURE DEVELOPMENT 


The many facets of artificial intelligence are able to reduce 
labor costs, improve productivity and quality, and remove 
human bias. Expert systems can act as training tools, both 
during the process of development, as well as during im- 
plementation. Advanced computer-aided systems can im- 
prove food safety, reduce processing times, and achieve 
higher quality and yields at minimal costs if applied cor- 
rectly to the food processing system (10). Human talents 
and abilities can be better utilized and even assisted as 
these programs are made available for process control and 
analysis. 

The large number of computing techniques within the 
very broad terms of artificial intelligence will continue to 
drive many of the advanced applications in science, indus- 
try, and consumer products. Products will continue to im- 
prove in data assimilation and communication, replacing 
an increasing number of tasks previously requiring human 
intervention. 
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Artificial intelligence will continue in importance as it 
becomes embedded in mainstream systems. The different 
components of artificial intelligence are each finding their 
own particular embedded applications. 
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ASEPTIC PROCESSING 
AND PACKAGING SYSTEMS 


In aseptic processing, packages and food product are ster- 
ilized in separate systems. The sterile package is then 
filled with sterile product, closed, and sealed in a sterile 
chamber. Because aseptic processing is a continuous opera- 
tion, the behavior of one part of the system can affect the 
overall performance of the entire system. As a result, there 
are numerous critical factors associated with aseptic pro- 
cessing and packaging often requiring automated control 
systems. Process establishment for aseptic systems must 
consider not only the sterilization of the product, the pro- 
cessing equipment, and downstream piping, but also the 
sterilization of the packaging material and the packaging 
equipment and the maintenance of sterile conditions 
throughout the aseptic system. 


DEFINITIONS 


To assist in the discussion of aseptic processing and pack- 
aging systems, some definitions are presented here. 


Aseptic describes a condition in which there is an ab- 
sence of microorganisms, including viable spores. In the 
food industry, the terms aseptic, sterile, and commer- 
cially sterile are often used interchangeably. 

Aseptic system refers to the entire system necessary to 
produce a commercially sterile product contained in a 
hermetically sealed container. This term includes the 
product processing system and the packaging system. 
Aseptic processing system refers only to the system that 
processes the product and delivers it to a packaging sys- 
tem. 

Aseptic packaging system refers to any piece of equip- 
ment that fills a sterile package or container with sterile 
product and hermetically seals it under aseptic condi- 
tions. These units or systems may also form and ster- 
ilize the package. 


BASIC ASEPTIC SYSTEM 


Figure 1 is a diagram of a simplified aseptic system. Raw 
or unprocessed product is heated, sterilized by holding at 
high temperature for a predetermined amount of time, 
then cooled and delivered to a packaging unit for packag- 
ing. Commercial sterility is maintained throughout the 
system, from product heating to the discharge of hermet- 
ically sealed containers. 


DESCRIPTION OF THE ASEPTIC PROCESSING SYSTEM 


Although the equipment for aseptic processing systems 
varies, all systems have certain common features: 


1. A pumpable product 

2. A means to control and document the flow rate of 
product through the system 

3. A method of heating the product to sterilizing tem- 
peratures 

4. A method of holding product at an elevated tempera- 
ture for a time sufficient for sterilization 

5. A method of cooling product to filling temperature 

6. A means to sterilize the system before production 
and to maintain sterility during production 

7. Adequate safeguards to protect sterility and prevent 
nonsterile product from reaching the packaging 
equipment 


Preproduction Sterilization 


Producing a commercially sterile product cannot be as- 
sured unless the processing system and filler have been 
adequately sterilized before starting production. It is im- 
portant that the system be thoroughly cleaned before ster- 
ilization; otherwise the process may not be effective. Some 
systems, or portions thereof, use saturated steam for ster- 
ilization. However, for most systems, equipment steriliza- 
tion is accomplished by circulation of hot water through 
the system for a sufficient length of time to render it com- 
mercially sterile. When water is used, it is heated in the 
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Artificial intelligence will continue in importance as it 
becomes embedded in mainstream systems. The different 
components of artificial intelligence are each finding their 
own particular embedded applications. 
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produce a commercially sterile product contained in a 
hermetically sealed container. This term includes the 
product processing system and the packaging system. 
Aseptic processing system refers only to the system that 
processes the product and delivers it to a packaging sys- 
tem. 

Aseptic packaging system refers to any piece of equip- 
ment that fills a sterile package or container with sterile 
product and hermetically seals it under aseptic condi- 
tions. These units or systems may also form and ster- 
ilize the package. 


BASIC ASEPTIC SYSTEM 


Figure 1 is a diagram of a simplified aseptic system. Raw 
or unprocessed product is heated, sterilized by holding at 
high temperature for a predetermined amount of time, 
then cooled and delivered to a packaging unit for packag- 
ing. Commercial sterility is maintained throughout the 
system, from product heating to the discharge of hermet- 
ically sealed containers. 


DESCRIPTION OF THE ASEPTIC PROCESSING SYSTEM 


Although the equipment for aseptic processing systems 
varies, all systems have certain common features: 


1. A pumpable product 

2. A means to control and document the flow rate of 
product through the system 

3. A method of heating the product to sterilizing tem- 
peratures 

4. A method of holding product at an elevated tempera- 
ture for a time sufficient for sterilization 

5. A method of cooling product to filling temperature 

6. A means to sterilize the system before production 
and to maintain sterility during production 

7. Adequate safeguards to protect sterility and prevent 
nonsterile product from reaching the packaging 
equipment 


Preproduction Sterilization 


Producing a commercially sterile product cannot be as- 
sured unless the processing system and filler have been 
adequately sterilized before starting production. It is im- 
portant that the system be thoroughly cleaned before ster- 
ilization; otherwise the process may not be effective. Some 
systems, or portions thereof, use saturated steam for ster- 
ilization. However, for most systems, equipment steriliza- 
tion is accomplished by circulation of hot water through 
the system for a sufficient length of time to render it com- 
mercially sterile. When water is used, it is heated in the 
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product heater and then pumped through all downstream 
piping and equipment up to (and generally past) the filler 
valve on the packaging unit. All product contact surfaces 
downstream from the product heater must be maintained 
at or above a specified temperature by continuously cir- 
culating the hot water for a required period of time. 

Surge tanks are generally sterilized with saturated 
steam rather than hot water owing to their large capacity. 
Although sterilization of surge tanks may occur separately, 
it is usually conducted simultaneously with hot water ster- 
ilization of the other equipment. 

To control aseptic system sterilization properly, it is 
necessary that a thermometer or thermocouple be located 
at the coldest point(s) in the system to ensure that 
the proper temperature is maintained throughout. Thus, 
the temperature-measuring device is generally located at 
the most distant point from the heat exchangers. Timing 
of the sterilization cycle begins when the proper tempera- 
ture is obtained at this remote location. If this temperature 
should fall below the minimum, the cycle should be re- 
started after the sterilization temperature is reestab- 
lished. 


Flow Control 


Sterilization time or residence time, as indicated in the 
scheduled process, is directly related to the rate of flow 
of the fastest-moving particle through the system. The 
fastest-moving particle is a function of the flow character- 
istics of the food. Consequently, a process must be designed 
to ensure that product flows through the system at a uni- 
form and constant rate so that the fastest-moving particle 
of food receives at least the minimum amount of heat for 


Figure 1. Simplified diagram of an asep- 
tic processing system. 


the minimum time specified by the scheduled process. This 
constant flow rate is generally achieved with a pump, 
called a timing or metering pump. 

Timing pumps may be variable speed or fixed rate. The 
pumping rate of the fixed-rate pump cannot be changed 
without dismantling the pump. Variable-speed pumps are 
designed to provide flexibility and allow for easy rate 
changes. When a variable-speed pump is used, it must be 
protected against unauthorized changes in the pump speed 
that could affect the rate of product flow through the sys- 
tem. 


Product Heating 


A product heater brings the product to sterilizing tem- 
perature. There are two major categories of product heat- 
ers in aseptic food processing: direct and indirect. 

Direct heating, as the name implies, involves direct con- 
tact between the heating medium (steam) and the product. 
Direct heating systems can be one of two types: steam in- 
jection and steam infusion. 

Steam injection introduces steam into the product in an 
injection chamber as product is pumped through the cham- 
ber (Figure 2). Steam infusion introduces product through 
asteam-filled infusion chamber (Fig. 3). These systems are 
currently limited to homogeneous, low-viscosity products. 

Direct heating has the advantage of very rapid heating, 
which minimizes organoleptic changes in the product. The 
problems of fouling or burn-on of product in the system 
may also be reduced in direct heating systems compared 
with indirect systems. 

There are also some disadvantages. The addition of wa- 
ter (from the condensation of steam in the product) in- 


124 ASEPTIC PROCESSING AND PACKAGING SYSTEMS 


Product inlet 


[J steam 
HB Product 


HW Product and condensed 
steam mixture 


Figure 2. Steam injection. 


Product 
nm oJ 


ee a 


om 


Figure 3. Steam infusion. 


creases product volume. Because this change in volume 
increases product flow rate through the hold tube, it must 
be accounted for when establishing the scheduled process. 
Depending on the product being produced, water that was 
added as steam may need to be removed. Water removal 
is discussed under product cooling. Steam used for direct 
heating must be of culinary quality and must be free of 
noncondensable gases. Thus, strict controls on boiler feed 
water additives must be followed. 

The other major category of product heaters is indirect 
heating units. Indirect heating units have a physical sep- 
aration between the product and the heating medium. 
There are three major types of indirect heating units: 
plate, tubular, and swept-surface heat exchangers. 

Plate heat exchangers are used for homogeneous liquids 
of relatively low viscosity. The plates serve as both a bar- 
rier and a heat-transfer surface with product on one side 
and the heating medium on the other. Each plate is 


gasketed, and a series of plates are held together in a 
press. The number of plates can be adjusted to meet spe- 
cific needs. 

‘Tubular heat exchangers employ either two or three 
concentric tubes instead of plates as heat-transfer sur- 
faces. Product flows through the inner tube of the double- 
tube style and through the middle tube of the triple-tube 
style, with the heating medium in the other tube(s) flowing 
in the opposite direction to the product. In a shell and tube 
heat exchanger (considered a type of tubular exchanger), 
the tube is coiled inside a shell. Product flows through the 
tube while the heating medium flows in the opposite di- 
rection through the shell. As with plate heat exchangers, 
tubular heat exchangers are used for homogeneous prod- 
ucts of low viscosity. 

Scraped-surface heat exchangers are normally used for 
processing more viscous products (Fig. 4). The scraped- 
surface heat exchanger consists of a mutator shaft with 
scraper blades concentrically located within a jacketed, in- 
sulated heat exchange tube. The rotating blades continu- 
ously scrape the product off the wall. This scraping reduces 
buildup of product and burn-on. The heating medium flow- 
ing on the opposite side of the wall is circulating water or 
steam. 

Some systems incorporate the use of product-to-product 
heat exchangers. These devices are either plate or tubular 
heat exchangers with product flowing on both sides of the 
plates or through both sets of tubes. This process allows 
the heat from the hot, sterile product to be transferred to 
the cool incoming, nonsterile product. Energy and cost sav- 
ings can be significant by recycling the heat from sterile 
product. 

When a product-to-product regenerator is used, the re- 
generator must be designed, operated, and controlled so 
that the pressure of the sterilized product in the regener- 
ator is at least 1 psi greater than the pressure of any non- 
sterilized product in the regenerator. This pressure differ- 
ential helps ensure that any leakage in the regenerator 
will be from sterilized product into nonsterilized product. 


Hold Tube 


Once the product has been brought to sterilizing tempera- 
ture in the heater, it flows to a hold tube. The time required 
for the fastest product particle to flow through the hold 
tube is referred to as the residence time. The residence 
time must be equivalent to or greater than the time nec- 
essary at a specific temperature to sterilize the product 
and is specified in the scheduled process. Hold-tube vol- 
ume, which is determined by hold-tube diameter and 
length, combined with the flow rate and flow characteris- 
tics of the product, determines the actual residence time of 
the product in the hold tube. Because the hold tube is es- 
sential for ensuring that the product is held at sterilization 
temperatures for the proper time, certain precautions 
must be followed: 


1. The hold tube must have an upward slope in the di- 
rection of product flow at least 0.25 in./ft to assist in 
eliminating air pockets and prevent self-draining. 
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2. If the hold tube can be taken apart, care should be 
taken that all parts are replaced and that no parts 
are removed or interchanged to make the tube 
shorter or different in diameter. Such accidental al- 
terations could shorten the time the product remains 
in the tube. 

3. If the hold tube can be taken apart, care should be 
exercised when reassembling to ensure that the gas- 
kets do not protrude into the inner surface. The tube 
interior should be smooth and easily cleanable. 

4. There must be no condensate drip on the tube, and 
the tube should not be subjected to drafts or cold air, 
which could affect the product temperature in the 
hold tube. 

5. Heat must not be applied at any point along the hold 
tube. 

6. The product in the hold tube must be maintained 
under a pressure sufficiently above the vapor pres- 
sure of the product at the process temperature to 
prevent flashing or boiling because flashing can de- 
crease the product residence time in the hold tube. 
The prevention of flashing is usually accomplished 
by use of a back-pressure device. 


‘The temperature of the food in the hold tube must be 
monitored at the inlet and outlet of the tube. The tem- 
perature at the inlet of the tube is monitored with a tem- 
perature recorder-controller sensor that must be located at 
the final heater outlet and must be capable of maintaining 
process temperature in the hold tube. A mercury-in-glass 
thermometer or other acceptable temperature-measuring 
device (such as an accurate thermocouple recorder) must 
be installed in the product sterilizer hold tube outlet be- 
tween the hold tube and the cooler inlet. An automatic re- 
cording thermometer sensor must also be located in the 
product at the hold tube outlet between the hold tube and 
cooler to indicate the product temperature. The tempera- 
ture-sensing device chart graduations must not exceed 2°F 
(1°C) within a range of 10°F (6°C) of the required product 
sterilization temperature. 


Product Cooling 


Product flows from the hold tube into a product cooler that 
reduces product temperature before filling. In systems that 
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use indirect heating, the cooler will be a heat exchanger 
that may be heating raw product while cooling sterile prod- 
uct. Those systems that use direct heating will typically 
include a flash chamber or vacuum chamber. The hot prod- 
uct is exposed to a reduced pressure atmosphere within the 
chamber, resulting in product boiling or flashing. The prod- 
uct temperature is lowered, and a portion or all of the 
water that was added to the product during heating is re- 
moved by evaporation. On discharge from the flash cham- 
ber, product may be further cooled in some type of heat 
exchanger. 

Maintaining Sterility 

After the product leaves the hold tube, it is sterile and 
subject to contamination if microorganisms are permitted 
to enter the system. One of the simplest and best ways to 
prevent contamination is to keep the sterile product flow- 
ing and pressurized. A back-pressure device is used to pre- 
vent product from boiling or flashing and maintains the 
entire product system under elevated pressure. 

Effective barriers against microorganisms must be pro- 
vided at all potential contamination points, such as rotat- 
ing or reciprocating shafts and the stems of aseptic valves. 
Steam seals at these locations can provide an effective bar- 
rier, but they must be monitored visually to ensure proper 
functioning. If other types of barriers are used, there must 
be a means provided to permit the operator to monitor the 
proper functioning of the barrier. 


Aseptic Surge Tanks 

Aseptic surge tanks have been used in aseptic systems to 
hold sterile product before packaging. These vessels, which 
range in capacity from about 100 gal to several thousand 
gallons, provide flexibility, especially for systems in which 
the flow rate of a product sterilization system is not com- 
patible with the filling rate of a given packaging unit. If 
the valving that connects a surge tank to the rest of the 
system is designed to allow maximum flexibility, the pack- 
aging and processing functions can be carried out indepen- 
dently, with the surge tank acting as a buffer between the 
two systems. A disadvantage of the surge tank is that all 
sterile product is held together, and if there is a contami- 
nation problem, all product is lost. A sterile air or other 
sterile gas supply system is needed to maintain a protec- 
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tive positive pressure within the tank and to displace the 
contents. This positive pressure must be monitored and 
controlled to protect the tank from contamination. 


Automatic Flow Diversion 


An automatic flow-diversion device may be used in an 
aseptic processing system to prevent the possibility of 
potentially unsterile product from reaching the sterile 
packaging equipment. The flow-diversion device must be 
designed so that it can be sterilized and operated reliably. 
Past experience has shown that flow-diversion valves of 
the gravity drain type should not be used in aseptic sys- 
tems owing to the possibility of recontamination of sterile 
product. Because the design and operation of a flow- 
diversion system is critical, it should be done in accordance 
with the recommendations of an aseptic processing au- 
thority. 


NONTHERMAL PROCESSING 


The major disadvantage of an aseptic processing (and any 
thermal processing system) is that heat treatment results 
in destruction of nutrients and organoleptic properties of 
foods. An alternative to aseptic processing is nonthermal 
preservation of food. Methods of nonthermal preservation 
include Pulsed Electric Field (PEF), High-Pressure Pro- 
cessing (HPP), and Ultraviolet Processing (UV). PEF treat- 
ment and UV are inherently adaptable to a continuous pro- 
cessing system, whereas HPP was developed as a batch 
system, although there is one continuous HPP system. 

PEF is a process that uses very short duration (~2us) 
of high electric field pulses (~30-50 kV) to destroy micro- 
organisms in liquid and other pumpable foods. Research 
has shown that PEF is very effective against vegetative 
microorganisms; however, its effect against spore-forming 
microorganisms is still under study. PEF causes an elec- 
troporation of the semipermeable microbial cell envelope 
causing cell injury and eventual death. 

HPP involves the application of high pressures (up to 
140,000 psi) to food. The high pressure disrupts microbial 
cells and deactivates certain enzymes. Up until recently 
HPP has been a batch operation. However, one company, 
Flow International, has developed a semicontinuous high- 
pressure system that is currently undergoing testing. HPP 
has also been shown to be quite effective on vegetative mi- 
croorganisms; however, for HPP to be effective against 
spore formers, moderate heat (60—70°C) is necessary in 
combination with the high pressure. 

UV processing, as the name implies, uses ultraviolet 
electromagnetic rays to affect microbial destruction. Cur- 
rently, UV has been shown to be effective only against veg- 
etative microorganisms. UV has also been used effectively 
for water treatment. 


ASEPTIC PACKAGING SYSTEMS 


Basic Requirements 


Aseptic packaging units are designed to combine sterile 
product with a sterile package, resulting in a hermetically 


sealed shelf-stable product. As with aseptic processing sys- 
tems, certain features are common to all aseptic packaging 
systems. The packaging units must do the following: 


1. Create and maintain a sterile environment in which 
the package and product can be brought together 

2. Sterilize the product contact surface of the package 

3. Aseptically fill the sterile product into the sterilized 
package 

4. Produce hermetically sealed containers 

5. Monitor and control critical factors 


Sterilization Agents 


Sterilization agents are used in aseptic packaging units to 
sterilize the packaging material and the internal equip- 
ment surfaces to create a sterile packaging environment. 
In general, these agents involve heat, chemicals, high- 
energy radiation, or a combination of these. For aseptic 
packaging equipment the sterilization agents used must 
effectively provide the same degree of protection in terms 
of microbiological safety that traditional sterilization sys- 
tems provide for canned foods. This requirement applies to 
both the food contact surface of the packaging material and 
the internal machine surfaces that constitute the aseptic 
or sterile zone within the machine. The safety and effec- 
tiveness of these agents must be proven and accepted or 
approved by regulatory agencies for packaging commer- 
cially sterile low-acid or acidified foods in hermetically 
sealed containers. Food processors considering use of an 
aseptic packaging unit should request written assurances 
that the equipment has passed such testing and that the 
equipment and sterilizing agents are acceptable to the reg- 
ulatory agencies for their intended use. 

Heat is the most widely used method of sterilization. 
Steam or hot water is commonly used and referred to as 
moist heat. Superheated steam or hot air may also be used 
in certain situations and is referred to as dry heat. Dry 
heat is a much less effective sterilization agent than moist 
heat at the same temperature. Systems that use moist 
heat operate at elevated pressures compared with dry heat. 
systems, which operate at atmospheric pressures. Other 
methods may be used to generate heat, such as microwave 
radiation or infrared light. As new methods are developed, 
they will have to be evaluated by aseptic processing au- 
thorities. 

Chemical agents, primarily hydrogen peroxide, are of- 
ten used in combination with heat as sterilization agents. 
The Food and Drug Administration (FDA) regulations 
specify that a maximum concentration of 35% hydrogen 
peroxide may be used for food contact surfaces. Ifhydrogen 
peroxide is used as a sterilant, the packaging equipment 
must be capable of producing finished packages that also 
meet FDA requirements for residuals. Not more than 0.5 
ppm hydrogen peroxide may be present in tests done with 
distilled water packaged under production conditions. 
These regulations apply also to products regulated by the 
US. Department of Agriculture (USDA). 

Other sterilants, such as high-energy radiation (UV- 
light, y radiation, or electron-beam radiation), could be 
used alone or in combination with existing methods. Com- 


pletely new alternative sterilants may be developed in the 
future. Whatever methods are developed, they will have to 
be proven effective in order to protect the public health and 
will be compared with existing methods. 


Aseptic Zones 


The aseptic zone is the area within the aseptic packaging 
machine that is sterilized and maintained sterile during 
production. This is the area in which the sterile product is 
filled and sealed in the sterile container. The aseptic zone 
begins at the point where the package material is sterilized 
or where presterilized package material is introduced into 
the machine. The area ends after the seal is placed on the 
package and the finished package leaves the sterile area. 
All areas between these two points are considered as part 
of the aseptic zone. 

Before production, the aseptic zone must be brought to 
a condition of commercial sterility analogous to that 
achieved on the packaging material or other sterile product 
contact surfaces. This area may contain a variety of sur- 
faces, including moving parts composed of different mate- 
rials. The sterilant(s) must be uniformly effective and their 
application controllable throughout the entire aseptic 
zone. 

Once the aseptic zone has been sterilized, sterility must 
be maintained during production. The area should be con- 
structed in a manner that provides sterilizable physical 
barriers between sterile and nonsterile areas. Mechanisms 
must be provided to allow sterile packaging materials and 
hermetically sealed finished packages to enter and leave 
the aseptic zone without compromising the sterility of the 
zone. 

The sterility of the aseptic zone can be protected from 
contamination by maintaining the aseptic zone under posi- 
tive pressure of sterile air or other gas. As finished con- 
tainers leave the sterile area, sterile air flows outward, 
preventing contaminants from entering the aseptic area. 
The sterile air pressure within the aseptic zone must be 
kept at a level proven to maintain sterility of the zone. Air 
or gases can be sterilized using various sterilization 
agents, but the most common methods are incineration 
(dry heat) and/or ultrafiltration. 


Production of Aseptic Packages 


A wide variety of aseptic packaging systems are in use to- 
day. These are easily categorized by package type: 


1. Preformed rigid and semirigid containers, including 
a. Metal cans 
b. Composite cans 
c. Plastic cups 
d. Glass containers 
e. Drums 
. Web-fed paperboard laminates and plastic con- 
tainers 
. Partially formed laminated paper containers 
Thermoform-fill-seal containers 
. Preformed bags or pouches 
|. Blow-molded containers 


i 
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A number of different packaging systems are represented 
in these categories. Not all of these systems, however, are 
being used in the United States for aseptic applications. 

Containers in these categories may be sterilized by a 
variety of means. For example, one system utilizing metal 
cans uses superheated steam to sterilize the containers. In 
other systems, preformed plastic cups may be sterilized by 
hydrogen peroxide and heat or by saturated steam. Sys- 
tems using containers formed from paperboard laminates 
also utilize hydrogen peroxide and heat or hydrogen per- 
oxide and ultraviolet irradiation to sterilize packages. 
Thermoform-fill-seal containers may be sterilized by the 
heat of extrusion (dry heat) or by hydrogen peroxide and 
heat. Plastic pouches or bags may be sterilized by gamma 
irradiation, by the heat of extrusion, or by chemical means 
such as hydrogen peroxide. 

Research is now being conducted to explore alternative 
sterilization methods for most categories of packaging. 
Thus, it can be said with some certainty that currently 
familiar equipment may not be state of the art tomorrow. 
Nevertheless, whatever equipment or sterilant or pack- 
aging material is used, the monitoring and control of criti- 
cal factors will be vital to successful operation. 


SUMMARY 


1. Aseptic is a term that describes the absence of mi- 
croorganisms and may be used interchangeably with 
commercial sterility. 

2. An aseptic processing system consists of a timing 
pump, a means to heat the product, a hold tube, and 
a means to cool the product. 

8. The processing system from the hold tube past the 
fillers is brought to a condition of commercial steril- 
ity before the introduction of product into the sys- 
tem. 

4. The thermal process occurs in the hold tube where 
flow rate, or residence time, and temperature are 
critical factors. 

5. In the event ofa process deviation, flow-diversion de- 
vices are used to prevent potentially inadequately 
processed product from reaching the filler. 

6. Aseptic packaging machines create and maintain an 
aseptic zone (sterile environment) in which sterilized 
containers are filled and sealed. 

7. Sterilization agents such as heat, chemicals, high- 
energy radiation, or a combination of these, can be 
used to sterilize packages or machine surfaces. 
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ASEPTIC PROCESSING: OHMIC HEATING 


The recent development of the ohmic heater represents a 
major advance in the continuous processing of particulate 
food products. The ohmic heater uses resistance heating 
within the flow of electrically conducting liquid and partic- 
ulates to provide heat and is capable of handling food prod- 
ucts containing particulates of up to 25 mm. 

When combined with an aseptic container or bag-in-box 
filling system, this new process offers the food processor 
with the possibility of producing high-quality, ready- 
prepared meals containing large quantities of undamaged 
chunks of meat and vegetables, which can be stored at am- 
bient temperatures for long periods of time. The process 
has also been successfully applied to the sterilization of 
diced and sliced fruit at solids concentrations of up to 80% 
drained weight. 


PRINCIPLE OF OHMIC HEATING 


The ohmic heating effect occurs when an electric current 
is passed through a conducting product (Fig. 1). In practice, 
low-frequency alternating current (50 or 60 Hz) from the 
public main supply is used to eliminate the possibility of 
adverse electrochemical reactions and minimize power 
supply complexity and cost. 

In common with microwave heating, electrical energy 
is transformed into thermal energy. However, unlike mi- 
crowave heating, the depth of penetration is virtually un- 
limited and the extent of heating is governed by the spatial 
uniformity of electrical conductivity throughout the prod- 
uct and its residence time in the heater. For most practical 
purposes the product does not experience a large tempera- 
ture gradient within itself as it heats, and liquid and par- 
ticulate are heated virtually simultaneously. The require- 
ment to overprocess the liquid to ensure sterility at the 
center of a large particulate as with scraped surface and 
tubular heat exchangers is therefore reduced. This results 
in less heat damage to the liquid phase and prevents over- 
cooking of the outside of the particulates. 

Another major advantage is that there are no heat 
transfer surfaces, which reduces the possibility of deposit 
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Figure 1. Principle of ohmic heating. 


formation and the transfer of burnt particles to the fin- 
ished product. Nor is there a need for mechanical agitation 
of the product, which can cause loss of true particulate 
identity. 

The applicability of ohmic heating depends on product 
electrical conductivity. Most food preparations contain a 
moderate percentage of free water with dissolved ionic 
salts and hence conduct sufficiently well for the ohmic ef- 
fect to be applied. The system will not directly heat fats, 
oils, alcohol, bone, or crystalline structures such as ice. 


DESIGN OF THE OHMIC HEATER 


The ohmic heater column typically consists of four or 
more electrode housings machined from a solid block of 
poly(tetrafluoroethylene) (PTFE) and encased in stain- 
less steel, each containing a single cantilever electrode 
(Fig. 2). The electrode housing are connected using stain- 
less steel interconnecting tubes lined with an electrically 
insulating plastics liner. Suitable lining materials include 
poly(vinylidene difluoride) (PVDF) and glass. These 
flanged tube sections are bolted together and sealed with 
flat food-grade rubber gaskets. 

The column is mounted in a vertical or near vertical 
position with the flow of product in an upward direction. 
A vent valve positioned at the top of the heater ensures 
the column is always full. The column is configured such 
that each heating section has the same electrical impe- 
dance; hence, the interconnecting tubes generally increase 
in length toward the outlet. This is because the electrical 
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Figure 2. Design of an ohmic heater column. 


conductivity of food products usually increases with in- 
crease in temperature; indeed, for aqueous solutions of ion- 
ized salts there is a linear relationship between tempera- 
ture and electrical conductivity. This phenomenon is 
attributed to increased ionic mobility with increase in tem- 
perature and also applies to most food products. Excep- 
tions could be products in which viscosity increases mark- 
edly at higher temperatures such as those containing 
ungelled starches. 


MEASUREMENT OF ELECTRICAL CONDUCTIVITY OF 
PARTICULATE FOOD PRODUCTS 


Conductivity measurements of products with large parti- 
cles are often impossible using commercially available cells 
because of their small internal clearances. 

As consistent results can only be obtained using a cell 
having a cross-sectional area considerably greater than 
that of the largest particle, APV has developed a special 
cell to overcome this problem, and can now accurately mea- 
sure the conductivity of products containing large partic- 
ulates. 


TEMPERATURE CONTROL OF THE OHMIC HEATER 


Ohmic heating plants are supplied with a fully automatic 
feed-forward temperature control system. Pure feedback is 
not satisfactory due to the time constant in the heater col- 
umn. 

Inlet changes, which will affect the final product outlet 
temperature, are changes in inlet temperature, mass flow 
rate and product specific heat capacity. In the feed-forward 
control system, a microprocessor scans these variables 
including the latter, which is an operator-entered or 
computer-generated variable. It continuously computes 
the electrical power required to heat the product and com- 
pares this value with the signal from a power transducer 
on the output side of the transformer. Feedback monitoring 
is used to prevent any long-term drift in outlet tempera- 
ture. 


ASEPTIC PROCESSING USING THE OHMIC HEATER 


The ohmic heater assembly can be visualized in the context 
of a complete product sterilization or cooking process. A 
typical line diagram of such a plant is shown in Figure 3. 
In common with other types of continuous systems, careful 
design of the ancillary process equipment is necessary, and 
once heated, the product must be cooled by more conven- 
tional means such as scraped surface or tubular heat ex- 
changers. The latter is generally preferred for particulate 
processing to maximize the greatest advantage of ohmic 
heating, that of a minimal structural damage to the par- 
ticulates. 

Presterilization of the ohmic heater assembly, holding 
tube and coolers, is carried out by recirculation of a solu- 
tion of sodium sulfate at a concentration that approxi- 
mates the electrical conductivity of the food material that 
will subsequently be processed. Sterilization temperatures 
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are achieved through the passage of electrical current and 
backpressure is controlled using a backpressure valve. The 
aseptic storage reservoir, interface catch tank, and con- 
necting pipework to the filler are sterilized by traditional 
steam methods. 

The use of sterilizing solution of similar product elec- 
trical conductivity minimizes adjustment of electrical 
power during subsequent change to product, thus ensuring 
a smooth and efficient changeover period with little tem- 
perature fluctuation. 

Once the plant has been sterilized, the recycled solution 
is cooled using a heat exchanger in the recirculation line. 
When steady-state conditions are reached, sterilizing so- 
lution is run to drain and product introduced into the hop- 
per of a positive displacement feed pump. Typically, this 
might be an auger-fed mono or rotary or a Marlen recip- 
rocating piston pump. Product is usually prepared in pre- 
mix vessels, which can incorporate preheating, or blanch- 
ing operations. 

Backpressure during the changeover period is con- 
trolled by regulation of top pressure in a catch tank using 
sterile compressed air or nitrogen. This tank serves to col- 
lect the sodium sulfate/product interface. Once the inter- 
face has been collected, product is diverted to the main 
aseptic storage vessel where top pressure is similarly used 
to control backpressure in the system. 

Backpressure is maintained at a constant 1 bar when 
sterilizing high-acid food products at temperatures of 90 to 
95°C. A 4-bar backpressure is used for low-acid food prod- 
ucts where sterilization temperatures of 120 to 140°C are 
necessary. Safety features are incorporated to ensure 
power is automatically switched off should there be any 
loss of pressure. 

The use of pressurized storage vessels has proven to be 
an extremely effective method of controlling backpressure 
in pilot-plant heaters where throughputs are typically less 
than 750 kg/h. In larger systems operating in excess of 2 
t/h, aseptic positive displacement pump downstream of the 
cooler can be used as an alternative depending on the com- 
position of the food product. This alternative overcomes the 
requirement for two aseptic storage vessels in order for the 
system to continuously feed product to the filling machine. 

Product is progressively heated to the required sterili- 
zation temperature as it rises through the ohmic heater 
assembly. It then enters an air-insulated holding tube be- 
fore being cooled in a series of tubular heat exchangers. 
More rapid cooling can be achieved with some products in 
which the final particulate level will be less than 40%. This 
system involves a combination of ohmic and traditional 
heat treatment and takes advantage of the capability of 
the ohmic heater in being able to process products contain- 
ing up to 80% particulates. During preparation, the prod- 
uct is formulated into a high concentration particulate 
stream and a separate liquid stream. The liquid stream is 
conventionally sterilized and cooled in a plate or tubular 
heat exchanger system before being injected into the par- 
ticulate stream leaving the holding tube of the ohmic 
heater. Such operation has the advantage that it reduces 
the capital and operating cost for a given throughput. It 
also allows the electrical conductivity of the carrier fluid 
in the ohmic heater to be more closely matched to that of 
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Figure 3. Ohmic plant line diagram. 


the particulate, should they be markedly different, by ma- 
nipulation of the dissolved ionic contents of the two pro- 
cessing streams. This assists in ensuring that both partic- 
ulates and carrier fluid are heated at the same rate. 

After cooling, product enters the main storage reservoir 
prior to aseptic filling. It is not usually necessary to carry 
out intermediate cleaning and/or resterilization of the 
plant when several different products are processed. This 
is due to the almost complete absence of fouling with most 
food materials. After one product is processed, the plant is 
flushed with a food-compatible liquid or base sauce before 
introducing the next product. The catch tank is used to 
collect product/sauce interfaces. 

When food processing is complete, the power is turned 
off and the plant rinsed with water. This is followed by 
cleaning with a 2% (w/v) solution of caustic soda recircu- 
lated at 60 to 70°C for 30 min. Heating of the cleaning 
solution is by standard methods and not using the ohmic 
principle. This is because the electrical conductivity of the 
cleaning solution is too high for the ohmic principle to be 
applied. 


PRODUCT QUALITY 


Included in the list of perceived advantages of continuous 
aseptic processing (Fig. 4) is that of improved product qual- 
ity, with the basic standard being set by products sterilized 
by traditional canning methods. 

These quality standards include microbiological safety 
(ie, process lethality), cooking effects, and nutrient/ 
vitamin retention. Unlike other processes requiring heat 
penetration, either from the outside to the center of a can 
(in-can sterilization) or from the outside of the particulate 
to the center (tubular or swept surface), ohmic has the abil- 
ity to provide exceptionally fast heating of all of the prod- 
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« Fresher tasting, more nutritional products can be 
produced containing large particulates. 

© There is ability to heat food product in continuous flow 
without the need for any hot heat transfer surfaces. 

‘* Process is ideal for shear-sensitive products. 

© Risk of fouling is considerably reduced. 

© Heat can be generated in the product solids without 
reliance on thermal conductivity through liquid. 

System is quiet in operation. 

* Maintenance costs are lower. 

© Process is easy to contro! and can be started or shut 
down instantly. 

© There are potential savings in processing and 
packaging costs. 


Figure 4. Advantages of electrical resistance heating. 


uct virtually simultaneously; this provides a high degree 
of microbiological security, as there is a very narrow range 
of lethality from the surface to the center of the particu- 
lates. 

In a 1996 publication by Kim et al. (2), a team involving 
the U.S. Army Soldier and Biological Chemical Command 
and APV UK Ltd., had demonstrated that not only the cen- 
ter temperature of a particulate rises faster than the sur- 
face, but also particulates could heat faster than fluid in 
ohmic heating. A higher temperature of the particulates 
provided additional heat to the surrounding fluid as both 
phases exited the ohmic column and entered the holding 
tube. Therefore a higher temperature reading was regis- 
tered at the outlet than that at the inlet of holding tube 
(Fig. 5). They also suggested that lethality estimation of 
microorganisms based on fluid temperature at the ohmic 
column outlet would be very conservative. This is a very 
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Figure 5. Fluid temperature increases in the holding tube in 
ohmic heating. Bottom: ohmic column outlet; top: holding tube 
exit. 


important information for the application of regulatory ap- 
proval of such novel technology. 

Challenge tests carried out (on now commercially avail- 
able products) by the Campden Food and Drink Research 
Association have involved particulates of meat and vege- 
table up to 19 mm cube. An average of 10 million spores of 
Bacillus stearothermophilus per particle embedded in a 
food/alginate mixture were included in batches of mince 
and mushrooms in bolognese sauce, and in kidney, peas, 
and gravy, in order to determine the lethality at the center 
and throughout particles of various sizes from 3 mm to 19 
mm, 

The results obtained (Table 1) demonstrate the high 
level of microbiological security of the process and the very 
narrow range of lethality from the surface to the center of 
the particulates. 

‘The cook value (Co) of a process is also a function of time 
and temperature (dependent upon the viscosity of the 
product). For small cans, Fy values for viscous products can 
typically range from 5 to 300 resulting in high cook values. 
Larger cans will show even greater variations in Fy values 


‘Table 1. Lethality Tests of APV Ohmic System on Bacillus 
stearothermophilus 


Number 
of  Fyrange, Standard 
Particle type particles min Mean _ deviation 
Run 
Mince (5 mm) 41 23.6-34.3 27.9 22 
Mushroom (19mm) 16 34.9-40.3 87.9 14 
Mushroom (3 mm) 6 319-418 36.0 4.1 
Run2 
Pea (5 mm) 28 = 83.7-46.4 385 28 
Kidney (19 mm) 30 47-62.8 54.8 38 
Kidney (3 mm) 20 45.6-56.2 50.2 3.2 
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and higher degrees of overcook to achieve satisfactory Fy 
values at the center. 

Continuous systems using heat penetration will also 
have wide variations in Fy values from the center of the 
particulate to the surface, the variation depending greatly 
on the size of the particulate, the ratio of solids to liquid 
(as the carrier fluid must provide the excess heat required 
to penetrate the particulate), and the sterilization tem- 
perature selected. 

Fig. 6 and Fig. 7 show the Fy value given to the carrier 
fluid to achieve a minimal F value of 5 in the center of the 
particulate, and the processing times required at various 
temperatures. It can be seen that for particulates larger 
than 10 mm, a considerable wide range of Fy values result 
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Figure 6. Liquid F, necessary to obtain Fy = 5 in center of par- 
ticulate. 
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Figure 7. Time taken to reach Fo = 5 in center of particulate. 
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Figure 8. Cooking values versus temperature 


irrespective of the sterilization temperature. This results 
in undesirable overcooking of the carrier fluid and the out- 
side surface of the particulates. For example, processing a 
19-mm particle to a minimum Fy value of 5 at a steriliza- 
tion temperature of 135°C will require the carrier fluid to 
have had an equivalent Fy treatment of 108, as the heat 
penetration time will have been the order of 4 min. In con- 
trast, ohmic heating can achieve a high Fy level with a low 
value of cook and nutrient/vitamin destruction. Figure 8 
shows the effect of processing temperature on Fy and Co. 
The Cy value is based on a Z value of 33 and is calculated 
as 


10°(7) 


where y is the [CC — 100)/Z] and T is the time, min. Ster- 
ilization at 140°C to a virtually uniform Fo of 24 equates 
to a likewise uniform Cp value of less than 5. 

This relationship allows such products as diced potato 
to be subjected to an Fy value greater than 24 and still not 
be fully cooked; thus, the particle retains its sharp edges 
throughout the process. Indeed such products processed 
through the ohmic system therefore require further cook- 
ing (as part of the reheat process) by the end user. 

The ability to heat particulates uniformly, without me- 
chanical damage, with lower nutrient and vitamin loss, 
and with no fouling of heat transfer surfaces leaves no 
doubt that ohmic heating will play a major role in the grow- 
ing requirement for aseptic food products containing large 
particulates, as it provides the food processor with an op- 
portunity to produce new high-quality, long-life products 
previously unseen with alternative sterilization tech- 
niques. 

Typical of such high-quality added-value products are 
those already fully tested that contain meat chunks, 
shrimps, baked beans, mushrooms, diced or sliced vege- 
tables, pasta, whole strawberries, black currants, black- 
berries and sliced kiwi fruit. 
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BAKERY LEAVENING AGENTS 


All baked foods are leavened. Even unleavened bread such 
as matzoh is raised by the steam generated during baking. 
Normally, leavening is thought of as being due to the prod- 
ucts of fermentation (carbon dioxide, alcohol) or to CO, 
generated by chemical reactions. However, the expansion 
of air incorporated into a dough during mixing and the for- 
mation of steam, from water in the dough, also cause the 
baking piece to expand. If this does not happen, the prod- 
uct is dense and unappetizing. This article discusses leav- 
ening obtained by chemical reactions as well as from yeast 
fermentation. 


CHEMICAL LEAVENING 


The common form of chemical leavening involves a food 
acid and soda (sodium bicarbonate). The soda dissolves 
readily in the aqueous phase of the dough or batter. When 
the acid dissolves, the hydrogen ion reacts with bicarbon- 
ate ion, releasing carbon dioxide (CO,), which expands the 
baking piece. Water-vapor pressure increases as the inter- 
nal temperature of the bakery item increases. Air incor- 
porated during dough mixing also expands. Finally, certain 
materials, notably ammonium bicarbonate, decompose on 
heating and generate gases that leaven the product. 

Air 

During dough mixing air is incorporated as numerous 
small bubbles (1,2). The actual amount varies, but with an 
ordinary horizontal mixer a bread dough contains about 15 
to 20% air by volume. If yeast fermentation is occurring, 
this volume shrinks by 20% owing to oxygen depletion (3), 
and during baking, the nitrogen remaining expands by 
17% owing to temperature rise, so the net leavening con- 
tribution due to air is nil. In the absence of yeast, thermal 
expansion is still only 17%, so the overall effect is small. 

In cookie doughs and cake batters the amount of air 
retained is variable. In a standard sugar cookie dough, for 
example, the dough contains about 10% air by volume (4). 
Cake batter specific gravity may vary from 0.60 to 1.10 
g/mL, depending on the formulation and emulsifier system 
used. The density of air-free batter is about 1.30 g/mL (5), 
so the amount of air in the batter may range from 15 to 
55% by volume. Even at the highest level, however, the 
thermal expansion of this air contributes only slightly to 
the final volume of the cake. 

Nevertheless, it is important to get good air incorpora- 
tion in the dough or batter during mixing, because the air 
bubbles serve as nuclei for other leavening gases. The in- 
ternal pressure produced by the surface tension of a gas 
bubble is inversely related to bubble diameter. If a small 
bubble and a large bubble are near each other, the gas 
diffuses from the small one to the large one, and the small 
bubble disappears. If no gas bubbles are already present 
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in, say, a cake batter when baking is begun, then the CO, 
that is formed by the chemical reactions in the batter has 
no place to go, because a new bubble cannot form (with a 
zero radius the surface tension is infinite). If the cake bat- 
ter contains relatively few air bubbles, the CO, diffuses to 
these, and the resulting cake has a coarse, open grain, of- 
ten accompanied by tunnels. With many small air nuclei, 
the grain is fine and close. 

Surfactants aid incorporation and subdivision of air into 
dough (2). Emulsifiers help incorporate air into shortening 
during the preparation of cookie doughs and cake batters. 
Tn all cases the presence of many air bubbles for nucleation 
is an important part of any leavening action. 


Steam 


The formation of steam by evaporation of water would 
seem to be important only when the temperature in the 
baking piece exceeds 100°C in items such as cookies, crack- 
ers, and snacks such as tortilla chips. Also, it has been 
suggested that the water present in roll-in margarine, 
used in making puff pastry, evaporates and helps to give 
the characteristic open structure of this product. Extruded 
goods, of course, depend almost entirely on steam for their 
expansion. 

The vapor pressure of water increases with increasing 
temperature, and this increased pressure can expand the 
gas bubbles in cake batter and in bread. In calculations of 
the expansion of sponge-cake batter (which contained no 
soda for chemical leavening), it was found that the theo- 
retical curves (which took into account the thermal expan- 
sion of the air) fitted the experimental measurements 
within a few percent (5). When theoretical expansion for 
bread dough in the oven (see “Oven Spring”) was calcu- 
lated, it was concluded that water evaporation accounted 
for 60% of the total volume increase (6). 


Ammonium Bicarbonate 


Ammonium bicarbonate is often used as a supplementary 
leavening agent for cookies and snack crackers. At room 
temperature, dissolved in the dough water, it is stable, but 
when the temperature reaches 40°C (104°F) in the early 
stages of the oven, it decomposes: 


NH,HCO, > NH, + CO, + H,0 


One mole of ammonium bicarbonate (79 g, or 2.8 0z) gives 
2 mol of gas (44.8 L, or ca 1.6 ft°). 

This potential for extensive gas formation means that 
ammonium bicarbonate must be uniformly distributed 
throughout the dough; the presence of small undissolved 
pieces would give rather large blowouts in the product. 
Ammonium bicarbonate is usually dissolved in a few 
quarts of warm water and then added to the mixer along 
with the other water. 

Because ammonia is water soluble, this leavener is ap- 
plicable only in low-moisture products. If the finished 
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moisture is above 5% (say, in a soft cookie), the water will 
retain some of the NH, and the product has a character- 
istic ammonia taste. In contrast to this general rule, am- 
monium bicarbonate is sometimes added to eclair and pop- 
over doughs (paté de choux). In this case the combination 
of high baking temperatures, thin walls, and a large inter- 
nal cavity allows enough space for ammonia to diffuse out 
of the baked good. 


Sodium Bicarbonate 


Baking soda (sodium bicarbonate) has been the workhorse 
chemical leavener of baked goods for well over a century. 
In most cases it is combined with a leavening acid to form 
COz, but soda itself undergoes thermal decomposition: 


2NaHCO, + heat + Na,CO, + CO, + H,0 


This reaction usually requires rather high temperatures 
(> 120°C) to happen at an appreciable rate, so using soda 
as a sole leavening agent is restricted mainly to cookies 
and snack crackers in which the internal temperatures can 
approach this range. 

The more usual reaction is with hydrogen ions from 
leavening acids: 


NaHCO, + H* + Na* + CO, + H,0 


Soda is readily soluble in water (saturation solubility of 
6.5% at 0°C, 14.7% at 60°C) and dissolves in the dough or 
batter water during mixing. The rate of reaction is gov- 
erned by the rate of dissolution of the leavening acid (see 
“Leavening Acids”); no H* is present until the acid dis- 
solves and ionizes. Of course, the soda can react with acidic 
ingredients in the formula such as buttermilk and even 
flour itself. Chlorinated cake flour, which is more acidic 
than ordinary pastry flour, will neutralize about 0.27 g of 
soda per 100g of flour. Soda is a mild alkali; the pH of an 
aqueous solution is about 8.2. Increasing the amount of 
soda in a formula raises the pH of the dough, for example, 
in raising the dough pH of saltine crackers to 7.4. Excess 
soda (more than that neutralized by available leavening 
acid) is added to devil’s food cake batter to raise the pH of 
the finished cake crumb to about 7.8 and generate the dark 
chocolate color desired (cocoa is lighter colored in mild acid, 
darker colored in mild alkali). 

Sodium bicarbonate is available in various granulations 
(Table 1); it is important to choose the correct one for the 


Table 1. Sodium Bicarbonate Granulation 


application. If the ingredient is added at the mixer, and 
the dough or batter will be processed fairly quickly, then 
rapid dissolution is wanted and No. 3 (fine powdered) or 
No. 1 (powdered) would be appropriate. At the other ex- 
treme is the inclusion of soda in a dry mix (eg, cake, cake 
doughnut) that is packaged and stored for a period of time 
before use. In this case thermal decomposition of the dry 
powder becomes a factor. Grade No. 1 (powdered) decom- 
poses 50% faster than grade No. 5 (coarse granular) in this 
situation. A loss of 2 to 4% per week at 50°C (122°F) and 
0.5 to 1% at 30°C has been reported. A common practice is 
to add 5 to 10% more than needed when the dry mix is 
blended, in the hope that when the mix is used (with un- 
controlled variables of age and storage temperatures), the 
amount of soda will be adequate to perform as expected. It 
would be preferable to use grade No. 4 (granular) or No. 5 
(coarse granular) for this application and reduce the 
amount of overage in the dry mix. 


Potassium Bicarbonate 


Recently this material has become commercially available 
as a substitute for sodium bicarbonate; it is functionally 
equivalent but lowers the sodium content of the finished 
product. As shown in Table 1 the granulation grade cur- 
rently offered is intermediate between No. 4 (granular) 
and No. 5 (coarse granular) sodium bicarbonate. The effect 
on pH and the reactions to CO, are the same. Because the 
molecular weight is greater (100.11 for KHCO, vs 84.01 
for NaHCOs), 19% more is required to get the same effect; 
10 lb of sodium bicarbonate is replaced with 11.9 Ib (11 Ib 
14-1/4 02) of potassium bicarbonate. 

A review of bicarbonates for leavening has been pub- 
lished (7). 


Leavening Acids 


The traditional acidulants for baking were vinegar (acetic 
acid), lemon juice (citric acid), cream of tartar (potassium 
acid tartrate), or sour milk (lactic and acetic acids). In all 
cases the acid reacted with the soda as soon as they were 
mixed and the baker relied on batter viscosity to retain the 
CO, until the cake or cookie was baked in the oven. In 1864 
monocalcium phosphate hydrate was patented for use in 
making a commercial baking powder. Later (ca 1885) so- 
dium aluminum sulfate began to be used; this compound 
has a low solubility in water at room temperature and es- 
sentially none in the aqueous phase of a batter, so it does 
not release CO, until late in the baking cycle. The combi- 


Grade number 


Cumulative % retained, minimum-maximum 


USS sieve: 60 70 80 100 140 170 200 325 
Microns: 250 210 177 149 105 88 4 44 

1. Powdered 02 20-45 60-100 
2. Fine granular O-Tr 0-2 70-100 90-100 
3. Fine powdered 0-Tr 05 0-20 20-50 
4. Granular O-Tr 0-2 80-100 93-100 
5. Coarse granular 0-8 0-35 65-100 95-100 

6. Potassium bicarbonate 0-5 40-60 80-100 


nation of the two leavening acids gave rise to double-acting 
baking powder. During the first third of the twentieth cen- 
tury a number of phosphate compounds were studied, and 
the range of leavening acids available today to formulators 
was developed. These acids have the advantage of con- 
trolled and predictable rates of CO2 release and account 
for essentially all commercial leavening acids sold today. 
Several good reviews on the properties and uses of leav- 
ening acids have been published (8-12) that give more de- 
tails about various specific applications. 

Table 2 lists the leavening acids and the chemical re- 
actions that occur when they dissolve in water to liberate 
H*. Of use to the formulator are the neutralizing value 
(NV) and the equivalence value (EV). Suppliers character- 
ize their products by NV, which is defined as the pounds of 
sodium bicarbonate that are neutralized by 100 Ib of the 
acid. When developing product formulas, it is more con- 
venient to use EV; for example, if 2% soda is included in 
the formula, 2.78% sodium acid pyrophosphate (SAPP) is 
added to achieve exact equivalence. 

Neutralizing value is determined by experimental titra- 
tion (9,10). The yield of H* shown in Table 2 corresponds 
to NV, although there are some discrepancies. For in- 
stance, dicalcium phosphate dihydrate (DCP.Di) should 
yield 2.15 H* to have an NV of 35. One that is even more 
puzzling is the reaction of SAPP. The pyrophosphate ion 
has four ionization constants, the first two of which are 
neutralized during manufacture of disodium pyrophos- 
phate. The additional ionization constants for the dihydro- 
gen dianion formed on solution in water are 5.77 for pK, 
and 8.22 for pK,. In a cake batter at pH 7 the dianion 
should yield only 1.1 H*, equivalent to an NV of 42, but in 
actual fact NV is 72 as shown in the table. Obviously other, 
unrecognized, reactions occur that increase the acidifying 
potential of SAPP. Neutralizing value (and EV) are for 
practical guidance; the reactions are for interest and edi- 
fication. 


Reaction Rates. Two kinds of reaction rates are of inter- 
est to bakers: (1) immediate, at room temperature; and 


Table 2. Reactions of Leavening Agents 
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(2) during baking. Both are functions of the solubility of 
the leavening acid. The first rate, called the dough reaction 
rate (DRR), is measured by mixing all the dry ingredients 
(cake flour, nonfat dry milk, shortening, salt, soda, and 
leavening acid), adding water, stirring briefly, and then 
measuring the evolution of gas at 27°C for 10 min (13). In 
the absence of leavening acid there is a blank reaction of 
about 20% of the soda due to acidity of the flour and dry 
milk. Monocalcium phosphate monohydrate (MCP.H,0) 
reacts about as quickly as cream of tartar; that is, it is a 
very fast acting acid. Anhydrous MCP is about 80% as re- 
active. Dicalcium phosphate dihydrate (DCP.Di) is essen- 
tially unreactive under these conditions, as are sodium 
aluminum phosphate (SAIP) and sodium acid pyrophos- 
phate for refrigerated dough (SAPP-RD). The various 
grades of SAPP (see the following discussion) show in- 
creasing extents of reaction, with the reaction rate for so- 
dium aluminum sulfate (SAS) being somewhere in the 
middle of the SAPPs (9) and dimagnesium phosphate 
(DMP) slightly slower than SAIP. 

Baking (temperature-dependent) reaction rates mea- 
sure the rate of CO, release from a dough at various tem- 
peratures. The rate is actually governed by the solubility 
of the acid. A slow acid such as SAIP is nearly insoluble at 
room temperature, so it cannot ionize to give H* for re- 
action with soda; as the temperature rises, the material 
dissolves and starts to perform its function. Figure 1 shows 
the rates for several leavening acids (8,9,14). The ranking 
of acids is the same as that given by the DRR test, but 
Figure 1 is useful in choosing acids for giving lift at various 
points in the baking cycle. For instance, MCP hydrate gen- 
erates CO, in a cake batter during mixing, whereas SAIP 
starts to leaven the cake only midway through the baking 
cycle. DCP.Di is effectively unreactive (insoluble) until the 
temperature reaches about 80°C, near the end of the bake 
cycle. However, it has value in triggering a late release of 
CO,, which helps prevent dipped centers or fallen layer 
cakes. 

Sodium acid pyrophosphate is provided in various 
grades ranging from fast to slow baking reaction rates. Al- 


Leavening acid NV’ EV’ 


Reaction 


Monobasic calcium 


phosphate (MCP) 80° 1.254 
Sodium acid pyrophosphate 

(SAPP) 72 1.39 
Sodium aluminum 

phosphate (SAIP) 100 1.00 
Sodium aluminum sulfate 

(SAS) 104 0.96 
Dimagnesium phosphate 

(DMP) 40 2.50 
Dicalcium phosphate - 2H,0 

(DCPDi) 35 (2.86 


3Ca(H,PO,) + Cag(PO,). + 3HPO3- + H,PO; + 7H* 

Na;H,P,0,-2Na* + P,0?- + 2H* 

NaH,,Al,(PO,)s - 4H,0 + 5H,0 + 3Al(OH), + Na* + 4HjPO; + 4HPO}- + 11H* 
NaAl(SO,)p + 3H,0 + AI(OH), + Na* + 2803- + 3H* 

MgHPO, - 3H,0~ Mg(OH), + H,PO; + H* + H,0 


3CaHPO, - 2H,0 > Ca,(PO,), + HPO}- + 6H,O + 2H* 


“Neutralizing value, grams of NAHCO, neutralized by 100 g of the leavening acid. 
*Equivalence value = 100/NV: grams of leavening acid to neutralize 1 g of NaHCO. 


‘NV is 83 for anhydrous MCP, 80 for the monohydrate form. 
EV is 1.20 for anhydrous MCP, 1.25 for the monohydrate form. 
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Figure 1. The rate of reaction of various leavening acids as a function of temperature. The width 
of the triangles indicates the rate of reaction. MCP is the fastest-acting acid, while DCPDi is the 
slowest leavening acid. Source: Ref. 9 (data for MGP from B. Heidolph, personal communication). 


though the basic molecule is the same in all cases, Ca** 
slows the dissolution rate of SAPP granules. Thus the in- 
clusion of milk in a SAPP-leavened formulation (eg, a pan- 
cake batter) delays the time of leavening slightly. The vari- 
ous reaction grades are made by intentionally adding a 
certain amount of Ca** to the disodium salt during man- 
ufacture (adjustments in granule size also control disso- 
lution rate). The grade designations used by Monsanto 
Chemical Co. range from SAPP-43 (the fastest) through 40, 
87, and 28 to 21 (formerly called SAPP RD-1, the slowest). 
The corresponding grades marketed by Stauffer Chemical 
Co. (now a division of Rhone-Poulenc) are named Perfec- 
tion, Donut Pyro, Victor Cream, BP Pyro, and SAPP #4. 
The slowest grade is used in making refrigerated biscuits 
and doughs, whereas for other uses (cakes, cake dough- 
nuts, biscuits, and pancakes) a combination of SAPP acids 
is used to get continuous leavening throughout the baking 
cycle. 

The high reaction rate of MCP may be moderated by 
coating it with a somewhat insoluble material. This coat- 
ing dissolves slowly with time, allowing the MCP to then 
dissolve and form H*. Instead of 70% of the reaction oc- 
curring during the first 10 min after mixing, coated MCP 
typically gives 20% reaction immediately and then the 
other 50% over the next 30 min. 

The slow-reacting SAIP and DMP leavening acids are 
useful in pancake and waffle batter for restaurant use, 
where little or no evolution of CO, is desired during the 
holding period between uses. 


Formula Balance. Some of the ions found in leavening 
acids may influence other properties of certain baked 
goods. The pyrophosphate ion gives a certain taste that is 
detectable by some people. Aluminum ion plays a role in 
developing optimum layer cake structure (15), and SAIP 
and/or SAS is useful as part of the leavening system. So- 


dium aluminum sulfate is reported to contribute to rancid- 
ity in dry cake mixes stored for a long time. Calcium ion 
also helps set protein structure and contributes to fine 
grain in cakes and cake doughnuts. One leavening acid 
may be selected over another with an equivalent reaction 
rate just to take advantage of these ion effects. 
Developing a formulation with a properly balanced 
chemical leavening system is partly science and partly 
art—preplanning followed by trial and adjustment. The se- 
lection of timing of the leavening acids, the ratio between 
the various ones that might be used, the total amount of 
COg, required, and the amount of excess of sodium bicar- 
bonate desired are all factors that interplay with other in- 
gredients and structural functionalities in the baked 
goods. Achieving the correct leavening balance in a partic- 
ular formula requires a certain amount of trial and error. 


Baking Powder 


In the latter part of the nineteenth century, baking pow- 
ders were developed that combined both parts of the chem- 
ical leavening system—baking soda and a leavening acid. 
The first baking powder contained only one leavening acid, 
anhydrous MCP, and reacted fairly quickly in cake batters, 
biscuits, and so on. Soon afterward, sodium aluminum sul- 
fate was incorporated; this gives leavening action during 
the middle of the baking process, in addition to the early 
action due to the MCP. This double-acting baking powder 
was a great success. In Table 3 some typical compositions 
of baking powders are shown. In addition to the soda and 
acid, various fillers and calcium salts are also included. 
The level of potential leavening gas is nearly constant: it 
is the amount of CO, equivalent to 28% sodium bicarbon- 
ate in the single-acting powder, and carbon dioxide equiv- 
alent to 30% soda in all the double-acting types. Thus these 
powders are interchangeable from the standpoint of the 
amount of leavening achieved during baking. 
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Table 3. Baking Powder Compositions 
Double-acting types 
Single-acting Household Commercial 
Sodium bicarbonate, granular 28.0 30.0 30.0 30.0 30.0 30.0 30.0 
Monocalcium phosphate, hydrate 87 12.0 5.0 5.0 5.0 
Monocalcium phosphate, anhydrous 34.0 
Sodium aluminum sulfate 21.0 21.0 26.0 
Sodium acid pyrophosphate 38.0 44.0 38.0 
Cornstarch, redried 38.0 26.6 37.0 19.0 24.5 26.0 27.0 
Calcium sulfate 13.7 
Calcium carbonate 20.0 
Calcium lactate 2.5 
Note: Composition given in percentage of each ingredient in the baking powder. 
Household double-acting baking powder is based on Dough temperature (°C) 
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ening effect of CO. and ethanol is more important. In this 
article only the leavening action of yeast in baked goods is 
discussed. 


Oven Spring 


The use of yeast in bread production gives a product con- 
taining many small gas cells—leavened bread. By the end 
of the proofing period the aqueous phase of the bread is 
saturated with CO, and the volume has roughly doubled 
owing to the pressure of CO, that has diffused to air cells 
or bubble nuclei. During the first part of the bake cycle the 
loaf expands; then at some temperature the matrix sets, 
expansion stops, and the rest of the baking time is for the 
purpose of starch gelatinization, crust coloring, flavor de- 
velopment, and so on. The increase in loaf volume during 
baking is called oven spring (16). The magnitude of oven 
spring depends on two factors: (1) generation and expan- 
sion of gases; and (2) the amount of time available for loaf 
expansion before the structure sets. The first factor is pri- 
marily a function of yeast fermentation; the second one is 
affected by dough components such as shortening, surfac- 
tants, gluten protein, and flour lipids. 

The influence of several dough components on finished 
volume has been explored (17,18). A key observation is 
shown in Figure 2 (18,19). Dough with or without short- 
ening expands at the same rate initially, but at 55°C the 
structure of the fat-free dough begins to set, slowing the 
expansion rate. In the presence of 3% shortening, dough 


Figure 2. The increase in volume of bread dough in a resistance- 
heating oven. Doughs contained no shortening or 3% (flour basis) 
shortening. Initial rate of expansion is the same for both doughs. 
In the absence of shortening some (as yet unknown) event takes 
place at 55°C that results in a decreased rate of expansion. This 
slowdown occurs at about 75°C in the presence of shortening. Both 
loaves cease all expansion at about 90°C. Source: Ref. 19. 


continues to expand up to 80°C; the longer time at the ini- 
tial expansion rate results in a larger final volume. Similar 
results were found in the presence of 0.6% monoglyceride 
or 0.5% sodium stearoy] lactylate (17). 

Much of the CO, formed during fermentation is lost to 
the atmosphere (20). If the internal gases in a bread were 
at equilibrium with the atmosphere, there would be no ex- 
cess CO, pressure inside the gas cells. The fact that there 
is such a pressure (as shown by increased dough volume) 
is due to inhibition of diffusion of CO, from the gas cells to 
the surrounding air. The causes of this inhibition are not 
known, but increased viscosity due to water-soluble pen- 
tosans and/or the developed gluten phase has been sug- 
gested (21). At the end of proof, about 35% of the CO, 
formed during fermentation is present in gas cells, about 
5% is dissolved in the aqueous phase, and 60% has been 
lost to the atmosphere (22). When the solubility of CO. in 
bread dough was measured experimentally, a value of 0.81 
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ml (equivalent) dissolved per gram of dough was found 
(21). Others calculated 0.32 mL (equivalent) dissolved per 
gram of dough, based on the known solubility of CO, in 
water (20). 

A mass balance calculation for a pup loaf based on 100 
g of flour (173.5 g of dough) found that CO, and air occluded 
during mixing accounted for 370 mL of loaf volume at the 
end of proofing, and in the oven this gas phase expanded 
by 62 mL (20). Dissolved CO,, driven out of the aqueous 
phase owing to rising temperature, contributed 43 mL to 
oven expansion, and CO, generated by increased yeast ac- 
tivity during early stages of baking amounted to 4 mL. The 
total volume expansion in the oven from CO, and air was 
109 mL, but the actual increase in loaf volume was 360 
mL, (If the solubility data of Ref. 22 are used, the volume 
of CO, expelled from the aqueous phase would be 109 mL, 
and the total volume expansion due to CO, and air would 
be 175 mL.) 

The difference, 251 mL (or 185 mL, if Ref. 23 data are 
used), must be supplied by the evaporation of ethanol and 
water. The amount of dough expansion that could be ex- 
pected owing to evaporation of water, based on the vapor 
pressure of water as internal dough temperature rises was 
calculated (6). This is a slight overestimate, as the aqueous 
phase of the dough is roughly 0.5 M in salt and 0.3 M in 
sugar, as well as containing water-soluble proteins, flour 
pentosans, and fermentation acids. These solutes lower 
the vapor pressure of the water by roughly 3%. 

The amount of ethanol formed during fermentation and 
proofing usually amounts to 1% of total dough weight (24), 
or about 2.5% by weight of the liquid phase. About half 
this ethanol is vaporized during baking. The boiling point 
of the ethanol azeotrope (95% ethanol, 5% water) is 78°C, 
so all of it would be expected to vaporize by the end of the 
bake (although half is apparently trapped and does not 
escape to the surrounding atmosphere). At 1% of the 
weight of the pup loaf, 1.7 g of ethanol vaporizes to 830 
mL. Vaporization of only half the ethanol is more than suf- 
ficient to supply the volume of oven spring over and above 
that from CO, and air. 

To summarize, CO, contributes about 25% of the gas 
pressure responsible for oven spring in the standard white 
loaf considered; expansion of air accounts for about 15%; 
and ethanol vaporization makes up the rest. The actual 
magnitude of oven spring depends on other dough compo- 
nents that govern the temperature at which rapid expan- 
sion ceases (the foam structure of leavened dough converts 
to a porous sponge, allowing leavening gases to escape). 


Proofing Temperature 


Another factor that influences the amount of oven spring 
is the temperature of proofing. In a study using a sponge 
and dough variety bread (containing wheat bran) it was 
found that lower proofing temperatures produced larger 
final loaf volumes (25). The 1-Ib loaves were proofed to a 
height of 0.5 in. above the pan rim in 50 to 55 min. Addi- 
tional yeast was added on the dough side to maintain this 
proof time at each experimental temperature (75-125°F, in 
10-degree steps). The bread proofed at 75° had a loaf vol- 
ume of 3058 cc, while that proofed at 125° had a final vol- 


ume of 2365 cc. Further, the crumb was progressively more 
open and overall bread quality was poorer as proofing tem- 
peratures increased. 

The probable mechanism for this enhanced oven spring 
was analyzed in some detail (26). Expansion of CO, and 
air accounted for only a small part of the difference. The 
main contributor to better bread quality is probably two- 
fold: (1) improved gluten strength (less weakening effect 
from yeast cells dying at the higher temperature), and (2) a 
longer loaf expansion time until the foam (dough) converts 
to a sponge (bread) structure. 
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BAKERY SPECIALTY PRODUCTS 


The main items produced by commercial bakeries, in terms 
of total tonnage, are bread and rolls, cakes, cookies, and 
crackers, with bread (either pan bread or hearth-baked 
types) representing the largest part of this production. 
Over many centuries many other types of food products, 
using wheat flour as their main ingredient, have been de- 
veloped. This article discusses several of these products 
that are available to consumers today. 


NATIVE FLAT BREADS 


The earliest form of wheat bread is made by grinding ce- 
real grain(s), adding water, mixing to a coherent mass, and 
allowing this mass to rest and ferment for a period of time. 
Then small portions are taken, flattened into a sheet, and 
baked quickly on a hot surface, usually either the floor or 
the wall of a heated oven. The process is usually a sour- 
dough type; that is, a portion of the fermented dough is 
retained at the end of the day’s baking and mixed in with 
the next day’s dough, thus inoculating it with the yeast and 
other fermentative microorganisms that produce ethanol, 
carbon dioxide, and organic acids as they metabolize and 
grow. 

These breads are produced widely throughout the Mid- 
dle East and the Indian subcontinent. Depending on de- 
tails of formulation and production, they are called chap- 
pati, nan, roti, tamouri, tamees, korsan, shamuf, and 
several other names. The simplest formula consists of 
whole wheat meal (frequently stone-ground by hand in the 
kitchen), salt, water, and sourdough starter. At the other 
extreme, the dough also contains ground pulses, sesame 
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seeds, shortening (either ghee or sesame seed paste), 
honey or other sweetener, and spices (anise, cardamom, 
curry powder, dill, etc). Although wheat is the major cereal 
grain used, ground rice, barley, maize, or sorghum are also 
sometimes included at up to 20% of the weight of wheat 
meal or flour. 

Production may be either in the home or in small com- 
mercial establishments. Home production is done strictly 
by hand. Commercial bakeries have a mechanical slow- 
speed mixer and perhaps a set of motorized sheeting roll- 
ers. The oven is usually heated by building a wood fire 
inside it, raking out the coals when it is hot, and baking 
on the floor (hearth) of the oven. In the home, ovens have 
been seen in the shape of an urn, about 3 ft high with an 
18-in. opening in the top and a small opening in the bottom 
for feeding the fire. When the sides of the oven are hot, the 
sheeted dough is inserted through the top and plastered 
(by hand) against the oven wall. Dexterity and practice is 
required for this, because the oven temperature ap- 
proaches 500°F. The baked bread is removed with wooden 
tongs. In the commercial hearth oven, insertion and re- 
moval is performed using a wooden peel. 

As is common practice in most parts of the world, the 
bread is produced, purchased, and consumed on a daily 
basis, so staling and development of mold is not a problem. 
The meat and vegetable dishes, in the countries where flat 
breads are common, tend to be stews and purées, and 
freshly baked flat bread is an ideal and flavorful accom- 
paniment to such a meal. 

A similar sort of bread called tortilla, based on maize, 
is common in Latin American countries and recently in the 
United States. The maize (corn, in U.S. terminology) is 
soaked in dilute lime (calcium hydroxide) for up to 24 h to 
remove the hull. The endosperm is ground, while wet, to 
make masa (dough), then shaped into balls, flattened, and 
baked as described above. These differ from the flat breads 
described previously in the way in which the grain is pro- 
cessed and in having no fermentation step. The leavening 
of the tortilla, such as it is, is by steam. Tortillas can also 
be made using wheat flour. Commercial flour tortillas are 
usually leavened by the addition of a small amount of so- 
dium bicarbonate. Commercial production of tortillas, to 
accompany Mexican food specialties, incorporates a num- 
ber of refinements; space does not allow a full discussion 
of these factors in this article. 


PITA BREAD 


Another type of Middle Eastern bread, related to the flat 
breads, is pita (pocket, balady, burr) bread. A wheat flour 
is used, with an extraction rate of 75 to 82%, depending on 
the specific type of bread being made. The strength of this 
flour is greater than that of the flour (or whole wheat meal) 
used in flat breads. Usually the bread is made by a sour- 
dough process, but with a rather large (20%) portion of 
sourdough, so that fermentation is more rapid than with 
the usual flat bread. (Pita doughs can be made adding 
yeast to each dough, as for regular bread production.) The 
absorption is somewhat greater than for regular bread 
dough. The dough is allowed to ferment for about 1 h after 


140 BAKERY SPECIALTY PRODUCTS 


mixing, then it is divided into pieces weighing about 3 to 
4 oz each. These receive a short intermediate proof, are 
flattened into circles about 1/2 in. thick and 6 to 9 in. in 
diameter, and allowed to proof for 30 to 45 min. 

The proofed pieces are baked for a short time (1.5-2 
min) in an extremely hot oven (700-900°F). The high oven 
heat causes formation of a top and bottom crust almost 
instantaneously after the piece is inserted. As the heat 
penetrates the dough the ethanol and water rapidly evap- 
orate and the vapors, trapped by the crust, cause the bread 
to balloon. As the bread cools, after removal from the oven, 
the internal pressure dissipates and it collapses to the fa- 
miliar round, flat shape, but with the internal “pocket” still 
present. 


PIZZA DOUGH 


Pizza is basically an open-faced sandwich made on a leav- 
ened flat bread, in which the topping and the bread are 
baked together. It has become a popular baked food world- 
wide, and although the familiar tomato sauce/sausage/ 
cheese topping is the most popular, fish, ground lamb, 
puréed legumes, and a wide variety of chopped vegetables 
are also used. The possible variety of pizzas is limited only 
by the availability of ingredients and the ingenuity of the 
chef. 

Pizza crusts are of two types—thin cracker-type crusts 
and thick bread-type crusts—and are mixed shortly before 
use or are mixed and retarded in a commissary for later 
use. These variations lead to differences in dough formulas 
and handling. The flour used for pizza dough should be a 
good grade of bread flour with 12.0 to 12.5% protein. The 
thin-crust dough for immediate use requires even more 
protein, so rather than carry a 14% protein flour for this 
dough and a 12% flour for thick-crust doughs, it is more 
convenient to add 2 to 3% of vital wheat gluten to the 12% 
flour. Gluten generally is not used in commissary doughs 
unless flour of an adequate strength is not available. The 
gluten protein forms a seal at the crust/topping interface, 
minimizing formation of a soggy layer during baking. 

Dough for immediate use receives little fermentation 
time beyond a 10 to 15-min floor time. It should be some- 
what undermixed (just beyond the “cleanup” stage) and 
quite warm (33-38°C, 90-100°F). These doughs often re- 
sist sheeting and tend to shrink back in the oven. To coun- 
teract this effect, a reductant, either L-cyteine or sodium 
bisulfite, is used. Cornmeal also reduces dough elasticity. 
Adding it does away with the need for reductants and im- 
proves crust color, flavor, and eating properties. Sodium 
stearoy] lactylate improves the crust volume of thick-crust 
pizzas, giving closer grain and a more tender crust. 

The variations in water absorption between the two 
types of crusts are consonant with the descriptions of 
cracker-type crust and bread-type crust. If absorption is 
too high, the dough is sticky, whereas if it is too low, the 
dough tears when it is sheeted. 

Commissary pizza doughs are mixed, divided, rounded, 
and immediately placed in the retarder at 5 to 8°C (40- 
45°F). The dough ball should double its volume in 24 h at 
this temperature. If the volume increase is greater than 


this, the dough temperature (usually around 25°C, 78°F) 
should be reduced; if the volume increase is less than dou- 
ble, mix the doughs to a warmer temperature. Slight ad- 
justments in yeast levels may be made to get the amount 
of fermentation to the desired point, but too much yeast in 
the dough may result in large blisters on the crust when it 
is sheeted and baked in the pizza shop. 

Frozen pizza is a common supermarket food item. The 
consumer does not thaw the pizza and allow it to proof; 
rather, the piece is simply placed directly in the oven and 
baked. For this application, chemical leavening rather 
than yeast is used to give the desired texture to the crust. 
The leavening is of the double-acting baking powder type. 


BAGELS 


Bagels supposedly originated in Vienna, during the period 
(late seventeenth century) when the city was fighting off 
the Turks. Jan Sobieski, the king of Poland and a famous 
horseman, was a major factor in the defeat of the Turks, 
and a hard roll in the shape of a stirrup (biigel in German), 
immersed briefly in a boiling-water bath before being 
baked to preserve the shape, was developed in his honor. 
In later times the shape was simplified and the name cor- 
rupted to bagel, but the same production procedures are 
still followed. 

Bagels traditionally are made from a lean, low- 
absorption straight dough, using a high-protein (ca 13.5- 
14%), clear, hard-red spring-wheat flour. In recent years 
numerous adjustments have been made to the basic for- 
mula, in the direction of making the bagel richer (eg, add- 
ing whole eggs), softer (by the addition of shortening or 
enzymes for longer shelf life), or sweeter (by adding honey 
and/or raisins). The main feature that separates bagels 
from other bakery items (besides the short boiling-water 
treatment) is the type of fermentation schedule used. 

A combination of proofing (35-40°C, 95-105°F) and re- 
tarding (5-10°C, 40-50°F) is used to obtain the desired 
product volume as well as the internal and external char- 
acteristics. If the bagels are overproofed, they collapse in 
the oven; if they are underretarded, they tend to ball, that 
is, expand and close the center hole. Also, tiny blisters on 
the surface of the finished bagel are considered desirable. 
These blisters are due to the presence of lactic acid formed 
during retarding, and if they are absent (but the bagels are 
otherwise acceptable), 0.1 to 0.5% lactic acid may be added 
to the dough. 

The sequence and timing of the fermentation steps is 
open to experimentation. Proofing may be done before re- 
tarding, after retarding, or both. Retarding times may be 
as short as 8 h or as long as 24 h. Specific process param- 
eters must be worked out by the baker, depending on the 
formula and equipment being used, to make the product 
that is most acceptable to customers. 

Just before baking, the proofed bagels are placed in a 
boiling-water bath; they float on the top of the bath and 
are boiled for about 1 min, being flipped halfway through. 
This treatment gelatinizes the starch on the surface of the 
bagel and causes the formation of a hard, shiny crust when 
the bagel is baked. The usual baking procedure is directly 


ina hearth oven, although they also may be baked on sheet 
pans. Various toppings (poppy seed, sesame seed) are ap- 
plied to the boiled (and still moist) bagel; other flavorings 
such as dried onion are mixed in with the dough. 


PRETZELS 


Considered to be the world’s oldest snack foods, pretzels 
reputedly originated around the year 600 in a monastery 
in the Italian Alps. Supposedly, the monk in charge of the 
bakery formed strips of bread dough into a shape intended 
to resemble arms folded across the breast in prayer. When 
baked, these pretiola (little reward in Italian) were given 
to children who learned their prayers properly. Later, these 
baked bread snacks became popular north of the Alps, 
where the name was germanicized to bretzels, a spelling 
still used by some pretzel bakers. 

Soft pretzels, presumably identical with those made by 
the Italian monk, are still popular today. They have a mois- 
ture content similar to that of bread and a short shelf life. 
Hard pretzels were supposedly discovered when a baker’s 
apprentice forgot to remove the last trays of pretzels from 
the oven at the end of the day, and the overnight residence 
in the cooling oven dried them, giving them a hard, crisp 
texture. The rest of this discussion concerns itself with the 
low-moisture (2-3%) hard pretzel. 

Pretzel dough is extremely stiff, made with a low- 
protein flour (that from soft white winter wheat is pre- 
ferred), and only 38 to 42% water. The only other ingredi- 
ents are yeast (ca 0.25%) and roughly 1% each of salt, 
shortening, and dry malt. This dough is mixed in a hori- 
zontal sigma-arm mixer, allowed to ferment for up to 4 h, 
then processed. 

The dough is divided into small pieces, elongated into a 
thin strip, and twisted into the typical pretzel shape by a 
special machine. The formed pretzels receive a short in- 
termediate proof, then are carried through a caustic bath, 
which contains 1.25 + 0.25% sodium hydroxide, held at 
about 190°F. After exiting this bath, salt is sprinkled on 
the tops and the pretzels enter the oven. Here they are 
baked at about 450°F for 4 to 5 min. The caustic bath 
gelatinizes the starch on the surface of the pretzel, giving 
the crisp, shiny crust. In the oven all residual caustic is 
converted to sodium bicarbonate. The baked pretzels are 
then piled onto slower-moving conveyors that carry them 
through a drying stage, where they remain for 30 to 90 
min (depending on the size of the piece) at a temperature 
of approximately 250°F. This treatment slowly reduces the 
moisture to about 2% and also allows equilibration so that 
the finished pretzel does not check (form small cracks on 
its surface). 

Variations on this production scheme are many. A ma- 
chine is available that extrudes the dough through a die 
already shaped in the twisted form, so tying is not neces- 
sary. By changing the die the machine will also make 
straight rods, which are a popular form for this snack. Also, 
the exact dough formulation and extent of fermentation 
varies among manufacturers, the details being closely held 
as proprietary information, each company sure that its 
particular formula makes the best possible pretzel. As with 
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any low-moisture snack, the shelf life is governed by the 
quality of the packaging; the loss in consumer acceptance 
is directly related to moisture uptake, with about 3.5% 
moisture marking the upper limit of acceptability. 


ENGLISH MUFFINS 


The nomenclature of this item is anomalous, as it was de- 
veloped in the United States; the term English applied to 
them is a highly successful marketing ploy. They are a disc- 
shaped baked product, usually around 3 to 4 in. diameter 
and about three-quarters in. high. A good general descrip- 
tion is: “Good eating muffins are relatively tough, chewy, 
and honeycombed with medium to large size holes (1/8— 
1/4 in, diameter). Flavor is bland and somewhat sour. Side 
walls are straight and light colored. The edge between the 
sides and the flat, dark brown top crust is gently rounded, 
not sharp.” They are baked in a covered griddle cup on a 
highly automated line. The main features of importance 
are that the dough must be soft so it flows to fill the cup, 
and the formulation must lead to the formation of the large 
internal holes. 

A typical English muffin dough contains 83 to 87% wa- 
ter (flour basis equals 100%), 2% sugar, 1.5% salt, 5 to 8% 
yeast, and 0.5 to 0.7% calcium propionate. Vital wheat glu- 
ten at 1 to 2% is sometimes added to increase the chewi- 
ness of the finished muffin. At this absorption level the 
dough is very soft, and it must be cold (20°C, 68°F) when 
taken from the mixer so that it does not stick when it is 
divided, rounded, and deposited from the intermediate 
proofer into the griddle cups. Dusting material, usually a 
blend of corn flour and cornmeal, is used rather liberally 
(34% of the dough weight) to facilitate the various trans- 
fers. 

Fermentation of the dough piece after it is divided and 
rounded is rather short, usually about 30 min. Three 
factors—short time, cold dough, and high calcium propio- 
nate levels—all tend to retard fermentation, so a rather 
high yeast level is required. Leavening in the griddle cups 
is due to CO,, ethanol, and steam; in addition, some bakers 
add 0.5% baking powder to get an early kick in the cups 
so that the mold is quickly filled by the dough. The finished 
English muffin has a rather high moisture content (about 
45%) and is prone to mold formation. Calcium propionate 
is used at the elevated level mentioned to help overcome 
this problem, and it is also added to the dusting flour. An- 
other method is to spray the muffin with a potassium sor- 
bate solution as it leaves the oven. If this is done, the pro- 
pionate may be omitted from the dough, which in turn 
allows a decrease of about 1% in the amount of yeast. 

In some instances the internal grain porosity is still less 
than desired, and the addition of protease enhances the 
openness of the crumb. This additive also increases pan 
flow, so absorption might be reduced by 1 to 2%, which 
might or might not be desirable. Sometimes a tangy, acidic 
taste is wanted (sourdough muffins), and a dry sour base 
or vinegar (acetic acid) is added to the dough, The in- 
creased acidity (lower pH) of the finished product enhances 
the antimold action of calcium propionate. Another popu- 
lar variety contains raisins, added in amounts equal to 25 
to 50% of the flour weight. 
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DOUGHNUTS 


Doughnuts are fried in deep fat rather than baked in an 
oven as are most other bakery products. They are related 
to another product, fritters, which are made with a soft, 
rich dough containing pieces of fruit (apples) or vegetables 
(corn), dropped by spoonfuls into hot fat. An apocryphal 
story relates that a nineteenth-century Yankee ship cap- 
tain loved apple fritters but had trouble holding onto them 
when at the ship's wheel during high seas. His cook, anx- 
ious to please, got the idea of making the fritters with a 
hole in the center so the captain could stick them on the 
handspokes of the wheel during busy moments. Although 
there is a certain implausibility about this story, the fact 
remains that doughnuts, in one form or another, are ex- 
tremely popular sweet snacks or desserts. 

There are three basic types of doughnuts: cake dough- 
nuts, yeast-raised doughnuts, and French crullers. Cake 
doughnuts are chemically leavened, yeast-raised dough- 
nuts use a sweet yeasted dough, and French crullers are 
steam leavened. These will be discussed separately. 


Cake Doughnuts 


Batters for this product are a leaner, lower-sugar version 
of layer cake batters. A typical regular cake doughnut mix 
contains (on 100% flour basis) about 40% sugar and 13% 
nonemulsified shortening. Other ingredients frequently 
found in doughnut mixes are defatted soy flour, nonfat dry 
milk, potato starch, and dried egg yolk. These ingredients 
give a tender eating quality to the finished product, as well 
as limiting fat absorption during frying. The protein ingre- 
dients decrease fat absorption, while potato starch helps 
retain moisture in the finished doughnut and gives a 
longer shelf life. Lecithin is sometimes used to enhance the 
wetting of the dry mix during batter preparation, and oc- 
casionally monoglyceride is added to make a more tender 
final product. Other emulsifiers are not used, as they in- 
crease fat absorption without conferring any quality en- 
hancement. 

Most cake doughnuts are produced by extruding (or de- 
positing) the batter from a reservoir directly into the hot 
fat fryer. Bench-cut doughnuts are made using the same 
recipe, but with a reduced amount of water. This gives a 
dough (rather than a batter) that can be rolled out on the 
workbench and cut into rings using a doughnut cutter. This 
process takes much more hand labor than depositing and 
is usually used only in home baking or in small, traditional 
doughnut shops. 

In commercial bakeries and most doughnut shops, 
doughnut batter is deposited through a cutter into the fry- 
ing fat. Proper batter viscosity is extremely important to 
attain uniformity of flow through the cutter and uniform 
spread in the fryer. Batter viscosity is governed by the 
amount of water used in mixing (usually about 70% based 
on flour, or 38-44% based on total dry mix weight) and the 
way that water is partitioned between flour, sugar, soy 
flour, and the other ingredients present. Sometimes high- 
viscosity gums (guar, locust bean, sodium carboxymethyl- 
cellulose) are added to the dry mix at levels of 0.1 to 0.25%. 
The gum helps give uniform viscosity from batch to batch 


and also acts as a water binder that reduces fat absorption 
and lengthens shelf life. 

Leavening in cake doughnuts is by 1.5% soda (flour ba- 
sis) and 2.1% sodium acid pyrophosphate (SAPP). The fast- 
reacting grades of SAPP are required, from SAPP-37 to 
SAPP-43 (the fastest grade). When the doughnut is first 
deposited in the hot (190°C, 375°F) frying fat, the ring of 
dough sinks and is supported on a bottom plate. Leavening 
begins, and after 3 to 7s the doughnut rises to the surface 
and frying of the first side commences. As heat penetrates 
the dough piece it slowly expands; after the first side is 
fried, the doughnut is flipped and the second side is fried. 
During this time expansion continues, but the diameter of 
the doughnut has been fixed because the first side has set 
(the starch has gelatinized and proteins have denatured). 
Thus, second-stage expansion tends to be into the center 
hole and the typical star is formed (or the doughnut balls 
and fills the center hole if conditions are incorrect). 

When the finished doughnut is cut crosswise, three 
regions are readily seen. The central core is surrounded by 
a more porous leavened ring, but this porosity tends to be 
greater on the second side than the first. If the core is in- 
adequately leavened, it will be dense and gummy, and the 
doughnut will not have a good eating quality. Part of the 
art of the doughnut formulator is in choosing leavening 
acids that strike the best compromise to achieve moderate 
porosity of the two sides along with at least some opening 
up of the core. 


Yeast-Raised Doughnuts 


These doughnuts are made using a rather lean, sweet 
dough. After full development of the dough, it is sheeted, 
cut into rings, and the doughnuts are proofed for 30 to 45 
min. The raised doughnuts are then introduced into the 
fryer, where they are fried for about 1 min on each side. 
(Because they are already leavened, they float on the fat 
throughout the frying cycle.) They are then removed, the 
surface fat is drained, and the fried doughnuts are (most 
often) glazed with a simple sugar/water glaze. If they are 
to be iced or otherwise coated, they are usually cooled be- 
fore these operations are carried out. 

Yeast-raised doughnuts can be made in many different 
shapes. In addition to rings, the dough is also frequently 
cut into strips and twisted into various fanciful shapes be- 
fore proofing and frying. In the form of rectangles about 2 
by 4 in., they are iced and topped with chopped nuts or 
fruit to make Long Johns. In the form of discs, the fried 
piece can be filled with jelly or custard. This product, filled 
with raspberry-flavored jelly, is known as a Berliner in 
Austria and Germany. (This explains why the Germans 
roared with laughter when, in 1963, President Kennedy 
proclaimed, “Ich bin ein Berliner.” He was telling them 
that he was a jelly-filled doughnut.) 


French Crullers 


These doughnuts are made using eclair dough (see the next 
section). The dough is deposited in a ring shape onto a 
sheet of parchment paper, and after a few moments to al- 
low it to set, the parchment is dipped into the frying fat 
and the rings of dough are loosened from the paper. The 


dough can also be deposited using a specially shaped cutter 
that produces a fluted surface on the ring of dough. The 
dough piece expands to a much greater extent than does 
cake doughnut batter, and the finished piece is much less 
dense than other doughnuts. It is frequently glazed with a 
butter/rum flavored glaze. 


ECLAIRS 


The dough for eclairs and French crullers (paté de choux) 
is a paste made in a rather unusual procedure. Water (two 
parts) and shortening (one part) are placed in a kettle and 
brought to a rolling boil. After the fat is melted, a pinch of 
salt is added, flour (1-1.5 parts) is added, and the mixture 
is stirred briskly. The gelatinized flour paste is cooled to 
about 150°F, and two parts whole egg are added in several 
increments, with continuous stirring. A small amount of 
ammonium bicarbonate, dissolved in one-half part milk, is 
stirred in. The final paste should be soft enough to deposit 
from a pastry bag, yet firm enough to hold its shape once 
deposited. If it is too stiff, it may be softened by the addi- 
tion of a small amount of milk or water. 

The finished dough is deposited on sheet pans lined 
with parchment paper, then baked in a hot (425°F) oven 
until the eclairs are crispy. Leavening action is due to the 
formation of steam in the interior of the piece. If inade- 
quate leavening occurs, a small amount of ammonium bi- 
carbonate (no more than 1% of the weight of the water 
used) may be dissolved in a little water and mixed in at 
the end of the dough-making procedure. The finished piece 
should be crisp on the outside, hollow on the inside, and 
with no soggy layer on the interior wall. 

Eclairs are usually filled with a chilled custard, either 
plain or a French custard (butter-flavored). They are then 
iced, with chocolate being the most popular flavor, or 
dusted with confectioners’ (very finely powdered) sugar. To 
prevent bacterial growth, custard-filled eclairs should be 
refrigerated until served. 


LAYERED DOUGH PRODUCTS 


Numerous bakery products have a unique texture, in that 
the baked dough is present in many thin layers rather than 
one continuous matrix. This effect is obtained by placing a 
layer of fat between two layers of dough, rolling out this 
sandwich to a thin sheet, folding the sheet over onto itself 
into three or four layers, and repeating this rolling and 
folding process two or three more times. If done properly, 
the final sheet consists of 50 to 100 layers of dough inter- 
spersed with an equal number of layers of fat. When baked, 
the dough layers set up more or less independently, giving 
the flaky texture of the finished product. 


Puff Pastry 


Puff pastry dough is used for a large number of culinary 
items, from basic pastries such as fruit turnovers and na- 
poleons, to patty shells for holding a variety of fillings for 
appetizers, to dough for enclosing fish or meat, such as beef 
Wellington. It needs no fermentation but does require 
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some care in the roll-in process to obtain a flaky final prod- 
uct. 

The dough for this product is a flour/water dough (no 
yeast), containing about 6% shortening and 6% whole eggs. 
After it is fully developed it is sheeted out, fat is spread 
over two-thirds of the dough, which is then folded to give 
a sandwich having three layers of dough separated by two 
layers of fat. This is sheeted out and folded as already de- 
scribed. Usually the dough is refrigerated after the second 
sheeting and folding, to keep the fat in the plastic state. If 
the dough becomes too warm, the fat melts and gets incor- 
porated into the dough itself, and the layering effect is lost. 
The fat usually used is a special puff-paste margarine, hav- 
ing a broad plastic range, and containing about 15% water. 
In the oven the water (which is finely emulsified in the fat) 
forms steam, which helps give the puff to puff pastry. Thus, 
puff pastry is a steam-leavened product. 


Croissants 


Croissants are another legacy of the siege of Vienna. The 
story is that the Turks were busy digging a tunnel under 
the city walls but were overheard by a baker in the early 
hours of the morning, as they were digging under his shop. 
He alerted the authorities, and a countertunnel foiled the 
plot. After the siege was lifted, the baker made rolls in the 
shape ofa crescent (the emblem on the Turkish flag), which 
were sold to celebrate the victory, and which became a Vi- 
ennese tradition. Marie Antoinette introduced these Kip- 
feln to the French court, and they became popular under 
the French name croissant. 

A typical croissant dough is basically a straight dough, 
containing 10% sugar, 1% salt, and 4% margarine (flour 
basis), with a fairly high (9%) yeast level and slightly below 
normal absorption. Croissant dough is mixed cold (18- 
20°C, 64-68°F). This practice, together with the slight un- 
derabsorption, retards fermentation. Proofing tempera- 
tures are also relatively low, not exceeding the melting 
point of the fat (ca 37°C, 98°F). For these reasons a rather 
high level of yeast is used in the dough. Numerous varia- 
tions on the basic mixing, sheeting, and roll-in process are 
used, most of which seem to be based more on tradition 
than on actually yielding superior product. After mixing, 
the dough is allowed to ferment for up to 1 hr, then the fat 
is rolled in, essentially as described for puff pastry. The 
traditional fat for croissants is unsalted butter, although 
many commercial companies today use a bakers’ marga- 
rine that does not get as hard as butter at retarder tem- 
peratures and so spreads more uniformly during the sheet- 
ing and folding process. The usual fat-to-dough ratio is 
about 25%, that is, 1 lb of butter to 4 Ib of dough. 

The rolled-in dough is sheeted out, then cut into trian- 
gles having a height about twice the width of the base. This 
triangle is rolled up, starting from the base, the shaped 
dough piece is placed on a sheet pan, and the ends are 
pulled down to give the typical crescent shape. After proof- 
ing for 1 to 3 h, it is baked and cooled. Care must be taken 
that the piece is not underproofed, otherwise the finished 
product loses its flakiness and is tough, chewy, and unpal- 
atable. Croissants are frequently sliced horizontally and 
used to make sandwiches, with a wide variety of fillings 
being offered by various specialty shops. 
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Danish Pastry 


Danish dough is a rich, sweet, yeasted dough made with a 
higher than usual absorption. The dough is quite soft, 
mixed cold (62—-64°F), and not fully developed in the mixer. 
Gluten development takes place during the roll-in process. 
The dough is divided into pieces of a suitable size (eg, 16 
Ib) and then retarded for several hours. Some fermentation 
takes place during this time. The cold dough is then 
sheeted out and fat is rolled in, as already described. Spe- 
cialty shops use butter or bakers’ margarine for the roll-in 
fat, but all-purpose shortening works equally well. The 
dough sheet is usually given the first two sheetings and 
folds, then returned to the retarder for 6 to 12 h. It is then 
given one more sheeting and three-fold, and returned to 
the retarder for 24 to 48 h for further fermentation. 

Danish pastry is almost invariably made by sheeting 
out the rolled-in dough, cutting into various shapes, then 
adding some sort of sweet filling (fruit, nuts, cinnamon, 
etc) and folding or rolling up the dough to retain this filling 
during proofing and baking. The variety of shapes and fill- 
ings is limited only by the ingenuity of the baker. The 
proofed pieces are sometimes washed lightly with diluted 
egg just before baking, to give a shine to the finished piece. 
Alternatively, the piece may be sprayed with a light sugar 
syrup as it exits the oven, to give the same effect. If a Dan- 
ish coffee cake, for example, is to receive an icing, this is 
usually a rather thin icing that is drizzled over the top of 
the coffee cake in a random pattern, rather than applied 
in a solid layer (as on sweet rolls). A good Danish pastry is 
one of the foundation stones of any small retail bakery to- 
day. 


PIES 


The term pie (like biscuit) means something rather differ- 
ent in the United States than it does on the other side of 
the Atlantic Ocean. In Europe a pie usually contains meat, 
potatoes, and other vegetables and may have a crust of puff 
pastry, of mashed potatoes, or of a flour dumpling. It is 
normally the main dish of a meal. In the United States, on 
the other hand, a pie is for dessert, or is a sweet snack. It 
need not be a baked food; for example, ice cream pies are 
now popular. In at least one instance (Boston cream pie), 
pie is more properly a filled, layered sponge cake. Having 
said that, this section discusses pies primarily in terms of 
the traditional one-crust or two-crust baked American des- 
sert pie, and, briefly, the fried pie, a related, traditional 
American dessert. 

A pie crust is one of the simplest of baked doughs, com- 
prising only flour, shortening, salt, and water. The ability 
to combine these few ingredients properly to produce a 
flaky, tender pie crust, however, is rare, as attested by the 
number of leathery, soggy, nearly inedible pie crusts that 
are served to diners in U.S. restaurants every day. The first 
step in making a pie crust is to cut the shortening into the 
flour; that is, mix the two using a fork or similar mixing 
tool, reducing the particle size of the shortening to small 
lumps, perhaps one-quarter the size of a pea. Then a mea- 
sured amount of cold water (even ice water, in hot 
weather), with the salt dissolved in it, is added, and the 


dough is gently mixed until the flour is wetted and the 
dough forms a lumpy, slightly sticky ball. The dough 
should then be allowed to rest for a time, preferably in a 
refrigerator, to allow the water to equilibrate with the flour 
protein. 

An amount of this dough just sufficient to form the crust 
(either top or bottom) is then rolled out into a circle. An 
absolute minimum of dusting flour is used, and it is best 
to use cloth sleeve on the rolling pin and a flat cloth on the 
bench top, both of which have been rubbed with flour and 
the excess flour removed. Once the desired diameter of 
crust is achieved, the circle of dough is loosely rolled up on 
the rolling pin and transferred to the pie pan, where it is 
gently shaped and the edges sealed (if it is the top crust, 
and the filling is in place). 

The main mistake in making a flaky, tender pie crust 
lies in excessive working of the dough and consequent de- 
velopment of the gluten in the flour. This can happen if too 
much water (or water that is warm) is added to the dough, 
and it is mixed until the water disappears. Also, excessive 
dusting flour, and rolling the dough more than once, will 
contribute to gluten formation. In large-scale pie produc- 
tion (either in a commercial bakery, or in an institutional 
setting) the dough just described may be too tender for the 
kind of handling it receives, and a certain amount of gluten 
development will be done on purpose, in the interests of 
production efficiency. Although this speeds up the operat- 
ing line, it produces the leathery crusts that are abandoned 
on dessert plates across the country. 

Fillings for pies are usually either some kind of fruit in 
a starch-stabilized juice matrix or a custard. The formu- 
lation of a good pie filling deserves an entire article to itself 
and will not be explored here. However, the stabilizing sys- 
tem should be such that during baking the filling will not 
boil or foam excessively, to the point where it overflows the 
side of the pie. If the pie crust at the filling/crust interface 
does not bake rapidly enough, it will soak up moisture from 
the filling, and the final crust will be soggy. This may be 
due to using a cold filling in the pie or having too low an 
oven temperature. 

One type of pie avoids this pitfall, by adding the filling 
after the bottom crust is baked. An example is strawberry 
pie; a single crust is baked in the pie pan, then the fruit is 
placed in the cooled crust and a strawberry-flavored starch 
glaze is poured over the top. The pie is refrigerated until 
served. 


Fried Pies 


These desserts are traditional in the southeastern part of 
the United States, although they are now produced com- 
mercially and sold throughout the country. A pie crust with 
a slightly developed gluten is used. A circle is rolled out, 
fruit filling is placed on one half the circle, the other half 
of the crust is folded over, and the edges are sealed. This 
is then fried in a half inch of hot fat, in a heavy skillet. In 
the commercial version, the shaped and filled piece is fried 
in a deep fat (doughnut) fryer. A top conveyor belt keeps 
the pie submerged throughout its journey through the hot 
fat. The crust absorbs some of the frying fat, tenderizing it 


so that it is not leathery as it would be if baked. The com- 
mercial fried pie is given a sugar glaze before being cooled, 
wrapped, and dispatched to the consumer. The traditional 
fried pie, on the other hand, is usually eaten while still 
warm, fresh from the kitchen, and any glaze or other top- 
ping would be superfluous. 
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BAMBOO SHOOTS 


FAMILY AND RELATED SPECIES 


Bamboo belongs to the family Gramineae. The emerging 
shoots of several species, of the genera Dendrocalamus, 
Bambusa, Phyllostachys, and others are used as a vege- 
table (1). 


PRACTICAL DESCRIPTION 


The members of the family Gramineae are tall woody 
shoots of perennial grasses. The reproductive organs re- 
semble the grasses, particularly the oat (Avena sativa). 
The anthers are borne on long filaments resembling those 
of corn (Zea mais) (2). 


ORIGIN, DISTRIBUTION, AND PRODUCTION 


The majority of the edible bamboos originated in China, 
Japan, and Southeast Asia. Some are wild and others are 
cultivated. The use of bamboo shoots outside of this area 
is restricted (1). The important edible species include the 
tropical clump bamboos, Bambusa oldhami Nakai and 
Dendrocalamus latiflorus Munro (Fig. 1), and the spread- 
ing bamboos. Phyllostachys edulis (Fig. 2), P. pubescens, 
and P. makinoi, which are not confined to the tropics. 
The planted area of edible bamboos in Taiwan is ca 
30,000 ha with an average yield of 12 t/ha. The annual 
production of bamboo shoots in 1989 was 401,152 t (3). 


CULTURE 


The cultivation of bamboo has been practiced in the Orient 
for thousands of years. Bamboo is propagated by the trans- 
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Figure 1. Shoots of Bambusa oldhami (right) and Dendrocala- 
mus latiflorus (left). 


Figure 2. Shoot of Phyllostachys edulis. 


fer of clumps or rhizomes as shown in Figure 3 (4). Some 
bamboos can be propagated from culm cuttings. In the life 
cycle of a clone, the bamboo flowers once, and the top dies. 
Parts of the same clone, even when transferred to different 
areas and conditions, will flower at the same time (2). Very 
few bamboo flowers produce viable seeds, but the collection 
of seeds is important for the breeding of an entirely new 
seedling, which can start a new life cycle of 50-60 yr (5). 
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Figure 3. Rhizomes transferred for propagation of bamboos (a) 
Bambusa sp, or Dendrocalamus sp; (b) Phyllostachys sp. 


HARVEST 


The harvest of bamboo for its edible shoots is an ancient 
and highly specialized act (6). The grower must know what 
proportion of the young shoots may be cut and when to cut 
without endangering the vigor of the parent plant. The 
usual practice is to cover and mound up the clumps with 
soil, rice hull, rice straw, bamboo leaves, etc so that the 
emerging shoots are in the dark. Polyethylene (PE) or 
poly(vinyl chloride) (PVC) sheets have recently been used 
on top of the mounds (7). Exposure of shoots to light causes 
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greening and bitterness and these shoots are mainly used 
for processing. The shoots are ready for cutting when the 
tips are just emerging from the surface of the soil in the 
mound, if left much later they will become woody. First the 
mud is removed by hand and then the shoot is cut off with 
a sharp knife or spade designed for the purpose (Fig. 4) (5). 

In Japan, bamboo shoots are forced by growing under 
mulch heated with electric cables placed 6-8 cm below the 
soil. About 2-3 cm of rice straw are placed on the soil sur- 
face, an additional 4-5 cm layer of soil is put on top, and 
finally plastic sheeting is laid on top of all. The soil tem- 
perature is kept between 13 and 15°C. By the mulching 
procedure, bamboo shoots can be harvested almost a 
month earlier than those not mulched (2). 


STORAGE 


Harvested bamboo shoots are highly perishable with a res- 
piration rate over 100 mg CO,/kg-h at 20°C (8). The fiber 
content increases quickly from the cut end toward the tip. 
The quality and yield of canned bamboo shoots depend 
greatly on the holding condition of raw materials before 
processing (9,10). Rapid precooling and storage at low tem- 
perature and high humidity conditions can prevent quality 
deterioration and extend the shelf life of the bamboo shoot 
from 1-2 days to 7-10 days (11). In Taiwan, harvested 
bamboo shoots are washed and packed in plastic or bamboo 
baskets for nearby markets or in PE-lined cartons, which 
are shipped to the wholesale fresh markets in Taipei. 


PRODUCTION SEASON 


In Taiwan markets shoots of B. oldhami Nakai are avail- 
able from May to early October. They are called green bam- 
boo shoots and are sweet and tender. Green bamboo shoots 
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Figure 5. Harvest of Dendrocalamus latiflorus shoot. 


Figure 6. Sun drying of fermented shoots of D. latiflorus. 


are popular in summer when other vegetables are in short- 
age. Dendrocalamus latiflorus Munro has a longer produc- 
tion season from late March to early November. The av- 
erage weight of each shoot is 2 kg. Green bamboo shoots 
weigh 0.65 kg. The shoots of D. latiflorus are cut when 50- 
100 cm above the ground (Fig. 5) and are mainly used for 
processing because they are relatively bitter and tough. 

Phyllostachys edulis yields winter shoots, available 
from November to February, which are smaller, sweeter, 
and of better quality than spring shoot, available from 
March to May. Winter shoots of P. edulis are considered the 
best flavored shoots and are precious among winter vege- 
tables due to small production. 


FOOD USES 


In the preparation of shoots for use, the sheaths and tough 
basal portions are removed, and the tender shoots are then 
sliced or cut lengthwise and boiled in water. The still crispy 
slices can be used in many dishes. Upon tasting, if the 
shoot is bitter, it is boiled again to remove the bitterness. 
Raw bamboo shoot is acrid, and boiling removes the acrid- 
ity. The bitterness is from cyanogenic glucosides, which, 
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‘Table 1. Approximate Composition of Bambusa oldhami 
and Phyllostachys edulis in a 100-g Edible Portion 


Composition 
Constituent B. oldhami P. edulis 
Energy (cal/100 g) 60 22 
Macroconstituent, 100% 

Water 83 92 

Protein 3.9 24 

Fat 1 0.3 

Ash 0.7 1.0 

Fiber 13 0.9 
N-free extract 10.3 3.2. 
Minerals, (mg %) 

Ca 44 43 

Mg 21 45 

P 39 38 

Fe 34 2.2 

Na 98 26 

K 330 435 
Vitamins, (mg %) 

A(U) 30 20 

By 0.02 0.08 

By 0.08 0.07 

Niacin 2.23 1.58 

c 3 3 


when ingested, is poisonous because cyanide is released. 
Parboiling in water leaches the compound to render the 
shoots nontoxic (2). Green bamboo shoots and the winter 
shoots of P. edulis are not bitter because they are harvested 
before they emerge from the soil surface. Both shoots can 
be directly cooked with other food without precooking. 

In Taiwan, shoots of D. latiflorus Munro, which are much 
larger in size, are used for canning or fermentation, fewer 
go to fresh market. Canned bamboo shoots are mainly for 
export and the amountis decreased year on year due to high 
labor cost. Dried fermented shoots are prepared from fresh 
bamboo shoots of ca 1 m long, the green portion is removed 
before processing. After blanching and fermenting for about 
one month the shoots are sun dried and sliced (Fig. 6). The 
final product has a crispy, tender texture and good flavor 
from the lactic acid fermentation (12). 


NUTRITIONAL VALUE 


Bambusa oldhami and Phyllostachys edulis are two vari- 
eties sold in Taiwan fresh markets. The approximate nu- 
tritional composition in a 100-g edible portion is given in 
Table 1 (13). 
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BEEKEEPING 


Honey bees represent less than 12 of the thousands of bee 
species that exist around the world. Honey bees are unique 
in that they live in perennial social societies, and they pro- 
duce a number of “hive products” that are used by humans 
in various ways. However, their greatest value to humans 
is their role as pollinators of cultivated crops. Approxi- 
mately one-third of the diet consumed by individuals living 
in advanced societies is the product of honey bee pollina- 
tion. 


HISTORY 


Honey bees (genus Apis) are believed to have originated in 
Southeast Asia (1). New species of Apis are still being de- 
scribed from that region today. Four species that naturally 
inhabit large areas of the world include the Western honey 
bee (Apis mellifera) from Europe and Africa, and the East- 
ern honey bee (Apis cerana), the giant honey bee (Apis dor- 
sata), and the dwarf honey bee (Apis florea) from Southeast 
Asia. Only A. mellifera and A. cerana are cavity nesting 
species and thus have been collected by humans and suc- 
cessfully transferred and managed in artificial domiciles 
or hives. 

It is likely that the first beekeepers were honey hunters 
or honey gathers, as depicted in a Paleolithic rock painting 


found in eastern Spain dating from around 7000 B.C. (2). 
There, gatherers collected honey by robbing wild bee nests. 
Honey hunting is still widely practiced in Asia to obtain 
honey from A. dorsata and to a lesser extent from A. florea 
nests. It can be postulated that an early stage in the de- 
velopment of beekeeping involved the cutting of a log sec- 
tion enclosing a bee colony and transporting the log to the 
dwelling of the gatherer. There the log and bees would pro- 
vide a convenient source of honey and brood for periodic 
robbing by the new owner. The use of log sections as bee- 
hives persists in some African regions. The first hives 
made by humans probably were composed of clay, straw, 
or tree bark. In the Middle East, honey bees are still kept 
in clay pottery, mud, and straw hives. Some of these hive 
materials were used some 6000 years ago. 

The advent of what is considered the “modern era” of 
beekeeping came about with the discovery of movable- 
frame beehives. The person generally credited with pub- 
licizing the significance of the “bee space” was Lorenzo L. 
Langstroth who, in 1851, discovered that bees would re- 
frain from building wax connections between neighboring 
combs, or combs and the side of the beehive, if the space 
separating them was approximately 3/8 in. (3). This seem- 
ingly modest discovery led directly to the evolution of hives 
that had fully removable frames that enclose and support 
the beeswax combs. These frames could be manipulated 
easily by the beekeeper and removed for the purpose of 
examining the brood or extracting honey. The latter part 
of the nineteenth century saw the development of an amaz- 
ing array of inventions based on this technology, including 
machines for removing wax (uncapping) and extracting 
honey from the new removable frames. Eventually, the 
Langstroth hive became established as the standard-size 
beehive that remains largely unchanged to the present 
day. 


BIOLOGY OF HONEY BEES 


All members of the genus Apis are eusocial, which means 
truly social. To entomologists this term indicates that there 
is cooperative care of the young by individuals of the same 
species, an overlap in generations, and production of a ster- 
ile or nonreproducing worker caste. This type of social de- 
velopment is uncommon considering that there are over 1 
million named insect species. Living as a colony, eusocial 
species like honey bees provide more food and protection 
for themselves and their young than can any solitary in- 
dividual. It is because honey bees store food for future 
needs that humans have been able to exploit them. 
Scientists subdivide the wide-ranging species A. melli- 
fera and A. cerana into a number of races (4). These races 
differ in behavioral and physical characteristics that are 
the result of adaptations of the species over time, following 
isolation in geographical regions. In fact, such races are 
sometimes called geographic races. In A. mellifera some 
races can be physically distinguished only through the use 
of computer-assisted morphometric (body measurement) 
analysis. To describe honey bee races, specialists use a tri- 
nomial system of nomenclature as opposed to the tradi- 
tional binomial. For example, the Italian honey bee race’s 
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in various ways. However, their greatest value to humans 
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mately one-third of the diet consumed by individuals living 
in advanced societies is the product of honey bee pollina- 
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Southeast Asia (1). New species of Apis are still being de- 
scribed from that region today. Four species that naturally 
inhabit large areas of the world include the Western honey 
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sata), and the dwarf honey bee (Apis florea) from Southeast 
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species and thus have been collected by humans and suc- 
cessfully transferred and managed in artificial domiciles 
or hives. 

It is likely that the first beekeepers were honey hunters 
or honey gathers, as depicted in a Paleolithic rock painting 


found in eastern Spain dating from around 7000 B.C. (2). 
There, gatherers collected honey by robbing wild bee nests. 
Honey hunting is still widely practiced in Asia to obtain 
honey from A. dorsata and to a lesser extent from A. florea 
nests. It can be postulated that an early stage in the de- 
velopment of beekeeping involved the cutting of a log sec- 
tion enclosing a bee colony and transporting the log to the 
dwelling of the gatherer. There the log and bees would pro- 
vide a convenient source of honey and brood for periodic 
robbing by the new owner. The use of log sections as bee- 
hives persists in some African regions. The first hives 
made by humans probably were composed of clay, straw, 
or tree bark. In the Middle East, honey bees are still kept 
in clay pottery, mud, and straw hives. Some of these hive 
materials were used some 6000 years ago. 

The advent of what is considered the “modern era” of 
beekeeping came about with the discovery of movable- 
frame beehives. The person generally credited with pub- 
licizing the significance of the “bee space” was Lorenzo L. 
Langstroth who, in 1851, discovered that bees would re- 
frain from building wax connections between neighboring 
combs, or combs and the side of the beehive, if the space 
separating them was approximately 3/8 in. (3). This seem- 
ingly modest discovery led directly to the evolution of hives 
that had fully removable frames that enclose and support 
the beeswax combs. These frames could be manipulated 
easily by the beekeeper and removed for the purpose of 
examining the brood or extracting honey. The latter part 
of the nineteenth century saw the development of an amaz- 
ing array of inventions based on this technology, including 
machines for removing wax (uncapping) and extracting 
honey from the new removable frames. Eventually, the 
Langstroth hive became established as the standard-size 
beehive that remains largely unchanged to the present 
day. 


BIOLOGY OF HONEY BEES 


All members of the genus Apis are eusocial, which means 
truly social. To entomologists this term indicates that there 
is cooperative care of the young by individuals of the same 
species, an overlap in generations, and production of a ster- 
ile or nonreproducing worker caste. This type of social de- 
velopment is uncommon considering that there are over 1 
million named insect species. Living as a colony, eusocial 
species like honey bees provide more food and protection 
for themselves and their young than can any solitary in- 
dividual. It is because honey bees store food for future 
needs that humans have been able to exploit them. 
Scientists subdivide the wide-ranging species A. melli- 
fera and A. cerana into a number of races (4). These races 
differ in behavioral and physical characteristics that are 
the result of adaptations of the species over time, following 
isolation in geographical regions. In fact, such races are 
sometimes called geographic races. In A. mellifera some 
races can be physically distinguished only through the use 
of computer-assisted morphometric (body measurement) 
analysis. To describe honey bee races, specialists use a tri- 
nomial system of nomenclature as opposed to the tradi- 
tional binomial. For example, the Italian honey bee race’s 


trinomial is A. mellifera ligustica. Other examples are A. 
mellifera mellifera, a race from northern Europe and the 
first honey bee race known to have been introduced into 
the New World, and A. mellifera carnica, the Carniolan 
honey bee from southern Austria and Yugoslavia. 

A colony of honey bees may contain more than 45,000 
adult individuals during the summer when the population 
peaks. Four life stages present in the colony are the eggs, 
larvae, pupae, and adults. These stages can be further sub- 
divided by the two sexes, females and males (drones). The 
females may be divided further into two castes, workers 
and queens. 


‘WORKERS 


Workers, as their name implies, do the work of the colony. 
The worker caste builds the combs used to house devel- 
oping eggs, larvae, and pupae (collectively called brood) 
and to store honey and pollen. They forage outside the col- 
ony for nectar (carbohydrate) and pollen (proteins, vita- 
mins, minerals, and fats) to provide food for the colony. 
Workers also feed the brood, queen, and drones and defend 
the colony against intruders, When a worker bee stings, 
the barbed stinger usually pulls out of her abdomen and 
remains attached to her victim, where its odor attracts 
more bees to sting. Bees that have stung die within a day. 

Sexually, workers are females with 32 chromosomes 
and usually lack functional ovaries. However, in certain 
situations, such as the absence of a queen, it is possible for 
workers to lay eggs. Laying workers are incapable of laying 
fertile eggs since they do not mate with drones to obtain 
sperm. Consequently, they lay eggs that only produce hap- 
loid drones. This leads to eventual death of the colony. In 
rare situations, laying workers can produce females im- 
paternate (without fathers). This parthenogenic means of 
reproduction is found in the highest frequency in the race 
A. mellifera capensis. 

During the busy foraging season, the life span of a 
worker is about six weeks. Workers literally work them- 
selves to death. However, workers reared late in the fall 
often live through the winter into the following spring. 


QUEENS 


Queens are also females. They have the capacity to mate 
and lay fertilized eggs. Usually each colony has a single 
queen. However, under certain conditions colonies may 
have more than one queen. A few commercial beekeepers 
intentionally manipulate beehives so they can maintain a 
two-queen colony that is sometimes more productive than 
a single-queen colony. Queens live for as long as five years 
but most commercial beekeepers replace them every two 
years. The queen is the egg-laying female of the colony. The 
maximum number of eggs a queen lays varies throughout 
the season. It is estimated that a good queen can lay 1500 
to 2000 eggs a day. A colony will produce new queens if its 
queen becomes a drone layer (depletes her stored sperm) 
or is injured or if the colony is about to swarm. New queens 
have to be raised in specially constructed cells. The work- 
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ers feed the developing larva in such a way that a queen, 
rather than a worker, is produced. 


DRONES 


The drones are males and their primary function is to mate 
with virgin queens. They are raised in specially con- 
structed cells that are larger than the worker cells. Genet- 
ically, drones are haploid, having a chromosome number of 
16, in contrast to the diploid status of workers and queens, 
which have a chromosome number of 32. In temperate 
areas, drones are produced in large numbers, usually be- 
ginning in March, and are maintained until the first killing 
frost. A typical colony in summer will have 1000 to 2000 
drones. Populous colonies sometimes will keep their 
drones into late November. Some scientists suspect that 
drones have functions other than mating, but no evidence 
has been forthcoming to support this viewpoint. 


MATING 


In nature, mating of drones and queens occurs in flight. 
The queen mates only at one early period of her life, during 
the so-called nuptial flight(s). About seven days after she 
emerges from her cell as an adult, she is considered sexu- 
ally mature and will leave the hive to mate. A queen mates 
with about 17 drones (5). Queens are believed to fly to a 
location known as a drone congregation area (DCA) to 
mate. To this day, it is not possible to predict with certainty 
what geographical condition or other attributes are needed 
to establish a DCA. The results of recent work done with 
radar suggest that DCAs may be busy intersections in a 
complex network of drone pathways. Drones injure them- 
selves mortally during mating, after which they fall to the 
ground and die. 


SWARMING 


The process of swarming represents the natural method of 
colony reproduction. Under certain conditions, often asso- 
ciated with the seasonal growth cycle of the colony, workers 
begin to raise additional queens in the colony. At some 
point before the virgin queens emerge from their cells, the 
old queen will depart from the nest with approximately 
half of the workers and drones and attempt to establish a 
colony at a new home site. The propensity for swarming 
and the conditions leading up to this behavior vary within 
and among races of honey bees. Sometimes one or more of 
the newly emerged virgin queens will also depart with a 
group of workers and drones in an “after swarm,” also at- 
tempting to establish a new colony. 


DISEASES AND PESTS 


Larval Diseases 


Like alll living animals, the honey bee is subject to the rav- 
ages of diseases and pests. The diseases range from viral 
to fungal in origin. One troublesome brood disease is called 
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American foulbrood disease. This disease brought about 
the establishment of many state bee inspection programs 
(6). American foulbrood disease is caused by Paenibacillus 
larvae larvae (formerly Bacillus larvae). Only the spore 
stage of this bacterium is infective and only in honey bee 
larvae less than three days of age. Another important 
brood disease is European foulbrood disease, caused by 
Melissococcus pluton. In both cases, beekeepers sometimes 
use an antibiotic (oxytetracycline) for disease prevention 
and treatment. Another bacterial disease of minor impor- 
tance is powdery scale disease, which is caused by Paeni- 
bacillus larvae pulvifaciens. 

All the known fungal diseases that affect the brood are 
of minor significance except for chalkbrood disease, which 
is caused by Ascosphaera apis. Until 1968, no chalkbrood 
disease had been found in the United States. Currently, 
chalkbrood is reported present in most of the states, and 
many beekeepers report reductions in their honey crop due 
to this disease. There is no effective chemical control for 
chalkbrood. 

A number of viruses affect honey bees. Most virus dis- 
eases of bees are considered of minor importance and no 
treatment is necessary. Two brood diseases of viral origin 
are sacbrood and filamentous virus disease (formerly be- 
lieved to be of rickettsial origin). 


Adult Diseases 


Nosema disease is caused by the microsporidian Nosema 
apis. This protozoan shortens the life span of adult bees 
and reduces their production of royal jelly. Consequently, 
brood and honey production are reduced by 30 to 40%. The 
subtle effects of this disease are difficult to recognize and 
most beekeepers do not realize that their honey bees are 
infected. Fumagillin is used by some beekeepers to treat 
this disease. 

Chronic bee paralysis is a virus-induced disease that is 
occasionally seen in honey bee colonies. This disease mim- 
ics the effects of pesticide kills, and many beekeepers may 
misdiagnose the condition. Fortunately, the disease is not 
serious. It is generally believed that requeening can abate 
the disease. 

Other minor diseases affect the health of honey bees but 
are of little economic significance. Noninfectious conditions 
caused by pesticides and poisonous plants, such as Cali- 
fornia buckeye (Aesculus californica), cornlily (Veratrum 
califonicum), death camas (Zygadenus venenosus), and 
some locoweeds (Astragalus spp) can be serious problems 
in some years. A more detailed discussion of this subject 
has been published (7). 


Parasitic Mites 


The first of two problematic, then “exotic,” parasitic mites 
of honey bees was detected in the United States in 1984 
(8,9). Acarapis woodi, the tracheal mite, lives and repro- 
duces in the thoracic tracheae (breathing tubes) of adult 
honey bees. During warmer times of the year, mites remain 
in young worker hosts only during the three weeks that 
they perform chores in the hive. When the workers begin 
to forage, the mites leave their original hosts at night, 
when the bees are relatively motionless, and seek newly 


emerged bees to infest. All castes of bees are susceptible, 
and the mites tend to remain in drones and queens. Tra- 
cheal mites feed by pushing their mouthparts through 
membranous areas of the tracheal tubes and sucking he- 
molymph (bee blood). Mite feeding causes hemolymph 
chemistry changes, destruction of flight muscles, darken- 
ing (healing?) of tracheal tubes, transmission of diseases, 
and reduced life expectancy. Colony losses are common in 
areas of colder climates, where new bees are not reared for 
months during the winter. 

Menthol fumigation inside the beehive currently is the 
only registered and legal means of reducing the mite popu- 
lation. Treatments are temperature sensitive, with high 
heat driving bees from the boxes resulting in some queen 
losses. Once mite populations are reduced, they often can 
be prohibited from increasing by placing thin patties, made 
of two parts sugar to one part vegetable shortening, in con- 
tact with the bees in the hive. 

The second important mite to be detected in the United 
States was the varroa mite, Varroa jacobsoni, found in 
1987 (10,11). Varroa is an ectoparasite that feeds through 
membranous portions of the exoskeleton of adult and lar- 
val bees. Reproduction takes place only in capped cells con- 
taining worker or drone pupae. All developmental stages 
of the mite feed on the pupa. Physiologically immature 
male offspring mate with their sisters, delivering sperm 
that complete maturation in their sisters. When the bee 
emerges from its cell, the mites are liberated. 

As with tracheal mites, Varroa feeding reduces protein 
content in the host’s hemolymph and reduces its life span. 
As mite populations increase, two or more Varroa infest 
the same cell. The host pupa is apt to shrink and have 
malformed wings and legs. Such individuals are carried 
out of their cells by worker bees and discarded outside the 
hive. Without replacement workers, the colony perishes. 
Varroa also are disease vectors. In 1995 and 1996 there 
were so many Varroa in the country that we lost nearly 
90% of our feral (unmanaged) colonies. Gardeners and 
commercial growers realized these losses when they no- 
ticed a total lack of honey bees on crops requiring polli- 
nation. 

Introduction of plastic strips containing a time-release 
acaricide is the only currently registered, legal chemical 
control for Varroa mites. The selective acaricide kills the 
mites on contact without killing the bees. In a number of 
locations around the world, scientists are searching for 
new and different chemistries to control the mite. Other 
researchers are screening U.S. and foreign bee stocks for 
populations demonstrating tolerance or resistance to Var- 
roa and the tracheal mite. Results look much better for the 
tracheal mite than for Varroa, which is an interspecific 
transplant from its original bee host, A. cerana (12). 


AFRICANIZED HONEY BEES 


An especially defensive, man-made, hybrid race of honey 
bees reached southern Texas in 1990. The result of inten- 
tional crossing of European and African stocks of honey 
bees in Brazil, the Africanized honey bees (AHBs) ex- 
panded their population and the territory in which they 


live at a phenomenal rate. The leading edge of the popu- 
lation expansion progressed about 250 to 300 miles per 
year as the bees moved from Brazil to Mexico. Fortunately 
they slowed down considerably as they entered more tem- 
perate climates. Population expansion to the east seems to 
have stopped west of Houston, Texas, but is continuing to 
the west in New Mexico, Arizona, Nevada, and California. 
Various opinions exist, but it appears that AHBs may not 
move, on their own, too much further north than their cur- 
rent locations (13). 

Away from their hives, AHBs forage similarly to Euro- 
pean honey bees (EHBs), can be used for pollinating crops, 
and produce good honey yields if managed carefully. How- 
ever, their propensity to defend their nests extremely 
quickly, with very large number of stinging bees, makes 
them inappropriate for the type of beekeeping that is prac- 
ticed in the United States. Fortunately, there is a segment 
of the commercial beekeeping industry that produces new 
queens, mated outside of areas “colonized” by AHBs. These 
new queens may be substituted for old queens or for 
queens of unsuitable stocks, but only after the old queen 
has been found and removed from the colony. The worker 
bee population will be converted fully to offspring of the 
new queen in about six weeks. 


POLLINATION 


The contribution of honey bees to agriculture far exceeds 
the value of honey production. Whereas honey bees pro- 
duce an average of 200 million lb of honey a year valued 
at $150 million, the annual value of crops pollinated by 
honey bees exceeds $10 billion (14,15). 


PRODUCTS OF THE HIVE 


Most people think only of honey when honey bees are men- 
tioned. Other useful products of the hive, on a worldwide 
basis, include bee venom, propolis, royal jelly, pollen, and 
beeswax (16). The larvae and pupae also can be eaten. 
However, in most cases, bee brood is a novelty food or is 
crushed in the process of extracting honey and consumed 
with the honey. 


Bee Venom 


Bee venom is used in the United States primarily for de- 
sensitizing individuals allergic to honey bee stings. In 
some countries bee venom is also used for treating arthri- 
tis. Interest is increasing in the United States in using bee 
venom therapy for other autoimmune conditions, such as 
multiple sclerosis (17). Specific devices are used by bee- 
keepers for the collection of bee venom. One device gener- 
ates a mild electric current to irritate the honey bees 
enough to sting a plastic surface. The surface material 
must allow withdrawal of the barbed stinger after venom 
is deposited. After air drying, the bee venom is scraped off 
the underside of the plastic material, diluted to known con- 
centrations, sterilized, and packaged for medical use. 
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Propolis 


Propolis or “bee glue” is a resinous material the bees collect 
from plants. This material is used by honey bees to seal 
small openings or cracks and for mummification of foreign 
objects that are too large for the bees to remove from the 
hive (such as a dead mouse). Because the bees also use 
propolis to cement together wooden parts of man-made 
beehives, most beekeepers consider propolis a nuisance 
and maintain bees that use less of the substance. Propolis 
has been shown to possess antimicrobial properties and is 
used in some European and Asian countries as the active 
ingredient in tinctures and throat lozenges. Propolis can 
be scraped from wooden hive parts and can also be har- 
vested from a perforated plastic mat that is placed between 
the supers (boxes that make up a beehive). After the bees 
deposit propolis on it, the mat is removed and frozen pre- 
vious to breaking off the substance. Periodically, bee jour- 
nals carry advertising for propolis, but the demand for this 
material is quite limited. 


Royal Jelly 


Royal jelly (bee milk) is fed to young honey bee larvae, and 
itis this food that differentiates queens from workers. Only 
female larvae selected to be queens are fed royal jelly vo- 
luminously throughout their developmental period. Royal 
jelly is used in some cosmetic products and food supple- 
ments. In some countries it is believed that royal jelly pos- 
sesses medicinal properties. Collection of royal jelly is la- 
bor intensive. In commercial production, larvae are grafted 
(moved into a queen cell cup) as if to produce queens. Nurse 
bees are induced to feed the larvae liberal amounts of royal 
jelly. Three days after grafting, the larvae are removed 
from the cells and the royal jelly harvested. 


Pollen 


Pollen is consumed by humans primarily as a dietary sup- 
plement. Its protein, vitamin, mineral, and fat content is 
variable, depending on the season and plant source. In a 
survey of a mixed sample of bee-collected pollen from seven 
states, the average protein content of pollen on a dry 
weight basis was 24.1%. However, when individual plant 
sources were analyzed, the range was 7.02 to 29.87% pro- 
tein. 

No precise data are available on the amount of pollen 
needed by one colony over an entire year. This would de- 
pend on the population and brood rearing activities. Nev- 
ertheless, a good estimate is 44 lb. Because most colonies 
collect pollen in excess of their immediate needs, bee- 
keepers can supplement their income by collecting pollen. 

Pollen is collected with a pollen trap, a device with a 
screen that literally scrapes the pollen off the hind legs of 
returning foragers. Pollen traps must be emptied fre- 
quently, because pollen is an attractive food source for 
many insects and mites, and it will absorb moisture and 
become moldy. Some of the pollen collected by beekeepers 
is used to feed honey bee colonies during dearth periods. 
Processing of pollen is generally a simple matter after its 
removal from the hive. The first step is to dry the pollen, 
usually by air drying. Then foreign debris, such as insect 
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parts and the remains of diseased bees, is removed. In 
some cases, pollen pellets are also separated by color. 

The market for pollen is not especially lucrative. Some 
foreign pollen is imported into the United States for sale 
in health food stores. There are no reliable figures on the 
size of this trade. 


Beeswax 


One of the most useful products of the hive is beeswax. 
Honey bees produce beeswax from honey or sugar syrup 
through internal body chemical processes. It is estimated 
that it takes 8 lb of honey to produce 2 Ib of beeswax. In 
terms of costs of both products, it is economically more prof- 
itable for a beekeeper to produce honey. Because bee- 
keepers must remove the beeswax cappings from honey- 
combs prior to extracting honey, beeswax is usually 
considered to be a by-product of honey production. Cap- 
pings and old combs can be liquefied by heat to extract the 
beeswax, which floats on the surface and hardens when the 
mixture is allowed to cool. Beeswax ranges in color from 
almost white through light green or tan to golden yellow. 
Like honey, the color of beeswax from cappings varies ac- 
cording to the floral source, while beeswax from old combs 
is usually darkest. 

The majority of beeswax produced in the United States 
is used in candle making and cosmetics. Other uses include 
dental wax, furniture polish, lubricants, jewelry making 
(‘lost-wax casting”), batik, egg coloring, sewing, and 
honeycomb foundation (used by beekeepers). 


Honey 


Honey can be defined simply as a plant exudate of floral or 
extrafloral origin that is modified by honey bees and is 
stored in honeycombs. Nectars collected by honey bees are 
processed into honey. Principally, this ripening procedure 
involves enzymatic inversion of sucrose into fructose and 
glucose and reduction in the water content of nectar. Other 
changes occur in the process, but not much is known about 
them. The color, odor, and taste of honey are strongly in- 
fluenced by floral source (18). Depending on the floral 
source and location, honey is traditionally harvested when- 
ever the combs are filled and capped with wax. Both the 
stage of the ripening process, achieved before the honey is 
harvested, and the ambient relative humidity affect the 
moisture content of the final product. Honey contains 
spores of yeast that will germinate and ferment the honey 
if the moisture content is much above 18%. 

Honey yields are extremely variable, and two colonies 
placed side by side seldom produce identical honey crops. 
Honey depends on a number of factors, in addition to dif- 
ferences in nectar production among plant species. Honey 
production also is influenced by ground moisture, air tem- 
perature (day and night), wind conditions, and rainfall, be- 
cause they affect both nectar production and bee flight. 
Honey bees exhibit preferences among plant species and 
may collect nectar from many sources. Consequently, 
honey from only one plant source is extremely rare. For 
instance, honey that is advertised as tulip poplar fre- 
quently contains honey from a number of floral sources, 


though the predominant floral flavor is that of tulip poplar. 
As a result, many beekeepers label their honey as moun- 
tain honey, wildflower honey, and so forth. 

Honey is available in many forms, although the most 
popular and well known is extracted honey in the familiar 
queen-line jars. Extracted honey is harvested from the 
combs by first removing the beeswax cappings and then 
extracting the cell contents by centrifugal force. Some 
honey packers heat liquid honey (72°C for 4-5 min) to de- 
stroy yeasts and to delay granulation. When honey gran- 
ulates, the remaining liquid portion of the honey increases 
in moisture content and the likelihood of fermentation also 
increases. Other beekeepers only heat their honey enough 
(34-38°C) to aid in the process of filtration, and still others 
do not heat their honey at all. The filtration process is 
somewhat variable, ranging from merely straining out 
dead bees, comb, and other large debris, to filtration that 
removes bits of beeswax and even pollen. 

The U.S. Department of Agriculture (USDA) has estab- 
lished a system of grading honey based on percentage of 
sugars, clarity, flavor, aroma, and absence of defects (bees- 
wax, propolis, etc). In addition to grades, honey is also clas- 
sified by color: water white, extra white, white, extra light 
amber, light amber, amber, and dark amber. Honey color 
varies according to floral source. There have been attempts 
to develop worldwide honey standards. Meanwhile, in the 
United States, the USDA Standards for Grades of Ex- 
tracted Honey and Comb Honey are currently being used. 

In addition to liquid, extracted honey, many products 
using honey are available on grocery store shelves. These 
include honey-roasted nuts, cereals, baked goods, ice 
cream, and candy. Honey is widely used in baked goods 
because of its hygroscopic properties. The fructose in honey 
attracts moisture and prolongs freshness in baked prod- 
ucts. To the purist, however, comb honey is the ultimate 
form for eating. Within this category of packaging there 
are several subdivisions, such as whole combs, cut combs, 
chunk honey, and comb honey sections (square and round). 
Honey sold in combs is unheated, unfiltered, and unlikely 
to be adulterated. 

The typical beekeeper removes only the honey that is 
surplus to the colony’s needs. In the United States, the 
commercial beekeeper’s colonies produce an average of 80 
Tb of honey annually. In good years, beekeepers report 
honey yields of 200 lb or more in some areas of the United 
States and Canada. 


FUTURE DEVELOPMENT 


In recent years the honey bee industry in the United States 
has faced many difficult problems. Foreign honey imports 
and lower honey prices, coupled with increased cost of pro- 
duction, have created a considerable financial challenge. 
Because of the recent establishment of the two parasitic 
mites and Africanized honey bees in the United States, 
Canada and Mexico have banned imports of U.S. package 
bees and queens, an action severely damaging to the 
queen-producing segment of the industry. The reliance of 
USS. agriculture on honey bees, however, makes it imper- 
ative that these problems be solved. Many crops cannot be 


effectively pollinated without the placement of honey bee 
colonies in the orchards or fields. Fortunately, the demand 
for one of the direct products of the insects, honey, shows 
signs of increasing. The formation of the National Honey 
Board, with its stated goal of expanding domestic and for- 
eign markets for honey and to develop and improve mar- 
kets, bodes well for the future of commercial and hobby 
beekeeping in the United States. 
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BEER 


Beer is traditionally, and in many countries, legally, de- 
fined as an alcoholic beverage derived from barley malt, 
with or without other cereal grains, and flavored with 
hops. 

Barley malt is barley that has been purposely wetted, 
allowed to partly germinate, and then dried or kilned. This 
three-step process is called malting. Because barley is vir- 
tually the only cereal that is malted, it is often just referred 
to as malt. The drying stabilizes the malt and allows beer 
to be produced year round and in places far removed from 
where barley is grown. It thus differs from wine, which is 
only produced seasonally and only near grape-growing 
areas. 

Other cereal grains that are used to make beer are rice, 
corn, sorghum, and wheat. The choice, depends on the in- 
dividual brewer and often on the availability of the differ- 
ent cereals. 


HISTORY 


Beer was likely a casual discovery when a bowl of grain 
that got wet, and then very wet, accidentally fermented 
with airborne yeast. It has been made intentionally for 
more than 6,000 years and is indigenous to most temperate 
and tropical cultures. 

The oldest known written recipe was found on a 4,000- 
year-old Mesopotamian clay tablet, and it was for beer 
(Fig. 1). The Babylonians made 16 kinds of beer, using bar- 
ley, wheat, and honey. The Egyptians described a “beer of 
truth” and a “beer of eternity”. 

Beer making was an important trade in ancient Meso- 
potamia, Egypt, Greece, and Rome. In less-settled cultures 
in Europe, Africa, China, India, and South America some 
kind of fermented grain beverages were made on a small 
scale for home consumption. It may well have been discov- 
ered that brewing beer makes any water safe for human 
consumption. 

Large-scale brewing began in medieval Europe as a re- 
sult of increased travel and trade and the attendant in- 
crease in inns and taverns offering food and lodging. Mon- 
asteries began brewing beer, as well as wine and liqueurs, 
and accepted voyagers as guests. This helped spread 
knowledge about beer. 

In North America, beer was introduced with the early 
English and Dutch settlers. The Pilgrims landed in Plym- 
outh, instead of going farther south, because they had run 
out of beer. Many of the founders of the United States were 
active brewers or maltsters. 

All the beer of the early settlers was actually ale, fer- 
mented by strains of yeast, Saccharomyces cerevisiae, that 
are airborne and are also used in making bread and wine. 
Ales are produced at ambient temperatures. 

In the 1840s German brewers came to the United States 
and began brewing lager beer, fermented by strains of a 
yeast S. carlsbergensis that exists only in breweries and is 
used only for making beer. A characteristic of this yeast is 
that it can only function at temperatures below 70°F. For 
this reason, the early lager breweries were built near riv- 


effectively pollinated without the placement of honey bee 
colonies in the orchards or fields. Fortunately, the demand 
for one of the direct products of the insects, honey, shows 
signs of increasing. The formation of the National Honey 
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eign markets for honey and to develop and improve mar- 
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BEER 


Beer is traditionally, and in many countries, legally, de- 
fined as an alcoholic beverage derived from barley malt, 
with or without other cereal grains, and flavored with 
hops. 

Barley malt is barley that has been purposely wetted, 
allowed to partly germinate, and then dried or kilned. This 
three-step process is called malting. Because barley is vir- 
tually the only cereal that is malted, it is often just referred 
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where barley is grown. It thus differs from wine, which is 
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with airborne yeast. It has been made intentionally for 
more than 6,000 years and is indigenous to most temperate 
and tropical cultures. 

The oldest known written recipe was found on a 4,000- 
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kind of fermented grain beverages were made on a small 
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ered that brewing beer makes any water safe for human 
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Large-scale brewing began in medieval Europe as a re- 
sult of increased travel and trade and the attendant in- 
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outh, instead of going farther south, because they had run 
out of beer. Many of the founders of the United States were 
active brewers or maltsters. 

All the beer of the early settlers was actually ale, fer- 
mented by strains of yeast, Saccharomyces cerevisiae, that 
are airborne and are also used in making bread and wine. 
Ales are produced at ambient temperatures. 

In the 1840s German brewers came to the United States 
and began brewing lager beer, fermented by strains of a 
yeast S. carlsbergensis that exists only in breweries and is 
used only for making beer. A characteristic of this yeast is 
that it can only function at temperatures below 70°F. For 
this reason, the early lager breweries were built near riv- 
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Figure 1. Mesopotamian clay tablet. Source: Courtesy of the Beer 
Tnstitute. 


ers or lakes that froze in the winter. Ice was cut from these 
and stored in cellars for refrigeration during the summer. 
Thus New York, St. Louis, and Philadelphia became cen- 
ters of lager brewing. By the 1870s mechanical refrigera- 
tion was invented and used first in a brewery in Brooklyn. 

Lager beer has almost completely replaced ale as the 
beverage of choice, and today ale is only produced in the 
United Kingdom and parts of Canada, with only token 
amounts elsewhere. In the United Kingdom ale is referred 
toas beer and what the rest of the world calls beer is called 
lager. In what follows, beer will be used to refer to both ale 
and beer. 


The Making of Beer 


Beer production involves three distinct but interrelated 
stages. First is the preparation of an extract of the malt 
and the grains selected. This extract is called wort (pro- 
nounced to rhyme with “hurt”). This step takes place in the 
brewhouse and is often referred to as brewing. It takes 
about 4-10 h. A photograph of a typical brewhouse is 
shown in Figure 2. 

The next stage is fermentation, the conversion of this 
liquid by yeast into beer. This is a temperature-controlled 
process that takes 3-10 d. 

Fermentation is usually conducted in large stainless 
steel vessels that hold the volume of an entire brew, or 
several brews. Their size may be between 7,000 and 


Figure 2. Brewhouse, showing lauter tubs above and kettles be- 
low. Source: Courtesy of Anheuser-Busch, Inc. 


375,000 gal, and they may be horizontal rectangular in 
shape, or vertical cylindrical, with or without a conical bot- 
tom. The conical bottom allows simple gravity expulsion of 
yeast. A set of cylindroconical tanks are shown in Figure 
3. The rectangular tanks require manual raking of yeast 
for reuse in subsequent brews. 

‘The final stage is finishing or the refining of this liquid 
into salable beer by the brewery. It may take 2-25 d. It 
takes place in tanks equal in size to the fermentation tanks 


Figure 3. Cylindroconical tanks. Source: Courtesy of Paul Muel- 
ler Company. 


or multiples of the fermenter size. Aging tanks, preassem- 
bled on site, are shown in Figure 4. 

Each stage offers the brewery many choices. It is for 
these reasons that there are not many beers, perhaps none, 
that are exactly alike. The finished beer may be packed in 
large containers, holding 2-31 gal, or into small ones, hold- 
ing 7—40 oz. 


RAW MATERIALS OF BREWING 


Water 


Water is, only quantitatively, the major component of beer. 
Its requirements for brewing are fairly simple. First, it 
must meet local or international standards for potable wa- 
ter. The World Health Organization’s standards for drink- 
ing water are shown in Table 1. 

The second requirement is that it not be too alkaline. A 
maximum alkalinity of 50 ppm (as calcium carbonate) is 
acceptable. 

A third requirement is that it be hard and contain cal- 
cium. The level of calcium considered most desirable is 100 
ppm (as calcium), but lesser amounts may also be used. 
The water in Pilsner, Czechoslovakia, had these attributes, 
neutrality and hardness, and soon became the standard by 
which all beer is made. 

All water supplies are either surface water or ground- 
water. Surface water is derived from rainfall or snow and 
may be quite pure. If it is collected in reservoirs near the 
source of rain or snow, it is usually soft and neutral. If it 
is collected in rivers, its purity will depend on the distance 
between the collection and distribution points and the uses 


Figure 4. Aging tanks assembled on site. Source: Courtesy of 
Paul Mueller Company. 


Table 1, World Health Organization Standards for 
Drinking Water 


Maximum permissible 


concentrations (mg/L) 
Chlorides 60 
Sulfates 400 
Calcium 200 
Magnesium 150 
Total dissolved solids 1,500 
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it suffers in between. Such water may need purification 
with sand and charcoal. 

Groundwater comes from wells or springs andis usually 
tasteless but may be quite alkaline or hard, or both. Such 
water may need acidification to remove alkalinity and, less 
often, softening if it is too hard. Such water rarely needs 
treatment with activated charcoal. 


Barley Malt 


Malted barley is the principal ingredient of beer. It fur- 
nishes almost all the required elements for making beer. 
Malt provides starch and sugars, which will, partly or com- 
pletely, become alcohol during fermentation; and protein 
and amino acids, which will supply nutrition for the yeast, 
as well as color, foam, and flavor in the finished beer. 

Barley used to make malt is almost always selected 
from special strains that have been developed and grown 
specifically for this purpose. There are two major types of 
barley, distinguished by the number of rows on the stalk. 
Six-rowed barley is grown mainly in the midwest of the 
United States and Canada, but now also in Europe and 
Australia. Two-rowed barely is grown in the far west, and 
also in Europe and other barley growing regions. The two- 
rowed barleys are considered by some to give a smoother 
beer. A drawing of a barley kernel is shown in Figure 5. 

The husk, which protects the seed and is composed of 
the palea and lemma, is, in barley, alone among the cere- 
als, fused to the testa and the pericarp. It is this fusion 
that permits barley to be malted efficiently and to be the 
universal basis for making beer. Grains that lose their 
husks at germination tend to become moldy when malted 
in bulk. 

The malting of barley begins with steeping, in which the 
barley, in tanks, is soaked in aerated water. The steeped 
water is changed several times. The steeping is complete 
when the barley reaches a moisture content of 45%. It is 
then transferred to long, horizontal compartments, 
through which moist air is blown. In 4-6 d, the barley 
germinates and starts to grow as if it were to become a 
barley plant. During this time the barley produces starch- 
splitting enzymes, notably e-amylase and f-amylase, and 
also proteinases and cellulases. The amylases break down 
some of the starch in the barley; the proteinases degrade 
some of the proteins to amino acids, and the cellulases 
soften the cell walls. All these enzymes are secreted by the 
aleurone layer and migrate into the endosperm. These 
changes, which collectively are called modification, pre- 
pare the barley for its use in brewing. 

At the time when the modification is considered com- 
plete, the malt is transferred to a kiln and dried. The tem- 
perature at which the malt is dried determines the color 
and, partly, the flavor of the beer from which it will be 
made. Kilning stabilizes the malt and allows it to be 
shipped widely and to be stored for a year or more. 

The analysis of a typical malt is shown in Table 2. 


UNMALTED CEREALS (ADJUNCTS) 


Cereals such as rice, corn, and sorghum are often used to 
complement or attenuate the malt. These grains do not 
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Figure 5. Schematic longitudinal sec- 
tion of a barley grain, taken to one side 
of the furrow, showing the disposition of 
the parts. 


Table 2. Analysis of Barley Malt (%) 


Moisture 4.0 
Starch and dextrins 52.5 
Simple sugars 95 
‘Total protein 13.0 
Soluble protein 54 
Cellulose 6.0 
Other fiber 10.0 
Fats 2.5 
Minerals 25 


contribute to flavor, color, or foam but serve only to supply 
carbohydrates to the wort. Their use probably arose when 
malt was in short supply. They are widely used throughout 
the world. Only in parts of Germany, in Switzerland, and 
in Greece is their use prohibited by law. This prohibition, 
which dates to 1516 in Bavaria, as the Reinheitsgebot, orig- 
inally was intended as a means to police the taxation of 
beer because malt could only be made in a malthouse. The 
prohibition on the use of other sources of carbohydrates 
precluded the surreptitious increase in beer production. It 
remains to this day as a vestigial reminder of days past 
that has served to prevent the importation into those three 
countries of beers made with unmalted cereals. However, 
the European Common Market has overruled this law and 
such beers may now be imported into the all-malt coun- 
tries. 

The quantity of unmalted cereals may vary from 10 to 
50% of the total mash, depending on the beer to be pro- 
duced. Increased use gives a lighter, less bodied beer. Ifrice 
or sorghum is used, it must be ground before mashing. If 
corn is chosen, then a physically separated fraction of the 
ground corn kernel that contains mainly starch and pro- 
tein and very little corn oil is used. 

Starch is the major component of both malt and the 
other cereals. It is a complex polysaccharide made up of 
about 35% of a straight-chain polymer of glucose known as 
amylose and about 65% of a branched polymer, amylopec- 
tin. The links in all of amylose are 1,4’ bonds between 
neighboring glucose units. The bonds in amylopectin are 
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both 1,4’ and 1,6’, —the latter at the branch points. Sche- 
matic diagrams of amylose and amylopectin are shown in 
Figure 6 and 7, respectively, 


SPECIAL MALTS 


Some malts are made with special properties, mainly dif- 
fering in color and flavor. A caramel, or crystal, malt is 
made by heating a wet malt with steam under pressure. 
The resulting malt is used with regular malt to produce 
dark beers. A so-called chocolate malt is a variant of crystal 
malt. These malts provide color and special flavor to the 
beer. Malt may also be darkened by kilning at higher tem- 
peratures (200°F or higher) or for longer times. Such malt 
only imparts more color to the beer. 

Wheat may be malted, with difficulty, but it produces 
an ordinary beer unless a yeast is used that by itself pro- 
duces a spicy flavor. This has found some favor in parts of 
Germany and Belgium. 


HOPS 


Hops, Humulus lupulus, is a truly remarkable plant. Al- 
though it originally grew wild, and still does, it is inten- 
sively cultivated in a few countries for use only in beer. 
The major hop-growing countries are Germany, the United 
States, the Soviet Union, Czechoslovakia, Yugoslavia, and 
the United Kingdom. Figure 8 shows hops growing in Ger- 
many. Hop picking by hand in Czechoslovakia is shown in 
Figure 9. 

The use of hops in beer only goes back some 500 years. 
Many plants had been used to flavor beer, until it was dis- 
covered that hops not only makes beer pleasantly flavored 
but also controls the growth of spoilage bacteria. The use 
of hops is now universal in beer. 

Hops contain a group of compounds, humulones, which 
are very insoluble in water, but which undergo a chemical 
rearrangement during the brewing process to form an 
isomeric group of compounds called isohumulones. The iso- 
humulones are soluble in water and impart to beer a 
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Figure 6. Structure of the linear starch fraction, Each black circle represents a glucose unit, and 
the aldehydic terminus of the chain is indicated by an asterisk. Interglucose bonding is a-1,4, as 
shown in the inset, with carbon atoms in the glucose unit numbered in conventional fashion. 


Figure 7. Structure of a small section of the branched starch fraction. Branching is effected 
through an a-1,6 linkage, as shown in the inset. 


palate-cleansing bitterness that provides beer with its un- 
usual property of drinkability. The isohumulones in beer 
can be readily analyzed, permitting a quantitative mea- 
sure of their presence and thus of the beer’s bitterness. Not 
many flavor compounds in other foods are so easily mea- 
sured. A diagram of humulone and its conversion product 
isohumulone is shown in Figure 10. The analogues of hu- 
mulone (and isohumulone)—cohumulone, adhumulone, 
and prehumulone—differ only in the number of carbon 
atoms in the side chains. 


In addition, hops contain a volatile oil containing many 
odoriferous compounds, some of which survive into the fin- 
ished beer. Some varieties of hops, such as Clusters and 
Galena, are used primarily for bitterness, whereas others, 
such as Hallertau and Cascade, are used for their aroma. 

The essential oil of hops is, as in all plant materials, of 
terpenic origin. The major terpenes are myrcene (1), a di- 
terpene; humulene (2), and caryophyllene (3) sesquiter- 
penes (Fig. 11). Oxidation products of these hydrocarbons, 
such as humaladienone and caryophyllene epoxide have 
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Figure 8. Hops growing in Ger- 
many, Source: Courtesy of S. 8. 
Steiner. 


Figure 9. Hand picking of hops. Source: Courtesy of 
S. S. Steiner. 


Figure 10. Humulone and isohumulone. 


been found and are probably more important to the flavor 
of beer. 

Also present in hop oil are alcohols, such as linalool and 
geraniol; ketones, such as undecanone-2; and esters, such 
as geranyl butyrate. These survive into beer and are im- 
portant components of the hoppy aroma of some beers. 


Figure 11. The terpenes (1) myrcene, (2) humulene, and (3) 
caryophyllene. 


Hops is a perennial vine that grows to more than 20 ft 
in one season. They are trained to high wires held by long 
poles. The flowers are mechanically picked and dried in a 
kiln. Hops are used in several forms. The dried cones, com- 
pressed into bales weighing 200 lb, are used by many brew- 
ers. In this state, hops must be kept refrigerated. Alter- 


natively, the hop cones can be milled to a powder and then 
recompressed into pellets. These are easier to use at a 
brewery, but also need refrigeration. Lastly, the hops may 
be extracted, with an organic solvent such as hexane or 
alcohol, or with liquid carbon dioxide, and the extract used. 
These do not need refrigeration and are popular in tropical 
countries. A cluster of Fuggle hops is shown in Figure 12. 
Some varieties of hops grown commercially are listed in 
Table 3, with the country producing the major quantities 
indicated. 
A typical analysis of hops is shown in Table 4. 


YEAST 


Yeast is a unicellular microscopic organism that is fairly 
distinctive in being able to metabolize sugars either to car- 
bon dioxide and water, in the presence of air; or to alcohol 
and carbon dioxide, in the absence of air. It is this latter 
trait that is used in all alcoholic fermentations. 

One genus of yeast, Saccharomyces is used in brewing. 
But there are two species. One is S. cerevisiae, used in 
producing ales, and also for making bread, wine, and whis- 
key. It is a fairly hardy yeast and survives in the atmo- 
sphere. 

The other is S. carlsbergensis (uvarum) used only for 
lager beers and found no where else but in breweries. It is 


Figure 12. A cluster of Fuggle hops. Source: Courtesy of S. S. 
Steiner. 
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‘Table 3. Hop varieties (In Order of Acreage Devoted to 
Each Variety) 


United States Europe Australia 
Washington Perle (G) Pride of Ringwood 
Hallertau Magnum (G) 
Cone Hersbrucker (G) 
Calman Hallertau Tradition (G) 
a Spalter Select (G) 
Cluster Hallertauer (G) 
casas Nugget (G) 
Cc de Tettnanger (G) 
Mt. Hood Northern Brewer (UK & G) 
Fuggle (UK) 
Perle é 
, Golding (UK & SU) 
Lorena, Brewers Gold (UK & G) 
Olympic are (y & Su) 
Golding az (Cz) 
Hallertau Tarus (G) 
Spalter (G) 
Idaho Sarget (G) 
Galena Huller (G) 
Cluster Orion (G) 
Chinook Record (G) 
Willamette Bullion (G) 
Nugget 
Mt. Hood 
Oregon 
Willamette 
Nugget 
Perle 
Golding 
Mt. Hood 
Fuggle 
‘Tettnanger 


Note: G, Germany; Y, Yugoslavia; SU, Soviet Union; Cz, Czechoslovakia; 
and UK, United Kingdom. 


‘Table 4. Chemical Composition of HopS 


Moisture 10% 
Total resins 17-20% 
Volatile oils 0.8-1.2% 
Polyphenols 2-5% 
Waxes and lipids 3% 
Ash 1% 
Cellulose 55% 


temperature-sensitive and does not survive in the atmo- 
sphere. 

Yeast reproduces asexually and multiplies severalfold 
during a normal fermentation. Because yeast enters a com- 
mercially sterile liquid, wort, it may be reused many times 
in successive brews without danger of contamination. Beer 
is the only fermented product that starts with a sterile 
medium. A photograph through an electron microscope of 
a dividing yeast cell is shown in Figure 13. 

The two species of yeast differ in many biochemical 
characteristics. Table 5 gives some of these differences. 
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Figure 13. Dividing yeast cell. 


‘Table 5, Biochemical Characteristaics of Yeast Used in 
Beer Making 


S.carlsbergensis _S. cerevisiae 


Ferment melibiose + = 
Ferment raffinose +++ + 
Utilize ethanol aerobically = + 
Produce hydrogen sulfide +++ + 
Attitude after fermentation Settles to bottom Rises to top 


Most breweries have their own strains of yeast and con- 
tinue to use them indefinitely. Very often a pure yeast cul- 
ture is maintained and propagated in each plant, or, more 
often, in the parent plant if the brewery has more than one 
plant. 


THE BREWING PROCESS 


The Brewhouse 


Milling. Grains are normally received in breweries in 
bulk and transferred to silos. Malt needs to be crushed 
before it is used. This is done just before use. The aim in 
milling is to crush the endosperm of the barley, but leave 
the husk as intact as possible. These husks act as the fil- 
tration medium during later processing. A six-roller malt 
mill is shown in Figure 14. 

Corn as received in a brewery does not need any treat- 
ment before use. It has already been crushed by a corn 
miller and separated pneumatically. The lighter germ of 
the corn is conveyed in a different airstream from the 
heavier, starchy endosperm. It is this latter fraction that 
is used by breweries. 

Rice needs merely to be crushed before use. 


Mashing. This step determines the ultimate structure 
of the finished beer. A typical mashing cycle requires the 
use of four vessels, a cooker, mash tub (tun in Europe), 


Figure 14. Six-roller malt mill. Source: Courtesy of Witteman 
Hasselberg. 


lauter tub, and kettle. Examples of some brewhouse con- 
trol panels are shown in Figure 15. 

The cooker is a simple vessel, with an agitator and some 
means of being heated. The lauter tub is a complex vessel 
with a specially perforated false bottom through which the 
mash is strained or filtered. It has variable speed rakes, 
with adjustable flights that can be raised and lowered. The 
husks of the malt serve as the filtration medium in the 
lauter tub. A cut-out diagram of a lauter tub is shown in 
Figure 16. The kettle is also complex. It is heated inter- 
nally with steam passing through coils and a percolator, or 
directly with a flame; or externally in a steam boiler. 
Steam-heated kettles are shown in Figure 17 

There are several systems of mashing, each with certain 
advantages and each setting the requirements for the 
brewhouse equipment. The most common system in the 
United States and most other countries is a double-mash 
system. The corn or rice is boiled in the cooker, with a small 
amount of malt to lower the viscosity. The main portion of 
malt is admitted to the mash tub, and, after a stand at 
about 50°C for proteolysis, the temperature is raised by 
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Figure 15. Brewhouse control panels. Source: Courtesy of Wittemann Hasselberg. 


adding the contents of the boiling cooker. The combined 
mash is allowed to rest at the temperature that results 
from this mixing for a variable time, and then the tem- 
perature is raised selectively until the final mashing off 
temperature, usually 75°C, is reached. 

In the United Kingdom and its brewing satellites the 
most common mashing system is a simple infusion 
method. In this system, the mashing process takes place 
ata single temperature. This system developed with mash 
tubs that could not be heated. It is not nearly as versatile 
as the double-mash system. Mashing, with or without corn 
or rice, boiled separately in a small vessel, takes place at 
about 65°C. 


In Germany, and its brewing followers, still a third 
system, called decoction brewing, is common. Here too 
the mash tub cannot be heated, but a smaller decoction 
vessel can. The malt is transferred into the mash tub 
at a low temperature. A small portion of this mash is 
pumped to the decoction vessel and boiled. The boiled 
mash is pumped back into the main mash vessel. This 
serves to raise its temperature to a level that depends on 
the relative volumes in both vessels. This transfer is re- 
peated once or twice (double decoction or triple decoction), 
leading to a series of rising temperatures in the mash 
tub. This process is rather lengthy and has not found wide 
use. 
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Figure 16. Cut-out diagram of lauter tub. Source: Courtesy of 
Robert Morton, 


The reactions that occur in the mash tub are very com- 
plex. At a low temperature, about 50°C, proteolytic and 
cytolytic enzymes in the malt are operative. The corn or 
rice are not present at this stage and don’t need to be. Pro- 
teolysis is necessary to supply amino acids for the growth 


Figure 17. A row of brew kettles. Source: 
Courtesy of Miller Brewing Co. 


of yeast and also to break down large, insoluble proteins 
to simple soluble peptides for foam enhancement. Cytoly- 
sis is required to reduce the viscosity of the barley gums 
(soluble fiber) to accelerate the later filtration. After some 
10 to 60 min, the temperature is raised by the addition of 
the boiled cooker (or decoction vessel). The resulting tem- 
perature may be held for 10-60 min, and the temperature 
raised again, finally ending at 75°C. During these elevated 
temperatures, two amylolytic enzymes, a-amylase and f- 
amylase, cooperate to hydrolyze most of the starch to fer- 
mentable sugars. Beta-amylase, which operates best at 
about 63°C, attacks starch from its nonreducing end and 
splits off the disaccharide, maltose. It cannot proceed past 
a 1,6’ linkage, and so depends on the concurrent action of 
a-amylase. Alpha-amylase, which operates best at 70°C, 
splits any 1,4’ linkage at random, and so provides a supply 
of nonreducing ends for the f-amylase to operate on. Co- 
operatively, the action of these two enzymes can result in 
the splitting of about 65—75% of the starch into mono-, di-, 
and trisaccharides. 

‘The mash temperature is raised to 75-77°C when the 
desired action of the amylolytic enzymes has been 
achieved. This arrests any further enzymatic action and 
prepares the mash for the next step, lautering. 


Lautering (Straining or Filtration). The converted mash 
is transferred to a vessel that will permit separation of the 
liquid (wort) from the insoluble solids (husk, fiber) of the 
malt and grains. Three different types of vessels accom- 
plish this separation. The one most widely used is a lauter 
tub, a large cylindrical vessel with a slotted false bottom 
and a set of movable and adjustable flights. The mash is 
pumped into this tub, allowed to settle for a few minutes, 
and then liquid is allowed to flow to the next stage, the 
kettle. The first runnings are always cloudy and are run 
back onto the mash. When it runs clear, it is run to the 
kettle. After the clear liquid, called first wort, stops run- 


ning, fresh water (sparge water) is sprayed onto the grain 
bed to elute the wort adhering to the grains. 

Sparging continues until the next vessel is full, the con- 
centration of the wort has reached the desired value, or the 
solids in the effluent are too dilute to be worthwhile. In 
some breweries, these last runnings are recovered and 
used for a succeeding brew. At the end of sparging, the 
rakes are lowered, their angle changed, and the spent 
grains are pushed into now-open large holes at the bottom 
of the lauter tub. These grains have a ready market as a 
valuable animal feed. 

Another device used to separate wort from grain is a 
mash filter, a plate-and-frame press with plastic cloth as 
the barrier. These are faster than lauter tubs, but lack flex- 
ibility to grain depth. They have found some use in the 
United States, but wider use outside that country. 

A third device, patented by Anheuser-Busch, is a 
Strainmaster, a modified lauter tub with perforated tubes 
projecting into the grain bed that serve to collect the wort. 
It has fallen out of favor and is being replaced by the lauter 
tub. This also is more rapid than a lauter tub. They are 
used almost exclusively in the United States. 


The Kettle. The clear wort running from any of the 
grain-separation vessels is collected in a large vessel, the 
kettle, and boiled. Heat is normally supplied by steam in 
a set of coils and a center-mounted percolator. Alterna- 
tively, the vessel may be heated by direct fire or by an ex- 
ternal collandria heated by steam. 

During the heating period hops are added, in one or 
several portions, and at varying times. The varieties, the 
quantity, and the duration of their boiling time, all affect 
the flavor of the finished beer. 

The boiling of the wort serves many vital functions: 


1. It extracts the resin from the hops. 


2. It isomerizes the humulones to soluble isohumu- 
lones. 

8. It volatilizes most, but not all of the volatile oils in 
the hops. 

. It stops all enzymatic action. 

. It sterilizes the wort. 

. It concentrates the wort. 

. It removes grainy odors from the malt and other ce- 
reals, 


. It darkens the wort and produces flavor-inducing 
melanoidin reactions between the amino acids and 
simple sugars. 


Noon 


@~ 


At the end of the boil, the wort is passed through a 
strainer to remove hop leaves, if whole hops were used, or 
directly to a tank in which the wort is allowed to settle. 
Recently, tangential entrance to this tank was found to 
produce a rapid settling of the precipitate that always 
forms in the kettle. This precipitate, called trub, contains 
hop bitter resins, proteins, and tannins and needs to be 
eliminated from the beer. 

After settling some 20-30 min the wort is passed 
through a heat exchanger and cooled to the temperature 
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desired for fermentation. Immediately after cooling, the 
wort is aerated to provide oxygen for the yeast. 

Yeast, from a preceding brew, is added (pitched) in mea- 
sured amounts to the aerated wort. The usual quantity is 
1 lb of liquid yeast per barrel of wort. This will give a count 
of about 12 million yeast cells per milliliter. The second 
stage of the brewing process now begins. 


Fermentation 


Yeast enters a cool solution containing oxygen, fermenta- 
ble sugars, and various nutrients. The yeast quickly ab- 
sorbs the oxygen as well as minor nutrients that it re- 
quires, such as phosphate, potassium, magnesium, and 
zinc. It then begins to metabolize sugars and amino acids. 
The glycolytic pathway that yeast uses is common to many 
higher organisms, and only the ability to split pyruvic acid 
into acetaldehyde and carbon dioxide makes yeast distinc- 
tive. The scheme for the fermentation of glucose is shown 
in Figure 18. 

The temperature during fermentation is very rigidly 
controlled. Because fermentation itself is exothermic, the 
fermentation vessels in all beer fermentations are cooled 
by a refrigerated fluid circulating through coils in the 
tanks or through jackets surrounding the tanks. The pro- 
cess usually takes 5~9 d. 

During this time the yeast also metabolizes amino acids 
and makes three to four times as much yeast as was 
pitched. The excess yeast, over that used for succeeding 
brews, is collected and sold for use in dietary supplements 
and flavors for soups and snack foods. 

The metabolism of amino acids is orderly and proceeds 
ina specific sequence. Certain amino acids are metabolized 
first, followed by the others, as shown in Table 6. 

S. carlsbergensis has a marked ability to flocculate 
when it completes fermentation. This tendency allows the 
yeast to settle quickly when fermentable sugars are ex- 
hausted and makes collection and reuse of the yeast fairly 
simple. Some brewers hasten this settling by using centri- 
fuges to collect their yeast. 

S. cerevisiae, on the other hand, first rises to the top of 
its fermenting tank, where it may be collected by skim- 
ming, but then settles to the bottom and may also be col- 
lected there. Certain strains of S. cerevisiae settle more 
quickly and have been chosen by many brewers of ales and 
stouts. 


Finishing 

The fermented beer may now be finished in one of several 
ways. The simplest and most widely used is merely to 
transfer the beer to another tank, chilling it en route. This 
stage, called ruh (rest), allows much of the still suspended 
yeast to settle and also removes some harsh, sulfury notes. 
Furthermore, the yeast removes some undesirable flavor 
compounds, notably diacetyl, which were produced during 
the earlier fermentation. Ruh normally takes 7-14 d. 

An alternative way of finishing beer is to move it to an- 
other tank sometime before it is completely fermented. 
Again, it is chilled en route, and the so-called secondary 
fermentation is allowed to proceed at a much lower tem- 
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Figure 18. Chemistry of alcoholic fermentation. 
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(6) Needs glyceraldehyde phosphate dehydrogenase and NAD+ 


(7) Needs phosphoglyceric kinase 
(8) Needs phosphoglyceromutase 


(c) Oxidation without oxygen 
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Figure 18. Chemistry of alcoholic fermentation (continued). 


perature, 0-3°C. Much the same cleansing action occurs, 
but the early transfer ensures the presence of sufficient 
yeast to cleanse the beer more efficiently. It takes 24 w. 
It has not found wide favor, probably because of the 
need to transfer the beer at times that could be inconven- 
ient. 

A third, and most elegant way, is to transfer the fer- 


mented beer to another tank, chilling it less, and treating 
it with a small quantity of beer that just started to ferment 
a day earlier. This subjects the fermented beer not just to 
a specific quantity of yeast, but to very active yeast that 
very effectively cleanses the fermented beer. This process, 
called krauesening, is used by very fastidious brewers. It 
normally takes 3-5 w. 
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Figure 18. Chemistry of alcoholic fermentation (continued). 


Table 6. Metabolism of Amino Acids 
Extent of absorption Acid 


Group A 


Glutamic acid 
Glutamine 
Aspartic acid 
Asparagine 
Serine 
Threonine 
Lysine 
Arginine 


Almost completely absorbed within 24 hours 


Group B 


Valine 
Methionine 
Leucine 
Isoleucine 
Histidine 


Absorbed gradually during fermentation 


Group C 


Absorbed only after Group A amino acids 
are gone 


Glycine 
Phenylalanine 
Tyrosine 
‘Tyrptophane 
Alanine 
Ammonia 


Group D 


Absorbed only slightly Proline 


After any of these finishing processes, the beer is fil- 
tered, always in the cold, to remove insoluble particles and 
yeast. This filtration uses diatomaceous earth as the filter 
medium. The beer may be filtered again, and this filtration 
may be a sterile filtration to remove all yeast and lacto- 
bacilli or another diatomaceous earth filtration. A sterile 
filtration may involve cotton fibers, a porous plastic sheet, 
or a ceramic filter as the retaining barrier. 


Beer Packaging 


Beer is packaged in either cans or bottles or in large con- 
tainers or kegs for use in restaurants and taverns. The 
packaging machinery for beer has become very sophisti- 
cated and fast. Because oxygen changes the flavor of beer 
(see later), modern fillers evacuate the bottle before it is 
filled and replace the air with CO,. Then the beer enters 
against a counter pressure of CO,. Bottles are being filled 
at more than 20/s, and cans at more than 30/s. A high- 
speed can filler is shown Figure 19. 

If such packaged beer has not been sterile-filtered, it 
must be pasteurized, as beer is a fertile medium for many 
microbes. The pasteurization may be done just before fill- 
ing, a so-called bulk pasteurization, or after filling in long 
tunnels with hot-water sprays. Bulk pasteurization takes 
about a minute, tunnel pasteurization about an hour. 

Kegs may be filled with diatomaceous earth-filtered 
beer, in which case they are kept refrigerated; or they may 
be filled with sterile filtered or bulk pasteurized beer, in 
which case they do not need refrigeration. 


Problems of Beer 


‘The complexity of beer makes it prone to several problems. 
First and foremost is that the delicate flavor of beer is ad- 
versely affected by oxygen, so great pains are taken in the 
brewery and in the packaging operation to minimize the 
pick up of oxygen. When yeast is present, it will scavenge 
oxygen and keep the beer oxygen-free. But after filtration 
beer is very prone to pick up oxygen. At every transfer, 
steps are taken to avoid oxygen pickup, which is monitored 
closely. The filling operation has been mentioned earlier. 
Correctly packaged beer has a flavor shelf life of about 
4 m: if kept cold, it will last longer. The change in flavor 
with oxidation is difficult to describe because it is unique 
to beer. It has been described as papery, bready, or card- 
board. But mainly it loses the fine appeal of fresh beer. 
Another problem of beer is that it develops a peculiar, 
skunky aroma if packaged in clear or green bottles and is 
exposed to light. The problem has been eliminated with the 


discovery that brown bottles filter the offending wave- 
lengths of light. The aroma is caused by the action of light 
on isohumulone, which splits off an unsaturated hydrocar- 
bon, which in turn reacts with a trace of hydrogen sulfide 
in the beer to give a mercaptan. 

A third problem is that beer is a good medium for some 
nonpathogenic microbes and so must be sterile-filtered or 
pasteurized. Either of these treatments effectively elimi- 
nate the problem. 

Another shortcoming that has largely been eliminated 
is the tendency for beer to become cloudy when it is chilled. 
This haze is caused by a reversibly insoluble protein- 
polyphenol complex. It is removed in one of several ways. 
The protein may be solubilized by the enzyme papain, or 
the polyphenols may be removed by absorption onto silica 
gel. These treatments are effective and widely used. 


Light Beer 


The enzymes present in barley malt cannot completely de- 
grade starch to fermentable sugars. So all regular beers 
contain dextrins, fragments of starch held by 1,6’ linkages 
and too large to be fermented by yeast. There is an enzyme, 
however, that can break up all the starch—amyloglucosi- 
dase. 

A true light beer is one in which all the starch has been 
made fermentable. This is accomplished by the use of amy- 
loglucosidase, either in the brewhouse to work with the a- 
amylase and f-amylase or during fermentation to work af- 
ter the a-amylase and f-amylase. 

Some light beers are made by merely extending the ac- 
tion of the a-amylase and f-amylase. This produces a beer 
reduced in dextrins but not free of them. The legal defini- 
tion of a light beer in this country permits this. 


Analysis of Beer 


Typical analysis of some American beers are shown in Ta- 
ble 7. 
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Figure 19. High-speed can filler. Source: Courtesy 
of H&R Inc. 


Table 7. Analysis of American Beers 
Standardbeer All malt beer Light beer 


Water 92 91 6 

Alcohol, wt% 3.8 3.9 3.3 
Carbohydrates, % 34 3.8 <10 
Protein, % 03 0.6 0.2 
Acids, as lactic, % O14 0.1 0.1 
Ash, % 0.1 0.2 0.1 
Isohumulones, ppm 15 25 15 


Table 8. Vitamins in Beer 


Vitamin content % Minimum daily 


of beer requirements 
Vitamin (mg/L) supplied by 1 L 
Thiamin 0.02 <2 
Riboflavin 0.3 20% 
Pantotenic acid 1.0 25% 
Pyridoxine 0.5 20% 
Biotin 0.007 1% 
Cyanocobalamin 0.1 3% 
Types of Beer 


Beer may be classified in many ways: 


* By type yeast 
1. Lager yeast, S. carlsbergensis—By color: Light to 
amber color—lager beer; Dark color—porter; Dark 
and strong—bock beer. Or by process: Ruh beer; 
Krauesened beer. 
2. Ale yeast, S. cerevisiae—By color: Light to amber 
color—ale; Dark colored—stout. 
© By properties of the water 
1. Alkaline, hard water—Munich type 
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2. Neutral, hard water—Pilsen type (All beers made 
now are Pilsen type) 


By alcohol content 

. No-alcohol beer 

. Low-alcohol beer (shank beer) 
. Beer, ale 

. Malt liquor 

. Barley wine 

By market category 

1. Super premium 

2. Premium 


. 
oR ODE 


3. Standard, regional 
4, Generic 


Dietary Aspects 


Beer, being made from grains, has considerable nutritional 
value. Table 8 shows the vitamin content of a typical beer. 

Beer also contains the trace minerals zinc, copper, and 
manganese. It is also very low in sodium, 12-18 mg sodium 
per liter, and high in potassium, 110-125 mg potassium 
per liter. This ratio of sodium to potassium has made for 
the inclusion of beer in the diets of patients with fluid re- 
tention problems. The well-known diuretic effect of beer is 
also a factor in many diets. 


PLANT OPERATIONS 


Breweries are operated most efficiently on round-the-clock 
schedules. The limiting factor in production is almost al- 
ways capacity of the brewhouse, mainly the lauter tub and 
kettle. Some breweries will have one malt mill, one cereal 
cooker, one mash tub, two lauter tubs, and two kettles. 
With a mash filter or Strainmaster, only one may be re- 
quired. Large breweries will have more than one brewing 
line. The maximum volume of beer that can be produced 
from the largest practical kettle (31,000 gal) is about 3-4 
million barrels (90-120,000,000 gal). Any plant making 
more than this has more than one brewing line. 

Round-the-clock brewhouse operation also demands 24- 
h manning in the fermentation cellars. Although ferment- 
ing and aging tanks are always above street level, the 
rooms they are in are referred to as cellars, from the days 
when the absence of mechanical refrigeration made un- 
derground storage necessary to keep the fermenting beer 
cool. 

The speed of packaging equipment allows the so-called 
bottleshop section of a brewery to run on less than round- 
the-clock operation, even if the rest of the brewery is on a 
24-h schedule. 

The many choices involved in the brewing process, and 
the actual day-to-day running of the brewery (but not the 
bottleshop) are under the domain of the brewmaster. All 
else in a brewery, including the bottleshop, are the domain 
of the plant manager. 


QUALITY CONTROL 


Quality are those attributes of a product that makes it de- 
sirable to a consumer. In the production of beer there are 
many opportunities for undesirable properties—in aroma, 
in taste, and in appearance—to develop. Brewers have 
learned to be very careful about their products. 

Quality control begins with the raw materials used in 
brewing. The water used is monitored for taste, alkalinity, 
hardness, and trace metals. 

Barley malt is controlled very closely. The variety of bar- 
ley is always specified, and sometimes the region in which 
itis grown. The malting process is controlled indirectly, by 
the analysis of the finished malt. The kilning cycle is spec- 
ified, and the temperatures on the kiln are controlled. 

Analyses exist for malt that reveal the size and vitality 
of the barley used, the extent to which the barley is ger- 
minated, how well it was modified or malted, and how well 
it will perform in the brewery. A typical analysis of a two- 
row and six-row malt is shown in Table 9. 

The assortment indicates the size and grade of the bar- 
ley used to make this malt. Uniformity in size is as impor- 
tant as absolute values. The growth shows how many dead 
kernels there were in the barley and how extensively and 
how uniformly the barley germinated. 

The extract values, which give the amount of soluble 
matter in the malt, is an important economic factor. The 
difference in extract between a coarsely ground and a 
finely ground malt indicates how well the barley was mod- 
ified; the smaller the difference the better the modification. 

The diastatic power and a-amylase value measure the 
f-amylase and a-amylase, respectively. The ratio of soluble 
protein over total protein indicates how well the barley 
grew during malting and can predict yeast behavior in the 
brewery. 

Hops are specified by variety and country or state in 
which they are grown. Samples from lots that could be pur- 
chased are examined visually by the brewer. Acceptance 


Table 9. Analyses of Two-Row and Six-Row Malts 


‘Two-row malt. __Six-row malt 
Assortment 
On 7/64 in., % 61.4 ATS 
6/64 30.7 43.3 
5/64 7.0 9.2 
Through 5/64 09 10 
Growth 
o-1/4 0 0 
1/4-1/2 1 2 
1/2-3/4 5 6 
3/4-1 84 83 
Over 1 10 9 
Moisture, % 4 4 
Extract, fine grind, as is, % 77.3 75.2 
Extract, coarse grind, as is, % 76.0 73.8 
Diastatic power 133 142 
o-Amylase 51 55 
‘Total protein, % 13.7 13.8 
Soluble protein, % 5.8 5.6 


depends on aroma and appearance. Analysis for humu- 
lones accompanies the sample and may be a criterion also. 

Corn and rice are judged by extract values and low oil 
content. In the brewery, control begins with the wort pro- 
duced in the kettle. This is judged for solids content, color, 
bitterness, pH, degree of fermentability, and sterility. 

The fermentation process is monitored for rate of fer- 
mentation (decrease in specific gravity) and temperature 
and biologically for the presence of lactobacilli. The aging 
process is checked for gravity and microbiologic state. 

After filtration, the oxygen content is monitored, as is 
the carbon dioxide level. Just before packaging, and pos- 
sibly again in the package, the beer is analyzed completely 
to maintain standards and uniformity. 

Tasting is an integral part of quality control. In many 
breweries beer is tasted just before it is transferred from 
one tank to another. It is again tasted just before packag- 
ing, and again, critically, in the package. Taste panels are 
selected from brewery workers and are trained to detect 
certain flavors in beer and to describe them. These panels 
operate daily, or twice daily, with rotating membership. A 
view of a taste panel is shown in Figure 20. 


WORLD BEER PRODUCTION 


Beer is made in almost every country in the world. It prob- 
ably ranks next to bread in the ubiquity of its production. 
Table 10 lists the production, in 1,000 hectoliters, in these 
countries. 


GLOSSARY 


Apparent extract. The density, usually measured 
with a hydrometer or a densitometer of a fermenting or 
fermented liquid. In beer it measures the extent to which 
the wort has fermented. The value reflects the residual 
solids in the beer, modified by the alcohol present (which 
lowers the reading). 


= 


Figure 20. A view of a taste panel. Source: Courtesy of Miller 
Brewing Co. 
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Table 10. World Beer Production in 1997 (in 1,000 hL) 


The Americas 
United States 236,430 
Brazil 88,200 
Mexico 51,949 
Canada 22,355 
Colombia 20,000 
Venezuela 17,232 
Argentina 12,063 
Peru 8,500 
Chile 3,900 
Dominican Republic 2,400 
Ecuador 2,270 
Bolivia 1,800 
Paraguay 1,600 
Cuba 1,500 
Panama 1,350 
Costa Rica 1,200 
Honduras 1,184 
Guatemala 1,000 
Uruguay 800 
EI Salvador 700 
Jamaica 574 
Nicaragua 400 
‘Trinidad 320 
Puerto Rico 314 
Guyana 180 
Haiti 140 
Bahamas 139 
Netherlands Antilles 135 
Barbados 112 
Surinam 89 
Belize 70 
Martinique 70 
Santa Lucia 49 
St. Vincent 35 
Grenada 34 
Antigua 22 
St. Kitts 18 
Dominica 12 
Total 479,146 
Far East 
China 170,000 
Japan 67,695 
South Korea 16,740 
Philippines 13,475 
Thailand 8,360 
Vietnam 5,638 
India 4,250 
Taiwan 3,900 
Indonesian 1,722 
Malaysia 1,477 
Hong Kong 890 
Singapore 804 
Nepal 350 
Laos 286 
Sri Lanka 266 
Cambodia 175 
Lebanon 126 
Mongolia 100 
Burma 60 
Pakistan 20 
Total 296,334 
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Table 10. World Beer Production in 1997 (in 1,000 hL) 


Table 10. World Beer Production in 1997 (in 1,000 hL) 


(continued) (continued) 
Near East Africa 
Israel 800 South Africa 25,000 
Syria 102 Nigeria 4,300 
Jordan 56 Kenya 3,000 
Traq 50 Cameroon 3,253 
Total 1,008 Zimbabwe 1,649 
Tanzania 1,615 
South Pacific Zaire 1,525 
Australia 17,349 ‘Ivory Coast 1,240 
Burundi 1,161 
New Zealand 3,214 
Papua-New Guinea 390 sage poo 
Figi 161 _Behiopta es 
Tahiti 14g ‘Namibia . 
New Caledonia 125 Uganda B80. 
Samoa, 45 Rwanda 808 
Gabon 801 
Solomon Islands 19 
Total Tawi Mere oe 
is Tunisia 780 
Europe Guinea 773 
Malawi 760 
Germany 114,800 Mozambique 698 
UK 58,139 Zanbua 558 
USSR 25,249 Upper Volta 458 
Spain 24,879 Botswana 419 
Netherlands 24,701 Egypt 400 
France 19,483 Lesotho 398 
Poland 18,800 Benin 358 
Czech Republic 18,649 Algeria 350 
Belgium 14,168 Madagascar 350 
Ttaly 11,455 Congo 347 
Austria 9,366 Mauritius 347 
Denmark 9,180 Swaziland 294 
Treland 8,152 Togo 292 
Romania 7,506 Reunion 239 
Turkey 7,448 Eritrea 218 
Hungary 7,168 Central African Republic 207 
Portugal 6,623 Senegal 162 
Yugoslavia 6,106 Chad 157 
Ukraine 6,090 Guinea 131 
Sweden 4,810 Sierra Leone 100 
Finland 4,793 Niger 72 
Slovak Republic 4,394 Seychelles 70 
Greece 3,945 Mali 65 
Croatia 3,607 Liberia 60 
Switzerland 3,563 Cape Verde 54 
Bulgaria 3,004 Gambia 20 
Norway 2,298 Total 57,868 
Slovenia 2,123 
Lithuania 1,356 
Kazakhstan 730 
Sata Hacseantba er Barley malt. A legally required ingredient in beer; it 
Macedonia 600 is barley that has been wetted and induced to germinate 
Estonia 585 and then heated to stop the germination. The germination 
Uzbekistan 500 partly digests the starch and protein in the barley and pro- 
Luxembourg 481 duces some enzymes. The temperature at which the ter- 
Georgia 450 minal drying is done determines the color of the resulting 
Cyprus 20 beer. Barley may be either two-rowed or six-rowed and 
Albaaie zoe may be either blue or white. Malt provides carbohydrates, 
Malia pe rotein, and yeast nutrients to the brewing process. 
Armenia 52 B imine 8 PI 
Iceland 51 Bitterness unit or isohumulones. A quantitative 
Azerbaijan 15 measure of the amount of isohumulones—the major bitter 
Total 437,230 compound from hops—in beer, in milligrams per liter. 


Corn grits, corn flakes, corn starch, corn syrup, 
rice, milo, and sorghum. Ingredients used as adjuncts 
to dilute the barley malt; they are only a source of carbo- 
hydrates. 

Enzyme. A protein, made by a living cell or organism, 
that catalyzes or promotes a chemical reaction. Most of the 
processes of life, and most of those in brewing, are medi- 
ated by enzymes. 

Hops. The flower of a perennial vine Humulus lupulus 
grown in the United States only in Washington, Oregon, 
Idaho, and California. Many varieties exist, with differing 
aromas and bittering qualities. The United States grows 
the varieties called Clusters, Northern Brewer, Fuggles, 
Bullion, and Cascades. 

Krauesen. A stage after primary fermentation in 
which about 15% by volume of freshly fermenting beer is 
added to beer that has completed its fermentation. The 
term, as a noun, is also used to describe the foamy head 
that appears on top of a fermenting tank at the height of 
fermentation. 

Original gravity. The concentration of solids in the 
wort from which beer is made. In the United States and 
most other countries, the concentration is expressed in per- 
cent solids, or ‘Plato or °Balling (after the workers who 
laboriously determined these values). Thus a wort with 
12% solids would be said to have a gravity of 12°P (or 12°B), 
and the beer made from it would be said to have an original 
gravity of 12°P. An analysis of beer permits you to calculate 
the original gravity of the wort from which it was made, 
without reference to the wort. In the United Kingdom, the 
concentration of solids in the wort is expressed as the ac- 
tual specific gravity. A wort with 12% solids would have a 
specific gravity of 1.048 and would be said to have a gravity 
of ten forty-eight. 

Real extract. The actual percentage of solids in a beer, 
determined after removing the alcohol present. 

Ruh. The period of rest between fermentation and fil- 
tration during which the beer clarifies itself and loses some 
harsh notes. 

Wort. The liquid from which beer is made; a warm- 
water extract of malt and other grains. 

Yeast. The microorganism that converts simple sugars 
to alcohol and carbon dioxide. Two types of yeast are used 
in brewing—Saccharomyces carlsbergensis for lager beers 
and S. cerevisiae for ales. Most brewers have their own 
strain of these yeasts. During a normal brewers fermen- 
tation, yeast multiplies three- to fourfold, yielding more 
than enough yeast for successive brews. Yeast also pro- 
duces many compounds that have a marked influence on 
the flavor of the beer. 
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Carbonated beverages, or soft drinks, are the most popular 
beverages in North America and a growing category world- 
wide. Per capita consumption in the United States reached 
54 gallons per year in 1997. Worldwide consumption is es- 
timated at almost 7.5 gallons per year for every man, 
woman, and child alive. This has created an industry with 
estimated annual U.S. sales of over $54 billion, employing 
more than 136,000 workers, producing hundreds of differ- 
ent flavors. 

Few products are as closely associated with American 
ingenuity, enterprise, and culture as soft drinks. The 
trademark of the market leader, the Coca-Cola Company, 
is the most recognized trademark in the world. That one 
company served an estimated 1 billion customers in 1997. 
Although a few large corporations dominate sales, there 
has always been a market for hundreds of small businesses 
offering unique alternatives to the mass-marketed brand 
names. 

The emergence and growth of this category resulted 
from the ideas of individuals in the United States and Eu- 
rope, who found better flavors, better marketing, or better 
ways of producing their beverages. Although descriptions 
of naturally carbonated mineral waters date back 2,000 
years, the production and distribution of flavored soft 
drinks began little more than 200 years ago. The devel- 
opment of soft drinks follows (see “History of Carbonated 
Beverages”). What is a carbonated beverage and how is it 
different from other beverages? 


DESCRIPTION 


The favored term for carbonated beverages is now carbon- 
ated soft drink, or simply soft drink, to differentiate them 


Corn grits, corn flakes, corn starch, corn syrup, 
rice, milo, and sorghum. Ingredients used as adjuncts 
to dilute the barley malt; they are only a source of carbo- 
hydrates. 

Enzyme. A protein, made by a living cell or organism, 
that catalyzes or promotes a chemical reaction. Most of the 
processes of life, and most of those in brewing, are medi- 
ated by enzymes. 

Hops. The flower of a perennial vine Humulus lupulus 
grown in the United States only in Washington, Oregon, 
Idaho, and California. Many varieties exist, with differing 
aromas and bittering qualities. The United States grows 
the varieties called Clusters, Northern Brewer, Fuggles, 
Bullion, and Cascades. 

Krauesen. A stage after primary fermentation in 
which about 15% by volume of freshly fermenting beer is 
added to beer that has completed its fermentation. The 
term, as a noun, is also used to describe the foamy head 
that appears on top of a fermenting tank at the height of 
fermentation. 

Original gravity. The concentration of solids in the 
wort from which beer is made. In the United States and 
most other countries, the concentration is expressed in per- 
cent solids, or ‘Plato or °Balling (after the workers who 
laboriously determined these values). Thus a wort with 
12% solids would be said to have a gravity of 12°P (or 12°B), 
and the beer made from it would be said to have an original 
gravity of 12°P. An analysis of beer permits you to calculate 
the original gravity of the wort from which it was made, 
without reference to the wort. In the United Kingdom, the 
concentration of solids in the wort is expressed as the ac- 
tual specific gravity. A wort with 12% solids would have a 
specific gravity of 1.048 and would be said to have a gravity 
of ten forty-eight. 

Real extract. The actual percentage of solids in a beer, 
determined after removing the alcohol present. 

Ruh. The period of rest between fermentation and fil- 
tration during which the beer clarifies itself and loses some 
harsh notes. 

Wort. The liquid from which beer is made; a warm- 
water extract of malt and other grains. 

Yeast. The microorganism that converts simple sugars 
to alcohol and carbon dioxide. Two types of yeast are used 
in brewing—Saccharomyces carlsbergensis for lager beers 
and S. cerevisiae for ales. Most brewers have their own 
strain of these yeasts. During a normal brewers fermen- 
tation, yeast multiplies three- to fourfold, yielding more 
than enough yeast for successive brews. Yeast also pro- 
duces many compounds that have a marked influence on 
the flavor of the beer. 
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Carbonated beverages, or soft drinks, are the most popular 
beverages in North America and a growing category world- 
wide. Per capita consumption in the United States reached 
54 gallons per year in 1997. Worldwide consumption is es- 
timated at almost 7.5 gallons per year for every man, 
woman, and child alive. This has created an industry with 
estimated annual U.S. sales of over $54 billion, employing 
more than 136,000 workers, producing hundreds of differ- 
ent flavors. 

Few products are as closely associated with American 
ingenuity, enterprise, and culture as soft drinks. The 
trademark of the market leader, the Coca-Cola Company, 
is the most recognized trademark in the world. That one 
company served an estimated 1 billion customers in 1997. 
Although a few large corporations dominate sales, there 
has always been a market for hundreds of small businesses 
offering unique alternatives to the mass-marketed brand 
names. 

The emergence and growth of this category resulted 
from the ideas of individuals in the United States and Eu- 
rope, who found better flavors, better marketing, or better 
ways of producing their beverages. Although descriptions 
of naturally carbonated mineral waters date back 2,000 
years, the production and distribution of flavored soft 
drinks began little more than 200 years ago. The devel- 
opment of soft drinks follows (see “History of Carbonated 
Beverages”). What is a carbonated beverage and how is it 
different from other beverages? 


DESCRIPTION 


The favored term for carbonated beverages is now carbon- 
ated soft drink, or simply soft drink, to differentiate them 
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from beverages containing alcohol. They are characterized 
by containing carbon dioxide (CO.) gas, which effervesces 
(bubbles) when pressure is released, as when opening a 
bottle. Soft drinks have some added flavor and usually a 
sweetener to distinguish them from seltzer water. The pri- 
mary ingredient of course is water, comprising from 85 to 
99% of the formula. 


INGREDIENTS 


The water used in soft drinks must be free of objectionable 
tastes, odors, or colors. It must be safe to drink and low in 
organic and mineral content. Most soft drink bottlers em- 
ploy extensive water treatment to assure this primary in- 
gredient is pure and suitable for their products. Although 
the water must meet federal drinking water standards, 
most bottlers go well beyond those specifications to assure 
stability in a complex beverage system that must be shelf 
stable for six months or more. 

Carbon dioxide is delivered to the bottling plant as a 
liquid compressed under high pressure. As the gas is 
needed, the liquid CO, is metered through a regulator 
where pressure is decreased and the liquid is vaporized to 
a gas. The gas is then dissolved in water in direct propor- 
tion to the pressure and temperature, following the uni- 
versal gas laws. The amount of CO, in the product is mea- 
sured in gas volumes, where one gas volume equals the 
volume of gas that will dissolve in water under standard 
conditions. The treated water is chilled to absorb more CO. 
and carbonated by exposing it to a countercurrent flow of 
CO, gas under pressure. Different flavors specify different 
levels of carbonation, up to a practical maximum of 5.0 gas 
volumes. 

Most soft drinks are sweetened with sugars, predomi- 
nantly in recent years by a liquid corn sweetener known 
as high fructose corn syrup (HFCS). Corn syrup is refined 
from cornstarch, which is a polymer of the simple sugar 
dextrose (d-glucose). Starch is hydrolyzed to dextrose and 
then a portion of the dextrose is enzymatically converted 
to fructose to enhance sweetness. HFCS is transported 
across North America by rail tank car or by tank truck and 
delivered in bulk. Prior to the 1950s, granulated sugar (su- 
crose) was most common, delivered in bags or bulk, and 
this sweetener still predominates in most areas of the 
world. 

Sugar, HFCS, and honey are nutritive sweeteners, 
meaning they supply some food energy or calories. A sig- 
nificant portion of the U.S. market, about 15%, prefers diet 
or sugar-free soft drinks made with nonnutritive sweet- 
eners. These are typically intense sweeteners, hundreds of 
times sweeter than sugar, and are therefore used in small 
amounts measured in parts per million (ppm or g/L). 

Where sugars may constitute 10 to 12% by weight of the 
beverage, an intense sweetener makes up a fraction of 1%. 
Sugars also contribute to the mouth-feel of the beverage 
and help carry and smooth flavors across the tongue. This 
presents a challenge to the flavor chemist formulating 
sugar-free products. The balance of flavors found in a 
sugar-sweetened beverage is difficult to duplicate in the 
diet version. Examples of nonnutritive sweeteners include 


aspartame, saccharin, sucralose acesulfame potassium, 
and alitame. Table 1 lists several of the sweeteners used 
in the beverage industry with relative sweetness compared 
with sucrose, solubility at 20°C, and approximate usage 
levels in beverages. 

Another important ingredient is an acidulent or acid, 
typically citric acid or phosphoric acid, which serves sev- 
eral purposes. The primary function is to modify the flavor 
by contributing a bite or tang sensation while balancing 
the sweetness in a sweet-sour relationship. The acid also 
lowers the beverage pH (a measure of acidity or hydrogen 
ion concentration) increasing the solubility of some ingre- 
dients and helping to prevent spoilage. Carbon dioxide gas 
forms carbonic acid in solution and therefore is itself a mi- 
nor acidulent. Other common acid ingredients include 
malic acid, found in apples and cherries; tartaric acid, pri- 
marily found in grapes; and acetic acid, found in vinegar. 

The defining ingredient of soft drinks is the flavor sys- 
tem, which differentiates one product from another. Fla- 
vors can be simple or very complex combinations of ingre- 
dients blended together to achieve a desired balance. Some 
soft drink flavors have hundreds of ingredients, some of 
which may be added just to prevent analysis and unau- 
thorized duplication. The secrecy of such formulas is leg- 
endary. Fruit juices or juice extractives are common in fruit 
flavors. Extracts of spices, nuts, and herbs characterize 
colas, ginger ales, and root beers. 

Flavors are categorized by law as “natural” or “artifi- 
cial” depending on their source and means of manufacture. 
The U.S. Code of Federal Regulations (21 CFR 101.22) 
states: 


Natural flavors include: essential oils, oleoresins, essence or 
extractive. . . . or product of roasting, heating or enzymolysis, 
which contains the flavoring constituents derived from a spice, 
fruit or fruit juice, vegetable or vegetable juice, edible yeast, 
herb, bark, bud, root, leaf. . . . meat, seafood or dairy product 
. .. whose significant function is flavoring rather than nutri- 
tional. 


Artificial flavors are not derived from this list of foods, but 
typically are synthesized chemicals that may or may not 
be identical to natural flavor constituents. A great amount 
of research has been done and is continuing to find new 
flavoring materials in nature and in the laboratory. All in- 


Table 1. Beverage Sweeteners 


Relative 20°C (%) Approx. (mg/L) 
Sweetener sweetness solubility _usage level 
Acesulfame potassium 200 27 500 
Alitame 2,000 14 50 
Aspartame 180 1 600 
Crystalline fructose 15 80 90,000 
Cyclamate 30 13 lend) 
HFCS 42 09 111,000 (solids) 
HFCS 55 1 100,000 (solids) 
Saccharin 300 350 
Sorbitol 06 230 Blend) 
Sucralose 600 28 180 
Sucrose 1 60 100,000 


gredients used in foods must be approved by the U.S. Food 
and Drug Administration (FDA). Most common soft drink 
flavoring materials are on the generally recognized as safe 
(GRAS) list. 

It is well established that our perception and memory 
for flavor is primarily based on our sense of smell. Taste 
receptors on the tongue play a role but are not as sensitive 
as the olfactory receptors found in our nasal passages. This 
is why the volatile essences or “top notes” are so important 
to successful flavors. 

Colors are also important ingredients in beverages. 
Consumer acceptance and even flavor perception is depen- 
dent on the appearance of the product. Until recently, the 
choices of stable color ingredients have been limited to 
about a dozen useful in soft drinks. As our scientific un- 
derstanding of chemistry advances, more choices are be- 
coming available, allowing a rainbow of colors to be offered. 
The regulation of colors can present some contradictions: 
the natural color component of red cranberries can be used 
in a cranberry drink and labeled “natural”; however, the 
same natural color ingredient used in cherry flavor must 
be labeled “artificial color.” 

Preservatives are found in most soft drinks to prevent 
spoilage, protect flavors, and extend shelf life. Soft drinks 
are generally packaged cold to maintain carbonation, and 
they cannot be heat processed to eliminate spoilage yeast 
and mold spores. Although conditions in modern bottling 
plants are sanitary, the total elimination of microorgan- 
isms is nearly impossible. Agents that prevent microbial 
growth in soft drinks include COg, acids, and some flavor- 
ing materials. Beyond these, many formulas include a pre- 
servative to prevent spoilage and assure product safety. 
The most common are sodium or potassium benzoate, salts 
of the common benzoic acid found in fruits and berries. 
Another type of preservative is an antioxidant (such as vi- 
tamin C), which protects sensitive flavor ingredients from 
oxidation and the resulting development of off-flavors. Se- 
questrants (such as citric acid) prevent chemical reactions 
by binding with the metals that act as catalysts. 

Other functional ingredients include foaming agents, 
emulsifiers, clouding agents, and gums. Foaming agents 
stabilize the foam “head” on a glass of root beer or sarsa- 
parilla. Emulsifiers stabilize oil-in-water emulsions criti- 
cal to oil-based flavors, such as citrus flavors. Clouding 
agents make beverages cloudy or opaque to appear more 
natural, like orange juice. Gums can have a variety of func- 
tions including improving the mouth-feel of diet drinks. 

Table 2 compares the ingredients in popular soft drink 
flavors. 


NUTRITIONAL VALUE 


Soft drinks are usually consumed for refreshment and en- 
joyment, not for nutritional value, but they do have value. 
They are a significant source of essential water in the diet. 
Many people who drink soft drinks on the job or while trav- 
elling may have limited choices of safe or appealing liquid 
alternatives. Soft drinks supply quick energy in the form 
of readily absorbable carbohydrates (sugars), which can be 
valuable to athletes, workers, and those with calorie defi- 
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Table 2. Typical Soft Drink Ingredients 


Co, 
Brix gas 
Flavor (% sugar) Acid pH volumes Calories/8 oz. 
Cola 10 Phosphoric 2.3 3.0 93 
Cream 11-13 Citric/none 5.5 2.9 115 
Grape 14 ‘Tartaric «3.02.8 125 
Lemon-lime 11 Citric 27 3.5 108 
Orange 12-14 Citric 35 25 120 
Ginger ale 8 Citric 26 4.0 80 
Root beer 11-12 Varies 5.0 3.2 113 


cient diets. Soft drinks have often provided much needed 
relief to victims of floods and natural disasters, who have 
no clean source of water for drinking or preparing meals, 
Recent lifting of government restrictions has allowed for- 
tification of soft drinks with vitamins and nutritive addi- 
tives. Now we have “value added” products enriched with 
vitamin C or calcium to increase nutritional benefits. 


AVAILABILITY 


One important reason for the increasing consumption of 
soft drinks is availability. Historically, soft drinks were 
made at home, or close to home, and by the early 1800s, 
many cities had choices of several purveyors. Even before 
the advent of bottled product, soda fountains were common 
in drugstores, candy shops, and saloons. As the industry 
grew in the later nineteenth and early twentieth centuries, 
mobility increased, bottling “pop” became common, and 
bottlers did their best to make it available in grocery 
stores, gas stations, and corner stands. Now you can buy 
soft drinks from convenience stores, fast food counters, and 
the ubiquitous vending machines. Of course they are avail- 
able on the Internet! Increasing availability is a corporate 
marketing priority, and the competition is fierce. 


TERMINOLOGY 


Carbonated beverage. Preferred term adopted by man- 
ufacturers in 1919 to favorably disassociate the pack- 
aged effervescent beverages from other types of soft 
drink. 

Soft drink. Commonly adopted early in the twentieth 
century to disassociate flavored refreshment waters 
from alcoholic beverages. Includes all varieties of car- 
bonated and still beverages in bottles and cans and also 
those prepared at the fountain. 

Soda. Originally a specific type of carbonated water, 
which included sodium bicarbonate for its medicinal 
properties. Term became generic in America for the 
broad category of flavored carbonated soft drinks. Be- 
cause soda is not an ingredient in modern beverages, 
the term “soda water” is disfavored by the industry, al- 
though “soda” persists as a popular designation for car- 
bonated beverages, particularly in the northeastern 
United States. 
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Pop. Popular term in the late nineteenth century for 
bottled flavored soda waters and still widely used by 
consumers in the central parts of the United States. De- 
rived from popping noise made when the cork or other 
closure was removed from the bottle. 

Tonic. A New England generic name for packaged car- 
bonated beverages derived from the health values at- 
tributed to early carbonated waters. Also an English 
term now used in the United States to designate car- 
bonated quinine water. 


HISTORY OF CARBONATED BEVERAGES 


Ancient Greeks and Romans knew the virtues of bathing 
in naturally occurring carbonated mineral waters. By the 
sixteenth century, extensive efforts were made by physi- 
cians and scientists to characterize and reproduce these 
physical benefits. The Swiss alchemist Phillipus Aureolus 
Paracelsus, recorded the earliest written observations. A 
century later, the Belgian physician Jean Baptiste Van 
Helmont (1577-1644) applied the name “gas” to mineral 
spring vapors. In 1757, Joseph Black, a Scottish physician, 
established that “fixed air” (CO, gas) could be extracted 
from limestone with oil of vitriol (sulfuric acid). In the 
1780s Thomas and William Henry discovered that increas- 
ing pressure increased solubility of gases (Henry’s law). By 
1823, Sir Humphry Davy and Michael Faraday were liq- 
uifying CO, gas in England. 

Simultaneously in America, scientists were studying 
mineral springs near Saratoga, New York, and developing 
ways to duplicate their properties, In 1798 the term “soda 
water” was first introduced. In 1807, Dr. Benjamin Silli- 
man began selling carbonated mineral waters in New Ha- 
ven, Connecticut. The first U.S. patent for the manufacture 
of imitation mineral waters was issued to Joseph Hawkins 
of Philadelphia. Developments followed rapidly on both 
sides of the Atlantic Ocean. Bottled soda water was first 
sold in the United States in 1835. Flavors were added soon 
after that in Germany and the United States, the earliest 
being fruit juices. Artificial flavors appeared in the 1850s 
along with ginger ale, root beer, and vanilla flavors sold 
through pharmacies. These early “tonics” were com- 
pounded and dispensed by chemists in apothecaries for 
consumption on the premises. The health benefits of min- 
eral waters were expanded with the addition of herbs and 
sodium bicarbonate to soothe the stomach. By the late 
1800s, the availability of liquid CO, in steel cylinders al- 
lowed the transition from soda fountains to bottling shops, 
and the industry took off. Some of the earliest products 
that grew into businesses include: 


* Cantrell & Cochrane (C&C) ginger ale was exported 
from Belfast, Ireland, in the 1850s. 

* Vernors ginger ale was developed in Detroit, Michi- 
gan, by James Vernor when he returned from the 
Civil War in the late 1860s. 

* Hires root beer was introduced at the Philadelphia 
Centennial in 1876 by Charles Hires. 

* In 1881, Henry Millis started selling Clicquot Club 
ginger ale in Boston. 


In 1884, Dr. Augustin Thompson developed Moxie in 
Lowell, Massachusetts. 

Dr Pepper formula developed by young Charles Al- 
derton, was sold to Robert S. Lazenby, proprieter of 
the Circle “A” Ginger Ale Company in Waco, Texas, 
in 1885. 

In 1886, Dr. John Pemberton, an Atlanta druggist, 
produced the first 25 gallons of what became Coca- 
Cola, in a three-legged pot in his backyard. By 1904, 
123 franchised bottlers sold one million gallons of 
Coke. 

Caleb Bradham of New Bern, North Carolina, named 
his new beverage Pepsi-Cola in 1898. By 1910 he had 
sold franchises to 280 bottlers. 

In 1890, John McLaughlin opened a small plant near 
Toronto to sell carbonated water to local drug stores. 
He introduced Canada Dry pale dry ginger ale in 
1904. 

The Royal Crown name was trademarked by Hatcher 
Grocery Company in Columbus, Georgia, in 1905. 


By the turn of the twentieth century the soft drink in- 
dustry was well on its way to success. In 1900, 2,800 bot- 
tling plants produced over 1 billion 6 oz. bottles. Coca- 
Cola’s first newspaper advertisement appeared in 1902. By 
1921 there were over 6,000 bottlers helped in part by Pro- 
hibition, which closed many beer breweries. The number 
of bottlers peaked in 1929 at 7,920 and then tapered down 
during the Great Depression. After World II, the number 
of plants increased to 6,900 in 1949, but has been decreas- 
ing ever since, to less than 500 at the end of the twentieth 
century. But throughout the century, except for a few pe- 
riods of war rationing restriction, the volume of soft drinks 
has increased as the plants became more efficient, more 
sanitary, and extended their reach through better pack- 
aging, transportation, and marketing. 


SOFT DRINK INDUSTRY 


An important factor in the sales growth of soft drinks has 
been innovation. The earliest successful purveyors had 
better ideas, better products, and better locations. To ex- 
pand their businesses, they needed to develop better pack- 
aging, better production methods, and improved distribu- 
tion. The important milestones on the road to success are 
acknowledged as (1) addition of flavors to mineral waters; 
(2) development of the fluted crown closure (bottle cap), 
capable of withstanding the pressures exerted by carbon- 
ated beverages; and (3) mass-produced glass bottles of uni- 
form size, allowing development of faster bottling machin- 
ery. With a uniform package, the next innovation was the 
sale of franchise agreements, which allowed a franchisee 
to bottle and sell product exclusively within a prescribed 
geographic territory. Franchising the product quickly ex- 
panded its sales area with little capital cost to the fran- 
chisor. The Coca-Cola Company (Coke) and the Pepsi-Cola 
Company (Pepsi) quickly had large networks of hundreds 
of bottling plants each, few of which were owned by the 
parent company. Bottlers were independent businessmen 


operating within their territories as they wished with some 
minor constraints by the franchise contract. The most sig- 
nificant restriction was they must buy the flavor syrup 
from the parent company and follow the formula specifi- 
cations. 

Bottlers, being independent businessmen, became very 
competitive with bottlers of rival brands. Early “turf” bat- 
tles for space in neighborhood stores and gas stations grad- 
ually evolved into the corporate marketing competition 
known as the cola wars. The advertising and distribution 
rivalry between Coke and Pepsi is legendary for its com- 
petition for priority in shelf space, sales outlets, stadium 
rights, and the bragging rights of being the “Official Soft 
Drink” of any and every event. 

Bottlers also came to recognize the value of cooperation 
with their rivals on certain issues that adversely affected 
their business. The issues that finally brought them to- 
gether were taxes and bottle “misappropriation,” the steal- 
ing of empty bottles by a competitor to be refilled with the 
rival brand. The second issue led to the development of 
distinctive bottle designs for each brand and the contro- 
versial imposition of bottle return deposits. Bottlers 
formed regional and statewide organizations to discuss 
and resolve common issues. 


SOFT DRINK BOTTLER ASSOCIATIONS 


The first attempt at national organization was the U.S. 
Bottlers Protective Association in 1882. This group dis- 
solved within five years and was replaced by the American 
Bottlers Protective Association (ABPA) in 1889. The ABPA 
held meetings to oppose taxes and resolve differences be- 
tween members, but was largely ineffective. Finally, in 
1919, the American Bottlers of Carbonated Beverages 
(ABCB) was formed under the strong leadership of James 
Vernor of Detroit. The group raised money to fight tax pro- 
posals that unfairly burdened the industry. They held reg- 
ular meetings and formed committees to address industry 
issues. Soon, the annual meetings included equipment dis- 
plays and the presentation of technical papers for the edu- 
cation of the membership. 

The 1920s were boom years for soft drinks with amaz- 
ing growth in sales and production technology. The ABCB 
hastened the spread of modern technology and equipment. 
One of the first accomplishments was the establishment of 
a scientific research program at Iowa State University to 
study industry needs and develop better testing methods. 
In 1923 they adopted the slogan “Quality—Purity— 
Service” to focus the image of the industry as a safe and 
reliable source of refreshment for consumers. The group 
introduced the Sanitary Code for Bottling Plants in 1929, 
establishing benchmarks for sanitary operations. In 1933 
ABCB opened a beverage testing lab in Washington, D.C., 
to work with bottlers on product and ingredient specifica- 
tions. This was supplemented by a mobile laboratory, 
which traveled the nation visiting bottling plants, upgrad- 
ing local understanding and technical standards. This mo- 
bile lab continued for 27 years until supplanted by the 
growth of corporate field programs. 

The ABCB also published important guidelines on the 
operations and financial controls of bottling plants. The 
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industry faced many challenges from state and federal reg- 
ulations and taxes that held the organization together, de- 
spite the competitive interests of the membership. The 
Great Depression of the 1930s drove many businesses out 
of existence, and bottling plants closed, but the five cent 
price of a bottle of cold soda made it an affordable treat. 
The advent of the rationing of sugar, trucks, and equip- 
ment in World War II also affected many bottlers, but the 
industry grew rapidly after the war. Some companies ben- 
efited from the war as American Gls spread their prefer- 
ence for soft drinks across Europe and Africa. Major 
brands were becoming international businesses. 

ABCB was instrumental in the formation of the scien- 
tific association Society of Soft Drink Technologists in 
1953. This group, now known as the International Society 
of Beverage Technologists, has greatly advanced the tech- 
nical understanding of beverage chemistry and production. 
Annual technical meetings are attended by bottler, ingre- 
dient, and equipment members from around the world 
with the presentation and publishing of peer-reviewed 
technical papers. 

In 1967, the ABCB changed its name to the National 
Soft Drink Association (NSDA), headquartered in Wash- 
ington, D.C. A permanent staff of lawyers and technical 
managers coordinates activities of various volunteer com- 
mittees to promote the industry and protect it from exces- 
sive legislation and taxes. The original reasons bottlers 
came together over 100 years ago, taxes and bottle return 
deposits, are still hot issues today. 


SOFT DRINK PRODUCTION 


The reason more beverage units are produced each year 
while the number of producing plants decreases is the ad- 
vancement of beverage manufacturing technology. The in- 
dustry has modernized in all aspects as it has developed 
larger and more efficient factories. Many related advances 
have combined to improve water purification, material 
handling, refrigeration, packaging speeds, warehousing, 
and transportation. The bottler of 1950 mixed a few bags 
of sugar to make 100 cases of 7 0z. bottles with a 32-station 
bottle filler filling about 150 bottles per minute. In 1998, 
the bottler mixes a tank truck of liquid sweetener to make 
30,000 cases of 12 oz. cans with a 120-station can filler 
running at 2,000 cans per minute. He has automatic equip- 
ment to unload truckloads of empty cans to feed the con- 
veyors and automatic equipment to load the finished prod- 
uct onto pallets, keeping several forklifts busy loading 15 
semitrailer trucks to carry the product to market. Thanks 
to the interstate highway system, these trucks can now 
travel a couple hundred miles in a few hours to a distri- 
bution warehouse for local delivery. Table 3 summarizes 
the steps in the production of the modern soft drink can. 
The modern beverage plant uses the latest in manage- 
ment tools and techniques to increase efficiencies, produc- 
tivity, and product quality. Inventories are kept low by 
scheduling incoming materials to arrive hours before 
needed with “just-in-time” deliveries from suppliers. Pro- 
duction runs are scheduled to fill weekly orders from cus- 
tomers, assuring rapid warehouse turnover to keep fresh 
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Table 3. Steps in Soft Drink Can Production 


Step Description 
Water Coagulation, sand filtration, carbon filtration, 
treatment and polishing 
Ingredients Flavors, acidulent, colors, and preservative 
measured 
Liquid 
sweetener _Filtered and metered into syrup tank 


Syrup blending Syrup compounded from ingredients, 
sweetener, and water 

Water Chilled and carbonated 

Beverage Beverage = 1 part syrup + 5 parts 

proportioning _ carbonated water 

Can receiving Empty cans depalletized, inspected, and 
cleaned 

Can filling Cans gravity filled through open end on 
revolving filler 

Can seaming _Fillled cans have lid applied and sealed with 
double seam, 

Date coding Each can has a date code printed on the side 
or bottom. 

Fill check Net contents measured, low fill cans rejected 
to scrap 

Can warmer Cans warmed above dew point to prevent 
condensation in cases 

Multipacker Cans grouped and wrapped in 6, 12, 18, or 24 

Case packer Six or 12 packs combined into cases of 24 

Palletizer One hundred cases oriented into alternating 
stack patterns on wood pallets 

Stretch wrap _Pallets wrapped in clear plastic film for 
protection and stability 

Warehousing Product stored in warehouse until needed to 
fill orders 

Bulk delivery Semitrailer loads transported to customer 
warehouses 

Local delivery Smaller trucks deliver to stores, restaurants, 


vending machines, etc. 


product on the store shelves. Heating and cooling energy 
is recycled to minimize waste. Packaging materials are re- 
cycled, solid waste is minimized, and liquid wastes are pre- 
treated before release to municipal treatment facilities. 

Many plants run 16- to 20-hour daily production sched- 
ules with a sanitation shift during downtime. Quality im- 
provement and worker safety programs are constantly re- 
inforced by management. Strict quality programs are 
monitored by parent company representatives, who pro- 
vide materials, training, and technical support to each 
plant in their system. Every facility has a modern testing 
laboratory with calibrated instrumentation to assure ac- 
curate quality test results. Many now have on-line instru- 
mentation providing constant data logging of critical mea- 
surements. 


MARKETING 


The soft drink story begins with marketing and ends with 
consumer satisfaction. Carbonated beverage marketing is 
big business and possibly the most visible product promo- 
tion campaign existing. Direct advertising on signs, motor 


vehicles, store displays, print ads, television, radio, cloth- 
ing, and anywhere else a logo or jingle can be found con- 
stantly reminds us we are thirsty. From subtle placements 
in movies to giant skywriting over sports events, soft drink 
advertising is ubiquitous. From the early patent medicine 
purveyors to the latest extreme-sport computer-graphic 
commercials, the point is the same, sell more soft drinks. 
These are fun refreshing products, so the ads tend to be 
more attractive and enjoyable than most. Not many prod- 
ucts have more appealing packaging graphics or vending 
machine decoration to be sure. 

Although good quality advertising and packaging in- 
crease desire to purchase, the product must also consis- 
tently deliver the promised refreshment at a reasonable 
price. Competitive promotion pressures have kept the 
price of soft drinks quite reasonable. There are times dur- 
ing holiday promotions when products are sold at or below 
cost to increase market share and meet volume targets. 
This discounting has contributed to the demise of the 
small, inefficient bottler and the growth of the larger fran- 
chisors. Another factor in that evolution is the consolida- 
tion of supermarket chains, giving stores more control over 
which products get shelf space and end-of-aisle displays. 

Soft drinks are marketed primarily to the young, from 
teenage years through the twenties, because early prefer- 
ences often continue as people age. The brands want to be 
associated with the “in crowd” and good times. The brand 
confers status to those that are seen with a can. As the 
population demographics are aging, more ads will be seen 
with older people enjoying soft drinks, perhaps with nos- 
talgia. 

Not only do the advertising campaigns adjust to chang- 
ing times, but new product offerings will be available for 
changing tastes and lifestyles. The recent proliferation of 
sports drinks, flavored waters, and good-for-you beverages 
are keeping up with the trends. The future is unpredict- 
able, but you can be sure soft drinks will evolve to fill the 
niche for liquid refreshment. 
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BEVERAGES: NONCARBONATED 


How many types of beverages can you name? There are 
thousands of different flavors, categories, brands, and 
packages of beverages available in the United States today. 
They all have one thing in common: They are all predomi- 
nantly water. Our bodies are composed primarily of water 
and water-soluble compounds. We must drink liquids to 
maintain a water balance and replenish the water our bod- 
ies expel constantly. The amount of liquid required will 
vary with our physical condition, exertion level, and envi- 
ronment. We can only survive for a week or two without 
some water intake. Fortunately, most of us consume plenty 
of beverages to meet our biological need for water. 

Our water balance controls the natural desire for a 
drink, called thirst. When our bodies sense an excess of 
salts, called electrolytes, in our blood, we feel the sensation 
of thirst. We can satisfy our thirst by restoring the water 
balance through beverage consumption, but we have many 
other reasons to consume beverages beyond our physical 
need. 

Natural water was undoubtedly the first beverage con- 
sumed by prehistoric people, and it remains the most pop- 
ular beverage in areas where it is safe and available to 
drink. Unfortunately, as the world becomes more devel- 
oped and crowded, those areas are shrinking fast. 
Throughout history, we have developed beverage alterna- 
tives with desirable flavors, physical sensations, and nu- 
tritional value. We have learned to identify and purify un- 
safe water and change it into the rainbow of beverages 
available today. 

Several other beverages are found in nature, the most 
obvious and important to our development is milk. As 
mammalian babies, mother’s milk is our first beverage and 
source of nutrition following birth. Until the relatively re- 
cent development of nutritional baby formula, milk was 
essential to a baby’s survival. As we grow, we can experi- 
ence other beverages and eventually solid food. Frequently 
the next beverage after milk and water, is fruit juice, an- 
other naturally occurring drink derived by squeezing ripe 
fruit. Of course, the fruit juice we enjoy today is much im- 
proved over what was available from fruit growing in the 
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wild. Other naturally occurring beverages would also be 
liquids derived from plants such as nectars, saps, and vege- 
table juices. 


BEVERAGE TYPES 


Webster’s defines a beverage simply as a drinkable liquid. 
We drink beverages to satisfy our thirst, for enjoyment, for 
psychological reward, for ceremony or celebration, and for 
nutrition. The proliferation of beverage choices was most 
likely driven by curiosity at first, but now seems to be more 
profit driven. We have beverages for all occasions: to stim- 
ulate us in the morning, to calm us down at night, to sooth 
our physical maladies, to celebrate holidays and special 
occasions, and to perform religious ceremonies. There are 
ethnic drinks identified with specific cultures, sports 
drinks for strenuous exercise, health drinks for improved 
nutrition, and even astronaut drinks developed for space 
travel. See Table 1 for a list of the popular categories avail- 
able in the U.S, market. There are two common measures 
of beverage sales and consumption: liquid volume and re- 
tail sales in dollars. These measures can rank beverages 
quite differently because some beverages are very expen- 
sive per unit volume. For instance, alcoholic beverages in- 
cluding beer, wine, and distilled spirits, account for almost 
half of the beverage dollars spent by consumers, but only 
comprise about 15% of the volume sold. 


HISTORY 


Early beverages of commerce include milk, mineral wa- 
ters, tea, beer, and wine. Chapters could be written on the 
histories of each of these, with roots in early civilizations. 
Explorers constantly expanded the list with discoveries of 
herbs, spices, and fruits from distant lands. Beverage pur- 
veyors developed preservation methods, processing tech- 
niques, and improved packaging to expand their markets. 
New machines such as grinders, presses, distilleries, and 
dehydrators improved yields and quality. Pasteurization 
and natural preservatives, along with better packaging to 
reduce spoilage, greatly extended shelf life and distribu- 
tion range. As availability of supplies increased, marketing 


Table 1. Beverage Categories 


Water—tap, purified, spring, sparkling, flavored, caffeinated. 
Carbonated soft drinks 

Alcoholic—beer, cider, wine, distilled spirits, low-calorie beer 
Milk and dairy-based beverages 

Coffee and tea—hot and cold, cappucino, latte 

Fruit juices and juice drinks (less than 100% juice) 

Fruit flavored (no juice) 

Powdered drink mixes 

Vegetable juices 

Sports drinks—isotonies 

Frozen drinks—shakes, slushes 

Health drinks—nutrition fortified, herbal, nutraceuticals 
Diet drinks—low-calorie, low-fat, weight control aids 
Chocolate based—hot cocoa, cold sweetened 

New Age—Innovative new blends that cross categories 
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and promotion of beverages accelerated the trial and pro- 
liferation of new drinks. The beverage market grew to be- 
come huge. Beverages make up the largest portion of our 
daily food intake. Proliferation of products and packages 
has made drinks conveniently available almost every- 
where we go in the Western world. Packages range from 
little tea bags and powder packets up to 5-gal bulk dis- 
pensers and kegs. 


U.S. BEVERAGE MARKET 


What are the most popular beverages available in the 
United States in the late 1990s? By far the volume leader 
is carbonated soft drinks, with a per capita consumption 
of more than 55 gal per year and growing. They are also 
the largest single category in retail dollars, estimated at 
more than $50 billion. Tap water may be second in volume, 
but declining and contributing negligible dollar sales. Beer 
is in third place, with steady annual volume of about 22 
gal per person, followed by coffee, milk, bottled water, 
juice, and tea, in that order. The fastest growing segment 
is bottled water. 


RECENT DEVELOPMENTS 


The decades of the 1980s and 1990s saw a tremendous pro- 
liferation of new products in ready-to-drink teas, juice 
blends, New Age, and nutraceuticals. Ready-to-drink teas 
(bottles or cans) were pioneered by the big dry-tea produc- 
ers such as Lipton, Nestlé, Red Rose, and Tetley. These 
were cold-filled 12-0z cans with preservatives, offered as 
an alternative to carbonated soft drinks. Drinking cold or 
iced tea was an American innovation very popular in the 
South. The packaged product did not really catch on until 
asmall New York company introduced Snapple, all natural 
flavored teas. These were hot-filled products in 16-0z bot- 
tles with fruit flavors. With some clever marketing, Snap- 
ple grew at an amazing rate for several years. It spawned 
many imitators and created a new market segment. Snap- 
ple sales plummeted when a large food conglomerate 
bought the company and tried to change its successful dis- 
tribution system. 

At about the same time, imported bottled waters be- 
came popular in small, fancy bottles appealing to upscale 
consumers. Perrier and Clearly Canadian expanded their 
offerings with flavored waters and created a new category 
of innovative products, dubbed New Age, that could not 
be defined by the existing beverage categories. New Age 
products were attractively packaged, very expensive, and 
very profitable when consumers made them a trend. But 
as more products tried to ride the coattails of their success, 
the market was diluted, and many new products failed 
to last long. Many industry watchers felt too many new 
products were being introduced; sales outlets and distrib- 
utors had no room to take on so many products. An indus- 
try shakeout was inevitable as supermarkets raised the 
cost of new product introductions by charging for shelf 
space and quickly dropping products that did not sell well. 
Many smaller companies failed or were sold to larger com- 


panies, but innovation continued at the more successful 
firms. 

Sports drinks are a recent innovation that has grown 
steadily but is still dominated by the pioneer, Gatorade. 
Sports drinks are designed to replace the water, energy, 
and electrolytes lost during strenuous exercise. Gatorade 
was developed in the 1960s by researchers led by Dr. Rob- 
ert Cade to help the University of Florida football team 
(Gators) maintain stamina while playing in the hot and 
humid Florida climate. It was successful with the athletes 
and soon was used by other teams. Clever marketing got 
it placed on professional football team benches with large 
logos on coolers and cups plainly visible on national tele- 
vision. This rapid brand identification made it popular 
with athletes and sports fans across the country. Soon, 
Gatorade was sponsoring youth sports events with asso- 
ciated promotion of branded accessories like water bottles, 
hats, and headbands. Its marketing clout kept other sports 
drinks from making any inroads until Coke and Pepsi de- 
veloped products and used their distribution power to chal- 
lenge the market leader. Their market shares are slowly 
gaining on Gatorade. 

Juice companies have been livening up their product 
lines with exotic juice blends, featuring tropical fruits like 
guava, papaya, mango, and kiwi. Juices are expensive, so 
juice drinks with 5 or 10% juice were introduced to compete 
at a lower price. Lately the trend has swung back toward 
100% juice blends, which allow some cost savings with 
lower-priced juices predominating in the blend. Juice sales 
are not growing overall, but certain segments such as or- 
ange juice and the new blends are doing well. 

Coffee sales have been reinvigorated by specialty stores 
like Starbucks and Dunkin Donuts and upscale specialty 
products like cappuccino and latte. New cold and frozen 
products from these stores may help even out the seasonal 
sales cycles of hot products. 

The latest trend in beverages is the healthy or “good for 
you” segment. This seemed to start with herbal teas mak- 
ing claims to have physiological affects. There has been a 
sharp increase in fortification of products with calcium, be- 
ginning with orange juice. This was based on the health 
benefits of calcium in preventing Osteoporosis, a degen- 
erative bone condition common in older women. 

Now a new class of nutraceutical beverages has 
emerged claiming health benefits derived from herbs, trace 
minerals, and amino acids. A list of some of these esoteric 
ingredients follows in Table 2. The term nutraceutical 
comes from combining nutrition and pharmaceutical, as 


‘Table 2, Some Interesting New Beverage 


Ingredients 

Ginseng root Gotu kola 
Guarana Echinacea 
Ginko biloba Kava kava 
Dong quai Bee pollen 
Fo-ti Carnitine 
Damiana Proline 
Agavé nectar Taurine 
Yerba maté Yohimbe 


these products are targeted toward better health through 
diets rich in these ingredients with curative properties. 


OTHER TRENDS AFFECTING BEVERAGES 


Consumer trends that affect beverage developments in- 
clude the healthier lifestyle movement, desire for more 
“natural” products with fewer additives, the increase in 
meals eaten away from home, and the desire for conven- 
ience. Natural products and products with fewer additives 
have become more popular. Improvements in processing 
have made these products possible while consumer de- 
mand has allowed producers to raise prices to cover in- 
creased costs. Changes in packaging technology have also 
had an impact. Aseptic packaging allows less heat pro- 
cessing and resulting flavor loss for shelf-stable juice prod- 
ucts. Better oxygen and light barrier materials have im- 
proved shelf life and reduced vitamin losses in dairy 
products. Easy-opening spouts on water and sports drink 
bottles have become popular. Convenience trends have 
hurt the sales of powder mix beverages and frozen juice 
concentrates prepared at home. At the same time, conven- 
ience store and vending machine packaged product sales 
have grown. Bottled water is a good example of conven- 
ience packaging increasing sales and margins for a com- 
modity product. The convenience trend is making bever- 
ages of all kinds more readily available where we work, 
shop, and recreate. 
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BIOLOGICALLY STABLE INTERMEDIATES 


The ability to preserve food from one harvest to another 
has been vital to the development of civilization and has 
played a very important role in discovery and survival. 
Methods of food preservation, in one form or another, have 
been employed for thousands of years and are usually de- 
fined as a procedure that delays spoilage and makes food 
items available for consumption at a later date. Often the 
food item can be eaten without further preparation as, for 
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example, when the inhabitants of the hot dry desert areas 
used to bury dates, figs, and grapes in the hot dry sands to 
dehydrate them. With partial removal of water, the sugar 
content of the fruit was high enough to prevent the growth 
of microorganisms, and the fruit would keep for long pe- 
riods of time. The fruit could be consumed at a later date 
without the need for further processing. A number of other 
technologies were also developed to accomplish this. These 
include simple dehydration, chemical preservation, pick- 
ling, fermentation, canning, freezing, and, more recently, 
a number of more-sophisticated approaches such as irra- 
diation, hypobaric applications, pulsed light, and so on. All 
of these were concerned with processing food in a manner 
that would make it edible at a later date. But with the 
increasing importance of food fabrication, another concept 
emerged. Food commodities were essential as ingredients 
in many formulated foods, and a need arose to have food 
ingredients available in a “biologically stable form” for fu- 
ture formulation. With the limited harvesting schedules 
available for many fruits and vegetables, it was economi- 
cally prohibitive to install sufficient formulation equip- 
ment to make all the desired product at time of harvest. 
The manufactures wanted stable ingredients such that 
they could run their formulation lines on a year-round ba- 
sis. The following passages describe some food commodi- 
ties available in biologically active form that are not usu- 
ally consumed in that form. 

Nature has provided many foods in a biologically stable 
form. The most obvious example is cereal grains. It is no 
surprise that cereal grains became the main source of food 
for humans from the dawn of civilization. Cereal grains, 
when properly matured, dried, and stored under good con- 
ditions, will last almost forever. They are subject to loss 
from insects, birds, and animals but seldom from micro- 
organisms. Cereal grains are the ideal biologically stable 
food, but they do require processing such as grinding, soak- 
ing, and cooking prior to consumption. Many vegetables 
are normally biologically stable. Root crops such as pota- 
toes, carrots, parsnips, turnips, rutabagas, and beets can 
be stored throughout the winter season. The early settlers 
in New England depended on storage of root crops in “root 
cellars,” which were simply excavations in the side of a hill, 
to store root vegetables and cabbage over the winter. The 
natural humidity of the earthen surroundings in the cave 
provided sufficient moisture to prevent dehydration and 
also sufficient insulation to maintain a cool storage tem- 
perature without freezing. The availability of these vege- 
tables in the winter months led to the development of the 
well-known “New England boiled dinner” (1), which was 
composed of potatoes, carrots, onions, cabbage, turnips, 
parsnips, and chunks of meat, usually corned beef, but 
sometimes salt pork or codfish. Very few fruits are biolog- 
ically stable, with the possible exception of the banana. 
Bananas are the world’s largest fresh fruit crop. Its popu- 
larity, aside from its delicious flavor, may be partially due 
to the fact that it requires a three-week ripening period 
after harvesting, which was long enough to allow bananas 
to be shipped by boat from the tropical producing areas to 
nearly all parts of the world. The central Asian nomads 
had their own biologically stable food. They simply opened 
a vein in their horse’s neck and drank the blood (2). In the 
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following examples, biologically stable foods will be con- 
fined to those that are processed to form an intermediate 
commodity that is not normally consumed as such and re- 
quires further processing into a consumer item. 


DRIED CODFISH 


Probably the oldest, and certainly the most successful, bi- 
ologically stable product is dried codfish (3). The earliest 
record is attributed to the Vikings who traveled from Nor- 
way to Iceland to Greenland to Canada, which coinciden- 
tally is the range of the Atlantic cod (Gadus morhua). In 
the tenth century, Thorwald and his son Erik the Red were 
expelled from Norway for murder and traveled to Iceland 
where they were again expelled for murder and in the year 
965 traveled to Greenland. The Vikings were able to travel 
such long distances because they dried cod by splitting the 
fish and exposing the carcasses to the dry freezing air. The 
low temperatures prevented the frozen fish from decaying 
and the dry air was effective in removing moisture. The 
dried product resembled a wooden plank, but it did not 
decay. This was the same process developed by the natives 
in the high mountains of South America to produce “chofa” 
from potatoes. The Vikings had a thriving trade in dried 
cod with the Romans many centuries earlier, but it really 
flourished in the trade with Europe in the Middle Ages. 
Erik the Red colonized Greenland and his son Leif Eriks- 
son sailed on to what he called Stoneland but was probably 
the coast of Labrador. The Norsemen made five expeditions 
to Canada between 985 and 1011 and all were possible 
because they had rations of dried cod. 

In the Middle Ages in Europe, dried cod was an impor- 
tant food commodity, and the supply was coming from 
Scandinavia and Iceland. The dried cod being sold in Eu- 
rope was a superior product to that being used in the Norse 
exploratory journeys because the Europeans had salt, and 
dried salt cod lasted longer and simply tasted better. The 
Basques in northern Spain entered the European market 
with large quantities of dried salt cod and for centuries no 
one knew where it was coming from. Actually, the Basques 
had discovered the limitless cod stocks of the eastern shore 
of America. Europe, in the Middle Ages, was a big market 
for whale meat, and the Basques were providing a large 
portion of it. In their whaling expeditions, they discovered 
the cod fishing grounds. When John Cabot landed in New- 
foundland in 1497, he claimed the land for England. 
Jacques Cartier arrived in 1534 and reported seeing 1000 
Basque ships fishing for cod. But the Basques, in the in- 
terests of secrecy, never claimed the land, and it remained 
for Jacques Cartier to claim the land for Canada. The Pil- 
grims landed in 1621 and the wealth of the New England 
cod fishery began to unfold. 

The eighteenth century saw a race to exploit the New 
England cod fishery, and the European countries of Spain, 
Portugal, France, England, and Scandinavia rushed to 
supply the huge European demand for dried cod. The 
Americans soon learned that this was a lucrative world 
trade and developed the fishing industry. The French col- 
onies on Haiti, Martinique, and Guadalupe, and the Dutch 
Republic of Suriname (then Dutch Guiana) became good 


customers because salt cod provided a nutritious and 
cheap source of food for slaves. Ships sailed for Africa 
loaded with salt cod and used half the cargo to purchase 
slaves and then set sail for the Carribbean where they ex- 
changed the slaves and the rest of the cargo for molasses. 
The molasses was used to produce rum, which had become 
a naval necessity. A tot of rum was issued each day to each 
sailor, and we are led to believe that it was appreciated. 
Rum became a generic term for alcoholic beverages. The 
trade in dried cod became intertwined with the slave and 
molasses trade, and the Boston “Cod Aristocracy” was 
born. Today a model of a codfish hangs from the ceiling of 
the state house in Boston. 

Codfish was an ideal candidate for biologically stable 
products for several reasons. First, it was very low in fat, 
which reduces the tendency to become rancid when stored, 
as opposed to salmon, which the early New Englanders 
also had in abundance. Salmon has a high oil content and 
cannot be preserved by drying with the same efficiency as 
codfish. Second, codfish was available in limitless quanti- 
ties and could be easily caught. Third, abundant rocky 
shorelines were available to allow for drying in the open 
air. The Vikings reported that the dried cod without salt 
could be eaten directly by chipping off pieces, but this must 
have been very difficult. They probably soaked the dry 
slabs in water to soften the product. Dried salt cod cannot 
be eaten directly but must be soaked to lower the salt con- 
tent. A number of changes of water were necessary to lower 
the salt content, and some ingenious methods were devel- 
oped. The French reported that the journey by boat from 
Bordeaux to Aveyron took about two days, which was ap- 
proximately the soaking time required for salt cod, so they 
towed it in a mesh bag behind the boat. Pollution of the 
Lot River discouraged this practice. In the meantime, flush 
toilets were developed and the old “water closet” had a 
tank of water elevated above the toilet. Storing cod in the 
tank provided an efficient way to remove the salt. 

It is ironic that the “limitless” harvest of cod that was 
responsible for so much international trade turned out to 
be anything but limitless. Ships became bigger and more 
powerful for dragging trawls and more efficient in finding 
fish with electronic gear, and the capacity to process fish 
at sea was developed. The development of large factory 
ships made it possible for any country to exploit the cod 
fishing grounds, and soon ships from Europe, Russia, Ko- 
rea, China, and many others were appearing in the Atlan- 
tic off the New England coast. The fisheries could not sus- 
tain the fishing effort, and cod became commercially 
extinct. In 1994 Canada closed the fisheries off Newfound- 
land, and in 1999 the United States closed a large portion 
of the cod fishing grounds. Fishery biologists say that the 
fisheries will need a number of old spawners to replenish 
the cod population. This means fish up to 15 years of age, 
so the fisheries will be closed for a long time. 


SULFITED FRUITS 


The use of sulfur dioxide and its salts to preserve fruits 
and some vegetables is a very old process. Most fruits were 
harvested over a very short period and had to be preserved 


in bulk until they could be processed into jams and jellies. 
Sulfur dioxide served this role very well. Fruit could be 
cleaned, placed into barrels, and covered with a solution of 
sulfur dioxide in water, or a solution of sodium bisulfite or 
one of its salts. After mixing in the barrels, the fruit could 
be kept for years. The fruit could be removed from the bar- 
rels, placed in a kettle, and boiled to remove the sulfur 
dioxide. After addition of pectin and sugars and boiling to 
produce the required moisture level, the product could be 
filled into consumer-sized packages. Strawberries were an 
important sulfited product because of the large market for 
strawberry jam but the sulfite treatment bleached out the 
red color. The chemical reaction was a simple addition re- 
action between the red anthocyanin pigment and the sul- 
fite ion that was easily broken such that the boiling process 
reduced the sulfite content and restored the desirable red 
color. 

The sulfite process is important today in the manufac- 
ture of maraschino cherries. Nearly all the cherries used 
for maraschino cherries are mechanically harvested and 
suffer some mechanical damage in the process of being 
shaken off the tree. Since cherries discolor very quickly, 
they are conveyed in a matter of seconds into a brine tank 
on the mechanical harvester. The simplest of the sulfite 
brines is a solution of sodium bisulfite in water, but a num- 
ber of other formulations are used. The purpose of the sul- 
fite brine is to preserve the fruit by inhibiting the enzymes 
that produce discoloration and to bleach out the red color. 
Sometimes a secondary bleach in sodium chlorite is used. 
A source of calcium ions is usually added to the brine to 
firm the cherries. The brined cherries are leached to re- 
move the sulfite ions and any other soluble material and 
conveyed to a tank containing a red colorant dissolved in 
a sugar syrup. The cherries readily absorb the red colorant 
and are then drained and packaged. Maraschino, candied, 
and glaceéd cherries are made the same way except that 
the sugar content is different. 

Around the beginning of the twentieth century, sulfiting 
was the major way to preserve fruits in bulk for further 
processing in Europe, particularly in England because of 
the English people's liking for strawberry jam. The intro- 
duction of freezing provided a method of preservation that 
produced a superior final product from both an appearance 
and a flavor point of view and sulfiting decreased in im- 
portance. Sulfiting is still used in some parts of the world 
but the technology has been essentially displaced except 
for maraschino cherries. 


TOMATO PRODUCTS 


Tomato juice and tomato concentrate are more recent ex- 
amples of biologically stable products and are ideal can- 
didates for preserving. The tomato harvesting season is 
relatively short, the crop is huge in size, the demand for 
tomato products in formulated foods was growing rapidly, 
and nearly all the tomatoes for processing are mechani- 
eally harvested. Mechanical harvesting is an economic ne- 
cessity, but it does result in more mechanical damage to 
the crop than the old-fashioned hand harvesting. This 
means that the crop must be processed as soon after har- 
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vesting as possible. Minimal processing to produce a bio- 
logically stable intermediate is a virtual necessity to min- 
imize the costs of production and ensure a high-quality 
product. 

Biogically stable intermediate products became feasible 
with the concept of aseptic packaging developed by W. M. 
Martin in 1935 (4). He developed the concept of sterilizing 
a product, sterilizing the container, and bringing the two 
together, with a sterile cap, in a sterile atmosphere. Con- 
ventional canning at that time consisted of filling and cap- 
ping a container and heat treating the closed container to 
ensure sterility. This means that the center point of the 
container needed to receive sufficient heat treatment to 
ensure sterility; however, the outer portions of the con- 
tainer would be overheated and the quality of the food 
would be lowered. This effectively limited the size of the 
container to a No. 10 can, approximately 1 gal. If the prod- 
uct could be sterilized in a thin film outside the container, 
and packaged aseptically, the size of the container was lim- 
itless. I remember visiting a large food processor in the 
1940s. They required a large quantity of tomato paste to 
formulate into products like pork and beans, soup, pizza 
sauce, sardines in tomato sauce, barbecue sauce, and many 
others. During the tomato season they would pack their 
year’s quota of tomato juice, tomato ketchup, and tomato 
soup and make the remainder into tomato concentrate or 
paste. The concentrate would be filled into No. 10 cans, 
capped, and stored in a huge warehouse. The concentra- 
tion process would make the puree essentially sterile, and 
the hot fill would sterilize the cans and lids. This process 
worked very well, but it was labor intensive and it was not 
perfect. Some of the cans leaked, and one leaky can makes 
quite a mess. 

Bulk storage of tomato juice in the United States 
started essentially with the work of Nelson at Purdue Uni- 
versity (5-7). He experimented with aseptic storage of to- 
mato juice in tanks up to 100,000 gal, and even larger, and 
now numerous large storage systems are in place world- 
wide. The concept is simple, but the implementation is 
more complicated. Tomatoes can be mechanically har- 
vested into large containers and brought immediately to 
the factory for processing. After washing, the tomatoes are 
chopped and screened to remove skins and seeds and 
pumped to a heat exchanger that sterilizes the juice. A 
number of systems are available to sterilize the juice, but 
nearly all employ highly efficient heat exchangers that use 
the high temperature/short time (HTST) or the ultrahigh 
temperature (UHT) approach to deliver a quantity of heat 
lethal to microorganisms. The short heating time ensures 
maximum retention of nutrients and flavor. A deaeration 
system is necessary to remove dissolved air in order to 
minimize loss of quality during subsequent storage. Large 
tanks are sterilized with hot water and chlorine, and the 
juice is pumped into them. The whole system, including 
the pumps, pressure reduction valves, heat exchangers, 
and the valve system, is closed and operated aseptically, 
which ensures that sterile air enters the tank to replace 
the product that is removed on demand for later formula- 
tion. The tanks can be refrigerated with interior coils or 
simply stored in a refrigerated building, if desired, de- 
pending on the quality demands of the final product. The 
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tanks can also be mounted on a rail car or truck for ship- 
ment to any area. The same system can be operated with 
tomato concentrate, depending on the requirements of the 
formulator. 


GRAPE JUICE 


The development of bulk storage of grape juice paralleled 
the experience with tomato juice, but the products are dif- 
ferent primarily due to the higher sugar content and fla- 
vor lability of grape juice. The aims are similar. The “Con- 
cord” grape juice industry primarily in the eastern United 
States is used for juice, jams, jellies, and fruit juice 
drinks. The western U.S. grape industry is about 10 times 
as big and is used for wines, brandies, raisins, juices, and 
fruit juices. Both have a need for bulk storage of grape 
juice. Friedman (8) attributed the development of the 
Concord grape juice industry in the last 70 years to three 
major technological developments: (1) bulk storage of 
juice, (2) continuous processing, and (3) mechanical har- 
vesting. Continuous processing was introduced about 
1955 to replace the batch process being used by the apple 
and grape industry prior to that time. The batch process 
consisted of crushing the heated grapes and building a 
pad of grapes on a filter cloth on a wooden rack. The racks 
and layers of grapes were alternated to build a large pile 
and the whole stack was placed in a filter press to remove 
the juice. A number of types of continuous presses were 
developed that removed the juice in one pass. The batch 
process was labor intensive and slow, whereas the new 
presses enabled some plants to process 2000 tons of 
grapes per day. The introduction of mechanical harvest- 
ers, at approximately the same time as continous press- 
ing, enabled the operators to harvest a large quantity of 
fruit in a short time. Most harvesters consist of a machine 
that straddles the row of grapes, and beater blades sepa- 
rate the grapes from the vine. The grapes are collected 
and transferred to a tank in the vineyards for transport 
to the processing factory. Today, nearly all grapes for pro- 
cessing are mechanically harvested. 

A typical bulk storage operation would be as follows. 
Grapes are crushed and destemmed, heated to about 60°C, 
and treated for 30 to 40 min with a depectinizing enzyme 
to disintegrate the pulp and release the juice. A filter aid, 
usually a cellulose derivative, is added, and the skins and 
seeds are separated in a continuous press. The juice is fil- 
tered, flash-pasteurized, cooled, and pumped directly to 
the sterile storage tanks with the same sterility precau- 
tions as described for tomato juice. The storage tanks may 
be made of stainless steel or, more usually, of mild steel 
lined with a phenolic (epoxy) resin. Tanks holding 320,000 
gal were standard in the industry for years, but modern 
installations usually hold 714,000 gal. Apparently grape 
juice can be held at 30°F for 12 months or more with little 
loss in quality. The large tanks are usually freestanding 
with refrigerated coils inside the tank, but smaller tanks 
could be stored in a refrigerated room. Bulk storage of juice 
has several important advantages: (1) The “argols,” crys- 
tals of potassium bitartrate, precipitate out, which pre- 
vents the accumulation of tartrates as unsightly sediment 


in consumer packages; (2) a substantial amount of pooling 
takes place with a resulting beneficial standardization and 
uniformity; and (3) the juice can be withdrawn, as desired, 
to maintain year-round production lines. The same proce- 
dure may be used to produce and store juice concentrates. 
Juice can be pumped to the concentrators at 15 to 20° Brix 
and stored at 60° Brix. The concentrate is more stable, mi- 
crobiologically, because of the high sugar content. Alter- 
natively, single strength juice can be stored for later con- 
centration, but this is only done with white juices because 
two heat treatments would cause too much color degra- 
dation for colored grape juice. 

Many of the fruit drinks on the market use grape juice 
as the main ingredient for several reasons. It is inexpen- 
sive, available in large quantities, provides sweetness, and 
has a desirable fruity flavor that is compatible with other 
added flavors. Some grape concentrates have another ad- 
vantage in that they can provide a very attractive color in 
addition to the sugar and flavor. 


FROZEN FOODS 


Frozen foods do not qualify under the definition of biolog- 
ically stable foods that are not normally consumed in that 
form since they obviously can be consumed, but the pack- 
ages are much bigger. Frozen foods are one of the best bi- 
ologically stable foods from a quality standpoint and play 
a very important role in the reformulation of convenience 
foods. Products such as peas, green beans, lima beans, 
corn, sliced carrots, and almost any vegetable can be frozen 
individually and packed in containers up to 2000 Ib for 
future reformulation into entrees, pies, and so on. Many 
fruits can be prepared, frozen individually, and stored in 
large containers for reformulation into fruit cocktail, spe- 
cialty desserts, and so on. 
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BISCUIT AND CRACKER TECHNOLOGY 


If a definition of a biscuit were to encompass the wide 
range of products as understood by consumers and the bak- 
ing industry, that definition would be different from the 
one contained in most standard dictionaries. In the United 
States, the common biscuit is a chemically leavened bread/ 
roll that is generally circular in outline and flat in profile; 
it is rather similar in composition to some British scones. 
This product is sometimes called a baking powder biscuit. 

In the United Kingdom, and most of the rest of the 
English-speaking world, biscuits are the two types of prod- 
ucts called crackers and cookies. Crackers are nonsweet 
products used like bread. Cookie items include a vast array 
of dessert foods, characterized mainly by being baked in 
small pieces and having a texture or consistency that is 
drier, chewier (or crisper), and denser than most cakes, and 
are usually sweet. An important characteristic of crackers 
and cookies is that they usually have a much longer shelf 
life than baked products such as bread and cake. However, 
intermediate moisture cookies (8—12% moisture) are being 
sold that confound this distinction (eg, soft-filled cookies, 
brownies, and fruit-filled bars). 

Except for their lower moisture content, crackers and 
cookies are similar in composition to breads and cakes. The 
range of ingredient percentages in cracker and cookie for- 
mulas will be found to overlap with formulas for breads 
and cakes. Manufacturing processes, procedures, and 
equipment are also similar, yet different, for many parts 
of the process (ingredient handling, mixing, and baking), 
although the forming, depositing, and packaging equip- 
ment may be highly specialized. 


INGREDIENTS 


Flour 


The principal structure-forming ingredient used in biscuit 
doughs is wheat flour. Very few cookies or crackers are 
made without any wheat flour, and those are usually quite 
atypical in organoleptic characteristics. To provide for flour 
strength in weaker flours, vital wheat gluten can replace 
wheat flour to a limited extent. 

There are many different kinds of wheat flour, and the 
specifications of this ingredient must be carefully chosen, 
if it is to impart satisfactory machining properties to the 
dough and have a desirable appearance with good eating 
qualities. Cracker doughs typically use soft wheat flour for- 
tified with relatively high protein content flour made from 
hard red winter wheat or spring wheat. Some cracker 
doughs and most cookies will be based on soft wheat flour, 
sometimes with a small proportion of flour from hard 
wheat. 

Soft wheat flours suitable for biscuits may vary in pro- 
tein content (mostly gluten) from 7.0 to 9.5% (for cookies) 
to 10% or more (for crackers). The flour may be unbleached 
or heavily bleached to a pH range of 4.4 to 4.8 for certain 
specialty items, such as soft cookies that contain higher 
levels of sugar and shortening. Cookies using bleached 
flour will rise higher with little spread; in contrast, un- 
bleached flour will typically spread more than it rises. 


BISCUIT AND CRACKER TECHNOLOGY 183 


Cracker sponge flours may contain added malt (wheat or 
barley). Malt flours are made by wetting whole grains and 
allowing the enzymes to become active. The malted grains 
are then dried at low heating temperatures to remove 
moisture but not deactivate the enzymes. Such malted 
flour is then added to the cracker sponge for its enzymatic 
properties (1). 

Ingredient specifications for cookie flour will usually in- 
clude protein content, moisture content, ash content, par- 
ticle size, starch damage, pH, odor, and flavor. Microbio- 
logical tests will be required to reveal contamination by 
insects, fungi, pesticides, and other unwanted materials. 
It is also common to specify certain rheological tests (eg, 
Alveograph), which are expected to correlate with dough 
response to processing conditions. Finally, the flour must 
yield cookies of specified characteristics (spread/height), 
when it is used in dough that is prepared and baked under 
standardized conditions. One relevant test that gives an 
indication of flour function is the bake-spread test. Written 
procedures for this test can be found in AACC Method 
10-53 (2). The diameter and height of the finished test 
cookie are measured. Analyzing the results indicates the 
amount of rise or spread performance of a flour. Sometimes 
this measurement is expressed as a ratio of the height to 
diameter, but that approach does not fully characterize 
flour performance. It is better to analyze and compare both 
results for trends. 

Flours other than wheat can be used in crackers and 
cookies for color, texture, and flavor. Prime examples of 
these ingredients would be rye and corn flour. Sorghum 
flour, cottonseed meal, soybean meal, triticale flour, barley 
flour, and other cereal and noncereal powders have been 
suggested as additives for enhancing nutritional or other 
properties. These nonwheat ingredients have structure- 
forming properties that do not function as well as typical 
wheat varieties and must be supplemented with a strong 
wheat flour or vital wheat gluten for most purposes. Rice 
flour has been used to make cookies suitable for persons 
who are allergic to wheat gluten; it is incapable of forming 
typical dough, Rice flour has been used successfully for the 
production of rice crackers, but the process and procedures 
are very different from standard baking practices. A mod- 
ified form of wheat flour starch, called resistant starch, 
passes easily through the digestive system, thus reducing 
its caloric contribution to the body. 


Shortenings 


Shortenings are essential components of most crackers 
and cookies. The type and amount of shortenings and 
emulsifiers in a formula affect both the machining re- 
sponse of a dough or batter and the quality of a finished 
product. Coatings (such as chocolate) and fillings (such as 
sandwich cremes) depend on specific fats and oils to fur- 
nish the structural part of such components. 

Natural fats and oils suitable for shortenings include 
butter, lard, beef fats, and vegetable oils. The latter ma- 
terial includes refined and modified soybean, cottonseed, 
coconut, palm, and corn oils. The processing of shortenings 
may include some or all of the steps of refining (to remove 
contaminants), deodorizing, winterizing (to remove high- 
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melting-point fats), bleaching, hydrogenation, fractiona- 
tion, and blending. The purpose of these operations is to 
yield a shortening that is bland in flavor, essentially col- 
orless, and free of aromas; has a melting point and solid 
fat content within the desired ranges for the application 
for which it is destined; and has other characteristics de- 
sired by the purchaser. Butter, and to a lesser extent lard 
and beef fats, have natural flavors and physical qualities 
that are considered desirable in some applications. 

Recently, new fat systems that are non- or poorly di- 
gestible have been developed. One of these fat systems is 
a combination of sugar esters that is nondigestible in the 
body. Another fat system, which contributes a reduced cal- 
orie load, modifies the triglyceride composition through es- 
terification with nondigestible fatty acids. 

The function of shortenings in baked goods is primarily 
to modify the physical properties or texture of the finished 
product, making it more tender or flakier and, in some 
cases, giving it a glossier, more appealing appearance. 
Shortenings may also affect the rheological characteristics 
of doughs. Most crackers have a topping or spray oil ap- 
plied after baking, to add flavors or solids (cheese, spices 
and/or herbs) that improve the eating qualities. 

Emulsifiers are specialized fats or fat systems that act 
as surfactants between various systems (eg, oil and water). 
Emulsifiers are specialized fats that can be composed of 
mono-, di-, or triglycerides or their combinations. Chemi- 
cally, an emulsifier is a molecule composed of a water- 
soluble or hydrophilic portion and a water-insoluble or hy- 
drophobic portion. Different solubility tendencies thus 
exist within the same molecule. This leads to the phenom- 
enon of incomplete solubility in both water and oils. Emul- 
sifiers partition, or orient, themselves at the interface be- 
tween oil and water phases (3). Naturally occurring 
emulsifiers include egg yolk or fluid lecithin. Fluid lecithin 
is derived from either soybeans or corn during the milling 
process. 


Sweeteners 


All cookies and many crackers contain some form of sweet- 
ener. The quantity of sweetener is usually such that it has 
significant effects on the texture and appearance of the 
product, as well as on its flavor. Machining properties and 
response of the dough piece to oven conditions are also re- 
lated to the type and quantity of sweetener employed. In 
fermented goods, sugars serve as substrates from which 
yeast and other microorganisms form carbon dioxide and 
the flavoring substances characteristic of these products. 
Commercial sucrose (cane or beet sugar) functions not only 
as a nutritive sweetener but also as a texturizer, coloring 
agent, and as a means of controlling spread during baking. 
However, differences in the crystallization properties be- 
tween cane and beet sugars can be quite significant. In 
marshmallow, jellies, and fruit jams with relatively high 
moisture content, sucrose has the valuable property of de- 
laying microbiological spoilage, when it is present in a 
high-enough concentration. 

Sucrose can be obtained in various particle sizes or in 
the form of syrups. When added to a dough as granulated 
or powdered sugar, its particle size influences the dimen- 


sions of the finished cookie, by controlling the extent to 
which the dough piece spreads as it is baking. 

Syrups are easier to handle, being adaptable to fluid- 
transfer systems of pumps, pipes, valves, and meters. 
Syrups can crystallize in handling systems, causing prob- 
lems. Sucrose will not form a stable aqueous solution of 
greater than 67% concentration at room temperature, and 
this is not high enough to ensure resistance to all forms of 
microbiological growth. Treating a solution of sucrose with 
an acid or an enzyme known as invertase hydrolyzes the 
sucrose into fructose and dextrose (3). Invert sugar solu- 
tions are sweeter than pure sugar solutions of the same 
concentration. Invert syrups are less likely to crystallize 
and are more resistant to spoilage. 

Corn syrups are sweeteners prepared by hydrolyzing 
cornstarch with acids or enzymes. The standard types con- 
tain glucose and varying amounts of maltose, larger oligo- 
mers, polymers, and other carbohydrates, plus minor 
amounts of impurities. In preparing the high-fructose corn 
syrup (HFCS) varieties, manufacturers isomerize part of 
the glucose to fructose. Because fructose is sweeter than 
glucose, a substantial increase in sweetening power re- 
sults. HFCS can be substituted for invert sugar syrups in 
many applications, but they are not identical. 

Regular corn syrup is categorized by type, according to 
dextrose equivalent (DE), which is a measure of reducing 
sugar content. A second parameter is total solids content 
of a syrup. Cookies made with syrups with higher-reducing 
sugar contents have a greater sweetness that those made 
with a similar content of low-DE syrup. In addition, the 
browning of the crust and, for that matter, the interior of 
the cookie is affected by high contents of reducing sugar 
from any source. Low-DE corn syrups can increase the ap- 
parent viscosity of doughs and batters and make a finished 
product chewier. 

Molasses is less-refined, concentrated sugar syrup con- 
taining some of the impurities, flavoring and coloring ma- 
terials from the sugar-refining process. Molasses is avail- 
able in various degrees of darkness; the darker the color, 
the more bitter and less sweet the syrup is. True black- 
strap, the final residue of the refining process, is not suit- 
able for human consumption and is used primarily as an 
animal feed additive. 

Commercial brown sugar is granulated sugar that has 
been coated with a small percentage of molasses. No com- 
mercial brown sugar is produced by removing partially re- 
fined granulated sugar from the refining process. There 
are, however, less-refined sugars available from refiners 
(eg, Demarara) that occasionally provide some economic 
advantages over pure cane or beet sugar. 

Honey is primarily invert syrup with various impurities 
that give typical flavors and color. Various concentrated 
fruit juices are used, as alternatives to sucrose and corn 
syrups, as natural sweeteners. These fruit juices are prin- 
cipally from grape, pear, or apple sources that have been 
treated to have low characterizing flavor. These fruit 
syrups are usually more expensive than sucrose or corn 
syrup. 

Caramel color is a widely used brown pigment made 
from acid- or alkali-treated corn syrup (or sugar syrup). 
Caramel color is used in many types of cookies, in liquid 


or powder form, for its colorant properties and its low cost. 
It contributes no flavor to a finished product. 

Synthetic sweeteners, such as saccharin and aspar- 
tame, can be used in certain dietetic cookies. However, 
sugar serves as a primary bulking agent in cookies. When 
significant reductions in sugar content are made, texture 
and other physical characteristics are affected. Most syn- 
thetic sweeteners are not heat stable, but recent develop- 
ments are changing that limitation. New synthetic sugars 
are under development, which have up to 2000 times the 
sweetening power of sugar. Of course, most of these syn- 
thetic sweeteners are regulated by law and must pass 
stringent food and drug tests. Nonnutritive and reduced- 
calorie sweeteners are playing a more important role, as 
consumer demand requires such specialized products. 


Leavening Agents 


A leavening agent is a substance or system that expands 
or lightens a dough or batter at some stage of its process- 
ing. Leavening can be achieved in three ways: mechani- 
cally, biologically, or chemically. The leavening effect is ab- 
solutely essential to the formation of a finished product 
having the appearance and eating qualities that are re- 
quired by consumers. Leaveners familiar to every baker 
are baking powder and yeast. Air and water vapor (steam) 
are also leaveners. They cause expansion of the product 
during baking, providing the dough or batter has a struc- 
ture capable of retaining the gas. Ammonium bicarbonate 
is a chemical additive that has leavening and other effects 
on cookie and cracker doughs. 

Yeast alters the physical properties of dough and its 
handling characteristics during mixing and fermentation. 
Yeast acts on certain sugars to form alcohol and carbon 
dioxide. Gluten from the flour absorbs water and forms 
extensible membranes that trap carbon dioxide and ex- 
pand to decrease the density of the dough mass. The dif- 
fusion and accumulation of carbon dioxide throughout the 
dough mass generates powerful stretching action. These 
changes in gluten are described as the “mellowing,” ma- 
turing, or conditioning of the dough (3). 

An egg white meringue, which is the basis of angel food 
cake, relies on egg albumen to initially entrap the air that 
has been beaten into the mixture. The addition of flour 
strengthens the dough mass in the latter stages of mixing 
and baking. 

Few cookies depend on yeast leavening. Crackers made 
by the sponge-and-dough method (eg, soda crackers, sal- 
tines, and certain snack crackers) require a fermentation 
period to develop their textures and characterizing flavors. 
Typical sponges contain flour, water, and yeast mixtures; 
the doughs usually contain the remaining ingredients, in- 
cluding sodium bicarbonate. The acids produced during 
sponge fermentation will react with sodium bicarbonate to 
neutralize the acid and yield additional leavening. 

The great majority of cookies contain some sort of chem- 
ical leavening system such as baking powder, which is a 
mixture of sodium bicarbonate and a reactive acidic com- 
pound such as cream of tartar (potassium acid tartrate). 
In addition, fillers such as starch and other additives will 
be included in commercial baking powders to standardize 
their strength and delay storage deterioration. 
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When formulating cookie doughs, most food technolo- 
gists add sodium bicarbonate in combination with a reac- 
tive acidic material, in proportions appropriate to the pH 
of the dough, rather than rely on premixed baking powder. 
Other types of chemical leaveners (eg, monocalcium phos- 
phate, sodium acid pyrophosphate) have specific charac- 
teristics that can be tailored to the requirements of a given 
dough formula. The goal is usually to obtain a finished 
product with a pH close to neutrality, although this 
generality may not apply to certain products (eg, choco- 
late doughs containing Dutched cocoa, with a resulting 
higher pH). 

Ammonium bicarbonate is a self-reacting leavener that 
decomposes as the dough is heated during the early stages 
of baking, giving off ammonia, carbon dioxide, and water. 
It is acceptable only for products baked to lower moistures 
(3-9%). In high-moisture products, the ammonia dissolves 
into the water, producing an unpleasant aroma and/or 
taste that most people find offensive. However, ammonium 
bicarbonate can be very effective in altering finished prod- 
uct characteristics (height, spread, and texture) for both 
cookies and crackers. 

Many cookies undergo an increase in volume (decrease 
in density due to leavening) that is quite small compared 
with that of bread. For example, traditional shortbread 
cookies may contain no added soda and do not seem to 
increase in size during baking. An examination of their 
interior shows, however, that some expansion has taken 
place, as a result of air and water (steam) that have ex- 
panded during the baking process. 


Other Ingredients 


Ingredient water can have a significant effect on dough 
properties, but most production plants are able to develop 
formula modifications that offset any undesirable effects 
that might result from use of the water from their partic- 
ular supply system. The water from any potable source, 
such as the municipal pipelines or a well, can be regarded 
as legally suitable for incorporation in a biscuit formula. 
However, it should not be necessary to say that any water 
that has an undesirable odor or flavor should be subjected 
to a purification process before it is mixed into a dough. 
The pH of the ingredient water supply, especially from mu- 
nicipal sources, can in some cases vary widely throughout 
the week or day, and this can cause the physical properties 
of the dough to change, adversely affecting the machining 
of this material. 

Fresh milk and eggs are not common ingredients in 
most commercial cookies partly because they are relatively 
costly. When present, they are likely to constitute only a 
small percentage of the product. Eggs can have a substan- 
tial effect on the physical properties of a dough or batter, 
acting as a structure former, leavener (due to entrapment. 
of air and water vapor), emulsifier, and lubricants. Egg 
whites are better as a structure former and leavener; yolks 
are more effective as an emulsifier and lubricant. Eggs do 
affect flavor, not always positively, and yolks add color, 
usually a desirable result. Nonfat milk has ambivalent re- 
sults on structure while whole milk generally has a weak- 
ening effect due to the fat. Both milk and eggs add good- 
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quality protein to a biscuit and are sometimes used as a 
wash on the surface to color or glaze the finished piece, but 
for some consumers, cholesterol concerns may be a nega- 
tive attribute. 

Salt is an important ingredient. Not only is it an essen- 
tial flavor-enhancing ingredient in any baked product, but 
it has effects on the physical characteristics of doughs. 
Some of these effects may be favorable, such as the slight 
toughening effect it has on some doughs, and others are 
considered unfavorable, such as its retarding effect on 
yeast-leavened systems, when incorporated at high levels. 

Crackers and especially cookies are susceptible to ran- 
cidity, because of their high fat content and their fairly long 
shelf life. Antioxidants can counteract this tendency to a 
considerable degree. Common antioxidants are butylated 
hydroxyanisol (BHA), butylated hydroxytoluene (BHT), 
and ¢ert-butylhydroquinone (TBHQ). Amounts that can be 
added are restricted by federal regulations, and antioxi- 
dants must be labeled as cancer-causing agents in some 
states and may be banned outright in certain countries. 
Citric acid and phosphoric acid are sometimes useful for 
chelating metal ions that would otherwise accelerate ran- 
cidity. Research has shown that some natural tocopherols 
(vitamin E) and other antioxidants (rosemary extract) can 
prevent oxidation. 


FORMULAS AND PROCEDURES. 


In general, formulas can be divided into different groups. 
Saltines and other fermented products use a sponge-and- 
dough system that is normally formulated with yeast. In 
contrast, straight cracker doughs and the like will have 
small amounts of sugar, fat, and other characterizing ad- 
ditives and are chemically leavened. Cookie formulas will 
contain moderate to high amounts of sugar and shortening 
and are primarily leavened with sodium bicarbonate and 
ammonium bicarbonate in combination with a leavening 
acid to produce a baked good with high volume. Cookies 
may also contain other ingredients such as icings, fillings, 
fruits, nut pastes or pieces, flavors, and chocolate to give 
them distinctive value. 

Cookie formulas are generally classified according to 
the kind of equipment used to form the individual pieces. 
Stamping machines, rotary cutters, rotary molders, wire- 
cut machines and depositors are used for more than 90% 
of the cookies commercially produced in the United States. 
The type of equipment being used for a product sets limits 
on the dough rheological properties or the final composi- 
tion of the dough. 

Deposit cookies are the machine-made counterparts of 
hand-dropped cookies, and many published (1) formulas 
for the latter can be easily adapted to factory require- 
ments. General rules are that deposit cookies should con- 
tain (on the basis of flour as 100%), about 35 to 40% sugar, 
65 to 75% shortening, and 15 to 25% whole eggs. The flour 
should be milled from soft wheat, and it should be un- 
bleached. 

Although wire-cut cookie equipment is rather tolerant 
as far as dough consistency is concerned, there are still 
some rheological requirements that must be observed. The 


dough should be sufficiently cohesive enough to hold to- 
gether as it is extruded through orifices. Yet it must be 
relatively nonsticky and short enough, so that it separates 
cleanly when cut by the wire. Such formulas may contain 
several times as much sugar as flour, shortening up to 
100% of the flour, and are generally the type of doughs to 
which particulates (nuts, chocolate chips, or candy pieces) 
are added. Doughs may be almost as soft as some cake 
batters or too stiff to be easily molded by hand. The softest 
wire-cut doughs overlap deposit doughs in consistency, 
while the other extreme is close to the consistency of some 
rotary-molded doughs. 

Whatever the mixing procedure, it must be sufficient to 
produce a uniform distribution of ingredients. Many cookie 
doughs are rather tolerant in the amount and type of mix- 
ing that will yield satisfactory performance and products. 
Saltines and the like must be developed (or brought to a 
stage of near-maximum dough strength) by the mixing pro- 
cess. For high-sugar-fat formulas, a preliminary creaming 
stage, in which the sugar and shortening are mixed to- 
gether for a time before other ingredients are added, is said 
to ensure uniformity and air incorporation. This creaming 
step also produces a finer texture in the finished cookie. 
Most particulates (eg, chocolate chips or nuts) are best 
added at a late stage of mixing, either with or after the 
addition of flour. 

Brownies are one of the few kinds of cookies that can be 
baked in a continuous sheet on an oven band, then cut into 
pieces during or after cooling. Brownies are made with 
high proportions of sugar, invert syrup and other hygro- 
scopic ingredients, so that they are soft and chewy when 
fresh, and retain this texture fairly well over a period of 
weeks or months when properly packaged. The batter, 
which is often quite soft, is extruded directly onto the oven 
band as a sheet of uniform thickness, and no other forming 
operations are performed. 

The manufacturing process for sponge-and-dough (eg, 
saltines) consists of the following steps: weighing the 
sponge ingredients, mixing the sponge, fermenting the 
sponge in troughs, mixing the sponge with the remainder 
of the dough ingredients, fermenting the dough, laminat- 
ing the dough, sheeting the dough to a required thickness, 
cutting and embossing the dough sheet, removing the 
scrap, sprinkling salt on the dough sheet, baking, breaking 
the baked dough sheet into pieces, and packaging. The 
manufacturing steps for yeast-leavened or chemically leav- 
ened snack crackers resemble the foregoing sequence to a 
considerable extent, with variations depending on the need 
for special shapes or content of additional ingredients. 

Reciprocating cutters (stamping type) and rotary- 
cutting machines must be fed, by conveyor belts, with a 
continuous sheet of dough. An important requirement of 
these machines is that the scrap dough must be removed 
in one piece and reincorporated, if the operation is to be 
efficient. The scrap is returned to a prelamination stage in 
an operation that will uniformly reincorporate the scrap 
back into the fresh dough. Care must be taken, in that 
excessive scrap or rework may affect machining and fin- 
ished product attributes. Also, the sheet thickness must be 
maintained within a narrow range, so that the weight of 
the dough pieces will not vary significantly. The dough 


must have some elasticity and be cohesive enough to bear 
its weight, if it is to form a sheet that will retain its con- 
tinuity and not tear. Excessive elasticity creates problems 
with shrinkage of the pieces and difficulties in maintaining 
uniform piece weight. To obtain the desired characteristics, 
the dough must contain a substantial amount of wheat 
flour, to provide the gluten that will give the dough 
strength and elasticity. In processing, the dough must be 
developed by a mixing operation that orients the gluten 
molecules, or it must be repeatedly sheeted and layered. 
The content of ingredients that weaken or “shorten” the 
dough, such as sweeteners and shortenings, must be kept 
relatively low. Moisture content, for all practical purposes, 
is the amount of ingredient water added and should be 
sufficient enough to allow full hydration of the gluten, 
without weakening the dough excessively. Nearly all cook- 
ies and crackers are baked after forming. A few recipes for 
fried cookies and crackers can be found in the literature, 
but these do not appear to have been commercialized to an 
appreciable extent. 


EQUIPMENT 


The type of equipment that can be used to process a given 
biscuit dough is highly dependent on the consistency of the 
dough. The types of dough that can be processed satisfac- 
torily with one or more of the kinds of available equipment 
include everything from soft, fluffy batters and wet, flow- 
able doughs to very stiff, claylike masses and tough but 
elastic doughs resembling bread doughs in many respects. 


Mixers 


Cookie and cracker doughs are mixed in two main types of 
mixers: upright and spindle mixers. The upright mixer is 
used mainly for cookie and some cracker doughs. Various 
arrangements of the mixing arms can be used, including 
sigma, z-type, and double-armed. Depending on the prod- 
uct to be made, the characteristics of the formula will de- 
termine what mixing arm arrangement is used. Spindle 
mixers are much more aggressive and are used for saltine 
and like doughs or other high-strength cracker doughs. 

Other specialized mixers, called aerators, are used to 
produce batters for most sugar wafer production and some 
drop cookies (eg, vanilla wafers). These machines take a 
liquid to semipaste batter and incorporate pressurized air 
into the mixture. Through formulation and mechanical ag- 
itation, the air is incorporated into the batter, thus reduc- 
ing the specific gravity of the resultant batter. 


Laminators 


Many cracker doughs, processed through cutting ma- 
chines, first undergo multiple sheeting and folding steps. 
The basic principle is to form a thin, endless dough sheet 
by passing the dough between two rollers (or multiple pairs 
of rollers may be used in sequence), folding this thin dough 
sheet into a stack of multiple layers, then incorporating 
together the multiple layers. This laminating step gives 
the dough internal structure, which enhances its perfor- 
mance in the cutting machine, and gives the final product 


BISCUIT AND CRACKER TECHNOLOGY 187 


desired characteristics. If a saltine is examined closely, 
traces of this layering process can be found. 


Forming Equipment 


Each type of forming equipment has been designed to pro- 
cess a dough or batter with a particular range of physical 
characteristics. The action or method required for shaping 
the dough necessarily sets certain limits on the appearance 
of the product. It is convenient to separate the following 
discussion into cookie equipment and cracker equipment, 
because the machines used in forming these two types of 
product are quite different. 


Cookie Equipment 


The following three broad types of forming or shaping de- 
vices, as described afterward, are used to manufacture the 
great majority of commercial cookies: 


1. Extruders push the dough or batter through a con- 
stricting orifice; they are exemplified by deposit ma- 
chines, bar presses, and wire-cut equipment. 

2. Rotary molders shape the dough in die cavities cut 
into the surface of a metal cylinder. 

3. Stamping machines or rotating cutters cut shaped 
pieces from a continuous sheet of dough. 


Extruders. Extruders vary widely in complexity, from 
simple equipment consisting of a hopper fitted with feed 
rollers that press the dough through adjustable slits, to 
complicated devices that extrude deposit-cookie batters 
through orifices moving in predetermined patterns. The 
most common type of machine consists of a hopper and one 
or more feed rollers that force the dough through an array 
of tubes called die cups. The dies may have orifices of dif- 
ferent shapes: square, round, oval, scalloped, and so on. 
On wire-cut machines, disks are sliced from a continuously 
extruded cylinder of dough and allowed to drop onto the 
oven band or transfer belt. Other, more complicated 
extruder-type machines can extrude multiple doughs or 
doughs with fillers. Such machines are sometimes called 
encrusters. A dough casing and filler are coextruded and 
either sliced by a wire device or pinched closed via a me- 
chanical device. Sometimes, the dough and filler combi- 
nation is applied directly to the oven band, forming a con- 
tinuous strip (eg, fruit bar). 


Rotary Molders. A simple rotary-molding machine con- 
sists of a hopper, a feed roll, a cylindrical die, a knife or 
scraper, a cloth or woven-plastic belt (also called a web or 
apron), and a rubber-covered compression roller. There will 
also be a frame, motors, controls, and so on. Such machines 
may be permanently affixed to the oven frame or they may 
be constructed as movable attachments for cutting ma- 
chine lines. 

The curved surface of the metal cylinder is covered with 
engraved cavities having the shape desired for the dough 
piece. Alternatively, plastic die cavities may be fastened to 
the surface. Pressure is exerted on the dough in the hopper. 
This causes the dough to be forced into the die cavities, as 
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the die roller rotates beneath a slit at the bottom of the 
hopper. The cylinder rotates past a knife or scraper (which 
forms the flat bottom on the dough piece), until it contacts 
the cloth belt passing beneath it. The belt is forced against 
the die by a rubber-covered roller, which can be adjusted 
to vary the pressure. As the cylinder lifts off the belt in its 
continuing rotation, the dough piece adheres to the belt 
more strongly than it does to the cavity and is, therefore, 
drawn out of the die. The belt carries the dough piece to 
the oven band, where transfer is completed by various 
kinds of simple mechanisms. There are limits to the ad- 
justments that can be made on the machine to achieve 
these operational essentials, so the physical characteris- 
tics of the dough can vary only slightly. 


Stamping Machines. In deposit machines, the batter is 
extruded intermittently through shaped nozzles. Separa- 
tion into cookie-size portions is achieved by lowering the 
oven band during the time the extrusion is stopped. This 
causes the batter on the band to be pulled away and sepa- 
rated from the batter still in the extrusion orifice. Then the 
band is moved up again toward the nozzle, and extrusion 
begins again. Such machines are relatively simple, but 
they are also quite demanding with regard to dough char- 
acteristics. In more advanced machines, the nozzles can be 
moved to form various patterns such as curves, wavy fig- 
ures, swirls, and circles. A second depositor can be syn- 
chronized with the first to put jelly or some other filling on 
top of the cookie. 

A bar-press machine (sometimes called rout presses) ex- 
trudes continuous strings or strips of dough directly onto 
the oven band. Separation of these strips into individual 
cookie pieces can be made, either before or after baking, 
by a cutting device. The die plate may be inclined in the 
direction of the extrusion, so that the dough ribbon is sup- 
ported for a longer period of time, an arrangement that 
reduces breaking or thinning of the dough strand caused 
by gravitational pull. The die orifices are usually slots with 
a straight lower edge to give a flat bottom to the cookie, 
and a grooved top edge, to give a ribbed upper surface. 
Height of the strip can be varied by moving one of the slot 
edges. 

Wire-cut machines represent an advance in complexity 
over bar-press and deposit machines in that they include 
a device that cuts off pieces of the extruded dough as it 
emerges from the die orifice. The cutoff device consists of 
a wire or blade that is quickly drawn through the dough 
by a reciprocating harp. The harp is simply a frame or sup- 
port attached to a mechanism that moves it back and forth 
beneath the die cups. The dough emerges from the cups in 
approximately cylindrical form, if round cookies are being 
made. However, changing the shape of the orifice can mod- 
ify the cross section of the dough strand. Several of the die 
cups are held on a bar that fits snugly into a channel at 
the bottom of the hopper. Wire-cut machines can probably 
handle more types of dough than any other cookie-forming 
apparatus, but they do not operate well on elastic, exten- 
sible doughs. 


Cracker Equipment 


Vertically reciprocating cutters, or stamping machines, are 
used mostly for crackers, although such devices are also 


used to make embossed cookies. Rotary cutters employ 
metal cylinders with cutting dies attached to the curved 
surface. Two stamping machines may be placed in tandem 
to perform two different operations on the same piece of 
dough (eg, cutting the outline and docking the piece). 


Ovens 


It is frequently said that the biscuit factory must be de- 
signed around the oven, because the limitations of this de- 
vice affect nearly every other operation in the bakery. The 
bakery equipment found in nearly all large biscuit facto- 
ries include some form of band oven, a type of oven that is 
ideally suited for rapid and uniform processing of small 
pieces of dough. Small operations may use reel ovens, deck 
ovens, rotary ovens, or just about any other kind of baking 
equipment. The following discussion will concentrate on 
the band oven. 

The band oven consists of an endless steel belt passing 
through a baking chamber that can be heated directly or 
indirectly. The band may be a solid strip of steel or a belt 
of woven steel wire. Perforated steel or wire-mesh bands 
allow steam to escape from the bottom of the dough pieces. 
This helps to prevent gas pockets and retard spread and 
other distortions in the finished baked good. 

The baking chamber consists of a series of modular 
units (eg, 10 ft long, 7 ft wide, and 5 ft high). Heating 
means are supplied above and below the band. Thick in- 
sulation covers all surfaces that are not occupied by air 
input and output ducts, ports, and other fixtures. In direct- 
heated ovens, heat is often provided by ribbon burners 
above and below the band. Open-flame or surface combus- 
tion (ceramic) elements have been used, but the former 
type is more common. Gas (methane or propane), oil, or 
even diesel fuel is burned, depending on the limitations of 
the heating system and the market price of fuel. Electri- 
cally heated ovens function satisfactorily but are economi- 
cally impractical in most locations. 

Indirect-heated ovens burn the fuel in a chamber sepa- 
rate from the baking tunnel, and hot air is transferred to 
the band by fans and convection. The length of the oven is 
divided into zones, which permits different temperatures 
to be applied to the product during different stages of bak- 
ing. 

Electronic ovens, of both the dielectric and microwave 
varieties, have been used to bake cookies and crackers. Mi- 
crowave heating has demonstrated considerable success in 
finishing or drying, after baking in a conventional oven. 
This form of energy application enables the manufacturer 
to reduce moisture in a cracker, without undue browning 
of the cracker’s surface. New designs in oven technology 
have led to the development of hybrid ovens, which com- 
bine conventional hot air and microwave technology. 


Other Equipment 


Sugar wafers are made from wafer sheets that are baked 
in a specialized wafer oven. The oven consists of an en- 
closed chamber through which pairs of plates, which can 
be brought together and separated, as required, are trans- 
ported. At the beginning of the process, a fluid batter is 
deposited on the bottom plate, and then the other plate in 


the pair is immediately brought near the first to form a 
closed chamber within which the batter rapidly expands 
under the influence of heat. The plates are patterned on 
their contiguous surfaces so the baked wafer emerges with 
a sort of waffle pattern or any other desired pattern. In 
fact, there are many points where the process resembles 
home baking of waffles. The baked wafers are removed 
from the griddle, cooled, spread with a filling, topped with 
another wafer, cut into desired shapes, and packed. 

Sandwiching machines assemble two cookie wafers 
(usually of the molded type, but sometimes wire-cut) and 
a layer of filling to form a sandwich cookie. Many varia- 
tions in shapes and flavors are possible; in fact, crackers 
can be sandwiched with cheese or peanut butter filling to 
make a nonsweet snack. The cookies, called basecakes, ar- 
rive at the sandwiching machines from cooling conveyors 
leading from the oven or from chutes. Vibrating conveyors 
align the basecakes into a stacked-on-edge orientation. 
Basecakes are fed by the conveyor into magazines or 
chutes in the proper orientation for sandwiching; they are 
removed one at a time by means of double pins on double 
chains, As the bottom cakes travel through the machine 
with their embossed side downward, they receive a deposit 
of soft creme extruded through a rotating sleeve having 
shaped orifices. As the bottom basecake with its creme de- 
posit reaches the second set of magazines, the top cakes 
are dropped onto the creme. Then the sandwich is gently 
pressed together to ensure adherence of the components, 
and to establish uniform thickness of the finished cookies. 
A much more complete discussion of biscuit equipment has 
been published elsewhere (4). 


PACKAGING, STORAGE, AND DISTRIBUTION 


Most biscuits will have moisture contents of less than 5%, 
with some of the crisper varieties, such as saltines, aver- 
aging around 2%. Exceptions are the chewy cookies such 
as brownies and cakelike cookies, which, when fresh, will 
have moisture contents of more than 10%. Within the 
range of normal ambient relative humidities experienced 
in the United States, drier cookies and crackers will tend 
to absorb water vapor. Chewier cookies will lose moisture, 
so it is highly desirable to package all biscuits in containers 
having low rates of moisture vapor transfer, if extended 
shelf lives are to be achieved. A more detailed discussion 
of packaging technology has been published elsewhere (5). 
Deterioration of cookies and crackers generally takes 
the form of loss of flavor or acquisition of stale flavors, due 
to chemical changes (such as oxidation and loss of volatiles 
by evaporation), and undesirable texture changes. These 
changes are caused by loss or uptake of moisture, depend- 
ing on whether a given biscuit is expected to be chewy or 
crisp, respectively. Sometimes, the appearance also 
changes because the surface reflects and refracts light dif- 
ferently, due to physical changes such as crystallization of 
sugars, solidification or liquefaction of fat fractions, or for- 
mation of empty vacuoles as moisture evaporates. 
Microbiological changes are usually not particularly im- 
portant causes of storage deterioration of cookies and 
crackers, because the low “water activity” (actually, rela- 
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tive humidity) of the substrate strongly inhibits the growth 
of yeasts, bacteria, and molds. The water activity (denoted 
as A,,) should be less than 0.70, which is the point below 
which most yeast, mold, and bacteria cannot survive. 
Sometimes, mold inhibitors such as potassium sorbate or 
calcium propionate are used to control spoilage, but these 
additives are regulated and are pH dependent. Occasion- 
ally, fermentation by osmophilic yeasts will take place in 
marshmallow and jellies, but formula adjustments to de- 
crease the water activity of these materials, plus improve- 
ments in sanitation, can often remedy such problems. An 
extensive discussion of packaging and preservation meth- 
ods for biscuits and other baked goods has been published 
elsewhere (5). 


CURRENT AND FUTURE TRENDS 


New product introductions in the United States in recent 
years have emphasized health and nutritional claims (not 
always the same things) and high-priced gourmet varia- 
tions. Health claims are faddish in nature and vary ac- 
cording to the enthusiasm of the moment, High-fiber cook- 
ies and crackers can be produced through heavy additions 
of wheat, oat, or corn bran or more exotic ingredients such 
as psyllium seed husks, purified cellulose (from wood, 
sugar beet pulp, etc), and pectin-based materials, No-fat 
and reduced-fat cookies and crackers have also been pop- 
ular. Consumers realize there are health benefits in such 
products, but it is difficult for manufacturers to predict 
such product trends. 

Tt can be expected that future trends will follow new 
dietary fads, as they become entrenched in the popular 
imagination. The exact direction cannot be predicted, but 
products of reduced caloric content or those meeting health 
requirements of an aging population will probably be pop- 
ular. 

Gourmet cookies are achieved by formula variations 
that are heavy on chocolate, fruit preserves, nuts, butter, 
and other highly indulgent ingredients. Pricing structure 
usually restricts such products to select market niches. 
Other gourmet cookies can be made by the addition of per- 
ishable components such as whipped cream, butter-cream 
fillings, and other adjuncts that are practical only for 
freshly prepared items or for cookies that are distributed 
in frozen form. 
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BLANCHING 


The blanching process typically utilizes temperatures 
around 75-95°C for times of about 1-10 min, depending on 
the product requirements. It is a necessary pretreatment 
for many vegetables in order to achieve satisfactory quality 
in dehydrated, canned, and frozen products. A blanching 
process may be needed if there is likely to be a delay in 
reaching enzyme inactivation temperatures or, as in freez- 
ing preservation, if such temperatures are never achieved. 
The process should ensure the required reduction of en- 
zyme activity that otherwise might cause undesirable 
changes in odor, flavor, color, texture, and nutritive value 
during frozen storage. Another major effect is the removal 
of intercellular gases. This reduces the potential for oxi- 
dative changes in the food and allows the achievement of 
suitable headspace vacua within cans. As a heat process, 
blanching may result in some reduction in microbial load, 
and texture may be improved. Vegetable matter tends to 
shrink because of loss of turgor, which can aid the achieve- 
ment of the required fill weight. Undesirable losses of heat 
sensitive nutrients may be caused, and, in water blanch- 
ing, soluble constituents may be leached, resulting in large 
volumes of effluent (1). 


BLANCHING METHODS 


Water Blanching 


Water blanching is the most widely used method. There 
are four basic designs of water blancher. 


1. The tubular blancher in which particulate vegetable 
matter is transported by pumped water through a system 
of tubes for the required residence time. Direct steam in- 
jection is used to heat the water to blanch temperature, 


while tube length and product flow rate govern the blanch 
time. 

2. The rotary screw blancher in which a central screw 
rotates, at a speed that moves the product forward to give 
the required blanch time, within a static drum containing 
the blanch water. 

3. The rotary blancher, which comprises a drum witha 
scroll attached to the inner wall, rotating on trunnions. 

4. The thermascrew blancher in which the rotating cen- 
tral screw is hollow and contains the heating medium. 


Other designs have been developed for various products, 
such as the countercurrent blanching tower in which prod- 
uct and hot water are moved in opposite directions to pro- 
mote rapid heat transfer. Product characteristics vary con- 
siderably and types (b) and (c) have been used widely. For 
rotary water blanchers, by a relatively simple scale-up of 
the basic design, ie, increasing blancher length, blancher 
capacity is increased for a range of blanch times. Estimates 
of product outputs can be predicted from data based on 
trials, as shown by the example in Figure 1 and Table 1. 
Capital and running costs are relatively low for water 
blanchers, and thermal efficiency has been reported to be 
as high as 60% (2). Improvements in design have been di- 
rected at reducing energy and water consumption to min- 
imize leaching and effluent. Mean heat utilization for a 
blancher with an average spinach capacity of 58,000 kg/h 
has been estimated at 39%, assuming a value of 758 kJ/kg 
for raw spinach leaves free from adhering water (3). En- 
ergy consumptions of a tubular water blancher and a water 
blancher with a screw conveyor have been measured as a 
basis for suggesting energy conserving modifications. The 
former required 0.54 MJ/kg and the latter 0.91 MJ/kg, in- 
dicating the importance of complete steam condensation. 
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Figure 1. Typical example of relation between product output 
and blanch time for various products blanched in various sizes of 
rotary water blancher. For a blancher diameter = 2 m, blancher 
length is approximately a = 3.1m,b = 4.5m,c = 5.9m,d=74 
m,ande = 88m. 


Table 1. Multiply Graph Outputs by 
Appropriate Factor for These Products 


Product Factor 
Potatoes 

whole 1.15 

french fried 1.00 
Carrots, whole 1.10 
Beans, soaked 1.08 
Peas 

soaked 1.08 

fresh 1.00 
Green beans 

cross cut 0.70 

whole 0.60 
Cauliflower, florets 0.50 
Spinach, leaf 0.30 
Brussels sprouts 0.30 
Cabbage, leaf 0.30 


Note: See Figure 1. 


A study of water heating by heat exchange (68% efficient) 
and by steam injection (17% efficient) confirmed the energy 
savings potential of heating by using a heat exchanger to 
minimize the escape of steam rather than by steam injec- 
tion (4). Energy consumption can be reduced by minimiz- 
ing the flow rate of water to the blancher (5), and a com- 
parison of energy consumptions and effluent volumes of 
various water blanchers is shown in Table 2. 

Loss of solubles may be reduced by maximizing product 
to water ratio, by recycling the blanch water, and by min- 
imizing fresh water addition. This allows the solute con- 
centration in the blanch water to rise toward that of the 
vegetable cell sap, the isotonic condition thus minimizing 
net solute loss (6). Tissue damage may promote more rapid 
loss of solutes and oxidative changes, for example, in peas 
(7), and hence mechanically induced product movement 
may be significant both to nutrient quality and product 
break-up of the more delicate vegetables such as broccoli. 
The Cabinplant integrated blancher—cooker (Denmark) 
utilizes minimal water volumes, heat exchangers, and a 
design to optimize many of the above points, and is the 
most sophisticated water blancher available (Fig. 2) (8). 


Table 2. Comparison of Water Blanchers 
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Figure 2. Representation of flow of water and temperatures in a 
Cabinplant integrated blancher-cooler with heat exchanger. 


One advantage of water blanching is that processing 
aids such as sodium chloride and sodium bicarbonate may 
be added to the blanch water to obtain the preferred qual- 
ity of, for example, cabbage (9). However, blanch waters 
can also provide a good microbial growth medium. Total 
microbial loads may be reduced on heating by 10*-10° per 
gram of product, but numbers of thermoduric organisms 
may not be reduced. It is therefore important that blanch- 
ers be easily accessible for cleaning, be constructed of 
stainless steel, and that dead spaces where food splashes 
may collect be designed out wherever possible. 


Steam Blanching 


As a means of reducing leaching losses, much attention has 
been given to the development of steam blanchers. The 
first major development of steam blanching was that of the 
Individual Quick Blanch (IQB) system (10). This consisted 
of a 25-s exposure to steam ofa single layer of diced carrot, 
followed by 50 s in a deep bed to allow equilibriation of 
temperature throughout the carrot pieces. A venturi ther- 
mocycle blancher was described, which was claimed to re- 
duce steam consumption by 50%, maintain a uniform tem- 
perature throughout the blanching area, and, because of 


Energy efficiency Energy Effluent volume or 
Type of blancher Product (%) (Mi/kg product) mass/ton product 
Ordinary water blancher, calculated values Peas 60 240-384 L 
Ordinary water blancher Peas 48 1,080-3,600 kg 
Ordinary water blancher 45-68 400-1,800 kg 
Tank water blancher Spinach 30.7 15 
Ordinary screw blancher Cauliflower 313 09 
Tubular blancher Beans 34.7 0.54 
Pilot screw blancher with steam injection Cauliflower 16.8 2.09 
Pilot screw blancher with heat exchanger Cauliflower 67.6 0.51 
Screw blancher Peas 2.09 4.000L 
Cabinplant blancher and cooling section Peas 0.27 240L 


Source: Ref. 13. 
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the water steam traps, provide a vapor-free plant environ- 
ment (11). Further development of the IQB concept in- 
volved an integrated blanching-cooling system comprising 
vertical helical vibratory conveyors and condensate spray 
cooling, although problems were encountered when han- 
dling nonparticulate material such as leafy green vegeta- 
bles (12). 

In spite of the improved performance of such blancher 
designs regarding energy and leaching, capital costs and 
other variable costs have been so high that the conven- 
tional water blancher has remained the most competitive 
system. For many large-scale operations this may no 
longer be true, and Table 3 compares the performance of 
various steam blanchers (13). The most recently developed 
energy efficient steam blancher is that manufactured by 
the Atlantic Bridge Company (ABCO), Canada (14). The 
principle of operation of the ABCO K2 was developed from 
the earlier IQB concept. 


Hot-Gas Blanching 


Hot-gas blanching has been studied because of the poten- 
tial for reducing leaching and, in particular, for reducing 
effluent. One report indicated that for spinach, green 
beans, corn on the cob, and leeks the retention of water- 
soluble vitamins was much the same as for other commer- 
cial blanching operations. Excessive surface drying in 
some cases and the presence of atmospheric oxygen, which 
could promote oxidative changes, were disadvantages. 
Also, it was shown that operational costs could be much 
higher than water blanching for some vegetables (15). 


Microwave and Electroconductive Blanching 


A number of studies of microwave blanching have been 
carried out to explore the potential for reduced leaching 
and rapid heating, particularly for vegetables of large cross 
section such as potatoes, corn on the cob, and brussels 
sprouts (16). On an industrial scale, processing advantages 
have been identified, but in the past it was concluded that 
these were outweighed by the high electricity costs (17). 
Until recently microwave generators were limited to about 
30 kW, with the microwave blancher incorporating steam 


Table 3. Comparison of Steam Blanchers 


preheating and humidity control for optimum efficiency. 
However, with the recent development of 60-kW genera- 
tors, which also permit more uniform heating, the cost ef- 
fectiveness for blanching operations needs reviewing (18). 
There has been limited interest to date in electroconduc- 
tive blanching (19). 


OBJECTIVES FOR BLANCHER CONTROL 


Close control of blanch time and temperature influences 
uniformity of product quality as well as energy consump- 
tion. For example, where a vegetable does require blanch- 
ing prior to freezing, it is now being established that the 
blanch treatment required depends largely on the heat sta- 
bility of those enzymes directly responsible for the main 
deteriorative changes in a given product during frozen 
storage. Hence energy may be wasted if the blanching con- 
ditions are loosely controlled to inactivate peroxidase en- 
zymes, whereas the less heat stable lipoxygenases are the 
relevant enzymes to inactivate (20). 

Accepting that there will always be variations in the 
vegetable raw material in terms of the physical and ther- 
mal properties, consistently uniform blanching conditions 
will result in consistent blanching effects. This may be less 
easy to achieve where one blancher is to be used to meet 
the requirements for a range of vegetable products. Con- 
sistently controlled blanching also permits the prediction 
of the degree of enzyme inactivation (21) and of leaching 
losses of various solutes using suitable models for water 
blanching (22). 


EFFECTS OF BLANCHING 


Water blanchers have been shown to be the main operation 
contributing to the solids content of cannery wastes, and 
some recent studies have considered the treatment and 
concentration of waste blanch water. The use of water as 
the blanch medium also allows the addition of certain 
chemicals as processing aids, such as citric acid, and this 
is reviewed elsewhere (1). 


Energy efficiency Energy Effluent volume or 
‘Type of blancher Product (%) (Mi/kg product) mass/ton product 
Ordinary steam blancher, calculated values Peas 5 191-313 L 
Ordinary steam blancher Peas 6.7-9.0 200 kg 
Ordinary steam blancher Spinach 13 2.12 
Ordinary steam blancher with water cooling Peas 5.151L 
Steam blancher with end seals Spinach 21 0.95 
Steam blancher with water curtains Spinach 19 1.56 
Vibratory spiral blancher Beans 85 28L 
Individ. quick blancher Peas 225 L 
Steam blancher with end seals and steam recycling Spinach 31 0.91 
Steam blancher with thermocompression 0.32-0.49 
IQB-prototype K1 & evap. cooling Peas 0.27-0.32 130-150 kg 
1QB-prototype K2 & evap, cooling 0.32-0.56 75-81 kg 


Source: Ref. 13. 


Weight 

In some instances weight losses can be excessive; for ex- 
ample, when blanching mushrooms, weight losses in ex- 
cess of 19% and volume losses between 11 and 15% have 
been recorded (23). It has been shown that weight loss from 
vegetable tissue during water blanching occurs by two 
main mechanisms. In the typical temperature range of 50 
to 55°C the cytoplasmic membranes that enclose the cell 
contents become disorganized, and on loss of turgor the 
cells contract and express some cell solution. Simulta- 
neously, the damaged cell membranes allow free diffusion 
of solutes out of the cells. Because of continued diffusion of 
solutes out of the tissue during the blanch time, the net 
tissue weight loss also increases. The example of whole 
peas blanched in the laboratory at 85°C is shown in Figure 
3. The kinetics of mushroom shrinkage have been de- 
scribed by three apparently first-order reactions (24). Ar- 
tificially altering the water content of the vegetable prior 
to blanching will also influence subsequent weight loss, al- 
though the effect on the diffusional loss of solutes is small 
(25). 

The blanching of dried vegetables has been studied 
since it was found that the standard rehydration step of 
around 18 h in cold water could be avoided by an extended 
blanch of 10-70 min at 71-85°C, depending on the vege- 
table. During this time sufficient water was taken up to 
compensate for lack of soaking, with resulting improved 
overall quality (26). 


Nutrients 


Some loss of nutrients occurs in all cases of blanching, but 
water blanching may promote excessive losses, typically 
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Figure 3. Percentage loss of tissue weight, solutes, and water (by 
difference) from whole pea samples after the given blanch time at 
85°C (means of two duplicated replicates), Source: Ref. 25. 
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up to 40% for minerals and certain vitamins, 35% for sug- 
ars, and 20% for protein (1). The most commonly measured 
nutrient is ascorbic acid because of its high water solubil- 
ity, susceptibility to oxidation, and ease of analysis. Loss 
of vitamin C from spinach has been reported as being 
greater than 70% after 3-5-min blanching (27). Spinach 
blanched for a range of times at different temperatures 
was found to lose vitamin C and thiamin following first- 
order reaction kinetics (28), The decimal reduction times 
decreased as temperature increased, and Z values (tem- 
perature range over which the decimal reduction time 
changes tenfold) were about 65°C for both these vitamins. 
Losses of vitamin C from peas during water blanching 
have been studied extensively. Temperatures of 35-97°C 
for times of 15 s to 25 min were used, and the changes in 
ascorbic acid and dehydroascorbic acid levels were mea- 
sured (7,29). It was also found that vitamin C concentra- 
tion was higher in the seed coat (30). A typical 1-min 
blanch at 97°C resulted in 28% loss of ascorbic acid from 
Dark Skinned Perfection peas. A broader study showed 
that at 94-99°C the K1 blanch-cool system (see also Table 
3) had a profound effect on ascorbic acid content of some 
vegetables but not others. For example, large losses were 
observed for peas and broccoli but not green beans. An 
analysis of the beans showed that ascorbic acid was con- 
centrated in the seeds (38 mg/100 g fresh wt), which are 
protected by the pod (8.4 mg/100 g fresh wt) (31). This 
highlights the need to study the location and distribution 
of nutrients within various tissues and to study how the 
concentrations vary with maturity and variety. 


Toxic Constituents 


In addition to the leaching of nutrients, toxic constituents 
naturally present in the vegetable may also be leached. 
The level of nitrates in foods has caused concern because 
of potential toxicity, and high levels of nitrites may cause 
methaemoglobinaemia in infants. Nitrate levels in spinach 
petioles have been shown to be as much as 5 to 10 times 
greater than in leaves, but water blanching subsequently 
reduced levels by more than 50% (32). Any nitrite formed 
by reduction was eliminated, and it was concluded that a 
combination of leaf selection and blanching could reduce 
nitrate levels to 25% of the original content. Nitrate levels 
in carrots were reported for raw carrot, 339 mg nitrate/kg; 
water washed at 17°C, 226 mg/kg; blanched at 65°C, 187 
mg/kg; blanched at 80°C, 181 mg/kg; and blanched at 95°C, 
165 mg/kg (33). 

The calcium uptake from blanch water influences the 
ratio of soluble and insoluble oxalates (32). Although ex- 
cess calcium chloride in the blanch water reduced soluble 
oxalate in spinach, it also adversely affected color. The in- 
fluence of washing and blanching on the cadmium content 
of several vegetables has been studied. Contents initially 
were 0.121-0.379 mg % for spinach, 0.029 mg % for green 
beans, and 0.038 mg % for peas. Although 0.1 ppm cad- 
mium was recommended as the maximum in the fresh 
weight, some spinach still contained higher levels after 
blanching (34). 


Contaminants 


Blanching can significantly reduce the level of contami- 
nating microorganisms, which is especially important 
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prior to freezing or dehydration. A 3-min blanch of soy 
sprouts in boiling water reduced the total bacteria to 
=14,000/g, coliforms to <10/g, and salmonella to zero (35). 
However, the numbers of thermoduric organisms may not. 
be reduced, and Bacillus stearothermophilus was isolated 
from blanch water used at 90°C for 5-min treatments prior 
to canning peas in an investigation of the cause of spoiled 
packs (36). Because blanching may render the vegetable 
more easily infected by microorganisms, hygienic handling 
is important. 

The content of pesticide residues in vegetables has been 
studied recently. Commercial blanching was shown to re- 
move 50% of DDT (dichlorodiphenyltrichloroethane) and 
68-73% of carbonyl residue from green beans (37). The fate 
of di-syston has been studied during the processing of po- 
tatoes (38), and a 15-min blanch at 100°C reduced the lev- 
els of Aldrin, heptachlor epoxide, and Endrin in Irish and 
sweet potatoes (39). Blanching for 3 min at 100°C reduced 
levels of DDT isomers in turnip greens (40). The effects of 
water cooking on the pesticide residues in spinach have 
been studied (41). 

Laboratory canning operations were highly effective in 
reducing strontium and cesium concentrations in beans 
and kale. However, blanching of sweet potatoes appeared 
to result in a transfer of radioactivity from the peel to the 
core, suggesting that skins of contaminated potatoes 
should be removed prior to thermal treatment (42). 


Enzymes 


Peroxidase has often been used as a blanching efficiency 
indicator enzyme because it is the most heat resistant en- 
zyme and is easy to measure (43). Recent work has shown 
that a significant but not well-defined proportion of active 
peroxidase can be left in many vegetables after blanching 
and a long storage life can still be achieved (44). Less than 
5% residual peroxidase activity did not affect quality dur- 
ing storage of carrot, cauliflower, french bean, onion, leek, 
and swede stored at —20 or —30°C for 15 months (20). 
Good quality was retained in carrots after storing at 
— 20°C when palmitoyl-CoA hydrolase was inactivated by 
blanching, even though catalase and peroxidase activity 
was present. Although this hydrolase was a better indi- 
cator enzyme, there was no cheap, easy method of mea- 
surement. The complete inactivation of peroxidase does 
correlate well with the achievement of best quality in peas, 
but the best sensory quality of green beans was achieved 
prior to complete peroxidase inactivation. 

A study on brussels sprouts found that the activities of 
polyphenoloxidase and peroxidase were related to the size 
of the sprouts, and increased from the center to the outer 
layers. Reducing activity to about 1% of the initial level 
required 7 min at 98°C for large sprouts, 5 min formedium, 
and 4 min for small. Residual activity increased toward the 
center of the sprout (45). The inactivation of lipid- 
degrading enzymes has also been shown to be very impor- 
tant to final sensory quality (46). 


Color, Flavor, and Odor 


The blanching operation promotes the thermal degrada- 
tion of the blue-green chlorophyll pigments to the yellow- 


green pheophytins (47,48). This has been demonstrated in 
peas, and it has been shown that the addition of sodium 
carbonate or calcium oxide or alkalinization with sodium 
hydroxide during a 3-min blanch at 90°C increased chlo- 
rophyll stability. Addition of calcium chloride had the op- 
posite effect. Iron and tin ions promoted, and copper and 
tin inhibited, chlorophyll decomposition; chlorophyll 6 was 
more resistant to heat than chlorophyll a (49). 

Steam blanching of ground red peppers gave a major 
improvement in color in the first 10 min. This effect was 
greatest in material that had not been stored, in which the 
ripening process was not terminated. Because of changes 
in the conjugated system of carotenes, the red proportion 
increased and the yellow decreased (50). The effect of dif- 
ferent types of blanch on the color of sliced carrots using 
hot water, in-can steam, direct steam, and microwaves re- 
sulted in similar color changes. These arose from changes 
in ultrastructure, especially in chromoplasts, from which 
liberated carotenes dissolved into lipids, and some were 
lost into the water (51). 

The use of sodium acid pyrophosphate has been re- 
ported in blanch solutions, especially for potato and cau- 
liflower to prevent discoloration during storage of the pro- 
cessed products. A cause of the discoloration may be the 
reaction between ortho-dihydroxyphenols with ferrous 
ions, forming a pigment in the ferric form on oxidation. 
Pyrophosphate is unique among condensed phosphates be- 
cause of its strong ferric ion binding ability. 

When peaches were microwaved a uniform browning of 
the skin resulted because the high levels of polyphenolox- 
idase in the outer fruit parts received the least heating 
effect. To prevent this a combination of microwave heating 
to blanch the inner parts and lye peeling to scald the outer 
parts was proposed (52). 

Soluble or volatile flavor components may be lost during 
blanching. However, the resulting enzyme inactivation 
and oxygen removal may aid greater flavor retention dur- 
ing subsequent frozen storage. Unblanched carrot, cauli- 
flower, and french bean developed off-odor after 9, 3, and 
6 months, respectively, at — 30°C (53). Unblanched onion, 
leek, and swede did not develop detectable off-flavor or off- 
odor, and no changes in total lipid content were found. In 
onion, no lipoxygenase or peroxidase has been found. 


Structure and Texture 


Blanching may induce both physical and biochemical 
changes in the structure and textural properties, depend- 
ing on blanch time and temperature, and type and state of 
the vegetable. Blanching green beans at 90°C for 30 to 240 
s did not seem to influence the degree of cell damage (54), 
and no tissue disruption in carrots was observed after 
blanching for 3 min at 100°C or cooking for 10 min at 
100°C. This suggested that physiological and chemical 
rather than physical changes may have occurred to cause 
softness of the tissues. Subsequent freezing did cause cell 
disruption (55). 

It has been observed that the effects of moisture and 
heating during blanching lead to a swelling of the cell 
walls, for example, of green bean pods (150-200%), and to 
a beginning of separation of the individual cells. This is 


attributed to the extraction of protopectin from the middle 
lamella. It was found that not only short blanching but also 
boiling to doneness preserved the histological structure 
well. No evidence of any cell wall rupture was observed 
during cooking, and it was concluded that earlier sugges- 
tions that cell wall rupture did occur probably arose 
through poor methodology in preparing sections (56). 

The effects of boiling, steaming, and pressure cooking 
on the loss of pectic substances, and also the effect of water 
hardness on potato structure, have been reported (57). 
Steaming and pressure cooking gave similar results, but 
boiling resulted in significantly greater losses followed by 
a characteristic leveling off with time. Steaming probably 
caused less cell wall damage than boiling because of the 
lack of water to wash away degraded pectic substances. 
Boiled potatoes retained significantly more pectic sub- 
stances when cooked with hard water. Surface to volume 
ratio was increased by slicing, thus increasing the rate of 
calcium diffusion into the tissue and of degraded pectic 
substance out of the tissue. 

French fries have been preblanched in disodium dihy- 
drogen pyrophosphate to sequester ions, such as calcium, 
and prevent discoloration, and this treatment did not re- 
duce protopectin stability or cause deterioration of French 
fry texture. Low-specific-gravity potatoes were also stud- 
ied because these gave a soft texture after frying. After 15 
min at 70°C in 0.5% calcium chloride the best firming re- 
sults were obtained, although still not equal to the firm- 
ness of high-specific-gravity potatoes (58). It was shown 
that blanching increased shear value and springiness but 
decreased hardness of asparagus. The optimum blanch 
times at 100°C were 135 s for stalk diameters of 16-25 mm, 
120 s for 12-15 mm, 105 s for 9-11 mm, and 90 s for 6-8 
mm (59). 

The texture and color of beans were improved by a step- 
wise blanch treatment involving high and low tempera- 
tures (60). Others found that low-temperature blanching 
at 74°C for 20-30 min resulted in firmer carrots. Their 
studies confirmed the conclusion that the increase in firm- 
ness was caused by the effects of pectin methyl esterase, 
which was activated at low temperature and inactivated 
at a higher temperature (61). The rate of thermal softening 
of these vegetables follows first-order kinetics (62). Mung 
bean shoota were blanched at 75°C for 30 s to activate pec- 
tinesterase and then held at 55°C for 30 min to maximize 
deesterification. Such firming has been applied to tomato, 
potato, and cauliflower. Subsequent addition of calcium 
salts to the canning liquor caused insoluble calcium pec- 
tate gels in the cell walls, thus firming the cell walls (63). 
The noncooking effects of salts added after cooking on the 
texture of canned snap beans has been studied (64). 
Blanching may also affect the dietary fiber content of vege- 
tables (65). 


intercellular Gases 


Blanching induces the expansion and removal of intercel- 
lular gases from within vegetable tissues. This reduces the 
potential for subsequent oxidative changes and permits 
the attainment of adequate headspace vacua in cans. Air 
removal from the surfaces of a vegetable may change the 
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apparent color shade. When peas of various sizes were 
blanched between 66 and 95°C for a few seconds up to 10 
min it was found that removal of internal gases had largely 
occurred within the first minute. Gas volume varied from 
0.47 mL/100 g grade 2 peas to 1.21 mL/100 g grade 7 peas 
(66). 

The gas and volume changes in sliced green peppers and 
beans were measured during blanching in steam at 1.5 
atm and in water at 100, 90, and 80°C. Initially the peppers 
contained 14% gas, which was reduced to 2.8-3.8% by 
steam or water at 100°C, but only to 3.2-5.8% at the lower 
temperatures. Beans initially contained 19.3%, which was 
reduced to 1.1-4.1% by steam or water at 100°C, and to 
4.2-6.4% at the lower temperatures. Maximum gas reduc- 
tion was achieved after 2 min with beans and after 1 min 
with peppers (67). Further data are available for red cab- 
bage and carrots (68). 

Several early blanching studies reported that steam 
blanching was slower than water blanching. Since the heat 
transfer coefficient of condensing steam is at least an order 
of magnitude greater than that of hot water to the same 
surface, it was postulated that the noncondensable gases 
mixed with steam accumulated at the surfaces being 
heated, thus interfering with the heat transfer from the 
steam. Blancher designs where the noncondensable gases 
are not swept away continually and removed from the sys- 
tem might be prone to a stagnant layer of gas accumulat- 
ing at the surfaces, thus reducing heat transfer rate. Stud- 
ies using pure steam revealed that the most important 
source of noncondensable gases was from the interior of 
the vegetables being blanched. Foaming was observed, 
demonstrating that heat transfer had to occur through an 
insulating layer of foam from the steam to the vegetable. 
A surface heat transfer coefficient for carrot in steam at 
atmospheric pressure was given as 1136 W/m?:K (69). The 
work showed that the rate of heat transfer was increased 
by vacuum pretreatment and decreased by pressure pre- 
treatment. Results indicated that some means of 
degassing vegetable particles prior to steam blanching 
would reduce the heating time much more effectively than 
increases in steam velocity. 


Heat and Mass Transfer 


The calculation of heat transfer rates during blanching re- 
quires a knowledge of the geometry of the vegetable piece, 
the blanching conditions, including the initial food tem- 
perature and blanch medium temperature, and the ther- 
mal properties of the vegetable. For unsteady-state heat 
conduction, numerical solutions to Fourier’s general law 
are available for the central temperature history of the 
three elementary shapes; an infinite slab, an infinite cyl- 
inder, and a sphere (70). Thermokinetic models for enzyme 
inactivation have also been studied using unsteady-state 
heat conduction procedures (71). 

The two contributions to the total resistance to mass 
transfer in the blanching of vegetables are the surface re- 
sistance due to convection and the internal resistance due 
to mass diffusion. These may be represented by Fick’s first 
and second laws, together with a mass balance at the in- 
terface. When there is sufficient agitation of the blanching 
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liquid, the surface resistance becomes small, and it can be 
assumed that the total resistance is due to only the inter- 
nal resistance. Then only the solution to Fick’s second law 
is required, and this is available for the infinite slab, infi- 
nite cylinder, and sphere, with the mean concentration ob- 
tained after integration with respect to position as a func- 
tion of time, again in nondimensionalized form (72). 

These solutions were originally developed for drying ap- 
plications over a wide range of concentrations; however, in 
the case of blanching vegetables, the concentrations are 
much smaller and near to zero. The solutions have been 
recalculated for smaller increments in this range of con- 
centrations using the first ten terms for the three series 
(6). Where the apparent diffusion coefficient for a solute is 
known at various temperatures it is possible to predict the 
changes in concentration that will occur under defined con- 
ditions of blanching (73,74). 
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BLOOD. See ANIMAL BY-PRODUCT PROCESSING; KOSHER 
FOODS AND FOOD PROCESSING. 


BLUEBERRIES. See Fruits, TEMPERATE. 


BOTULISM. See FoopBorNE DISEASES. 


BOVINE SPONGIFORM 
ENCEPHALOPATHY (BSE) 


Bovine spongiform encephalopathy (BSE, mad cow dis- 
ease), a progressive degenerative disorder of the central 
nervous system of cattle, was first recognized in the United 


Kingdom (UK) in November 1986 (1). Believed to be caused 
by a newly classified proteinaceous infectious particle, a 
prion, BSE is one of several recognized fatal transmissible 
spongiform encephalopathies (TSEs) found in various spe- 
cies. The epizootic of BSE in the UK affected more than 
170,000 cattle, 70 domestic cats, and some zoo animals and 
is believed to have resulted in 40 human cases of variant 
Creutzfeldt-Jakob disease (v-CJD, also known as new var- 
iant or nv-CJD). The human cases resulted from the in- 
gestion of beef contaminated with the BSE agent. 


OVERVIEW 


TSEs disrupt the function of nerve cells. In TSEs there are 
characteristic vacuolar degeneration of neurons in the 
brain and spinal cord, giving the tissue a spongelike ap- 
pearance (Fig, 1). TSEs evoke no immune response and are 
inevitably fatal (2-5). 

The incubation period (ie, the time between exposure 
and the onset of clinical signs) in cattle is very long, rang- 


Figure 1. Lesions in the gray matter of the brain of a sheep with 
scrapie: (A) typical spongiform change in neurons; (B) spongiform 
change and astrocytic hypertrophy and hyperplasia. (a) Hematox- 
ylin and eosin stain; (b), glial fibrillar acid protein (GFAP) stain. 
Magnification x500. Source: Courtesy of Dr. Robert Higgins, 
School of Veterinary Medicine, University of California, Davis. 
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Figure 1. Lesions in the gray matter of the brain of a sheep with 
scrapie: (A) typical spongiform change in neurons; (B) spongiform 
change and astrocytic hypertrophy and hyperplasia. (a) Hematox- 
ylin and eosin stain; (b), glial fibrillar acid protein (GFAP) stain. 
Magnification x500. Source: Courtesy of Dr. Robert Higgins, 
School of Veterinary Medicine, University of California, Davis. 


ing from two to eight years. Most animals show clinical 
signs between three and five years of age and demonstrate 
a slowly progressive disease with nonspecific neurological 
signs, including incoordination, weakness, tremors, and 
anxiety. Once signs develop, animals usually die within 
two weeks to six months. 

Epidemiologically, BSE has been considered an “ex- 
panded point source epizootic”; that is, it resulted from the 
consumption of contaminated protein feed supplements 
(6). Meat and bone meal (MBM) produced from rendered 
carcasses and offal from dead and butchered livestock has 
been a common protein supplement used for decades in 
livestock production. Changes in rendering practices in the 
late 1970s and early 1980s were considered a risk factor 
in amplifying the disease through the resulting manufac- 
ture of infectious MBM feed supplements (6-10). 

About 2000 cattle have been diagnosed with the disease 
in other countries, some as the result of exportation from 
the UK of live cattle incubating the disease, and the ma- 
jority from exportation of contaminated MBM subse- 
quently fed to native cattle (7-9). 

More than 170,000 cattle from more than 33,500 British 
herds (67% of all dairy herds, 16% of all beef herds) have 
been confirmed with the disease. The low average within- 
herd incidence, with 35% of the farms experiencing only 
one case, and 69% with four or fewer cases, is attributed 
to uneven exposure to the agent in widely spaced batches 
of feed (6). 

In 1996 a possible link was made between BSE in cattle 
and 10 cases of Creutzfeldt-Jakob disease (CJD) in hu- 
mans (11). To date 29 humans have been confirmed with 
v-CJD (12), shown to share identical lesion patterns and 
chemical characteristics with BSE (13-15). Evidence 
strongly supports the hypothesis that v-CJD in people and 
BSE in cattle are the same disease, with transmission to 
people occurring through the ingestion of infected beef 
products (16,17). 

Perishable foods are especially vulnerable to acute cri- 
ses in consumer confidence. Following the March 1996 an- 
nouncement of the possible link between BSE and human 
disease, British beef consumption fell for more than a 
month to 25% of its preannouncement level, and the Eu- 
ropean Union (EU) banned British beef imports. Global 
markets, including those in countries without BSE, have 
been impacted by this epizootic. 

Beginning in July 1988 the UK responded to the cattle 
epizootic with a series of control measures. Mandatory pro- 
grams were enacted requiring euthanasia of affected cat- 
tle, prohibiting the use of affected cattle carcasses or spec- 
ified offal from sheep or cattle in feeds, and eventually 
banning MBM from all agricultural uses. A selective cull 
program was instituted targeting herds that had BSE 
cases and removing nonaffected cattle that might have 
been shared exposure to the agent. Current projections are 
for BSE eradication between 2001 and 2005. 

Measures to protect human health began in 1989 with 
the Specified Offal Ban (SBO), prohibiting the use of brain, 
spinal cord, tonsil, thymus, spleen, and intestinal tissues 
of cattle origin in foods intended for human consumption. 
Additional measures, requiring meat from animals over 6 
months of age to be deboned prior to sale, and banning 
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most cattle over 30 months of age from use as human food, 
were enacted. 

By-products from slaughtering cattle are used in hor- 
ticultural applications, pet foods, cosmetics, and pharma- 
ceuticals. Those tissues not meeting specified standards 
are prohibited from use in manufacturing these products 
and are now incinerated. 


TRANSMISSIBLE SPONGIFORM ENCEPHALOPATHIES 


TSEs are caused by similar, but not identical, agents and 
produce specific and characteristic lesions in the brain of 
affected hosts. The apparent resistance/susceptibility fac- 
tors in animals and humans are not yet fully understood, 
and multiple “strains” have been identified in some TSEs, 
including scrapie (2,3,13,14,17). All TSEs have long incu- 
bation periods, evoke no immune response, and are inevi- 
tably fatal. 

TSEs in animals include cattle BSE, scrapie of sheep 
and goats, transmissible mink encephalopathy, and 
chronic wasting disease of mule deer and elk (6,9,18). Con- 
firmed cases in kudus, a gemsbok, an eland, a nyala, an 
oryx, an Ankole cow, cheetahs, pumas, a tiger, ocelots, and 
more than 70 domestic cats are also believed to be BSE 
caused by the feeding of contaminated protein supple- 
ments (19). 

Human TSEs include kuru, Creutzfeldt-Jakob disease, 
Gerstmann-Straussler—Scheinker syndrome, and fatal fa- 
milial insomnia. Human TSEs are heritable in about 15% 
of the cases and are considered sporadic in about 85% of 
the cases. Worldwide a few hundred cases have been as- 
sociated with the use of tissues from infected donors (cor- 
neal transplants, cadaveric dura mater, and human pitu- 
itary extracts used to prepare growth and gonadotropin 
hormones), or contaminated intracranial electrodes and 
neurosurgical instruments. Kuru, a TSE associated with 
the ritual handling and cannibalistic consumption of the 
brain of deceased tribal members in a region of New 
Guinea, with a known incubation period up to 30 years, 
has all but disappeared due to changes in local customs 
(2,3). 


BSE LINK TO HUMAN DISEASE 


In 1990 the UK established the Spongiform Encephalop- 
athy Advisory Committee to advise on the potential impli- 
cations TSEs have on advised the government that it had 
become concerned about 10 cases of Creutzfeldt-Jakob dis- 
ease with onset of symptoms in 1994 and 1995. These cases 
were unusual because they included patients younger than 
the expected (average age 27 vs 63 for sporadic CJD cases). 
In addition, the neuropathology and clinical course in 
these patients was distinguishable from that in other CJD 
patients. A review of medical histories, genetic analysis, 
and consideration of other possible causes of CJD “failed 
to explain these cases adequately” (4,5,11), 

As many as 900,000 cattle might have been infected be- 
tween 1984 and 1995, with 450,000 entering the human 
food chain prior to 1989 and 283,000 between 1989 and 
1995 (6). Cattle are slaughtered at young ages and BSE’s 
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long incubation period would preclude most infected ani- 
mals from showing any clinical signs. Cattle in the earlier 
stages of incubation are expected to have had much lower 
accumulations of infectious agent in their brain and spinal 
cord. 

There have been no confirmed cases of y-CJD in people 
with occupations expected to have the highest risk of ex- 
posure, including farmers, abattoir workers, butchers, and 
veterinarians. The number of new cases of all types of CJD 
in the UK remains stable, at about one new case per mil- 
lion people per year. This rate is about the same in all 
countries, including Australia and New Zealand, where 
neither scrapie nor BSE have been identified. Currently 29 
people, one in France and the remainder in the UK, are 
believed to have v-CJD (13). The proposed link between 
BSE and v-CJD was eventually substantiated (13,14). 
There are no predictions of the number of human victims 
that might eventually result. 


THE CAUSATIVE AGENT 


Prions and the “Protein Only” Hypothesis 


Prions, the name coined by Stanley Prusiner for protein- 
aceous infectious particles, have changed our understand- 
ing of infectious agents. All previously recognized patho- 
genic agents use nucleic acid, either DNA or RNA, to 
reproduce. Prions are abnormal structural variants of nor- 
mal cellular proteins found in the membranes of neurons 
and other tissues (2,3). 

Although scientific opinion generally supports Prusi- 
ner’s 1982 hypothesis that TSEs are caused by abnormal 
prion proteins, other research groups continue looking for 
an unrecognized organism with nucleic acid (3), and one 
group continues to promote Spiroplasma sp. as a potential 
causative agent (20). 

Prions are single molecules of about 250 amino acids 
and contain no nucleic acid. Abnormal prion protein is 
formed within the host by genetic mutation (eg, familial 
CJD), or by unknown means (eg, sporadic CJD), or enters 
the body via oral or other routes (eg, BSE, kuru, scrapie, 
etc), and proceeds to convert by contact normal protein into 
structurally aberrant forms. The conversion of normal cel- 
lular prion protein to the distorted prion conformation is 
characterized by a structural change from predominantly 
alpha helices to beta sheets (alpha helix:beta sheet 42:3 in 
normal prion protein, 30:43 in abnormal) (3,21). The dis- 
torted form has increased resistance to natural proteases 
and, as a result, accumulates in tissues, contributing to 
neuronal death and spongiform changes in the brain. Am- 
yloid plaques are formed from remnants of prion protein 
in some, but not all, forms of TSE disease. 

TSEs such as scrapie have been shown to exist as dif- 
ferent “strains,” evidenced by different incubation periods, 
lesion patterns, and chemical characteristics. Historically, 
strain differences in pathogenic organisms have always 
been associated with genetic differences represented by 
varying nucleic acid sequences (3). Strain differences in 
prion diseases appear to be from conformational differ- 
ences of the same protein molecule. Functional behavior of 
the molecule is linked to the conformation and may influ- 


ence susceptibility/resistance, infectious dose, virulence, 
disease pattern, and incubation period (13,14,17). 


Transmission 


Variant CJD is believed to have been transmitted by con- 
suming infected beef products such as sausages, franks, 
and hamburgers that contained portions of brain, spinal 
cord, dorsal root ganglia, retina, intestines, or bone mar- 
row as components. A list of Specified Risk Materials 
(SRM) has been adopted by the European Union (EU) Sci- 
entific Steering Committee as a result of calf assay exper- 
iments using various tissues from known infected animals 
(Table 1; 22). 

Prions are extremely resistant to heat, ultraviolet light, 
ionizing radiation, and common disinfectants that nor- 
mally inactivate viruses and bacteria, and destroy nucleic 
acid (2,3,23-25). Contaminated surgical instruments have 
been shown to retain infectivity following standard hospi- 
tal sterilization techniques. Transplanted tissues from hu- 
mans with CJD, including dura mater grafts, extracts from 
pituitary glands, and corneas, have been demonstrated ve- 
hicles of transmission. Strategies to protect the blood sup- 
ply, including provisions to deplete blood products of leu- 
kocytes because these white blood cells may play a role in 
the transport of ingested abnormal prions to the nervous 
system, are currently under consideration in the UK (26). 

Kuru was transmitted by ingestion and through open 
cuts or abrasions. Scrapie in sheep has been transmitted 
through open wounds and new infections have been asso- 
ciated with lambing of normal animals with infected ani- 
mals. Although the majority of cattle infections resulted 
from ingestion of contaminated protein feed supplements, 
studies on potential maternal transmission report a small 
risk of infection for calves born shortly before or after the 
onset of clinical signs of the disease in infected dams. Ex- 
perts indicate this rate is insufficient to perpetuate the ep- 
izootic in cattle but will delay the eradication effort (6,27). 


Table 1. Levels of TSE Infectivity Associated with 


Various Ruminant Tissues 

Category Organs 

High Bovine brain, eyes, spinal cord and dorsal root 
infectivity ganglia; dura mater, pituitary, skull and bovine 


vertebral column, lungs 

ovine/caprine brain, eyes, and spinal cord, dorsal 
root ganglia and vertebral columns; ovine and 
caprine spleens, lungs 


Medium Total intestine from duodenum to rectum, tonsils 
infectivity Bovine and caprine spleen, placenta, uterus, 
fetal tissue, adrenal, cerebrospinal fluid, lymph 
nodes 
Low Liver, pancreas, thymus, bone marrow, other 
infectivity _ bones, nasal mucosa, peripheral nerves 
No detected Skeletal muscle, heart, kidney, colostrum, milk, 
infectivity discrete adipose tissues, salivary gland, saliva, 
thyroid, mammary gland, ovary, testis, seminal 
testes, cartilaginous tissue, skin, hair, blood 
clot, serum, urine, bile, feces 


The persistence of chronic wasting disease of mule deer 
and elk raises questions about possible methods of lateral 
transmission between unrelated animals. There is a small 
risk of transmission to uninfected lambs if they are born 
in the immediate physical vicinity of infected ewes also 
giving birth. 


Susceptibility 

The amino acid sequence in the prion protein of cattle dif- 
fers from that of sheep at 7 positions, and that of humans. 
at 30 positions. It is thought that greater differences pro- 
vide a more formidable “species barrier” to transmission. 
Scrapie strains have not been shown to transmit to cattle; 
however, BSE has been experimentally transmitted to 
sheep and several other species. Prions from cattle and 
humans, but not sheep, share specific amino acid se- 
quences in two areas of the protein, possibly accounting for 
the transmission in spite of the amino acid sequence dif- 
ferences (2,3,21,28). 

All cases of v-CJD have been recorded in people homo- 
zygous for methionine at prion protein codon 129. This ge- 
notype is found in 38% of the UK population. Genotypes 
that are heterozygous for methionine/valine (UK fre- 
quency 51%), or homozygous valine (UK frequency 11%), 
may have different incubation periods or increased resis- 
tance to infection (15,29). 

BSE has a characteristic pattern of lesions in all species 
examined when changes are mapped by region of the brain. 
Also, protein digestion patterns of BSE prion are identical 
between species and differ from other TSEs. Other TSEs, 
however, demonstrate “strain” differences using these 
tests and in clinical progression of the disease. Strain dif- 
ferences are believed to represent differing molecular con- 
formations of identical proteins (13,14). 


Prevention and Treatment 


Both normal and distorted prion proteins fail to stimulate 
any detectable host immune response, and no inflamma- 
tory reaction is associated with accumulations of abnormal 
prion protein in neurons. The agent presents special chal- 
lenges to those attempting to develop effective drugs for 
treatment and vaccines for prevention. 

A reliable antemortem test is an area of special need, 
and a number of promising methods are under evaluation. 
The long incubation period contributes to the difficulty of 
validating the various tests being developed. Ultimately 
the determination of the risk from medical products incor- 
porating organs, cells, sera, and bovine by-products, and 
that from various food products, depends on sensitive and 
specific antemortem testing methods. 


THE BSE EPIZOOTIC 


First recognized in November of 1986, with retrospective 
histological evidence of the first case dating from Novem- 
ber 1985, the BSE epizootic peaked in 1992 with more than 
1000 cattle cases confirmed per week (see Fig. 2). Reviews 
of archived tissue samples from cattle with undiagnosed 
disease have failed to identify any unrecognized cases prior 
to 1985 (1,6). 
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Figure 2. Confirmed cases of BSE in UK cattle by year. 


Epidemiological studies suggest that UK cattle became 
infected through exposure to contaminated MBM feed sup- 
plements in 1981 to 1982 (6). Although the original source 
of the contamination is unknown, the most accepted theory 
proposes that sheep scrapie prions completed a species 
jump and induced normal cattle prion protein to become 
distorted (6-9). This distorted cattle prion protein distorts 
others, eventually resulting in clinical disease. Affected 
animals were slaughtered or died, rendered, and the re- 
sulting MBM containing abnormal cattle prion protein was 
fed to other cattle. The UK sheep population has a high 
enzootic rate of scrapie, and a high ratio of sheep to cattle 
(45 million to 12 million). This resulted in sheep repre- 
senting 14% of rendered products, compared with 0.6% in 
the United States. The higher level of MBM supplements 
fed to young calves in the UK (2-4% MBM in rations) may 
explain the high incidence of BSE as compared with other 
EU countries (30). 

A second theory suggests that cattle have always hada 
low incidence of BSE, perhaps at a rate similar to the 
1:1,000,000/year incidence of CJD found in humans, which 
was unrecognized (31). Changes in rendering practices in 
the late 1970s and early 1980s no longer destroyed infec- 
tivity sufficiently to prevent accumulation of the necessary 
infectious dose. 

A third hypothesis, offered in an effort to explain the 
rapid appearance and spread of the epizootic, theorizes im- 
portation of the agent to the UK in MBM containing ab- 
normal proteins from an unknown ruminant other than 
cattle (32). The original source would have to be a country 
or countries lacking the infrastructure necessary to iden- 
tify clinical cases and with rendering systems inadequate 
to destroy the agent. The imported material would need to 
be in sufficient quantity, or commingled with domestic 
MBM, to result in the volumes of contaminated product 
with infectious dose levels necessary to account for the 
epizootic. 

Whatever the original source, changes in British ren- 
dering methods in the late 1970s and early 1980s are pro- 
posed to have played a role in the widespread amplification 
of the disease (6-8). The solvent extraction step with steam 
recovery was eliminated, and a liquid slurry process was 


202 BOVINE SPONGIFORM ENCEPHALOPATHY (BSE) 


introduced (33). Both changes may have resulted in de- 
creased exposure of materials to heat during rendering. 
Critics note that TSEs such as scrapie have been demon- 
strated to be resistant to solvents, and the temperatures 
used (about 100°C) are too low to inactivate the agent 
(23,24,32). The impacts from these changes in the render- 
ing system on the epizootic are unknown. The use of MBM 
in cattle rations as a source of supplemental protein had 
been a common practice for decades prior to the emergence 
of BSE, and scrapie is known to have been endemic in the 
UK for more than 250 years. 

BSE has been confirmed in native cattle in Ireland, 
France, Portugal, the Netherlands, and Switzerland. Ex- 
ported British cattle have been found with the disease in 
Oman, the Falkland Islands, Germany, Denmark, Canada, 
and Italy (1). The export of rendered animal feed products 
from the UK is considered the source of the disease out- 
breaks in native cattle in other countries. There are con- 
cerns that the number of cattle, and the amount of feed, 
exported should have resulted in significantly more dis- 
ease than reported (30). There is confusion about whether 
the expected cases failed to occur for unknown reasons, 
went unrecognized within the surveillance systems in 
place, or were unreported. 


ACTIVITIES TO PROTECT THE FOOD SUPPLY 


in the UK 


In July 1988, with about 2000 cattle cases confirmed, and 
in response to a just completed epidemiological investiga- 
tion implicating MBM (6), the UK made BSE a notifiable 
disease. Euthanasia of affected cattle became mandatory, 
and their carcasses were banned from use in feed supple- 
ments. A few months later the carcass ban was expanded 
to include offal from sheep and cattle, although strict en- 
forcement was not achieved. In 1989 the Specified Bovine 
Offal (SBO) ban prohibited the use of brain, spinal cord, 
tonsil, thymus, spleen, and intestinal tissues of cattle ori- 
gin in foods intended for human consumption and fertilizer 
manufacturing. 

Beginning in 1991 controls on MBM went through a 
number of iterations, starting with prohibitions from use 
in ruminant feeds, and eventually resulting in a ban from 
all agricultural use. In August 1996 mammalian MBM was 
made illegal to possess or use in any part of the food chain 
including on-farm, in transit, or at feed mills. A surveil- 
lance system was imposed including statistical sampling 
of protein supplements for the presence of ruminant and 
porcine proteins, and sheep and goat heads, spinal cords, 
and spleens were banned from rendered use. 

Special programs for calf processing were initiated to 
prevent male calves less than 20 days old from being used 
for human food. Data showing that cattle did not harbor 
significant amounts of abnormal prion protein until later 
in life led to the “Over Thirty Month scheme” (OTM, 
OTMS), which prohibited the slaughter of cattle over 30 
months of age for human food. Beef cattle from BSE-free 
herds, and reared on grass, are considered at very low risk 
of the disease and can be exempted and slaughtered for 
human consumption up to 42 months of age. 


In 1997, the selective cull program was initiated, re- 
quiring all cattle born on farms six months before and after 
a confirmed case of BSE to be removed from the herd, eu- 
thanized, and handled as if they are infected. No replace- 
ments are allowed onto the farm until all such animals 
have been removed. Additional restrictions required all 
meat from cattle more than 6 months of age to be deboned 
as a precaution to prevent any nervous tissue or bone mar- 
row from being consumed. 

By-products from slaughtering cattle approved for use 
as human food are considered “clean” and approved for use 
in horticultural applications, pet food, cosmetics, and phar- 
maceuticals, or they can be buried in landfills. All other by- 
products are considered “dirty” and are stained to prevent 
accidental use, incinerated at 1000°C for sufficient time to 
result in a protein-free ash, and then disposed of in land- 
fills. No rendered ruminant products can be used for ag- 
ricultural purposes. 

The number of new cases of BSE has fallen from its 
peak in 1992 of 900 to 1000 confirmed diagnoses per week, 
to less than 200 per week in 1998. The UK expects to erad- 
icate the disease between the years 2001 and 2005 (1,9,27). 


In the European Union 


On March 27, 1996, the EU imposed a ban on exports from 
the UK of beef, live bovine animals, semen, embryos, and 
bovine products (including MBM) that might enter the hu- 
man or animal food chains or be used in pharmaceuticals 
or cosmetics. In December of 1996, the UK published the 
Export Certified Herds Scheme (ECHS) to enable docu- 
mentation that an animal was from a BSE-free herd. In 
March of 1998, EU farm ministers approved the ECHS, 
permitting legal exports of beef from Northern Ireland 
from June 1, 1998. The European Commission then pro- 
posed to lift the export ban for the rest of the UK, as ap- 
plied to animals born after August 1, 1996 (the date the 
MBM ban became fully effective). 


in the United States 


The United States has not imported processed beef, live 
cattle, semen, embryos, MBM, or other beef products from 
the UK since 1989. In 1990 the U.S. Department of Agri- 
culture (USDA) began tracing the 496 UK cattle imported 
to the United States between 1981 and 1989 and found no 
traces of BSE among those they were able to locate. A sur- 
veillance program was begun that has examined thou- 
sands of brain tissue samples from slaughtered animals 
across 43 states without finding any evidence of BSE. 

In 1991 the USDA began enforcing stringent restric- 
tions on importations from other countries either known 
to have had cases of BSE or considered to have inadequate 
surveillance systems to detect the disease. The rendering 
of sheep for use in animal feed was discouraged, and risk 
analysis activities were pursued. In 1993 the slaughter 
surveillance program was expanded to include “downer” 
cattle in response to reports suggesting disabled cattle, 
those that are unable to stand without assistance, repre- 
sent unrecognized cases of BSE. Downer cattle cannot 
stand for many different reasons including metabolic dis- 
eases, injured musculoskeletal systems, or systemic illness 


resulting in general weakness. BSE-affected cattle may be 
downers, but downers are not necessarily related to BSE. 

On March 29, 1996, livestock and professional animal 
health organizations in the United States requested an 
American ban on the use of ruminant protein in ruminant 
feeds. In addition, these groups requested increased na- 
tional surveillance, enhanced BSE educational activities, 
and expanded cooperative research efforts to provide extra 
measures to prevent the introduction of BSE into the 
United States. Replacing animal origin proteins for feeds 
in the United States will require about 3 million additional 
acres of soybean production (25). 

In 1997 USDA banned the importation of live rumi- 
nants and most ruminant products from European coun- 
tries, and the Food and Drug Administration announced a 
permanent prohibition of specified substances for use in 
ruminant feed. 


GLOSSARY 


Amino acids, Organic compounds serving as the build- 
ing blocks of proteins. 


BSE. Bovine spongiform encephalopathy. 


Chronic wasting disease. A TSE of mule deer and 
elk. 


CJD. Creutzfeld-Jakob disease of humans. 

Codon. The sequence of three chemical units in nucleic 
acid that determines the specific amino acid formed in pro- 
tein synthesis. 

Dura matter. The membranous covering of the brain. 

Enzootic. Diseases continuously prevalent in animals. 

Epizootic. Diseases spreading widely among animals. 

Fatal familial insomnia. A TSE of humans. 


Genotype. The genetic makeup of an organism, as dis- 
tinguished from its appearance. 


GSS. Gerstmann-Strausser-Sheinkers syndrome, a 
TSE of humans. 


Heterozygous. Differing genes for one characteristic. 

Homozygous. Identical genes for one characteristic. 

Kuru. A TSE of humans. 

Leukocytes. White blood cells. 

Maternal transmission. Spread of a disease from dam 
to offspring before birth. 

MBM. Meat and bone meal. 

Nucleic acid. DNA or RNA. 

Offal. Waste products of animals slaughtered for food. 

OTM. Over thirty months. 

OTMS. Over thirty months scheme. 

Prions. Proteinaceous infectious particles. 

Rendering. To melt fat or other animal matter. 

Scrapie. A TSE of sheep and goats. 

SBO. Specified bovine offal. 


Species barrier. A hypothetical barrier delaying a 
TSE of one species from inducing disease in another spe- 
cies. 
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Species jump. A TSE of one species inducing disease 
in another species. 

SRM. Specified risk material. 

SEAC. Spongiform Encephalopathy Advisory Commit- 
tee. 
Transmissable mink encephalopathy. A TSE of 
mink. 

TSE. Transmissible spongiform encephalopathy. 
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BREAKFAST CEREALS 


Breakfast cereals may be classified as hot cereals, requir- 
ing some preparation such as the addition of hot water, or 
ready-to-eat (RTE) cereals, usually consumed with cold 
milk. RTE cereals are so-called because they are pre- 
cooked using one of a number of processes. Corn, wheat, 
rice, oats, or other grains may be puffed, flaked, shredded, 
or extruded; coated with sugars; enriched with micronu- 
trients; or enhanced with fruits to provide a convenient, 
nutritious, and readily digestible breakfast food. 

The history of breakfast cereals parallels the growth of 
the Kellogg Company and the Postum Cereal Company, 


the latter becoming the nucleus of General Foods (1,2). 
Health and nutrition were the driving forces in the devel- 
opment of breakfast cereals. At the turn of the century, 
people were looking for lighter, more digestible foods as 
they moved into less physically demanding work environ- 
ments. The heavy fried and starchy foods of the pioneer 
days became a major cause of stomach disorders among 
the sedentary segment of the population (2). 

About this time Dr. J. H. Kellogg was superintendent of 
the Battle Creek sanitarium. Kellogg, with his brother 
W. K. Kellogg, developed the first flaked cereal as a health 
food to feed the sanitarium patients. C. W. Post was a pa- 
tient at the sanitarium and was most intrigued at the com- 
mercial possibilities of the health foods being served there. 
When he regained his health, Post went on his own to de- 
velop the cereal products that are still known today as 
Grape Nuts and Post Toasties. 

From humble beginnings, breakfast cereals became a 
large industry in the United States. In 1987 it was a $5.3 
billion business, with 90% coming from the RTE segment 
and 10% from the hot cereal category. The per capita con- 
sumption of breakfast cereals in 1987 was 11.7 lb for RTE 
and 3.6 lb for hot cereals (3). 


READY-TO-EAT BREAKFAST CEREALS 


Ready-to-eat breakfast cereals can be described by group- 
ing them into a few basic cereal types: puffed, flaked, 
shredded, baked, and agglomerated. 


Puffed Cereals 


Puffed cereals are whole grains, grain parts, or a grain 
dough that has been formed into a specific shape and then 
expanded by subjecting it to heat and pressure to produce 
a very light and airy grain product. The two types of pro- 
cess that are normally used for puffed cereals are gun puff- 
ing and extrusion. 


Gun Puffing. Gun puffing consists of a chamber (gun) 
that is charged with a quantity of grain material. The 
chamber is subjected to high-pressure steam (100-250 
psig) for 545 s. The pressure is then released very rapidly 
giving a sound reminiscent of a gun. The shot of grain is 
propelled into an expansion vessel. The change from the 
high-pressure steam to atmospheric conditions causes the 
grain piece to expand to about 3-10 times its original vol- 
ume. The puff is then dried to a final moisture content of 
1-3% (4,5). 


Extrusion. Extrusion employs either a single- or twin- 
screw extruder. A single flour or a mixture of grain flours 
is fed into the extruder. These flours may have been pre- 
conditioned with water or steam before extrusion. Other 
ingredients may be added to the extruder such as water or 
sugar syrups. The design of the screw, barrel elements, and 
die of the extruder impart desired characteristics to the 
finished product. Heating or cooling is accomplished 
through mechanical energy from the screw (6) and through 
jacketing the extruder barrel. Pressures in the extruder 
range from 500 to 2500 psig and temperatures range from 


250 to 400°F. As the material exists from the end of the 
extruder it expands to release steam from the product. The 
produce is then dried to 14% moisture. 

Puffed cereals are often coated with a sugar solution 
that may be flavored and dried to give a presweetened ce- 
real. This coating is normally done in a rotating drum or 
screw auger where the puffed cereal is fed at a controlled 
rate, Sugar syrup is sprayed onto the cereal in the desired 
amount. The coated cereal is dried to remove excess mois- 
ture. 


Flaked Cereals 


Flaked cereals are cooked whole grains, parts of grains, or 
flours that have been pelletized or agglomerated, flattened 
into a flake, and dried or toasted. A normal process in- 
volves blending the grain with a flavoring syrup that may 
contain sugar, water, malt, or salt as well as other ingre- 
dients or combinations thereof. The blend is cooked in a 
steam atmosphere in a batch or continuous cooker. Cook- 
ing conditions involve moistures between 25 and 40%, time 
between 30 min and 3 h, and steam pressures of 15-40 
psig. The cooked material is dried (pelletized and sized if 
required) to the desired flaking moisture, normally be- 
tween 12 and 22% moisture. The material is tempered for 
1-24 h to equilibrate moisture throughout the grain piece. 
After tempering, the pieces are fed through flaking rolls to 
get the desired flake thickness, normally between 0.010 
and 0.035 in. After flaking, the wet flakes go to toasting 
ovens where the product moistured is quickly brought 
down to 2-3%. At times, grain flakes (especially rice) are 
oven puffed. This requires that the wet flakes be subjected 
to a very high temperature (up to 600°F) for a short period 
of time, often 1 min or less (7). This is done effectively in 
a fluidized bed dryer. 


Shredded Products 


Shredded products are whole grains or mixtures of grains 
that have been shaped into thin strands or a crosshatch 
shape, then layered, cut into biscuits or geometric shapes, 
and finally dried or toasted. For a whole grain such as 
wheat, the grain is cooked either in atmospheric conditions 
with an excess of water or in a pressurized steam vessel. 
Moisture content at this point is approximately 40-43% 
(8). After cooking, the grain is allowed to temper for several 
hours to equilibrate; it is then fed into shredding rolls con- 
sisting of one smooth roll and one grooved roll. The smooth 
roll forces the cooked grain into the grooved roll. A comb 
scrapes the grain material out of the grooves and deposits 
the strands onto a conveyer belt. Some 18-20 layers of 
shreds are deposited one on top of another from a bank of 
shredding rolls, and then cut into bite-size pieces. The 
pieces go through an oven to bake and dry (4,6). 

Crosshatched types of products (chex) are normally 
made with rice or corn plus a flavoring syrup. Cooking is 
done in a batch or extrusion cooker and the shredding rolls 
are basically the same except for the addition of a horizon- 
tal groove on the grooved roll which is slightly less deep 
than the vertical groove. The layered web is then cut into 
bite-size pieces and puffed in a fluidized bed dryer to de- 
velop the characteristic light texture. 
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Baked Cereals 


Baked cereals are the nugget type or rotary mold type. 
They are normally made in a typical bakery process. The 
nugget type involves blending grain flours, yeast, salt, and 
water together in a dough mixer, allowing the dough to 
proof, forming the dough into loaves or sheets, baking in 
an oven, then breaking the baked grain material into 
chunks, and drying to a final moisture of approximately 
2%. The chunks are ground into finished food size (8). The 
rotary mold type utilizes a cookie baking line where the 
ingredients—grain, water, sugar, and shortening—are 
made into a dough. Pieces are formed by a cookie mold with 
a shape and size appropriate for RTE cereal. These are 
baked and dried in a typical baking oven. 


Agglomerated Cereals 


Agglomerated cereals are blends of grain products such as 
rolled oats, crisp rice, and toasted rolled wheat that have 
been glued together using a sugar or maltodextrin syrup 
as a binding agent. Vegetable oil is added to prevent sugar 
absorption into the agglomerated piece and to improve 
crispness retention in milk. The process involves blending 
the ingredients together in a ribbon blender or continu- 
ously in a mixer auger. The product is spread onto the belt 
of a traveling screen dryer (4) and moisture is reduced to 
approximately 2-3%. The sheets of agglomerated grain are 
sized off the dryer through the use of a grinder and then 
readied for packaging. Ingredient addition and sequencing 
are important to insure good agglomeration of the product 
without causing sugar lumps or bricking of the product in 
the package. 


HOT BREAKFAST CEREALS 


Oats 


Hot breakfast cereals are usually made of oat flakes. The 
two principal factors that make oats different from other 
cereals are its retention of its whole grain identity and its 
nutlike flavor. Products vary from rolled oats (whole oat 
flakes), which require five or more minutes to prepare, to 
instant products, which can be prepared in a bow! with hot 
water. 

In making oat flakes, the oat grain is first heated with 
dry steam, which reduces its moisture content to approxi- 
mately 6%. Enzymes that produce rancid flavors during 
storage are deactivated during steaming. A high-speed im- 
pact operation separates the dry friable hull from the groat 
(oat berries). Even a small percentage of whole oats re- 
maining is unacceptable because the hull fraction in oat 
flakes is unpalatable. Whole rolled oats are produced by 
flaking the whole groat. 

Steel cutting reduces the groats for further processing. 
Another steaming step softens the cut groats for the rolling 
step. The size of the flake is determined by the type of 
rollers used to flatten the groats. Instant cook-in-the-bowl 
oats are produced from highly polished rollers with a nar- 
row gap. 

Oat flakes vary in sizes from 0.02 to 0.03 in. for rolled 
cats to 0.011 to 0.013 in. for instant oat flakes. Thicker 
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flakes require longer cooking and retain more flake integ- 
rity (6,9). 


Wheat 


Hot wheat breakfast cereal is made with farina, which is 
a fraction of middlings from hard wheat. Soft wheat is not 
suitable because it produces a product that loses particle 
integrity too rapidly during cooking. Particle size is critical 
for quality. United States standards require that 100% of 
the product pass through a 20-mesh sieve and not more 
than 10% pass through a 45-mesh sieve. Farina must be 
cooked in boiling water for several minutes to insure com- 
plete starch gelatinization. 

Instant farina cooks in about 1 min with boiling water. 
Proteolytic enzymes are used to instantize farina by open- 
ing avenues for easier penetration of water into particles 
to facilitate hydration during cooking (6). 


Corn 


In the southern portion of the United States a breakfast 
cereal made from corn called grits or hominy grits is pop- 
ular. Grits are produced by dry milling white corn and are 
essentially small pieces of endosperm (6). 


NUTRITIONAL CONSIDERATIONS 


Breakfast Cereals and Dietary Recommendations 


Dietary recommendations from the government and major 
health organizations suggest that the intake of dietary fat 
and cholesterol should decrease and the caloric intake from 
complex carbohydrates should increase (10). One way this 
can be accomplished is to increase the amount of cereals 
and grains in the diet. A RTE breakfast cereal is right in 
line with these dietary recommendations. 

A recent General Foods study showed that adults who 
consumed breakfast, especially one that incorporated RTE 
cereal, had a better overall diet quality than those who 
skipped breakfast. In addition, RTE cereal users usually 
have lower daily intake of fat and cholesterol (11). 

Another survey showed that 95% of the survey popu- 
lation consumes some kind of food item in the morning. 
Eighty-nine percent of these people eat breakfast. RTE ce- 
reals were the second most frequently consumed meal, be- 
hind a food group that included rolls, muffins, and toast 
(12). A third survey showed that 88% of the survey popu- 
lation consumed breakfast, and approximately 32% con- 
sumed cereal, primarily RTE cereal (13). 

Breakfast cereals are, therefore, an excellent vehicle for 
delivery of calories from complex carbohydrates and, at the 
same time, reduce fat calories. Figure 1 shows the distri- 
bution of calories in a complete cereal breakfast (1 oz ce- 
real, 12 fl oz lowfat milk, two slices toast with spread, and 
6 fl oz orange juice) compared with a bacon and egg break- 
fast (one egg, two slices bacon, one slice toast with spread, 
6 fl oz orange juice, and 8 fi oz lowfat milk). The cereal 
breakfast is lower in fat and higher in carbohydrates than 
the bacon and egg breakfast. 
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Figure 1. Percent calories in a cereal breakfast versus a bacon 
and egg breakfast. 


Fortification 


Cereal fortification has been practiced in the industry for 
decades and most RTE cereals today are fortified with vi- 
tamins and minerals. In 1974 the Food and Drug Admin- 
istration (FDA) proposed guidelines on cereal fortification 
that were later incorporated into a general fortification 
regulation (14). This regulation, along with other guide- 
lines (15), serves as the cornerstone for cereal fortification. 
Cereal manufacturers today use the following guidelines 
for specific nutrient fortification. 


1. The intake of the nutrient is below the desirable 
level in the diets of a significant number of people. 

2. The food used to supply the nutrient is likely to be 
consumed in quantities that will make a significant 
contribution to the diet of the population in need. 

3. The addition of the nutrient is not likely to create an 
imbalance of essential nutrients. 


4. The nutrient added is stable under conditions of stor- 
age. 


5. The nutrient is physiologically available from the 
food. 


6. There is reasonable assurance against excessive in- 
take to a level of toxicity. 


Other factors considered when fortifying include the esti- 
mated frequency of consumption of the food, the target con- 
sumer group, current health issues, and the dietary role of 
the product. 

Breakfast cereals therefore make a significant contri- 
bution to the overall diet quality of an individual through 
their ingredient and fortification profiles. They provide a 
logical way to translate dietary recommendations to in- 
crease carbohydrate intake and decrease fat consumption; 
at the same time they provide a means for enhancement 
of vitamins and minerals in the diet. 


STABILITY OF BREAKFAST CEREALS 


Breakfast cereals should remain stable for up to one year 
when stored under reasonably cool and dry conditions. 
RTE cereals should remain crisp without developing off- 
flavors in storage. They should stay crisp in milk for at 
least 3-5 min. 


Texture Stability 


Loss of crispness (staling) in RTE cereals is associated with 
moisture pickup. Fresh RTE cereals have a moisture con- 
tent of 2-3% and are very crisp. A good indicator of sensory 
crispness is water activity (A,,), which is the ratio of the 
vapor pressure of water over the food material to the vapor 
pressure of pure water, both measured at the same tem- 
perature. Fresh cereals generally have anA,, of about 0.20. 
As the moisture content goes up, the A,, increases until it 
reaches a critical value; for most cereals, this is around 
0.45 (16). Beyond the critical A,,, the cereal becomes stele 
and unacceptable. 

In the case of fruited cereals such as raisin bran, the 
raisin, which contains up to 18% moisture, will transfer its 
moisture during storage to the cereal, which has about 2— 
3% moisture. As long as the critical A,, of the cereal is not 
exceeded, the cereal will remain crisp. But the raisin could 
become unacceptably hard. 

Some remedies to keep fruit soft while retaining cereal 
crispness include controlled addition of moisture to the ce- 
real to modulate moisture migration from the fruit. In 
some cases this could make the cereal lose crispness. In- 
fusion of fruits with edible humectants such as glycerol will 
keep the fruits soft while preventing the cereal from be- 
coming stale (16,17). Coating RTE cereals with hydropho- 
bic ingredients such as fats and oils, or incorporation of 
ingredients like magnesium stearate in the formulation, 
can significantly improve the bow life of the cereal (18,19). 


Flavor Stability 


Breakfast cereals can develop off-flavors during storage. 
Unsaturated fatty acids and other compounds containing 
unsaturated linkages, such as vitamins, may undergo 
autooxidation, resulting in oxidative rancidity. Other re- 
actions that can cause off-flavors are fat hydrolysis and 
reversion (8,20). Susceptibility to oxidation depends on the 
type of cereal grain used. Breakfast cereals made from oats 
are more susceptible to oxidative rancidity because oats 
contain higher levels of oil, about 7%. Other breakfast ce- 
reals, such as those made from rice, wheat, and corn, con- 
tain much less oil and thus are more stable in storage. 
Antioxidants are used to retard autooxidation in break- 
fast cereals. Butylated hydroxyanisole (BHA) and butyl- 
ated hydroxytoluene (BHT) are the most common phenolic 
antioxidants used. Federal regulations allow BHT and 
BHA to be added directly to breakfast cereals up to 50 ppm. 
The more common practice is to add antioxidants in the 
wax liner of the cereal box. These phenolic antioxidants, 
volatile at room temperature, diffuse from the liner to the 
product, thus providing protection from oxidation (21). 
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Nutrient Stability 


Breakfast cereals are usually fortified with vitamins and 
minerals up to 25% of the U.S. recommended daily allow- 
ance or higher. These micronutrients, especially vitamins 
A, D, and C, are not stable during cereal processing. Hence, 
micronutrient fortification is done after processing, just be- 
fore packaging (8,22). Properly maintained temperature 
and humidity will protect micronutrients during storage. 


BREAKFAST CEREAL PACKAGING 


The forerunner of today’s RTE cereal packaging was intro- 
duced about 1900 by Nabisco in packaging the Uneeda Bis- 
cuit. For the consumer, a folding carton with an internal 
liner became a convenient alternative to cracker-barrel— 
type bulk packaging. Although today’s packaging resem- 
bles that of the early 1900s, technological changes have 
occurred in packaging materials and equipment as a result 
of more demanding product specifications, consumer 
needs, distribution, merchandising, and regulatory and 
production requirements. 

The major functions of the RTE cereal package are con- 
tainment, preservation, identification, and integrity. Most 
RTE cereal packaging systems comprise three compo- 
nents: primary (liner), secondary (folding carton), and ter- 
tiary (corrugated shipping container). 


Primary Package 


The cereal liner’s principal function is preservation. The 
liner evolved over time from an uncoated, bleached sulfate 
paper to a more protective waxed glassine paper. Plastic 
films were introduced in the mid-1970s. These coextruded 
films provide superior product protection via improved 
moisture and grease barriers and seal integrity. In 1985 
films were made with bidirectional barrier properties to 
retain product aroma while preventing external contami- 
nation (23). Cereal liners can be modified to preserve other 
product attributes. Phenolic antioxidants can be incorpo- 
rated into both waxed paper liners and plastic film coex- 
trusions to minimize oxidative rancidity, which may im- 
part off-flavors to the product (21). Titanium dioxide is 
generally added to plastic films to provide varying degrees 
of opacity where transparency is not desired. 


Secondary Package 


The principal functions of the folding carton are liner con- 
tainment and communication (graphics). Most cereal car- 
tons are produced from a machine clay-coated newboard 
comprising multiple layers of recycled paper fiber and are 
printed by either offset lithography or rotogravure. A sec- 
ond method prints clay-coated sulfite paper before lami- 
nation to an uncoated, special-bending newsboard using 
adhesives or waxes. Other less-economical, higher quality 
constructions using virgin fiberboard include coated, solid, 
bleached sulfate and coated, solid, unbleached sulfate. 


Tertiary Package 


Maintenance of the integrity of the retail package through 
the distribution cycle is the main function of the corru- 
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gated shipping case. Shipping cases are generally regular 
slotted containers able to withstand a burst test ranging 
from 150-275 lb. Top-to-bottom compression strength of 
the case is important to prevent crushing during handling 
and storage. Minimum standards for corrugated contain- 
ers have been established for rail and truck shipments and 
are covered under specific uniform classification codes 
(24-26), 


Cereal Packaging Line 


The bag-in-the-box (BNB) packaging system is replacing 
the double package liner packing lines. BNB packaging 
uses vertical form-fill-seal baggers coupled with horizon- 
tal cartoners. Product is deposited in the bag (liner) during 
bag formation and is sealed prior to carton insertion. In 
contrast, traditional packing lines form a liner and carton 
around a mandrel prior to product fill. BNB equipment is 
more efficient and flexible, operates with wider liner ma- 
terial selection, and produces a higher quality cereal liner. 
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BROWNING REACTION, ENZYMATIC 


The change in color following mechanical or physiological 
injury of fruits and vegetables is due to oxidative reactions 
of phenolic compounds by polyphenol oxidase (PPO) and 
the reaction products, o-quinones, to various polymerized 
products. In food processing, such color change is common- 
place during preparation for canning, dehydration, freez- 
ing, or storage. Formation of the dark brown color causes 
the product to become unattractive and is accompanied by 
undesirable changes in flavor and a reduction in nutritive 
value. However, in some other cases such as the manufac- 
ture of tea, coffee, or cocoa, this enzymatic browning re- 
action is an essential part of the processing. Enzyme- 
catalyzed oxidative browning has been recognized since 
1895, when the change in color of fresh apple cider was 
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gated shipping case. Shipping cases are generally regular 
slotted containers able to withstand a burst test ranging 
from 150-275 lb. Top-to-bottom compression strength of 
the case is important to prevent crushing during handling 
and storage. Minimum standards for corrugated contain- 
ers have been established for rail and truck shipments and 
are covered under specific uniform classification codes 
(24-26), 


Cereal Packaging Line 


The bag-in-the-box (BNB) packaging system is replacing 
the double package liner packing lines. BNB packaging 
uses vertical form-fill-seal baggers coupled with horizon- 
tal cartoners. Product is deposited in the bag (liner) during 
bag formation and is sealed prior to carton insertion. In 
contrast, traditional packing lines form a liner and carton 
around a mandrel prior to product fill. BNB equipment is 
more efficient and flexible, operates with wider liner ma- 
terial selection, and produces a higher quality cereal liner. 
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BROWNING REACTION, ENZYMATIC 


The change in color following mechanical or physiological 
injury of fruits and vegetables is due to oxidative reactions 
of phenolic compounds by polyphenol oxidase (PPO) and 
the reaction products, o-quinones, to various polymerized 
products. In food processing, such color change is common- 
place during preparation for canning, dehydration, freez- 
ing, or storage. Formation of the dark brown color causes 
the product to become unattractive and is accompanied by 
undesirable changes in flavor and a reduction in nutritive 
value. However, in some other cases such as the manufac- 
ture of tea, coffee, or cocoa, this enzymatic browning re- 
action is an essential part of the processing. Enzyme- 
catalyzed oxidative browning has been recognized since 
1895, when the change in color of fresh apple cider was 


recognized first as a result of oxidation of tannin by the 
oxidase present in apple tissue (1). 


POLYPHENOL OXIDASE 


PPO (phenolase or catechol oxidase) is a ubiquitous group 
of copper metalloproteins and it is found in microorgan- 
isms (bacteria and fungi), plants, and animals, where it is 
involved in the biosynthesis of melanins and other poly- 
phenolic compounds. PPO is of particular importance in 
the processing and marketing of horticultural products be- 
cause of the brown discoloration of bruised fruits and vege- 
tables resulting from the action of this enzyme. Not only 
does an undesirable color form, but browning is accompa- 
nied by a loss of nutrient quality and the development of 
undesirable flavors. In some tropical fruits, the action of 
PPO leads to major economic losses (up to 50%). Black 
spots in shrimp are caused by PPO-catalyzed browning; 
the browned shrimp are not acceptable to the consumer 
and they are downgraded in quality. Millions of dollars are 
spent each year on attempts to control PPO oxidation; to 
date none of the control methods are entirely successful. 
On the other hand, browning by PPO is a desired reaction 
in certain foods such as tea, coffee, cocoa, prunes, and 
dates. 

PPO was first discovered in mid 1800s in mushrooms 
(2), PPO is a generic term for the group of enzymes that 
catalyze the oxidation of phenolic compounds at the ex- 
pense of oxygen to quinones. Quinones are highly reactive, 
electrophilic molecules, which covalently modify and cross- 
link a variety of cellular constituents including nucleo- 
philes of proteins such as sulfhydryl, amine, amide, indol, 
and imidazole substituents. These quinone adducts pro- 
duce brown or black color on cut surfaces of fruits and vege- 
tables, and they are the major detrimental effect of the 
enzyme in postharvest physiology and food processing. 

PPO is a copper-containing enzyme that belongs to a 
group of oxidoreductases. Although the function of PPO in 
plant metabolism is not well understood yet, the recent 
cloning of PPO presents opportunities to explore its func- 
tion in plants as well as to explore the extent to which PPO 
expression can be manipulated. Various aspects of PPO 
have been reviewed recently (3-8). 

Depending on the substrate specificity, International 
Enzyme Nomenclature has designated monophenol mono- 
oxygenase or tyrosinase as EC 1.14.18.1, which hydroxyl- 
ates monophenols to o-diphenols; diphenol oxidase or cat- 
echol oxidase or diphenol oxygen oxidoreductase as 
1.10.3.2, which dehydrogenates o-dihydroxyphenols to o- 
quinones; and laccase or p-diphenol oxygen oxidoreductase 
as 1.10.3.1. The first two enzymes, tyrosinase and catechol 
oxidase, which many authors refer to as PPOs, occur in 
practically all plants. 

PPO was first described by G. Bertrand in 1895 who 
demonstrated that the darkening of mushroom was due to 
the enzymatic oxidation of tyrosine (9). In addition to its 
general occurrence in plants, PPO is also found in some 
bacteria, fungi, algae, bryophytes, and gymnosperms (10- 
13). Laccase was first observed by H. Yoshida in the latex 
of the Japanese lacquer tree (14). PPO catalyzes two dis- 
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tinct reactions: (1) hydroxylation of monophenols to give o- 
diphenols. This monophenol oxidase activity often requires 
priming with reducing agents or trace amounts of o- 
diphenol indicated as BH», 


OH OH 
Monophenol OH 


+ Op + BHy oxidase 4+B+H,0 


and (2) the removal of hydrogens from o-diphenol to give 
o-quinone. 


OH fo) 
OH Catechol O 
oxidase 


2 + Oo + 2H,0 


It was reported in 1944 that PPO preparations from 
mushrooms had the ability to catalyze oxidation of mono- 
phenols in addition to catalyzing oxidation of polyphenols 
(15). However, the ratio of rate of monophenol oxidation to 
that of polyphenol oxidation varied corisiderably from dif- 
ferent mushroom sources. Since then many reports have 
shown a wide range of PPO activities in many different 
fruits and vegetables in different ratios. Today, it is known 
that enzyme preparations from many other sources pos- 
sess these two activities in different ratios and that the 
ratios may change during isolation and purification. Most 
PPO preparations from potato, apple, mushroom, and bean 
possess both activities, whereas those from tea leaf, to- 
bacco, mango, banana, pear, clingstone peach, and sweet 
cherry have been reported not to act on monohydroxy phe- 
nols (16). 

Laccase is less frequently encountered as a cause of 
browning in fruits and vegetables than is catechol oxidase. 
Laccase oxidizes o- and p-diphenols, 


OH 
OH 
or 


OH fo) 
OH 0 
| A 
In addition, it oxidizes various other p-diphenols, m- 
diphenols and p-phenylenediamine, but laccase does not 
oxidize tyrosine. 
PPO appears in almost all tissues of plants; however, 


significant differences in both the level of the activity and 
in the concentration of its substrates have been observed 


i?) 
Laccase O 


M02 or. + H,O 
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among different cultivars of fruits and vegetables. The en- 
zyme has been found in a variety of cell fractions, both in 
organelles and in the soluble fraction of the cell (17,18). 
The level of PPO often changes markedly during the de- 
velopment of the plant (19-21) and may be significantly 
affected by growing conditions. 

Recent emerging new scientific development in the field 
of molecular biology offers not only the possibility of un- 
derstanding the essential function of PPO in plants, which 
has remained a puzzle for years, but it also promises to 
control PPO and its substrates to prevent browning in 
foods. 


PPO ANALYSIS 


Qualitative and quantitative colorimetric tests and man- 
ometric determinations have been used to detect and mea- 
sure enzyme activity. Because PPOs use molecular oxygen 
to oxidize phenolic substrates, their activity can be deter- 
mined by measuring the rate of substrate disappearance 
or the rate of product formation. When based on the rate 
of substrate disappearance, oxygen absorption is usually 
measured either manometrically in a Warburg respiro- 
meter or polarographically with an oxygen electrode. The 
most popular method of assay is to follow the initial rate 
of formation of the quinone spectrophotometrically by mea- 
suring the optical density. Care must be taken to restrict 
measurement to the initial phase of the oxidation, because 
the reaction soon slows down. Some researchers object to 
the use of spectrophotometric analysis because it measures 
the secondary reaction products of PPO, and the secondary 
reactions are influenced by many factors difficult to con- 
trol. Thus the presence of ascorbic acid creates a lag phase 
and lowers the values obtained, whereas autooxidation 
products of polyphenols may increase the levels of enzyme 
activity. It is important to note that the reaction changes 
with time and temperature and depends on the substrate 
type and concentration, on the pH of the reaction mixture, 
and on the buffer used (22,23). A wide variety of substrates 
can be used with spectrophotometric methods: catechol 
(24), pyrogallol (25), or chlorogenic acid (26). It has to be 
taken into account that the reaction products formed from 
the oxidation of various phenols have absorption maxima 
at different wavelengths, that the substrate may undergo 
autooxidation, and that an excess of some substrates 
causes strong inhibition of the enzyme (26). Other methods 
for PPO activity are based on disappearance of ascorbic 
acid, a reaction that is directly proportional to enzyme ac- 
tivity (27) and spectrophotometric methods using Bes- 
thorn’s hydrazone (28), or 2-nitro-5-thiobenzoic acid (29). 

It is important to differentiate between catechol oxidase 
and laccase on the one hand and peroxidase on the other. 
Because peroxidative oxidation of phenols is often mis- 
taken for PPO or laccase, peroxides should be removed 
from the reaction mixture by addition of catalase and al- 
cohol to prevent any oxidation of phenols (30). For the de- 
termination of laccase, syringaldehyde (31) and 2,6- 
dimethoxyphenol (32) have been used as substrates of 
laccase. The PPO and laccase activities can be differenti- 
ated by the use of cinnamic acid derivatives to inhibit PPO 
and cationic detergents to inhibit laccase (33). 


PPO LOCATION IN PLANT 


The vascular elements of many fruits and vegetables 
darken rapidly when they are cut and exposed to air. The 
relative PPO activity of different parts of apricots, apples, 
or potato plants vary. PPO is considered to be an intracel- 
lular enzyme in plants except in a few cases where it is 
found in the cell wall fraction. The enzyme is located in a 
variety of cell fractions, both in organelles where it may be 
tightly bound to membranes and in the soluble fraction 
(17,18). Histochemical studies using the electron micro- 
scope and the density gradient centrifugation support the 
idea that PPO is bound within chloroplast lamellae and 
grana and in mitochondria (34). Recent study suggested 
more specifically that PPO is located in the grana lamellae 
loosely associated with photosynthetic photo system II 
(35). Many studies indicated that PPO is membrane-bound 
in plastides of nonsenescing tissues (3,5). It was suggested 
that PPO is located exclusively in plastids and is only 
released to the cytosol upon wounding, senescence, or de- 
terioration of the organelle (36). So far, no PPO genes en- 
coding a nonplastidic enzyme have been isolated (8). Con- 
version of particulate forms of the enzyme to soluble forms 
occurs in fruits when they are exposed to stress conditions 
or during ripening and storage. Browning reactions that 
take place after the disruption of tissues rich in PPO may 
cause binding of soluble PPO to a particulate fraction. The 
microbial extracellular laccase has been studied exten- 
sively but the location of laccase in higher plants is not 
well known. Although it is believed that the enzyme is 
found in a cytoplasmic soluble form, more information is 
needed on its location and distribution in plant tissues. 


EXTRACTION AND PURIFICATION 


Due to extremely low concentrations of PPO and laccase 
in plants and their instability, preparation and purification 
of PPO and laccase are not easy. PPO has been isolated 
from a variety of sources, but pigment contamination and 
the occurrence of multiple forms have frequently ham- 
pered its characterization. Oxidation reactions taking 
place during the isolation of the enzyme, due to natural 
substrates within the plant, result in changes in enzyme 
properties as well as in apparent multiplicity. Such reac- 
tions can be partially prevented by isolation under nitro- 
gen gas, by using reducing agents such as ascorbic acid or 
cysteine, or by using phenol-adsorbing agents, such as 
poly(vinylpyrrolidone) or poly(ethylene glycol) (37,38). The 
binding of PPO to membranes in many tissues further 
complicates its isolation. Solubilization of acetone powder 
preparations or extracting with detergents also result in 
modification in structure and properties of the enzyme. To 
minimize these changes, all extraction steps should be car- 
ried out at temperature below 0°C, preferably at — 20 to 
—30°C. Communition and homogenization are often car- 
ried out in liquid nitrogen or under a nitrogen atmosphere 
(39). Acetone precipitation followed by buffer extraction is 
one of the methods most often applied (16). 

For the purification of the enzyme, several methods 
have been used that vary according to the enzyme source 


and the degree of purity to be attained. Most often, pre- 
cipitation with ammonium sulfate of different saturation, 
gel chromatography on Sephadex columns, ion exchange 
chromatography, DEAE-cellulose or DEAE-Sephadex are 
applied. Recently, hydrophobic gel chromatography using 
Phenyl-Sepharose CL-4B has been used effectively (40,41). 
The separation of enzymes by electrophoresis is now a 
standard procedure. Sodium dodecylsulfate (SDS) tech- 
niques and electroblotting of catechol oxidase also have 
been successfully used (42,43). 


PHYSIOCHEMICAL PROPERTIES 


Molecular Weight 


Most reports on the molecular weight of PPO are based on 
estimates on partially purified preparations using gel fil- 
tration or acrylamide gel electrophoresis. Therefore, a wide 
range of values are reported. Often crude or partially pu- 
rified preparations show a multiplicity of forms, which may 
have resulted from association—dissociation reactions. De- 
pending on the source of the enzyme, the molecular 
weights vary between 29,000 and 200,000 with subunit 
molecular weight from 29,000 to 67,000. Until recently, the 
enzyme from the bacterium Streptomyces glaucescens was 
found to have the smallest functional unit with one copper 
pair per polypeptide chain of 29,000 (44). The molecular 
weight of mushroom PPO has been reported to be between 
116,000 and 128,000 daltons (37). The enzyme consisted of 
four identical subunits of My ca 30,000, each containing 
one copper atom (45). Two types of polypeptide chains, 
heavy (My 43,000) and light (Mwy 13,400) were reported in 
mushroom (46), Avocado, banana, tea leaf, and other 
sources also showed multiple molecular weights in a wide 
range. The predominant form of PPO in grape had a mo- 
lecular weight of 55,000 to 59,000 but upon storage it dis- 
sociated into 31,000-33,000 and 20,000-21,000 subunits 
(47). Based on recent knowledge regarding multiplicity of 
PPO, it is believed that many previous observations on 
multiplicity were due to secondary reactions, such as tan- 
ning, during enzyme preparation. 

With the advent of recombinant DNA technology in re- 
cent years, numerous amino acid sequences have become 
available. These include PPO from the bacterium Strep- 
tomyces glaucescens (48) and Streptomyces antibioticus 
(49), tomato (50,51), broad bean (52), and potato (53). All 
PPO molecules sequenced are single-chain proteins with 
calculated My of 30,900 (273 amino acid residues) for S. 
glaucescens and S. antibioticus, 46,000 (407 amino acid 
residues) for N. crassa, 68,000 (606 amino acid residues) 
for the broad bean Vicia faba, and 66,300 (587 amino acid 
residues) for tomato. 

The molecular weight of laccase was also reported to 
vary according to their sources. Rhus vernicifera laccase 
has been reported to vary between 101,000 and 140,000 
depending on the species and variety. The My of the fungal 
laccase varies between 56,000 and 390,000; peach laccase 
was reported to have a My of 73,500. These data suggest 
that laccases are a heterogeneous group of glycoproteins, 
having a basic structural unit of between 50,000 and 
70,000 My, which can undergo aggregation to give larger 
units. 
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pH and Temperature Optima 


The optimum pH for the activity of an enzyme preparation 
from any one source usually varies with different sub- 
strates and is characteristic of the substrate as well as the 
enzyme preparation. The optimum pH of PPO activity has 
a relative wide range, pH 5.0 and 7.0. Some preparations 
were reported to be inactive below 4.0. The type of buffer 
and the purity of the enzyme affect the pH optimum; also, 
isoenzymes have different pH optima. Enzyme prepara- 
tions obtained from the same fruit or vegetable at various 
stages of maturity have been reported to differ in optimum 
pH of activity as well. The pH optimum of laccase activity 
depends on the enzyme source and on the substrate. The 
stability of the enzyme is reported to be dependent upon 
buffer and other factors in the medium. Optima between 
pH 4.5 and 7.5 have been reported for enzymes from vari- 
ous fungi and peaches (54). 

The optimum temperature of PPO depends essentially 
on the same factors as the pH optimum. Generally, the 
activity of PPO increases as the temperature rises from 
cold to temperatures of maximum activity (25-35°C); ac- 
tivity declines rapidly at temperatures of 35 to 45°C, de- 
pending on the enzyme source and substrate (16). Like 
most enzymes, the application of heat (70-90°C) to plant 
tissues or enzyme solutions for a short period causes rapid 
inactivation. Exposures to temperatures below zero may 
also affect activity. Concentrated solutions of the enzyme 
in dilute phosphate buffer at a pH near neutrality can be 
held without detectable loss of activity for several months 
at 1°C or when frozen at —25°C. However, the enzyme 
slowly losses activity even in the frozen state. Thermo- 
tolerance of PPO also depends on the source of the enzyme. 
It is difficult to compare heat stability data of purified en- 
zyme preparations with that of the enzyme when in tissues 
or juice. Different molecular forms of PPO from the same 
source may have different thermostabilities. Laccase is 
usually more sensitive to inactivation by heat than is cat- 
echol oxidase. 


Activators and Inhibitors 


The activation mechanism of PPO from different sources 
is not well understood, but it has been suggested that con- 
formational changes of protein and perhaps protein asso- 
ciation or dissociation are involved in the process. Anionic 
detergents, such as sodium dodecyl sulfate, were found to 
reactivate PPO in crude and partially purified prepara- 
tions from different avocado cultivars (55). Short expo- 
sures to acid pH or urea also resulted in a severalfold re- 
versible activation of grape and bean PPO. 

Many compounds inhibit PPO activity but only a lim- 
ited number of PPO inhibitors are considered acceptable 
on grounds of safety and expense for use to control enzy- 
matic browning during food processing. Practical aspects 
of browning inhibition are discussed later. There are two 
principal types of PPO inhibitor: compounds that interact 
with the copper in the enzyme and compounds that 
affect the site for the phenolic substrate. The metal- 
chelating agents such as cyanide, diethyldithiocarbamate, 
carbon monoxide, dimercaptopropanol, sodium azid, phen- 
ylthiourea, and potassium methyl xanthate are all inhib- 
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itory. In general, there are five major types of PPO inhib- 
itors based on their chemical characters (56,57): 
(1) reducing agents, such as ascorbic acid and sulfur diox- 
ide; (2) copper-chelating agents, such as carbon monoxide, 
tropolone, and diethyl dithiocarbamate; (3) quinone cou- 
plers, such as cysteine and glutathione; (4) substrate 
analogues, such as cinnamic acid, p-coumaric acid, and 
benzoic acid and some substituted cinnamic acids; and 
(5) miscellaneous compounds, such as 4-hexylresorcinol 
and poly(vinylpyrrolidone). Some other natural inhibitors 
of PPO from various sources have been reported (57). The 
activity of laccase is not inhibited by carbon monoxide or 
phenylhydrazine, both of which inhibit PPO. This response 
permits an easy differentiation between laccase and PPO. 


Substrate Specificity 


Whereas PPOs from animal tissues are relatively specific 
for tyrosine and dopa, those from fungi and higher plants 
act on a wide range of monophenol and o-diphenols. There 
are individual differences among PPOs from different 
sources. The rate of oxidation of o-diphenols by PPO in- 
creases with increasing electron withdrawing power of 
substituents in the para position. o-Diphenol substitution 
(-CHs) at one of the positions adjacent to the -OH groups 
prevents oxidation. These positions should remain free for 
oxidation to take place. As mentioned earlier, some PPO 
preparations from some plants lack cresolase activity, 
which may be due to changes in the structure of the protein 
during preparation. Some arguments regarding the physi- 
cal relationships between the cresolase and catechol oxi- 
dase functions suggested that both functions are catalyzed 
by a single site, whereas others imply the participation of 
two sites, either on the same enzyme molecule or different 
ones. Although PPO could oxidize a wide range of pheno- 
lics, the individual enzymes tend to prefer a particular sub- 
strate or certain type of phenolic substrates. The affinity 
of plant PPOs of the phenolic substrates is relatively low. 
The K,, is high, usually around 1 mM, which is higher than 
most of fungi and bacteria, 0.1 mM. The affinity to oxygen 
is also relatively low, ranging from 0.1 to 0.5 mM. Mono- 
phenols and o-diphenols have been considered as the ex- 
clusive substrates of PPO for a long time, but a recent 
study showed that aromatic amines and o-aminophenols 
also undergo the same catalytic reactions (ortho hydroxy- 
lation and oxidation), as documented by product analysis 
and kinetic studies (44). 


Cloning of PPO Genes 


Scientific interest in molecular biology of PPO is that the 
molecular weight and the form of PPO have long been a 
matter of speculation because of the various forms of the 
PPO as described earlier. Identification of PPO genes offers 
a great potential to produce transgenic plants having reg- 
ulated levels of PPO. Because PPO is responsible for sig- 
nificant decreases in postharvest quality of many crops due 
to enzymatic browning associated with injury or senes- 
cence, downregulation of PPO using antisense could sig- 
nificantly increase quality attributes of most fruits and 
vegetables. However, overexpression of PPO may poten- 
tially minimize pest damage to crop plants. This plant de- 


fense system is one of many theories of PPO function in 
plant. Enzymatic browning generated by PPO in a multi- 
tude of plant-pest interactions and its wound inducibility 
have led some scientists to the view that the primary role 
of PPO is in plant defense (58). Therefore, the challenge 
here is to selectively modify PPO expression in specific tis- 
sue to minimize its effects on browning of fruits and vege- 
tables, while maximizing PPO expression in other parts of 
the plant to maintain pathogen or herbivore resistance. 
Much progress has been made recent years. PPO genes 
have been characterized from broad bean, tomato, potato, 
and grape, and all PPOs cloned have been found to encode 
mature peptides of 57,000 to 62,000 Da with 8,000 to 
11,000 Da putative transit peptides, which posttransla- 
tionally directs the protein to the chloroplast envelope 
(7,35,51-53). The catalytic centers of the copper binding 
regions for V. faba and tomato PPOs have been elucidated. 
The further characterization of PPO in various plants is 
being made, and there is a great potential in near future 
to manipulate the levels of PPO in plant foods to overcome 
the adverse effects of PPO. 


Mechanism of Oxidation 


In spite of extensive studies on PPOs, its reaction mecha- 
nism is still unclear. One of the reasons is that the mech- 
anism of PPOs on phenolic compounds is complicated. As 
stated earlier, the cresolase reaction apparently involves a 
hydroxylation reaction, which differs from the oxidation of 
the o-diphenols by the catecholase reaction. For a long time 
there was a difference of opinions as to whether hydroxy- 
lation of monophenols and oxidation of o-dihydroxy phe- 
nols were catalyzed by the same enzyme. The oxidation 
mechanism of PPO from N. crassa has been extensively 
investigated (44), and a plausible theory of its catalytic ac- 
tivation is shown in Figure 1. 

The proposed mechanisms for hydroxylation and de- 
hydrogenation reactions with phenols probably occur by 
separate pathways but are linked by a common deoxy PPO 
intermediate (middle in Fig. 1). In dehydrogenation of cat- 
echol oxidase (cycle A in Fig. 1), oxygen is bound first to 
the Cu(I) groups of deoxy PPO to give oxy PPO in which a 
Cu-Cu distance of the two Cu(II) groups is about 3.4 to 3.6 
A. This would allow two Cu(II) groups of oxy PPO to bind 
to the oxygen atom of the two hydroxyl groups of catechol 
(an efficient 2e-transfer from catechol to the binuclear site) 
and from the O.-PPO-catechol complex (at about the 1 
o’clock position on the A cycle of Fig. 1). The catechol is 
then oxidized to o-benzoquinone (at about 11 o’clock posi- 
tion), and the enzyme is reduced to met PPO. Another mol- 
ecule of catechol binds to met PPO, is oxidized to o- 
benzoquinone (and water) and the enzyme reduced to 
deoxy PPO, completing the A cycle. 

The mechanism of o-hydroxylation of a monophenol by 
PPO is shown in B cycle in Figure 1. In vitro, the reaction 
begins with met PPO of A cycle. Met PPO must be reduced 
by a reducing compound BH, (shown previously) if a lag 
period is to be avoided, to give deoxy PPO. Deoxy PPO binds 
O, to give oxy PPO, the monophenol is bound to one of the 
Cu(II groups via the oxygen atom of the hydroxyl group 
to give the O.-PPO-monophenol complex (at about 5 o'clock 
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Figure 1. Proposed mechanisms of oxidation of o-diphenol (cycle A, for catechol) and monophenol 
(cycle B) for Neurospora crassa PPO. Source: Adapted from Refs, 2 and 44. 


on the B cycle). Subsequently, the o-position of the mono- 
phenol is hydroxylated by an oxygen atom of the O, of the 
O,-PPO-monophenol complex to give catechol, which then 
dissociates to give deoxy PPO, to complete the cycle. Only 
the first cycle of hydroxylation on a monophenol requires 
starting at the met PPO; all subsequent cycles begin with 
deoxy PPO (2). 

Because copper is the prosthetic group, the catalytic ac- 
tivity of PPOs is based on the cupric-cuprous valency 
change. On isolation of the enzyme in its natural state, the 
copper is in the cuprous form, but in the presence of o- 
dihydroxy phenols, the copper would be oxidized to cupric 
form. The substrate is oxidized by losing two electrons and 
two protons. The two electrons are taken up by the copper 
of the enzyme, which then passes into the cuprous state. 
The cuprous enzyme rapidly transfers the two electrons to 
oxygen, which immediately forms water with the two pro- 
tons that were liberated, and the enzyme returns to the 
cupric state. This two-state reaction can be represented by 


4Cu** (enzyme) + 2 catechol > 4 Cu* (enzyme) 
+ 2o0-quinone + 4H 


4 Cu*(enzyme) + 4H* + 0,74 Cu?*(enzyme) + 2H,O 


Recent understanding of the complete amino acid se- 
quence of fungal PPO and the site of interaction with the 
phenolic substrate made it possible to create models that 
include a binuclear center. Histidine residues appear to 
lignand at least one of the two active sites of the copper 
atoms. Monophenols bind to one of the Cu?* atoms, 
whereas diphenols bind to both of them, as shown in Fig- 
ure 1(59,60). Catechol oxidase can undergo conformational 
changes induced by the substrate 0. and by pH. The 
changes in conformation are accompanied by changes in 
the K,, of the enzyme for both its substrates, oxygen and 
diphenol. 

A two-step reaction mechanism by laccase has been re- 
ported (61). The first step in the oxidation of quinol by lac- 
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case was the formation of the semiquinone, with transfer 
of an electron from substrate to the copper in the enzyme. 
The second step was a nonenzymatic disproportionation 
reaction between two semiquinone molecules to give one 
molecule of quinone and one of quinol. The function of cop- 
per and electron transfer in the reaction mechanism has 
been studied by using inorganic ions, electron paramag- 
netic resonance, and spectrophotometric methods (3,62). 


The Brown Pigment 


Although the mechanism of pigment formation from phe- 
nolic substrates is not understood completely, the general 
course of pigmentation is known to involve enzymatic ox- 
idation, nonenzymatic oxidation, nonoxidative transfor- 
mations, and polymerizations. The o-quinones formed 
from phenolic compounds by PPOs are the precursors of 
the brown color. The o-quinones themselves possess little 
color, but they are among the most reactive intermediates 
occurring in plants. They take part in a secondary reaction, 
bringing about the formation of more intensely colored sec- 
ondary products. The most important secondary reactions 
are coupled oxidation of substrates oxidized, complexing 
with amino compounds and proteins, and condensation 
and polymerization. The principal reaction of o-quinones 
in browning reaction is the one leading to the formation 
of the unstable hydroxyquinones. The hydroxyquinones 
polymerize readily and are easily further oxidized non- 
enzymatically to a dark brown pigment. 

As a typical oxidation reaction, tyrosine is oxidized to 
dihydroxyphenylalanine (dopa) quinone by PPO and then 
proceeds to melanin (Scheme 1). Tyrosine is first converted 
into dopa, which is then oxidized to the corresponding dopa 
quinone. The dopa quinone, on intramolecular rearrange- 
ment, is converted into 5,6-dihydroxy indole-2-carboxylic 
acid, which on further oxidation is converted into red 5,6- 
quinone indole carboxylic acid; then finally the black mel- 
anins are formed. Quinones also react readily with simple 
amines, such as 


o-Benzoquinone + glycine > 4-N-glycyl-o-benzoquinone 


This reaction product is the intermediate responsible for 
the deamination of glycine with the concomitant formation 
of deeply colored pigments. o-Quinones also react with pro- 
teins, sulfhydryl compounds, such as cysteine, and produce 
dark-colored, insoluble products. 

Dimerization or polymerization of o-quinones that lead 
to the colored products is common. The formation of dimers 
or oligomers of o-quinone by condensation of a hydroxy qui- 
none with a quinone was recently demonstrated. The en- 
zymatically generated caffeoyl tartaric acid o-quinones 
were shown to oxidize other phenols, such as 2-S- 
glutathionyl caffeoyl tartaric acid and flavans, by coupled 
oxidation mechanisms, with reduction of the cafeoyl tar- 
taric acid quinones back to caffeoyl tartaric acid (63). The 
o-quinones formed by enzymatic or coupled oxidation can 
also react with a hydroquinones to yield a condensation 
product (64-66). It is possible to regenerate the original 
phenolic from an intermediate by reduction provided that 
oxidation and subsequent transformation had not gone too 
far. In later stages the browning is no longer reversible. 


CONTROL OF BROWNING IN FOODS 


Extensive studies have been carried out to control enzy- 
matic browning ever since Lindet (1) recognized in 1895 
that the change in color occurring in freshly pressed cider 
was enzymatic. The practical control of enzymatic brown- 
ing in foods has been carried out by several methods. The 
method of choice is dependent upon the food product and 
the intended use. The enzymatic browning in fruits and 
vegetables can be controlled at the beginning by selecting 
cultivars that are least susceptible to discoloration either 
because of the absence of the certain phenolic substrate or 
because the substrate or enzyme is present at low concen- 
tration. It is also possible to select fruits and vegetables at 
stages of maturity where discoloration is at minimum. 
Other methods include the removal of oxygen from fruit 
and vegetable tissues as well as from the atmosphere sur- 
rounding the food; the addition of acids to reduce the pH 
and thus reduce PPO activity; the addition of antioxidants 
or reducing substances; the addition or treatment with 
permissible inhibitors; and heat inactivation of the en- 
zyme. The use of antioxidants during processing and heat 
inactivation of the enzyme are widely used practices that 
have been moderately successful. 

All fruits susceptible to browning should be processed 
as quickly as possible. Heating destroys the enzymes re- 
sponsible for the reaction; thus when fruit is canned or 
made into jams or jellies, browning stops as soon as the 
fruit is heated sufficiently to denature the enzyme. The 
exact temperature necessary varies with enzyme, rate of 
heating, pH, and other factors such as size of the fruits. 
Unfortunately some undesirable effects on quality often 
result from an adequate heat process. In general, cherry, 
peach, and apricot take 2 to 3 minutes in boiling water and 
apple, pear, and plum take 4 to 5 minutes to inactivate 
enzymes responsible for browning on surface. Vegetables 
such as beans and peas also take 3 to 5 minutes. The op- 
timum blanching conditions for strawberry, black currant, 
sour cherry, and prune range from 1.5 to 3 minutes at 85°C. 

In the preparation of fruit for freezing, sugars and sugar 
solution have been used to sweeten and to exclude direct 
contact of the fruit tissue with molecular oxygen. The 
sugar solutions inhibit discoloration by reducing the con- 
centration of dissolved oxygen and by retarding the rate of 
diffusion of the oxygen from the air into the fruit tissues. 
Concentrated sugar solutions also exert an inhibiting ef- 
fect on fruit PPO. The pH also affects the rate of the brown- 
ing reaction: acid dips are sometimes used to lower the pH 
and by this method delay or retard browning. The effect of 
many salts and compounds such as sulfur dioxide, hydro- 
gen sulfide, hydrocyanic acid, and thiourea on PPO has 
been studied extensively. 

In the home preparation of fruits, pineapple juice and 
lemon juice have long been used to prevent browning. Pine- 
apple juice has a relatively high concentration of sulfhy- 
dryl compounds, which are active antioxidants, whereas 
lemon juice contains relatively high amounts of both citric 
acid and ascorbic acid. 

Heat treatments and the application of sulfur dioxide 
or sulfites are common commercial methods for inactivat- 
ing PPO. PPO activity can be inhibited by the addition of 
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sufficient amounts of acidulants, such as citric, malic, or 
phosphoric acids to yield a pH of 3 or lower. Oxygen can be 
eliminated by vacuum or by immersing the plant tissues 
in a brine or syrup. Phenolic substrates can be protected 
from oxidation by reaction with borate salts, but these are 
not approved for food use. 

For products such as vegetables, which ultimately end 
up cooked, heat inactivation by steam or hot water blanch- 
ing is the most practical method of inactivating PPOs. 
Overblanching should be avoided due to loss of firmness 
and nutrients. Most commercial blanching of vegetables 
has been based on the residual activity of the peroxidase 
because peroxidase is one of the most stable enzymes in 
plants. It has been generally accepted that if peroxidase is 
destroyed it is quite unlikely that other enzymes including 
PPOs will have survived. There are, however, problems as- 
sociated with the use of peroxidase as an indicator of an 
adequate blanch in that several enzymes other than per- 
oxidase have been shown to be largely responsible for qual- 
ity deterioration during frozen storage of different vege- 
tables (67,68). Therefore, optimization of blanching of 
individual products has to be established in order to tailor 
the process to each type of raw material and product de- 
sired. Heat inactivation of PPO in fruit products has been 
applied to fruit juices and purees and to fruit intended for 
such products. Because the enzyme is very labile to heat. 
at 85°C and above, the higher the temperature, the shorter 


the time required for inactivation. To minimize the 
undesirable changes due to excess heating, optimum 
temperature-time requirements for PPO must be estab- 
lished. Rapid cooling after enzyme inactivation is also 
necessity for best quality retention. 

Sulfur dioxide is a very effective inhibitor of PPO and 
has been used for many years. It readily reacts with com- 
pounds such as aldehyde and other carbonyl-containing 
molecules. These reaction products are ineffective against 
PPO, and therefore, a sufficient amount of free SO, must 
be maintained. In order to be effective in preventing PPO 
activity, SO. must penetrate throughout the tissues. Sul- 
furous acid penetrates better than the bisulfite form. The 
use of excess SO, produces both undesirable flavors and 
an excessively soft product. In recent years the safety of 
sulfites in foods has been questioned because of their haz- 
ard to certain asthmatics. Since August 9, 1986, the U.S. 
FDA has banned the use of sulfur dioxide in fresh fruits 
and vegetables and has required a label declaration on 
those food products (such as dehydrated fruits, frozen po- 
tato products, wine) containing more than 10 ppm of sul- 
fiting agent. Because of these restrictions, food processors 
have turned to a number of sulfite alternatives, mostly for- 
mulations effective against enzymatic browning, with 
varying success. The demand for more effective browning 
inhibitors has stimulated considerable research activity in 
this area during the last decade. 
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Ascorbic acid and its isomer, erythorbic acid, and deri 
atives such as ascorbic acid-2-phosphate, ascorbic acid- 
triphosphate, ascorbic acid-6-fatty acid esters are reported 
to control browning. Ascorbic acid is a very effective re- 
ducing agent, as it reduces the o-quinones formed by PPO 
to the original o-dihydroxy phenolic compounds. Ascorbic 
acid alone or in combination with citric acid have been used 
widely by the food industry. Its prevention of browning 
lasts as long as any residual ascorbic acid remains, and, 
therefore, stabilized forms of ascorbic acid should be effec- 
tive sulfite substitutes. One should keep in mind that the 
excess amounts of oxidized ascorbic acid can produce 
brown pigments by nonenzymatic browning reactions. 
Browning inhibitor penetration can be enhanced by 
vacuum infiltration, which also removes air from the prod- 
ucts’ void spaces. 

Cinnamic acid and benzoic acid were found to be 
effective for apple products, and carbon monoxide has been 
applied to control browning in mushrooms. 4-Hexyl- 
resorcinol (Everfresh™) is known to be effective on 
shrimp. Kojic acid and salicylhydroxamic acid were also 
known as PPO inhibitors. Compounds that bind or com- 
plex PPO substrates also may be potential inhibitors. 
Poly(vinylpolypyrollidone) and cyclodextrins can bind 
polyphenols and prevent their participation in enzymatic 
browning. Glutathione and N-acetylcystein were also re- 
ported to be effective in controlling browning in apple, po- 
tato, and fresh juices. Protease enzymes as well as low mo- 
lecular weight peptides were claimed to be effective 
browning inhibitors (69,70). Selecting raw materials for 
processing that have a low tendency to brown is another 
way to control browning. Empire and Granny Smith apples 
and Atlantic potato are examples of cultivars that brown 
slowly (21,71). 

Another approach involves enzymes that transform the 
substrates of PPOs by methylation or oxidative cleavage 
of the benzene nucleus. o-Methyl transferase methylates 
the 3-position of 3,4-dihydroxy aromatic compounds in the 
presence of a methyl donor, converting PPO substrates into 
inhibitors of PPOs such as caffeic acid to ferulic acid. The 
exclusion of oxygen as a means of controlling enzymatic 
browning is generally used in combination with other 
methods. For example, retail packs of frozen peach slices 
maintain their high quality when packaged in ascorbic 
acid-containing syrup combined with hermetically sealed 
containers wherein the oxygen has been removed from the 
head space. Oxygen concentrations in the atmosphere of 
packaged produce can be controlled by modified atmo- 
sphere packaging. Although this method can delay brown- 
ing, low oxygen may induce an anaerobic condition that 
entails a risk of undesirable quality change and anaerobic 
microbial growth. Edible coating materials such as xan- 
than were reported to prevent enzymatic browning and ex- 
tend the shelf life of fruits and vegetables used in salad 
bars and prepared salads. Ultrafiltration removes PPO 
and prevents browning. Osmotic dehydration using sugar 
or syrup also inhibits enzymatic browning and protect fla- 
vors. 

Most of chemicals mentioned here are not fail-safe, not 
acceptable to some consumers, and cannot be used to pre- 
vent browning in intact fruits and vegetables. Through 


better understanding of the mechanism of action of PPO 
and its essential metabolic roles in plants, it is expected 
that genetic engineering techniques will be the most im- 
portant tools in preventing unwanted enzymatic browning. 
A molecular biology approach will provide a more precise 
method of decreasing PPO expression, while retaining the 
desirable genetic traits of plants. 
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BUTTER AND BUTTER PRODUCTS 


The art of butter making dates back to times immemorial. 
Reference to the use of butter for sacrificial worship, for 
medicinal and cosmetic purposes, and as a human food 
may be found long before the Christian era. Documents 
indicate that, at least in the Old World, the taming and 


domestication of animals constituted the earliest begin- 
nings of human civilization and culture. There is good rea- 
son to believe, therefore, that the milking of animals and 
the origin of butter making aforedate the beginning of or- 
ganized and permanent recording of human activities. 

The evolution of the art of butter making has been in- 
timately associated with the development and use of 
equipment. With the close of the eighteenth century the 
construction and use of creaming and butter-making 
equipment, other than that made of wood, began to receive 
consideration, and the barrel churn made its appearance. 

By the middle of the nineteenth century attention was 
given to improvement in methods of creaming. These ef- 
forts gave birth to the deep-setting system. Up to that 
time, creaming was done by a method called shallow pan. 
The deep-setting system shortened the time for creaming 
and produced a better-quality cream. An inventive Bavar- 
ian brewer in 1864 conceived the idea of adapting the prin- 
ciple of the laboratory centrifuge. In 1877 a German en- 
gineer succeeded in designing a machine that, although 
primitive, was usable as a batch-type apparatus. In 1879 
engineers in Sweden, Denmark, and Germany succeeded 
in the construction of cream separators for fully continuous 
operation (1). 

In 1870, the last year before introduction of factory but- 
ter making, butter production in the United States was 
514 million lb, practically all farm made. Authentic records 
concerning the beginning of factory butter making are 
meager. It appears that the first butter factory was built 
in Iowa in 1871. This beginning also introduced the pooling 
system of creamery operation (1). 

Other inventions that assisted the development of the 
butter industry included the Babcock test (1890), which 
accurately determines the percentage of fat in milk and 
cream, the use of pasteurization to maintain milk and 
cream quality; and the use of pure cultures of lactic acid 
bacteria and refrigeration to help preserve cream quality. 


BUTTER CONSUMPTION 


Butter production and consumption has recently increased 
from a long decline Table 1-4. A dramatic shift occurred, 
starting in 1985, to the table spreads category of products 
(less than 80% fat) from full-fat butter, margarine, and 
blends (2, Land O'Lakes, unpublished data, 1985). The 
spreads category encompasses all non-Standard-of- 
Identity table spreads (ie, from 0 to 79.9% fat). Major mar- 
ket forces have changed this production consumption turn- 
around. As noted in a 1984 survey, the most important 


Table 1. Market Shares for Butter, Margarine, Blends, 
and Spreads for 1980 to 1995 


Year Butter Light butter Margarine Blends Spreads 
1980 25 = 74 1 Es 
1985 22 = 73 3 2 
1990 17 — 48 2 33 
1995 21 bE 23 1 44 


Source: Ref. 2 and Land O'Lakes unpublished data, 1996. 
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Table 1. Market Shares for Butter, Margarine, Blends, 
and Spreads for 1980 to 1995 


Year Butter Light butter Margarine Blends Spreads 
1980 25 = 74 1 Es 
1985 22 = 73 3 2 
1990 17 — 48 2 33 
1995 21 bE 23 1 44 


Source: Ref. 2 and Land O'Lakes unpublished data, 1996. 


Table 2. Composition of Lipids in Whole Bovine 
Milk 


Lipid Weight percent 
Hydrocarbons ‘Trace 
Sterol esters Trace 
Triglycerides 97-98 
Diglycerides 0.28-0.59 
Monoglycerides 0.016-0.038 
Free fatty acids 0.10-0.44 
Free sterols 0.22-0.41 
Phospholipids 0.2-1.0 


‘Source: Refs. 7 and 8. 


Table 3. Composition of Lipids from Milk Fat Globule 
Membrane 


Lipid component Percentage of membrane lipids 


Carotenoids (pigment) 0.45 
Squalene 0.61 
Cholesterol esters 0.79 
Triglycerides 53.4 
Free fatty acids 6.37 
Cholesterol 52 
Diglycerides 8.1 
Monoglycerides 4.7 
Phospholipids 20.4 


‘Source: Refs. 9 and 10. 
“*Contained some triglycerides. 


Table 4. Per Capita Consumption of Butter 


for the Years 1950 to 1995 

Year Pounds per capita 
1950 10.7 

1960 1 

1970 54 

1980 45 

1990 4.0 

1995 45 
Source: Refs. 3, 4, and Land O'Lakes unpublished data, 
1996. 


barriers to increased butter sales were listed in the follow- 
ing order (2): 


1. Price (opinion of an overwhelming majority when 
butter is compared to margarine) 


2. Health (negative consumer attitudes toward choles- 
terol and saturated fats are increasing) 


3. Poor spreadability 

4. Inadequate promotional spending 

5. Product innovation in margarine and spreads 
6. Legislation and regulatory restrictions 


The forces that have had a positive impact on butter are 
as follows: 
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1. The U.S. Department of Agriculture (USDA) has 
eliminated all price supports for butter. Prices follow 
demand/consumption economics with the world 
market price (which has traditionally been signifi- 
cantly below the U.S. support price) operating as a 
base floor price. When price dips to world market. 
price, butter becomes very price competitive to 
margarine/blends/spreads. 

2. Health issues associated with butter have been 
greatly negated, for the public has become apathetic 
to negative cholesterol messages. In addition, the is- 
sue of trans fatty acids in fairly high concentration 
in margarines, and the negative health impacts of 
these trans fats has given butter a positive health 
message. 


Butter manufacture continues to serve as the safety valve 
for the dairy industry. It absorbs surplus milk supply above 
market requirements for other dairy products. Milk not 
required by the demand for these products overflows into 
the creamery, is skimmed, and the cream is converted to 
butter. When the milk supply for other products runs short 
of their demand, milk normally intended for butter making 
is diverted into the channels where needed. Even though 
consumption patterns have dramatically changed over the 
years, the butter industry thus provides a never-failing 
balance wheel that takes up the slack in the relationship 
of supply and demand for all other dairy products. 


DEFINITIONS AND GRADING OF BUTTER 


Standards for butter in the United States were established 
by an Act of Congress and are supported by the USDA 
standards for grades of butter. In the revised standards the 
following definitions apply. Butter refers to the food prod- 
uct usually known as butter, which is made exclusively 
from milk, cream, or both, with or without common salt; 
and with or without additional coloring matter. The milk 
fat content of butter is not less than 80% by weight, allow- 
ing for all tolerances. Cream refers to the cream separated 
from milk produced by healthy cows. Cream is pasteurized 
at a temperature of not less than 73.9°C for not less than 
30 min; or it can be pasteurized at a temperature of not 
less than 89°C for not less than 15 s. Other approved meth- 
ods of pasteurization give equivalent results (5). 

The cream may be cultured by the addition of harmless 
lactic acid bacteria to enhance flavor, natural flavors ob- 
tained by distilling a fermented milk, or cream may be 
added to the finished butter. In addition, color, derived 
from a Food and Drug Administration (FDA) approved 
source, may be used. 

There are three U.S. grades of butter: AA, A, and B. 
Butter is graded by first classifying its flavor organolepti- 
cally. In addition to the overall quality of the butter flavor 
itself, the standards list 17 flavor defects and the degree 
to which they may be present for each grade. If more than 
one off-flavor is noted, assignment is made on the basis of 
the flavor resulting in the lowest grade. This grade is then 
lowered by defects in the workmanship and the degree to 
which they are apparent. Disratings are characterized by 
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negative body, flavor, or salt attributes, which are fully de- 
scribed in the standards. Butter that does not meet the 
requirements for U.S. Grade B is not graded. To bear the 
USDA seal, the finished product must fall within the fol- 
lowing microbiological specifications: proteolytic count not 
more than 100 per gram, yeast and mold not more than 20 
per gram, and coliform not more than 10 per gram. Butter 
should be stored at 4.4°C or lower or at less than — 17.8°C, 
if it is to be held for more than 30 days (6). 

Legal requirements for butter vary considerably in dif- 
ferent countries. For example, in Europe butter must con- 
tain 82% fat and in France it may contain a maximum of 
16% moisture (6). In some tropical parts of the world, milk 
fat is used in nearly anhydrous form because it is less sus- 
ceptible to bacterial spoilage. This product is known as 
ghee. In the Middle East and India ghee is prepared from 
heated cow or buffalo milk. 


COMPOSITION 


The composition of milk fat is somewhat complex. Al- 
though dominated by triglycerides, which constitute some 
98% of milk fat (with small amounts of diglycerides, mono- 
glycerides, and free fatty acids), various other lipid classes 
are also present in measurable amounts. It is estimated 
that about 500 separate fatty acids have been detected in 
milk lipids; it is probable that additional fatty acids remain 
to be identified. Of these, about 20 are major components; 
the remainder are minor and occur in small or trace quan- 
tities (7,8). The other components include phospholipids, 
cerebrosides, and sterols (cholesterol and cholesterol es- 
ters). Small amounts of fat-soluble vitamins (mainly A, D, 
and E), antioxidants (tocopherol), pigments (carotene), and 
flavor components (lactones, aldehydes, and ketones) are 
also present. 

The composition of the lipids of whole bovine milk is 
given in Table 2 (7,8). The structure and composition of the 
typical milk fat globule is exceeding complex. The globule 
is probably 2 to 3 in diameter with a 90-A-thick mem- 
brane surrounding a 98 to 99% triglyceride core. The com- 
position of the milk fat membrane is quite different from 
milk fat itself in that approximately 60% triglycerides are 
present, much less than in the parent milk fat (Table 3) 
(9,10). 

It has been generally recognized that butterfat consists 
of about 15 major fatty acids with perhaps 12 or so minor 
(trace quantity) acids. Triglycerides are normally defined 
with respect to their carbon number (CN), that is, the num- 
ber of fatty acid carbon atoms present in the molecule; the 
three carbon atoms of the glycerol moiety are ignored. Be- 
cause the fatty acid spectrum of milk fat is dominated by 
acids containing an even number of carbon atoms, so is the 
triglyceride spectrum. However, the proportion of triglyc- 
erides with an odd carbon number is about three times 
greater than the proportion of odd-numbered fatty acids. 

Although obvious correlations exist between fatty acid 
composition and triglyceride distribution, detailed infor- 
mation is lacking that would enable the triglyceride dis- 
tribution to be predicted from the fatty acid composition. 
Much more needs to be understood of the strategy used in 


the bovine mammary gland in assembling a complex array 
of fatty acids into triglycerides. This is not an arcane study; 
it is necessary if processes such as fractionation are to yield 
products with consistent qualities throughout the year. In 
effect, the detailed structure of milk fat is not yet under- 
stood. Perhaps this is not surprising if we consider only the 
15 major fatty acids; there are 15° (3375) possible triglyc- 
eride structures using a purely random model. 

The concentration of milk fat results in a dairy product 
called butter. The concentration is a two-stage process with 
the first stage being effected in a mechanical separator, 
which causes a 10-fold concentration of the fat into an in- 
termediate product, cream. The second stage is the churn- 
ing process, which results in a further twofold concentra- 
tion of the fat. 

In butter manufacture, the preparation of the cream is 
effected quite independently of the butter-manufacturing 
stage. Today most butter plants receive their cream from 
other operations rather than directly from the farm, as was 
the case in the past. Because of general improvement in 
sanitation practices, the receipt of fresher milk and cream, 
and advances in the knowledge and understanding of del- 
eterious handling conditions, the quality of cream is con- 
stantly improving. 

The composition of milk fat is the most important factor 
affecting the firmness of butter and, therefore, its spread- 
ability. The composition of milk fat changes primarily ac- 
cording to the feed; therefore, the entire problem is con- 
nected to the animal’s diet. Today, the fatty acid 
composition of milk fat produced in various countries is 
rather accurately known, along with its seasonal varia- 
tions. In Europe the amount of saturated fatty acids is gen- 
erally highest in winter and lowest in summer or fall (Table 
5) (11). Green fodder decreases the amount of saturated 
fatty acids and correspondingly increases the amount of 
unsaturated fatty acids (12). The differences between the 
maximum and minimum values can be fairly large. For 
palmitic and oleic acids, the quantitatively most important 
fatty acids, a difference of more than 10% between the 
maximum and minimum values was found in some cases. 
This makes it understandable that there are also signifi- 
cant differences in the physical characteristics of the but- 
ter. The structure of the triglycerides in the milk fat, along 
with the fatty acid composition, is important in determin- 
ing the physical characteristics of the fat, because the soft- 
ening point of fat has been found to rise as the result of 
interesterification (13). 

Protected oils are hydrolyzed in the abomasum, and the 
fatty acids are absorbed in the small intestine, thereby 
avoiding hydrogenation. The 18:2 content in the milk fat 
was increased about fivefold, and the 14:0, 16:0, and 18:0 
were decreased accordingly. Plasma and depot fats were 
also increased in 18:2 content by this program (14). 

Results at the USDA are similar: cow's milk can be in- 
creased in 18:2 acid from 3 to 35% by feeding protected 
safflower oil (15,16). However, at high 18:2 levels, milk de- 
velops an oxidized off-flavor, usually after about 24 h, and 
creams require a longer aging time for satisfactory churn- 
ing. As expected, butter that contains more than 16% lin- 
oleic acid is soft and sticky (8). 
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Table 5. Compositional Characteristics of Summer and Winter Milk Fat, 1970 


Fatty acids 
Samples investigated (N = 140) Volatile Saturated Monounsaturated Polyunsaturated Todine number 
‘Total 10.98 56.50 29.81 2.50 32.2 
Summer 9.49 58.82 33.53 3.14 36.8 
Winter 12.45 26.15 1.86 27.7 


Source: Ref. 11. 


There are also differences in the butter fat of different 
cows on identical rations, and the age of the animal and 
duration of lactation have some influence on butter fat 
composition. Much of the dairy literature provides infor- 
mation relating dairy animal species and the composition 
of the butter fat from them. 

Textural characteristics of butter are significantly de- 
pendent on milk fat composition and method of manufac- 
ture. It is possible, therefore, knowing the chemical com- 
position of milk fat, to select the appropriate technological 
parameters of butter making to improve the texture. To 
obtain butter with constant rheological characteristics and 
to control the parameters of the butter-making process it 
is necessary to consider the difference in the chemical com- 
positions and the properties of the milk fat in various sea- 
sons. 

From the standpoint of nutritional value, the vitamin A 
content of butter is important. Because the source of vi- 
tamin A in butter is f-carotene or other carotenoid pig- 
ments in the feed of the cows, the content of this vitamin 
varies considerably, being highest in the summer when the 
dairy herds are in pasture and lowest in winter when there 
are no green feedstuffs in the rations. A portion of the car- 
otene in the feed that is transferred by the cow into the 
butter fat varies with the feeding regimen parallel to var- 
iations in the production of vitamin A, so that the intensity 
of the yellow color of butter to some extent serves to indi- 
cate its vitamin A content. 

The vitamin A potency of butter is in part due to vitamin 
Aas such and in part to carotene, which is partially con- 
verted to the vitamin in the human body. The vitamin A 
content of butter is usually within the range of 6 to 12 
mg/g, and the carotene content is in the range of 2 to 10 
mg/g (17); 1 IU of vitamin A is defined as the amount pos- 
sessing the biological activity of 0.6 ug of pure f-carotene. 

The vitamin D content of butter is much less significant 
than that of vitamin A, but it is nevertheless appreciable. 
It varies from about 0.1 to 1.0 IU/g, being highest in the 
summer and lowest in the winter (17). 


MODIFICATION OF MILK FAT 


Melting and Crystallization of Milk Fat Triglycerides 


The complex fatty acid composition of milk fat is reflected 
in its melting behavior. Melting begins at —30°C and is 
complete only at 37°C. At any intermediate temperature, 
milk fat is a mixture of solid and liquid. To a large extent, 
the solid: liquid ration determines the rheological proper- 
ties of the fat. For example, at refrigeration temperature, 


butter has a higher solids content than does a tub mar- 
garine. Hence the latter product is more easily spread (18). 

As crystallization proceeds, the growing crystals im- 
pinge to form aggregates. A network results, in which both 
the solid and liquid phases may be regarded as continuous. 
Formation of the network greatly increases the firmness 
of the fat. 

As a liquid fat is cooled, crystallization begins. There 
are two parts to the crystallization: (1) nucleation and 
(2) growth. In a bulk fat, nucleation occurs at the surfaces 
of impurities, a phenomenon described as heterogeneous 
nucleation. A considerable degree of supercooling is nec- 
essary to initiate nucleation. Subsequent growth of the nu- 
clei tends to be slow in natural fats because of competitive 
inhibition. In materials of low molecular weight, impuri- 
ties are rejected at the face of growing crystal. In fats, how- 
ever, the various triglyceride species are so closely related 
that the term impurity tends to lose its meaning (19). 


Hydrogenation 


Hydrogenation of various fats and oils is used extensively 
in industry but is not generally applied to butter fat (the 
high cost of the raw material argues against its use as a 
feedstock). The process reduces the degree of unsaturation 
of the fat and increases its melting point. 

Given the criticism directed at milk fat because of its 
saturated nature, there appears to be little future in in- 
creasing the degree of saturation by means of hydrogena- 
tion. The reverse procedure, desaturation or dehydroge- 
nation, offers more attractive prospects. 


Cream Quality 


Raw cream should be processed without delay to minimize 
deterioration of quality. If the cream is to be held for more 
than two hours between separation and processing, it 
should be cooled below 5°C. For holding periods exceeding 
one day it may be advantageous to heat, treat, or pasteur- 
ize the cream. 

To make high-quality butter, the cream must be of high 
quality. The flavor of butter is the most important organ- 
oleptic property, and it depends in no small part on the 
flavor quality of the cream from which it is made. There is 
no real alternative to tasting in assessing flavor and this 
simple but important procedure should be conducted rou- 
tinely as part of the overall quality-control program. 

The application of hazard analysis of critical control 
points (HACCP) to butter production is one of the newer 
techniques to ensure improved butter safety and quality 
(20). 
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Fat Content 


The percentage of fat in the cream must be known and 
controlled. It influences fat losses in churning. Knowledge 
of the fat content assists in yield estimations for opera- 
tional conditions in continuous manufacture. A number of 
satisfactory procedures are available, with the Babcock 
test being the most common. 

The chemical composition of the triglycerides, which 
comprise milk fat, varies throughout the year depending 
on the stage of lactation and the cow’s diet. This causes a 
cyclic change in the melting properties of the fat. In the 
control of the butter-making process and the physical prop- 
erties of the finished butter this factor must be monitored. 
The term melting property is used rather than softness or 
hardness because these more correctly refer to an alto- 
gether different attribute of solids. A number of procedures 
have been used to follow the seasonal change in the melt- 
ing properties. The iodine number, refractive index and dif- 
ferential scanning calorimetry, or pulsed nmr spectroscopy 
can be used to prepare a melting curve. However, the ex- 
pense and complexity of these melting curve techniques 
precludes the approach in most quality-control situations 
(21). The traditional chemical determinations for fat, sa- 
ponification value and Polenske value, are of limited value. 
They are scarcely relevant for quality control, and the in- 
formation they represent can be more usefully quantified 
by the determination of the fatty acid profile using gas 
chromatography. 

Today the use of stainless steel has essentially elimi- 
nated the exposure of the fat to copper and iron. The pres- 
ence of copper and, to a lesser extent, iron can catalyze 
oxidative deterioration of butter during storage, particu- 
larly in the presence of salt and a low pH. 

Many procedures have been used or proposed to assess 
the microbiological quality of the milk or cream. Generally, 
microbiological tests are performed to determine the hy- 
giene of production and storage conditions or for safety rea- 
sons. Tests include total counts and counts for specific 
classes of microorganisms such as yeasts and molds, coli- 
forms, psychotrophs, and pathogens such as Salmonella. 
Rapid-screening tests based on dye reduction or direct ob- 
servation using a microscope or automatic total counters 
are also in use. 


Lipase Activity 


Lipolysis in butter after manufacturing caused by ther- 
moresistant lipase enzymes created in milk or cream by 
psychotrophic bacteria is an increasing problem. Based on 
a termination of the lipase activity in cream, the keeping 
quality of manufactured butter in regard to lipolysis can 
be predicted with reasonable accuracy. A similar prediction 
for sweet cream butter can be based on activity determi- 
nation in the serum phase (22). 


Oxidation 


The flavor of dairy products is largely determined by the 
fat component. Consequently, it is particularly important 
to restrict the development of oxidized off-fiavors in the fat 
source before use. Oxidation is the chief mode of deterio- 


ration of fats and a major factor in determining the shelf 
life of fat-containing foods (23). Unsaturated fatty acid es- 
ters react with oxygen to form peroxides. Although flavor- 
less themselves, peroxides are unstable and readily decom- 
pose to yield flavorful carbonyl compounds. The latter are 
the source of the characteristic oxidized flavors that are 
detectable at low concentrations. The rate of oxidation de- 
pends on the concentration of dissolved oxygen, the tem- 
perature, the presence of prooxidants such as copper and 
iron, the degree of unsaturation of the fat, and the presence 
of antioxidants that may retard the onset of oxidation. 
Compared with many fats, milk fat has a good oxidative 
stability, because it is high in total saturates, low in poly- 
unsaturates, and contains natural antioxidants, princi- 
pally a-tocopherol. 

The development of oxidative rancidity in milk fat is the 
major determinant of the stability of the fat on storage. 
Dissolved air in the milk fat can give dissolved oxygen lev- 
els of up to 40 ppm at 30°C. In practice, the dissolved ox- 
ygen level in the freshly processed milk fat would be about 
5 ppm at 45°C, a level sufficient to permit the development. 
of oxidative rancidity, but if the milk fat were allowed to 
equilibrate with the air, then this level could increase to 
33 ppm with a consequent increase in the rate of devel- 
opment of oxidative rancidity. 

The oxygen level in the milk fat may be limited by either 
active or passive actions. For passive control, processing 
procedures and plant design are established to minimize 
oxygen (air) exposure. Deaeration devices (24), the use of 
antioxidants, effective destruction of lipases, and nitrogen 
spanning of container headspace are examples of active 
control of product quality. 


Consistency 


Consistency has been defined as “that property of the ma- 
terial by which it resists permanent change of shape and 
is defined by the complete force flow relation” (8). This im- 
plies that the concept of consistency includes many aspects 
and cannot be expressed by one parameter. Today more 
importance is attached to spreadability than anything else 
in the evaluation of the consistency of butter. The general 
consensus is that butter should be spreadable at refriger- 
ator temperatures. There is no suitable method available 
to measure such a subjective criteria as the spreadability 
of butter. For this reason, the firmness of butter, which 
should correlate well with spreadability, was selected as 
the parameter to be measured. It was recommended that 
the use of the cone penetrometer, along with other meth- 
ods, could give good results (25). 


Flavor 


One of the most important consumer attributes of butter 
is the pleasing flavor. Butter flavor is made up of many 
volatile and nonvolatile compounds. Researchers have 
identified more than 40 neutral volatiles, of which the most 
prominent are lactones, ethyl esters, ketones, aldehydes, 
and free fatty acids (26). The nonvolatiles, of which salt 
(sodium chloride) is the most prominent, contribute to a 
balanced flavor profile. Diacetyl and dimethyl sulfide also 
contribute, especially in cultured butter flavor (27). 


Ripened or cultured creams use lactic acid bacterial cul- 
tures selected for their ability to produce volatile acid and 
diactyl flavors. The NIZO (Dutch Research Institute for 
Dairy) process was developed to incorporate concentrated 
lactic starters or to directly inject starter distillates to pro- 
duce the flavor and characteristics of cultured butter (25). 
In the United Kingdom, Canada, Ireland, and the United 
States, sweet cream, salted butter is primarily used, but 
in France, Federal Republic of Germany, and Scandinavia, 
the taste of cultured butter is preferred (6). 


Body and Texture 


The physical properties of butter that are noted by the 
senses are described by butter graders by means of appro- 
priate qualifications of the terms body and texture. The 
exact meaning of these terms has not been clearly defined. 
Frequently they are used as if they had the same meaning. 
Certain properties such as hardness and softness refer to 
the body of butter, whereas properties such as openness 
refer to texture. But some of the properties, such as leak- 
iness or crumbliness, lead to confusion. Usually, most body 
and texture terms are used to describe a defect such as 
gritty, gummy, sticky, and the like. 

Good butter should be of fine and close texture; have a 
firm, waxy body; and be sufficiently plastic to be spread- 
able at cold temperatures. 


Color 


The color of butter may vary from a light creamy white to 
a dark creamy yellow or orange yellow. Differences in but- 
ter color are due to variations in the color of the butter fat, 
which is affected by the cows’ feed and season of the year; 
variations in the size of the fat globule; presence or absence 
of salt; conditions of working the butter; and the type and 
amount of natural coloring added. 

Butter colorings are oil soluble and most often are nat- 
ural annatto, an extraction of the seeds of the tropical tree 
Bixa orellana, or natural carotenes, extractions from vari- 
ous carotene-rich plants. Because they are oil soluble, col- 
orings are added to the cream to obtain the most uniform 
dispersion. 


PROCESSING 


Milk and Cream Separation 


The most basic and oldest processing method is cream sep- 
aration. Ancient people are known to have used milk freely. 
It is probable that they used the cream that rose to the top 
of milk that had been held for some time in containers, 
although there is little in ancient literature to suggest that 
such use was common. It is well established that in early 
times butter was produced by churning milk. 

The principal questions concerning separation in a 
butter-manufacturing facility are the choice of cream fat 
content and the choice of the separation technique, milk 
separation before or after pasteurization, temperature of 
separation, and regulation of the fat content. Separation 
of cream from milk is possible because of a difference in 
specific gravity between the fat and the liquid portion, or 
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serum. Whether separation is accomplished by gravity or 
centrifugal methods, the result depends on this difference 
(28). 


Crystallization 


The crystal structure of fat and the resulting physical prop- 
erties of butter made by both conventional and alternative 
processes have received considerable study. When conven- 
tionally churned or Fritz butter is made, most of the milk 
fat is contained within the fat globule in cream during the 
cooling and crystallization process. The fat globule pro- 
vides a natural limit to the growth of fat crystals. Cooling 
and holding of cream is normally carried out overnight, 
and thus sufficient time exists for the crystallization pro- 
cess to approach equilibrium (29). 

The principles of crystallization of plastic fats in the 
type of equipment used for margarine manufacture have 
been described (30). It is important to develop small fat 
crystals that remain substantially discrete and do not form 
a strong interlocking structure. Small crystals (eg, 5-“m 
diameter) have a greater total surface area than large crys- 
tals and will bind water and free liquid fat by absorption 
more effectively (29). Large crystals impart a gritty texture 
to the product. When fats are cooled rapidly in a scraped 
surface heat exchanger, fat crystallization commences, but 
the fat is substantially supercooled on exiting. If crystal- 
lization is then permitted to continue under quiescent con- 
ditions, crystals will grow together and form a lattice struc- 
ture. The product will thus be hard and brittle and may 
tend to leak moisture. If, however, crystallization is per- 
mitted to occur under agitated conditions (eg, for 1-3 min 
in a pin worker), the formation of small, independent crys- 
tals will be favored and the product will have a fine, smooth 
texture. If crystallization under agitated conditions is per- 
mitted to continue for too long, the product will be too soft 
for most patting or bulk filling operations, and it is likely 
to be too soft and greasy at warm room temperatures. 


Neutralization 


When lactic acid has developed in the raw, unpasteurized 
cream by microbial activity to a degree considered exces- 
sive, neutralizer may be added to return the cream acidity 
to a desirable level. Sodium carbonates have been found 
suitable in practice for batch neutralization. For continu- 
ous neutralization by pH control, sodium hydroxide is 
more suitable. These chemicals should be of food grade. 


Fractionation 


Fractionation by thermal crystallization, steam stripping, 
short-path distillation, supercritical fluid extraction, or 
crystallization using solvents can achieve fat alterations of 
significance to the dairy industry. Milk fat is a mixture 
of triglycerides with a range of molecular weights, degrees 
of unsaturation, melting points, and other physical prop- 
erties. Milk fat is an important component of most dairy 
products, but it has been consumed traditionally for the 
most part as butter. 

Fractionation of butter fat for the selective removal of 
cholesterol has been recently reported using supercritical 


224 BUTTER AND BUTTER PRODUCTS 


fluid extraction (31), steam stripping or deodorization (32), 
short-path molecular distillation (33), and absorption pro- 
cesses (28). Various enzymatic investigations are under 
way to isolate cholesterol reductase (34) and to insert the 
gene for cholesterol reductase into lactic and acid bacteria 
biogenetically (35), resulting in the reduction of the dairy 
fat cholesterol to its major by-product, coprostanol. 


Heat Treatment 


The heat treatment of cream plays a decisive role in the 
butter-manufacturing process and the eventual quality of 
the butter. It is important that milk and cream be handled 
in the gentlest possible way to avoid mechanical damage 
to the fat, a serious problem in continuous manufacture 
(Fritz process) of butter (36). Cream is pasteurized or heat 
treated for the following reasons: to destroy pathogenic mi- 
croorganisms and reduce the number of bacteria; to deac- 
tivate enzymes, to liquefy the fat for subsequent control of 
crystallization, and to provide partial elimination of un- 
desirable volatile flavors. 


Batch Butter Manufacture 


Today batch processing is not used to any extent for the 
production of large quantities of butter. Batch systems are 
still encountered in small butter plants, primarily in less 
industrially developed countries. Continuous systems are 
more efficient and cost effective for large outputs; batch 
systems have low capital intensity. 

The processing of cream by a batch churn requires fill- 
ing to approximately 30 to 50% capacity at a cream tem- 
perature of 4.4 to 12.8°C. Cream temperature will vary 
depending on seasonably of the cream, the butter charac- 
teristics desired, and the desired rate of fat inversion. 
Churning is accomplished by rotation of the churn at ap- 
proximately 35 rpm until small butter granules appear. 
The process usually requires about 45 min for coalescence 
of the fat globules and clean separation of the buttermilk 
so that it can be drained (37). The granules may be washed 
with cold water to remove surface buttermilk. Salt is then 
added with water if the fat content standardization is re- 
quired. The butter is worked to ensure uniformity and de- 
sirable body and texture characteristics. 


Continuous Butter Manufacture 


Between 1930 and 1960 a number of continuous processes 
were developed. In the Alfa, Alfa-Laval, New Way, and 
Meleshin processes phase inversion takes place by cooling 
and mechanical treatment of the concentrated cream. In 
the Cherry-Burrel Gold’n Flow and Creamery Package 
processes, phase inversion takes place during or immedi- 
ately after concentration, producing a liquid identical to 
melted butter, prior to cooling and working. The Alfa, Alfa- 
Laval, and New Way processes were unsuccessful com- 
mercially. The Meleshin process, however, was adopted 
successfully in the Republic of Russia. The Cherry-Burrel 
Gold’n Flow process appears to have been the more suc- 
cessful of the two American processes (29). 

The Fritz continuous butter-making process, which is 
based on the same principles as traditional batch churn- 


ing, is now the predominant process for butter manufac- 
ture in most butter-producing countries. In the churning 
process crystallization of milk fat is carried out in the 
cream, with phase inversion and milk fat concentration 
taking place during the churning and draining steps. How- 
ever, because of the discovery that cream could be concen- 
trated to a fat content equal to or greater than that of 
butter, methods have been sought for converting the con- 
centrated or plastic cream directly into butter. Such meth- 
ods would carry out the principal butter-making steps es- 
sentially in reverse order, with concentration of cream in 
acentrifugal separator, followed by a phase inversion, cool- 
ing, and crystallizing of the milk fat (37). 

Increased demands on the keeping qualities of butter 
require that, in addition to careful construction, operation, 
and cleaning of the milk and cream processing equipment, 
research to develop machines that will ensure butter pro- 
duction and packing under conditions eliminating contam- 
ination and air admixture must be carried out. It has been 
demonstrated that butter produced under closed condi- 
tions has a better keeping quality than butter produced in 
open systems (38). 

There are two classes of continuous processes in use: 
one using 40% cream, such as the Fritz process, and the 
other using 80% cream, such as the Cherry-Burrell Gold’n 
Flow. As much as 85% of the butter in France is made by 
the Fritz process. In this process 40% fat cream is churned 
as it passes through a cylindrical beater in a matter of 
seconds. The butter granules are fed through an auger 
where the buttermilk is drained and the product is squeeze 
dried to a low moisture content. It then passes through a 
second working stage where brine and water are injected 
to standardize the moisture and salt contents. As a result 
of the efficient draining of the buttermilk, this process is 
suitable for the addition of lactic acid bacteria cultures at 
this point. The process then becomes known as the NIZO 
method when the lactic starter is injected (Land O’Lakes, 
unpublished data, 1985). Advantages of the NIZO method 
over traditional culturing are improved fiavor develop- 
ment; acid values as a result of lower pH; more flexible 
temperature treatment of the cream, because culturing 
and tempering often are accomplished concurrently; and, 
most important, sweet cream buttermilk is produced. 

The latest in developments in butter making have been 
outlined in the European Dairy Magazine (39), with the 
article centering on dosing systems, and for the addition of 
salt and culture. In addition, a number of patents have 
been issued for improved butter-making processes (40), 
making butter directly from milk (41), and for flexible in- 
tegration of added ingredients, and molding and demold- 
ing (42). 

The Cherry-Burrell Gold’n Flow process is similar to 
margarine manufacture (43). The process starts with 
18.3°C cream that is pumped through a high-speed desta- 
bilizing unit and then to a cream separator from which a 
90% fat plastic cream is discharged. It is then vacuum pas- 
teurized and held in agitated tanks to which color, flavor, 
salt, and milk are added. Then this 80% fat-water emul- 
sion, which is maintained at 48.9°C, is cooled by use of 
scraped surface heat exchangers to 4.4°C. It then passes 
through a crystallizing tube, followed by a perforated plate 


that works the butter. Prior to chilling, 5% nitrogen gas is 
injected into the emulsion. 

Although the Meleshin process continues to be in wide- 
spread use in the former USSR, the use of alternative con- 
tinuous butter-making processes based on high-fat cream 
has declined in Western countries during the past 20 years 
(29). The principal reasons for this decline appear to be the 
economics and butter quality, particularly when compared 
with the Fritz process. A Fritz manufacturing process can 
be installed in existing batch churn factories with almost 
no modification to cream-handling or butter-packing 
equipment. The churns could be retained in case the Fritz 
breaks down. However, very little batch plant equipment 
could be reused in the alternative systems (ie, Gold’n 
Flow). When a completely new plant is being bought, the 
alternative systems still tend to be more expensive, and 
operational advantages over the Fritz are not significant. 
Butter from the Fritz process is nearly identical in its 
physical and flavor characteristics to batch-churned but- 
ter, whereas butter produced by the alternative processes 
tends to be different. These differences may be perceived 
as defects by the consumer, and manufacturers have been 
reluctant to alter a traditional product. 

The alternative systems have a number of advantages 
compared with a modern Fritz line: (1) The most attractive 
advantage is the flexibility to produce a wide range of prod- 
ucts with fat contents ranging from 30 to 95% butter— 
vegetable oil blends and the incorporation of fractionated 
fats; (2) these processes also present the possibility of a 
number of operational advantages by use of an efficient 
centrifuge during the cream concentration stage; fat losses 
in the buttermilk can be substantially reduced; and (3) the 
composition of the butter can be more accurately con- 
trolled, either by including a batch standardization step or 
by the use of accurate continuous metering systems. 


Reworking Butter 


Since significant amounts of butter are made during high 
milk production periods of the year (spring) and highest 
consumption tends to be during the late fall, butter by ne- 
cessity needs to be stored under conditions to ensure con- 
tinuing quality. These conditions are usually in bulk frozen 
form. Thawing and the subsequent reworking have re- 
sulted in development of new and superior processes and 
equipment. The equipment is in a closed system with 
clean-in-place, and the process includes butter blocks at 
temperatures > —5°C that are transported to a shredder, 
from which the butter chips pass via large-diameter screw 
conveyors to the silo; from here they are pumped through 
the reworker where optimal moisture distribution is 
achieved by two counterrotating kneading rollers, and re- 
worked butter emerges at 6 to 14°C. Equipment for re- 
working of butter blocks that have a temperature of 
>-—25°C incorporates a butter tempering system after the 
shredder, and temperature of the emerging butter can be 
regulated (44). 
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Cultured Butter Manufacture 


There are several ways of making cultured butter from 
sweet cream. Pasilac-Danish Turnkey Dairies, Ltd. devel- 
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oped the IBC method (45). The main principles of the IBC 
method are as follows. After sweet cream churning and 
buttermilk drainage, a starter culture mixture is worked 
into the butter, which produces both the required lowering 
of butter pH and, because of the diacetyl content of the 
starter culture mixture, the required aroma. The starter 
mixture consists of two types of starter culture. (1) Lacto- 
coccus lactis and (2) L. cremoris and L. lactis ssp. diacety- 
lactis. With respect to production costs, the experience 
with this method shows that for the manufacture of mildly 
cultured butter, the direct costs are only about one-third of 
the costs of other methods (45). 


Butter-Vegetable Oil Blends 


In the early 1980s blends of butter and vegetable oil prod- 
ucts appeared in the U.S. market. These blends generally 
were 40% butter and 60% vegetable oil for a total fat con- 
tent of 80%, within the margarine Standard of Identity and 
designation. With the increasing popularity of reduced-fat 
(less than 80%), spreads, starting in the mid-1980s, other 
blends with butter fat contents of 2 to 25% were intro- 
duced. As noted in Table 1, the full 80% fat blends have 
declined in preference to the lower-fat spreads; the blend 
spreads have taken a portion of this market share (Land 
O'Lakes, unpublished data, 1996). 

A number of processes were developed using continuous 
churns (46) and alternative systems similar to the Cherry- 
Burrell Gold’n Flow process (47). The major disadvantage 
to churning, either batch or continuous, was that the re- 
sultant buttermilk would be adulterated with some vege- 
table fat and would be less valuable than standard butter- 
milk. An advantage of alternative processing systems is 
their ability to easily accommodate the manufacture of 
reduced-fat spread blends. 

With the popularity of blends in the United States, sev- 
eral products were introduced in Europe and Australia and 
have subsequently expanded the market for butter fat us- 
age (Land O’Lakes, unpublished data, 1996). An even ear- 
lier entry into the blend category was Swedish Bregott in 
Europe. 


Whipped Butter 


Whipped butter is a product produced to improve spread- 
ability; air or nitrogen is incorporated. With the incorpo- 
ration of gas, the butter’s volume increases by approxi- 
mately 33%. Generally, whipped butter is sold in tub 
rather than stick form. 


Spreadable Butter 


Tn 1937 a process known as the Alnarp method was devel- 
oped to increase the spreadability of butter made from win- 
ter milk fat. The apparent reason for its effectiveness is 
that it increases the liquid fat content of the milk fat (Fig. 
1) (48). 

The consistency of butter is determined by the percent- 
age of solid fat present, which is directly influenced by the 
fat composition, the thermal treatment given to cream 
prior to churning, the mechanical treatment given to but- 
ter after manufacture, and the temperature at which the 


226 BUTTER AND BUTTER PRODUCTS 


1100 
1000 
900 
800 
700 
600 
500) 


Yield value (k Nm-?) 


Jan. 19 - 
Feb. 16 - 


Dec. 
Dec. 
Jan. 5 |- 


Date of manufacture 


Figure 1, Effect of Alnarp-type treatment on firmness of winter 
butter, —@— Control 5°C; - -@- - Alnarp; ~@-- control 15°C; 
—+ @ .—Alnarp; ---- upper limit of spreadability. Source: Ref. 49. 


butter is held (50). The European butter market demands 
that butter be softer and more spreadable in winter and 
harder in summer. With information on the changes in fat 
composition from gas-liquid chromatography analysis and 
the use of nuclear magnetic resonance to estimate solid fat, 
suitable tempering procedures can be selected to modify 
the fat composition and produce the most acceptable prod- 
uct for the consumer. A spreadable consistency of butter 
can be achieved by either varying the fatty acid composi- 
tion or varying heat-step cream-ripening times and tem- 
peratures (51). 

In efforts to improve the spreading properties of butter 
in relation to hard butter fat, one alternative put forward 
is the use of soft fat fractions obtained in the fractionation 
of anhydrous milk fat. Although several practical methods 
of fractionation have been presented, the use of soft fat 
fractions in butter making has not become general prac- 
tice. This is evidently because fractionation in all cases sig- 
nificantly raises the cost of the butter produced. In addi- 
tion, a common problem has been to find suitable uses for 
the hard fat fractions. Furthermore, in fractionation meth- 
ods that use solvents or additives, fractionation should be 
linked to fat refining; and in this process butter also loses 
its natural food classification. In studies that have used 
soft butter fat fractions, a substantial softening of the but- 
ter has been obtained; however, this butter, like normal 
butter, hardens as the temperature increases and again 
decreases. One of the new ways to improve butter spread- 
ability is to add vegetable oil during manufacturing. The 
best known of these preparations, which cannot be called 
butter, is the Swedish Bregott, in which 20% of the fat used 
is vegetable oil. A similar product is made in many other 
countries, Finland among them, where it has been well 
received, possibly just because of its better spreadability 
compared with normal butter. 


Two industrial processes in practice for the fractiona- 
tion of milk fat are the Tirtiaux system, and the DeSmet, 
which is a semicontinuous bulk crystallization process. 
They are dry fractionation processes enabling one- or two- 
step fractionation of butter oil at any temperature from 50 
to 2°C. The milk fat fractions thus obtained can be used as 
such or they can be blended in different proportions for use 
as ingredients in various food fat formulations or in pre- 
paring spreadable butter (52). 

Figure 2 depicts the solid fat content profiles of the con- 
trol and anhydrous milk fat: the low melting, high melting, 
and 20% very high melting milk fat; the milk fat fractions 
used in the low melting, high melting, and 20% very high 
melting butter: the 30S fraction; the 13L fraction; and the 
15S fraction. The fraction number includes the fractiona- 
tion temperature (°C) and its physical form (solid or liquid) 
(53). 

The major shortcoming inherent in this system is the 
long residence time (8-12 h) for nucleation and crystal 
growth. 

Butter samples made from low melting liquid fractions 
and from a combination of primarily low melting liquid 
fractions and a small amount of high melting solid frac- 
tions exhibited good spreadability at refrigerator tempera- 
ture (4°C) but were almost melted at room temperature 
(21°C), Butters made with a high proportion of low melting 
liquid fraction, a small proportion of high melting solid, 
and a small proportion of very high melting solid fractions 
were spreadable at refrigerator temperature and main- 
tained their physical form at room temperature (53), 

Some newer modifications and improvements to pro- 
cesses for the enhancement of spreadability have recently 
been patented (54,55). They include the use of a hydropho- 
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Figure 2. The fraction number includes the fractionation tem- 
perature (°C) and its physical form (solid or liquid), —~ 15S Frac- 
tion (top line); ---— and the milk fat fractions used in the low 
melting, high melting, and 20% very high melting butter: 30S frac- 
tion; ---- the low melting, high melting, and 20% very high melting 
milk fat; ----- solid fat content profiles of the control and anhy- 
drous milk fat; —— 13L fraction (bottom line). 


bic membrane to separate high and low melting point frac- 
tions and improved blending techniques. 


Reduced-Fat Butter 


The first reduced-fat butter (50% fat), called Light Butter, 
was introduced in the United States by the Lipton Co. in 
the mid 1980s. The product was withdrawn due to FDA 
objections of not meeting Standards of Identity for nomen- 
clature. Also, the product contained stabilizers not allowed 
in the Standard of Identity for butter. In the late 1980s, 
Ault, Inc. introduced a reduced-fat butter (39% fat) called 
Pure and Simple, which contained no unusual additives 
(56). Unfortunately, this all-natural product had severe 
negatives: it had a short shelf life, experienced moisture 
seepage, and lacked the highly desirable butter notes. In 
1990, Land O'Lakes, Inc. launched its Light Butter (52% 
fat), which contained emulsifiers, added vitamin A, and 
preservatives. The FDA was in the process of establishing 
standards for reduced-fat products at this time and no ob- 
jection was registered. The new standards were estab- 
lished in 1993 (57), which automatically required Land 
O'Lakes to reformulate to a 40% butterfat content; it did 
so and relaunched. The product was a success and has es- 
tablished dominance in the U.S. market. 

Manufacturers have experienced many problems with 
the production of low-fat butter (58). Low-fat butter cannot 
be manufactured in conventional continuous butter mak- 
ers. The technology of producing low-fat butter and mar- 
garine products is similar to that of ordinary margarine 
production, and it has nothing in common with modern 
butter production. These low-calorie water-in-fat emul- 
sions have such a dense package of water droplets that 
unwanted phase inversion during processing and/or struc- 
tural weak points in the product can occur, which may, for 
example, severely limit the microbiological shelf life. The 
scraped-surface heat exchanger type of machine is pre- 
ferred for production of low-fat products. 

Butterlike products with reduced-fat content are man- 
ufactured in several countries. Stabilizers, milk and soy 
proteins, sodium albumin or caseinate, fatty acids, and 
other additives are used. A product is now available on a 
commercial scale in Russia that has the following compo- 
sition: 45% milk fat, 10% nonfat solids, and 45% moisture. 
It has a shelf life of 10 days at 5°C (59). 

Decreasing the energy content of a diet has clearly been 
the motive behind those milk fat products in which the fat 
content is approximately half that of normal butter. Al- 
though these products can no longer be called butter ac- 
cording to international standards, they are nonetheless 
often called low-calorie butter, half-butter, or similar 
names. A large number of patents have been obtained for 
these products, because raising the water content to nearly 
50% in the manufacture of butterlike spreads requires con- 
siderably higher emulsifying properties than the manufac- 
ture of normal butter. In addition, the emulsion must often 
be stabilized with additives. In some countries, a low-fat 
butter (40% total fat) containing vegetable oil has been 
designated as Minarine, but Minarine can also be prepared 
using only butter fat (6). 
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Anhydrous Milk Fat Manufacture 


The quality assurance program for manufacture of butter 
oil, or anhydrous milk fat (AMF), also focuses on the qual- 
ity of the raw materials. Naturally, many of the same con- 
siderations apply to handling raw cream for AMF manu- 
facture that apply to butter, except that vacreation is not 
used. Because it is stored under ambient conditions, care 
against oxidation is essential. Oxidation is perhaps the 
most important mechanism by which milk fat deteriorates 
in quality. Because the oxidation reaction is autocatalytic 
(ie, the products of the reaction act as catalysts to promote 
further reaction), the normal quality control tests, perox- 
ide value and free fat acidity, could give misleading results 
when applied to stored butter. Methods of deaeration have 
been developed that could reduce potential oxidation (24). 

Milk fat is present in milk or cream as part of a stable 
oil-in-water emulsion. The emulsion is stabilized as a re- 
sult of the protein and phospholipid-rich milk fat globule 
membrane (MFGM) surrounding the milk fat. During 
AMF manufacture the aim is to break the emulsion and to 
separate out all of the nonfat solids and water. To achieve 
this, the MFGM must first be disrupted mechanically or 
chemically. Homogenization, an example of mechanical 
treatment, disrupts the membrane, destroying the mem- 
brane layer. For chemical destruction of the membrane 
layer, an acid such as citric acid can be added to lower the 
PH of milk or cream to about 4.5 (60). The protein will 
precipitate, removing a component to maintain an intact 
fat globule. Direct-from-cream AMF plants usually has 
three separators. The first concentrates cream from 40% 
to about 75% fat before phase inversion in a homogenizing 
device. The oil separator then separates the liberated but- 
ter oil to about 99% purity. The oil is washed with water 
before the third (polishing) separator and the final traces 
of moisture are removed in a dehydrator at 95°C and under 
a vacuum of 35 to 50 torr. The dehydrator is usually a sim- 
ple vessel, and the butter oil is introduced either as a thin 
film on to the walls or as a spray, to maximize the surface 
area exposed to the vacuum. Such a device will not remove 
significant off-flavors, because the vapor flows, tempera- 
tures, and pressures are inappropriate for flavor stripping. 
When producing AMF from butter, fresh or block butter is 
softened just to a pumpable stage (approximately 50°C) 
and transferred to a plate heat exchanger to increase the 
temperature (70-80°C). The oil phase is concentrated 
through separators and dried under vacuum. Some wash- 
ing is possible before the final separator removes the last 
traces of nonfat components (60). 

In terms of the preparation of products and their ap- 
pearance and texture, AMF has several advantages over 
traditional butter. The latter is in fact subject to seasonal 
variations, which affect its physical properties. The advan- 
tages of AMF are linked to the possibility of standardizing 
its physical properties (by the selection and mixture of the 
raw materials used in production) and the possibility of 
adapting its properties using the fractionation technique. 


Ghee 


By definition, ghee is a product obtained exclusively from 
milk and/or fat-enriched milk products of various animal 
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species by means of processes that result in the near total 
removal of water and nonfat solids (similar to anhydrous 
milk fat) and in the development of a characteristic flavor 
and texture. Even so, most ghee contains some nonfat sol- 
ids to enhance the flavor. 

Typically, ghee is manufactured by heating butter to 
temperatures well above those used during AMF manu- 
facture. The high temperature treatment of the nonfat 
milk solids and milk fat leads to the development of a 
strong buttery flavor. However, traditional ghee, as pro- 
duced in the Middle East and Asia, has a more rancid taste 
due to less-sophisticated methods of preparation and stor- 
age. Manufacturers in the European community are also 
producing ghee by adding ethyl butyrate to AMF (60,61). 
Alternate synthetic flavors have been developed to add 
ghee flavor notes to butter oil. 

Technologies continue to advance and processes have 
been developed to create or enhance AMF flavor. For in- 
stance, the continuous production of lipolyzed butter oil or 
AMF has been developed utilizing pregastric esterases im- 
mobilized in a hollow fiber reactor (62). 


Butter Flavors 


Technologies for the hydrolysis of butterfat to produce and 
concentrate the free fatty acids to enhance the butter flavor 
of products have been available for decades. More recently, 
biotechnologists have developed methods for producing a 
variety of fairly pure enzymes, economically and in large 
quantities. The increased availability of lipases (glycerol 
ester hydrolases) from microbial sources has made it pos- 
sible for researchers to employ the catalytic properties of 
these enzymes in innovative ways. One application in 
which the use of lipases has become well established is the 
production of lipolyzed flavor from feedstocks of natural 
origin. Immobilization of lipases on hydrophobic supports 
has the potential to (1) preserve, and in some cases en- 
hance, the activity of lipases over their free counterparts; 
(2) increase their thermal stability; (3) avoid contamina- 
tion of the lipase-modified product with residual activity; 
(4) increase system productivity per unit of lipase em- 
ployed; and (5) permit the development of continuous but- 
ter flavor. 


Decholesterolized Butter 


Fractionation by crystallization, supercritical fluid extrac- 
tion, and other technology are methods being applied com- 
mercially to milk fat to create desirable new products, such 
as decholesterolized butter. The essential purpose of milk 
fat application development is to adapt products to fit user 
demands. 

In the 1980s, there was significant research and market 
activity in developing decholesterolized milk fat. All this 
activity was for naught, for the hypothesis of creating a 
“healthier” fat (for butter or milk or other dairy product) 
was not sound. The nutrition community had long recog- 
nized that the link between dietary cholesterol and serum 
cholesterol was weak and that the ratio of total fat- 
saturated fat had a greater impact on health. In addition, 
the FDA issued new standards in 1993 (57) that effectively 
negated the value of decholestering milk fat. The new law 


required that to be called low cholesterol, the fat must 
contain no more than 2 g of saturation fat per serving. But- 
terfat is approximately 65% saturated. Since the technol- 
ogy to desaturate milk fat is not cost-effective, decholes- 
terization has no economic value. 


Desaturated Milk Fat 


In addition to chemical and enzymatic means of desatu- 
ration, there have been extensive studies on feeding cows 
specific diets to change butterfat saturation as well as in- 
creasing the ratio of potentially desirable fatty acids 
(19,63,64). In general, good progress in the understanding 
of rumen physiology, digestion, and function has occurred, 
but economic potential remains unacceptable. The most 
promising technologies are the use of protected fats in a 
feeding regimen. These fats are protected in a way that 
they pass through the rumen (point of fat hyrogenation) 
into the remaining digestive system for absorption and 
subsequently into the mammary glands. Unsaturated fats 
that are fed to cows have a great opportunity to remain 
unsaturated as they are synthesized into milk fat. Bio- 
technology may offer alternatives in the modification of ed- 
ible fats and milk fat. Research has led to new methods of 
lipolysis and esterification, but the developments are still 
at the laboratory level. Nevertheless, commercial applica- 
tion may emerge from these interesting areas of research. 

Part of the reason for consumer popularity of the 
butter—vegetable oil mixtures may be seen in the emphasis 
on saturated animal fats in current nutritional debates as 
well as the alleged cause-and-effect relation between but- 
ter and heart disease. For these reasons, people interested 
in good nutrition willingly change over to products that 
contain a certain amount of vegetable oil but also have the 
natural butter aroma. 

The rise in concern for fat and cholesterol in the U.S. 
market overshadowed the concern for chemicals and pre- 
servatives in the 1980s. By 1990, the concern for choles- 
terol started to significantly decline, whereas concern for 
fat, particularly saturated fat, remained high (Fig. 3) (65). 
The U.S. Nutritional Labeling and Education Act of 1990 
has provided the consumer with product label information 
that has influenced dietary decisions and has educated the 
consumer, particularly for fat and saturated fat contents. 

Because the physical properties of milk fat influence the 
theological properties of dairy products, especially butter, 
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Figure 3. Rise in concern over fats, cholesterols. —~ Fat content; 
—— cholesterol; —— chemicals/additives; ---- preservatives. 


there has been considerable interest in the modification of 
milk fat by physical and chemical means. Economical frac- 
tionation of milk fat into oil and plastic fat fractions will 
facilitate an increased utilization of milk fat in many food 
applications, such as chocolate, confectionery and bakery 
products, and in developing new convenient (spreadable) 
and dietetic (reduced cholesterol, variable fatty acid com- 
position) butter or butter fat-containing products. 
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CAFFEINE 


Caffeine (1,3,7-trimethylxanthine) was isolated from coffee 
in 1820 (1). Thein was isolated from tea in 1827 and later 
shown to be identical with the coffee isolate. It was sub- 
sequently identified in cocoa, maté, kola nuts, and other 
plants; structure was determined in 1875. Caffeine is one 
of several methylxanthines that occur naturally, primarily 
in plant matter that is used to prepare beverages. Other 
methylxanthines that usually accompany it include theo- 
bromine and theophylline. The methylxanthines, as dio- 
xypurines, are related to two nucleic acids: adenine and 
guanine. This is relevant to their biosynthesis and physi- 
ological effects. Their relationship to uric acids accounts 
for their metabolic fate. The structures of caffeine and re- 
lated compounds are shown in Figure 1. 

Total synthesis was first achieved in 1895 starting with 
dimethylurea. Dimethyluric acid, chlorotheophylline, and 
chlorocaffeine were intermediates (2). 


PROPERTIES 


Physical Properties 


Caffeine is a white, odorless powder with a slightly bitter 
taste. The anhydrous form obtained by crystallization from 
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nonaqueous solvents is a crystalline solid that melts at 235 
to 237°C. At atmospheric pressure it begins to sublime 
without decomposition at 120°C and at 80°C under high 
vacuum. Its crystals are hexagonal and form parallel 
plates. When crystallized from water, the monohydrate 
forms long, silky, white needles. It becomes anhydrous at 
80°C. Caffeine is soluble to the extent of 0.6% in water at 
0°C, 2.13% at 25°C and 66.7% at 100°C. The pH of dilute 
solutions is 6.9. In aqueous solution, caffeine forms dimers 
and higher polymers by base stacking (3). It is fairly stable 
in dilute bases and acids, forming salts with the latter. 
Caffeine is considerably more soluble in chlorinated sol- 
vents: 8.67% in methylene chloride and 12.20% in chloro- 
form at 25°C. Its ultraviolet absorption spectrum shows a 
maximum at 274 nm with no variation over the pH range 
2 to 14. 


Chemical Properties 


Complexation occurs with many acid radicals, notably 
chlorogenate, salicylate, citrate, benzoate, and cinnamate. 
Chlorogenic acid forms a tightly bound 1:1 complex. It is 
soluble in chloroform and can be recrystallized from aque- 
ous alcohol, attesting to its stability. In plant matter much 
of the caffeine exists in this form (4). Complexes with phe- 
nolic molecules are only stable below pH 6. Caffeine is a 
weak base; its acid salts hydrolyze readily. It is converted 
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Figure 1. Methyixanthines and related compounds. 
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to caffeidine by treatment with concentrated NaOH (5). 
Alloxans are formed by oxidation with chlorine and other 
oxidants (6). Reaction products are shown in Figure 2. 


ANALYSIS 


Concern with the physiological effects of caffeine has stim- 
ulated research on its analysis in food and biological sys- 
tems. High-performance liquid chromatographic (hple) 
analysis of caffeine in food products requires only the fil- 
tration of aqueous extracts and injection onto a suitable 
column. Detection is frequently based on the measurement 
of xv absorption at 280 nm (7). Determination of caffeine 
at the low concentrations present in body fluids is accom- 
plished by direct injection onto reversed-phase hple col- 
umns (8). Gas chromatographic determination of caffeine 
in beverages using a flame ionization detector has also 
been described (9). Capillary electrophoresis has also been 
used for caffeine determination (10). 


OCCURRENCE 


Caffeine is present in various tissues of about 60 plant spe- 
cies, several of which are used to prepare beverages (11). 
The most important are the following: 


Coffee beans (Coffea arabica and Coffea canephora var. 
robusta) 

Tea leaves (Camellia sinensis vars. assamica and sinen- 
sis) 

Cocoa beans (Theobroma cacao) 

Maté stems and leaves (Ilex paraguariensis) 

Guarana seeds (Paullinia cupana) 

Kola nuts (Cola acuminata and Cola verticillata) 


BIOGENESIS 


The biogenesis of caffeine is probably similar in all plants, 
but with differences in the rates of various steps. It has its 
origin in the cell purine pool. Precursors include 7- 
methylxanthosine, 7-methylxanthine, and theobromine. 
Synthesis of caffeine from adenine occurs readily in young 
tea leaf. 7-Methylguanilic acid and 7-methylguanasine are 
also on the biosynthetic path. A 7-methyl-N-nucleoside hy- 
drolase mediates the removal of ribose from 7-methylxan- 
thosine. S-adenosylmethionine is the methyl donor for the 
methylation of the xanthines in reactions catalyzed by N- 
methyltransferase (12,13). A possible reaction path is 


shown in Figure 3. Caffeine biosyntheses in the coffee 
plant (12-14) and in the tea plant (14-16) have been stud- 
ied in detail. 


CAFFEINE IN THE HUMAN DIET 


Natural Products 


A high proportion of the human population has consumed 
caffeine-containing beverages for many centuries, Authen- 
ticated usage of tea in China dates from A.D. 350. The bev- 
erage reached Europe in 1600. Coffee came into use as a 
beverage in Arabia around A.D. 1000 and was brought to 
Europe in the seventeenth century. Cocoa was consumed 
by the Aztecs in Mexico. In many parts of South America 
maté has been a source of substantial caffeine intake. Caf- 
feine content of several contemporary food products is 
shown in Table 1. 

Variations in caffeine content in specific plant species 
result from varietal diversity, climatic changes in the grow- 
ing areas, and horticultural techniques. In tea, youngest 
leaf has the highest concentration (17). Processing condi- 
tions also affect caffeine content. High coffee roasting tem- 
peratures result in caffeine loss by sublimation (18). There 
is a higher level of caffeine in tea than in coffee beans, but 
200 cups of tea beverage are obtained per pound of tea 
leaves, whereas only about 40 to 60 cups of coffee are usu- 
ally prepared per pound of coffee beans. 

By far, the greatest sources of dietary caffeine are coffee 
and tea, but cola beverages provide an increasing portion 
of the intake. The total per capita intake of caffeine by 
adults in the United States is about 3 mg/kg of body weight 
with about 2 mg/kg coming from coffee and most of the rest 
from tea. For caffeine users, average intake is approxi- 
mately 4 mg/kg (19). The consumption by heavy users is 
of interest because of concern with possible health effects. 
Mean daily intake (mg/kg body weight) in the United 
States by consumers in the 90th to 100th percentiles of 
consumption varies with age level as follows: 


1-5 yr 47 
6llyr 3.2 


12-17 yr 2.9 
18 yr+ 7.0 


Tea and soft drinks are the major caffeine sources for users 
under the age of 18. Coffee becomes the major source for 
those over that age (20). 


Caffeine as a Food Additive 


In addition to its natural occurrence in plants, caffeine is 
added to the very widely consumed cola drinks and other 
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Figure 3. Biosynthesis of caffeine. 


Table 1. Caffeine in Food Products 


Caffeine content Caffeine per 
(%) serving" (mg) 
Food product Range Mean Range — Mean 
Coffee, arabica —_0.58-1.7 12 35-80 60 
Coffee, robusta 1.23.3 2.2 60-140 120 
Coffee, instant 2.2-5.0 33 45-105 65 
Coffee, decaf. 0.03-0.09 0.06 2-6 3 
Tea, black 12-46 3.0 20-48 35 
Tea, green 1.0-2.4 19 17-40 24 
Tea, instant 4,0-5.0 48 20-30 22 
Cocoa, powder 0.08-0.35 0.2 1-8 4 
Chocolate milk  0.01-0.025 0.02 27 5 
Milk chocolate 0.005-0.04 0.02 214 6 
Dark chocolate (0,020.10 0.08 6-28 23 
Maté 0,9-2.2 2.0 36-42 40 
Guarana paste 39-58 47 = = 
Kola nut 0.8-2.2 15 —_ — 
Cola drinks 0.08-0.16 0.09 20-30 28 


“Serving size is assumed to be 6 oz for hot beverages, 8 oz for cold beverages, 
and 1 oz for chocolate products. 


soda products. This usage is based on its stimulatory prop- 
erties and the slight degree of bitterness that it imparts. 
In 1978 the U.S. Select Committee on GRAS Substances 
reaffirmed the safety of caffeine as a beverage additive at 
levels current at that time 10 to 12 mg/100 mL). A very 


few soft drinks have a higher level. No-caffeine colas have 
become widely consumed. 


Prescriptions and Over-the-Counter Medications 


In the United States prescriptions and over-the-counter 
(OTC) medications use a total of about 50 metric tons of 
caffeine annually. Caffeine-containing medications are 
used for certain types of pain relief, treatment of infant 
apnea, alertness increase, and weight loss. 


(CAFFEINE PRODUCTION 


Approximately 450 tons of caffeine are required annually 
in the United States for addition to beverages and for phar- 
maceutical use. This need is partially met by the decaf- 
feination of coffee (21). The methylation of theobromine 
obtained by extraction of cocoa hulls provides part of the 
remainder of the requirements. Dimethyl sulfate, diazo- 
methane, and methyl iodide can be used to prepare caf- 
feine from xanthine or any of the related monomethyl- or 
dimethylxanthines (22). Patented synthetic processes are 
also based on classical organochemical ring closure tech- 
niques and do not require the availability of xanthines as 
starting materials. 

In 1995 the United States imported about 1000 tons of 
caffeine. About 500 tons came from China. Domestic syn- 
thetic caffeine was list-priced at $7.25/lb. The product from 
China was approximately $4.50/lb (23). 
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METABOLISM OF CAFFEINE 


The caffeine molecule is sufficiently hydrophobic to pass 
freely through biological membranes (24). It is completely 
absorbed from the gastrointestinal tract and rapidly at- 
tains peak plasma levels. Caffeine is equally well absorbed 
from each of its beverage sources. There are no effective 
barriers to penetration of any tissue, including placenta 
and fetus. This characteristic prevents efficient excretion 
of caffeine by the human kidney since it is readily reab- 
sorbed from the renal tubules. 

The half-life of caffeine in plasma varies not only with 
specie differences but also with age and condition of the 
individual. The half-life in rodent plasma is 1 to 2 h but it 
is 6 h in that of the healthy adult human. There is variation 
depending on smoking habits and the use of some medi- 
cations. During pregnancy the half-life is increased to 18 
h. The immature liver of the newborn human is limited in 
its ability to metabolize caffeine so that its half-life is three 
to four days, similar to that of adults with severe liver dam- 
age. These differences are significant in extrapolating 
safety data from animal studies and also in considering 
diet during pregnancy (24). 

The metabolic pathways of caffeine in those mamma- 
lian species that have been studied exhibit many similar- 
ities (24), The same major reactions take place: demeth- 
ylation, oxidation at the 8-position on the xanthine ring to 
form uric acids, and ring cleavage between the 8- and 9- 
positions to form diaminouricils. N-acetylation also occurs. 
The three dimethyl- and the three monomethylxanthines 
that can be formed are all found in human urine after caf- 
feine ingestion along with all of the corresponding meth- 
ylated uric acids. Uracils derived from caffeine, theobro- 
mine, and paraxanthine as well as large amounts of 
acetylated products are also present. No xanthine is 
formed. The human metabolic pathway is shown in 
Figure 4. 

Specie variations in the metabolic pathways of caffeine 
were first observed in 1900 (1). In humans, about 70% of 
ingested caffeine is initially converted to paraxanthine, 
25% to a mixture of theobromine and theophylline, and 
about 5% is oxidized without demethylation to form the 
corresponding uric acid and uracil compounds. Some pri- 
mates produce theophylline as the predominant initial me- 
tabolite. In the human the final product mix is the result 
of competing reactions, the rates of which vary with gen- 
der, dosage, medications in the diet, and individual differ- 
ences. Minor amounts of uracils derived from caffeine, 
theobromine, and paraxanthine also occur. Averaged val- 
ues for caffeine metabolites found in human urine are 
shown in Table 2. 

The acetylated product (A) in Table 2 is believed to be 
a true metabolite. Product (B) is probably an artifact of 
analytical procedures. 

Reaction mechanisms are not well known. The biochem- 
ical changes take place in the liver. Xanthine oxidase me- 
diates the formation of the uric acid derivatives. It is in- 
teresting to note that in the human infant, theophylline, 
often used for treatment of apnea, is methylated to caffeine 
as the first step in its metabolism (1). 


PHARMACOLOGY 


Effects on Cardiovascular System 


Caffeine produces minor, transitory increases in blood 
pressure. Habitual users are less prone to exhibit this ef- 
fect. Its significance is not known (26). Caffeine has also 
been reported to cause cardiac arrhythmias, but there is 
conflicting evidence (26). There appears to be a caffeine- 
intolerant population that is susceptible to this effect. Caf- 
feine may exacerbate an existing tendency toward ar- 
rhythmias. Low dosages may decrease heart rate slightly; 
high dosages may cause tachycardia in sensitive subjects 
(27). Cerebral blood flow is decreased, and this effect is the 
basis for its inclusion in drug preparations for the treat- 
ment of migraine headaches (28). 

Some studies indicate a positive correlation between 
caffeine intake and the development of hypercholesterol- 
emia, but many very large efforts to confirm this effect, 
such as the Framingham study, show no correlation be- 
tween atherosclerotic cardiovascular disease and coffee in- 
take. Other large studies have shown no correlation be- 
tween coffee drinking and any form of coronary heart 
disease (27). The disparate results concerning the effects 
of caffeine on the cardiovascular system probably relate to 
the size of the studies, lack of control of unrecognized fac- 
tors and, very importantly, to the acceptance of “cups of 
coffee” as a quantitative measure of caffeine content. Cof- 
fee and tea contain many physiologically active compounds 
other than caffeine. Coffee oils, especially kahweol, have 
been shown to be cholesterogenic (29). 


Effects on the Central Nervous System 


Although caffeine is the stimulatory drug most widely used 
throughout the world, it is difficult to quantify its behav- 
ioral effects. This is primarily due to the differences in the 
form of its ingestion, that is, coffee, tea, or the pure sub- 
stance. Another confounding factor is the varying degrees 
of tolerance that develop among its users. 

Studies of the effects of caffeine on information process- 
ing (30), vigilance performance (31), ease of distraction 
(32), reaction time performance (30), decision making (33), 
and cognitive functioning (34) have been reported. Results 
are difficult to assess, especially with regard to cognitive 
functioning, but in general, low or intermediate dosages of 
caffeine are beneficial while high dosages impair perfor- 
mance. Gender, age, and task difficulty have notable ef- 
fects on results. 

The effects of caffeine on mood have also been studied. 
Again, improvements are experienced until dosage levels 
become high (30). At a dosage of 2 mg/kg, which generates 
a peak plasma concentration of 5 to 10 «M, individuals 
generally feel more alert and better able to carry out rou- 
tine tasks after having become bored or fatigued (35). Caf- 
feine may even counteract mood deficits caused by pro- 
found sleep deprivation (36). Conversely, omission of a 
habitual morning dosage of caffeine often results in ner- 
vousness, irritability, and poor work performance. The 
most widely noticed effect of caffeine is the prolongation of 
the sleep latency period. Its effect on the quality of sleep 
shows wide individual variation and is dose, time, and age 
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Figure 4. Human metabolism of caffeine. 
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Table 2. Caffeine Metabolites in Human Urine as % of a 5 mg/kg Dosage 


Caffeine 

Paraxanthine 

Theobromine 

Theophylline 

1-methylxanthine 

7-methylxanthine 

3-methylxanthine 
5-acetylamino-6-amino-3-methyluracil (A) 
5-acetylamino-6-formylamino-3-methyluracil (B) 


12 
59 
19 
0.9 
18.1 
77 
41 
3.2 
14.7 


1,3,7-trimethyluric acid 1.2 
1,7-dimethylurie acid 54 
3,7-dimethyluric acid! 

1,3-dimethyluric acid 18 
I-methyluric acid 14.8 
7-methyluric acid 1.0 


3-methyluric acid 


Source: Ref. 26. 


dependent. It is markedly subject to the development of 
tolerance. 

The arousal model as an explanation for the foregoing 
effects has been suggested (37). Positive response to the 
arousal effect of caffeine plus those of any other biological 
and background impacts, increases with an increase in 
stimuli but is reversed as the total arousal level exceeds 
the tolerance level. 


Other Effects 


Caffeine has been reported to increase work output and 
endurance in long-term exercise regimens. Ergogenic prop- 
erties of caffeine have been observed in many studies of 
athletic performance but are subject to confounding fac- 
tors: nature of activity, degree of training of athletes, level 
of caffeine tolerance, and habitual caffeine usage. There 
are also many “no effect” reports. An interesting interpre- 
tation of these varying results is that the mood-elevating 
properties of caffeine may be responsible for some of the 
positive effects reported (38). 

Caffeine produces a mild diuresis in humans and in- 
creases the excretion of sodium, potassium, and chloride 
ions (28). The thermogenic properties of caffeine cause an 
increase in the resting metabolic rate. Consideration has 
been given to its use in managing obesity (39). Respiratory 
rate is increased by caffeine at a plasma level of 5 mg/L. 
The mechanisms for this stimulation are complex and in- 
volve many separate effects. They include increased pul- 
monary blood flow through vasodilation, increased sensi- 
tivity of the respiratory centers to carbon dioxide, and 
improved skeletal muscle contraction (28). This multiple 
response is utilized in the treatment of infantile apnea. 


Mechanism of Physiological Activities 


The effects of caffeine on the cardiovascular, neurological, 
and renal systems and on lipolysis are primarily triggered 
by the blockage of adenosine receptors through competitive 
antagonism (40). The structural relationship between caf- 
feine and adenine (and therefore adenosine) was shown 
previously. Other suggested mechanisms such as the in- 
hibition of phosphodiesterases and modification of calcium 
metabolism may also be operative but are inadequate to 
explain these effects at reasonable caffeine concentrations. 
Adenosine and caffeine show contrasting effects on blood 
pressure, activity of the central nervous system, urine out- 
put, and lipolysis. The well-known induction of tolerance 


to caffeine also becomes explicable by this mechanism 
since caffeine is known to induce the formation of addi- 
tional adenosine receptors in the rat (40). 


Physical Dependence 


Addiction to caffeine may develop even from short-term 
(seven days) administration of high dosages. Headache 
and fatigue are the most common withdrawal symptoms 
but depression, irritability, anxiety, and vomiting may also 
occur. Severity of symptoms that may last for up to one 
week range from mild to incapacitating. Many caffeine con- 
sumers exhibit no withdrawal symptoms. The physiology 
of caffeine withdrawal is not well understood (41). 


Toxicity 


The physiological effects of caffeine become greatly inten- 
sified at high dosages. Caffeine affects the cortex, the me- 
dulla, and eventually the spinal cord as dosages are in- 
creased (28). The LD50 of caffeine is similar for many 
mammals—about 200 mg/kg (42). This would suggest an 
LD50 of about 3.5 g for humans based on normal metabolic 
weight corrections. It is more generally accepted that the 
lethal oral dose is about 10 g. Lethal plasma concentration 
is in the range of 0.5 to 1.0 mM. To achieve this concentra- 
tion would require the consumption of about 75 cups of 
coffee over a very short period of time (40). Lethality re- 
sulting from beverage consumption is most unlikely. The 
few recorded cases of death from caffeine consumption 
have involved the pure substance or medications contain- 
ing it. 


Caffeine as a Drug 


The primary uses of caffeine as a drug are based on its 
effects on the respiratory, cardiovascular, and central ner- 
vous systems. Premature infants, for example, are subject 
to apnea, a transient but potentially dangerous cessation 
of breathing. Caffeine has been used to control this syn- 
drome. It decreases apneic episodes and regularizes 
breathing patterns (28). It is also used for the treatment 
of bronchiospastic disease in asthmatic patients. Caffeine 
is used widely in drug mixtures designed for relief from 
migraine-type headaches because of its vasoconstrictor ef- 
fects on the cerebral circulation. Many OTC preparations 
of this type are available. They contain 30 to 200 mg of 
caffeine per tablet. A common application of caffeine’s 


stimulatory effects on the central nervous system is the 
use of 100- to 200-mg tablets to prevent drowsiness when 
driving or whenever this condition is undesirable. There 
are about 2000 nonprescription and about 1000 prescrip- 
tion drugs containing caffeine. 


MUTAGENICITY 


Caffeine attains the same concentration in gonadal tissue 
as in the circulating plasma and may thus reach levels of 
up to 0.05 mM for very heavy consumers (43). In vitro mu- 
tagenicity studies in which positive results are obtained 
generally involve concentrations at least 100 times greater 
and are therefore at or above the lethal concentration for 
humans. At these high concentrations, DNA repair is in- 
hibited, an effect attributable to its purine analog struc- 
ture. Caffeine may thus be considered a weak mutagen 
with no significance for humans. 


TERATOGENICITY 


Caffeine is teratogenic to rodents at high dosage levels 
(44). Effects such as cleft palates and ectrodactyly result 
from administration of 100mg/kg/d or more, but only when 
given in a single dose by gavage or injection. Increased 
fetal absorption and decreased fetal weight also occur at 
these levels, which approach lethality. True teratogenic re- 
sponses have usually been associated with dosages that 
result in maternal toxicity. Delayed bone ossification is ob- 
served at much lower levels, but this effect is rapidly com- 
pensated postnatally. 

The role of caffeine in the outcome of human pregnancy 
is generally determined by retrospective questioning. 
Studies have been based on beverage consumption recall 
and are therefore inexact with regard to the amount of 
caffeine ingested or the effects of other beverage compo- 
nents. There is no clear evidence of teratogenic effects due 
to caffeine (45). Conflicting data exist concerning the re- 
lationship between maternal caffeine consumption and in- 
fant birth weight (46). Since caffeine crosses the placental 
barrier, it is possible for high concentrations to occur in the 
neonate (47). Most medical advice cautions against high 
caffeine intake during pregnancy. 


CARCINOGENICITY 


The carcinogenetic potential of caffeine has been studied 
intensively in rodents (48). The results of about a dozen 
well-controlled studies indicate no carcinogenic effects at- 
tributable to caffeine. Epidemiological studies regarding 
the risk of cancers of the bladder, colon, rectum, pancreas, 
breast, ovaries, and liver to human coffee drinkers have 
been carried out in different parts of the world (49). Con- 
flicting results have been obtained. In almost all instances, 
dose-response relationships have not been observed, cast- 
ing doubt on any causal relationships between the effect 
and the consumption of coffee. The fact that tea consump- 
tion often produces different effects, sometimes converse, 
makes it unlikely that caffeine itself is a causative agent 
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of increased cancer risk. An extensive survey of human 
studies, based primarily on coffee and tea consumption, 
show little correlation between consumption of the beyer- 
ages and cancer incidence (50). 

Theoretical considerations suggest a lack of carcino- 
genic potential of caffeine based on the facts that it does 
not alkylate or combine covalently with DNA, it does not 
undergo metabolic activation, and it lacks some of the 
structural features of known purine carcinogens (47). 

Determination of the effect of caffeine on fibrocystic dis- 
ease of the breast has also been pursued. Results of the 
studies are mixed, There may be some correlation between 
caffeine consumption (based on dietary coffee) and fibro- 
cystic breast disease (51). 


DECAFFEINATION 


Concern with the physiological effects of coffee prompted 
early consideration of ways to decaffeinate the product. 
The first commercial plant was established by the firm 
Kaffee HAG in Germany in 1906 and in the United States 
a few years later. The U.S, plant was expropriated by the 
government during World War I, terminating production 
of decaffeinated coffee in the United States until 1932. 
Only one brand was available until the mid-1950s and 
solely as the instant product. Consumption later increased 
rapidly and in 1997 accounted for 35% of the instant prod- 
uct and 12 to 14% of ground roasted coffee. Decaffeinated 
tea appeared on the market in 1978. In 1997 it accounted 
for approximately 15% of leaf tea consumed in the United 
States and 20% of pure instant tea. 


Coffee 


Chlorinated compounds were the first caffeine extractants 
used with coffee. To expedite removal of caffeine, coffee 
beans are steam treated to bring about swelling for greater 
solvent permeability and to break down caffeine com- 
plexes. In all extraction processes it is necessary to wet the 
coffee for efficient caffeine removal. Green beans are de- 
caffeinated to prevent extraction and loss of the aromatic 
components that are generated only during roasting. After 
solvent removal by steam distillation, the beans are 
roasted. 

Trichlorethylene was commonly used as the solvent un- 
til it was eliminated in 1977 because of its suspected car- 
cinogenicity. Methylene chloride then became the decaf- 
feinating solvent of choice (36). A residue level of 10 ppm 
is approved by the U.S. Food and Drug Administration. An 
unofficial standard providing for the removal of 97% of the 
original caffeine has come into use for decaffeinated coffee. 
The beverage therefore contains 2 to 4 mg of caffeine per 
cup. To eliminate residues of chlorinated compounds, other 
decaffeinating solvents are now used. Ethyl acetate is ap- 
proved in the United States. The process has some dis- 
advantages: 5 to 6% solids loss and more difficult de- 
solventization. 

Decaffeination using water as the only solvent to con- 
tact the coffee is also carried out. A concentrated coffee 
extract freed of caffeine contacts the green beans. Noncaf- 
feine solids are not removed under these conditions. The 
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extract is then regenerated for use by adsorbing the caf- 
feine on activated carbon (52). Coffee oil expressed from 
beans is used as a decaffeinating solvent along with other 
vegetable oils in another operating process. Caffeine is re- 
moved from the oils by a liquid-liquid extraction system 
with water as the second solvent (53). 

Supercritical CO, extraction is now widely used for de- 
caffeination (54). The process is carried out at 300 bars and 
at 60 to 90°C. Caffeine solubility increases as temperature 
and pressure are raised. The extracted caffeine may be re- 
moved from the supercritical fluid by reducing the pres- 
sure, thereby decreasing its solubility or by passing the 
mixture over activated carbon. Techniques that avoid the 
necessity for repressurizing the gas are preferable. Super- 
critical processes are capital intensive but result in prod- 
ucts of superior quality with no solvent residues. In 1997 
supercritical extraction was used to prepare about 50% of 
the decaffeinated coffee in the United States. 


Tea 


The commercial procedures for the decaffeination of tea 
are, in principle, similar to those used for coffee. For prac- 
tical reasons it is necessary to utilize manufactured black 
tea rather than fresh green leaf. Conservation of aroma 
during processing is desirable. Decaffeinated tea appeared 
on the market in 1978. Similar process evolution took place 
as with coffee. Decaffeination with supercritical CO. be- 
came a commercial process in 1984 (55). Aroma may be 
previously stripped with dry supercritical CO, or with the 
moist gas at atmospheric pressure for later addition to the 
product (56). 
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Cancer can be regarded as a mass of cells that are no longer 
under normal regulatory growth control. Cancer develops 
in several stages, namely, initiation, promotion, and pro- 
gression. The initiation stage is rapid and irreversible and 
begins with attack of a cancer-inducing agent on a target 
site in the DNA of the cell. In this process a normal cell is 
converted into a cancer cell. The transformation is irre- 
versible. During the promotion stage the transformed cell 
may grow into a tumor; not all cells do. Progression is the 
stage wherein a benign tumor may become malignant. 

Nutritional studies of the influence of diet on cancer risk 
can be carried out in animals by direct experimentation 
and in humans by using epidemiological methods, Both 
methods provide useful data that can then be examined 
further to determine influences of diet on causation and, 
possibly, inhibition of tumor growth. 

Animal studies are relatively easy to carry out. The ani- 
mal of choice (almost always a mouse or rat) is subject to 
treatment with a carcinogenic agent and observed for a 
specified length of time before being subjected to necropsy. 
The advantages of this system are an experimental con- 
sistency and total control over diet and life span. But even 
here different strains of mice or rats do not always give the 
same result. Additionally, the experimental animal is 
caged, which may produce a certain amount of stress; a 
lifetime effect of treatment is never seen; and there are 
virtually no studies in which the diet is varied. Still, ani- 
mal studies provide useful data concerning mechanisms of 
carcinogenesis and of effects of dietary and drug treat- 
ment. The results of animal studies are not directly appli- 
cable to humans. 

Epidemiological studies of cancer in humans use varied 
approaches. Ecological or correlation studies are studies in 
which differences between populations are examined. 
These may be examinations of specific nutrients or of pat- 
terns of food intake. Generally investigation of food dis- 
appearance data is not as useful as studies of individual 
dietary components. Studies in humans may include mi- 
grant studies (cancer incidence in the new location vs can- 
cer incidence in the old location); case-control studies, in 
which cases are compared with age-matched controls; and 
follow-up studies, in which appearance of cancer is com- 
pared between exposed or unexposed individuals. Studies 
involving assessment of past dietary intake are subject to 
errors in recall. Many foods are important sources of more 
than one nutrient—meat, for instance, is a source of both 
protein and fat—which adds to the complexity of diet as- 
sessment. 

A good example of the complexity of epidemiological 
studies may be found in two studies of diet effects on colon 
cancer carried out in Australian cities that are about 400 
miles apart. In Adelaide, Potter and McMichael (1) found 
colon cancer risk to be associated with protein and energy 
intake, but fiber intake was, if anything, a risk for colon 
cancer. Kune et al. (2) in Melbourne found dietary fiber to 
be protective. 

Armstrong and Doll (3) reviewed the effects of diet on 
cancer worldwide and suggested that the correlations 
found in their survey be regarded as guides to further re- 
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search rather than as evidence of causation. In 1987 a re- 
view by Doll and Peto (4) raised interest in diet and cancer 
to a new level. They suggested that 30 to 70% of cancer in 
the United States might be related to diet and stated that 
this value was “highly speculative and chiefly refers to 
dietary factors which are not yet reliably identified.” 

In 1982 a committee of the National Academy of Sci- 
ences (U.S.) (5) reviewed influences of diet on cancer. Their 
conclusions were (in part): 


1. Epidemiological and experimental data suggest an 
association between a high-fat diet and cancers of 
the breast, large bowel, and prostate. The data are 
not unanimous, however. 

2. Dietary restriction reduces tumor incidence in ex- 
perimental animals. 

3. Foods rich in vitamin A and beta-carotene reduce 
risk of lung and bladder cancer. 

4, Selenium may reduce cancer risk, but the results are 
inconclusive. 

5. Diets high in vitamin C may reduce the risk of esoph- 
ageal or gastric cancer. 

6. Studies relating cancer incidence to carbohydrate, fi- 
ber, vitamin E, and the B vitamins are inconclusive. 

7. Alcohol acts synergistically with smoking to increase 
risk of cancers of the upper GI and respiratory tracts. 


Few new revelations have occurred in the 17 years since 
that report, except that the role of fat in breast cancer has 
been downgraded and importance of fruits and vegetables 
somewhat increased. 

One can review dietary data related to cancer by nutri- 
ent or by type of cancer. The former model will be used in 
this review. 


MACRONUTRIENTS 


Protein 


In general there is virtually no relationship between pro- 
tein intake and either colorectal or breast cancer (6). The 
data relating to meat intake and the risk of colorectal can- 
cer overall suggest little association if any. Recently, an 
American multicenter case-control study has concluded, 
“This study provides little support for an association be- 
tween meat consumption and colon cancer risk” (7). The 
finding that cooking meat resulted in formation of hetero- 
cyclic amines that are carcinogenic for mice (8) was used 
as a point of departure for many inquiries into the effects 
of meat, but a recent report by Augustsson et al. (9) finds 
that heterocyclic amine intake within the usual dietary 
range is not likely to increase risk of cancer of the colon, 
rectum, kidney, or bladder in humans. 


CARBOHYDRATE 


There is little evidence to support a role for carbohydrates 
per se in carcinogenesis. Drasar and Irving (10) found a 
correlation between incidence of breast cancer and intake 


of simple sugars as did Hems (11), but an inverse corre- 
lation was seen with starch intake (12). Longtime feeding 
of sucrose to rats (13) or mice (14) did not result in in- 
creased tumorigenesis. The available evidence is scanty, 
and it is not possible to form any conclusion except for the 
safe one; namely, more research is needed. Most dietary 
fiber is carbohydrate in nature, but that represents a spe- 
cial case that is discussed later. 


FAT AND ENERGY 


Overweight has been associated with increased risk of a 
number of cancers (15). Since overweight is often linked to 
fat intake, the search for dietary correlations with cancer 
incidence has led to investigation of fat intake and cancer. 
There is some positive correlation between fat intake and 
colon cancer risk, but it is not very strong (16). Studies in 
Great Britain (17) and Sweden (18) found no relation be- 
tween fat intake and either colon or breast cancer. One of 
the earliest epidemiologic studies of diet and colon cancer 
was carried out in 1933 by Stocks and Karn (19) who found 
negative correlations between colon cancer and intake of 
bread, vegetables, and dairy food. Similarly, a study com- 
paring diets of Danes (high colon cancer) and Finns (low 
colon cancer) found positive correlations only with alcohol 
intake and fecal bile and concentration; among the nega- 
tive correlations was intake of saturated fat (20). 

Data from the National Health and Nutrition Exami- 
nation Study (NHANES) show no correlation between fat 
intake and breast cancer (21). The same finding has 
emerged from broad reviews of the literature (22,23). A 
study by Willett et al. (24) of more than 89,000 American 
nurses has revealed no link between fat intake and risk of 
breast cancer. As with virtually all diet-cancer data the 
findings are not unanimous. 

A new nutritional entity in the diet-cancer arena is con- 
jugated linoleic acid (CLA). Linoleic acid contains double 
bonds that are separated by a methylene group. A micro- 
organism that occurs in the rumen of ruminants such as 
the cow or sheep moves the double bonds into conjugation, 
meaning they are contiguous and not methylene sepa- 
rated. What is now termed CLA is a mixture of positional 
and geometric isomers of octadecadienoic acid. CLA has 
been shown to inhibit formation of chemically induced skin 
and forestomach tumors in mice and mammary tumors in 
rats (25). CLA is present in dairy foods and meat of ru- 
minant animals. Efforts are being made to increase its con- 
tent in the common sources to determine if increased 
dietary intake can deter human carcinogenesis. In rats 
CLA is effective at levels of 0.25% of the diet. This extrap- 
olates to more than the current intake in humans. 

Berg (26) suggested in 1975 that cancers prevalent in 
developed countries could be due to overnutrition. Almost 
a century ago Moreschi (27) found that transplanted tu- 
mors grew poorly in underfed mice. The effects of caloric 
(energy) restriction on growth of spontaneous, chemically 
induced or transplanted tumors has confirmed Moreschi’s 
observation almost unanimously. Studies of chemically in- 
duced mammary tumors in rats have shown that at 25% 
caloric restriction, rats fed 25% fat have fewer tumors than 


freely fed rats ingesting only 5% fat (28). This area of in- 
vestigation is very active at the present time, and emerg- 
ing data show that energy restriction affects enzyme activ- 
ity and gene expression. 

A number of studies have shown that breast cancer risk 
is related positively to age at menarche, body weight or 
body mass index, and height (29). These factors can be in- 
fluenced by nutrition. A role of caloric intake on human 
cancer has been suggested by several groups of investiga- 
tors (1,30,31). Energy utilization may also play an impor- 
tant part in carcinogenesis. Women who engaged in orga- 
nized athletics while in college (32) or men who have spent 
most of their working life at energy-intensive jobs 
(33) have less breast or colon cancer, respectively. In 1945 
Potter (34) recommended exercise and reduction of caloric 
intake as means of preventing cancer. These activities are 
cheap and effective but unpopular. 

Alcohol consumption has been suggested to be a risk for 
breast cancer. The studies that have been reported indicate 
a bias in that direction, but it is not overly strong (23). 
Alcohol, as a source of calories, lies between carbohydrate 
(4 cal/g) and fat (9 cal/g). Alcohol provides about 7 cal/g 
and can be an important contributor to daily caloric intake. 


FIBER 


Dietary fiber is a generic term that describes dietary com- 
ponents that are not broken down during the digestive pro- 
cess. Except for lignin, fiber is carbohydrate in nature and 
is often classified as soluble (pectin, guar gum) or insoluble 
(cellulose, wheat bran). The many substances that are in- 
cluded under the designation “dietary fiber” are unique 
chemical compounds and exhibit individual physiological 
effects. 

Interest in fiber was stimulated by the work of Burkitt 
(35) who attributed the freedom from colon cancer of native 
African populations to their high fiber intake. Earlier, Hig- 
ginson and Oettlé (36) made a similar observation, but 
they did not pursue it with Burkitt’s missionary fervor. 
Armstrong and Doll (3) had observed a negative correla- 
tion between cereal intake and cancer risk. In a compre- 
hensive review of the literature up to 1986 (37), data from 
18 ecological and 22 case-control studies were considered. 
Protection from colon cancer by a high-fiber diet was ad- 
duced from 66.7% of the ecological studies and 36.4% of the 
case-control studies; no effect was seen in 27.8% of the eco- 
logical studies and 40.9% of the case-control studies; and 
enhancement was found in the rest (5.6% of the ecological 
studies and 22.7% of the case control studies). Later re- 
views also find a preponderance of studies that show a pro- 
tective effect of fiber but without unanimity. 

Fiber fulfills a number of functions that may contribute 
to its protective effects. It increases fecal bulk, which has 
been suggested as a protective factor (38); it dilutes colonic 
contents, which may reduce contact between carcinogens 
and colonic mucosa; and it reduces fecal pH (39), levels of 
fecal mutagens (40), and concentration of fecal bile acids 
(20). Degradation of fiber by colonic microflora also pro- 
duces water, methane, carbon dioxide, and short-chain 
fatty acids (SCFA). The major SCFA are acetate, propio- 
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nate, and butyrate and, of these, butyrate increases differ- 
entiation of colonic cells. Butyrate exerts many actions at 
the cellular and molecular level, all of which work toward 
protection against carcinogenesis (41). 

A summary of epidemiological trials that support a pre- 
ventive role for dietary fiber has been published recently 
(41). Reviews by Hill (42) and Jacobs et al. (43) have shown 
that cereals and cereal fiber do indeed protect against colon 
cancer. The comparison of colon cancer in Danes and Finns 
(20) found negative correlations with carbohydrate, cere- 
als, protein, saturated fat, starch, and total dietary fiber. 
A recent study by Fuchs et al. (44) found that dietary fiber 
did not protect against colorectal cancer or adenomas. The 
median intake of cereal fiber in the 88,757 women studied 
was rather low, ranging from 1.0 to 4.5 g/day going from 
the first to fifth quintile of intake. An intake of 4.5 g of 
cereal fiber is on the low side. In their review Rogers and 
Longnecker (6) state, “most epidemiologic studies of fiber 
or fiber-containing food intake in relation to the risk of co- 
lorectal cancer are consistent with a very small inverse 
association or no association.” However, specific fiber 
sources such as cereals may offer protection. 

A problem in interpretation of data for review purposes 
is that all fiber is viewed to be the same. In fact dietary 
fiber from different sources may vary in fiber content and 
structure and in the accompanying nutrients, which may 
also have an effect. The epidemiologic data are derived 
from populations ingesting a fiber-rich diet, not a single 
source of fiber. A high-fiber diet will also contain carote- 
noids and other substances unique to specific plant 
sources, plant sterols, n-3 and n-6 polyunsaturated fatty 
acids, and possibly trace minerals. The reductionist ap- 
proach to the data tends to single out a particular sub- 
stance and assume that to be the protective substance, The 
substance chosen may be one currently in vogue or may be 
a specific interest of the investigator. One case in point— 
many studies have suggested that diets rich in beta- 
carotene are protective against lung cancer. But adding 
beta-carotene to the diets of heavy smokers actually in- 
creased the incidence of lung cancer (45). In a similar vein 
total dietary fiber did not lower the risk of colorectal ade- 
nomas in women, but fiber from fruits and vegetables did 
(46). 

In assessing the risk of colon cancer in 47,949 (205 
cases) as a function of fiber source, fruit fiber ingestion was 
most strongly correlated with negative risk (47). In an ear- 
lier study of a cohort of 7284 men (170 cases) the same 
authors found that all sources of fiber reduced significantly 
the risk of colorectal adenoma (48). The data beg the ques- 
tion of why most sources of fiber no longer protect when 
the adenoma progress to carcinoma. Is it due to the pres- 
ence of other factors in fruit? Fiber from fruits and vege- 
tables implies other components of fruits and vegetables 
were present and may have played a role. Several large 
prospective studies of the effect of wheat bran on colon can- 
cer will be reported in 1999 and 2000. 


FRUITS AND VEGETABLES 


Substances found in fruits and vegetables may exert anti- 
carcinogenic action by inhibiting formation of carcinogens, 
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by inducing detoxifying enzymes, or by blocking the car- 
cinogen from reaching target tissue. Tumor promotion may 
be inhibited by retinol and beta-carotene (green/yellow 
vegetables and fruits), tocopherol (nuts, wheat germ), vi- 
tamin C (vegetables, fruits), organosulfur compounds (gar- 
lic, onions), curcumin (tumeric, curry), and capsaicin (chili 
peppers). Covalent DNA binding is inhibited by phenyliso- 
thiocyanate (broccoli, cabbage), ellagic acid (fruits, nuts, 
berries), and flavonoids (fruits, vegetables). Biotransfor- 
mation of potential carcinogens is inhibited by indole-3- 
carbinol (cruciferous vegetables). Thus, citrus fruit con- 
tains carotenoids, but it also contains flavonoids, 
glucarates, terpenes, and phenolic acids. Does protection 
require one or more of these plus carotenoids? Studies 
along this line of reasoning are virtually unknown. Per- 
haps studies of combinations of protectants will yield an 
answer where studies of single substances haven't. Block 
et al. (49) compiled an exhaustive review of the roles of 
fruit and vegetables in cancer prevention. A statistically 
significant protective was found in 128 of 156 dietary stud- 
ies (82%). Significant protection against lung cancer was 
found in 24 of 25 studies and against cancers of the oral 
cavity, larynx, or esophagus in 28 of 29 studies. They also 
found significant protection against pancreatic or stomach 
cancer (26 of 30 studies), colorectal and bladder cancer (23 
of 38 studies), and cancers of the ovary, cervix, and endo- 
metrium in 11 of 13 studies. Protection against breast can- 
cer was adduced from metanalysis. Which particular com- 
ponents of fruit and vegetables or which combination of 
components is active remains to be elucidated. 


MINERALS 


Tumorigenesis due to deficiencies of various minerals has 
been reported, among them selenium (50), iron (51), zine 
(52), and molybdenum (53). Data regarding others are 
sparse but available (5). Antitumor effects of selenium in 
experimental carcinogenesis have also been reported 
(54,55). A recently reported clinical trial designed to test 
the efficacy of dietary selenium treatment for prevention 
of skin cancer found no effect with regard to the stated 
objective (56). However, selenium treatment proved effi- 
cacious against other forms of cancer. A total of 1312 pa- 
tients with basal or squamous cell carcinomas were treated 
with a selenium-containing preparation. Cancer incidence 
in the selenium-treated group was 77 cases compared with 
119 cases in the controls, a highly significant difference. 
All-cause mortality was lower in the selenium-treated in- 
dividuals (108 vs 129 in controls). Total cancer deaths 
numbered 29 in the treated group compared with 57 in the 
placebo group. Over the total observation period of treat- 
ment (4.5 + 2.8 years) and follow-up (6.4 + 2.0 years), 
mortality from colorectal or prostate cancer was signifi- 
cantly lower in the treatment group. Total cancer incidence 
and mortality were reduced significantly. Considering the 
original aims of the study, the results were serendipitous 
and most welcome but illustrate some of the vagaries of 
nutrition-cancer research. A difficulty with studies of trace 
minerals is that there is a fine line between necessity and 
toxicity. Efforts to synthesize mineral-containing com- 
pounds with lower toxicity are under way. 


SUMMARY 


Most dietary guidelines, whether general or aimed at a 
particular disease state, recommend eating a variety of 
foods and maintaining desirable weight. The foregoing dis- 
cussion shows that these suggestions might apply to can- 
cer as well. The risk of overweight has been alluded to. The 
presence of anticancer substances in fruits and vegetables 
is well documented. A trend toward reductionism in as- 
sessing data has led us to choose a particular component 
of a food when that same food contains many substances 
that may act synergistically. The interaction of foods or 
components of foods is addressed rarely. A study of Japa- 
nese men in Hawaii showed a significant association be- 
tween fiber intake and risk in men who ingested less than 
61 g/day of fat, but no association if daily fat intake ex- 
ceeded 61 (57). Lee et al. (58) found the dietary ratio of 
meat to vegetables influenced risk of colon cancer in Sin- 
gapore. More studies of food or food component interac- 
tions are needed to clarify the relationship of diet to cancer 
risk. In the meantime, the dietary suggestion of balance, 
variety, and moderation may be the most useful. 


BIBLIOGRAPHY 


1. J. D. Potter and A. J. McMichael, J. Natl. Cancer Inst. 76, 
557-569 (1986). 

2. S. Kune, G. A. Kune, and L. F, Watson, Nutr, Cancer 9, 21-42 
(1987). 

3. B, Armstrong and R. Doll, Int. J. Cancer 15, 617-631 (1975). 

4. R. Doll and R. Peto, J. Natl, Cancer Inst. 66, 1191-1308 
(1981). 

5. Committee on Diet, Nutrition, and Cancer, Diet, Nutrition 
and Cancer, National Academy Press, Washington, D.C., 
1982. 


6. A. E. Rogers and M. P. Longnecker, Lab. Invest. 59, 729-759 
(1988). 


7. E. Kampman et al, Cancer Epidemiol, Biomarkers, Prev. 8, 
15-24 (1999). 


8. T. Sugimura, Mutat. Res, 376, 211-219 (1997). 
9. K. Augustsson et al., Lancet 358, 703-707 (1999). 

10. B.S. Drasar and D. Irving, Br: J. Cancer 27, 167-172 (1973). 

11. G. Hems, Br. J. Cancer 37, 974-982 (1978). 

12. G. Hems and A. Stuart, Br. J. Cancer $1, 118-123 (1975). 

13. L, Friedman et al., J. Natl. Cancer Inst. 49, 751~764 (1972). 

14. F.J.C. Roe, L. S. Levy, and R. L. Carter, Food Cosmet. Toxicol. 
8, 135-145 (1970). 

15. E. A. Lew and L. Garfinkel, J. Chronic Dis. 82, 563-576 
(1979). 

16. C. LaVecchia et al., Int. J. Cancer 41, 492-498 (1988). 

17. L. J, Kinlen, Lancet 1, 946-949 (1982). 

18. M. Rosen, L. Nystrom, and S, Wall, Am. J. Epidemiol. 127, 
42-49 (1988). 

19. P. Stocks and M. K. Karn, Ann. Eugen. (London) 5, 237-280 
(1933). 

20. O. M. Jensen, R. MacLennon, and J. Wahrendorf, Nutr: Can- 
cer 4, 5-19 (1982). 

21. D. ¥. Jones et al., J. Natl. Cancer Inst. 79, 465-471 (1987). 

22, P, J. Goodwin and N. F. Boyd, J. Natl. Cancer Inst. 79, 473- 
485 (1987). 


8 


T. Byers, Cancer 62, 1713-1724 (1988). 

24, W. C. Willett et al., N. Engl. J. Med. 816, 22-28 (1987). 
25. M. A. Belury, Nutr: Rev. 58, 83-89 (1995). 

26. J. W. Berg, Cancer Res. 35, 3345-3350 (1975). 

27. C. Moreschi, Z. Immunitétsforsch 2, 651-675 (1909). 

28. D. M. Klurfeld et al., Int. J. Cancer 48, 922-925 (1989). 
29. D. Kritchevsky, Cancer 66, 1321-1325 (1990). 

30. J. B. Bristol et al., Br. Med. J. 291, 1467-1470 (1985). 
31. J. L, Lyon et al., J. Natl. Cancer Inst. 78, 853-861 (1987). 
32. R. E. Frisch et al., Br. J. Cancer 52, 885-891 (1985). 


33. D. H. Garabrant et al., Am. J. Epidemiol. 119, 1005-1014 
(1984). 


34. V. R. Potter, Science 101, 105-109 (1945). 
35. D. P. Burkitt, Cancer 28, 3-13 (1971). 


36. J. Higginson and A. G. Oettlé, J. Natl. Cancer Inst. 24, 589- 
671 (1960). 


37. S. M, Pilch, ed., Physiological Effects and Health Conse- 
quences of Dietary Fiber, FASEB, Bethesda, Md., 1987. 

38. J. H. Cummings et al., Gastroenterology 103, 1783-1789 
(1992). 


39. A. R, P. Walker, B. F. Walker, and A. J. Walker, Br. J. Cancer 
58, 489-495 (1986). 


40. B.S, Reddy et al., Cancer Res. 47, 644-648 (1987). 

41. D, Kritchevsky, Eur. J. Cancer Prev. (Suppl. 2), $33-S39 
(1998). 

42, M. J. Hill, Eur. J. Cancer Prev. 6, 219-225 (1997). 

43, D, R, Jacobs, Jr., et al., Nutr, Cancer $0, 85-96 (1998). 

44, C. 8, Fuchs et al., N. Engl. J. Med. 340, 169-176 (1999). 


45. The Alpha Tocopherol, Beta Carotene, Cancer Prevention 
Study Group, N. Engl. J. Med. 380, 1029-1035 (1994). 


46, R. S. Sandler et al., J. Natl. Cancer Inst. 85, 884-891 (1993). 
47. E. Giovannucci et al., Cancer Res. 54, 2390-2397 (1994). 
48. E. Giovannucci et al., J. Natl. Cancer Inst. 84, 91-98 (1992). 


49. G. Block, B. Patterson, and A. Subar, Nutr. Cancer 18, 1-29 
(1992). 


50. R. J. Shamberger, J. Natl. Cancer Inst. 44, 931-936 (1970). 

51. L. G. Larsson, A. Sandstrém, and P. Westling, Cancer Res, 35, 
3308-3316 (1975). 

52. H. J. Lin et al., Nutr: Rep. Int. 15, 635-643 (1977). 

53. C.S. Yang, Cancer Res. 40, 2633-2644 (1980). 

54. J. R, Harr et al., Clin. Toxicol. 5, 187-194 (1972). 

55. C. Ip and D. K. Sinha, Cancer Res. 41, 31-34 (1981). 


56. L. C. Clark et al., JAMA, J. Am. Med. Assoc. 276, 1957-1963 
(1996). 


57. L. K. Heilbrun et al., Int. J. Cancer 44, 1-6 (1989). 
58. H. P. Lee et al., Int. J. Cancer 43, 1007-1016 (1989). 


GENERAL REFERENCES 


R. B, Alfin-Slater and D. Kritchevsky, eds., Human Nutrition. A 
Comprehensive Treatment, Vol. 7, Plenum Press, New York 
1991. 

©. Ip et al., eds., Dietary Fat and Cancer, Alan R. Liss, New York, 
1986. 

M. J. Hill, A. Giacosa, and C. P. J. Caygill, eds., Epidemiology of 
Diet and Cancer, Ellis Horwood Ltd., Chuchester, W. Sussex, 
England, 1994. 


CANNING: REGULATORY AND SAFETY CONSIDERATIONS 243 


FL. Meyskins, Jr., and K. N. Prasad, eds., Vitamins and Cancer, 
Humana Press, Clifton, N. J., 1986. 

I. R. Rowland, ed., Nutrition, Toxicity, and Cancer, CRC Press, 
Boca Raton, Fla., 1991. 


Davin KRITCHEVSKY 
The Wistar Institute 
Philadelphia, Pennsylvania 


CANNING: REGULATORY AND SAFETY 
CONSIDERATIONS 


Food safety and spoilage have been the major issues of the 
canning industry since its beginnings in the early 1900s. 
Preventing food from spoilage during storage was indeed 
a major reason that the canning industry came to be. How- 
ever, at the turn of the twentieth century there was little 
or no scientific knowledge, as we know it today, about can- 
ning processes. In the late 1700s, Nicolas Appert in France 
found a “new” way to preserve food for the armed forces 
that involved corking bottles filled with food and heating 
them in boiling water. Not until Pasteur’s work in 1864 
was the relationship between food spoilage and microor- 
ganisms discovered. Several other developments in follow- 
ing decades then brought necessary components together 
to make use of this new knowledge. The science of bacte- 
riology in the late 1800s to early 1900s provided informa- 
tion about specific bacteria and their growth characteris- 
tics. Inventions related to thermocouple technology by 
1920 and subsequent determination of mathematical 
methods for calculating sterilization processes laid the 
foundation for today’s safety standards and regulations in 
the canning industry. 


REGULATORY CONTROLS 


Regulations are in place to ensure the control of critical 
parameters in the canning of foods. The U.S. Federal Food, 
Drug and Cosmetic Act prohibits the distribution and sale 
of foods that carry disease-causing contaminants as well 
as a list of undesirable elements categorized as “filth.” Two 
episodes with botulism in the canning industry in 1971 led 
to a petition from the National Canners Association, now 
the National Food Processors Association (NFPA), to the 
U.S. FDA proposing a statement of policy that was handled 
as a proposal for regulation. After receiving comments, the 
FDA published minimum good manufacturing practice 
(GMP) regulations. After various revisions and comment 
periods since that time, the FDA now has published sev- 
eral GMP regulations that pertain to canned foods in the 
Code of Federal Regulations (CFR). 

“Current Good Manufacturing Practice in Manufactur- 
ing, Packing, or Holding Human Food” (21 CFR 110) sets 
forth general requirements for maintaining sanitary con- 
ditions in food establishments, such as design and main- 
tenance of facilities and equipment, and pest control. More 
specific requirements are set forth in an additional series 
of regulations in Title 21 of the CFR. “Thermally Processed 
Low-Acid Foods Packaged in Hermetically Sealed Contain- 
ers” (Part 113) defines low-acid foods, requires design of a 
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scheduled process by a process authority, defines commer- 
cial sterility for low-acid canned foods, and specifies de- 
sign, control, and instrumentation for retorting systems. 
This regulation also specifies record keeping requirements, 
procedures for process deviations, and container closure 
inspection procedures. “Acidified Foods” (Part 114) defines 
acidified foods and procedures for acidification; this part 
describes requirements for process determination, correc- 
tions for process deviations, and record keeping. “Emer- 
gency Permit Control” (Part 108) describes procedures for 
exemptions from and compliance with registering an es- 
tablishment when requirements for operation are not be- 
ing met. 

The U.S. Department of Agriculture (USDA) has pub- 
lished regulations for canning of meat (21 CFR 318.300) 
and poultry (21 CFR 381.300) products, “Canning and 
Canned Products.” The U.S. Meat Inspection Act and the 
Poultry Products Inspection Act authorize regulation of 
canned products by the USDA Food Safety and Inspection 
Service. The canning regulations for the two products are 
essentially the same and contain requirements similar to 
those for low-acid canned foods regulated by the FDA. 


Personnel and Training 


Canning regulations recognize the importance of people in 
maintaining the integrity of the canning process, in addi- 
tion to food, process design, and equipment concerns. All 
retort (canner), container closure, and inspection opera- 
tions must be performed under the supervision of trained 
supervisors. Supervisors of low-acid and acidified foods 
operations are required by regulations in Parts 108, 113, 
and 114 to satisfactorily complete instruction in a school 
or training approved by the FDA. These courses have be- 
come known as Better Process Control Schools, developed 
in cooperation with the NFPA’s educational arm, the Food 
Processors Institute (FPI). Instructors for these schools are 
selected from the FDA, selected universities, the FPI, the 
NFPA, and industry. Regulations for canned meat and 
poultry products (Parts 318 and 381) specify that the su- 
pervisor of canning operations must attend a school gen- 
erally recognized as adequate for properly training super- 
visors of canning operations. 


Imported Canned Foods 


Food regulations also allow for protection from unsafe im- 
ported thermally processed foods. Foreign food processors 
of low-acid canned foods and acidified foods must register 
their establishments with the FDA before exporting prod- 
ucts to the United States. The FDA assigns each establish- 
ment a number that helps track the registration and pro- 
cessing records. Imported low-acid canned foods and 
acidified foods are subject to all the requirements under 
the U.S. Federal Food, Drug, and Cosmetic Act and the 
Fair Packaging and Labeling Act. The processing of low- 
acid and acidified foods must also comply with GMP reg- 
ulations in 21 CFR Parts 113 and 114, respectively. Can- 
ning processes must be determined by a thermal process 
authority and filed with the FDA before being exported. 


SAFETY CONCERNS 


Microbiology of the Canning Process 


The microbiology of the can environment during storage is 
an extremely important consideration in the safety of 
canned foods. The objective in food canning is to produce a 
food and container interior that are commercially sterile. 
This is accomplished through the application of heat alone 
or in combination with adjusted parameters of water ac- 
tivity, chemicals, or acidity (usually measured as pH). 
Commercial sterility results from destruction of all viable 
microorganisms of public health significance as well as 
those capable of reproduction at normal nonrefrigerated 
temperatures during storage and distribution. 

Generally, the residual oxygen content of canned foods 
is minimized. Microorganisms that require an environ- 
ment with oxygen (obligate aerobes) would not be expected 
to present spoilage or health hazards. (Special considera- 
tion would have to be given to products where oxygen is 
not completely removed and mild heat treatments are used 
in conjunction with other preservation means, such as cur- 
ing salts in canned, cured meat products.) Of greatest con- 
cern, then, in the anaerobic environment of canned foods 
is the pH of the food, as acidity does affect the ability of 
microorganisms to reproduce and survive destruction by 
heat. 

The foremost health concern with canned foods is sur- 
vival of the pathogenic Clostridium botulinum bacteria. C. 
botulinum is a spore-forming anaerobe. Destruction of the 
spores in canned low-acid foods is essential to prevent ger- 
mination and toxin formation during nonrefrigerated stor- 
age. It is an accepted generalization that spores of C. bot- 
ulinum can germinate into vegetative cells that multiply, 
with the ultimate production of toxin if the pH of the 
canned food product is higher than 4.6. Therefore, the pH 
value of 4.6 is one delineating factor between low-acid and 
acid or acidified categories of canned foods. A low-acid food 
means any food, other than alcoholic beverages, with a fin- 
ished equilibrium pH greater than 4.6 and a water activity 
greater than 0.85. 

There are some extremely heat-resistant spore-forming 
bacteria that may survive a process for commercial steril- 
ity. These bacteria do not present a health hazard, how- 
ever, and do not present a spoilage problem under normal, 
recommended conditions of storage. These are thermo- 
philic, or heat-loving, bacteria that require high tempera- 
tures to germinate. If this happens, they may produce acid 
with little or no gas, or gases that swell cans. It is generally 
recommended that canned foods be quickly cooled below 
105°F in thermal processing and then stored below 95°F to 
prevent problems from these surviving thermophiles. 


Process Design 
Critical factors influencing the process needed to obtain 


commercial sterility include: 


1. The composition and nature of the food (eg, pH, 
sauce viscosity, starch content, particle tendency to 
mat or clump) 


2. Initial number of microorganisms on the food, also 
called bacterial load 

3, The microorganism(s) of concern with the particular 
food and the heat resistance of those organisms 

4. Pack style, or preparation of the food as it affects 
particle size, viscosity, solids-to-liquid ratio, acid-to- 
low-acid ratio (for acidified foods) and others de- 
pending on the product 

5. dar size and conformation 

6. Fill weight 

7. Initial (or fill) temperature of the food 

8. Retort temperature and style (eg, rotating or still) 


Designing a thermal process (canning schedule) that 
takes into account all the critical factors that can influence 
safety of the finished product requires the use of specific 
scientific methods. It requires knowledge and data about 
the microorganisms of concern in that food and the rate at 
which they are destroyed by heat in the product and con- 
tainer. Process design also requires and involves collecting 
data showing heat penetration into the food product in its 
container, under the conditions used during production. 
These pieces of information are used to calculate a theo- 
retical process that is then tested by inoculated pack stud- 
ies, to test that the calculated process does provide com- 
mercial sterility. 

Regulations for all canned foods state that the food pro- 
cessor must obtain scheduled processes established by a 
competent processing authority. The regulations do not 
specifically define acceptable process authorities; there are 
generally recognized organizations, such as the NFPA, 
members of the Institute for Thermal Processing Special- 
ists, faculty at certain universities, and a number of con- 
sultants recognized as having this expertise. The regula- 
tions also do not specify actual procedures for thermal 
process design. Again, the NFPA provides guidance in how 
to conduct heat penetration tests as well as performing the 
tests itself. The Institute for Thermal Processing Special- 
ists has also developed protocols for thermal process de- 


sign. 


Process Filing 


Critical details of the process used to can a low-acid or 
acidified food product must be filed with the FDA. The pro- 
cess time, temperature, and other factors critical to ade- 
quacy of the process must be filed for each product and 
product style in each container type and size. Critical fac- 
tors that influence the integrity of the process in addition 
to processing time and temperature include: type of pro- 
cessing equipment used; minimum initial temperature of 
the food; sterilizing value of the process (Fo) or other evi- 
dence of process adequacy; pH; water activity; and factors 
affecting heat penetration such as formulation, fill weight, 
drained weight, and headspace. The filing of a scheduled 
process with all necessary parameters delineated shall be 
done not later than 60 days after registration of the estab- 
lishment and before any new product is packed. The FDA 
then edits all processing information filed for questionable, 
incomplete, or incorrectly filed information, and returns 
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forms needing clarification or completion. The FDA does 
not certify or approve processes; it is the responsibility of 
the processor and thermal processing authority to produce 
a safe process. 


Equipment and Procedures 


Scheduled processes determined through testing must be 
applied under equivalent conditions in commercial prac- 
tice. The regulations contain specifications for equipment 
design and management to ensure that critical controls im- 
portant to a thermal process are in place. The regulations 
regarding equipment and procedures are detailed, and for 
actual requirements, the reader should consult the CFR. 
However, the following is a summary of the controls re- 
quired to ensure the safety of canned foods. 

Equipment design features are prescribed for various 
types of retorts (equipment used for the canning process). 
They include type and placement of temperature- and 
pressure-indicating devices and of temperature-recording 
devices. Because the steam supply affects maintenance of 
the temperature in the retort, requirements for steam con- 
trollers, the steam inlet to the retort, and steam spreaders 
are also described. Size and positioning of steam bleeders 
are specified for certain retorts. Air and water supply and 
drainage are also critical components discussed. Much at- 
tention is given to the placement of retort vents and vent- 
ing processes; removal of air from the retort is critical to 
the temperature obtained for steam pressure processing. 


Raw Materials 


All raw materials and ingredients that are susceptible to 
microbiological contamination must be suitable for use in 
processing. Specifications for suppliers should be in place 
to ensure their wholesomeness and quality. Receiving pro- 
cedures should ensure adequate examination, especially so 
as to determine their microbiological condition. If stored 
before use, they should be examined again immediately 
prior to processing. 

Raw agricultural products should be cleaned to remove 
excess soil from the surfaces. All raw materials should be 
stored or held in a manner that prevents contamination, 
increases in microbiological loads, and loss of quality. 
Physical characteristics of the product may also affect the 
thermal process. Product size, texture, and condition can 
affect heat penetration. Raw product controls important to 
maintain are sorting and grading for the purposes of size 
and quality. 

The water supply must be of sufficient quality for the 
intended use and from an acceptable source. Any water 
that contacts food or food-contact surfaces shall be safe and 
sanitary. Water must be able to be delivered at appropriate 
temperatures suitable for its use at different locations in 
the establishment. The residual chlorine content of water 
needs to be checked and adjusted at various steps in the 
process and plant operations. 


Product Preparation 


Blanching is often done. It helps inhibit enzymatic action, 
which may later alter the characteristics of the goods. 
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Blanching also expels respiratory gases and oxygen, a step 
that assists in control of headspace in the container and 
allows a greater vacuum to be achieved. Softening of food 

to enable easier packing, setting of flavors and colors, and 
cleaning are some additional benefits from blanching. Fi- 
nally, blanching may allow peeling, dicing, cutting, and 
other steps to be done more easily. 

Blanchers must be operated in such a way as to mini- 
mize thermophilic bacterial growth and contamination. 
Rapid heating is preferred. Blanchers should be operated 
at temperatures in the 190 to 200°F range to control ther- 
mophilic growth. Lower temperatures may be used, but 
the procedures must be evaluated for the growth of organ- 
isms. If the product is not to be immediately packed and 
processed after blanching, it should be rapidly cooled after 
heating. Potable water must be used on blanched foods 
washed before filling. 

Product formulation must be controlled; starches, 
gums, sugars, and other thickening agents are particularly 
critical factors in heat penetration. Inspectors should de- 
termine if changes have been made, and if so, if the sched- 
uled process was tested and changed accordingly if needed. 
Rehydration of dry ingredients, such as beans, rice, peas, 
and potatoes also affects thickening and heat penetration. 
Rehydration should be controlled. Viscosity of packing me- 
diums must also be controlled, and inspectors should check 
for deviations from the original formulations. 


Filling Operations 


Containers must be appropriate to the product being pro- 
cessed, They must be appropriately cleaned and even san- 
itized, if required. The filling operation should be inspected 
to ensure that no contamination occurs during the filling, 
such as might occur from a ventilator used to prevent 
trapped air in the product. 

Filling of the container prior to the canning process may 
also be a critical control. Filling requirements specified in 
the process must be followed. Fill weights and ratio of sol- 
ids and liquids must be controlled. Headspace may be criti- 
cal, especially for agitated products that need a gas bubble 
to achieve movement of the product. Headspace is nor- 
mally controlled by the fill weight or volume. Too little 
headspace may result in underprocessing of the product as 
well as a low vacuum. After filling, exhausting of contain- 
ers to remove air from the headspace shall be controlled to 
meet conditions specified in the scheduled process. This is 
usually accomplished by hot filling, mechanical methods, 
steam injection, or gas flushing. 

Container closing operations are another area requiring 
safety considerations. Intact, properly formed seams and 
seals are essential to successful canning and food safety. 
They are so essential, in fact, that careful examination of 
can seaming operations and frequent inspection of seals at 
the end of retorting and after cooling are required by reg- 
ulations (see “Container Evaluations”). To avoid container 
leaks, can seaming equipment or other sealing equipment 
must be properly maintained and operated. Unacceptable 
practices at this stage are overfilling and using cans with 
defective flanges or jars with damaged lugs or threads. 
Food must not overhang or rest in seal areas. 


Holding filled containers in the growth range of micro- 
organisms for long periods of time before processing can 
lead to spoilage before canning takes place. This is known 
as incipient spoilage. It may increase the microbiological 
load before processing and reduce the vacuum obtained. 
Steps to eliminate incipient spoilage include controlling 
microbial growth on the raw material, during production, 
and in the container prior to processing. Holding time be- 
fore processing should be minimized or carefully controlled 
to prevent growth. Incipient spoilage does not always re- 
sult in a health hazard, but may occur, particularly with 
contamination from staphylococci which produces an en- 
terotoxin. 


Processing Operations 


Operations in the thermal processing area, often called the 
“cook room,” are vital to safety of the canned food and are 
heavily regulated. Retort operating procedures and vent- 
ing procedures to be used for each food and container size 
must be readily available to the retort operator and the 
inspector. As discussed earlier, the design of the retorts 
and their critical operating components are described in 
detail in regulations for low-acid foods. The operator 
should be sure all aspects are operating properly before 
processing food. A system must be established and used 
that ensures that no product moves through the processing 
room without being retorted. Labels or other visual indi- 
cators should be used to provide indication that the con- 
tainers have been exposed to the retort process. 

All sealed containers must be marked with a code that 
is permanently visible. The code must identify the estab- 
lishment; the product; and the year, day, and period when 
packed. Coding is critical to having a means for isolating 
and/or recalling questionable product. 

The initial temperature of the container contents is a 
critical safety factor. These temperatures should be mea- 
sured and recorded with sufficient frequency to be sure 
that the minimum initial temperature specified in the 
scheduled process is obtained. This is another reason why 
lag time between filling and processing should be mini- 
mized. Initial temperature is normally determined using a 
handheld thermometer. (Glass stem thermometers are not 
used due to potential breakage.) For batch retort loads, a 
container may be removed from the load going into a retort 
and set aside where it is not subject to extreme tempera- 
ture change. When the retort lid is closed and steam 
turned on, the initial temperature is determined. When 
retort systems use water to cushion or hold containers, the 
temperature of that water is a critical concern so the initial 
food temperature is not lowered. The initial temperature 
is determined by shaking or stirring the container contents 
prior to measuring; it is the average temperature of the 
contents. 

Other critical factors during processing are measure- 
ments, meters, and devices. Equipment must be accurate, 
and pressure gauges and thermometers must be located 
for ease in reading. Timing devices that record process in- 
formation are to be in place and accurate. Venting of the 
steam retort is extremely important to achieving the de- 
sired processing temperature. Placement of containers in 


the retort must be consistent with conditions of the sched- 
uled process and must not block venting of the retort. 

Deviations from the intended process may occur. A line 
breakdown may occur at several locations and for many 
reasons. Procedures should be in place to provide direction 
for continued use or disposition of the product. Full records 
must be kept of any reprocessing. Product may be set aside 
for evaluation by a competent processing authority as to 
whether it may be used or should be destroyed. Records of 
evaluation procedures, reasons for the deviation, and ac- 
tions taken must all be recorded and filed. 

During inspection, all these factors of processing opera- 
tions must be determined, and at least one complete cycle 
of retort operation should be observed. 


Cooling and Storage Operations 


Cooling of containers after the retort processing must be 
controlled to prevent recontamination and damage to 
seams or seals, It also should be done quickly to prevent 
growth of thermophilic organisms, as well as overcooking, 
although the latter is usually detrimental only to quality 
and not to safety. 

Containers may be air or water cooled. Water used for 
cooling must be of good sanitary quality. Cooling water 
must be chlorinated or otherwise sanitized. The level of 
free chlorine in the water must be checked and care given 
to where the samples are taken for this testing. After pro- 
cessing, the sealing compound used in containers is soft- 
ened, and as it cools, small amounts of cooling water may 
be drawn into the container. The sealing compound may 
then set and seal the leak without loss of vacuum. If con- 
taminated cooling water is used, spoilage and possible dan- 
ger to the consumer may result. 

The time required and the temperature to which re- 
torted foods are cooled must be checked. Cans are gener- 
ally cooled to 95 to 105°F to leave enough heat in the cans 
to dry them (when water cooled) but not enough to permit 
the growth of thermophilic organisms. At this temperature 
the cook is also stopped, preventing overcooking of the 
product. 

Some cooling procedures may result in damaged seams. 
Precautions should be taken to prevent buckling of metal 
containers or damage to seals in glass and other packages. 
If pressure is reduced too quickly during cooling, buckling 
may occur from the inability of seams to withstand the 
change. Buckling is a problem due to the potential for the 
can seams to be pulled apart enough to leak, and contam- 
ination of the contents may occur. 

Steps to maintain the integrity of container seals must 
be continued into postcooling container handling. Bacterial 
contamination can occur in seam and seal areas if handling 
lines are not sanitary. Moisture present on containers or 
the can handling equipment can suspend the organisms 
and allow them to grow. Rough handling can also damage 
seals. Crates and baskets used to transfer containers 
should not have sharp edges or protrusions that damage 
packages. Leaks from dents or defective seams can result 
in postprocessing contamination of the commercially ster- 
ile product. Cleaning and sanitizing procedures should be 
in place for all crates, racks, conveyors, belts, and machin- 
ery. 
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Before product is stored prior to distribution, it must be 
sufficiently cooled to prevent growth of thermophilic or- 
ganisms (105°F). The storage area must be clean with no 
product stored directly on the floor. Storage temperatures 
should not exceed 95°F. 

Rust should be prevented or it may lead to damaged 
seams and seals. If the temperature of the warehouse is 
too high, the cans may sweat and the moisture will lead to 
rusting. Rust on the can exteriors may be due to other rea- 
sons, including improper operation of retort vents, too long 
come-up time in retort, or steam containing moisture. Fail- 
ure to remove the surface water or chemical composition 
of the cooling water may cause rust. 


Container Evaluations 


Regular observations and examinations are made to de- 
termine that container closures are not defective. The es- 
tablishment’s personnel responsible for these procedures 
and the inspector need equipment that is used to conduct 
“tear-down” examinations of the can and its seams. Tear- 
down of cans to determine seam integrity must be done by 
a trained individual. Samples shall be taken from each 
seaming station not more than every 4 hours. During tear- 
down, measurements are made on cover and body “hooks” 
of the double seam. Thickness, tightness, and width are 
measured or observed. Can seam terminology and proce- 
dures are the subject of specialized training in the canning 
industry, due to the importance of producing and main- 
taining hermetic seals for food safety. 

Sampling of containers for closure evaluation is also 
done during production runs. At this time, gross closure 
defects can be observed and corrected. Any defects and cor- 
rective actions must be recorded. Measurements and re- 
cordings should be made no more than every 30 minutes. 
Additional inspections of closures are made immediately 
following a jam in a closing machine, after any adjustment 
to closing machines, or following a prolonged shutdown be- 
fore a machine is started up. 


SAFEGUARDS 


Inspections 


One of the protections provided for by canning regulations 
is inspection of a canning establishment. The regulations 
recognize that there are certain critical elements or steps 
common to every canning process, and low-acid canning 
process in particular, that must be controlled to prevent a 
health hazard. It is the responsibility of the inspection au- 
thority (eg, FDA for low acid canned foods) to monitor a 
firm’s compliance with these preventive principles. 

The FDA and the USDA publish inspection guidance 
documents that explain procedures to be followed. These 
documents may be consulted for detailed information 
about standards. Changes are being made as needed to 
keep these procedures updated; for example, they must 
be consistent with Hazard Analysis Critical Control 
Points (HACCP) regulatory systems being implemented in 
various segments of the food processing industry in the 
1990s. Although the HACCP system has its origin in the 
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industry's quality control functions of the 1960s, its em- 
phasis is food safety and prevention of health hazards. The 
use of HACCP systems for regulatory purposes is growing 
in the 1990s; however, the current GMPs covering low-acid 
canned foods and acidified foods already have their origins 
in the HACCP principles presented at the 1971 Conference 
on Food Protection. 

Before an inspection, the investigators should become 
familiar with the firm’s scheduled processes and all critical 
control factors. A critical factor is defined in 21 CFR 
113.3(f) as any property, characteristic, condition, aspect, 
or other parameter, variation of which may affect the 
scheduled process and the attainment of commercial ste- 
rility. Regulations state that critical factors specified in the 
scheduled process must be measured and recorded in pro- 
cessing records. The inspector must review documentation 
at the firm to determine all critical factors are being con- 
trolled. 


Recalls 


Another safeguard in regulation of the canning industry is 
the provision for recalls. The FDA and USDA have the au- 
thority and responsibility to issue recalls for potentially 
harmful foods. A company may discover defective product 
on its own and issue a recall. In other instances, the FDA 
or USDA finds a problem, informs the company, and sug- 
gests or requests a recall. Recalls may then be done vol- 
untarily by the processor in cooperation with the governing 
agency. However, it the company does not comply with a 
requested recall, the agency can seek a court order au- 
thorizing seizure of the product. 

The FDA and USDA have guidelines on how to conduct 
a recall for companies to follow. There are three classes of 
recalls according to the level of hazard involved. The strict- 
est procedures are in place to ensure appropriate follow- 
through for recalls presenting the greatest hazard. 
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CANOLA OIL 


BACKGROUND 


The term canola refers to cultivars of an oilseed crop, 
known in many countries as rapeseed, that is a major 
source of food and feed throughout the world. The crop has 
become the world’s third most important edible oil source 
after soybeans and palm (1). The development by plant 
breeders of low erucic acid and low glucosinolate (double- 
low) varieties of rapeseed has proved pivotal to the rapid 
expansion in production and use of rapeseed worldwide. 
The rapeseed industry in Canada adopted the name canola 
in 1979 to distinguish those cultivars of Brassica napus 
and Brassica rapa (formerly, B. campestris) that are ge- 
netically low in both erucic acid and glucosinolates. Since 
the oil and meal from the double-low cultivars are nutri- 
tionally superior to those of earlier-grown varieties, the ge- 
neric term canola also was used to identify the products 
from these varieties. The definition of canola was last up- 
dated in 1997 to take account of the development of mus- 
tard seed, Brassica juncea, varieties with low levels of 
erucic acid and glucosinolates. The definition adopted by 
the Canola Council of Canada in 1997 reads: “The oilseeds 
shall be the seed of the genus Brassica which shall contain 
less than 18 micromoles of total glucosinolates per gram of 
whole seed at a moisture content of 8.5%; and the oil com- 
ponent of which the seed shall contain less than one per- 
cent of all fatty acids as erucic acid” (2). Canola is not an 
exclusive Canadian trademark; the oilseed industry in 
other countries, such as Australia, Japan, the United 
States, and the United Kingdom, also have accepted canola 
to describe double-low rapeseed. 

Canola has become Canada’s second most valuable crop 
after wheat. Its rapid rise in economic importance is due 
to some positive agronomic advantages and the marketing 
alternatives it offers producers. Canada is the leading ex- 
porter of seed in the world, exporting an average volume 
of 2.8 million tons annually over the period 1992-1997 (3); 
Japan is the major importer of Canadian rapeseed/canola. 
In 1996-1997, the domestic crush of seed in Canada ex- 
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industry's quality control functions of the 1960s, its em- 
phasis is food safety and prevention of health hazards. The 
use of HACCP systems for regulatory purposes is growing 
in the 1990s; however, the current GMPs covering low-acid 
canned foods and acidified foods already have their origins 
in the HACCP principles presented at the 1971 Conference 
on Food Protection. 

Before an inspection, the investigators should become 
familiar with the firm’s scheduled processes and all critical 
control factors. A critical factor is defined in 21 CFR 
113.3(f) as any property, characteristic, condition, aspect, 
or other parameter, variation of which may affect the 
scheduled process and the attainment of commercial ste- 
rility. Regulations state that critical factors specified in the 
scheduled process must be measured and recorded in pro- 
cessing records. The inspector must review documentation 
at the firm to determine all critical factors are being con- 
trolled. 


Recalls 


Another safeguard in regulation of the canning industry is 
the provision for recalls. The FDA and USDA have the au- 
thority and responsibility to issue recalls for potentially 
harmful foods. A company may discover defective product 
on its own and issue a recall. In other instances, the FDA 
or USDA finds a problem, informs the company, and sug- 
gests or requests a recall. Recalls may then be done vol- 
untarily by the processor in cooperation with the governing 
agency. However, it the company does not comply with a 
requested recall, the agency can seek a court order au- 
thorizing seizure of the product. 

The FDA and USDA have guidelines on how to conduct 
a recall for companies to follow. There are three classes of 
recalls according to the level of hazard involved. The strict- 
est procedures are in place to ensure appropriate follow- 
through for recalls presenting the greatest hazard. 
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BACKGROUND 


The term canola refers to cultivars of an oilseed crop, 
known in many countries as rapeseed, that is a major 
source of food and feed throughout the world. The crop has 
become the world’s third most important edible oil source 
after soybeans and palm (1). The development by plant 
breeders of low erucic acid and low glucosinolate (double- 
low) varieties of rapeseed has proved pivotal to the rapid 
expansion in production and use of rapeseed worldwide. 
The rapeseed industry in Canada adopted the name canola 
in 1979 to distinguish those cultivars of Brassica napus 
and Brassica rapa (formerly, B. campestris) that are ge- 
netically low in both erucic acid and glucosinolates. Since 
the oil and meal from the double-low cultivars are nutri- 
tionally superior to those of earlier-grown varieties, the ge- 
neric term canola also was used to identify the products 
from these varieties. The definition of canola was last up- 
dated in 1997 to take account of the development of mus- 
tard seed, Brassica juncea, varieties with low levels of 
erucic acid and glucosinolates. The definition adopted by 
the Canola Council of Canada in 1997 reads: “The oilseeds 
shall be the seed of the genus Brassica which shall contain 
less than 18 micromoles of total glucosinolates per gram of 
whole seed at a moisture content of 8.5%; and the oil com- 
ponent of which the seed shall contain less than one per- 
cent of all fatty acids as erucic acid” (2). Canola is not an 
exclusive Canadian trademark; the oilseed industry in 
other countries, such as Australia, Japan, the United 
States, and the United Kingdom, also have accepted canola 
to describe double-low rapeseed. 

Canola has become Canada’s second most valuable crop 
after wheat. Its rapid rise in economic importance is due 
to some positive agronomic advantages and the marketing 
alternatives it offers producers. Canada is the leading ex- 
porter of seed in the world, exporting an average volume 
of 2.8 million tons annually over the period 1992-1997 (3); 
Japan is the major importer of Canadian rapeseed/canola. 
In 1996-1997, the domestic crush of seed in Canada ex- 


ceeded seed export for the first time (2.71 vs 2.52 million 
tons). Domestic utilization of canola oil in 1996-1997 was 
6.82 x 10° t, up from 4.33 x 10° t in 1992-1993, while oil 
exports increased from 3.67 x 10° to 5.07 x 10° over the 
same period (4). Among the processed oils and fats, canola 
has made substantial gains into the shortening and salad 
and cooking oil segments of the Canadian market during 
the past decade. Canola accounted for 70.4% of all deodor- 
ized fats and oils, 72.8% of the vegetable oils, and more 
than 80% of the salad oils produced in Canada in the cal- 
endar year 1997 (4). Although current canola production 
in the United States is relatively small, there is a growing 
demand for canola products; for 1996-1997 alone, Canada 
exported 4.24 x 10°t of oil and 8.49 x 10° t of meal to the 
United States, which accounted for more than 80% of the 
total oil and meal exports (5). 

Canola oil is characterized by a low level of saturated 
fatty acids and a relatively high content of oleic acid; canola 
oil is second to olive oil in oleic acid content among common 
vegetable oils. The blood cholesterol-lowering effect ob- 
served in humans, when canola oil made up a major portion 
of the total dietary fat (6), has been an important factor in 
the increased use of canola products in the world’s markets. 
Rapeseed/canola now ranks third, behind soybean oil and 
palm oil, in the global disappearance of fats and oils. 


Botanical Origin 


Although rapeseed production in Canada commenced after 
World War II, the cultivation of Brassica oilseeds has a long 
history in Europe and Asia (7). Unlike other oilseed crops, 
rapeseed is not a product of a single species, but comes from 
two species of the genus Brassica: B. napus and B. rapa. 
The cytogenic relationships between rapeseed and its close 
relatives have been discussed extensively in several reports 
and are important in understanding the origin, evolution, 
and plant-breeding strategies of the Brassica species (8— 
11). The two rapeseed species along with Brassica juncea 
(mustard), commonly referred to as oilseed Brassicas, col- 
lectively provide more than 13.2% of the world’s edible oil 
supply (11). The small, round Brassica seeds contain 40 to 
44% oil (dry weight basis) and produce a high-protein con- 
tent (38-41%) oil-free meal. Within the rapeseed species, 
both spring and winter cultivars exist; the latter are higher 
yielding than the spring varieties but are less winter hardy 
than cereals. Winter cultivars of B. napus predominate in 
Europe, whereas spring cultivars of B. napus and B. rapa 
are grown in Western Canada. B. napus varieties have a 
generally higher seed-yielding potential (15-20%) than 
those of B. rapa, but they require an additional 8 to 15 frost- 
free days to mature; in Western Canada, cultivars of B. na- 
pus require 95 to 105 days for maturity (9,12). 


Development of Double-Low Cultivars 


Rapeseed production in Canada began with the introduc- 
tion of seed of B. napus from Argentina and B. rapa from 
Poland; these materials, highly heterogenous, constituted 
the seed stock for the establishment of breeding programs. 
Although improvements in seed yield and oil content were 
the first objectives, particular emphasis was also given to 
oil and meal quality. The elimination of nutritionally un- 
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desirable components—erucic acid, found to cause cardiac 
lipidosis in several animal species (13), from the oil and 
sulfur-containing glucosinolates from the meal—became a 
target at the early stages of the breeding programs. 
Changes in fatty acid composition were made by introduc- 
ing the inherited traits of low erucic acid into adapted lines 
of B. napus and B. rapa. Canadian breeders also accom- 
plished the transfer of genes responsible for the low glu- 
cosinolate characteristic into rapeseed varieties. These 
sulfur-containing constituents are hydrolyzed by an en- 
dogenous enzyme, called myrosinase (thioglucosidase, EC 
3.2.3.1), into thiocyanates, isothiocyanates, and under 
some conditions nitriles (Fig. 1) when seed cells are rup- 
tured (eg, during seed crushing). The characteristic odor 
and flavor of Brassica vegetables and condiments (mus- 
tard) are largely due to the presence of these compounds. 
Glucosinolate breakdown products also reduce the palat- 
ability and, in nonruminant animals, adversely affect the 
iodine uptake by the thyroid gland (14,15). Breeding for 
lower glucosinolate content of the seed has resulted in nu- 
tritional upgrading of rapeseed meal for all classes of live- 
stock and poultry. Further reduction in glucosinolates con- 
tent is required, particularly of the indoyl glucosinolates 
(16), if proteins from canola meal are to be used in human 
food formulations. This has been partly accomplished by 
extraction processes employed in preparation of protein 
concentrates and isolates (17). The ultimate solution would 
be to breed varieties free of both alkenyl and indolyl glu- 
cosinolates. Total elimination of glucosinolates in canola is 
a future possibility since a strain of B. rapa essentially free 
of alkenyl glucosinolates has been produced (16). 


HORTICULTURE-POSTHARVEST HANDLING 


Cultivation-Agronomic Considerations 


Canola is a cool season crop that requires more available 
moisture than wheat, as well as cool night temperatures 
to recover from hot and dry weather. Hence, canola is usu- 
ally grown at the wetter and cooler margins of the cereal- 
growing regions of Canada and other countries. 

Because B. juncea (mustard) is more heat and drought 
tolerant than the rapeseed cultivars B. napus and B. rapa, 
a double-low germplasm of B. juncea has been developed 
in Canada and is being tested for its potential as an oilseed 
crop in the dry prairie region of western Canada. This ap- 
proach is seen as the most promising means of increasing 
the production area for “canola-type” oilseeds in Canada. 

Although rapeseed grows well on a variety of soils, it 
does best on loamy soils that do not crust and impede seed- 
ling emergence (18). Good yields are also obtained on light 
and heavy soils if rainfall, fertilization, and drainage are 
adequate (12). Canola is moderately tolerant to saline soils 
and has greater moisture requirements than cereals. Ca- 
nola also requires more intensive management practices; 
for a good crop, the need for nitrogen is 20% higher than 
for a comparable cereal crop. Certified seed is usually used 
for sowing to ensure absence of mustard or weeds and the 
quality characteristics of the cultivar. 

Canola is grown in Canada on summer fallow or cereal 
stubble land. From an agronomic viewpoint, the crop fits 
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Figure 1. General structure of glucosinolates B-8-G=N R-N=C=S = R-C=N 
and their enzymic hydrolysis products. Thiocyanates Isothiocyanates Nitriles + sulfur 


well as a crop rotation with cereals; wheat or barley follow- 
ing canola is the preferred sequence. Most fields are not 
cropped with canola more than once every four years. This 
practice permits a break in disease and insect pest cycles, 
while preserving the soil structure. Canola is susceptible 
to several fungal diseases such as blackleg (Leptosphaeria 
maculans), stem rot (Sclerotinia sclerotiorum), damping- 
off (Fusarium spp.), root rot (Rhizoctonia spp.), and black 
spot or leaf spot (Alternaria spp.); disease severity varies 
with year and location (19). A number of different insects 
can also cause serious damage to canola (eg, flea beetle) 
(20). Crop rotation is effective in controlling fungi and in- 
sects. Several herbicides are also available for a variety of 
weed species (12,21). 


Harvest and Storage Practices 


The date and method of canola harvesting are important 
determinants of yield and seed quality (12,18,22). Imma- 
ture seeds have higher chlorophyll and free fatty acids con- 
tents. On the other hand, if the harvest is delayed, canola 
is susceptible to shattering of the pods, particularly in 
windy areas. To avoid this, swathing (leaving cut plants to 
dry in the field) is applied when the majority of the seeds 
are at a firm doughlike stage (moisture content 35-40%). 
Swathing facilitates uniform maturation and yields seeds 
of good color and high in oil and protein. Premature swath- 
ing (seed moisture >45%) results in reduced yields, 
whereas late swathing (moisture <20%) increases shatter- 
ing losses and the possibility of frost damage. Canola is 
ready to combine when the moisture content is below 15%. 
Freshly harvested seeds normally require up to six weeks 
to become dormant; storage in dry and cool environments 
minimizes respiration losses. Canola is usually trans- 
ported after harvest to dryer-stocker companies and there- 
from to oil-processing plants. For storage, silos of various 
sizes are used, while on the farms the seed is stored in bins. 
Immature and field-germinated seeds should not be stored 
for long periods because they deteriorate rapidly. A high 
percentage of damaged or fragmented seeds also gives rise 
to a rapid increase in free fatty acids (22,23). 

The moisture content of the seed, because of its impor- 
tance to enzyme activity and the growth of microflora, is 
the main criterion for safe storage. In the case of oilseeds, 
including canola, moisture is held by the nonfatty compo- 
nents, thus bringing the critical level of overall seed mois- 
ture content much below that required for safe storage of 


cereal grains (15%). The maximum moisture content for 
storage of clean canola seeds in a cool environment (<15°C) 
is 10% (24); others sources (22,25) even suggest lower op- 
timum levels of moisture (8-9%) for storage over periods 
of several months. Above this level, the seeds must be air 
dried; air temperatures must be kept below 38°C to pre- 
vent heat damage. Aeration during storage, although at 
much lower airflow rates than drying, is also required to 
prevent moisture gradients and to cool the stored grain. 
Figure 2 shows how storage is affected by both tempera- 
ture and moisture content. Canola is particularly prone to 
microbial spoilage, with severe losses in seed and oil qual- 
ity. The rate of spoilage rapidly increases if nonuniform 
distributions of moisture and temperature exist in the 
stored grain. An important consideration regarding mois- 
ture content of canola is that before solvent extraction of 
the oil, the seed must be cooked rapidly at temperatures 
between 80 and 100°C and at water contents between 6 
and 10% to inactivate myrosinase; above 10% moisture, 
hydrolysis of glucosinolates would occur; below 6%, heat 
inactivation of the enzyme is difficult. 

Chlorophyll is another important quality parameter of 
canola. Besides imparting an undesirable color to the oil, 
chlorophyll promotes oxidative rancidity in salad oils. Sev- 
eral environmental factors and agronomic practices, in- 
cluding length of growing season, temperature during seed 
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Figure 2. Effects of moisture and temperature on storage of cano- 
la. Source: Ref. 24. 


ripening, cultivar and seeding rate, have been shown to 
affect the chlorophyll level (26-28). Swathing at 35 to 37% 
seed moisture followed by drying is effective in reducing 
substantially the chlorophyll content of canola seeds (29). 


BREEDING CANOLA FOR IMPROVED YIELD AND. 
QUALITY—ROLE OF BIOTECHNOLOGY 


Important objectives in canola breeding are both agro- 
nomic (seed yield, winter and frost hardiness, disease re- 
sistance, early maturity, herbicide tolerance, and resis- 
tance to shattering) and quality (oil and protein content 
and composition) traits (9-11,30,31). Although seed yield 
is one of the most desirable attributes, improvement 
through selection is a difficult task because of the strong 
influence from environmental factors. 

Oil, being the most valuable component of the seed, is 
deposited in the form of small lipid droplets in the cyto- 
plasm of embryonal cells. Protein bodies (storage proteins) 
are also stored in the cytoplasm of these cells (32). In Bras- 
sica spp., yellow-seeded cultivars have thinner seed coats 
and thus higher oil and protein content than seeds of 
darker color (31). It is, therefore, of great interest to pro- 
ducers and crushers to develop yellow-seeded forms or cul- 
tivars with increased seed size. 

Oil quality is determined by the fatty acid composition. 
Fatty acid biosynthesis in oilseeds is carried out by assem- 
blies of enzymes located in specific cell compartments (viz., 
plastids and endoplasmic reticulum of the cytoplasm) (33). 
Fatty acid synthesis via the fatty acid synthetase (FAS) 
complex in the plastids produce saturated aliphatic fatty 
acids (lauric, C12:0; palmitic, C16:0; stearic, C18:0) (Fig. 
3). Production of the various saturated fatty acids depends 
on the presence and activity of specific thioesterases. In 
most oilseed plants, C18:0 is the primary product of 
the FAS pathway and it, in turn, is largely desaturated to 
oleic acid (C18:1n-9) by a specific (stearoyl-ACP) desatu- 
rase. Further desaturation of C18:1n-9 to linoleic acid 
(C18:2n-6) and linolenic acid (18:3n-3) and chain elonga- 
tion to eicosaenoic acid (C20:In-9) and erucic acid 
(C22:1n-9) occurs in the cytoplasm (8,33). Hence, changes 
in the fatty acid profile in Brassica can be achieved by mod- 
ification of the biosynthetic pathways (Fig. 3). Changes in 
single genes can have profound effects on the fatty acid 
composition of the oil. For example, the amount of erucic 
acid depends on a series of alleles (at two gene loci in B. 
napus and a single locus in B. rapa) that influence the elon- 
gation of C18:1n-9; by varying the alleles present, it is pos- 
sible to have erucic acid levels between 0 and over 50%. 
Interest in erucic acid for use as a feedstock in the oleo- 
chemical industry has stimulated interest in producing 
rapeseed cultivars with very high levels of erucic acid. In 
general, Brassica spp. do not incorporate erucic acid into 
the sn-2 position of the triacylglycerol molecule. However, 
identification of a genotype of B. oleracea, which can ac- 
cumulate erucic acid in the sn-2 position, provides a pos- 
sible route to B. napus lines with enhanced erucic acid ley- 
els (34), Another approach being investigated is the cloning 
of genes for sn-2 acyltransferases that recognize erucic 
acid, for example, from Limnanthes spp., and then insert- 
ing these genes into rapeseed (34). 
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Another oil quality breeding objective of canola has 
been to reduce the level of linolenic acid (C18:3n-3) from 8 
to 10% to less than 2% for the purpose of improving oxi- 
dative stability of the oil. The first low-linolenic acid cul- 
tivar (Stellar), which was introduced in 1987, contained 
less than 3% linolenic acid (9,35). The oil from this cultivar 
exhibited improved stability at 60°C and showed negligible 
changes in sensory and chemical indices of rancidity, 
compared with regular canola oil (36); improved odor 
scores from frying tests were also reported for the low- 
linolenic canola oil (37). Cultivars with even lower levels 
of linolenic acid (eg, Apollo, avg. 1.7% C18:3n-3) have re- 
cently been released (9). Other modifications also have 
been made to the fatty acid composition of Brassica spp., 
for example, the development of cultivars with 86% oleic 
acid (C18:1n-9). These modified canola oils were produced 
in response to the demand for a frying oil with a low level 
of saturated and trans fatty acids and a high stability to 
oxidative changes without having to be hydrogenated. An- 
other example is the development of cultivars with 10 to 
12% palmitic (C16:0) plus palmitoleic (C16:1n-7) acids (15) 
in order to make margarines exclusively from low erucic 
acid rapeseed oils. For such products, the tendency to de- 
velop large crystals on storage would be diminished. 

The application of biotechnology techniques (genetic en- 
gineering) to Brassica spp. has resulted in some novel oils. 
Scientists at Calgene Inc. have produced both a high stea- 
ric acid and a high lauric acid cultivar of rapeseed/canola 
using transgenic techniques. The high-lauric canola 
(>40% C12:0), which is intended for use in the manufac- 
ture of detergents and surfactants, was produced by add- 
ing the lauroyl-ACP thioesterase gene from the California 
Bay laurel plant into canola (38,39). The high-stearic cano- 
la was produced by inserting the antisense gene construct 
for stearoyl-ACP desaturase into canola (40). This high- 
stearic canola could be used in the production of margarine 
or the manufacture of cocoa butter substitutes (39), Hence, 
it is reasonable to expect the development of a broad range 
of rapeseed/canola oils having fatty acid composition ap- 
propriate for specific applications (Table 1). 

In contrast to oil, relatively little attention has been 
paid to the protein quality of the meal. Indeed, the reduc- 
tion of glucosinolate levels in the meal has been the pri- 
mary objective in the breeding programs. Recessive alleles, 
responsible for the low-glucosinolate characteristics, have 
been introduced from B. napus var. Bronowski into culti- 
vars of B. napus and B. rapa by backcrossing (43); several 
gene loci are involved in the inheritance of glucosinolate 
content (30,31). Additional improvement in the nutritional 
value and palatability of canola meal would also result if 
the 1.0 to 1.5% sinapine and phytic acids present in Bras- 
sica oilseeds are reduced or eliminated by breeding. 

There is great interest among breeders and producers 
in developing hybrid cultivars of canola for increased yield. 
Cytoplasmic male sterility (CMS), self-incompatability 
(SD, and transgenic techniques are among the systems be- 
ing investigated as means of producing hybrid seeds 
(10,11,31,39,44). For the CMS system, three inbred lines 
are used: (1) the female parent (male-sterile line owing to 
cytoplasmic components—incompatibility of “foreign” mi- 
tochondria and the nuclear material), (2) a maintainer line 
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(possess cytoplasm that allows normal production of pol- 
len), and (3) a restorer or male parent line that carries 
nuclear genes that will restore normal fertility to the hy- 
brid cultivars. The expected level of heterosis (up to 40% 
seed yield increase) is sufficient to offset the cost associated 
with the development of an effective cytoplasmic male- 
sterile, genetic restorer system (10,31). Although SI hy- 
brids have been released in Canada, a limitation of the self- 
incompatibility system for field crops, even though it is 
used for vegetable crops, is the relatively high cost. 


The Brassica oilseeds have responded to genetic manip- 
ulation better than any other crop. The rapidly growing 
interest for crop improvement and modification by noncon- 
ventional breeding approaches as a result of advances in 
molecular biology and tissue culture techniques is cur- 
rently focused on several areas of research (39,45,46). 


1. Production of haploids by culture of reproductive or- 
gans to reduce the time required for new cultivar de- 
velopment. 


Table 1. Fatty Acid Composition of Normal and Modified 
Rapeseed Oil Resulting from Selection 


Fatty acid 
Oil Type 16:0 16:1 18:0 18:1 18:2 18:3 20:1 22:1 
High erucic 
Normal 3 <1 2 nn 13° 8 8 50 
Selected 2 =f; .2 li 122 9 9 57 
Canola 


Low erucic 4 <1 15 61 27 95 21 <1 
High-oleic 35 <1 25 17 8 25 415 <1 
Low-linolenic 4 <l 1 61 27 2 1 <1 
High-lauric®? = 3 <1 15 #33 1 65 L <1 
°C12:0, 39%; C14:0, 4%. 
Source: Refs. 41 and 42. 


2. Protoplast fusion to transfer desirable genetic traits, 
particularly those carried by cytoplasmic organelles 
(chloroplast, mitochondria). Transfer of cytoplasmic 
traits such as male sterility and herbicide resistance 
was made possible via protoplast fusion and microin- 
jection techniques (39). 

3. Selection of cell variants with desirable agronomic 
characteristics (eg, herbicide resistance, drought tol- 
erance, winter hardiness) after treatment with mu- 
tagenic agents and selection pressure of treated 
cells. 


4. Gene transfer using suitable vectors (Agrobacterium 
tumefaciens) or by microinjection techniques. 


Consideration is primarily given to genes responsible for 
herbicide and fungal disease resistance, osmotolerance, 
manipulation of triglyceride composition, and production 
of novel high value chemicals (eg, jojoba-type waxes having 
as precursors eicosenoic and erucic acids). 

Most prevalent among the novel-trait canola cultivars 
are herbicide-tolerant cultivars. Several B. napus varieties 
that are tolerant to the herbicides glyphosate (Round-up 
Ready), glufosinolate-ammonium (Liberty Link), and imi- 
dozolonone (Smart) are presently being grown in Canada. 
In fact, herbicide-tolerant varieties were estimated to ac- 
count for 55 to 60% of the total acreage devoted to canola 
production in 1998 (47). By contrast, it was estimated that 
only 25 to 30% of the total acreage was devoted to trans- 
genic herbicide-tolerant varieties in 1997. In addition to 
the development and testing of B. napus lines, several lines 
of herbicide-tolerant B. rapa also have been developed and 
are being tested for agronomic properties. The rapid de- 
velopment of transgenic canola varieties in Canada has 
been the result of effective collaboration among industry, 
government, and university researchers and the fact that 
canola breeding in Canada is conducted primarily by pri- 
vate industry, companies such as Pioneer Hi-Bred, Zeneca 
Seeds, Plant Genetic Systems (Canada) Lyd., Saskatche- 
wan Wheat Pool, AgrEvo, Limagrain Canada, and Svalof 
AB (48). The impact of genetic engineering and conven- 
tional breeding is expected to result in even more valuable 


CANOLA OIL 253 


and versatile Brassica oilseeds in the future. Specialty oils 
and by-products for both food and industrial uses, which 
are within reach of today’s breeders, are expected to influ- 
ence the production and marketing of rapeseed/canola in 
the years ahead. 


COMPARISON OF CANOLA WITH OTHER OILSEEDS 


The reduction of erucic acid in rapeseed oil resulted in a 
marked increase in oleic acid along with smaller increases 
in linoleic and linolenic acids. Canola oil has a fatty acid 
composition similar to peanut and olive oil with the excep- 
tion of the lower palmitic and higher linolenic acid con- 
tents. Canola oil contains the lowest level of saturated 
fatty acids (mainly palmitic and stearic acids) and the 
highest content of unsaturated fat (mainly monounsatu- 
rated) of the common edible vegetable oil sources (Fig. 4). 
The total quantity of polyunsaturated fatty acids 
(C18:2n-6 and C18:3n-3) in canola oil is intermediate 
among the vegetable oils, although it contains an excellent 
balance between linoleic acid and linolenic acid compared 
with other widely used vegetable oils. The relatively high 
linolenic acid content of regular canola oil (10%) makes it 
susceptible to oxidative rancidity. This problem has been 
alleviated in the newly developed low linolenic acid culti- 
vars (35,36), although the presence of lipoxygenase in ca- 
nola seeds has been reported (48). In most respects, there 
is no obvious physical property distinguishing canola oil 
from other common vegetable oils. Rapeseed oils (both high 
and low erucic acid), however, contain a Cog brassicasterol, 
which is not found in other edible vegetable oils (49); bras- 
sicasterol is thus a suitable marker to identify Brassica oils 
in vegetable oil blends. 

The protein content of canola meal varies with the va- 
riety from which it is produced; it ranges between 36 and 
42%. Canola meal is higher in fiber than soybean meal 
(Table 2). The amino acid composition compares well with 
that of soybean meal (50,51). Although the latter has a 
greater lysine content, canola meal contains more of the 
sulfur-containing amino acids (methionine and cystine). 
Consequently, the two meals tend to complement each 
other when used as feedstuffs in rations for livestock and 
poultry. Canola meal is a richer source of minerals than 
soybean meal (50,51) (Table 3), However, the presence of 
higher amounts of phytic acid and fiber in canola meal re- 
duces the availability of calcium, magnesium, manganese, 
phosphorus, zinc, and copper for nonruminant animals 
(viz., poultry and swine) (51,52). Nevertheless, canola meal 
is a better source of available calcium, iron, manganese, 
phosphorus, selenium, and most vitamins than is soybean 
meal. Canola meal has been shown to have less metaboliz- 
able energy than soybean meal (50); on a nutrient content 
basis alone, canola meal is equivalent to 70 to 75% of 44% 
protein-content soybean meal for feeding poultry and to 
about 75 to 80% of the same for feeding swine and rumi- 
nants. A reduction in fiber content of the meal would im- 
prove the metabolizable energy value. Seeds with yellow 
color have a lower hull content and, in turn, fiber content 
than dark seeds, and the hull is more digestible (50). None- 
theless, the available energy in canola meal is a critical 
factor in its use in animal feeds. 
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Figure 4. Fatty acid composition of common dietary fats. Source: Canola Council of Canada. 


‘Table 2, Proximate Analysis and Amino Acid Composition 


of Canola and Soybean Meals 
Canola meal Soybean meal 
As fed, Inprotein, Asfed, In protein, 
% % % % 
Proximate composition 
Moisture 8.0 11.0 
Crude fiber 12.6 73 
Ether extract 3.4 0.8 
Protein (N x 6.25) 39.0 45.2 
Amino acid composition 
Alanine 1.73 4.65 1.95 431 
Arginine 2.32 6.15 3.03 6.71 
Aspartic acid 3.03 8.16 5.27 11.66 
Cystine 1.05 2.80 0.71 161 
Glutamic acid 6.46 17.38 8.43 18.65 
Glycine 1.92 5.18 2.06 4.55 
Histidine 1.26 3.34 1.12 2.48 
Tsoleucine 1.66 4.38 1.82 4.03 
Leucine 2.68 7.07 3.36 7.44 
Lysine 2.21 5.95 2.82 6.24 
Methionine 0.76 2.03 0.70 1.59 
Phenylalanine 1.52 4.04 2.13 4.72 
Proline 2.48 6.67 2.27 5.03 
Serine 1.69 4.55 2.38 5.27 
Threonine 1.68 4.52 1.74 3.85 
‘Tryptophan 0.44 1.19 0.52 1.15 
i 114 3.02 1.33 2.95 
Valine 2.14 5.68 1.89 4.18 


Source: Refs. 50 and 51. 


PROCESSING 


Processing of edible oils, including canola oil, is designed 
to produce the purest extract of triacylglycerols possible. 
This necessitates removing minor components, naturally 
present in the oil, that are detrimental to the quality of the 
finished product (52). 


Cleaning Seeds 


Before processing, canola seeds undergo cleaning to reduce 
the presence of any foreign materials. This material, re- 
ferred to as dockage, was shown to consist mainly of dam- 
aged canola seed together with weed seeds (53). A number 
of operations are involved, including fanning and sieving 
mills to remove pods and weed seeds; indent machines to 
remove any large noncanola seeds; destoners to remove 
dirt and small stones; and finally gravity tables to elimi- 
nate anything not removed in the previous processes. Re- 
moval of foreign material is designed to ensure less than 
2.5% remains in the seed. The presence of damaged canola 
seed has been shown to be detrimental to the quality of the 
extracted oil and should be reduced as much as possible 
before oil extraction (54). 


Oil Extraction 


Extracting oil from canola seeds is carried out with as little 
chemical alteration to the oil or meal as possible (55). Once 
cleaned, canola seeds are rolled or flaked to fracture the 
seed coat and rupture the oil cells. The production of thin 
flakes, 0.2- to 0.3-mm thick, is extremely important as a 
high surface-to-volume ratio is critical during oilseed pro- 
cessing. To facilitate good oil release, the flakes are cooked 
at 77 to 100°C for 15 to 20 min, to rupture any intact oil 
cells remaining (56). Flaked and cooked canola seeds gen- 


‘Table 3. Mineral and Vitamin Content of Canola and 
Soybean Meals 


Canola meals Soybean meal 
as fed as fed 
Minerals 
Calcium, % 0.66 0.29 
Magnesium, % 0.58 0.27 
Phosphorus, % 1.10 0.65 
Potassium, % 1.29 2.00 
Copper, mg/kg 58 23.0 
Tron, mg/kg 159 120 
Manganese, mg/kg 52 30 
Selenium, mg/kg 1.0 0.1 
Zine, mg/kg 70 52 
Vitamins 

Choline, % 0.67 0.28 
Biotin, mg/kg 1.0 0.32 
Folic acid, mg/kg 23 0.6 
Niacin, mg/kg 160 29 
Pantothenic acid, mg/kg 5.9 16.0 
Riboflavin, mg/kg 58 2.9 
Thiamin, mg/kg 52 6.0 


Source: Refs. 50 and 51, 


erally undergo mild pressing or prepress to reduce oil con- 
tent from 42 to 16-20%, while compressing the thin flakes 
into large cake fragments. Canola cake fragments are sol- 
vent extracted with normal hexane to remove the remain- 
ing oil. This is achieved by countercurrent movement of the 
cells of pressed canola cake and hexane, thus interfacing 
the oil in the flake or cake with a rich solvent-oil solution 
(57). The solvent is recovered from the oil-hexane solution 
by the conventional distillation system that ensures the oil 
and meal are solvent free. 

The solvent-extracted oil (43-47% of the total oil) is 
combined with the prepressed oil (53-56% of the total oil) 
to form the crude oil fraction, as outlined in Figure 5. The 
crude oil contains a variety of minor constituents (Table 4) 
detrimental to oil quality that are removed by a series of 
unit processing steps including degumming, alkali refin- 
ing, bleaching, hydrogenation, and deodorization. 


Degumming 


Conventional degumming is carried out in most plants by 
treating the crude oil with either hot water (85-90°C) or 
steam (2-5%) while mixing intensively from 1 to 30 min 
(59). This precipitates the water-hydrated phospholipids, 
which are then removed by centrifugation. The major 
drawback to this type of degumming process is that it only 
removes hydratable phospholipids and still leaves 100 to 
200 ppm of phosphorus (0.25-0.5% phosphatides) in the 
oil. To achieve better results, most Canadian processing 
plants now carry out acid degumming using citric, phos- 
phoric, or malic acid. This is followed by steam, which re- 
sults in an oil with phosphorus levels of 50 ppm or less. 
This product is referred to as acid degummed or super de- 
gummed oil. 
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Figure 5. Outline of the primary processing of canola. 


Table 4. Minor Constituents in Crude, Degummed Canola 
Oil 


Constituents Amount 
Free fatty acids, % 0.5-0.8 
Phospholipids (gums), % 0.5-0.8 
Unsaponifiables (sterols and sterol esters), % 0.1-0.8 
Color bodies, ppm 20-30 
Sulfur compounds, ppm 2-10 
Iron, ppm 2 
Copper, ppm 5 
Source: Ref. 58. 

Refining 


The crude degummed oil is then subjected to refining, 
which removes free fatty acids, phospholipids, color bodies, 
iron and copper, as well as some sulfur compounds. The 
major type of refining in Canada is alkali refining, al- 
though there is a shift towards physical refining due to the 
fewer environmental problems associated with the latter 
process. 
Five major steps are involved in alkali refining. 


1. Initial pretreatment of the crude degummed oil with 
phosphoric acid (0.2~-0.5% of 85% phosphoric acid) at 
40°C for a minimum of 30 min. This conditions or 
acidifies the nonhydratable phospholipids (gums) 
and permits their separation during the refining pro- 
cess. In addition to precipitating nonhydratable 
phosphatides, chlorophyll as well as pro-oxidant 
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metals such as iron and copper also are removed 
(60,61). 

2. The second and major step in alkali refining, neu- 
tralization with sodium hydroxide (8-12%), depends 
on the free fatty acid content of the oil and the 
amount of phosphoric acid used during pretreat- 
ment. A slight excess is normally added to ensure 
complete saponification of these fatty acids. 

3. The addition of sodium hydroxide in step 2 produces 
a soap-stock phase that contains precipitated non- 
hydratable phospholipids as well as free fatty acids 
and other insoluble impurities. This soap stock is 
separated from the oil by centrifugation. 

4, Any residual soap stock in the oil is further reduced 
to 50 ppm or less by washing with water at 86 to 
95°C. Citric or phosphoric acid may be added to the 
washed oil to remove remaining traces of soap stock. 

5. During this stage the oil is heated at 105°C with ag- 
itation until dry. 


Most oil processors use a continuous alkali refining pro- 
cess, although batch refining is still used by some proces- 
sors. The overall result of alkali refining is a marked re- 
duction in free fatty acids, phosphorus, chlorophyll, and 
sulfur, as summarized in Table 5. 

An alternative method to alkali refining is physical re- 
fining, which removes free fatty acids from canola oil by 
steam distillation. This avoids the production of a soap 
stock and attendant disposal problems. The oil is first acid 
degummed with citric or phosphoric acid and then 
bleached to remove phosphatides and trace metals. This 
method reduces the phosphorus content to less than 5 ppm, 
as higher levels cause a darkening of the oil during steam 
distillation. The latter process (distillative deacidification) 
is carried out in a specially designed deodorizer. An alter- 
native method to alkali refining is physical or steam refin- 
ing. This method is used widely in Europe and has been 
only recently introduced into North America. 


Bleaching 


Before hydrogenation or deodorization, canola oil is 
bleached with acid-activated bleaching clay (at 0.125- 
2.0%) under vacuum at 100 to 125°C for 15 to 30 min. This 
is an adsorptive process attracting polar substances to ac- 
tive sites of clay surface particles. These include pigments 
such as chlorophylls and carotenes, residual soaps, phos- 
pholipids, and trace metals, as well as primary and sec- 
ondary oxidation products in the oil. Of particular impor- 


Table 5. Effect of Alkali Refining on the Quality of Canola 
Oil 


Constituents Crude degummed Alkali refined 
Free fatty acids, % 0.4-1.0 0.05 
Phosphorus, ppm 150-250 0-5 
Chlorophyll, ppm 5-25 0-25 
Sulfur, ppm 3-10 27 


‘Source: Ref. 62. 


tance is the presence of very high levels of chlorophylls, 
which are extremely detrimental to oil quality and must 
be removed before deodorization. Unlike carotenes, which 
are heat bleachable in the deodorizer, chlorophylls are not 
and must be removed by bleaching (63). Most modern oil- 
processing plants use a continuous bleaching system. 


Hydrogenation 


Canola oil, like other edible oils, is hydrogenated to im- 
prove oxidative stability and to modify the physical prop- 
erties of the fat or oil. The basic principle of this method is 
to add hydrogen at the double bonds of the polyunsatu- 
rated fatty acids (those containing two or more double 
bonds), thus eliminating these sites from reaction with ox- 
ygen. Only a small portion of these fatty acids may be af- 
fected in partially hydrogenated oil stocks, depending on 
the type of hydrogenation system used. This process re- 
quires a catalyst (usually nickel), which may be poisoned 
by the presence of low levels of sulfur compounds (3-5 
ppm) originating from breakdown products of glucosino- 
lates (64). Once hydrogenated, the oil becomes physically 
harder and more resistant to oxidation. In Canada, canola 
oil is selectively hydrogenated for the production of mar- 
garines and shortenings. 

Selective hydrogenation of canola oil is carried under 
conditions of high temperature, low pressure (200°C, 6 
psig), and agitation and affects the more unsaturated fatty 
acids first. This is illustrated by the fatty acid profiles dur- 
ing the course of hydrogenation of soybean oil shown in 
Figure 6. All the unsaturated fatty acids are hydrogenated 
at the same time but at different rates, as indicated by the 
reaction rate constants. Linolenic acid is hydrogenated 2.3 
times faster than linoleic acid, where the latter is hydro- 
genated 12 times faster than oleic acid (65). This method 
results in the formation of higher levels of trans fatty acids, 
steeper solid fat index curves, and higher melting points 
at lower iodine values. The formation of trans fatty acids 
changes the physical properties of the oil as a trans double 
bond is equivalent in physical properties to a saturated 
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Figure 6. Time-dependent changes in fatty acid composition dur- 
ing hydrogenation of soybean oil. Source: Ref. 65. 


single bond fatty acid; for example, cis, trans-linoleyic acid 
is equivalent in physical properties to oleic acid. Hardness 
of margarine oils is due to the higher levels of trans fatty 
acids present rather than to a marked decrease in unsat- 
uration of the fatty acids (66). Because different degrees of 
hydrogenation are often required by the industry, hydro- 
genation is a batch process. 


Deodorization 


Free fatty acids or odiferous or flavor degradation products 
remaining in the oil are removed by deodorization. This 
involves steam distillation carried out at very high tem- 
peratures (240-270°C) under vacuum (3-8 mmHg). Most 
plants use a semicontinuous or continuous deodorizing 
system that is comprised of a large cylindrical tank or shell 
through which oil is pumped in and passed through a se- 
ries of trays where it is deaerated and successively deo- 
dorized with sparging steam. In the case of canola oil, it 
must be essentially free of chlorophylls, phosphatidic ma- 
terial, and heavy metals prior to deodorization. Following 
deodorization, the oil is cooled, passed through a polishing 
filter, and sparged with nitrogen. The final product is a 
bland oil that is treated with citric acid (0.005-0.01%) to 
sequester any trace metals still remaining and other an- 
tioxidants to prevent oxidation. 


EDIBLE BY-PRODUCTS 


Two major edible by-products obtained by processing cano- 
la seeds are the oil and the meal. Although canola oil re- 
mains the primary edible product, the meal provides an 
important source of animal feed. 


Canola Oil 


The major salad oil in Canada is canola, which accounts 
for more than 80% of the total market. It remains clear 
and liquid under refrigerated conditions and has accept- 
able shelf life if protected from direct light. In recent years 
canola oil has been recognized in the United States as a 
premium quality oil because of the health implications af- 
forded by its unique fatty acid composition (6,9). This is 
attributed to the low saturated fatty acid content, the hy- 
pocholesterolemic effect of oleic acid (C18:1n-9), a mono- 
unsaturated fatty acid present at high levels (ca 60%) in 
canola oil (Fig. 4), and the favorable balance between lin- 
oleic acid and linolenic acid. Oleic acid has been shown 
equivalent to polyunsaturated fatty acids in lowering low- 
density lipoprotein (LDL) cholesterol levels (67,68). Stud- 
ies in Canada (69,70), the United States (71), and Finland 
(72) have shown canola equally as effective as sunflower 
oil, soybean oil, and safflower oil in lowering plasma total 
and LDL cholesterol levels. Because of its low level of sat- 
urated fatty acids (<6%) and its relatively high oleic acid 
content, canola oil has become a premium salad oil in 
North America. Canola oil, because of its relatively high 
linolenic acid content and the favorable linolenic acid to 
linoleic acid balance (viz., C18:3/C18:2 approx. 1:2.5), also 
may have a favorable effect on thrombosis (clot formation); 
like atherosclerosis, another major event in coronary heart 
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disease (6,9). Several groups have found canola oil resulted 
in higher levels of very long chain n-3 polyunsaturated 
fatty acids (viz., C20:5n-3 and C22:5n-3) in plasma and 
platelet phospholipids than sunflower oil, soybean oil, or 
customary mixed fat diets (6,9). The very long chain n-3 
polyunsaturated fatty acids in fish oils have been shown 
to inhibit platelet aggregation (73). 

The stability of canola oil is comparable to other edible 
oils, although its high linolenic acid content (8-10%), like 
that of soybean oil, makes it susceptible to oxidative ran- 
cidity (9). Among eight different vegetable oils stored at 
60°C for 8 to 16 days, canola oil had lower peroxide values 
and volatiles than corn, cottonseed, olive, peanut, saf- 
flower, soybean, and sunflower oils (74). A recent study 
showed a low linolenic acid canola oil product (<2.0%) to 
be remarkably stable to both heat-accelerated and photo- 
chemical oxidation (36,75). 

In addition to use as a salad oil, canola oil is used in the 
production of margarines and shortenings. In North Amer- 
ica, margarine is a strictly defined alternative to butter 
with 80% fat. Although some margarines are made from 
100% canola oil, it is generally blended with soybean oil or 
palm oil. This is carried out to ensure the development of 
small crystals (f’) essential for smooth creaming proper- 
ties. The unacceptable sandy mouth-feel (due to large fat 
crystals) for margarines originates from f’ > f polymorphic 
transitions; one way to alleviate this problem is by increas- 
ing the heterogeneity of acyl chain lengths of the constit- 
uent fatty acids in the oil. Canola oil is selectively hydro- 
genated and the fat and aqueous phases are mixed 
together in a crystallizer system or votator to form an 
emulsion. A variety of different soft and stick margarines 
are available on the North American market. Shortenings 
are made in a similar manner to margarines, although in 
this case, the fat is aerated with air or nitrogen (12%) to 
improve whiteness and opacity. 


High Erucic Acid Oil 


As discussed earlier, rapeseed oil has been systematically 
modified by plant breeders from high erucic acid rapeseed 
(HEAR) (60%) to a low erucic acid oil (<2%). Nevertheless, 
HEAR is still permitted in the United States as a stabilizer 
and thickener component in peanut butter at a maximum 
level of 2% (76). Superglycerinated, 100% hydrogenated 
HEAR has been allowed in cake-mix formulations since 
1957 in the United States as an emulsifier in the short- 
ening (76). 


Canola Meal 


After extraction of the oil and removal of hexane, the meal 
contains approximately 1.5% residual oil and 8 to 10% 
moisture. It may be granulated to uniform consistency and 
pelletized or sent directly to storage for marketing (77). 
Gums removed during degumming are usually added back 
to the meal to a level of 1.5%; some of the acidulated soap 
stock is added back as well. The final meal produced is 
used primarily for the animal feed industry. Canola meal 
has found much wider acceptance in North America over 
the past 20 years due primarily to the substantial reduc- 
tion in glucosinolates accomplished by plant breeding. 
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Canola meal has, as yet, not found wide acceptance in 
human nutrition despite the high quality of its protein. 
This is due to a combination of high levels of phytate and 
polyphenols as well as the presence of some glucosinolates. 
A dual solvent process has successfully removed all glu- 
cosinolates as well as phytate and hulls (17); the resulting 
meal was reported to be bland, free-flowing, free from glu- 
cosinolates, low in polyphenols, and light in color, with a 
protein content of 50%. Protein isolates containing 90% 
protein produced from this meal could have considerable 
potential for use in human foods. 


NONEDIBLE BY-PRODUCTS 


The majority of rapeseed currently grown in Canada is 
canola, although there still remains some acreage devoted 
to HEAR, This is due to the industrial applications of er- 
ucic acid and its cleavage products. 


Canola Oil 


Canola oil-based printing ink has been found to be supe- 
rior to petroleum-based ink by reducing the rub problem. 
Switching to canola-based ink also reduces environmental 
problems, as 75% of the ink is biodegradable (78). The su- 
perior rub properties of canola oil permit both black and 
color inks to be made with this oil. A number of major Ca- 
nadian newspapers are now printed with canola oil-based 
ink. 


High Erucic Acid Oil 


Erucic acid, a long chain fatty acid (Cy9.1) containing a sin- 
gle double bond, exhibits high fire and smoke points 
(271°C). These properties allow erucic acid to withstand 
high temperatures and still remain a liquid at room tem- 
perature (79). Consequently, oils containing high levels of 
erucic acid are used as lubricants or in lubricant formula- 
tions (80). Because of their lubricant properties, HEAR oils 
have found applications as spinning lubricants in the tex- 
tile, steel, and shipping industries, as drilling oils, and as 
marine lubricants (81). High erucic acid oil has also been 
used for the clinical treatment of adrenoleukodistrophy, a 
rare children’s disease. Hydrogenated HEAR oils have in- 
dustrial applications by producing hard, glossy waxes (82). 


Erucic Acid Derivatives 


Erucic acid and its hydrogenated derivative, behenic acid, 
and erucyl and behenyl alcohols as well as other deriva- 
tives including esters, amides, amines, and their salts are 
used extensively in industry as slip, softening, antifoam- 
ing, and release agents; emulsifiers; processing aids; con- 
ditioners; antistatic agents; stabilizers; and corrosion in- 
hibitors (80). 


CH,(CH,),CH= CH(CH,),,COOH 
erucic acid 
CH,(CH,),CH,CH,(CH,),, COOH 
behenic acid 


Erucamide, the amide derivative of erucic acid, has 
been used for many years as a processing aid and antiblock 


agent in plastic films. It facilitates the production of plastic 
parts by acting as a lubricant and forming a thin layer on 
the surface of the plastic, thus preventing the sheets from 
sticking to each other. 


CH,(CH2)CH = CH(CH2);,CONH, 


erucamide 


Behenic acid and its esters are used to enhance the per- 
formance of a wide range of pharmaceutical, cosmetic, fab- 
ric softener, and hair conditioner products. As antifriction 
coatings they soften and improve the texture and sewabil- 
ity of cotton and synthetic fabrics (80). In addition to the 
compounds discussed, there are a large number of HEAR 
oil-derived alcohols and esters that are used in the cos- 
metic and pharmaceutical industries. 

Erucic acid cleavage products have considerable poten- 
tial in the production of plastics, resins, and nylons. For 
example, the oxidative cleavage of erucic acid yields bras- 
sylic acid, a 13-carbon dicarboxylic acid, and pelargonic 
acid, a 9-carbon monocarboxylic acid. A number of long 
chain nylons prepared from brassylic acid are important 
in automotive parts and products (79, 83,84). 


CH,(CH2)sCH = CH(CH,),,COOH 
oxidative cleavage 
~ CH,(CH,),COOH + HOOC(CH,),;COOH 
pelargonic acid brassylic acid 


Alkyl esters of brassylic acid are excellent plasticizers. 
The corresponding allyl and vinyl esters form polymers 
and copolymers that may be used in molding compounds, 
reinforced plastics, laminates, sealants, and coatings (85- 
88). 


STANDARDS AND SAFETY 


The standards for crude and refined, bleached, deodorized 
canola oil, as outlined in Table 6, were established in 1987 
by the Canadian General Standard Board (CGSB). Such 
standards are used in purchasing, consumer protection, 
health and safety, international trade, and regulatory ref- 
erence (90). In addition, there is also the Canada Agricul- 
tural Products Standard Act, which defines the quality of 
products, including canola oil (Table 4), for regulating the 
grading, packing, and marketing of processed canola oil in 
Canada. These come under the jurisdiction of Agriculture 
Canada (90). 

Canola oil has been approved by Health and Welfare 
Canada under the Food and Drugs Act and Regulations as 
safe for human consumption (91). The Canadian legisla- 
tion favors consumption of canola oil over that of rapeseed 
oil by limiting the amount of C2. monoenoic fatty acids 
such as erucic acid (Cyo.:) permitted in dietary fats. The 
three sections of this act, outlined in Table 7, refer to this 
particular restriction. For example, Section B.09.022 re- 
fers to a restriction of less than 5% Cz_. monoenoic fatty 
acids in fats and oils, in shortenings, salad and cooking 
oils, as well as table spreads. A similar restriction is cited 
in Section B.07.043 for salad dressings, while Section 
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Table 6. Canadian General Standards Board Requirements for Canola Oil 


A. Crude canola oil 


Characteristics Super degummed Degummed 
Free fatty acids (as oleic acid), % by mass, maximum 1.0 1.0 
Moisture and impurities, combined % by mass, maximum 03 03 
Phosphorus, ppm, maximum 50 200 
Chlorophyll, ppm, maximum 30 30 
Sulfur, ppm, maximum 10 10 
Refined, bleached color, Lovibond (133.4 mm cell), maximum 15 red 1.5 red 
Erucic acid, % by mass, maximum 20 2.0 

B. Refined, bleached, and deodorized canola oil 
Characteristics Minimum Maximum 
Free fatty acids (as oleic acid), % by mass - 0.05 
Moisture and impurities, combined % by mass = 0.05 
Lovibond color (133.4 mm cell) - 1.5 red, 15 yellow 
Peroxide value, mEq/kg = 2.0 
Cold test, h 12 a 
Smoke, point, °C 232 - 
Unsaponifiable matter, g/kg = 15 
Saponification value, milligrams potassium hydroxide per gram oil 182 193 
Refractive index (n, 40°C) 1.465 1,467 
Iodine value (Wija) 110 126 
Crismer value, °C 67 70 
Relative density (20°C/water 20°C) 0.914 0,920 
Erucic acid, % by mass -_ 2.0 


Source: Ref. 89. 


Table 7, Regulations in Canada’s Food and Drugs Act 
Relating to Canola and Rapeseed Oils 


B,09.001(S) Vegetable fats and oils shalll be fats and oils 
obtained entirely from the botanical source 
after which they are named, shall be dry and 
sweet in flavour and odour and, with the 
exception of olive oil, may contain Class IV 
preservatives, an antifoaming agent, and p- 
carotene in a quantity sufficient to replace 
that lost during processing, if such addition is 
shown on the label. 

No person shall sell cooking oil, margarine, 
salad oil, simulated dairy products, shortening 
or food that resembles margarine or 
shortening, if the product contains more than 
5 percent. Cz, Monoenoic Fatty Acids 
calculated as a proportion of the total fatty 
acids contained in the product. 

No person shall sell a dressing that contains 
more than 5 percent Cz Monoenoic Fatty 
Acids calculated as a proportion of the total 
fatty acids contained in the dressing. 

Except as otherwise provided in this Division, 
no person shall sell or advertise for sale of 
human milk substitute unless it contains, 
when prepared according to directions for use. 

(a) per 100 available kilocalories 

(i) not less than 3.3 and not more than 6.0 
grams of fat. 
i) not less than 500 milligrams of linoleic 
acid in the form of a glyceride. 
(ii) not more than 1 kilocalories from Coz 
Monoenoic Fatty Acids. 


BO09.022 


BO7.043 


B25.054 (1) 


Source: Ref. 92. 


B.25.054(a)(iii) limits Cy. monoenoic acids in infant for- 
mula to a maximum of 1% of the calories, In Canada, only 
2% erucic acid is now permitted in canola oil, which is 
much lower than the 5% indicated in the Codex standard 
for low erucic acid oils by Codex Alimentarious Commis- 
sion FAO/WHO 1982 (89). Erucic acid oil with a maximum 
of 2% was subsequently granted GRAS (generally regarded 
as safe) status in the United States (1985) by the FDA (92). 
This oil, now identified as canola oil, has since been rec- 
ognized by the American Health Foundation as a healthful 
product in the consumer market. A comprehensive review 
on the safety and health aspects of canola oil (93) con- 
cluded that, because of its fatty acid composition, canola 
oil can be a good substitute for saturated fat in diets in- 
tended to reduce the risk of hypercholesterolemic and cor- 
onary heart disease. Current nutritional recommendations 
by many health organizations suggest a reduction of the 
calories derived from fat in the diet to about 30% and no 
more than 10% of the caloric intake as saturated fat. 


FUTURE OF CANOLA 


The discovery of cytoplasmic male sterility (CMS) in Bras- 
sica spp. a decade ago led to considerable research in de- 
veloping new hybrids. Because B. napus spp. of canola are 
mainly self-pollinated, the development of hybrids re- 
quires cross-pollination. The CMS system has been per- 
fected and is now used for the production of commercial 
hybrids. Future research should result in improved hy- 
brids for commercial production. The application of bio- 
technology (and genetic engineering) will assist in the de- 
velopment of improved canola lines that mature early, are 
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frost resistant, are resistant to pesticides, are blackleg tol- 
erant, as well as higher yielding. B. napus varieties require 
long days to flower, so future research will develop lines 
that mature earlier without any loss in yield 
(8,31,35,94,95). New high protein lines will also be devel- 
oped for B. napus varieties, whereas higher yields and oil 
content and modified fatty acid composition are the long- 
term goals for B. rapa breeding research programs. Bio- 
technology should also result in new lines with cold tem- 
perature hardiness and frost resistance that can 
germinate at much lower soil temperatures and permit 
early seeding. As breeders and genetic engineers manage 
to tailor rapeseed/canola, segregating the crop on the basis 
of specific characteristics will evolve. Processors may de- 
velop contracts with farmers to plant varieties that provide 
products with the desired end-use properties. In addition 
to the breeding programs, modifications in canola process- 
ing technologies will be sought to improve the finished 
products while being environmentally safe. 
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CARBOHYDRATES: CLASSIFICATION, 
CHEMISTRY, AND LABELING 


Carbohydrates can be, and are, classified in several differ- 
ent ways. They are often classified according to function- 
ality in the minds of food scientists, for example, as sweet- 
eners, nonsweet (or only slightly sweet) bulking agents, 
texturizing materials, suspending agents, and so on. While 
tables generally have not been constructed in this way, 
that is the approach taken later in this article. First the 
more traditional method will be presented. Both types of 
classification are included in Table 1. 


MONOSACCHARIDES 


Monosaccharides, often called simple sugars, are individ- 
ual carbohydrate molecules that cannot be hydrolyzed to 
smaller, simpler carbohydrate units. The only ones found 
in food, beverage, and confectionery products to any ap- 
preciable extent are D-glucose and D-fructose. Most mono- 
saccharides present in prepared food, beverage, and con- 
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‘Table 1. Major Carbohydrate Ingredients 


Table 1. Major Carbohydrate Ingredients (continued) 


Natural Derived Natural Derived 
‘Monosaccharides 
Glucose/dextrose’ _Sorbitol* urea of fiber" 
Fructose* Xylitol? Cellulose (powdered, microcrystalline, microfibrillated, 
Mannitol microreticulated) 


Glucono-é-lactone (glucono-delta-lactone) 


Oligosaccharides 
Sucrose’ Hydrogenated glucose syrup 
Lactose® (maltitol syrup) 
Maltodextrins* 
Carbohydrate sweeteners 
Sugar’ 


Glucose (corn) syrups* 
High-fructose (corn) syrups* 
Honey* 

Molasses* 

Sorbitol 


Sugar products’ 


Granulated sugar 
Coarse 
Extrafine 
Fine 
Baker’s special, ete 
Brown sugar/soft sugar (light yellow > dark brown) 
Powdered sugar 
Fondant sugar 
‘Transformed sugar/agglomerated sugar 
Liquid sugar 
Molasses 


Polysaccharides 


Starches? (cookup, pregelatinized, and cold-water-swelling) 
Food gums* 


Dietary fiber 

Modified food starches? 
Crosslinked 
Stabilized cookup, pregelatinized, 


Crosslinked and stabilized) and cold water swelling 
Dextrins 


Bulking agents 


Starches" and modified food starches? 
Food fiber’ 
Polydextrose 


Fat replacers 


Microcrystalline cellulose 
Dextrins? 

Maltodextrins® 

Pectin microgel particles 
Inulin oligosaccharides 
#-glucan products 


Brans (wheat, rice, barley, corn, oat) 
#-glucan preparations 

Ordinary food gums* 

Psyllium gum 

Resistant starch 

Polydextrose 

Sugar beet fiber 

Fruit fiber preparations 


*See SWEETENERS: NUTRITIVE. 
See SUGAR: SUCROSE. 

“See Lactose. 

4See STARCH. 

“See Gums. 

‘See FIBER, DIETARY. 


fectionery products have been added as ingredients, 
primarily as high-fructose syrups or invert sugar. 

D-Glucose is a six-carbon sugar (a hexose) whose car- 
bonyl function is an aldehydo group. Aldehyde-based sug- 
ars are known as aldoses. Therefore, D-glucose is an aldo- 
hexose (Fig. 1). D-Glucose may appear on labels as glucose 
or dextrose. 

The chemistry of D-glucose is that of aldehydo groups 
and hydroxyl groups (1,2). The aldehydo group reacts with 
the hydroxyl group on carbon atom 5 to form a cyclic, hemi- 
acetal structure (a pyranose ring), which is by far the pre- 
dominate form of D-glucose in solution. Ring formation in- 
volves formation of a new chiral carbon atom (carbon atom 
1 [C-1], the one on the far right in the structure of f-p- 
glucopyranose (Fig. 1), so two configurations are formed at 
that position, the one with the hydroxyl group on C-1 down 
being the a form and the one with the hydroxyl group up 
being the form. 

Oxidation of the aldehydo or hemiacetal carbon atom 
(C-1) produces, respectively, the corresponding acid, p- 
gluconic acid (or its salt, D-gluconate), or the cyclic ester 
(lactone) (Fig. 1), the latter being produced directly in com- 
mercial production, which employs the enzyme glucose ox- 
idase. This food acidulant is identified on ingredient labels 
as gluconolactone or glucono-delta-lactone. The product of 
reduction, D-glucitol (Fig. 2), is commonly known as sor- 
bitol, which is how it most often appears on labels. Glucitol 
(sorbitol) belongs to the class of carbohydrates known as 
polyols, polyhydroxy alcohols or, scientifically, alditols. 
Other monosaccharidic polyols used as food ingredients 
are mannitol, xylitol, and erythritol (Fig. 3), which are la- 
beled as such. A classification of these and other nutritive 
sweeteners can be found in the article SWEETENERS: NU- 
TRITIVE. 

D-Fructose is a six-carbon sugar (hexose) (Fig. 4) whose 
carbonyl function is a keto group, making it a ketose, more 
specifically a ketohexose. D-Fructose may appear on labels 
as fructose, levulose, or fruit sugar. 

The keto group of D-fructose is also involved in ring for- 
mation. In solution, such as in honey and high-fructose 
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He=0 CH,OH 
HCOH 
I 0 On 
HOCH! OH 
HCOH HO 
HEOH OH 
CH,0H B-D-Glucopyranose 
D-Glucose 


O2 
glucose oxidase 
H202 


coo" 
CH,0H HOOH 
to) | 
eg OF HOCH 
OH H* -HCOH 
HO I 
HCOH 
Figure 1. The open-chain (acyclic) and one of the two six- OH jie Hi 
membered (pyranose) ring forms of D-glucose, its enzyme- iheacieis§ Ciavkeace 20) 
catalyzed oxidation, and the open-chain (salt) and lactone : 
ring forms of D-gluconic acid. D-Gluconate 


CHO CH,OH OF by 

HCOH HCOH ee Con 
HOCH Reduction HOCH c=0 we HO 

HCOH HCOH baal OH 

cee ona 

P pint NN HoH,c /”° 
D-Glucose 2a CH,OH 2 OH 
perutines { Ho/  CH,OH 
Figure 2. Reduction of p-glucose to sorbitol. 
OH 


Figure 4. Cyclization of D-fructose to pyranose and furanose ring 


CH,OH forms. 
HOCH CH,OH 

CH,OH syrups, D-fructose occurs as the more stable six-membered 
sai Bron ee (hemiacetal/hemiketal, pyranose) ring (Fig. 4); in the di- 
HOOH HOCH a ba saccharide sucrose (described in the next section), D- 
fructose occurs in its five-membered (furanose) ring form 
ee HOH BOOn (lower ring structure in Fig. 4). (The squiggly lines on car- 
CH,OH CH,0H CH,OH bon 2 in this figure and at the reducing end of Figure 5 
indicate a mixture of two configurations—the a and f con- 
D-Mannitol Xylitol Erythritol figurations.) Reduction of D-fructose produces a mixture of 


Figure 3. Structures of other food alditols. 


D-glucitol (sorbitol) and D-mannitol. Fructose cannot be ox- 
idized to an acid or lactone. 
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Glucose is isomerized to fructose by the enzyme glucose 
oxidase, which is the basis for the production of high- 
fructose syrups (high-fructose corn syrups, HFCS). First 
starch is completely enzyme-converted to D-glucose, which 
is then isomerized to D-fructose. Generally, two fructose 
syrups are made, a 42% fructose and a 55% fructose syrup. 
Crystalline fructose is also available from this process. 

In addition to starch being completely converted to glu- 
cose (crystalline and solution/syrup form), various glucose 
syrups (corn syrups) are also produced from it. Such syrups 
are described by their dextrose (glucose) equivalence (DE), 
which is defined as the percent reducing sugar calculated 
as D-glucose on a dry-weight basis. Thus, the DE is a mea- 
sure of the degree of hydrolysis. D-Glucose has a DE value 
of 100 and starch a DE value of 0. Glucose syrups normally 
have DE values ranging from ~25% to >95%. A DE 25 
syrup contains ~5% glucose, ~6% maltose, ~11% malto- 
triose, and ~78% higher oligosaccharides. A DE 80 syrup 
contains about 80% glucose. 

Reactions of hydroxyl groups are of little significance in 
monosaccharides of foods, except as they are involved in 
hemiacetal and lactone ring formation. However, an im- 
portant process that can occur with any carbohydrate con- 
taining a free, or potentially free, aldehydo or keto group 
also involves the remainder of molecule. Nonenzymic 
browning begins with a reaction known as the Maillard 
reaction, which is a chemical reaction between an amino 
group of an amino acid or protein molecule and reducing 
sugars, which are any carbohydrate molecules with a car- 
bonyl group (free or in the form of a hemiacetal). The end 
products of a series of steps in several related pathways 
are flavors, aromas, and dark-colored soluble and insoluble 
polymers. 

Heating sugars in the absence of compounds containing 
amino groups to a sufficient temperature effects a complex 
series of pyrolytic reactions resulting in the production of 
caramel colors and flavors. 


OLIGOSACCHARIDES 


Oligosaccharides are short chains of a few sugar units 
joined in acetal linkages; that is, the hemiacetal groups of 
a ring form (most often the pyranose ring form) of mono- 
saccharides have been joined during biosynthesis to a hy- 
droxyl group of another monosaccharide unit to create an 
acetal. In carbohydrate chemistry, the half of the acetal 
bond joining two sugar units is called a glycosidic linkage, 
the other half being that which forms the pyranose or fu- 
ranose ring (1,2). 


Figure 5. Structures of molecules related to the two starch 
polymers, amylose and amylopectin: n = 0, maltose: n = 1, 
maltotriose;n = 2, maltotetraose; 3, maltopentaose; and 
so on, In amylose, n = ~1000-15,000. 


The upper limit to the number of saccharide (glycosyl) 
units in an oligosaccharide is undefined. It is often stated 
to be 10, sometimes 20. There are 2 monosaccharide units 
in a disaccharide, 3 in a trisaccharide, 4 in a tetrasacchar- 
ide, 10 in a decasaccharide, and so on. Chains containing 
more than 20 units are generally considered to be polymer 
molecules, that is, polysaccharides. With the exception of 
only a few naturally occurring oligosaccharides, the gly- 
cosyl (generally pyranosyl, occasionally furanosyl) units in 
oligo- and polysaccharides are joined together by glycosidic 
linkages in a head-to-tail fashion. As a result, each oligo- 
saccharide has one, and only one, reducing end, that is, an 
end with a carbonyl or hemiacetal group (Fig. 5), but be- 
cause most oligosaccharides are produced by depolymeri- 
zation of polysaccharides, and because polysaccharides are 
often branched and may have many nonreducing ends, 
oligosaccharides may have more than one nonreducing 
end. 

Depolymerization of starch molecules produces a series 
of branched (see “Polysaccharides”) and unbranched oli- 
gosaccharides known chemically as maltooligosaccharides 
(Fig. 5) and, perhaps, larger fragments, depending on the 
extent of depolymerization. Commercially, these mixtures 
are known as, and labeled, maltodextrins. A range of mal- 
todextrin products with different properties are produced. 
Mixtures of starch depolymerization products with smaller 
average degrees of polymerization, but large enough to al- 
low conversion to a dry powder form (rather than a syrup) 
are known as, and labeled, corn syrup solids, glucose syrup 
solids, dried glucose syrup, or glucose syrup, dried. 

The primary exception to the head-to-tail linkage ar- 
rangement is found in the structure of the disaccharide 
sucrose (1,2) (see the article SUGAR: SUCROSE), in which the 
linkage is from hemiacetal group to hemiacetal (hemi- 
ketal) group (Fig. 6), leaving the molecule with no free or 
potentially free carbonyl group. Therefore, sucrose is clas- 
sified as a nonreducing sugar. Tri- and tetrasaccharides 
related to sucrose (raffinose, and stachyose, respectively) 


CH,OH 
OQ HOH,C 2. 
OH HO 
HO ° CH,OH 
OH OH 


Figure 6. Sucrose. The left-hand portion is an a-D-glucopyrano- 
syl unit. The right-hand portion is a f-D-fructofuranosyl unit. 
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CH,OH OH 
to) 
OH 
OH HOH,C 
HO ° O OH 
OH 


Figure 7. a,a-Trehalose. 


Table 2. Classification of Selected Food Polysaccharides 
by Source 


Source Examples 
Algal (seaweed extracts) 
Agars, algins, carrageenans, furcellaran 
Higher plants 
Insoluble Cellulose 
Extract Pectins 
Seeds Corn starches, rice starches, wheat starch, 
guar gum, locust bean gum, psyllium 
seed gum 
Tubers and roots _Potato starch, tapioca starch, konjac 
mannan 
Exudates Gum arabics, gum tragacanth 


Microorganisms (fermentation gums) 


Xanthans, gellan, curdlan, dextrans 


Derived 


Carboxymethylcelluloses (CMC), 
hydroxypropylcelluloses (HPC), 
hydroxypropylmethylcelluloses (HPMC), 
methylcelluloses (MC) 

Starch acetates, starch 1- 
octenylsuccinates, starch phosphates, 
starch adipates, starch succinates, 
hydroxypropylstarches, dextrins 


From cellulose 


From starch 


Synthetic 
Polydextrose 


are found primarily in beans. Added sucrose in a food prod- 
uct most often is indicated on the ingredient label as sugar. 

The other exception to head-to-tail linkages is that of a, 
a-trehalose (Fig. 7). Also in this disaccharide, the two 
monosaccharide (a-D-glucopyranosyl) units are linked re- 
ducing end to reducing end. 

All glycosidic linkages are susceptible to hydrolysis in 
the presence of acid and heat. That of sucrose is especially 
so. This hydrolysis to produce an equimolar mixture of D- 
glucose and D-fructose is called inversion and the product 
invert sugar. Invert sugar and invert sugar syrup may be 
used as label designations. 

Unique structures that do involve head-to-tail linkages 
are those of the cyclodextrins (cycloamyloses), which as 


Table 3. Classification of Selected Food Polysaccharides 
by Structure 


Classification schemes 


Examples 


By shape 
Linear Algins, starch amyloses, carrageenans, 
cellulose, konjac mannan, pectins 


Branched 

Short branches on Guar gum, locust bean gum, xanthan 
a linear backbone 

Branch-on-branch Starch amylopectins, gum arabics, gum 
structures tragacanth (tragacanthin) 


By different kinds of monosaccharide units 


One Starch amylopectins, starch amylose, 
cellulose 

Two Algins, carrageenans, galactomannans, 
konjac mannan, pectins 

Three Gellan, xanthan 

Four Gum arabics 

Five Gum tragacanth (tragacanthin) 
By charge 

Neutral Starch amylopectins, starch amyloses, 


cellulose, galactomannans, konjac 
mannan 

Algins, carrageenans, gellan, gum 
arabies, gum tragacanth 
(tragacanthin), pectins, xanthan 


Anionic (acidic) 


Figure 8. General structural features of polysaccharides. $, Re- 
ducing end unit. 


their name implies, are cyclic structures with neither a 
reducing or nonreducing end. Also, as their name implies, 
they are formed from starch. The commercial one is f- 
cyclodextrin, which is a ring composed of seven a-D- 
glucopyranosyl units linked (1 — 4); that is, a structure like 
that of Figure 5 in which n = 5, and the ends are joined 
in the same type of linkage joining the other units. 
Reactions of hydroxyl groups of oligosaccharides are 
generally not practiced. There are a few exceptions. 
Derivatives of f-cyclodextrins have been made to improve 
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Table 4. Label Designations of Food Polysaccharides 


Chemical or generic name of food gum 


‘Approved label designations 
(in addition to chemical or generic name) 


Agar 
Alginic acid 

Sodium or potassium alginate 
Propylene glycol alginate 
Carboxymethylcellulose 


x-carrageenan 


J,rcarrageenan 
Cellulose, powdered 
Furcellaran 

Gellan 

Guar gum 

Gum arabic 


Gum ghatti 
Gum karaya 

Gum tragacanth 
Hydroxypropyleellulose 


Hydroxypropylmethylcellulose 


Konjac mannan 


Locust bean gum 
Methylcellulose 


Microcrystalline cellulose 


Pectin 

Polydextrose 

Psyllium gum 

Corn, waxy maize, waxy corn, high-amylose corn, potato, 
tapioca, cassava, wheat, arrowroot, rice, waxy rice starch 

Starch acetate, starch phosphate, starch octenylsuccinate, 
crosslinked starch, oxidized starch, hydroxypropylstarch, 
thin-boiling starch 

Dextrins 

Xanthan 


Agar-agar 


Algin 

Algin derivative 

Sodium carboxymethylcellulose 
Sodium carboxymethyl cellulose 
Carboxymethylcellulose 
Carboxymethyl cellulose 

CMC 

Sodium CMC 

Cellulose gum 

Carrageenan 

Chondrus extract 

Irish moss extract 
Carrageenan 


Danish agar 
Gellan gum 


Arabic gum 

Gum acacia 

Acacia gum 

Ghatti gum 

Karaya gum 

Tragacanth gum 
Hydroxypropyl cellulose 
Modified cellulose 
Hydroxypropyl methylcellulose 
Hydroxypropyl methyl cellulose 
HPMC 

Modified cellulose 

Konjac gum 

Konjac flour 

Yam 

Yam flour 

Carob gum 

Methyl cellulose 

MC 

Modified cellulose 
Cellulose microcrystalline 
Cellulose gel 


Gum psyllium 
Starch 

Food starch-modified 
Modified food starch 


Xanthan gum 


Note: Approved for the United States. 


its solubility. Sucrose is monoesterified with fatty acids to 
produce food-grade emulsifiers/surfactants and more com- 
pletely esterified (6-8 fatty acyl groups) to produce the fat 
substitute olestra. The modified carbohydrate, sorbitan, 
is also fatty acyl esterified and/or etherified with 
poly(ethylene glycol)/poly(oxyethylene) chains to produce 
food-approved emulsifiers/surfactants. 


POLYSACCHARIDES 


Polysaccharides are polymers of monosaccharide units, 
which may be substituted with other groups such as ester, 
ether, and/or cyclic acetal moieties (1). Polysaccharides 
may be attached to proteins, in which case the substance 
is referred to as a protein-polysaccharide (when they 
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originate from plants) or a proteoglycan (when they origi- 
nate from animals), or to a lipid, in which case the sub- 
stance is referred to as a lipopolysaccharide. Certain poly- 
saccharides of plants, namely, hemicelluloses, may be 
covalently bound to lignin. 

Polysaccharides of foods, either naturally occurring or 
added as ingredients, are classified in several different 
ways (3,4), by source (Table 2) and by structure (Table 3) 
being the most common ways. They may also be classified 
by composition (3) and by imparted functionalities (4). 
Water-soluble polysaccharides of foods, especially those 
added as ingredients, are known as food gums and hydro- 
colloids (see the article GuMs). 

One feature to note from Table 3 is that polysaccha- 
rides, unlike proteins, can be branched. Because each 
monosaccharide unit of a polysaccharide has several hy- 
droxyl groups that can be involved in glycosidic linkages, 
each unit can potentially be involved in multiple linkages. 
Therefore, branching can, and does, occur. Branched poly- 
saccharide structures can have several shapes, including 
essentially linear structures with a very few, very long 
branches; linear structures decorated with short branches, 
either regularly spaced, irregularly spaced, or in clusters; 
branch-on-branch structures with branches in clusters (as 
in starch amylopectin) (1) (see the article STARCH); and 
bushlike, branch-on-branch structures, with and without 
decoration with short branches (Fig. 8). Each polysaccha- 
ride has one and only one reducing end unit but may have 
many nonreducing end units. 

The chemistry of polysaccharides, like that of oligosac- 
charides, is primarily the chemistry of hydroxyl groups and 
the chemistry of glycosidic linkages; in the case of polysac- 
charides containing uronic acid units, the chemistry of car- 
boxyl groups may also be involved (3). Hydroxyl groups 
may be reacted to form ethers (practiced with cellulose [1] 
and starches [1], primarily corn, waxy maize, and potato 
starches). Hydroxyl groups may also be reacted to form 
esters (practiced with starch) (1). Some naturally occurring 
ester groups are removed by saponification during pro- 
cessing of the food gums konjac mannan (acetate ester 
groups) and gellan (acetate and glycolate ester groups). 
Oxidants will convert hydroxyl groups into carbonyl func- 
tions; carboxyl groups may also be introduced during oxi- 
dation. 

Oxidation is usually effected at alkaline pH values. Un- 
der these conditions, f-eliminations may result in depoly- 
merization (1). Glycosidic bonds are also cleaved by acid- 
catalyzed hydrolysis (practiced with starches and gums in 
general). Starches are also depolymerized by enzyme- 
catalyzed hydrolyses in the formation of corn syrups and 
other hydrolytic products. Under low-moisture conditions, 
heating in the presence of an acid results in both glycosidic 
bond hydrolysis and transfer, the latter reaction resulting 
in a more highly branched product (production of dextrins 
from a starch). 

Some of the uronic acid carboxyl groups of algins are 
esterified in the production of propylene glycol alginate (1). 
Some naturally occurring methyl ester groups of a high- 
methoxyl pectin are saponified during its conversion into 
a low-methoxyl pectin. In other low-methoxy] pectins, the 


methyl carboxylate groups are converted into carboxamide 
groups by treatment with ammonia (1). 

Allowed label designations of food gums are given in 
Table 4. 
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CARBOHYDRATES: FUNCTIONALITY 
AND PHYSIOLOGICAL SIGNIFICANCE 


Carbohydrates are the most important source of food en- 
ergy in the world, They provide between 40 to 80% of total 
food energy intake, depending on location, cultural consid- 
erations, or economic status. Despite the importance of di- 
etary carbohydrates, the human body only comprises 
about 1%. Following digestion and absorption, available 
carbohydrates may be (1) used to meet immediate energy 
needs of tissue cells, (2) converted to glycogen and stored 
in the liver and muscle for later energy needs, and (3) con- 
verted to fat as a larger reserve of energy. 

In addition to the role that carbohydrates play as an 
energy source, they have a number of other roles as well. 
Sugars are used as sweeteners to make food more palata- 
ble and to assist in preservation. Starches and gums pro- 
vide important textural properties to processed foods such 
as baked goods and desserts. Diets high in carbohydrates 
may reduce individual propensity to obesity, and there is 
growing evidence that such diets may also provide some 
protection against various noncommunicable human dis- 
eases and conditions. 


DESCRIPTION 


The major class of dietary carbohydrates (degree of poly- 
merization) are sugars (1-2), oligosaccharides (3-9), and 
polysaccharides (>9) (1). Sugars comprise monosaccha- 
rides, disaccharides, and polyols (sugar alcohols). Oligo- 
saccharides include malto-oligosaccharides, mainly from 
the hydrolysis of starch, and other oligosaccharides such 
as fructo-oligosaccharides. Polysaccharides may be divided 
into starch (a-glucans) and nonstarch polysaccharides, of 
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originate from plants) or a proteoglycan (when they origi- 
nate from animals), or to a lipid, in which case the sub- 
stance is referred to as a lipopolysaccharide. Certain poly- 
saccharides of plants, namely, hemicelluloses, may be 
covalently bound to lignin. 

Polysaccharides of foods, either naturally occurring or 
added as ingredients, are classified in several different 
ways (3,4), by source (Table 2) and by structure (Table 3) 
being the most common ways. They may also be classified 
by composition (3) and by imparted functionalities (4). 
Water-soluble polysaccharides of foods, especially those 
added as ingredients, are known as food gums and hydro- 
colloids (see the article GuMs). 

One feature to note from Table 3 is that polysaccha- 
rides, unlike proteins, can be branched. Because each 
monosaccharide unit of a polysaccharide has several hy- 
droxyl groups that can be involved in glycosidic linkages, 
each unit can potentially be involved in multiple linkages. 
Therefore, branching can, and does, occur. Branched poly- 
saccharide structures can have several shapes, including 
essentially linear structures with a very few, very long 
branches; linear structures decorated with short branches, 
either regularly spaced, irregularly spaced, or in clusters; 
branch-on-branch structures with branches in clusters (as 
in starch amylopectin) (1) (see the article STARCH); and 
bushlike, branch-on-branch structures, with and without 
decoration with short branches (Fig. 8). Each polysaccha- 
ride has one and only one reducing end unit but may have 
many nonreducing end units. 

The chemistry of polysaccharides, like that of oligosac- 
charides, is primarily the chemistry of hydroxyl groups and 
the chemistry of glycosidic linkages; in the case of polysac- 
charides containing uronic acid units, the chemistry of car- 
boxyl groups may also be involved (3). Hydroxyl groups 
may be reacted to form ethers (practiced with cellulose [1] 
and starches [1], primarily corn, waxy maize, and potato 
starches). Hydroxyl groups may also be reacted to form 
esters (practiced with starch) (1). Some naturally occurring 
ester groups are removed by saponification during pro- 
cessing of the food gums konjac mannan (acetate ester 
groups) and gellan (acetate and glycolate ester groups). 
Oxidants will convert hydroxyl groups into carbonyl func- 
tions; carboxyl groups may also be introduced during oxi- 
dation. 

Oxidation is usually effected at alkaline pH values. Un- 
der these conditions, f-eliminations may result in depoly- 
merization (1). Glycosidic bonds are also cleaved by acid- 
catalyzed hydrolysis (practiced with starches and gums in 
general). Starches are also depolymerized by enzyme- 
catalyzed hydrolyses in the formation of corn syrups and 
other hydrolytic products. Under low-moisture conditions, 
heating in the presence of an acid results in both glycosidic 
bond hydrolysis and transfer, the latter reaction resulting 
in a more highly branched product (production of dextrins 
from a starch). 

Some of the uronic acid carboxyl groups of algins are 
esterified in the production of propylene glycol alginate (1). 
Some naturally occurring methyl ester groups of a high- 
methoxyl pectin are saponified during its conversion into 
a low-methoxyl pectin. In other low-methoxy] pectins, the 


methyl carboxylate groups are converted into carboxamide 
groups by treatment with ammonia (1). 

Allowed label designations of food gums are given in 
Table 4. 
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CARBOHYDRATES: FUNCTIONALITY 
AND PHYSIOLOGICAL SIGNIFICANCE 


Carbohydrates are the most important source of food en- 
ergy in the world, They provide between 40 to 80% of total 
food energy intake, depending on location, cultural consid- 
erations, or economic status. Despite the importance of di- 
etary carbohydrates, the human body only comprises 
about 1%. Following digestion and absorption, available 
carbohydrates may be (1) used to meet immediate energy 
needs of tissue cells, (2) converted to glycogen and stored 
in the liver and muscle for later energy needs, and (3) con- 
verted to fat as a larger reserve of energy. 

In addition to the role that carbohydrates play as an 
energy source, they have a number of other roles as well. 
Sugars are used as sweeteners to make food more palata- 
ble and to assist in preservation. Starches and gums pro- 
vide important textural properties to processed foods such 
as baked goods and desserts. Diets high in carbohydrates 
may reduce individual propensity to obesity, and there is 
growing evidence that such diets may also provide some 
protection against various noncommunicable human dis- 
eases and conditions. 


DESCRIPTION 


The major class of dietary carbohydrates (degree of poly- 
merization) are sugars (1-2), oligosaccharides (3-9), and 
polysaccharides (>9) (1). Sugars comprise monosaccha- 
rides, disaccharides, and polyols (sugar alcohols). Oligo- 
saccharides include malto-oligosaccharides, mainly from 
the hydrolysis of starch, and other oligosaccharides such 
as fructo-oligosaccharides. Polysaccharides may be divided 
into starch (a-glucans) and nonstarch polysaccharides, of 
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which the major components are the polysaccharides of 
plant cell walls (eg, cellulose, hemicellulose, and pectin). 
The term complex carbohydrates is often used in the 
United States to describe starch, dietary fiber, and nondi- 
gestible oligosaccharides (2). One of the major develop- 
ments in the understanding of the importance of carbo- 
hydrates in health over the last 20 years has been the 
discovery of resistant starch, which is defined as “starch 
and starch degradation products not absorbed in the small 
intestine of healthy humans” (1). 


FOOD FUNCTIONALITY 


Carbohydrates have a number of important roles in food 
functionality including effects on texture, taste, and sta- 
bility. 


Sugars 


Sugars contribute primarily to the sweetness of foods (3). 
Other important properties of sugars include preservation, 
fermentation, browning, and viscosity. Concentrated sugar 
solutions act as a preservative by controlling water activ- 
ity. Yeast cells in fermented bread and in alcoholic bever- 
ages metabolize sugars, under anaerobic conditions, to pro- 
duce carbon dioxide or ethanol. Carmelization reactions 
occur when sugars are heated. Sugars are able to increase 
boiling point and depress the freezing point of a solution. 
Polyols impart bulking or humectant properties and lower 
energy content than sugars. 


Oligosaccharides 


Oligosaccharides provide unique health benefits (4,5). 
More than half of the “functional foods” on the Japanese 
market contain prebiotic oligosaccharides as an active 
component, with the aim of promoting favorable gut mi- 
croflora. Oligosaccharides such as polydextrose can pro- 
vide a 1 kcal/g bulking agent providing the body and tex- 
ture of sugar for energy controlled foods. 


Starches 


Starch is the major component in flours and commodities 
such as rice, corn, wheat, and beans (6). One of the major 
advantages of granular starches is that, being insoluble in 
cold water, they can be easily dispersed and then rendered 
functional by heating, which causes the granules to swell, 
absorb water, and affect viscosity. The behavior of starch 
depends on the temperature and the concentration. The 
gelatinization of starch occurs at a critical temperature of 
between 56 and 68°C depending on the starch type. The 
rheological properties of starch paste have important food 
applications. Pregelatinized starches can be used in food 
products for reduced preparation and processing require- 
ments. Starch retrogradation accompanies the aging of 
cooked foods such as breads, cereals, puddings, or gravies. 
With bread, the staling process involves hardening of the 
starch by retrogradation and the redistribution of the wa- 
ter from the crumb to the crust. 


Polysaccharide Gums 


Polysaccharide gums are widely used in food processing as 
thickeners and gelling agents (3). These functions allow 
the development of a wide variety of unique processed food 
products such as dietetic jams, jellies, salad dressings, and 
sauces. There are a variety of gum types derived from 
(1) plant materials such as seaweed, seeds, roots, or tree 
exudates; (2) microbial biosynthesis; and (3) chemical mod- 
ification of natural polysaccharides. Thickening and gel- 
ling of foods by gums is a common practice in processed 
foods to achieve a certain texture, mouth-feel, and body. 
Most gums have the ability to increase viscosity and many 
gums can form gels that result from intermolecular asso- 
ciations. Gums tend to be effective at low levels, such as 
less than 1% of formulation weight. 


BASIC PHYSIOLOGICAL EFFECTS 


Energy Source 


Dietary carbohydrates are generally given an energy value 
of 4 kcal/g (17 kJ/g), although where carbohydrates are 
expressed as monosaccharides, the value of 3.75 kcal/g 
(15.7 kJ/g) is used. However, a number of carbohydrates 
are only partially or not digested in the small intestine and 
are fermented in the large bowel to short-chain organic 
acids. These include the nondigestible oligosaccharides, re- 
sistant starch, and nonstarch polysaccharides. This pro- 
cess of fermentation is less efficient than absorption in the 
small intestine. Although energy values vary for different 
carbohydrates, a value of 2 kcal/g (8 kJ/g) is a reasonable 
average figure for carbohydrates that reach the colon (1,4). 


Glucose and Insulin 


The digestion of carbohydrates starts in the mouth, where 
salivary a-amylase initiates starch hydrolysis (7). The 
starch fragments formed are maltose, some glucose, and 
dextrins. The a-amylase hydrolysis of starch is completed 
by the pancreatic amylase active in the small intestine. 
Disaccharides also need to be broken down to monosaccha- 
rides to be absorbed. The final hydrolysis is accomplished 
by “disaccharidases” attached to the intestinal brush bor- 
der membrane. Disaccharidase deficiencies occur in some 
populations, causing malabsorption and intolerance, such 
as in the case of lactose. Lactose, a disaccharide of glucose 
and galactose, is the principal sugar in milk, At birth, lac- 
tase activity is high in the brush border of the small intes- 
tine of infants, but declines after weaning, so that most 
non-Caucasian populations of the world have low activity 
in adult life (1,8). 

Glucose and galactose are transported actively against 
a concentration gradient into the intestinal mucosal cells 
by a sodium-dependent transporter (1,7). Fructose under- 
goes facilitated transport by another mechanism. When 
absorbed into circulation, carbohydrates cause an eleva- 
tion of blood glucose concentration. Fructose and galactose 
have to be converted to glucose mainly in the liver and 
therefore produce a slower rate of glucose elevation. In- 
sulin, necessary for glucose uptake by body cells, is se- 
creted as a response to blood glucose elevation but is mod- 
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ified by many factors, such as neural and endocrine 
stimuli. 


Plasma Lipids 


There is concern that very high carbohydrate diets at the 
expense of fat might result in a decrease in high density 
lipoprotein and a corresponding increase in plasma tri- 
glycerides. However, this does not appear to be an issue 
when the increased carbohydrates are in the form of vege- 
tables, fruits, and processed cereal over prolonged periods. 

Polysaccharides like oat f-glucan and those of psyllium 
have been repeatedly shown to lower plasma cholesterol 
levels in individuals with elevated levels; slight to moder- 
ate change of plasma levels are normal (1,9). Proposed 
mechanisms include impaired bile acid and cholesterol 
reabsorption through physical entrapment in the small in- 
testine, or inhibitory effects on cholesterol synthesis by 
products of lower bowel fermentation. 


Bowel Function 


It has long been recognized that the nonstarch polysaccha- 
ride portion of dietary fiber is the principal dietary com- 
ponent affecting bowel regularity (10). This occurs through 
increases in bowel content bulk and speeding up of intes- 
tinal transit time. The degree of effect depends on the 
chemical and physical properties of the polysaccharides 
and the extent of fermentation. One important develop- 
ment in recent years has been the demonstration that spe- 
cific dietary carbohydrates selectively stimulate the 
growth of individual groups or species of bacteria. For 
example, fructo-oligosaccharides specifically stimulate 
growth of bifidobacteria that may protect the host from 
invasion by pathogenic species and have other health bene- 
fits. Foods used to selectively stimulate the growth of gut 
bacteria are known as prebiotics. 


HEALTH MAINTENANCE AND DISEASE PREVENTION 


Although the amount of carbohydrate required to avoid ke- 
tosis is relatively small (about 50 g/day), carbohydrate pro- 
vides the majority of the energy in the diets of most people 
(1). This is desirable not only for providing easily available 
energy for oxidative metabolism, but also carbohydrate- 
containing foods are good vehicles for micronutrients and 
phytochemicals. Carbohydrates are important in main- 
taining glycemic homeostasis and for gastrointestinal in- 
tegrity and function. Diets high in carbohydrates, as com- 
pared with diets high in fat, reduce the likelihood of 
developing obesity and related conditions. An optimum 
diet should consist of at least 55% of the total energy com- 
ing from carbohydrates obtained from a variety of food 
sources. However, carbohydrates intakes at or above 75% 
of total energy could have significant adverse effects on 
nutritional status by the exclusion of adequate quantities 
of protein, fat, and other essential nutrients. 


Energy Balance and Weight Maintenance 


In adults, it is very important that the energy ingested be 
matched to the amount of energy expended (1,11). Main- 


tenance of energy balance is necessary to avoid obesity and 
associated chronic diseases such as diabetes and cardio- 
vascular disease. Positive energy balance (weight gain) oc- 
curs when total energy intake exceeds total energy expen- 
diture, regardless of the composition of the excess energy. 
However, composition of the diet may affect to what extent 
positive energy balance occurs. 

The composition of the diet may affect the body’s ability 
to maintain energy (1,11). Especially, diets containing at 
least 55% of energy from a variety of carbohydrate sources, 
as compared with high-fat diets, reduce the probability of 
body fat accumulation. Substantial data suggest those 
diets high in fat tend to promote consumption of more total 
energy than diets high in carbohydrates. This effect may 
be due to the low energy density of high-carbohydrate 
diets, because total volume of food consumed appears to 
provide an important satiety cue. Although there are no 
data to suggest that different types of carbohydrates affect 
total energy differently, the composition of the diet may 
affect the proportion of excess energy stored as body fat. 
The body has a large fat storage capacity, and excess die- 
tary fat is stored very efficiently in adipose tissue. Alter- 
natively the body’s capacity to store carbohydrates is very 
limited, and excess dietary carbohydrates are not effi- 
ciently stored as body fat. Instead, excess carbohydrate 
tends to be oxidized readily, resulting in indirect fat accu- 
mulation by reductions in fat oxidation. Although the over- 
all contribution of de novo lipogenesis from carbohydrates 
is small, it may increase with appreciable carbohydrates 
overfeeding, insulin resistance, and with extremely high 
intakes of sucrose or fructose. 

There is considerable controversy surrounding the ex- 
tent to which sugars and starch promote obesity (1,11). 
There is no direct evidence to implicate either form of car- 
bohydrate in the etiology of obesity, based on data derived 
from studies in Western countries. In spite of that, it is 
important to state that excess energy in any form promotes 
body fat accumulation. Excess consumption of low-fat 
foods, although not as obesity producing as excess con- 
sumption of high-fat foods, leads to obesity if energy ex- 
penditure (such as physical activity) is not increased. 


Physical Activity 


Maintaining regular physical activity reduces the likeli- 
hood of creating positive energy balance or weight gain, 
regardless of diet composition (1,12). There is general 
agreement that the combination of high-carbohydrate 
diets and regular physical activity is the best way to avoid 
positive energy balance. The increased energy needs of 
people with high physical activity can be efficiently met by 
dietary carbohydrates. In many developing countries, the 
major challenge is to meet the daily energy needs of high 
physical labor. The importance of carbohydrates in the diet 
becomes more critical as the amount of and the intensity 
of physical activity increases. 

There is substantial evidence that supplemental car- 
bohydrates can improve performance for elite, endurance- 
trained athletes (1,12,13). A high-carbohydrate diet in- 
cluding meals and snacks such as energy bars have been 
shown to enhance performance during long-distance cy- 
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cling and running. There is, however, no clear evidence 
that carbohydrate supplements and snacks would improve 
the performance for the majority of people who engage in 
recreational physical activity of lower intensity and dura- 
tion. On the other hand, carbohydrate intake after exercise 
can help to quickly replenish depleted glycogen stores. 


Dental Caries 


The incidence of dental caries is influenced by a number of 
factors (1). Foods containing sugars and starch may be eas- 
ily hydrolyzed by a-amylase and bacteria in the mouth, 
which can increase the risk of caries as a result of excess 
production of organic acids. Starches with a high glycemic 
index produce more pronounced changes in plaque pH 
than low glycemic index starch, especially when combined 
with sugars. However, the impact of carbohydrates on 
caries is dependent on the food, frequency of consumption, 
degree of oral hygiene performed, availability of fluoride, 
salivary function, and genetic factors. 


Behavior 


There is emerging evidence that food intake may have im- 
portant effects on behavior (1,14). Although providing 
breakfast to children who do not typically eat breakfast can 
increase cognitive performance, it is less clear that overall 
composition of the diet can affect behavior. Although it is 
often suggested that sugar consumption may lead to hy- 
peractivity in children, there is no evidence to support the 
claim that refined sugars have a significant influence on 
child hyperactivity and related behaviors. Because glucose 
is an essential energy source for the central nervous sys- 
tem, carbohydrate has been suggested to play a role in 
memory and cognitive function. Although there appears to 
be a relationship between glucose levels and memory pro- 
cessing, the clinical significance of this effect has yet to be 
determined. 


Blood Glucose and Diabetes Management 


The rise of blood glucose in normal and diabetic people 
after meals varies markedly and depends on many factors, 
including the source of the carbohydrate, its method of 
preparation, and composition of the total meal (1,15). Clas- 
sification of carbohydrates as simple or complex does not 
predict their effects on blood glucose or insulin. Rapidly 
absorbed carbohydrates, which promote large blood glu- 
cose responses, may be in the form of both sugars and 
starches. Sugars added to foods have no different effects 
on blood glucose from those of sugars alone. The natural 
sugars from fruits ahd fruit juices raise blood glucose ap- 
proximately as much as does sucrose and less than do most 
refined starchy carbohydrate foods. 

Consuming a wide range of carbohydrate foods is now 
regarded as acceptable in the nutrition management of 
people who already have non-insulin-dependent diabetes 
(1). It is suggested that between 60 and 70% of total energy 
should be derived from a mix of carbohydrates and mono- 
unsaturated fats. Carbohydrates should mainly come from 
a wide range of appropriately processed cereals, vegeta- 
bles, and fruit. Sucrose and other sugars have not been 


directly implicated in the etiology of diabetes, and recom- 
mendations concerning intake relate primarily to the 
avoidance of all energy-dense foods in order to reduce obe- 
sity. Most recommendations for the management of dia- 
betes permit modest (30-50 g/day) intakes of sucrose and 
other added sugars in the diabetic dietary plan. 


Blood Lipids and Cardiovascular Disease Risk 


The cornerstone of dietary advice aimed at reducing coro- 
nary heart disease risk is to increase the intake of 
carbohydrate-rich foods, especially cereals, vegetables, 
and fruits rich in nonstarch polysaccharides, at the 
expense of fat (1). There is increasing evidence that anti- 
oxidants have a protective effect against coronary heart 
disease, and complex carbohydrates such as fruits and 
vegetables tend to be rich sources of antioxidant nutrients 
and food components. Cereal foods rich in nonstarch poly- 
saccharides tend to have a protective effect, and there is 
not evidence that sucrose consumption increases risk. 
Certain nonstarch polysaccharides such as f-glucan have 
been shown to have an appreciable effect on lowering 
plasma cholesterol when consumed in naturally occurring 
foods, enriched foods, or dietary supplements. Many 
carbohydrate-rich plant foods are rich in potassium, which 
may help to reduce the risk of hypertension. 


Gastrointestinal illnesses and Cancer Risk Management 


Minimally refined carbohydrate staple foods may be a good 
source of dietary fiber or oligosaccharides and phytochem- 
icals, which might mitigate the risk of colorectal and other 
cancers (1). The process of complex carbohydrate (eg, die- 
tary fiber, resistant starch, oligosaccharides) fermentation 
in the large intestine may protect the colorectal area 
against the genetic damage that may lead to cancer 
through a range of mechanisms that include (Z) the dilu- 
tion of potential carcinogens; (2) the reduction of products 
of protein fermentation through the stimulation of bacte- 
rial growth; (3) pH effects through the production of bu- 
tyric acid; (4) maintenance of the gut mucosal barrier; and 
(5) effects of bile degradation. High intake of prebiotics 
such as fructo-oligosaccharides may facilitate the coloni- 
zation of bifidobacteria and lactobacilli in the large gut, 
this may reduce the risk of acute infective gastrointestinal 
illnesses. 


inherited Conditions 


There are a number of inherited conditions having signifi- 
cant implications for restricting dietary intake in infants 
and children (1). These include rare conditions such as 
fructose intolerance, galactosemia, and sucrase deficien- 
cies. Though rare diseases, their early detection and care- 
ful dietary management is important in avoiding severe 
handicap or pathology. 
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CAROTENOID PIGMENTS 


Carotenoids as natural pigments are unique in that they 
are found in both plants and animals. Animals cannot 
make the basic 40 carbon structure but are capable of mak- 
ing changes in the hydrocarbon rings and chain. Table 1 
shows the distribution of the various plant pigments in 
food. The carotenoid pigments are important from a food 
science point of view because of the color they impart to 
various food products and the fact that a number of the 
pigments have vitamin A activity. 

The carotenoids are chemically and biochemically re- 
lated to the more general class of compounds known col- 
lectively as terpenes and terpenoids. These are compounds 
composed of repeating isoprenoid like units. Mevalonic aid 
has been shown to be a precursor for the biosynthesis of 
the terponoids. 

The carotenoids have traditionally been classified as 
carotenes (hydrocarbons) and xanthophylls (containing ox- 


ygen in some form). Generally, the hydrocarbons (lycopene, 
f-carotene, etc) are produced first and the xanthophylls are 
produced at a later stage. However, it has recently been 
shown that some fish can reverse the process and make 
retinol from oxygenated carotenoids. 

There are four periods of carotenoid research (1). Dur- 
ing the first period (1800s) pigments were characterized by 
measurements of light absorption. During the second pe- 
riod (1900-1927) attempts were made to define the empir- 
ical formulas of the isolated carotenoids. The third period 
(1928-1949) was a time in which some carotenes with pro- 
vitamin A activity were discovered. Vitamin A and some of 
the carotenes, including f-carotene, were synthesized. The 
fourth, the most recent, period witnessed a virtual explo- 
sion in the number of known carotenoids. The instrumen- 
tation that has made this possible was developed during 
this time (2). There were about 80 known carotenoids, and 
of these perhaps only 35 had established structures. Today 
there are greater than 600 known carotenoids. 

Today there is much interest in the carotenoids because 
they are natural pigments and also because of their pro- 
posed role in medical applications. 

Every three years a formal group meets in Europe, the 
United States, and Japan, and plenary and session lec- 
tures are published (2-9). A book on the technical aspects 
of carotenoids (10) and a book on vitamin A deficiency (11) 
has also been published. 

The carotenoids are the ultimate sources of vitamin A 
in the diet, and the lack of retinol or provitamin A has led 
to nutritional blindness. A number of countries have been 
listed as having a potentially serious vitamin A deficiency 
problem (12). In some well-studied Southeast Asian coun- 
tries it has been estimated that half a million children will 
go blind each year because of a lack of vitamin A. When 
one extrapolates to other countries in Asia, Africa, and 
Latin America, the mortality and morbidity rates are stag- 
gering. 

A body of evidence suggests that some of the carotenoids 
themselves have medical applications (13). These include 
the deposition of carotenoid pigments in the skin of people 
who do not develop protective pigmentation and protection 
against certain cancers. Although we have known of the 
protection of green plants from photodynamic destruction 
by the carotenoids, the protection of animals from neo- 
plastic transformation is a recent discovery. 


CAROTENOID NOMENCLATURE 


Trivial names were used because the structures were not 
established and the number was small. With more than 
600 carotenoids of proven structure now known there is 
still a need for trivial names, but there is also a need for 
more precise names that follow a chemical convention. 

Under trivial names the carotenoids are generally 
grouped as carotenes (hydrocarbons) and the oxygen- 
containing compounds as xanthophylls. Some of the caro- 
tenes’ names are preceded by a Greek letter (eg, f, €), and 
others have names denoting the source (lycopene tomato). 
Some are a combination such as f-zeacarotene and a- 
zeacarotene. Here the ring double-bond position and the 
source (maize) are indicated. 


Table 1. Distribution of Natural Coloring Matter 
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Xanthophylls are pigments that contain hydroxyl, car- 
bonyl, epoxide, ester, and carboxylic acid groups. The con- 
vention today is to indicate the source and add the suffix 
xanthin (eg, tunaxanthin). Some of the older trivial names 
such as lutein denoted their yellow color. Structural fea- 
tures are indicated by the prefix iso, as in isozeaxanthin; 
the hydroxyl group in zeaxanthin is in the three position, 
and it is in the four position in isozeaxanthin cis-Lycopene 
would indicate a departure from the expected all-trans 
structure. 

In recent years an attempt has been made to limit the 
number of trivial names by building on a known name such 
as f-carotene. Thus astaxanthin might be 3,3’dihydroxy- 
4,4'-diketo-f-carotene. 

The systematic method of carotenoid nomenclature 
uses the IUPAC convention (14-15) (Fig. 1). The advantage 
is that any carotenoid can be exactly named, including 
chiral centers. The disadvantage is that the name for a 
complicated compound can take two or three lines, 


whereas the trivial name is a single work (eg, fucoxanthin). 
In the IUPAC system the central chain is assumed to be 
unsaturated and all-trans. Any departure from this struc- 
ture is specified. Thus f-carotene is f, f-carotene. The term 
nor indicates that a methyl is missing, and seco indicates 
a break in the ring structure such as 5,6, SECO, f, f- 
carotene-5,6-dione (semi-f-carotenone). The change in the 
hydrogenation level to form saturated positions as well as 
acetylenes and allenes can be designated by hydro and de- 
hydro. 

Oxygenated derivatives of carotenoid hydrocarbons are 
named by use of suffixes and prefixes according to the rules 
of general chemical nomenclature. The principal group is 
chosen and is cited by use of a suffix, and the other groups 
are cited as prefixes. The sequence is as follows: carboxylic 
acid, ester of carotenoid acid, aldehyde, ketone, alcohol, 
ester of carotenoid alcohol, and epoxide. Apo-carotenoids 
are found naturally as well as occurring synthetically. The 
apo designates where the parent compound has been 


Acylic Cyclohexene Cyclohexene 
w (psi) B (beta) € (epsilon) 
16 
17, 16 16 
a SCHR aa uh 
re % Ww 18 6 
3 5 
ras) 2 * = 18 Y 
Methylene cyclohexane —_Cyclopentane Aryl Aryl 
y (gamma) « (kappa) $ (phi) x (chi) 


Figure 1. IUPAC rings. 
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cleaved. Thus f-apo-8'-carotenal should be designated 8’- 
apo-f-carotene-8'-al. 

There are rules for carotenoids with more than 40 car- 
bons, retro double-bond structures, designated chiral cen- 
ters, and the use of the primes. This area is covered in more 
detail elsewhere (14). Pfander gives the structure and ref- 
erence for more than 600 carotenoids (16). 


BIOSYNTHESIS 


Tn 1950 a biosynthetic pathway for the conversion of phy- 
toene to lycopene to f-carotene was proposed (17). While 
the structures of several of these compounds were not 
proven at that time, it nevertheless was the first sequen- 
tial pathway proposal. 

‘The 1950s and 1960s were intense years in the polyene 
biosynthetic field because steroid and carotenoid biogene- 
sis followed similar pathways. Thus when mevalonic acid 
(MVA) was discovered it was a breakthrough for both 
groups. The use of stereospecific [14C]-and [3H] mevalonic 
acids incorporated into cell-free systems provided a valu- 
able tool for studying biosynthetic conversions. Acetyl-CoA 
may be considered the starting point in terpene biosynthe- 
sis. As can be seen in Figure 2, two acetyl-CoA molecules 
condense to form acetoacetyl-CoA. This in turn condenses 
to form the branched six-carbon acid f-hydroxy-f-methyl- 
glutaryl CoA (HMG-CoA). Through a series of reactions, 
HMG-CoA can also be formed from leucine (18). HMG-CoA 
is reduced from the dicarboxylic acid to a monoacidic- 
monohydroxyl compound, MVA. For most systems, MVA 
once formed cannot be converted back to HMG-CoA. MVA 
in the presence of ATP is converted to MVAP and then to 
MVAPP. With a third ATP, MVAPP is converted to isopen- 
tenyl pyrophosphate (IPP). This step involves a phosphory- 
lation and a decarboxylation. IPP is the key intermediate 
to the terpenoids, which include rubber, sterols, bile acids, 
squalene, some sex hormones, ubiquinones, essential oils, 
the phytol side chain of chlorophyll, and vitamins E and 
K. It is isomerized to form dimethylallylpyrophosphate 
(DMAPP). IPP and DMAPP condense to form the Cy9 com- 
pound geranyl PP (GPP). The 10-carbon unit is further re- 
acted with IPP to form the C,; farnesyl (FPP) and the Coo 
geranylgeranyl (GGPP). FPP can be dimerized to form 
squalene and the C20 GGPP, to form phytoene. The for- 
mation of phytoene follows a rather complicated pathway. 
By analogy to squalene, lycopersene with a saturated 15- 
15’ position was proposed as the first carotenoid and the 
precursor to phytoene. More recent studies have shown 
that the unlikely reduction to form lycopersene from GGPP 
and the oxidation to form phytoene from lycopersene does 
not occur; see Figure 2. Plants are able to form phytoene 
and the higher carotenoids, but animals can only make 
changes to preformed carotenoids. 

More recently a new pathway to IPP has been reported 
(18). This pathway does not involve mevalonic acid, but 
follows five carbon intermediates. B-carotene has been 
shown to be formed by this pathway. It remains to be seen 
how significant these findings are. 

There is a branch of neurosporene leading into either 
lycopene or a- or f-zeacarotenes. The data on the cycliza- 


tion of neurosporene or lycopene seem to favor lycopene as 
the major pathway. In the red tomato, synthesis of f- 
zeacarotene rules out lycopene as the sole precursor to f- 
carotene because it is difficult to explain the higher 
temperature-selective inhibition of lycopene (19, Fig. 2). 
When tomatoes were treated with DMSO at various stages 
of maturity (20,21), it was found that the acyclic but not 
the cyclic carotenoids were inhibited. It was proposed that 
parallel pathways exist for phytoene to lycopene and phy- 
toene to f-carotene. By the use of a mutant tomato it was 
found that the DMSO inhibited the formation of lycopene 
at one stage and both pathways at an earlier stage of ma- 
turity. Also, the f-carotene is found in the chloroplast, 
whereas the lycopene is found crystallized in the chromo- 
plasts. 

Research has been reported on the use of cell-free ho- 
mogenates. However, the interpretation of the results of 
these cell-free systems was difficult because the cell was 
no longer intact. A number of inhibitors were used, These 
included mainly nitrogen-containing compounds. One com- 
pound, 2-(4-chlorophenyl)triethylamine (CPTA), inhibits 
the cyclization of lycopene and thus lycopene accumulates. 
When washing out the CPTa, f-carotene is formed at the 
expense of lycopene. A number of other inhibitors cause an 
increase in f-zeacarotene and a decrease in f-carotene. 
Still other compounds have been found to stimulate f- 
carotene and f-zeacarotene synthesis. Clearly both path- 
ways are operating and it is possible to “prove” a pathway 
by the choice of inhibitor, stimulant, or bioregulator (22). 

The great deal of information on the biosynthesis of the 
carotenoids has come from the use of “CH dual-labeled 
MVA. By use of MVA with °H in the two and four positions 
and '4C in the two position, it was found that the a- and 
B-rings are formed independently. Eight carbons and a 
number of 3H would be found in the entire molecule. Two 
*H atoms are found in position four of the -ring and one 
in a-carotene. However, if the e-ring is converted to the f- 
ring, one 3H would be lost. This is not found experimen- 
tally. Likewise, the 4-°H from MVA is in the six position; 
3H must be lost in the formation of f-carotene but not in 
the direct formation of a-carotene. Because the 6’-°H is 
retained in a-carotene, the f-ring is not converted to the e- 
ring (23). The nonrandomized dimethyl groups in torular- 
hodin were proved with double labeled MVA. This result 
suggested that the interconversion of IPP and DMAPP did 
not result in the randomization of the C-2 hydrogen from 
MVA (24). 

The ring formation in the red pepper to form capsanthin 
and capsorubin has been suggested to follow a pathway 
through a postulated epoxide intermediate. It is generally 
thought that the insertion of oxygen occurs at a later stage 
in the biosynthetic pathway, and that the epoxide, hy- 
droxyl, and one-carboxyl oxygen came from molecular ox- 
ygen. 

The view had long been held that the direction of bio- 
synthesis was from saturated to unsaturated, from hydro- 
carbon to the xanthyphylls. Recently, however, it has been 
shown that some fish can convert astaxanthin to retinol. 
Bacteria have also been shown to form a series of 45- and 
50-carbon carotenoids. Lycopene, leutein, and cellulose 
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Figure 2. Pathway for terpene biosynthesis. 


were fed to rats, and it was found that the conversion of p- 
carotene to vitamin A was inhibited (25). 


OCCURRENCE IN NATURE 


As indicated in Table 1 the carotenoids are widely distrib- 
uted in foods and are the most widespread group of pig- 
ments in nature. They are present without exception in 
photosynthetic tissue; occur with no definite pattern in 
nonphotosynthetic tissues such as roots, flower petals, 
seeds, fruits, vegetables; and are found sporadically in the 
Kingdom Protista, including the (fungi-yeast mushrooms 
and bacteria). The red, yellow, and orange pigments in the 
skin, flesh, shell, or exoskeleton of some animal species are 
due to these pigments. These would include the lobster, 
shrimp, salmon, goldfish, and flamingo. People who con- 
sume large amounts of tomato juice may turn orange or 
red because of an intake of the pigments. The carotenoids, 
which cannot be made by animals, are the precursors to 
vitamin A, but unlike vitamin A, are not toxic in large 
doses (26). 


Generally the concentration of the carotenoids in vari- 
ous tissues is low but can vary widely. The cornea of the 
eye narcissus contains 18% f-carotene (dry), whereas the 
concentration in foods is much lower. It has been estimated 
that the annual production of carotenoids is in on the order 
of 10° tons. The major pigment is fucoxanthin, the pigment 
in marine brown algae. Other major pigments include 
those found in green leaves, mainly lutein, violaxanthin, 
and neoxanthin. By contrast, f-carotene occurs widely but 
in smaller amounts. It is of interest that (note: zea is major 
pigment in some algae) 3,3'-dihydroxy-a-carotene (lutein) 
is a major pigment, whereas 3,3’-dihydroxy-f-carotene 
(zeaxanthin) is a minor pigment in nature. In contrast, the 
major hydroxarbon carotenoid found in nature is f- 
carotene, whereas a-carotene is a minor pigment. A typical 
percentage profile of the xanthophylls of a green plant 
could be lutein, 40%; violaxanthin, 34%; neoxanthin, 19%; 
cryptoxanthin, 4%; and zeaxanthin, 2%. f-carotene, lyco- 
pene, and capsanthin can be high in some tissues such as 
the sweet potato, tomato, and red pepper. By contrast, the 
carrot is a major course of a-carotene where the concentra- 
tion can be 30 to 40%. 
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Figure 3. Common carotenoids. 


The level of carotenoids is often directly related to the 
quality of food. The lack of pigments as in white butter or 
salmon, for example, is a quality defect (27). However, flour 
is bleached to destroy the carotenoids, and f-carotene is 
often removed from red palm oil to make it colorless. 

The acyclic pigments phytoene, phytofluene, zeta- 
carotene, neurosporene, and lycopene are often found in 
carotenoid-producing systems such as higher and lower 
plants. They are not often found in animal tissue. Of these, 
lycopene is the most common and may occur in large 
amounts in the tomato, watermelon, orange, pink grape- 
fruit, and some apricots. Further reactions in products of 
lycopene lead to the closing of one or both rings. However 
in some oranges (Valencia) 3,4-didehydrolycopene is found. 
There have been a number of acyclic xanthophylls isolated 
mainly from the purple photosynthetic bacteria. The 1,2- 


epoxide has been isolated from tomatoes as a minor pig- 
ment. Because phytofluene is fluorescent, it must be ac- 
counted for in the fluorometric analysis of vitamin A (25). 

The alicyclic carotenoids (eg, f-carotene) are very 
common in higher plants, bacteria, fungi, algae, and 
animals. It has been estimated, on the basis of structure, 
that some 50 to 60 alicyclic compounds have potential vi- 
tamin A activity. Apricots are an excellent source of f- 
carotene (60%), whereas the level in tomatoes (10%) and 
peaches (10%) is much lower. Papaya, if it is yellow/orange, 
is a good source, whereas the red flesh papaya contains 
mainly lycopene. Where the flesh is green, some plastid 
pigments would be present and thus some f-carotene 
would be present. Red grapes, pears, figs, red apples, and 
beet root, although brightly colored, are not good sources 
of £-carotene. 


6-Carotene has been isolated from certain tomato vari- 
eties where apo-polycis-isomers of f, a, and carotene, and 
lycopene have been found. 

Vegetables may be excellent sources of the provitamin 
A carotenoids. Spinach may have up to 4.0 mg/100 g p- 
carotene and carrots may have as high as 6.0 mg/100 g of 
B-carotene. Yellow corn (maize) contains small amounts of 
f-carotene and f-zeacarotene. Sweet potatoes may be pur- 
ple, white, or bright orange. The two former potatoes are 
low in carotenoids and the latter may be greater than 9 
mg/100 g. Squash, broccoli, peas, and pumpkin contain 
relatively large amounts of carotenes. Most vegetable oils 
are slightly yellow indicating a small amount of carote- 
noids. The red palm oil produced in Brazil, Southeast Asia, 
and parts of Africa may contain large amounts of f- and a- 
carotene (50 mg/100 g total carotenoids). Egg yolks are a 
rich source of carotenoids (lutein and zeaxanthin) but rela- 
tively poor sources of f-carotene. Green peppers are a bet- 
ter source of carotene than are the red peppers. Wheat 
flour is low in carotene and this amount is further lowered 
in the bleaching process. 

Hydroxylated carotenoids are very common in plants, 
where lutein and zeaxanthin are to a lesser extent, p- 
cryptoxanthin are major pigments. Lutein is a common 
pigment in freshwater fish, whereas tunaxanthin (3,3’- 
dihydroxy ¢-carotene) is common in marine fish. Peaches 
are a good source of f-cryptoxanthin. Many fruits contain 
xanthophyll esters. In the persimmon the carotenoid al- 
cohol is f-cryptoxanthin. Corn varieties are selected for 
their high content of zeaxanthin and lutein. These pig- 
ments are fed in order to pigment the skin and egg yolks. 

The xanthophylls with hydroxyl or keto substitution in 
the four position are common in various animal tissues. 
Echinenone (4-keto-f-carotene) is widely found in marine 
invertebrates and algae and canthaxanthin (4,4'-keto-f- 
carotene). The usual epoxides are in the five, six position 
and these are easily converted to the 5,8-epoxide with acid. 
Where a keto group is in the four position, in-chain epox- 
ides are formed (eg, 9,10-epoxides of canthaxanthin). The 
1,2-epoxides of acylic pigments have been reported in to- 
mato leaves. The allenic seaweed pigment fucoxanthin is 
thin. The cyclopentyl ketones are found in red peppers and 
are probably formed by a pinacolic rearrangement of the 
epoxides of zeaxanthin. 

The acetylenic carotenoids are found in diatoms, Eu- 
glena, giant scallops, mussels, and starfish. A number of 
apo-carotenoids are formed in some fruit, bacteria, orange 
peel, and fungi. The most well known apo-compound is 
bixin, the pigment in annatto seeds. Crocin is an apo- 
compound occurring in saffron. In a sense, retinol can be 
considered a degraded f-carotene. The carotenoid acid, to- 
rularhodin, is a common pigment in Rhodotorula yeast. 
Canthaxanthin is found in edible mushrooms, blue-green 
algae, trout, brine shrimp, and flamingos. 

‘Astaxanthin is the pigment of the salmon and the in- 
vertebrates, annelida and crustacea. Recently it has been 
isolated from red yeast and Adonis flowers (28). Shrimp 
raised in intensive culture are often blue because of a pro- 
tein complex with astaxanthin. This complex extends the 
chromophore resulting in a blue color. This has been mis- 
takenly described as a disease, the condition, however, re- 
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sults in a lower price for the shrimp, particularly on the 
Japanese market. When cooked, the complex is broken and 
the red color is seen. The lobster can be green, black, red, 
or blue because of various protein-astaxanthin complexes 
all of which are broken with heat, yielding a red pigment. 
When treated with alkali, astaxanthin is converted to as- 
tacene. 

Aromatic carotenoids have recently been isolated from 
photosynthetic bacteria and some sea sponges. Carotenoid 
epoxides are fairly common in nature. The so-called vio- 
laxanthin cycle is an example of the natural occurrence of 
epoxidation. 


zeaxanthin = antheraxanthin = violaxanthin 


EFFECT OF AGRICULTURAL PRACTICES 


A number of agricultural practices, particularly those with 
plants, directly affect the carotenoid content. Thus the nu- 
trient content of edible plants can vary severalfold to as 
much as 20 times (29). The major changes are caused by 
genetic manipulation. However, a number of factors such 
as sunlight, rainfall, topography, soils, location, season, 
fertilization of soils, and maturity may affect carotene con- 
tent. Thus the nutritional tables give an average value 
with an understood large variation. A number of countries 
have developed nutritional tables that, when compared, 
show a great variation for the same fruit or vegetable. In 
the past, genetic manipulation has been concerned with 
the color, flavor, texture, and yield. Today there is more of 
an effort being made to produce foods that are nutritionally 
superior. Thus, interest is being shown in developing not 
only the color but also the quality of the color (eg, more f- 
carotene). No agricultural practice has been as effective as 
genetic manipulation. High f-carotene tomatoes have been 
developed but because of the yellow color were not popular. 
Sweet potatoes can vary from 0 to 7 mg/100 g of carotene 
and the carotene from carrots can be increased five times. 
Generally light has a positive effect on carotene synthesis. 
Fruit grown in the dark, however, will develop some color 
(30). Temperature has an effect, but this depends on the 
product. The most pronounced effect is on the ripening of 
the tomato. In temperatures below 27°C the synthesis of 
lycopene is favored, whereas a yellow tomato results at a 
higher temperature. Gamma irradiation also affects the 
formation of carotene (31). 

Most vegetables and fruits increase in carotene during 
the ripening stage. The carotene content of the carrot in- 
creases until a level in maturity is reached. The f-carotene 
level falls off upon further growth. In the case of the red 
pepper, the conversion from green to red lowers the caro- 
tene content. Because of cultural practices and shipping 
constraints, fruits may be picked green and thus the full 
color may not develop. 


ANALYSIS 


A universal extraction and analysis scheme for the carot- 
enoids is not possible due to the wide variation in carote- 
noid structure. Thus, numerous methods are suggested for 
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the separation of carotenoids from such things as food- 
stuffs and blood plasma. The classic methods used by most 
investigators rely on some method of extraction and a chro- 
matographic separation of the carotenoids (32,33). The 
methods require some sort of size reduction to increase 
surface area followed by extraction with a suitable solvent 
or solvent mixture. Often a bipolar solvent is used to ex- 
tract nonpolar carotenoids from polar tissue. Ethyl alcohol 
and acetone are examples of bipolar solvents, and CHCl,;/ 
MeoH is an example of a bipolar solvent mixture. The ex- 
traction may be followed by saponification, removal of al- 
kali, transfer to a developing solvent, and chromatography 
under vacuum or pressure. The column may be developed 
with a gradient of solvents, and the pigments are sepa- 
rated by elution or are cut from the column and extracted. 
Often rechromatography is required of some bands, fol- 
lowed by verifying chemical reactions. The quantity of each 
purified fraction is determined by spectroscopy. The 
method requires several hours, and in some cases artifacts 
(cis-trans isomers, epoxides) are formed due to the long 
exposure to solvents, absorbents, light, and oxygen. Al- 
though the method does give a separation of provitamin A 
precursors from inactive carotenoids, it is time-consuming 
and requires skilled technical operators. Thus, the method 
may not be suitable for analysis of the large number of food 
items for a table of food compositions. A much simpler 
method has been developed that chromatographically 
separates the carotenes from the oxygenated compounds, 
but it may not separate individual carotenes, their cis iso- 
mers or carotenoid esters (34). Therefore, this method 
tends to overestimate provitamin A activity, especially if 
B-carotene represents only a small part of the total. High- 
performance liquid chromatography (HPLC) is clearly the 
method of choice, and the more recent values in the nutri- 
tional tables are generally determined by this method. A 
number of reports have appeared that show the general 
overestimation of the Association of Official Analytical 
Chemists (AOAC) method. A modified AOAC method and 
chromatographic procedures that separated the individual 
components were used to estimate the provitamin A con- 
tent of Clingstone peaches (35). 

The U.S. RDA for 100 g was much higher by the AOAC 
method than by the complete separation (60% vs 11% of 
the RDA for raw, 12% vs 6% for canned). 

The comparison of the AOAC method with a stepwise 
gradient, a saponification step, and HPLC has been pub- 
lished. The AOAC method and HPLC were comparable for 
green vegetables. For the carrot and pumpkin, the AOAC 
method was higher for both vegetables than the gradient 
elution and HPLC method. Where fruit xanthophylls were 
esterified, these compounds were chromatographed with p- 
carotene, and thus the estimation was higher in the AOAC 
method when the fruit extract was not saponified (36). 

A number of papers (37) have shown that the open col- 
umn packet with 40 to 50 um gives good separation of vi- 
tamin A compounds as well as carotenoid compounds. The 
procedure used a pipette for the injector. Nitrogen gas or 
vacuum is used in place of a pump. 


EFFECT OF FOOD PROCESSING 


The carotenoids are altered or partly destroyed by acids, 
usually but not always stable in inorganic bases, can be 


destroyed by some enzymes (eg, lipoxygenase), and are 
usually bleached by light. Most carotenoids are fat soluble 
and thus are not subject to leaching losses. Generally they 
are fairly stable to the heat involved in canning but are 
rapidly lost on dehydration because of oxidation. 

Although the most stable form of the carotenoids is the 
all-trans form, the cis-geometrical isomer can form upon 
heating, especially in the presence of H*. The cis-isomer 
carotenoids are naturally present in the tangerine tomato. 
It has been shown that if f-carotene activity was set at 
100%, the neo-f-carotene vitamin A activity was 38%, and 
the neo-a-carotene activity was 13%. The transformation 
from trans to cis results in a loss of extinction and a shift in 
absorption maxima to shorter (2-5 mm). Cooking causes 
the formation of cis isomers from all-trans f-carotene (38). 
Broccoli lost 13%, spinach lost 7%, and the sweet potato lost. 
32% of the all-trans isomer. A 15% loss of vitamin A was 
reported, mainly due to a cis-trans isomerization of a- and 
B-carotene during canning. High-temperature short-time 
(HTST) processing was shown to have less effect on the car- 
otene in the sweet potato than conventional cooking (35). 

Heat processing produced enough acid in pineapple to 
cause the formation of cis isomers. This could result in a 
lighter yellow color. 

The formation of 5,6-and 5,8-epoxides of f-carotene in 
model systems has been studied. Diphenylamine, a free- 
radical inhibitor stopped the loss of f-carotene. It is gen- 
erally thought that epoxide formation is the initial step in 
the degradation of the carotenoid. Several reports have 
been published that show the complexity of the reactions. 
Stored hydrogenated oils and enzymatic-coupled oxidation 
of carotenoids result in the formation of epoxides and other 
products. 

A number of studies have reported an apparent in- 
crease in the level of carotenes in various canned products 
over the fresh product. There are two reasons for this sur- 
prising result. Where soluble solids are leached out of the 
products during cooking and storage, the fat-soluble car- 
otenes appear to increase in amount. It has also been ob- 
served that the fresh control may have an active lipoxy- 
genase-like enzyme that bleaches the carotenoids. When 
antioxidants were added to the fresh sample before ex- 
traction, the vitamin A value in the fresh product in- 
creased. 

Dehydration and size reduction of fruits and vegetables 
increase surface area and, if products are not protected 
from light and oxygen, result in poor stability of the carot- 
enoid pigments. The shelf life of the carotenoids in the 
dry state is shorter than in the wet state. Different dehy- 
dration methods result in varying losses of carotenes. 
Retention of carotene in fresh carrots varies; fresh carrots 
retain more than (100%), blanched (95%), freeze-dried 
(89%), air-dried (80%), and puff-dried (12%). Carotenoid 
oxidation in foods is generally associated with unsaturated 
fatty acids and is usually autocatalytic. The oxidation may 
or may not be enzymatic in nature and is directly related 
to the available water (A,,), oxygen, heat, and certain met- 
als. Generally antioxidents are effective in slowing the re- 
action. The decomposition products from a simulated de- 
oderization of red palm oil were isolated. Beta 15!- and 
B'*'-apo-carotenals and 13 apo-carotenone were isolated 


from the reaction mixture and a pathway for the reaction 
was suggested. 


CAROTENOIDS AS FOOD COLORS 


It was the color of the carrot that first interested research- 
ers 160 years ago to start work on carotenoids. Many years 
later it was again the color that was the means of identi- 
fying compounds separated by chromatography. It is the 
same today as it has always been; color is one of the means 
by which we identify the quality of food. People often reject 
the unfamiliar. Most pigment changes such as the changes 
in chlorophyll on thermal processing, the bleaching of an- 
thocyanins, the browning of fresh meat, or the off-coloring 
of flavonoids do not in themselves affect the product. In 
case of the destruction of carotene, loss or change in color 
would result in poorer quality, but also may result in loss 
of vitamin A activity. p-Carotene has 11 double bonds in 
conjugation, which is the reason for its yellow-orange color. 
Any disruption in the chromophore, such as that which is 
depicted in Figure 2 would result in bleaching. 


CONVERSION OF CAROTENOIDS TO VITAMIN A 


The carotenoids of fruits, vegetables, and animal products 
are generally fat soluble and are associated with the lipid 
fractions. In some cases they may be in the crystalline 
state, as lycopene is in the tomato. During the digestion 
process, esterases, lipases, and proteases act on the carot- 
enoids, which are solubilized by the bile salts. Within the 
mucosal cell f-carotene and the other provitamin A, carot- 
enoids are split by carotenoid dioxygenase(s) resulting in 
an oxidative cleavage. In theory a molecule of f-carotene 
should yield two molecules of retinal. Retinol is formed by 
reduction of retinal. It is esterified and transported to the 
liver for storage. There is some difference of opinion as to 
whether there is a central cleavage enzyme or whether 
there is also a random-splitting enzyme that acts on vari- 
ous places on the chain. The carotenes may also be ab- 
sorbed, carried by low-density lipoproteins and deposited 
in the skin, fat, and various organs. The extent of accu- 
mulation, rate of accumulation, time to reach saturation, 
and turnover time were different for each tissue. Liver ad- 
renal and ovary have high concentrations of -carotene. 

Animals differ in the efficiency of the splitting reaction. 
The rat is generally regarded as very efficient. The mink 
and the fox are relatively inefficient in this reaction. Man 
is average with a ratio of about 6:1. The cat does not con- 
tain the enzymes necessary to utilize provitamin A caro- 
tenes. 

Generally, for a compound to be active it must have an 
unsaturated central chain and an unsubstituted f-ring. On 
the basis of structure out of the greater than 600 carote- 
noids listed, the provitamin A compounds would be be- 
tween 50 and 60. Vitamin A conversion factors include: 


ugf-carotene 

6 
4 He other provitamin A compounds 
12 


RE = yg retinol + 
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1IU = 0.3 yg retinol 
0.6 ug f-carotene 
1.2 ug other provitamin A carotenoids. 


a-Carotene on the preceding basis would be half as 
active as f-carotene. The metabolism of a-carotene has 
been shown to result in the liver storage of retinol and a- 
vitamin A. The latter compound does not combine with 
retinol binding protein (RBP). It can induce hypervita- 
minosis A because it is not delivered to the tissues. There 
is some confusion in regard to the capacity of the diepox- 
ide to serve as a vitamin A source. The compound is listed 
as active in vivo but not active in vitro. Recently, radio- 
active -carotene-5,6,5’,6'-diepoxide and luteochrome 
(5,6,5',8’-f-carotene-diepoxide) were fed to rats and C!* 
retinol was not detected in the liver. The absorption or 
conversion to retinal is enhanced by bile salts, proteins, 
lipids, and zinc. It is not clear what the effect of various 
nonprovitamin A compounds have on the bioavailability 
of the provitamin A compounds. Lycopene is reported to 
enhance carotene uptake. It was found that nonprovi- 
tamin A compounds may decrease the utilization of pro- 
vitamin A pigments, whereas f-cryptoxanthin and a- 
carotene promote utilization. 

Because of the uncertainty of some of the artificial pig- 
ments and because of the delisting of several (eg, Red No. 
2 in the United States, Red No. 40 in the United Kingdom), 
interest has increased for using carotenoids as food color- 
ants. 

We can consider the use of carotenoids as following a 
direct or an indirect route. As a case of the former, mar- 
garine might be colored with f-carotene. Examples of the 
latter might be the coloring of poultry skin, or eggs, or 
salmon flesh with the appropriate pigment. Some confu- 
sion exists regarding natural and artificial pigments. The 
infrared fingerprints for synthetic and natural f-carotene 
are identical. Many people prefer the term nature-identical 
to describe the synthetic carotenes. 

One of the most common natural coloring preparations 
is obtained by extracting the seeds of the Bixa orellana 
tree, which grows in the tropics. The apo-compound bixin 
is the main component of the oil-soluble annatto prepara- 
tions, and nor-bixin is the 6,6'-diapo-dicarboxylic acid 
(bixin has one methyl ester). Bixin is most stable at pH 8 
and shows a diminished stability in the 4 to 8 pH range. 
In general, annatto extracts have a good shelf life. Annatto 
oil applications include the coloring of butter, bakery prod- 
ucts, and salad oil. Combined with paprika, annatto oils 
are used to color cheese. Water-soluble preparations may 
be used in ice cream. 

Saffron consists of the dried stigmas of Crocus sativus. 
It contains crocin, the digentiobioside of crocetin. The prep- 
aration is yellow in color. Saffron is also used as a spice 
and is widely accepted in such foods as soups, meat prod- 
ucts, and cheese. Formerly, it was used in cakes and other 
bakery products. 

Tomato extracts are red because of the pigment lyco- 
pene. The color of the product would be red to orange de- 
pending on the medium. Lycopene is not stable, and its use 
is limited. 
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Carrot extracts, carrot oil, and red palm oil contain 
large amounts of a- and f-carotene. These were used in fat- 
based products. They have the advantage of being natural 
but have limited use because of the lower price of synthetic 
-carotene. Recently, hypersaline algae have been cultured 
for their f-carotene content. 

Oleoresin paprika is an oil extract of paprika. The main 
carotenoids are capsanthin and capsorubin. The color of 
products colored by paprika vary from red to pinkish yel- 
low. Oleoresin paprika can be used in salad dressings, 
sauces, meat products, and processed cheeses. The indirect 
coloring of trout with oleoresin paprika resulted in a yellow 
rather than a red hue of the flesh. 

The synthetic pigments have a number of advantages 
over the natural product extracts. Although the principal 
advantage is price, it should not be overlooked that the 
large variation in quality is not a problem with the syn- 
thetic FDC dyes. The major synthetic carotenoids that are 
marketed include f-carotene, f-apo-8'-carotenal, and can- 
thaxanthin. All occur naturally, and only canthaxanthin 
does not have vitamin A activity. 

B-Carotene is widely encountered in nature. In foods it 
has been used in butter, margarine, salad oil, popcorn, 
baked goods, confections and candy, eggnog, coffee whit- 
eners, juices, and soups to name a few. f-apo-8'-carotenal 
has been isolated from oranges and several natural 
sources. However the main source is the chemical synthe- 
sis. It is also yellow, and its uses are similar to those for f- 
carotene. 

Canthaxanin (rosanthin) (4,4'-diketo-f-carotene) is 
used where a red color is desired. It was first isolated from 
the mushroom, but it is also a widely distributed animal 
pigment. Many crustaceans, especially brine shrimp, and 
birds, notably the flamingo, contain canthaxanthin. One of 
its main uses is as a pigmenting agent for salmon. Al- 
though a red color is obtained, it has been observed that 
the pigment tends to cook out. Recently canthaxanthin has 
been used in simulated meats, shrimp, crab, and lobster 
products. 

Synthetic astaxanthin is now available and is approved 
for use in Europe and the United States. This is the major 
pigment in a number of fish and shellfish species. The color 
tends to be more stable than canthaxanthin. When shrimp 
are raised in intensive culture, often the blue carotenopro- 
tein is found. This can be corrected by feeding more green 
algae or astaxanthin. Marigold flowers contain mainly lu- 
tein and are fed to chickens to supply yellow-orange pig- 
ments for the skin and egg yolks. 

The crystalline carotenoids are not absorbed or metab- 
olized by animals. This problem has been solved by the 
development of special water-soluble forms marketed to 
satisfy various product needs. Two approaches have been 
primarily employed: the production of oil suspensions of 
micropulverized crystals and the development of emul- 
sions or beadlet forms containing the carotenoid in super- 
saturated solution or finely colloidal forms in liquid or dry 
products. 


CAROTENOIDS BY CHEMICAL SYNTHESIS 


The total synthesis of f-carotene was reported in 1950. 
Since that date f-carotene, retinol, cis-retinoic acid, can- 


thaxanthin, f-apo-8'-carotenal, and more recently astax- 
anthin are produced by commercial chemical synthesis. A 
great many other carotenoids have been synthesized that 
at the moment have no commercial significance. 

The Roche synthesis of f-carotene starts from f-ionone 
and is related to the vitamin A synthesis. The f-ionone 
may be prepared from citral, a constituent of lemongrass 
oil, or prepared synthetically from acetylene as a starting 
material. In the f-carotene procedure, f-ionone is con- 
verted to C-14 aldehyde, which, through further chain- 
lengthening steps, is converted to C-19 aldehydes. These 
are joined through a Grignard reaction to form the C-40 
diol, which, through allylic rearrangement and dehydra- 
tion, is converted to 15,15-dehydro-f-carotene. A partial 
hydrogenation and rearrangement yields trans-f-carotene. 

Crystalline carotenoids produced by chemical synthesis 
are of high purity and uniform color. The vast majority of 
carotenoids, when pure, can be obtained in crystalline 
form. In general, the melting points of crystalline carote- 
noids are fairly high and quite sharp for the pure com- 
pounds. The synthesis of the carotenoid series of com- 
pounds employs a variety of organic synthetic techniques. 

The literature on the synthesis of the various carote- 
noids is extensive, and the details are certainly beyond this 
chapter. 


FUNCTION OF CAROTENOIDS 


It is tempting to propose a single universal function for the 
carotenoids since they are found in such diverse tissues. 
Failing this, it is tempting to ascribe some function, wher- 
ever a carotenoid is found. Although the function of the 
carotenoids has been proven in some cases, their universal 
function, if any, remains to be determined. Where the func- 
tion has been proven, it generally is with some aspect of 
the light-absorbing property of the carotenoid pigment. 
The critical role of these pigments in photosynthesis has 
been the best documented. Phototropism and phototaxis 
responses of plants seem to be related to the light absorp- 
tion spectra of the carotenoids. Functions in animals are 
related to the antioxidant and to the light-absorbing prop- 
erty of these pigments. The function in vitamin A forma- 
tion has been discussed. Because these pigments are found 
in many reproductive tissues, it has been suggested that 
they have a role in reproduction. The results in this area 
are less convincing than those in other areas. 

In the photosynthetic process the carotenoids have been 
shown to be active in the light-gathering process (eg, they 
absorb light at wavelengths not absorbed by chlorophyll). 
In Chlorella, other green algae, and higher plants, the light 
absorbed by the carotenoids was used at low efficiency. In 
the diatom and brown algae the energy transfer is com- 
parable to chlorophyll where the main pigment in fucoxan- 
thin. In the photosynthetic process two photo systems are 
involved. In general, more carotenes are found in photo- 
system I and xanthophyils in photosystem II. 

The role of the carotenoids in photoprotection of pho- 
tosynthetic bacteria has been well documented. A mutant, 
which only produced the colorless polyenes phytoene and 
phytofloene, was compared with the wild type Rhodopseu- 


dowonas sphaeroides. The wild type showed good growth 
under all conditions of light and oxygen. However, the mu- 
tant could only grow under anaerobic-light or aerobic-dark 
conditions. 

Under light with Oo, massive killing resulted at room 
temperature and bacterial chlorophyll was destroyed. If 
the mutant was grown in the dark with air, chlorophyll 
disappeared. Where chlorophyll was missing, light and O2 
have no effect. 

Diphenylamine (DPA) inhibits the formation of colored 
carotenoids. When the wild type blue-green bacteria is 
treated with DPA, it is destroyed like the mutant. At low 
temperatures, killing proceeds in the mutant but bacterial 
chlorophyll is not destroyed. 

Corynebacterium poinsettiae is not photosynthetic, and 
both the wild type and the carotenoid-less mutant can tol- 
erate high intensities of light in the presence of air. When 
the exogenous dye, toluidine blue, is added as a photosen- 
sitizing pigment, the carotenoid-less mutant is killed. The 
mechanism involves the simultaneous interaction of visi- 
ble light, a photosensitizing dye, and O,. Generally, the 
carotenoids are effective for visible light but have no effect 
in ultraviolet, gamma, or X radiation. 

The reactions are listed as follows: 


CHL + h, > *CHL excited state 


*CHL + — photosynthesis or °CHL triplet-excited 
state intersystem crossing 


8CHL + 80. > 'CHL + 10, 
or °CHL + 'CAR > 'CHL + °CAR 


8CAR 'CAR — harmless decay 


10, + CAR CAR 0, CAR can be regenerated 
or 10. + A A Os photodynamic action 


10, + 1CAR °O, + °CAR 
SCAR — ‘CAR harmless decay 


As can be seen in these reactions, carotenoids may pro- 
tect photosynthetic bacteria at various levels by quenching 
the singlet-excited state of O. or the triplet-excited state 
of chlorophyll. The ground states of oxygen would be °O. 
and for CHL the triplet state. The carotenoids may be the 
preferred substrate for oxidation or may act in quenching 
reactive species. 

Phototropism is a response of higher plants and some 
fungi that results in the plant turning to the light. Rival 
claims for either f-carotene or riboflavin as the active com- 
pound have been made based on the action spectra. More 
recent reports seem to rule out f-carotene as the mediator 
in the response. 

Phototaxis is a response in which an organism such as 
Euglena can move toward the light. The action spectra 
does not match the spectra of the carotenoids. 

The involvement of the carotenoids in reproduction ap- 
pear to be coincidental to the process of sexual reproduc- 
tion and of no known significance to the process. The major 
pigment of the brine shrimp is canthaxanthin; however, 
the female Artemia converts the all-trans canthaxanthin 
to cis canthaxanthin during the time of sexual activity. 
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In animals the major function of carotenoids is as a pre- 
cursor to the formation of vitamin A. It is assumed that in 
order to have vitamin A activity a molecule must have one- 
half of the structure similar to that of f-carotene. Recently 
it has been shown that astaxanthin can be converted to 
zeaxanthin in trout where the fish is sufficient in vitamin 
A. Tritiated astaxanthin was converted to retinol in strips 
of duodenum or inverted sacks of trout intestines. Astax- 
anthin, canthaxanthin, and zeaxanthin can be converted 
to vitamin A and A in guppies. 

We have become increasingly aware of a mounting body 
of evidence that suggests that the carotenoids can function 
in medical applications apart from their role as vitamin A 
precursors. The symptoms of erythropoietic Protoporphy- 
ria can be relieved by large doses of f-carotene (38). This 
pigment was deposited in the skin of patients who lacked 
skin pigmentation. 

As of late some carotenoids have been claimed to be ef- 
fective in the treatment of cancer, particularly cancer of 
epithelial origin. Other carotenoids such as canthaxanthin 
and phytoene with no vitamin A activity were, in cases, 
found to be as effective as f-carotene. 

Some of the first studies were based on epidemiological 
studies. In one such study it was shown that the partici- 
pants who consumed diets rich in carotenoids developed 
fewer lung cancers whether or not they smoked. This study 
assumed that the active ingredients are the carotenoids 
contained in fruits and vegetables. 

More recently a number of animal studies have shown 
that f-carotene or other carotenoids can prevent or slow 
down the growth of skin cancer and other cancerous tu- 
mors. Review have been published on the role of the ca- 
rotenoids in relation to cancer. Human studies are pres- 
ently being conducted (39,40). 
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See also COLORANTS: CAROTENOIDS. 


CENTRIFUGES: PRINCIPLES 
AND APPLICATIONS 


Centrifuges are used widely in food processing to separate 
liquids from solids, liquids from liquids, and even to sepa- 
rate two immiscible liquids from the accompanying solids. 
Centrifuges can be blanketed with inert gas and operate 
under high temperatures and pressures, as well as dis- 
charge centrate under pressure to retard foam and oxida- 
tion. They rinse the mother liquor from solids. They can 
be cleaned in place, and some can be steam sterilized. Cen- 
trifuges may also be used to separate large particles from 
similar small particles when they are operated as classi- 
fiers. 

Centrifuges were first used in the 1880s to separate 
milk from cream. They use rotational acceleration to sepa- 
rate heavier phases from lighter phases, similar to a 
gravity-settling basin. The separating force is measured in 
units called 8's, which are units of acceleration; 1g = 980 
cm/s. 

Centrifuges usually generate at least 1,200 g for low- 
speed machines and up to 63,000 g for small tubular cen- 
trifuges. From a process standpoint, a higher g force re- 
sults in a higher capacity for a given centrifuge; capacity 
is measured by volume throughput, degree of solids con- 
centration, clarity of the liquid, and entrainment of one 
phase in another. Also, because the length of time the fluid 
is held under high g affects the separation, the volume of 
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Figure 1. Properties of different centrifuge types. 


Figure 2. Basket centrifuge: imperforate bowl. Low g force (500- ‘Figure 3. Basket centrifuge: perforate bowl. Same as Figure 2 

1,000 g) and intermittent feed limit these to applications where except that the liquid filters through the solids. Excellent rinsing 

moderate solids dryness is needed. Capacity: 100-200 L/min. capability. Very dry cakes if the particle size is large enough to 
filter well. 
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Figure 4. Disc stack centrifuge. The solid bowl disc centrifuge is 


a solid bowl version liquid-liquid separator operating at 5,000- ‘Figure 5. Disc stack centrifuge: nozzle version. Same as Figure 
10,000 g with some models as high as 15,000 g. They can handle 4 except that the solids are continuously discharged as a pumpable 
a wide range of rates up to 2,400 L/min. slurry. Rates as high as 5,000 L/min are possible. 


Figure 6. Disc stack centrifuge: solids ejecting version. Used 
where the solids volume is low, the bow] opens up intermittently 
to dump the solids as pumpable slurry. Maximum rates 40 L/min 
solids, 2,500 L/min liquid; g force 5,000-10,000g. 
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Figure 7. Decanter centrifuges. Solid bowl decanter centrifuges develop 1,000-3,000 g. They are 
used where large volumes of solids are present and the solid phase must be as dry as possible. 
Rates vary from 8 to 4,000 L/min. Very high speed decanters from 5-10,000 g are available but 
rates are lower, 10-200 L/min. 
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Figure 8. Tubular centrifuges. Manual disassembly to remove 
solids limits these to applications with little or no solids in the 
feed. As liquid-liquid separators, they develop much higher g force 
than most other centrifuges; maximum feed rates are 40-80 L/ 
min, 
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fluid in the centrifuge directly affects its capacity. Physi- 
cally, the separation follows Stokes’ law for the settling ve- 
locity of a particle in a fluid, except that the acceleration 
of the rotational field is substituted for the earth’s gravi- 
tational field. 


STOKES’ LAW 


* Agdw*r 
«  T8u 


where V, = settling velocity, w = rotational speed, r 
= radial position of the particle, d = diameter of particle, 
Ag = difference in the specific gravity of the liquid and 
solid, and 4 = viscosity of fluid. Stokes’ law is used to de- 
sign separation systems because the faster the settling ve- 
locity of a particle, the greater the chance of capture will 
be. Generally the temperature and the particle size are, to 
some extent, variables in a system. 

For example, in rendering the fat from animal tissues, 
the amount of fat separated from the tissue increases with 
increasing temperature. Above 45°C, the residual tissue 
changes character, and its value as a meat additive drops. 
For edible rendering, the separation is made at 45°C, for 
the maximum fat yield with high-value solids. Inedible 
rendering is done at 90-95°C where the fat yield is at a 
maximum, because the value of the inedible solids is quite 
low. 

Stokes’ law can be generalized as follows. Separation is 
improved if. 


1. The difference in specific gravity between the phases 
is large. 

2. The particle size is large. 

3. The viscosity is low. 

4. The centrifuge speed is high. 

5. The feed rate to the centrifuge is low. 


Scale-up to estimate between different types of centrifuges 
is difficult, but within a class (eg, all disk centrifuges) a 
reasonably accurate scale-up can be developed. Centri- 
fuges are usually scaled up based on g times volume or g 
times area. More detailed scale-up is usually left to cen- 
trifuge specialists. 


SCREENING THE VARIOUS CENTRIFUGE TYPES 


The goals of the separation must be defined. Centrifuges 
in general can: 


Separate liquids from liquids. 

Separate liquids from solids. 

Separate solids from immiscible liquids. 
Classify solids by size or density. 

Rinse mother liquid from solids. 


In brewing, the spent grains must be as dry as possible, 
the solids rate is high, and the solids are somewhat abra- 
sive. Based on Figure 1, the following relationships can be 
seen. 


Solids High flow Abrasion 

dryness rate resistance 
Decanter centrifuge e e ° 
High-speed decanter e o Q 
Perforate basket e o e 


The decanter centrifuge is the clear choice followed by 
the perforate basket and, a distant third, the high speed 
decanter. An inquiry of decanter manufacturers would pro- 
vide much data and reference accounts. The perforate 
basket centrifuge, in fact, is a filtration device and is not 
suitable for the application. Most manufacturers have lab- 
oratories where tests of new applications can be run at 
nominal cost. Some manufacturers also rent portable 
equipment to test on location. 


CENTRIFUGE TYPES AND CONCLUSION 


The centrifuge has wide and growing applications in the 
food industry for both liquid-liquid and solid-liquid sepa- 
rations. Advances in both speed and capacity have been 
made in the last few years, which increase yields and ca- 
pacities. There is extensive literature on both theory and 
applications to aid the design engineer in equipment se- 
lection (Figs. 2-8). 


PETER L. MONTAGNE 
Sharples, Inc. 
Warminster, Pennsylvania 


CEREALS, NUTRIENTS, 
AND AGRICULTURAL PRACTICES 


CEREAL GRAIN PRODUCTION AND COMPOSITION 


Wheat, rice, and corn were the three largest cereal grains 
produced in the world in 1995/1996 and 1996/1997 (Table 
1). Average chemical compositions of these and other com- 
monly consumed grains are listed in Table 2. All cereal 
grains contain starch as the principal component. Vitamin, 
mineral, fatty acids, and amino acid contents of cereal 
grains have been published (3). Content and nutritive 
value of cereal proteins depend both on seed heredity and 
environment during cultivation and harvest. 


Table 1. Production of Cereal Grains, Million Metric Tons 


World United States 
Grain 1995/1996 1996/1997 1995/1996 1996/1997 
Wheat 536 583 59.4 62.1 
Corn 514 591 187 236 
Rice 551 565 79 78 
Barley 142 153 78 8.7 
Sorghum 55.2 68.2 117 204 
Oats 28.7 30.6 2.4 2.2 
Rye 21.9 22.2 0.26 0.23 


Source: Refs. 1 and 2. Each year such as 1995/1996 covered a 12-month 
period. 
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Table 2. Average Composition of Cereal Grains (As-is) 
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Barley (pearled) Corn (field) Oats (oatmeal) Rice (brown) Rye Sorghum —_ Wheat” 

Constituents (%) 

Water 10.1 10.4 8.8 10.4 11.0 9.2 13.1 
Protein 99 94 16.0 79 148 11.3 12.6 
Fat 12 47 6.3 2.9 2.5 33 15 
Starch 515 65.0 50.3, 69.2 57.1 65.1 55.7 
Total dietary fiber 15.6 73 10.6 3.5 14.6 16 12.2 
Ash 11 12 19 15 2.0 1.6 16 
Energy value, Keal/100 g 352 365 384 370 335 339 327 


‘Source: Refs. 3-6. 
“Hard red winter. 


WHEAT 


Dry and Wet Milling 


Wheat (Triticum vulgare) products from dry milling hard 
wheat are farina, straight grade flour, patent flour, first 
clear flour, second clear flour, germ, bran, and shorts. Simi- 
lar flour milling processes for soft and durum wheats pro- 
vide products for many foods that differ from those incor- 
porating hard wheat products, although durum farina is 
called semolina. A small amount of the world’s wheat is 
processed to starch and gluten (about 80% of the total 
wheat flour protein) by wet milling. The baking industry 
is the largest user of gluten. Alkaline extraction proce- 
dures can also yield protein and starch from whole wheat 
(7) and mill feeds (8). Total food uses for wheat was 24 
million metric tons in the United States for 1996/1997. 


Nutrient Composition of Wheat Products 


White wheat flour, the principal refined product of wheat 
milling, is the major ingredient in many foods: hard wheat 
flour for breads and noodles; soft wheat flour for cakes, 
pastries, quick breads, crackers, and snack foods; and du- 
rum semolina for spaghetti, macaroni, and other pasta 
products. The nutritional value of wheat foods depends 
mainly on the chemical composition of the flours used in 
their preparation. The average percentage composition of 
hard wheat milled products is given in Table 3. Wheat av- 
erages nearly 13% protein (the range is 7-22%). The lysine 
content of wheat protein varies between 2.2 and 4.2%, with 
a mean value of approximately 3.0%. Successful breeding 
of wheat for better protein quality and quantity could have 
an important impact on the nutrient content of wheat food 
products. Celiac disease, a rare allergic reaction, is an in- 


gestion intolerance to wheat gluten (the major protein of 
wheat) that interferes with the absorption of nutrients. 


CORN 


Dry and Wet Milling 


Corn (Zea mays L.) is processed to provide food ingredi- 
ents, industrial products, feeds, alcoholic beverages, and 
fuel ethanol. Wet millers produce starch; modified starch 
products, including dextrose and syrups (by starch hydro- 
lysis); feed products; and oil (10). Dry millers produce hull, 
germ, and endosperm fractions that vary in particle size 
and fat content. Endosperm products—grits, meal, and 
flour—are the primary products used by the food proces- 
sors and in consumer markets (11). 

Corn germ flour prepared from a commercial dry-milled 
fraction appears to be a promising fortifying ingredient for 
the food industry (12). Protein concentrates from normal 
and high-lysine corns (13) and from defatted dry-milled 
corn germ (14) are obtained by alkaline extraction of corn 
or corn germ and then precipitating the extracted proteins 
with acid. 


Nutrient Composition of Corn Products 


Typical yields and analyses of dry-milled products from 
corn have been published (11,15). About 95% of the corn 
produced in the United States in 1996 was yellow dent. 
Specialty corns such as white, waxy, hard endosperm/food 
grade, high-oil, high-lysine, and high-amylose are also 
commercially available. High-oil corn, which has about 7% 
oil compared with about 4.5% oil for dent corn, is the fast- 
est growing market product among all corns in the United 


Table 3. Average Percentage Composition of Dry-Milled Hard Wheat Products (As-is) 


Constituent, % Wheat Farina Patent flour First clear flour Second clear flour Germ Shorts Bran 
Moisture 13.1 142 13.9 13.4 12.4 10.5 13.5 14.1 
Ash 16 0.4 0.4 0.7 12 4.0 41 6.0 
Protein 12.6 10.3 11.0 12.7 13.5 30.0 16.0 145 
Total dietary fiber 12.2 26 2.7 — — 16.1 = 40.5 
Fat 15 08 0.9 13 13 10.0 45 3.3 


Source: Refs. 3, 4, and 9. 
“Not determined. 
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States from 1993 to 1997. High-oil corn also has higher 
protein and higher essential amino acids compared with 
regular dent corn. 


RICE 


Rice (Oryza sativa L.) consists of 18 to 28% hull and the 
edible portion (brown rice). After the hull is removed, the 
resulting brown rice is further processed by abrasive mill- 
ing, which removes 6 to 10% of the weight as bran polish. 
The remainder is known as white or milled rice. Conven- 
tional and Japanese rice milling systems consist of pre- 
cleaning, dehulling, rough rice separation, and whitening 
(16); the chemical composition of rice and its fractions have 
been listed (17). Brown rice and white rice are usually con- 
sumed as food after cooking. Rice bran, because of rancid- 
ity problems, was used exclusively as animal feed until 
recently. Stabilized rice bran is now commercially avail- 
able in the United States, and perhaps 1% of rice bran in 
the United States, is used as human food. 

Rice is a staple diet item in half of the world’s popula- 
tion, but only a relatively small proportion of adverse food 
reactions are from rice proteins. The main allergen of rice 
is the 16-kDa globulin, and rice mutants containing low 
levels of the 16-kDa allergenic protein were obtained by 
y-ray irradiation or ethyl methanesulfonate treatment 
(18). Another method to make hypoallergenic rice is to di- 
gest the allergenic protein with a proteolytic enzyme, Ac- 
tinase (19). 


OATS 


Processing 


Oat (Avena sativa L.) processing includes cleaning, de- 
hulling, steaming, and flaking (20). Typical products from 
milling oats are rolled oats, oat hulls, feed oats, mixed 
grains and seeds, and fines. Oats are dry milled into break 
flour, reduction flour, shorts flours, shorts, bran, and hulls 
(21). Weight distribution and protein contents of dry- 
milled oat fractions, sequential solvent extraction of pro- 
teins from milled fractions, and amino acid compositions 
of milled fractions and oat extracts were also determined 
(21). Several commercial high-protein oat cultivars are 
available. Protein concentrates have been prepared from 
oat groats (dehulled oats) by wet-milling procedures (22). 
Air classification (separation of particles by size in a 
stream of air) of oat groats can concentrate protein in the 
fine fraction and concentrate f-glucan, a polysaccharide 
that can lower elevated serum cholesterol in humans, in 
the coarse fraction (23). Amylodextrins with soluble f- 
glucan contents as high as 10% were prepared from milled 
oat flours and brans by a-amylases treatment (24). These 
amylodextrins are used as fat substitutes in bakery goods, 
dairy products such as cheese, and beverages. Estimated 
production of oat amylodextrins was around 5 million Ibin 
1998. 


Nutrient Composition of Oat Products 


The nutritional quality of oat protein is good compared 
with other cereals; rolled oats have a protein efficiency ra- 


tio (PER) of 2.2 compared with the milk protein casein with 
a PER of 2.5. Oat groats used for food contain 11 to 15% 
protein. However, some dehulled oats from the Near East 
have protein contents of up to 25%. 


BARLEY 


Conventional roller milling of dehulled barley (Hordeum 
vulgare L.) gives four principal products: flour, tailings 
flour, shorts, and bran (25). The yields, protein contents, 
and amino acid composition of roller-milled barley frac- 
tions have been reported (26). Barley protein concentrates 
from normal and high-protein, high-lysine varieties were 
prepared by an alkaline extraction method (27). Air clas- 
sification of flour from high-protein, high f-glucan barleys 
can concentrate protein in the fine fraction and concentrate 
glucan in the coarse fraction (28). 

‘A hulless high f-glucan barley with 17% f-glucan on dry 
basis in flour has been reported (28). A high-lysine and 
high-protein barley variety, Hiproly, has been described 
(29). Many other high-lysine barleys have also been devel- 
oped since 1970 (30). Food uses of barley include parched 
grain, pearled grain, flour, and ground grain. About half of 
the total U.S. barley crop is used for malting and the re- 
mainder is used for feed. 


SORGHUM 


Sorghum is a major feed grain in the United States. Most 
of the sorghum that is consumed throughout the world as 
food is prepared directly from the whole grain. Dry milling 
of sorghum (Sorghum bicolor [L.] Moench) grain ranges 
from cracking to debranning and degermination, which 
yield refined bran, germ, meal, and grit fractions (31). 

Normal sorghum has the lowest lysine content per 100 
g protein among the cereal grains. However, two floury 
lines of Ethiopian origin were exceptionally high in lysine 
at relatively high levels of protein (32). Another high-lysine 
sorghum, P721 opaque, was produced by treating normal 
grain with a chemical mutagen (33). An alkaline extraction 
process gives protein concentrates and starch from ground 
normal and high-lysine sorghum (34). Air classification of 
flour and hard endosperm from high-lysine sorghum 
yielded fractions with higher protein contents than the 
starting flour or hard endosperm (35). 


RYE 


Rye (Secale cereale L.) can be milled into flours and meals 
for bread, crackers, and snack foods. Rye milling is similar 
to wheat dry milling in general. Ground meat products 
may contain rye flours as fillers. However, labels for meat. 
with grains must indicate the inclusion of these grains. 


DISCLOSURE STATEMENT 

Names are necessary to report factually on available data; 
however, the U.S. Department of Agriculture (USDA) neither 
guarantees nor warrants the standard of the product, and the use 
of the name by USDA implies no approval of the product to the 
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exclusion of others that may also be suitable. All programs and nology, 2nd ed., American Association of Cereal Chemists, St. 

services of the USDA are offered on a nondiscriminatory basis Paul, Minn., 1985, pp. 17-57. 

without regard to race, color, national origin, religion, sex, age, 18. T. Nishio and S. Iida, “Mutants Having a Low Content of 16- 

marital status, or handicap. kDa Allergenic Protein in Rice (Oryza sativa L.),” Theoret. 
Appl. Genet. 86, 317-321 (1998). 
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CEREALS SCIENCE AND TECHNOLOGY 


Cereal grains supply the most calories per acre than do 
other food sources, can be stored safely for a long time, and 
can be processed into many acceptable products. They are 
adapted to a variety of soil and climatic conditions, and 
can be cultivated both on a large scale mechanically with 
asmall amount of labor, and on a garden scale almost en- 
tirely by human labor. They are excellent sources of energy 
and relatively good sources of inexpensive protein, certain 
minerals, and vitamins. More than two-thirds of the 
world’s cultivated area is planted with grain crops. Most 
developing countries rely on cereals as food sources. Ce- 
reals provide more than half of the calories consumed for 
human energy, and in many developing countries they pro- 
vide more than two-thirds of the total diet. As feeds, ce- 
reals also contribute greatly to the production of animal 
proteins (1-9). Total world production of cereal grains (ex- 
cept for sorghum where data were not available) and their 
production in various parts of the world are shown in 
Table 1. 


GRAINS 


Wheat 


Wheat grows on almost every kind of arable land, from sea 
level to elevations of 3000 m, in regions where water is 
sufficient or areas that are relatively arid; it also thrives 


in well-drained loams and clays. Wheat is a basic food 
throughout the world. In developing countries, wheat con- 
sumption is increasing and generally accompanies rising 
living standards. The increase in wheat consumption 
comes at the expense of the more costly rice or the less 
costly barley or sorghum. Wheat is the most widely culti- 
vated grain crop in temperate areas. Winter wheat may be 
multicropped prior to soybeans while spring wheat is often 
grown in rotation with barley and oats to reduce loss of soil 
fertility (5,10-13). 

Wheat provides about one-fifth of all calories consumed 
by humans. It accounts for nearly 30% of worldwide grain 
production and for over 50% of the world trade in grains. 
Itis harvested somewhere in the world nearly every month 
of the year. The United States, Canada, Australia, Argen- 
tina, and France are the main wheat exporters. Wheat pro- 
duction in North America and Western Europe has de- 
clined relative to that of the rest of the world since 1950. 
These two areas accounted for 41% of world production in 
1950 but only 36% in 1951. Eastern Europe and Asia ac- 
counted for 48% of the total world production in 1950 and 
56% in 1981. 

The main wheat-producing areas in Asia are China, In- 
dia, Turkey, and Pakistan. China produces more wheat 
than any other nation. In fact, wheat is second only to rice 
as a source of human food in China. Japan is a large wheat 
importer; Argentina and Australia are major wheat ex- 
porters. The United States is the fourth largest wheat- 
producing country behind China, the former USSR, and 
India. 

Hexaploid wheats are the most widely grown around 
the world. They can be classified according to: 


1. Growth habitat: spring wheats are sown in the 
spring and harvested in late summer. Winter wheats 
are sown in the fall and harvested early the next 
summer. For winter wheats to produce seed it must. 
be vernalized (be subjected to freezing temperature 
for several days). Winter wheats are preferred by 
growers because of a generally higher yield poten- 
tial. 

2. Bran color: white (colorless), red, purple or black. 


3. Kernel hardness: hard or soft; and vitreousness: 
glassy-vitreous or mealy-starchy-floury. In many 
parts of the world all bread wheats (hard and soft) 


Table 1. Production of Cereal Grains, in 10° Metric Tons, During 1996-1997 in Various Production Areas 


Production area Wheat Rye Rice Corn Oats Barley 
North America 95,367 538 6930 266,214 6714 24,578 
South America 22,276 50 11,337 56,550 865 1,285 
'W. Europe 99,970 5,765 1,600 34,969 7,313 52,937 
E, Europe 26,300 6,151 42 25,315, 2,526 9,708 
F. Soviet Union 64,309 9,456 839 4,824 10,322 29,765 
Africa 21,881 oped 9,704 40,513 164 8,101 
Asia 229,106 250 347,667 161,190 902 20,350 
Oceania 23,786 20 1,006 516 1,747 7,017 
Total World 583,007 22,233 379,125 590,091 30,553 153,743 


Source: USDA-NASS Agricultural Statistics 1998. Data for sorghum were not available. 


are called soft, and the term hard is reserved for the 
very hard durum wheats. In the United States the 
term hard is used for bread wheats; soft is reserved 
for wheats used to produce cookies, cakes, and so on; 
and durum for those tetraploid wheats used to pro- 
duce alimentary pastes. 

4, Geographic region of growth. 

5, End use properties: protein content, physical dough 
properties, bread-making quality. 

6. Variety. 

7. Composite designations (14-17). 


Corn 


Corn (called maize in much of the world) is now the most 
popular grain for use as animal feed in temperate regions. 
In many tropical areas, it is a basic human food. There are 
five major types of corn: flint, dent, floury, pop, and sweet. 
Dent varieties, grown most widely in the United States, 
provide high yields and are used to a large extent as feed 
grain. Flint corn, with a somewhat higher food value, is 
common in Europe and South America. It is valued for its 
physical properties and as a raw material in the production 
of certain Central American foods (tortilla and arepa). Pop, 
sweet, and floury corn are relatively minor food crops 
(18-21). 

Incorn, the starch contains about 25% amylose and 75% 
amylopectin. Mutants of corn are grown in which the 
starch is almost entirely amylopectin (called waxy) or 70 
to 80% amylose (amylomaize types). These starches vary 
widely in their physical properties (gelatinization charac- 
teristics, water-binding capacity, gel properties, etc) and 
usefulness in various foods and industrial applications. 

Maize is generally deficient in the basic amino acids. 
However, high-lysine and high-lysine-tryptophan genetic 
mutants have improved the nutritional properties of corn 
and are now available as dent or flint corn. In the future 
those mutants are likely to be acceptable for the production 
of maize-based foods. 

The United States accounts for more than half of the 
total world corn production and about 80% of the annual 
world corn exports. In the United States, most corn is used 
as feed or seed or in the production of alcoholic beverages. 
Only about 10% is used as food. This includes the produc- 
tion of starch, corn syrups, breakfast cereals, and various 
foods. Livestock feed accounts for almost 85% of the total 
U.S. domestic use. The main importers of U.S. corn are 
Western Europe and Japan, primarily for livestock feed. 


Rice 


Rice is the staple food of about half of the human race, 
providing more than one-fifth of the total food calories con- 
sumed by the people of the world. Most rice is produced in 
the Far East and is primarily consumed within the borders 
of the country of origin. Asia, which has nearly 60% of the 
world population, produces and consumes about 90% of the 
world rice production. The United States produces less 
than 2% of the world crop, but accounts for about 30% of 
the world rice trade (22,23). 
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Rice varieties vary in their kernel shape and properties. 
They are classified as long, medium, and short grain. Long- 
grain rice accounts for about 50%, medium-grain rice for 
40%, and short-grain rice for about 10% of the U.S. rice 
production. California is practically the exclusive producer 
of short-grain rice. California and Louisiana lead in 
medium-grain rice production. Growers in Arkansas, 
Texas, and Mississippi produce mostly long-grain rice. 


Barley 


Barley is a winter-hardy and drought-resistant grain. It 
matures more rapidly than do wheat, oats, or rye and is 
used mainly as feed for livestock and in malting and dis- 
tilling industries. The two main types of barley, two-row 
and six-row, differ in the arrangement of grains in the ear. 
The former predominates in Europe and parts of Australia; 
the latter is more resistant to extreme temperatures and 
is grown in North America, India, and the Middle East. 
(24,25). 

Although barley is grown throughout the world, pro- 
duction is concentrated in the northern latitudes. Since 
1950 the world production of barley tripled with most of 
its increase in Europe. The former USSR is the largest bar- 
ley producer. Barley is adaptable to a variety of conditions 
and is produced commercially in 36 states in the United 
States. In the United States, the use of barley as a live- 
stock feed is declining, while the use for processing into 
malt is increasing. 


Oats 


Oats are grown most successfully in cool, humid climates 
and on neutral to slightly acidic soil. The bulk of the crop 
is consumed as animal feed (primarily for horses). A cov- 
ered cereal, the oat hull must first be removed before fur- 
ther processing. The resulting product is called a groat. 
Heavy oats (with high groat to hull ratios) are processed 
into rolled oats, breakfast foods, and oatmeal (26). 

The world production of oats is about one-tenth of the 
world production of wheat and slightly over one-fourth of 
the world production of barley. The chief oat-producing 
states in the United States are in the north-central Corn 
Belt and farther northward. About 90% of the oat is left on 
the farm as a feed, and only a small proportion is processed 
as food or used for industrial products. The use of oats 
in food processing is increasing, especially in breakfast 
cereals. 


Sorghum 

Sorghum is the fifth most widely grown grain in the world. 
However, sorghum production is less than 5% of the total 
grain production. There has been a small increase in the 
area planted and harvested with sorghum, but the in- 
crease in production has been substantial because of in- 
creases in yield. This has resulted from the development 
of high-yielding hybrids. The primary sorghum-producing 
regions are Asia, Africa, and North America. The primary 
sorghum-producing countries are the United States, 
China, India, Argentina, Nigeria, and Mexico. These coun- 
tries produce more than 75% of the world total, with the 
United States producing about 30%. 
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More than 50% of the worldwide production of sorghum 
is destined for human consumption. However, in the 
United States, sorghum is grown almost entirely as a feed 
grain for local use or for export. Sorghum is produced un- 
der a wide range of climatic conditions. It tolerates limited 
moisture conditions and adapts to high temperature con- 
ditions (27,28). 

The nucellar tissue of some varieties of sorghum con- 
tains pigments that complicate production of acceptable 
and white sorghum starch. Varieties with no nucellar tis- 
sue persisting to maturity could be used for starch produc- 
tion, but the ready availability of corn and other problems 
with the wet-milling of sorghum has discouraged such at- 
tempts. Waxy (starch) sorghums are potentially promising 
for special food uses. Some sorghums are rich in condensed 
tannins. This reduces both their palatability and feed 
value. 


Rye 


Rye is characterized by its good resistance to cold, pests, 
and diseases, but it cannot compete with wheat or barley 
on good soils and under improved cultivation practices. Ap- 
proximately 90% of the world’s rye production is in Europe 
(mainly in Poland and Germany) and in the former USSR. 
Rye is considered a grain for use in bread in Europe, but 
its proportion in mixed wheat-rye bread is decreasing. 
Much of the rye is used as a feed grain and a small pro- 
portion in the distilling industry (29). 


PHYSICAL PROPERTIES AND STRUCTURE 


Optimal utilization of cereal grains requires knowledge of 
their structure and composition. The practical implications 
of kernel structure and composition are numerous (30-32). 
They relate to the various stages of grain production, har- 
vest, storage, marketing, and use. 

Some physical properties of cereal grains are listed in 
Table 2 (33). Table 3 summarizes approximate grain size 
and the proportions of the principal parts comprising the 
mature kernels of different cereals (34). 


Table 2. Some Physical Properties of Cereal Grains 


Kernel Structure 


The cereal grain is a one-seeded fruit (called a caryopsis), 
in which the fruit coat adheres to the seed at maturity. As 
the fruit ripens, the pericarp (fruit wall) becomes firmly 
attached to the wall of the seed proper. The pericarp, seed 
coats, nucellus, and aleurone cells form the bran. The em- 
bryo comprises only a small part of the seed. The bulk of 
the seed is taken up by the endosperm, which is a food 
reservoir for the germinating plant. 

The floral envelopes (modified leaves known as lemma 
and palea), or chaffy parts, within which the caryopsis de- 
velops, persist to maturity in the grass family. If the chaffy 
structures envelop the caryopsis so closely that they re- 
main attached to it when the grain is threshed (as with 
rice and most varieties of oats and barley), the grain is 
considered to be covered. However, if the caryopsis readily 
separates from the floral envelopes when the grain is 
threshed, as with common wheats, rye, hull-less barleys, 
and the common varieties of corn, these grains are consid- 
ered to be naked. 


Wheat. The structure of the wheat kernel is shown in 
Figure 1 (35). The dorsal or back side of the wheat grain 
is rounded, while the ventral side has a deep groove or 
crease along the entire longitudinal axis. At the apex or 
small end (stigniatic end) of the grain is a cluster of short, 
fine hairs known as brush hairs. The pericarp, or dry fruit 
coat, consists of four layers: the epidermis, hypodermis, 
cross cells, and tube cells. The remaining tissues of the 
grain are the inner bran (seed coat and nucellar tissue), 
endosperm, and embryo (germ). The aleurone layer con- 
sists of large rectangular, thick-walled, starch-free cells. 
Botanically, the aleurone is the outer layer of the endo- 
sperm, but as it tends to remain attached to the outer lay- 
ers during wheat milling. It is shown in the diagram as the 
innermost bran layer. 

The embryo (germ) consists of the plumule and radical, 
which are connected by the mesocotyl. The outer layer of 
the scutellum, the epithelium, may function as both a se- 
cretory or an absorptive organ. In a well-filled wheat ker- 
nel, the germ comprises about 2 to 3% of the kernel, the 
bran 13 to 17%, and the endosperm the remainder. The 
inner bran layers (aleurone) are high in protein, whereas 


Name Length (mm) Width (mm) Grain mass (mg) Bulk density (kg/m*) Unit density (kg/m*) 
Rye 45-10 15-3.5 21 695 - 
Sorghum 35 2545 23 1360 - 
Paddy rice 5-10 15-5 27 575~600 1370-1400 
Oats 613 1-45 22 356-520 1360-1390 
Wheat 58 25-45 37 790-825 1400-1435 
Barley 8-14 145 37 580-660 1390-1400 
Corn 8-17 5-15 285 145 1310 
Bulirush millet 34 2-3 i 760 1322 
Wild rice 8-20 05-2 22 388-775 - 
Tef 1-15 0.5-1 0.3 880 _ 
Findi 1 115 0.4 790 _ 
Finger millet 15 15 _ — - 


Source: Ref. 31. 
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Table 3. Approximate Grain Size and Proportions of the Principal Parts Comprising the Mature Kernel of Different 
Cereals 
Cereal Grain mass (mg) Embryo (%) Scutellum (%) Pericarp (%) Aleurone (%) Endosperm (%) 
Barley 36-45 1.85 1.53 18.3 79.0 
Bread wheat 30-45 12 1.54 79 6.7-7.0 81-84 
Durum wheat 34-46 16 12.0 86.4 
Maize 150-600 1.15 7.25 5.5 82 
Oats 15-23 2.13 28.7-41.4 55.8-68.3 
Rice 23-27 15 15 46 89-94 
Rye 15-40 1.73 12.0 85.1 
Sorghum 8-50 78-121 73-9.3 80-85 
Triticale 38-53 3.7 14.4 81.9 
Source: Ref. 32 


the outer bran (pericarp, seed coats, and nucellus) is high 
in cellulose, hemicelluloses, and minerals. The germ is 
high in proteins, lipids, sugars, and minerals; the endo- 
sperm consists largely of starch granules embedded in a 
protein matrix. The structure of rice, barley, oats, rye, and 
triticale are similar in structure to wheat, except that rice 
has no crease. 


Rice. Rice is a covered cereal. In the threshed grain 
(termed rough or paddy rice), the kernel is enclosed in a 
tough siliceous hull that renders it unsuitable for human 
consumption. Once this hull is removed during processing, 
the kernel (or caryopsis), comprised of the pericarp (outer 
bran) and the seed proper (inner bran, endosperm, and 
germ), is known as brown rice or sometimes as unpolished 
rice. Brown rice is in little demand as a food. Unless stored 
under favorable conditions, it tends to become rancid and 
is more subject to insect infestation than are the various 
forms of milled rice. When brown rice is milled further, the 
bran and germ are removed to produce the purified endo- 
sperm marketed as white rice or polished rice. Milled rice 
is classified according to size as head rice (whole endo- 
sperm) and various classes of broken rice, known as second 
head, screenings, and brewer’s rice, in order of decreasing 
size. 


Corn. The corn grain is the largest of all cereals (Fig. 
2) (35). The kernel is flattened, wedge shaped, and broader 
at the apex than at its attachment to the cob. The aleurone 
cells contains relatively high levels of protein and oil. They 
also contain the pigments that make certain varieties ap- 
pear blue, black, or purple. Each corn kernel contains two 
types of starchy endosperms, horny (vitreous) and floury 
(opaque). The horny endosperm is tightly packed. The 
starch granules in this region are polyhedral in shape, In 
dent corn varieties, horny endosperm is located on the 
sides and back of the kernel and bulges toward the center 
at the sides. The floury endosperm fills the crown (upper 
part) of the kernel and extends downward to surround the 
germ. The starch granules in the floury endosperm are el- 
lipsoidal in shape. As dent corn matures, the endoperm 
shrinks causing an indentation at the top of the kernel. In 
a typical dent corn, the pericarp comprises about 6%, the 
germ, 11%, and the endosperm, 83% of the kernel by 
weight. Flint corn varieties contain a higher ratio of horny 
to floury endosperm than do dent corn. 


Barley. The husks of barley are cemented to the kernel 
and remain attached after threshing. The husks protect 
the kernel from mechanical injury during commercial 
malting, strengthen the texture of steeped barley, and con- 
tribute to more uniform germination of the kernels. The 
husks are also important as a filtration bed in the sepa- 
ration of extract components during mashing and contrib- 
ute to the flavor and astringency of beer. The main types 
of cultivated covered barley, differ in the arrangement of 
grains in the ear, two-rowed and six-rowed ear, The axis of 
the barley ear has nodes throughout its length. The nodes 
alternate from side to side. In the six-rowed types of barley, 
three kernels develop on each node, one central kernel and 
two lateral kernels. In the two-rowed barley, the lateral 
kernels are sterile and only the central kernels develop. 

The kernel of covered barley consists of the caryopsis 
and the flowering glumes (or husks). The husks consist of 
two membranous sheaths that completely enclose the car- 
yopsis. During development of the growing barley, a ce- 
menting substance causing adherence is secreted by the 
caryopsis within the first two weeks after pollination. The 
husk in cultivated malting barley amounts to about 8 to 
15% of the grain. The proportion varies according to type, 
variety, grain size, and climatic conditions. Large kernels 
have less husk than small kernels. The husk in two-rowed 
barley is generally lower than that in six-rowed barley. As 
in wheat, the caryopsis of barley is a one-seeded fruit in 
which the outer pericarp layers enclose the aleurone, the 
starchy endosperm, and the germ. The aleurone layer in 
barley is at least two cell layers thick; in other cereal grains 
(rice excepted), it is one cell layer thick. 


Oats. The common varieties of oats have the fruit (car- 
yopsis) enveloped by a hull composed of the floral enve- 
lopes. Naked or hull-less oat varieties are known but not 
grown extensively. In light thin oats, hulls may comprise 
as much as 45% of the grain. In very heavy or plump oats, 
the hull may represent only 20%. The hull normally makes 
up about 30% of the grain. Oat kernels, obtained by re- 
moving hulls, are called groats. 


Sorghum. Sorghum kernels are generally spherical to 
flattened spheres, have a kernel mass of 20 to 30 mg, and 
may be white, yellow, brown, or red. Sorghum has both 
vitreous and opaque regions within the kernel similar to 
that of corn. Sorghum grains contain polyphenolic com- 
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Figure 1. A wheat kernel. Longitudinal section (enlarged ca 12x). Source: Ref. 35. 


CEREALS SCIENCE AND TECHNOLOGY 


a Kernel of Corn 


botencoly oF @ Loryupus The corn plist a from the grav fame 


Atta t0 seperate, Wot mting Nor eaieia! purpenes! sep 
rates abet 70 percent ft the te! Ory muttong ifor Hood pus penust 
femores arly obo 78 petcent 


Leparen PERICARP 


Mororerp 
Cross cote 


n eecent ot the: whole der 


Tube costs 


ood Coot 
(Tewe) 


Atourene Leyer 


Longiiedine! Sectoon 
of « Grom of Corn 
lenlorged approsumetaly 30 tomes) 


Corn Is an intrearingly important Mited tor human toad, Ms cooney 
GF4m In the orld, becouse of oe high rind » poptarty Nrown os grits 
Yields per ours, Mh versotilty 01 food ho 6 corn grit and homny gre 
for mon ond enmels, ond im empor conshting of large fragment of endo 
tance ws @ sowee of earch, 02 and sperm ralatraly tes of germ ond hy 
teastoners. Com hos proved melt Com moot, wore tnaly groond, hes 


Aoghly wiceptble to genet mompe 
lotion ond control by ogrenoman 
oWtectng the nvirents contains, Mo 


yitlds, growth periods, sand the © tine grind. whieh com be produed 
Climatic 4844009 In hich It wilt tratend of, er together with gih or 
Mowers meal bn procening con, there = of 
The US leeds the world im com moet re motte there are way and 
production, with @ hor veat of over 99 demands for parts of the knrmal 
sition tom (oves 4 baton tbvahels} os Com con be called the mou atMhcreet 
1963, \all of the total ond eronomical of the corsa! groms 


warid produc! 


Crone Sectoos Voew 


Figure 2. A corn kernel. Longitudinal section (enlarged ca 8x). Source: Ref. 35. 
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pounds, primarily in the outer kernel layers and to some 
degree in the endosperm. These compounds are colored 
and impart various colors to certain foods from sorghums. 
Condensed tannins, present only in some sorghum lines, 
are polyphenolic compounds that interact with and precip- 
itate protein. Those tannins impart a bird resistance to the 
sorghum. This may be important if the sorghum is grown 
in small plots in a forest (such as parts of Africa). However, 
the tannins also reduce nutritional value and germin- 
ability. 


Composition 


The chemical composition of the dry matter of different 
cereal grains, as with other foods of plant origin, varies 
widely (36). A proximate analysis of the principal cereal 
grains is summarized in Table 4. Variations are encoun- 
tered in the relative amounts of proteins, lipids, carbohy- 
drates, pigments, vitamins, and ash. Mineral elements 
that are present and the quantities of them also vary 
widely. As a food group, cereals are characterized by rela- 
tively low protein and high carbohydrate contents. The car- 
bohydrates consist of starch (90% or more of the total), pen- 
tosans, and simple sugars (monosaccharides). 

The various components are not distributed uniformly 
through the different kernel structures. The hulls and per- 
icarp are high in cellulose, pentosans, and ash; the germ 
is high in lipid and rich in proteins, sugars, and ash com- 
ponents. The endosperm contains the starch and is lower 
in protein content than the germ and, in some cereals, than 
bran. It is also low in crude fat and ash. As a group, cereals 
are low in nutritionally important calcium. Its concentra- 
tion and that of other ash components is greatly reduced 
by the milling processes used to prepare refined flours and 
grits. In these processes, hulls, germ, and bran, which are 
the structures rich in minerals and vitamins, are in large 
part removed. 

All cereal grains contain vitamins of the B group, but 
all are completely lacking in vitamin C (unless the grain 


Table 4. Approximate Analysis of Important Cereal 
Grains, Percentage of Dry Mass 


Cereal Nitrogen Protein Fat Fiber Ash NFE 
Barley (grain) —1.2-2.2 ll 2.1 60 3.1 - 
(kernel) 1.2-2.5 9 21 21 23 788 
Maize 14-19 10 47 24 15 72.2 
Millet 1.7-2.0 11 3.3 81 34 72.9 
Oats (grain) 1.5-2.5 14 565 118 3.7 al 
(kernel) 173.9 16 aT 16 2.0 68.2 
Rice (brown) 14-17 8 24 18 #15 774 
(milled) ar i 08 04 08 _- 
Rye 1.2-2.4 10 18 26 21 734 
Sorghum 1.5-2.3 10 3.6 22 16 73.0 
Triticale 2.0-2.8 4 15 3.1 20 71.0 
Wheat (bread) = 1.4-2.6 12 19 25 14 717 
(durum) 2.1-2.4 13 = - 15 
Wild rice 2.3-2.5 14 0.7 15 12 


Note: Typical or average figure. NFE = nitrogen free extract (an approxi- 
mate measure of the starch content). 
Source: Ref. 32. 


is sprouted) and vitamin D. Yellow corn differs from white 
corn and the other cereal grains in containing carotenoid 
pigments (principally cryptoxanthin, with smaller quan- 
tities of carotenes). These are convertible by the body to 
vitamin A. Wheat also contains yellow pigments, but they 
are almost entirely xanthophylls, which are not precursors 
of vitamin A. The oils of the embryos of cereal grains are 
rich sources of vitamin E. The relative distribution of vi- 
tamins in the kernel is not uniform, although the endo- 
sperm invariably contains the lowest concentration. 

The protein contents of wheat and barley are important 
quality indices for the manufacture of various foods. For 
example, the quantity and quality of wheat protein is criti- 
cal in bread making. Cereal grains contain water-soluble 
proteins (albumins), salt-soluble proteins (globulins), 
aqueous alcohol-soluble proteins (prolamins), and acid- 
and alkali-soluble proteins (glutelins). The prolamins are 
characteristic of the grass family, and together with the 
glutelins, comprise the bulk of the proteins of cereal grains. 
The following are names given to prolamins in proteins of 
the cereal grains: gliadins in wheat, hordeins in barley, 
zeins in maize, avenins in oats, kaffirins in grain sorghum, 
and secalins in rye. 

The various proteins are not distributed uniformly in 
the kernel. Thus, the proteins isolated from the inner en- 
dosperm of wheat consist chiefly of prolamins (gliadin) and 
glutelins (glutenin), The embryo proteins consist of nucleo- 
protein, an albumin (leucosin), and globulins, whereas in 
wheat bran a prolamin predominates with smaller quan- 
tities of albumins and globulins. In the presence of water, 
the wheat endosperm proteins, gliadin, and glutenin form 
a tenacious colloidal complex known as gluten. Gluten is 
mostly responsible for the superiority of wheat over the 
other cereals in the manufacture of leavened products be- 
cause it makes possible the formation of a dough that re- 
tains the carbon dioxide produced by yeast or chemical 
leavening agents. The gluten proteins collectively contain 
17.55% nitrogen. Consequently in estimating the crude 
protein content of wheat and wheat products from the de- 
termination of total nitrogen, the factor 5.7 is normally 
employed rather than the customary value of 6.25. The 
latter value is based on the assumption that proteins con- 
tain an average of 16% nitrogen. 

In general, cereal proteins are not as high in biological 
value as are those of certain legumes, nuts, or animal prod- 
ucts. Most cereals are low in lysine and tryptophan. Oats 
are a notable exception to this generalization. The biologi- 
cal value of whole cereal grains is greater than that of re- 
fined milled products, which consist chiefly of the endo- 
sperm. Studies have shown that adults, if satisfying their 
calorie needs, will not be protein deficient on nearly 100% 
cereal diets. This may not be true for young children or 
pregnant women. In general, American and Western Eu- 
ropean diets normally include animal products as well as 
cereals and, thus, satisfy protein requirements many times 
over. Under these conditions, the different proteins tend to 
supplement each other. 

The predominant form of carbohydrate in cereals is 
starch, which is the primary source of calories provided by 
the grains. Most of the carbohydrates are in the starchy 
endosperm. 


Table 5. FDA Cereal Enrichment Standards 
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Thiamine (mg/lb) Riboflavin (mg/lb) Niacin (mg/Ib) Iron (mg/lb) Calcium (mg/b) Vitamin D (1U/b) 


Product 
Flour* 2.9 18 
Self-rising flour 29 18 
Corn grits 2.0-3.0 12-18 
Corn meal 2.0-3.0 12-18 
Rice 2.0-4.0 12-24 
Macaroni products 4.0-5.0 17-22 
Noodle products 4.0-5.0 17-22 
Bread* 18 11 
U.S. RDA (mg or TU/day) 15 17 


24 20 (960) 

24 20 960 
16-24 13-26 (500-750) (250-1000) 
16-24 13-26 (500-750) (250-1000) 
16-32 13-26 (500-1000) (250-1000) 
27-34 13-16.5 (500-625) (250-1000) 
27-34 13-16.5 (500-625) (250-1000) 

15 12.5 (600) 

20 18 1000 400 


“In addition, flour is to contain 0.7 mg/b and bread 0.43 mg/b of folic acid. The figures in this table are the nutrient levels to be present in the final products 
as set forth by the Food and Drug Administration (21 CFR 101.9, 137 and 139), Figures in parentheses are optional. When figures are shown as a range, 
these indicate minimum/maximum values. When one figure is shown, it is the minimum required. Calicum is added by the milling company. It cannot be 
included in the enrichment product. Enriched pasta products are normally made from fiours enriched to these levels. Macaroni products with fortified protein 
must have the maximum figures but no Vitamin D. If enriched bread is manufactured using at least 62.5% of enriched flour, the bread will meet standards 


for enriched bread. 


U.S. RDA (recommended daily allowances) as published in the 1986 21 CFR 104.20. 


The lipids in cereals are relatively rich in the essential 
fatty acid linoleic acid. Saturated fatty acids (mainly pal- 
mitic) represent less than 25% of the total fatty acids of 
most grains. 

In summary, cereal grains are a diverse yet primary 
source of nutrients. Their high starch contents make 
them major sources of calories. They also contribute to 
human needs for proteins, lipids, vitamins, and minerals. 
Vitamins and minerals lost during milling to produce re- 
fined food products can be, and in many countries are, re- 
placed by nutrient fortification (Table 5). The composition 
of cereal grains and their milled products makes them 
uniquely suited for producing wholesome, nutritional, and 
consumer-acceptable foods. 


STANDARDS AND CLASSIFICATION 


At the turn of the century, many organizations in the 
United States and in several other grain-producing coun- 
tries tried to develop uniform grain standards. The de- 
mand for uniform grades and application of the standards 
resulted in the introduction during 1903 to 1916 of 26 bills 
calling for the same in the U.S. Congress. 

Those bills and the extensive hearings that accompa- 
nied them culminated in the U.S. Grain Standard Act, 
which was passed August 11, 1916, and amended in 1940 
to include soybeans. This act provides in part for the es- 
tablishment of official grain standards, the federal licens- 
ing and supervision of the work of grain inspectors, and 
the mechanisms for filing appeals concerning grades as- 
signed by licensed inspectors. The official U.S. standards 
for grain cover wheat, corn, barley, oats, rye, sorghum, flax- 
seed, soybeans, mixed grain, and triticale. 

According to U.S. grain standards, wheat is divided into 
seven classes on the basis of type and color: hard red 
spring, durum, red durum, hard red winter, soft red winter, 
white, and mixed. The division of wheat into classes and 
subclasses is according to suitability of different wheats for 
specific uses. Hard red spring, hard red winter, and hard 
white wheats are valued for the production of flours used 


in making yeast-leavened breads. Soft red winter, soft 
white, and white club wheats are especially suited for mak- 
ing chemically leavened baked goods (cookies, cakes), Am- 
ber durum wheat is prized for the manufacture of semolina 
used to produce alimentary pastes (macaroni, vermicelli, 
etc), Red durum is used primarily as a poultry and live- 
stock feed. 

The wheat in each subclass is sorted into a number of 
grades on the basis of quality and condition. The tests gen- 
erally used to determine the grade of grain and its con- 
formity to the official U.S. grain standards include plump- 
ness, soundness, cleanliness, dryness, purity of type, and 
the general condition of the grain (37,38). 

Other cereals are graded in a similar manner. Corn is 
divided into three classes: yellow, white, and mixed. These 
class designations apply to dent-type corn only. If the corn 
consists of at least 95% flint varieties, the word flint is 
used. If the corn contains more than 5% but less than 95% 
flint varieties, the corn is designated as flint and dent. 
Waxy corn is corn of any class consisting of at least 95% 
waxy corn. For many years moisture content was a grading 
factor for corn and sorghum. Especially at the beginning 
of the harvest, moisture content is the single most impor- 
tant quality factor of corn (high being problematic). Broken 
corn and foreign material (BCFM) is determined by sieving 
through a 12/64 in. (4.76 mm) sieve. 

Rough rice is divided into three classes: long, medium, 
and short. There are separate standards for rough, brown, 
and milled rice. All rough rice is graded on the basis of 
milled rice yields. 

Barley is divided into three classes (with several 
subclasses): six-rowed (malting, blue malting, and 
barley), two-rowed (two-rowed malting and two-rowed), 
and barley. Plumpness is determined by sieving. The des- 
ignation malting requires inclusion of only varieties 
that have been approved as suitable for malting purposes. 
Special grades and designations of oats are: heavy or extra 
heavy (test weights of 48.9-51.5 kg/hL and >51.5 kg/hL, 
respectively), thin, bleached, bright, ergoty, garlicky, 
smutty, tough (moisture between 14 and 16%), and 
weevily. 
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CHEESE 


ORIGIN 


The first use of cheese as food is not known. References to 
cheeses throughout history are widespread. “Cheese is an 
art that predates the biblical era” (1). The origin of cheese 
has been dated to 6000-7000 B.c. and the worldwide num- 
ber of varieties has been estimated at 500, with an annual 
production of more than 12 million tons growing at a rate 
of about 4% (2). This food served as a source of vital nour- 
ishment in huts and castles and on journeys; armies also 
used cheese. It also was a way of preserving food during 
periods of shortages. A plausible tracing of the origin and 
development of cheese, as a food, around the world has 
been published (1). 
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CHEESE 


ORIGIN 


The first use of cheese as food is not known. References to 
cheeses throughout history are widespread. “Cheese is an 
art that predates the biblical era” (1). The origin of cheese 
has been dated to 6000-7000 B.c. and the worldwide num- 
ber of varieties has been estimated at 500, with an annual 
production of more than 12 million tons growing at a rate 
of about 4% (2). This food served as a source of vital nour- 
ishment in huts and castles and on journeys; armies also 
used cheese. It also was a way of preserving food during 
periods of shortages. A plausible tracing of the origin and 
development of cheese, as a food, around the world has 
been published (1). 


CLASSIFICATION 


Cheeses have been classified in several ways. Several at- 
tempts to classify the varieties of cheese have been made. 
One suggestion consists of scheme that divides cheeses 
into the following superfamilies based on the coagulating 
agent. 


1. Rennet Cheeses. Cheddar, brick, Muenster 
2, Acid Cheeses. Cottage, Quarg, cream 

3. Heat-Acid. Ricotta, sapsago 

4, Concentration—Crystallization. Mysost 


A more simple but incomplete scheme, would be to classify 
cheeses as follows. 


1. Very Hard. Parmesan, Romano 

2. Hard. Cheddar, Swiss 

3. Semisoft. Brick, Muenster, blue, Havarti 
4. Soft. Bel Paese, Brie, Camembert, feta 
5. Acid. Cottage, baker’s, cream, ricotta 


A broad look at cheeses might divide them into two large 
categories, ripened and fresh, 


Ripened 


Cheeses can be ripened by adding selected enzymes or 
microorganisms (bacteria or molds) to the starting milk, to 
the newly made cheese curds, or to the surface of a finish 
cheese. The cheese is then ripened (cured) under conditions 
controlled by one or more of the following elements: tem- 
perature, humidity, salt, and time. 

Depending on the style of cheese, the ripening can be 
principally carried out on the cheese surface or the interior. 
The selection of organisms, the appropriate enzymes, and 
ripening regime determine the texture and flavor of each 
cheese type. 


Fresh 


These cheeses do not undergo curing and are generally the 
result of acid coagulation of the milk. The composition, as 
well as processing steps, provides the specific product tex- 
ture, while the bacteria used to provide the acid usually 
generate the characteristic flavor of the cheese. 


‘CHEESEMAKING—GENERAL STEPS 


1. Milk is clarified by filtration or centrifugation. 

2. Depending on the composition of the final cheese, the 
fat content is standardized in a special centrifuge (sepa- 
rator). 

3. Depending on the variety, the milk is pasteurized 
(generally at about 72°C (161°F) for 16 s) or undergoes any 
equivalent heat treatment that renders the milk phospha- 
tase negative. Phosphatase is inactivated in the same 
range as the tuberculin bacilli. The phosphatase test in- 
sures that the milk is free of tuberculin bacilli and other 
pathogens. 
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4. Before pumping the milk to the cheese vat, the milk 
fat can be homogenized, if desired. The extent of this ho- 
mogenization will depend on the cheese variety being 
made (Fig. 1). 

5. A bacterial starter culture is added to the milk, 
which is at 30-36°C, depending on the cheese being made. 
This inoculated milk is generally ripened (held at this tem- 
perature) for 30-60 min to allow the lactic organisms to 
multiply sufficiently for their enzyme systems to convert 
some of the milk sugar (lactose) to lactic acid. 

6. After ripening, a milk-coagulating enzyme is added 
with stirring. The milk in the vat is then allowed to set in 
a quiescent state. 

7. The resulting coagulum is usually ready to be cut 
20-30 min after the enzyme addition. For most fresh 
cheeses little or no coagulating enzyme is added. Coagu- 
lation is allowed to occur by the development of lactic acid 
alone. 

8. When the coagulum is firm enough to be cut, a com- 
bination of vertical and horizontal stainless steel knives 
(wires) are pulled lengthwise and crosswise through the 
coagulum in a rectangular vat. If an automatic enclosed 
circular vat is used, the cutting is programmed to insure a 
curd-size range by the speed and timing of the automatic 
knives. 

9. For most varieties a heal time is allowed where no 
stirring is done for 5-15 min after cutting. This allows the 
newly cut curd particles to firm up slightly and begin syn- 
eresis (excluding whey from the particle during the shrink- 
ing process). 

10. Following the heal period, heat is applied to the 
jacket of the vat and gentle stirring begins. For most rip- 
ened cheeses the curds are cooked in the whey until the 
temperature of the mixture reaches 37-41°C, depending on 
the variety. For some cheeses, for example, Swiss and Par- 
mesan, this temperature can be as high as 53°C. The 
cheese is generally cooked for 30 min. Fresh cheeses, such 
as cottage, cream, and Neufchatel, are cooked at tempera- 
tures as high as 51.5-60°C to promote syneresis and pro- 
vide product stability. 

11. Generally, when the cook temperature is reached, 
a 45-60 min period is allowed to promote curd firming and 
the releasing of whey. During this stir-out time the con- 
tents of the vat are agitated somewhat vigorously. 

12. From this point the whey is drained and the treat- 
ment of the new curd depends on the nature of the final 
product. 


For cheeses such as Cheddar, Monterey Jack, Colby, 
brick, and mozzarella the curd can be handled in a number 
of ways. Cheddar can be made by allowing the curd to set- 
tle in a rectangular vat, then draining the whey from the 
curd. When the whey is removed, the curd is trenched 
down the middle of the vat, lengthwise. The curd is hand 
cut, turned over, and then piled, at intervals, one slab on 
another. During this time acid continues to develop and 
whey continues to be exuded from the curd. When the 
proper pH is reached (about 5.1-5.3) the curd is milled by 
machine into finger-size pieces and slowly dry-salted to 
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Figure 1, Natural cheese system flow 
key. a, Receiving pump/air eliminator; 
b, cyclone filter; ¢, balance tank; d, flow 
direction control; e, cheese vat; f, CIP 
system; g, CIP control panel. Source: 
Courtesy of Sherping Systems, 
Winsted, Minn. 


provide about 1.6-1.8% salt in the final cheese. The salted 
curds are then packed into 40-Ib stainless-steel hoops with 
porous netting lining the hoops or into 600—700-Ib boxes. 
These containers are generally pressed at 15-20 psi to re- 
move more whey over several hours and then placed into 
a vacuum chamber while under pressure to fuse the curd 
particles into a solid mass. 

Several methods are used to arrive at a solid cheese 
block. One process provides for pumping the curds into a 
tower that allows whey drainage and compacting of the 
curds by their own weight. At the bottom of the tower a 
portion of the curd is cut off to fit into a 40-Ib hoop, which 
travels to a press station and, finally, to a packaging sta- 
tion. 

In another method, curd and whey are pumped from the 
vat to a draining-and-matting conveyer (DMC) under con- 
trolled temperature and curd depth. When the curd has 
reached the proper pH, the mat is cut and is automatically 
salted and transferred onto another conveyer where it is 
finally carried to a boxing operation (Fig. 2). 

There is also a stirred-curd procedure used for mild- and 
medium-flavored Cheddar as well as Colby, brick, mozza- 
rella, etc. In this method the curd and whey are pumped 
toa drain table or automatic-finishing vat (AFV) where the 
whey is drained and the curds are continually stirred to 
prevent matting. When the proper pH is achieved the 
cubes are salted and then boxed as previously described 
(Fig. 3). 

If stirred curd Cheddar is intended for use in process 
cheese it can be packed into 500-Ib drums and used after 
a short curing period. It should be noted that cheeses such 
as Monterey Jack and Colby, should not be placed under 
vacuum to preserve a slight open texture. 

Blue cheese is made in a similar manner up to this 
point, but the mold (Penicillium sp.) can be added to the 
starting milk or to the drained curds. This cheese is usually 
formed in 5-lb hoops to promote an open texture. When the 
cheese is removed from the hoops it is dry-salted several 


times over a number of days and then punctured to create 
air channels in which the mold grows; this develops the 
characteristic blue veining. This cheese may be salt brined 
instead to obtain a 4% salt content in the final cheese. The 
cheese is cured for 60-120 days at 13°C and 95% humidity 
to achieve full veining and flavor. 

Swiss, Parmesan, and other varieties are handled some- 
what differently at the whey drainage step. For years these 
cheeses were manufactured in Europe in wheel-shaped 
hoops; 20-Ib wheels were used for Parmesan and 175-225- 
Ib hoops, for Swiss. The principles are the same so the de- 
scription here will pertain to most U.S. products. For Swiss 
cheese the curds and whey are pumped to a large stainless- 
steel universal vat, which has been equipped with porous 
side plates, where the curd is allowed to settle evenly at 
the bottom. Large stainless-steel plates are used to press 
the curd at a precise depth of the curd mass. This pressing 
under whey results in a tightly fused cheese, required later 
for eye development. The whey is drained and the huge 
curd block is kept under pressure for about 16 h while it 
continues to develop acidity. Then the 3,000-3,500-Ib block 
is cut into sections of about 180 lb and immersed into 2°C 
saturated brine for 24 h. The surface of the blocks are then 
dried. The blocks are packaged and boxed. These boxes are 
stacked and banded to help keep the block shape as the 
cheese cures in a hot room at 20-25°C. When the eyes have 
formed (about 18-28 days) the blocks are transferred to a 
room at about 2°C to prevent further eye development and 
held for at least 60 days before cutting into retail sizes. 
The cheese can be held for longer periods if stronger Swiss 
flavor is desired. 

For Parmesan cheese, the curd is stirred while draining 
off the whey and then placed into round 20-lb hoops. After 
pressing, the round cheeses are allowed to surface dry be- 
fore brining. If salt has not been added during the stirring 
of the curds, additional brining time is required. The 
cheeses are held at 13-16°C until the proper weight is 
reached (moisture reduced) and then vacuum packed in 
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Figure 2. Cheese curd draining conveyor. Source: Courtesy of Sherping Systems, Winsted, Minn. 


plastic bags with a tight seal. Some factories wax the 
cheese. This cheese requires a minimum of a 10-mo cure 
time by federal regulation. Most of the U.S. Parmesan is 
grated for use as a retail product. 

Mozzarella and provolone are among those cheeses re- 
ferred to as pasta filata varieties. Provolone has some li- 
pase enzymes added to produce its characteristic flavor 
and sometimes is sold naturally smoked or with smoke fla- 
vor added. These cheeses have traditionally been further 
cooked, after whey drainage, in hot water and stretched by 
hand with subsequent shaping into the familiar forms. To- 
day, however, most mozzarella and provolone are mechan- 
ically cooked under water and further stretched to provide 
texture and then shaped in molding machines. The cheeses 
are then brined to the proper salt level. 

Cheeses such as Camembert, Brie, Muenster, and Lim- 
burger are made in smaller equipment and formed into 


smaller shapes to allow surface salting or brining and 
treatment of the cheese surface with selected bacteria or 
molds to provide the characteristic flavors, and textures. 

Fresh cheeses such as cottage, queso fresco, and cream 
are mostly acid in nature and, following cooking of the 
curds, are treated differently. Cottage curds are washed 
with filtered water and then combined with a cream dress- 
ing. Queso fresco is pressed into loaves after salting and 
eaten fresh after slicing. Cream cheese curd is separated 
centrifugally and then standardized in regard to fat, salt, 
and stabilizers. Stabilizers are added to prevent moisture 
release. It can then be packaged in small loaves, hot or 
chilled. 


RECENT DEVELOPMENTS 


A number of cheese varieties have been manufactured 
from milk concentrated by ultrafiltration (3,4). Patents 
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Figure 3. Dual salt applicating and cheese curd mellowing system. Two stage continuous salting 
and mellowing of milled or granular curd. Source: Courtesy of Sherping Systems, Winsted, Minn. 


have been issued (5) and some procedures have been re- 
duced to practice, but after more than 20 years of research 
in this area only a minimal amount of the total world pro- 
duction of cheese is made with ultrafiltered milk. 

Bactofugation used to remove microbes and spores from 
cheese milk has sparked some interest, especially in Eu- 
rope (6). Microfiltration may find significant application in 
special milk treatment prior to, or during, product manu- 
facture. Significant developments in recombinant biotech- 
nology and fermentation technology may provide specific- 
ity previously not available for milk coagulation and 
cheese flavor development. New cultures, which are resis- 
tant to phage, may be on the horizon. New cheese-making 
technology may allow previously unattainable processes 
and product control to become reality. 


Cheese Starter Cultures 


Starter cultures are organisms that ferment lactose to lac- 
tic acid and other products. These include streptococci, leu- 
conostocs, lactobacilli, and streptococcus thermophilus. 
Starter cultures also include propionibacteria, brevibac- 
teria, and mold species of Penicillium. The latter organ- 
isms are used in conjunction with lactic acid bacteria for a 
particular characteristic of cheese, eg, the holes in Swiss 
cheese are due to propionibacteria, and the yellowish color 
and typical flavor of brick cheese is due to brevibacterium 
linens. Blue cheese and Brie derive their characteristics 
from the added blue and white molds, respectively. Lactic 
acid-producing bacteria have several functions: 


1. Acid production and coagulation of milk. 


2. Acid gives firmness to the coagulum, which influ- 
ences cheese yield. 

3. Developed acidity determines the residual amount of 
animal rennet influencing cheese ripening; more 
acid curd binds more rennet. 

4. The rate of acid development influences dissociation 
of colloidal calcium phosphate, which then influences 
proteolysis during manufacture and the rheological 
properties of cheese. 

5. Acid development and production of other antimicro- 
bials control the growth of certain nonstarter bacte- 
ria and pathogens in cheese. 


6. Acid development contributes to proteolysis and fla- 
vor production in cheese. 


Types of Culture 


There are some impending changes in the nomenclature of 
starter culture organisms; the nomenclature used here fol- 
lows present standards (7). Mesophilic cultures are used 
for cheese types that do not exceed 40°C during cheese 
making (8). These starters are propagated at 21-23°C and 
include Streptococcus lactis ssp. lactis, S. lactis ssp. cre- 
moris, S. lactis ssp. diacetylactis and Leuconostoc cremoris. 
These are used for Cheddar, Gouda, brick, Muenster, 
cream, cottage, and Quarg cheese types, leuconstoc and S. 
lactis ssp. diacetylactis ferment citrate to produce carbon 


dioxide and diacetyl to characterize Edam, Gouda, and 
cream cheese. 

Thermophilic cultures are used in cheese types where 
curd is cooked to 45—56°C. These starters are propagated 
at 40-45°C and include S. thermophilus, sometimes fecal 
streptococci, Lactobacillus helveticus, L. delbrueckii ssp. 
lactis, and L. delbrueckii ssp. bulgaricus. These are used 
for Swiss, Emmentaler, Gruyére, Parmesan, Romano, moz- 
zarella, and Gorgonzola cheeses (9). 


Propagation 


Cultures are propagated in milk or a medium containing 
milk components and other nutrients and are heat treated 
(85°-90°C for 45 min) to render milk free of contaminants. 
The medium is then cooled to incubation temperature be- 
fore inoculation. This processing is accomplished in a jack- 
eted stainless-steel vessel provided with agitation and sup- 
plied with sterile air pressure. Culture inoculum is 
available from suppliers in frozen or freeze-dried form. It 
consists of appropriate mixture of culture strains and is 
free of contamination. After inoculation, culture is allowed 
to grow in quiescent state for 12-18 h. At the end of growth 
the medium is acidic with a pH of 4.5 or lower, depending 
on the culture. Ripened culture cell population is about 10° 
cfu/g. The ripened culture is cooled to at least 5°C. This 
form of propagation is called bulk-starter propagation. The 
culture may be used immediately or held for several days. 
The growth medium may contain buffering salts or the acid 
produced may be neutralized and controlled by the addi- 
tion of ammonia, potassium hydroxide, or sodium hydrox- 
ide under controlled conditions. The latter is called pH- 
controlled propagation. 

Starter cultures are susceptible to bacteriophages (vi- 
ruses), which destroy the cultures and hamper cheese pro- 
duction. Cultures are also sensitive to antibiotics and bac- 
teriocins (proteinaceus bacterial inhibitors). Propagated 
cultures are used at 1-5% of cheese milk. Highly concen- 
trated (10"° cfu/g) frozen cultures are available for direct 
addition to cheese milk (350 g/5,000 Ib). These are called 
direct vat set (DVS). This form is convenient, but expen- 
sive. 


Coagulation 


Coagulation of milk is essential to cheese making. The co- 
agulation entraps fat and other components of milk. Most 
proteolytic enzymes can cause milk to coagulate. Rennet 
(chymosin, EC 3.4.23.4) is widely used for milk coagulation 
in cheese making (10). It is extracted from the fourth stom- 
ach of young calves. Commercial rennets may include 
blends of chymosin and pepsin (bovine or other animals). 
Microbial rennets with similar functionality prepared from 
M. miehei are known as Marzyme, Hannilase, Rennilase, 
and Fromase. Preparations from M. pusillus and Endothia 
parasiticus are called Emporase and Sure Curd, respec- 
tively. Proteases from plants are known to coagulate milk 
but are not used in commercial cheese making. Coagula- 
tion of milk is also effected by lowering pH to about 4.6 in 
quiescent state either by fermentation of lactose to lactic 
acid or by hydrolysis of gamma—delta lactones to produce 
cottage, Quarg, ricotta, and cream cheese. 
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Animal and microbial rennets are aspartic proteases 
with optimum activity under acidic conditions. Their mo- 
lecular weights range from 30,000 to 38,000. The primary 
stage of rennet coagulation involves partial hydrolysis of 
K-casein, the principal stabilizing factor of milk protein, at 
Phe-105 to Met-106 bond. Destabilization of the residual 
protein (para-casein) occurs in the presence of Ca”* at 
temperatures >18°C in the secondary, nonenzymatic stage 
of rennet coagulation. About 30% of calf rennet is retained 
in the curd before pressing and only 5-8% after pressing 
(11). The amount of rennet retained is governed by the pH 
of the curd. Microbial rennets are retained to a lesser ex- 
tent (3-5%). 

During coagulation, linkages between casein micelles 
are formed and many micelles are joined by bridges, but 
later these appear to contract, bringing the micelles into 
contact and causing partial fusion. The firmness of curd is 
due to an increase in both the number and strength of link- 
ages between micelles. It is suggested that phosphoryl side 
chains of casein specially f-casein are involved. These may 
be linked by Ca®* bridges. In cheese, as-1-casein plays a 
structural role (12). 

Casein aggregation and fusion continues after coagu- 
lum cutting and throughout cheese making and early 
stages of cheese ripening. This process of rennet coagula- 
tion of milk is fundamental to the conversion of milk to 
cheese curd and its manipulation is essential for the con- 
trol of cheese manufacture (Table 1). Casein aggregation 
leads to curd formation and syneresis. Increase in acidity 
and temperature and the addition of calcium chloride ac- 
celerates the rate of curd formation and its syneresis. On 
the other hand, cold storage of milk, homogenization, 
higher pasteurization temperature, and increased fat con- 
tent impede the two processes. Acid coagulation of milk, as 
in cottage-cheese making results in less aggregation of ca- 
sein than is seen with rennet. During cottage-cheese mak- 
ing the pH of milk casein drops to its isoelectric point re- 
sulting in a soft, fragile gel, firm enough to be cut. For 
large-curd cottage cheese, a very small amount of rennet 
is added. Essentially all added rennet is inactivated at the 
cooking temperature of curd (57-60°C). 


MICROBIOLOGICAL AND BIOCHEMICAL CHANGES 
DURING CHEESE MAKING AND CHEESE RIPENING 


During cheese manufacture, milk is dehydrated to a given 
composition, characteristic of a family of cheeses. The dis- 
tinguishing features of a cheese within a family are a func- 
tion of smaller but significant deviations from set prac- 
tices. The following pairs of cheeses represent good 
examples of the effect of manufacturing variations: Edam 
and Gouda, brick and Limburger, mozzarella and provo- 
lone, and Cheddar and Colby. Rennet curds have unique 
properties that can be handled to produce high- and low- 
moisture cheeses without hardening. Limited, but essen- 
tial, proteolysis of milk protein by rennet enzymes aug- 
ments the shift of microbial populations that, in turn, are 
pressed into summoning those metabolic activities that 
must transform the milk component simply to survive. In 
doing so, the chemical entities generated interact among 
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‘Table 1. MHk Coagulants for Cheese Making 


Supplier/designation 
Coagulant Hansen’s Marschall’s Pfizer SANOFI 
Calf Standard Calf rennet Calf rennet ‘American rennet* 
Cheese rennet 

Bovine Bovine Beef rennet 
Porcine Maria Set Pepsin 
Calf-poreine 50-50 Chymoset Econozyme Quick Set? 
Bovine-porcine BP 
Calf-bovine-porcine Trizyme 
Mucor miehei (modified 

thermolabile equivalent to 

Novo Rennilase XL) Hannilase (HL) Mor Curd 
Mucor miehie (modified extra 

thermolabile equivalent to 

Novo Rennilase XL) Superlase Marzyme Supreme Mor Curd Pius 
Endothia parasiticus Sure Curd 
Mucor pusillus Emporase® 
Microbial, animal Cand P(Chees-zyme and M-P (50-50 Hog and Regalase (porcine and 

Pep-zyme blend) M. miehei) Emporase) 
Beemase (bovine and 
Emporase) 


°DRL sells three gracies of calf rennet: PD300 (highest chymosin), SF100 (intermediate chymosin), and EL400 (lowest chymosin). 


*DFL sells three grades of Quick Set. 
“DFL sells three grades of Emporane. 


themselves and with the microbial population to result in 
a more flavorful and preserved milk. Both casein and milk 
fat hydrolysis is needed for cheese flavor development, but 
the rate and extent of such hydrolysis must be controlled 
to maintain cheese identity. Different cheese types are dis- 
cussed below with these comments in mind. 

Lactic starter cultures are added to vat milk to give 
about 10°-10" cfu/mL. The amount and type of starter may 
vary significantly depending on the type of cheese and 
characteristics desired. In most cheese types an overnight 
pH range is 4.95-5.3. 


Cheddar-Type Cheese 


In Cheddar, Caciocavallo, and Colby types of cheese, about 
30-40% of the added culture cells are lost in whey. The cells 
trapped in the rennet coagulum rapidly multiply and fer- 
ment lactose to lactic acid. The population of starter or- 
ganisms may reach in excess of 5 X 10° cfu/g in curd before 
salting. These bacterial numbers include a 10-fold increase 
due to milk solids concentration. The cultures multiply 
only slightly during coagulation and cooking, but growth 
and acid production accelerate after whey is removed and 
continues through cheddaring as the starter cells are con- 
centrated in the curd. Acid production will continue until 
the lactose is depleted. At the time of milling the curd may 
have a pH of 5.3 and titratable acidity of whey at 0.57% or 
higher. 

The milling operation involves cutting the curd into 
small pieces to facilitate uniform salt distribution and 
whey drainage. Enough salt is applied to the curd in two 
or three applications to yield a salt-in-moisture phase 
(S/S + M) of the cheese of about 4-5%. Due to steady acid 
production throughout cheese making the casein curd is 


demineralized with respect to calcium and phosphorus. 
The rate and extent of acid production governs the residual 
chymosin, minerals, moisture, and the cheese texture and 
structure. Higher acid in cheese reflects higher starter pop- 
ulations, possibly resulting in bitter cheese due to total 
proteinase activity from starter cells. 

Cheddar-type curd is dry salted. Addition of salt to the 
curd is the last step in the manufacture of cheese. It con- 
trols microbial growth and activity and the final pH of 
hooped cheese. At hooping Cheddar cheese may contain 
0.6% lactose. Its fermentation to lactic acid depends on 
S/S + M. Culture activity is inhibited by S/S + M of >5% 
(13). Salt also helps to expel moisture. Proteolytic activity 
of chymosin and pepsin on as-1-casein is stimulated by 
salt, whereas f-casein proteolysis is inhibited by S/S + M 
of 5%. Salt appears to affect physical changes in cheese 
protein, which influence cheese texture, protein solubility 
and probably protein conformation. Cheddar-type cheese 
is internally ripened by chymosin in concert with starter 
proteinases and adventitious lactobacilli. For normal rip- 
ening a high starter population must lyse to release pro- 
teinases and peptidases affecting cheese flavor, body, and 
texture development. In most cheese types there is a shift 
in the population of starter organisms to lactobacilli and 
in some cases pediococci. It has been demonstrated that in 
young cheese there are inhibitory and stimulatory factors 
for lactobacilli. As the cheese ripens, most of the inhibition 
vanishes. These stimulatory factors for lactobacilli appear 
to originate primarily in as-casein (14). In Cheddar cheese, 
#casein is not extensively degraded (15). Studies with 
starters lacking proteinase indicate the importance of 
starter proteinases (16). Proteolysis and increasing con- 
centration of free amino acids add to the savory taste and 
provide substrate for sulfur compounds. Many flavor com- 


pounds are chemical interactions of microbially derived 
substrates under conditions of low pH and low oxidation— 
reduction potential. Numerous compounds, such as hydro- 
carbons, alcohols, aldehydes, ketones, acids, esters, lac- 
tones, and sulfurs are important in cheese flavor. 
Hydrogen sulfide and methanethiol along with phenyl- 
acetaldehyde, phenylacetic acid, and phenethanol are con- 
sidered key compounds of good Cheddar flavor (17). Lactic 
acid bacteria are not lipolytic but small increases in butyric 
and other fatty acids appear desirable. 


Swiss, Emmentaler, and Gruyére 


These cheese types are made with thermophilic strepto- 
cocci and lactobacilli to which propionibacteria are added 
for eye formation. During the early phases of cheese mak- 
ing S. thermophilus multiplies rapidly and utilizes the glu- 
cose moiety of lactose to produce L-lactate, leaving behind 
galactose. Lactobacilli start vigorous acid production after 
whey drainage when the curd temperature drops to 46- 
49°C. Acid production and starter bacteria number are 
greater toward the periphery where the cheese has cooled 
down. Lactic acid fermentation in cheese is complete 
within 24 h with no detectable sugars. 


Changes During Ripening. Increase in starter organisms 
population and acidity are halted when the cheese is 
brined. This is due to exhaustion of fermentable sugar and 
the low brine temperature. Cheese is cured in a hot room 
(20°-25°C) for 18-40 days. During this period the added 
starter organisms disappear and the niche is occupied by 
propionibacteria, adventitious lactobacilli, and fecal strep- 
tococci. Propionibacteria ferment lactate to propionic acid 
and other flavor compounds according to the reaction: 
3CH,;CHOHCOOH > 2CH;CH,COOH + CH;COOH + 
CO, + HAO. 


Eye Formation. The quality of Swiss cheese is judged by 
the size and distribution of eyes. Swiss cheese eyes are 
essentially due to carbon dioxide production, diffusion, and 
accumulation in the cheese body (18). The number and size 
of eyes depend on carbon dioxide pressure, diffusion rate, 
body texture, and temperature of cheese. The bulk of pro- 
tein breakdown products are derived from as-casein. f- 
Casein is not greatly proteolysed in Swiss cheese (15). Bac- 
terial proteinases and plasmin (milk proteinase) are 
considered important in Swiss cheese ripening. 


Flavor. Cheese flavor is derived in part from cheese 
milk. However, the characteristic flavor of Swiss-type 
cheese comes from the microbial transformation of milk 
components. These contain water-soluble volatiles (acetic 
acid, propionic acid, butyric acid, and diacetyl), which give 
the basic sharpness and general cheesy notes (17). Water- 
soluble nonvolatile amino acids (especially proline), pep- 
tides, lactic acid, and salts provide mainly sweet notes. Oil- 
soluble fractions (short-chain fatty acids) other than the 
water-soluble volatiles are important to flavor. Nutty fla- 
vor is attributed to alkylpyrazines. Several compounds, eg, 
ketones, aldehydes, esters, lactones, and sulfur-containing 
compounds are important. Due to the activity of certain 
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strains of lactobacilli and fecal streptococci, biogenic 
amines are sometimes found in Swiss cheese. 


Camembert Cheese 


This is a soft cheese with 48-52% moisture. Milk inocu- 
lated with 1-5% mesophilic lactic starter is renneted at 
about 30°C. When the acidity reaches 0.20-0.23% the curd 
is dipped, molded, and held at 21°C in rooms with 85-90% 
humidity until it reaches pH 4.54.6. During storage, yeast 
and Geotrichum candidum appear on the surface. After 
about a week at about 10°C Penicillium camemberti covers 
the surface and deacidifies the cheese in 15-20 days. This 
is followed by colonization of the cheese surface by B. linens 
and micrococci. During ripening, the surface pH rises to 
about 7.0. £-Casein is not extensively degraded. Appear- 
ance of some )-casein suggests plasmin activity. There is 
as-casein degradation but less compared to Cheddar 
cheese. In Camembert, due to extensive deamination, am- 
monia constitutes 7-9% of the total N. Free fatty acids 
found in large quantities contribute to the basic flavor of 
cheese and serve as the precursors of methylketones and 
secondary alcohols. Aldehydes, methylketones, 1-alkanols, 
2-alkanols, esters (C2, 4, 6, 8, 10-ethyl 2-phenylethylace- 
tate), phenol, p-cresol, lactones, hydrogen sulfide, metha- 
nethiol, methyldisulfide and other sulfur compounds along 
with anisoles, amines, and other compounds constitute the 
volatile compounds. 


Blue Cheese 


Blue cheese and its relatives, Roquefort, Stilton, and Gor- 
gonzola are characterized by peppery, piquant flavors pro- 
duced by the mold Penicillium roqueforti. Milk for cheese 
making may be homogenized to promote lipolysis in 
cheese. An acid curd with pH 4.54.6 is produced with 
mesophilic lactic starter and sometimes include S. lactics 
ssp. diacetylactis. Gorgonzola is made with S. thermophi- 
lus and Lactobacillus bulgaricus. The blue mold is added 
to the milk or curd. The molded curd is dry salted, and salt 
is rubbed on cheese to attain 4-5% salt. After about a week 
the cheese heads are pierced with needles to aerate the 
cheese and let carbon dioxide escape and air enter. This 
promotes mold growth. 

Due to high acid and salt, starter population declines 
rapidly and the blue mold grows throughout the cheese. 
Salt-tolerant B. linens and micrococci appear on the cheese 
surface in two to three weeks. Due to deacidification of the 
cheese and extensive proteolysis, the cheese pH rises from 
4.5 to 4.7 at 24 h to a maximum of 6.0-6.25 in two to three 
months. 

Molds are both proteolytic and lipolytic, resulting in ex- 
tensive proteolysis and lipolysis of cheese. In blue cheese 
both as- and f-casein are degraded. There is a large accu- 
mulation of free amino acids due to extracellular acidicand 
alkaline endopeptidases (19). B. linens and micrococci are 
also proteolytic and contribute to the overall proteolysis. 
Occurrence of citrulline, ornithine, y-aminobutylic acid, 
and biogenic amines reflect amino acid break-down prod- 
ucts. Other volatile compounds such as ammonia, alde- 
hydes, acids, alcohols, and methanethiol are also produced 
from amino acid metabolism. 
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Mold-ripened cheeses have a high free fatty acid con- 
tent, 27-45 meq of acid per 100 g of fat. Penicillium roque- 
forti produces two lipases, one active at pH 7.5-8.0 or 
higher and the acid lipase active at pH 6.0-6.5. The fatty 
acids produced are converted into methylketones via 
ketoacyl—coenzyme A and the f-keto acids (20). Thiohydro- 
lases are also present in cheese, resulting in the accumu- 
lation of 2-heptanone. The rate of fatty acid release gov- 
erns the rate of methylketone formation (21). 


Brick Cheese 


Brick cheese is representative of a large group of cheeses 
(Limburger, Muenster, Tilsiter, Bel Paese, and Trappist) 
ripened with the aid of surface flora made of yeast, micro- 
cocci, and coryneform bacteria (B. linens). A culture of S. 
lactis ssp. lactis, S. lactis ssp. cremoris, and sometimes in 
combination with S. thermophilus is used to cause a cheese 
pH of 5.0-5.2. After brining for one or more days cheese is 
held at about 15°C (60°F) in rooms with a 90-95% RH 
where yeast (Mycoderma) appear on the surface in two or 
three days followed by micrococci and then B. linens. Or- 
ganisms from the genus Arthrobacter have also been iso- 
lated from the cheese surface. Cheese ripens in four to 
eight weeks depending on the moisture and intensity of 
cheese flavor desired. Film-wrapped cheese has more 
rounded flavor than waxed cheese. 

Growth of yeast lowers the acidity on the surface, mak- 
ing it suitable for micrococci and B. linens colonization (22). 
Sometimes G. candidum may also be present. as-Casein is 
always hydrolyzed but f-casein disappearance was seen in 
Muenster and not in brick. Yeasts found on Limburger 
cheese synthesize considerable amounts of pantothenic 
acid, niacin, and riboflavin (23). Pantothenic acid and 
para-aminobenzoic acid are required by B. linens Thus ex- 
plaining the population sequence. Liberated free amino ac- 
ids are much higher on the surface than in the interior of 
cheese. Activities of micrococci appear essential to the de- 
velopment of typical flavor of brick or Limburger cheese. 
These proteolytic organisms are able to convert methio- 
nine to methanethiol. Acetyl methy] disulfide is character- 
istic of Limburger flavor. 


Edam and Gouda 


These Dutch cheese varieties are made with S. lactis ssp. 
lactis, S. lactis ssp. cremoris, Leuconstoc cremoris and/or 
L. lactis. Leuconstoe and S. lactis ssp. diacetylactis ferment 
citrate to produce carbon dioxide, diacetyl, and other com- 
pounds. The starter organisms reach ~10° cfu/g in curd 
with a pH of about 5.7. The remaining lactose in curd is 
fermented in an uncoupled state to lower cheese pH to 5.2. 
Molded cheese forms are placed in 14% brine at 14°C for 
three to seven days. After brief drying, the cheese is coated 
with two to three coats of plastic emulsion, which permits 
slow moisture evaporation. Carbon dioxide production is 
essential to eye formation. Ripening changes involve pro- 
teolysis by rennet enzymes, enzymes of starter bacteria, 
and, to a small extent, native milk proteinase. Rennet is 
responsible for extensive degradation of as-casein to large 
molecular weight water-soluble peptides. This proteolysis 
is significant in determining the body characteristics of 


cheese. Starter organism production of low molecular 
weight peptide fractions and amino acids are stimulated 
by rennet action. 

Lipolysis occurs to a small degree mainly due to en- 
zymes of starter bacteria liberating free fatty acids from 
monoglycerides and diglycerides formed by milk or micro- 
bial lipases. In well-made Edam and Gouda lactobacilli do 
not exceed 10°-10°/g or certain defects in the cheese are 
noticed. Lactic acid, carbon dioxide, diacetyl, aldehydes, 
ketones, alcohols, esters, and organic acids in proper bal- 
ance are important to flavor. Anethole and bismethyl- 
thiomethane are important odor compounds of Gouda 
cheese (24). 


Mozzarella and Provolone 


‘These cheese types may contain 45-60% moisture. S. ther- 
mophilus, thermophilic Lactobacillus sp. or mesophilic lac- 
ties with S. thermophilus combination starters are used. 
Sometimes citric acid or other acids are used in place of 
lactic starters. 

The cultures used generally cleave the galactose moiety 
of lactose in cheese, which, if not utilized, result in dark 
brown cheese color on baking. In fresh brined cheese there 
may be 10° cfu/g of starter organisms in 1:1 ratio of strep- 
tococci and lactobacilli. as-Casein is proteolysed to a lesser 
degree by rennet enzymes compared to other cheese types, 
while f-casein is largely intact. This level of rennet pro- 
teolysis of milk protein is sufficient to give the melt and 
stretch characteristics to cheese during hot water knead- 
ing at about 57°C. The molded cheese is brined. The pH of 
cheese should be 5.1-5.4. There is little lipolysis and fatty 
acids liberation in traditional mozzarella cheese (25). 
Cheese made with mesophilic starter and S. thermophilus 
tends to have greater protein and fat hydrolysis during 
storage. Such cheese is difficult to shred and has atypical 
flavor when aged. 

Mozzarella and provolone are manufactured in a simi- 
lar manner. The former is consumed fresh while the latter 
may be ripened at 12.5°C for three to four weeks and then 
stored at 4.5°C for 6-12 months for grating. The ripened 
cheese have mainly Lactobacillus casei and its subspecies. 
Sometimes leuconstocs are detected in cheese, particularly 
if no starter was used. 


Parmesan and Romano 


Parmesan and Romano cheese are made with S. thermo- 
philus, Lactobacillus bulgaricus, or other species of ther- 
mophilic lactobacilli. In addition to rennet, pregastric es- 
trases, or rennet paste may be added to cheese milk for 
their lipolytic activity. The curd is cooked to 51-54°C, when 
the whey acidity reaches about 0.2% it is hooped (packed) 
in round forms. Sometimes salt is added to the curd, which 
slows the starter and regulates moisture. The cheese at pH 
5.1-5.3 is placed in 24% brine for several days. 

Compared to other cheese types, the starter populations 
in the fresh cheese is low. Throughout cheese ripening, 12— 
24 months, cheese flora seldom exceeds 10° cfu/g. Fecal 
streptococci and salt-tolerant lactobacilli predominate. In 
these hard grating cheeses as- and f-caseins are not overly 
proteolysed compared to other cheese varieties. This is at- 


tributed to high cooking temperatures of curd, which in- 
activates the coagulant, and the high salt in the moisture, 
which discourages growth of adventitious flora. In ripened 
cheeses quality varies from location to location. Volatile 
free fatty acid and nonvolatile free fatty acid (C, through 
Cys) concentrations are high in these cheeses, particularly 
in Romano (25). Butyric acid and minor branched chain 
fatty acids that occur in milk appear to contribute to the 
piquant flavor of Parmesan. For a more balanced flavor a 
concomitant increase in free amino acids (glutamic acid, 
aspartic acid, valine, and alanine) has been noted. Too high 
a free fatty acid level in cheese gives a strong, soapy, un- 
desirable flavor. 


Cottage Cheese and Cream Cheese 


These are cultured to the isoelectric point of casein (pH 
~4,6) followed by heating to separate the cheese solids. 
Cottage cheese curd is blended with a cultured or uncul- 
tured cream to no more than 4% fat. Cream cheese is cul- 
tured with lactics and citrate-fermenting cultures. Diace- 
tyl, ethanol, acetone, lactic acid, acetic acid, and other 
less-characterized compounds are responsible for the fla- 
vor of these products. 


ACCELERATED CHEESE RIPENING 


One of the major costs of cheese is the expense of curing 
time before desired flavor develops. While some matura- 
tion time is inevitable, there are systems available where 
ripening time is shortened by speeding up proteolysis and 
lipolysis to generate flavor and modify texture. Elevated 
temperature (13°C or higher) curing offers the simplest ap- 
proach to speed up ripening of otherwise normal cheese. 
Cheese intended for this type of curing must not contain 
measurable levels of heterofermentative lactobacilli or leu- 
conostocs, because an open-texture defect and off-flavors 
will develop (26). 

Microbial proteinases and gastric esterases have been 
used with little success to achieve acceptable cheese with 
uniformity. Activity of these exogenous enzymes is unregu- 
lated and may contribute to the detriment of cheese qual- 
ity. Several unproven systems are available from culture 
houses. 

Additions of partially inactivated starter organisms 
have been used with mixed results. Presently, this is not 
economical. Most of the proprietary systems investigated 
cause a minor to major deviation from characteristic flavor, 
body, and texture of cheese, 


CHEESE DEFECTS 


Cheese varieties exist because manufacturing and curing 
are carried out to preserve characteristic flavor, body, and 
texture of a given cheese. Attributes of one cheese may 
prove to be defects in another. 

Even though certain molds are used for manufacturing 
and curing of cheese, their growth on most cheeses is un- 
desirable (27). Gas production with putrid, unclean odors 
due to nonstarter bacteria constitute a defect in cheese. 


CHEESE 307 


Moisture accumulation on the surface of hard cheeses per- 
mits rind rot due to yeasts, molds, and proteolytic bacteria 
growth, sometimes accompanied by discoloration. Milk it- 
self can at times contribute weedy, feedy, cowy, barny, and 
related flavors coming from the cow. Psychrotrophic organ- 
ism growth in milk can generate rancidity due to lipolysis 
and bitterness due to proteases from these organisms. Spe- 
cific defects are discussed below. 


Swiss Cheese 


Swiss is graded by the size, number, and distribution of 
eyes; there are many defects of the eyes (18). Blind or 
cheese with no eyes may be due to inhibition of carbon 
dioxide production of proprionibacteria by pH of less than 
5.0, prolonged brining (high salt), and antibiotics or other 
inhibitors in milk or cheese. 

Overset (pinny or too many eyes) is generally caused by 
improper acidity, high moisture, entrapment of air in curd, 
and other factors that prevent knitting of curd before gas 
production. Early gas is caused by Enterobacter aerogenes. 
Flavor defects, such as stink spots, white spots (28), and 
excessive amine production, are caused by Clostridium ty- 
robutyricum, S. faecalis ssp. liquefaciens, and strains of 
Lactobacillus buchenerii, respectively. 


Cheddar Cheese 


Excessive acidity, below pH 5.0 at three or more days, 
causes short, crumbly body and a sour, often bitter flavor. 
Normal body and flavor development may not occur in this 
cheese. On the other hand, too little acid or pH above 5.3 
at three or four days may lead to corky, pasty body with 
off-flavor development. Open-texture defect may be caused 
by lactobacillus fermentum, L. brevis, and leuconostocs, 
Raw milk and rennet preparations have been linked to 
these defects. 


Edam and Gouda 


Edam and Gouda are subject to spoilage similar to Ched- 
dar. In these cheeses, brine has been known to contami- 
nate the cheese surface with gas-forming lactobacilli. 
These may cause the occurrence of phenols, putrid odor, 
and sulfidelike flavors and excessive production of carbon 
dioxide. Butyric acid fermentation and carbon dioxide pro- 
duction are due to C. tyrobutyricum. Growth of propioni- 
bacteria may cause a sweet taste and an open texture due 
to carbon dioxide. 


Brick Cheese 


Excessive acidity is a major defect. Coliform bacteria can 
grow during draining and salting, causing early gas, which 
if excessive can yield a spongy condition. Sometimes, due 
to lack of surface smear growth, typical flavor does not de- 
velop. 


Blue Cheese 


Blue cheese may not have sufficient mold growth, leading 
to lack of flavor and general development of cheese attrib- 
utes. Excessive growth of mold may cause mustiness and 
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loss of flavor. Mold-ripened cheeses are sensitive to bitter- 
ness development due to excessive acidity in the curd fol- 
lowed by abundant mycelium growth and proteases. Sur- 
face discoloration by other molds is not uncommon. 
Excessive slime and undesirable flavors occur due to ex- 
cessive humidity in curing rooms. 


Mozzarella 


Mozzarella cheese is generally shredded before use. Soft- 
ening of this cheese, due to Lactobacillus casei strain, is a 
problem during curing. It is also prone to softening and gas 
production by thermoresistant strains of Leuconostoc. 


Cottage Cheese 


Cottage cheese has a short shelf life generally due to Pseu- 
domonas, yeasts, and molds. Sometimes bitterness and ex- 
cessive acid development due to surviving starter culture 
is noticed during refrigerated storage (Tables 2, 3). 

For total dollar annual sales and a breakout by cheese 
type see Tables 4 and 5. 


PROCESS CHEESE 


Process cheese is the food produced by grinding and blend- 
ing various cheese types into a uniform, pliable mass with 
the aid of heat. Water, emulsifying salts, color, ete are usu- 
ally added and the hot plastic mass is cooled into the de- 
sired form. 

Process cheeses were prepared as early as 1895 in Eu- 
rope, but the use of emulsifying salts was not widely prac- 
ticed until 1911 when Gerber and Co. of Switzerland in- 


Table 2. General Cheese Composition Ranges 


Moisture Fat Salt 
Variety (%) (dry basis, %) —_(%) 
Blue cheese 43.0-45.0 51.0-54.0  3.0-4.0 
Brick 40.0-42.0  51.0-54.0  1.5-1.7 
Cheddar 36.5-38.0 510-550 15-18 
Colby 38.0-39.5 51.5-55.0 15-18 
Cream cheese 53.0-54.5 34.0-36.0  1.0-1.2 
Edam 35.0-38.0  41.0-47.0  1.6-2.0 
Gorgonzola 35.0-38.0 51.0-53.0 3.0-4.0 
Granular-stirred curd (CM) 33.0-35.0 51.0-54.0  1.8-2.0 
Limburger 46.0-48.0 51.0-54.0 2.0-2.1 
Monterey Jack 40.5-42.5  51.0-54.0  1.5-1.7 
Mozzarella 54.0-58.0 46.0-50.0 18-24 
LM mozzarella? 45.0-48.0  46.0-50.01.7-2.2 
PS mozzarella’ 54.0-58.0 34.0-39.01.7-2.2 
LMPS mozzarella’ 46.0-50.0  34.0-39.0 16-19 
Muenster 41.5-43.5 510-540 15-17 
Neufchatel 61.0-63.0 21.0-25.0 0.8-1.0 
Parmesan 295-315  36.0-39.0  3.5-4.0 
Provolone 410-440 46.0-48.0 18-22 
Romano 325-335 390-410 35-40 
Skim curd 47.0-50.0  11.0-15.0  0.9-1.1 
Swiss 37.0-39.5 46.0485 0.2-0.6 
“Cheese for manufacturing. 
*Low moisture. 
“Part skim. 


Low moisture, part skim. 


vented process cheese. A patent issued to J. L. Kraft in 
1916 marked the origin of the process cheese industry in 
America and describes the method of heating natural 
cheese and its emulsification with alkaline salts. 

Process cheeses in the United States generally fall into 
one of the following categories (29). 


1. Pasteurized blended cheese. Must conform to the 
standard of identity and is subject to the require- 
ments prescribed by pasteurized process cheese ex- 
cept 

* A mixture of two or more cheeses may include 
cream or Neufchatel. 

None of the ingredients prescribed or permitted for 
pasteurized process cheese is used. 

The moisture content is not more than the arithmetic 
average of the maximum moisture prescribed by the 
definitions of the standards of identity for the varie- 
ties of cheeses blended. 

The word process is replaced by the word blended. 
2. Pasteurized process cheese. 

* Must be heated at no less than 65.5°C for no less 
than 30 s. If a single variety is used the moisture 
content can be no more than 1% greater than that 
prescribed by the definition of that variety, but in no 
case greater than 43%, except for special provisions 
for Swiss, Gruyére, or Limburger. 

The fat content must not be less than that prescribed 
for the variety used or in no case less than 47% except 
for special provisions for Swiss or Gruyére. 

Further requirements refer to minimum percentages 
of the cheeses used. 


. 


3. Pasteurized process cheese food. 
© Required heat treatment minimum is the same as 
pasteurized process cheese. 

* Moisture maximum is 44%; fat minimum is 23%. 

* A variety of percentages are prescribed. 


* Optional dairy ingredients may be used, such as 
cream, milk, skim milk, buttermilk, and cheese whey. 


* May contain any approved emulsifying agent. 


The weight of the cheese ingredient is not less than 
51% of the weight of the finished product. 


Pasteurized process cheese spread. 
* Moisture is more than 44% but less than 60%. 
Fat minimum is 20%. 


+ Is a blend of cheeses and optional dairy ingredients 
and is spreadable at 21°C. 


* Has the same heat treatment minimum as pasteur- 
ized process cheese. 


* Cheese ingredients must constitute at least 51%. 
* A variety of percentages are prescribed. 


ad 


Advantages of Process Cheese 


* Compact, dense body. 
* Smooth texture. 
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Table 3. Code of Federal Regulations Cheese Composition Standards 


Legal maximum moisture Legal minimum fat 
Cheese type %) (ary basis, %) Legal minimum age 
Asiago, fresh 45 50 60 days 
Asiago, soft 45 50 60 days 
Asiago, medium 35 45 6 months 
Asiago, old 32 42 lyear 
Blue cheese 46 50 60 days 
Brick cheese 44 50 = 
Caciocavello Siciliano 40 42 90 days 
Cheddar 39 50 = 
Low-sodium Cheddar (Same as cheddar but less than 96 mg of sodium per pound 

of cheese) 
Colby 40 50 = 
Low-sodium Colby (Same as colby but less than 96 mg of sodium per pound 

of cheese) 
Cottage cheese (curd) 80 0.5 = 
Cream cheese 55 33 - 
Washed curd 42 50 - 
Edam 45 40 _- 
Gammelost 52 (skim milk) — 
Gorganzola 42 50 90 days 
Gouda 45 46 _- 
Granular-stirred curd 39 50 - 
Hard grating 34 32 6 months 
Hard cheese 39 50 - 
Gruyére 39 45 90 days 
Limburger 50 50 = 
Monterey Jack 44 50 - 
High-moisture Monterey Jack 44-50 50 - 
Mozzarella and scamorza 52-60 45 - 
Low-moisture mozzarella and scamorza 45-52 45 - 
Part-skim mozzarella and scamorza 52-60 30-45 - 
Low-moisture, part-skim mozzarella 45-52 30-45 = 
Muenster 46 50 - 
Neufchatel 65 20-33 = 
Nuworld 46 50 60 days 
Parmesan and reggismo 32 32 10 months 
Provolone 45 45 = 
Soft-ripened cheese - 50 = 
Romano 34 38 5 months 
Roquefort (sheep's milk) 45 50 60 days 
Samace 41 45 60 days 
Sapsago 38 (skim milk) 5 months 
Semisoft cheese 39-50 50 — 
Semisoft, part-skim cheese 50 45-50 - 
Skim-milk cheese for manufacturing 50 (skim milk) - 
Swiss and Emmentaler 41 43 60 days 


© Improved slicing properties without crumbling. 

* Smooth melting without phase separation. 

* Flavor ranges depending on the cheese used. 

* Can control organoleptic and physical properties. 


* Versatile in use attributes (cooking cheese, dips, 


sauces, snacks, etc). 


* Shelf stability (nonrefrigeration, fixed properties). 


* Can take on various shapes and forms. 


Basic Emulsification Systems for Cheese Processing 


Citrates 
* Trisodium citrate (most common, used for slices). 


* Tripotassium citrate (used in reduced-sodium for- 
mulations, promotes bitterness). 


* Calcium citrate (poor emulsification). 


Orthophosphates 


« Disodium phosphate and trisodium phosphate (most 
common, used for loaf and slices). 


* Sodium aluminum phosphate (used in slices). 


© Dicalcium phosphate and tricalcium phosphate (poor 
emulsification, used for calcium ion fortification). 


* Monosodium phosphate (acid taste, open texture). 
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Table 4. Manufacturers’ Sales of Cheese 


Condensed Phosphates 


* Sodium tripolyphosphate (nonmelting). 


Year Total ($, millions) Annual percent change 
1967 L518 = * Sodium hexametaphosphate (used to restrict melts). 
1972 3,094.6 12.1% * Tetrasodium pyrophosphate and sodium acid pyro- 
1973 3,644.4 17.8 phosphate (minimal usage). 
1974 4,504.7 23.6 
1975 4,900.5 8.8 General Rules for Emulsifier Selection 
1976 5,764.1 17.6 : “ 
1977 6,073.6 64 Citrates. Used where firm-textured, close-knit products 
1978 6,688.5, 10.1 are desired, such as slices, and when products are refrig- 
1979 7,903.6 18.2 erated. 
1980 9,415.9 19.1 
1981 10,188.0 8.2 Phosphates. Used where shelf stability is required, pH 
1982 10,170.0 0.2 is to be controlled for melting, and other physical proper- 
1983 10,561.7 3.9 dise: 
1984 10,492.1 -0.7 
1985 10,707.5 2.1 i 7 i 
1986 113783 63 Optional Dairy Ingredients 
1987 11,232.5 -13 * Milk fat. 
a 
ey treats ie * Milk and skim milk. 
— - * Nonfat dry milk (NFDM). 
Source: Ref. 31. 
SAveroge nacidal growihis + Whey (lots of; lactose, some sweetness). 
‘Estimate. ° Whey protein. 
+ Buttermilk. 


* Skim-milk cheese. 


Other Optional Ingredients 
* Acidifying agents. 
° Salt. 
Table 5. Manufacturers’ Sales of Cheese by Type 
Process cheese and 
Natural cheese related products Cottage cheese Other cheese” 
Sales Percent Sales Percent Sales Percent Sales Percent. 

($, millions) change ($, millions) change ($, millions) change ($, millions) change 
1967 829.2 - 562.5 > 218.0 - 142.1 - 
1972 1,400.0 11.0 1,134.1 15.1° 340.9 9.4° 219.6 91° 
1973 1,705.9 219 1,363.5 20.2 405.6 19.0 169.4 -22.9 
1974 2,458.7 44.1 1,496.6 98 456.0 12.4 93.4 -44.9 
1975 2,668.7 8.5 1,654.4 10.5 508.7 11.6 68.7 26.4 
1976 3,267.9 22.5 1,859.7 12.4 530.7 43 105.8 54.0 
1977 2,727.2 -16.5 2,518.5 35.4 545.6 28 282.3 66.8 
1978 3,104.1 13.8 2,681.4 6.5 588.5 7.9 314.5 114 
1979 3,949.3 27.2 2,822.0 5.2 729.3 23.9 403.0 28.1 
1980 4,821.1 22.1 3,303.4 17.1 840.9 15.3 450.5 11.8 
1981 5,225.6 84 3,567.9 8.0 856.5 19 538.0 19.4 
1982 5,625.6 vez E 3,194.3 -10.5 683.2 —20.2 666.9 24.0 
1983 5,824.0 3.5 3,325.4 4.1 693.8 1.6 719.5 7.9 
1984 5,617.3 —3.5 3,390.1 19 748.3 19 736.4 2.3 
1985 5,664.6 08 3,552.6 48 738.3 -13 752.0 2.1 
1986 6,289.8 11.0 3,548.9 -0.1 725.1 -18 814.5 8.3 
1987 6,208.0 -13 3,463.7 -24 731.6 0.9 829.2 18 
1988° 6,294.9 14 3,529.5 19 722.8 -12 841.6 15 
1997° 9,826.9 4.7% 5,482.8 4.7% 1,083.9 3.9° 1,251.2 42° 
Source: Ref. 31. 
“Includes cheese substitution. 
Average annual growth. 


“Estimate. 


© Artificial coloring. 

* Spices or flavorings (other than cheese flavors). 
* Mold inhibitors. 

* Enzyme-modified cheese (EMC). 

° Gums. 

© Sweetening agents. 


Processing Equipment 

* Grinders. 

* Transfer of cheese from grinder to blender. 

* Blenders. 

* Scale hoppers and auger cart. 

* Batch cooking. 

* Continuous cooking. 

¢ Aseptic processing. 

© Surge tanks. 

* Flash tanks, scraped surface heat exchange (SSHE). 

* Line screens. 

* Shear pumps and silverson mixers. 
Specialty equipment. 


Forms of Packaging 
* Can and cup. 
° Jar. 
* Pouch. 
* Loaf. 
* Slice. 


Methods of Cooling 
* Chill roll. 
* Hot pack. 
* Fast cooling. 
Blast coolers. 
Water spray tunnels. 
* Slow cooling. 
Cased product. 
Restricted melt properties. 


CHEESE ANALOGUES: HISTORY 


Cheese analogues are products that resemble natural or 
process cheeses. They are intended to have the appear- 
ance, taste, texture, and nutrition of their counterpart 
cheeses, but are made without butterfat. The procedures 
by which they are made are also quite similar to those used 
for traditional cheeses. 

Throughout history, substitute food products have been 
developed as the result of shortages or the opportunity to 
reduce costs. With cheese analogues, the impetus was the 
opportunity to replace valuable butterfat with less- 
expensive fats made from vegetable oils. Early natural 
cheese analogues were made by skimming butterfat from 
whole milk, replacing it with some other fat, then following 
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traditional cheese-making procedures. These products, 
called filled cheeses, were first made around the turn of 
the century (30). 

In the early 1970s technology was developed in which 
process cheese analogues could be made by combining 
dried milk protein, hydrogenated vegetable oil in place of 
butterfat, emulsifying salts, and other ingredients, then 
cooking the mixture. These products simulated process 
American and mozzarella cheeses. 


DEFINITIONS 


Filled Cheese 


A product that simulates a natural cheese, made by sub- 
stituting the butterfat in fluid whole milk with some other 
fat, then following traditional natural cheese-making pro- 
cedures. Typical products are similar to mild Cheddar, 
Colby, or similar cheeses. A filled cream cheese can also be 
made by replacing butterfat with vegetable fat following 
conventional procedures. 


Process Cheese Analogue 


A product that simulates a process cheese, made by sub- 
stituting the butterfat in a formulation, combining it with 
a protein source, emulsifying salts, and other ingredients 
and cooking the mixture. Typical products are simulations 
of pasteurized process cheese, pasteurized process cheese 
food, or pasteurized process cheese spread, Imitation moz- 
zarella cheese is also made with this method. 

Cheese analogues are classified as imitation or substi- 
tutes depending on their functional and compositional 
characteristics. An imitation cheese need only resemble 
the cheese it is designed to replace. Thus the choice of in- 
gredients that can be used is quite extensive. However, a 
product can generally be called a substitute cheese only if 
it is nutritionally equivalent to the cheese it is replacing 
and meets the minimum compositional requirements for 
that cheese. Thus substitute cheeses will often have higher 
protein levels than imitation cheeses and be fortified with 
vitamins and minerals. 


COMMERCIAL USE 


Since the introduction of these products in the 1970s, 
cheese analogue consumption in the United States grew to 
about 208 million Ib in 1988, or about 2.2% of the total 
cheese markets (31). The main incentive was a lower price 
than natural cheeses. In 1980, for example, the average 
price of cheese analogues was $0.47/lb less than natural 
cheese (5). This was due to the use of vegetable oil in an- 
alogues, rather than butterfat, as well as imported casein 
products as the source of dairy protein. 

The principal use of cheese analogues has been in sand- 
wich slices or as an ingredient in food products manufac- 
tured by food-processing companies or food service opera- 
tors. In these applications, the analogues can be used as 
extenders of natural cheeses. Common uses are in frozen 
pizzas and in food service cheese shreds and cheese sauces. 
The United States retail market has not grown substan- 
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tially, because cheese analogues have a lower quality than 
natural cheeses. Nonetheless, analogues of pasteurized 
process American cheese and mozzarella shreds are being 
sold in the grocery stores. 


INGREDIENTS IN CHEESE ANALOGUES 


Formulations 


Cheese analogues all contain a protein source, a fat com- 
ponent, and a variety of minor components chosen to pro- 
vide the desired flavor, texture, color, nutrition, and keep- 
ing quality. Table 6 lists ingredient statements provided by 
these types of analogue product: a filled Cheddar type, an 
imitation process cheese, and an imitation cream cheese. 
The formulations are considerably more complex than for 
natural cheeses. 


PROTEIN SOURCES 


Casein Products 


The most critical component in cheese analogues is the pro- 
tein. The cheese analogues that have had commercial suc- 
cess are all based on casein, the protein in milk. In some 
cases a soluble casein salt, or caseinate, is used. One of 
three forms of casein is generally used. For each, the start- 
ing material is skim milk (Table 7). 


Vegetable Proteins 


Several patents have been issued for, and papers written 
about, the use of vegetable proteins such as soy or cotton- 
seed protein in place of caseins (16,32). However, these 
products have not been commercially successful to date be- 
cause of many technical problems. These include such im- 
portant characteristics as flavor, melting properties, gel 
strength, color, translucence, and mouth feel (such as 


‘Table 6. Ingredients in Cheese Analogues 


Table 7. Composition of Casein(ates) 


‘Acid casein Sodium Rennet 
(lactic) caseinate _casein 
Protein (N x 6.35) 

Dry basis, % 96.7 94.7 90.6 
Asis, % 87.3 90.4 80.6 
Ash, % 18 3.8 18 
Moisture, % 9.7 45 11.0 
Fat, % 12 Ll 0.5 
Lactose, % O21 01 0.1 
pH (5% at 20°C) 48 6.7 71 


creaminess or chewiness). The vegetable proteins simply 
do not function as milk proteins without further modifi- 
cations, and these developments remain in the laboratory. 
However, some soybean protein isolates have been used as 
an extender in cheese analogues to replace up to 30% of 
the casein. 


Vegetable Fats 


Fats are essential ingredients in cheese analogues, for they 
are replacing butterfat in the products. The fats utilized 
become emulsified and intermixed with protein and water 
and, therefore, contribute to melting and textural charac- 
teristics. The fats also must behave in the mouth some- 
thing like butterfat, which does melt in a characteristic 
way and influences creaminess, flavor, and other factors. 
Consequently, fats most often utilized in cheese analogues 
are partially hydrogenated or mixtures of hydrogenated 
and unhydrogenated oils that stimulate butterfat. These 
fats are similar to vegetable shortenings and can be made 
from soybean, corn, cottonseed, palm, or coconut oils or 
blends of these oils. These blends often have a melting 
point of about 35-47°C (33). 


Kraft Golden Image Imitation Kraft Lunchwagon Imitation Pasteurized ‘American Whipped Products King Smoothee 
Cheddar Cheese Process Cheese Imitation Cream Cheese 
Pasteurized part-skim milk Whey Water 
Liquid and partially hydrogenated Partially hydrogenated soybean oil Partially hydrogenated vegetable oil (may 
corn oil contain one or more of the following: coconut 
oil, soybean oil, corn oil) 
Cheese culture Sodium caseinate Corn syrup solids 
Salt Granular cheese Sodium caseinate 
Enzymes Food starch, modified Tapioca flour 
Apocarotenal (color) Sodium citrate Monodiglycerides 
Vitamin A palmitate Monodiglycerides Salt 
Potassium chloride Lactic acid 
Sorbic acid as a preservative Guar gum 
Magnesium oxide Monopotassium phosphate 
Zinc oxide Artificial flavor 
Vitamin By Citric acid 
Apocarotenal (color) Carageenan 
Vitamin A palmitate Artificial color 
Calcium pantothenate Sorbie acid (as a preservative) 


Riboflavin 


Table 8. Cheese Analogues Characteristics 
Disadvantages 


Flavor 


Advantages 


Cost of raw materials 


Keeping quality No U.S. large sources of casein 
Nutritional equivalency or Unnatural image 
superiority 
Varying functional properties 
Other Ingredients 


The principal ingredients in cheese analogues are protein, 
fat, and water. Thereafter, ingredients are added to solu- 
bilize the protein, add flavor and color, and provide nutri- 
tional supplements. A typical formula for an imitation pas- 
teurized process American cheese is presented below (34). 


Water 45.20 
Acid casein 25.00 
Hydrogenated soybean oil 20.60 
Adipic acid 1.30 
Na-Ca hydroxide 0.80 
Color-flavor blend 0.45 
Dry ingredients 
Salt 1.50 
Tapioca flour 1.50 
Tricalcium phosphate 1.10 
Disodium phosphate 1.00 
Vitamin mix 0.50 
Cheese flavor 0.50 
Amino acids 0.31 
Dipotassium phosphate 0.14 
Sorbie acid 0.10 
100.00% 


As can be seen, the formulation of cheese analogues is 
quite complex. 


CHARACTERISTICS 


Cheese analogues have both advantages and disadvan- 
tages compared to their natural counterparts. To date, the 
biggest problem is flavor. Casein products have a charac- 
teristic off-flavor that needs to be masked, in some manner. 
Likewise, vegetable proteins do not have characteristic, 
clean dairy flavors. But there are some offsetting advan- 
tages (Table 8). 

Analogues generally have better keeping quality than 
natural cheeses because hydrogenated vegetable oil is less 
likely to develop rancidity than butterfat. The absence of 
microbial cultures and their enzyme systems creates sta- 
ble flavor and texture. Analogues made with vegetable oil 
also have less cholesterol than natural cheeses and can be 
formulated to have less saturated fat and fewer calories. 
The varying functional properties can be incorporated by 
the utilization of different ingredients. 
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CHEESE RHEOLOGY 


The word rheology in the most literal sense means the 
study of flow. At first sight it appears an unlikely pursuit 
to apply to the study of cheese. However, one may extend 
the concept of the flow of a material to include the idea of 
any change in its shape, under the action of an external 
agency, which is not instantaneous, and which is not en- 
tirely recoverable. These are characteristics of flow (1), and 
the application to cheese becomes immediately obvious. In 
fact, in the history of rheology applied to food materials, 
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many of the pioneers found dairy products, and particu- 
larly cheese, very suitable materials for their experiments. 
This followed naturally from the fact that cheese-making 
was originally a craft industry. Long before rheology de- 
veloped as a science, the skilled cheesemaker used various 
tactile tests to estimate the progress of the development of 
body in the curd and the firmness of the final cheese, using 
memory as a guide to the consistency of the results. The 
rheologist has, in more recent years, attempted to apply 
instrumental techniques and universally adopted physical 
units to these measurements. 

At the same time as the science of rheology was devel- 
oping, and often in parallel with it, the methods of testing 
using the human senses have been developed into a sepa- 
rate field of study now known as texture studies (2-4). It 
is necessary for the complete food rheologist to keep 
abreast of these developments since food is judged, in the 
final analysis, by its deformation in the mouth during mas- 
tication, a purely sensory judgment. Food scientists devote 
much effort to correlating the physical and sensory obser- 
vations. It may well be that in endeavoring to seek parity 
between instrumental rheological measurements and 
properties judged subjectively one is asking the wrong 
question and a question to which there can be no final and 
complete answer. The real questions which can be asked 
are: What can instrumental measurements tell us about 
the properties and in particular the structure of the ma- 
terial on which those properties depend? How can this in- 
formation be useful to the cheese-maker? How may the 
instrumental measurements be used as a guide to the con- 
sumer’s assessment? 
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Before proceeding to the detailed study of the application 
of rheology to cheese, it is pertinent to consider a few basic 
principles. These will appear obvious to the reader edu- 
cated in a physical science, but may be less obvious to those 
from other walks of life. One is taught that matter exists 
in one of three distinct states: gas, liquid, and solid. This 
context is mainly concerned with only the latter two. Both 
are characterized by the fact that any sample has a well- 
defined volume. Solids have a definite shape which can be 
altered only by the application of an external agency. Liq- 
uids, on the other hand, have no characteristic shape: they 
take up the shape of the vessel containing them. 

The property, then, which distinguishes a solid is its 
rigidity and this term has been formally adopted by phys- 
icists as a measure of the effort required to change the 
sample’s shape. The precise definition will be given later. 
Ifthe material is a true solid, it will follow that this rigidity 
is invariant for the material. Furthermore, time does not 
enter into this, so it is understood that the change is in- 
stantaneous and once the effort is removed, the sample will 
recover its original shape spontaneously. This is, in plain 
language, the physicist’s concept of an elastic solid. 

In contrast with the solid, the characteristic by which a 
layman distinguishes a liquid is its fluidity. This, again, 
has a precise definition, but in practice it is more conven- 
ient to use the inverse concept, which is known as the vis- 
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CHEESE RHEOLOGY 


The word rheology in the most literal sense means the 
study of flow. At first sight it appears an unlikely pursuit 
to apply to the study of cheese. However, one may extend 
the concept of the flow of a material to include the idea of 
any change in its shape, under the action of an external 
agency, which is not instantaneous, and which is not en- 
tirely recoverable. These are characteristics of flow (1), and 
the application to cheese becomes immediately obvious. In 
fact, in the history of rheology applied to food materials, 
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many of the pioneers found dairy products, and particu- 
larly cheese, very suitable materials for their experiments. 
This followed naturally from the fact that cheese-making 
was originally a craft industry. Long before rheology de- 
veloped as a science, the skilled cheesemaker used various 
tactile tests to estimate the progress of the development of 
body in the curd and the firmness of the final cheese, using 
memory as a guide to the consistency of the results. The 
rheologist has, in more recent years, attempted to apply 
instrumental techniques and universally adopted physical 
units to these measurements. 

At the same time as the science of rheology was devel- 
oping, and often in parallel with it, the methods of testing 
using the human senses have been developed into a sepa- 
rate field of study now known as texture studies (2-4). It 
is necessary for the complete food rheologist to keep 
abreast of these developments since food is judged, in the 
final analysis, by its deformation in the mouth during mas- 
tication, a purely sensory judgment. Food scientists devote 
much effort to correlating the physical and sensory obser- 
vations. It may well be that in endeavoring to seek parity 
between instrumental rheological measurements and 
properties judged subjectively one is asking the wrong 
question and a question to which there can be no final and 
complete answer. The real questions which can be asked 
are: What can instrumental measurements tell us about 
the properties and in particular the structure of the ma- 
terial on which those properties depend? How can this in- 
formation be useful to the cheese-maker? How may the 
instrumental measurements be used as a guide to the con- 
sumer’s assessment? 


FIRST PRINCIPLES 


Before proceeding to the detailed study of the application 
of rheology to cheese, it is pertinent to consider a few basic 
principles. These will appear obvious to the reader edu- 
cated in a physical science, but may be less obvious to those 
from other walks of life. One is taught that matter exists 
in one of three distinct states: gas, liquid, and solid. This 
context is mainly concerned with only the latter two. Both 
are characterized by the fact that any sample has a well- 
defined volume. Solids have a definite shape which can be 
altered only by the application of an external agency. Liq- 
uids, on the other hand, have no characteristic shape: they 
take up the shape of the vessel containing them. 

The property, then, which distinguishes a solid is its 
rigidity and this term has been formally adopted by phys- 
icists as a measure of the effort required to change the 
sample’s shape. The precise definition will be given later. 
Ifthe material is a true solid, it will follow that this rigidity 
is invariant for the material. Furthermore, time does not 
enter into this, so it is understood that the change is in- 
stantaneous and once the effort is removed, the sample will 
recover its original shape spontaneously. This is, in plain 
language, the physicist’s concept of an elastic solid. 

In contrast with the solid, the characteristic by which a 
layman distinguishes a liquid is its fluidity. This, again, 
has a precise definition, but in practice it is more conven- 
ient to use the inverse concept, which is known as the vis- 
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cosity. This is a measure of the relation between the effort 
applied to the liquid and the rate at which it flows. As 
before, once the effort has been withdrawn, the flow ceases, 
but the liquid remains where it is—there is no recovery. It 
is the rate of flow which spontaneously reverts to its origi- 
nal value. This describes the physicist’s concept of a vis- 
cous liquid. 

It is important to keep clearly in mind that the funda- 
mental difference in behavior between solids and liquids 
involves the dimension of time. Time does not enter at all 
into the description of the behavior of an elastic solid—only 
spatial dimensions are involved—whereas time is equally 
as important as the spatial dimensions in the description 
of fluid behavior. 

So far, only ideal materials have been described. These 
are seldom encountered in practice and are only of interest 
to rheologists as reference points, the simplest extremes of 
material behavior, one may say the “black and white” of 
classical physics. It is that extensive “gray” area between 
that is the rheologist’s domain. Everyone knows that a 
piece of cheese, once squeezed, may recover its original 
shape only slowly and probably not completely. Indeed, 
some of the softer cheeses may, if sufficient effort be ap- 
plied, be spread and only recover very little. This leads to 
a definition of a third category of materials. Any material 
falling within this gray area, possessing at the same time 
some of the characteristics of elastic and of viscous behav- 
ior, is known as a viscoelastic material. 

Yet another class of materials may be mentioned in 
passing, since they may be encountered in everyday par- 
lance. This is the plastic material. Plasticity may be de- 
fined as that property of a material whereby it remains 
rigid until a certain minimum force is applied, whereupon 
it deforms. Once this force is removed or falls below the 
critical value, the material again becomes rigid but re- 
mains in the deformed state. There is a simple mathemat- 
ical model for this type of behavior (5) and the rheologist 
may be particularly interested in the transition from solid 
to fluid behavior, known as the yield point; however, the 
ideal plastic is probably as rare as the ideal solid or liquid. 


DEFINITIONS 


Before the rheological measurements which have been 
made on cheese can be discussed it is necessary to define 
a few of the terms used by rheologists. In the preceding 
paragraphs the words effort and force have been used in 
their everyday connotation. The term used by the rheolo- 
gist is stress, denoted by the Greek letter ¢. This is for- 
mally defined as the force measured in newtons (N) divided 
by the area in square meters (m?) over which it is applied, 
and is measured in pascals (Pa). A convenient aide- 
mémoire for the size of these units is that a newton is ap- 
proximately the weight, under the action of gravity, of a 
medium-sized apple. The stress may be applied normal to 
the surface, as in Figure 1a, or tangentially, as in Figure 
1b. In either case it is equal to the force divided by the area 
over which it is applied. 

In the case of Figure 1a, which depicts a weight resting 
on the upper surface of a sample, the deformation which 
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Figure 1. Application of stress to a sample: (a) compressive 
strain; and (b) shear. 


occurs is a change (4h) in the height (h) of the sample. The 
fractional change in height, 4h/h, defines the strain, which 
is denoted by the Greek letter ¢. There is a practical diffi- 
culty here: the height is continuously changing during the 
deformation, so there is some uncertainty over what value 
should be used for A (6). For small deformations this is 
relatively unimportant, but when large deformations oc- 
cur, such as is usual when examining cheese, it is neces- 
sary to be clear on this point. For the sake of clarity, the 
ratio of the change in height to the original height will be 
referred to as the fractional compression and expressed as 
a percentage. When the change is related to the varying 
height, the formula for the strain becomes 


€ = In(Ao/hy) @ 


This is sometimes called the true strain and will be given 
in decimal form. 

If the stress is applied tangentially, as in Figure 1b, the 
resulting strain is described as a shear. It is defined as the 
distance through which one plane has traveled relative to 
another divided by the distance between them and is given 
the symbol y. Both the strain and the shear are the quo- 
tients of two lengths and are therefore dimensionless num- 
bers. 

With these definitions of the physical quantities stress, 
strain, and shear, it is now possible to define the properties 
of some ideal materials. The rigidity of a solid, hitherto 
used loosely, can now be defined formally as the ratio of 
the tangential stress to the shear produced and is given 
the symbol n: 


n= aly (2) 


The dimensions of n are evidently the same as the dimen- 
sions of the stress, but it is usual to express the modulus 
of rigidity in newtons per square meter and to reserve the 
use of pascals for stresses only, thereby preserving an eas- 
ily recognizable distinction between them. 


The second property of an elastic solid which may be 
defined can be seen by referring again to Figure la. This 
is the modulus of elasticity and is the ratio of the stress to 
the strain. If the material is ideal, it will be isotropic; that 
is, the properties will be the same in all directions. During 
compression the volume will remain constant, so that 
while the height of the sample is changing in the direction 
of the applied stress, the dimensions in the two directions 
at right angles will change simultaneously. At any point 
within the sample only one-third of the stress will be used 
in causing the change in height. Another third will be used 
in each of the two other directions normal to this, causing 
the sample to expand laterally. Hence, for any ideal elastic 
material the modulus of elasticity will be three times the 
modulus of rigidity. However, if the material is compress- 
ible, some of the stress will be used up in compressing it 
and the factor 3 relating the modulus of elasticity to that 
of rigidity falls toward 2. The importance of this is that 
some authors express their results in terms of elasticity 
and some in terms of rigidity. An accurate comparison is 
possible only when some information is available concern- 
ing the compressibility of the material. In practice the 
ideal incompressible material is as unlikely to exist as any 
other ideal material. Almost all cheese is somewhat com- 
pressible, but in general not so compressible that any se- 
rious error is introduced by using the factor 3 to convert 
from one unit to the other. 

In the case of liquids there is only one material constant 
that is of interest. The rate of flow or deformation is now 
given by the quotient of the strain and the time taken to 
reach it if the motion is constant, or in the unsteady state 
by the first derivative with respect to time of the strain, é. 
The ratio of the applied stress to the rate of flow is called 
the viscosity and this is denoted by the Greek letter 7, so 
that 


n = ale (3) 


The unit of viscosity is the pascal-second. A rough guide to 
its magnitude is that the viscosity of water at room tem- 
perature is very nearly 1/1000 Pa-s. 


MODELS OF RHEOLOGICAL BEHAVIOR 


In order to provide a theoretical framework within which 
to discuss the determination of the physical quantities just 
described it is necessary to consider some models for a vis- 
coelastic body. There are two ways in which this may be 
visualized. Viscoelasticity may be considered either to be 
a property intermediate between viscosity and elasticity, 
or the result of a combination of viscous and elastic behav- 
ior occurring simultaneously in the material. In the first 
case, recalling that the elastic modulus is a function of spa- 
tial dimensions only, whereas viscosity is a function also of 
the first derivative of the strain with respect to time, the 
suggestion is that viscoelasticity is a function of a frac- 
tional derivative, the fraction lying between zero and unity. 
Although the concept is simple to describe, the mathemat- 
ical equipment required to convert measurements which 
are always made in a conventional three-dimensional 
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space and real time to this hypothetical continuum where 
space and time are no longer independent is formidable. 
The concept is now of historical interest only, but readers 
may find some early writers used it to discuss the rheology 
of cheese. 

The alternative hypothesis, that both elastic and vis- 
cous behavior occur simultaneously, leads to a number of 
simple models (7), which require only elementary mathe- 
matics. It should be emphasized at this stage that these 
are only mathematical models, whose purpose is to codify 
the experimental observations; they cannot be taken to be 
real physical structures. It will be shown later that it is 
sometimes possible to relate elements in a model to the 
existence of particular structural elements within a ma- 
terial. The simplest model for an elastic solid is a spring 
whose strain or compression ¢, is always proportional to 
the stress. Writing G for the constant of proportionality to 
distinguish it from the rigidity or elasticity of any real ma- 
terial, 


6 = 0/G (4) 


In a similar manner a viscous liquid may be modeled by 
an infinitely long dashpot whose displacement is always 
inversely proportional to the viscosity 


€= on (5) 


There are two ways in which one spring and one dash- 
pot can be combined to give a compound structure. If they 
are placed in tandem as shown in Figure 2a, the stress is 
continuous throughout the model and the total displace- 
ment is given by the sum of those of the elements: 


€ = o/G + otn (6) 


The first term of the right-hand side expresses the elastic 
component and indicates that immediately on applying the 
stress there will be some deformation; thereafter (second 
term) the deformation will increase with time ¢. On re- 
moval of the stress, the elastic component recovers im- 
mediately while the strain due to the dashpot remains. 


(a) (b) 


Figure 2. Viscoelastic models: (a) Maxwell body, and (b) Voigt 
body. 
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This model is called a Maxwell body. A complete creep and 
recovery curve of this model is given in Figure 3a. It is 
already apparent that a two-component model represents 
the rheological behavior of a sample of cheese better than 
the assumption that it is either a solid or a fluid. 

If the two components are combined in the other pos- 
sible way, so that they share the stress but the strain is 
common to both, we arrive at a formula for a Voigt body, 
sometimes known as a Kelvin body: 


o=Ge+% 0) 


Transforming this equation so that it may be compared 
with equation 6 gives 


an’ [1 = exo( -£ ‘)| 8) 
0 " 


The creep and recovery curve of this model is given in Fig- 
ure 3b. Again, there is some resemblance between this 
curve and the behavior observed with cheese. The defor- 
mation and the recovery are not instantaneous in this case 
and this is more in line with practical experience, but the 
model predicts a complete recovery, which is not always 
observed. 

The student of electric circuit theory will be aware of 
some familiarity with the Voigt and Maxwell models. Ifone 
replaces the spring with a capacitor and the dashpot with 
a resistor, the two models become the two alternative rep- 


(a) 


(b) 


Figure 8. Creep recovery curve: (a) Maxwell body; and (b) Voigt 
body. 


resentations of a leaky dielectric. Just as in electrical net- 
work theory these binary combinations can be built up into 
more complicated networks by adding more elements, so 
the Voigt and Maxwell bodies can be extended. One pop- 
ular combination is of a Voigt body placed end-to-end with 
a Maxwell body. This is known as a Burgers body and it 
does indeed give a creep and recovery curve in which both 
the deformation and the recovery are retarded to different 
degrees and in which the recovery is incomplete. 

Although the process of building up more complicated 
models may be continued indefinitely, the expressions for 
the behavior rapidly become cumbersome. As the number 
of elements increases it becomes disproportionately diffi- 
cult to analyze the data, and the accuracy of the parame- 
ters extracted decreases (8). Indeed, the precision of any 
experimental measurements made on cheese may well be 
insufficient for more than two or three parameters to be 
identified with any pretensions of accuracy. Only if the 
rheological behavior can be linked unequivocally to the 
structure of the sample may the use of complex models be 
justified. Otherwise, the model should be kept as simple as 
possible, 


EMPIRICAL INSTRUMENTAL TESTS 


The earliest applications of rheology to cheese, even before 
rheology was conceived as a scientific discipline, consisted 
of making subjective estimations of some of the more ob- 
vious properties and trying to describe these in plain lan- 
guage. Often the cheese-maker or the grader, though skill- 
ful and competent in judgment, would find it difficult to 
define precisely the terms being used. One can see that 
confusion can arise when one tries to distinguish between 
terms such as consistency and body, firmness and hard- 
ness, chewiness and meatiness. The grader’s mind may be 
clear about what is understood by each, but communicat- 
ing the precise meaning to the outside world is less easy. 
The difficulty is further compounded by the fact that these 
words do not translate precisely into other languages, 
making international communication more difficult. To 
some extent the development of texture studies, particu- 
larly in the United States, has clarified the semantic prob- 
lem (9), but subjective assessment can never match the 
precision which can be attained with sophisticated instru- 
mentation. Much of the earlier instrumental rheology 
sought to replace, or at least to reinforce, subjective judg- 
ment with numerical quantities which could be measured. 
reproducibly by any competent technical assistant (10). 
The earliest instruments were empirical (3) and, in gen- 
eral, intended to give some indication of the firmness or 
similar qualities. To this end, they were designed to sim- 
ulate what the scientist perceived to be the mechanical ac- 
tion of the hand or fingers of the expert during examination 
of the cheese. They were generally unsophisticated, not too 
expensive, and made no pretence of measuring any pre- 
cisely defined physical property. Because of this, their mea- 
surements cannot be analyzed and expressed in terms of 
fundamental rheological parameters as defined above. 
Nevertheless, some of them may still perform a useful 
function if their limitations are understood, because they 


possess the undoubted merit that their measurements are 
easily reproducible between different laboratories and dif- 
ferent times. 

One such instrument became known as the Ball Com- 
pressor (11). In the course of examining a cheese, one of 
the actions of any grader is to press either a thumb or a 
finger into the surface and, from the reaction which is felt, 
gain an impression of the firmness or springiness of the 
cheese. The Ball Compressor might in fact be described as 
a mechanical thumb. It consists of a metal hemisphere 
which is initially placed on the surface of a whole cheese 
and allowed to sink into the cheese under the action of a 
load; the depth of indentation can be measured and re- 
corded after a fixed time. The load can then be removed 
and the recovery of the cheese observed. The instrument 
is shown diagrammatically in Figure 4. 

Making a number of simplifying assumptions, it is pos- 
sible to convert a reading obtained with the Ball Compres- 
sor into a modulus G (12,13), which may be considered to 
be the equivalent of the modulus of rigidity, using the for- 
mula 


G = 38M/16(RD*)'”, (9) 


where M is the applied load, R the radius, and D the depth 
of the indentation. This formula has been arrived at as- 
suming that the sample is a homogeneous isotropic elastic 
solid, the load is static, and there is no friction between the 
sample and the surface of the hemisphere. It is clear that 
every one of these conditions is violated. Cheese is far from 
homogeneous, particularly if it has a rind or has been 
salted by immersion in brine, causing the properties to 
vary from the surface to the center. It is not isotropic: the 
method of manufacture of some varieties, such as Cheddar, 
on which many of the earlier experiments were carried out, 
or Mozzarella, is intended to produce an oriented struc- 
ture. Some of the objections, however, would appear to be 
much less serious in the case of other cheeses where uni- 
formity of texture is the aim of the manufacturer. Cheese 
is not an elastic solid; it is viscoelastic. The indentation is 
not instantaneous and may not be completed within the 
duration of the experiment. Finally, if the load is removed, 


™. Depth 


gauge 


ITF 7, 


Cheese 


Figure 4, The Ball Compressor (diagrammatic). 
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some indentation remains, showing that some of the en- 
ergy has been dissipated in causing flow and not stored up 
as in an elastic solid. In spite of all these limitations, if the 
test proceeds at least until the indentation becomes so slow 
that it has virtually ceased, the use of equation 9 gives an 
indication of the magnitude of the firmness in readily un- 
derstandable physical units. This enables the reader to 
compare measurements given in the early literature with 
those made more recently by more sophisticated means. 

The Ball Compressor has been discussed at some 
length, not only because of its historical importance, but 
because it has the merit of being a nondestructive means 
of testing and does not require an operator to undergo any 
specialized training. Also, it is used on the whole cheese, 
whereas almost every other rheological test requires that. 
a sample be cut from the whole. Using the Ball Compres- 
sor, it has been shown that in a whole cheese such as a 
Cheddar or a Cheshire weighing some 25 kg there are con- 
siderable variations in the firmness over the surface of the 
cheese (14) and that the firmness differs on the upper and 
lower sides. This difference is influenced by the frequency 
with which the cheese is turned in the store during its ma- 
turing period, and the time which has elapsed since it was 
last turned. The implication of this is that it is not possible, 
whatever instrumental measurement is made, to assign a 
single number to any property of the cheese, nor is it pos- 
sible to assess the properties of the whole cheese by means 
of a measurement made at one local point in that cheese, 

Clearly there is a need for some form of nondestructive 
test and for many purposes there is no reason why it 
should not be empirical, provided that the implications are 
understood. The Ball Compressor has the merits of cheap- 
ness and simplicity, but the time taken to obtain a repre- 
sentative reading limits its use to the research laboratory. 
The problem of devising a suitable test is as yet unsolved. 
It is unfortunate that the application of ultrasonic tech- 
niques, which have proved so useful in the nondestructive 
testing of many engineering materials, have proved unre- 
warding with cheese (15,16). This is because the dimen- 
sions of the cracks and other inhomogeneities in cheese are 
commensurate with, or sometimes even larger than, the 
wavelength of the ultrasound and large-scale scattering 
takes place. It is difficult for a pulse to penetrate the body 
of the cheese and both the velocity of propagation and the 
attenuation are more influenced by the scattering than by 
the properties of the bulk. 

One other empirical test deserves to be mentioned on 
account of its simplicity. This is the penetrometer (17-19). 
It is not quite nondestructive, but very nearly so, since it 
only requires that a needle be driven into the body of the 
cheese; no separate sampling is required. A penetrometer 
test may take one of several forms. For example, a needle 
may be allowed to penetrate under the action of a fixed 
load (17,18), or it may be forced into the cheese at a pre- 
determined rate (19) and the required force measured. 

Whichever method is used, let the specific actions be 
considered. As the needle penetrates the cheese, that part 
of the cheese immediately ahead of it is ruptured and 
forced apart. If the needle is thin, the deformation normal 
to its axis is small, so that the force required to accomplish 
this may be ignored. On the other hand, the progress of 
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the needle is retarded by the adhesion of its surface to the 
cheese through which it passes. This may be expected to 
increase with the progress of the penetration until a point 
is reached when the restraining force matches the applied 
load and further penetration ceases. If a suitable diameter 
for the needle and a suitable weight have been chosen, this 
test may be completed in a few seconds. The test will be 
more useful for cheese whose body is reasonably homoge- 
neous on the macroscopic scale, as, for example, the Dutch 
cheeses, With cheeses such as Cheddar or the blue cheeses 
the heterogeneities are generally on too large a scale and 
the penetration becomes irregular. The needle may pass 
through weaknesses in the structure or even cracks and so 
give rise to the impression that the cheese is less firm than 
it really is, or the point of the needle may attempt to follow 
a line of weakness, not necessarily vertical, and as a result 
there will be additional lateral forces acting on the needle 
and its penetration will be arrested prematurely. 

Measurements made with a penetrometer cannot be 
converted theoretically to any well-defined physical unit. 
Both the cohesive forces within the cheese and the adhe- 
sive forces between the cheese and the surface of the needle 
are a consequence of the forces binding the structure to- 
gether. One may infer that these are related to its visco- 
elastic properties but there is no simple theory which at- 
tempts to establish these relations. It has been shown 
experimentally (20) that there is a statistically significant 
correlation between firmness as measured by the Ball 
Compressor and by penetration, but this differs among dif- 
ferent types of cheese (21). It has also been shown experi- 
mentally that a curvilinear relation exists between the re- 
sistance to penetration and an elastic modulus of some 
Swiss cheeses, calculated from the results of a compression 
experiment (Fig. 5). While this gives some idea of the mag- 
nitude of the forces involved, it has little practical appli- 
cation since it refers only to one series of experiments on 
only one type of cheese. In the absence of a similar exper- 
imentally determined relation for the cheese in which one 
is particularly interested, penetrometer measurements 
can only be regarded as empirical. 
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Figure 5. Penetrometer readings compared with compression 
modulus. 


Another test of a similar nature is the use of a cone to 
penetrate the sample (22). This test was originally devel- 
oped for use with high-viscosity lubricants. A loaded cone 
with its apex pointed vertically downward and initially 
just making contact with the upper surface of the sample 
is allowed to penetrate the sample until equilibrium is 
reached. If a suitable combination of the apical angle of the 
cone and the load is used, the equilibrium is usually 
reached within a few seconds and the penetration is deep 
enough to be measured comfortably. The test assumes that 
the sample behaves as a plastic or Bingham body; that is, 
when acted upon by small stresses it behaves as a solid, 
but once a critical stress, the yield stress, is exceeded, it 
flows as a viscous liquid. 

In fact, the test works in reverse. At the commencement. 
the stress is infinite, since the area of application, which 
is the tip of the cone, is zero. As the cone penetrates, the 
material is caused to flow laterally and the rate of pene- 
tration is controlled by this lateral flow. As the penetration 
proceeds, the cross-sectional area increases proportionally 
with the square of the depth of penetration and the stress 
decreases correspondingly. When the stress no longer ex- 
ceeds the critical or yield point, motion ceases and an equi- 
librium is established. It is a matter of contention among 
rheologists whether a yield value really exists. Some main- 
tain that there is always some flow, albeit minimal, how- 
ever low the stress. For practical purposes, however, the 
cone soon appears to be stationary and the depth of pene- 
tration can be recorded. This is a simple, quick test and, 
while it is not entirely nondestructive, it does only a little 
damage near the surface of the sample. The vertical stress 
Y may be calculated from the penetration and the angle of 
the cone: 


Y = (Mg/nh*)cot?a/2 (10) 


where a is the apical angle of the cone, A the penetration 
depth, M the applied load, and g the gravitational con- 
stant. This is greater than the yield stress since it does not. 
take into account the stresses involved in causing the sam- 
ple to flow laterally. An estimate of the yield stress may be 
obtained by multiplying the equilibrium vertical stress by 
the factor 1/2 sin a (23). It is only an estimate, though, 
because it takes no account of any friction between the sur- 
face of the cone and the cheese. 

Another form of penetrometer-type test is that some- 
times referred to as the puncture test (24). In place of a 
needle or cone, a rod is driven into the sample and the 
resistance to its motion measured. The mechanism of the 
deformation of the sample is more complicated in this case. 
At least four principal factors are involved. In the first 
place, the sample ahead of the rod is compressed. Second, 
the rod must cut through the sample at its leading edge: 
hence the name puncture, and this requires a force. Third, 
there is the frictional resistance between the surface of the 
rod and the cheese, and finally, there is the force required 
to set up the lateral flow within the sample. If the sample 
is large enough compared with the dimensions of the rod 
so that any compression in directions perpendicular to the 
motion may be ignored, once a dynamic equilibrium has 
been set up the first two factors will be constant and the 


third will increase linearly with the penetration. By using 
rods of different cross-sectional areas and keeping the pe- 
rimeter the same it is possible to separate these effects 
(25,26). 

Instead of performing this test on an extensive sample, 
such as a whole cheese, it is more often carried out on a 
small sample contained within a rigid box (27-29). When 
done in this manner, additional forces are called into play. 
The lateral forces on the rod as the sample is compressed 
between the rod and the walls of the container now become 
important. In addition, the compressive force on the lead- 
ing face of the rod is no longer constant as the distance 
between this face and the bottom of the container de- 
creases. If the sample is shallow, it is arguable (27,28,30) 
that this may indeed be the largest single contributory 
force, and, by ignoring the others in comparison with it, 
one can calculate a modulus from the ratio of the measured 
stress to the compression. It is obvious that this will be an 
overestimate of any true modulus which could have been 
derived in a simple unrestrained test and that the excess 
will be arbitrary and unknown. In spite of this the test is 
useful because it gives an indication of the magnitude of 
the rigidity of the sample and allows comparisons to be 
made between similar types of cheese. 


PHYSICAL MEASUREMENTS, 


It has already been pointed out that rheological phenom- 
ena take place in real time. The basic rheological experi- 
ment consists in applying a known stress for a known time 
and observing the strain which ensues (31). In this context 
it is immaterial whether one refers to normal stresses, 
which result in strains, or to tangential stresses, which 
result in shears. For the purpose of the argument strain 
and shear are interchangeable. The generic mathematical 
equation which connects the variables is 


o = fle, t) 


This is the equation of a surface in a three-dimensional 
diagram. The material is said to be linearly viscoelastic if, 
for any value of t, the line representing the variation of 
strain with stress is a straight one. For many substances 
this is approximately true, at least while the strains and 
stresses are small. Cheeses vary in this respect. For a lin- 
ear viscoelastic material the two-dimensional graph of 
strain versus time will contain all the required rheological 
information. 

The basic graph is the creep curve. If the experiment is 
prolonged indefinitely, some equilibrium will ultimately be 
established. If the material is essentially a solid, but one 
whose deformation is retarded, the strain will eventually 
become constant. There are obviously two parameters 
which can be used to denote the material behavior, one 
based on the ultimate deformation and the other on the 
rate at which it is (asymptotically) established. On the 
other hand, ifthe material is more akin to a liquid, the final 
equilibrium will be a dynamic one in which a constant rate 
of strain is established. As before, two parameters are 
needed to describe the behavior: one, the ultimate flow; the 
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other, the rate of attaining it. The experiment may also 
be conducted rather differently. Instead of allowing it to 
proceed ad infinitum, the stress may be removed at a pre- 
determined point. Should the material possess any elastic 
characteristics, some of the energy used in the deformation 
will be stored within it; on removal of the stress the strain 
will decrease again and once more eventually reach an 
equilibrium. This part of the graph is known as the recov- 
ery curve. Again there are two points of particular 
interest—the amount of recovery and the rate. 

So far the description refers to what may be called an 
ideal viscoelastic material and is an oversimplification of 
real-life experience. If the material is not linearly visco- 
elastic, the creep and recovery curve can still be obtained, 
but a single curve will not include all the rheological infor- 
mation about the sample. A series of such curves is nec- 
essary, giving the full three-dimensional representation. It 
has also been assumed so far that the properties of the 
material are not altered in any way by the action of the 
strain itself. In the case of cheese it is very evident that at 
large strains the whole structure breaks down and cannot 
recover. Indeed, the stress and strain at the point of onset 
of this breakdown may be a useful quantity when describ- 
ing the properties of any cheese, as will be seen later. Even 
at lower strains there may well be unobserved changes in 
the structure. These could occur during the early part of a 
cycle of measurement, in which case they may be revealed 
by the failure of the recovery curve to follow the expected 
pattern. However, they may occur during handling of the 
cheese at any stage between manufacture and sampling. 
Acomplete rheological description of a sample really needs 
not only the experimental curve or curves but a statement 
of the history of the straining of the sample up to the mo- 
ment of measurement. This is most likely to be unavailable 
and it is necessary to presume that the sample is in good 
condition and to allow that variations in its history are 
included within the natural variation among samples. 

It is often more convenient from the point of view of 
practical instrumentation to carry out the compression ex- 
periment in a different way. Instead of applying a fixed 
stress and observing the reaction, the sample is subjected 
to a known rate of strain and the build-up of the stress 
observed. Again, this may be prolonged indefinitely, if the 
operation of the instrument will allow it. If the straining 
is stopped at any point, it is not usually practicable to 
apply a reverse rate of strain. In this case, the strain is 
usually held constant and the relaxation of the stress ob- 
served. Again, a complete cycle of deformation and relax- 
ation contains all the available information about the rheo- 
logical properties of the sample. Quite sophisticated 
instruments have been developed which enable this type 
of test to be carried out with precision and then record the 
results, making this now the most widely used test. In 
principle, the operation of these instruments is simple. The 
sample is compressed between parallel plates at a known 
fixed rate and the force required is monitored. 

However, before discussing the results of any measure- 
ments made on these instruments it is important to con- 
sider the exact mode of operation. As the measurement is 
usually carried out, the sample is in the form of a small 
cylinder, although other right prisms may be used. This is 
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placed with its axis vertical on one plate and is then com- 
pressed along that axis. Since the compression is linear, 
the height of the sample at any instant after the compres- 
sion has begun is given by 


h = hl — at) 


where fy is the original height of the sample and a denotes 
the rate at which the two places approach each other, ie, 


a = ~—dhidt 
Using equation 1 for the strain leads to 
e= —In(1 - at) ql 


If the instrument’s recorder treats time (or its equivalent 
linear distance traveled) as one axis, then this is not a true 
strain axis. As the compression increases from 0 to 100% 
the true strain increases from zero to infinity. In fact, what- 
ever definition of strain is used (6), other than the linear 
compression, the time axis is a distortion of the strain axis. 
Second, as a sample is compressed its volume remains con- 
stant, so that the cross-sectional area increases as the 
height decreases. Assuming that the plates are perfectly 
smooth, so that there is no lateral friction between them 
and the end surfaces of the sample, a purely viscous, or 
equally a perfectly elastic solid, sample would deform uni- 
formly and the cross-sectional area A at any height would 
vary precisely inversely with the height, ie, 


A = Aplho/h) (12) 


A viscoelastic material does not deform so simply, but 
in such a way that the lateral movement is greatest near 
the ends, so that a concave shape results (32), as shown in 
Figure 6. In this case the stress is not uniform throughout 
the sample. When there is some friction between the plates 
and the sample, the lateral movement of the end layers is 
restricted and a rotational couple is set up within the sam- 
ple, using the perimeter of the end surfaces as fulcrum. If 
the sample is homogeneous or at least cohesive, the effect. 
of this is that the middle of the sample will spread out- 
ward, giving rise to barrel-shaped distortion (Fig. 6c). 
When the rotational forces which develop are sufficient to 


re 


Figure 6, Compression of a cylinder: (a) ideal; (b) concave; (c) 
barrel; and (d) complex. 


cause fractures to develop, even though they may be un- 
detected by eye, then with the weakened structure the 
sample may spread out near the ends, and what is known 
as mushroom distortion results (33) (Fig. 6). Both barrel 
and mushroom distortion may occur simultaneously, and 
a shape such as Figure 6d may be the outcome. 

Also, during the compression some liquid, which may be 
free fat or water, or both, may be squeezed out. This might 
be thought to lubricate the sample ends to some extent; 
but it might also ensure closer contact between what is 
inevitably the slightly rough cut surface, the degree of 
roughness depending largely upon the type of cheese, and 
the smooth plates of the instrument. In practice it has been 
found (34) that the ends of the cheese do not expand as 
much as would be predicted by the use of equation 12; yet 
on the other hand it would be quite erroneous to assume 
that the cross section remained at its original value. The 
instrument does not measure stress, but the total force 
transmitted by the end surface to the measuring trans- 
ducer. The stress within the sample is obtained by dividing 
the force F by the cross-sectional area. In the case of a 
perfectly lubricated sample this is given by 


o = FIA = (F/Ap\(1 — at) (18) 


When barrel distortion occurs, the calculation of the true 
stress is less simple. If one assumes that the material be- 
haves as a perfect elastic solid and that the ends of the 
sample are firmly bonded to the instrument plates so that 
they cannot expand laterally, the barreling can be shown 
to assume a parabolic profile. The actual correction to be 
applied depends on the height and radius of the uncom- 
pressed sample as well as the degree of compression. It is 
somewhat greater than the correction for a lubricated sam- 
ple. A force—compression curve is thus not a true represen- 
tation of a stress-strain curve. Near the origin it is close 
enough, but the distortion increases as the compression 
progresses. 

If the sample behaves as one of the simple models, it is 
possible to predict the shape of the stress-strain curve. In 
the case of the Voigt body the solution is straightforward. 
The stress is the sum of the elastic and the viscous contri- 
butions (eq. 7). From equations 1 and 11 


so that 
o = Ge + ane (14) 


This is the equation of a curve in which the intercept on 
the o axis is proportional to the viscous component and the 
rate of compression, and the initial slope is proportional to 
the elastic component. The curve is concave upward 
throughout. On substituting for o and ¢, equation 14 be- 
comes 


F = [A,M(1 — at)l[ay(1 — at) - Gin(1 - at)} (15) 


This is not so convenient to analyze but there is still an 
intercept on the F axis proportional to the viscous compo- 


nent and the rate of compression. The solution for the Max- 
well body is more complicated. Making the same substi- 
tutions as before leads to an infinite series 


om Geof up 3) a Gland 5) a (16) 
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At the commencement of the compression the stress is zero 
and the initial slope is proportional to the elastic compo- 
nent. Initially the curve is convex upward, but as the com- 
pression proceeds a point of inflexion is reached, depending 
on the ratio of the viscous to the elastic components and 
the rate of compression. Finally, the curve becomes asymp- 
totic to a line through the origin, with a slope given by the 
elastic constant. 

Ifthe stress-strain curve obtained for a particular sam- 
ple can be recognized as being similar to one of these two 
patterns, the appropriate model can be identified and the 
material constants evaluated. It is seldom that such a sim- 
ple fit occurs. A material as heterogeneous as cheese is 
unlikely to conform to the behavior of a two-element model. 
More sophisticated models may give a better representa- 
tion, but adding further elements only makes the theory 
more complex and the analysis that much more difficult. 
One word of caution must be entered here. The Voigt body 
is characterized by the finite intercept on the stress axis. 
The converse is not necessarily true. A finite intercept also 
arises in the case of any material possessing a yield value, 
since this is the stress which must be overcome before any 
deformation takes place. 

In the usual way in which compression tests are carried 
out, the compression is allowed to proceed to a point far 
beyond that at which any simple theory may be expected 
to apply. Often it reaches 80%, a true strain of 1.609. Long 
before this is reached, any structure which may have been 
present in the original sample of cheese can be seen to have 
broken down. If it is carried to this extent, only the early 
part of the test may be considered as measuring the rheo- 
logical properties of the original sample, while the latter 
part becomes a test of the mechanical strength of the struc- 
ture. A typical compression curve is shown in Figure 7. It 
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Figure 7. Typical force-compression curve. 
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is often difficult to decide whether there is an intercept on 
the stress axis, ie, whether there is an instantaneous build- 
up of stress at the moment the compression begins or a 
rapid development of stress rising from zero but in a finite 
though brief time. Nevertheless, it is essential that the dis- 
tinction be made if the correct model is to be assigned. The 
instrument itself necessarily has a finite, even if very 
rapid, acceleration from rest, and the response of the re- 
cording mechanism also takes a finite time, so that even if 
the stress were instantaneous, it would appear as a very 
steep rise (35). 

However, much more serious than any limitations in the 
instrument is the problem of attaining perfection in the 
shape of the sample. Usually the dimensions of the sample 
and the rate of compression are chosen so that the strain 
rate at the commencement is of the order of 0.01 s~'. Ina 
sample, say 20 mm in height, a lack of parallelism of the 
two end surfaces of only 0.2 mm means that for the whole 
of the first second of compression only part of the sample 
is being compressed. This will inevitably appear on the rec- 
ord as a flow, whatever the real properties of the cheese. 

Assuming that any doubts about the shortcomings of 
either sample or instrumentation may be satisfactorily al- 
layed, it is pertinent to consider the principal features of 
the compression curve. In the early stages, after the initial 
rise there is a smooth increase of stress with the strain. 
Should the compression be halted at this stage, the cheese 
would recover either completely or in part and a repeat of 
the curve could then be obtained, the new curve having the 
same general shape as the original, showing that the in- 
ternal structure of the cheese had remained more or less 
intact, although there may have been some rearrange- 
ment. Eventually a point is reached, the point A in Figure 
7, where the structure begins to break down and the slope 
becomes noticeably less. The conventional view is that this 
is the point at which cracks in the structure appear and 
the cracks then spread spontaneously (18,36). In the case 
of a hard cheese these cracks may be evident to the eye, 
but they may at first be so small and so localized that they 
do not become visible until the compression has proceeded 
somewhat further. If the cheese has a very homogeneous 
structure, it is to be expected that these cracks will develop 
throughout the structure at about the same time and the 
change of slope will be clearly defined. In a more hetero- 
geneous cheese they may appear over a range of strains 
and the change of slope will be much more diffuse. Once 
this region has been passed, the cracks continue to develop 
at an increasing rate and become more evident, until at 
point B the rate at which the structure breaks down over- 
takes the rate of build-up of stress through further com- 
pression and a peak is reached. This value is obviously 
dependent on a balance between the spontaneous failure 
of the structure and the effect of increasing deformation 
applied by the instrument to any residual structure. It is 
a convenient parameter to determine and may be used as 
a measure of firmness or hardness of the cheese (18). Be- 
yond this point the stress may continue to fall ifthe failure 
of the structure becomes catastrophic, until the fragments 
become compacted into a new arrangement which can take 
up the stress and this now rises again. 
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If the compression test is carried on beyond the point at 
which it is reasonable to attempt to interpret it in terms 
of an acceptable model, and hence to evaluate any of the 
customary rheological parameters, it becomes purely em- 
pirical. One of the points on the curve most frequently used 
is the peak (18,37) (point B). This is a kind of yield point 
and one can obtain from it two useful parameters, the 
stress required to cause catastrophic breakdown of the 
structure and the amount of deformation that the cheese 
will stand before this breakdown occurs. The two are not 
entirely independent. In a dynamic measurement such as 
this on an essentially viscoelastic material, the rate of 
strain as well as the strain itself influences the moment at 
which the breakdown occurs. For reliable comparisons, all 
measurements should be made at the same rate of strain- 
ing. Fortunately, many workers have found it convenient 
to use similar sizes and rates of compression, so that at 
least approximate comparisons can be made between their 
results. The stress measured at point B is in fact some- 
times called a yield value, but it should not be confused 
with the yield stress of a plastic material determined by 
other methods such as a cone penetrometer. The yield at 
point B is not a material constant defining the strength of 
the sample; breakdown has already been occurring at least 
since point A, and maybe earlier. The peak value at B only 
indicates the maximum to which the stress rises before the 
collapse of structure overtakes the build-up of stress in 
what remains of that structure. 

The other point frequently used is the stress at 80% 
compression. The damage to the structure when the com- 
pression reaches this extent is generally so complete that 
it is unrealistic to regard the stress as applying to the origi- 
nal sample. This is particularly true in the case of hard 
cheeses such as the typical English and Grana varieties, 
which crumble long before this degree of compression is 
reached. Nevertheless, compressions of this order and 
much greater arise during mastication (38). The stress at 
80% can therefore give some indication of the consumer’s 
response to the firmness of the cheese, although it must be 
said that in mastication the rate of compression is also 
much greater, 

Measurements have been made on four types of hard 
cheese, Cheddar, Cheshire, Double Gloucester (36), and 
Leicester (39), which confirm that the value of the stress 
at the peak point B is dependent on the rate at which the 
compression is carried out. It was shown that over at least 
a twentyfold range of the factor a in equation 11, the rate 
at which the plates approached each other, the peak stress 
was linearly related to the fourth root of a. This is shown 
in Figure 8, where straight lines have been drawn through 
the points for each cheese type. If one bears in mind that 
this is a destructive test, so that each measurement had 
to be made on a different sample, the fit of the lines to the 
experimental points is quite acceptable. This result is, 
however, purely empirical; as far as can be seen there is 
no theoretical justification for it and it is limited to those 
types of cheese which crumble on breakdown. But there is 
a practical benefit. Using this finding, it is reasonable to 
reduce measurements made at any practical rate of com- 
pression to a standard rate so that the results of workers 
in different laboratories may be compared. 
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Figure 8. Effect of rate of compression on stress at yield point @, 
Double Gloucester; [, Cheshire; Ill, Leicester; and O, Cheddar. 


The investigation was carried one step further on Dou- 
ble Gloucester cheese (36). Not only were the peak values 
found to obey this fourth-root law but so were the stresses 
at other degrees of compression; the results are shown in 
Figure 9. The fact that the relation between stress and rate 
of deformation is more or less constant before, at, and be- 
yond the yield point may be considered to lend support to 
the hypothesis that the processes taking place within the 
cheese are similar throughout the compression. The stress 
at any point is the result of a balance between the rate of 
collapse of structure, ie, the spread of cracks, and the build- 
up of stress in that structure which remains. If it is as- 
sumed that the basic framework within the cheese has at 
least some structural strength, there will be some build- 
up of stress before any cracks appear, and the hypothesis 
predicts that the stress—strain curve will show an initial 
instantaneous rise due to viscoelastic deformation before 
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Figure 9. Effect of rate of compression on stress at various com- 
pressions: @, 10%; ©, 40%; and Il, 70%. 


any cracks develop, followed by a rising curve, convex up- 
ward, as the discrete minute cracks increase, with a pro- 
nounced change of slope as they begin to coalesce. 

There are alternative explanations which may be ad- 
vanced for the shape of the curves. In the early stages the 
curve rises from the origin and is often convex upward. 
This is characteristic of a Maxwell body. The interpretation 
could be that cheese behaves as an elastic fluid with a very 
high viscosity term. Neither the elasticity or the viscosity 
are readily obtained from the curves, but it is possible to 
calculate an apparent elasticity from the slope. Sometimes 
the slope at the origin is taken; more usually, the slope over 
the middle portion of the rise. 

On the other hand, it is arguable that the structure of 
cheese is basically a solid one, but that even under very 
small stresses minute cracks begin to appear in that struc- 
ture (40,41), even though these are far too small to be ob- 
served by the naked eye and may be disguised to some 
extent by the fact that some liquid component from the fat 
could flow into some of the opening interstices. Experi- 
ments on cheese analogs (42) at very low strains have con- 
firmed that the structure does indeed break down well be- 
fore the compression reaches 1%. It is possible to analyze 
the curves further on the basis of this hypothesis. Suppose 
that the cheese has an initial rigid structure giving rise to 
an elasticity Ey. Then at the instant at which the com- 
pression commences the slope of the stress—strain curve 
da/de is equal to Ep. If the cheese breaks down continu- 
ously by the appearance of cracks, infinitesimal at first 
but becoming gradually more widespread and larger, the 
strength of the cheese is progressively reduced, so that at 
any subsequent instant the elasticity E = da/de is less 
than Ep. If the breakdown of the structure is consequent 
upon the extent of the strain, the equation may be written 


E = dolde = Ell — flo) (17) 


This is the equation of a curve through the origin with an 
initial slope Zp and subsequently convex upward, as is usu- 
ally observed. 

Pursuing this a little further, the function f(€) is a dis- 
tribution function of the breaking strains of the interpar- 
ticulate junctions within the cheese. As a trial hypothesis, 
one may postulate that the distribution function is linear 
up to the point at which all the junctions are broken. Re- 
placing f(¢) by a constant ¢ and integrating equation 17 
one gets 


a = Eye — c&(€ < Ecritical) (18) 


This is the equation of a parabola with its apex upward 
and a maximum stress of co = E3/4c at a strain of € = 
E,/2c. Eventually the situation is reached, at €.,itica1, Where 
all the structure is more or less completely destroyed and 
individual crumbs may move more or less independently 
as in the flow of a powder. If the cheese is spreadable, the 
stress required to maintain this flow may be expected to 
be constant. On the other hand, some further compaction 
may take place and the stress begin to rise again. In gen- 
eral, the distribution would not be expected to be a linear 
one. While the argument remains the same, leading to a 
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convex upward curve with a peak and a subsequent 
trough, algebraic analysis is more involved. However, ifthe 
constant ¢ is replaced by a general expression, such as a 
series expansion in ¢, the slope at the origin is still given 
by Ep but the parabolic form becomes distorted. 

When studying individual curves it is not always pos- 
sible to determine the slope at the origin with any confi- 
dence, particularly since this is the region where the re- 
sponse time of the recorder is most likely to introduce its 
own distortion. However, rewriting equation 18 as 


ole = Ey — ce 


it is possible to construct fresh curves of o/e versus € and 
these may be easier to extrapolate to zero strain and 
thereby estimate the value of Ey. The (negative) slope of 
this curve is then the distribution function of c. In a few 
cheeses c has been found to be more or less constant up to 
strains approaching unity (ie, about 60% compression) but. 
with most cheeses the value of c decreases as the strain 
increases, indicating that the rate of breakdown of struc- 
ture is actually greatest at the lowest strains. Figure 10 
shows a few typical derived curves. 


RELAXATION 


If the compression of the sample is halted before the sam- 
ple is completely broken up and then held, the stress which 
has built up during that compression will decay. The two 
binary models show characteristically different types of de- 
cay behavior. In the Voigt body the stress at any instant is 
due partly to the strain and partly to the rate of straining. 
At the instant of arresting the motion the strain rate falls 
abruptly to zero, so that its contribution to the stress dis- 
appears, leaving only the stress due to the amount of 
strain, which then remains constant. In the Maxwell body 
the stress decays progressively, ie, relaxes, falling expo- 
nentially to zero if followed indefinitely according to the 
equation 
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Figure 10. Derived curves of apparent modulus versus strain. 


any cracks develop, followed by a rising curve, convex up- 
ward, as the discrete minute cracks increase, with a pro- 
nounced change of slope as they begin to coalesce. 

There are alternative explanations which may be ad- 
vanced for the shape of the curves. In the early stages the 
curve rises from the origin and is often convex upward. 
This is characteristic of a Maxwell body. The interpretation 
could be that cheese behaves as an elastic fluid with a very 
high viscosity term. Neither the elasticity or the viscosity 
are readily obtained from the curves, but it is possible to 
calculate an apparent elasticity from the slope. Sometimes 
the slope at the origin is taken; more usually, the slope over 
the middle portion of the rise. 

On the other hand, it is arguable that the structure of 
cheese is basically a solid one, but that even under very 
small stresses minute cracks begin to appear in that struc- 
ture (40,41), even though these are far too small to be ob- 
served by the naked eye and may be disguised to some 
extent by the fact that some liquid component from the fat 
could flow into some of the opening interstices. Experi- 
ments on cheese analogs (42) at very low strains have con- 
firmed that the structure does indeed break down well be- 
fore the compression reaches 1%. It is possible to analyze 
the curves further on the basis of this hypothesis. Suppose 
that the cheese has an initial rigid structure giving rise to 
an elasticity Ey. Then at the instant at which the com- 
pression commences the slope of the stress—strain curve 
da/de is equal to Ep. If the cheese breaks down continu- 
ously by the appearance of cracks, infinitesimal at first 
but becoming gradually more widespread and larger, the 
strength of the cheese is progressively reduced, so that at 
any subsequent instant the elasticity E = da/de is less 
than Ep. If the breakdown of the structure is consequent 
upon the extent of the strain, the equation may be written 


E = dolde = Ell — flo) (17) 


This is the equation of a curve through the origin with an 
initial slope Zp and subsequently convex upward, as is usu- 
ally observed. 

Pursuing this a little further, the function f(€) is a dis- 
tribution function of the breaking strains of the interpar- 
ticulate junctions within the cheese. As a trial hypothesis, 
one may postulate that the distribution function is linear 
up to the point at which all the junctions are broken. Re- 
placing f(¢) by a constant ¢ and integrating equation 17 
one gets 


a = Eye — c&(€ < Ecritical) (18) 


This is the equation of a parabola with its apex upward 
and a maximum stress of co = E3/4c at a strain of € = 
E,/2c. Eventually the situation is reached, at €.,itica1, Where 
all the structure is more or less completely destroyed and 
individual crumbs may move more or less independently 
as in the flow of a powder. If the cheese is spreadable, the 
stress required to maintain this flow may be expected to 
be constant. On the other hand, some further compaction 
may take place and the stress begin to rise again. In gen- 
eral, the distribution would not be expected to be a linear 
one. While the argument remains the same, leading to a 
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convex upward curve with a peak and a subsequent 
trough, algebraic analysis is more involved. However, ifthe 
constant ¢ is replaced by a general expression, such as a 
series expansion in ¢, the slope at the origin is still given 
by Ep but the parabolic form becomes distorted. 

When studying individual curves it is not always pos- 
sible to determine the slope at the origin with any confi- 
dence, particularly since this is the region where the re- 
sponse time of the recorder is most likely to introduce its 
own distortion. However, rewriting equation 18 as 


ole = Ey — ce 


it is possible to construct fresh curves of o/e versus € and 
these may be easier to extrapolate to zero strain and 
thereby estimate the value of Ey. The (negative) slope of 
this curve is then the distribution function of c. In a few 
cheeses c has been found to be more or less constant up to 
strains approaching unity (ie, about 60% compression) but. 
with most cheeses the value of c decreases as the strain 
increases, indicating that the rate of breakdown of struc- 
ture is actually greatest at the lowest strains. Figure 10 
shows a few typical derived curves. 


RELAXATION 


If the compression of the sample is halted before the sam- 
ple is completely broken up and then held, the stress which 
has built up during that compression will decay. The two 
binary models show characteristically different types of de- 
cay behavior. In the Voigt body the stress at any instant is 
due partly to the strain and partly to the rate of straining. 
At the instant of arresting the motion the strain rate falls 
abruptly to zero, so that its contribution to the stress dis- 
appears, leaving only the stress due to the amount of 
strain, which then remains constant. In the Maxwell body 
the stress decays progressively, ie, relaxes, falling expo- 
nentially to zero if followed indefinitely according to the 
equation 
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Figure 10. Derived curves of apparent modulus versus strain. 
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o = oo exp(—Gt/n) (19) 


where ao is the stress at the instant of halting. The ratio 
v/G has the dimensions of time and is known as the relax- 
ation time. This is readily determined from the experi- 
mental curve, either by redrawing it in logarithmic form 
or as the time for the stress to fall to 1/e of its starting 
value. The relaxation curve by itself does not allow the 
elastic and viscous components to be obtained separately. 
When the simple Maxwell model is evidently insufficient 
to describe the relaxation behavior, an analysis of the curve 
may become more difficult. The sample may be described 
by a more complex model created by combining several 
simple binary models. There are computational procedures 
which enable the various constants of the model to be eval- 
uated in such a case, but the precision falls off rapidly as 
the number of constants increases. The rheologist may 
sometimes be interested in determining several relaxation 
times and moduli for a particular sample, especially if 
these can be assigned to recognizable structural elements 
in the material, but more often the proliferation of con- 
stants does little to clarify the behavior of cheese. 

There is an empirical treatment which is sometimes 
useful in analyzing relaxation data (43,44), particularly in 
cases where the precision of the data may be in some doubt. 
If one takes Y, as the fraction of the stress which has de- 
cayed in time ¢, ie, 


Y, = (Go — o,)/ao 


where go is the stress at the commencement of the relax- 
ation and g, the stress after time ¢, it has been found that 
many complex viscoelastic materials relax in such a way 
that the relation 


WY, = hy + helt (20) 


holds to a fair degree of approximation; k, and k2 may eas- 
ily be found. Then 1/kz is the extent to which the stress 
eventually will decay, while the ratio k2/k, is a measure of 
the rate of decay. For a perfectly elastic body or a Voigt 
body 1/kz is zero; there is no relaxation. For a liquid or a 
Maxwell body it is unity. For more complex models it lies 
somewhere in between. This is a useful device for deciding 
whether a simple model will suffice. For a Cheddar cheese 
1/k, was found to be in the region of 0.8, so a simple model 
is not adequate for describing the relaxation behavior of 
this cheese (43). An alternative treatment has been sug- 
gested (45), which, it is claimed, sometimes fits experi- 
mental data more closely. This may be derived by consid- 
ering a binary model of the Maxwell type, but one in which 
the viscosity associated with the dashpot is not constant 
but follows a power-law variation with stress. The result- 
ing expression is 


(alo)! = 1 + k(n — Det (21) 


where n is the exponent of the power law. This is an inter- 
esting suggestion: One of the consequences of the power- 
law variation of viscosity is that it becomes infinite at zero 
stress, and a Maxwell body with an infinitely viscous dash- 


pot is in fact a solid. Thus this is a model for a material 
which is solid while at rest but becomes progressively more 
fluid as the stress increases. This is not too different from. 
the description of cheese given above: a solid material 
whose structure breaks down progressively when subject 
to strain. 


RHEOLOGY AND STRUCTURE 


From the foregoing considerations it will be evident that 
the rheological properties of any material are consequent 
upon its structure. The three major constituents of cheese, 
casein, fat, and water, each contribute to the structure and 
therefore to the rheological properties in their own specific 
way. At normal room temperatures the casein is solid, the 
fat is an intimate mixture of solid and liquid fractions, giv- 
ing it what may be described as plastic properties, while 
the water is liquid. The casein forms an open meshlike 
structure (46-48). Within this mesh is entrapped the fat, 
which had its origin as the fat globules of the milk. The 
water is more precisely the aqueous phase, since dissolved 
in it are the soluble constituents of the milk serum to- 
gether with any salt which has been added during the 
cheese-making. Some of the water is bound to the protein 
and therefore largely immobilized; the remainder is free 
and fills the interstices between the casein matrix and the 
fat. This structure is common to all types of cheese. The 
differences among various types of cheese are brought 
about by the influence of different manufacturing regimes 
on that structure. In addition to the characteristic differ- 
ences arising from different procedures, adventitious var- 
iations may also occur within the same type of cheese, 
These reflect differences in the original milk or in the con- 
ditions during the manufacturing or maturing processes. 

It is the casein within the cheese which is responsible 
for its solid nature. The primary structure is a three- 
dimensional cage whose sides consist of chains of casein 
molecules (49,50). This provides a structure of consider- 
able inherent rigidity. The chains are not linear (51), but 
have an irregular, somewhat gnarled structure. This may 
be deformed elastically under the action of external forces 
and this elasticity modifies the rigidity of the cage. 

During the clotting process these chains have been 
formed by the joining together of individual casein parti- 
cles in the serum. This serum surrounds the fat globules 
so that each cage may be expected to encase at least one 
globule or cluster of globules (52). The distribution of sizes 
of these cells will be controlled by the distribution and size 
of the fat globules. For instance, when the milk is first ho- 
mogenized, the cheese made from it will have a more uni- 
form distribution of cells than cheese made from fresh milk 
(53). The complete cheese curd at this stage consists of an 
aggregate of these cells of casein plus fat and the whole is 
pervaded by the aqueous phase (52). 

Ifa force is applied to such a structure, the deformation 
will be primarily controlled by the rigidity of the cage, mod- 
ified by any elasticity in its structural members. In the 
absence of the fat and water this would behave simply as 
any other open-type structure and its deformation would 
be characterized by a single modulus of rigidity or elastic- 


ity. However, the deformation of any of the cells is limited 
by the fat within it. At very low temperatures the fat would 
be solid and this would only add to the rigidity. At the nor- 
mal temperatures at which cheese is matured and used the 
fat has both solid and liquid constituents and has its own 
peculiar rheological properties. Any deformation of the ca- 
sein matrix would also require the fat to deform. At the 
same time, the water between the fat and the casein acts 
as a lubricant. As a result, the rigidity of the fat is added 
to that of the casein in a complex manner and it is this 
which gives rise to the peculiar viscoelastic properties of 
the cheese. 

Even this is not the whole picture. The final cheese is 
not merely a continuous aggregate of cells as just de- 
scribed. During manufacture the curd is cut into small 
pieces at least once to allow any excess serum to drain 
away. As the serum drains away, the casein matrix shrinks 
on to the fat globules, making a more compact whole. The 
granules so formed may then be further distorted, as in 
the cheddaring process, or may be allowed to take up a 
random distribution, as in a Cheshire cheese. The final 
cheese mass is an aggregation of these granules which 
forms a secondary structure having its own set of rheolog- 
ical properties. Even this may be further modified by sub- 
sequent processes such as milling, which gives rise to a 
tertiary structure, and by pressing, which distorts the 
whole (54). 

This rudimentary account of the factors contributing to 
the rheological properties applies to any cheese. During 
the course of manufacture, and subsequently during rip- 
ening, the basic structure may be modified by mechanical 
or thermal treatment, or the casein itself may be acted 
upon by bacteria and any residual enzymes. These agen- 
cies may change the organization of the structure or they 
may cause contiguous fat globules to coalesce. Finally, wa- 
ter may be lost by evaporation from the surface. 

Before discussing the effect of the structure of the 
cheese on its rheological properties it is appropriate to con- 
sider differences which may occur within a single cheese 
or between cheeses from the same batch which might be 
expected to be alike. A cheese which matures in contact 
with the air will develop a pronounced rind and may show 
considerable variation throughout its body. The surface 
layers lose moisture more rapidly than the inner portions. 
This results in a difference in composition, which may be 
reflected in the rheological properties. It may also affect 
the progress of the maturation process itself. Another 
source of variation in some cheeses, particularly some of 
the larger varieties with long maturation periods, is that 
they are turned at intervals: The top and bottom layers are 
subjected to alternate low and high compressive forces due 
to their own weight, while the middle will have a more 
uniform treatment. This again may be reflected in the na- 
ture of the maturation. An otherwise uniform cheese will 
show a distribution of firmness as in Figure 11. A practical 
consequence of this is that measurements made on or near 
the surface of a large cheese will not be characteristic of 
the main body of that cheese. 

Differences between cheeses may be expected to be 
greater and the magnitude of the variations will depend to 
some extent on the method of measurement. Penetration 
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Figure 11. Typical distribution of firmness throughout a mature 
cheese. 


methods, where the instrument only acts locally on a lim- 
ited quantity of the sample, give greater differences than 
compression testing in which a larger volume of the sample 
is involved. Variations of the order of 10% of the mean 
value of a parameter have been found on different samples 
from the same batch in a compression test (37); this prob- 
ably indicates the limit of reproducibility which one may 
reasonably expect when making measurements on cheese. 
Differences between batches may be considerably larger. 
As an extreme example, one experimenter measuring eight 
different lots of cream cheese obtained readings which 
ranged from 54 to 251 units (55). Before leaving the topic 
of variation, one other source which must always be borne 
in mind is that between laboratories nominally making 
similar measurements. Because this is not a problem 
unique to either rheology or cheese, it will be disregarded 
in what follows. 

Although it is the interaction of the properties of the 
principal constituents which gives cheese its viscoelastic- 
ity, it is profitable to consider some of the features associ- 
ated with each of the constituents. First, consider the ca- 
sein, which, it has been pointed out, gives the cheese its 
solid appearance. Because the casein forms chains within 
the spaces around the fat globules, there must necessarily 
be a minimum amount of casein below which any contin- 
uous structure cannot exist. This will depend on the num- 
ber, size, and size distribution of the fat globules and on 
the size and size distribution of the casein micelles them- 
selves. Once the quantity of casein required for this mini- 
mum structure has been exceeded, any additional casein 
will serve to strengthen the branches and the junctions. It 
is to be expected that, irrespective of the type of cheese, 
there will be a general relationship between the amount of 
casein present in the cheese and its firmness. Figure 12 
shows this relation for some ten different types of hard 
cheese (29). Naturally, since the data refer to cheeses of 
very different provenance, there is considerable scatter, 
but it is possible to draw a regression line through the 
points and this indicates that about 25% of the weight of 
the cheese must be casein in order to provide a rigid frame- 
work and that above this limit more protein only strength- 
ens it. 

The requirement that there be sufficient casein to build 
a structure around the fat has been clearly shown in mea- 
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Figure 12. Relation between firmness of cheeses and total pro- 
tein content. 


surements on two other varieties of cheese. In some Mes- 
hanger cheese (56) it was found that, unless the casein 
occupied more than about 37% of the volume of the cheese 
not occupied by the fat, it had virtually no rigidity and 
behaved like a soft paste. In a similar way, it has been 
shown quite dramatically (Fig. 13) that in Mozzarella 
cheese (57) the protein must exceed about 42% of the non- 
aqueous part of the cheese for any rigidity to exist. Again, 
this corresponds to a minimum casein content of about 
25% for a rigid structure. 

Although it has been claimed that the casein matrix 
gives rigidity to the cheese, there is still a theoretical ques- 
tion which has not been answered. Is the matrix continu- 
ous throughout the whole cheese, so that it may be treated 
as a solid body, or do the dislocations in the structure which 
have been introduced by cutting allow it to flow, albeit im- 
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Figure 13. Relation between firmness and protein content in a 
single cheese. SNF/F = ratio of nonfat to fat solids. 


perceptibly, however small the stress? The evidence is in- 
conclusive. In theory, an examination of the stress-strain 
curves at very low strains should decide the issue. If there 
is a continuous structure, there may be elastic deformation 
but no flow until a finite stress is reached which is suffi- 
cient to rupture some of that structure. Force—-compression 
curves should indicate whether the cheese is of the Max- 
well body or the Voigt body type. Commercially available 
instruments are generally not precise enough in this re- 
gion, for they are not designed for this purpose. More pre- 
cise measurements on cheese analogs have already been 
mentioned as showing that these began to break down at 
very small strains (42). Measurements of the recovery after 
compression of a few real cheeses (58) showed that even 
the smallest strains applied broke down some structure in 
a Mozzarella cheese, but a Cheddar cheese and a Muenster 
were able to recover completely (Fig. 14). 

Cheddar cheese has also been studied by means of a 
relaxation experiment (44). Samples were compressed un- 
der different stresses, and hence at different rates, to the 
same ultimate deformation and the subsequent relaxation 
of the stress was observed. Using Peleg’s treatment (43) it 
was found that the value of 1/k2 in equation 20 was depen- 
dent on the stress applied. The greater the stress, the more 
the structure broke down, although only the same strain 
was reached; the relation was curvilinear, particularly at 
the lowest stresses (Fig. 15). Extrapolating this curve back 
to zero stress should indicate whether any breakdown oc- 
curred. A zero value of 1/k, would indicate a solid struc- 
ture. Unfortunately, any extrapolation of this curve would 
be speculative. It is possible that it would lead to a positive 
intercept on the vertical axis. If this were so, it would lead 
to the conclusion that there was no continuous structure 
throughout that cheese, but to establish this with confi- 
dence would require measurements at much lower 
stresses. 

Another series of experiments which could throw light 
on this question has been carried out (59). A small sinu- 
soidal vibration was applied to one surface of the cheese 
sample and the stress transmitted through it observed. If 
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Figure 14. Relation between recovery of cheese and previous 
compression: O, Cheddar; @, Mozzarella; and ill, Muenster. 
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Figure 15. Amount of relaxation after previous stress. 


one makes the assumption that the cheese behaves as a 
Voigt body, a modulus of rigidity can be calculated from the 
inphase component of the signal received and a viscosity 
from the out-of-phase component. For a true Voigt body 
both of these should be independent of the frequency. In 
fact, neither was constant with either Cheddar or Gouda 
cheese, even when the strain was as low as 0.04. The in- 
ference is that even at this strain some failure in the rigid 
structure had taken place. Either internal cracks or slip 
planes had developed within the cheese (42). However, 
everyday experience suggests that cheese should have 
some rigid structure. The stress on the lower layers of a 
large cheese, such as a Parmigiano or a Cheddar, is of the 
order of 3 to 4 kPa; yet such a cheese retains its shape more 
or less indefinitely. 

Summarizing the previous paragraphs, it appears that 
the rheological role of the casein is to provide a continuous 
elastic framework within the individual granules. It is 
likely that where the casein chains lie in the granule sur- 
face and are contiguous with chains in neighboring gran- 
ules they may be held together by physicochemical bonds 
which develop during maturation and give rise to some 
rigidity in the aggregation (54). However, these bonds will 
be sparser than those within the original network, since 
they form only where chance contacts occur. This results 
in a weaker secondary structure. These bonds may be bro- 
ken when a positive strain is applied, giving a Maxwell 
body type of response, but are strong enough to preserve 
rigidity under the cheese’s own weight. Some further sup- 
port is given to this view by the fact that individual gran- 
ules have a much higher modulus than the whole cheese 
(60). 

The role of the other major constituents is more clearly 
documented than is that of the casein. The fat derived from 
the original milk is very roughly one third of the total 
mass. Its rheological properties are very sensitive to tem- 
perature changes and, as is to be expected, this sensitivity 
is imparted to the whole cheese. At 5°C (around normal 
refrigeration temperatures) many of the glycerides in the 
milk fat are solid. The proportion of solid fat decreases with 
rise of temperature, particularly sharply in the 12—15°C 
region, which is close to the ripening temperature for many 
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varieties. Above this region the proportion of solid de- 
creases further until at around 35°C almost all is liquid. 
This is near the temperature that a small portion will rap- 
idly attain if it is placed in the mouth and chewed. The 
ratio of the solid to liquid fat components is the principal 
factor influencing the rheological properties of the fat (61). 
Although factors such as breed and species of animal, pas- 
ture, and herd management have some effect on this ratio, 
temperature is by far the most important. Fat also super- 
cools readily, so that the thermal history is almost as im- 
portant as the absolute value of the temperature itself. 
During maturation and storage cheese is usually kept at a 
lower temperature than that at which it was made. Orig- 
inally most of the glycerides will have been liquid and at 
the lower temperature these will slowly solidify. Most of 
the change will take place in the first day or two, but so- 
lidification will continue progressively, maybe for several 
weeks before final equilibrium is reached. 

Measurements made on Cheddar, Cheshire (39), Em- 
mentaler (62), Gouda (63), and Russian (64) cheeses at a 
range of temperatures, using different instruments, all 
show the same general trend (Fig. 16). It may be men- 
tioned that different instrumental methods give rise to 
somewhat different results. In general, penetrometers ap- 
pear to indicate a rather steeper dependence of firmness 
on temperature than compression tests. Nevertheless, 
bearing in mind the difference in origin of the cheeses and 
the limitations in accuracy of the individual measure- 
ments, already discussed, this curve shows clearly the in- 
fluence of the (test) temperature on the firmness of the 
cheeses. 

Differences in the glyceride composition of the original 
milk fat are also reflected in the final cheese. Using the 
iodine number as an indication of the ratio of solid to liquid 
fat at any one temperature, the firmness of Swiss cheese 
was shown to vary seasonally with the solidity of the fat 
(65) (Fig. 17). The lower the iodine number, the greater the 
degree of saturation of the glycerides and the higher the 
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Figure 16. Variation of firmness with temperature: @, Cheddar; 
O, Cheshire; ll, Emmental; (J, Gouda; and A, Russian. 
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Figure 17. Variation of firmness with saturation of glycerides. 


proportion of solid fat. In these particular experiments 
the cheese produced in December appeared to be anoma- 
lous. However, even including the December result, the re- 
lation was statistically significant: excluding it, it was 
highly so and this regression has been drawn on the figure. 

The water serves two functions, one purely physical, in 
that it is a low viscosity liquid, the other in its action as a 
carrier for the substances dissolved in it which may un- 
dergo chemical reactions with the fat or casein. It has al- 
ready been stated that the water occupies the space not 
taken up by the casein matrix and the fat. Provided that 
there is a sufficient quantity, it takes up all of that space. 
Only near the outer surface, for instance, in the rind, is 
there likely to be any deficiency. In the case of Swiss-type 
cheeses, which contain eyes filled with gas, the main body 
of the cheese is still replete with water. The rheological 
consequence of this arrangement is that the water acts as 
a low-viscosity lubricant between the surfaces of the fat 
and the casein. The greater the space between these, which 
is another way of saying the higher the water content of 
the cheese, the easier the flow of water within these spaces. 
Hence there should be less restraint on the movement of 
the casein mesh around the enclosed fat. This freer move- 
ment should manifest itself as a lesser resistance to the 
deformation of the whole cheese and as a greater recovery 
after deformation. 

Taking the latter point first, a study was made of the 
elastic recovery of samples of some ten varieties of cheese 
after they had been compressed (29), but only up to a point 
at which no visible damage to the structure had occurred 
(Fig. 18). The cheese with the lowest water content, Par- 
migiano, showed the least recovery, while a Mozzarella 
with over 50% water showed the most. From the figure it 
is seen that while there was considerable scatter about the 
regression line, as was to be expected with cheeses of dif- 
ferent origins, a general trend was well established. 

The lubrication effect can be more clearly demonstrated 
with a single variety and within a single cheese. In a 
freshly made cheese the water is distributed more or less 
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Figure 18. Relation between elastic recovery and moisture con- 
tent. 


evenly throughout the whole mass. During the maturation 
period of those cheeses which are allowed to ripen in air, 
water evaporates from the surface and is only slowly re- 
placed by more water migrating from the interior. A mois- 
ture gradient is set up within the cheese. Measurements 
made on Emmentaler cheese (62) (Fig. 19) showed a very 
close relation between the water content of successive lay- 
ers and the firmness as determined by a penetrometer. 
Similar results have been obtained with Edam cheese (66). 
In that series of experiments a close relation was observed 
between the water content of the cheeses and the firmness, 
although they were made in two batches at different tem- 
peratures (Fig. 20). 

In its other role as carrier of active ingredients the pres- 
ence of water is principally seen in the effect on the 
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Figure 19. Relation between firmness and moisture content in a 
single cheese. 
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Figure 20. Relation between quasi-modulus and moisture con- 
tent in a single cheese variety. 


changes which take place in the casein network. An illus- 
tration of this is found in Meshanger cheese (56). This 
cheese has the usual well-organized casein structure when 
freshly made. As the ripening proceeds, the structure 
breaks down until it becomes a more or less amorphous 
loose mass of casein submicelles. Figure 21 shows the re- 
lation found between an arbitrary measurement of the 
firmness and the water content of cheeses from some ten 
batches during ripening. In the same series of experiments 
the rate of degradation of the casein was determined for 
some of the batches over the first few weeks of life. The 
rate of degradation, calculated as a first-order reaction, 
showed good agreement with the water content (Fig. 22). 

Although protein, fat, and water constitute by far the 
greatest part of any cheese mass, other constituents can- 
not be ignored. Salt, when added dry before the cheese is 
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Figure 21. Relation between firmness and moisture content. 
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Figure 22. Relation between rate of casein breakdown and mois- 
ture content. 


pressed, may sometimes appear as crystals embedded in 
the fat-protein mass. Then it is not usually present in 
large enough quantities to make any sensible contribution 
to the rheological properties of the whole. Almost all of the 
salt is present only in solution in the water. There its effect 
on the properties of the whole cheese is minimal. Any se- 
rious contribution of the salt to the rheological properties 
of the whole cheese is by indirect action (67). A high con- 
centration of salt increases the osmotic pressure, diverting 
a significant quantity of water from the structural bonds 
of the casein network (68,69). This may be seen in the effect 
on the ripening of some samples of Mozzarella cheese (70). 
When the salt content was low (0.27%) the modulus de- 
creased from 120 to 45 N/m? in five weeks, but when salt 
was present in excess of 1% no change was observed within 
the same period. 

In cheese where the salt is added by immersion in brine 
there is a further consideration. The inward diffusion of 
the brine results in a concentration gradient being set up 
within the cheese. This has a twofold effect. First, the pres- 
ence of the salt simply excludes some of the water; this in 
turn reinforces the moisture gradient simultaneously aris- 
ing from the evaporation of water from the surface layers. 
Probably more important is the fact that the diffusion of 
the salt into the cheese is a slow process (71). In the early 
stages of ripening the salt concentration in the inner 
regions is unlikely to be sufficient to limit the protein deg- 
radation described above. The presence of more water and 
an enhanced proteolytic activity affect the rheological 
properties in the same sense, giving rise to a weaker struc- 
ture and therefore a less firm cheese. It is therefore prob- 
able that the variation in firmness within a single cheese, 
which, as described earlier, is closely related to the mois- 
ture distribution, is accentuated by bringing. 

Some cheeses also contain a significant quantity of gas. 
In the Swiss-type cheeses this is concentrated in the eyes; 
the remainder of the cheese has a close waxy texture and 
is virtually free of any entrapped gas. In hard and crumbly 
cheeses the gas may simply be air which has infiltrated 
into cracks which have developed in the mass. The signif- 
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icance of either eyes or cracks is that measurements made 
on the whole cheese or on its surface are not a fair repre- 
sentation of the properties of the main body of the cheese. 
Hidden cracks or eyes will give rise to irregularities when 
measurements are made by any form of penetrometer and 
probably account for a substantial amount of the observed 
scatter. In compression measurements they will give rise 
to premature breakdown. They also account for the fact 
that difficulties are encountered when any attempt is 
made to assess the rheological properties of cheese by 
studying the propagation of ultrasound through it. The ve- 
locity of propagation is more influenced by the scattering 
at the discontinuities than by the properties of the cheese 
mass. 


SOME EXPERIMENTAL RESULTS 


Most of the rheological methods described earlier have 
been used at one time or another for the study of cheese. 
Problems associated with penetrometers and tests on the 
surface have already been indicated. The most satisfactory 
tests are made on samples cut out specifically from the 
cheese mass. In this case the sample can be inspected to 
insure that there are at least no major cracks or other in- 
homogeneities in it and the dimensions can be precisely 
determined. The force-compression test using small pre- 
pared samples has been widely used for routine measure- 
ments. However, in spite of its widespread use, there has 
been no consensus of opinion on the most suitable operat- 
ing conditions. Sample size and shape, rate of compression, 
and even temperature have all varied. A most interesting 
feature is that, notwithstanding these differences and the 
number of cheeses which have been examined, the force— 
compression curves show a remarkably common pattern. 
This underlines its general usefulness. 

There are several important considerations to be taken 
into account when deciding on the operating conditions. In 
the first place, the sample should be large enough to be 
representative of the whole (72); the more heterogeneous 
the cheese, the larger the sample. On the other hand, it 
should not be so large that it may contain hidden cracks 
or irregularities. These two requirements are almost mu- 
tually exclusive. As a compromise most workers have 
taken samples with linear dimensions of 10 to 25 mm. The 
preferred shape has usually been a cylinder. It is easier to 
prepare a rectangular sample with precise dimensions but 
the symmetry of the cylindrical shape helps to minimize 
the development of irregular cracks during compression 
(63). A wide range of compression rates has been used: 
from 2 mm/min up to 100 mm/min (3.33 x 107* to 1.66 x 
10-* m/s). The faster rates tend to obscure the true be- 
havior at the onset of compression unless a recorder of very 
short response time is available. The strain rate at any 
instant depends on both the rate of compression and the 
height of the sample at that instant. 

Table 1 summarizes the principal measurements that 
have been reported on hard cheeses using the force— 
compression test. In order to produce this table and make 
the results from different workers comparable, the original 
curves from the references cited have been transformed 


Table 1. Principal Measurements of Hard Cheeses Using 
the Force-Compression Test 


3 80% 
Modulus, _Yield point stress, 
E. oy G30 

Cheese (kN/m*) (kPa) (kPa) Ref. 
American loaf 70 25 0.72 46 58 
Bel Paese 300 44 ih 37 
Caerphilly 1100 92 016 467 «© 36 
Cheddar 280 41 034 50 22 
Cheddar 53 0.25 39 
Cheddar 63 0.24 47 
(Cheddar (mild) 160 40 0.60 ui 58 
Cheddar (strong) 400 58 022 «65 «88 
Cheddar 320 45 021 64 73 
(Cheddar (green) eid 54 0.80 37 AT 
Cheddar (mature) 170 23 020 22 «47 
Double Gloucester 1600+ 189 024° «+75 36 
Edam 660 214 0.60 36 
German loaf 300 18 call 33 
Gouda 240 98 0.72 62 36 
Lancashire 2000+ 105 0.28 36 
Leicester 400 56 031 38 32 
Montasio 40 85 0.80 37 
Mozzarella 300 (no peak) 34 
Mozzarella 80 4 0.57 58 
Muenster 40 16 0.72 «59 58 
Parmigiano 700 132 0.28 37 
Provolone 120 37 0.60 37 
Silano 230 26 ca 0.30 87 
Processed 195 57 0.39 30 36 
Processed 440 al 0.27 37 
Processed 60 9 0.21 37 


into stress—strain curves. As previously mentioned, the 
instrument in its usual commercially available form pro- 
duces curves of force versus linear travel. While linear 
travel is easily converted to true strain (eq. 11), the stress 
correction requires a knowledge of the actual shape at any 
instant during compression. Often this is unknown, or at 
least unreported. Unless special precautions have been 
taken, the behavior of the sample will be intermediate be- 
tween that obtaining in the lubricated and in the bonded 
situations. For the present purposes the simpler correction 
applying to the lubricated condition has been used 
throughout, although it is realized that it will not quite 
compensate for the barreling which occurs. The values 
were then read from the transformed curves. The modulus 
given in the column headed Ep is from the slope at the 
origin, ie, it refers to the undeformed sample. The entries 
in the columns headed yield refer to the stress and strain 
at the peak of the curve. 

Table 2 summarizes a number of results which have 
been obtained by other methods where it has been possible 
to calculate a modulus from the data. In order to compare 
the two tables, it will be recalled that Table 1 lists the 
values of an elastic modulus. It must be most nearly com- 
parable with any quasi-modulus determined by the punc- 
ture test or by simple compression. The yield stress mea- 
sured by a cone penetrometer is more likely to be 
comparable with the yield value in the force-compression 


Table 2. Modulus Measurements Using Various Methods 


Cheese Modulus (kN/m?) Method Ref. 
Brie 13 Extruder 74 
Sbrinz 41 Extruder 74 
Chanakh 58 Cone 69 
Emmental 40 Cone 69 
Emmental 3.5 Cone 22 
Gouda 44 Cone 69 
Kostroma 54 Cone 69 
Lori 40 Cone 69 
Cheddar 195 Punch 29 
Edam 340 Punch 29 
Emmental 220 Punch 29 
Gouda 270 Punch 29 
Kachkaval 120 Punch B 
Mozzarella 170 Punch 29 
Mozzarella 22 Punch 74 
Muenster 120 Punch 29 
Parmigiano 550 Punch 29 
Provolone 130 Punch 29 
Cheddar 270-400 Compression 76 
Mozzarella 80 Compression 70 
Kachkaval 60-100 Ball Compressor 77 


test, since both are influenced by partially broken-down 
structure. It must be pointed out, however, that lack of 
adequate documentation makes it difficult to make mean- 
ingful comparisons between the results from different lab- 
oratories. 


VARIATION WITH AGE 


The development of firmness during the ripening and sub- 
sequent storage of cheese has always been of particular 
interest to both the practical cheese-maker and the rheol- 
ogist. During this period all three principal constituents 
undergo change. Moisture evaporates from the surface of 
the cheese if this is exposed to the air; additional moisture 
migrates from the interior to replace that lost and some of 
this also evaporates. Eventually a moisture gradient is set 
up, but even the center will be drier than it was originally. 
The protein in the matrix undergoes progressive change as 
the available water is reduced and the residual enzymes 
and bacteria continue to act on it (46,47,75). Furthermore, 
on the purely physical plane, as the water content de- 
creases, the matrix may shrink or collapse under pressure 
so that voids do not form and the protein becomes denser. 
Some of the glycerides in the fat slowly crystallize, result- 
ing in a more solid mass of fat. 

These changes which take place in the structural com- 
ponents of the cheese are reflected in force-compression 
curves. Figure 23 shows curves for two cheeses, Cheddar 
(47) and Gouda (63), when green and when mature. During 
aging the strain sustainable by the cheese before breaking 
down at the yield point (point B in Fig. 7) decreased more 
or less exponentially with time in both cases. Figure 24 
shows this for one batch of Cheddar cheese. At the same 
time the stress at the yield point diminished. The strength 
of the matrix had clearly been reduced through aging. In 
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Figure 23. Force-compression curves for young and mature 


cheeses: ——, Cheddar (mature); - - -, Cheddar (young); —, Gouda 
(young); and ~~, Gouda (mature). 
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Figure 24. Relation between age and strain at yield point for 
Cheddar cheese. 


the Gouda cheese the behavior was rather different. Al- 
though the yield strain decreased, the stress at this point, 
ie, the ultimate strength of the matrix, had increased. It is 
only to be expected that as the actual balance between the 
different mechanisms of aging of the components varies 
from one cheese to another, so the paths of change in the 
whole cheese will vary. Figure 25 shows some of the results 
that have been reported (47,78,79). 

Not only does the firmness of cheese change with age, 
but also its springiness. The degradation of the protein, the 
solidification of the fat, and the reduction of the water 
available to lubricate the relative motion all tend to reduce 
the springiness. Springiness is not a simple rheological 
concept. It implies not only the ability to recover from com- 
pression or indentation but also that this will be immedi- 
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Figure 25. Variation of firmness with age: @, Cheddar; O, Kach- 
kaval; 1), Tamismi and Russian; and Ml, unspecified French 
cheese. 


ately evident. It does not show itself directly in a force— 
compression curve; a recovery curve is more appropriate 
for this purpose. Nevertheless, this decrease of springiness 
has been remarked upon consistently using subjective ob- 
servations on a number of cheeses (27,29,47,49,80). 


SUBJECTIVE ASSESSMENTS 


How the rheological properties measured by instruments, 
as just described, relate to the grader’s or the consumer’s 
assessments of the cheese remains to be considered. The 
emphasis in this article has been on the measurement of 
the firmness of cheese which arises from its structure. It 
should be stressed that meaningful comparisons can only 
be made between instrumental and subjective methods if 
the subjective terminology is unambiguous and the instru- 
mental measurements precise. Early experiments on sin- 
gle varieties of cheese showed that the subjective assess- 
ment of firmness, which is a fairly simple concept, 
correlates very highly with measurements made with sim- 
ple apparatus, such as the Ball Compressor (81). But a 
simple correlation by itself does not indicate to what extent 
the instrumental measurement should be used to predict 
a typical user’s appraisal. Nor can the results of experi- 
ments on a single variety be extrapolated to other types of 
cheese without verification. Some authors have arbitrarily 
assigned a specific consumer quality to a particular instru- 
mental reading. For instance, the quasi-modulus calcu- 
lated from a simple compression test (27), the yield value 
given by a cone penetrometer (22), and the stress at 80% 
compression have all been proposed as measures of firm- 
ness. The recovery after a limited compression (29,82), ar- 
bitrarily decided upon, has been used as an indication of 
springiness. These intuitive opinions may help visualize 
the significance of an instrumental measurement and are 
probably adequate for internal comparisons within a single 
investigation, but they lack scientific rigor. 


The force-compression test, giving as it does a charac- 
teristic curve with several readily identifiable features, 
provides a number of potentially useful parameters. In 
Figure 26 the values of hardness as assessed by a panel, 
of a number of different cheeses, versus the stress mea- 
sured at 80% compression are plotted (73). A logarithmic 
regression line has been drawn through the points. The 
standard deviation about this regression line was no 
greater than that due to the differences among the panel. 
In this case, then, using the regression line, the instru- 
mental reading can be safely used to predict that panel’s 
assessments. In the same series of experiments the instru- 
mental measurements were carried further. As soon as the 
compression had reached 80% the compressing plates were 
withdrawn and the recovered height of the sample was 
measured, At the same time the springiness was assessed 
subjectively. As has already been pointed out, springiness 
involves not only the extent of recovery but also its speed; 
possibly all individuals will have, subconsciously, their 
own ideas of the relative contribution of the two to the final 
judgment. As was to be expected, there was poorer agree- 
ment among the panel members in this part of the exper- 
iment. Even so, there was a highly significant correlation 
between the measured recovery and the average panel as- 
sessment of springiness. 

The relation between user acceptance and instrumental 
rheological measurement is an ongoing study (82). The few 
examples cited above show that, if the proper parameter 
is chosen and the terms clearly understood, rheological 
measurements can successfully predict users’ assess- 
ments. 


CONCLUSION 


Although the study of cheese rheology is as old as rheology 
itself, only a few cheese varieties have been investigated. 
These have been drawn almost exclusively from among the 
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Figure 26. Comparison of subjective and objective measure- 
ments of firmness. 


firmer varieties. The softer cheeses, of which there are 
many, have received scant attention. They pose rather dif- 
ferent rheological problems because they are less like sol- 
ids and more akin to stiff pastes or creams; they should, 
however, be nonetheless interesting to rheologists. 

It has been shown, by bringing together diverse obser- 
vations on the firmer cheeses from a number of workers, 
that it is possible to build up plausible theories to relate 
the behavior of the finished cheese to the structure devel- 
oped during its manufacture. Mathematical models may 
be posited for the rheological behavior, but with a material 
as heterogeneous as cheese, these, if they are to be simple 
enough to be easily handled, are unlikely to give more than 
an approximate representation of the observed pattern. 
Using these, or directly from experimental measurements, 
material constants may be extracted to characterize the 
cheese. A knowledge of these may be helpful to the cheese- 
maker, both as a means of controlling the production re- 
gime and as a guide to the acceptability of the product. 
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CHILLED FOODS 


The chilled-food market has expanded since the advent of 
freezing technology in the 1940s. Although foods were sold 
chilled at that time, these were generally raw product such 
as fish and meats. The current needs of society for time- 
saving and easily prepared meals has led to a wider range 
of products being offered to the consumer, including many 
ethnic dishes. Much of this chilled product development 
has coincided with expansion in the technology of chilling, 
modified atmosphere packaging, and an understanding of 
the microbiological safety issues during storage. The ad- 
dition of microbiological hurdles has allowed shelf-life ex- 
tension to many products, which has helped to meet the 
needs for an economic distribution system. Most super- 
markets now offer chilled prepared foods that are fully 
cooked and ready to eat. The development of a food service 
industry both in vending and restaurants has allowed 
large companies to quickly exploit the refrigerated product 
market and to make the most of such opportunities. This 
article summarizes the issues and developments in the 
area of chilled foods related to production, safety, and mar- 
ket trends from different perspectives. 


MARKET FOR CHILLED FOODS 


The global market for chilled foods was estimated at more 
than $7 billion in 1996. Although other regions such as 
Canada and Southeast Asia have significant chilled-food 
markets, the global market is dominated by sales in the 
United States ($3.4 billion), Europe ($2.0 billion), and Ja- 
pan ($590 million) (1). The market share in these regions 
could be attributed to a modern lifestyle in which less time 
is set aside for cooking at home as well as a good infra- 
structure for chilled-food distribution. As the types of 
available products, distribution of the products, and trends 
in each of the three largest chilled-food markets differ sig- 
nificantly from the others, these markets will be addressed 
separately. 


UNITED STATES 


Available Products 


The chilled-food market in the United States can be di- 
vided into seven main product categories: precut vegeta- 
bles and salads, lunches and snacks, fully cooked poultry, 
pasta, pizza, sauces, and fully cooked entrees and dinners 
(1). A breakdown of the major product types in the United 
States chilled-food market can be found in Figure 1. 
Although many food companies may distribute precut 
vegetables and salads, these items are also prepared, pack- 
aged, and stored at the retail level in supermarkets or con- 
venience stores. Prepared salads may also include dress- 
ings and/or seasonings, croutons, or breadsticks. Lunches 
and snacks include small kits for making a sandwich or 
snack for one person. These kits may include cold cuts, 


CHILLED FOODS 337 


Entrees/dinners 


Pizza/pizza kits 
% 

Fa So Precut 
vegetables 
and salads 

44% 
Fully cooked 
Poultry 


17% 


Lunches and snacks 


Figure 1. Available product types and market share of chilled 
foods in the United States, 1996. 


tuna or chicken salads, or cheese and crackers; some kits 
targeted specifically for children’s lunches may include 
chips or dessert items and a beverage. Fully cooked poultry 
includes parts (legs, breasts, etc) as well as quarter, half, 
and whole birds. The majority of chilled poultry marketed 
in the United States is chicken, with turkey receiving an 
increasing market share. Most fully cooked, chilled poultry 
is roasted or fried and may be breaded, seasoned (barbe- 
cue, cajun, spicy hot, etc), or marinated. Chilled pasta is 
not typically fully cooked and usually requires some prep- 
aration. The main selling points to this particular category 
are freshness, variety, and reduced preparation time. Some 
chilled pasta products are filled with cheese or meat, some 
may be made with nonstandard flours (corn, bran, or 
pumpkin), and some may be flavored (1). Chilled pizza 
products fall into two main segments: kits and completely 
assembled uncooked or partially cooked pies (1). A pizza 
kit usually includes the uncooked crust, sauce, cheese, 
spices, and possibly other toppings. Completely assembled 
pizzas may be uncooked or partially cooked, but the con- 
sumer is usually required to finish the cooking. Chilled 
sauces tend to be upscale products positioned on gourmet 
recipes. Italian pasta sauces are the most popular of this 
category, followed by ethnic and traditional sauces. Ex- 
amples may include alfredo, pesto, spicy marinara with 
clams, Thai with lemongrass, Mexican mole, barbecue, and 
seafood sauces. Fully cooked entrees and dinners are 
mostly cooked and meant to be heated and served. Exam- 
ples may include lasagna, meatloaf, and fajitas as well as 
complete turkey dinners with side dishes for the holiday 
season (1). 


Current and Future Market Trends 


The retail market for chilled prepared foods in the United 
States advanced from $1.8 billion to $3.4 billion during the 
years 1992 to 1996, an increase of 87.6% (1). Most of the 
growth has been earned by precut vegetables/salads and 
Tunches/snacks, with fully cooked poultry, pasta, and pizza 
earning small advances and chilled sauces and entrees/ 
dinners declining slightly. The total chilled-food market is 
expected to increase to more than $5 billion by the year 
2001; this is demonstrated in Figure 2. 
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Figure 2. Actual and predicted market for chilled foods 
in the United States, 1992-2001. 


Most growth in the U.S. chilled-food market is predicted 
to occur in the precut vegetables/salads and lunches/ 
snacks areas. Other chilled categories are expected to re- 
main stable or decline somewhat. Despite the large market 
growth between 1992 and 1996, most chilled foods are 
marketed as line extensions of successful frozen or shelf- 
stable company brands. Although food companies are 
aware of the consumer demand for fresh, convenient foods, 
most do not provide proper market support or distribution 
channels for chilled products. Refrigerated food marketing 
strategies in the past have included trying to capitalize on 
already successful frozen or shelf-stable brands rather 
than pushing the products on their own merits. Most con- 
sumers purchase chilled prepared foods because they are 
perceived as being fresher and more convenient than simi- 
lar frozen or shelf-stable products. Future trends in the 
chilled-food area include achieving fresher products 
through improved distribution practices, improving the 
market by focusing on the convenience of chilled foods, and 
developing a greater variety of value-added products to off- 
set premium price levels of chilled foods (1). 


EUROPEAN AND JAPANESE MARKETS 


Available Products 


The European chilled-food market can be divided into 
seven main product categories: salad lunches, meat dishes, 
seafood dishes, pasta-based dishes, pizza and pizza top- 
pings, ethnic foods, and other foods such as cheese and 
dairy products (1). The types of products in each of the 
preceding categories will vary greatly throughout Europe 
due to the breadth of cultural diversity. Nonseafood salad 
lunches account for 21% of the total chilled prepared-food 
sales, closely followed by meat dishes, seafood dishes, 
pasta-based dishes, and pizza and pizza toppings. Figure 
3 illustrates the major product types and market share of 
each product category in the European chilled-food mar- 
ket. 

The chilled-food market in Japan is comprised of three 
main product categories: Japanese-style foods, other Asian 
dishes, and Western dishes (1). Chilled foods in Japan tend 
to be marketed as snacks or luncheon replacements rather 
than main meal replacements. 
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Figure 3. Available product types and market share of chilled 
foods in the European Community, 1996. 


Current and Future Market Trends 


Sales of chilled prepared foods in Europe increased from 
$1.5 billion to more than $2 billion during the period 1992 
to 1996 (1); actual and forecasted sales figures for the Eu- 
ropean chilled-food market can be seen in Figure 4. 

The growth in the chilled-food market in Europe is not 
as dramatic as that in the United States over the same 
time period. It should be noted, however, that chilled-food 
marketers experienced a drop in unit prices and profit 
margins due to the marketing of larger product portions in 
order to gain or expand market share (1). Growth of the 
European chilled-food market during the period 1997 to 
2001 is also expected to be relatively slow; sales of chilled 
foods in Europe are expected to increase to only $2.4 billion 
by the year 2001. Nevertheless, chilled foods account for 
19% of the total prepared-foods market in Europe, and this 
position is expected to increase to 22% by 2001. Scandi- 
navia and the United Kingdom account for more than 50% 
of the total chilled-food market in Europe, with Germany 
and France accounting for another 27%. These markets are 
seen as relatively mature, but greater growth is expected 
in countries such as Spain, Italy, and Eastern Europe, 
where chilled-food sales are still relatively small. The 
chilled prepared-food market in Japan increased from 
$433 million to $587 million during the period 1992 to 
1996. Chilled-food sales in Japan are expected to increase 
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to more than $840 million by 2001 (1); the current and 
future chilled-food market trend for Japan can be seen in 
Figure 5. 

Most of this market growth is due to the expanding 
presence of supermarkets, although much of the available 
chilled foods is distributed through neighborhood conven- 
ience stores. The chilled-food market in Japan is seen as 
relatively new and expanding by market research compa- 
nies, as chilled-food distribution systems have only re- 
cently been opened to Western companies (1). Home deliv- 
ery of food to the elderly and the expanding presence of 
automatic vending machines are expected to contribute 
significantly to the Japanese chilled-food market growth. 

Consumers in both Europe and Japan view the nutri- 
tional value and health benefits of chilled foods as being 
superior to similar frozen or shelf-stable products. A de- 
mand for superior quality is also evident in both Europe 
and Japan, as consumers are willing to pay a premium for 
chilled foods with authentic home-cooked or restaurant- 
quality taste. Convenient and functional packaging of 
chilled foods is given as much accord by Japanese custom- 
ers as the nutritional quality of the food. Consumers in 
both Europe and Japan are also becoming more price con- 
scious in light of the 1990 European recession and the re- 
cent economic troubles in Asia (1). 


PROCESSING OF CHILLED FOODS 


Chilled-food processing lines are designed to produce qual- 
ity finished products as well as to control the presence and 
growth of microorganisms in finished products. A partic- 
ular production method may be used in concert with an- 
other to produce a product of superior organoleptic and mi- 
crobiological quality. The following procedures arecommon 
throughout the industry in the production of chilled foods. 


Controlled Product Handling During Processing 


Product handling during all phases of chilled-food produc- 
tion is crucial from a microbiological safety and quality 
standpoint. A typical processing diagram for chilled foods 
indicating separation of production zones can be found in 
Figure 6. 


Figure 4. Actual and predicted market for chilled foods 
in Europe, 1992-2001. 


Separate zones for raw receiving, preprocess prep- 
aration, product assembly and cooking, pasteurization, 
chilling, and packaging are usually identified and main- 
tained in chilled-food operations (2). Physical separation of 
different production zones is necessary to prevent cross- 
contamination between raw and cooked or processed prod- 
uct. Other aspects of hygienic process design, such as clean 
rooms and air handling systems, may be incorporated into 
chilled-food processing to reduce the risk of microbial con- 
tamination. For example, clean rooms may be maintained 
in the assembly and packaging of already-processed con- 
stituents, and air handling systems may be used to filter 
particles 0.5 zm or smaller from product assembly areas 
to minimize postprocess microbial contamination. A rig- 
orous cleaning protocol for machines and the factory en- 
vironment is also to be included as part of a good manu- 
facturing practice for the manufacture of chilled-food 
products (3). 


Pasteurization 


Pasteurization involves heating food products to eliminate 
specific types of microorganisms. Chilled products can be 
pasteurized before packaging and clean-filled (hot fill hold) 
or filled and pasteurized in-pack (IPP). Cooking processes 
may be considered as part of the pasteurization process, 
but care must be taken to prevent contamination during 
latter processing steps. For chilled products having an ex- 
pected shelf life of 10 to 14 days, a minimal heat process 
to eliminate infectious pathogens is recommended, espe- 
cially if the product is ready to eat. An example of a typical 
process for these product types is 70°C per 2-min hold, 
which will eliminate 10° Listeria monocytogenes per gram 
of product. Chilled products having an expected shelf life 
of more than two weeks generally require a more severe 
process to eliminate spore-forming psychrotrophic patho- 
gens. Typical processing conditions for these extended 
shelf-life products are at least 90°C per 10-min hold to 
eliminate 10° nonproteolytic, psychrotrophic Clostridium 
botulinum per gram of product. 

Pasteurization processes are defined in terms of P- 
value, which is the time a product is held at a certain pro- 
cessing temperature (typical value for nonproteolytic C. 
botulinum would be written as Pgg:c = 10). Conventional 
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Figure 6. ‘Typical process diagram for the manufacture of chilled 
foods. 


thermal processing z-value, which is used to calculate the 
increase or decrease in temperature necessary for a 10-fold 
difference in the reduction of microorganisms, may also be 
used to describe pasteurization processes. P-values are 
usually used, however, because unlike commercial sterili- 
zation processes, both z-value and heat resistance of the 
organism may increase during pasteurization (4). The heat 
resistance of microorganisms generally increases in food 
products having a lower water activity and decreases in 
food products having a lower pH. 


Year 


Examples of pasteurization methods include heating 
mixes and particles suspended in sauces in jacketed ves- 
sels, heating liquid or pumpable ingredients via heat ex- 
changers, heating solid particles in atmospheric ovens, fry- 
ing, and heating packaged products in water baths or 
retorts for in-pack pasteurization. Any method used must 
provide a critical minimum heat treatment, which must be 
defined by heat penetration analyses and thermal death 
time experiments. Factors affecting the pasteurization 
process include the initial temperature of the ingredients, 
amount of solid particulates, equipment heating rate, and 
rate of circulation/agitation. These parameters, as well as 
temperature profiles of the finished product during pro- 
cessing, are usually Hazard Analysis Critical Control 
Points (HACCPs) and must be accurately and reliably con- 
trolled and maintained. 


INTRINSIC PRODUCT FACTORS 


Chilled-product formulation may have a significant effect. 
on the process applied to a particular chilled food. Several 
factors may be incorporated into the formulation of chilled 
foods that may increase the overall keeping quality of the 
product and subsequently decrease the amount of process- 
ing necessary to achieve a certain shelf life. One factor that 
reduces the amount of heat necessary to provide a partic- 
ular shelf life is product pH. Microorganisms tend to be 
more heat sensitive in products with a lower pH, and lower 
pH may also enhance the keeping quality in combination 
with chilled storage temperatures, as the optimum pH 
range for the growth of most foodborne microorganisms is 
between 5 and 8. An example of utilizing the synergistic 
effect between storage temperature and product pH is in 
the prevention of C. botulinum type E outgrowth. A prod- 
uct pH of 5.5 is necessary to prevent the outgrowth of C. 
botulinum type E spores at 15.5°C, but if the storage tem- 
perature is maintained at 5°C, the optimum pH for control 
of outgrowth rises to 6.4. Product pH may be lowered using 
acidic ingredients like tomatoes or by the addition of or- 
ganic acids such as lactic, citric, or acetic acid. The type of 
acid selected depends both on sensory and shelf-life re- 
quirements. In general, acetic and lactic acids have greater 
antimicrobial activity than citric acid. 


Another factor that may be used to control the possible 
growth of microorganisms in chilled products, especially 
nonproteolytic C. botulinum, is water activity (a,). Water 
activity values below 0.85 may prevent or delay the out- 
growth of microorganisms during shelf storage of chilled 
products, although products with a lower a, may require 
a more severe initial heat process. Most chilled products 
have an a, above 0.90. Preservatives such as potassium 
sorbate or sodium benzoate may also be added to chilled 
foods to control the growth of certain microorganisms dur- 
ing shelf storage. Use of these preservatives is primarily 
to control the growth of yeasts and molds, and the activity 
of these substances may depend on product pH. Potassium 
sorbate may also delay the outgrowth of some spore for- 
mers and lactic acid bacteria. Nitrites and sodium chloride 
have been used in chilled meats, poultry, and fish to protect 
against C. botulinum. The factors just listed may be used 
in concert for chilled-product safety and quality while im- 
proving the overall product quality and appearance. They 
assist by reducing the pasteurization process necessary for 
the control of microbial growth. The development of prod- 
ucts with these intrinsic factors is known as “Hurdle Tech- 
nology” and is widely practiced in the food industry. 


CHILLING TECHNIQUES 


Products distributed in the chilled state must be suffi- 
ciently cooled in a reasonable time after cooking and pro- 
cessing. European Economic Community (EEC) Directive 
77/99 requires that foods for chilled distribution must be 
cooled to 10°C or less within two hours of processing and 
maintained at or below that temperature for the duration 
of product shelf storage. The U.S. Food and Drug Admin- 
istration (FDA) requires similar cooling conditions (cooled 
to less than 7.2°C in less than two hours after processing 
and maintained at or below that temperature during prod- 
uct shelf storage) for chilled foods. 

Several techniques are currently used in the industry 
that allow for the processed products to be chilled accord- 
ing to the preceding requirements. One of these is the use 
of air-blast coolers, which circulate chilled air at high ve- 
locities (up to 16 m/s for smaller product sizes) to effect a 
rapid cooling rate. This rapid rate is important for sensi- 
tive foods that have been heat processed prior to cooling. 
The design of these units provides rapid and even chilling, 
and coolers may also be designed for humidity control in 
unwrapped product applications. Safety issues such as L. 
monocytogenes contamination can arise in systems for 
chilling unwrapped products if conditions such as tem- 
perature and humidity are not controlled. Chilling tunnels 
can also provide good product chilling characteristics by 
altering the airflow methods in different tunnel sections. 
Products cooled by this method are usually carried through 
the tunnel on trays or pallets. Direct-contact refrigerants 
such as liquid nitrogen and dry ice (carbon dioxide) shav- 
ings may also be used to rapidly chill heat-processed prod- 
ucts. This equipment is usually designed to prevent prod- 
ucts from freezing. Immersion hydrocooling and ice bank 
chilling are two other common methods of rapidly cooling 
chilled products; these methods provide more control over 
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the chilling process, as they do not allow for the product to 
freeze. Hydrocooling is carried out by spraying or immer- 
sion of the product and can be included as part of a contin- 
uous process. Ice bank chilling is primarily used with vege- 
tables, and systems may be designed to maintain a high 
humidity to prevent moisture loss. After rapid chilling, 
products may be held in lower-velocity air system cold 
rooms before packaging or distribution. 

Some products may be prepared frozen and held until 
they reach the retail or food service market. At the retail 
outlet, the products are thawed at 4 to 6°C and maintained 
at this temperature. This approach is referred to as 
“freeze-thaw” and allows greater flexibility in the distri- 
bution chain as well as longer product shelf life and im- 
proved safety. Sale of such products requires that the con- 
sumer be informed that the product was “previously 
frozen.” Another approach, often referred to as Latent Zone 
chilling, uses temperatures of —2 to 0°C for the prepara- 
tion and storage of products. Such temperatures have been 
shown to extend the shelf life of a number of products for 
up to six weeks. The concept was developed to provide 
more efficient production of prepared foods, 


PACKAGING OF CHILLED FOODS 


There are a number of methods for packaging chilled foods, 
and the diversity is evident when the chilled-product areas 
in supermarkets are viewed. A series of requirements for 
chilled-food packaging from both the consumer and man- 
ufacturer point of view are listed in Table 1. 

Foods undergo numerous changes including chemical, 
physical, and microbiological changes during storage. Food 
packaging acts as a protective unit against such changes 
by providing a barrier against contamination from outside. 
These properties have been described as active, intelligent, 
or interactive and may delay or control many of the un- 
desirable changes to the product during the storage period. 

Packaging materials are chosen based on the properties 
necessary to maintain product safety or quality as well as 
package integrity. The most common materials are paper, 
variable types of polymers or films, aluminum, or combi- 
nations of each as laminates. Lamination of these mate- 
rials provides strength, improved heat resistance for the 
package (eg, from direct microwaving), better sealing prop- 
erties, and more efficient barriers against moisture loss. 


Table 1. Principal Package Requirements for Chilled 
Foods 


Manufacturer basic 


requirements Consumers’ requirements 
Nontoxic Easy opening 
Withstand factory process 
conditions Resealable 
Maintain integrity during Shelf life/nutritional/ingredient 
transit information 
Control moisture/gas 
losses Contents clearly visible 


Minimal handling required during 
preparation 


Maintain seal integrity 


342 CHILLED FOODS 


Rigid polymer materials have become a popular choice for 
chilled products; these include polyethylene (PE), polyeth- 
ylene terephthalate (PET), polyvinyl chloride (PVC), and 
polystyrene (PS). The need for lower-cost packaging ma- 
terials such as the flexible polymers or packaging films 
consists of multiple layers of laminates. Ethylene viny] al- 
cohol (EVOH), for example, is the film of choice for im- 
proving the oxygen barrier properties. A good overview of 
chilled food packaging can be found in Reference 5. 


Modified Atmosphere Packaging 


Chilled products may be packaged under a modified at- 
mosphere to allow extended shelf storage (6). This type of 
approach allows products to be shipped longer distances 
and enables a reduction in economic losses due to spoilage. 
Modified atmosphere packaging (MAP) depends on replac- 
ing air ina package with different gas mixtures to regulate 
microbial activity within the food. The composition of gases 
in the pack does not remain constant and will change dur- 
ing storage as a result of chemical, enzymatic, and micro- 
bial activity of the product. There are three parameters to 
consider for the successful use of MAP in chilled foods: the 
packaging film/container, the gas or gas mixtures being 
used, and the storage temperature. The film must have 
high barrier properties against moisture loss and low rates 
of transmission for the gas mixture being used. The role of 
the gases is quite distinct; carbon dioxide is inhibitory to 
both bacteria and yeast and molds and acts by extending 
the lag phase and, therefore, the generation time. The con- 
centration of the gas and the age, type, and load of the 
initial bacterial population influence this effect. Low tem- 
peratures increase the inhibitory action of carbon dioxide. 
Use of high levels of this gas can affect sensory properties 
of a food, producing off-odors and pigment, taste, and tex- 
ture changes, It may also cause package “collapse” as a 
result of the carbon dioxide being absorbed by the food. 
Nitrogen has little or no effect on bacterial growth unless 
the residual oxygen levels are extremely low (0.2%) and 
usually acts as a filler for the package. The presence of 
oxygen in MAP retards anaerobic growth and can improve 
or stabilize color within the pack. The application of MAP 
alone for chilled foods may not always provide shelf-life 
extension but should be considered as a part of a hurdle 
system. Some commonly used gas mixtures for MAP are 
shown in Table 2. 


Advantages and limitations of MAP in chilled foods are 
listed in Table 3. Further discussions on MAP technology 
can be found in References 7 and 8. The desired atmo- 
spheres within a package can also be achieved by use of 
sachet technology, an alternative to gas flushing. This ap- 
proach referred to as active packaging involves placing a 
sachet of a gas generator or absorber directly into the pack- 
age before sealing. Currently there are two kinds of MAP 
sachets available—oxygen absorbers and carbon dioxide 
generators. The most common oxygen absorbers work on 
the principle of iron being converted to ferric hydroxide by 
oxygen and water vapor. This technology is easily applied 
during the manufacturing stage, and the atmosphere gen- 
erated can be maintained during storage. Another appli- 
cation of sachet technology is the use of an ethanol pack. 
A sachet containing ethanol is placed in a package, and the 
released vapor acts as an antimicrobial agent. 


DISTRIBUTION OF CHILLED FOODS 


Chilled products must be distributed under temperature- 
controlled conditions matching the previously described 
EEC or FDA guidelines. Once the chilled products have 
been prepared, a temperature-controlled means of trans- 
port must be used to ensure that critical product han- 
dling temperatures are maintained. Road transports and 
intermodal freight containers are generally used to trans- 
port chilled food products from factory to warehouse to re- 
tail outlet. Road transports may include temperature- 
controlled trailers that may be run independently of 
the tractor units or trucks with temperature-controlled 
storage areas. Intermodal freight containers have self- 
contained temperature control units and may be trans- 
ported via train or on the bed of a trailer. Temperature- 
controlled road transports or intermodal freight containers 
must be capable of not only maintaining a chilled environ- 
ment in warmer months but also of maintaining chilled 
products in a refrigerated state during colder seasons. 
Chilled food products are generally maintained in ex- 
clusive temperature-controlled warehouses or in tempera- 
ture-controlled sections of other warehouses via the use of 
cold room techniques previously described. Once the 
chilled products have been distributed to the retail outlet, 
refrigerated display units are generally used to maintain 
product temperature for the remainder of product shelf 


Table 2. Commonly used Gas Mixtures in MAP for Microbial Stability in Chilled Products 


Chilled product ‘Target organisms CO, (%) Nitrogen (%) Oxygen (%) 
Pasta Molds, S. aureus >35 >20 a 
Meats Spoilage organisms = 100 — 
Salads Spoilage organisms 20 pal = 
Fish C. botulinum 50-60 = 25 
Sandwiches Spoilage organisms = 100 — 
Pizza Molds, lactics 50 50 0-10 
Poultry Spoilage organisms >40 60 = 
Cottage cheese Listeria 35 = - 
Soft Cheeses Listeria, molds ee 100 = 
Hard Cheeses Listeria, molds = 100 = 


Table 3. Advantages and Limitations of MAP in Chilled 
Foods 


Advantages Limitations 
Shelf-life extension Does not inactivate pathogens or 
prevent growth 
Restrict growth of aerobic Shelf-life extension depends on 
organisms initial population of 
microorganisms 
Delays growth of some 
facultative organisms Requires more costly packaging 
May improve flavor Can lead to lower line speeds 


Adjunct to other processes Does not control the growth of 
lactic acid bacteria 


storage. Refrigerated display units may be configured in a 
variety of ways, and the most common types are freestand- 
ing bins without doors and upright shelf units with pro- 
tective glass doors. Several sources have noted that retail 
display is the aspect of distribution in which a control of 
storage conditions is most lacking (9). Proposed regula- 
tions in the United States are more stringent in that the 
temperature requirement has been lowered from 6 to 4°C 
for refrigerated storage of chilled products. The goal of this 
regulation if to provide a greater margin of safety and qual- 
ity to chilled products, which should benefit both the con- 
sumer and the processing company. 


TEMPERATURE CONTROL AND MONITORING 


In the production of chilled foods the focus of any produc- 
tion strategy is either to eliminate or minimize the growth 
of pathogens or spoilage organisms. However, this focus 
must be balanced with quality issues such as color, flavor, 
and the desired shelf life. A number of options will allow 
such a balance, but all of these depend on temperature 
control. 

Akey factor for successful production of chilled foods is 
the constant awareness of controlling the temperature 
from the production and manufacturing site to the retail 
or food service markets and the consumer. The rate of qual- 
ity loss for chilled products, for example, can increase up 
to eight times for each 10°C increase in temperature, and 
the penalty for mishandling of products can be severe both 
in terms of human illness and product loss (10). 

A number of temperature-measuring devices are avail- 
able for monitoring products during production or trans- 
porting or in the retail marketplace. An excellent overview 
of this area has been published in Reference 11. The most 
common types consist of single readout units, sensors such 
as semiconductors or thermocouples, recording charts, 
data loggers, and chemical indicators. The single-unit de- 
vices such as the dial and stick thermometer, often seen in 
supermarket chill cabinets, lack accuracy in determining 
the air temperature. Changes to electronic readout ver- 
sions of these bimetal units have not added significantly 
to their accuracy. A much more accurate unit is the “point 
and shoot” infrared thermometers. These handheld guns 
measure radiation temperatures of a product surface, 
which is translated to a digital readout. Since the units 
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measure surface temperature, the actual temperature of a 
food product may need to be confirmed by other means. 
Similarly the liquid crystal devices seen on the front sur- 
faces of chill cabinets suffer the same problem since they 
measure the surface temperature of the cabinet. 

These single-unit devices are now being replaced with 
more accurate remote systems. These systems can be 
linked to a computer for data storage and temperature con- 
trol. Such systems can give temperature displays from a 
number of sites at once and may be linked to an alarm 
device. The temperature-measuring devices in these units 
may be either thermocouples or thermistors. The accuracy 
of these sensors ranges between 0.3 and 1.5°C. The therm- 
istor, a device that measures changes in resistance with 
temperature, is preferable to a thermocouple because of its 
accuracy. 

Data loggers may also be used to monitor refrigerated 
transport and storage of chilled foods. These units can be 
programmed to measure and record temperatures at reg- 
ular intervals over a period of time. When linked to a com- 
puter, these data can then be retrieved, and the tempera- 
ture history during storage is revealed. Current 
developments with these units have reduced the size of 
these loggers so that they can easily be placed inside small 
packages. Temperature monitoring and control is an im- 
portant issue, especially for chilled food where it remains 
the primary hurdle against spoilage and foodborne dis- 
ease. An indication of this is that chilled-product mishan- 
dling and abuse due to incorrect storage temperatures con- 
tributed to 43% of foodborne disease outbreaks in the 
United States in 1996. A temperature-monitoring ap- 
proach that has been successful in the pharmaceutical in- 
dustry is the use of time-temperature indicators (TTI). 
These indicators measure temperature or temperature 
changes based on chemical or biological reactions. The re- 
sults of these reactions are displayed in the form of color 
changes. In chilled foods the best type of TTI is the one 
that integrates both time and temperature. Such a product 
is available on the market, but current costs for these units 
prevent many companies from using them on individual 
packs. Consumer preference with TTI, especially with 
chilled products, is a “go/no-go” indicator. Systems indi- 
cating how much shelf life is remaining in a product are 
also preferred by consumers (10). Future developments 
should be able to overcome cost and ease-of-use issues. 


Distribution and Storage Temperature Studies 


Several studies on refrigeration temperatures maintained 
at retail outlets and homes of consumers revealed several 
interesting facts (12). Studies carried out in the U.S. mar- 
ket have shown that the temperature of storage of chilled 
products varies within a store and by product type. Super- 
market surveys have shown that storage temperatures 
and fluctuations within the raw meat cabinets are better 
controlled than in the delicatessen areas. A summary of 
this information can be found in Figure 7. 
Comprehensive studies have observed that many re- 
frigerated foods both at the retail and consumer level ex- 
ceeded 10°C (13). This was particularly true for delicates- 
sen items, where 13% of these items were above 12°C. 
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Figure 7. Temperature distribution of chilled products at the re- 
tail market. 
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Twenty percent of home refrigerators surveyed were also 
operating above 10°C (14). Factors such as shopping time 
and chilled-product temperature change from store to 
home have also been studied. In the United States, the 
variation in shopping time was found to be from 30 to 45 
min to over 1 h and 30 min. Product temperatures during 
transit by consumers were shown to rise from 5°C to 15°C 
in some instances. 


MICROBIOLOGY OF CHILLED FOODS 


Other factors apart from temperature control influence mi- 
crobial growth. These are moisture/water activity (a,,), 
acidity (pH), packaging, the use of preservatives, and type 
of initial processing. The most commonly used combina- 
tions are pH, a mild heat process, modified atmosphere 
packaging, and preservatives. These are combined with 
the use of chilled temperatures for better safety and shelf 
life of the product. 


Microbiological Safety 


Significant foodborne pathogens in chilled foods include 
both infectious and toxigenic organisms. An assessment of 
the ability of these organisms to grow in such products is 
critical for an evaluation of hazards. Organisms such as 
Staphylococcus aureus, Bacillus cereus, and proteolytic C. 
botulinum are unable to grow below 7°C, but under tem- 
perature abuse conditions they should be considered po- 
tential hazards. Spore formers such a B. cereus and C. bot- 
ulinum are also likely to survive mild pasteurization 
treatments often given to chilled products, so the out- 
growth of these pathogens is controlled by temperature 
alone. Organisms important to the safety of chilled foods, 
as well as the parameters for their growth, are listed in 
Table 4. 

The major microbiological concern in chilled foods is 
pathogens such as Listeria and nonproteolytic C. botuli- 


num. Recent outbreaks in the United States of Listeria in 
chilled meats emphasize the importance of controlling this 
pathogen in a chilled-food processing environment. Ready- 
to-eat deli meats produced by one large company were as- 
sociated with at least 62 listeriosis cases caused by sero- 
type 4b strain. At the same time, reports of recalls due to 
contamination by Listeria from other ready-to-eat meat 
producers were also published. The organism is ubiquitous 
and can be found in raw products such as vegetables, 
meat, and dairy products. It typically can be isolated from 
several locations in a factory environment and can contam- 
inate chilled foods as a postprocess contaminant (15). Be- 
cause the organism cannot be eliminated from food pro- 
cessing plants, strict management of the processing 
environment is necessary to minimize the probability of 
cross-contamination. This includes monitoring of ingredi- 
ents, surfaces, and the environment. This infectious path- 
ogen has the capacity to grow at refrigerated tempera- 
tures, with a generation or doubling time at 4°C of about 
24h. Thus chilled foods that do not receive a terminal heat 
process prior to consumption by the consumer can contain 
levels of Listeria capable of causing listeriosis. Listeriosis 
is characterized by a range of symptoms from flulike illness 
to miscarriages, septicemia, and death, depending on the 
sensitivity of the person. The infectious dose has yet to be 
determined but the current literature suggests <100 or- 
ganisms per gram. This organism has limited heat resis- 
tance, and a process of 70°C per 2-min hold will ensure the 
elimination of this organism from the food. 

Most serotypes of C. botulinum are of little significance 
in chilled foods with the exception of type E and nonpro- 
teolytic type B strains. Such serotypes are capable of grow- 
ing at chilled temperatures and produce a neurotoxin. In- 
cubation periods under anaerobic conditions of up to one 
month are required for toxin production at 4°C in meat/ 
fish-containing products. The spores are capable of being 
destroyed with milder heat treatments (eg, 85°C for 15-30 
min) than their proteolytic counterpart strains, which re- 
quire temperatures above 100°C for any measurable death. 
Other public heath-related organisms that are capable of 
growing at refrigerated temperatures include Yersinia en- 
terocolitica and Aeromonas hydrophila. The more impor- 
tant of these two is ¥. enterocolitica, as this has been 
clearly implicated in foodborne outbreaks with chilled 
products (16). Like Listeria, this organism has been iso- 
lated from foods such as meats, dairy products, and vege- 
tables. Species of A. hydrophila have been associated with 
chilled salads and other uncooked foods. 

B. cereus is a spore-forming organism that functions 
both as a spoilage organism and a foodborne pathogen. 
While it is reported that psychrotrophic strains of B. cereus 
have been isolated from refrigerated products, most 
strains are unable to grow below 8°C. The spores are ca- 
pable of surviving pasteurization temperatures associated 
with milk and can germinate and produce toxins under the 
right conditions. Sources of B. cereus include spices, herbs, 
dairy products, and meats. 

Infectious agents such as Salmonella, Campylobacter, 
and Escherichia coli 0157:H7, although unable to grow be- 
low 7°C, are potential hazards in chilled foods due to their 
low infectious doses. Such organisms must be eliminated 
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Table 4. Microorganisms Important in Chilled Foods with Respect to Safety 


Microorganism Minimum growth temperature (°C) Minimum a,, for growth Minimum pH for growth 
Listeria monocytogenes 0 0.92 44 
Yersinia enterocolitica -1 0.93 42 
Clostridium botulinum (nonproteolytic) 3.3 0.96 46 
Salmonella m 0.94 38 
Escherichia coli 0157:H7 ; 0.95 44 
Bacillus cereus 8 0.93 44 
Clostridium botulinum (proteolytic) 10 0.93 46 
Staphylococcus aureus 1 0.86 45 


in ready-to-eat products. Some viruses such as the Nor- 
walk virus have been associated with oysters and have 
caused foodborne outbreaks when the product has been 
eaten raw. 


Microbiological Spoilage 


Many of the spoilage organisms associated with chilled 
foods are adapted to their environment (17). At 0°C, for 
example, the lag time for many organisms is usually about 
two to three days before initiating growth. Once this oc- 
curs, the generation time for these psychrotrophic bacteria 
at 4°C is in the region of 10 to 12 h. For a chilled food 
product to achieve maximum shelf life with optimum qual- 
ity, the initial level of these psychrotrophic spoilage micro- 
organisms must be minimized. The principal groups of 
spoilage organisms associated with chilled foods are 
Pseudmonas spp., lactic acid bacteria, members of the co- 
liform group, yeast, and molds. These groups are widely 
distributed in nature and therefore present both in raw 
ingredients and the factory environment. They are good 
competitors and capable of producing off-flavors or odors, 
especially when bacterial populations reach about 1 mil- 
lion cells per gram of food. 

Each of the microbial spoilage groups contributes cer- 
tain attributes to a food product during growth. Pseudo- 
monas species cause slime formation, color changes within 
the pack, and, as a result of their proteolytic metabolism, 
strong amine odors. These changes occur in an aerobic en- 
vironment and can be controlled by removing the oxygen 
from the food. Other Gram-negative groups contribute less 
drastic changes but will contribute to off-odors and acid 
flavors. The lactic acid group has a unique role in spoilage 
since lactic acid is produced as a result of their metabolism. 
In addition to lactic acid, other antimicrobial agents that 
are capable of controlling the growth of certain pathogens 
and competitive microflora may be produced. Lactic acid 
bacteria are also one of the more persistent groups in 
chilled foods because they tend to be resistant to most of 
the preservatives used and can grow under anaerobic con- 
ditions. Yeasts and molds are also a problem in chilled 
foods, and this type of spoilage is easily visible to the con- 
sumer. Yeasts cause spoilage problems in chilled products 
because they are facultative with respect to oxygen re- 
quirements, but they can be inhibited by a preservative 
such as sorbic acid or growth delayed by high carbon di- 
oxide levels in the pack. Molds require aerobic conditions 
for growth and can be controlled by use of oxygen scaven- 
gers in the pack or modified atmosphere packaging. 


Nonmicrobial Issues Pertaining to Chilled-Product Safety 
and Quality 


Several toxicological issues relate to the safety of chilled 
foods. Natural toxicants exist usually at low levels in sev- 
eral types of raw products. These include biogenic amines, 
glycoalkaloids, phytotoxins, nutritional inhibitors, antivi- 
tamins, and antigens that can stimulate anaphylactic 
shock in sensitive people. Fortunately, many such agents 
are modified during processing as a result of culling, wash- 
ing, and heating. Potatoes, for example, can produce gly- 
coalkaloids such as solamine, which is a potent cholines- 
terase that acts on the central nervous system and 
interferes with nerve impulses. These amines are pro- 
duced by stress conditions in the potato and accumulate 
close to the skin. The process of culling and peeling reduces 
human exposure to this alkaloid. Lectins associated with 
legumes such as kidney beans have been associated with 
toxicosis when eaten without prior treatment. When such 
products are soaked overnight and subsequently cooked, 
the toxic lectins are inactivated. An important toxin asso- 
ciated with fish products is caused by algal growth. The 
algal toxins gain access to the food chain through ingestion 
by shellfish. These toxins can accumulate in marine life at 
high levels without adverse effects. It is particularly dan- 
gerous to consume such shellfish during these periods of 
high algal concentration in coastal waters when the nutri- 
ent levels and temperature reach an optimum level. De- 
pending on the type of toxin present, consumption by hu- 
mans of contaminated shellfish causes a number of 
symptoms including vomiting, disorientation, numbness, 
and paralysis. 

Other chemicals arising from the environment can oc- 
cur at low levels in foods and should be accounted for when 
considering safety of a product. The most common and 
closely monitored contaminants are heavy metals, pesti- 
cides, antibiotic residues, and incidental additives from 
packaging. Toxic metals are of a particular concern, as 
problems arise as a result of using sludge from sewage 
farms and waste from settling pools for fertilizing crops. 
The dissemination of antibiotics from livestock into the 
food chain has been demonstrated in milk and meats. Al- 
though the levels are low, there is a concern with respect 
to the development of resistant strains of bacteria entering 
the food chain. See Reference 18 for further information. 


Quality Control Plans 


Control plans for chilled food include shelf-life testing and 
the use of predictive microbiology, HACCP plans, and risk 
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assessment to ensure that all products meet local and na- 
tional regulations. 


Shelf-Life Testing. The shelf life of a refrigerated product 
is, in a sense, a record of its production and applied pro- 
cesses. Products with a long shelf life have to be prepared 
with more stringent control over ingredients and environ- 
ment as well as the use of more severe heat treatment or 
the application of multihurdle technology. Product shelf 
life can be defined as the period in which the product, when 
stored under proper chilled conditions, is safe and whole- 
some to eat. In determining shelf life at chilled tempera- 
tures, both chemical and microbiological parameters have 
to be considered. Likewise, there should be a balance be- 
tween spoilage and safety with respect to microbiological 
issues. Chemical issues usually involve texture changes, 
color degradation, syneresis or separation of water from 
the product, and flavor changes. Texture changes usually 
occur as a result of migration of water to or from an ingre- 
dient or as a result of enzymatic activity. Color degradation 
of pigments such as chlorophyll or carotenes, for example, 
can occur from exposure to high temperatures or pH 
changes. Sensory testing is an important part of shelf-life 
evaluation for determining the optimum product quality 
and how long it can be maintained during storage. 

Microbiological shelf life testing usually consists of test- 
ing products at both standard chilled temperatures (4—5°C) 
and at abuse temperatures (10-15°C) over the claimed 
shelf life. The abuse temperatures are used to determine 
the margin of safety built into the product by allowing for 
the growth of certain pathogens if present. Several sam- 
pling periods and storage trials are necessary to get a true 
picture of the microbiological profile of the product. Shelf 
life is then designated based on data from these studies. 
In some instances, challenge studies are incorporated in 
shelf-life studies, especially if new formulations or tech- 
nology is used. The food is challenged with the pertinent 
pathogens over the shelf-life standard and abuse tempera- 
tures (19), The data give some idea as to the ability of the 
growth characteristics of the pathogen in that food. Math- 
ematical modeling of data can be used for such studies as 
a basis for experimental design. These models may aid in 
predicting growth conditions of selected pathogens under 
a given set of condition at different temperatures. Using 
such data can be timesaving and limit the number of tests 
that need to be performed. Current predictive models also 
include a number of variables associated with the intrinsic 
properties of the food such as a,,, pH, and preservative sys- 
tems. 

Needless to say, most of the data used in the establish- 
ment of predictive models has been derived from both stud- 
ies and cannot completely replace standard challenge ex- 
periments. Both shelf-life and challenge experiments 
require technical expertise and adequate resources to 
carry out the task successfully (20). 


Hazard Analysis. Data from shelf-life and challenge 
studies focus on the safety and quality issues of the product 
during storage. This information can be tied into the 
HACCP plan during the manufacturing of the chilled prod- 
ucts (21). In essence, this approach examines the safety 


issues likely to arise during the complete food chain (pro- 
duction to consumer) and lists hazards that are deemed 
critical. Such hazards are recognized as critical control 
points (CCP), and control measures are put in place to con- 
trol the identified hazard during the production, distribu- 
tion, and sale of the product. The system is science based, 
applying a systematic approach to the issue of safety (and 
sometimes quality) for food production. Briefly, the ap- 
proach uses seven steps that include hazard identification, 
setting of standards for CCPs, corrective action to be 
taken, and auditing. The application of a HACCP program 
requires a team approach that draws on expertise in dis- 
ciplines such as engineering, product development, micro- 
biology, chemistry, and public health. The HACCP system 
can also provide other benefits such as reducing end prod- 
uct testing, aid inspection programs and promote inter- 
national trade. 


Risk Assessment. The decision on what is a hazard or 
whether it is critical is sometimes unclear, and risk as- 
sessment can help link relevant steps in the HACCP plan 
to public health concerns (20). Risk assessment is the sci- 
entific basis for the estimation of risks, either qualitative 
or quantitative and has been used successfully for environ- 
mental issues for many years. When a person is exposed 
to a hazard, it is possible to estimate the severity and like- 
lihood of harm resulting from that exposure. One of the 
steps in a HACCP study is the establishment of critical 
limits for the CCPs. These critical limits would more mean- 
ingful if they were established by quantitative means. The 
steps in risk assessment would allow this by determining 
(1) hazard identification, (2) assessment of the exposure to 
the hazard, (3) dose response or negative effects of such 
exposure, and (4) estimation of the magnitude of the public 
health problem. 

Thus, the overall objective is to generate and obtain 
quantitative information of the microbial risks associated 
with the manufacturing and distribution of the product. 
This is achieved by assessing the frequency of pathogens 
in raw materials, the survival or growth patterns during 
the process, storage, and distribution. This data, along 
with the dose response for the pathogen, will provide in- 
formation for a risk assessment to be determined. For fur- 
ther reading see Reference 22. 


Legislation 


Many countries have standards or guidelines that cover 
relevant legislation for chilled foods. The FDA in the 
United States has requirements under Good Manufactur- 
ing Practices for the production of chilled foods (CFR Part 
110). Included in this law is the requirement that raw ma- 
terials and ingredients be free from pathogenic microor- 
ganisms or be treated in such a way “so that they no longer 
contain levels that would cause the product to be adulter- 
ated.” This regulation also has provisions for maintaining 
the food at 7.2°C or below “as appropriate for the food.” It 
also requires that chilled products be handled in such a 
way as to protect the product from recontamination. The 
FDA has also developed the Food Code as a model to assist 
other state agencies in the area of food service, retail, and 


vending. It provides guidance for thawing, cold storage, 
and reheating of potentially hazardous foods. The Code 
also provides information on labeling requirements and 
shelf life at specific temperatures for chilled foods. Al- 
though this code was intended as a guideline, several 
states have adopted it into legislation. The U.S. Depart- 
ment of Agriculture (USDA) provides general processing 
guidelines for meat and poultry products as well as re- 
quirements related to the sanitation of the plant. It also 
requires any manufacturer of chilled foods under its juris- 
diction have a sanitation standard operating procedures 
(9CFR 416) and a HACCP plan for all processed products. 

The Food Act of 1990 provides the main provisions in 
the United Kingdom for the safety and hygiene controls 
of chilled foods (23). It introduces the concept of “due dil- 
igence” by stating that all reasonable precautions and 
control measures (eg, HACCP plans) must be in place in 
food preparation. As with other European countries the 
European Community Directives on Food Hygiene (93/43/ 
EEC) are implemented as part of the regulations on hy- 
giene. 

The Food Sanitation Law governs food regulations in 
Japan and covers a full range of topics including additives 
and labeling and matters pertaining to chilled foods. 

Codes of practice or industrial guides for chilled foods 
also exist in many countries and these lay out guidelines 
for the manufacturing of refrigerated products (24). Typi- 
cal is the Chilled Foods Association (25) chilled-foods 
guidelines, which covers hygiene requirements, HACCP 
considerations, lethal rates for selected pathogens, and 
other relevant codes of practice. The outstanding feature 
of any legislation for chilled products is the temperature 
requirements for storage, and this often forms the only ba- 
sis for local or provincial legislation. 
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CHLOROPHYLL. See CoLoRANTS: CHLOROPHYLLS. 


CHOCOLATE AND COCOA 


In the United States, chocolate and coca are standardized 
by the U.S. Food and Drug Administration under the Fed- 
eral Food, Drug, and Cosmetic Act. The current definitions 
and standards resulted from prolonged discussions be- 
tween the U.S. chocolate industry and the Food and Drug 
Administration (FDA). The definitions and standards orig- 
inally published in the Federal Register of December 6, 
1944, have been revised only slightly. 

The FDA announced in the Federal Register of January 
25, 1989 a proposal to amend the U.S. chocolate and cocoa 
standards of identity. The proposed amendments respond 
principally to a citizen petition submitted by the Chocolate 
Manufacturers Association (CMA) and, to the extent prac- 
ticable, will achieve consistency with the Codex standards. 
The proposed amendments would allow for the use of nu- 
tritive carbohydrate sweeteners, neutralizing agents, and 
emulsifiers; reduce slightly the minimum milkfat content 
and eliminate the nonfat milk solids-to-milkfat ratios in 
certain cocoa products including milk chocolate; update the 
language and format of the standards; and provide for op- 
tional ingredient labeling requirements. FDA has also re- 
ceived a proposal to establish a new standard of identity 
for white chocolate. Comments regarding the proposal 
amendments are under review by FDA, and a final ruling 
is expected to be issued in the near future. 


WHITE CHOCOLATE 


There is at present no standard of identity in the United 
States for white chocolate. 

White chocolate has been defined by the European Eco- 
nomic Community (EEC) Directive 75/155/EEC as free of 
coloring matter and consisting of cocoa butter (not less 
than 20%); sucrose (not more than 55%); milk or solids ob- 
tained by partially or totally dehydrated whole milk, 
skimmed milk, or cream (not less than 14%); and butter or 
butter fat (not less than 3.5%). 


COCOA BEANS 


The cocoa bean is the basic raw ingredient in the manu- 
facture of all cocoa products. The beans are converted to 
chocolate liquor, the primary ingredient from which all 
chocolate and cocoa products are made. Figure 1 depicts 
the conversion of cocoa beans to chocolate liquor, and in 
turn to the chief chocolate and cocoa products manufac- 
tured in the United States, ie, cocoa powder, cocoa butter, 
and sweet and milk chocolate. 

Significant amounts of cocoa beans are produced in 
about 30 different localities. These areas are confined to 
latitudes 20° north or south of the equator. Although cocoa 
trees thrive in this very hot climate, young trees require 
the shade of larger trees such as banana, coconut, and 
palm for protection. 


Fermentation (Curing) 


Prior to shipment from producing countries, most cocoa 
beans undergo a process known as curing, fermenting, or 
sweating. These terms are used rather loosely to describe 
a procedure in which seeds are removed from the pods, 
fermented, and dried. Unfermented beans, particularly 
from Haiti and the Dominican Republic, are used in the 
United States. 


Commercial Grades 


Most cocoa beans imported into the United States are one 
of about a dozen commercial varieties that can be generally 
classified as Criollo or Forastero. Criollo beans have alight 
color, a mild, nutty flavor, and an odor somewhat like sour 
wine. Forastero beans have a strong, somewhat bitter fla- 
vor and various degrees of astringency. The Forastero va- 
rieties are more abundant and provide the basis for most 
chocolate and cocoa for formulations. The main varieties 
of cocoa beans imported into the United States, usually 
named for the country or port of origin, are Ivory Coast, 
Accra (Ghana), Lagos, Nigeria, Fernando Po, and Sierra 
Leone (from Africa); Bahia (Brazil), Arriba (Ecuador), and 
Venezuelan (from South America); Malaysia, New Guinea, 
Indonesia, and Samoa (in the Pacific); and Sanchez (Do- 
minican Republic), Grenada, and Trinidad (in the West In- 
dies). 


Blending, 


Most chocolate and cocoa products consist of blends of 
beans chosen for flavor and color characteristics. 


Production 


Worldwide cocoa bean production ranged from 2.3-2.5- 
million t and cocoa bean production was stagnant between 
1988 and 1993. Indonesia was the only country signifi- 
cantly expanding production. Production in Brazil and Ma- 
laysia actually dropped. 


Consumption 


Worldwide cocoa bean consumption increased by 14% be- 
tween 1988 and 1993 from approximately 2.1 million t in 
the 1988-1989 crop year to almost 2.4 million t today. 
North America and Western Europe increased grind by ap- 
proximately 26% over this time period, whereas in Russia 
and Eastern Europe grind dropped by 46%. 


Marketing, 


Most of the cocoa beans and products imported into the 
United States are done so by New York and London trade 
houses. The New York Sugar, Coffee, and Cocoa Exchange 
provides a mechanism by which both chocolate manufac- 
turers and trade houses can hedge their cocoa bean trans- 
actions. 


CHOCOLATE LIQUOR 


Chocolate liquor is the solid or semisolid food prepared by 
finely grinding the kernel or nib of the cocoa bean. It is also 
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Figure 1. Flow diagram of chocolate and cocoa production. 


commonly called chocolate, unsweetened chocolate, baking 
chocolate, or cooking chocolate. In Europe chocolate liquor 
is often called chocolate mass or cocoa mass. 


COCOA POWDER 


Cocoa powder (cocoa) is prepared by pulverizing the re- 
maining material after part of the fat (cocoa butter) is re- 
moved from chocolate liquor. The U.S. chocolate standards 
define three types of cocoas based on their fat content. 
These are breakfast, or high fat cocoa, containing not less 
than 22% fat; cocoa, or medium fat cocoa, containing less 
than 22% fat but more than 10%; and low fat cocoa, con- 
taining less than 10% fat. 

Cocoa powder production today is an important part of 
the cocoa and chocolate industry because of increased con- 
sumption of chocolate-flavored products. Cocoa powder is 
the basic flavoring ingredient in most chocolate-flavored 
cookies, biscuits, syrups, cakes, and ice cream. It is also 
used extensively in the production of confectionery coat- 
ings for candy bars. 


COCOA BUTTER 


Cocoa butter is the common name given to the fat obtained 
by subjecting chocolate liquor to hydraulic pressure. It is 
the main carrier and suspending medium for cocoa parti- 
cles in chocolate liquor and for sugar and other ingredients 
in sweet and milk chocolate. 

The FDA has not legally defined cocoa butter, and no 
standard exists for this product under the U.S. Chocolate 
Standards. For the purpose of enforcement, the FDA de- 
fines cocoa butter as the edible fat obtained from cocoa 
beans either before or after roasting. Cocoa butter as de- 
fined in the U.S. Pharmacopeia is the fat obtained from 
the roasted seed of Theobroma cacao Linne. 


Composition and Properties 


Cocoa butter is a unique fat with specific melting charac- 
teristics. It is a solid at room temperature (20°C), starts to 
soften around 30°C, and melts completely just below body 
temperature. Its distinct melting characteristic makes co- 
coa butter the preferred fat for chocolate products. 
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Cocoa butter is composed mainly of glycerides of stearic, 
palmitic, and oleic fatty acids. The triglyceride structure 
of cocoa butter has been determined as tri-saturated, 3%; 
mono-unsaturated (oleo-distearin), 22%; oleo-palmito- 
stearin, 57%; oleo-dipalmitin, 4%; di-unsaturated (stearo- 
diolein), 6%; palmitodiolein, 7%; and tri-unsaturated, tri- 
olein, 1%. 

Although there are actually six crystalline forms of co- 
coa butter, four basic forms are generally recognized as al- 
pha, beta, beta prime, and gamma. 


Substitutes and Equivalents. 


In the past 25 years, many fats have been developed to 
replace part or all of the added cocoa butter in chocolate- 
flavored products. These fats fall into two basic categories 
commonly known as cocoa butter substitutes and cocoa 
butter equivalents. 

Cocoa butter substitutes and equivalents differ greatly 
with respect to their method of manufacture, source of fats, 
and functionality; they are produced by several physical 
and chemical processes. Cocoa butter substitutes are pro- 
duced from lauric acid fats such as coconut, palm, and palm 
kernel oils by fractionation and hydrogenation; from do- 
mestic fats such as soy, corn, and cotton seed oils by selec- 
tive hydrogenation; or from palm kernel stearines by frac- 
tionation. Cocoa butter equivalents can be produced from 
palm kernel oil and other specialty fats such as shea and 
illipe by fractional crystallization; from glycerol and se- 
lected fatty acids by direct chemical synthesis; or from ed- 
ible beef tallow by acetone crystallization. 

In the early 1990s, the most frequently used cocoa but- 
ter equivalent in the United States was derived from palm 
kernel oil but a synthesized product was expected to be 
available in the near future. 


SWEET AND MILK CHOCOLATE 


Most chocolate consumed in the United States is consumed 
in the form of milk chocolate and sweet chocolate. Sweet 
chocolate is chocolate liquor to which sugar and cocoa but- 
ter have been added. Milk chocolate contains these same 
ingredients and milk or milk solids. 

U.S. definitions and standards for chocolate are quite 
specific. Sweet chocolate must contain at least 15% choco- 
late liquor by weight and must be sweetened with sucrose 
or mixtures of sucrose, dextrose, and corn syrup solids in 
specific ratios. Semisweet chocolate and bittersweet choco- 
late, though often referred to as sweet chocolate, must 
contain a minimum of 35% chocolate liquor. The three 
products, sweet chocolate, semisweet chocolate, and bit- 
tersweet chocolate, are often simply called chocolate or 
dark chocolate to distinguish them from milk chocolate. 

Sweet chocolate can contain milk or milk solids (up to 
12% max), nuts, coffee, honey, malt, salt, vanillin, and 
other spices and flavors as well as a number of specified 
emulsifiers. Many different kinds of chocolate can be pro- 
duced by careful selection of bean blends, controlled roast- 
ing temperatures, and varying amounts of ingredients and 
flavors. 


The most popular chocolate in the United States is milk 
chocolate. The U.S. Chocolate Standards state that milk 
chocolate shall contain no less than 3.66 wt % of milk fat 
and not less than 12 wt % of milk solids. In addition, the 
ratio of nonfat milk solids to milk fat must not exceed 
2.43:1 and the chocolate liquor content must not be less 
than 10% by weight. 


Production 


The main difference in the production of sweet and milk 
chocolate is that in the production of milk chocolate, water 
must be removed from the milk. Many milk chocolate pro- 
ducers in the United States use spray-dried milk powder. 
Others condense fresh whole milk with sugar, and either 
dry it, producing milk crumb, or blend it with chocolate 
liquor and then dry it, producing milk chocolate crumb. 
These crumbs are mixed with additional chocolate liquor, 
sugar, and cocoa butter later in the process. Milk choco- 
lates made from crumb typically have a more caramelized 
milk flavor than those made from spray-dried milk powder. 


THEOBROMINE AND CAFFEINE 


Chocolate and cocoa products, like coffee, tea, and cola bev- 
erages, contain alkaloids. The predominant alkaloid in co- 
coa and chocolate products is theobromine, though caffeine 
is also present in smaller amounts. Concentrations of both 
alkaloids vary depending on the origin of the beans. Pub- 
lished values for the theobromine and caffeine content of 
chocolate vary widely because of natural differences in co- 
coa beans and differences in analytical methodology. 


NUTRITIONAL PROPERTIES OF CHOCOLATE PRODUCTS 


Chocolate and cocoa products supply proteins, fats, car- 
bohydrates, vitamins, and minerals. The Chocolate Man- 
ufacturers’ Association of the United States (McLean, Vir- 
ginia) completed a nutritional analysis from 1973 to 1976 
of a wide variety of chocolate and cocoa products represen- 
tative of those generally consumed in the United States. 


ECONOMIC ASPECTS. 


Chocolate consumption (wholesale Dollar value) on a 
global basis was approximately $23 billion in 1992. In the 
United States, Hershey, Mars, and Nestlé control about 
70% of the market. 

The leading chocolate companies continue to pursue a 
global confectionery business strategy with an increase in 
the early 1990s of confectionery business activity in the 
Eastern Bloc countries, Russia, China, and South America. 
Generally, as per capita income increases, chocolate con- 
sumption increases and sugar consumption decreases. 
Consumer demographics, the declining child population, 
and the increase in consumer awareness of health issues 
play important roles in the economics of chocolate con- 
sumption. Chocolate confectionery business trends during 
the early 1990s include product down-sizing leading to 
snack size finger foods, increased emphasis on specialty 


chocolates with concentration on dessert chocolates, and 
chocolate brand equity spread into beverages, baked goods, 
frozen novelties, and even sugar confections. 
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CLEANING-IN-PLACE (CIP) 


From the time of its early use in the 1950s, the practice of 
cleaning-in-place (CIP) for cleaning of plants processing 
potable liquids and other products such as ice cream and 
butter has become widespread and is now considered an 
established cleaning technique (1,2). The technique of CIP 
stands for cleaning of the tanks, pipelines, processing 
equipment, and process lines by circulation of water and 
chemical solutions (hereafter referred to as solution) 
through them. The term CIP or cleaning-in-place empha- 
sizes that the technique does not require dismantling of 
pipelines or equipment, which was the case with manual 
cleaning. Manual cleaning was extremely time-consuming 
and expensive, and often the level of hygiene (bacteriologic 
cleanliness) achieved through it was low and inconsistent 
(2). Introduction of CIP, which became inevitable in the 
face of economic pressures to increase throughput, increas- 
ing cost of labor, scarcity of labor, and technical develop- 
ments by equipment manufacturers and detergent chem- 
ists, alleviated the problems associated with manual 
cleaning (2,3). Three forms of energy—chemical, kinetic, 
and thermal—are generally needed for any cleaning opera- 
tion. In comparison to manual cleaning, higher tempera- 
tures and stronger chemical (detergent) concentrationscan 
be used in CIP. Solution temperatures up to 88°C and de- 
tergent pH up to 13 can be used in CIP (4). The equipment 
design and the properties of the material to be cleaned im- 
pose limits on temperature and strength of solution. Lower 
temperatures may have to be used if product residue (soil 
on product contact surface) becomes harder to clean at 
higher temperatures. Manual brushing, which contributes 
a great deal in manual cleaning, is totally eliminated in 
CIP and, in some sense, is replaced by the kinetic energy 
of turbulent flow in pipelines or impingement of jets in ves- 
sels (1,4). The circulation time is also a factor in cleaning, 
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and an increase in the time, within a limit, improves the 
cleaning achieved. Circulation time from 5 min to 1h is 
used in practice (5). One of the most important though less 
noticeable advantages of CIP over manual cleaning is the 
fact that CIP provides freedom in plant design from the 
severe limitation of keeping the plant manually cleanable 
and hence helps in development of new processes and ideas 
(3). The use of CIP has also made it possible and conven- 
ient to automate the cleaning operations in a plant where 
it was impossible in the case of manual cleaning. The se- 
quence or cycle of operations in any cleaning are the same 
regardless of cleaning technique (5). A normal cleaning se- 
quence consists of prerinsing with water, washing with de- 
tergent solution, and postrinsing with clean water. In ad- 
dition, there may be a disinfection (sanitizing) stage 
followed by a final water rinse. Prerinsing is an important 
stage. It should be started as soon as possible and should 
continue until the discharging water is free from product 
residue (soil). 


REQUIREMENTS FOR CIP. 


General Requirements 


Only a plant that is properly designed to be cleaned by CIP 
can be cleaned by CIP efficiently (4). The design of a plant 
that is to be cleaned in place and the design of the equip- 
ment and system that is to apply the CIP technique should 
be compatible. The CIP system should be designed as an 
integral part of the processing plant; modifying the plant 
later for CIP may pose problems (4). All product contact 
surfaces must be accessible to the pre- and post-rinse wa- 
ter and solution. The material that comes in contact with 
cleaning solution must be able to withstand the solution 
at its concentration and temperature. For this reason, 
most of the construction material is stainless steel. 


Requirements for Pipelines 


There should be no crevice condition, especially in the pipe 
joints. Crevice condition can lead to bacterial trap, which 
may be impossible to clean by CIP (6). As far as possible, 
pipelines should have welded joints. Proper drainage of 
prerinse water is important in CIP system to avoid any 
dilution or cooling of solution. To provide the drainage, all 
piping should have a minimum fall (pitch or slope) of 1:100. 
Pipe work should also have good support to prevent the 
pipes from sagging. Any sags in the pipeline would prevent 
complete drainage and put strain on the pipe joints. Un- 
cleanable dead pockets must be avoided inside the pipe- 
line. This may not be achieved, if CIP is added to the 
plant as an afterthought instead of being an integral part 
(2). A mean flow rate of 1.5 m/s is normally recommended, 
but a mean solution velocity of 1.0 m/s may be sufficient 
in some cases. In practice, there is not much gain in ex- 
ceeding the mean velocity beyond 2.0 m/s (4). Volume flow 
rate would depend on the diameter of the pipe. Higher flow 
rates create a higher hydraulic pressure drop, hence power 
requirements of circulating pumps could be considerably 
larger. Abrupt changes in the diameter of pipes that dis- 
turb the flow and reduce the cleaning efficiency should be 
avoided (6). 
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Requirements for the Vessels and Tanks 


The cleaning-in-place of storage tanks or vessels is per- 
formed by spraying the cleaning solution onto the surface 
of the vessel through pressure spray devices located inside 
the vessel. The spray devices may be rotating, oscillating, 
or fixed. The fixed device, which is in the form of a perfo- 
rated ball, is used most commonly. The fixed or static spray 
ball device does not have any moving parts and therefore 
gives trouble-free operation with minimal maintenance. 
Rotating or oscillating devices may wear and give a dis- 
torted spray pattern. They may also jam or stick in one 
place with the consequence of incomplete cleaning of the 
vessel. A single rotating or oscillating jet, however, can 
clean a larger-sized vessel than can a single static spray 
ball. The installation of the spray device should result in 
a spray pattern that must always cover all parts of the 
vessel, including probes, agitators, and areas shadowed by 
them. If required, more than one static spray ball should 
be used for total coverage in the vessel. Suitable filters 
should be used to prevent blockage of the spray device. 
Spray devices should be run at designed pressure and 
throughput. Too high a pressure can cause atomization of 
the solution and too low a pressure will reduce the force of 
jet impingement—both resulting in unsatisfactory clean- 
ing. Permanently installed spray devices are commonly 
used, but removable spray devices may be preferred in cer- 
tain special circumstances. Adequate venting of vessels is 
extremely important to avoid the collapse of the vessel due 
to a vacuum created during in-place-cleaning when a cold- 
water rinse immediately follows a wash period with hot 
detergent. The vessel and the supply and return CIP lines 
to it should have adequate drainage, otherwise undrained 
prerinse water can dilute and cool the solution, hence re- 
sulting in unsatisfactory cleaning. 


Factory installations as a whole are generally divided into 
a number of circuits that can be cleaned at different times 
by CIP technique. It is a usual practice to group pipelines, 
vessels, and special equipment such as heat exchangers 
and evaporators into different cleaning circuits because of 
their different cleaning requirements with respect to flow 
rates, pressures, and chemicals (1). The product residue 
deposit (soil) should be of the same kind in a circuit, and 
all components of the circuit must be available for cleaning 
at the same time, Hot and cold lines of the plant may be 
placed in different circuits. After the introduction of auto- 
mation, it has become practical to clean some parts of the 
plant while production continues in the adjacent areas. In 
such circumstances, it is necessary to prevent contamina- 
tion of product by the cleaning solution. In recent years, 
double seat valves with the internal leakage drains being 
used to safeguard against such contamination (2). 


TYPES OF CIP SETS/SYSTEMS 


CIP sets can be categorized as centralized, local, and sat- 
ellite or decentralized. In a centralized system, the various 
CIP circuits are connected by a network of pipes to one or 


two central CIP stations or units, which consist of all nec- 
essary equipment for storage and monitoring of cleaning 
fluids (water for rinse and solution). Large capacity water 
and detergent tanks (13,600 to 27,700 L) are used in cen- 
tralized CIP (4). The system may work well except in the 
case of large processing plants where long pipe runs re- 
quire large pump capacities and excessive energy use ow- 
ing to heat losses. Also, the longer pipelines may contain 
some water after the prerinse operation that can dilute the 
detergent solution (7). Overcoming this problem increases 
chemical consumption. Another disadvantage of a central- 
ized system is the fact that total reliance for cleaning the 
plant is placed on one or two central stations or units (4). 
In case of failure or malfunctioning of the central units, 
the whole plant may have to be shut down. In contrast to 
the centralized system, the local system requires a greater 
number of smaller tanks and pumps and shorter pipe runs. 
The system is more reliable. If one local unit fails or mal- 
functions, the cleaning of the plant not served by that local 
unit can still be achieved. The local system would require 
a greater number of heating units and detergent-strength 
(concentration) controllers (4). The satellite system is a 
combination of central and local systems. In the satellite 
system, there are central solution tanks and the local units 
draw the required volume of solution using properly sized 
pipes from the central tanks. The heating of the solution 
is arranged locally (4). Large modern food-processing 
plants generally employ a satellite system (7) because of 
the advantages of saving energy, water, and detergent. 
The CIP systems are also classified as single-use, reuse, 
or multiuse systems, depending on whether the same 
cleaning solution is used for one, many, or few cycles of 
cleaning (2). The single-use system is most suited for clean- 
ing heavy soil loads (such as in thermal processing equip- 
ment) or cleaning of small plants (8). The system uses the 
minimum amount of detergent needed for cleaning a cir- 
cuit and discharges the solution to the sewer after one 
cleaning cycle is over. The system may be wasteful of de- 
tergent and energy and can cause effluent problems (4). 
However, it is simple in installation and operation. By con- 
trast, the reuse system is complex in installation and 
operation. The reuse system provides for the reclamation 
and reuse of the cleaning solution and final rinse water— 
the latter is used as prerinse for the next cleaning cycle. 
More detergent may be added to the solution between the 
cleaning cycles to counteract the loss of detergency due to 
expending chemical energy to remove the soil. The solution 
is discharged to the sewer when it becomes very dirty. The 
reuse systems require greater capital expenditure but offer 
savings on volume of water and detergent solutions and 
energy used (4). Greater benefits can be derived from the 
reuse systems in plants that have light soil loads and use 
large-diameter pipe circuits (especially in the brewing in- 
dustry) (8). The multiuse system is a compromise between 
the single-use and reuse systems. The final rinse water 
and solution are used for a few cleaning cycles before dis- 
charging to the sewer. In terms of capital and operating 
costs and complexity of the installation and operation, it 
is between single-use and reuse systems. Many factors: 
type and size of plant to be cleaned, soil loading, range and 
type of chemicals available, pressure drop in pipeline cir- 


cuits, and pressure and throughput required for vessel 
spray device, should be considered before selecting the type 
and size of the CIP system. 


CONTROL SYSTEM 


Control systems for operating CIP must try to perform CIP 
operations in a precise sequence. In the early CIP control 
systems, pumps and valves were controlled manually and 
time was kept using a stopwatch. Overdependence on the 
human element prevented the precise sequencing in early 
control systems (4,9). As the CIP control system evolved 
with time, the use of electromechanical relays became com- 
mon. The relays were used to perform the automatic se- 
quencing, but the system had an inherent ability to fail at 
the wrong time (9). The present-day CIP control systems 
are microprocessor-based. The development of inexpensive 
and reliable microprocessors has accelerated the use of 
microprocessor-based control systems in CIP. Control sys- 
tems for CIP have improved a great deal in the past 40 
years from the unreliable to a very reliable and flexible 
microprocessor-based controls where cycle time, chemical 
concentration, and temperature are fully adjustable to suit 
individual cleaning needs (10). 

The center of any microprocessor-based control system 
is a process controller containing a central processing 
unit (CPU), memory, and an input/output (I/O) interface. 
Input—output devices provide the operator access to the 
control system. The CPU accesses the operator-oriented 
equipment (such as pushbuttons, pilot lights, rotary 
switches, thumbwheel switches, LED readouts, CRT 
screens, and printers) and process-oriented equipment 
(such as pump motors, valve solenoids, pressure sensors, 
level probes, flow meters, and temperature switches) 
through the I/O devices. An operating logic, which may 
originate as a verbal description or an algorithm, describes 
the interaction and coordination among the operator- 
oriented equipment, the process-oriented equipment, and 
the control system. The operating logic or computer pro- 
gram can be prepared from the algorithm. The CPU exe- 
cutes the operating logic or the program. Because the con- 
troller’s actions are determined by the computer program, 
any configuration of equipment and/or program sequence 
can be implemented and controlled by such a control sys- 
tem. The application of microprocessor-based control sys- 
tems has helped in making the modern food-processing 
plants and associated CIP systems completely automatic 
(7,9,10). With precisely controlled operations, a more so- 
phisticated CIP unit design has become possible, resulting 
in increased savings on energy, water, and cleaning chem- 
icals (10). The microprocessor-based control systems have 
provided new opportunities for modifying and improving 
CIP operations and concepts. 

Even very reliable modern control systems can mal- 
function; therefore, regular routine checks and mainte- 
nance are necessary (1,4). 


ENERGY AND COST CONSIDERATIONS 


Heat energy required for CIP operations constitutes 99% 
of the energy requirement (11). Heat energy needed is re- 
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lated to cleaning temperature and hence energy savings 
can be achieved by reducing the cleaning temperature. 
However, this would necessitate an increase in the deter- 
gency requirement of the solution and/or cleaning time. 
The most energy efficient method, therefore, may not be 
the most cost effective method. Cost and energy calcula- 
tions are required in several plants for combinations of 
time, temperature, and strength of detergent to achieve a 
standard level of bacteriologic cleanliness before any 
meaningful conclusion can be reached (11). 

‘Type of plant to be cleaned, CIP system used, mechan- 
ical components, control system, building construction, 
and plant installation would all influence the capital cost. 
associated with CIP (12). However, it is the operating 
cost that becomes the major factor in making decisions 
about the CIP system to be used (12). Cleaning chemi- 
cals, water supply, required heat energy, operating labor, 
effluent discharge, maintenance, and electric power 
would all contribute to the operating cost. The satellite 
or decentralized system may be the best option in eco- 
nomic terms (12). 
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COFFEE 


Coffee, originally a wild plant from East Africa, was pre- 
sumably first cultivated by the Arabians in about 575 A.D. 
(1). By the sixteenth century, it had become a popular drink 
in Egypt, Syria, and Turkey. The name coffee derives from 
the Turkish pronunciation kahveh of the Arabian word 
gahweh, signifying an infusion of the bean. Coffee was in- 
troduced as a beverage in Europe early in the seventeenth 
century and its use spread quickly. In 1725 the first coffee 
plant in the Western Hemisphere was planted on Marti- 
nique in the West Indies. Its cultivation expanded rapidly, 
and its consumption soon gained the wide acceptance it 
enjoys today. 


MODERN COFFEE PRODUCTION 


Commercial coffees are grown in tropical and subtropical 
climates at altitudes up to roughly 1800 m; the best grades 
are grown at high elevations. Most individual coffees from 
different producing areas possess characteristic flavors. 
Commercial roasters obtain preferred flavors by blending 
varieties before or after roasting. Colombian and washed 
Central American coffees are generally characterized as 
mild, winey-acid, and aromatic; Brazilian coffees as heavy 
body, moderately acid, and aromatic; and African robusta 
coffees as heavy body, neutral, slightly acid, and slightly 
aromatic. Premium coffee blends contain higher percent~- 
ages of Colombian and Central American coffees. 


ECONOMIC IMPORTANCE OF COFFEE 


Coffee, a significant factor in international trade for about 
185 years, is among the leading agricultural products in 
international trade along with wheat, corn, and soybeans. 
The total world exportable production of green coffee in the 
1997-1998 growing season is approximately 81.7 million 
bags (Table 1). This compares with a total production of 
about 107.5 million bags, the difference being internal con- 
sumption. Table 2 shows imports and consumption data. 

The International Coffee Organization and Association 
of Coffee Producing Companies assign export quotas to 
their members to help stabilize coffee pricing. Composite 
U.S. prices for green coffees in 1997 and 1998 ranged be- 
tween $2.20/kg and $3.97/kg. For Colombians, the range 
was $3.22/kg to $5.82/kg, whereas for robustas it was 
$1.49/kg to $2.11/kg. These compare with a peak of about 
$6.60/kg in April 1977 following a disastrous frost in Brazil 
in 1975. 


PROCESSING AND PACKAGING 


Green Coffee Processing 


The coffee plant is a relatively small tree or shrub, often 
controlled to a height of 2 to 3 m, belonging to the family 
Rubiaceae. Coffea arabica accounts for 70%, Coffea ro- 
busta, 29%, and Coffea liberica and others, 1% of world 
production. Arabustas, hybrid coffees that combine many 
disease-resistant characteristics of robustas with many fa- 


Table 1. Green Coffee Production and Exportable 
Product 1997-1998 


Million of 60-kg bags* 
Principal countries Production Exportable product 
Brazil 35.8 23.3 
Colombia 110 94 
Indonesia 7.0 46 
Vietnam 5.8 5.5 
Mexico 5.6 46 
Ivory Coast 41 4.0 
Uganda 38 3.7 
Ethiopia 3.7 21 
India” 3.5 2.6 
Guatemala 3.1 2.8 
Honduras 2.6 24 
Costa Rica 2.2 19 
El Salvador 2.0 18 
Total 107.5 81.7 


“1996-1997 figures used because 1997-1998 data were not yet available. 
Source: Ref. 2. 


Table 2. Imports 1997 and Consumption 1995-1996 of 
Green Coffee 


Million bags* 

Principal countries Imports Consumption 
United States 18.15 18.1 
Germany 13.6 9.7 
France 6.7 5.6 
Japan 5.6 64 
Italy 5.6 49 
Spain 3.6 3.0 
Netherlands 3.3 2.4 
UK 3.1 24 
Total 82.8 


°60-kg bags. 
“Total 1997 U.S. coffee imports including green, roasted, and soluble coffee 
were equivalent to 20.2 million bags of green coffee. 

Source: Ref. 4. 


vorable flavor qualities of arabicas, are also produced. 
Each species includes several varieties. After the spring 
rains, the plant produces white flowers. About six months 
later, the flowers are replaced by fruit, approximately the 
size of a small cherry. The ripe fruit is red or purple. The 
outer portion of the fruit is removed by curing; yellowish 
or light green seeds, the coffee beans, remain. They are 
covered with a tough parchment and a silvery skin known 
as the spermoderm. Each cherry normally contains two 
coffee beans. 

Curing is effected by either the dry or wet method. The 
dry method produces so-called natural coffees; the wet 
method, washed coffees. The latter coffees are usually 
more uniform and of higher quality. 

Dry curing is used in most of Brazil and in other coun- 
tries where water is scarce in the harvesting season. The 
ripe cherries are spread on open drying ground and turned 
frequently to permit thorough drying by the sun and wind. 


Sun drying usually takes two to three weeks depending on 
weather conditions. Some producing areas use, in addition 
to the sun, hot air, indirect steam, and other machine- 
drying devices. When the coffee cherries are thoroughly 
dry, they are transferred to hulling machines that remove 
the skin, pulp, parchment shell, and silver skin in a single 
operation. 

In wet curing, freshly picked coffee cherries are fed into 
a tank for initial washing. Stones and other foreign ma- 
terial are removed. The cherries are then transferred to 
depulping machines that remove the outer skin and most 
of the pulp. However, some pulp mucilage clings to the 
parchment shells that encase the coffee beans. Fermenta- 
tion tanks, usually containing water, remove the last por- 
tions of this pulp. Fermentation may last from 12 h to sev- 
eral days. Because prolonged fermentation may cause 
development of undesirable flavors and odors in the beans, 
some operators use enzymes to accelerate the process. 

The beans are subsequently dried either in the sun, in 
mechanical dryers, or in combination. Machine drying con- 
tinues to gain popularity, in spite of higher costs, because 
it is faster and independent of weather conditions. When 
the coffee is thoroughly dried, the parchment is broken by 
rollers and removed. Further rubbing removes the silver 
skin to produce ordinary green unroasted coffee containing 
about 12 to 14% moisture. 

Coffee prepared by either the wet or dry method is ma- 
chine graded into large, medium, and small beans by 
sieves, oscillating tables, and airveyors. Damaged beans 
and foreign matter are removed by handpicking, machine 
separators, electronic color sorters, or a combination of 
these techniques. Commercial coffee is graded according to 
the number of imperfections present—black beans, dam- 
aged beans, stones, pieces of hull, or other foreign matter. 
Processors also grade coffee by color, roasting character- 
istics, and cup quality of the beverage. 


Chemical Composition of Green Coffee 


Coffee varies in composition according to the type of plant, 
region from which it comes, altitude, soil, and method of 
handling the beans. As shown in Table 3, differences are 
greater between species, for example, arabica versus ro- 
busta (African), than within the same species grown in dif- 
ferent regions, for example, Colombian versus Brazilian 
arabicas. 

Lower oil, trigonelline, and sucrose contents are typical 
of robusta beans, as is a higher caffeine content. Green 
coffee contains little reducing sugar but a considerable 
quantity of carbohydrate polymers. The polymers are 


Table 3. Typical Analyses of Green Coffee Types 
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mainly mannose with varying percentages of glucose, 
arabinose, and galactose. Table 4 summarizes the polysac- 
charide composition of different sources of green coffee (4). 


Effects of Roasting on Major Components 


Green coffee has no desirable taste or aroma; these are 
developed by roasting. Many complex physical and chem- 
ical changes occur during roasting, including the obvious 
change in color from green to brown, and a large increase 
in bean volume. As the roast nears completion, strong exo- 
thermic reactions produce a rapid rise in temperature, 
usually accompanied by a sudden expansion, or puffing, of 
the beans, with a volume increase of 50 to 100%. However, 
this behavior varies widely among coffee varieties because 
of differences in composition and physical structure. 

Table 5 shows the most significant and well-established 
chemical changes that occur in green coffee as a result of 
roasting. The principal water-soluble constituents of green 
coffee are protein, sucrose, chlorogenic acid, and ash, 
which together account for 70 to 80% of the water-soluble 
solids. Most sucrose disappears early in the roast. Reduc- 
ing sugars are apparently formed first and then react rap- 
idly so that the total amount of sugar decreases as the 
roast nears completion. The sugar reactions, dehydration 
and polymerization, form high molecular weight water- 
soluble and water-insoluble materials. Formation of car- 
bon dioxide and other volatile substances as well as the 
loss of reaction-formed water account for most of the dry- 
weight roasting loss. These losses range from 2 to 5% of 
green bean weight for light-roast coffees used in the United 
States and northern Europe to up to 8 to 11% for dark 
roasts used in southern Europe. 

Roasting essentially insolubilizes the proteins, which 
constitute 10 to 12% of green coffee, and 20 to 25% of the 
fraction soluble in cold water. The flavor and aroma of 
roasted coffee are probably due in large part to breakdown 
and interaction of the amino acids derived from these pro- 
teins. Analyses of the amino acids present after acid hy- 
drolysis in both green and the corresponding roasted coffee 
show marked decreases in arginine, cysteine, lysine, ser- 
ine, and threonine in Colombian and Angola robusta types 
after roasting. The amounts of glutamic acid and leucine 
for both coffee types, and in the robusta, phenylalanine, 
proline, and valine increase with roasting (5). Cysteine is 
the probable source of the many sulfur compounds found 
in the coffee aroma. 

About 15 to 40% of the trigonelline is decomposed dur- 
ing roasting. Trigonelline is a probable source of niacin, 
which reportedly increases during roasting, and of potent 


Total Chlorogenic Reducing Total 
Variety H,O il nitrogen Ash Caffeine acid® _—‘Trigonelline Protein sugar Sucrose _ carbohydrate 
African robusta «11.5 (7.0 253.8 (2.06 47 0.76 114 0.40 42 35.0 
Colombian arabica 13.0 137 21 34 1.10 41 0.94 10.5 0.17 12 34.1 
Brazilianarabica 11.0 143 22 41 1.01 41 1.24 11 0.27 Td 32.0 


“Chlorogenic acid values vary somewhat with the method of analysis used. 
Source: Ref. 3. 
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Table 4. Polysaccharide Analysis of Green Coffee Beans Polysaccharide Content (wt%) 


Variety Arabinose Mannose Glucose Galactose Total 
India robusta 41 21.9 78 14.0 48.2 
Ivory coast robusta 40 22.4 8.7 12.4 48.3 
Sierra Leone robusta 3.8 21.7 8.0 12.9 46.9 
El Salvador arabica 3.6 22.5 6.7 10.7 43.5 
Colombia arabica 3.4 22.2 7.0 10.4 43.0 
Ethiopia arabica 40 213 78 119 45.0 


‘Note: Polysaccharide content is expressed as anhydro-sugars. Wt% is on dry basis. 


Table 5. Average Composition of Green and Roasted 
Coffee 


Green, Roasted, 

percent —_ percent 
Constituents dry basis dry basis* 
Hemicelluloses 23.0 24.0 
Cellulose 12.7 13.2 
Lignin 5.6 5.8 
Fat 114 11.9 
Ash 3.8 4.0 
Caffeine 12 13 
Sucrose 7.3 0.3 
Chlorogenic acid 7.6 3.5 
Protein (based on nonalkaloid nitrogen) 11.6 3.1 
‘Trigonelline ll 0.7 
Reducing sugars 0.7 0.5 
Unknown 14.0 31.7 
Total 100.0 100.0 


“Not corrected for dry-weight roasting loss, 


aromatic nitrogen ring compounds, such as pyridine, found 
in roasted coffee aroma. However, pyrazines, oxazoles, and 
thiazoles, also components of the coffee aroma, are proba- 
bly products of protein breakdown. Caffeine is relatively 
stable, and only small amounts are lost by sublimation 
during roasting. 

The chlorogenic acids—3-caffeoylquinic acid (choloro- 
genic acid), 4-caffeoylquinic acid (cryptochlorogenic acid), 


and 5-caffeoylquinic acid (neochlorogenic acid)—occur at 
least in part on potassium-caffeine-chlorogenate com- 
plexes. They decompose in direct relationship to the degree 
of roast. Table 6 shows the changes that occur in these 
acids during roasting. Apparently, chlorogenic acids mod- 
ify and control reactions that occur during the roast and 
are particularly important to the decomposition of sucrose. 

Glycerides of linoleic and palmitic acids, along with 
some glycerides of stearic and oleic acids, make up the 7 
to 16% fat content of coffee. Some cleavage of glycerides 
and some loss of unsaponifiables occur during roasting. Ta- 
ble 7 details these losses (7). 


Aroma 


Combinations of advanced chromatography and mass 
spectra analytical techniques have advanced the identifi- 
cation of volatile flavor components in roasted coffee to 
more than 800. Although present in minute quantities, 
they are extremely significant to the balance of flavor in a 
cup of coffee. A historical account of this work has been 
published (8). A partial summary of the volatile compo- 
nents by chemical class is in Table 8. 

Freshly roasted ground coffee rapidly loses its fresh 
character when exposed to air, and within a few weeks de- 
velops a noticeable stale flavor. The mechanism for the de- 
velopment of staling is not known but is believed to be 
caused by an oxidation reaction that can be catalyzed by 
increasing levels of moisture (9). 


‘Table 6, Changes in Chlorogenic Acids during Roasting by Percentage 


Santos Colombians 
Acid Green Light roast Medium roast Darkroast Green _Lightroast | Mediumroast Dark roast 
Chlorogenic acid 5.56 2.90 1.96 Lu 3.77 2.74 2.16 0.93 
Neochlorogenic acid 0.88 1.59 1.02 0.63 0.60 1.53 1.16 0.49 
Isochlorogenic acid 0.41 0.24 
Source: Ref. 6. 
‘Table 7. Characteristics of Oil from Green and Roasted Coffee by Percentage 

Green Roasted 

Variety Oil FFA Unsaponifiables Oil FFA Unsaponifiables 
Santos 12.77 0.78 6.56 16.05 2.70 6.10 
Robusta (Indonesia) 9.07 1.00 6.40 11.27 1.99 5.65 


“As oleic; FFA = free fatty acid. 


Table 8. Aromatic Components of 


Roasted Coffee 

Hydrocarbons 72 
Alcohols 20 
Aldehydes 29 
Ketones 70 
Acids 22 
Esters 30 
Lactones 9 
Amines 22 
Sulfur thiols 13 
Phenols 44 
Furans* 115 
Thiophenes 30 
Pyrroles* 74 
Oxazoles* 29 
Thiazoles 27 
Pyridines* 16 
Pyrazines* 82 
Others 11 


“Includes benzoderivatives. 


ROASTING TECHNOLOGY 


The main processing steps in the manufacture of roasted 
coffee are blending, roasting, grinding, and packaging. 

Green coffee is shipped in bags weighing from 60 to 70 
kg. Prior to processing, the green coffee is dumped and 
cleaned of string, lint, dust, hulls, and other foreign matter. 
Coffees from different varieties or sources are usually 
blended before or after roasting. 

Roasting is usually carried out batchwise by contacting 
beans with hot combustion gases in rotating cylinders. 
Continuous roasting using long cylinders fitted with heli- 
cal conveyor flights is also employed. The beans absorb 
heat at a fairly uniform rate, and most moisture is removed 
during the first two-thirds of this period. As the tempera- 
ture of the coffee increases rapidly during the last few min- 
utes, the beans swell and unfold with a noticeable cracking 
sound, like that of popping corn, indicating a reaction 
change from endothermic to exothermic. This stage is 
known as development of the roast. The final bean tem- 
perature, 200 to 230°C, is determined by the blend, variety, 
or flavor development desired. A water or air quench ter- 
minates the roasting reaction. Most, but not all, of any 
added water is evaporated from the heat of the beans. 

Theoretically, about 700 kJ of heat are needed to roast 
a kilogram of coffee beans. However, the hot gas- 
recirculation rate determines the thermal efficiency 
achieved. Older roasters that do not use recirculation may 
have an efficiency rate as low as 25%, requiring as much 
as 2800 kJ. Roasters with high levels of gas recirculation 
have an efficiency rate of 75% or more, requiring about 930 
kJ. Volatile organic compounds in roaster discharge gases 
and smoke have to be reduced to tolerable levels. Some 
reduction can be effected by partial recycling of roaster gas, 
but to achieve adequate reduction, discharged roaster gas 
must be passed through an afterburner. 

Most roasters are equipped with controls that regulate 
the temperature of the hot gas used and automatically 
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quench the roast when a chosen end-of-roast bean tem- 
perature is reached. The chosen end-of-roast bean tem- 
perature correlates well with the desired color of ground 
roast coffee as measured by photometric reflectance. 
Roasts are stopped by diverting the heating gas, injecting 
a controlled amount of cold water, and blowing room- 
temperature air through the beans. Control systems intro- 
duced in the 1990s provide improved control of roasting 
reactions and reproducible development of coffee flavor by 
controlling bean temperature versus time behavior during 
roasting (10). 

Conventional roasting by hot combustion gases in ro- 
tating cylinders requires 8 to 15 min. Fast roasting tech- 
nologies patented in the 1980s develop roast flavor in un- 
der 5 min, sometimes in 1 to 3 min (11,12). 

Fast roasting, whether carried out in a batch or contin- 
uous roaster, is achieved by increasing rates of heat trans- 
fer into beans. This may be done by using much more 
heated gas than used conventionally. The heated gas may 
flow upward through a bed of beans, fluidizing it. The bed 
may also be fluidized by hot gas reflected upward from a 
solid surface after issuing from downward-pointed jets. 
Rapidly rotating paddles and centrifugal devices that 
throw beans through heated gas are also used to improve 
heat transfer to beans. Recirculative lifting of beans by 
heated gas in a spouted bed is also used. When much larger 
quantities of gas are used to transfer heat to beans, the 
gas temperature can be lower, that is, 250 to 310°C com- 
pared with 425 to 550°C. 

Fast-roasted coffees are less dense, retain more chlo- 
rogenic acid, free acid, moisture, and carbon dioxide than 
conventionally roasted coffees and release 20% more sol- 
uble solids during home brewing. It is further claimed that 
the lower roasting temperature results in higher aroma 
retention. 

Air must be circulated through the beans to remove ex- 
cess heat before the finished and quenched roasted coffee 
is conveyed to storage bins. Residual foreign matter, such 
as stones and tramp iron, which may have passed through 
the initial green coffee cleaning operation, must be re- 
moved before grinding. This is accomplished by an air-lift 
adjusted to such a high velocity that the roasted coffee 
beans are carried over into bins above the grinders, and 
heavier impurities are left behind. The coffee beans flow 
by airveying or by gravity to mills where they are ground 
to the desired particle size. 

Small and intermediate-size coffee roasters, after vir- 
tually disappearing from the United States, have staged a 
marked comeback. Now, some 1200 to 1500 small, custom. 
roasters roast roughly 12% of the coffee consumed in the 
United States. 


Grinding 


Roasted coffee beans are ground to improve extraction ef- 
ficiency in the preparation of the beverage. Particle size 
distributions ranging from about 1100 “7m average (very 
coarse) to about 500 um average (very fine) are tailored by 
the manufacturer to the various kinds of coffee makers 
used in households, hotels, restaurants, and institutions. 
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Finer grinds are provided for espresso coffee (300 to 400 
um), and Turkish coffee (<100 ym). 

Most coffee is ground in mills that use multiple steel 
cutting rolls to produce the most desirable uniform particle 
size distribution. After passing through cracking rolls, the 
broken beans are fed between two more rolls, one of which 
is cut or scored longitudinally, the other, circumferentially. 
The paired rolls operate at controlled speeds to cut, rather 
than crush, the coffee particles. A second pair of more 
finely scored rolls, installed below the main grinding rolls 
and running at higher speeds, is used for finer grinds. A 
normalizer section is then used to distribute particles uni- 
formly. 

Packaging 

Most roasted and ground coffee sold directly to consumers 
in the United States is vacuum packed in metal cans; 0.45, 
0.9, or 1.35 kg are optional, although other sizes have been 
used to a limited extent. After roasting and grinding, the 
coffee is conveyed, usually by gravity, to weighing-and- 
filling machines that achieve the proper fill by tapping or 
vibrating. A loosely set cover is partially crimped. The can 
then passes into the vacuum chamber, maintained at 
about 3.3 kPa (25 mmHg) absolute pressure, or less. The 
cover is clinched to the can cylinder wall, and the can 
passes through an exit valve or chamber. This process re- 
moves 95% or more of the oxygen from the can. Polyeth- 
ylene snap caps for reclosure are placed on the cans before 
they are stacked in cardboard cartons for shipping. A case 
usually contains 10.9 kg of coffee, and a production packing 
line usually operates at a rate of 250 to 350 0.45-kg cans 
per minute. 

Though slight losses in fresh roasted character occur 
due mostly to chemical reactions with the residual oxygen 
in the can and previous exposure to oxygen prior to packing 
(9), vacuum-packed coffee retains high quality for at least 
one year. 

Coffee vacuum packed in flexible, bag-in-box packages 
has gained wide acceptance in Europe and the United 
States. The inner liner, usually a preformed pouch of 
plastic-laminated foil, is placed in a paperboard carton 
that helps shape the bag into a hard brick form when 
vacuum is applied (13). The carton also protects the pack- 
age from physical damage during handling and shipping. 
This type of package provides a barrier to moisture and 
oxygen as good as that of a metal can. 

Inert gas flush packing in plastic-laminated pouches, 
although less effective than vacuum packing, can remove 
or displace 80 to 90% of the oxygen in the package. These 
packages offer satisfactory shelf life and are sold primarily 
to institutions. 

Some coffee in the United States, and an appreciable 
amount in Europe, is distributed as whole beans, which 
are ground in the stores or by consumers in their homes. 
Whole-bean roasted coffee remains fresh longer than un- 
protected ground coffee and retains its fresh roasted flavor 
for several days longer than ground. 

Roasted whole beans are often packed in bags that con- 
tain a one-way valve to allow escape of carbon dioxide gas 
produced during roasting and prevent air from entering 
package. 


Modified Coffees 


Coffee substitutes, which include roasted chicory, chick- 
peas, cereal, fruit, and vegetable products, have been used 
in all coffee-consuming countries. Although consumers in 
some locations prefer the noncoffee beverages, they are 
generally used as lower-cost beverage sources, rather than 
as coffee. 

Chicory is harvested as fleshy roots, which are dried, 
cut to a uniform size, and roasted. Chicory contains no caf- 
feine and, on roasting, develops an aroma compatible with 
that of coffee. It gives a high yield, about 70%, of water- 
soluble solids with boiling water and can also be extracted 
and dried in an instant form. Chicory extract has a darker 
color than does normal coffee brew (14). The growing tech- 
nology for the processing and use of roasted cereals and 
chicory is evidenced by the introduction on the market of 
coffees extended with these materials. 

Roughly 2% of the coffee sold in the United States con- 
tains added flavors, for example, vanilla, chocolate, and 
nut flavors. These coffees are manufactured by spraying 
flavors dissolved in alcohol on roasted beans and drying 
the beans. 


BREWING 


Roast and ground coffee is brewed by a wide variety of 
methods. In most cases, hot water is caused to percolate 
though a shallow bed of ground coffee supported by a po- 
rous surface that retains grounds. Steam-bubble-induced 
flow may be used to repeatedly apply hot water or hot 
partly brewed coffee to a bed of relatively coarse grounds, 
or near-boiling water may be poured on a bed of finer 
grounds. 

Near-boiling water is forced through beds of very fine 
grounds by a pump when espresso coffee is brewed in mod- 
ern machines. Steam may be passed through the brew or 
mixtures of brewed coffee and milk to prepare foamed bev- 
erages such as cappucino or latté. Very finely ground, 
darkly roasted coffee, low water:coffee ratios, and demi- 
tasse cups are used when espresso is brewed in Italy. 
Higher water:coffee ratios and larger-sized cups are often 
used for espresso made in the United States. 

Ground coffee is also cooked in or mixed with boiling 
water and separated from the resulting brew by decanta- 
tion, filtration, or sedimentation. Coarse grounds may be 
used, as sometimes done in Scandinavia, where the prac- 
tice is decreasing. Superfine grounds are used when Turk- 
ish coffee is brewed. Compared with percolation, brewing 
by mixing grounds with boiling water releases much more 
caffestol, which elevates serum cholesterol (15). 

Roasted coffee contains colloidal material that does not 
pass through intact cell walls. Very fine and superfine cof- 
fees contain many ruptured cells and consequently release 
colloidal matter during brewing, producing brewed coffee 
with a mouth-feel different from that produced by more 
coarsely ground coffee. 

Gourmet coffee bars that sell brewed coffee prepared by 
both standard and espresso methods from custom-roasted, 
high-quality beans have increased in number in the United 


States from 500 in 1991 to roughly 12,000 to 15,000 in 
1998. 


INSTANT COFFEE 


Instant coffee is the dried water-extract of roasted, ground 
coffee, Although used in army rations during the Civil War, 
instant coffee did not become a popular consumer item un- 
til after World War II. Improvements in manufacturing 
methods and product quality as well as a demand for con- 
venience foods accounted for its rise in popularity. Some of 
the soluble coffee consumed in the United States is now 
manufactured in coffee-growing countries. This may be 
part of the reason why only 41% as much instant coffee 
was made in the United States in 1997 as in 1977. 

Most soluble coffee blends contain Brazilian, Central 
American, Colombian, and African robusta coffees. Beans 
for instant coffee are blended and roasted as for regular 
coffee but are ground more coarsely to avoid excessive pres- 
sure drop and flow maldistribution during subsequent ex- 
traction (16). The roasted, ground coffee is charged into 
columns called percolators through which hot water is 
pumped to produce a concentrated coffee extract. The ex- 
tracted solubles are dried, usually by spray or freeze dry- 
ing, and the final powder is packaged in glass jars at rates 
of up to 200 jars per minute. 


Extraction 


Commercial extraction equipment and conditions have 
been designed to obtain the maximum soluble yield and 
acceptable flavor. In most processes, the water-soluble 
components in roasted coffee are first extracted at tem- 
peratures slightly lower than 100°C and atmospheric pres- 
sure. Additional solubles are then created by hydrolytically 
converting hemicelluloses and other insoluble components 
of the roasted coffee into water-soluble materials by pres- 
sure extraction at higher temperatures. 

The factors influencing extraction efficiency and prod- 
uct quality are (1) grind of coffee, (2) temperature of water 
fed to the extractors and temperature profile through the 
system, (3) percolation time, (4) ratio of coffee to water, 
(5) premoistening or wetting of the ground coffee, (6) de- 
sign of extraction equipment, and (7) flow rate of extract 
through the percolation columns (16). 

Cylindrical percolators with height-to-diameter ratios 
ranging from 7:1 to 4:1 are common. They are usually op- 
erated in series as semicontinuous units of 5 to 10 perco- 
lators, with the water flowing countercurrent to the coffee. 
The ground coffee may be steamed or wetted with water 
or coffee extract; this supposedly improves extraction (17). 
Feed water temperatures range from 154 to 182°C, and 
unless the columns are heated, the temperature drops so 
that the extract effluent will have cooled to 60 to 82°C. The 
effluent extract temperature is further reduced by water 
cooling in plate heat exchangers to minimize flavor and 
aroma loss prior to drying. 

The extract is removed from the percolators and stored 
in insulated tanks until dried. The extract solubles yield 
is calculated from the extract weight and soluble solids 
concentration as measured by specific gravity or refractive 
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index. Yield is controlled directly by adjusting the weight 
of soluble solids removed and depends primarily on the 
properties of the coffee, operating temperatures, and per- 
colation time. Soluble yields of 24 to 48% on a roasted cof- 
fee basis are possible. Robusta coffees give yields about 
10% higher than arabica coffees (16). 

High solubles concentrations are desirable to reduce 
evaporative load in drying and provide good flavor reten- 
tion during drying. Water inflows that provide extract con- 
centrations in the 20 to 30% soluble solids range are fre- 
quently used. More dilute extracts are obtained if greater 
water inflow is used, but lipophilic flavors and aromas that 
reside largely in coffee oil in the beans are extracted more 
efficiently. Some processors concentrate solubles by 
vacuum evaporation prior to drying. The concentrated per- 
colate may also be clarified by centrifuging prior to drying 
so that the dry product will be completely free of insoluble 
fine particles. 

The flavor of instant coffee can be enhanced by recov- 
ering and returning some of the natural aroma lost during 
processing. Aroma constituents are liberated and can be 
collected subsequently by condensation when roasted cof- 
fee is ground, when roasted coffee is steamed in a vented 
extraction column, or when percolate is concentrated. 
Many patents have been issued dealing with the separa- 
tion, collection, and transfer of aroma from roasted coffee 
to instant coffee. 


Drying 

The following factors are important criteria for good in- 
stant coffee drying processes: (1) minimum loss or degra- 
dation of flavor and aroma, (2) free-flowing particles of de- 
sired uniform size and shape, (3) suitable bulk density for 
packaging requirements, (4) desirable product color, and 
(5) moisture content below 4.5%. Operating costs, product 
losses, capital investment, and other economic aspects 
must be considered in selecting the drying process. 


Spray Drying 
Most instant coffee is spray dried. Concentrated coffee ex- 
tract is atomized, usually by pumping it through pressure 
nozzles. Nozzles and nozzle combinations are used that 
provide the desired particle size, product bulk density, and 
flow capacity based on the properties of the extract. The 
resulting stream of drops, joined by concurrently flowing 
heated air, flows downward into a tall cylindrical drying 
chamber. The air transfers heat to the drops, causing wa- 
ter evaporation and progressive drying of the drops. The 
air progressively cools and becomes more and more humid 
as drying progresses. Most processors prefer to use low 
inlet-air temperatures (200-260°C) for best flavor quality, 
and use enough air to provide outlet-air temperatures be- 
tween 107 and 121°C. Spray dryers are usually constructed 
of stainless steel and must be provided with adequate dust 
collection systems, such as cyclones or bag filters (16). 
The particles of dried instant coffee are collected from 
the conical bottom of the spray dryer and from cyclones 
through rotary valves and are conveyed to bulk storage or 
packaging bins. Processors may screen the dry product to 
obtain a uniform particle-size distribution. 
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Agglomeration 


At one time most instant coffee was marketed as small, 
spherically shaped particles. Now it is marketed mostly in 
a granular form. Instant coffee granules are produced by 
moistening small spray-dried particles with steam, 
thereby fusing clusters of particles together. These clusters 
are then dried in a tower similar to a spray-drying tower 
using a low level of heat. Particle fusion and drying may 
also be carried out on a continuous belt. 


Freeze Drying 


Freeze-dried instant coffee is made by freezing coffee ex- 
tract, grinding the frozen extract into granules and then 
converting the ice and bound-water content of the granules 
into water vapor by sublimation under high vacuum. Ab- 
solute pressures of 67 Pa (500 umHg), or lower, are used. 
The heat used to induce sublimation is radiantly trans- 
ferred from hot plates to the outer surface of beds of gran- 
ules and then conductively transferred in the bed and 
granules to sublimation sites. Freeze drying occurs at 
much lower temperatures than spray drying. Heat input 
is controlled to give maximum end-point temperatures be- 
tween 38 and 49°C (18). Drying times are much longer than 
for spray drying (18). Freeze-dried coffees use high-quality 
coffee and have better retention of volatile aromatics than 
do spray-dried coffees and are thus considered quality in- 
stant coffees. 


Packaging 


In the United States, instant coffee for the consumer mar- 
ket is usually packaged in glass jars containing from 56 to 
340 g of coffee. Larger units for institutional, hotel, restau- 
rant, and vending-machine use are packaged in bags and 
pouches of plastic or paper. In Europe, instant coffee is 
packaged in glass jars and, frequently, plug-closure metal 
containers with foil liners. 

Protective packaging is primarily required to prevent 
moisture pickup. The flavor quality of regular instant cof- 
fee changes very little during storage. However, the pow- 
der is hygroscopic, and moisture pickup can cause caking 
and flavor impairment. Moisture content should be kept 
below 5%. 

Many instant coffee producers in the United States in- 
corporate natural coffee aroma fixed in expelled coffee oil 
in the powder. These highly volatile and chemically unsta- 
ble flavor components necessitate inert-gas packing to pre- 
vent aroma deterioration and staling from exposure to ox- 
ygen. 


DECAFFEINATED COFFEE 


Decaffeinated coffee was first developed on a commercial 
basis in Europe about 1900. The basic process is described 
in a 1908 patent (19). Green coffee beans are moisturized 
by steam or water to a moisture content of at least 20%. 
The added water and heat separate the caffeine from its 
natural complexes and aid its transport through the cell 
wall to the surface of the beans. Solvents are then used to 
remove the caffeine from the wet beans. 


Up to the 1980s man-made organic solvents were com- 
monly used. The caffeine is removed either by direct con- 
tact of solvent with the beans or by contact with a second- 
ary water system that has previously removed the caffeine 
from the beans (13). In either case additional steaming or 
stripping is used to remove solvent from the beans. The 
beans are dried to their original moisture content of about 
10 to 12% prior to roasting. 

In the 1980s decaffeination processes were commercial- 
ized making use of solvents that occur in nature or can be 
made from substances that occur in nature. The use of 
these processes are the basis of positioning a coffee product 
as naturally decaffeinated. 

In a 1970 patent, Studiengesellschaft Kohle of Mul- 
heim, Germany, showed that dense supercritical carbon di- 
oxide is a very specific solvent for caffeine. Subsequent pat- 
ents (20) describe use of this technology to decaffeinate 
coffee in a semicontinuous commercial process. Caffeine 
selectively transfers from wetted green coffee beans to su- 
percritical carbon dioxide and then transfers from the car- 
bon dioxide to water, thereby regenerating the carbon di- 
oxide for reuse and recovering the caffeine. 

Fats and oils, including oil from roasted coffee, (21) and 
edible esters, including ethyl acetate, which is present in 
coffee, are also used to selectively extract caffeine from cof- 
fee. Direct water contact with green beans is used in an- 
other process. This contact removes caffeine as well as 
some noncaffeine solids. The caffeine is adsorbed on acti- 
vated carbon or an ion exchange resin, and the noncaffeine 
solids, containing flavor precursors, are reabsorbed on 
green beans prior to drying and roasting. 

In all of the preceding decaffeination processes, pre- 
wetting of the green beans is necessary, and drying after- 
ward is needed prior to roasting. These steps, in addition 
to caffeine removal, cause changes in the beans that affect 
roast flavor development. 

The degree of decaffeination as claimed on the product 
is based on the caffeine content of the starting material 
and the time-temperature process conditions used by the 
manufacturer to achieve a desired end point. 

Roasted decaffeinated coffee is vacuum packed as 
ground coffee or whole beans for consumer use. Roasted 
and ground decaffeinated coffee is made into instant coffee 
by methods previously described. Decaffeinated coffee rep- 
resents about 9% of the coffee consumed in 1997 in the 
United States, declining from a peak of 18% in 1987 (22). 
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A colloid mill is a device used in the preparation of emul- 
sions and dispersions. The name implies that it can gen- 
erate colloidal size droplets (1—-1,000 nm) for the disperse 
phase, but in reality the colloid mill produces emulsions 
with droplets in the size range of 1 to 25 ym. It is some- 
times used for dispersing solid particulates throughout the 
continuous phase, but in most cases it does not grind par- 
ticles, rather it deagglomerates and disperses the solids. 
In the early years of the colloid mill, one author suggested 
that it be called a dispersion mill to reflect its function 
better (1). However, the term colloid mill is still used to 
describe this type of device. 


HISTORY 


The first mention of a colloid mill came from a Russian 
colloid chemist, Von Weimarn, who in 1910 proposed using 
a mechanical device to generate shearing action to produce 
colloidal dispersions (1-5). In Hamburg, another Russian 
engineer named Plauson developed and patented in 1921 
acolloid mill. Plauson modified a hammer mill“. . . so that 
the beater arms impinged on a liquid surface. Further, he 
operated the rotor at very high peripheral speed to in- 
crease the number of blows in a given time” (2). The Plau- 
son mill used excessive horsepower, was intermittent in its 
operation, and was not very successful on a plant scale (1). 

After the introduction of the Plauson mill, many differ- 
ent designs of colloid mill were introduced. In 1928, Clay- 
ton, in his book The Theory of Emulsions and Their Tech- 
nical Treatment, described 22 different colloid mill designs, 
many protected by patents (2). The colloid mill became 
popular because of its high volume output and low main- 
tenance costs. 


GENERAL DESCRIPTION OF DESIGN 


There are many different colloid mills commercially avail- 
able, but each share some common elements. Colloid mills 
usually consist of a rotor and a stator (Fig. 1). The rotor is 
a disk that can have many different forms and surfaces, 
but it is most commonly conical. This disk rotates at a high 
speed, usually between 1,500 and 20,000 rpm depending 
on the particular design. The speed of the rotor is more 
commonly in the intermediate range of 3,000 to 10,000 rpm. 
for smaller machines and roughly half that range for larger 
machines. The rotor may be directly connected to the mo- 
tor, or it may be driven by a gear or drive belt system. The 
stator is a fixed surface that is close to the rotor. However, 
colloid mills have been designed with many variations of 
these elements, such as two rotors spinning in opposite 
directions close to each other; and rotors and stators with 
slots, channels, flutes, teeth, projections, corrugations, 
steps, and intercalating ridges forming a sinuous passage 
(2). The diameter of the rotor may range from 1 to 21 inches 
(2.54-53.3 cm). In operation some colloid mills require a 
feed pump, whereas others are self-pumping. 

Flowing between the rotor and stator is a thin film of 
liquid that is subjected to a very high shear field. The thick- 
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Figure 1. Basic components of a colloid mill: a rotor attached to 
a rotating shaft and a stator close to the rotor with a small gap 
between them. 


ness of this layer of liquid is typically between 0.001 and 
0.050 inches (0.0254-1.27 mm). It is characteristic of a col- 
loid mill that the intensity of the shear field can be ad- 
justed so as to achieve the desired process result. This ad- 
justment is most often made by varying the thickness of 
the gap between the rotor and the stator. 


THEORY OF OPERATION 


The prevailing theory of the action in a colloid mill is shear. 
Fluid shear occurs in a layer of liquid between two planes, 
one stationary and the other mobile. There exists a gra- 
dient of velocity between these two planes. At the mobile 
plane the velocity is at its maximum, and at the stationary 
plane it is at its minimum (zero velocity). This means there 
are parallel layers of liquid moving past each other at 
different velocities subjecting dispersed particles to a dis- 
rupting force. The rate of change in velocity over the dis- 
tance between these two planes is the shear rate. A com- 
mon method of estimating the shear rate in a colloid mill 
is given as (8) 


y = nnD,/h 


where n is the number of revolutions per second, Dr is the 
rotor diameter, and / is the gap width. By this equation, a 
colloid mill with a rotor diameter of 2 inches (50.8 mm), a 
speed of 20,000 rpm, and a gap of 0.010 inches (0.254 mm) 
produces a shear rate of 2.09 x 10° sec~!. Ata gap of 0.002 
inches (0.0508 mm) the shear rate is 1.05 x 10° sec~?. A 
rotor diameter of 5 inches (127 mm) at 3,600 rpm with a 
gap of 0.005 inches (0.127 mm) has a shear rate of 1.88 x 
10° sec.~!. These examples illustrate the high shear rate 
generated in a colloid mill, and how this shear rate varies 
with operating conditions. 


Some authors have suggested that other mechanisms 
besides shear are important in a colloid mill. Turbulence 
and cavitation may occur in mills with corrugated rotors 
and stators (6). Some researchers believe that the disper- 
sion is caused by the collision of particles against each 
other at the surface of the rotor. Particles are set into ro- 
tation by the high shear field in the gap between the rotor 
and stator. A lift force pushes the rotating particles against 
the rotor. The comminution or emulsification occurs by “au- 
togenous grinding empowered by the rotational kinetic en- 
ergy of particles in suspension” (7). The rotational energy 
spectrum varies with “particle size, fluid viscosity, gap size, 
mill speed, and other parameters in the system” (7). 

A recent paper describing the mechanism of emulsifi- 
cation in a colloid mill emphasizes the importance of resi- 
dence time in the working area (8). Two models for droplet. 
breakup are presented. One model is capillary breakup, 
where a droplet is stretched into an elongated form that is 
then broken into many droplets. The other model is a bi- 
nary breakup where a cascade of events is needed to com- 
plete the reduction of the droplet. There was good agree- 
ment between experimental observation and the capillary 
model. One significant parameter in these models is resi- 
dence time in the gap. Because these models require a cer- 
tain time for breakup of the droplets, the residence time is 
an important factor in understanding scale-up and varia- 
tions in colloid mill designs. 

Residence time in a colloid mill is important because the 
flow rate in a mill is dependent on several factors. The flow 
rate depends on the rheological properties of the product, 
the clearance between the rotor and stator, the in-feed 
pressure to the mill, the shape of the rotor and stator, the 
amount of restriction to flow at the discharge from the mill, 
and the speed of the rotor. Some factors that reduce the 
flow rate of the mill are high viscosity, reduced clearance 
between the rotor and stator, restriction to flow at the dis- 
charge, and a flow path that is axial or tends radially in- 
ward. Factors that increase flow through the mill are in- 
creased in-feed pressure, large clearance between the rotor 
and stator, increased speed of the rotor, low viscosity fluid, 
no restriction to flow at the discharge, and a flow path that 
tends radially outward. 

The temperature rise in a product flowing through a 
mill depends on the residence time in the working area. 
The longer the fluid is in the working area, the greater the 
temperature rise. Therefore, all the factors that increase 
residence time most likely increase temperature of the 
product. 

Figure 2 shows the consequences of varying these 
factors for mayonnaise. Mayonnaise was processed in a 
laboratory-sized colloid mill. The flow rate, the product vis- 
cosity, and the in-feed pressure were measured during the 
test. When the in-feed pressure is increased, the flow rate 
through the mill is also increased. However, as the in-feed 
pressure is increased, the product viscosity is decreased. 
because the residence time for the product is reduced and 
less work is done on the product. 


PRODUCTS 


The most common food applications of the colloid mill 
are the processing of mayonnaise and salad dressing. 
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Figure 2. (a) Flow rate of a mayonnaise through a colloid mill 
increases with in-feed pressure. The gap between the rotor and 
the stator was 0.010 inches (0.254 mm). Density was 920 g/L. 
(b) Viscosity is reduced when the in-feed pressure is increased, 
causing an increase in flow rate and reduction in residence 
time, Source: From the research laboratory APV Americas- 
Homogenizers. 


Mayonnaise contains 65% or more vegetable oil. The col- 
loid mill produces the best combination of fluid processing 
conditions to make a good emulsion at this oil level. If this 
high oil level emulsion is processed on a homogenizer, then 
the results are poor. The homogenizer makes too small a 
droplet size, which leads to instability and separation of 
the emulsion because the natural emulsifier in mayon- 
naise cannot stabilize the large interfacial area generated. 
The colloid mill produces a droplet size range that makes 
a stable, viscous product. On the other hand, a salad dress- 
ing at 30% oil can be made on a homogenizer or a colloid 
mill. Because of the high viscosity usually associated with 
a salad dressing, a small oil droplet size is not necessary, 
and the energy level of a colloid mill is adequate to make 
this type of emulsion. 

There are many other products made on the colloid mill. 
In the cosmetic industry colloid mills are used for making 
creams and lotions. In the chemical industry they are used 
for preparing bituminous emulsions, silicone oil emulsions, 
grease, and pigment dispersions. In many of these appli- 
cations, the colloid mill works well because of high dis- 
persed phase concentration in the product, high viscosity 
components, and moderate droplet size requirements. 


COLOR AND FOOD 363 
BIBLIOGRAPHY 


1. P.M. Travis, Mechanochemistry and the Colloid Mill, Chemical 
Catalog Co., New York, 1928. 

2. W. Clayton, The Theory of Emulsions and Their Technical 
Treatment, 3rd ed., P. Blakiston’s Son & Co., Philadelphia, 
Penn. 1935. 

3, E. A. Hauser, Colloidal Phenomena, MIT Press, Cambridge, 
Mass., 1954. 

4. E. K Fischer, Colloidal Dispersions, John Wiley & Sons, New 
York, 1950. 

5. J. W. McBain, Colloid Science, D. C. Heath, Boston, 1950. 

6. P. Walstra, “Formation of Emulsions,” in P. Becher, ed., Ency- 
clopedia of Emulsion Technology, Vol. 1, Marcel Dekker, New 
York, 1983, pp. 57-127. 

7. A. G. King and S, T. Keswani, “Colloid Mills: Theory and Ex- 
periment,” J. Am. Ceram. Soc. 77, 769-777 (1994). 

8. J. A. Wieringa et al., “Droplet Breakup Mechanisms During 
Emulsification in Colloid Mills at High Dispersed Phase Vol- 
ume Fraction,” Trans, Inst. Chem. Eng. 74, 554-562 (1996). 


WILLIAM D. PANDOLFE 
APV Americas-Homogenizers 
Wilmington, Massachusetts 


COLOR AND FOOD 


IMPORTANCE OF FOOD COLOR 


The role that color plays in the reaction to food is so au- 
tomatic that it may be taken for granted. This does not 
make that role any less important it merely decreases 
awareness. The color of a food has important considera- 
tions for both the consumer and the technologist. These 
considerations are quite different yet they are interrelated 
as shown in Figure 1. 

The psychological effects of color have long been recog- 
nized. A room decorated in red exudes warmth and may 
increase pulse and respiration rates and even increase vi- 
vacity. Whereas a room decorated in blue or green is cool 
and peaceful encouraging concentration and relaxation. 
But darkening that blue can turn it into a subdued and 
even depressing atmosphere. The color of food also has its 
psychological aspects but these are less of mood swings 
than they are of learned associations. The color of a food 
not only sends a message of expectation but can also pro- 
vide clues as to the condition of that food; a yellow peach 
is ripe, brown strawberry jam is old. Food of an unnatural 
color raises a barrier that most people have difficulty over- 
coming. Witness the red-fleshed potato that cooks up blue. 
Most people given the chance will avoid tasting it even 
when assured it tastes similar to the familiar white vari- 
eties. In contrast a recently introduced yellow-fleshed va- 
riety, reminiscent of buttery mashed potatoes, is gaining 
in popularity. In a very real sense the appearance of a food 
acts as a gate keeper and the old saying “We eat with our 
eyes” is not far off the mark. Experience and memory play 
important roles in food assessment. This is easily demon- 
strated by mismatching gelatin samples for color and fla- 
vor. Even a familiar flavor such as orange is difficult to 
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Figure 1, Food color considerations for the consumer and for the 
food technologist. 


recognize when colored red. This is because red is associ- 
ated with red fruits, thus a red-colored orange gelatin 
sends the wrong visual cue. This is of such proportion that 
it is difficult to rely on the messages sent by the taste buds 
and olfactory receptor. 

In practice consumers do not isolate their sensory per- 
ceptions of a food but combine them in obtaining a total 
assessment for a food. This association is sufficiently 
strong that when asked to separate them there may still 
be a strong influence of one sensory perception on another. 
Yet the visual sense is both sophisticated and sensitive, it 
is only that experience has confirmed what the eye sees, 
which has caused the interaction of the senses to become 
unconscious. 

The technologist has an interest in the color of food for 
several reasons. One is the need to maintain a uniformity 
of color over production runs. A second is the avoidance of 
color changes brought about by chemical reactions occur- 
ring during processing or storage life of the product. A 
third is the optimizing of color and appearance in relation 
to consumer preference. A fourth is the maintenance of a 
color in accordance with consumer experience and expec- 
tations. The need to maintain color uniformity over pro- 
duction runs varies with the food and especially with the 
packaging used. For example, the need is greater for fruit 
juices packaged in clear containers than for those pack- 
aged in individual drinking boxes where very little of the 
juice is actually seen. The color problems of processed 
green vegetables are examples of color changes arising 
from unstable pigment reactions. The retailing practices of 
fresh meat, particularly beef, have been limited for many 
years by the need to maintain meat pigments in the bright 


cherry red of oxymyoglobin because of the strong effect on 
consumer acceptability. 

For many new products the product developer must con- 
sider the eye appeal of the product, and this should be 
given serious consideration in consumer acceptability rat- 
ings in any optimization procedure undertaken. The need 
to be aware of dynamic consumer reactions in regard to 
color and appearance is paramount. What is preferred in 
the color of a product is influenced by experience and avail- 
ability and changes over time. The replacement of nitrites 
for curing meat products is complicated by the fact that 
the nitrites contribute to the characteristic color of cured 
meat. A satisfactory replacement has yet to be found. To 
support the deletion of nitrites from the process, consum- 
ers must exhibit sufficient concern about their diets that 
they would be willing to accept brown cured meat products 
or at least products that appeared different from those to 
which they are accustomed. 


COLOR THEORY 


A thorough review of color theory is beyond the scope of 
this article; however, several references have been pub- 
lished (1-5). The portion of the electromagnetic spectrum 
that comprises visible light falls between 380 and 750 nm, 
bordered by ultraviolet light on the low end and infrared 
light on the high end. The visible spectrum is represented 
by the colors seen in the rainbow with blue existing at 
wavelengths less than 480 nm; green roughly 480-560 nm; 
yellow, 560-590; orange 590-630; and red, at wavelengths 
longer than 630 nm (1). Purple is achieved by mixing blue 
and red and is considered to be a nonspectral color. If white 
light is dispersed by a prism a spectrum is obtained rep- 
resenting all the visible colors at appropriate wavelengths. 
The relative power or energy (power multiplied by time) 
emitted at these wavelengths can be plotted to produce the 
spectral power distribution curve of the light source. A 
group of light sources, black bodies, change from black 
through red to white when heated, the color produced be- 
ing dependent on the temperature reached. This is referred 
to as color temperature. Tungsten filaments are close ap- 
proximations of black bodies, although their color tem- 
perature is not exactly equal to their actual temperatures. 
Real daylight and fluorescent lights do not approximate 
black bodies. 

When light falls on an object it may be reflected, ab- 
sorbed, or transmitted or a combination of these may occur. 
When light passes through a material essentially un- 
changed it is transmitted. Wherever light is slowed down, 
as occurs at the boundary of two materials, the light 
changes speed and the direction of the light beam changes 
slightly (refractive index). The change in direction is de- 
pendant on the wavelength and accounts for the dispersion 
of light into a spectrum by a prism. The change in refrac- 
tive index results in some light being reflected from the 
object. Light that is absorbed by the material is lost as 
visible light. If light is absorbed completely the object ap- 
pears black and opaque. If some of the light is not absorbed 
but transmitted the object appears colored and transpar- 
ent. Lambert’s law, which states that the fraction of light 


that is absorbed by a substance is independent of the in- 
tensity of the incident light, is always true in the absence 
of light scattering. Beer’s law states that the light absorp- 
tion is directly proportional to the number of molecules 
through which the light passes. In practice, Beer’s law is 
often not exactly observed, possibly due to chemical 
changes in some of the absorbing molecules. 

When light interacts with matter it may travel in many 
directions. The sky is blue because of light scattered by 
molecules of air. Scattering caused by larger particles pro- 
duces the white of clouds, smoke, etc. Scattering results in 
light being diffusely reflected from an object. Translucent 
materials transmit part of the light and scatter part of the 
light, if no transmittance occurs, the object is said to be 
opaque. The color of the object is dependent on the amount 
and kind of scattering and the absorption occurring. The 
amount of light that is scattered is dependent on the dif- 
ference between the refractive indexes of the two materi- 
als, The boundary between two materials having the same 
refractive index cannot be seen because no light scattering 
occurs. Large particles scatter more light than small par- 
ticles until the particle size approaches the size of the 
wavelength, at which point scattering decreases. Many 
foods are not completely reflecting or transmitting mate- 
rials, which introduces an element of empiricism into an 
attempt to measure the color (6). With these foods absorp- 
tion and scattering are factors affecting visual judgments. 
The absorption coefficient K and the scatter coefficient S 
in the Kubelka-Munk equations have been used in at- 
tempts to deal with this (7,8). 

The chemist tends to think of color rather simplistically 
as being determined by the amount of light absorbed at a 
specified wavelength. But that is not how color is seen, for 
it is the light that is reflected from an object that deter- 
mines color. The appearance of an object may vary over the 
entire object because of the angle of viewing and the light 
falling on the object. Appearance attributes have been di- 
vided into two categories: color, and geometric or spatial 
attributes (3). Color refers to the light reflected from the 
object to provide a portion of the spectrum as well as white, 
gray, black, or any intermediate. Geometric attributes re- 
sult from the spatial distribution of the light from the ob- 
ject and are responsible for the variation in perceived light 
over a surface of uniform color, such as gloss or texture. 
The mode in which the eye is operating affects the visual 
evaluation. There are three modes: the illuminant mode, 
in which the stimulus is seen as a source of light; the object 
mode, in which the stimulus is an illuminated object; and 
the aperture mode, in which the stimulus is seen as light. 
The aperture mode may be thought of as a lighted window 
where first the light is seen, but at a closer range the object 
mode takes over and the contents of the room can be seen. 
The aperture mode views an object through a smallish ap- 
erture removing the effects of spatial distribution of light. 
This method is usually used for visual color-matching ex- 
periments. However, it is the object mode that is of prac- 
tical importance in assessing the appearance of a food. The 
everyday evaluations of color, haze, clarity, gloss, and opac- 
ity are made by observing what the object does to the light 
falling on it. 
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The human eye is an incredibly sensitive and discrim- 
inating sensor; it can detect up to 10,000,000 different col- 
ors (6). The basic units of sight are the eye, the nervous 
system, and the brain. The cone light receptors located in 
the fovea of the retina of the eye are responsible for the 
ability to see color. It is generally agreed that there are 
three types of cone receptor responding to red, green, or 
blue and that these responses are converted in nerve- 
signal-switching areas within the eye and the optic nerve 
to opponent-color signals as proposed by Muller. Three 
opponent-color systems, black-white, red-green, and 
yellow-blue, were first proposed by Hering (3). The other 
type of light receptor, the rods, are also located in the ret- 
ina; they increase in density as the distance from the fovea 
increases. The rods are responsible for black-and-white vi- 
sion, the ability to see in dim light. Rods do not contribute 
to color vision. Approximately 8% of the population, pre- 
dominately men, have abnormal color vision. For all hu- 
mans the mode of presentation including viewing angle, 
source of illumination, and background, affect the color 
perceived by the viewer. 


COLOR MEASUREMENT 


Tristimulus Colorimetry 


It is possible to match colors with a simple laboratory 
setup. Three projectors with a red, green, and blue filter, 
respectively, can be focused with the image superimposed 
on ascreen. A color to be matched is projected on the screen 
by a fourth projector. An operator can match the desired 
color by determining the amounts of red, green, and blue 
required for a match. Unfortunately, not all colors can be 
matched by the red, green, and blue primary colors, so the 
researchers were given free rein to choose other primaries. 
They chose X (roughly corresponding to red), Y (roughly 
corresponding to green), and Z (roughly corresponding to 
blue). X Y and Z are unreal in that they cannot be produced 
directly in the laboratory, but they are very useful math- 
ematically. This concept was accepted by the Commission 
Internationale de Eclairage (CIE) and became known as 
the CIE system. These tristimulus (three-stimuli) values 
for the equal-energy spectrum were used to define the 2° 
1931 standard observer and were designated as x, ¥, and 
2, which are special cases of X, Y, and Z; the 2° refers to 
the angle of observation. Later systems of measurement 
were developed with a 10° angle of viewing and are thus 
called 10° 1964 standard observers. The definition of the 
XYZ system offered a number of advantages. First, all col- 
ors lie within the primary coordinates. Second, the Y value 
contained all the lightness, and third, many of the coordi- 
nates for orange and red colors lie along a straight line, 
which is a great advantage in color formulation. 

The XYZ values, sometimes presented as Y,x,y or xyz as 
described below, provided a measure of the color of a sam- 
ple when viewed under a standard source of illumination 
by a standard observer. The CIE organization defined a 
number of standard sources of illumination. CIE Source A 
represented incandescent light and a color temperature of 
2,854 K; CIE Source B simulated noon sunlight; and CIE 
Source C simulated overcast-sky daylight. These light 
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sources were supplemented by the CIE in 1965, and illu- 
minant Dg, with a color temperature of 6,500 K is now 
widely used. In 1931 the CIE adopted the standard ob- 
server as having color vision representative of the average 
of that of the population having normal color vision. These 
data were used to obtain CIE standard-observer curves for 
the visible spectrum for the tristimulus values r, g, and b, 
for a set of red, green, and blue primaries. The red, green, 
and blue data were transformed into XYZ values and pro- 
vided the basis for the standard observer curves shown in 
Figure 2 (1). The definition of the standard observer curves 
made it possible to design a simple colorimeter. Figure 3 
shows white light falling on a sample to be measured. The 
reflected light is passed through a glass filter to determine 
the X component, the Y component, and the Z component, 
respectively. The signal from each filter is measured elec- 
tronically and constitutes a tristimulus reading for the 
sample. The accuracy of the reading depends on the ability 
of the manufacturer to produce a filter/photocell combi- 
nation that duplicates the response of the human eye, that 
is, the standard observer curves. They have been very suc- 
cessful in this aspect, and several commercial colorimeters 
available today are based on this principle. 


Spectrophotometry 


The CIE values of a color can be calculated by multiplying 
the energy spectrum of the illuminant by the reflectance, 
or transmission, spectrum of the sample and the standard 
observer curves. They can be mathematically represented 
by the following integral equations: 
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Figure 2. Curves for 2° standard observer expressed as tristi- 
mulus values X, ¥, and Z. 
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Figure 3. A simple tristimulus colorimeter. The light reflected 
from the sample passes through the three tristimulus filters, X, 
Y, and Z, and the signals are recorded by the photocell. The com- 
bined outputs from the filter/photocell combination duplicate the 
standard observer curves xy, and z and represent the color of the 
sample. 


x= RExde 
Y= | REjdy 
Ze fe RExdz 


where R is the sample spectrum, E is the source light spec- 
trum, and #, , Z are the standard observer curves. 

Many of the more expensive colorimeters available to- 
day record a spectrum from the sample as the initial signal 
and calculate CIE values from it. This approach allows con- 
siderable flexibility because the signal can be programmed. 
to produce data for any illuminant, several types of sample 
presentation, a number of mathematical color systems, 
special color scales, and many types of color difference cal- 
culations. Interestingly, the early spectrophotometers de- 
signed for color measurement 70 years ago all used this 
approach, but the calculations for CIE values were tedious. 
Mechanical integrators helped, but they were expensive. 
This led to the development of the much simpler tristi- 
mulus colorimeters about fifty years ago. Today with the 
development of electronic calculation, the cost of calcula- 
tion is simply not a significant consideration, and spectro- 
photometers are coming back into fashion. 

Interestingly, a tristimulus colorimeter can also be used 
as a chemical absorptimeter for analytical purposes (9,10). 


Data Presentation 


Spectrophotometers usually present data in XYZ units but 
there are other conventional ways. Chromaticity coordi- 
nates (xyz) calculated by the following equations are often 
used to plot a chromaticity diagram (Fig. 4). The conven- 
tion Yxy is also used, where Y represents CIE Y expressed 
as a percent of X + Y + Z: 
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Figure 4. CIE chromaticity diagram showing dominant wave- 
length and purity. 
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By convention x and y are plotted on the diagram that fea- 
tures the horseshoe-shaped spectrum locus. Dominant 
wavelength is obtained by drawing a line from the illumi- 
nant through the sample to the spectrum locus as shown 
in Figure 4 and represents visual hue. Purity is obtained 
by the equation a/(a + 5) and represents visual chroma or 
saturation. Samples located nearer the spectrum locus are 
more saturated. Colors placing below the illuminant at the 
horseshoe base are considered nonspectral colors, and a 
complimentary dominant wavelength is calculated by 
drawing a line from the sample through the illuminant to 
the spectrum locus. Purity is determined as for spectral 
colors. The horseshoe spectrum locus represents two di- 
mensions of color and the third is represented by Y as 
shown in Figure 5. The plane of the horseshoe rises as the 
color becomes lighter. Spectrum colors on the spectrum lo- 
cus have a low lightness factor. 

The Hunter L, a, and 6 color scale is an opponent-type 
system and has the advantage of being more uniform than 
the CIE system. It has proved popular for measuring food 
products. This scale was developed in 1958, allowing com- 
putation and direct readout from the dials of the colorim- 
eter (3). Readout is as L,, ay, and b,, and the functions are 
related to the CIE X, Y, and Z as 
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Figure 5. Third dimension of color represented by Y function ris- 
ing from the plane of the chromaticity diagram. 
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The a and 6 chromaticity dimensions are expanded so that 
intervals on the scale for a and 6 approximate the visual 
correspondences to those of the 100-unit lightness scale L,. 
This color scale is based on Hering’s theory that the cone 
receptors in the eye are coded for light-dark, red~green, 
and yellow-blue signals. It is argued that a color cannot 
be both red and green at the same time; therefore, a is used 
to represent these; —a represents greenness and +a rep- 
resents redness. Similarly, — 6 represents blueness and 
+6 represents yellowness. Lightness is represented by 
L,, (Fig. 6). Hue is calculated as the angle going counter- 
clockwise from +a and hue angle is calculated as tan~* 
b/a. Chroma is calculated as (a? + 5)”. Color difference 
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Figure 6. Hunter L a 6 color scale. 
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is calculated as 4E = [(L, — L2)? + (a, — ag)® + (6) — 
b,)*]", but this value gives no indication in which dimen- 
sion the difference lies. The Hunter color scale was first 
developed for use with reflectance and later adapted for 
transmission measurements. Confusion arises with lumi- 
nosity of dark liquids such as dark fruit juices. This 
prompted adaptation and revision of scales for use at low 
luminosity levels (6). These scales are useful when the ra- 
tio of absorbance to transmittance is high. 

The three-dimensionality of color is an important con- 
cept for measuring the color of a food. Examination of the 
wavelength distribution along the spectrum locus makes 
it clear that color is not equally visually spaced with this 
system. The elliptical nature of the color spaces prove trou- 
blesome when trying to match or establish specifications 
for color. Much attention has been devoted to providing 
more uniform color spaces and the CIELAB (1) system 
with parameters L*a*b* was designed to do this. Another 
color system was called CIELCH with parameters L*C*H* 
(9). The CIELAB system seems to be gaining more prom- 
inance. Color-matching computers are now available and 
are much used in textile and other industries. It may be 
important to determine whether a color difference exceeds 
the just-noticeable difference (JND). Computers have re- 
moved the computational labor of the more accurate cal- 
culations of differences. 


SAMPLE PRESENTATION 


Most instruments treat foods subjected to measurement as 
having opaque, matte, and uniform surfaces. In practice, 
foods seldom meet these requirements but deviate from 
ideal conditions of flatness, uniformity, opaqueness, diffu- 
sion, and specularity in ways that affect the measurement. 
This introduces an element of empiricism into any attempt 
to instrumentally assess the color of a food and sample 
preparation, and presentation becomes important. Color 
measurements are made to obtain repeatable numbers 
that correspond to visual assessments of the color of the 
food. Repeatability requires standardized procedures for 
sample preparation (9). 

Many foods require a container of optical material thus 
introducing an element of gloss in contrast to the ideal 
matte surface. A uniform sample works best but grinding, 
mixing, milling, and blending are all processes that affect 
the light scattering properties of the sample. This may be 
to the extent that the sample no longer represents visual 
evaluation of the product, ie, crushed potato chips. The 
presence of water or other liquids in the mixture decreases 
the light scattering of the sample. Foods that consist of 
pieces that do not fit tightly together result in light from 
the source becoming trapped and thus reducing the light 
scattering. These foods are best measured with an aper- 
ture larger than the incident light beam to maximize col- 
lection of the light that has been trapped and diffused be- 
yond the normal-size aperture. Liquids that depend on the 
transmission of light require optical cells of a thickness 
that will maximize the color difference. Translucent sam- 
ples measured by reflection also pose the problem of light 
being trapped because it is reflected from within the food 


not from the surface. Light so trapped is not collected to 
be included in the measurement and a large aperture is 
useful. 

Because most foods do not represent ideal conditions it 
is recommended that a second measurement be made after 
turning the sample 90° and the two readings be averaged. 
In devising a presentation technique that works well for 
the measurement it is well to remember to check that it 
retains a true relationship with the visual assessment of 
the product in its original form. 


DATA INTERPRETATION 


For quick assessments the simplest evaluation that will do 
the job is desired. Three-dimensional data may be consid- 
ered too complex and difficult to deal with. It is important 
that any color measurement used to assess a food relates 
to what the eye sees and this should go further to deter- 
mining those aspects of color that are important to con- 
sumers’ assessment of quality. Any reduction of data needs 
to take these factors into account. Consumer assessments 
are generally obtained in less-controlled conditions, which 
are useful in determining the breadth of the problem. An 
intermediate stage under more—controlled conditions 
may be necessary in translating consumer results into in- 
strumental measurements. However, using company per- 
sonnel, closely involved with the technical side of the 
operation, as a substitute for consumers is risky because 
they are not representative of the consuming population. 

Generally it is advisable to go beyond the basic CIE X, 
Y, and Z or Hunter L, a, and b instrument readouts to get 
a true picture of the color of the food. Lightness, hue, and 
chroma or saturation dimensions should be examined to 
obtain an indication of how the color of the samples mea- 
sured differ. If the samples differ in only one dimension 
that dimension may be enough to provide a useful assess- 
ment of the product. However it should be remembered 
that lightness varies with both hue and chroma. 

Some caution is required in using color difference cal- 
culations. The general 4E calculation is affected by the 
equation selected for the calculation and by the geometry 
of the instrument on which the data were collected. There- 
fore, a suitable equation should be selected and used con- 
sistently. In addition, the 4E calculation does not provide 
information about the nature of the difference. Calculating 
differences for the components as either CIELAB 4L*, 4a*, 
and 4b* or 4H for hue, 4L, or 4C for chroma, is likely to 
be more informative. If these are to be used for establishing 
tolerances they must be checked against visual judgments. 
It is important to note that while numbers may be conven- 
ient, color acceptions or rejections in practice are not num- 
ber based but made on visual assessments. 

The availability of computer-equipped instruments has 
removed much of the tedium from calculating color- 
measurement results and made readily available data in 
different forms. This should not be allowed to lull research- 
ers into a false sense of security. It is still important to use 
well-prepared, representative samples for measurement. 
It still takes time to think about the problem, to evaluate, 
and to understand the results obtained. 


COLOR MEASUREMENT OF SPECIFIC FOODS 


An extensive review of the color measurement of various 
foods has been published (10,11). This discussion high- 
lights treatments of color measurement that represent 
newer developments or deal with conditions that present 
real problems in color measurement in attempting to re- 
late measured color to what the eye sees. 

Orange juice is a food for which color is considered im- 
portant enough to represent a large proportion of the grad- 
ing system yet it is difficult to measure because of trans- 
lucency that may be compounded by the presence of 
particles. One approach to color measurement of this type 
of product has been the use of Kubelka-Munk equations 
developed for reflectance at a single wavelength (7), use 
with colorimeters is strictly an empirical adaptation. It has 
been observed that the effect of different rates of trans- 
mittance change relative to concentrations; <1.0 produced 
large changes in measured lightness, hue, and chroma 
(12). The falloff in lightness and chroma observed at higher 
concentrations resulted from smaller change in transmit- 
tance at concentrations >2.0. It was concluded that for 
strongly colored scattering materials in dilute suspension, 
instrumental measurement was inadequate because it did 
not measure what the human vision perceived as appear- 
ance (12), This is because the instrument measures inten- 
sity of back-scattered light over a limited angle whereas 
human vision is stimulated by internally scattered light 
emerging multidirectionally from the suspension in addi- 
tion to that which is reflected directly. For purposes of 
grading, the color of orange juice is measured using the 
Citrus Colorimeter (3). This instrument has two scales: cit- 
rus redness (CR); and a subsidiary citrus yellow (CY), 
which are used to calculate a color-score equivalent to a 
visual color score. 

The color of fresh meat is of interest because of the im- 
portance of the degree of oxygenation of the surface to con- 
sumer acceptability and also because of the incidence of 
dark cutting beef and pale, soft exudate pork. More tradi- 
tional approaches have been to determine relative concen- 
trations of the myoglobin, oxymyoglobin, and metmyoglo- 
bin pigments spectrophotometrically at appropriate 
wavelengths (13). The problem of measuring meat color is 
made difficult because of the variability in concentration 
of the heme pigment myoglobin, the condition of the cut 
surface that may have undergone a degree of desicca- 
tion, the chemical state of the myoglobin, and the light- 
scattering properties of the muscle pigments (12). The 
muscle of a freshly slaughtered animal is dark and trans- 
lucent in appearance becoming lighter and more opaque as 
the pH falls and the glycogen is converted to lactic acid. 
Because of the degree of translucency inherent in fresh 
meat, the Kubelka-Munk equations have been explored as 
a means of measuring meat color (12,13). The scatter co- 
efficient has been used to measure color as a condition of 
fresh meat; however, the range of scatter is too large to 
estimate pigment concentration accurately (12). Scatter- 
ing data were supplemented with data for L, hue angle, 
and chroma to produce typical values for conditions of 
fresh meat. It has been pointed out that derived formulas 
and multiple regression equations for expressing meat 
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color suffer in accuracy because most people tend to think 
of how the viewed samples differ from a mental image of 
ideal meat color (14). 

A mathematical approach rather than a visual ap- 
proach has been used for estimating physical color param- 
eters L*, a*, and b* for red and tawny ports based on con- 
sumer data (15). Consumers ratio-scaled 15 blends of port 
for redness, brownness, and intensity of color and then pro- 
vided ratings for their ideal port. Assessors were separated 
on the basis of those who preferred tawny and those who 
preferred ruby port. Deviations of the samples from the 
ideal were regressed against L*, a*, b*, hue angle, and 
chroma. Three simultaneous equations including port pref- 
erence, hue angle, and chroma were established for relat- 
ing sensory information with physical information. These 
data were further treated by the method of inverse simul- 
taneous estimation to obtain estimates for color parame- 
ters for ideal ports. However, as with all ideal assessments, 
caution must be exercised because of the large degree of 
error. In this case the ideal fell outside the range of blends, 
a common occurrence with ideal data. Although the study 
does demonstrate that appropriate use of mathematics 
and data collection can increase efficiency in relating sen- 
sory and physical color data. 


ROLE OF COLORANTS 


Because the color of a food is used by consumers to aid in 
forming a judgment about that food, it is not surprising 
that food processors and manufacturers consider colorants 
important adjuncts. The use of colorants to enhance the 
appearance of a food is not a recent development. Spices 
and condiments have been used since early civilization. 
However, the use of colorants has not been without its 
more unscrupulous aspects such as the propensity to use 
them to mask inferior products in the eighteenth and nine- 
teenth centuries. The use of copper sulfate or copper fit- 
tings in making pickles to obtain an appetizing green ap- 
pearance has lingered to more recent times. Candies, 
wines, liquors, and even flours have all been subjected to 
harmful coloring practices (16). As a result the use of col- 
orants in foods came under scrutiny in the late nineteenth 
century, and the use of food colors has been controlled at 
the federal level in the United States since an act of Con- 
gress in 1886 allowed butter to be colored. This act recog- 
nized the need to provide the marketplace with products 
having both an attractive and a consistent appearance. By 
1900 a wide range of foods such as jellies, catsup, alcoholic 
beverages, milks, ice creams, candy, sausages, pastries, ete 
were allowed to be colored. Both the substances allowed 
and the amounts specific to a food have been regulated 
where coloring has been permitted. 

Colorants allowed in foods include those from both nat- 
ural and synthetic sources. Natural colorants as a rule are 
more expensive, less stable, and possess lower tinctorial 
power. In addition, they are frequently present as mixtures 
in the host materials and vary with season, region, variety, 
etc. Disadvantages associated with natural colorants have 
been identified as low yields; color instability resulting 
from effects of pH, light, heat, and freezing; and possible 
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association with other properties that may be undesirable 
(17). However, they do present the advantage of being per- 
ceived as safer than synthetic colors. Pigments to be used 
as colorants must be extracted from the host materials and 
prepared in some form, such as a dried powder or beadlets, 
which increases the ease of use in a food product (16). A 
breakthrough in the use of natural pigments occurred with 
the synthesization of the carotenoids f-carotene, f-apo-8'- 
carotenal, and canthaxanthin. But even here considerable 
confusion exists in the interpretations by regulatory bod- 
ies. In the United States these synthetic duplications of 
natural extracts must be identified as an artificial color, 
whereas in Canada they must be labeled a natural color. 

The safety of synthetic colorants continues to be ques- 
tioned. In 1938 the FDA evaluated synthetic colorants and 
determined that 15 colorants met the criteria for use in 
food, drugs, and cosmetics, and these were identified as 
FD&C colors. Since then the list of FD&C colors has been 
reduced to seven. The most controversial deletion was 
FD&C Red No. 2, or amaranth, which was banned in the 
United States based on concerns regarding teratogenic and 
reproduction effects raised by USSR studies in 1970 and 
later confirmed by an in-house FDA study. This colorant 
was also under fire at the time as contributing to behav- 
ioral problems in children. However the Canadian Health 
Protection Branch, having assessed the same data, re- 
tained amaranth as a colorant on the basis of lack of car- 
cinogenic evidence and inadequate experimental control 
used in the FDA study (16). Sweden, Denmark, the FRG, 
Japan, and nine European Economic Community countries 
also retained it. In contrast the FDA gave approval in 1974 
for FD&C Red No. 40, and it is now the only general- 
purpose red color certified in the United States. Canada’s 
Health Protection Branch did not allow FD&C Red Dye No. 
40 known as Allura Red, for use in that country. A result 
of these discrepancies in regulations between countries is 
an added complexity between trading partners and to 
global trade. 

A quick assessment of the commodity use of synthetic 
colors indicates that a large proportion are used in fruits 
and fruit juices and nonalcoholic beverages. These are 
foods where water solubility and stability are require- 
ments and suitable natural colorants have yet to be devel- 
oped. 


EFFECT OF COLOR ON SENSORY PERCEPTIONS 


The effect of color on sensory perceptions has been well 
demonstrated. Color can influence people’s perception of 
the basic tastes and affect their ability to distinguish 
threshold levels (18). Presenting the basic tastes in colored 
solutions raised the thresholds of the test subjects. Thresh- 
olds for sour presented in green or yellow solutions were 
higher than those presented in red solutions, which in turn 
were higher than those presented in colorless solutions. 
This is not entirely accounted for by color association with 
certain foods, for example, both green and yellow sour and 
nonsour foods are common. In the case of bitter taste, 
green and yellow presentations resulted in higher concen- 
trations being required for detection than for colorless or 


red presentations. It was concluded that red color was not 
associated with bitter flavor (18). In contrast to sour and 
bitter, sweet thresholds were lower for green-colored so- 
lutions. Thresholds for colored salt solutions were no dif- 
ferent than those for colorless solutions. This was attrib- 
uted to the wide variety of foods associated with a salty 
taste. 

The levels of basic tastes in most foods are well above 
threshold levels and taste-color associations vary with spe- 
cific foods. Color was shown to be a distraction in correctly 
identifying the sweeter sample in a paired comparison test 
of pear nectar, but it was not confirmed that the color green 
lowers the perception of sweetness, a result obtained in an 
earlier study (19). It was concluded that the effect of color 
varied considerably between individuals. The intensity of 
red color has been shown to affect a subject’s perception of 
sweetness in beverages and solutions (20). A red color in 
fruit-flavored beverages was associated with an increase 
in perceived sweetness although the sucrose level was con- 
stant. Sweetness of darker red solutions was reported to 
be perceived as being 2-10% greater than the uncolored 
reference when actual sucrose concentrations were 1% 
less. There is an interrelationship between color and flavor, 
for example, the introduction of blue color to cherry- and 
strawberry-flavored drinks markedly decreased perception 
of tartness and flavor (21). The addition of yellow color de- 
creased perception of sweetness to a lesser extent, and the 
addition of red increased sweetness. This study introduces 
the possibility of using color to reduce the concentration of 
sucrose required in a beverage. The perception of sweet- 
ness seems to be more affected by color than the perception 
of salt. It has been observed that color had no influence on 
salt perception of chicken broth colored red or yellow (22). 
Neither was flavor preference affected by color. 

An investigation into the effect of color on aroma, flavor, 
and texture of foods, showed that appropriately colored 
foods were perceived to contain greater intensity of aroma 
and flavor and as having a higher quality, with aroma be- 
ing the most affected (23). Perception of texture was not 
affected by color. Another study found that fruit-flavored 
beverages were correctly identified when their color was 
visible but when their color could not be seen dramatic 
reductions in correct identification occurred (24). Only 70% 
of the tasters correctly identified grape; 50%, lemon-lime; 
30%, cherry; and 20%, orange. When the study was ex- 
panded to include combinations of color, flavor, colorless, 
and flavorless in beverages, flavor identification was color 
cued, and in the case of the colorless beverages a spread of 
flavors was identified. Flavorless beverage colored red was 
identified as strawberry by 22% of the tasters; orange- 
colored, as orange by 22%; and green-colored, as lime by 
26%. Identification as having no flavor ranged from 41% 
for colored beverages to 48% for the colorless beverage. 
These same researchers observed that when white cake 
was varied in lemon flavor and yellow color that flavor in- 
tensity was most affected by color when no lemon flavoring 
was added, but the effect was nonlinear. Intensity of flavor 
was most affected between no added color and the lowest 
level. Color has been shown to have a strong influence on 
the assessment of aroma and flavor for port wines (25). 
These ratings were shown to be influenced by visual cues 


when these were made available. Examination of assess- 
ments by individual assessors showed assessors differed in 
the degree of this influence. These researchers reported 
that trained panelists were able to remove color bias from 
evaluation of Bordeaux wines when instructed to do so. 

That color plays a role in the acceptability of many foods 
cannot be denied. One study varied the color of cherry- and 
orange-flavored beverages above and below normal levels. 
It was observed that the overall liking peaked around the 
normal color (24). It was also noted that overall accepta- 
bility was more closely related to flavor than to color ac- 
ceptability, suggesting that color cannot substitute for 
flavor. This same study demonstrated a significant color- 
flavor interaction for overall acceptability of lemon- 
flavored cakes. More intense flavors were liked less at 
higher color concentrations. As flavor levels increased, 
overall acceptability peaked at lower color levels. These 
findings suggest that intensities reach a point where they 
exceed the accustomed expectation and are, therefore, 
liked less. The interrelationships between pleasantness, 
color, and sucrose concentration have been observed (16). 
The interaction was evident in the lower pleasantness rat- 
ing given to the darker red intensity beverage. This may 
have resulted because the beverage was perceived as 
sweeter and, therefore, as less pleasant or the red color 
may not have been associated with the tasters’ expecta- 
tions of a desirable red color. One study examined the per- 
ceived pleasantness of beverages varying in sweetness and 
color and concluded that the most intense color or sweetest 
flavor did not always produce the optimum product for- 
mulation (21). Color and appearance have been shown to 
have important influences on overall acceptability of wines 
but the degree varies with the individual assessor and the 
study (25). 


MARKETING IMPLICATIONS 


Any research and development technologist should be 
aware of the marketing implications related to the color of 
a food as they affect product development and quality con- 
trol. The technologist must bear in mind that it is what is 
perceived by the consuming public that controls sales not 
necessarily the truth of the perception. 

A 1985 survey conducted by Good Housekeeping mag- 
azine, asked respondents to indicate whether nutrition or 
appetite appeal was the more-important selection criterion 
for food purchases; 45% stated appetite appeal (26). Color 
certainly plays a considerable role in appetite appeal and 
this is one reason that foods are colored. Yet some consum- 
ers consider the addition of color as perpetrating deception 
and in Europe there have been attempts to ban the use of 
colorants (17). It has been reported that the lack of artifi- 
cial colorings and the 3presence of natural color rank high 
as positive food attributes, whereas the use of artificial 
color was ranked as negative (26). However, 35-40% of re- 
spondents considered artificial color as somewhat accept- 
able. More than 50% of the respondents considered coal tar 
color derivatives to be unacceptable. Apparently, the use 
of colorants for cosmetic reasons, once considered to en- 
hance acceptability, may now be a detractor because of the 
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pressure to reduce the use of additives in processed foods 
asa result of prevailing consumer attitudes and safety con- 
cerns. It should also be remembered that experiences 
change over time and that this influences acceptability. 
The combination of experience and prevailing consumer 
concerns can combine to bring about changes in accepta- 
bility. The Spy variety of apple was once prized as a cooking 
apple but it has gradually been superseded by other vari- 
eties for processing and retail sales. When cooked, the Spy 
apple produces a very intense yellow color. This bright yel- 
low color is less preferred by today’s consumers than the 
duller browner color of the cooked product of more familiar 
varieties. Part of this is undoubtedly that the intense color 
is unexpected and unfamiliar but the lower preference may 
also result from the fact that the intense yellow, although 
natural, has become suspect. 

Although within the marketing profession there has 
been much exploration of the effects of color, particularly 
in the packaging, on the sales of food products, little re- 
search of this nature has been published. Package design 
and color are important factors in attracting a buyer at the 
point of purchase. That packaging becomes part of a fa- 
miliar product has been witnessed by any shopper who has 
had to search for an often-purchased product because the 
color of the package has been changed. Marketers are con- 
cerned about product image and thus both the product and 
the package must contribute to this image. Both can be- 
come dated and in an industry that experiences a short life 
for many of its products this can be of concern for the long- 
lived products. Black has not generally been considered a 
desirable color for food packages but with the popularity 
of art deco design, sophisticated black packages and labels 
are beginning to appear. Marketers are quick to take ad- 
vantage of color association with consumer concerns such 
as that of green with environmental concerns. One Cana- 
dian food retailer has capitalized on this to develop an ar- 
ray of G.R.E.E.N. products, which have been promoted as 
being environmental friendly. This sort of use of color with 
food is usually beyond the purvey of the technologist, but 
such marketing decisions may result in formulation re- 
quests to research and development. 

It can be concluded that color has an important associ- 
ation with food, which extends far beyond the technolo- 
gist’s concern with measurement. An examination of all 
the facets as they affect any product is becoming increas- 
ingly important in coping with the greater degree of so- 
phistication and competitiveness occurring in the food in- 
dustry. 


BIBLIOGRAPHY 


1. F. W. Billmeyer, Jr., and M. Saltzman, Principles of Color 
Technology, 2nd ed., John Wiley & Sons, Inc., New York, 1981. 

2. D. B. Judd and G. Wyszecki, Color in Business, Science, and 
Industry John Wiley & Sons, Inc., New York, 1963. 

3, R.S. Hunter, The Measurement of Appearance, John Wiley & 
Sons, Inc., New York, 1975, pp. 44, 81, 167. 

4. J. B. Hutchings, Food Colour and Appearance, Blackie Aca- 
demic & Professional, Glasgow, Scotland, 1994. 

5. R. G. Kuehni, Color: An Introduction to Practice and Princi- 
ples, John Wiley & Sons, New York, 1997. 


372 COLORANTS: INTRODUCTION 


6. F. J. Francis, “Colour and Appearances as Dominating Sen- 
sory Properties of Foods,” in, G. G. Birch, J. G. Brennan, and 
K. J. Parker, eds., Sensory Properties of Foods, Elsevier Ap- 
plied Science Publishers, Ltd., Barking, UK, 1977, p. 27. 

7. E.A. Gullett, F. J. Francis, and F. M. Clydesdale, “Colorimetry 
of Foods: Orange Juice,” Journal of Food Science 37, 389 
(1972). 

8. D.B. MacDougall, “Colour in Meat” in G. G. Birch, J. G. Bren- 
nan, and K. J. Parker, eds., Sensory Properties of Foods, Ap- 
plied Science Publishers Ltd., 1977, p. 59. 

9. F.J. Francis, “Color Analysis,” in S. S. Nielson, ed., Food Anal- 
ysis, 2nd ed., Aspen Publishers, Gaithersburg, Md., 1998, pp. 
599-612. 

10. F. J. Francis, “Color Measurement and Interpretation,” in 
D.Y.C. Fung and R. F. Matthews, eds., Instrumental Methods 
for Quality Assurance in Foods, Marcel Dekker, Inc. New 
York, 1991, pp. 189-210. 

11. F.J. Francis and F. M. Clydesdale, Food Colorimetry: Theory 
and Applications, AVI Publishing Co., Inc., Westport, Conn., 
1975. 

12. D. B. MacDougall, “Instrumental Assessment of the Appear- 
ance of Foods,” in A. A. Williams and R. K. Atkin, eds., Sensory 
Quality in Foods and Beverages, Ellis Horwood Ltd., 1983, p. 
121. 

18. F. M. Clydesdale and F. J. Francis, “Color Measurement of 
Foods. 28. The Measurement of Meat Color,” Food Product 
Development 5, 87 (1971). 

14. B. A. Eagerman, F. M. Clydesdale, and F. J. Francis, “Deter- 
mination of Fresh Meat Color by Objective Methods,” Journal 
of Food Science 42, 707 (1977). 

15. A. A. Williams, C. R. Baines, and M. S. Finnie, “Optimization 
of Colour in Commercial Port Blends,” Journal of Food Tech- 
nology 21, 451 (1986). 

16. Institute of Food Technologists’ Expert Panel on Food Safety 
& Nutrition and the Committee on Public Information, Food 
Colors. Scientific Status Summary, Institute of Food Technol- 
ogists, Chicago, Ill., 1980. 

17. D. Blenford, “Natural Food Colours,” Food Flavourings, In- 
gredients and Processing 7, 19 (1985). 

18. J. A. Maga, “Influence of Color on Taste Thresholds,” Chemi- 
cal Senses and Flavor 1, 115 (1974). 

19. R. M. Pangborn and B. Hansen, “The Influence of Color on 
Discrimination of Sweetness and Sourness in Pear-Nectar,” 
American Journal of Psychology 76, 315 (1963). 

20. J. Johnson and F. M. Clydesdale, “Perceived Sweetness and 
Redness in Colored Sucrose Solutions,” Journal of Food Sci- 
ence 47, 747 (1982). 

21. J. L. Johnson, E. Dzendolet, R. Damon, M. Sawyer, and F. M. 
Clydesdale, “Psychophysical Relationships Between Per- 
ceived Sweetness and Color in Cherry-Flavored Beverages,” 
J. Food Protect. 45, 601 (1982). 

22, S. R. Gifford and F. M. Clydesdale, “The Psychophysical Re- 
lationship Between Color and Sodium Chloride Concentra- 
tions in Model Systems,” Journal of Food Protection 49, 977 
(1986). 

23. C. M. Christensen, “Effects of Color on Aroma, Flavor and 
Texture Judgements of Foods,” Journal of Food Science 48, 
787 (1983). 

24. C. N. DuBose, A. V. Cardello, and O. Maller, “Effects of Col- 
orants and Flavorants on Identification, Perceived Flavor In- 
tensity, and Hedonic Quality of Fruit-Flavored Beverages and 
Cake,” Journal of Food Science 45, 1393 (1980). 

25. A.A. Williams, S. P. Langron, C. F. Timberlake, and J. Bakker, 
“Effect of Colour on the Assessment of Ports,” Journal of Food 
Technology 19, 659 (1984). 


26. K. W. McNutt, M. E. Powers, and A. E. Sloan, “Food Colors, 
Flavors and Safety: A Consumer Viewpoint,” Food Technology 
40, 72 (1986). 


F. J. FRaNcis 
Editor-in-Chief 

University of Massachusetts 
Ambhert, Massachusetts 


See also COLORANTS section. 


COLORANTS 


Colorants: Introduction 372 

Colorants: Anthocyanin 375 
Colorants: Anthraquinones 378 
Colorants: Betalains 380 

Colorants: Caramel 383 

Colorants: Carotenoids 385 
Colorants: Carthamin 390 

Colorants: Chlorophylls 391 
Colorants: Food, Drug, and Cosmetic Colorants 393 
Colorants: Haems 396 

Colorants: Iridoids 397 

Colorants: Monascus 398 

Colorants: Phycobilins 399 

Colorants: Polyphenols 400 
Colorants: Turmeric 401 

Colorants: Miscellaneous Colorants 402 


F. J. FRANCIS 
Editor-in-Chief 

University of Massachusetts 
Amhert, Massachusetts 


COLORANTS: INTRODUCTION 


The appreciation of color dates back to antiquity, and re- 
corded history is replete with descriptions of the use of col- 
orants in everyday life (1). The art of making colored candy 
is depicted in paintings in Egyptian tombs as far back as 
1500 B.c. Pliny the Elder described the artificial coloration 
of wines in 400 B.c. Spices and condiments were colored at 
least 500 years ago. Colorants for use in cosmetics were 
probably more widespread than those in foods or at least. 
were better documented. Archaeologists have pointed out. 
that Egyptian women used green copper ores as eye 
shadow as early as 5000 B.c. Henna was used to dye hair, 
carmine to redden lips, and kohl, an arsenic compound, to 
blacken eyebrows. It was common practice in India thou- 
sands of years ago to color faces yellow with saffron or to 
dye feet red with henna. The Romans used white lead and 
chalk on their faces and blue dyes on their hair and beards. 
More recently, in Britain, sugar was imported in the 
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COLORANTS: INTRODUCTION 


The appreciation of color dates back to antiquity, and re- 
corded history is replete with descriptions of the use of col- 
orants in everyday life (1). The art of making colored candy 
is depicted in paintings in Egyptian tombs as far back as 
1500 B.c. Pliny the Elder described the artificial coloration 
of wines in 400 B.c. Spices and condiments were colored at 
least 500 years ago. Colorants for use in cosmetics were 
probably more widespread than those in foods or at least. 
were better documented. Archaeologists have pointed out. 
that Egyptian women used green copper ores as eye 
shadow as early as 5000 B.c. Henna was used to dye hair, 
carmine to redden lips, and kohl, an arsenic compound, to 
blacken eyebrows. It was common practice in India thou- 
sands of years ago to color faces yellow with saffron or to 
dye feet red with henna. The Romans used white lead and 
chalk on their faces and blue dyes on their hair and beards. 
More recently, in Britain, sugar was imported in the 


twelfth century in attractive red and violet colors, probably 
from the colorants Madder and Kermes for the reds, and 
Tyrian purple for the violet colors. 

Early applications of colorants were usually associated 
with religious festivals and public celebrations. Obviously 
they could be added to foods, but in the Middle Ages, the 
trade guilds policed their members and protected the qual- 
ity of their products. However, when the industrial revo- 
lution evolved with its massive social and population 
changes and much wider food distribution quality safe- 
guards were weakened and adulteration became rampant. 
Wines and confectionery were particularly suspect. An- 
cient history contains many examples of the concern about 
food adulteration and its regulation. We can go back to the 
laws of Moses, the Roman statutes, and down through the 
Middle Ages. England seems to stand out in the laws en- 
acted by Parliament in the Middle Ages. For example, in 
1266 Parliament prohibited a number of important food 
staples if they were so adulterated as to be “not wholesome 
for man’s body.” This unambiguous statement could form 
the basis of food regulation today. 

In 1920 Accum published a book describing practices 
such as the coloring of tea leaves with verdigris (copper 
acetate), Gloucester cheese contaminated with red lead, 
pickles boiled with a penny to make them green, confec- 
tionery with added red lead and copper, and many other 
appalling practices (2). Hassell in 1857 published a book 
on adulteration of foods that really raised the public con- 
science, and things began to change (3). Nearly every coun- 
try passed laws dealing with the adulteration of foods, and 
colorants were a major concern since they could be used to 
conceal inferior food and in some cases were actually dan- 
gerous. Until the middle of the nineteenth century, the col- 
orants used in cosmetics, drugs, and foods were those of 
natural origin such as those from animals, plants, and 
minerals, In 1856 when Sir William Henry Perkins discov- 
ered the first synthetic organic dyestuff, mauve, the supply 
situation changed drastically. The German dyestuff indus- 
try synthesized a number of “coal tar” dyes, which appar- 
ently were utilized very quickly. For example, French 
wines were colored with fuchsine as early as 1860. In the 
United States, colorants were allowed to be added to butter 
in 1886 and to cheeses in 1896. By 1900 Americans were 
eating a wide variety of colored foods such as jellies, cor- 
dials, ketchup, butter, cheese, candy, ice cream, wine, noo- 
dies, sausage, confectionery, and baked goods. Many of 
these practices constituted economic fraud but were not 
actually dangerous, But some were Marmion described a 
classic horror story in 1860 in which a druggist gave a ca- 
terer copper arsenite to use in making a green pudding for 
a public dinner and two people died (4). At the turn of the 
century, there were nearly 700 synthetic colorants avail- 
able, and obviously very little control was exercised over 
the type and purity of the colorants offered for use in foods. 
Because of public concerns over these practices, the Amer- 
ican food manufacturers decided to police their own indus- 
try. One example was a list, published in 1899 by the Na- 
tional Confectioners Association, of 21 colorants that they 
considered unfit for addition to foods. However, it became 
apparent that some form of government control was 
needed, and, in 1900, the Bureau of Chemistry in the U.S. 
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Department of Agriculture (USDA) was given funds to 
study the problem. A series of Food Inspection Decisions 
(FID) resulted. One FID in 1904 declared a food to be adul- 
terated “if it be colored, powdered or polished with intent 
to deceive or to make the article appear to be of better 
quality than it really is.” Another FID in 1905 required the 
labeling of such products as artificially colored imitation 
chocolate. Another FID in 1906 concerned a coal tar dye 
considered to be unsafe for use in food. In effect, it stopped 
the importation of macaroni colored with Martius Yellow. 
At this time, the (USDA) launched a monumental task to 
determine which colorants were safe for use in food and 
what restrictions should be placed on their use. This effort 
led to the regulations for the use of synthetic colorants in 
the United States today. 

The development of the regulatory aspects of food col- 
orants is one small portion of the much bigger picture con- 
cerning food additives and food quality in general. One of 
the driving forces for food regulation down through the 
years has been food safety. This aspect has been brought 
to public attention, sometimes in rather stormy fashion, by 
a series of books such as The Jungle by Upton Sinclair in 
1906. Public laws to minimize obviously unpalatable prac- 
tices concerned with food sources, processing, handling, in- 
gredients, and so on date back seriously only about 150 
years. Much of the criticism has been directed toward the 
artificial colorants and very little toward the naturally oc- 
curring colorants. Perhaps this is partially due to the naive 
belief that humans have somehow become conditioned to 
tolerate certain compounds after a long history of use. But 
itis unlikely that 5000 years is enough to create significant 
genetic changes in humans. It is true, however, that his- 
tory has allowed us to identify acute hazards and eliminate 
them from our diet, but long-term or lifetime exposures are 
another story. Regardless, much of the regulatory activity 
has centered around food safety. 

The development of food laws in the United States fol- 
lowed in concept those in Europe (5) and are governed by 
the Food and Drug Acts. The first one of importance was 
in 1906, and it has been modified several times. The 1938 
modification was one of the more important developments, 
and the 1938 principles are still in effect. The 1938 Act 
established the term FD& C colors with the initials stand- 
ing for Food, Drug, and Cosmetic. There is also a D&C 
classification for colorants allowed in drugs and cosmetics. 
The Act specified a list of colorants allowed in foods, and 
presumably they would be held to a higher standard of 
purity than those available for use in industry. Colorants 
used in food would have to be identified by their FD&C 
name, but colorants used for other purposes in industry 
could still be referred to by their common name. The So- 
ciety of Dyers and Colorists in England and the American 
Association of Textile Chemists and Colorists in the United 
States developed a Color Index (CI) system. Each colorant 
was given a CI number and name. Colorants are also iden- 
tified by their Chemical Abstract Service (CAS) Registry 
code number. The U.S. Food and Drug Administration 
(FDA) Center for Food Safety and Applied Nutrition 
(CFSAN) uses a CAS-like code for those substances with- 
out a number assigned by CAS. 
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The 1960 Color Additive Amendment to the Act speci- 
fied two groups of colorants: certified color additives and 
color additives exempt from certification. The first group 
listed seven synthetic FD&C colorants that were certified 
to comply with the purity specifications required by the 
FDA. The second group has 26 colorants (6,7) for which the 
FDA does not require that each batch be analyzed and cer- 
tified (Table 2 in COLORANTS: FOOD, DRUG AND COSMETIC 
COLORANTS). Many of the colorants that would be called 
“natural” in other countries are on the list of 26. The FDA 
does not accept the concept of “natural” versus “synthetic” 
and requires that compounds in each group be subjected 
to the same standards of safety. Actually, in practice, the 
safety studies required for some of the natural colorants 
were considerably less than those required for the syn- 
thetics. This approach is understandable if one accepts the 
concept of the decision tree approach for determining 
safety as suggested by the Food Safety Council (8). The 
Nutritional Labeling and Education Act of 1990 mandated 
that certified color additives be specifically declared by 
their individual names, but the requirements for exempt 
colorants were left unchanged. Exempt colorants can still 
be declared generically as “artificial color” or any other spe- 
cific or generic name for the colorant. But the term “nat- 
ural” is prohibited because it may lead the consumer to 
believe that the color is derived from the food itself. There 
is no such thing as a natural colorant in the United States. 
Detailed accounts of the safety of the noncertified colorants 
have recently been published (6,9). 

The emphasis on food safety possibly has had another 
influence, namely the worldwide trend toward the use of 
colorants derived from natural sources. In one survey of 
food colorant patents in the 15-year period from 1969 to 
1984, there were 356 patents on colorants from natural 
sources and 71 on synthetics (10). The ratio is even more 
lopsided when one considers that 21 of the 71 were on col- 
orants linked to a polymer background (the Dynapol con- 
cept), and this approach is no longer being considered. 
There is little effort worldwide being devoted to the devel- 
opment of novel synthetic colorants, but considerable effort 
is being devoted to the development of colorants from nat- 
ural sources. 

Food colorants are one small portion of the much larger 
concept of food additives. The FDA has made it easy to 
determine the status of a food additive by publishing a 
book entitled Everything Added to Food in the United 
States (11). The information in the book was derived from 
the files of the FDA and contains 2922 total food additives 
of which 1755 are regulated food additives, including di- 
rect, secondary direct, color, and Generally Recognized as 
Safe (GRAS) additives. The book also contains administra- 
tive and chemical information on 1167 additional sub- 
stances. The book is arranged alphabetically, and each 
compound is identified by its CAS number. The appropri- 
ate section in Title 21 of the U.S. Code of Federal Regula- 
tions for each substance is also listed. For example, Para- 
graph (e) of CFR 21-178.3297 provides a description and 
a long list of compounds that “may be safely used as 
colorants in the manufacture of articles or components of 
articles intended for use in producing, manufacturing, 
packing, processing, preparing, treating, packaging, trans- 


porting or holding food, subject to the provisions and def- 
initions set forth in this section. . . . The term colorant 
means a dye, pigment, or other substance that is used to 
impart color or to alter the color of a food-contact material, 
but that does not migrate into the food in amounts that 
will contribute to that food any color apparent to the naked 
eye. For the purposes of this section, the term ‘colorant’ 
includes substances such as optical brighteners and fluo- 
rescent whiteners, which may not themselves be colored, 
but whose use is intended to affect the color of a food- 
contact material.” The preceding section is very general, 
but the sections on individual colorants are more specific. 
For example, tale has only one entry (21-182.90) and 
FD&C Red No. 40 has three (21-74.340, 21-74.1340, and 
21-74.2340). The data in Everything Added to Food in the 
United States are also listed in a much broader publication 
entitled Food Additives Toxicology, Regulation, and Prop- 
erties, edited by F. M. Clydesdale (12). This publication is 
a CD-ROM playable on Windows software. 

Food colorants are an important aspect of the formu- 
lation of foods. Walford summarized the reasons for adding 
colorants to food today: 


1. To give an attractive appearance by replacing the 
natural colour destroyed during processing or antic- 
ipated storage conditions. 

2. To give colour to those processed foods such as soft 
drinks, confectionery and ice creams, which other- 
wise would have little or no colour. 

3. To supplement the intensity of the natural colour 
where this is perceived to be weak. 

4, To ensure batch to batch uniformity where raw ma- 
terials of different source and varying colour inten- 
sity have been used. (1) 


With the increased emphasis on increasing food pro- 
duction for an ever-increasing population, and the neces- 
sity to make food appealing and acceptable, food colorants 
will remain a major concern. They already are an impor- 
tant part of the economy since Pszezola estimated that the 
worldwide market for colorants in 1998 was about 939 mil- 
lion U.S. dollars (13). Of this 65% was represented by nat- 
ural colorants. 
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COLORANTS: ANTHOCYANINS 


The anthocyanins are probably the best known of the nat- 
ural pigments. They are ubiquitous in the plant kingdom 
and are responsible for many of the orange, red, blue, 
violet, and magenta colors in plants. Their very visibility, 
combined with their role as taxonomic markers, has at- 
tracted the efforts of many research workers in the past 75 
years. Their use as a colorant goes back to antiquity. The 
Romans used highly colored berries to augment the color 
of wine. The American Indians added cranberries to a 
“trail-stable” product called pemmican. Pemmican is a 
high-calorie mixture of dried meat strips, fat, and berries. 
The cranberries did provide an attractive color and flavor, 
and probably the highly acid cranberries improved storage 
stability. Certainly the acid would remove the possibility 
of botulism. Cranberries also contain the well-known pre- 
servative benzoic acid. Pemmican may be one of the ear- 
liest “fast foods” in the United States. 

In view of the ubiquity of the anthocyanins and their 
high tinctorial power it comes as no surprise that many 
sources have been suggested as colorants. Francis listed 
more than 40 plants as potential sources with their pig- 
ment profiles and methods of extraction (1,2). Francis also 
listed 49 patents on anthocyanin sources (3). However, de- 
spite the large number of potential sources, only two have 
had commercial success, grapes and, more recently, red 
cabbage. Colorants from grapes have been available for 
nearly 120 years primarily from press cake as a by-product 
of the wine industry. Grapes are the world’s largest fruit 
crop for processing. The Food and Agriculture Organiza- 
tion (FAO) 1989 estimate of annual production was 
60,000,000 metric tons, of which about 80% was used for 
wine making. This ensures a limitless source of inexpen- 
sive raw material for colorant production. 

The anthocyanins are chemically similar to the much 
larger group of flavonoids and are usually included in the 
general classification of flavonoids. Anthocyanins are usu- 
ally orange-red in color, whereas the other flavonoids are 
usually colorless to yellow. 
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CHEMICAL COMPOSITION 


The composition of any colorant containing anthocyanins 
will reflect the composition of the raw material. At present 
it is grapes and red cabbage, but other sources may become 
available in the future. About 275 anthocyanins are known 
currently and are part of about 5000 flavonoid compounds 
of similar chemical structure (4). The anthocyanins are 
composed of an aglycone (anthocyanidin), sugar, and per- 
haps organic acids. Twenty-two aglycones are known, of 
which 18 occur naturally, Only 6 are important in foods, 
and the structure of these is shown in Figure 1. Free agly- 
cones occur very rarely in plants and are nearly always 
combined with sugars. One reason for this is that the sug- 
ars stabilize the molecule. In order of relative abundance, 
the sugars are glucose, rhamnose, galactose, xylose, arab- 
inose, and glucuronic acid. Anthocyanins may also be 
acylated, which adds a third component to the molecule. 
One or more molecules of p-coumaric, ferulic, caffeic, 
malonie, or acetic acids may be esterified to the sugar mol- 
ecule. The aglycones in grapes are cyanidin, peonidin, mal- 
vidin, petunidin, and delphinidin with the organic acids 
acetic, coumaric, and caffeic (5). The only sugar present is 
glucose. Grapes usually have a very complex anthocyanin 
profile with the Concord variety having 31, the greatest 
number in any single variety. The 15 anthocyanins in red 
cabbage contain only cyanidin and glucose with the acids 
ferulic and coumaric. 

Plants that contain anthocyanins also invariably con- 
tain flavonoids, and the distribution of flavonoids is more 
widespread than the anthocyanins. In view of the large 
number of flavonoids (5000), the pigment profile is usually 
characteristic of the plant family. A number of other poly- 
phenolic compounds are also present in grapes (6). The 
polyphenolic compounds in grapes, in view of their impor- 
tance in wines, have received much more research atten- 
tion than those in red cabbage but the latter can be as- 
sumed to also have a complex polyphenol profile. A typical 
compound from each group of compounds is shown in Fig- 
ure 2. The composition of grape extracts is further compli- 
cated by polymers produced by association with catechins 
and flavonoids with or without the interaction with acet- 
aldehyde. Actually most of the tinctorial power in eno- 
cyanin preparations is due to the complexed anthocyanins. 
The overall conclusion is that it is impossible to specify 
accurately the composition of enocyanin preparations. 


Figure 1. The anthocyanidin nucleus. Pelargonidin (4' = OH); 
cyanidin (3',4' = OH); delphinidin (3' OH); peonidin (4’ 
= OH, 3’ = OMe); petunidin (4’,5' = OH, 3’ = OMe); malvidin 
(4' = OH, 3’,5' = OMe); all other substitution positions = H. 
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Figure 2. Typical components of grape col- 
orants extracts. (a) A red anthocyanin, mal- 
vidin-3,5-diglucoside; (b) a yellow flavonoid, 
quercetin-3-rhamnoglucoside, (rutin); (e) a 
component of tannin catechin; (d) a phenolic 
acid, caffeic acid; (e) a stilbene phytoalexin, 
resveritol. 


Commercial specifications are usually confined to tinc- 
torial power, total acidity, %solids, %ash, heavy metals, 
sulfur dioxide, tannins, and alcohol. The tinctorial 
strength of grape extracts is often expressed as the ab- 
sorbance of a 1% solution in a 1-cm cell at 520 nm in citrate 
buffer at pH 3. The tinctorial power of red cabbage extracts 
is sometimes expressed as the absorbance of a 10% solu- 
tion in a 1-cm cell measured in citrate buffer at pH 3 (eg, 
E 10%, 1 em = 190). 


COMMERCIAL PREPARATION 


The most common commercial method involves treatment 
of the skins with water containing up to 3000 ppm of sulfur 
dioxide or its equivalent in bisulfite or metabisulfite. After 
48 to 72 h, the liquid is removed from the skins, filtered, 
desulfured, and concentrated. Sometimes a fermentation 
step is allowed prior to the extraction, in which case the 
alcohol is removed during subsequent processing. The final 
product is a particle-free liquid of high tinctorial power. 
The concentrated liquid may also be dried to produce a 
soluble dry powder. The presence of sulfur dioxide in the 
extracting medium results in increased extraction of the 
pigments as well as increased stability of the final product. 
The sulfite-anthocyanin complex is colorless, so the sulfite 
must be removed prior to the final concentration and fil- 
tration step. Addition of acid makes the extraction step 
more efficient, but addition of mineral acid requires neu- 
tralization at some point. The addition of tartaric acid can 
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Figure 3. Absorption spectra of cyanidin-3- rhamnoside in buffer 
solutions at pH values of 0.71-4.02. The concentration of the pig- 
ment is 1.6 10? g/L. 


be removed by addition of potassium hydroxide since the 
resulting precipitate of potassium hydrogen tartrate can 
be easily removed by filtration. Purification of the crude 
extract can be accomplished by passing the extract through 
an ion-exchange resin bed with the added advantage that 
the colorant eluate can be fractionated. The first portion of 
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Figure 5. Effect of pH on the distribution of anthocyanin struc- 
tures of malvidin-3-glucoside. A, B, C, and AH* refer to the forms 
in Figure 4. 


the eluate will be redder than the bluer trailing portion, 
because the higher molecular weight compounds will go 
through the resin bed at a slower rate. Treatment with 
resins produces a purer product but at a higher price. The 
FDA-approved procedures for extraction are specified in 
the CFR Section 73.170 for Grape Skin Extract. 

Extraction of grape skins is much more efficient with 
acidified methanol or ethanol, but this requires another 
step to remove the alcohol. Wineries are usually familiar 
with handling alcohol, but other potential colorant produc- 
ers seem reluctant to put an alcohol recovery unit in a food 
plant. Regardless, alcohol extraction does not seem to have 
commercial appeal. 

Current emphasis is on attempts to make colorants con- 
taining anthocyanins more stable. Considerable research 
emphasis has been on the copigmentation or association of 
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Figure 4, Structural changes in anthocyanins 
with pH. Malvidin-3-glucoside at 25°C. 


anthocyanins with themselves or with a series of other 
compounds such as flavonoids, polysaccharides, proteins, 
tannins, and other polyphenolic compounds. 


SYNTHETIC COMPOUNDS 


Studies on synthetic compounds related to the anthocya- 
nins have shown that methyl or phenyl moieties substi- 
tuted at the C-4 position in the molecule are virtually 
resistant to nucleophilic attack at the C-2 position. This 
observation led to the suggestion that a number of syn- 
thetic analogues would prove to be very stable (7). The 
first natural C-4 substituted anthocyanin reported was 
purpurinidin fructo-glucoside isolated from willow bark, 
but shortage of raw material has precluded its commer- 
cial development (8). A second group of naturally occurring 
C-4 substituted anthocyanins was reported by Cameira 
dos Santos et al. in red wine (9). The new pigments contain 
a vinylphenol group attached to positions 4 and 5 of the 
grape anthocyanins and were named anthocyanin-3- 
glucoside adducts. Sarni-Manchado et al. prepared the 
vinylphenol adducts of five of the major anthocyanins 
of wine, namely, delphinidin-3-glucoside, cyanidin-3- 
glucoside, petunidin-3-glucoside, peonidin-3-glucoside, 
and malvidin-3-glucoside and tested their stability at 55°C 
in a model beverage at pH 3 and 5 (10). The adduct pig- 
ments were much more stable than the original pigments, 
particularly at pH 5. The adducts also were unaffected by 
SO. The color of the adducts was slightly more orange 
than the corresponding anthocyanins. The authors did 
not state the concentration of the adducts found in red 
wine. Chemical synthesis of a number of C-4 substituted 
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analogues of anthocyanins is feasible but obviously would 
require testing for safety and legislative approval. 


COMMERCIAL APPLICATIONS 


In view of the large body of research on the appearance, 
stability, analysis, and plant breeding of anthocyanins, 
that occur naturally in fruit and vegetable products, it is 
not surprising that anthocyanin colorants would be used 
to enhance the aesthetic appeal of existing plant products 
or formulated substitutes. Actually, one of the first appli- 
cations of enocyanin, a generic term for colorants from 
grapes, was to improve the color of wine. In the United 
States, fruit drinks are the biggest market. Colorants con- 
taining anthocyanins have been suggested for beverages, 
jellies, jams, ice cream, yogurt, gelatin desserts, canned 
fruits, fruit sauces, candy and confections, bakery fillings, 
toppings, drink-mix crystals, pastries, cosmetics, and 
pharmaceuticals. 

Anthocyanin colorants have their greatest color inten- 
sity at pH values between 2 and 4. Figure 3 shows the 
changes in absorption of cyanidin-3-rhamnoglucoside as 
the pH is changed from 0.71 to 4.02. Figure 4 shows the 
chemical changes that accompany a pH change Figure 5 
shows the amounts of each pigment present at each pH 
value. It is possible to use an anthocyanin colorant to color 
a product with a pH value above 4, but the color will be 
bluish and considerably more colorant will be required. 
The reduction in color intensity as the pH is raised, known 
as the pH effect, is much more obvious with preparations 
that contain a high proportion of monomeric anthocyanins 
and less in preparations with a higher content of polymer- 
ized or degraded pigments, but all preparations show the 
PH effect to some degree. The pigments are also suscepti- 
ble to degradation by light, oxygen, iron, copper, tin, ascor- 
bic acid, and sulfur dioxide. Applications are also restricted 
to those with minimal heat treatment, but despite these 
apparent problems with stability, this group of colorants 
has met with good commercial success. 
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COLORANTS: ANTHRAQUINONES 


COCHINEAL AND CARMINE 


Cochineal extract is a very old colorant with references as 
far back as 5000 B.c. when the Egyptian women used it to 
color their lips. It was introduced to the Western world by 
Cortez when he found it in Mexico in 1518. The Aztecs had 
been using it for many years, and the native Mexicans 
were cultivating the cochineal insect on the aerial parts of 
cactus, Opuntia and Nopalea species, particularly N. coc- 
cinelliferna. The Spaniards guarded the secret of cochineal 
jealously, and by 1700 as much as 500,000 pounds of coch- 
ineal were being shipped to Spain from Mexico each year. 
This is impressive when one considers that it takes 50,000 
to 70,000 insects to produce 1 Ib of colorant. Other areas, 
including the East and West Indies, Central and South 
America, Palestine, India, Persia, Europe, and Africa, de- 
veloped the ability to produce cochineal. The cochineal 
trade peaked in 1870 and then declined rapidly due to the 
introduction of the synthetic colorants in 1856. Peru today 
is the major supplier with an annual production of about 
400 tons. This constitutes 85% of the world production 
with Mexico and the Canary Islands sharing the remaining 
15%. 

American cochineal is the most significant form today, 
but there are other sources. Similar pigments are produced 
by insects from the families Coccoidea and Aphidoidea and 
have various historical names. Armenian Red is obtained 
from the insect Porphyrophera hameli, which grows on the 
roots and stems of several grasses in Ajerbaizan and Ar- 
menia. Polish cochineal is obtained from the insects Mar- 
garoides polonicus or P. pomonica found on the roots of 
Scleranthus perennis, a grass found in Central and East- 
ern Europe. 

Cochineal and its derivatives are staging a comeback 
today as a food colorant because of their superior techno- 
logical properties and the influence of the “natural” trend. 


Chemistry 


Cochineal extract (CI Natural Red 4, CI No. 75470, EEC 
No. E 120) is extracted from the bodies of female insects, 
particularly Dactylopius coccus Costa, just prior to egg lay- 
ing, at which time the insects may contain as much as 22% 
of their dry weight as pigment. One may wonder at the 
biological significance of this, but presumably it is a pro- 
tection from predators. Historically the insects were ex- 
tracted with hot water, and the colorants were known as 
“simple” extracts of cochineal. Later methods involved ex- 
traction with aqueous alcohol. After removal of the alcohol, 
the preparation, called cochineal extract, contains approx- 
imately 2 to 4% carminic acid (Fig. 1) as the main colorant 
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compound. More recently, purification methods including 
proteinase enzyme treatments have produced colorants 
sometimes known as the “carmines of cochineal.” The word 
carmine has been used a general term for this class of an- 
thraquinones, but the more usual meaning of the term car- 
mine (CAS Reg. No. 1390-65-4) denotes a magnesium or 
aluminum lake of carminic acid. Carminic acid (Fig. 1) is 
the pigment in cochineal, and the lakes usually contain 
about 50% of carminic acid. The content of carminic acid 
is usually the way of specifying the strength, but Schul (1) 
suggested that the price of carmine should be based on its 
color strength, not on the carminic acid content, and pro- 
vided details of a method. The FDA-approved procedures 
are specified in the CFR Section 73.100 for Carmine. 

Solutions of carminic acid at pH 4 show a pale yellow 
color and actually have little intrinsic color at pH values 
below 7, but they do complex with metals to produce stable 
brilliant red hues. Complexes with tin and aluminum pro- 
duce the most desirable hues, and nearly all commercial 
preparations contain aluminum. A range of hues from 
“strawberry” to “black currant” can be produced by adjust- 
ing the ratio of carminic acid to aluminum. The color is 
essentially independent of the pH value, being red at pH 
4 and bluish-red at pH 10. Aluminum lakes are soluble in 
alkaline media and insoluble in acids. Carmine is very sta- 
ble to heat and light, resistant to oxidation, and not af- 
fected by sulfur dioxide. The presence of other metal ions 
may shift the color slightly toward the blue. 


Figure 1. Structures of some anthraquinones. 


Carminic acid is usually available as an aqueous solu- 
tion with a colorant content about 2 to 5%. It may also be 
spray-dried. Formulations may also contain propylene gly- 
col citric acid, and sodium citrate. Carmine is usually sup- 
plied as an alkaline solution with a carminic acid content 
of 2 to 7%. Traditionally, ammonia was used as an alkan- 
izing agent, but recently formulations with potassium hy- 
droxide, spray-dried with maltodextrin as a carrier, have 
become available. They may also contain sodium hydrox- 
ide, ammonium hydroxide, and glycerol. The intensity of 
carmine lakes is almost twice that of carminic acid; thus, 
they are more cost-effective as colorants. 

Applications 

Carmine is considered to be technologically a very good 
food colorant. Its only significant limitation is with prod- 
ucts at low pH values. It is ideally suited for comminuted 
meat products such a sausages, processed poultry prod- 
ucts, surimi, and red marinades. Other important uses are 
in jams and preserves, gelatin desserts, baked goods, con- 
fections, icings, toppings, dairy products and soft drinks. 
The level of usage varies with the product and is usually 
0.05 to 1.0%. Cochineal and carmine are permitted as food 
colorants in the United States. 


KERMES 


Kermes is a well-known red colorant in eastern Europe. It 
is derived from the insects Kermes ilicis or Kermococcus 
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vermilis, which are found in the aboveground portions of 
several species of oak, particularly Quercus coccifera, the 
“Kermes Oak.” The pigment in kermes is kermisic acid, the 
aglycone of carminic acid (Fig. 1). It also occurs as an iso- 
mer ceroalbolinic acid (Fig. 1). The pigment is obviously 
closely related to carminic acid, and the properties are very 
similar. Colorants from kermes are not permitted in the 
United States. 


LAC 


Lac is a red colorant obtained from the insect Laccifera 
lacca found on the trees Schleichera oleosa, Ziziphus maur- 
itiana, and Butea monosperma, which grow in India and 
Malaysia. The lac insects are better known as a source of 
shellac. The lac pigments are a complex mixture of an- 
thraquinones (Fig. 2). The mixture also contains the 
closely related pigments erythrolaccin and deoxyerythro- 
lacein (Fig. 2). The chemistry and applications of lac are 
similar to cochineal. Colorants from lac are not permitted 
in the United States. 


ALKANNET 


Alkannet is a red pigment (Fig. 1) extracted from the roots 
of Alkanna tinctoria Taush and Alchusa tinctoria Lom from 
southern Europe. The pigment is almost insoluble in water 
but readily soluble in organic solvents. It has been used in 
Europe to color confectionery, ice cream, and wines, but it 
is not permitted in the United States. 

The anthraquinones and napthoquinones have been the 
subject of considerable research interest lately, Twelve pat- 
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Figure 2. Structures of the anthraquinone pigments in lac. 


ents were issued in the 1963 to 1984 era (2), and a large 
number of new compounds in this class have been reported 
(3). Interest as food colorants stems mainly from their sta- 
bility and high tinctorial strength. They were the chro- 
mophores of choice in the “linked polymer” concept of col- 
orants pioneered by the Dynapol Company, but this 
concept is no longer being commercialized (2). 
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COLORANTS: BETALAINS 


The red roots of beetroot, Beta vulgaris, have been known 
for centuries as an attractive food and as a means of im- 
parting a desirable red color to other foods. Extracts of red 
beets as colorants are a relatively recent development, but 
the concept dates back well over 100 years. The berries of 
pokeweed, Phytolacca americana, are intensely colored 
with betalains and provided some insurance for the wine 
industry against years with poorly colored grapes. The ad- 
dition of pokeberry juice to wine was forbidden in France 
in 1892, primarily because the juice also contains a pur- 
gatory and emetic saponin called phytolaccatoxin. The red 
pigment was formerly called phytolaccanin until it was es- 
tablished that the pigment was identical with betanin in 
beets (1,2). A method to remove the phytolaccatoxin from 
pokeberry juice was also published. There was consider- 
able interest in the United States in the development of 
colorants from beets in the 1980s, but, unfortunately, it 
coincided with the unfolding of the role of nitrites in the 
formation of the toxic nitrosamines. Beets are notorious 
accumulators of nitrates and nitrites in the growing pe- 
riod, and the necessity of reducing the nitrite level was one 
more hurdle. 
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Figure 1. The diazcheptamethin structure. 
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The betalain group contains about 50 red pigments called 
betacyanins and 20 yellow pigments termed betaxanthins. 
The betacyanins are all derivatives of the diazoheptame- 
thin structure shown in Figure 1. The color is due to the 
resonating structures in Figure 2. If the R or R’ group ex- 
tends the resonance, the pigment is red as in betanin (Fig. 
3). If the resonance is not extended, the pigment is yellow 
as in vulgaxanthin (Fig. 4). The betacyanins contain the 
aglycones, betanidin, isobetanidin, and the rarer forms 
neobetanidin and 2-decarboxybetanidin (Fig. 5). The agly- 
cones are combined usually with glucose and much less 
frequently with the disaccharide sugars sophorose and 
rhamnose. The betacyanin molecule may also be acylated 
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Figure 3. The structure of betanin. 
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Figure 4. Structures of vulgaxanthin-1 (R = NH,) and vulgax- 
anthin-2 (R = OH). 
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with sulfuric, malonic, 3-hydroxy-3-methylglutaric, citric, 
p-coumaric, ferulic, caffeic, and synapic acids. A number of 
other betalains have been reported, and it is likely that 
more will be isolated, but those that are most important 
from a food colorant point of view are betanin for the red 
colors and vulgaxanthin-1 and vulgaxanthin-2 for the yel- 
low colors. 


OCCURRENCE 


The betalains are confined to 10 closely related families of 
the order Caryophyllales. The only foods containing beta- 
cyanins are the red beet, B. vulgaris; chard, B. vulgaris; 
cactus fruit, Opuntia ficus-indica; and pokeberries, P. 
americana. Pokeberries are not a normal food source, but 
the leaves are eaten as a green vegetable. Betalains are 
also found in a number of flowers and the poisonous mush- 
room, Amanita muscaria, but again these are not normal 
food sources. Their importance as a food colorant derives 
solely from extracts of red beets. Red beets contain 75 to 
95% betanin with the remainder isobetanin, prebetanin, 
and isoprebetanin. The last two are the sulfate monoesters 
of betanin and isoprebetanin (Fig. 5), respectively. Beets 
contain both the red betacyanins and the yellow betaxan- 
thins, but cultivars are available with different ratios of 
the red and yellow pigments. Cultivars also are available 
that contain only the yellow betaxanthins. Cultivars of red 
beets with a wide ratio of red to yellow pigments have been 
developed. Thus it is possible by selecting appropriate cul- 
tivars of red beets and/or blending with extracts of yellow 
beets to provide a range of red to yellow colorants. 

The anthocyanin/flavonoid and betacyanin/betaxan- 
thin groups are mutually exclusive in the plant kingdom. 
Anthocyanins and betacyanins have never been reported 
in the same plant. 


PREPARATION 


Commercial preparations from red beets are currently re- 
stricted in most countries to two products. Liquid concen- 
trates can be prepared by pressing blanched ground beets, 
filtering, and concentrating under vacuum to 60 to 65% 
total solids. Powders can be prepared by spray-drying the 
liquid concentrate. The Food and Drug Administration 
(FDA) approved extraction procedures are described in the 
21 CFR Section 73.400 for Beet Powder. Beet juice contains 
considerable sugar, so a yeast fermentation is sometimes 
included to reduce the sugar content. The alcohol produced 
in the fermentation step would have to be removed. Beet 
juice usually exhibits a beetlike taste and odor due to the 
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Figure 5. Structures of betanidin (a), isobetanidin (b), 2-decarboxybetanidin (c), and indicaxan- 


thin (d). 


presence of geosmin. Fermentation with Aspergillus niger, 
Candida utilis, and Saccharomyces oviformis has been re- 
ported to produce a product with improved stability and 
also to remove the geosmin. Traditionally, hydraulic or ro- 
tary presses have been used, but they recover only about 
50% of the pigment. Recoveries as high as 90% can be ac- 
complished by continuous diffusion processes. A number of 
resin and other absorption processes such as Dowex 50 W 
followed by polyamide column chromatography with meth- 
anol as the eluent, polyacrylamide (Bio-Gel P-6), and nu- 
merous others (3) are available for purification of the pig- 
ments, but they are not usually permitted by legislation. 
In vitro cell suspensions have been reported to yield high 
levels of pigment production, and they have a number of 
advantages. The high growth rates of cultures makes pig- 
ment production efficient. The characteristic odor of geos- 
min is not produced. A number of pigments can be pro- 
duced selectively as desired. Economic commercialization 
of cell culture production systems has yet to be demon- 
strated. But there is a need for more highly purified and 
concentrated colorants. 

Commercial beet powders usually contain 0.4 to 1.0% 
pigment expressed as betanin, 80% sugar, 8% ash, and 10% 


protein together with citric and/or ascorbic acid as a pre- 
servative. The tinctorial power is usually expressed as % 
betanin. Betanin is identified as EEC No. E 162 or CAS 
Reg. No. 7659-95-2. 


APPLICATIONS 


Betanin preparations are water soluble with high tincto- 
rial strength. They are relatively unchanged in color from 
pH 3 to 7 but are violet at pH values below 3 and bluer at 
pH values above 7. The absorption spectra of betanin at 
three pH values are shown in Figure 6 (4). A shift in dom- 
inant wavelength toward the left would indicate a yellower 
color and to the right a bluer color. The spectrum at pH 9 
does show a small shift in color toward the bluish-red. Both 
the red and yellow pigments are thermolabile with and 
without the presence of oxygen and are also degraded by 
light. Metal cations such as iron, copper, tin, and alumi- 
num accelerate the degradation. With these limitations, 
beetroot preparations may be used ideally to color products 
with short shelf life, which are packaged to reduce expo- 
sure to light, oxygen, and high humidity; do not receive 
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Figure 6, Spectra of aqueous betanin solutions at pH 2, 5, and 9. 


extended or high heat treatment; and are marketed in the 
dry state (3). Beet extracts have been suggested for dairy 
products such as ice cream and yogurt, salad dressings, 
frostings, cake mixes, gelatin desserts, meat substitutes, 
poultry meat sausages, gravy mixes, soft drinks, powdered 
drink mixes, marshmallow candies, hard candies, and fruit 
chews. Betanin colorants can also be blended with other 
colorants to provide desired color matches. Extracts from 
beets are the only betalain colorants permitted in the 
United States today. 
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COLORANTS: CARAMEL 


The heating of sugar preparations to create brown, flavor- 
ful, and pleasant-smelling products has been practiced in 
home cooking for centuries. The sauces or candies are 
known as caramels, but commercial practices to prepare 
caramel colorants began in Europe about 1850. The first 
caramel colorants were prepared by heating sugars in an 
open pan, but in view of their popularity, modifications 
were soon introduced. Caramel colorants that were com- 
patible with various food products were desired, and es- 
sentially compatibility consists of the absence of floccula- 
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tion and precipitation in the food. These undesirable 
effects result from colloidal interactions of charged mac- 
romolecular components of caramel with a particular food. 
Hence, the net ionic charge of the caramel color macro- 
molecules at the pH of the product in which it is used is a 
prime determinant of compatibility (1). 

Caramel (CI Natural Brown 10, EEC No. E 150) is a 
brown colorant obtained by heating sugars. The official 
FDA definition is “The color additive caramel is the dark 
brown liquid or solid resulting from carefully controlled 
heat treatment of the following food-grade carbohydrates: 
dextrose, invert sugar, lactose, malt syrup, molasses, 
starch hydrolysates and fractions thereof, or sucrose.” 


COMMERCIAL PREPARATION 


An appropriate amount of carbohydrate is added to a re- 
action vessel at 50 to 70°C, the temperature is raised to 
100°C, and the reactants are added. After appropriate 
heating the mass is cooled and filtered, and the pH and 
specific gravity are adjusted with acids, alkalies, or water 
to meet customer specifications. The carbohydrate hydro- 
lysates may be obtained from sucrose, corn, wheat, and 
tapioca. High glucose content is desirable because cara- 
melization only occurs through the monosaccharide. The 
type and concentration of reactant determines the prop- 
erties of the caramel colorant. Caramels can be prepared 
by using carbonates, hydroxides, ammonium compounds, 
sulfites, and both sulfite and ammonium compounds. 
There is a direct relationship between reactant concentra- 
tion and color intensity. Too little produces an under- 
reacted product, and too much produces a product that is 
too viscous or even solid. 


CHEMISTRY 


In 1980 the Joint Expert Committee on Food Additives 
(JECFA) of the Food and Agriculture Organization (FAO)/ 
World Health Organization (WHO) recommended that fur- 
ther information on the chemical properties of caramel be 
obtained to establish a suitable classification and specifi- 
cation system. This reaction is common to a number of nat- 
ural extracts and also to some manufactured colorants. For 
example, with the colorants from grapes, no manufacturer 
has attempted to provide a chemical profile of the compo- 
nents of the extract. This is understandable in view of the 
complexity of the chemical profile. A somewhat similar sit- 
uation occurs with a synthesized product such as FD&C 
Yellow No. 5. When it was approved for food use in 1916, 
the manufacturers wanted to produce as pure a product as 
possible. The impurities they had to cope with were un- 
reacted ingredients and about three compounds produced 
by side reactions. In the usual process of chemical synthe- 
sis, the desired reaction does not normally go to 100% com- 
pletion with no side reactions, and it is the job of the man- 
ufacturer to remove the unwanted by-products. But the 
increasing sophistication of analytical procedures that can 
routinely detect one part per billion, or even as low as one 
molecule, has allowed researchers to detect more impuri- 
ties. Today, FD&C Yellow No. 5 has been shown to have as 
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many as 17 components present, some in exceedingly low 
concentrations (2). The situation with other FD&C color- 
ants is probably similar. The same situation exists with 
synthetic f-carotene. Modern analytical instrumentation 
has made it possible to identify the impurities in chemicals 
produced with rigid process control as illustrated with 
FD&C Yellow No. 5 and f-carotene. The situation with car- 
amel and colorants produced from grapes is different in 
that it is not possible to specify in detail the structures of 
all the compounds present. 

The question that arises with knowledge of the impu- 
rities is, What do they mean from a safety point of view? 
It also emphasizes that the chemical profile of a given ad- 
ditive in routine manufacture be the same as that in the 
batches used for toxicology studies. It is economically un- 
feasible to remove all impurities in food additives; thus, 
some form of risk assessment is unavoidable. Fortunately 
all four products mentioned earlier have been given aclean 
bill of health. 

The JECFA wanted data on caramel for the reasons just 
described. The International Technical Caramel Commit- 
tee (ITCA) undertook an extensive research program to 
provide this information. This resulted in the grouping of 
the caramel formulations into four classes depending on 
the net ionic charge and the presence of reactants. 


Class _ Charge Reactants 
I - No ammonium or sulfite compounds 

1 - Sulfite compounds 

m1 + Ammonium compounds 

Iv + Both sulfite and and ammonium compounds 


It is obvious that heating carbohydrates in the presence 
of a reactant would produce a wide range of chemical com- 
pounds. Complete characterization is not feasible; thus, a 
series of profiles were developed using 157 samples from 
11 manufacturers in seven countries. Since Caramel Color 
IV accounts for 70% of all caramel colors manufactured, it 
was chosen as a prototype for this ambitious undertaking. 
The profiles developed were HPLC screening, size fraction- 
ation by ultrafiltration to provide low molecular weight, 
intermediate molecular weight and high molecular weight 
groupings, and subfractionation by cellulose chromatog- 
raphy. Each fraction was examined by a series of sophis- 
ticated analytical approaches. These data combined with 
11 physical characteristics confirmed that the four group- 
ings provided real and reproducible classifications (3). 

Color is a physical parameter of interest to the formu- 
lator. It could, of course, be specified in any of the conven- 
tional tristimulus color scales, but it is possible to specify 
the color accurately by a simpler method (4). The color of 
caramel is due to a large number of chemical chromo- 
phores; thus, different formulations do not show markedly 
different spectral curves and do not change shape with con- 
centration. Curves of different concentrations can be su- 
perimposed on each other by plotting log absorbency 
against concentration. This is the “optical signature” of a 
colorant. When log absorbency is plotted against wave- 
length for caramel solutions, the result is a straight line 


that moves up or down depending on the concentration. 
The slope of the line will change according to the hue of 
the solution. This makes it possible to determine two col- 
orimetric indices, the Hue Index and the Tinctorial Power, 
from two simple absorbency measurements. 

The Hue Index is: 


10 log(Ap s1/Aos1) 


where 0.51 is the absorbency at 0.51 microns, and 0.61 is 
the absorbency at 0.51 microns. 
The Tinctorial Power is: 
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where 0.56 is the absorbency at 0.565 microns, c is the 
concentration (g/L), and b is the cell thickness (cm). Both 
the Hue Index and the Tinctorial Power should reflect the 
visual appearance over the whole visual spectrum. The 
preceding equations are reproduced as they appeared in 
the original publication, but today the term nanometers 
would be used instead of microns. 

One of the major considerations in this research was the 
safety aspect of the caramel colorants. This program re- 
sulted in 11 papers being published in the same 1992 Vol. 
30 issue of the journal Food Chemical Toxicology, and 7 of 
them were on toxicology. Caramel was given a clean bill of 
health and the JECFA assigned an Acceptable Daily In- 
take (ADI) of 0 to 200 mg/kg/day. 


APPLICATIONS 


Caramel color is freely soluble in water but insoluble in 
most organic solvents. In concentrated form the colorant 
has a characteristic burnt taste, which is not detectable at 
the levels normally used in foods and beverages. Commer- 
cial preparations vary from 50 to 70% total solids with a 
range of pH values depending on the type of caramel. More 
than 80% of the caramel produced in the United States is 
used to color soft drinks, particularly colas and root beers. 
Type I is designed for use with distilled spirits, desserts, 
and spice blends. Type II is used with liqueurs. Type III is 
suitable for baked goods, beer, and gravies. Type IV is used 
in soft drinks, pet foods, and soups. 
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COLORANTS: CAROTENOIDS 


The carotenoids are one of the largest group of pigments 
produced in nature, second only to the chlorophylls. They 
are very widespread with more than 100,000,000 tons pro- 
duced annually in nature. Most of this amount is produced 
in the form of fucoxanthin in algae in the ocean and the 
three main carotenoids of green leaves: lutein, violaxan- 
thin, and neoxanthin (Fig. 1). Other pigments predominate 
in certain plants, such as lycopene in tomatoes (Fig. 1), 
capsanthin and capsorubin (Fig. 2) in red peppers, and 
bixin in annatto (Fig. 2). Colorant preparations have been 
made from all of these (1), and obviously the composition 
of the colorant extracts reflects the profile of the starting 
material. The chemistry and occurrence of the carotenoids 
is well described in the article entitled COLORANTS: CAROT- 
ENOIDS. Carotenoids are probably the best known of the 
food colorants derived from natural sources (2). 


ANNATTO 


Annatto (CI Natural Orange 4, CI No. 75120, EEC No. E 
160b) is found in the outer layers of the seeds of the shrub 
Bixa orellana, a tropical plant grown in South America, 
India, East Africa, the Philippines, and the Carribbean. 
Peru and Brazil are the dominant sources of supply. An- 
natto is one of the oldest colorants and has been used in 
antiquity for coloring foods, cosmetics, and textiles. It has 
been used for more than a hundred years in the United 
States and Europe primarily as a colorant for dairy prod- 
ucts. The colorant is prepared by leaching, with gentle me- 
chanical friction, of the seeds with various solvents, in- 
cluding vegetable oil, fats, and alkali aqueous and alcoholic 
solutions. Depending on the application, the crude extract 
may be refined by precipitation with acids and/or recrys- 
tallization. Spray-dried powders are also available in both 
water-soluble and oil-soluble forms. The Food and Drug 
Administration (FDA) approved procedures for extraction 
are specified in the 21 CFR section 73.30 for Annatto Ex- 
tract. 

The pigments in annatto are a mixture of bixin, the 
monomethyl ester of a dicarboxylic carotenoid, and nor- 
bixin, the dicarboxylic derivative of the same carotenoid 
(Fig. 2). Both bixin and norbixin normally occur in the cis 
form, but small amounts of the more stable trans form are 
formed on heating. A yellow degradation product termed 
Cy; yellow pigment (Fig. 2) is also produced on heating. 
The cis forms are redder than the trans forms or the C;; 
compound; thus, a source of red and yellow pigments are 
available. The carboxylic portion of the molecule contrib- 
utes to the solubility in water, and the ester form contrib- 
utes to oil solubility. This has provided flexibility in appli- 
cations, and annatto has been used in a wide variety of 
applications. 

Annatto is available in both water-soluble and oil- 
soluble liquids and powders. The oil-soluble form is some- 
what unstable under oxidative conditions, and degrada- 
tion is increased by exposure to light and is catalyzed by 
metals. Addition of antioxidants, such as ascorbic acid, to- 
copherols, and polyphenols, helps to minimize oxidative 
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degradation. Annatto shows more stability to exposure to 
air than other carotenoids and is moderately stable to heat. 
Little change in color occurs with pH changes, but products 
with a low pH may show a pinkish tinge due to isomeri- 
zation of the pigments. 


LYCOPENE 


Lycopene occurs as the major (85-90%) pigment (Fig. 1) in 
red tomatoes, Lycopersicum esculentum. The other pig- 
ments are f-carotene (10-15%) with small quantities of 
about 10 other carotenoids. In spite of the fact that large 
quantities of lycopene are available in the waste from the 
tomato-processing industry, colorants containing lycopene 
were not commercially available. This was probably due to 
the belief that lycopene was susceptible to degradation by 
oxidation and light. But recently a combination of better 
manufacturing practices, and the development of a tomato 
cultivar particularly high in lycopene led to the commer- 
cialization of lycopene as a food colorant. Preparation of 
lycopene extracts from tomatoes is relatively simple, in- 
volving an alkali saponification and extraction with a mix- 
ture of solvents such as acetone and hexane. The acetone 
can be removed by washing with water and the hexane by 
vacuum treatment, leaving a relatively pure lycopene ex- 
tract. The extract would, of course, contain the other ca- 
rotenoids in the tomato. Commercialization probably was 
also helped by the health aspects because it may be an 
efficient in vivo radical scavenger. Lycopene preparations 
are being marketed as a neutraceutical and as a food col- 
orant. Colorant preparations containing lycopene are cur- 
rently not allowed in the United States. 


PAPRIKA 


Paprika is a deep red pungent powder prepared from the 
ground dried pods of the sweet pepper Capsicum annum. 
Paprika is produced in many warm countries around the 
world, and several areas have developed products with 
specific characteristics such as the Hungarian paprika and 
the Spanish paprika. The same peppers are used in salads 
and as a source of pimento. The other principal type of red 
pepper (also C. annum), typically called cayenne pepper or 
cayenne, is usually much more pungent in flavor. Both 
types are highly pigmented. The red pepper C. frutescens 
is the source of the highly colored and very pungent Ta- 
basco sauce. 

Paprika contains capsanthin and capsorubin (Fig. 2) oc- 
curring mainly as the lauric acid esters. Smaller quantities 
of about 20 other carotenoids are also present. Specifica- 
tions do not attempt to describe the pigment profile but 
usually specify color strength by the American Spice Trade 
Association (ASTA) Color Value. This is essentially the ab- 
sorption at 460 nm in acetone measured against a cobalt 
solution or a glass standard used as a reference (3). 

Paprika oleoresin (EEC No. E 160c) is an orange-red oil- 
soluble extract from C. annum. The FDA-approved proce- 
dures are specified in 21 CFR Section 73.345 for Paprika 
Oleoresin. The dried and ground red peppers are extracted 
with a volatile solvent, usually a chlorinated hydrocarbon 
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Figure 1. Selected structures for the carotenoids in plants. 
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Figure 2. The carotenoids of paprika (capsanthin and capsorubin), saffron (crocetin and crocin), 
and annatto (bixin, transbixin, norbixin, and C7 yellow pigment). 


387 


388 COLORANTS: CAROTENOIDS 


followed by removal of the solvent. Preparations can also 
be made by extraction with a vegetable oil to provide an 
oil-soluble colorant. Paprika and paprika oleoresin add 
both color and flavor to a product; thus, the applications 
are usually limited to products in which both characteris- 
tics are desirable. For example, the recent rise in demand 
for tomato products in the form of pizza, salsa, and so on 
has increased the demand for paprika. Most of the spice 
extract used in Europe is used to flavor meat products, 
soups, and sauces. Smaller quantities are used in salad 
dressings, snacks, processed cheese, confectionery, and 
baked goods. 


SAFFRON 


Saffron (CI Natural Yellow 6, CI No. 75100) is a very old 
colorant dating back to the twenty-third century B.C. Ithas 
come to be known as the “gourmet spice” because ofits high 
price, but it also provides both spice and colorant. Saffron 
consists of the dried stigmas of the flowers of the crocus 
bulb, Crocus sativus, grown primarily in North Africa, 
Spain, Switzerland, Austria, Greece, and France. The high 
price is due to the fact that it takes about 150,000 flowers 
to produce 1 kg of colorant. 

The pigments in saffron are chemically similar to those 
in annatto (Fig. 2). They are crocetin, a dicarboxylic carot- 
enoid, together with its gentiobioside ester. Gentiobioside 
is a diglucoside with a £ 1-6 linkage. The sugar portion 
confers solubility in water and makes the colorant very 
flexible in its applications to a variety of food and phar- 
maceutical products. The same pigments occur in a num- 
ber of other plants but C. sativus is the only commercial 
source, The fruits of the Cape Jasmine, Gardenia jasmi- 
noides, produce the same pigments and have been sug- 
gested as an alternate source. But the gardenia fruits sup- 
ply only the colorant, not the spice flavor, so the sources 
are quite different. Saffron extracts also contain p- 
carotene, zeaxanthin, and traces of several other carote- 
noids. 

Saffron preparations are fairly stable to light, oxidation, 
microbiological attack, and changes in pH. Overall, tech- 
nically it is a good colorant with high tinctorial strength. 
Its strength is usually judged by its carotenoid content as 
measured by the absorption of an aqueous extract at 440 
nm, but Alonso et al. (4) suggested that tristimulus meth- 
ods were more appropriate for classifying samples of saf- 
fron, 


TAGETES 


Tagetes erecta L. (Aztec marigold) is an annual herb that 
grows from 3 to 4 tall in temperate climates. Colorants are 
available in three forms: dried ground flower petals, oleo- 
resin extracts, and purified oleoresin extracts. The first 
two are used primarily in the poultry industry and the 
third in the food industry. The principal producers are 
Mexico, Peru, the United States, Spain, and India (5). 
Tagetes petals contain up to 80% lutein with smaller 
amounts of zeaxanthin, cryptoxanthin, f-carotene, and 
about 14 other carotenoids. The lutein compounds exist as 


dipalmitate, dimyristate, myristate-palmitate, palmitate- 
stearate, and distearate esters. Because of the seasonality 
of the crop, the mature marigold flowers are collected and 
the petals separated prior to storage in large bins contain- 
ing up to 80 tons. The petals are removed as needed, 
pressed, and then dried to less than 10% moisture. They 
can then be ground and sold as tagetes meal. The ground 
petals can also be extracted with a number of solvents, but 
hexane seems to be preferred. After removal of the solvent, 
a brown oleoresin is obtained, which can be incorporated 
directly into poultry feed. The resin can be further purified 
by saponification and sold as Saponified Marigold Extract. 
This product is suitable for incorporation into poultry feed. 
The product can be further purified to produce a dry pow- 
der suitable for use as a food colorant. 

Colorants from tagetes are available in a variety of 
forms. Formulations for animal feeds are usually ground 
dried petals, oleoresins, or saponified oleoresins. Food col- 
orants are available in a number of forms such as purified 
lutein esters in oil-soluble or water-soluble dispersible sys- 
tems, spray-dried emulsions, gum-based emulsions, and 
emulsifier-based emulsions. They show good stability to 
heat, light, pH changes, and sulfur dioxide. They are sus- 
ceptible to oxidation, which can be minimized through the 
addition of antioxidants such as ethoxyquin, ascorbic acid, 
tocopherols, BHA and BHT, and encapsulation. The 
strength of tagetes extracts is usually measured as the ab- 
sorption of a 1%/1 cm solution in an appropriate solvent 
and is often quantified by calculations using the specific 
extinction coefficient of lutein or lutein esters. 

Tagetes colorants provide yellow to orange colors suit- 
able for use in pastas, vegetable oils, margarine, mayon- 
naise, salad dressings, baked goods, confectionery, dairy 
products, ice cream, yogurts, citrus juices, and mustard. 
Tagetes meal and its extracts are approved only as color- 
ants in poultry feed in the United States. 


SYNTHETIC CAROTENOIDS 


Plant extracts of carotenoids have been used for centuries 
as food and cosmetic colorants, so it was only natural that 
synthetic carotenoids would become available as colorants. 
The original synthesis of f-carotene was reported in 1950, 
and commercial production followed in 1954. It was fol- 
lowed by f-apo-8'-carotenal in 1962 and canthaxanthin in 
1964. The methyl and ethyl esters of f-apo-8'-carotenoic 
acid, citranaxanthin, and astaxanthin followed (Fig. 3). All 
carotenoids by virtue of their structure are susceptible to 
degradation by oxidation, light, and heat. In addition, they 
are insoluble in water and almost insoluble in oil. But ap- 
propriate commercial preparations are currently available 
for almost any type of food in the yellow to red range. 

A variety of approaches are used to prepare appropriate 
formulations. These involve reducing particle size for sus- 
pensions in oil and stabilization with antioxidants. Three 
approaches are used to develop water-soluble products. 
These are formulation of colloidal suspensions, emulsifi- 
cation of oily solutions, and dispersion in suitable colloids. 
They can be stabilized by a wide variety of additives in the 
protein, carbohydrate, and lipid categories and stabilized 
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with antioxidants (6). Carotenoid colorants are appropri- 
ate for margarines, oils, fats, shortenings, fruit juices, 
beverages, dry soups, canned soups, dairy products, milk 
substitutes, coffee whiteners, dessert mixes, preserves, 
syrups, confectionery, salad dressings, meat products, 
pasta, egg products, baked goods, and many others. 


MISCELLANEOUS CAROTENOID EXTRACTS 


The red oil obtained from the fruit of the palm tree Elaeis 
guineensis is very highly pigmented with about 500 mg 
carotenoids per kilogram of oil. The carotenoid mixture is 
very complex, containing mainly f-carotene and about 20 
other carotenoids. The oil can be used as an ingredient to 
color margarine and other oil-based products, but its chief 
use is as a cooking oil due to its distinctive flavor or, after 
refining, as a general purpose edible oil. Xanthophyll 
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Figure 3. Carotenoids synthesized for 
commercial colorant applications. f- 
Apo-8'-carotenoic acid is usually in the 
form of the methyl or ethyl esters. p- 
Carotene was also synthesized. 


pastes are well known in Europe and consist of extracts of 
alfalfa (lucerne), nettles, or broccoli. Unless they are sa- 
ponified they will be green due to their high content of chlo- 
rophyll. Many concentrated xanthophyll pastes contain as 
much as 30% carotene with the major pigments as lutein 
(45%), B-carotene (25%), violaxanthin (15%), neoxanthin 
(15%), and a number of minor pigments. Highly concen- 
trated extracts from alfalfa became available some years 
ago as by-products of the Pro-Xan process for preparing 
protein concentrates from alfalfa. The carotenoid extracts 
were widely promoted as colorant additives for poultry 
feed, but the Pro-Xan process was never commercially suc- 
cessful. Extracts from citrus peels have been suggested as 
a means of augmenting the natural color of orange juice 
since the more highly colored juices command a premium 
price, but addition of colorants from citrus is not permitted 
in the United States at the present time. Citrus peel ex- 
tracts contain f-carotene, cryptoxanthin, antheroxanthin, 
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violaxanthin, lycopene and f-apo-8'-carotenol together 
with a number of others. About 115 carotenoid pigments 
have been reported in citrus. Colorants from carrots 
usually contain about 80% f-carotene and up to 20% a- 
carotene plus small amounts of several others. Some of 
the high pigment strains of carrots used for colorant ex- 
tracts also contain lycopene. Astaxanthin is a desirable 
addition to the diet of salmon and trout in aquaculture 
because of its ability to impart a desirable red color 
to the flesh. The usual sources of astaxanthin are the 
by-products of the lobster and shrimp processing in- 
dustry, but the demand exceeds the supply. This has 
led to an interest in growing the red yeast Phaffia rhodo- 
zyma as a raw material for a concentrated extract. But 
unfortunately Phaffia produces the wrong optical isomer 
of astaxanthin for optimal accumulation in the flesh of 
salmon. Hinostroza et al. (7) reported that carotenoids 
from three sources, synthetic astaxanthin, crabs (Pleuro- 
codes planiples), and P. rhodozyma, were deposited in trout 
muscle at the rate of 7.8%, 5.0%, and 4.0%, respectively. 
The FDA has approved the addition of Phaffia products to 
fish food. There is an ongoing interest to develop other 
plant sources to compete with the nature-like synthetic ca- 
rotenoids. Several mutants of the carotogenic molds Blak- 
eslea trispora and Phycomyces blakesleeanus produce high 
concentrations of f-carotene, but recent interest has 
shifted to the microalgae. Species of Dunaliella can accu- 
mulate up to 10% dry weight of f-carotene. Ponds in Aus- 
tralia originally developed to produce salt by evaporation 
of salt water are now being used to grow Dunaliella. Other 
installations are in Hawaii. Regardless, both sources com- 
mand a premium because of their “natural” association. 
Interestingly, the same ponds can be used to grow Hae- 
matococcus species, which accumulate astaxanthin. A gene 
from H. pluvialis has been transferred to tobacco plants to 
provide a plant source of astaxanthin. In view of the wide- 
spread occurrence of the carotenoid pigments, it is not sur- 
prising that other plants and animals would be suggested 
as potential sources of colorants. These include krill, chlo- 
rella, shrimp, algae, bacteria, molds, and a variety of plant 
sources (8), 


BIBLIOGRAPHY 


1, J. C. Bauernfeind, Carotenoids as Colorants and Vitamin A 
Precursors, Academic Press, New York, 1981. 


2. F. J, Francis, Handbook of Food Colorants, Eagen Press. St. 
Paul, Minn., 1999. 

3. D. M. Marmion, Handbook of US Colorants, John Wiley & 
Sons, New York, 1991. 

4, G. L, Alonzo et al., “Color Analysis of Saffron,” Proc. 2nd Int. 
Symp. on Natural Colorants, Puerto de Acapulco, Mexico, Jan- 
uary 23-26, 1996. 

5. J. Verghese, “Focus on Xanthophylls from Tagetes erecta, L.— 
The Giant Natural Colour Complex,” Proc. 2nd International 
‘Symposium on Natural Colorants, Puerto de Acapulco, Mexico, 
January 23-26, 1996, 

6. F.J. Francis, “Carotenoids as Colorants,” World of Ingredients, 
34-88 (1995). 


7. G. C. Hinostoza et al., “Pigmentation of Rainbow Trout Oncor- 
hynchus mykiss by Astaxanthin from Red Crab Pleuroncodes 
planipes in Comparison with Synthetic Astaxanthin and Phaf- 
fia rhodozyma Yeast,” Proc. 2nd Int. Symp. on Natural Color- 
ants, Puerto de Acapulco, Mexico, January 23-26, 1996. 

8. F. J. Francis, Handbook of Food Colorant Patents, Food and 
Nutrition Press, Westport, Conn., 1986. 


See also CAROTENOID PIGMENTS. 


COLORANTS: CARTHAMIN 


Carthamin (CI Natural Red 26; CI 75140) is a very old 
colorant. Its use as a textile colorant dates back to antiq- 
uity under a variety of names such as Spanish saffron, Af- 
rican saffron, American saffron, thistle saffron, false saf- 
fron, bastard saffron, Dyer’s saffron, and so on. More 
modern names are carthemone, carthamic acid, and safflor 
red. Carthamin is a yellow to red preparation from saf- 
flower flowers, Carthemus tinctorius, of the family Com- 
positae, which is cultivated extensively in Europe and 
America. 

Carthamin is classified biochemically as a chalcone in 
the yellow flavonoid group of pigments. The flavonoids are 
a very large group of plant pigments with more than 4000 
compounds, but only carthamin has been suggested as a 
colorant. Carthamin contains three chalcones: the red car- 
thamin, safflor Yellow A, and safflor Yellow B (Fig. 1). 
Fresh yellow flower petals contain precarthamin, which 
oxidizes to form the red carthamin, Carthamin, under 
acid conditions, equilibrates to two isomers: red car- 
thamin and yellow isocarthamin (1). The earlier patents 
on carthamin involved simple aqueous extraction of the 
petals or crushing the petals prior to extraction to allow 
for oxidation (2). The three main pigments can be purified 
by passage through a styrene resin bed. Purification and 
stabilization can be greatly enhanced by absorption of the 
pigments on cellulose powder. Apparently cellulose has a 
great affinity for carthamin and this is known as the 
“Saito effect.” “The effect is so strong that the carthamin 
may be retained for more than a thousand years without 
appreciable change to the coloration” (3). No storage data 
were provided to substantiate this claim. The cellulose ab- 
sorption method was adapted to large-scale production us- 
ing a methanolic extract and a cellulose column in acid 
media. Another method using a cellulose derivative dieth- 
ylaminoethylcellulose yielded pure precarthamin, car- 
thamin, safflor Yellow A and safflor Yellow B. Tissue cul- 
ture approaches have been successful in producing the 
safflower pigments as well as some novel closely related 
pigments (4,5). 

Carthamin has been suggested as a colorant for pine- 
apple juice, yogurt, butter, liqueurs, confectionery and so 
on. The yellow to red range of colors gives it some flexibil- 
ity. Currently it is not approved for use in foods in the 
United States. 
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COLORANTS: CHLOROPHYLLS 


The chlorophylls are a group of naturally occurring pig- 
ments present in all photosynthetic plants including the 
algae and some bacteria. They are in greater abundance 
than any other organic pigment produced in nature. Hen- 
dry estimated annual production at about 1,100,000,000 
tons as compared with carotenoids at 100,000,000 tons, 
with about 75% being produced in aquatic, primarily ma- 
rine, environments (1). Obviously, as a source of raw ma- 
terial for food colorants, supply is no problem. 


CHEMISTRY 


Five chlorophylls and five bacteriochlorophylls are known 
in nature. Only two, chlorophylls a and b (Fig. 1) are im- 
portant as source material for food colorants. Chlorophylls 
a and b have a complex structure, but they differ only by 
a -CHs and a -CHO group on carbon 7. The numbering 
system for chlorophylls is shown in Figure 2 (1). The chlo- 
rophyll a molecule is easily changed in the presence of ac- 
ids to remove the magnesium ion, resulting in pheophytin 
a. The phytyl group is easily removed to produce chloro- 
phyllide a. If both magnesium and phytyl groups are re- 
moved, the compound is called pheophorbide a. A similar 


(b) (ce) 
Figure 1. Pigments of carthamin (a) carthamin; (b) Safflor Yellow A; (¢) Safflor Yellow B. 


series of reactions occurs with chlorophyll b. Several other 
degradative reactions also occur, but the change to pheo- 
phytin is the major change that occurs when products con- 
taining chlorophyll are heated. The trivial names chloro- 
phyll, chlorophyllide, pheophytin, and pheophorbide were 
developed historically and have been retained even though 
the chemical nomenclature has been changed by the 
TUB-IUPAC Joint Commission on Nomenclature in 1980. 
A good description of the new nomenclature and the chem- 
istry of chlorophylls has been provided by Hendry (1). 

The chlorophylls have a bright green color, whereas the 
pheophytins are olive green; thus, major efforts to main- 
tain the attractive green color in vegetables during pro- 
cessing have been to retain the magnesium in the mole- 
cule. Pretreatment and treatment during processing in 
alkaline solutions containing magnesium (the Blair Pro- 
cess) were successful in retaining the green color for a short 
time after thermal processing. Enzymatic treatments to 
convert the chlorophyll to chlorophyllide were attempted 
because the chlorophyllides have a color similar to the 
chlorophylls and are more stable, and they did help to 
maintain the color. A combination of the two processes 
with high-temperature short-time (HTST) processing also 
maintained the color a little longer. But the overall effect 
was that the retention of attractive color was only a few 
weeks and not long enough to provide an economic incen- 
tive, so the attempts were abandoned. The same problems 
with stability were experienced with attempts to make col- 
orants containing chlorophyll. 


PREPARATION OF COLORANTS. 


The land plants that contain chlorophylls a and b have 
been the source of all chlorophyll-containing colorants. The 
order of stability of the chlorophylls is c > b > a, but chlo- 
rophyll c has been ignored as a source of green colorants. 
It does occur in the brown seaweeds used as a commercial 
source of alginates and also in single-celled phytoplankton. 
Algae are already being grown as a source of carotenoids 
and conceivably could also be grown for chlorophyll content 
if the increased stability was sufficient to provide an eco- 
nomic motivation. The plants currently being used include 
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Figure 1. Formulas for chlorophylls 
a.andb and the phytol moiety. 


Figure 2. Numbering system for the chlorophylls. 


alfalfa (lucerne), Medicago sativa; nettles, Urtica dioica; 
and a series of pasture grasses such as fescue. In a living 
cell, within the chloroplasts, the chlorophylls are com- 
plexed with but not covalently bound to one of a series of 
polypeptides. The chlorophyll-polypeptide or chlorophyll— 
protein complexes are closely associated with carotenoids 
and tocopherols (vitamin E) and are actively involved in 
the processes of photosynthesis. Preparation of a colorant 
involves recovery and purification of an appropriate form 
of chlorophyll. 

Land plants are usually available for only a few weeks 
of the year; thus, the chlorophyll colorants are usually 
made from bulk harvested and dried plants. The dried 
plants are ground and extracted with acetone or a chlori- 
nated hydrocarbon solvent and washed, and the solvent is 
removed. A yield of 20% of a mixture of chlorophylls, pheo- 
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phytins, and other degraded chlorophyll compounds is usu- 
ally obtained. The dry residue after removal of the solvent 
can be further purified by treatment with a water- 
immiscible solvent to obtain an oil-soluble preparation 
known as metal-free pheophytin. The dry residue can also 
be acidified in the presence of copper salts to produce an 
oil-soluble copper pheophytin. It is not commercially prac- 
tical to produce a colorant containing chlorophyll itself be- 
cause of the instability of the magnesium compound. The 
dry residue can also be saponified to replace the phytyl 
group with sodium or potassium to form water-soluble 
compounds. After further purification, the product may be 
marketed as a water-soluble, metal-free, gray-green prod- 
uct. Acidification in the presence of copper salts converts 
the pigments to more-stable green pigments known as cop- 
per chlorophyllins. 


APPLICATIONS 


The copper-substituted derivatives of pheophytin are rela- 
tively stable to light and mineral acids and are more stable 
than the metal-free pheophytins and pheophorbides. The 
major portion of the estimated $15 million (in 1994 U.S. 
dollars) in annual sales of colorants derived from chloro- 
phyll is in the water-soluble forms (1). The major portion 
of both oil-soluble and water-soluble forms is used in dairy 
products, edible oils, soups, chewing gum, sugar confec- 
tions, and drinks. A minor proportion is used in cosmetics 
and toiletries. 


Chlorophyll colorants are widely used in Europe and 
other parts of the world but are not permitted in the 
United States. 
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COLORANTS: FOOD, DRUG, 
AND COSMETIC COLORANTS 


The synthetic colorants are the most obvious of the long 
list of colorants and probably the most important in terms 
of scope of applications. They are also the most controver- 
sial. The history of synthetic colorants dates back to the 
discovery of the first synthetic dye, mauve, by Sir William 
Henry Perkin in 1856. Since then more than 700 colorants 
have been available to the paint, plastic, textile, and food 
industry. In 1907 about 80 colorants were offered for use 
in foods (1), and obviously few, if any, had been tested for 
safety. At that time, Dr. Bernard Hesse, a German dye ex- 
pert employed by the U.S. Department of Agriculture 
(USDA), was asked to study the colorants available for use 
in foods. He concluded that only 16 of the 80 colorants were 
probably more or less harmless. Most of Hesse’s informa- 
tion was embodied into the Food and Drug Act of 1906. 
This Act together with FID No. 76 in July 1907 put an end 
to the indiscriminate use of colorants in food. The new leg- 
islation required that only colorants of known chemical 
structure and that had been tested for safety could be used. 
The Act also set up a system for certification of synthetic 
organic food colorants designed for use in foods. The cer- 
tification of each batch included proof of identity and the 
levels of impurities. During the next three decades, 10 
more colorants were added to the list. In 1938 the federal 
Food, Drug, and Cosmetic Act of 1938 was enacted. It 
stated that the use of any uncertified coal-tar color in any 
food, drug, or cosmetic shipped in interstate commerce was 
forbidden. The Act also created three categories of coal-tar 
colors: 


1. FD&C colors. Those certifiable for use in coloring 
foods, drugs, and cosmetics. 
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2. D&C colors. Dyes and pigments considered safe in 
drugs and cosmetics when in contact with mucous 
membranes or when ingested. 

3. Ext. D&C colors. Those colorants that, because of 
their oral toxicity, were not certifiable for use in prod- 
ucts intended for ingestion but were considered safe 
for use in products externally applied. 


Each colorant had to be identified by its specific FD&C, 
D&C, or Ext. D&C name. 


SAFETY OF COLORANTS 


The passage of the 1938 Act drew public attention to the 
question of safety of colorants and led to the publication of 
the Service and Regulatory Announcement, Food, Drugs, 
and Cosmetics No. 3 in 1940. This document listed specific 
colorants that could be used together with purity specifi- 
cations and regulations pertaining to manufacture and 
sale. In 1950 a new dilemma developed, which was precip- 
itated by two developments. First, a number of children 
became sick after reportedly eating popcorn and candy col- 
ored with excessive amounts of colorant. Second, the Food 
and Drug Administration (FDA) launched a new round of 
toxicity tests with animals fed much higher levels of col- 
orants and for a longer time than any tests previously con- 
ducted. The results were unfavorable for FD&C Orange 
No. 1, FD&C Orange No. 2, and FD&C Red No. 32. The 
FDA based its conclusions on the interpretation of the 1938 
Act, which states: “The Secretary shall promulgate regu- 
lations providing for the listing of coal-tar colors which are 
harmless and suitable for food.” The FDA interpreted 
“harmless” to mean harmless at any level. The manufac- 
turers argued that this interpretation was too strict and 
the FDA should set safe limits. The Supreme Court held 
that the FDA did not have the authority to set limits, and 
several more colorants were delisted including FD&C Yel- 
lows Nos. 1 to 4. It was obvious that the law was unwork- 
able and, through the efforts of the Certified Color Indus- 
try and FDA, a new law was developed called the Color 
Additive Amendment of 1960. The Amendment allowed for 
current use of colorants pending completion of testing, and, 
equally important, it authorized the secretary of health, 
education, and welfare to establish limits of use, thereby 
eliminating the “harmless per se” interpretation. Another 


Table 1. FD&C Colorants Approved for Use in the United States 


FDA name Common name CI number Year listed Chemical class Hue 
FD&C Blue No. 1 Brilliant Blue 42090 1929 Triphenylmethane Greenish blue 
FD&C Blue No. 2 Indigotine 73015 1907 Indigoid Deep blue 
FD&C Green No. 3 Fast Green 42053 1927 Triphenylmethane Bluish green 
FD&C Yellow No. 5 Tartrazine 19140 1916 Pyrazolone Lemon yellow 
FD&C Yellow No. 6 Sunset Yellow 15985 1929 Monoazo Reddish yellow 
FD&C Red No. 3 Erythrosine 43430 1907 Xanthine Bluish pink 
FD&C Red No. 40 Allura Red 16035 1971 Monoazo Yellowish red 
Orange B* Orange B 1966 Monoazo 

Citrus Red No 2° Citrus Red No. 2 1959 Monoazo 


“Allowed only on the surfaces of sausages and frankfurters at concentrations up to 150 ppm by weight. 
°allowed only on the skins of oranges, not intended for processing, at concentrations up to 2 ppm by weight of the whole fruit. 
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Figure 1. Structure of 9 FD&C colorants 


feature, known as the “Delany Clause,” was also inserted. 
Briefly, the clause states that no additive shall be added to 
food “if it is found, after tests which are appropriate for the 
evaluation of safety of food additives, to induce cancer in 
man or animals.” Unfortunately Congressman Delany did 
not appreciate the ingenuity of modern chemists to push 
back the limits of analytical sensitivity. Today, chemists 
can find almost anything in anything. The clause is clearly 
unworkable and is currently being replaced by some form 
of “de minimis,” which comes from the term “de minimis 
curat lex.” Freely translated, this means that the law does 
not concern itself with trifles. Another feature of the 1960 
Amendment allowed the secretary of health, education, 
and welfare to determine which colorants had to be certi- 
fied and which would be exempt from certification. In view 
of the expense and time required for adequate testing, 
some of the colorants had “provisional” listing for a number 
of years, but this category for straight FD&C colorants has 
expired at the present time. Because of the expense in- 
volved, only commercial colorants of significant economic 
value were tested, so a number of colorants were delisted 
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by default. Actually this should not be a hardship, because 
the seven currently allowed colorants (Table 1) should be 
sufficient in view of the opportunities for blending. Inter- 
estingly, Hesse, around 1900, recommended seven color- 
ants for general use in food. Of the seven, only two (FD&C 
Red No. 3 and FD&C Blue No. 2) remain on the current 
list of approved colorants. Table 1 shows a list of seven 
colorants approved for general use, and two approved for 
restricted use, together with the FD&C name, common 
name, CI number, year listed, and chemical class. FD&C 
Blue No. 2 was provisionally listed until final approval in 
1987. Similarly, FD&C Yellow No. 6 was finally approved 
in 1986. Formulae for the nine colorants are shown in Fig- 
ure 1. The regulatory status of 26 colorants exempt from 
certification is shown in Table 2. 


APPLICATIONS IN FOODS 


The seven colorants listed in Table 1 should be sufficient 
to enable a formulator to create any desired color by mixing 


‘Table 2. Regulatory Status of Colorants Exempt from Certification in the United States 


E.C. JECFA ADI* 
Name of color additive US, food use limit status (mg/kg/bw) 
Annatto GMP’ E 160b 0-0.065 (calculated 
as bixin) 
Dehydrated beets GMP E 162 Not evaluated 
Ultramarine blue Salt for animal feed up to 0.5% by weight Not listed None 
Canthaxanthin Not to exceed 30 mg/pd of solid/semisolid food  E 161g None 
or pint of liquid food or 4.41 mg/kg of chicken 
feed 
Caramel GMP E 150 0-200 
f-apo-8'-carotenal Not to exceed 15 mg/pd of solid or semisolid food E 160a 05 
or 15 mg/pt of liquid food 
-Carotene GMP E 160a 0-5 
Cochineal extract or carmine GMP E 120 0-5 
Toasted partially defatted cooked GMP Not listed Not evaluated 
cottonseed flour 
Ferrous gluconate GMP for ripe olives only Not listed Not evaluated 
Grape color extract, GMP for nonbeverage foods E 163 Not evaluated 
Grape skin extract (Enocianina) GMP for beverages E 163 0-2.5 
Synthetic iron oxide Pet food up to 0.25% E172 0-2.5 
Fruit juice GMP Not listed Not evaluated 
Vegetable juice GMP Not listed Not evaluated 
Dried algal meal GMP for chicken feed Not listed Not evaluated 
‘Tagetes (Aztec marigold) meal GMP for chicken feed Not listed Not evaluated 
and extract 
Carrot oil GMP Not listed Not evaluated 
Corn endosperm oil GMP for chicken feed Not listed Not evaluated 
Paprika GMP E 160c None allocated 
Paprika oleoresin GMP E 160c Self-limiting as spice 
Riboflavin GMP E101 0-05 
Saffron GMP Not listed Food ingredient 
Titanium dioxide Not to exceed 1% by weight of food E171 Not specified 
‘Turmeric GMP E 100(curcumin) Temporary ADI not 
extended 
‘Turmeric oleoresin GMP E 100(curcumin) ‘Temporary ADI not 
extended 


°JECFA refers to the Joint Expert Committee on Food Additives set up by the World Health Organization and the Food and Agriculture Organization of the 


United Nations. The term ADI refers to Acceptable Daily Intake as usually determined by the JECFA. 


"GMP = Good manufacturing practice. 
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colorants as discussed in COLOR AND FOOD. But each col- 
orant probably will behave differently in each food system; 
therefore prediction from a knowledge of each colorant is 
difficult. The blending will have to be done under actual 
food conditions. The stability of the FD&C colorants under 
acid, alkaline, light, heat, and oxidation/reduction condi- 
tions, and the presence of sugars, acids, diluents, solubility, 
and so on discussed by Francis (2). The FD&C colorants 
are appropriate for a wide variety of foods, particularly 
those requiring a water-soluble colorant. 


LAKES 


Lakes are colorants prepared by precipitating a soluble col- 
orant onto an insoluble base or substratum. A variety of 
bases such as titanium dioxide, zinc oxide, talc, calcium 
carbonate, and aluminum benzoate are approved for D&C 
lakes, but only aluminum, magnesium, and calcium salts 
are approved in the United States for manufacturing 
FD&C lakes. The process of manufacture is fairly simple. 
First, a substratum is prepared by adding sodium carbon- 
ate to a solution of aluminum sulfate. Next a certified col- 
orant is added to the slurry, then aluminum sulfate is 
added to convert the colorant to an aluminum salt, which 
is absorbed onto the surface of the alumina. The slurry is 
then washed, dried, and ground to a fine powder. The col- 
ored powder can be marketed as is or mixed with a diluent 
such as hydrogenated vegetable oil, coconut oil, propylene 
glycol, glycerol, sugar syrup, or other media appropriate 
for food consumption or for printing food wrappers. Dilu- 
ents for both pure colorants or lakes have to be either on 
the Generally Recognized As Safe (GRAS) list or on the list 
approved by the FDA Code of Federal Regulations (1-3). 

Lake colorants have many advantages, primarily be- 
cause they are insoluble in most solvents including water. 
They have a high opacity, are easily incorporated into dry 
media, and have superior stability to light and heat. They 
are effective colorants for candy and pill coatings since 
they do not require removal of water prior to processing. 
They are particularly effective for coloring hydrophobic 
foods such as fats and oils, confectionery products, bakery 
products, salad dressings, chocolate substitutes, and other 
products in which the presence of water is undesirable. 
Lakes made from some water-soluble FD&C colorants may 
show some bleeding when formulated in foods outside the 
pH range 3.5 to 9, but few foods are in this pH range. Lakes 
have been used to color food packaging materials including 
lacquers, plastic films, and inks from which straight water- 
soluble colorants would be soon leached. 
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COLORANTS: HAEMS 


Haemoglobin from blood is the only commercially impor- 
tant colorant in the haem group. The term haem, or heme, 
is used to describe iron derivatives of the cyclic tetrapyr- 
role protoporphin with the structure shown in Figure 1. 
The numbering system is similar to that for chlorophyll 
(see COLORANTS: CHLOROPHYLLS, Fig. 2), This structure is 
basic to a number of compounds such as chlorophyll, im- 
portant in photosynthesis; haemoglobin, in oxygen trans- 
port; cytochrome, in energy transport; and a number of 
other enzymes. Haemoglobin is probably the best known, 
and it is composed of a haem group associated with a pro- 
tein. Haemoglobin forms a loose association with oxygen 
as the basis for oxygen transport and carbon dioxide re- 
moval and is remarkably stable in vivo but not in vitro. 
This introduces some difficulty in using haems as color- 
ants. 

Free haem can be easily extracted from blood by treat- 
ment with acidified organic solvents. Preparation of haem 
from blood has been known for centuries and can be accom- 
plished by the addition of whole blood to glacial acetic acid 
saturated with salt at 100°C. Crystalline haem precipi- 
tates out, but it is not stable enough to function as a food 
colorant. More stable compounds can be produced by allow- 
ing other ligands such as carbon monoxide, nitrous oxide, 
hydroxides, and cyanide to displace the oxygen from the 
central iron atom. A number of patents exist (1), and they 
fall into three broad areas: (1) treatment of whole blood 
with a variety of reagents, (2) stabilization of the color with 
a variety of ligands, and (3) purification of haem deriva- 
tives. Treatment of whole blood to remove the haemoglobin 
has considerable appeal because the iron is in a very nu- 
tritionally available form as a dietary supplement and the 
protein has a high biological value. It would be still another 
advantage if the preparation could be made stable enough 
to act as a food colorant. A number of the patents claim 
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Figure 1. Structure of haem. 


that the preparations are suitable for coloring products 
that normally contain meat, meat analogues, sausages, 
and so on. 

The use of whole blood as a food ingredient is a very old 
custom. The Europeans are famous for “blood pudding,” 
which may be a delectable food item but is black in color 
not red. Haemoglobin is denatured in the cooking process. 
Houghton reported an interesting application of naturally 
occurring haem pigments, namely, the bile pigments bili- 
rubin and biliverdin (2). They occur in gallstones and hair 
balls and are in demand in Chinese medicine as an aph- 
rodisiac, 

Blood is permitted as a food ingredient if it has been 
collected and processed in an appropriate sanitary man- 
ner, but colorants derived from blood are not permitted in 
the United States. 
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COLORANTS: IRIDOIDS 


Colorants from saffron have enjoyed good technological 
success and gustatory appeal, but their high price has led 
to searches for other sources with the same pigments. It 
became apparent that the same pigments, but not the fla- 
vor, could be obtained in much larger quantities from the 
fruits of the gardenia or Cape Jasmine plant. The fruits of 
gardenia, Gardenia jasminoides, contain three major 
groups of pigments: crocins (see COLORANTS: CAROTE- 
NOIDS, Fig. 1), iridoids, and flavonoids. The structures of 
nine iridoid pigments are shown in Figure 1. This group 
also comprises a series of flavonoid compounds. The struc- 
tures of five flavonoids isolated from G. fosbergii are shown 
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Figure 2. Structures of five flavonoid pigments in G. fosbergii. 


in Figure 2. This is a different species from G. jasminoides, 
but the flavonoid compounds in closely related species tend 
to be similar. The flavonoids would contribute a pale yellow 
color and the carotenoids an orange color. 

The iridoid pigments constitute an interesting situation 
as a food colorant because a range of colors from green to 
yellow, red and blue, can be produced (1). The patent lit- 
erature suggests extraction of the fruit with water, treat- 
ment with enzymes having f-glycosidic or proteolytic (bro- 
melain) activity, followed by reaction with primary amines 
from amino acids or a protein such as soy. The reaction 
conditions such as time, pH, temperature, oxygen content, 
degree of polymerization, and conjugation of the primary 


amino groups allow a range of colorants to be produced. 
Several patents involve culturing extracts of gardenia with 
microorganisms such as Bacillus subtilis, Aspergillus ja- 
ponicus, or a species of Rhizopus. Several patents involve 
hydrolysis of the iridoid glycoside geniposide by the action 
of £-glucosidase to produce genipin. The genipin can be re- 
acted with taurine to produce a blue colorant. Other amino 
acids such as glycine, alanine, leucine, phenylalanine, and 
tyrosine can be reacted to produce brilliant blue colorants. 
They are claimed to be stable for two weeks at 40°C in 40% 
ethanol. Four greens, two blues, and one red have been 
commercialized in Japan. 

Colorant preparations from gardenia have been sug- 
gested for use with candies, sweets, colored ices, noodles, 
imitation crab, fish eggs, glazed chestnuts, beans, dried 
fish substitutes, liqueurs, baked goods, and so on. In view 
of the wide range of colors and apparent stability, colorants 
from gardenia appear to have good potential. They are not 
approved for use in the United States. 
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COLORANTS: MONASCUS 


Monascus products have been well known in south and 
east oriental countries for centuries. Wong and Koehler 
listed their use as a Chinese medicine as far back as 1590 
(1). The genus Monascus includes several fungal species 
that will grow on a number of carbohydrate substrates, 
especially steamed rice. Traditionally, Monascus species 
were grown on rice, and the whole mass was eaten as an. 
attractive red food. It could also be dried, ground, and in- 
corporated into other foods. 


Figure 1. Pigments of Monascus. 
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CHEMISTRY 


Monascus species produce six pigments with the struc- 
tures shown in Figure 1. Monascin and ankaflavin are yel- 
low, rubropunctatin and monascorubin are red, and rub- 
ropunctamine and monascorubramine are purple. The red 
and yellow pigments are considered to be normal second- 
ary metabolites of fungal growth, and the purple pigments 
may be formed by enzymatic modification of the red and 
yellow pigments. The red pigments are very reactive and 
readily react with amino groups via a ring opening and a 
Schiff rearrangement to form water-soluble compounds 
such as that in Figure 2 (2). The Monascus pigments have 
been reacted with amino groups, polyamino acids, amino 
alcohols, chitin amines or hexamines, proteins, peptides 
and amino acids, sugar amino acids, browning reaction 
products, aminoacetic acid, and amino benzoic acid (3). Ob- 
viously a number of derivatives are possible, and they have 
been shown to have greater water solubility, thermosta- 
bility, and photostability than the parent compounds. 

The Monascus pigments are readily soluble in ethanol 
and only slightly soluble in water. Ethanolic solutions are 
orange at pH 3 to 4, red at 5 to 6 and purplish red at 7 to 
9. The pigments fade under prolonged exposure to light, 
but the pigments in 70% alcohol are more stable than in 
water. The pigments are very stable to temperatures up to 
100°C in neutral or alkaline conditions. 


COMMERCIAL PRODUCTION 


Monacus colorants are currently being produced in Japan, 
China and Taiwon. Traditionally, Monascus has been 
grown on solid cereal substrates such as rice and wheat 
and the entire mass used as a food or a food ingredient. 
But it became obvious that the fungus could be grown in 
liquid or fluid solid state media and optimized for pigment 
production. Much research has been devoted to the deter- 
mination of the optimal conditions for pigment production 
on a wide variety of cereal substrates. It is possible to max- 
imize the production of either the red or yellow pigments 
to produce a range of red to yellow colors. For example, 
Tadao et al. reported that M. anka grown on bread pro- 
duced only yellow pigments (4). Criticism was directed at 
the earlier production methods because the fungus pro- 
duced an antibiotic, and this is considered to be an unde- 
sirable food ingredient. Recent strain selections and con- 
trol of growth conditions have eliminated the antibiotic 


Figure 2. A red derivative of the monascin pigment. R represents 
an aliphatic radical and R’ represents a compound of the formula 
HN-R, which represents an amino sugar, a polymer of an amino 
sugar, or an amino alcohol. Source: Ref. 2. 
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problem. Han and Mudgett (1992) concluded that M. pur- 
pureus ATCC 16365 was the most appropriate organism 
for solid-state fermentation and confirmed that it had no 
antibiotic activity (5). Monascus produces a range of com- 
pounds normal to growth metabolism such as alcohol, en- 
zymes, coenzymes, monascolins that modify fat metabo- 
lism, antihypertensive agents, and flocculents. This is a 
strain selection problem, growth optimization, and finally 
a removal problem for a food colorant. 


APPLICATIONS 


Monascus colorants offer considerable advantages since 
they can be produced in any quantity on inexpensive sub- 
strates. Their range of colors from yellow to red and their 
stability in neutral media is a real advantage. Sweeny et 
al. suggested Monascus colorants for processed meats, ma- 
rine products, jam, ice cream, and tomato ketchup (6). 
They should be appropriate for alcoholic beverages such as 
saki and also for koji, soy sauce, and kamboko. There is 
considerable interest in the Monascus group, with 38 pat- 
ents issued in the years 1969 to 1985 (3). Currently Mon- 
ascus colorants are not permitted in the United States. 
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COLORANTS: PHYCOBILINS 


Phycobilins are found in abundance as components of the 
blue-green, red, and cryptomonad algae. They are colored, 
fluorescent, water-soluble pigment-protein complexes clas- 
sified into three major groups according to color: the phy- 
coerythrins, which are red in color with a bright orange 
fluorescence, and the phycocyanins and allophycocyanins, 
which are both blue and fluorescent red. The range of color 
and the apparent stability of the pigments appear to make 
this group attractive as food colorants. 

The structures for the two chromophores of the cyano- 
bilins, termed phycocyanobilin and phycoerythrobilin, are 
shown in Figure 1. Phycocyanins and allophycocyanins 
share the same chromophore, and the differences in color 
are due to the different protein groups. Figure 1 shows a 
bilin written in the conventional linear form and also in 
acyclic, possibly truer, form, showing its relationship to 
other pigments such as chlorophyll and haemoglobin. The 
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Figure 1. Basic structure of the phycobilins. (a) is a bilin in the 
conventional linear form. (b) is the same structure in a cyclic form 
to show its relationship with the porphyrins. (e) is a blue phyco- 
cyanobilin pigment and (d) is a red phycoerythrobilin pigment. 


attachment of the bilin chromophore to its protein is very 
stable due to covalent bonds between the ethylidene group 
on position 3 (see COLORANTS: CHLOROPHYLLS, Fig. 2) of 
the bilin with a cysteine group in the protein. A second 
covalent bond may be on position 18. The major function 
of the bilin pigments is to act as light absorbers in the 
energy transport system. 

Phycobilin preparations can be obtained by simply 
freeze-drying an algal cell suspension, producing a highly 
colored powder. The chlorophyll and carotenoid compo- 
nents can be removed by centrifuging after breaking the 


algal cells. The centrifugate is a brightly colored solution 
of water-soluble protein of which 40% may be phycobilin. 
Farther purification by precipitation with ammonium sul- 
phate and ion-exchange yields almost pure phycobilin. The 
free chromophore can be obtained by extended refluxing in 
methanol. An alternative to extensive purification would 
be to grow an organism such as Cyanidium caldarium, 
which, on addition of 5-aminolevulinic acid to the growth 
medium, yields pure phycocyanobilin (1). Another ap- 
proach is to use the existing technology for growth of Spi- 
rulina platensis in open ponds. This organism has been 
used for eons in Africa and Mexico, probably because of its 
high protein content and digestibility. It is important in 
health food stores as a dietary supplement. The cells are 
simply harvested and dried. Another unicellular organism, 
the red algae Porphyridium cruentum can also be grown 
in open ponds or in tubular reactors for production of phy- 
cobilin and phycoerythrin. A number of patents (2) exist 
for the extraction, stabilization, purification, and use of 
phycocyanins from Spirulina and Aphanotheca nidulans, 
and three firms are marketing the product. 

The presence of a protein in the pigment suggests that 
the colorant would be used for products requiring a mini- 
mum of heat treatment. But the fact that it takes 16 hours 
in boiling methanol to separate the protein from the chro- 
mophore suggests that applications could include products 
with mild heat treatment. Suggested applications for phy- 
cocyanin colorants include chewing gums, frozen confec- 
tions, soft drinks, dairy products, sweets, and ice cream. 
No patents have been filed for the use of phycoerythrin, 
but it seems like a good candidate for a red colorant. 

There are several industrial applications for phyco- 
bilins such as fluorescent tracers in biochemical research, 
fluorescence-activated cell sorting, fluorescence micros- 
copy, and so on (1). Existence of other markets will cer- 
tainly help to obtain the critical volume necessary for pro- 
duction of food colorants. Colorants containing phycobilins 
are currently not permitted in the United States. 
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COLORANTS: POLYPHENOLS 


The major brown food colorant is obviously caramel, but 
other sources are available. A brown colorant can be pre- 
pared from an appropriate mixture of FD&C colorants or 
from extracts of cacao or tea. 


CACAO 


Cacao, Theobroma cacao, has been suggested as a poten- 
tial source of brown colorants. The cocao, pods, beans, 
shells, cotyledons, husks, and stems all contain a complex 


mixture of polyphenols such as cyanidin glycosides, leu- 
coanthocyanins, (-)-epicatechins, quercitin glycosides, and 
the acyl acids p-coumaric and gentisic. Colorants prepared 
from cacao are likely to contain a complex mixture of leu- 
coanthocyanins, flavonoid polymers, and catechin-type 
polymers. 

The suggested extraction methods involve hot acid or 
alkaline water or ethanol followed by filtration and con- 
centration. A more reddish extract can be obtained by prior 
roasting of the beans followed by extraction with hot aque- 
ous alkaline solutions. The colorant is suitable for most 
foods where a brown color is desired. Cacao products are 
permitted as food ingredients in the United States but not 
as a source of colorants. 


TEA 


Extracts of tea, Thea sinensis, have been used as a brown 
colorant for centuries. The polyphenols in tea comprise a 
very complex mixture including the glucosides and rham- 
noglucosides of myricetin, quercetin and kaempferol, di-C- 
glycosylapigenins, 7-O-glucosylisovitexin, epicatechin, epi- 
gallocatechins, epicatechin gallate, gallic acid, chlorogenic 
acid, ellagic acid, coumarylquinic acid, and many related 
compounds. In black tea, they may act as precursors to the 
poorly defined pigments thearubin and theaflavin. Black 
tea also contains theaflavin gallate, digalloylbisepigallo- 
catechin, triacetinidin, flavanotropolone, and flavanotro- 
polone gallate. 

Preparation of extracts of tea is usually a simple ex- 
traction of the leaves and stems with warm water or eth- 
anol, followed by filtration and concentration. Extracts of 
tea are legal food ingredients in the United States but spe- 
cific colorants prepared from tea products are not. This 
may appear to be a fine distinction, but it depends on 
whether the colorant is classified as an ingredient or an 
additive. 


COLORANTS: TURMERIC 


Turmeric has been used as a spice and colorant for thou- 
sands of years and is today still one of the principal ingre- 
dients of curry powder. Turmeric is produced in many trop- 
ical countries, including India, China, Pakistan, Haiti, 
Peru, and the East Indies. Turmeric (CI Natural Yellow 3, 
CI No. 75300, EEC No. E 100), also called tumeric or cur- 
cuma, is the dried ground rhizomes of several species of 
Curcuma longa, a perennial herb of the Zingiberaceae fam- 
ily native to northern Asia. 

Turmeric is a bright yellow powder with a characteristic 
odor and taste and contains three major pigments: curcu- 
min, demethoxycurcumin, and bisdemethoxycurcumin 
(Fig. 1). These pigments together with the flavor com- 
pounds turmerone, cineol, zingeroni, and phellandrene 
constitute the turmeric and turmeric oleoresin of com- 
merce. The oleoresin is prepared by extraction of dried rhi- 
zomes with one or a combination of solvents, including 
methanol, ethanol, isopropanol, ethyl acetate, hexane, 
methylene chloride, ethylene dichloride, and trichloroeth- 
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Curcumin Ry = OCH3 
Demethoxycurcumin H R= OCH; 
Bisdemethoxycurcumin R,=R,=H 


Figure 1. Pigments of turmeric. 


ylene, and removal of the solvent. Other methods include 
extraction with ether, removal of the ether, and suspension. 
of the residue in vegetable oil. Powdered turmeric prepa- 
rations consisting of the powdered rhizome or the oleoresin 
standardized with maltodextrin usually contain 8 to 95% 
cucurmin. Liquid concentrates of oleoresin suspended in 
ethanol and/or propylene glycol with a polysorbate emul- 
sifier usually contain 0.5 to 25% curcumin. A variety of 
other carriers such as edible oils and fats, and monoglyc- 
erides are also available (1), The FDA-approved extraction 
procedures are specified in the CFR Section 73.615 for Tur- 
meric. 

Turmeric and turmeric oleoresins are both unstable to 
light and alkaline conditions; thus, several patents involve 
formulation with citric, gentisic, gallic, and tannic acids. 
Polyphosphate, sodium citrate, waxy maize, and an emul- 
sifier are sometimes added. Both powder and liquids are 
susceptible to degradation by oxidation. Both show good 
tinctorial strength with turmeric usually used in the 0.2 to 
60 ppm and the oleoresin in the 2 to 640 ppm range. The 
tinctorial strength is usually expressed as % turmeric even 
though preparations from different geographical regions 
differ in the relative content of curcumin and demethoxy- 
curcumin. Both turmeric and the oleoresin produce bright 
yellow to greenish yellow shades and are sometimes used 
as a replacement for FD&C Yellow No. 5. Curcumin is in- 
soluble in water, but water-soluble complexes can be made 
by complexing with heavy metals such as stannous chlo- 
ride and zinc chloride to produce an intense orange color- 
ant. Curcumin colorants can also be prepared by absorbing 
the pigments on finely divided celllose. 

The major applications of turmeric are to color cauli- 
flower in pickles and as an ingredient in mustard and curry 
powder. It is also used alone or in combination with other 
colorants such as annatto in spices, ice cream, cheeses, 
baked goods, confectionery, cooking oils, and salad dress- 
ings. 
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COLORANTS: MISCELLANEOUS COLORANTS 


INORGANIC COLORANTS 


A number of miscellaneous preparations may be added to 
foods for various reasons. Some, such as titanium dioxide 
and carbon black, are obvious colorants, but others, such 
as zinc oxide and calcium carbonate, are nutritional sup- 
plements. Calcium carbonate is a pH adjuster. In both 
cases their contribution to color is minimal. Still others, 
such as talc, are indirect additives used in processing or 
packaging where they do contribute incidentally to ap- 
pearance but it is not their primary function. There is a 
long list of compounds in this category as described in CFR 
21-178,3297. 


Titanium Dioxide 


Titanium dioxide (CI Pigment White, CI No. 77891, CAS 
Reg. No. 1 3463-67-7, EEC No. E 171, Titanic Earth) is a 
large industrial commodity with current world production 
estimated at nearly 4 million tons, but only a small per- 
centage is used as a food colorant. Commercial TiO is ob- 
tained from the naturally occurring mineral ilmenite 
(FeTiO,) and occurs in three crystalline forms, anatase, 
brookite, and rutile, with anatase as the most common 
form in industry. The only form allowed in food is synthet- 
ically produced anatase. 

TiO, is the whitest pigment known today with a hiding 
power five times greater than its closest rival zinc oxide. 
This is the reason for its importance in paint formulations. 
TiO, is a very stable compound with excellent stability to- 
ward light, oxidation, pH changes, and microbiological at- 
tack. Water-dispersible and oil-dispersible forms are avail- 
able usually in water, glycerol, propylene glycol, sugar 
syrups, vegetable oils, or polyglycerol esters of fatty acids. 
Xanthan gum may be added as a stabilizer and potassium 
sorbate, citric acid, and methyl and ethyl parabens as pre- 
servatives. It is used in confectionery, baked goods, 
cheeses, icings, and numerous pharmaceuticals and cos- 
metics up to 1% of the weight of the final product. 


Carbon Black 


Carbon black is a large volume industrial commodity, but 
food usage is very small. Food-grade carbon black is de- 
rived from vegetable material, usually peat, by complete 
combustion to residual carbon. The powder colorant has a 
very small particle size, usually less than 5 nm, and con- 
sequently is very difficult to handle. Therefore, it is usual 
for carbon black to be sold to the food industry in the form 
of a viscous paste with the colorant suspended in glucose 
syrup. Little safety data are available, and in the United 
States in the 1970s when the GRAS list was being re- 
viewed, toxicological data were requested in view of the 
theoretical possibility of contamination with heterocyclic 
amines. Apparently the cost of obtaining the data was 
higher than the entire annual sales of food-grade carbon 
black so the tests were never done. Carbon black is not 
currently permitted in the United States. 


Carbon black is a very stable and technologically a very 
effective colorant. It is widely used in Europe and other 
countries in sugar confectionery. 


Ultramarine Blue 


Ultramarine blue (CI No. 77007, E 180) is a synthetic blue 
pigment of rather indefinite composition. The group of ul- 
tramarine pigments are aluminosulphosilicates with em- 
pirical formulas approximated as Na,Al,SigQ2,S3. Ultra- 
marine blue is well known as a cosmetic and is intended 
to resemble the colorants produced from the naturally oc- 
curring semiprecious gem lapis lazuli. 

The basic ingredients for the production of the ultra- 
marines are kaolin (China clay), silica, sulfur, soda ash, 
and sodium sulfate plus a reducing agent such as rosin or 
charcoal pitch. Depending on the processing conditions, ul- 
tramarine green, ultramarine blue, ultramarine violet, 
and ultramarine red can be produced. All four are impor- 
tant as cosmetic colorants, but the only food use is in salt 
intended for animal use at the 0.5% w/w level. 


Iron Oxides 


The iron oxides represent a group of synthetic colorants. 
The iron oxides are known under a variety of names such 
as CI Pigment Black 11 and CI Pigment Browns 6 and 7 
(CI No. 77499), CI Pigment Yellows 42 and 43 (CI No. 
77492), and CI Pigment Reds 101 and 102 (CI No. 77491). 
The chemical composition varies with the method of man- 
ufacture but can be represented by the empirical formula 
FeO.xH,0,Fe,03.xH,0 or some combination. Most are pro- 
duced from ferrous sulfate FeSO,.7H,O, and the most com- 
mon forms are yellow hydrated oxides (ochre) and the 
brown, red, and black oxides. 

Iron oxides are very stable compounds insoluble in most 
solvents but usually soluble in acids. Their main uses are 
in cosmetics and drugs, but they are allowed (CI Nos. 
77491, 77492, 77499) in dog and cat food at levels up to 
0.25% by weight of the finished food. 


Tale 


Tale (CI Pigment White, CI No. 77018, CAS Reg. No. 
14807-96-6) is a naturally occurring magnesium silicate, 
3MgO.4Si0,H,O, sometimes containing a small amount of 
aluminum silicate. It is a large industrial commodity pro- 
duced in many countries, particularly France, Italy, India, 
and the United States. The lumps are known as soapstone 
or steatite and the fine powders as talc, tateum, or French 
chalk. Its major uses are as a dusting powder in medicine; 
as a white filler in paints, varnishes, and rubber; and as a 
lubricant in molds for manufacturing. It is used as a re- 
lease agent in the pharmaceutical and baking industries 
as well as in oatings for rice grains. 


Zinc Oxide 


Zinc oxide (CI Pigment White, CI No. 77947, CAS Reg. No. 
1314-13-2) is a white or yellowish-white odorless amor- 
phous powder. It is insoluble in water but soluble in most. 
mineral acids and alkali hydroxides. Zinc oxide is the most 
important white powder used in the cosmetic industry. It 


has the advantages of brightness, ability to provide opacity 
without blue undertones, and it has antiseptic and healing 
effects. It does not have the hiding power of titanium di- 
oxide but sometimes is used as a whitener in wrappers for 
food. Zinc oxide is also added as a nutrient dietary supple- 
ment, 


Calcium Carbonate 


Calcium carbonate (CI Pigment White 18, CI No. 77220, 
EEC No. E 170, CAS Reg. No. 471-34-1) is a fine white 
powder prepared by precipitating CaCQg from solution. 
Calcium carbonate occurs naturally as limestone and mar- 
ble, but the impurities make it unacceptable as a food in- 
gredient. Calcium carbonate has a minor role in foods as a 
whitener. Its major roles are as a pH adjuster, dietary nu- 
trient supplement primarily for cereals, dough conditioner, 
firming agent, and yeast food. There are no limitations on 
use other than Good Manufacturing Practices. 


Silver 


Silver (EEC No. E 174) is a fine crystalline powder pre- 
pared by the reaction of silver nitrate with ferrous sulfate 
in the presence of nitric, phosphoric, or sulfuric acid. Poly- 
vinyl alcohol is sometimes added to prevent the agglom- 
eration of crystals and the formation of amorphous silver. 
Its primary use is as a fingernail polish colorant. Colloidal 
silver is sometimes used in the food industry as a bacte- 
ricidal aid in purifying solutions. 

Silver dragees are small silver-coated candy balls used 
as an ornament and ingredient in confectionery and baked 
goods. 


Silicon Dioxide 


Silicon dioxide is an amorphous material produced syn- 
thetically by either a vapor-phase hydrolysis process yield- 
ing fumed (colloidal) silica, or by a wet process that yields 
precipitated silica, silica gel, or hydrous silica. Fumed sil- 
ica occurs as a hygroscopic, white, fluffy, nongritty powder 
of very fine particle size. The wet-process silicas occur as 
hygroscopic, white, fluffy powders or white microcellular 
beads or granules. 

The colorant uses of silicon dioxide are minimal, but it 
is used widely in foods as an anticaking agent, defoaming 
agent, conditioning agent, and chillproofing agent in malt 
beverages. 


Gold 


Gold is allowed in some alcoholic beverages, usually in the 
form of flakes. 


ORGANIC COLORANTS 


Riboflavin 


Riboflavin (EEC No. E 101) is a yellow pigment, in the 
vitamin B group, found in plant and animal cells. Ribofla- 
vin is usually added to food as an essential nutrient, but 
it is also an effective colorant. Together with riboflavin-5'- 
phosphate, it is a well-known colorant in Europe, but only 
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riboflavin is allowed in the United States. In pure form it 
is a yellow orange crystalline powder, soluble in water and 
alcohol and insoluble in ether and chloroform. Riboflavin 
is somewhat unstable to light and oxidation and is unsta- 
ble in alkaline media. It is stable to heat. For colorant pur- 
poses, riboflavin is confined mainly to cereals, dairy prod- 
ucts, and sugar-coated tablets. Riboflavin produces an 
attractive greenish-yellow color with an intense green fluo- 
rescence. 


Corn Endosperm Oil 


Corn endosperm oil (CAS No 977010 506) is obtained by 
extraction of corn gluten with isopropyl alcohol and hex- 
ane. It is a reddish brown liquid containing fats, fatty ac- 
ids, sitosterols, carotenoid pigments, and their degrada- 
tion products. It is added as a nutrient, but it also 
contributes a yellow/orange color to feedstuffs. 


Dried Algal Meal 


Dried algal meal is a dry mixture of algal cells produced 
by the growth of Spongiococccum spp. on molasses or corn- 
steep liquor. It contains a maximum of 0.3% ethoxyquin. 


Algae, Brown Extract 

Brown extract algae (CAS No. 977026 928) are produced 
by extraction of the seaweeds Macrocystis and Laminaria 
spp. 


Algae, Red Extract 


Red extract algae (CAS No. 977090 042) are produced by 
extraction of the seaweeds Porphyra spp. Gloiopeltis fur- 
cata, and Rhodomenia palmata. All three algal products 
are added primarily for nutrient reasons, but they do add 
to the color. 


Cottonseed Products 
The FDA recognizes four products from cottonseed kernels: 


Cottonseed flour (CAS No 977050 546). It is partially 
defatted and cooked. 

Cottonseed flour (CAS No. 977043 778). It is partially 
defatted, cooked, and roasted. 

Cottonseed kernels (CAS No. 997043 778). Glandless 
raw kernels. 

Cottonseed kernels (CAS No. 997043 78. Glandless 
roasted kernels. 


All four are nutrients, but they do contribute to the color. 


Shellac 


Shellac is obtained from the resinous secretions of the in- 
sect Lassifer lacca. Shellac is used primarily in foods as a 
coating agent, surface-finishing agent, and glaze in baked 
goods and some fruits, vegetables, and nuts. Shellac is not 
primarily a colorant, but it does affect the appearance of a 
product. 
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Octopus Ink 


The secretions of the octopus and squid are a complex mix- 
ture of melanoidin polymers. It is an effective black color- 
ant for pasta for special occasions in some ethnic groups, 
particularly the Portuguese. 


COMPUTER APPLICATIONS 
IN THE FOOD INDUSTRY 


BACKGROUND AND DEFINITIONS 


The use of computers has become so pervasive in our pro- 
fessional and personal lives that a basic description of com- 
puter terms and functions is generally unnecessary. From 
laptop computers to mainframes the speed, power, and 
memory of personal computers continues to increase. Com- 
puter manufacturers and software developers compete 
fiercely for market share. New products and systems are 
constantly emerging or are being revised. Hundreds of 
books are being printed on computer-related topics every 
year. Rapidly changing dynamics of the computer industry 
requires constant updating to stay informed. 

Current computer developments must be considered 
within the context of the entire information marketplace. 
The information marketplace includes the collection of 
computers, communications, software, and services en- 
gaged in all business and personal transactions. Today’s 
computers successfully support many applications such as 
spreadsheets and databases. However, the larger problem 
involves the exchange of information between computers. 
A lack of standardization of data forms at different sites 
and with different machines and software packages makes 
communication difficult. Some degree of standardization 
may occur as large companies try to impose their stan- 
dards on the marketplace in order to achieve dominance. 
The development of tools to encode and decode information 
and transactions is necessary to take advantage of wide- 
spread information exchange. A current area of great in- 
terest and growth is information exchange via the Inter- 
net. Although the information available through the 
Internet is extensive, Web browsers can require a great 
deal of time for searches, and often with uncertain results. 
The Web has great potential for information exchange, but 
it is still quite chaotic. Search engines will need to be im- 
proved. Security for confidential and financial electronic 
transactions is uncertain. Many companies provide gen- 
eral information about their operation on a Web page. Most 
suppliers and trade organizations use Web pages to adver- 
tise their products or to report on their activities. Web 
pages can offer attractive graphics and provide access to 
company literature and personal contacts for further in- 
formation or sample requests. 

Many computer applications have incorporated some 
manifestation of artificial intelligence. This term includes 
devices and applications that exhibit human intelligence 
and behavior, including robots, expert systems, voice rec- 
ognition, natural and foreign language processing (1). Ex- 
pert systems use a knowledge base of human expertise to 
solve problems. The knowledge base is commonly in the 


form of if-then-else rule statements, which interact with 
the user through an inference engine. Expert systems are 
often used for diagnostic or troubleshooting applications. 
Knowledge-based expert systems are often embedded as 
tools within larger programs, somewhat losing their iden- 
tity. Additional applications widely used include object- 
oriented programs and neural networks. Object-oriented 
programs use modules of software to allow their reuse and 
interchange between programs. Neural networks some- 
what mimic biological neurons in that loosely related data 
can be trained to reflect patterns in a process, Once trained 
the pattern can predict a particular output for specified 
input variables, just as a nerve stimulus generates a spe- 
cific response. Neural networks are being used for more 
sophisticated process control schemes. 


FOOD INDUSTRY APPLICATIONS 


Production 


Computers have long been a part of agriculture. Much 
early statistical work began with agricultural experimen- 
tation, generating an early need for mathematical com- 
putational power. Computers continue to play an impor- 
tant role in agriculture, both in research as well as for farm 
management. Models of crop growth and yield have been. 
developed to predict the effects of land use and other man- 
agement practices on yields, profitability, and the environ- 
ment (2). Dairy cattle nutrition regimens and culling prac- 
tices are adjusted according to computer records of growth 
and milk production. Computer-based tools are available 
to help farmers predict profitability investments (3) and to 
simulate production and population growth. 


Product/Process Development 


One of the earliest applications for computers in food pro- 
cessing was for linear programming to obtain optimal use 
of resources. When a variety of ingredients at varying costs 
is available to choose from, least-cost formulation pro- 
grams are widely used. Given certain constraints such as 
moisture, salt, and fat content, the lowest cost ingredients 
are selected. More sophisticated programs can consider ad- 
ditional factors such as raw materials, equipment and time 
requirements, scheduling, and finished goods inventory. A 
modular neural network system has been developed to op- 
timize the selection of starches for use in processed foods 
(4). Types of starch along with variables such as source, 
cost, flavor impact, function, and pH were incorporated 
into the program. The modular arrangement consisted of 
two networks trained independently on half of the 
starches, and then coupled in the final network. A faster 
learning period resulted. A program based on matrices has 
been developed that combines food component data with 
information on process control, inventory management, 
costing, and quality (5). The information is used to track 
inventories and is presented in a form ready for label print- 
ing. Random centroid optimization has been used to de- 
velop a process foods formulation program (6). Compared 
with other formula optimization techniques it was found 
to work more efficiently. Accommodating up to 20 factors 


it was found to be more useful when formulating with con- 
straints. 

Product development can be expensive in terms of per- 
sonnel, ingredients, and plant time. Modeling or simula- 
tion programs that predict behaviors given certain condi- 
tions can reduce the time and expense of actual trials. 
Commercial tools are available for developing process mod- 
els (The MathWorks, Inc., Natick, MA). Numerous reports 
of food process models have been prepared. Computer- 
based mathematical models were developed to predict the 
quality of apple juice during storage (7). Models were based 
on mass transfer of product through the package and ac- 
companying ascorbic acid oxidation. Computer simulation 
was used to develop mathematical models for moisture 
transfer in different packaging systems (8). The models 
were successfully used in two component bakery mixes. A 
computer program for calculation of temperature during 
continuous heating of a particulate food product has been 
developed (9). The program is useful in predicting the ef- 
fect of processing on product quality in an aseptic system 
comparing surface heat transfer and heat conduction in- 
side the particles. Specialized computer packages have 
been developed for modeling sugar processing (10). Mod- 
eling activities include simulation, prediction, optimiza- 
tion, design, evaluation, and control. Optimal conditions 
for thermal processing have been determined using neural 
networks (11). Input variables included can size, thermal 
diffusion, and sterilization temperatures. 

Statistical programs such as principal components 
analysis (PCA) and analysis of variance (ANOVA) have 
been integrated into programs specific for food product de- 
velopment (12). Statistical and experimental design tools 
are commonly integrated into packages for product devel- 
opment work. Computer-aided design/computer-aided 
manufacture (CAD/CAM), along with Latin squares ex- 
perimental design have been used for label design (13). 
Consumer response to label changes was identified. Com- 
puterized systems have the potential to improve the ac- 
curacy of sensory evaluation as it relates to consumer 
preference and competitor analysis (14). Continual im- 
provements in dietary consumption databases can be help- 
ful in a better understanding of consumer behavior (15). 


Quality Assurance 


Laboratory automation systems (LAS) and laboratory in- 
formation management systems (LIMS) have been devel- 
oped to reduce errors and increase efficiency of laboratory 
analyses. Rapid access to previous analyses, data manip- 
ulation, and report preparation are valuable features of 
these systems. LIMS continue to evolve as with all com- 
puter software. Vendors range from dedicated, smaller 
companies to business units of larger instrument manu- 
facturers such as Hewlett-Packard (Wilmington, DE) and 
Beckman Instruments (Fullerton, CA). Continuing im- 
provements include user interfaces, sample scheduling, 
data storage and retrieval, instrument interfacing, and 
Web accessibility. Trade journals abound with descriptions 
of LIMS. Additional information is available through the 
Internet. 

Statistical Quality Control (SQC) charts are widely 
used to monitor process control and product quality. Im- 
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portant factors to consider when selecting SQC software 
include the ability to handle process and lab data and the 
ability to exchange data with corporate or plantwide infor- 
mation systems. Computer programs have been developed 
for designing hazard analysis and critical control points 
(HACCP) systems. HACCP software can quickly access 
critical control points along a process. 

Sophisticated computer-based tools for product analysis 
and identification are available. Computer-controlled au- 
tomated sampling procedures have been developed to pre- 
dict noodle discoloration over time (16). Computer vision. 
technology can be used as a quality control process for 
gauging, verification, flaw determination, recognition, and 
locating (17). Machine vision and image processing have 
been used to identify corn kernel shape (18). Grain kernels, 
nuts, and crackers have also been examined using com- 
puterized image analysis and classified with a neural net- 
work program (19). Snack and chips with varying morpho- 
logical and texture features as input and sensory 
attributes as output were used to train a neural network 
for quality analysis. The program was validated with pre- 
dicted output compared with a sensory evaluation panel 
(20). Computer-controlled shape and size grading and fil- 
leting in the seafood industry have been developed (21), 
Computer-simulated models of flavor loss due to volatili- 
zation during heating or baking have been used to improve 
quality (22). Flavor was related to product-to-air partition 
coefficients of the flavor components and texture of the 
foods. 

An artificial neural network has been developed to re- 
late residual chlorine in stored water to various water 
quality and operational parameters (23). A fault analysis 
program has been developed to diagnose problems at all 
levels of cake production in order to optimize quality (24). 
Hybrid object-oriented and rule-based systems have been 
used to design safe food processes (25). The system relates 
food composition and process parameters with microbio- 
logical safety and food quality. 


Processing 


Process control systems monitor signals from various sen- 
sors, perform analyses on the information, and provide the 
proper control. Control is commonly accomplished with a 
programmable logic controller (PLC). Data can be stored 
in and accessed from the PLC by other hardware for report 
preparation. The typical function of a PLC is to keep cer- 
tain parameters constant. More advanced process control 
systems adjust continuously to provide the best possible 
settings for the existing process and materials. Most food 
processing operations have at least some and many a large 
amount of computer-controlled automation. For example, 
a milk processing plant has a number of steps in a process. 
Each step contains a series of logic statements that may 
control valves, pumps, or thermal devices. To start up the 
pasteurizer, valves allowing water into the balance tank 
open, a pump turns on, steam or hot water are applied to 
the heating section. Local control devices maintain water 
and temperature levels. A flow diversion valve recycles wa- 
ter until the pasteurization temperature is reached. Once 
the temperature is reached the operator is cued to switch 
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to milk. The operation is stepped up to another set of valve 
openings and pump activations, allowing milk into the bal- 
ance tank. During pasteurization, if the holding tube tem- 
perature falls below the legal minimum, milk flow is di- 
verted back to the balance tank. Additional sets of 
instructions are given for shutdown and cleaning. Neural 
networks have been used to control process parameters, 
inspect systems, and monitor machine performance. Incor- 
poration of automation and computers has been credited 
with increased productivity, reduced waste, more effective 
cleaning, and improved quality assurance. 

Integrated computer systems have been developed in 
which the food processing operation acts as part of a supply 
chain. In these systems materials flow from suppliers, 
through the processor, and on to distribution. Information 
flows in both directions. Computer integrated manufactur- 
ing (CIM) has incorporated business plans and information 
strategies with business applications software. Electronic 
data interchange, use of bar codes, automated data collec- 
tion and retrieval, scheduling, and process control are 
brought together in a CIM environment. Statistical pro- 
cess control (SPC) programs are commonplace in the food 
processing industry. Automated production lines require 
sensors such as thermocouples, flowmeters, and colorime- 
ters to determine when adjustments are required. Data 
collected from the sensors is used by SPC programs to dis- 
play the immediate and historical state of the process. 
Feedback can be sent directly to controllers for changing 
process variables when required. 

Computer automation in which a machine is made to 
duplicate some labor intensive human operation has in- 
volved the implementation of robots. Robots are able to 
withstand harsh working and cleaning conditions. Labor 
savings is another robotics benefit. Robots have been ex- 
tensively used in packaging and palletizing, relieving hu- 
mans of much physically demanding work. From robotics 
to control charts, there has been a proliferation of software 
for the process industries. Mathematical models have been 
used to determine optimal locations and the method of pro- 
ducing and transporting products. Effective use is made of 
machine capacity, manpower, raw materials, and ware- 
house space. Mathematical models and rule-based systems 
are useful for planning and are able to show the effects of 
minute by minute changes. For example, given character- 
istics such as vessel size the program indicates processing 
time, sequence of products, selection of equipment, and 
costs. Fuzzy logic programs have been useful for monitor- 
ing complex food processes (26). Fuzzy logic control offers 
a combination of objective process data with subjective hu- 
man operator input to achieve performance output such as 
reduced quality defects. In the past raw process data would 
be modified and reduced before entering into an opera- 
tional database. With low cost disk space and inexpensive 
database servers, more often raw data is being saved for 
further analysis. New techniques are then used to extract 
information from this data to improve process control and 
other process optimization. Data can be used with an ex- 
pert diagnostic system for troubleshooting problems. Neu- 
ral network technology can also be used to recognize pat- 
terns in data unsuitable for conventional statistical 
techniques. 


Manufacturing execution systems (MES) claim to 
merge process control systems and management informa- 
tion systems (MIS). They integrate plant floor operations 
with production planning (27). Using current data MES. 
guides, these systems initiate, respond to, and report on 
plant activities as they occur. Rapid responses can then be 
made to changing conditions. MES provides tools to inte- 
grate other programs such as SPC and supervisory control 
and data acquisition (SCADA) and then integrate them 
with planning systems such as manufacturing resource 
planning (MRP II). As these various computer-based con- 
trol systems often overlap. Promoters claim MES as an 
information hub that links to all these other manufactur- 
ing systems. Enterprise resource planning (ERP) systems, 
which already integrate material resource planning with 
other upper-level business systems (such as financial, 
sales, and marketing information; cost management; 
human resources data; and supply-chain management) re- 
quires close integration with MES. Object-oriented pro- 
gram technology will help in this integration. Object- 
oriented programs are based on modular programs that 
can be modified without affecting each other, reducing 
costs to customize programs for new business needs. 


Warehouse and Distribution 


Computer programs have been developed to monitor sup- 
pliers and supplies. These systems provide enhanced com- 
munication within the plant and between the plant and 
suppliers. Simulation software has been developed to pre- 
dict temperature changes under various conditions during 
storage or transit (28). The predictions can be useful in 
developing HACCP programs. It is becoming more com- 
mon for suppliers to be automatically linked to customer 
inventory databases so that they can keep the customer 
supplied automatically. This offers advantages of stable, 
long-term business for the supplier and a never-failing 
supply of raw materials, parts, and other resources for the 
customer. 


Administrative Operations 


Business applications for computers such as word process- 
ing, databases, spreadsheets, and presentation graphics 
are commonly used in the food industry. Human resource 
management, including health and benefits, accounting, 
scheduling, training, strategic planning, and all business- 
related operations in a company, is very dependent upon 
standard computer programs. Graphic presentation and 
word processing programs have become very sophisticated 
with features such as powerful computational functions 
and data linking operations. Plants and administrative fa- 
cilities can be closely linked for communications regardless 
of location. Data from remote and varied locations can be 
combined for analysis and report generation. International 
locations and contacts have become more accessible. Plant 
security systems, which often use key cards for entry and 
tracking of employee arrivals and departures, are becom- 
ing more sophisticated. Biometric recognition has used fin- 
gerprints, hand geometry, and eye scans for identification 
(29). 


Food Safety 


Implementation of HACCP programs has been greatly fa- 
cilitated with the use of computer programs. Systems for 
recall in the event of a product failure require the speed 
and power of electronic coding and tracking in order to be 
effective. Microbial modeling programs have created da- 
tabases and calculated growth, survival, thermal-death- 
time, and time-to-growth model for various pathogens. Mi- 
crobial behavior in food is largely determined by factors 
such as pH, temperature, water activity, and atmosphere. 
Although limitations of models must be considered, they 
have been useful in estimating microbial behavior, devel- 
oping HACCP programs, assisting in planning laboratory 
experimentation, and educating nonmicrobiologists. In ad- 
dition, changes in composition or processing can be quickly 
evaluated, assisting in development of safer products. A 
limitation of predictive models occurs with outliers. Sam- 
ples with high contamination, the first pathogenic cells to 
adjust to a new environment, or the organism with great- 
est thermal resistance may elude the model. 


FUTURE DEVELOPMENTS 


In the highly competitive and often saturated markets in 
which food companies operate, growth is not likely to 
occur through price increase or geographical expansion. 
Rather, growth depends on being the low-cost supplier and 
having access to competitive information. Integration of 
computer-based tools for sales and marketing manage- 
ment, manufacturing, maintenance, logistics, supply and 
inventory data, and financial management will be the goal 
of computer systems suppliers. Use of the Internet and 
other forms of network communication will continue to 
have a major impact on information exchange. Competi- 
tive intelligence is becoming a critical business strategy. 
Increased surveillance will cause security of electronic 
data to become increasingly important. With the prolifer- 
ation of software, control systems, and networking tools, 
food processing industries are able to operate more effi- 
ciently and competitively. Proper implementation, moni- 
toring, and continual training are key factors for success. 
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CONTROLLED ATMOSPHERES FOR FRESH 
FRUITS AND VEGETABLES 


Controlled-atmosphere (CA) storage is a technique for 
maintaining the quality of fresh fruits and vegetables in 
an atmosphere that differs from normal air with respect 
to the concentrations of oxygen (O.), carbon dioxide (CO), 
and/or nitrogen (Nz). The desired compositions of the at- 
mosphere for storing commodities are usually obtained by 
initially increasing CO, or decreasing Oy levels in a gas- 
tight storage room or container. Sometimes, the addition 
of carbon monoxide (CO) or removal of ethylene (C,H,) 
may also be beneficial. 

Modified atmosphere (MA) is a condition similar to CA, 
but with less or no active control of the gas concentrations. 
In MA, the Oy level is reduced and the CO, level is in- 
creased at a rate determined by the respiration rate of the 
commodity, the storage temperature, and the permeability 
of the container and film wrap to the gases. Judicious se- 
lection of the commodity, the package dimensions, and the 
package material will insure establishment and mainte- 
nance of the desired atmosphere under specified storage 
temperatures. 


TYPES OF CA STORAGE 


During the past 60 years, tremendous progress has been 
made in the technology of CA storage. The commercial ap- 
plication of CA during transit and storage has received 
considerable attention since 1960, resulting in the devel- 
opment of different methods of establishing and maintain- 
ing CA. These include regular CA; short-term, high-CO, 
treatment; rapid CA; low-oxygen CA; low-ethylene CA; and 
low-pressure, or hypobaric, storage. 


Short-Term High-CO, Treatment 


Short-term, high-CO, treatment was originally developed 
to maintain the firmness of Golden Delicious apples 
(1). Subsequently, it was found that pears and other 


fruits and vegetables also benefit from this treatment 
(2,3). This treatment involves the exposure of fruit to 
10-20% CO, for four to seven days prior to adjustment 
of the atmosphere to regular CA concentrations, Carbon 
dioxide injury of the fruit skin may occur if moisture 
has condensed on the surface of the fruit. This high-CO. 
treatment gives excellent results in maintaining the 
quality of Golden Delicious apples and Anjou pears 
(12,4). 


Rapid CA 


Rapid CA is a strategy that shortens the time between har- 
vest and establishment of the desirable CA conditions (5). 
The faster the CA conditions are attained after harvest, 
the better the fruit quality can be maintained, providing 
that the cooling rate in storage is not adversely affected by 
the rapid loading of the room. To achieve the objectives of 
rapid CA, the storage room should be filled and sealed 
within three days or less of harvest. 


Low-Oxygen CA 


Low-oxygen CA has recently received increased attention; 
not only because it markedly retards fruit softening, but 
also because it greatly reduces the development of storage 
scald and breakdown of apples and pears (6). In regular 
CA, the recommended O, concentrations are usually 2% or 
higher. It has been found that O, levels between 1 and 1.5% 
are even more effective in extending the storage life of 
some fruits and vegetables (7). Careful monitoring to main- 
tain the precise O. level is essential to avoid damage due 
to anaerobic respiration. 


Low-Ethylene CA 


In low-ethylene CA, ethylene is scrubbed from the CA room 
to improve storage quality of the fruit. Removal of ethylene 
from the storage atmosphere results in retardation of rip- 
ening, retention of flesh firmness, and reduction of the in- 
cidence of superficial scald of apples (8). It is generally rec- 
ognized that the concentration of ethylene should be 
maintained below 1 ppm to obtain the beneficial effect of 
low-ethylene CA. Storage life of several apple varieties 
such as Empire and Bramley’s Seedling can be extended 
by this technique (9,10). 


Low-Pressure Hypobaric, Storage 


Low-pressure, or hypobaric, storage consists of storing 
fruits and vegetables at below-normal atmospheric pres- 
sure. Enhanced diffusion of gases under reduced-pressure 
facilitates the loss of CO, and ethylene from the commodity 
and reduces the O, gradient between the inside and out- 
side of the commodity. The partial pressures of O, is di- 
rectly related to the absolute pressure of air (11). Thus the 
O, concentration is equivalent to 0.55% at 20 mm Hg. Eth- 
ylene inside the fruit is also reduced proportionally. There- 
fore, this storage technique combines the advantages of 
low O, storage and low-ethylene storage. Ripening can be 
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(2,3). This treatment involves the exposure of fruit to 
10-20% CO, for four to seven days prior to adjustment 
of the atmosphere to regular CA concentrations, Carbon 
dioxide injury of the fruit skin may occur if moisture 
has condensed on the surface of the fruit. This high-CO. 
treatment gives excellent results in maintaining the 
quality of Golden Delicious apples and Anjou pears 
(12,4). 


Rapid CA 


Rapid CA is a strategy that shortens the time between har- 
vest and establishment of the desirable CA conditions (5). 
The faster the CA conditions are attained after harvest, 
the better the fruit quality can be maintained, providing 
that the cooling rate in storage is not adversely affected by 
the rapid loading of the room. To achieve the objectives of 
rapid CA, the storage room should be filled and sealed 
within three days or less of harvest. 


Low-Oxygen CA 


Low-oxygen CA has recently received increased attention; 
not only because it markedly retards fruit softening, but 
also because it greatly reduces the development of storage 
scald and breakdown of apples and pears (6). In regular 
CA, the recommended O, concentrations are usually 2% or 
higher. It has been found that O, levels between 1 and 1.5% 
are even more effective in extending the storage life of 
some fruits and vegetables (7). Careful monitoring to main- 
tain the precise O. level is essential to avoid damage due 
to anaerobic respiration. 


Low-Ethylene CA 


In low-ethylene CA, ethylene is scrubbed from the CA room 
to improve storage quality of the fruit. Removal of ethylene 
from the storage atmosphere results in retardation of rip- 
ening, retention of flesh firmness, and reduction of the in- 
cidence of superficial scald of apples (8). It is generally rec- 
ognized that the concentration of ethylene should be 
maintained below 1 ppm to obtain the beneficial effect of 
low-ethylene CA. Storage life of several apple varieties 
such as Empire and Bramley’s Seedling can be extended 
by this technique (9,10). 


Low-Pressure Hypobaric, Storage 


Low-pressure, or hypobaric, storage consists of storing 
fruits and vegetables at below-normal atmospheric pres- 
sure. Enhanced diffusion of gases under reduced-pressure 
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side of the commodity. The partial pressures of O, is di- 
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ylene inside the fruit is also reduced proportionally. There- 
fore, this storage technique combines the advantages of 
low O, storage and low-ethylene storage. Ripening can be 
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inhibited and storage life prolonged when fruit are stored 
under hypobaric conditions. 


BENEFICIAL EFFECTS OF CA STORAGE 


Beneficial effects of CA storage include reduction of 
respiration, scald, decay, discoloration, and internal 
breakdown, inhibition of ethylene production and ripen- 
ing, and retention of firmness, flavor, and nutritional qual- 
ity. 

The rate of respiration of fresh fruits and vegetables has 
been shown to be reduced by low O2 or high CO. (12). The 
lower respiration rate indicates that CA has an inhibitory 
effect on the overall metabolic activities of stored commod- 
ities. A slower rate of utilization of carbohydrates, organic 
acids, and other reserves usually leads to prolonging the 
life of the produce. 

Ethylene production of fresh fruits and vegetables is 
suppressed by low O, and/or elevated concentrations of 
CO2. The biosynthesis of ethylene in plant tissues re- 
quires the presence of O, (13,14). When O, is absent or 
when plant tissue is under low O2 atmosphere, ethylene 
biosynthesis is inhibited. The time of onset of ethylene pro- 
duction in apples is inversely related to the O2 concentra- 
tion in storage, and the maximum rate of production is 
directly related to the Oz level (15). High CO, inhibits eth- 
ylene action on ripening (16), which in turn inhibits the 
autocatalytic production of enzymes involved in ethylene 
biosynthesis, including 1-aminocyclopropane-1-carboxylic 
acid (ACC) synthase and ethylene-forming enzymes (17). 
These inhibitory effects on ethylene action and production 
by CA consequently lead to the delay of the ripening pro- 
cess. 

The loss of organic acids in apples and pears during 
storage is reduced by CA (18,19). This reduced loss of or- 
ganic acids in CA fruits is probably due to an increase in 
CO, fixation, an inhibition of respiratory metabolism, and 
a lower consumption of acids under CA (19,20). 

A slower decline in carbohydrates under CA has been 
reported in sugar beet, Chinese cabbage, apricots, and 
peaches (21,22,23). CA storage is also beneficial in the re- 
tention of ascorbic acid and amino acids in several fresh 
fruits and vegetables (3,22,24,25). 


EFFECTS ON PHYSIOLOGICAL DISORDERS 


Scald is one of the most serious physiological disorders 
in apples, pears, and many other fruits during and 
after storage. Storage of fruits in CA, particularly in 
low O, atmosphere, has been shown to reduce the sus- 
ceptibility of fruits to scald (6,26). Russet spotting of let- 
tuce can be caused by exposure to ethylene or warm ship- 
ping or storage temperatures (27). This physiological 
disorder can be substantially reduced by low O2 atmo- 
sphere (28,29). The development and spread of necrotic 
spots on the outer leaves of cabbage was largely prevented 
by low O2 atmosphere but not by high-CO. treatment 


(30). The incidence and severity of vein streaking of cab- 
bage leaves was also reported to be reduced in CA storage 
(31). 

Controlled atmosphere reduces chilling injury in cer- 
tain sensitive crops, while it aggravates or has no effect in 
other crops. Holding zucchini squash in low O, alleviated 
chilling injury during storage at 2.5°C (32,33). Condition- 
ing grapefruit with short-term prestorage treatment of 
high CO, (40%) at 21°C reduced subsequent brown stain- 
ing and rind pitting, two symptoms of chilling injury, at 
1°C (34). Intermittent exposure of unripe avocados to 20% 
CO, reduced chilling injury at 4°C (35). Addition of CO, to 
the storage atmospheres was also effective in reducing 
chilling-induced internal breakdown and retaining ripen- 
ing ability of peaches (36,37). Controlled atmosphere has 
also been reported to reduce the severity of chilling injury 
symptoms in okra (38). However, increasing the level of 
CO, or reducing O, concentration can accentuate symp- 
toms of chilling injury in cucumbers, bell peppers, and to- 
matoes (39,40). 

Some other physiological disorders have also been re- 
ported to be aggravated by CA conditions, The develop- 
ment of a brown discoloration in and around the core and 
adjacent cortex tissue of apples and pears has been asso- 
ciated with high CO, (41,42). White core inclusions in kiwi- 
fruit can also be induced by elevated CO, in combination 
with ethylene (43). The severity of brown stain on lettuce 
has also been found to increase with increasing CO, levels 
(44). 


CONCLUSION 


Controlled atmosphere storage has withstood the test of 
time and has been proven to be effective for maintaining 
quality and extending the storage life of a number of hor- 
ticultural crops. The rate of deterioration of fresh produce 
is often greatly retarded by CA storage. Each type of fruit 
or vegetable has its own specific requirement and tolerance 
for atmosphere modification. The optimum CA condition 
for each commodity is continually being revised and im- 
proved. Table 1 presents the most recent recommendations 
for O2 and CO, levels, the most suitable storage tempera- 
tures, feasible storage periods, and pertinent remarks for 
some commodities. 

The maintenance of CA storage requires continual 
monitoring of the gases and temperature to prevent any 
deviation from the recommended conditions. Injuries in- 
duced by low O, or high CO, often lead to tissue dis- 
coloration or off-flavor and loss of market value. Proper 
maturity, the internal condition of the fruit at harvest, and 
the speed at which storage atmospheres are established 
are some of the key factors affecting the success of CA stor- 
age. 
It should be emphasized that proper CA storage 
should always be accompanied by good temperature con- 
trol. CA storage is considered to be a supplement—not 
a substitute—for proper refrigeration and careful han- 
dling. 


Table 1. Summary of Controlled-Atmosphere Storage Requirements for Fruits and Vegetables 


Beneficial 
Comnioigy concentration (%) Suitable temperature Aspeititiata 
Cultivar On CO, °c J storage period Remarks Ref. 
Fruits of temperate zone 
Apple (Malus domestica) 
Boskoop 15-2 <15 4 39 5-7 mo Sensitive to low temperature breakdown 45, 
Bramley’s Seedling 2 6 34 37-39 7mo CA reduces bitter pit 45 
Cortland 23 5 2 36 4-6 mo 46 
Cox Orange Pippin 13 <1 3 37 4-6 mo 2% Oz first week, then 1.00-1.25% O» 45 
Empire 15-3 15 2 36 5-7 mo 45, 
Fuji 2-2.5 12 0 32 7-8 mo CA reduces scald 45 
Gala 1-2 15 0 32 5 mo 45 
Golden Delicious 1-3 15 0 32 7-11 mo Rapid CA is beneficial 45 
Granny Smith 1-2 1-3 0 32 7-9 mo CA reduces scald 45 
Jonathan 1-3 1-6 0-3 32-37 4-7 mo CA reduces Jonathan spot 45 
McIntosh 15-3 15 3 37 7-9 mo 45 
Newtown 3 5-8 24 36-39 8 mo Susceptible to low temperature injury 
Northern Spy 23 23 0 32 8 mo 46 
Red Delicious 1-3 1-3 0 32 8-10 mo Susceptible to scald 45, 
Rome Beauty 2-3 2-5 0 32 6-8 mo 45 
Spartan 1,5-2.5 1-2 0 32 6-8 mo 45 
Stayman 23 2-5 0 32 7-8 mo 46 
Worcester Pearmain 3 5 1 34 6 mo 45, 
Apricot (Prunus armeniaca) 2-3 2-3 ~0.5-0 31-32 Twk CA delays ripening 47 
Blackberry (Rubus sp.) 5-10 15-20 -0.5-0 31-32 lwk Prompt cooling is important 47 
Black currant (Ribes nigrum) - 25-50 2 36 4wk 50% first week, then 25% CO, 48 
Blueberry (Vaccinium sp.) 5-10 15-20 -0.5-0 31-32 2-3 wk Prompt cooling is important 47 
Cherry, sweet (Prunus avium) 3-10 10-15 -1.0 30-32 4wk High CO, reduces decay 47 
Cranberry (Vaccinium macrocarpon) 12 0-5 3 37 2-4 mo 47 
Fig (Ficus carica) 5-10 15-20 -1-0 30-32 2 wk 47 
Grape (Vitis vinifera) 13 -10 30-32 1-6 mo 47 
Kiwifruit (Actinidia chinensis) 12 35 0 32 3-5 mo CA delays ripening 47 
Nectarine (Prunus persica) 12 35 —0.5-0 31-32 6-9 wk CA reduce internal breakdown 47 
Peach (Prunus persica) 1-2 35 -0.5-0 31-32 6-9 wk Cultivars differ in response 47 
Pear, European (Pyrus communis) 
Anjou 0.5-2 0.5-2 —1 30 7-9 mo CA reduce scald 49 
Bartlett 1-2 12 =a 30 3-5 mo Rapid cooling recommended 49 
Bose 1-3 05-1 -1 30 4-6 mo Optimum maturity is critical 49 
Comice 2 23 =i 30 5-7 mo 49 
Conference 2 2 =k 30 4-6 mo 49 
Packham’s Triumph 2-3 12 -0.5 31 8mo Optimum maturity is critical 49 
Passe Crassane 34 5-7 =k 30 6-7 mo Tolerant to high CO, 49 


ol 


SATAVLIDIA GNV SLINS HSI44I YOd SIVIHASOWLV GITIOULNOD 


Pear, Asian (Pyrus serotina and Pyrus breischneideri) 
Nijiseiki (20th Century) 
Tou Li 
Ya Li 

Persimmon (Diospyros kaki) 

Plum (Prunus domestica) 

Rasberry (Rubus idaeus) 

Strawberry (Fragaria sp.) 


Avocado (Persea americana) 
Banana (Musa spp) 
Grapefruit (Citrus paradisi) 
Lemon (Citrus limon) 

Lime (Citrus aurantifolia) 
Mango (Mangifera indica) 
Olive (Olea europaea) 
Orange (Citrus sinensis) 
Papaya (Carica papaya) 
Passion fruit (Passiflora edulis) 
Pineapple (Ananas comosus) 


Artichoke (Cynara scolymus) 
Asparagus (Asparagus officinalis) 
Bean, lima (Phaseolus limensis) 

Bean, snap (Phaseolus vulgaris) 
Broccoli (Brassica oleracea italica) 
Brussels sprouts (Brassica oleracea gemmifera) 
Cabbage (Brassica oleracea, capitata) 
Cantaloupe (Cucumis melo) 
Cauliflower (Brassica oleracea botrytis) 
Celery (Apium graveolens) 

Chinese cabbage (Brassica campestris) 
Corn, sweet (Zea mays) 

Cucumber (Cucumis sativus) 

Leek (Allium porrum) 

Lettuce, head (Lactuca sativa) 
Mushroom (Agaricus bisporus) 

Onion, dry (Allium cepa) 

Onion, green (Allium cepa) 

Parsley (Petroselinum crispum) 
Pepper, sweet (Capsicum annuum) 
Radish (Raphanus sativus) 

Spinach (Spinacia oleracea) 

‘Tomato (Lycopersicon esculentum) 


3 
12 
34 
3-5 
12 
5-10 
5-10 


7-10 
3-5 


1 0 32 
3 0 32 
2 03 32-37 
5-8 -10 30-32 
O85 —0.5-0 31-32 
15-20 -0.5-0 31-32 
15-20 -0.5-0 31-32 
Subtropical and tropical fruits 
3-10 10 50 
25 14 58 
5-10 13 55 
0-10 13 55 
0-10 13 55 
5-10 13 55 
0-1 7 45 
0-5 7 45 
5-10 12 54 
5 7-10 45-50 
5-10 10 50 
Vegetables 
2-3 0 32 
10-14 2 36 
10-35 5-7 40-45 
47 8 46 
5-10 0 32 
5-7 0 32 
36 0 32 
10-20 8 46 
34 i) 32 
3-5 0 32 
0-5 0 32 
5-10 0 32 
0 12 54 
5-10 0 32 
0 0 32 
10-15 0 32 
0-5 0 32 
5 0 32 
8-10 0 32 
0 12 54 
2-3 0 32 
5-10 0 32 
23 12 54 


CA delays ripening 
Prompt cooling is important 
Commercial use during transport 


CA reduces chilling injury 
CA delays ripening 

CA reduces pitting 

CA reduces decay 

CA retards degreening 
CA delays ripening 


Storage life varys with cultivars 


CA decreases discoloration 
High CO, is beneficial 
Shelled only 

CA reduces color loss 

CA maintain green color 
CA reduces yellowing 
Large scale commercial use 
CA reduces ripening 


CA reduces leaf abscission 
CA reduces sugar loss 
CA reduces yellowing 


CO, retards cap opening 
Tolerant to low O2 


Note: The approximate storage periods are compiled by the authors based on all the information available. 
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See also PACKAGING: PART IV—CONTROLLED/MODIFIED 
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MATERIALS OF CONSTRUCTION 


The “Stainless Steels” 


Many people refer to this range of alloys as austenitic 
stainless steels, 18/8s, 18/10s, etc, without a full appreci- 
ation of what is meant by the terminology. It is worth de- 
voting a few paragraphs to explain the basic metallurgy of 
stainless steels. 

It was in 1913 that Harry Brearley discovered that the 
addition of 11% chromium to carbon steel would impart a 
good level of corrosion and oxidation resistance, and by 
1914 these corrosion resisting steels had become commer- 
cially available. It was Brearley who pioneered the first 
commercial use of these steels for cutlery, and it was also 
he who coined the name “stainless steels.” For metallur- 
gical reasons, which are outside the scope of this article, 
these were known as ferritic steels because of their crys- 
tallographic structure. Unfortunately, they lacked the duc- 
tility to undergo extensive fabrication and furthermore, 
they could not be welded. Numerous workers tried to over- 
come these deficiencies by the addition of other alloying 
elements and to produce a material where the ferrite was 
transformed to austenite (another metallurgical phase) 
that was stable at room temperature. Soft stainless steels 


that were ductile both before and after welding were de- 
veloped in Sheffield, England (then the heart of the British 
steel industry) exploiting scientific work undertaken in 
Germany. This new group of steels was based on an 18% 
chromium steel to which nickel was added as a second al- 
loying element. These were termed the austenitic stainless 
steels. The general relationship between chromium and 
nickel necessary to maintain a fully austenitic structure is 
shown diagrammatically in Figure 1. It will be seen that 
the optimum combination is 18% chromium, 8% nickel— 
hence the terminology 18/8s. 

Probably the next major advance in the development of 
stainless steels was the discovery that relatively small ad- 
ditions of molybdenum had a pronounced effect on the cor- 
rosion resistance, greatly enhancing the ability to with- 
stand the effects of mineral acids and other corrodents 
such as chloride solutions. Needless to say, from these 
early developments, there has been tremendous growth in 
production facilities and the number of grades of stainless 
steel available. Table 1 lists some of the more commonly 
available grades, while Figure 2 illustrates how the basic 
18/8 composition is modified to enhance specific physical 
or chemical properties. 

In spite of the plethora of stainless steels available, 
grades 304 and 316 have, and continue to be, the work- 
horses for fabrication of dairy and food processing equip- 
ment, 

Although 316 stainless steel offers excellent resistance 
to a wide range of chemical and nonchemical environ- 
ments, it does not offer immunity to all. In the case of the 
food industry, these are notably anything containing salt, 
especially low-pH products. There was, therefore, a de- 
mand by industry to develop more corrosion-resistant ma- 
terials and these are finding increasing use in the food in- 
dustry for certain specific processing operations. 


Super Stainless Steels and Nickel Alloys 


The super stainless steels are a group of alloys that have 
enhanced levels of chromium, nickel, and molybdenum, 
compared to the conventional 18/8s. The major constituent 
is still iron; hence the classification under the “steel” title. 
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Figure 1. Graph showing the various combinations of chromium 
and nickel that form austenitic stainless steels. Source: Ref. 1. 
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Figure 1. Graph showing the various combinations of chromium 
and nickel that form austenitic stainless steels. Source: Ref. 1. 
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Table 1. Composition of Some of the More Commonly Used Austenitic Stainless Steels 


Composition (%) 
Alloy UNS no. Carbon Manganese Silicon Chromium Nickel Molybdenum Others 
302 $30200 0.15 2.00 1,00 16.0-18.0 6.0-8.0 Sulfur 0.030 
Phosphorus 0.045 
304 830400 0.08 2.00 1.00 18.0-20.0 8.0-10.5 Sulfur 0.030 
Phosphorus 0.045 
304L $30403 0.03 2.00 1.00 18.0-20.0 8.0-12.0 Sulfur 0.030 
Phosphorus 0,045 
316 $31600 0.08 2.00 1.00 16.0-18.0 10.0-14.0 2.0-3.0 Sulfur 0.030 
Phosphorus 0.045 
316L $31603 0.03 2.00 1.00 16.0-18.0 10.0-14.0 2.0-3.0 Sulfur 0.030 
Phosphorus 0.045 
317 831700 0.08 2.00 1.00 18.0-20.0 11.0-15.0 3.04.0 Sulfur 0.030 
Phosphorus 0.045 
317L $31703 0.03 2.00 1.00 18.0-20.0 11.0-15.0 3.04.0 Sulfur 0.030 
Phosphorus 0.045 
321 $32100 0.08 2.00 1.00 17.0-19.0 9.0-12.0 Sulfur 0.030 
Ti <5 x Carbon 
347 $34700 0.08 2.00 1,00 17.0-19.0 9.0-13.0 Sulfur 0.030 
Cb + Ta 10 x Carbon 
Note: Unless indicated otherwise, all values are maxima. 
Nickel chromium 
iron alloys 
ry 
: 
Add nickel for 
corrosion resistance in high 303, 303, 
temperature environments Selenium 
' 
i 
387 314,330] Ad 
= ele te Duplex 
Selenium Jr increased stainless 
‘Add niobium — Add chromium ee chromium | steels (329) 
andtitanium and nickel eee ance ‘lower nickel 
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Figure 2. Outline of some compositional modifications of 18/8 austenitic stainless steel to produce 
special properties. Source: Ref. 2. 
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Still further increases in the three aforementioned alloying 
elements result in the nickel alloys. (The classification of 
an alloy is generally under the heading of the major con- 
stituent.) 

There are a large number of these alloys but those of 
primary interest to the food industry are shown in Table 2 
together with their composition. In general terms, it will 
be noted that the increase in nickel content is accompanied 
by an increase in chromium and molybdenum. As stated 
previously, this element is particularly effective in pro- 
moting corrosion resistance. 

Just like insurance, you get only what you pay for, and 
generally speaking, the higher the corrosion resistance, 
the more expensive the material. In fact, the differential 
between type 304 stainless steel and a high-nickel alloy 
may be as much as 20 times, depending on the market 
prices for the various alloying elements that fluctuate 
widely with the supply and demand position. 


Aluminum 


High-purity grades of aluminum (+99.5%) and its alloys 
still are preferred for some food and pharmaceutical ap- 
plications because of the reasonable corrosion resistance of 
the metal. This resistance is attributable to the easy and 
rapid formation of a thin, continuous, adherent oxide film 
on exposed surfaces. This oxide film, in turn, exhibits a 
good corrosion resistance to many foodstuffs, and it is re- 
ported that fats, oils, sugar, and some colloids have an in- 
hibitory or sealing effect on these films (3). 

As aluminum salts formed by corrosion are colorless, 
tasteless, and claimed to be nontoxic, the metal is easy to 
clean, inexpensive, and light and has a high thermal con- 
ductivity. It still is used quite extensively in certain areas 
of food manufacture and distribution. However, in recent 
years, the claim of nontoxicity is being questioned as a 
high dietary incidence has been implicated in Alzheimer’s 
disease (senile dementia) with compounds of aluminum 
(aluminosilicates) being found in the brain tissue of suf- 
ferers (4). However, the case is far from proven, and it is 
not clear if the increased levels of aluminosilicates are due 
to a high intake of aluminum per se or other factors such 
as a dietary deficiency of calcium. 

For many years, aluminum was used extensively for 
containment vessels in the diary and brewing industry, 
and it was Richard Seligman who founded the then Alu- 


minium Plant and Vessel Company (now APV plc) to ex- 
ploit the technique of welding this material for the fab- 
rication of fermenting vessels in the brewing industry 
(5). Many of these original vessels are still in use in some 
of the smaller, privately owned breweries in the United 
Kingdom. 

Although large fermenting vessels and storage tanks 
now tend to be fabricated from stainless steels, there is still 
widespread use of aluminum for beer kegs, beer cans, and 
a miscellany of small-scale equipment where the resis- 
tance of aluminum is such that it imparts no change or 
modification of flavor, even after prolonged storage. 

While still used for holding vessels and some equipment 
when processing cider, wines, and perry, prolonged contact 
is inadvisable because of the acidity of the sulfites em- 
ployed as preservatives for these products—inadvisable, 
that is, unless the surface of the metal has been modified 
by anodizing or has been protected with a lacquer. 

In the manufacture of preserves, aluminum is still em- 
ployed for boiling pans, the presence of sugar appearing to 
inhibit any corrosion. In the field of apiculture, it has even 
been used for making prefabricated honeycombs, which 
the bees readily accepted. 

Extensive use is made of aluminum and the alloys in 
the baking industry for baking tins, kneading troughs, 
handling equipment, etc. 

In other areas of food manufacture and preparation, the 
use of aluminum extends virtually over the whole field of 
activity—butter, margarine, table oils, and edible fats, 
meat and meat products, fish and shellfish, certain sorts 
of vinegar, mustards, spices; the list is almost endless. 

No mention has so far been made of the application of 
this metal in the dairy industry, and indeed it still has 
limited application mostly in the field of packaging, eg, bot- 
tle caps, wrapping for cheese, butter, carton caps for yo- 
gurt, cream. 

It will be appreciated that the uses of aluminum in the 
food industry so far mentioned have tended to be for equip- 
ment used in batch operation, hand utensils, and packag- 
ing. There are probably three major factors that have mit- 
igated against its more widespread use, not only in the 
dairy industry but in brewing and many other branches of 
food processing. 


1. Modern, highly automated plants operating on acon- 
tinuous or semicontinuous basis employ a wide va- 


Table 2. Composition of Some of the More Commonly Used Wrought Super Stainless Steels and Nickel Alloys 


Composition (%) 
Alloy UNS no. Carbon Silicon Manganese Chromium Nickel Molybdenum Others 
904L N08904 0.02 0.70 2.0 19.0-21.0 24.0-26.0 4.24.7 Cul247 
Avesta $31254 0.02 0.80 2.0 19.5-20.5 17.5-18.5 6.0-6.5 Cu 0.5-1.0, N 0.18-0.22 
254 SMO 
Incoloy 825 N08825 0.05 0.50 10 19.5-23.5 38.0-46.0 25-35 A10.2,T10.6-12 
Hastelloy G-30 06030 0.03 (0.08 15 28.0-315 Bal. 40-60  Co5.0, Cu 1.0-2.4, Ch + Ta 0.3-1.5, 
Fe 13.0-17.0 
Inconel 625 NO6625 0.10 0.50 0.50 -23.0-28.0 Bal. 8.0-10.0 Co 1.0, Fe 5.0, Al 0.4, T10.4 
Hastelloy C-276 N10276 0.02 _(0.08 10 14.5-16.5 150-170 W3.0-45,V 0.35 


Note: Unless indicated otherwise, all values are maxima. 


riety of materials of construction. Because of the po- 
sition in the electrochemical series (to be discussed 
later), aluminum and its alloys are susceptible to 
galvanic corrosion when coupled with other metals. 

2. The commercial availability of stainless steels and 
their ease of fabrication, strength, ease of mainte- 
nance, appearance, and proven track record of reli- 
ability. 

3. The fact that since modern plants operate on a semi- 
continuous basis with much higher levels of fouling, 
cleaning regimes require strongly alkaline deter- 
gents to which aluminum has virtually zero corro- 
sion resistance. 


Copper and Tinned Copper 


Copper and tinned copper were used extensively in former 
times because of their excellent thermal conductivity (8 
times that of stainless steel), ductility, ease of fabrication, 
and reasonable level of corrosion resistance. However, the 
demise of copper as a material of construction is largely 
attributable to the toxic nature of the metal and its cata- 
lytic activity in the development of oxidative rancidity in 
fats and oils. Even at the sub-part-per-million level, copper 
in vegetable oils and animal fats rapidly causes the devel- 
opment of off-flavors. In equipment where high levels of 
liquid turbulence are encountered (eg, plate heat ex- 
changer or high-velocity pipe lines) copper is subject to ero- 
sion. Nevertheless, there is an area of the beverage indus- 
try where copper is still the only acceptable material of 
construction, ie, pot stills for Scotch and Irish whiskey pro- 
duction. It is also used in the distillation of the spirits such 
as rum and brandy. Much old copper brewing equipment 
such as fermenting vessels and wort boilers is still in use 
throughout the world, and an interesting observation is 
that even though the wort boilers in modern breweries are 
fabricated from stainless steel, they are still known as 
“coppers” and UK craftsmen fabricating stainless steel are 
still known as coppersmiths. 


Titanium 


There are certain areas of the food industry, especially in 
equipment involving heat transfer, where stainless steels 
are just not capable of withstanding the corrosive effects 
of salty, low-pH environments. Food processors are in- 
creasingly accepting the use of titanium as an alternative, 
in the full knowledge that it offers corrosion immunity to 
the more aggressive foodstuffs and provides a long-term 
solution to what was an on-going problem with stainless 
steels, Titanium is a light metal, the density of which is 
almost half that of stainless steels. Although relatively ex- 
pensive (6~7 times the cost of stainless steel), being a low- 
density material offsets this price differential for the raw 
material by almost half. It is ductile and fabricable using 
normal techniques, although welding it does require a high 
degree of expertise. 


Other Metals 


Tin, in the form of tin plate, is used extensively in the can- 
ning industry, where its long-term corrosion resistance to 
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a wide range of food acids makes it a material par excel- 
lence for this purpose. 

Cadmium, used as a protective coating for carbon steel 
nuts and bolts, was favored at one time. However, the high 
toxicity of the cadmium compounds has come under in- 
creasing scrutiny from many health regulatory bodies and 
now cadmium-plated bolting is not permitted in food fac- 
tories. Indeed, Denmark and Sweden have totally banned 
the import of cadmium-plated components into their coun- 
tries, and many other countries are likely to follow suit. 

Lead and lead-containing products are generally not ac- 
ceptable for food contact surfaces, although some codes of 
practice permit the use of lead-containing solder for cap- 
illary pipeline joints on water supplies and service lines. 


SELECTING MATERIALS OF CONSTRUCTION 


Designing equipment is a multidiscipline exercise involv- 
ing mechanical engineers, materials—corrosion engineers, 
stressing experts, draftsmen, etc. The corrosion engineer 
has an important role in this team effort, namely, to ensure 
the materials specified will offer a corrosion resistance that 
is just adequate for all the environmental conditions likely 
to be encountered during normal operation of the equip- 
ment. A piece of equipment that prematurely fails by cor- 
rosion is as badly designed as one in which the materials 
have been overspecified. Unfortunately, all too often the 
functional requirements for a piece of equipment are an- 
alyzed in a somewhat arbitrary manner and all too often, 
the basic cost of the material tends to outweigh other 
equally important considerations (6). 

Figure 3 shows the primary criteria that must be con- 
sidered in the initial selection process. 


* Corrosion Resistance. For any processing operation, 
there will be a range of materials that will offer a 
corrosion resistance that is adequate (or more than 
adequate) for a particular job. When considering cor- 
rosion resistance, the operational environment is the 
obvious one, but the other point must be whether the 
material will also offer corrosion resistance to the 
chemicals used for cleaning and sanitizing. 

* Cost. Many of the materials originally considered will 
be eliminated on the grounds of their high cost. For 
example, there is no point in considering a high- 
nickel alloy when a standard 300 series stainless 
steel at a lower cost will be perfectly satisfactory. 


Corrosion Cost 


resistance Availability 


Maintenance —> Material ~— Strength 


# 


Appearance Fabricability 


Figure 3. Materials selection criteria. 
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Availability. Availability is a less obvious feature of 
the material selection process. Many steel producers 
will require a minimum order of, say, 3 tons for a 
nonstandard material. Clearly, the equipment man- 
ufacturer is not going to buy this large quantity when 
the job that is to be done may only require the use of 
one ton of material. 

Strength. Strength is a factor that is taken into ac- 
count at the design stage but, as with all the others, 
cannot be considered in isolation. For example, many 
of the new stronger stainless steels, although more 
expensive on a ton-for-ton basis than conventional 
stainless steels, are less expensive when considered 
on a strength/cost ratio. 

Fabricability, There is little point in considering ma- 
terials that are either unweldable (or unfabricable) 
or can be welded only under conditions more akin to 
a surgical operating theater than a general engineer- 
ing fabrication shop. 

Appearance, Appearance may or may not be an im- 
portant requirement. Equipment located outside 
must be resistant to environmental weathering and 
therefore may require the application of protective 
sheathing, which could double the basic material 
cost, 

Maintenance. Is the equipment to be essentially 
maintenance-free or is some maintenance, such as 
periodic repainting, tolerable? How long will the 
equipment operate without the need for major ser- 
vicing? 


. 


When all these interrelated criteria have been consid- 
ered, the long list of possible starters will have been re- 
duced to maybe one or two. Also, somewhere through the 
selection process some of those materials initially rejected 
because, for example, of their high cost, may have to be 
reconsidered because of other factors. 


TYPES OF CORROSION 


Defining Corrosion 


Before embarking on a discussion of the various forms of 
corrosion, it is worthwhile considering exactly what cor- 
rosion is. There are several definitions of corrosion. For 
example, Fontant (7) defines it as extractive metallurgy in 
reverse using the diagram, shown in Figure 4, to illustrate 
the point. 

A more general and descriptive definition is “it is the 
deterioration or destruction of a material through inter- 
action with its environment.” This covers all materials of 
construction including rubber and plastics as well as 
metal. However, the primary object of this article is to deal 
with corrosion of metals, in particular stainless steels, and 
how this corrosion can be classified. 

There are two basic forms of corrosion—wet corrosion 
and dry corrosion. Dry corrosion is concerned with the ox- 
idation of metals at high temperature and clearly outside 
the scope of this text. Wet corrosion occurs in aqueous so- 
lutions or in the presence of electrolytes and is an electro- 
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Figure 4. Extractive metallurgy in reverse. 
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chemical process. It should be noted that the “aqueous” 
component of the system may be present in only trace 
quantities (eg, present as moisture); the classical example 
is the corrosion of steel by chlorine gas. In fact, steel is not 
corroded by chlorine since steel is the material used for 
storing liquid chlorine. However, in the presence of even 
trace quantities of moisture, chlorine rapidly attacks steel 
and, for that matter, most metals. 

The corrosion of metals involves a whole range of fac- 
tors. These may be chemical, electrochemical, biological, 
metallurgical, or mechanical, acting singly or conjointly. 
Nevertheless, the main parameter governing corrosion of 
metals is related to electrochemistry. Electrochemical prin- 
ciples therefore are the basis for a theoretical understand- 
ing of the subject. In fact, electrochemical techniques are 
now the standard method for investigating corrosion al- 
though the standard “weight loss” approach still provides 
invaluable data. It is not proposed to discuss in depth the 
electrochemical nature of corrosion but should further in- 
formation be required, several excellent texts are available 
(7,8). 


Forms of Corrosion 


Wet corrosion can be classified under any of eight head- 
ings, namely: 


* Galvanic or bimetallic corrosion 

* Uniform or general attack 

* Crevice corrosion 

Pitting corrosion 

Intergranular corrosion 

Stress corrosion cracking 

Corrosion fatigue 

Selective corrosion (castings and free-matching 
stainless steels) 


Galvanic Corrosion. When two dissimilar metals (or al- 
loys) are immersed in a corrosive or conductive solution, 
an electrical potential or potential difference usually exists 
between them. If the two metals are electrically connected, 
then, because of this potential difference, a flow of current 
occurs. As the corrosion process is an electrochemical phe- 
nomenon and dissolution of a metal involves electron flow, 


the corrosion rates for the two metals is affected. Gener- 
ally, the corrosion rate for the least corrosion resistant is 
enhanced while that of the more corrosion resistant is di- 
minished. In simple electrochemical terms, the least resi 
tant metal has become anodic and the more resistant cath- 
odic. This, then, is galvanic or dissimilar metal corrosion. 

The magnitude of the changes in corrosion rates de- 
pends on the so-called electrode potentials of the two met- 
als; the greater the difference, the greater the enhance- 
ment or diminution of the corrosion rates. It is possible to 
draw up a table of some commercial alloys that ranks them 
in order of their electrochemical potential. Such a table is 
known as the galvanic series. A typical one as shown in 
Table 3 is based on work undertaken by the International 
Nickel Company (now INCO Ltd.) at their Harbor Island, 
NC, test facility. This galvanic series relates to tests in un- 
polluted seawater, although different environments could 
produce different results and rankings. When coupled, in- 
dividual metals and alloys from the same group are un- 
likely to show galvanic effects that will cause any change 
in their corrosion rates. 

The problem of dissimilar metal corrosion, being rela- 
tively well understood and appreciated by engineers, is 


Table 3. The Galvanic Series of Some Commercial Metals 


and Alloys in Clean Seawater 
Platinum 
Gold 
Graphite 
aie Titanium 
Noble or Silver 
cathodic Chlorimet 3 (62 Ni, 18 Cr, 18 Mo) 


Hastelloy C (62 Ni, 17 Cr, 15 Mo) 

18/8 Mo stainless steel (passive) 

18/8 stainless steel (passive) 

Chromium stainless steel 11-30% Cr (passive) 
Inconel (passive) (80 Ni, 13 Cr, 7 Fe) 
Nickel (passive) 

Silver solder 

Monel (70 Ni, 30 Cu) 

Cupronickels (60-90 Cu, 40-10 Ni) 
Bronzes (Cu-Sn) 

Copper 

Brasses (Cu-Zn) 

Chlorimet 2 (66 Ni, 32 Mo, 1 Fe) 
Hastelloy B (60 Ni, 30 Mo, 6 Fe, 1 Mn) 
Inconel (active) 

Nickel (active) 

Tin 

Lead 

Lead-tin solders 

18/8 Mo stainless steel (active) 
18/stainless steel (active) 

Ni-resist (high-Ni cast iron) 

Chromium stainless steel, 13% Cr (active) 
Cast iron 

Steel or iron 

2024 aluminum (4.5 Cu, 1.5 Mg, 0.6 Mn) 
Cadmium 

Commercially pure aluminum (1100) 
Zine 

Magnesium and magnesium alloys 
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usually avoided in plant construction and in the author’s 
experience, few cases have been encountered. Probably the 
most common form of unintentional galvanic corrosion is 
on service lines where brass fittings are used on steel 
pipelines—the steel suffering an increase in corrosion rate 
at the bimetallic junction. 

One of the worst bimetallic combinations is aluminum 
and copper. An example of this is in relation to aluminum 
milk churns used to transport whey from Gruyere cheese 
manufacture (in Switzerland), where copper is used for the 
cheesemaking vats and the whey picks up traces of this 
metal. The effect on the aluminum churns which are in- 
ternally protected with lacquer that gets worn away 
through mechanical damage is pretty catastrophic. 

Another, somewhat unique, example of galvanic corro- 
sion is related to a weld repair on a 304 stainless-steel 
storage vessel. Welding consumables containing molybde- 
num had been employed to effect the repair, and although 
it is most unusual for the potential difference between mo- 
lybdenum and nonmolybdenum containing stainless steels 
to be sufficient to initiate galvanic corrosion, the environ- 
mental factors in this particular case were obviously such 
that corrosion was initiated (Fig. 5). As stated, this is 
somewhat unique and it is not uncommon for 316 welding 
consumables to be used for welding 304 stainless steel with 
no adverse effects. As a practice, however, it is to be dep- 
recated and the correct welding consumables should al- 
ways be employed. 

Not all galvanic corrosion is bad; indeed, galvanic cor- 
rosion is used extensively to protect metal and structures 
by the use of a sacrificial metal coating. A classic example 
is the galvanizing of sheet steel and fittings, the zinc coat- 
ing being applied not so much because it does not corrode, 
but because it does. When the galvanizing film is damaged, 
the zinc galvanically protects the exposed steel and inhib- 
its rusting. Similarly, sacrificial anodes are fitted to do- 
mestic hot water storage tanks to protect the tank. 


Uniform or General Attack. As the name implies, this 
form of corrosion occurs more or less uniformly over the 
whole surface of the metal exposed to the corrosive envi- 


Figure 5. Galvanic corrosion of 304 stainless steel initiated by a 
316 weld deposit. Note the large pit associated with the weld splat- 
ter. 
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ronment. It is the most common form of corrosion encoun- 
tered with the majority of metals, a classic example being 
the rusting of carbon steel. Insofar as the corrosion occurs 
uniformly, corrosion rates are predictable and the neces- 
sary corrosion allowances built into any equipment. In the 
case of stainless steels, this form of corrosion is rarely en- 
countered. Corrodents likely to produce general attack of 
stainless steel are certain mineral acids, some organic ac- 
ids, and high-strength caustic soda at concentrations and 
temperatures well in excess of those ever likely to be found 
in the food industry. The same remark applies to cleaning 
acids such as nitric, phosphoric, and citric acids, but not 
for sulfuric or hydrochloric acids, both of which can cause 
rapid, general corrosion of stainless steels. Hence, they are 
not recommended for use, especially where corrosion 
would result in a deterioration of the surface finish of pro- 
cess equipment. 

The behavior of both 304 and 316 stainless steels when 
subjected to some of the more common acids that are en- 
countered in the food industry is graphically illustrated in 
Figure 6. These isocorrosion graphs, ie, lines that define 
the conditions of temperature and acid concentration that 
will produce a constant corrosion rate expressed in mils 
(0.001 in.) or mm loss of metal thickness per year, are used 
extensively by corrosion engineers in the material selec- 
tion process when the form of corrosion is general attack. 
They are of no value whatsoever when the corrosion mode 
is one of the other forms that will be defined, such as pitting 
or crevice corrosion. 


Crevice Corrosion. This form of corrosion is an intense 
local attack within crevices or shielded areas on metal sur- 
faces exposed to corrosive solutions. It is characteristically 
encountered with metals and alloys that rely on a surface 
oxide film for corrosion protection, eg, stainless steels, ti- 
tanium, aluminum. 

The crevices can be inherent in the design of the equip- 
ment (eg, plate heat exchangers) or inadvertently created 
by bad design. Although crevice corrosion can be initiated 
at metal-to-metal surfaces (see Fig. 7), it is frequently en- 
countered at metal to nonmetallic sealing faces. Any non- 
metallic material that is porous and used, for example,as 
a gasket, is particularly good (or bad!) for initiating this 
form of attack. Fibrous materials that have a strong wick- 
ing action are notorious in their ability to initiate crevice 
attack, Similarly, materials that have poor stress relaxa- 
tion characteristics, ie, have little or no ability to recover 
their original shape after being deformed, are also crevice 
creators, as are materials that tend to creep under the 
influence of applied loads and/or at elevated tempera- 
tures. Although used for gasketing, PTFE suffers both 
these deficiencies. On the other hand, elastomeric mate- 
rials are particularly good insofar as they exhibit elastic 
recovery and have the ability to form a crevice-free seal. 
However, at elevated temperatures, many rubbers harden 
and in this condition, suffer the deficiencies of many non- 
elastomeric gasketing materials. 

Artificial crevices can also be created by the deposition 
of scale from one of the process streams to which the metal 
is exposed. It is necessary, therefore, to maintain food pro- 
cessing equipment in a scale-free condition, especially on 


surfaces exposed to service fluids such as services side hot/ 
cold water, cooling brines, which tend to be overlooked dur- 
ing plant cleaning operations. 

Much research work has been done on the geometry of 
crevices and the influence of this on the propensity for the 
initiation of crevice corrosion (9). However, in practical 
terms, crevice corrosion usually occurs in openings a few 
tenths of a millimeter or less and rarely is encountered 
where the crevice is greater than 2 mm (0.08 in.). 

Until the 1950s, crevice corrosion was thought to be due 
to differences in metal ion or oxygen concentration within 
the crevice and its surroundings. While these are factors 
in the initiation and propagation of crevice corrosion, they 
are not the primary cause. Current theory supports the 
view that through a series of electrochemical reactions and 
the geometrically restricted access into the crevice, migra- 
tion of cations, chloride ions in particular, occurs. This al- 
ters the environment within, with a large reduction in pH 
and an increase in the cations by a factor of as much as 10. 
The pH value can fall from a value of, say, 7 in the sur- 
rounding solution to as low as pH 2 within the crevice, As 
corrosion is initiated, it proceeds in an autocatalytic man- 
ner with all the damage and metal dissolution occurring 
within the crevice and little or no metal loss outside. The 
confined and autocatalytic nature of crevice corrosion re- 
sults in significant loss of metal under the surface of site 
of initiation. As a result, deep and severe undercutting of 
the metal occurs (see Fig. 8). The time scale for initiation 
of crevice corrosion can vary from a few hours to several 
months and, once initiated, can progress very rapidly. 
Stopping the corrosion process can be extremely difficult 
as it is necessary to remove all the trapped reactants and 
completely modify the occluded environment. The diffi- 
culty of attaining this will be appreciated by reference to 
Figure 8, where the entrance to the corroded region is only 
0.5 mm (0.020 in.). 

While methods for combating the onset of crevice cor- 
rosion can be deduced from the foregoing text, a reiteration 
of some of the more important precautions is not out of 
place, viz: 


* Good-quality, crevice-free welded joints are always 
preferable to bolted joints 

* Good equipment design (well-designed gasket seal- 

ing faces) that avoids unintentional crevices and does 

not permit the development of stagnant regions 

Frequent inspection of equipment and removal of 

surface deposits 

Use of good-quality rubber gaskets rather than ab- 

sorbent packings 

* Good gasket maintenance; replacement when hard- 
ened or damaged 


However, certain pieces of equipment are by virtue of their 
design highly creviced. In such cases, it is necessary to rec- 
ognize the potential corrosion risk and select the materials 
of construction that will resist the initiation of crevice cor- 
rosion by the environment. Similarly, cleaning and sanitiz- 
ing regimes must be developed to avoid the onset of attack. 
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Figure 6. Corrosion resistance of 304 and 
SO. /enneee 316 stainless steels to mineral acids. Source: 
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In the case of stainless steels, although there are sev- 
eral ionic species that will initiate the attack, by far the 
most common are solutions containing chloride. The pres- 
ence of salt in virtually all foodstuffs highlights the prob- 
lem. Low pH values also enhance the propensity for initi- 
ation of attack. 


Other environmental factors such as temperature and 
the oxygen or dissolved air content of the process stream 
all play a role in the corrosion process. 

Because the presence of oxygen is a prerequisite for the 
onset of crevice corrosion (and many other forms of attack), 
in theoretical terms complete removal of oxygen from a 
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Figure 7. Crevice corrosion at the interplate contact points of a 
heat-exchanger plate. 


Figure 8. Photomicrograph of a section through a site of crevice 
corrosion. Note the deep undercutting which is typical of chloride- 
induced attack on stainless steel. 


process stream will inhibit corrosion. In practice, how- 
ever, this is difficult to achieve. Only in equipment 
where complete and effective deaeration occurs, such as a 
multiple effect evaporator operating under reduced pres- 
sure, will the beneficial effect of oxygen removal be 
achieved. 

Stainless steels containing molybdenum (316, 317)have 
a much higher resistance to crevice corrosion than do al- 
loys without this element (304, 321, 347). The higher the 
molybdenum content, the greater the corrosion resistance, 
For particularly aggressive process streams, titanium is 
often the only economically viable material to offer ade- 
quate corrosion resistance. 


Pitting Corrosion. As the name implies, pitting is a form 
of corrosion that leads to the development of pits on a 
metal surface. It is a form of extremely localized but in- 
tense attack, insidious insofar as the actual loss of metal 
is negligible in relation to the total mass of metal that may 
be affected. Nevertheless, equipment failure by perforation 
is the usual outcome of pitting corrosion. The pits can be 


small and sporadically distributed over the metal surface 
(Fig. 9) or extremely close together, close enough, in fact, 
to give the appearance of the metal having suffered from 
general attack. 

In the case of stainless steels, environments that will 
initiate crevice corrosion will also induce pitting. As far as 
the food industry is concerned, it is almost exclusively 
caused by chloride containing media, particularly at low 
pH values. 

Many theories have been developed to explain the cause 
of initiation of pitting corrosion (10), and the one feature 
they have in common is that there is a breakdown in the 
passive oxide film. This results in ionic migration and the 
development of an electrochemical cell. There is, however, 
no unified theory that explains the reason for the film 
breakdown. Evans (11) for example, suggests that metal 
dissolution at the onset of pitting may be due to a surface 
scratch, an emerging dislocation or other defects, or ran- 
dom variations in solution composition. However, propa- 
gation of the pit proceeds by a mechanism similar to that 
occurring with crevice corrosion. Like crevice corrosion, the 
pits are often undercut and on vertical surfaces may as- 
sume an elongated morphology due to gravitational effects 
(Fig. 10). 

The onset of pitting corrosion can occur in a matter of 
days but frequently requires several months for the devel- 
opment of recognizable pits. This makes the assessment of 
the pitting propensity of a particular environment very dif- 
ficult to determine, and there are no short-cut laboratory 
testing techniques available. Methods and test solutions 
are available to rank alloys; the best known and most fre- 
quently quoted is ASTM Standard G48 (12), which em- 
ploys 6% ferric chloride solution. Another chemical method 
involving ferric chloride determines the temperature at 


Figure 9. Pitting corrosion of a stainless-steel injector caused by 
the presence of hydrochloric acid in the steam supply. 


Figure 10. Elongated pitting attack on a 316 stainless-steel heat 
exchanger plate. 


which the solution will cause pitting within a 24-h test 
period, the results being expressed as the critical pitting 
temperature or CPT (13). However, as stated, both of these 
methods are used to rank the susceptibility of a range of 
alloys rather than define the performance of a material in 
a service environment. Electrochemical methods have also 
been used. 

As with crevice corrosion, alloy composition has a pro- 
found effect on the resistance of a material to pitting at- 
tack. Greene and Fontana (14) summarized the effect of 
various elements as shown in Table 4. 


Intergranular Corrosion. A fact not often appreciated is 
that metals and alloys have a crystalline structure. How- 
ever, unlike crystalline solids such as sugar or salt, metal- 
lic erystals can be deformed or bent without fracturing; in 
other words, they are ductile. In the molten state, the at- 
oms in a metal are randomly distributed but on cooling and 
solidification, they become arranged in crystalline form. 
Because crystallization occurs at many points in the solid- 
ification process, these crystals or grains are randomly ori- 
entated and the region where they meet are grain bound- 
aries. In thermodynamic terms, the grain boundaries are 
more susceptible to corrosion attack because of their 
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higher free energy, although in practice the difference in 
free energy of the grain boundaries and the main crystals 
or grains in a homogeneous alloy are too small to be sig- 
nificant. However, when the metal or alloy has a hetero- 
geneous structure, preferential attack at or adjacent to the 
grain boundaries can occur. This is intergranular corrosion 
as shown in Figure 11. 

When austenitic stainless steels are heated to and held 
in the temperature range of 600-900°C (1100-1650°F), the 
material becomes sensitized and susceptible to grain 
boundary corrosion. It is generally agreed that this is 
due to chromium combining with carbon to form chromium 
carbide, which is precipitated at the grain boundaries. The 
net effect is that the metal immediately adjacent to the 
grain boundaries is denuded of chromium and instead of 
having a composition of, say, 18% chromium and 8% nickel, 
it may assume an alloy composition where the chromium 
content is reduced to 9% or even lower. As such, this zone 
depleted in chromium bears little similarity to the main 
metal matrix and has lost one of the major alloying ele- 
ments on which it relied for its original corrosion resis- 
tance. Indeed, the lowering of corrosion resistance in this 
zone is so great that sensitized materials are subject to 
attack by even mildly corrosive environments. 

As supplied from the steel mills, stainless steels are in 
the so-called solution annealed condition, ie, the carbon is 
in solution and does not exist as grain boundary chromium 
carbide precipitates. During fabrication where welding is 
involved, the metal adjacent to the weld is subjected to 
temperatures in the critical range (600-900°C/1100- 
1650°F) where sensitization can occur. As such, therefore, 
this zone may be susceptible to the development of inter- 
granular carbide precipitates. Because the formation of 
chromium carbides is a function of time, the longer the 
dwell time in the critical temperature zone, the greater the 
propensity for carbide formation. Hence, the problem is 
greatest with thicker metal sections due to the thermal 
mass and slow cooling rate. 

By heating a sensitized stainless steel to a temperature 
of 1050°C (1950°F), the carbide precipitates are taken into 
solution and by rapidly cooling or quenching the steel from 
this temperature, the original homogeneous structure is 
reestablished and the original corrosion resistance re- 
stored. 

The first stainless steels were produced with carbon 
contents of up to 0.2% and as such, were extremely sus- 
ceptible to sensitization and in-service failure after weld- 
ing. In consequence, the carbon levels were reduced to 
0.08%, which represented the lower limit attainable with 
steel making technology then available. Although this 


‘Table 4. The Effect of Alloying on Pitting Resistance of Stainless-Steel Alloys 


Element Effect on pitting resistance Element Effect on pitting resistance 

Chromium Increases Molybdenum Increases: 

Nickel Increases Nitrogen Increases 

Titanium/Niobium No effect in media other than ferric chloride Sulfur (and selenium) Decreases 

Silicon Decrease or increase depending on the absence Carbon Decreases if present as grain 
or presence of molybdenum boundary precipitates 
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Figure 11. Scanning electron micrograph of the surface of sen- 
sitized stainless steel showing preferential attack along the grain 
boundaries. 


move alleviated the problem, it was not wholly successful, 
particularly when welding thicker sections of the metal. 
Solution annealing of the fabricated items was rarely a 
practical proposition and there was a need for a long-term 
solution. It was shown that titanium or niobium (colum- 
bium) had a much greater affinity for the carbon than chro- 
mium and by additions of either of these elements, the 
problem was largely overcome. The titanium or niobium 
carbides that are formed remain dispersed throughout the 
metal structure rather than accumulating at the grain 
boundaries. 

Grade 321 is a type 304 (18 Cr, 8 Ni) with titanium 
added as a stabilizing element, while grade 347 contains 
niobium. By far, the most commonly used is 321, grade 347 
being specified for certain chemical applications. 

Modern steelmaking techniques such as AOD (air- 
oxygen decarburization) were developed to reach even 
lower levels of carbon, typically less than 0.03%, to produce 
the “L” grades of stainless steel. These are commercially 
available and routinely specified where no sensitization 
can be permitted. With these advances in steel making 
technology, even the standard grades of stainless steels 
have typically carbon levels of 0.04-0.05% and, generally 
speaking, are weldable without risk of chromium carbide 
precipitates at metal thicknesses of up to 6 mm (1/4 in.). 
Above this figure or where multipass welding is to be em- 
ployed, the use of a stabilized or “L” grade is always ad- 
visable. 


Stress Corrosion Cracking. One of the most insidious 
forms of corrosion encountered with the austenitic stain- 
less steels is stress corrosion cracking (SCC). The mor- 
phology of this type of failure is invariably a fine filamen- 


tous crack that propagates through the metal in a 
transgranular mode. Frequently, the crack is highly 
branched as shown in Figure 12, although sometimes it 
can assume a single-crack form. Factors such as metal 
structure, environment, and stress level have an effect on 
crack morphology. The disturbing feature of SCC is that 
there is virtually no loss of metal and frequently, it is not 
visible by casual inspection and is only apparent after per- 
foration occurs. Some claim that as much as 50% of the 
failures of stainless steel are attributable to this cause. 

Another characteristic of SCC in stainless steels is that 
once detected, repair by welding is extremely difficult. 
Crack propagation frequently occurs below the surface of 
the metal, and any attempt to weld repair results in the 
crack opening up and running ahead of the welding torch. 
The only practical method of achieving a satisfactory re- 
pair is to completely remove the affected area with a 15— 
25 cm (6-9 in.) allowance all around the area of visible 
damage and replace the section. Even then, there is no 
guarantee that the damaged zone has been entirely re- 
moved. In most cases, there are three prerequisites for the 
initiation of SCC. 


* Tensile Stress. This may be either residual stress 
from fabricating operations or applied through the 
normal operating conditions of the equipment. Fur- 
thermore, it has been observed that a corrosion pit 
can act both as a stress raiser and a nucleation site 
for SCC. 
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Figure 12. Photomicrograph of a typical stress corrosion crack 
showing its highly branched morphology and transgranular prop- 
agation. 


* Corrosive Species. Although there are a number of 
ionic compounds that will act as the corrodent, in the 
food industry this invariably is the chloride ion. High- 
strength caustic soda at elevated temperatures will 
also induce SCC, but the concentrations and tem- 
peratures required are well in excess of those ever 
likely to be encountered. Furthermore, the crack 
morphology is inter- rather than transgranular. pH 
also plays a role and generally speaking, the lower 
the pH the greater the propensity for SCC. 

* Temperature. It generally is regarded by many that 
a temperature in excess of 60°C (140°F) is required 
for this type of failure, although the author has seen 
examples occurring at 50°C (122°F) in liquid glucose 
storage vessels. 


In the absence of any one of these prerequisites, the 
initiation of SCC is eliminated. Therefore, it is worth con- 
sidering the practical approach to its elimination from 
equipment. 

Figure 13 is a diagrammatic representation of the effect 
of stress on “time-to-failure.” As will be seen, by reducing 
the stress level below a certain critical point, the “time-to- 
failure” can be increased by several orders of magnitude. 
On small pieces of equipment, residual stress from manu- 
facturing operations can be removed by stress-relief an- 
nealing, which, in the case of stainless steels, is the same 
as solution annealing. For large pieces of equipment such 
as storage vessels this approach is clearly impractical. Ap- 
plied stress is very much a function of the operational con- 
ditions of the equipment and only by reducing the stress 
level by increasing the thickness of the metal can this 
be reduced. However, this too is a somewhat impractical 
and uneconomic approach. Some (15) claim that by placing 
the surface of the metal under compressive rather than 
tensile stress, by shot peening with glass beads, the prob- 
lem of SCC can be minimized or eliminated. This too is not 
a practical proposition for many items of food processing 
equipment. 
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Figure 13. Composite curves illustrating the relative resistance 
to stress corrosion cracking of some commercial stainless steel in 
a specific test solution. 
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As for the matter of corrosive species, it is questionable 
if anything can be done about elimination. With foodstuffs, 
for example, this invariably will be the chloride ion, a nat- 
urally occurring or essential additive. 

Similarly, little can be done in respect to the tempera- 
ture as this is going to be essential to the processing opera- 
tion. 

As shown by Copson (16), the tendency for iron- 
chromium-nickel alloys to fail by SCC in a specific test me- 
dium (boiling 42% magnesium chloride solution) is related 
to the nickel content of the alloy. Figure 14 shows this ef- 
fect, and it is unfortunate that stainless steels with a nom- 
inal 10% nickel have the highest susceptibility to failure. 
Increasing the nickel content of the alloy results in a sig- 
nificant increase in the time-to-failure, but of course, this 
approach incurs not only the increased cost of the nickel 
but also the added penalty of having to increase the chro- 
mium to maintain a balanced metallurgical structure. The 
more effective approach is by reducing the nickel content 
of the alloy. 

A group of stainless steels have been developed that ex- 
ploit this feature, and although their composition varies 
from producer to producer, they have a nominal composi- 
tion of 20/22% chromium, 5% nickel. Molybdenum may or 
may not be present, depending on the environment for 
which the alloy has been designed. These alloys differ 
from the austenitic stainless steels insofar as they contain 
approximately 50% ferrite; hence their designation, 
austenitic-ferritic, or more commonly, duplex stainless 
steels. It is only with the advent of modern steel making 
technology, particularly in relation to the lower carbon lev- 
els that can be achieved, that these alloys have become a 
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Figure 14. Stress corrosion cracking of iron, chromium, nickel 
alloys—the Copson curve. Data points have been omitted for clar- 
ity. 
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commercially viable proposition. Because of their low car- 
bon content, typically 0.01-0.02%, the original problems 
associated with welding ferritic stainless steels and chro- 
mium carbide precipitation have been overcome. The al- 
loys are almost twice as strong as the austenitic stainless 
steels and are ductile and weldable. From a general cor- 
rosion standpoint, they are comparable with, or marginally 
superior to, their 300 series equivalent; but from an SCC 
standpoint in test work and from field experience, they of- 
fer a resistance orders of magnitude better. 

Also now available are fully ferritic stainless steels such 
as grade 444, which contains 18% chromium and 2% mo- 
lybdenum. This alloy contains carbon at the 0.001% level 
and therefore does not suffer the problems of welding that 
were encountered with the original ferritic steels. Fur- 
thermore, stabilizing elements such as titanium and nio- 
bium are also alloying additions that minimize the ten- 
dency for intergranular chromium carbide formation. The 
main disadvantage of these materials is their susceptibil- 
ity to grain growth during welding (Fig. 15), which makes 
them extremely sensitive to fracture even at room tem- 
perature. Welding sections thicker than 3 mm (1/8 in.) are 
not regarded as a practical proposition, and, therefore, 
their use tends to be limited to tubing. 


Corrosion Fatigue. Fatigue is not a form of corrosion in 
the accepted sense as there is no loss of metal, but can be 
associated with other forms of localized attack. Because 
pure fatigue is an in vacuo phenomenon, a more correct 
term is corrosion fatigue or environmental cracking, which 
is the modern expression and takes into account cracking 
where the corrosive factor has played a major role on the 
crack morphology. 

The primary cause of corrosion fatigue is the application 
of fluctuating pressure loads to components that, while of 
adequate design to withstand normal operating pressures 
eventually fail under the influence of cyclic loading. The 
components can be of extremely rigid construction such as 
a homogenizer block or of relatively light construction such 
as pipework. There are many potential sources of the fluc- 
tuating pressure, the most common of which are positive- 
displacement pumps (eg, homogenizer or metering 
pumps), rapid-acting on-off valves that will produce tran- 


Figure 15. Photomicrograph of a weld deposit on a ferritic stain- 
less steel. Compare the size of grains in the weld with those in the 
parent material on the left. 


sient pressure peaks, frequent stop-start operations, dead- 
ending of equipment linked to a filling machine, etc. 

Generally speaking, fatigue cracks are straight, without 
branching and without ductile metal distortion of the 
material adjacent to the crack. The one characteristic of 
fatigue cracks is that the crack face frequently has a 
series of conchoidal markings that represent the stepwise 
advance of the crack front (Fig. 16). Although, as stated, 
corrosion fatigue cracks are generally straight and un- 
branched, where fatiguing conditions pertain in a poten- 
tially corrosive environment, the influence of the corrosive 
component may be superimposed on the cracks. This can 
lead to branching of the cracks, and in the extreme case, 
the crack may assume a highly branched morphology 
which is almost indistinguishable from stress corrosion 
cracking. It is only when the crack face is examined under 
high-power magnification that it is possible to categorize 
the failure mode. An example of this is shown in Figure 
17, which has all the features of stress corrosion cracking 
but the scanning electron micrograph (Fig. 18) clearly 
shows the stepwise progression of the crack front. 

The site for initiation of corrosion fatigue is frequently 
a discontinuity in the metal section of the component. This 
may be, for example, a sharp change in diameter of a shaft 
where inadequate radiusing of the diametric change re- 
sults in a high cycle stress level through shaft rotation and 
thus an initiation point for fatigue. A corrosion pit, which 
under cyclic loading will have a high stress-level associa- 
tion, can also act as a nucleation site (epicenter) for fatigue 
failure. Because of the corrosive element, it is sometimes 
difficult to establish whether the pit and associated cor- 
rosion were the initiating mechanism for the cracking or 
the result of corrosion superimposed on a crack, the frac- 


Figure 16. Fatigue cracking of a 1-in-diameter stainless steel 
bolt showing the characteristic conchoidal striations on the crack 
face. 


Figure 17, Photomicrograph of a fatigue crack showing all the 
features of stress corrosion cracking. Compare this with Figure 
12. 


Figure 18. Scanning electron micrograph of the fracture face of 
the crack shown in Figure 17, Note the stepwise progression of 
the crack. 


ture face of which will be in an “active” state and therefore 
more susceptible to corrosion processes. 

The whole subject of fatigue and corrosion fatigue is 
complex. However, as far as food processing equipment is 
concerned, avoidance of fatigue failure is best achieved by 
avoiding pulsing and pressure peaks. This requires the use 
of well-engineered valving systems and avoiding the use of 
positive-displacement pumps. Where this is impractical, 
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provision should be made to incorporate pulsation damp- 
ers to smooth out the pressure peaks and minimize the risk 
of fatigue failures. 


Selective Corrosion Corrosion of Castings. There are a 
number of stainless-steel components found in food pro- 
cessing plants such as pipeline fittings and pump impellers 
that are produced as castings rather than fabricated from 
wrought material—notably, the cast equivalents of grade 
304 (CF8) and 316 (CF8M). Although the cast and wrought 
materials have similar, but not identical, compositions 
with regard to their chromium and nickel contents, met- 
allurgically they have different structures. Whereas the 
wrought materials are fully austenitic, castings will con- 
tain some ferrite or more terminologically correct, 5 (delta) 
ferrite in the basic austenitic matrix. The ferrite is neces- 
sary to permit welding to the castings, to avoid shrinkage 
cracking during cooling from the casting temperature, and 
to act as nucleation sites for the precipitation of chromium 
carbides, which will invariably be present as it will not 
always be possible to solution anneal the cast components. 

The nominal ferrite level is usually 5-12%. Below 5%, 
cracking problems may be experienced while above 12%, 
the ferrite tends to form a continuous network rather than 
remain as isolated pools. 

Because the crystallographic structures of the ferrite 
and austenite differ (austenite is a face-center cubic and 
the ferrite, body-center cubic), the ferrite has, thermody- 
namically speaking, a higher free energy, which renders it 
more susceptible to attack, particularly in low-pH chloride- 
containing environments such as tomato ketchup and glu- 
cose syrups. Although the problem is not so severe when 
the ferrite occurs as isolated pools, when present as a con- 
tinuous network, propagation of the corrosion occurs along 
the ferrite, with the austenite phase being relatively un- 
affected (Fig. 19). Because the products of corrosion are not 
leached out from the corrosion site and are more volumi- 
nous than the metal, corroded castings frequently assume 
a blistered or pockmarked appearance. The common en- 
vironments encountered in the industry that produce pref- 
erential ferrite attack are the same as those causing 


Figure 19. Photomicrograph of a section of cast 316 (CF8M) 
showing preferential attack of the ferrite phase. 
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stress corrosion cracking. Therefore, this form of damage 
is frequently also present (Fig. 20). 

Depending on the method used to make the casting, the 
surface of the castings can be chemically modified, which 
reduces the corrosion resistance. Small components are 
usually cast by either the shell molding process or pro- 
duced as investment castings. In the shell molding process, 
the sand forming the mold is bonded together with an or- 
ganic resin that carbonizes when the hot metal is poured. 
This results in the metal adjacent to the mold having an 
enhanced carbon level with the formation of intergranular 
carbide precipitates and hence, a susceptibility to inter- 
granular attack and other forms such as crevice, pitting, 
and stress corrosion cracking. Methods of overcoming this 
include solution annealing or machining off the carburized 
skin of metal. 

With investment castings, the mold is made of zircon 
sand (zirconium silicate), and fired at a high temperature 
to remove all traces of organic material and wax that is 
used as a core in the moldmaking process. They do not, 
therefore, have this carburized layer and offer a much bet- 
ter resistance to surface corrosion. 

Free-Machining Stainless Steels. Stainless steels are no- 
toriously difficult to machine, especially turning, not so 
much because they are hard, but because the swarf tends 
to form as continuous lengths that clog the machine and 
to weld to the tip of the machine tools. One method of over- 
coming this is to incorporate a small amount, typically 
0.2%, of sulfur or selenium in the alloy. These elements 
react with the manganese to form manganese sulfide or 
selenide, which, being insoluble in the steel, forms as dis- 
crete pools in castings or as elongated, continuous string- 
ers in, say, wrought bar. The effect of the sulfide inclusions 
is to cause the material to form chips rather than long 
strings of swarf when being machined. Both manganese 
sulfide and selenide have virtually zero corrosion resis- 
tance to dilute mineral acids or other corrosive media. 
Thus, the free-cutting variants have a much lower corro- 
sion resistance than their designation would imply. Indeed, 
some believe that the addition of sulfur to a type 316 ma- 
terial will offset the beneficial effect of the alloying addi- 
tion of molybdenum. As stated, the sulfide inclusions will 
occur in castings as discrete pools, and therefore there will 


not be a continuous corrosion path. However, one of the 
products of corrosion in acidic media will be hydrogen sul- 
fide, which has a profound effect on the corrosivity of even 
dilute mineral acids, causing attack of the austenitic ma- 
trix. 

In the case of wrought materials, in particular bar 
stock, the sulfide inclusions are present as semicontinuous 
stringers and can suffer so-called end-grain attack in 
mildly corrosive media. 

Stainless-steel nuts and bolts, which are produced on 
automatic thread-cutting machines, are invariably made 
from free-cutting materials. Figure 21 illustrates the dif- 
ference in corrosion resistance of a bolt made from this and 
a nonfree machining 316. Both bolts were exposed to the 
same mildly acidic environment. 

When specifying materials of construction, quite clearly 
due cognizance of this difference must be recognized. Any 
components turned from bar stock which are likely to come 
into contact with potentially corrosive environments 
should always be specified in 316 and not in the free ma- 
chining, sulfur-containing variant. 


CORROSION OF SPECIFIC ENVIRONMENTS 


From a corrosion standpoint, the environments likely to be 
encountered in the food industry that may cause prema- 
ture equipment failure may be classified under main head- 
ings: 


Noncorrosive 
Mildly corrosive 
Highly corrosive 
Service fluids 
Alkaline detergents 
Acidic detergents 
Sanitizing agents 


Noncorrosive Foodstuffs 


In general terms, natural foodstuffs such as milk, cream, 
natural fruit juices, and whole egg do not cause corrosion 


Figure 20. Corroded pump impeller (above) and valve body (be- 
low) caused by tomato ketchup. Note the pocklike corrosion sites. 


Figure 21. Free machining and nonfree machining bolts after im- 
mersion in a mildly acidic environment. 
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stress corrosion cracking. Therefore, this form of damage 
is frequently also present (Fig. 20). 

Depending on the method used to make the casting, the 
surface of the castings can be chemically modified, which 
reduces the corrosion resistance. Small components are 
usually cast by either the shell molding process or pro- 
duced as investment castings. In the shell molding process, 
the sand forming the mold is bonded together with an or- 
ganic resin that carbonizes when the hot metal is poured. 
This results in the metal adjacent to the mold having an 
enhanced carbon level with the formation of intergranular 
carbide precipitates and hence, a susceptibility to inter- 
granular attack and other forms such as crevice, pitting, 
and stress corrosion cracking. Methods of overcoming this 
include solution annealing or machining off the carburized 
skin of metal. 

With investment castings, the mold is made of zircon 
sand (zirconium silicate), and fired at a high temperature 
to remove all traces of organic material and wax that is 
used as a core in the moldmaking process. They do not, 
therefore, have this carburized layer and offer a much bet- 
ter resistance to surface corrosion. 

Free-Machining Stainless Steels. Stainless steels are no- 
toriously difficult to machine, especially turning, not so 
much because they are hard, but because the swarf tends 
to form as continuous lengths that clog the machine and 
to weld to the tip of the machine tools. One method of over- 
coming this is to incorporate a small amount, typically 
0.2%, of sulfur or selenium in the alloy. These elements 
react with the manganese to form manganese sulfide or 
selenide, which, being insoluble in the steel, forms as dis- 
crete pools in castings or as elongated, continuous string- 
ers in, say, wrought bar. The effect of the sulfide inclusions 
is to cause the material to form chips rather than long 
strings of swarf when being machined. Both manganese 
sulfide and selenide have virtually zero corrosion resis- 
tance to dilute mineral acids or other corrosive media. 
Thus, the free-cutting variants have a much lower corro- 
sion resistance than their designation would imply. Indeed, 
some believe that the addition of sulfur to a type 316 ma- 
terial will offset the beneficial effect of the alloying addi- 
tion of molybdenum. As stated, the sulfide inclusions will 
occur in castings as discrete pools, and therefore there will 


not be a continuous corrosion path. However, one of the 
products of corrosion in acidic media will be hydrogen sul- 
fide, which has a profound effect on the corrosivity of even 
dilute mineral acids, causing attack of the austenitic ma- 
trix. 

In the case of wrought materials, in particular bar 
stock, the sulfide inclusions are present as semicontinuous 
stringers and can suffer so-called end-grain attack in 
mildly corrosive media. 

Stainless-steel nuts and bolts, which are produced on 
automatic thread-cutting machines, are invariably made 
from free-cutting materials. Figure 21 illustrates the dif- 
ference in corrosion resistance of a bolt made from this and 
a nonfree machining 316. Both bolts were exposed to the 
same mildly acidic environment. 

When specifying materials of construction, quite clearly 
due cognizance of this difference must be recognized. Any 
components turned from bar stock which are likely to come 
into contact with potentially corrosive environments 
should always be specified in 316 and not in the free ma- 
chining, sulfur-containing variant. 


CORROSION OF SPECIFIC ENVIRONMENTS 


From a corrosion standpoint, the environments likely to be 
encountered in the food industry that may cause prema- 
ture equipment failure may be classified under main head- 
ings: 


Noncorrosive 
Mildly corrosive 
Highly corrosive 
Service fluids 
Alkaline detergents 
Acidic detergents 
Sanitizing agents 


Noncorrosive Foodstuffs 


In general terms, natural foodstuffs such as milk, cream, 
natural fruit juices, and whole egg do not cause corrosion 


Figure 20. Corroded pump impeller (above) and valve body (be- 
low) caused by tomato ketchup. Note the pocklike corrosion sites. 


Figure 21. Free machining and nonfree machining bolts after im- 
mersion in a mildly acidic environment. 


problems with 304 or 316 stainless steels. Prepared food- 
stuffs to which there is no added salt such as yogurt, beer, 
ice cream, wines, spirits, and coffee also fall within this 
classification. For general storage vessels, pipelines, 
pumps, fittings or valves, grade 304 is perfectly satisfac- 
tory. However, for plate heat exchangers that are highly 
ereviced and therefore prone to crevice corrosion, grade 
316 frequently is employed. This offers a higher degree of 
protection against some of the more acidic products such 
as lemon juice, which may contain small quantities of salt 
and also provides a higher level of integrity against cor- 
rosion by service liquids and sanitizing agents. 

It is quite common to use sulfur dioxide or sodium bi- 
sulfite for the preservation of fruit juices and gelatin so- 
lutions and in such cases, storage vessels always should be 
constructed from 316. Although the sulfur dioxide is non- 
corrosive at ambient temperature in the liquid phase, as a 
gas contained in significant quantities within the head 
space in a storage tank it tends to dissolve in water drop- 
lets on the tank wall. In the presence of air, the sulfurous 
acid that forms is oxidized to sulfuric acid at a concentra- 
tion high enough to cause corrosion of 304 but not of 316. 


Mildly Corrosive Foodstuffs 


This category of foodstuffs covers products containing rela- 
tively low levels of salt and where pH values are below 7. 
Examples include glucose/fructose syrups and gelatin, the 
production of which may involve the use of hydrochloric 
acid. For storage vessels, pipelines, fittings, and pumps, 
grade 316 has established a good track record, and boiling 
pans in this grade of steel are perfect for long and satis- 
factory service. The corrosion hazards increase however in 
processing operations involving high temperatures and 
where the configuration of the equipment is such as to con- 
tain crevices, especially when the product contains dis- 
solved oxygen. For example, multistage evaporators oper- 
ating on glucose syrup will usually have the first stage, 
where temperatures may approach 100°C (212°F), con- 
structed in a super stainless steel such as 904L. Subse- 
quent effects where temperatures are lower and where the 
product has been deoxygenated may be fabricated in grade 
316 stainless steel. 

As previously indicated, it is common practice to use 
sulfur dioxide as a preservative in dilute gelatin solutions 
during storage prior to evaporation. In some cases, excess 
hydrogen peroxide will be added to neutralize the sulfur 
dioxide immediately before concentration. This can have a 
catastrophic effect on the 300 series stainless steels and 
indeed on even more highly alloyed metals such as 904L, 
because of the combined effect of the chlorides present with 
the excess hydrogen peroxide. Because of this, it is a more 
acceptable practice to make the peroxide addition after 
rather than before evaporation. 

Gelatin for pharmaceutical end use is subject to UHT 
treatment to ensure sterility. This will involve heating the 
gelatin solutions to 135°C (285°F) and holding at that tem- 
perature for a short period of time. Plate heat exchangers 
are used extensively for this duty. Although plates made 
from 316 stainless steel give a reasonable life of typically 
2-3 years, a corrosion resistant alloy with an enhanced- 
level molybdenum is to be preferred. 
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Highly Corrosive Foodstuffs 


The list of foodstuffs falling in this category is almost 
endless—gravies, ketchups, pickles, salad dressings, but- 
ter, and margarine—in fact, anything to which salt has 
been added at the 1-3% level or even higher. Also within 
this category must be included cheese salting brine and 
other brines used in the preservation of foodstuffs that 
undergo pasteurization to minimize bacterial growth on 
food residues remaining in the brine. Although these 
brines are usually too strong to support the growth of com- 
mon organisms, salt resistant strains (halophiles) are the 
major problem. 

Low-pH products containing acetic acid are particularly 
aggressive from a corrosion standpoint, but selection of 
materials for handling these products depends to a great 
extent on the duty involved. 

When trying to define the corrosion risk to a piece of 
equipment handling potential corrodents, several factors 
come into play. While temperature, oxygen content, chlo- 
ride content, and pH are the obvious ones, less obvious and 
equally important is contact time. All three main forms of 
corrosion induced in stainless steels (crevice, pitting, and 
stress corrosion cracking) have an induction period before 
the onset of corrosion. This can vary from a few hours to 
several months depending on the other operative factors. 
In a hypothetical situation where stainless steel is exposed 
to a potentially corrosive environment, removal of the steel 
and removal of the corrodents will stop the induction and 
the status quo is established. On repeating the exposure, 
the induction period is the same. In other words, the in- 
dividual periods the steel spends in contact with the cor- 
rodent are not cumulative and each period must be taken 
in isolation. 

When the contact period is short, temperatures are low 
and a rigorous cleaning regime is implemented at the end 
of each processing period, 316 stainless steel will give ex- 
cellent service. However, where temperatures are high and 
contact periods are long, the corrosion process may be ini- 
tiated. This is especially so in crevices such as the inter- 
plate contact points on a plate heat exchanger where, al- 
beit at a microscopic level, corrodents and corrosion 
products are trapped in pits or cracks. Geometric factors 
may prevent the complete removal of this debris during 
cleaning and under such circumstances, the corrosion pro- 
cess will be ongoing. 

Because of the perishable nature of foodstuffs, storage 
is rarely for prolonged periods or at high temperatures, 
and regular, thorough cleaning tends to be the norm, The 
one exception to this is buffer storage vessels for holding 
“self-preserving” ketchup and sauces. For such duties, an 
alloy such as 904L, Avesta 254 SMO, or even Inconel 625 
may be required. 

While all the foregoing applies to general equipment, 
the one exception is plate heat exchangers. Their highly 
creviced configuration and the high temperatures em- 
ployed render them particularly susceptible. Plates made 
from grade 316 have a poor track record on these types of 
duties. Even the more highly alloyed materials do not offer 
complete immunity. The only reasonably priced material 
that is finding increased usage in certain areas of food pro- 
cessing is titanium. 
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The fact that butter and margarine have been included 
in this group of corrodents requires comment. Both these 
foodstuffs are emulsions containing typically 16% water 
and 2% salt. A fact not often appreciated is that the salt is 
dissolved in the water phase, being insoluble in the oil. 
From a corrosion standpoint, therefore, the margarine or 
butter may be regarded as a suspension of 12% salt solu- 
tion and as such is very corrosive to 316 stainless steel at 
the higher processing temperatures. The only mitigating 
feature that partly offsets their corrosivity is the fact that 
the aqueous salty phase is dispersed in an oil rather than 
the reverse and that the oil does tend to preferentially wet 
the steel surface and provide some degree of protection. 
However, the pasteurizing heat exchanger in margarine 
rework systems invariably has titanium plates as the life 
of 316 stainless steel is limited and has been known to be 
as little as 6 weeks. 


Corrosion by Service Fluids 


Steam. Because it is a vapor and free from dissolved 
salts, steam is not corrosive to stainless steels. Although 
sometimes contaminated with traces of rust from carbon 
steel steam lines, in the author’s experience no case of cor- 
rosion due to industrial boiler steam ever has been en- 
countered, 


Water. The quality and dissolved solids content of water 
supplies varies tremendously, with the aggressive ionic 
species, chloride ions, being present at levels varying be- 
tween zero, as found in the lakeland area of England, to 
several hundred parts per million, as encountered in 
coastal regions of Holland. It is also normal practice to 
chlorinate potable water supplies to kill pathogenic bac- 
teria with the amount added dependent on other factors 
such as the amount of organic matter present. However, 
most water supply authorities aim to provide water with 
a residual chlorine content of 0.2 ppm at the point of use. 
Well waters also vary in composition depending on the geo- 
graphical location, especially in coastal regions where the 
chloride content can fluctuate with the rise and fall of the 
tide. 

What constitutes a “good” water? From a general user 
viewpoint, the important factor is hardness, either tem- 
porary hardness caused by calcium and magnesium bicar- 
bonates that can be removed by boiling, or permanent 
hardness caused by calcium sulfate that can be removed 
by chemical treatment. While hardness is a factor, chloride 
content and pH probably are the most important from a 
corrosion standpoint. 

What can be classed as a noncorrosive water supply 
from a stainless-steel equipment user? Unfortunately, 
there are no hard-and-fast rules that will determine 
whether corrosion of equipment will occur. As has been re- 
peatedly stated throughout this article, so many factors 
come into play. The type of equipment, temperatures, con- 
tact times, etc all play a role in the overall corrosion pro- 
cess. Again, as has been stated before, the most critical 
items of equipment are those with inherent crevices— 
evaporators and plate heat exchangers among others. De- 
fining conditions of use for this type of equipment will be 


the regulatory factor. Even then, it is virtually impossible 
to define the composition of a “safe” water, but as a general 
guideline, water with less than 100 ppm chloride is un- 
likely to initiate crevice corrosion of type 316 stainless 
steel while a maximum level of 50 ppm should be used with 
type 304. 

Cooling tower water systems are frequently overlooked 
as a potential source of corrodents. It must be appreciated 
that a cooling tower is an evaporator, and although the 
supply of makeup water may contain only 25 ppm chloride, 
over a period of operation this can increase by a factor of 
10 unless there is a routine bleed on the pond. 

Water scale deposits formed on heat-transfer surfaces 
should always be removed as part of the routine mainte- 
nance schedule. Water scale deposits can accumulate chlo- 
ride and other soluble salts that tend to concentrate, pro- 
ducing higher levels in contact with the metal than 
indicated by the water composition. Furthermore, water 
scale formed on a stainless-steel surface provides an ideal 
base for the onset of crevice corrosion. 

As stated previously, potable water supplies usually 
have a residual free chlorine content of 0.2 ppm. Where 
installations have their own private wells, chlorination is 
undertaken on site. In general terms, the levels employed 
by the local water authorities should be followed and over- 
chlorination avoided. Levels in excess of 2 ppm could ini- 
tiate crevice corrosion. 


Cooling Brines. Depending on the industry, these can be 
anything from glycol solutions, sodium nitrate/carbonate, 
or calcium chloride. It is the latter which are used as a 25% 
solution that can give rise to corrosion of stainless steel 
unless maintained in the ideal condition, especially when 
employed in the final chilling section of plate heat exchang- 
ers for milk and beer processing. However, by observing 
certain precautions, damage can be avoided. 

The corrosion of stainless steels by brine can best be 
represented as shown in Figure 22. It will be noted that 
an exponential rise in corrosion rate with reducing pH oc- 
curs in the range pH 12-7, The diminution in number of 
pits occurring in the range pH 6-4 corresponds with the 
change in mode of attack, ie, from pitting to general cor- 
rosion. It will be seen that ideally the pH of the solution 
should be maintained in the region 14-11. However, cal- 
cium chloride brine undergoes decomposition at pH values 
higher than 10.6: 


CaCl, + 2NaOH + Ca(OH), + 2NaCl 


Scale deposition occurs and heat-transfer surfaces become 
fouled with calcium hydroxide scale. Furthermore, the 
scale that forms traps quantities of chloride salts that can- 
not be effectively removed and remain in contact with the 
equipment during shutdown periods. This is particularly 
important in equipment such as plate heat exchangers 
that are subjected to cleaning and possibly hot-water ster- 
ilization cycles at temperatures of 80°C (176°F) or higher. 

The other aspect, nonaeration, is equally important. Air 
contains small quantities of carbon dioxide that form a 
slightly acidic solution when dissolved in water. This has 
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Figure 22. The effect of pH and temperature on the pitting of stainless steel by brine. 


the effect of neutralizing the buffering action of any alka- 
line components in the brine: 


2NaOH + CO, + Na,CO; + H,0 
Na,CO, + CaCl, + 2NaCl + CaCOs! 


or 
Ca(OH), + CO, > CaCO,) + H,O 


Therefore, the pH of the brine decreases and assumes 
a value of about pH 6.5, which is the region where pitting 
incidence is highest. Furthermore, scale deposits of cal- 
cium carbonate are laid down on heat-transfer surfaces, 
creating the problems referred to above. 

The precautions to be observed when using brine cir- 
cuits are 


* Ensure correct pH control and maintain in the range 
pH 9.5-10. 
Eliminate aeration. In particular, make certain that 
the brine return discharge line is below the surface 
in the storage tank during running and that the 
method of feeding brine from the tank does not cause 
vortexing with resultant air entrainment. Baudelot 
type evaporators cause aeration of the chilling liquor 
and should never be used on brine circuits. 

* When cleaning and sterilizing the brine section of a 
pasteurizer, flush out all brine residues until the 
rinse water is free of chloride. As an added precau- 
tion, it is advisable to form a closed circuit and cir- 
culate a 1/4-1/2% caustic soda or sodium metasili- 


. 


cate solution to ensure that any brine residues are 
rendered alkaline. 

In plate heat exchangers and similar equipment, 
make sure that stainless-steel brine section compo- 
nents remain free of scale. 


When shutting down the plant after a cleaning run, 
it is advisable to leave the section full with a dilute 
(1/4%) caustic solution. Before startup, this should be 
drained and residues flushed out prior to reintro- 
ducing brine. 


When operating conditions prevailing in a plant do not 
permit such a disciplined cleaning, operating, and shut- 
down procedure, only two materials can be considered for 
the brine section of a plate heat exchanger. These are Has- 
telloy C-276 or titanium. The corrosion resistance of both 
of these materials is such that cleaning and sanitizing of 
the product side of the heat exchanger can be carried out 
without removing the brine. Although both are more ex- 
pensive than stainless steels, especially Hastelloy C-276, 
the flexibility of plant operation which their use permits 
could offset their premium price. 


Alkaline Detergents 


Supplied to food processing plants either as bulk ship- 
ments of separate chemicals or as carefully preformulated 
mixtures, the composition of alkaline detergent formula- 
tions can vary widely in accordance with individual pref- 
erence or the cleaning job to be done. The detergents do, 
however, generally include some or all of the following com- 
pounds: 
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Sodium hydroxide 
Sodium polyphosphate 
Sodium metasilicate 
Sodium carbonate 


Additionally, it is not uncommon to find that a selection 
of sequestering agents such as EDTA and any of the many 
available wetting agents also may be present in the for- 
mulations. 

None of these compounds are corrosive to stainless 
steels at the concentrations and temperatures used by the 
food industry for cleaning. Indeed, 316 stainless steel is 
unaffected by concentrations of sodium hydroxide as high 
as 20% at temperatures up to 160°C (320°F). They can, 
therefore, be used with impunity at their usual maximum 
concentration of 5%, even in ultra-high-temperature 
(UHT) operation where temperatures can rise to 140°C 
(284°F). 

Companies have reported that some of these prefor- 
mulated alkaline detergents cause discoloration of the 
equipment. 

The discoloration starts as a golden yellow, darkening 
to blue through mauve and eventually black. It has been 
established that this discoloration is caused by the EDTA 
sequestering agent, which complexes with traces of iron in 
the water. It then decomposes under certain conditions of 
pH and temperature to form an extremely fine film of hy- 
drated iron oxide, the coloration being interference colors 
that darken as the film thickness increases. Although the 
film is not aesthetically pleasing, it is in no way deleterious 
and removing it by conventional cleaning agents is virtu- 
ally impossible. 

Some alkaline detergents are compounded with chlo- 
rine release agents such as sodium hypochlorite, salts of 
di- or trichlorocyanuric acid that form a solution contain- 
ing 200-300 ppm available chlorine at their usage 
strength. Although the high alkalinity reduces the corro- 
sivity of these additives, generally speaking they should 
not be employed on a regular basis at temperatures ex- 
ceeding 70°C (160°F). 


Acidic Detergents 


Alkaline detergents will not remove the inorganic salts 
such as milkstone and beer-stone deposits frequently 
found in pasteurizers. For this, an acidic detergent is re- 
quired and selection must be made with regard to their 
interaction with the metal. As was shown earlier, sulfuric 
and hydrochloric acids will cause general corrosion of 
stainless steels. Although it could be argued that sulfuric 
acid can be employed under strictly controlled conditions 
because stainless steels, especially grade 316, have a very 
low corrosion rate, its use could result in a deterioration of 
surface finish. This, in corrosion terms, is an extremely low 
rate but from an aesthetic viewpoint, is undesirable. 

Acids such as phosphoric, nitric, and citric, when used 
at any concentration likely to be employed in a plant clean- 
ing operation, have no effect on stainless steels and can be 
used with impunity. Three cautionary notes are worthy of 
mention: 


¢ It is always preferable to use alkaline cleaning before 
the acid cycle to minimize the risk of interacting the 
acid with any chloride salts and, therefore, minimize 
the formation of hydrochloric acid. 
* Itis inadvisable to introduce an acid into a UHT ster- 
ilizing plant when it is at full operating temperature 
(140°C/285°F) as part of a “clean-on-the-run” regime. 
Nitric acid, which is a strong oxidizing agent, will 
attack certain types of rubber used as gaskets and 
seals. As a general guideline, concentrations should 
not exceed 1% and temperature 65°C (150°F), al- 
though at lower concentrations, the upper recom- 
mended temperature is 90°C (195°F). 


Another acid that is finding increasing use in the food in- 
dustry for removing water scale and other acid-soluble 
scales is sulfamic acid. Freshly prepared solutions of up to 
5% concentration are relatively innocuous to stainless 
steels but problems may arise when CIP systems incor- 
porating recovery of detergents and acids are employed. 
Sulfamic acid will undergo hydrolysis at elevated tempera- 
tures to produce ammonium hydrogen sulfate 


NH,SO,0H + H,0 ~ NH,HSO, 


which behaves in much the same way as sulfuric acid. In 
situations where the use of this acid is contemplated, pro- 
longed storage of dilute solutions at elevated temperature 
is inadvisable, although at room temperature the hydro- 
lysis is at a low rate. 


Sanitizing Agents 


Terminology for the process of killing pathogenic bacteria 
varies from country to country. In Europe, disinfection is 
preferred; in America, sanitizing. Regardless, the term 
should not be confused with sterilization, which is the pro- 
cess of rendering equipment free from all live food spoilage 
organisms including yeasts, mold, thermophilic bacteria, 
and most importantly, spores. Sterilization with chemicals 
is not considered to be feasible and the only recommended 
procedure involves the circulation of pressurized hot water 
at a temperature of not less than 140°C (285°F). 

For sanitization, while hot water (or steam) is pre- 
ferred, chemical sanitizers are extensively used. These 
include noncorrosive compounds such as quaternary am- 
monium salts, anionic compounds, aldehydes, amphoter- 
ics, and potentially corrosive groups of compounds that 
rely on the release of halogens for their efficacy. By far, the 
most popular sanitizer is sodium hypochlorite (chloros), 
and this is probably the one material that has caused more 
corrosion in food plants than any other cleaning agent. For 
a detailed explanation of the corrosion mechanism, the 
reader is referred to an article by Boulton and Sorenson 
(17) that describes a study of the corrosion of 304 and 316 
stainless steels by sodium hypochlorite solutions. It is im- 
portant, therefore, if corrosion is to be avoided, that the 
conditions under which it is used are strictly controlled. 
For equipment manufactured from grade 316 stainless 
steel, the recommended conditions are: 


¢ Maximum concentration—150 ppm available chlo- 
rine 

* Maximum contact time—20 min 

* Maximum temperature—room temperature that is 
well in excess of the minimum conditions established 
by Tastayre and Holley to kill Psewdomonas aerugi- 
nosa (18). 


In addition, several other precautions must be observed: 


* Before introducing hypochlorite, equipment should 
be thoroughly clean and free of scale deposits. Or- 
ganic residues reduce the bactericidal efficiency of 
the disinfectant and offer an artificial crevice in 
which stagnant pools of hypochlorite can accumulate. 
It is imperative that acidic residues be removed by 
adequate rinsing before introducing hypochlorite so- 
lutions. Acid solutions will react with hypochlorite to 
release elementary chlorine, which is extremely cor- 
rosive to all stainless steels. 
The equipment must be cooled to room temperature 
before introducing hypochlorite. In detergent clean- 
ing runs, equipment temperature is raised to 80- 
85°C (176-185°F), and unless it is cooled during the 
rinsing cycle, a substantial increase in temperature 
of the disinfectant can occur. An important point, fre- 
quently overlooked, is that a leaking steam valve can 
cause a rise in the temperature of equipment even 
though it theoretically is shut off. 
¢ After sanitizing, the solution should be drained and 
the system flushed with water of an acceptable bac- 
teriological standard. This normally is done by using 
a high rinse rate, preferably greater than that used 
in the processing run. 


. 


While these comments relate specifically to the sanitizing 
of plate heat exchangers, similar precautions must be 
taken with other creviced equipment. Examples include 
manually operated valves that should be slackened and 
the plug raised to permit flushing of the seating surface. 
Pipeline gaskets also should be checked frequently to make 
sure that they are in good condition and not excessively 
hardened. Otherwise they will fail to form a crevice-free 
seal over their entire diameter. Where it is not possible to 
completely remove hypochlorite residues such as in ab- 
sorbent gland packing materials, hot water is preferred. 

All the foregoing relate specifically to sodium hypochlo- 
rite solutions but other sanitizing agents that rely on hal- 
ogen release, such as di- and trichlorocyanuric acid, should 
also be used under strictly controlled conditions, including 
such factors as pH. 

Todophors also are used for sanitizing equipment. These 
are solutions of iodine in nonionic detergents and contain 
an acid such as phosphoric to adjust the pH into the range 
at which they exhibit bactericidal efficacy. This group of 
sanitizers is employed where hot cleaning is not necessary 
or on lightly soiled surfaces such as milk road tankers, and 
farm tanks. Extreme caution should be exercised with this 
group for, although used at low concentrations (50 ppm), 
prolonged contact with stainless steel can cause pitting 
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and crevice corrosion. Furthermore, in storage vessels that 
have been partially filled with iodophor solutions and al- 
lowed to stand overnight, pitting corrosion in the head 
space has been observed as a result of iodine vaporizing 
from the solution and condensing as pure crystals on the 
tank wall above the liquid line. Another factor is that io- 
dine can be absorbed by some rubbers. During subsequent 
processing operations at elevated temperatures, the iodine 
is released in the form of organic iodine compounds, es- 
pecially into fatty foods, which can cause an antiseptic 
taint. The author knows of one dairy that used an iodophor 
solution to sanitize a plate pasteurizer to kill an infection 
of a heat resistant spore-forming organism. The following 
day, there were over 2000 complaints of tainted milk. CIP 
cleaning cycles did not remove the antiseptic smell from 
the rubber seals, and complete replacement with new seals 
was the only method of resolving the problem. 

Another sanitizing agent that is assuming increasing 
popularity, especially in the brewing industry because of 
its efficacy against yeasts, is peracetic acid. As such, per- 
acetic acid will not cause corrosion of 304 or 316 stainless 
steels, and the only precautionary measure to be taken is 
to use a good quality water containing less than 50 ppm of 
chloride ions for making up the solutions to their usage 
concentration. Because of the strongly oxidizing nature of 
some types of peracetic acid solutions, deterioration of 
some types of rubber may occur. A recent survey under- 
taken by the IDF for the use of peracetic acid in the dairy 
industry (19) found few corrosion problems reported. The 
general consensus of opinion was that it permitted greater 
flexibility in the conditions of use, compared with sodium 
hypochlorite, without running the risk of damage to equip- 
ment. 

For comprehensive information on the cleaning of food 
processing equipment, albeit primarily written for the 
dairy industry, the reader is referred to the British Stan- 
dards Institute publication BS 5305 (20). 


CORROSION BY INSULATING MATERIALS 


Energy conservation now is widely practiced by all 
branches of industry, and the food industry is no exception. 
For example, in the brewing industry, wort from the wort 
boilers is cooled to fermentation temperature, and the hot 
water generated in the process is stored in insulated ves- 
sels (hot-liquor tanks) for making up the next batch of 
wort. An area of corrosion science that is receiving in- 
creased attention is the subject of corrosion initiated in 
stainless steels by insulating materials. At temperatures 
in excess of 60°C (140°F) these can act as a source of chlo- 
rides that will induce stress corrosion cracking and pitting 
corrosion of austenitic stainless steels. 

Among the insulating materials that have been used for 
tanks and pipework are 


Foamed plastics—polyurethane, polyisocyanurate, phe- 
nolic resins, etc 

Cellular and foamed glass 

Mineral fiber—glass wool, rock wool 

Calcium silicate 
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Magnesia 
Cork 


All insulating materials contain chlorides to a lesser (10 
ppm) or greater (1.5%) extent. The mineral based insulants 
such as asbestos may contain them as naturally occurring 
water soluble salts such as sodium or calcium chloride. The 
organic foams, on the other hand, may contain hydrolys- 
able organochlorine materials used as blowing agents (to 
form the foam), fire retardants such as chlorinated organ- 
ophosphates, or chlorine containing materials present as 
impurities. Insulation manufacturers are becoming in- 
creasingly aware of the potential risk of chlorides in con- 
tact with stainless steels and are making serious efforts to 
market a range of materials that are essentially chloride- 
free. 

A point not frequently appreciated is that even though 
many of the insulating materials contain high levels of 
chloride, in isolation they are not corrosive. 

Corrosion, which is an electrochemical process, involves 
ionic species, and in the absence of a solvent (water) the 
chloride or salts present in the insulation cannot undergo 
ionization to give chloride ions. Therefore, they are essen- 
tially noncorrosive. Similarly, where organochlorine com- 
pounds are present, water is necessary for hydrolysis to 
occur with the formation of hydrochloric acid or other ion- 
isable chloride compounds. 

The main problem, therefore, is not so much the insu- 
lant but the interaction of the insulant with potential con- 
taminants to release corrosive species. Under ideal condi- 
tions, that is, if the insulating material could be 
maintained perfectly dry, the chloride content would not 
be a critical factor in the material specification process. 
Unfortunately, it must be acknowledged that even in the 
best regulated installation, this ideal is rarely (if ever) 
achieved and therefore, thought must be given to recom- 
mended guidelines. 

Any material that is capable of absorbing water must 
be regarded as a potential source of chloride. Although the 
chloride content of the insulant may be extremely low (25 
ppm), under extractive conditions when the insulation be- 
comes wet and concentration effects come into play, even 
this material may cause the initiation of stress corrosion 
cracking. The chloride content of the contaminating water 
cannot be ignored. Even a “good-quality” water with a low 
chloride content (30 ppm), if being continuously absorbed 
by the insulant, forms a potential source of chlorides that, 
through evaporation, can reach very significant levels and 
initiate the corrosion mechanism. 

The more absorptive the insulant, the greater the risk, 
and materials such as calcium silicate and certain types of 
foams must be regarded as least desirable. It is interesting 
to note that one of the least absorptive insulants from 
those listed is cork, and in the experience of the author, 
there have been no reported cases of this insulant causing 
problems with stress corrosion cracking of stainless steels. 
Of course, it could be argued that the bitumen used as an 
adhesive to stick the cork to the vessel walls has to be ap- 
plied so thickly that the bitumen forms an impermeable 
barrier preventing contact of the contaminated water with 
the stainless-steel substrate. Irrespective of the protection 


mechanism, the net effect is that cork has an extremely 
good “track record.” Unfortunately, due to the cost, cork is 
now rarely used. 

No hard-and-fast rules can be laid down for specifying 
the acceptable maximum tolerable chloride content of an 
insulating material. Any specification must take into ac- 
count what is commercially available as well as all the 
other factors such as price, flammability, and ease of ap- 
plication. To specify zero chloride is obviously impractical 
and even a figure of 10 ppm may be difficult to achieve in 
commercially available products. As a general compro- 
mise, 25 ppm maximum is considered to be technically and 
commercially feasible while minimizing the potential 
source level of chloride corrodent. 

The primary function of the insulant is to provide a 
thermal barrier between the outside of the vessel and the 
environment. It does not provide a vapor or moisture bar- 
rier, and provision of such protection must be regarded as 
equally important in the insulating process. As mentioned 
previously, the use of bitumen as an adhesive for cork in- 
sulation must provide an extremely good water barrier, al- 
though there are a wide range of products marketed spe- 
cifically for this purpose. These include specially developed 
paints of undefined composition and zinc free silicone 
alkyd paints as well as silicone lacquer. These silicone 
based products are particularly appropriate because of 
their inherent low water permeability and also their sta- 
bility at elevated temperatures. Aluminum foil has also 
been successfully used as a water-vapor barrier between 
the stainless steel and the insulant. There is little doubt 
that the foil provides an extremely good barrier but at laps 
between the sheets of foil, ingression of water can occur 
unless sealing is complete, the achievement of which is 
most unlikely. Furthermore, it is likely that there will be 
tears in the foil, providing yet another ingression path for 
water. However, it is believed that aluminum foil has a role 
additional to that of a barrier. As it is, from an electro- 
chemical aspect, “anodic” to stainless steel, it will provide 
galvanic protection of the steel in areas where there is a 
“holiday” in the foil, thus inhibiting corrosion mechanisms. 

When insulation material becomes wet, the insulating 
efficiency shows a dramatic fall-off. In fact, the thermal 
conductivity of wet insulation will approach that of the 
wetting medium, and it is ironic that the thermal conduc- 
tivity of water is among the highest known for liquids. It 
is imperative that from the standpoint of preventing mois- 
ture ingression to minimize corrosion risks and maintain 
insulation efficiency, the insulation is externally protected 
from rain and water. There is a variety of materials avail- 
able for this such as aluminum sheeting, plastic-coated 
mild steel, and spray applied polyurethane coatings. Much 
of the value of the protection will be lost unless particular 
attention is taken to maintaining a weather-tight seal at 
the overlaps in individuals sheets of cladding. There are 
many semiflexible caulking agents that can be employed 
for this. One that is particularly effective is the RTV silicon 
rubber, which exhibits extremely good weather resistance 
and long-term reliability. Nevertheless, maintenance is re- 
quired, especially around areas of discontinuity such as 
flanged connections and manway doors. Operators are be- 
ginning to realize that routine maintenance work on in- 


Table 5. Some Synthetic Rubbers 


Common 
Rubber trade names Basic structure 
Polychloroprene Neoprene _Poly (2-chlor-1,8 butadiene) 
Perbunan C 
Butachlor 
Nairit 
SBR (styrene BunaS Copolymer of styrene and 
butadiene Pliofiex 1,4 butadiene 
rubber) Intol 
Krylene 
Nitrile BunaN Copolymer of acrylonitrile 
ChemigumN and 1,4 butadiene 
Paracri) 
Perbunan 
Hycar 
EPDM (ethylene —_Nordel Copolymer of ethylene and 
propylene diene Royalene propylene with a third 
methylene) Vistalon monomer such as 
Dutral ethylidene norbonene, 
Keltan cyclopentadiene 
Tntolan 
Butyl GR-1 Copolymer of isobutylene 
Bucar and isoprene 
Socabutyl 
Silicone Silastic Poly(dimethyl siloxane), 
Silastomer poly(methyl vinyl 
Sil-O-Flex siloxane), etc. 
Fluorcelastomer —_Viton Copolymer of 
Technofion hexafluoropropylene and 
Fluorel vinylidene fluoride 


Figure 23. Catastrophic failure of the gasket groove of a heat- 
exchanger plate by stress corrosion cracking caused by the use of 
a polychloroprene based adhesive. 


sulation is as important as that on all other items of plant 
and equipment. 

It will be appreciated from all the foregoing that insu- 
lation of a vessel or pipeline is a composite activity with 
many interactive parameters. It is impossible to lay down 
specification rules, as each case much be viewed in the 
light of requirements. These notes must, therefore, be re- 
garded as guidelines rather than dogma, and for further 
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information, an excellent publication by the American So- 
ciety for Testing Materials (21) is essential reading. 


CORROSION OF RUBBERS 


Many involved in the field of corrosion would not regard 
the deterioration of rubber as a corrosion process. The au- 
thor’s opinion differs from this viewpoint as “rubber un- 
dergoes deterioration by interaction with its environment.” 


General 


Rubber and rubber components form an essential part of 
food processing equipment—joint rings on pipelines, gas- 
kets on heat exchangers, and plate evaporators. Although 
natural rubber was the first material to be used for manu- 
facturing these components, nowadays they are made al- 
most exclusively from one of the synthetic rubbers listed 
in Table 5. 

Unlike metals and alloys, which have a strictly defined 
composition, the constituents used in the formulation of 
rubbers are rarely stipulated. More often, they will reflect 
the views and idiosyncrasies of the formulator on how to 
achieve the desired end product. The important constitu- 
ents of a rubber are 


© Basic Polymer. Largely determines the general chem- 
ical properties of the finished product. 

* Reinforcing Fillers. These are added to improve the 
mechanical properties and will invariably be one of 
the grades of carbon black—or if a white rubber is 
required, mineral fillers such as clays or calcium sil- 
icate. 

* Vulcanizing Agents. These cross-link the basic poly- 
mer and impart rubberlike properties that are main- 
tained at elevated temperatures. 

* Antioxidants. To stabilize the rubber against oxida- 
tive degradation, hardening or softening, after pro- 
longed operating periods at elevated temperatures. 

* Processing Aids. Which facilitate the molding of the 
rubber. 

© Plasticizers. To modify the mechanical properties. 


A complicating factor to be considered when formulating 
rubber for food-contact surfaces is the acceptability (or 
nonacceptability) of the compounding ingredients. Some 
countries, notably Germany and the USA, have drawn up 
lists of permitted ingredients (22,23), while other countries 
regulate the amount of material that can be extracted from 
the finished article by various test media. 

Invoking these regulations may impose limits on the in- 
service performance of a rubber component, which could 
be a compromise, exhibiting desirable properties inferior 
to those achievable were it for a nonfood application. For 
example, the resistance to high pressure steam of some 
rubbers can be enhanced by using lead oxide as an ingre- 
dient. Obviously, such materials could not be contemplated 
for any food contact application. 
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Table 6, Performance of Rubbers in Some Environments Found in the Food and Beverage Industries 


SBR  Mediumnitrile Naturalrubber Polychloroprene Butyl EPDM __ Silicone* 
Products 
Whole milk E E E E E E E 
Beer, wines, spirits GF E F E E E E 
Fats, oils, cream F E F G P G E 
Sauces E E Pr E EP E E 
Salad dressings F E F G P G E 
Fruit drinks and juices* E E G E E E E 
Cleaning Agents 
Sodium hydroxide® G E G G E E E 
Sodium carbonate’ E E E E E E E 
Sodium hypochlorite* G G G G E E E 
Nitric acid” F F P F G G G 
Phosphoric acid’ E E E E E E E 
Quaternary ammonium compounds* EB E E E G G G 


“Depending on the type of basic polymer. 
"Depending on the fat/oil content. 

“Used as an aqueous 1% solution, 

“The performance of a rubber will be affected by the presence of essential oils. 
*All strengths up to 5% at maximum operating temperatures of the rubber. 


‘Sodium carbonate and other detergent/additives, eg, sodium phosphate, silicate. 


“Sodium hypochlorite as used at normal sterilizing concentration—150 mg/L. 
‘Nitric acid as used at normal cleaning strength of 1/2-1%. 
‘Up to 5% strength. 


Table 7. Suggested Limits of Concentration and Temperature for Peracetic Acid in Contact with Rubber 


Peracetic acid concentration 


(active ingredient) Temp.(C) Medium nitrile Butyl (resin-cured) | EPDM Silicon _Fluoro-elastomer 
0.05% (500 mg/L) 20 R° R R R R 
60 R R R R R 
85 @ R R R ey 
0.10% (1 g/L) 20 R R R R R 
60 NR R R NR R 
85 NR @ R NR NR 
0.25% (2.5 g/L) 20 R R R Q) R 
60 NR R R NR R 
85 NR NR R NR NR 
0.5% (5 g/L) 20 R R NR R 
60 NR R R NR R 
85 NR NR R NR NR 


*R—Little effect on the rubber. 
*2)—Possibly some degradation. 
“NR—Not recommended as significant degradation may occur, 


Corrosion by Rubber 


The majority of rubbers and formulating ingredients have 
no effect on stainless steels even under conditions of high 
temperature and moisture. There are two notable excep- 
tions, namely, polychloroprene and chlorosulfonated poly- 
ethylene. Both of these contain chlorine, which under the 
influence of temperature and moisture, undergo hydrolysis 
to produce small quantities of hydrochloric acid. In contact 
with stainless steel, this represents a serious corrosion 
hazard causing the three main forms of attack. 

When specifying a rubber component, it is easy to avoid 
these two polymers but a fact not often appreciated is that 


many of the rubber adhesives are produced from one of 
these polymers. That is the reason why manufacturers of 
heat exchangers and other equipment, which necessitates 
sticking the rubber onto metal, specify what type of ad- 
hesive should be used. Many DIY adhesives and contact 
adhesives are formulated from polychloroprene, and it is 
not unknown for a maintenance engineer having to stick 
gaskets in a heat exchanger to get the supply of rubber 
cement from the local hardware shop. The results can be 
catastrophic, as shown in Figure 23. Similarly, many self 
adhesive tapes used as a polychloroprene-based adhesive 
and direct contact of these with stainless steels should be 
avoided. 


Corrosion of Rubber by Environments 


From the standpoint of food processing, the environments 
likely to interact with rubber are classified under the fol- 
lowing headings: 


* Foodstuffs containing no fat or a low level of fat, eg, 
milk 

*¢ Fatty products: butter, cream, cooking oils, shorten- 
ings 

¢ Alkaline detergents 

* Acid detergents 

* Sanitizing agents 


Unlike the corrosion of metals, which is associated with 
oxidation and loss of metal, rubber deterioration usually 
takes other forms. When a rubber is immersed in a liquid, 
it absorbs that liquid or substances present in it to a 
greater or lesser degree. The amount of absorption deter- 
mines whether the rubber is compatible with the environ- 
ment. The absorption will be accompanied by changes in 
mass, volume, hardness, and tensile strength. For exam- 
ple, immersing and oil resistant rubber in vegetable oil 
may produce a change in volume of only 23%, whereas a 
non-oil-resistant rubber may swell by 150% or more. Such 
a volumetric change will be accompanied by a large reduc- 
tion in the tensile strength and a high degree of softening. 

Broadly, speaking, a rubber should not exhibit a volu- 
metric or weight change greater than 10% nor a hardness 
change of more than 10 degrees (International Rubber 
Hardness Degrees—IRHD or Shore A) to be classed as 
compatible. For general guidance, data presented in Tables 
6 and 7 (19) indicate the compatibility of rubbers with 
some food industry environments. But for more informa- 
tion, the reader should refer to one of the national or in- 
ternational test procedures (24-26). 
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CRABS AND CRAB PROCESSING 


Crabs play an important part in the U.S. fishing industry. 
Ex-vessel landings and values usually rank low in quantity 
(Fig. 1) and high in value (Fig. 2). The quantity and value 
of the major crab fishes in the United States in 1996 are 
shown in Table 1 (1). Variations in processing methods for 
crabs are related to the species and the seasonal charac- 
teristics that affect yield, ease of meat removal, and color. 
Speed in handling the product from time of harvesting to 
freezing or canning is a most important process require- 
ment (2,3). Quality control procedures generally empha- 
size sanitation, food regulatory requirements, and compli- 
ance with end-product specifications of the processor (4). 


Corrosion of Rubber by Environments 


From the standpoint of food processing, the environments 
likely to interact with rubber are classified under the fol- 
lowing headings: 


* Foodstuffs containing no fat or a low level of fat, eg, 
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Unlike the corrosion of metals, which is associated with 
oxidation and loss of metal, rubber deterioration usually 
takes other forms. When a rubber is immersed in a liquid, 
it absorbs that liquid or substances present in it to a 
greater or lesser degree. The amount of absorption deter- 
mines whether the rubber is compatible with the environ- 
ment. The absorption will be accompanied by changes in 
mass, volume, hardness, and tensile strength. For exam- 
ple, immersing and oil resistant rubber in vegetable oil 
may produce a change in volume of only 23%, whereas a 
non-oil-resistant rubber may swell by 150% or more. Such 
a volumetric change will be accompanied by a large reduc- 
tion in the tensile strength and a high degree of softening. 

Broadly, speaking, a rubber should not exhibit a volu- 
metric or weight change greater than 10% nor a hardness 
change of more than 10 degrees (International Rubber 
Hardness Degrees—IRHD or Shore A) to be classed as 
compatible. For general guidance, data presented in Tables 
6 and 7 (19) indicate the compatibility of rubbers with 
some food industry environments. But for more informa- 
tion, the reader should refer to one of the national or in- 
ternational test procedures (24-26). 
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CRABS AND CRAB PROCESSING 


Crabs play an important part in the U.S. fishing industry. 
Ex-vessel landings and values usually rank low in quantity 
(Fig. 1) and high in value (Fig. 2). The quantity and value 
of the major crab fishes in the United States in 1996 are 
shown in Table 1 (1). Variations in processing methods for 
crabs are related to the species and the seasonal charac- 
teristics that affect yield, ease of meat removal, and color. 
Speed in handling the product from time of harvesting to 
freezing or canning is a most important process require- 
ment (2,3). Quality control procedures generally empha- 
size sanitation, food regulatory requirements, and compli- 
ance with end-product specifications of the processor (4). 
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Figure 2. Value of U.S. crab species. 


Table 1. Landings and Values of U.S. Crab Species in 1996 


Average 
Quantity Value _ex-vessel price 
(million Ib) (million $) ($b) 
Blue 219.0 147.1 0.67 
Chesapeake 68.3 
South Atlantic 86.6 
Gulf 56.9 
Middle Atlantic 72 
Dungeness 65.0 87.9 1.35 
Washington 21.5 
Alaska 5.9 
Oregon 19.3 
California 12.3 
King 
Alaska 21.0 62.6 2.98 
Snow 
Alaska 67.9 93.2 1.87 
KING CRAB 


Three species of king crab harvested in the North Pacific 
and Bering Sea are of commercial importance. The most 
important species is red king crab (Paralithodes camtscha- 


tica). Blue king crab (P. platypus) is caught in commercial 
quantities primarily near the Pribilof Islands. Brown or 
golden king crab (Lithodes aequispina) are found in deeper 
waters at the edge of the continental shelf. 

King crabs are actually not “true crabs” like dungeness, 
tanner, or blue crab, but are more closely related to an 
order of hermit crabs. The legs of true crabs are jointed 
forward, whereas the legs of king crabs are jointed to fold 
behind its body (5). 


Harvesting 


The world’s most extensive king crab populations dwell in 
Alaskan waters, where 15-year-old male king crabs may 
grow to a weight of 24 Ib and a leg span of 6 ft. Most of the 
commercial catch consists of 7- or 8-year-old crabs that 
weigh about 6 Ib. They are captured by means of large pots 
consisting of iron frames about 6 ft square and 3 ft high 
covered with synthetic webbing. These pots may weigh be- 
tween 300 and 700 lb apiece. The pots are baited with fresh 
fish (herring is the most preferred) and then dropped to 
the bottom at 60 to 300 ft depth with a heavy line and 
marker buoy. The pots are lifted every few days and the 
male crabs of legal size are kept. The crabs are held alive 
on the vessel in a well with circulating seawater. At the 
docks or on the deck of a processor vessel, the live crabs 
are transferred to seawater tanks to await processing. 
Weak crabs may be sorted out and processed immediately, 
but generally all dead and injured crabs are discarded. 


Processing 


The crab is butchered by use of a stationary iron blade. 
The back, or carapace, is removed and the crab is split into 
halves, each with legs attached, called sections. A quick 
shake will jar out viscera that cling to the body cavities. 
Revolving nylon brushes are generally used to clean off 
gills and viscera. 

Batch cooking is common, although a continuous cooker 
requires less labor, and cooking is done without the delay 
of filling a basket. It also has automatic steam controls and 
a fixed rate of travel through the tank, ensuring identical 
cooking. For crab planned for frozen sales, the sections are 
cooked for 22 to 28 min in either boiling fresh water or 
seawater. Cook times will vary slightly, but cooking should 
be continued to ensure that the internal temperature of 
the crab meat reaches at least 88°C (190 °F). 

For canned or retorted products, crab need only be 
cooked to make meat removal easy. A two-stage cook of 20 
min at 60°C (140 °F), rinsing the sections well with a spray 
of water followed by cooking in boiling water for 12 min, 
has been proposed (6). This prevents a blue discoloration 
in canned Kegani crab since the crabmeat is coagulated 
during the precook while the blood (hemocyanin) can be 
washed free of the meat. Regardless of cooking method, 
cooked crab meat should be picked and thermally pro- 
cessed as rapidly as possible to ensure an excellent canned 
product (7). Normally, canned crabmeat is packed in 307 
by 113 C-enamel cans, sealed in a vacuum, retorted for 50 
min at 116°C (240°F), then water cooled (8). 

For freezing, the sections are cooled in cold running wa- 
ter after cooking. Ideally, chilled water is used to cool the 


sections to at least 4°C (40°F). Usually, sections are then 
frozen either in brine or air-blast freezers. The majority of 
Alaskan king crab production is brine-frozen. The sections 
are packed with the legs stacked in the center of baskets, 
shoulders out, and held in liquid brine (22-23%) at a tem- 
perature of —18 to —20°C (0 to —5°F) for 30 to 60 min. 
Internal temperature should reach at least 15°F. The sec- 
tions are then removed from the brine and dipped in cold 
fresh water to rinse the salt from the section and to form 
a protective glaze on the surface of the crab. Blast freezing 
freezes the product in air by blowing refrigerated air (less 
than —30°C or — 20°F) over it. Proponents of blast freezing 
contend the method results in a product with a lower so- 
dium content. Brine freezing, if carefully controlled, will be 
similar to blast freezing, and some feel it results in a 
moister product. 


Product Forms 


Almost all of Alaska’s king crab is sold frozen. Frozen king 
crab is packed in a variety of product forms, including both 
in-shell products and extracted crab meat. The most com- 
mon king crab products include the following. 


Bulk Clusters (Sections). These are packs of shoulders, 
legs, and claws, commonly packed in 80-Ib random weight 
cartons. The pack should average about 75% legs and 25% 
shoulder-body meat by weight. 


Legs and Claws. These packages are available in anum- 
ber of forms, including both whole legs and claws or split 
legs and claws. King crab have six walking legs, two of 
which have claws. Packs of legs and claws should be in 
equivalent proportion to the live crab and should include 
the whole leg from shoulder to walking tip or claw. As a 
general rule, the larger the leg the higher the price. 


King Crab Meat. The body, leg, and claw meats are re- 
moved by shaking or by blowing with water under pres- 
sure. After the shoulder-body meats are removed, each leg 
is broken just below the uppermost joint and the two con- 
nective tendons that run through the leg meat are removed 
by pulling the remaining leg sections free. This step is re- 
peated for each leg segment, allowing the leg meats to be 
removed intact. For larger industrial processes, the legs 
are divided at the joints, in some cases, by use of a band 
saw, and fed into two large rubber rollers. The rollers are 
adjusted for proper clearance and are continuously rotated 
so that the shell is squeezed as it passes through and the 
meat is forced out. Meat yield averages about 20% but may 
be 26% or more by weight of the live crabs (9,10). 

The meats are washed, sorted, inspected for shell and 
debris, and packed into cartons or trays for freezing. King 
crab meat is available in a number of forms including: 


Merus meat. The red-colored merus meat is the largest 
segment of a king crab’s leg and the most expensive. It 
is available in both blocks and individually quick frozen 
(IFQ) in poly bags. 

Fancy meat. The most common pack of king crab meat 
and consists of a mixture of merus meat (25-35%), 
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shoulder-body meat (40-50%), and red leg meat (30-35 
9%). The blocks of meat are packed in triple layers be- 
ginning with the merus meat, then white meat, finally 
red leg meat, and then frozen. The higher the percent- 
age of leg meat in the block, the higher the price. 


Salad meat. Salad meat is a cheaper frozen pack of 
small chunks of both red and white meat. 


Rice meat. The cheapest form of king crab meat is rice 
meat, which consists of uniformly shredded body and 
leg meats. 


King crab that is adequately protected from dehydra- 
tion can be held for six months or more at — 18 to — 23°C 
(0 to — 10°F). 


SNOW CRAB 


Commonly referred to as “tanner crab,” the two crab spe- 
cies, Chionoecetes bairdi and C. opilio, were relatively un- 
known in the United States until the king crab stocks be- 
gan to decline. Today, these crab species are marketed as 
snow crab and have emerged as the most valued of the 
crabs harvested in the United States (1). C. bairdi, the 
larger and thus more desirable of the two snow crab spe- 
cies, is caught only in the North Pacific and Bering Sea. 
The smaller species, C. opilio, is caught in the North At- 
lantic as well. Pacific C. opilio is caught primarily by Alas- 
kan fishermen while Atlantic C. opilio, which is slightly 
smaller, is caught by Canadians. Canadian snow crab may 
be marketed as queen crab (5). 

Snow crabs are members of the spider crab family. In 
the North Pacific, they occur broadly from the southeast 
coast of Alaska westward along the coast throughout the 
Aleutian Islands and the Bering Sea. Snow crabs are 
caught in the winter and spring by the same boats that 
fish for king crab in the fall. Although only half the size of 
king crabs, snow crabs are still larger than most other spe- 
cies of crab. The largest, C. bairdi, occasionally exceed 3 Ib 
and have a leg span of 2 ft. 

Alaskan snow crab are harvested and processed in ap- 
proximately the same manner as king crab and by the 
same fishers and processors. Snow crab is almost always 
marketed frozen and the product forms are similar to king 
crab; that is, clusters, claws, legs, and meats (fancy, merus, 
salad, and shredded). The yield of picked meats from snow 
crab is slightly lower than for king crab and averages 17%, 
ranging from 12 to 25% (9,11). Like fancy meat from king 
crab, frozen blocks of fancy snow crab meat consist of three 
layers: red meat (45%), white meat (35-45%), and shreds 
(10-20%). Snow crab has the same handling characteris- 
tics as king crab. Like king crab, care should be taken to 
ensure the product is well protected by proper glazing and 
packaging in order to prevent dehydration and subsequent 
quality loss during frozen storage. 

A snow crab product that is popular in the Japanese 
market is called green crab, which is raw frozen snow crab 
sections. It is very important to handle, process, and freeze 
the snow crab quickly and carefully because of the ten- 
dency for a bluish to black discoloration to develop in the 
sections. Although there is no general agreement on the 
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cause(s) for the discoloration (12), it may be the result of 
the enzymatically mediated oxidation and polymerization 
of phenolic compounds naturally present in crab (2). Thus 
antioxidants, sulfites, and chelating agents have been used 
to block the bluing discoloration. However, speed or quick 
processing is the best assurance in preventing the bluing, 
which will still occur and even develop at a faster rate after 
the frozen raw crab section is thawed. If crab are not 
cooked properly to destroy these enzymes, then the crab 
should be further processed quickly or consumed soon after 
thawing. 


DUNGENESS CRAB 


Dungeness (Cancer magister) crabs inhabit sandy and 
grassy bottoms along the Pacific Coast from California to 
the Aleutian Islands in Alaska. They are found at various 
depths below the intertidal zone but are usually harvested 
commercially offshore in depths from 12 to 120 ft. Dunge- 
ness crabs can grow to a weight of more than 3 Ib; however, 
the commercial catch usually ranges between 1.25 and 
2.25 lb. They are harvested with circular Iron pots covered 
with wire mesh, 3 ft in diameter and constructed with two 
entrance tunnels on the sides. Pots are hauled up every 
day or two, the legal-size male crabs are placed in seawater 
wells in the boat either dry or flooded, and the crabs are 
delivered alive at the plant. Only live, vigorous crabs are 
processed (13). 


Product Forms 


Dungeness crabs are marketed in a variety of forms, al- 
though the current trend is more toward whole crabs, both 
live and cooked. 


Live Crab. Live Dungeness are commonly air freighted 
in 50-lb wetlock boxes (14). As with snow crab, the live crab 
may be packed in sawdust that has been saturated with 
water. 


Whole-Cooked Crab. For Dungeness crab planned for 
fresh sales, whole crab are cooked for 20 to 25 min in salted 
(4-5%) boiling water in stainless steel batch or continuous 
cookers. Adding citric acid (0.1-0.2%) to the saltwater may 
enhance the color of the cooked crab by bleaching the sur- 
face of the shell, creating a whiter color. The hot crabs are 
cooled in cold water and, if the crab are to be sold fresh, 
packed in ice immediately. Properly handled, the shelf life 
should be up to seven days. If not sold fresh, the crab is 
frozen as soon after cooking as possible. Brine freezing has 
become very popular, but any rapid freezing system can be 
as good if care is taken to avoid any loss of quality from 
dehydration. 


Meat. Dungeness crab sections intended for picking are 
prepared in the same manner as king crab and generally 
cooked in fresh (unsalted) boiling water for 10 to 12 min in 
either stainless steel batch or continuous cookers. After 
cooling the sections in cold water, the meat isremoved from 
the crab section by hand. The steps in meat extraction have 
been well documented (15). Generally, while holding the 


legs of a section with one hand, the body is pressed with 
the free hand against a stainless steel table and then the 
key bone is removed. This step frees the body meat, which 
can be dislodged from the shell by striking the section and 
hand vigorously against the side of an aluminum or stain- 
less steel pan. Then, the shell associated with the body is 
broken free of the legs just below the joint of each leg. Us- 
ing a small metal mallet and anvil the top section of each 
leg is hit to crack the shell. The leg meat is then removed 
by striking the leg against the pan. This step is repeated 
at each joint to remove the leg meat. Body and leg meat 
are usually kept separate. The meat is placed in a strong 
salt brine (25% sodium chloride solution) to separate the 
bits of shell from the meat. The meat floats to the top of 
the tank and is conveyed out of the tank, where it is im- 
mediately inspected under ultraviolet light (shell pieces 
will fluoresce), then washed with cold water sprays to re- 
move excess salt. 

The body and leg meats are weighed separately and 
packed in about equal proportions in #10 C-enamel cans 
holding 5 Ib net weight of drained crab meat or in #2 cans 
holding 1 Ib of meat. The cans are sealed under a low 
vacuum, frozen in a blast freezer, and stored at —18 to 
—23°C (0 to — 10°F) or colder. Frozen Dungeness crab meat 
stores well only if protected by suitable packaging against 
dehydration and oxidation and is stored at — 23°C (— 10°F) 
or lower. Under these conditions it stores well for six 
months. 


BLUE CRAB 


Blue crabs (Callinectes sapidus) are found along the Atlan- 
tic and Gulf Coasts from Massachusetts to Texas. Essen- 
tially a shallow water crab, blue crabs live in bays, sounds, 
and channels near the mouths of coastal rivers. Blue crab, 
when fully grown, average 5 to 7 in. across the carapace. 
The top of the shell is generally green and the bottom is a 
whitish shade. The name blue crab comes from the coloring 
of the legs, of which there are five pairs. The hind legs, 
flattened at the outer ends, are used for swimming. At 
times, using their hind swimming legs, blue crab can swim 
beautifully through the water with great speed and ease. 


Harvesting 


Catching methods depend on season, regional preferences, 
and state regulations. Crabs are taken by crab pots, trot- 
lines, dredges, scrapes, and dip nets. The trotline is a long 
length of rope with pieces of bait attached at intervals. It 
is laid on the bottom, ends anchored and marked with 
buoys. When the fisherman collects his catch, he runs his 
boat along the line, forcing it to pass over a roller attached 
to the boat. As the boat moves forward, the crabs cling to 
the bait until they reach the surface where they are caught 
with a dip net and placed in a basket or barrel. Fishing 
boats are usually small. Fishing is usually a one- or two- 
person operation, employing inexpensive gear. The pots 
used for blue crab are cubical in shape, 2 ft on each side, 
and covered with chicken wire. The pot consist of two 
parts: the crab enter the lower or bait compartment and 
then pass into the upper or trap compartment through a 


slit in the partition. The pots are lifted daily, and the crabs 
are removed from the top compartment. 


Processing 


At the plant, the crabs are weighed and dumped into bas- 
kets for cooking in vertical retorts. Cooking conditions vary 
based on type of equipment used, but most plants use 
steam at 121°C (250°F) for 9 to 20 minutes (4,16). A few 
plants use boiling water for 15 to 20 min. After cooling, 
many processors deback the cooked crabs, and then wash 
and refrigerate the crabs overnight before picking the 
meat. 

The meat is picked primarily by hand and divided into 
three categories: the lump meat, which is the large muscle 
controlling the swimming legs; the regular or flake meat, 
which is the remainder of the meat from the body; and claw 
meat. Total meat yields consist of 50%, flake meat; 25%, 
lump meat; and 25%, claw meat and varies from 12 to 17% 
of the weight of the whole crab. 

Blue crab meat does not freeze and store well; therefore, 
only a small volume of frozen meat is produced. Most of 
the meat is packed in hermetically sealed cans or plastic 
bags and sold in the fresh chilled form. To extend the mar- 
keting period for the chilled product from several days to 
several weeks, a heat pasteurization process was devel- 
oped and has been used successfully for 1-Ib sealed cans of 
meat, which must be stored and distributed at 0°C (32°F) 
or as near to that as practicable (16). 

Also, a popular and important product is the soft-shell 
crab, a product common only in the blue crab industry. 
Soft-shelled crabs are crabs that have just molted. They 
are considered a delicacy and bring higher prices. The en- 
tire body of a soft-shelled crab may be eaten after cooking. 
Because the optimal period for shipping soft crabs is so 
short, crab fishermen of the Atlantic and Gulf Coasts are 
by necessity close observers of the molting cycle. As the 
molt approaches, the peelers move from their normal for- 
aging areas to shallow beds of marine grasses near the 
shoreline. The peelers are collected in pots or with trawl- 
like devices called scrapes and held in peeler floats, large 
floating containers. Immediately after molting, the now 
soft crab is removed, graded for size, and shipped in a re- 
frigerated container to market. Occasionally, soft-shelled 
crabs are frozen. For freezing, the crabs may be held in 
refrigerated storage for two to three days, then are killed, 
eviscerated, washed, wrapped individually with parch- 
ment, packed in a carton, and frozen (4). 


Handling Tips for Crab 


A common problem with processed crab is a discoloration 
called bluing, although the actual color may range from 
light blue to blue-gray to black. Despite almost a century 
of study, general agreement on the causes of or cures for 
bluing in crab has not been reached (12). However, a 
scheme for bluing relating the discoloration to the enzy- 
matically mediated oxidation and polymerization of phe- 
nolic compounds naturally present in crab has been pro- 
posed and can be used to illustrate the importance of quick 
and proper handling of crab (2). 
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Only crabs that are alive and in good condition should 
be processed. Crabs that have been held in a cooler (1-3°C) 
even for up to four days are edible if properly cooked. How- 
ever, the chances of bluing occurring in the cooked crab are 
greatly increased even if proper cooking times and tem- 
peratures are used because the compounds causing the 
bluing have already been formed (2). Certainly, care must 
be taken to properly cook the crab, since underprocessing 
will not destroy the enzymes responsible for the bluing. 
Molting is a factor in the bluing reaction, since the concen- 
tration of phenolic compounds responsible for bluing is 
very high as they are involved in the formation of the new 
shell (sclerotization). So, during times of molting, extra 
care must be used in handling and processing crab to pre- 
vent bluing. 

If the crab meat is to be thermal processed, the cooking 
time and temperatures of the raw crab are not as critical. 
However, as soon as the crab is cooked, the meat from the 
shell must be removed and thermal processed. Regardless 
of how long the live crab are cooked, any delay in thermal 
processing the crab meat will result in a higher incidence 
of bluing. Using frozen crab sections to produce canned 
crab meat will also increase the risk of bluing. Whole crab 
or crab sections should be thoroughly cooked before freez- 
ing to reduce the risk of bluing. Finally, avoid any contact 
of copper or iron with the crab since these metals can 
greatly intensify the bluing discoloration. 
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CRANBERRIES. See Fruits, TEMPERATE. 


CULTURAL NUTRITION 


A LITERAL MELTING POT 


Most of us can easily answer the question: What are your 
favorite foods? Generally, we respond with tastes devel- 
oped during childhood. Basic food habits usually prove re- 
sistant to change. 

Despite their food habits, Americans have a wide vari- 
ety of food tastes. This variety is due partly to the signifi- 
cant mobility of Americans, partly to a wide variety of 
choices, and partly to such trends as eating at restaurants 
and eating ethnic. It is considered stylish to sample the 
cuisines of other countries. 

At home, though, we usually prefer less variation. Our 
food patterns tend to follow family history—and especially 
what our parents liked and disliked. Where an ethnic com- 
munity is established, food habits can become readily ap- 
parent. Especially in major cities, it is not uncommon to 
find neighborhood grocery stores that have shelves of food 
catering to ethnic tastes of a significant segment of the 
surrounding community. 

Personal food patterns become especially important 
when we are old and when we are ill. Success in encour- 
aging such patients to eat often depends on including their 
special preferences in their diets. This article addresses 
food patterns of people in the United States of different 
regions, ethnic origins, cultural backgrounds, religious 
backgrounds, and life-styles. 


REGIONAL DIFFERENCES 


For many years, obvious regional food patterns could be 
found in the United States. Those pronounced differences 


have faded considerably as techniques for processing, stor- 
ing, and transporting foods have advanced. National ad- 
vertising has had its effects, as has the mobility of our 
population. 

In certain parts of the country, though, remnants of re- 
gional food preference persist. Such preferences often re- 
flect availability that has spawned popularity. For exam- 
ple, seafood enjoys popularity in coastal areas because of 
ready availability, lower cost that reflects lower transpor- 
tation expense, and local industry advertising. Preference 
is thus influenced by climate, geography, and economics. 

In California, the state’s agricultural richness affects 
preference, as do ethnic demographics—characteristics of 
human populations, California’s large quantities of fruits 
and vegetables, the popularization of the salad as a part 
of the meal, and the large numbers of Mexican-Americans, 
Orientals, and Italians all combine to give California its 
distinct cuisine. 

In the southern states, corn, fish, and rice are often 
used. Hot breads, such as biscuits or corn bread, accom- 
pany meals. Green leafy vegetables are cooked with a piece 
of fatback (pork back fat), a regional practice that yields a 
consumable liquid known as pot liquor. Before mechanical 
refrigeration was developed, milk and cheese were con- 
sumed only in small quantities; storage and shipping were 
not possible. The national consumption of dairy products 
has shown an increase since the 1940s and 1950s. 


ETHNIC, CULTURAL, AND RELIGIOUS INFLUENCES 


Each ethnic, cultural, and religious group has certain char- 
acteristic food patterns or preferences. Sometimes these 
characteristics remain unique to the group, but more often. 
they become a part of our nation. In that regard the United 
States can be described as a melting pot, both figuratively 
and literally. The remaining part of this article explores 
such influences. 


Europeans 


Many of the foods we have come to think of as typically 
American were in fact brought to us from European coun- 
tries. Norwegian, Swedish, and Danish immigrants 
brought a greater use of milk, numerous cheeses, cream, 
and butter. In their native countries, Western Europeans 
relied on fish, shellfish, and vegetables. Especially popular 
were potatoes, dark breads, eggs, cheese, beef, pork, and 
poultry. 

Central Europeans favored potatoes, rye flour, wheat, 
pork, sausage, and cabbage. Cabbage was especially fa- 
vored and was eaten raw, cooked, or salted as sauerkraut. 
Common vegetables included turnips, carrots, squash, on- 
ion, beans, and greens. 

Italian in the United States have perpetuated many fa- 
vorite foods of their ancestors and have concurrently made 
them basics of the American diet. The huge sale of pizza 
and pasta products and the number of Italian restaurants 
confirm this fact. There are nearly as many pizza stands 
in the United States as there are hamburger and fried 
chicken businesses. Daily, the typical Italian diet features 
pasta made from hard-wheat dough. Its innumerable 


forms are seasoned with sauces, onions, tomatoes, cheese, 
peppers, and meat. Bread usually accompanies the meal. 

Differences exist between northern and southern Ital- 
ian foods. The northern area of Italy is more industrialized, 
and meat, root vegetables, and dairy products are more 
popular there. Southern Italy’s preference tends toward 
fish, spices, and olive oil. The southern Italian diet can 
benefit from more green vegetables, eggs, fruits, meat, and 
milk. The last two food items can especially benefit the 
nutrient intake of children. 

Experienced dietitians and nurses know that hospital- 
ization can be especially difficult for Italians who have a 
strong sense of family and a strong preference for tradi- 
tional foods. Institutional diets that cater to Italian pa- 
tients can both reduce feelings of isolation and increase 
nutritional intake. 


Native Americans 


It may come as a surprise that more than half the plant 
foods you eat—including corn, potatoes, squash, pumpkin, 
tomatoes, peppers, beans, wild rice, cranberries, and 
cocoa—come from North, Central, and South American In- 
dians. The Native American diet also used acorns, wild 
fruit, fish, wild fowl, small and large game, and seafood. 
The food preservation methods that produce jerky and 
pemmican were introduced to the frontier Americans by 
the Native Americans. Corn, which has become a world 
staple, is a significant example of their culture’s contribu- 
tion. 

Diet varied from tribe to tribe depending on geographic 
location. Historically, the natural resources of the tribe’s 
home area determined such occupations as hunting, fish- 
ing, agriculture, and herding. Native Americans who lived 
near the coast used large amounts of seafood. Those in the 
Northwest were and still are great fishermen, and from 
Alaska to the Columbia River one of the most prized items 
is salmon. A favorite method of preserving fish and meat 
is smoking; racks of drying fish can be seen along the river 
banks where Native Americans live. Along the New En- 
gland coast, shellfish is a favorite, especially clams. A fa- 
vored method of cooking is open-air baking of clams and 
fish over hot coals. Sometimes seafood is baked in the sand. 
The item is wrapped in seaweed or similar materials and 
placed in sand kept hot by a fire. 

In the past, the Plains Indians depended more on game, 
fowl, and freshwater fish. Native vegetables and fruits 
were generously used and cultivated if the group was a 
stationary, agricultural one. Many vegetables that origi- 
nated in North and South America have become part of the 
American and world diet. Because little food storage was 
possible, nutritional life was characterized by the extremes 
of bounty and scarcity. Despite such fluctuations in avail- 
ability, the historical Native American diet was undoubt- 
edly more nutritional than is their diet today. 

With the introduction of trading-post products such as 
lard, sugar, coffee, and canned meat and canned milk, the 
American Indian diet began to assimilate European food 
customs, leaving little today that can be distinguished as 
a Native American food pattern. 

Native American food specialties that can be found to- 
day include clambakes, fry bread (biscuit dough fried in 
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fat), and wajupi, a pudding made from berries, sugars, and 
cornstarch. Northern California Indians have revived the 
use of acorns in preparing soup and flour, methods of pre- 
paring eels, and stews combining meat, vegetables, and 
berries. Often these traditional foods play a part in tribal 
ceremonies. As cultural renewal has taken place among 
Native Americans, and as the Native American heritage is 
becoming better understood, interest in traditional Native 
American foods is being revived. 

The nutritional weakness of the Native American diet 
is a low intake of milk by children after weaning. Vitamin 
C intake is also low, and the greater use of fruits, vegeta- 
bles, and lean meat will improve the diet. 

The present generation of Native Americans may be 
consuming too much sugar and soft drinks. Sound nutri- 
tional education is needed. Extensive alcohol abuse among 
some adult males has also hurt the nutritional status of 
these people. 


Black Americans 


Among middle- and upper-income blacks, food selections 
are similar to those of their white counterparts. Among 
poor families, many of whom have come from or still live 
in the southern states, the traditional eating pattern is 
determined to a large extent by the cost and availability of 
foods. However, there are many food items preferred by 
black families, rich or poor. 

The popularization of the term soul food indicates the 
effort to recognize the uniqueness of black American food 
habits. One characteristic black food habit is the use of 
hominy grits, especially for breakfast with some form of 
pork. Corn bread, muffins, or biscuits are preferred to 
yeast bread. There are differences between the dietary 
habits of southern blacks and northern blacks, and one of 
these differences is in the customary use of greens. 

Among southern blacks, fresh greens such as mustard, 
turnip, and collard are popular and are usually served with 
pork such as fatback or salt pork. In the north, fresh greens 
are less available, and a much wider variety of frozen 
greens are used. Other vegetable favorites include fresh 
corn, lima beans, cabbage, sweet potatoes, and squash. The 
use of fresh fruit emphasizes oranges, watermelon, and 
peaches (Table 1). 

Black-eyed peas and corn are well liked, as indicated 
earlier; a mixture of black-eyed peas and rice called Hoppin 
John is a favorite southern dish. A favorite method of pre- 
paring green vegetables is to boil them with a small 
amount of fat pork; the resultant juice (pot liquor) is also 
used in the meal. Potatoes (white and sweet) and yams are 
popular, and sweet potatoes are often made into pies. 

Carbohydrate is generally obtained from grits, potatoes, 
and rice, though black-eyed peas and dried beans are also 
used. The last-named provide some protein, as does fried 
fish, especially when locally caught. Other meats fre- 
quently used include poultry, pork (both cured and fresh), 
and wild game. All parts of an animal are used, especially 
among poor families. Dishes made from a slaughtered pig, 
for instance, include chitlings (the small intestines, 
cleaned and fried crisp); hog maws (the stomach lining); 
boiled pig’s feet; and neckbone, jaws, snout, and head, 


444 ‘CULTURAL NUTRITION 


Table 1. Characteristic Black Americans’ Food Choices 


Protein foods Milk and milk products Grain products Vegetables Fruits Other 
Meat Milk Rice Broccoli Apples Salt pork 
Beef Fluid Corn bread Cabbage Bananas Carbonated beverages 
Pork and ham Evaporated, in coffee Hominy grits Carrots Grapefruit Fruit drinks 
Sausage Buttermilk Biscuits Corn Grapes Gravies 
Pig’s feet, ears, ete. Cheese Muffins Green beans Nectarines 
Bacon Cheddar White bread Greens Oranges 
Luncheon meat Cottage Dry cereal Mustard Plums 
Organ meats Tee cream Cooked cereal Collard ‘Tangerines 
Poultry Macaroni Kale Watermelons 
Chicken Spaghetti Spinach 
‘Turkey Crackers ‘Turnips, ete. 
Fish Lima beans 
Catfish Okra 
Perch Peas 
Red snapper Potatoes 
‘Tuna Pumpkins 
Salmon Sweet potatoes 
Sardines Tomatoes 
Shrimp Yams 
Eggs 
Legumes 
Kidney beans 
Red beans 
Pinto beans 
Black-eyed peas 
Nuts 
Peanuts 
Peanut butter 
Source: Ref. 1. 


which are cooked and made into scrapple. Frying, stewing, 
and barbecuing are the favored methods of preparation. 
Sweets such as molasses, pastries, cakes, and candy are 
especially popular. 

Milk consumption, which is often low, should be en- 
couraged, especially among children. Buttermilk and ice 
cream are well liked by black Americans, although there 
is little use of cheeses. The use of more citrus fruits should 
be encouraged. 

As the economic status of black people improves, they 
eat more meat and their diet improves generally. Because 
their typical diet is high in fat and carbohydrate and low 
in protein, iron, and vitamin C, an increase in consumption 
of lean meat, milk, and citrus fruits will help balance their 
nutrient intake. 

It is in preparation that the essence of the term soul 
food can be found. It is not necessarily the unique foods but 
rather the care in preparation that is emphasized. Food 
preparation offers the opportunity to minister to the physi- 
cal health and well-being of those who will consume the 
food. The opportunity to bring happiness, health, and love 
through food preparation lies at the figurative and literal 
heart of the customary black dietary habits. 


Jews 


Orthodox Jews follow Old Testament and rabbinical die- 
tary laws. Conservative Jews distinguish between meals 
served in the home and those outside it. Reformed Jews do 


not observe dietary regulations. The country of origin can 
further influence a Jewish family’s dietary practices. 

Foods used according to strict Jewish laws are referred 
to as Kosher. Those who follow those dietary laws eat only 
animals that are designated as clean and are killed in a 
ritualistic manner. The method of slaughter minimizes 
pain and maximizes blood drainage. Blood, the symbol of 
life, is strictly avoided by soaking the meat in cold water, 
draining it, salting it, and rinsing it three times. Permitted 
meats include poultry, fish with fins and scales, and quad- 
ruped animals that chew the cud and have divided hooves. 
(Thus, pork cannot be eaten.) The hindquarter of quadru- 
ped animals must have the hip sinew or the thigh vein 
removed. 

Kosher laws additionally require separation of meat 
and milk. Milk and its products must be excluded from 
meals involving meat but can be consumed before the meat 
meal. If a milk meal is to be consumed, meat and its prod- 
ucts are excluded from the milk meal and for 6 hours there- 
after. Usually two milk meals and one meat meal are eaten 
each day. A Kosher household will maintain two sets of 
dishes, utensils, and cooking supplies, one for meat meals 
and one for milk meals. 

Certain foods, viewed as neutral, are referred to as 
pareve. Fruits, uncooked vegetables, eggs, and clean fish, 
because they are recognized as neutral, can be consumed 
with either meat or milk meals. 

No food can be cooked or heated on Saturday, the Sab- 
bath, so the evening meal preceding the Sabbath tends to 


the most substantial of the week. Both chicken and fish 
are served at that meal. Any foods eaten on the Sabbath 
must be cooked on a preceding day. 

On Jewish holidays, symbolic foods are eaten. For ex- 
ample, Passover, a spring festival, commemorates the 
flight of the Jews from Egypt. Passover celebration lasts 8 
days, and only unleavened bread, called matzo, is permit- 
ted. An Orthodox household will, therefore, use separate 
utensils for preparing unleavened bread to avoid any con- 
tact with leavening. Other holidays include Rosh Has- 
hanah (Jewish New Year), Sukkoth (fall harvest), Chanuk- 
kah (the festival of lights), Purim (the arrival of spring), 
and Yom Kippur (the day of atonement) when fasting oc- 
curs. 


Mexican-Americans 


People of Mexican descent make up a large part of the 
population of the Southwest. They therefore reside close to 
their native country and maintain a close tie to traditional 
Mexican foods. A lack of refrigeration in such warmer cli- 
mates creates a scarcity of meat, milk, eggs, vegetables, 
and fruits. For lower-income families, the expense of these 
nutrient-rich foods can be prohibitive. 

Items basic to the Mexican diet include dry beans, chili 
peppers, tomatoes, and corn. The corn is ground, soaked 
in lime water, and baked on a griddle to make tortillas, the 
popular flat breads that can be rolled and filled with 
ground beef and vegetables to make tacos. Tacos provide 
nutrients from all four food groups, although the user of 
wheat tortillas reduces the calcium obtained from lime- 
soaked corn tortillas. Many foods are fried, and beans are 
even refried until they absort all the fat. 

Nutritionists encourage retention of the basic Mexican 
diet with only minor modifications. Because of iron, vita- 
min A, and calcium deficiencies, use of lean meat is 


Table 2. Characteristic Mexican-American Food Choices 
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recommended in taco fillings, dark green and yellow vege- 
tables, fruits, and milk—dried if fresh milk is too 
expensive—are also recommended. The milk is especially 
important for children. One Mexican dietary practice that 
is particularly encouraged is the practice of limiting the 
amount of sweets consumed (Table 2). 


Puerto Ricans 


The Puerto Rican diet has similarities to the dietary pat- 
terns of other Caribbean Islands but is noteworthy because 
so many Puerto Ricans emigrate to the United States. 

Traditional emphasis is on beans, rice, and starchy root 
vegetables (and plantains) known as viandas. Rice and 
beans eaten together are a high-quality, complementary 
protein combination. The beans are often boiled and then 
cooked with sofrito, a mixture made from tomatoes, green 
peppers, onions, garlic, salt pork, lard, and herbs. Viandas 
are good sources of B vitamins, iron calories, and, in some 
cases, vitamin C. Salt codfish is more popular than fresh 
fish. Chicken, beef, and pork are favored. Coffee with 2 to 
5 oz of milk per cup—cafe con leche—is drunk several 
times a day, contributing to an otherwise low consumption 
of milk. Fruits prove an especially popular food owing to 
availability, with such native fruits as papaya, mango, and 
acerola (the West Indian cherry, which is extremely high 
in vitamin C) being joined by bananas, oranges, and pine- 
apple. 

The mainstays of the Puerto Rican diet may be hard to 
find or expensive in the United States. And because Puerto 
Ricans come from an agrarian background and thus often 
lack the job skills for a highly industrialized society, they 
often find themselves in the lowest socioeconomic classes 
in the United States, living in crowded urban conditions 
with poor cooking and refrigeration facilities and unable 
to feed their families as well as they did in Puerto Rico. 


Milk and milk 
Protein foods products Grain products Vegetables Fruits Other 
Meat Milk Rice ‘Avocados Apples Salsa 
Beef Fluid Tortillas Cabbage Apricots (tomato-pepper-onion 
Pork Flavored Corn Carrots Bananas relish) 
Lamb Evaporated Flour Chilies Guavas Chili sauce 
Tripe Condensed Oatmeal Corn Lemons Guacamole 
Sausage (chorizo) Cheese Dry cereals Green beans Mangos Lard (manteca) 
Bologna American Cornfiakes Lettuce Melons Pork cracklings 
Bacon Monterey jack Sugar coated Onions Oranges Fruit drinks 
Poultry Hoop Noodles Peas Peaches Kool-aid 
Chicken Ice cream Spaghetti Potatoes Pears Carbonated 
Eggs White bread Prickly pear Prickly pear beverages 
Legumes Sweet bread cactus leaf cactus fruit Beer 
Pinto beans (pan dulce) (nopales) (tuna) Coffee 
Pink beans Spinach Zapote 
Garbanzo beans Sweet potatoes (or sapote) 
Lentils ‘Tomatoes 
Nuts Zucchini 
Peanuts 
Peanut butter 


Source: Ref. 1. 
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Consequently, malnutrition is not uncommon among their 
children. Also, Puerto Rican children born in the United 
States may have adopted favorite mainland foods such as 
hamburgers, hot dogs, canned spaghetti, and cold cereals 
instead of the traditional Puerto Rican food prepared by 
their mothers. If these children have picked up the main- 
land habit of snacking on nutrient-light foods, they may be 
more poorly nourished than people adhering to the rela- 
tively inexpensive but nutritionally adequate traditional 
diet of Puerto Rico. 

Nutritionists encourage Puerto Ricans living in north- 
ern mainland cities to become familiar with different 
fruits, which are inexpensive when they are in season or 
canned; to use more milk, cheese, and inexpensive cuts of 
meat; and to substitute canned tomatoes for fresh toma- 
toes, which are expensive when not in season. 


Middle Eastern People 


Middle East people—Greeks, Iranians, Arabs, Turks, Ar- 
menians, and Lebanese—tend to be farmers. Dietary em- 
phasis is on crops and animals raised—cattle, sheep, goats, 
chickens, ducks, geese, grains, fruits, and vegetables. 
Lamb holds the position of the favored meat, and wheat 


Table 3. Characteristic Chinese Food Choices 


products, grains, and rice are the major energy sources. 
Popular dairy foods, derived from sheep, goats, and cam- 
els, are sour milk, including yogurt, fermented milk, and 
sour cream. 

Lentils and beans may be boiled or stewed with toma- 
toes, onions, and olive oil; they may be eaten alone or 
mixed with other foods. A favorite combination is seasoned 
chick-peas mixed with bulgur (wheat that has been 
steamed, cracked, and fried) and spices and then fried in 
fat. 

Traditional vegetables include okra, squash, tomatoes, 
onions, leeks, peppers, spinach, brussel sprouts, cabbage, 
peas, green beans, dandelion greens, eggplant, artichokes, 
and olives. Grape leaves, used either fresh or canned, are 
stuffed with rice, bulgur, meat, and seasoning. 

Fruits grown in these warm climates are used exten- 
sively. Some common ones are dates, figs, melons, cherries, 
oranges, apricots, and raisins. 

Common Middle Eastern cereals include rice, wheat, 
and barley. Typical breads are flat, thin, and round and 
may be baked outdoors. Olive oil and butter from sheep's 
and goat’s milk are used generously. Turkish coffee, a fa- 
vorite beverage in the Middle East, is a strong, dark drink 
containing the crushed coffee bean that is served with a 


Protein foods Milk and milk products Grain products Vegetables Fruits Other 
Meat Flavored milk Rice Bamboo shoots Apples Soy sauce 
Pork Milk (cooking) Noodles Beans Bananas Sweet and 
Beef Ice cream White bread Green Figs sour sauce 
Organ meats Barley Yellow Grapes Mustard sauce 
Poultry Millet Bean sprouts Kumquats Ginger 
Chicken Bok choy Loquats Plum sauce 
Duck Broccoli Mangos Red bean paste 
Fish Cabbage Melons Tea 
White fish Carrots Oranges Coffee 
Shrimp Celery Peaches 
Lobster Chinese cabbage Pears 
Oyster Corn Persimmons 
Sardines Cucumbers Pineapples 
Eggs Eggplant Plums 
Legumes Greens ‘Tangerines 
Soybeans Collard 
Soybean curd (tofu) Chinese broccoli 
Black beans Mustard 
Nuts Kale 
Peanuts Spinach 
Almonds Leeks 
Cashews Lettuce 
Mushrooms 
Peppers 
Potatoes 
Scallions 
Snow peas 
Sweet potatoes 
Taro 
Tomatoes 
Water chestnuts 
White radishes 
White turnips 


Winter melons 


‘Source: Ref. 1. 


generous amount of sugar. The Middle Eastern diet is a 
good one, contributing adequate nutrients. But Middle 
Eastern people in the United States may have difficulty 
obtaining the foods if they cannot afford them, as they are 
usually expensive. 


Asians 


The United States is also home to many people of Asian 
heritage. The diets of the Chinese, Japanese, and Filipino 
are discussed below. 


Chinese. China is a vast country with many different 
regional foods. In the United States, most of the Chinese 
on the West Coast come from southern China and adhere 
to a Cantonese diet. This type of cookery uses little fat and 
subtle seasonings. Beef, pork, poultry, and all kinds of sea- 
foods are well liked. In Chinese cooking, all parts of the 
animal are utilized, including organs, blood, and skin. Rice 
is the predominant cereal used by the Cantonese, both at 
home and in the United States. Northern Chinese use 
more bread, noodles, and dumplings, which are prepared 
from wheat, corn, and millet (Table 3). 

The Chinese diet is varied, containing eggs, fish, meat, 
soybeans, and a great variety of vegetables. Many green, 
leafy vegetables unfamiliar to Americans, such as leaves 


Table 4. Characteristic Japanese Food Choices 
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of the radish and shephard’s purse, are enjoyed. Sprouts 
of bamboo and beans are incorporated into some dishes, 
giving a distinctive flavor and texture. Many Chinese rec- 
ipes call for mushrooms and nuts. Eggs from ducks, hens, 
and pigeons are widely used—fresh, preserved, and pick- 
led. Soy sauce is used both in preparation and serving. The 
high salt content of this flavorable condiment is a problem 
for Chinese patients whose salt intake may be restricted 
by the physician. 

Chinese cookery is unique in many ways. Food is 
quickly cooked over the heat source, usually cut into small 
pieces so that the short cooking period is adequate. Vege- 
tables retain their crispness, flavor, and practically all 
their nutrients; this method of cookery, which has been 
widely adopted, is quite beneficial. When vegetables are 
cooked in water, the liquid is also consumed. 

Probably the greatest weakness, in the Chinese diet is 
a low intake of milk and milk products, a consequence of 
lactose intolerance. However, a higher consumption of 
meat and the frequent use of soybeans prevent calcium 
and protein deficiency. In addition, for undefined reasons, 
Chinese children born in the United States have a higher 
tolerance for milk. 


Japanese. Japanese people who have emigrated to the 
United States, especially the older people, tend to follow 


Milk and milk 
Protein foods products Grain products Vegetables Fruits Other 
Meat Milk Rice Bamboo shoots Apples Soy sauce 
Beef Teecream __ Rice crackers Bok choy Apricots Nori paste (used to 
Pork Cheese Noodles (whole —_ Broccoli. Bananas season rice) 
Poultry wheat noodle —_ Burdock root Cherries Bean thread 
Chicken called soba) Cabbage Grapefruits (konyaku) 
Turkey Spaghetti Carrots Grapes Ginger (shoga; 
Fish White bread Caulifiower Lemons dried form called 
Tuna Oatmeal Celery Limes denishoga) 
Mackerel Dry cereals? Cucumbers Melons Tea 
Sardines (dried Eggplants Oranges Coffee 
form called Green beans Peaches 
mezashi) Gourd (kampyo) Pears 
Sea bass Mushrooms Persimmons 
Shrimp Mustard greens Pineapples 
Abalone Napa cabbage Pomegranates 
Squid Peas Plums (dried 
Octopus Peppers pickled plums 
Eggs Radishes (white radish called umeboshi) 
Legumes called daikon; pickled Strawberries 
Soybean curd (tofu) white radish called Tangerines 
Soybean paste takawan) 
(miso) Snow peas 
Soybeans Spinach 
Red beans (azuki) Squash 
Lima beans Sweet potatoes 
Nuts Taro (Japanese sweet potato) 
Chestnuts (kuri) Tomatoes 
Turnips 
Water chestnuts 
Yams 


Source: Ref. 1. 
“Nisei only, 
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the food habits of their homeland rather closely. Typical of 
the Japanese food pattern is much use of fish, both fresh 
and saltwater. Methods of preparation vary. Fish may be 
eaten raw or deep-fat fried, dried, or salted. Many kinds of 
vegetables may be prepared with meat or eaten separately. 
Protein intake comes from meat, fish, eggs, legumes, nuts, 
and, most popular of all, soybean curd (tofu), which is sold 
in many American grocery stores. Eggs are prepared in 
many ways and are well liked. 

The basic cereal is rice, although since World War II 
wheat has been consumed. Milk and cheese are limited in 
the traditional Japanese diet, mainly because of lactose 
intolerance. Japanese born in the United States have a 
greater tolerance for dairy products such as milk and 
cheese, and they also eat more fruits. It is important that 
the Japanese in this country eat enriched, converted, or 
whole-grain rice, which contains more nutrients than 
unenriched rice with the husks removed. To avoid exces- 
sive nutrients loss, they should also be told to refrain from 
washing the rice repeatedly before preparing it (Table 4). 


Filipinos. Filipino food patterns are similar to those of 
the Chinese and Japanese. The basic cereal is rice, and the 
principal sources of protein are fish, meat, eggs, legumes, 
and nuts. Meat is prepared by roasting, frying, or boiling; 
the fish used may be dried. 


Table 5. Characteristic Filipino Food Choices 


A large variety of vegetables and fruits is found in the 
diet. Vegetables are usually boiled or pan-fried, and some 
are used as salad dishes. Most fruits are eaten raw, but 
they are sometimes used in cooking (Table 5). 

Again, because of lactose intolerance, Filipinos have a 
low intake of milk and milk products. The consumption of 
good calcium and protein sources should be encouraged, 
especially among the young. Growing children may also 
have a problem with low caloric intake. Larger servings of 
food should be encouraged, especially more meat; food pre- 
parers should also be instructed about the use of enriched 
rice without prewashing. 


The Eskimos: Meeting of Two Cultures 


For years, the Eskimos of the far north have maintained 
their culture on a diet consisting almost entirely of meat 
and fish. This culture has fascinated nutritionists, as it 
runs counter to all that is known about the necessity of a 
balanced diet. 

Caribou, whale, and seals from the staples of the tra- 
ditional diet, with walrus, fish, and birds being of minor 
importance. Edible plants and berries are scarce. Although 
it had been believed that Eskimos consumed the stomach 
contents of the animals, that assumption is debatable. 
There is agreement the Eskimo diet is very high in protein 
and fat and very low in carbohydrate. 


Protein foods Milk and milk products Grain products Vegetables Fruits Other 
Meat Milk Rice Bamboo shoots Apples Soy sauce 
Pork Flavored Cooked cereals Beets Bananas Coffee 
Beef Evaporated Farina Cabbage Grapes ‘Tea 
Goat Cheese Oatmeal Carrots Guavas 
Deer Gouda Dry cereals Caulifiower Lemons 
Rabbit Cheddar Pastas Celery Limes 
Variety meats Rice noodles Chinese celery Mangos 
Poultry Wheat noodles Eggplants Melons 
Chicken Macaroni Endive Oranges 
Fish Spaghetti Green beans Papayas 
Sole Leeks Pears 
Bonito Lettuce Pineapples 
Herring Mushrooms Plums 
Tuna Okra Pomegranates 
Mackerel Onions Rhubarb 
Crab Peppers Strawberries 
Mussels Potatoes ‘Tangerines 
Shrimp Pumpkins 
Squid Radishes 
Eges Snow peas 
Legumes Spinach 
Black beans ‘Sweet potatoes 
Chick peas Tomatoes 
Black-eyed peas Water chestnuts 
Lentils Watercress 
Mung beans Yams 
Lima beans 
White kidney beans 
Nuts 
Peanuts 
Pili nuts 


Source: Ref. 1. 


The high protein content provides calories essential to 
an active life and additionally contributes to blood glucose, 
an essential metabolic fuel for the nervous system. What 
carbohydrate has been available has been obtained 
through synthesis of glycogen from muscles. A by-product 
of the traditional diet has been the virtual nonexistence of 
diabetes. This disease has, however, been on the increase 
since the introduction of sugar to the culture. 

A unique characteristic of Eskimo nutrition is the util- 
ization of fatty acids from oils as energy. Tissues can adapt 
to the utilization of ketone bodies instead of glucose as en- 
ergy source. The ketone bodies form in the liver and are 
characteristic of high-fat, low-carbohydrate diets. Eskimos 
thus provide a human example of a unique metabolic phe- 
nomenon. 

As we saw in the discussion of vitamins, we should ex- 
pect scurvy among Eskimos. But their culture has escaped 
scurvy because they eat fish and meat either raw or only 
slightly cooked. What little vitamin C is available is not 
destroyed by oxidation in the cooking process. 

Vitamins A, D, E, and K are obtained in sufficient quan- 
tities from the traditional Eskimo diet, as are B vitamins. 
The diet is low in calcium, a problem that surfaces in bone 
fragility among Eskimos. Children are somewhat pro- 
tected by a traditionally long nursing period. 

As nontraditional dietary habits have gained popularity 
in the Eskimo culture, our problems have become theirs. 
Heart disease, diabetes, tooth decay, and hypertension are 
now on the increase. 


PEOPLE AND THEIR LAND 


As you have probably determined from these discussions 
of culture and nutrition, our food habits are very much 
influenced by our geographic location. Relationships be- 
tween people and their land can be profound, and they 
have given rise to fields of knowledge ranging from cultural 
geography to literary analysis focusing on agrarian my- 
thology. Although it has been said that we are what we eat, 
perhaps we should also say that we eat where we are. 
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CULTURED MILK PRODUCTS 


Cultured milk products are produced by the lactic fermen- 
tation of milk using various bacteria cultures. Some prod- 
ucts may also have other fermentations taking place, for 
example, alcohol. These fermentations lead to the coagu- 
lation of milk and the production of typical cultured milk 
product flavor. 

Fermented milk products originated in the Near East 
and then spread to parts of southern and eastern Europe. 
The earliest forms of fermented products were developed 
accidentally by nomadic tribes who carried milk from cows, 
sheep, camels, or goats. Under warm storage conditions, 
milk coagulated or clabbered due to the production of acid 
end products by lactic bacteria. Fortunately the predomi- 
nant bacteria were lactic types and, therefore, helped to 
preserve the product by suppressing spoilage and patho- 
genic bacteria. Humans evidently enjoyed the refreshing 
tart taste of their discovery and began to handle milk so 
that this preserving action would be encouraged. 

Milk and curdled milk products are mentioned through- 
out history dating back as far as 4000 B.c.: “He asked for 
water, and she gave him milk; in a bowl fit for nobles she 
brought him curdled milk” (Old Testament, Judges 5:25). 
There is also remarkable pictorial evidence that the cus- 
tom of keeping milk in containers for later consumption 
was already a craft systematically practiced by the Su- 
merians around 2900 B.c. (1). Through applied scientific 
principles and advances in manufacturing technology, 
these early products have developed into a highly diversi- 
fied group of foods that are popular throughout the world. 

Actual figures for world consumption of fermented milk 
products are not known. According to the International 
Dairy Federation (IDF), an estimated 1 trillion Ib of cow’s 
milk is produced per year that is manufactured into cul- 
tured milk products. The northern European countries 
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consume the greatest amount of fermented milk products 
on a per capita basis with Asian countries and the United 
States showing rapid increases. Worldwide increases in 
consumption are leading to advances in the fermented 
product manufacturing industry. One reason for the con- 
tinued increase in product consumption is the successful 
development of functional foods/neutraceuticals that con- 
tain health-promoting probiotic cultures. 

Throughout the world there are great differences in cul- 
tured products. These differences are due to variations in 
the cultures used and manufacturing principles. Products 
are most often classified as traditional or nontraditional; 
however, products can be classified according to culture 
medium (milk and cream), manufacturing procedure, fur- 
ther processing (packaging and addition of fruits, vegeta- 
bles, meat, fish, or grains), end use (baking and consump- 
tion), and microbial action (type of bacteria or yeast and 
temperature). Traditional fermented milk products have a 
long history and are known and made all over the world. 
Their manufacture is crude and relies on ill-defined pro- 
cedures and nonstandard cultures that lead to inconsisten- 
cies in product characteristics (1). The production of non- 
traditional products is based on sound scientific principles 
and leads to the creation of products with consistent char- 
acteristics. Cultures and manufacturing methods have 
been standardized to produce the highest quality possible. 


Despite some differences, most modern cultured products 
use the following basic manufacturing steps: (1) culture or 
starter selection and preparation; (2) milk processing and 
treatment (eg, pasteurization to kill undesirable bacteria, 
standardization of composition by separation of fat and ad- 
dition of ingredients, and homogenization); (3) inoculation 
with bacterial culture; (4) incubation for culture growth 
and acid production; (5) agitation to break the coagulum; 
(6) cooling to stop bacterial growth and acid production; 
and (7) packaging. Table 1 lists the world’s principal cul- 
tured milk products including type, location, and bacterial 
culture used. 


MICROORGANISMS 


A culture (starter) is a controlled bacterial population that 
is added to milk or milk products to produce acid and fla- 
vorful substances that characterize cultured milk prod- 
ucts, Cultures may be a single strain of bacteria or a com- 
bination of cultures (mixed strain). Mixed strain cultures 
may be used to enhance the production of specific flavors 
or characteristics and, therefore, must be compatible and 
balanced. Some cultures will be antagonistic to each other 
while others will act in a symbiotic relationship. 

The proper production of lactic acid is critical in fer- 
mented product manufacture. Lactic acid is not only re- 


Table 1. Fermented Foods and Geographical Location of Production 


Name Type Location Bacteria 
Acidophilus Dairy Europe, North America Lactobacillus acidophilus 
Bifidobacterium bifidum 
Bulgarian buttermilk Dairy Europe Lactobacillus bulgaricus 
Buttermilk Dairy North America, Europe, Middle Lactococcus cremoris, Le. Lacticus, Le. Lacticus 
East, North Africa, Indian ssp diacetylactis Leuconostoc cremoris 
subcontinent, Oceania 
Filmjolk Dairy Europe Le. Cremoris, Le. Lacticus, Le. Lacticus 
diacetylactis, Le. Cremoris, Alealigenes 
viscosus, Geatrichus candidum 
Flummery Cereal and dairy Europe, South Africa Naturally present lactic bacteria 
Ghee Dairy and Indian Subcontinent, Middle East, Streptococcus, Lactobacillus, and Leuconostoc 
miscellaneous South Africa, Southeast Asia spp 
Junket Dairy Europe Streptococcus and Lactobacillus spp. 
Kefir Dairy Middle East, Europe, North Africa Streptococcus, Lactobacillus, and Leuconostoc 
spp. Candida kefyr, Kluyveromyces fragilis 
Kishk Dairy and cereal North Africa, Middle East, Europe, Streptococcus, Lactobacillus, and Leuconostoc 
Indian subcontinent, East Asia, spp 
Kolatchen Cereal and dairy Middle East, Europe Le. Lacticus, Le. Lacticus ssp. diacetylactis, Le. 
Cremoris Saccharomyces cerevisiae 
Koumiss Dairy Europe, Middle East, East Asia Le. Lacticus, Lb. bulgaricus, Candida Kefyr, 
Torulopsis 
Kurut Dairy North Africa, Middle East, Indian Lactobacillus and Streptococcus spp. 
subcontinent, East Asia Saccharomyces lactis, Penicillium 
Lassi Dairy Indian subcontinent, East Asia, Str. thermophilus, Lb. bulgaricus, sometimes 
Middle East, North Africa, South yeast 
Africa, Europe 
Prokllada Dairy Europe Streptococcus and Lactobacillus spp 
Sour cream Dairy Europe, North America, Indian Le. cremoris, Le. lacticus, Le. lacticus ssp. 
subcontinent, Middle East diacetylactis 
Yakult Dairy East Asia Lactobacillus casei 
Yogurt Dairy Worldwide Str. thermophilus, Lb. bulgaricus 


Source: Ref. 2. 


sponsible for the refreshing tart flavor of cultured products 
but is responsible for the destabilization of the milk protein 
structure (casein micelle) that allows the milk protein to 
coagulate, thus contributing to the product’s body and tex- 
ture characteristics. The culture may also contribute other 
flavorful compounds (Table 2). The major flavor com- 
pounds, other than lactic acid, encountered in fermented 
milk products are acetaldehyde, diacetyl, ethanol, carbon 
dioxide, and acetic acid. These flavor compounds are re- 
sponsible for the unique flavor characteristics of various 
products and great care is taken to promote their produc- 
tion in certain products. For example, proper yogurt flavor 
depends on the production of acetaldehyde while proper 
cultured buttermilk flavor depends on the production of 
diacetyl. Products such as kefir and koumiss also undergo 
alcoholic fermentation with final levels of ethanol reaching 
1 to 2.5%. 


NUTRITION 


The primary nutritional benefits of cultured milk products 
are due to their compositional makeup. All milk products 
are excellent sources of high-quality proteins (casein and 
whey), calcium, and vitamins (especially riboflavin and 
other B vitamins). Early in the twentieth century Eli 
Metchnikoff (1908) proposed in his book, Prolongation of 
Life Optimistic Studies, that the consumption of cultured 
milk products such as yogurt result in the prolongation of 
life. Metchnikoff based his claims on the ability of lactic 
bacteria to prevent putrefactive processes in the digestive 
tract (4). Although lactic cultures do produce antimicrobial 
effects from the production of acids, hydrogen peroxide, 
and antibiotics such as nisin, scientific evidence does not 
support Metchnikoff’s claims of prolonged life due to the 
consumption of cultured products. However, there is grow- 
ing scientific evidence that the addition of alternative or- 
ganisms to cultured products such as Lactobacillus aci- 
dophilus and Bifidobacterium sp. may have therapeutic 
effects in the lower digestive system (5). Many of these 
organisms are believed to be able to pass through the up- 
per digestive system and then produce beneficial effects in 
the lower intestine. Recent research suggest that the con- 
sumption of these probiotic cultures in cultured milk prod- 
ucts could aid in the prevention of intestinal infections, 
diarrheal diseases, hypercholesterolaemia, lactose diges- 
tion, and cancer. 
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Table 2. Starter Cultures and Their Principal Metabolic 
Products 


Starter organisms 


Important metabolic products 


Mesophilic bacteria 
(optimum growth temperature of 20-35°C) 
Lactic acid 
Lactic acid 
Lactic acid, diacetyl 
Lactic acid, diacetyl 


Le. cremoris 
Le. lactis 

Le. lactis ssp. diacetylactis 
Leue. cremoris 


Lb. acidophilus Lactic acid 
Lb. breves CO,, acetic acid, lactic acid 
Lb. casei Lactic acid 


Thermmophilic bacteria 
(optimum growth temperature of >35°C) 


Str. thermophilus Lactic acid, acetaldehyde 


Lb. bulgaricus Lactic acid, acetaldehyde 

Lb. lactis Lactic acid 

Bifidobacteria Lactic acid, acetic acid 
Yeast 

Saccharomyces cerevisiae Ethanol, CO, 

Candida (Torula) kefir Ethanol, CO; 

Kluveromyces fragilis Acetaldehyde, CO, 

Note: Le. = Lactococcus, Leuc. = Leuconostoc, Lb. = Lactobacillus, Str. = 

Streptococcus. 

Source: Ref. 3. 
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DAIRY FLAVORS 


Dairy products are very ancient foods and are one of the 
most important classes of foods in our diet. The basic dairy 
product, milk, is not a very stable food. Today’s practice 
allows us to heat process it to keep it stable from micro- 
biological attack for various periods of time depending on 
the nature of the processing conditions to which the milk 
is subjected. The commercial practice of heat processing 
(pasteurization) has only been in place for the last 60 or so 
years. In ancient times milk was allowed to spoil in a con- 
trolled way so that it would remain eatable. 

The development of ghee (butter) from buffalo milk, an 
early practice of controlling the spoilage of milk, has been 
traced to India of perhaps about 4,000 years ago. The 
method of butter making was to appear in Europe at a 
much later date. The first commercial creamery in the 
United States was built by Alanson Slaughter in 1881 in 
Orange County, New York. 

Cheese from milk also has a prehistoric origin. Cheese 
was an excellent way to preserve the important nutrients 
of milk. Because of the many ways of stabilizing milk into 
cheese, many forms of cheese with a variety of flavor and 
taste profiles have been developed. Recently, a USDA bul- 
letin indicated over 800 varieties and the (United States 
Food and Drug Administration) U.S. FDA has established 
standards of identity for 30 different type of cheeses. Typ- 
ically, cheeses are named after the immediate region where 
they were originally produced. 

At first the manufacture of dairy products, including 
milk, milk products, butter, and cheese, was based on his- 
torical practice and the art of the producers. It took the 
great scientific revelation of Louis Pasteur working in 
France between 1857 and 1876 to relate the manufactur- 
ing process to the new world of the microorganism and fer- 
mentation. The use of pure culture techniques began 
around 1870, and the dairy and cheese industry was trans- 
formed from an industry of inconsistent product quality 
and quantity. The various organisms responsible for the 
development of the flavor, taste, and texture of dairy and 
cheese products were discovered and used in day-to-day 
operation of the manufacturing plants. More recent sci- 
entific advances in the area of organic, analytic, and bio- 
chemistry have allowed for the identification of those 
chemical components that develop during the manufactur- 
ing steps and contribute to the flavor profiles that we as- 
sociate with these products. 

Besides the well-known nutritional properties of these 
products, they are very popular owing to their unique fla- 
vor, taste, and textual attributes. 


OVERVIEW OF DAIRY PRODUCTS 


Dairy products may be defined as food products based on 
milk developed through a variety of manufacturing meth- 
ods and fluid milk itself. There are several animal sources 
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of milk, including the cow, water buffalo, goat, and sheep, 
that are commonly used sources. 

In the 10 year period from 1987 to 1997, the production 
of milk has increased by approximately 15 billion Ib to 155 
billion Ib, with 60% of the milk used to create other dairy 
products. The percent use of milk products to make other 
dairy products increased by 2% during that period. Total 
cheese production, excluding cottage cheese, was 7.33 bil- 
lion lb in 1997, an annual increase of 2%. Wisconsin was 
the leading state for cheese product, with 29% of the total 
production. By far the most popular types of cheese are the 
American varieties, which include mainly cheddar. Cot- 
tage cheese is produced by far more plants in the United 
States (332) and represents production of 1.2 billion Ib. 
Butter production has been declining; in 1997 production 
was recorded at 1.2 billion Ib, a decrease of 2% from 1996. 
California, at 27% of butter production, was slightly ahead 
of Wisconsin, at 26%. Table 1 represents the statistics for 
production of various dairy products in the United States 
during 1997. 

In discussing the nature of the flavors of these products 
it is natural to organize the discussion based on the types 
of products manufactured. Based on the major groups of 
products, there are four distinct areas that will be dis- 
cussed. They are fluid milk and milk products (dried and 
canned), milk-derived products (yogurt and similar types 
of fermented milk products and ice cream), butter, and 
cheeses. 


Milk and Milk Products 


These products are minimally processed. Typically they 
may be reduced in fat, have the fat suspended (homoge- 
nized), or be heat treated. The heat-processing step may 
vary in its time/temperature relationship to assure a safe 


Table 1. Dairy Product Production in the United States 
for 1997 


Total volume 


in 1997 Growth rate 
Products Plants (in 1,000 pounds) —(%) 
Butter 91 1,151,250 2.0 
Cheeses 2.0 
American 215 3,285,203, 
Swiss 42 207,583 
Muenster 42 100,191 
Brick 21 8,535 
Limburger aL. 746 
Italian types 156 2,880,404 
Cream & Neufchatel 32 614,921 
Cottage Cheese 332 1,164,172 
Canned milk 9 580,965 
Skim milk 51 997,802 
Dry Milk (nonfat) 47 1,217,562 15.0 
Yogurt 104 1,574,050 
Source: Ref. 1. 
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product. Although the heat treatment can have some influ- 
ence on the taste and flavor of fresh milk, there is a much 
greater relationship to the time of year, nature of the ani- 
mals’ feed, and the species of animal from which the milk 
is derived. 

Milk is a very complex substance based on fats, sugars 
(mainly lactose), proteins (such as lactalbumin), and salts 
(such as calcium phosphate). The taste of milk is mainly 
affected by the change in this mixture and the degree to 
which the fat is emulsified (homogenized) in a continuous 
phase with the aqueous phase. The sensory perception de- 
termines the physical nature of the emulsion, with a 
slightly salty/sweet taste from the salts and lactose. Al- 
though some slight flavor changes can be detected in even 
the mildest of heat-treated milk, the flavor defects are gen- 
erally considered to be notes associated with good quality, 
pasteurized milk. 

Of the various constituents of the milk, the lipid (fat) 
fraction has the greatest effect on milk’s flavor. It is also 
the precursor of many chemical components considered im- 
portant in all types of dairy flavors. The fatty acid com- 
position of the milk lipids is also very complex and unique 
among food products. More than 60 fatty acids have been 
reported in cow’s milk (2). Quantities of butyric acid and 
caproic, caprilic, decanoic (fatty acids with 6, 8, and 10 car- 
bon atoms) acids are unique to milk and of great impor- 
tance in the development of flavors in products based on 
milk. Oxidation of these lipids gives rise to some key flavor 
components. For example, the oxidation of unsaturated oc- 
tadecadienoic acid leads to the formation of 4-cis-heptenal, 
which has been identified as the cream-like flavor compo- 
nent in milk and butter (3). The free fatty acid distribution 
of milk and butter is shown in Table 2. 

The heat treatment of milk is divided into two types of 
processing: pasteurization in which the milk is heated for 
15 s at 72°C and ultra high-temperature treatment (uht), 
where it is heated at 135-150°C for a few seconds. The 
flavor changes that occur during the heat treatment may 
be formed from three distinct chemical mechanisms: 


* Degradation of thermally labile precursor found in 
milk. 


Table 2. Free Fatty Acids in Milk 


Fatty acid ee) 
(carbon no.: unsaturation) Fresh milk Rancid milk Butter 
4:0 7.23 6.03 1.32 
6:0 3.40 3.42 0.65 
8:0 137 2.07 0.83 
10:0 5.16 3.98 141 
12:0 4.89 3.98 4.22 
140 10.02 9.58 11.02 
16:0 23.61 26.09 «22.69 
18:0 9.98 13.65 12.04 
18:1 29.78 27.05 «38.40 
18:22 4.55 414 4.66 
18:3 ss = 2.69 


Source: Ref. 4. 


¢ Reaction between the sugars and proteins (Maillard 
reactions). 

* The release or formation of sulfur-containing com- 
ponents. 


Degradation of Precursors. The triglycerides (lipids) in 
milk fat are formed from complex as well as simple fatty 
acids of many types, including substituted acids such f- 
keto acids and hydroxy acids. These acids originate in the 
diet of the animal and also may be the result of normal 
metabolism. Methyl ketones are formed from the f-keto 
acids (5). Although they are formed in fresh milk, maxi- 
mum yield occurs at prolonged elevated heating (140°C for 
3 h). The liberation of methyl ketones is generally below 
their individual odor thresholds, yet they contribute to the 
aroma of milk because of their synergistic interaction due 
to their combined concentration (6). Methyl ketones are 
formed from the decarboxylation of the f-keto acids, 
whereas ring closure of 6- and t-hydroxy acids form the 
corresponding lactones. 


The Maillard Reaction. Reaction between the lactose 
and the milk protein can lead to many different compounds 
of flavor significance. These reactions are referred to as 
Maillard reactions. Discussion of the Maillard reaction is 
complex and outside the scope of this article, but its basic 
chemical pathway is the reaction between aldose and ke- 
tone sugars and a-amino acids resulting in the formation 
of aldosylamines or ketosylamines. These materials then 
undergo further rearrangement, resulting in the creation 
of many key flavoring materials, such as acetyls, furans, 
pyrroles, aldols, and pyrones. The normal heat treatment 
of milk does not appear to produce enough of the Maillard 
reaction product to be a flavor contributor. However, the 
cooked flavor of milk is noted when it is heated to above 
75°C (7). At that point many Maillard reaction products 
start to contribute to the flavor of the milk. Further heat- 
ing above the cooked-flavor range produces a carameliza- 
tion flavor, due to the intense amount of Maillard reaction 
products being formed and the liberation of many sulfur- 
containing chemicals. 


Formation of Sulfur-Containing Compounds. Dimethyl 
sulfide is produced from the S-methyl methionine sulfo- 
nium salt (from the vegetable matter in the animal's diet) 
that is decomposed on heating (8). At high concentrations 
this chemical produces a malty or cowy flavor defect in the 
milk (9). The flavor from the caramelization of milk has 
found great use in various culinary schools of fine food 
preparation. 


Flavor Defects in Milk. Caramelization is a wanted de- 
fect in many food applications; yet, there are some defects 
that are not wanted. Extended storage of dry milk causes 
the stale off-flavor where the release to the fatty acid con- 
tributes to the further development of methyl ketones 
above their threshold value, but below the quantity seen 
in certain cheeses; for example, the family of blue cheeses 
(10). 

The oxidation of milk causes the cardboardy or cappy 
defect that is evaluated as the milk being metallic, tallowy, 


oily, or fishy. The oxidation of the unsaturated fatty acids 
leads to the methyl ketones and series of aldehydes. Very 
low levels of cis-4-heptenal, hexenal, and 1,3 octenone con- 
tribute to the oxidized flavor defect (11). 

The lipolysis of the milk by lipases remaining active af- 
ter the heat treatment can cause rancidity of the milk. This 
is due to the increase of both the short-chain fatty acids 
and the increased acidity of the milk. In normal milk the 
total free acid content is about 360 mg/kg, but in rancid 
milk it rises to 500-1500 mg/kg (4). 

One final major flavor defect is known as the sunlight 
defect. It is believed to be produced from the degradation 
of methional (a common amino acid found in milk) to sev- 
eral sulfur-containing compounds, including mathane- 
thiol, dimethyl sulfide, and dimethyl disulfide. These con- 
tribute to a flavor characterized as burnt or cabbagey. The 
extent of the flavor defect is related to the length and 
strength of exposure to light (12). 


Milk’s Basic Flavor. Milk’s basic flavor, then, is due 
mainly to the taste components found in the milk as noted 
in Table 3. The fats, sugars, salts, and protein all contrib- 
ute to give milk a subtle, but enjoyable, flavor and taste. 
Unless the milk has been mistreated or subjected to high 
temperature for prolonged time, no significantly predomi- 
nate flavor is noted. In contrast, products made from milk 
have characteristic and, in some cases, strongly predomi- 
nate aroma and tastes. 


Cultured Dairy Products 


Among the first products of milk to be developed were cul- 
tured products. Cultured products are produced through- 
out the world, as seen in Table 4. Originally, fermentation 
occurred naturally to milk set aside for later use. The spoil- 
age organisms in the milk produced the proper conditions 
for the preservation of the cultured product. The lowering 
of the pH of the milk by the organisms allows for the pres- 
ervation of the product and contributes to its characteristic 
aroma and taste. 

The preparation of these cultured products became an 
art that survives today. The consumption of these products 
varies around the world, with the northern European 
countries consuming the greatest amount (~20 kg/y/ 
person); and the United States consuming the least (~1.2 
kg/y/person) (14). However, the United States is a 300-fold 


Table 3. Fat Content of Cow’s Milk 


‘Type of fats Range of occurrence (%) 
‘Triglycerides 97.0-98.0 
Diglycerides 0.25-0.48 
Monoglycerides 0.015-0.038 
Keto acid glycerides 0.85-1.28 
Aldehydo glycerides 0.011-0.015 
Glyceryl ethers 0.011-0.023 
Free Fatty Acids 0.10-0.44 
Phospholipids 0.2-1.0 
Cerebrosides 0.013-0.066 
Sterols 0.12-0.4 
Source: Ref. 13. 
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Table 4. Cultured Milk Products 


Product type Fermentation Organism 
‘Yogurt (U.S.) Moderate acid Streptococcus thermophilus 
Lactobacillus bulgaricus 

Buttermilk Moderate acid Streptococcus cremoris 

WS.) Streptococcus lactis 
Acidophilus milk 

U.S.) High acid Lactobacillus acidophilus 
Bulgarican milk 

(EUR) High acid Lactabacillus bulgaricus 
Yakult (Japan) Moderate acid 
Dahi (India) Moderate acid Streptococcus diacetyllactic 
Leben (Egypt) High acid Streptococci, Lactobacilli, 

yeast 

Kifur (USSR) High aleohol — Lactobacillus caucascus 


Leuconostoc spp 


increase over the 1966 figure. This, no doubt, reflects the 
healthy eating trend in the United States prompted by 
television commercials and magazine ads listing the 
health benefits of cultured milk products. 

The basic fermentation is due to lactic acid bacteria. 
Historically, this was fermentation done by a mixed or un- 
known culture or back-slop, but modern technology has de- 
veloped the pure culture with its predictable performance 
potentials. 

The major flavor and taste component in these products 
is the lactic acid produced by the fermentation of the sug- 
ars by the bacteria. Although this flavor is considered ac- 
ceptable in many societies, it is rejected completely in oth- 
ers. To increase the commercialization of these products, 
manufacturers have introduced products that contain 
added sugars, fruit preserves, and flavors. These innova- 
tions have also contributed to increased consumption, par- 
ticularly in the United States. 

During the fermentation the lactose in the milk is trans- 
formed via pyruvic acid to lactic acid. The small amount of 
lactose or its hydrolysis products galactose and glucose is 
below the threshold for detecting sweetness, but the lactic 
acid may account for more than 2% of the mass of the prod- 
uct and, by that, contribute a significant flavor and taste 
effect. The fermentation pathway may favor both enanti- 
mer formation (L(+) and D(—) lactic acid), as depicted in 
Figure 1. The preferred metabolite, in flavor terms, is the 
1(+) or a harsh off-flavor will be observed (15). 

The basic microorganisms used are the lactobacilli, 
streptococci, and leuconostocs. The major difference in 
their flavor is the amount of lactic acid produced and the 
perception of the acid taste. One exception is the product 
from the USSR called Kifur, which undergoes a secondary 
fermentation to create ethyl alcohol. This product is also 
known as the champagne of milk (16). 


Yogurt Flavor. Yogurt flavor is also influenced by acet- 
aldehyde, another product of lactose from the fermentation 
of pyruvic acid by Lactobacillus bulgaricus. In yogurt the 
acetaldehyde level differs greatly with the type of micro- 
organism(s) used (17). There is no agreement on the acet- 
aldehyde values that give an optimum flavor effect (18). 
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Figure 1. Lactic acid fermentation. 


The value of 23-41 ppm is given in some reports, whereas 
the value of 13-16 ppm is considered by others to be the 
optimum level (19,20). 

One further compound of flavor interest in cultured 
milk products is diacetyl. It is formed from the citrate pres- 
ent in milk by the action of Streptococci, Leuconostocs, and 
other organisms that can metabolize citrate. (21) This com- 
ponent strongly contributes to the acid cream butter flavor 
usually at level of 1-2 ppm (22). It is diacetyl that is a 
significant contributor to butter’s flavor. 


Butter and Cream 


We have discussed the nature of milk flavor and the cul- 
tured products derived from milk. The production of butter 
from milk involves the concentration of the milk fat in the 
milk by mechanical separation. The resultant product is a 
water in oil emulsion that has a mild characteristic flavor. 
During this process the exogenous enzymes (those en- 
zymes existing outside the cell) can break down the tri- 
glycerides to free fatty acids; with improper handling this 
may occur at a high level, leading to a flavor effect known 
as rancidity. It is the short-chain free fatty acids (eg, bu- 
tyric acid) that are responsible for the development of ran- 
cidity in butter. The role of other free fatty acids directly 
on flavor seems small, except the deca- and dodecanoic 
acids, which appear in sweet cream butter at levels ex- 
ceeding their flavor threshold (23). Because the lipases re- 
sponsible for the hydrolysis of the triglycerides are very 
heat stable, their activity continues even at low tempera- 
ture during refrigerated or frozen storage. 


Rancidity. Rancidity is the major flavor defect in butter. 
The most useful index of rancidity is related to the amount 
of butyric acid found in the butter. A rancidity score de- 
veloped by the University of Wisconsin correlates sensory 
data with individual free fatty acids concentration by step- 
wise regression and discriminatory analysis to index the 
relative rancid flavor intensities in butter (24). This is a 
very useful flavor index for the evaluation of butter. 


Lactone Formation. Lactones have also been considered 
a major flavor attribute in butter and cream. They are gen- 


erated from the small amount of 6-hydroxy acids occurring 
in milk fat. On hydrolysis these compounds may sponta- 
neously lactonize to form the corresponding 6-lactones. The 
t-lactones also may be formed from unsaturated C18 fatty 
acids via hydration and f-oxidation. The amount of lac- 
tones formed is related to the type of feed, the season, the 
type of breed, and the stage of lactation of the animal (25). 
Estimates of the amount of lactone that can create a flavor 
effect is reported at 7-85 ppm (26,27). 


Heated-Milk Defects. Heated milk fat increases the 
level of lactones found in butter (28). Although this is con- 
sidered a defect in butter or cream, it is a desired effect 
when cooking. The flavor developed is characterized as a 
coconut-type note, which has been observed in heated but- 
ter used to flavor popcorn. Several patents have been is- 
sued to commercial companies for the use of lactones or 
lactone precursors for the flavoring of butter analogues, 
including margarine. 


Imitation Products. Although margarine is not a dairy 
product, it bears mention here as it is produced in great 
quantity throughout the world as a substitute for butter. 
The process goes back to the Napoleonic times as a com- 
mercial product. The flavors used in these products gen- 
erally are composed of diacetyl and lactones or lactone pre- 
cursors for the butter flavor impression. To various degrees 
of sophistication, all commercially available margarine has 
these materials added to the vegetable fat/water emulsion. 


Ice Cream. One other product produced from milk and 
butter is ice cream. Ice cream represents a congealed prod- 
uct produced from cream, milk, skim milk, condensed milk, 
butter, or a combination of these ingredients, plus the ad- 
dition of sugar, flavorings, fruits, stabilizers and colors. 
Again, the basic contribution of the dairy ingredients to 
the flavor is the fat and lactose, with those aromatic com- 
ponents mentioned in the foregoing discussion and asso- 
ciated with butter or cream flavor. Typically, the aromatic 
portion of the flavor is greatly modified by the addition of 
flavors and extracts. 

Most of these basic dairy products, like butter, have fla- 
vor profiles that are simple. The real flavor masterpieces 
of the dairy industry are the many varieties of cheese, with 
their extremes in flavor types and intensities. 


Cheese 


The many varieties of cheese represent many centuries of 
the cultivation of the art of cheese-making. Many different, 
probably accidentally developed, flavors, tastes, and tex- 
tures have been developed. The products of cheese-making 
are the result of many types of microorganisms (yeast, bac- 
teria, and mold) working together with the basic milk 
source (typically cow’s, goat’s or sheep’s milk) and the 
knowledge of the control of fermentation. The variety of 
methods is great and, so too, as has been noted, are the 
varieties of cheese produced throughout the world. We will 
not attempt to discuss all the types known, but focus our 
flavor discussion on those well-known cheeses and the ba- 
sic science of their formation. 


Chemistry. The basic chemistry or biochemistry of 
cheese-making is the slow degradation of the macromole- 
cules (protein and lipid material) to small components of 
flavor (aroma and taste) value. Proteolysis (breakdown of 
the protein by enzymes) during cheese ripening and aging 
has a major influence on peptide formation. Peptides have 
various taste characteristics based on their polarity. The 
basic taste sensations of sour/sweet and salt/bitter and the 
flavor-enhancing property known as umami (the flavor- 
enhancer taste associated with monosodium glutamate, 
MSG) are all taste attributes of peptides and amino acids. 

It has been observed that the acid- (sour), hydrophobic- 
(bitter), and glutamic/aspartic-rich (umami) peptides are 
the key taste peptides and amino acids in aged cheese (29). 
The hydrophilic (sweet) and salt-based peptides contribute 
very little, as they are overwhelmed by the basic taste at- 
tributes of the cheese. The natural sweetness from lactose 
and the saltiness due to the salt (sodium chloride) added 
to all cheese to produce a selective environment and the 
chemistry needed to develop the specific cheese character 
play a more significant flavor role than do the peptides that 
have salty or sweet taste character. 

The salt content of selected cheeses is listed in Table 5. 
Note that the Roquefort or blue-cheese types have the 
highest salt content and those of the Swiss types have the 
lowest. This is reflected in the basic salt taste of these 
cheeses. As we will see, the volatile chemicals formed from 
the amino acid, peptides, lipids, and sugar are the back- 
bone of the characterizing flavors for the various cheese. 


Types of Cheeses, The family of cheeses generally rec- 
ognized are 


* Fresh soft low-fat cheese 
* Cream/Neufchatel 
* Gouda/Muenster 
* Port du Salut 

* Brie/Camembert 
* Blue cheeses 

* Goat cheeses 

¢ Emmentaler 

* Cheddar 
Parmesan/Romano 
Whey/ricotta 


Processing. The basic processing involves the progres- 
sive dehydration and working of the coagulated and sepa- 
rated curds of milk to form a homogeneous compact mass. 


Table 5. Salt Content of Certain Cheeses 


Cheese variety Salt (NaCl) (% w/w) 
Roquefort 4.1-5.0 
Feta 244.4 
Parmesan 2.1-3.5 
Edam 17-18 
Cheddar 16-17 
Emmentaler 0.9-1.0 
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The initial coagulation is achieved by using an added en- 
zyme, rennin, or by lactic acid fermentation, or both, de- 
pending on the desired character of the final product. The 
green cheese is then ripened via the addition of certain 
microorganisms that will accomplish the breakdown of the 
protein, lipids, and sugars to the small molecular weight 
components that contribute to the cheesey flavors found in 
the final product. 


Flavor Attributes of Cheese by Families. The less cheesey 
flavored cheeses are those with the least amount of rip- 
ening: fresh soft low-fat, higher fat cream/Neufchatel, and 
the whey/ricotta type. Their flavors are primarily due to 
the components contributing to milk, cream, and butter 
flavor. They should be low in flavor intensity or they would 
be considered to have a flavor defect. 

The next group in terms of flavor strength consist of the 
Swiss (Emmentaler), German (Muenster), and Dutch 
(Gouda) cheeses, The importance of peptides was recog- 
nized in studies with Swiss cheese (30). Results indicated 
that the small peptide that interacted with calcium and 
magnesium gives the cheese a sweet flavor, with the small 
free peptides and amino acid contributing a slight brothy- 
nutty flavor. An important reaction in Emmentaler is the 
conversion of pyruvic acid to propionic acid by propioni- 
bacterium. Propionic acid is found in Emmentaler in levels 
of up to 1%, and it is considered the basis of the sweet taste 
of that cheese (31). Gouda has a defect called catty taint 
that is due to the formation of 4-mercato-4-methylpen- 
taone-2 (32). 

Cheddar cheese is by far the most consumed cheese in 
the United States. It is produced by a unique process, ched- 
daring, introduced in 1857 to repress the growth of spoil- 
age organisms during cheese-making. Cheddaring in- 
volves the piling and repiling of blocks of warm cheese curd 
in the cheese vat for ca 2 h. During this period the lactic 
acid increases rapidly to a point where coliform bacteria 
are destroyed. 

The basic taste of cheddar is due to the peptide fraction 
and, in particular, to the umami and bitter components. 
The development of acetic acid during ripening contributes 
to the sharpness of aged cheddar. The release of the acetic 
acid and amino acids continue during the ripening process. 
The medium chain fatty acids (C6 to C18) that are released 
during the ripening process have also been shown to be 
important in cheddar cheese flavor character (33). 

Many other studies over a 10-year period indicated that 
it is necessary to produce the right level of acidity to pro- 
vide a reducing environment in the finished cheese so that 
there may be a release of sulfur-containing compounds. 
The lost of these compounds, in particular, methyl mercap- 
tan, results in a cheese with little cheddar character (34— 
36). Methanethiol has also been shown to be a significant 
factor in aged cheddar (37-41). Methanethiol has a very 
fecal-like aroma with a threshold of detection reported at 
0.02 ppb (42). 

It has been suggested that acetylpyrazine and 2-meth- 
oxy-3-ethylpyrazine are important in aged cheddar (43). 
The possible microbial origins of pyrazines became evi- 
dent when it was reported that dimethylpyrazine and 2- 
methoxy-isopropylpyrazine were isolated from milk con- 
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Table 6. Summary of the Flavor Chemistry of Dairy Products 


Product Process Chemistry Major fiavor contributors 
Milk Homogenization and mild heat Natural components Balance of fats, salts, and lactose (milk sugar) 
Defects Cooked >57°C Maillard reactions Aldehydes and pyrazines 
Prolonged cooking Caramelization Sulfur-containing components 
Oxidation Oxidation Aldehydes 
Sunlight exposure Sulfur reactions Methanethiol 
Rancidity Lipolysis Butyric acid 
Cream Fat separation Enzymolysis Methyl ketones (low level) diacetyl and lactones 
Butter Further fat separation Enzymolysis Diacetyl and butyric acid 
Cultured products Fermentation Lactic acid formation L(+) Lactic acid 
Yogurt Fermentation Acetaldehyde 
Cheeses Salting NaCl 
Aging Proteolysis Peptide formation 
Swiss types Fermentation Propionibacteria Propionic acid 
Cheddar types Cheddaring Lactic acid fermentation _Lactic and acetic acid 
Maillard reactions Acetyl pyrazine and other pyrazines 
Blue types Fermentation Penicillium Methyl ketones (high amounts) 


taminated by Pseudomonas taetrolens (44). Further 
alkylpyrazines have been isolated from mold ripened 
cheese using Penicillium caseicolum cultures (45). The 
overall flavor of good cheddar is a balance between the free 
fatty acids and the other flavor components noted above. 

The blue cheese family has been found to contain from 
18 to 37 times the amount of free fatty acids found in ched- 
dar. This is due to the lipolysis of the fat by the lipases 
generated from the use of the mold Penicillium roqueforti 
(46). Roquefort is made from sheep milk and does not have 
the high levels of free fatty acids seen in the blue cheese 
made from cow’s milk. Part of the flavor difference between 
the two is due to the lower concentration of propionic acid 
(4:0) in Roquefort and the relative larger amount of C8:0 
and C10:0 free fatty acids. 

The major aroma character of the blue cheeses is due 
to the high levels of methyl ketones found in the cheese. 
These components have been isolated in milk and are as- 
sumed to be the product of the free fatty acid. The impor- 
tance of the methyl ketone in creating an imitation blue 
cheese flavor has been well reported (47-52). 

Secondary alcohol may be produced from the methyl ke- 
tones when they are generated in high amounts driving 
the equilibrium from the methyl ketones to the secondary 
alcohols. Although the secondary alcohols have a similar 
flavor profile to the methyl ketones, their intensity and 
quantity in the cheese is less, therefore, making only a 
small contribution to the complete flavor (52). 


CONCLUSION 


The flavors of dairy products are extremely varied and rep- 
resent a great range of chemistry, biochemistry, and mi- 
crobiology. A summary of the major dairy products and 
their associated significant flavor values is given in Table 
6. It summarizes the nature of the components contribut- 
ing to the flavor and taste characters of the particular ma- 
terial. Science has yet to identify completely the compo- 
nents responsible for the overall subtle aromas and taste 
found in dairy products, but Table 6 represents a good ba- 


sic start to an understanding of the complexities of dairy 
flavors. 
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DAIRY INGREDIENTS: APPLICATIONS IN MEAT, 
POULTRY, AND SEAFOODS 


Meat and dairy products have several things in common. 
Both are appreciated from organoleptic and nutritional 
points of view. They have been traditionally regarded as 
two of the main protein sources for humans. In a modern 
diet, meat contributes about 35% of the protein intake, and 
milk about 25% (1). 

Meat and dairy industries, furthermore, have a com- 
mon interest in maintaining a positive image for protein 
of animal origin. However, in recent years there has been 
criticism about the fat content of meat and dairy products, 
and in some countries nutritional councils have recom- 
mended substituting vegetable protein for animal protein 
in the diet. In response to this criticism, meat and dairy 
manufacturers have succeeded in introducing low-fat prod- 
ucts. A whole new range of meat and dairy foods is avail- 
able, enabling the consumer to decide on the fat level de- 
sired in the diet. In addition to providing protein and fat, 
meat and dairy products contribute to a great extent to the 
intake of micronutrients. Meat is very important for the 
intake of iron and certain vitamins such as thiamin and 
riboflavin, while dairy foods are critical for the intake of 
calcium and vitamins. 

Liquid or solid dairy products are widely used in the 
meat industry. They are mostly used with the objective to 
improve taste or eye appeal, eg, cheese topping on burgers, 
cordon bleu entrees, and cheese franks. Fresh dairy cream 
is often used in patés or liver products and in many seafood 
products. These applications are not within the scope of 
this article on functionality. The two most important in- 
gredients from milk that find application in meat products 
are milk sugar (lactose) and predominantly milk protein. 
Milk protein causes functional advantages, while lactose 
is mostly used for taste improvement. 

This article reviews and updates the application of 
these milk derivates in meat, poultry, and fish products. 
Scientific backgrounds will be highlighted. 


PROCESSED MEAT PRODUCTS 


Processed meat products are all meat-based products that 
need more than just cutting from the carcass. It is esti- 
mated that ca 25% of the worldwide meat production is 
being processed (Table 1). In these processed meats dairy 
ingredients can be used as functional ingredients. 


Table 1. Production of Meat in Different Areas of 
the World (in 1,000 tons) 1987 


Area ‘Total meat* 


European community 29,985 
United States 26,787 
USSR 18,997 
Total world 159,669 
Source: Ref. 2. 


“Beef, veal, pork, poultry, and sheep expressed as gross carcass 
weight. 


Meat products can be classified in many different ways. 
Usually they are categorized as noncomminuted, coarsely 
comminuted, and finely comminuted. The degree of com- 
minution determines to a large extent the way of applying 
dairy ingredients (see Table 2). 


DAIRY INGREDIENTS IN MEAT PRODUCTS 


The two most important ingredients from milk that find 
application in meat are predominantly milk protein and to 
some extent the milk sugar or lactose. 


Lactose 


Water binding in coarse and roncomminuted meats such 
as pumped ham is improved by extraction and swelling of 
meat proteins. For optimum extraction of protein from 
meat, usually phosphate and salt are used. The concentra- 
tion of these ingredients is limited for organoleptic rea- 
sons. The effective salt and phosphate concentration on 
water and so the ionic strength can be increased by in- 
creasing the total solids of the brine mixture. For this pur- 
pose lactose is often used. Lactose has advantageous ef- 
fects on 


Taste. Lactose has the capacity of masking the bitter 
aftertaste of salts and phosphates. 

Stability. Lactose improves water binding and slice- 
ability and enhances the cured color. 

Yield. Lactose is therefore used in liver products, 
cooked hams, and cooked sausages. In sterilized prod- 
ucts the addition of lactose is less desirable because of 
the browning reaction. 


Lactose as an integrated part of whey powder or skim 
milk powder (smp) is being used in many meat products. 


Table 2. Classification of Meat Product 


Degree of 

comminution Examples 

None Hams (cooked, smoked, dry), bacon, cooked 
loins, shoulders, reformed hams 

Coarse (Semi)dry sausages (salami, cervelat), fresh 
sausages (bratwurst), hamburgers, meat 
patties, meatballs, chicken nuggets 

Finely Frankfurters, hot dogs, polony, pariser, bologna, 


mortadella, liver sausages/spreads, meat 
loaves 


Table 3. Ingredients in Final Product 


Ingredient Percent of final product 
Phosphates 0.3 

Nitrited salt 18 

Lactose 12 

Powdered egg white 03 

Milk protein Varying from 0-15 
Sodium ascorbate 0.05 


DAIRY INGREDIENTS: APPLICATIONS IN MEAT, POULTRY, AND SEAFOODS 461 


The protein from smp also contributes to some extent to 
the stability, but as this is present in micellar form, it is 
not optimum for emulsifying properties. Also, it is known 
that calcium may negatively influence the binding prop- 
erties of meat proteins (3). Therefore Ca-reduced smp has 
found quite some application in meat products. 


Milk Protein 


The application of milk protein in the form of sodium ca- 
seinate has found broad acceptance in the meat industry 
(4). The functional properties of milk protein can be ex- 
plained from its molecular structure (5) (Fig. 1). 

Due to the high proline and the low sulfuric amino acids 
content, caseinates will have a random coil structure with 
a low percent helix. As a consequence, caseinates will show 
no heat gelation and denaturation and will have a high 
viscosity in solution. 

Caseinates have a high electrical charge and have sev- 
eral very hydrophobic groups. This makes them perfect 
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Figure 1. Amino acid sequence of f-casein A. 


emulsifiers, with a strong preference for interfaces fat/ 
water or air/water. The high charge makes them perfectly 
soluble in water. 

Caseinates build strong, flexible membranes that will 
hardly be influenced by heat. Whey proteins show a differ- 
ent pattern (Fig. 2). They are low in proline and have many 
S-S bonds, leading to a globular, strongly folded and or- 
ganized structure. Whey proteins are sensitive to heat. 
During heating they unfold and, depending on pH and con- 
centration, they will build intermolecular disulfide bonds 
resulting in gelation. The globular form is also the reason 
for the low viscosity in solution. 

Whey proteins have a rather high hydrophobicity, which 
is more evenly distributed than in caseinate. Because of 
this structure, the application possibilities of whey pro- 
teins in meat products are very limited and will not be 
discussed in this article. 


FINELY COMMINUTED MEAT PRODUCTS 


The various finely comminuted meat systems, such as 
frankfurters, Vienna sausages, mortadellas, luncheon 
meat, chicken sausages, liver sausages, and patés, are 
commonly indicated as meat emulsions (6). 

These products are generally prepared by chopping or 
grinding meat with water or ice, salt, and frequently phos- 
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Figure 2. Amino acid sequence of e-lactalbumin B. 
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phates to a kind of cold meat slurry, then forming the ma- 
trix in which the animal fatty tissue and possibly connec- 
tive tissue material is dispersed. 

In general, the final temperature during processing 
does not exceed 15-18°C. Often flavorings, binders, or 
other additives are mixed in. Having this in mind, it will 
be clear that hardly any of the abovementioned finely com- 
minuted products will show structures that are equal to 
true and simple emulsions as defined in physical chemis- 
try. 
The stability of finely comminuted meat products is— 
apart from production technology, formulation, the use of 
binders, etc—mainly determined by the quality of the meat 
cuts used (6,7). 


Structure of Lean Meat 


Lean meat generally contains about 20% protein, which 
can be divided into: 


30-35% Sarcoplasmic proteins. 

50-55% Myofibrillar or structural proteins (myosin, ac- 
tin). 

15-20% Stromal proteins (collagen, elastin). 


The essential unit of all muscle is the fiber (8) (Fig. 3). 
Each fiber is surrounded by a membrane, the sarcolemma, 
and consists of a great number of parallel ordered myofi- 
brils (8). In turn, each myofibril represents a similarly 
parallel-ordered structure of very thin protein threads, the 
actin- and the myosin filaments (Fig. 4). 

Within the sarcolemma, surrounding the myofibrils, is 
the meat juice or sarcoplasma. This meat juice contains 
the water soluble meat proteins (wsp), consisting of en- 
zymes, the red meat color myoglobin, and structured bod- 
ies. It is easily extracted on pressing, freezing/thawing, or 
chopping the meat. The myofibrillar proteins in warm 
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Figure 3. Sketch of a muscle fiber. 
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Figure 4. Section of a muscle fiber. 


slaughtered meat are present as free actin- and myosin 
filaments and are soluble in brine. Therefore, they are 
called the salt soluble proteins (ssp). In chilled and ma- 
tured meat, however, the actin and myosin have gone into 
a reaction to form the complex actomyosin (7,8), This ac- 
tomyosin is only partly soluble in brine, depending on the 
condition of the meat, age of the animal, (pre)slaughter 
conditions, anatomic location, mechanical treatment, etc. 

The nonsoluble part of the myofibrillar proteins is able 
to swell (take up water). In this postrigor condition the 
water- and fat-holding capacity of the meat are consider- 
ably lower than in warm slaughtered meat. 


Meat Emulsions 


As indicated in the introduction, hardly any of the above- 
mentioned finely comminuted meat products is a true 
emulsion. In meat emulsion there are at least four differ- 
ent phase systems at the same time: 


1. A true aqueous solution of salt, phosphates, nitrite, 
sugars, etc and a colloidal solution (sol) of sarcoplas- 
mic (water-soluble) proteins and salt-solubilized 
myofibrillar proteins. This solution is the continuous 
phase of three different dispersed systems at a time. 

2. A suspension of undissolved proteins and fatty tis- 
sue. 

3. An emulsion containing emulsified fat droplets. 

4. A foam; during the comminution process some air is 
corporated. 


This system has to be stabilized against heat treat- 
ments such as pasteurization or sterilization, against 
smoking, cooling, frying, reheating, vacuum treatments, 
etc—whatever physical stress is put upon the products 
during conserving, storing, and commercializing. 

These stabilization properties are important, not only 
from the standpoint of production practices, but also from 
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the standpoint of cost and quality characteristics, such as 
texture, consistency, bite, tenderness, juiciness, appear- 
ance, and palatability of the finished sausages. 

The mechanism for the binding and stabilization phe- 
nomenon still is not completely understood, and there are 
several conflicting viewpoints expressed in the literature 
(8-15). It is, however, generally agreed on that the myofi- 
brillar proteins are mainly responsible for this stability (8— 
10,16,17). 


Stability of the Aqueous Matrix 


The stability of the matrix is, apart from the effect of bind- 
ers, determined by the water holding and gelling capacity 
of the meat proteins, and, more in particular, of the myo- 
fibrillar part. In relation to the stability of fresh sausage 
batters, the water-binding capacity of the nonsolubilized 
myofibrillar proteins is decisive. Changes in the net-charge 
of the proteins, resulting in either attraction or repulsion 
of the filaments, are responsible for shrinkage and swelling 
of the protein network and run parallel with the decrease 
or increase, respectively, in water holding (18). 

This mechanism of water binding may be compared to 
that of a sponge. The more salt-soluble proteins are solu- 
bilized, the better the water binding will be. 


Stability of the Suspended and Emulsified Fat 


Animal fatty tissue consists of a cellular network in which 
the fat is enclosed. The network is built up of connective 
tissue and water. As long as these cell walls are intact, only 
minor fat separation will take place. However, on chopping 
the fatty tissue an increasing number of fat cells is dam- 
aged and more and more fat is set free. This free fat should 
be stabilized to prevent fat separation from the product. 
The origin of the fat (pork, beef, mutton, poultry, etc) and 
the anatomic location determine the amount of free fat 
during comminution and as a consequence the application 
of the fatty tissue. 

Most beef, mutton, and chicken fat, as well as pork flare 
fat are hard to stabilize in finely comminuted meat prod- 
ucts, unless they are pre-emulsified with a nonmeat pro- 
tein such as sodium caseinate (13,19,20). 

Pork fats other than flare fat (back fat, shoulder fat) are 
softer and consequently can be used directly in the pro- 
duction of the meat emulsion, because there is more fat in 
a liquid state. 

Particularly in finely comminuted meat products, the 
interaction between the free fat and the meat proteins 
plays an important role in the stabilization of both fat and 
water (14). 

The salt-soluble myofibrillar meat proteins have excel- 
lent emulsifying properties and are quickly preferentially 
absorbed in the fat/water interface (21). The sarcoplasmic 
proteins are relatively unimportant in this respect. In ad- 
dition to their gelling capacity and their role in water bind- 
ing, this emulsification is another reason to aim at a suf- 
ficient extraction of these myofibrillar proteins during first 
stage of chopping. 

However, when the myofibrillar meat protein enters the 
fat/water interface, the protein structure is altered and, as 
aresult, the myofibrillar protein is no longer capable of gel 


formation and water binding (8). This means that the con- 
sumption of ssp for the emulsification of free fat goes at 
the expense of the water binding. 


Milk Proteins in Meat Emulsions 


Milk protein, type sodium caseinate, is a perfect emulsi- 
fying protein, which is very strongly attracted by the fat/ 
water interface (12). If this type of milk protein gets the 
opportunity to surround the free-fat particles during sau- 
sage manufacture and before the myofibrillar (ssp) pro- 
teins do this, the latter are saved for denaturation in the 
interface. 

Research has proved that milk protein, type sodium ca- 
seinate, indeed is better and more quickly absorbed in the 
oil/water interface when emulsification takes place when 
both milk proteins and meat proteins are present in the 
continuous phase (Fig. 5). 
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Figure 5. The preferential adsorption of milk protein, sodium ca- 
seinate over water soluble protein (WSP) and salt soluble protein 
(SSP), in a fat/water/protein emulsion; (a) the initial composition 
of the protein soluble mixtures is shown on the abscissae; (b) the 
composition of the protein solution after removal of the emulsified 
fat is shown on the ordinates. 
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In this way the abovementioned loss in gelling capacity 
is avoided. As milk protein is doing the fat binding, the 
meat proteins can use their full power in water binding 
and texture formation. In this way sodium caseinate con- 
tributes directly to a better fat binding and indirectly to an 
improved water binding and texture formation (20-22). 

Milk proteins can be applied in three ways: 


1. Addition of the powder at the beginning of the com- 
minution process. When milk protein is used in this way, 
it is important that the addition takes place just before the 
addition of water/ice. In that way the protein is optimally 
hydrated; this hydration is very important for its function- 
ality. 

2. Addition as a jelly. The milk protein is predissolved 
in water in a bowl chopper or colloid mill. A common ratio 
is 1 part milk protein dissolved in 6 parts water. 

3. In the form of a pre-emulsion. These pre-emulsions 
consist of milk protein, fat, and water. Technologically dif- 
ficult to stabilize fats can be used perfectly by this pre- 
emulsifying technique (eg, beef suet and flare fat). A com- 
mon ratio of milk protein:fat:water is 1:5:5. Addition levels 
of these emulsions to meat emulsions can vary from 10 to 
25% maximum. 


Temperature control during the production of finely 
comminuted meat products is very important; when tem- 
peratures at the end of comminution exceed 15—18°C, the 
stability of the final product is affected very negatively. 
This means that there is little tolerance in processing. 

A unique feature of milk proteins is their capacity to 
widen the processing tolerance as far as temperatures are 
concerned. This is illustrated in Figure 6. 


SECTIONED AND FORMED MEAT PRODUCTS 


Principles of Production 


Sectioned and formed products are made by mechanically 
working meat pieces to disrupt the normal muscle cell 
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Figure 6. Influence of Na-caseinate on the stability of a meat 
emulsion in dependence of the final chopping temperature. 


structure (16). This produces a creamy, tacky exudate on 
the surface of the meat pieces. When the product is heated 
during thermal processing, this exudate binds the meat 
pieces together; during this heating process the solubilized 
salt-soluble proteins (mainly myosin) are denaturated and 
form a gel (23-27). The mechanical action of tumbling and 
massaging primarily affects external tissues to produce 
the surface exudate. Some internal tissue disruption also 
occurs, which explains the enhanced tenderness, brine 
penetration and distribution, and improved water-holding 
capacity. The protein exudate is not only produced by the 
mechanical action during massaging and tumbling, but 
also by the synergistic effect of addition of salt combined 
with alkaline phosphates, which improves yields and max- 
imizes myofibrillar protein solubilization. 

Optimum product quality is achieved with the addition 
of brine, which produces a final product containing 2 to 3% 
salt and 0.3 to 0.5% phosphate. 


Dairy Ingredients 

In the production of reformed hams both lactose and milk 
proteins (sodium caseinate) are very useful ingredients. 
Lactose can be used in levels varying from 0.5 to 2%. When 
lactose is used, it serves as a water binder, thereby increas- 
ing the yield. It has the capacity of masking the bitter 
aftertaste of phosphates, giving the final product a more 
delicate flavor. Milk protein or milk protein hydrolysates 
can be used in levels varying from 0.8 to 1.6% by dissolving 
them in the brines used for injection of the meat pieces. 
Milk protein strongly affects the binding between the meat 
pieces, thereby an improved sliceability is obtained and 
they have a positive effect on yield. The effects on yield 
after cooking as function of milk protein percentage in the 
final product is presented in Figure 7. 


INTERACTION OF MILK PROTEINS WITH MEAT PROTEINS 


The results of application research indicate that there is a 
specific interaction between milk protein and meat pro- 
teins. To study this effect we have to make a classification 
of proteins present in meat. Meat protein can be divided 
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Figure 7. Milk proteins in reformed cooked ham (60% injection). 
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into different groups according to their specific function 
and solubility in different solvents (Table 4). 

To study the effect of interaction between milk protein 
and salt-soluble meat proteins, lean meat was extracted 
according to the extraction procedure shown in Figure 8. 
Sixty-three percent lean meat (M. semimembranosis) is ex- 
tracted with 2% salt and 35% ice/water in the bow] chop- 
per. After dilution with 200% brine (2% salt), the lean meat 
slurry is centrifuged. 

After centrifugation there are three distinct layers in 
the centrifuge tube: 


Upper layer: contains wsp (sarcoplasmic proteins) and 
the salt-soluble myofibrillar proteins. 

K-fraction: contains nonsolubilized and swollen myofi- 
brillar proteins, mainly actomyosin. 

R-fraction: contains connective tissue materials. 


The gellification of wsp/ssp proteins was tested in the 
following solution: 


3% ssp/wsp proteins. 
3% NaCl. 
2% milk protein. 


The equipment for these tests is the gelograph (Fig. 9). 

The principle of this gelograph is as follows: A protein 
solution that is placed in a waterbath is slowly heated (1°C/ 
min). During this heat treatment the viscosity/gel strength 
of the solution is continuously measured by means of an 
oscillating needle; this equipment operates in a nonde- 
structive way; this means the gel structure that is formed 
during the heating of the solution is not destroyed because 
of minimal oscillating of the needle. In this way it is pos- 
sible to imitate the gelling of meat proteins in pasteurized 
meat products (eg, a cooked ham). 

An example is a product containing 60% lean meat, 
which contains about 12% total meat protein. Roughly 50% 
of this protein is myofibrillar proteins. This is about 6%. 
Suppose that 50% of total myofibrillar proteins are ex- 
tracted during massaging/tumbling. This means that 
the concentration of ssp will be around 3%. This is the 
same concentration as used in the model experiments. Re- 
sults of gelograph experiments are presented in Figures 10 
and 11, 

Figure 10 shows the gel strength of a 3% wsp/ssp as a 
function of temperature. The temperature starts at 20°C 
(68°F) and is increased at a rate of 1°C/min; during this 
temperature increase the gel strength is measured as mili- 
gels. At 44°C (110°F) there is a sudden increase in gel 
strength; this is caused by the aggregation of myosin mol- 
ecules (24). At higher temperatures the viscosity decreases 


Table 4, Classification of Meat Proteins 
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Figure 8. Fractionation of meat proteins. 
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Figure 9. The gelograph. 


again. The reason for this phenomenon is not yet exactly 
known (23,26,27). 

At a temperature of 57°C there is again an increase in 
gel strength. With further heating of the solution to 75°C 
the gel strength reaches a constant value of + 150 m gels. 
Cooling down the solution results in a final gel strength of 
+200 m gels. The same experiments are done in the pres- 
ence of 2% milk proteins and 2% soy protein isolate. The 
results are presented in Figure 12. A conclusion from this 
figure—addition of 2% milk protein (which has no gellify- 
ing capacity itself) results in a much higher gel strength of 
a heated meat protein solution. 

This result supports the theory that there is a synergis- 
tic effect of milk proteins on the gellifying capacity of salt- 
soluble meat proteins, either milk proteins play a role in 
the cross-linking of myosin molecules or they absorb a sig- 
nificant amount of water, which results in a higher net con- 
centration of myosin molecules. Other nonmeat proteins 


Protein Percent Role Solubility Gellifying properties Emulsifying properties 
Sarcoplasmic 30-35 Metabolic Water Weak Weak 
Stromal 15-20 Connective Insoluble No Weak 
Myofibrillar 50-55 Contractile Salt soluble Strong Strong 
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Figure 10. Results of an experiment on gelograph meat protein 
(no addition). 


1000 85 
eee om 

wee" Caseinate 75 

No addition 65 
= 100 55 § 
& 8 
— a 
45 é 
435° 

10 Temperature *... 425 

5 — " 15 

0 30 60 90 120 150 


Time (min) 


Figure 11. Results of an experiment on gelograph meat protein 
(no addition, caseinate). 


only partially have this specific function (eg, soy protein 
isolate) or do not have it at all. 


POULTRY 


Poultry Consumption 


Whereas the consumption of red meat is stable or even 
decreasing, poultry consumption has grown impressively 
over the last decade. The main reasons for the increase of 
consumption of poultry are a healthy image (lean, low in 
fat and cholesterol), increase in the amount of further- 
processed poultry meat (convenience), and relatively cheap 
source of animal protein. 

The consumption of poultry per capita in different areas 
of the world is given in Table 5. 


Poultry Rolls and Poultry Bolognas 


Poultry rolls and poultry bolognas are in appearance very 
similar to their red meat counterparts. They can be man- 


1000 a RS 
--7~~""Caseinate 

75 

po SPl | 
2g 
100 No addition | 55 3 
- 8 
g ‘ 45 & 

. 
y 35 
| 
iol’ Temperature "*.,- 425 
5 15 
B 30. 60 90 120 150 


Time (min) 


Figure 12. Results of an experiment on gelograph meat protein 
(no addition, caseinate, SPI). 


Table 5. Per Capita Consumption of Poultry, 1982-1987 
(kg) 


Area 1982 1983 1984 1985 1986 1987 
United States 29.3 29.9 30.5 32.0 33.1 35.6 
European community 15.5 15.6 15.6 15.9 16.2 16.9 
USSR 96 94 95 103 10.7 11.2 
Japan 11.1 114 118 122 129 136 
Source: Ref. 2. 


ufactured from materials such as trimmings, skin, fat, and 
mechanically deboned poultry (mdp). The basic difference 
between a poultry roll and a poultry bologna is that the 
bologna sausage contains curing salt and is finely emulsi- 
fied (20). Poultry rolls normally have a certain ratio of fine 
meat emulsion to meat chunks. 

It is important to create an even color appearance 
within the roll, ie, the color of the surrounding fine emul- 
sion must match the color of the meat chunks. To obtain 
this even and white color, it is recommended that milk pro- 
teins be used in both basic components: part in the fine 
emulsion and part mixed into the meat chunks. 

Some chicken or turkey bolognas are made from 100% 
mechanically deboned poultry. From a technologic point of 
view the poultry meat emulsion is not very different from 
the red meat emulsion. Sometimes poultry bolognas can 
have a dry mouthfeel. This can be corrected by the addition 
of approximately 10% chicken skin/fat emulsion. Such a 
pre-emulsion is made of 1 part milk protein (sodium ca- 
seinate), 5 parts chicken skin, 5 parts chicken fat, 6 parts 
water, and 2 parts ice. 

Without the assistance of such a prestabilized fat/skin 
emulsion, fatting out often occurs when the total fat con- 
tent reaches 20% or higher. The addition of milk protein 
as a dry powder to such products (addition level generally 
between 1.0 and 1.5%) improves the consistency of the final 
product as well; generally firmer and better sliceable prod- 
ucts are obtained. 


DAIRY INGREDIENTS: APPLICATIONS IN MEAT, POULTRY, AND SEAFOODS 467 


Chicken Nuggets and Patties 


Since their introduction in the early 1980s, these poultry 
items have become very popular. Initially, a chicken nugget 
was a solid piece of slightly marinated breast meat that 
was battered and breaded (20). 

Increased demand has forced the poultry processor to 
use such parts as thigh meat, trimming, mechanically de- 
boned meat, and chicken skin. The target in combining all 
these ingredients in a nugget or a patty is to reach the 
appearance, flavor, and bite of the original product as 
closely as possible. Important in the stabilization of the 
final product is the binding of the meat pieces, the water 
holding capacity, and the stability of the fat. 

Again, some basic rules in meat technology are very im- 
portant: for optimal binding of the meat pieces, it is nec- 
essary to grind the meat before use; this creates relatively 
small meat pieces with a large surface area. During the 
mixing stage, when salt and phosphates are added, it is 
important that sufficient meat proteins are extracted and 
become hydrated in the continuous phase (28-30). On fry- 
ing, this continuous phase will gellify and cement the meat 
pieces together, When milk protein is being used in these 
systems, they boost the meat protein gelation, resulting in 
higher yields and better consistency of the final products. 

Products based on lean meat exclusively tend to be dry 
and tough after frying. By incorporation of prestabilized 
chicken fat/skin emulsion (usually 10%), flavor, consis- 
tency, and juiciness can be improved. 


Whole Muscle Poultry Products 


One of the most popular food items in this group of poultry 
products is breast of turkey. Essentially the manufacturing 
process comes very close to the production process of re- 
formed hams. Important differences are: lower injection 
levels are applied (up to 25%); lower salt concentrations 
are being used; no curing ingredients are being used, be- 
cause a white color is desired; and the tumbling process is 
generally much shorter and less intense than that prac- 
ticed in ham manufacture. 

For the production of breast of turkey both milk protein 
(type sodium caseinate) and milk protein concentrates are 
used frequently. Usage levels vary from 0.8 to 1.5% (cal- 
culated on the final product). Yield increases from 3.0 to 
6.0% can be reached. At the same time the consistency, 
binding, and sliceability of the product are improved. One 
of the most important characteristics of milk proteins in 
comparison to, eg, carbohydrate-based stabilizers is the 
fact that milk proteins do not affect the original flavor and 
palatability of the final product. 


SEAFOOD 


Since the growing interest in food and health in general, 
seafood items have become very popular over the last 10 
years. The major reasons for the impressive increase in 
seafood consumption are sea foods are low in fat, high in 
protein, contain high percentages of polyunsaturated fatty 
acids, and most sea foods are relatively cheap. 

Although fish and meat are two completely different 
sources of protein, there is a striking similarity from a 


Table 6. Water-Packed Tuna 


Component Percent of total 
Steam-cooked tuna ra 
Brine 25 
Brine formula 
Water 86 
Salt 4 
Milk protein hydrolysate 10 


technologic point of view. Muscle fibers in seafood are al- 
most identical to fibers in red meat (31). A remarkable dif- 
ference is the very low content of collagen protein in fish- 
meat. This is the main reason for its softer texture and bite 
compared to red meats. 

Because of the similarity between red meat and fish- 
meat structure a lot of processing technologies from the 
red meat industry can be transferred to processed seafood. 
This is especially true for fish sausages, fish nuggets, and 
fish burgers. 


Canned Tuna 


Canned tuna, but eg, also canned salmon, mackerel, and 
sardines, has been on the market for years as preserved 
fish with a long shelf life. For a good heat transfer and 
maintenance of the natural appearance and taste during 
sterilization, it is absolutely necessary that the fish is 
canned with a liquid as heat transfer medium. Until re- 
cently the liquid used was usually oil, but as a result of 
changes in the food consumption pattern and health con- 
sciousness of people, an aqueous solution has been applied 
more frequently in recent times. The switch from oil to an 
aqueous solution is naturally associated with some 
changes in product characteristics, and it is apparent in 
practice that milk protein hydrolysate is a perfect ingre- 
dient for stabilizing the canned product in respect to flavor, 
juiciness, and yield. 

In the preparation of canned tuna and other species of 
fish the starting point is usually precooked fish. After 
steam-cooking the fish is cooled and bones, skin, and the 
dark fish flesh are removed carefully and the fish is suit- 
able for canning. A formula for water-packed tuna is given 
in Table 6. 


Milk Protein Functionality 


A light color, mild flavor, juicy texture, and good water pen- 
etration during sterilization are extremely important char- 
acteristics of premium quality canned tuna. Milk protein 
hydrolysate promotes the juiciness of the fish structure, 
gives a mild taste, and has an excellent effect on the water 
retention of the tuna during sterilization. Adding 10% milk 
hydrolysate, as indicated in the brine formula, improves 
the drain weight of the tuna by 6 to 8%. This means that 
milk proteins not only effect the quality of the final prod- 
uct, but have important economic advantages as well (30). 
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Figure 1. The cascade of dairy materials. 


FORMS OF DAIRY INGREDIENTS 


Dairy ingredients are provided in many different forms, 
which can be grouped according to the effect of the process 
on the products. 


1, Compositionally complete or only partially rear- 
ranged ingredients (e.g., removal of water and/or 
fat). 


Liquid milk and cream are available, but it is normally 
more convenient for the food processors to use products 
from which the water has been removed (as in the manu- 
facture of whole milk powder and butter). The centrifugal 
removal of cream results in the manufacture of nonfat milk 
powder. These processes have been industrialized on a 
very large scale in order to minimize costs. Although they 
are inherently simple, sophisticated knowledge and pro- 
cess control are required to achieve consistent product per- 
formance as may be specified. 


2. Products in which a desired component of milk is 
prepared (e.g., milkfat, protein). 


Complete removal of water and nonfat solids from 
cream will result in anhydrous milkfat that is usable in 
the same manner as other oils but that is prepared without 
requiring a complex series of extractive procedures in its 
manufacture. The major protein of milk, casein, is ob- 
tained by simple isoelectric or enzymic precipitation fol- 
lowed by subsequent washing with water and drying. 


3. Products obtained by the reassembly, or rearrange- 
ment, of the individual components. 


At its simplest level the compositional adjustment of 
milk ingredients is readily achieved. For example, the con- 
trol of fat levels in cheese products and milk powders is 
widely practiced; increased levels of whey solids in infant- 
food products are provided because they are nutritionally 
desirable; the recombination of powdered ingredients at 
locations that are far distant from the point of milk pro- 
duction has provided international availability of milk and 
its products. 


4. Products in which the ingredients have been modi- 
fied for specific purposes. 


Judicious application of heat modifies the properties of 
milk components and can result in a range of milk powders 
tailored to satisfy specific industrial requirements (1). Ad- 
dition of food-grade alkali to casein results in its solubili- 
zation (2). Physical modification by processes such as ho- 
mogenization, to provide homogeneity, and agglomeration. 
of powder particles to provide improved dispersibility, is of 
considerable value. More extensive modifications of dairy 
materials have been intensively researched. New pro- 
cesses are becoming available, and products that result 
from these newer technologies hold considerable promise 
in meeting the increasingly sophisticated requirements of 
food formulators. Transformations of milk components are 
being achieved. Lactose can be converted to lactulose (3), 
protein is being transformed into its hydrolysates (4), and 
milkfat can be deodorized and decolorized. 

Extensively modified materials have been prepared, but 
the market has not yet taken up all the possibilities; the 
great bulk of commercial usage in the food industry lies 
with products that are well known and are based on simple 
processes. 


THE INGREDIENT RANGE 


The composition of dairy ingredients varies both naturally 
(because of their biological origin) and by design (through 
the manufacturing procedures) but can, in general terms, 
be set out as in Table 1. 


Control of Component Ratios and Performance 


A wide variety of performance requirements are imposed 
by the needs of food formulation. Products that contain 
various combinations of milk components are available in 
traditional, widely used forms and also in forms that have 
been recently modified for food-industry use. The com- 
position of some available product groups is provided in 
Table 2. 

Table 2 reviews the products that have been tradition- 
ally available and that are widely recognized. More re- 
cently, the specific needs of the food industry have been 
met by the development of milk powders for milk recom- 
bination plants. Recombiners require particular properties 
such as heat stability for the manufacture of recombined 
evaporated milks. Similarly, nonfat milk powders that pro- 
vide manageable viscosity characteristics in the produc- 


Table 1, Typical Composition of Dairy Products 
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Content, % dry basis Moisture content 


Product Fat Protein Lactose Mineral (%) 
Milk 32 27 35 5 87 
Cheese (cheddar) 53 38 2 6 33 
Products with concentrated fat levels 
Cream 87 5 7 1 55 
Butter 98 1 z <0.5 16 
Anhydrous milkfat (AMF) 100 <0.1 <0.1 <0.1 <0.1 
Products with concentrated protein levels 
Nonfat dry milk 1 40 50 9 3.5 
Casein (acid) 1 96 <0.1 2 1 
Caseinate 1 95 <0.1 4 4 
Whey powder 4; 15 76 8 3.4 
‘Whey protein concentrate (WPC)* 3 37 54 6 4 
Whey protein concentrate? 5 79 12 4 4 
Whey protein isolate 1 96 3 4 
Isolated products 
Lactose 100 5 
Minerals 1 8 1 83 10 
As lactate. 
‘Includes salt. 
Table 2. Combinations of Milk Components 
Product class Performance required by food formulator Process of manufacture Reference 
Whole milk A natural liquid Pasteurized for safety 5 
A stable liquid Sterilized for microbial stability 5 
A stable liquid with dairy flavor UHT” sterilized and asceptically packaged to 6 
protect from oxygen and light 
Compositionally A powder for dry-blend purposes Dehydrate by roller or spray drier 1 
altered milks 
Fat reduced or zero fat contribution Remove milk fat centrifugally 7 
Protein enrichment Protein added before drying 
Sweetened and stable Sugar addition, appropriate heat, 8 
crystallization concentration 
Cocoa crumb as chocolate ingredient Codried cocoa and sweetened condensed milk 9 
Modified milk Reduced mineral levels (especially for infant foods) Ton exchange and/or electrodialysis (of whey 10 
or mineral profile adjustment generally) 
Heat-stable powder Mineral adjustment and appropriate heat 1 
control 
A powder for nutritional improvement in bread Appropriate heat control 12 
without loaf volume depression 
‘Sweet but without sugar addition (especially for Hydrolysis of lactose by lactase 13 
dietetic uses) 
A powder with high dispersibility Agglomeration plus surface-coating with 14 


hydrophilic materials 


°UHT, ultra-high temperature, 


tion of sweetened condensed milks are also required. Man- 
ufacture by the appropriate use of heat and by control of 
the mineral balance of the milks during processing are the 
essential manufacturing processes. An improvement in the 
dispersibility of powdered products has been achieved by 
progressively improved drier design so that powder parti- 
cles can be agglomerated without damage to the flavor or 
nutritional properties of the product. More recently, effec- 
tive coating of the particles with natural materials that 
impart hydrophillic properties has been achieved. The re- 
duction of mineral levels by the processes of ion exchange 


and electrodialysis are widely practiced (15,16). This has 
allowed, in particular, the development of infant foods with 
low osmotic pressure and with managed mineral profiles 
that appropriately meet nutritional needs for nutrient bal- 
ance. 

Powders that contain milk fat are manufactured by 
means that ensure that stale flavors, due to oxidation de- 
veloped during storage, do not arise in less than 12 
months. Fat-containing powders that are intended for dis- 
persion in water require particular care in manufacture 
ay. 
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High-fat powders, such as cream and butter powders 
which are particularly useful in the bakery industry, re- 
quire appropriate formulation to ensure that free-flow 
properties are retained without loss of functional perfor- 
mance (18). 


PRODUCTS IN WHICH MILKFAT IS THE DOMINANT 
COMPONENT 


The use of cream, butter, and anhydrous milkfat (AMF), 
represent around 30% of the milkfat that is produced on 
dairy farms worldwide. The 6.8 million tons used annually 
means that milkfat is the third most widely used fat in 
worldwide commerce. The nature of fat on presentation to 
the manufacturing process is pure and wholesome so that 
the use of extensive clean-up processes and chemical pre- 
servative procedures are unnecessary. Milkfat has a desir- 
able and prestigious flavor, so the maintenance of that fla- 
vor is of special importance. For this reason, refrigerated 
storage of the products of milkfat is common. Because of a 
significant level of naturally occurring materials that have 
antioxidant activity, and the widespread use of stainless 
steel, which prevents contamination of milk with pro- 
oxidants, extended shelf life can be achieved without re- 
course to added antioxidents. 

The manufacturing processes that are used are inher- 
ently simple physical procedures such as churning and de- 
hydration. The product range is shown in Figure 2. 

Rearrangement of the textural properties of milkfat is 
achieved in a number of ways (19): 


1. Mechanical and thermal procedures are often used 
simultaneously in scraped surface heat exchangers and 
pin-working machines and result in plasticization. Butter- 
type products with controlled physical properties are the 
result. 

2. Processes known as dry fractionation consist of crys- 
tallization from melted fat after controlled cooling followed 
by separation of the liquid from solid phase by vacuum 


Butter 
manufacture 


? Compound butter 
Vegetable oils and + (salted and unsalted) 


mixes (fat mixes) 


Anhydrous blends 


Butter 


filtration or centrifugation without coming into contact 
with any contaminating process aid. These processes yield 
products that contain increased solid fat levels that are 
particularly useful for croissants and puff pastry (20). 

3. Compounding of milkfat with vegetable oil to modify 
spreadability properties of spreadable products results in 
a number of products that are successful at the retail level 
and are attractive to the catering industry. Commonly, 
these products employ 50% milkfat, 40% liquid vegetable 
oil to increase the proportion of fat liquid at 5°, and 10% 
hard stock to provide standup properties. 


The intensity of the yellow color of milkfat is, to some 
extent, controllable. The natural color of milk fat is caro- 
tene, a precurser of vitamin A, and is not implicated in any 
concern for health. Selection of the milkfat origin according 
to breed of cow, feed source to the herd, and season of pro- 
duction will provide a range of color properties. More ex- 
tensive color modification can be achieved by use of steam 
deodorization processes that are commonly employed in 
the oils industry. It yields a white milkfat that is finding 
extensive use in the manufacture of white cheeses and cof- 
fee whiteners and holds promise in other foods. 

Experimental investigation into the extensive modifi- 
cation of milkfat by complex processes such as interester- 
ification and hydrogenation has not, so far, yielded prod- 
ucts having adequately improved benefits to justify the 
cost of the processes. Such approaches would simulta- 
neously harm both the distinctive flavor and the natural- 
ness of milkfat (Table 3). 


MILK PROTEINS 


The products that contain milk proteins are derived from 
skimmed (nonfat) milk (Fig. 3). The proteins of milk have 
a well-balanced amino acid profile, having been designed 
by nature for the rapid early phase of growth that is nec- 
essary for infant mammals. By comparison with a refer- 
ence protein, which has been described by a FAO/WHO 


Bulk salted 
whey butter 


Bulk unsalted 
whey butter 


Salted butter 


In tins, sheets, pats, and bulk 


Cream Frozen cream 
Decolorized 
anhydrous milkfat Unsalted butter 
UHT cream Fractionated Salted lactic butter 
anhydrous milkfat 
Anhydrous . Unsalted lactic butter 
ilk foe Crystallized ghee 
Ghee 


Figure 2. The products derived from cream. 


Table 3. Milk Fat Ingredients 
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Product class Performance requirement by food formulator Process of manufacture Reference 
Whole milk 
Cream Natural flavor and liquid, whippable Centrifugal separation 7 
Butter Solid or spreadable form Churning 21 
Spreadability Ammix process 22 
Component: Strong dairy flavor with no interfering components Dehydrate and wash 23 
Anhydrous 
milk fat 
Rearrangement Control of melting characteristics while retaining Selection of natural properties 24 
of composition natural flavor performance 
Fractional crystallization and separation 25 
Inclusion of nondairy oils into churning 
process (compound butter) 
Greater spreadability or increased levels of Inclusion of polyunsaturated oils before 26 
polyunsaturated fatty acids churning or by recombining 
Introduce protected polyunsaturated oils to 27 
feed of the cows 
Modifications Light color Destruction of carotene by steam 
deodorization 
Deep color Select milkfat by origin 28 
Melting-point control Fractional crystallization and separation 29 
Caseinate Recent technological advances have resulted in the 
manufacture of soluble whey protein concentrates that are 
Acid casein Whey produced by the membrane process of ultrafiltration of 
Lactic casein powders whey. Functional whey protein concentrates that contain. 
and up to about 80% protein are commercially available. 
Casein Rennet casein Propel Products that provide the combined benefits of casein 
Skim wy and whey protein have been available in the form of co- 
milk Co-precipitates precipitates, which are manufactured by control of tem- 
Skim milk perature, acidity level, and calcium level (33). More re- 
powder Instant SMP cently developed technology using shifts in pH has resulted 


Heat range SMP 
High protein SMP 


Figure 3, The products derived from skim milk. 


group of experts, milk proteins meet all the requirements 
for essential amino acids. Whey proteins are particularly 
rich in the sulfur-containing amino acids (methionine and 
cystine), so they serve a valuable role complementing the 
amino acid profile of proteins of vegetable origin in food 
formulations that require high nutritional quality (30). 

A physiological role for milk proteins in human nutri- 
tion is based on the activity of the immunoglobulins, lac- 
toferrin, and other proteins that are present in small 
amounts (31). The particular amino acid profile of whey 
proteins has been proposed as a fundamental property that 
improves immunocompetence of humans (32). 

The proteins in milk are recoverable by long-practiced 
separation procedures such as by very specific enzymatic 
precipitation (as in the case of rennet casein), heat pre- 
cipitation (as in lactalbumin), and by isoelectric precipi- 
tation (as in acid caseins). The most widely used of these 
is the last-named (33). 


in new products that combine strong functionality with 
high PER levels (34,35). 

Specific functional performance has been engineered 
into caseinates, which have been solubilized from acid ca- 
sein by reaction with alkali (2). Arising from a precise un- 
derstanding of the influence of minerals, a growing com- 
prehension of the modifications achievable by controlled 
management of enzymatic reaction a number of highly spe- 
cific protein products have been created. Also of consider- 
able importance to the food formulator is the fact that the 
protein component of a food should not contribute unwel- 
come flavors. Adsorption technology has been used to en- 
hance the already bland flavor of casein products. The use 
of casein (and caseinate) as an ingredient in foods is very 
extensive, as it provides strong functional performance, 
high levels of protein relative to milk, competitive cost, and 
strong nutritive quality (36). 

Similar product development has been applied to whey 
protein concentrates (WPCs) with the result that enhanced 
gelation performance and products with unusual heat sta- 
bility have been achieved. The selection of an appropri- 
ately functional WPC for a particular use in food formu- 
lation can offer substantial benefits (37). 

Very high purity levels of whey protein have been 
achieved on the industrial scale by ion exchange processes 
that produce isolates, but the cost penalty that is incurred 
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means that only the very highest-priced market applica- 
tions can be considered for such products. 

The enzymatic hydrolysis of proteins may be used to 
produce products of low or zero allergenicity. This tech- 
nique is receiving intensive scientific attention and is 
likely to result in products that will have considerable im- 
pact in improving the health of infants, and possibly oth- 
ers, who have specific nutritional requirements (Table 4). 


CHEESE AND CULTURED PRODUCTS 


Cheese and cultured milk products generally are con- 
sumed in their native form, but they also can provide a 
nutritionally valuable ingredient resource with especially 
useful flavor and compositional characteristics that are 


Table 4. Milk Protein 


well regarded by consumers (48). The cheesemaker can 
provide a graduated series of flavor, texture, and compo- 
sitional properties to suit a variety of needs. Consequently 
cheese types vary widely, as shown in Figure 4. 

Natural cheeses are manufactured by controlled fer- 
mentation, which influences both acidity and flavor, and 
which in combination with controlled composition, influ- 
ences texture (49). Texture control extends from gels, 
through spreadable pastes, to firmly structured semi- 
solids. Processed cheese, which is made by melting the nat- 
ural cheese and then dissolving the protein so that a new 
emulsion is established, extends the range of textural 
properties and forms of presentation that can be offered. 

High-melt properties that can provide intact cheese 
pieces in, eg, heated sausages have been achieved. Stretch 
properties as may be required for pizza, and melt charac- 


Performance requirement of food 


Product class formulation Process of manufacture Reference 
Whole proteins 
Coprecipitate Balanced amino acid profile Precipitated under managed conditions of 38 
heat, acid, and calcium concentration 
Isolates Strong functional performance pH shifts and isoelectric precipitation 34,35 
Components 
Casein-acid Broad functional performance, bland, Isoelectric precipitation, multiple 33,36 
nutritionally strong washing procedure 
Casein-rennet Nutritionally strong, including Enzymic precipitation and multiple 39 
bioavailable calcium, stable bland washing 
flavor, stretch properties for analogue 
cheese 
Whey protein 
Lactalbumin Amino acid balance complementary to Heat precipitation and spray dried or ring 40 
vegetable proteins dried 
No interfering function 
WPC* low protein level Milk powder alternative at economical Ultrafiltration to around 35% protein 
price content 
WPC’, high protein level Soluble, bland, heat setting Ultrafilter and diafilter to around 75% 41 
protein content 
Isolates Pure proteins Tonic adsorption 42 
Compounding 
Specific functional performance Introduce vegetable proteins in blends or 43 
by interreaction 
Modification 
Caseinates 
Sodium Solubility, natural emulsification, foam, Treat with sodium alkali and spray dry 36,44 
fat binding, water holding 
Bland fiavor Carbon asorption 
Caleium Colloidal protein, viscosity control Treat with calcium alkali and spray dry 45 
Potassium Soluble and functional with low sodium ‘Treat with potassium alkali 
Various Special performance (e.g., high foam, low _Various proprietary procedures 46 
viscosity, gelation) 
Whey proteins, WPC* Special performance (e.g., strong gels, Various proprietary procedures 47 
heat stability) 
Hydrolysates Nutritional performance, reduced Enzymie modification 4 


*WPC, whey protein concentrate. 


allergenicity 


Soft 


Cottage cheese 
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3 

a3 Semisoft — Colby, Monterey, Egmont Young 

& - Hard Granular, Cheddar, Cheshire Medium 
Cheese Mature 

3 - Very hard — Romano, Pepato, Parmesan 

ae Hard Gruyere, Emmental, Swiss 

5 ¥ Semi soft — Gouda, Edam, Provolone 


Samsoe, Mozzarella 


Havarti, Blue stilton, Danbo 


Soft Camembert, Brie, Feta 


teristics as may be required for crust appearance, can be 
built-in during the manufacturing process. 

Cheese flavors are often desired characteristics, and 
they range widely. They include fresh and carbohydrate- 
derived flavor as in lactic cottage cheese and in creamy 
harvati; protein-derived flavor as in matured cheddar and 
camembert; and fat-derived flavors as in parmesan and 
blue cheeses. Further flavor extension by inclusion of nat- 
ural materials such as spices and herbs can be used with 
both natural and processed cheeses. Flavor contributions 
are particularly significant to cheese sauces, dressings, 
and parmesan toppings for European-style foods. 

Particulate forms of cheese, prepared by grating, dicing, 
or drying, provide convenience for incorporation into food 
formulations. Varied flavor intensity (such as by enzyme 
treatment) can also be built into powdered cheeses. Pow- 
dered yogurts are available, for coating and as formulation 
ingredients. These can be used, along with cream cheese, 
cottage cheese, and quarg for a range of cheese-cakes and 
similar products. 

New technologies, such as the use of ultrafiltration of 
milk before cheesemaking, have already yielded commer- 
cially successful forms of feta cheese with increased shelf 
life and promise to further extend the range of product 
composition that will be created (Table 5). 


LACTOSE 


The sugar of milk is lactose, a disaccharide that has one of 
the lowest levels of sweetness contributed by a carbohy- 
drate. Because it is approximately 25% as sweet as su- 
crose, it can be used in food formulations without domi- 
nating the natural flavors of other food components. Its 
solubility and sweetness vary with temperature and con- 
centration, and these properties may require control in 
some forms of use (55). 

Lactose is prepared by the processes of concentration 
and multiple crystallization followed by management of 
crystal size and properties. Lactose is available both at 
high levels of purity (including pharmaceutical quality) 
and, at lower cost, as the major component of dry whey 
powder or dry whey permeates (55). 


Figure 4. Cheese types. 


When used in the baking industry, it acts as a reducing 
sugar to promote the Maillard reaction, which increases 
the browning of the crust. At higher temperatures it will 
caramelize and so contribute to flavor. 

In formulated powdered products lactose crystals are 
slow to take up moisture and consequently minimize the 
likelihood of caking and lumping. This same property is 
also a valuable aid to tableting. 

Nutritionally, lactose has been shown to promote cal- 
cium and phosphorous absorption, which is especially use- 
ful in infant feeding preparations (56). It protects against 
destabilization of the caseinate complex during the drying 
process. Its presence can also maintain biological activity 
in the preparation of enzyme products. In brewing and 
baking applications, it is not fermented by conventional 
strains of yeast so its contribution to sweetness and color 
is not destroyed by the biological processes of those indus- 
tries. 

The hydrolysis of lactose yields a sweet syrup that 
contains glucose and galactose, which may have nutri- 
tional advantages in some dietary applications. Lactose- 
hydrolyzed syrups from permeates and wheys are com- 
mercially available and are being used in confectionery 
and ice cream (Table 6). 


THE NUTRITIONALLY VALUABLE MINOR COMPONENTS 
OF MILK 


The new technologies that have arisen from the biotech- 
nology revolution are permitting the extraction of a num- 
ber of biologically active materials. Some of these biologi- 
cally active components are present in large proportions in 
the colostrum milk but decline to low levels during the lac- 
tational period. The extraction of lactoferrin, which is an 
iron-binding protein, has been achieved commercially by 
sophisticated procedures of chromatography. This protein 
has been shown to be inhibitory to a number of pathogenic 
microorganisms, plays a role in the immunological process, 
and also provides a highly available source of iron. The 
enzyme lactoperoxidase has also been extracted from dairy 
sources and is capable of acting to destroy microbes in a 
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Table 5. Cheeses 


Product Class Performance requirement of food formulation Process of manufacture Reference 
Whole 
Natural Flavor and texture selection, strong Fermentation, controlled acidity and heat, 50 
nutritional contribution controlled maturation 

Stretch and melt control 

Powders Flavor enhancement Selection of type and maturity, emulsify and spray 51 
dry 
Particulate Sprinkling (onto pizza) Shredding or dicing 
Compositionally modified 
Skim milk cheese Protein source Fat-reduced milk 
Cream cheese Fat source flavor contribution and texture Cream addition, culturing 
Modified cheese 
Flavor enhanced Enzymic modification 53 
Stretch control Acidity management 
Processed cheese 
Specific texture requirements, flavor Emulsification. Use of nondairy ingredients 53 
modification 

Specific shape e.g., Slices 54 
Table 6. Lactose 
Product class Performance requirement Process Reference 
Component Low sweetness, reduction of water activity, enhanced browning. Concentration crystallization and 55,56,57,59 

Promotion of calcium and phosphorus absorption (especially particle size control 
in infant feeding), dispersing agent 
Modified Sweet syrup Hydrolysis by lactase, 13,60 
concentration 

Transformed New materials Various 55,61 


completely safe manner that would provide an alternative 
to the use of antimicrobial agents. 

Natural antibodies are also present in very low concen- 
tration in unprocessed milk, but traditional procedures 
have resulted in their inactivation. Procedures are now 
available that allow for preparation of protein products 
having biological activity, and there is evidence that dis- 
ease control is achievable (62). Currently these products 
are targeted toward the problems of animal health. Sci- 
entific enquiry is targeted toward the improvement of hu- 
man health. Wide-ranging implications for a new range of 
foods that have physiological functions exist and may pro- 
vide a new wave of the future (63,64). 

The recognition of the value of calcium naturally pres- 
ent in milk and cheese in meeting the nutritional needs of 
aging people, particularly women, has resulted in a de- 
mand for pure mineral ingredients of natural origin, fine 
particle size, and clean flavor. The natural calcium content 
of milk is being recovered by precipitation processes for 
direct incorporation into foods (Table 7). 


PREPARED INGREDIENTS FOR FOODS 


Sophisticated food ingredients have been specifically de- 
signed to provide physical functional performance for par- 


ticular food systems. Strong functional properties are pro- 
vided by dairy-based ingredients. 

Casein protein has an open structure and has separate 
areas of hydrophobic and hydrophyllic nature along the 
protein molecule. Consequently, it diffuses readily to in- 
terfaces and has powerful emulsion-forming end stabiliz- 
ing properties. Whey proteins unfold on heating and so, 
similarly, expose hydrophillic areas of the polypeptide 
chains. They also gel and can provide natural thickening 
and stabilizing function. The properties of caseinates and 
coprecipitates can be tailored by control of ionic content to 
provide a range of viscosities, solubilities, foaming and 
whipping (67), and surface activity (68). Measurements of 
the function of milk proteins have proved difficult to relate 
to the performance of these proteins in the complex envi- 
ronment of food systems (69), but considerable progress 
has been made (70,71). Manufacturing techniques that 
control the function of proteins are being practiced (72). 

The functional properties of milkfat vary because of the 
effects on the secretory process in the mammary glands of 
cows by the breed of the cow and by the type of feed that 
she receives and that changes seasonally. Levels of tech- 
nological control by temperature control during processing, 
texturizing by physical means, and fractionation by con- 
trolled crystallization minimize these variations (19). 
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Table 7. Nutritionally Valuable Components in Minor Concentrations 
Product class Performance requirement of food formulations Process of manufacture Reference 
Minerals ‘Natural, origin, low flavor, bioavailable Precipitation 
Biologically active 

Lactoferrin Microbiological inhibition by iron binding. Sophisticated chromatography 65 

Nutritionally available form of iron 
Lactoperoxidase Natural antimicrobial system Sophisticated chromatography 65 
Immunoglobulins Natural antibody active against a wide range of diseases _ Specialized ultrafiltration 66 


Milkfats tailor-made for specific purposes are available 
(73). The primary role of milkfat, when incorporated into 
a food, is the contribution that it makes to flavor, texture, 
and consumer acceptability (74). 

The benefits that dairy ingredients provide to food for- 
mulators differ according to the particular needs of each 
industry. For confectionery products, milkfat is compatible 
with cocoa butter in that it becomes part of the continuous 
fat phase and it contributes to smooth flavor and texture 
of milk chocolate. Caramel flavor is best developed from 
sweetened condensed milk by utilizing the browning prop- 
erties of lactose and protein. Proteins, especially caseins, 
enhance moisture retention by candy and control the quan- 
tity of free and bound water (75). Hydrolyzed milk proteins 
act as whipping agents for frappés and marshmallows (76). 

For bakery products, milk powders improve crust color, 
resilience, and structural strength of cakes. Whey powders 
improve tenderness and shortness. Whey powder and skim 
milk powder, when used in dough for cookies and biscuits, 
reduces the tendency of the dough to tear and produces 
smooth, even browning. Milk proteins at levels up to 20% 
improve the nutritional value of cookies end biscuits be- 
cause they contain high levels of the essential amino acids 
that are deficient in soy and wheat flour. Butter imparts 
distinctive flavor to butter cookies and croissants (77,78). 

For meat products, milk proteins offer improved ap- 
pearance, increased yield, and economy. The powerful 
emulsion capacity of sodium caseinate is particularly valu- 
able in comminuted meat products. Whey protein concen- 
trates of high gel strength are important in reformed ham. 
Lactose will mask salts, phosphates, and bitter aftertaste 
while providing a low sweetness profile in liver products, 
cooked hams, and cooked sausages (79,80). 

Avery wide variety of proprietary dairy ingredients are 
manufactured for convenience of use in the food industry. 
Specific attention is paid to the physical form of powders 
to ensure dispersibility, mixibility, and low dust levels. 
Butter is available as flakes and in sheet form. Cheese may 
be shredded, diced, or sliced. Flavor enhancement, particu- 
larly for cheese and milk powder, is offered (81). 


CONCLUSION 


The remarkably wide range of products that has been ob- 
tained from milk demonstrates the intensity of technolog- 
ical attention that has been devoted to dairy materials over 
a long period of time. The increasing interest in progres- 
sively more sophisticated materials that will be required 
by the food industry is opening up an increasing range of 


possibilities for the future. While the opportunities for so- 
phisticated materials are exciting, the great bulk of dairy 
ingredient purchases are based on the recognition of value 
for money and a clear understanding of the increasing 
range of uses for products that can be produced by rela- 
tively simple processes from a pure and natural raw ma- 
terial. 
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DEHYDRATION 


Dehydration (or drying) is defined as the application of 
heat under controlled conditions to remove the majority of 
the water normally present in a food by evaporation (or in 
the case of freeze-drying by sublimation). This definition 
excludes other unit operations that remove water from 
foods (eg, mechanical separations, membrane concentra- 
tion, evaporation, and baking) as these normally remove 
much less water than dehydration. The main purpose of 
dehydration is to extend the shelf life of foods by a reduc- 
tion in water activity. This inhibits microbial growth and 
enzyme activity, but the product temperature is usually 
insufficient to cause inactivation. The reduction in weight 
and bulk of food reduces transport and storage costs and, 
for some types of food, provides greater variety and con- 
venience for the consumer. Drying causes deterioration of 
both the eating quality and the nutritive value of the food. 
The design and operation of dehydration equipment aim 
to minimize these changes by selection of appropriate dry- 
ing conditions for individual foods. Examples of commer- 
cially important dried foods are sugar, coffee, milk, potato, 
flour (including bakery mixes), beans, pulses, nuts, break- 
fast cereals, tea, and spices. 


THEORY 


Dehydration involves the simultaneous application of heat 
and removal of moisture from foods. Factors that control 


the rates of heat and mass transfer are described else- 
where in the encyclopedia. Dehydration by heated air or 
heated surfaces is described in this article. Microwave, di- 
electric, radiant, and freeze-drying are described in other 
entries. 


Psychrometrics 


The capacity of air to remove moisture from a food depends 
on the temperature and the amount of water vapor already 
carried by the air. The content of water vapor in air is ex- 
pressed as either absolute humidity—the mass of water 
vapor per unit mass of dry air (in kilograms per kilogram), 
termed moisture content in Fig. 1)—or relative humidity 
(RH) (in percent)—the ratio of the partial pressure of water 
vapor in the air to the pressure of saturated water vapor 
at the same temperature, multiplied by 100. Psychrometry 
is the study of the interrelationships of the temperature 
and humidity of air. These properties are most conven- 
iently represented on a phychrometric chart (Fig. 1). 

The temperature of the air, measured by a thermometer 
bulb, is termed the dry-bulb temperature. If the thermom- 
eter bulb is surrounded by a wet cloth, heat is removed by 
evaporation of the water from the cloth and the tempera- 
ture falls. This lower temperature is called the wet-bulb 
temperature. The difference between the two tempera- 
tures is used to find the relative humidity of air on the 
psychrometric chart. An increase in air temperature, or 
reduction in RH, causes water to evaporate from a wet sur- 
face more rapidly and therefore produces a greater fall in 
temperature. The dew point is the temperature at which 
air becomes saturated with moisture (100% RH). Adiabatic 
cooling lines are the parallel straight lines sloping across 
the chart, which show how absolute humidity decreases as 
the air temperature increases. 


Sample Problems 1. Using the psychrometric chart 
(Fig. 1), calculate the following. 


1. The absolute humidity of air that has 50% RH and 
a dry-bulb temperature of 60°C. 

2. The wet-bulb temperature under these conditions. 

3. The RH of air having a wet-bulb temperature of 45°C 
and a dry-bulb temperature of 75°C. 

4. The dew point of air cooled adiabatically from a dry- 
bulb temperature of 55°C and 30% RH. 

5. The change in RH of air with a wet-bulb temperature 
of 39°C, heated from a dry-bulb temperature of 50°C 
to a dry-bulb temperature of 86°C. 

6. The change in RH of air with a wet-bulb temperature 
of 35°C, cooled adiabatically from a dry-bulb tem- 
perature of 70°C to 40°C. 


Solution to Sample Problems 1. 


1. 0.068 kg/kg of dry air. Find the intersection of the 
60°C and 50% RH lines and then follow the chart 
horizontally right to read the absolute humidity. 

2. 47.5°C. From the intersection of the 60°C and 50% 
RH lines, extrapolate left parallel to the wet-bulb 
lines to read the wet-bulb temperature. 
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DEHYDRATION 


Dehydration (or drying) is defined as the application of 
heat under controlled conditions to remove the majority of 
the water normally present in a food by evaporation (or in 
the case of freeze-drying by sublimation). This definition 
excludes other unit operations that remove water from 
foods (eg, mechanical separations, membrane concentra- 
tion, evaporation, and baking) as these normally remove 
much less water than dehydration. The main purpose of 
dehydration is to extend the shelf life of foods by a reduc- 
tion in water activity. This inhibits microbial growth and 
enzyme activity, but the product temperature is usually 
insufficient to cause inactivation. The reduction in weight 
and bulk of food reduces transport and storage costs and, 
for some types of food, provides greater variety and con- 
venience for the consumer. Drying causes deterioration of 
both the eating quality and the nutritive value of the food. 
The design and operation of dehydration equipment aim 
to minimize these changes by selection of appropriate dry- 
ing conditions for individual foods. Examples of commer- 
cially important dried foods are sugar, coffee, milk, potato, 
flour (including bakery mixes), beans, pulses, nuts, break- 
fast cereals, tea, and spices. 


THEORY 


Dehydration involves the simultaneous application of heat 
and removal of moisture from foods. Factors that control 


the rates of heat and mass transfer are described else- 
where in the encyclopedia. Dehydration by heated air or 
heated surfaces is described in this article. Microwave, di- 
electric, radiant, and freeze-drying are described in other 
entries. 


Psychrometrics 


The capacity of air to remove moisture from a food depends 
on the temperature and the amount of water vapor already 
carried by the air. The content of water vapor in air is ex- 
pressed as either absolute humidity—the mass of water 
vapor per unit mass of dry air (in kilograms per kilogram), 
termed moisture content in Fig. 1)—or relative humidity 
(RH) (in percent)—the ratio of the partial pressure of water 
vapor in the air to the pressure of saturated water vapor 
at the same temperature, multiplied by 100. Psychrometry 
is the study of the interrelationships of the temperature 
and humidity of air. These properties are most conven- 
iently represented on a phychrometric chart (Fig. 1). 

The temperature of the air, measured by a thermometer 
bulb, is termed the dry-bulb temperature. If the thermom- 
eter bulb is surrounded by a wet cloth, heat is removed by 
evaporation of the water from the cloth and the tempera- 
ture falls. This lower temperature is called the wet-bulb 
temperature. The difference between the two tempera- 
tures is used to find the relative humidity of air on the 
psychrometric chart. An increase in air temperature, or 
reduction in RH, causes water to evaporate from a wet sur- 
face more rapidly and therefore produces a greater fall in 
temperature. The dew point is the temperature at which 
air becomes saturated with moisture (100% RH). Adiabatic 
cooling lines are the parallel straight lines sloping across 
the chart, which show how absolute humidity decreases as 
the air temperature increases. 


Sample Problems 1. Using the psychrometric chart 
(Fig. 1), calculate the following. 


1, The absolute humidity of air that has 50% RH and 
a dry-bulb temperature of 60°C. 

2. The wet-bulb temperature under these conditions. 

3. The RH of air having a wet-bulb temperature of 45°C 
and a dry-bulb temperature of 75°C. 

4. The dew point of air cooled adiabatically from a dry- 
bulb temperature of 55°C and 30% RH. 

5. The change in RH of air with a wet-bulb temperature 
of 39°C, heated from a dry-bulb temperature of 50°C 
to a dry-bulb temperature of 86°C. 

6. The change in RH of air with a wet-bulb temperature 
of 35°C, cooled adiabatically from a dry-bulb tem- 
perature of 70°C to 40°C. 


Solution to Sample Problems 1. 


1. 0.068 kg/kg of dry air. Find the intersection of the 
60°C and 50% RH lines and then follow the chart 
horizontally right to read the absolute humidity. 

2. 47.5°C. From the intersection of the 60°C and 50% 
RH lines, extrapolate left parallel to the wet-bulb 
lines to read the wet-bulb temperature. 
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3. 20%. Find the intersection of the 45°C and 75%C 
lines and follow the sloping RH line upward to read 
the % RH. 

4, 36°C. Find the intersection of the 55°C and 30% RH 
lines and follow the wet-bulb line left until the RH 
reaches 100%. 

5. 50-100%. Find the intersection of the 39°C wet-bulb 
and the 50°C dry-bulb temperatures and follow the 
horizontal line to the intersection with the 86°C dry- 
bulb line; read the sloping RH line at each intersec- 
tion (this represents the changes that take place 
when air is heated before being blown over food. 

6. 10-70%. Find the intersection of the 35°C wet-bulb 
and 70°C dry-bulb temperatures and follow the wet- 
bulb line left until the intersection with the 40°C dry- 
bulb line; read sloping RH line at each intersection 
(this represents the changes taking place as the air 
is used to dry food; the air is cooled and becomes 
more humid as it picks up moisture from the food). 


Water Activity 


Deterioration of foods by microorganisms can take place 
rapidly, whereas enzymatic and chemical reactions take 
place more slowly during storage. In either case, water is 
the single most important factor controlling the rate of de- 
terioration. The moisture content of foods can be expressed 
either on a wet-weight basis: 


m = amass. of water x 100 a 
mass of sample 


sere mass of water — x 100 (2) 
mass of water + solids 


or a dry-weight basis (1): 


mass of water 
M = cass of eolida @) 


The dry-weight basis is more commonly used for pro- 
cessing calculations, whereas the wet-weight basis is fre- 
quently quoted in food composition tables. It is important, 
however, to note which system is used when expressing a 
result. Dry-weight basis is used throughout this article un- 
less otherwise stated. 

A knowledge of the moisture content alone is not suffi- 
cient to predict the stability of foods. Some foods are un- 
stable at a low moisture content (eg, peanut oil deterio- 
rates if the moisture content exceeds 0.6%), whereas other 
foods are stable at relatively high moisture contents (eg, 
potato starch is stable at 20% moisture) (2). It is the avail- 
ability of water for microbial, enzymatic, or chemical ac- 
tivity that determines the shelf life of a food, and this is 
measured by the water activity (A,,) of a food. Examples of 
unit operations that reduce the availability of water in 
foods include those that physically remove water (dehy- 
dration, evaporation, and freeze-drying or freeze concen- 
tration) and those that immobilize water in the food (eg, 
by the use of humectants in intermediate-moisture foods 
and by formation of ice crystals in freezing). Examples of 


the moisture content and A,, of foods are shown in Table 1. 
The effect of reduced A, on food stability is shown in Ta- 
ble 2. 

Water in food exerts a vapor pressure. The size of the 
vapor pressure depends on 


1. The amount of water present. 

2. The temperature. 

3. The concentration of dissolved solutes (particularly 
salts and sugars) in the water. 


Water activity is defined as the ratio of the vapor pres- 
sure of water in a food to the saturated vapor pressure of 
water at the same temperature: 


P 


Aw = Py (4) 


where P (Pa) is vapor pressure of the food and Po (Pa) the 
vapor pressure of pure water at the same temperature. Ay 
is related to the moisture content by the Brunauer- 
Emmett-Teller (BET) equation 


Aw 1 c-1 
Ma-Ao ~ mc* mc 4 (6) 
where Aw is the water activity, M the moisture as per- 
centage dry weight, M, the moisture (dryweight basis) of 
a monomolecular layer, and C a constant (2). 

A proportion of the total water in a food is strongly 
bound to specific sites (eg, hydroxyl groups of polysaccha- 
rides, carbonyl and amino groups of proteins, the hydrogen 
bonding). When all sites are (statistically) occupied by ad- 
sorbed water the moisture content is termed the BET 
monolayer value. Typical examples include gelatin (11%), 
starch (11%), amorphous lactose (6%), and whole spray- 
dried milk (3%). The BET monolayer value therefore rep- 
resents the moisture content at which the food is most sta- 
ble. At moisture contents below this level, there is a higher 
rate of lipid oxidation and, at higher moisture contents, 
Maillard browning and then enzymatic and microbiologi- 
cal activities are promoted. 

The movement of water vapor from a food to the sur- 
rounding air depends on both the moisture content and 
composition of the food and the temperature and humidity 
of the air. At a constant temperature the moisture content 
of food changes until it comes into equilibrium with water 
vapor in the surrounding air. The food then neither gains 
nor loses weight on storage under those conditions. This is 
called the equilibrium moisture content of the food, and 
the relative humidity of the storage atmosphere is known 
as the equilibrium relative humidity. When different val- 
ues of relative humidity versus equilibrium moisture con- 
tent are plotted, a curve known as a water sorption iso- 
therm is obtained (Fig. 2). 

Each food has a unique set of sorption isotherms at dif- 
ferent temperatures. The precise shape of the sorption iso- 
therm is caused by differences in the physical structure, 
chemical composition, and extent of water binding within 
the food, but all sorption isotherms have a characteristic 
shape, similar to that shown in Figure 2. The first part of 


Table 1. Moisture Content and Water Activity of Foods 
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Food Moisture content (%) Water activity Degree of protection required 

Tee (0°C) 100 1.00" 

Fresh meat 70 0.985 

tae on in fee Package to prevent moisture loss 

Marmalade 35 0.86 

Tee (20°C) 100 0.82° 

Wheat flour 145 0.72 

Tee (~50°C) 100 0.62" 

Raisins 27 0.60 Mininum protection or no packaging required 

Macaroni 10 0.45 

Cocoa powder 0.40 

Boiled sweets 3.0 0.30 

Pie ae ey Package to prevent moisture uptake 

Potato crisps 15 0.08 

Source: Refs. 2-4. 

‘Table 2. The Importance of Water Activity in Foods 

Aw Phenomenon Examples 

1.00 Highly perishable fresh foods 

0.95 —_Pseudomonads, bacillus, Clostridium perfringens, and some Foods with 40% sucrose or 7% salt; cooked sausages, bread 
yeasts inhibited 

0.90 Lower limit for bacterial growth (general), salmonella, Vibrio Foods with 55% sucrose, 12% salt; cured ham, mediuin-age 
parahemolyticus, Clostridium botulinum, lactobacillus, and cheese. Intermediate-moisture foods (Aw = 0.90 ~ 0.55) 
some yeasts and fungi inhibited 

0.85 Many yeasts inhibited Foods with 65% sucrose, 15% salt; salami, mature cheese, 

margarine 

0.80 Lower limit for enzyme activity and growth of most fungi; ‘Flour, rice (15-17% water) fruit cake, sweetened condensed 
Staphlococcus aureus inhibited milk, fruit syrups, fondant 

0.75 Lower limit for halophilic bacteria Marzipan (15-17% water), jams 

0.70 Lower limit for growth of most xerophilic fungi 

0.65 Maximum velocity of Maillard reactions Rolled oats (10% water), fudge, molasses, nuts 

0.60 Lower limit for growth of osmophilic or xerophilic yeasts and Dried fruits (15-20% water), toffees, caramels (8% water), 
fungi honey 

0.55 Deoxyribonucleic acid becomes disordered (lower limit for life 
to continue) 

0.50 Dried foods, spices, noodles 

0.40 Minimum oxidation velocity Whole egg powder (5% water) 

0.30 Crackers, bread crusts (3-5% water) 

0.25 Maximum heat resistance of bacterial spores 

0.20 Whole milk powder (2-3% water), dried vegetables (5% 


water), cornflakes (5% water) 


the curve, to point A, represents monolayer water, which 
is very stable, unfreezable, and not removed by drying. The 
second, relatively straight part of the curve (AB) repre- 
sents water absorbed in multilayers within the food and 
solutions of soluble components. The third portion (above 
point B) is free water condensed within the capillary struc- 
ture or in the cells of a food. It is mechanically trapped 
within the food and held only by weak forces. It is easily 
removed by drying and easily frozen, as indicated by the 
steepness of the curve. Free water is available for micro- 
bial growth and enzyme activity, and a food that has a 
moisture content above point B on the curve is likely to be 
susceptible to spoilage. 


The sorption isotherm indicates the A, at which a food 
is stable and allows predictions of the effect of changes in 
moisture content on A, and hence on storage stability. It 
is used to determine the rate and extent of drying, the op- 
timum frozen storage temperatures, and the moisture- 
barrier properties required in packaging materials. 

The rate of change in A, on a sorption isotherm differs 
according to whether moisture is removed from a food (de- 
sorption) or it is added to dry food (adsorption) (Fig. 2). 
This is termed a hysteresis loop. The difference is large in 
some foods, eg, rice, and is important for example in de- 
termining the protection required against moisture up- 
take. 
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Figure 2. Water sorption isotherm. 


Mechanism of Drying 


When hot air is blown over a wet food, heat is transferred 
to the surface, and latent heat of vaporization causes water 
to evaporate. Water vapor diffuses through a boundary 
film of air and is carried away by the moving air (Fig. 3). 
This creates a region of lower water vapor pressure at the 
surface of the food, and a water vapor pressure gradient is 
established from the moist interior of the food to the dry 
air. This gradient provides the driving force for water re- 
moval from the food. 

Water moves to the surface by the following mecha- 
nisms: 


e 


. Liquid movement by capillary forces. 
. Diffusion of liquids, caused by differences in the con- 
centration of solutes in different regions of the food. 
3. Diffusion of liquids, which are adsorbed in layers at 
the surfaces of solid components of the food. 
4. Water vapor diffusion in air spaces within the food 
caused by vapor pressure gradients. 


i 


Foods are characterized as hygroscopic and nonhygro- 
scopic. Hygroscopic foods are those in which the partial 
pressure of water vapor varies with the moisture content. 


Drying air 


Moisture 


Food cells 


Figure 3. Movement of moisture during drying. 


Nonhygroscopic foods have a constant water vapor pres- 
sure at different moisture contents. The difference is found 
by using sorption isotherms. 

When food is placed in a dryer, there is a short initial 
settling down period as the surface heats up to the wet- 
bulb temperature (AB in Fig. 4a). Drying then commences 
and, provided that water moves from the interior of the 
food at the same rate as it evaporates from the surface, the 
surface remains wet. This is known as the constant-rate 
period and continues until a certain critical moisture con- 
tent is reached (BC in Figs. 4a and b). In practice, however, 
different areas of the surface of the food dry out at different 
rates and, overall, the rate of drying declines gradually 
during the constant-rate period. Thus the critical point is 
not fixed for a given food and depends on the amount of 
food in the dryer and the rate of drying. 

The three characteristics of air that are necessary for 
successful drying in the constant rate period are 


1. A moderately high dry-bulb temperature. 
2. Alow RH. 
3. A high air velocity. 


The boundary film of air surrounding the food acts as a 
barrier to the transfer of both heat and water vapor during 
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Figure 4. (a) and (b) Drying curves. The temperature and hu- 


midity of the drying air are constant and all heat is supplied to 
the surface by convection. 


drying. The thickness of the film is determined primarily 
by the air velocity. If this is too low, water vapor leaves the 
surface of the food and increases the humidity of the sur- 
rounding air, to cause a reduction in the water vapor pres- 
sure gradient and the rate of drying (Similarly, if the tem- 
perature of the drying air falls or the humidity rises, the 
rate of evaporation falls and drying slows). 

When the moisture content of the food falls below the 
critical moisture content, the rate of drying slowly de- 
creases until it approaches zero at the equilibrium mois- 
ture content (ie, the food comes into equilibrium with the 
drying air). This is known as the falling-rate period. Non- 
hygroscopic foods have a single falling-rate period (CD in 
Fig. 4a and b), whereas hygroscopic foods have two periods. 
In the first period, the plane of evaporation moves inside 
the food, and water diffuses through the dry solids to the 
drying air. It ends when the plane of evaporation reaches 
the center of the food and the partial pressure of water falls 
below the saturated water vapor pressure. The second pe- 
riod occurs when the partial pressure of water is below the 
saturated vapor pressure and drying is by desorption. 

During the falling-rate period, the rate of water move- 
ment from the interior of the food to the surface falls below 
the rate at which water evaporates to the surrounding air. 
The surface therefore dries out. This is usually the longest 
period of a drying operation and, in some foods, eg, grain 
drying, where the initial moisture content is below the 
critical moisture content, the falling-rate period is the only 
part of the drying curve to be observed. During the falling- 
rate period, the factors that control the rate of drying 
change. Initially, the important factors are similar to those 
in the constant-rate period, but gradually the rate of mass 
transfer becomes the controlling factor. This depends 
mostly on the temperature of the air and the thickness of 
the food. It is unaffected by both the RH of the air (except 
in determining the equilibrium moisture content) and the 
velocity of the air. The air temperature is therefore con- 
trolled during the falling rate period, whereas the air ve- 
locity and temperature are more important during the 
constant-rate period. In practice, foods may differ from 
these idealized drying curves owing to shrinkage, changes 
in the temperature and rate of moisture diffusion in dif- 
ferent parts of the food, and changes in the temperature 
and humidity of the drying air. 

The surface temperature of the food remains close to the 
wet-bulb temperature of the drying air until the end of 
the constant-rate period, owing to the cooling effect of the 
evaporating water. During the falling-rate period the 
amount of water evaporating from the surface gradually 
decreases but, as the same amount of heat is being sup- 
plied by the air, the surface temperature rises until it 
reaches the dry-bulb temperature of the drying air. Most 
heat damage to food therefore occurs in the falling rate 
period. 


Calculation of Drying Rate 


The rate of drying depends on the properties of the dryer 
(the dry-bulb temperature, RH and velocity of the air, and 
the surface heat transfer coefficient) and the properties of 
the food (the moisture content, surface-to-volume ratio, 
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and the surface temperature and rate of moisture loss). 
The size of food pieces has an important effect on the dry- 
ing rate in both the constant- and the falling-rate periods. 
In the constant-rate period, smaller pieces have a larger 
surface area available for evaporation, whereas, in the 
falling-rate period, smaller pieces have a shorter distance 
for moisture to travel through the food. Other factors that. 
influence the rate of drying include: 


1. The fat content of the food (higher fat contents gen- 
erally result in slower drying, as water is trapped 
within the food). 

2. The method of preparation of the food (cut surfaces 
lose moisture more quickly than losses through skin. 

3. The amount of food placed into a dryer in relation to 
its size (in a given dryer, faster drying is achieved 
with smaller quantities of food). 


The rate of heat transfer is found using 
Q =h,AG, — 0) (6) 

The rate of mass transfer is found using 
-m, = K,A(H, - H,) (2) 


Because during the constant-rate period, an equilibrium 
exists between the rate of heat transfer to the food and the 
rate of mass transfer in the form of moisture loss from the 
food, these rates are related by 


-m, = ke (6, - 94) (8) 
where Q (J/s) is the rate of heat transfer, h, W/m*/°K the 
surface heat transfer coefficient for convective heating, A 
(m?) the surface area available for drying, 0, (°C) the av- 
erage dry-bulb temperature of drying air, 0, (°C) the aver- 
age wet-bulb temperature of drying air, m, (kg/s) the 
change in mass with time (drying rate), K, (kg/m?/s) the 
mass transfer coefficient, H, (kilograms of moisture per 
kilogram dry air) the humidity at the surface of the food 
(saturation humidity), H, (kilograms of moisture per kilo- 
gram dry air) the humidity of air, and 2 (J/kg) the latent 
heat of evaporation at the wet-bulb temperature. 

The surface heat transfer coefficient (h,) is related to 
the mass flow rate of air using the following equations: for 
parallel airflow, 


h, = 14.3G°° (9) 
and for perpendicular airflow, 
h, = 24,2G°5" (10) 


Where G (kg/m?/s) is the mass flow rate of air. 
For a tray of food in which water evaporates only from 
the upper surface, the drying time is found using 
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—m, = (8, — 85) ap 
p 


where p (kg/m’) is the bulk density of food and x (m) the 
thickness of the bed of food. 

The drying time in the constant-rate period is found 
using 


_ pe(M, — M) 


°= "TG, ~ 8) 


(12) 


where ¢ (s) is the drying time, M; (kg/kg of dry solids) the 
initial moisture content, and M, (kg/kg of dry solids) 
the critical moisture content. 

For water evaporating from a spherical droplet in a 
spray dryer, the drying time is found using 


es rp Mi — M, 
~ BAO, — 8) 1 + M, 


t (13) 


where p, (kg/m) is the density of the liquid, r (m) the ra- 
dius of the droplet, M;(kg/kg of dry solids) the final mois- 
ture content. 

In the falling-rate period, moisture gradients change 
throughout the food and the temperature slowly increases 
from the wet-bulb temperature to the dry-bulb tempera- 
ture as the food dries. The following equation is used to 
calculate the drying time from the start of the falling-rate 
period to the equilibrium moisture content using a number 
of assumptions concerning, eg, the nature of moisture 
movement and the absence of shrinkage of the food: 


M, — aM.) 
(ee (4) 


_ pM, ~ M,) 
KyP, — P,) 


where M, (kg/kg of dry solids) is the equilibrium moisture 
content, M (kg/kg of dry solids) the moisture content at 
time ¢ from the start of the falling-rate period, P, (mmHg) 
the saturated water vapor pressure at the wet-bulb tem- 
perature, and P, (mmHg) the partial water vapor pressure. 

The velocity of the air needed to achieve fluidization of 
spherical particles is calculated using 


@- pe de? 
4G 1800 — 3) 
where v;(m/s) is the fluidization velocity, p, (kg/m* the den- 
sity of the solid particles, p (kg/m*) the density of the fluid, 
g (m/s) the acceleration due to gravity, 1 (N - s/m?) the 
viscosity of the fluid, d (m) the diameter of the particles, € 
the voidage of the bed. 

Formulas for foods of other shapes are described in Ref. 
5. The minimum air velocity needed to convey particles is 
found using: 


(16) 


where v, (m/s) is the minimum air velocity and Cz (= 0.44 
for Re = 500-200,000) the drag coefficient. 


Sample Problem 2. Peas with an average diameter of 6 
mm and a density of 880 kg/m® are dried in a fluidized-bed 
dryer. The minimum voidage is 0.4 and the cross-sectional 
area of the bed is 0.25 m?. Calculate the minimum air ve- 
locity needed to fluidize the bed if the air density is 0.96 
kg/m? and the air viscosity is 2.15 x 10-5 N - s/m?. 


Solution of Sample Problem 2. From equation 15 


_ (880 — 0.96)9.81 (0.006)7(0.4)* 


= pt has ie bah 1 
r= —Si5x 10 iso — 04) ~ 8m 


Derivations of these equations are described in Refs. 
6-8. 


Sample Problem 3. A conveyor dryer is required to dry 
peas from an initial moisture content of 78% to 16% mois- 
ture (wet-weight basis) in a bed 10 cm deep with a voidage 
of 0.4. Air at 85°C with a relative humidity of 10% is blown 
perpendicularly through the bed at 0.9 m/s. The dryer belt. 
measures 0.75 m wide and 4 m long. Assuming that drying 
takes place from the entire surface of the peas and there 
is no shrinkage, calculate the drying time and energy con- 
sumption in both the constant and the falling-rate periods. 
(Additional data: The equilibrium moisture content of the 
peas is 9%, the critical moisture content 300% (dry-weight 
basis), the average diameter 6 mm, the bulk density 610 
kg/m’, the latent heat of evaporation 2300 kJ/kg, the sat- 
urated water vapor pressure at wet-bulb temperature 61.5 
mmHg, and the mass transfer coefficient 0.015 kg/m?/s). 


Solution to Sample Problem 3. In the constant-rate pe- 
riod, from equation 10: 


h, = 24.2(0.9)°9? = 23.3 W/m?/?K 

From Fig. 1 for 0, = 85°C and RH = 10%, 
0, = 42°C 

To find the area of the peas, 

Volume of a sphere = 4 ar? = 4 x 8.142(0.008) 
= 339 x 107° m® 

Volume of the bed = 0.75 x 4 x 0.1 = 0.3 m® 

Volume of peas in the bed = 0.3(1 — 0.4) = 0.18 m® 


volume of peas in bed 


volume each pea 
2 018 é 
= 339 x 1077 ~ 5.31 x 10 


Number of peas = 


4nnr? = 4 x 3.142(0.003)? 
113 x 10-6 m? 


Area of a sphere 


and 


5.31 x 10° x 1138 x 107° 
60 m? 


Total area of peas 


From equation 8: 


. 23.3 x 60 
Drying rate = zs x18 (85 — 42) = 0.026 kg/s 


From a mass balance 


Volume of peas = 0.18 m® 


Bulk density = 610 kg/m~* 
Therefore, 


Mass of peas = 0.18 x 610 = 109.8 kg 


Initial solids content = 109.8 x 0.22 = 24,15 kg 
Therefore, 
Initial mass water = 109.8 — 24.15 = 85.6 kg 


After constant-rate period, solids remain constant and 
Mass of water = 96.6 — 24.15 = 72.45 kg 
Therefore, 


(85.6 — 72.45) = 13.15 kg water lost 


at a rate of 0.026 kg/s 
ean 13.15 ; 
Drying time = 0036 =~ 505 s = 84 min 
Therefore, 


0.026 x 2.3 x 10° = 6 x 10‘ d/s 


Energy required = 
= 60 kW 


In the falling-rate period, 


RH = 5! x 100 
P 
10 = ag * 100 


Therefore, 
P = 6.15 mmHg 


The moisture values are 


5 
M.= 3 = 8 
16 
M, = = = 0.1 
an 9 
, = 2 = 0.099 
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From Equation 14, 


ne (3 — 0.099)610 x 0.1 in( 3 — 0.099 
0.015(61.5 — 6.15) 0.19 — 0.099, 
12.3 min 


) = 737.78 


From a mass balance, at the critical moisture content, 
96.6 kg contains 25% solids = 24.16 kg. After drying in 
the falling-rate period, 84% solids = 24.16 kg. Therefore, 


Total mass = an X 24.16 = 28.8 kg 
and 
Mass loss = 96.6 — 28.8 = 67.8 kg 
Thus, 
in 67.8 
Average drying rate = Ja77 = 0.092 kg/s 


0.092 x 2.3 x 10° 
2.1 x 10° d/s = 210 kW 


average energy required 


Drying Using Heated Surfaces 


Heat is conducted from a hot surface, through a thin layer 
of food, and moisture is evaporated from the exposed sur- 
face. The main resistance to heat transfer is the thermal 
conductivity of the food. Knowledge of the rheological prop- 
erties of the food is necessary to determine the thickness 
of the layer of food and the way in which it should be ap- 
plied to the heated surface. Additional resistances to heat 
transfer arise if the partly dried food lifts off the hot sur- 
face. Equation 17 is used in the calculation of drying rates. 


Q = VAG, - 6) a7) 


Uis the overall heat transfer coefficient (W/m?/K), 0, is the 
temperature of hot surface (°C), and 6, is the temperature 
of food (°C). 


Sample Problem 4. A single-drum dryer 0.7 m in diam- 
eter and 0.85 m long operates at 150°C and is fitted with 
a doctor blade to remove food after three-fourths of a rev- 
olution. It is used to dry a 0.6-mm layer of 20% w/w solu- 
tion of gelatin, preheated to 100°C, at atmospheric pres- 
sure. Calculate the speed of the drum required to produce 
a product with a moisture content of 4 kg of solids per kilo- 
gram of water. (Additional data: The density of gelatin feed 
is 1020 kg/m‘, and the overall heat transfer coefficient is 
1200 W/m?/K; assume that the critical moisture content of 
the gelatin is 450%, dry weight basis.) 


Solution to Sample Problem 4. First, 


Drum area = rdl = 3.142 x 0.7 x 0.85 = 1.87 m? 
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Mass of food on the drum = (1.87 x 0.75)0.0006 
Xx 1020 = 0.86 kg 


From a mass balance (initially the food contains 80% mois- 
ture and 20% solids), 


Mass of solids = 0.86 xX 0.2 = 0.172 kg 
After drying, 80% solids = 0.172 kg. Therefore, 


100 


Mass of dried food = X 0.172 = 0.215 kg 


80 
Mass loss = 0.86 — 0.215 = 0.645 kg 


From equation 17, 


Q = 1200 x 1.87 (150 — 100) = 1.12 x 10° J/s 


5 
Drying rate = po ~ > kg/s = 0.05 kg/s 


and 


0.645 


005 = 38 


Residence time required = 


As only three-quarters of the drum surface is used, 1 rev 
should take (100/75) x 13 = 17.3 s. Therefore, speed = 3.5 
rev/min. 


EQUIPMENT 


Most commercial dryers are insulated to reduce heat 
losses, and they recirculate hot air to save energy. Many 
designs have energy-saving devices that recover heat from 
the exhaust air or automatically control the air humidity 
(9,10). Computer control of dryers is increasingly sophis- 
ticated (11) and also results in important savings in en- 
ergy. The criteria for selection of drying equipment and 
potential applications are described in Table 3. The rela- 
tive costs of different drying methods are reported as fol- 
lows (12): forced-air drying, 198; fluidized-bed drying, 315; 
drum drying, 327; continuous vacuum drying, 1840; freeze- 
drying, 3528. Relative energy consumption (in kWh/kg of 
water removed) are as follows: roller drying, 1.25; pneu- 
matic drying, 1.8; spray drying, 2.5; fluidized-bed drying, 
3.5 (18). 


Hot-Air Dryers 


Bin Dryers (Deep-Bed Dryers). Bin dryers are cylindrical 
or rectangular containers fitted with a mesh base. Hot air 
passes up through a bed of food at relatively low speeds 
(eg, 0.5 m*/s/m? of bin area). These dryers have a high 
capacity and low capital and running costs. They are 
mainly used for finishing (to 3-6% moisture content) after 
initial drying in other types of equipment. Bin dryers im- 
prove the operating capacity of initial dryers by taking the 


food when it is in the falling-rate period, when moisture 
removal is most time consuming. The deep bed of food per- 
mits variations in moisture content to be equalized and 
acts as a store to smooth out fluctuations in the product 
flow between drying stages and packaging. However, the 
dryers may be several meters high, and it is therefore im- 
portant that foods are sufficiently strong to withstand com- 
pression at the base and to retain an open structure to 
permit the passage of hot air through the bed. 


Cabinet Dryers (Tray Dryers). These dryers consist of an 
insulated cabinet fitted with shallow mesh or perforated 
trays, each of which contains a thin (2-6 cm deep) layer of 
food. Hot air is circulated through the cabinet at 0.5-5 
m/s per square meter tray area. A system of ducts and 
baffles is used to direct air over and/or through each tray, 
to promote uniform air distribution. Additional heaters 
may be placed above or alongside the trays to increase the 
rate of drying. Tray dryers are used for small-scale pro- 
duction (1-20 tons/day) or for pilot-scale work. They have 
low capital and maintenance costs, but compared to dryers 
that have more sophisticated control they produce more 
variable product quality. 

In developing countries the high capital investment for 
sophisticated dryers often cannot be justified, but there is 
a need for better-quality products than those produced by 
sun or solar drying. A small dryer consisting of a 60 kW 
gas or kerosine heater/blower unit and a cabinet fitted 
with 15 mesh trays has been developed to meet this need 
(14). In operation, air is passed across the food in each tray. 
Trays are loaded at the top of the dryer and unloaded at 
the base using metal fingers to move the tray stack. The 
dryer therefore operates semicontinuously and with 
counter-current airflow. Typical tray loadings are 5 kg, and 
the tray change cycle is 15-20 minutes. 


Conveyor Dryers (Belt Dryers). Continuous conveyor 
dryers are up to 20 m long and 3 m wide. Food is dried on 
a mesh belt in beds 5-15 cm deep. The airflow is initially 
directed upward through the bed of food and then down- 
ward in later stages to prevent dried food from blowing out 
of the bed. Two- or three-stage dryers (Fig. 5) mix and re- 
pile the partly dried shrunken food into deeper beds (to 
15-25 cm and 250-900 cm in three-stage dryers). This im- 
proves uniformity of drying and saves floor space. Foods 
are dried to 10-15% moisture content and then transferred 
to bin dryers for finishing. This equipment has good control 
over drying conditions and high production rates. It is used 
for large-scale drying of foods (eg, fruits and vegetables are 
dried in 2-3.5 h at up to 5.5 tons/h). It has independently 
controlled drying zones and is automatically loaded and 
unloaded, which reduces labor costs. As a result, it has 
largely replaced the tunnel dryer in many applications. 

A second application of conveyor dryers is foam-mat 
drying in which liquid foods (eg, fruit juices) are formed 
into a stable foam by the addition of a stabilizer and aer- 
ation with nitrogen or air. The foam is spread on a perfo- 
rated belt to a depth of 2-3 mm and dried rapidly in two 
stages by parallel and then counter-current airflows (Table 
4). Foam drying is approximately three times faster than 
drying a similar thickness of liquid. The thin, porous mat 


Table 3. Characteristics of Dryers 
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Characteristics of the food 
Final moisture 
Initial moisture Drying rate content 
content Size of pieces required required 
Moderate Heat- Intermediate Mechanically Moderate 

Type of dryer Solid Liquid tohigh Low sensitive Small to large strong tofast Slow Moderate Low 
Bin * * * * * * 
Cabinet * * * * * * 
Conveyor * * * * * * 
Drum * * * 
Foam mat * * * * 
Fluid bed * * * * * * 
Kiln * * * * * 
Pneumatic * * * * * * 
Rotary * + * * * * 
Spray * * * * * 
Trough * * * * * * * 
Tunnel * * * * * * * 
Vacuum 

band * * * * * 
Vacuum 

shelf * * * . * * * * * 
Radiant * * * * * 
Microwave or 

dielectric * - - * * * 
Solar (sun) i * * = 

Feed 


Spreader 


Figure 5. Two-stage conveyor dryer. Source: 
Courtesy of Proctor and Schwartz Inc. 


Table 4. Advantages and Limitations of Parallel Flow, Counter-Current Flow, Center-Exhaust, and Cross-Flow Drying 


‘Type of air flow ‘Advantages Limitations 
Parallel or cocurrent type: _ Rapid initial drying. Little shrinkage of food. Low moisture content difficult to achieve as 
Food > Low bulk density. Less heat damage to food. cool, moist air passes over dry food 

Airflow > No risk of spoilage 

Counter-current type: More economical use of energy. Low final Food shrinkage and possible heat damage. Risk 
Food + moisture content as hot air passes over dry of spoilage from warm moist air meeting wet 
Airflow - food food 

Center-exhaust type: Combined benefits of parallel and counter- More complex and expensive then single- 

Food + current dryers but less than cross-flow dryers direction air flow 

Airflow > t= 

Cross-flow type: Flexible control of drying conditions by More complex and expensive to buy, operate, 
Food + separately controlled heating zones, giving and maintain 

Airflow t 4 uniform drying and high drying rates 


of dried food is ground to a free-flowing powder that has 
good rehydration properties. The rapid drying and low 
product temperatures result in high-quality product. How- 
ever, a large surface area is required for high production 
rates, so capital costs are therefore high. 


Fluidized-Bed Dryers. Metal trays with mesh or perfo- 
rated bases contain a bed of particulate foods up to 15 cm 
deep. Hot air is blown through the bed (Fig. 6), causing the 
food to become suspended and vigorously agitated (fluid- 
ized). The air thus acts as both the drying and the fluidiz- 
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Figure 6. Fluidized-bed drying. Source: Courtesy of Petrie and 
McNaught Ltd. 


ing medium and the maximum surface area of food is made 
available for drying. A sample calculation of the air speed 
needed for fluidization is described in sample problem 2. 
Dryers may be batch or continuous in operation; the latter 
are often fitted with a vibrating base to help move the prod- 
uct. Continuous cascade systems, in which food is dis- 
charged under gravity from one tray to the next, employ 
up to six dryers for high production rates. 

Fluidized-bed dryers are compact and have good control 
over drying conditions, relatively high thermal efficiencies, 
and high drying rates. In batch operation, products are 
mixed by fluidization, this leads to uniform drying. In con- 
tinuous dryers, there is a greater range of moisture content 
in the dried product; bin dryers are therefore used for fin- 
ishing. Fluidized-bed dryers are limited to small particu- 
late foods that are capable of being fluidized without ex- 
cessive mechanical damage (eg, peas, diced or sliced 
vegetables, grains, powders, or extruded foods). These con- 
siderations also apply to fluidized-bed freeze-dryers and 
freezers. 

A development of the fluidized-bed dryer, named the 
Torbed dryer, has potential applications for drying partic- 
ulate foods. A fluidized bed of particles is made to rotate 
around a torus-shaped chamber, by hot air blown directly 
from a burner (Fig. 7). The dryer has very high rates of 
heat and mass transfer and substantially reduced drying 
times, It is likely that some products (eg, vegetable pieces) 
would require a period of equilibration to allow moisture 
redistribution before final drying. The dryer operates semi- 
continuously under microprocessor control and is suitable 
for agglomeration and puff drying in addition to roasting, 
cooking, and coating applications. 


Kiln Dryers. These dryers are two-story buildings in 
which a drying room with a slatted floor is located above a 
furnace. Hot air and the products of combustion from the 
furnace pass through a bed of food up to 20 cm deep. These 
dryers have been used traditionally for drying apple rings 
or slices in the United States, and hops or malt in Europe. 
There is limited control over drying conditions, and drying 


Figure 7. Torbed dryer: 1, rotating disc distributor to deliver raw 
material evenly into processing chamber; 2, rotating bed of par- 
ticles; 3, fixed blades with hot gas passing through at high velocity; 
4, burner assembly. Source: Courtesy of Torftech Ltd. 


times are relatively long. High labor costs are incurred by 
the need to turn the product regularly, and by manual load- 
ing and unloading. However, the dryers have a large ca- 
pacity and are easily constructed and maintained at low 
cost. 


Pneumatic Dryers. In pneumatic dryers, powders or par- 
ticulate foods are continuously dried in vertical or horizon- 
tal metal ducts. A cyclone separator is used to remove the 
dried product. The moist food (usually less than 40% mois- 
ture) is metered into the ducting and suspended in hot air. 
In vertical dryers the airflow is adjusted to classify the 
particles; lighter and smaller particles, which dry more 
rapidly, are carried to a cyclone more rapidly than are 
heavier and wetter particles that remain suspended to re- 
ceive the additional drying required. For longer residence 
times the ducting is formed into a continuous loop (pneu- 
matic ring dryers) and the product is recirculated until it 
is adequately dried. High-temperature short-time ring 
dryers are used to expand the starch-cell structure in po- 
tatoes or carrots to give a rigid, porous structure, which 
enhances subsequent conventional drying and rehydration 
rates. Calculation of air velocities needed for pneumatic 
drying is described in equation 16. 

Pneumatic dryers have relatively low capital costs, high 
drying rates and thermal efficiencies, and close control 
over drying conditions. They are often used after spray dry- 
ing to produce foods that have a lower moisture content. 
than normal (eg, special milk or egg powders and potato 
granules). In some applications the simultaneous trans- 
portation and drying of the food may be a useful method 
of materials handling. 


Rotary Dryers. A slightly inclined rotating metal cylin- 
der is fitted internally with flights to cause the food to cas- 
cade through a stream of hot air as it moves through the 
dryer. Airflow may be parallel or counter-current (Table 4). 
The agitation of the food and the large area of food exposed 
to the air produce high drying rates and a uniformly dried 
product. The method is especially suitable for foods that 
tend to mat or stick together in belt or tray dryers. How- 
ever, the damage caused by impact and abrasion in the 
dryer restrict this method to relatively few foods (eg, sugar 
crystals and cocoa beans). 


Spray Dryers. A fine dispersion of preconcentrated foods 
is first atomized to form droplets (10-200 um in diameter) 
and sprayed into a current of heated air at 150-300°C in 
a large drying chamber. The feed rate is controlled to pro- 
duce an outlet air temperature of 90-100°C, which corre- 
sponds to a wet-bulb temperature (and product tempera- 
ture) of 40-50°C. Complete and uniform atomization is 
necessary for successful drying, and one of the following 
types of atomizer is used. 


1. Centrifugal Atomizer. Liquid is fed to the center of a 
rotating bowl (with a peripheral velocity of 90-200 
m/s). Droplets, 50-60 jm in diameter, are flung from 
the edge of the bowl to form a uniform spray (Fig. 
8a). 

2. Pressure Nozzle Atomizer. Liquid is forced at a high 
pressure (700-2000 kPa) through a small aperture. 
Droplet sizes are 180-250 um. Grooves on the inside 
of the nozzle cause the spray to form into a cone 
shape and therefore to use the full volume of the dry- 
ing chamber. 

3. Two-Fluid Nozzle Atomizer. Compressed air creates 
turbulence, which atomizes the liquid (Fig. 8b). The 
operating pressure is lower than the pressure nozzle, 
but a wider range of droplet sizes is produced. 


Both types of nozzle atomizer are susceptible to block- 
age by particulate foods, and abrasive foods gradually 
widen the apertures and increase the average droplet size. 
Studies of droplet drying, including methods for calculat- 
ing changes in size, density, and trajectory of the droplets 
are reported in Refs. 10, 16, and 17. 

Rapid drying takes place (1-10 s) because of the very 
large surface area of the droplets. The temperature of the 
product remains at the wet-bulb temperature of the drying 
air, and there is minimum heat damage to the food. Airflow 
may be co- or counter-current (Table 4). The dry powder is 
collected at the base of the dryer and removed by a screw 
conveyor or a pneumatic system with a cyclone separator. 
There are a large number of designs of atomizer, drying 
chamber, air heating, and powder collecting systems 
(10,18). The variations in design arise from the different 
requirements of the very large variety of food materials 
that are spray dried—eg, milk, egg, coffee, cocoa, tea, po- 
tato, ground chicken, ice cream mix, butter, cream, yogurt 
and cheese powder, coffee whitener, fruit juices, meat and 
yeast extracts, encapsulated flavors (19), and wheat and 
corn starch products. Spray dryers may also be fitted with 
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(a) 


(b) 


Figure 8. Atomizers: (a) centrifugal atomizer; (b) two-fluid noz- 
ale atomizer (15), Source: Courtesy of Elsevier Applied Science. 


fluidized bed facilities to finish powders taken from the 
drying chamber. 

Spray dryers vary in size from small pilot-scale models 
for low-volume high-value products (eg, enzymes and fla- 
vors) to large commercial models capable of producing 
80,000 kg of dried milk per day (20) (Fig. 9). The main 
advantages are rapid drying, large-scale continuous pro- 
duction, low labor costs, and simple operation and main- 
tenance. The major limitations are high capital costs and 
the requirement for a relatively high feed moisture content 
to ensure that the food can be pumped to the atomizer. This 
results in higher energy costs (to remove the moisture) and 
higher volatile losses. Conveyor band dryers and fluidized 
bed dryers are beginning to replace spray dryers, as they 
are more compact and energy efficient (21). 

The bulk density of powders depends on the size of the 
dried particles and on whether they are hollow or solid. 
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Figure 9, Spray dryer. Source: Courtesy of De Melkindustrie 
Veghel. 


This is determined by the nature of the food and the drying 
conditions (eg, the uniformity of droplet size, temperature, 
solids content, and degree of aeration of the feed liquid). 
Instant powders are produced by either agglomeration or 
non-agglomeration methods. Agglomeration is achieved by 
remoistening particles in low-pressure steam in an ag- 
glomerator, and then redrying. Fluidized-bed, jet, disc, 
cone, or belt agglomerators are described in Ref. 22. Alter- 
natively, straight-through agglomeration is achieved di- 
rectly during spray drying. A relatively moist powder is 
agglomerated and dried in an attached fluidized bed dryer. 
Nonagglomeration methods employ a binding agent, (eg, 
lecithin), to bind particles. This method was previously 
used for foods with a relatively high fat content, (eg, whole 
milk powder) but agglomeration procedures have now 
largely replaced this method (23). 


Trough Dryers (Belt-Trough Dryers). Small, uniform 
pieces of food, (eg, peas or diced vegetables) are dried ina 
mesh conveyor belt that hangs freely between rollers to 
form the shape of a trough. Hot air is blown through the 
bed of food, and the movement of the conveyor mixes and 
turns it to bring new surfaces continually into contact with 
the drying air. The mixing action moves food away from 
the drying air, and this allows time for moisture to move 
from the interior of the pieces to the dry surface. The mois- 


ture is then rapidly evaporated when the food again con- 
tacts the hot air. The dryer operates in two stages, to 50— 
60% moisture and then to 15-20% moisture. Foods are 
finished in bin dryers. These dryers have high drying rates 
(eg, 55 min for diced vegetables, compared with 5 h ina 
tunnel dryer), high energy efficiencies, good control, and 
minimal heat damage to the product. However, they are 
not suitable for sticky foods. 


Tunnel Dryers. Thin layers of food are dried on trays, 
which are stacked on trucks programmed to move semi- 
continuously through an insulated tunnel. Different de- 
signs use one of the types of air flow described in Table 4. 
Food is finished in bin dryers. Typically, a 20-m tunnel con- 
tains 12-15 trucks with a total capacity of 5000 kg of food. 
This ability to dry large quantities of food in a relatively 
short time (5-16 h) made tunnel drying widely used, es- 
pecially in the United States. However, the method has 
now been largely superseded by conveyor drying and 
fluidized-bed drying as a result of their higher energy ef- 
ficiency, reduced labor costs, and better product quality. 


Sun and Solar Drying. Sun drying (without drying equip- 
ment) is the most widely practiced agricultural processing 
operation in the world; more than 250,000,000 tons of 
fruits and grains are dried by solar energy per annum. In 
some countries foods are simply laid out on roofs or other 
flat surfaces and turned regularly until dry. More sophis- 
ticated methods (solar drying) collect solar energy and heat 
air, which in turn is used for drying. Solar dryers are clas- 
sified into three categories (4): 


1. Direct natural-circulation dryers (a combined collec- 
tor and drying chamber). 

2. Direct dryers with a separate collector. 

3. Indirect forced-convection dryers (separate collector 
and drying chamber). 


Both solar and sun drying are simple, inexpensive tech- 
nologies, in terms of both capital input and operating costs. 
Energy inputs and skilled labor are not required. Sun dry- 
ing is therefore the preferred option in developing coun- 
tries that have a suitable dry season after harvesting food 
crops such as paddy or maize. The major disadvantages of 
sun drying are poor control over drying conditions; lower 
drying rates than in artificial dryers; dependence on sun- 
light, which causes cessation of drying operations at night 
or during rain; and contamination of the dried product by 
dust, etc. Each of these factors contributes to a more vari- 
able and generally lower quality product than that pro- 
duced by artificial dryers. 

Solar dryers aim to improve product quality by provid- 
ing greater control over drying conditions, protection from 
rain or dust, and higher drying rates. However, they have 
arelatively small capacity for drying the large bulk of crops 
at harvest time when compared to sun drying. In addition, 
the higher capital investment may not result in a higher 
income from improved quality of the dried crop. More valu- 
able crops such as herbs and spices offer better potential 
for solar drying owing to the smaller quantities involved 


and the increased income from improved quality. However, 
the dependence of solar dryers on sunlight and the better 
control over drying conditions achieved in artificial (fuel- 
fired) dryers again limit the potential for solar drying. 


Heated-Surface Dryers. Dryers in which heat is supplied 
to the food by conduction have two main advantages over 
hot-air drying: (1) It is not necessary to heat large volumes 
of air before drying commences, and the thermal efficiency 
is therefore high; (2) Drying may be carried out in the ab- 
sence of oxygen to protect components of foods that are 
easily oxidized. 

Typically, heat consumption is 2000-3000 kJ/kg of wa- 
ter evaporated compared with 4000—10,000 kJ/kg of water 
evaporated for hot-air dryers. However, foods have low 
thermal conductivities that become lower as the food dries. 
There should therefore be a thin layer of food to conduct. 
heat rapidly, without causing heat damage. Foods may 
shrink during drying and lift off the hot surface, therefore 
introducing an additional barrier to heat transfer. Careful 
control is necessary over the rheological properties of the 
feed slurry to minimize shrinkage and to determine the 
thickness of the feed layer. 


Drum Dryers (Roller Dryers). Slowly rotating hollow 
steel drums are heated internally by pressurized steam to 
120-170°C, A thin layer of food is spread uniformly over 
the outer surface by dipping, spraying, spreading, or aux- 
iliary feed rollers. Before the drum has completed 1 rev 
(within 20 s/3 min), the dried food is scraped off by a doctor 
blade that contacts the drum surface uniformly along its 
length. Dryers may have a single drum (Fig. 10a) or double 
drums (Fig. 10b) or twin drums. The single drum is widely 
used as it has greater flexibility, a larger proportion of the 
drum area available for drying, easier access for mainte- 
nance, and no risk of damage caused by metal objects fall- 
ing between the drums. 

Drum dryers have high drying rates and high energy 
efficiencies. They are suitable for slurries in which the par- 
ticles are too large for spray drying. However, the high cap- 
ital cost of the machined drums and heat damage to sen- 
sitive foods from high drum temperatures have caused a 
move to spray drying for many bulk dried foods. Drum dry- 
ing is used to produce potato flakes, precooked cereals, mo- 
lasses, some dried soups, and fruit purees, and whey or 
distillers’ solubles for animal feed formulations. 

Developments in drum design to improve the sensory 
and nutritional qualities of dried food include the use of 
auxiliary rolls to remove and reapply food during drying, 
the use of high-velocity air to increase the drying rate, and 
the use of chilled air to cool the product. Drums may be 
enclosed in a vacuum chamber to dry food at lower tem- 
peratures, but the high capital cost of this system restricts 
its use to high-value heat-sensitive foods. 


Vacuum Band and Vacuum Shelf Dryers. A food slurry is 
spread or sprayed onto a steel belt (or band) that passes 
over two hollow drums within a vacuum chamber at 1-70 
mmHg. The food is dried by the first steam-heated drum, 
and then by steam-heated coils or radiant heaters located 
over the band. The dried food is cooled by the second water- 
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Figure 10. Drum dryers: (a) single drum; (b) double drum. 
Source: Courtesy of APV Mitchell Ltd. 


cooled drum and removed by a doctor blade. Vacuum shelf 
dryers consist of hollow shelves in a vacuum chamber. Food 
is placed in thin layers on flat metal trays that are care- 
fully made to ensure good contact with the shelves. A par- 
ticular vacuum of 1-70 mmHg is drawn in the chamber 
and steam or hot water is passed through the shelves to 
dry the food. 

Rapid drying and limited heat damage to the food make 
both methods suitable for drying heat-sensitive foods. 
However, care is necessary to prevent the dried food from 
burning onto trays in vacuum shelf dryers, and shrinkage 
reduces the contact between the food and heated surfaces 
of both types of equipment. Both have relatively high cap- 
ital and operating costs and low production rates. 

Vacuum-band shelf dryers are used to produce puff- 
dried foods. Explosion puff drying involves partially drying 
food to a moderate moisture content and then sealing it 
into a pressure chamber. The pressure and temperature in 
the chamber are increased and then instantly released. 
The rapid loss of pressure causes the food to expand and 
develop a fine porous structure. This permits faster final 
drying and rapid rehydration. Sensory and nutritional 
qualities are well retained. The technique was first applied 
commercially to breakfast cereals and now includes a 
range of fruit and vegetable products. 


EFFECTS ON FOODS 


The effect of A, on microbiological and selected biochemi- 
cal reactions is shown in Fig. 11 and Table 2. Almost all 
microbial activity is inhibited below A,, = 0.6; most fungi 
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Figure 11. Effect of water activity on microbial, enzymic and 
chemical changes to foods (7). Source: Courtesy of Marcel Dekker. 


are inhibited below A,, = 0.7; most yeasts are inhibited 
below A,, = 0.8; and most bacteria below A,, = 0.9. The 
interaction of A,, with temperature, pH, oxygen, and car- 
bon dioxide, or chemical preservative has an important ef- 
fect on the inhibition of microbial growth. When any one 
of the other environmental conditions is suboptimal for a 
given microorganism, the effect of reduced A,, is enhanced 
(Fig. 11). This permits the combination of several mild con- 
trol mechanisms that result in the preservation of food 
without substantial loss of nutritional properties or sen- 
sory properties (Table 5). 

Enzymatic activity virtually ceases at A, values below 
the BET monolayer value. This is due to the low substrate 
mobility and its inability to diffuse to the reactive site on 
the enzyme. Chemical changes are more complex. The two 
most important things that occur in foods that have a low 
A, are Maillard browning and oxidation of lipids. The A,, 
that causes the maximum rate of browning varies with dif- 
ferent foods. However, in general, a low A, restricts the 
mobility of reactants and browning is reduced. At a higher 
A,,, browning reaches maximum. Water is a product of the 
condensation reaction in browning, and at higher moisture 


levels, browning is inhibited by end-product inhibition. At 
high moisture contents, water dilutes the reactants and 
the rate of browning falls (Fig. 11). 

Oxidation of lipids occurs at low A,, values owing to the 
action of free radicals. Above the BET monolayer value, 
antioxidants and chelating agents (which sequester trace 
metal catalysts) become soluble and reduce the rate of ox- 
idation. At higher A,, values the catalytic activity of metals 
is reduced by hydration and the formation of insoluble hy- 
droxides but, at high A, values, metal catalysts become 
soluble and the structure of the food swells to expose more 
reactive sites (Fig. 11). 


Texture 


Changes to the texture of solid foods are an important 
cause of quality deterioration. The nature and extent of 
pretreatments (eg, the addition of calcium chloride to 
blancher water), the type and extent of size reduction, and 
peeling each affect the texture of rehydrated fruits and 
vegetables. In foods that are adequately blanched, loss of 
texture is caused by gelatinization of starch, crystalliza- 
tion of cellulose, and localized variations in the moisture 
content during dehydration, which set up internal 
stresses. These rupture, compress, and permanently dis- 
tort the relatively rigid cells, to give the food a shrunken, 
shrivelled appearance. On rehydration the product ab- 
sorbs water more slowly and does not regain the firm tex- 
ture associated with the fresh material. There are sub- 
stantial variations in the degree of shrinkage with 
different foods. 

Drying is not commonly applied to meats in many coun- 
tries owing to the severe changes in texture compared with 
other methods of preservation. These are caused by aggre- 
gation and denaturation of proteins and a loss of water- 
holding capacity, which leads to toughening of muscle tis- 
sue. 

The rate and temperature of drying have a substantial 
effect on the texture of foods. In general, rapid drying and 
high temperatures cause greater changes than do moder- 
ate rates of drying and lower temperatures. As water is 
removed during dehydration, solutes move from the inte- 
rior of the food to the surface. The mechanism and rate of 
movement are specific for each solute and depend on the 
type of food and the drying conditions used. Evaporation 
of water causes concentration of solutes at the surface. 
High air temperatures (particularly with fruits, fish, and 
meats) cause complex chemical and physical changes to 
the surface and the formation of a hard, impermeable skin. 
This is termed case hardening. It reduces the rate of drying 
and produces a food with a dry surface and a moist interior. 
It is minimized by controlling the drying conditions to pre- 
vent excessively high moisture gradients between the in- 
terior and the surface of the food. 

In powders, the textural characteristics are related to 
bulk density and the ease with which they are rehydrated. 
These properties are determined by the composition of the 
food, the method of drying, and the particle size of the prod- 
uct. Low-fat foods (eg, fruit juices, potatoes, and coffee) are 
more easily formed into free-flowing powders than are 
whole milk or meat extracts. Powders are instantized by 
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Table 5, Interaction of Ay, pH, and Temperature in Selected Foods 


Food pH Aw Shelf life Notes 
Fresh meat >45 >0.95 Days Preserve by chilling 

Cooked meat >45 0.95 Weeks Ambient storage when packaged 

Dry sausage >4.5 <0.90 Months Preserved by salt and low Aw 

Fresh vegetables >4.5 >0.95 Weeks Stable while respiring 

Pickles <4.5 0.90 Months Low pH maintained by packaging 
Bread >45 >0.95 Days Preserved by heat and low Aw in crust 
Fruitcake >45 <0.90 Weeks Preserved by heat and low Aw 

Milk >45 >0.95 Days Preserved by chilling 

Yogurt <4.5 <0.95 Weeks Preserved by low pH and chilling 
Dried milk >4.5 <0.90 Months Preserved by low Aw 


treating individual particles so that they form free-flowing 
agglomerates of aggregates, in which there are relatively 
few points on contact (Fig. 12). The surface of each particle 
is easily wetted when the powder is rehydrated, and par- 
ticles sink below the surface to disperse rapidly through 
the liquid. These characteristics are respectively termed 
wettability, sinkability, dispersibility, and solubility. For a 
powder to be considered instant, it should complete these 
four stages within a few seconds. 

The convenience of instantized powders outweighs the 
additional expense of production, packaging, and transport 
for retail products. However, many powdered foods are 
used as ingredients in other processes, and these are re- 
quired to possess a high bulk of density and a wider range 
of particle sizes. Small particles fill the spaces between 
larger ones and thus exclude air to promote a longer stor- 
age life. The characteristics of some powdered foods are 
described in Table 6. 


Flavor and Aroma 


Heat not only vaporizes water during drying but also 
causes loss of volatile components from the food. The ex- 
tent of volatile loss depends on the temperature and solids 
concentration of the food and on the vapor pressure of the 
volatiles and their solubility in water vapor. Volatiles that 
have a high relative volatility and diffusivity are lost at an 
early stage in drying. Fewer volatile components are lost 
at later stages. Control of drying conditions during each 
stage of drying minimizes losses. Foods that have a high 
economic value due to their characteristic flavors (eg, herbs 
and spices) are dried at lower temperatures. 

A second important cause of aroma loss is oxidation of 
pigments, vitamins, and lipids during storage. The open, 
porous structure of dried food allows access of oxygen. The 


Particles 


Figure 12. Agglomerated powder. 


Table 6. Bulk Density and Moisture Content of Selected 
Powdered Foods 


Bulk density Moisture content 


Food (kg m°) (%) 
Cocoa 480 35 
Coffee (ground) 330 7 
Coffee (instant) 330 2.5 
Coffee creamer 470 3 
Cornstarch 560 12 
Egg, whole 340 24 
Milk, powdered, skimmed 640 24 
Milk, instant, skimmed 550 24 
Salt, granulated 960 02 
Sugar, granulated 800 0.5 
Wheat flour 450 12 


Source: Refs. 24 and 25. 


rate of deterioration is determined by the storage tem- 
perature and the water activity of the food. 

In dried milk the oxidation of lipids produces rancid fla- 
vors owing to the formation of secondary products, includ- 
ing d-lactones. Most fruits and vegetables contain only 
small quantities of lipid, but oxidation of unsaturated fatty 
acids to produce hydroperoxides, which react further by 
polymerization, dehydration, or oxidation to produce al- 
dehydes, ketones, and acids, causes rancid and objection- 
able odors. Some foods, (eg, carrots), may develop an odor 
of violets produced by the oxidation of carotenes to f- 
ionone. These changes are reduced by vacuum- or gas- 
packing, low storage temperatures, exclusion of ultraviolet 
or visible light, maintenance of low moisture contents, ad- 
dition of synthetic antioxidants, or preservation of natural 
antioxidants. 

The technical enzyme glucose oxidase is also used to 
protect dried foods from oxidation. A package that is per- 
meable to oxygen but not to moisture and that contains 
glucose and the enzyme is placed on the dried food inside 
acontainer. Oxygen is removed from the headspace during 
storage. Milk powders are stored under an atmosphere of 
nitrogen with 10% carbon dioxide. The carbon dioxide is 
absorbed into the milk and creates a small partial vacuum 
in the headspace. Air diffuses out of the dried particles and 
is removed by regassing after 24 h. Flavor changes, due to 
oxidative or hydrolytic enzymes, are prevented in fruits by 
the use of sulfur dioxide, ascorbic acid, or citric acid, by 
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pasteurization of milk or fruit juices, and by blanching of 
vegetables. 

Other methods used to retain flavors in dried foods in- 
clude 


1. Recovery of volatiles and their return to the product. 
during drying. 

2. Mixing recovered volatiles with flavor-fixing com- 
pounds, which are then granulated and added back 
to the dried product, eg, dried meat powders. 

3. Addition of enzymes, or activation of naturally oc- 
curring enzymes, to produce flavors from flavor pre- 
cursors in the food (eg, onion and garlic are dried 
under conditions that protect the enzymes that re- 
lease characteristic flavors). Maltose or maltodextrin 
are used as a carrier material when drying flavor 
compounds. 


Color 


Drying changes the surface characteristics of food and 
hence alters the reflectivity and color. Chemical changes to 
carotenoid and chlorophyll pigments are caused by heat 
and oxidation during drying. In general, longer drying 
times and higher drying temperatures produce greater pig- 
ment losses. Oxidation and residual enzyme activity cause 
browning during storage. This is prevented by improved 
blanching methods and treatment of fruits with ascorbic 
acid or sulfur dioxide. For moderately sulfured fruits and 
vegetables the rate of darkening during storage is in- 
versely proportional to the residual sulfur dioxide content. 
However, sulfur dioxide bleaches anthocyanins, and resi 
ual sulfur dioxide is an important cause of color deterio- 
ration in stored dried fruits and vegetables. 

The rate of Maillard browning in stored milk and fruit 
products depends on the water activity of the food and the 
temperature of storage. The rate of darkening increases 
markedly at high drying temperatures, when the moisture 
content of the product exceeds 4-5%, and at storage tem- 
peratures above 38°C (26). 


Nutritive Value 


Large differences in reported data on the nutritive value 
of dried foods are due to wide variations in the preparation 
procedures, the drying temperature and time, and the stor- 
age conditions. In fruits and vegetables, losses during 
preparation usually exceed those caused by the drying 
operation. For example, losses of vitamin C during prepa- 
ration of apple flakes are reported to be 8% during slicing, 
62% from blanching, 10% from pureeing, and 5% from 
drum drying (27). 

Vitamins have different solubilities in water, and, as 
drying proceeds, some (eg, riboflavin) become supersatu- 
rated and precipitate from solution. Losses are therefore 
small (Table 7). Others, (eg, ascorbic acid) are soluble until 
the moisture content of the food falls to very low levels and 
react with solutes at higher rates as drying proceeds. Vi- 
tamin C is also sensitive to heat and oxidation. Short dry- 
ing times, low temperatures, and low moisture and oxygen 
levels during storage are necessary to avoid large losses. 


Thiamin is also heat sensitive, but other water-soluble vi- 
tamins are more stable to heat and oxidation, and losses 
during drying rarely exceed 5-10% (excluding blanching 
losses). 

Qil-soluble nutrients (eg, essential fatty acids and vi- 
tamins A, D, E, and K) are mostly contained within the dry 
matter of the food, and they are not therefore concentrated 
during drying. However, water is a solvent for heavy-metal 
catalysts that promote oxidation of unsaturated nutrients, 
As water is removed, the catalysts become more reactive, 
and the rate of oxidation accelerates (Fig. 12). Fat-soluble 
vitamins are lost by interaction with the peroxides pro- 
duced by fat oxidation. Losses during storage are reduced 
by low oxygen concentrations and storage temperatures 
and by exclusion of light. 

The biological value and digestibility of proteins in most 
foods does not change substantially. However, milk pro- 
teins are partially denatured during drum drying, and this 
results in a reduction in solubility of the milk powder, ag- 
gregation, and loss of clotting ability. A reduction in bio- 
logical value of 8-30% is reported, depending on the tem- 
perature and residence time (30). Spray drying does not 
affect the biological value of milk proteins. At high storage 
temperatures and at moisture contents above approxi- 
mately 5%, the biological value of milk protein is decreased 
by Maillard reactions between lysine and lactose. Lysine 
is heat sensitive, and losses in whole milk range from 3— 
10% in spray drying and 540% in drum drying (31). 

The importance of nutrient losses during processing de- 
pends on the nutritional value of a particular food in the 
diet. Some foods, eg, bread and milk, are an important 
source of nutrients for large numbers of people. Vitamin 
losses are therefore more significant in these foods than in 
those that either are eaten in small quantities or have low 
concentrations of nutrients. 

In industrialized countries, the majority of the popula- 
tion achieve an adequate supply of nutrients from the mix- 
ture of foods that is eaten. Losses due to processing of one 
component of the diet are therefore insignificant to the 
long-term health of an individual. In one example, com- 
plete meals that initially contained 16.5 yg of vitamin A 
lost 50% on canning and 100% after storage for 18 months. 
Although the losses appear to be significant, the original 
meal contained only 2% of the recommended daily allow- 
ance (RDA), and the extent of loss is therefore of minor 
importance. The same meal contained 9 mg of thiamin and 
lost 75% after 18 months’ storage. The thiamin content is 
10 times the RDA, so adequate quantities therefore re- 
mained. Possible exceptions are the special dietary needs 
of preterm infants, pregnant women, and the elderly. In 
these groups there may be either a special need for certain 
nutrients or a more restricted diet than normal. These spe- 
cial cases are discussed in detail in Refs. 32, 33 and 34. 

Reported vitamin losses during processing give an in- 
dication of the severity of each unit operation. However, 
such data should be treated with caution. Variation in nu- 
trient losses between cultivars or varieties can exceed dif- 
ferences caused by alternative methods of processing. 
Growth conditions, or handling and preparation proce- 
dures before processing, also cause substantial variation 
in nutrient loss. Data on nutritional changes cannot be di- 
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Table 7. Vitamin Losses in Selected Dried Foods 
Loss (%) 
Food Vitamin A Thiamin Vitamin B, Niacin Vitamin C Folic acid Biotin 
Fruits* 6 55 0 10 56 
Fig (sun-dried) = 48 42 37 — = a 
Whole milk (spray-dried) 15 10 10 
Whole milk (drum-dried) - _ a _ 30 10 10 
Pork 50-70 
Vegetables? 5 <10 <10 
Source: Refs. 28 and 29. 
*Fruits: mean loss from fresh apple, apricot, peach, and prune. 
Vegetables: mean loss from peas, corn, cabbage, and beans (drying stage only). 
rectly applied to individual commercial operations, be- 2 Latent heat 
cause of differences in ingredients, processing conditions, Viscosity 
and equipment used by different manufacturers. t Constant = 3.142 
Pp Density 
REHYDRATION 
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Rehydration is not the reverse of drying. Texture changes, 
solute migration, and volatile losses are each irreversible. 
Heat reduces the degree of hydration of starch and the 
elasticity of cell walls and coagulates proteins to reduce 
their water-holding capacity. The rate and extent of rehy- 
dration may be used as an indicator of food quality; those 
foods that are dried under optimum conditions suffer less 
damage and rehydrate more rapidly and completely than 
poorly dried foods. 


NOMENCLATURE 


Area 

Water activity 

Constant, drag coefficient 

Diameter 

Mass flow rate of air 

Acceleration due to gravity (9.81 m/s*) 
Humidity 

Surface heat transfer coefficient 

Mass transfer coefficient 

Length 

Moisture content (dry-weight basis) 
Mass, mass flow rate, moisture content (wet-weight 
basis) 

Pressure, vapor pressure 

Rate of heat transfer 

Radius 

Reynolds Number 

Time 

Overall heat transfer coefficient 
Velocity, air velocity needed for fluidization 
Thickness, depth 

Voidage of fluidized bed 

Temperature 
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DETERGENTS 


A detergent is any material that cleanses or provides sur- 
face active properties. Detergents assist in the removal of 
unwanted soils from surfaces. The use of detergents in 
food-processing facilities is an important component of 
their sanitation program. Food-processing plants perform 
regular sanitation within their operations for two primary 
reasons: to provide a clean and aesthetically appealing en- 
vironment and to eliminate microbial organisms that 
cause food spoilage and health problems for the consumer. 
Detergents selected for use in food-processing areas should 
be products that are free rinsing, leaving no residual toxins 
that might contaminate the food. Detergents used in food- 
processing areas should also leave no residual odor, after 
rinsing, that might serve to conceal malodors caused by 
microbial activity in those areas. 

The Food and Drug Administration (FDA) publishes a 
listing of materials that are acceptable for use in the food 
environment (1). These include ingredients for food and 
substances present on food contact surfaces, along with pa- 
rameters for their use. The U.S. Department of Agriculture 
(USDA) follows the FDA guidelines when approving deter- 
gents and other products acceptable for use in meat- and 
poultry-processing plants. 


TYPES OF DETERGENT 


Detergents may be either solvent-based or water-soluble 
products. Water-soluble detergents may be acidic, neutral, 
or alkaline. Solvent-based detergents are not widely used 
in food-processing areas. Many solvents have toxic hazards 
associated with them, possess strong persistent odors and 
are not readily biodegradable. The few solvent detergents 
that are acceptable in food-processing plants tend to be 
either readily biodegradable or are volatile. Most volatile 
solvents are also flammable. Because of all the liabilities 
that are associated with solvent-based detergents, their 
use is limited to specialty applications where other deter- 
gents do not provide adequate cleaning. Acid detergents 
are generally used to remove mineral deposits such as 
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DETERGENTS 


A detergent is any material that cleanses or provides sur- 
face active properties. Detergents assist in the removal of 
unwanted soils from surfaces. The use of detergents in 
food-processing facilities is an important component of 
their sanitation program. Food-processing plants perform 
regular sanitation within their operations for two primary 
reasons: to provide a clean and aesthetically appealing en- 
vironment and to eliminate microbial organisms that 
cause food spoilage and health problems for the consumer. 
Detergents selected for use in food-processing areas should 
be products that are free rinsing, leaving no residual toxins 
that might contaminate the food. Detergents used in food- 
processing areas should also leave no residual odor, after 
rinsing, that might serve to conceal malodors caused by 
microbial activity in those areas. 

The Food and Drug Administration (FDA) publishes a 
listing of materials that are acceptable for use in the food 
environment (1). These include ingredients for food and 
substances present on food contact surfaces, along with pa- 
rameters for their use. The U.S. Department of Agriculture 
(USDA) follows the FDA guidelines when approving deter- 
gents and other products acceptable for use in meat- and 
poultry-processing plants. 


TYPES OF DETERGENT 


Detergents may be either solvent-based or water-soluble 
products. Water-soluble detergents may be acidic, neutral, 
or alkaline. Solvent-based detergents are not widely used 
in food-processing areas. Many solvents have toxic hazards 
associated with them, possess strong persistent odors and 
are not readily biodegradable. The few solvent detergents 
that are acceptable in food-processing plants tend to be 
either readily biodegradable or are volatile. Most volatile 
solvents are also flammable. Because of all the liabilities 
that are associated with solvent-based detergents, their 
use is limited to specialty applications where other deter- 
gents do not provide adequate cleaning. Acid detergents 
are generally used to remove mineral deposits such as 


hard-water scale. These products are also effective in re- 
moving coagulated protein films. Specialized applications 
use acid detergents for microbial control. A product for- 
mulation that combines an acid with an anionic surfactant 
makes an effective sanitizer; as do iodophors, which are 
acid detergents that release iodine in solution. Neutral de- 
tergents (pH between 5.0 and 9.0) are generally synergistic 
surfactant blends. Some neutral products also contain sol- 
vents to complement the cleaning action of the surfactants. 
Because of their pH neutrality these detergents are widely 
used for hard scrubbing. Neutral detergents tend to be 
most effective on oils, greases, and fats because of their 
excellent ability to emulsify and disperse these types of 
soil. A specialized application in this category is the use of 
quaternary ammonium chloride formulations as sanitiz- 
ers. Alkaline detergents are effective on organic soils in- 
cluding fats, proteins, and carbohydrates. These deter- 
gents are used extensively to clean food-processing 
facilities. They work by solubilizing, saponifying, peptiz- 
ing, or hydrolyzing the soils to be removed. 


DETERGENT PROPERTIES 


Detergents assist the cleaning process by performing one 
or more of the following: wetting or penetration, dispersing 
or deflocculating, suspension, emulsification, peptizing, 
dissolving, chelating or sequestering, rinsing, and sanitiz- 
ing (2,3). Wetting refers to the detergent’s ability to pene- 
trate through and come in contact with all soils and equip- 
ment surfaces, thus loosening the soil and facilitating its 
removal. A dispersant promotes the breakdown of large 
soil particles into smaller particles and inhibits the for- 
mation of larger soil particles by holding them uniformly 
distributed in the detergent bath. When soil particles are 
uniformly distributed throughout the detergent bath, 
without any precipitation to the bottom or flotation to the 
surface, they are in suspension. An emulsifier breaks down 
fat and oil into tiny particles and disburses them uniformly 
throughout the water phase where they are held in sus- 
pension. (This is an oil-in-water emulsion.) Peptizing is the 
partial solubilization and colloidal dispersion of protein by 
an alkaline detergent. When a soil is converted into a form 
that is completely soluble in water it will dissolve. Chela- 
tion is the process of chemically removing minerals such 
as calcium, magnesium, or iron from water. This is done 
by forming a soluble complex with the mineral thus pre- 
venting their precipitation from the detergent bath. This 
enhances the rinsability of the detergent solution and pre- 
vents interference of those minerals with the detergent’s 
cleaning ability. Rinsing is the ability to flush the detergent 
solution and soil from the surfaces being cleaned without 
leaving any residue. Sanitizing reduces the total microbial 
population present on the cleaned surfaces. Sanitizers 
work most efficiently on cleaned surfaces free of any soil. 
The ideal detergent would possess the following character- 
istics: rapid and complete solubility in water and complete 
removal of all soil from the surfaces being cleaned. It would 
rinse free of all residue and provide germicidal activity. 
Finally it would be inexpensive to use and safe to handle. 
To date no universal product possessing all these charac- 
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teristics exists; hence the plethora of products available in 
the marketplace. 


DETERGENT COMPONENTS 


Most detergents are blends of surfactants and builders, al- 
though they may be strictly surfactant blends or blends of 
builders. Surfactants are classed as anionic, nonionic, or 
cationic. Anionic surfactants are negatively charged mol- 
ecules and are the most widely used in cleaning. Nonionic 
surfactants have no charge and are excellent oil and grease 
solubilizers and emulsifiers. Cationic surfactants are pos- 
itively charged molecules and are not used to any signifi- 
cant degree as cleaners. Their use is primarily in specialty 
applications such as fabric softeners and sanitizers. 

In aqueous solution, most solid soils are negatively 
charged minerals (4). If cationic surfactants are present, 
an electrostatic attraction occurs that is not favorable to 
soil removal. The negative charge of the anionic surfac- 
tants, on the other hand, creates an electrostatic repulsion 
that facilitates removal of these soils and prevents their 
redeposition. Uncharged oily soils are most readily re- 
moved by solubilization in micelles or by emulsification 
with nonionic surfactants (4). The solubilization process is 
most effective when the nonionic surfactant concentration 
is above the critical micelle concentration (CMC). Also the 
effectiveness can be further optimized by maintaining a 
temperature just below the cloud point of the surfactant. 
Builders are all the other ingredients that are formulated 
into a detergent to enhance the performance of the surfac- 
tants. Detergents that contain no surfactants rely on sa- 
ponification to produce surfactants in situ. Some builders 
found in detergents are alkalies, acids, phosphates, sili- 
cates, chelants, chlorine, defoamers, antiredeposition 
agents, abrasives, and corrosion inhibitors (2,3,5). By a ju- 
dicious selection of builders, detergents can be formulated 
to enhance one or more of the following properties: emul- 
sification, saponification, hydrolysis, removal of mineral 
deposits, wetting and penetration, dispersing, antirede- 
position, peptizing, water softening and antiscaling, de- 
foaming, and sanitizing. 


CLEANING 


Regular cleaning is essential to maintaining sanitary con- 
ditions in food-processing facilities. A good cleaning pro- 
gram should schedule regular cleaning of all interior build- 
ing surfaces (floors, walls, and ceilings), all processing 
equipment, removal of garbage, trash, and other wastes, 
leaving clean rinsed surfaces that are free of any chemical 
residues that might contaminate the food (5). The basic 
steps of the cleaning process are the physical removal of 
the gross soil load, detergent cleaning, rinsing, and sani- 
tizing. The physical removal of gross soil is accomplished 
by such methods as squeegeeing, shoveling, scraping, rins- 
ing, or any other mechanical means appropriate to the soil 
and the surface being cleaned. By reducing the soil load 
the detergents can work more efficiently. The detergent 
cleaning process loosens the remaining soil. Rinsing 
flushes the soil from the surface and prevents its redepos- 
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ition. Sanitizing inhibits microbiological growth on the 
cleaned surfaces. Three classes of soil have been charac- 
terized: soils bound to the surface by oils or greases, soils 
absorbed onto the surface, and scale deposits. These soils 
are separated from surfaces by three possible mechanisms: 
mechanical action, chemical alteration of the nature of the 
soil, or reduction of the energy binding the soil to the sur- 
face by reduction of the surface tension through wetting 
and penetration (3). The procedure used for cleaning and 
the type of detergent selected depend on a number of fac- 
tors: the type and condition of the soil, the type of surface 
being cleaned, the condition and temperature of the water 
supply, the cleaning equipment available, the time alloted 
for cleanup, and the cost of the sanitation program. The 
ideal water used in sanitation would be free of micro- 
organisms, clear, colorless, noncorrosive, and free of min- 
erals. Other factors to effective cleaning are time, tem- 
perature, concentration of detergent, and mechanical 
action. In general, cleaning is enhanced with longer time, 
higher temperature, higher concentrations of detergent, 
and increased mechanical action. However, this general- 
ization needs to be tempered by practical considerations 
and limitations of the clean-up project. For example, pro- 
tein starts to coagulate above 55°C (3). In general the fol- 
lowing criteria are used to select an appropriate detergent 
for cleaning: 


Heavy soils, cooked on soils High alkaline cleaner 

Fats and proteins Chlorinated cleaner 

Hand scrubbing, soft metals Light duty or neutral cleaner 
Remove mineral deposits, Acid cleaner 


brighten equipment 


There are four primary procedures used to apply the 
detergent cleaners with an infinite variety of variations on 
these methods. Cleaning in place (CIP) is used primarily 
on enclosed equipment and uses pumps to circulate the 
detergent solution through the equipment. This process 
normally entails the use of an alkaline cleaner followed by 
an acid cleaner. These cleaners typically are low-foaming 
detergents, because foam hinders the cleaning process 
when the solutions are pumped through pipes and spray 
balls to clean large tanks and other parts of the system. 
Foaming and high-pressure spraying techniques are the 
most common methods for cleaning the exposed surfaces 
of equipment, conveyors, walls, and floors. Foaming is a 
modification of the high-pressure application where com- 
pressed air is injected into the detergent stream to produce 
foam. Foam is popular for use on vertical surfaces because 
it holds the detergent onto those surfaces for several min- 
utes before draining off. Soak tank cleaning is used on 
trays, molds and other portable equipment that can be 
readily removed to one location for cleaning by soaking in 
a detergent bath. Boil out is a special soak tank procedure 
where the equipment to be cleaned is filled with a deter- 
gent solution and heat is applied until cleaning is effected. 
Hand scrubbing is used where none of the other procedures 
are appropriate, or to supplement inadequate cleaning by 
those methods. This technique combines the chemical ac- 
tion of the detergent with the mechanical action of wiping 
or scouring the soil from the surface. 


DISPOSAL 


Disposal of detergents, as with all chemicals, comes under 
the purview of federal, state, and local laws and regula- 
tions. Food processors should maintain close contact with 
their waste-disposal facilities to keep abreast of current 
requirements for disposal in their respective locales. Gen- 
erally, spent detergents can be flushed down the drain. 
However, care does need to be taken to ensure that this 
waste solution does comply with the requirements of the 
local wastewater treatment plant. Usually their primary 
concerns are the pH and the phosphate levels in the dis- 
charged waste. Avoid using detergents containing phos- 
phates where stringent phosphate disposal levels exist. 
The pH can be readily neutralized, if necessary, before 
sending the solution out to the wastewater treatment 
plant. In the event of a detergent spill, several options ex- 
ist. One would be to neutralize and dilute the detergent 
with water and dispose as wastewater. Another would be 
to contain the spill, absorb onto an appropriate substrate, 
if a liquid, and dispose in a landfill in accordance with all 
applicable laws and regulations. Certain solvent cleaners 
present special disposal problems unique to them, and spe- 
cial care must be taken to comply with the disposal regu- 
lations for those products. 


FOOD SAFETY 


In general, food products must be segregated from the 
clean-up area to avoid contamination. There are a few spe- 
cialized cases where detergents are used to process edible 
food products. These special applications are stringently 
regulated to ensure the safety and wholesomeness of the 
resulting food product. However, where this is not the case, 
the food either must be removed from the clean-up area or 
otherwise covered or segregated to protect it from any pos- 
sible contamination during the clean-up process. Also, the 
containers of detergents should be stored in an area seg- 
regated from the food-processing and storage areas, again 
to avoid the possibility of contamination. 


WORKER SAFETY 


Many detergents used to clean food processing plants are 
strongly alkaline, strongly acid, release chlorine, or pres- 
ent other safety hazards to the clean-up personnel. These 
personnel should familiarize themselves with the products 
they are using and the safety hazards associated with 
them by studying the material safety data sheet (MSDS), 
the product label, and any other information the detergent 
supplier has made available. Pay special attention to the 
first aid measures that have been recommended. Acids and 
alkalies can cause both chemical and thermal burns. Chlo- 
rine causes respiratory distress. Many chemicals, such as 
quaternary ammonium chloride compounds, can be sensi- 
tizing agents or allergens. Even mild detergents, because 
of their ability to solubilize oils and fats, can cause dryness, 
chapping, and cracking of the skin. Appropriate, safety 
measures need to be taken by clean-up personnel to avoid 
injury. The purpose of safety equipment is to ensure a safe 


air supply for breathing and to protect the skin from direct 
contact with any hazardous materials being used. Gener- 
ally the first aid step to take, after eye or skin exposure, is 
to rinse with copious quantities of water; for breathing dif- 
ficulties, remove to fresh air. See a doctor if distress per- 
sists. Furthermore, in the area of eye safety, contact lenses 
should never be worn when working with potentially haz- 
ardous chemical products. In the event of any chemical 
splattering in the eye, the contact lens makes it very dif- 
ficult to adequately flush the eye. When mixing chemical 
products such as detergents, they should always be added 
to water. Furthermore, use cold water where the chemical 
addition produces heat of reaction as, for example, adding 
a strong alkaline detergent to water, which can generate 
sufficient heat to boil water. A healthy, clean, and safe 
working environment should be the goal of every food- 
processing plant. 
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DISINFECTANTS 


Disinfection originally referred to the destruction of the 
germs of disease. In modern use, a disinfectant is an agent 
capable of destroying a wide range of microorganisms, but 
not necessarily bacterial spores. Sterilization is the process 
of destroying all forms of life, including bacterial spores. 
Sanitation is a more general term referring to those factors 
that improve the general cleanliness of our living environ- 
ment and aid in the preservation of health. A sanitizer is 
achemical substance that reduces numbers of microorgan- 
isms to an acceptable level. This term is widely used in the 
United States and it is virtually synonymous with the term 
disinfectant. In the food industry, sanitation and sanitizers 
are used to refer to processes and agents, respectively, for 
cleaning inanimate (work) surfaces. The term hygiene 
(from Hygieia, the Greek goddess of health) is frequently 
used to refer to personal cleanliness, hence hand hygiene. 
A soil is an organic or inorganic residue on equipment and 
other work surfaces. A soiled surface is cleaned by washing 
with a detergent. Detergency does not imply anything 
more than assisting in cleaning a surface; microorganisms 
are reduced only to the extent that they are physically re- 
moved from the surface (1). 

Disinfectants may be characterized on the basis of their 
mode and range of antimicrobial action. A biocide is a dis- 
infectant that kills all forms of life, whereas a biostat is a 
disinfectant that inhibits the growth of all forms of life. 
Many biocides are biostats at low concentrations. Bacte- 
ricides and bacteriostats are agents active against bacte- 
ria. The prefixes fungi-, spori-, and viru- indicate action 
against fungi, spores, and viruses, respectively. The term 
germicide is sometimes used to describe disinfectants that 
destroy disease-causing organisms. 

A sanitation program refers to the schedule and proce- 
dures for cleaning and sanitizing a food-processing plant 
or food-handling facility, as well as requirements for per- 
sonal hygiene. Procedures for sanitation of inanimate sur- 
faces and equipment involve a two- or three-step process. 
In each case the initial step is removal of gross soil. In a 
three-step process, the initial rinse is followed by a deter- 
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gent wash, rinse, and sanitizing. In a two-step process a 
combined detergent-sanitizing agent is used, followed by 
a rinse. 


CHEMICAL DISINFECTING AGENTS 


Lister used phenol (carbolic acid) as a germicide in 1867. 
Although it is the parent compound of chemical disinfec- 
tion, its use today is limited to substituted phenols, eg, the 
bis-phenols used in germicidal soaps. Both chlorine (in the 
form of hypochlorite) and phenol were used to deodorize 
waste materials in the early 1800s, before Pasteur estab- 
lished the germ theory of infection and putrefaction. The 
use of disinfectant chemicals began in clinical surround- 
ings in the late nineteenth century. In 1908 the first large- 
scale use of chlorine (chloride of lime) in water purification 
started in Chicago, and its use for this purpose spread rap- 
idly. Yet disinfectants were not readily accepted in food pro- 
duction until the 1940s, when hypochlorite treatment was 
permitted in the dairy industry as an alternative to steam 
sterilization. The range of antimicrobial chemical agents 
has been comprehensively reviewed (2). 

Heavy metal ions such as Hg”*, Cu?* and Ag* are uni- 
versal biocides, but they are generally too toxic to use on 
food equipment. Alcohols such as ethanol and isopropanol 
and others with chain length up to 8-10 carbon atoms are 
biocidal except for bacterial spores. Water is essential for 
the antimicrobial action of alcohols, and 60-70% (v/v) is 
the most effective concentration. The alkylating agents for- 
maldehyde and ethylene oxide are active gaseous disinfec- 
tants with a broad spectrum of biocidal activity, including 
bacterial spores. The sporicidal activity is probably due to 
their ability to penetrate into the spores and the fact that 
they do not require water for their action. Formaldehyde 
is too toxic for use with food equipment because it is ab- 
sorbed onto surfaces as a reversible polymer (paraformal- 
dehyde) that slowly depolymerizes to give free formalde- 
hyde as a food contaminant. Ethylene oxide is the most 
reliable substance for gaseous disinfection of dry surfaces, 
especially heat-sensitive materials such as plastics (3). 


Halogens 


The halogens include fluorine, chlorine, bromine, and io- 
dine, all of which are extremely active oxidizing agents. 
Fluorine is the most reactive, but it is too toxic, irritant 
and corrosive to be used as a disinfectant (2). Bromine is 
also too toxic and irritant for widespread use, but it has 
some applications in mixed halogen compounds (4). Chlo- 
rine is an effective disinfectant (Table 1) through the action 
of hypochlorous acid (HOCI). Hypochlorous acid is unsta- 
ble and it is normally stabilized by adding caustic soda to 
form sodium hypochlorite (NaOCl). HOCI can be formed 
by any of the following reactions: 


Chlorine 
ae 
Cl, + H,O = HOC] + H* + Cl~ 


Hypochlorite 
Ht 
NaOCl + H,O ee HOC! + Na* + OH” 


Chloramine 


H* 


NH,Cl + 2H,0 = HOC] + NH{ + OH™ 


At acid pH, solutions have greater germicidal activity 
because greater amounts of HOC] are formed; however, for 
product stability a pH > 8 is used. Sodium hypochlorite 
(NaOCl) in commercial liquid form contains 10-14% avail- 
able chlorine. Calcium hypochlorite [Ca(OC1)2] is a powder 
with about 30% available chlorine. Chlorine-based sanitiz- 
ers are normally used at concentrations that yield 100-200 
ppm available chlorine with contact times of 3-30 min, Or- 
ganic chlorines such as chloramine-T and isocyanuric acid 
derivatives are more stable than hypochlorites in the pres- 
ence of organic matter, they are less irritant and less toxic, 
and they release chlorine more slowly. 


0 Xo rd 
i] id \ 
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Chloramine-T irene 
Isocyanuric acid 
derivatives 


Chloramines have 25-30% available chlorine, but they 
are weaker bactericides than hypochlorites except that 
they are more active at pH > 10. Isocyanuric acid products 
are active over the pH range 6-10. Both of these organic 
chlorines can be formulated as detergent-sanitizers, but 
they are relatively expensive (1). 

Chlorine dioxide is another form of chlorine that has 
antimicrobial properties. It is considered to have the same 
antimicrobial activity as hypochlorite. Principal advan- 
tages are that it is not as readily inactivated by organics 
as hypochlorite, and it retains activity at higher pH values 
than does hypochlorite. Additionally, chlorine dioxide does 
not react with ammonia, it can break down phenolics to 
remove phenolic tastes and odors from water, and it does 
not form trihalomethanes with nitrogenous organic com- 
ponents of water. Because chlorine dioxide is highly reac- 
tive, it cannot be produced and shipped in bulk. Therefore, 
it is generated at the site of use, usually by combining 
separate solutions of chlorine and sodium chlorite at care- 
fully controlled reaction conditions. Chlorine dioxide deca- 
hydrate can be prepared as a commercial product, but it 
must be refrigerated because it decomposes with rising 
temperatures. Under certain conditions it can be explosive. 
Chlorine dioxide, although it is more expensive than hy- 
pochlorite, has been used for treatment of water supplies, 
in plant chlorination of wastewater treatment, and chlo- 
rination of recycled or recirculated waters where slime 
buildup may occur (5). 

Todine is too insoluble in water to be used as a disin- 
fectant; however, if it is complexed with a nonionic surface 
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Table 1. Advantages and Disadvantages of Different Classes of Sanitizers 


Hypochlorite 


Todophor ‘Acid-Anionics 


Antimicrobial spectrum 
Gram-positive bacteria 
Gram-negative bacteria 

Spores 

Viruses 

Low toxicity 

Nonirritating to skin 
Noncorrosive 

Nonstaining 

Stability during storage 

in hard water 

with organic matter 

Use at temperatures 
Mineral-protein films removed 
Leaves no residues 

Leaves no flavors or odors 
Detergent-sanitizer =. 
Self-indicating + 
Low cost + 


Litt eee 


tthe reree 


+ 
+ 


Pee let Lite lit 
Petree te teetircs 
Peel etetee tits 


w+ 


1 


Note: Advantages attribute = —. disadvantageous attribute = —. 
“Only a problem if misused. 

‘Only some plastic materials and painted walls; staining of skin is temporary. 
“By odor of available chlorine. 


active agent, the resulting iodophor can be used as a 
detergent-sanitizer (Table 1). Diatomic iodine (I,) is highly 
bactericidal; hypoiodous acid (HOI) and the hypoiodite ion 
(IO~) are less bactericidal; the iodate ion (IO; ) is inactive. 


oH- 
HOI+H* +I = 
Ht 


OH” 
I, + H,O = 
H 


I- + Ios 


Iodophors are generally used at 12.5~25.0 ppm; at these 
concentrations they are self-indicating, ie, the presence of 
available iodine is indicated by the amber color of the so- 
lution. They must be used at < 50°C to avoid the release 
of toxic iodine vapor. Iodophors are formulated with an 
acid, usually phosphoric acid, because they are more active 
at pH 3-5. They also solubilize and remove mineral and 
protein films from food-processing equipment (4). 


Surface Active Agents (Surfactants) 


These compounds are classified in three categories: (1) cat- 
ionic, (2) anionic, and (3) nonionic or amphoteric. All three 
categories have antimicrobial activity to varying degrees, 
depending on the specifics of molecular moiety and for- 
mulation with other ingredients to produce disinfectant or 
sanitizing compounds. Quaternary ammonium compounds 
(QACs), or quats, are cationic wetting agents or surfac- 
tants. The general chemical configuration of a QAC is 


+ 
Pas es 
N 


Ri 
Ds 
Ry R3 


where R;, Re, Rg, and R, are covalently bound organic 
groups such as alkyl, methyl, benzyl, and cetylbenzyl. The 
H™ is a halogen, most often chlorine or occasionally bro- 
mide. These are synthesized compounds that are formed. 
by reacting tertiary amines with quarterizing agents such 
as alkyl or cetyl halides. A wide array of groups may be 
substituted, and this may result in the formation of qua- 
ternaries with widely variable properties. The cation or 
positively charged proton of the molecule is microbiologi- 
cally active and lyophobic. The negatively charged halide 
is lyophilic. Because QACs are actively cationic, they are 
not compatible with detergents or other compounds that 
are anionic in solution. The chemical configuration for al- 
kyldimethylbenzylammonium chloride, one of the fre- 
quently employed quarternaries, is 


CHs + 


7 
(Cig - Cis) ie cu) 


‘CH; 


cl” 


Because of the great diversity of chemical composition 
with QACs, great variation in the antimicrobial activity 
may occur. Generalization is difficult with these com- 
pounds. QACs principally are antibacterial in activity. Of 
ten they are more effective against gram-positive bacteria 
than gram-negative bacteria, especially at alkaline pH. 
The antifungal activity of quaternaries is variable and de- 
pends on the moiety of the molecule of the specific QAC 
employed and the specific species of fungal organism(s) of 
concern. Some quaternaries are very effective fungicides, 
while others may be mediocre at best. Proper selection of 
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these products for antifungal activity is necessary. The 
QACs are not considered to be effective agents for control- 
ling either bacterial spores or fungal spores. They are vari- 
able as viricides, being moderately active against lipophilic 
viruses but not effective against hydrophilic viruses. In ad- 
dition to molecular configuration, other factors have an in- 
fluence on the antimicrobial activity of QACs. As stated 
previously, quaternaries at alkaline pH generally are more 
effective against gram-positive than gram-negative bacte- 
ria. However, there are complications, conflicts, and resis- 
tances related to the pH of solutions. Some gram-negative 
bacteria, such as Psewomonas and Escherichia, show resis- 
tance to QACs at alkaline pH but may be much less resis- 
tant to neutral or slightly acid quaternary solutions. The 
effect of organic residues on antimicrobial effectiveness of 
QACs can be variable. To a large extent, the degree de- 
pends on the specific quaternary compound and the type 
of organic soil that may be present. In general, QACs are 
more stable to the presence of organic residues than hy- 
pochlorite and about equal to that of the iodophors. The 
activity of quaternary ammonium compounds may be af- 
fected by the presence of calcium and magnesium water- 
hardness salts in solutions. This effect varies with the 
quaternary compound employed. The QACs that are for- 
mulated with chelating agents, such as EDTA and/or se- 
questerants, have good tolerance to high levels of water- 
hardness salts. There is good agreement that the 
effectiveness of QACs increases as the solution tempera- 
ture increases and that these compounds are more stable 
than both hypochlorite and iodophors at high tempera- 
tures (6). 

The quaternaries have found use as sanitizing solutions 
for dairy and food equipment, skin antiseptics, and hos- 
pital sanitizing applications. Quaternary compounds may 
be combined with nonionic wetting agents and other de- 
tergent enhancers into detergent-sanitizer formulations 
for specific applications. If QACs are to be on sanitizing 
food-contact surfaces, they must be of a type and in a form 
that has FDA approval according to provisions of 21 CFR 
(7). Because of the great variability inherent to these prod- 
ucts, it is imperative that they be selected after consulta- 
tion with QAC manufacturers or suppliers who have been 
advised of the prevailing conditions under which the qua- 
ternary will be expected to perform. After this has been 
done, the selected product(s) should be used only under the 
explicit instructions that have been given. 

The acid—anionic products are mixtures of anionic sur- 
factant and an acid. Most frequently phosphoric acid is the 
acid employed. The chemical structure of the anionic sur- 
factants usually is in the form of an alkyl aryl sulfonate. 
Some examples of these are dodecylbenzene sulfonic acit 
sodium lauryl sulfate, sodium dioctylsulfosuccinate, and 1- 
octane sulfonate. For a more comprehensive list of anionics 
that have been approved for use in sanitizer solutions for 
application to food contact surfaces, refer to 21 CFR (7). 

The antimicrobial activity of the acid-anionic sanitizers 
is most pronounced at low pH levels, with the pH range of 
3.0 to 1.5 being the most optimal. At the reeommended-use 
concentrations, for specific applications, they provide ex- 
cellent antimicrobial activity against vegetative bacterial 
cells and most yeasts. Both bacterial spores and fungal 


spores show resistance to these products. At pH values 
above 3.5, the effectiveness of the acid—anionic sanitizers 
against gram-negative bacteria is reduced, and this be- 
comes more pronounced with increasing pH. Water hard- 
ness at up to 1,000 ppm as CaCO; has not been shown to 
affect the antimicrobial activity of acid—anionics, but ifthe 
water-hardness level should be high enough to cause a rise 
in pH of a sanitizing solution above 3.5, then reduced san- 
itizing effectiveness could be anticipated. Because of their 
acidic reaction in solution, the acid—anionic surfactant san- 
itizers have found important applications for sanitizing 
both circulation cleaned-in-place (CIP) equipment and 
spray-cleaned tanks and vessels in dairy and beverage pro- 
cessing plants where mineral residuals may affect the san- 
itizing efficiency of the other types of cleaners. The acid— 
anionic sanitizers are more costly than hypochlorite, but. 
they are less expensive than either the iodophors or the 
quaternary ammonium sanitizers (8). 

Amphoteric surfactants are disinfectants that have 
been used in European and some other countries for more 
than 40 years. They have not received FDA approval in the 
United States for use as sanitizers on food contact surfaces. 
Most of the commercial amphoteric products are sold un- 
der the trade name Tego. They are termed amphoteric or 
ampholytic because in water solution they yield anions, 
cations, and zwitterions (dual-charged molecules). The 
chemical structure of amphoteric surfactants is a molecule 
composed of an amino acid, most frequently glycine, sub- 
stituted with a long-chain alkyl amine group. Examples of 
the most frequently employed amphoterics include do- 
decylglycine, dodecylaminoethylglycine, and dodecyldi- 
aminoethylglycine. The amphoteric surfactants have been 
purported to be bactericidal, fungicidal, and viricidal and 
effective in the presence of soil, lipids, and proteins. The 
contact times required for effective microbial inactivation 
are longer than that for other more frequently used sani- 
tizers. Because of their surfactant properties, the ampho- 
teric sanitizers may adsorb on surfaces to form a film that 
is resistant to rinsing by water. This is an advantageous 
property when residual antimicrobial activity is desired 
but may be a disadvantage from the standpoint of possible 
sanitizer residuals in foods. The effect of organic residues 
on the antimicrobial of amphoteric surfactant sanitizers 
are contradictory. This has created a problem for their 
gaining acceptance and approval as sanitizers. The am- 
photeric sanitizers have been used as hand-wash disinfec- 
tants, floor-wash disinfectants, and food plant equipment 
sanitizers in European and some other countries (9). 


The Peroxides 


The two peroxides that are most frequently used for dis- 
infection and sanitizing are hydrogen peroxide and per- 
oxyacetic acid (peracetic acid). Hydrogen peroxide at 3% 
concentration has been employed as a topical antiseptic 
and wound irrigation agent for many years. More recently, 
processes have been developed that allow the production 
of stable, highly concentrated solutions that may contain 
up to 90% hydrogen peroxide. This has resulted in the 
availability of hydrogen peroxide, of various grades and 
purity, that could be used for microbial control in the food, 


cosmetic and electronic industries. Hydrogen peroxide has 
shown effective antimicrobial activity against both non- 
spore-bearing and spore-bearing bacteria, yeasts, molds, 
and viruses. It is very effective against the anaerobes be- 
cause they lack catalase enzyme, which hydrolyses hydro- 
gen peroxide. Also, gram-negative bacteria are more easily 
inactivated by hydrogen peroxide than are gram-positive 
bacteria. Among the factors known to affect the antimicro- 
bial activity of hydrogen peroxide are the concentration of 
chemical, pH, temperature, and presence of metallic salts. 
Hydrogen peroxide follows the classical relationship that 
the higher the concentration of chemical antimicrobial in 
solution, the more rapid the rate of microbial inactivation. 
Hydrogen peroxide is most active at acidic conditions; its 
activity is slower at neutrality and becomes progressively 
less active as the alkalinity of the solution increases. Tem- 
perature affects the action of hydrogen peroxide. In gen- 
eral, higher solution temperatures can result in lower con- 
centrations and shorter contact times to obtain microbial 
inactivation. The presence of certain metallic salts or ions 
increases the antimicrobial effectiveness of hydrogen per- 
oxide, These include copper, chromium, iron, and molyb- 
denum. A good review on the antimicrobial activity of hy- 
drogen peroxide has been presented by Turner (10). 

In industrial applications, hydrogen peroxide has FDA 
approval for use as a sterilant of containers and equipment 
used in aseptic packaging of foods (7). For treatment of 
packaging rooms, 30 to 40% hydrogen peroxide for up to 
30 minutes or more contact time at room temperature may 
be required; whereas at a temperature of 60 to 71°C, the 
sterilization contact time for containers may be reduced to 
seconds. Because of the potential hazard of hydrogen per- 
oxide, it is important to insure that all necessary safety 
practices are in effect for handling and using this material 
to prevent serious harm to personnel. Hydrogen peroxide 
has shown promise as an agent for use in vapor-phase ster- 
ilization applications (11). 

Peroxyacetic acid (peracetic acid) is an organic peroxide 
that has been used for practical microbial control. Peroxy- 
acetic acid is a strong oxidizing agent that is soluble in 
water and has a characteristic pungent, vinegarlike odor. 
Concentrated solutions of peroxyacetic acid are highly un- 
stable, particularly at high temperatures and in the pres- 
ence of heavy metallic ions. Current commercially avail- 
able products contain stabilizing ingredients, and they are 
safe to use. Typically these contain from 4 to 40% peroxy- 
acetic acid. As with all chemicals, they must be handled, 
stored, and used according to specific label declarations 
and product safety data sheets for the product. Peroxy- 
acetic acid is superior in action to hydrogen peroxide as an 
antimicrobial and has a broad spectrum of activity against 
both gram-positive and gram-negative bacteria, spore- 
bearing bacteria, and microbial spores. It has both fungi- 
cidal and viricidal activity at recommended conditions of 
use. The FDA allows the use of peroxyacetic acid sanitizing 
solutions on food-contact surfaces at a concentration of 100 
to 200 mg/L (ppm) (7). The antimicrobial activity of per- 
oxyacetic acid is affected by such factors as concentration, 
pH, and contact time. As is true with other chemical anti- 
microbials, higher concentrations of peroxyacetic acid in 
solution are more cidal than are lower concentrations, pro- 
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vided that all other factors are constant. With regard to 
pH, acid conditions are most optimal to inactivation of mi- 
crobes, and as the pH increases above pH 7 to 8, there is 
decreasing cidal activity for a constant concentration of 
peroxyacetic acid in solution. As might be expected, the 
temperature of the solution affects the killing power of per- 
oxyacetic acid at a given concentration. Increasing tem- 
perature improves the germicidal effect, but peroxyacetic 
acid retains some antibacterial activity at a temperature 
as low as 7°C. Because of this, peroxyacetic acid has an 
advantage over most other commonly used chemical sani- 
tizers for certain applications. Water-hardness minerals do 
not have a great effect on peroxyacetic acid, and it is not 
affected as adversely by organic residuals as are other ox- 
idative sanitizers (12,13). As with all hazardous chemicals, 
necessary precautions are required when using this prod- 
uct. It is essential that personnel be made aware of these 
and that labeling directions and product safety instruc- 
tions be followed precisely. 


Phenols 


Many phenolic compounds are strong germicides, but their 
potential for use in the food industry is limited by their 
odor and the possibility of causing off-flavors in foods. 
Their action involves cell lysis. Depending on concentra- 
tion, phenols are either bactericidal or bacteriostatic. They 
have only limited activity against viruses, and they are not 
sporicidal. Halogenation of phenols increases their activity 
3-30 times. Substitution in the para position is more ef- 
fective than in the ortho position, substitution with two 
halogen atoms is more effective than one, and bromophe- 
nols are more active than chlorophenols (14). Chloroxy- 
lenol or para-chloro-meta-xylenol (PCMX), the active in- 
gredient of Dettol, is a phenolic compound that can be used 
as a skin germicide. 

Table 2 provides information on comparative informa- 
tion on some of the characteristics of the most common 
chemical sanitizers that have FDA (7) approval for no- 
rinse application on food-contact surfaces. Because of the 
wide variations in the formulation of commercial products, 
there may be anomalies from that normally expected. In 
all instances, the information and recommendations given 
by the manufacturers or supplies of commercial proprie- 
tary sanitizer products should be sought and followed ex- 
plicitly for any application. 

Many halogenated bis-phenols (or phenylphenols) have 
considerable activity against bacteria and fungi, but they 
have low activity against pseudomonads (2). They are used 
as clinical disinfectants and in germicidal soaps, eg, hexa- 
chlorophene. 

Hexachlorophene is not very volatile and lacks the un- 
pleasant odor of phenols. It is more active against Gram- 
positive than Gram-negative bacteria. It is bacteriostatic 
for Staphylococcus aureus at extremely low concentrations 
(0.05 ug/mL) and requires a suitable quenching agent to 
inactivate residues of the disinfectant so that its bacteri- 
cidal activity can be accurately assessed (2). It was widely 
used as a skin antiseptic marketed as pHisoHex and in a 
wide range of over-the-counter (OTC) pharmaceutical and 
personal hygiene products. It can be absorbed through in- 
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Table 2. Comparative Characteristics of Different Sanitizers 


Quarternary Peroxyacetic 

Hypoclorite  Iodophors ammoniums Acid anionics acid 
Biocidal spectrum 
Gram-positive bacteria ++ ++ ++ ++ ++ 
Gram-negative bacteria ++ ++ + + ++ 
Bacterial spores ++ of + + + 
Yeasts + ++ + + + 
‘Molds ++ ++ ra + -4 
Viruses ++ + = + + 
PH effectiveness 
Acid + (unstable) ++ 3 + +(<3.5) ++ 
Neutral ++ + + = 4+ 
Alkaline + - Hg = " 
Stability to 
Organic residues e = + + + 
Hard water ++ + + + + 
Noncorrosive 7 + ++ + + 
Skin irritant ++ - = + + 
Residual activity - + ++ Ke = 
High temperature stability ++ FS + + +4 
Use solution stability = + ++ ++ + 
Maximum use concentration by FDA° 200 mg —s 25 mg/l®~—- 200 mg/l’ ~—-200-430 mg/l® (depends on type) 100-200 mg/l’ 


Note: Relative properties: + +, definite; + moderate; +, variable, —, very low to none. 


“According to 21CFR, 178:1010; no rinsing after application. 
‘mg/L = milligrams per liter or ppm. 


flamed and infant skin with the possibility of serious sys- 
temic toxicity (15). As a result, OTC products have gener- 
ally been limited to 0.75% hexachlorophene. Higher 
concentrations are sold with medical prescription. 

Restrictions on the use of hexachlorophene resulted in 
the development of a range of other disinfectants for use 
in germicidal soaps. For example, Irgasan DP 300, also 
known as triclosan, 2-4-4'trichlor-2'-hydroxy diphenyl 
ether is active against Gram-positive and Gram-negative 
organisms. 


Other Antimicrobial Agents 


Chlorhexidine is one of a family of N',N®-substituted big- 
uanides (2). Its use was licensed in the UK and Canada, 
but not in the United States. 

Chlorhexidine is active against Gram-positive and 
Gram-negative bacteria; it has limited antifungal activity, 
but it is not active against acid-fast bacilli, bacterial 
spores, or viruses. However, some resistant pseudomonads 
can contaminate aqueous solutions of this compound. It is 
not compatible with anionic compounds. The digluconate 
salt is freely soluble in water; however, the diacetate and 
dihydrochloride salts are only poorly soluble. Alcoholic 
chlorhexidine or a 4% chlorhexidine detergent (Hibiscrub) 
are highly effective skin germicides (16). 

The salicylanilides and carbanilides are families of anti- 
microbial chemicals (17). One of the more popular disin- 
fectants among these chemicals is 3,4,4'-trichlorocarbani- 
lide. (TTC). It has been incorporated into soaps to give an 
antimicrobial product. 


PHYSICAL DISINFECTING AGENTS 


In addition to chemical compounds, heat and ultraviolet 
(uv) light can be used to disinfect food contact surfaces. 


Heat, particularly moist heat, is the most reliable and most 
widely used method of destroying all forms of microbes (2). 
The efficacy of heat treatment with steam or hot water 
(80°C or above) depends on the temperature achieved and 
the time of exposure. Temperatures above 60°C progres- 
sively kill microbial cells. Vegetative cells may be killed or 
injured. Injured cells can recover in an appropriate envi- 
ronment, for example, in foods. Heat injury has been de- 
scribed in two ways: the extension of the lag phase of 
growth (18) and the inability to grow on selective media, 
for example, on salt-containing media for Staphylococcus 
aureus (19) or violet red bile agar for coliform bacteria (20). 
Because heat cannot be universally applied it is necessary 
to rely on chemical agents for sanitation programs. 

Radiation is an alternative to gaseous disinfection. 
Gamma (cobalt-60) and electron-accelerated f-ray (<10 
MeV) irradiation have good penetrating ability and, there- 
fore, have the potential for use not only in disinfection, but 
also in food processing. Ultraviolet radiation has a wave- 
length between 210 and 328 nm, with maximum antimi- 
crobial activity between 240 and 280 nm. Ultraviolet ra- 
diation is low energy, so it does not penetrate foods. It is 
absorbed by glass and plastics, but it can be used for sur- 
face disinfection (2). Micrococcus radiodurans and bacte- 
rial and mold spores are highly resistant to ionizing and 
uv irradiation. The primary effect of radiation on living 
cells is by action on DNA. Radiation resistance is geneti- 
cally determined. Sublethally damaged cells can recover 
by photoreactivation or by excision and recombination 
events, which give rise to mutations (2). 


EVALUATION OF DISINFECTANTS 


A number of laboratory tests have been developed to eval- 
uate the efficacy of disinfectants (2). The Rideal—-Walker 


and Chick—Martin methods of determining the phenol co- 
efficient with Salmonella typhi were developed in the early 
1900s. Although the Chick—Martin test includes an organic 
soil, the phenol coefficient tests are artificial in concept, 
have poor reproducibility and phenol is an unreliable con- 
trol disinfectant (1). The improved Kelsey—Sykes capacity 
test attempted to resolve the deficiencies of the phenol 
tests by using at least four organisms in preliminary 
screening tests, the most resistant organism being selected 
for further testing. The disinfectants are prepared in a 
standardized hard water, with or without a standard soil. 
Recovery broths are prepared with a neutralizer against 
the disinfectant. This test also has its shortcomings, but it 
is used as the official test for disinfectants in the UK (21). 

Several tests have been designed to simulate in-use con- 
ditions by preparing an air-dried film of microorganisms 
on an appropriate surface, such as stainless steel, with or 
without an organic soil. The Lisboa test was developed for 
testing sanitizers for dairy equipment. Stainless steel 
tubes are contaminated and disinfected using standard- 
ized procedures and neutralized to inactivate any residual 
disinfectant; the number of surviving organisms is then 
determined (1). Various modifications of this in-use testing 
have been developed (2,22). Methods of the Association of 
Official Analytical Chemists (AOAC) include use-dilution 
carrier techniques with Salmonella choleraesuis, Staphy- 
lococcus aureus, or Pseudomonas aeruginosa contaminated 
onto polished stainless-steel cylinders. Tests for fungicidal 
and sporicidal activity are also specified (23). 

Tests for evaluating skin germicides under in-use con- 
ditions have been even more difficult to standardize (24), 
and there are no official methods comparable to the AOAC 
use-dilution technique for evaluating disinfectants for use 
on inanimate surfaces. Multiple-basin techniques measure 
the rate of mechanical removal of microorganisms from the 
skin, Testing of skin disinfectants must take into account 
the transient and residual microflora of the skin, the time 
of exposure, methods of sampling the skin after washing, 
and methods of contaminating skin with a transient mi- 
croflora appropriate to the use environment (25). Depend- 
ing on the germicidal agent used, it may be necessary to 
neutralize the rinse solution. With skin disinfectants it is 
appropriate to test for a residual (or substantive) effect, ie, 
improved results with repetitive use of the same agent 
compared with nongermicidal soaps. Occlusion and ex- 
panded flora tests (in which agents are applied topically to 
the skin, covered with a plastic film, and sealed with im- 
permeable plastic tape) represent alternative approaches 
to testing skin disinfectants (26). 

Comparisons of antimicrobial soaps by various stan- 
dardized techniques have given results that question the 
in-use efficacy of most products tested. Studies have indi- 
cated that under the specific test conditions, only an io- 
dophor product (0.75%) and 4% chlorhexidine gluconate 
significantly reduced the number of microorganisms re- 
leased from hands (25,27,28). Other products, including in- 
termediate strength iodophor products, 2% chlorhexidine, 
Irgasan DP 300, para-chloro-meta-xylenol (PCMX), tri- 
chlorocarbanilide or tribromosalicylanilide, under in-use 
conditions of testing were no better than a nongermicidal 
soap. 
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Food industries that process liquid products, such as milk, 
beer, and soft drinks, use CIP systems for disinfection. The 
principles are similar to those for manual cleaning, but 
mechanical force generated by the velocity of liquid flow 
through the system is relied on to remove food soils. CIP 
offers many advantages over manual sanitizing programs, 
including lower labor costs, more economic operation, bet- 
ter sanitation, faster cleanup and reuse of equipment, less 
dismantling and reassembly, and greater safety of use and 
operation (1). The CIP systems can be based on single or 
multiple use of cleaning solutions. Multiple-use systems 
are usually automatic, and solutions are recovered accord- 
ing to a preset program and stored in holding tanks for 
reuse. A typical CIP program is as follows (1): 


1. Prerinse (5 min) with cold water. 

2. Alkali detergent wash (15 min at 80°C). 

3. Intermediate rinse (3 min) with cold water from 
mains. 

4. Cold hypochlorite solution (10 min). 

5. Final rinse (3 min) with cold water from mains. 


For large tanks that would be uneconomical to fill with 
cleaning fluids, a permanent or portable spray system is 
fitted to the vessel. The spraying devices should allow 
every part of the inside of the vessel to come in contact 
with the cleaning solutions. Good drainage must be in- 
sured to avoid accumulation of fluids and residues on 
equipment surfaces. 

Mechanical aids for plant sanitation include pressur- 
ized steam, high-pressure water jets, compressed air, and 
ultrasound. All of these cleaning aids require specialized 
equipment and have specific uses. High-pressure steam 
can remove debris and sterilize. High-pressure water jets 
also remove debris from inaccessible parts of machinery; 
however, such inaccessibility should be avoided in the de- 
sign of food equipment and machinery. Compressed air re- 
moves dry powder, dust, and soil, but it spreads, rather 
than eliminates, the soil. Vacuum cleaners are preferable 
to compressed air for removing dry solids and dust. Ultra- 
sound is used to clean small or sensitive items of equip- 
ment that are otherwise difficult to clean. It requires im- 
mersion of the objects in an ultrasound tank for exposure 
to ultrasonic vibrations, which remove soils by cavitation. 

Foam sanitation is an efficient system for cleaning 
walls, floors, equipment with large contact surfaces, and 
immovable food-handling equipment. A foaming agent is 
added to the detergent formulation to produce a thick, 
long-lasting foam. This gives the cleaning agent a long con- 
tact time with the soiled surfaces. This form of cleaning 
requires a special pressure-generating system. The foam 
must be removed and the bactericidal agent applied. Foam 
systems give a good visible awareness of the sanitation 
Process. 


LEGISLATION 


The food legislation of most countries requires that food is 
handled in a sanitary manner. The details and standards 
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differ between countries. In the United States the principal 
federal legislation governing the handling of foods is the 
Food, Drug and Cosmetic Act of 1938, as amended. This 
covers all foods except meats and poultry, which are cov- 
ered by various food inspection acts. Regulations promul- 
gated through provisions of these acts are published in the 
Code of Federal Regulations (CFR), which is revised an- 
nually as needed. Emphasis is on good manufacturing 
practices and hazard analysis and critical control point 
(HACCP) standards for the handling, preparation, pro- 
cessing, and storage of food. Each state may enact its own 
laws and establish its own regulations for food sanitation 
control that apply to its territorial jurisdiction. In most 
cases, the state laws and regulations are in substantive 
agreement with the federal counterpart. The U.S. Depart- 
ment of Agriculture has responsibility for meat, poultry, 
rabbit, and egg products inspection programs in the United 
States. Under the Federal Insecticide, Fungicide, and Ro- 
denticide Act of 1978, sanitizers for use in food establish- 
ments are defined as insecticides and are regulated by the 
US. Environmental Protection Agency (EPA). Antimicro- 
bial agents for applications on humans are regulated by 
the Food and Drug Administration. 

In Canada food legislation is enacted through the fed- 
eral Food and Drugs Act of 1953, as amended. The Health 
Protection Branch (HPB) of Health and Welfare Canada is 
responsible for administering the act. Other agencies also 
have responsibility for food inspection, including Agricul- 
ture Canada, and Fisheries and Oceans Canada. Disinfec- 
tants for use in food premises are deemed to be drugs and 
require a Drug Identification Number (DIN) issued by 
HPB. 

In the UK, food legislation is based on the Food and 
Drugs Act of 1955, which is the enabling legislation for 
regulations governing food hygiene and is controlled by the 
Department of Health and Social Security or the Ministry 
of Agriculture, Fisheries and Food (MAFF). Enforcement 
of the regulations is the responsibility of Environmental 
Health Officers employed by elected local authorities. 

In Europe, the EEC has mandatory standards that au- 
tomatically become law in member countries. In a broader 
sense, the Codex Alimentarius program of the Food and 
Agriculture and World Health Organizations (FAO/WHO) 
has the intention of establishing international agreements 
on food standards that would safeguard health and en- 
courage good handling practices for foods. 
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DISTILLATION: TECHNOLOGY 
AND ENGINEERING 


Although the use of distillation dates back in recorded his- 
tory to about 50 BC the first truly industrial exploitation of 
this separation process did not occur until the 12th cen- 
tury, when it was used in the production of alcoholic bev- 
erages. By the 16th century, distillation also was being 
used in the manufacture of vinegar, perfumes, oils, and 
other such products. 

As recently as 200 years ago, distillation stills were 
small, of the batch type, and usually operated with little 
or no reflux. With experience, however, came new devel- 
opments. Tray columns appeared on the scene in the 
1820s, along with feed preheating and the use of internal 
reflux. By the latter part of that century, considerable pro- 
gress had been made by Hausbrand in Germany and Sorel 
in France, who developed mathematical relations that 
turned distillation from an art into a well-defined technol- 


Distillation today is a widely used operation in the pe- 
troleum, chemical petrochemical, beverage, and pharma- 
ceutical industries. It is important not only for the devel- 
opment of new products but also in many instances for the 
recovery and reuse of volatile liquids. Pharmaceutical 
manufacturers, for example, use large quantities of sol- 
vents, most of which can be recovered by distillation with 
a substantial savings in cost and a reduction in pollution. 

Although one of the most important unit operations, 
distillation unfortunately is also one of the most energy- 
intensive operations. It easily is the largest consumer of 
energy in petroleum and petrochemical processing and as 
such, must be approached with conservation in mind. It is 
a specialized technology in which the correct design of 
equipment is not always a simple task. 


DISTILLATION TERMINOLOGY 


To provide a better understanding of the distillation pro- 
cess, the following briefly explains the terminology most 
often encountered. 
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Solvent Recovery 


The term solvent recovery often has been a somewhat 
vague label applied to the many and very different ways 
in which solvents can be reclaimed by industry. 

One approach when an impure solvent contains both 
soluble and insoluble particles is to evaporate the solvent 
from the solids. This requires the use of a small forced- 
circulation-type evaporator that combines a heat ex- 
changer, external separator, and vacuum system with a 
special orifice that causes back pressure in the exchanger 
and arrests vaporization until the liquid flashes into the 
separator. Although this will recover a solvent, it will not 
separate solvents if two or more are present. 

A further technique is available to handle an airstream 
that carries solvents. By chilling the air by means of vent 
condensers or refrigeration equipment, the solvents can be 
removed from the condenser. Solvents also can be recov- 
ered by using extraction, adsorption, absorption, and dis- 
tillation methods. 


Solvent Extraction 


Essentially a liquid/liquid process where one liquid is used 
to extract another from a secondary stream, solvent ex- 
traction generally is performed in a column somewhat 
similar to a normal distillation column. The primary dif- 
ference is that the process involves two liquids instead of 
liquid and vapor. 

During the process, the lighter (ie, less dense) liquid is 
charged to the base of the column and rises through pack- 
ing or trays while the more dense liquid descends. Mass 
transfer occurs, and a component is extracted from one 
stream and passed to the other. Liquid/liquid extraction 
sometimes is used when the breaking of an azeotrope is 
difficult or impossible by distillation techniques. 


Carbon Adsorption 


The carbon adsorption technique is used primarily to re- 
cover solvents from dilute air or gas streams. In principle, 
a solvent-ladened airstream is passed over activated car- 
bon and the solvent is adsorbed into the carbon bed. When 
the bed becomes saturated, steam is used to desorb the 
solvent and carry it to a condenser. In such cases as tolu- 
ene, for example, recovery of the solvent can be achieved 
simply by decanting the water/solvent two-phase mixture 
that forms in the condensate. Carbon adsorption beds nor- 
mally are used in pairs so that the airflow can be diverted 
to the secondary bed when required. 

On occasion, the condensate is in the form of a moder- 
ately dilute miscible mixture. The solvent then has to be 
recovered by distillation. This would apply especially to 
ethyl alcohol, acetone-type solvents. 


Absorption 


When carbon adsorption cannot be used because certain 
solvents either poison the activated carbon bed or create 
so much heat that the bed can ignite, absorption is an al- 
ternative technique. Solvent is recovered by pumping the 
solvent-ladened airstream through a column counter- 
currently to a water stream that absorbs the solvent. The 
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The term solvent recovery often has been a somewhat 
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One approach when an impure solvent contains both 
soluble and insoluble particles is to evaporate the solvent 
from the solids. This requires the use of a small forced- 
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special orifice that causes back pressure in the exchanger 
and arrests vaporization until the liquid flashes into the 
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transfer occurs, and a component is extracted from one 
stream and passed to the other. Liquid/liquid extraction 
sometimes is used when the breaking of an azeotrope is 
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The carbon adsorption technique is used primarily to re- 
cover solvents from dilute air or gas streams. In principle, 
a solvent-ladened airstream is passed over activated car- 
bon and the solvent is adsorbed into the carbon bed. When 
the bed becomes saturated, steam is used to desorb the 
solvent and carry it to a condenser. In such cases as tolu- 
ene, for example, recovery of the solvent can be achieved 
simply by decanting the water/solvent two-phase mixture 
that forms in the condensate. Carbon adsorption beds nor- 
mally are used in pairs so that the airflow can be diverted 
to the secondary bed when required. 

On occasion, the condensate is in the form of a moder- 
ately dilute miscible mixture. The solvent then has to be 
recovered by distillation. This would apply especially to 
ethyl alcohol, acetone-type solvents. 


Absorption 


When carbon adsorption cannot be used because certain 
solvents either poison the activated carbon bed or create 
so much heat that the bed can ignite, absorption is an al- 
ternative technique. Solvent is recovered by pumping the 
solvent-ladened airstream through a column counter- 
currently to a water stream that absorbs the solvent. The 
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air from the top of the column essentially is solvent-free 
whereas the dilute water/solvent stream discharged from 
the column bottom usually is concentrated in a distillation 
column. Absorption also can be applied in cases where an 
oil rather than water is used to absorb certain organic sol- 
vents from an airstream. 


Azeotropes 


During distillation, some components form an azeotrope at 
acertain stage of the fractionation and require a third com- 
ponent to break the azeotrope and achieve a higher per- 
centage of concentration. In the case of ethyl alcohol and 
water, for example, a boiling mixture containing less than 
96% by weight ethyl alcohol produces a vapor richer in al- 
cohol than in water and is readily distilled. At the 96% by 
weight point, however, the ethy] alcohol composition in the 
vapor remains constant, ie, the same composition as the 
boiling liquid. This is known as the azeotrope composition. 
Further concentration requires use of a process known as 
azeotropic distillation. Other common fluid mixtures that 
form azeotropes are formic acid/water, isopropyl alcohol/ 
water, and isobutanol/water. 


Azeotropic Distillation 


In a typical azeotropic distillation procedure, a third com- 
ponent such as benzene, isopropyl ether, or cyclohexane is 
added to an azeotropic mixture such as ethyl alcohol/water 
to form a ternary azeotrope. Because the ternary azeotrope 
is richer in water than the binary ethyl alcohol/water azeo- 
trope, water is carried over the top of the column. The azeo- 
trope, when condensed, forms two phases. The organic 
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Figure 1. System for recovering 
butanol from butanol/water mix- 
ture. 
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phase is refluxed to the column whereas the aqueous phase 
is discharged to a third column for recovery of the entrain- 
ing agent. 

Certain azeotropes such as the n-butanol/water mix- 
ture can be separated in a two-column system without the 
use of a third component. When condensed and decanted, 
this type of azeotrope forms two phases. The organic phase 
is fed back to the primary column, and the butanol is re- 
covered from the bottom of the still. The aqueous phase, 
meanwhile, is charged to the second column, with the wa- 
ter being taken from the column bottom. The vapor from 
top of both columns is condensed, and the condensate is 
run to a common decanter (Fig. 1). 


Extractive Distillation 


This technique is somewhat similar to azeotropic distilla- 
tion in that it is designed to perform the same type of task. 
In azeotropic distillation, the azeotrope is broken by car- 
rying over a ternary azeotrope at the top of the column. In 
extractive distillation, a very high boiling compound is 
added and the solvent is removed at the base of the column. 


Stripping 

In distillation terminology, stripping refers to the recovery 
of a volatile component from a less volatile substance. 
Again, referring to the ethyl alcohol/water system, strip- 
ping is done in the first column below the feed point where 
the alcohol enters at about 10% by weight and the result- 
ing liquid from the column base contains less than 0.02% 
alcohol by weight. This is known as the stripping section 
of the column. This technique does not increase the con- 
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centration of the more volatile component but rather, de- 
creases its concentration in the less volatile component. 

A stripping column also can be used when a liquid such 
as water contaminated by toluene cannot be discharged to 
a sewer. For this pure stripping duty, the toluene is re- 
moved within the column while vapor from the top is de- 
canted for residual toluene recovery and refluxing of the 
aqueous phase. 


Rectification 


For rectification or concentration of the more volatile com- 
ponent, a top section of column above the feed point is re- 
quired. By means of a series of trays and reflux back to the 
top of the column, a solvent such as ethyl alcohol can be 
concentrated to more than 95% by weight. 


Batch Distillation 


When particularly complex or small operations require re- 
covery of the more volatile component, there are batch- 
distillation systems of various capacities. Essentially a 
rectification-type process, batch distillation involves 
pumping a batch of liquid feed into a tank where boiling 
occurs. Vapor rising through a column above the tank com- 
bines with reflux coming down the column to effect concen- 
tration, This approach is not very effective for purifying 
the less-volatile component. 

For many applications, batch distillation requires con- 
siderable operator intervention or, alternatively, a signifi- 
cant amount of contro] instrumentation. Although it is 
more energy intensive than a continuous system, steam 
costs generally are less significant on a small operation. 
Furthermore, it is highly flexible and a single batch column 
can be used to recover many different solvents. 


Continuous Distillation 


The most common form of distillation used by the 
chemical, petroleum, and petrochemical industries is the 
continuous-mode system. In continuous distillation, feed 
constantly is charged to the column at a point between the 
top and bottom trays. The section above the feed point rec- 
tifies the more volatile component while the column section 
below the feed point strips out the more volatile component 
from the less volatile liquid. In order to separate N com- 
ponents with continuous distillation, a minimum of N — 1 
distillation columns is required. 


Turndown 


The turndown ratio of a column is an indication of the op- 
erating flexibility. Ifa column, for example, has a turndown 
ratio of 3, it means that the column can be operated effi- 
ciently at 33% of the design maximum throughput. 


SYSTEM COMPONENTS: COLUMNS, INTERNALS, 
INSTRUMENTATION, AND AUXILIARY EQUIPMENT 


The following briefly defines the many components re- 
quired for a distillation system and the many variations in 
components that are available to meet different process 
conditions. 
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Column Shells 


A distillation column shell can be designed for use as a 
free-standing module or for installation within a support- 
ing steel structure. Generally speaking, unless a column is 
of very small diameter, a self-supporting column is more 
economical. This holds true even under extreme seismic 3 
conditions. 

There are distillation columns built of carbon steel, 304 
stainless steel, 316 stainless steel, Monel, titanium, and 
Incoloy 825. Usually, it is more economical to fabricate col- 
umns in a single piece without shell flanges. This tech- 
nique not only simplifies installation but also eliminates 
danger of leakage during operation. Columns more than 
80 feet long have been shipped by road without transit 
problems. 

Although columns of more than 3-ft diameter normally 
have been transported without trays to prevent dislodge- 
ment and possible damage, recent and more economical 
techniques have been devised for factory installation of 
trays with the tray manways omitted. After the column 
has been erected, manways are added and, at the same 
time, the fitter inspects each tray. 

With packed columns of 20-in. diameter or less that use 
high-efficiency metal mesh packing, the packing can be in- 
stalled before shipment. Job-site packing, however, is the 
norm for larger columns. This prevents packing from bed- 
ding down during transit and leaving voids that would re- 
duce operating efficiency. Random packing always is in- 
stalled after delivery except for those rare occasions when 
acolumn can be shipped in a vertical position. Access plat- 
forms and interconnecting ladders designed to Occupa- 
tional Safety and Health Administration (OSHA) stan- 
dards also are supplied for on-site attachment to 
free-standing columns. 

Installation usually is simple because columns are fit- 
ted with lifting lugs and, at the fabrication stage, a tem- 
plate is drilled to match support holes in the column base 
ring. With these exact template dimensions, supporting 
bolts can be preset for quick and accurate coupling as the 
column is lowered into place. 


Column Internals 


During recent years, the development of sophisticated 
computer programs and new materials has led to many 
innovations in the design of trays and packings for more 
efficient operation of distillation columns. In designing sys- 
tems for chemical, petroleum, and petrochemical use, full 
advantage can be taken of available internals to assure 
optimum distillation performance. 


Tray Devices 


Although there are perhaps five basic distillation trays 
suitable for industrial use, there are many design varia- 
tions of differing degrees of importance and a confusing 
array of trade names applied to their products by tray 
manufacturers. The most modern and commonly used de- 
vices are sieve, dual-flow, valve, bubble-cap, and baffle 
trays—each with its advantages and preferred usage. Of 
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these, the sieve- and valve-type trays currently are most 
often specified. 

For a better understanding of tray design, Figure 2 de- 
fines and locates typical tray components. The material of 
construction usually is 14 gauge, with modern trays adopt- 
ing the integral truss design, which simplifies fabrication. 
A typical truss tray is shown in Figure 3. For columns less 
than 8 ft in diameter, it is not possible to assemble the 
truss trays in the column. Trays therefore must be pre- 
assembled on rods into a cartridge section for loading into 
the column. Figure 4 shows this arrangement in scale- 
model size. 

The hydraulic design of a tray is a most important fac- 
tor. The upper operating limit generally is governed by the 
flood point, although, in some cases, entrainment also can 
restrict performance. By forcing some liquid to flow back 
up the column, entrainment reduces concentration gradi- 
ents and lowers efficiency. A column also can flood by down- 
comer backup when tray design provides insufficient 
down-comer area or when the pressure drop across the tray 
is high. When the down-comer is unable to handle all the 
liquid involved, the trays start to fill and pressures in- 
crease. This also can occur when a highly foaming liquid 
is involved. Flooding associated with high tray pressure 
drops and small tray spacing takes place when the re- 
quired liquid seal is higher than the tray spacing. Down- 
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Figure 2. Tray component terminology. 


Figure 3. Typical tray of integral truss design. 


Figure 4. Cartridge tray assembly. 


comer design also is particularly important at high oper- 
ating pressures due to a reduction in the difference 
between vapor and liquid densities. 

The lower limit of tray operation, meanwhile, is influ- 
enced by the amount of liquid weeping from one tray to the 
next. Unlike the upward force of entrainment, weeping lig- 
uid flows in the normal direction and considerable 
amounts can be tolerated before column efficiency is sig- 
nificantly affected. As the vapor rate decreases, however, 
a point eventually is reached when all the liquid is weeping 
and there is no liquid seal on the tray. This is known as 
the dump point, below which there is a severe drop in ef- 
ficiency. 


Sieve Tray. The sieve tray is a low-cost device that con- 
sists of a perforated plate that usually has holes of 1/16 in. 
to 1 in. diameter, a down-comer, and an outlet weir. Al- 
though inexpensive, a correctly designed sieve tray can be 
comparable to other styles in vapor and liquid capacities, 
pressure drop, and efficiency. For flexibility, however, it is 
inferior to valve and bubble-cap trays and sometimes is 
unacceptable for low liquid loads when weeping has to be 
minimized. 

Depending on process conditions and allowable pres- 
sure drop, the turndown ratio of a sieve tray can vary from 
1.5 to 3 and occasionally higher. Ratios of 5, as sometimes 
claimed, can be achieved only when the tray spacing is 
large, available pressure drop is very high, liquid loadings 
are high, and the system is nonfoaming. For many appli- 
cations, a turndown of 1.5 is acceptable. 

It also is possible to increase the flexibility of a sieve 
tray for occasional low throughput operation by maintain- 
ing a high reboil and increasing the reflux ratio. This may 
be economically desirable when the low throughput occurs 
for a small fraction of the operating time. Flexibility, like- 
wise, can be increased by the use of blanking plates to re- 
duce the hole area. This is particularly useful for initial 
operation when it is proposed to increase the plant capac- 
ity after a few years. There is no evidence to suggest that 
blanked-off plates have inferior performance to unblanked 
plates of similar hole area. 


Dual-Flow Tray. The dual-flow tray is a high hole areas 
sieve tray without a down-comer. The liquid passes down 
through the same holes through which the vapor rises. Be- 
cause no down-comer is used, the cost of the tray is lower 
than that of a conventional sieve tray. 

In recent years, use of the dual-flow tray has declined 
somewhat because of difficulties experienced with partial 
liquid/vapor bypassing of the two phases, particularly in 
larger diameter columns, The dual-flow column also has a 
very restricted operating range and a reduced efficiency 
because there is no cross flow of liquid. 


Valve Tray. Although the valve tray dates back to the 
rivet type first used in 1922, many design improvements 
and innumerable valve types have been introduced in re- 
cent years. A selection of modern valves as illustrated pro- 
vide the following advantages (Fig. 5): 


1. Throughputs and efficiencies can be as high as sieve 
or bubble-cap trays. 

2. Very high flexibility can be achieved and turndown 
ratios of 4 to 1 are easily obtained without having to 
resort to large pressure drops at the high end of the 
operating range. 

3. Special valve designs with venturi-shaped orifices 
are available for duties involving low pressure drops. 

4, Although slightly more expensive than sieve trays, 
the valve tray is very economical in view of its nu- 
merous advantages. 

5. Because an operating valve is continuously in move- 
ment, the valve tray can be used for light-to- 
moderate fouling duties. Valve trays can be success- 
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(c) 


Figure 5. (a) Special two-stage valve with lightweight orifice 
cover for complete closing; (b) and (¢) two typical general purpose 
valves which may be used in all types of services. 


fully used on brewery effluent containing waste beer, 
yeast, and other materials with fouling tendencies. 


Bubble-Cap Tray. Although many bubble-cap columns 
still are in operation, bubble-cap trays rarely are specified 
today because of high cost factors and the excellent perfor- 
mance of the modern valve-type tray. The bubble cap, how- 
ever, does have a good turndown ratio and is good for low 
liquid loads. 


Baffle Tray. Baffle trays are arranged in a tower in such 
a manner that the liquid flows down the column by splash- 
ing from one baffle to the next lower baffle. The ascending 
gas or vapor, meanwhile, passes through this curtain of 
liquid spray. 

Although the baffle-type tray has a low efficiency, it can 
be useful in applications where the liquid contains a high 
fraction of solids. 
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Packings 
For many types of duties, particularly those involving 
small-diameter columns, packing is the most economical 
tower internal. One advantage is that most packing can be 
purchased from stock on a cubic-foot basis. In addition, the 
mechanical design and fabrication of a packed column is 
quite simple. Disadvantages of packing include its unsuit- 
ability for fouling duties, breakage of ceramic packing, and, 
according to some reports, less predictive performance, 
particularly at low liquid loads or high column diameters. 

The most widely used packing is the random packing, 
usually Rashig rings, Pall rings, and ceramic saddles. 
These are available in various plastics, a number of differ- 
ent metals and, with the exception of Pall rings, in ceramic 
materials. Although packings in plastic have the advan- 
tage of corrosion resistance, the self-wetting ability of some 
plastic packing, such as fluorocarbon polymers, sometimes 
is poor, particularly in aqueous systems. This considerably 
increases the HETP when compared with equivalent ce- 
ramic rings. 

High-efficiency metal mesh packing as shown in Figure 
6 has found increasing favor in industry during recent 
years. One type uses a woven wire mesh that becomes self- 
wetting because of capillary forces. This helps establish 
good liquid distribution as the liquid flows through the 
packing in a zig-zag pattern. 


Figure 6. Segment of high-efficiency metal mesh packing. 


If properly used, high efficiency packings can provide 
HETP values in the range 6-12 in. This can reduce column 
heights, especially when a large number of trays is re- 
quired. Such packings, however, are very expensive, and 
each application must be studied in great detail. 

With random and, in particular, high-efficiency packing, 
considerable attention must be given to correct liquid dis- 
tribution. Certain types of high-efficiency packing are ex- 
tremely sensitive to liquid distribution and should not be 
used in columns more than 2 ft in diameter. Positioning of 
these devices and the design of liquid distribution and re- 
distribution are important factors that should be deter- 
mined only by experts. 


Instrumentation 


One of the most important aspects of any distillation sys- 
tem is the ability to maintain the correct compositions from 
the columns by means of proper controls and instrumen- 
tation. Although manual controls can be supplied, this ap- 
proach rarely is used today in the United States. Manual 
control involves the extensive use of rotameters and ther- 
mometers, which, in turn, involves high labor costs, pos- 
sible energy wastage, and, at times, poor quality control. 
Far better control is obtained through the use of pneumatic 
or electronic control systems. 


Pneumatic Control Systems. The most common form of 
distillation column instrumentation is the pneumatic-type 
analogue control system. Pneumatic instruments have the 
advantage of being less expensive than other types and, 
because there are no electrical signals required, there is 
no risk of an electrical spark. One disadvantage is the need 
to ensure that the air supply has a very low dew point 
(usually — 40°F) to prevent condensation in the loops. 


Hlectronic Control Systems, Essentially, there are three 
types of electronic control systems: 


1. Conventional electronic instruments. 

2. Electronic systems with all field devices explosion 
proof. 

3. Intrinsically safe electronic systems. 


The need to have a clear understanding of the differ- 
ences is important. Most distillation duties involve at least 
one flammable liquid that is being processed in both the 
vapor and liquid phases. Because there always is the pos- 
sibility of a leak of liquid or vapor, particularly from pump 
seals, it is essential for complete safety that there be no 
source of ignition in the vicinity of the equipment. Al- 
though many instruments, such as controllers and alarms, 
can be located in a control room removed from the process, 
all local electronic instruments must be either explosion 
proof or intrinsically safe. 

With explosion-proof equipment, electrical devices and 
wiring are protected by boxes or conduit that will contain 
any explosion that may occur. With intrinsically safe 
equipment, barriers limit the transmission of electrical en- 
ergy to such a low level that it is not possible to generate 


a spark. As explosion-proof boxes and conduits are not re- 
quired, wiring costs are reduced. 

For any intrinsically safe system to be accepted for in- 
surance purposes, FM (Factory Mutual) or CSA (Canadian 
Standards Association) approval usually must be obtained. 
This approval applies to a combination of barriers and field 
devices. Therefore, when a loop incorporates such instru- 
ments from different manufacturers, it is essential to en- 
sure that approval has been obtained for the combination 
of instruments. 


Auxiliary Equipment 
In any distillation system, the design of auxiliary equip- 
ment such as the reboiler, condenser, preheaters, and prod- 


uct coolers is as important as the design of the column 
itself. 


Reboiler. Although there are many types of reboilers, 
the shell-and-tube thermosyphon reboiler is used most fre- 
quently. Boiling within the vertical tubes of the exchanger 
produces liquid circulation and eliminates the need for a 
pump. A typical arrangement is shown in Figure 7. 

For certain duties, particularly when the bottoms liquid 
has a tendency to foul heat transfer surfaces, it is desirable 
to pump the liquid around the heat exchanger. Because 
boiling can be suppressed by use of an orifice plate at the 
outlet of the unit, fouling is reduced. The liquid being 
pumped is heated under pressure and then is flashed into 
the base of the column where vapor is generated. 

An alternative approach is the use of a plate heat ex- 
changer as a forced-circulation reboiler. With this tech- 
nique, the very high liquid turbulent flow that is induced 
within the heat exchanger through the use of multiple cor- 
rugated plates holds fouling to a minimum. Meanwhile, 
the superior rates of heat transfer that are achieved reduce 
the surface area required for the reboiler. 


Shell tube 
heat exchanger 


Figure 7. Typical shell and tube thermosyphon reboiler arrange- 
ment. 
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Condensers. Because most distillation column condens- 
ers are of shell-and-tube design, the processor has the op- 
tion of condensing on either the shell or tube side. From 
the process point of view, condensation on the shell side is 
preferred because there is less subcooling of condensate 
and a lower pressure drop is required. These are important 
factors in vacuum duties. Furthermore, with cooling water 
on the tube side, any fouling can be removed more easily. 

‘Tube-side condensation, on the other hand, can be more 
advantageous whenever process fluid characteristics dic- 
tate the use of more expensive, exotic materials. Capital 
cost of the unit then may be cut by using a carbon steel 
shell. 


Preheaters/Coolers. The degree to which fluids are ag- 
gressive to metals and gasketing materials generally de- 
termines the selection of plate or shell-and-tube preheat- 
ers and product coolers. If fluids are not overly aggressive 
toward gasket materials, a plate heat exchanger is an ex- 
tremely efficient preheater because a very close tempera- 
ture approach may be achieved. Added economy is realized 
by using heat from the top and bottoms product for all nec- 
essary preheating. 

Very aggressive duties normally are handled in a num- 
ber of tubular exchangers arranged in series to generate a 
good mean temperature difference. The use of multiple tu- 
bular units obviously is more expensive than a single plate 
heat exchanger but is unavoidable for certain solutions 
such as aromatic compounds. 


Vent Condenser. It is normal practice on distillation sys- 
tems to use a vent condenser after the main condenser to 
minimize the amount of volatiles being driven off into the 
atmosphere. Usually of the shell-and-tube type, the vent 
condenser will have about one-tenth the area of the main 
unit and will use a chilled water supply to cool the noncon- 
densible gases to about 45-50°F, 


Pumps. Because most distillation duties involve fluids 
that are highly flammable and have a low flash point, it is 
essential that explosion-proof (Class 1, Group D, Division 
1) pump motors be supplied. Centrifugal pumps generally 
are specified as they are reliable and can provide the nec- 
essary head and volumetric capacity at moderate costs. 


PACKAGED DISTILLATION SYSTEMS 


For distillation systems of moderate size, it often can be 
economical to fabricate and supply columns, heat exchang- 
ers, tanks, pumps, and other elements as a fully preassem- 
bled package. This technique was used for the distillation 
unit as pictured in Figure 8 during fabrication as a com- 
plete, ready to transport system. For this particular proj- 
ect, which was designed to separate both ethyl alcohol and 
isopropyl alcohol from water, three columns of relatively 
small diameter were positioned with associated compo- 
nents and instrumentation on a prefabricated structure. 
Although insulation normally would not be supplied in or- 
der to preclude the possibility of damage during shipment, 
major elements of this project were insulated at the cus- 
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Figure 8. Packaged distillation system during fabrication. 


tomer’s request and were trucked 600 miles to the job site 
without problems. Final size of the package was 65’ x 12’ 
x 8. 

The packaged approach proved to be beneficial in a 
number of ways. Factory fabrication and installation of 
piping was far more economical than field finishing, while 
erection time for the system was reduced considerably with 
significant savings in local labor costs. 

An alternative approach for larger systems is the fab- 
rication of equipment modules. For one large batch- 
distillation unit, the column itself can be supplied as one 
module, the batch tank and reboiler as the second, and the 
heat exchangers, decanter, pumps, and auxiliary items as 
the third. This modular construction before shipment was 
successful despite the fact that the batch tank was more 
than 8 ft in diameter. 

For systems involving columns in excess of 6-ft diame- 
ter, prepackaging generally is not feasible. Components of 
such systems normally have to be installed and piped at 
the job site. 


BATCH DISTILLATION 


With process plants becoming increasingly larger, there 
has been a tendency for the chemical and petroleum in- 
dustries to focus attention on the use of continuous distil- 
lation because this approach becomes progressively more 
economical as the scale of operation grows. As a result, 
batch distillation has become a somewhat neglected unit 
operation. There are, however, many areas where batch 
distillation can be used more economically than continu- 
ous. Batch sizes are available from about 300 to more than 
5000 gal. A 300 gal unit is shown in Figure 9. 


Advantages 

The main advantage of batch distillation is its flexibility. 
A single unit can, by changing reflux ratios and boil-up 
rates, be used for many different systems. It also is possi- 
ble to separate more than two components in the same 
column, whereas with continuous distillation, at least 


Figure 9. Batch distillation/solvent recovery silhoutte mask. 


N — 1 separate columns are required to separate N com- 
ponents. 

A batch distillation process is very simple to control, 
and there is no need to balance the feed and draw-off, as 
is the case with the continuous distillation approach. 

Batch distillation is particularly useful when applied to 
feeds containing residues that have a tendency to foul sur- 
faces as these residues remain in the still and cannot con- 
taminate the rectification column internals. For aqueous 
systems-handling materials that leave very heavy fouling, 
it is possible to heat with direct steam injection into the 
still and thus alleviate problems of buildup on the heat 
transfer surfaces. 


COLUMN DESIGN 


Before designing a batch column, it obviously is desirable 
to have as much detailed information on the system as is 


possible. Data on vapor liquid equilibria (VLE), vapor and 
liquid densities, liquid viscosity, and the boiling tempera- 
tures of the components are essential if a column is to be 
properly designed. Failure to have accurate VLE data 
means that it is necessary to run a small-scale experiment 
in order to characterize the system. In addition, the cus- 
tomer must identify the product feed composition, the re- 
quired composition of the residue and distillate, the batch 
size, and the batch time. Having acquired this data, the 
vendor finally can commence design work. 

To illustrate the design principles, it is useful to study 
the case of binary mixtures. A typical system is shown in 
Figure 10. Once the VLE data have been established, it 
becomes a straightforward task to calculate the number of 
theoretical stages and reflux ratios. 

There are two main techniques for operating a batch 
column. One is to work with constant reflux ratio during 
the complete run. The effect of this method is charted in 
Figure 11. As the composition of the more volatile compo- 
nent (MVC) in the still, x,, decreases, the fraction of MVC 
in the top product decreases. For example, to obtain a set 
composition of 90% in the total amount of top product col- 
lected, it will always be necessary to collect initially at a 
higher composition of about 95% to compensate for a com- 
position below specification at the end of the run. The ad- 
vantage of constant reflux is that control and operation are 
very simple. 

The second method is to increase the reflux ratio during 
the run in order to maintain a steady top-product compo- 
sition. This is shown in Figure 12, where the increase in 
the slope of the operating line is obtained by increasing the 
reflux ratio. The gradient of the operating line (L/V) is ob- 
tained from the enrichment equation given below. 

Y, = Par + nM 

This equation assumes constant molal overflow. Y,, is 

the mole fraction of the MVC in the vapor leaving the nth 


Equilibrium 
curve 


Operating 


Mole fraction 'A' in vapor 


Mole fraction ‘A’ in liquid 


Figure 10. A typical system illustrating the design principles. 
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Figure 11. A chart illustrates the effect of the method of working 
with constant reflux ratio during the complete run, One of two 


x 
Constant reflux 


Figure 12. The second method is to increase the reflux ratio dur- 
ing the run in order to maintain a steady top product composition. 


stage, x,.1 is the mole fraction of the MVC in the liquid 
arriving at the nth stage, xz is the mole fraction of the MVC 
in the top product, D is the molal flow rate of top product, 
Vis the molal vapor flow rate in the column, and L is the 
molal liquid flow rate in the column. The reflux ratio R is 
given by 


Liv 
1- (LIV) 

With the VLE data and the top and bottom composi- 
tions, it then is possible to calculate graphically by the 


R= 
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Table 1. Computer Program Modes 


Mode Specified Program calculation 
1 ‘Top-product and still composition Minimum number of theoretical stages 
Minimum reflux ratio 
2 ‘Top-product still composition, reflux ratio Number of theoretical stages 
3 ‘Top-product and still composition Reflux ratio 
Number of theoretical stages 
4 ‘Top-product composition required Reflux ratio at stat and end of batch 
Initial and final still composition 
Still charge Boiling rate 
Batch time Product quality 
Number of theoretical stages 
5 Average top-product composition Reflux ratio required constant throughout batch 
Initial and final still composition 
Still charge 
Batch time Boil-up rate 
Number of theoretical stages Product quality 


McCabe and Thiele procedure the minimum reflux ratio, 
minimum number of theoretical stages, and other such p: 
rameters. In batch distillation in particular, these proce- 
dures are tedious and time-consuming because, of course, 
the composition of the liquid in the still changes with time 
and it is necessary to repeat the calculations many times. 
Obviously, the procedures become even more time- 
consuming with multicomponent systems. 

For this type of design work, computer programs can be 
used to enable the engineer to produce an efficient design 
very quickly. One program is extremely flexible and oper- 
ates in a different series of modes, as is charted in Table 
1. Naturally, the VLE data have to be specified for all 
modes. The program further assists in the determination 
of the number of theoretical stages. Other modes also are 
available to provide different permutations of operation. 

To help determine the sizing of the column diameter, 
various programs can be used to incorporate different pro- 
prietary methods, including those of Fractionation Re- 
search Inc. (FRI) of California. 


Column Internals 


The choice of internals for the column depends mainly on 
the product being processed and the size of the column to 
be used. To meet virtually every parameter, packed col- 
umns as well as sieve, bubble, and ballast trays are avail- 
able. As a general rule, sieve trays are not used frequently 
in batch columns because the turndown ratio of most trays 
of this type is only about 1.5 to 1. This reduces one of the 
main advantages of batch columns, mainly flexibility. Usu- 
ally, small batch columns are packed because the efficiency 
of trays of less than 2-ft diameter often decreases rapidly. 
Ballast trays, although expensive, are often used for larger 
columns because they are efficient and have turndown ra- 
tios of up to 9 to 1. 


Control 


The control of batch columns is very simple, and, therefore, 
required instrumentation usually is quite inexpensive. 
Constant reflux operation can be handled by a ratio con- 
troller or by using a timed deflection of condensate. For 
operation with variable reflux, the control of the reflux ra- 
tio must be tied to some property of the top product that 


undergoes a sufficiently large change in value for change 
in composition. Manual control of this type of reflux opera- 
tion is not feasible. 

Numerous batch distillation systems have been sup- 
plied to customers who require the separation of many 
different components. To simplify the operation of these 
systems, there are proprietary computers specifically de- 
signed for process control. For example, use of certain mi- 
croprocessors enables the operator to switch from one type 
of separation to another without having to make many 
manual adjustments on the control panel. In addition, the 
computer can be programmed to automatically take care 
of all necessary tails cuts as well as to clean the system 
during interims between the various separations. 


Batch Systems/Continuous Distillation 


Ina number of duties, it is essential that the base product 
contain only very small amounts of one component. For 
example, in the recovery of solvents from water, it is man- 
dated that the water may retain only trace quantities of 
solvents before being pumped to waste. Because one dis- 
advantage of a batch system is that there is no stripping 
section, it is necessary to boil the batch pot for relatively 
long periods of time in order to reduce the residual solvent 
to trace quantities. 

To resolve this problem, a number of batch distillation 
systems with the capability of being operated in the con- 
tinuous mode have been supplied. By incorporating one, 
two, or three feed points on the column, the feed can be 
pumped directly to the column instead of to the batch tank. 
Furthermore, a separate small holdup/reboiler is fur- 
nished in certain cases so that the batch tank and its as- 
sociated reboiler need not be used for the continuous opera- 
tion. 
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DISTILLED BEVERAGE SPIRITS 


HISTORY 


The history of distilled spirits goes back into antiquity. Sci- 
entists have unearthed pottery in Mesopotamia depicting 
fermentation scenes dating back to 4200 B.c., a small 
wooden model of a brewery from about 2000 B.C. is on dis- 
play at the Metropolitan Museum of Art in New York City, 
and Aristotle mentions a wine that produces a spirit. The 
first real distiller was probably a Greek-Egyptian alche- 
mist who in the first or second century A.D., in an attempt 
to transmute base metal into gold, boiled some wine in a 
crude still. The discovery of ardent spirits that resulted 
from this effort was looked on with awe. It was kept a se- 
cret for centuries. 

The technique of distillation probably came from the 
Egyptians who had been interested in alchemy since the 
pre-Christian era. At a later time the Arabians gained this 
knowledge from the Egyptians. Distillation was introduced 
into Western Europe either through Spain about A.D. 1150, 
or by the crusaders who learned about it from the Moslems 
in the 12th and 13th centuries. Distilled spirits were prob- 
ably known in Ireland and Scotland before the 12th cen- 
tury, but actually it was not until then that there is a re- 
corded history of distilled spirits in Europe. The first 
written evidence is in the description by Master Salernus 
who died in A.D. 1167. However, for another three centuries 
distilled spirits were regarded only as a rare and costly 
medicine called aqua vitae, “the water of life.” 

The first treatise on distillation was written by a French 
chemist, Arnold de Villeneuve, sometime before 1311, and 
was printed in 1478 in Venice. A Spaniard, Raymond Lully, 
was also instrumental in spreading the knowledge of dis- 
tillation through Europe in the late 13th century. Liber de 
Arte Distillandi, by Hieronimus Brunswick, a well-known 
author of medical works, was printed in 1500 in Stras- 
bourg. A more comprehensive book by Ryff, another medi- 
cal author, appeared in 1556 in Frankfurt am Main. Both 
works contain elaborate chapters on herbs and their dis- 
tillates with indications of their uses as medicines. 

Monks had been producing fermented liquors on a sub- 
stantial scale since A.D. 800, and were the first to practice 
the new art of distillation because churchmen were the 
only one capable of reading and understanding the trea- 
tises on distillation. Gradually the knowledge of aqua vitae 
spread widely, and during the 16th and 17th centuries the 
production of distilled spirits became a full-scale industry. 
The popularity of distilled spirits in Europe grew during 
this era and may best be traced through court records. 

The word whisky comes from the Gaelic word uisgebea- 
tha, or usquebaugh, as the Irish called it, meaning “the 
water of life.” Usquebaugh, supposedly the Celtic form of 
whisky, was actually a cordial made with aniseed, cloves, 
nutmeg, ginger, caraway seeds, raisins, licorice, sugar, and 
saffron. The real whiskey of the Irish was called potheen, 
reputedly a formidable drink, full of heavy-bodied flavors 
resulting from simple distillations. 

The early methods of distillation used the alembic, a 
simple closed container to which heat was applied. The 
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vapors were transferred through a tube to a cooling cham- 
ber in which they were condensed. Alembics made of cop- 
per, iron, or tin were preferred. Other metals were said to 
have an adverse effect on the distillate. Occasionally, glass 
and potter’s earth were used. From this developed stills 
consisting of clay or brick fireboxes into which the copper 
pots of the still were fitted. Direct heat was applied to the 
body or cucurbit containing the fermented mixture, and 
the vapors rose into the head, passed through a pipe (the 
crane neck) to the worm tub, where a copper coil was im- 
mersed in a barrel of cool water. Variations and improve- 
ments of this technique resulted in pot stills, some of which 
are still in use in the production of malt whiskies, notably 
in Scotland, and brandies, in France. 

During the latter part of the 18th century, great strides 
were made in the development of distillation equipment, 
mostly in France. Because brandy (from fruit) was the 
principal distillate in France, the French had an advan- 
tage over the British and Germans, who were both ham- 
pered by the thick mashes obtained from grains. Argand 
invented the preheater, and in 1801, Edouard Adam de- 
signed the prototype of a charge still. He used egg-shaped 
vessels to hold the alcoholic liquid through which vapors 
from the kettle passed to the condenser. In the early 19th 
century several stills were patented in France and En- 
gland, and in 1830 Aeness Coffey, in Dublin, developed his 
continuous still. The Coffey still (Fig. 1) is composed of two 
columns: in one, the fermented mash is stripped of its al- 
cohol and, in the other, the vapors are rectified to a high 
proof (94-96%). Almost all of the fundamentals of distil- 
lation had been recognized and incorporated into the Cof- 
fey still. Later developments do not differ fundamentally 
from the stills of Cellier-Blumenthal and Coffey. 

The early history of distillation in the United States is 
as poorly documented as it is elsewhere. No one knows who 
made the first rum, colonial New England’s most impor- 
tant product; no one knows when or where the first rye 
whisky was made, or with any certainty who made the first 
bourbon in Kentucky. The Indians may possibly have 
known distillation. They had fermented drinks from maple 
syrup, corn, ground acorns, chestnuts, and chinquapins. 
Columbus reported an Indian drink made from the marrow 
of maguey. The fermented sap of maguey makes pulque, 
and distilled pulque becomes mezcal. Whether or not Co- 
lumbus tasted mezcal is conjectural. However, the Spanish 
and Portugese brought the still. 

The first recorded beverage spirits made from grains 
(corn and rye) were distilled on Staten Island in 1640 by 
William Kieft, the director general of the Dutch Colony of 
New Netherland. During the early colonial days, fer- 
mented beverages made from sugar-bearing fruits and 
vegetables were very popular. Pumpkins, maple sugar, 
parsnips, peaches, pears, apples, currants, grapes, and el- 
derberries provided a ready source. The more aristocratic 
colonists preferred imported wines. However, in the 18th 
century colonial drinking customs changed to distilled 
drinks, especially rum. Rum was made in Barbados as 
early as 1650. In colonial America, the earliest reference 
is in the records of the General Court of Massachusetts in 
May 1657. By 1750, there were 63 distilleries. One of the 
first acts of the Continental Congress was to establish a 
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Figure 1. Coffey still. 1, Boiler; 2, spent mash chamber; 3, stripping column (analyzer); 4, recti- 
fying column; 5, residual mash (stillage) outlet; 6, fermented mash (feed); 7, feed pump; 8, con- 


denser; 9, product tank. 


ration of rum for soldiers and sailors. Brandy, which had 
been made in the colonies as early as 1650, and gin, which 
was popular with the poorer classes in England, never 
achieved the popularity of rum in this country. Neverthe- 
less, rum was not a native drink, because the raw mate- 
rials had to be imported. But rum starts with an inexpen- 
sive by-product of the sugar industry, molasses, and so 
could be the least-expensive distilled spirit. There are suf- 
ficient sugars left after most of the cane sugar has been 
removed to serve as the source of alcohol for rum. 

With the decline of the three-cornered trade, the revo- 
lution, and the movement of settlers from the coastal areas 
inland, the rum industry slowly declined. Americans 
turned to rye, a successful crop in Pennsylvania and Mary- 
land, and to corn, which grew in the South and West. 
George Washington is reported to have made rye whisky. 
His distillery had an excellent reputation for making fine 
liquor under the supervision of James Anderson, a Scots- 
man. In 1798, Washington’s net profit was £83 with an 
inventory of 587 L (155 gal) still unsold. 

Canada’s first distillery produced rum from molasses in 
Quebec in 1769, but whisky did not develop until the 19th 
century. By 1850, there were some 200 distilleries operat- 
ing in Ontario alone. Today there are only 27 of which 2, 
Joseph E. Seagram & Sons, Ltd., and Hiram Walker & 
Sons, Ltd., have been in business continuously since 1857 
and 1858, respectively. 

The Whisky Rebellion in 1791 resulted in the rise of 
Kentucky as the greatest whisky-producing state in the 
union. In 1810, Kentucky which had achieved statehood in 
1792 with over 70,000 inhabitants, many of them Scotch- 
Trish and German farmer immigrants with distiller expe- 
rience, had 2,000 stills out of 14,000 in the United States 
producing well over 7,500,000 L (2 million gal) of whisky 
annually. Many counties of Kentucky claim the first pro- 
duction of bourbon. However, it is generally agreed that 


the first bourbon whisky (genuine, old-fashioned, hand- 
made, sour-mash bourbon) was made by a Baptist minis- 
ter, the Reverand Elijah Craig, in 1789 at Georgetown in 
Scott County which was part of Bourbon County, one of the 
Virginia counties that made up the Kentucky territory, 
from which Craig’s corn whisky got its name. In order to 
distinguish this corn whisky from Pennsylvania rye, it was 
called Kentucky bourbon, with a mashing formula of at 
least 51% corn grains. Until 1865, few Kentucky distiller- 
ies produced more than 160,000 L (1,000 bbl) per year. 
Most of them were small, with an annual production of 
only 8,000-80,000 L (50-500 bbl). 

The method used in Kentucky of making whisky, with 
the exception of malt preparation, was in most respects 
similar to that used in Scotland and Ireland for hundreds 
of years. Ground corn and rye meal were scalded in tubs 
somewhat larger than barrels, stirred with paddles, and 
allowed to cool and sour overnight. Then malt made from 
rye, corn, or barley was added for conversion of the starch 
to a fermentable grain sugar. Yeast was added and the 
mash allowed to ferment for 72-96 h. A simple, single- 
chambered copper still was used to separate the spirits 
from the mash. When redistilled, the product was called 
double distilled. In 1819, New Orleans received some 
750,000 L (200,000 gal) per month of this product. By the 
time it had floated down the Ohio and Mississippi on flat- 
boats, the hot sun and boat movement had aged it. 

Before the Civil War, not much attention was paid to 
aging, even though it was recognized that whisky left in 
charred oak barrels took on a golden color and some mel- 
lowness. Originally, whisky was sold in its natural white 
state or artificially colored to resemble the amber glint of 
brandy. No one bothered with brand names, whisky was 
whisky, as everyone knew, and not too much was made of 
the wide variation in palatability. The hunter or riverman 


who drank raw white whisky was not particular about 
quality. 

After the Civil War, the rise in taxes made storage in 
bond desirable. Many family names, always important in 
Kentucky lore, now became associated with distinctive 
whiskies. As the industry grew, it engaged in bitter con- 
troversy over what was whisky. As a result, in 1909 during 
President Taft’s administration, whisky was finally de- 
fined as any volatile liquor distilled from grain, and stan- 
dards of identity based on current manufacturing pro- 
cesses for various whisky types, such as rye and bourbon, 
were established (1). In 1906, the Pure Food and Drug Act 
was passed requiring a statement of manufacturing pro- 
cess and materials on the label. By 1920 when prohibition 
began, blended whiskies comprised 70% of the whisky 
market. 

Prohibition brought with it evils that were greater than 
those it was designed to prevent. During Prohibition, con- 
sumption of spirits increased from 530 to 750 million L 
(140 to 200 million gal) annually. In 1930, the Prohibition 
Enforcement Bureau estimated that the production of 
moonshine was more than 3 billion L (800 million gal) per 
year. In December 1933, Prohibition was repealed and the 
distilling industry began to catch up with developments in 
bacteriology, chemistry, engineering, and sanitation. Many 
of the small producers were absorbed by the major orga- 
nizations, and capital was provided for new equipment and 
inventory. 

Per capita consumption continued to decline; it was 
10.26 L (2.71 gal) in 1864, 6.47 L (1.71 gal) in 1922-1930, 
and only 4.96 L (1.31 gal) in 1960. However, the growth in 
population accounted for an increase in total consumption 
from 550 million L (145 million wine gal) in 1940 to over 
1.6 billion L (420 million gal) in 1976. In World War II the 
industry offered its facilities to the government for war 
production, even before the United States entered the war. 
From Pearl Harbor to V-J Day, almost 3 billion L (750 mil- 
lion gal) of 190° proof (95%) alcohol was produced for the 
war effort in 127 distilling plants. 


TAXATION, GOVERNMENT REGULATIONS 


The distilling industry has always been taxed heavily, not 
only in the United States, but throughout the world. On 
the one hand, governments have laid an unduly heavy bur- 
den on the legal producers of distilled beverage spirits. On 
the other hand, dishonest men have evaded legal obliga- 
tions and brought the industry into disrepute. Moreover, 
in many instances, dry interests have attempted to further 
their cause by advocating high taxes. For example, in En- 
gland, by 1730, the laws were so complicated and onerous 
that they all but destroyed the industry, and in 1743 Par- 
liament completely revised the regulations. Whenever 
taxes were too high, illicit distilling flourished. 

Alcoholic beverages were subject to regulations as early 
as the Babylonian Code of Hammurabi, ca 2000 B.c., which 
contained provisions for the quality, sale, and use of fer- 
mented liquors. In the Magna Carta, a clause provided a 
standard of measurement for the sale of ale and wine. With 
the increase in consumption of distilled spirits in Europe, 
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governments became increasingly interested in the tax 
revenues, and in 1643, Parliament imposed the first tax 
on distilled spirits. 

The first liquor tax in the United States (2 guilders on 
each half-vat of beer) was imposed in 1640 by William 
Kieft, director general of New Netherland. The Molasses 
Act of 1733 and the Sugar Act of 1763, imposing a heavy 
tax on French and Dutch rum and molasses and leaving 
the more expensive British products free, provoked protest 
and action against its enforcement. 

In 1791, Alexander Hamilton, in testing the strength of 
the new federal government, imposed an excise tax to be 
collected by revenue officers assigned to each district. This 
tax was fiercely contested and was repealed in 1800 during 
Jefferson’s administration and, except for the years be- 
tween 1812 and 1817, as a war measure, there was no fur- 
ther excise tax on domestic beverage spirits until 1862. 

In 1975, the combined federal excise tax and the aver- 
age state tax (32 licensed states) amounted to $13.13 per 
proof gal; federal taxes alone, $10.50 per proof gal. Table 
1 lists the federal excise tax rates for various years. The 
federal excise tax was raised in 1991 to $13.50 per proof 
gal, ie, a gallon of liquid containing 50% by volume of ethyl 
alcohol (100° proof). Prior to that, and since 1985, it had 
been $12.50. per proof gal. 

Even though the metric system for containers has been 
adopted, determination of the excise tax remains on a tax- 
gallon basis. The Bureau of Alcohol, Tobacco, and Firearms 
has established an official conversion factor: 1 L = 0.26417 
US. gal (Treasury Decision A.F-F. 39, Jan. 21, 1977). 

In the United States, the revenue from excise taxes on 
distilled spirits has become a substantial part of income 
realized by the three levels of government: federal, state, 
and local. In 1863, with a $0.20 rate, the federal govern- 
ment collected over $5 million; in 1960, $3,090 million; and 
in 1975 the total revenue amounted to $6,277 million, of 
which 60% represented the federal government’s share, 
collected at a rate of $10.50 per tax gallon. In 1997, the 
federal government collected $3.6 billion from distilled 
spirits and $3.4 billion from beer and $0.6 billion from 
wine. In addition, the states collected $1.9 billion from beer 
alone. State and local governments collected $7.5 billion in 
1988, of which $3.1 billion came from distilled spirits and 
$4.4 billion from wine and beer. 

Supervision over the production of distilled beverage 
spirits is maintained by the Bureau of Alcohol, Tobacco, 


Table 1. Federal Excise Tax Rates on Distilled Spirits 


Year Rate? (dollars) Year Rate? (dollars) 
1812-1817 0.02 (0.09) 1934 (Jan.) 0.53 (2.00) 
1862 0.05 (0.20) 1938 (July) 0.59 (2.25) 
1846 (July) 0.16 (0.60) 1940 (July) 0.79 (3.00) 
1864 (Dec.) 0.53 (2.00) 1941 (Oct.) 1.06 (4.00) 
1894 0.29 (1.10) 1942 (Nov.) 1.59 (6.00) 
World War I 0.61 (2.30) 1944 (Apr.) 2.38 (9.00) 
1919 1.69 (6.40) 1951 (Nov.) 2.77 (10.50) 
1933 (Dec.) 1.29 (1.10) 1985 (Oct.) 3.30 (12.50) 

1991 (Jan.) 3.56 (13.50) 
“Per liter (gal). 
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and Firearms, Department of the Treasury, which suc- 
ceeded the Alcohol and Tobacco Tax Division (ATTD) of the 
Internal Revenue Service in July 1972. (The ATTD was 
called the Alcohol Tax Unit from the repeal of prohibition 
to 1952.) This organization’s enforcement agents are 
charged with the responsibility of eliminating illicit opera- 
tions. 

Prior to Prohibition, revenue agents and deputy collec- 
tors investigated illegal liquor operations, made arrests, 
seizures, etc, along with income tax and other miscella- 
neous work. On January 16, 1920, the effective date of Pro- 
hibition, federal prohibition agents took over the duties. 
An act of Congress created the Bureau of Prohibition in 
the Treasury Department on April 1, 1927. The Prohibition 
Reorganization Act, effective July 1, 1930, terminated the 
Bureau of Prohibition and created the Bureau of Industrial 
Alcohol in the Treasury Department, responsible for the 
permissive provisions of the act, and the Bureau of Pro- 
hibition in the Department of Justice, responsible for the 
enforcement of the penal provisions of the National Pro- 
hibition Act. These two were merged on December 6, 1933, 
as the Alcohol Tax Unit, Internal Revenue Department, 
and on March 15, 1952 it was named the Alcohol and To- 
bacco Tax Division of the Internal Revenue Service. 


PRODUCTION AND CONSUMPTION 


In 1810, according to government records, Pennsylvania 
produced 24.5 million L (6.5 million gal); Indiana 83,000 L 
(22,000 gal); and Kentucky more than 7.5 million L (2 mil- 
lion gal). In 1917, apparently in anticipation of Prohibition, 
over 1.1 billion L (300 million gal) of beverage spirits were 
produced, of which 225 million L (60 million gal) were 
whisky. In the year 1930, the Prohibition Enforcement Bu- 
reau estimated that the illicit production amounted to 3 
billion L (800 million gal). Table 2 shows distilled spirits 
entering trade channels from 1955 to 1995. 


STANDARDS OF IDENTITY 


Distilled alcoholic beverages are usually characterized by 
their geographical origin, type of material used in produc- 
tion, and standard of quality, as evaluated by organoleptic 
analysis (taste and bouquet). Secretiveness was a way of 
life for ancient distillers; producers today operate accord- 
ing to their own methods. As it is not possible to correlate 
taste and bouquet with chemical composition, evaluation 
becomes a matter of organoleptic analysis. 

Over the centuries legends, traditions, and to some ex- 
tent political influences were important factors in the pro- 
duction and identification of potable distilled liquors. Since 
most governments had an economic interest because of the 
great source of revenue realized, they established stan- 
dards for distilled alcoholic beverages, generally in keeping 
with the customs prevailing in their country. As a result, 
geographical identification has become accepted, and each 
country respects the identity and exclusiveness of the 
other’s products. 

Within each category of product wide variations in fla- 
vor can be caused by (1) types of material and their pro- 


portions, (2) methods of preparation, (3) selection of yeast 
types, (4) fermentation conditions, (5) distillation pro- 
cesses, (6) maturation techniques, and (7) blending. Since 
the alcoholic and water components are insignificant fac- 
tors in flavor intensity or palatability, distillers are pri- 
marily interested in the more flavorful constituents, the 
so-called congeners, substances that are generated with 
the alcohol during the fermentation process and in the 
course of maturation. To produce a palatable product, it is, 
therefore, necessary to select the proper configuration of 
these constituents (congeners). In consideration of items 
1-7 above, this cannot be accomplished by production tech- 
niques alone; therefore, the majority of alcoholic beverages 
are blended to provide uniformity, balanced bouquet, and 
palatability. To illustrate the variations in flavor constit- 
uents an analysis of some types is given in Table 3. 
Whiskies 

Although brandy, rum, and gin are substantial items in 
world markets, whiskies are by far the leading distilled 
alcoholic beverages, with those from Canada, Scotland, 
and the United States accounting for most of the sales. 
Irish whiskey, a distinctive product of Ireland, although 
not enjoying a large volume of sales, does have good dis- 
tribution as a specialty item. The Irish use the spelling 
whiskey, the Scotch and Canadians use whisky, and U.S. 
citizens use both, although U.S. regulations use the spell- 
ing whisky. 


Canadian. Canadian whisky is manufactured in com- 
pliance with the laws of Canada regulating the manufac- 
ture of whisky for consumption in Canada and containing 
no distilled spirits less than three years old. Canadian 
whiskies are premium products usually bottled at six years 
of age or more, and because they are blended, they are not 
designated as straight whiskies. They are light bodied and, 
although delicate in flavor, they nevertheless retain a dis- 
tinct positive character. The Canadian government exer- 
cises the customary rigid controls in matters pertaining to 
labeling and in collection of the excise tax. However, it sets 
no limitations as to grain formulas, distilling proofs, or spe- 
cial types of cooperage for the maturation of whisky. 

The major cereal grains (corn, rye, and barley malt) are 
used, and their proportions in the mashing formula re- 
mains a distiller’s trade secret; otherwise, the process is 
substantially the same as is found in the distilleries of the 
United States. Because Canadian distillers are not faced 
with artificial proof restrictions in their distillation proce- 
dures, they are able to operate batch and continuous dis- 
tillation systems under conditions that are optimum for 
the separation and selection of desirable congeners. 

White oak casks (189 L, 50 U.S. gal) are used in the 
maturation process. A substantial amount of Canadian 
whiskies are stored in preused cooperage from other whis- 
kies, which should lower the cost. Again, the proportions 
of new and matured cooperage used for maturation are 
each distiller’s trade secret. 


Scotch. Although Scotch whisky has enjoyed a world- 
wide reputation for its unique smoky flavor and high stan- 
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Table 2. U.S. distilled spirits entering trade channels, including exports and imports in 1000 wine gallons 
in 1000 wine gallons 
1955 1960 1965 1970 1975 1981 1985 1990 1995 
Domestic whiskey 
Bonded 12,868 9,394 7,482 6,004 3,993 2,276 1,128 721 327 
Straight 44,838 58,939 69,417 «77,895 69,531 63,288 «= 48,933 44,193 89,1438 
Blend of straights 1,249 792 577 751 1,855, 1,789 952 3,131 3,154 
Blend of netural spirits 81,493 74,074 74,054 _ 674 35,398 «= 26,571 «18,640 13,869 
Other (-448) — (-118) _ 73,936 58,484 4,153 3,747 878 1,822 
Imported whiskey 
Scotch 12,284 20,584 32,523 551,911 55,275 = 47,656 == 40,271 27,889 20,902 
Canadian 9,157 12,551 19,636 33,535 48,425 «54,639 «49,788 954,607 36,240 
Irish and others 13 8 104 231 271 821 632 787 535 
Belgian a a 141 os = pe = = = 
Other _ 72 2 
Gin 
Domestic 20,446 22,000 29,627 35,122 38,916 = 38,295 = 31,494 26,836 24,153 
Imported 291 1,149 2,498 3,772 4,817 5,872 6,139 5,326 5,045, 
Rum 
Puerto Rican 1,856 2,611 4,650 9,049 13,601. 26,881 27,077 (29,962 18,564 
Virgin Island 16 112 136 248 1,314 3,122 3,084 2,739 3,457 
Other domestic 662 804 1,625 2,909 1,936 1,218 2,342 2,580 5,902 
Imported 181 219 108 141 706 1,357 1,526 2,572 1,784 
Brandy 
Domestic 3,726 5,300 8,263 «11,795 «12,888 = 14,541 14,470 13,853 11,642. 
Imported 893 1,163 1,142 1,764 3,035 6,769 7,862 6,391 6,332 
Vodka 
6,968 19,405 31,157 50,172 86,775 +—-100,617 «98,672 «491,995 91,996 
Cordials 
Domestic 6,173 9,156 14,755 20,505 (26,323 (26,059 32,039 = 26,881 26,952 
Imported 455 812 1,247 2,405 4,769 13,704 16,176. = 16,274 18,107 
Totals 203,306 239,373 300,116 384,453 «448,550 465,511 431,447 ~—-403,358 ~—_ 364,238 
Table 3. Congeneric Content of Various Types of Distilled Alcoholic Beverages, mg/L (ppm) at 80° proof (40%) 
Whisky 
Bourbon 

Component US. Canadian Scotch Straight Blended Cognac brandy 
Fusel oil® 664 464 1,144 1,624 1,560 1,544 
‘Total acids? 240 160 120 540 288 
Esters® 136 112 136 344 328 
Aldehydes? 21.6 23.2 36 54.4 43.2 60.8 
Furfural 26 0.88 0.88 3.6 72 54 
Total solids 896 776 1,016 1,440 1,272 5,584 
Tannins 168 144 64 384 200 
Total congeners, wt/vol % 0.116 0.085 0.160 0.292 0.309 0.239 


Note: Determinations were made according to the official methods of analysis of the Association of Office Agricultural Chemists. 
“Determined by the Komarowsky colorimetric method. 


*As acetic acid. 
“As ethyl acetate. 
As acetaldehyde. 
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dard of quality, consumers know very little about it. Not 
much information is revealed by government regulations, 
which only specify the use of cereal grains and a minimum 
requirement for aging in oak casks; in Britain, 


spirits described as Scotch Whisky shall not be deemed to cor- 
respond to that description unless they have been obtained by 
distillation in Scotland from a mash of cereal grain saccharified 
by the diastase of malt and have been matured in warehouse 
in cask for a period of at least three years. 


In the United States, 


Scotch Whisky is a distinctive product of Scotland, manufac- 
tured in Scotland in compliance with the laws of Great Britain 
regulating the manufacture of Scotch Whisky for consumption 
in Great Britain, and containing no distilled spirits less than 
three years old. 


This minimum age requirement is greatly exceeded by the 
Scotch distillers. For example, nothing under 4 years of age 
is included in their exports to the United States, and for 
the most part, 6-, 8-, 10-, and 12-yr minimum ages are 
featured in their brands. Most Scotch brands are blends of 
grain whiskies and numerous distinctive malt whiskies 
are produced by more than 100 distilleries in four major 
areas of Scotland. Malt whiskies are characterized by their 
location. 

Even though there are many distilleries and, no doubt, 
slight variations in their production methods (that is how 
single whiskies acquire the characteristics attributable to 
each specific plant) there are definite processes generally 
used. A basic knowledge of these traditional methods, still 
in use today, is needed to fully appreciate the quality con- 
cept inherent in Scotch whisky. 

As in Canada, no government limitations are placed on 
production and maturation techniques. The Scotch distill- 
ers are guided by their production experience developed 
over many centuries and by consumer reactions. 

The outstanding taste characteristic of Scotch, its sub- 
tle smoky flavor, is due to the techniques used in the pro- 
duction of malt whiskies. Malted barley, dried over peat 
fires, is the only grain ingredient in the mash. The kind 
and the amount of peat used in the fires determines the 
intensity of flavor in the final product. The aroma of the 
burning peat, known as peat reek, is absorbed by the bar- 
ley malt. This smoky flavor is carried through to the final 
distillate and becomes a characteristic of single malt 
whisky. Peat is heather, fern, and evergreen that have been 
subjected to aging and compression processes over the cen- 
turies. 

The dried malted barley is ground to a grist and allowed 
to hydrolyze in a mash tub. After conversion is completed, 
the liquid portion, or wort, is drained off, cooled, and placed 
in a fermenter. After fermentation, the separation of malt 
whisky from the fermented wort takes place in a batch 
distillation system, a copper kettle with a “worm,” or spiral 
tube, leading from its head. The size and shape of these 
pot stills exert a definite influence on the character of the 
whiskies. Another critical factor is the selection of the 
product during that portion of the distillation cycle that 


will produce the desired flavors. The first portion in the 
cycle is referred to as foreshots and the last as feints (heads 
and tails in the United States). The middle portion, after 
further distillation, becomes high wines and is subse- 
quently reduced to maturation proof for storage in oak 
casks. The final distillation proof is in the 140-160° (70- 
80%) range. 

The grain whiskies used in Scotch brands are produced 
in a manner similar to the production techniques used in 
Canada and in the United States. Corn (referred to in the 
UK as maize), rye, and barley malt are the ingredients. 
The proportions again depend on the individual distiller. 
Because delicate flavors are desired, the distillation proof 
is around 180-186° (90-93%). The distillation system is 
basically a Coffey still composed of two columns. 

The grain whiskies are generally aged in matured oak 
casks of 190-L capacities not unlike U.S. and Canadian 
barrels. Some malt whiskies acquire other distinctive qual- 
ities by being matured in oak casks that were previously 
used for sherry. 

Whereas the materials, geographic location, and pro- 
duction processes are responsible for the uniqueness of 
Scotch whisky, it is the skill of the blender that achieves 
the quality of the final product. As many as 20 and some- 
times more, different malt and grain whiskies are married 
to produce a brand. Of course, the formulae are well- 
guarded secrets. 


Irish. Irish whiskey is manufactured either in the Re- 
public of Ireland or in Northern Ireland in compliances 
with their laws regulating the manufacture of Irish whis- 
key for home consumption and containing no distilled spir- 
its less than three years old. Like Scotch, Irish whiskeys 
are blends of grain and malt whiskeys. Unlike Scotch, Irish 
whiskey does not have the unique smoky taste because the 
barley malt is not dried over peat fires. Because whiskey 
has been known in Ireland as long as in Scotland, it is not 
surprising that their production techniques are closely re- 
lated. One variation, however, is the use of some small 
grain, mostly barley, in addition to barley malt in the pro- 
duction of malt whiskey. The production process involves 
four basic steps: brewing (mashing), fermentation, distil- 
lation, and maturation. Mashing takes place in a Kieve 
(mash tun), a circular metal vessel with two bottoms; the 
upper is perforated, which permits the wort (converted 
grain starch or maltose) to be filtered to the underback and 
sent on to the washbacks (fermenters) where the inocula- 
tion with and action by yeast produces the whiskey. The 
wash (fermented mash) is then distilled in a pot still 
(batch), producing a low wine of about 100° proof (50%), 
which in turn is redistilled to produce first shots (fore 
shots) from which the final product or whiskey of about 
140-150° proof (70-75%) is distilled. Irish whiskey brands 
are generally considered to be more flavorful and heavier 
bodied than Scotch blended whiskies. 


United States. Distilled spirits for beverage purposes in 
the United States are characterized specifically as to type, 
materials, composition, distillation proofs, maturation 
proofs, storage containers, and the extent of the aging pe- 
riod. The federal government also requires that a detailed 


statement of the production process be filed for each type 
and any subsequent improvements or changes must be 
filed and approved before being placed into operation. In 
addition, a generalized application of the regulations is 
made to establish the identity of products where the inten- 
sity of flavor may not conform to an arbitrary organoleptic 
evaluation based on chemical analysis. As a result, in spite 
of extensive manufacturing facilities and know-how avail- 
able for the production of a wide range of whiskies, the 
distiller is restrained within narrow limits and does not 
enjoy the degree of latitude available to the Canadian and 
Scotch distillers. U.S. regulations, by the Bureau of Alco- 
hol, Tobacco, and Firearms of the Treasury Department, 
are very specific and more limiting than those of Canada 
or the UK. Title 27, Code of Federal Regulations, Subpart 
C, paragraph 5.22 et seq. sets the standards of identity for 
all distilled spirits. Those that are a factor in the U.S. mar- 
ket are given here. 


Whisky is an alcoholic distillate from a fermented mash of 
grain produced at less than 190° proof in such manner that the 
distillate possesses the taste, aroma, and characteristics gen- 
erally attributed to whisky, stored in oak containers, and bot- 
tled at not less than 80° proof. 

Neutral Spirits or alcohol are distilled spirits produced from 
any material at or above 190° proof. 


The requirement of distilling above 190° proof (95%) 
gives a distiller an opportunity to take advantage of the 
physical relationship that exists between water, alcohol, 
and congeners that are produced during fermentation. The 
sophisticated equipment utilized by progressive distillers 
permits a technique known as selective distillation, 
whereby the distiller can remove all congeners or retain 
those that are deemed desirable. 


Grain spirits are neutral spirits distilled from a fermented 
mash of grain and stored in oak containers. 


Because grain spirits have delicate flavors, they must 
be stored in oak barrels previously seasoned through the 
storage of whisky or grain neutral spirits. It is important 
that the barrel is compatible with the flavor intensity of 
the grain neutral spirits; otherwise, the woody character 
of the barrel would overwhelm the light flavor of the grain 
neutral spirits and thus prevent proper development dur- 
ing aging. Grain neutral spirits are produced on continu- 
ous and batch distillation systems. Each produces a num- 
ber of distillates having a low flavor intensity that, when 
stored in barrels, develop in flavor in the same manner as 
whisky (4). 

The batch system, related to the pot still, is simpler in 
concept and offers an opportunity to use the heart-of-the- 
run principle for the production of grain neutral spirits. 
Sometimes referred to as a time-cycle distillation system, 
it involves three stages: (1) the heads (aldehydes) are re- 
moved, (2) the product is removed, and (3) the residual 
distillate (tails) remaining in the kettle is removed for sub- 
sequent redistillation in the continuous system. The batch 
system is composed of a large kettle with a capacity of up 
to 190,000 L (50,000 wine gal) with a vapor pipe leading 
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to a product-concentrating column having as many as 55 
bubble-cap plates. The large capacity of the kettle is im- 
portant in maintaining product uniformity. Straight 
whisky, produced in the normal manner in the whisky col- 
umn, is pumped into the kettle, indirect steam heat is ap- 
plied through a coil within the kettle, and the alcoholic 
vapors rise into the product column where they are refined. 
The grain neutral spirits thus produced are reduced in 
proof with deionized water to between 110 and 160° proof 
(55 and 80%), put in oak barrels, and placed in government. 
bonded warehouses for storage. 


Vodka is neutral spirits so distilled, or so treated after distil- 
lation with charcoal or other materials, as to be without dis- 
tinctive character, aroma, taste, or color. 


This definition has come under fire recently because 
some vodkas on the market claim to have some flavor. 
Since the 1950s drinking patterns in the United States 
have become more diversified. Vodka has moved up from 
negligible sales in 1949 to 36% in 1996. The fact that it can 
be mixed with any flavored substance seems to be the rea- 
son for its wide acceptance. 


Rye whisky, bourbon whisky, or malt whisky is whisky pro- 
duced at not more than 160° proof from a fermented mash of 
not less than 51% rye, corn, or malted barley respectively, and 
stored at not more than 125° proof in charred new oak con- 
tainers, 

Corn whisky is whisky produced at not more than 160° proof 
from a fermented mash of not less than 80% corn. It may or 
may not be stored in oak containers, but only in used or un- 
charred ones. 


In producing bourbon whisky, eg, the mashing formula 
must contain at least 51% corn and the remaining ingre- 
dients (49%) generally are proportioned between rye 
grains and barley malt. Each distiller selects a preferred 
formula. Very little bourbon with 49% small grains is pro- 
duced. The most popular proportions are 60% corn, 28% 
rye, 12% barley malt (referred to as 40% small grains), 70- 
18-12 (30% small grains), and 75-13-12 (25% small grains). 
Although some bourbons use as much as 15% barley malt, 
the general practice in the industry is to use 12% barley 
malt for all bourbon production. 

Because rye and barley malt produce more intensive 
flavors than corn, the formula with the greater small- 
grains proportion will produce a bourbon with more body, 
provided, of course, that the same distillation techniques 
are used. 


Straight whisky may be any of the whiskies in the preceding 
two paragraphs that have been stored in the prescribed oak 
containers for two years or more. A straight whisky may fur- 
ther be identified as bottled in bond, provided it is at least four 
years of age, bottled at 100° proof (50%), and distilled at one 
plant by the same proprietor. A bottled-in-bond whisky may 
contain homogeneous mixtures of whiskies, provided they rep- 
resent one season, or if consolidated with other seasons, the 
mixture shall be the distilling season of the youngest spirits 
contained therein, and shall consist of not less than 10% of 
spirits of each such season. 
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Light whisky is whisky produced in the United States at more 
than 160° proof, and stored in used or uncharred new oak con- 
tainers; and also includes mixtures of such whiskies. If light 
whisky is mixed with less than 20% by volume of 100° proof 
(50%) straight whisky the mixture shall be designated Blended 
Light Whisky. 

Blended whisky is a mixture which contains straight whisky 
or a blend of straight whiskies at not less than 20 percent on 
a proof gallon basis, and, separately, or in combination, whisky 
or neutral spirits. A blended whisky containing not less than 
51 percent on a proof gallon basis of one of the types of straight 
whisky shall be further designated by that specific type of 
straight whisky; for example, “blended rye whisky.” 

Scotch whisky is whisky which is a distinctive product of Scot- 
land, manufactured in Scotland in compliance with the laws of 
the United Kingdom regulating the manufacture of Scotch 
whisky for consumption in the United Kingdom: such product 
is a mixture of whiskies, such mixture is “blended Scotch 
whisky.” 

Trish whisky is whisky which is a distinctive product of Ireland, 
manufactured either in the Republic of Ireland or in Northern 
Ireland, in compliance with their laws regulating the manu- 
facture of Irish whisky for home consumption: if such product 
is a mixture of whiskies, such mixture is “blended Irish whis- 
key.” 

Canadian whisky is whisky which is a distinctive product of 
Canada, manufactured in Canada in compliance with the laws 
of Canada regulating the manufacture of Canadian whisky for 
consumption in Canada: if such product is a mixture of whis- 
kies, such mixture is “blended Canadian whisky.” 


Gins 
Gin is a product obtained by original distillation from mash, 
or by redistillation of distilled spirits, or by mixing neutral 
spirits, with or over juniper berries and other aromatics, or 
with or over extracts derived from infusions, percolations, or 
maceration of such materials, and includes mixtures of gin and 


neutral spirits. It shall derive its main characteristic flavor 
from juniper berries and be bottled at not less than 80° proof. 


France de La Boe, a 17th-century professor of medicine 
at Leyden University, The Netherlands, is credited with 
being the originator of the botanical-flavored spirits known 
as gin. Because his product’s primary flavor was due to the 
essential oils extracted from juniper berries, he gave it the 
French name jeniévre, which appeared later as the Dutch 
geneva and finally as the English gin. Gin produced exclu- 
sively by original distillation or by redistillation may be 
further designated as distilled. Gin derives its main char- 
acteristic flavor from juniper berries. In addition to juniper 
berries, other botanicals may be used, including angelica 
root; anise; coriander; caraway seeds; lime, lemon and or- 
ange peel; licorice; calamus; cardamom; cassia bark; orris 
root; and bitter almonds. The use and proportion of any of 
these botanicals in the gin formula is left to the producer, 
and the character and quality of the gin depends to a great 
extent on the skill of the craftsman in formulating the rec- 
ipe. The more skilled producers formulate their aromatic 
ingredients on the basis of the essential oil content in the 
raw materials to assure a greater degree of product uni- 
formity. 

To expose the essential oils, the ingredients are reduced 
to a granular form and then immersed directly into the 


kettle (pot), which is filled with grain neutral spirits at 
approximately 100° proof (50%). A vapor-phase extraction 
may also be used. In this case, the botanical mixture is 
placed on trays or in baskets in the head of the kettle where 
the alcoholic vapors passing by extract the essential oils 
and rise to the condenser. 

It is important that the grain spirits be as neutral as 
possible (devoid of congeners) to avoid undesirable flavors. 
In addition to the kettle, some gin stills have a refinement 
section (as many as six plates) above the kettle for flavor 
stability and enrichment. Indirect steam heat is applied 
and the various essential oils are distilled over during the 
entire distillation cycle. The first (heads) and last (tails) 
portions of the cycle are not included in the product. Only 
the heart of the run is used, representing approximately 
an 85% recovery of the original alcohol concentration and 
varying with the type of product desired. Some distillers, 
to avoid thermal decomposition of the delicate flavors and 
to acquire a degree of softness, conduct the distillation un- 
der reduced pressure at a temperature of about 57°C. Lon- 
don Dry Gin, for example, is produced in this manner. 

British and Canadian regulations permit and recognize 
the use of maturation techniques for gin. Gins stored in 
special oak casks acquire a pale golden hue and a unique 
dryness of flavor. Although distillers are permitted to store 
gins in the United States for further flavor development, 
the federal government does not permit any reference to 
aging to appear on the label. 

Holland Gin, characterized by its high flavor intensity 
derived mostly from juniper berries and cereal grains 
(corn, rye, and barley malt), is produced by immersing the 
botanical mixture directly into the grain mash before dis- 
tillation or by extracting the essential oils from the botan- 
ical mixture with the heavy distillate (high wines) from a 
fermented mash of grain, consisting of corn, rye, and barley 
malt. Consequently, the flavors produced during fermen- 
tation become flavor components of the final product. Com- 
pound gin is a mixture of grain spirits and essential oil 
extracts from botanicals. It does not undergo any distilla- 
tion procedure. 


Brandies 


Brandy is an alcoholic distillate from the fermented juice, 
mash, or wine of fruit, or from the residue thereof, produced 
at less than 190° proof in such manner that the distillate pos- 
sesses the taste, aroma, and characteristics generally attrib- 
uted to the product, and bottled at not less than 80° proof. 


The most important category of brandy is fruit brandy, 
distilled solely from the juice or mash of whole, sound, ripe 
fruit or from standard grape, citrus, or other fruit wine. 
Brandy derived exclusively from one variety of fruit is so 
designated. However, a fruit brandy derived exclusively 
from grapes may be designated as brandy without further 
qualification, and unless the product is specifically identi- 
fied, the term brandy always means grape brandy. Brandy 
is subject to a distillation limitation of 170° proof (85%). If 
distilled over 170° proof (85%), it must be further identified 
as neutral brandy. A minimum of two years of maturation 
in oak casks is required, otherwise the term immature 
must be included in the designation. Although the age is 


not indicated on the label, brandies are normally aged from 
three to eight years. 

Brandies are produced in batch or continuous distilla- 
tion systems. The pot still or its variation is universally 
used in France, whereas in the United States both systems 
are employed. The batch system produces a more flavorful 
product, the continuous system a lighter, more delicate fla- 
vor. 

The history of brandy can be said to be the history of 
distillation, because in the distant past it was the distil- 
lation of wine in crude stills that produced aqua vitae. In 
the ensuing evolution, many areas of Europe and of the 
United States became renowned for their brandies. Per- 
haps the most popular brandy comes from the Cognac re- 
gion of France, in the Department of Charente and Cha- 
rente Inférieure. As such, it enjoys an exclusive identity, 
Cognac, under which no other brandy may be labeled. Co- 
gnac is produced in the traditional pot stills by small farm- 
ers and sold to the bottlers who age the brandies in lim- 
ousin oak casks. When the brandies reach maturity, they 
are skillfully blended for marketing under their own brand 
name, 

Cognac is a blend of some Grande Champagne, Petite 
Champagne, Borderies, and Fins Bois, the proportions of 
each being a well-kept secret. To further characterize Co- 
gnac, the bottle is labeled: E, especial; F, fine; V, very; O, 
old; S, superior; P, pale; X, extra; C, Cognac; eg, VSOP 
means very superior old pale, and is considered to be a 
better-quality product. 

Another well-known brandy of Frances is Armagnac, 
produced in southern France. Armagnac is distilled from 
wines in a continuous system using two pot stills in series. 
Armagnac is considered to be more heavy-bodied and drier 
than Cognac. Brandies are distilled in almost every wine 
region of France; they are called eau de vie, exported as 
French Brandy, never as Cognac. 

In the United States, California produces almost all of 
the grape brandy. Generally, it is a well-integrated opera- 
tion, the cultivation of the grapes, the making of the wine, 
the distilling, aging, bottling, and the marketing of the 
brandy being done by the same firm. Usually a continuous 
multicolumn distillation system is employed. Of the total 
U.S. brandy consumption of approximately 56 million L 
(15 million gal) California brandies account for over 80%. 

Blended applejack is accorded a special classification as 
a mixture that contains at least 20% of apple brandy (ap- 
plejack) on a proof basis, stored in oak containers for not 
less than two years, and not more than 80% of neutral 
spirits on a proof gallon basis and bottled at not less than 
80° proof (40%). Another class of beverage spirits, flavored 
brandy, is a brandy to which natural flavoring materials 
have been added with or without the addition of sugar; it 
is bottled at no less than 70° proof (35%). The name of the 
predominant flavor appears as part of the designation, ie, 
blackberry flavored brandy; cherry flavored brandy, etc. 
Such a flavored brandy may contain up to 12.5% of wine 
derived from the particular fruit corresponding to the la- 
beled flavor. 

Certain areas in Europe and in South America are well 
known for their specialty brandies, such as Spanish bran- 
dies, distilled from Jerez sherry wine; the fragrant, fruity 


DISTILLED BEVERAGE SPIRITS 527 


Portuguese brandies, distilled from port wine; the pleasant 
and flowery muscat bouquet of Pisco brandy from Peru; 
Kirschwasser brandy, with its almond undertone flavor, 
distilled from a fermented mash of small black cherries, 
which grow along the Rhine Valley in Germany and Swit- 
zerland; and Slivovitz, the plum brandy, which is produced 
in Hungary and in the Balkan countries. 


Cognac or Cognac (grape) brandy, is grape brandy distilled in 
the Cognac region of France, which is entitled to be so desig- 
nated by the laws and regulations of the French Government. 


Rums 


Rum is an alcoholic distillate from the fermented juice of sugar 
cane, sugar cane syrup, sugar cane molasses, or other sugar 
cane by-products, produced at less than 190° proof in such 
manner that the distillate possesses the taste, aroma and char- 
acteristics generally attributed to rum, and bottled at not less 
than 80° proof. 


Blackstrap molasses is the most common raw material 
for the manufacture of rum. Otherwise, the same basic fac- 
tors that produce different whiskies are responsible for the 
flavor varieties of rams. The type of yeast, fermentation 
environment, distillation techniques and systems, the 
maturation conditions, and not least the blending skill all 
contribute to the final character and quality of rum. Black- 
strap molasses varies in composition according to origin 
owing to the environment and to some extent on the pro- 
cessing of cane (a greater recovery of sugar is usually re- 
flected in a lower concentration of residual sugar in the 
molasses). A typical composition of Puerto Rican black- 
strap molasses is as follows: 


pH 43 

Density (% solids) 89°Brix 
Nonfermentable solids 28.7% 
Sucrose 33.8% 
Reducing sugars 26.9% 
Total sugars 60.7% 


Rums are characterized as light bodied, of which the 
Puerto Ricans are the best known, and full bodied, which 
come from Jamaica and certain other islands of the West 
Indies. Light rums are distilled on multicolumn continuous 
distillation systems over a proof range of 160-180° (80- 
90%). They are matured in oak casks that are reused for 
rum storage. Age may, but need not, be stated on the la- 
bels. 

Rum has been produced in Jamaica for more than 200 
yr as some plantation crop records indicate. A typical small 
plantation would produce a ton of sugar and 41,000 L 
(9,000 imperial gal) of rum. Today, only a few large facili- 
ties exist and the law requires that a distillery may only 
be operated in conjunction with a sugar refinery. As in 
every area where distilled spirits are produced, terminol- 
ogy and local practice play a major role in determining the 
identity and the flavor characteristics of the product; eg, 
molasses acid results from a natural fermentation that 
produces alcohol and subsequently an organic acid mix- 
ture. Some of this is used in the wash (fermenting mash) 
for the production of certain flavorful rums. Dunder is the 
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term used for stillage, the material left after the beverage 
spirits are removed by distillation. Dunder is also used as 
an ingredient in the fermenting mash, as much as 40 vol 
%, to provide buffering action, and flavor development. 

Jamaican and other full-bodied rums are distilled be- 
tween 140 and 160° proof (70 and 80%) in pot stills. They 
are matured in large casks of 422.4 L (111.6 gal) called 
puncheons. Unlike the light-bodied rums, which use cul- 
tured yeast for inoculation, the Jamaican rums rely on nat- 
ural fermentation, sometimes referred to as wild fermen- 
tation. In this method the mash is inoculated by the yeast 
that is present in the air and in the raw material. Time of 
fermentation may vary from 2 to as much as 11 days, de- 
pending on the desired flavor characteristics. 

Puerto Rican rums are generally labeled as white or 
gold label. The latter is a little more amber in color and 
has a more pronounced flavor. Although the rums produced 
in various areas are not considered distinctive types, they 
do retain their local characteristics and their names may 
not be applied to rum produced in any other place than the 
particular region indicated in the name. 

Venezuela and to some extent Mexico are major pro- 
ducers of rum. The former requires a minimum two-year 
aging period and in the latter the amount of production is 
closely regulated by the government and keyed to the 
availability of cane and the need for industrial alcohol. In 
all other respects, the light-bodied rums are similar to 
those produced in Puerto Rico. A limited amount of more 
flavorful rums for use in blending is produced in both coun- 
tries. Continuous and batch distillation systems are used 
and thus offer a capability of producing rums with varying 
degrees of flavor intensities and individual characteristics. 


Tequila 


Tequila, a distinctive product of Mexico, is an alcoholic dis- 
tillate produced in Mexico from the fermented juice of the 
heads of Agave Tequilana Weber (blue variety), with or 
without additional fermentable substances, distilled in 
such a manner that it possess the taste, aroma, and char- 
acteristics generally attributed to tequila. This is Mexico's 
most popular distilled spirits drink. 

The mezcal azul (blue mezcal), the primary source for 
tequila, is cultivated and usually propagated from 2-yr-old 
sprouts obtained from 7-yr-old mezcal plants. After 8-12 
yr the plants are matured; the trimmed heads, referred to 
as pine apples because of their appearance and weighing 
36-59 kg (80-130 lb) each, are transported to the distillery. 
In the State of Jalisco, up to 20,000 t of mezcal heads are 
harvested annually. The heads contain (unsteamed): mois- 
ture, 62%; total solids, 38%; fiber, 11%; inulin, 20%; and 
ash, 2.5%, and they have a pH of 5.5. 

The juice from the mezcal heads is first extracted in 
masonry ovens with a capacity of approximately 40 t for 
9-24 h at approximately 93°C. The length of the steaming 
period is critical for the acid hydrolysis of the inulin to 
monosaccharides. During a 12-h cooling period, some ad- 
ditional juice (mieles de escurrido, drained molasses) is re- 
covered, The mezcal heads are now dark brown, soft in 
texture, with a taste similar to maple syrup. Residual juice 
is removed by shredding the steamed heads, compressing 


the strips between roller mills, and finally washing the 
strips (bagasse) to recover all of the sugary syrup. 

The mezcal juice from the steaming ovens, the roller 
mills, and the bagasse washes is pumped into fermenters 
of 3,800-7,500 L (1,000-2,000 gal) capacity made of ma- 
sonry or of local pine wood. Nitrogen nutrients are added 
to facilitate fermentation. The Mexican government also 
permits the addition of piloncillo, a brown sugar, up to 30 
wt % of the fermentable sugar in the mezcal heads after 
steaming. After a fermentation period of about 42 h, the 
alcoholic concentration is 4.5 vol% of the fermenter mash. 
When piloncillo is not used, the alcoholic yield is lower and 
the fermentation takes longer. 

The fermented mash is pumped to a copper pot still of 
about 1,100 L (300 gal) capacity provided with a steam coil 
within the kettle for heating and a condenser for cooling 
the vapors. The intermediate of the first distillation called. 
ordinario is collected at 28° proof (14%) and redistilled in 
a slightly larger pot still. This distillation cycle can be con- 
trolled to yield a product of approximately 106° proof 
(53%). The residual distillate from this process is combined 
with the fermented mash, starting a new cycle in the pri- 
mary distillation system. 

Tequila, as consumed in Mexico, is unaged and usually 
bottled at 80-86° proof (40-43%). However, some produc- 
ers do age tequila in seasoned 190-L (50-gal) white oak 
casks imported from the United States. In aging, tequila 
becomes golden in color and acquires a pleasant mellow- 
ness without altering its inherent taste. Tequila aged one 
year is identified as Anejo; aged as much as two to four 
years, it is identified as Muy Anejo. The annual production 
of tequila in Mexico is around 20 million L (5.2 million U.S. 
gal), the major portion of which is produced by 28 plants 
located in the county of Tequila. 


Cordials and Liqueurs 


Cordials and liqueurs are the same, with the former term 
being American and the latter European. They are ob- 
tained by mixing or redistilling neutral spirits, brandy, gin, 
or other distilled spirits with or over fruits, flowers, plants, 
or pure juices therefrom, or other natural flavoring mate- 
rials, or with extracts derived from infusions, percolations, 
or maceration of such materials. Cordials must contain a 
minimum of 2.5 wt% of sugar or dextrose, or a combination 
of both. If the added sugar and dextrose are less than 10 
wt% then it may be designated as dry. Synthetic or imi- 
tation flavoring materials cannot be included in United 
States cordials, nor can they be designated as distilled or 
compound. 

Cordials were known in ancient Egypt and Athens, but 
commercial production was started in the Middle Ages 
when alchemists, physicians, and monks, among others, 
were searching for an elixir of life. From this activity many 
well-known cordials were developed, such as Benedictine 
and Chartreuse, both derived from aromatic plant flavors 
and bearing the names of the monasteries where they were 
first prepared. 

A great variety of cordials are available encompassing 
a wide spectrum of flavors from fruits, peels, leaves, roots, 
herbs, and seeds. Organoleptic attainment, however, be- 


comes a matter of experience and skill in the selection of 
botanicals and in the extraction and formulation of flavors. 
Although these elements are carefully guarded secrets, the 
producer must rely on three basic processes, namely mac- 
eration, percolation, and distillation, or any combination 
thereof. Maceration involves the steeping of the raw ma- 
terials in the spirits, usually in a vat, to impart the desired 
aroma, flavor, and color. The liquid is then drawn off and 
provides the base for further processing. Percolation is ac- 
complished by recirculating the spirits through a percola- 
tor containing the raw materials. As the spirits seep down 
through the raw material, the desired constituents are ex- 
tracted, which will give the proper aroma, flavor intensity, 
and color. The distillation method is similar to that used 
in gin production. The ingredients are either immersed in 
the beverage spirits or placed in trays or pans in the head 
of the still. The rising vapors extract the essential flavors, 
which are then condensed and discharged as a colorless 
liquid. This distillate contains the basic flavor that is used 
for further processing. 

Cordials are characterized and marketed according to 
their generic names; eg, anisette (aniseed), creme de 
menthe (peppermint), triple sec (citrus fruit peel), slow gin 
(sloe berries), and by their trade names (proprietary 
brands) of which Benedictine and Chartreuse are well- 
known examples. 


THE MANUFACTURING PROCESS 


Any material rich in carbohydrates is a potential source of 
ethy] alcohol, which for industrial purposes is obtained by 
the fermentation of materials containing sugar (molasses), 
or a substance convertible into sugar, such as the starches. 
In the production of distilled spirits for beverage purposes, 
however, cereal grains are the principal types of raw ma- 
terial used. Any reference to alcohol in beverages is always 
to ethyl alcohol (C;H;OH). Although other alcohols may be 
present, they are referred to as higher alcohols, fusel oils, 
or by their specific name. 

The chemical composition of grain varies considerably 
and depends to a large extent on environmental factors 
such as climatic conditions and the nature of the soil. An- 
other variable is the malt (sprouted or germinated grain) 
used. Malt is generally understood to be germinated bar- 
ley, unless it is further qualified as rye malt, wheat malt, 
etc. The purpose of malting is the development of the am- 
ylases, the active ingredients in malt. Amylases are en- 
zymes of organic origin, which change grain starch into the 
sugar, maltose. Besides providing the means of converting 
the grain starch into sugar, the malt also contributes to 
the final flavor and aroma of the distillate. Malting tech- 
niques may produce a malt of such unusual character that 
it may indeed furnish the outstanding characteristics of 
the final product, as in Scotch whisky. Figure 2 shows the 
process flow sheet of a modern beverage spirits plant. 


Grain Handling and Milling 


The beverage distilling industry utilizes premium cereal 
grains. Each distiller supplements government grain stan- 
dards with personal specifications, especially in regard to 
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the elimination of grain with objectionable odors, which 
may have developed during storage or kiln drying at the 
elevators. Hybrid corn, usually of the readily available 
dent variety and plump rye, developed from Polish strains 
(Rosen), are used for beverage alcohol production. Modern 
distilleries use Airveyor unloading systems, others the tra- 
ditional power shovel in conjunction with screw conveyors 
and bucket elevators. Even though the grain has been sub- 
jected to a cleaning process at the elevator, it is passed over 
receiving separators, a series of vibrating screens which 
sift out the foreign materials. Air jets and dust collectors 
remove any light material and magnetic separators re- 
move metallic substances. 

Milling breaks the outer cellulose protective wall 
around the kernel and exposes the starch to the cooking 
and conversion processes. Distillers require an even, 
coarse meal without flour. Milling is accomplished by three 
methods: (Z) in roller mills, using pairs of corrugated rolls 
(breaks), run sharp to sharp (projections facing projec- 
tions); (2) in hammer mills, where a series of revolving 
hammers within a close-fitting casing and rotating at 
1,800-3,600 rpm shear the grain to a meal, which is re- 
moved by suction through a screen, different for various 
types of grain; and (3) in attrition mills (not widely used) 
where the grain is ground by two counterrotating disks 
(1,200-2,000 rpm). This mill is not entirely satisfactory be- 
cause of excessive flour produced. A three-break roller mill 
(three pairs of corrugated rolls, arranged vertically) with 
rolls 23 cm in diameter x 76 cm long has a capacity of 3.5 
m (100 bu) of corn per hour; a hammer mill 61 cm in width, 
10.6 m® (300 bu) per hour; and an attrition mill with 41 
cm grinding plates, 3.5 m* (100 bu) per hour, on the basis 
that 25% of the ground corn remains above the no. 12 mesh 
(1.68 mm) screens. 


Mashing 


The mashing process, consists of cooking, ie, gelatinization 
of starch, and conversion (saccharification), ie, changing 
starch to grain sugar (maltose). Cooking can be carried out 
at atmospheric or higher pressure in a batch or a contin- 
uous system. For whisky production, batch cooking at at- 
mospheric pressure is widely used although some batch 
pressure cooking is practiced. For grain neutral spirits pro- 
duction, both batch and continuous systems are used un- 
der pressure. After cooling conversion is accomplished in 
the cooking vessel by the addition of barley malt meal to 
the cooked grain. Some distillers pump the mash imme- 
diately to a converter for the necessary holding time and 
thus make the cooking vessel available for the next cook. 
The converted mash is cooled and pumped to the fermen- 
ters. 

Distillers vary mashing procedures, but generally con- 
form to basic principles, especially in the maintenance of 
sanitary conditions. The cooking and conversion equip- 
ment is provided with direct or indirect steam, propeller 
or rake-type agitation, and cooling coils or a barometric 
condenser. Mashing procedures for rye, corn, and malt 
grains are described below. 


Rye. In the preparation of a bourbon mash, rye is gen- 
erally subjected to the corn-cooking process. However, rye 


comes a matter of experience and skill in the selection of 
botanicals and in the extraction and formulation of flavors. 
Although these elements are carefully guarded secrets, the 
producer must rely on three basic processes, namely mac- 
eration, percolation, and distillation, or any combination 
thereof. Maceration involves the steeping of the raw ma- 
terials in the spirits, usually in a vat, to impart the desired 
aroma, flavor, and color. The liquid is then drawn off and 
provides the base for further processing. Percolation is ac- 
complished by recirculating the spirits through a percola- 
tor containing the raw materials. As the spirits seep down 
through the raw material, the desired constituents are ex- 
tracted, which will give the proper aroma, flavor intensity, 
and color. The distillation method is similar to that used 
in gin production. The ingredients are either immersed in 
the beverage spirits or placed in trays or pans in the head 
of the still. The rising vapors extract the essential flavors, 
which are then condensed and discharged as a colorless 
liquid. This distillate contains the basic flavor that is used 
for further processing. 

Cordials are characterized and marketed according to 
their generic names; eg, anisette (aniseed), créme de 
menthe (peppermint), triple sec (citrus fruit peel), slow gin 
(sloe berries), and by their trade names (proprietary 
brands) of which Benedictine and Chartreuse are well- 
known examples. 


THE MANUFACTURING PROCESS 


Any material rich in carbohydrates is a potential source of 
ethy] alcohol, which for industrial purposes is obtained by 
the fermentation of materials containing sugar (molasses), 
or a substance convertible into sugar, such as the starches. 
In the production of distilled spirits for beverage purposes, 
however, cereal grains are the principal types of raw ma- 
terial used. Any reference to alcohol in beverages is always 
to ethyl alcohol (C;H;OH). Although other alcohols may be 
present, they are referred to as higher alcohols, fusel oils, 
or by their specific name. 

The chemical composition of grain varies considerably 
and depends to a large extent on environmental factors 
such as climatic conditions and the nature of the soil. An- 
other variable is the malt (sprouted or germinated grain) 
used. Malt is generally understood to be germinated bar- 
ley, unless it is further qualified as rye malt, wheat malt, 
etc. The purpose of malting is the development of the am- 
ylases, the active ingredients in malt. Amylases are en- 
zymes of organic origin, which change grain starch into the 
sugar, maltose. Besides providing the means of converting 
the grain starch into sugar, the malt also contributes to 
the final flavor and aroma of the distillate. Malting tech- 
niques may produce a malt of such unusual character that 
it may indeed furnish the outstanding characteristics of 
the final product, as in Scotch whisky. Figure 2 shows the 
process flow sheet of a modern beverage spirits plant. 


Grain Handling and Milling 


The beverage distilling industry utilizes premium cereal 
grains. Each distiller supplements government grain stan- 
dards with personal specifications, especially in regard to 
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the elimination of grain with objectionable odors, which 
may have developed during storage or kiln drying at the 
elevators. Hybrid corn, usually of the readily available 
dent variety and plump rye, developed from Polish strains 
(Rosen), are used for beverage alcohol production. Modern 
distilleries use Airveyor unloading systems, others the tra- 
ditional power shovel in conjunction with screw conveyors 
and bucket elevators. Even though the grain has been sub- 
jected to a cleaning process at the elevator, itis passed over 
receiving separators, a series of vibrating screens which 
sift out the foreign materials. Air jets and dust collectors 
remove any light material and magnetic separators re- 
move metallic substances. 

Milling breaks the outer cellulose protective wall 
around the kernel and exposes the starch to the cooking 
and conversion processes. Distillers require an even, 
coarse meal without flour. Milling is accomplished by three 
methods: (1) in roller mills, using pairs of corrugated rolls 
(breaks), run sharp to sharp (projections facing projec- 
tions); (2) in hammer mills, where a series of revolving 
hammers within a close-fitting casing and rotating at 
1,800-3,600 rpm shear the grain to a meal, which is re- 
moved by suction through a screen, different for various 
types of grain; and (3) in attrition mills (not widely used) 
where the grain is ground by two counterrotating disks 
(1,200-2,000 rpm). This mill is not entirely satisfactory be- 
cause of excessive flour produced. A three-break roller mill 
(three pairs of corrugated rolls, arranged vertically) with 
rolls 23 cm in diameter x 76 cm long has a capacity of 3.5 
m (100 bu) of corn per hour; a hammer mill 61 cm in width, 
10.6 m® (300 bu) per hour; and an attrition mill with 41 
cm grinding plates, 3.5 m® (100 bu) per hour, on the basis 
that 25% of the ground corn remains above the no. 12 mesh 
(1.68 mm) screens. 


Mashing 


The mashing process, consists of cooking, ie, gelatinization 
of starch, and conversion (saccharification), ie, changing 
starch to grain sugar (maltose). Cooking can be carried out 
at atmospheric or higher pressure in a batch or a contin- 
uous system. For whisky production, batch cooking at at- 
mospheric pressure is widely used although some batch 
pressure cooking is practiced. For grain neutral spirits pro- 
duction, both batch and continuous systems are used un- 
der pressure. After cooling conversion is accomplished in 
the cooking vessel by the addition of barley malt meal to 
the cooked grain. Some distillers pump the mash imme- 
diately to a converter for the necessary holding time and 
thus make the cooking vessel available for the next cook. 
The converted mash is cooled and pumped to the fermen- 
ters. 

Distillers vary mashing procedures, but generally con- 
form to basic principles, especially in the maintenance of 
sanitary conditions. The cooking and conversion equip- 
ment is provided with direct or indirect steam, propeller 
or rake-type agitation, and cooling coils or a barometric 
condenser. Mashing procedures for rye, corn, and malt 
grains are described below. 


Rye. In the preparation of a bourbon mash, rye is gen- 
erally subjected to the corn-cooking process. However, rye 
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Figure 2. Material process flow, modern beverage spirits plant. 
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undergoes liquefication at a much lower temperature than 
corn, which avoids thermal decomposition of critical grain 
constituents adversely affecting the final flavor of the dis- 
tillate. For that reason, many distillers mash rye sepa- 
rately. 

Water is drawn at the rate of 35 L/m® (28 gal/bu) and 
rye and malt meal are added. The mash is slowly heated 
to 54°C and held for approximately 30 min. Proteolytic en- 
zymes, active at 43-46°C, aid in reducing the viscosity, and 
the optimum temperature for f-amylase is 54°C. The mash 
is then heated to 63-67°C and held for 30-45 min to ensure 
maximum conversion. The mash (pH 6.0) is then cooled to 
the fermenting temperature 20-22°C. This process of con- 
verting small grains is called infusion mashing. 


Corn. Although the starch in corn grains converts 
rather easily, higher cooking temperatures are necessary 
to make the starch available. Usually malt is not added at 
the beginning, but to reduce viscosity, premalt of 0.5% may 
be added before cooking, preferably at around 66°C. Thin 
stillage (the residual dealcoholized fermented mash from 
the whisky distillation process) is added by some producers 
to adjust pH to 5.2-5.4. For cookers operating at atmo- 
spheric pressure, a mashing ratio of 95-115 L (25-30 gal) 
of slurry (grain, water, and stillage mixture) per 0.03 m° 
(1 bu) and a holding time of 30 min at 100°C are preferable. 
The mash is cooled to 67°C and malt is added. Primary 
conversion, the saccharification taking place during con- 
version, is in the order of 70-80% of the available starches. 
The remainder of the conversion to fermentable sugar 
takes place during the fermentation process and is referred 
to as secondary conversion. For batch cooking under pres- 
sure only 65-83 L (17-22 gal) of water are drawn, and the 
maximum temperature is 120-152°C. In continuous pres- 
sure cooking, water is drawn at a ratio of 30 L/m® (24 gal/ 
bu) of meal and sufficient thin stillage is added to adjust 
the pH to 5.2-5.4. The mash is pumped through the con- 
tinuous pressure cooker, where it is exposed to tempera- 
tures of 170-177°C for 2-6 min, and then into a flash cham- 
ber where it is cooled immediately by vacuum to the 
malting (conversion) temperature of 63°C. A malt slurry is 
continuously introduced and the mixture proceeds through 
the water cooling system to the fermenters. 


Fermentation 


In fermentation the grain sugars (largely maltose), pro- 
duced by the action of malt enzymes (amylases) on gelat- 
inized starch, are converted into nearly equal parts of ethyl 
alcohol and carbon dioxide. This is accomplished by the 
enzymes in yeast. Yeast multiples by budding, and a new 
cell is produced about every 70 min. Although yeasts of 
several genera are capable of some degree of fermentation, 
Saccharomyces cerevisiae is almost exclusively used by the 
distilling industry. It has the ability to reproduce prolifi- 
cally under normal growth conditions found in distilleries, 
has a high fermentation rate and efficiency, and can tol- 
erate relatively high alcohol concentrations (up to 15-16 
vol %), A great variety of strains exist and the character- 
istics of each strain are evidenced by the type and amount 
of congeners the yeast is capable of producing. 
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Alcoholic fermentation is represented by the following 
reactions: 


maltase 
CigH2201, —~ CeHiz0g > 2C,H;0H + 2C0, 
maltose dextrose ethyl carbon 

alcohol dioxide 


A fermentation efficiency of 95% is obtained based on the 
sugar available. Of the starch converted to grain sugar and 
subsequently subjected to fermentation, 5-6% is consumed. 
in side reactions. The extent and type of these reactions 
depend on: (1) yeast strain characteristics, (2) the compo- 
sition of the wort, and (3) fermentation conditions such as 
the oxidation—reduction potential, temperature, and de- 
gree of interference by bacterial contaminants. 

Secondary products formed by these side reactions 
largely determine the characteristics and organoleptic 
qualities of the final product. In the production of whisky, 
the secondary products (known as congeners) formed and 
retained during the subsequent operations include a num- 
ber of aldehydes, esters, higher alcohols (fusel oils), some 
fatty acids, phenolics or aromatics, and a great many un- 
identified trace substances (Table 3). In the production of 
grain neutral spirits, the congeners are removed from the 
distillate in a complex multicolumn distillation system. 
Some distillers, however, retain a small portion of the low- 
boiling esters in the distillate when the grain neutral spir- 
its are to be matured. Fermentation of grain mashes is 
initiated by the inoculation of the set mash with 2-3 vol % 
of ripe yeast prepared separately (see below) and followed 
by three distinct phases. 


1. Prefermentation involves rapid multiplication of 
yeast from an initial 4-8 million/mL to a maximum 
of 125-130 million/mL of the liquid and an increas- 
ing rate of fermentation. 

2. Primary fermentation is a rapid rate of fermenta- 
tion, as indicated by the vigorous “boiling” of the fer- 
menting mash, caused by escape of carbon dioxide. 
During this phase secondary conversion takes place, 
ie, the changing of dextrins to fermentable sub- 
stances. 

3. Secondary fermentation is a slow and decreasing 
rate of fermentation. Conversion of the remaining 
dextrins, which are difficult to hydrolyze, takes 
place. 


The degree of conversion, agitation of the mash, and 
temperature directly affect the fermentation rate. Fermen- 
ter mash set at a concentration of 144 L (38 gal) of mash 
per bushel of grain 25.4 kg (56 Ib) will be fermented to 
completion in two to five days, depending on the set and 
contro] temperatures. The set temperature (temperature 
of the mash at the time of inoculation) is largely deter- 
mined by the available facilities for cooling the fermenting 
mash. If cooling facilities are adequate, temperatures of 
27-30°C may be employed; otherwise, the set temperature 
must be low enough to ensure that the temperature will 
not exceed 32°C during fermentation. When no cooling fa- 
cilities are provided, the inoculation temperature must be 
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below 21°C. Excessive temperatures during the prefermen- 
tation phase retard yeast growth and stimulate the devel- 
opment of bacterial contaminants which are likely to pro- 
duce undesirable flavors. 

In the production of sour mash whisky U.S. federal reg- 
ulations require that a minimum of 25 vol % of the fer- 
menting mash must be stillage (cooled, screened liquid re- 
covered from the base discharge of the whisky separating 
column, pH 3.84.1). In addition to producing a heavier- 
bodied whisky, this procedure provides the distiller with 
an economical means of adjusting the setting pH (4.8-5.2) 
to inhibit bacterial development. It also provides buffering 
action during the fermentation cycle, which is important 
because secondary conversion does not take place if the 
fermenting pH drops below 4.1 in the immediate stages. 
Thin stillage also provides a means of diluting the cooker 
mash to the proper fermenter mash concentration, 3,220— 
3,870 L/m® (30-36 gal/bu) of grain for the production of 
spirits, and 4,080-4,850 L/m® (38-45 gal/bu) for making 
whisky. This concentration gives about a 12-16% soluble 
solids in the fermenting liquid, within the range used in 
beer fermentations but lower than that in wine fermen- 
tation. 

Preparation of the yeast involves a stepwise propaga- 
tion, first on a laboratory scale and then on a plant scale 
to produce a sufficient quantity of yeast for stocking the 
main mash in the fermenters. A strain of yeast is usually 
carried in a test tube containing a solid medium (agar 
slant). A series of daily transfers, beginning with the re- 
moval of some yeast from the solid medium, are made 
into successively larger flasks containing liquid media— 
diamalt (commercial malt extract) diluted to 15-20° Ball- 
ing, malt extract, or strained sour yeast mash—until the 
required amount of inoculum is available for the starter 
yeast mash, called a dona. After one day’s fermentation, 
the dona is added to a yeast mash normally composed of 
barley malt and rye grains, and representing approxi- 
mately 2~3.5 wt % of the total grain mashed for each fer- 
menter. 

The yeast mash is generally prepared by the infusion 
mashing method and then soured (acidified) to a pH of 3.9- 
4.1 by a 4-8-h fermentation at 41-54°C with Lactobacillus 
delbrucki, which ferments carbohydrates to lactic acid. 
Satisfactory souring can be induced with an inoculum of 
approximately 0.25% of culture per volume of mash. The 
water-to-meal ratio of 2,580-3,000 L/m® (24-28 gal/bu) at- 
tains a yeast mash balling of approximately 21°. Before 
inoculation with yeast, the soured mash is pasteurized to 
71-87°C to curtail bacterial activity, then cooled to the set- 
ting temperature of 20-22°C. The sour mash medium of- 
fers an optimum condition for yeast growth and also has 
an inhibitory effect on bacterial contamination. In 16 h the 
yeast cell count reaches 150-250 million/mL. Some distill- 
ers use the sweet yeast method for yeast development. In 
this instance the lactic acid souring is not included and the 
inoculation temperature is usually above 26.6°C to insure 
rapid yeast growth. 


Distillation 


Distillation separates, selects, and concentrates the alco- 
holic products of yeast fermentation from the fermented 


grain mash, sometimes referred to as fermented wort or 
distillers beer. In addition to the alcohol and the desirable 
secondary products (congeners), the fermented mash con- 
tains solid grain particles, yeast cells, water-soluble pro- 
teins, mineral salts, lactic acid, fatty acids, and traces of 
glycerol and succinic acid. Although a great number of dif- 
ferent distillation processes are available, the most com- 
mon systems used in the United States are (1) the contin- 
uous whisky separating column, with or without an 
auxiliary doubler unit for the production of straight whis- 
kies; (2) the continuous multicolumn, system used for the 
production of grain neutral spirits; and (3) the batch rec- 
tifying column and kettle unit, used primarily in the pro- 
duction of grain neutral spirits that are subsequently 
stored in barrels for maturation purposes. In the batch sys- 
tem, the heads and tails fractions are separated from the 
product resulting from the middle portion of the distilla- 
tion cycle. 

Although most modern plants have various capacity 
whisky stills available, a whisky separating column is usu- 
ally incorporated into the multicolumn system, thus ac- 
quiring a greater range of distillation selectivity, ie, the 
removal or retention of certain congeners. For example, 
absorptive distillation involving the addition of water to 
the upper section of a column in the whisky distillation 
system is a method of controlling the level of heavier com- 
ponents in a product. In the beverage distillation industry, 
stills and auxiliary piping are generally fabricated of cop- 
per, although stainless steel is also used. All piping that 
conveys finished products is tin-lined copper, stainless 
steel, or glass. 

The whisky column, a cylindrical shell that is divided 
into sections and may contain from 14 to 21 perforated 
plates, spaced 56-61 cm apart. The perforations are usu- 
ally 1-1.25 cm in diameter and take up about 7-10% of the 
plate area. The vapors from the bottom of the still pass 
through the perforations with a velocity of 6-12 m/s. The 
fermented mash is introduced near the top of the still, and 
passes from plate to plate through down pipes until it 
reaches the base where the residual mash is discharged. 
The vapor leaving the top of the still is condensed and 
forms the product. Some whisky stills are fitted with en- 
trainment removal chambers and also with bubble-cap 
plate sections (wine plates) at the top to permit operation 
at higher distillation proofs. Because whisky stills made of 
copper, especially the refinement section, supply a superior 
product, additional copper surface in the upper section of 
the column may be provided by a demister, a flat disk of 
copper mesh. The average whisky still uses approximately 
1.44-1.80 kg/L (12-15 lb of steam/proof gal) of beverage 
spirits distilled. Steam is introduced at the base of the col- 
umn through a sparger. Where economy is an important 
factor, a calandria is employed as the source of indirect 
heat. The diameter of the still, number of perforated and 
bubble-cap plates, capacity of the doubler, and proof of dis- 
tillation are the critical factors that largely determine the 
characteristics of a whisky. 

The basic continuous distillation system for the produc- 
tion of grain neutral spirits usually consists of a whisky 
separating column, an aldehyde column (selective distil- 
lation column), a product concentrating column (some- 


times referred to as an alcohol or rectifying column, from 
which the product is drawn), and a fusel oil concentrating 
column. In addition, some distillers, to secure a greater 
degree of refinement and flexibility, may include an alde- 
hyde concentrating column (heads concentrating column) 
or a fusel oil stripping column. Bubble-cap plates are used 
throughout the system (except in the whisky column, 
which may have some bubble-cap plates). 

This distillation system offers a wide range of flexibility 
for the refinement of distilled beverage spirits. Figure 3 
shows a five-column, continuous distillation system for the 
production of grain neutral spirits. A fermented mash 
(generally 90% corn and 10% barley malt) with an alcohol 
concentration of approximately 7 vol % is pumped into the 
whisky column somewhere between the 13th and 19th per- 
forated plate for stripping. The residual mash is dis- 
charged at the base and pumped to the feed recovery plant; 
the overhead distillate [ranging in proof from 105 to 135° 
(52.5 to 67.5%)] is fed to the selective distillation column 
(also called the aldehyde column), which has over 75 
bubble-cap plates. The main stream [10-20° proof (5-10%)] 
from the selective distillation column is pumped to the 
product concentrating column. A heads draw (aldehydes 
and esters) from the condenser is pumped to the heads 
concentrating column (also called the aldehyde concen- 
trating column), and a fusel oil and ester draw is pumped 
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to the fusel oil concentrating column. The product is with- 
drawn from the product concentrating column. 

Some accumulation of heads, at the top of the product 
concentrating column, are removed at the condenser, and 
transferred to the aldehyde concentrating column, where 
the heads from the system are removed for disposal. The 
fusel oil concentrating column removes the fusel oil from 
the system. Figures 3, 4, and 5 show the distribution and 
concentration of alcohols and congeners through the selec- 
tive distillation column, the product concentrating column, 
and the heads concentrating column. 


By-Products. The discharge from the base of the whisky 
column is called stillage and contains in solution and in 
suspension substances derived from grain (except the 
starch, which has been fermented), and from the mashing 
and fermentation processes. The suspended solids are re- 
covered by screening and then subjected to a pressing and 
a drying operation (dehydrating), usually in rotary, steam- 
tube dryers. The liquid portion, called thin stillage, is con- 
centrated by a multieffect evaporator to a syrup with a 
solid content of 30-35%. This concentrate can be mixed 
and dried with the previously screened-out solids, or it can 
be dried separately, on rotary-drum dryers. These by- 
products are known as distillers’ dried grains and distill- 
ers’ solubles and are used by the feed industry to fortify 
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Figure 3. Selective distillation column. 
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dairy, poultry, and swine formula feeds. Distillers’ feeds 
are rich in proteins (24-35%), fat (8%), choline, niacin, and 
other B-complex vitamins and contain vital fermentation 
growth factors that produce good growth responses in live- 
stock and poultry. 


Maturation 


In the United States, the final phase of the whisky pro- 
duction process, called maturation, is the storage of bev- 
erage spirits (which at this point are colorless and rather 
pungent in taste) in new, white oak barrels, whose staves 
and headings are charred. The duration (years) of storage 
in the barrel depends on the time it takes a particular 
whisky to attain the desirable ripeness or maturity. The 
staves of the barrel may vary in thickness from 2 to 2.85 
m. The outside dimensions of a 190-L (50-gal) barrel are 
approximately: height, 0.88 m (34.5 in.) and diameter at 
the head, 0.54 m. Whisky storage warehouses vary in con- 
struction from brick and mortar types, single and multiple 
floors (as many as six) having capacities up to 100,000 bar- 
rels of 190-L (50-gal) capacity, to wooden sheet-metal- 
covered buildings (called iron clads), generally not exceed- 
ing a capacity of 30,000 barrels of 190-L (50-gal) capacity. 
It is customary to provide natural ventilation. The whisky 
in storage is subject to critical factors that determine the 
character of the final product. The thickness of the stave, 
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depth of the char (controlled by regulating the duration of 
the firing, 30-50 s), temperature and humidity, entry 
proof, and, finally, the length of storage impart definite and 
intended changes in the aromatic and taste characteristics 
of a whisky. These changes are caused by three types of 
reaction occurring simultaneously and continually in the 
barrel: (1) extraction of complex wood constituents by the 
liquid, (2) oxidation of components originally in the liquid 
and of material extracted from the wood, and (3) reaction 
between the various organic substances present in the liq- 
uid, leading to the formation of new congeners. 
Comprehensive studies of changes occurring during the 
maturation of whisky have been published by a number of 
investigators (4-11). Although these reports contain de- 
tailed information on the concentration of various conge- 
ners throughout the course of the maturation period, little 
is revealed of the interrelationships between various con- 
geners except for the nonvolatile groups, such as solids, 
nonvolatile acids, tannin, and color. Notable among the ob- 
served changes are increases in the concentrations of acids, 
esters, and solids. These studies reveal that throughout 
the maturation period a linear relationship exists between 
the increase in acids and esters and the increase in dis- 
solved solids; this suggests that acid and ester formation 
is dependent on some precursor that is extracted from the 
barre] at the same rate as the bulk of the solid fraction (9). 
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In 1962 the U.S. Treasury Department increased the 
maximum allowable entry proof (storage in barrels) for 
straight whisky from 110 to 125° (55 to 62.5%). The indus- 
try engaged in a study in December 1985 to determine the 
flavor development, chemical composition, and evapora- 
tion loss rates of distillates at six different proofs from 109 
to 155° (54.5 to 77.5%) over a planned 8-yr period, and the 
study was continued an additional 4 yr. Evaporation losses 
averaged approximately 3.0% a year over the 12-year pe- 
riod. 

In addition to chemical analysis, they applied regres- 
sive analysis for most congeners listed in Table 4. Regres- 
sion analysis illustrates the functional relationship be- 
tween congeners. Except for fusel oil, there was an 
appreciable continuing development of congeners through 
12 yr. Esters, the most important flavor constituent in 
whisky, developed linearly over this time period. Later 
studies, using radioactive carbon for direct monitoring, de- 
termined the congeners derived from ethanol during 
whisky maturation. Esters (ethyl acetate) are formed in a 
system that is affected by changes in concentration of ace- 
tic acid, ethanol, and water, ie, a loss of water by evapo- 
ration; an increase in acetic acid results in an increase of 
ethyl acetate. 


Figure 5. Aldehyde (heads) concentrating column. 


The maturing progress of a type of bourbon as measured. 
by the principal ingredients is illustrated in Tables 4 and 
5. It is evident that the congeners amount to only about 
0.5-0.75% of the total weight. Yet it is this small fraction 
that determines the quality of the final product. Thus ma- 
tured whiskies vary widely in taste and aroma because of 
the wide variation in congener concentration. For example, 
esters may vary from 8.0 to 18.0 g/100 L, and aldehydes 
from 0.7 to 7.6 g/100 L. Nevertheless, there is no correla- 
tion between chemical analysis and quality, ie, taste and 
aroma. Only the consumer can detect the fine variations 
and thus evaluate the quality of whiskies. 


ANALYSIS 


Analytical results are expressed in terms of one component 
for each chemical class; ie, acetic acid for acids, acetalde- 
hyde for aldehydes, etc (Tables 4 and 5). Individual con- 
stituents can, of course, be determined by more refined 
techniques. Until the advent of gas chromatography, 
tedious chemical procedures were generally required for 
separation of the congeners. Distillation, countercurrent 
distribution, and other physical methods affected concen- 
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Table 4. Chemical Analysis* of Bourbon Whiskies Matured at Six Proofs from 109 to 155° (54.5 to 77.5%), g/100 L at 100° 
Proof (50%) 


Age(yr) Proof Color* pH® Solids Fixed acids Volatile acids Esters Fuseloil Aldehydes Furfural Tannins 


0 109 nd° nd oO 0 16 48 125 03 0.06 oO 
1 106 0.666 4.2 94 6 29 il 134 3.1 1.02 31 
112 0.678 4.2 99 % 27 12 134 3.1 1.03 31 
122 0.686 4.3 90 ¥ | 23 11 132 3.1 0.95 29 
132 0.652 43 70 6 21 11 128 2.9 0.84 26 
143 0.688 42 71 5 21 11 130 2.6 0.78 25 
155 0.652 4.2 63 5 18 11 129 2.6 0.75 23 
2 107 0.793 41 124 4 31 16 147 3.5 1.16 37 
113 0.810 42 105 7 32 18 141 3.5 1.10 37 
123 0.848 43 107 7 27 16 143 3.2 112 36 
133 0.785 41 103 6 28 17 136 2.9 0.96 32 
143 0.807 4.1 92 6 23 16 145 2.5 0.82 30 
152 0.764 4.2 85 5 22 15 142 23 0.80 29 
3 106 1.036 41 149 9 36 21 148 45 1,12 45 
112 1.013 42 145 9 36 21 146 4.2 114 43 
123 1.031 41 130 8 32 22 151 3.8 1.09 Al 
132 0.928 4.2 118 7 29 19 153 3.5 0.89 36 
142 0.917 41 107 7 27 21 142 3.2 0.78 35 
151 0.845 41 88 6 25 21 149 2.8 0.71 31 
4 106 1.086 4.1 177 12 42 23 148 5.2 1.16 52 
112 1.081 41 162 11 40 22 145 5.3 1,16 49 
122 1,081 4.0 152 10 33 21 152 49 111 45 
131 1.000 4.0 137 9 32 22 148 5.1 0.96 42 
140 0.977 41 124 8 28 20 146 42 0.88 40 
150 0.910 41 110 8 26 20 148 4.0 0.84 36 
5 106 1,229 41 194 12 43 30 157 6.1 1.20 49 
112 1.260 4.1 182 12 41 31 157 6.0 1.19 50 
122 1.180 4.0 164 10 34 26 155 5.7 1.14 45 
131 1.086 41 144 9 30 27 157 5.4 1.02 40 
140 1.102 4.0 131 8 30 28 155 5.3 0.96 38 
149 1.004 41 114 7 27 28 159 49 0.94 34 
6 107 1.215 41 186 12 40 33 159 5.6 1.25 49 
113 1,284 41 185 12 40 33 163 5.5 1.15 49 
123 1.284 4.0 176 u 34 32 159 5.1 1.30 47 
132 1.155 4.0 153 10 33 32 163 5.1 1.05 42 
141 1.155 4.0 138 10 28 31 163 48 1.00 40 
150 1.056 4.0 122 8 27 29 166 47 1.00 36 
7 107 1.456 41 214 13 51 37 157 6.1 1.34 57 
113 1.409 4.1 209 13 49 35 160 6.1 1.34 54 
123 1.409 41 190 12 46 36 155 5.7 1.29 51 
132 1.284 4.0 169 10 37 35 164 5.8 1.15 45, 
141 1.215 4.0 152 10 32 33 162 5.2 1.08 42 
149 1.137 4.0 135 8 29 35 162 5.3 1,03 40 
8 107 1.509 41 223 13 50 42 148 6.8 1.38 56 
113 1.523 41 218 13 49 43 159 6.8 1.35 57 
122 1.409 41 198 12 38 38 155 6.6 1.29 52 
131 1.276 4.0 175 10 34 37 153 5.9 1.13 60 
140 1.284 4.0 57 10 32 40 151 6.1 1.06 60 
149 1.168 4.0 147 9 27 39 152 5.4 1.08 58 
9 108 1.509 4.0 225 i4 50 48 164 8.7 1.45, 57 
113 1.538 4.1 226 13 50 50 160 19 1.40 58 
122 1.432 4.0 204 12 38 43 171 78 1.27 53 
131 1.284 41 179 9 37 42 155 6.2 1.14 45 
140 1.301 4.0 164 9 33 45 159 6.7 1.06 44 
148 1.168 41 143 8 28 41 160 6.4 1.06 40 
10 108 1.509 41 240 15 57 57 182 8.3 1.37 58 
113 1.482 41 231 13 52 54 173 8.4 1.33 55 
124 1.523 4.0 206 12 41 54 168 8.2 1.27 53. 
132 1.367 40 183 1 41 41 175 8.1 115 47 
140 1.377 4.0 171 10 37 37 176 71 1.03 43 


147 1.215 4.0 152 9 32 32 169 T1 1.00 41 
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Table 4, Chemical Analysis* of Bourbon Whiskies Matured at Six Proofs from 109 to 155° (54.5 to 77.5%), g/100 L at 100° 
Proof (50%) (continued) 
Age(yr) Proof Color* pH? Solids Fixed acids Volatileacids Esters Fuseloil Aldehydes Furfural Tannins 
i 108 1.699 40 252 i4 60 60 166 8.2 1.37 64 
113 1.721 4.0 242 13 56 56 168 UT 1.37 62 
123 1.658 3.9 219 12 49 57 179 78 1.34 59 
131 1.509 3.9 192 12 42 54 171 V7 1.21 53 
139 1.398 3.9 181 10 38 51 178 6.7 1.08 50 
146 1.319 4.0 162 9 34 51 166 6.7 1.05 47 
12 107 1.770 4.0 270 21 68 65 189 9.1 1.41 67 
112 1.745, 40 258 19 52 62 187 9.3 1.37 65 
123 1.699 3.9 231 17 46 59 187 8.5 1,30 61 
130 1,538 3.9 211 15 41 62 187 9.4 1.20 55 
138 1.409 3.9 190 4 36 58 184 8.0 1.09 52 
145 1.319 3.9 168 10 33 54 185 7.8 1.07 47 


Note: Analyses performed annually on samples reduced to 100° proof (50%). Acids as acetic acid, esters are ethyl acetate, aldehydes as acetaldehyde, and 


tannins as tannic acid (11). 

“Absorbance at 430 nm at 100° proof (50%). 
At 100° proof (50%). 

‘Not determined. 


‘Table 5. Changes Taking Place in Bourbon Whisky Stored in Wood 


Age" (yr) Range Proof Extract’ Acids’ ~—Esters* == Aldehydes*- —Furfural’ —Fuseloil’ Color 
New Average 101.0 26.5 10.0 18.4 32 0.7 100.9 0.0 
Maximum —104.0 161.0 29.1 53.2 79 2.0 171.3 0.0 
Minimum —_—100.0 4.0 12 13.0 1.0 Trace 713 0.0 
42.0 
1 Average 101.8 99.4 411 28.6 58 1.6 110.1 Ta 
Maximum —_—103.0 193.0 56.3 55.9 8.6 79 173.4 10.9 
Minimum 100.0 61.0 24.7 17.2 27 Trace 58.0 54 
54.0 10.4 10.4 42.8 46 
2 Average 102.2 126.8 45.6 40.0 84 16 110.1 8.6 
Maximum —104.0 214.0 61.7 59.8 12.0 91 197.1 11.8 
Minimum 100.0 81.0 25.5 24.4 5.9 0.4 86.2 69 
78.0 23.5, 11.2 42.8 5.7 
78.0 23.5, 11.2 42.8 5.7 
4 Average 104.3 151.9 58.4 53.5 11.0 19 123.9 10.8 
Maximum —108.0 249.0 73.0 80.6 22.0 96 237.1 148 
Minimum —100.0 101.0 40.0 28.2 69 08 95.0 8.6 
92.0 40.0 13.8 43.5 74 
6 Average 107.9 185.1 67.1 64.0 9 18 135.3 13.1 
Maximum 116.0 287.0 81.0 83.9 23.3 9.5 240.0 17.5 
Minimum 102.0 132.0 53.6 36.4 11 09 98.1 12.0 
127.0 45.0 17.9 98 
8 Average 111 210.3 76.4 65.6 12.9 21 143.5, 14.2 
Maximum —124.0 326.0 914 93.6 28.8 10.0 241.8 20.9 
Minimum 102.0 152.0 64.1 37.7 8.7 1.0 110.0 12.3 
141.0 53.7 22.1 47.6 10.5 
Source; Ref. 5. 


“Grams per 100 L of 100° proof (50%) spirit. 


tration of various congener groups. These concentrates re- 
acted to form chemical derivatives that were then sub- 
jected to further separation. Paper and column 
chromatography have been used extensively for this work. 
After separation of the components, identification is pos- 
sible by infrared and mass spectrometry. 

With the high sensitivity (flame and f-ray ionization de- 
tection) and efficiency offered by gas chromatographic 


techniques, a qualitative profile of alcoholic distillates can 
be obtained without prior treatment of the sample. Flame 
ionization uses a hydrogen flame for the combustion of or- 
ganic substances to produce electrons and negative ions, 
which are collected on an anode. The resulting electrical 
current is proportional to the amount of material burned. 
§-Ray ionization uses beta particles emitted from a source 
such as strontium-90 to ionize the carrier gas and its com- 
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ponents. The measure of the electrical current resulting 
from the collection of electrons on the anode is used in the 
determination or detection of the substance. This may aug- 
ment sensory evaluations. A positive identification of the 
separated congeners can be made by infrared and mass 
spectrometers. Nmr may offer possibilities in the identifi- 
cation of congeners present in alcoholic beverages. 


PACKAGING 


Because distilled spirits are packaged under federal gov- 
ernment supervision and the product is then distributed 
to the various states in compliance with laws and regula- 
tions, many factors must be considered normally not in- 
volved in glass packaging. First, the product represents a 
high value, because it includes the federal tax at the time 
of bottling. In the United States, a bottle of whisky retail- 
ing at $5.44 is taxed at $3.11. Obviously, care must be 
taken to avoid losses. Second, in addition to dealing with 
cases, bottles, cartons, closures, and labels, the distiller 
must apply to each bottle a federal strip stamp indicating 
that the excise tax has been paid and also apply bottle 
stamps of the decal type to indicate identification or tax 
payment in the seven states that require these in their 
system of control. With the heavy investment in product 
taxes and the necessity of applying state stamps, the dis- 
tiller’s ability to build up a substantial case goods inven- 
tory to provide immediate service to his customers in those 
states having this requirement is limited. Third, because 
this is a licensed industry, in addition to the normal record 
keeping necessary for efficient operations and control, fed- 
eral and state records are required. 

Federal regulations prescribe and limit the standards 
of fill (size of containers). On October 1, 1976, the adoption 
of the metric system permitted distillers to incorporate the 
new sizes into their operations as circumstances allow. 
Once the metric size is adopted for a brand, the distiller 
may not revert to the former standard. 

Now, only the metric size will be permitted, such as 1.75 
L (59.2 fl oz); 1.00 L (33.8 fl oz); 750 mL (25.4 fl oz); 500 
mL (16.9 fl oz); 200 mL (6.8 fl oz); and 50 mL (1.7 fl oz). 
Individual states likewise limit the number of sizes that 
can be distributed within their borders and need not adopt 
all the sizes made available by the federal government. 

The most common packaging operation utilized in the 
industry is the straight-line system with a line speed from 
120 to 200 bottles/min. Along with the general progress in 
packaging, the distilling industry is moving in the direc- 
tion of automatic-line operation with variable frequency 
control systems keyed to the fill and labeling operations. 
This is only possible, however, when volume on certain 
sizes is substantial. Most distillers are faced with mechan- 
ical equipment changes, requiring approximately four 
hours per line, to handle various sizes of bottles. In addi- 
tion to material specifications for quality control on all sup- 
plies, built-in quality-control inspection systems are in- 
cluded on the bottling lines. Likewise, the quality-control 
department, independent of bottling operations, takes ran- 
dom samples for evaluation purposes. 


Table 6. U.S. Commercial Exports of Liquor by Class 1996 
(in wine gal.) 


Class and type 
Domestic whiskey 
Bonded 0 
Straight 8,293,519 
Blended straights 34,814 
Distilled over 160/p 2,355 
Blended whiskey 158,576 
Subtotal 8,489,264 
Imported whiskey 
Scotland and N. Ireland 31,515 
Bottled in U.K. 0 
Bottled in U.S. 31,616 
Canadian 110,562 
Bottled in Canada 0 
Bottled in U.S. 110,562 
Ireland and others 0 
Subtotal 142,077 
Total all whiskey 8,631,341 
Gin 
Domestic 553,942 
Imported 0 
Subtotal 553,942 
Vodka 
Domestic 6,008,700 
Imported 0 
Subtotal 6,008,700 
Rum 
Puerto Rico 1,034,908 
Virgin Islands 89,834 
Other domestic 244,789 
Subtotal dom. rum 1,369,531 
Subtotal imp. rum 0 
Subtotal all run 1,369,531 
Brandy 
Domestic 260,337 
Imported 0) 
Subtotal 260,337 
Cordials and Specs. 
Domestic 578,408 
Imported 0 
Subtotal 578,408 
Cocktails and mixed drinks 
Domestic 110,167 
Imported 0 
Subtotal 110,167 
Tequila 
Subtotal 308,068 
Non-whiskey 
Domestic 8,881,075. 
Imported 308,058 
Total 9,183,133 


Table 6. U.S. Commercial Exports of Liquor by Class 1996 
(in wine gal.) (continued) 


Class and type 
NES. 

Domestic 14,630,239 
Imported 0 

Subtotal 14,630,239 
Total Dom. Distilled Spirits 32,000,574 
Total Imp. Distilled Spirits 450,135 
Grand Total 32,450,713 


EXPORTS OF DISTILLED SPIRITS 


The United States is well known throughout the world for 
its world-class whiskies and these are exported to many 
lands. Tastes differ widely in other countries. In some, like 
Germany and Japan the major export by far is bourbon 
whisky, In others, like Belgium, it is vodka. In all, bourbon, 
the prototypical U.S. whisky, is the largest distilled spirit 
export. Table 6 shows exports of distilled spirits in 1996. 


GLOSSARY 


Balling. A measure of the sugar concentration in a 
grain mash, expressed in degrees and approximating per- 
cent by weight of the sugar in solution. 

Bushel. A distillers bushel of any cereal gain is 25.4 kg 
(56 Ib). 

Congeners. The flavor constituents in beverage spirits 
that are responsible for its flavor and aroma and that re- 
sult from the fermentation, distillation, and maturation 
processes. 

Feints. The third fraction of the distillation cycle de- 
rived from the distillation of low wines in a pot still. This 
term is also used to describe the undesirable constituents 
of the wash which are removed during the distillation of 
grain whisky in a continuous patent still (Coffey). These 
are mostly aldehydes and fusel oils. 

Foreshots. The first fraction of the distillation cycle 
derived from the distillation of low wines in a pot still. 

Fusel oil. An inclusive term for heavier, pungent- 
tasting alcohols produced during fermentation. Fusel oil is 
composed of approximately 80% amyl alcohols, 15% butyl 
alcohols, and 5% other alcohols. 

Grain whisky. An alcoholic distillate from a fermented 
wort derived from malted and unmalted barley and maize 
(corn), in varying proportions, and distilled in a continuous 
patent still (Coffey). 

Heads. A distillate containing a high percentage of low- 
boiling components such as aldehydes. 

High wines. An all-inclusive term for beverage spirit 
distillates that have undergone complete distillation. 

Low wines. The term for the initial product obtained 
by separating (in a pot still) the beverage spirits and con- 
geners from the wash. Low wines are subjected to at least 
one more pot still distillation to attain a greater degree of 
refinement in the malt whisky. 
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Malt whisky. An alcoholic distillate made from a fer- 
mented wort derived from malted barley only, and distilled 
in pot stills. It is the second fraction (heart of the run) of 
the distillation process. 

Proof. In Canada, the UK, and the United States, the 
alcoholic concentration of beverage spirits is expressed in 
terms of proof. The United States statutes define this stan- 
dard as follows: proof spirit is held to be that alcoholic li- 
quor that contains one-half its volume of alcohol of a spe- 
cific gravity of 0.7939 at 15.6°C; ie, the figure for proof is 
always twice the alcoholic content by volume. For example, 
100° proof means 50% alcohol by volume. In the UK as well 
as Canada, proof spirit is such that at 10.6°C weighs ex- 
actly twelve-thirteenths of the weight of an equal bulk of 
distilled water. A proof of 87.7° would indicate an alcohol 
concentration of 50%. A conversion factor of 1.142 can be 
used to change British proof to U.S. proof, 

Proof gallon. A U.S. gallon of proof spirits or the al- 
coholic equivalent thereof; ie, a U.S. gallon of 231 in? 
(3,785 cm®) containing 50% of ethyl alcohol by volume. 
Thus a gallon of liquor at 120° proof is 1.2 proof gal; a 
gallon at 86° proof is 0.86 proof gal. A British and Canadian 
proof gallon is an imperial gallon of 277.4 in.® (4,546 cm®) 
at 100° proof (57.1% of ethyl alcohol by volume). An im- 
perial gallon is equivalent to 1.2 U.S. gal. To convert Brit- 
ish proof gallons to U.S. proof gallons, multiply by the fac- 
tor 1.37. Since excise taxes are paid on the basis of proof 
gallons, this term is synonymous with tax gallons, 

Single whisky. The whisky, either grain or malt, pro- 
duced by one particular distillery. Blended Scotch whisky 
is not a single whisky. 

Spirits. Distilled spirits including all whiskies, gin, 
brandy, rum, cordials, and others made by a distillation 
process for nonindustrial use. 

Tails. A residual alcoholic distillate. 

Wash. The liquid obtained by fermenting wort with 
yeast. It contains the beverage spirits and congeners de- 
veloped during fermentation. 

Wine gallon. Measure of actual volume; U.S. gallon 
(3.7845118 L) contains 231 in.* (3,785 cm*); British (Im- 
perial) gallon contains 277.4 in.’ (4,546 cm’), 

Wort. The liquid drained off the mash tun and contain- 
ing the soluble sugars and amino acids derived from the 
grains. 
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DRY MILK 


HISTORY 


The development of the dry milk industry apparently 
stems from the days of Marco Polo in the thirteenth cen- 
tury. Reports are that Marco Polo encountered “sun dried 
milk” on his journeys through Mongolia and that from this 
beginning dry milk products evolved. 

Through early pioneering scientists, such as Nicholas 
Appert and Gail Borden, basic processing methods were 
developed for drying milk products. Martin Ekenberg and 
Lewis Merrill have been acknowledged as developers of the 
first commercial roller- and spray-process drying systems, 
respectively, in the United States. 

Since the initial development of commercial drying sys- 
tems, significant technological advances have been made 
resulting in such widely recognized and used dry milk 
products as nonfat dry milk, dry whole milk, and dry but- 
termilk, which may be manufactured by roller- or spray- 
dryers (now mostly by the latter) or by more unique pro- 
cesses such as foam or freeze drying. These same dry milk 
products also may be processed in such a manner as to 
make them readily soluble and thus “instantized.” 


PROCESSING 


The steps in a typical dry milk processing operation are as 
follows: 


* Receipt of fresh, high-quality milk from modern dairy 
farms, delivered in refrigerated, stainless steel bulk 
tankers. 

Separation of the milk (if nonfat dry milk is to be 
manufactured) to remove milkfat, which commonly 
is churned into butter. If dry whole milk is to be man- 
ufactured, the separation step is omitted but may be 
replaced by clarification. 

Pasteurization by a continuous high-temperature 
short-time (HTST) process whereby every particle of 
milk is subjected to a heat treatment of at least 
71.7°C for 15 sec. 

Holding the pasteurized milk at an elevated tem- 
perature for an extended period of time (76.7°C for 
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HISTORY 


The development of the dry milk industry apparently 
stems from the days of Marco Polo in the thirteenth cen- 
tury. Reports are that Marco Polo encountered “sun dried 
milk” on his journeys through Mongolia and that from this 
beginning dry milk products evolved. 

Through early pioneering scientists, such as Nicholas 
Appert and Gail Borden, basic processing methods were 
developed for drying milk products. Martin Ekenberg and 
Lewis Merrill have been acknowledged as developers of the 
first commercial roller- and spray-process drying systems, 
respectively, in the United States. 

Since the initial development of commercial drying sys- 
tems, significant technological advances have been made 
resulting in such widely recognized and used dry milk 
products as nonfat dry milk, dry whole milk, and dry but- 
termilk, which may be manufactured by roller- or spray- 
dryers (now mostly by the latter) or by more unique pro- 
cesses such as foam or freeze drying. These same dry milk 
products also may be processed in such a manner as to 
make them readily soluble and thus “instantized.” 


PROCESSING 


The steps in a typical dry milk processing operation are as 
follows: 


* Receipt of fresh, high-quality milk from modern dairy 
farms, delivered in refrigerated, stainless steel bulk 
tankers. 

Separation of the milk (if nonfat dry milk is to be 
manufactured) to remove milkfat, which commonly 
is churned into butter. If dry whole milk is to be man- 
ufactured, the separation step is omitted but may be 
replaced by clarification. 

Pasteurization by a continuous high-temperature 
short-time (HTST) process whereby every particle of 
milk is subjected to a heat treatment of at least 
71.7°C for 15 sec. 

Holding the pasteurized milk at an elevated tem- 
perature for an extended period of time (76.7°C for 


25-30 min.)—a step used only in the manufacture of 
high-heat nonfat dry milk, which commonly is used 
as an ingredient in yeast-raised bakery products and 
meat products. 

Condensing the milk by removing water in an evap- 
orator or vacuum pan until a milk solids content of 
40% is reached. 


° Delivery of the condensed product to the dryer. 


Commercial U.S. drying processes are of two types— 
roller (drum) and spray. The former currently is used only 
to a limited extent. In this process, two large rollers, usu- 
ally steam-heated internally and located adjacent and par- 
allel to each other, revolve in opposite directions contacting 
a reservoir of either pasteurized fluid or condensed milk. 
During rotation, the fluid milk product dries on the hot 
roller surface. After approximately three-quarters of a rev- 
olution, a carefully positioned, sharp stationary knife de- 
taches the milk product, now in the form of a thin dry 


Table 1. Yearly U.S. Production of Dry Milks* 


Year Nonfat dry milk Dry whole milk Dry buttermilk 
1960 1,818.6 98.0 86.4 
1961 2,019.8 81.7 89.0 
1962 2,230.3 86.1 86.4 
1963 2,106.1 91.0 87.5 
1964 2,177.2 87.6 92.0 
1965, 1,988.5 88.6 87.4 
1966 1,579.8 94.4 76.2 
1967 1,678.7 74.3 72.6 
1968 1,594.4 79.8 70.4 
1969 1,452.3 70.2 66.5 
1970 1,444.4 68.9 59.5 
1971 1,417.6 72.2 51.7 
1972 1,223.5 75.2 49.5 
1973 916.6 78.0 43.3 
1974 1,020.0 67.7 45.3 
1975, 1,001.5 63.1 42.8 
1976 926.2 78.1 46.3 
1977 1,106.6 69.4 53.2 
1978 920.4 74.6 47.6 
1979 908.7 85.3 44.7 
1980 1,160.7 82.7 43.9 
1981 1,314.3 92.7 43.8 
1982 1,400.5 102.2 38.6 
1983 1,499.9 111.2 46.5 
1984 1,160.8 119.6 43.5 
1985 1,390.0 118.9 515 
1986 1,284.1 122.4 65.7 
1987 1,056.8 145.9 55.6 
1988 978.5 172.3 58.7 
1989 874.7 175.8 60.5 
1990 879.2 175.1 55.9 
1991 877.5 106.8 60.0 
1992 872.1 168.3 61.1 
1993 954.5 153.8 51.0 
1994 1,215.6 166.8 52.3 
1995 1,233.0 171.3 54.8 
1996 1,061.6 134.4 48.8 
1997 1,217.6 122.1 49.3 
1998 1,121.3 138.7 49.3 
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sheet. The dry milk next is conveyed by an auger to aham- 
mermill where it undergoes a physical treatment to con- 
vert it into uniformly fine particles which then are pack- 
aged, usually in 25-kg polyethylene-lined multiwall bags. 

Two basic configurations of spray dryers presently are 
in use, these being horizontal (box) and vertical (tower) 
dryers. In both, pasteurized fluid milk, which has been con- 
densed to a total solids of 40% or greater, is fed under pres- 
sure to a spray nozzle, or an atomizer, where the dispersed. 
liquid then comes into contact with a current of filtered, 
heated air. The droplets of condensed milk are dried almost. 
immediately and fall to the bottom of the fully enclosed, 
stainless steel drying chamber. The dry milk product con- 
tinuously is removed from the drying chamber, trans- 
ported through a cooling and collecting system, and finally 
conveyed into a hopper for packaging—usually into 25-kg 
bags, or in tote bins. 


THE PRODUCT 


The primary dehydrated dairy products manufactured do- 
mestically are nonfat dry milk, dry whole milk, and dry 
buttermilk. 

Nonfat dry milk is the product resulting from the re- 
moval of fat and water from milk. It contains lactose, milk 
proteins, and milk minerals in the same relative propor- 
tions as in the fresh milk from which it was made. Nonfat 
dry milk contains not over 5% by weight of moisture. The 
fat content is not over 1.5% by weight unless otherwise 
indicated. 

Dry whole milk is the product resulting from the re- 
moval of water from milk and contains not less than 26% 
milkfat and not more than 4% moisture. Dry whole milk 
with milkfat contents of 26 and 28.5% commonly are pro- 
duced. 


Table 2. Approximate Composition and Food Value of Dry 
Milks 


Nonfat Dry 
dry whole Dry 

Constituents milk milk —_ buttermilk 
Protein (N x 6.38) (%) 36.0 26.0 34.0 
Lactose (milk sugar) (%) 51.0 38.0 48.0 
Fat (%) 0.7 26.15 5.0 
Moisture (%) 3.0 2.25 3.0 
Minerals (ash) (%) 8.2 6.0 79 

Calcium (%) (43) (0.97) (1.3) 

Phosphorus (%) (1.02) (0.75) (1.0) 
Vitamin A (IU/b) 165.0 4,950.0 2,300.0 
Riboflavin (mg/lb) 9.2 67 14.0 
Thiamin (mg/b) 16 12 12 
Niacin (mg/lb) 42 3.1 45 
Niacin equivalents*(mg/lb) 42.2 30.6 40.6 
Pantothenic acid (mg/lb) 15.0 13.0 140 
Pyridoxine (mg/lb) 2.0 15 2.0 
Biotin (mg/lb) 02 0.185 02 
Choline (mg/Ib) 500.0 400.0 500.0 
Energy (cal/Ib) 1,630.0 2,260.0 1,700.0 


“In millions of pounds. 


“Includes contribution of tryptophan. 
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Dry buttermilk is the product resulting from the re- 
moval of water from liquid buttermilk derived from the 
manufacture of butter. It contains not less than 4.5% milk- 
fat and not more than 5% moisture. 

All of these products may be processed in such a way 
that their dispersing and reliquefaction properties are sub- 
stantially improved. When this is accomplished, the prod- 
ucts are called instantized. “Single-pass” and “agglomer- 
ating” processes are used to make instant dry milk 
products, with the primarily method being the latter. 

Table 1 reflects the annual domestic production of non- 
fat dry milk, dry whole milk, and dry buttermilk during 
the period 1960 to 1998. Standards for dry milk products 
initially were developed by the dairy industry in 1929. 
Since that time, additional product standards have been 
developed—and revised—both by industry and govern- 
ment agencies. These standards are based on various gen- 
eral and specific product characteristics, which serve as a 
basis for determining overall quality of the dry milk prod- 
ucts. Table 2 shows the approximate composition and food 
value of the three most commonly manufactured dry milk 
products. 


UTILIZATION 


An industry-wide survey of end uses for dry milk products 
is conducted annually by the American Dairy Products In- 
stitute. Data compiled in the survey are published under 
the title Dry Milk Products—Utilization and Production 
Trends. Included in the census data are end-use markets 
for nonfat dry milk, dry whole milk, and dry buttermilk. 
For the past several years the largest markets for nonfat 
dry milk have been dairy, prepared dry mixes, confection- 
ery, and bakery. These market areas accounted for 781 mil- 
lion pounds in 1998—approximately 89% of the domestic 
sales. The primary market for dry whole milk is confec- 
tionery. In 1998, this market area accounted for 88 million 
pounds of dry whole milk—over 66% of the domestic sales 
for this product. Dry buttermilk is used in three primary 
markets—dairy, bakery, and prepared dry mixes. In 1998, 
these markets used 39.6 million pounds of dry butter- 
milk—representing 89% of domestic sales. 
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Throughout the food processing industries, there aremany 
and varied requirements for thermal drying. Some involve 
the removal of moisture or volatiles from various food in- 
gredients or products that differ in both chemical and 
physical characteristics. Others involve the drying of so- 
lutions or liquid suspensions and different approaches to 
the problem. To assist manufacturers in arriving at a rea- 
sonably accurate first assessment of the type, size, and cost 
of element for a particular duty, this article describes the 
most widely used types of both batch and continuous dry- 
ers in the food industries and gives an indication of ap- 
proximate sizes and capital costs for typical installations. 

Three basic methods of heat transfer are used in indus- 
trial dryers in varying degrees of prominence and combi- 
nations, specifically, convection, conduction, and radiation. 

In the chemical processing industry, the majority of dry- 
ers employ forced convection and continuous operation. 
With the exception of the indirectly heated rotary dryer 
and the film drum dryer, units in which heat is transferred 
by conduction are suitable only for batch use. This limi- 
tation effectively restricts them to applications involving 
somewhat modest production runs. 

Radiant, or “infrared,” heating is rarely used in drying 
materials such as fine chemicals or pigments. Its main ap- 
plication is in such operations as the drying of surface coat- 
ings on large plane surfaces since for efficient utilization, 
it generally is true that the material being irradiated must 
have a sight of the heat source or emitter. There is, how- 
ever, in all the dryers considered here a radiant component. 
in the heat-transfer mechanism. 

Direct heating is used extensively in industrial drying 
equipment where much higher thermal efficiencies are ex- 
hibited than with indirectly heated dryers. This is because 
there are no heat exchanger losses and the maximum heat 
release from the fuel is available for the process. However, 
this method is not always acceptable, especially where 
product contamination cannot be tolerated. In such cases, 
indirect heating must be used. 

With forced-convection equipment, indirect heating em- 
ploys a condensing vapor such as steam in an extended 
surface tubular heat exchanger or in a steam jacket where 
conduction is the method of heat transfer. Alternative sys- 
tems that employ proprietary heat-transfer fluids also can 
be used. These enjoy the advantage of obtaining elevated 
temperatures without the need for high-pressure opera- 
tion as may be required with conventional steam heating. 
This may be reflected in the design and manufacturing cost 
of the dryer. Furthermore, in addition to the methods listed 
above, oil- or gas-fired indirect heat exchangers also can 
be used. 

In general, dryers are either suitable for batch or con- 
tinuous operation. A number of the more common types 
are listed in Table 1, where an application rating based on 
practical considerations is given. In the following review, 
some of the factors likely to influence selection of the vari- 
ous types are discussed for particular applications. 


BATCH DRYERS 


It will be apparent that batch operated equipment usually 
is related to small production runs or to operations requir- 
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Throughout the food processing industries, there aremany 
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Three basic methods of heat transfer are used in indus- 
trial dryers in varying degrees of prominence and combi- 
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In the chemical processing industry, the majority of dry- 
ers employ forced convection and continuous operation. 
With the exception of the indirectly heated rotary dryer 
and the film drum dryer, units in which heat is transferred 
by conduction are suitable only for batch use. This limi- 
tation effectively restricts them to applications involving 
somewhat modest production runs. 

Radiant, or “infrared,” heating is rarely used in drying 
materials such as fine chemicals or pigments. Its main ap- 
plication is in such operations as the drying of surface coat- 
ings on large plane surfaces since for efficient utilization, 
it generally is true that the material being irradiated must 
have a sight of the heat source or emitter. There is, how- 
ever, in all the dryers considered here a radiant component. 
in the heat-transfer mechanism. 

Direct heating is used extensively in industrial drying 
equipment where much higher thermal efficiencies are ex- 
hibited than with indirectly heated dryers. This is because 
there are no heat exchanger losses and the maximum heat 
release from the fuel is available for the process. However, 
this method is not always acceptable, especially where 
product contamination cannot be tolerated. In such cases, 
indirect heating must be used. 

With forced-convection equipment, indirect heating em- 
ploys a condensing vapor such as steam in an extended 
surface tubular heat exchanger or in a steam jacket where 
conduction is the method of heat transfer. Alternative sys- 
tems that employ proprietary heat-transfer fluids also can 
be used. These enjoy the advantage of obtaining elevated 
temperatures without the need for high-pressure opera- 
tion as may be required with conventional steam heating. 
This may be reflected in the design and manufacturing cost 
of the dryer. Furthermore, in addition to the methods listed 
above, oil- or gas-fired indirect heat exchangers also can 
be used. 

In general, dryers are either suitable for batch or con- 
tinuous operation. A number of the more common types 
are listed in Table 1, where an application rating based on 
practical considerations is given. In the following review, 
some of the factors likely to influence selection of the vari- 
ous types are discussed for particular applications. 


BATCH DRYERS 


It will be apparent that batch operated equipment usually 
is related to small production runs or to operations requir- 
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Table 1, Product Classification and Dryer Types as an Aid to Selection 
Evaporation rate, Fluids, Pastes, Granules, 
Ib/ft? -h liquid dewatered pellets, 
mean rate = E,, suspension cake Powders extrudates Operation 
Forced convection (cross-airflow) 0.15-0.25 
Eyy = 0.2 Poor Fair Fair Good Batch 
Forced convection (throughflow) 1.0-2.0 
Ey = 15 = = = Good Batch 
Agitated pan (sub-atmospheric) 1.0-5.0 
Ey = 3.0 Fair Pair Pair Poor Batch 
Agitated pan (atmospheric) 1,0-5.0 
Ey = 3.0 Fair Fair Fair Poor Batch 
Double-cone tumbler (sub atmospheric) 1.0-3.0 
Ey = 2.0 ns Poor Fair Poor Batch 
Fluidized bed (throughflow) 2-50 
Egy = 26 _ _ Good Good Continuous 
Conveyor band (throughflow) 2.0-10.0 
Ey, = 6.0 = Fair aa Good Continuous 
Rotary (indirect) 1.0-3.0° 
Ey = 2.0 _ Poor Good Fair Continuous 
Rotary (direct) 2.0-6.0° 
Ew = 4.0 = Fair Fair Good Continuous 
Film drum (atmospheric) 3.0-6.0 
Ey = 45 Good Fair _- - Continuous 
Pulumatic or flash 50-250 
Ey, = 150 - Fair Good Fair Continuous 
Spray 7.0-33.0 
Egy = 20.0 Good - - - Continuous 
“Evaporation rates for rotary dryers are expressed in Ib/ft? - h. 
ing great flexibility. As a result, the batch-type forced- 8000 Z 
convection unit certainly finds the widest possible appli- 4 Thruflo units para ‘C2! 2-truck 
cation of any dryer used today. Lf extruded material 
The majority of designs employ recirculatory air sys- = 6000 ff 
tems incorporating large-volume, low-pressure fans that, = 3 Thruflo //Z Type 'C' 2-truck” Type No. 2 
with the use of properly insulated enclosures, usually pro- x units yh 7 filter cake her 
vide thermal efficiencies in the region of 50-60%. However, = 4000 = 
in special applications of this type of dryer that call for a 2 Thruflo units 
total air rejection, this figure is somewhat lower and is 3} 
largely related to the volume and temperature of the ex- 2000 1 Thruflo unit 
haust air. Capital investment is relatively low, as are in- 
stallation costs. Furthermore, by using the fan systems, 0 fi I 


both power requirements and operating costs also are min- 
imal. Against these advantages, labor costs can be high. 

In such a plant, the drying cycles are extended, with 
24-45 hours being quite common in certain cases. This is 
a direct result of the low evaporative rate, which normally 
is in the region of 0.15-0.25 lb/ft? h. 

Following the recent trend and interest shown in pre- 
forming feedstock and in particular with regard to the de- 
sign of extruding and tray-filling equipment for dewatered 
cakes, it is now possible to obtain the maximum benefit of 
enhanced evaporative rates by using through-air circula- 
tion dryers when handling preformed materials. Figure 1 
shows how a high-performance dryer can product 1950 
pounds of dried material in a 24-h period at a terminal 
figure of 0.5% moisture when handling a preformed filter 
cake having an initial moisture content of 58%. The very 
great improvement in performance can readily be seen 
from the curve, in which it is clear that the corresponding 
number of conventional two-truck recirculatory units 


1 1 
fo) 5 10 15 20 25) 30 
Number of two-truck units 


Figure 1. Comparative performance curves for Thruflo and con- 
ventional units. 


would be between seven and eight for the same duty. The 
advantage is more apparent when it is seen that respective 
floor areas occupied are 55 ft? for the Thruflo dryer pic- 
tured in Figure 2 and 245 ft? in the case of conventional 
units using transverse airflow. 

Reference to the drying curves for the processing of ma- 
terials in solid or filter cake form or, in fact, in the case of 
wet powders, clearly indicates that the ultimate rate- 
governing factor is the rate of diffusion of moisture from 
the wet mass. This becomes increasingly so during the fall- 
ing rate period of drying. This situation, however, can be 
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Figure 2. Thruflo dryer. 


improved by preforming the product in order to increase 
the effective surface area presented to heat and mass 
transfer. The logical extension of this technique is to total 
dispersion drying (flash or pneumatic dryers, fluid beds, 
etc) where discrete particles can be brought into contact 
with the hot gas. This produces rapid heat transfer with 
correspondingly short drying times. 

Batch-type fluidized-bed dryers have, therefore, super- 
seded forced-convection units in many cases, notably in the 
drying of pharmaceuticals. These machines generally are 
available in a range of standard sizes with batch capacities 
of 50-200 Ib, although much larger units are made for spe- 
cial applications. 

When considering this type of dryer, it is important to 
ensure that the feed material can be fluidized in both ini- 
tial and final conditions. It also should be remembered that 
standard fan arrangements are not equally suitable for a 
variety of materials of different densities. Therefore, it is 
necessary to determine accurately the minimum fluidizing 
velocity for each product. 

If the feedback is at an acceptable level of moisture con- 
tent for fluidization, this type of dryer provides many ad- 
vantages over a batch-type unit. Simplified loading and 
unloading results in lower labor costs, high thermal effi- 
ciencies are common, and the drying time is reduced to 
minutes as opposed to hours in conventional units. Cur- 
rent developments of this type of equipment now include 
techniques for the simultaneous evaporation of water and 
the granulation of solids. This makes the units ideal for 
use in the pharmaceutical field. 

The various batch dryers referred to operate by means 
of forced convection, the transfer of thermal energy being 
designed to increase the vapor pressure of the absorbed 
moisture while the circulated air scavenges the overlying 
vapor. Good conditions thus are maintained for continued 
effective drying. Alternatively and where the material is 
thermosensitive—implying low temperatures with conse- 
quently low evaporative rates—some improvement can be 
effected by the use of subatmospheric dryers, ie, by reduc- 
ing the vapor pressure. Several different configurations 


are in use and all fall into the category of conduction-type 
dryers. The most usual type of heating is by steam, al- 
though hot water or one of the proprietary heat-transfer 
fluids can be used. 

Two particular types are the double-cone dryer (Fig. 3) 
with capacities of =400 ft® and the agitated-pan dryer not 
normally larger than 8 ft diameter, where average evapo- 
rative rates per unit wetted area usually are in the region 
of 4 lb/ft? h. These units are comparatively simple to op- 
erate and, when adequately insulated, are thermally quite 
efficient, although drying times can be extended. They are 
especially suitable for applications involving solvent recov- 
ery and will handle powders and granules moderately well. 
They do, however, suffer from the disadvantage with some 
materials that the tumbling action in double-cone dryers 
and the action of the agitator in agitated-pan machines can 
produce a degree of attrition in the dried product that may 
prove unacceptable. 

Similarly, quite large rotary vacuum dryers are used for 
pigment pastes and other such materials, especially where 
organic solvents present in the feedstock have to be recov- 
ered. These units normally are jacketed and equipped with 
an internal agitator that constantly lifts and turns the ma- 
terial. Heat transfer here is entirely by conduction from 
the wall of the dryer and from the agitator. Owing to the 
nature of their construction, initial cost is high relative to 
capacity. Installation costs also are considerable. In gen- 
eral, these dryers find only limited application. 


CONTINUOUS DRYERS 


For the drying of liquids of liquid suspensions, two types 
of dryers can be used: film drum dryers for duties in the 
region of 600 lb/h for a larger dryer of about 4 ft diameter 
X 10 ft face length or large spray dryers (as in Fig. 4) with 
drying rates of approximately 22,000 Ib/h. Where tonnage 
production is required, the drum dryer is at a disadvan- 


Figure 3. Double-cone vacuum dryer. 


Figure 4. Conical section of a large spray dryer. 


tage. However, the thermal efficiency of the drum dryer is 
high in the region of 1.3-1.5 lb steam/Ib of water evapo- 
rated and for small to medium production runs, it does 
have many applications. 

Drum dryers usually are steam-heated, although work 
has been done involving the development of units for direct 
gas or oil heating. Completely packaged and capable of in- 
dependent operation, these dryers can be divided into two 
broad classifications, ie, single-drum and double-drum. 

Double-drum machines normally employ a “nip” feed 
device with the space between the drums capable of being 
adjusted to provide a means of controlling the film thick- 
ness. Alternatively, and in the case of the single-drum 
types, a variety of feeding methods can be used to apply 
material to the drum. The most usual is the simple “dip” 
feed. With this arrangement, good liquor circulation in the 
trough is desirable in order to avoid increasing the concen- 
tration of the feed by evaporation. Again, for special ap- 
plications, single-drum dryers use top roller feed. While 
the number of rolls is related to the particular application 
and the material being handled, in general this method of 
feeding is used for pasty materials such as starches. Where 
the feed is very mobile, rotating devices such as spray feeds 
are used. 

It will be seen from the Figure 5 drawings that there 
are a number of different feeding arrangements for drum 
dryers, all of which have a particular use. In practice, these 
variants are necessary owing to the differing characteris- 
tics of the materials to be dried and to the fact that no 
universally satisfactory feeding device has yet been devel- 
oped. This again illustrates the need for testing, not only 
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in support of theoretical calculations for the determination 
of the best dryer size but also to establish where a satis- 
factory film can be formed. 

It must be emphasized that the method of feeding the 
product to the dryer is of paramount importance to selec- 
tion or design. There are, of course, certain materials that 
are temperature-sensitive to such a degree that their han- 
dling would preclude the use of an atmospheric drum 
dryer. In such cases, special subatmospheric equipment 
may provide the answer, although the capital cost in re- 
lation to output generally would restrict its use to premium 
grade products. 

As an alternative, the spray dryer offers an excellent 
solution to many drying problems. Many materials that 
would suffer from thermal degradation if dried by other 
methods often can be handled by spray drying owing to the 
rapid flash evaporation and its accompanying cooling ef- 
fect. The continuous method of operation also lends itself 
to large outputs and with the correct application of control 
equipment, to low labor cost as well. 


SPRAY DRYERS 


Fundamentally, the spray-drying process is a simple one. 
However, the design of an efficient spray-drying plant re- 
quires considerable expertise along with access to large- 
scale test facilities, particularly where particle size and 
bulk density requirements in the dried product are critical. 
The sizing of spray dryers on a purely thermal basis is a 
comparatively simple matter since the evaporation is en- 
tirely a function of the 4t across the dryer. Tests on pilot- 
scale equipment are not sufficient in the face of such im- 
ponderables as possible wall buildup, bulk density, and 
particle size predictions. Atomization of the feed is of prime 
importance to efficient drying and three basic feed devices 
are used extensively: 


1. Single-fluid nozzle or pressure type 
2. Two-fluid nozzle or pneumatic type 
3. Centrifugal (spinning disk) 


The single-fluid nozzle produces a narrow spray of fine 
particles. While a multiplicity of nozzles of this type are 
used in tonnage plants to obtain the desired feedrate, be- 
cause of the high pressures employed (up to 7000 psig), 
excessive wear can result, particularly with abrasive prod- 
ucts, as an alternative, the two-fluid nozzle with external 
mixing is used for a variety of abrasive materials. This 
system generally is limited to small-capacity installations. 
Normally, the feed is pumped at about 25 psig merely to 
induce mobility while the secondary fluid is introduced at 
50-100 psig, thus producing the required atomization. 

Centrifugal atomization achieves dispersion by centrif- 
ugal force; the feed liquor is pumped to a spinning disk. 
This system is suitable for and generally used on large pro- 
ductions. When stacked or multiple disks are employed, 
feed rates of 40,000-60,000 Ib/h are not uncommon. 

Many spray dryer configurations are in current use 
along with a variety of airflow patterns. The nature of the 
chamber geometry selected is strictly related to the system 


546 DRYERS: TECHNOLOGY AND ENGINEERING 


Figure 5. Feeding arrangements for 
drum dryers. 
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of atomization used. An example of this is the tower con- 
figuration designed to accommodate the inverted jet of the 
two-fluid nozzle whereas the cylinder and cone of the more 
usual configuration are designed for the spray pattern pro- 
duced by a disk-type atomizer (Fig. 6). 

The product collection systems incorporated in spray- 
drying installations are many and varied and can consti- 
tute a substantial proportion of the total capital invest- 
ment. In some cases, this can be as high as 20-25% of the 
installed plant cost. It also must be remembered that to be 
suitable for spray drying, the feed must be in a pumpable 
condition. Therefore, consideration must be given to the 
upstream process, ie, whether there is any need to reslurry 
in order to make the feed suitable for spray drying. 

It generally is accepted that mechanical dewatering is 
less costly than thermal methods and while the spray 
dryer exhibits quite high thermal efficiencies, it often is at 
a disadvantage relative to other drying systems because of 
the greater absolute weight of water to be evaporated 
owing to the nature of the feed. It is, however, interesting 
to consider this point further. A classic case for comparison 
is provided by a thixotropic material that may be handled 
either in a spray dryer using a mechanical disperser doing 
work on a filtered cake to make it amenable to spray 
drying or alternatively, drying the same feedstock on a 
continuous-band dryer. In the latter instance, the cake is 
fed to an extruder and suitably preformed prior to being 
deposited on the conveyor band. 

The operating costs presented in Table 2 are based on 
requirements for thermal and electrical energy only. No 
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consideration is given to labor costs for either type of plant 
since these are likely to be approximately the same. Prob- 
ably the most obvious figure emerging from this compari- 
son is the 20% price differential in favor of the continuous- 
band dryer. Furthermore, while energy costs favor spray 
drying, they are not significantly lower. 

It is, of course, impossible to generalize since the eco- 
nomic viability of a drying process ultimately depends on 
the cost per pound of the dried product and, as mentioned. 
previously, the spray dryer usually has a greater amount 
of water to remove by thermal methods than other types. 
In the particular case illustrated, the spray dryer would 
have an approximate diameter of 21 ft for the evaporation 
of 6000 Ib/h. If, however, the feed solids were reduced to 
30% by dilution, the hourly evaporation rate would in- 
crease to 14,000 Ib and the chamber diameter would be 
about 30 ft with corresponding increases in thermal input 
and air volume. The system would, as a result, also require 
larger fans and product collection systems. The overall 
thermal efficiency would remain substantially constant at 
76% with reducing feed solids. Installed plant costs, how- 
ever, increase proportionally with increasing dryer size 
necessary for the higher evaporation involved in producing 
a dried output equivalent to that shown in Table 2. 

Spray drying does have many advantages, particularly 
with regard to the final product form. This is especially so 
where pressing grade materials are required, ie, in the pro- 
duction of ceramics and dust-free products such as dye- 
stuffs. It is certain that with the introduction of new ge- 
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Figure 6. Alternative configurations of spray dryers showing (a) tall form type and (b) conical. 
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‘Table 2. Comparison between Direct-Fired Band Dryer and Spray-Dryer Costs in the Processing of Titanium Dioxide 


Spray dryer Band dryer 
Initial moisture content, W/W 50% 50% 
Final moisture content, W/W 0.5% 0.5% 
Feed, Ib/h 12,000 12,000 
Evaporation Ib/h 5970 5970 
Output, Ib/h 6030 6030 
Inlet air temperature, °F 1150 393 
Exhaust air temperature, °F 250 300 
Direct gas firing Gas CV = 1000 Btu/ft? Gas CV = 1000 Btu/ft? 
Hourly operating cost gas and electricity $39.00 $42.26 
Thermal efficiency 76.0% 69.5% 
Installed horsepower 149 154 
Floor area occupied, ft? 650 2100 
Installed cost $465,000 $330,000 
Energy cost per pound of dried product $0.065 $0.070 


ometries and techniques there will be further development. 
into areas such as foods and in the production of powders 
that may be easily reconstituted. 


ROTARY DRYERS 


Another type of dryer that is very much in evidence in the 
chemical and process industries is the continuous rotary 
dryer. This machine generally is associated with tonnage 
production and as a result of its ability to handle products 
having a considerable size variation, can be used to dry a 
wide range of materials. The principal sources of thermal 
energy are oil, gas, and coal. While typical inlet tempera- 
tures for direct-fired dryers using these fuels is in the order 
of 1200°F, in certain instances they may be as high as 
1500-1600°F depending largely on the nature of the prod- 
uct handled. Where feed materials are thermosensitive, 
steam heating from an indirect heat exchanger also is used 
extensively, These dryers are available in a variety of de- 
signs but in general, can be divided into two main types: 
those arranged for direct heating and those designed for 
indirect heating. As seen from Figure 7, certain variants 
do exist. For example, the direct—indirect dryer uses both 
systems simultaneously. 

Where direct heating is used, the product of combustion 
are in intimate contact with the material to be dried while 
in the case of the indirect system, the hot gases are ar- 
ranged to circulate around the dryer shell. Heat transfer 
then is by conduction and radiation through the shell. 

With the indirect—direct system, hot gases first pass 
down a central tube coaxial with the dryer shell and return 
through the annular space between the tube and the shell. 
The material being cascaded in this annulus picks up heat 
from the gases and also by conduction from direct contact 
with the central tube. This design is thermally very effi- 
cient. Again, while there are a number of proprietary de- 
signs employing different systems of airflow, in the main 
these dryers are of two types: parallel and countercurrent 
flow. With parallel flow, only high-moisture-content mate- 
rial comes into contact with the hot gases, and, as a result, 
higher evaporative rates can be achieved than when using 
countercurrent flow. 


In addition, many thermosensitive materials can be 
dried successfully by this method. Such an arrangement 
lends itself to the handling of pasty materials since the 
rapid flashing off of moisture and consequent surface 
drying limits the possibility of wall buildup or agglomer- 
ation within the dryer. On the other hand, countercurrent 
operation normally is used where a low terminal mois- 
ture content is required. In this arrangement, the high- 
temperature gases are brought into contact with the prod- 
uct immediately prior to discharge where the final traces 
of moisture in the product must be driven off. 

In both these types, however, gas velocities can be suf- 
ficiently high to produce product entrainment. They there- 
fore would be unsuitable for low-density or fine-particle 
materials such as carbon black. In such cases, the indirect- 
fired function-type dryer is more suitable since the dryer 
shell usually is enclosed in a brick housing or outer steel 
jacket into which the hot gases are introduced. As heat 
transfer is entirely by conduction, conventional flighting 
and cascading of the material is not used. Rather, the in- 
side of the shell is fitted with small lifters designed to 
gently turn the product while at the same time maintain- 
ing maximum contact with the heated shell. 

Another type of indirectly heated dryer that is particu- 
larly useful for fine particles or heat-sensitive materials is 
the steam-tube unit. This dryer can be of the fixed-tube 
variety equipped with conventional lifting flights designed 
to cascade the product through a nest of square section 
tubes, or alternatively, a central rotating tube nest can be 
used. Figure 8 shows a fixed-tube rotary dryer, which nor- 
mally has an electrical vibrator fitted to the tube nest in 
order to eliminate the possibility of bridging of the product 
with consequent loss of heat-transfer surface. Since the 
heat exchanger is positioned within the insulated shell in 
this type of dryer, the air rejection rate is extremely low 
and thermal efficiencies are high. In general, this design 
is suitable only for free-flowing materials. 

A considerable amount of work has been done on the 
development of various types of lifting flights, all designed 
to produce a continuous curtain of material over the cross 
section of the dryer shell. Other special configurations in- 
volve cruciform arrangements to produce a labyrinth path. 
The object is to give longer residence times where this is 
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Indirect firing conduction type 


Materials —> Heat flow —> Figure 7. Typical rotary dryer arrangements. 
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Figure 8. Fixed-tube rotary dryer. 


necessary. When the diffusional characteristics of the ma- 
terial or other process considerations call for extended res- 
idence times, these machines no doubt will continue to find 
application. 


PNEUMATIC DRYERS 


Where total dispersion of the product in a heated gas 
stream can be achieved with a significant increase in evap- 
orative rates, pneumatic or continuous fluid-bed dryers are 
preferred. The capital cost of these alternatives generally 
is lower and maintenance is limited to such components as 
circulating fans and rotary valves. When considering these 
two types of dryers, it is convenient to examine them to- 
gether since both share similar characteristics. Both em- 
ploy forced convection with dispersion of the feedstock, and 
as a result of the intimate contact between the drying me- 
dium and the wet solids, both exhibit much higher drying 
rates than do any of the other dryers mentioned previously. 

In a fluidized-bed dryer, the degree of dispersion and 
agitation of the wet solids is limited, whereas in a pneu- 
matic dryer, the degree of dispersion is total and the ma- 
terial is completely entrained in the gas stream. This often 
is turned to advantage as the drying medium is used as a 
vehicle for the partially dried product. Other operations 
such as product classification also can be carried out where 
required. A further feature of fluid-bed and flash dryers is 
that the method of operation allows many temperature- 
sensitive materials to be dried without thermal degrada- 
tion due to the rapid absorption of the latent heat of va- 
porization. This generally permits high-rate drying, 
whereas in other types of dryers lower temperatures would 
be necessary and correspondingly larger and more costly 
equipment would be required. 

A very good degree of temperature control can be 
achieved in fluid-bed dryers and the residence time of the 
material can be varied either by the adjustment of the dis- 
charge weir or by the use of multistage units. Similarly, 
the residence time in the flash dryer can be adjusted by 
the use of variable cross-sectional area and, therefore, vari- 
able velocity. In addition, multiple-effect columns can be 
incorporated to give an extended path length or continuous 
recirculatory systems employing both air and product re- 
cycle can be used as illustrated in Figure 9. 


Generally speaking, the residence time in fluidized-bed 
dryers is measured in minutes and in the pneumatic dryer 
in seconds. Both dryers feature high thermal efficiencies, 
particularly where the moisture content of the wet feed is 
sufficiently high to produce a significant drop between inlet 
and outlet temperatures. While the condition of the feed 
in the pneumatic dryer is somewhat less critical than that 
in the fluid-bed dryer because it is completely entrained, 
it still is necessary to use backmixing techniques on occa- 
sion in order to produce a suitable feed. A variety of feeding 
devices are used with these machines. 

In fluid-bed dryers, special attention must be paid to 
the nature of the proposed feed since one condition can 
militate against another. To some extent, this is reflected 
in the range of variation in the figures given in Table 1 for 
evaporative rates. If a large or heavy particle is to be dried, 
the fluidizing velocities required may be considerable and 
involve high power usage. In such circumstances, if the 
moisture content is low and the surface/mass ratio also is 
low, the thermal efficiency and evaporation would be low. 
This would make selection of a fluid-bed dryer completely 
unrealistic and probably would suggest a conventional ro- 
tary dryer for the application. 

Another case is that in which the minimum fluidizing 
velocity is so low that a dryer of very large surface dimen- 
sions is necessary to obtain the required thermal input. 
This also occurs in problems of fluid-bed cooling and usu- 
ally is overcome by the introduction or removal of thermal 
energy by additional heating or cooling media through an 
extended-surface heat exchanger immersed in the bed. 

With both types of dispersion dryer many configurations 
are available. While the power requirements of each usu- 
ally is well in excess of other dryers because of the use of 
high-efficiency product recovery systems, the smaller size 
of the fluid-bed dryer compared with conventional rotaries 
and the fact that the flash dryer can be arranged to fit in 
limited floor space makes them very attractive. 


BAND DRYERS 


When selecting a dryer, it always is necessary to con- 
sider the final product form. When the degree of product 
attrition common to pneumatic and fluidized-bed dryer 
operation is unacceptable, continuous-band or “apron” dry- 
ers can provide an effective solution. These are widely used 
where moderately high rates of throughput on a continu- 
ous basis are called for. The most commonly used 
continuous-band dryer is the single-pass machine employ- 
ing through-air circulation. Alternatively, and where there 
is limited floor space or a possible need for long residence 
time, multi-pass units are used with the conveyors 
mounted one above the other. In similar circumstances, 
another special type of multi-deck dryer can be used that 
employs a system of tilting trays so that the product is 
supported on both the normal working and the inside of 
the return run of the conveyor band. This arrangement 
considerably increases the residence time within the dryer 
and is particularly useful where the product has poor dif- 
fusional characteristics. 

The method of airflow employed in these dryers is either 
vertically downward through the material and the sup- 
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Figure 9. Multipass (a) and air recycle (b) arrangements in flash dryers. 


porting band or alternatively upward. Sometimes a com- 
bination of the two may be dictated by the nature of the 
wet feed. It occasionally happens that extruded materials 
have a tendency to coalesce when deposited on the band, 
in which case one or more sections at the wet end of the 
dryer may be arranged for upward airflow to reduce the 
effect. Wherever possible, through-air circulation is used 
as opposed to transverse airflow. This results in greatly 
increased evaporative rates as may be seen from Table 1. 

An illustration of the relatively high performance of a 
band dryer operating on this system as compared with a 
unit having transverse airflow can be cited in a case in- 
volving the processing of a 70% moisture content filter 
cake. When this material is dried in a conventional unit, 
the cycle time is in the region of 28 h. This is reduced to 
55 min in the through-circulation band dryer largely as a 
result of using an extruder—performer designed to produce 
a dimensionally stable bed of sufficient porosity to permit 
air circulation through the feed. 

In view of this, transverse airflow usually is used only 
where the type of conveyor necessary to support the prod- 
uct does not allow through-flow or where the product form 
is not suitable for this method of airflow. The most usual 
method of heating is by steam through heat exchangers 
mounted in the side plenums or above the band, although 
direct oil and gas firing sometimes is used. In such cases, 
the products of combustion normally are introduced to a 
hot well or duct at an elevated temperature from where 
they are drawn off and mixed with circulating air in each 
zone or section of the dryer. 

Another alternative with direct firing is to use a series 
of small individual burners positioned so that each serves 
one or more zones of the dryer. Typical single-pass dryers 
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of modular construction are illustrated in Figures 10, 11, 
and 12. 

With this type and size of dryer, the average product 
throughput is about 5600 Ib/h and involves an evaporation 
of 1600 lb/h moisture. It is not unusual, however, to find 
equipment with evaporative capacities of 3000 Ib/h. Such 
outputs involve quite a large band area with correspond- 
ingly large floor area requirements. Various types of feed- 
ing arrangements are available to spread or distribute the 
wet product over the width of the band. Here again, the 
nature of the feed is an important prerequisite for efficient 
drying. Steam-heated, finned drums have been used as a 
means of producing a partially dried, preformed feed. 
While the amount of predrying achieved is reflected in in- 
creased output for a given dryer size or, alternatively, en- 
ables a smaller dryer to be used, these items are usually 
much more costly than many of the mechanical extruders 
that are available. 

Generally, these extruders operate with rubber covered 
rollers moving over a perforated die plate with feed in the 
form of pressed cakes or more usually, as the discharge 
from a rotary vacuum filter. Others of the pressure type 
employ a gear pump arrangement, with extrusion taking 
place through a series of individual nozzles, while some use 
screw feeds that usually are set up to oscillate in order to 
obtain effective coverage of the band. Alternative designs 
include rotating cam blades or conventional bar-type gran- 
ulators, although the latter often produce a high propor- 
tion of fines because of the pronounced shearing effect. 
This makes the product rather unsuitable because of the 
entrainment problems that can occur. 

Each of the types available is designed to produce 
continuous—discontinuous extrudates or granules, with 
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Figure 10. Continuous conveyor band dryer ar- 
rangement for direct gas firing. 


Figure 11. Multistage band dryer. 


the grid perforations spaced to meet product characteris- 
tics. In selecting the proper type of extruder, it is essential 
to carry out tests on semiscale equipment as no other valid 
assessment of suitability can be made. 

As a further illustration of the desirability of using a 
preforming technique, tests on a designated material ex- 
hibited a mean evaporative rate of 1.9 Ib ft? - h when pro- 
cessed in filter-cake form without preforming. When ex- 
truded, however, the same material being dried under 
identical conditions gave a mean evaporative rate of 3.8 lb 
ft? - h. This indicates, of course, that the effective band area 
required when working on extruded material would be 
only 50% of that required in the initial test. Unfortunately, 
the capital cost is not halved as might be expected since 


the feed and delivery ends of the machine housing the drive 
and terminals remain the same and form an increased pro- 
portion of the cost of the smaller dryer. While the cost of 
the extruder also must be taken into account in the com- 
parison, cost reduction still would be about 15%. Of course, 
other advantages result from the installation of the 
smaller dryer. These include reduced radiation and con- 
vection losses and a savings of approximately 40% in the 
floor area occupied. 

This type of plant does not involve high installation 
costs, and both maintenance and operating labor require- 
ments are minimal. Since they generally are built on a 
zonal principle, with each zone having an integral heater 
and fan, a good measure of process control can be achieved. 


Furthermore, they provide a high degree of flexibility be- 
cause of the provision of variable speed control on the con- 
veyor. 


SELECTION 


The application ratings given in Table 1 in which are listed 
the approximate mean evaporative rates for products un- 
der a generic classification are based on APV experience 
over a number of years in the design and selection of drying 
equipment. It should be appreciated, however, that drying 
rates vary considerably in view of the variety of materials 
and their widely differing chemical and physical charac- 
teristics. Furthermore, drying conditions such as tempera- 
ture and the moisture range over which the material is to 
be dried have a very definite effect on the actual evapora- 
tive rate. It is important, therefore, when using the figures 
quoted that an attempt is made to assess carefully the na- 
ture of the product to be handled and the conditions to 
which it may be subjected in order to achieve greater ac- 
curacy. With these factors in mind, it is hoped that the 
foregoing observations on drying techniques along with the 
appropriate tables and curves will provide a basis for mak- 
ing an assessment of the type, size, and cost of drying 
equipment. 

In making a preliminary assessment for dryer selection, 
there are a number of further points to consider: 


1. What is the nature of the upstream process? Is it 
feasible to modify the physical properties of the feed, 
eg, mechanical dewatering to reduce the evaporative 
load? 
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Figure 12. Band dryer and extru- 
der with dye stuffs. 


2. Does the quantity to be handled per unit time sug- 
gest batch or continuous operation? 

3. From a knowledge of the product, select the type(s) 
of dryer that it appears would handle both the wet 
feedstock and the dried product satisfactorily and re- 
late this to the equipment having the highest appli- 
cation rating in Table 1. 

4, From a knowledge of the required evaporative duty, 
ie, the total mass of water to be evaporated per unit 
time and by the application of the approximate E,, 
figure given in Table 1, estimate the size of the dryer. 

5. Having established the size of the dryer on an area 
or volumetric basis, refer to the appropriate curve in 
Figures 13 and 14 and establish an order of cost for 
the particular type of unit. 


Although a great deal of fundamental work has been 
carried out into the mechanics of drying, which provides a 
basis for recommendations, it is most desirable for pilot 
plant testing to be done. This is necessary not only to sup- 
port theoretical calculations but also to establish whether 
a particular dryer will handle the product satisfactorily. In 
the final analysis, it is essential to discuss the drying ap- 
plication with the equipment manufacturer who has the 
necessary test facilities to examine the alternatives objec- 
tively and has the correlated data and experience from 
field trials to make the best recommendation. 


EFFICIENT ENERGY UTILIZATION IN DRYING 


It generally is necessary to employ thermal methods of dry- 
ing in order to reach what is termed a “commercially dry” 
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Figure 13. Approximate capital costs of (1) spray dryers, (2) rotary dryers (direct-oil-fired, mild 
steel, excluding product collection system), (3) continuous-band dryers steam-heated with roller 
extruder), (4) continuous-fluid-bed dryers (direct-oil-fired with primary cyclone). 
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Figure 14. Approximate capital costs of (5) pneumatic dryers (direct-fired, stainless steel, includ- 
ing primary cyclone), (6) double-cone dryers (stainless steel, excluding vacuum equipment), 


(7) drum dryers (cast-iron drums, dip feed), (8) tray dryers (steam/electric-heated). 


condition. As a result, drying forms an important part of 
most food and chemical processes and accounts for a sig- 
nificant proportion of total fuel consumption. 

The rapid escalation of fuel costs over the past 10 yr, 
together with the prevailing uncertainty of future avail- 
ability, cost, and possible supply limitations, highlights the 
continued need to actively engage in the practice of energy 
conservation. Some of the factors affecting dryer efficiency 
and certain techniques designed to reduce the cost of the 
drying operation are discussed in the next few sections. 

In making an appraisal of factors affecting dryer effi- 
ciency, it is useful to draw up a checklist of those items 
that have a significant bearing on both operation and econ- 
omy. It also is appropriate prior to examining various op- 


tions to emphasize that in the final analysis, the primary 
concern is the “cost per unit weight” of the dried product. 
This single fact must largely govern any approach to dryer 
selection and operation. Additionally, there is an increas- 
ing necessity to consider the unit operation of drying in 
concert with other upstream processes such as mechanical 
dewatering and preforming techniques in a “total energy” 
evaluation. 

In considering which factors have a bearing on dryer 
efficiency and what can be done to maximize that effi- 
ciency, the following aims should be kept in mind: 


1. Maximum temperature drop across the dryer system 
indicating high energy utilization. This implies max- 
imum inlet and minimum outlet temperature. 


2. Employ maximum permissible air recirculation, ie, 
reduce to an absolute minimum the quantity of dryer 
exhaust, having due regard for humidity levels and 
possible condensation problems. 

3. Examine the possibility of countercurrent drying, ie, 
two-stage operation with exhaust gases from a final 
dryer being passed to a predryer, or alternatively, 
preheating of incoming air through the use of a heat 
exchanger located in the exhaust gases. 

4. Utilize “direct” heating wherever possible in order to 
obtain maximum heat release from the fuel and 
eliminate heat-exchanger loss. 

5. Reduce radiation and convection losses by means of 
efficient thermal insulation. 


While the above clearly are basic requirements, there 
are a number of other areas where heat losses occur in 
practice, including sensible heat of solids. Furthermore, 
other opportunities exist for improving the overall effi- 
ciency of the process. These are related to dryer types, 
methods of operation, or possibly the use of a combination 
of drying approaches to obtain optimum conditions. 


Types of Dryers 


Considering the requirements for high inlet temperature, 
the “flash” or pneumatic dryer offers great potential for 
economic drying. This stems from the simultaneous flash 
cooling effect that results from the rapid absorption of the 
latent heat of vaporization and allows the use of high inlet 
temperatures without thermal degradation of the product. 
This type of dryer also exhibits extremely high evaporative 
rate characteristics, but the short gas-solids contact time 
can in certain cases make it impossible to achieve a very 
low terminal moisture. However, a pneumatic dryer work- 
ing in conjunction with a rotary or a continuous fluidized- 
bed dryer provides sufficient residence time for diffusion of 
moisture to take place. Such an arrangement combines the 
most desirable features of two dryer types and provides a 
compact plant and conceivably, the optimum solution. 

As a further example, it is common practice in the pro- 
cess industries to carry out pretreatment of filter-cake ma- 
terials using extruders or preformers prior to drying. The 
primary object is to increase the surface area of the product 
in order to produce enhanced rates of evaporation and 
smaller and more efficient drying plants. It is interesting 
to examine the improvements in energy utilization in a 
conveyor-band dryer resulting from a reduction in overall 
size of the dryer simply because of a change in the physical 
form of the feed material. 

Consider a typical case. As a result of preforming a filter 
cake, the evaporative rate per unit area increases by a fac- 
tor of 2, eg, 1.9 to 3.8 lb/ft? h. This permits the effective 
dryer size to be reduced to half that required for the non- 
preformed material and, for a plant handling 1 ton/h of a 
particular product at a solids content of 60%, the radiation 
and convection losses from the smaller dryer enclosure 
show an overall reduction of some 140,000 Btu/h. Although 
it is necessary to introduce another processing item into 
the line to carry out the pretreatment, it can be shown that 
the reduction in the number of dryer sections and savings 
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in horsepower more than offset the power required for the 
extruder. This differential is approximately 15 kW and the 
overall saving in total energy is approximately 10% ie, 466 
kW compared with 518 kW. Furthermore, the fact that the 
dryer has appreciably smaller overall dimensions provides 
an added bonus in better utilization of factory floor space. 


Drying Techniques 

If, as stated, the prime concern is the cost per pound of 
dried product, then major savings can be achieved by re- 
ducing the amount of water in the feedstock toa minimum 
prior to applying thermal methods of drying. Again, since 
it generally is accepted that the mechanical removal of wa- 
ter is less costly than thermal drying, it follows that con- 
siderable economies can be made when there is a substan- 
tial amount of water that can be readily removed by 
filtration or centrifuging. This approach, however, may in- 
volve changing the drying technique. For example, 
whereas a liquid suspension or mobile slurry would require 
a spray dryer for satisfactory handling of the feed, the dry- 
ing of a filter cake calls for a different type of dryer and 
certainly presents a totally different materials handling 
situation. 

In approaching a problem by two alternative methods, 
the overall savings in energy usage may be considerable 
as illustrated in Figure 15, which is a plot of feed moisture 
content versus dryer heat load. As may be seen, the differ- 
ence in thermal energy used in (A) drying from a moisture 
content of 35% down to 0.1%, or alternatively (B) drying 
the same material from 14% down to 0.1% is 24.3 x 10° 
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Figure 15. Thermal energy required for drying versus feed mois- 
ture content (duty as in Table 1). 
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Btu. Route A involves the use of a spray dryer in which the 
absolute weight of water in the feedstock is considerably 
greater than in route B, which involves the use of a ther- 
moventuri dryer. Both types, incidentally, come under the 
classification of dispersion dryers and generally operate 
over similar temperature ranges. As a result, their effi- 
ciencies are substantially the same. 

It will be apparent from Table 3 that the spray dryer is 
at a considerable disadvantage because of the require- 
ments for a pumpable feed. This highlights the need to 
consider the upstream processes and, where a particular 
“route” to produce a dry product requires a slurried feed, 
to consider whether a better alternative would be to de- 
water mechanically and use a different type of dryer. 

Comparing these two alternative methods for drying a 
mineral concentrate, the spray dryer uses a single-step at- 
omization of a pumpable slurry having an initial moisture 
content of 35% and employs thermal drying techniques 
alone down to a final figure of 0.1%. The alternative 
method commences with the same feedstock at 35% mois- 
ture content but employs a rotary vacuum filter to me- 
chanically dewater to 14%. From that point, a pneumatic 
dryer handles the cake as the second of two stages and 
thermally dries the product to the same final moisture fig- 
ure. 

While the difference in thermal requirements for the 
alternative routes already has been noted, it also is nec- 
essary to take into account the energy used for mechanical 
dewatering in accordance with assumptions outlined in the 
footnote to Table 3. From reference to this chart, it will be 
evident that the two-stage system requires approximately 
one-third of the energy needed by the single-stage opera- 
tion but that the savings are not limited to operating costs. 
There also are significant differences in the basic air vol- 
umes required for the two dryers, which means that ancil- 
laries such as product collection—gas cleaning equipment 
will be smaller and less costly in the case of the pneumatic 
dryer. The same applies to combustion equipment, fans, 


and similar items. Actually, the chart shows that capital 
cost savings are in the nature of 50% in favor of the filter 
and pneumatic drying system. 

This illustration amply demonstrates the need for a 
more detailed consideration of drying techniques than per- 
haps has been the case in the past. It also points to the 
desirability of examining a problem on a “total energy” ba- 
sis rather than taking the drying operation in isolation. 
Such a full evaluation approach often will prove it advan- 
tageous to change technology, ie, to use a different type of 
dryer than the one that possibly has evolved on the basis 
of custom and practice. 


Operating Economies 


Looking at dryer operations in terms of improving effi- 
ciency, it is interesting to see the savings that accrue if, for 
example, a pneumatic dryer is used on a closed-circuit ba- 
sis, ie, with the recycle of hot gases instead of total rejec- 
tion. Briefly, the “self-inertizing” pneumatic dryer consists 
of a closed loop as shown in Figure 16 with the duct system 
sealed to eliminate the ingress of ambient air. This means 
that the hot gases are recycled with only a relatively small 
quantity rejected at the exhaust and a correspondingly 
small amount of fresh air admitted at the burner. In prac- 
tice, therefore, oxygen levels of the order of 5% by volume 
are maintained. This method of operation raises a number 
of interesting possibilities. It permits the use of elevated 
temperatures and provides a capability to dry products 
that under normal conditions would oxidize. The result is 
an increase in thermal efficiency. Furthermore, the 
amount of exhaust gas is only a fraction of the quantity 
exhausted by conventional pneumatic dryers. This is 
clearly important wherever there may be a gaseous efflu- 
ent problem inherent in the drying operation. 

A comparison of a self-inertizing versus a conventional 
pneumatic dryer is detailed in Table 4 with the many ad- 
vantages clearly apparent. Drying with closed-circuit 


‘Table 3, Comparison of Operating Conditions and Energy Utilization of Pneumatic-and-Spray Dryers Processing 


Concentrates 

Parameter Pneumatic dryer Spray dryer 
Feed rate 88,200 Ib/h 88,200 Ib/h 
Filtrate rate 21,500 Ib/h — 
Evaporative rate 9200 Ib/h 30,700 Ib/fa 
Production rate 57,500 Ib/h 57,500 Ib/h 
Initial moisture content 14% 35% 

Final moisture content 0.1% 0.1% 

Air inlet temperature, °F 752 752 

Air outlet temperature, °F 230 230 

Total thermal input 21.43 x 108 Btuhh 66.2 x 10° Btuhh 
Basic air volume (BAV) at NTP 28,100 NCFM 86,700 NCFM 
Fuel consumption 1080 Ib/a 3290 Ib/h 
Total dryer horsepower 187 kW 530 kW 

Total filter horsepower 295 kW = 
‘Total system horsepower 482 kW 530 kW 

Total thermal input expressed as kilowatts 6280 kW 19,400 kW 
Total energy input to system 6762 kW 19,930 kW 


Note: An assumed volumetric flow of 3 ft?/min ft? of fitter area with approximately 1 hp10 ft? min has been used as being typical of the fiow rates and energy 


requirements for the filtration or mechanical dewatering equipment. 


‘Table 4, Comparison of Self-Inertizing Thermoventuri 
Dryer Versus Total Rejection Thermoventuri Dryer 


Parameter Closed circuit ‘Total rejection 
Evaporation, Ib/h 1,250 1,250 
IMC, % wwb 85 85 
FMC, % wwb 10 10 
Feed, Ib/h 1,500 1,500 
Air inlet temperature, °F 932 662 
Air outlet temperature, F 302 248 
Exhaust dry airflow, Ib/h 1,368 16,400 
Exhaust losses, Btu/h 79,700 744,000 
Heat losses, Btu/h 120,000 150,000 
‘Total heat input, Btu/h 1,680,400 2,375,700 
Efficiency, % 87.9 62.4 


operation is tending toward superheated vapor drying, and 
in practice 40-50% of the gases in circulation are water 
vapor. This suggests that the specific heat of the gas will 
be approximately 0.34 Btu/lb °F compared with about 0.24 
Btu/lb °F in a conventional total rejection dryer. Since the 
mass of gas for a given thermal capacity is appreciably less 
than in a conventional dryer and, as previously mentioned, 
oxygen levels are low, much higher operating tempera- 
tures may be used. This permits a reduction in the size of 
the closed-circuit dryer. For the case given in Table 4 and 
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Circulating 
fan 


Figure 16. Self-inertizing pneumatic 
dryer with backmix facility. 


comparing the two dryers on the basis of their cross- 
sectional areas, the total rejection dryer would have rather 
more than double the area of the closed-circuit system, 
There are obvious limitations to the use of such a tech- 
nique, but the advantages illustrated are very apparent, 
especially the savings in thermal energy alone, viz, 
695,000 Btu/h representing about 29.2% of the total re- 
quirements of the conventional drying system. 


Effect of Changing Feed Rates 


Since it has a significant bearing on efficiency, another fac- 
tor of major importance to consider when designing dryers 
of this type is the possible effect of reducing feed rate. What 
variation in quantity of feed is likely to occur as a result of 
operational changes in the plant upstream of the dryer and 
as a result, what turndown ratio is required of the dryer? 
With spray dryers and rotary dryers, the mass airflow can 
be varied facilitating modulation of the dryer when oper- 
ating at reduced throughputs. 

This, however, is not the case with pneumatic and true 
fluidized-bed dryers since the gases perform a dual func- 
tion of providing the thermal input for drying and acting 
as a vehicle for transporting the material. Since the mass 
flow has to remain constant, the only means open for mod- 
ulating these dryers is to reduce the inlet temperature. 
This clearly has an adverse effect on thermal efficiency. It 
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therefore is of paramount importance to establish realistic 
production requirements. This will avoid the inclusion of 
excessive scale-up factors or oversizing of drying equip- 
ment and thereby maximize operating efficiency. 

Figure 17 illustrates the effects on thermal efficiency of 
either increasing the evaporative capacity by increased in- 
let temperatures or alternatively, reducing the inlet tem- 
perature with the exhaust temperature remaining con- 
stant at the level necessary to produce an acceptable dry 
product. While the figure refers to the total rejection case 
of the previous illustration where design throughput cor- 
responds to an efficiency of 62.4%, the curve shows that if 
the unit is used at only 60% of design, dryer efficiency falls 
to 50%, The converse, of course, also is true. 

In this brief presentation, an attempt has been made to 
highlight some of the factors affecting efficiency in drying 
operations and promote an awareness of where savings 
can be made by applying new techniques. While conditions 
differ from one drying process to another, it is clear that 
economies can and should be made. 


SPRAY DRYING: NEW DEVELOPMENTS, NEW 
ECONOMICS 


In the field of spray drying, the past 10 years have wit- 
nessed many new developments initiated mainly to meet 
three demands from food and dairy processors—better en- 
ergy efficiency, improved functional properties of the fin- 
ished powder, and production of new, specialized dried 
products. This has been accompanied by progress made in 
the automation of drying systems and in stricter require- 
ments for the reduction of environmental impacts result- 
ing from the operation of spray dryers. 
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Figure 17. Variation of efficiency with dryer tumdown. 


While demands for energy efficient drying may have be- 
come somewhat relaxed recently with the stabilizing of en- 
ergy costs, the fact remains that spray dryers and evapo- 
rators are among the most energy-intensive processing 
systems and the future of energy costs is still uncertain. 

‘The extra functionality that may be required of the pow- 
ders is to a large extent determined by the drying condi- 
tions, including pre- and posttreatment of the concentrate 
and final powder. Desirable characteristics are dust-free 
and good reconstitution properties that involve carefully 
controlled drying conditions, often with added agglomera- 
tion and lecithination steps. 

The interest in the production of high-value specialty 
dried products instead of straight commodity products has 
been accentuated by the government’s reduced support to 
dairy producers, whereby there will be less milk solids 
available. Processors naturally are looking into ways to 
better use these available supplies by producing products 
with improved functional, nutritional, and handling prop- 
erties and, coincidentally, products with higher profit mar- 
gins. 

This is particularly noticeable in the utilization of whey 
and whey product derivatives. A larger percentage of the 
total whey produced today is handled and processed so 
that it will be suitable as food ingredients for human con- 
sumption. It also is finding new applications by being re- 
fined into whey protein concentrate and lactose through 
crystallization, hydrolyzation, and separation by ultrafil- 
tration. 

To handle the increase in plant size and complexity and 
to meet demands for closer adherence to exact product 
specifications, dryer instrumentation has been improved 
and operation gradually has evolved from manual to fully 
automated. Today, it is normal for milk drying plants to be 
controlled by such microprocessor-based systems as the 
APV ACCOS, with automation covering the increasingly 
complex startup, shutdown, and CIP procedures as well as 
sophisticated automatic adjustment of the dryer operating 
parameters to variations in ambient-air conditions. 

Finally, more stringent demands governing environ- 
mental aspects of plant operations have resulted in that. 
virtually all spray dryers today have to be equipped with 
exhaust air pollution control devices such as wet scrubbers 
or bag filters. 


Principle and Approaches 


Spray drying basically is accomplished in a specially de- 
signed chamber by atomizing feed liquid into a hot-air 
stream. Evaporation of water from the droplets takes place 
almost instantaneously, resulting in dried particles being 
carried with the spent drying air. The powder is subse- 
quently separated from the air in cyclone separators or bag 
filters and collected for packaging. The powder particles 
being protected during the drying phase by the evaporative 
cooling effect results in very low heat exposure to the prod- 
uct, and the process is thus suitable also for heat-sensitive 
materials. 

A number of different spray dryer configurations are 
available, distinguished by the type of feed atomization de- 
vice and the drying chamber design. 
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While demands for energy efficient drying may have be- 
come somewhat relaxed recently with the stabilizing of en- 
ergy costs, the fact remains that spray dryers and evapo- 
rators are among the most energy-intensive processing 
systems and the future of energy costs is still uncertain. 

‘The extra functionality that may be required of the pow- 
ders is to a large extent determined by the drying condi- 
tions, including pre- and posttreatment of the concentrate 
and final powder. Desirable characteristics are dust-free 
and good reconstitution properties that involve carefully 
controlled drying conditions, often with added agglomera- 
tion and lecithination steps. 

The interest in the production of high-value specialty 
dried products instead of straight commodity products has 
been accentuated by the government’s reduced support to 
dairy producers, whereby there will be less milk solids 
available. Processors naturally are looking into ways to 
better use these available supplies by producing products 
with improved functional, nutritional, and handling prop- 
erties and, coincidentally, products with higher profit mar- 
gins. 

This is particularly noticeable in the utilization of whey 
and whey product derivatives. A larger percentage of the 
total whey produced today is handled and processed so 
that it will be suitable as food ingredients for human con- 
sumption. It also is finding new applications by being re- 
fined into whey protein concentrate and lactose through 
crystallization, hydrolyzation, and separation by ultrafil- 
tration. 

To handle the increase in plant size and complexity and 
to meet demands for closer adherence to exact product 
specifications, dryer instrumentation has been improved 
and operation gradually has evolved from manual to fully 
automated. Today, it is normal for milk drying plants to be 
controlled by such microprocessor-based systems as the 
APV ACCOS, with automation covering the increasingly 
complex startup, shutdown, and CIP procedures as well as 
sophisticated automatic adjustment of the dryer operating 
parameters to variations in ambient-air conditions. 

Finally, more stringent demands governing environ- 
mental aspects of plant operations have resulted in that. 
virtually all spray dryers today have to be equipped with 
exhaust air pollution control devices such as wet scrubbers 
or bag filters. 


Principle and Approaches 


Spray drying basically is accomplished in a specially de- 
signed chamber by atomizing feed liquid into a hot-air 
stream. Evaporation of water from the droplets takes place 
almost instantaneously, resulting in dried particles being 
carried with the spent drying air. The powder is subse- 
quently separated from the air in cyclone separators or bag 
filters and collected for packaging. The powder particles 
being protected during the drying phase by the evaporative 
cooling effect results in very low heat exposure to the prod- 
uct, and the process is thus suitable also for heat-sensitive 
materials. 

A number of different spray dryer configurations are 
available, distinguished by the type of feed atomization de- 
vice and the drying chamber design. 


Atomization Techniques 


Proper atomization is essential for satisfactory drying and 
for producing a powder of prime quality. To meet varying 
parameters, APV offers a selection of atomizing systems: 
centrifugal, pneumatic nozzles, or pressure nozzles. 


Centrifugal Atomization. With centrifugal or spinning- 
disk atomization (Fig. 18), liquid feed is accelerated to a 
velocity in excess of 800 ft/s to produce fine droplets that 
mix with the drying air. Particle size is controlled mainly 
be liquid properties and wheel speed. There are no vibra- 
tions, little noise, and small risk of clogging. Furthermore, 
the system allows maximum flexibility in feed rate, pro- 
vides capacities in excess of 200 tons/h and operates with 
low power consumption. 


Steam Injection. To produce a product with significantly 
increased bulk density and fewer fines, the APV steam in- 
jection technique (Fig. 19) has been refined to a point that 
allows its use with centrifugal atomizers in large drying 
operations. 


Air heater Feed 


Product out 


Figure 18. Flat-bottomed drying chamber incorporates rotating 
powder discharger and can be equipped with an air broom. 


Figure 19. Steam is added around and into the atomizing disk 
to minimize air in the atomized liquid droplet. 
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During centrifugal atomization, air around the rotating 
wheel may be entrapped within the atomized droplets. 

When heat is transferred from the drying air into the 
feed droplet, water evaporates and diffuses out through 
the surface, at the same time creating a hard shell around 
the particle and some hollow spaces inside. If the droplet 
already contains some air bubbles, this incorporated air 
will expand to fill out the created vacuoles and the particle 
will not shrink much during the drying process, resulting 
in porous particles as shown in Figure 20 microphoto of 
spray-dried autolyzed yeast. 

In the steam injection process the air atmosphere 
around the spinning disk is replaced with a steam atmo- 
sphere, thus reducing the amount of air incorporated in 
the droplets. This means that there is no air that will ex- 
pand within the particle and the created vacuoles will col- 
lapse, thus shrinking the particle and resulting in the type 
of dense, void-free particles illustrated in the Figure 21 
microphoto. Control of the amount of steam injected per- 
mits a precise adjustment in powder bulk density. Fur- 
thermore, reduction of air-exposed surfaces often reduces 
product oxidation and prolongs powder shelf life. 


Pressure Nozzles, With the pressure nozzle system (Fig. 
22), liquid feed is atomized when forced under high pres- 
sure through a narrow orifice. This approach offers great 
versatility in the selection of the spray angle, direction of 
the spray, and positioning of the atomizer within the cham- 
ber. It also allows cocurrent, mixed-current, or countercur- 
rent drying, with the production of powders having par- 


Figure 20. Spray-dried autolyzed yeast (2000 magnification). 
Particle is hollow and filled with crevices. 


Figure 21. Spray-dried autolyzed yeast with steam injection 
(2000 x magnification). Particle is solid and essentially void-free. 
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Air heater 


Figure 22. Typical spray dryer with 
conical chamber; arranged with high- 
pressure atomizer and air broom, 


ticularly narrow particle size distribution and/or coarse 
characteristics. Since the particle size is dependent on the 
feed rate, dryers with pressure nozzles are somewhat lim- 
ited relative to changing product characteristics and op- 
erating rates. 


Pneumatic (Two-Fluid) Nozzles. This type of nozzle uses 
compressed air to accomplish the atomization of the feed 
product. The advantage with this type of atomizer is that 
it allows a greater flexibility in feed capacity than what 
can be obtained with pressure nozzles. However, particle 
size distribution is not as good as what can be obtained 
with the centrifugal or high-pressure nozzle-type atomiz- 
ers, and because of the large quantities of compressed air 
required, operating costs tend to be quite high. 


Single-Stage Drying 


Defined as a process in which the product is dried to its 
final moisture content within the spray-drying chamber 
alone, the single-stage dryer design is well known through- 
out the industry, although some difference in airflow pat- 
terns and chamber design exist. 

As illustrated, the drying air is drawn through filters, 
heated to the drying temperature, typically by means of a 
direct-combustion natural-gas heater, and enters the spray 
drying chamber through an air distributor located at the 
top of the chamber. The feed liquid enters the chamber 
through the atomizer, which disperses the liquid into a 
well-defined mist of very fine droplets. The drying air and 
droplets are very intimately mixed, causing a rapid evap- 
oration of water. As this happens, the temperature of the 
air drops, as the heat is transferred to the droplets and 
used to supply the necessary heat of evaporation of the 
liquid. Each droplet thus is transformed into a powder par- 


Product out 


ticle. During this operation, the temperature of the parti- 
cles will not increase much owing to the cooling effect re- 
sulting from water evaporation. 

The rate of drying will be very high at first but then 
declines as the moisture content of the particles decreases. 
When the powder reaches the bottom of the drying cham- 
ber, it has attained its final moisture and normally is 
picked up in a pneumatic cooling system to be cooled down 
to a suitable bagging or storage temperature. Powder that 
is carried with the air is separated in cyclone collectors. As 
the powder is cooled in the pneumatic system, it also is 
subjected to attrition. This results in a powder that is fine, 
dusting, and has relatively poor redissolving properties. 

Single-stage dryers are made in different configura- 
tions. The basic ones are described below. 


Box Dryers. A very common type of dryer in the past, 
the drying air enters from the side of a boxlike drying 
chamber. Atomization is from a large number of high- 
pressure nozzles also mounted in the side of the chamber. 
Dried powder will collect on the flat floor of the unit, from 
which it is removed by moving scrapers. The exhaust air 
is filtered through filter bags that also are mounted in the 
chamber. In some instances, cyclones will be substituted 
for the filter bags. 


Tall-Form Dryers. These are very tall towers in which 
the airflow is parallel to the chamber walls. The atomiza- 
tion is by high-pressure nozzles. This type of dryer is used 
mainly for the production of straightforward, commodity- 
type dried powders. 


Wide-Body Dryers. While the height requirement is less 
than for the tall-form type, the drying chamber is consid- 


erably wider. The atomizing device can be either centrifu- 
gal or nozzle type. The product is sprayed as an umbrella- 
shaped cloud, and the airflow follows a spiral path inside 
the chamber. As shown in Figs. 18 and 22, this type of 
dryer is designed either with a flat or conical bottom. 

Flat-Bottom Dryer. The flat-bottom dryer is not a new 
development, but the design has gained renewed interest 
in recent years. 

The chamber has a nearly flat bottom from which the 
powder is removed continuously by means of a rotating 
pneumatic powder discharger. The dryer has the obvious 
advantage of considerably reduced installed height re- 
quirements compared to cone-bottom dryers, and it is also 
easy for operators to enter the chamber for cleaning and 
inspection. Another advantage is that the rotating powder 
discharger provides a positive powder removal from the 
chamber and a well-defined powder residence time. This 
has been shown to be important in the processing of heat- 
sensitive products such as enzymes and flavor compounds. 
Depending on the product involved, a pneumatic powder 
cooling system also may be installed. 

Typically, this type of dryer is used for egg products, 
blood albumin, tanning agents, ice cream powder and top- 
pings. The flat- and bottom chamber, incidentally, may be 
provided with an air broom, which is indicated by the col- 
ored section in Figure 18. By blowing tempered air onto 
the chamber walls while rotating, this device blows away 
loose powder deposits and cools the chamber walls to keep 
the temperature below the sticking point of certain prod- 
ucts. Some items with which the air bottom technique has 
been successful are for fruit and vegetable pulp and juices, 
meat extracts, and blood. 

Cone-Bottom Dryer. Figure 22, meanwhile, shows a 
conical-bottom chamber arrangement with a side air out- 
let, high-pressure nozzle atomization, and pneumatic 
product transport beneath the chamber. This single-stage 
dryer is very well suited to making relatively large parti- 
cles of dairy products or proteins for cattle feed. If the prod- 
uct will not withstand pneumatic transport, it may be 
taken out unharmed directly from the chamber bottom. 


Multiple-Stage Dryers 


The best way to reduce energy usage in spray drying is, of 
course, to try and reduce the specific energy consumption 
of the process. With advances in atomizer and air distrib- 
utor designs it has been possible with many products to 
operate with higher dryer inlet temperature and lower out- 
let temperature. While this procedure substantially cuts 
energy needs and does not harm most heat-sensitive prod- 
ucts, care must be taken and proper balance struck. The 
nature of the product usually defines the upper limit, ie, 
the denaturation of milk protein or discoloring of other 
products. A higher inlet temperature requires close control 
of the airflow in the spray-drying chamber, and particu- 
larly around the atomizer. Furthermore, it must be noted 
that a lower outlet temperature will increase the humidity 
of the powder. 

Generally speaking, the drying process can be divided 
into two phases: (1) the constant-rate drying period when 
drying proceeds quickly and when surface moisture and 
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moisture within the particles that can move by capillary 
action are extracted and (2) the falling-rate period when 
diffusion of water to the particle surface becomes the de- 
termining factor. Since the rate of diffusion decreases with 
the moisture content, the time required to remove the last 
few percent of moisture in the case of single-stage drying 
takes up the major part of the residence time within the 
dryer. The residence time of the powder thus is essentially 
the same as that of the air and is limited to between 15 
and 30 s. As the rate of water removal is decreasing toward 
the end of the drying process, the outlet air temperature 
has to be kept fairly high in order to provide enough driv- 
ing force to finish the drying process within the available 
air residence time in the chamber. 

In multiple-stage drying, the residence time is in- 
creased by separating the powder from the main drying air 
and subjecting it to further drying under conditions where 
the powder residence time can be varied independently of 
the airflow. Technically, this is done either by suspension 
in a fluidized bed or by retention on a moving belt. Since a 
longer residence time can be allowed during the falling- 
rate period of the drying, it is possible and desirable to 
reduce the drying air outlet temperature. Enough time to 
complete the drying process can be made available under 
more lenient operating conditions. 

The introduction of this concept has led to higher ther- 
mal efficiencies. Fifteen years ago, the typical inlet and 
outlet temperatures of a milk spray dryer were 360-205°F. 
‘Today, the inlet temperature is often above 430°F, with out- 
let temperatures down to about 185°F. 


Two-Stage Drying. In a typical two stage drying process 
as shown in Figure 23, powder at approximately 7% mois- 
ture is discharged from the primary drying chamber to an 
APV fluid bed for final drying and cooling. The fact that 
the powder leaves the spray dryer zone at a relatively high 
moisture content means that either the outlet air tem- 
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Figure 23. Two-stage drying with external fluid bed. 
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perature can be lowered or the inlet air temperature in- 
creased. Compared to single-stage drying, this will result 
in better thermal efficiency and higher capacity from the 
same size drying chamber. As the product is protected by 
its surrounding moisture in the spray-drying phase, there 
normally are no adverse effects on product quality result- 
ing from the higher inlet air temperature. 

The outlet air from the chamber leaves through a side 
air outlet duct, and the powder is discharged at the bottom 
of the chamber into the fluid bed. This prolongs the drying 
time from about 22 s in a typical single-stage dryer to more 
than 10 min, thus allowing for low-temperature use in the 
fluid bed. 

In the development of this type of drying system, an 
initial difficulty was to provide a means to reliably fluidize 
the semimoist powders. This stems from the fact that milk 
powder products, and especially whey-based ones, show 
thermoplastic behavior. This makes them difficult to 
fluidize when warm and having high moisture content, a 
problem that was largely overcome by the development of 
a new type of vibrating fluid bed. 

The vibrating fluid bed has a well-defined powder flow 
and typically is equipped with different air supply sections, 
each allowing a different temperature level for a optimum 
temperature profile. The last section normally is where the 
product is cooled to bagging and storage temperature. 

While the specific energy consumption in the fluid-bed 
process may be relatively high, the evaporation is minor 
compared with the spray-drying process and the total en- 
ergy use therefore is 15-20% lower. 

Figure 24 shows the specific energy costs as a function 
of the water evaporated in the fluid bed or the residual 
moisture in the powder from the spray drying to the fluid- 
bed process. The curves are only shown qualitatively be- 
cause the absolute values depend on energy prices, inlet 
temperatures, required residual moisture content, and 
other such parameters. The total cost curve shows a min- 
imum that defines the quantity of water to be evaporated 
in the fluid bed to minimize the energy costs. 

The introduction of two-stage drying also created the 
potential for a general improvement in powder quality, es- 
pecially as far as dissolving properties are concerned. The 
slower and more gentle the drying process produces more 
solid particles of improved density and solubility and opens 
up the possibility of producing agglomerated powders in a 
straight-through process. If desired, the fluid bed can be 
designed for rewet instantizing or powder agglomeration 
and for the addition of a surface-active agent such as lec- 
ithin. 


Three-Stage Drying. This advanced drying concept ba- 
sically is an extension of two-stage drying in which the 
second drying stage is integrated into the spray-drying 
chamber with final drying conducted in an external third 
stage (Fig. 25). The design allows a higher moisture con- 
tent from the spray drying zone than is possible in a two- 
stage unit and results in an even lower outlet air tempera- 
ture. An added advantage is that it improves the drying 
conditions for several difficult products. This is accom- 
plished by spray drying the powder to high moisture con- 
tent but at the same time avoiding any contact with metal 
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Figure 24. Specific energy cost as a function of the water evap- 
orated in fluid bed. 


surfaces by handling the powder directly on a fluidized 
powder layer in the integrated fluid bed. Moist powder par- 
ticles thus are surrounded by already dry particles, and 
any tendency to stick to the chamber walls will be reduced. 

In this drying concept, it is not necessary to vibrate the 
chamber fluid bed, although often the powders entering 
from the spray drying zone are difficult to fluidize because 
of their high moisture content and thermoplastic and hy- 
groscopic characteristics. The fluidization characteristics 
are improved as the wet powder from the spray-drying 
zone is mixed and coated with dryer powder in the inte- 
grated fluid bed. The fluidization is further assisted by the 
use of a special type of perforated plate with directional 
airflow. The stationary fluid bed operates with high fluid- 
izing velocities and high bed depths, both optimized to the 
product being processed. 

The air outlet of the integrated fluid-bed system is lo- 
cated in the middle of the fluid bed at the bottom of the 
chamber. This forms an annulus around the air outlet duct 
and creates an aerodynamically clean design, completely 
eliminating the mechanical obstructions found in older 
two-point discharge designs. The dryer is equipped with 
tangential air inlets, so called Wall Sweeps, for conditioned 
air. These are important to the operation of the dryer in 
two ways: they will cool the wall and remove powder that 
may have a tendency to accumulate on the wall, and they 
also serve to stabilize the airflow within the chamber. The 
dryer thus operates with a very steady and well-defined 
airflow pattern that minimizes the amount of wall buildup. 
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Figure 25. (a,b) Three-stage dryer combines conical drying 
chamber, integrated stationary fluid bed with directional air flow 
and external vibrating fluid bed. Provides optimum conditions for 
producing nondusty, hygroscopic, and high-fat-content products. 


Atomization can be either by pressure nozzles or by a 
centrifugal-type atomizer. 

The three-stage system is exceptionally suitable for the 
production on nondusty, hygroscopic, and high-fat-content 
products. The dryer can produce either high-bulk-density 
powder by returning the fines to the external fluid bed, or 
powder with improved wettability by straight-through ag- 
glomeration with the fines reintroduced into an atomizing 
zone. The concept also allows the addition of liquid into the 
internal fluid bed, thus opening the path to the production 
of very sophisticated agglomerated and instantized prod- 
ucts, ie, excellent straight-through lecithinated powders. 
Whey powder from such a system shows improved quality 
because of the higher moisture level present when the pow- 
der enters the integrated fluid bed, providing good condi- 
tions for lactose after crystallization within the powder. 
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A three-stage dryer also offers a high production capac- 
ity in a small equipment volume. The specific energy re- 
quirement is about 10% less than for a two-stage dryer. 


Spray-Bed Dryer 

While the concept of a three-stage drying system with an 
integrated fluid evolved from traditional dryer technology, 
it served to spur the development of a modified technique 
referred to by APV as the “Spray Bed Dryer.” This machine 
is characterized by use of an integrated fluid bed at the 
bottom of the drying zone but with drying air both entering 
and exiting at the top of the chamber. Atomization can be 
with either nozzles or a centrifugal atomizer. 

The chamber fluid bed is vigorously agitated by a high 
fluidization velocity. Particles from the spray-drying zone 
enter the fluid bed with a moisture content as high as 10- 
15% depending on the type of product and are dried in the 
bed to about 5%. Final drying and cooling take place in an 
external fluid bed. 

The structure of the powder produced in the Spray Bed 
differs considerably from the conventional. It is coarse, 
consists of large agglomerates, and consequently has low 
bulk density but exhibits excellent flowability. The dryer 
is very suited to the processing of complicated products 
having high contents of fat, sugar, and protein. Two of the 
many possible variations of this type drying are shown in 
Figures 26 and 27. 

Spray-drying systems divided into two or more stages 
undoubtedly will be a characteristic of almost all future 
dryer installations. The advantages resulting from this 
technology will provide dairy and food processors with the 
necessary flexibility and energy efficiency required to meet 
today’s uncertain market and whatever changes will be 
called for in the future. 


Pollution-Contro! Devices 


Virtually, all plants have a system to ensure clean exhaust. 
air while collecting powder at an efficiency of about 99.5%, 
and may be supplied with secondary pollution-control col- 
lection equipment if necessary. In most new spray dryers 
this is accomplished using bag filter collectors after the 
primary collection device. In the case of such products as 
acid whey where the use of bag collectors is not practical, 
high-efficiency scrubbers are used. Some multipurpose 
plants have both plus an elaborate system of ducts and 
dampers to switch between the devices as different prod- 
ucts are dried. 

An added benefit from the use of sanitary bag collectors 
is an improvement in the yield of sale product. Although 
this increase typically is not more than 0.5%, it still can be 
of substantial value over a year of operation. 


Heat-Recovery Equipment 
Although it is possible to reduce the direct heating energy 
consumption by the use of multiple-stage drying, optimum 
thermal conditions generally require that heat recupera- 
tors be used as well. A few approaches are shown in 
Figure 28. 

Despite the many recuperators available for recovering 
heat from drying air, only a few are suited for the spray- 
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Figure 26. One variation of APV Crepaco Spray Bed 
Dryer arrangements (see Fig. 27 for other variation). 
Basic dryer with centrifugal atomizer and integrated 
fluid bed, which is agitated by high fluidation velocity. 


Figure 27. Spray bed dryer with added 
external fluid bed for final powder drying 
and cooling. 


Preheater Air 


heater 


drying process. This is due to the dust-laden air that is 
involved in the process and that tends to contaminate heat 
exchange surfaces. To be effective, therefore, recuperators 
for spray-dryer use should have the following properties: 


* Modular system 

* High thermal efficiency 

° Low pressure drop 

* Automatic cleaning 

° Large temperature range 
* Stainless steel 

° Large capacity 

* Low price 


Two such recuperators are the air-to-air tubular and the 
air-to-liquid plate designs. 
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Figure 28. Spray-drying plant with 
(top) liquid coupled recuperator, (mid- 
dle) single-stage recuperator, and 
(bottom) two-stage recuperator. 


Air-to-Air Heat Recuperators. For optimum flexibility, 
this heat exchanger is of modular design, each module con- 
sisting of 804 tubes welded to an end plate. Available in 
various standard lengths, the modules can be used for 
counterflow, cross-flow, or two-stage counterflow as 
sketched in Figure 29. While the first two designs are 
based on well-known principles, the two-stage counterflow 
(patent pending) system is an APV development. This re- 
cuperator consists of two sections, a long dry element and 
a shorter wet section. During operation, hot waste air is 
passed downward through the dry module tubes and 
cooled to just above the dew point. It then goes to the wet 
section where latent heat is recovered. The inner surfaces 
of these shorter tubes are kept wet be recirculating water. 
The system, therefore, not only recovers free and latent 
heat from the waste air but also scrubs the air and reduces 
the powder emission by more than 80%. Effectiveness and 
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Figure 29. Air-to-air tubular heat recuperators. 


economy are such that the system replaces a conventional 
recuperator-scrubber combination. 


Air-to-Liquid Recuperator. In cases where an air-to-air 
recuperator is impractical or uneconomical because of 
space limitations or the length of the distance between the 


outlet and inlet air to be preheated, a liquid heat-recovery 
system is available. This plate recuperator as shown in 
Figure 30 uses various standard plates as the base with 
waste air being cooled in counterflow by circulating a 
water/glycol mixture. At high temperature, circulating 
thermal oils are used. Heat recovered by this means gen- 
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Figure 30. Thermoplate for air-to-liquid plate recuperator. 


erally is recycled to preheat the drying air but can be used 
for other purposes such as heating water, clean-in-place 
(CIP) liquids, or buildings. 


Other Heat-Recovery Methods. While many spray- 
drying plants are equipped with bag filters to minimize 
emissions to the environment and recover valuable pow- 
der, the filtration system can be coupled with a finned-tube 
recuperator for heat-recovery purposes. This type of recu- 
perator is particularly effective when the air is not dust- 
loaded. It is compact, very flexible and normally, very in- 
expensive. 

Some degree of heat recovery can also be accomplished 
by using available low-temperature waste streams to pre- 
heat the drying air through a finned-tube heat exchanger. 
Examples of such sources of waste heat include evaporator 
condensate and scrubber liquids. 


SPRAY DRYERS: FLUID-BED AGGLOMERATION 


Most powderlike products produced by spray drying or 
grinding are dusting, exhibit poor flow characteristics, and 
are difficult to rehydrate. 

It is well known, however, that agglomeration in most 
instances will improve the redispersion characteristics of 
a powder. Added benefits of the agglomerated powder is 
that it exhibits improved flowability and is nondusting. All 
of these are characteristics for which the demand has in- 
creased in recent years. 

Depending on the application or the area of industry 
where the process is being used, the process sometimes is 
also referred to as granulation or instantizing. 


Instant Powders 


Powders with particle size less than about 100 ym typically 
tend to form lumps when mixed with water and require 


strong mechanical stirring in order to become homogene- 
ously dispersed or dissolved in the liquid. What is happen- 
ing is that as water aided by capillary forces penetrates 
into the narrow spaces between the particles, the powder 
will start to dissolve. As it does, it will form a thick, gel- 
like mass that resists further penetration of water. Thus, 
lumps will be formed that contain dry powder in the middle 
and, if enough air is locked into them, will float on the 
surface of the liquid and resist further dispersion. 

In order to produce a more readily dispersible product, 
the specific surface of the powder has to be reduced and 
the liquid needs to penetrate more evenly around the par- 
ticles. In an agglomerated powder with its open structure, 
the large passages between the individual powder parti- 
cles will assist in quickly displacing the air and allow liquid 
to penetrate before an impenetrable gel layer is formed. 
The powder thus can disperse into the bulk of the liquid, 
after which the final dissolution can take place. 

Although there always is some degree of overlap be- 
tween them, the reconstitution of an agglomerated product. 
can be considered as consisting of the following steps: 


1. Granular particles are wetted as they touch the wa- 
ter surface. 

2. Water penetrates into the pores of the granule struc- 
ture. 

3. The wetted particles sink into the water. 

4, The granules disintegrate into their original small- 
est particles, which disperse in the water. 

5. The small dispersed particles dissolve in the water. 


It is important to realize that it is the total time re- 
quired for all these steps that should be the criterion in 
evaluating a product’s instant properties. It is not unusual 
to see products characterized only on their wettability. 
This neglects the importance of the dispersion and disso- 
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Figure 31. Straight-through agglomeration. 


lution steps, the time for which may vary considerably 
with different agglomeration methods. 

For powders that are produced by spray drying, there 
are a number of ways in which the agglomeration can be 
accomplished in the spray dryer itself. This often is re- 
ferred to as the “straight-through” process and is illus- 
trated in Figure 31. Note that fines powder from the cy- 
clone is conveyed up to the atomizer, where it is introduced 
into the wet zone surrounding the spray cloud. Cluster for- 
mation will occur between the semimoist freshly produced 
particles and the recycled fines, The agglomerated product 
then is removed from the bottom of the drying chamber, 
cooled, and packaged. This method produces a degree of 
agglomeration that is sufficient for many applications. 

An alternative approach to agglomeration is referred to 
as the “rewet method.” This is characterized by processing 
an already existing fine dry powder into an agglomerate 
using fluidized-bed technology. 


The Agglomeration Mechanism 


Two particles can be made to agglomerate if they are 
brought into contact and at least one of them has a sticky 
surface. This condition can be obtained by one or a com- 
bination of the following means: 


1. Droplet humidification whereby the surface of the 
particles is uniformly wetted by the application of a 
finely dispersed liquid. 

2. Steam humidification whereby saturated steam in- 
jected into the powder causes condensation on the 
particles. 

3. Heating—for the thermoplastic materials. 

4, Addition of binder media, ie, a solution that can 
serve as an adhesive between the particles. 


Exhaust 
air 


The steam condensation method usually cannot provide 
enough wetting without adversely heating the material 
and is used less frequently on newer systems. 

After having been brought into a sticky state, the par- 
ticles are contacted under such conditions that a suitable, 
stable agglomerate structure can be formed. The success 
of this formation will depend on such physical properties 
as product solubility and surface tension as well as on the 
conditions that can be generated in the process equipment. 

For most products, possible combinations of moisture 
and temperature can be established as shown in Figure 
32. Usually, the window for operation is further narrowed 
down by the specifications for product characteristics. 
Once the agglomerate structure is created, the added mois- 
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Figure 32. ‘Typical combinations of conditions for agglomeration. 


ture is dried off and the powder cooled below its thermo- 
plastic point. 


Agglomeration Equipment 


While slightly different in equipment design and opera- 
tion, most commercially available agglomeration processes 
fundamentally are the same. Each relies on the formation 
of agglomerates by the mechanism already described. This 
is followed by final drying, cooling, and size classification 
to eliminate the particle agglomerates that are either too 
small or too large. Generally, designs involve a re-wet 
chamber followed by a belt or a fluid bed for moisture re- 
moval. Such a system is shown in Figure 33. 

It is obvious that this system is quite sensitive to even 
very minor variations in powder or liquid rates. A very 
brief reduction in powder feed rate will result in overwet- 
ting of the material with consequent deposit formation in 
the chamber. Conversely, a temporary reduction in liquid 
rate will result in sufficiently wetted powder and, there- 
fore, weak agglomerates. Many designs rely on the product 
impacting the walls of the agglomeration chamber to build 
up agglomerate strength. Other designs include equip- 
ment for breaking large lumps into suitably sized agglom- 
erates before the final drying. Obviously, deposit formation 
always will be a concern in agglomeration equipment as 
the process depends on the creation of conditions where 
the material becomes sticky. 

Typically, equipment designs are very complicated, 
probably reflecting the fact that agglomeration actually is 
a complicated process. Despite the complexity of the pro- 
cess, however, it is possible to carry out agglomeration by 
means of comparatively simple equipment that involves 
the use of a fluidized bed for the rewetting and particle 
contact phase. This approach provides the following ad- 
vantages: 
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1. There is sufficient agitation in the bed to obtain a 
satisfactory distribution of the binder liquid on the 
particle surfaces and to prevent lump formation. 

2. Agglomerate characteristics can be influenced by 
varying operating parameters such as the fluidizing 
velocity, rewet binder rate, and temperature levels. 

3. The system can accept some degree of variation of 
the feed rate of powder and liquid as the product 
level in the fluid bed always is constant, controlled 
by an overflow weir. Thus, the rewetting section will 
not be emptied of powder. Even during a complete 
interruption of powder flow, the fluidized material 
will remain in the rewet section as a stabilizing fac- 
tor in the process. 

4, By using fluid bed drying and cooling of the formed 
agglomerates, it is possible to combine the entire ag- 
glomeration process into one continuously operating 
unit. 

5. Startup, shutdown, and operation of the fluid bed 
agglomerator are greatly simplified owing the sta- 
bilizing effect of the powder volume in the rewet 
zone. 


Proper implementation of a fluid-bed agglomeration 
system requires a detailed knowledge of the fluidization 
technology itself. Fluidization velocities, bed heights, air- 
flow patterns, residence time distribution, and the me- 
chanical design of vibrating equipment must be known. 


Features of Fluid-Bed Agglomeration 


Figure 34 shows a typical agglomerator system where the 
process is implemented through the use of a vibrated, con- 
tinuous fluid bed. 

‘The powder is fed into the agglomerator by a volumetric 
screw feeder. As a result of the previously mentioned sta- 
bilizing effect of the material already in the fluid bed, the 


Figure 33. Typical agglomeration system. 
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Figure 34, Fluid bed rewet ag- 
glomeration system. 


Table 5. Frequently Used Binders 


For food products For chemical products 
Malto dextrines Lignosulfonates 

Gum arabic Poly(vinyl alcohol) (PVA) 
Starch Any of the food product binders 
Gelatin 

Molasses 

Sugar 


reproducibility of a volumetric feeder is satisfactory and 
there is no need for a complicated feed system such as a 
loss-in-weight or similar type. 

The fluid bed unit is constructed with several processing 
zones, each with a separate air supply system. The first 
section is the rewet and agglomeration section where ag- 
glomerates are formed. Here, the powder is fluidized with 
heated air in order to utilize its thermoplastic character- 
istics. 

The binder liquid almost always is water or a water- 
based solution, whereas steam, as already explained, 
rarely is used. The binder liquid is sprayed over the flu- 
idized layer using two fluid nozzles driven by compressed 
air. For large systems, numerous nozzles are used. Powder 
deposits are minimized by accurate selection of spray noz- 
zle angles and nozzle position patterns. Powder movement 
is enhanced by the vibration of the fluid-bed unit itself and 
by the use ofa special perforated air distribution plate with 
directional air slots. A proper detailed design is vital in 
order to have a trouble-free operation. 

From the agglomeration zone, the powder automati- 
cally will flow into the drying area where the added mois- 
ture is removed by fluidization with heated air. In some 
instances, more than one drying section is required, and 
in such cases, these sections are operated at successively 
lower drying temperatures in order to reduce thermal ex- 
posure of the more heat-sensitive dry powder. 


Fines and 
oversize 
return 


The final zone is for cooling where either ambient or 
cooled air is used to cool the agglomerates to a suitable 
packaging temperature. 

During processing, air velocities are adjusted so that 
fine, unagglomerated powder is blown off the fluidized 
layer. The exhaust air is passed through a cyclone sepa- 
rator for removal and return of entrained powder to the 
inlet of the agglomerator. When there are high demands 
for a narrow particle size distribution, the agglomerated 
powder is passed through a sifter, where the desired frac- 
tion is removed while over- and undersize material is re- 
cycled into the process. 

As with all rewet agglomeration equipment, the opera- 
tion must be performed within certain operating parame- 
ters. Overwetting will lead to poor product quality, while 
underwetted powder will produce fragile agglomerates and 
an excessive amount of fines. However, fluid-bed agglom- 
eration does offer a great degree of flexibility in controlling 
the final result of the process. The characteristics of the 
formed agglomerate can be influenced by operating con- 
ditions such as binder liquid rate, fluidizing velocity, and 
temperature. Typically, the fluid-bed rewet method will 
produce agglomerated products with superior redispersion 
characteristics. 

As indicated by this partial list, this method has been 
used successfully with a number of products. 


Dairy products 
Infant formula 
Calf milk replacer 
Flavor compounds 
Corn syrup solids 
Sweeteners 
Detergents 
Enzymes 

Fruit extracts 


Malto dextrines 
Herbicides 
Egg albumin 


In most cases, the agglomeration can be accomplished 
using only water as a rewet medium. This applies to most 
dairy products and to malto dextrine-based flavor formu- 
lations. For some products, increased agglomerate size and 
strength has been obtained by using a solution of the ma- 
terial itself as the binder liquid. In the case of relatively 
water-insoluble materials, a separate binder material has 
been used, but it must be one that does not compromise 
the integrity of the final product. The addition of the binder 
material may have a beneficial effect on the end product 
at times. This is seen, for example, in flavor compounds 
when a pure solution of malto dextrine or gum arabic may 
further encapsulate the volatile flavor essences and create 
better shelf life. In other instances, the added binder can 
become part of the final formulation as is the case with 
some detergents. 

For some materials, the addition of a binder compounds 
is an unavoidable inconvenience. At such times, the se- 
lected binder must be as neutral as possible and must be 
added in small quantities so that the main product is not 
unnecessarily diluted. An example of this is herbicide for- 
mulations, which often have a very well defined level of 
active ingredients. 

For products containing fat, the normal process often is 
combined with a step by which the agglomerates are 
coated with a thin layer of surface-active material, usually 
lecithin, This is done by mounting an extra set of spray 
nozzles near the end of the drying section where the sur- 
factant is applied. 

Variations of the fluid-bed rewet technology have been 
developed whereby the system serves as a mixer for sev- 
eral dry and wet products. An example of this may be seen 
in the APV fluid mix process for the continuous production 
of detergent formulations from metered inputs of the dry 
and wet ingredients. This provides an agglomerated end 
product that is produced with minimum energy input 
when compared to traditional approaches. 


Spray-Bed Dryer Agglomeration 


While the fluid-bed rewet agglomeration method produces 
an excellent product that is, in most respects, superior to 
that made directly by the straight-through process, a new 
generation of spray dryers has evolved that combines fluid- 
bed agglomeration with spray drying. These are referred 
to as “spray-bed” dryers, The concept was developed from 
spray dryers having a fluid bed integrated into the spray 
chamber itself and is depicted in Figure 35. What distin- 
guishes the spray-bed dryer is that it has the drying air 
both entering and leaving at the top of the chamber. At- 
omization can be with nozzles or by a centrifugal atomizer. 

During operation, the chamber fluid bed is vigorously 
agitated by a high fluidization velocity, and as the particles 
from the spray-drying zone, they enter the fluid bed with 
a very high moisture content and agglomerate with the 
powder in the bed. Fines carried upward in the dryer by 
the high fluidizing velocity have to pass through the spray 
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cloud, thus forming agglomerates at this point as well. Ma- 
terial from the integrated fluid bed is taken to an external 
fluid bed for final drying and cooling. 

The spray-bed dryer is a highly specialized unit that can 
produce only agglomerated powder. It is best suited for 
small to medium-sized plants since the efficiency of the 
agglomeration process unfortunately decreases as the 
plant increases in size. This is because the spray zone be- 
comes too far removed from the fluid-bed zone as the size 
of the dryer increases. 

Agglomerates from the spray-bed dryer exhibit excel- 
lent characteristics. They are very compact and show high 
agglomerate strength and good flowability. 


Considerations and Conclusions 


While the agglomeration process improves the redisper- 
sion, flowability, and nondustiness of most fine powders, it 
invariably decreases the bulk density. The comparison in 
Table 6 clearly shows that agglomeration improves the 
powder wettability and dispersibility. Individual powder 
particles with a mean diameter of less than 100 um are 
converted into agglomerates ranging in size from 250 to 
400 ym, with the rewet method being able to produce the 
coarser agglomerate. The powder bulk density will de- 
crease from about 43 Ib/ft® to approximately 28 lb/ft®. Use 
of the rewet method will expose the product to one addi- 
tional processing step that, in this case, will somewhat af- 
fect the proteins and result in a slightly poorer solubility. 

Since fluid bed agglomeration can be operated as an in- 
dependent process, it can be used with already existing 
power-producing equipment. It offers great flexibility and 
ease of operation, and provides a convenient way to add 
functionality, nondustiness, and value to a number of prod- 
ucts. 


SPIN FLASH DRYERS 


Background Information 


While mechanical dewatering of a feed slurry is signifi- 
cantly less expensive than thermal drying, this process re- 
sults in a paste or filter cake that cannot be spray dried 
and can be difficult to handle in other types of dryers. The 
spin flash dryer is one option available for continuous pow- 
der production from pastes and filter cakes without the 
need for grinding. 

Powders generally are produced by some form of drying 
operation. There are several generic types of dryers, but 
all must involve the evaporation of water, which can take 
anywhere from 1000 to 2500 Btu/lb depending on dryer 
type. The most common of these dryers probably is the 
spray dryer because of its ability to produce a uniform pow- 
der at relatively low temperatures. However, by its defi- 
nition, a spray dryer requires a fluid feed material to allow 
its atomization device to be employed. Generally, there 
is a maximum viscosity limitation in the range of 1000- 
1500 SSU (Saybolt Seconds Universal viscosity unit) (see 
Fig. 36). 

Figure 37 illustrates the amount of water that must be 
evaporated to produce 1 lb of bone dry powder from a range 


572 DRYERS: TECHNOLOGY AND ENGINEERING 


Figure 35. Spray bed-type agglom- 
erating spray dryer. 


‘Table 6, Reconstitutability and Physical Structure of Different Types of Skim Milk Powder 


Ordinary spray dried Integrated fluid-bed Rewet agglomerated 
powder agglomeration powder 
Wettability, s >1000 <20 <10 
Dispersibility: % 60-80 92-98 92-98 
Insolubility index <0.10 <0.10 <0.20 
Average particle size, zm <100 >250 >400 
Density, Ib/ft® 40-43 28-34 28-31 


of different feed solids. It can clearly be seen that even a 
5% increase in total solids will reduce the water evapora- 
tion and, hence, the dryer operating costs by about 20%. If 
this water removal can be done mechanically by, for ex- 
ample, filtration or centrifuging, the cost will be infinitely 
lower than that required to heat and evaporate the same 
water. The direct energy cost can be calculated as equiva- 
lent to 3-8 Btu/Ib, compared to an average 1500 Btu/Ib for 
evaporation. This increase in solids, however, inevitably 
will result in an increase in viscosity that may exceed the 
limitations of a spray dryer. 

Options available for drying these higher-viscosity feed 
materials are listed in Table 7. The spin flash dryer is 
among the newest of the dryer options and has the capa- 
bility of drying most materials ranging from a dilatent 
fluid to a cohesive paste. 


Description 

The spin flash dryer was developed and introduced in 1970 
in response to a demand by the chemical industry to pro- 
duce a uniform powder on a continuous basis from high- 
viscosity fluids, cohesive pastes, and sludges. 


The spin flash dryer can be described as an agitated 
fluid bed. As shown in Figure 38, the unit consists primar- 
ily ofa drying chamber (9), which is a vertical cylinder with 
an inverted conical bottom, an annular air inlet (7), and an 
axially mounted rotor (8). The drying air enters the air 
heater (4), is typically heated by a direct-fired gas burner 
(5), and enters the hot-air inlet plenum (6) tangentially. 
This tangential inlet, together with the action of the rotor, 
causes a turbulent whirling gas flow in the drying cham- 
ber. 

The wet feed material, typically filter cake, is dropped 
into the feed vat (1) where the low-speed agitator 
(2) breaks up the cake to a uniform consistency and gently 
presses it down into the feed screw (3). Both agitator and 
feed screw are provided with variable speed drives. 

In the case of a dilatent fluid feed, the agitated vat and 
serew would be replaced with a progressive cavity pump 
and several liquid injection ports at the same elevation as 
the feed screw. 

As the feed material is extruded off the end of the screw 
into the drying chamber, it becomes coated in dried powder. 
The powder-coated lumps then fall into the fluid bed and 
are kept in motion by the rotor. As they dry, the friable 


Figure 36. Typical APV Anhydro spin flash dryer with general 
dryer characteristics. Dryer characteristics: drying method— 
direct gas contact; flow—cocurrent; food material—dilatent fluids, 
cohesive paste, filter cake, moist granules; drying medium—air, 
inert gas, low-humidity waste gas; inlet temperature—up to 
1800°F; capacity—up to 10 tons per hour of final product; product 
residence time—5-500 s. 


surface material is abraded by a combination of attrition 
in the bed and the mechanical action of the rotor. Thus, a 
balanced fluidized bed is formed that contains all inter- 
mediate phases between raw material and finished prod- 
uct. 

The dryer and lighter particles become airborne in the 
drying airstream and rise up the walls of the drying cham- 
ber, passing the end of the feed screw and providing, in 
effect, a continuous backmixing action within the heart of 
the dryer. At the top of the chamber, they must pass 
through the classification orifice, which can be sized to pre- 
vent the larger particles from passing on to the bag collec- 


Pounds water per pound dry product 
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Table 7. Dryer Options for High-Viscosity Materials 
Direct suspension dryers 

Pneumatic or flash dryers 

Spin flash dryers 

Fluid-bed dryers 


Direct nonsuspension dryers 
‘Tray dryers 
Tunnel dryers 
Belt dryers 
Rotary dryers 


Indirect dryers 
Screw conveyor dryers 
Vacuum pan dryers 
Steam tube rotary dryers 


tor. These larger lumps tend to fall back into the fluid bed 
to continue drying. 

Air exiting from the bag collector (10) passes through 
the exhaust fan (12) and is clean enough for use in a heat- 
recovery system. Dried powder is discharged continuously 
from the bottom of the bag collector through the discharge 
valve (11). 

‘Two important features make the spin flash dryer suit- 
able for products that tend to be heat-sensitive: (1) the dry 
powder is carried away as soon as it becomes light enough 
and therefore is not reintroduced into the hot-air zone, and 
(2) the fluid bed consists mainly of moist powder, which 
constantly sweeps the bottom and lower walls of the drying 
chamber and keeps them at a temperature lower than the 
dryer air outlet temperature. In addition to this self- 
cooling capacity, the lower edge of the drying chamber di- 
rectly above the hot-air inlet can be provided with an aux- 
iliary cooling ring. 

Figure 39 illustrates the very rapid reduction in air 
temperature that occurs as a result of the high heat- 
transfer rate obtained in the fluid bed. 


1 1. 


45 55. 60 


Total solids to dryer (TS) (%) 


80 Figure 37. Water evaporation/total 
solids ratio. 
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Figure 39. Standard spin fiash dryer configuration. 


Operating Parameters 


Inlet temperature of the drying air introduced into the 
chamber is dependent on the particular characteristics of 
the product being dried but generally would be similar to 
that used on a spray dryer for the same product. 

2 . re , Outlet temperature is selected by test work to provide 
Figure 38, Fluid bed provides rapid air temperature reduction. the desired powder moisture and is controlled by the speed 
of the feed screw. Since the spin flash dryer produces a finer 
particle size than does a spray dryer, it has been found that 
a slightly lower outlet temperature may be used to obtain 


Figure 40. Spin flash dryer in closed-cycle arrangement. 


Figure 41. Spin flash dryer being prepared for shipment. 


the same powder moisture. This provides an increase in 
thermal efficiency. 

Air velocity through the cross section of the drying 
chamber is an important design factor and is determined 
in part by the final particle size that is required. A lower 
velocity will tend to reduce the final dried particle size car- 
ried out of the chamber. The major factor, however, is the 
stability of the very complex bed that must neither settle 
back into the air distributor nor blow out of the top of the 
chamber. Once the maximum velocity has been determined 
by test work for a given product, the diameter of a drying 
chamber can be selected to provide the desired water evap- 
oration rate. 

Capacity can be adjusted to suit the output from the 
preceding process equipment, which may be difficult to 
control and slow in response time. This is achieved by a 
cascade control from a feed vat level sensor to the inlet 
temperature controller set-point. The feed vat sometimes 
can be oversized to accept the batch discharge from a pre- 
ceding filter press while allowing the dryer to operate con- 
tinuously. 


Closed-Cycle Drying 


Once a decision has been made to increase feed solids prior 
to drying, the small size and lower airflow requirements of 
the spin flash dryer make it practical to design the system 
as a closed-cycle dryer with nitrogen as the drying me- 
dium. This type of system can be used to dry a solvent- 
based powder, allowing complete recovery of the solvent. 

The simplified Figure 40 schematic shows a possible 
configuration of a closed-cycle spin flash dryer. The oper- 
ating process as described earlier, is extended, with ex- 
haust gas from the baghouse being scrubbed and cooled in 
a condenser (13) using cooled solvent from an external 
plate heat exchanger (15) as the scrubbing medium. Re- 
covered solvent is bled off at (16), downstream from the 
scrubber recirculation pump (14) at a controlled rate based 
on scrubber liquid level. 
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Table 8. Products Dried on Spin Flash Equipment 


diatomaceous Barium Titanium 


Nickel 
catalyst on 


Food 

yellow 

(color 
Tartrazine index Calcium 


Calcium = Calcium 


Aluminum carbonate carbonate 


hydroxides Dolomite oxide Alumina silicate with binder 


sulfate dioxide 


earth 


(azo dye) 15985) stearate Polyvanadate 


Ferrite 


(pure) 


Unit 
F 


Outlet air temperature F 


1292 

257 

60 

65 
0.5 

3 


Inlet air temperature 
‘Temperature of the feed F 


575 
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Table 9. Size and Cost Comparison: Spray Dryer vs. Spin Flash Dryer 


Spray dryer type III-K Spin flash type III 
Space requirements no. 70/71 no. 59 
Space requirements 
Heater type (gas) Direct-fired Direct-fired 
Chamber diameter, ft 140" 2'7-1/2" 
Building floor area, ft? 650 325 
Building height, ft 460" 16'6" 
Building volume, ft? 24,700 5,300 
Capacity 
Powder, Ib/h 880 880 
Performance data 
Feed solids, % 30 45 
Feed rate, Ib/h 2,995 1,951 
Water evaporation, Ib/h 2,115 1,071 
Powder moisture, % 0.4 0.4 
Gas consumption, SCF /h* (1000 Btu/SCF) 4,416 2,192 
Power consumption (kWh) 40 30 
Investment cost, U.S. $ 

Building 75,000 20,000 
Dryer equipment 174,000 147,000 
Baghouse 22,000 18,000 
Installation 35,000 22,000 

$306,000 $207,000 


Assumptions 


Gas cost, $/M Btu $4.32 
Electricity cost, $/kWh $0.07 
Salaries per hour $15.00 
Manpower required = 1 operator 


Variable operating costs per hour 


Wages 
Gas 
Electricity 
Total 
Cost per lb of powder 


Note: It can be seen that the investment in a spin flash dryer plant is about 32% lower than a spray dryer for the same capacity and that spin flash operating 
costs are approximately 29% lower. These figures, however, do not include the capital investment in filtration equipment. 


“Standard cubic feet. 


The drying chamber would be maintained at a pressure 
slightly higher than ambient using a pressurized nitrogen 
purge (17). The heater (5) would use either a steam coil or 
a thermal fluid system with an external heater. 

A less expensive alternative to the closed-cycle ap- 
proach is a “Lo-Ox” (low-oxygen) system where a low ex- 
cess air burner is used in a direct-fired heater. The prod- 
ucts of combustion are recirculated through the condenser, 
and the surplus gas is vented to atmosphere. The oxygen 
level in such a system can be controlled to less than 5%. 
(See also Figure 41.) 


Spin-Flash-Dried Products 


While Table 8 charts some typical products being dried on 
spin flash equipment, it should be noted that in some cases 


the inlet temperatures are limited by the heat source used 
and not by the spin flash process. 
Other products test dried on a laboratory scale spin 


flash dryer include the following: 
Feed Solids, Powder Moisture, 

Product % % 
Tron oxide 70 2 
Effluent treatment sludge 22 40 
Lignin 49 15 
Gum 40 13 
Chitosan gel 6 40 
Crab meat paste 30 9 
Dutched cocoa cake 70 2 


Cost Benefits 


In comparison to a spray dryer, the spin flash dryer has a 
much shorter residence time and consequently is consid- 
erably smaller and requires less building space. Its ability 
to dry to even higher solids than a spray dryer results in 
operating cost savings. Table 9 shows a detailed size and 
cost comparison based on actual test drying of yellow iron 
oxide. 


Conclusion 


Despite its obvious size and cost advantages, there are 
many instances when a spin flash dryer cannot replace a 
spray dryer. Typically, such cases occur when a free-flowing 
spherical particle of a particular size range is required or 
when agglomeration is needed. 

There are, however, many situations in both the food 
and chemical industries where the particular capabilities 
of the spin flash dryer to produce powders from paste war- 


rant careful consideration of its use. 


PARTIAL LIST OF PRODUCTS PROCESSED ON VARIOUS 
TYPES OF APV DRYERS 


Spray Dryer 
Albumen Fat-enriched milk 
Alcoholic extracts Fatty alcohol sulfonates 
Alfalfa Fish meat, hydrolyzed 
Alginates Fish pulp 
Amino acids Fish solubles 
Flavors 
Baby food Fruit juice 
Bananas Fruit pulp fullers earth 
Beef extract 
Beer wort Garlic 
Bile extract Gelatin 
Bouillon Glands 
Brain Glauber salt 
Butter Glazes 
Buttermilk Glucoheptonate 
Glucose 
Calcium carbonate Gluten 
Calcium salts Glyceryl monostearate 
Carbon, active Gum arabic 
Carboxymethylcellulose 
Carrageenan Hormones 
Casein hydrolysate Hydrolysates 
Caseinates Hypochlorites 
Catalysts 
Cellulose acetate Ice cream mix 
Cellulose hydrate Lactates 
Cheese Lactose 
Chelates Licorice 
Chlorophyll Lignin 
Chocolate milk Liver extract 
Citrates 
Colors Magnesium carbonate 
Cornstarch Magnesium oxide 
Corn steep liquor Magnesium salts 
Corn syrup Magnesium sulfate 
Cream Malted milk 
Malt extract 
Dextranes Mango 
Dextrin maltose Meat extract 
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Dextrose Milk-cocoa 
Diastase Molasses with filler 
Diatomaceous earth 
Dietetic products Nitrates 
Distillers waste 

Olive paste 
Egg white 
Egg yolk Pancreas 
Emulsifiers Papain 
Enzymes Peanut milk 
Pectin Soy flour 
Penicillin Starch products 
Pepsin Stearic acid 
Peptones Stearyl-tartrate 
Phosphates Sulfonates 
Pigments 
Potassium sulfate Tannin extract 
Potatoes Tapioca 
Potato waste liquor ‘Tea extract 
Proteins Thiamin 

Thymus 
Quaternary salts Tomato 
Rennet Vegetable extracts 

Vegetable proteins 
Saponin 
Seaweed extract Wetting agents 
Senna Whey 
Sequestering agents Whey nonhygroscopic 
Silica-alumina gels Whole egg 
Silicates Whole milk 
Skim milk Yeast 
Sodium adipate Yeast autolysate 
Sodium phenate Yeast hydrolysate 
Sorbate 
Sorbose Zinc ammonium chloride 
Soybean milk Zinc chromate 
Soybean protein Zinc stearate 

Film Drum Dyers 

Agar Dextrine 
Apple pectin 
Avocado pulp Effluent 

Essence 
Baby food 
Beef, comminuted Fat 
Beef extract Fatty alcohol sulfates 
Beef protein (hyrolyzed) Fermentation waste 
Beer concentrate Ferric ammonium syrup 
Blood Ferrous sulfate 
Buttermilk Fish food 

Fish stick liquor 
Calcium acetate Flavors 
Calcium carbonate Flour 
Calcium propionate 
Caramel Gelatin 
Cattle food Glauber’s salts 
Cellulose 
Cereal (baby) Herbicide 
Chicken offal Hydrolyzed protein 
Cider less Maize gluten 
Corn syrup Mango flake 
Manure Single-cell protein 
Meat extract Sorghum and maize 
Meat pieces Starch 
Milk crumb Stearate 
Milk (skimmed) Stearic acid 
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Molasses 
Oat flour 


Onion pulp 
Palm oil residue 
Pectin 

Phenyiglycine casein 
Potato (waste) 

Press liquors 
Protein (hyrolyzed) 
Rice starch 

Seaweed extract 
Semolina 


Alginates 
Alginic acid 


Bread crumbs 


Cocoa residue 
Cornstarch 
Coumarin 


Dark grains 
Demerara sugar 
Dextrose 
Fishmeal 

Flour 


Glucose starch 
Groundnut residue 
Lactose 


‘Almonds 
Apples 

Apricots 
Assorted biscuits 


Beans 
Bran 


‘Steep liquor 
Stick liquor 
Sugar solution 
Oats 

Tapioca starch 
Vegetable extract 
Vegetable protein 


Wax 

Whale solubles 
Wheat starch 
Whey 

Yeast cream 
Yeast extract 


Thermoventuri Dryer 
Maize starch 


Organic acids 


Pectin 
Potato 


Spent grains 
Sphagnum moss 
Starches 
Stearates 
Sulfur waste 
Tartaric acid 


Wheat germ 
Wheat gluten 
Wheat starch 
Yeast 


Coveyor-Band Dryer 


Cabbage 

Carrots 

Celery 

Chocolate milk crumb 
Coconuts 

Corn grit 


Bread crumbs Dog biscuits 
Breakfast cereals Dog food 
Filter board Pastilles 
Food concentrates Peanuts 
French fries Peas 
Pectin 
Garlic Peppers 
Gelatin Pet food 
Grapes Plums 
Potatoes 
Teed biscuits Puffed cereals 
Jellies Rice 
Sausage rusk 
Meat Seaweed 
Mints Soya protein 
Molding powders Sugar dough 
Sugar- and/or honey-coated 
cereals 
Nougat 
Nuts Turnip 
Onions Wheat flakes 
BIBLIOGRAPHY 


Copyrighted APV Crepaco, Inc. Used with permission. 


1. D. Noden, “Industrial Dryers Selection, Sizing, and Costs,” CPI 
Digest 8(1), 6-23, (1985). 

2. D. Noden, “Efficient Energy Utilization in Drying,” dfi News 
1(4), 8-14, (1985). 

3. B. Bjarekull, “Spray Drying New Developments, New Econom- 
ics,” dfi News 8(2), 6~18 (1985). 

4, B. Bjarekull, “Fluid Bed Agglomerization for the Production of 
Free-Flowing Dustless Powders,” dfi News 8(2), 6-13 (1985). 

5. S. G. Gibson, “Spin Flash Dryers for Continuous Powder Pro- 
duction from Pastes and Filter Cakes,” APV Dryer Handbook, 
Oct. 1985, pp. 36-42. 


APV CrEPACO, INC. 
Lake Mills, Wisconsin 


E, COLI 0157. See FoopBORNE DISEASES. 


EDIBLE FILMS AND COATINGS 


Edible films and coatings are generally defined as thin lay- 
ers of edible material that are applied on (or within) food 
products to extend shelf life by functioning as solute, gas, 
and vapor barriers. Also, they can modify product appear- 
ance, improve structural integrity, act as carriers of food 
additives (eg, antimicrobials, antioxidants, and flavorings) 
and, in certain instances, partially or completely replace 
synthetic packaging materials. The terms films and coat- 
ings are often used interchangeably. Generally, coatings 
are formed on foods after application by dipping, brushing, 
spraying, or tumbling, whereas stand-alone films are pre- 
formed by casting or extrusion and then placed on (or 
within) foods. Relevant commercial applications range 
from wax coatings for fresh produce, to extruded collagen 
casings for sausages, to sugar coatings for bakery and 
confectionery products, to water-soluble pouches for pre- 
measured food additives. Interest in development, char- 
acterization, and application of edible films and coatings 
has recently intensified, resulting in voluminous peer- 
reviewed and patent literature on the subject. Several pro- 
tein, polysaccharide, and lipid materials derived from 
plants and animals are known film-forming ingredients 
with current or potential edible packaging applications. 
Typically, protein- and polysaccharide-based films and 
coatings require incorporation of low molecular weight ed- 
ible plasticizers such as glycerin, sorbitol, polyethylene 
glycol, propylene glycol, and fatty acids. The present sum- 
mary is intended as a reference for various types of edible 
film-forming materials and not as an edible packaging ap- 
plications guide. 


PROTEIN FILMS 


Collagen 


One of the earliest uses of edible films is the use of natural 
casings made from animal intestines to restructure com- 
minuted meat. Natural casings have the disadvantages of 
low mechanical strength, inconsistent quality, and limited 
availability. Therefore, natural casings have been largely 
supplanted by (artificial) collagen casings fabricated from 
swollen collagen fibers. Sausage casings hold and shape 
the meat batter while the meat protein is being heat-set. 
They have no real barrier properties; they allow moisture 
to pass when needed, and allow smoke and flavorings to 
enter the sausage. Compared with natural intestine cas- 
ings, fabricated edible collagen casings offer improved uni- 
formity, processibility, and sanitation. However, edible col- 
lagen casings are somewhat tough and tend to split when 
grilled. 

The currently used extrusion process for fabricating col- 
lagen casings from regenerated bovine hide corium was 
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developed in the late 1950s. The process involves dehairing 
hides by alkaline or acid treatment, decalcifying hide coria; 
grinding into small pieces; acidifying to produce a swollen 
slurry (4-5% solids); homogenizing; extrusion forming into 
tubular casings (8—10% solids); feeding extrudates into co- 
agulating baths of brine or ammonium; washing casings 
free of salts; adding plasticizers and cross-linking agents; 
and drying (1). Perpendicular shear is applied to the col- 
lagen fibers as they exit the extruder to disrupt their lam- 
inar alignment to produce a more woven fiber structure. A. 
collagen casing extrusion process developed in Germany in 
the 1930s employs collagen dispersions of higher solids 
contents (>12%) (1). Such dispersions require substan- 
tially higher extrusion pressures. This method has had 
limited acceptance outside Europe. 

As an alternative to preformed collagen casings, a tech- 
nology where the collagen casing is coextruded around the 
sausage meat batter was developed in the 1980s (2). The 
collagen dispersion is prepared in situ and pumped to a 
special extrusion nozzle. The meat emulsion is pumped 
through an inner opening in the nozzle and the collagen 
dispersion is applied to the emerging meat batter through 
counterrotating concentric cones that orient collagen fibers 
into a woven alignment. The continuous encased sausage 
rope is passed through a brine bath to dehydrate and set 
the collagen casing. The sausage rope is crimped into links, 
and the sausage is dried and smoked to further set the 
collagen casing. Coextruded sausage casings are more 
tender than preformed casings and, therefore, have better 
eating qualities, yet they remain more durable during 
grilling. The high initial cost of the coextrusion equipment 
has limited the acceptance of this method to large process- 
ing plants. Besides sausage casings, collagen-based edible 
films for use on netted roasts, boneless hams, fish fillets, 
and roast beef also have been commercialized since the 
late 1980s (3). Such films (trade name Coffi) can reduce 
cook shrink, increase product juiciness, and allow for easy 
removal of elastic stretch netting after heat processing. 
Reportedly, both refrigerated and frozen/thawed round 
beef steaks wrapped in collagen films prior to retail pack- 
aging (permeable film overwrap) or vacuum packaging ex- 
hibited substantially less fluid exudate than unwrapped 
steaks (4). 


Gelatin 


Gelatin is obtained by partial hydrolysis of collagen 
through alkaline or acidic treatments. It is an important 
hydrocolloid used in a number of food, photographic, phar- 
maceutical, and technical applications (5). In particular, 
gelatin is used widely in pharmaceutical and dietary sup- 
plement industries as an encapsulating agent (edible bar- 
rier) in hard (two-piece) capsules, soft capsules (softgels), 
and microcapsules (usually as coacervate with anionic 
polysaccharides). However, the film-forming properties of 
gelatin that have made it indispensable to the pharmaceu- 
tical and photographic industries have not been utilized by 
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the food industry. This is mainly due to gelatin being too 
easily hydrated and solubilized to form an effective barrier 
in foods. 


Cereal Proteins 


Zein, the prolamin fraction of corn proteins has been 
studied extensively for its ability to form glossy, grease- 
resistant films that are not water-soluble. Protective coat- 
ings based on zein are commercially available for shelled 
nuts and confections (6) and have shown potential for ex- 
tending the shelf life of tomatoes (7) and cooked turkey (8). 
Also, due to their grease resistance, zein-based coatings 
can reduce oil uptake by deep-fat fried foods (9). Wheat 
gluten also possesses good film-forming properties due to 
its cohesiveness and elasticity. At low moisture contents, 
wheat gluten films exhibited 10-fold lower aroma perme- 
ability than low-density polyethylene films (10). Typically, 
wheat gluten films are cast from aqueous alcohol solutions 
under alkaline (11) or acidic (12) conditions. The use of 
organic solvents (eg, ethanol or acetone) in zein and wheat 
gluten film-forming solutions has hindered the application 
of such films. Recently, a method was patented for prepar- 
ing film-forming colloidal dispersions from dilute aqueous 
acid solutions of zein and wheat gluten (13). Also, zein- 
based moldable resins have been rolled into sheets (14). 
The relationship of wheat gluten (and other cereal pro- 
teins) to celiac disease, a dietary intolerance, should be 
considered when developing edible films, as well as aller- 
gies associated with various proteins. The film-forming 
properties of other cereal proteins, such as sorghum kafirin 
(15) and rice bran protein (16), have recently been inves- 
tigated. 


Oilseed Proteins 


Soy protein-lipid films have traditionally been fabricated 
in East Asia on the surface of soy milk heated in open, 
shallow pans (6). Films are successively formed on and re- 
moved from the soy milk surface until protein in the so- 
lution is exhausted. Such films, known as “yuba” in Japan, 
can be used as meat and vegetable wrappers prior to cook- 
ing. Similar films have been prepared from peanut and cot- 
tonseed “milk.” Also, heat-catalyzed protein polymeriza- 
tion through surface dehydration has been reported for 
heated solutions of soy protein isolates (17). This method 
is not suitable for large-scale commercial film production. 
Films have been cast from aqueous film-forming solutions 
of soy protein isolates (18). Soy protein films are generally 
less water resistant than zein or wheat gluten films. 


Milk Proteins 


Transparent and flavorless cast films have been prepared 
from both whey proteins and caseins (19). Reportedly, 
cross-linking with transglutaminase reduced water resis- 
tance and increased mechanical strength of milk protein 
films (20). Transglutaminase also catalyzed the formation 
of heterologous biopolymers from whey protein and 11S 
soy protein fraction (21). Besides film formation by casting, 
a modified wet spinning process was recently proposed for 
the continuous preparation of casein films (22). Edible sau- 


sage casings from casein have been prepared (23). Whey 
protein coatings have shown potential as oxygen barriers 
for dry roasted peanuts (24). 


Other Proteins 


Egg white (albumen) is a complex protein system with 
ovalbumin, ovotransferrin, ovomucoid, lysozyme, globu- 
lins, and ovomucin as the principal fractions. Films cast 
from aqueous alkaline solutions of desugared dried egg 
white (25) were clearer and more transparent than wheat 
gluten, zein, or soy protein films. Egg white films have lim- 
ited water resistance and may find use as water-soluble 
packages (eg, pouches for premeasured food ingredients). 
Water-insoluble, transparent films with tensile strength 
close to those of polyethylene films have been developed 
from fish myofibrillar proteins (26). Other proteins that 
have received limited attention as film-formers are pea 
protein, feather keratin, and blood protein. 


POLYSACCHARIDE FILMS 


Alginates 


Alginates are salts of alginic acid, a linear copolymer of D- 
mannuronic acid and L-guluronic acids that is extracted 
from brown seaweeds. The ability of alginates to gel in the 
presence of divalent or trivalent cations is utilized in form- 
ing alginate films. Calcium cations, which are more effec- 
tive gelling agents than other polyvalent cations, “bridge” 
adjacent alginate chains via ionic interactions, after which 
interchain hydrogen bonding occurs (27). The application 
of alginate-based coatings on meat and seafood products 
has been discussed in several published studies and patent. 
disclosures (3). A two-step procedure was used for forming 
such coatings. Application of aqueous sodium alginate 
solutions on food products, by dipping or spraying, was 
followed by treatment with a calcium salt solution (typi- 
cally calcium chloride) to induce gelation (fixing). Calcium 
alginate coatings have reduced moisture losses from 
coated foods effectively, mainly due to their high moisture 
content. The coating acts as a sacrificing agent when mois- 
ture evaporates from the gel prior to any notable desicca- 
tion of the enrobed food (27). A bitter taste imparted on 
coated foods by calcium chloride has been a concern with 
alginate coatings. Patents (28,29) have been awarded for 
a fresh meat coating process in which a sodium alginate- 
oligosaccharide solution and a calcium chloride-thickening 
gum solution were successively applied on fresh meat by 
spraying or dipping. Based on these patents, an edible 
alginate-based coating for meats and other foods was de- 
veloped and marketed (trade name Flavor-Tex) in the 
1970s. Flavor-Tex’s formulation included sodium alginate 
with maltodextrin in the first solution and calcium chloride 
with carboxymethyl cellulose in the second solution. Beef 
cuts coated with Flavor-Tex and stored at 5°C had reduced 
moisture loss but similar surface microbial counts com- 
pared with uncoated samples (30). Alginate coatings also 
extended shelf life and preserved texture of coated mush- 
rooms by reducing the rate of water evaporation (31). In 
an active packaging application, lactic or acetic acids im- 


mobilized in calcium alginate gels were more effective in 
reducing viable counts of Listeria monocytogenes attached 
to lean beef surfaces after six days at 5°C than were acid 
treatments without alginate (32). 


Carrageenan 


Carrageenans are sulfated polysaccharides extracted from 
red seaweeds. The x- and :-carrageenan fractions form gels 
in the presence of monovalent and divalent cations. Locust 
bean gum and other mannans often are added to carra- 
geenan gels to prevent syneresis and increase elasticity. 
Protective carrageenan coatings have been used to extend 
the shelf lives of meats and fish (3). A patented process 
described dipping precooked meat into an aqueous calcium 
carrageenan dispersion prior to freezing (33). The formed 
coatings extended product shelf life by preventing mois- 
ture loss and, thus, “freezer burn.” Similar to alginate 
films, carrageenan films probably reduce moisture loss 
by serving as a reservoir of moisture that is sacrificed. A 
carrageenan-based active coating containing sorbic acid 
created a pH gradient on the surface of an intermediate 
moisture cheese analog product, thus enhancing the anti- 
microbial activity of sorbate (34). 


Cellulose Derivatives 


Water-soluble cellulose ethers including methyl cellulose 
(MC), hydroxypropyl cellulose (HPC), hydroxypropyl- 
methyl cellulose (HPMC), and carboxymethyl cellulose 
(CMC) possess good film-forming properties. Their relative 
hydrophilicities increase in the order of HPC < MC < 
HPMC < CMC. Ethyl cellulose (EC) is another film- 
forming cellulose ether, which is water-insoluble. As dis- 
cussed next, cellulose ethers often are used as matrices in 
composite films. Aqueous-based HPMC solutions are 
widely used in the pharmaceutical industry for tablet coat- 
ing. MC and HPMC have been used as batter ingredients 
to reduce oil uptake during deep-fat frying of battered and 
breaded foods. Meatballs prepared from ground chicken 
breast and coated with HPMC absorbed up to 33.7% less 
fat than uncoated samples during deep-fat frying (35). 
HPMC coatings also reduced the number of viable Sal- 
monella montevideo cells on the surface of tomatoes (36). 
Water-soluble, edible pouches from HPMC are used com- 
mercially to deliver preweighed minor manufacturing in- 
gredients such as dough conditioners, leavening agents, vi- 
tamins, and minerals. Nature-Seal, a proprietary fresh 
produce coating formulation based on cellulose ethers and 
emulsifiers is used for delaying ripening of climacteric 
fruits (37). 


Pectin 


Pectins are composed primarily of the methy] esters of lin- 
ear chains of 1,4-a-D-galacturonic acid units. They are ex- 
tracted mainly from citrus peel and apple pomace. High- 
methoxyl (HM) and low-methoxyl (LM) pectins have 
degree of esterification above or below 50%, respectively. 
HM pectins gel at a soluble solids concentration of 55 to 
80% and at acidic pH (2.8-3.7), whereas LM pectins gel in 
presence of divalent cations similarly to alginates (38). Ap- 
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plications of LM pectin coatings on oily or sticky food prod- 
ucts such as shelled nuts and candied fruit have been pro- 
posed (39). A recent patent describes film casting from 
pectin or pectin/gelatinized starch mixtures (40). 


Starch and Starch Derivatives 


Starch, a glucose polymer, is composed of linear amylose 
and branched amylopectin. Both fractions can form films 
although amylose films have better mechanical and bar- 
rier properties than amylopectin films (41), Reportedly, 
tensile strength of nonplasticized starch films increased 
continuously as amylose content increased from 0 to 100% 
(42). As early as the 1950s, transparent films cast from 
water-butanol solutions of gelatinized amylose were eval- 
uated for their functional properties (43). Extruded edible 
film wraps based on hydroxypropylated high amylose 
starch were commercially available (trade name Ediflex) 
in the late 1960s for application on frozen foods. High am- 
ylose starch coatings reduced moisture loss, maintained 
firmness, and reduced decay in coated, refrigerated straw- 
berries (44). Also, various commercial modified starches, 
dextrins, and maltodextrins improved the quality of coated 
precooked dehydrated pinto beans (45). 


Chitosan 


Chitin, a glucosamine polymer, and chitosan (deacetylated 
chitin) are produced industrially from crustacean shell 
waste. Although abundantly available, chitin and chitosan 
have limited commercial use. They are approved in Japan 
and in Canada for various food applications but have not 
received approval by the FDA in the United States. Free- 
standing chitosan films can be cast from acetic, formic, or 
dilute hydrochloric acid solutions. For example, glycerin- 
plasticized films were cast from 3% w/w solutions of chi- 
tosan in 1% acetic acid (46). Protective chitosan coatings 
substantially reduced water loss in bell peppers and cu- 
cumbers (47). Also, chitosan coatings, due to the inherent 
antimicrobial properties of chitosan, inhibited growth of 
several spoilage microorganisms on raw refrigerated 
shrimp (48). Water-soluble N,O-carboxymethyl chitosan 
(NOCC) is produced by reacting chitin with chloroacetic 
acid under alkaline conditions. A commercially available 
NOCC coating (Nutri-Save) reportedly had some success 
as a selectively permeable postharvest coating for fresh 
fruit (38). 


LIPIDS AND RESINS 


Acetylated Glycerides 


Acetylated glycerides can be obtained either by reacting 
glycerides with acetic anhydride or through the catalyzed 
interesterification of a fat or oil with triacetin (49). They 
solidify into stable a-form crystals that are waxy and rela- 
tively impermeable to moisture migration. Distilled acet- 
ylated monoglyceride coatings have been used in edible 
packaging applications since the 1960s. Claims have been 
made in patent disclosures that such coatings preserved 
meat freshness (50,51). However, acetylated monoglycer- 
ide coatings (trade name Dermatex) did not affect signifi- 
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cantly the physical and sensory characteristics (eg, mois- 
ture, surface discoloration, and overall appearance scores) 
of vacuum-packaged beef steaks and roasts stored at 2°C 
for seven to eight weeks (52). More recently, acetylated 
monoglyceride (trade name Myvacet) coatings substan- 
tially reduced moisture loss and delayed the onset of lipid 
oxidation in frozen salmon pieces stored at — 23°C (53). 
Certain application and sensory problems are associated 
with acetylated monoglyceride coatings including the ten- 
dency of highly saturated acetylated glycerides to crack 
and flake during storage. An acidic, bitter aftertaste also 
has been attributed to acetylated glycerides. 


Waxes 


Coating fresh produce with waxes to extend postharvest 
shelf life has a long history of use. Both natural waxes (eg, 
carnauba, beeswax, candelilla, and rice bran) and syn- 
thetic waxes (eg, paraffin and oxidized polyethylene) are 
used for this purpose. For example, commercial wax coat- 
ing formulations include Primafresh 31 (carnauba wax), 
Shild-Brite PR-190 (natural waxes), Apple-Britex 559 (car- 
nauba wax), and Fresh Wax 625 (oxidized polyethylene 
wax) (37). Generally, waxes are substantially more resis- 
tant to moisture transport than most other lipid or non- 
lipid edible films (27). Waxes applied to perishable produce 
replace natural surface waxes of the cuticle, prevent mois- 
ture loss, and improve surface luster. Application of wax 
coatings on the commodity surface may be accomplished 
by dipping, spraying, dripping, or controlled dropping (54). 
Waxes, by themselves, however, do not reduce decay. In 
fact, waxes can restrict oxygen and carbon dioxide gas ex- 
change and cause uneven ripening or decay (55,56). For 
this reason, fungicides and growth regulators often are in- 
corporated into waxes to control spoilage. 


Resins 


Resins are acidic substances that are secreted by many 
trees and shrubs in response to injury. Shellac resin is the 
alcohol soluble exudate of the insect Laccifer lacca and is 
the only commercially used natural resin of animal origin. 
Regular bleached shellac containing the natural shellac 
wax, or refined, dewaxed bleached shellac, which yields 
clearer solutions, are available. Shellac coatings are exten- 
sively used for candies (eg, candy corn), shelled nuts, and 
tablets (eg, multivitamins). Shellac-based enteric release 
coatings for solid dosage forms are utilized in the phar- 
maceutical industry (57). Fresh produce coatings from 
shellac or mixtures of shellac and waxes, such as carnauba 
wax, are commercially available (37,58). Besides shellac, 
other resins such as coumarone indene (petroleum- 
derived) and wood rosin are permitted for use in food coat- 
ings (59). 


COMPOSITE FILMS 


Combining various biopolymers is an obvious approach to 
tailor the functional properties of edible films and coatings 
to specific applications. Generally, polysaccharide and pro- 
tein films provide limited resistance to moisture transmis- 


sion due to the inherent hydrophilicity of such materials 
and to the notable amounts of incorporated hydrophilic 
plasticizers needed to impart adequate film flexibility. In 
contrast, hydrophobic lipids are effective moisture barri- 
ers. Composite films (prepared from emulsions or by lam- 
ination) made of lipids and polysaccharides or proteins 
combine the satisfactory structural and oxygen barrier 
properties of polysaccharide or protein films with the good 
moisture barrier characteristics of lipids. For example, bi- 
component films prepared from cellulose ethers and lipids 
(eg, waxes, acetylated monoglycerides, and fatty acids) ef- 
fectively restricted moisture migration in simulated food 
products containing major components differing substan- 
tially in water activity (60). Coatings comprised of MC or 
HPMC and fatty acids also may be used to control diffusion 
of antimicrobial agents (eg, potassium sorbate) into foods 
(61). Recently, highly refined cellulose dispersions made 
from fibrous agricultural by-products were copulverized at 
high pressure with various polysaccharides (guar gum, al- 
ginate, carrageenan, pectin, and xanthan gum) and coco- 
nut oil to form emulsions, which were cast into films (62). 
Such films had substantially lower water vapor perme- 
ability than those of polysaccharide-based films reported 
in the literature. Coatings comprised of sucrose esters of 
fatty acids and the sodium salt of CMC (trade names 
Semperfresh and Pro-long) effectively reduced ripening 
rate of fresh produce (63,64). Edible coating compositions 
for multicomponent food products combining shellac, HPC, 
and, optionally, fatty acids have been patented (65). Bicom- 
ponent chitosan-lauric acid films had 50% lower water 
vapor permeability than chitosan films (66). Composite 
protein-lipid films had lower water vapor permeability val- 
ues than control protein films (19,67). Sodium caseinate- 
stearic acid coatings reduced white blush on peeled carrots 
by alleviating surface dehydration (68). Besides lipid- 
polysaccharide or lipid-protein films, composite films com- 
bining proteins and polysaccharides, such as starch, also 
have been studied recently (69,70). Blending various pro- 
tein and polysaccharide film-formers with inexpensive 
starch can substantially reduce the cost of edible film for- 
mulations (71). 
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EEL 


Eel is a popular food fish in Europe and the Far East, es- 
pecially in Japan. In some countries, however, eel is not so 
popular because of its snakelike appearance. In spite of 
this, the demand for eels has increased considerably dur- 
ing the last two decades. 

Annual world production of eels is about 200,000 t. 
Twenty-five percent of these are wild eels captured mainly 
in Europe, North America, and Oceania, whereas the re- 
maining 75% are cultured eels. 

Japan pioneered the culture of eels more than 150 years 
ago. Its eel culture technique is now one of the most ad- 
vanced in the world. Taiwan, which adopted Japanese cul- 
ture methods, follows closely. In annual eel output, Tai- 
wan, however, surpasses Japan, making it the world’s 
largest supplier of eels (1). Meanwhile, several countries 
are also developing their own eel culture industry. Fluc- 
tuating natural eel stocks and the pollution of the eel’s hab- 
itat have made world eel production unstable. The culture 
of eels may be the best way of ensuring the adequate sup- 
ply of the fish. 


BIOLOGY 


Species and Characteristics 


Freshwater eels are widely distributed throughout the 
world, mostly in the areas around the Atlantic and Indo- 
Pacific oceans (Fig. 1) (2). A total of 16 species and six sub- 
species are recorded, namely, Anguilla anguilla (European 
eel), A. rostrata (American eel), A. japonica (Japanese eel), 
A. marmorata, A. bicolor (subspecies: A. bicolor pacifica 
and A. bicolor bicolor), A borneensis, A. celebesensis, A, an- 
cestralis, A. obscura, A. australis (subspecies: A. australis 
australis and A. australis schmidti), A. megastoma, A, mos- 
sambica, A. nebulosa (subspecies A. nebulosa labiata and 
A. nebulosa nebulosa), A. reinhardti, A. interioris, and A. 
dieffenbachi. However, A. celebesensis and A. ancestralis 
are classified as synonyms (3). There are several charac- 
teristics that distinguish the world’s eel species, including 
dorsal fin length, vertebral number, color, size, head shape, 
habitat, and distribution (Table 1). 


Dorsal Fin Length. Eels are generally divided into two 
types according to the proportion of the length from the 
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A.ang. Anguilla anguilla A.an. Anguilla ancestralis A. b.b. Anguilla bicolor 
Aso, Anguilla rostrata A.me. Anguilla megastomaa A.b.p. Anguilla b. pacifica 
A.j. Anguilla japonica A.in. Anguilla interioris A.o, Anguilla obscura 
A.d, Anguilla dieffenbachi A. bo. Anguilla borneensis. —A.a.a._ Anguilla a. australis 
A.re. Anguilla reinhardti —A.n.n. Anguilla nebulosa A.as, Anguilla a. schmidti 
A.ma. Anguilla marmorata A. n.J._ Anguilla labiata 


A.c. Anguilla celebesensis A.mo. Anguilla mossambica 


Figure 1. Natural distribution of freshwater eels. Source: Ref. 2. 


anterior base of the dorsal fin to the anus and the total 
body length. The long-fin type has a proportion of 7-17%, 
while the short-fin type has a proportion of 0-5%. Thirteen 
of the eel species belong to the long-fin category, three spe- 
cies belong to the short-fin type. 


Vertebral Number. Another taxonomic criterion for eel 
types is the number of vertebrae. Eels have 100-119 ver- 
tebrae; the number varies among the different species. The 
number even varies within each species, which increases 
with higher latitudes. 


Color. Eels can be mottled or plain. There are seven 
mottled and nine plain species. 


Size. There is a considerable difference between female 
and male eels. The growth of female eels in inland water 
is much more superior than that of male eels. The females 
also stay longer in inland water before returning to the sea. 
Eels can grow at maximum sizes of 27 kg and 200 cm. 


Head Shape. Eels are also classified according to the 
shape of their head. Those with a narrow head and thin, 
narrow lips are classified as narrow-head type while those 
with broad head and thick, broad lips are classified as 
broad-head type (4,5). 


Distribution 


Of the 16 species of eels, 14 are distributed in the Indo- 
Pacific areas. Some of these eels inhabit the tropical zone, 
while others abound in the temperate zone. Eels in the 


Indo-Pacific Ocean are distributed in both the southern 
and northern hemispheres. The northernmost boundary is 
at about 45° N in Hokkaido, Japan, while the southern- 
most limit is at about 50° S in the Auckland Islands, New 
Zealand. The two other species, the European eel and the 
American eel, inhabit the Atlantic Ocean and abound in 
the temperate zones of Europe and North America, re- 
spectively (Fig. 1). 


LIFE HISTORY 


The first successful attempt to understand the amazing life 
cycle and unusual traits of the eel has generally been ac- 
credited to two men who devoted most of their lives to 
studying eels: Danish biologist Johannes Schmidt and his 
student Vilhelm Ege. The discovery of a leptocephalus by 
Schmidt in 1904 started a 35-year study that helped es- 
tablish a solid foundation to the ecological study of eels. 
Nevertheless, many questions concerning the life history 
of eels still remain unanswered. Although the life history 
of three species, European eel, American eel, and the Jap- 
anese eel are well investigated, little is known about the 
other species. 

Eels are catadromous migrants, that is, they spawn at 
sea and spend most of their lives in inland waters. The 
spawning ground and migration route vary with each spe- 
cies. 


European Eel 


The European eel spawns at the Sargasso Sea, 22-30° N, 
48-65° W, in the western Atlantic Ocean from early spring 
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Table 1. Major Details of the World’s Anguilla Species 


Maximum 
size of 

Dorsal fin =-lemales? _ 

length Vertebral number —Color* kg cm Species Zone® Distribution® 

Long 110-119 P 6.0 1254 A anguilla Temp ATL _ Europe, North Africa 

Long 103-111 1 6.0 1254 A. rostrata Temp ATL United States, Canada, 
Greenland 

Long 112-119 P 6.0 1254 A. japonica Temp PAC _ Japan, Korea, Taiwan, 
People’s Republic of 
China 

Long 109-116 P 20.0 150 A. dieffenbachi ‘Temp PAC New Zealand 

Long 104-110 M 18.0 170 A. reinhardti Trop PAC Australia, New Caledonia 

Long 100-110 M 27.0 200 A. marmorata® Trop PAC Africa, Madagascar, 
Indonesia, People’s 
Republic of China, 
Japan, Pacific Islands, 
Sumatra 

Long 101-107 M A. celebesensis’ Trop PAC Philippines 

Long 101-106 M A. ancestralis! Trop PAC Celebes 

Long 108-116 M 22.0 190 A. megastoma Trop PAC New Caledonia 

Long 104-108 M A. interioris Trop PAC New Guinea, New 
Caledonia 

Long 103-108 P 2.0 90 A, borneensis Trop PAC Brunei 

Long M 10.0 150 A. nebulosa - - - 

Long 106-112 A. n. nebulosa ‘Trop IND Sri Lanka, Burma, 
Sumatra 

Long 107-115 A, n. labiata Trop IND South Africa 

Long 100-106 FE 5.0 125 A. mossambica Trop IND Africa 

Short P 3.0 110 A, bicolor - - - 

106-115 P A. 6. bicolor Trop IND South Africa, 

Madagascar, Sri 
Lanka, Burma, 
Sumatra, Australia 

Short 108-111 A. b. pacifica Trop PAC Brunei 

Short 101-107 P A. obscura Trop PAC New Caledonia 

Short P 2.5 95 A. australis 

Short 109-116 A. a, australis Trop PAC Australia 

Short 108-115 A. a. schmidti Temp PAC New Caledonia, New 
Zealand 


Source: Refs. 5 and 9, 
“Color abbreviations are P = plain, M = mottled. 
*Zone abbreviations are Trop = tropical, Temp = temperate. 


“Distribution abbreviations are ATL = Atlantic Ocean, IND = Indian Ocean, PAC = Pacific Ocean. 


4A. anguilla, A. rostrata, and A. japonica are closely related (9). 
“A, marmorata is the most widely distributed species (9). 
‘Synonymous (3). 


through early summer. The prelarvae grow to about 25 
mm in June. They then attenuate in shape, and gradually 
grow into transparent, leaf-shaped leptocephalus. The 
leptocephali drift with the current away from the Sar- 
gasso Sea to the coasts of Europe in about three years. 
The leptocephalus can attain a body length of 50 mm after 
a year and about 75 mm at two years old. They meta- 
morphose into slim transparent elvers (Fig. 2) at 2.5 years 
old. The elvers then head for the coast and enter es- 
tuaries. 

Both the female and male European eels stay in rivers 
until they grow to 6-12 and 9-19 years old, respectively. 
When they become sexually mature, the eels migrate 
downstream and back to the Sargasso Sea to spawn. After 
spawning, the adults die. 


American Eel 


The American eel also spawns in the Sargasso Sea. The 
elvers only take about 1.5 years to reach the coastal area 
of North America (6). 


Japanese Eel 


The spawning ground of the Japanese eel is estimated to 
be within the eastern part of Taiwan and the southern part 
of the Ryukyu islands, which may extend to the north- 
eastern part of the Philippines. The spawning season is 
estimated to be between June and July. At the latter part. 
of their development, the leptocephali drift with the Ku- 
roshio current from the spawning ground and metamor- 
phose into elvers when they reach the estuaries of Taiwan, 


Figure 2. Elvers. 


the People’s Republic of China, Korea, and Japan after 
about 4-5 months. The migration time is estimated by the 
daily growth rings in the otolith. Using this index, the peak 
of elvers upstream migration is between December and 
January. The elvers enter the rivers and live and feed on 
small fish, shrimp, and aquatic insects for about 5-20 
years until they reach adult size. They mature during au- 
tumn and winter (September—November). The pectoral fin, 
dorsal and ventral part of the mature males turn blackish 
and silvery. While mature males can weigh only about 500 
g on maturity, the females can reach 2-3 kg. Sexually ma- 
ture eels then migrate down the river into the ocean to 
spawn. Figure 3 illustrates the estimated spawning 
ground and life cycle of the Japanese eel (7). The Japanese 
eel is the most popular and most commonly eaten eel, par- 
ticularly in Japan. Thus the following discussion focuses 
on the Japanese eel. 


ECOLOGY OF ELVERS 


The amount of catch for elvers in coastal waters seems to 
be correlated with temperature. The maximum catch of 
elvers in the upstream areas has often been found during 
or several days after daily seawater temperature reaches 
its lowest in winter. The lowest water temperature ever 
recorded in an eel habitat is 15-16°C. 

Maximum catch has also been observed to occur at the 
same time when salinity has leveled off and the flow of 
seawater has reached its maximum. The elvers also be- 
come most active during this period at night. 

The biological rhythm of elver activity was found to fol- 
low the lunar cycle in the coastal waters. The peak catches 
occur only once a month, about the time of the new moon. 
On the other hand, a semilunar rhythm of the elvers in the 
rivers was observed, namely, two peak catches occurred in 
each lunar cycle, one around full moon, the other around 
new moon. The semilunar rhythm of upstream elvers also 
coincided with the spring tide (8). 


CULTURE TECHNIQUES 


‘Species Cultured 


Of the different species of eels in the world, three are val- 
ued for its economic importance, namely, the European eel, 
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Figure 3. Estimated spawning ground and life cycle of the Jap- 
anese eel: (a) Leptocephalus, 5.5 cm TLL., drifted by current; (b) 
elver (ascending) migrates from estuary to river; (e) adult (de- 
scending) migrates from river to spawning ground. Source: Ref. 7. 


the American eel, and the Japanese eel. From a marketing 
point of view, these species are similar in shape, growth, 
and behavior (8). 


Elver Collection 


The collection of the elvers is the starting point of eel cul- 
ture. Attempts to propagate eels artificially have not been 
successful to date. In 1974, the Japanese succeeded in in- 
ducing artificial spawning of the eel and hatching the eel 
eggs. But attempts to rear the elver during the first three 
weeks of its life have not been as successful. Thus eel fry 
are still sourced entirely from the wild-caught elvers. 

A growing concern within the eel culture industry in 
recent years is the diminishing number of large seaward 
running eels, as well as the elvers swimming upstream. 
This has been attributed mainly to pollution in estuaries, 
rivers, and streams and the overfishing of elvers. To rem- 
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edy this, captured elvers are now widely used not only for 
culturing eels for consumption, but also for restocking in 
the lower reaches of rivers and streams. 

Elvers are usually captured at nighttime. Light is used 
to attract them (Fig. 4) and they are caught in scoop nets 
in shallow water, in a fine-mesh net set across the width 
of the river, or in trap nets set in the estuaries (10). 

Elvers are quite hardy; nevertheless, great care is taken 
when handling them to prevent mortality due to injury. 
They are not handled directly. They are placed in boxes 
lined with wet muslin or hung in mesh cages in the river. 
These boxes or cages are taken to eel farms within a few 
hours. The high demand coupled with a supply shortage 
has resulted in a phenomenal increase in the price of el- 
vers. 


CULTURE SYSTEMS 


Eels can be cultured both extensively and intensively. Most 
eel farms, however, use the intensive culture system. This 
culture system is characterized by high stocking densities, 
stringent water-quality management, additional inputs 
such as formulated diets to increase fish production, and 
aggressive disease prevention. 


Elver Rearing 


There are various sizes and types of tanks being used in 
stocking elvers, The most commonly used, however, is the 
circular concrete tank, about 5 m in diameter and 60 cm 
in depth. Tanks are usually built under greenhouses and 
heated to above 25°C by thermostatically controlled elec- 
tric immersion heaters (10). This is to protect the elvers 
from low temperatures. 

The average stocking density of intensive culture is 1- 
2 kg of elvers/3.3m?. Sorting and restocking are usually 
done after 20-30 days, when a significant difference in the 
size of eels is observed. The average density used for the 
second stocking phase is 1 kg of fish/3.3 m®. Frequent sort- 
ing and restocking will bring about higher survival rate. 
These will also help maintain uniform growth and provide 
better feed conversion rates. 


Figure 4. Offshore collection using boat and light to attract el- 
vers. 


The elvers have to be trained to take formulated feeds. 
The common method is to lower baskets containing tubifex 
worms or minced meat of oyster and clam twice a day, in 
the early morning and in the late evening under a wooden 
enclosure lit by a 20-40 W lamp. Elvers do not feed at 
temperatures below 13°C, thus temperatures must be kept 
above 13°C. Feeding time is gradually shifted to daytime. 

Initially, elvers may not eat. In the long run, however, 
they learn to eat and eventually, attain rapid growth. After 
100-150 days, a size of 100-200 fingerlings/kg is reached. 


Feeding Management 


Eels are carnivorous fish and thus require high animal pro- 
tein input. The more animal protein that can be provided, 
the greater the eels’ weight will be. Most eel farmers feed 
their eels with formulated feeds that are chiefly made of 
fish meal with added carbohydrates, minerals, vitamins, 
and other ingredients. Due to the high cost of these feeds, 
most eel farms supplement these with raw fish such as 
mackerel, sardine, and anchovy. Trash fish or scraps that 
are minced using electric grinders are also used widely as 
feeds. Eels, however, convert formulated feeds more effi- 
ciently than they convert raw fish. 

Feeding is done once a day, at about 7:00 a.m. during 
summer and about 10:00 A.M. in winter. The usual feeding 
rate is 5-15% of the total weight of the eel for minced trash 
fish and 1.0-3.5% for formulated feeds (11). Nevertheless, 
factors such as the previous day’s feeding condition and 
water and air temperature as well as water quality are 
considered when determining the feeding rate. Ideally, 
feeds should be consumed within 20-30 min. 

Precautions must be taken to insure that no unneces- 
sary organic debris are allowed to fall into the ponds. Thus 
eel farmers do not just broadcast the feeds into the ponds. 
Instead, a special feeding platform, usually shaded, within 
the pond is designated for feeding, and the eels learn to 
swim toward the area each feeding time. Feeding areas are 
preferably located where the oxygen level is high as this 
encourages the eels to eat well. Formulated feed is lowered 
on a perforated tray suspended just under the surface and 
lifted after feeding is done (Fig. 5). Raw fish, dipped for a 
few minutes in boiling water to soften the skin, are 
threaded through the eyes and also lowered and raised 
once eels have eaten all the flesh. Thus the only organic 
matter that goes into the pond is that which the eels eat. 


Pond and Water Management 


Growout ponds are either rectangular or square. In Japan, 
adult eels are raised in several types of ponds that make 
use of efficient drainage with water temperatures of about 
28°C. Until recently, these eel ponds were between 5,000- 
20,000 m? in area. However, the practice of intensive cul- 
ture has reduced pond size to about 500-1,000 m*, and is 
expected to be further reduced in the future (10). 

In Taiwan, two types of eel ponds are used, namely, the 
hard pond and the soft pond (Fig. 6). The hard pond has a 
concrete or red brick bottom and dikes and is small (1,000- 
1,650 m? and water depth of 0.8-1.2 m). The soft pond, on 
the other hand, has a mud bottom and concrete or brick 
dikes and is generally large (0.6-1.0 ha and water depth 


Figure 5. Eels feeding on formulated feed paste from a perfo- 
rated tray lowered into the pond. The tray is lifted out once the 
eels stop feeding to avoid scraps fouling the water. 


Figure 6. Soft ponds. 


of 2.0-3.0 m). Recently, some farmers have reverted back 
to using earthen ponds (Fig. 7). 

Most eel farms have many ponds of different sizes be- 
cause eels of different sizes must be sorted to maintain 
uniform growth. The eels that grow fast are separated from 
those that grow slow and are transferred to larger ponds. 


EEL 589 


Pond water quality is also an important aspect of eel 
culture because it could affect the health and growth of the 
cultured eels. A well-maintained pond could spell the dif- 
ference between healthy and fast-growing eels and poor 
quality ones. 

Pond water color can also be used to gauge water qual- 
ity. The most favorable color is green because it can show 
the presence of zooplanktons, phytoplanktons, ideal pH 
value, high dissolved oxygen concentration, and other fac- 
tors affecting water quality. 

Eel ponds require large amounts of fresh water and are 
thus generally located in areas with good water supply 
both quantitatively and qualitatively, Water is kept free 
from pollution and within pH values of 6.5-8.0. Tempera- 
ture is kept above 13°C because eels stop eating below this 
temperature. Oxygen, which is considered the most critical 
water characteristic, must be maintained above 1 mL/L 
because eels cannot sustain life below this level. 

To ensure and improve the water quality in eel ponds, 
various methods may be adopted. These would include al- 
lowing more water to flow into the pond to increase the 
rate of water exchange, installing aerators to increase ox- 
ygen supply, and liming to improve water quality. Bottom 
sediments are also removed after harvest. 


Disease Problems, Prevention, and Treatment 


The eel’s body surface is covered by thick mucus. Thus the 
eel generally is highly resistant to diseases, unless its skin 
is injured or the skin or gill is infected by parasites (12). 

Various fungi and bacteria can infect eels. The most 
common of these are fungus disease, red disease, bran- 
chionephritis, swollen intestine disease, gill disease, and 
anchor worm disease. 

Diseases usually infect eels during the changes in sea- 
sons. These may be caused by a wide variety of factors such 
as poor pond water quality and inefficient feeding man- 
agement. 

Prevention rather than medication should be the pro- 
gram followed in disease management. Prevention of dis- 
eases would include efficient feeding management and 
proper water management. Moreover, eels are handled 
with care to avoid skin damage, which is the primary cause 
of infections. In case of disease outbreak, medicines are 
added to the food or to the pond water. 


Harvesting and Marketing 


When eels reach marketable size, they are harvested daily 
or once every few days, usually at feeding time. The ideal 
marketable size is 5-6 fish/kg for the Japanese market and 
more than 6 fish/kg for other markets. 

There are several ways of eel harvesting in the ponds. 
The common practice is by placing a net below the feeding 
platform. Other methods include draining the pond and 
catching the eels in long net bags or by drawing a seine 
across the pond. 

Harvested eels are sorted into different sizes. Smaller 
ones are put back to the pond for further growth. The har- 
vested eels are then starved for about two days by holding 
them in baskets in front of the water inlet of the pond or 
in midpond, or stacking perforated plastic baskets under 
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showers of trickling water. They are then packed and sent 
to the market. Starvation removes undigested substances 
inside the intestine. This minimizes the risk of meat con- 
tamination with gastroenteric bacteria during cutting and 
deboning in processing plants. 

Eels, when marketed live or quick frozen and glazed, 
fetch fair prices. When they are transported to the market 
live, eels are packed in containers with conditions that 
may vary, depending on the transport time and distance 
Gig. 8). 


CONSUMPTION AND PROCESSING 


Different countries have different preferences and eating 
habits, and thus have different ways of preparing and eat- 
ing eels. In Europe, the main eel consumers are the Ger- 
mans, Dutch, Danes, and Swedes. These consumers com- 
monly prefer smoked eel, which ranks as an expensive and 
luxurious food. The British also eat eels, but prefer the 
jellied type. 

In the Far East, the main eel-eating country is Japan, 
where it is a custom to eat roasted eel (kabayaki) especially 
on the Ushinohi (a special eel-eating day near the end of 
July). The Japanese believe that the eel is nutritious and 
can make up for overexhaustion during the summer. Eel 
is also consumed widely in Taiwan, the People’s Republic 
of China, Korea, and Hong Kong. 


Preprocessing 


Before eels are processed, they are graded according to size 
(Fig. 9). One way of preparing them is by putting them in 
a deep container and sprinkling them with salt. This treat- 
ment removes their slime until they die of asphyxiation. 
Another way is by putting them in fresh water and stun- 
ning them with an electric shock (10). Or they may simply 
be put in cold storage overnight. In this way, eel activities 
can be slowed down, and thus they can easily be handled 
for gutting or deboning. 


Figure 8. Eels readied for the market. Eels are packed in poly- 
ethylene bags inflated with oxygen. (Note oxygen tank and cor- 
rugated cardboard boxes in background.) 


Figure 9. Eels being graded according to size. 


Cutting Methods 


There are generally two types of cutting, namely, Kansai 
style (cut abdominally) and Kanto style (cut dorsally). 
Newly cut eels are usually cleaned of slime by washing 
them in cold water and scraping. The eels are then gutted. 
This is done by slitting from the throat through either the 
belly (Kansai style) or up toward the back (Kanto style) to 
the tail, about 2.5 cm beyond the anus. The guts are then 
emptied and the backbone and head removed. The eel is 
washed thoroughly to remove traces of slime and blood. 
Machines specifically designed to eviscerate eels efficiently 
are also available. 


Preparations 

Fresh Eels. Fresh eels are cooked in several ways, such 
as braising and steaming. Steaming, however, is the more 
popular method. In both Taiwan and Mainland China, eel 
is either steamed with various vegetables and mushrooms 
or stewed with Chinese herbs, such as medlar, lovage, and 
dates. This herb-filled soup is considered as a revitalizing 
tonic soup for frail or disabled persons. 


Smoked Eels. After the eels’ are cut, they are brined in 
a saltwater solution, then hot smoked. In this process, the 
eels are dried and smoked. To allow uniform drying 
throughout the thickness of the fish, the temperature dur- 
ing smoking is increased gradually. The smoking process 
may vary from country to country. The finished product is 
then packed either in boxes or in cans (10). 


Jellied Eels. Jellied eels is a traditional British way of 
preparing eels. First, gutted, cleaned, and cut eels are 
placed into boiling water and then simmered until the flesh 
becomes tender. Cooking time depends primarily on size. 
The cooked pieces marinated with hot liquor are then 
poured into large bowls containing gelatine dissolved in a 
small amount of water. The amount of gelatine solution is 
determined by considering the condition of the eels and 
their natural capacity to gel. Experience is thus necessary 
to get the right recipe. Once the mixture has cooled, the 
pieces in jelly are packed into cartons for immediate fresh 


consumption. Shelf life can reach two weeks at chilled tem- 
peratures. There are various other recipes for preparing 
jellied eels (10). 


Roasted Eels. Roasted eel is a favorite Japanese cuisine. 
The Japanese prepare roasted eels in several ways, such 
as, kabayaki (roasted eel with seasoning), shirayaki 
(roasted eel without seasoning), kimoyaki (roasted eel vis- 
cera with seasoning), and capitalyaki (roasted eel head 
with seasoning). Until recently, these preparations were 
only available in Japanese specialty restaurants. Domestic 
production, however, has not kept up with the large de- 
mand for roasted eels in Japan. Japan thus imports frozen 
roasted eel from Taiwan, where the roasted eel processing 
industry has boomed in recent decades, and the People’s 
Republic of China, where the industry is in its initial 
stages. 

Live eels are processed into frozen roasted eel in pro- 
cessing plants. The ideal size of the raw material is be- 
tween five and six eels per kilogram. Within this size 
range, the smaller size commands a higher price. 

In the cut fillet style, the eel is cut crosswise into three 
equal sections, with the tail cut lengthwise into two. If the 
weight is not enough, each half of the tail is stretched to- 
gether with one of the other sections by using bamboo 
sticks. This step is usually done using a stretching ma- 
chine. Stretching is done to keep the meat flat during cook- 
ing. For the whole fillet style, the fish is not cut into sec- 
tions after the degutting process; they are, however, also 
stretched. 

After cutting, the fillets are arranged on a conveyor and 
pass through single-sided or double-sided roasting ma- 
chines, The fillet may be roasted either seasoned or unsea- 
soned (Figs. 10 and 11). In single-sided machines, the in- 
side portion is roasted first, then the eel is turned and the 
other side is roasted. Liquefied petroleum gas is used as 
fuel. The appropriate roasting time is about 3-5 min. 
Roasting indicators are the color of the meat (it should be- 
come evenly light scorched), the scorch bubbles (some 
should appear on the skin; under 3% of the total area), and 
the central temperature of the meat (it should reach 78°C). 
The most delicate part in the whole procedure would be in 
the precooling step because this is where the fillet becomes 


Figure 10. Frozen roasted eel without seasoning, cut fillet style. 
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Figure 11. Roasted eel dish with seasoning, cut whole fillet style. 


most susceptible to recontamination. It is thus necessary 
to control the bacterial drop rate, until the total plate count 
is under three colony-forming units/min. 

Some manufacturers use precooling tunnels and spray 
cold air into the surface of the fillet: a shorter precooling 
time is maintained to minimize recontamination. The use 
of either individual quick freezing or contact freezing equip- 
ment is popular. In these types of equipment, the tem- 
perature drops to — 18°C within 30 min. After the central 
temperature has reached — 30°C to — 35°C, the frozen fillet 
is then removed from the pan or conveyor, then packed and 
stored at a temperature of —20°C (13). Comparing the 
weight of the processed eel (eviscerated but not yet sea- 
soned and roasted) to the total weight of the raw material, 
the yield for cut and whole fillet may reach as much as 
58-60% and 68-70%, respectively. 

Sanitary standards for the products include negative 
amounts of coliforms, total bacterial count of under 3,000/ 
g, and negative presence of residues of contaminated 
chemicals in the meat, such as malachite green, methylene 
blue, oxolinic acid, antibiotics, nitrofurans, sulfamides, in- 
secticides, and herbicides. 


SKIN PROCESSING 


Eel is not only used for food but also for other uses. Eel 
skin, for example, is processed into leather (Figs. 12 and 
13). Although there is no fur on the eel skin, there are 
scales that are covered by follicles dispersed in the corium 
(14). The major steps in ee] skin processing are liming, 
decoloring and removal of scales, removal of excess fat, 
tanning using alum, and glazing. Considering that the fat 
content of the eel skin is more than 25%, which is even 
higher than that of cattle, the removal of excess fat and 
scales are the more important steps in eel skin processing. 


FUTURE DEVELOPMENT 


The eel is a highly valued fish. Compared with other fish, 
the eel is rich in vitamins A and E, and calcium. The eel is 
recognized as one of the most nutritious cultured fishes. 
The fish is high in energy content, and calorific values, 


Figure 12. Tanned eel skin stained with different kinds of dye. 


Figure 13. A shoulder bag made from tanned eel skin. 


such that it is eaten to create appetite and stamina espe- 
cially in hot and humid days. Its health benefits make the 
eel a valuable fish. 

Eel skin, when processed, can be used in leathercrafts. 
More research, however, must be undertaken in finding 
ways to efficiently tan its skin to enable it to compete with 
other leathers. 

Interest in the culture of eel has reached a high level in 
recent years because of its versatility and popularity, and 
high demand as gourmet food particularly in Japan, where 
it commands a good price. In eel-eating countries such as 
Japan, Taiwan, and some parts of Europe (Germany, Den- 
mark, and the UK) enterprising activities concerning eels 
are in progress. These activities include research into new 


techniques of eel culture in cold climate, ie, Northern Eu- 
rope. 

Elvers used in eel culture are still sourced from the 
wild, and are diminishing in numbers. Thus investiga- 
tions on eel propagation in captivity should be made. At- 
tempts albeit unsuccessful have been made to propagate 
elvers artificially. The challenge for researchers now is to 
look for efficient and commercially successful ways to 
propagate them artificially. Researchers may gain hints 
from the lessons of past investigations and look for ways 
to unlock the mystery of the long life history of the eel. 
The fish’s potentials are so great that the search will 
surely be worthwhile. 
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EGGS AND EGG PRODUCTS 


DEVELOPMENT OF THE EGG INDUSTRY 


Eggs have been a human food source since the beginning 
of human residence on earth. The first usage of eggs was 
probably the taking of eggs from nests of wild birds. In 
primitive societies this continues to be significant source 
of high-quality protein, especially during the egg produc- 
tion season of wild birds. As civilization developed, the 
birds were domesticated and were kept in pens and shel- 
ters. In Western societies the chicken became the primary 
source of eggs. The growth of the egg industry in selected 
countries from 1965 to 1995 is shown in Table 1. The egg 
production in China amounted to almost 50% of total egg 
production in the world in 1995 and is continuing to in- 
crease at a rate greater than world average. 

Until relatively recent times the keeping of chickens on 
farms was generally only a sideline to the main business 
of farm operation. Commercial egg farms became a pri- 
mary source of farm income only in the last century. Large 
poultry farm operations for egg production did not become 
common until the last half of the twentieth century. The 
change in size of egg production units in the United States 
is shown in the data presented in Table 2. Data for recent 
years are not available in a form as presented in Table 2. 
However, a 1995 survey indicated that less than 1% of all 
eggs produced in the United States were from flocks of less 
than 1000 layers. In 1997 there were less than 350 egg- 
producing farms with more than 75,000 laying hens. 


Table 1. Egg Production in Selected Countries 
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Table 2. Changes in Size of Laying Flocks in the United 
States from 1959 to 1974 


Percentage of all eggs sold 
Size of flock 1959 1964 1974 
Less than 400 26.78 10.87 3.64 
400 to 1,599 22.58 12.64 1.80 
1,600 to 3,199 12.83 7.39 LM 
More than 3,200 37.81 69.10 93.43 
More than 20,000 30.10 67.74 
3,200 to 9,999 9.59 
10,000 to 19,999 16.10 
20,000 to 49,999 24.02 
50,000 to 99,999 13.14 
More than 100,000 30.58 
Source: Ref. 2. 


EGG FORMATION AND STRUCTURE 


The egg consists of four distinct parts: shell, shell mem- 
branes, albumen or white, and yolk. A schematic drawing 
of an egg is shown in Figure 1. The yolk is formed in the 
ovary. During embryonic development of the female chick, 
tiny ovules appear on the ovary, that may later develop 
into yolks of eggs to be produced by that hen. The number 
of immature ovules present in the chick at the time of 
hatching is far in excess of the number of eggs that will be 
produced by the hen during her lifetime. 

Approximately 14 days prior to the laying of an egg, one 
of the rudimentary ovules in the ovary starts to increase 
in size. During the next 13 days the yolk develops in its 
follicular membrane. A suture line forms in the membrane 


Country 1965 1975 1985 1995 

United States 65,692 64,379 68,250 74,280 
Canada 5,194 5,339 5,855 5,792 
Mexico 5,000 7,446 18,092 21,200 
Argentina 2,880 3,480 3,150 NA 

Brazil 8,124 5,000 9,000 16,065 
Venezuela 508 1,721 2,736 NA 

France 9,220 13,120 14,910 16,991 
Germany 16,110" 20,050" 18,746" 13,847" 
Italy 9,990 11,400 10,900 12,017 
‘The Netherlands 4,206 5,320 10,051 9,970 
Spain 6,320 10,152 10,164 9,983 
United Kingdom 7,840 13,861 13,117 10,644 
Poland 6,264 8,013 8,631 6,500 
USSR 29,000 57,700 77,000 43,220° 
Japan 18,625 29,798 35,700 42,167 
Australia 2,196 3,384 3,825 NA 

Turkey 1,448 2,597 5,700 8,000 
China NA NA NA 335,340 
Republic of Korea NA NA NA 8,317 
‘Taiwan NA NA NA 6,237 
‘Thailand NA NA NA 7,700 


Note: All values in millions of eggs. 
“Includes Bast and West Germany. 

“Includes only Russia and Ukraine of former USSR. 
Source: Ref. 1 (1967, 1977, 1987, 1997). 
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White (albumen) Yolk (ovum) 
Outer thin Germinal disc (blasdoderm) 
Firm or thick Latebra 
Inner thin Light yolk layer 
Chalaziferous Dark yolk layer 
Chalazae Yolk (vitelline) membrane 
Shell Membrane 
Cuticle Air cell 
Outer shell membrane 
Spongy (calcareous) layer Inner shell membrane Figure 1. A schematic of the parts 
Mammillary layer of an egg. Source: Ref. 4. 


so that the matured yolk can be dropped into the infundib- 
ulum of the oviduct without the rupture of any blood ves- 
sels in the follicular membrane. A blood spot in an egg is 
generally caused by incomplete formation of the suture 
line. 

The oviduct consists of five identifiable sections: infun- 
dibulum, magnum, isthmus, uterus, and vagina. The in- 
fundibulum, or funnel, collects the yolk, or ovum, and by 
peristaltic action moves it on to the magnum region, where 
the thick albumen is secreted and laid down in layers on 
the yolk. In the isthmus the shell membranes are formed 
around the yolk and thick albumen. The membranes, two 
in number, only loosely fit the enclosed material. Most of 
the time that the egg is in the oviduct is spent in the uter- 
ine section where thin albumen fills the shell membrane 
sack and the shell is laid down to form the rigid egg pro- 
tective layer. The shell color is determined by the breed of 
the hen, Generally, hens with red earlobes produce brown- 
shelled eggs, and white-shelled egg producers have white 
earlobes. The total time spent in the oviduct is usually 
about 24 hs. Total time for the formation of the egg from 
the start of rapid growth of the ovule to time of laying var- 
ies from 12 to 15 days. 


COMPOSITION OF THE EGG 


The egg is composed of approximately 10% shell, 30% yolk, 
and 60% white or albumen. The egg is a very good source 
of high-quality protein and many minerals and vitamins. 
The exact levels of the minerals and vitamins is deter- 
mined by the level of each in the diet of the hen. An average 
chemical composition of eggs, including shells, is summa- 
rized in Table 3. 

The protein of egg white is complete; it contains all of 
the essential amino acids in well-balanced proportions. 
The white is made up mainly of the proteins ovalbumin, 
conalbumin or ovotransferrin, ovomucin, ovoglobulins, 
ovomucoid, and lysozyme. The structure of the thick white 
is the result of a complex of ovomucin and lysozyme. 

The important yolk proteins are ovovitellin and ovoliv- 
etin. The lipid materials in the egg are all in the yolk. The 


fatty acid composition can easily be modified by changing 
the fatty acid makeup in the feed. In most commercial eggs 
where the hens are fed a corn and soybean meal diet the 
fatty acids are about one-third saturated and two-thirds 
mono- and polyunsaturated. Yolk color is controlled by the 
level of pigments, mostly xanthophyll, in the feed of the 
hens. 

Some elements of the medical profession have empha- 
sized the role of dietary cholesterol in human cardiovas- 
cular problems. The negative effect on egg consumption 
that this emphasis on cholesterol has had led to a number 
of research attempts to reduce the cholesterol content of 
eggs. Genetically it has been possible to achieve only slight 
reductions. Selection of hens for small yolk size has met 
with some success. A review on altering cholesterol by 
feeding (5) concluded that dietary modifications resulted 
in only minor changes in the cholesterol content of egg 
yolk. Another report (6) states that including 1.5 to 3.0% 
of menhaden oil in the laying hen’s ration results in a tem- 
porary reduction of about 50% in the cholesterol concen- 
tration in the yolk. The fatty acid composition of the eggs 
was also modified in that the eicosopentenoic acid and do- 
cosahexanoic acid (omega-3 fatty acids) content of the 
yolks was significantly increased when the fish oil was in- 
cluded in the hen’s ration. Levels of fish oil in excess of 3% 
in the ration resulted in fishy flavored eggs. 

The relative ease with which egg composition can be 
modified has led to the development of a variety of “de- 
signer eggs.” It has been reported that all vitamins and 
minerals content of eggs, except for choline and zinc, can 
be adjusted significantly by dietary modification for the 
hens (7). 


PRODUCTION PRACTICES 


As shown in Table 2, the majority of eggs at this time are 
produced on large egg production farms. With this change, 
the level of mechanization used in the production of eggs 
has increased. Over 95% of all laying hens in the United 
States and over 75% of all laying hens in the world are 
kept in cages (8). Legislation has been introduced in many 


Table 3, Chemical Composition of the Egg 
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Water Protein Fat CHO ‘Ash 
(%) (%) (%) (%) (%) 
Edible portion 

Whole egg 75.33 12.49 10.02 1.22 0.94 
White 88.00 10.52 0 1.03 0.64 
Yolk 48.80 16.76 30.87 1.78 LIT 
Calcium carbonate Magnesium carbonate Calcium phosphate Organic matter 

(%) (%) (%) (%) 

Shell 94.0 10 1.0 1.0 


Source: Ref. 3 for edible portion; Ref. 4 for shell. 


countries and passed in a few that would ban the use of 
cages for laying hens due to activities of animal welfare 
groups. Full details on production practices are given by 
North and Bell (8). 


SHELL EGG PROCESSING 


In a modern egg production unit hens are housed in cages 
with sloping floors so that eggs will roll from the cage onto 
an egg gathering belt. The eggs are transported by con- 
veyor belts to a separate unit of the facility where they are 
washed, inspected for defects by passing them over an in- 
tense light source (candling), sized, and packed into car- 
tons for retail or onto trays for bulk packaging. Throughout 
the operation individual eggs are not touched by any work- 
ers. The cartons or trays are packed into master containers 
by hand. 

Some countries ban the washing of eggs to be sold at 
retail. In others, including the United States and Canada, 
almost all eggs are washed in a detergent solution at a 
temperature of about 45°C (113°F) and then sanitized with 
an approved sanitizing agent, frequently a chlorine-based 
compound. All of the washing should be done with water 
spray with or without brushes depending on the equip- 
ment, 

After the eggs are washed and dried, they are conveyed 
to the candling area of the processing line. Here there is a 
strong light source under the eggs so that any defects such 
as cracked shells, dirty or stained shells, or inclusions in 
the egg might be detected and the defective eggs removed 
from the conveyor. Candling of eggs is used to segregate 
eggs into the several grades that are found in the market- 
place. The retail grades in the United States are AA, A, 
and B. Quality factors used in grading include the shell 
(cleanliness and soundness), air cell (size), white (clarity 
and firmness), yolk (visibility of the outline), and freedom 
from defects. All grades of eggs are required to have a 
sound, not cracked, shell. Other quality factors are judg- 
ment calls, with smallness of the air cell, freedom from 
stains or dirt on the shell, firmness of the white, and dim- 
ness of the yolk outline being considered most desirable. 
For eggs that do not meet the grade standards two addi- 
tional groupings are provided: dirty and checked or 
cracked. Details on the grading standards have been pub- 
lished (9). 


There are six size classifications of eggs in the United 
States. Table 4 gives minimum weight requirements for 
each of the sizes. On the processing line the sizes are seg- 
regated by passing the eggs over a series of scales set so 
that the jumbo eggs are removed from the line first and 
the peewees are removed last. 

After the eggs have been mechanically placed in cartons 
or on trays, many processors spray the tops of the eggs with 
a food grade mineral oil to preserve the interior quality of 
the egg during movement through market channels. The 
oil partially seals the pores of the shell to reduce loss of 
gases from the egg and to reduce the rate of pH change of 
the albumen. As a further aid in maintaining quality, eggs 
should be handled at refrigerated temperatures of less 
than 7°C (45°F) throughout market channels, and consum- 
ers are advised to keep eggs in the refrigerator after they 
purchase them. With good handling throughout market 
channels and in the home, eggs will remain high quality 
for several weeks and in a usable condition for several 
months. The factors that have the greatest effect on quality 
loss in eggs are time, temperature, humidity, and han- 
dling. 

During the last decade a potential health risk in the 
usage of eggs has appeared. A new strain of Salmonella 
enteritidis is capable of infecting the reproductive system 
of the hen, so that some eggs are produced with the S. 
enteritidis in the egg at the time of production (10). The 
frequency of finding an egg positive for S. enteritidis in 
market eggs has been estimated to be between 1 in 10,000 
and 1 in 20,000. Most eggs are heated to over 60°C (140°F) 


Table 4. Weight Classes of Shell Eggs in the United States 


Minimum Minimum 
Minimum average average 
ounces ounces grams 
Size name per dozen per egg per egg 
Jumbo 30 2.5 70.0 
Extra Large 27 2.25 63.8 
Large 24 2.0 56.7 
Medium 21 1.75 49.6 
Small 18 15 42.5 
Peewee 15 1.25 35.4 
Source: Ref. 4. 
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prior to eating, so the pathogen would be killed by cooking. 
Handling of eggs at refrigerated temperatures inhibits the 
increase in numbers of bacteria during marketing and 
holding in the home. With this threat to food safety from 
shell eggs, research has led to the development of systems 
for pasteurization of intact shell eggs to destroy all poten- 
tial pathogens in the egg or on its shell (11). 


CONVERSION OF SHELL EGGS TO LIQUID PRODUCT 


‘An ever-increasing number of eggs are being broken at 
commercial egg breaking plants. The early growth of the 
egg products industry has been reviewed (12). In the first 
half of the twentieth century most of the egg breaking 
plants were located in the north central and western plains 
states. Since 1960 many of the new breaking plants have 
been built in the southeastern states. The yield of liquid 
products from a case (30 dozen) of large eggs is shown in 
Table 5. Data in this table also include the yields of solids 
that might be obtained if the egg products were dehydrated 
by either spray drying, pan drying, or freeze drying. 

The growth of the egg products industry is summarized 
in Table 6. The shift from dried to liquid since 1970 was 
likely the result of mandatory pasteurization of all egg 
products since 1971 (14). The shift to liquid from 1988 to 
1990 was likely the result of ultrapasteurization and asep- 
tic packaging of liquid eggs that will give more than 4 
weeks usable shelf life for the liquid product (15). The 
rapid expansion since 1986 is at least partially attributa- 


Table 5. Yields of Liquid Egg and Egg Solids per 30-Dozen 
Case of Large Size Eggs 


Liquid Solids 
Kilograms Pounds Kilograms Pounds 
White 13.8 30.4 1.67 3.68 
Yolk 6.1 13.5 3.12 6.87 
Whole egg 19.9 43.9 4.79 10.55 


Source: Ref. 13. 


Table 6. Processed Egg Product Production in the United 
States (in millions of pounds) 


ble to the potential incidence of S. enteritidis in the shell 
eggs. The savings in costs of freezing and in time saved by 
not having to thaw the products before using in food for- 
mulations are evident. 

The pasteurization of liquid eggs was practiced for a 
number of years prior to the passage of the law making it 
mandatory for all egg products in the United States. The 
times and temperatures required for pasteurization in sev- 
eral countries are listed in Table 7. All of these values are 
for liquid whole egg. Details of pasteurization have been 
discussed (17). 

In the processing of egg white it is necessary to remove 
the reducing sugars before the liquid can be dried. In early 
work on dehydration of egg white the process included a 
natural fermentation by whatever organisms were present 
in the egg white. A patent was issued in 1931 covering the 
use of lactic acid bacteria for egg white fermentation. The 
next development was the use a yeast, Saccharomyces ap- 
iculatus, and then the use of an enzyme, glucose oxidase. 
Each of these methods is still in use in some parts of the 
world. 

The natural egg products of white and yolk are also sup- 
plied to the food processing industries in a number of 
blends and modifications often with the addition of sodium 
chloride or sugar. The chemical composition of some of the 
egg products is shown in Table 8. The difference in com- 
position between pure yolk and commercial yolk should be 
emphasized. The difference is due to the inclusion of a sig- 
nificant amount of albumen with yolk in the commercial 
product. 


NUTRITIONAL AND FUNCTIONAL PROPERTIES OF EGGS 


Complete nutritional data on eggs and egg products pre- 
pared in several ways have been summarized (3). An ab- 
breviated listing of nutrients in whole egg, yolk, and white 
is given in Table 9. As mentioned earlier, the content of 
various trace minerals, vitamins, and fatty acids in the egg 
can be modified significantly by varying the diet of the hen. 
The various uses for eggs in food products have been re- 
viewed (19). The functional properties include whipping, 
emulsifying, coagulation, flavor, color, and nutrition. The 
foam produced during whipping should give a large volume 
and be stable. The whipping time required to get a maxi- 
mum foam volume will vary for eggs of different qualities. 


Year Liquid Frozen Dried Eggs with a high percentage of thick albumen require a 
1960 44 362 176 longer time for whipping but the foam formed will be more 
1965 44 368 216 

1970 110 357 1 

1974 301 367 a Table 7. Minimum Pasteurization Requirements for 

1977 394 348 ora Whole Egg Products 

1980 422 331 81 ‘Temperature Time, 

1982 460 339 80 ~~ aan 

iged as aa 78 Country Cc F minutes Reference 
1986 632 337 89 United Kingdom 64.4 148 2.5 15 
1988 7197 371 106 Poland 66.1-67.8 151-154 3.0 16 
1990 932 384 105 China (PRC) 63.3 146 2.5 16 
1992 1,276 418 130 Australia 62.5 144.5 2.5 16 
1994 1,689 428 133 Denmark 65-69 149-156.5  1.5-3.0 16 
1996 2,033 406 139 United States 60 140 3.5 13 
Source: Ref. 1. Source: Ref. 16. 
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Table 8. Approximate Composition of Selected Egg Products (per 100 g) 


Composition 

Product Calories Water Protein Lipid CHO Ash 
Frozen eggs 
Whole egg 158 74.57 12.14 11.15 1.20 0.94 
White 49 88.07 10.14 Trace 1.23 0.56 
Yolk, pure* 377 48.20 16.10 34.10 = 1.69 
Yolk, commercial? 323 55.04 14.52 28.65 0.36 1.43 
Yolk, sugared 323 50.82 12.92 25.50 9.49 1.27 
Dehydrated eggs 

Whole egg 594 414 45.83 4181 477 3.45 
Whole egg, stabilized 615 1.87 48.17 43.95 2.38 3.63 
White, stabilized, flakes 351 14.62 76.92 0.04 4.17 4.25 
White, stabilized, powder 376 8.54 82.40 0.04 447 4.55 
Yolk 687 4.65 30.52 61.28 0.39 3.16 


“Contains approximately 17% white. 
Source: Refs. 3 and 18, 


stable. Cakes made using very low quality eggs generally 
do not have the volume of similar cakes made with higher- 
quality eggs. When egg white is dried, there is generally a 
loss in whipping properties. To overcome the decrease in 
foam volume, whipping aids such as triethyl citrate are 
frequently added to the dried egg white. 


PRODUCTION OF EGG-RICH CONVENIENCE FOODS 


Reference 20 outlines procedures for the manufacture of a 
number of value-added egg products, some of which will be 
described here. 


Hard-Cooked Eggs 


The preparation of hard-cooked eggs has been a function 
of kitchens for many years. In about 1970 the production 
of hard-cooked eggs for sale to salad bars, restaurants, and 
commercial food caterers was begun. The original products 
were cooked in hot water, partially cooled, peeled, and 
stored in a solution of citric acid and sodium benzoate. The 
concentration of the citric acid was initially 2% but has 
been lowered over the last 28 years to from 0.5 to 0.8%. 
The lower levels of acid produce eggs with softer cooked 
whites, much closer to freshly cooked eggs. 

Cooking of hard-cooked eggs is now being done either 
in steam or hot water. Peeling of eggs was primarily a hand 
operation aided by equipment to crack the shells. Equip- 
ment has been developed that strips the shell from a 
cracked hard cooked egg so that efficiencies of production 
have been significantly increased. With improvements in 
packaging technology, some hard-cooked eggs are now 
marketed as a dry-packed, refrigerated product. It is esti- 
mated that almost 1% of all eggs are now being marketed 
as hard-cooked product. 


Deviled Eggs 


One use of hard-cooked eggs is the production of deviled 
eggs. A hard-cooked egg is cut in half through the middle 


either longitudinally or horizontally, and the yolk is re- 
moved. The yolk is removed and mixed with a salad dress- 
ing and other ingredients to produce a filling for the de- 
pression left in the white. Deviled eggs are a favorite for 
hospitality suites or buffets. 


Scotch Eggs 


This product was developed years ago but received very 
little publicity until relatively recently. A hard-cooked egg 
is wrapped in a thin layer of sausage meat. The sausage is 
then cooked in a deep fat fryer. In producing this item the 
sausage used should be very low in fat to get better adhe- 
sion of the surface of the hard-cooked egg. Scotch eggs are 
a snack food item frequently sold from refrigerated vend- 
ing machines and are also used for hors d’oeuvres by cut- 
ting the finished product into quarters or halves. 


Diced Egg Products 


Diced eggs were first marketed as a means of utilizing 
hard-cooked eggs that were not perfectly smooth. With the 
popularity of hard-cooked diced eggs on salad bars, the de- 
mand was greater than the quantity available from the 
imperfect hard-cooked eggs. At this point innovative pro- 
ducers separated yolks and whites as liquids and steam- 
cooked trays of the two liquids. The cooked yolk and white 
were then diced. The product thus prepared gave yolk 
cubes that held together because of the residual albumen 
in commercially separated liquid yolk. The diced egg prod- 
ucts have been marketed as individually quick frozen ma- 
terial in most instances. However, where market channels 
are short, nonfrozen, controlled atmosphere packaging is 
also being used. 


Scrambled Eggs 


Scrambled eggs are prepared as fully cooked, freeze-dried 
products for the camper; as fully cooked, frozen items for 
the microwaveable meal; and as frozen prepared liquid 
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Table 9. Distribution of Nutrients in Large Chicken Eggs 
(per egg, edible portion) 


Whole egg Yolk* White 
Weight per egg, g 50 17 33 
Water, g 37.28 8.29 29.06 
Calories 719 63 16 
Protein, g 6.07 2.79 3.35 
Lipid, g 5.58 5.60 Trace 
Carbohydrate, ¢ 0.60 0.04 0.41 
Fiber, g 0 0 0 
Ash, g 0.47 0.29 0.18 
Minerals 
Calcium, mg 28 26 4 
Iron, mg 1.04 0.95 0.01 
Magnesium, mg 6 3 3 
Phosphorus, mg 90 86 4 
Potassium, mg 65 15 45 
Sodium, mg 69 8 50 
Zine, mg 0.72 0.58 0.01 
Vitamins 
Ascorbic acid, mg C) 0 0 
‘Thiamin, mg 0.044 0.043 0.002 
Riboflavin, mg 0.150 0.074 0.094 
Niacin, mg 0.031 0.012 0.029 
Pantothenic acid, mg 0.864 0.753 0.080 
Vitamin By, mg 0.060 0.053 0.001 
Folacin, ug 32 26 5 
Vitamin Byo, ug 0.778 0.647 0.021 
Vitamin A, RE. 8 94 0 
Lipids 
Saturated fatty acids, g 1.67 1.68 0) 
14:0 0.02 0.02 0 
16:0 1.23 1.24 0 
18:0 0.43 0.43, 0) 
Monounsaturated FA, ¢ 2.93 2.24 0 
16:1 0.19 0.19 0 
18:1 2.04 2.05 0 
Polyunsaturated FA, g 0.72 0.73 0 
18:2 0.62 0.62 0 
18:3 0.02 0.02 0 
20:4 0.05 0.05 0 
Cholesterol, mg 213 213 0 
Amino acids 
‘Tryptophan, g 0.097 0.041 0.051 
Threonine, g 0.298 0.151 0.149 
Isoleucine, g 0.380 0.160 0.204 
Leucine, g 0.533 0.237 0.291 
Methionine, g 0.196 0.171 0.130 
Cystine, g 0.145 0.050 0.083 
Phenylalanine, g 0.343 0.121 0.210 
Tyrosine, g 0.253 0.120 0.134 
Valine, g 0.437 0.170 0.251 
Arginine, ¢ 0.388 0.193 0.195 
Histidine, g 0.147 0.067 0.076 
Alanine, g 0.354 0.140 0.215 
Aspartic acid, g 0.602 0.233 0.296 
Glutamic acid, g 0.773 0.341 0.467 
Glycine, g 0.202 0.084 0.125 
Proline, g 0.241 0.116 0.126 
Serine, g 0.461 0.231 0.247 


Note: Shell is 12% of weight of egg. 
“Fresh yolk includes a small proportion of white. 
Source: Ref. 3 


mixes, packaged in cook-in-bag film. The basic formula for 
scrambled eggs consists of about 70% whole liquid egg and 
30% milk with seasonings of salt and pepper. The most 
significant form of scrambled eggs is the frozen prepared. 
mix packaged in film. This product is used extensively in 
hospitals and nursing home feeding because the cooked 
product remains hot for an extended period in the film bag. 
As some dieticians desire a reduced-cholesterol egg prod- 
uct for nursing home feeding, it is possible to use a blend 
of whites and yolk with only enough yolk for color as the 
egg source instead of whole liquid egg. 


Omelets 


The major difference between omelets and scrambled eggs 
is that in a true omelet no milk is included in the formula. 
Water is used instead of the milk. Omelets are produced 
for distribution as frozen product either fully cooked or as 
a premix. The formulation of omelet mixes frequently in- 
cludes diced ham, bacon bits, mushrooms, onions, green or 
red peppers, and a number of other vegetables. 


Crepes, Pancakes, and Waffles 


Each of these products has a formula including flour and 
eggs. The crepe mixture is usually richer in eggs than the 
other two. Each of these products is fully cooked and frozen 
for distribution. There are also dry mixes for preparation 
of the products in the home. 


Snack Foods from Eggs 


A number of egg-rich snack foods have been proposed but, 
thus far, none have become significant users of eggs. A 
breaded, fried egg white ring that looks much like an onion 
ring was patented (21), and a procedure for producing an 
egg jerky flavored to taste like dried meat jerky was sug- 
gested (22). A cookie formulation was prepared so that 
each cookie contained one egg equivalent. Another snack 
food that is quite common is yogurt. It is possible to make 
a yogurt-type product using egg albumen as a partial re- 
placement for the milk. In a sensory comparison of normal 
yogurt and the egg-substituted product, the latter was 
judged superior for mouth-feel and smoothness. 

A number of egg-rich drinks have been produced. The 
drink sold in greatest quantity is eggnog. This is produced 
as a dried product as well as the refrigerated liquid drink. 
A number of fruit juices have been mixed with eggs to pro- 
duce drinks of orange juice and egg, apple juice and egg, 
and cranberry juice and egg. When preparing any of the 
drinks in quantity, it is recommended that pasteurized liq- 
uid eggs be used. The prepared drinks should be kept at 
temperatures below 5°C (41°F). 


MODIFYING THE COMPOSITION OF EGGS BY 
PROCESSING 


The composition of egg products can be modified rather 
easily by utilizing yolk, white, or whole egg in various 
amounts. Much interest has been shown in reducing the 
amount of cholesterol in eggs. The cholesterol can be re- 
moved from the yolk by using supercritical extraction 


techniques with carbon dioxide as the extracting solvent. 
Much of the research has been with dried egg yolk, but it 
is possible to remove more than 80% of the cholesterol from 
the liquid yolk by supercritical extraction techniques (23). 


EGGS AS A SOURCE OF PHARMACEUTICAL PRODUCTS 


Lysozyme makes up 3.5% of the egg white. A cation ex- 
change system consisting of a macroporous, weak acid 
resin can be used to recover most of the lysozyme (24). The 
system can be designed as a continuous operation. It was 
found that the residual lysozyme-free egg white possessed 
superior whipping, gelling, and emulsifying properties 
compared with native egg albumen. Lysozyme-free albu- 
men has been approved for food product usage by federal 
agencies in the United States, providing the labeling is ap- 
propriate. Extracted lysozyme may be used in pharmaceu- 
tical products or as an antibacterial agent in the preser- 
vation of food products. 

Fertile eggs are used extensively in the production of 
vaccines. Some recent work has shown promise for the egg 
to be used as a means of producing antibodies by manip- 
ulation of diet and management of the hen. 
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ELASTINS AND MEAT LIGAMENTS 


Elastin and collagen are the principal components of con- 
nective tissue. They form a network that is responsible for 
the transmission of tension and the structure of muscle 
and other tissues. Elastin forms a lesser proportion of con- 
nective tissue than collagen and is not soluble during heat- 
ing. The ratio of collagen to elastin in connective tissue is 
dependent on the tissue and its location. This ratio affects 
the tissue’s mechanical properties and its physiological 
functions (1), Elastin is present in muscle only in small 
amounts, less than 3% of the total connective tissue. Mus- 
culus semitendinosus, however, contains more elastin, up 
to 37% of the total connective tissue. Elastin normally 
forms fibers and lamellae, is abundant in elastic ligaments, 
and elastic blood vessels, and is found to a small extent in 
the skin, lungs, and other organs. 

Elastic tissue is often referred to as yellow connective 
tissue because of its color. It contains the elastin fibers with 
filamentous, refractive, and fluorescent with a blue-white 
appearance under ultraviolet light. Because of the large 
number of nonpolar amino acids in the structure and their 
hydrophobic nature, the elastin fibers stain poorly with 
acid or basic dyes but do stain selectively with phenolic 
dyes such as orcein. 
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MORPHOLOGY 


The basic morphological component of elastin is filament 
made up of a linear sequence of globular structures with 
a probable maximum diameter of 9-10 nm. Dehydrated 
elastin may be 4-6 nm in diameter (2). The freeze-etching 
technique reveals elastin’s structure as a regular, three- 
dimensional network of filaments. The filaments cross 
their neighbors every 8-12 globular subunits, giving rise 
to a network with a large, less-dense central core (3). The 
filaments of elastin can be disordered and swollen when 
immersed in 25% glycerol for 8-10 days. The swollen elas- 
tin shows a much higher affinity for stains. 


CHEMISTRY AND BIOCHEMISTRY 


Elastin can be determined from the amount of desmosine 
or isodesmosine found in the tissue. Its amino acid com- 
position is essentially identical as extracted from various 
tissues and are not affected by the age of the animal (4). 
However, compositions differ from animal to animal. Elas- 
tin contains 1-2% hydroxyproline. Almost 95% ofits amino 
acids are nonpolar (Table 1). The sulfur amino acids, tryp- 
tophan, and tyrosine are present in small amounts or non- 
existent. In contrast to collagen, elastin does not contain 
hydroxylysine. Elastin has about one-third of its amino ac- 
ids as glycine, but their arrangement in the elastin mole- 
cule is unknown. Desmosine and isodesmosine, unique cy- 
clic polymers, are made up of four lysine residues, which 
connect two to four elastin molecules. This reaction re- 
quires the oxidative deamination of three lysine «amino 
groups which give an intermediate followed by condensa- 
tion with the e-amino group of a fourth lysyl residue, and 


is catalyzed by a copper-containing enzyme, lysine oxidase. 
Therefore, the synthesis of elastin can be blocked by inhi- 
bition of this enzyme through dietary copper depletion, or 
by f-aminopropionitrile, the active lathyrogen of the sweet 
pea. The synthesis is age dependent; the amount of des- 
mosine and isodesmosine increase and the lysine content 
decreases with advancing age. The elasticity of elastin is 
due to the exposure of nonpolar sequences of its molecules 
to water during the stretching, followed by spontaneous 
refolding of the molecule on removal of the applied force. 

Elastin can be isolated as the residue remaining after 
the extraction of tissue with 0.1 N NaOH at 98°C for 45 
min (4). Elastin is heat stable to a temperature of 140- 
150°C and is insoluble in a wide range of hydrogen bond 
breaking solvents at temperatures up to 100°C. It must be 
processed with harsh enzymatic or chemical treatments in 
order to solubilize it. This includes KOH/ETOH solubilized 
x-2-elastin, oxalic acid solubilized a-elastin, elastase sol- 
ubilized elastin, and various salt-soluble forms of elastin 
(9). 

Using immunological techniques, two serologically dis- 
tinct elastin antibody fractions in antiserum prepared 
against bovine ligamentum nuchae elastin were identified 
(9). One is a species-specific fraction that bound only to 
bovine elastin. The other population of antibodies has af- 
finity for elastin from porcine aorta, bovine ligamentum 
nuchee and aorta, rabbit and hamster lung, and human 
aorta. The elastin radioimmunoassay can be modified to 
detect bovine or other elastins, depending on the choice of 
radiolabeled antigen, in meat products. This assay also 
permits the study and quantification of elastin synthesis 
and degradation in a wide range of meat-animal species 
without having to raise specific antibodies to each one. 


Table 1. Amino Acid Compositions of Elastins from Selected Tissues of Various Meat Animals 


Residues per 1000 residues 


Amino Acid Avian, insol* Bovine, semitendinosus” Sheep, vascular tissue® Yellowfin tuna, dark muscle” 
Asp 2 TA 18 66.0 
Hyp 22 12.4 0.0 6.0 
Thr 3 8.2 9.2 51.0 
Ser 5 8.3 9.0 53.0 
Glu 12 17.1 20.4 134.6 
Pro 128 110.9 105.3 65.1 
Gly 352 325.9 211 128.5 
Ala 176 223.1 288.7 91.7 
Val 175 145.8 1117 55.9 
Cys/2 1 - - 17.6 
Met - — = 22.3 
Tle 19 26.5 175 38.2 
Leu 47 61.4 57.5 82.9 
‘Tyr 12 8.4 13.4 31.7 
Phe 23 29.8 34.5 29.9 
Hyl 22 124 = 0.0 
Lys 4 53 30.7 62.2 
His 1 0.6 13.6 148 
Arg 5 57 68 48.0 
isodes 3 2.1% 29.3 0.5" 
Des 3 12 bey 0.3" 


Source: “Ref. 4, ’Ref. 5, “Ref. 6, and “Ref. 7. 


The emission spectrum of elastin is similar to that of 
Type I collagen with peak excitation near 370 nm. Macro- 
scopic ultraviolet fluorometry was used to measure the 
gristle contents, elastin, and collagen Type I of beef (10). 

Fluorescence emissions were measured with a mono- 
chromator and a photomultiplier tube. Intact tendons and 
elastic ligaments had a strong fluorescence emission peak 
around 440-450 nm and only weak fluorescence around 
510 nm. The 510:450 nm ratio was correlated to the 
amount of gristle in comminuted meats. 


INDUSTRIAL APPLICATIONS 


The visible gristle in meat is from a number of sources, 
including tendons (particularly from myotendon junc- 
tions), ligaments (such as the ligamentum nuchae in rib 
roasts), perimysium (particularly in the pennate extensors 
and flexors of the lower limbs), fasciae (such as the lum- 
bodorsal fascia of the longissimus muscle), and intramus- 
cular vessels (particularly arteries). All these sources con- 
sist mainly of Type I collagen or elastin. Elastin-contained 
gristle retains its tensile strength after typical cooking pro- 
cedures, such as roasting and broiling (11,12). Fresh meat 
cuts containing gristle are generally perceived as lower 
quality products, because of the unpleasant sensation of 
gristle. However, the elastin concentration is not consis- 
tently related to variations in the tenderness of muscles, 
at least in the bovine species (13), nor is the total concen- 
tration of connective tissue components (collagen and elas- 
tin), Tenderness is actually more related to soluble colla- 
gen and the overall fiber arrangement in the meat. 

Aging is the industrial practice of storing meat car- 
casses above the freezing point for a certain period of time 
to improve the tenderness. The changes are the result of 
the physical breakage of muscle and collagen protein fibers 
by rigor and enzymatic reactions. However, aging has no 
apparent effect on the structure of elastin tissue and its 
physical properties. 

Tissues with high elastin content, such as elastic liga- 
ments, blood vessels, and lung, are removed in the slaugh- 
tering operation. They are processed as offals with other 
organs and by-products in the rendering industry as a pro- 
tein source for animal feed. In this application, they may 
be rendered at high or low temperature, depending on the 
planned use of the fat. Fat is separated from the solids by 
centrifugation. The solids are dried and batched with other 
protein sources for optimum amino acid content and dis- 
tribution, and then used in animal feed. The make-up of 
the feed is determined by a linear program based computer 
program which takes account of the amino acids, fat, car- 
bohydrate, vitamin, and mineral content required in feed 
formulations. 

In the ready-to-eat processed meat industry, elastin tis- 
sues and meat ligaments retain their tensile strength and 
are not gelatinized under most heat-processing conditions. 
For this reason, elastin tissues in meat are removed, with 
other gristle, by mechanical means, by hand or mechanical 
gristle removers. Grinders equipped with gristle and bone 
removers are widely used in the processed meat industry 
for coarse-ground, nonemulsified products. In this case, the 
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meat is put through a grinder and the bone chips and gris- 
tle are separated from the ground meat. For large-muscle 
products, such as ham, the meat must be hand trimmed. 
The separated gristle with elastin and collagen tissue is 
discarded or chopped fine and used in emulsified products. 
It is used as a filler rather than functional proteins for 
economic reasons. 

Meat cuts with a high gristle, collagen, and elastin con- 
tent are not used in large-muscle products. They are used 
most often in emulsified products to minimize the tough- 
ness problem of the gristle. However, elastin and collagen 
tissues from gristle do not bind water or function as emul- 
sifiers in meat emulsion; therefore, emulsion breakdown 
occurs more often in these products. To solve these prob- 
lems, a computer-based, least-cost formulations program, 
which is widely used in the processed meat industry, has 
incorporated the connective tissue in individual meat cuts 
as a quality constraint in the computer simulation of prod- 
uct formulations. But no effort has been made to separate 
the elastin or ligament contribution as a constraint in the 
computer program, because of the low content of elastin in 
most meat cuts. 

Unlike collagen, elastin does not swell at mild acid con- 
ditions and has no film-forming properties. It is not used 
in gelatin production because of its poor water solubility 
and gelation properties. It cannot be substituted for col- 
lagen in regenerated collagen casing, or collagen film and 
tissue. Elastin also has little use in the processed meat 
industry because it functions poorly as a binder and emul- 
sifier. Because it is found in only small amounts in meats, 
because it is uneconomical to separate it from other meat 
tissues, and because it is poor nutritionally, elastin’s tech- 
nological development for use in foods and other industries 
has been hindered. 
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EMULSIFIER TECHNOLOGY IN FOODS 


Most foods consumed by humans are emulsions, in that 
they contain either fats or oils dispersed in an aqueous 
phase, or they contain an aqueous phase dispersed in a fat 
or oil. An example of the prior emulsion would be milk; an 
example of the latter would be butter. 

A food emulsion may be described as a multiple-phase 
system that contains at least two components that are nor- 
mally immiscible. Oil and water are examples of such in- 
compatible components. The water or aqueous phase may 
contain many other ingredients that are truly soluble in 
the aqueous phase such as sugars and salts. It may also 
contain colloidally dispersed components such as proteins 
and carbohydrate polymers such as cellulose. The fat or oil 
phase may contain other lipids such as phospholipids and 
glycolipids, and certain vitamins, colors, and sterols. 

The preparation by humans of food emulsions not found 
in nature has been considered a culinary art and has been 
practiced as an art for centuries. A perfect example of an 
artful culinary emulsion has been mayonnaise. Such emul- 
sions did not require long-term stability because they were 
consumed within a short period of time in the home or 
restaurant. Such problems as freeze/thaw stability, long- 
term storage, the physical rigors of transportation, and 
high degree of aeration did not concern the chef of bygone 
eras. His emulsions would be considered crude by today’s 
standards. His emulsion—a sauce, for example—would be 
acceptable if stable for only a few hours, as compared with 
the months of stability required today in commercially pro- 
duced emulsions such as salad dressings. 

Milk and salad dressings are two of the primary ex- 
amples of one type of emulsion—the oil-in-water emulsion. 
The oil or lipid phase is also known as the disperse, dis- 
continuous, or internal phase. It is dispersed in the aque- 
ous serum phase, also known as the external or continuous 


phase. 


Butter and margarine are obvious examples of the op- 
posite type of emulsion, the water-in-oil emulsion. The 
aqueous phase is dispersed in the fat or oil and is now 
known as the discontinuous or internal phase, as the lipid 
has become the continuous or external phase. 

A gaseous phase can also exist and may be external, as 
in the case of an aerosol, or internal, as in whipped topping. 
Dual emulsions are commonly encountered; a cake batter 
is a good example of the latter. Air or leavening gasses are 
dispersed in the fat, which is, in turn, dispersed in the 
aqueous phase of the oil-in-water cake batter. 

The viscosity of a food emulsion is a function primarily 
of the external phase. It is generally lower when the ex- 
ternal phase is aqueous, as in the case of milk, and higher 
when the external phase is lipid, as in the case of marga- 
rine. Several other factors can affect emulsion viscosity. In 
the case of an oil-in-water type of emulsion, packing or 
clumping of the internal phase can affect yield value and 
viscosity. An example of such an emulsion is mayonnaise. 
The internal dispersed phase (oil) occupies over 70% of its 
volume, closely approaching its theoretical maximum 
when the oil globules are of uniform spherical shape. Such 
an emulsion exhibits little or no flow properties, and its 
yield value and viscosity are such as to lead the causal 
observer to assume it may be a water-in-oil emulsion, 

Oil-in-water emulsions can contain higher than theo- 
retical limits of lipid internal phase (74%) if globules are 
misshapen due to compression, and viscosity can be fur- 
ther affected by hydrogen bonding and van der Waals 
forces. Surface charges supplied by components such as 
phospholipids can reduce viscosity by imparting repel- 
lency. 

When the internal phase of an oil-in-water emulsion is 
low, as in the case of dairy products, ingredients such as 
colloids, including cellulose, starch, and algins, may be 
added to increase viscosity. Homogenization of the lipid 
phase to attain more surface area per unit weight of dis- 
perse phase will increase viscosity. Indeed, when homog- 
enization of dairy foods was introduced in the United 
States in the 1930s, it so improved perceived richness due 
to increased surface area and resultant viscosity that an 
attempt was made to ban the process on the basis that it 
deceived the consumer. As an example, using typical ho- 
mogenization procedures, milk with an average 8 y fat 
globule is converted to 512 globules of 1» providing an 
eightfold increase in surface area. 

Most commercial food emulsions contain the disperse 
phase in small globules in the range of 0.1 to 0.2 u. With 
water-in-oil emulsions such as margarine, the viscosity, or 
plasticity, is a function primarily of the crystalline solids 
contribution of the fat, as well as its melting point. 

The aqueous phase included in the margarine lipid 
phase is dispersed using a scraped surface crystallizer, 
such as the votator, so that the water particles are as small 
as possible. Large particles explode into steam when the 
margarine is used for cooking with such violence as to 
cause spattering. A properly manufactured margarine will 
have the dispersed water particles in the 1 to 5 w range. 

Most oil-in-water emulsions such as dairy-type frozen 
desserts, because of very efficient modern homogenizers, 
possess fat globules with a diameter of less than 0.5 v. The 


size of the fat globule will affect the light reflected to the 
viewers eyes in a simple oil in water emulsion. In fact, the 
size of the oil globule can be estimated from the appear- 
ance of the emulsion as given in Table 1. 

The physical stability of an emulsion, that is, the ten- 
dency of the two phases not to separate, takes place in 
accordance with Stokes Law: 


a d, — dz 
V = 2B 


where V is the velocity of the sphere, r the radius of the 
sphere, 7 the viscosity of the continuous phase, d, the den- 
sity of the continuous phase and dz, the density of the dis- 
perse phase, and g the force of gravity. In an oil-in-water 
emulsion, the oil globules of lower density will tend to rise 
through the more dense aqueous phase. They will rise 
more rapidly if they coalesce into larger globules, and their 
separation will be slowed by increased viscosity. 

When an oil is finely divided in a aqueous phase, a ten- 
sion is created due to the increased surface energy created 
by division. The oil tends to coalesce to reduce this tension 
by returning to the lowest free energy state. An emulsifier 
(surface active agent) will reduce this tension by adsorp- 
tion at the interface between the two antagonistic phases, 
thus reducing the free energy (amphiphilic). 

Some surfactants further stabilize food emulsions by in- 
hibiting coalescence due to contributing an electrical 
charge (usually negative) at the fat globule surface. The 
likely charged globules repel one another, further reducing 
the opportunity for coalescence. 

Most food emulsions produced today contain added sur- 
face active agents (emulsifiers). Modern food processing 
procedures are designed to produce food with long-term 
shelf life and to withstand the rigors of transportation, in- 
cluding temperature extremes and mechanical abuse. 
Added surfactants contribute significantly to long-term 
emulsion stability. As an example, salad dressings that 
would normally separate in a matter of hours are stable 
and acceptable to the consumer after months of storage. 

Most surfactants used in food processing are esters of 
fatty acids, and although found in nature, they are in most 
cases not present in the food after processing in sufficient 
quantity to provide the desired emulsion stability. Emul- 
sifiers are characterized by the fact that they are ampho- 
teric; that is, they posses both an oil-loving and a water- 
loving moiety within the same molecule. Since they are 
neither completely lipophilic (oil loving) nor hydrophilic 
(water loving) they proceed to the interface between both 
components and orient themselves in a structure making 
the fat and water more compatible. 


Table 1. Estimation of the Globule Size 


Globule size (um) Appearance 

>1 Milky white 

0.1-1.0 Blue white 

0.05-0.1 Gray, semitransparent 
<0.05 Transparent 

Source: Ref. 1. 


EMULSIFIER TECHNOLOGY IN FOODS 603 


Food emulsifiers can be manufactured by the esterifi- 
cation of a polyol such as glycerine or sorbitol with a source 
of fatty acid. Glycerine can be directly esterified with a 
fatty acid or, as is usually more economical, glycerine can 
be transesterified with a fat (glycerolysis). Both procedures 
will produce a surface active glyceryl monoester such as 
glyceryl monostearate. The resulting monoester will be 
surface active because it will possess the fat-loving stearic 
acid moiety and the water-loving hydroxyl groups of the 
unesterified polyol carbons within the same molecule 
(Fig. 1). 

Although glyceryl monoesters are the most commonly 
used surfactants in the food industry and are found natu- 
rally occurring in most oil-bearing food (milk, nuts, olives, 
wheat, etc), other alcohols and aldehydes may be used to 
supply the hydroxyl groups. When a shortage of glycerine 
developed during World War II, it was found that a mono- 
ester of sorbitol produced by hydrogenation of glucose 
could be substituted in most cases. Not only were such es- 
ters found to be equivalent to those derived from glycerol, 
they were usually superior. Sorbitol differs from glycerine 
in that it contains six water-loving hydroxyl groups instead 
of three and is thus more hydrophilic (Fig. 2). 

Other alcohols and aldehydes such as propylene glycol 
and sucrose may be used to supply the hydrophilic moiety 
of the surfactant. The hydrophilic character and functional 
value may be further enhanced by further esterification 
with organic acids such as lactic, citric, or acetic to produce 
the diester. The esters can be made even more hydrophilic 
by ethoxylation (Fig. 3) or by esterification with polymers 
such as polyglycerol. Because of its amphiphilic character, 
the surfactant will orient itself to the interface between the 
lipid and aqueous phase. The more hydrophilic the emul- 
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Figure 1. Glyceryl monostearate. 
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Figure 2. Structures of glycerine and sorbitol. 
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Figure 3. Structure of polysorbate 60 ethoxylated sorbitan mono- 
stearate. 


sifier is, the greater will be the reduction in interfacial ten- 
sion (Fig. 4). Its function is therefore threefold: 


1, Reduction of interfacial tension 

2. Formation of a cohesive film, encapsulating the fat 
or oil globule 

3. Imparting an electrical charge to further aid in pre- 
venting coalescence through repellency 


Although the functional value of a surfactant in forming 
stable emulsions is most valuable, these amphiphiles have 
other valuable physical and chemical attributes useful in 
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Figure 4. Interfacial tension between soya bean oil and water of 
50°C. Measured by the Du Nouy technique. Surfactants tested are 
propylene glycol monostearate (PGMS), acetylated monoglycer- 
ides (ACMG), lactated glyceryl monopalmitate (GLP), distilled 
monoglyceride from sunflower oil (GMO), sodium stearyl-2- 
lactylate (SSL), diacetyltartaric acid ester of monoglycerides 
(DATEM), and polysorbate 60 (PS). Source: Ref. 2. 


food technology. Surfactants improve the texture and shelf 
life of starch-containing foods by forming complexes with 
starch components such as amylose, modifying the rheo- 
logical properties of protein-containing foods such as 
wheat doughs, and improving the consistency and textural 
qualities of foods containing fats and other lipids by mod- 
ifying their crystalline behavior (size and polymor- 
phism) (2). 

The reduction of surface tension improves the ease with 
which oil and water will mix. Reduction of surface tension 
will require less energy input during agitation when dis- 
persing the oil through the aqueous phase. However, when 
it is realized that surface energy is increased by a factor of 
10° ina fine emulsion and that the use of a surfactant will 
reduce surface tension by a factor of 20 to 25, it is apparent 
that the reduction of surface tension alone may be insuf- 
ficient to provide a stable emulsion. 

The formation of a cohesive film around the oil globule 
and between the interface of the oil and aqueous phase will 
make a major contribution to emulsion stability (Fig. 5). 
The a-tending surfactants, which are nonpolymorphic, are 
particularly effective encapsulating agents. These include 
propylene glycol monostearate, lactylated and acetylated 
monoglycerides, and sorbitan tristearate. These surfac- 
tants form a crystalline protective coating around the oil 
globule with great cohesive strength (4). 

When a surfactant is adsorbed on the oil globule sur- 
face, the lipophilic hydrocarbon chain is oriented into the 
oil, with the polar moiety, for example, the OH group at 
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Figure 5. Fat globule surface of milk. Source: Ref. 3. 


the interface with the aqueous phase. The globule surface 
is now relatively more hydrophilic with a vastly reduced 
tendency to coalesce with adjoining fat globules. The ten- 
dency to coalesce is further reduced when the fatty acid 
chains of the lipophilic moiety are high melting because 
the oil globule surface now takes on a melting point ap- 
proaching that of the surfactant. 

If the surfactant imparts an electrical charge to the sur- 
face of the oil globule, it further aids in contributing to 
emulsion stability because the likely charged globules tend 
to repel each other, further reducing the opportunity for 
coalescence. In addition, repellency aids in slowing the sep- 
aration of the phases (migration of the internal phase). The 
presence of a surface electrical charge improves the sta- 
bility of an emulsion when frozen because the emulsified 
globules are less likely to coalesce following compression 
and rupture of the surface film, which occurs as a result of 
concentration into the reduced unfrozen aqueous phase. 

Most surfactants added to improve food emulsions are 
nonionic and do not impart an electrical charge to the glob- 
ule surface. Lecithin is an exception. Lecithin, with its 
component phosphatides, although amphoteric, is rela- 
tively anionic. 

The relative propensity of a surfactant for oil or water 
is known as its hydrophile—lipophile balance, or HLB. The 
HLB value may be expressed as the weight percentage of 
the hydrophilic moiety of the surfactant molecule divided 
by 5 to reduce the magnitude of the numbers with which 
we work. For example, if 50% of the molecular weight is 
hydrophilic, the HLB value would be 50 + 5, or 10. The 
HLB values of some surfactants used in food emulsification 
are given in Table 2. HLB values will vary significantly 
depending on monoester and fatty acid content. The sur- 
factants with lower HLB values tend to induce the for- 
mation of water-in-oil emulsions, such as margarine; those 
with higher values (>10) tend to induce the formation of 
oil-in-water emulsions. Some relationships between HLB 
value and the application of the surfactant to food emul- 
sions are given in Table 3. It should be remembered that 
food emulsions usually contain a significant quantity of 
naturally occurring surfactants such as phospholipids; the 
added emulsifiers are merely supplementing the activity 
of the naturally occurring ones. HLB may be estimated 
from the solubility of the surfactant, as seen in Table 4. 

Obviously, surfactants with high HLB values will tend 
to disperse more readily in aqueous media while those with 


Table 2. Calculated or Determined HLB Number of Some 
Surfactants Used in Foods 


Chemical name HLB number 
Glycerol monooleate 2.8 
Propylene glycol monostearate 18 
Glycerol monostearate 3.7 
Lecithin 42 
Sorbitan monostearate 47 
Glycerol monostearate, self-emulsifying 5.5 
Polyoxyethylene (20) sorbitan tristearate 10.5 
Polyoxyethylene (20) sorbitan monostearate 149 
Polyoxyethylene (20) sorbitan monooleate 15.0 
Polyoxyethylene (40) stearate 16.9 
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Table 3. Relationship Between HLB and Surfactant End 


Use 
HLB number Application 
46 Emulsifiers for w/o systems 
9 Wetting agents 
8-18 Emulsifiers for o/w systems 
13-15 Detergents 
15-18 Solubilizers 


Table 4. Estimation of HLB by Water Solubility 


Application in water HLB range 
Not dispersible 14 
Poor dispersibility 38 
Milky dispersion after vigorous agitation 68 
Stable milky dispersion 8-10 
Translucent to clear dispersion 10-13 
Clear 13+ 


low HLB values will be more easily dispersed in the lipid 
phase. However, there are important other factors that sig- 
nificantly affect surfactant dispersibility in any phase; 
most surfactants, especially those most effective when 
used in food processing, are lipophilic and solids at room 
temperature. As such, they disperse in aqueous media 
with difficulty. When first introduced as cake emulsifiers, 
the lipophilic monoglycerides were dispersed in the short- 
ening, which was then added to the batter or cake mix. 
Monoglycerides and other lipophilic surfactants such as 
the sorbitan esters, when used in dairy products, were 
melted into the mix during pasteurization and dispersed 
to the interface of the fat and water on a molecular basis 
with the aid of hydrophilic surfactants naturally occurring 
in the cream phase. When lipophilic or high-melting sur- 
factants such as monoglycerides were required for inclu- 
sion in a bread dough at room temperature, it was found 
necessary to “hydrate” them into a paste emulsion form 
with water to disperse them in dough or include less effec- 
tive unsaturated fluid monoesters to form a soft, dispersi- 
ble plastic. 

The first monoglycerides used for the production of 
hydrates were fully saturated mono/diglycerides. They 
formed stable emulsions in paste form with about 75% wa- 
ter. Small quantities (ca 0.5%) of hydrophilic coemulsifiers 
such as sodium stearate or lecithin were added to improve 
emulsion stability. 

When monoglycerides were later distilled to provide a 
higher monoester content of about 90%, it was found that 
such products formed gel-like lumps with water, making 
dispersion in the aqueous phase impossible (4). It was 
found that distilled monoglycerides and some other sur- 
factants formed mesophases with water and that tempera- 
ture and water content had to be carefully controlled to 
obtain adequate dispersion. Some mesophases are dispers- 
ible in the aqueous phase, others are more compatible with 
the lipid phase. 

Surface active agents, when dispersed in an aqueous 
phase, can exist in essentially six mesomorphic or liquid 
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crystalline phases. These phases are anhydrous crystals, 
fluid isotropic, neat lamellar, gel, dispersion, hexagonal 
and cubic or viscous isotropic (Fig. 6). When a liquid crystal 
results from heating the anhydrous crystal, it is known as 
a thermotropic mesomorph; when resulting from a crys- 
tallization from solvent such as water, it is known as a 
lyotropic mesomorph. 

When existing as a pure crystal, the polar heads of the 
surfactant adjoin one another head to head, and the rigid 
hydrocarbon tails also adjoin. When heat is applied in the 
presence of water, the hydrocarbon tails liquify because the 
weak energy of the van der Waals forces between them is 
overcome. However, the hydrogen bonding between the po- 
lar heads remains, resulting in a semiliquid crystalline 
structure. The contraction of the disordered hydrocarbon 
chains opens a gap between the polar heads, allowing wa- 
ter to enter. A lamellar mesophase is formed. When this 
phase is cooled below the temperature where the hydro- 
carbon chains resolidify (known as the Krafft Point), a gel 
phase is formed with the water remaining between the po- 
lar groups. The gel is metastable; the water is eventually 
expelled, and a coagel of fine f crystals dispersed in water 
is formed. 


When some surfactant crystals, such as monoglycer- 
ides, are heated to relatively high temperature with little 
water, the water is dispersed in the fluid lipid as micellar 
aggregates, cylinders at low water content, discs at higher. 
This phase is known as fluid isotropic. 

When some surfactants are heated to higher tempera- 
ture in the presence of water, they may form hexagonal 
cylindrical aggregates. Two types may be formed. The hex- 
agonal I phase consists of cylinders with the polar heads 
on the outside and the hydrocarbon chains oriented inward 
as a core. Such phases are infinitely dilutable in aqueous 
media. The hexagonal II cylinder is the reverse of the first, 
with the polar moiety in the interior, surrounding a core of 
water, with the hydrocarbon chains oriented to the exte- 
rior. This phase is found only at low water content, usually 
less than 30%. At higher water content, this phase will 
separate from the aqueous media as a viscous mesophase. 

Another lipophilic phase, somewhat associated with the 
hexagonal II phase, is the liquid crystalline cubic phase, 
frequently encountered with unsaturated monoglycerides. 
It is viscous and isotropic. Larsson (6) has described a cubic 
phase of monoglyceride as a polygon aggregate of water 
cylinders enclosed in a matrix of hexagonal IT configura- 
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tion, associated as a three-dimensional cubic lattice (Fig. 
6). It can absorb up to about 40% water. When dispersed 
in excess water, surrounded by a lamellar phase, Larsson 
(7) has referred to the phase as a “cubosome.” 

When the lamellar mesophase is further diluted with 
water at the proper temperature, a dispersion phase is 
formed. The dispersion phase is not merely a dilution of 
the neat or lamellar phase. The particles are spheres of 
bimolecular layers alternating with water, and the hollow 
center can be filled with an aqueous phase. The lamellar 
bilayer is not stable because the hydrophobic edges resist 
the aqueous media, and the lamellar bilayer rolls up to 
form a sphere, with the polar groups external, protecting 
the internal hydrophobic tails (“liposome”). The physical 
form of a surfactant drastically affects its functionality. In 
some cases, the surfactant is completely nonfunctional due 
to nondispersal on a molecular basis. In other cases, its 
functional value can be doubled simply by changing the 
physical form to provide full dispersion. 

Although there had been some reference to the use of 
monodiglycerides in margarine as early as 1921 (4), the 
first significant commercial use of a surfactant in food was 
the inclusion of lecithin to improve the viscosity of molten 
chocolate in the early 1930s (8). 

Lecithin was found to lower the viscosity of chocolate, 
reducing the level of expensive cocoa butter normally re- 
quired to do so. Lecithin was found to form a monolayer 
over the hydrophilic constituents of chocolate (sugar, milk, 
etc) with the lipophilic hydrocarbon tail extended into the 
molten cocoa fat, facilitating the flow of the vehicle by re- 
ducing friction (9). 

The incorporation of sorbitan monostearate in chocolate 
inhibited the formation of bloom (10). Bloom is the result 
of migration to the surface of chocolate of unstable poly- 
morphs of cocoa butter. As the polymorphs of fat migrate, 
they leave behind the cocoa fibers, which impart color and 
ultimately resolidify on the surface of chocolate as light- 
colored blotches. Sorbitan monostearate forms a mono- 
layer on chocolate nonfat solids, impeding the capillary mi- 
gration of the unstable cocoa fat polymorph to the surface, 
thus, inhibiting bloom (11). 

About 1933, the so-called superglycerinated shorten- 
ings were introduced in the United States for use in the 
production of cakes (12,13). These contained a significant 
amount of monoglycerides, for example, 3%. These were 
included either by production in situ by alcoholisis of the 
fat with excess glycerine during refining or by direct ad- 
dition of a monodiglyceride. 

Shortenings with added surface-active monoglycerides 
were found to impart greater structural stability to the 
cakes, allowing for the inclusion of higher ratios of sugar 
to flour. Cakes with improved texture, volume, and sym- 
metry, as well as keeping quality, resulted from the use of 
such shortening. 

In 1968 the following definition for cake was proposed 
(14): Cake is a protein foam stabilized with gelatinized 
wheat starch and containing fat, emulsifiers, mineral 
salts, and flour and aerated principally by gases evolved 
by chemical reaction in situ. 

It is well known that oil is an antifoam that tends to 
destroy any foam structure, including cake, by weakening 
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the protein film. Plastic shortenings are composed princi- 
pally of an oil fraction, usually 70 to 75%, blended with 
solid fats for solidity at room temperature. One would ex- 
pect the shortening to act as an antifoam, and indeed it 
does, unless properly encapsulated within an emulsifier. 
The a-tending surfactants such as propylene glycol mono- 
stearate and glyceryl lactopalmatate are exceptionally ef- 
fective emulsifiers, especially when liquid oil is used as the 
shortening, because of their ability to form a crystalline 
membrane around the oil globules, preventing the oil from 
migrating into the protein lamellae (15). Monoglycerides 
are also very effective encapsulating agents. 

The dispersion of the emulsifier in the batter is most. 
important from the standpoint of obtaining functional im- 
provement. Dispersion by inclusion within the shortening 
is adequate if the shortening is fully dispersed. Complete 
dispersion of a plastic fat in an aqueous medium may re- 
quire extensive art and still might not produce optimum 
results. 

Wren (16) has described six possible physical states for 
the inclusion of surface active lipids (Table 5). Inclusion of 
the surfactant in shortening or margarine would represent 
the anhydrous state. However, it is often necessary to in- 
clude the emulsifier in the aqueous phase. As an example, 
the traditional sponge cake formula contains no shorten- 
ing. To obtain the benefits of an emulsifier, it must be 
added as an aqueous dispersion. Krog (17) compared the 
effectiveness of six different mesophases of a distilled glyc- 
eryl monostearate in the aqueous state (Table 6). The best 
results were obtained with the dispersion phase, followed 
closely by the crystalline gel. Poorest results were obtained 
with the coagel of f crystals in water. There is no doubt 
that the dispersion phase was more effective because it 
was more intimately dispersed in batter. The viscous iso- 
tropic cubic phase, poorly dispersible, provided very poor 
results as is but provided vastly improved results when 
dispersed in water. 

Hydrophilic surfactants (eg, polysorbate 60) are added 
to cake batters to further reduce surface tension, improv- 
ing the dispersibility of the lipid phase (eg, shortening) and 


Table 5. Possible Physical States of a Surface-Active 
Lipid 
Anhydrous 


Polymorphic crystal 
Mixed crystal 

Liquid 

Solution in oil 
Molecular solution 
Micellar solution 

Liquid crystalline phase 
Gel phase 

Coagel (crystals + water) 
Insoluble 

Soluble 


Aqueous 


Lipoprotein 


Inclusion compound with amylose 

Other macromolecular complex 

Surface film between 
air-oil-water-solid 


“Simple” (monolayer) 
Lipoprotein 

Other complex 

Liquid crystalline phase 


Source: Ref. 15. 
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Table 6. The Effect of Various Aqueous Preparations of DGMS in Sponge Cake 


Specific volume (cm3/kg) 


‘Type of DGMS preparations added DGMS-water proportion _‘ Temperature of preparation (°C) Cake batter Cake 
Neat, lamellar phase 60:40 65 1140 3400 
Viscous isotropic cubic phase 60:40 80 1112 3320 
Viscous isotropic + water 10:90 80 1560 5060 
Dispersion (pH 7.0) 10:90 65 2970 6900 
Gel, a crystalline 10:90 25 2700 6000 
Coagel, f crystals in water 10:90 25 1020 2400 
Source: Ref. 16. 


promoting aeration of the batter. They are usually added 
in hydrated paste or gel form (25-50% solids) to aid in dis- 
persion. Naturally occurring surfactants such as phospho- 
lipids from egg also contribute to emulsification of the 
batter. 

As early as 1925, it had been confirmed that the addi- 
tion of eggs improved the whipping quality of ice cream 
mixes (18). It was assumed that the albumin protein frac- 
tion of egg was the principal aerating agent. In 1928 it was 
demonstrated that egg albumin had no beneficial effect on 
the ice cream mix and that the improved aerating quality 
was being contributed by the yolk (19). It was later deter- 
mined that the improvement was due to the emulsification 
imparted by phospholipids and lipoprotein in the yolk 
(20,21). Inclusion of yolk in the mix was also shown to in- 
crease the electrical charge (anionic) carried by the fat 
globule (22). 

In 1936 a patent was granted on the use of glyceryl 
monostearate as an emulsifier and whipping aid for ice 
cream (23). It was found that the monoester was as effec- 
tive at 0.1 to 0.2% as egg yolk was at 0.5%. It was also 
found that the use of the monoester provided an ice cream 
that was drier and stiffer on freezing and thus extruded 
and packaged with greater facility. 

Surfactants based on saturated fatty acids were found 
to be more effective as aerating agents when used as ice 
cream emulsifiers, as compared with those based on un- 
saturated fatty acids (Figs. 7 and 8). The more hydrophilic 
ethoxylated surfactants are more effective than those of 
lower HLB value. Those approved for use in food contain 
an average of 20 mol of ethylene oxide and have an HLB 
in the 14 to 16 range. 

In the production of whippable emulsions, such as ice 
cream or whipped toppings, it is desirable to obtain good 
volume and stiffness. Contrary to published hypothesis, it 
was demonstrated that a partial breakdown of the emul- 
sion during whipping to produce agglomerated (but not co- 
alesced) fat globules provides maximum product stiffness 
(24,25). It was found that the more hydrophilic ethoxylated 
surfactants based on saturated fatty acids such as stearic 
provided maximum whippability, whereas those based on 
unsaturated fatty acids such as oleic provided maximum 
dryness and stiffness to the aerated product. A turbidi- 
metic procedure was used to prove that surfactants actu- 
ally accelerated the breakdown of the ice cream mix emul- 
sion to provide agglomerated fat globules (Fig. 9) (24). 

Combining a lipophilic saturated surfactant such as 
glyceryl monostearate with a hydrophilic unsaturated sur- 


0.1% Glycero! monostearate 


po oe ee 
40+ 4 
30 a 
lo 4 
Reflectance 


Percent overrun 
110F | 
100 r =] 

90 = 


80h 4 


Joa et thee 
° 4 8 12 16 24 28 30 


Minutes in freezer 


Figure 7, Performance characteristics, ice cream emulsifier glyc- 
eryl monostearate. 


factant such as ethoxylated sorbitan monooleate resulted 
in a synergistic effect in frozen aerated desserts whereby 
the combination produced improved whippability and stiff- 
ness (26). 

As with cake batter foams, a-tending surfactants form 
strong protective films around oil globules and are espe- 
cially effective in promoting agglomeration of fat globules 
in dairy-type emulsions. The a-tending surfactants are ad- 
sorbed onto the globule surface, interfering with strong 
protein bonding and making the protective protein film 
more easily swept off the surface during whipping, result- 
ing in increased agglomeration of globules with resulting 
firm texture and stiffness in whipped foams (eg, toppings). 

Margarine is probably the simulated dairy product most 
widely consumed. It is a water-in-oil emulsion usually con- 
taining 80% fat and 20% aqueous phase. A lipophilic emul- 
sifier system of 0.5 to 1.0% is used to stabilize the emul- 
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Figure 8. Performance characteristics ice cream emulsifier glyc- 
eryl monooleate. 
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Figure 9. Effect of emulsifier on fat destabilization in the freezer. 
Source: Ref. 24. 
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sion, preventing leakage of the aqueous phase (weeping) 
and reducing spattering when the margarine is used for 
frying. 

Surface-active agents with a high degree of unsatura- 
tion are usually preferred for margarine, especially the 
low-fat/high-aqueous types as they more tenaciously in- 
corporate the high-level water into the oil phase. 

Another category of simulated dairy products with a 
large market is milk replacers for young animals. Such 
emulsions are usually spray-dried in such a manner as to 
retain the emulsion potential intact, and the emulsion re- 
forms instantly on rehydration. 

The largest consumption of surfactants within the food 
industry is by the baking industry. Aside from the use of 
surfactants for cake-batter emulsification previously dis- 
cussed, surfactants are used in yeast-raised products such 
as bread and rolls for the purpose of reducing the rate of 
crumb firming, the principal factor associated with staling, 
and to strengthen gluten (dough conditioning). 

As long ago as 1852, the French chemist Boussingault 
(27) proved that bread did not stale because of moisture 
loss simply by hermetically sealing it in cans, where the 
crumb firmed as rapidly as that of unsealed loaves. It is 
now generally conceded that bread crumb firms primarily 
owing to the retrogradation of the gelatinized wheat 
starch. The linear amylose fraction (Fig. 10) retrogrades 
almost immediately after the baked product cools, thereby 
supplying physical structure to the baked food. It is not 
further involved in an ongoing firming. The branched amy- 
lopectin fraction (Fig. 10), however, continues to retrograde 
slowly over a period of days, causing the crumb to become 
firmer with aging. 

Certain surfactants can retard crumb firming because 
they are able to form complexes with the glucose polymers 
of starch. Although these surfactants will form complexes 
with both the straight-chain amylose and the branched- 
chain amylopectin, it is now understood that it is most im- 
portant to complex with the amylopectin since it is respon- 
sible for the progressive firming of crumb. It has been 
shown that the starch fractions will form a helix around 
the hydrocarbon chain of surfactants possessing the proper 
steric configuration (Fig. 11). The inside of the helix is li- 
pophilic owing to the CH groups, and the exterior is hy- 
drophilic owing to the presence of OH groups. Straight hy- 
drocarbon chains such as stearic acid can accommodate the 
core of the helix with its diameter of 4.5 to 6.0 A. On the 
other hand, unsaturated fatty acids of the cis configuration 
cannot enter the helix, as they are not straight. 

The complexing ability of a number of surfactants has 
been evaluated (28); some of these are given in Table 7. A 
correlation has been established between the ability of a 
surfactant to complex with amylose and the ability to also 
complex with amylopectin and retard crumb firming 
(29,30). The starch components are not as prone to retro- 
grade, owing to interference with hydrogen bonding when 
the helical clathrates form. For complex formation to take 
place, the surfactant must possess not only the proper 
steric configuration but must be dispersible on a molecular 
basis in the aqueous phase of the dough or batter. 

Surfactants such as monoglycerides are used because of 
their starch-complexing ability in other foods containing 
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Figure 10. Structure of amylose and amy- 
lopectin. 


6A 


Figure 11. Schematic diagram of glyceryl monopalmitate/ 
amylose complex. a = “Free” space. 


Amylopectin 


Table 7. Complex Formation Between Amylose and Food 
Emulsifiers 


Amylose 
complexing 
Materials index 


Distilled monoglycerides, 90-92% 1 monoester 


Lard, hydrogenated 92 
Lard, unhydrogenated, 45% monoolein 35 
Soya bean oil, hydrogenated, 85% monostearin 87 
Soya bean oil, unhydrogenated, 55% monolinolein 28 
Monodiglycerides, 45% monoester 28 


Organic acid esters of monoglycerides 


Lactic acid esters 22 
Succinic acid esters 63 
Diacetylated tartaric acid esters 49 
Distilled propylene glycol monostearate, 90% 15 
Sucrose monostearate (commercial sample) 26 
Polyoxylethylene-sorbitan(20)-monostearate 

(commercial sample) 32 
Stearoyl-2-lactylate 79 
No stearoyl-2-lactylate 72 
Ca stearoyl-2-lactylate 65 
Na stearyl-fumarate 67 
Source: Ref. 27. 


starch, such as pasta, instant potato products, and starch- 
based desserts. By complexing with the starch, surfactants 
improve the texture, and cohesive strength and prevent 
stickiness in cooked pasta; they also, for the same reason, 
prevent lumpiness and stickiness in rehydrated instant po- 
tatoes and starch-based desserts, which would normally 
occur with the presence of free amylose. 

Certain surfactants that are either anionic or ethoxy- 
lated have the ability to react with gluten and other pro- 
teins, thereby improving their film-forming ability and co- 
hesive strength. They are known as dough strengtheners 
or dough conditioners. 

Their ability to strengthen protein is the result of the 
surfactant forming a complex between glutinous protein 
fractions, together with nonglutinous protein and native 
polar lipids (31). 

Because of the improved cohesive strength of the gluten, 
the dough has improved tolerance to mixing and increased 
tolerance to the addition of nonwheat proteins. These 
changes result in improved loaf volume and symmetry, bet- 
ter crumb texture and cell structure, and greater resis- 
tance to staling. The best known of these dough condition- 
ers are the sodium and calcium salts of stearoy] lactylic 
acid, the ethoxylated glyceryl and sorbitan monostearates, 
and datem esters. Hydrophilic lecithins have also been 
shown to possess gluten-strengthening properties (32). 

Surfactants are used to stabilize salad-dressing emul- 
sions and to emulsify flavor oils. They are used in chewing 
gum and certain other confections such as caramel to pre- 
vent wrapper sticking and sticking to false dentures. Sur- 
factants find use as extrusion aids in snack foods and meat 
analogues. Surfactants based on unsaturated fatty acids 
such as glyceryl monooleate are used as antifoams in sugar 
processing and confectionery manufacture. 

The market for surfactants in foods is now about 
400,000,000 Ib annually in the United States. About 
275,000,000 Ib are consumed in foods in Europe and 
180,000,000 in Japan. 
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The food additives that will be discussed in this article fall 
into three functional categories. Although the definition of 
each function will be clarified in the discussion, the defi- 
nitions given in 21 Code of Federal Regulations are as fol- 
lows: 


§170.3(0X8). Emulsifiers and emulsifier salts: Sub- 
stances which modify surface tension in the component 
phase of an emulsion to establish a uniform dispersion 
or emulsion. 
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The food additives that will be discussed in this article fall 
into three functional categories. Although the definition of 
each function will be clarified in the discussion, the defi- 
nitions given in 21 Code of Federal Regulations are as fol- 
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§170.3(0X8). Emulsifiers and emulsifier salts: Sub- 
stances which modify surface tension in the component 
phase of an emulsion to establish a uniform dispersion 
or emulsion. 
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§170.3(n\(28). Stabilizers and thickeners: Substances 
used to produce viscous solutions or dispersions, to im- 
part body, improve consistency, or stabilize emulsions, 
including suspending and bodying agents, setting 
agents, jellying agents, and bulking agents, etc. 
§170.3(0)(29). Surface-active agents: Substances used to 
modify surface properties of liquid food components for 
a variety of effects, other than emulsifiers, but including 
solubilizing agents, dispersants, detergents, wetting 
agents, rehydration enhancers, whipping agents, foam- 
ing agents, and defoaming agents, etc. 


Generally emulsifiers and surface-active agents are 
relatively small molecules (molecular weight less than 
1,000 Da), while stabilizers and thickeners are polymers 
such as gums and proteins. There are exceptions to this; 
calcium stearate is listed as a GRAS (generally recognized 
as safe) stabilizer and thickener while gum ghatti is ap- 
proved for use as a GRAS emulsifier. 


FUNCTIONS OF EMULSIFIERS, STABILIZERS, 
AND THICKENERS 


As shown in Figure 1 surfactants have a lipophilic (fat- 
loving) portion and a hydrophilic (water-loving) portion; for 
this reason they are sometimes called amphiphilic (both- 
loving) compounds. The lipophilic part of food surfactants 
is usually a long-chain fatty acid obtained from a food 
grade fat or oil. The hydrophilic portion is either nonionic 
(glycerol is shown in Fig. 1), anionic (negatively charged, 
such as lactate), or amphoteric, carrying both positive and 
negative charges (phosphorylcholine is shown in Fig. 1). 
Cationic (positively charged) surfactants are usually bac- 
tericidal and somewhat toxic; they are not used as food 
additives. Examples of the three types indicated are a 
monoglyceride (nonionic), stearoyl lactylate (anionic), and 
lecithin (amphoteric). The nonionic surfactants are rela- 
tively insensitive to pH and salt concentration in the aque- 
ous phase, while the functionality of the ionic types may 
be markedly influenced by pH and ionic strength. 


Emulsifiers 


The formation of an oil-in-water emulsion is outlined in 
Figure 2. If 100 mL of pure vegetable oil plus 500 mL of 


H-C-—OOCR 


7 Nonionic: 1-monoglyceride 
= ks) 


Figure 1. Generalized structure of am- 
phiphilic molecules. R represents a lipo- 
philic hydrocarbon (a fatty acid or fatty al- 
cohol). The hydrophilic groups are glyceryl, 
(nonionic), sulfate (anionic), phosphoryl- 
choline (amphoteric) and quaternary am- 
monium (cationic). 


water are mixed vigorously to obtain an emulsion in which 
the average diameter of the oil globules is 1 um, 600 m? 
(slightly more than 6,400 ft”) of oil-water interface is gen- 
erated. Using a purified vegetable oil, the interfacial ten- 
sion (y) versus water is about 3 x 10~§ J/em?. To form the 
emulsion, 18 J of the energy input is converted into inter- 
facial energy. The addition of 1% glycerol monostearate 
(GMS) to the oil phase will lower 7 to about 3 x 1077 
J/cm® so that the excess interfacial energy is only 1.8 J. 
This excess interfacial energy is the driving force behind 
coalescence of the oil globules and also the force resisting 
subdivision of oil droplets during mixing (each division in- 
creases the amount of interface present in the system). In 
a series of emulsification experiments in which the amount. 
of mixing energy was constant and 7 was changed by add- 
ing emulsifier, it was found that the average oil droplet 
diameter paralleled y; that is, as more emulsifier was 
added, y decreased and so did the average droplet size. The 
total excess interfacial energy was roughly constant. 


Stabilizers 


The phenomenon just described is the promotion of emul- 
sion formation; this is not the same as stabilization of 
emulsions. The difference is seen by reference to Figure 2. 
After the emulsion is formed, if it is allowed to stand, the 
oil droplets will rise to the top or cream (assuming the vol- 
ume ratio of oil to water is low enough for flotation to oc- 
cur). The rate of creaming is inversely related to droplet 
diameter and to the viscosity of the aqueous phase: large 
droplets rise faster than small droplets, and faster in water 
than in a viscous gum solution. Emulsifiers that promote 
formation of smaller diameter drops and additives that in- 
crease viscosity give emulsions in which the rate of sepa- 
ration is slower, so in that sense only the emulsion is sta- 
bilized. 

When two oil droplets make contact (facilitated by the 
creaming process), they may either clump (stick together, 
but retain their individual identity) or coalesce into one 
larger droplet, reducing total surface area and total excess 
interfacial energy. Clumped droplets may be readily redis- 
persed by simply stirring the system; inverting a bottle of 
creamed (nonhomogenized) milk a few times redistributes 
the clumped milkfat droplets. In coalescence the emulsifier 


Anionic: lauryl sulfate 


RCH. (-) 3)3Br 


Cationic: CTAB 


Amphoteric: lecithin 


Stabilization 


Coalescence 


Figure 2. States of emulsion formation and breakdown. In the 
upper figures the dark area represents oil, the clear areas water. 
In the lower figures, shaded circles represent oil surrounded by 
water. 


used may be efficient at reducing even at a low interfacial 
concentration but does not prevent the oil droplets from 
touching and coalescing during creaming. 

A true emulsion stabilizer prevents coalescence (Fig. 2). 
In essence, the thin layer of water between the oil droplets 
is stabilized by various mechanisms. If the surfactant is 
anionic, then the surfaces of both oil droplets carry a neg- 
ative charge and they are mutually repelled by electro- 
static effects. This sort of stabilization is sensitive to ionic 
strength, and a high salt concentration will suppress the 
electrostatic repulsion, promote contact and coalescence, 
and lead to rapid emulsion breakdown. 

A second kind of stabilization is shown by surfactants 
in which the hydrophilic portion is quite large; for example, 
the polyoxyethylene chain of the Tweens or ethoxylated 
monoglyceride. In this case the chain is anchored at the 
surface of the oil droplet by the lipophilic tail, but it is 
strongly hydrated and generates a layer of bound water 
around the droplet, preventing contact and coalescence. 
This functionality is relatively insensitive to salt concen- 
tration. 

A third kind of stabilization is due to simple steric hin- 
drance of contact. The alpha-tending emulsifiers such as 
propylene glycol monostearate (PGMS) form an actual 
solid layer at the oil-water interface (1,2). This film phys- 
ically prevents the contents of oil droplets from coalescing 
even though their surfaces may be touching. Gums such 
as gum arabic and gum ghatti stabilize oil-in-water emul- 
sions by a similar mechanism, forming a film of adsorbed 
polymer around the oil droplet, while some water-soluble 
proteins perform the same function in mixtures of ground 
meat and fat for making sausage. 

It should be noted that emulsion stabilization is not di- 
rectly related to the ability to lower interfacial tension. For 
example, 1% GMS in the oil phase lowers y to 3 x 1077 
J/cm? but has little effect on coalescence rate, whereas 12% 
PGMS yields a y of 9 x 10-7 J/cm? but gives an emulsion 
with excellent long-term stability. 
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Foam Stabilizers 
The generation and stabilization of a foam is subject to the 
same thermodynamic energy considerations as emulsions; 
lowering the interfacial (surface) tension favors foam for- 
mation. Small surfactant molecules dissolved in the aque- 
ous phase will promote foaming, and the stability of the 
foam is dependent on the maintenance of a film of water 
between air bubbles. The lipophilic portion of the surfac- 
tant enters the gas phase (rather than an oil phase) but in 
all other respects the situation is analogous to that where 
both phases are liquid (ie, emulsions). 

Proteins are amphiphilic molecules in that many amino 
acids (eg, leucine, isoleucine, and valine) contain hydro- 
phobic (lipophilic) side chains while others (glutamic, as- 
partic, lysine, and arginine) have ionic, hence hydrophilic, 
side chains. Normally, proteins such as egg albumin in so- 
lution are folded in such a way that the hydrophobic side 
chains are buried in the interior of the molecule in a non- 
polar environment, while the hydrophilic side chains are 
on the surface of the molecule and interact with the polar 
aqueous environment. Introduction of air bubbles into the 
solution presents a new possibility for the lowest energy 
state of the protein, namely for it to unfold with the hy- 
drophobic side chains entering the air phase and the hy- 
drophilic chains remaining in the water phase. The portion. 
of the proteins located in the aqueous phase hold water, 
preventing it from draining away from this region, hence 
stabilizing the foam. Whipping aids enhance the ability of 
the protein to unfold at the air-water interface; the ener- 
getics of protein unfolding become more favorable and the 
ease of foam formation increases. Solutes that increase 
the viscosity of the water phase, for example, gums, slow 
the rate of draining and thus increase foam stability. 
Thickeners 
Thickeners may function in four different ways: (1) by sta- 
bilizing an emulsion with a high volume percentage of in- 
ternal phase, (2) by increasing the viscosity of the external 
phase, (3) by forming an elastic network in the external 
phase, and (4) by removing a portion of the external phase. 
An example of the first kind is mayonnaise, where egg yolk 
lipoprotein stabilizes an oil-in-water emulsion in which the 
internal phase (oil) represents more than 70% of the total 
volume. As the particle size of the oil droplets decreases, 
the relative amount of water that is immobilized around 
the surface increases, and the amount of mobile external 
phase (free water, in a nonthermodynamic sense) de- 
creases, contributing to the high viscosity and body of the 
final product. 

Certain gums form aqueous solutions that have a high 
viscosity (Table 1). When such a solution is used as the 
water component of a food formula, the viscosity of the fi- 
nal product reflects the viscosity of the solution. In asimple 
salad dressing formulation, increased viscosity in the 
aqueous phase slows down the flotation rate of the oil drop- 
lets formed during shaking and (in this sense) stabilizes 
the emulsion. Commercial batters (ie, cake, cake donut, 
and fish breading) require a certain viscosity for optimum 
functionality; gums may be used to impart and control bat- 
ter viscosity. 
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Table 1. Properties of Some Gums 


1% solution 
Gum Viscosity, mPas 21 CFR 
Low viscosity gums 
Arabic 2-5 184.1330 
Ghatti 4-10 184.1333 
Larch 2-10 172.610 
Medium-viscosity gums 
Sodium alginate 25-800 184,724 
Tragacanth 200-500 184.1351 
Xanthan 800-1400 172.695 
High-viscosity gums 
Guar 2000-3500 184.1339 
Karaya 2500-3500 184.1349 
Locust bean 3000-3500 184.1343 
Cellulose gums 
Sodium carboxymethylcellulose 50-5000 182.1745 
Hydroxypropyl methylcellulose 20-50,000 172.874 
Methylcellulose 10-2000 182.1480 
Gel formers 
Agar Gel 184.1115 
Calcium alginate Gel 184.1187 
Carrageenan Gel 172.620 
Furcelleran Gel 172.655 
Pectin Gel 184.1588 
Gellan Gel 172.665 


Gums and many modified starches in aqueous solution 
form gels under the proper conditions (Table 1). Gelation 
is usually dependent on some additional factor (tempera- 
ture change and presence of divalent cations), and these 
properties are used during production to generate the de- 
sired degree of elasticity in the final food product. The elas- 
tic gel network prevents separation of dispersed oil and 
solids (eg, fruit) as well as giving a pleasing texture to the 
food. In most food products the external phase is water or 
an aqueous solution and the internal phase is a mixture of 
solid material or emulsified lipid. The viscosity of the prod- 
uct depends in part on the volume ratio of internal to ex- 
ternal phases. Insoluble fibrous materials can physically 
adsorb several times their weight in water, so the addition 
of a small percentage of a material such as cellulose (either 
alpha or microcrystalline) or hemicellulose (cereal bran) 
will markedly reduce the amount of water, raising the in- 
ternal to external phases ratio and hence the viscosity. As 
an example, a sauce might contain 20% solids (80% water) 
for an internal to external ratio of 20:80, or 0.25. Adding 
5% powdered cellulose will convert about 30% of the water 
to the solid phase via adsorption, raising the internal to 
external ratio to 55:50, or 1.1, producing a marked differ- 
ence in the viscosity of the sauce. 


TYPES OF EMULSIFIER 


Emulsifiers may be divided into four classes as mentioned 
earlier: (1) nonionic, (2) anionic, (3) amphoteric, and 


(4) cationic. The actual item of commerce is seldom exactly 
like the organic chemical structures but is usually a mix- 
ture of similar compounds derived from natural raw ma- 
terials. As a simple comparison, dextrose is one single, 
relatively pure chemical entity, described by the formula 
CgH,20¢. On the other hand, glycerol monostearate (GMS) 
is made from a hydrogenated natural fat or oil and the 
saturated fatty acid composition may well be something 
like 1% C2 2% Cy4 30% Cy 65% Cg and 2% Cyo. In addi- 
tion, the monoglyceride will be approximately 91% 1- 
monoglyceride and 9% 2-monoglyceride, which represents 
the chemical equilibrium. 


Nonionic Emulsifiers 


Monoglycerides and Derivatives. The manufacture of 
monoglycerides and derivatives used by the food industry 
were estimated to be more than 200 million lb in 1981 (3— 
5). The use of monoglycerides in food products first began 
in the 1930s when superglycerinated shortening became 
commercially available. Glycerine was added to ordinary 
shortening along with a small amount of alkaline catalyst, 
the mixture was heated causing some interesterification of 
triglyceride with the glycerine, and the catalyst was re- 
moved by neutralization and washing with water. The 
resulting emulsified shortening contained about 3% mono- 
glyceride and was widely used for making cakes, particu- 
larly with high sugar levels. Subsequent use of mono- 
glyceride to retard staling (crumb firming) in bread used 
plastic monoglyceride made by altering the ratio of glycer- 
ine to fat to achieve a higher final concentration of mono- 
glyceride, with most of the remainder being diglyceride 
(commercial mono- and diglycerides may contain from 42 
to 60% a-monoglyceride). Later developments in mono- 
glyceride technology include (J) distilled monoglyceride, 
consisting of a minimum of 90% monoglyceride; (2) hy- 
drated monoglyceride, which contains roughly 25% mono- 
glyceride, 3% sodium stearoy] lactylate (SSL), and 72% wa- 
ter, forming a lamellar mesophase for better water 
dispersibility; and (3) powdered distilled monoglyceride in 
which the composition of the original feedstock fat is bal- 
ance between saturated and unsaturated fatty acids so 
that the resulting powder hydrates fairly rapidly during 
mixing in an aqueous system such as bread dough. 

The monoglyceride structure shown in Figure 3 is for 1- 
monostearin, also called a-monostearin. If the fatty acid is 
esterified at the middle hydroxyl, the compound is 2- 
monostearin, or $-monostearin. In technical specifications 
manufacturers usually give the monoglyceride content of 
their product as a percentage of a-monoglyceride. The rou- 
tine analytical method for monoglyceride (6) detects only 
the 1-isomer; quantitation of the 2-isomer is much more 
tedious. The total monoglyceride content of a product is 
about 10% higher than the reported a-monoglyceride con- 
tent. In a practical sense, however, when the functionality 
and cost effectiveness of various products are being com- 
pared, the a-monoglyceride content is a useful number be- 
cause for all products it equals about 91% of the total 
monoglyceride present. 

The fatty acid composition of monoglyceride reflects the 
makeup of the triglyceride fat from which it is made. Com- 
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mercial GMS, for example, may contain as little as 65% 
stearate, if made from fully hydrogenated lard, or as much 
as 87% stearate, if made from fully hydrogenated soybean 
oil. The other principal saturated fatty acid will be pal- 
mitic, and because hydrogenation is practically never car- 
ried out to the extent that all unsaturation is removed (io- 
dine value of zero), a small percentage of unsaturated (oleic 
and elaidic) acid is also usually present. Iodine values for 
powdered distilled monoglycerides (monoglyceride in a 
beaded form that hydrates readily when incorporated in a 
bread dough) are in the range of 19 to 36, and for plastic 
monoglycerides a typical range is 65 to 75. The unsatu- 
rated fatty acids are a mixture of oleic and linoleic and the 
trans isomers of these acids. 

The product of the manufacture of ethoxylated mono- 
glyceride (EMG) is somewhat random in structure. Mono- 
glyceride is treated with ethylene oxide gas under pressure 
in the presence of alkaline catalyst at elevated tempera- 
tures. Ethylene oxide polymerizes via a series of ether link- 
ages and also forms ether bonds with the free hydroxyl 
groups on the monoglyceride. The average number of eth- 
ylene oxide units per monoglyceride molecule is about 20 
units (n = 20 in Fig. 3), distributed between two chains if 
the monoglyceride is doubly substituted. Chains may be 
attached to hydroxyls at both the two and three positions 
of the monoglyceride, although many more chains will be 
located at the « (three) position than at the (two) position 
because of the difference in their chemical reactivities. The 
exact distribution of polymer chain lengths and distribu- 
tion between a and # positions are functions of reaction 
conditions, for example, catalyst type and concentration, 
gas pressure, temperature, agitation, and length of reac- 
tion time. 

The second group of monoglyceride derivatives, the a- 
tending emulsifiers (lactylated monoglyceride, acetylated 
monoglyceride, and PGMS), find their main use in cake 
production. These emulsifiers are dissolved in the short- 
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Figure 3. Nonionic emulsifiers based on glycerol esters and de- 
rivatives. 


ening phase of the cake formulation and contribute to the 
emulsification of the shortening in the water phase as well 
as promoting incorporation of air into the fat phase. The 
particular property of these emulsifiers that makes them 
valuable in liquid shortening cakes is that they form a solid 
film at the oil water interface, not only stabilizing the 
emulsion but also keeping the lipid phase from preventing 
air incorporation (protein-stabilized foam formation) dur- 
ing cake batter mixing. 


Sorbitan Derivatives. When the sugar alcohol sorbitol is 
heated with stearic acid in the presence of a catalyst, two 
reactions occur: sorbitol cyclizes to form the five-membered 
sorbitan ring and the remaining primary hydroxyl group 
is esterified by the acid. The resulting sorbitan monostear- 
ate (Fig. 4) is oil soluble, has a rather low hydrophilic li- 
pophilic balance (HLB) value, and is the only one of the 
many sorbitan esters explicitly approved for food use in the 
United States (sorbitan tristearate is marketed as a crys- 
tal modifier, as a self-affirmed GRAS material). Other sor- 
bitan esters of importance are the monooleate and the tri- 
stearate. Any of the three esters may be reacted with 
ethylene oxide to give polyoxyethylene derivatives, as in- 
dicated in Figure 4 which are water soluble and have a 
relatively high HLB. The monostearate derivative is 
known as Polysorbate 60, the tristearate is Polysorbate 65, 
and the monooleate is Polysorbate 80. The remarks made 
in connection with EMG regarding the length and location 
of the polyoxyethylene chains apply to these compounds. 
The average number of oxyethylene monomers per sorbi- 
tan ester molecule is 20 (n = 20), and in the case of the 
monoesters, chains of varying length (but with about 20 
ethylene oxide units in aggregate) may be attached to more 
than one hydroxyl group of the sorbitan ring (triester has 
only one hydroxyl group available for derivatization). 

Sorbitan monostearate is used in applications where fat. 
is the continuous phase, that is, in fat-based confectionery 
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Figure 4. Nonionic emulsifiers based on sorbitan esters. 


coatings, in bakery icings, and in coffee creamers. The poly- 
oxyethylene derivatives have found wider usage. Polysor- 
bate 60 is used in a variety of applications where a high- 
HLB emulsifier is required, and is used in fluid oil cake 
shortening systems (4,5,7), generally in combination with 
GMS and PGMS. The various sorbitan derivatives are of- 
ten used in combination to obtain a specific desired HLB; 
the regulations regarding the permitted levels of each 
emulsifier in the final product are rather complicated: de- 
tails can be found in 21 CFR. 


Esters of Polyhydric Compounds. Polyglycerol esters 
(Fig. 5) have a variety of applications as emulsifiers in the 
food industry (3,8). The polyglycerol portion is synthesized 
by heating glycerol in the presence of an alkaline catalyst; 
ether linkages are formed between the primary hydroxyls 
of glycerol. In Figure 5 n may take any value, but for food 


oO 
H/H 
ne OH 
HO 
H 


Polyglycerol 


I 
BOGE monostearate 
HCH 


I 
OOC(CH2)i6CHs 


emulsifiers the most common ones are n = 1 (triglycerol), 
n = 4(hexaglycerol), n = 6 (octaglycerol), andn = 8 (deca- 
glycerol) (in all cases n is an average value for the mole- 
cules present in the commercial preparation). The polygly- 
cerol backbone is then esterified to varying extents, either 
by direct reaction with a fatty acid or by interesterification 
with a triglyceride fat. Again, the number of acid groups 
esterified to a polyglycerol molecule varies around some 
central value, so an octaglycerol octaoleate really should 
be understood as (approximately octa)glycerol (approxi- 
mately octa)oleate ester. By good control of feedstocks and 
reaction conditions manufacturers do manage to keep the 
properties of their various products relatively constant 
from batch to batch. 

The HLB of these esters depends on the length of the 
polyglycerol chain (the number of hydrophilic hydroxyl 
groups present) and the degree of esterification. As ex- 
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Figure 5. Nonionic emulsifiers based on polyhydric hydrophilic groups. 


amples, decaglycerol monostearate has an HLB of 14.5, 
while triglycerol tristearate has an HLB of 3.6. Interme- 
diate species have intermediate HLB values, and any de- 
sired value may be obtained by appropriate blending. The 
wide range of possible compositions and HLB values make 
these materials versatile emulsifiers for food applications. 

Sucrose has eight free hydroxyl groups that are poten- 
tial sites for esterification to fatty acids. Compounds con- 
taining six or more fatty acids per sucrose molecule have 
been approved for use as noncaloric fat substitutes under 
the name Olestra; this material acts like a triglyceride fat 
and has no surfactant properties. Compounds containing 
one to three fatty acid esters (Fig. 5) act as emulsifiers and 
are approved for food use in that capacity (9). They are 
manufactured by the following steps. First, an emulsion is 
made of fatty acid methyl ester in a concentrated aqueous 
sucrose solution. The water is then removed under vacuum 
at elevated temperature. An alkaline catalyst is added and 
the temperature of the dispersion is slowly raised to 150°C 
under vacuum, distilling off methanol formed on transes- 
terification. Finally, the reaction mixture is cooled and pu- 
rified. The degree of esterification is controlled by the re- 
action conditions, especially the sucrose to methyl ester 
ratio, and the final product is a mixture of esters. The HLB 
value of a particular product is lower (more lipophilic) as 
the degree of esterification increases, as would be expected. 


Anionic Emulsifiers 


Monoglyceride Derivatives. A large number of anionic 
derivatives of monoglyceride have been synthesized and 
tested, but the two shown in Figure 6 are the most widely 
used. Others listed in Table 2 include stearyl monoglycer- 
idyl citrate, succistearin (the succinate monoester of pro- 
pylene glycol monostearate) monoglyceride citrate), and 
monoglyceride phosphate. Succinyl monoglyceride (SMG) 
is manufactured by reacting succinic anhydride with 
monoglyceride, forming the succinate monoester. Diacetyl- 
tartrate ester of monoglyceride (DATEM) is made by mix- 
ing monoglyceride, tartaric acid, and acetic anhydride in a 
defined ratio and reacting under closely controlled condi- 
tions. The product is a mixture of the possible esters, with 
the one shown in Figure 6 forming the largest proportion. 
The most usual application of these compounds is as dough 
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conditioners (ie, surfactants added to bread dough), which 
increase the strength and elasticity of gluten in the dough. 
Bread and other yeast-leavened baked foods made with the 
addition of dough conditioners typically have larger vol- 
ume and finer internal texture than products made with- 
out such conditioners. 


Other Anionic Surfactants. In addition to SMG and 
DATEM, some other anionic surfactants that have been 
tried as dough conditioners are shown in Figure 7. Cur- 
rently SSL is the one most widely used in the United 
States; sodium stearyl fumarate (10) has been offered but 
did not find acceptance, and sodium lauryl sulfate is used 
only as a whipping agent with egg whites. Lactic acid, hav- 
ing both a carboxylic acid and a hydroxyl function on the 
same molecule, readily forms an ester with itself. When 
stearic acid is heated with polylactic acid under the proper 
reaction conditions and then neutralized with sodium hy- 
droxide, a product having the structure shown in Figure 7 
is obtained. The monomer lactylic acid shown represents 
the predominant product; the lactylic dimer is also present, 
as well as lactylic trimers and tetramers (11). As with all 
compounds based on commercial stearic acid derived from 
fats, some percentage of the fatty acid is palmitic, with 
small portions of myristic and arachidic acids also found. 
Although SSL is readily water soluble, the calcium salt is 
practically insoluble. In this respect it mimics a soap; for 
example, sodium stearate is water soluble but calcium 
stearate is oil soluble. Either form may be used, depending 
on the details of the intended application. The free (un- 
neutralized) form is also approved for certain uses. 

Stearyl fumarate is a half ester of fumaric acid with 
stearyl alcohol (octadecanol). Although it might be ex- 
pected to have dough-strengthening properties similar to 
SSL, this was not found to be so in practice and the product 
was not a commercial success. 

The anionic structure shown in Figure 1 is sodium do- 
decyl sulfate (SDS), a sulfate ester of the Cy, alcohol do- 
decanol. Commercially lauryl alcohol is produced by re- 
duction of coconut oil. The alcohol portion of sodium lauryl 
sulfate is a mixture of chain lengths; the approximate com- 
position is 8% Cs, 7% Cyo, 48% Cy2, 20% C14, 10% Cie, and 
small amounts of longer chains. The most common use of 
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Table 2. Regulatory Status of Emulsifiers 


Emulsifier US 21 CFR Canadian® EU No. 
Mono- and diglycerides (GRAS 182.4505 M4, M5 E471 
Suecinyl monoglyceride 172.830 

Lactylated monoglyceride 172.852 ia E472 
Acetylated monoglyceride 172,828 AZ E472 
Monoglyceride citrate 172.832 E472 
Monoglyceride phosphate (GRAS) 182.4521 A94,C.7 

Stearyl monoglyceride citrate 172.755 E472 
Diacetyl-tartrate ester of monoglyceride (GRAS) 182.4101 A3 E472 
Polyoxyethylene monoglyceride 172.834 

Polyoxyethylene (8) stearate P5 

Propylene glycol monoester 172.854 Pl4 E477 
Lactylated propylene glycol monoester 172,850 

Succinylated propylene glycol monoester (succistearin) 172.765 

Sorbitan monostearate 172.842 8.18 E491 
Sorbitan tristearate $.18B 

Polysorbate 60 172.836 P3 E 435, 
Polysorbate 65 172.838 P4 E 436 
Polysorbate 80 172.840 P2 E 433 
Calcium stearoyl lactylate 172.844 E 482 
Sodium stearoyl lactylate 172.846 S.15A E481 
Stearoyl lactylic acid 172.848 L1A 

Stearyl tartrate E 483 
Stearyl monoglyceridyl citrate 172.755 8.19 

Sodium stearyl fumarate 172.826 

Sodium lauryl sulfate 172.822 

Dioctyl sodium sulfosuccinate 172.810 

Polyglycerol esters 172.854 PIA E475 
Sucrose esters 172.859 8.20 E473 
Sucrose glycerides E474 
Lecithin (GRAS) 184.1400 L2 E322 
Hydroxylated lecithin 172.814 Hl E 322 
Triethyl citrate (GRAS) 182.1911 


“Canadian Food and Drug Regulations Table IV, Div. 16. 
*Buropean Parliament and Council Directive No 95/2/EC - 20 Feb 95 
"Generally recognized as safe. 
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Figure 7. Sodium salts of two anionic emulsifiers. The third one, 
SDS, is shown in Fig. 1. 


sodium lauryl sulfate is as a whipping aid. It is added to 
liquid egg whites at a maximum concentration of 0.0125%, 
or to egg white solids at a level of 0.1%. It promotes the 
unfolding of egg albumin at the air-water interface and 
foam stabilization as discussed earlier. (Triethyl citrate, 
not strictly an emulsifier, is also used as a whipping aid.) 


Amphoteric Emulsifiers 


Lecithin. During the purification of crude oil extracted 
from soybean, safflower, or corn germ a phosphatide-rich 
gum is obtained that is treated and purified to give the 
various commercial lecithin products available to the food 
processor today (12-14). The dark crude material is 
bleached to give a more acceptable light brown color. Treat- 
ment with up to 1.5% hydrogen peroxide gives the product 
known as single-bleached lecithin, and further addition of 
up to 0.5% benzoyl peroxide yields double-bleached lecithin 
(14). Reaction with even higher levels of hydrogen peroxide 
plus lactic acid hydroxylates unsaturated fatty acid side 
chains at the double bond (yielding, eg; dihydroxystearic 
acid from oleic acid) giving hydroxylated lecithin, which is 
more dispersible in cold water than the other types and is 
more effective as an emulsifier for oil-in-water emulsions 


(15). Normally some vegetable oil is added to the lecithin 
to reduce the viscosity to 7.5 to 10 Pa:s; this is called stan- 
dardized fluid lecithin and contains roughly one-third oil 
and two-thirds phosphatides. 

Figure 8 shows the structure of the main surface active 
components of lecithin. The phosphatidyl group is a phos- 
phate ester of diglyceride. The fatty acid composition of the 
diglyceride is similar to that of the basic oil (16) so a num- 
ber of different fatty acids are found, not just the stearic 
and oleic acids depicted. There is little phosphatidylserine 
present in soybean lecithin, and the other three derivatives 
are found in approximately equal amounts. Phosphatidyl 
ethanolamine (PE) and phosphatidyl choline (PC) are am- 
photeric surfactants, whereas phosphatidyl inositol (PI) is 
anionic. The HLB values of the three species are varied, 
with PC having a high, PE an intermediate, and PI a low 
value. The HLB of the natural blend is around 9 to 10, and 
emulsifier mixtures having this value will tend to form ei- 
ther oil-in-water or water-in-oil emulsions, although nei- 
ther one is highly stable. On the other hand, intermediate 
HLB emulsifiers are excellent wetting agents and this is a 
principal application for lecithin. 

The emulsifying properties of lecithin can be improved 
by ethanol fractionation (15). PC is soluble in ethanol, PI 
is rather insoluble, and PE is partially soluble. Adding 
lecithin to ethanol gives a soluble and an insoluble fraction. 
The phosphatide compositions of the two are (1) ethanol 
soluble—60%, PC; 30%, PE; 2%, PI; and (2) ethanol 
insoluble—4%, PC; 29%, PE; 55%, PI (17). The soluble frac- 
tion is effective in promoting and stabilizing oil-in-water 
emulsions, whereas the insoluble portion promotes and 
stabilizes water-in-oil emulsions. At least one company 
(Lucas Meyer) is using this process to produce industrial 
food-grade emulsifiers. 


Cationic Emulsifiers 


Quaternary Ammonium Surfactants. Cationic emulsifiers 
are not used as food additives. Some of them, such as the 
quaternary ammonium compound  cetyltrimethyl- 
ammonium bromide (CTAB) (Fig. 1), have bactericidal 
properties and are used for sanitation of food-processing 
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equipment. The structure is shown to indicate the chemi- 
cal nature of this group of surfactants and to complete the 
description of classes of emulsifiers and surfactant. 


USES OF EMULSIFIERS 


The regulatory status of these food additives falls into one 
of three groups. The first group, Section 172 additives, in- 
cludes those additives that have been examined and 
judged to be allowable for certain uses at concentrations 
not to exceed a set level. As an example, stearyl monogly- 
ceridyl citrate (21 CFR 172.755) is allowed for use to sta- 
bilize shortenings containing emulsifiers. To use this ad- 
ditive as a wetting agent in a dry gelatin dessert mix, the 
manufacturer would have to submit a petition to the Food 
and Drug Administration (FDA) seeking clearance for this 
application and could not sell it for this purpose until such 
clearance was given. Several of the additives listed in Sec- 
tion 172 are cleared for general use in foods and therefore 
may be used in any food where they are functional, at a 
level not to exceed that amount that produces the desired 
functional effects. 

Sections 182 and 184 of 21 CFR deal with additives that 
are generally recognized as safe (GRAS) and thus can be 
used in any food. In some cases the regulation allows use 
at any level that is consistent with good manufacturing 
practices, while for other additives a tolerance or maxi- 
mum use level is established. Section 182 (Substances 
Generally Recognized as Safe) lists additives that are rec- 
ognized as safe based on a history of use without reported 
safety problems. If an additive undergoes a specific de- 
tailed evaluation and its safety is affirmed, it is then 
moved to Section 184 (Direct Food Substances Affirmed as 
Generally Recognized as Safe). 

The relevant U.S., Canadian, and European Union reg- 
ulatory references are listed in Table 2 for most food emul- 
sifiers. In many cases the maximum permissible amount 
of emulsifier is specified. In other instances, the manufac- 
turer is expected to use no more than the amount neces- 
sary to provide the desired technological effect. 
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H Figure 8. Surface active components of commer- 
OH cial lecithin. Phosphatidy! ethanolamine and 
phosphatidyl choline are amphoteric emulsifiers, 

while phosphatidyl inositol is anionic. 
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Many emulsifiers have functions that are not directly 
related to emulsification. For example, monoglycerides are 
widely used to retard firming (staling) of bread and similar 
baked goods. In this use the monoglyceride forms a com- 
plex with gelatinized starch in the bread crumb decreasing 
the rate at which it recrystallizes. Lecithin is added to 
melted chocolate intended for coating confectionery goods. 
The lecithin decreases the viscosity of the chocolate, im- 
proving coverage of the confectionery piece at lower use 
levels of the chocolate. Some emulsifiers (succistearin and 
polyglycerol esters) are used in oils to inhibit or modify fat 
crystal formation when the oils are cooled. The emulsifier 
deposits on the surface of the fat microcrystals (nuclei) and 
interferes with normal crystal growth. 


CONCLUSION 


Amphiphilic compounds (surfactants and emulsifiers) pro- 
mote the formation of emulsions by lowering the interfacial 
free energy (surface tension 7) between the two phases, 
thus facilitating the subdivision of the internal phase into 
droplets of smaller diameter. They may be nonionic (mono- 
glyceride), anionic (sodium lauryl sulfate), amphoteric 
(phosphatidyl choline), or cationic (cetyltrimethyl- 
ammonium bromide); cationic surfactants are not used as 
food additives. 

Emulsifiers stabilize emulsions by preventing the con- 
tact between the droplets that would lead to coalescence. 
This may occur by three mechanisms: (1) establishing elec- 
trostatic charges on the droplet surfaces, (2) generating a 
layer of bound water (in oil-in-water emulsions) around the 
surface of the droplet, and (3) forming a solid film at the 
interface. 

Materials that stabilize foams usually perform both 
functions. They lower the surface tension between the liq- 
uid and air phases and also stabilize the thin liquid film 
between the occluded air bubbles. For food purposes, ef- 
fective foaming agents are usually proteins (egg white and 
gelatin), but certain whipping agents can enhance this 
functionality. 

Compounds that act as thickeners or bodying agents 
function in one of two ways. They may increase the viscos- 
ity of the aqueous phase, or they may form a gel network 
within that phase. Viscosity builders are usually gums or 
modified starches, while gelling agents can be gums, mod- 
ified starches, or proteins. Some solid materials (eg, micro- 
crystalline cellulose) increase the viscosity in a formulated 
product by adsorbing water and thus increasing the ratio 
of internal phase (solids, oil) to external phase (mobile wa- 
ter). 
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ENCAPSULATION TECHNIQUES 


DEFINITION AND TECHNOLOGY DEVELOPMENT 


Encapsulate is most commonly defined in its verb form as 
the act of enclosing or when used as a noun, it is synony- 
mous with capsule. Microencapsulate applies to enclosure, 
or encasement in microcapsules. 

Terms that are often used interchangeably with encap- 
sulate are coated, or protected, eg, coated leavening, pro- 
tected salt, and coated acids. All three terms are used when 
referring to practically any core material that is encased 


or enclosed in an outer shell. However, there are subtle 
distinctions that often dictate which term is more properly 
used. Very small capsules, perhaps 100 uw and less, are 
practically always called capsules or microcapsules. The 
adjectives coated or protected usually imply a cheaper, 
more crudely manufactured capsule. Coated or protected 
particles are generally larger than 100 y. 

In the late 1800s a pharmacist named Upjohn patented 
a process still referred to as pan coating (1). Relatively 
large solid particles were tumbled in a cylindrically shaped 
mixer as liquid coating material was sprayed on. Typically 
a sugar in water solution was the liquid used and the pro- 
cess involved alternately spraying and evaporating water, 
until through deposition of sugar, the rounded polished 
capsules achieved the desired size, shape, and shell thick- 
ness. The process was originally applied to drugs and phar- 
maceuticals for the purpose of taste masking—sugar 
coated pills—and is still being used extensively. Its appli- 
cation has expanded into several well-known brands of 
candies and confections. 

Most texts establish pioneer work in microencapsula- 
tion as having been done in the 1930s by the National Cash 
Register Company (Dayton, Ohio) (2). Using a chemical 
process often termed coacervation, National Cash Register 
developed a means of occluding a colorless dye in a cross- 
linked gelatin shell. The particles were deposited (less 
than 20 u in a cross section) in a thin layer on the underside 
of a sheet of paper in contact with a second sheet impreg- 
nated with a colorless reagent. Pressure exerted on the 
laminate by the point of a pen or pencil fractured the mi- 
croencapsulate releasing the reagent-sensitive dye, pro- 
ducing a colored image. The process, which became com- 
mercial in 1954, produced the world’s first carbonless 
duplicating paper. In 1981 production of carbonless copy 
business forms exceeded 500,000 tons per year (8,4). 

The National Cash Register invention and the new co- 
acervation process created interest during the mid-1950s 
in encapsulation in a wide variety of fields from agriculture 
to cosmetics and toiletries, from electronic parts to food 
processing (5). The coacervation process itself was exam- 
ined and, for some applications, was found technically 
suitable and economical. For many others, of the myriad 
potential uses that were conceived, coacervation had tech- 
nical limitations and was much too costly. However, the 
interest in coacervation spawned development of new en- 
capsulation technologies; some of which have been found 
entirely suitable for food ingredient applications. 


SPRAY DRYING 


Spray drying is probably the oldest encapsulation tech- 
nique and the most often used for preparation of dry, sta- 
ble, food additives, particularly flavors. Spray-dried flavors 
have been available since the mid-1930s (6). The process 
is economical, flexible, and adaptable to commonly used, 
readily available processing equipment. Generally it is ac- 
complished in three stages. A flavor, commonly an oil, al- 
though water-soluble flavors are also fixed using this tech- 
nique, is mixed with an edible, food-grade polymeric 
material, such as gelatin, vegetable gum, modified starch, 
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dextrin, or nongelling proteins often in the ratio of one part 
flavor to four parts fixatives (5). An emulsifier is added and 
the mixture is homogenized to produce an oil-in-water 
emulsion with a small micelle structure (7). The emulsion 
is atomized using one of several different methods, intro- 
ducing an aerosol into a column of heated air in a drying 
chamber. The small droplets develop a spherical shape 
with the flavor oil gravitating to the center, or core and the 
aqueous~hydrocolloidal phase forming the outside coating. 
Rapid evaporation of water from the coating’s surface 
maintains a temperature below 100°C (212°F) even in air 
columns of much higher temperatures. Fortunately the 
dwell time (exposure to heat in the chamber) is relatively 
short, usually only a few seconds (6). 

Water-soluble flavors (or other food ingredients) are also 
fixed or entrapped in edible hydrocolloids but the particles 
do not have a clearly defined core and coating. Rather the 
spray-dried particle tends to be homogeneous. 

Spray-dried particles are usually produced in particle 
sizes less than 100 4, an optimum range for easy water 
solubility, or dispersability. Where necessary spray dried 
particles may readily be agglomerated or granulated for 
dry mixes where greater uniformity of particle size is de- 
sirable. 

Before the introduction of spray drying, dry flavors were 
produced by plating out liquid flavors on dry substrates, 
typically sucrose, dextrose, starches, salt, or gelatin, de- 
pending principally on the composition of the mix being 
flavored. Although this crude method provided good flavor 
rendition and was obviously inexpensive (really nothing 
more than mixing), it provided no protection against loss 
of volatile components and oxygen-sensitive fractions were 
readily degraded (5). 

With the advent of spray-dried flavors, oxygen degra- 
dation was significantly reduced as was loss of volatiles 
through evaporation. The colloidal, polymeric coatings pro- 
vided at least some measurable protection. Some commer- 
cial products began to be referred to as locked-in flavors or 
protected. Even encapsulated began to be used to describe 
some spray-dried flavors in the early 1950s. 

While spray drying offered a step forward in obtaining 
stability, the process created a problem in obtaining good 
flavor rendition (from wet to dry). Air, hot enough to in- 
stantly vaporize water, is going to drive off at least some 
low-boiling molecules, and large volumes of hot air will 
cause some instant oxidation particularly with sensitive 
terpene-rich citrus oils. Some answers to the problems as- 
sociated with spray drying flavors came from the flavor 
chemist who began tailoring liquid flavors using less 
oxygen-sensitive molecules and fortifying liquids with ex- 
cess volatiles to allow for rounding off during drying. 

Spray drying remains the most common method for pro- 
ducing dry flavors. Some highly sophisticated flavor labs 
believe emphatically that they can accomplish anything 
with spray dehydration that can be done with more re- 
cently developed encapsulation techniques. However, the 
inadequacies of the process are generally recognized and 
it is the desire for superior dry flavors that have spurred 
the search for new encapsulation techniques and spread 
these concepts into many other food ingredient applica- 
tions. 
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SOLVENT DEHYDRATION 


This encapsulation method involves the preparation of a 
flavor emulsion or solution with the same polymeric hy- 
drocolloidal coatings used in making spray-dried flavors. 
The emulsions are homogenized and atomized directly into 
polar solvents such as isopropenol, ethanol, glycerin, or 
polyglycols, which act to dehydrate the aerosol particles. 
Resulting microcapsules are recovered by filtration and 
vacuum dried at low temperatures (8). The technique of- 
fers the benefit of tighter protected flavor capsules, some- 
what higher payloads than spray drying, and excellent fla- 
vor rendition. On the down side processing equipment is 
expensive and specialized and processing costs are signifi- 
cantly higher than with spray drying. 


ENCAPSULATION BY EXTRUSION 


Encapsulation of flavors by extrusion incorporated the ba- 
sic techniques of solvent dehydration with a novel method 
for providing excellent protection to the core materials. 
The process involves the preparation of a low-moisture (5— 
10%) melt (100°-130°C) of low DE malto dextrin, sugar, 
and modified edible starch. The flavor to be encapsulated 
is combined along with an emulsifier and optionally an 
antioxidant, and mixed with a melt under extreme agita- 
tion. The molten emulsion is extruded through holes about 
1/64 in. into a cold, isopropanol bath. The melt solidifies 
and is broken into small rods by agitation. The flavor par- 
ticles are recovered by filtration, or centrifugation, often 
mixed with a flow agent and packaged for sale. The liter- 
ature discusses many variations in the process. Some are 
designed to increase the payload (typically 8-10% flavor); 
often flavor capsules are given additional solvent washes 
to remove traces of surface oils further improving the ex- 
ceptional stability this process affords to deterioration by 
oxidation. As such it is particularly useful with citrus- 
flavored oils (9). 

Development of today’s encapsulation by extrusion sol- 
vent dehydration began more than 30 years ago. It really 
comes from a process developed in 1956 involving adding 
flavor oils to a molten solution of sucrose and dextrose, 
cooling the solution to a hard slab, and subsequently grind- 
ing the rock-candy-like product to the desired particle size 
(10,11). From the development of pulverized rock-candy 
flavor to the current state-of-the-art flavor encapsulation 
by extrusion, significant processing and product improve- 
ments have been made by a number of inventors covered 
by at least six important patents. At one point there were 
three companies in the United States selling what was ad- 
vertised as extruded flavor capsules. The volume, however, 
although significant never reached the size that the quality 
of these encapsulates would seem to merit. High process 
cost (perhaps as much as six times the cost of spray drying) 
is the major factor. Improvements in spray-drying tech- 
nology, particularly improvements in formulating flavors 
designed for spray dehydration have narrowed the quality 
gap. When a dry flavor is required spray drying is still the 
technology of choice unless the need for the superior qual- 
ity of extruded capsules is great enough to warrant the 
added costs. 


AIR SUSPENSION COATING 


Perhaps more commonly termed fiuid-bed processing, this 
technology probably accounts for the second largest com- 
mercial production of encapsulates for the food industry— 
second only to spray dehydration. Solid particles to be 
spray coated are suspended in a column of moving air of a 
controlled temperature. The coating material, which may 
be molten or dissolved in an evaporable solvent, can be a 
wide range of water-soluble or insoluble polymeric mate- 
rial, including starches, emulsifiers, dextrins, protein de- 
rivatives, and lipids atomized through spray nozzles into 
the air chamber and deposited on the particles of sus- 
pended core material. The movement from the bottom of 
the chamber through the aerosol to the top of the chamber 
is random allowing for a rather uniform coating of core 
material. The constant flow of air allows the molten lipid 
coating material impinging on the particle to cool and 
harden, or in the case of a solubilized coating, the solvent 
to evaporate. The partially coated capsule falls to the bot- 
tom of the chamber and the cycle is continued until the 
parameters for complete or near complete encapsulation 
have been achieved. The finished product is removed from 
the chamber, cooled, or perhaps put through a final drying 
procedure prior to packaging (2,4,12). 

Fluid-bed encapsulation has achieved outstanding suc- 
cess as applied to food ingredients, probably because of its 
flexibility in being suitable for many different core mate- 
rials. For a wide variety of coatings, it is cost-effective for 
many ingredient applications, although it is not inexpen- 
sive. Credit for the development process in the 1950s is 
generally given to Wurster, who, while a professor of phar- 
macy at the University of Wisconsin, used the technique 
for coating pharmaceutical tablets (13). The Wurster pro- 
cess has become popular, aided perhaps by the commercial 
availability of suitable solid particle fluidizing equipment. 
There have been many modifications, mostly centering 
around different methods to dispense coatings to achieve 
improved encapsulation or special product characteristics. 
In principle, however, they all adhere to the basic concept 
of Wurster, spraying aerosol droplets to impinge on and 
coat a solid particle (12). 


CENTRIFUGAL EXTRUSION 


The Southwest Research Institute (SWRI) is responsible 
for developing several generations of a unique encapsulat- 
ing concept extending back into the 1960s. Two tubes are 
arranged concentrically to receive a flow of core material 
through the center tube and coating material through the 
outer orifice (the liquids are pumpled). The tubes converge 
in a common orifice (nozzle) through which is extruded a 
liquid column within a liquid column. The SWRI equip- 
ment actually includes multiple nozzles mounted on a ro- 
tating shaft so that they spin around a verticle axis of the 
shaft. Centrifugal force acts to break off the liquid shaft 
into small particles as they emerge from the nozzles. The 
process relies on surface tension to form the spherical core 
and for the outer liquid to form a continuous coating 
around the core. 


Particles are collected in either solids (starches) or liq- 
uid solvents, which tend to cushion the impact and protect. 
the particles and may also perform additional functions. 
Starches absorb excess moisture and coatings. Gelatin 
coatings may be hardened or solubility reduced through 
emersion in solvents containing suitable cross-linking 
agents (2,14). 


COACERVATION 


Coacervation is a colloidal chemical phenomenon first used 
as a microencapsulation technique in the early 1940s by 
Green of the National Cash Register Corp. It is considered 
by many to be the first true microencapsulation process. 

Simple coacervation involves dispersing a colloid, eg, 
gelatin, in an appropriate solvent, eg, water. A core ma- 
terial, eg, a hydrophobic citrus oil, is dispersed in the mix- 
ture with agitation. By one or more method, such as the 
addition of sodium sulfate and lowering the temperature, 
the solubility of gelatin in water is reduced, creating a two- 
phase system. The colloid-rich phase appears as an amor- 
phous cloud in the colloid-poor, more aqueous phase. If left 
to stand, the minute droplets would coalesce forming a 
separate liquid layer. However, under proper conditions 
(and most literature refers to coacervation as an art as well 
as a science), the coalescence of the polymeric colloid occurs 
around the suspended core particles of citrus oils, creating 
small, still unstable microcapsules. Final steps in the pro- 
cess include adding a suitable cross-linking, or hardening, 
agent such as glutaraldehyde; adjusting the pH; and sub- 
sequent collecting, washing, and drying of the now-stable 
citrus oil encapsulate. 

Coacervation as described is also referred to as 
aqueous-phase separation, or oil-in-water encapsulation. 
Complex coacervation is possible only at pH values below 
the isoelectric point of gelatin. It is at these pH values that 
gelatin becomes positively charged, but gum arabic contin- 
ues to be negatively charged. A typical complex coacerva- 
tion process begins with the suspension, or emulsification, 
of core material in either gelatin or gum arabic solution. 
Then the gelatin or gum arabic solution (whichever was 
not used to suspend the core material) is added to the sys- 
tem while mixing continuously. The pH is adjusted to 3.8— 
4.3, the system is cooled to 5°C (41°F) and the gelled 
coacervate capsule walls are insolubilized with glutaral- 
dehyde, or another hardening agent. Microcapsules are 
collected, washed, and dried. 

It is possible to microencapsulate hydrophilic core ma- 
terial in oil-soluble coatings. A polar core is dispersed in 
an organic, nonpolar solvent at an elevated temperature. 
The coating material is then dissolved in the solvent. En- 
capsulation is achieved by lowering the temperature and 
allowing the polymeric coating material to emerge as a 
separate coacervate phase microencapsulating the core 
particles. The coating gradually solidifies and remains in- 
soluble in cold solvent. This process is called either water- 
in-oil microencapsulation, or organic-phase separation. It 
is used typically in the pharmaceutical industry for encap- 
sulation with ethylcellulose. However, ethylcellulose does 
not have general approval for use in the food industry. 
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Coacervation is an efficient, but expensive, microencap- 
sulation technique. When small particle sizes are required 
it is probably the only process that can produce submicron- 
size particles. With typical payloads in the range of 85- 
95%, it might be expected that the process would be eco- 
nomical to allow for its application in the food industry for 
myriad ingredients, such is not the case. Aside from a few 
specialized flavor applications there are no current uses for 
encapsulated food ingredients by the coacervation process; 
costs are much too high (2-4). 


INCLUSION COMPLEXATION 


B-Cyclodextrin is a cyclic glucose polymer consisting of 
seven glucopyranose units linked in a 1 > 4 position. The 
molecule is a doughnut-shaped structure with a hollow 
center, which enables it to form complexes with many fla- 
vors, colors, and vitamins. The B-cyclodextrin molecule 
forms inclusion complexes in the presence of water with 
compounds that can fit dimensionally within its cavity. 
Water molecules within the nonpolar center of the B- 
cyclodextrin molecules are readily substituted by less- 
polar guest molecules. The resulting complex precipitates 
from the solution and is recovered by filtration and a sub- 
sequent drying step. Core material ranges from 6 to 15% 
(w/w) (15). The odorless, crystalline complexes will tena- 
ciously bind the guest molecules up to temperatures of 
200°C (392°F) without decomposition. The same complexes 
easily release the bound molecule in the temperature and 
moisture conditions of the mouth (16). 

Inclusion complexes are stable to oxygen, light, and ra- 
diation, and even onion and garlic oil complexes are almost 
odorless. Cyclodextrins—while approved for food applica- 
tions in Eastern Europe, where they were developed, and 
in Japan—are not approved for use in foods in Western 
Europe, or in the United States (17,18). 


SPRAY CHILLING 


Material to be encapsulated, usually dry solids of a rela- 
tively small particle size, are suspended in molten coating 
material, most commonly fractionated and hydrogenated 
vegetable oils. The mixture is atomized through spray noz- 
zles into a chamber of tempered air (usually refrigerated) 
where the droplets solidify into small spherical particles. 
Spray chilling is applied principally to solid food additives 
including vitamins and minerals, and also to spray-dried 
flavors to retard volatilization during thermal processing. 
Spray-chilled products are commonly used in dry mixes. 
The process is relatively inexpensive. Spray-chilled cap- 
sules provide a controlled release of core material. For 
systems in which a more positive barrier or shell is re- 
quired, other encapsulation techniques may be preferable 
(3,19,20). 


BASIC CRITERIA FOR ENCAPSULATING FOOD 
INGREDIENTS 
Economics 


When microencapsulation was in its infancy in the early 
1970s and food technologists were searching for scraps of 
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information about the concept from any source they could 
find, there was no lack of apparently good ideas for devel- 
oping new encapsulated ingredients. Few were so foolish 
to ignore the cost of encapsulating, but most inventive 
minds operated on the basis that the real problem was to 
develop the technology, ie, to make the encapsulate and 
adapt it to the system. It was generally known that once a 
prototype is made, the reduction in costs is just a matter 
of time. 

Since 1970 the development of encapsulation technol- 
ogy has been startling; however, the cost of encapsulating 
has not decreased, but has kept pace with inflation. Some 
relatively crude, lower—cost methods of encapsulation 
have been developed, but these have been limited in ap- 
plication where a poor encapsulate was good enough. 

Most FDA-approved food ingredients have been encap- 
sulated on a laboratory or small pilot-plant basis, but the 
real world exists outside the laboratory and there com- 
mercial viability of an encapsulate revolves around eco- 
nomics in its broadest sense. 

Encapsulated ingredient projects begin with a need or 
a problem. Sometimes the problem is a matter of poor shelf 
life. More often a project begins with the concept of an en- 
capsulate that would allow the development of an entirely 
new product that cannot be available without it. Whatever 
the need for encapsulation, the wisest first step is not to 
analyze the various methods of encapsulation that might 
work, but to look at the project, really a processed food 
system, in its entirety. Assume that the encapsulate is 
available and technically satisfactory in all respects. Es- 
timate the cost of the encapsulate, ie, ingredient, coating, 
and both minimum and maximum processing costs. 

Then make a judgment: Under the best technical and 
economic conditions should this project be taken to com- 
mercialization? The answer may be no, and for a variety 
of reasons having nothing to do with encapsulation. The 
maze of approvals and evaluations that are prerequisites 
for taking new processes or products to commercialization 
can be formidable. But assume that in the best-case sce- 
nario the answer is yes. It is then just as important to take 
a look at the worst case, ie, a product that is more costly 
than desirable and technical requirements that are not 
quite fulfilled. A definite yes answer in this case makes the 
project much more attractive, but a no answer, although 
perhaps disappointing, at least more clearly defines what 
is really necessary. Projects having long odds may be aban- 
doned, avoiding an investment and a high-risk gamble. 

The evaluation of projects prior to embarking on costly 
research and development is obviously necessary for all 
new ideas regardless of whether encapsulation is required. 
However, there is particular wisdom in carefully evaluat- 
ing encapsulation projects. All too often problems are 
solved technically with an encapsulate that never becomes 
commercial for reasons that may have been obvious from 
the outset. This is particularly true of systems where low- 
cost food ingredients have been encapsulated. When a for- 
mulator must work with a $0.75/Ib item that in its raw 
form costs only $0.10/lb, it is amazing how many other 
solutions to the problem can be developed in place of en- 
capsulation. 


Most encapsulation companies charge for development 
and preparation of encapsulated prototypes; not to make 
a profit or even to recover expenses, but primarily to pro- 
vide that extra insurance that a project has been well 
thought out and will have some reasonable chance of be- 
coming commercial. Once technical objectives are met, 
commitment to any financial investment requires consid- 
eration and approvals at a relatively high managerial 
level. 


ENCAPSULATED INGREDIENTS—COMMERCIAL TYPES 
AND APPLICATIONS 


The encapsulated food ingredients that are commonly dis- 
cussed in the literature may represent just the tip of the 
iceberg. There are more than 20 companies advertising 
services in encapsulation, granulation, and agglomeration 
(21). Much of their work is done on a custom basis, and 
volumes and applications are unknown. There is also a sig- 
nificant amount of encapsulation being done by companies 
for captive use on a proprietary basis. However, there has 
developed since the late 1960s a major market for encap- 
sulated ingredients, in addition to the dry flavor business, 
that by that time had already been established. 


Flavors 


In 1971 it was estimated that more than 15,000,000 lb of 
dry flavors were produced domestically (5). This figure has 
at least tripled. The primary reason for flavor encapsula- 
tion is still to provide a dry form for liquid materials, but 
as technology has advanced, encapsulated flavors have 
been developed to provide outstanding flavor rendition, ex- 
cellent protection from degradation through oxidation, and 
reduced or controlled volatility to the extent that signifi- 
cant economies can be achieved by reducing high tempera- 
ture losses through evaporation of expensive flavoring in- 
gredients. Technology has been applied to flavors as 
diverse as citrus oils, menthol, oleoresins of spices and 
herbs, cinnamaldehyde, peppermint, natural and artificial 
cheese and seafood flavors, and many other (2,5). 


Acidulants 


Encapsulated acidulants were first offered commercially in 
the early 1970s. Initially dry, granular acids including fu- 
maric, malic, citric, tartaric, and adipic were encapsulated 
to improve stability of acid-sensitive ingredients in dry 
mixes. By encapsulating acids with coatings such as hy- 
drogenated vegetable oils, or malto dextrin, it was possible 
to reduce contact between acids and starches in puddings 
and pie fillings, thereby reducing potential prehydrolysis 
and significantly extending shelf life. An attendant benefit 
with encapsulated citric acid was that it reduced hygrosco- 
picity. Core acids were released with addition of water or 
milk to a mix or, in the case of products employing hydro- 
genated vegetable oil coatings, on heating (2,5,22). 
Encapsulated acids have been used to prevent undesir- 
able discoloration of acid-sensitive food colors and dyes, 
degradation of aspartame, control of dusting, as means of 
regulating the gelling effect of acidulants on acid-sensitive 


pectins in fruit-based products, and alteration of bulk den- 
sity. The most recent, and by now the largest application, 
for encapsulated acidulants is in the meat industry where 
the use of encapsulated citric acid, lactic acid, and glucono- 
delta-lactone, a gluconic acid precursor, provide a means 
of direct acidification of processed meat. In the manufac- 
ture of fermented sausage the industry has long relied on 
naturally occurring microorganisms or on Lactobacillus 
starter cultures whose activity on carbohydrates produces 
lactic acid, thereby lowering the pH to a level adequate to 
ensure protection against pathogenic microorganisms. The 
fermentation process can take as long as four to five days, 
and although it has been used for hundreds of years, it is 
not without problems, primarily the length of fermentation 
time and the variability from batch to batch. The potential 
for direct acidification was obvious, but not easily accom- 
plished. Contact of ground meat with acid causes rapid 
separation of fat from protein, discoloration, and a change 
in texture from a soft uniform emulsion to hard, brittle, 
crumbly particles that are no longer usable. Use of encap- 
sulated acidulants having hydrogenated vegetable oil coat- 
ings with appropriate melting points offer a mechanism for 
releasing acidulants into meat slowly and uniformly 
throughout the mass as temperature is elevated during 
cooking. The fermentation step is eliminated. The concept 
has been expanded to meat systems where acidification is 
possible to replace high-temperature retorting with short- 
term pasteurization (23-26). The desirability of using lac- 
tic acid as the acidulant by some technologists has ex- 
tended the creativity of the encapsulators to include liquid 
lactic acid, which is first absorbed on solid calcium lactate 
particles prior to tight encapsulation in hydrogenated 
vegetable oil. 


Dough-Conditioning Agents 


Encapsulation technology has been applied to conditioners 
for protection and to control activity until the optimum 
point in the baking cycle is reached. Ascorbic acid, which 
is used as an oxidizing agent in strengthening and condi- 
tioning bread doughs, is unstable in the presence of water 
and degrades rapidly. Encapsulated ascorbic acid can be 
added to typical prefermenting broths with minor loss of 
potency, through the fermentation stage. During baking 
the hydrogenated vegetable oil coating melts, releasing the 
ascorbic acid for its conditioning-strengthening effect at 
the stage where it is most effective (27). 


Leavening 


Shelf life of chemically leavened doughs is restricted by 
reaction prior to proofing or baking. Dry, packaged mixes 
lose leavening activity particularly in high-moisture sys- 
tems. The same is true of chemically leavened frozen 
doughs. Refrigerated and microwaveable frozen doughs of- 
fer unique leavening problems in that activity needs to be 
controlled, not simply prevented. Refrigerated doughs re- 
quire some leavening initially when the dough is formed, 
but ideally no more reaction through the packaging stage. 
Once in the closed containers and held under suitable proof- 
ing conditions, rapid leavening is desirable to purge the 
seal and provide maximum can pressure. Microwaveable 


ENCAPSULATION TECHNIQUES 625 


frozen products require initial protection from reaction, 
with rapid, intense leavening during the very brief time 
that a rise may occur within the microwaving process. 
Encapsulated sodium bicarbonate with precise release 
characteristics in combination with selected leavening ac- 
ids offers a commercial means of providing protection, and 
optimizing activity in a wide variety of baking systems. 
Encapsulation has also been applied to leavening acids, 
particularly glucono-delta-lactone for similar applications. 


Protection of Yeast-Leavened Baked Goods 


Sensitivity of yeast cells to a variety of ingredients used in 
baked products has created a highly specialized need for 
encapsulates. Even at low flavor levels acidulants, eg, cit- 
ric, lactic, and acetic acids, will reduce the viability of yeast 
and may further affect the cellular structure of dough by 
reducing the total effect of yeast leavening. Preservatives 
such as sorbic acid and calcium proprionate, and even salt 
may have a similar killing effect on yeast as on the molds 
they are intended to inhibit. Citric, lactic, and acidic acids 
encapsulated in hydrogenated vegetable oil (HVO) are be- 
ing used on a commercial basis to prevent the effect on 
yeast of low pH, as is HVO-coated sorbic acid. Other en- 
capsulated additives that affect yeast negatively in the raw 
form have been produced and evaluated on a developmen- 
tal basis with promising results. Potentially dried yeast 
cells themselves may one day be commercially available in 
an encapsulated form. Work has been done along this line, 
but apparently with limited success. The coating may be 
extremely useful in maintaining the viability of the cells, 
but encapsulation itself can have an inhibiting effect on 
yeast, and certainly the benefits of encapsulation would 
have to be major to warrant the added cost. 


Vitamins and Minerals 


A variety of dry mixes are fortified with vitamins and min- 
erals including cereals, infant formulas, pet foods, and bev- 
erages. Encapsulation with both lipids and water soluble 
coatings are used to reduce off-flavors, permit controlled 
release in the digestive tract, improve flow properties, fa- 
cilitate tableting, and enhance stability, particularly of vi- 
tamins, to extremes of moisture and temperature. Iron is 
encapsulated as are other minerals to control bulk density, 
reduce stratification in combination with lighter mix com- 
ponents, and to retard catalytic oxidative rancidity. 

One use for an encapsulated vitamin provides such a 
major product improvement with an accompanying eco- 
nomic advantage that it merits special comment. The 
aquaculture industry has grown enormously in the last de- 
cade. The key to maintaining the health of pond-grown fish 
is in proper feeding. A number of nutrient supplements are 
added to fish rations, but one stands out prominently in 
any discussion of the applications for microencapsulation 
technology. Fish must ingest vitamin C in an adequate dos- 
age for survival. Fish along with humans, apes, guinea 
pigs, and the fruit bat lack the enzymes required to syn- 
thesize ascorbic acid from protein consumed in their diet. 
Using raw ascorbic acid for feed fortification requires 5-10 
times the level recommended in the normal diet of fish be- 
cause oxygenated water is used in all three of the basic 
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processes for producing fish feed, which rapidly reduces 
the potency of ascorbic acid. This reduction is accelerated 
with temperature and pressure elevation, which is re- 
quired in all three processing techniques. 

Encapsulation of vitamin C in a HVO coating prevents 
contact of the oxygen-sensitive ascorbic acid with water. 
The half-life of raw ascorbic acid in fish feed is measured 
in days. The half-life of the digestible, bioavailable, en- 
capsulated version of vitamin C is measured in months 
(28-30). 


Sodium Chloride 


There has been a significant, although not major market, 
for coated salt as a food ingredient since the late 1960s, 
primarily in the meat industry where it is used in ground 
pork sausage where contact with raw salt will affect tex- 
ture and turns the bright pink color to a dull bluish gray. 
Fat-coated salt, even when crudely applied, extends shelf 
life and the improvement is worth the additional cost at 
least to many manufacturers. As technology has improved 
80 has the quality of HVO-encapsulated salt. Although still 
restricted from becoming a principal ingredient in the food 
industry because of the economics involved, applications 
have been extended to baked products to protect yeast and 
to retard the stiffening effect induced by raw salt through 
water absorption. Use in comminuted meat products has 
also increased to control changes in viscosity and texture 
produced by water absorption. Maintenance of a free- 
flowing viscosity of ground beef allows the cost of encap- 
sulation to be offset by savings provided by increased 
throughput. 


FUTURE DEVELOPMENT 


A new and better technique to microencapsulate food in- 
gredients may be developed in the next 10 years, and per- 
haps the new process will be more economical than the 
current state of the art. However, if the available technol- 
ogy stays the same, the market for encapsulates in the food 
industry will certainly keep growing at an accelerating 
rate. The benefits are significant. 

The industry is becoming accustomed to what encap- 
sulation can do and as the confidence level grows, so do the 
opportunities. What is perhaps equally important is know- 
ing what the new technology can do and knowing what it 
can’t do, Fortunately the food industry no longer looks at 
encapsulation as some far out technology that might be 
considered if all else fails. The industry has matured to the 
extent that products are tailored to fit specific applications. 
It is interesting to observe that with one common core 
ingredient—citric acid—one of the major ingredient pro- 
ducers offers 11 different grades, the other producer offers 
8. Each one differs in variables that are fundamental to 
encapsulation, eg, payload, particle size, coatings, water 
solubility, or fat coatings. Other important differences in- 
clude the coatings, melting points, origins, and costs. Each 
product is designed to be useful in a specific food ingredient 
system. 

While commercialization of encapsulation technology 
covers many diverse fields within the broad term Food In- 


dustry, the majority of products and the greatest volume 
is focused on two segments, ie, meat processing and bak- 
ing. It is interesting to observe that in both, encapsulation 
has been treated not as a tool to be tried and abandoned if 
it doesn’t perform adequately the first time, but rather as 
a part of the answer to a food-processing problem, albeit 
an important part. Most initial attempts to solve problems 
with encapsulates are only partially successful. It is in the 
fine tuning, not only of the encapsulates to fit a system but, 
where possible, of the system’s design to fit what can be 
achieved through encapsulation. The meat and baking in- 
dustries have been doing this. Other industries such as the 
dairy and microwaveable entree industry would seem to 
be candidates for a similar developmental approach. 

A significant part of encapsulation technology is in the 
selection or development of optimum edible Food and Drug 
Administration approved coatings to enclose and protect 
and still release under the desired conditions. There is 
room for new coating materials, particularly ones that will 
have higher melting points or will remain intact under 
higher temperatures than what is currently available. Ed- 
ible coatings having release points of ca 74°C (165°F) would 
be particularly interesting. 
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ENERGY USAGE IN FOOD 
PROCESSING PLANTS 


There is a continuing concern about the energy demand by 
our food system. It is estimated that 17% of U.S. energy 
consumption is attributed to the food system (1). This fig- 
ure includes energy used for production through process- 
ing, distribution, out-of-home preparation, and in-home 
preparation. The food industry requires energy for a vari- 
ety of equipment such as gas fired ovens; dryers; steam 
boilers; electrical motors; refrigeration units; and heating, 
ventilation, and air-conditioning systems. 

Natural gas is the predominant source of energy used 
by the U.S. food industry. In the last few decades about 
50% of the gross energy used in food processing was from 
natural gas; 15%, from fuel oil, 13%, from electricity; and 
about 22%, from propane, butane, other petroleum prod- 
ucts, coal, and some renewable energy sources (2). Within 
the food industry, the principal types of energy use include 
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direct fuel use, steam, and electricity. Nearly 50% of energy 
use is in the form of direct fuel use. Almost 30% of energy 
is used to process steam and 10% to heat water. Almost 
67% of electrical energy consumption is for generating me- 
chanical power to operate conveyors, pumps, compressors, 
and other machinery. Refrigeration equipment consumes 
about 17% of electricity; lights consume about 10%; and 
heating, ventilation, and air-conditioning use approxi- 
mately 4% of electricity. 

Between 1973 and 1986, the cost of energy escalated 
dramatically. This trend promoted the installation of heat 
recovery equipment to conserve energy (3). It also focused 
the attention of scientists and engineers on the economic 
feasibility of alternative energy sources in various food- 
processing situations like cheese processing (4), food de- 
hydration (5), and water heating (6). Energy consumption 
patterns of various food industries are briefly discussed. 


MILK PROCESSING 


Considerable variations in energy requirements for milk 
processing have been reported for different plants. Fuel 
requirements for producing pasteurized bottled milk 
ranges from 0.25 to 2.65 MJ/L of milk (7). The energy used 
for processing cheese during the regular plant operation is 
approximately 2.13 kJ/kg. Excluding drying and evapora- 
tion, energy required to produce 1 kg of cheese is in the 
range of 3.37 to 17.53 MJ (4). Some of this variation is due 
to a lack of concern to energy conservation, but there are 
also operational factors that may explain variations among 
plants. 

Considering energy allocation to individual unit opera- 
tions separately in a typical processing of pasteurized bot- 
tled milk, most of the energy is used in pasteurization step 
(approximately 23% of electricity and 35% of fuel). In the 
production of pasteurized bottled milk, bottle washing con- 
sumes approximately 58% of the fuel energy and 6% of the 
electricity used in the process. 

In butter production pasteurization consumes approxi- 
mately 30% of the fuel energy. The churning process and 
cold storage of butter consume approximately 50% of the 
electricity required for butter processing. 

In yogurt production energy for heating and cooling per 
kilogram of product averages 1,146 kJ/kg (8). The heating 
of the base yogurt from 10 to 87.8°C uses 80% of the energy, 
and the electrical equipment used in product handling and 
packaging consumes only 6%. The manufacturing process 
of sour cream is similar to that for yogurt, except the 
amount of heating is considerably less because the highest 
product temperature is 22.2°C for sour cream compared to 
87.8°C for yogurt. In packaging, the shrink wrap machine 
is not used for holding the sour cream cartons. The thermal 
energy ratio is 273 kJ/kg of sour cream and packaging uses 
less electrical energy primarily because of the lack of the 
shrink wrap operation. Product handling and packaging 
uses 49 kJ/kg of sour cream compared to 78 kJ/kg of yo- 
gurt. Total energy, thermal plus electrical, is 287 kJ/kg for 
sour cream compared to 1,224 kJ/kg for yogurt. The above 
values of energy to manufacture sour cream and yogurt 
exclude the following: the energy required to pasteurize 
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direct fuel use, steam, and electricity. Nearly 50% of energy 
use is in the form of direct fuel use. Almost 30% of energy 
is used to process steam and 10% to heat water. Almost 
67% of electrical energy consumption is for generating me- 
chanical power to operate conveyors, pumps, compressors, 
and other machinery. Refrigeration equipment consumes 
about 17% of electricity; lights consume about 10%; and 
heating, ventilation, and air-conditioning use approxi- 
mately 4% of electricity. 

Between 1973 and 1986, the cost of energy escalated 
dramatically. This trend promoted the installation of heat 
recovery equipment to conserve energy (3). It also focused 
the attention of scientists and engineers on the economic 
feasibility of alternative energy sources in various food- 
processing situations like cheese processing (4), food de- 
hydration (5), and water heating (6). Energy consumption 
patterns of various food industries are briefly discussed. 


MILK PROCESSING 


Considerable variations in energy requirements for milk 
processing have been reported for different plants. Fuel 
requirements for producing pasteurized bottled milk 
ranges from 0.25 to 2.65 MJ/L of milk (7). The energy used 
for processing cheese during the regular plant operation is 
approximately 2.13 kJ/kg. Excluding drying and evapora- 
tion, energy required to produce 1 kg of cheese is in the 
range of 3.37 to 17.53 MJ (4). Some of this variation is due 
to a lack of concern to energy conservation, but there are 
also operational factors that may explain variations among 
plants. 

Considering energy allocation to individual unit opera- 
tions separately in a typical processing of pasteurized bot- 
tled milk, most of the energy is used in pasteurization step 
(approximately 23% of electricity and 35% of fuel). In the 
production of pasteurized bottled milk, bottle washing con- 
sumes approximately 58% of the fuel energy and 6% of the 
electricity used in the process. 

In butter production pasteurization consumes approxi- 
mately 30% of the fuel energy. The churning process and 
cold storage of butter consume approximately 50% of the 
electricity required for butter processing. 

In yogurt production energy for heating and cooling per 
kilogram of product averages 1,146 kJ/kg (8). The heating 
of the base yogurt from 10 to 87.8°C uses 80% of the energy, 
and the electrical equipment used in product handling and 
packaging consumes only 6%. The manufacturing process 
of sour cream is similar to that for yogurt, except the 
amount of heating is considerably less because the highest 
product temperature is 22.2°C for sour cream compared to 
87.8°C for yogurt. In packaging, the shrink wrap machine 
is not used for holding the sour cream cartons. The thermal 
energy ratio is 273 kJ/kg of sour cream and packaging uses 
less electrical energy primarily because of the lack of the 
shrink wrap operation. Product handling and packaging 
uses 49 kJ/kg of sour cream compared to 78 kJ/kg of yo- 
gurt. Total energy, thermal plus electrical, is 287 kJ/kg for 
sour cream compared to 1,224 kJ/kg for yogurt. The above 
values of energy to manufacture sour cream and yogurt 
exclude the following: the energy required to pasteurize 
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the raw milk, the energy required to pump the base ma- 
terial into the processing vat, and the energy required in 
temporary cold storage prior to shipping. Yogurt in the pro- 
cessing vat is cooled from 87.8 to 42.2°C partially with well 
water. Measurements of the energy taken from the yogurt 
by the well water showed an average of 212 kJ/L of yogurt 
in 4.16 m? batch. The cooling could be considered free, ex- 
cept for the cost of the water and pumping energy (8). 

Spray drying is the common means of converting fluid 
feedstocks into solids in the form of powders, granules or 
agglomerates. It is widely used for dehydration in the man- 
ufacture of a wide variety of food, pharmaceutical, and 
chemical products. Among the foods that have been suc- 
cessfully spray dried are milk, whey, cheese, coffee whit- 
ener, eggs, soups, baby foods, and fruits. Energy costs con- 
stitute a significant fraction of the operating costs. A 
number of methods have been suggested to decrease en- 
ergy related costs during the spray-drying process by using 
insulation to decrease heat losses to the environment and 
heat recovery from exhaust gases (8). Typically, in the 
manufacture of spray-dried milk powder, air heating for 
the spray-drying operation requires between 50 and 80% 
of total fuel consumption and approximately 30-35% of to- 
tal electricity consumption in the whole process. The vari- 
ation in the primary fuel input results from heat recovery 
steps. 

Cleaning in place (CIP) in milk processing plants is one 
of the operations that takes significant input of energy. In 
the manufacturing of Cheddar cheese, CIP consumes ap- 
proximately 31% of the total fuel energy and 18% of the 
total electricity required for the whole process. In other 
processing operations such as milk pasteurization, cream- 
ery butter, and acid casein processing, the fuel consump- 
tion in CIP operation does not exceed 3% of total fuel used 
in the whole process, and the use of electricity is up to 
approximately 1% of total electric energy used for the 
whole process. In spray-dried milk powder production, CIP 
operation costs approximately 5-8% of the total fuel con- 
sumption and 4—5% of the total electricity used in milk 
powder processing. 


LIQUID FOOD CONCENTRATION 


Evaporation of liquid foods is most commonly accom- 
plished using multieffect evaporators. The word effect in- 
dicates vapor flow in the evaporator. The total evaporation 
costs depend on the steam consumption, the specific area 
of the evaporator, and the specific product losses (9). The 
energy efficiency of an evaporator is usually expressed by 
thermal or steam economy, which is defined as a ratio of 
quantity of water evaporated to quantity of steam con- 
sumed (10). The steam economy of an evaporator increases 
with the increase in number of evaporator effect, because 
subsequent effects use vapor from the previous effect as 
the heating medium. As an example, a single-effect evap- 
orator takes 1.5 kilogram of steam to evaporate 1 kg of 
water, whereas a double-effect evaporator only consumes 
0.75 kg of steam to evaporate the same amount of water 
(1b. 

In conventional multieffect evaporators, those without 
mechanical or thermal recompression, the steam evapo- 


rated from the first effect is used as the heating medium 
for the next effect and so on. A mechanical vapor recom- 
pression evaporator is very much like any other evaporator 
except that steam is recycled. A compressor is installed, 
which takes the vapor off an effect and pressurizes it to a 
higher pressure for use as the heating medium. The major 
energy expense in such a system is electricity. The oper- 
ating economy of a mechanical vapor recompression unit 
is equivalent to an 8-20-effect evaporator. All vaporization 
is carried out at the same temperature. Steam from the 
boiler and water are only needed for startup, which ac- 
counts for the tremendous savings. 

The dairy industry carries out the evaporation of whole 
milk, skim milk, buttermilk, and whey. The steam econ- 
omy of two-stage falling film plate evaporator with me- 
chanical vapor recompression, when used to concentrate 
buttermilk and skim milk to 25% solids, was reported to 
be 6, which was claimed by the evaporator manufacture 
(12) to be equivalent to an 8-30-effect conventional evap- 
orator, depending on the cost of fuel. The estimated fuel 
savings were expected to be enough to amortize the rotary 
compressor in less than one year (12). A 7-effect mechan- 
ical vapor recompression evaporator can remove 17.5 kg of 
water from the feed for each kilogram of steam supplied to 
the turbine, which gives the steam economy equal to 17.5 
(18) while concentrating whey, skim milk, or whole milk. 

Frozen concentrated orange juice (FCOJ) is consumed 
widely in the United States, European Common Market 
countries, Japan, Venezuela, and other countries. Sao 
Paulo, Brazil, and Florida are the two leading producers 
of FCOJ. Temperature accelerated short-time evaporator 
(TASTE) evaporators are used extensively for concentrat- 
ing orange juice (14). 

Energy consumption in a four-effect, seven-stage (the 
word stage indicates the flow of orange juice in the evapo- 
rator) TASTE evaporator with a capacity of evaporation of 
18.140 kg H,O/n ranged between 840 and 1,000 kJ/kg H,O 
evaporated (15). By introducing one effect and one stage 
after the fourth stage, the magnitude of energy consump- 
tion was reduced to 570-640 kJ/kg of water evaporated. In 
most orange juice evaporators, the flow of orange juice and 
the steam pressure are controlled manually to obtain con- 
centrated juice of the desired degree Brix (percent sucrose 
equals degree Brix). By means of automatic control, the 
energy consumption in a six-effect, eight-stage evaporator 
with a capacity to evaporate 9,070 kg H,O/h was reduced 
by 6.7% 

The data on energy consumption during the 1978-1981 
processing season in a concentrated orange juice plant in 
Brazil were presented for a plant with a capacity to pro- 
duce 70,000 t/yr of 65° Brix of frozen concentrated orange 
juice and 86,000 t/yr of citrus pulp pellets made from or- 
ange residues. The plant had on-site storage facilities for 
17,600 t/yr of frozen orange juice at —8°C. At a separate 
location away from the plant, 13,650 t/yr of concentrated 
orange juice were stored at —25°C. For the plant as a 
whole, electricity was accounted for only 10% of the total 
energy consumed in the plant. Most of the steam generated 
was used to concentrate orange juice in evaporators; a 
small portion (16%) was used in the pelletizing operation 
of citrus pulp (16). 


Evaporators are also used to produce tomato products 
with varying degrees of concentration. The primary prod- 
ucts are classified as purées (solids content from 11% to 
22%) and paste (solids content from 28% to 45%). A num- 
ber of energy audits on tomato product evaporators have 
been performed (17). Daily average performance data are 
given for single-, double-, and triple-effect evaporators. Av- 
erage daily steam economies for the single-effect evapo- 
rator averaged 0.84 compared to a theoretical average of 
0.95. Two double-effect evaporators had average daily 
steam economies from 0.79 to 2.03. The average daily 
steam economy measured was 1.45 while the theoretical 
average was 1.91. As expected, the triple-effect evapora- 
tors showed the best steam economies ranging from 1.66 
to 3.06. The lower ranges of steam economy were caused 
by frequent fouling of the heat exchangers by the burning 
product. The recent evaporators installed in tomato pro- 
cessing plants have four effects. In the multieffect evapo- 
rators the energy cost is directly proportional to the tem- 
perature difference across each effect. If the temperature 
difference is cut in half, twice as many effects can be put 
in, cutting the energy consumption approximately in half. 
It will also approximately double the equipment cost (18). 

Beets are approximately 15% sugar of which about 88% 
is extracted giving 132 kg sugar/t of beets. The various 
sugar beet processors in California provided data that 
showed that for each ton of beets, 3.19 GJ of primary en- 
ergy is consumed directly in processing (19). Dried pulp, a 
by-product of sugar beet processing, accounted for large 
amounts of energy used. Pulp drying requires 0.73 GJ/ton 
of sugar beets. This value is nearly 23% of the total direct 
energy consumed during processing of sugar beets. The 
evaporators used in the sugar concentrating process con- 
sumed nearly 44% of the total direct energy required. 

Energy requirements were monitored during the pro- 
duction of a beet colorant on a pilot scale (20). Colorant 
production involved centrifugation, concentration of fer- 
ment, vacuum concentration, and spray drying. The first 
operation was juice extraction. The beets were blanched, 
abrasion peeled, and washed. They were then dried and 
immediately comminuted. The product was pumped to a 
centrifugal separator for separation. The clarified juice 
was sent to a plate heat and exchanger pasteurized at 88°C 
for 2 min, then cooled to 2°C. Extraction of the juice from 
1t of beets used 69.3 + 0.2 kWh of electricity and 226 + 13 
kg of steam. It took 95 + 5 min and yielded 550 + 45 kg 
of juice at 7% solids. Then the juice was vacuum concen- 
trated to 14% total solids. This used 343 + 14 kg of steam 
and 5.1 + 0.2 kWh of electricity. 

The second operation in the production of beet colorant 
was the fermentation of the clarified beet juice. The tem- 
perature was maintained at 30 + 2°C during the contin- 
uous fermentation. The juice extracted from 1 t of beets 
used 10.2 + 0.2 kWh of electricity. The fermentation re- 
moved about 80% of the solids (20). 

In the third operation, the fermented juice was centrif- 
ically separated. The clarified juice was vacuum concen- 
trated in a single-effect falling film evaporator to 30% sol- 
uble solids, cooled to 16°C, and spray dried. The yeast cell 
slurry was also spray dried. The vacuum evaporation used 
396 + 14 kg of steam and 4.6 + 0.2 kWh of electricity to 
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concentrate juice from 1 t of beets. Spray drying the juice 
took 29.6 + 1.5 m® of natural gas and 2.8 + 0.2 kWh of 
electricity per ton of beets. Spray drying of yeast cells took 
26.6 + 1.5 m® of natural gas and 2.5 + 0.2 kWh of elec- 
tricity per ton of beets. 


FOOD BLANCHING 


Blanching is an important unit operation in the pretreat- 
ment of fruits and vegetables. It is used prior to freezing, 
canning, and dehydration. The blanching process is a rela- 
tively fast process. Blanching time is a function of piece 
size, heating medium, and temperature as well as material 
packing in the blancher. The most common heating media 
are steam and water. Design of a blancher has a significant, 
influence on the energy used. The open steam blanchers 
are approximately 10% less efficient than the sealed units 
(21). Steam losses from the unsealed entrance and exit ac- 
count for almost 80% of the energy input to the blancher. 
The steam blancher with end seals is similar in design to 
the conventional open steam blancher. Water sprays are 
positioned inside the ends of the blancher to liquify steam 
that might escape. They also serve to help cool the product. 
at the exit. In such a design the steam losses are up to 
approximately 51% of the thermal energy input to the 
blancher. The thermal energy required to blanch spinach 
using a conventional steam blancher is 2.12 MJ/kg of prod- 
uct (21). Spinach processed in a blancher with hydrostatic 
seals requires only 0.95 MJ/kg of product (21). In a com- 
mercial blancher, at a spinach processing plant, energy 
used is 6.5 MJ of natural gas and fuel oil and 0.072 MJ of 
electricity per 1 kg of raw spinach (22). 

Energy consumption data for three commercial water 
blanchers (tubular, screw conveyor, and water tank) indi- 
cate that type of product and type of blancher dictate the 
energy usage (21,23). For lima beans processed in a tubu- 
lar water blancher, thermal energy usage is 0.543 MJ/kg 
of processed beans and thermal efficiency is 44.5%, the 
highest of all three water blanchers tested (23). 

The screw conveyor water blancher processed cauli- 
flower cuts. Thermal energy consumption averages 0.91 
MJ/kg of product and its thermal efficiency is 31.2%. En- 
ergy accounting data on a commercial blancher of a water 
tank type at the spinach processing plant indicate that 
31% of the energy input goes to heating the product and 
69% is lost through incomplete condensation of steam, hot 
water discharge to a drain, and heat losses by convection 
and radiation (22). 


POULTRY PROCESSING 


Poultry processing consists of several operations: live bird 
holding, hanging, slaughtering, scalding, defeathering, 
eviscerating and chilling, grading, cutup, and packaging. 
All processes require some energy either as fossil fuel or 
electricity. Electricity is used for conveyors, refrigeration, 
lighting, air-conditioning, pumps, and the mechanical 
drives. Fossil fuels are used for space heating, production 
of steam or hot water, and feather singeing. The electrical 
demand for three selected poultry processing plants indi- 
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cates that the refrigeration and other mechanical drives 
account for more than 80% of the total calculated electrical 
use. Lighting requires 6.8% and fans 7.8% of the total elec- 
tricity. The rest of the total electrical energy is used for 
heating and air-conditioning of the plants (24). Calculating 
the electrical use by major area in those three processing 
plants, the average electrical use in the eviscerating and 
chilling areas together is 6.7% of the total. This percentage 
does not include electricity used for ice making and water 
chilling. Packing and shipping uses 1.6% of the total elec- 
tricity, which is about 3.8 kWh/1,000 head (total electricity 
consumption is 237.5 kWh/1,000 head); but this does not 
include refrigeration for storage areas. Offal and waste 
handling equipment and waste treatment use 12.7% of the 
total electricity, and shops and services account for 11.9% 
of the total electricity use (24). 

In another study (25), the electrical energy use per 
1,000 broiler equivalents processed was 212 kWh. The cost 
of ice making, used for a water chiller, and in transporta- 
tion accounted for approximately 45% of the total electric- 
ity consumption. It was noted that 7.2% of the electricity 
was used in clean-up operations. 


FISH PROCESSING 


The fresh and frozen packaged fish industry consumes 0.6— 
0.8% of the energy required by the food-processing indus- 
try (26). The fish plant manufactures fillets; dressed, 
gilled, and puffed fish; and ground fish scrap, which is sold 
as animal feed. Electrical energy consumption makes up 
80% of the plant’s total energy requirements (26). Natural 
gas is used for space heating purposes. Electrical energy 
is primarily used to operate the refrigeration equipment 
for the chilling and freezing of whole fish and processed 
fish products. In addition, it is used to a lesser extent to 
power motor drives and air-conditioning equipment, to 
generate hot water for cleaning purposes and to supply 
lighting. The average energy used ranges between 3.93 
and 4.89 MJ/kg of fish product (26). 

Ammonia reciprocating compressors are the largest 
single electricity consumers in the ice production plant. 
Electrical energy is the main source of energy in that pro- 
duction, representing approximately 85% of its energy re- 
quirements. The reported annual energy use in the ice in- 
dustry was between 581 and 697 kJ/kg in the mid-1970s. 
This ratio has decreased in recent years due to more 
energy-efficient equipment and a shift to higher production 
rates of fragmentary ice and is reported as 380-420 kJ/kg 
of ice (26). 


CANNING 


The energy use for canning of tomato products was ob- 
tained from the daily amount of tomato received by the 
plant and the total daily energy consumption (2). Tomato 
processing consists of several operations. At the receiving 
station the tomatoes are removed from the gondolas with 
the use of water. The water containing field dirt of the to- 
matoes is pumped to a mud-settling tank. The tomatoes 
are conveyed in a hydraulic flume for additional washing 


and initial inspection. Water is recirculated in the hydrau- 
lic flume. The majority of the electrical energy at the re- 
ceiving station was consumed by the pump conveying wa- 
ter to the mud-settling tank. The energy use of the 
receiving operation was 0.32 Wh/kg of raw tomatoes. Us- 
ing data from six days of processing a thermal energy in- 
tensity value of 1,251.4 kJ/kg of tomatoes was calculated. 
This value represents processing of tomatoes into three 
products: tomato juice, canned peeled tomatoes, and to- 
mato paste. The electrical energy intensity value is 0.025 
kWh/kg of raw tomatoes. 

Production of tomato juice involves crushing tomatoes, 
heating them rapidly to inactivate enzymes, filling juice 
into cans, and retorting the cans. Most operations consume 
electricity. Hot-break heaters and retorts use steam. Com- 
bining the thermal energy and electrical energy data to a 
similar base unit of kilojoules, the hot-break heaters and 
retorts account for almost 97% of the energy consumed in 
the processing line and the energy intensity of tomato juice 
production was 1,086.2 kJ/kg of raw tomatoes (2). 

Processing of canned, peeled tomatoes requires lye-bath 
peelers to facilitate peel removal and retorts to sterilize 
the canned product and conveying equipment. Lyebath 
peelers and retorts consume steam. These two operations 
account for almost 99% of the total energy consumed (2). 
All other equipment operates with electricity. The energy 
intensity is 1,300.2 kJ/kg of raw tomatoes. 

In tomato paste production, several operations such as 
sorting, pulping, and finishing are similar to tomato juice 
production. Steam is used in vertical heat exchangers to 
preheat tomato juice. A large quantity of steam is used in 
the evaporator, The evaporator and the heat exchanger 
used in preconcentration account for the majority of steam 
consumption. The energy intensity of tomato paste pro- 
duction in the cannery industry is 1,307.2 kJ/kg of raw 
tomatoes (2). 

As a consequence of the seasonal vegetable or fruit pro- 
duction, most of the energy consumption is also seasonal. 
Energy is also consumed during the nonprocessing season, 
which adds to the energy cost of processed fruits and vege- 
tables. A study of four vegetable canneries located in West- 
ern, New York (27) producing apple sauce, canned beans 
and carrots, indicate that, on the average, blanching and 
sterilization consume 9% (theoretical estimate); lighting 
and electric motors, 21%; and movement of vehicles, 4.1%. 
The rest of the energy is lost in different ways. A significant 
portion, 22.6%, is lost in steam generation; 21% is lost to 
the environment after steam generation; and 22.3% is 
spent on other activities (losses to start up and operation 
of process equipment prior to actual processing and inef- 
ficiencies of process equipment). 

Peach canning involves receiving peaches in bins, 
dumping fruit into a water tank and then elevating it out 
with a conveyor. The peaches are then graded for size, 
rinsed with water and pitted. After pit removal, the peach 
halves are oriented cup down on a belt conveyor and con- 
veyed to a lye-bath peeler. After exposure to caustic solu- 
tion for a predetermined time, the fruit are again rinsed. 
The fruit are allowed to orientate cup up; are reinspected, 
are size-graded, and filled into cans along with syrup. The 
canned fruit are then heated in retorts to achieve the de- 


sired sterilization (2). Within various operations, transport 
of fruit and waste consume the most electricity. It was 
determined that 23% of the total electrical energy con- 
sumption occurs in dry conveying whereas 38% is con- 
sumed in pumping water to convey fruit and waste prod- 
ucts (2). Retorting and lye-bath peeling are the most 
energy-consumptive unit operations, accounting for 89% 
and 10%, respectively, of total energy consumption. The 
energy used by the three lye-bath peelers is 135.7 kJ/kg of 
canned peaches. 

There are four energy-intensive operations in citrus 
packing: degreening—precooling, wash-wax—drying, hold- 
ing, and storage. Energy analysis of four citrus packing 
plants in California showed that electricity and natural 
gas are two major types of energy source (28). Orange and 
lemon packing differ primarily in the duration of storage 
required before shipment. Oranges are shipped as soon as 
they are harvested and packed in a plant. Storage is used 
mainly to chill and hold the fruit until shipment. This hold- 
ing time does not exceed a few days. Lemons might be 
stored from two weeks to six months. Another important 
distinction between an orange and a lemon packing plant 
is in the degreening operation. Lemons degreen naturally 
in storage, oranges are put into a chamber with air con- 
taining ethylene at 18-21°C (28). 

In the unload—dump unit, field bins of fruit are con- 
veyed from a receiving area to the dump station where the 
fruit drop into a water tank. Fruit are conveyed in a water 
flume to the wash-was—dry operation, which consists of 
four steps: manual sorting and removal of rotten fruit, 
washing and rinsing, waxing and surface moisture re- 
moval by heated air, and manual sorting of fruit for juice 
processing. The above sequence is followed when water- 
based waxes are used. In cases when solvent-based waxes 
are used, the surface moisture is removed both prior to and 
after waxing. 

The total energy intensities for orange and lemon pack- 
ing vary between 0.64 and 1.03 MJ/kg (28). Electrical en- 
ergy intensities are about the same in citrus packing 
plants (0.55-0.82 MJ/kg). Natural gas intensities, how- 
ever, vary from 0.07 to 0.38 MJ/kg. Another study on con- 
sumption of energy in lemon, orange and grapefruit pack- 
ing plants indicates that total energy intensities for plants 
have a range of 362.6-702.4 kJ/kg (29). Electrical power 
intensities vary from 163.3 to 583.3 kJ/kg. Natural gas 
use intensities for citrus packing vary from 53.8 to 159.8 
kJ/kg. The possible reasons for the differences in energy 
used for packing are different harvest times, the refriger- 
ated holding costs, and storage time. 


BAKING INDUSTRY 


The largest consumers of energy in a bakery are the ovens, 
heating boilers, steam generators, and refrigerators. The 
differences among the energy balances of the bakeries can 
be large. They are influenced, for example, by the size of 
the bakery, production structure, amount of production, lo- 
cation, and apparatus. 

Based on energy measurement in two bakeries in Swe- 
den, energy consumption of 13.96 MJ/kg of bread for a bak- 
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ery with a capacity of 250,000 kg of bread per year and 
4.88 MJ/kg bread for another bakery with a capacity of 
3,500,000 kg of bread per year was reported (30). An in- 
vestigation conducted in the United States (31) reported 
an energy consumption for the baking industry of 7.26 
MJ/kg bread baked. This is based on measurements on a 
bakery with a capacity of 35,000 kg of bread per day. In 
another study, an energy consumption of three bakeries on 
an average was found to be 6.99 MJ/kg bread baked (32). 

The difference in the energy consumption figures may 
be due to several factors including the size of the bakery. 
A small baker uses more energy per unit production than 
a large one. If the bakery has many different products, this 
will also cause an increase in the energy use. The trans- 
portation costs are also important. It was shown (32) that 
18-21% of the total energy use in the bakeries was for the 
delivery vans. Thus the distribution range causes differ- 
ences in energy use between different bakeries. 

A German oven manufacturer reported that the energy 
use of their oven (a tunnel oven with convective heat trans- 
fer) was as low as 0.6 MJ/kg baked bread. This low figure 
is probably explained by an optimal use of the oven and 
the convective heat transfer. Much less energy consump- 
tion was mostly due to less ventilation. 

Considering the energy distribution in bread making, 
the heating of pans and lids used 26% of the energy. The 
rest of the energy use lost either through ventilation (31%), 
exhaust gases (13%), or radiation and convection losses 
from the walls (30%) (33). These figures show that there 
are some major energy-conserving opportunities in the 
baking industry. These steps include minimization of the 
ventilation of the oven, use of materials with lower heat. 
capacities in the pans and lids and use of heat exchangers 
to recover heat from the hot exhaust gases. 

The British-style crumpet is a small, round bakery 
product made of unsweetened batter and cooked on a grid- 
dle. Traditionally, the product is marketed in the frozen 
form. In 1982, a modified-atmosphere technique was in- 
troduced to package crumpets (34). The aim of modified- 
atmosphere packaging was to reduce energy consumption 
without adversely affecting quality during storage and 
marketing of the product. The production of the crumpets 
involves mixing, pumping, baking, cooling, packaging, 
freezing, and storage. Electricity for mixing and pumping 
of batter and power for running associated motors of the 
griddle, refrigeration units, and packaging machines to- 
gether total 92.1 kWh for every 1,000 kg of crumpets pro- 
duced (35). Thermal energy requirements for process heat- 
ing (baking) and cooling of 1,000 kg crumpets are 1,050 
and 160 MJ, respectively. The results (35) indicate that the 
freezing process requires 440 MJ, an additional 29% en- 
ergy to produce and cool the crumpets. 

A major advantage of modified-atmosphere packaging 
over frozen crumpets is that the former requires no special 
conditions for storage, whereas, for the latter, refrigeration 
is necessary. Storage of 1,000 kg of crumpets uses 7.4 kWh 
of electricity and 642.8 MJ of refrigeration for 30 days in 
storage. In terms of total thermal equivalents, frozen stor- 
age adds approximately 43% more to the consumption of 
process energy for crumpets above that of the modified- 
atmosphere packaging system. 
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ENTERAL FORMULAS AND FEEDING SYSTEMS 


Using a feeding tube to deliver nutrients directly into the 
stomach or upper gastrointestinal (GI) tract can be a life- 
line for people who are unable to consume an adequate oral 
diet. Nutrient administration by vein (parenteral nutri- 
tion) is another option. Recent research results showing 
the superior physiologic benefits of enteral feeding over 
parenteral and favorable third party reimbursement have 
encouraged clinicians to use enteral tube feeding whenever 
possible, reserving parenteral nutrition for those with to- 
tally dysfunctional GI tracts or in whom enteral feeding 
tubes cannot be placed (1). Further, the availability of spe- 
cially designed enteral feeding tubes that can be placed at 
the bedside, during surgery, or percutaneously using radio- 
logic, endoscopic, or laparoscopic techniques has simplified 
feeding tube placement and management. These advances 
plus the availability of a wide variety of standard and 
condition-specific enteral formulas have made it possible 
to enterally feed many patients who previously would not 
have been considered candidates for enteral nutrition sup- 
port (Table 1). 


ENTERAL FORMULAS 


Enteral formulas can be categorized as standard or 
condition-specific, based on their nutrient composition. 
Generally, the caloric distribution of standard enteral for- 
mulas are consistent with recommendations for a healthy 
diet for the general population (2). Carbohydrate contrib- 
utes 50 to 60% of calories, protein contributes 12 to 20% 
and fat about 20 to 30% of calories. Standard enteral for- 
mulas are designed to also provide 100% of recommended 
intakes (RDI) of vitamins and minerals in 1 to 2 liters. 
They are comprised of intact nutrients similar to those oc- 
curring in a usual oral diet (Table 2) that require digestion 
and absorption just as solid food would. Standard enteral 
formulas are also called polymeric formulas to indicate 
that they contain long-chained macronutrients that re- 
quire digestion prior to absorption. The most widely used 
standard enteral formulas also contain fiber. 

Initially fiber was added to help moderate bowel func- 
tion in chronically tube-fed patients. Dietary fiber in- 
creases stool bulk as a result of the water-holding capacity 
of the fiber, the osmotic effect of the short-chain fatty acids 


Table 1. Some Conditions When Tube Feeding Can Be 
Used 


Dysphagia 

Upper GI tract obstruction 
Malabsorption syndromes 
GI disease 

Critical illness or injury 
Pancreatitis 

Short bowel syndrome 
Glucose intolerance 
Renal dysfunction 
Cancer 

Pulmonary dysfunction 
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Table 2. Common Components of Enteral Solutions 


Carbohydrates Proteins Lipids 
Maltodextrin Casein Corn oil 
Corn syrup Whey Canola oil 
Sucrose Soy protein isolate Safflower oil 
Fructose Egg white solids Soybean oil 
Cereal solids Skim milk Marine oil 
Fruit/vegetable purees _Pea protein Fractionated 
coconut oil 
Butterfat 


produced by bacterial fermentation, and the bacterial 
mass itself (3). Dietary fiber also moderates transit time; 
that is, the time taken by undigested particles to move 
through the GI tract. An increase in dietary fiber hastens 
transit time in people with slow transit and can prolong it 
in people with too rapid a transit rate (3). Because of this 
moderating effect, adding fiber to the diet can be effective 
for both diarrhea and constipation. To supply fiber in en- 
teral products, soy polysaccharide was found to be the most 
compatible with liquids and well tolerated by patients. 

In 1987, the Federation of American Societies of Exper- 
imental Biology prepared a review of the known physiolog- 
ical effects of fiber (4). Based on their findings, they rec- 
ommended an intake of dietary fiber of 10 to 18 g/Cal 
comprised of 70 to 75% insoluble fiber and 25 to 30% sol- 
uble fiber. This was felt to best represent the types of fiber 
that would be found in a healthy diet containing a variety 
of foods. Within the past several years, new fibers have 
become available for use in enteral nutrition products. A 
recent advance in enteral formulations then has been the 
addition of fiber blends that provide both insoluble and sol- 
uble fibers at these recommended levels. These fiber 
blends may include soy fiber, oat fiber, carboxymethylcel- 
lulose, hydrolyzed guar gum, gum arabic, or pectin. Some 
indigestible oligosaccharides, such as the fructooligosac- 
charides, although not technically classified as a fiber, have 
recently been added to enteral products because they are 
completely soluble, physically compatible with the product 
components, and provide fiberlike benefits (5). 

People being fed standard enteral formulas must have 
adequate GI function to process nutrients and fiber. People 
who have malabsorption syndromes or other medical con- 
ditions (eg, short bowel syndrome, pancreatitis, inflam- 
matory bowel disease) that compromise the gut’s digestive 
capability may benefit from use of partially hydrolyzed or 
elemental formulas. The caloric distribution of these for- 
mulas is similar to that of standard enteral formulas. The 
nutrient sources, however, are partially hydrolyzed, ren- 
dering them smaller and easier to digest. For example, 
amino acids and/or peptides may be used instead of intact 
proteins, glucose polymers instead of complex carbohy- 
drates. Medium chain triglycerides, fatty acids that con- 
tain 8- or 10-carbon fatty acids, often comprise at least part 
of the lipid component of hydrolyzed formulas. Because 
they are well absorbed and transported directly into the 
portal blood, they bypass the complex steps required for 
digestion and absorption of long-chain triglycerides, thus 
overcoming problems associated with inability to absorb 
long-chain fatty acids (6). 
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Standard formulas are available in caloric densities 
ranging from 1.0 to 2.0 keal/mL. Caloric requirements or 
medical condition dictates the caloric concentration of the 
formula to be used. For example, a relatively stable adult 
could be provided with an adequate daily intake of protein, 
essential fatty acids, minerals, electrolytes, vitamins, and 
water in about 2,000 mL of a 1 kcal/mL product. Contrast 
this with an elderly patient with congestive heart failure 
who has a much lower daily calorie requirement and needs 
fluid restriction, but still must have a full complement of 
protein, vitamins, and minerals. In this case, a more con- 
centrated formula would be desirable. 

Generally the amount of water contained in a formula 
is inversely related to its caloric density. Most 1.0 kcal/mL 
formulas are approximately 80% water; 2.0 kcal/mL for- 
mulas may contain as little as 50% water. Ordinarily, most 
people need about 1 mL water/kcal fed (7) or a minimum 
of 1,500 mL of water unless medically contraindicated for 
people who need fluid restrictions (8). In most cases, all 
tube-fed patients need to have water in addition to for- 
mula, 

Standard enteral formulas meet the metabolic needs of 
most patients. There are some conditions, however, when 
special formulations are needed. Some of these special for- 
mulations, called condition- or disease-specific formulas, 
are discussed in the following section. 


CONDITION-SPECIFIC NUTRITIONALS 


Hypermetabolic Stress or Trauma 


Severe injury causes abrupt changes in metabolism. Crit- 
ically ill patients experience a metabolic response to injury 
that is divided into what is known as an ebb phase and a 
flow phase (9). During the ebb phase, blood pressure, car- 
diac output, body temperature, and oxygen consumption 
are reduced, usually in conjunction with hemorrhage. This 
depression in metabolic rate may be a protective mecha- 
nism during this period of hemodynamic instability. 

As blood volume stabilizes, the ebb phase is replaced by 
the flow phase. The acute response is a hypermetabolic 
state characterized by increased cardiac output and uri- 
nary nitrogen losses, altered glucose metabolism, and ac- 
celerated catabolism. Levels of the catabolic stress hor- 
mones, glucocorticoids (10,11), glucagon (12-14), and 
catecholamines (15-16) are increased. These hormonal 
conditions favor the breakdown of muscle tissue to provide 
amino acids for gluconeogenesis and hepatic protein syn- 
thesis. The physiologic consequence is a rapid loss of ni- 
trogen and lean body tissue after severe injury. The levels 
of catabolic hormones decrease gradually during the adap- 
tive flow phase. Recovery continues throughout this re- 
sponse, which is associated with the predominance of an- 
abolic processes such as wound healing. 

Historically, parenteral nutrition predominated in the 
care of critically ill patients because of the routine avail- 
ability of central venous access and standardized tech- 
niques. Health care professionals preferred parenteral nu- 
trition because it bypassed the GI tract, which they 
assumed to be totally dysfunctional in the critically ill. 
However, evidence indicates that enteral nutrition support 


confers benefits not seen with parenteral nutrition such as 
reduced incidence of infection and maintenance of gut 
structure and function. As a result, clinicians are increas- 
ingly advocating tube feeding for critically ill patients, 
whenever possible. 

Recent nutrition research has focused on the clinical 
benefits of enterally feeding hypermetabolic patients. Sev- 
eral trials have reported significant decreases in infections 
and/or wound healing complications (17-20), hospital 
length of stay (17,20,21), and multiple organ failure (19) 
in patients fed specialized enteral formulas compared with 
patients fed standard enteral formulas. These specialized 
enteral formulas contain ingredients shown to enhance the 
immune response, improve wound healing, reduce free 
radical formation, and alter the inflammatory response. 
Included are the amino acids arginine (22) and glutamine 
(23) as conditionally essential nutrients during trauma, 
omega-8 fatty acids (24), and antioxidants (25-27). 


Pulmonary Disease 


Patients with chronic obstructive pulmonary disease 
(COPD) develop various degrees of respiratory muscle fa- 
tigue, hypoventilation, carbon dioxide retention (hypercap- 
nia), and oxygen depletion (hypoxemia). In the majority of 
patients who experience difficulty in breathing, the ob- 
struction of airflow is due to chronic bronchitis or emphy- 
sema (28). Typically, these patients experience marked 
weight loss, which may result both from decreased caloric 
intake (29,30) and from increased energy expenditure, pre- 
sumably because of increased work of breathing (29). Be- 
cause the oxidation of fat results in less carbon dioxide 
production than the oxidation of a equal caloric load of car- 
bohydrate, formulas high in fat and low in carbohydrate 
have been developed for pulmonary patients. Such for- 
mulas have been shown to benefit patients with COPD, 
leading to an increase in general activity (31). 

Acute respiratory distress syndrome (ARDS) is an often 
fatal form of acute lung injury that results from direct (eg, 
drowning) or indirect (eg, sepsis, trauma, pneumonia) in- 
jury to the lungs. Patients with ARDS have distinctive nu- 
tritional requirements due to their hypermetabolic status 
and presence of pulmonary inflammation. ARDS patients 
typically have elevated energy needs due to trauma and/ 
or sepsis (32). However, overfeeding must be avoided as it 
may contribute to respiratory failure by increasing minute 
ventilation and dead space ventilation (33). On the other 
hand, inadequate nutrition can actually prolong the need 
for use of a ventilator if the respiratory muscle mass is 
broken down to provide energy and protein substrates for 
the body (34,35). This further contributes to increased com- 
plication rates, mortality, and prolonged length of hospital 
stay among patients on mechanical ventilation (34). 

To address the nutritional needs of these patients, a for- 
mula was designed containing ingredients that could help 
control or reduce lung damage from inflammation and ox- 
idation. Preclinical studies have shown that high-fat, low- 
carbohydrate diets containing omega-3 fatty acids from 
fish oil and )-linolenic acid from borage oil rapidly modu- 
late the fatty acid composition of inflammatory cell mem- 
branes (36-38), reduce the synthesis of important proin- 


flammatory mediators of lung injury (36,39,40), attenuate 
lung permeability (36,40) and improve cardiopulmonary 
hemodynamics and respiratory gas exchange in models of 
ARDS (36,39). In a multicenter clinical trial, patients re- 
ceiving this formula experienced a significant improve- 
ment in gas exchange and clinical outcome (41). 


Cancer 


Cachexia or wasting as a result of altered metabolism or 
decreased intake is a hallmark of cancer. The presence of 
a malignant tumor can cause a number of physiologic 
changes that can affect nutritional status. Some tumors 
cause an increase in basal metabolic rate (42), and changes 
in glucose (43) and protein (44) metabolism have been re- 
ported. Fluid and electrolyte imbalances (45), malabsorp- 
tion (45), and anorexia (46) are other reported problems. 
There also can be serious nutritional consequences of can- 
cer therapy: surgery, chemotherapy, or radiation therapy 
can cause nausea and vomiting, which can sometimes be 
treated with antiemetic drugs (45,4749). Creative ap- 
proaches are needed to maintain food intake, such as of- 
fering small high-calorie meals to anorexics or pureed 
foods to patients with painful swallowing (50,51). If oral 
intake is not satisfactory, tube feeding may be necessary; 
patients with obstructions of the nasopharynx or the 
esophagus can be fed in different sites (see “Delivery Sys- 
tems”). 

The maintenance of adequate dietary intake in cancer 
patients does have benefits. Oral supplementation and 
tube feeding can help prevent weight loss during therapy 
(52,53), which is strongly related to the positive outcome 
of therapy. Aggressive tube feeding during chemotherapy 
can improve hematopoietic status (54), which may be re- 
lated to more active chemotactic and phagocytic function 
(55). Peptide elemental diets have been shown to provide 
protection against radiation damage to the intestinal mu- 
cosa (56). 


Diabetes 


Although controversy continues to exist regarding the op- 
timal diet for individuals with diabetes, most health care 
diabetes specialists use the nutrition recommendations is- 
sued by the American Diabetes Association. These latest 
guidelines (57) specify that protein supply 10 to 20% of 
total caloric intake, saturated fatty acids less than 10% of 
total calories, and polyunsaturated fatty acids less than 
10% of total calories. Thus, 60 to 70% of total calories re- 
main to be divided between carbohydrate (CHO) and 
monounsaturated fatty acid (MUFA) intake. The distri- 
bution is individualized based on nutritional assessment 
and treatment goals. Nevertheless, individuals who are at 
a healthy weight and have normal lipid levels are encour- 
aged to use the nutrition recommendations of the National 
Cholesterol Education Program, in which individuals over 
2 years of age are advised to limit fat intake to =30% of 
total calories (58,59). The rationale for these recommen- 
dations is the desire to lower saturated fat and cholesterol 
intake to reduce cardiovascular risk (60), and this is often 
difficult to achieve in a “typical” diet without lowering total 
fat intake. Most standard enteral formulas now available 
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comply with these recommendations. However, tube feed- 
ing or dietary supplementation with standard liquid medi- 
cal nutritional products can compromise the metabolic con- 
trol of patients with abnormal glucose tolerance. This 
occurs because rapid gastric emptying of liquid formulas 
and efficient absorption of nutrients supplied by these 
products result in a rapid elevation of blood glucose. Stan- 
dard enteral formulas empty from the stomach at least 
twice as fast as an isocaloric solid-food meal (61) and have 
been shown to produce a peak blood glucose response 
equivalent to that seen when an equivalent solution of 
pure glucose is fed (62). Rapid gastric emptying of formulas 
and rapid absorption of nutrients can complicate metabolic 
control of hyperglycemic patients. A number of clinical 
studies have shown that high-carbohydrate, low-fat diets 
may be inappropriate for many patients with diabetes (63— 
65). Moreover, recent research has demonstrated that sub- 
stitution of MUFA for CHO can significantly improve gly- 
cemic control, lower serum triglycerides, and maintain or 
increase high density lipoprotein (HDL)-cholesterol, and 
raise the HDL-cholesterol to low density lipoprotein 
(LDL)-cholesterol ratio (66-68). Therefore, carbohydrate- 
reduced, high-monounsaturated fat formula seems a rea- 
sonable choice for patients with abnormal glucose toler- 
ance. 


Renal Disease 


Once an initial injury to the kidneys causes chronic renal 
failure, renal disease typically progresses toward end- 
stage renal disease until dialysis or kidney transplantation 
are required, even if the cause of the initial damage is mit- 
igated. Accordingly, nutritional management of people 
with renal disease depends on the level of residual renal 
function. The goals of nutritional management are to op- 
timize nutritional status, minimize the burden of the diet 
on the person with renal failure, and to the extent possible, 
modify the nutrient profile to compensate for the nutri- 
tional and metabolic abnormalities associated with the 
loss of renal function (69). For persons with residual renal 
function, there is an additional goal of delaying progres- 
sion of renal disease (69). 

One of many features of chronic renal failure is a grad- 
ual increase in toxic nitrogenous wastes, the by-products 
of protein and amino acid metabolism. Protein restriction 
is advocated to optimize nutritional status (69) and help 
compensate for the metabolic effects of the loss of renal 
function (70-72). Although somewhat controversial, a 
moderate protein restriction also may limit the rate of dis- 
ease progression (73), though nutritional status must be 
monitored closely to prevent undernutrition (74). Typical 
recommendations for protein intake are 0.7 to 0.8 g 
protein/kg/d for normally nourished people with chronic 
renal failure (69). Protein requirements are elevated in 
persons with end-stage renal disease on either hemodial- 
ysis or peritoneal dialysis due to increased nitrogen loss 
during dialysis. Typical recommendations are 1.0 to 1.5 g 
protein/kg/d for stable persons receiving dialytic therapy 
(69,75,76). 

Energy requirements of people with chronic or end- 
stage renal disease are comparable to those of healthy 
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adults, approximately 35 kcal/kg/d (76-78). Inadequate 
energy intake is one of the primary causes of wasting in 
this population (77). In addition to protein and energy, loss 
of renal function alters metabolism and excretion of many 
other nutrients. Recommendations for dietary fiber and fat 
intakes correspond to those for normal populations (69). 
Fluid and electrolyte restrictions typically are required for 
people treated with hemodialysis and are sometimes nec- 
essary during peritoneal dialysis (69). With the loss of re- 
nal function, phosphate excretion is impaired, necessitat- 
ing both dietary phosphate restriction and administration 
of phosphate binders, typically in the form of calcium salts. 
Enteral products used in end-stage renal disease should 
contain nutrient levels tailored to meet the distinctive re- 
quirements of this population (79). Supplemental levels of 
vitamins A, C, and D typically are limited to RDI levels 
due to abnormalities in their metabolism (hypervitamin- 
osis A (69,80-83), oxalosis (84-87), and loss of the ability 
to activate vitamin D (88), respectively). In contrast, su- 
pranormal levels of folic acid (89-91) and pyridoxine (92- 
94) are required, Metabolism of taurine (95,96), carnitine 
(97-99), selenium (100-102), and magnesium (69) is al- 
tered by loss of renal function. Deficiencies of the first three 
may develop, and supplements containing levels found in 
typical diets may be used. In contrast, hypermagnesemia 
is common and recommended intakes are approximately 
half of the RDI (69). Clinical research demonstrates that 
people on dialysis tolerate sole-source enteral nutrition us- 
ing disease-tailored products and that these products may 
offer some biochemical advantages over standard nutri- 
tionals in the management of this population (79). 


Pediatrics 


Until 1988, the only enteral products available for feeding 
to children were infant formulas and adult nutritional 
products, Neither were seen as nutritionally ideal for this 
population. Infant formulas were too dilute for older chil- 
dren. Products for adults were perceived as too concen- 
trated in some nutrients (eg, protein, sodium) and too low 
in others when the concentrations of protein and sodium 
were diluted to acceptable levels. This stimulated the de- 
velopment of products specifically for children aged 1 to 10 
years, designed to provide complete, balanced nutrition for 
the support of both growth and tissue maintenance as well 
as the increased nutrient demands during acute and 
chronic illness. 

Most of the products on the market have been designed 
for both oral and tube feeding. They have a caloric density 
of 1.0 Keal/mL. The caloric distribution for pediatric prod- 
ucts are typically 10 to 12% of calories from protein, 25 to 
44% from fat, and 44 to 63% from carbohydrate. Like adult 
formulas, these formulas are generally lactose-free and 
gluten-free. They consist of intact milk protein sources, 
blends of vegetable oils, hydrolyzed starches, and sucrose, 
and some have added fiber. All have been formulated to 
meet the nutrient standards set forth by the National 
Academy of Sciences—National Research Council Recom- 
mended Dietary Allowances (RDAs) (7). These RDAs differ 
from the RDIs used for adult nutritionals in that they are 
more age-specific. In most cases, certain nutrients have 


been increased above these standards to account for in- 
creased needs during stress and illness. Recently, elemen- 
tal formulas with hydrolyzed proteins or free amino acids 
have been developed for children who have severe food al- 
lergies or conditions resulting in maldigestion or malab- 
sorption. 

For most cases of failure to thrive, poor appetite, or 
when weight gain is desired, oral supplementation is usu- 
ally sufficient. Conditions that require tube feeding in chil- 
dren are similar to those that necessitate tube feeding in 
adults (eg, neurologic disease, burns, severe infections, an- 
orexia from disease, cancer, esophageal injury or obstruc- 
tion, trauma, and surgery). Guidelines for attending to the 
nutritional needs of these children are available (103,104). 
The feedings may be for days, weeks, or years, depending 
on the nature and severity of the condition. When a child 
cannot receive adequate nutrition by tube or has impaired 
GI function, parenteral nutrition (nutrition infused by the 
vein) is required. 


DELIVERY SYSTEMS 


Nasoenteric tube feeding dates back as far as the fifteenth 
century; modern use began in the early 1950s with the 
development of fine polyethylene tubes and feeding pumps 
(105). In the 1960s, the development of total parenteral 
nutrition (TPN), which was viewed as more sophisticated 
and problem free, contributed to reduced use of enteral 
tube feeding in the 1970s and early 1980s. However, tube 
feeding is now resurging because of a number of factors. 
Enteral nutrition is less expensive than TPN (106) and re- 
sults in fewer serious complications (107). Research shows 
that enteral feeding maintains gut mass, integrity, and 
function better than parenteral nutrition (1). The use of 
small-bore tubes made of soft biocompatible materials has 
led to increased patient tolerance of nasally placed tubes. 

Most feeding tubes are now made of polyurethane or 
silicone, which does not disintegrate or become brittle over 
time and therefore does not need frequent replacement. 
Feeding tubes are mostly easily inserted into the stomach 
by way of the nasopharaynx. If the patient is at high risk 
for aspiration, the tube can be passed further down into 
the duodenum or jejunum, although it is sometimes diffi- 
cult to get the tube through the pylorus (105). If the trans- 
versal route is not possible or long-term feeding is desired 
(more than six weeks) tubes can be inserted directly into 
the esophagus or into the stomach or duodenum through 
the abdominal wall. (Tube placements are depicted in Fig- 
ure 1.) Cervical pharyngostomies, or more rarely, esopha- 
gostomies are performed when the access site has been ob- 
tained during surgery for head and neck cancer or surgical 
repair of the maxillofacial area (108). Feeding gastrosto- 
mies can be placed surgically or percutaneously (109); the 
advantage of percutaneous endoscope placement is that it 
can be done as an outpatient procedure by gastroenterol- 
ogist with local anesthesia. Feeding jejunostomies are usu- 
ally performed in conjunction with other intestinal sur- 
gery, facilitating early nutrition support. The diameter of 
feeding tubes is described in French (F) units (F unit = 
0.33 mm). Large-diameter tubes (=16 F) tend to cause 
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Figure 1. Tube feeding sites and devices. Source: Courtesy of Applied Therapeutics, Inc., Vancou- 


ver, Washington. 


pressure necrosis in the nose as well as inflammation of 
throat and esophagus. They may compromise the function 
of the esophageal sphincter, increasing the potential for 
pulmonary aspiration. Large tubes may also interfere with 
swallowing, discouraging oral consumption of liquid sup- 
plements. Most adults tolerate nasal tubes ranging be- 
tween 8 and 12 F. High viscosity formulas or those supple- 
mented with fiber require at least a 10 F tube unless a 
feeding pump is being used. Extremely small caliber tubes 
(<6 F) require very low viscosity formulas such as elemen- 
tal formulas. 

Once the tube is in place, formula is usually adminis- 
tered at a slow rate and increased in increments depending 
on the condition of the patient until the patient’s needs are 
met. Formula can be poured into 500 or 1,000 mL rigid 
containers or bags. To provide the safest environment for 
tube-fed patients, formulas are available in commercially 
prefilled containers that decrease the risk of bacterial con- 
tamination from handling and reduce staff time. The for- 
mula flows from the container through a feeding set, by 


gravity or by a pump (a small portable pump is shown in 
Figure 1), into the feeding tube (110). Formula can be de- 
livered by a continuous or intermittent administration 
schedule. A continuous schedule is preferred when tube 
feeding is initiated, when patients have not been fed for 
several days, when patients are critically ill, and when 
duodenal or jejunal feeding sites are used (105,107). Inter- 
mittent feedings given five to eight times a day can simu- 
late a meal pattern. Ambulatory tube-fed patients fre- 
quently use an intermittent or 16 to 18 h continuous 
feeding schedule because it permits more freedom of move- 
ment than does 24-h continuous feeding. Intermittent 
feeding may also be preferable in patients with diabetes 
because it simplifies insulin dosing. Most often delivery is 
controlled by means of an enteral feeding pump thus en- 
suring an even and controlled flow of formula, but it is also 
possible to infuse by gravity or with the use of a syringe 
(bolus feeding). 

Enteral feeding pumps have been improved greatly 
since first being introduced. Enteral feeding pumps work 
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via one of two mechanisms; rotary peristaltic or cassette 
technology. The rotary peristaltic pump works by looping 
the tubing of the administration set around the pumping 
mechanism and pressure against the tubing forces the for- 
mula out in a constant sequence of motions. The delivery 
is regulated by a drop-counting sensor. The cassette pump 
has a cassette that holds a specific volume of fluid that 
works with a pumping mechanism to discharge precise vol- 
umes at a specified rate. The cassette fits easily into place 
and eliminates the need to loop tubing for proper pump 
operation. Pumps have very sophisticated features and 
alarms. There are pumps that automatically flush the 
feeding tube at set intervals; this has been proven to re- 
duce tube clogging. Safety features and alarms vary by 
pump manufacturer; however, basic safety features and 
alarms include memory, free-flow alarm, no flow alarm, 
and low battery alarm. Additional features may include 
select rate alarm, select run alarm, system self-check, lock- 
out, and hold. 

Enteral feeding pumps are used to control the rate of 
feeding delivery and provide increased safety in providing 
enteral nutrition support. Controlling the rate of formula 
delivery is imperative in the following patient care situa- 
tions: (1) when feeding into the small bowel, (2) when feed- 
ing patients who are fluid restricted (eg, cardiac, renal), 
(3) when feeding patients intragastrically who have a his- 
tory of gastroesophageal reflux or aspiration, or (4) when 
feeding patients who may have delayed gastric emptying 
secondary to their underlying disease (eg, diabetes). En- 
teral feeding pumps can have very positive outcomes as 
well as lower overall cost of patient care. 


PROCESSING TECHNOLOGY 


Enteral nutrition can be a patient’s sole source of nutrition 
for extended periods. Therefore, high standards of care in 
the manufacturing process are necessary to assure consis- 
tent nutrient content and product sterility. Enteral nutri- 
tion manufacturers maintain rigid specifications for ingre- 
dient quality, processing conditions, and package integrity. 
The combination of specifications and documentation com- 
prise a thorough quality assurance program to demon- 
strate the batch-to-batch consistency of the finished prod- 
uct. The specific processing parameters and quality 
assurance programs used in the manufacture of enteral 
formulas are proprietary, but are described in general 
terms in this section. 


Ingredients 


The ingredients for enteral nutritional products are se- 
lected following examination of attributes such as nutri- 
tional quality, safety for use, functional properties (eg, vis- 
cosity), and processing ease (eg, dispersibility in water). 
Following receipt of ingredients at the manufacturing fa- 
cility, a rigid testing, storage, and handling program are 
used to assure ingredient quality. The testing program in- 
cludes identity, microbiological and infestation testing, or- 
ganoleptic testing, and nutritional potency. Storage con- 
ditions are carefully monitored to assure that extremes of 
temperature and moisture do not damage the ingredients. 


Water quality in enteral nutritional processing is assured 
through use of treated potable water supplies and water 
quality monitoring programs. 

Ingredients are added during the manufacturing pro- 
cess at various points dictated by factors such as manu- 
facturing convenience and assurance of distribution of the 
ingredient into the product. For example, it is most con- 
venient to add carbohydrate sources (eg, maltodextrins) to 
the water phase to assure dispersion. Incorporation of in- 
gredients into the product varies from use of direct addi- 
tion to use of pumps such as triblenders. 


Liquids 

The ingredients in the oil and water phases are blended 
together in a concentrated mixture, heated, and the pH 
adjusted to stabilize the protein (Fig. 2). This mixture is 
subjected to a combination of processes which are similar 
to typical dairy processes: homogenization, pasteurization, 
UHTST (ultrahigh-temperature short-time sterilization), 
HTST (high temperature short time sterilization), de- 
aeration, and clarification. Heat-labile nutrients and fla- 
vors are added after these processing steps. Samples are 
taken for measurement of pH and total solids at this point, 
and the mix is adjusted to final total solids and pH. 

Shelf-stable, liquid enteral products are commercially 
sterilized using either retort or aseptic processes. In the 
retort process, the final product is filled in either metal, 
glass, or plastic containers and sealed, normally under a 
slight vacuum. The filled containers are subjected to rapid 
heating with superheated steam. In most cases, the con- 
tainers are rotated or shaken to assure even distribution 
of heat throughout the product. In the aseptic filling pro- 
cess, the product undergoes a UHTST treatment just prior 
to filling. The containers and lids are independently 
treated with a sterilant (eg, hydrogen peroxide) to assure 
sterility. The product is filled in the package in a sterile 
filling zone in the filler. Aseptic packages include plastic, 
glass, aluminum, steel, and fiberboard containers. 

In the case of both retort and aseptic sterilization pro- 
cesses, the manufacturer must establish that the product 
and package receive treatment that is adequate to reduce 
pathogenic microorganisms in the finished product to a 
nonviable level for the shelf life of the product. Typically, 
the manufacturer subjects the product and package to test- 
ing protocols to assure sterilization processes are ade- 
quate. Before commercial release, the product is incubated 
at typical storage temperatures to assure that no microbial 
contamination occurs postprocess. 


Powders 


Powdered products are sometimes the preferred form for 
certain products or specific settings. For a given volume of 
final reconstituted liquid product, powders have less bulk 
and weigh less than processed liquid products and, there- 
fore, are easier and less expensive to store and transport. 
Powders generally have a longer shelf life than liquid 
forms. Some products are available only as powders be- 
cause certain components cannot be exposed to thermal 
processing or are not stable for long periods in aqueous 
solution. 


Protein 

Dietary fiber 

Fat soluble vitamins Protein 
Lecithin Dietary fiber 
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Carbohydrate 
Minerals 


Processing steps: heati 
homogenizing, pasteurization, 
UHTST, deaeration, and 


Test for major nutrients and add: 
« water soluble vitamins 
® flavors 
« other heat labile components 
and dilute to finat volume 


‘Two methods of manufacturing are commonly used for 
powdered enteral products: spray-drying and dry-blend- 
ing, either separately or in combination. Spray-dried prod- 
uct is UHTST or HTST processed as a concentrated liquid 
prior to the drying step. In the drying step over 95% of the 
water is removed to bring the powder moisture content to 
a level that does not promote microbiological growth. Dry- 
blending is a process where dry ingredients are mixed in 
a chamber by rotating ribbons or plows. Dry-blending is 
desirable when there is heat- or moisture-sensitive ingre- 
dients in the product formulation. Occasionally, base pow- 
ders are spray-dried, followed by dry-blending of sensitive 
ingredients. 

The process of spray-drying or dry-blending can produce 
a powder that does not disperse easily in liquid. The pro- 
cess of agglomeration is used to improve powder dispers- 
ability in liquid by binding small, dense particles together 
to provide a larger surface area to “wet.” 


Packaging 


Enteral products are packaged in glass, metal (steel and 
aluminum), fiberboard, and plastic packages. Packaging 
materials are selected for ease and cost of manufacturing, 
convenience for the customer, and ability to protect the 
product from environmental conditions such as light, mois- 
ture, and oxygen. Glass and metal containers offer excel- 
lent protection from moisture or oxygen. Plastic containers 
are normally multilayer with one or more of the layers pos- 
sessing properties that act as a barrier to oxygen, mois- 


clarification 


Figure 2. Formulation and processing 
of a liquid enteral formula. 


ture, or light. The product label, outer carton, and shipping 
containers are also designed to provide protection to the 
product and help increase the package’s durability. Pack- 
ages are subjected to physical tests to assure that the rig- 
ors of shipping and handling do not adversely affect the 
integrity of the package’s hermetic seal. 


Product Shelf Life 


A minimum of a one year room temperature storage shelf 
life for enteral nutrition products is normally the require- 
ment of institutional health care providers for reasons of 
convenience and storage. Assurance of the product’s nutri- 
tional and physical quality and the package’s durability 
under normal storage conditions is accomplished by shelf 
life studies prior to product introduction. Ongoing product 
monitoring programs provide assurance that the product 
and package meet specifications throughout the product’s 
life cycle. 


REGULATORY ACTIVITIES 


Enteral diets that are formulated simply as adult meal re- 
placements are considered to be foods by the U.S. FDA and 
are not regulated any differently than standard foods. 
Webster’s Dictionary defines food as “material consisting 
essentially of protein, carbohydrate, and fat used in the 
body of an organism to sustain growth, repair, and vital 
processes, and to furnish energy; also such food together 
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with supplementary substances (as minerals, vitamins, 
and condiments).” Like regular foods, enteral diets are for- 
mulated with items that are generally recognized as safe 
(GRAS) or items approved as food additives by the FDA. 

The FDA has a role in approving or advising food man- 
ufacturers regarding the health messages for conventional 
foods. There are two opposing views about the potential 
effects of regulating such messages: if health claims are 
not allowed, then the public may not be informed of the 
potential benefit of consuming certain foods. On the other 
hand, allowing health messages on foods opens the door 
for false or exaggerated claims to be made. Recently, the 
policy of the FDA has been changing toward the allowance 
of certain health messages. Regulations or food labeling 
are detailed in two sections of the Code of Federal Regu- 
lations (111). 

The development of more specialized enteral formulas 
for specific diseases has placed these formulas under in- 
creasingly intense secrutiny by the FDA. In 1988, the or- 
phan drug amendment created a new category of food 
called medical food, which was defined as follows: “The 
term medical food means a food which is formulated to be 
consumed or administered enterally under the supervision 
of a physician and which is intended for the specific dietary 
management of a disease or condition for which distinctive 
nutritional requirements based on recognized scientific 
principles, are established by medical evaluation” (112). 
Implicit in this definition is the notion that disease condi- 
tions can change an individual's nutritional requirements 
or food intake leading to a deficiency or overabundance of 
a nutrient. Although the amendment did issue the defini- 
tion of a medical food under the current federal regulations 
that implement the Food, Drug, and Cosmetic Act, there 
is no procedural framework for the evaluation of medical 
food products. This contrasts with the detailed regulations 
for the development and approval of new drugs and food 
additives as well as the regulations for the formulation and 
manufacture of infant formulas specified in the Infant For- 
mula Act of 1980 (113). 
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ENZYME ASSAYS FOR FOOD SCIENTISTS 


REASONS FOR ASSAYING ENZYMES 


In designing enzyme assays it is important to determine 
the level of sophistication required of the data obtained. 
One may be led astray by answers that are too simplistic; 
conversely, excessive time and effort may be expended in 
obtaining highly precise data to meet “quick-and-dirty” 
needs. Understanding the basis of various kinds of assays 
will help in choosing the proper level of assay sophistica- 
tion to avoid these two kinds of errors. 


Characterization of Enzymes for Applications 


In industrial food applications the usual requirement of an 
enzyme is that it produce the desired functionality for the 
minimum cost. This often implies that offerings by alter- 
nate suppliers are assayed to find the best enzyme source 
for the process in hand. The characterizing factors are 
(1) rate (activity per gram of enzyme); (2) pH optimum; 
(3) temperature optimum; (4) stability under conditions of 
use; and (5) presence (or absence) of potentially deleterious 
side activities. 


Rate. By rate, the food processor usually means the 
amount of modification obtained during the time allowed 
for enzyme action in the process. This may be different 
from the initial rate of conversion of substrate to product 
as defined by an enzymologist. An assay that measures the 
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latter rate may be misleading if the modification occurs 
during extended incubation in the process. 


pH, Temperature. The pH and temperature optimum 
curves published by suppliers usually confound the true 
influence of these factors on enzyme catalytic properties 
with the effect on enzyme stability. Enzyme denaturation 
is influenced by numerous factors, is usually irreversible, 
and occurs with first-order kinetics. Optimum curves are 
constructed using assays that measure the amount of sub- 
strate modification over a period of time and represent a 
summation of true rate effects plus denaturation during 
that time. They should be used with caution. 


Stability. The presence of substrate stabilizes enzyme 
against denaturation; thus, the real optimum of interest is 
the stability of enzyme under the conditions of use: time, 
pH, temperature, substrate concentration, inorganic ions, 
organic solvents, and so on. An assay used to screen en- 
zymes for a particular application should mimic as nearly 
as possible the actual use conditions, to give a reliable es- 
timate of cost benefit. 


Side activities. Preparing a pure isolated enzyme is cost- 
prohibitive for food applications. All commercial enzymes 
contain some activities other than those declared on the 
label; for example, fungal amylase usually contains some 
proteolytic activity, a bacterial protease may also contain 
some xylanase, and so on. These side activities may pres- 
ent a problem when the enzyme is used in certain food 
processing situations, and assays should be applied that 
will detect them, as well as the main enzyme of interest. 


Characterization of Enzymes in Raw Materials 


Specificity. Often enzymes with similar activities (ie, 
proteases) are obtained from different sources and assays 
are used to characterize them in terms of units per gram. 
If the different enzymes have varying specificity require- 
ments, the results may be misleading. For example, if two 
proteases have specificities corresponding to elastase and 
trypsin, an assay based on azocollagen substrate will give 
a much higher value for the former enzyme, while one 
based on casein will favor the latter. If the protein to be 
modified is something quite different, for example, wheat 
gluten, neither assay will give a reliable comparison. Sub- 
strate specificity may be of major importance, as with pro- 
teases, or a negligible factor, as with lipoxygenase. It is 
best to assume that it is important until the contrary is 
established. 

If an assay is used to monitor production of enzyme from 
biofermentation, specificity may be overlooked. Here the 
ideal is the quickest possible assay consistent with reason- 
able accuracy, making the assumption that enzyme speci- 
ficity is constant. (This also depends on the conditions of 
biofermentation remaining constant, particularly the pu- 
rity of the microbiological innoculum being used.) A quick 
assay based on azocollagen may suffice even if the protease 
being made is similar to trypsin in its specificity. 
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latter rate may be misleading if the modification occurs 
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pH, Temperature. The pH and temperature optimum 
curves published by suppliers usually confound the true 
influence of these factors on enzyme catalytic properties 
with the effect on enzyme stability. Enzyme denaturation 
is influenced by numerous factors, is usually irreversible, 
and occurs with first-order kinetics. Optimum curves are 
constructed using assays that measure the amount of sub- 
strate modification over a period of time and represent a 
summation of true rate effects plus denaturation during 
that time. They should be used with caution. 
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zymes for a particular application should mimic as nearly 
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Side activities. Preparing a pure isolated enzyme is cost- 
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contain some activities other than those declared on the 
label; for example, fungal amylase usually contains some 
proteolytic activity, a bacterial protease may also contain 
some xylanase, and so on. These side activities may pres- 
ent a problem when the enzyme is used in certain food 
processing situations, and assays should be applied that 
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proteases) are obtained from different sources and assays 
are used to characterize them in terms of units per gram. 
If the different enzymes have varying specificity require- 
ments, the results may be misleading. For example, if two 
proteases have specificities corresponding to elastase and 
trypsin, an assay based on azocollagen substrate will give 
a much higher value for the former enzyme, while one 
based on casein will favor the latter. If the protein to be 
modified is something quite different, for example, wheat 
gluten, neither assay will give a reliable comparison. Sub- 
strate specificity may be of major importance, as with pro- 
teases, or a negligible factor, as with lipoxygenase. It is 
best to assume that it is important until the contrary is 
established. 

If an assay is used to monitor production of enzyme from 
biofermentation, specificity may be overlooked. Here the 
ideal is the quickest possible assay consistent with reason- 
able accuracy, making the assumption that enzyme speci- 
ficity is constant. (This also depends on the conditions of 
biofermentation remaining constant, particularly the pu- 
rity of the microbiological innoculum being used.) A quick 
assay based on azocollagen may suffice even if the protease 
being made is similar to trypsin in its specificity. 
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Characterization of Enzyme Rate Parameters 


For a study made for the purpose of establishing basic en- 
zymatic parameters (catalytic rate constant, affinity for 
substrate, inhibitor binding, etc) the assay must provide 
appropriate velocity estimates. In general this means the 
catalytic rate at time zero, that is, when the enzyme and 
substrate are first combined. Assays involving incubation 
for a fixed length of time present some difficulties for this 
purpose. Progress curves, in which the concentration of 
product is measured at intervals during the incubation, 
are valid and are not used as often as they might be to 
determine enzymatic parameters. 


THEORETICAL ASPECTS OF ENZYME ASSAYS 


Properly judging the nature of the desired assay requires 
a certain amount of theoretical understanding. This does 
not have to be in great depth; the requisite fundamentals 
are easily grasped and applied. The effort will be repaid by 
improved enzyme assays for routine work and process de- 
sign (1). 


Assay Characteristics 


A sound assay, regardless of the level of sophistication re- 
quired, will have (1) linear dependence on enzyme concen- 
tration, (2) adequate consideration of pH and temperature 
effects, (3) appropriate accuracy, (4) adequate sensitivity, 
and (5) speed and ease of performance. Unfortunately, 
many assays emphasize the last factor at the expense of 
the other four, 


Enzyme Linearity. Enzyme linearity is paramount. A 
curved plot of assay response versus amount of enzyme 
used indicates that some chemical, physical, and/or en- 
zymological factors have been overlooked. In fixed-time as- 
says the formation of product is often not strictly linear 
with time because of substrate depletion or product inhi- 
bition and this nonlinearity is more pronounced at higher 
enzyme concentrations. Occasionally the chemical reaction 
used to quantitate the amount of product formed is not 
stoichiometric, leading to a nonlinear plot of, for example, 
spectrophotometric absorbance versus enzyme amount. 
Numerous nonlinear assays found in the literature indi- 
cate an incomplete understanding of the system being used 
for the assay. 

Many assays are linear over a limited range of activity. 
These may be used (particularly if they meet the require- 
ment for ease of use) if care is taken to ensure that mea- 
surements are made only within the linear range. 


Temperature, pH. Elevated temperatures and extremes 
of pH contribute to enzyme denaturation during the assay. 
Temperature optimum curves are always due to this phe- 
nomenon, and activity decreases at high or low pH also 
may be due to enzyme instability. The pH also may affect 
enzyme catalytic activity, influencing the ionization state 
of the active site and possibly the substrate (2-4). Asound 
assay will take these factors into account. 


Accuracy, Sensitivity. The required levels of accuracy 
(more properly, precision) and sensitivity should be care- 
fully considered. Measurements of a-amylase activity may 
have a coefficient of variation of 2% or of 10%, depending 
on whether the assay is a replicated colorimetric one using 
a modified substrate (5) or a viscometric one using gelati- 
nized ground grain (6). For standardizing a purified amy- 
Jase for use in bread production, the former would be ap- 
propriate, while for identifying bins of wheat that has been 
subjected to sprouting, the latter method is quite ade- 
quate. Likewise, assays at almost any level of sensitivity 
may be constructed. Using a fluorescent substrate, pico- 
molar concentrations of trypsin may be assayed (7), while 
in monitoring the production of microbial protease a sim- 
ple protein-based assay (8) will do the job, although it is 
some five orders of magnitude less sensitive. 


Convenience. Speed and ease of performance should be 
the last factors considered. These are important in many 
industrial contexts, but a fast, easy, inadequate assay will 
only result in the rapid generation of much useless data. 
After linearity, precision, enzyme stability, and sensitivity 
are established, then steps may be taken to increase out- 
put. 


Initial Rates. Most assays measure the rate of formation 
of product from substrate, that is, d[P|/dt. This measure- 
ment may be of the initial rate, d/P]/dt, at the initiation 
of the reaction, or of the amount of product formed during 
a fixed time of incubation of substrate with enzyme. Fixed- 
time assays are convenient, in that a large number of sam- 
ples may be run simultaneously. Unfortunately, they are 
also more prone to complications leading to the nonline- 
arity mentioned above. Accurate initial rate measure- 
ments are not contaminated by effects such as substrate 
depletion, product inhibition, or enzyme denaturation. 
However, they are not always easy to obtain. A relatively 
simple method of finding the initial rate is the following. 
Set up the assay system, take samples at various times ¢, 
and measure product concentration [P] at each time. Usu- 
ally there is a slight downward curve of the plot of [P] ver- 
sus ¢ (Fig. 1) that makes the determination of the tangent 
(d{P\/dt) at zero time difficult. Using a simple program (Ba- 
sic, or even most spreadsheet programs today are capable 
of this), fit the data points with a least squares quadratic 
curve: 


[Pl=a+bxt+ex? 


The first derivative gives the desired initial rate with rea- 
sonable accuracy: 


d[PVdt = b + 2c X t; and d{PV/dty.9) = 6. 


Determining Rate Parameters 


Michaelis-Menten Parameters. In designing assays it is 
useful to know the maximum rate obtainable with a given 
amount of enzyme, V,,,x, and the concentration of sub- 
strate that gives half that rate, Ky. These are the funda- 
mental parameters in the Michaelis-Menten (M-M) rate 
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Figure 1. Nonlinearity of product formation with time, due to 
various factors, Initial rate for the theoretical reaction is 0.5. Fit- 
ting the nonlinear rates with a second degree polynomial, the cal- 
culated initial rates are: Substrate depletion, 0.51; Product inhi- 
bition, 0.51; Enzyme denaturation, 0.44. If the curves are fitted to 
a third degree polynomial, the calculated rates are 0.50, 0.50, and 
0.49, respectively. Source: Ref. 1, p. 93. 


equation: v = VinaxlS](Ky + [S]), where [S] is substrate 
concentration and v is the actual rate d[P]/dt. The usual 
procedure is to measure v at several concentrations [S] and 
then calculate V,,x and Ky, either by applying a computer 
program (9) such as HYPER (Fig. 2a) or by fitting a 
straight line to one of the linear transforms of the M-M 
equation. The usual transform is the double reciprocal or 
Lineweaver-Burk plot: 1/v = 1/Vinax + (Kiys/VimaxX1AS)), 
where 1/v is plotted versus 1/{S] (Fig. 2b). From statistical 
considerations, this is the least desirable transform to use 
(11). 

A better plot is the Hanes plot of [S]/v versus [S] (Fig. 
2c): [Su = Ky/Vinax + (1/Vinax)[S]. The points are spaced 
along the x axis at the same intervals as in the M-M plot 
rather than being crowded together near the y axis. The 
larger experimental errors inherent in the smaller values 
of v (at low [S]) have less influence on the linear least 
squares regression line. The Hanes plot should be used in 
treating v, [S] data graphically; the use of the unsatisfac- 
tory Lineweaver-Burk plot should be discontinued. 

The M-M equation is a differential equation, that is, v 
equals d[P]/dt at the instantaneous value of [S], usually 
taken as the initial substrate concentration. If v is only 
available as [P]/t from a fixed-time assay, then the value 
taken for [S] for the above calculations should be the av- 
erage of the substrate concentration at the beginning and 
end of the incubation period, ({S]) + [S],)/2. This approx- 
imation gives estimates of V,,,, and Ky that are much 
closer to the true values than if the initial value of [S] is 
used (12). 


Inhibitors 


Two types of enzyme inhibitors are of interest to food sci- 
entists: (1) low-affinity inhibitors and (2) high-affinity in- 
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hibitors. The former are effective in the millimolar to mi- 
cromolar concentration range and readily dissociate from 
the enzyme; an example is inorganic phosphate inhibiting 
phytase. The latter are effective in the nanomolar to pi- 
comolar concentration range and are bound tightly to the 
enzyme; an example is soybean trypsin inhibitor. For low- 
affinity inhibitors the dissociation constant K; is a useful 
parameter to know; for high-affinity inhibitors the amount 
present is usually of more concern. 


Inhibition Model. A general equilibrium model of inhi- 
bition is shown in Figure 3. If the parameter a is very large, 
so that the species EIS does not exist, the inhibition is 
termed competitive (inhibitor competes with S for the en- 
zyme). The effect, shown in Figure 4a, is that Vinay is un- 
changed, and Ky increases. If a = 1 and f = 0, EIS is 
formed but does not proceed to product P, noncompetitive 
inhibition results. As shown in Figure 4a, V,,,, decreases 
and Ky is unchanged. If a is greater than 1 but not ex- 
tremely large, mixed inhibition occurs. These types are di- 
agnosed by comparing the Hanes plots in the absence and 
presence of inhibitor (Figure 4b). 


Inhibitor Constant. If the inhibition is competitive, Ky 
is determined from the ratio of K,,, (the apparent value of 
K in the presence of inhibitor of concentration [I]) to Ky 
(no inhibitor present): K,pp/Ky = 1 + [I]/K;. If inhibition 
is noncompetitive, the ratio of true maximum velocity to 
apparent maximum velocity in the presence of inhibitor 
gives Vinax/Vapp = 1 + [IV/K;. Determining K;, a, and f in 
the cases of partial and mixed inhibition is too complex to 
be discussed here. 


High-Affinity Int rs. Measuring the concentration of 
high-affinity inhibitors (eg, soy trypsin inhibitor) is rela- 
tively straightforward (13). Trypsin is mixed with aliquots 
of soy meal extract and after a brief incubation (for for- 
mation of the inhibitor-enzyme complex) the amount of un- 
inhibited enzyme remaining is measured by a simple as- 
say. The rate of reaction is plotted versus the size of the 
extract aliquot; the straight line through the data obtained 
at lower levels of inhibition intersects the x axis at a point 
where the amount of enzyme equals the amount of inhib- 
itor present (Fig. 5) (14). In the example shown, 1.2 mL of 
soy meal extract contained a molar amount of trypsin in- 
hibitor equal to the number of moles of trypsin used in each 
assay tube. If the absolute amount of trypsin is established 
by a titration assay, the amount of soy trypsin inhibitor 
can be expressed in absolute molar units rather than ar- 
bitrary trypsin inhibitor units (15). Conversely, if the ab- 
solute concentration of high-affinity inhibitor is known, 
this method serves to measure the molar amount of en- 
zyme present. 


Endogenous Inhibitors. Endogenous inhibitors may be 
present in crude extracts of materials containing the en- 
zyme being assayed, resulting in a marked nonlinearity in 
the assay (Fig. 6a). The uninhibited rate may be found as 
follows (1). Let [e] be the amount of enzyme in the largest 
aliquot of extract used in making the plot of Figure 6. X is 
the fraction of that aliquot used for each of the other points. 
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Figure 2. Determining Viz,. and Ky from experimental data using three different methods: (a) 
HYPER computer program: Vax = 58.55, Ky = 17.44, Std. Dev. 1.65; (b) Lineweaver-Burk plot: 


Vmax = 49.60, Ky = 12.85, Std. Dev. 2. 
1.66. Source: Data from Ref. 10. 
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Figure 3. General equilibrium model for reversible enzyme in- 
hibition. Source: Ref. 1, p. 38. 


The measured rate at each point is v;. A plot is made of 
X/v; versus X (Fig. 6b). From the y-axis intercept calculate 
the uninhibited rate; that is, 1/intercept equals the true 
rate due to enzyme concentration [e]. This method is useful 
for comparing enzyme amounts from different sources, and 
during enzyme purification until the inhibitor has been re- 
moved. 


SPECIFIC ENZYME ASSAYS 


Several assays for enzymes most commonly measured by 
food scientists will be described. These are only examples 


; (c) Hanes plot: Vinx = 58.96, Ky = 17.56, Std. Dev. 


of the wide range of ingenious methods that have been re- 
ported for following the rate of product formation by food- 
related enzymes. In most cases factors such as pH, tem- 
perature, activating ions, time of reaction, and detection 
methods may be adjusted to fit the specific needs of the 
project in hand. Thus, these should be considered as start- 
ing points for designing assays to meet particular require- 
ments, not the only way to measure the enzyme activity 
under investigation. 


Proteases and Peptidases 


Substrates. Protein substrates for proteases are most. 
often hemoglobin or casein and must be completely soluble 
in buffer. Casein for protease assays is designated “nach 
Hammarsten,” while hemoglobin “for protease assay” is 
usually of high quality. Casein precipitates below pH 6, so 
it is used at neutral to alkaline pH. Hemoglobin must be 
denatured before use, either by treatment with acid (if the 
assay is at acidic pH) (16) or urea (neutral to alkaline pH 
assay) (17). Gelatin, sometimes used in viscometric assays, 
is quite heterogeneous, so lot-to-lot reproducibility is a con- 
cern. 

Proteins may be derivatized to fit assay needs. Diazo- 
tized protein allows measurement of solubilized peptide 
with a visible-range colorimeter (18). If the amino groups 
freed during hydrolysis are quantitated using, forexample, 
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TNBS (trinitrobenzenesulfonic acid), the e-amino groups of 
lysine give a high blank value that may be removed by 
making the succinyl (19) or N,N-dimethyl (20) derivative 
of the protein. The latter is preferable for trypsinlike pro- 
teases. 

Small synthetic molecules are also useful for assaying 
proteases. These give a change in spectrophotometric ab- 
sorbance as they are hydrolyzed, so a continuous assay 
with its advantages is possible. Table 1 lists a number of 
small molecule substrates. Most of these are applicable to 
serine and/or sulfhydryl proteases, with two exceptions: 
FAGLA is a substrate for metalloprotease (neutral prote- 
ase), and Z-Gly-Phe is a carboxypeptidase substrate. Acidic 
protease may be assayed using a chromogenic peptide. 
Aminopeptidase is usually assayed using an amino acid 
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(a) (b) inhibitor. Source: Ref. 1, p. 109. 
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Table 1. Absorbance Changes for Some Synthetic Substrates 


Substrate ‘Acronym 2, nm de, mM Reference 
N-acetyl-t-tyrosine ethyl ester ATEE 237 +0.23 21 
215 -0.17 21 
N-benzoyl-L-arginine ethyl ester BAEE 253 +115 a1 
N-benzoyl-L-arginine-p-nitroanilide BAPA 410 +88 22 
N-benzoyl-t-tyrosine ethyl ester BTEE 254 +1.03 23 
256 +0.96 m4 
N-tosyl--Arginine ethyl ester - HCL TAME 244 +0.80 23 
247 +041 25 
3-(2-furylacryloyl)-glycyl-t-leucinamide FAGLA 345 -0.32 26 
N-carbobenzoxy-glycyl-L-phenylalanine Z-Gly-Phe 224 -10 27 
N-carbobenzoxy-1-tyrosine-p-nitrophenyl ester Z-Tyr-pNP 400 +18.8 23 


with a simple aqueous TCA solution (8). Quantitation may 
be direct (absorbance of filtrate at 275 nm) or colorimetric 
(Folin-Lowry [28], bicinchoninic acid [29], or TNBS [80]). 
An example of a casein-based assay is the following (8). To 
5 mL casein (12 mg/mL in 0.03 M phosphate buffer, pH 
7.5), add 1 mL enzyme solution and after 10 min reaction 
add 5 mL of buffered TCA. After 30 min the mixture is 
filtered and absorbance at 275 nm is measured. For Folin- 
Lowry quantitation, to 1 mL of filtrate add 1 mL alkaline 
buffer (1 M Na,COs, 0.25 M NaOH), 0.4 mL copper reagent 
(0.1% CuSO, - 5H,0, 0.2% NaK tartrate), mix, and allow 
to stand 10 min. Then add 0.75 mL diluted phenol reagent 
(Folin-Ciocalteau reagent diluted with 3 volumes H,0), 
mix, wait 10 min, and measure absorbance at 700 nm ver- 
sus an appropriate reagent blank. A plot of log absorbance 
versus log protein is linear over the range 3 to 400 ug of 
protein (eg, bovine serum albumin standard) (31). 

An assay using TNBS to measure freed amino groups 
(30) uses N,N-dimethy] casein (20) (1 mg/mL) in buffer as 
substrate. To 1 mL in reaction tube, add 0.1 mL enzyme 
solution, incubate for the desired time, and heat the tube 
briefly in boiling water to stop the reaction. Add 1 mL 0.4 
M phosphate buffer, pH 8.2 (containing 0.25% sodium do- 
decyl sulfate), 2 mL freshly made TNBS (1 mg/mL in wa- 
ter), and incubate in the dark 1 h at 60°C. Add 4 mL 0.1N 
HCI, cool to room temperature, and measure absorbance 
at 340 nm. The reagent blank contains only buffer and 
TNBS; a complete assay with zero incubation time gives 
the correction for free amino groups in substrate and en- 
zyme. 

The absorbance change during the reaction of synthetic 
substrates with enzyme is recorded on a stripchart re- 
corder, giving a continuous trace from which the initial ve- 
locity or the first-order reaction rate is obtained. Two as- 
says will be described as examples. 


1. TAME a substrate for trypsin (23). The reaction so- 
lution is 1.04 mM TAME (0.394 mg/mL) in 0.04 M 
Tris buffer, pH 8.1, 10 mM in CaCl. To 2.9 mL, add 
0.1 mL enzyme solution and record the increase in 
absorbance at 244 nm. 

2. FAGLA is a useful substrate for metalloproteases 
such as thermolysin (26). To 100 mL 0.05 M phos- 
phate buffer, pH 7.2, add 76.9 mg FAGLA to give a 
2.5 mM solution. This is well below the Ky, of ther- 


molysin for this substrate, so the reaction is kineti- 
cally first order. In the cuvette place 1.5 mL sub- 
strate, 1.4 mL buffer, and 0.1 mL enzyme, and 
measure the decrease in absorbance at 345 nm from 
0.96 (zero time) toward an infinite-time value of 0.56. 
Plot log(absorbance — 0.56) versus time; the slope di- 
vided by 2.303 gives the first-order rate for the re- 
action, which is directly proportional to the concen- 
tration of enzyme. Preferably, a simple Basic 
computer program (1) may also be used to calculate 
the first-order rate constant. 


Peptidase Assays. Carboxypeptidase is assayed by in- 
cubation with an N-acylated dipeptide, followed by mea- 
surement of the amino group freed (32). Substrate solution 
is 1 mM dipeptide (eg, 35.6 mg Z-Phe-Gly per 100 mL) in 
0.025 M phosphate buffer, pH 7.2. To 200 wL add 50 wL 
enzyme, incubate for 1 h, stop by heating in boiling water, 
and measure free amino groups by reaction with TNBS as 
described previously. Carboxypeptidase may also be as- 
sayed continuously using Z-Gly-Phe in 0.05 M Tris buffer, 
pH 7.5, following the decrease in absorbance at 224 nm 
(27). 

Aminopeptidase assays usually employ the #-naphthyl- 
amide of an amino acid. After incubation the freed f- 
naphthylamine is quantitated by diazotization (33). Sub- 
strate stock solution is 2 mM amino acid naphthylamide 
in 0.01 N HCI. Buffer is 0.025 M phosphate, pH 7.2. Color 
reagent is the diazonium salt Fast Garnet GBC (1 mg/mL) 
in 1M acetate buffer, pH 4.2, containing 10% (v/v) Tween 
20. To the assay tube, add 1.6 mL buffer, 0.2 mL substrate, 
0.2 mL enzyme, and incubate 3 h. Then add 1 mL color 
reagent, allow 5 min for color development, and read ab- 
sorbance at 525 nm. 


Carbohydrases 


Substrates. Starch, the substrate for amylases, consists 
of a linear polymer, amylose, and a highly branched poly- 
mer, amylopectin. The ratio of these two components var- 
ies in starches obtained from different plant sources. They 
may be separated by treating a solution of gelatinized 
starch with thymol (34). In certain assays for a-amylase 
the use of one or the other fraction is preferable. If the 
assay involves colorimetric quantitation of freed reducing 


groups, the blank due to reducing ends of the substrate 
chain may be removed by reduction with NABH, (5). 

Soluble cellulose substrates for cellulase are the car- 
boxymethyl, hydroxypropyl, or hydroxyethyl derivatives 
(35). These are available as commercial products but 
should be characterized before use to ensure comparability 
between lots. Insoluble complexes of dyes with starch 
(36,37) or cellulose (38) are also available; enzyme activity 
is assayed by measuring the amount of dye that is solubi- 
lized during an incubation period. 

Small synthetic substrates, usually the p-nitrophenyl- 
glycosides, are available for some glycosidases (39). Spe- 
cific oligosaccharide derivatives have been used for assays 
of a-amylase and f-amylase (40,41). 


Amylase Assays. For a-amylase (5), use 1 mL of a 1% 
solution of reduced starch in 0.02 M acetate buffer, 
pH 4.7, containing 1 mM CaCl,. Add 1 mL enzyme solu- 
tion, incubate for the time desired, then add 4 mL each of 
Reagent A and Reagent B of the neocuproine system (42). 
Heat in boiling water 12 min, make up to 25 mL, and read 
absorbance at 450 nm. Reagent A: in 600 mL water, dis- 
solve 40 g anhydrous Na,CO;, 10 g glycine, and 0.45 g 
CuSO, - 5H,0. Make up to 1 L. Reagent B: dissolve 0.12 g 
neocuproine (2,9-dimethyl-1,10-phenanthroline-HCl) in 
100 mL water. Store in a brown bottle. 

Amylopectin forms a complex with I, which absorbs at 
570 nm. As it is hydrolyzed by a-amylase the color de- 
creases, the basis for a fixed end-point assay frequently 
used in cereals-related industries (43). A continuous assay 
based on this phenomenon is the following (44). Suspend 
1g soluble starch in 10 mL water, then slowly add this to 
50 mL boiling water. Boil gently for 2 min, cool, and make 
up to 100 mL volume. To 2.5 mL buffered iodine solution 
(82 mg Ig, 880 mg KI, and 23.4 mg NaCl in 100 mL of 0.01 
M phosphate buffer, pH 7.0), add 10 uL enzyme followed 
by 10 uL starch. Record the decrease in absorbance at 570 
nm. This assay was developed for pancreatic a-amylase; 
for cereal a-amylases, the buffer system would be 0.02 M 
acetate, pH 4.7, 1 mM in CaClo. 

a-Amylase is an endo glycosidase, hydrolyzing internal 
bonds in @-1,4 linked glucose polymers (40). A colorimetric 
assay using a blocked substrate takes advantage of this 
fact. The substrate is maltoheptaose, with a p-nitrophenyl 
group attached to the reducing end and a blocking agent 
(45) at the nonreducing end. a-Amylase cleaves this mol- 
ecule in the middle. The assay mixture also contains glu- 
coamylase and a-glucosidase, which combine to hydrolyze 
the short maltose (or maltotriose) derivative, freeing the 
chromogen, p-nitrophenol. The reaction is stopped by the 
addition of Tris buffer at pH 10, and the absorbance due 
to ionized p-nitrophenol is read at 410 nm. 

B-Amylase hydrolyzes soluble starch to yield maltose, 
which is quantitated by colorimetric reaction with DNS 
(dinitrosalicylic acid) reagent (46). A 1% soluble starch so- 
lution is prepared as already described, except that 10 mL 
0.16 M acetate buffer, pH 4.8, is added before adjusting to 
100 mL total volume. Mix 0.5 mL substrate with 0.5 mL 
enzyme solution, incubate at 25°C for 3 min, then add 1 
mL DNS reagent (50). Heat in boiling water 5 min, cool, 
add 10 mL water, and read absorbance at 540 nm. DNS 
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reagent: in 500 mL water dissolve 10 g NAOH, 10 g 3,5- 
dinitrosalicylic acid, 2 g phenol, 0.5 g NagSOz, and 200 g 
Nak tartrate, then make up to 1 L volume. 

A chromogenic substrate, p-nitrophenyl maltopentaose, 
is used to assay this enzyme (41). f-Amylase removes two 
maltose units from the substrate, and a-glucosidase in the 
assay mixture then frees the chro:nogen. The reaction is 
stopped with alkaline buffer, and absorbance is read at 410 
nm. 


Cellulase Assays. Cellulase activity may be monitored 
using the DNS reagent (47). Dissolve 11.4 g CMC (carboxy- 
methylcellulose) in 700 mL water with stirring, then add 
7 g citric acid monohydrate, 19.6 g sodium citrate dihy- 
drate, 0.1 g merthiolate, and 0.1 g glucose and make up to 
1 L. To 1 mL substrate, add 1 mL enzyme solution, incu- 
bate 20 min at 50°C, add 3 mL DNS reagent, heat 15 min 
in boiling water, cool, and read absorbance at 540 nm. Cel- 
lulase activity may also be assayed by following the de- 
crease in viscosity of a solution of CMC during incubation 
with enzyme (48,49). This requires a great deal of care and 
preparation and will not be discussed here. 


Glycosidase. As an example of assays using nitrophenyl 
glycosides, that for f-galactosidase is given (50). In the re- 
action tube, combine 50 L 0.1 M citrate buffer, pH 4.3, 50 
uL 0.4% bovine serum albumin in water, 50 »«L 20 mM 
pNP-f-galactoside in water, and 50 uL enzyme solution. 
After 30 min at 37°C, add 2 mL 0.25 M glycine, pH 10, and 
read the absorbance at 410 nm. 


Xylanase. Interest has been growing recently in the use 
of xylanases in the food and feed industries. Xylans are 
pentose polymers, present primarily in cell walls of plants 
(an older name for them, based on this origin, is hemicel- 
lulose). Both soluble and insoluble types are found. The 
substrate for xylanases is usually derived either from a 
cereal grain (rye is the most abundant source) or wood 
(beech or larch gums). Assays may involve reducing-sugar 
techniques, viscometry, or chromogenic substrates (51). 
The chromogenic substrates are available in both soluble 
and insoluble (cross-linked) versions. 

Xylanases, like amylases, may have either endo or exo 
specificities (similar to a- and f-amylases). Recently the 
two types have been separated and shown to have different 
kinds of improving actions in baked foods. Unfortunately, 
the specific assays that differentiate them have not been 
published. Using a soluble xylan as substrate, the endo- 
xylanase would show a rapid decrease in solution viscosity 
with a relatively slow increase in reducing groups, while 
the exo-xylanase would display the opposite behavior. 
The comparison of results from a viscometric assay and a 
reducing-sugar assay would readily differentiate the two 
types. 


Ester Hydrolases 


Lipase. Lipase acts on esters at the interface between 
water and oil (52); the substrate is a liquid vegetable oil 
(olive oil, soy oil) purified by percolation over a column of 
activated alumina or silica gel. It is emulsified with the 
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help of vegetable gum or bile salt. The release of fatty acid 
is monitored by addition of base to keep the pH constant 
(continuous titrimetry, or pH stat, method) or by extraction 
and colorimetric measurement of the copper soap (53). For 
the latter assay, make substrate emulsion by adding 2 mL 
vegetable oil solution (1% in absolute EtOH) to 100 mL 
0.025 M Tris buffer, pH 8.8, containing 0.6% sodium de- 
oxycholate. To 5 mL substrate, add 0.1 mL enzyme, incu- 
bate 5 min, add 1 mL 1 N HCI and 10 mL isooctane, shake, 
and allow phase separation. To 5 mL of the upper (organic 
solvent) layer, add 1 mL copper reagent (5% cupric acetate 
in water, pH adjusted to 6.1 with pyridine), shake vigor- 
ously for 90 s, and allow the phases to separate. Read the 
absorbance at 715 nm of the upper phase. 


Esterase. The best assay for esterase activity is the pH 
stat method. The substrate in water or salt solution is ad- 
justed to the desired pH, enzyme is added, and base is con- 
tinually added to keep the pH constant. The plot of base 
consumption versus time gives the rate of the reaction. For 
a spectrophotometric assay the system is lightly buffered 
at the desired pH, an indicator dye is included, and the 
change in absorption is measured. An assay for pectin 
methylesterase (54) uses 0.5% citrus pectin in water ad- 
justed to pH 7.5, an indicator/buffer system of 0.01% brom- 
thymol blue in 3 mM phosphate buffer, pH 7.5, and enzyme 
in the same buffer. To 2 mL of pectin solution, add 0.15 mL 
indicator/buffer and 0.83 mL water. Record absorbance at 
620 nm briefly to establish a baseline, then add 20 uL en- 
zyme and record the rate of absorbance change due to es- 
teratic action. The system (without enzyme) is titrated 
with galacturonic acid to establish the correspondence be- 
tween absorbance change and acid concentration. 


Phosphatase. Phosphatase activity is monitored by col- 
orimetric quantitation of P; (inorganic phosphate) formed 
(55). An example is the assay for acid phosphatase using 
glucose-6-phosphate (G-6-P) (56). Substrate is 0.2 M ma- 
leate buffer, pH 6.7, containing 60 mM G-6-P, 8 mM KF, 
and 8 mM EDTA. To 1 mL, add 1 mL enzyme extract, in- 
cubate 20 min at 37°C, and add 1 mL cold 10% TCA to 
stop. To 1 mL, add 2 mL P; reagent, hold 20 min at 45°C, 
and read absorbance at 820 nm. Reagent A: 10% (w/v) 
ascorbic acid in water. Reagent B: 4.2 g ammonium molyb- 
date tetrahydrate in 1 L 1 N H,SO,. P; reagent: 1 part A 
plus 6 parts B, made fresh daily, and kept in an ice bath 
until used. 


Oxidases 


Polyphenoloxidase. Polyphenoloxidase enzymes (eg, ty- 
rosinase) catalyze two reactions: (1) oxygenation of a 
phenol to o-diphenol (cresolase) and (2) oxidation of a di- 
phenol to o-quinone (catecholase). Substrates commonly 
used for assays are p-cresol (4-methylphenol), L-tyrosine 
(4-hydroxy phenylalanine), and p-coumaric acid (4- 
hydroxycinnamic acid). The corresponding diphenols are 4- 
methylcatechol, L-Dopa, and caffeic acid. Rates are moni- 
tored by absorbance changes at specific wavelengths as 
oxygenation or oxidation occurs. An assay system that dif- 
ferentiates the two kinds of activities is the following (57). 


For cresolase activity, mix 1.5 mL 0.05 M acetate, pH 4.8, 
0.4 mL 1 mM p-cresol, 0.1 mL 1 mM 4-methyleatechol and 
10 wL enzyme. Record increase in absorbance at 291 nm. 
The change is due only to oxygenation; oxidation of di- 
phenol to quinone produces no absorbance change at 291 
nm. For catecholase activity, mix 1.6 mL buffer, 0.4 mL 1 
mM 4-methyleatechol, and 10 «L enzyme, recording the 
decrease in absorbance at 280 nm. 


Lipoxygenase. Native lipoxygenase requires activation 
by hydroperoxydecadienoic acid, the product of its reaction 
with linoleic acid and oxygen; there is a lag period in the 
reaction if enzyme is simply mixed with a solution of sub- 
strate (58). The delay is removed by including a small 
amount of product in the stock substrate solution (168 mg 
linoleic acid and 14 mg hydroperoxylinoleic acid in 100 mL 
ethanol) (59). For assay, to 2.9 mL 0.2 M borate buffer, pH 
9.0, add 50 uL substrate stock, followed by 50 uL enzyme 
solution. Mix and record the increase in absorbance at 235 
nm. 


Ascorbic Acid Oxidase (AAO). A simple spectrophoto- 
metric assay for AAO is based on the loss of absorbance at. 
265 nm when ascorbate is oxidized to dehydroascorbate 
(60,61). To 2.8 mL buffer (0.025 M citrate, 0.05 M phos- 
phate, pH 5.6), add 100 uL substrate solution (0.05% as- 
corbate, 1% NA2EDTA, neutralized), 50 uL 1% bovine se- 
rum albumin solution, and finally 50 1L enzyme solution. 
Record the rate of disappearance of absorbance at 265 nm. 


Catalase, Peroxidase. For peroxidase, the reaction mix- 
ture is 0.01 M phosphate, pH 7.0, containing 25 mg/L H,0. 
and 2.5 g/L pyrogallol (62). After adding enzyme, record 
the increase at 430 nm due to the formation of purpuro- 
gallin. The reaction of catalase with H,O,j is a first-order 
reaction (63). Hydrogen peroxide has a broad absorption 
band in the far ultraviolet; molar absorbance is 120 at 200 
nm and 30 at 250 nm. To 2 mL assay solution (0.05 M 
phosphate, pH 7.0, containing 2 g/L H,O,), add 1 mL di- 
luted catalase solution and record the ultraviolet absorb- 
ance. Plot log absorbance versus time; the slope divided by 
2.303 equals the first-order rate constant, which is directly 
proportional to the amount of catalase in the assay (or use 
a computer program to calculate the rate constant). 


Other Enzymes 


Lysozyme. Hydrolysis of bacterial cell walls by lyso- 
zyme causes the cells to lyse; a turbid suspension of cells 
will slowly clear. The turbidimetric assay (64) uses a sus- 
pension of Micrococcus lysodeikticus (0.5 g/L) in 0.06 M 
phosphate, pH 6.2. To 1.5 mL, add 0.5 mL 0.3 M NaCl and 
1mLenzyme, place the cuvette in a colorimeter, and record 
% transmittance (not absorbance) at 540 nm. A plot of %T 
versus time is linear from about 10 to 40%, and the rate 
%T/min is proportional to enzyme in the range of 0 to 
10 ug. 
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ENZYMES IN FOOD PRODUCTION 


The use of enzymes in the formulation and processing of 
food products is frequently thought of in terms of the ad- 
dition of commercially available enzymes from an indus- 
trial source, that is, using enzymes as additives from an 
external or exogenous source. However, it should be rec- 
ognized that virtually all food materials are, or were, living 
organisms and, as such, may contain a number of enzymes 
normally utilized in the metabolic pathways of the organ- 


ism. These endogenous enzymes can play important roles 
in food processing. In some cases these enzymes provide 
an improving function, whereas in others their effects can 
be deleterious either to the processing itself and/or to the 
final product characteristics. This article will provide a 
background describing endogenous enzymes from a num- 
ber of food sources and briefly describe how these enzymes 
may influence processing of the food material. 


GENERAL 


The amount and type of endogenous enzyme present in the 
fruit of a plant, whether a cereal grain seed or a fruit such 
as an apple or orange, depends, to a large extent, on the 
maturation stage of the plant. As a seed or fruit ripens, its 
enzyme content changes. As ripening proceeds, more hy- 
drolytic enzymes are produced. In the case of a cereal 
grain, these enzymes begin the process of breaking down 
carbohydrate and protein stored in the seed in order to 
provide energy and amino acids necessary for the synthesis 
of new plant parts. While necessary for plant growth, these 
enzymes can have quite detrimental effects when flour 
from germinated wheat kernels is used in the production 
of foods, particularly in baked goods. 

In ripening fruits, analogous enzymes begin a similar 
process of cellular breakdown that leads to characteristic 
loss of firmness normally associated with overripe, less de- 
sirable produce. The freshness of fruits and vegetables is 
often judged by the color and texture of the produce such 
as, for example, the bright green color and firm texture of 
fresh peas, beans, or peppers. When many products such 
as these ripen, their color changes to red, orange, yellow, 
brown, or even black. This is due, to a large degree, to 
endogenous enzymes, some of which degrade the green 
chlorophyll, thus changing the color of the product. Other 
enzymes such as lipoxygenase attack triglycerides forming 
free radicals and hydroperoxides. These free radicals can 
also lead to loss of green color due to oxidative degradation 
of chlorophyll and also changes in reds and orange colors 
due to reactions with carotenoid compounds. Oxidative re- 
actions from these compounds can also lead to nutritional 
damage in the food product through detrimental action on 
vitamins as well as some proteins. Other color changes are 
also found to result from enzymatic browning reactions in- 
volving polyphenol oxidase (see “Browning Reactions— 
Color and Flavor”) (1). 

Texture is also affected by endogenous enzymes that hy- 
drolyze cellular material, most of which is composed of 
various forms of carbohydrate material. Most commonly 
found in plants, these include cellulose, hemicellulose, 
starch, pectic material, and lignin. These carbohydrates 
are involved in cell structure of most plants and are re- 
sponsible for the firm texture in young, preripe fruits and 
vegetables. 

Meat color is also influenced by endogenous enzymes 
involved in oxidation—reduction reactions that alter the ox- 
idation state of several forms of myoglobin as well as the 
amount of available oxygen. Changes in the oxidation state 
of oxymyoglobin and deoxymyoglobin can lead to produc- 
tion of metmyoglobin, which is responsible for the brown 
coloration in meat (1). 


BAKED GOODS 


Although a number of cereal grains may be used in the 
production of baked goods, the primary source for such 
products is wheat. Wheat is utilized in the production of 
baked goods such as breads, cakes, rolls, and pastries. The 
enzymes of greatest interest for this discussion will be 
those involved in protein and carbohydrate metabolism, 
specifically, the amylases, pentosanases, and proteases. 
Amylases are starch-degrading enzymes that act on the 
linkages between the glucose monomers making up the 
starch polymer. In starch, these linkages are either a-1,4 
or a-1,6 glucosidic bonds connecting adjacent glucose res- 
idues. f-Amylase (EC 3.22.1.2) is an exo-type hydrolase 
that is able to hydrolyze only the penultimate a-1,4 bond, 
each cleavage producing a molecule of maltose. a-Amylase 
(EC 3.2.1.1) is an endo-type hydrolase that, while specific 
for the a-1,4 glucosidic bond, is capable of hydrolyzing such 
bonds anywhere along the internal portion of the glucose 
chain, producing small amounts of glucose as well as many 
different glucose oligomers. The difference between the 
two enzymes is important because they have different ef- 
fects on the rheology of a starch system. f-Amylase has 
relatively little effect on the molecular weight of the starch 
molecule because it removes only one maltose at a time 
from starch molecules having molecular weights as large 
as several million. a-Amylase, however, can drastically al- 
ter the molecular weight because it can hydrolyze any- 
where along the chain. That is, it can hydrolyze an internal 
a-1,4 glucosidic bond about in the middle of the glucose 
chain and immediately reduce the molecular weight by 
half. This action can greatly affect (decrease) the viscosity 
of the starch system. 

Under ideal harvest conditions, wheat is in a dormant 
storage stage and contains comparatively few active en- 
zymes. There may be significant amounts of f-amylase, but 
a-amylase levels are quite low. Thus, the amount of poten- 
tially detrimental endogenous starch-degrading enzyme in 
the sound wheat kernel is low. However, it is not unusual, 
particularly in the Pacific Northwest, that harvest condi- 
tions are not ideal. The most serious consequence from the 
standpoint of enzyme content is when harvest is preceded 
by humid, rainy conditions. In this environment, the seed 
breaks its dormancy and begins to grow. This phenomenon 
is commonly referred to as “sprouting” in the grain indus- 
try. This growth requires that the stored carbohydrate and 
protein be utilized for energy and synthesis of new plant 
parts. Thus, enzymes such as those which hydrolyze car- 
bohydrate and protein material are synthesized and act on 
the stored material in the plant seed. It is the plant seed 
that is then processed into a food material such as wheat 
flour. 

Whether the endogenous enzymes are a factor in util- 
izing the food material depends on a number of factors. 
First, how extensive was the sprouting? It may range from 
slight, in which case little enzyme was synthesized, to ex- 
tensive, in which case a large amount of carbohydrase and 
proteinase enzymes have probably been formed. Second, 
what are the processing conditions for the manufacture of 
the food material? In general, high-moisture products such 
as breads will be much more susceptible to the action of 
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these hydrolytic enzymes than will low-moisture products 
such as crackers. In bread processing, the dough may con- 
tain approximately 35 to 40% moisture, and the final 
baked product retains much of that moisture. Since pro- 
cessing involves a lengthy proofing period as well as the 
bake time, the presence of such high levels of water (most 
with a water activity [a,,] of 0.95—-0.98) may lead to exten- 
sive hydrolysis if significant levels of endogenous enzymes 
are present. 

In the dough stage, only that portion of the starch (both 
amylose and amylopectin) that is physically damaged in 
the milling process is susceptible to amylolytic attack, De- 
pending on the type of wheat, the amount of starch damage 
may vary from about 3 to 8%. The amylase enzymes can 
attack the damaged starch and will release some water 
that was associated with the starch; however, the effect on 
the dough consistency will be relatively minor. However, 
the starch will gelatinize during the baking process as the 
internal temperature of the loaf reaches about 60 to 65°C 
(104°F), Both amylase enzymes may then rapidly degrade 
the gelatinized starch. However, it should be noted that 
endogenous amylase enzymes are relatively unstable 
above 65°C, and so are less effective as the temperature 
increases. The overall effect of the starch-degrading en- 
zymes will depend on the amount of endogenous enzyme 
present and how long it has to act on the gelatinized starch. 

It was thought for many years that e-amylase was the 
enzyme from sprouted wheat that was most responsible for 
the detrimental effects observed during baking of high- 
moisture bread products, but this is not the case. The most 
damaging of the hydrolytic enzymes in such a process are 
the proteases. Sprouted wheat contains proteolytic en- 
zymes that can act on the protein fraction throughout the 
dough stage and into the baking stage. The result of ex- 
cessive hydrolysis by proteolytic enzymes is a loss of gluten 
structure. This is manifest as a slack dough that has lost 
the viscoelasticity characteristic of a well-developed wheat. 
flour dough. The finished product will have poor volume 
and texture characteristics. If hydrolysis proceeds to an 
extreme, all gluten structure may be lost, resulting in a 
very sticky, slack semiliquid. Some effects of these enzymes 
may be observed even when the degree of sprouting is rela- 
tively low. An assay for this type of enzyme would serve as 
a good diagnostic indicator of the quality of the flour used 
in an industrial food process. 

In low-moisture baked products such as crackers where 
the final moisture content of the product is only about 3%, 
endogenous enzymes usually have less potential for det- 
rimental effects. Because the processing conditions require 
less time compared with breads, and water bakeout in the 
oven during baking is more rapid, starch-degrading en- 
zymes usually have relatively little effect. The rapid loss 
of water in the initial stage of baking leads to more rapid 
increases in the temperature of the dough piece, thus tend- 
ing to inactivate the enzymes faster. In addition, because 
the available water is driven off rapidly, the starch gelat- 
inization temperature increases such that relatively little 
starch is gelatinized in most cracker products. Thus, the 
amylolytic enzymes have much less of an opportunity to 
hydrolyze the starch in its most susceptible condition. Pro- 
teolytic enzymes may have an effect even in low-moisture 
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products, but this will depend on proof time (long or short), 
since they will normally be rapidly inactivated in the bak- 
ing process. 

Unsprouted wheat flour also contains endogenous pro- 
tease enzyme(s). These enzymes are activated only at rela- 
tively low pH (<4.0) and so are not normally active in most 
baked product processes. However, processing of fer- 
mented products such as soda crackers utilize long periods 
during which lactobacilli-based fermentation leads to low 
pH in the sponge stage. These low-pH endogenous prote- 
ases can be an important processing factor under these 
conditions, softening the dough and helping to “mellow” 
the final cracker dough-handling characteristics. Many 
chemically leavened cracker doughs have relatively basic 
PH values, so the endogenous low-pH proteases will not be 
activated. 

Lipoxygenase enzymes in cereals, especially soybeans 
and wheat, may have significant consequences, both good 
and adverse. The desirable effect is that of bleaching the 
carotenoid pigments, resulting in whiter products made 
from the flour. This is a desirable attribute in products 
such as white bread and rolls. The amount of the lipoxy- 
genase enzymes is greater in soy compared with wheat; 
thus, wheat flour may be supplemented with soy flour to 
achieve the bleaching effect. The downside to this activity 
is that too much lipoxygenase activity may lead to oxida- 
tion of native flour lipids, producing an undesirable rancid 
flavor/aroma characteristic. The type I lipoxygenase en- 
zyme acts only on free fatty acids while type II lipoxygen- 
ase can act on triglycerides as well. 

The pentosan fraction of the flour is an important func- 
tional participant in the formation of the dough. Though 
normally only about 2 to 3% of the flour, it is capable of 
absorbing up to 25% of the moisture in the dough. Hydro- 
lysis of the pentosan fraction would have a significant ef- 
fect on dough viscosity. However, at present, while pento- 
sanase activity has been detected in germinated wheat, the 
levels appear to be quite low and of relatively little prac- 
tical significance in terms of processing effects. Exogenous 
pentosanases, available commercially, may be used to 
greatly alter dough viscosity by destroying the water- 
holding capacity of the pentosan network. 

Flour may also be used in nonbaking applications. For 
example, flour is often added to soup as a thickening agent. 
Endogenous enzymes, which may be present in that flour, 
are normally inactivated during the retorting step in the 
manufacture of the soup. If the flour is sound (unsprouted) 
containing relatively low levels of hydrolytic enzymes, the 
enzymes have little effect prior to retorting, and the de- 
sired thickening effect is maintained in the canned soup 
for long periods. However, if a sprouted wheat flour is used 
in this application, the endogenous enzymes can, prior to 
retorting, hydrolyze both starch and protein components, 
producing a thin, watery soup consistency. 


FRESH FRUITS AND VEGETABLES 


As mentioned in the “General” section, most plants contain 
various forms of carbohydrate, either as part of their cel- 
lular structure or as components of their “flesh.” These in- 


clude starch, cellulose, hemicellulose, pectins, and lignins. 
Several endogenous pectin-degrading enzymes contribute 
to the softening of many fruits and vegetables. Pectin 
methylesterase (EC 3.1.1.11) hydrolyzes the methyl ester 
from the methylated galactose units of pectin to form pectic 
acid and methanol. In the presence of sufficient calcium 
ion (Ca*?) a complex is formed that can actually lead to an 
increase in firming of the plant tissue. However, this re- 
action can also lead to some problems in the fruit juice 
industry (see “Fruit juices”). Another enzyme, polygalac- 
turanase, splits the a-1,4 glycosidic bond between adjacent 
galacturonosy] units. There are actually several forms of 
this enzyme, an endo-acting form (EC 3.2.1.15) and two 
exo-acting forms, EC 3.2.1.67 and EC 3.2.1.82 (2), which 
release D-galacturonic acid. These enzymes lead to exten- 
sive degradation of the substrate carbohydrate, leading to 
significant loss of structural integrity and a concomitant 
loss of firmness in the product. There is also a pectate lyase 
(EC 4.2.2.10) found, so far, only in microorganisms, which 
also splits the galacturonosyl chain at the a-1,4 glycosidic 
linkage leading to a loss of structural integrity. Although 
not strictly an enzyme endogenous to the plant, the micro- 
organisms containing the enzyme may often be found to be 
present, thereby affecting the processing conditions in the 
absence of added commercial enzymes. 

Another common plant cell wall constituent is cellulose. 
Cellulases (EC 3.2.1.4) are found in many plants, primarily 
in trees, but also in fruits and vegetables. This enzyme acts 
on the f-1,4 glucosidic bonds found in cellulose. Though 
cellulose is closely related to starch in being a polymer of 
glucose monomers, amylase enzymes cannot hydrolyze cel- 
lulose, and cellulases have no effect on starch, This is due 
to the different geometry of the f-1,4 bond in cellulose as 
compared with the a-1,4 bond found in starch. The loss of 
firmness attributable to the enzyme found in fruits and 
vegetables is still unconfirmed, but cellulases of microbial 
origin, often found with the plant, are known to be effective 
at hydrolyzing plant cellulose. 

Pentosans, sometimes referred to as hemicellulose, are 
polymers of xylose, arabinose, or both. Generally the ma- 
terial is an arabinoxylan with f-1,4 linkages between the 
backbone xylose units. These polymers are commonly 
found in higher plants and are particularly important in 
cereal products because the pentosan polymer is capable 
of absorbing very large amounts of water, thus affecting 
formulations. There seems to be relatively little endoge- 
nous pentosanase enzyme active in cereals. 


BEVERAGES 


Alcoholic 


Beer is a virtually universal libation of quite ancient ori- 
gin. The methods used today are cleaner and more effi- 
cient, but the fundamental approach remains similar to 
that developed thousands of years ago. By accident or de- 
sign, brewing beer represents one of the first systematic 
uses of enzyme technology in the production of a food prod- 
uct. 
The basic goal of brewing is to convert carbohydrate to 
alcohol and protein to peptides and amino acids. Most of- 


ten, the source of these substrates is the seed of the barley 
plant, though other seeds are also used. In many areas of 
Africa, for example, grain sorghum seed is utilized in the 
brewing process. As described for wheat kernels, these 
seeds also store energy as starch and amino acids as pro- 
teins. The first step in the brewing process involves “malt- 
ing” of the barley seed. This is a process of controlled ger- 
mination resulting in the synthesis of hydrolytic enzymes. 
The barley kernels are steeped in water under controlled 
temperature to a moisture content of about 45% and then 
allowed to germinate, usually on large floor areas where 
good aeration is maintained by turning and mixing the 
grain. After a suitable period at controlled temperature 
(about 15-20°C) the germinated grain is dried at 35 to 
40°C for about 12 hours and subsequently ground to a 
course powder (3). This material then contains much in- 
creased levels of hydrolytic enzymes, primarily amylase 
and protease activity, which are essential to the brewing 
process. 

As described previously in the baking section, the am- 
ylase enzymes (both alpha and beta) hydrolyze starch- 
producing sugars (maltose and glucose) and some oligosac- 
charides. With the addition of yeast (normally a strain of 
Saccharomyces) in a process known as “pitching,” the glu- 
cose is converted to alcohol and CO, according to the well- 
known equation: 


C6Hi20, > 2CO, + 2CH;CH,OH 


Yeast utilizes a maltase enzyme to convert the maltose to 
glucose. Thus, this step in the brewing process is facili- 
tated through the action of endogenous enzymes from both 
the barley seed as well as a series of enzymatic steps util- 
izing enzymes endogenous to the yeast. 

The same basic process of converting carbohydrate to 
alcohol is utilized in the production of distilled spirits. 
Such products have an ethanol content of about 20% and 
higher (beer having about 3-6% and wine having about 
10-15% alcohol). While the variety of such alcoholic bev- 
erages is quite large, those derived from cereals will be the 
focus of this discussion. Many different cereal grains, in- 
cluding wheat, rye, barley, corn, and others, are used in 
the production of alcohol spirits. The source grains are 
ground, mixed with water, and heated to affect the gelat- 
inization of the starch. The conversion of the starch to 
sugar is then accomplished by the addition of a malt con- 
taining high levels of saccharifying enzymes (a- and p- 
amylase). The “mash” is mixed and stirred under con- 
trolled conditions producing high levels of fermentable 
maltose and glucose. The mash is heated to inactivate the 
enzymes, cooled and fermented. This mixture is then dis- 
tilled to produce the elevated alcohol content characteristic 
of such beverages. Again it is the use of the endogenous 
malt enzymes that are central to the production of these 
products. 


Fruit Juices 


Fruit juices are another category of beverage in which en- 
dogenous enzymes may play a role in the production pro- 
cess. Unlike cereals, the polysaccharides of fruits are pri- 
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marily cellulose, hemicellulose, and pectic material. These 
compounds tend to cause a number of production prob- 
lems, most of which are addressed by the addition of ex- 
ogenous enzymes. This is the usual approach because most. 
fruits intended for human consumption are harvested 
prior to achieving biological ripeness in order to maintain 
the characteristics (color and firmness) desired by the con- 
sumer. The native enzymes, which would be expressed 
with advanced ripening, are not available. Thus, the prob- 
lems of clouding and poor filtration associated with the 
presence of pectic material and cellulose and hemicellu- 
losic compounds are normally treated with microbially de- 
rived enzymes added as processing aids. 

One interesting problem, normally characteristic of or- 
ange juice, is the loss of cloud stability in the juice. Orange 
juice is normally produced by pressing the juice from the 
fruit. Rather than being clear, the juice is meant to be an 
opaque liquid. The insoluble material that accompanies 
the juice as the fruit is pressed contributes desirable color, 
opaqueness, and flavor characteristics. Loss of this cloud- 
iness is associated with the action of an endogenous en- 
zyme, a pectin methylesterase (EC 3.1.1.11), which de- 
esterifles the pectin to pectic acid. The ionized pectic acid 
is then able to form a complex with normally present cal- 
cium ions (Ca*?), which results in a gel-like complex. This 
complex will precipitate over time as an undesirable layer 
of sediment leaving a clarified juice above it. There are 
several approaches to preventing this troublesome condi- 
tion. One involves the heating of the juice to a temperature 
sufficient to inactivate the offending pectin methylester- 
ase. This approach, however, has a deleterious effect on the 
flavor components of the juice and thus represents an ap- 
proach of last resort. A more common and less detrimental 
solution is the addition of an exogenous polygalacturonase 
(EC 3.2.1.15), which depolymerizes the pectic acid prior to 
significant formation of the calcium complex (2). 

Although the formation of this calcium-pectic acid com- 
plex presents problems for the orange juice industry, it can 
be used to advantage in other circumstances. For example, 
many vegetables tend to lose their firmness after harvest, 
particularly after canning. The addition of calcium chloride 
to canned tomatoes results in firming of the fruit. The firm- 
ing has been attributed to the formation of the calcium~ 
pectic acid complex. This phenomenon has been used to 
achieve desirable firming in many vegetables as well, in- 
cluding potatoes, peppers, and beans. 


DAIRY FOODS 


Cheeses are derived from the milk of cows, goats, and other 
ruminant animals. The textural characteristics of cheeses 
are determined, to a large extent, by the methods of curd 
manufacturing, but the flavors and aromas of cheeses are 
developed primarily in the ripening process. Cheese rip- 
ening is an enzymatic process involving enzymes endoge- 
nous to the milk, to the ruminants from which the milk is 
taken, and to microorganisms that are an essential part of 
the cheese-making process. 

Milk protein is composed primarily from a set of pro- 
teins collectively called casein. These proteins form an as- 
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sociation in milk to form micelles that remain suspended. 
These suspended micelles, along with fat globules and cal- 
cium phosphate, give milk its characteristic opaque white 
color. The first step in making cheese is the formation of a 
curd. Usually, the curd results from treatment of whole 
milk with acid or with enzyme to precipitate the casein 
fractions. Traditionally, this curd formation was accom- 
plished using rennin (EC 3.4.23.4), an enzyme from the 
stomach of ruminants. The enzyme has a restricted spec- 
ificity such that the hydrolysis proceeds to the extent nec- 
essary to precipitate the milk protein without causing ex- 
tensive further protein hydrolysis. A commercially 
available substitute for rennin derived from microorgan- 
isms is called rennet. Other commercially available pro- 
teases may be used, but many cause too much hydrolysis, 
resulting in the formation of “bitter peptides” that contrib- 
ute undesirable flavor characteristics. Protease treatment 
accomplishes the concentration of the milk protein into a 
dense curd, but it also initiates reactions that contribute 
to flavor development. This flavor development is en- 
hanced by protease enzymes from the milk itself, primarily 
plasmin (EC 3.4.21.7), as well as enzymes endogenous to 
microorganisms used in the cheese process. These micro- 
organisms may be bacterial and/or fungal depending on 
the specific cheese. 

A number of processes occur during ripening, all en- 
zyme mediated, which contribute to textural and flavor 
characteristics. They can be described by three categories 
of enzymatic activity. A more detailed description of each 
of these stages may be found in Reference 4. First, proba- 
bly the most important enzymatic process involves prote- 
olysis of the milk protein by rennin, plasmin, and micro- 
organism-derived enzymes. Proteolysis results in the 
formation of peptides, amino acids, thiols, and other com- 
pounds, all of which contribute significantly to the flavor 
of the cheese. 

A second lipolytic enzymatic process also contributes to 
the essence of cheeses. Although some lipolysis may lead 
to a perceived rancidity in some cheeses, the free fatty ac- 
ids released by lipase (EC 3.1.1.3) activity do influence fla- 
vor positively as well. For the most part, the lipases in- 
volved are endogenous to microorganisms, although there 
is some evidence for participation of milk lipases as well. 
Esterases (EC 3.1.1.1) are also thought to contribute to the 
process by hydrolyzing mono- and diglycerides to ester 
compounds that are known to provide various flavor and 
aroma attributes. 

A third process involves glycolysis, in which the lactose 
in milk is enzymatically converted to lactic and other acids 
through microorganism metabolism. The acids contribute 
significantly to the character of the cheese. In modern 
cheese making, these enzymatic reactions are accelerated 
by the addition of exogenous esterases and lipases to pro- 
duce stronger flavors in a shorter period of time while pro- 
viding addition control over the process. 


ENDOGENOUS ENZYMES AS PROCESSING INDICATORS 


Enzymes present in food materials may be used as di- 
agnostic indicators of processing steps that would be dif- 


ficult to assess otherwise. The following are several ex- 
amples of the use of endogenous enzymes as indicators 
of the effectiveness of a processing step, often involving 
heat treatments to inactivate organisms or enzyme ac- 
tivity. 


Pasteurization of Milk 


The purpose of pasteurization is to destroy potentially 
harmful microorganisms in the milk through a process of 
rapid heating to about 85°C for a very short time (several 
seconds). It is sometimes difficult to determine whether 
the processing has effectively eliminated the targeted mi- 
croorganisms. One way to assess the effectiveness of the 
treatment is to test the viability of the organisms. This, 
however, is a lengthy process not well suited for remedial 
heating. It happens that endogenous milk alkaline phos- 
phatase (EC 3.1.3.1) is heat inactivated in a temperature 
range similar to that required to destroy the potentially 
harmful organisms. Thus, a simple colorimetric test (5) for 
alkaline phosphatase can quickly indicate whether the 
temperature of the milk has been raised sufficiently to in- 
activate the enzyme and, by inference, the microorgan- 
isms. 


Blanching of Vegetables 


Vegetables are often placed in boiling water to inactivate 
certain hydrolytic enzymes that would otherwise cause 
detrimental effects in terms of flavor and/or texture. Al- 
though certainly less a problem in the home, the proper 
degree of heating required to inactivate these enzymes, 
while not adversely affecting texture is critical to indus- 
tries involved in the longer-term storage of such products 
in cans or bottles. Inadequate blanching in this case can 
result in seriously degraded product by the time the con- 
sumer opens the container for consumption of the product. 
Thus, it is important to know when a sufficient amount of 
heating has been achieved. A convenient way to assess the 
blanching process is to look at the activity of endogenous 
peroxidase (EC 1.11.1.7). While complete inactivation of 
peroxidase is not desirable, the proper degree of blanching 
is achieved when about 5 to 10% of the peroxidase activity 
remains. The assay method usually utilized for this test 
involves the use of gulacol and is based on the colorimetric 
determination of the enzymatic product tetragulacol (6). 
This methodology has been used to assess the degree of 
blanching in products such as peas, corn, beans, and other 
vegetables. 


Oat Rancidity 


Oats contain lipolytic enzymes, the action of which can 
lead rapidly to rancidity. In this case, as discussed for vege- 
tables, heat inactivation of those lipolytic enzymes is often 
used to extend the shelf life of oats and products formu- 
lated with oats. Since the assay of the lipolytic enzymes is 
problematic, endogenous oat peroxidase activity serves as 
a more convenient indicator of sufficient thermal inacti- 
vation of the lipolytic enzymes. 


Soybean Treatment 


Soybeans are very high in protein and are therefore used 
to supplement other foodstuffs that are lower in protein 
quantity as well as quality. However, soybean meal is usu- 
ally heated to alter the bitter flavor and to inactivate some 
antinutritional components such as trypsin inhibitors as 
well as lipoxygenase activity. Applying too much or too lit- 
tle heat in this process can produce undesirable effects. 
The endogenous urease enzyme (EC 3.5.1.5) is used as a 
convenient assay (7) to indicate the correct degree of ther- 
mal treatment. 


BROWNING REACTIONS—COLOR AND FLAVOR 


Maillard Browning 


Several types of chemical reactions can affect color and fla- 
vor in food products. The Maillard reaction is a nonenzy- 
matic reaction between a sugar and an amino function, 
often one on an amino acid. Although the reaction itself 
can proceed without the participation of an enzyme, the 
reaction is influenced by the concentration of the reactants, 
which in turn may be influenced by the presence of exo- 
proteases and exo-amylases. Thus, endogenous enzymes 
such as f-amylase, a carboxypeptidase, or a leucineami- 
nopeptidase can contribute to Maillard browning in food 
products, baked goods in particular. These reactions lead 
to significant color formation (evidenced by the color of the 
crust on a loaf of bread) as well as many flavor character- 
istics. 


Enzymatic Browning 


Another source of color in foods comes from a reaction usu- 
ally referred to as enzymatic browning. This reaction is 
mediated by polyphenol oxidase (EC 1.10.3.1). This en- 
zyme is able to interact with a large number of phenolic 
compounds and thus had been referred to by several names 
including tyrosinase, catecholase, polyphenolase, and cre- 
solase. The basic oxidation reaction normally results in the 
formation of an unstable quinone, which then proceeds 
through a number of steps to form melanins. Melanins are 
brown to black in color and are responsible for undesirable 
spots on many fruits and vegetables such as bananas, ap- 
ples, mushrooms, and potatoes. Because of the widespread 
presence of polyphenol oxidase and the damage it causes 
in many food products, numerous methods have been de- 
veloped to try to prevent this reaction from occurring. 
Clearly, eliminating as much oxygen as possible will help. 
In addition, reducing agents such as ascorbic acid, sodium 
sulfite, and thioi compounds can also help by reacting with 
the quinone compound. These reactions do not, however, 
inactivate the enzyme itself, so when the oxidizing agents 
are depleted, the browning reaction may still proceed. Un- 
der the proper conditions, ascorbic acid can inactivate 
polyphenol oxidase reacting with an active-site histidine 
residue. Likewise, thiol compounds can also affect the en- 
zyme activity by chelating the required metal cofactor 
(Cu**) (1). 


ENZYMES IN FOOD PRODUCTION 657 


Other Flavor Reactions 


Members of the plant genus Allium, which includes on- 
ions, shallots, garlic, and leeks, have strong, often irritat- 
ing redolence that is the result of endogenous enzymatic 
activity. The characteristic odor of these plants is gener- 
ally unnoticeable in the whole, undamaged bulb because 
the enzyme involved, allinase, is compartmentalized and 
unable to catalyze the odor-causing reaction. When tissue 
damage occurs, such as slicing the onion or garlic bulb, 
the enzyme is released and proceeds to react, producing 
the thiol compounds responsible for the offending (to 
some) aroma. For more detailed discussion of similar re- 
actions in related food materials, the reader is referred to 
Reference 8. 
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Enzymes can be defined as proteins with very specific 
powers of catalysis. The enhancement in reaction rate is 
very high and may be as much as 10'*-fold in some in- 
stances. Although all enzymes are proteins, some require 
an additional small molecule, called a coenzyme or cofactor 
(cofactors can be metal ions or small organic molecules), to 
function. The role of enzymes in cells means that growth, 
maturation, storage, processing, and consumption— 
digestion of food all depend on various enzyme activities. 
In plants, enzymes are responsible for changes associated 
with ripening, including alterations in color, flavor, and 
texture. Enzymatic changes continue after harvesting of 
plants and also after the death of animals, for example, in 
the conversion of muscle to meat. These changes affect sub- 
sequent food quality. In many cases the action of endoge- 
nous enzymes is arrested or controlled by processing and 
storage. 

Enzymes are also widely used to provide desirable 
changes in food quality attributes through changes in the 
chemical structure of food components. Enzymes have sig- 
nificant advantages over chemical catalysts, of which the 
most important are specificity and the ability to work at 
moderate temperatures. As a consequence, side reactions 
are minimized, and undesirable changes caused by harsh 
conditions are averted. Enzymes have traditionally been 
obtained from their natural sources: animals, plants, and 
microorganisms. Advances in molecular biology have led 
to the cloning and expression of enzymes from many 
sources into microorganisms (primarily yeasts and fungi) 
that are efficient producers and regarded as safe hosts. The 
value of enzymes used in food processing is already several 
hundred million dollars per annum and will likely expand 
as new applications are discovered or improved enzymes 
become available, for example, by genetic engineering to 
improve operating characteristics such as the pH-activity 
profile or thermostability. 


KINETICS 


The activity of an enzyme is determined by many factors, 
including enzyme, substrate, and cofactor concentrations; 
ionic strength; pH; and temperature. For conversion of 
substrate (S) to product (P) by an enzyme (E) the reaction 
scheme can be simply represented as 


hy 


ea 
E+S=ES~>E+P 


where ES is the enzyme—substrate complex, K, is the dis- 
sociation constant, and K,q, is the turnover number/rate 
constant for the breakdown of ES. 

The initial reaction velocity (V) is then given by the 


Michaelis—Menton equation 
_ Real EXS) 
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where K,, is the substrate concentration at which V equals 
one-half the maximum velocity (Vinax)- Integration of the 
equation with respect to time gives 


- (Ss) 
Vue = Ko In ey + (8) ~ SI 


where S and S, are the substrate concentrations at zero 
time and time t, respectively. This equation is particularly 
useful in industrial situations where a reaction is allowed 
to proceed to near completion or equilibrium. 


APPLICATIONS IN FOOD PROCESSING 


a-Amylase (EC 3.2.1.1) catalyzes random hydrolysis of a 
144 linkages in amylose and amylopectin to form straight- 
and branched-chain dextrins, oligosaccharides, and mono- 
saccharides. Bacteria a-amylase is used to partially hydro- 
lyze or “thin” gelatinized starch, often prior to further 
degradation to glucose syrups. The enzyme from Bacillus 
spp. is very thermostable and is used at 85 to 105°C. The 
enzyme can also be used to hydrolyze starch in sugar cane 
juice and in the brewing mash. 

Fungal a-amylases, derived from Aspergillus niger and 
A. oryzae are much less heat stable. They produce large 
amounts of maltose and maltotriose and some glucose. 
Their principal applications are production of maltose syr- 
ups used in jam and confectionery, as brewing aids to im- 
prove fermentability of the mash and in removal of starch 
haze in beer, and in supplementation of endogenous a- 
amylase in bread flour to enhance the rate of fermentation 
by yeast and reduce dough viscosity, thereby improving 
loaf volume. Fungal e-amylase has largely replaced malt 
a-amylase previously used in these applications. 

B-Amylase (EC 3.2.1.2) splits off #-maltose from the non- 
reducing ends of starch molecules. In the case of amylo- 
pectin, this produces f-limit dextrins since the enzyme can- 
not bypass the f-1-6 branch points. Complete hydrolysis of 
liquified starch produces about 80% maltose and 20% dex- 
trins. Unlike fungal e-amylase, f-amylase does not pro- 
duce maltotriose. The enzyme is produced from cereal or 
microbial sources and is used for production of maltose 
syrup from starch, and in both brewing and baking to pro- 
duce maltose for fermentation by yeast to CO, and to al- 
cohol. 

Amyloglucosidase (glucoamylase) (EC 3.2.1.3) is an exo- 
amylase that catalyzes the stepwise hydrolysis of a 1-4 
linkages in starch, thereby releasing glucose molecules 
from the nonreducing end. It is used mainly to produce 
glucose syrups from liquified starch previously treated 
with a-amylase. Since the a 1-6 linkages in amylopectin 
are also slowly hydrolyzed, the final conversion to glucose 
reaches 95 to 97% w/w with the remainder being mostly 
maltose and higher saccharides. The glucose produced is 
usually used as a syrup, crystallized out, or converted to 
fructose by glucose isomerase. The enzyme can also be 
used to hydrolyze residual oligosaccharides in high- 
fructose corn syrup and in the analysis of the starch con- 
tent of foods. Glucoamylase is produced commercially from 
Aspergillus or Rhizopus spp. It is typically used to process 
liquified starch at 60°C. Immobilization of the enzyme has 
been widely studied to provide the benefits of a continuous 
process. However, the soluble enzyme is relatively cheap 
so it continues to be used mostly in that form. 


Catalase (EC 1.11.1.6) specifically catalyzes the decom- 
position of hydrogen peroxide to water and oxygen. In the 
dairy industry, a low concentration of HO, (up to 0.05% 
w/w) is used to “cold pasteurize” milk destined for cheese 
making, and to preserve milk and whey in some instances 
where refrigeration is not practical. The H,O2 is then de- 
stroyed by catalase. Commercial sources include beef liver 
and A. niger. The enzyme is frequently used in conjunction 
with glucose oxidase (see later) to remove H,O.2 produced 
by that enzyme. 

Cellulase (EC 3.2.1.4) is the name given to a complex of 
several enzymes that, acting together, hydrolyze cellulose 
into f-dextrins and glucose. The native structure of cellu- 
lose is a major impediment to enzyme action, so pretreat- 
ment by milling, or with alkali or steam, is often necessary 
to make the substrate accessible. The fungus Trichoderma 
reesie is a good source of cellulase. It contains (7) endocel- 
lulases that randomly split internal £ 1-4 linkages to pro- 
duce dextrins and cellobiose, (2) exocellulases that act from 
the nonreducing end of the polymer to produce cellobiose, 
and (3) cellobiase (or f-glucosidase) that converts cellobiose 
to glucose. The latter is especially important since it re- 
lieves end-product inhibition of the other enzymes by cel- 
lobiose. Cellulase is used primarily to turn cellulosic 
wastes into glucose that can be fermented to ethanol. It is 
also used on a small scale to degrade cellulose in foodstuffs. 

B-Glucanase (EC 3.2.1.6) hydrolyzes 1-3 or B 1-4 
bonds in f-D-glucans. The products are oligosaccharides 
and glucose. The enzyme is used primarily in brewing, 
where it is added, along with other enzymes, to malted 
barley at the mash stage. The f-glucanase degrades and 
solubilizes barley gums (f-glucan polymers), including 
those contributed by dying yeast cells, which would oth- 
erwise increase the viscosity of the wort. These residual 
glucans can contribute to haze problems in the final prod- 
uct. Commercial sources of f-glucanase include Bacillus 
subtilis and A. niger. 

Glucose isomerase (EC 5.1.3.5) catalyzes conversion of 
glucose to fructose, thereby increasing sweetness and 
value. The enzyme is actually a xylose isomerase, which 
also acts on glucose and requires magnesium as a cofactor. 
The reaction is readily reversible and at equilibrium, a 
fructose/glucose ratio of 52/48 is achieved. However, in 
practice it is uneconomical to take the conversion beyond 
42% fructose, when the syrup is isosweet with glucose on 
a solids basis. The product (high-fructose corn syrup) is 
produced at a rate of several million tons per annum and 
has displaced sucrose and glucose syrups from many prod- 
ucts, especially in soft drinks in the United States. 

The enzyme is produced commercially from several mi- 
crobial sources including Bacillus, Actinoplanes, and 
Streptomyces spp. and is readily immobilized by a variety 
of methods (1). 

Glucose oxidase (EC 1.1.3.4) catalyses the reaction: 


glucose + O, > gluconic acid + H,O.. 


It is often used in conjunction with catalase, which 
breaks down H,Oz, thereby sparing the glucose oxidase 
from denaturation as well as providing oxygen for use by 
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glucose oxidase. Commercial preparations are derived 
from A. niger or Penicillum spp. Its main uses are to re- 
move glucose from foods and as an antioxidant to prevent. 
changes in color and flavor, particularly during food stor- 
age. It is used for removal of glucose from egg whites and 
whole eggs. Significant browning and off-flavor develop- 
ment due to Maillard reactions occurs if eggs are not de- 
sugared prior to drying. Other applications include re- 
moval of either dissolved or headspace oxygen from citrus 
drinks, canned soft drinks, beer, and wine, thereby pre- 
venting oxidative deterioration, and as an antioxidant in 
mayonnaise and production of gluconic acid. It is often the 
method of choice for assay of glucose since it is highly spe- 
cific and sensitive. 

Invertase (f-fructofuranosidase, EC 3.2.1.6) hydrolyzes 
sucrose into an equimolar mixture of glucose and fructose. 
Although the same result can be achieved by acid hydro- 
lysis, the syrup produced by enzyme action is more pure 
and free from discoloration. Invert sugar syrup has several 
advantages over sucrose syrup: it is slightly sweeter, it 
does not crystallize at higher concentrations, and the 
sweetness intensity is stable in acidic foods. Until the ad- 
vent of high-fructose corn syrup, it was used extensively to 
replace sucrose in jams and confectionery. 

Other applications of invertase include its use in the 
production of liquid or soft centers in chocolate-coated su- 
crose candies, in recovery of scrap candy, in artificial honey, 
and as a humectant to hold moisture in foods. Invertase is 
produced commercially from yeasts, usually Saccharo- 
myces or Candida spp., and is relatively cheap to produce. 
Consequently, it is used as a soluble enzyme and there is 
little commercial impetus for its application in an immo- 
bilized form. 

Lactase (f-galactosidase, EC 3.2.1.23) hydrolyzes lac- 
tose into glucose and galactose. Small quantities of oligo- 
saccharides containing galactose may also be formed as by- 
products. Compared with lactose, the main products are, 
in combination, three to four times more soluble, about 
twice as sweet, easier to ferment, and directly absorbed 
from the intestine. Applications of lactase take advantage 
of these changes (2). 

Hydrolysis of lactose in milk makes the milk more di- 
gestible for those who are lactose intolerant (especially in- 
fants) due to low levels of intestinal -galactosidase. It also 
prevents crystallization of lactose in concentrated or frozen 
milk products, such as ice cream. Cheese whey is a major 
disposal problem, mostly because of its high lactose con- 
tent. After separating the valuable whey protein, the lac- 
tose can be hydrolyzed by soluble or immobilized lactase. 
The product is then concentrated to give a stable, sweet. 
syrup, which may be used in a variety of foods or fermented 
to ethanol (3). 

Lactases produced commercially from yeasts such as 
Kluyveromyces marxianus have a neutral pH optimum and 
are used in milk processing. Lactases from molds such A. 
niger or A. oryzae have an acid pH optimum and are more 
suitable for whey processing. Lactoses are readily immo- 
bilized on a variety of supports for industrial use and for 
analysis of lactose in dairy products. 

Lipases (EC 3.1.1.8) hydrolyze ester linkages of triglyc- 
erides to give free fatty acids, diglycerides, monoglycerides, 
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and eventually glycerol. The enzyme is widely distributed 
in food tissues and belongs to the general class of esterases. 
Lipase action has traditionally been regarded as a problem 
in food science because the fatty acids produced may be 
unpalatable or susceptible to oxidation. This is a particular 
problem in stored cereals such as wheat and rice and in 
milk, where the release of short-chain fatty acids from milk 
fat by endogenous lipase leads directly to off-flavors. How- 
ever, it is recognized that lipase action is also responsible 
for some of the desirable flavor in matured cheeses. Con- 
sequently, impure preparations (containing both lipase 
and esterase activities) are produced from molds such as 
Mucor, Rhizopus, and Aspergillus spp. for use in acceler- 
ated cheese ripening, often in conjunction with proteases. 
Concentrated cheese flavors produced in this fashion can 
be used in a variety of snack products. Lipase can also be 
used in directed transesterification of fats to improve func- 
tional properties and uses. 

Pectinases are a group of enzymes that act on various 
pectic substances (pectins) in higher plants. There are 
three major types of pectinase: polygalacturonase (PG), 
pectin lyase (transeliminase) (PL), and pectin esterase 
(PE). PG (EC 3.2.1.15) splits glycosidic bonds within 
(endo-) or at the end of (exo-) the pectin molecule. Endo- 
PG action leads to a large decrease in viscosity of pectin 
solutions. PL (EC 4.2.2.10) also splits endoglycosidic bonds 
but the transelimination reaction yields a C*-C® double 
bond on the nonreducing end, PE (EC 3.1.1.11) cleaves 
methanol from carboxyl groups, yielding low-methoxy pec- 
tin and polygalacturonic acid. 

Since pectin is a major structural element in and 
between plant cell walls, alteration of the size or esteri- 
fication of pectins can change the texture of fruits and 
vegetables during ripening and storage. Endogenous pec- 
tinases may soften texture during ripening. However, deg- 
radation of pectin can be inhibited by antisense RNA tech- 
nology and this has been successfully exploited in 
tomatoes (4). Microbial pectinases are often responsible 
for postharvest rotting and decay. However, fungal pectin- 
ases, mostly from Aspergillus spp. are widely used as pro- 
cessing aids, mainly for extraction and clarification of 
fruit juices. 

Polyphenol oxidase (PPO) (EC 1.10.3.1) is also known 
as phenolase tyrosinase, or catecholase. The enzyme is 
widely distributed in plants and fungi and in some mam- 
mals. In fruits and vegetables it is separated from phenolic 
substrates in the intact tissue. However, on cutting or 
other injury and exposure to oxygen, phenolase activity re- 
sults in rapid browning due to polymerization of the qui- 
nones to give brown pigments (melanins). 

Enzymatic browning is a major problem in handling 
and storage of fresh produce. However, in foods such as tea, 
coffee, and cocoa and in dried fruits such as raisins and 
dates, it improves color and flavor. Methods for control of 
enzymatic browning include: inactivation of the enzyme by 
heat, sulfites, or proteases; use of acidulants to lower pH 
and inhibit the enzyme; and use of chelators to remove the 
copper that is essential for activity and exclusion (or re- 
moval) of oxygen by appropriate packaging or glucose ox- 
idase activity. Polyphenol oxidase activity in shrimp and 
other crustacea leads to blackening during harvest and 


storage. This can be prevented by use of the substrate an- 
alogue 4-hexylresorcinol (5). 

Proteases hydrolyze peptide bonds in proteins and poly- 
peptides to produce smaller peptides and amino acids. 
Many proteases also have esterase activity. These enzymes 
vary widely in their substrate specificity and optimum pH 
range. Enzymatic hydrolysis of protein is employed in a 
number of industries to create changes in product taste, 
texture, and appearance as well as in waste recovery. Plant 
proteases such as papain and ficin have broad substrate 
specificity and good thermal stability. They are used to ten- 
derize meat, to chillproof beer, and also to recover protein 
hydrolyzate from scrap fish and bones. Animal proteases 
are generally more specific than the plant proteases. Tryp- 
sin has been used to inhibit the development of an oxidized 
flavor in stored milk and to solubilize heat-denatured whey 
protein (6). Pepsin is used primarily as an extender for calf 
rennet. Fungal proteases from A. niger and A. oryzae are 
use to modify gluten in bread flour, so as to reduce dough 
viscosity and improve color, texture and loaf volume. Bac- 
terial proteases from Bacillus spp. are widely used in bis- 
cuit, cookie, and cracker dough since hydrolysis of gluten 
yields very elastic doughs that can be spread thinly with- 
out rupture. Other uses of microbial proteases include 
modification of soy and other food proteins to give im- 
proved functionality, decolorization of red blood cells to fa- 
cilitate use of waste blood plasma protein from animal 
slaughter and production, and modification of gelatin from 
collagen. Recently there has been interest in using prote- 
ases in reverse to synthesize peptides. An example of this 
is the use of the enzyme thermolysin to produce the dipep- 
tide sweetner aspartame (7). 

Pullulanase (EC 3.2.1.41) and isoamylase (3.2.1.68) act 
specifically on the a 1-6 bonds of amylopectin in liquified 
starch to produce maltose and maltotriose. These enzymes 
improve the yield of mono- and disaccharides from starch 
when used in conjunction with other amylases. Pullulan- 
ase is produced commercially from Klebsiella pneumonia 
and is used in brewing to remove limit dextrins and allow 
the production of specialty beers such as “high alcohol” or 
“low calorie.” 

Rennet is obtained from the fourth stomach of un- 
weaned calves and contains several enzymes including 
pepsin and chymosin (EC 3.44.3). Chymosin is an acid pro- 
tease used in cheese making to coagulate the casein in 
milk. It catalyzes very specific and limited proteolysis of k- 
casein, thereby destabilizing the casein micelle and caus- 
ing subsequent formation of curd. Calf rennet is expensive 
and is increasingly being replaced by microbial proteases 
with a high ratio of milk-clotting activity to general pro- 
teolytic activity. Suitable proteases have been obtained 
from Endothia parasitica, Mucor meihei and M. pusillus. 
Microbial proteases are now used in about one-half of all 
cheese production worldwide. Their main disadvantage is 
that they tend to be heat stable and cause proteolysis in 
whey products. However, a second generation of modified 
microbial rennets with lower stability is now available. 
The gene for chymosin has now been successfully cloned 
and expressed in several microorganisms (8). Products 
from this source may well replace both traditional and mi- 
crobial rennets in the near future. 


BIBLIOGRAPHY 


1. 8. A. Barker and G. S. Petch, “Enzymatic Processes for High- 
Fructose Corn Syrup,” in A. Laskin, ed., Enzymes and Immo- 
bilized Cells in Biotechnology, Benjamin/Cummings, Menlo 
Park, Calif., 1985, pp. 93-105. 

2. R. R. Mahoney, “Lactose: Enzymatic Modification,” in P. F. Fox, 
ed., Advanced Dairy Chemistry, Vol. 3, Chapman and Hall, 
London, United Kingdom, 1997, pp. 77-105. 

3. J. Barry, “A New Source for Alcohol,” Food Manufacture 58, 
63-67 (1983). 

4, G. Tucker, “Improvement of Tomato Fruit Quality and Pro- 
cessing Characteristics by Genetic Engineering,” Food Science 
and Technology Today 7, 103-108 (1993). 

5, A.J. McEvily, R. Iyengar, and W. S. Otwell, “Sulfite Alternative 
Presents Shrimp Melanosis,” Food Technol. 45, 80-86 (1991). 

6. J.C. Monti and R. Jost, “Solubilization of Cheese Whey Protein 
by Trypsin and a Process to Recover the Active Enzyme from 
the Digest,” Biotechnol. Bioeng. 20, 1173-1185 (1981). 

7, K. Nakanishi and R. Matsuno, “Enzymatic Synthesis of Aspar- 
tame,” in R. D. King and P. S. J. Cheetham, eds., Food Biotech- 
nology, Vol. 2, Elsevier Applied Science, London, United King- 
dom, 1988, pp. 219-249. 

8. D. Jackson, “Cost Reduction in Food Processing Using Biotech- 
nology,” in S. K. Harlander and T. B, Lubuza eds., Biotechnol- 
ogy in Food Processing, Noyes Press, Park Ridge, N.J., 1986, 
pp. 285-295. 


GENERAL REFERENCES 


P. 8, J. Cheetham, “The Application of Enzymes in Industry,” in 
A. Wiseman, ed., Handbook of Enzyme Biotechnology, 2nd ed., 
Ellis Horwood, Chichester, United Kingdom, 1985, pp. 274— 
373. 

P. F, Fox, ed., Food Enzymology, Vols. 1 and 2, Elsevier Applied 
Science, London, United Kingdom, 1991. 

‘T. Nagodawithana and G. Reed, eds., Enzymes in Food Processing, 
3d ed., Academic Press, San Diego, Calif., 1993. 

G. A. Tucker and L. F. J. Woods, eds., Enzymes in Food Processing, 
2nd ed., Blackie Academic and Professional, London, United 
Kingdom, 1995. 


RayMonD R. MAHONEY 
University of Massachusetts 
Amherst, Massachusetts 


See also ENZYMES IN FOOD PRODUCTION. 


EVAPORATED MILK 


HISTORY 


Evaporated milk, like other processed canned foods, orig- 
inated with the experiments of the French scientist Nich- 
olas Appert. Appert, whose work on food preservation be- 
gan in 1795, was the first to evaporate milk by boiling it 
in an open container and preserve it by heating the product 
in a sealed container. Fifty years later, Louis Pasteur laid 
the scientific foundation for heat preservation by demon- 
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strating that food spoilage could be caused by bacteria and 
other microorganisms. 

Patents for the preservation of milk after evaporation 
in a vacuum were granted to Gail Borden by the United 
States and England in 1856. Although these patents ap- 
plied to concentrating milk without the addition of sugar, 
Borden’s first commercial process was for the manufacture 
of sweetened condensed milk. The original vacuum equip- 
ment developed by Borden is now on display at the Smith- 
sonian Institution. 

Borden produced sweetened condensed milk at Wassaic, 
New York, in 1861. By 1865, new plants were opened in 
Brewster, New York, and Elgin, Illinois. In 1866, Charles 
A. Page and his three brothers built Europe’s first com- 
mercial sweetened condensed milk plant in Switzerland. 
They later built plants in England and in the United 
States. 

In 1884, a U.S. patent was issued for “an apparatus for 
preserving milk,” and in 1885, the world’s first commercial 
evaporated milk plant was opened in a converted wool fac- 
tory in Highland, Illinois, where evaporated cream was 
manufactured and sold. 

The first advertisement for evaporated milk appeared 
in 1893, calling the product “a perfect instant food.” In 
1894, the first recipe booklet for evaporated milk was dis- 
tributed, and by 1895, the product was popular both in 
western mining areas of the United States, where fresh 
milk was scarce, and in the South, where there was little 
refrigeration. Consumers quickly recognized the value of 
evaporated milk as a safe, wholesome, and convenient food 
as well as a nutritional ingredient for cooking that had the 
added benefit of storage stability. 


THE PRODUCT 


Evaporated milk is a canned whole milk concentrate to 
which a specified quantity of vitamin D has been added 
and to which vitamin A may be added. It conforms to the 
Food and Drug Administration (FDA) Standard of Identity 
(21 CFR 131.130), having a minimum of 6.5% milkfat, 
16.5% of nonfat milk solids, 23.0% total milk solids, and 
25 IU vitamin D per fluid ounce. Related evaporated milk 
products are evaporated nonfat milk, evaporated lowfat 
milk, evaporated filled milk, and evaporated goat milk. 
Standards of Identity do not exist for these related evap- 
orated milk products. Their typical compositions are the 
following: 


Evaporated nonfat _—_Less than 0.5% milkfat, 20.0% total milk 

milk solids, 25 IU vitamin D and 125 IU 
vitamin A per fluid ounce added 

Evaporated lowfat 2.0% milkfat, 18% nonfat milk solids, 
milk vitamins A and D added 

Evaporated filled 6.0% vegetable fat, 17.5% nonfat milk 
milk solids, vitamins A and D added 

Evaporated goat Not less than 7.0% milkfat and 15.0% 
milk nonfat milk solids, vitamin D added 


Table 1 shows the nutritional content of evaporated, 
evaporated nonfat, and evaporated lowfat milks. 
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Table 1. Nutritional Content per One-Half Cup 
Evaporated Milk 


Table 2, Evaporated Milk Production 


Evaporated milk 
Original Nonfat Lowfat Year Evaporated milk and related products* 
Calories 170 100 110 1975 20,796,000 
Protein (g) 8 9 8 1976 20,362,000 
Carbohydrates (g) 12 4 12 1977 18,347,000 
Fat (g) 10 Less than 1 3 1978 17,340,000 
1979 17,110,000 
Percentage of U.S. Recommended Daily Allowance (U.S. RDA) 1980 15,500,000 
Revie 3 x * 1981 15,840,000 
Vitamin A 4 10 10 1982 15,050,000 
Sina : : : 1983 14,300,000 16,612,000 
re 1984 13,700,000 15,892,000 
Thiamine 2 2 2 
Aa 4 Pd a 1985 14,360,000 16,537,000 
wt 2 8 Be Hite ies 
in ;. 5 oes read 
es 54 = - 1990 13,169,000 14,895,000 
1991 11,313,000 12,776,000 
Contains less than 2% of the U.S. RDA of these nutrients. 1992 12,153,000 13,595,000 
1993 11,561,000 13,114,000 
1994 10,585,000 11,771,000 
1995 10,847,000 12,462,000 
PRODUCT PROCESSING 1996 9,853,000 11,271,000 
1997 10,656,000 12,204,000 
1998 10,275,000 11,843,000 


A typical processing scheme for evaporated milk begins 
with high quality, fresh whole milk, which is standardized 
to produce the exact composition desired in the final prod- 
uct (addition or removal of cream or nonfat milk). The 
product is heated, concentrated under reduced pressure in 
an evaporator, homogenized, and cooled. Vitamins (A or D, 
or both) are added, and the final composition is verified. 
Final standardization is accomplished, when necessary. 
After cans are filled and sealed, they are sterilized in a 
three-phase continuous system consisting of preheater, re- 
tort, and cooler, cooled; labeled; and packed for shipment. 
In the United States, evaporated milk is packed in 5-, 12-, 
20-, and 97-fluid ounce lead-free cans. 


INDUSTRY PRODUCTION 


Table 2 reflects U.S. production of evaporated milk and 
related products during the period 1975 to 1998. The data 
are based on manufacturers’ production reported to the 
American Dairy Products Institute. Before 1983, data were 
not collected on the production of related evaporated milk 
products. 


Notes: Figures reported in cases; 48-tall equivalent. Product weight/case 
since 1985: 40 Ib. 

“Includes evaporated milk plus evaporated nonfat milk, evaporated lowfat 
milk, and evaporated filled milk. Data not available before 1983. 
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EVAPORATION 


The primary objectives of evaporation, as a unit operation 
in food processing, are to reduce the volume of the product 
by some significant amount with minimum loss of nutrient 
components, and to preconcentrate liquid foods such as 
fruit juice, milk, and coffee before the product enters a de- 
hydration process, thus saving energy in subsequent 
operations and reducing handling (transport, storage, and 
distribution) costs. Evaporation is accomplished by boiling 
liquid foods until the desired concentration is obtained, as 
result of the difference in volatility between the solvent 
and solutes. In the food industry, the solvent to withdraw 
is almost always water (1). Evaporation increases the sol- 
ids content of a food and hence preserves it by a reduction 
in water activity; however, the flavor and color of a food 
may be changed during the process. The technical simplic- 
ity of evaporation gives it an obvious advantage compared 
to other methods such as reverse osmosis and freeze con- 
centration. The removal of unpleasant volatile substances, 
for instance, during evaporation of milk, may also be an 
advantage. Evaporation of heat-sensitive materials is of- 
ten accomplished under relatively high vacuum (low pres- 
sures), lower temperatures, and short residence time. 

The first commercial use of evaporating equipment was 
made by Borden in 1856 (2). Since then, equipment for 
evaporation has evolved from open kettles through rotat- 
ing steam coils to the modern natural or forced circulation 
evaporators. A wide range of different types of evaporator 
are available and evaporation can take place under differ- 
ent processing conditions. Commercial evaporation capac- 
ities range from 100 kg/h for pilot plants to over 200,000 
kg/h for industrial installations (for instance, FMC, San 
Jose, Calif; APV, Crawley, UK; Alfa-Laval, Lund, Sweden, 
and Dedert, Olympia Fields, Ill.). 

Evaporation involves a sequence of processes. Comput- 
ers can be used in the design of individual components and 
the overall system; however, to compromise between vastly 
opposed factors, the choice of the optimum design solution 
must be based on acquired experience and sound judg- 
ment. The intensive energy use of the evaporation process 
poses a continuing challenge in minimizing energy costs 
while maintaining product quality, especially at times of 
escalating energy costs. Multiple-effect evaporators and 
vapor recompression are measures that can be employed 
to improve the energy efficiency of the evaporation plant. 


THEORY 


The complete design of evaporator systems requires engi- 
neering calculations that involve combined heat and mass 
balances, and is essentially an application of the first law 
of thermodynamics. In an evaporator, the steam condenses 
at constant pressure, and the condensate leaves at this 
pressure and corresponding equilibrium temperature. The 
heat from the condensing steam boils water from a liquid 
that is being concentrated. The water vapor leaving the 
evaporator is at a lower temperature and pressure than 
the original steam supply, and can give up its latent heat 
in a double-effect evaporator to evaporate a lower boiling 
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temperature liquid. This necessary lower boiling tempera- 
ture can be maintained by operating a second effect of 
evaporation at a lower pressure than the first, usually un- 
der a vacuum. The same principles can be extended to 
more than two effects in industrial applications. 

Steady-state mathematical models with equations that 
represent heat and mass transfer may be used for design 
purposes. Steam requirement, heat transfer surface area, 
and system capacity (production rate) can be determined 
for a given degree of concentration and processing time. A 
double-effect evaporator, with feed and steam or vapor 
streams moving in counterflow arrangement (Fig. 1) will 
be used here to illustrate the theory. 

For the first effect, mass balance that relates solids en- 
tering and leaving the evaporator gives 


TingX = 1X eo) 


and the rate of heat transfer to the evaporator from the 
steam is 


Tiydy = UAT, — Ty) (2) 


(The terms in equations are defined in the notation list at 
the end of the article). Assuming that there are negligible 
heat losses from the evaporator, the heat balance states 
that the amount of heat given up by the condensing steam 
equals the amount of heat used to raise the feed tempera- 
ture to boiling point and then to boil off the vapor. In other 
words, the input energy of condensing vapor and feed 
equals the output energy of vapor and product, thus 


Tighe + mA, = (rhe — mH, + ryh, (8) 


Similarly, for the second effect, mass and energy balances 
are represented by the equations 

TipXp = myXy (4) 

(tag — my)Ay = UAT, — T2) (5) 

Mphp + (tag — My)A, = (tap — mh)H2 + thahe (6) 

The overall heat-transfer coefficient U in equation 2 is de- 


fined by the sum of three thermal resistance terms, as rep- 
resented by 


ae! 1 
UA, kA, RA, h,A, 


(1) 


v 


m2-my, 


qT, 


@ 
T,,72,—|| I 


‘ m2,X; 
m,X, oe 


Figure 1. Schematic of double-effect evaporator, backward feed. 
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These resistances include resistance in the boundary layer 
(heat-transfer film) on the heating medium side, resistance 
to heat conduction in the material making up the heat- 
transfer surface, and resistance in the heat-transfer film 
on the product side. 

In most evaporators, the heating medium will be steam 
or some other condensing vapor. The resistance to heat 
transfer on the heating medium side of the heat-transfer 
surface is normally created by a condensation film, and an 
expression for condensation heat-transfer coefficient as 
presented in one study (3) was 


Kytea \u 
he = 0.94 ids ) 


er 8 
Lif, ~ To) {) 


for vertical tubes and 


Hig, tH 
A= 0.7285 dds ) 9) 


Du, ~ T.) 


for horizontal tubes. Both expressions have accounted for 
heat transfer involved in phase change. The heating- 
surface material is usually stainless steel, and it is rela- 
tively easy to compute the corresponding resistance know- 
ing the thickness and the thermal conductivity of the 
material. The most complex resistance to heat transfer is 
due to the resistance film on the product side. 

The heat transfer from a heated surface to a boiling liq- 
uid is by convection, but the heat flux varies with the 
temperature difference between the surface and the bulk 
liquid, as illustrated in Figure 2. When the temperature 
difference is very small (less than 5°C), the heat transfer 
is by natural convection in a regime called pool boiling. By 
increasing the temperature difference, vapor bubbles tend 
to form at selected locations on the surface, and the regime 
is called nucleate boiling, which continues until the tem- 
perature difference is near 55°C. Heat-transfer coefficient 
from surface to boiling liquid is increased. Beyond 55°C, a 
film of vapor bubbles forms and collects near the heat- 


1 
ie: 


afb eed 


Heat flux 


Temperature difference (Tsutace— Tou) 


Figure 2. Typical boiling curve illustrating various regimes of 
boiling near heated surfaces. a, natural convection; b, nucleate 
boiling; c, transition boiling; d, film boiling. Source: Reprinted with 
permission from Ref. 4. 


transfer surface, resulting in a reduced heat flux. At tem- 
perature differences greater than 55°C, the film becomes 
stable; however, radiation heat-transfer mode begins to 
contribute to the heat flux and leads to greater heat- 
transfer coefficients. Either pool or nucleate boiling will 
probably describe the majority of physical situations that 
may exist in liquid food evaporation (4). 

Heat transfer to boiling liquids is normally expressed. 
in terms of dimensionless groups in the same manner as. 
other types of heat transfer (5). Experimental studies with 
evaporation systems have resulted in a number of empir- 
ical expressions for convective heat-transfer coefficients to 
the product. For the case of natural circulation evapora- 
tors, the following correlation was developed (6): 


0.8 06 0.33 
h = 0.0086 * ees (<4) ( ) (10) 
D\ i, ) \k) Xe 


For the case of forced convection systems, the following 
expression was suggested (7): 


1\08 1 
hy = a.si(3) for 0.25 < zZ< 70 


0.9 / 9\0.5/,, \0.1 
2-5) 0 ) an 
Z 1-y, rv) \eep 

where h, and h are for convective heat transfer with and 

without boiling, respectively. 

In falling-film evaporation three different flow regimes 
normally exist, depending on the Reynolds number (Re) of 
the film: laminar, wavy laminar, and turbulent. The truly 
laminar regime takes place for Re < 20-30, the wavy lam- 
inar regime starts at Re = 30-50, and at 1,000-3,000 a 
fully turbulent flow is established. The Reynolds number 
for a film is calculated according to the following equation 
(8): 

Re = AG (12) 
7 
where G is the mass flow rate per unit width of the wall. 

For the laminar region, the local heat-transfer coeffi- 

cient may be written as (8): 


ia 
bo 
Hu 
Ai pia 
$= wae a) as) 


Table 1 gives formulas for local heat-transfer coefficients 
according to different investigators. 

Experimental product-side heat-transfer coefficients h, 
were determined (9) for thin-film wiped-surface evapora- 
tors, which are extensively used for concentrating high- 
viscosity or heat-sensitive products. Product degradation 
is minimized by vigorous agitation and continuous removal 
of liquid films on the heat-transfer wall. The correlation 
obtained for the transition-flow regime (Re = 100-1,000) 
was 


-298 
Nu = 0.0483Re°5S*Prt spent) (14) 


Table 1. Local Heat-Transfer Coefficients 
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Flow regime A 1 Exponent for Re Notes 
Laminar (Re < 20-30) 0.69 Fy -0.33 Nusselt theory 
Wavy laminar (Re < 1,000-3,000) 0.61 6 —0.223 
Turbulent (Re > 1,000-3,000) 0.067 6-Pr 02 Colburn theory based on pipe friction 
0.030 $- Pr 0.33 
0.19 Pr 0.067 
0.0078 o-Pr 04 Pr~5 
0.0122 Pr 0.33 Pr~5 
Source: Ref. 8. 


which is valid for liquid feed rate of 58-87 kg/h and agi- 
tation speed of 150-500 rpm. The correlation obtained for 
the turbulent-flow regime (Re > 1,000) was 


0.753 
Nu = 4.187Re°?**pr’ asppon() (15) 


which is valid for liquid feed rate of 87-133 kg/h and agi- 
tation speed of 500-1,300 rpm. The authors found that un- 
stable operation of the evaporator occurred when the speed 
of the wiper blades was below 150 rpm, and rapid increase 
in h, was observed for rpm range 250-350. Under similar 
conditions of evaporation, heat-transfer coefficients were 
lower for high-viscosity liquids. 

A detailed expression for the overall heat-transfer co- 
efficient in multiple-effect falling-film evaporators was 
worked out (10). This coefficient U was given as a function 
of the enthalpy and temperature of the liquid and vapor 
phases, local heat-transfer coefficients, and mass fractions 
of solute in the inlet and outlet liquid streams. The fun- 
damental mathematical model of multiple-effect evapora- 
tors was further applied (11) along with an accurate esti- 
mate of U and fouling factor Rz to design a five-effect 
evaporation unit capable of treating the input citrus juice 
flow rates indicated in (Figure 3). Results of the calcula- 
tions are shown in Table 2 for orange and lemon juices that 
were concentrated from 11.7 to 65°Brix, and from 9.3 to 
40°Brix, respectively. 

According to one study (12), factors influencing the rate 
of heat transfer can be summarized as 


1. Temperature difference between the steam and the 
boiling liquid. 

2. Fouling of evaporator surfaces. 

3. Boundary film thickness. 


Factors influencing the economics of evaporation include 


1. Loss of concentrate due to foaming and entrainment. 
2. Energy expenditure. 


The total evaporation depends on the steam consump- 
tion and the specific surface area of the evaporator. Capital 
costs increase with the size of the evaporator whereas en- 
ergy cost decrease with it. If the fouling of the heating sur- 
face is expressed as specific product losses and is reduced 
from 1.0 to 0.2 kg thin milk/m?, for modern evaporators 
with a specific surface area of 0.12-0.14 m*(kg/h), the pro- 
duction costs will decrease by about 40% for whole milk 


evaporation and 30% for skim milk evaporation (13). In- 
creased fouling is caused by a nonuniform distribution of 
liquid to individual heating tubes in falling-film evapora- 
tors such that some groups of tubes have more deposit than 
the others. 

Steam economy, defined as the mass of water evapo- 
rated per unit mass of steam utilized, is often used as a 
measure of evaporator performance. A similar definition 
could be used if another condensing vapor (ammonia, 
Freon, or diphenyl) is employed as the heating medium. 

Steam requirement for double-effect is computed di- 
rectly from solving the heat and mass balances presented 
earlier. Equations 1-6 can be used to compute the heat- 
transfer surface area after the overall heat-transfer coef- 
ficients U, and U, have been evaluated for both effects. The 
usual procedures for computing steam requirement in- 
volve assumptions, such as equal heat flux, equal heat- 
transfer area, or equal temperature gradient in each effect 
of the system. 

For plants with increasing number of effects resulting 
in decreased potential temperature difference in each ef- 
fect, the boiling point rise is of importance when calculat- 
ing the temperature program of an evaporation plant. For 
well-defined solutions such as water, the elevation of boil- 
ing points is proportional to the molar concentration of the 
solute, thus 


_ RT%oX! 


ae 


(16) 


Food liquids are normally more complicated and the boil- 
ing point rise has to be determined experimentally. For 
milk, the following values have been given (8): 


Concentration %DM 16 27.5 39 49 62 69 73 
Temperature °C 05 1 15 2 8 4 5 


The Duhring plot for sucrose for various conditions are pre- 
sented in Figure 4. 


EQUIPMENT 


Evaporators are basically heat exchangers, that transfer 
heat from steam or other heating medium to the food. Va- 
pors produced must be separated. The selection of an evap- 
orator should include the following factors (12): 


1. Production rate (kilograms of water removed per 
hour). 
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Raw citrus fruits 
a) 20000 (82% moisture) 
b) 10000 (83% moisture) 


Waste 
a) 200 
b) 100 
a) 19800 
b) 9900 -O) ww 
Peel oil recovery Cowe 


PPS. a) 19720.8 
a) 11832.48 b) 9850.4 
b) 6895.28 


Centrifugation 


Juice extraction 


EPP. a) 7888.32 
a) 788.83 b) 2955.12 
b) 295.52 


a) 79.2 


Finishing and clarification b) 49.6 


a) 12621.31 


b) 7190.8 a) 7099.49 


b) 2659.6 


Raw 
citrus oils 


a) 8677.15 
b) 3743.16 


Dewatering 


a) 1577.66 
b) 1083.56 


a) 11043.7 
b) 6107.2 

(77% moisture) 
(79% moisture) 


Pasteurization 
a) 158.73 


Water 
evaporated 
a) 6985.1 
b) 2872.88 


a) 8518.42 
b) 3743.15 


Concentration 


a) 1533.32 
b) 870.28 
a) 179.68 


b) 217.6 


Blending 


a) 1353.64 


a) 338.41 b) 652.68 


(40°Brix) 


b) 217.6 
Slush-freezing Heating 
Filling and seaming Filling and seaming 
Blast-freezing Cooling 
Storage Storage 
Frozen Concentrated 
concentrated citrus juice 
citrus juice 


Figure 3, Flow diagram and material balance flow sheet for a 
concentrated citrus juice production plant with working capacity 
of 20,000 kg of raw oranges per hour and 10,000 kg of raw lemons 
per hour. The data reported here are expressed as kgh~; symbol 
(a) refers to orange, while symbol (b) to lemons. Stream identifi- 
cation symbols: COWE, citrus oils and water emulsion; EPP ex- 
cess pulp and peel; PPS, peel, pulp, and seeds; WCW, water and 
citrus waste; WW, washing water. Source: Reprinted with permis- 
sion from Ref. 11. 


2. Degree of concentration required (percentage dry 
solids in the product). 

8. Heat sensitivity of product in relation to the resi- 
dence time and temperature of evaporation. 

4. The requirement for volatile recovery facilities. 

5. Ease of cleaning. 

6. Reliability and simplicity of operation. 

7. Size of evaporator. 

8. Capital and operating costs. 

9. Product quality. 


Evaporators are classified as natural circulation evapora- 
tors and forced circulation evaporators. 


Natural Circulation Evaporators 


These may be open or closed pan evaporators, short-tube 
evaporators (also known as calandria vacuum pans in the 
food industry) (Fig. 5), or long-tube evaporators. Natural 
circulation evaporators operate by the thermo-syphon 
principle. The density difference between the boiling liquor 
and the circulation leg produces the driving force for liquid 
circulation. Typical applications include beet sugar, low to 
moderately viscous liquors, and nonsalting materials. 

Pan evaporators are heated directly by gas or electrical 
resistance wires or indirectly by steam. They have rela- 
tively low rates of heat transfer, low energy efficiencies, 
and cause damage to heat-sensitive foods. However, they 
have low capital costs and are easy to construct and main- 
tain. They have found wide applications in the preparation 
of sauces, gravies, and jam or other preserves (12). 

Short-tube evaporators consist of a vessel or shell that 
contains a bundle of tubes. The feed solution is heated by 
steam condensing on the outside of the tubes. Liquor rises 
through the tubes, boils, and recirculates by flowing back 
down through a wide central bore. The vertical arrange- 
ment of tubes promotes natural convection currents and, 
therefore, higher heat transfer rates. The flow velocity is 
typically 0.8-1 m/s (15). These evaporators have low cap- 
ital costs and are flexible, although generally unsuited to 
high-viscosity solutions. They are widely used for concen- 
trating syrups, salt, and fruit juices. 

The long-tube evaporators consist of a vertical bundle 
of tubes, each up to 50 mm in diameter and 5-15 m high. 
The length-to-diameter ratio is 70:130 (15). Liquid is pre- 
heated almost to boiling point (evaporation temperature) 
before entering the evaporator. For low-viscosity (less than 
0.1 N - s/m?) foods such as milk, the thin film of liquor is 
forced up the evaporator tubes and this arrangement is 
known as the climbing-film evaporator (Fig. 6). A great 
deal of foaming does not matter, but they are susceptible 
to caking (15). As steam is admitted to the chest of the 
evaporator, the liquid reaches the boiling point and evap- 
oration starts; a lot of small vapor bubbles appears in the 
liquid and starts the two-phase flow. The bubbles expand 
and push the mixture of liquid and vapor upward, further 
heat is applied resulting in more vapor formed (plug flow). 
Farther upward the remaining liquid is maintained as a 
film on the tube wall with vapor flowing as a core (annular 
flow). In the final part of the tube, the film is bursting and 
the liquid appears as droplets in a flow of vapor (mist flow). 
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Table 2. Material and Energy Balance for the Evaporation Unit of the Concentrated Citrus Process 


Parameter Isteffect  Qndeffect Srdeffect —4theffect —_—Sth effect Unit 
Internal pressure at 73.5 63.8 54.2 44.0 6.0 kPa 
b 57.0 39.2 25.0 142 6.0 
Juice temperature a 917 88.1 84.2 79.6 412 °C 
b 85.9 76.9 66.9 55.5 408 
Boiling point rise a 0.44 0.55 0.77 13 49 | 
b 1.21 1.45 1.84 2.57 45 
Clean heat-transfer coefficient a 3,764 3,416 2,971 2,259 130 Wm"! °c"? 
b 4,061 3,470 2,902 2,188 799 
Input liquid flow rate a 8,518 7,140 5,765 4,392 3,014 kgh-? 
b 3,743 3,233 2,694 2,128 1,517 
Input liquid concentration a 17 14.0 17.3 22.7 33.1 °Brix 
b 93 10.8 12.9 16.4 23.0 
Output liquid flow rate a 7,140 5,765 4,392 3,014 1,533 kgh-? 
b 3,233 2,694 2,128 1,517 870 
Output liquid concentration a 14.0 173 22.7 33.1 65.0 °Brix 
b 10.8 12.9 16.4 23.0 40.0 
Recirculation ratio a 0 0 0 ) 6 
b 
‘Thermal loss a 0.03 0.03 0.03 0.03 0.03 
b 
Heat-transfer surface a 193.3 193.3 193.3 193.3 193.3 m? 
Fouling factor (x 10°) a 0.43 0.43 0.43 0.43 043° m*°cw"! 
b 4.5 45 45 45 4.5 
Live steam consumption (95°C) a 1,484 kgh? 
b 625 
Cooling water consumption (21-33°C) a 723 mh 
b 29.7 


Source: Adapted with permission from Ref. 11. 
“Orange juice = a; lemon juice = b. 


ABCD E 


Sucrose boiling point 


Water boiling point 


Figure 4. Duhring plot for sucrose for various sucrose concentra- 
tions per 100 g of water. A, 1,000 g; B, 800 g; C, 600 g; D, 400 g; 
E, 200 g. Source: Reprinted with permission from Ref. 12. 


Pressure drop increases as more vapor is formed, and 
hence the evaporation temperature drops. This tempera- 
ture drop must be as small as possible because it leads to 
higher energy consumption. The flow regime and tempera- 
ture profile are depicted in Figure 7. 

For more viscous foods, or those that are very heat sen- 
sitive, the feed is introduced at the top of the tube bundle, 
and the concentrate and the vapor are leaving the tubes at 
their bottom. Normally the liquid is superheated when en- 
tering the tube, thus the liquid is already at its boiling 
point and no part of the heating surface is used for pre- 


heating. This type of equipment is called the falling-film 
evaporator (Fig. 8). Only a small amount of product is 
in the tube, compared with the column of liquid in the 
climbing-film evaporator. Hydrostatic head loss found in 
climbing-film evaporators is absent in falling-film evapo- 
rators. Thus little temperature drop is seen during the pas- 
sage through the tube (14). The gravitational force en- 
hances the forces due to expansion of the steam, to produce 
high flow velocities of up to 200 m/s at the end of the tubes 
(12). Falling-film evaporators were developed to increase 
the rate of removal of water and decrease the danger of 
localized overheating. 

A falling-film evaporator consists of the following major 
components: vertical heating tube bundle with surround- 
ing heating jacket, calandria upper section with product. 
distribution device, and calandria base section with sepa- 
rator. The liquid to be concentrated is fed into the upper 
part of the calandria where it is distributed evenly on the 
tube sheet, from which it flows down the interior walls of 
the vertical tubes as a thin boiling film. The most impor- 
tant factor in the trouble-free operation of this evaporator 
is the liquid coverage of the heating tubes, that is, the liq- 
uid flow rate required to cover each heating tube. Without 
enough liquid, the liquid film will break near the bottom 
of the tube. Dry spots develop on the tube, the heating 
surface becomes coated with a deposit, and eventually the 
tube may get clogged with burned-on product. The mini- 
mum liquid coverage depends on the type of product, re- 
quired concentration, and operating time. If the coverage 
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Figure 5. Calandria evaporator. Source: Reprinted with permis- 
sion from Ref. 14. 
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Figure 6, Climbing-film evaporator. Source: Reprinted with per- 
mission from Ref. 12. 


falls short of a minimum value, fewer but longer heating 
tubes may be used, thus giving more liquid per tube while 
maintaining the same total heating surface area. The next 
choice is to subdivide the calandria to create more passes 
on the product side; recirculation of product within a cal- 
andria also improves coverage, however, it increases the 
residence time. Tube length design shall be a compromise 
between adequate liquid coverage and pressure drop. 
Short tubes with larger diameters have smaller pressure 
loss, whereas small diameter tubes lead to high velocity of 
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Figure 7. Flow regimes and temperature distribution in a climb- 
ing-film evaporator. Source: Reprinted with permission from Ref. 
16. 


the two-phase flow, causing high pressure loss and boiling 
point elevation. To this effect, it has been recommended 
that tubes between 8 and 12 m in length and with a di- 
ameter between 30 and 50 mm be used (16). 

Product distribution in the upper part of the calandria 
can be done in two ways; dynamic distribution or static 
distribution. Dynamic distribution may be done by a full- 
cone nozzle in which the kinetic energy of the liquid is used 
to atomize the fluid into droplets and distribute them on 
the upper tube sheet. This distribution device, although 
simple and economic, does not guarantee even distribu- 
tion. Static distribution devices (Fig. 9) are generally pre- 
ferred. Even distribution is achieved by having uniform 
liquid static pressure over all openings in the base of a 
predistribution bowl, giving uniform wetting of all tubes. 
The system adapts readily to varying feed conditions by 
varying the liquid level. The falling-film evaporator is 
widely used for sugars and syrups, yeast extracts, fruit 
juices, dairy products and starch processing. 

It has been pointed out that both types of long-tube 
evaporator are characterized by short residence times, 
high-heat transfer coefficients, and efficient energy use 
(steam economy = 2.5 to 3.3) in multiple-effect systems 
(12). 


Forced Circulation Evaporators 

Forced circulation evaporators have a pump or scraper as- 
sembly to move the liquor, usually in thin layers, to en- 
hance heat-transfer rates and shorten residence times. 
The forced circulation design is generally used in applica- 
tions where a solid is precipitated during evaporation or a 
scaling constituent is present. 

Recirculated falling-film configurations are used when 
insufficient feed liquor is available to use the heat-transfer 
surface with single-pass operation (natural circulation 
method). A portion of the product liquor is combined with 
the feed stream and is pumped to the upper liquor cham- 
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Figure 9. Liquid distribution in a falling-film evaporator. Source: 
Reprinted with permission from Ref. 8. 


ber. Product retention time is greater than for the single- 
pass evaporator but is still relatively short as the operating 
volume is small. These evaporators find applications in 
moderately heat-sensitive foods. 

The plate type or AVP evaporator, developed in the UK 
in the 1950s, is suitable for viscous liquids (0.3-0.4 N - 
s/m?), because the food is pumped through the plate stack, 
consisting of a series of climbing-film and falling-film sec- 
tions. The heating medium is steam. They are compact and 
are advantageous in having a small amount of product in 
the system at any one time. They have the additional ad- 
vantage of ease of maintenance and inspection. 

An example of a high-temperature, short-time (HTST 
or flash) evaporator is one with rotating heating surface 
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Figure 8. (a) Falling-film evaporator. 
(b) Falling-film evaporator, with falling 
and climbing sections. Source: Reprinted 
with permission from Ref, 15. 


Condensate 


and is shown in Figure 10. It is a mechanical thin-film 
evaporator. Feed flows to the underside of a stack of rotat- 
ing hollow cones from a central shaft. The feed liquor is 
kept in rapid motion, and the centrifugal force (750-3,000 
N) causes the formation of a very thin film (about 0.1 mm 
thick) in which the liquid remains for only a very short 
time of 0.6 to 1.6 s (17). Steam condenses on each cone, and 
heat is conducted rapidly through the thin metal to evap- 
orate the liquor. High rates of heat transfer are obtained 
as steam condensate is flung from the rotating cones as 
soon as they are formed. A high degree of flexibility can be 
achieved by changing the number of cones. This evaporator 
is used for coffee and tea extracts, meat extract, fruit juices 
and enzymes for use in food processing. 

Aschematic cross section of an agitated-film (also called 
scraped-surface or wiped-surface) evaporator is shown in 
Figure 11. The product film near the heat-transfer surface 
is continuously agitated by a rotor to increase the heat- 
transfer rate on the product side. The evaporator may also 
consist of a steam jacket surrounding a highspeed rotor, 
fitted with short blades along its length (Fig. 12). The liq- 
uid enters the wide end and is forced through the precise 
space between the rotor and the wall (heated surface) to- 
ward the outlet for the concentrate. The blades agitate the 
thin film of liquid vigorously, thus promoting high heat- 
transfer rates and preventing the product from burning 
onto the hot surface. If the viscosity increases greatly dur- 
ing evaporation, it is better to feed the liquid at the narrow 
end. This type of equipment is highly suited to viscous (up 
to 20 N - s/m?), heat-sensitive foods, or to those that are 
liable to foam or foul evaporator surfaces (fruit pulps and 
juices, tomato paste, meat extracts, honey, cocoa mass, cof- 
fee, and dairy products). Only single effects are possible, 
thus giving low steam economy. It is more intended for 
finishing highly viscous products after preconcentration in 
other equipment (12). 
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Figure 10. Mechanical thin-film evaporator. Source: Reprinted 
with permission from Ref. 15. 
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Figure 11. Schematic cross-section of agitated film evaporator. 
Source: Reprinted with permission from Ref. 4. 


Energy Efficiency 

The energy efficiency of evaporation systems may be im- 
proved by the following approaches (19): multiple-effect, 
vapor recompression, or refrigerant cycle evaporators. 


Multiple-Effect Evaporating System. For the evaporation 
of temperature-sensitive materials it is important to keep 
the temperature as low as possible. This is achieved by 
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Figure 12, Centri-term evaporator. Source: Reprinted with per- 
mission from Ref. 18. 


working at a lower pressure. Practically all the evapora- 
tors mentioned above can be used at pressures below at- 
mospheric. 

To make use of the large amount of heat in the vapor 
driven off the liquid food, the water vapor can be used as 
the heating medium in a following evaporator. This second 
evaporator must then operate at a lower pressure than the 
first. This is called double-effect evaporation. Repetition of 
this step produces multiple-effect evaporation. The effects 
then have progressively lower pressures to maintain the 
temperature difference between the feed and the heating 
medium. A multiple-effect evaporating system can be de- 
signed in several ways in regard to the direction of flow of 
the solution. Figure 13 illustrates, with a triple-effect 
evaporator, the arrangements of forward feed, backward 
feed, parallel feed, and mixed-feed system. 

The liquid in the forward feed system enters the highest 
temperature evaporator first and exits as a concentrated 
liquid from the third evaporator that operates at the lowest 
temperature and pressure. The liquid is usually preheated 
by steam or vapor from one of the effects before it enters 
the first evaporator. The liquid leaving effect 1 hasa higher 
temperature than the liquid in effect 2, and in crossing the 
throttle valve to effect 2, a small amount of the liquid water 
will flash to water vapor and the temperature of the liquid 
will drop to the operating temperature of effect 2. 

In the backward feed system, the liquid flows in oppo- 
site direction of the forward feed evaporator. This system 
allows the concentrated liquid to exit at the highest tem- 
perature, which is advantageous for products having a 
high viscosity in the concentrated form. Because the liquid 
leaving effect 3 has a lower temperature than the liquid in 
effect 2, a pump is needed to provide additional energy to 
increase its temperature to the saturation temperature 
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Figure 13. Multiple-effect evaporation. (a) Forward feed; (b) 
backward feed; (c) parallel feed; (d) mixed feed. Source: Reprinted 
with permission from Ref. 15. 


corresponding to effect 2. A similar situation exists be- 
tween effect 2 and effect 1. 

The parallel feed evaporator essentially acts like three 
separate evaporators, each operating at a different pres- 
sure. It has the advantage of simple operation. However, 
it is the most expensive arrangement, because extraction 
pumps are required for each effect. Mixed-feed evaporators 
are useful for viscous food, such as distillery by-products 
(20). They have the simplicity of forward feed and economy 
of backward feed. The merits and shortcomings of each ar- 
rangement are described in Table 3. 

In each evaporator of a multiple-effect installation it is 
necessary for the temperature of the heating medium to be 
higher than the boiling temperature; the number of stages 
is, therefore, limited. Savings in energy consumption de- 
creases with every effect added. Ideally, 1 kg of steam va- 
porizes 1 kg of water in all effects, so that the steam econ- 
omy would be 1, 2, 3, and 4, respectively, for one to four 
effects. In practice, the steam consumption is somewhat 
higher because of heat losses. Actual steam economy for 
evaporating milk is 0.8, 1.7, 2.5, and 3.3 (2). The steam 
economy for evaporating tomato paste was calculated (22); 
the values were 0.95, 1.91, and 2.60 compared to measured 
values of 0.84, 1.45, and 2.20 (on average), respectively, for 
one, two, and three effects. 

Many HTST evaporators, under the trade name TASTE 
(thermally accelerated short time evaporator) have been 
installed in Florida and elsewhere (23). The initial feed is 
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preheated to about 90°C in a conventional heat exchanger 
and flashed through a series of evaporators with progres- 
sively higher vacuums (15). A typical unit has seven stages 
plus a vacuum flash cooler arranged so there are four ef- 
fects. The word effect indicates vapor flow in the evapora- 
tor, while the word stage indicates the flow of product (24), 
Temperature in the various stages range from 41 to 96°C. 
These units are small for their capacity and lack the 
vapor-—liquid separation chambers of the low-temperature 
evaporators. There is more tendency for hesperidin to build 
up on the heat exchange surface of the TASTE evaporator 
in comparison with low temperature units, but because of 
the low retention time, it can be emptied rapidly. It can be 
cleaned in place, without dismantling, in minutes. 

The steam economy of two tubular TASTE evaporators 
with four effects and seven stages (Fig. 14) and with nom- 
inal evaporation capacity of 27,211 kg (60,000 Ib) and 
45,352 kg (100,000 Ib) of water per hour is 0.85 N; N being 
the number of effects of the evaporator (24). More stages 
are incorporated in the last effect because of reduction in 
product volume as it is concentrated. Similarly, it was 
found that the steam economy for two plate evaporators 
(four effects, five stages) (Fig. 15) with a capacity of 13,605 
kg (30,000 Ib) per hour was 0.82 N. 


Vapor Recompression. Thermal recompression with a 
steam-jet compressor (25) is illustrated in Figure 16. A 
fraction of the vapor produced is combined with steam en- 
tering the heat exchanger in the low-pressure section of 
the Venturi. The remaining vapor is used in subsequent 
effects. This system is sometimes advantageous when the 
temperature of steam supplied by the boiler is too high for 
the foods. By regulating the size of the Venturi the pres- 
sure can be controlled and hence condensing temperature 
of the steam. Part of the kinetic energy associated with the 
high-velocity flow in the Venturi is used to compress the 
recirculated vapor. Vapor recompression will decrease 
steam consumption and increase the steam economy. 
When steam costs are moderate and electricity costs com- 
paratively high, thermal compression is recommended. 
This simple method is relatively inexpensive, has a long 
operating life, and requires little maintenance. However, 
its characteristic operating curve has only one optimum 
operating point, thus restricting flexibility between design 
and actual operating conditions (16). 

In a mechanical vapor recompression system (Fig. 17) 
all of the vapor produced is compressed to a slightly higher 
pressure by a mechanically driven compressor. The com- 
pressed vapor then enters the heat exchanger and on con- 
densation provides heat to drive the evaporation process. 
This method can virtually eliminate steam requirement, 
as only a small amount of make-up steam is needed. Yet 
both the high capital and energy costs to operate the com- 
pressor need to be considered; it is about 10 times more 
expensive than the thermal type. Also, when evaporation 
pressures become too low, the volume of vapor to be han- 
dled increases dramatically, and mechanical compression 
is not economical. An evaporator operating at 5.0 kPa 
(33°C) would produce almost four times as much vapor vol- 
ume as an evaporator operating at 20 kPa (60°C) on the 
same production rate basis (19). Nevertheless, mechanical 
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Table 3. Advantages and Limitations of Various Methods of Multiple-Effect Evaporation 


Arrangement of effects Advantages 


Limitations 


Forward feed Least expensive, simple to operate, no feed pumps 
required between effects, lower temperatures with 
subsequent effects and, therefore, less risk of heat 


damage to more viscous product. 


Reverse feed No feed pump initially, best-quality steam used on 
the most difficult material to concentrate, better 
economy and heat-transfer rate as effects are not 
subject to variation in feed temperature and feed 
meets hotter surfaces as it becomes more 
concentrated thus partly offsetting increase in 
viscosity 

Simplicity of forward feed and economy of backward 
feed, useful for very viscous foods 

For crystal production, allows greater control over 
crystallization and prevents the need to pump 


Mixed-feed 


Parallel 


Reduced heat-transfer rate as the feed becomes more 
viscous, rate of evaporation falls with each effect, 
best quality steam used on initial feed, which is 
easiest to evaporate; feed must be introduced at 
boiling point to prevent less of economy (if steam 
supplies sensible heat, less vapor is available for 
subsequent effects) 

Interstage pumps necessary, higher risk of heat 
damage to viscous products as liquor moves more 
slowly over hotter surfaces, risk of fouling 


More complex and expensive 


More complex and expensive of the arrangements, 
extraction pumps required for each effect. 


crystal Murries 


Source: Adapted with permission from Ref. 21, 


233 334 
Figure 14, Schematic of a 5-effect, 7-stage iSiasse+— en Tobe 
TASTE Evaporator. Source: Reprinted Effects 


with permission from Ref. 24. 


vapor recompressors have more or less the same limited 
flexibility as thermal recompressors. This applies particu- 
larly to the high-speed radial turbo compressor, which 
reaches its surge limit if the actual vapor flow is too small, 
thus rendering the system unstable (16). Mechanical re- 
compressors are complicated in design, and need careful 
maintenance and supervision of mechanical vibration. 


Refrigerant Cycle Evaporators. Figure 18 shows a sche- 
matic system of juice concentration using a technique that 
combines a vapor compression refrigeration cycle with the 
evaporation system (25). Condensing water vapor boils liq- 
uid refrigerant to form a refrigerant vapor, which is then 
compressed to a higher temperature level and acts as a 
heat source to boil the liquid being concentrated (19). The 
evaporator, for simplicity, is shown as a single-effect design 
with means for recirculating the juice. Variations may em- 
ploy multiple effects. The pressure in the system can be 
maintained by a relatively small steam ejector or a me- 
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chanical vacuum pump. Its advantage over a mechanical 
vapor recompression system is that the volume of vapor 
being compressed is much reduced at a given evaporator 
temperature. However, the refrigerant must be com- 
pressed through a wider temperature range because an 
additional heat exchanger is required. 


Auxilliary Equipment 


Preheaters. After feeding the product into the evapo- 
ration plant via a float balance tank and feed pump, the 
first process step is to preheat the product. In general, liq- 
uid food is stored at between 5 and 20°C for quality pres- 
ervation; therefore, it must be preheated to at least the 
evaporation temperature of the first effect, most commonly 
between 40 and 110°C. Three types of preheater are used: 
plate, spiral tube, and straight tube heat exchangers (16). 
If there are solid particles in the product, a plate heat ex- 
changer should not be used, because the particles may 
block the narrow product passages. The same problem may 
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Figure 15, Schematic of a 4-effect, 5-stage plate evaporator. Source: Reprinted with permission 


from Ref. 24. 
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also occur with protein-containing products, due to the for- 
mation of deposits if the preheating temperature exceeds 
the denaturalization temperature. Secondary flows devel- 
oped in the spiral tube leads to higher heat-transfer coef- 
ficients than straight tube, and a reduced tendency to foul. 
The disadvantages are that inspection and replacement of 
the tube is very difficult, Straight tube preheaters are es- 
pecially useful as intermediate preheaters following first 
step preheating with plate heat exchanger, where product 
of high concentration is required, and where equipment 
inspection is essential. 


Separators. Separators are used to separate the mixture 
of vapor and concentrated product produced in the calan- 
dria. A separator should have high separation efficiency, 
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thermo-compressor 
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steam 


Separator 


Figure 16. System of concentration using 
thermal recompression with a steam-jet com- 
pressor. Source: Reprinted with permission 
from Ref. 25. 


Concentrate 


small pressure loss, and short residence time. Because a 
fine mist of concentrate is produced during vigorous boiling 
and carried over in the vapor, separators should be de- 
signed to minimize entrainment. Large pressure loss is to 
be avoided lest extra heating surface must be installed in 
the next effect. The many different separators in use can 
be classified according to three operating principles: grav- 
ity separator, baffle separator, and centrifugal separator. 


Condensers. Surplus vapor produced in evaporation can 
be condensed and reused where possible. Condenser cool- 
ing water is normally provided from a cooling tower or the 
city main; in certain cases, it may be extracted from rivers, 
lakes, or the sea. The tasks of a condenser are to maintain 
the heat balance of an evaporation plant, to stabilize the 
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Figure 17. A mechanical vapor recompression system. Source: 
Reprinted with permission from Ref. 19. 


Refrigerant vapor return 


Auxiliary heat 


temperature in each effect, and to produce and maintain 
vacuum. 


EFFECT ON FOODS 


Nutritional changes take place during processing, the ex- 
tent varying with the type of food, the process, the plant 
in use, and the degree of control exercised. Many losses are 
inevitable, particularly if the process involves heating. 
Part of the water-soluble nutrients such as the B vitamins, 
together with lesser and less-important amounts of min- 
eral salts, protein, and even carbohydrate will be precipi- 
tated out. Vitamin C is oxidized in air and accelerated by 
heat, whereas vitamins A and D and niacin are unaffected 
(20). A comparison of nutrient losses in milk preserved by 
evaporation and UHT sterilization is shown in Table 4. 
Aroma compounds that are more volatile than water 
will be lost during evaporation. With some products such 
as fruit juices, the retention of taste and aroma is impor- 
tant, yet in other foods such as cocoa and milk, the loss of 
unpleasant volatiles improves the product quality, The 
color of foods darkens, partly due to an increase in the sol- 
ids content and partly because the reduction in water ac- 
tivity promotes chemical changes (for example, Maillard 
browning) (12). As these changes are time and tempera- 
ture dependent, short residence times and low boiling 
points produce concentrates with higher qualities. For in- 
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Table 4. Vitamin Losses in Concentrated and UHT Sterilized Milk 
Loss (%) 

Product. Thiamin Vitamin Bg Vitamin B,2 Folic acid Ascorbic acid 
Evaporated milk 20 40 80 25 60 
Sweetened condensed milk 10 <10 30 25 25 
UHT sterilized milk <10 <10 <10 <10 <25 


Source: Adapted with permission from Ref. 26. 
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stance, the Centri-therm mechanical thin-film evaporator BIBLIOGRAPHY 


produces a concentrate that, when diluted, has sensory 


and nutritional qualities that are virtually unchanged i 


from those of the feed material (12). 
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EVAPORATORS: TECHNOLOGY 
AND ENGINEERING 


TYPES OF EVAPORATORS 


In the evaporation process, concentration of a product is 
accomplished by boiling out a solvent, generally water, so 
that the end product may be recovered at the optimum 
solids content consistent with desired product quality and 
operating economics. It is a unit operation that is used ex- 
tensively in processing foods, chemicals, pharmaceuticals, 
fruit juices, dairy products, paper and pulp, and both malt 
and grain beverages. It also is a unit operation, which, with 
the possible exception of distillation, is the most energy- 
intensive. 

Although the design criteria for evaporators are the 
same regardless of the industry involved, the question al- 
ways arises as to whether evaporation is being carried out 
in the equipment best suited to the duty and whether the 
equipment is arranged for the most efficient and econom- 
ical use. As a result, many types of evaporators and many 
variations of processing techniques have been developed to 
take into account different product characteristics and op- 
erating parameters. 

The more common types of evaporators include the fol- 
lowing: 


. Batch pan 

. Natural circulation 

. Rising film tubular 

Falling film tubular 

. Rising-falling film tubular 

. Forced circulation 

'. Wiped film 

}. Plate equivalents of tubular evaporators 
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Batch Pan 


Next to natural solar evaporation, the batch pan as shown 
in Figure 1 is one of the oldest methods of concentration. 
It is somewhat outdated in today’s technology but still is 
used in a few limited applications such as the concentra- 
tion of jams and jellies where whole fruit is present and in 
processing some pharmaceutical products. Up until the 


Condensate 


Figure 1. Jacketed batch pan. 


early 1960s, it also enjoyed wide use in the concentration 
of corn syrups. 

With a batch pan evaporator, product residence time 
normally is many hours. Therefore, it is essential to boil at 
low temperatures and high vacuum when a heat-sensitive 
or thermodegradable product is involved. The batch pan 
is either jacketed or has internal coils or heaters. Heat- 
transfer areas normally are quite small as a result of vessel 
shapes, and heat-transfer coefficients tend to be low under 
natural convection conditions. Heat transfer is improved 
by agitation within the vessel. Low surface areas together 
with low HTCs (heat-transfer coefficients) generally limit 
the evaporation capacity of such a system. In many cases, 
large temperature differences cannot be used for fear of 
rapid fouling of the heat-transfer surface. Relatively low 
evaporation capacities, therefore, limit its use. 


Tubular Evaporators 


Natural Circulation. Evaporation by natural circulation 
is achieved through the use of a short tube bundle within 
the batch pan or by having an external shell and tube 
heater outside the main vessel as illustrated by Figure 2. 
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Figure 2. Natural circulation. 
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early 1960s, it also enjoyed wide use in the concentration 
of corn syrups. 
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low temperatures and high vacuum when a heat-sensitive 
or thermodegradable product is involved. The batch pan 
is either jacketed or has internal coils or heaters. Heat- 
transfer areas normally are quite small as a result of vessel 
shapes, and heat-transfer coefficients tend to be low under 
natural convection conditions. Heat transfer is improved 
by agitation within the vessel. Low surface areas together 
with low HTCs (heat-transfer coefficients) generally limit 
the evaporation capacity of such a system. In many cases, 
large temperature differences cannot be used for fear of 
rapid fouling of the heat-transfer surface. Relatively low 
evaporation capacities, therefore, limit its use. 


Tubular Evaporators 


Natural Circulation. Evaporation by natural circulation 
is achieved through the use of a short tube bundle within 
the batch pan or by having an external shell and tube 
heater outside the main vessel as illustrated by Figure 2. 
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Figure 2. Natural circulation. 


The external heater has the advantage that its size is not 
dependent on the size or shape of the vessel itself. As a 
result, larger evaporation capacities may be obtained. The 
most common application for this type of unit is as a re- 
boiler at the base of a distillation column. 


Rising Film Tubular. The first of the “modern” types of 
evaporators is the rising film unit, although its use by in- 
dustry goes back to the early 1900s. The rising film prin- 
ciple was developed commercially by using a vertical tube 
with steam condensing on its outside surface (Fig. 3). Liq- 
uid inside the tube is brought to a boil, the vapor generated 
forming a core in the center of the tube. As the fluid moves 
up the tube, more vapor is formed, resulting in a higher 
central core velocity that forces the remaining liquid to the 
tube wall. Higher vapor velocities, in turn, result in thin- 
ner and more rapidly moving liquid film. This provides 
higher HTCs and shorter product residence time. 

The development of this principle was a giant step for- 
ward in the evaporation field, particularly from the view- 
point of product quality. Its further advantage of high 
HTCs resulted in reduced heat-transfer area requirements 
and consequently, in a lower initial capital investment. 


Falling Film Tubular. Following development of the ris- 
ing film principle, it took almost a further half century for 
a falling film evaporation technique to be perfected (Fig. 
4). The main problem was to design an adequate system 
for the even distribution of liquid to each of the tubes. Dis- 
tribution in its forerunner, the rising film evaporator, was 
easy as the bottom bonnet of the calandria always was 
pumped full of liquid, thus allowing equal flow to each 
tube. 

While all manufacturers have their own techniques, 
falling film distribution generally is based on the use of a 
perforated plate positioned above the top tube plate of the 
calandria. Spreading of liquid to each tube sometimes is 
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Figure 8. Rising film tubular. 
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Figure 4, Falling film tubular. 


further enhanced by generating flash vapor at this point. 
The falling film evaporator does have the advantage that 
the film is “going with gravity” instead of against it. This 
results in a thinner, faster moving film and gives rise to 
even shorter product contact time and a further improve- 
ment in the value of HTC. 

The rising film unit normally needs a driving force or 
temperature difference across the heating surface of at 
least 25°F to establish a well-developed film, whereas the 
falling film evaporator does not have a driving force limi- 
tation. This permits a greater number of evaporator effects 
to be used within the same overall operating limits, in 
other words, if steam is available at 2.5 psig corresponding 
to 220°F and the last effect boiling temperature is 120°F, 
the total available 4T is equal to 100°F. This would limit 
a rising film evaporator to four effects, each with a 4T of 
25°F. It would be feasible, meanwhile, to have as many as 
ten or more effects using the falling film technique. 


Rising-Falling Film Tubular. As illustrated by Figure 5, 
the rising-falling film evaporator has the advantages of the 
ease of liquid distribution of the rising film unit coupled 
with lower head room requirements. The tube bundle is 
approximately half the height of either a rising or falling 
film evaporator and the vapor-liquid separator is posi- 
tioned at the bottom of the calandria. 


Forced Circulation. The forced circulation evaporator 
(Fig. 6) was developed for processing liquors that are sus- 
ceptible to scaling or crystallizing. Liquid is circulated at 
a high rate through the heat exchanger, boiling is pre- 
vented within the unit by virtue of a hydrostatic head 
maintained above the top tube plate. As the liquid enters 
the separator, where the absolute pressure is slightly less 
than in the tube bundle, the liquid flashes to form a vapor. 

The main applications for a forced circulation evapora- 
tor are in the concentration of inversely soluble materials, 
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Figure 5. Rising-falling film tubular. 
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Figure 6, Forced circulation. 


Wiped Film. The wiped or agitated thin film evaporator 
depicted in Figure 7 has limited applications and is 
confined mainly to the concentration of very viscous ma- 
terials and the stripping of solvents down to very low lev- 
els. Feed is introduced at the top of the evaporator and is 
spread by wiper blades on to the vertical cylindrical surface 
inside the unit. Evaporation of the solvent takes place as 
the thin film moves down the evaporator wall. The heating 
medium normally is high-pressure steam or oil. A high- 
temperature heating medium generally is necessary in or- 
der to obtain a reasonable evaporation rate since the heat- 
transfer surface available is relatively small as a direct 
result of its cylindrical configuration. 

The wiped film evaporator is very satisfactory for its 
limited applications, However, in addition to its small sur- 
face area, it also has the disadvantage of requiring moving 
parts such as the wiper blades, which, together with the 
bearings of the rotating shaft, need periodic maintenance. 
Capital costs in terms of dollars per pound of solvent evap- 
orated also are very high. 


Plate Evaporators 


The plate equivalent of the tubular evaporator is available 
in four configurations: rising-falling film, falling film, Par- 
vap, and Parflash plate evaporators. All have been devel- 
oped by APV to handle the concentration of products that 
have varying characteristics. 

Plate-type evaporators now have been sold commer- 
cially for nearly 30 years, and during that time over 1600 
units manufactured by APV have been installed for con- 
centrating hundreds of different products. 


Feed inlet 


Rotor 
assembly 


Vaporizing 
section 


which results in the deposition of solids. In all cases, the 
temperature rise across the tube bundle is kept as low as 
possible, generally in the region of 3-5°F. This results in a 
recirculation ratio as high as 200-330 Ib of liquor per 
pound of water evaporated. These high recirculation rates 
result in high liquor velocities through the tubes, which 
helps to minimize the buildup of deposits or crystals along 
the heating surface. Forced circulation evaporators nor- 
mally are more expensive than film evaporators because of 
the need for large-bore circulating pipework and large re- 
circulating pumps generally of the axial flow type. Oper- 
ating costs of such as unit also are considerably higher. 


External 


Product 


Figure 7. Wiped film. 


Rising/Falling Film Plate. The original plate type evap- 
orator, the rising-falling plate system basically is a flexible, 
multiduty unit engineered for medium production runs of 
heat-sensitive products under sanitary conditions and at 
the lowest possible capital investment. 

Operating on a single-pass rising and falling film prin- 
ciple, as shown in the exploded view of Figure 8, the evap- 
orator consists of a series of gasketed plate processing 
units within a compact frame. As a thin layer of feed liquor 
passes over the rising and falling film section in each evap- 
oration unit, it is vaporized on contact with adjacent steam 
heated plates and is discharged with its vapor to a vapor- 
liquid separator. All evaporation is accomplished in a mat- 
ter of seconds within the plate pack. The product then is 
extracted and the vapor passed to a condenser, the next 
evaporator effect or a mechanical compressor. Product 
quality is given maximum protection against thermal deg- 
radation by means of high heat-transfer rates, low liquid 
holding volume, and minimum exposure to high tempera- 
tures. 

The plate evaporator has a number of advantages over 
its tubular counterpart. Since it is designed to be erected 
on a single level with minimum headroom requirements, 
in many cases it will fit within an existing building with 
overhead restrictions as low as 12 or 13 ft. It also can be 
arranged as single or multiple effects without extensive 
building modifications or structural steel supports and can 
handle expanded duties by the addition of more plate 
units. Systems are available for evaporation rates to 
35,000 Ib/h with efficient in-place cleaning of all stainless, 
steel product contact surfaces. 


Falling Film Plate. The success of the rising-falling film 
plate evaporator prompted the development of the falling 
film plate system. This design has several advantages over 
its predecessor, including even lower residence times and 
higher evaporation capabilities. While the rising-falling 
film plate unit is restricted to a maximum of 30,000-35,000 
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Ib/hh of water removal, the falling film plate evaporator 
with its larger vapor ports can accommodate 59,000- 
60,000 Ib/h of evaporation. One of this unique design fea- 
tures as illustrated in Figure 9 is that each side of the plate 
may be used independently of the other, thus permitting 
two pass operation within the same frame for even shorter 
residence time and improved product quality. 


Paravap. Especially designed to concentrate foaming 
liquids or those with high solids content or non-Newtonian 
viscosity characteristics, the APV Paravap replaces the 
wiped film evaporator in many cases. It successfully con- 
centrates corn syrups and soap to better than 97-98% total 
solids or strips hexane and other solvents from vegetable 
oils and similar products. Figure 10 shows this type of unit 
in a simple schematic. 

Note that the key element in the system is a plate heat 
exchanger (Fig. 11). Although specifically designed for 
liquid-liquid applications, it has been found that if a fluid 
is allowed to vaporize within the plate pack, the small 
plate gap and corrugated plate pattern create high vapor 
velocities (Fig. 12). This causes atomization of the liquid 
within the high-velocity vapor stream, resulting in a 
greater liquid surface area for mass transfer and enabling 
low residual solvent concentrations to be realized. Al- 
though the final product may be extremely viscous after 
separation from the vapor, the apparent viscosity within 
the plate pack is very low since only droplets are being 
transported in the vapor. 


Paraflash. Similar to its tubular counterpart, the 
APV Paraflash (Fig. 13) is a suppressed boiling forced- 
circulation evaporator used mainly for concentrating prod- 
ucts subject to fouling that is too excessive for a film evap- 
orator. While this system uses a plate heat exchanger, 
vaporization is not allowed to take place within the ex- 
changer itself. Boiling is suppressed either by a liquid 
static head above the heat exchanger or by the use of an 
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Figure 8. Rising-falling film plate evaporator. 
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Figure 9. Falling film plate evapo- Final product 


rator. 
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orifice piece in the discharge line. From a heat-transfer 
standpoint, the forced-circulation Paraflash is far more ef- 
ficient than a tubular unit but suffers from a smaller equiv- 
alent diameter when large crystal sizes are present. 


SELECTION OF EVAPORATORS 


In choosing the evaporator best suited to the duty on hand, 
the following factors should be weighted. 


Heat-Transfer Coefficients 


The evaporator with the highest heat-transfer coefficients 
(HTCs) generally is the falling film type. Higher HTCs lead 
to smaller surface areas, resulting in minimum capital 
cost. Wherever possible, therefore, a film evaporator 
should be considered first. 

While the biggest single disadvantage of the film evap- 
orator is its susceptibility to scale buildup on the heat- 
transfer surface, its lower cost offsets this inconvenience 
on mildly scaling duties, particularly when high evapora- 
tive capacities are involved. A typical example of this is 
spin bath liquors. This solution, which results from the 
production of rayon and cellulose, consists mainly of sul- 
furic acid, sodium sulfate and water plus various impuri- 

i) ties such as zine sulfate. Scale builds up over a period of 
Product about 1 week and the evaporator then is boiled out. 
In food related industries where the nature of most 
Figure 10. Paravap evaporator. products is heat sensitive, it generally is desirable or nec- 
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Figure 12. Corrugated plate pattern. 
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Figure 11. Plate heat exchanger. 


essary to clean out an evaporator at least once per day for 
sanitary reasons. In the chemical field, however, a mini- 
mum run of a week normally is required, and, in many 
cases, an evaporator will run for months. 


Capacities 


For evaporation capacities of up to about 60,000 Ib/h of 
water removal, the possibility of using either a plate or 
tubular system should be considered. The capital invest- 
ment is relatively close, but the lower cost of installing a 
plate evaporator together with its compactness, expenda- 
bility, and reduced building requirements generally makes 
it extremely attractive. Above 60,000 Ib/h evaporation, the 


Figure 13. Suppressed boiling Paraflash evaporator. 
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Figure 14. Single-effect R56 Paraflash concentrates brewers 
yeast from 13. 


choice lies among various types of tubular evaporators. 
Available configurations are multieffect or mechanical va- 
por recompression. 


Materials of Construction 


In many cases, the choice of evaporator is determined by 
the necessary materials of construction (Fig. 15). An ex- 
ample would be a sulfuric acid evaporator, where, for prod- 
uct concentrations of up to 50%, the heating surface nor- 
mally would be graphite. This immediately indicates use 
of a tubular evaporator as opposed to plate unit. With 
satisfactory temperature and concentration conditions, 
Incoloy and Hastelloy could be employed using either a 


tube or plate but would be much more expensive than 
graphite. Separators and piping would be either a fiber- 
filled phenolic resin or rubber-lined carbon steel. Sulfuric 
acid between 50 and 72% concentration again would nor- 
mally use graphite as the heating surface providing tem- 
peratures are kept below 230-240°F, but piping and ves- 
sels would be lead-lined steel, tantiron, or cast lead. For 
construction reasons, a graphite tube bundle has to ar- 
ranged as a rising film or forced-circulation evaporator 
with the vapor-liquid separator positioned at the top. 


Multiple Evaporators 
More than one evaporator may be used to concentrate a 
particular product. For example, there may be a main or 
bulk evaporator followed by a finishing unit. The main 
evaporator would be used to remove the majority of the 
water or solvent to a point where the liquid concentration 
gives rise to restrictions. Among these are boiling-point el- 
evation, which reduces the overall temperature difference 
of a multieffect or MVR evaporator, product viscosity re- 
sulting in low HTCs, or saturated liquor resulting in crys- 
tallization. A forced-circulation crystallizing evaporator 
very often is the last product stage of a multieffect evapo- 
rator. 

Consider the example of concentrating a solution from 
4 to 60% total solids, a 15:1 concentration ratio. At the 40% 
total solids level, the viscosity is too high for a film evap- 
orator and the product has to be processed in a Paravap or 
wiped film unit. However, in concentrating from 4 to 40% 
or a 10:1 ratio, 90% of the feed has been evaporated in the 
initial evaporator. The finishing unit now has to concen- 
trate only from 40 to 60% or 1.5:1 ratio. This means that 
96.43% of the total evaporation has been achieved in a 
multieffect or mechanical vapor recompression bulk evap- 
orator at high thermal economy and probably while ob- 
taining good HTCs. Only 3.57% of the duty is confined to 
a small single-effect evaporator, which handles the most 
difficult part of the concentration. 


Crystallization 


When the requirement is for a crystallizing evaporator, 
there never is any doubt that the stage where crystalliza- 


Product Materials of Construction 
Most dairy products 304/316 stainless steel 
Most food products 304/316 
Most fruit juices 304/316 
Most pharmaceuticals 304/316 
if NaCl in any of above Monel or titanium 
‘Sulfuric acid <50% FFPR/graphite 
RLCS/graphite 

<72% Lead lined/tantiron or cast lead 
Hydrochloric acid FFPR/graphite/RLCS 
Phosphoric acid (dilute/pure) 316 

(with impurites) FFPR/graphite/RLCS 
Caustic soda <40% Stress relieved C.S. 
Caustic soda (with NaCl) Monet/nickel/NiLCS 
Ammonium nitrate 304/304L 
Ammonium sulfate 316 


Figure 15. Guide to materials of construction. 


FFPR—fiber-filled phenolic resin; RLCS—rubber-lined carbon steel; NiLCS—nickel-lined carbon steel. 


tion takes place has to be a forced-circulation evaporator 
and, in most cases, a tubular unit. However, when the 
problem is not one of crystallization but a general scaling 
of the heat-transfer surface instead, the Paraflash is much 
more efficient. As shown in Fig. 16, the circulation rate 
through the plate is considerably less than through a tube 
and results in much lower horsepower requirements. 

If crystals are formed and are too large for a plate evap- 
orator to handle, the designer has to determine whether 
the tubular forced circulation unit should be a single- or 
multiple-pass configuration. Normally, forced-circulation 
tubulars are designed with tube velocities of 6-8 ft/s or 
higher to minimize fouling. In the Figure 17 comparison 
between single- and three-pass configurations, three-pass 
units are shown to have lower circulation rates directly 
resulting in higher temperature rises, lower log mean tem- 
perature differences, and, therefore, greater surface area. 
Even though the circulation rate is less, the pressure drop 
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on the three-pass versus one-pass is more because of 
greater overall tube length. This results in larger absorbed 
horsepower. It generally is concluded, therefore, that a 
single-pass arrangement is less expensive from both the 
capital and operating cost standpoints. 


HTCs, Forced Circulation, and Film 


Estimation of HTCs from physical properties is easier and 
more reliable for forced-circulation units than for film 
evaporators. As a general rule, HTCs used for the latter 
are determined by experience or test work. 


EVAPORATION CONFIGURATION AND ENERGY 
CONSERVATION 


Engineers can help cut energy consumption even when 
evaporation requirements seem to become greater every 
year. This can be done by 


Solution properties: Specific gravity 1.35 
Specific heat 0.62 
Thermal conductivity (0.26 Btu units 
Viscosity 100 cps 
Tubular Unit Plate Unit 
Heat duty, Btu/hr 5 x 10° 5 x 10° 
Element 1’k in. OD, 16 SWG, 25-ft tube APV R10 plate 
Total surface, ft? 2620 2622 
Fluid temperature in, °F | 160 160 
Fluid temperature out, °F 161.08 170 
Service temperature, °F | 190 190 
Recirculation rate, gpm | 10,975 1610 
Total AP, psi | 16.9 10.8 
BHP absorbed | 107.7 10.1 


‘SWG = standard wire gauge; OD = outer diameter; gpm = gallons per minute. 


Figure 16. Comparison between forced circulation tubular and plate evaporators. 


Duty: Triple effect forced circulation evaporator 
Feed: 102,000 Ib/h, Cornsteep 6.14% —> 51% 


Ist Effect 2nd Effect 3rd Effect 
1 Pass 3 Pass 1 Pass 3 Pass 1Pass 3 Pass. = 

Circulation 12,275 «6,190 12,275 6,190 14,500 4,800 

rate (GPM) 

Heat transfer 4,434 5,541 4,434 5,541 4,434 4,656 

area (ft) 

~ 
Absorbed BHP 50 91 66 113 156 192 
One Pass Three Pass 

Single Equipment $491,280 $540,960 Triple 
pass Absorbed BHP 272 396 pass 


Figure 17. Comparison between single- and triple-pass calandria. 
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1. Installing a greater number of steam effects to an 
evaporator. 

2. Making use whenever possible of steam thermocom- 
pression or mechanical vapor recompression. 

3. Making sure that the feed to an evaporator is pre- 
heated to the boiling point in the most efficient man- 
ner. 

4. Using low-grade heat from the evaporator whenever 
possible. 

5. Insulating equipment to keep losses to a minimum. 


Some of these points are illustrated by the Figure 18 
schematic of a three-effect evaporator with steam thermo- 
compression that uses evaporator condensate and inter- 
effect vapor for feed preheating. Note that even this vapor 
has been used efficiently in prior effects and that condenser 
water also may be used if the feed temperature is low. Fig- 
ure 19, meanwhile, outlines a four-effect evaporator with 
thermocompression and the use of a slightly different tech- 
nique with a spray heating loop. 

While a greater number of effects increases initial cap- 
ital investment, savings in operating costs will justify the 
expenditure if evaporation capacities are large enough and 
the operating period long enough. A thermocompressor 
generally adds the equivalent of one or more effects at rela- 
tively little capital cost, although the surface area in the 
effects between thermocompressor suction and discharge 
must be increased. The HTC of these effects generally is 
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very good so the increase in surface area is minimized. 
Care should be taken, however, to design with a low 4T 
across the thermocompressor to ensure high entrainment 
ratios of vapor to steam. 

It is also important when using a steam thermocom- 
pressor not to have a high-boiling-point elevation in those 
effects. This will cut down the (47) available for heat trans- 
fer. Thermocompressors are somewhat inflexible and do 
not operate well outside their design conditions. They 
should not be used when the product may foul the evapo- 
rator surface and cause the design pressures and pressure 
boost across the thermocompressor to rise. Under these 
conditions, the amount of vapor entrained is reduced and 
a fall-off in evaporator capacity results. 

Effective preheating of the feed also can reduce energy 
consumption considerably. The capital cost of preheaters 
is fairly small with the plate heat exchangers being par- 
ticularly effective owing to their capability for realizing a 
very close temperature approach to the heating medium, 
whether it is condenser water, waste evaporator conden- 
sate, or intereffect vapor. 

Although all of these features reduce energy consump- 
tion, still better methods are available. In less than a de- 
cade and probably within the next 5 yr, the majority of new 
large-capacity evaporators installed, particularly for bulk 
duties, will be of the mechanical vapor recompression 
(MVR) type. The mechanical vapor compressor can be 
driven by electricity from coal, hydropower, or nuclear 
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Figure 18. Three-effect steam jet recompression. 
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Figure 19. Four-effect thermocompression. 


power even when all the gas and oil has been exhausted 
or is too expensive to use. 

Briefly examining the thermodynamics involved with 
MVR, the Figure 20 schematic shows an evaporator with 
a liquid boiling point of 212°F (atmospheric pressure). All 
of the water vapor that is boiled off passes to a compressor. 
In order to keep the energy input to the system as low as 


5 to 10% flow 


Enthalpy 1169 Btu/Ib 
Pressure 19.2 psia 


Compressor 
4p =0.5 
Se Work 


18 Btu/lb 


Enthaipy 1155 Btu/lb | 
Pressure 18.7 psia 
Latent heat 963.6 Btu/ib 


Evaporator 


Condensate 


Effective steam economy 
Efficiency of drive & compressor 65 — 72% 
Inefficiency due to by-pass 
-. Actual effective steam economy 32 — 35 Effects 


possible, the pressure boost across the compressor is lim- 
ited. In the majority of cases, this pressure boost will cor- 
respond to a saturated temperature rise in the region of 
15°F or less. 

In this example, there is a pressure boost of 4.5 psi 
across the compressor. Assuming that there is a pressure 
low of 0.5 psi in the system, the effective pressure on the 


970+ 18=54 
510% 


| Pressure 14.7 psia 
Enthalpy 1151 Btu/lb 
Latent heat 970.6 Btu/Ib 


Figure 20. Mechanical recompression evaporator. 
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steam side of the evaporator is 18.7 psia. This compressed 
water vapor condenses and gives up its latent heat, thus 
vaporizing more water from the liquid that is being con- 
centrated. The latent heat, thus vaporizing more water 
from the liquid that is being concentrated. The latent heat 
of vaporization of water at atmospheric pressure is 970 
Btu/h. Note that it requires a theoretical energy input of 
only 18 Btu/lb to raise the water vapor from 14.7 to 19.2 
psia. The theoretical steam economy, therefore, is 970/18 
= 54, When compressor efficiency is taken into account, 
this figure is brought down to between 32 and 35, which 
is another way of saying that the MVR system is equiv- 
alent to a 32-35-effect steam evaporator. Related to en- 
ergy costs of 4 cents per kilowatt-hour for electricity for 
the compressor drive and $6.00 per 1000 Ib of steam for 
a conventional steam evaporator, the MVR system then 
becomes the economic equivalent of just under a 19-effect 
evaporator. 

The MVR has another definite advantage over steam. 
The condensate is available at high temperature and is 
ideal for evaporator feed preheating, particularly if the 
condensate rate is as high as 90% of the feed rate, ie, a 10:1 
concentration ratio within the evaporator. There are many 
such evaporators in operation where the sole energy input 
to the system is through the compressor with steam re- 
quirements limited to approximately 15 min during 
startup. 

Although Figure 20 illustrates an evaporator system 
that uses a compressor, it will be shown that the use of a 
turbo fan in place of the centrifugal compressor not only 
yields lower boost but also provides more surface area and 
better operating economics. 


RESIDENCE TIME IN FILM EVAPORATION 


Since many pharmaceutical, food and dairy products are 
extremely heat-sensitive, optimum quality is obtained 
when processing times and temperatures are kept as low 
as possible during concentration of the products. The most 
critical portion of the process occurs during the brief time 
that the product is in contact with a heat-transfer surface 
that is hotter than the product itself. To protect against 
possible thermal degradation, the time—temperature re- 
lationship therefore must be considered in selecting the 
type and operating principle of the evaporator to be used. 

For this heat-sensitive type of application, film evapo- 
rators have been found to be ideal for two reasons: (1) the 
product forms a thin film only on the heat-transfer surface 
rather than occupying the entire volume, and thus resi- 
dence time within the heat exchanger is greatly reduced, 
and (2) a film evaporator can operate with as low as a 6°F 
steam-to-product temperature difference. With both the 
product and heating surfaces close to the same tempera- 
ture, localized hot spots are minimized. 

As described previously, there are rising film and falling 
film evaporators as well as combination rising—falling film 
designs. Both tubular and plate configurations are avail- 
able. 


Rising Film Evaporators 


In a rising film design, liquid feed enters the bottom of the 
heat exchanger, and when evaporation begins, vapor bub- 
bles are formed. As the product continues up either the 
tubular or plate channels and the evaporation process con- 
tinues, vapor occupies an increasing amount of the chan- 
nel. Eventually, the entire center of the channel is filled 
with vapor while the liquid forms a film on the heat- 
transfer surface. 

The effect of gravity on rising film evaporator is two- 
fold. It acts to keep the liquid from rising in the channel. 
Further, the weight of the liquid and vapor in the channel 
pressurizes the fluid at the bottom and with the increased 
pressure comes an increase in the boiling point. A rising 
film evaporator therefore requires a larger minimum 4T 
than does a falling film unit. 

The majority of the liquid residence time occurs in the 
lower portion of the channel before there is sufficient vapor 
to form a film. If the liquid is not preheated above the boil- 
ing point, there will be no vapor and since a liquid pool will 
fill the entire area, the residence time will increase. 


Falling Film Evaporators 


As liquid enters the top of a falling film evaporator, a liquid 
film formed by gravity flows down the heat-transfer sur- 
face. During evaporation, vapor fills the center of the chan- 
nel and as the momentum of the vapor accelerates the 
downward movement, the film becomes thinner. Since the 
vapor is working with gravity, a falling film evaporator pro- 
duces thinner films and shorter residence times than does 
a rising film evaporator for any given set of conditions. 


Tubular and Plate Film Evaporators 


When compared to tubular designs, plate evaporators offer 
improved residence time since they carry less volume 
within the heat exchanger. In addition, the height of a 
plate evaporator is less than that of a tubular system. 


ENGINEERING CONVERSION 


Table 1 provides data for engineering conversion applica- 
ble to the use of an evaporation in food processing. 


Estimating Residence Time 


It is difficult to estimate the residence time in film evapo- 
rators, especially rising film units. Correlations, however, 
are available to estimate the volume of the channel occu- 
pied by liquid. Table 2 describes a number of applicable 
equations. Equation 1 is recommended for vacuum sys- 
tems. 

For falling film evaporators, the film thickness without 
vapor shearing can be calculated by equation 2. 

Since the film is thin, this can be converted to liquid 
volume fraction in a tubular evaporator by equation 3. 

For a falling film plate evaporator, equation 4 is used. 
As liquid travels down the plate and evaporation starts, 
vapors will accelerate the liquid. To account for this action, 
the rising film correlation is used when the film thickness 


Table 1. Engineering Conversions 
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‘To convert from to Multiply by 
Heat capacity 
Calories(gram)(°C) Calories(Gram\mole)°C) Molecular weight 
Btupound\°F) 1.0 
Density 
Gram/milliliter Pounds/gallon: 8.33 
Pounds/ft? 62.42 
Thermal conductivity 
Kilocalorie(hrm\°C) Btu(h\ft\(°F) 0.6719 
Wim)°C) 0.5778 
Viscosity 
Centistokes Centipoise Specific gravity 
Dynamic viscosity pound-mass (ft)s) Centipoise 1488.2 
Kinematic viscosity em?/s Centistokes 100 
Pressure 
Kilopascal psi 0.14504 
Bar 14.504 
Inches Hg absolute psia 0.4912 
Atmosphere 14.696 
‘Torr 0.01908 
mmHg 0.01908 
Enthalpy 
Calorie/gram Btu/pound-mass 18 
Work / Energy 
(Kilowatt)(hr) Btu 3412.1 
(HorsepowerXhr) 2544.4 
Calorie 0.003968 
Heat-transfer coefficient 
Kilocalorie/(h)(m*)(°C) Btu(hy(ft*\°F) 0.2048 
Wem*)°C) 1761.1 


Table 2. Estimating Residence Time 


1 
1 Rp=1- 
i+ ( 
y 
12 
ina F 3Iu | 
pPuPL — Pe). 
R, = 4mid 
Ry, = 2miz 
t = AL/R,q, 


= cross-sectional area, ft?;d = tube diameter, ft;g = 32.17 
fi/s?, L = tube length, ft; m = film thickness, ft; R; = liquid volume 
fraction (dimensionless); q;, = liquid rate, ft°/s; t = time, s;z = plate 
gap, ft; F = liquid wetting rate, Ib/s - ft; p,, = liquid density, Ib/f?, p, 
= vapor density; Ib/ft®; 1 = liquid viscosity, Ib/ft s; y = local weight 
fraction of vapor (dimensionless). 

Source: Refs. 1 and 2. 


falls below that of a falling film evaporator. In practice, the 
film thickness may be less than estimated by either 
method because gravity and vapor momentum will act on 
the fluid at the same time. 

Once the volume fraction is known, the liquid residence 
time is calculated by equation 5. In order to account for 
changing liquid and vapor rates, the volume fraction is cal- 
culated at several intervals along the channel length. 
Evaporation is assumed to be constant along with channel 
length except for flash due to high feed temperature. 

Table 3 shows a comparison of contact times for typical 
four-effect evaporators handling 80 GPM of feed. The tu- 
bular designs are based on 2-in.-diameter by 30 ft. Designs 
using different tube lengths, incidentally, do not change 
the values for a rising film tubular system. 

The given values represent total contact time on the 
evaporator surface, which is the most crucial part of the 
processing time. Total residence time would include con- 
tact in the preheater and separator as well as additional 
residence within interconnecting piping. 
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Table 3. Residence Time Comparison 


Contact time Rising film tubular Rising film plate* Falling film tubular Falling film plate 
Ist effect 88 ar 23 16° 

2nd effect 62 20 22 13 

3rd effect 118 30° 15° 9 

4th effect 236° 78° 123° 62° 
Total contact time 504 175 183 100 

"Plate gap of 0.3 in assumed. 

*Two stages. 

“Three stages. 


While there are no experimental data available to verify 
these numbers, experience with falling film plate and tu- 
bular evaporators shows that the values are reasonable. It 
has been noted that equation 2 predicts film thicknesses 
that are too high as the product viscosity rises so, in ac- 
tuality, four-effect falling film residence times probably are 
somewhat shorter than charted. 


Summary 


Film evaporators offer the dual advantages of low resi- 
dence time and low temperature difference that help as- 
sure a high product quality when concentrating heat- 
sensitive products. In comparing the different types of film 
evaporators that are available, falling film designs provide 
the lowest possible AT and the falling film plate evaporator 
provides the shortest residence time. 


PLATE-TYPE EVAPORATORS 


To effectively concentrate an increasing variety of products 
that differ by industry in such characteristics as physical 
properties, stability, or precipitation of solid matter, equip- 
ment manufacturers have engineered a full range of evap- 
oration systems. Included among these are a number of 
plate-type evaporators. 

Plate evaporators initially were developed and intro- 
duced by APV in 1957 to provide an alternative to the tu- 
bular systems that had been in use for half a century. The 
differences and advantages were many. The plate evapo- 
rator, for example, offers full accessibility to the heat- 
transfer surfaces. It also provides flexible capacity merely 
by adding more plate units, shorter product residence time 
(resulting in a superior quality concentrate), a more com- 
pact design with low headroom requirements and low in- 
stallation cost. 

These APV plate evaporation systems are available in 
four arrangements—rising-falling film, falling film, Para- 
vap, and Paraflash—and may be sized for use in new pro- 
duce development or for production at pilot plant or full- 
scale operating levels. 


Rising-Falling Film Plate 


The principle of operation for the rising-falling film plate 
evaporator (RFFPE) involves the use of a number of plate 
packs or units, each consisting of two steam plates and two 
product plates. As shown in Figure 21, these are hung in 


Figure 21. Rising-falling film plate evaporator in final stages of 
fabrication. 


a frame resembling that of a plate heat exchanger. The first 
product passage is a rising pass and the second, a falling 
pass. The steam plates, meanwhile, are arranged alter- 
nately between each product passage. 

The product to be evaporated is fed through two parallel 
feed ports and is equally distributed to each of the rising 
film annuli. Normally, the feed liquor is introduced at a 
temperature slightly higher than the evaporation tem- 
perature in the plate annuli, and the ensuing flash distrib- 
utes the feed liquor across the width of the plate. Rising 
film boiling occurs as heat is transferred from the adjacent 
steam passage with the vapors that are produced helping 
to generate a thin, rapidly moving turbulent liquid film. 

During operation, the vapor and partially concentrated 
liquid mixture rises to the top of the first product pass and 
transfers through a “slot” above one of the adjacent steam 
passages. The mixture enters the falling film annulus 
where gravity further assists the film movement and com- 
pletes the evaporation process. The rapid movement of the 
thin film is the key to producing low residence time within 
the evaporator as well as superior heat-transfer coeffi- 
cients. At the base of the falling film annulus, a rectan- 
gular duct connects all of the plate units and transfers the 
evaporated liquor and generated vapor into a separating 
device. Steam and condensate ports connect to all the 
steam annuli (Fig. 22). 

The plate evaporator is designed to operate at pressures 
extending from 10 psig to full vacuum with the use of any 
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Condensate 
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Figure 22. Rising-falling film plate evaporator arranged for one complete pass. 


number of effects. However, the maximum pressure differ- 
ential normally experienced between adjacent annuli dur- 
ing single effect operation is 15 psig. This, and the fact that 
the pressure differential always is from the steam side to 
the product side, considerably reduces design require- 
ments for supporting the plates. The operating pressures 
are equivalent to a water vapor saturation temperature 
range of 245°F downward and thus are compatible with 
the use of nitrile or butyl rubber gaskets for sealing the 
plate pack. 

Most rising-falling film plate evaporators are used for 
duties in the food, juice, and dairy industries where the low 
residence time and 100-200°F operating range 
temperatures are essential for the production of quality 
concentrate. An increasing number of plate evaporators, 
however, are being operated successfully in both pharma- 
ceutical and chemical plants on such products as anti- 
biotics and inorganic acids. These evaporators are avail- 
able as multi-effect and/or multi-stage systems to allow 
relatively high concentration ratios to be carried out in a 
single pass, nonrecirculatory flow. 

The rising-falling film plate evaporator should be given 
consideration for various applications. 


© That require operating temperatures between 80 and 
210°F 

¢ That have a capacity range of 1000-35,000 Ib/h water 
removal 

* That have a need for future capacity increase since 
evaporator capabilities can be extended by adding 
plate units or by the addition of extra effects 

¢ That require the evaporator to be installed in an area 

that has limited headroom 

Where product quality demands a low time-tempera- 

ture relationship. 


* Where suspended solid level is low and feed can be 
passed through 50 mesh screen 


A “junior” version of the evaporator is available for pilot 
plant and test work and for low-capacity production. Ifnec- 
essary, this can be in multieffect-multistage arrangements 
such as the system illustrated in Figure 23. 


Falling Film Plate 


Incorporating all the advantages of the original rising— 
falling film plate evaporator system with the added bene- 


Figure 23. Three-effect, four-stage, “junior.” 
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fits of shorter residence time and larger evaporation ca- 
pabilities, the falling film plate evaporator has gained wide 
acceptance for the concentration of heat sensitive products. 
With its larger vapor ports, evaporation capacities typi- 
cally are up to 50,000-60,000 Ib/h. 

The falling film plate evaporator consists of gasketed 
plate units (each with a product and a steam plate) com- 
pressed within a frame that is ducted to a separator. The 
number of plate units used is determined by the duty to be 
handled. 

As shown in Figure 24, one important innovation in this 
type of evaporator is the patented feed distribution system. 
Feed liquor first is introduced through an orifice (1) into a 
chamber (2) above the product plate where mild flashing 
occurs. This vapor/liquid mixture then passes through a 
single product transfer hole (8) into a flash chamber 
(4), which extends across the top of the adjacent steam 
plate. More flash vapor results as pressure is further re- 
duced and the mixture passes in both directions into the 
falling film plate annulus through a row of small distri- 
bution holes (5). These ensure an even film flow down the 
product plate surface where evaporation occurs. A unique 
feature is the ability to operate the system either in par- 
allel or in series, giving a two-stage capability to each 
frame. This is particularly advantageous if product recir- 
culation is not desirable. 

In the two-stage method of operation, feed enters the 
left side of the evaporator and passes down the left half of 
the product plate, where it is heated by steam coming from 
the steam sections. After the partially concentrated prod- 
uct is discharged in the separator, it is pumped to the right 
side of the product plate where concentration is completed. 
The final concentrate is extracted while vapor is dis- 
charged to a subsequent evaporator effect or to a con- 
denser. 


Paravap 


The operating principle of the Paravap represents an ap- 
plication of the thin film, turbulent path evaporation pro- 


Figure 24. Typical product and steam plate unit for falling film 
plate evaporator. 


cess and in many cases, replaces the wiped or agitated film 
evaporator. Since it has no mechanical moving parts 
within the heat transfer area, costly maintenance repairs 
common to wiped film systems are eliminated. It is espe- 
cially designed to concentrate liquids with high solids con- 
tents or non-Newtonian viscosity characteristics (Fig. 25). 

With feed liquor and the heating medium of steam, hot 
water or hot oil directed into alternate passages within a 
plate heat exchanger, boiling begins as the liquid contacts 
the heated plates. The small plate gap and high-velocity 
flow pattern (Fig. 26) atomizes the feed and provides a 
greater liquid surface area for mass transfer. Since the va- 
por carries the feed in the form of minute particles, the 
apparent viscosity within the heat exchanger plate pack is 


Figure 25. Single-effect R86 Paravap. 
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Figure 26, Small plate gap and high-velocity flow pattern. 


very low. The final product, however, may be extremely 
viscous after separation from the vapor. 

Advantages include low residence time to minimize 
thermal degradation, low rates of fouling, and economical 
operation. 

Typical applications: concentrating soap to final product 
consistency; concentrating apple puree from 25 to 40° brix, 
grape puree to 50° brix, cherry puree to 60° brix, fruit juices 
to 95% solids, and sugar or corn syrup solutions to over 
97%; solvent stripping duties such as hexane from oil (See 
also Figs. 25 and 27.) 


Paraflash 


Operating under a suppressed boiling, forced circulation 
principle, the APV Paraflash is used to concentrate prod- 
ucts subject to fouling too excessive for film evaporators. 
Unlike the Paravap, vaporization does not occur within the 
heat-exchanger plate pack. Instead, liquor flashes as it en- 
ters a separator, crystallization takes place, and a sus- 
pended slurry results. Suppressed boiling combined with 
high liquid velocities deters scaling on the heat-transfer 
surface, minimizes cleaning downtime, and promotes 
longer production runs. 

The Paraflash can be used in single or multiple effects 
for such products as grape juice (tartrate crystals), coffee, 
wheat starch, distillery effluent, and brewer’s yeast (sus- 
pended solids). (See Fig. 27). 


MECHANICAL VAPOR RECOMPRESSION EVAPORATORS 


In recent years, MVR technology has been introduced and 
widely accepted as an effective approach to powering 
medium to large-capacity evaporators for both chemical 
and sanitary applications. While experience has shown 
that the higher capital cost of this equipment relative to 
that of steam-driven evaporation systems has been offset 
by significant energy savings, advances in MVR tech- 
nology now have reduced energy requirements even fur- 
ther. 


Definition 


Simply stated, with mechanical recompression the water 
vapor boiled off in the evaporator is passed to an electri- 
cally powered compressor and is compressed through 1-3 
psi. This raises the temperature of the vapor, which then 
is used as the heating medium. The difference in enthalpy 
between the vapors on the heating and process sides is 
comparatively small, with a resultant reduction in energy 
consumption and, depending on regional steam and power 
costs, an operating cost equivalent to at least an 8-30- 
effect evaporator. Theoretical thermal efficiency may ex- 
ceed that of a 60-effect steam evaporator. 

Typically, Figure 28a shows a single-effect steam evap- 
orator operating at atmospheric pressure (14.7 psia) with 
vapor being produced at 212°F and sent to a condenser. The 
heat source for this system is steam at 17.2 psia, condens- 
ing at 220°F. 
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Figure 27. Single-effect, forced circulation Paraflash. 


In Figure 28b, the same evaporator is shown operating 
with mechanical vapor compression. In this case, the va- 
por at 212°F, 14.7 psia, is sent to a compressor, where its 
pressure is raised to 17.2 psia. It then is charged to the 
steam side of the evaporator as the heating medium, con- 
densing at 220°F. Savings are realized in two areas: no 
steam is required for evaporation, although nominal 
amounts are required for startup and compressor seals, 
and since the vapor from the evaporator is not sent to a 
condenser, cooling water requirements are dramatically 
reduced. 

It will be shown later that excess vapor is produced 
gas a result of the inefficiencies in the compression 
cycle. This excess vapor is used to compensate for vent 
and radiation losses and at times, as an assist to pre- 
heating. 


Development 


To a large extent, the design of MVR evaporators has 
been dictated by the capabilities of the compressors 
available at the time. The primary limitation has been 
the compression ratio (absolute discharge pressure di- 
vided by absolute suction pressure) that can be achieved 
since this determines the temperature difference avail- 
able for the evaporator. For example, if an evaporator is 
run at 212°F and atmospheric pressure and a compres- 
sion ratio of 1.4 is used, the steam pressure at the dis- 
charge of the compressor is 1.4 x 14.7 psia or 20.58 psia. 
Since water vapor at 20.58 psia condenses at 229.5°F, 
the allowable temperature difiference AT for the evapo- 
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condensate 


Figure 28. (a) Single-effect evapora- 
tor. (b) Single-effect MVR evaporator. 


rator is 17.5°F before losses are considered. Table 4 
shows the total temperature differences for a number of 
conditions. 


Centrifugal Compressors 


The relatively high volume of vapor encountered in evap- 
orators requires the use of centrifugal compressors in 
most cases. Initially, centrifugal compressors on steam 
were limited to a compression ratio of 1.4, which, in turn, 
limited the available temperature difference to between 
13 and 17.5°F depending on boiling temperature. Only 
film evaporators could use MVR since there was not 
sufficient temperature difference to consider forced- 
circulation designs. Furthermore, products having signifi- 
cant boiling point elevation were excluded for this tech- 
nique. 

Two trends developed in recent years, however, have 
increased MVR capabilities and applications. 

First improved design allows centrifugal compressors to 
run at higher speeds, increasing compression ratios ap- 
proximately to 2.0 to 1. Consequently, a (AT of 27-36°F 
now can be obtained and thus, MVR can be used with 
forced-circulation systems and for the evaporation of prod- 
ucts with boiling-point elevations. 

Secondly, advances in evaporator design allow the 
operation of film evaporators with a lower (47), thereby 
minimizing energy requirements. For some products, film 


Centrifugal 
compressor 


(b) 


evaporators can be calculated with a (AT (excluding losses) 
in the range of 6°F. 

By increasing the AT available and decreasing the 4T 
required, it also became possible to design multiple—effect 
MVR evaporators. Figure 29 illustrates a double-effect 
MVR system with a forced-circulation finisher operating 
across all effects. With this arrangement, the flow to the 
compressor is reduced and the finisher, operating at the 
higher concentration, takes advantage of the full 47 avail- 
able. 


Fans 


The next development in MVR design was an apparent 
reversal of prior advances. 


Table 4. Saturated 47(°F) at Various Compression Ratios 


Boiling temperatures 
Compression ratio 130°F 170°F 212°F 
12 6.9 8.0 93 
14 12.9 15.0 175 
16 18.2 212 24.7 
18 23.0 26.8 31.2 
20 273 319 37.2 


Finisher 
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Centrifugal 


Superheater compressor 


Figure 29. Multiple-effect MVR, centrifugal compressor with finisher. 


As the required 4T across a film evaporator decreased, 
it became possible to provide that 4T by using a fan. This 
produces a compression ratio on the order of 1.2 to 1, pro- 
viding approximately 7 or 8°F AT (before losses) for evap- 
oration. The MVR system previously discussed and shown 
in Figure 30 is typical of fan use. It should be noted that 
the fan MVR technique can be used only on single-effect 
film evaporators handling product without significant boil- 
ing point elevation. Where the heat-transfer coefficient of 
the product is low, it sometimes is better to make use of 
the higher 4T available from a centrifugal compressor. 

Where fans can be used, however, the horsepower re- 
quirement usually is less than in centrifugal compressor 
designs. Furthermore, fans do not require that the inlet 
vapor be superheated. Instead, this is done either by a 
separate heat exchanger using steam or by recycling some 
of the compressor discharge vapor to the compressor suc- 
tion. 

It is, incidentally, a common practice to use a fan evap- 
orator to concentrate a product up to a point where a large 
AT is required and then to switch to a small steam or MVR 
finishing evaporator for final concentration. 


Other Designs 


Rotary blowers are low-capacity positive compressors that 
occasionally are used with small MVR evaporators of up to 


Superheater 


Centrifugal compressor 


approximately 15,000-Ib/h capacity. This generally is a 
finishing-type evaporator. 

In some cases, two compressors will be arranged in se- 
ries as is shown in Figure 30. Here, the bulk of the evap- 
oration is done in a single effect MVR system having a 
centrifugal compressor. Some of the compressor discharge 
vapor then is further compressed in a blower in order to 
operate a finishing evaporator. 


Estimating Compressor Power Requirements 


To calculate estimated power requirements for an MVR 
compressor power and AT values for both centrifugal com- 
pressors and fans have been plotted in Figures 31 and 32, 
respectively. These values compare reasonably well with 
installed MVR systems. 

Table 5, meanwhile, compares the power requirements 
for different MVR designs. Note that it is possible to cal- 
culate an equivalent steam economy by converting horse- 
power to Btu/h and multiplying by 2545. This value then 
is divided by the latent heat to arrive at the equivalent 
steam used. 


Thermodynamics 


To comprehend the potential of MVR evaporation fully, it 
is important that the thermodynamics of this technique be 


Figure 30. Single-effect_ MVR 
evaporator with centrifugal com- 
pressor and rotary-blower-driven 
finisher. 


Finisher 
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Horsepower per 1000 !b/h compressor inlet flow 


Compressors 
Boiling Boiling Boiling 
temperature temperature temperature 

130°F 170°F 12°F 
CR AT HP CR AT HP CR AT HP 
1.3 10,00 9,39 | 1.3 11.65 10.01 | 1.3 13.53 10.67 
1.4 12.91 12.18 | 1.4 15.03 12.99 | 1.4 17.47 13.85 
1.6 18.21 17.38 | 1.6 21.23 18.54 | 1.6 24.69 19.76 
1.8 22.98 22.15 | 18 26.81 23.63 | 1.8 31.20 25.18 
2.0 27.31 26.57 | 2.0 31.89 28.34 | 2.0 37.16 30.20 
2.2 30.30 30.69 | 2.2 36.57 32.74 | 2.2 41.31 34.88 


Figure $1. Horsepower versus 4T for centrifugal compressors. 


examined. This analysis involves Table 6 as well as the 
steam and MVR evaporator schematics shown in Figures 
28a and 29b. 

The first two columns of Table 6 give the properties of 
saturated water vapor 14.7 psia, 212°F and at 17.2 psia, 
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220°F. These values can be used to estimate the energy 
requirements for an evaporator operating at these condi- 
tions. 

Looking first at the steam evaporator shown in Figure 
29a, water at 17.2 psia, 220°F has an enthalpy (heat con- 
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Figure 32. Horsepower versus 4T for fans. Note: Vapor assumed to be superheated 10°F by ex- 


ternal steam. 


Table 5. Comparison of Typical MVR Designs (Approximate)*’ 
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Single effect fan Double effect centrifugal Triple effect centrifugal 

Compression ratio 12 16 2.0 

Total AT available, °F 69 18.2 213 
Vapor to compressor, Ib/h 60,000 30,000 20,000 
Horsepower/1000 Ib h vapor flow 5.79 17.38 26.57 
‘Total horsepower 3744 521.4 5314 
Equivalent Btu 884,133 1,326,963 1,852,413 
Equivalent steam, Ib/h 870 1315 1347 
Equivalent steam economy 69 45.6 445 
Average AT per effect before losses, °F 69 9.1 9.1 


“Boiling temperature 130°F; evaporation rate 60,000 Ib/h. 


“Note: In this example, the fan horsepower is lower than either of the centrifugal designs, but the lower 4T required the greater the surface area. 


Table 6. Properties of Water Vapor 


Pressure, psia 14.7 17.2 17.2 
State Saturated Saturated Saturated 
‘Temperature, °F 212 220 243 
H-enthalpy vapor, Btu/lb 1150.5 1153.4 1164.6 
Latent heat, Btu/b 970.3 965.2 - 
H-enthalpy liquid, Btu lb 180.2 188.2 = 
S-entropy Btu/lb 1.7568 1.7442 1.7596 


tent) of 188.2 Btu/lb while steam at the same conditions 
has an enthalpy of 1153.4 Btu/Ib. The difference between 
the vapor and liquid is the latent heat or 965.2 Btu/lb. In 
other words, in order to produce one pound of steam at 
220°F, 17.2 psia, from water at 220°F, 17.2 psia, the addi- 
tion of 965.2 Btu/lb of energy is required. 
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In the case of the MVR evaporator, however, the vapor 
at 17.2 psia, 220°F (enthalpy 1153.4 Btu/Ib) is produced 
from vapor at 212°F, 14.7 psia (enthalpy 1150.5 Btu/b). 
Theoretically, only 2.9 Btu/Ib of energy must be added. 

The compressor, a fan in this case, operates such that 
the entropy of the discharge vapor be at least as high as 
the entropy of the inlet vapor. Since inefficiencies in the 
compression cycle will result in an exit entropy above that. 
of the inlet entropy, the temperature of the existing vapor 
and energy input to the compressor must be increased. 

Figure 33 is an enthalpy—entropy diagram for water 
vapor. The vapor at 14.7 psia, 212°F, is shown at point A. 
During compressions the entropy remains constant (ide- 
ally) or increases (actually). With typical efficiencies for 
this duty, the discharge temperature may be expected to 
rise to 243°F where the enthalpy is 1164.6 Btu/lb. The en- 
ergy input from the compressor is 14.1 Btu/lb. 


T = 243°F 


T = 220°F 


T=212°F 
Supersaturated 
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Figure 33. Enthalpy/entropy diagram. 
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In order to cool the vapor to its condensing temperature 
of 220°F, 11.2 Btu/b of heat is removed. This can be done 
by introducing condensate at 220°F from the steam side of 
the evaporator. The 11.2 Btu/b of heat removed from the 
vapor is absorbed into the condensate, some of which will 
vaporize and give off what is known as “excess vapor.” For 
every pound of vapor cooled, 11.2 Btu of heat is absorbed 
in the condensate, which requires 965.2 Btu/lb to boil. 
Therefore, for each point of vapor leaving the compressor, 
11.2/965.2 or 0.0116 Ib of excess vapor is available. 

This excess vapor is used in several ways. Since there 
is a slight difference in latent heat between the steam and 
the vapor, slightly more steam is required than the vapor 
generated. Other excess vapor is used to cover losses due 
to radiation and venting, is made available in some in- 
stances for preheating, or is sent to a condenser. It is sig- 
nificant to note that the condenser on an MVR evaporator 
is responsible only for vent and excess vapors. This results 
in a much lower cooling requirements than is necessary for 
steam evaporators. 

It is possible to calculate an equivalent steam economy 
for an MVR system. In this example, for every pound of 
water evaporated, 970.3 Btu is absorbed. The compressor 
supplies 14.1 Btu but with motor and gear losses, probably 
requires 14.5 Btu of energy. The equivalent economy 
(970.3/14.5) is 67 to 1. Since one horsepower is equivalent 
to 2545 Btu/h, the compressor in the example requires 
14.5/2545 or 0.0057 hp/Ib - h of evaporation. 

It should be noted that pressure losses through the 
evaporator that must be absorbed by the compressor have 
not been considered in this example. These losses would 
be taken into account by either higher compressor horse- 
power or lower 4T over the heat-transfer surface. 


BIBLIOGRAPHY 
‘Adapted from: 


P. Worrall, “Selection and Design of Evaporators,” CPI Digest 4(4), 
2-10 (Feb. 1977); 5(4), 2-9 (March 1979). 

P. Worrall, “Residence Time in Film Evaporation,” CPI Digest 8(3), 
17-19 (Dec. 1986). 

P, Worrall, “Plate Type Evaporators,” CPI Digest 8(4), 12-15 (July 
1987). 

P, Worrall, “Tubular Evaporators and 3A Sanitary Standards,” 
APV Evaporator Handbook, Nov. 1977, pp. 24-26. 

P, Worrall, “Advances in MVR Evaporator Technology,” APV Evap- 
orator Handbook, Nov. 1989, pp. 24-26. 


Copyrighted APV Crepaco, Inc. Used with permission 


1. HTR1 report, May 1978, p. 7. 
2. Perry’s Chemical Engineer's Handbook, 5th ed., pp. 5-57. 


APV Crepaco, INc. 
Lake Mills, Wisconsin 


EXTRACTION 


All engineering studies of food processes are related to the 
basic unit operations of mass transfer and/or heat transfer. 


These principles are applied to the numerous procedures 
of transporting, preparing, processing, packaging, and dis- 
tributing of basic and value-added foods. Secondary unit. 
operations include techniques of separating components, 
reducing particle size, mixing ingredients, and concentrat- 
ing desired components. The unit separation operations, 
distillation, evaporation, dehydration, and filtration all in- 
volve the extraction of a component from a liquid, gas, or 
solid by physical or chemical means. However, each cate- 
gory listed has such different applications of scientific and 
engineering principles that it is too unwieldy to place them 
all under a combined unit operation. Thus, due to these 
complexities, the procedures have been divided into nu- 
merous categories related to the mechanisms of separa- 
tion. This greatly simplifies the scientific and engineering 
studies of various unit operations and the subsequent en- 
gineering design, manufacture, and integration of the pro- 
cess facilities into an overall food process. Various sepa- 
rations of components in a basic harvested food or a 
partially processed product are the most important se- 
quences of processing a food to a finished product for the 
market. The unit operation of extraction is considered to 
be the removal or separation of a component by material 
that has greater affinity for the component being removed. 

Extraction, the separating of a component from a liquid 
or solid by another liquid is handled as a separate unit 
operation since the process is based on diffusion of one 
component from the base material to an extracting liquid. 
Since the mechanics of these processes are based on dif- 
fusion, study of the processes and design of extracting 
equipment is based on the diffusivities of the solute being 
removed from the base material. This differs from other 
separation processes such as distillation that involve a 
change of phase in one or more components requiring dif- 
ferent scientific principles. The original applications of ex- 
traction processes began many years ago with application 
of gas absorption and solvent extraction in the industrial 
chemical industry. It has been in relatively recent years 
that the technology has been extensively applied to sepa- 
rating components in food (1). 

Extraction as practiced in the food industry is essen- 
tially the operation of removing or separating a component 
from the food to ensure food safety or to alter the proper- 
ties. A rudimentary form of extraction begins with the 
basic separation or removal of components from an as- 
received food. With the growing problems of microbiologi- 
cal contamination in harvested fruits, vegetables, and ani- 
mals, the extraction operation of washing as-received raw 
materials has received much emphasis over the past few 
years. The simple washing of a vegetable or fruit is nec- 
essary to ensure that contamination from soil, fertilizers, 
living organisms, pesticides, and so on is removed or at 
least reduced to an acceptable level, making the vegetable 
safe to eat. Proper washing is particularly important in 
slaughtered animals since extremely dangerous microor- 
ganisms such as Escherichia coli and Salmonella contam- 
inate many of them. A much more complex procedure for 
removing or extracting a component is found in the process 
for producing vegetable oils. For example, many vegetable 
and seed oils are extracted from the base material by sol- 
vent extraction. A solvent in which the corn oil is soluble 
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In order to cool the vapor to its condensing temperature 
of 220°F, 11.2 Btu/b of heat is removed. This can be done 
by introducing condensate at 220°F from the steam side of 
the evaporator. The 11.2 Btu/b of heat removed from the 
vapor is absorbed into the condensate, some of which will 
vaporize and give off what is known as “excess vapor.” For 
every pound of vapor cooled, 11.2 Btu of heat is absorbed 
in the condensate, which requires 965.2 Btu/lb to boil. 
Therefore, for each point of vapor leaving the compressor, 
11.2/965.2 or 0.0116 Ib of excess vapor is available. 

This excess vapor is used in several ways. Since there 
is a slight difference in latent heat between the steam and 
the vapor, slightly more steam is required than the vapor 
generated. Other excess vapor is used to cover losses due 
to radiation and venting, is made available in some in- 
stances for preheating, or is sent to a condenser. It is sig- 
nificant to note that the condenser on an MVR evaporator 
is responsible only for vent and excess vapors. This results 
in a much lower cooling requirements than is necessary for 
steam evaporators. 

It is possible to calculate an equivalent steam economy 
for an MVR system. In this example, for every pound of 
water evaporated, 970.3 Btu is absorbed. The compressor 
supplies 14.1 Btu but with motor and gear losses, probably 
requires 14.5 Btu of energy. The equivalent economy 
(970.3/14.5) is 67 to 1. Since one horsepower is equivalent 
to 2545 Btu/h, the compressor in the example requires 
14.5/2545 or 0.0057 hp/Ib - h of evaporation. 

It should be noted that pressure losses through the 
evaporator that must be absorbed by the compressor have 
not been considered in this example. These losses would 
be taken into account by either higher compressor horse- 
power or lower 4T over the heat-transfer surface. 


BIBLIOGRAPHY 
‘Adapted from: 


P. Worrall, “Selection and Design of Evaporators,” CPI Digest 4(4), 
2-10 (Feb. 1977); 5(4), 2-9 (March 1979). 

P. Worrall, “Residence Time in Film Evaporation,” CPI Digest 8(3), 
17-19 (Dec. 1986). 

P, Worrall, “Plate Type Evaporators,” CPI Digest 8(4), 12-15 (July 
1987). 

P. Worrall, “Tubular Evaporators and 3A Sanitary Standards,” 
APV Evaporator Handbook, Nov. 1977, pp. 24-26. 

P, Worrall, “Advances in MVR Evaporator Technology,” APV Evap- 
orator Handbook, Nov, 1989, pp. 24-26. 


Copyrighted APV Crepaco, Inc. Used with permission 


1. HTR1 report, May 1978, p. 7. 
2. Perry’s Chemical Engineer's Handbook, 5th ed., pp. 5-57. 


APV Crepaco, INc. 
Lake Mills, Wisconsin 


EXTRACTION 


All engineering studies of food processes are related to the 
basic unit operations of mass transfer and/or heat transfer. 


These principles are applied to the numerous procedures 
of transporting, preparing, processing, packaging, and dis- 
tributing of basic and value-added foods. Secondary unit. 
operations include techniques of separating components, 
reducing particle size, mixing ingredients, and concentrat- 
ing desired components. The unit separation operations, 
distillation, evaporation, dehydration, and filtration all in- 
volve the extraction of a component from a liquid, gas, or 
solid by physical or chemical means. However, each cate- 
gory listed has such different applications of scientific and 
engineering principles that it is too unwieldy to place them 
all under a combined unit operation. Thus, due to these 
complexities, the procedures have been divided into nu- 
merous categories related to the mechanisms of separa- 
tion. This greatly simplifies the scientific and engineering 
studies of various unit operations and the subsequent en- 
gineering design, manufacture, and integration of the pro- 
cess facilities into an overall food process. Various sepa- 
rations of components in a basic harvested food or a 
partially processed product are the most important se- 
quences of processing a food to a finished product for the 
market. The unit operation of extraction is considered to 
be the removal or separation of a component by material 
that has greater affinity for the component being removed. 

Extraction, the separating of a component from a liquid 
or solid by another liquid is handled as a separate unit 
operation since the process is based on diffusion of one 
component from the base material to an extracting liquid. 
Since the mechanics of these processes are based on dif- 
fusion, study of the processes and design of extracting 
equipment is based on the diffusivities of the solute being 
removed from the base material. This differs from other 
separation processes such as distillation that involve a 
change of phase in one or more components requiring dif- 
ferent scientific principles. The original applications of ex- 
traction processes began many years ago with application 
of gas absorption and solvent extraction in the industrial 
chemical industry. It has been in relatively recent years 
that the technology has been extensively applied to sepa- 
rating components in food (1). 

Extraction as practiced in the food industry is essen- 
tially the operation of removing or separating a component 
from the food to ensure food safety or to alter the proper- 
ties. A rudimentary form of extraction begins with the 
basic separation or removal of components from an as- 
received food. With the growing problems of microbiologi- 
cal contamination in harvested fruits, vegetables, and ani- 
mals, the extraction operation of washing as-received raw 
materials has received much emphasis over the past few 
years. The simple washing of a vegetable or fruit is nec- 
essary to ensure that contamination from soil, fertilizers, 
living organisms, pesticides, and so on is removed or at 
least reduced to an acceptable level, making the vegetable 
safe to eat. Proper washing is particularly important in 
slaughtered animals since extremely dangerous microor- 
ganisms such as Escherichia coli and Salmonella contam- 
inate many of them. A much more complex procedure for 
removing or extracting a component is found in the process 
for producing vegetable oils. For example, many vegetable 
and seed oils are extracted from the base material by sol- 
vent extraction. A solvent in which the corn oil is soluble 


contacts a product, such as ground corn. This results in an 
oil-rich solvent with little of the solvent-insoluble products 
remaining in the oil fraction. The oil is then removed from 
the solvent by other separation operations such as distil- 
lation. Extraction processes can be carried out on a batch 
basis or as continuous steady-state operation. As is the 
case with most unit operations, the continuous operation 
is the easiest to analyze and design. Continuous operations 
are particularly important to maximize the operating costs 
and efficiency of extraction processes used in the food in- 
dustry (1-3). 

The basis for success of extraction processes is the dif- 
ference in affinity for one component or material over an- 
other. For example, water has little affinity for vegetable 
oil, but the oil is completely soluble in an organic solvent. 
Hence, when an oil-containing food raw material, such as 
soybeans or corn, is placed in contact with water, the water 
will not absorb any oil. Oil will only be released if the food 
is in hot water, such as during cooking, when the structure 
of the food is changed so that oil is released. In this case 
the oil is not extracted by water but the water acts as a 
vehicle for washing out the oil and floating it to the surface. 

Extraction during food processing is involved with the 
diffusion mass transfer of one component of the food being 
extracted, or leached, in the solvent phase. Although the 
extraction is enhanced by thorough contact or mixing, the 
controlling factor is the diffusion as measured by the dif- 
fusivity of the component being removed from the base ma- 
terial. There are two primary unit operations to consider 
under extraction of foods. The first is a liquid—-solid ex- 
traction in which a soluble component is removed from the 
solid by a liquid. This process is known as leaching. The 
second, liquid-liquid extraction involves the removal of a 
component in a liquid by another liquid. 

There are several special extraction processes whereby 
the extraction liquid changes phase during the process. 
However, the basic diffusivity of the condensing extracting 
material is still the basis for the component transfer rate. 
For example, steam is used for stripping volatile materials 
from both solids and liquids. Thus, the condensing steam 
is actually the solvent phase that either remains a vapor 
or changes from a vapor to a liquid during the extraction 
process. Some extractions, such as the use of hexane in 
extracting oil from soybeans, utilize a vapor solvent that 
condenses during the extraction and is recovered as an oil- 
rich liquid solvent. 


Table 1. Examples of Commercial Leaching Operations 
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PRINCIPLES OF EXTRACTION 


The extraction rate at which a component (solute) is trans- 
ferred from the material (solid or liquid) phase being 
treated to a solvent phase is the controlling factor involved 
in extraction. This is related to the mass-transfer coeffi- 
cient (K,A) as determined by the following conditions of 
the process and properties of the raw material, solute, and 
solvent: 


The properties of the solvent as related to its affinity 
for the solute 

The immiscibility of the raw material with the solvent 
The particle size of the solid and thus the exposed sur- 
face area and depth of solvent penetration required (for 
leaching only) 

‘Temperature of the liquids 

Degree of contact between liquids, which is a function 
of the agitation or equipment design 


The driving force is the difference between the satura- 
tion concentration of the solute in the raw material and 
the solvent (C, — C). Hence, the rate of extraction (amount 
per unit time, dN /dt) would be 


dN /dt = K,A(C, — C) eo) 


Extraction involves three separate operations: (1) mixing 
the raw material and the solvent to bring them into inti- 
mate contact, (2) separating the two phases following con- 
tact, and (3) removing the solute from the solvent so that 
the solvent can be recycled. Often the economic viability of 
a process depends on the third step of removing the solute 
and reclaiming the solvent. In many cases the solvent is 
relatively expensive (eg, organic solvent) and good sepa- 
ration and recycling is imperative. When the solvent in 
leaching is water and because the solute is often a waste 
material, the solvent would not be recycled. 


LIQUID-SOLID EXTRACTION (LEACHING) 


As a solvent comes in contact with the solid material, the 
solvent becomes richer in the solute that is being removed 
from the solid. The rate at which the solvent becomes 


Raw material Solvent Solute Product 
Sugar beets Water Sugar Refined sugar 

Sugar beets Water Sugar Refined sugar 

Corn, rapeseed, cottonseed, soybeans Organic solvent, nonpolar (hexane) Oil Edible oil (vegetable) 
Vanilla beans Supercritical carbon dioxide Vanilla Vanilla extract 

Coffee beans Supercritical Carbon Dioxide Caffeine Decaffeinated coffee 
Roasted coffee beans Water Insoluble fraction Soluble coffee constituents 
Vegetables Steam Debris Cleaned vegetables 
Fish and meat flesh Nonpolar solvent (dichloroethane) Oil Refined fish oil 

Fish and meat flesh Polar solvent (isopropyl alcohol) Water-oil Oil, protein concentrate 
Fish and meat fiesh, enzyme hydrolysis Water plus enzymes Proteins Water-soluble proteins 
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Table 2. Examples of Commercial Liquid-Liquid Extraction Operations 


Raw material Solvent Solute Product 
Oil seed for oil recovery ‘Organic solvent Fatty acid (oleic) Refined vegetable oil 
(Ge, cotton seed, soybeans) _(ie, propane, hexane) 
Fish oil Hot water Low-molecular-weight odor and Semirefined fish oil 
taste components 
Fish oil Supercritical carbon dioxide Cholesterol Low-cholesterol high omera-8 refined 
fish oil 
Butterfat in milk or cream Supercritical carbon dioxide _ Cholesterol Low-cholesterol milk or cream 


richer in the solute depends on the factors in equation 1: 
contact time, mass-transfer coefficient for the specific sys- 
tem, area of the solid exposed to the solvent, and concen- 
tration driving force. Diffusion in the solid is most often 
the rate-controlling factor. Table 1 shows examples of typ- 
ical commercial processes in which a food is leached by a 
solvent to remove a specific solute. Note that the product 
or products can be the removed solute (eg, leaching sugar 
beets, vegetable oil, etc), the solid material remaining after 
extraction (eg, decaffeinated coffee, cleaned vegetables, 
etc), or both the remaining solid and solute (eg, fish oil and 
protein concentrate). 

A diagram of a semicontinuous solid—liquid extraction 
system is shown in Figure 1. The pure solvent enters the 
extractor and leaves rich in solute while the solid that has 
been placed in the extractor decreases in solute soluble 
components. The rate of reaction decreases during the pro- 
cess as the solid is depleted in solute. Because fresh solvent 
is passing over the solid, the extraction can continue until 
essentially all solute is removed from the food. If the pro- 
cess is made continuous by conveying the solid into and 
out of the reactor in one stage, the extraction normally will 
not be complete because the solid—solvent exposure time 
is reduced and equilibrium is not reached. Throughput can 
be increased and extraction can be more complete when 
two or more extractors are used in series. Usually, a series 
of batch-continuous reactors are connected and fresh sol- 
vent is used for each reactor while the solid is moved down 
the reactor series. Figure 2 shows this multiextraction pro- 
cess in which three reactors are in series. If the remaining 
solid is one of the end products, it is necessary to remove 
the residual solvent. Often this secondary process turns 
out to be another extraction process such as steam strip- 
ping. If the solvent is water, the normal process is to re- 
move it from the solid by a drying operation. 


Time In reactor 
A— ie) c hom A+B 
t C-B+A 


Figure 1. Batch solid-liquid extraction (leaching). A, Incoming 
pure solvent; A, outgoing solvent rich in solute (B); B, solute 
leached from solid (C); C, original solid rich in solute (B); C, ex- 
tracted solid depleted of solute with retained solvent (A); f, ex- 
traction time. 


A process whereby components of a food material are 
concurrently extracted while being made soluble by micro- 
bial and chemical action complicates leaching. A good ex- 
ample of this type of process is the batch hydrolysis of 
minced fish flesh processing waste by enzyme action. The 
water-insoluble components are changed into soluble (di- 
gested) materials. The resultant water-based protein so- 
lution can be dried to produce a high-quality protein prod- 
uct for both animal and human consumption. This 
technique is a good means for using the tremendous 
amounts of unused industrial fish, by-catch, underutilized 
edible species, and waste from processing whole fish (4). 


LIQUID-LIQUID EXTRACTION 


Liquid—liquid extraction operations are like solids leaching 
except the food, solvent, and solute are all in the liquid 
state. Most commercial processes are normally operated on 
a continuous basis. Table 2 shows the solvent, solute, and 
product produced from extracting some liquid raw mate- 
rials. As shown in Figure 3, the ordinary extraction process 
involves countercurrent flow to maintain the maximum 
driving force. However, the relationship between the liq- 
uids sometimes makes a cocurrent operation more advis- 
able. 


Pure _,| LL, Solute-rich 
solvent solvent 
Solid =A 
Pure _,| |, Solute-rich 
solvent solvent 
Solid 
Pure _,| Solute-rich 
solvent solvent 
Solid 
Extracted 
solid 


Figure 2. Batch-continuous three-phase solid-liquid extraction. 


A A 


B=<— B 


Figure 8. Continuous liquid-liquid extraction. A, Incoming food 
product rich in solute (S); A, outgoing food depleted of solute (S); 
B, incoming pure solvent; B, outgoing solvent rich in solute (S); S, 
solute originally in food. 


The amount of solvent remaining in the food stream is 
dependent on the partial miscibility of the two liquids. Of- 
ten the solute is recovered from the solvent as a viable 
product, or economics and environmental factors dictate 
that the solvent must be recycled. These goals are accom- 
plished by steam stripping, evaporation, distillation, ad- 
sorption or chemical means, depending on the require- 
ments and the materials. 


SPECIAL EXTRACTION OPERATIONS 


Over the past two decades, a considerable amount of sci- 
entific and applied research effort has been applied to the 
development of supercritical extraction. Many uses have 
been found for application of this technology (see the ar- 
ticle SUPERCRITICAL FLUID TECHNOLOGY). Processes have 
been developed for extraction using supercritical fluids as 
the solvent. Carbon dioxide has been chosen as the super- 
critical fluid because it is nontoxic, less expensive than 
many organic solvents, leaves no residue of chemicals, and 
has a molecular weight and reaction behavior that is de- 
sirable. The extraction process using CO, is carried out at 
approximately 35 to 49°C and several thousand pounds per 
square inch (psi). 

Decaffeination of coffee and tea were the first commer- 
cial processes carried out using CO, in a supercritical 
state, reducing initial caffeine content of 0.7 to 3% to as 
low as 0.02%. This was followed by processes for extracting 
hops and high-quality flavorings such as vanilla, ginger, 
paprika, rosemary, sage, and celery. Spices from supercrit- 
ical extraction have been found to have superior antioxi- 
dant properties to some of the synthetic products in cur- 
rent use (5). 

There is much interest in replacing hexane for extract- 
ing and refining oils from plant, animal, and seed sources. 
Interest ranges from eliminating the possible carcinoge- 
nicity of hexane residues to concentrating desired omega- 
3 fatty acids in fish oils. As development of critical extrac- 
tion proceeds, new uses and improved economics of 
operation should see considerable increase in the commer- 
cial application of this technology. 
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EXTRUSION 


DEFINITION AND HISTORY OF USAGE 


Extrusion is a process that combines several unit opera- 
tions that include mixing, kneading, shearing, heating, 
cooling, shaping, and forming. This process also involves 
compressing and working a material to form a semisolid 
mass under a variety of controlled conditions, and then 
forcing it to pass through a restricted opening such as a 
shaped hole or slot at a predetermined rate (1). The first 
known record of extrusion was in 1797 when Joseph Bra- 
mah used a piston-driven device to manufacture seamless 
lead pipes (2). This innovation was adapted later by the 
food industry for the production of macaroni products. The 
first twin-screw extruder was developed in 1869 by Follows 
and Bates for sausage manufacture (2). A single-screw ex- 
truder, with shallow flights and rotating in a stationary 
cylindrical barrel, was developed for the Phoenix Gummi- 
werke AG, in 1873 (3). 

In the mid-1930s, forming extruders were used to mix 
semolina flour and water to form pasta products. A few 
years later, extrusion technology that combined transport, 
mixing, and shaping operations was used to produce the 
first ready-to-eat breakfast cereal from precooked oat-flour 
dough (4). In the late 1930s, Robert Colombo and Carlo 
Pasquetti developed a corotating and intermeshing twin- 
screw extruder for mixing cellulose without the use of a 
solvent (5). In the middle of the 1940s, the first extrusion- 
cooked, expanded food products, corn snacks, were com- 
mercially produced using single-screw extruders (6). Dry 
expanded pet food, dry expanded ready-to-eat breakfast ce- 
reals, and textured vegetable protein, produced by single- 
screw extruders, were introduced in the 1950s, 1960s, and 
1970s, respectively (4,6). In the early 1970s, Creusot-Loire 
had developed the twin-screw plastics extruder for food ap- 
plications. Finally, the 1980s have brought rapid commer- 
cialization of the production of feeds for aquatic species 
using the process of extrusion (6). 


FOOD APPLICATIONS 


Many different food products have been produced directly 
or indirectly by extrusion. Applications of extrusion have 
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been classified into two categories: semifinished products 
and finished products (7). For semifinished products, ex- 
trusion cooking has been shown to offer economic advan- 
tages over the traditional process such as drum drying for 
producing pregelatinized cereal flours, potato starch, and 
cereal starches. By controlling the processing conditions to 
achieve the desired balance of gelatinization and molecu- 
lar degradation, starches, and chemically modified 
starches with a wide range of cold water solubility values 
can be produced (8). Extensive patent literature has been 
covered on extruded breakfast cereals (9), snack foods (10) 
and textured foods (11-13), Other applications include dry 
and soft-moist pet foods, precooked and modified starches, 
flat bread, breadings, croutons, full-fat soy flour, precooked 
noodles, beverage bases, soup and gravy bases, and con- 
fections such as licorice, fruit gums, and chocolate (4,14). 


GENERAL DESCRIPTION OF EQUIPMENT 


Extrusion equipment can be classified thermodynamically 
or by pressure development in the extruder (15). According 
to the former classification, there are (1) autogenous ex- 
truders, which convert mechanical energy into heat energy 
during the flow process; (2) isothermal extruders where 
constant temperature is maintained throughout the extru- 
der; and (3) polytropic extruders that operate between the 
extreme conditions of (1) and (2). If classified by the man- 
ner in which pressure is developed in the extruder, there 
are (1) direct or positive displacement types, include the 
ram or piston-type extruders and the intermeshing coun- 
terrotating twin-screw extruders; and (2) indirect or vis- 


2) 


Extruder Extruder 


cous drag types, which include roller extruders, single- 
screw extruders, intermeshing corotating twin-screw 
extruders, and nonintermeshing multiple-screw extruders. 

The components of an extruder have been well de- 
scribed (4,16). They consist of drive, feed assembly, screw, 
barrel, die head assembly, cutters, and take-away system. 
Figure 1 shows a twin-screw extruder system manufac- 
tured by Werner & Pfleiderer with various components. 
Either AC or DC types of motors can be used to rotate the 
extruder screw in the barrel. Depending on the capacity, 
the size of the motors can be as small as a few horsepower 
for a laboratory-type extruder or several hundred horse- 
power for a commercial extruder used for full-scale pro- 
duction of extruded foods. Except for simple extruders such 
as the collet type, most extruder drive motors have a trans- 
mission and a speed variation device for controlling the 
screw rotation speed. Since the screw pushes food forward 
against the die, which builds pressure that could exceed 
hundreds of atmospheric pressure, a thrust bearing is re- 
quired to support and center the screw and absorb the 
thrust exerted by the screw. 

The feed assembly consists of dry ingredient and liquid 
ingredient feeders. Preblended dry ingredients are held in 
hoppers or bins above feeders, which can be vibratory, vari- 
able speed auger, or loss-in-weight type. Liquidingredients 
are metered through positive displacement pumps, vari- 
able orifice, variable head, or water wheels. If a precondi- 
tioner is used, dry ingredients are mixed with water, 
steam, or other ingredients in a closed vessel, which can 
be operated under pressure if needed. The uniform feeding 
of dry and liquid ingredients is imperative for the consis- 
tent operation of an extruder. 
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Figure 1. A Werner-Pfieiderer corotating, intermeshing twin-screw extruder. Source: Courtesy 
Krupp Werner & Pfieiderer, Ramsey, N.J. 
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Figure 2. Schematic diagram of fully intermeshing counter- and 
corotating extruder screws. (a) Counterrotating screws and (b) 
corotating screws. 
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Figure 8. Four pairs of kneading disks are shown with corotating 


twin-lead screws. 


The screw can be one piece or consist of many individual 
screw elements assembled in a screw shaft. The screw is 
usually divided into feed, transition, and metering sections 
for single-screw extruders. The feed section has deeper 
flights to accept the food ingredients from the feeder. In 
the transition section, the food ingredients are mixed, 
heated, and worked into a continuous mass. Thus, the 
transition section is also called the compression section be- 
cause the materials are changed from a loose, powdery 
state into a plasticized dough. This is accomplished by 
(1) gradually decreasing flight depth or pitch in the direc- 
tion of discharge, (2) heating from the barrel, and (3) work- 
ing of the feed material to generate frictional heat. The 
metering section has shallow flights that increase the 
shear rate; therefore, the temperature of material in- 
creases rapidly in this section. 
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‘Twin-screw extruders are classified by the direction of 
screw rotation, corotating or counterrotating, and by the 
depth of screw engagement—fully intermeshing, partially 
intermeshing, and nonintermeshing (16,17). The sche- 
matic diagram of fully intermeshing counter- and corotat- 
ing extruder screws is shown in Figure 2. For fully inter- 
meshing twin-screw extruders, the flight depth is always 
constant and equal to the distance of screw overlap. The 
screw design consists of single-, twin-, and triple-lead 
types, which refers to the number of helical-shaped flights 
parallel along the length of the screw. To improve mixing 
and increase the conversion of mechanical energy into 
heat, another type of screw design, kneading disks (Fig. 3), 
is usually used. 

The barrel fits tightly around the rotating screw and is 
assembled by bolting or clamping several segments to- 
gether. An important parameter for the specification of the 
extruder is its L/D ratio, which is the extruder barrel 
length divided by the extruder barrel bore diameter. The 
barrels and their liners, in particular, are usually con- 
structed of special hardened alloy to become wear resis- 
tant. The interior surface of barrel is either smooth or 
grooved. The presence of grooves increases the pumping 
capability of the extruder against high back pressure (4). 

The die head assembly is located at the end of the ex- 
truder barrel and holds the extruder die plate and some- 
times serves as support for the cutter. The die plate can 
hold many dies, which shape the food product before it 
emerges from the extruder. The dies are small openings 
that can be round, annular, slit, or of specially designed 
shape, such as alphabets or animals, and so on. 
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EXTRUSION COOKING 


BACKGROUND 


Extrusion cooking generally refers to the combination of 
heating food products in an extruder to create a cooked and 
shaped product. Raw materials, such as flours, starches, 
proteins, salt, sugar, and other minor ingredients, are 
mixed, kneaded, cooked, and worked into a plasticlike 
dough mass. Heat can be applied directly by steam injec- 
tion or indirectly through heated barrel or through the con- 
version of mechanical energy. The final process tempera- 
ture in the cooking extruder can be as high as 200°C, but 
the residence time is relatively short, 10 to 60 s (1). Thus, 
extrusion cooking is also called a high-temperature, short- 
time (HTST) process. 

The first cooking extruder was developed in the late 
1940s and led to a great expansion of the application of 
extruders in the food field (2). Cooking extruders have 
many different sizes and shapes, which allow a wide range 
of moisture contents (10-40%), feed ingredients, cooking 
temperatures, and residence times. In addition, the ability 
for extruders to vary the screw, barrel, and die configura- 
tions for the cooking and shaping requirements of different 
food product makes extrusion cooking one of the most ver- 
satile food processes. 


EFFECTS OF PROCESSING PARAMETERS 


The process parameters for extrusion generally include 
screw speed, feed moisture, feed rate, and barrel tempera- 
ture. Changes in these processing parameters will change 
the motor torque, die pressure, and product temperature. 
Visual product characteristics such as expansion ratio, 
specific length (length of extrudate per unit mass), and 
bulk density also will change. 

Increases in screw speed at constant feed rate will cause 
a quick initial increase in die pressure and motor torque, 


followed by a sharp decrease to the new equilibrium value 
(3). The initial quick increase in die pressure and motor 
torque is due to the effort of the motor drive to overcome 
the inertia of the screw shaft and the momentary increase 
in the output. Because of a rapid decrease in the degree of 
fill due to screw speed increase, both torque and die pres- 
sure fall sharply after the initial increase (4,5). The specific 
energy input increases with increasing screw speed at con- 
stant feed rate; therefore, the product temperature in- 
creases. Extrudates are usually lower in expansion ratio, 
higher in specific length, and lower in bulk density with 
increasing screw speed (4,5). 

Increasing feed moisture lowers the torque, specific me- 
chanical energy input, and product temperature (3). Die 
pressure drops initially due to a lower dough viscosity 
caused by moisture increase. However, as the product tem- 
perature gradually becomes lower, the dough viscosity 
rises, causing die pressure to recover. Final equilibrium die 
pressure will depend on the relative effect of feed moisture 
and product temperature on the dough’s viscosity. Extru- 
dates are generally lower in expansion ratio and specific 
length, but higher in bulk density with a higher feed mois- 
ture (6). 

An increase in feed rate causes rapid increases in motor 
torque and die pressure and a slower decrease in product 
temperature (3,7). Increases in feed rate while maintain- 
ing constant screw speed increase the degree of fill in the 
extruder barrel (8) and, thus, raise motor torque and die 
pressure (9). Since the specific energy input is decreased 
with increasing feed rate, the product temperature de- 
creases. Increasing feed rate usually increases both expan- 
sion ratio and specific length, resulting in a lower bulk den- 
sity (10). 

Decreasing the barrel temperature causes the product 
temperature to decrease. A lower product temperature cor- 
responds to a lower dough temperature or a higher dough 
viscosity and, therefore, a higher motor torque and die 
pressure (3). The physical characteristics of extrudates 
from lower barrel temperatures are usually similar to 
those from higher feed moistures. 


CHANGES IN FOOD AFTER EXTRUSION 


Since extrusion cooking is an HTST process, it changes the 
physical and chemical properties of food. Many methods 
have been developed and applied to characterize extruded 
products. Expansion of extrudates in both longitudinal and 
lateral directions can be evaluated by direct physical mea- 
surements. Apparent bulk density is determined by weigh- 
ing the extrudates held in a container with a fixed volume. 
Bulk density or specific volume can be obtained using sand 
or rapeseed displacement methods. Scanning electron mi- 
crographs have been used to examine the extrudate’s in- 
ternal porous structure. Crispness, crunchiness, hardness, 
and other texture attributes can be determined objectively 
with a texture analyzer such as Instron or subjectively 
with human sensory evaluation methods. The color of ex- 
trudates can be assessed with a colorimeter. Flavor com- 
pounds formed can be determined with a GC-MS. 

Many analytical tests have been developed to evaluate 
extruded products. For tests on cereal or starchy-type 


products, there are the water absorption index (WAI), wa- 
ter solubility index (WSI), amylograph, and gelatinization 
tests. The WAI is the weight of gel obtained per gram of 
dry product after dispersing the dry product into water, 
centrifuging, and decanting the supernatant. The WSI is 
the amount of dried solid recovered by evaporating the su- 
pernatant from the WAI test. The amylograph test deter- 
mines the viscosities of a slurry from the finely ground, 
extruded product through a preprogrammed heating and 
cooling cycle. 

Gelatinization of starches is one of the most important 
changes that occurs in cereal types of foods during extru- 
sion. Starch, in the raw or native state, exists in the form 
of granules with many different shapes, ranging from 
round, oval to irregular, with sizes between 1 and 100 um 
depending on the sources of starch. As water and heat are 
added during extrusion, the starch granules swell and the 
amylose in the granules begins to diffuse out. Eventually, 
the starch granules, consisting mostly of amylopectin, col- 
lapse and become a colloidal gel held in a matrix of amy- 
lose. For different types of starch, the temperature range 
at which gelatinization occurs differs according to the 
sources of starch. Many methods have been developed to 
determine the degree of starch gelatinization after extru- 
sion. Some commonly used methods are (1) loss of birefrin- 
gence (crystallinity) in polarized light, (2) X-ray diffraction 
patterns, (3) differential scanning calorimetry (DSC), and 
(4) enzyme susceptibility. 

For proteinaceous-type products, two indices are of in- 
terest: the protein dispersibility index (PDI) and the nitro- 
gen solubility index (NSI). While the latter measures the 
percentage of total nitrogen in extrudate that is soluble in 
water, the former determines the amount of protein in the 
extrudate that is dispersible in water; both are conducted 
under controlled conditions of extraction (2). As the 
amount of heat treatment during extrusion increases, 
more protein in the extrudate will be denatured, which will 
result in decreases in both the PDI and NSI. Similar to a 
cereal-type product, texture is also an important quality 
attribute for an extruded proteinaceous product. Both sen- 
sory and instrumental methods have been developed. The 
extrudate can also be examined by utilizing scanning elec- 
tron microscopy to reveal the structural integrity of the 
protein matrix. Changes in proteins during extrusion can 
be briefly summarized as follows: (1) physically, extrusion 
converts protein bodies into a homogeneous matrix; and 
(2) chemically, the process recombines storage proteins in 
some way into structured fibers (11). 

Besides starch gelatinization and protein denaturation, 
many other changes may occur during an extrusion pro- 
cess, such as nonenzymatic browning, enzyme inactiva- 
tion, destruction of antinutritional factors, and microor- 
ganisms. 


HTST EXTRUSION COOKERS 


HTST extrusion cookers can be classified into two main 
categories: single-screw and twin-screw cooking extruders. 
The latter is further divided into corotating and counter- 
rotating twin-screw extruders. Within the same type of 
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cooking extruders, the mechanical features and operating 
characteristics may differ substantially from each other 
since there are many manufacturers supplying each type 
of cooking extrusion equipment. The following is a partial 
list of manufacturers that supply the HTST extrusion 
cookers: 


Single-screw cooking extruders: Anderson, Bonnot, 
Buss, Egan, Johnson, Mapimpianti (Mapa), Sprout- 
Waldron, and Wenger 

Corotating twin-screw cooking extruders: APV Baker, 
Buhler, Clextral, Wenger, and Werner-Pfleiderer 
Counterrotating twin-screw cooking extruders: Braben- 
der, Cincinnati Milacron, and Textruder 


Amore complete list can be found in a recent article (12). 


METHODOLOGY FOR HTST EXTRUSION COOKING 


Before beginning the HTST extrusion cooking process, the 
extruder and its related equipment must be assembled 
first. All fasteners should be tight and all parts aligned. If 
there is a torque specification for the retaining bolts, it 
must be closely followed using a torque wrench. After the 
barrel and screw(s) are assembled, the screw should be 
turned manually to ensure that it moves freely. The die 
plate with its die inserts is then bolted to the end of the 
extruder barrel. The rotating cutter assembly is installed 
and the cutting knives are adjusted to provide a cleanly 
cut product and an extended life for the blades. Water and 
steam lines are then connected to the extruder barrel as 
required. Condensate in the steam line must be removed. 
All feeders and regulators should be checked. If a volu- 
metric feeder is used for dry ingredients, it should be cal- 
ibrated first for each batch of feed materials. A typical 
Wenger extrusion cooking system is shown in Figure 1. 
To minimize the amount of waste produced during the 
start-up, the cooking extruder is usually brought to oper- 
ating condition and equilibrium as quickly as possible. 
This can be accomplished by preheating the barrel and die 
plate to the desirable operation temperature. The water 
pump is then started at a rate about 1.5 times the target 
operating rate. Once the water is in the extruder, start the 
extruder and the feed stream at a low rate. Increase the 
screw speed and feed rate, but reduce the water rate to 
operating levels gradually. When the barrel and die have 
reached stable operating temperatures, adjust the water 
rate, feed rate, and screw speed to obtain the desired prod- 
uct at a moderate torque level (90% or less motor load). 
Similar to the start-up procedures, shutdown proce- 
dures for HTST cooking extruders must also be followed in 
sequence. Water is gradually increased first to allow un- 
cooked material to purge the cooked material from the sys- 
tem. Barrel temperatures are reduced to stop cook reac- 
tions, which can prevent burning on after shutdown. When 
the percent load meter readings are below 25%, decrease 
the screw speed and shut off the extruder; in addition, shut 
off the feeder and water pump. The die plate is then re- 
moved by gradually and carefully undoing the bolts be- 
cause some pressure may still exist behind the die plate. 
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Figure 1, A Wenger extrusion cooking system. 1, Bin discharger; 2, feeder; 3, blender/precondi- 
tioner; 4, extruder, 5, steam injection ports; 6, die and variable speed cutter; 7, variable speed drive 
for cutter; 8, gear drive, Source: Courtesy of Wenger, Sabetha, Kansas. 


APPLICATIONS AND DESCRIPTION FOR EXTRUSION 
COOKING OF DIFFERENT CATEGORIES OF PRODUCTS 


Breakfast Cereals 


There are four types of breakfast cereals that can be pro- 
duced by HTST extrusion cooking process: (1) extrusion 
flaked cereals, (2) extrusion gun-puffed cereals, (3) extru- 
sion shredded cereals, and (4) extrusion expanded cereals 
(18). Traditional flaked cereals are produced by flaking 
cooked grits. Extruded flaked cereals are different from 
traditional flaked cereals in that the grit for flaking is 
formed by extruding the mixed ingredients with a feed 
moisture of 25 to 35%. After exiting from the die holes, the 
product is cut off at the desired size and forms pellets. The 
pellets are then dried slightly and tempered before flaking. 
This process allows additional flexibility in the ingredi- 
ents, such as multigrains or brans, used for the manufac- 
ture of flaked breakfast cereals. 

Similar to extrusion flaked cereals, the first step of 
manufacturing extrusion gun-puffed and extrusion shred- 
ded cereals is to form pellets with the HTST cooking ex- 
truders. The pellets are dried and tempered before gun- 
puffing or tempered only before shredding. Thus, the pellet 
moisture content for flaked and gun-puffed cereals is usu- 
ally lower than that for shredded cereals. After flaking, 
gun-puffing, or shredding, cereals may be sugarcoated if 
desired and then dried or toasted in an oven to impart ce- 
reals with a desirable toasted color and crisp or crunchy 
texture. 

Extrusion expanded cereals differ from the other three 
types of extruded cereals in that the cereals are expanded 
into a porous matrix during the HTST extrusion cooking 
process. A typical moisture content in feed is about 15 to 
25%, depending on the type of extruder and the extrusion 


conditions used. The extruded cereals are then sugar- 
coated, if desired, and then dried or toasted in an oven as 
with the other three types of extruded cereals. 


Snacks 


Many advances have been made over the years since corn 
collet was commercially developed in the 1940s. For ex- 
ample, extruded snacks now come in many different 
shapes other than the common collets or curls and inmany 
different flavors other than basic cheese/oil such as prod- 
ucts from potato, wheat, rice flour, or brans along with 
starches or modified starches (2). 

Collet snacks can be divided into two types, baked or 
fried, depending on the moisture of the collets (14). Baked 
corn collets are extruded using a collet extruder at low 
moisture (<15%) to produce highly expanded products 
from degerminated corn grits. After extrusion, the collets 
are dried (baked) in an oven and coated with flavor and oil. 
Fried collets are extruded from corn meal that is moistened 
to a higher moisture (20-30%). Product expansion takes 
place during the deep fat frying step instead of during ex- 
trusion. The latter partially cooks and forms the product 
shape. 

In addition to corn meal or corn grits, potato and other 
grain-based extruded snacks have been developed. Some 
examples are French fried potato stick, flatbread, rice 
cake, and multigrain snacks. Similar to collet snacks, they 
can be divided into either baked or fried types. Although 
the collet extruder can be used in some cases, other snacks, 
such as crispbread, may require more sophisticated extru- 
ders such as the HTST single-screw or twin-screw cooking 
extruders. 

Extruded half-products are another type of snack prod- 
ucts. Potato and other starches or modified starches are 


extruded to form very dense and thin pellets that are dried 
at a low temperature and controlled humidity environment 
for storage stability. The half-products need to be expanded 
by deep fat frying or baking and then enrobed with flavor- 
ings before consumption. 

The latest development in the extruded snacks involves 
dual or coextrusion of two different components to form a 
single piece of snack using a specially designed die. Two 
extruders may be needed although, occasionally, one of the 
extruders may be substituted by a high-pressure gear 
pump if the second component is pumpable. This allows 
the development of many new snacks, for example, dual- 
textured snack products. The flow rates of the two extru- 
ders and the viscosity of the two components must be well 
regulated. 


Texturized Protein Meatlike Products 


According to Harper (2), two types of texturized meatlike 
products are derived from extrusion processes. The first is 
the meat extender, which can be produced by a single 
HTST extrusion cooking step using defatted soy flours or 
soy grits mixed with a variety of additives. The resulting 
product is highly expanded and shows distinct fiber for- 
mation. Once hydrated, the products can be used to extend 
ground meat or meat products. This product has found ex- 
tensive applications in pizza toppings, meat sauces, and 
fabricated food formulations. 

The second type of texturized meatlike product is a 
meat analog that can be used to replace meat. The finished 
product must be dense and have a layered fiber formation 
similar to that found in real meat. Additional require- 
ments include maintaining a meatlike character after ex- 
tensive cooking or retorting and giving the appearance and 
taste of real meat. The manufacture of meat analogs usu- 
ally requires multiple extrusion processes or specially 
cooled dies (15). 


Breadings and Croutons 


The manufacture of breadings by either single-screw or co- 
rotating twin-screw extruders has been described (16,17). 
The starting materials are corn flour, wheat flour, or the 
second clears of wheat flour. Leavening agents, dry skim 
milk, salt, emulsifier, and other food additives may be 
added. Processing conditions during extrusion can be var- 
ied to obtain breadings that are functionally similar to tra- 
ditional breadings. The extrudate is wet milled and sized 
prior to drying. Croutons are made in a similar manner. 
The small cubes are sized at the die of the extruder using 
a variable speed knife. Thus, the wet milling stage for the 
extrudate is not needed. 


Pasta 


The raw materials used in pasta products is semolina, the 
purified middlings of durum wheat, or durum flour, water, 
eggs and other ingredients (18). Commercially, pasta 
products are formed by the extruder or continuous press 
with a deep flighted screw. The screw not only forces the 
dough through the die, but it also kneads the dough into 
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a homogeneous mass. A very accurate control of semolina 
flour and water are needed. Traditional pasta product 
uses low-temperature extrusion (<50°C). If the tempera- 
ture of the dough exceeds 60°C, the cooking quality of the 
finished product will be damaged (2,18). Thus, excessive 
heat generated from mechanical energy input must be re- 
moved by circulating cooling water around the extruder 
barrel. 


BIBLIOGRAPHY 


1. E. W. Schuler, “Twin-Screw Extrusion Cooking Systems for 
Food Processing,” Cereal Foods World 81, 413 (1986). 

2. J. M. Harper, Extrusion of Foods, Vol. 1 and I, CRC Press, 
Boca Raton, Fla., 1981. 

3. Q. Luet al., “Model and Strategies for Computer Control of a 
‘Twin-Screw Extruder,” Food Control 4, 25 (1993). 

4. F. Hsieh, I. C. Peng, and H. E. Huff, “Effects of Salt, Sugar 
and Screw Speed on Processing and Product Variables of Corn 
Meal Extruded With a Twin-Screw Extruder,” J. Food Sci. 55, 
224 (1990). 


5. F. Hsieh et al., “Twin-Screw Extrusion of Rice Flour With Salt 
and Sugar,” Cereal Chem. 70, 493 (1993). 

6. B. W. Garber, F. Hsieh, and H. E. Huff, “Influence of Particle 
Size on the Twin-Screw Extrusion of Corn Meal,” Cereal 
Chem, 74, 656 (1997). 

7. M. K. Kulshreshtha and C. A. Zaror, “An Unsteady State 
Model for Twin Screw Extruders,” Trans. I. ChemE., Part C, 
Food and Bioproducts Proc. 69, 189 (1992). 

8, G. Della Valle, J. Tayeb, and J. P. Melcion, “Relationship of 
Extrusion Variables With Pressure and Temperature During 
‘Twin-Screw Extrusion Cooking of Starch,” J. Food Eng. 6, 423 
(1987). 

9. F. Martelli, Twin-Screw Extruders, Van Nostrand Reinhold, 
New York, 1983. 

10. M. Liang et al., “Barrel-Valve Assembly Affects Twin-Screw 
Extrusion Cooking of Corn Meal,” J. Food Sci. 59, 890 (1994). 

11. D. W. Stanley, “Protein Reactions During Extrusion Process- 
ing,” in C. Mercier, P. Linko, and J. M. Harper, eds., Extrusion 
Cooking, American Association of Cereal Chemists, St. Paul, 
Minn., 1989, pp. 321-341. 

12, “Extruder Directory,” Feed Tech 2, 32 (1998). 

13. R, B. Fast, “Manufacturing Technology of Ready-to-Eat Ce- 
reals,” in R. B. Fast and E. F. Caldwell, eds., Breakfast Cereals 
and How They Are Made, American Association of Cereal 
Chemists, St. Paul, Minn., 1990, pp. 15-42. 

14, S. A. Matz, “Extruding Equipment,” in S, A. Matz, ed., Snack 
Food Technology, AVI, Westport, Conn., 1984, pp. 203-230. 

15. A. Noguchi, “Extrusion Cooking of High-Moisture Protein 
Foods,” in C. Mercier, P. Linko, and J. M. Harper, eds., Extru- 
sion Cooking, American Association of Cereal Chemists, St. 
Paul, Minn., 1989, pp. 343-370. 

16. O. B. Smith, “Extrusion Cooking of Corn Flours and Starches 
as Snacks, Breadings, Croutons, Breakfast Cereals, Pastas, 
Food Thickeners, and Additives,” in G. E. Inglett, ed., Maize: 
Recent Progress in Chemistry and Technology, Academic 
Press, New York, 1982, pp. 193-219. 

17. P. L. Noakes and W. A. Yacu, “Extrusion Cooking of Wheat 


Flour to Process Breadings,” Cereal Foods World 33, 687 
(1988). 


706 EXTRUSION PROCESSING: TEXTURE AND RHEOLOGY 


18. O. J. Banasik, “Pasta Processing,” Cereal Foods World 26, 166 
(1981). 


Fu-HUNG HsiEH 
University of Missouri 
Columbia, Missouri 


See also EXTRUSION PROCESSING: TEXTURE AND 
RHEOLOGY. 


EXTRUSION PROCESSING: 
TEXTURE AND RHEOLOGY 


In recent years extruders have been widely used in the 
human food and animal feed industry to manufacture 
products such as textured proteins, snack foods breakfast 
cereals, pasta, confectioneries, and pet foods. A list of prod- 
ucts presently produced using the extrusion process is 
given in Table 1. The history of food extrusion has been 
reviewed in Ref. 2. 

The two major functions of a food extruder are cooking 
and forming. In the cooking process, the product is heated 
through the transfer of heat energy, which is applied by 
steam injection or heaters and/or by the dissipation of 
viscous energy through shearing action between the rotat- 
ing screw and the material. As a result of the cooking pro- 
cess, starches are gelatinized, proteins are denatured, un- 
desirable enzymes are inactivated, and antinutritional 
substances (eg, trypsin inhibitors in soybeans) are de- 
stroyed. Because the temperature reached during the pro- 
cess can be quite high (ca 200°C) and the material takes a 
relatively short time to travel through the extruder (5 s to 


Table 1. Extrusion Application in the Food and Feed Industry 


a few min), the cooking process is often referred to as high- 
temperature, short-time (HTST) extrusion. The forming 
extruder is used to produce special shapes from precooked 
material. Typically, the operating temperature of forming 
extruders are lower than that of cooking extruders. 

‘Two major types of extruders are used in the food in- 
dustry: single-screw and twin-screw extruders. The twin- 
screw extruders can be further classified according to the 
type of screws, ie, nonintermeshing or intermeshing and 
the type of rotation, ie, corotating or counter-rotating. Use 
of single-screw extruders began in the early years of the 
industry and they are still used today, though the twin- 
screw machines are becoming increasingly popular. Twin- 
screw extruders are comparatively more expensive than 
single-screw machines of the same production capacity. 
The flow of material in single-screw extruders depends on 
the friction between the barrel wall and the material. 
Hence the type of material that can be used is limited by 
its properties; proper conditioning of the material is 
necessary to reduce or eliminate process instability. The 
corotating, intermeshing twin-screw extruder uses the 
positive pumping characteristics created by the two inter- 
meshing screws to convey the material forward. This type 
of mechanism reduces the need to precondition material. 
Other potential advantages of the corotating twin-screw 
extruder over the single-screw extruder include (1) narrow 
residence time distribution, leading to uniform processing, 
(2) better mixing capabilities, and (3) wide formulations of 
product, particularly low bulk density and high fat mate- 
rial that cannot be processed using a single-screw ma- 
chine. The twin-screw extruder provides better control of 
the process and more uniform product characteristics than 
does the single-screw extruder. These advantages of the 
twin-screw machine compensates to some extent for the 


Human food Extrusion processes Animal feed 

Starch-based Protein-rich Agrochemicals Cattle and pig feed Fish feeds 
Pasta (2 types) ‘Animal protein Fertilizers Partial precooked Precooked fours (starch 
‘Tortilla flours Sausages Vegetables/soup cereals/seeds and protein) with 
Bakery products Scrap meat/fish Bagasse and other Enzyme-engineered feed _ different bulk densities 
Confectioneries Blood protein cellulosic material Complete gelatinized 

Candies Milk protein Cocoa waste material cereals 

Licorices Germ extrusion Sucrose-based chemicals Yeast wastes 

Caramels Co-extruded meat/starch Spices Breaking up of cellulose 

Chocolate Soft cheese Maltodextrins Protein hydrolysates 
Starches Vegetable protein Pulp for paper Pet foods 

Partly cooked Soya/cottonsee/rapeseed _ production 

Gelatinized Oilseed meals Proteins chemically 
Malt Health foods modified 
Cereal snacks Cross-linked starches 
Health foods Lactose-based chemicals 
Breakfast cereals 
Flat breads/cookies 
Bran extrusion 
Crumb 
Instant-cooked foods 
Potato products 
Baby foods 


Source: Ref. 1, Courtesy of Elsevier. 
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high initial capital investment required. The advantages 
and disadvantages of different types of extruders have 
been reviewed in Refs. 2-4. The engineering principles of 
extruders have also been reviewed (5). 

During the HTST process, material typically enters the 
extruder in a powdered form. The heat, shear, and pres- 
sure generated during the process melts the material into 
a dough-like mass. The material flows from the barrel to a 
die of a smaller cross section. The pressure at the barrel 
exit, in the extruder-die setup, can be as high as 3000 psi, 
depending on the product and process conditions. In the 
extruder, no water vapor formation occurs at the elevated 
temperatures attained inside because of high pressures. 
The material expands as it exits from the die to the at- 
mosphere. This expansion is caused partly by the stresses 
that are free to relax and partly by the moisture in the 
material that is flashed-off as vapor, owing to the pressure 
drop between the die exit and the atmosphere. The ex- 
panded product imparts textural and functional charac- 
teristics that determine the acceptability of the product. 
This article reviews the existing literature regarding the 
textural and rheological properties during extrusion cook- 
ing and addresses the relationship between the two. 


TEXTURE 


The term texture describes a wide range of physical prop- 
erties of the food product. A product of acceptable texture 
is usually synonymous with the quality of a product. Table 
2 is a glossary of terminology used to describe textural at- 
tributes. Textured has been defined as “the attribute of a 
substance resulting from a combination of physical prop- 
erties and perceived by senses of touch (including kinaes- 
thesis and mouthfeel), sight and hearing (6).” Texture as 
defined by the International Organization for Standardi- 
zation is “all of the rheological and structural (geometric 
and surface) attributes of a food product perceptible by 
means of mechanical, tactile and where appropriate, visual 
and auditory receptors (7).” The following terms have been 
used to describe product characteristics of extrudates: 
tender, chewy, soft, tough, brittle, crunchy, crisp, smooth, 
fine, coarse, puffed, flaky, fibrous, and spongy. One or more 
of these terms may describe the same behavior. 

A variety of properties have been used to quantify or 
measure the texture and functional properties of extru- 
dates. Some of these are: 


1. Bulk density, or density, defined as the mass per unit 
volume of the extrudate. 


2. Breaking strength, defined as the stress required to 
shear a material. This stress is the ratio of the break- 
ing force to the area of the material. In certain in- 
stances it is referred to as the force required to break 
or shear the sample. The breaking strength is an in- 
direct measure of the stress-strain relationship of 
the extrudate. It is an important parameter that de- 
termines the final quality of the extrudate and can 
be related to such textural attributes as toughness, 
chewiness, crunchiness, and brittleness. 
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Table 2. List of Terms and Groups 
Structure Texture 


Terms of relating to the behavior of the material 
under stress or strain 


Consistency 


Firm Rubbery Brittle 
Hard Elastic Friable 
Soft Plastic Crumbly 
Tough Sticky Crunchy 
‘Tender Adhesive Crisp 
Chewy Tacky Thick 
Short Gooey Thin 
Springy Glutinous Viscous 
Glutenous 


Terms relating to the structure of the material 


Smooth Gritty 
Fine Coarse 
Powdery Lumpy 
Chalky Mealy 

Relating to shape and arrangement of structural elements 
Flaky Cellular Glassy 
Fibrous Aerated Gelatinous 
Stringy Puffed (puffy) Foamed (foamy) 
Pulpy Crystalline Spongy 


Terms relating to mouthfeel characteristics 


Mouthfeel Watery Creamy 
Getaway Juicy Mushy 
Body Oil Astringent 
Dry Greasy Hot 
Moist Waxy Cold 

Wet Slimy Cooling 
Source: Ref. 6. 


38. Viscosity of extrudate paste is measured using amy- 
lographs. 

4, The extrudate dimension, particularly for snack 
foods, is another important characteristic. It is often 
referred to as the expansion ratio or the puff ratio 
and is defined as the ratio of the area of cross section 
of the extrudate to the area of cross section of the 
die. In this article, the swelling of extrudate due to 
elastic and moisture effects is referred to as extru- 
date expansion. Extrudate swell is referred to as 
swelling from all effects other than moisture. Puffing 
is referred to as the swelling believed to be predomi- 
nantly from the moisture effect. 


5. Water absorption index (WAI) is the weight of sedi- 
ment formed per unit mass of sample, after the sam- 
ple is centrifuged and the supernatant is removed. 
Water absorption capacity (WAC) is the ratio of the 
weight gained over the original weight after a known 
mass of powdered extrudate is soaked in water fora 
fixed period of time at a given temperature. Water 
solubility index (WSI) is the percentage of the initial 
sample present in the supernatant obtained from the 
WAI test. 
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The methods used to obtain these properties are not stan- 
dardized. Because different methods have been used to ob- 
tain a property by the same name, procedures used to de- 
termine the properties should be reviewed before drawing 
conclusions. 

The textural properties of the extrudate are affected by 
the process variables, including temperature, screw speed, 
screw and barrel dimensions, and product variables (eg. 
moisture content, composition, and particle size). The 
properties are evaluated as a function of different param- 
eters, the most common of which includes product mois- 
ture, process temperature, and extruder screw speed. 
Other parameters, some of which may be interrelated, in- 
clude residence time, die dimensions, screw dimensions, 
shear rate or shear stress, and product composition. When 
a number of process conditions are to be evaluated at dif- 
ferent levels, the experimental size could be very large. To 
reduce the experiments to a manageable scale without in- 
creasing the experimental error, the response surface 
methodology (RSM) has been used to develop relationship 
between dependent and independent variables. According 
to Meyers (8), “response surface procedures are a collection 
involving experimental strategy, mathematical methods, 
and statistical inference which, when combined, enable the 
experimenter to make an efficient empirical exploration of 
the system in which he is interested.” The RSM helps in 
finding an approximate function to enable one to predict 
future response and to determine conditions of optimum 
response. 

In the RSM approach, the entire system is modeled as 
a black box. The mathematical functions that are devel- 
oped to correlate the dependent and independent variables 
are empirical in nature. An advantage of this approach is 
that a detailed understanding of the changes that occur 
during the process is not necessary. The disadvantage is 
that a general relationship is not available, which requires 
studies for different machines and different formulations 
of raw material. 


Proteins 


The basic constituents of all proteins are amino acids. The 
linear protein chain consists of amino acids linked together 
by peptide bonds between amino and carboxylic sites. Pro- 
teins can have different levels of structure—primary, sec- 
ondary, and tertiary—that result in a three-dimensional 
shape. Texturization of proteins can be used to produce two 
types of products (9). The first are meat analogues that are 
sold in place of meat. Such products have found acceptance 
in some countries, such as Japan (10). The second type of 
textured plant proteins (TPP) is as a meat extender. Sev- 
eral reviews on protein texturization using extruders can 
be found (9,11-15). During the extrusion process in the 
presence of water, globular proteins and aluerone granules 
unravel and align themselves in the presence of the shear 
field that exists in the extruder (14). Thermal denaturation 
(loss of native structure) is also expected to occur and is 
thought to be necessary for texturization (9), although 
some investigators contend that denaturation is not a nec- 
essary step in the texturization process (16). 

The mechanism of texturization has been the subject of 
intense research. It is generally agreed that intermolecu- 


lar disulfide bonding of proteins is responsible for the 
structure formation of spun soy fiber (17). It has been re- 
ported that the presence of heat and pressure cause the 
protein molecules in defatted soy meal to disassociate into 
subunits and become insoluble (18). The mechanism of 
bond formation has been investigated during extrusion 
(19). Results indicated that disulfide bonding had no role 
in extrusion texturization, suggesting that intermolecular 
amide bonds are instead responsible for texture formation 
during extrusion processing. The importance of amide 
bonds in protein texturization was also reported (20). 

However, other researchers disagree with these find- 
ings. One study reported the formation of intermolecular 
disulfide bonding when defatted soy meal was extruded at 
temperatures between 110-150°C and found no evidence 
of intermolecular peptide bond formation (21). Another 
study used a single-screw extruder without a die and re- 
ported the formation of intermolecular disulfide bond for 
blends of defatted corn gluten and defatted soy flour ex- 
truded at 145°C (22). Others have also refuted the idea 
that intermolecular peptide bonds are responsible for tex- 
turization of extruded soy protein (23). The reason for this 
disagreement is not clear. The temperatures used by the 
first investigators (20) were higher than 175°C whereas the 
latter investigators (21,23) used lower temperatures. It 
was reported that thermal polymerization of peptide bond 
formation requires a minimum temperature of 180°C (24). 
This could be one possible reason for the conflicting results 
obtained by these researchers. 

Most of the work evaluating product quality has used 
soy proteins. One study extruded defatted soy meal of 
moisture content 30% (dry basis) at a constant screw speed 
of 100 rpm with temperatures ranging from 107 to 200°C 
(25). The product density decreased with temperature 
(Fig. 1). Shear force and work increased with increasing 
temperature, but breaking strength increased as tempera- 
ture increased to 160°C and then decreased with further 
increase in temperature. Another study used a three- 
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Figure 1. Effect of process temperature on product density. 
Source: Adapted with permission from Ref. 25. 


variable, three-level fractional factorial design to measure 
the effect of extrusion of defatted soy flakes on residual 
trypsin inhibition activity (TIA), Warner Bratzler shear 
(WBS), and water absorption capacity (WAC) (26). Lower 
product moisture decreased residual TIA. Higher tempera- 
tures and lower moistures increased WAC, but increased 
feed moisture content decreased WBS. 

A third study used both sensory and mechanical means 
to evaluate the texture of an extruded soybean meal prod- 
uct (27). A five step temperature range of 135-180°C was 
used in this experiment. A high correlation between the 
instrumental and sensory parameter was obtained. With 
increases in temperature, the product became less compact 
and spongy in appearance and had increased aligned fibers 
as reflected by cohesiveness. In a subsequent work, these 
investigators used a four-factor (temperature, screw speed, 
product moisture, and protein content) three-level RSM to 
evaluate the textural properties of extruded defatted soy- 
bean meal (28). Results from this study indicated that pro- 
tein level and extrusion temperature were the most im- 
portant factors affecting WBS values. 

The effect of pH (5.5-10.5) of defatted soybean meal and 
soybean isolate on WBS values (20) indicated that at the 
extremes of the pH values, the extrudate appeared to have 
suffered a loss of structural integrity. The maximum shear 
force and sensory values were obtained at about a pH of 8, 
as indicated in Figure 2a and b. At pH < 5.5, the extrusion 
of the product becomes quite difficult, as pH is increased 
from 5.5 to 8.5 the product becomes tender, less chewy, and 
rehydrates rapidly (29). These effects have been attributed 
to the lower solubility of the proteins at acidic pH, which 
produced a denser product due to the formation of aggre- 
gates in the extruder (14). 

Independent variables such as moisture content, tem- 
perature, and screw speed affect shear strain, stresses, and 
shear rate. The effect of shear environment on the textural 
properties of unroasted defatted soy flour was reported 
(30). Increasing strain enhanced cross-linking in the 
dough, as indicated by a higher work required to shear the 
sample. Higher product moisture reduced the density. A 
high shear rate (or shear stress) in the die achieved by 
increasing flow rate led to a denser and less absorbant 
product, caused by the disruption of cross-linking. When 
low levels of hydrocolloid (sodium alginate or methylcel- 
lulose) were added to defatted soy flour, sodium alginate 
increased chewiness, maximum force, WAC, and bulk den- 
sity, whereas the addition of the same amount of methyl- 
cellulose decreased maximum force and chewiness (31). 

A seven-factor, five-level experiment using RSM to op- 
timize the process variables of temperature, screw speed, 
screw compression ratio, die diameter, and product mois- 
ture content during extrusion cooking of defatted soy grits 
studied the individual and interactive effects of the inde- 
pendent variables (32). Results indicated that high screw 
compression ratio and maximum temperature decrease be- 
tween the barrel and the die favored good texture. In an 
investigation of the effects of product moisture, barrel tem- 
perature, and die temperature on the properties of ex- 
truded soy isolate and soy flour, it was found that soy iso- 
late required higher pressure to extrude and had higher 
expansion and a narrower range of textures than did soy 
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Figure 2. (a) Influence of pH adjustment on Warner-Bratzler 
shear values of extruded soy protein; (b) influence of pH adjust- 
ment on sensory response of extruded soy protein. Source: 
Adapted with permission from Ref. 20. 


flour (33). The peak force measured using a Ottawa texture 
machine was found to correlate well with protein solubility, 
as illustrated in Figure 3. The higher barrel and low die 
temperature resulted in a better texture for both materi- 
als. 

Although most research has been on soy proteins be- 
cause of the potential to simulate meat products, some re- 
search has evaluated the properties of other high-protein 
materials after extrusion. These included studies of the ef- 
fect of extrusion on glandless cottonseed flour and soy meal 
mixtures (34,35) and on cowpea meal (36) and the effect of 
process temperature, screw speed, moisture content, and 
PH on the WAC and nitrogen solubility index of cowpea, 
mung bean, defatted soybean, and air-classified mung 
bean (37). Protein type and amount were found to affect 
properties. Results from extrusion of blends of corn and soy 
proteins have been reported (22,38-40). Increasing the 
amount of soy protein in the corn—soy mixture led to prod- 
ucts with better textural and functional properties. 


Starch 


Much literature is available on extrusion cooking of starch- 
based materials. Reference 41 is an excellent review of 
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Figure 3. Correlation between OTMS texture and protein solu- 
bility for soya isolate. Source: Adapted with permission from Ref. 
33. 


starch extrusion. Starch consists of a-D-glucose units that 
are linked to form large macromolecules. Native starch is 
a mixture of two different glucose polymers—the linear 
amylose and the branched amylopectin. Under the severe 
shear environment inside the extruder, the starch mole- 
cule loses its granular and crystalline structure (42) and 
undergoes macromolecular degradation (43-48). The in- 
soluble native starch is partially solubilized after extrusion 
at room temperature. The magnitude of the transforma- 
tion is a function of multiple processing parameters and 
their interactions as well as the type of starches. 

The extrudate characteristics of several varieties indi- 
cated that wheat starch had the highest expansion ratio 
at 135 and 225°C (Fig. 4) (49). Increasing product moisture 
content decreased the expansion ratio (49-54). Increasing 
temperature increased the expansion ratio up to a point 
after which it decreased with further increase in tempera- 
ture (49,55). This decrease can be attributed to the deg- 
radation of starch molecules at higher temperatures. Ex- 
pansion is affected by the dimensions of the die or nozzle 
(56,57) and product composition. Increasing the length-to- 
diameter ratio of the nozzle increased the expansion ratio. 
Increasing the amylose content decreased the expansion 
ratio (49,53,58). Presence of lipids, proteins, salts, and 
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Figure 4. Expansion of products extruded at (a) 135°C and 
(b) 225°C. Starches are (1) waxy corn; (2) corn; (3) common wheat; 
(4) rice; (5) amylon 5 (6) amylon 7. Initial moisture content was 
22% by weight. Source: Adapted with permission from Ref. 49. 


sugar can also affect the puff ratio (50,54,59-61). Decreas- 
ing the lipid content increased the expansion ratio of the 
product whereas increasing the salt and sugar concentra- 
tion increased the expansion ratio. 

Increasing moisture content increased the breaking 
strength of extrusion-cooked cornmeal (53). Increasing 
temperature was found to decrease the breaking strength 
for nonwaxy corn, but the reverse was true for waxy corn. 
Increasing the concentration of salt and sugar in the ex- 
trudate reduced the breaking strength (54). Results of two 
studies indicated an inverse relationship between expan- 
sion ratio and shear strength (54,55). 

Native starches are insoluble in water at room tem- 
perature. However, on extrusion these materials are sol- 
uble in water and could be added as ingredients in other 
food mixes to provide an acceptable consistency. The sol- 
ubility of starches increase with increasing severity of 
treatment. At lower moisture content, the solubility index 
is higher (49,62-64). Higher temperature also increases 
solubility. 

A small portion of a considerable body of literature that 
addresses the effect of process and product variables on 
properties of extrudates has been cited. Some researchers 
have used the RSM to locate optimum conditions for the 
best product texture. Empirical predictive models have 
been developed to relate product quality to independent 
parameters. These models or equations suffer from two 
major drawbacks: (1) they are machine-dependent in that 
the data obtained from one extruder cannot be extrapo- 
lated to other machines, and (2) they do not explain the 
physical phenomena. Understanding of how the basic 
physical properties control texture formation is limited. 


RHEOLOGY 


Although, rheology is defined as the science of deformation 
and flow of matter, it typically is used to describe the flow 
of non-Newtonian fluids (65). The flow properties of the 
fluid can affect important extrusion parameters such as 
velocity and pressure profiles in the extruder, heat transfer 
between the walls and the fluid, pressure drop in the die, 
and energy requirements. These parameters determine 
the product quality, extruder and die design, and produc- 
tion rate. 

During the extrusion process the flow patterns are com- 
plex (Fig. 5) and involve six major flow regions (66). These 
regions are: 


1. Metering section, where the material is fully plasti- 
cized. 

2. The entrance region to the die, where a converging 
flow field is developed generating large stresses. 

3. The region within the die, where the disturbance 
caused by the entry flow gradually disappears. 

4. The steady flow region in the die, where a fully de- 
veloped flow exists. 

5. The exit region, where the vapor bubble nucleation 
and growth and velocity profile rearrangement occur 
within the die followed by the expansion of the ex- 
trudate outside the die. 


Entrance region 


_- Relaxation region 
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Free stream region 


Figure 5, Flow pattern in an extruder barrel and die system. 
Source: Adapted with permission from Ref. 66. 


6. The free stream region, where the extrudate expan- 
sion reaches an equilibrium value. 


These flow situations of viscoelastic fluids necessitates the 
measurement of rheological parameters such as steady 
shear viscosity, primary and secondary normal stress dif- 
ferences, and elongational viscosity. 

Two types of flows occur during extrusion cooking. The 
first is the shear flow that occurs owing to the presence of 
the walls, as in the screw channel and the die. The second 
is the extensional flow that is present farther away from 
the wall where the stream lines converge or diverge, such 
as at the entrance and exit to the die. The stress (a) com- 
ponents in shear flow, are given by: 


12 = Nel, O23 = O13 = 0,01 — O22 = Ni, 
022 — 033 = Ne (1) 


where 1 is the direction in which the fluid flows, 2 is the 
direction of the velocity gradient, and 3 is the remaining 
neutral direction. The shear viscosity (7,) and the normal 
stress differences (N,, N.) are functions of shear rate. For 
Newtonian fluids the shear viscosity is a constant and un- 
der simple shear flow N, and Nz = 0. 

For extensional flows, extensional viscosity is defined 
by: 


O41 — G22 = MoE (2) 
Extensional viscosity is constant for a newtonian fluid, but 


it may be a function of extensional rate for non-Newtonian 
fluids. 
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The three types of extensional flows are (1) uniaxial, 
(2) biaxial, and (3) planar. A cylindrical sample when 
stretched along its axis results in uniaxial extension. Com- 
pression of a cylindrical sample along its axis results in 
biaxial extension. Stretching a rectangular sheet of a sam- 
ple along one direction, while keeping one of the remaining 
dimensions constant, results in planar extension (there are 
two viscosities in planar extension; see Ref. 67 for details). 
The ratio of the elongational viscosity (7,) to the shear vis- 
cosity (7,) is defined as the Trouton ratio. For Newtonian 
fluid, this ratio is a constant and equal to 3 for uniaxial 
extension, 4 for planar extension, and 6 for biaxial exten- 
sion. For non-Newtonian fluids, this ratio is generally 
much higher and may vary with extensional rate. 

The measurement of these rheological parameters dur- 
ing extrusion processing poses special problems. The ro- 
tational instruments used in the measurements of rheo- 
logical parameters of liquids foods cannot be used because 
the shear rates obtained in these rheometers are several 
orders of magnitude below those encountered during ex- 
trusion and it is difficult to reproduce extrusion-like con- 
ditions in the rheometer. Thus on-line measurements of 
rheological parameters are necessary to avoid these prob- 
lems. 


Shear Viscosity 


The rheological property that has received the most atten- 
tion by scientists is shear viscosity. Some of the published 
viscosity studies are summarized in Table 3. A die or a 
viscometer (capillary or slit cross section with multiple 
pressure transducers located along the wall) attached to 
the extruder is often used to measure the viscosity. Alter- 
natively, a single pressure transducer mounted near the 
exit of the barrel, along with capillary dies of different 
lengths but having the same radius and entry geometry, 
can be used to obtain the shear viscosity (77). 

The first investigators to evaluate the viscosity of 
doughs during extrusion found that doughs exhibited 
shear thinning behavior (68). The viscosity decreased ex- 
ponentially with temperature and was found to follow Ar- 
rhenius kinetics. Moisture was found to act as a plasticizer. 
Increased moisture content (M) decreased the dough vis- 
cosity. An empirical model of the form below was proposed: 


nj, T, M) = n*j"~* exp(4E/RT) exp(KM) (3) 


This model is one of the simplest and the most popular. 
The following model was proposed for constant moisture 
dough (69): 


ng(T, 7, t) = n*"~* exp(4E/RT) 
exp f k exp(4E,/RT(t))dt (4) 


In equation 4 it is assumed that the temperature is a func- 
tion of time is known. Reactions such as gelatinization and 
denaturation can lead to network formation and affect vis- 
cosity (parameters k and 4E, control the reactions). A log 
polynomial model was used to express viscosity as a func- 
tion of moisture content, shear rate, and temperature (71). 
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Table 3. Summary of Viscosity Studies Conducted During Extrusionlike Processes 


Product Method Moisture (% w.b.) ‘Temperature (°C) Reference 
Cooked cereal dough CDV 25-30 67-100 68 
Defatted soy flour CR 32 35-60 69 
Pregelatinized corn flour dough cD 22-35 90-150 70 
Soy fluff cD 25.5-35.5 100-160 72 
Soy flour CR 25-60 25~120 72 
Corn grits SDV 20-32 100-140 73 
Potato grits SDV 18-42 80-140 73 
Corn starch CDV 20-40 100-170 74 
Corn grits CDV 15-30 130-180 xy 
Corn grits SDV 2545, 150-180 76 


Note: CD, capillary die attached to the extruder; CR, capillary rheometer; CDV, capillary die viscometer is capillary die with multiple transducers along its 
length; SDY, slit die viscometer is slit die with multiple transducers along its length. 


To account for the shear history in the extruder, an equa- 
tion was suggested of the form (73). 


ns(i, T, M, N) = n*"~* exp(4E/RT) exp(KM)N~" (5) 


The flow curves obtained using a capillary rheometer 
(9) and slit-die viscometer were significantly different for 
food doughs (corn grits and potato flour), whereas for low- 
density polyethylene the flow curves were the same 
whether obtained using a capillary rheometer or slit-die 
viscometer. The flow behavior index was found to be af- 
fected by screw speed and temperature. This would indi- 
cate that shear history is varying, due to different screw 
speeds. Hence, the Bagley procedure for obtaining the vis- 
cosity during extrusion cooking is invalid because the fluid 
entering the die is rheologically not the same for each con- 
dition. A model has been developed that accounts for the 
thermal and mechanical energy imparted to the product 
(shear history) before the viscosity is measured (78). 

In addition to these viscosity models, two recent models 
are worth mentioning. They present almost identical ex- 
pression for starch and protein doughs based on reaction 
kinetics (79,80). The models are cumbersome because of 
the large number of constants (10 or more). One notable 
feature of these models is the inclusion of yield stress. An- 
other study indicated that soy doughs exhibited yield 
stress (72). The magnitude of yield stress was found to be 
a function of temperature. 

There are several drawbacks to the existing viscosity 
models. The model of Harper and co-workers (68) assumes 
that the decrease in viscosity is due to shear thinning only. 
Most plastic polymers are modeled by a network of mac- 
romolecular entanglements. Shear thinning flow is asso- 
ciated with the decrease of the entanglement density un- 
der the influence of deformation of the polymer (81). For 
food doughs the decrease in viscosity is due to the sum of 
shear thinning process history (screw configuration, resi- 
dence time), and molecular degradation. A complete model 
that quantifies the effect of parameters other than product 
moisture and temperature on shear viscosity is stil] lack- 
ing. These effects are discussed in Ref. 82, though no at- 
tempt has been made to quantify them. Another drawback 
of these models are that the fluid is assumed to be inelastic, 
ie, normal stress effects are neglected. Because doughs are 


viscoelastic fluids, inelastic models are inadequate. Evi- 
dence has been presented that the pressure drop experi- 
enced at the entrance of the die is much greater than that 
predicted by shear viscosity alone, indicating that elastic- 
ity is important (79). As will be discussed later, elasticity 
is important in the manufacture of products at tempera- 
tures below 100°C. 

Extruded starches are used as thickening agents or as 
ingredients in instant foods. The viscosity of powdered ex- 
trudate in solvent (water) has also received attention. Typ- 
ically, shear thinning behavior is observed in all cases. In- 
creasing the concentration of wheat starch from 5 to 9% in 
solution resulted in the shifting of flow behavior from al- 
most Newtonian to shear thinning (83). For plastic poly- 
mers it is known that when the molecular weight is greater 
than a certain critical molecular weight, non-Newtonian 
flow behavior is observed (81). Extruded cornstarch in so- 
lution exhibited a constant viscosity at high and low shear 
rates (Fig. 6) (84). Increasing barrel temperature de- 
creased the values of the constant viscosities, whereas in- 
creasing moisture content was found to increase the values 
of constant viscosity, ie, depended on the severity of the 
extrusion environment. 

The effect of emulsifiers on dough viscosity has also 
been studied (70). The presence of sodium stearoyl-2- 
lactylate (SSL) was found to affect the viscosity, whereas 
diacetyltartaric acid ester of monoglyceride did not affect 
the viscosity. Fat did not affect the viscosity when SSL was 
present, but it was found to increase the viscosity in the 
absence of additives. 


Normal Stress Difference 


It is seen from equation 1 that when N, and Ny, are not 
equal to zero the normal stresses are unequal. The pres- 
ence of unequal normal stresses can create some interest- 
ing phenomena (85). The reason for nonzero values of N; 
and Nz can be attributed to the anisotropy of fluid micro- 
structure in the flow field and is observed in elastic fluids 
(86). The ratio of primary normal stress difference to the 
wall shear stress is an indirect measure of the elasticity of 
the fluid, ie, the higher the ratio, the more elastic is the 
fluid. 

Measurement of normal stress differences on-line has 
been a subject of intense research among polymer engi- 
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Figure 6. Flow behavior of extruded (16% moisture, 175°C and 
150 rpm) and unextruded corn starch at 6% concentration and 
60°C (84). 


neers and rheologists. The two methods used to measure 
primary normal stress difference are the exit pressure 
method and the hole-pressure method. Exit pressure is the 
residual stress at the die exit. For inelastic fluid this pres- 
sure is zero, but positive for a viscoelastic fluid. Hole pres- 
sure is defined as the difference between the pressure mea- 
sured by a flush-mounted transducer and a transducer 
located at the bottom of a slot directly opposite to it (Fig. 
7). For a Newtonian fluid, under creeping flow conditions 
(Reynolds number ~ 0), the hole pressure is zero. 


b+-— fry —> 


Figure 7. Schematic of the hole-pressure geometry for a trans- 
verse slot. The curvature of the streamlines near the mouth of the 
slot is shown. The fluid elasticity (N,) results in a tension along 
the curved streamlines that tends to lift out of the slot. 
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The exit pressure technique has been used to calculate 
the normal stress differences (87,88). As it is difficult to 
measure the pressure at the die exit directly, exit pressure 
is usually obtained by linear extrapolation of the pressure 
profile from the region of fully developed flow in the die. 
The expressions for the normal stress differences for a slit 
die are (89): 


N= Pf % eral 


dinty 8) 

However, this method is controversial. Critical analyses 
of the method have been done (88-90). The origin of the 
controversy lies in the fact that for polymers, positive 
(87,88,91), zero (92), and negative (90,93-97) exit pres- 
sures have been obtained. There has been very few pub- 
lished studies using this method on foods. Both positive 
and negative exit pressures were reported for corn grits, 
but positive exit pressures only for potato grits (98). An- 
other study examining this method for corn grits showed 
that products having lower moisture (25-35% db) content 
gave mostly negative exit pressures, whereas higher mois- 
ture values (40 and 45% db) gave positive exit pressures 
(99). Positive exit pressure was obtained using a capillary 
die (100). As it is impossible to flush-mount transducers on 
the walls of the capillary, the presence of hole pressure 
could lead to erroneous exit pressure values, so the use of 
a capillary die for this procedure is not recommended. 

One assumption in obtaining the expression for the nor- 
mal stress differences from the exit pressure theory (eq. 6) 
is that the flow remain fully developed till the die exit. 
There is evidence that for polymers, the flow does not re- 
main fully developed till the exit (101,102), owing to the 
presence of exit disturbance. The exit disturbance will lead 
to a rearrangement of the velocity profile. The velocity re- 
arrangement would lead to an overestimation of the exit 
pressure (89). Beyond a critical shear stress, the exit dis- 
turbance is negligible (88). The value of this stress would 
depend on the material. For low-density polyethylene this 
value is 25 kPa. However, there are data in the literature 
where negative exit pressures were obtained for experi- 
ments conducted above the recommended 25 kPa value for 
wall shear stress. A problem during the extrusion cooking 
of foods is that at temperatures greater than 100°C the 
presence of moisture flash at the die exit could cause an 
additional exit disturbance. Other problems with the exit- 
pressure method are viscous dissipation in the die and 
pressure dependence of viscosity of the material. Both 
these effects could lead to a concave pressure profile and 
would result in erroneous estimates of exit pressure. 

The hole pressure was originally observed as an error 
in the measurement of normal stress difference using stan- 
dard geometry rheometers (103). Studies subsequently es- 
tablished the presence of significant hole-pressure errors 
(104). The interest in the hole pressure arises from the 
claim that this property can be used for reliable prediction 
of the elastic properties of viscoelastic fluids. As the fluid 
passes over a hole or a slot, the stream line for a visco- 
elastic fluid tends to dip and this leads to the development 
of normal stresses that tend to lift the fluid (Fig. 8), thus 
creating a lower pressure at the bottom of the slot or hole 
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Figure 8, Exit pressure values for corn grits extruded under dif- 
ferent conditions. Source: Ref. 76. 


(105). This method has been used successfully to measure 
the normal stress difference for polymer solutions and 
melts (90,96,106-111). Typically, a slit die with holes or 
slots of different geometries is used to estimate the normal 
stress differences. The common hole geometry is a rectan- 
gular slot with its length transverse to the direction of the 
flow. This geometry is known as the transverse slot. 

The original equations relating hole pressure and the 
normal stress difference (112) were later modified by Baird 
(109) to give the HPB equations. The HPB equations were 
reinterpreted to give the HPBL equations (90). Depending 
on the geometry of the hole, the HPBL equations are given 
by: 


d In (Pye) 
Ny = 2Pyp They (Transverse slot) (7a) 
= d In Pye) 
N, = —Pue ain.) (Parallel slot) (7b) 
d In (Pyp) 


Ny, — Ne = 3Py¢ “ail Ga) (Circular hole) (7c) 


where Pye signifies the elastic contribution to the hole 
pressure. Despite violations of some assumptions, reason- 
ably good comparisons of N, obtained from standard ge- 
ometries and slit die were obtained (90,96,111). However, 
recent numerical studies have shown the HPBL equations 
to be valid (113,114). 

This method is presently under evaluation in the au- 
thors’ laboratory and has yielded promising results. A po- 


tential problem with this method is that for a fluid with 
yield stress, an error in pressure transmission could occur. 
For a fluid that has yield stress, higher hole pressure val- 
ues will be obtained (95). Thus the effect of yield stress on 
hole-pressure values will have to be accounted for. 


Extensional Viscosity 


When a fluid flows from a larger to a smaller diameter tube 
(eg, from the barrel of the extruder to the die), a pressure 
drop is encountered. For a polymer melt or solution the 
magnitude of this pressure drop is significantly higher 
than that obtained for a Newtonian fluid of the same vis- 
cosity (87,115). Similar results were reported for corn grits 
during extrusion cooking (75). The excess pressure drop at 
the entrance was originally believed to be due to the elastic 
properties of the fluid. Recent studies for plastic polymers 
indicate that the flow in the die entry region cannot be 
explained by melt elasticity alone (116) and that the ex- 
tensional viscosity is an important parameter that must 
be considered. 

Cogswell (117) was the first to propose a method for 
obtaining extensional viscosity from the entrance pressure 
drop method. The entrance pressure drop is calculated by 
linear extrapolation of the pressure readings along the 
walls from the fully developed flow region of the capillary 
or slit to the die entrance. This reading is subtracted from 
that of the transducer located at the barrel exit or a res- 
ervoir. The basis for Cogswell’s analysis is that the large 
entrance pressure drop in the converging flow region is due 
to the extensional nature of the flow. In addition, the pres- 
ence of the wall introduces a shearing component. Thus, 
the entrance pressure drop is assumed to consist of two 
components: due to shear flow and due to extensional flow. 
The expression for the shear component of the pressure 
drop due is given by: 


2B (1 + 8n\",,, (2)’) 
mace )t-G)} © 


and the extensional component for the pressure drop is: 


‘nail in Gyre 7 ()") (9) 


These equations have been derived assuming a power 
law behavior in both shear and extensional flow. Expres- 
sions for sudden contraction in cylindrical and rectangular 
flow can also be found in Cogswell’s paper. Several other 
expressions have been suggested using differing assump- 
tions (118,119). There is no significant difference from the 
values of strain rate obtained from these expression for low 
die angles (<30°). A spherical coordinates system was as- 
sumed to arrive ata slightly modified expressions for equa- 
tions 8 and 9 (120). An alternative analysis for determining 
the extensional viscosity in planar and uniaxial extension 
has been proposed from entrance pressure-drop data (121— 
123). 

Studies on extensional viscosity of food doughs are 
scarce. A stretch-thinning behavior for corn grits using a 
capillary rheometer has been reported (124). Similar be- 
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havior for corn grits has been noted during extrusion cook- 
ing (76). Using Gibson’s analysis, these authors found that 
the extensional viscosity decreased with increasing mois- 
ture content. The shear component of the entrance pres- 
sure was less than 5%. The Trouton ratio for the doughs 
ranged from 80-100. Not all materials exhibit shear thi 
ning and stretch-thinning behavior. Several polymeric liq- 
uids exhibit stretch-thickening behavior while displaying 
shear thinning behavior in shear flows. 

The entrance pressure-drop method for obtaining ex- 
tensional viscosity has not been universally accepted. The 
shear viscosity parameters (B and n in eq. 8) are assumed 
to be known a priori. These parameters can be calculated 
from the pressure profile and flow-rate data in the die. At 
large die entrance angles, poor data fit is observed. The 
assumption used in the calculation of the shear component 
of the entrance pressure drop can lead to error. However, 
the magnitude of this error is expected to be small because 
extensional flow dominates. Also, only average quantities 
are computed, whereas in reality the stress and the rate 
of strain will change with position. It should be noted that 
this method gives only qualitative comparisons and not de- 
finitive data. Hence it is important that a comparison be 
made between the magnitude of the extensional viscosity 
obtained from entrance pressure calculations with those 
obtained by other methods. Such a comparison has been 
made for polymers, and the values obtained were reported 
to be of the same order of magnitude (125,126). 


Dynamic Oscillatory Flow 


The dynamic properties of rice dough have been studied 
using an on-line rheometer (127). Storage and loss moduli 
increased with increasing frequency and decreasing mois- 
ture content. However, these authors reported significant 
problems with the equipment and recommended several 
modifications. 


TEXTURE AND RHEOLOGY 


The relationship between product structure and its texture 
is well recognized (9). The structure achieved is dependent 
on the product composition, processing condition, and mo- 
lecular configuration. Rheological properties are sensitive 
to changes in product composition, processing condition, 
and molecular configuration. Thus, rheological properties 
present themselves as a measure of product structure and 
hence its texture. 

One of the most important characteristics of an extru- 
date is the expansion ratio. To some extent, extrudate ex- 
pansion is indirectly related to other textural properties 
such as breaking strength, bulk density, and WAI. The ex- 
pansion phenomena can be characterized in part from 
rheological parameters. Two recent articles discuss the ex- 
pansion of extrudate from a rheological point of view 
(100,128). 

During HTST (>100°C) extrusion, the moisture that is 
unable to escape due to the high pressures in the die is free 
to vaporize at or near the die exit and is assumed to be 
responsible for the expansion of the extrudate. Expansion 
ratios as high as 15 have been obtained. Experiments 
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where the extrudates were cooled to below 100°C (as in the 
forming or half-product process) before exiting the die were 
reported (100). Extrudate swells (diameter of extrudate to 
that of the die) of 1.5, 2.27, and 3.00 were obtained for 
wheat flour, wheat starch, and manioc starch, respectively. 
When temperatures are below 100°C, no water vapor is 
released. In such instances the expansion is due to the 
elasticity of the material. A Newtonian fluid flowing out of 
a tube would expand at low Reynolds numbers (<16) but 
shrink at higher Reynolds numbers (85). 

An approach commonly used to explain the extrudate 
swell is the elastic recoil mechanism. When an elastic fluid 
is flowing through the tube, it is subjected to extra tension 
along the stream lines. Once the fluid exits, the walls are 
no longer present to constrain the flow, which causes the 
fluid to contract along the stream lines, resulting in radial 
expansion. The magnitude of this tension is represented 
by the primary normal stress difference. Expressions for 
obtaining the extrudate swell have been derived (129). 
Other factors affecting extrudate swell include surface ten- 
sion, gravity, inertia, wall slip, temperature effects, flow 
behavior index, and extensional viscosity. In general, the 
effect of inertia, surface tension, gravity, and wall slip re- 
duce the extrudate swelling, whereas temperature effects, 
flow behavior index, elastic recovery, and extensional vis- 
cosity increase extrudate swell. 

The rheological phenomena involved during extrusion 
cooking of foods have received some attention. The first 
attempt to incorporate the effect of elasticity on extrudate 
expansion qualitatively used pore volume as an indication 
of elasticity, ie, if the pore volume was small, elastic 
effects was responsible for the expansion (58). Product 
morphology was used to estimate dough elasticity (130). 
These studies, along with that of Alvarez-Martinez and co- 
workers (131), have speculated that dough elasticity is an 
important parameter that contributes to the magnitude of 
the radial expansion, although no quantification has been 
attempted. 

At temperatures above 100°C the extrudate expansion 
contains contributions from both the elasticity and the 
moisture flash. A two-stage expansion occurs under these 
conditions. This phenomenon has been observed and pho- 
tographed (132). The first stage happens immediately after 
the extrudate emerges from the die and is due to the elastic 
effect. A few seconds after the first effect and further down- 
stream, bubble formation due to moisture vapor trying to 
escape can be observed. For high forces due to moisture 
effects, the moisture vapor quickly finds its way out. At 
these conditions the swelling occurs almost instantane- 
ously. Depending on the process conditions, elastic or mois- 
ture effects may dominate. 

Several investigators (58,131,133) have speculated that 
radial expansion alone is an insufficient parameter to 
quantify extrudate expansion. It was proposed that expan- 
sion occurs both radially and longitudinally and that a neg- 
ative correlation exists between the two (58). Longitudinal 
expansion was defined as the mean length of unit mass of 
extrudate, or as the ratio of extrudate velocity to that of 
the velocity of fluid inside the die (58,131). Both these re- 
searchers report that longitudinal expansion is inversely 
proportional to the shear viscosity. However, these authors 
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do not give a reason why shear viscosity should be impor- 
tant in longitudinal expansion. 

Consider the flow inside the die, where the melt adheres 
to the die but flows at a maximum velocity at the center 
(parabolic profile for a Newtonian fluid). Downstream of 
the die exit the velocity profile approaches that of a plug 
flow, with all points having a uniform velocity. This means 
that the surface layer must be accelerated from rest, and 
it has been shown that conservation of mass and momen- 
tum demands that this acceleration cause an extensional 
flow in the surface layer while the center is decelerated and 
compressed (134). This could be a possible reason for the 
longitudinal expansion. Owing to the extensional nature 
of the flow, this effects to account for extrudate swelling 
are necessary (135). Another reason for longitudinal ex- 
pansion may be the moisture vapor formed in the extru- 
date. As the vapor tries to escape from the extrudate, it 
stretches the dough. The magnitude of the expansion due 
to moisture loss would depend on the extensional viscosity 
(biaxial extension) of the fluid. This phenomenon is similar 
to the rise of bread during baking. The vapor pressure of 
the water will stretch the filament of dough that is cooling 
in the ambient temperature. If the vapor pressure is suf- 
ficient to rupture the extrudate, open structures on the ex- 
trudate surface are produced. On cooling, the material 
dries and solidifies to its final shape. 

One must caution against the use of shear viscosity to 
explain the expansion phenomenon. It has been speculated 
that lower shear viscosity is favorable for greater expan- 
sion (41,136). Data contrary to the findings of these re- 
searchers have been presented (132). An increase in dough 
moisture causes a decrease in shear viscosity, but also 
causes a reduction in extrudate expansion. Shear viscosity 
is the least sensitive to molecular weight changes. From a 
rheological point of view, primary normal stress difference 
and elongational viscosity are probably far more impor- 
tant. These parameters may be able to better explain some 
of the conflicting results that exist in the literature and 
provide an insight as to why lipids, salts, and sugars be- 
have the way they do. Moreover, both primary normal 
stress difference and extensional viscosity are significantly 
more sensitive to average molecular weight and molecular 
weight distribution (and hence to the structure of the ma- 
terial) than shear viscosity and could serve as an effective 
tool in process control. 


CONCLUSION 


Food texture as practiced in the industry has remained 
more of an art than a science. The ingredients of dough 
components, ie, proteins, starches, and lipids interact ina 
manner that is not fully understood. Evaluating the rheo- 
logical parameters of the dough during extrusion may help 
in providing an understanding of the effect of product and 
process conditions on the texture of the extrudates. Tech- 
niques such as the hole pressure and entrance pressure 
drop for the measurement of elastic and extensional ma- 
terial functions could help provide a better understanding 
of the relationship between rheology and texture. These 
parameters could also be useful in developing a complete 


rheological equation of state (one that will predict both the 
viscous and elastic properties). Such equations of state 
would be useful in numerical modeling of the food extru- 
sion process and help in developing a better understanding 
of the flow patterns in the extruder and aid in process con- 
trol and product development. 


NOMENCLATURE 


AB Constants in equations 8 and 9 

b Slot width 

d Slot height 

dE Activation energy of flow 

4E, Activation energy for cooking reaction 
H Slit height 

k Specific reaction velocity constant 

K Coefficient for moisture in equations 3 and 5 
M Moisture content 

m Power law index in extensional flow 
Ny Primary normal stress difference 

Ne Secondary normal stress difference 

n Power law index in shear flow 

Pa Pressure drop in the exit 

Pressure drop due to viscous effects 
Pressure drop due to elongational flow 
AProt Total pressure drop 

AP ont Entrance pressure drop 

AP aio Pressure drop across the die 


Pug Elastic hole pressure 

Q Volume flow rate 

To Radius of the barrel 

n Radius at the die 

Tf Temperature 

t Time 

a Half-cone angle of the die 
é Elongational strain rate 
y Shear rate 

Ns Shear viscosity 

Ne Elongational viscosity 
* Reference viscosity 

os Total stress 

T% Extra stress components 
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See also EXTRUSION COOKING. 


FATS AND OILS: CHEMISTRY, PHYSICS, 
AND APPLICATIONS 


Fats and oils are the commercially important group of sub- 
stances classified as lipids. Lipids are compounds usually 
associated with solubility in nonpolar solvents. They are 
mostly esters of long-chain fatty acids and alcohols and 
closely related derivatives. The most important aspect of 
lipids is the central position of the fatty acids. The scheme 
of Figure 1 illustrates this (1). The basic components of the 
lipids (also known as derived lipids) are listed in the cen- 
tral column. In the left-hand column are the phospholipids, 
most of which contain phosphoric acid groups. The right- 
hand column includes the compounds most important from 
a quantitative standpoint in fats and oils. These are mostly 
esters of fatty acids and glycerol. Fats are solid at room 
temperature, oils are liquid. 

Food fats can be divided into visible and invisible fats 
(2). More than half of all the fats consumed are in the latter 
category, that is, those contained in dairy products (ex- 
cluding butter), eggs, meat, poultry, fish, fruits, vegetables, 
and grain products. The visible fats include lard, butter, 
shortening, frying fats and oils, margarines, and salad oils. 

Fats and oils may differ considerably in composition, 
depending on their origin. Fatty acid as well as glyceride 
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composition will influence many of the properties of fats 
and oils. These properties may be further modified by ap- 
propriate processing methods. The fats and oils can be 
classified broadly into the following groups: animal depot 
fats, ruminant milk fats, vegetable oils and fats, and ma- 
rine oils. The processing of fats and oils serves several pur- 
poses: to separate the oils or fats from other parts of the 
raw materials, to remove impurities and undesirable com- 
ponents, to improve stability, to change physical proper- 
ties, and to provide desirable functional properties. 


COMPONENT FATTY ACIDS 


Even-numbered straight-chain saturated and unsaturated 
fatty acids make up the largest proportion of fatty acids in 
fats and oils. Minor amounts of odd-carbon-number acids, 
branched-chain acids, and hydroxy acids may also be pres- 
ent. Processed fats, especially hydrogenated fats, may con- 
tain a variety of geometric and positional isomers. The di- 
vision of fatty acids into saturated and unsaturated groups 
is important because it generally reflects on the melting 
properties of the fat of which they are a part. There are 
some exceptions to this rule. Short-chain saturated fatty 
acids such as those present in milk fats and lauric fats have 
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Figure 1. Interrelationship of the lipids. 
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very low melting points; unsaturated trans isomers have 
much higher melting points than the cis isomers and are 
therefore comparable to saturated fatty acids in their effect 
on melting characteristics. 

Some of the important saturated fatty acids are listed 
in Table 1 with their systematic and common names. The 
unsaturated fatty acids are listed in Table 2. The naturally 
occurring unsaturated fatty acids are almost exclusively in 
the cis form. Trans acids are abundant in ruminant milk 
fats and in hydrogenated fats. 

The depot fats of higher land animals consist mainly of 
palmitic, oleic, and stearic acids and are high in saturation. 
The fats of birds are somewhat more complex. The fatty 
acid compositions of the major food fats of this group are 
listed in Table 3. The kind of feed consumed by the animals 
greatly influences the fatty acid composition of the depot 
fats. For example, the high linolenic acid content of the 
horse fat in Table 3 is the result of pasture feeding. Animal 
depot fats are generally low in polyunsaturated fatty acids. 
The iodine value of beef fat is about 50 and of lard about 60. 
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Ruminant milk fat has an extremely complex fatty acid 
composition. The following fatty acids are present in cow’s 
milk fat (3): even and odd saturated acids from 2:0 to 28:0; 
even and odd monoenoic acids from 10:1 to 26:1 with the 
exception of 11:1, and-including positional and geometric 
isomers; even unsaturated fatty acids from 14:2 to 26:2 
with some conjugated trans isomers; monobranched fatty 
acids 9:0 and 11:0 to 25:0; some iso and some anteiso (iso 
acids have a methyl branch on the penultimate carbon, 
anteiso on the next to penultimate carbon; multibranched 
acids from 16:0 to 28:0, both odd and even with three to 
five methyl branches; and, finally, a number of keto, hy- 
droxy, and cyclic acids. 

Marine oils also contain a large number of different 
fatty acids. As many as 50 to 60 fatty acids have been re- 
ported (4). The 14 major ones consist of few saturated fatty 
acids (14:0, 16:0, and 18:0) and a larger number of unsat- 
urated fatty acids with 16 to 22 carbon atoms and up to 6 
double bonds. This provides the possibility for many posi- 
tional isomers. It is customary to number carbon atoms of 


Table 1. Saturated Even- and Odd-Carbon-Numbered Fatty Acids 


Systematic name Common name Formula Shorthand description 
n-Butanoic Butyric CH; - (CH; - COOH 4:0 
n-Hexanoic Caproic CH, : (CH), - COOH 6:0 
n-Octanoic Caprylic CH, « (CH,), - COOH 8:0 
n-Decanoic Capric CH, : (CH,); COOH 10:0 
n-Dodecanoic Laurie CH, - (CH); - COOH 12:0 
n-Tetradecanoic Myristic CH; : (CH,),.* COOH 14:0 
n-Hexadecanoic Palmitic CH, « (CH;),, - COOH 16:0 
n-Octadecanoic Stearic CH, - (CH;)\5- COOH 18:0 
n-Bicosanoic Arachidie CH, « (CH,); - COOH 20:0 
n-Docosanoic Behenic CH, « (CHp)g9 - COOH 22:0 
n-Pentanoic Valerie CH, - (CH); - COOH 5:0 
n-Heptanoic Enanthic CHy - (CH); COOH 7:0 
n-Nonanoic Pelargonic CH, - (CH), - COOH 9:0 
n-Undecanoic CH, - (CH,)) - COOH 11:0 
n-Tridecanoic CHy - (CH,),, - COOH 13:0 
n-Pentadecanoic CH, - (CH;);3 : COOH 15:0 
n-Heptadecanoic Margaric CH, - (CH;),5 - COOH 17:0 
Table 2. Unsaturated Fatty Acids 
Systematic name Common name Formula Shorthand description 
Dee-9-enoic CH, =CH - (CH;), - COOH 10:1 
Dodec-9-enoie CH, - CH; - CH=CH - (CH,), - COOH 12:1 
Tetradec-9-enoic Myristoleic CH, - (CH); - CH - CH - (CH); - COOH 14:1 
Hexadec-9-enoic Palmitoleic CH, - (CH,); : CH=CH - (CH,), - COOH 16:1 
Octadec-6-enoic Petroselinic CH, - (CH), - CH=CH - (CH), - COOH 18:1 
Octadec-9-enoic Oleic CH, - (CH,); - CH=CH - (CH); - COOH 18:1 
Octadec-11-enoic Vaccenic CH, - (CH;); - CH=CH - (CH3)) - COOH 18:1 
Octadeca-9:12-dienoic Linoleic CH,(CH,), - (CH:CH - CH) - (CH2). - COOH 18:2006 
i Linolenic CH, - CH, - (CH=CH - CHy)s - (CH), - COOH 18:303 
Gamma linolenic CHa - (CH;), - (CH=CH - CHy)3 - (CHa). - COOH 18:306 
Octadeca-9:11:13-trienoie Elaeostearic CH - (CH,)s - (CH=CH), - (CH), - COOH 20:3 
Eicos-9-enoic Gadoleic CH, - (CH; )) - CH=CH - (CH,), - COOH 20:1 
Eicosa-5:8:11:14-tetraenoic Arachidonic CH, - (CH), - (CH=CH - CH,), - (CH;)2 - COOH 20:4006 
Eicosa-5:8:11:14:17-pentaenoicacid EPA CH, - CH, - (CH=CH - CH,)3 - (CH): - COOH 20:5003 
Docosa-13-enoic Erucic CH, - (CH), - CH=CH - (CH,),, - COOH 22:1 
Docosa-4:7:10:13:16:19-hexaenoicacid DHA CH, - CH,(CH=CH - CH,), - (CH;) - COOH 22:603 
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Table 3. Component Fatty Acids of Animal Depot Fats 

Fatty acids, % of total 
Animal 12:0 14:0 16:0 18:0 20:0 16:1 18:1 18:2 18:3 20:1 
Cow 63 214 141 49.6 25 
Pig 18 218 89 08 42 53.4 6.6 08 08 
Sheep 46 24.6 30.5 36.0 43 
Goat 3.5 21 25.5 28.1 24 38.4 
Horse 04 45 25.9 47 02 68 33.7 52 16.3 23 
Chicken 19 2.5 36.0 24 82 48.2 08 
Turkey 0.1 08 20.0 64 13 6.2 38.4 23.7 16 


fatty acids starting from the carboxy] end; however, for bio- 
logical activity it is interesting to number from the methyl 
carbon, which is done by using the symbol «. Three differ- 
ent types of fatty acids can be distinguished, the oleic type 
with one double bond removed nine carbons from the 
methyl end (18:1«3). Three different types of unsaturated 
fatty acids can be distinguished: the oleic type with one 
double bond removed nine carbon atoms from their methyl 
end (18:19 or oleic acid type); the linoleic type with two 
double bonds removed six carbon atoms from the methyl 
end (18:26 or linoleic acid type); and the linoleic type with 
three double bonds removed three carbon atoms from the 
methyl end (18:33 or linoleic acid type). The end struc- 
ture is usually retained even if additional double bonds are 
introduced or if additional carbon atoms are added. Thus, 
linoleic acid (18:26) may be changed into arachidonic acid 
(20:46) while retaining the w6 structure which confers 
essential fatty acid character to the molecule. The latter 
two types are now often referred to as n-6 and n-3 fatty 
acids. The high content of polyenoic fatty acids makes fish 
oils highly susceptible to autoxidation. The component 
fatty acids of some marine and freshwater fish oils are 
listed in Table 4 (5). 

Considerable interest has developed recently in the 
health effect of certain n-3 fatty acids, especially eicosa- 
pentaenoic acid (EPA) (20:53) and docosahexaenoic acid 
(DHA) (22:63). These fatty acids can be produced slowly 
from linoleic acid by herbivore animals, but not by hu- 
mans. EPA and DHA occur in major amounts in fish from 
cold deep waters, such as cod, mackerel, tuna, swordfish, 
sardines, and herring (6,7). Arachidonic acid is the precur- 
sor in the human system of prostanoids and leukotrienes. 


The vegetable oils and fats can be divided into three 
groups on the basis of their fatty acid composition. The first 
group comprises oils containing mainly 16- and 18-carbon 
fatty acids and includes most of the seed oils—cottonseed 
oil, peanut oil, sunflower oil, corn oil, sesame oil—as well 
as palm oil. The second group comprises seed oils contain- 
ing erucic acid (docos-13-enoic), and includes rapeseed and 
mustard oil. The third group is that of the vegetable fats, 
comprising coconut oil and palm kernel oil, which are 
highly saturated and also known as lauric fats, as well as 
cocoa butter. The component fatty acids of some of the com- 
mon vegetable oils and fats are listed in Table 5. Palmitic 
is the most common saturated fatty acid. Oils containing 
high levels of linolenic acid are susceptible to rapid oxi- 
dative deterioration. 

The Crucifera seed oils, including rapeseed and mus- 
tard oil, are characterized by high levels of erucic acid 
(docos-13-enoic) and smaller amounts of eicos-11-enoic 
acid. Plant breeders have succeeded in replacing virtually 
all of these fatty acids by oleic acid, resulting in what is 
now known as canola oil (8). 

Cocoa butter is unusual in that it contains only three 
major fatty acids, palmitic, stearic, and oleic, in approxi- 
mately equal proportions. 


COMPONENT GLYCERIDES 


When a fat or oil is characterized by the determination of 
its component fatty acids, there still remains the question 
of how these acids are distributed among and within the 
glycerides. The stereospecific numbering (sn) of glycerol for 
a triacid glyceride is as follows: 


Table 4. Major Component Fatty Acids of Some Marine and Freshwater Fish Oils 


14:0 16:0 18:0 16:1 18:1 20:1 22:1 18:206 18:303 18:43 20:406 20:53 = 22:5@3 =—-22:6w3. 

Herring 64 12.7 09 88 127 141 208 11 0.6 17 0.3 84 0.8 49 
‘Turbot 65 120 O09 154 174 186 178 05 02 08 0.1 3.0 0.6 19 
Sablefish 6.7 Lt 19 66 29.0 181 148 0.7 02 03 0.3 14 0.5 1.0 
Cod 14 196 38 3.5 13.8 3.0 1.0 0.7 O1 04 2.5 17.0 13 29.8 
Sole 43° 165 24 144 12.2 39 ~ 03 2.0 1.6 4.0 119 10.6 7.0 
Halibut 08 96 9.0 25 123 40 5.0 Tr Tt 14 13.0 25 37.6 
Carp 31 168 43 171 283 3.9 13.2 23 2.5 3.2 

Trout 27 209 83 39 184 73 16 3.2 L7 5.8 Tr 7.0 
Catfish 10 12 39 29 29.7 0.9 10.0 05 04 0.8 0.2 0.2 0.6 
Source: Ref. 5. 


Note: Values are percentage of total: Tr = trace. 
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Table 5. Component Fatty Acids of Some Vegetable Oils 
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Fatty acid 

oil 14:0 16:0 18:0 20:0 22:0 16:1 18:1 18:2 18:3 Total Cis 
Cottonseed 1 29 4 Tt 2 24 40 68 
Peanut Tr 6 5 2 Tr 61 22 88 
Sunflower 4 3 34 59 96 
Corn 13 4 Tt Tt 29 54 87 
Sesame 10 5 40 45 90 
Olive Tv 4 2 Tr 2 64 16 82 
Palm > 48 4 35 9 51 
Soybean Ks pat 4 Tt tr 25 51 9 89 
Safflower Tr 8 3 Tr 13 xi 1 92 
Source: Ref. 10 
Note: Values are weight %. Tr = trace. 

CH,0,CR! ql) bean oil are used as emulsifiers in foods. Soybean phos- 

1 pholipids, also known as soy lecithin, contain about 35% 

R?CO,CH (2) lecithin and 65% cephalin. The acyl groups in phospholip- 
1 ids are usually more unsaturated than those of the tri- 
CH,0,CR® (3) glycerides in which they are present. Saturated fatty acids 


The molecule is shown in the Fisher projection with the 
secondary hydroxyl pointing to the left. The location of 
fatty acids in the various positions on the glycerol molecule 
can be determined by stereospecific analysis (9). Several 
theories of glyceride composition have been proposed, such 
as even distribution, random distribution, and restricted 
random distribution. The distribution of fatty acids in the 
glycerides is of utmost importance for the physical prop- 
erties of a fat. This is illustrated by pig fat and cocoa butter, 
which have similar fatty acid composition. In pig fat most 
of the unsaturation is located in the 1- and 3-positions, in 
cocoa butter it is in the 2-position (Table 6). 


PHOSPHOLIPIDS 


All fats and oils and fat-containing foods contain a number 
of phospholipids. The lowest amounts are present in ani- 
mal fats such as lard and beef tallow. In some crude vege- 
table oils, such as cottonseed, corn, and soybean oils, phos- 
pholipids may be present at levels of 2 to 3%. Phospholipids 
are surface active, because they contain a lipophilic anda 
hydrophilic portion. Since they can be easily hydrated, 
they can be removed from fats and oils during the refining 
process. The structure of the most important phospholipids 
is given in Figure 2. The phospholipids removed from soy- 


are found mostly in position 1 and unsaturated fatty acids 
in position 2. 


UNSAPONIFIABLE COMPONENTS: 


The unsaponifiable portion of fats consists of sterols, ter- 
penic alcohols, squalene, and hydrocarbons. In most fats 
the major unsaponifiable component is sterols. Animal fats 
contain cholesterol, and in some cases, minor amounts of 
the other sterols, such as lanosterol. Plant fats and oils 
contain phytosterols, usually at least three and sometimes 
four (10). The predominant phytosterol is f-sitosterol; oth- 
ers are campesterol and stigmasterol. The sterols are sol- 
ids with high melting points; part of the sterols in natural 
fats are present as esters of fatty acids, part in free form. 
Cholesterol makes up 99% of the sterols of fish. The sterol 
content of some fats and oils is given in Table 7. 


PROCESSING 


In the commercial production of fats and oils, processing 
is used to separate, purify, and modify the oils and fats to 
make them suitable for the various functions they fulfill in 
the food system. A large portion of the seed oils produced 
in the temperate regions of the world are used in the form 
of solid fats: margarine, shortening, and frying and baking 


Table 6. Positional Distribution of Fatty Acids in Pig Fat and Cocoa Butter 


Fatty acid, mole % 


Fat Position 14:0 16:0 16:1 18:0 18:1 18:2 
Pig fat 1 09 9.5 24 29.5 513 6.4 
2 Al 72.3 48 21 13.4 3.3 
3 0 0.4 15 TA 72.7 18.2 
Cocoa butter 1 34.0 06 50.4 12.3 13 
2 17 02 21 87.4 8.6 
3 36.5 0.3 52.8 8.6 0.4 
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CH2,0COR 
CHOCOR Phosphatidylcholine 
i (lecithin) 
CH,0—PO, — OCH2CH2N*(CH3)3 
CH,OCOR 
Phosphatidylethanolamine 

ganaon ‘phi 
CH,0—PO(OH)— OCH2CH2NH2 
CH2,0COR 
CHOCOR Phosphatidylserine 
CHz—PO(OH)— OCH2CH(COOH)NH2 
CH,0COR 
CHOCOR OH OH Phosphoinositides 
CH,0—PO(OH)—O OH 

OH OH Figure 2. Structure of the major phospholipids. 


fats. Hydrogenation is most often used to change oils into 
fats. Another use for hydrogenation is to improve the oxi- 
dative stability by partial hydrogenation to remove most 
of the linolenic acid. 

The separation of oils and fats from animal tissues is 
done by rendering, either dry rendering or steam render- 
ing. The separation of oils from oilseeds usually involves a 
pretreatment, crushing or flaking of the seeds, followed by 
pressing (11). This is usually followed by solvent extraction 
to remove the remainder of the oil and yield a residue with 
less than 1% residual oil (12). 

The crude oils obtained by rendering, pressing, and/or 
extraction are purified by a series of operations designed 
to remove impurities that may detract from the quality of 
the oil. Removal of phospholipids is achieved by degum- 
ming (13). The crude oils are treated with steam, which 
hydrates the phospholipids and makes them settle out. De- 
gumming can also be achieved by using solutions of phos- 
phoric or organic acids. The soybean “gums” are purified 
and used as food emulsifiers, known as soy lecithin. 

Free fatty acids in crude oils are removed by alkali re- 
fining (13). Solutions of caustic soda are used to reduce the 
level of free fatty acid to 0.01 to 0.03%. Care is required to 
prevent saponification of neutral oil. Removal of free fatty 
acids can also be achieved by physical refining. This in- 
volves treatment of the oils under vacuum with steam. The 
advantage of physical refining is that the process is similar 
to deodorization and these processes can be combined. A 
possible disadvantage of physical refining relates to the 
high temperatures (up to 270°C) employed in this process. 
This may cause randomization of the glyceride structure, 
formation of dimers and conjugated fatty acids (positional 
isomerization) and cis-trans isomerization (14). 

Bleaching is used to remove colored impurities, such as 
carotenoids and chlorophyll. In the bleaching process the 


oils are treated with bleaching earth or activated carbon. 
The yellow-red color of most vegetable oils, mostly carot- 
enoids, is easily removed by bleaching earth. The green 
and brown pigments are more difficult to remove. 

After refining and bleaching, vegetable oils are further 
processed into margarines, shortenings, and frying and 
baking fats. Two-thirds of all liquid oils produced in North 
America are used in the form of fats. Hydrogenation is 
used to change oils into fats, and involves the reaction of 
gaseous hydrogen, liquid oil, and solid catalyst under pres- 
sure and at high temperature (15). The catalyst used for 
edible oil hydrogenation is invariably of the activated 
nickel metal type (16). The hydrogenation reaction can be 
represented by the following scheme, in which the reacting 
species are the olefinic substrate (S), the metal catalyst 
(M), and hydrogen: 


s+M==[s-M] 


en) ee 
vw! (3) 


M +H, ==[M-Hy| 
@) 


The intermediates 1, 2, and 3 are organometallic species 
and are labile and short-lived and cannot usually be iso- 
lated. In heterogeneous catalysis the metal surface per- 
forms the catalytic function. In theory, the finer the par- 
ticle size, the more active the catalyst will be. In practice, 
however, particle size has to be balanced against filtera- 
bility, since removal of the catalyst at the end of the process 
should not be too difficult. 

When hydrogen is added to double bonds in natural fats 
and the reaction is not carried to completion, a complex 
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Table 7. Sterol Content of Fats and Oils 


Fat Sterol, % 
Lard 0.12 
Beef tallow 0.08 
Milk fat 03 
Herring 0.2-0.6 
Cottonseed 14 
Soybean 0.7 
Corn 10 
Rapeseed 0.4 
Coconut 0.08 
Cocoa butter 02 


mixture of reaction products results. Hydrogenation may 
be selective or nonselective. Selectivity means that hydro- 
gen is added first to the most unsaturated fatty acids. Se- 
lectivity is increased by increasing hydrogenation tem- 
perature and decreased by increasing pressure and 
agitation. Selectively hydrogenated oil is more resistant to 
oxidation because of the preferential hydrogenation of the 
linolenic acid. 

Another important factor in hydrogenation is the for- 
mation of positional and geometric isomers. Formation of 
trans isomers is rapid and extensive. The isomerization 
can be understood by the reversible character of chemi- 
sorption. When the olefinic bond reacts, two carbon-metal 
bonds are formed as an intermediate stage. The interme- 
diate may react with an atom of adsorbed hydrogen to yield 
the half-hydrogenated compound, which remains attached 
by only one bond. Additional reaction with hydrogen would 
result in formation of a saturated compound. There is also 
the possibility that the half-hydrogenated olefin may again 
attach itself to the catalyst surface at a carbon on either 
side of the existing bond, with simultaneous loss of hydro- 
gen. Upon desorption of this species a positional or geo- 
metric isomer may result, The proportion of trans isomers 
is high because this is the more stable configuration. Dou- 
ble bond migration occurs in both directions, but probably 
more extensively in the direction of the terminal methyl 
group. The hydrogenation of oleate can be represented as 
follows: 


oleate 
{ a stearate 


isooleate 


The change from oleate to isooleate involves no change in 
unsaturation but does result in a considerably higher melt- 
ing point. This is why the hardening effect of hydrogena- 
tion is only partly the result of saturating double bonds; 
trans-isomer formation has a major effect on hardness. 

For example, olive oil with an iodine value of 80 is liquid 
at room temperature. When soybean oil is hydrogenated 
to the same iodine value it is a fat with the consistency of 
lard. 

Hydrogenation of linoleate first produces some conju- 
gated dienes, followed by the formation of positional and 
geometric isomers of oleic acid, and finally stearate: 


linoleate 
| Ss isooleate —~ stearate 


conjugated dienes ae 


Hydrogenation of linolenate is more complex and is greatly 
dependent on reaction conditions. The possible reactions 
can be summarized as follows: 


isolinoleate 
a ims 


linoleate 
conjugated Geusee= 


linolenate: isooleate stearate 


In the nonselective hydrogenation of seed oils, polyun- 
saturated fatty acids are rapidly isomerized or reduced and 
trans isomers increase to high levels (Fig. 3). 

Interesterification is a process whereby fatty acid rad- 
icals can be made to move from one hydroxy] of a glycerol 
moiety to another one, either within the same glyceride or 
to another glyceride. The reaction pattern has been de- 
scribed (17): 


RCOOR? + R'COOR* > RCOOR® + R'COOR? 


The reaction is used in industry to modify the crystal- 
lization behavior and the physical properties of fats. The 
catalysts are usually alkaline and consist of sodium meth- 
oxide or alloys of sodium and potassium. At temperatures 
above the melting points of the reactants, several raw ma- 
terials may be interesterified together so that new prod- 
ucts are produced. If the reaction is carried out below the 
melting point, so that only the liquid fraction reacts, the 
process is called directed interesterification. Industrially, 
lard has been interesterified to improve its properties. 
Lard has a narrow plastic range, creams poorly, and gives 
poor cake volume. After interesterification these proper- 
ties are greatly improved. Acetoglycerides can be prepared 
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Figure 3. Change in fatty acid composition during hydrogenation 
of canola oil. 


by interesterification of natural fats with glyceryl triace- 
tate. The resultant products are waxy, translucent mate- 
rials that can be used as edible coatings and plasticizers. 

Interesterification may provide an alternative to hydro- 
genation for the production of margarine and shortening 
fats. Hydrogenation has the disadvantage of forming trans 
isomers and of losing essential fatty acids. Interesterifi- 
cation of liquid oils with highly saturated fats, obtained by 
complete hydrogenation or by fractionation, may result in 
nutritionally more desirable fats. 

Ester interchange of fats with a large excess of glycerol, 
at high temperature, under vacuum, and in the presence 
of a catalyst, results in an equilibrium mixture of mono-, 
di-, and triglycerides. After removal of excess glycerol, the 
mixture is called technical monoglyceride. Technical mono- 
glycerides are used as emulsifying agents in foods. Molec- 
ular distillation yields products with well over 90% 1- 
monoglycerides; these are also widely used in foods. 


PHYSICAL PROPERTIES 


Fats and oils are long-chain compounds that have partic- 
ular physical properties of importance in processing and 
final use. Properties of surface activity, viscosity, solubility, 
and melting behavior are important in formulating emul- 
sions and fat products such as shortenings and marga- 
rines, 

The most important aspect of the physical properties of 
fats and oils is related to the solid-liquid and liquid-solid 
phase changes; in other words, melting and solidification. 
In fact, fats can be defined as partially solidified oils. When 
oils solidify they form crystals, usually of a size in the 
range of 1 to 10 wm. These fat crystals form a three- 
dimensional network that lends solid properties to the fat. 
The nature of this crystal network determines the rheolog- 
ical or textural properties of the product (18). The amount 
and size of the crystals in a fat determine its physical prop- 
erties by influencing the density of junction points and, 
therefore, the strength of the crystal network. The crystals 
are held together by weak van der Waals forces and these 
can be disrupted by working or kneading. Upon resting, 
many of these bonds may be reestablished and the product 
is said to be thixotropic. Not all bonds are reformed after 
working, leading to what is known as work softening. The 
crystals in fats can be observed by polarized light micros- 
copy as shown in Figure 4 (19). 

The proportion of solids in a fat is of major importance 
in determining the rheological properties of a product. Fats 
may retain their solid character with solid fat content as 
low as 10%. Desirable spreadability occurs in a narrow 
range of solid fat content, roughly 15-35%. This is called 
the plastic range of fats. 

Solidification of liquid oil results in a volume contrac- 
tion and a positive (exothermic) heat effect. Melting of a 
fat results in volume expansion and a negative (exother- 
mic) heat effect. Traditional methods of determination of 
solid fat depend on specific volume measurement at a given 
temperature (dilatometry). The heat effect is used in dif- 
ferential scanning calorimetry to determine melting and 
solidification properties. Modern methods of solid fat de- 
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Figure 4. Fat crystals in a fat as seen in the polarizing micro- 
scope. 


termination are based on nuclear magnetic resonance. Pro- 
tons in solid fat behave differently in a magnetic field after 
being excited by radio-frequency energy than protons in 
liquid fat. This enables rapid and accurate estimation of 
solid fat content. The dilatometric method is empirical and 
the results are expressed as solid fat index (SFI). 

In addition to crystal content and crystal size and 
shape, an important factor in the solidification of fats is 
polymorphism (the existence of different crystal modifica- 
tions). Polymorphism results from different patterns of 
molecular packing in fat crystals. Triglycerides may occur 
in three main forms named a, f’, and f, in order of increas- 
ing stability. After crystals of a lower melting form have 
been produced, change into a higher melting form may 
take place. The change is monotropic, that is, it always 
proceeds in the sequence from lower to higher stability, 
When a fat is crystallized in an unstable form and heated 
at a temperature slightly above its melting point, it may 
resolidify in a more stable form (18). The melting point of 
tristearin in the a form is 54.7°C; in the f form, 64.0°C; 
and in the f form, 73.3°C. The cross-sectional structures of 
long-chain compounds in the different polymorphic forms 
is shown in Figure 5. In the a form the chain axes are 
randomly oriented and the crystals are of the hexagonal 
type. In the f’ form alternate rows are oriented in opposite 
directions and the crystal type is orthorhombic. In the £ 
form the rows are oriented in the same direction and the 
crystal type is triclinic. The polymorphic forms are also 
distinguished by differences in the angle of tilt of the unit 


Rw1 -O-G- 1 -O-G- 1 -6-- 

row2 §-O-B 2 SSS 2O-O-O- 
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Figure 5. Cross-sectional structures of long-chain compounds. 
Source: Ref. 18, courtesy of Journal of the American Oil Chemists’ 
Society. 
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cell in the crystal. X-ray diffraction analysis enables mea- 
surement of the short spacings and long spacings of the 
unit cell. Principal short spacings of the polymorphic forms 
are: a, 4.15 A; f’, 4.2 and 3.8 A; f, 4.6, 3.85, and 3.7 A (20). 
Fat crystals of different polymorphs have different crystal 
habit. That is, they appear to have different shapes when 
seen in the microscope: a crystals are fragile, transparent 
platelets of about 5-um size; f’ crystals are tiny needles 
about 1 um long; f crystals are large and coarse, averaging 
25 to 50 um in size (21). These crystals can now be made 
visible by scanning electron microscopy (22). 

For the production of margarines and most shortenings, 
the fat should be present in the f’ form. Some fats have a 
tendency to convert slowly from the f’ to the 8 form and 
this results in a coarsening of the crystal structure, making 
the product unacceptable. Fats which contain a very high 
level of fatty acids with identical chain lengths are espe- 
cially prone to this effect. Canola and sunflower oils are 
notorious in this respect and have well over 90% of Cys 
fatty acids (Table 5). 

‘The melting point of a fat is basically determined by the 
melting points of its constituent fatty acids. When we 
speak of the melting point of a fat we mean the end of the 
melting range, since only simple substances have a sharp 
melting point, The end of the melting range of a fat is de- 
pendent on the method used. Chain length and unsatura- 
tion of fatty acids determine their melting point. In addi- 
tion, the configuration around the double bond is 
important, as is the arrangement of fatty acids at the dif- 
ferent positions of the glycerides. Trans-unsaturated fatty 
acids have much higher melting points than their cis coun- 
terparts, making them more comparable with saturated 
fatty acids. For example, oleic acid (cis) has a melting point 
of 13°C and elaidic acid (trans) has a melting point of 44°C. 


AUTOXIDATION AND ANTIOXIDANTS 


The unsaturated bonds present in all oils and fats repre- 
sent active centers, which may react with oxygen. This re- 
action leads to the formation of primary, secondary, and 
tertiary oxidation products which may result in the fat or 
fat-containing food becoming unfit for consumption. Oxi- 
dation of fats and oils may occur by a free-radical chain 
reaction known as autoxidation. Another process of oxi- 
dative deterioration involves the presence of a sensitizer 
and exposure to light. This is known as photosensitized 
oxidation (23,24), 

The process of autoxidation and the resulting deterio- 
ration in flavor of fats and fatty foods are often described 
by the term rancidity. Lundberg (25) distinguishes several 
types of rancidity. When fats are exposed to oxygen, com- 
mon oxidative rancidity will result in sweet but undesir- 
able odors and flavors which will progressively become 
more intense and unpleasant. Flavor reversion is the term 
used for the objectionable flavors that develop in oils con- 
taining linolenic acid, especially soybean oil. This type of 
oxidation is produced with considerably less oxygen than 
common oxidation. 

Among the many factors which affect the rate of oxi- 
dation are the following: amount of oxygen present, degree 


of unsaturation of the oil, presence of pro- and antioxi- 
dants, presence of heme-containing molecules and lipoxi- 
dase, light exposure, nature of packaging material, and 
storage temperature. 

The autoxidation reaction can be divided into the fol- 
lowing three parts: initiation, propagation, and termina- 
tion. During the initiation, hydrogen is abstracted from an 
olefinic compound to yield a free radical: 


RH7~R +H 


The removal of hydrogen takes place at the carbon atom 
next to the double bond. The dissociation energy of hydro- 
gen in various olefinic compounds has been listed by Ohloff 
(26). The value for an isolated double bond is 103 kcal/mol; 
for two double bonds separated by a methylene group it is 
only 65 kcal/mol. Once a free radical is formed, it will com- 
bine with oxygen to form a peroxy free radical, which can 
in turn abstract hydrogen from another unsaturated mol- 
ecule to yield a peroxide and a new free radical, thus start- 
ing the propagation reaction. This may be repeated up to 
several thousand times and has the nature of a chain re- 
action: 


R' + 0, > RO 
RO; + RH > ROOH + R° 


The propagation reaction can be followed by termina- 
tion if the free radicals react with themselves to yield non- 
active products: 


R+R>5RR 
R' + RO; + ROR 
nRO3 > (RO»), 


The hydroperoxides formed in the propagation part of 
the reaction are the primary oxidation products, The hy- 
droperoxide mechanism of autoxidation has been de- 
scribed (27) and reviewed (23). The primary oxidation 
products are unstable and decompose into secondary oxi- 
dation products, mostly carbonyls. The peroxides are not 
important in flavor deterioration, which i: 
by secondary oxidation products. In the initi 
reaction there is a slow increase in the amount of hydro- 
peroxides formed; this is the induction period. At the end 
of the induction period there is a sudden and rapid increase 
in peroxide content. The induction period is measured in 
accelerated tests to determine the storage stability of a fat 
or oil. 

The rate of oxidation depends greatly on the degree of 
unsaturation. In the series of 18-carbon-atom fatty acids 
18:0, 18:1, 18:2, 18:3, the relative rates of oxidation have 
been reported to be in the ratio of 1:100:1200:2500. In ad- 
dition to the degree of unsaturation, the position of the 
double bonds in a polyunsaturated fatty acid may affect its 
oxidation rate. Zhan and Chen (28) found that conjugated 
linolenic acid oxidized considerably faster than linolenic 
acid. The reaction of unsaturated compounds proceeds by 
the abstraction of hydrogen from a carbon a to the double 


bond, resulting in a free radical stabilized by resonance. 
These free radicals are then transformed into a number of 
isomeric hydroperoxides of the general structure 


-CH,-CH-CH=CH- 
| 
00H 


In addition to the changes in double bond position, there 
are isomerizations from cis to trans and 90% of the per- 
oxides formed may be in the trans configuration (25). 

The decomposition of hydroperoxides has been de- 
scribed (29). It involves decomposition to alkoxy and hy- 
droxy aldehydes, which are in great part responsible for 
the oxidized flavor of fats. They are powerful flavor com- 
pounds with very low flavor thresholds, For example, 2,4- 
decadienal has a flavor threshold of less than one part per 
billion. 

Trace metals, especially copper, and to a lesser extent 
iron, will catalyze fat oxidation; metal deactivators, such 
as citric acid, can be used to counteract the effect of metals. 

Antioxidants may be present naturally or added to fats 
and oils. Many foods contain natural antioxidants; the to- 
copherols are the most important of these. They are pres- 
ent in greater amounts in vegetable oils than in animal 
fats, which may explain the greater stability of the former. 
Antioxidants react with free radicals, thereby terminating 
the chain reaction. The synthetic antioxidants are phenolic 
compounds and limited in number. The four most widely 
used are BHA (butylated hydroxy anisole), BHT (butylated 
hydroxy toluene), PG (propyl gallate), and TBHQ (tertiary 
butyl hydroquinone). BHT is volatile with steam, which 
makes it less suitable for use in frying oils and baked prod- 
ucts. Nonvolatile antioxidants are said to have carry- 
through properties for these applications. 


EMULSIONS AND EMULSIFIERS 


An emulsion is a heterogeneous system of two immiscible 
liquids, one of which is intimately dispersed in the other. 
The droplets of the dispersed phase generally have a di- 
ameter of over 0.1 zm. The emulsions are stabilized by the 
presence of a third component, the emulsifier, a surface- 
active agent which is partly soluble in both phases (30). 
Food emulsions usually contain water and oil as the im- 
miscible phases, giving rise to emulsions of the oil-in-water 
(O/W) type or water-in-oil (W/O) type. The action of emul- 
sifiers can be enhanced by the presence of stabilizers. 
Emulsifiers are surface-active compounds that have the 
ability to reduce the interfacial tension between liquid- 
liquid and air-liquid interfaces. This ability is the result of 
an emulsifier’s molecular structure: the molecules contain 
two distinct sections, one having a polar or hydrophilic 
character, the other having nonpolar or hydrophobic prop- 
erties. Most surface-active agents reduce the surface ten- 
sion from about 50 dynes/cm to less than 10 dynes/em 
when used in concentrations below 0.2%. 

The relative sizes of the hydrophilic and hydrophobic 
sections of an emulsifier molecule mostly determine its be- 
havior in emulsification. To select the proper emulsifier for 
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a given application, the so-called HLB system was devel- 
oped (HLB = hydrophile-lipophile balance). It is a numer- 
ical expression for the relative simultaneous attraction of 
an emulsifier for water and for oil. The HLB of an emul- 
sifier is an indication of how it will behave but not how 
efficient it is. Emulsifiers with low HLB tend to form W/O 
emulsions, those with intermediate HLB form O/W emul- 
sions, and those with high HLB are solubilizing agents. 
The HLB value can be either calculated or determined ex- 
perimentally (31). The scale goes from 0 to 20, at least in 
theory, since at each end of the scale the compounds would 
have little emulsifying activity. The HLB value of some 
commercial nonionic emulsifiers is given in Table 8 (32). 

Foods contain many natural emulsifiers, of which phos- 
pholipids are the most common. 

Emulsions are stabilized by a variety of compounds, 
mostly macromolecules such as proteins, starches, and 
gums. 


NOVEL FATS AND OILS 


The modification of the composition of fats and oils to im- 
prove or change their functional or nutritional properties 
is a well-established practice. The process of hydrogena- 
tion was invented in 1897 and is still used widely in the 
fats and oils industry. Other means of modifying the prop- 
erties of fats and oils include interesterification, fraction- 
ation, blending, and combinations of these techniques. 
Plant breeding has been used to not only produce im- 
proved yields of oilseeds but also to change the composition. 
of many oilseeds, the first example of which was low-erucic 
acid rapeseed oil (LEAR), or canola oil; it is now one of the 


Table 8. HLB Values of Some Commercial Nonionic 
Emulsifiers 


Trade name Chemical designation HLB 
Span 85 Sorbitan trioleate 18 
Span 85 Sorbitan trioleate 18 
Span 65 Sorbitan tristearate 21 
Atmos 150 Mono- and diglycerides from the 32 
glycerolysis of edible fats 
Atmul 500 Mono- and diglycerides from the 3.5 
glycerolysis of edible fats 
Atmul 84 Glycerol monostearate 38 
Span 80 Sorbitan monooleate 43 
Span 60 Sorbitan monostearate 47 
Span 40 Sorbitan monopalmitate 67 
Span 20 Sorbitan monolaurate 8.6 
‘Tween 61 Polyoxyethylene sorbitan 9.6 
monostearate 
‘Tween 81 Poly(oxyethylene sorbitan 10.0 
monooleate) 
‘Tween 85 Polyoxyethylene sorbitan trioleate 11.0 
Arlacel 165 Glycerol monostearate (acid stable, 11.0 
self-emulsifying) 
Myrj 45 Polyoxyethylene monostearate 11 
Atlas G-2127 _Polyoxyethylene monolaurate 12.8 
Myrxj 49 Polyoxyethylene monostearate 15.0 
Myrj 51 Polyoxyethylene monostearate 16.0 
Source: Ref. 30. 
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world’s most widely used vegetable oils. In LEAR oil, the 
level of erucic acid is less than 1%, and erucic acid has been 
replaced by oleic acid. This oil is still about 10% linolenic 
acid by weight, similar to the level in soybean oil. Plant 
breeders have developed low-linolenic-acid varieties of 
canola and soybean oil. These oils have improved oxidative 
stability and are better suited for the purpose of frying 
(33). Both sunflower and safflower oils have been modified 
by plant breeding to attain high levels of oleic acid. These 
are commercially available as Sunola (about 85% oleic 
acid) and Saffola (about 75% oleic acid) (34). 

Genetic engineering has developed into a powerful tech- 
nique to modify oilseed plants. In addition to changing ag- 
ronomic properties such as yield and resistance to pests 
and herbicides, major changes in fatty acid and glyceride 
composition have been achieved (35). The rapeseed plant 
is easily amenable to genetic manipulation and has been 
the basis for the development of laurate canola, which can 
be used as a replacement of the tropical oils obtained from 
coconut and palm kernel. Because of its special glyceride 
structure, with no lauric acid in the 2-position, this is a 
truly novel oil. When partially hydrogenated, this oil may 
have many applications in the food industry (confectionery 
coatings, baked goods, coffee whitener, icings, toppings, 
ete.). 

Fat replacers are substances that are meant to partially 
or completely replace the calories provided by fats (9 kcal/ 
g). They may consist of fat-like substances that are not or 
only partly absorbed by humans. One example is Olestra, 
a sucrose polyester with six to eight acyl groups. The fatty 
acids are derived from soybean, corn, cottonseed, or sun- 
flower oil. Olestra is not absorbed in the human digestive 
system and therefore yields no calories. Other fat replacers 
are based on the fact that the level of 9 kcal/g does not 
apply when short-chain fatty acids are present in the tri- 
glycerides. It is also known that long-chain saturated fatty 
acids, such as stearic acid, are incompletely metabolized 
and yield less than 9 kcal/g. By combining these two types 
of fatty acids into glycerides, fats are obtained that have 
energy values of 5 kcal/g. A product range of this type is 
Salatrim (an acronym for short and long acyl triglyceride 
molecules). It contains at least one stearic acid and one 
short-chain acid in each of the glycerides. It is produced by 
fully hydrogenating a liquid oil (canola or soybean) and 
then interesterifying with short-chain fatty acids (acetic, 
propionic, or butyric). By varying the composition, a family 
of products is obtained that range from solid to liquid at 
room temperature (36). 

Medium-chain triglycerides (MCTs) are another type of 
structured fat made by transesterification of caprylic and 
capric fatty acids derived from coconut or palm kernel oils 
(37). 
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FATS AND OILS: FLAVORS 


Fats and oils comprising the bulk of foods such as short- 
enings, mayonnaise, and cooking oils often contribute 
unique flavors to the product. They are chemically referred 
to as lipids and occur in food mainly in the form of triglyc- 
erides. Fats and oils can either increase or decrease the 
flavor quality of foods, depending on the chemical reactions 
taking place during processing and storage. Under the 
right conditions fats and oils can be susceptible to oxida- 
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tion, which produces undesirable volatile compounds and 
causes detrimental flavor effects to foods. The rate of oxi- 
dation in fats and oils is influenced by a wide variety of 
factors including oxygen, light, trace metals, antioxidants, 
sensitizers, enzymes, temperature, and fatty acid compo- 
sition. Although thermal oxidation in deep-fat frying may 
provide good flavors, the volatile flavor compounds pro- 
duced through autoxidation are mainly responsible for the 
deterioration of the flavor quality of oils during storage. 
Some of the most common volatile flavor compounds pro- 
duced by fats and oils include esters, aldehydes, alcohols, 
ketones, lactones, and hydrocarbons. Unsaturated alde- 
hydes and ketones, which have the lowest sensory thresh- 
old, are principally responsible for the undesirable oxi- 
dized flavor of food. The separation and identification of 
these volatile flavor compounds by gas chromatography 
and mass spectroscopy have increased the knowledge base 
for fats and oils flavor chemistry. 

The isolation, separation, and identification of volatile 
compounds from fats and oils is difficult due to their chem- 
ical complexity, variations in concentrations and volatili- 
ties, interactions between the volatile compounds them- 
selves, and also reactions between the volatile compounds 
and food components such as proteins and carbohydrates 
(1). The mechanisms responsible for the production of vol- 
atile flavor compounds during oxidation must be thor- 
oughly studied and understood to improve the flavor qual- 
ity of fats and oils. 


MECHANISMS OF AUTOXIDATION 


Autoxidation is a free-radical chain reaction that includes 
initiation, propagation, and termination steps: 


Initiation RHR: + H- 
Propagation R- + O2 > ROO- 
ROO: + RH > ROOH + R- 


Termination ROO- + R- > ROOR 
R- + R->RR 
ROO: + ROO: > ROOR + 0, 


Unsaturated fatty acids undergo oxidation by the above 
free-radical chain reaction to form hydroperoxides. The hy- 
droperoxides are decomposed to form off-flavor com- 
pounds, which are called secondary oxidative products 
(2,3). Though the reaction of singlet-state fatty acids with 
triplet-state oxygen is thermodynamically difficult, fatty 
acid free radicals can react with triplet-state oxygen mol- 
ecules fairly easily. Heat, metal catalysts, and both ultra- 
violet and visible light can accelerate the formation of free 
radicals of unsaturated fats during the initiation step of 
autoxidation. Typically, a hydrogen atom is removed from 
the methylene group alpha to the double bond of the fatty 
acid to form a fatty acid free radical, which has a short 
lifetime due to its tendency to achieve a stable electron 
pair. The alkyl radical reacts with oxygen to form a peroxy 
radical. This peroxy radical then reacts with a hydrogen 
atom that was abstracted from another unsaturated fatty 
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acid to form a hydroperoxide. The formation of hydro- 
peroxides in this manner is usually accompanied by a shift 
in the position of the double bonds, due to resonance sta- 
bilization of the fatty acid free radical and resulting for- 
mation of isomeric hydroperoxides. A mixture of four iso- 
meric hydroperoxides that have -OOH groups at the 8, 9, 
10, and 11 carbon positions are produced in the autoxida- 
tion of oleic acid. Hydroperoxides themselves are generally 
tasteless, colorless, and odorless; however, they are rela- 
tively unstable and therefore readily decompose to form 
hydrocarbons, alcohols, esters, acids, aldehydes, and ke- 
tones, each having differing molecular weights and flavor 
thresholds. The principal aldehyde compounds formed 
from the decomposition of hydroperoxides at the 8, 9, 10, 
or 11 carbon atom positions are 2-undecenal, 2-decenal, 
nonanal, and octanal, respectively. Oxidized linoleic acid 
produces hydroperoxides at either the 9 or 13 position, and 
a new conjugated double bond system is formed at either 
the 10 or 11 position (4). The autoxidation of linolenic acid 
typically results in the formation of hydroperoxides at ei- 
ther the 9, 12, 13, or 16 position on the hydrocarbon. 


MECHANISMS OF PHOTOSENSITIZED OXIDATION 


Although free-radical autoxidation is the primary mecha- 
nism for the formation of volatile flavor compounds from 
fats and oils, photosensitized oxidation initiated by sensi- 
tizers such as chlorophyll in the presence of light should 
be included as oxidation mechanisms that contribute to the 
formation of off-flavor volatile compounds (2,5). The reac- 
tion of fatty acids with oxygen to produce hydroperoxides 
requires a change in their electron spin states because the 
unsaturated fatty acid and hydroperoxide are in singlet- 
states, whereas oxygen is in a triplet-state. The reaction 
between singlet-state fatty acids and triplet-state oxygen 
to form singlet-state hydroperoxides can only occur if 
enough energy is present to overcome the spin barrier. 
Electrophilic singlet-state oxygen can directly react with 
the electron-rich, singlet-state unsaturated fatty acids to 
form singlet-state hydroperoxides. Naturally occurring 
pigments such as chlorophyll in vegetable oils can absorb 
ultraviolet and visible light and act as photosensitizers 
(sens) (6). The sensitizer transfers energy to triplet-state 
oxygen to form singlet-state oxygen, which reacts with un- 
saturated fatty acids to form singlet-state hydroperoxides: 


sens > 'sens* — *sens* 
’sens* + 90, +10, + ‘sens 
10, + RH > ROOH 
Singlet-state oxygen reacts directly with singlet-state 


double bonds of unsaturated fatty acids by an “ene” reac- 
tion to form hydroperoxides: 


10,* 


Oleate 


iP 


oH OOH 


10 \ Van. 


The singlet-state oxygen molecule is joined onto one end of 
a double bond simultaneously as it abstracts an allylic pro- 
ton, and a new double bond is formed between the allylic 
position and the other end of the original C=C bond (7). A 
mixture of conjugated and nonconjugated hydroperoxides 
is formed by the reaction of singlet oxygen with linoleic 
acid. Because the flavor stability and quality of vegetable 
oils can be decreased by singlet oxygen oxidation, attempts 
have been made to inhibit singlet oxygen oxidation. Anti- 
oxidants such as f-carotene, lycopene, and tocopherols, 
which have been found to be able to deactivate singlet- 
state oxygen back to its low-energy triplet-state (6,8,9), are 
effective at minimization of singlet oxygen oxidation, 


THERMAL OXIDATION OF FATS AND OILS 


Although autoxidation is the principal mechanism for the 
development of off-flavors in fats and oils, foods can retain 
desirable flavors from fats and oils during deep-fat frying 
(10). Thermal oxidative decomposition of fats and oils oc- 
curs as foods are continuously heated in oil at about 185°C 
in the presence of air. The lipid decomposition mechanism 
involved is virtually the same as in autoxidative processes, 
where a hydrogen atom is abstracted from fatty acids to 
form a fatty acid free radical, after which molecular oxygen 
reacts with the fatty acid free radical to form first the per- 
oxy radical, and then the hydroperoxide. The hydroperox- 
ide eventually decomposes to form volatile flavor com- 
pounds. Flavor compounds formed at deep-fat frying 
temperatures are different from those produced at room 
temperature, where each particular pathway of flavor com- 
pound formation has its own activation energy. When the 
reaction rate (In K) versus temperature (1/7) is plotted for 
specific flavor compounds, one compound might be pro- 
duced at a higher rate at deep-fat frying temperatures, but 
when the temperature is decreased to room temperature, 
another flavor compound might be produced at a higher 
rate. Therefore, the formation of flavor compounds from 
fats and oils is strongly dependent on the processing tem- 
perature (11). Different fats and oils produce different vol- 
atile compounds during deep-fat frying due to differences 
in fatty acid composition. Corn and soybean oils produce 
relatively large quantities of decadienals and unsaturated 
aldehydes, whereas coconut oil produces more saturated 
aldehydes, methyl ketones, and y and 6 lactones during 
deep-fat frying (12). Coconut oil, which contains 90 to 94% 
saturated fatty acids, has extremely high thermal oxida- 
tive stability. It has been reported that y lactones with un- 


saturation at the 2 or 3 position are of particular signifi- 
cance in deep-fat-fried flavors (13). 


FACTORS AFFECTING OXIDATION 


The rate of autoxidation in vegetable oils is affected by 
many factors including degree of unsaturation of fatty ac- 
ids, metals, and antioxidants. For example, linoleic acid, 
which contains two double bonds, is oxidized at a faster 
rate than oleic acid, which contains only one double bond. 
The relative rates of autoxidation of oleic to linoleic to lin- 
olenic (3 double bonds) acid has been reported as 1:40— 
50:100 on the basis of oxygen uptake (14). Reasons for dif- 
ferences in autoxidative susceptibility include the fact that 
the bond strength of linoleic acid (52 kcal/mole) is much 
lower than oleic acid (77 kcal/mole), and linoleic acid has 
a higher reactivity with oxygen than oleic acid. Metals 
such as copper and iron that exist in two different valence 
states play an important catalytic role in the oxidation of 
fats and oils. Metals differ in their ability to catalyze the 
autoxidation of fats and oils depending on the concentra- 
tion, reaction temperature, and polarity of the reaction me- 
dium. The addition of chelating agents such as ethylene- 
diaminetetraacetic acid (EDTA), phospholipids, and/or 
free fatty acids to oils can improve their oxidative flavor 
stability by sequestering the potentially catalytic metal at- 
oms (15). 

Natural and synthetic compounds that directly reduce 
the oxidation of fats and oils in one of three ways: (1) by 
becoming oxidized themselves, (2) by donating hydrogen to 
fatty acid free radicals to terminate free-radical chemical 
chain reactions, or (3) by forming a complex between the 
lipid radical and the antioxidant radical. Examples of each 
type of reaction can be seen here: 


Antioxidant (A) + O2 > Oxidized Antioxidant (1) 
R- + AH> RH + A- (2) 
R + A >RA (3) 


Antioxidants such as butylated hydroxyanisole (BHA), bu- 
tylated hydroxytoluene (BHT), tocopherols, and propyl gal- 
late are commonly used in the food industry to minimize 
the oxidation of fats and oils. The presence of light, oxygen, 
and high storage temperatures should be controlled to help 
antioxidants most effectively minimize oxidative deterio- 
ration in fats and oils. 


FLAVOR FORMATION BY ENZYMATIC REACTIONS 


Flavors associated with fats and oils sometimes originate 
through the activity of enzymes that first create fatty acid 
hydroperoxides and then volatile secondary products (16). 
The release of free fatty acids through lipolytic processes 
usually occurs before lipoxygenase, a major lipolytic en- 
zyme, can catalyze the oxidation of the polyunsaturated 
fatty acids linoleic and linolenic acid to hydroperoxides. 
Lipoxygenase is limited to reactions with polyunsaturated 
fatty acids because of its substrate specificity for a cis,cis 
penta-1,4-diene unit with a methylene group at the w-8 
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position, a structure that is only present in fatty acids con- 
taining at least two nonconjugated double bonds. There- 
fore, the higher the polyunsaturated fatty acid content in 
a vegetable oil, the more susceptible the oil is to enzymatic 
oxidation and degradation. 

Vegetable oils may also contain the enzyme hydro- 
peroxide lyase, which is responsible for catalyzing the for- 
mation of aldehydes directly from the fatty acid hydro- 
peroxides formed by lipoxygenase (17). The “grassy” or 
“beany” flavors often attributed to fatty acid autoxidation 
in vegetable oils may also originate from the formation of 
such volatile compounds as cis-3-hexenal and hexanal 
through the cleavage of hydroperoxides by hydroperoxide 
lyase. 


FLAVOR PROPERTIES OF FATS AND OILS 


The types of volatile compounds produced from the oxida- 
tion of fats and oils are strongly influenced by the compo- 
sition of the hydroperoxides formed as well as the extent 
of oxidative cleavage of double bonds contained in the fatty 
acids (18-20). Due to an abundance of possible reaction 
pathways, a variety of volatile compounds such as hydro- 
carbons, alcohols, furans, aldehydes, ketones, and acids 
are formed during oxidation. Most of the compounds re- 
sponsible for oxidized flavors, however, are the aliphatic 
carbonyl compounds (21). The flavor characteristics and 
corresponding threshold values of aldehydes vary as 
shown in Table 1. 


CONTRIBUTION OF SPECIFIC OILS TO FLAVOR 


Soybean oil, the most abundant vegetable oil in the United 
States, contains approximately 7% linolenic acid. The rela- 
tively unsaturated hydrocarbon of linolenic acid results 
in it being highly susceptible to oxidation and often 


Table 1. Flavor Characteristics and Threshold Values of 
Aldehydes 


Threshold value in 


oil (ppm) 
Aldehyde Description Odor Taste 
3:0 Sharp-irritating 3.60 1.00 
5:0 Sharp-bitter 0.24 0.15 
6:0 Green 0.32 0.08 
7:0 Oily-putty 3.20 0.05 
8:0 Fatty-soapy 0.32 0.04 
9:0 Tallowy-soapy 13.50 0.20 
10:0 Orange peels 6.70 0.70 
&1 Sharp-paint-green 2.30 1.00 
6:1 Green 10.00 0.60 
Tl Putty-fatty 14.00 0.20 
81 Woodbugs-fatty 7.00 0.15 
9:1 Tallowy-cucumber 3.50 0.04 
10:1 Tallowy-orange 33.80 0.15 
72 Frying odor 4.00 0.04 
92 Fatty-oily 2.50 0.46 
10:2 Deep-fried 2.15 0.10 
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responsible for the oxidation of oil to produce off-flavor 
compounds. Soybean oil also contains photosensitizers 
such as chlorophyll that produce singlet oxygen in the pres- 
ence of light (22). Singlet oxygen can directly react with 
fatty acid double bonds and oxidize the fatty acids at a rate 
1,500 times that of autoxidation (23,24). Analysis of head- 
space has shown that 2,4-decadienals, 2-heptenal, 2,4- 
heptadienal, pentane, and hexanal are the principal vola- 
tile compounds formed from oxidized soybean oil (25). The 
flavor characteristics of oxidized soybean oil have been de- 
scribed as grassy or fishy, but a single volatile flavor com- 
pound that gives unique grassy or fishy flavor in oxidized 
soybean oil has not been identified (26). However, trans-2- 
hexenal and 2,6-nonadienal have been reported to give 
general grassy flavors, whereas deca-trans-2,cis-4,trans-7- 
trienol and oct-1-en-3-one have been linked to fishy flavors 
(18). 

Vegetable oils such as corn, cottonseed, peanut, coconut, 
safflower, and olive oil, as well as animal fats such as lard 
and beef tallow provide unique flavor characteristics to 
foods. Oil processing, which involves the three steps of re- 
fining, bleaching, and deodorization, removes impurities 
that contribute to the development of undesirable flavors. 
Olive oil, which contains 50 to 83% oleic acid, is popular in 
the United States as a result of the positive nutritional 
implications of monounsaturated fats. The flavor com- 
pounds of olive oil have been separated and identified by 
gas chromatography—mass spectrometry. Hexanal, trans- 
2-hexenal, 1-hexanol, and 3-methylbutan-1-ol, which are 
formed by autoxidation, are the principal volatile com- 
pounds of olive oil. Its flavor can be influenced by many 
factors such as climatic and soil conditions, the maturation 
process of the olive, and storage conditions (27). Although 
many volatile compounds have been identified, specific 
chemical compounds that are responsible for olive oil’s fla- 
vor have not been determined. Safflower oil, which con- 
tains 78% linoleic acid, possesses the highest content of 
polyunsaturated fatty acid of all the commercial oil: 
high content of linoleic acid increases the suscepti 
the oil to oxidation, resulting in the formation of off-flavor 
compounds (28). Cottonseed oil, which contains 18% oleic 
acid and 53% linoleic acid, is mainly used in restaurants 
for frying potato chips, seafood, and snacks. The bland fla- 
vor of cottonseed oil reportedly does not mask the flavor of 
the product nor does it revert during deep-fat frying (29). 


DETERMINATION OF FLAVOR COMPOUNDS 


The isolation, separation, and identification of volatile fla- 
vor compounds is important to determine the chemical 
mechanisms of flavor compound formation from fats and 
oils during storage, to identify chemical compounds that 
are responsible for specific desirable and undesirable fla- 
vors, and to develop optimum processing and storage 
methods that can minimize the undesirable oxidation of 
fats and oils. Analysis of the flavor compounds present in 
fats and oils is difficult because of their volatility, presence 
in low concentrations, and likelihood of undergoing chem- 
ical alteration during isolation. Food flavors are extremely 
complex mixtures of volatile compounds that act individ- 


ually or in combination to produce unique tastes and aro- 
mas. Any modification of the chemical composition of these 
compounds could drastically change the flavor character- 
istics of food. Solid phase microextraction (SPME) isa rela- 
tively new technology that holds great promise for aiding 
in the evaluation of flavors by gas chromatography (30). 
SPME is rapidly gaining popularity as the technique of 
choice in the isolation and identification of volatile com- 
pounds because of its ability to integrate sampling, extrac- 
tion, concentration, and sample introduction in a single 
step. Both the cost and time involved with sample analysis 
is reduced, while at the same time efficiency and selectivity 
are increased (31). 

Threshold values are significantly different among fla- 
vor compounds, thus the presence of a small quantity of a 
compound with a low threshold value could have a more 
significant influence on the overall flavor than the presence 
of a large quantity of a particular compound with a high 
threshold value (Table 2). Hydrocarbons, for example, have 
a threshold value of 90 to 2,150 ppm; alkanals, 0.04 to 1.0 
ppm; and vinyl ketones, 0.00002 to 0.007 ppm (2). This 
wide range of threshold values for flavor compounds illus- 
trates how one specific flavor compound could have a sig- 
nificant influence on the overall flavor regardless of the 
concentration. Several volatile compounds have been 
proven to be responsible for specific described flavors in 
oxidized fats, as shown in Table 3 (13). 


SENSORY EVALUATION 


Sensory evaluation is considered the most important test 
to determine the flavor quality and stability of oils and is 
therefore used to evaluate the effects of processing condi- 
tions, storage time and periods, and packaging environ- 
ments on the flavor of fats and oils. The most common sen- 
sory evaluation method involving fats and oils is a hedonic 
scale of 1 to 10; with 1 indicating a “repulsive” flavor and 
10 a “completely bland” flavor, as shown in Table 4 (32). 
Sensory evaluation can be expensive, subjective, diffi- 
cult to reproduce, time-consuming, and not readily avail- 
able. As a result, chemical and physical methods such 
as peroxide value, thiobarbituric acid (TBA), conjugated 
diene determination, fluorescence, Schaal oven test, and 
active oxygen methods have been developed to more effi- 
ciently evaluate the flavor quality and stability of fats and 
oils. The identification of volatile compounds that are re- 
sponsible for specific flavors such as fishy or grassy has 
been made possible by correlating sensory evaluations 
with instrumental analysis such as gas chromatography. 


FLAVOR EVALUATION BY GAS CHROMATOGRAPHY 


With recent advancements in isolation techniques for fla- 
vor compounds, gas chromatography, and statistical anal- 
yses, several evaluations of oil flavor quality by gas chro- 
matographic methods have been published (32-36). These 
papers have reported excellent correlation coefficients of 
better than 0.9 between sensory scores and predicted sen- 
sory scores by gas chromatography of corn oil, soybean oil, 
sunflower oil, and hydrogenated soybean oil. When com- 
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Table 2. Effect of Threshold Values on Flavor Significance of Soybean Oil Volatiles 


Major volatiles Relative % Threshold value* (ppm) Weighted % (1-octen-3-0l) Relative order 
4t-2,4-decadienal 33.7 0.10 25 2 
t,c-2,4-decadienal 17.9 0.02 6.7 1 
tc-2,4-heptadienal 11 0.04 21 3 
2-heptenal 5.6 0.2 0.21 8 
t,t-2,4-heptadienal 45 0.1 0.34 7 
n-hexanal 45 0.08 0.42 6 
n-pentane 3.1 340 6.8 x 1075 16 
n-butanal 15 0.025 0.45 5 
2-pentenal 12 10 0.009 13 
L-octen-3-ol 0.9 0.0075 09 4 
2-pentyl furan 0.8 2.0 0.9 “4 
n-pentanal 0.7 0.07 0.075 10 
2-hexenal 0.7 0.6 0.009 13 
n-nonanal 0.7 0.2 0.026 lt 
n-heptanal 06 0.055 0.082 9 
1-penten-3-ol 05 42 89 x 10-¢ 15 
2-octenal 0.5 0.15 0.025 12 
Source: Ref. 23. 

“Ref. 19. 


Table 3. Compounds Responsible for Specific Flavors in 
Oxidized Fats 


Flavor Source compound(s) 

Cardboard Non-trans-2,-trans-6-dienal 

Oily Aldehydes 

Painty Pent-2-enal, aldehydes 

Fishy Deca-trans-2,cis-4,trans-7,trienol, oct-1-en-3-one 
Grassy Trans-hex-2-enal, nona-2,6-dienal 

Deep-fried Deca-trans-2,trans-4-dienal 


Table 4. Sensory Evaluation of Oil 


Flavor 


score Description of flavor 


10 Completely bland 


9 (good) ‘Trace of flavor, but not recognizable 

8 Nutty, sweet, bacony, buttery 

7 ~~ (fair) Beany, hydrogenated 

6 Raw, oxidized, musty, weedy, burnt, grassy 
5 (poor) Reverted, rubbery, butter 

4 Rancid, painty 

3 (very poor) —_‘Fishy, buggy 

2 Intensive flavor and objectionable 

1 (repulsive) 


pared with sensory evaluation, gas chromatography has 
many advantages including rapid analysis time, conven- 
ience, low cost, and high reproducibility. A preliminary gas 
chromatographic analysis of flavor compounds of mayon- 
naise has been done to predict the sensory quality of may- 
onnaise during storage (37). Various flavor compounds 
have been identified in mayonnaise including allyl isothio- 
cyanate, acetic acid, ethyl acetate, pentane, and isomers of 
2,4-decadienal. As storage time increased, levels of pen- 
tane and 2,4-decadienal increased, whereas other volatile 
concentrations stayed the same. The flavor compound allyl 


isothiocyanate, the major flavor constituent of mustard, 
and acetic acid and ethyl acetate, the flavor compounds in 
vinegar, did not change during the six-month storage pe- 
riod, There was a correlation coefficient of greater than 0.9 
between actual sensory scores of mayonnaise and pre- 
dicted sensory scores by gas chromatography. Therefore, 
the shelf life of mayonnaise can be accurately predicted by 
analyzing specific compounds associated with off-flavors 
such as pentane and 2,4-decadienal during storage pe- 
riods. 

Gas chromatography can also be used to study the ef- 
fects of storage conditions and processing methods on the 
oxidation of fats and oils. Soybean and corn oils were ex- 
posed to different periods of light to produce a wide range 
of flavor quality (38). As the period of light storage in- 
creased, the amount of 2,4-decadienal (as measured by gas 
chromatography) increased and the sensory scores de- 
creased. The correlation of sensory evaluation and instru- 
mental analysis using gas chromatography was greater 
than 0.95. 
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Fats and oils are key functional ingredients in a large va- 
riety of food products. Common product applications are 
baked goods, snacks, icings, confections, fried food, and im- 
itation dairy products. Fats and oils are also key parts of 
the human diet providing concentrated sources of energy 
and essential nutrients. This article briefly covers the 


chemistry, processing, physical characteristics, formula- 


tion, nutrition, and consumption of fats and oils in food 
applications. 


CHEMISTRY AND STRUCTURE 


Fats and oils are predominately mixtures of triglycerides. 
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Fats and oils are key functional ingredients in a large va- 
riety of food products. Common product applications are 
baked goods, snacks, icings, confections, fried food, and im- 
itation dairy products. Fats and oils are also key parts of 
the human diet providing concentrated sources of energy 
and essential nutrients. This article briefly covers the 


chemistry, processing, physical characteristics, formula- 


tion, nutrition, and consumption of fats and oils in food 
applications. 


CHEMISTRY AND STRUCTURE 


Fats and oils are predominately mixtures of triglycerides. 
Triglycerides are the triesters of fatty acids and glycerol 
formed as a condensation product. 
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oO 
H)C—OH - HzC—OCR 
3RC-OH + HO-CH —= sho —Lor o + MO 
H,C-OH HC—-OCR 
Fatty acid Glycerol ‘Triglyceride 


‘Triglycerides may range from solid to liquid consistency at 
room temperature depending on the fatty acid esters they 
contain. Solid triglycerides are commonly called fats, and 
liquid triglycerides, oils. If all three fatty acids that com- 
prise the triglyceride are the same, it is called a single tri- 
glyceride; conversely, if the fatty acids differ, the triglyc- 
eride is mixed. 

Triglycerides typically comprise about 95% of fat or 
oil. The other components include free fatty acids, mono- 
glycerides, diglycerides, phosphatides, sterols, vitamins, 
natural antioxidants, color-causing pigments, minerals, 
flavor-odor compounds, and other substances. Free fatty 
acids are the uncombined or unesterified fatty acids pres- 
ent in a fat or oil. Crude oils may contain several percent 
fatty acids, which result from hydrolysis. The formation of 
free fatty acids via hydrolysis leaves the partial glycerides 
(mono- and diglycerides) behind. Monoglycerides and di- 
glycerides are frequently used in foods as emulsifiers. They 
are often found in functional cake and icing shortenings. 
They are produced commercially by the alcoholysis reac- 
tion of triglycerides or fatty acids with glycerol or by es- 
terification of glycerol with fatty acids (1). 

Phosphatides are found in fat and oil from plant and 
animal sources. These materials consist of a polyhydric al- 
cohol (usually glycerol) that is esterified with fatty acids, 
phosphoric acid, and a nitrogen-containing compound. The 
most common phosphatide is a family of compounds found 
in soybean oil referred to as lecithin, which includes chem- 
ical lecithin (phosphatidyl choline), cephalin (phosphatidyl 
ethanolamine), lipositols (phosphatidyl inositol) (2). Sphin- 
gomyelins are a group of phosphatides that contain no 
glycerol (3). Lecithin is typically used as a food additive for 
its emulsification properties. Phosphatides are essentially 
removed in the refining process. 

Colored materials occur naturally in fats and oils and 
generally are a result of two classes of pigments. Carote- 
noids and chlorophylls are the yellow-red and green colors, 
respectively, found in fats. Level and type of pigment vary 
greatly with the source, from the orange color of crude 
palm oil due to its carotene content to the dark green color 
of canola (or rapeseed) oil due to its high chlorophyll con- 
tent. Vegetable oils also contain tocopherols that serve as 
natural antioxidants, retarding oxidation, and as a source 
of the essential nutrient vitamin E. Other antioxidants 
may be added to processed fats to preserve freshness (4,5). 
In contrast, meat fats contain negligible levels of toco- 
pherols. 

Sterols are common minor components of all natural 
fats and oils. Cholesterol, the infamous sterol associated 
with heart disease, is the principal sterol found in animal 
fats. Vegetable oils only contain trace quantities of choles- 
terol. Vegetable oils contain other sterols that vary in type 
and quantity with the vegetable oil source (6-13). 


Fats and oils may contain a number of other minor con- 
stituents such as waxes, gums, hydrocarbons, and fatty 
alcohols. These materials are generally of little importance 
and are typically handled during processing. 


Fatty Acids 


The key to understanding the chemical and physical char- 
acteristics of a fat is understanding the component fatty 
acids that comprise the triglyceride. These can vary in 
chain length (number of carbon atoms), type of carbon— 
carbon bonding (saturated or unsaturated with hydrogen), 
and stereochemistry both within the fatty acid and its po- 
sition in the triglyceride. The most common edible fatty 
acids are aliphatic, straight chain, saturated and unsatu- 
rated, containing an even number of carbon atoms and 
ending in a carboxyl group. 


oO 

"1 
H3C—(CH2),— COH 
Saturated 


aliphatic 
carbon chain 


Carboxyl 
group 


Small amounts of odd-numbered, straight-chain acids, 
branched chains, and cyclical acids are also present in ed- 
ible vegetable oils (9,14). 

The length of the chain can vary in edible fatty acids 
from as few as 4 carbons to as many as 24. Most fats pre- 
dominately contain fatty acids that are 16 or 18 carbons 
long, although there are some exceptions like coconut oil, 
palm kernel oil, and butterfat, which contain high per- 
centages of shorter (8-14 carbons) chain fatty acids. 

The fatty acids are classified by structure: 


Monounsaturated 


eee 
—C=C-C-C=C— 


H 


Polyunsaturated 


The more unsaturated the fatty acid, the more chemi- 
cally reactive a fatty acid will be. Saturated fatty acids 
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have a higher melting point than the corresponding un- 
saturated fatty acids of the same chain length. The more 
unsaturated, the lower the melting point. Fatty acids with 
double bonds may differ in geometric form. Orientation of 
the hydrogen atoms around a double bond determines 
whether the fatty acid is cis or trans. 


as q 
—c=C— =—Cee— 
H 
Cis Trans 


The trans form of a fatty acid is more stable and has a 
higher melting point. The double bond may also vary by 
position on the chain, although most natural fatty acids 
have double bonds that commonly occur in fixed positions. 

There are two accepted systems of nomenclature to 
identify the position of double bonds in the chain. The Ge- 
neva system numbers the carbons in the chain consecu- 
tively starting from the carbon in the carboxyl group, 
which is numbered 1. The carbon with the lower number 
is used to identify the location of the double bond, that is, 
the carbon closest to the carboxyl group. 

Biochemists typically identify the position of the double 
bond by the omega or n minus classification. This system 
refers to the position of the carbon in the double bond clos- 
est to the methyl end of the chain; the carbon of the end 
methyl group is number 1. Linoleic acid, a fatty acid 18 
carbons long with two double bonds may be identified as 
9,12-octadecenoic acid by the Geneva system. This same 
fatty acid would be an omega-6 or n-6 fatty acid by the 
alternate system. The second double bond would be an 
omega-9 or n-9. All of these structural variations can affect 
the chemical and physical properties of a fatty acid and the 
resulting triglyceride. The effects of chain length, unsatu- 
ration, and geometric isomerism on the melting point are 
shown in Table 1. 

Polyunsaturates may also be described by the relative 
position of the double bonds. 


Table 1, Fatty Acid Melting Points 


Common Number of Number of Melting 
name carbon atoms double bonds —_ point, °F 
Caproic 6 _ 26 
Caprylic 8 = 62 
Caprie 10 = 89 
Lauric 12 = 12 
Myristic 4 = 130 
Myristoleic 4 1 65 
Palmitic 16 _- 145 
Margaric 17 = 142 
Stearic 18 = 157 
Oleic 18 1 61 
Elaidic 18 1 (trans) 11 
Linoleic 18 2 20 
Linolenic 18 3 9 
Arachidie 20 = 168 
Behenic 22 = 176 
Erucie 22 1 92 


re aa abe ae 
—8et=O=cse— —=e=cse=c— 
H H 
Nonconjugated Conjugated 
(cis-cis) (cis-trans) 


The double bond locations in unhydrogenated fats and 
oils usually occur in characteristic positions. Processing, 
particularly hydrogenation, may alter these locations 
forming conjugates and other positional isomers. 

The physical properties of a triglyceride will be affected 
by the individual fatty acids it contains and the location of 
these fatty acids on the glycerine backbone. Some typical 
source oil fatty acid compositions are shown in Table 2. A 
triglyceride composed of a single fatty acid type will have 
uniform, distinct physical properties such as a sharp melt- 
ing point. Fats and oils are mixtures of triglycerides. These 
mixtures result in a less distinct, broader range for a prop- 
erty, e.g., a melting point range. The molecular configura- 
tion gives rise to characteristic physical properties typical 
of a given source, which may be quite unique like cocoa 
butter. Monoglycerides and diglycerides have higher melt- 
ing points than the corresponding triglycerides (Table 3). 

Solid fats can also orient themselves in different crystal 
forms or polymorphs depending on how the fat crystals ori- 
ent themselves in the solid state (15,16). Fats containing 
a diverse mixture of triglycerides are more likely to remain 
in lower melting crystal forms. The more singular triglyc- 
erides will readily transform successively from lower- 
melting to higher-melting forms. The extent and rate of 
transformation are a function of the triglyceride structure 
and mixture, temperature of crystallization, and the du- 
ration of crystallization at a given temperature. Mixtures 
of fats with different polymorphic tendencies can be di- 
rected to a particular polymorphic form by control of the 
composition and crystallization conditions, f prime crystal 
formation of partially hydrogenated soybean oil in bakery 
shortenings and margarines is promoted by inclusion of 
small amounts of f prime tending, partially hydrogenated 
palm oil (17-23). 


Processing 


Animals or oilseeds are the sources of edible fat in the 
United States. Animal fats are obtained by separating the 
fat from the tissues in a process called rendering. Heat is 
applied to separate the fat from the tissue protein. Vege- 
table fats are obtained by crushing the oil source and 
extracting the fats by direct compression and filtration. 
Modern processing utilizes solvent (typically hexane) ex- 
traction to improve efficiency and yield. The solvent is re- 
cycled after recovery and reused. Oils and fats obtained 
from this process are called crude because they contain 
small amounts of nontriglyceride components. Crude fats 
and oils are processed to remove the undesired material 
and modify the physical properties to obtain useful, func- 
tional products. 

Two types of refining processes are commonly in use: 
chemical or physical (steam) refining. Both employ similar 
steps, but with different objectives. Most vegetable oils and 
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Table 2. Approximate Fatty Acid Composition, Percent Total Fatty Acids 


Composition Canola oil Coconut oil Corn oil Cottonseed oil Palm oil Soybean oil Tallow 

C60 <1 

C80 8 

C10:0 6 

C12:0 AT 

C140 19 <1 1 3 

Cl4:1 4 

C16:0 4 9 i 22 44 iL 24 

C16:1 <1 4 

C17:0 2 

C171 <1 

C18:0 2 3 2 3 5 4 19 

C18:1 61 6 27 19 40 24 43 

C18:2 21 2 59 54 10 54 3 

C18:3 9 1 1 7 <1 

C20:0 1 

C2031 1 

22:0 

C22:1 <1 

C24:0 

Table 3, Fatty Acid Ester Melting Points, ‘F cal parameters are reaction time, temperature, pressure, 

Fatty acid Monoglyceride Diglyceride* Triglyceride catalyst type and amount, and gas purity. Vessel design to 
5 provide effective mass and heat transfer is also critical. 

C12:0 Lauric 145 136 116 Less commonly, the oil may be bleached again after hydro- 

C140 Myristic 159 152 135 genation. 

eee ve bd i Hydrogenation raises the melting point of the triglye- 

C18:1 Oleic 95 11 42 eride mixture, thus altering physical properties. It also 

C18:1 Elaidic 137 131 108 improves oxidative and thermal stability by reducing 

C18:2 Linoleic 54 27 8 the number of labile, polyunsaturated reaction sites in the 

C18:3 Linolenic 60 10 -12 fatty acids of the triglyceride. Hydrogenation allows the 


“1,8 diglyceride 


meat fats are chemically refined, but for some vegetable 
oils, notably coconut and palm, physical refining is more 
economical. The choice is generally determined by the con- 
venience and economics of the process. 

Chemical, or caustic refining, is intended to remove 
most of the free fatty acids present in the crude oils. The 
process consists of treating the crude with an alkali solu- 
tion, which converts the free fatty acids to soap. These 
soaps are removed by centrifugation and water washing. 
Phospholipid, mucilagenous, and proteinaceous materials 
are also removed in this step. Caustic strength, tempera- 
ture, mixing, contact time, and removal are critical process 
parameters. 

The residual moisture is removed by vacuum drying 
prior to bleaching. The natural pigments, carotenes and 
chlorophylls, are removed by physical absorption on acid- 
activated clay or bleaching earth. Other absorbent mate- 
rials such as activated carbon may also be used in specific 
situations. The critical variables are absorbent level, con- 
tact time, temperature, and removal of the spent absorb- 
ent. Typically, hydrogenation follows bleaching. Hydrogen 
is added to unsaturated fatty acids in this heterogeneous 
reaction with gaseous hydrogen and catalyst, usually 
nickel although other precious metals may be used. Criti- 


processor to differentiate products for their various appli- 
cations. A processor may make a full range of products, 
from salad oils to solid frying shortenings, margarines to 
bakery shortenings, by hydrogenating and blending vari- 
ous oils. 

Deodorization typically follows hydrogenation or 
bleaching if natural liquid oil is desired. The process is a 
high-temperature, vacuum, steam distillation that re- 
moves residual fatty acids as well as undesirable flavor 
and odor compounds. This step will also remove a small 
portion of the natural antioxidants. The high-temperature 
exposure also reduces the color due to transformation of 
the red and yellow pigments into nonchromophores. Key 
elements are temperature, vacuum, steam rate, and ex- 
posure time. Again, vessel design is critical to provide ef- 
fective and efficient heat and mass transfer. 

Liquid oils may be packaged directly after deodoriza- 
tion, but fluid or plastic shortenings are usually votated, 
or crystallized, after deodorization. The blended, melted 
product is fed under pressure to a scraped-surface heat 
exchanger at slightly above its melting point. The product 
is chilled creating crystal nuclei, which are allowed to grow 
slowly for a controlled time in a mildly agitated vessel, 
commonly referred to as a B unit. Nitrogen may be added 
to gasify a solid shortening, providing a whiter, more plas- 
tic product. Proper crystal conversion may require tem- 
pering. Liquid products may be tempered in process, 
whereas solids are typically stored for 24 to 48 h at their 
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tempering temperature. Key parameters are flow rate, 
temperature, and tempering conditions. Control of crystal 
structure is essential for functional bakery shortenings. 


Other Processes 


There are other specialized processing steps. The most no- 
table are winterization, fractionation, transesterification, 
interesterification, and directed interesterification. Win- 
terization and fractionation separate melting fractions by 
cooling the shortening and separating the solids that crys- 
tallize. Processors use winterization to provide stable 
salad oils. Fractionation consists of cooling the oil and 
separating the solids a number of times to obtain various 
melting fractions. These are used to create hard butters 
(cocoa butter substitutes) for coating applications and high 
stability oils. These processes may employ a solvent (hex- 
ane or acetone) to improve the separation, which is com- 
monly referred to as solvent winterization or solvent frac- 
tionation (24). 

Transesterification, a type of interesterification, is a 
process that rearranges or redistributes the fatty acids on 
the glycerine backbone of the triglyceride. Processors may 
select conditions to distribute the fatty acids more ran- 
domly, thus modifying the physical properties of the short- 
ening. This process does not create a significant level of 
fatty acid isomers (trans) like hydrogenation. Hydrogena- 
tion may be combined before or after the process to allow 
further modification of the shortening. 

Interesterification involves two or more oil sources, ran- 
domizing the fatty acids of the source triglycerides. By cool- 
ing and removing the higher-melting triglycerides the re- 
action can continue with the remaining components 
redirecting the interesterification. This process, used to 
provide relatively pure triglycerides, is called directed in- 
teresterification (25-27). If excess glycerol is present, 
monoglycerides and diglycerides are formed. The relative 
amounts of each at equilibrium are a function of the ratio 
of fatty acids available to glycerol (28). This is commonly 
called glycerolysis. 


PROCESSING AIDS AND ADDITIVES 


A number of food-approved materials may be added at low 
levels to improve processing or to protect the oil quality 
during processing (Table 4). These materials are removed 
or reduced to minimal levels in the final product. Other 
additives may also be used to provide a functional effect in 
the final product. These uses must comply with Food and 
Drug Administration (FDA) regulations covering addition 
levels, methods of addition, permissible residual levels, 
and labeling. 


FATS AND OILS FUNCTIONALITY 


Fats and oils provide several functional characteristics in 
a variety of food products. Shortening products can provide 
lubricity, structure, a heat-transfer medium, a moisture 
barrier, and aeration. Fat systems can also act as a carrier 
for flavor, color, and vitamins. Oils themselves provide vi- 
tal nutrition. 


Table 4. Additives Used in Fats and Oils 


Additive Effect 
Antioxidants 

‘Tocopherols Retard oxidation 
Butylated hydroxyanisole 

(BHA) 
Butylated hydroxytoluene 

(BHT) 
tert-Butylhydroquinone 

(TBHQ) 
Propyl gallate 

Colors 
f-carotene Provides yellow color to 
Tumeric and annatto finished product. 
Flavors 

Various acids, aldehydes, and Provide flavor and odor to the 

ketones finished product 
Phosphoric acid Metal chelators, process 
Citric acid hydrating agents, 
Dimethylpolysiloxane (methyl neutralizing agents. 

silicone) Antifoaming agent, high 
Polyglycerol esters temperature antioxidant 
Oxystearin Crystal inhibitors, crystal 

modification 
Emulsifiers 

Monoglycerides, diglycerides Emulsification, aeration, 
Lecithin dough conditioning, wetting, 
Polyglycerol esters antispattering, antisticking, 
Calcium/sodium steroyl separation and viscosity 

lactylate control 
Lactylated monoglycerides 

and diglycerides 
Sorbitan esters 


Propylene glycol esters 


Fat is multifunctional in most applications. Frying and 
cooking fats provide lubricity, a heat-transfer medium, and 
a flavor medium in some applications. Fats provide lubric- 
ity and aeration in cakes and additionally structure in ic- 
ings, cream fillers, and the like. 


SALAD AND COOKING OILS 


Salad and cooking oils are usually prepared from refined, 
bleached, and deodorized vegetable oils, or they are lightly 
hydrogenated and winterized for stability. The oil may be 
used for flavor (eg, peanut and olive oils), nutrition (eg, 
corn and canola oils), and stability. Antioxidants and crys- 
tal inhibitors may be added to salad oil (29,30). Oils may 
be blended for flavor and stability, if they are intended for 
heating and reuse, and dimethylpolysiloxane may also be 
added. Oils used in salad dressings typically have light 
color and bland flavor and must resist clouding. Salad 
dressing must contain a minimum of 30% oil by federal 
regulation (31). Mayonnaise is an emulsified, semisolid 
dressing that must contain 65% vegetable oil and whole 
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eggs or egg yolks (32). Reduced-calorie dressings must con- 
tain at least one-third fewer calories than the conventional 
product. This is usually accomplished by reducing the fat 
content and stabilizing the increased water content with 
gums and thickeners to provide emulsion stability. 


FRYING SHORTENINGS 


Frying fats must maintain stability under abusive condi- 
tions that include high temperature, extractable materials 
from the fried food, and oxygen from the air. Stability of 
fried products (snack foods) is also important. The short- 
ening imparts textural and flavor effects to the fried food. 
The key is the type of oil used and its chemical and physical 
properties. There are now new varieties of common vege- 
table oils with modified fatty acid compositions through 
breeding and genetic modification to expand the variety of 
properties available. 

Frying shortenings are available as meat fats, meat fat- 
vegetable blends, and solid or liquid vegetable shortenings. 
Meat fat and solid vegetable products provide excellent 
stability, particularly under abusive conditions. But these 
products have poor nutritional attributes (cholesterol in 
meat fat, saturated fat, and trans fatty acids). Pourable, 
vegetable, liquid shortenings offer convenient handling 
with good frying stability. There is some compromise on 
oxidative stability, but fry stability is acceptable for most 
applications. Liquid products have lower saturated and 
trans fatty acid levels than solid products. 

Fry life is a function of the chemical and physical char- 
acteristics of the frying shortening. These depend on the 
source oil(s) and processing. Fry life is also a function of 
many operational factors such as the type and amount of 
food fried, the size of the fryers, the time and temperature 
of frying, frequency of filtration, and cleaning procedures. 
Analytical characteristics vary with the product (Table 5). 


Table 5. Typical Fly Shortening Analysis 


Solid Liquid 
Meat fat- Partially Partially 
vegetable hydrogenated _ hydrogenated 

Analysis blend soybean soybean 

Iodine value 52 69 101 

Mettler dropping 

point, °F 117 103 95 

Solid fat Index 

at 50 F 40 50 5 
at 70F 27 36 4 
at 80 F 23 30 3 
at 92 F 7 “4 2 
at 104F 12 2 2 
Fatty acid 

composition, % 

c16 24 u ry 
C18 18 11 7 
C18:1 41 70 46 
C18:2 8 2 28 
C18:3 1 trace 3 


Lovibond color (1.5 red maximum), free fatty acid (0.05 wt% maximum) and 
peroxide value (1.0 meq/kg maximum) are identical for all products. 


GRIDDLE AND PAN FRYING SHORTENINGS 


Specialty colored and flavored shortenings are designed to 
replace butter or margarine in grilling, pan frying, and 
other applications (soups, sauces, gravies, basting, and 
bun wash). These may be liquid or solid, resist darkening, 
reduce waste (no water), and eliminate scorching (no milk 
solids). Other ingredients may be added. These include salt 
(flavor enhancement), flavorings (garlic), and even small 
amounts of butter itself (33-36). Coconut oil may be added 
for abusive, high-temperature applications (37). 


BAKERY SHORTENINGS 


A variety of general and specialized shortenings are avail- 
able for baking applications (24,38). The principal products 
are bread, rolls, biscuits, cakes, icings, cookies, pastry, 
doughnuts, and pies. All-purpose shortening is intended to 
function adequately in a broad variety of applications from 
baking to frying. It is formulated to have stability, a wide 
plastic range for proper mixing, and some structure for ap- 
plications like icings. 

Cake and icing shortening is designed to meet the dual 
needs of cake and icing applications. The shortening must 
entrap and disperse air as an emulsion that is a cake batter 
or icing. In a cake, the fineness and amount of the air bub- 
bles determine the finished height and cell structure. The 
shortening also lubricates the batter components and ten- 
derizes the cake. In icings, the shortening must provide the 
structural properties (body and firmness) as well as its 
creaming or aerating ability. Monoglyceride and diglycer- 
ide emulsifiers are typically added to cake and icing short- 
ening to improve the emulsifying properties. Table 6 shows 
the typical analytical data for all-purpose and cake and 
icing shortenings. 

The development of emulsifier technology has allowed 
the formulation of specialized cake or icing shortenings 
and the development of prepared mixes. Their formulation 
is a function of their application: continuous versus batch 


Table 6. Typical Shortening Analyses 


Analysis All-purpose Cake and icing 
(soy base) (soy base) 

Todine value 74.00 74.00 
Mettler dropping point, °F 120.00 120.00 
Solid fat index 

at 50F 24.00 24.00 

at 70F 20.00 20.00 

at 80 F 19,00 19.00 

at92F 16.00 16.00 

at 104 F 10.00 10.00 
Lovibond color, red, 

maximum 1.00 2.00 
Free fatty acid, wt%, 

maximum 0.05 0.15 
Peroxide value, meq/kg, 

maximum 1.00 1.00 
a-monoglyceride, wt%, 

maximum _ 3.50 
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mixed, rich or lean formulation, liquid content, and sugar 
content. The shortening base is formulated and processed 
to obtain optimum emulsifier performance. Emulsifiers 
generally permit a richer, moister cake due to their capa- 
bility to incorporate high levels of moisture in the batter 
(Table 7). The specialized mix shortenings contain even 
higher levels of emulsification and are used for consumer 
cake mixes, leaner snack-type cake applications, or cake 
products where long shelf life is required (39-41). 

Similarly, emulsifier technology has allowed incorpo- 
ration of high levels of moisture and air into the icing. The 
shortening must provide structure to allow the icing to 
hold this moisture and air as well as retain its shape. Pro- 
cessing of the shortening, particularly formulation and vo- 
tation, is critical to provide this structure. Generally, cooler 
votation conditions improve the icing’s ability to aerate, as 
measured by specific gravity, and resistance to separation 
and slumping. 

Different levels and types of emulsification are required 
for formulations with increased moisture and aeration re- 
quirements (Table 8). Flat or thick fudge icings require lit- 
tle, if any, aeration. However, butter cream and some dec- 
orator icings require some emulsification ability, usually 
accomplished with monoglycerides and diglycerides or low 
levels of polysorbates. Specialty icing products are formu- 
lated to produce fluffier and higher moisture-type icings. 
Polyglycerol esters or combinations of monoglyceride and 
diglyceride, poylsorbate emulsifier systems are used. As 
the level of emulsification increases, the structure pro- 
vided by the shortening becomes more critical to icing per- 
formance. 


Breads and Rolls 


Shortening is added at relatively low levels to breads for 
lubricity, softening, and shelf life. Structure is primarily 
obtained from starch and protein complexes. Emulsifiers 
are employed as dough conditioners to resist staling (dry- 
ing) (Table 9). These may be added either as part of the 
shortening or hydrated first by heating in water until a 
liquid crystalline phase (mesophase) is formed and main- 
tained by cooling the mixture. Biscuit shortenings are for- 
mulated to blend as small, discrete chunks into the cold 
dough, yet still provide sufficient solids for a flaky, tender 
texture. 


Pie Crust Shortening 


Pie shortenings are also mixed loosely into the cold dough 
to maintain separate fat layers for a flaky crust. Overmix- 
ing, or mixing too warm, incorporates the shortening in- 


Table 7. Typical Cake Shortenings 


timately, which reduces flakiness, increases toughness, 
and increases shrinkage. The shortening system contains 
a loosely bound oil fraction to provide lubricity and ten- 
derness to the crust. 

Lard is the classic choice for pie shortening due to its 
solids content, plasticity at cool temperatures, and crystal 
structure. Vegetable shortenings have been formulated to 
provide similar functional properties with an improved nu- 
tritional (cholesterol and saturates) profile. 


Puff Pastry and Danish Shortening 


Puff pastry and Danish shortenings are referred to as roll- 
in products because they are formed from a laminated 
dough sheet, consisting of alternating layers of dough and 
shortening, that is traditionally formed by rolling the 
coated dough sheet and folding it to form layers. 

Danish has a higher fat content than puff pastry, and 
softer-consistency products are used to achieve lubricity. 
Long refrigerated retarding (dough-relaxing) steps are 
used between folds to minimize toughness and maximize 
lubricity while maintaining structural integrity of the fat 
film. Puff pastry shortening contains higher solids for flak- 
iness due to the lower fat content used. This shortening 
must be carefully formulated and processed so it remains 
workable, not stiff, to properly apply to the dough sheet. 
Dough and shortening temperature are critical. Puff pas- 
try has larger expansion because of the number of layers 
and the water vapor sealed by the shortening between the 
dough layers. 

Butter was originally used for these applications. Puff 
pastry and Danish are formulated to have similar compo- 
sition (fat, moisture, and salt) and functionality and may 
be butter flavored as well. 


OTHER APPLICATIONS 


There are a number of other specialized shortening appli- 
cations. Confectionery fats are primarily intended to be 
substitutes or extensions for cocoa butter in confections 
and coatings. These consist of lauric-based products (co- 
conut and palm kernel oils), which may be hydrogenated, 
fractionated, or interesterified to better match the solids 
profile and melting point of cocoa butter. Domestic substi- 
tutes may be hydrogenated or fractionated as well (18~42— 
45). These do not generally have the same crystal type as 
cocoa butter, and they do not require tempering. Eating 
quality, snap, mouth melt, and glossy appearance are key 
performance factors. Coatings provide a moisture barrier 


Moisture 
Shortening Emulsifiers incorporation Fat content 
Cake and icing Monoglyceride and diglyceride Low Moderate 
Specialty cake 
Plastic solid Propylene glycol monoesters and monoglycerides Moderate Moderate 
Liquid Lactylated monoglycerides and monoglycerides Moderate Moderate 
Specialized mix shortenings Higher levels of propylene glycol monoesters and monoglycerides High High 
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Table 8. Typical Icing Shortenings 


Shortening 
type Emulsifier Icing applications 
All-purpose None Flat, fudge icings 
Cake and Monoglycerides and —_Butter cream and 
icing diglycerides decorator icings, and 
cream fillers 
Specialty Monoglycerides, Butter cream, fluffy 
icings diglycerides, and decorator icings, and 
polyglycerol esters cream fillers 


Table 9. Bread Emulsifiers and Dough Conditioners 
Monoglycerides and diglycerides 


Sodium stearoyl lactylate 


Distilled monoglycerides Calcium stearoyl lactylate 
Ethoxylated monoglycerides Lactylated stearate 
Succinylated monoglycerides Diacetyl tartaric acid esters 


and are typically high-solids, low-melting-point products. 
These are often referred to as hard butters. 

Similar shortenings may also be used in imitation dairy 
products like sour cream, dips, nondairy creamers, and 
whipped toppings. Texture and stability are keys to suc- 
cessful shortening formulation for these products. 

Peanut butter stabilizers are partially hydrogenated, 
high-melting fats, or emulsifiers, which are added to fluid 
peanut butter to prevent oil separation. 


BUTTER AND MARGARINES 


Butter contains at least 80 wt% butterfat (46), which 
serves as the matrix sponge for the aqueous phase. The 
aqueous phase consists of water, casein, milk solids, and 
minerals. The solids comprise about 1 to 2 wt% of the but- 
ter, and salt may typically be added at concentrations 
from 1.5 to 3 wt%. Margarines are butter replacements 
made from shortening or shortening and oil blends with 
other ingredients to match butter’s aqueous phase. Color- 
ing, flavoring, and vitamins A and D may also be added. 
Margarine must contain 80% fat by federal regulation (47). 
Margarines are available in solid form, whipped, and as 
pourable liquids. They are also available in reduced- 
calorie, diet, or imitation spreads, which have a lower fat 
content. 


U.S. FAT CONSUMPTION 


The U.S. Department of Agriculture provides data on the 
availability of food fat for consumption per capita in the 
United States. These data measure the amount of fat 
available and do not consider the quantities wasted or dis- 
carded. Fats are separated into visible and invisible cate- 
gories. The visible portion consists of easily identified fat 
like butter, margarine, shortening, and salad oils. The in- 
visible category is ingested as part of other foods and is not 
easily recognized as fat such as dairy products. 


Visible fat consumption has increased 16 Ib per capita 
from 1970 to 1994 (Table 10). Visible fat usage accounts 
for this increase. This is to some degree a reflection of the 
increase in fast-foods and convenience foods, meals not 
made from scratch at home. Fat consumption appears not 
to be affected by dietary and health concerns, except that 
saturated fat consumption is down (48). Meat consumption 
is up, but the fat content contributed by meat has declined 
due to the use of leaner meats. 

The amount of vegetable fat consumption has increased 
from 1970 to 1996 while animal fat consumption has de- 
creased (Table 11). The amount of fat consumed in the diet 


Table 10, Edible Fat Availability per Capita 


Source 1970 1980 1990 1994 
Visible fats 
Butter, fat content 43 3.6 3.5 3.9 
Lard and tallow 4.6 3.7 2.4 47 
Margarine and spreads 87 90 87 7.9 
Shortening and other fats 173° 182 22.2 24.1 
Salad and cooking oils 154 21.2 248 26.3 
Other 23 15 12 16 
Animal source 4.1 123 97 1L4 
Vegetable source 38.5 448 53.1 57.2 
Total visible fats 52.6 57.2 628 686 
Invisible fats 

Dairy products, excluding butter 15.6 14.9 15.4 15.7 
Eggs, meats, poultry, fish 46.3 421 36.1 34.0 
Fruits, vegetables, legumes, nuts, 

soy, and grains 12 67 88 8&7 
Other 21 20 30 29 
Animal source 61.9 57.0 515 49.7 
Vegetable source 9.3 8.7 11.8 116 
Total invisible fats 712 65.7 63.3 614 
Total fats and oils 123.8 122.9 126.2 129.0 
Source: Ref. 48. 


Table 11. Fats and Oils Used in Foods, mm Pounds 


Year 
Source 1970-7.1 1980-81 1990-91 1995-96 
Vegetable oils 
Soybean 5,780 8610 10,772 11,877 
Corn 403 624 1,143 595 
Cottonseed 805 555 17 497 
Palm 160 291 98° Not avail. 
Coconut 220 338 169 221 
Peanut 181 119 129" 129" 
Sunflower 79 166° 90° 
Meat fats 
Tallow 508 740 501 341 
Lard 1,612 415 314 297 
Total fats 9,669 11,908 ‘14,491 14,706 
“Incomplete data. 
“Total edible and inedible. 
Source: Ref. 49. 
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has decreased as a percentage of total calories, yet total 
fat consumption is higher. This is somewhat misleading 
since total caloric intake (carbohydrate and protein) has 
been increasing at a greater rate than fat consumption, 
thus reducing the relative amount of fat consumed when 
expressed as a percentage of total calories. The reality is 
that fat consumption remains high with the trend of a 
lower proportion of saturated fatty acid and a higher pro- 
portion of polyunsaturated fat intake. 


NUTRITION 


Fats are an important part of the human diet along with 
proteins and carbohydrates. Fats are a concentrated 
source of energy (9 kcal/g vs 4 kcal/g for proteins and car- 
bohydrates), a source of essential fatty acids, and a source 
of fat-soluble vitamins (50). 

Certain fatty acids cannot be synthesized by the body 
and are essential for our health. These acids, linoleic and 
linolenic, must be supplied by the diet. About 2% of linoleic 
acid is necessary in the human diet to prevent a deficiency, 
and 3% is considered to be a more adequate intake. The 
minimum requirement for linolenic acid has been esti- 
mated at a little over 0.5% of total calories (50,51). 

Estimates of total fat in the U.S. diet have dropped to 
around 35% of calories and will vary depending on the 
source of the data. Reduction in fat intake is an important 
part of any weight loss-control diet because fat is such a 
dense source of calories. Most recent dietary health con- 
cerns center on cardiovascular disease, including heart at- 
tack and stroke. Diet is just one, and not necessarily the 
major, risk factor identified from epidemiological studies. 
Other factors include smoking, high blood pressure (hy- 
pertension), obesity, elevated serum cholesterol, male sex, 
sedentary lifestyle, diabetes, excessive stress, and a posi- 
tive family history of cardiovascular disease. No direct 
cause-and-effect relationship has been established for 
these risk factors; only an increased statistical risk has 
been shown. 

Most of the recent studies involving dietary fat focus on 
the specific type of fatty acid (saturated, monounsaturated, 
polyunsaturated, and trans isomers) and its relationship 
to serum cholesterol and lipoproteins (cholesterol carriers). 
There have been studies that have shown a relationship 
between carbohydrates, proteins, fiber, and trace minerals 
and cardiovascular disease (52). 

Vegetable fats do not directly contain a significant 
amount of cholesterol. Animal and dairy fats do contain 
cholesterol and thus may directly affect serum cholesterol. 
Much recent work has been done relating specific fatty acid 
types with their effect on the lipoprotein carriers and, in- 
directly, serum cholesterol (53,61). Two general classes of 
lipoprotein carriers are largely involved. Low-density li- 
poproteins (LDL) contain the largest portion of total cho- 
lesterol in the blood. High levels of LDLs are associated 
with increased risk of cardiovascular disease, and they can 
be thought of as the bad cholesterol. High-density lipopro- 
teins (HDL) transport cholesterol from the blood, and ele- 
vated levels of HDL are associated with decreased risk of 
coronary heart disease. Thus HDLs can be viewed as the 
good cholesterol (62). 


Increased levels of saturated fat in the diet have been 
shown to increase total serum and LDL cholesterol, thus 
increasing the risk of heart disease (46). Much negative 
publicity has been associated with tropical fats (coconut, 
palm kernel, and palm oil) due to their high saturated fat 
content. Recent studies show palm oil may be an exception, 
despite its high saturated fat content (56,60,61,63-65). 
Similarly meat and dairy fats suffer because of their rela- 
tively high saturated fat content as well as their choles- 
terol content. 

Diets high in monounsaturated fat and low in saturated 
fats, the so-called Mediterranean diet, have been shown to 
decrease total and LDL cholesterol while not affecting 
HDL cholesterol (53,55). Studies suggest this type of diet 
may be equal to, or better than, a low-fat diet for lowering 
blood cholesterol. Olive oil and canola oil are common 
sources of monounsaturates. Diets high in polyunsatu- 
rated fats beneficially decrease total and LDL cholesterol, 
but also decrease HDL cholesterol (53,55). Soybean and 
corn oil are common polyunsaturated fat sources. 

Some animal studies have suggested a relationship be- 
tween diets high in polyunsaturates and certain types of 
cancer, particularly breast cancer. Other animal studies in- 
dicate a high caloric diet due to increased fat may be re- 
lated to increased cancer incidence, particularly colon and 
breast cancer (66,67). Any direct relationship between to- 
tal caloric intake, fat unsaturation, and cancer incidence 
has not been proved. 

Specific fatty acid isomers have also been studied. Trans 
isomers, which result from the hydrogenation process, are 
present at significant levels, 10 to 35%, in most processed 
shortenings. Most are present as monounsaturated, trans 
fatty acids. Early concerns about the safety of trans fatty 
acids in the U.S. diet were not supported by reliable epi- 
demiological and animal data (68,69). Subsequent studies 
indicate that moderate trans fatty acid intake results in 
cholesterol response similar to saturated fat (70-73). 
Higher trans intake levels may also reduce HDL (70). 
Trans fatty acids do not appear to be associated with in- 
creased cancer risk (74). 

Diets high in omega-3 polyunsaturates, like fish oils, 
have shown a reduced incidence of coronary heart disease. 
However, other data show an increased risk of stroke and 
bleeding tendency with this type of diet (54). More studies 
are needed to determine the long-term effects of diets sup- 
plemented with fish oil. Some vegetable oils (soybean and 
canola) are sources of omega-3 fatty acids without the cho- 
lesterol and saturated fatty acids associated with fish oil. 

There is still controversy concerning nutritional and 
health effects of fat in our diets. Given the current state of 
knowledge, prudence would dictate moderation in the diet. 
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FATS AND OILS: SUBSTITUTES 


A growing public awareness about the relationship be- 
tween food and wellness has kept dietary fat at the top of 
the list of consumer nutritional concerns for at least a de- 
cade (see Table 1 Ref. 1). According to the U.S. Department 
of Agriculture’s (USDA's) Continuing Survey of Food In- 
takes by Individuals (CSFII) (1994-1996), almost half of 
Americans think their diets are too high in fat (2). Re- 
search by Susan M. Krebs-Smith and colleagues, reported 
in the American Journal of Clinical Nutrition, supports the 
CSFII findings. Of the six most prevalent nutrient intake 
patterns identified by these researchers, not one meets the 
30% calories-from-fat guideline. In fact, only 1% of the 
population actually fulfills all of the U.S. government’s 
Food Guide Pyramid recommendations (3). 

At 9 kcal/g, fat is the most concentrated source of energy 
among the macronutrients. According to the Surgeon Gen- 
eral’s Report on Diet and Health, high intake of dietary fat 
is “associated with increased risk for obesity, some types 
of cancer, and possibly gallbladder disease. Epidemiologic, 
clinical and animal studies provide strong and consistent 
evidence for the relationship between saturated fat intake, 
high blood cholesterol, and increased risk for coronary 
heart disease. Excessive saturated fat consumption is the 
major dietary contributor to total blood cholesterol levels” 
(4). Reflecting national health policy, the Surgeon General, 
the National Academy of Sciences, the American Dietetic 
Association, the American Heart Association, the National 
Cholesterol Education Project, the American Cancer Soci- 
ety, the National Institutes of Health, the USDA, and the 
U.S. Department of Health and Human Services are 
among the many health and government authorities that 
recommend limiting dietary fat to 30% of calories. 


ROLE OF FAT REPLACERS IN FOOD 


In its April 1998 position paper on fat replacers, The Amer- 
ican Dietetic Association stated: 
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Table 1. Nutritional Content of Food: Top Five Concerns 1994-1998 
Percentage of consumers concerned 

Concern 1994 (%) 1995 (%) 1996 (%) 1997 (%) 1998 (%) 
Fat content, low fat 59 65 60 56 59 
Salt/sodium content, less salt 18 20 28 23 24 
Cholesterol levels 21 18 26 20 20 
Sugar content, less sugar 4 15 12 1 12 
Food/nutritional value 4 8 6 1 12 


Source: Ref. 1. 


Fat replacers may be used for multiple purposes. One moti- 
vation is to facilitate a reduction in total and saturated fat 
consumption by maintaining the appeal of foods reduced in fat 
content. The goal of fat reduction is to decrease the incidence 
of obesity and chronic diseases. A second purpose may be to 
reduce total energy consumption to improve health and en- 
hance physical appearance and self-concept. A third option en- 
tails using fat replacers to increase the volume of palatable 
foods that may be consumed without increasing fat or energy 
intake. (5) 


According to Calorie Control Council research, the pri- 
mary reason people use reduced-fat foods is to stay in bet- 
ter overall health (see Table 2). Not surprisingly, a food’s 
fat content is the first item shoppers look for when reading 
a nutrition label (6), Yet even though consumers seem in- 
creasingly committed to lowering their dietary fat intake, 
they continue to rank taste as their top consideration when 
selecting food (see Table 3). And few nutrients affect the 
taste and overall sensory experience of food more than fat. 

Fat not only adds aroma and flavor to food, but also 
influences palatability, flakiness, creaminess, and crisp- 
ness, And to most people, the texture—or mouth-feel—of 
food ranks alongside taste as an important selection cri- 
terion. From the creaminess of ice cream, to the moist ten- 
derness of cake, to the crispness of potato chips, fat is a 
critical component. Thus, removing fat from a food can af- 
fect far more than taste. Research has shown that most 
consumers, when given a food from which the fat has been 
removed and no replacement added, find the food unac- 
ceptable (7). The delicate balance between fat and a pleas- 
ant sensory experience can be seen in the home-cooking 
arena as well. Home bakers can replace some of the fat or 
oil in muffins and cakes with applesauce or pureed prunes. 
But removing all the fat will result in unacceptable ap- 
pearance, texture, and taste. 

Responding to a market that is ripe for low- and 
reduced-fat foods (see Table 4 and 5), manufacturers have 
made fat modification an increasingly important aspect of 
their research and development. Their objective is three- 
fold: to create food products that qualify for nutrient 
content/health claim status (see Table 6); to capture the 
sensory attributes and functionality of fat; and to achieve 
all of this cost effectively. In 1990 Healthy People 2000 
called on the food industry to create 5000 reduced-fat foods 
over the next decade. By 1992 manufacturers had exceeded. 
that goal by 600 (8). In 1990 alone, the food industry rolled 
out more than 1400 products bearing a reduced- or low-fat 
label claim—up 70% from the number of such products the 


Table 2. Why People Used Reduced-Fat Products 


Percentage of 
adult Americans 


Reason citing 
To stay in better overall health 7 
‘To eat or drink healthier food and beverages 7 
To reduce fat 68 
To reduce cholesterol 61 
‘To maintain current weight 57 
To reduce calories 56 
To maintain an attractive physical appearance 52 
To reduce weight 43 
For refreshment or taste 39 
To help with a medical condition 31 


Source: Calorie Control Council 1998 National Survey. 


year before. By 1995 the number of fat-modified products 
had risen to 8500 (9,10). 


COMPOSITION OF FAT REPLACERS 


Focus groups conducted by the International Food Infor- 
mation Council suggest that there is a lack of knowledge 
concerning fat replacers among consumers as well as 
among health professionals. For example, very few con- 
sumers realized that the fat removed from low- and 
reduced-fat foods is replaced with another ingredient. And 
although health professionals understood that product re- 
formulation replaced the taste and texture of fat, they typ- 
ically had very little specific information (11). 

Usually a fat replacer is not itself a fat. Some fat re- 
placers, however, are lipids, but because of their structure, 
they may be undigestible or only partially digestible. Most 
fat replacers are limited in their use. Some are good thick- 
ening agents; others provide creaminess; still others make 
food moist. Having a variety of fat replacement options 
available allows manufacturers to use a “systems ap- 
proach” to formulating low-fat and fat-free foods with the 
functional and sensory characteristics of their full-fat 
counterparts. The combination of fat replacers used in a 
product depends on which properties of that product are 
being duplicated. Combinations may include proteins, 
starches, dextrins, maltodextrin, fiber, emulsifiers, and fla- 
voring agents. Some fat replacers are themselves blends of 
various ingredients (see Table 7). 


Types 
Fat replacers fall into three functional categories (5,7,12): 
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Table 3. Importance of Various Factors in Food Selection: 1994-1998 


Percentage of consumers saying “very important” 


Factor 1994 (%) 1995 (%) 1996 (%) 1997 (%) 1998 (%) 
Taste 90 90 88 87 89 
Nutrition 16 74 78 7 16 
Product safety 69 69 © 73 os 
Price 70 69 66 66 64 
Source: Ref. 1. 


Table 4. Percentage of Consumers Who Eat Various 
Reduced-Fat Foods 


‘Among shopper segment 
% Total © %Healthy — % Nutritionally 

Food who eat eaters apathetic 

Salad dressing 68 8 49 

Mayonnaise 55 60 39 

Crackers 53 61 35 

Tce cream 52 60 35 

Chips 51 57 40 

Cookies 51 54 40 


Source: Ref. 6. 


Table 5. Most Popular Reduced-Fat Products 


Percentage of 
adult Americans 

Product who consume 

Skim or low-fat milk 62 

Salad dressings/sauces/mayonnaise 56 

Margarine 44 

Chips/snack foods 40 

Meat products 39 

Ice cream/frozen desserts 36 

Cakes/baked goods 32 

Dinner entrees 30 

Candy 18 


‘Source: Calorie Control Council 1998 National Survey. 


Table 6. Food Label Nutrient Content Claims 


Claim? Criterion 
Fat free Less than 0.5 fat 
Low fat 3 gor less of fat 


Reduced or less fat At least 25% less fat® 
Light One-third fewer calories or 50% less fat® 


*The Food and Drug Administration and the U.S. Department of Agricul- 
ture have established specific regulation concerning allowable nutrient con- 
tent claims. The following claims are defined for one serving. 

°As compared with a standard serving size of the traditional food. 


1, Fat mimetics replace the bulk, body, and mouth-feel 
of fat. They reduce calories both because they are 
less calorically dense than fat and because they con- 
tain water, which itself replaces some fat. Mimetics 
based on gums, cellulose, and seaweed are nonca- 


loric; those based on starch and protein provide 4 
keal/g. 

2. Low-calorie fats include products such as caprenin 
and salatrim, both of which provide 5 kcal/g. They 
are metabolized more like carbohydrate and are rap- 
idly used as energy rather than stored as fat. 

8. Fat replacers, substitutes, or analogs are similar to 
fats and oils in function and in sensory properties. 
Theoretically, they can replace fat on a one-to-one 
weight basis. Generally, they are heat stable and 
can be used for frying. Fat replacers provide 0 to 3 
kcal/g. Olestra is a zero-calorie fat replacer, 


Derivations 


Fat replacers are also classified according to the sub- 
stances from which they are derived (see Table 8). Carbo- 
hydrate- and protein-based fat replacers are fat mimetics; 
fat-based fat replacers are low-calorie fats or fat replacers 
(5,7,13): 


* Carbohydrate-based. Carbohydrates such as 
starches, fibers, cellulose, and gums are commonly 
used in low-fat and fat-free foods as texturing agents, 
bulking agents, moisturizers, and stabilizers, Car- 
bohydrate-based ingredients provide 0 to 4 calories 
per gram. 

* Protein-based. Milk, egg, or whey protein is heated 
and blended at high speed to produce tiny particles 
that feel creamy to the tongue. This process is called 
microparticulation. Protein-based ingredients also 
help to stabilize emulsions in sauces, spreads, and 
salad dressings. These ingredients are fully absorbed 
by the body and range in calories from 1 to 4 kcal/g, 
depending on degree of hydration. 

* Fat-based. Some fat-reduction ingredients are actual 
fats designed to contribute fewer calories and less fat 
to foods. Others, such as olestra, are structurally 
modified to be calorie-free. 


NUTRITIONAL IMPACT OF FAT REPLACERS 


Some observers have speculated that the availability of 
reduced-fat and fat-free foods is contributing to the in- 
creasing rate of obesity among adults and children. To 
characterize fat replacers as a magic formula for weight 
loss is to misrepresent their optimal dietary role. To pre- 
vent or slow weight gain, calories eaten cannot exceed cal- 


Table 7. Selected Applications and Functions of Fat Replacers 
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Application Fat replacer General functions* 
Baked goods Lipid based Emulsify, provide cohesiveness, tenderize, carry flavor, replace 
shortening, prevent staling, prevent starch retrogradation, 
condition dough 
Retain moisture, retard staling 
Carbohydrate based Texturize 
Protein based 
Frying Lipid based ‘Texturize, provide flavor and crispness, conduct heat 
Salad dressing Lipid based Emulsify, provide mouth-feel, hold flavorants 
Carbohydrate based Increase viscosity, provide mouth-feel, texturize 
Protein based Texturize, provide mouth-feel 
Frozen desserts Lipid based Emulsify, texturize 
Carbohydrate based Increase viscosity, texturize, thicken 
Protein based Texturize, stabilize 
Margarine, shortening, spreads, butter Lipid based Provide spreadability, emulsify, provide flavor and plasticity 
Carbohydrate based Provide mouth-feel 
Protein based Texturize 
Confectionery Lipid based Emulsify, texturize 
Carbohydrate based Provide mouth-feel, texturize 
Protein based Provide mouth-feel, texturize 
Processed meats Lipid based Emulsify texturize, provide mouth-feel 
Carbohydrate based Increase water-holding capacity, texturize, provide mouth-feel 
Protein based Texturize, provide mouth-feel, water holding 
Dairy products Lipid based Provide flavor, body, mouth-feel and texture; stabilize 
Carbohydrate based Increase viscosity, thicken, aid gelling, stabilize 
Protein based Stabilize, emulsify 
Soups, sauces, gravies Lipid based Provide mouth-feel and lubricity 
Carbohydrate based Thicken, provide mouth-feel, texturize 
Protein based Texturize 
Snack products Lipid based Emulsify, provide flavor 
Carbohydrate based Texturize, aid formulation 
Protein based. ‘Texturize 


Source: Food Technology, March 1998. 
*Functions are in addition to fat replacement. 


ories expended. Fat-modified foods are but one tool that 
can be used to create this energy balance. 

The theory is that people may be cutting down on fat 
consumption, but by overindulging in fat-modified foods, 
they are consuming extra calories and dramatically tip- 
ping the energy balance toward obesity. But the fact is that 
despite the proliferation of low-fat and fat-free foods, 
Americans are actually eating more fat than in the past. 
Although between the 1970s and the 1990s, Americans de- 
creased their intake of fat from approximately 37% of cal- 
ories to approximately 34% of calories, this drop in percent 
of calories from fat represents neither a decrease in calories 
nor a decrease in fat grams. Over the same 20-year time 
span, the average adult’s daily calorie intake increased 
by 300, and total fat gram consumption increased from 
about 81 g/day to 83 g/day (13). At 9 calories per gram, this 
2-g/day increase in consumption adds up to about 540 ex- 
tra calories per month, or almost 6500 extra fat calories 
per year. 

In addition, the 1996 National Institutes of Health Con- 
sensus Conference Statement on Physical Activity and 
Cardiovascular Health identified physical inactivity as a 
major U.S. public health crisis. Inactivity reduces muscle 
mass, which translates into fewer calories burned, even at 
rest. When physical activity is low, a reduction in dietary 


fat is needed simply to prevent weight gain, even if fat in- 
take is moderate. But increased fat consumption coupled 
with stagnant-to-falling exercise rates is the magic for- 
mula for positive energy balance and weight gain. 

Another often overlooked fallacy in the theory that fat- 
modified foods have led to obesity concerns timing. Re- 
cently released population figures on obesity were com- 
piled as of 1990—when 33% of the American public was 
identified as overweight. The market influx of fat-modified 
foods, however, didn’t peak until 1995 (14). In addition, 
first-generation fat-modified foods of the 1980s were far 
less palatable than today’s low-fat and fat-free products. A 
proliferation of good-tasting fat-modified foods in the 
1990s can’t be blamed for obesity statistics based on 1980s 
data. 


Satiety 


Bell and colleagues have demonstrated that people eat to 
a certain volume, rather than to a calorie count (15). Diets 
high in fat are calorically dense and highly palatable, but 
they are generally /ess satiating than diets high in carbo- 
hydrates. Although once in the intestine, fat seems to cre- 
ate strong signals of satiety, the “I’m full” feeling is delayed 
because of the time it takes time for fat to reach the intes- 
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Table 8, Example Fat Replacers: Ingredients and Applications 


Type Brand name(s) Ingredients Applications 
Protein-based fat replacers 
Microparticulated Simplesse Milk and/or egg/white proteins, Imparts fatlike creaminess and richness but 
protein K-Blazer sugar, pectin, citric acid no fat flavor; not heat stable; 1-2 kcal/g; 
digested as protein; used in ice cream, 
butter, sour cream, cheese, yogurt 
Modified whey Dairy-Lo Whey or milk protein concentrate _ Improves texture, flavor, stability of low-fat 
protein foods; 4 keal/g; used in frozen dairy 
desserts, hard and processed cheese, sour 
cream, dips, yogurt, sauces, baked goods 
Isolated soy protein Supro Used in foods for 35 years; added 
ProPlus to meat to reduce fat 
Supro Plus 
Fat-based fat replacers 
Sucrose polyester Olean Sucrose core with 6 to 8 fatty acids —_ Looks, tastes, and feels like fat; calorie-free; 
(olestra) passes through body unabsorbed; may 
lower cholesterol; only approved fat 
replacer that can be used for frying; used 
in savory snacks 
Salatrim Benefat Soybean and canola oil Used in confections, baked goods, dairy; 5 
keal/g 
Caprenin Caprenin caprylic, capric and behenic acids, Good substitute for cocoa butter; can be used 
and glycerine in confections; 5 keal/g 
Mono- and Dur-Em, Dur-Lo Used to replace all or part of the shortening 
diglycerides in cake mixes, cookies, icings, and some 
dairy products; emulsifiers that disperse 
fat in watery mediums so less fat is used; 
9 keal/g 
Carbohydrate-based fat replacers 
Carrageenan Carrageenan Extract of red seaweed First used as an emulsifier, stabilizer, 
thickener; provides gel-like mouth-feel; 
used to replace part of the fat in ground 
beef, hot dogs, processed cheese, low-fat 
desserts 
Microcrystalline Avicel (cellulose gel), Used in salad dressings, mayonnaise, 
cellulose Methocel processed cheese, frozen desserts; forms 
gel in water; acts like fat and has the 
mouth-feel and appearance of fat; used as 
a stabilizer; calorie-free 
Hydrolyzed oat Oatrim, Beta-Trim, Enzyme-treated oat flour Used in baked goods, fillings and frostings, 
flour TrimChoice containing f-glucan soluble flour frozen desserts, dairy beverages, cheese, 
salad dressings, processed meat, 
confections; 1 to 4 keal/g 
Powdered cellulose  Solka-Floc Often used in fried foods; causes less oil to be 


Maltodextrins 


Polydextrose 


Gums 


CrystalLean; Lorelite; 
Lorelite; Lycadex; 
MALTRIN; Paselli D- 
LITE, EXCEL, SA2; 
STAR-DRI 

Litesse, Sta-Lite 


KELCOGEL, KELTROL, 
Slendid 


Gel or powder extracted from 
tapioca, corn, potato, rice 


Water-soluble polymer of dextrose 
containing minor amounts of 
sorbitol and citric acid 


absorbed 

Mimic fat’s mouth coating, melting 
sensation, richness; used in salad 
dressings, pudding, spreads, dairy 
desserts, meat products; can be used in 
some cooked foods; 4 keal/g 

Used as fat replacer and bulking agent; used 
in baked goods, chewing gum, confections, 
salad dressings, frozen dairy desserts, 
gelatins, puddings; 1 kcal/g 

Have creamy mouth-feel; provide thickening 
effect; pass through body virtually 
unmetabolized; common gums include 
guar gum, gum arabic, locust bean gum, 
modified carbohydrate gum/vegetable gum; 
used in a wide variety of foods 


FATS AND OILS: SUBSTITUTES 751 


Table 8, Example Fat Replacers: Ingredients and Applications (continued) 


Type Brand name(s) Ingredients Applications 
Inulin Raftiline, Fruitafit, Chicory root extract Used in yogurt, cheese, frozen desserts, 
Fibruline baked goods, icings, fillings, dairy 

products, fiber supplements, processed 
meats, 1 to 1.2 keal/g 

Pectin Splendid Citrus peel and table sugar Forms a gel that can replace up to 100% of 
fat in some foods; mouth-feel and melting 
sensation of fat; used in soups, sauces, 
gravies, cakes and cookies, dressings and 
spreads, frozen desserts, frosting 

2-Trim Z-Trim Processed hulls of oats, soybeans, Provides smooth mouth-feel of fat; can be 


peas, rice, or from bran of corn or 


wheat 


used in a variety of foods; calorie-free 


Sources: Refs. 5, 17, 13, and Fat Reduction in Foods, Calorie Control Council, 1997. 


tinal tract. Large amounts of energy-dense fat can be in- 
gested before satiety signals kick in. Thus, eating high-fat 
foods leads to what researchers call “passive consumption” 
or high-fat hyperphagia—that is, a tendency to consume 
excess energy (16). 

Because of the weak effect it has on satiety, removing 
some fat or substituting for it does not substantially de- 
crease the satiating effect of a food, but it can result in 
fewer calories being eaten. Consequently, lower-fat diets 
including use of fat-modified foods, rather than contribut- 
ing to obesity, actually have the ability to reduce the pas- 
sive consumption of excess calories. CSFII data from 1995 
show that adults who used more fat-modified foods also 
consumed less energy overall (17). In addition, research by 
Arsenault and colleagues and by Sigman-Grant demon- 
strates that individuals who consume fat- and calorie- 
reduced foods have a more nutrient-dense diet than those 
who do not (18-20). 


Compensating Behaviors 


Probably the most common argument used to support the 
notion that overindulging in fat-modified foods is respon- 
sible for obesity is the compensation theory—that people 
equate “fat-free” with “low-calorie” and therefore eat more. 
Most of the research on dietary compensation and fat re- 
placers has been done on olestra, available under the 
brand name Olean®. 

Among individuals who did not know a fat replacer had 
been added to their diet, researchers have observed two 
behaviors, depending on participants’ ability to regulate 
calories. The research has shown that children and young 
adult males, who generally regulate calories well, did com- 
pensate for the energy deficit created by fat replacement 
(21,22). In both groups, however, compensation was not 
100% nor was it fat-specific. Consequently, although these 
children and lean young men did compensate for calories, 
they nevertheless consumed a diet that was lower in fat. 

Researchers also studied a group of 105 individuals who 
do not regulate calories well. Among these participants, 
they observed both a decrease in the percentage of calories 
from fat and in total calories consumed. These preliminary 
findings indicate that for people who need to control body 


weight, fat replacers may be a useful tool for helping man- 
age both fat and calorie intake (23-25). 

When research participants did know that a fat replacer 
had been added to their food, compensation behavior re- 
mained negligible. In a 10-day study of 96 habitual potato- 
chip eaters, some individuals who knew they were eating 
fat-free potato chips ate a few more chips. Most partici- 
pants however, ate the same amount of chips regardless of 
whether or not they knew they were eating full-fat chips 
or chips made with a fat replacer. It is important to note 
that all participants eating chips made with a fat replacer 
benefited from both a fat and a calorie reduction (26). 

In another study examining the behavioral aspects of 
compliance with a low-fat diet, two groups totaling 44 
women attempted to maintain a diet having less than 30% 
of calories from fat. Women who were allowed to use prod- 
ucts with fat replacers reported feeling less deprived be- 
cause they had a wider range of foods from which to choose 
(27). A six-month study conducted by Westerterp and col- 
leagues tracked 217 free-living, nonobese men and women 
who received either reduced-fat or full-fat products. At the 
end of the intervention, study participants in the reduced- 
fat group had consumed fewer calories and had not gained 
weight. The control group, however, showed both an in- 
crease in calorie intake and weight (28). Similarly, in a 
recent three-month trial, conducted by Kelly and col- 
leagues, study participants consuming a full-fat diet 
gained weight, whereas those consuming foods made with 
a fat replacer did not (29). 


REGULATING FAT REPLACERS 


The 1958 Food Additives Amendment to the Federal Food, 
Drug and Cosmetic Act requires that the Food and Drug 
Administration (FDA) approve all food additives prior to 
their use. Manufacturers must submit a food additive pe- 
tition (FAP) to FDA, detailing the additive’s production, its 
expected consumption level (average as well as 90th per- 
centile); exposure by age group; and its safety profile, in- 
cluding for potentially sensitive subpopulations. When 
Congress enacted this legislation, it exempted (with some 
qualifications) two groups of substances: 
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* “Prior-sanctioned substances” are those which the 
FDA or the USDA had determined prior to 1958 as 
safe for use in food—for example, sodium nitrate and 
potassium nitrate used to preserve luncheon meats. 
GRAS substances are substances in use before 1958 
that are “generally recognized as safe” by scientific 
experts based on the substances’ history of use in food 
or on scientific procedures. If a substance was not in 
use in foods before 1958, its safety must be deter- 
mined based on scientific procedures. Common GRAS, 
substances—among the several hundred used in 
food—are sugar, baking soda, and vitamins. 


. 


Establishing GRAS status and filing a FAP require 
similar scientific support. One key difference between 


Table 9. Dietary Impact of Fat Replacers 


seeking GRAS status for a food component and filing a pe- 
tition for approval of a food additive, however, is that the 
safety information about a GRAS substance is available in 
the scientific literature and readily accessible to the man- 
ufacturer, whereas safety information for the food additive 
may not yet be published. Acting independently from the 
FDA, manufacturers can convene a panel of experts to re- 
view the scientific information and determine whether or 
not a substance should be considered GRAS for a specific 
use. 

The majority of fat replacers have garnered approval 
through the GRAS procedure (eg, various carbohydrate 
polymers, gums, gels and starches; microparticulated pro- 
teins; whey proteins; and fat emulsifiers). Procter & Gam- 
ble’s caprenin offers a good example of an independent 


Regular diet Diet with fat replacers 
Food Portion Keal Fat g Food Portion Keal Fat g 
Dietary impact of fat replacers: breakfast 
Coffee 10 02 6 0 Coffee 10 0z 6 0 
Creamer 1t 16 1 Low-fat creamer 1t 8 0 
Bagel 1 195 1 Bagel 1 195 1 
Cream cheese Loz 100 10 Light cream cheese Loz 60 5 
Orange 1 65 0 Orange 1 65 0 
Total 382 2 Total 334 6 
Dietary impact of fat replacers: lunch 
Lean ground beef 402 286 18 Lean ground beef 4oz 286 18 
Roll 1 114 2 Roll 1 14 2 
Cheese 20x 120 9 
Low-fat cheese 20x 90 2 
Lettuce Loz 5 0 Lettuce loz 5 0 
Tomato L slice 4 0 Tomato 1 slice 4 0 
Mayonnaise 1T 57 5 Fat-free mayonnaise 1T 10 0 
Potato chips Loz 150 10 Fat-free potato chips Loz 0 0 
Water 12 02 0 0 Water l20z 0 0 
Total 736 4 Total 509 22 
Dietary impact of fat replacers: dinner 
‘Tossed salad L-1/2¢ 35 0 Tossed salad LU2¢ 35 ) 
Salad dressing 2T 138 “4 Low-fat salad dressing 2T 70 6 
Chicken breast 6 oz 284 6 Chicken breast 6 0z 284 6 
Baked potato 1 220 0 Baked potato 1 220 0) 
Sour cream loz 61 6 Fat-free sour cream loz 17 0 
Green beans 126¢ 2 0 Green beans 12¢ 25 0 
Butter 2 pats 7 8 Low-fat margarine 2 pats 36 4 
Ice cream 12¢ 150 12 Low-fat ice cream 12¢ 100 15 
Iced tea 12 02 99 0 Teed tea 1202 99 
Total 1,083 46 Total 886 19.5 
Dietary impact of fat replacers: snack 
Tortilla chips Loz 141 7 Fat-free tortilla chips 10 0z 98 0 
Salsa 1T 25 0 Salsa 1T 25 0 
Soda 1202 148 0 Soda 12 0z 148 0 
Total 314 7 Total 271 0 
Grand Total 2515 109 Grand Total 2000 45.5 


Source: Adapted from The Weight Control Digest, May/June 1996. 


GRAS determination. Caprenin is a triglyceride formed of 
three fatty acids that are natural components of the diet. 
Procter & Gamble asked an independent expert panel of 
scientists to review caprenin for GRAS status. In 1991 the 
panel determined that caprenin should indeed be generally 
recognized as safe. 

If the FDA chooses to disagree with a GRAS determi- 
nation, it may take regulatory action. Companies can also 
petition FDA to affirm their independent GRAS determi- 
nations. In these cases, FDA publishes a notice in the Fed- 
eral Register requesting public comment. 

The FDA approval process for a new food ingredient be- 
gins with a food additive petition in which the manufac- 
turer must supply extensive scientific data documenting 
intended use and safety. A food additive is defined as “an 
ingredient not previously found in food whose intended use 
results, or may reasonably be expected to result, directly 
or indirectly, in its becoming a component or otherwise af- 
fecting the characteristics of any food” (5). FDA may rec- 
ommend intake limits and may require postmarket sur- 
veillance. Procter & Gamble’s sucrose polyester fat 
replacer, olestra (Olean), went through the FAP process. 


CONCLUSION 


Currently, there is no single fat replacer that “does it all.” 
The most successful approach to fat replacement may 
prove to be the “systems approach” that combines the 
features of various fat replacers to achieve the optimal 
taste and function in a particular food. In the future, the 
ideal fat replacer—whether a single entity or a blend of 
ingredients—will be one that captures the functionality 
and sensory qualities of fat; is calorie-free, inexpensive, 
and suitable for frying and cooking; and that does not in- 
terfere with drug utilization or with the absorption of other 
nutrients. Manufacturers may seek to promote other 
health benefits of certain fat replacers. For example, 
Oatrim and the soon-to-be-available Nu-trim, both devel- 
oped by the USDA, contain f-glucan, the soluble fiber in 
oats and barley that lowers blood cholesterol. 

Although an impressive number of fat-modified prod- 
ucts are introduced every year, relatively few succeed. Un- 
til consumers are content with the taste and cost of fat- 
modified foods, their use will not be widespread, and their 
long-term impact on everyday eating habits and the health 
of the U.S. population will be difficult to measure. It is 
clear, however, that when used properly, fat-modified foods 
have the potential to play an important role in reducing 
both calories and fat (see Table 9). As the American Die- 
tetic Association notes in its 1998 position paper on fat 
replacers: 


“Reduced-fat products can . . . be used to expand the diversity 
and volume of foods that can be consumed while maintaining 
a given level of energy consumption. . . . Safe and effective use 
of products containing fat replacers should be facilitated 
through efforts to improve consumer understanding of labeling 
information, the importance of food preparation practices, por- 
tion size and eating frequency control, and the relationship 
between energy expenditure and total energy balance.” (5) 
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FIBER, DIETARY 


Dietary fiber is a general term for plant polysacharides and 
lignin that are not broken down by the digestive enzymes 
of human beings. Dietary fiber is found in plant cell walls, 
mucilages, gums, and algal polysaccharides. Synthetic 
polysaccharides used in the food industry are also consid- 
ered dietary fiber. Resistant starch, starch that is not di- 
gested in the small intestine, is chemically and physically 
similar to other nondigestable polysaccharides and also 
may be included in the definition of fiber. Many compounds 
with a wide range of physical and chemical properties are 
referred to as dietary fiber. In a single plant, the fiber com- 
position of the stem or leaves is very different from the 
fiber in the fruit or seeds. Dietary fiber is not a uniform 
substance and every plant has a unique dietary fiber 
makeup. Because dietary fiber includes many compounds 
with very different physicochemical properties, it is diffi- 
cult to characterize. Division of fibers by their solubility in 
water is the most common method of classification, and is 
convenient because many of the physiological properties of 
fiber seem to be based on this physical property. As a rule, 
water-soluble fibers form viscous solutions and are used in 
the food industry as emulsifiers, food thickeners, and gel- 
ling agents. In the body, soluble fibers are associated with 
lipid and carbohydrate metabolism. Insoluble dietary fi- 
bers, such as those found in wheat bran, tend to contribute 
to fecal bulk and decreased intestinal transit time. 


COMPONENTS. 


Complex polysaccharides from plants are divided into sev- 
eral distinct groups based on chemical structure. The most 
common structural component of the cell wall is cellulose. 
Cellulose is composed of long linear chains of glucose mol- 
ecules (approx. 10,000) with beta 1-4 links, which cannot 
be broken down by digestive enzymes. The hemicelluloses 


found in plants are a heterogeneous group of compounds 
that contain a variety of different sugars arranged in a 
primary chain or backbone, with numerous side chains. 
The specific names of the hemicelluloses are based on their 
sugar content, such as xyloglucans (xylose and glucose), 
glucomannans (glucose and mannose), and arabinoxylans 
(arabinose and xylose). Solubility in water is dependent on 
the sugar components and the physical structure of the 
individual hemicellulose, but most compounds in this 
group are soluble in dilute alkali. Pectin from plants refers 
to a complex mixture of substances that is composed of a 
galacturonic acid core esterfied with methyl groups on the 
uronic acid residues. Rhamnose is also found in the back- 
bone of pectins. Pectin is water soluble and used to produce 
highly viscous gels, whereas protopectins are insoluble. 
The only nonpolysaccharide included in the definition of 
dietary fiber is lignin. The lignins consist of chains of 
phenyl propane residues that cement and anchor the cell 
wall matrix and stiffen the plant tissue. As plants grow 
and age they undergo a process of lignification, and the 
dietary fiber makeup changes over time. 


ANALYSIS 


The different chemical properties of the various compo- 
nents of dietary fiber make it quite challenging to deter- 
mine the fiber content of various plants and foods. Early 
methods for isolating dietary fiber commonly destroyed 
many of the water-soluble components of the fiber matrix. 
The term crude fiber is used to describe fiber content de- 
termined by an acid and alkali extraction. A rapid, reliable 
method of determining total dietary fiber content (water 
soluble and insoluble) has been recommended by the As- 
sociation of Official Analytical Chemists (AOAC). This 
methodology combines gravimetric and enzymatic pro- 
cesses and is appropriate for measuring dietary fiber con- 
tent of foods for labeling purposes. Analysis of the individ- 
ual components of dietary fiber is much more complex. The 
best known procedure, developed by Southgate (1), re- 
moves the individual fractions of dietary fiber through a 
series of extractions. The addition of gas liquid or liquid 
chromatography allows for the identification of individual 
sugars present in each fraction. 


PHYSICOCHEMICAL PROPERTIES 


Every fiber source has unique physicochemical properties 
that elicit variable physiological responses in the body and 
allows for a wide range of uses in the food industry. These 
properties are variable and are influenced by factors such 
as particle size (coarsely ground wheat bran versus finely 
ground bran), cooking or freezing, and breakdown of the 
matrix during digestion. Properties such as water-holding 
capacity or the hydration of dietary fibers to form a gel 
matrix influence the viscosity of the gastrointestinal con- 
tents and can increase fecal bulk and stool softness. Ad- 
sorption and binding of organic molecules is also an im- 
portant trait of dietary fibers. Polysaccharides with an 
electrical charge, such as pectin and lignin, are known to 
sequester or bind bile acids and increase their excretion. 
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Dietary fiber is a general term for plant polysacharides and 
lignin that are not broken down by the digestive enzymes 
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with a wide range of physical and chemical properties are 
referred to as dietary fiber. In a single plant, the fiber com- 
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substance and every plant has a unique dietary fiber 
makeup. Because dietary fiber includes many compounds 
with very different physicochemical properties, it is diffi- 
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water is the most common method of classification, and is 
convenient because many of the physiological properties of 
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ling agents. In the body, soluble fibers are associated with 
lipid and carbohydrate metabolism. Insoluble dietary fi- 
bers, such as those found in wheat bran, tend to contribute 
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Complex polysaccharides from plants are divided into sev- 
eral distinct groups based on chemical structure. The most 
common structural component of the cell wall is cellulose. 
Cellulose is composed of long linear chains of glucose mol- 
ecules (approx. 10,000) with beta 1-4 links, which cannot 
be broken down by digestive enzymes. The hemicelluloses 


found in plants are a heterogeneous group of compounds 
that contain a variety of different sugars arranged in a 
primary chain or backbone, with numerous side chains. 
The specific names of the hemicelluloses are based on their 
sugar content, such as xyloglucans (xylose and glucose), 
glucomannans (glucose and mannose), and arabinoxylans 
(arabinose and xylose). Solubility in water is dependent on 
the sugar components and the physical structure of the 
individual hemicellulose, but most compounds in this 
group are soluble in dilute alkali. Pectin from plants refers 
to a complex mixture of substances that is composed of a 
galacturonic acid core esterfied with methyl groups on the 
uronic acid residues. Rhamnose is also found in the back- 
bone of pectins. Pectin is water soluble and used to produce 
highly viscous gels, whereas protopectins are insoluble. 
The only nonpolysaccharide included in the definition of 
dietary fiber is lignin. The lignins consist of chains of 
phenyl propane residues that cement and anchor the cell 
wall matrix and stiffen the plant tissue. As plants grow 
and age they undergo a process of lignification, and the 
dietary fiber makeup changes over time. 


ANALYSIS 


The different chemical properties of the various compo- 
nents of dietary fiber make it quite challenging to deter- 
mine the fiber content of various plants and foods. Early 
methods for isolating dietary fiber commonly destroyed 
many of the water-soluble components of the fiber matrix. 
The term crude fiber is used to describe fiber content de- 
termined by an acid and alkali extraction. A rapid, reliable 
method of determining total dietary fiber content (water 
soluble and insoluble) has been recommended by the As- 
sociation of Official Analytical Chemists (AOAC). This 
methodology combines gravimetric and enzymatic pro- 
cesses and is appropriate for measuring dietary fiber con- 
tent of foods for labeling purposes. Analysis of the individ- 
ual components of dietary fiber is much more complex. The 
best known procedure, developed by Southgate (1), re- 
moves the individual fractions of dietary fiber through a 
series of extractions. The addition of gas liquid or liquid 
chromatography allows for the identification of individual 
sugars present in each fraction. 


PHYSICOCHEMICAL PROPERTIES 


Every fiber source has unique physicochemical properties 
that elicit variable physiological responses in the body and 
allows for a wide range of uses in the food industry. These 
properties are variable and are influenced by factors such 
as particle size (coarsely ground wheat bran versus finely 
ground bran), cooking or freezing, and breakdown of the 
matrix during digestion. Properties such as water-holding 
capacity or the hydration of dietary fibers to form a gel 
matrix influence the viscosity of the gastrointestinal con- 
tents and can increase fecal bulk and stool softness. Ad- 
sorption and binding of organic molecules is also an im- 
portant trait of dietary fibers. Polysaccharides with an 
electrical charge, such as pectin and lignin, are known to 
sequester or bind bile acids and increase their excretion. 


It is hypothesized that in the intestine dietary fiber is re- 
sponsible for binding or adsorbing toxic and mutagenic 
substances, thus enhancing their removal from the body. 
Dietary fiber also has the capacity to act as a cation ex- 
changer in the intestine. Minerals and electrolytes can 
bind to fiber, potentially decreasing their absorption in the 
digestive tract. An additional characteristic of fiber is the 
ability to undergo degradation or fermentation by micro- 
flora of the large intestine. Water-soluble fiber sources 
such as pectin or gums may be totally degraded in the 
colon, whereas cellulose, being a tightly packed linear in- 
soluble polysaccharide, is almost totally resistant to fer- 
mentation by the human colonic flora. In plant tissues a 
mixture of polysaccharides and lignin is produced making 
it difficult to accurately predict their physicochemical 
properties and their potential physiological effects in the 
body. This explains why the effects of oat bran are so dif- 
ferent than those of wheat bran and why the overall char- 
acteristics of a fiber source may not be related to the phys- 
icochemical properties of the individual polysaccharides it 
contains, 


PHYSIOLOGIC AND METABOLIC EFFECTS 


Burkitt and Trowell (2) were the first to report the physi- 
ological importance of dietary fiber consumption. Based on 
epidemiological studies, they showed associations between 
low-fiber diets and chronic disorders such as constipation, 
diverticulosis, colon cancer, diabetes, and cardiovascular 
disease. Since the 1970s research has been carried out 
that, for the most part, confirms the role of dietary fiber in 
disease prevention. Normal laxation is an important 
health benefit of dietary fiber consumption. Certain vari- 
eties of dietary fiber have been shown to increase stool 
weight and frequency, soften feces, increase fecal bulk, and 
reduce gastrointestinal transit times. This is particularly 
true of insoluble dietary fibers such as cellulose, found in 
large quantities in wheat bran, and of soluble but nonfer- 
mentable fibers such as psyllium gum. Constipation may 
be prevented, or successfully treated, by increasing dietary 
fiber intake. Various hypotheses have been suggested as to 
how dietary fiber affects the composition of fecal material 
and the frequency of defecation. A likely explanation is the 
sponge theory. Dietary fiber in the gastrointestinal tract 
acts as a “water-laden sponge” (3). The sponge entraps or 
adsorbs water, ions, and nutrients, altering intestinal con- 
tents and changing the rate of peristalsis. The presence of 
fiber also affects the microfloral activity of the colon, the 
end result being decreased intestinal transit time with in- 
creased fecal bulk and water. Stools tend to be softer and 
larger accompanied by increased frequency of defecation. 
Consumption of soluble dietary fibers has been shown 
to lower blood cholesterol levels in both laboratory animals 
and humans. Fibers such as oat bran, guar gum, and pectin 
all have a hypocholesterolemic effect. Several mechanisms 
of action appear to be responsible for this physiological re- 
sponse. Soluble fibers increase the viscosity of intestinal 
contents, which alters the mixing and diffusion of nutri- 
ents in the intestine and changes rates of nutrient absorp- 
tion. Impaired bile acid and/or cholesterol absorption from 
the intestine is thought to lead to lowered blood cholesterol 
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levels. In the colon, most soluble fibers are degraded by the 
microflora and produce short chain fatty acids (SCFA). It 
has been hypothesized that SCFA absorbed from the colon 
may directly inhibit cholesterol synthesis in the liver. 
High-fiber diets also alter the structure of the intestine. In 
experimental animals, intestinal length is increased and 
there is a marked increase in mucosal and muscle mass 
following fiber consumption (4). It is assumed that mor- 
phological changes in the intestine alter absorption pat- 
terns thus influencing metabolic processes in the body. 

Many varieties of soluble fibers influence the rate of car- 
bohydrate digestion and absorption. It has been shown 
that when certain fibers are added to test meals, postpran- 
dial glucose and insulin levels are decreased (5). In addi- 
tion, intake of high-fiber foods tends to modulate glucose 
excursions following meal consumption. This helps to 
maintain glucose homeostasis and is of particular impor- 
tance to individuals with impaired glucose tolerance or di- 
abetes. 

Prevention of cancer is also considered a health benefit 
of high-fiber diets. Epidemiological studies indicate that 
dietary fiber, and in particular a diet rich in cereals and 
vegetables, helps to prevent colon cancer (6). It is thought 
that the insoluble fibers that promote laxation and de- 
crease intestinal transit times are responsible for this ef- 
fect. If toxins and mutagens in foods are moved rapidly 
through the intestine, exposure of the mucosa to these 
harmful materials is minimized. Although it is thought 
that dietary fiber may have a role in preventing numerous 
cancers including mammary and prostate, this hypothesis 
has yet to be proven. 


RECOMMENDATIONS 


The numerous types of dietary fiber and their many com- 
ponents have led to difficulties in establishing recom- 
mended daily allowances. However, several professional 
groups have issued guidelines for levels of dietary fiber in- 
take that should promote good health and have little or no 
negative side effects. The United States Department of 
Agriculture (USDA) has suggested a guideline of 11.5 g 
dietary fiber per 1,000 calories consumed ranging from ap- 
proximately 20 to 35 g/day for adults (7). Recent recom- 
mendations of the American Health Foundation suggest a 
goal of minimal intake of dietary fiber for children and 
young adults 3 to 20 years of age be the equal to age plus 
5 g of dietary fiber per day (age plus 5). This recommen- 
dation suggests that 3-year-old children consume no less 
than 8 g/day of dietary fiber and a 20-year-old consume 25 
g/day (8). 


NUTRITIONAL VALUE 


Dietary fiber has been called a nonnutritive bulking agent. 
This is not an accurate description because dietary fiber 
does indeed contribute energy to the body. In cases where 
the fiber undergoes fermentation by the intestinal micro- 
flora, the SCFAs that are formed and absorbed into the 
blood contribute kilocalories to the body. Not all fibers 
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are degraded by bacteria, so an average caloric value of 2 
kcal/g fiber has been suggested by the British Nutrition 
Foundation Task Force. Actual values for different fiber 
sources range from 0 to 4 kcal/g. 


USES IN THE FOOD INDUSTRY 


The physicochemical properties of individual fiber sources 
determine their usefulness in the food industry. Many syn- 
thetic or modified fibers are used as thickening agents, tex- 
turizers, or stabilizers. Gums, also called hydrocolloids, are 
considered food additives. To achieve desired properties in 
food systems, they are used at levels of less than 2%. Some 
examples of gums include seaweed extracts such as algin- 
ates, agar, and carrageenan. Gums are also isolated from 
seeds (locust bean, guar) or dried resins that are expelled 
from trees (gum arabic, gum ghatti, gum karaya, gum tra- 
gancanth). 

Derivatives of cellulose are also used in the food indus- 
try. Chemical modification of cellulose produces water- 
soluble fibers such as carboxymethylcellulose, methyl- 
cellulose, and hydroxypropylmethylcellulose. These 
compounds have a wide variety of uses such as incorpo- 
ration into baked goods to increase shelf life and to improve 
crumb texture. Pectin, which is commercially derived from 
citrus peels and apple pomace, is used as a thickener, gel- 
ling agent, and suspending agent. The degree of methyla- 
tion of the main polygalacuronic acid backbone determines 
the gel strength and gelling time of the pectin. Numerous 


Table 1. Dietary Fiber Content of Commonly Eaten Foods 


Product Dietary fiber (g/100 g) 
Fruits 
Apple (fresh) 19 
Banana 24 
Orange 24 
Grapes 10 
Peach 2.0 
Watermelon 0.5 
Vegetables 
Broccoli 3.0 
Cucumber 0.7 
Corn 2.7 
Lettuce 14 
Tomato it 
Potato 16 
Peas 23 
Grains and legumes 
Wheat flour (white) 27 
Wheat bran 428 
White bread 23 
Whole wheat bread 69 
All Bran (Kellogg's) 32.3 
Lentils (cooked) 79 


Source: USDA Nutrient Data Base. 


other fibers are used in industry to improve food quality 
and produce new products. 


DANGERS OF HIGH-FIBER DIETS 


A major concern regarding the safety of high-fiber diets is 
the effect of dietary fiber on the bioavailability of vitamins 
and minerals. This remains one of the few possible adverse 
effects of increasing dietary fiber consumption. Dietary fi- 
ber can bind or adsorb ions and act as a physical barrier, 
potentially interfering with absorption of important micro- 
nutrients from the intestine into the bloodstream. In young 
children and the elderly, where only small quantities of 
foods are consumed and variety may be limited, dietary 
fiber consumption should conform to the recommended 
daily intakes. Despite studies that suggest that high-fiber 
diets may have deleterious effects, many researchers 
firmly believe that there is no convincing scientific evi- 
dence that dietary fiber, even when consumed in large 
amounts, has any adverse effects on nutrition in humans. 
Deficiencies have not developed in long-term vegetarian 
adults who consumed more than 50 g of dietary fiber per 
day (9). 
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FILTH AND EXTRANEOUS MATTER IN FOOD 


THE FEDERAL FOOD LAWS 


Soon after the new century began in 1900, the efforts of 
that great champion of food purity, Dr. Harvey Wiley, be- 
gan to pay off. The U.S. Congress passed the Pure Food 
Law in June of 1906 (1-3). A stronger and more detailed 
law emerged from Congress in 1938 (4). Since then the food 
law has been amended and expanded on several occasions. 
Today, the Federal Food, Drug, and Cosmetic Act (FD&C 
Act) stands as a major achievement in the protection of 
consumer health (5). 

As great as that achievement was, however, it should 
be noted that protection of consumer health was not the 
only objective of the Pure Food Law. The courts have con- 
sistently ruled that it was the intention of Congress to keep 
filth, whether harmful or not, out of food. Congress wanted 
food held to the highest standards of hygiene and aesthet- 
ics (6,7). The hygienic standard has, however, received the 
greater amount of attention by the Food and Drug Admin- 
istration (FDA) in its mission to protect the public's 
health (8). 


Two Sections on Filth 


The FD&C Act (9) contains two paragraphs that are es- 
pecially pertinent to the topic of filth. The first, 402(a\3), 
states that a food shall be deemed to be adulterated if it 
consists in whole or in part of any filthy, putrid, or decom- 
posed substance or if it is otherwise unfit for food. The sec- 
ond, 402(a)(4), states that a food shall be deemed to be 
adulterated if it has been prepared, packed, or held under 
insanitary conditions whereby it may have been contami- 
nated with filth, or whereby it may have been rendered 
injurious to health, There have been numerous challenges 
to FDA’s interpretation of the “filth sections” of the Act. 


ENFORCEMENT OF THE ACT 


Enforcement actions fall roughly into two categories: ac- 
tions against products and actions against persons (10). 


The Butter Oil Case 


In a precedent-setting case, the “butter oil case,” decided 
in 1947, federal agents seized a large quantity of butter 
because the cream from which it had been made was con- 
taminated with insect and rodent filth. The owner of the 
butter wished to recoup his losses by making strained but- 
ter oil out of the butter. FDA objected to this procedure on 
the grounds that the resulting butter oil would still contain 
soluble insect and rodent filth. The court upheld this ob- 
jection, thus making soluble (invisible) filth just as much 
an adulterant as particulate (visible) filth (11). 


Reconditioning 


What the owner of the butter had proposed is a process 
called reconditioning; by this procedure a substandard 
product may be brought into compliance if the offending 
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filth in the product is removed. Reconditioning processes 
are often approved by FDA (12-14). 


“Too Small to See” Defense 


Another landmark case involved some tomato paste that 
contained bits and pieces of larval corn earworms (Heli- 
coverpa zea). The owner of the tomato paste claimed that 
the insect fragments could not be considered filth—and the 
consumer would not so perceive them—because the frag- 
ments were too small to see. The court rejected that ar- 
gument (15). 


Actions Against Persons: The Park-Acme Case 


A series of inspections (1970-1972) of Acme Markets ware- 
houses in Philadelphia and Baltimore resulted in charges 
against both the company and its president (Mr. Park) for 
violations of Section 402(a)(4) of the FD&C Act. The pres- 
ident claimed to be innocent on the grounds that the vio- 
lative acts were committed by subordinates to whom he 
had delegated authority and that he had no knowledge of 
or responsibility for the violations. When the Supreme 
Court decided the case, it vitiated the excuse of “delega- 
tion” and determined that top executive officers do indeed 
bear complete responsibility for violations that occur in 
their organizations (7,13,16-18). 


Filth: “Too Little to Matter” 


The bold statements in the two principal filth sections of 
the FD&C Act would seem to totally preclude the presence 
of any filth in or around food. The courts, however, have 
never held to the letter of the law; in other words, there is 
such a thing as de minimis filth—too little to matter 
(12,13,15). Some judges have been remarkably lenient in 
their interpretations of what constitutes significant filth in 
or around foods, whereas other judges have been less for- 
giving. In any case, it must be admitted that, without the 
unconscionable waste of raw food materials, it is impossi- 
ble to produce foods that are 100% free of filth. The Act, on 
the other hand, prohibits filth. 


Food Defect Action Levels 


To bridge the gap between this practical reality and the 
absolute ban on filthy food called for in the Act, the FDA 
has established a regulatory tool not mentioned in the 
FD&C Act, namely, the food defect action levels (DALs) 
(19,20). The DALs, which apply to about 90 categories of 
foods, mainly refer to field infestations and other unavoid- 
able contamination. Infestations of stored foods and re- 
lated insanitary conditions get no relief from the DALs. 

The food DALs are administrative guidelines that are 
set on the basis of no hazard to human health (21). Any 
products that might be harmful to consumers are acted 
against on the basis of their hazard to health, whether or 
not they exceed the action levels. DALs are resorted to be- 
cause it never has been possible to grow, harvest, and pro- 
cess foods that are totally free of natural defects. Insani- 
tary manufacturing practices will prompt regulatory 
action whether or not the resulting product is above or be- 
low the pertinent DAL. 


758 FILTH AND EXTRANEOUS MATTER IN FOOD 


Recalls 


To maintain their good reputations, many food firms are 
willing to act promptly to initiate a recall to protect both 
themselves and the public. Even though recalls are not 
mentioned in the FD&C Act and in spite of the fact that 
recalls pertaining to food are technically voluntary on the 
part of industry (10), the FDA can still be instrumental in 
prompting a recall when circumstances warrant it (7,22- 
24). 


Extraneous Matter 


The courts have always defined filth in its ordinary sense 
(ie, the dictionary definition) rather than giving the term 
a technical meaning (19). The same can be said for extra- 
neous matter, that is, things that do not belong in food such 
as filth or any foreign matter that comes to be in food as a 
result of objectional conditions or practices in production, 
storage, or distribution of food. Included within the mean- 
ing of extraneous matter are filth (any objectionable mat- 
ter contributed by animal contamination such as rodent, 
insect, or bird matter), decomposed material (decayed tis- 
sues due to parasitic or nonparasitic causes), and miscel- 
laneous matter such as sand, soil, glass, rust, or other for- 
eign substances (but not bacteria) (25). 

The more common kinds of filth encountered during 
food inspections and analyses are whole and fragmented 
insects and mites, mammalian hairs and feces (mostly of 
rodent origin), feather barbules, urea (from mammalian 
urine), and uric acid (from avian excretions). Other kinds 
of filth and extraneous matter include molds and other 
fungi and weed seeds (26,27). 


Light Filth 


Since the 1930s the principal method for separating light 
filth such as rat hairs, feather barbules, and bits of insect 
exoskeleton from food has been by flotation. When mineral 
oil is added to a sample of food mixed in water, the oleo- 
philic particles (ie, the light filth) float to the surface while 
the hydrophilic particles (ie, most foods) settle to the bot- 
tom. When the oily portion is passed through filter paper, 
the filth elements remain on the surface of the paper; the 
particles of filth are then identified and enumerated by a 
food analyst (28). Analysts often use reference manuals to 
assist them in identifying filth elements (26,29-35). 

Although flotation methods are still the mainstay of 
food analysts, other kinds of analytical techniques have 
been and continue to be developed. These newer methods 
use biochemical analyses to search out contaminants or 
indicators of contamination that cannot be detected by di- 
rect visual inspection (36-42). 


Heavy Filth 


Most hard foreign objects (eg, pebbles, sand, glass, pieces 
of metal or plastic, ball bearings, pits), strictly speaking, 
are not filth; nevertheless they are often referred to as 
“heavy filth.” These hard foreign objects may be considered 
adulterants if, when chewed, they cause a gritty mouth- 
feel (21), or if the particles are large enough or sharp 
enough to be hazardous to chew or swallow (43,44). The 


food DALs permit very low levels of natural hard objects 
(usually pit or shell fragments) in a few kinds of foods (21). 
When hard foreign objects occur in foods for which there is 
no applicable DAL, each alleged violation is treated on a 
case-by-case basis. 


MODES OF CONTAMINATION 


On the Farm 


The circumstances by which foods may become adulterated 
by filth and extraneous matter are legion. The place where 
the food is grown may be the first source of filth. All field- 
grown crops are to some degree infested with or affected 
by insects, mites, rodents, birds, and molds (45). The pro- 
cess of harvesting or gathering the food from the field may 
inadvertently involve also bringing along live or dead ani- 
mals, molds, weed seeds, pebbles, and particles of soil. The 
feces of animals or humans that live in or frequent the field 
may also be accidentally collected. 

This kind of contamination is becoming increasingly im- 
portant in crops such as lettuce, strawberries, and rasp- 
berries that are marketed with minimal after-harvest 
cleaning (46-48). Foods grown and harvested from aquatic 
habitats may also be subject to adulteration by a wide ar- 
ray of contaminants (49,50). Foodborne disease outbreaks 
associated with cross-contamination at retail outlets or in 
the home are at least as common, or perhaps more com- 
mon, than outbreaks linked to contamination that occurs 
where the food is harvested. 


In Storage 


If the crop is temporarily stored on the farm or placed in 
longer-term storage off the farm, it may be attacked by 
insects, mites, molds, rodents, or birds (51,52). These adul- 
terating entities produce mostly surface contamination, 
but some insects and molds are capable of penetrating food 
materials and living inside the seeds of beans, corn, wheat, 
and other crops. 

Many kinds of manufactured foods that are stored in 
warehouses are very susceptible to molds and pests (in- 
sects, mites, rodents, birds). Food items stored in metal, 
glass, or plastic containers are generally safe from the pen- 
etrating sorts of infestations or contaminations (eg, urine), 
but these containers and all other kinds of packaging are 
susceptible to surface contamination by the urine and feces 
of rodents and birds. Rats and mice have little difficulty 
chewing their way into most kinds of plastic, paper, foil, or 
cloth packaging; some insects also have great penetrating 
capabilities (53). 


In Processing, 


Standards of sanitation are supposed to be maintained at 
a high level in food manufacturing facilities, and this is 
often the case. However, it is difficult under even the best 
of circumstances to keep all pests out of food processing 
plants; any laxity of sanitary standards can lead to infes- 
tations by pests, and some of these pests may find their 
way into the foods being manufactured. 


In Transportation 


Opportunities for pests to infest foods during transport by 
railcars, trucks, and ships are numerous. The longer the 
journey in terms of time, the greater the likelihood that 
pest populations, especially of stored-grain pests (beetles, 
moths, mites), will dramatically increase. 


In Retail 


Every retail food outlet (eg, restaurants, grocery stores, 
sidewalk food stands) is to some extent the target of attack 
by flies, ants, and cockroaches and rats and mice, too, when 
the habitat is right for rodent pests. When these insects 
and rodents come into contact with food or food-contact 
surfaces, they may add to the food the bacteria and molds 
that they are carrying around with them. Occasionally a 
whole insect or rodent fecal pellet becomes entrapped in or 
falls into the food; the insect body or fecal pellet may re- 
main largely intact or it may be broken up into small pieces 
as the food material is stirred during preparation. If the 
insect or fecal pellet had been carrying pathogenic bacte- 
ria, the food thus contaminated becomes hazardous to 
health if it is not subsequently heated to a high enough 
temperature to kill the pathogens. The Retail Food Code 
(54) provides guidance to managers on how to prevent food- 
borne diseases in retail food outlets. 


At Home 


Homes are no less a target for attack by pests than are 
retail food outlets. Unlike retail food managers, home oc- 
cupants are under no legal obligation to keep pests under 
control. Many householders, if not for sanitary reasons, at 
least for aesthetic ones, attempt to keep pests under con- 
trol. Both the obvious pests, such as mice, ants, cock- 
roaches, and flies, and the more cryptic ones, such as 
stored-food mites, beetles, and moths, are capable of car- 
rying pathogens and spoilage molds and leaving them be- 
hind on foods or food-contact surfaces. When homes and 
restaurants as sources of foodborne illness are compared, 
the home kitchen is the far more common source. Sanita- 
tion in the home kitchen is at least as important as sani- 
tation in the commercial kitchen (55,56). 


KEEPING FILTH OUT OF FOOD 


Integrated Pest Management 


Ever since DDT (a pesticide) came to be widely used after 
World War II, pesticides have been used as the major 
(sometimes, the only) answer to pest problems. In recent 
years, a somewhat different approach, integrated pest 
management (IPM), has come to be applied to pest prob- 
lems (57-59). The IPM system first identifies the pest, then 
tries to suppress the pest population by capitalizing on 
weaknesses in the lifestyle of the pest. IPM may be applied 
to crops in the field; to stored, raw food grains; to trans- 
portation systems; to food facilities of all kinds (eg, ware- 
houses, food factories, groceries, restaurants); and to the 
home kitchen. 

Pesticides may play a greater or lesser role in IPM, de- 
pending on local circumstances. The goal of IPM is not to 


FILTH AND EXTRANEOUS MATTER IN FOOD 759 


eliminate the use of pesticides (although the trend is in 
that direction), but to suppress or exclude pest populations 
(60). This goal requires a comprehensive approach that in- 
volves an array of techniques, often including application 
of pesticides and often emphasizing pest-exclusion prac- 
tices. IPM merges with and becomes indistinguishable 
from those aspects of the Hazard Analysis and Critical 
Control Points (HACCP) system that deal with pest pre- 
vention and pest control (61). 

For the food-facility manager, pest management is but 
one link in the chain of food sanitation that begins at the 
receiving door (62) and ends with the consumer. The im- 
portant operational guidelines for the manager are to buy 
only from reliable suppliers, inspect all incoming materi- 
als, reject any substandard items, and maintain pest-free 
premises. 

No matter how closely standard cleaning and sanitizing 
protocols are followed, if pests are tolerated in a food fa- 
cility, they will inevitably deposit spoilage microorganisms 
and, occasionally, pathogens on food and food-contact sur- 
faces. A major goal of the food-facility manager must there- 
fore be: zero tolerance for pests. IPM makes it possible to 
reach this goal. 


Hazard Analysis and Critical Control Points 


Development of the HACCP system began in the early 
1970s. The system has been widely adopted by the world- 
wide food industry; eventually, it will be mandatory for the 
entire food industry in the United States. The HACCP sys- 
tem emphasizes the identification, prevention, and elimi- 
nation of microbiological hazards that could lead to food- 
borne illnesses (63-67). Extraneous materials such as filth 
and hard foreign objects do not figure prominently in 
HACCP, it is true. However, any HACCP program that pro- 
poses to be successful must take place in an environment. 
where preventive maintenance protocols and sanitary 
standards are set at very high levels. 

Food-manufacturing protocols often call for a biocidal 
step such as pasteurization or commercial sterilization 
that inactivates microorganisms and parasites. Cans or 
bottles that are aseptically sealed after the biocidal step 
may still contain hard foreign objects (eg, metal fragments, 
glass shards) that may be hazardous to health. Foods that 
go through additional handling after the biocidal step may 
be exposed to food-contact surfaces contaminated by pests, 
or the pests may actually come into direct contact with, 
and sometimes become incorporated into, the food. Such 
events would be of concern in a HACCP program because 
the pest may have introduced parasites, pathogens, or 
spoilage fungi that may proliferate and cause foodborne 
illness or spoilage of the food material. 

Even if very high sanitary standards are maintained in 
a food-manufacturing facility, those standards will be com- 
promised unless comparable standards extend backward 
along the food chain to the origin of the food on farms or 
in aquatic habitats. A system for the protection of the food 
from adulteration by filth must be in operation at all the 
steps from farm to table—harvesting, storing, transport- 
ing, manufacturing, warehousing, retailing. Defects in 
sanitation present challenges to the success of the HACCP 
system wherever it is applied along the food chain. 
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HOW DOES FILTH IN FOOD AFFECT HUMAN HEALTH? 


No Effect 


If the amount of filth in a food is so small that it falls within 
the limits set by the DALs, then that filth is assumed to 
have no adverse effect on human health (21). This conclu- 
sion is admittedly an assumption; the fact that this as- 
sumption is based on extensive practical experience rather 
than on scientific experimentation does not make it any 
less valid. 


Indirect Effects 


The presence of food-associated pests—insects, mites, ro- 
dents, birds—in a food facility is an indicator of unaccept- 
able sanitation practices. The HACCP system works well 
only when high standards of environmental sanitation are 
maintained. The presence of food-associated pests compro- 
mises the gains in food safety that would otherwise be 
achieved by the HACCP program in a food facility. 

There may be another indirect effect on human health 
that involves the production of an unhealthy or unstable 
emotional state when one discovers recognizable insects in 
or around one’s food. This situation may occur anywhere, 
but it is especially significant if it occurs in a hospital or 
other patient-care facility when a person already debili- 
tated from injury, illness, surgery, chemotherapy, or ad- 
vanced age experiences revulsion and loss of appetite upon 
sighting obvious filth in his or her food. 


Direct Effects 


The accidental ingestion of insects and mites infesting food 
may result in the production of antibodies to the proteins 
of the ingested arthropods (68,69), but this rarely results 
in overt indications of disease. Matsumoto et al. (70) report 
on two patients who experienced anaphylaxis after eating 
foods made from ingredients contaminated with storage 
mites of a common species, Tyrophagus putrescentiae (the 
mold mite), and they comment on a third case involving 
anaphylaxis after ingestion of doughnuts made from in- 
gredients infested by American house dust mites, Derma- 
tophagoides farinae (71). 

The potential for direct physical injury resulting from 
ingestion of insect-infested food was pointed out in the re- 
port of a case of colitis in an infant who had eaten baby 
cereal infested by dermestid beetles (72). 


FILTH IN FOOD IN PERSPECTIVE 


A Different World 


Over the past 30 years or so, some very significant changes 
have transpired in the area of public health, especially as 
it relates to foodborne diseases (73). Widespread resistance 
to antibiotics by pathogens poses a major threat to human 
health. The population of surgical patients who undergo 
invasive procedures has burgeoned (such surgeries provide 
greater opportunities for colonization by pathogens, even 
some of those that may more usually be associated with 
food). The number of immunocompromised persons has in- 


creased enormously, not just because of infections by the 
human immunodeficiency virus, but also because more 
people are receiving chemotherapy and radiation treat- 
ments, and because that portion of the general population 
considered to be elderly (and therefore more susceptible to 
infections) is steadily increasing. All of these immunocom- 
promised populations are regarded as being more suscep- 
tible to foodborne pathogens and toxins than are immu- 
nocompetent persons (74). Some kinds of opportunistic 
pathogens that never stood a chance of replicating in 
healthy hosts now find no constraints in immunocompro- 
mised hosts. 


Emerging Pathogens 


The classic foodborne pathogens that have long been 
known and well studied are quite capable of causing dis- 
ease in immunocompromised persons and, to a lesser ex- 
tent, in the immunocompetent. But now there are new 
pathogens and more virulent strains of classic pathogens 
to which virtually everyone is susceptible. Not only are the 
immunocompromised gravely challenged by the newer 
pathogens, but so also are the immunocompetent. No one 
is exempt from the threat of foodborne pathogens and tox- 
ins. Names and strains that were rarely or never heard of 
in the 1960s, are now in the news media on a daily basis. 
Enteropathogenic Escherichia coli, E. coli 0157:H7 (and 
other highly virulent serotypes of this species), Giardia 
lamblia, Cryptosporidium parvum, Salmonella typhimu- 
rium Definitive Type 104, Cyclospora cayetanensis, and 
others are listed among dangerous emerging pathogens 
(75,76). 


THE PARADOX OF FILTH IN FOOD 


The Caricature 


Some food safety experts and even at least one government 
have taken the position that looking for filth in food is sim- 
ply not worth the required effort and expense. The small 
benefit to the public gained from occasionally finding a food 
item that is disgustingly filthy cannot, they contend, jus- 
tify the expenditure of the time and money needed to make 
that discovery. To justify this position, these experts make 
a caricature of people's aversion to filth in food—according 
to them, everyone in a lifetime is going to “eat a peck of 
dirt” and, besides, it is harmless anyway. Apparently, even 
in this camp of experts there is still some interest in the 
maintenance of sanitation around food, if not in food, and 
that position continues to yield modest benefits to the con- 
sumer. 


The Promise 


The position just described reflects a misunderstanding of 
the significance of filth in food, especially if the filth was 
added to the food after the final biocidal step in food pro- 
cessing. The occasional rat hair that is extracted from a 
food sample probably does not represent the shedding of a 
single hair from a rat moving about above a food processing 
line. More likely that single rat hair represents two 
things—it is probably just one of a much larger number of 


hairs, most of which escaped detection; and it more prob- 
ably represents a remnant of a fecal pellet, now disinte- 
grated and dispersed throughout the food material. 

When rats and mice groom themselves or each other, 
they remove and swallow hairs which then become incor- 
porated into the feces of the rodent. Such pellets are never 
sterile, but only a small percentage of them carry patho- 
gens that cause human disease. But some do, and here is 
where risk enters the picture, especially if the contami- 
nation occurs after the last biocidal step in processing and 
especially if the consumer of the food is immunocompro- 
mised. 

What is said of the rat hair can be said in principle of 
all the filth elements that make their way into food—they 
all carry spoilage organisms, some of them carry patho- 
gens, rarely do they emerge intact from the food production 
line, they are all more dangerous if they enter the food 
manufacturing process after the last biocidal step, and 
their danger to human health is related to the virulence of 
any pathogens they might carry and to the susceptibility 
status of the consuming host. 

It is admirable for food safety monitors to say that ac- 
tion will be taken against a food manufacturer or ware- 
houser or retailer if food pests or filthy conditions are found 
in a food facility, but it makes no sense to suggest that food 
emerging from that facility does not need to be examined 
for filth. The experience of countless food safety inspectors 
and food analysts testifies to the fact that food emerging 
from a filthy, pest-infested facility will bear filth far above 
the standard action levels and stands a good chance of 
becoming associated with a foodborne disease outbreak 
(17-79). 


Early Warning 


The analysis of food for adulteration by filth may serve as 
an early warning of lapses in sanitary protocols in the food 
facility and the nearly inevitable associated compromise of 
the HACCP program. Examination of food for light filth is 
a rapid, cost-effective, and efficient way to evaluate the 
status of sanitation in a food facility. This kind of ongoing 
quality assurance program gives the consumer confidence 
that the food as it leaves the production line is safe for 
consumption by virtually all persons, regardless of physi- 
cal or emotional health, except for the small percentage of 
the population that suffers from specific food allergies. In 
view of the widespread occurrence of newly emerging, 
highly virulent pathogens, a laissez faire attitude toward 
filth in food is no longer tenable. 

The reader may find a more detailed discussion of this 
topic in the first edition of this encyclopedia (80). 
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that grow in diverse habitats and geographic regions all 
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over the world (1). These fish and shellfish carry a variety 
of microorganisms from both aquatic and terrestrial 
sources. The high levels of moisture, rich nutrients, in- 
cluding free amino acids, other extractable nitrogenous 
compounds, digestible proteins, and psychrophiles, render 
seafood easily perishable, often spoiling in a short period 
of time even under refrigeration. In addition to spoilage 
microorganisms, seafood may contain various potential 
pathogens that can threaten the public health. 

It is often difficult to maintain the quality of seafood 
products because there is a considerable distance between 
consumers and the harvesting areas, which provides op- 
portunities for microbial growth and recontamination. To 
process fish and shellfish into stable products, low tem- 
perature, heat, curing, fermentation, and irradiation can 
be applied. This article covers the quantitative and quali- 
tative aspects of microorganisms found in fish and shellfish 
and the factors affecting seafood quality. Organisms in- 
volved during the seafood processing are also described 
and discussed. Emphases are placed on spoilage bacteria, 
which cause the degradation of products and organisms 
that present risks to the public health. 


MICROORGANISMS IN FINFISH 


In healthy fish, muscle tissue or flesh is generally consid- 
ered sterile. However, the fish surface and certain organs 
contain various levels of microorganisms: skin, 107— 
10°/cm?; intestinal fluid, 10°-10°/mL; and gill tissue, 10°- 
10°/mL (2,3). Cold marine water fish mainly carry psy- 
chrophilic gram-negative bacteria including Moraxella, 
Acinetobacter, Pseudomonas, Flavobacterium, and Vibrio 
(4,5). Both Moraxella and Acinetobacter were designated 
as Achromobacter in the past (6-8). The levels of these bac- 
teria vary somewhat depending on season and food in- 
gested (2,5,9). Fish intestines normally contain Vibrio, 
Moraxella, Acinetobacter, Pseudomonas, and Aeromonas, 
in addition to a small number of anaerobic bacteria, in- 
cluding Clostridium and Bacillus. Warm-water fish carry 
large numbers of gram-positive, mesophilic bacteria such 
as Corynebacterium, Bacillus, Micrococcus, and sometimes 
Enterobacteriaceae or even Salmonella (4,5). 

The flora of fish depends on intrinsic factors (season, 
fish ground, and species) and extrinsic ones (fishing 
method, fish handling on board, storage condition, sam- 
pling technique, medium, and incubation temperature), 
Trawled fish usually carry bacterial loads 10-100 times 
greater than those of lined fish, because fish are dragged 
for a long time along the sea bottom (4). The physiological 
condition of fish prior to death has an effect on postharvest 
quality. When tuna, the fastest swimming fish, are cap- 
tured in a highly stressful state, the buildup of lactic acid 
combined with elevated muscle temperature degrade the 
muscle quality, although the tuna is still acceptable for 
canning. Salmon harvested by gill netting die after an ex- 
hausting struggle, resulting in a shorter period of rigor 
mortis and deterioration during icing (10). The fish should 
be handled as soon as possible after being landed on the 
vessel. Careful handling of fish with gaff hook or forks and 
avoiding severe physical damage are crucial. Any breaks 
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pling technique, medium, and incubation temperature), 
Trawled fish usually carry bacterial loads 10-100 times 
greater than those of lined fish, because fish are dragged 
for a long time along the sea bottom (4). The physiological 
condition of fish prior to death has an effect on postharvest 
quality. When tuna, the fastest swimming fish, are cap- 
tured in a highly stressful state, the buildup of lactic acid 
combined with elevated muscle temperature degrade the 
muscle quality, although the tuna is still acceptable for 
canning. Salmon harvested by gill netting die after an ex- 
hausting struggle, resulting in a shorter period of rigor 
mortis and deterioration during icing (10). The fish should 
be handled as soon as possible after being landed on the 
vessel. Careful handling of fish with gaff hook or forks and 
avoiding severe physical damage are crucial. Any breaks 
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in the skin and flesh quickly introduce spoilage bacteria, 
which deteriorate fish quality. Fish should be carefully 
cleaned, not exposed to sunlight or to the drying effects of 
wind, and cooled down to the temperature of melting ice 
(0°C) as quickly as possible (11,12). 

Gutted and well-cleaned fish contain fewer bacteria 
than whole fish. Bleeding and gutting should be done as 
soon as fish arrive on deck (13). However, bleeding and 
gutting are not helpful in all fish harvesting operations; 
blue fish and dogfish are not benefited by this operation 
(18) if in-plant processing occurs shortly after harvest. 

The method of stowing fish on the vessel can have dif- 
ferent impacts on fish quality (14,15). Boxing, commonly 
used in Asia, Norway, and Iceland, provides good fish qual- 
ity and quicker unloading at dockside, although it results 
in more labor needed in handling fish on the deck and less 
storage capacity. Bulking, commonly used in North Amer- 
ica, allows for quick operation and maximum storage ca- 
pacity; however, the pressure often causes poorer quality 
and decreases shelf life (11,16). 

During the transport of fish from fish ground to fish pier, 
bacteria grow in the fish pen or hold board at various rates 
depending on fish handling and storage temperature. In 
the bulking stow in cold weather, a slime accumulates on 
the bottom of the fish hold. This fish hold slime is consti- 
tuted mainly of various bacteria with a level ranging from 
10° to 10!°/g (17). The bacterial flora includes Moraxella, 
Acinetobacter, Flavobacter, pseudomonads, and heavily 
mucoid corynebacteria, which are the major organisms re- 
sponsible for the slimy deposits and are critical problems 
in boat sanitation (17,18). Thorough sanitation of the fish 
hold after unloading the catch is necessary to insure high 
quality of raw fish on future trips. 


FISH SPOILAGE AND CHANGES IN BACTERIAL FLORA OF 
FISH DURING COLD STORAGE 


The fish’s regulatory mechanisms, which prevent invasion 
of the tissues by bacteria, cease to function after death. 
Bacteria then invade the fish body through the skin, enter 
the body cavity and belly walls via intestines, and pene- 
trate the gill tissue and kidney by way of the vascular sys- 
tem. The low molecular substances and soluble proteins 
yielded from fish body during autolysis after rigor mortis 
provide rich nutrients for bacterial growth. 

Various proteases and other hydrolytic enzymes se- 
creted by psychrophilic and psychrotrophic organisms can 
act on the fish muscle even at low temperatures (17,19). 
The factors that influence microbial contamination and 
growth include fish species and size, method of catch, on- 
board handling, fishing vessel sanitation, processing, and 
storage condition (12,20,21). Fish are subject to rapid mi- 
crobial spoilage if fish handling and storage are inade- 
quate. It is estimated that about 10% of the total world 
catch is lost due to bacterial spoilage (22). Various micro- 
organisms involved in spoilage are listed in Table 1 in de- 
scending order of spoilage activity. Some organism cause 
spoilage in different degrees depending on the total micro- 
bial flora, fish quality, handling and packaging methods, 
and storage temperature. 


Table 1. Microorganisms Associated with Spoilage of 
Fresh Seafood 


Spoilage activity Microorganism 


High Pseudomonas, (Alteromonas), 
putreijaciens, Pseudomonas, 
(Alteromonas), fluorescens, other 
fluorescent pseudomonads, and other 
pseudomonads 

Moraxella, Acinetobacter, and 
Alcaligenes. 

Aerobacter, Lactobacillus, 
flavobacterium, Micrococcus, 
Bacillus, and Staphylococcus 


Moderate 


Low or active only in 
specific conditions 


Refrigerated fresh haddock fillets contain about 10° g of 
initial bacteria, predominated by Moraxella-Acinetobacter 
and Corynebacterium. After storage at 1°C for 14 days the 
bacterial number reaches 2.1 x 10%/g and seafood enters 
the spoilage stage. Pseudomonas (Alteromonas) putrefa- 
ciens and fluorescent pseudomonads are organisms re- 
sponsible for the spoilage of haddock at refrigerated tem- 
peratures (23). These spoilers account for only about 1% of 
the total count at the beginning but increase to at least 
30% at the stage of spoilage. In other words, whenever 
Pseudomonas putrefaciens and fluorescent pseudomonads 
reach 30% of the total bacterial count, fish spoilage will 
result regardless of total bacterial level. When cod is stored 
at 20°C Alteromonas and Vibrionaceae will cause spoilage 
in one day (24). 

As Pseudomonas putrefaciens, fluorescent pseudomo- 
nads, and other potential spoilers increase rapidly in 
initial spoilage stage; they produce vast amounts of pro- 
teolytic and other hydrolytic enzymes (5,25), Various mac- 
romolecules of fish body are degraded. Proteins are decom- 
posed by proteases to peptides and amino acids and then 
further broken down to indole, amines, acids, sulfide com- 
pounds, and ammonia (26). Lipases break down lipids to 
form fatty acids, glycerol, and other products. Nucleotides 
are decomposed into nitrogenous compounds. Many enzy- 
matic tests can determine microbial spoilage activity in 
fish, including hydrogen sulfide, gelatin hydrolysis. DNase, 
RNase, amylase, lipase, and trimethylamine oxide reduc- 
tase tests and inoculation test on fish juice or fillets (20). 


MICROORGANISMS IN SHELLFISH 


Shellfish is composed of crustaceans (shrimp, crabs, lob- 
ster, crawfish, etc) and mollusks (bivalves, squids, snails, 
etc). Shellfish normally contains more moisture, greater 
amount of free amino acids, and more extractable nitro- 
genous compounds than finfish. These biochemical char- 
acteristics facilitate bacterial growth and deteriorative re- 
actions resulting in the rapid spoilage of shellfish (27). 
Many shellfish grow in estuarine, coastal waters, and 
aquacultural ponds near residential areas and are hence 
susceptible to contamination by potential pathogenic or- 
ganisms. Deterioration of shellfish quality results from en- 
zymatic action from both the tissue and the contaminating 
organisms. Microorganisms that spoil shellfish are similar 


to those responsible for finfish spoilage. However, such or- 
ganisms as Moraxella-Acinetobacter and Lactobacillus are 
more active in shellfish than in finfish. 


Crustaceans 


Shrimp. Among shellfish, shrimp ranks first in value 
and second in quantity next to crabs (28). Immediately af- 
ter shrimp death, the tissue enzymes phenolases become 
active oxidizing tyrosine to bluish black zones or spots at 
the edges of the shell segments. The dark color is produced 
by melanin pigments that form on the internal shell sur- 
faces on the underlying shrimp meat. At the same time a 
variety of bacteria start to proliferate and the growth can 
be accelerated if the storage temperature is not kept low 
enough. Removing the heads can reduce 75% of the bac- 
teria. Gulf of Mexico shrimp contain mainly. Moraxella- 
Acinetobacter, Bacillus, Micrococcus, and Pseudomonas 
(29). Most of these bacteria produce hydrolytic enzymes: 
62% proteolytic, 35% lipolytic, 18% TMA-O reductive, and 
12% indole positive (29-31). Shrimp unloaded from the 
trawlers have an average bacterial load of 6.0 x 10°/g and 
market shrimp, 3.2 X 10°/g. Bacterial counts used for in- 
dicating shrimp quality are 1.3 x 10°/g, acceptable; 4.5 x 
10%/g, good; 1.1 x 10/g, fair; and 1.9 x 107/g, poor (32). 
During iced storage for 16 days, Moraxella-Acinetobacter 
increase from 27 to 82% of the total bacterial count while 
Flavobacterium decrease from 18 to 1.5%; Micrococcus, 
from 34 to 0%; and Pseudomonas, from 19 to 17% (33). 

There are two putrefactive types of spoilage in shrimp. 
One is the production of indole, presumably from trypto- 
phan by bacterial action before icing when exposed at a 
temperature favorable for bacterial growth. After com- 
mencement, the decomposition proceeds fairly rapidly 
even under ice. Indole is heat resistant and is a reliable 
spoilage indicator of raw material prior to processing. The 
other type of ammoniacal decomposition is slow and is 
characterized by an odor of free ammonia (34-36). The re- 
action is attributed to both microbial and tissue enzymatic 
activities depending on storage temperature and bacterial 
composition. 


Crabs. The dominant crabs harvested in the United 
States are blue crab, king crab, Dungeness crab, and 
tanner-snow crabs. The bacterial flora of freshly caught 
crabs reflect that of the growing water, season, and geo- 
graphic location. The hemolymph of healthy blue crabs 
from Chincoteague Bay, Va., is about one-fifth sterile ac- 
cording to 290 freshly caught crabs tested (37). The organ- 
isms found in the hemolymph of blue crabs are Acineto- 
bacter, Aeromonas, Pseudomonas, Flavobacterium, Vibrio, 
Bacillus, coliforms, and Clostridium (38). 

Greater numbers of bacterial species are found in 
Dungeness crabs from Kodiak Island and the Columbia 
River, waters close to human habitation, whereas the least 
number of species are found in the tanner crab from the 
Bering Sea, an area far from human habitation (39). The 
highest levels of bacteria occur in the gills, 10° to 107/g, as 
compared to 1 x 10' to 4 x 107/g in muscle tissue. Gills 
of Dungeness crabs from the Bering Sea contain Moraxella, 
Acinetobacter, Alcaligenes, Micrococcus, and Staphylococ- 
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cus, whereas the muscle carries Micrococcus and Staphy- 
lococcus (39) 


Crawfish. Spoilage of crawfish is caused by the poten- 
tial spoilers similar to those detected in other crustaceans. 
In a total of 280 isolates found from spoiled crawfish, 
22.1% were shown to be rapid spoilers; 16.4%, low spoilers; 
and 61.5%, nonspoilers (40). In the group of rapid spoilers 
over half were pseudomonads and less than half were 
Moraxella-Acinetobacter. Slow spoilers include Pseudo- 
monas, Moraxella-Acinetobacter, Alcaligenes, Flavobacter- 
ium, Aerobacter, Lactobacillus, Micrococcus, and Staphy- 
lococcus. Organisms considered as nonrapid spoilers are 
Aerobacter, Bacillus, Flavobacterium, Micrococcus, Sar- 
cina, and Staphylococcus (40,41). It is clear that organisms 
belonging to the same genus have different activities in 
spoilage. 


Bivalves 


Bivalves are mollusks, including oysters, clams, and mus- 
sels. They are soft-bodied animals that are enclosed by two 
rigid, bilaterally symmetrical shells. Bivalves are filter 
feeders and pass a large volume of water through their gills 
to obtain oxygen and food. Particulate matter, including 
microorganisms, from the water is trapped in mucus on 
the gills, then conveyed to the mouth, and finally to the 
digestive system. Bivalves, particularly oysters, ingest 
many microorganisms that can survive the digestive pro- 
cess and accumulate in the animals (42-44). The concen- 
tration of microorganisms in bivalves can be tens to hun- 
dreds of times as high as that in their growing water 
(42,45). Consumers and public health regulatory agencies 
are concerned about the pathogenic organisms found in bi- 
valves that are affected by sewage pollution. 

Fecal coliforms are generally used as indicators for bi- 
valve quality and for domestic pollution in shellfish- 
growing waters (46,47). Following harvest, two microbio- 
logical guidelines are applied to determine the 
acceptability of shellfish meats. Bivalves at wholesale mar- 
ket level should have a 35°C standard plate count (SPC) of 
<500,000 g and a most probable numbers (MPN) fecal co- 
liforms of =230/100 g (46,47). 

The microflora of bivalves at harvest is composed of 
both organisms that are symbiotic with the bivalves and 
organisms that are filtered from the water and ingested as 
food. These microorganisms vary qualitatively and quan- 
titatively, depending on the nutrient level, salinity, tem- 
perature, and water quality. The commensal microflora in- 
clude Cristispira pectineus, which colonizes the crystalline 
style of oysters, and spirochetes such as Saprospira, found 
in the crystalline style, stomach, and intestine of eastern 
oysters. These commensal organisms are difficult to cul- 
ture and have no pathological significance to humans (48). 
Bivalves at harvest normally carry a total plate count of 
10° to 10°/g. Soft-shell clams harvested from different 
growing areas in the Chesapeake Bay contain a geometric 
mean of SPC, 2.0 x 10*-7.2 x 10*/g: total coliforms, 1.5 
x 10*-6.3 x 10° 100 g: fecal coliforms, 29-62/100 g: and 
E. coli, 14-27 100 g (49). 

The common microflora of bivalves at harvest consists 
primarily of gram-negative rods including Pseudomonas 
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and Vibrio species (50,51). The Flavobacterium—Cytophaga 
group occasionally exists in a certain level in oysters. 
Other organisms in oysters include Acinetobacter, Coryne- 
bacterium, Moraxella, Alcaligenes, Micrococcus, and Bacil- 
lus. The microflora of Gulf of Mexico's oysters is dominated 
by Vibrio, Aeromonas, Moraxella, and Pseudomonas (52). 
Low levels of yeasts such as Rhodotorula rubra, Tricho- 
sporon, Candida, and Torulopsis are also frequently en- 
countered in eastern oysters. Several potential pathogenic 
strains of Vibrionaceae are naturally occurring in non- 
polluted estuarine waters and may be encountered in bi- 
valves. Coliforms, fecal coliforms, and E. coli are the most 
common contaminating organisms in bivalves at harvest 
(45,46,49). 

Reducing a high microbiological load in bivalves can be 
accomplished by placing the animals in clean water that 
is free of undesirable microorganisms and under conditions 
in which the bivalves will actively feed. This process is 
called relaying and usually requires about 15 days to reach 
the satisfactory microbiological quality (53,54). The relay- 
ing process is often applied by transferring bivalves har- 
vested from moderately polluted water into approved 
shellfish-growing water until the animals clean them- 
selves. A second approach is called depuration in which the 
shellfish are maintained in tanks of clean water with con- 
trolled salinity and temperature (55). The water is often 
recycled through a biofilter to control water quality. The 
bivalves in this condition can reach the satisfactory micro- 
biological quality within two to three days (53,55). Never- 
theless, removal of viruses often does not correlate with 
fecal coliform elimination even if fecal indicators have a 
similar reduction rate as do enteric bacterial pathogens 
(56,57). Ultraviolet irradiation can facilitate the reduction 
of contaminating bacterial flora in oysters (56). Because 
hepatitis A may not be eliminated as readily as other en- 
teroviruses during dupuration, hepatitis may still occur by 
consuming raw depurated shellfish (58). 


MICROBIOLOGY AND QUALITY 


Fish Products. 


Fish carries a variety of organisms and should be handled 
adequately and processed as soon as possible. Refrigera- 
tion, freezing, canning, pasteurization, salting, drying, fer- 
mentation, curing, and a combination of these methods are 
commonly used to process seafood into relatively stable, 
marketable products. Other methods such as irradiation 
and modified atmospheric preservation (59) have been ex- 
tensively studied and proved to have potential application. 


Refrigerated and Frozen Fish. Refrigeration at 5°C ceases 
the growth of the mesophiles and as the temperature is 
further lowered, psychrophiles are eliminated. During re- 
frigeration storage a gradual killing off of the microorgan- 
isms occurs. Gram-negative asporogenous pseudomonads 
are cold sensitive, whereas gram-positives such as micro- 
cocci, lactobacilli, and streptococci are more resistant 
(60,61). 

Cooling rate affects the survival of microorganisms. The 
maximum survival of E. coli is at a cooling rate of about 


6°C/min, and the minimum at about 100°C/min (62). A 
similar minimum survival rate has been found for Strep- 
tococcus faecalis, Salmonella typhimurium, Klebsiella 
aerogenes, Pseudomonas aeruginosa, and Azotobacter 
chroococcum, but these organisms have an optimum sur- 
vival rate varying from 7°C/min for A. chroococcum to 
11°C/min for P. aeruginosa (63). 

Frozen fish should be stored at or below —20°C and 
preferably at — 30°C. During freezing the number of cells 
that are inactive ranges from 50 to 90% of the initial bac- 
terial population. Gram-positive bacteria are more resis- 
tant to freeze injury than gram-negative ones. Some patho- 
genic organisms can also have a certain survivability at 
freezing temperatures (65). Spores are the most resistant 
microbial entity to freeze damage. Poliovirus inoculated 
into oysters showed a gradual decline in plaque-forming 
units during frozen storage at — 36°C (64). 

Reasons for the cryoinjury of cells are thermal shock, 
concentration of extracellular solutes, toxic action of con- 
centrated intracellular solutes, dehydration, internal ice 
formation, and attainment of a minimum cell volume (62). 
Although cryoinjury results in the cell death, survival of 
microorganisms occurs and is greater in a supercooled en- 
vironment than in a frozen one. Some V. parahaemolyticus 
cells, inoculated into oysters, sole fillets, and crabmeat, can 
persist at — 15 or — 30°C with a greater survival at — 30°C 
although there is a sharp reduction in viability during 
freezing (66). Some pathogens such as Listeria can survive 
in freezing temperatures (60). 

Cryoprotective agents are substances that can protect 
bacterial cells during freezing and thawing. Glycerol, di- 
methyl sulfoxide, egg white, carbohydrates, peptides, se- 
rum albumin, meat extract, milk, glutamic acid, malic 
acid, diethylene glycol, dextran, Tween 80, glucose, poly- 
ethylene glycol, and erythritol have cryoprotective func- 
tions probably due to reduction of damage to the cell wall 
and membrane (60). 


Canned Fish. Most canned fish are fully processed prod- 
ucts such as canned tuna, salmon, sardines, mackerel, fish 
balls, and other fish. These canned fish are commercially 
sterile with 12D process to destroy all pathogenic and 
other organisms, allowing a satisfactory shelf life at room 
temperature. However, some problems may arise due to 
the presence of heat-resistant spore formers in the under- 
processed products or can leakage from improper seam clo- 
sure and cross-contamination through cooling water. In oil 
pack, the oil may protect bacterial spores against heat re- 
sulting in nonsterile canned products (67). Flat sour spoil- 
age may occur due to thermophiles, such as B. stearother- 
mophilus, which survive processing and multiply during 
slow cooling and storage at high temperatures. Swollen 
cans are occasionally encountered when clostria such as C. 
sporogenes survive inadequate processing. 


Dried, Salted, and Smoked Fish. Dehydration is an old 
process that reduces the water activity (A,,) of the fish 
products below that required for the growth of microorgan- 
isms. The process involves drying with or without other 
preservatives to form dried, salted, or smoked fish. 


Dried salted fish, fish bits (fried shredded fish), katsuo- 
bushi (dried and smoked skipjack stick), dried shark fins, 
and dried mullet roe are popular in Asia (68). Smoked 
salmon, herring, dogfish, and other fish are common fish- 
ery products in Europe. Growth of halophilic bacteria or 
molds may occur, resulting in the spoilage of salted fish. 
Aspergillus and Penicillium are major species associated 
with the color deterioration of salted round herring (68). 
Halophilic bacteria such as Halobacterium and Halococcus 
commonly present in solar salts are most troublesome dur- 
ing the salting and drying process. These bacteria cause 
red and pink discoloration and induce softness in salted 
fish. 


Surimi-Based Products. Surimi is a mechanically de- 
boned, water-washed frozen fish paste containing cryopro- 
tectants. This high-protein, gel-forming material can be 
chopped and then mixed with salt, starch, and flavor com- 
pounds. The surimi mix is colored, textured, and cooked in 
two stages to set the gel to process into seafood analogues 
such as imitation crab, shrimp, lobster, or scallop. Freshly 
processed crab leg and flaked crab leg analogues contain 
only 10*-10°/g bacteria. During storage bacteria grow and 
SPC reaches 2 x 105/g at 10°C in 25 days and 10*-10°/g 
at 5°C in six weeks (69). SPC in flaked crab leg increases 
rapidly to 10%/g after two and four weeks at 5 and 0°C, 
respectively. Spoilage and quality deterioration of crab an- 
alogues are indicated by number of bacteria (107/g), visible 
slime, odor, and appearance. Slime formation, softened 
texture, sour odor, and discoloration are consequences of 
spoilage. Bacillus is predominant initially but Pseudo- 
monas gradually grows and finally outnumbers other gen- 
era at two weeks of storage at 0-5°C. Bacillus, which is 
possibly derived from the ingredient starch, is the major 
organism throughout the six-day storage at 15°C (69). The 
spoilage of other fish cake products such as kamaboko can 
be attributed to Streptococcus, Leuconostoc, and Micrococ- 
cus (70,71). 


Shellfish Products 


After being harvested, shellfish should be kept refrigerated 
or at low temperature and processed as soon as possible. 
Shrimp should be beheaded, peeled, or left unshelled and 
frozen. 


Crabmeat. Blue crabs rank first in U.S. crab landings, 
and their major products are fresh and pasteurized meat. 
Other crabs caught are king, Dungeness, and tanner-snow 
crabs from which frozen section, claws and meat, and 
canned meat are commonly made (72,73). 

To process blue crabmeat, live crabs are steam cooked 
at 121°C for 10 min. Cooked crabs are refrigerated over- 
night and the meat is removed by hand or machine. The 
meat is packed in plastic cups for fresh crabmeat or sealed 
in tin cans to process for pasteurized crabmeat (74). Three 
kinds of meat are available: lump meat taken from the 
back fins, claw meat extracted from claws, and regular 
meat collected from main body (72). In good plant sanita- 
tion, fresh crabmeat usually has a geometric mean SPC of 
1.5 x 1044.5 x 10*/g, which increases to 1.4 x 10°-3.2 
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x 10°/g under poor plant sanitation (75). Cooked crabs 
should be stored in refrigeration (<2°C), separated from 
the live crabs. Refrigerated cooked crabs before picking 
usually contain bacteria of <10*/g while cooked sponge 
crabs (gravid females carrying an egg mass) taken from 
the picking table contain bacterial levels as high as 10°/g 
of whole crabs (76,77). Cooked sponge crabs have consis- 
tently been found to harbor greater numbers of bacteria 
than crabs without a sponge (77). Similarly, cooked green 
crabs, blue crabs that have recently molted and contain a 
higher level of water than fat crabs, carry higher levels of 
bacteria than normal crabs into the picking room. They 
contain higher moisture, which encourages bacterial 
growth during overnight refrigerated storage (76). 

The commercial machine Quik Pik, which mechanically 
removes the body meat of blue crabs was started on a trial 
basis in 1978 and now operates successfully in Maryland 
under proper procedures (76,78). One quick Pik machine 
can pick 150 Ib meat per hour, a rate equal to the work 
capacity of 30 hand pickers. The cooked crabs are placed 
in a round, rotating slotted cage to remove legs, fins, and 
claws, which are dropped through the slots. The crabs then 
pass through the debacking machine and cleaning device. 
The cores are loaded on racks for steam heating and then 
placed in the quik Pik shaker, which vigorously vibrates at 
70 oscillations/s for 4 s. All the meat from cores will fall on 
the collecting belt for further inspection for broken shells 
and packaging (76). 

Machine picking requires constant attention to clean- 
liness and sanitation to produce a meat product with a 
satisfactory bacterial quality. The machine should be dis- 
assembled and thoroughly cleaned and sanitized at the 
end of the day. Liquid on the machine during operation 
creates an aerosol that can greatly contaminate the meat 
(79). The meat conveyor belt needs continual washing with 
a tap water spray and sanitation in a chlorine (>200 ppm) 
bath. A comparison of the bacterial levels indicates that 
both the SPC and coagulase positive S. aureus for 
machine-picked meat are lower than for the hand product. 
However, a higher E. coli count is found in machine-picked 
meat than in hand-picked meat. This is not surprising be- 
cause machine picking is processed under wet and warm 
environment whereas hand picking is operated in cool and 
dry conditions. 

The normal shelf life of fresh crabmeat is 7-10 days and 
may last up to 14 days if meat with a low initial bacterial 
count (80) is stored under optimum refrigeration tempera- 
ture. To extend the shelf life of crabmeat, the pasteuriza- 
tion process of holding crabmeat for 1 min at 171°-210°F, 
depending on the desired shelf life from 1 to 12 months, 
was patented (81). A process of 185°F for 1 min in the cen- 
ter of a 1-Ib can (401 x 301) was found to sufficiently re- 
duce an inoculated 10%/100 g of C. botulinum type E spores 
to <6/100 g and to keep the meat nontoxic for 6 months at 
40°F (82,83). A recommendation has been made to increase 
the time at 185°F to 3 min to provide for 12D cook based 
on the thermal death time studies of type E C. botulinum 
(84-86). Table 2 shows the thermal resistance character- 
istics of C. botulinum type E. For a complete process, an 
F-value of 31 based on an F 16/185 value and a cooling 
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Table 2. Decimal Reduction Time (Dj) for Heating C. botulinum Type E Spores 


Strain Heating medium Temperature range CC) __Dyo-value minimum at 82.2°C __Z-value((C) __Reference 
Beluga Blue crab meat 73.9-85.0 0.75 65 85 
Beluga Crabmeat 73.9-85.0 0.84 65 85 
Sarotoga Crabmeat 80.0-82.2 1.90 63 87 
Alaska Whitefish chubs 73.9-85.0 2.21 16 88 
Sarotoga Sardines in tomato sauce 76.7-82.2 29 6.3 87 
Sarotoga Tuna in oil 72.2-82.2 6.6 61 87 
Strain 202 Crabmeat 76.7-85.0 1.16 6.38 85 


meat temperature of 55°F within 180 min of heat process 
following storage at 35°F have been recommended (87). 

If storage temperature of pasteurized crabmeat rises 
above 38°F, surviving bacteria may grow and bacterial 
spores may germinate leading to spoilage. Any leakage due 
to can defects can introduce psychrotrophic bacteria from 
cooling water and result in spoilage during refrigerated 
storage (89). Poor meat quality with a high level of initial 
bacteria will increase the chance of survival of potential 
spoilage bacteria. The spoiled pasteurized crabmeat usu- 
ally contain both aerobic and anaerobic bacteria ranging 
from 4.0 x 10? to 5.0 x 10°/g. Spoiled crabmeat prepared 
from machine picking has more anaerobic organisms than 
hand-picked crabmeat (79). 


Bivalves, Heat shock has been attempted to facilitate 
oyster shucking by quickly passing the stocks through a 
steam tunnel to slightly open the shells. Although this pro- 
cess increases the shucking rate, disadvantages are yield 
reduction and high risk of bacterial contamination (90). 
Canning bivalves serves as a long-term preservation 
method. When recommended processing times and tem- 
peratures are followed, few microbiological problems are 
encountered (88). However, loss of texture and economical 
infeasibility are problems with this processing. 

Pasteurization of oysters at 72—74°C for 8 min in a flex- 
ible pouch results in a relatively stable product with or- 
ganoleptic properties similar to raw oysters. The products 
stored at 0.5°C for three months have a low level of both 
aerobic and anaerobic bacteria (91). Immediately after 
pasteurization, all the surviving bacteria in the oysters are 
Bacillus sp. At storage of five months Bacillus continues 
to dominate the aerobic bacteria while Clostridium, Cory- 
nebacterium, Listeria, Peptostreptococcus, and Staphylo- 
coccus constitute the facultatively anaerobic bacteria (92). 
Combining safe preservatives with the pasteurization can 
provide a safe and longer shelf life of oysters. 


SEAFOOD IRRADIATION 


Irradiation is a process extending seafood shelf life by ex- 
posing seafood to a certain level of ionizing radiation. Stud- 
ies on the utilization of ionization radiation in food pro- 
cessing began in the early 1940s, and an extensive 
program implementing this process was launched in the 
early 1950s, in the United States (93,94). Ionization radi- 
ations are a group of corpuscular and electromagnetic ra- 
diations of extremely short wavelengths that can cause 


ejection of electrons from atoms or molecules. Only radia- 
tion with strong penetration, including gamma rays, x- 
rays, and electron beams, is useful in food preservation. 
Gamma rays from radioactive isotopes such as Co-60 have 
been the most acceptable radiation source due to its avail- 
ability, price, and properties. One rad, a unit of irradiation 
dosage, is equal to 100 ergs of radiation energy absorbed. 
per gram of substrate. A megarad (Mrad) is a million rads, 
and a kilorad (krad) is a thousand rads. 

There are several advantages in using ionization radi- 
ation for seafood preservation. The extension of shelf life 
of seafood by using low-dosage irradiation allows the ex- 
pansion of markets farther inland where fresh seafood is 
otherwise unavailable. The long shelf life of irradiated sea- 
food can adjust the seasonal production providing a year- 
round supply and unfluctuating prices. Irradiation of high- 
quality catches produces top-quality seafood thus reducing 
the need to discard or process deteriorating fish to fish 
meal (94,95). Ionization radiation directly affects living 
cells by causing breaks in DNA and indirectly affects other 
cell components. The presence of water increases the de- 
gree of the DNA damage. Complex cells are more sensitive 
to irradiation than simple ones. The death or injury of mi- 
croorganisms is due to the direct hit on DNA and the in- 
direct effects from ionization and diffusion of free radicals 
and peroxides produced around the cells. 

Food irradiation can be classified into three classes de- 
pending on the level of microorganisms to be destroyed 
(60). Radappertization or Radiation sterilization is the use 
of high dose with 12D usually more than 2 Mrad for com- 
plete destruction of all or practically all of the organisms. 
Radurization or radiation pasteurization is using low dose 
of radiation to destroy a sufficient number of organisms to 
enhance the shelf life of foods. This process usually uses 
100-1,000 krad to destroy 90-99% of the organisms. Rad- 
icidation is a low-level irradiation treatment that kills 
nonspore-forming pathogens to reduce or eliminate the 
food-borne illness problem. This kind of irradiation treat- 
ment normally uses 400-600 krad dose for destruction of 
salmonellae from poultry and red meat or feed but not for 
spores of C. botulisum or C. perfringens. 

In seafood irradiation, radiation resistance is expressed 
as the decimal reduction dose (Djo), the dose (krad) re- 
quired for a 90% or 1-log reduction in bacterial count. The 
radiation resistance of microorganisms varies, depending 
on strains and species and the Djo-values of various or- 
ganisms are shown in Table 3. The resistance in descend- 
ing order is yeast, Micrococcus, Moraxella-Acinetobacter, 
Flavobacterium, and Pseudomonas (60). The gram-positive 


Table 3. Decimal Reduction Doses (D,-Values) for 


Irradiation of Some Microorganisms and Toxins 


Suspending 
Organism or toxin medium Dyo (Krad) _ Ref. 
Vibrio parahaemolyticus Crabmeat 5-12 96 
Proteus vulgaris Oysters 20 95 
Crabmeat 10 95 
Aeromonas hydrophila Blue fish 14-22 96 
Escherichia coli Soft-shells clams 39-42 96 
Mussel 41-48 96 
Oysters 35 95 
Crabmeat 14 95 
Salmonella typhimurium  Soft-shell clams 60 96 
Mussel 58-63 96 
S. paratyphi A Oysters 15 95 
Crabmeat 50 95 
Shrimp 85 95 
S. paratyphi B Shrimp 61 97 
Shigella flexneri Mussel 24-34 96 
S. sonnei Oysters 27 95 
Staphylococus aureus Oysters 150 95 
Crabmeat 80 95 
Shrimp 190 95 
Adenovirus, echovirus Eagles medium 410-490 60 


Toxins, botulinum type E 


Washed cells Buffer 1,700-2,100 60 

Purified Buffer 4060 
Staphylococcal 

Enterotoxin B purified Buffer 2,700 60 


bacteria are more resistant than gram-negative ones. Coc- 
coid forms are more radioresistant than rod-shaped cells. 
Bacterial spores exhibit the most resistance to radiation 
with the exception of some gram-positive cocci. Compared 
to bacterial spores, viruses are more or equally resistant 
to irradiation. Although the amount of radiation needed to 
inactivate microbial toxins is similar to that for bacterial 
spores, the radiation level for inactivation of botulinum 
toxin is much higher than that needed to kill the bacterial 
cells (98) (Table 3). 

In general, D,o-values for bacterial vegetable cells (ex- 
cluding cocci), bacterial spores, M. radiodurans, viruses, 
and bacterial toxins are 20-100, 150-450, 200-600, 400- 
800, and 200-2,000 krad, respectively (99-104). 

Low-dose irradiation treatment of seafoods usually does 
not induce detectable changes in flavor, texture, and ap- 
pearance with the exception of a slight loss of flavor in a 
few products (105,106). The level of irradiation is one fac- 
tor in determining the type of microorganisms remaining 
that cause spoilage of irradiated seafood. The spoilage mi- 
croflora of irradiated fish after a low dose of =100—150 
krad treatment consists mainly of pseudomonads. At dose 
levels higher than 100 krad, Maraxella-Acinetobacter rep- 
resented the dominant group of organisms in fish spoilage. 
Irradiation of packaged fish favors the growth of lactic acid 
bacteria that will be the major spoilers. In general, non- 
irradiated fish spoils at an aerobic plate count (APC) of 
10°/g whereas low-dose irradiated fish spoils at about 
108/g (94). 

Under the optimum dose of 100-300 krad, fish and 
shellfish can be maintained three to seven weeks at refrig- 
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eration without altering the fresh-product characteristics 
(Table 4). Compared with the regular 10- to 14-day shelf 
life of the unirradiated products, low-dose irradiated prod- 
ucts have a shelf life two to three times longer (94,109). To 
insure efficiency and successful processing, the seafood 
should initially be of high quality and irradiated products 
should be maintained as near 0°C as possible without 
freezing. 

The safety of irradiated seafood must be evaluated 
based on the absence of microorganisms and microbial tox- 
ins harmful to man, the nutritional contribution of the 
product, and the absence of any significant amount of toxic 
compounds formed in the irradiated products (101). Low- 
dose irradiated seafood, particularly lean fish species, have 
been found to pose no potential health hazards (94,110). 
Despite the approval of over 35 countries irradiation in 
foods and the USDA clearance of low-dose application for 
poultry irradiation, seafood irradiation has not been per- 
mitted. This process can become a successful technique for 
seafood preservation once it is approved in the United 
States. 


SEAFOOD MICROORGANISMS OF PUBLIC HEALTH 
SIGNIFICANCE 


Seafood, particularly shellfish, may contain a variety of 
pathogenic microorganisms that impose a threat to the 
consumers’ health. These potential pathogens include both 
indigenous organisms and contaminating organisms. 
Pathogens may contaminate the seafood after harvest or 
during processing. Some indigenous pathogens found are 
Vibrio, Clostridium botulinum type E, Aeromonas, and poi- 
sonous phytoplankton such as dinoflagellates (111,112). 
Extraneous pathogens include Salmonella, Shigella, Lis- 
teria, Campylobacter, Staphylococcus aureus, E. coli, Ba- 
cillus cereus, Hepatitis A, and Norwalk virus (64,112). 
The consumption of bivalves is of greatest concern to 
the public due to several factors. Bivalves, especially oys- 
ters, are frequently consumed raw. The whole animal is 
consumed rather than just the muscle tissue, as in the case 


Table 4. Shelf Life at 0°C of Selected Seafood after 
Optimal Dose Irradiation Treatment 


Shelf life Optimal dose 

Seafood (weeks) (Mrad) Ref. 
Haddock fillets 35 0.15-0.25 107 
Cod fillets 47 0.10 108 
Ocean perch fillets 4 0.15-0.25 107 
Mackerel fillets 45 0.25 107 
English sole fillets 4-5 0.20-0.30 107 
Smoked chub 6 0.10 107 
Petrale sole fillets 23 0.20 107 
Shrimp 4 0.15, 107 
Lobster meat (cooked) 4 0.15, 107 
King crab meat (cooked) 46 0.20 107 
Dungeness crab meat (cooked) 3-6 0.20 107 
Oyster meat 34 0.20 107 


Note: Fish or shellfish were packed aerobically in hermetically sealed cans 
or oxygen-impermeable plastic bags. 
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of other raw crustaceans and raw fish. Bivalves are filter 
feeders that can trap microorganisms from the growing 
water into their bodies. Because the animals grow in near- 
shore estuarine waters that may encounter sewage pollu- 
tion, bivalves may become a vector for disease transmis- 
sion. Based on past records of bivalve shellfish borne 
disease between 1900 and 1986, there were 12,376 cases 
of food-borne illnesses in the United States excluding cases 
of paralytic shellfish poisoning (112). This has been esti- 
mated to be only 5-10% of the actual number of cases. 
These documented cases include 43% gastroenteritis, 26% 
typhoid, 11% infectious hepatitis, 11% Norwalk virus, and 
2% Vibrio. The specific etiologic agents have been identi- 
fied as Salmonella typhi, Vibrio cholera 01, V. cholera 
non-01, V. vulnificus, V. parahaemolyticus, V. fluvialis, V. 
mimicus, V. hollisae, V. furnissii, E. coli, Salmonella sp., 
Shigella sp. Bacillus cereus, Staphylococcus sp., Campy- 
lobacter sp., Aeromonas hydrophila. Pleisomonas shigello- 
ides, hepatitis A, Norwalk virus, and other viral agents 
(112-115). 

Food poisoning outbreaks reportedly have often been 
due to the consumption of seafood. The most common 
agent involved is V. parahaemolyticus (114,116). This spe- 
cies was first isolated in 1950 in Japan from seafood 
(117,118). Since then it has been implicated in more than 
1,000 outbreaks per year in Japan and accounts for over 
50% of that country’s bacterial food poisoning. V. parahae- 
molyticus strains require a low concentration of salt for 
growth, but some cultures isolated from fresh water have 
been reported (119-124). Raw seafood is the major vehicle 
for the organism in Japan; cooked seafoods that have been 
recontaminated are the source of implication in the United 
States (117). Kanagawa reaction is commonly used to dif- 
ferentiate between virulent and avirulent isolates by test- 
ing whether a strain can produce a heat-stable hemolysin 
to lysis a blood agar containing 7% NaCl and mannitol. 
Cultures isolated from stools of patients are always Kan- 
agawa positive (99%). On the contrary only about 1% of 
isolates from waters or seafoods is Kanagawa positive 
(125,126). The mechanism for this discrepancy is still un- 
known. One of the hypotheses is that there may be a trans- 
formation of Kanagawa-positive strains on passage 
through the intestines. There is a possible competitive ad- 
vantage for Kanagawa positive strains to proliferate more 
readily in the intestines. The current method of isolating 
and identifying Kanagawa-positive strains in seafoods and 
waters may also leave some undetected (116,126). 

The infective dose of V. parahaemolyticus for humans 
ranges from 10° to 10’ viable cells, and a decrease in stom- 
ach acidity may lower the infective dose. The incubation 
period for symptoms is 5-90 h and the duration of the ill- 
ness is normally 2-10 days. The frequencies of symptoms 
are diarrhea, 98%; abdominal cramps, 82%; nausea, 71%; 
vomiting, 52%; headache and fever, 27%; and chills, 24% 
(116,126). The organism has three biologically active he- 
molysins, substances that can lyse the animal’s blood cells: 
a heat-stable peptide with 45,000 mol. wt., a heat-labile 
hemolysin, and a phospholipase (127,128). V. parahaemo- 
lyticus are heat sensitive and most food-poisoning cases 
result from cross-contamination or poor sanitation (129— 
131). 


V. cholerae causes a gastrointestinal illness in humans 
called cholera (132). This species is usually divided into 
two groups, serotype 01 and non-01: both are found in 
aquatic environment. The 01 serotype contains two bio- 
types: classical and El Tor. The classical biotype prevailed 
worldwide until the 1960s and the El Tor biotype presently 
predominates, including in the United States 
(111,133,134). Cholera in the United States is relatively 
rare but occasional outbreaks occur in southern states such 
as Texas, Louisiana, and Florida due to consumption of 
raw or partially cooked molluscs, cooked crabs, and other 
shellfish (133,134). The infective dose is estimated to be 
about 10° cells. Taking antiacids or medication to lower 
gastric acidity will lower the infective dose (115). The in- 
cubation time varies from 6 h to 5 days. Severe symptoms 
include profuse watery diarrhea, dehydration, and death 
in the absence of prompt treatment. In the beginning, the 
stool is brown with fecal material and quickly acquires the 
classic rice-water appearance. Enormous amounts of fluid 
leave the body resulting in dehydration and difficulties in 
circulation. The stool is high in potassium and bicarbonate 
(111,133). Besides severe diarrhea, victims suffer from 
thirst, leg cramps, weakness, hoarse speech, and rapid 
pulse (132,133). In emergency treatment, prompt replace- 
ment of fluid and electrolyte losses by intravenous injec- 
tion is often used. After an initial recovery, oral intake of 
glucose and electrolytes can improve the condition. In gen- 
eral, V. cholerae is sensitive to heat and cold, but it can 
survive at low temperatures for a certain time (135). 

Non-01 cholera is a group of nonagglutinable (NAG) 
cholerae, which exist naturally in estuarine and coastal 
waters and also in rivers and brackish waters (128). Only 
about 5% of this group from seafood and patients isolates 
in the United States produce cholera toxin. However, the 
nontoxigenic strains cause gastrointestinal illness with 
principal symptoms of abdominal cramps, fever, bloody 
stools, nausea, and vomiting (133). Some human isolates 
of this group in the United States are from extraintestinal 
sources including wound infection, ear infection, and pri- 
mary and secondary septicemia (133). Eating raw oysters 
has been found to be the major cause of most non-01 V. 
cholerae infection cases in the United States. Other sea- 
food, egg and asparagus salad, or potatoes can occasionally 
be a vehicle for these organisms (134). 

V. vulnificus is widely distributed in the environment 
and has been found in most U.S. estuarine and coastal wa- 
ters (136-138). This water and seafood organism is found 
most frequently at water temperatures >20°C and low sa- 
linity of 0.5-1.6%. Environmental isolates are phenotypi- 
cally identical to clinical isolates. Some strains show bio- 
luminescence and may also be pathogenic (138). This 
organism can cause illness and infection through the con- 
sumption of contaminated raw or undercooked seafood, 
particularly mollusks such as oysters and clams. The in- 
cubation period for this illness is 16-48 h after ingestion. 
Symptoms include weakness, chills, fever, hypotension, 
and fatigue with occasional vomiting and diarrhea. Infec- 
tion occurs, progresses rapidly, and may cause death in 40— 
60% of patients (128). Patients may have greater risk of 
infection if they have skin cuts or suffer chronic liver dis- 
ease, gastric disease, or hemochromatosis (111,128). 


Other potential Vibrio pathogens such as V. hollisae, V. 
mimicus and V. furnissi have been implicated in seafood- 
borne illnesses (111). Vehicles for these organisms are 
shellfish including oysters, clams, shrimp, and crawfish. 
Common symptoms are diarrhea, nausea, vomiting, and 
abdominal cramps. Both toxigenic and nontoxigenic 
strains of V. mimicus have been isolated but food-poisoning 
cases have mostly occurred with nontoxogenic ones. Some 
strains of these organisms have been newly isolated in the 
last few years, and more information will be available after 
further studies (111). 

Clostridium botulinum type E is another intrinsic path- 
ogen in seafood causing botulism type E intoxication. 
Based on the serological classification of the neurotoxin, C. 
botulinum is composed of eight types: A, B, C,, C2, D, E, F, 
and G (139). These types are divided into four groups ac- 
cording to proteolytic activity (140,141). Groups I and II 
are of particular importance for causing botulism in hu- 
mans. Group I includes type A and proteolytic strains of 
types B and F. Group II contains all type E and nonpro- 
teolytic strains of types B and F. Type E is distributed in 
sediments of marshes, lakes, and coastal ocean waters and 
is common in the intestines of fish and shellfish. The or- 
ganism does not proliferate in living fish but it may mul- 
tiply in bottom deposits and in aquatic vegetation when 
the growth of algae reduces the oxygen level of the water 
to conditions suitable for C. botulinum. Type E can grow 
and produce toxin at 4°C and is heat sensitive (142,143). 
It is inhibited by water activity of <0.975 (5% NaCl) and 
pH <5.3 (144). Most outbreaks of botulism associated with 
fishery products have been with semipreserved products. 
Smoked, salted, fermented, and canned products are eaten 
without further cooking and can involve the risk of botu- 
lism due to inadequate processing (89,143). Satisfactory 
heat processing is critical in assuming quality safety of 
pasteurized crabmeat described above. 

Plesiomonas shigelloides is found in fresh surface water 
and possibly in seawater and is more often isolated in the 
summer months. This organism has been implicated in hu- 
man gastroenteritis for 40 yr (145). Seafood that may carry 
this organism are cuttlefish, raw oysters, salt mackerel, 
and undercooked oysters. Incubation time for symptoms is 
one to two days after ingestion of the food. Symptoms in- 
clude diarrhea, abdominal pain, nausea, chills, fever, vom- 
iting, and headache (145). 

Enteric viruses are those animal viruses that are ex- 
creted in feces and discharged into domestic sewage. These 
viruses are more resistant than enteric bacteria to sewage 
treatment process and various environmental stresses. 
Several human enteric viruses may be implicated in the 
viral disease by seafood consumption, such as hepatitis, 
fever, diarrhea, paralysis, meningitis, and myocarditis. 
Shellfish may play a significant role as vectors in the trans- 
missions of viral diseases. A study of cockles-borne disease 
indicated that about one-quarter of the hepatitis A cases 
in the southeast UK could be caused by shellfish consump- 
tion (146,147). In Frankfurt, Germany, about one-fifth of 
infectious hepatitis was associated with the consumption 
of contaminated oysters (148). Molluskan shellfish is the 
major seafood involved in the outbreak of hepatitis A in- 
cidence (58) and also attributes to 12.5% of non-A, non-B 
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hepatitis in the United States (114). Outbreaks of Norwalk 
virus gastroenteritis by shellfish ingestion must be docu- 
mented in Australia and the United States (97). 

According to the Centers of Disease Control annual 
documentation, nearly 90% of all reported outbreaks of 
seafood-borne illness are associated with consumption of 
molluskan shellfish and a very few species of fish 
(148,149). In geographic distribution, Hawaii has the most 
cases accounting for 35% of all these seafood-borne ill- 
nesses. About half of all these seafood-borne illness cases 
are found in four states and territories: Hawaii, Puerto 
Rico, Virgin Islands, and Guam. Another third of these 
seafood-related illnesses occur in the continental states of 
New York, California, Washington, Connecticut, and Flor- 
ida (149). 

Chemical intoxication resulting from the harmful me- 
tabolites of microorganisms are often implicated in sea- 
food. An allergic food poisoning after eating deteriorated 
scombroid fish is caused by formation of histamine by mi- 
crobial enzyme histidine decarboxylase when fish have 
been exposed to environments favorable to bacterial 
growth. The organisms involved in histamine poisoning in- 
clude Pseudomonas putrefaciens, Aeromonas hydrophila, 
Proteus vulgaris, Clostridium perfringens, Enterobacter 
aerogenes, and Vibrio alginolyticus (150). 


MICROBIOLOGICAL CRITERIA AND INSPECTION 


Microbiological criteria are an important but controversial 
issue in establishing a regulatory food-control program, 
particularly for seafoods in the United States. The pur- 
poses of microbiological criteria are to insure food safety, 
adhere to good manufacturing practice, and provide estab- 
lished measure for food inspection and marketing. Accord- 
ing to the degree of compliance, microbiological criteria 
include three categories: standard, guideline, and specifi- 
cation (151). A standard is part of a law or ordinance and 
is a mandatory criterion. A guideline is a criterion for as- 
sessing microbiological quality during processing, distri- 
bution, and marketing of foods. A specification is used in 
purchase agreements between buyers and vendors 
(152,153). 

As more countries are recognizing the need to assess the 
safety and quality of foods due to food-poisoning outbreaks 
and international trade disputes, several agencies have 
formed organizations to formulate microbiological criteria. 
The International Committee on Microbiological Specifi- 
cations for Foods (ICMSF) was established by the Inter- 
national Association of Microbiological Society (IAMS) in 
1962 for this and related purposes (154). The committee 
assists in establishing microbiological standards imple- 
menting method of examination, promoting safe move- 
ment of foods in international trade, and mediating dis- 
putes caused by disparate criteria. The committee also 
publishes books of its reports and recommendations (153— 
155). Many of the ICMSF recommendations were incor- 
porated into the work of Code Alimentarius Commission 
to implement the Joint FAO/WHO Food Standard Pro- 
gram of the United Nations World Health Organization. 
The goal of the Joint Food Standard Program is to protect 
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the health of consumers, ensure fair practices in the food 
trade, guide the preparation of draft standards and codes 
of practice, and promote the incorporation of all food stan- 
dards by different governments. The program has also 
published recommended international codes of practice for 
many common seafood products such as shrimps or prawns 
and frozen fish (156,157). 

To ensure consumer safety, inspection systems are en- 
forced by the regulatory agencies in most of the countries. 
In the United States, the inspection program is carried out 
by different levels: local, state, and federal government. 
The federal regulatory seafood control systems include the 
Food and Drug Administration (FDA), U.S. Department of 
Agriculture (USDA), U.S. Department of Commerce 
(USDC), U.S. Department of Defense (USDD), and the En- 
vironmental Protection Agency (EPA). The FDA is in 
charge of imported seafood inspection, a mandatory sur- 
veillance system. The National Marine Fisheries Service 
of USDC operates the voluntary Fishery Product Inspec- 
tion Program mainly for domestic seafood industry on a 
fee-for-service basis. The USDA and other federal agencies 
are responsible for some inspection systems related to 
their domain of authority. Much of the domestic seafood 
products are inspected by the states and municipalities in 
their respective territories. In recent years, the public con- 
cern in seafood safety and confusion among various in- 
spection systems have led to the proposal of a national sea- 
food surveillance system. At the time of this writing the 
USDA will likely be chosen to head this mandatory seafood 
inspection program. 

Microbiological criteria have been controversial and 
confusing because of the variation in agency objectives, leg- 
islative authorities, unsatisfactory definitions, questions 
in sampling procedures, methodology, quality require- 
ments, and uninsured consumer protection. In recent 
years a hazard analysis critical control point (HACCP) ap- 
proach has been regarded as an effective, practical, and 
economic program in microbiological monitoring and 
safety of the products (152,158). The industry should de- 
velop the actual details of a HACCP program and insure 
the implementation of the complete process. In conducting 
hazard analysis of the products each step of the processing 
operation should be defined to specify the hazards associ- 
ated with each step. The preventative measures at each 
processing step will be identified for elimination of the haz- 
ards. The critical control points are thus defined, bringing 
the hazards under control. The theory behind the HACCP 
concept, if properly implemented, is to reduce the number 
of governmental inspections, and overcome many of the 
weaknesses inherent in traditional inspection schemes 
(158), When plant personnel have been well trained in 
HACCP concepts, the quality and safety of products can be 
enhanced with efficient cost inspection. 

Seafood microbiology is a difficult subject because of the 
many obstacles in this area. A broad spectrum of micro- 
organisms is involved, including indigenous microbial flora 
organisms that contaminate the catch after it is landed 
and those that multiply during the process from the water 
to the dining table. The ambiguous taxonomy of many sea- 
food microorganisms is confusing and impedes the study 
of these organisms. The problems with growth conditions, 


such as inadequate growth temperature and media com- 
position, often result in disputable results of seafood sam- 
ple analysis. The large number of nonculturable viable 
cells in marine bacteria greatly limits the study of the role 
of these organisms in the natural aquatic ecosystem and 
the relation to fish and shellfish, 

The fast growth of psychrophilic and psychrotrophic 
bacteria cause fish and shellfish to spoil rapidly even in 
refrigeration. In addition to spoilers the potential patho- 
genic microorganisms present in seafood can proliferate 
expeditiously and threaten consumer safety. Prompt sea- 
food handling and adequate processing are critical in the 
control of both spoilage and pathogenic organisms to pro- 
vide safe and stable products. Good quality control and in- 
spection, particularly the HACCP program, can ensure a 
high quality of seafood products. 

Application of modern basic microbiology, biochemistry, 
and biotechnology can advance fish and shellfish microbi- 
ology. DNA probe, immunoassay, monoclonal antibody, and 
other rapid-detection methods provide accurate and expe- 
ditious procedures for determination of seafood pathogens. 
The study of bacterial cell envelope, a new field that has 
arisen in the last two decades, can provide information 
about the functions and physiochemical properties of cell 
envelope components, which are important in understand- 
ing bacterial survival and interaction with other organ- 
isms in the aquatic ecosystem. This field of knowledge will 
also be helpful in establishing new technology to control 
bacterial growth during processing. Study ofnonculturable 
viable or dormant cells may lead to a new field of study: 
bacterial survival in the natural environment and its im- 
pact on seafood. This can provide another avenue in ex- 
ploring the key factors behind many nondetectable food 
pathogens. The progress in seafood microbiology will 
greatly benefit the seafood industry, providing safe, better 
quality seafoods. 
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ropean settlers coming to the New World brought process- 
ing and preservation practices such as drying, salting, 
pickling, and cooling. During colonial times salted dried 
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of American northwest Indians and Eskimos was salmon 
that was sun dried and smoked over a wood fire. 

It was not until the 19th century in the Great Lakes 
region that fish were frozen by using the combination of 
salt and ice to lower temperatures below freezing. The 
growth of commercial freezing processes over the last 100 
years has made freezing the leading means of preserving 


seafood for human consumption. As will be seen, the early 
fresh fish handling and freezing technology was not devel- 
oped with good knowledge of the biological and physical 
factors that must be considered. Hence, the fishy odor of 
fish along with certain rancid and spoilage off-tastes were 
considered normal in fresh, frozen, and dried products. 

Today it is realized that quality control of fish, as much 
or more than any other food, must be practiced from har- 
vest to table. The seafood chain (Fig. 1) begins with the 
boat builder or hatchery designer and ends with the con- 
sumer. All must practice good techniques of sanitation, 
temperature control, and packaging protection. As the fish 
story unfolds, it will be seen that any break in this chain 
can be disastrous to the quality of seafood. If a processing 
plant, market, restaurant, or home smells fishy, then there 
has been a break in the chain. Good fish looks good, has a 
neutral fresh odor, and has firm flesh. Good fish is a health- 
ful, highly nutritious protein food that has an unlimited 
market. 


U.S. FISHERY 


There are more than 2,000 species of finfish within the U.S. 
coastal marine waters, of which about ca 2% are consumed 
as food fish (1). In fact, the U.S. consumer is familiar with 
only a few of the some 200 species of finfish and 40 species 
of shellfish that are consumed throughout the world. This 
is not surprising when one compares the geographical an- 
nual per capita consumption of fish and shellfish as shown 
in Table 1 (2). Based on live weight of the landed animal, 
North America consumed 85.6 lb while consumption in 
other areas of the world ranged from 5 to 15 times that 
amount. There was little change in the amount of fish con- 
sumed by the average U.S. citizen from the early 1900s to 
1970s (Table 2). Over the last 15 years, although still con- 
siderably below that of the rest of the world, the U.S. per 
capita consumption has risen about 30%. Most of this in- 
crease has been during the last 5 yr. With the increasing 
emphasis on eating lighter and leaner foods, this U.S. con- 
sumption is continuing to rise. 
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Figure 1. The seafood chain from the harvest to the table. 
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‘Table 1. Annual Per Capita Consumption of Live Weight 
Fish and Shellfish for Human Food, Selected Countries, 


1982-1984 
Estimated live 
weight equivalent 
Country Kilograms Pounds 
North America 
Canada 214 47.2 
United States 174 36.4 
Caribbean 
Barbados 33.6 TAL 
Dominican Republic 68 15.0 
Grenada 19.4 42.8 
Haiti 3.7 8.2 
Jamaica 17.0 37.5 
Latin America 
Argentina 5.7 12.6 
Bolivia 16 3.5 
Brazil 62 13.7 
Chile 18,7 41.2 
Equador 14.2 13.1 
Mexico 99 21.8 
Panama 14.4 31,7 
Europe 
Denmark 22.0 48.5, 
France 24.8 54,7 
Iceland 88.4 194.9 
Norway 46.0 101.4 
USSR 273 60.2 
Near East 
Egypt 55 12.1 
Israel 14.2 31.3 
Lebanon 05 11 
Oman 35.5 78.3 
Far East 
China 49 10.8 
India 3.1 68 
Japan 74.5 164.2 
Philippines 35.7 78.7 
Africa 
Congo (Brazaville) 33.4 73.6 
Ethiopia 0.1 0.2 
Kenya 47 104 
Republic of South Africa 96 212 
Oceania 
Australia 16.0 35.3 
New Zealand 12.2 26.9 
Source: Ref. 2. 
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Table 2. U.S. Annual Per Capita Consumption of Commercial Fish and Shellfish, 1953-1985 


Civilian resident 


Year population, July 1* Fresh and frozen’ Per capita canned® Consumption cured? Total 
1909° 90.5 43 2.7 4.0 11.0 
1910 92.4 45 2.8 3.9 11.2 
1915 100.5 58 24 3.0 112 
1920 106.5 6.3 3.2 2.3 11.8 
1925 115.8 6.3 3.2 16 111 
1930 122.9 5.8 3.4 10 10.2 
1935 127.1 5.1 47 0.7 10.5 
1940 132.1 5.7 46 07 11.0 
1945 128.1 6.6 26 0.7 9.9 
1950 150.8 6.3 49 0.6 11.8 
1955 163.0 5.9 3.9 07 10.5 
1960 178.1 5.7 40 06 10.3 
1965 191.6 6.0 43 0.5 10.8 
1970 201.9 6.9 45 04 11.8 
1975 213.8 75 43 04 12.2 
19807 225.6 8.0 45 03 12.8 
1981/ 227.7 78 48 0.3 12.9 
1982 229.9 17 43 0.3 12.3 
1983/ 232.0 8.0 48 0.3 13.1 
1984/ 234.4 8.3 5.0 0.3 13.6 
1985/ 237.0 9.0 5.2 0.3 14.5 
1986/ 239.4 9.0 5.4 0.3 14.7 
1987° 241.5 10.0 5.1 0.3 15.4 
1988 243.9 9.6 5.1 0.3 15.0 
Source: Ref. 2. 


*Resident population for 1909-1929 and civilian resident population for 1930 to date. 
*Fresh and frozen fish consumption from 1910 to 1928 is estimated. Beginning in 1973, data include consumption of artificially cultivated catfish. 
‘Canned fish consumption for 1910-1920 is estimated. Beginning in 1921, it is based on production reports, packer stocks, and foreign trade statistics for 


individual years, 

4Cured fish consumption for 1910-1928 is estimated. 

“Data for 1909 estimate based on the 1908 census and foreign trade. 
‘Domestic landing data used in calculating these data are preliminary. 


Fishery Landings 


The 1988 commercial domestic landings, by species, of 
marine fish and shellfish in the United States is 
shown in Table 3 (2). Near-shore landings (0-3 mi offshore) 
totaled 1,762,059 t (value $2,026,147,000), offshore land- 
ings (3-200 mi offshore) totaled 2,953,034 t (value 
$1,671,279,000), and international water catches totaled 
259,735 t (value $313,642,000), for a grand total of 
4,974,828 t (value $4,010,068,000). Almost 60% of the total 
fish and shellfish landings by the United States are caught 
3-200 mi offshore. Much of the harvest in these waters is 
in the Fisheries Conservation Zone, which extends fishing 
jurisdiction beyond that normally considered international 
waters. 

There is a large variation in the value of different spe- 
cies based on the consumer acceptance and the economics 
of harvest. Two relatively low-cost species, menhaden and 
pollock, accounted for 48.3% of the total fish and shellfish 
landed but had a value amounting to only 8.2% of the total. 
Menhaden is reduced to fish meal for animal consumption, 
whereas pollock is the basis for the rapidly growing surimi 
and pollock fillet industry. Conversely, high-value salmon 
accounted for only 5.5% of the catch but represented 22.7% 
of the total value, Shellfish also accounted for a relatively 
small volume of the total landings in the United States 
(less than 12%) but represented 37.5% of the total value. 


It is important to include the production of fish and 
shellfish from the rapidly growing aquaculture industry 
when considering total fish and shellfish availability. Al- 
though long established in other parts of the world (par- 
ticularly Asia) aquaculture is a relatively new and rapidly 
growing industry in the United States. As shown in Table 
4, aquaculture-raised fish accounted for 281,800 t (620 mil- 
lion Ib) in 1986 (3). 

For many years trout was the leading aquaculture fin- 
fish grown in the United States. However, catfish became 
the dominant species in the 1970s and salmon production 
passed trout in 1985. Catfish farming in the United States 
has increased from 1,004 t (22.1 million Ib) in 1977 to 
134,090 t (295 million lb) in 1988 (4). This represents about 
53% of the total aquaculture fish and shellfish and 5% of 
the total combined wild and aquaculture fish and shellfish. 


Imports and Exports 

Tables 5 and 6 show the imports and exports of fishery 
products to and from the United States (2). In 1988 
1,350,000 t (2,971 million Ib) of edible fishery products 
were imported while only 36% of that amount, 483,550 t 
(1,064 million lb), were imported. 


Harvesting Gear 


Static Gear. Although early fishing depended on spear 
fishing and later was the basis for sophisticated harpoon 


Table 3. Commercial Landings of Fish and Shellfish by 


USS. Fishing Craft, 1988 
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Table 3. Commercial Landings of Fish and Shellfish by 
US. Fishing Craft, 1988 (continued) 


Total Total 
Species Metric tons ‘Thousand dollars ‘Species Metric tons ‘Thousand dollars 
Fish Sea bass 
tesgeas Black 2,188 5,144 
Atlantic and Gulf 2,561 626 Pica ae 
Great Lakes 4,856 191 say 
3 Gray 9,314 7,948 
Anchovies 5,636 2,615 
Spotted 1,403 3,169 
Bluefish 7,644 3,012 A 
; White 168 229 
Bonito 4,178 1,827 ane 
Buiterfish 2468 3,407 aie om he 
Atlantie 34,506 42,941 Pua eee a06 
Pacific 232,727 68,858 a4 as aes 
Croaker 4810 4,596 
areal ao rete Other 3,083, 11319 
oe , ’ Striped bass 185 517 
, Swordfish 5814 42,708 
Atlantic and Gulf: a at ae 
Blackback 8211 21,533 ee D : 
tae nese “26 Albacore 8,643 16,278 
Yellowtail 5,041 13,187 " 
Bigeye 2,472 15,149 
Other 11,616 27,022 
f Bluefin 1,699 17,305, 
Pacific 392,612 87,818 vot 
Skipjack 136,07 149,052 
Total flounders 433,814 193,905 
Yellowfin 127,140 182,202 
Groupers 5,547 21,703 al ss a8 
Haddock 2,916 7,030 nclasaltied pe 
cats Total tuna 276,385 380,532 
is Whiting 16,134 8,621 
Rete Aehitingy ae as Other marine finfishes 1191697 74,953 
; ? Other freshwater finfishes 13,271 18,534 
Waite Base oy Total fish 4,389, 185 2,506,515 
Halibut 37,017 72,718 aes es: 
Herring, sea 
Atlantic 41,003 5,229 Shellfish 
Pacific 59,617 57,431 Clams 
Jack mackerel 10,227 1,685 Hard 5,616 67,818 
Lingeod 2,965 2,385 Ocean quahog 21,006 14,921 
Mackerel Soft 3,091 18,717 
Atlantic 12,377 2,722 Surf 28,824 29,183 
King 1,954 5,043, Other 11295 4,142 
Pacific 45,514 7,498 Total clams 58,757 134,781 
Spanish 1,922 1,479 Crabs 
Menhaden Blue, hard 99,184 84,357 
Atlantic 360,462 35,162 Dungeness 21518 54,771 
Guilt 638,721 73,259 King 9,513 84,153 
Total menhaden 999,183 108,421 Snow (tanner) 66,372 137,052 
Mullets 14,806 11,218 Other 10,082 23,227 
Ocean perch Total crabs 206,669 383,560 
Atlantic 1,066 1,467 Lobsters 
Pacific 5,406 2,546 American 22,064 145,236 
Pollock Spiny 3,250 23,030 
Atlantic 14,992 1071 Oysters 14,466 78,498 
Alaska 1,396,833 211,354 Seallops 
Rockfish 58,360 39,368 Bay 258 3414 
Sablefish 48,817 91,793 Calico 5,383, 12,462 
Salmon, Pacifie Sea 13,860 128,243 
Chinook or king 20,716 117,551 Shrimp 
Chum or keta 66,436 134,689 New England 3,078 7,497 
Pink 80,053 127,297 South Atlantic 10,997 51,667 
Red or sockeye 86,199 437,630 Gulf 102,416 414,469 
Silver or coho 21,539 93,506 Pacific 33,590 32,401 
Total salmon 274,943 910,673 Total shrimp 150,081 506,034 
Scup or porgy 6,513 9,572 Squid 
Atlantic 21,200 16,220 
Pacific 36,481 7,689 
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Table 3. Commercial Landings of Fish and Shellfish by 
U.S, Fishing Craft, 1988 (continued) 


Total 
Species Metric tons Thousand dollars 
Other shellfish 52,174 65,386 
Total shellfish 585,643 1,504,553 
Grand total, 1988 4,974,828 4,010,068 
Source: Ref. 2. 


Note: Landings are in round (live) weight for all items, except clams, oys- 
ters, and scallops, which are reported in weight of meat. 


systems, modern commercial fishing methods use either 
static gear or moving gear when a vessel is used for towing 
or dragging. There are three basic types of static gear used 
in the commercial fisheries. The hook-and-line technique 
is familiar to all sports fishermen. The fish is attracted to 
the hook by an edible bait or by an attractive device such 
as a feather. As the fish tries to take the food from the bait 
or attacks the lure, it becomes attached to the barbed hook 
and cannot shake the hook from its mouth. A technique 
called long-lining is the major commercial use of hook-and- 
line fishing. A series of baited hooks are suspended from a 
buoyed horizontal line. This use of multiple hooks greatly 
increases the chances of catching fish and makes the fish- 
ing a viable commercial venture. 

There are two basic types of trap used to catch fish and 
shellfish. One is an enclosure placed in the pathway of a 
moving or migrating animal while the other is a container 
or pot in which bait is placed. An animal crawls or swims 
into the tunnel entrance and then cannot escape because 


Table 4. U.S. Private Aquaculture Production and Value 


it is unable to find its way out of the narrow opening. Traps 
usually have a one-way wire door that can be easily pushed 
aside to enter but prevents regression. 

Static nets, called gill nets, are a form of static gear 
closely related to traps. Nets are suspended from a few 
fathoms up to 50 fathoms into the water from a buoyed 
line. They are placed in the water where fish are known to 
be passing. The moving fish hits and penetrates the net. 
As it realizes that it has hit an obstruction, it tries to pull 
back. This causes its gills to become entangled in the web- 
bing where the fish is securely held until the fishermen pull 
the net to the surface. Figures 2-7 show the types of static 
gear described above (5). 


Towed or Dragged Gear. It is often necessary to sweep 
large areas of the ocean to catch sufficient volumes of fish 
or shellfish. This is done by trawling, in which large nets 
are towed through the water, or dredging, in which gear is 
towed along the bottom. 

A trawl net is constructed like a large net bag that has 
a restricted end called the cod end. As a fishing vessel pulls 
the funnellike nets, fish are swept into the nets and col- 
lected in the bottom or cod end. The vessel must travel at 
sufficient speed to insure that the fish being collected into 
the net cannot swim out of the opening. The goal of a trawl 
operation, lasting from less than an hour to several hours 
is to fill the cod end. A typical trawl net and a dredge are 
shown in Figures 8-10 (5). 


Encircling Gear. Encircling gear is used for catching 
large amounts of fish that are schooled or densely concen- 
trated. One end of the net, called a seine net is pulled from 
the fishing vessel and completes the operation by encir- 


Species 1980 1983 1984 1985 1986 
Baitfish 22,046 22,046 23,598 24,807 25,247 
(44,000) (44,000) (47,045) (51,280) (1,522) 
Catfish 76,849 220,000 239,800 271,357 326,979 
(53,572) (132,000) (191,840) (189,194) (228,886) 
Clams 561 1,689 1,689 1,588 2,506 
(2,295) (9,500) (4,178) (4,717) (8,307) 
Crayfish 23,917 60,000 59,400 64,999 97,500 
(12,951) (30,000) (27,700) (32,500) (48,750) 
Freshwater prawns 300 275 317 267 178 
(1,200) (1,500) (1,698) (1,540) (893) 
Mussels - 715 917 928 1,206 
- (1,500) (1,584) (1,248) (1,725) 
Oysters 23,755 23,300 24,549 22,473 24,090 
(37,085) (31,500) (38,970) (39,997) (42,797) 
Pacific salmon 7,616 20,600 45,086 84,305 74,398 
(3,400) (6,800) (17,252) (25,439) (82,751) 
Shrimp — 255 528 440 1,354 
= (874) (1,566) (1,687) (3,408) 
Trout 48,141 48,400 49,940 50,600 51,000 
(37,474) (50,000) (54,435) (55,154) (55,590) 
Other species = 7,000 9,900 14,000 15,500 
- (7,000) (9,900) (20,000) (21,700) 

Source: Ref. 8. 


Note: Production is in 1,000 lb, and value, in parentheses, is in $1,000. 
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Table 5. U.S. Fishery Products Imports by Principal Items, 1987 and 1988 


1987 1988 
Item Thousand pounds Thousand dollars Thousand pounds Thousand dollars 
Edible fishery products 
Fresh and frozen 
Whole or eviscerated 
Cod, cusk, haddock, and flounder 105,158 65,198 85,139 52,717 
Halibut 9,295 23,138 11,952 25,432 
Salmon 41,902 113,008 50,144 155,173 
Tuna 
Albacore 201,988 171,988 195,991 202,967 
Other* 370,517 158,771 354,156 169,331 
Other 214,628 183,022 222,696 208,399 
Fillets and steaks 
Flounder 73,003 148,734 58,534 119,996 
Groundfish 315,418 570,065 253,187 431,126 
Other 232,564 396,324 205,988 358,766 
Blocks and slabs 403,577 539,358 303,237 382,482 
Shrimp 461,173 1,676,844 489,740 1,725,971 
Crabmeat 12,571 67,427 10,821 59,639 
Lobster 
American (includes fresh-cooked meat) 38,974 178,069 39,732 183,482 
Spiny 41,949 397,854 37,806 363,195 
Scallops (meats) 39,934 162,273 32,039 115,706 
Analogue products with shellfish 30,539 51,197 24,516 41,569 
Other fish and shellfish 98,996 169,855 92,128 163,444 
Canned 
Herring, not in oil 5,617 8,726 6,541 10,264 
Sardines 
Tn oil 27,352 35,106 22,813 30,824 
Not in oil 37,670 25,470 30,546 23,154 
Tuna 
In oil 329 869 318 744 
Not in oil 211,356 206,051 244,186 297,922 
Balls, cakes, and puddings 
Analogue products without shellfish 4,737 6,786 2,574 4,361 
Other 8,797 13,130 5,650 8,376 
Abalone 2,790 19,867 2,434 22,487 
Clams 13,974 15,288 11,268 13,993 
Crabmeat 7,967 20,626 7,720 19,622 
Lobsters 
American 637 4,184 594 5,342 
Spiny 136 748 52 280 
Oysters 32,668 36,144 27,524 39,817 
Shrimp 17,132 33,380 14,138 28,730 
Other fish and shellfish 57,579 89,499 52,350 80,952 
Cured 
Pickled or salted 
Cod, haddock, hake, ete 31,893 60,542 31,361 52,665 
Herring 22,213 9,594 20,333 8,618 
Other 9,991 22,792 11,784 27,718 
Other fish and shellfish 16,108 29,306 10,966 29,119 
Total edible fishery products 3,201,132 5,711,233 2,970,958 5,459,383 
Inedible fishery products 
Meal and scrap 393,730 52,508 265,310 49,567 
Fish oils 30,509 18,930 27,688 9,666 
Other - 3,035,026 - 3,353,379 
Total inedible fishery products i 3,106,464 a 3,412,612 
Grand total = 8,817,697 = 8,871,995 
Souree: Ref. 2. 


Note: Data include imports into the United States and Puerto Rico and include landings of tuna by foreign vessels at American Samoa. Statistics on imports 
are the weight of individual products as exported, ie, fillets, steaks, whole, headed, ete. 
“Includes loins and disks. 
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‘Table 6, U.S. Domestic Fishery Products Exports, by Principal, 1987 and 1988 


1987 1988 
Item Thousand pounds Thousand dollars © Thousand pounds —_—‘Thousand dollars 
Edible fishery products 
Fresh and frozen 
Whole or eviscerated 
Cod, cusk, haddock, and flounder 105,158, 65,198 85,139 52,717 
Halibut 9,295 23,138 11,952 25,432 
Salmon 41,902 113,008 50,144 155,173 
Tuna 
Albacore 201,988 171,988 195,991 202,967 
Other* 370,517 158,771 354,156 169,331 
Other 214,628 183,022 222,696 208,399 
Fillets and steaks 
Flounder 73,003 148,734 58,534 119,996 
Groundfish 315,418 570,065 253,187 431,126 
Other 232,564 396,324 205,988 358,766 
Blocks and slabs 403,577 539,358 303,237 382,482 
Shrimp 461,173 1,676,844 489,740 1,725,971 
Crabmeat 12,571 67,427 10,821 59,639 
Lobster 
American (includes fresh-cooked meat) 38,974 178,069 39,732 183,482 
Spiny 41,949 397,854 37,806 363,195 
Scallops (meats) 39,934 162,273 32,039 115,706 
Analogue products with shellfish 30,539 51,197 24,516 41,569 
Other fish and shellfish 98,996 169,855 92,128 163,444 
Canned 
Herring, not in oil 5,617 8,726 6,541 10,264 
Sardines 
In oil 27,352 35,106 22,813 30,824 
Not in oil 37,670 25,470 30,546 23,154 
Tuna 
In oil 329 869 318 744 
Not in oil 211,356 206,051 244,186 297,922 
Balls, cakes, and puddings 
Analogue products without shellfish 4,737 6,786 2,574 4,361 
Other 8,797 13,130 5,650 8,376 
Abalone 2,790 19,867 2,434 22,487 
Clams 13,974 15,288 11,268 13,993 
Crabmeat 7,967 20,626 7,720 19,622 
Lobsters 
American 637 4,184 594 5,342 
Spiny 136 748 52 280 
Oysters 32,668 36,144 27,524 39,817 
Shrimp 17,132 33,380 14,138 28,730 
Other fish and shellfish 57,579 89,499 52,350 80,952 
Cured 
Pickled or salted 
Cod, haddock, hake, ete 31,893 60,542 31,361 52,665 
Herring 22,213 9,594 20,333 8,618 
Other 9,991 22,792 11,784 27,718 
Other fish and shellfish 16,108 29,306 10,966 29,119 
Total edible fishery products 3,201,132 5,711,233 2,970,958 5,459,383 
Inedible fishery products 
Meal and scrap 393,730 52,508 265,310 49,567 
Fish oils 30,509 18,930 27,688 9,666 
Other = 3,035,026 = 3,353,379 
Total inedible fishery products a 3,106,464 = 3,412,612 
Grand total =a 8,817,697 _ 8,871,995 
Source: Ref. 2. 


Note: Data include imports into the United States and Puerto Rico and include landings of tuna by foreign vessels at American Samoa. Statistics on imports 
are the weight of individual products as exported, ie, fillets, steaks, whole, headed, etc. 


“Includes loins and disks. 


Figure 2. Static fishing gear. Gillnetting—a method of fishing in 
which fish swim into a suspended net and become entangled by 
their gills in the webbing. The net can be placed at various depths, 
depending on the fishery and locale. Source: Courtesy of Seafood 
Leader. 


Figure 3. Static fishing gear. Cod traps—set on the ocean floor 
close to shore, these open-trapped box nets contain a door facing 
the shore, where seashore feeding cod are deterred by a net fence 
that directs them to the trap; once inside, they tend to swim in 
circles. Source: Courtesy of Seafood Leader. 


cling the school of fish and bringing the end back to the 
vessel. Most seines (Fig. 11) have a line on the bottom that 
can be pursed to close the net and prevent fish from escap- 
ing. Typical fish that can be exploited by this method of 
harvest include anchovy, pilchard, sardine, salmon, her- 
ring, and tuna. 


FISH AND SHELLFISH PRODUCTS 783 


Figure 4. Static fishing gear. Longlining—a method of fishing in- 
volving one main line to which a series of shorter lines (gangions) 
with baited hooks are attached. Used at various depths; ie, surface 
longlining for pelagic species such as tuna and swordfish, bottom 
longlining for demersal species as halibut and cod. Source: Cour- 
tesy of Seafood Leader. 


Fishing Vessels 


The subject of fishing vessel design, construction, and 
operation is a most complex subject and will only be men- 
tioned here. Fishing vessels range from small outboard 
motor boats operated by artisan fishermen to large ocean- 
going vessels, which require a sophisticated crew for effi- 
cient operation. The smaller vessels operate close to shore 
and return with the catch each day. 

The length and sophistication of modern near-shore 
fishing vessels depends on the fishery, the fishing location 
and distance from shore, the distance that must be covered 
going to and from the fishing grounds, and the value of the 
catch. It is common to find vessels 20-50+ ft in length 
operating in the near-shore fishery and catcher-processor 
vessels of several hundred feet in length operating offshore 
on the high seas. The crews number from one to five on 
near-shore vessels and up to several hundred (including 
process crew) on the large catcher-processors. Likewise, 
the cost of fishing vessels varies tremendously, from about 
$200,000 for a small near-shore vessel to approximately 
$30,000,000 for the large offshore catcher-processors. 


MAINTAINING QUALITY OF THE CATCH 


Quality is a term that has many definitions, depending on 
the background and interests of those queried. To some, 
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Figure 5. Static fishing gear. Crab traps—framed with iron rods 
and covered with polyethylene rope webbing, crab trays are usu- 
ally fished on single lines. Size varies according to fishery; ie, small 
traps are used for blue crab, large traps are used for king crab. 
Source: Courtesy of Seafood Leader. 


Figure 6. Static fishing gear. Weir fishing—rigid poles are driven 
into the mud bottom to form a heart-shaped configuration; a 
straight line of poles, leading from the shoreline to the weir, acts 
as a barrier directing the fish into the weir. Using skiffs, fishermen 
first seine the catch, then use a brailer or dip-net to collect them. 
Source: Courtesy of Seafood Leader. 


Figure 7. Static fishing gear. Inshore lobster fishing—wooden or 
wire traps with cotton or nylon twine are set on the ocean floor at 
various depths, either individually or in strings on a line, baited 
with either fresh or salted fish. Source: Courtesy of Seafood 
Leader. 


the measuring of the product degradation by biological fac- 
tors such as microorganisms or enzymes is the only means 
of determining quality. To others the aesthetic values that 
make a product look good are just as important in defining 
quality. In reality the biological factors determining safety 
and nutritional values and the physical factors used in a 
grading system (ie, size and weight uniformity, color, and 
blemished surfaces) are integrated to mean quality to most 
people. 

The maintenance of quality or the fresh nature of 
landed seafood depends on many operations from the 
catching, landing, and shipboard handling to the trans- 
porting, storing, processing, and distributing. A biological 
specimen can only decrease in quality as it travels through 
the various steps of a commercial venture. Enzymes and 
microorganisms cause spoilage and degradation that are 
irreversible. Physical damage not only affects the appear- 
ance of a product, but such damage as skin ruptures allow 
microorganisms to invade the tissue and cause earlier de- 
terioration. Therefore, all participants in the commercial 
seafood chain are important for maintaining high-quality 
products. 


The Impact of Fishing Methods 


Fishing gear is usually designed to give maximum effi- 
ciency in catching fish. The total cost of catching a given 
amount of fish includes vessel cost and operation, fishing 
gear cost and maintenance, manpower required, and other 


Figure 8. Towed or dragged fishing gear. Otter trawling—a 
method of fishing in which a large wedge-shaped net is dragged 
along the ocean bottom; an otter door is attached to each side of 
the net to hold the net open and keep it horizontal. Fish collect in 
the cod end (the back) of the net. Source: Courtesy of Seafood 
Leader. 


Figure 9, Towed or dragged fishing gear. Scallop dredging—a 
method of fishing which involves raking a metal frame with teeth 
and a chainmesh bag across the ocean bottom. Source: Courtesy 
of Seafood Leader. 
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Figure 10. Towed or dragged fishing gear. Trolling—a method of 
fishing in which several fishing lines with numerous lures are 
dragged slowing through the water. 


Figure 11. Encircling gear. Purse seining—a method of fishing 
involving a long, deep net that stands like a fence in the water, 
supported at the surface by floats and held down by lead lines at 
the bottom. A person in a skiff takes one end of the net around 
the school of fish and joins it at the other end, and the vessel hauls 
in the wire purse line strung through the bottom of the net, form- 
ing a purse under the fish. Source: Courtesy of Seafood Leader. 


costs involving machinery and equipment. All factors are 
combined to give the cost of a given harvest known as the 
catch per unit effort (CUE). However, the best CUE does 
not insure good quality in the fish landed, and a processor 
is somewhat at the mercy of the fishing operation for initial 
quality of raw materials from the sea. 

The type of gear used in fishing has a definite bearing 
on the quality. When a fish dies after or during vigorous 
exercise, such as struggling on a hook and line, metabolic 
activity including that of protein and lipid degrading en- 
zymes, adversely affects the subsequent spoilage rate of 
the dead animal. If a fish has been feeding and has food in 
its stomach, the increased metabolic activity greatly ac- 
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celerates the loss of quality in the slaughtered animal. The 
so-called soft belly of a fish is caused by this enzyme activ- 
ity after the fish is dead. Because the amount of time that 
a hooked fish struggles is directly related to the subse- 
quent spoilage rate, troll-caught fish are often of better 
quality than longline-caught fish that are allowed to die 
thrashing in the water. 

The quality of gill net-caught fish is extremely variable 
depending on the length of time that the net is in the water. 
Hence, there can be a tremendous difference in the quality 
of fish taken from a given set, the last caught often being 
of higher quality. This factor is certainly realized by the 
wholesale buyers in that troll-caught fish consistently com- 
mand a higher price than gill net-caught fish. 

Certain visual or aesthetic factors also affect the market 
price of fish even though there may not be any real differ- 
ence in the quality of the flesh. Marks from the web of a 
gill net are often caused when the fish struggles back and 
forth to release its entrapped gills. Unless the web causes 
cuts that allow bacteria to enter the flesh, these marks 
normally do not adversely affect the biological quality of 
the flesh. Hence, the word quality has different definitions, 
depending on whether it refers to the biological state of the 
edible portion or the visual appearance of the fish. 

There are several types of fishing gear that cause ab- 
rasions and punctures during the catching and subsequent 
handling. Trawling, dredging, spearing or harpooning, and 
gillnetting all cause different degrees of damage. Trawling, 
which accounts for ca 40% of the world’s fish catch, exerts 
extreme pressure on the fish as the cod end becomes full. 
In addition to scale abrasion, ruptures in the skin and in- 
ternal portions release gut bacteria and decrease shelf life 
of the subsequent product. 

The best quality is maintained in fish that are caught 
by trapping. As long as the trapping device is emptied on 
a reasonable cycle, the fish remains alive and is quickly 
killed prior to sale or processing. Some species, such as 
crabs, must be kept alive prior to butchering or there will 
be a blue color in the meat. This is due to the blood chem- 
istry of crabs; they have a copper complex instead of the 
heme, or iron, complex found in most animals. If the crab 
is not butchered live and the blood removed prior to pro- 
cessing, the copper will oxidize, giving a blue color to the 
meat. Although the aesthetic value of the crab is impaired, 
the eating quality is not affected. However, as in the case 
of abraided fish skin, the consumer is not willing to con- 
sider blue crabmeat as anything but a low-grade, poor- 
quality product. 

Aquaculture is somewhat akin to catching wild fish in 
trapping devices. The fish or shellfish are raised in an en- 
closed area and then removed when ready for market. As 
in the case of trap-caught fish, farmed fish are live when 
harvested. 


Shipboard Handling of the Catch 


The proper handling of fish during harvesting and on ship- 
board can minimize the adverse effects of gear. Of utmost 
importance when fish are first landed is that they are seg- 
regated and placed in a sanitary chilled environment. Min- 
imizing the bacterial and enzymatic activity by fast reduc- 


tion of temperature in freshly landed finfish and shellfish 
is probably the most important step in the entire chain of 
events that takes a fish from the water to the table. 

Figure 12 shows the extreme variation in storage life of 
fresh and frozen commercial fish prepared for the market. 
This curve has been compiled from many published 
sources that give the shelf life of fish as related to the han- 
dling methods (6). It has been shown that landed high- 
quality fish that is chilled rapidly and carefully handled, 
processed, and packaged can be acceptable for up to three 
weeks after being caught. On the other end of the scale, a 
fish that has undergone poor handling on shipboard (eg, 
70% of as caught quality) and subsequent marginal han- 
dling during the processing and marketing stages is ined- 
ible after four days. 

Fish that has been properly handled, processed, pack- 
aged, and frozen can be held up to one year without sig- 
nificant deterioration. However, there are many factors 
that must be considered in discussing shelf life of a fresh 
or frozen product. The species, the oil content, the catching 
technique, and the state of the fish when harvested are all 
uncontrollable factors that have a major bearing on the 
shelf life of a seafood product. 


PROCESSING SEAFOOD 


Inspecting As-Received Seafoods 


Seafoods received in the processing area of a vessel or in a 
shore-based plant vary tremendously in the state and 
form. This is the situation when batches of product from 
different sources or catching vessels are mixed in the re- 
ceived lot. A sensory inspection must be made to insure 
that the raw material passes the criteria specified by the 
buyer or processor. 

A sensory evaluation utilizes touch, odor, and sight to 
determine the acceptability of a given lot of seafood (7). An 
on-site inspection should concentrate on microbial contam- 
ination, enzymatic degradation, and other chemical and 
physical factors that reduce the marketability of the sea- 
food. A faint fresh, nonfishy odor; firm and elastic flesh; 
bright and full translucent eyes; bright pink gills; and 
bright and moist skin surface with no heavy deposits of 
mucus or slime are all properties of a good fresh fish. 

In addition to microbial and enzymatic degradation that 
can take place in improperly handled seafood, the oil in 
fatty fish that have not been chilled rapidly or adequately 
protected from the environment are subject to oxidative 
rancidity. This is both an aesthetic and nutritional prob- 
lem. Oxidation from the air (and sometimes autooxidation 
within the seafood) not only affects the odor and taste ac- 
ceptability of the product but also destroys the omega-3 (n 
— 8) fatty acids in the oil that are so important for human 
nutrition. 


Preprocessing As-Received Seafoods 


Preprocessing begins on shipboard where the seafood is, at 
the minimum, segregated and chilled. Many fish destined 
for the fresh market are butchered and washed. The min- 
imal butchering operation consists of removing the visceral 
portion and often the gills. The ultimate in shipboard 
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celerates the loss of quality in the slaughtered animal. The 
so-called soft belly of a fish is caused by this enzyme activ- 
ity after the fish is dead. Because the amount of time that 
a hooked fish struggles is directly related to the subse- 
quent spoilage rate, troll-caught fish are often of better 
quality than longline-caught fish that are allowed to die 
thrashing in the water. 

The quality of gill net-caught fish is extremely variable 
depending on the length of time that the net is in the water. 
Hence, there can be a tremendous difference in the quality 
of fish taken from a given set, the last caught often being 
of higher quality. This factor is certainly realized by the 
wholesale buyers in that troll-caught fish consistently com- 
mand a higher price than gill net-caught fish. 

Certain visual or aesthetic factors also affect the market 
price of fish even though there may not be any real differ- 
ence in the quality of the flesh. Marks from the web of a 
gill net are often caused when the fish struggles back and 
forth to release its entrapped gills. Unless the web causes 
cuts that allow bacteria to enter the flesh, these marks 
normally do not adversely affect the biological quality of 
the flesh. Hence, the word quality has different definitions, 
depending on whether it refers to the biological state of the 
edible portion or the visual appearance of the fish. 

There are several types of fishing gear that cause ab- 
rasions and punctures during the catching and subsequent 
handling. Trawling, dredging, spearing or harpooning, and 
gillnetting all cause different degrees of damage. Trawling, 
which accounts for ca 40% of the world’s fish catch, exerts 
extreme pressure on the fish as the cod end becomes full. 
In addition to scale abrasion, ruptures in the skin and in- 
ternal portions release gut bacteria and decrease shelf life 
of the subsequent product. 

The best quality is maintained in fish that are caught 
by trapping. As long as the trapping device is emptied on 
a reasonable cycle, the fish remains alive and is quickly 
killed prior to sale or processing. Some species, such as 
crabs, must be kept alive prior to butchering or there will 
be a blue color in the meat. This is due to the blood chem- 
istry of crabs; they have a copper complex instead of the 
heme, or iron, complex found in most animals. If the crab 
is not butchered live and the blood removed prior to pro- 
cessing, the copper will oxidize, giving a blue color to the 
meat. Although the aesthetic value of the crab is impaired, 
the eating quality is not affected. However, as in the case 
of abraided fish skin, the consumer is not willing to con- 
sider blue crabmeat as anything but a low-grade, poor- 
quality product. 

Aquaculture is somewhat akin to catching wild fish in 
trapping devices. The fish or shellfish are raised in an en- 
closed area and then removed when ready for market. As 
in the case of trap-caught fish, farmed fish are live when 
harvested. 


Shipboard Handling of the Catch 


The proper handling of fish during harvesting and on ship- 
board can minimize the adverse effects of gear. Of utmost 
importance when fish are first landed is that they are seg- 
regated and placed in a sanitary chilled environment. Min- 
imizing the bacterial and enzymatic activity by fast reduc- 


tion of temperature in freshly landed finfish and shellfish 
is probably the most important step in the entire chain of 
events that takes a fish from the water to the table. 

Figure 12 shows the extreme variation in storage life of 
fresh and frozen commercial fish prepared for the market. 
This curve has been compiled from many published 
sources that give the shelf life of fish as related to the han- 
dling methods (6). It has been shown that landed high- 
quality fish that is chilled rapidly and carefully handled, 
processed, and packaged can be acceptable for up to three 
weeks after being caught. On the other end of the scale, a 
fish that has undergone poor handling on shipboard (eg, 
70% of as caught quality) and subsequent marginal han- 
dling during the processing and marketing stages is ined- 
ible after four days. 

Fish that has been properly handled, processed, pack- 
aged, and frozen can be held up to one year without sig- 
nificant deterioration. However, there are many factors 
that must be considered in discussing shelf life of a fresh 
or frozen product. The species, the oil content, the catching 
technique, and the state of the fish when harvested are all 
uncontrollable factors that have a major bearing on the 
shelf life of a seafood product. 


PROCESSING SEAFOOD 


Inspecting As-Received Seafoods 


Seafoods received in the processing area of a vessel or ina 
shore-based plant vary tremendously in the state and 
form. This is the situation when batches of product from 
different sources or catching vessels are mixed in the re- 
ceived lot. A sensory inspection must be made to insure 
that the raw material passes the criteria specified by the 
buyer or processor. 

A sensory evaluation utilizes touch, odor, and sight to 
determine the acceptability of a given lot of seafood (7). An 
on-site inspection should concentrate on microbial contam- 
ination, enzymatic degradation, and other chemical and 
physical factors that reduce the marketability of the sea- 
food. A faint fresh, nonfishy odor; firm and elastic flesh; 
bright and full translucent eyes; bright pink gills; and 
bright and moist skin surface with no heavy deposits of 
mucus or slime are all properties of a good fresh fish. 

In addition to microbial and enzymatic degradation that 
can take place in improperly handled seafood, the oil in 
fatty fish that have not been chilled rapidly or adequately 
protected from the environment are subject to oxidative 
rancidity. This is both an aesthetic and nutritional prob- 
lem. Oxidation from the air (and sometimes autooxidation 
within the seafood) not only affects the odor and taste ac- 
ceptability of the product but also destroys the omega-3 (n 
— 8) fatty acids in the oil that are so important for human 
nutrition. 


Preprocessing As-Received Seafoods 


Preprocessing begins on shipboard where the seafood is, at 
the minimum, segregated and chilled. Many fish destined 
for the fresh market are butchered and washed. The min- 
imal butchering operation consists of removing the visceral 
portion and often the gills. The ultimate in shipboard 
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butchering is heading and gutting, which consists of re- 
moving the viscera, head, and often the tail and fins. 
Shrimp are normally iced but sometimes the head is re- 
moved on shipboard. Crab are either delivered live directly 
to the shore plant or are kept alive in seawater tanks until 
delivery. In all shipboard preprocessing operations the 
most important procedure is to lower the temperature of 
the catch as soon as possible after it is taken from the wa- 
ter. 

Preprocessing operations not carried out on shipboard 
are completed in the processing plant. After a second vi- 
sual inspection, fish are butchered. This primarily consists 
of eviscerating but also can include scaling, trimming, and 
further cleaning when necessary for a specific processing 
operation. 

Finfish are portioned for processing or direct marketing 
by filleting, steaking, or dressing a whole fish or section for 
roasting or broiling. Depending on the size and sophisti- 
cation of the processing plant, these operations are carried 
out either by hand or machine. Crustacea (eg, crayfish, lob- 
ster, and crab) and mollusks (eg, clams, oysters, and mus- 
sels) are handled and processed quite differently from fin- 
fish. 

Shrimp are iced on shipboard and unloaded by basket 
and conveyor into the plant receiving area. In the plant 
they are segregated and graded as to size by machine, 
passed over a visual inspection table for removing sub- 
standard specimens, cooked, and then headed and peeled 
(normally by machine). Large prawns are sometimes 
headed and handled individually on shipboard or in the 
plant. Those destined for market in an unpealed condition 
are then frozen. Prawns with head off and not cooked are 
called headed green prawns in the trade. Shrimp, regard- 
less of whether they are marketed cooked and peeled, 
green fresh or frozen, or in other forms are sold by the 
count to designate size. For example 21-25 count shrimp 
means that there are 21-25 shrimp per Ib. 


Figure 12. Shelf life of fishery products. 
Source: Ref. 12. 


Crab is cooked prior to processing or marketing. It is 
important that the crab are alive when butchered just be- 
fore being cooked whole. This is due to the high copper 
content in the crab blood, which oxidizes to a blue color if 
allowed to remain in the meat of a dead crab. Crab, de- 
pending on the species, are sold in the shell whole (eg, blue 
and dungeness), segregated with shell on into legs and 
body portions (eg, king and snow), or as leg and body meat. 
Meat is removed or shaken from the cracked shell portions 
by hand. 

Bivalves must be alive when purchased and subse- 
quently cooked in a plant, restaurant, or home. A healthy 
live oyster, clam, or mussel will have a tightly closed shell. 
Any gapers, eg, those with an open shell, must be dis- 
carded. This requirement for handling only live molluscs 
is important because they normally are not iced after being 
harvested by digging, picking, dredging, or tonging, but are 
delivered directly to the receiving station or plant. 

Problems involving toxins (eg, paralytic shellfish poi- 
soning) or communicable diseases being transmitted to the 
consumer by mollusks have become increasingly more 
prevalent as the coastal waters become more polluted (8). 
These animals are static so they are particularly vulner- 
able to any fluctuating environmental pollution problem 
that may exist. Furthermore, the conditions causing the 
meat to be inedible cannot be detected by simple in-plant 
inspection. This has resulted in an intricate system involv- 
ing surveillance of mollusk-growing areas by federal and 
local government agencies who are responsible for closing 
harvest areas when there is a potential problem. 


Total Utilization 


There is a growing emphasis on improving the total utili- 
zation of seafood raw material (8,9). For many years, only 
the most desirable portion of the fish, often accounting for 
20 or 30% (eg, fillets) of the fish, was used. The remainder 
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was considered waste or a raw material for preparing 
cheap animal feeds. Environmental and economic consid- 
erations dictate that this gross misuse of base raw material 
must be stopped. Hence, the modern attitude is that there 
is no such thing as fish waste. The portions remaining after 
the initial edible portion is removed should be considered 
secondary raw materials that can often equal or exceed the 
amount of the primary edible portion. The initial pre- 
processing operation must consider the ultimate total util- 
ization destination of all portions of the raw material. 
Some of the products that can be prepared or manufac- 
tured from secondary raw materials are outlined in 
Table 7. 

The developing operations and markets that use minced 
flesh for human consumption are beginning to have an im- 
pact on the economics of operating and the market for sea- 
food products. Minced fish is used in engineered and for- 
mulated foods, the fastest growing segment of the food 
industry. Sources of minced flesh include 


1, Frames (remaining skeleton) from a fillet operation. 
2. Industrial fish presently being used for meal and oil. 


Table 7. Total Utilization of Secondary Raw Materials 
from the Sea 


Product 
Raw material Edible Industrial 
Finfish Steaks Meal, oil, pet foods, 
Roasts pharmaceutical 
Fillets raw materials, 
Minced flesh, and leather (skins) 
surimi, formed 
foods, and 
extracted protein 
Specialty foods 
Refined oil 
Roe and milt 
Food additives 
Industrial fish? Minced flesh, Meal, oil, pet foods, 
surimi, formed pharmaceutical 
foods, and raw materials, 
extracted protein _and leather (skins) 
Specialty foods 
Refined oil 
Roe and milt 
Food additives 
Shellfish Whole (as caught) Crustacea shell, 
Portions extracted protein, 
Whole meat chitin products, 
Minced meat and calcium salts 
Specialty products _Bivalve shell land 
Food additives fill 
Meal and oil 
Seaweed Food Pharmaceutical raw 
Food additives materials 
Extracted products 
for industry 
Source: Ref. 8. 


“Process residues are an important source of recyled high-protein ingredi- 
ents for on-site preparation of aquaculture-raised fish and shellfish feed. 


3. Small fish currently being discarded or converted 
into fish meal that cannot be economically filleted or 
otherwise processed. 

4. Freshwater fish presently being underutilized. 


5. Low-fat fish that do not have good keeping properties 
due to rapid enzyme action (eg, pollock). 


Minced flesh can be used in many products that require 
a protein base or binder. Such items include sausage (much 
lower saturated fat and calories than those made from 
pork), wieners, other cased meats, extruded meat prod- 
ucts, nutrition-controlled foods (eg, low fat, high protein, 
and low sugar or carbohydrate), and other foods requiring 
ingredients with highly functional properties. 

In the past, fish oils have been by-products from the 
production of fish meal. This low-grade oil has been used 
for industrial purposes or for making margarine. The large 
amount made into margarine has been manufactured in 
foreign countries because fish oil is not allowed for this 
purpose in the United States. The recent interest in fish 
oils for health has created a challenge for researchers to 
develop satisfactory refining techniques and subsequent 
edible products from the refined oils. 

Some 30 yr ago it was recognized that fish oil has 
beneficial fatty acids that are active in preventing or min- 
imizing the effects of certain cardiac problems and other 
diseases. However, it was not until the early 1980s that 
highly publicized work demonstrated that diets of Green- 
land Eskimos, high in marine fish and mammals, were as- 
sociated with greatly reduced numbers of deaths due to 
ischemic heart disease when compared to populations in 
more developed countries consuming low fish and high ani- 
mal fat diets (10). Fish oil, through the consumption of 
more fish and formulated foods containing fish oil are now 
considered a valuable contribution to a more healthful diet 
(11-13). 


Heat Processing 


Methods of Heating. Seafood, like any other food is 
cooked or heated to make it taste good by changing the 
texture and bringing out flavors and odors. If sufficient 
heat is added to pasteurize the food, microorganisms that 
can cause public health diseases and illnesses are de- 
stroyed or inactivated. Enzymes are also inactivated by 
heat so that protected cooked food stored under refrigera- 
tion is subjected to a minimum of degradation by hydro- 
lysis. 

The ultimate in heat processing is sterilization whereby 
the product is heated for a sufficient time at a given tem- 
perature. If the product is hermetically sealed so that there 
is no postprocessing contamination, it will have an indefi- 
nite shelf life free from degradation by microorganisms 
and enzymes. 

Seafood is cooked and pasteurized by standard radiant 
energy baking ovens, infrared heating ovens, and micro- 
wave ovens. The heating in any oven is due to a combina- 
tion of conduction, convection, and radiation. Food in a 
standard oven receives conduction heating from the pan or 
oven rack, convection heating from the air that is heated 


by the walls of the oven, and radiant heating from the ex- 
posed heating units. Infrared ovens do not have open heat- 
ing elements because there is little convection heating 
from the air being heated by conduction. 

Microwave heating is a specialized form of dielectric ra- 
diant heating that has certain advantages over other di- 
electric methods. Because the molecular polarizations are 
reversed many millions of times per second, the friction of 
molecules contacting each other cause heat and subse- 
quent rapid, uniform heating of a food. Microwave heating 
has risen rapidly over the past decade. There are now mi- 
crowave ovens in about 80% of U.S. households. Restau- 
rants and institutional kitchens are rapidly increasing the 
use of this fast way of heating and cooking foods. The mi- 
crowave oven with additional convection heating is becom- 
ing popular in that it combines the advantages of fast, uni- 
form heating with the advantages of a conventional 
convection oven. 

The growing popularity of microwave ovens has greatly 
increased the demand for microwavable foods. The major 
challenge to the food scientist developing microwavable 
foods is lack of radiant heat that causes the surface of a 
food to brown. Hence, cooked nondeep-fried potatoes, 
chicken, white fish, etc remain white on the surface and do 
not take on the normally expected desirable browning on 
the surface. Microwavable batter and breadings have been 
developed that are the color of deep-fried products. Hence, 
the future of microwaved foods will indeed be insured if 
low-fat, consumer-acceptable microwavable batter and 
breaded foods can be developed that take the place of deep- 
fried products. Fish fillets and formed patties from minced 
fish base stand to benefit as much from this development 
as any other food product. Fish sandwiches and batter and 
breaded fish have been growing in popularity, especially in 
fast-food restaurants. However, as shown in Table 8, the 
desirable omega-3 fatty acids suffer and the fat calories are 
tremendously increased when a fish is deep fried (9). 

Commercial sterilization is carried out in steam retorts, 
which can process at temperatures above that of boiling 


Table 8. Effect of Processing on Omega-3 (n — 3) Fatty 
Acids* 


Fatty acid 
in oil 
Lipid, EPA, DHA, 
Species Product % % % 
Cod Fresh 0.29 18.67 27.98 
Batter and breaded 047 12.53 12.25 
Batter and breaded, deep- 5.53 0.03 0.09 
fried in liquid vegetable 
oil 
Batter and breaded, deep- 9.14 0.21—0.65 
fried in solid vegetable 
fat 
Batter and breaded, deep- 7.07 0.66 1.51 
fried in beef shortening 
Salmon, Fresh — 6.25 
Sockeye Canned — 50 
Canned (added salmon oil) 5.76 


Source: Ref. 9. 
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water, normally at or above 117°C (242°F). The time and 
temperature required for sterilization must be sufficient to 
kill Clostridium botulinum spores that, when viable, can 
grow in an anaerobic (nonoxygen) atmosphere and produce 
lethal toxins. These spores must be held for 32 min at 
110°C (230°F) to insure total destruction. Many low pH 
(high acidity) products such as certain fruits, vinegar- 
packed foods, and highly acid formulated foods prevent C. 
botulinum spores from growing. Many of these foods do not 
have to be sterilized at the temperatures required for high 
pH (low acidity). However, near neutral or high pH 
vacuum-packed products, such as seafood, are particularly 
vulnerable to anaerobic spore growth and sterilization 
must be insured. 

To ensure a margin of safety, the sterilization require- 
ment for canned fish is that the geometric center of a can 
or pouch must be held for 32 min at 116°C (240°F) (14). 
Each food and each different geometric form of container 
requires a different total processing time to accomplish 
sterilization. These processing times, determined by ther- 
mal death time laboratory studies, are mandatory for each 
processing company that is canning hermetically sealed 
food. Each batch of canned food must be coded and retort 
processing records kept to prove that the product was ster- 
ilized. 

It should be emphasized that anaerobic conditions often. 
prevail in a canned food even though an incomplete or no 
vacuum is drawn on the can prior to sealing. This is a re- 
sult of the subsequent oxidation of components in a food 
by the remaining oxygen in the air. 

Another precaution that must be practiced by proces- 
sors is the venting of a steam retort prior to beginning the 
official retorting time. This is to prevent air pockets from 
insulating some of the cans so that there is nonuniform 
temperature in the retort. Of course, hydrostatic retorts 
that heat containers in a column of water kept above nor- 
mal atmospheric boiling temperature by hydrostatic water 
pressure do not have a problem with entrapped air. 


Effects of Heating. Fresh or frozen seafood being cooked. 
for a meal should be heated for the minimum time required 
to improve the texture and the taste for the consumer. The 
normally dangerous microorganisms, those known as pub- 
lic health disease organisms are destroyed at relatively low 
temperatures. As shown in Table 9, the most heat resistant 
of the group, thermophiles, have an optimum growth at 
50-60°C (122-150°F). Hence, a seafood is normally safe to 
eat if the geometric center has been raised above 150°F 
when it is actually pasteurized. 


Table 9. Optimum Growth Temperature Range for 
Bacterial Group 


Bacterial group Optimum temperature range 
Psychotrophs 14-20°C (58-68°F) 
Mesophiles 30-37°C (86-98°F) 
Faculative thermophiles 38-46°C (100-115°F) 
Thermophiles 50-66°C (122-150°F) 
Source: Ref. 14. 
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Overcooking causes heat degradation of nutrients, oxi- 
dation of vitamins and oils, and leaching of water-soluble 
minerals and proteins. The retention of B vitamins, zinc, 
and iron is particularly important for populations that con- 
sume fish as the major source of meat in their diet. In ad- 
dition, overcooking causes too much water to be released 
and the drying effect causes flesh to become tough, thus 
nullifying the desired effect of texture improvement. 


Refrigeration and Freezing Technology 


As has already been stressed, the most important factor in 
handling fresh fish is to lower the temperature to just 
above freezing as soon as it is removed from the water. 
Because the condition of the harvested fish and the sub- 
sequent handling determines the shelf life of a fresh fish, 
it is not possible to state exact times that a seafood can be 
held in ice or under refrigeration and be considered a high- 
quality food. This is shown in the wide range of shelf life 
that has been published in the literature (Fig. 12). In gen- 
eral, fish with a high oil content or enzyme activity have 
greatly reduced shelf life and are often of marginal quality 
after a few days. 

High-quality seafood, when frozen properly soon after 
being removed from the water, is often far superior to fresh 
fish available on the market. This is due to the fact that 
all microbial action is stopped and enzyme action is sig- 
nificantly reduced in frozen fish. However, the initial qual- 
ity of the fish being frozen, the rate of freezing, the tem- 
perature at which the frozen seafood is held, and the 
uniformity of the freezing temperature are all important 
to maintaining a high-quality product. It is surprising how 
many people involved in the seafood chain do not under- 
stand some of these basic factors in insuring the high qual- 
ity of a seafood. Thus the constant challenge of those in- 
volved in seafood technology is the continual education and 
reeducation of everyone involved in the commercial sea- 
food chain. 


Freezing Seafood. During the freezing of seafood, struc- 
tural changes take place in the cells and cell walls as well 
as in components that are between the cells. Many of these 
adverse changes are caused by water crystals that expand 
and rupture the cell walls. This allows liquid within the 
cells to leak out when the flesh is thawed. Hence, free liq- 
uid, called drip, exudes from seafood when it is thawed. 
This loss of free water reduces the water content of the 
seafood causing economic loss to the seller and greatly re- 
duces the fresh qualities of the thawed product. 

As seafood is cooled above and below approximately 
28°F in a constant-temperature environment there is a 
near linear relationship between the temperature decrease 
and the time. However, as the water in the flesh begins to 
freeze, there is a long period of time during which the tem- 
perature remains almost constant. This period is a critical 
range for freezing and is caused by heat (heat of fusion) 
being removed from the fish to freeze water rather than to 
lower the temperature of the flesh. This relationship is 
shown in Figure 13. 

The longer a product remains in the critical zone, the 
larger the ice crystals formed in the cells will be. When 
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Figure 13. Idealized freezing curve for fish muscle. 


water is frozen rapidly, small crystals form and do not have 
time to increase in size due to the nucleation characteris- 
ties of a water molecule. Experience has shown that if sea- 
food passes through the critical zone in ca 1.5 h, there will 
be little damage to cell structure as a result of large crys- 
tals formed during freezing. This is demonstrated by mi- 
crophotographs of cells frozen under different conditions. 
Figure 14 showns cells (magnified 640 x) of a rainbow 
trout that was rapidly frozen and passed through the criti- 
cal zone in less than 1 h (15). Note the well-defined intact 
cell structure is similar to that of high-quality fresh flesh. 
Figure 15 is a similar microphotograph of cells from the 
other half of the same rainbow trout, which took approxi- 
mately 5 h to pass through the critical zone. In this case 
extreme damage to the cell structure caused by large ice 
crystals can be noted. This is a dramatic demonstration of 
why fast freezing of seafood is essential to maintaining the 
quality of frozen products. 

There is wide variation in commercial freezing facilities 
available to the seafood industry, and it is most important 
that commercial operators carefully study their options 
when purchasing and installing new equipment. The most 
efficient methods of freezing involve both conduction and 
convection freezing in an immersion system. Liquid refrig- 
erants such as the freons have been used for this purpose 


~y 


Figure 14. Cell structure of rainbow trout frozen rapidly (x 640). 
Source: Ref. 15. 


Figure 15. Cell structure of rainbow trout frozen slowly (x 640). 
Source: Ref. 15. 


but have proven too costly. Immersion freezing using re- 
frigerated brine is fast and efficient but a considerable 
amount of salt is absorbed into the flesh during freezing 
and can be a problem to product marketing. Refrigerated 
seawater is used extensively, especially in Alaska for rap- 
idly chilling and holding the fresh catch on shipboard. 

Plate freezers rapidly freeze, by conduction, products 
that are in contact with the plates. Plate freezers are used 
to their best advantage when the plates can be brought 
together to contact both sides of a package. This is the case 
for rectangular packaged seafood portions or prepared for- 
mulations. A disadvantage is that irregular items, particu- 
larly large fish, can only contact the plate on one side and 
the exposed side must be frozen by convection. Another 
disadvantage is using plate freezers for whole fish, because 
the plate only contacts one side of the large irregular 
shaped item and causes one side of the finished product to 
be flat while the other side is the nice rounded shape of the 
live fish. However, unless the fish are suspended by hooks, 
this same condition prevails in any freezer where the fish 
are placed on shelves during freezing. 

Convection blast freezing, where cold air is circulated 
over the products, is less efficient than conduction freezing 
but can be used for larger volumes. A disadvantage to blast 
freezing is that the rapidly moving dry air can dehydrate 
a product that is exposed for any length of time. This can 
be eliminated by proper packaging protection, but it also 
greatly decreases the heat transfer rate and lengthens the 
time of freezing and the subsequent time at which the 
product is in the critical range. 

The problems with blast freezing can often be mini- 
mized or eliminated when a combined blast-plate-freezing 
system is used. This can be demonstrated by comparing 
Figures 16 and 17 in which chum salmon weighing 4 Ib 
were frozen in two commercial units (16). Figure 16 is the 
freezing curve for a conventional blast freezer in which 
whole (headed and gutted) fish were placed on racks and 
frozen. Note that the time in the critical range was about 
4h and the total time to reduce the temperature to 0°F 
was about 8 h. The freezing curve shown in Figure 17 was 
that of a 4-Ib chum salmon in a combined blast and plate 
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freezer. The time in the critical range for this system was 
about 40 min, and the total freezing time to reach 0°F was 
slightly over 1.5 h. The fish frozen in the combined blast- 
plate freezer were far superior to those frozen in the blast 
freezer alone. Furthermore, the reduction in weight due to 
drip loss gave a significant economic advantage to the more 
rapidly frozen fish. 


Holding Seafood in Cold Storage. Good freezing practices 
involving fast freezing and minimal dehydration of fresh 
seafood insures that high-quality products are delivered to 
the cold storage for holding. Equally important to the con- 
tinuing maintenance of high quality is the environment 
under which the products are kept during the cold storage 
period. Unless frozen seafood is kept at extremely low tem- 
peratures, there is a certain amount of free water (not fro- 
zen) remaining in the product. This is a result of the anti- 
freeze effect of soluble salts in the cell, which become more 
concentrated as water freezes. Depending on the specific 
food, the physical and chemical conditions of the food, and 
the composition (including water content), the point at 
which all of the water is frozen is in the range of — 45°F. 
Because few, if any commercial cold storages are held at. 
that low temperature, there is a certain amount of free 
water remaining in all frozen food (9). This is depicted in 
Figure 18, indicating that the normal commercial cold stor- 
age temperatures are well above —45°F. In fact, different 
commercial cold storage warehouses in the United States 
range in temperature from slightly above 0°F to a low that 
seldom is below — 20°F. 

Not only is the average commercial cold storage facility 
maintained at a temperature at which several percent of 
the water remain unfrozen but there is normally a signifi- 
cant fluctuation in the base cold storage temperature. 
Thus when the temperature fluctuates above and below 
the average, some of the water in the product is continually 
frozen, thawed, and refrozen. The effect of this fluctuation 
is to greatly increase the effect of enzyme action that es- 
sentially digests the protein in the same manner that it is 
digested in the gut of an animal. This is emphasized by the 
fact that continual thawing and refreezing is not limited 
to the original free water and causes the enzyme action to 
spread throughout the flesh. This is why the meat in sea- 
food held for long periods can be extremely soft when 
thawed. This effect is even more noticeable in many home 
freezer units where temperature fluctuations are greater 
than those found in commercial facilities. Hence, holding 
a product at a higher but constant cold storage tempera- 
ture can result in a better product than when it is held at 
a fluctuating lower temperature. This concept is depicted 
in Figure 19. 

It can be important to know how much fish a given size 
cold storage unit will hold. The true density of a seafood 
ranges from 70 to 80 Ib/ft?. Because frozen fish blocks are 
essentially composed of solid fish flesh, they have about the 
same density as the natural flesh. At the other end of the 
spectrum, individually frozen and loosely packed fish 
range from 30 to 50 Ib/ft”. A well-run cold storage, allowing 
for the average distribution of product forms and allowing 
for air spaces and movement within the room, usually 
holds about 20-30 Ib/ft?. 


792 FISH AND SHELLFISH PRODUCTS 


TALE 


Temperature (°F) 
nN 
3° 


(0) TTT 


Trt 


0 40 80 
Figure 16. Freezing curve for blast 


freezing of chum salmon (4 Ib). 


Refreezing Seafood. Often it is necessary for a process- 
ing plant to receive frozen fish (either whole, butchered, or 
partially processed portions) for subsequent final process- 
ing or reprocessing. This occurs when fish are frozen at sea 
or other remote areas where total processing is not prac- 
tical due to limited facilities or economic considerations. A 
typical example is when fish blocks are shipped to a plant 
for thawing, trimming, battering and breading, and re- 
freezing. A similar situation occurs when frozen fish or pre- 
processed raw materials are held in cold storage until they 
are processed in response to a specific market demand. For 
example, if fresh salmon are cut into steaks and frozen, 
there is no opportunity to sell the fish in the fillet form if 
the demand or price of fillets takes a sudden increase. 

It is often said that seafood cannot be thawed and re- 
frozen. This is based on the too-often encountered situation 
whereby the fresh fish has been abused, the products have 
not been frozen rapidly, or have been held at high or fluc- 
tuating cold storage conditions. However, if the fish have 
been properly frozen and held in cold storage as described 
above, there will be little cell damage and the thawed prod- 
uct will have minimum water loss and reduction in quality 
from that of the original fresh raw material. Thus it can 
be thawed, reprocessed, and refrozen without significantly 
altering the quality of the finished product from that of the 
fresh fish. 

The increase of high-seas processing vessels encouraged 
by the 200-mi limit (Fishery Conservation Zone) has 
greatly accelerated the final processing of frozen products 
prepared at sea. The future will probably bring an even 
greater acceleration of this trend as such products as bat- 
ter and breaded (nondeep-fried) portions, whole fish, and 
products engineered and formulated from minced flesh or 
chunk portions are being developed for microwave cooking. 
These are inexpensive low-fat products with good sensory 
properties especially acceptable to the increasingly large 
number of nutrition-conscious consumers. 


Commercial Refrigeration Systems 


There is a distinct difference between selecting facilities 
for freezing or for cold storage for a commercial seafood 
operation. 
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Figure 17. Freezing curve for blast-plate freezing of chum 
salmon (4 Ib). 


Freezing Facilities. The freezing facility is related to the 
products that will be processed, the throughput of product, 
and the space availability in the processing area. The dif- 
ferences between various freezing techniques lie in the 
control of the type of heat transfer between the product 
and the refrigerant. The types of freezer as related to the 
products being frozen are as follows. 

Natural Convention Freezing. This facility is a room or 
chamber in which the product is frozen by natural convec- 
tion. There are minimum problems with dehydration but 
the freezing rate is slow. Only products not affected by slow 
freezing should be frozen in this type of freezer. These 
would include formulated products or very small items 
where the water loss or cell damage through slow freezing 
is not a problem. 

Combined Conduction and Natural Convection. The ad- 
dition of freezer plates on which the product is placed 
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Figure 18. Remaining free water in frozen food held at different 
temperatures, 


4 Freezer temperature 


0 eee OO Good 


Bad 


Temperature (°F) 
uo 
Oo 


-20 : ~ 
Time 


Figure 19. Time-temperature relationship of food during cold 
storage holding. 


greatly accelerates the freezing rate and maintains the ad- 
vantage of minimum hydration during freezing. 

Blast Convection Freezing. Blast freezing is a popular 
method of freezing irregularly shaped seafood items such 
as whole or partially dressed fish. A major disadvantage of 
this facility is that considerable loss of water through hy- 
dration can cause an unsightly surface condition known as 
freezer burn. This hydration, if allowed to continue, can 
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remove a considerable amount of water from the flesh, 
making the fish inedible. Such is the case when a product 
is frozen and then allowed to remain (actually to be stored) 
in the freezer for some length of time before being removed. 

When unpackaged products are destined for storage in 
acold room with fast moving air, they are glazed to protect 
against dehydration. This consists of immersing the frozen 
product in cold water and then allowing the water film to 
freeze on the surface. The layer of ice protects the fish, 
because the air removes water from the glaze rather than 
from the product. 

Combined Conduction and Blast Convection Freezing. 
This facility normally consists of refrigerated plates in a 
forced-air cold room. This freezer has the advantage of fast 
conduction freezing assisted by convection air on portions 
of the seafood that are not in contact with the plate surface. 
The tremendous increase in freezing rate by this combi- 
nation of freezing techniques as compared to that of a blast 
freezer were previously discussed and compared in Figures 
16 and 17. Normally the freezing rate is high enough to 
eliminate the problem of surface dehydration. 

Conduction Freezing. When small rectangular products 
or packages with two parallel surfaces are placed between 
two refrigerated plates in a cold room or chamber, fast 
freezing takes place with minimum harm to the products. 
These types of facility have mechanisms that allow the 
plates to be vertically adjusted. This allows the plates to 
open, or separate, during loading and then they come in 
contact with the product for freezing. 

Immersion and Cryogenic Freezing. Immersion in a cold 
liquid that will not affect the safety of the product (eg, 
brine, liquid nitrogen, or freon) is the fastest method of 
freezing. Freezing takes place by both convection from the 
circulating fluid and conduction from being in direct con- 
tact with the liquid. Immersion freezing in extremely cold 
refrigerants such as nitrogen or freon is called cryogenic 
freezing. Brine freezing utilizes saturated salt solutions 
that freeze rapidly due to the combined convection and con- 
duction but takes place at about 0°F. 

Cryogenic freezing has two limiting factors for extensive 
use in freezing seafood products. The first is that the freez- 
ing is so rapid that it causes extreme internal tension due 
to the freezing of the fiberous materials at a differential 
rate. This causes the flesh to rupture. It can be minimized 
by allowing the product to temper at room temperature 
before further handling, packaging, and placing in cold 
storage. The splitting problem can be fairly well overcome 
for small items such as fillets and steaks but large fish 
cannot be satisfactorily frozen by this means. Brine, on the 
other hand does not have the splitting problem and is a 
major means of freezing whole tuna fish on high-seas 
catcher vessels. 

The second problem with cryogenic freezing is that it is 
uneconomical to operate unless the freezer is used contin- 
uously, because a considerable amount of heat from the 
eryogen is lost each time a processing unit is shut down 
and restarted. Most seafood-processing plants do not op- 
erate on an extended basis so that the cost per pound for 
intermittent freezing limits cryogenic freezing to a few fish 
processing plants. 
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Modern cryogenic freezing no longer uses liquid immer- 
sion true freezing. It is more economical to spray the liquid 
refrigerant on the food as it moves along on a conveyor belt. 
This uses less refrigerant and still gives the same advan- 
tages as immersion. Furthermore, when extremely cold 
liquids are used for freezing, especially in immersion freez- 
ing, vapor bubbles are formed that insulate the liquid from 
the product and prevent the rapid heat transfer expected 
from such a large temperature difference between the 
product and the liquid. 


Cold Storage Facilities. Cold storage facilities must meet 
the requirements for long-term storage of commercial sea- 
food products ranging from large whole glazed fish to cases 
of packaged retail products. Of particular importance in 
purchasing or contracting for such facilities in a plant or 
choosing a public cold storage for use include the following: 


1. A design with proper insulation and construction 
materials that will insure a minimum of heat loss 
through the walls, ceiling, and floor. 

2. Properly designed protection to minimize heat loss 
through doors and other openings while the product 
is being taken into or out of the cold storage room. 

3. Refrigeration machinery that will have sufficient ca- 
pacity to hold the cold storage at the desired tem- 
perature. 

4. Sufficient refrigeration capacity to insure that the 
temperature in the cold storage rooms does not fluc- 
tuate to the extent of adversely affecting the prod- 
ucts being stored. This is probably the major problem 
encountered with commercial cold storage facilities. 
So often a low bid is awarded to a contractor who is 
the lowest due to cutting back on the amount of re- 
frigeration machinery and thus the ability to main- 
tain constant storage temperature during variable 
and seasonal outside weather conditions. 


Cured and Dried Seafood Products 


Control of water activity, defined as the ratio of the vapor 
pressure of water in a product at any given temperature 
divided by the vapor pressure of pure water at the same 
temperature, not only applies to smoking and drying but 
also to salting, pickling, and product formulation. Product 
stability, the growth of microorganisms, and chemical re- 
actions occurring during processing and storage are all de- 
pendent on the water activity, that is, the ability of water 
to move and interact with other ingredients in the food. 
The importance of water activity (a,,) in foods is shown in 
Table 10. The many facets of water activity and its relation 
to the preservation, safety, and shelf life of foods has been 
summarized by a group of internationally recognized ex- 
perts (17). 


Dehydration. Drying or dehydration is a means of con- 
trolling water activity by reducing the water content of a 
product. Many dried products, such as cereal grains, le- 
gumes, and many nuts and fruits, are dried by nature in 
the field prior to harvesting. In the past humans dried sea- 
food products in the sun, long before they were aware that 


they were controlling water activity. In fact, today many 
developing countries located in tropical parts of the world 
use the sun as a major means of drying seafood and other 
food products. 

The principal cured fishery products produced in the 
United States are shown in Table 11 (2). It should be noted 
that these statistics do not differentiate between smoked, 
salted, dried, and pickled products due to the fact that all 
of the processes are based on controlling or reducing water 
content. It is often difficult to distinguish between process 
classifications. For example, salted and salted-dried fish 
have a different final moisture content but the mechanism 
of removing the water and stabilizing the product are the 
same, control of water activity. 

The most efficient means of drying a seafood product is 
through dehydration by forced-air drying, vacuum drying, 
or vacuum freeze-drying. In each case the drying mecha- 
nism is a combination of adding heat to increase the tem- 
perature and vapor-driving forces between the product and 
the environment. The drying time is divided into two dis- 
tinct periods: constant drying rate and falling drying rate. 
During the constant rate period, all of the heat added to 
the product is used to evaporate water from the surface 
and near surface of the product. In this case, there is free 
water in contact with the environment and drying occurs 
similarly to that of an open container of water. During the 
falling rate period, part of the heat energy is imparted to 
the product to cause water to migrate to the surface. There- 
fore, the product is heated during this period of the drying 
cycle. 

Excellent highly nutritious dried formulated fish-base 
products can be prepared from the minced flesh of seafood. 
Shaped into forms such as patties and air dried, these 
items have a long and stable shelf life (18). 


Curing. Whereas dehydration removes sufficient water 
to inhibit growth of microorganisms, curing consists of 
adding sufficient chemicals (eg, sodium chloride, sugars, 
and acetic acid) to prevent degradation of a product by mi- 
croorganisms. Although sufficient water is not removed to 
accomplish this objective, the water activity is reduced to 
the point where growth is prevented. 

Curing methods currently practiced include dry salting, 
where split fish is covered with salt and the brine liquor is 
allowed to escape, and pickling where products are im- 
mersed in a strong brine, or pickle, allowing salt to pene- 
trate the product and water to be exuded into the brine 
solution. Low-fat white fish such as cod are dry salted by 
the heavy (hard) cure and fatty fish are cured in airtight 
barrels by the Gaspe (light) cure. Figure 20 shows the pro- 
cess for the hard cure; the last step is air drying, which 
results in a salted-dried product with long-term, room tem- 
perature shelf life and a water activity of between 0.75 and 
0.85. The Gaspe or light-cured product remains edible only 
a few days in the wet-stack stage (a,, = 0.85-0.90) at room. 
temperatures and must be pressed and mechanically dried 
for longer-term storage. 


Smoking. The age-old practice of smoking has changed 
drastically over the last few decades. The process as orig- 
inally practiced by Eskimos and American Indians to pre- 


Table 10. Importance of Water Activity in Foods 
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ay, Phenomena Food examples 

10 Water-rich foods (a,, = 0.90-1.0): foods with 40% sucrose or 

0.95 7% NaCl, cooked sausages, bread crumbs, and kippered 
fish 

0.90 General lower limit for bacterial growth Foods with 55% sucrose or 12% NaCl, dry ham, medium- 
age cheese, and hard-smoked fish 

0.85 Lower limit for growth of most yeast Intermediate-moisture foods (a,, = 0.55-0.90): foods with 
65% sucrose or 15% NaCl, salami, old cheese, and salt 
fish 

0.80 Lower limit for activity of most enzymes Flour, rice (15-17% water), fruitcake, and sweetened 
condensed milk 

0.75 Lower limit for halophilic bacteria Foods with 26% NaCl (satd), marzipan (15-17% water), 
and jams 

0.70 Lower limit for growth of most xerophilic (dry loving) molds 

0.65 Maximum velocity of Maillard reactions Rolled oats (10% water) 

0.60 Lower limit for growth osmphilic or xerophilic yeasts and molds Dried fruits (15-20% water), toffees, and caramels (8% 
water) 

0.55 DNA becomes disordered (lower limit for life to continue) Dried foods (a,, 0-0.55) 

0.50 Noodles (12% water), spices (10% water), and fish protein 
concentrate (10% water) 

0.40 Minimum oxidation velocity Whole egg powder (5% water) 

0.30 Crackers and crusts (3-5% water) 

0.25 Maximum heat resistance of bacterial spores 

0,20 Whole mild powder (2-3% water); dried vegetables (5% 
water), and cornflakes (5% water) 

0,00 Maximum oxidation velocity 

Source: Ref. 17. 


serve fish for the winter months was essentially a drying 
process whereby heat from a fire was used to reduce the 
moisture content sufficiently for extended storage. The 
smoke flavor was somewhat incidental to the process. In 
fact in some areas the fish were dried by the sun and the 
natural air currents and the smoke was used to prevent 
flies and insects from consuming and contaminating the 
product. This dried smoked fish, which takes days to cure, 
is known as hard smoked. 

Today, most smoked fish is smoked for the flavor and 
there is relatively little loss of water in the process. The 
change in processing is a reaction to the consumer, who 
prefers a soft, moist texture rather than the tough texture 
of a dried product, and to the processor, who cannot afford 
to tie up large processing areas for longer-term smoking. 
Furthermore, the minimizing of moisture loss greatly im- 
proves the economics of processing and marketing smoked 
products. Hence, although smoked fish are considered to 
be processed in the same manner as fish in which water 
activity is altered, in reality the modern product is a par- 
tially or wholly cooked fish that has smoke added as a con- 
diment (19). 

Most of the smoked fish prepared in the United States 
has little shelf life stability beyond that of a fresh fish. The 
commercial process of smoking involves splitting and 
cleaning the fish, salting or brining (soaking in a brine so- 
lution) to firm the texture of the meat, draining to remove 
excess moisture, and smoking. Smoking is carried out as a 
cold smoke, the temperature of the smoke does not rise 
above 85°F, or as a hot smoke, the smoke is hot enough (eg, 
250°F) to raise the center temperature of the fish to above 


140°F. It is also common to smoke the fish with colder 
smoke and then to raise the smoke and air temperature 
during the terminal part of the smoking to pasteurize the 
fish. 

Today, much of the smoking is carried out in commer- 
cially constructed smoking facilities, or kilns, that have 
smoke generators (using sawdust), controlled temperature 
forced air, and humidity control of the air. There are as 
many specific smoking procedures as there are processors 
in the business. Each processor has a favorite method, in- 
cluding the use of certain additives in the brine, controlled- 
temperature drying, smoking, cooking, and cooling. Mod- 
ern kiln smoking has allowed precise control of the 
variables in smoking and has removed much of the artisan 
approach that was so prevalent when all smoking was car- 
ried out using open wood fires. 

Specialty hard-smoked fish, known as jerky, is prepared 
by smoking and drying fish to a hard, chewy consistency. 
This product is popular in the bar and tavern trade and for 
hikers who wish to carry a meat product that will not spoil 
during a several-day outing. 


Irradiation 


The United States is out of step with the rest of the world 
when considering the use of irradiation for preserving food. 
During the early 1980s, the World Health Organization 
gave ionizing radiation its blessing after an extensive re- 
view of many years of scientific work and investigation 
(20). Since that time, many countries in the world have 
been using irradiation on a wide variety of foods (9). Al- 
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‘Table 11. U.S. Production of Principal Cured Fishery 
Products 


Thousand Thousand 
Item pounds dollars 
Salted and pickled 

Cod 2,633 2,509 
Halibut 45 73 
Herring 

Lake 460 185 

Sea 12,190 18,102 
Mullet 133 79 
Sablefish 1,032 1,404 
Salmon 11,386 32,024 

Total 27,819 54,376 

‘Smoked and kippered 

Carp 153 134 
Chubs 2,151 3,971 
Cod 210 588 
Eels 184 669 
Halibut 281 630 
Herring 

Lake 38 52 

Sea 963 1,876 
King mackerel 13 52 
Lake trout 84 167 
Marlin 9 43 
Mullet 137 212 
Paddlefish 257 469 
Pollock, Pacific 900 875 
Sablefish 1,880 4,157 
Salmon 13,071 63,532 
Sturgeon 377 1,338 
Trout, unclassified 242 406 
Tuna 48 108 
Tunalike fish, bonita, yellowtail 4 3 
Whitefish 2,910 5,526 
Whiting 1,028 485 
Unclassified fish and crustaceans 293 746 

Total 26,233 86,039 

Dried 

Cod 579 971 
Shrimp 368 2,064 

Total 947 3,035 
Source: Ref. 2. 


though there has been steady progress in the United 
States toward approval of the process, there is still a wide- 
spread disagreement between scientific, government, and 
consumer groups regarding the pros and cons of using this 
form of energy for processing foods (21). 

Two factors probably have equally contributed to this 
battle, namely the association in the minds of people be- 
tween ionizing radiation and nuclear warfare, and the 
DeLaney Clause of the 1958 Food Additive Amendment to 
the Food, Drug and Cosmetic Law. The amendment, best 
known for the prohibition of a food additive that is shown 
to be carcinogenic in a test animal at any dose level, states 
that irradiation is a food additive and not a food-processing 
technique. It is interesting to note that the U.S. Depart- 


Fresh fish 


Eviscerate 
Visera 25 Ib Grade (size) 
Head and spit 


20 Ib Solid 
Sides 2 Ib Fat » 100 Ib 
78 |b Water 


Salt 17 Ib Wet stack 
Water 35 Ib and restack 
Salt 30 Ib 


20 Ib Solid 


2 Ib Fat 
Bibsar > 78 
43 Ib Water 


Cured fish 


Forced 
air dry 


Water 34 Ib 


20 Ib Solid 
Dried 2 Ib Fat 

salt fish | 13 Ib Salt > 44 lb 

9 Ib Water 


Figure 20. Process for hard curing and drying of fish. 


ment of Agriculture has issued an extensive list of publi- 
cations that show the safety and wholesomeness of irra- 
diated foods (22). 

Some confusion exists about the units used for measur- 
ing radiation doses that a product receives. This is because 
the original unit of measurement, the rad, was changed to 
kilograys (kGy); 100,000 rad (100 krad or 1 Mrad) is equiv- 
alent to 1 kGy (100,000 Gy). As shown in Table 12, the 
doses for processing range from 0.75-2.5 kGy for pas- 
teurization to 30-40 kGy for sterilization. Note that spe- 
cific process terminology has been suggested for the 
various operations. Pasteurization is radurization, sani- 
tization is radicidation, deinfestation is the process for 
destroying eggs and larvae, and sterilization is radaper- 
tization. Two radioisotopes, Co-60 and Ces-137, and 
electron-accelerator-generated electron beams meet the 
requirements for producing sufficient energy and intensity 
to penetrate food and accomplish the four basic processes. 

The radurization of fresh seafood has an excellent po- 
tential for extending shelf life. Being in the low-dose range, 
this process should not meet the resistance that is found 
for the publicized high doses that accomplish sterilization, 
but result in some off-flavor (23). The extra week of shelf 


Table 12. Dose Ranges for Food Irradiation Processes 
Process 
Radurization (pasteurization) 


Dose range 
75-250krad —(0.75-2.5 kGy 


Radicidation (sanitization) 250-1,000 krad  2.5-10 kGy 
Destroy eggs/larvae 

(deinfestation) below 100 krad below 1 kGy 
Radappertization (sterilization) 3~4 Mrad 30-40 kGy 
Source: Ref. 23. 


life that can be given to a fresh fish by radurization would 
be of economic benefit to the entire industry. The extra 
shelf life would eliminate product loss at the retail level 
and would extend the market range for delivering fresh 
fish. 

There is every reason to believe that irradiation will 
eventually become an accepted and extensively used pro- 
cessing technique for seafood, especially seafood for the 
fresh market, where all parties will benefit. Perhaps dur- 
ing the next decade the radurization of seafoods will be 
commonplace. After all, 20 yr ago there was the same con- 
sternation over the use of microwave ovens, and today they 
are in 80% of U.S. homes. 


Packaging 


Proper packaging of products is necessary to protect food 
from adverse losses and changes in weight, texture, flavor, 
nutritional components, and protection against contami- 
nation and physical damage. With the growing demand for 
high-quality seafood, the major emphasis is on packaging 
for fresh and frozen products. Basic types of packaging, in 
order of increasing ability to protect fresh or frozen food, 
include paper, coated paper, fiber, foil, films, laminates, 
and combinations. 

One of the primary considerations in selecting packag- 
ing for fresh and frozen foods is the gas and water per- 
meability of the material, usually plastic films, plastic con- 
tainers, and treated paper products. There is always a 
balance between the cost of the package and the degree of 
protection given to the seafood. A very low cost uncoated 
cellophane has a moisture permeability that is so high that 
frozen and even cold fresh products are rapidly dessicated 
during holding. A film such as poly(vinyl chloride) (PVC) 
costs more but gives moisture-barrier protection that im- 
proves the overall economics of the processing and mar- 
keting chain. 

The same economic analysis must be made for gas 
permeability, because oxygen entering the package tends 
to oxidize lipids and give off-flavors while some of the de- 
sirable volatile taste and odor components may be lost 
from the product. The fact that some films give good vapor- 
barrier protection but allow moisture to pass while others 
act in a reverse manner has encouraged the development 
of laminated films for food packaging. Laminates for sea- 
food packaging often consist of polyethylene (which is 
cheap, is heat sealable, is usable over a wide range of tem- 
peratures, and is a good moisture barrier) and another film 
that has a low permeability for gas (eg, CO2, Oz, and Ny). 
Examples of laminates used in frozen seafood products in- 
clude polyethylene laminated with low-gas-permeability 
poly(vinylidene chloride) (PVDC) or saran), polyester, cel- 
lulose, aluminum, or nylon. 

Packaging not only protects the food but is also an im- 
portant factor in the sales appeal of the product. Packaging 
that shrinks film to give better evacuation of air from the 
package, overwraps for multiple packages and trays, over- 
wraps to give rigidity to a package, allows see-through to 
the product, uses vacuum to minimize oxidation of the 
product, and uses gas flushing to expel further air are all 
popular methods of protecting processed seafoods. Pack- 
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aging materials have become quite sophisticated and the 
accompanying use technology has been developed to meet 
the requirements for economic applications, long-term 
storage of products (particularly frozen), and enhanced 
consumer appeal. 

Over the last decade, the market for fresh food products 
has become increasingly popular. A system combining 
closely controlled combinations of low temperature, high 
humidity, and proper ventilation has allowed extensive in- 
crease of the shelf life of perishable fresh foods. This sys- 
tem, hypobarics, was awarded the Institute for Food Tech- 
nology’s Technology Industrial Achievement Award in 
1979 (24). Although hypobarics is a container system 
rather than a package, it can be considered a package in 
that it is used to contain a fresh product during the plant 
storage and transport time required to move the product 
to market. Originally developed for fruit, the system was 
extended to all fresh food items including seafood. Al- 
though the system has not been used extensively on sea- 
food, it has been very successful with numerous products 
and should certainly be mentioned as a potential use for 
extending the shelf life of fresh seafood. 

Another important area involving packaging technology 
is modified-atmosphere packaging (MAP), which has been 
shown to increase the shelf life of many perishable foods 
and formulated products by reported values of from 50 to 
400% (25). However, there has been considerable concern 
by both regulatory authorities and researchers over main- 
taining the safety of MAP foods as they travel through the 
channels of commerce. The system, consisting of modifying 
the gaseous environment with a package, results in vari- 
ous combinations of carbon dioxide, nitrogen, and oxygen. 
Carbon dioxide is the important factor replacing much of 
the oxygen and nitrogen in the air (eg, 75% COz, 15% No, 
and 10% O,). Of concern is maintenance of the proper re- 
frigeration temperatures and the gas ratios for a given 
product so that microbial growth does not present an un- 
due safety hazard. 

A considerable amount of research has been carried out 
in the MAP of seafood products (26). A significant amount 
of effort is being expended on developing the processor- 
distributor combination to improve quality and value of 
fresh seafoods. 


SEAFOOD SAFETY 


The discussion of MAP is a good place to end the packaging 
discussion because it leads to the subject of general safety 
of foods as presented to the consumer. Often packaging is 
a major factor involved in these concerns, because the en- 
vironment created by the combination of processing and 
packaging often creates potential for adverse microbial 
growth. There are two programs, one specifically for shell- 
fish and one for refrigerated foods, that are important in 
reducing the microbiological risks associated with har- 
vesting, handling, processing, and distributing to the con- 
sumer. 


The National Shellfish Sanitation Program 


The National Shellfish Sanitation Program (NSSP) is de- 
signed to prevent harvesting of shellfish in polluted waters 
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containing pathogenic organisms or other contaminants 
(27). The program, begun in 1925 following illnesses cul- 
minating in typhoid fever outbreaks caused by contami- 
nated sewage, is administered cooperatively among the 
federal government, states, and industry through the in- 
terstate Shellfish Sanitation Conference. The Food and 
Drug Administration is responsible for appraising each 
state’s shellfish program to insure that they are complying 
with the specified requirements. NSSP gives each state the 
responsibility of defining or classifying its waters from 
which shellfish are harvested. The waters are tested and 
analyzed on a continual basis and classified as follows: 


1. Approved. These waters may be harvested for the 
direct marketing of shellfish at all times. 

2. Conditionally Approved. These waters do not meet 
the criteria for the approved waters at all times but 
may be harvested when criteria are met. 

3. Restricted. Shellfish may be harvested from re- 
stricted waters if subjected to a suitable purification 
process. 

4. Prohibited. Harvest for human consumption cannot 
occur at any time. 


The term harvest limited is used to refer to condition- 
ally approved, restricted, or prohibited waters. A closure 
area is an area in which some restriction on harvest has 
been placed (eg, a harvest-limited area). 


Hazard Analysis and Critical Control Point Principles 


As the popularity and volume of refrigerated foods have 
been significantly increasing over the last decade, there 
has been an accompanying increase in the risks of food- 
borne disease. The overall safety record of a wide variety 
traditional refrigerated fresh fruits and vegetables; raw 
meats, poultry, and seafood; pasteurized milk; cured, 
ready-to-eat meats and seafood; high-moisture cheeses, yo- 
gurt, and pickles; and perishable delicatessan products has 
been good. However, the complexity of food-distribution 
systems presents risk factors that are increasing. This is 
especially the case of a new generation of engineered and 
formulated foods including frozen or restaurant dinners; 
frozen or delicatessan entrées; dry, frozen, or canned pasta; 
fresh, refrigerated salads; canned, frozen, or dry gravies; 
canned or dry soups; and frozen, canned, or refrigerated 
cooked meats and seafood (28). 

In response to this increasing hazard, the National 
Academy of Science has studied the problem and recom- 
mended a system, the hazard analysis and critical control 
point (HACCP) system, which “provides a more specific 
and critical approach to the control of microbiological haz- 
ard in foods than that provided by traditional inspection 
and quality control approaches” (29). The system, similar 
to the critical control point system used by engineers in 
planning design, construction, and startup of a building or 
operation, include the following principles: 


1. Describing the product and how the consumer will 
use it. 


2. Preparing a flow diagram for intended manufactur- 
ing and distribution of the product. 

8. Conducting risk analysis for ingredients, product, 
and packaging; reducing the risks by making 
changes to the design; and incorporating these 
changes into the processing and packaging schemes. 

4. Selecting critical control points (CCP) and designat- 
ing their location on the flow diagram and describing 
CCP, establishing monitoring. 

5. Implementing HACCP in routine activities. 


The assurance of food safety is a complex subject that 
impacts all phases of the commercial food chain, ending 
with the consumer. HACCP undoubtedly will have a strong 
influence on the future of many food operations. This im- 
pact will especially affect the seafood industry with its 
myriad safety and sanitation problems, many of which are 
specific to products from the marine and fresh-water en- 
vironments. 


FUTURE DEVELOPMENT 


Fish is health food is not a marketing gimmick but truly 
states the merits of seafood. The demand for this highly 
nutritious protein food, much avowed for its healthful 
omega-3 fatty acids, will continue to grow in demand. This 
pressure on a limited resource will encourage better bio- 
logical management of the natural wild stocks (including 
international cooperation), faster expansion of aquacul- 
ture operations, and the total utilization of the raw mate- 
rial. 

Much of the so-called industrial fish and the waste from 
present processing operations, currently being reduced to 
cheap animal foods, can and will be upgraded to human 
foods. Headed and gutted industrial fish can be deboned to 
give a highly acceptable minced flesh for engineered and 
formulated foods. A fish frame from which fillets have been. 
removed contains as much meat as the fillets. This meat 
can be removed by deboning, and the minced flesh, nutri- 
tionally equal to the fillet or to any other minced flesh, is 
a tremendous source of base protein materials for formu- 
lated foods. Modern processing machinery, growing knowl- 
edge about the technology of formulated foods, and the de- 
mand for high-quality prepared foods support the trend to 
use previously underutilized seafood and seafood portions 
for this market. 

As has been discussed, the technology of handling, pack- 
aging, and transporting fresh seafoods is rapidly develop- 
ing and the future will see more fresh seafood on the mar- 
ket. In conclusion there is an exciting future for seafood in 
the United States. The new generation of refrigerated and 
frozen seafood and formulated products, as well as better 
quality traditional items, will continue to encourage in- 
creased consumption of both wild and farmed fish and 
shellfish. 
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FISH CAKES. See FisH AND SHELLFISH PRODUCTS. 


FISHES: ANATOMY AND PHYSIOLOGY 


The diversity of forms found among the species of fishes is 
matched only by the diversity of aquatic environments on 
the earth. Aside from the shared characteristics of pos- 
sessing a backbone, being cold blooded, and having gills 
and fins, the variation in anatomy, physiology, and ecology 
of all the fish species is extensive indeed. In size, they 
range from a 1-cm goby to the 15-m whale shark. They are 
found in waters from nearly 4,000 m above sea level to 
7,000 m below sea level as well as in water temperatures 
from below freezing to 44°C. They are also found in envi- 
ronments that are nearly distilled to those that are very 
salty. Fish inhabit surface waters in full sunlight as well 
as very deep waters in complete darkness where pressures 
are extremely high. While most are strict water breathers, 
some have adapted to breath air where oxygen in water 
might be lacking. It may not be surprising, therefore, that 
there may be more than 25,000 species of fishes, account- 
ing for more than half of all vertebrate species in the ani- 
mal kingdom. Fishes also play an important role in human 
life by providing food and recreation. The traditional com- 
mercial fishery and now, to an increasing degree, aquacul- 
ture provide a high-quality protein source for human con- 
sumption. The sport fishery and hobby aquarium industry 
are both very important sectors of the economy. Feed for 
agricultural animals and fish oil supplements to human 
diets are examples of secondary uses of fish products for 
human benefit. 

The purpose of this article is to outline some of the fun- 
damental aspects of the anatomy and physiology of the 
bony fishes. The reference list at the end of the article 
serves as a guide to more detailed literature on various 
subjects covered here. The anatomy and physiology of 
eight major systems in fish are briefly described. These are 
the digestive, renal, cardiovascular, respiratory, nervous, 
endocrine, reproductive, and immune systems. The infor- 
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FISHES: ANATOMY AND PHYSIOLOGY 


The diversity of forms found among the species of fishes is 
matched only by the diversity of aquatic environments on 
the earth. Aside from the shared characteristics of pos- 
sessing a backbone, being cold blooded, and having gills 
and fins, the variation in anatomy, physiology, and ecology 
of all the fish species is extensive indeed. In size, they 
range from a 1-cm goby to the 15-m whale shark. They are 
found in waters from nearly 4,000 m above sea level to 
7,000 m below sea level as well as in water temperatures 
from below freezing to 44°C. They are also found in envi- 
ronments that are nearly distilled to those that are very 
salty. Fish inhabit surface waters in full sunlight as well 
as very deep waters in complete darkness where pressures 
are extremely high. While most are strict water breathers, 
some have adapted to breath air where oxygen in water 
might be lacking. It may not be surprising, therefore, that 
there may be more than 25,000 species of fishes, account- 
ing for more than half of all vertebrate species in the ani- 
mal kingdom. Fishes also play an important role in human 
life by providing food and recreation. The traditional com- 
mercial fishery and now, to an increasing degree, aquacul- 
ture provide a high-quality protein source for human con- 
sumption. The sport fishery and hobby aquarium industry 
are both very important sectors of the economy. Feed for 
agricultural animals and fish oil supplements to human 
diets are examples of secondary uses of fish products for 
human benefit. 

The purpose of this article is to outline some of the fun- 
damental aspects of the anatomy and physiology of the 
bony fishes. The reference list at the end of the article 
serves as a guide to more detailed literature on various 
subjects covered here. The anatomy and physiology of 
eight major systems in fish are briefly described. These are 
the digestive, renal, cardiovascular, respiratory, nervous, 
endocrine, reproductive, and immune systems. The infor- 
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mation is basic and is presented here with the assumption 
that the reader has some knowledge about vertebrate 
anatomy and physiology but very little or no knowledge 
about fish. The intention is to present some basic infor- 
mation and stimulate interest in this important food 
animal. 


GROSS ANATOMY AND ORIENTATION 


The anatomy of the salmonid is emphasized here because 
they are one of the most widely studied genera in terms of 
physiology and aquaculture science. Figure 1 presents the 
general orientation and terminology that will be used 
throughout this article. It also points out the major exter- 
nal features of the animal. 

Figure 2 illustrates the general features of the internal 
organs of the salmonid. The muscle mass is, by far, the 
largest component of the body. The muscle mass, relative 
to the body, is larger in fish than in other terrestrial or 
aerial vertebrates. The dense medium of water requires a 
large force for locomotion compared to air. That same me- 
dium, however, provides substantial structural support 
such that the fish can maintain neutral bouyancy with a 
swim bladder or body lipids. It is also this great mass of 
muscle that makes the fish uniquely desirable as a food 
animal, There are two types of muscle in the fish: red and 
white. In most species of fish less than 10% of the total 
muscle mass is made up of red muscle. The color-oriented 
terminology is based on the visual appearance of two types 
of muscle. The red muscle appears darker because there is 
up to a 10-fold greater blood capillary to muscle fiber ratio 
in the red muscle compared to the white muscle. Red mus- 
cle is used for sustained swimming, fueled by aerobic gly- 
colysis and lipolysis, while the white muscle is used for 
burst swimming, fueled by anaerobic glycolysis. The ap- 
proximate weight distribution, in percent, of the major 
body parts of a trout are listed below. 


Liver 12 
Spleen O.1 
Intestine 4.7 
Heart 12 
Swim bladder 02 
Kidney 09 
Muscle 55.9 
Skin 8.7 
Axial skeleton 13.5 
Gills 2.8 
Head 118 


DIGESTIVE SYSTEM 


The anatomy and function of the digestive system in fish 
is basically the same as in other vertebrates. It is made up 
of a combination of mechanical and chemical processes. 
Food is ingested, broken down, and either absorbed into 
the blood or remains in the gut and is eventually expelled 
as feces. Differences arise between fish species in feeding 
habits, and the environment may influence the presence, 
position, shape, and size of a particular organ. Fish may 
be divided into three categories according to the food they 


eat. Herbivores are specialized and eat detritus and plants. 
Omnivores eat both plants and animal material, and car- 
nivores feed on larger invertebrates and other fish. 


Digestive Organs 


The oral cavity is made up of lips, mouth, teeth, and 
tongue. Fleshy lips are common to herbivores, designed for 
grazing and straining. Carnivore lips are generally un- 
modified and thin. Bottom feeders often have barbels, sen- 
sory appendages that help guide them when feeding and 
grazing. 

Mouths are large or tubular. Large mouths are usually 
associated with predatory fish, such as a barracuda, 
whereas tubular mouths such as that of a seahorse, are 
better adapted for plankton eaters due to the enhanced 
ability to suck water and food. Mouth position can be vari- 
able depending on the types of feed normally consumed. 
Bottom feeders have mouths on the ventral surface, sur- 
face feeders have a dorsal mouth and bony fish (teleosts) 
have a terminal mouth. 

Teeth are thought to have originally arisen from scales 
covering the lips. Fish generally have small teeth for grip- 
ping and capturing prey. There are four possible types of 
teeth present in fish, also depending on feeding habits: 
(1) jaw teeth, (2) palate teeth, (3) tongue teeth, and 
(4) throat teeth. There is a strong correlation between den- 
tition, feeding habits, and food eaten. Jaw teeth are more 
developed in carnivores, but they are poorly developed or 
absent in herbivores, which usually have well-developed 
throat teeth attached to the gill arches. 

The tongue of a fish is very rudimentary. It has no sal- 
ivary glands but does bear sensory taste buds. Any lubri- 
cant fluid in the mouth originates from mucous cells scat- 
tered throughout the inner lining, not from the tongue. 
Plankton eaters also have well-developed gill rakers. This 
is a sieve-type apparatus attached to the inner edges of the 
gill arches and serves to filter out phytoplankton, crusta- 
ceans, and, in some cases, even diatoms. 

A short, broad, and muscular esophagus connects the 
mouth and elastic stomach. It functions in the transport 
and taste of food. The musculature of the esophagus tends 
to be more developed in freshwater fish than in saltwater 
fish, as it plays a role in minimizing water intake while 
ingesting food. 

The stomach is muscular and motile. The inner surface 
is lined with gastric glands that secrete digestive enzymes, 
necessary for the breakdown of food. The size of the stom- 
ach is related to the size of food particles and the interval 
between meals, ie, large food size and infrequent feeding 
are usually associated with large stomachs, and smaller 
food particles ingested more constantly are associated with 
fish with small or no stomachs. The pyloric valve, a ring of 
muscle, controls the passage of food between the stomach 
and intestine. 

The intestine is a relatively simple tube that has diges- 
tive glands and an abundant supply of blood vessels. There 
are two valves, one at each end. The pyloric valve is at the 
anterior end and the ilioceacal valve is at the posterior end. 
Here is where much of the absorption of nutrients takes 
place. Digestive products are picked up in solution. Intes- 
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tine length varies with feeding habits: carnivores have 
short straight intestines, herbivores have long and coiled 
intestines. Gut length seems more correlated to the 
amount of indigestible material in the food rather than the 
nature of the food. A large surface area is realized by ex- 
tensive infoldings and ridges. The intestine leads to the 
rectum where vascularization and secretory cells are 
sparse, but where more mucous cells are present. The anal 
opening is called a vent and is also the terminal location 
for the urinary and reproductive ducts. While the common 
collection of these ducts suggest a corollary with the avian 
cloaca, it is not the case. The three ducts in fish all empty 
to the external environment and not to a common internal 
chamber. Absorption of plant material is probably poor; 
probably about 20% or less. Hatchery diets for salmonids 
may be absorbed up to 80%. 
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Figure 1. External anatomy. 


Figure 2. Internal auditing and cross section 
of trunk, 


Food Movement 


Movement of food through the digestive system is aided by 
peristaltic waves of muscle contraction. Cilia also line the 
tract and are especially useful in stressful situations when 
peristalsis may become reduced or even stop. This suggests 
that peristalsis is under some nervous control. Mucous 
membranes in the mouth, esophagus, and stomach provide 
lubrication to aid the passage of the food along the diges- 
tive tract. 


Associated Organs 


The pyloric caeca is an important appendage that opens 
into the intestine. It has the same epithelium as the intes- 
tine and its purpose is to increase the effective surface 
area. It may have both an absorptive and digestive func- 
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tion. A two or more lobed liver, which serves several met- 
abolic and energetic functions, also produces bile, which 
aids in digestion. The gallbladder, which opens into the 
intestine, stores excess bile, which is secreted when re- 
quired. The pancreas, which is large and distinct in the 
elasmobranch but diffuse in teleosts, secretes insulin and 
glucagon in response to nutritional intake, but also se- 
cretes digestive enzymes into the intestine. In teleosts, 
small beads of pancreatic tissue are scattered in the mes- 
entaries near the digestive tract and are supplied with ar- 
tery, vein, nerve, and pancreatic ducts. Little is known 
about the pancreatic secretions and most knowledge is 
based on histological evidence. 


Digestive Enzymes 


While goblet cells secrete mucus, gland cells throughout 
the digestive system contribute digestive enzymes neces- 
sary for the breakdown of food. The stomach is lined with 
secretory cells (gastric glands) that secrete hydrochloric 
acid (HCl) and pepsinogen. These chemicals break down 
protein molecules into amino acids and are, therefore, es- 
pecially important to carnivorous fish. The stomach is very 
acidic (pH 2-4). Pepsin activity is dependent on pH and 
temperature, whereas HCI secretion is dependent on tem- 
perature and meal size. Optimum pepsin activity occurs at 
pH values of 2 and 4. Stomach distension stimulates gas- 
tric secretions. 

Both the pyloric caeca and intestinal mucosa are 
sources of lipase, which breaks down fats into fatty acids 
and glycerine. Absorption of fat may occur in the anterior 
of the intestine. Intestinal secretions include proteases 
such as trypsin, lipase, and carbohydrase. These enzymes 
work best at neutral to alkaline pH. Bicarbonate is se- 
creted (possibly from the pancreas) to raise the pH of the 
food coming from the stomach. Bile salts, secreted from the 
gallbladder may also play a role in adjusting the digestive 
juices to the proper pH to facilitate the digestive process. 
Bile salts are detergentlike substances formed from the 
decomposition of cholesterol and other steroids that func- 
tion in fat emulsification aiding in the digestion of lipids. 
Fat soluble vitamins (A, D, E, K) are digested by bile. Di 
gestive proteases are also secreted from the pancreatic tis- 
sue. 

Most of the food absorption takes place in the intestine 
and pyloric caeca with the undigested material passing on 
to the rectum. Factors such as temperature, fat content, 
and presence of indigestible material affect the passage 
and digestion and absorption of food. 


Innervation of Digestive Organs 


Innervation of the digestive organs is not well understood, 
although it is thought that there is sympathetic innerva- 
tion from paired ganglia, lateral to the spinal cord to the 
stomach, intestine, and rectum. This adrenergic system 
has an inhibitory effect. Parasympathetic innervation is 
through three cranial nerves to various parts of the diges- 
tive tract. Glossopharyngeal (IX) and facial (III) nerves in- 
nervate the mouth and esophagus areas. The vagus (X) 
innervates all visceral portions. These cranial nerves are 
cholinergic and have a stimulatory effect. Intrinsic nerves 


form a network inside the tissue of the digestive system. 
These nerves do not originate in the brain or the spine. 
They may assist in peristaltic movement. Intestinal and 
pancreatic secretions appear to be also under both nervous 
and hormonal control. 


Feeding Types 


Predators have well-developed grasping and holding teeth, 
ie, sharks, pike, and gar, and well-defined stomachs with 
strong acid secretions and short intestines (relative to her- 
bivores). They depend on their senses of vision or the lat- 
eral line sensory organ to detect their prey. Grazers browse 
on plants and organisms and sometimes on each other. The 
trout is an example of this, and in crowded ponds they 
often nip at the fins of the other fish. Strainers usually 
have well-developed gill rakers that strain out the plank- 
ton and crustaceans in the water that flows through the 
mouth and gills. Suckers suck in their food. They have 
mouths on the ventral surface of their heads but adaptive 
lips. An example of this type of feeder is the sturgeon. 
Parasites live off the body fluids of other fish. An examples 
of this type of feeder is the lamprey. 


Stimuli for Feeding 


Internal motivation is driven by factors such as season and 
temperature, diurnal light, light intensity, and the time 
and nature of the last feeding. Fish have been known to 
feed better at dusk and early morning. Due to patterns of 
growth, fish also feed in spring and through the summer 
much more voraciously than in the winter. The hypothal- 
amus is also thought to be involved especially where hun- 
ger and satiation triggers are concerned. Stimuli for feed- 
ing also comes through the senses, such as smell, taste, 
sight, and the lateral line system. 


RENAL SYSTEM 


The kidneys are important in filtering undesirable mate- 
rials out of the blood as well as serving a role in water and 
ion balance. Active transport, together with epithelial per- 
meability are adjusted in order that ions and other mate- 
rials vital to the body can be conserved and control over 
body water content can be exercized. 


Basic Anatomy and Physiology 


The kidney in salmonidae is made up of two parts running 
along the anterior-posterior axis between the body cavity 
and vertebral column. Anterior and posterior portions, also 
known as head and trunk, respectively, have slightly dif- 
ferent functions but there is no visual distinction between 
them. The anterior kidney is associated with inter-renal 
tissue and chromaffin cells, which are involved in blood cell 
and hormone production; the posterior kidney is associated 
with filtration and urine production. 

Kidney tissue is made up of individual units called 
nephrons (Fig. 3). Each nephron is made up of a renal cor- 
puscle, consisting of the glomerulus and Bowman’s capsule 
and a kidney tubule. The glomerulus is a network of affer- 
ent and efferent arterioles whose blood supply comes from 
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Figure 3. Kidney nephron. 


the dorsal aorta or a venous supply called the renal portal 
system. The Bowman’s capsule encapsulates the glomer- 
ulus and nonselectively filters solutes and molecules less 
than 70,000 mol. wt. from the blood. The filtrate is carried 
through the renal tubule, which is made up of the proxi- 
mal, intermediate, and distal segments. It is in the tubule 
that reabsorption of selected electrolytes, minerals, amino 
acids, glucose, and other plasma organics takes place via 
a capillary network back into the blood. The remaining 
fluid containing unreabsorbed constituents flows to the col- 
lecting tubule and gathers in the urinary bladder, if pres- 
ent, where reabsorption of more ions may take place before 
being excreted out the urinary duct. 

The process of nonselective filtration and subsequent 
selective reabsorption is an efficient process, because the 
body reabsorbs only what it needs. It is an adaptable sys- 
tem, because needs may change over time and through 
changing circumstances. Although efficient, this system 
requires energy as many ions are reabsorbed by active 
transport. Control of kidney function is accomplished by a 
variety of hormonal mechanisms and includes tissues of 
the thyroid, kidney, gonads, hypothalamus, and possibly 
the pituitary. In mammals, it is well established that a 
renin-angiotensin system and antidiuretic hormone (ADH) 
regulate renal function for ionic and water regulation. 
While the exact role of such a system in fishes is not well 
established, there is evidence that similar mechanisms are 
found in fishes. In this model, renin is secreted under ner- 
vous and hormonal control from a juxtaglomelular appa- 
ratus, located near the glomerulus, in response to de- 
creased Na* concentration or blood pressure as well as 
under stressful conditions. Renin is then converted to an- 
giotensin, which increases blood pressure through the con- 
striction of blood vessels and causes aldosterone to be re- 
lease from the adrenal cortex (of mammals). Aldosterone 
stimulates ionic uptake from the distal tubule of the ne- 
phron. ADH, from the pituitary, controls the amount of wa- 
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ter leaving the nephron by controlling the permeability of 
the epithelium in the collecting duct. An increase in blood 
osmolarity causes an increase in ADH, which increases the 
permeability of the epithelium, resulting in the increased 
absorption of water out of the filtrate, back into the blood. 

Freshwater fishes are hyperosmotic regulators. That 
means that the concentration of ions and other solutes is 
greater in the blood than in their surrounding water, which 
in most cases is very dilute. The fish will thus absorb water 
osmotically from their environment through all permeable 
epithelia such as the gills, skin, and gut. The regulatory 
problem is one of getting rid of the excess water and the 
kidney plays that important role. A large amount of urine 
is produced, which is dilute and contains creatine, uric 
acid, and some ions. The volume of urine produced must 
balance the quantity of water entering the body. Sodium 
(Na*) and chloride (Cl) ions passively diffuse out of the 
body across permeable epithelia and are actively taken up, 
to a large extent, across the gill epithelium. 

Electrolyte reabsorption out of the urine takes place 
across the renal tubule. Na* is actively extracted and it 
appears that Cl~ passively follows. Calcium (Ca?*), mag- 
nesium (Mg?* ), and other divalent ions must also be reab- 
sorbed, because they are normally absent in the urine of 
freshwater fish. The reabsorption of these ions is usually 
accomplished without the osmotic absorption of water. The 
distal segment, collecting duct and urinary bladder ap- 
pears to be relatively impermeable to water. Macromole- 
cule reabsorption, including glucose, amino acids, and 
other plasma organic constituents takes place in the first 
segment of the proximal tubule. Salts are reabsorbed in 
the distal segment, and any remaining in the filtrate may 
be reabsorbed from the urinary bladder. Only a small pro- 
portion of total organic nitrogen is excreted via the kid- 
neys, although this appears to be an important excretory 
pathway for minor nitrogenous products, such as creatine 
and uric acid. Major nitrogenous products such as ammo- 
nia and urea are excreted via the gills. 

The kidney in marine fishes plays a crucial role in hy- 
poosmotic osmoregulation. Converse to the freshwater 
fish, the blood concentrations of ions and solutes in fish 
blood relative to the concentrated ionic environment of the 
marine environment is rather dilute. The osmotic problem 
created by such a gradient is one of dessication, which the 
fish counteracts by actively taking in water from the en- 
vironment by drinking and reducing water loss at the kid- 
neys. Between 60 and 80% of ingested water is absorbed 
through the gut, along with the monovalent ions Na*,Cl~, 
and potassium (K*). Those excess salts are actively ex- 
creted. The gills play a major role in that function, al- 
though the kidney excretes Mg”*, sulfate, and other di- 
valent ions. Although less than 20% of the ingested 
divalent ions are actually absorbed most are passively 
eliminated via the intestines, that which is absorbed is 
handled by the kidney tubules. 

The kidney nephron of marine fishes often lack the dis- 
tal segment of the tubule and has less glomeruli. In some 
cases, such as the goosefish, glomeruli are absent. Because 
glomeruli are suited to the excretion of large volumes of 
water the importance of the glomerulus in marine teleosts 
is greatly reduced. Urine from a marine kidney thus has 
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high osmolality and is low in volume. Much of the water 
entering the glomerulus reabsorbed to help prevent de- 
hydration, a case opposite to the freshwater kidney. Ni- 
trogenous excretion is similar to the pathway in fresh- 
water fish, with ammonia and urea excreted through the 
gills and minor nitrogenous products such as creatine and 
uric acid excreted by the kidney. 

Anadromous and catadromous fish must be capable of 
adjusting their osmotic balance to survive the changes in 
salinities that they experience in their life cycle. They have 
glomerular kidneys that can adjust to changing urine vol- 
umes, and possess gills and oral membranes capable of 
both uptake and secretion of certain ions against the pre- 
vailing diffusion gradients. The kidneys in those animals 
are capable of adjusting urine volume and composition on 
demand. When those fish, for example, are transferred or 
voluntarily move from fresh water to salt water, the urine 
composition gradually changes after a few days. Urine flow 
decreases and osmolality increases as divalent ions are ex- 
creted. Sodium and chloride content in the urine decreases 
as the chloride cells (specialized salt excreting cells on the 
gills) take over this function. Glomelular filtration rate 
may temporarily slow down and tubular reabsorption in- 
creases. 


CARDIOVASCULAR SYSTEM 


The cardiovascular system moves the blood around the 
body. It is basically composed of the heart (cardio-) and 
network of blood vessels (-vascular) throughout the body. 
The purpose of blood circulation is the transport of mate- 
rials between certain locations within the body. Gases such 
as oxygen are taken up from the water and move from gills 
to the tissues and others such as carbon dioxide move from 
tissues back to the gills for excretion. End products of me- 
tabolism such as lactate, originate in the muscles and are 
transported to the liver for breakdown. Glucose made in 
the liver must be moved to the tissues where it will be used. 
Materials that are foreign to the body are excreted by gills, 
released in the urine, or engulfed and destroyed by spe- 
cialized cells in the blood. Amino acids and other nutrients 
from digested materials must move from gut to the tissues. 
Blood cells that are produced in the anterior kidney and 
spleen must be distributed throughout the body. Because 
of the vast range of environments in which fish are found, 
the diversity in the form and function of the cardiovascular 
systems are as wide ranging. The basic conformity among 
salmonid fishes are emphasized here. 


Heart 


The teleost heart has four chambers: the sinus venosus, 
the atrium, the ventricle, and the bulbus (Fig. 4). The ve- 
nous blood from the body is received in the sinus venosus. 
This is a rather flat bag anterior to the transverse septum 
separating the heart and head compartments from the vis- 
ceral cavity, The atrium is a thin-walled bag that feeds the 
blood to the muscular ventricle. The ventricle is the power- 
house that contracts and propels the blood throughout the 
body. The bulbus is rather muscular as well and helps to 
dampen pressure waves as the blood pulses out of the ven- 
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Figure 4. Cross section of a trout heart. Source: Ref. 1. 


tricle. There are one-way valves that prevent the blood 
from flowing backward with each contraction. Cardiac out- 
put in teleosts ranges from 5 to 100 mL/kg per minute with 
a general mean about 15-30 mL/kg per minute. 

Blood flow is accomplished primarily by the heart, 
which is a pump for the system. The basic route is from 
the heart to the gills, where gas and ionic exchange with 
the environment occurs, and then to the rest of the body 
(Fig. 5). The blood is then pumped back to the heart 
through a venous network where the cycle begins over 
again. About 4-6% of body weight is a reasonable approx- 
imation of the blood volume. Blood pressures in teleosts 
are in the range of 30-70 mm Hg. Because the resistance 
to blood flow increases as the diameter of the blood vessels 
decreases, blood flow declines from the point where it 
leaves the heart. For example, the blood vessel network in 
the gills reduces the pressure found in the ventral aorta 
by about 40-50%. That resistance may increase with 
stresses such as low oxygen levels in the water, whereas 
other conditions such as exercise or elevated levels of 
adrenaline dilate the blood vessels and decrease the resis- 
tance to blood flow. 


Head Trunk muscles 


Dorsal aorta 
Renal 
Y porta 
vein 
y Ventral 
aorta 


> 
Coronary arter . 
ocak cardinal vein 


Figure 5. General flow of blood in fish. 


The Secondary Circulation 


The primary circulation in fish comprises the blood vessels 
that contain red and white blood cells. There is a secondary 
circulation, sometimes known as the lymphatic or veno- 
lymphatic system, that is characterized by low blood cell 
content and by low pressure. There are direct connections 
between the primary and secondary circulation through 
small vessels, often at right angles to the blood vessel of 
the primary circulation. This physical configuration causes 
plasma to be skimmed out of the primary circulation and 
into the secondary circulation. The secondary circulation 
feeds this fluid, low in cells as a result of the skimming, 
and fluid from tissue beds back to the primary circulation 
via the heart. Salmonids have major ducts just under each 
lateral line and along the dorsal midline. These may serve 
to collect fluid from the secondary circulation and return 
it to the heart. Fin and trunk movements may play an 
important role in pumping venous fluids back to the heart. 
There is a tail heart in some fishes that aids the movement 
of this secondary fluid back to the heart. 


RESPIRATORY SYSTEM 


The respiratory system is extremely varied among the 
25,000 species of fishes. This, once again, reflects the wide 
range of habitats to which fish have managed to adapt. The 
primary function of the respiratory system is to transport 
gases between the environment and the tissues of the body 
that consume oxygen as well as excrete ammonia and car- 
bon dioxide. The vital components in this system are the 
water flow over the gills outside the fish and the circulatory 
system inside the body. The consumption of oxygen (O,) as 
well as the excretion of carbon dioxide (CO,) and ammonia 
(NH; and NH,*) take place across the gill. 


Anatomy 


The fish gill has four gill arches on each side of the midline 
and two rows of primary or gill filaments per arch (Fig. 6). 
Arranged perpendicularly to the filament are rows of sec- 
ondary lamellae on both side of each filament. The plates 
of secondary lamellae form narrow channels through 
which the water flows. This space is approximately 0.02~ 
0.05 mm wide, 0.2-1.6 mm long, and 0.1-0.5 mm high. 
This width is particularly important in that one-half of 
that width is the minimum distance for gases and dis- 
solved materials such as ions to diffuse between water and 
blood. The surface of the secondary lamellae is the primary 
surface across which gases, ions, and other dissolved ma- 
terials pass between water and blood. 


Water Flow over the Gills 


The water flow over the gills is directed in an anterior to 
posterior direction. More importantly, it flows in the op- 
posite direction to the flow of blood through the secondary 
lamellae in the gills. This countercurrent flow maintains 
the maximum gradients between blood and water for the 
gases throughout the transit of water through the gills. 
The mouth or buccal pump is driven by skeletal muscles 
that control the mouth of the floor and opercular covers. 
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Figure 6. Fish gill with patterns of blood and water flow. Source: 
Ref. 2. 


Water, therefore, flows from mouth, over gills, and out the 
operculum. When the floor of the mouth is lowered, nega- 
tive pressure is created in the buccal cavity and water is 
sucked into the mouth. As the mouth is closed and the floor 
of the buccal cavity raised, the water is forced posteriorly, 
across the gills, through the opercular cavity. This cycle is 
repeated continuously and the result is a unidirectional 
flow of water through the mouth and gills. 

While this rhythmic ventilation is the general rule, 
some fish are ram ventilators, that is, they ventilate the 
gills by keeping their mouths open and swimming forward 
through the water. Salmonids also do this at moderate to 
high swimming velocities. There are also other variations 
on how fish move water across the respiratory surface of 
the gill for respiration. Some of these variations such as 
ram ventilation may reduce the energetic costs of ventila- 
tion. 


Blood 


Blood is a suspension of various cells in a solution of pro- 
teins and electrolytes, which make up the plasma. It is the 
vehicle for transporting materials from different locations 
in the body, as discussed above. The volume of blood in 
teleosts ranges between 3 and 6% of wet body weight. Fish 
do not have bone marrow and the origin of the blood cells 
is the anterior kidney (anterior 30%) and the spleen. These 
are termed hematopoietic tissues. The production of blood 
cells is stimulated by conditions such as bleeding and in- 
hibited by starvation. There is an erythropoesis stimulat- 
ing factor, found in the plasma of fish that stimulates blood 
cell production. Very little is found in plasma of resting 
fish. 
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White blood cells or leukocytes, are involved in the clot- 
ting of blood and play an important part in the immune 
system. The red blood cell, or erythrocyte is important in 
the transport of oxygen in the body. The packed red cell 
volume, or hematocrit, is expressed in percent and varies 
between 20 and 35%. The erythrocyte contains the respi- 
ratory pigment, hemoglobin (Hb), which binds oxygen and 
enables the oxygen content of the blood to be higher than 
that of simple dissolved oxygen. The concentration of Hb 
in blood is approximately 7-12 g % (equal to grams/100 
mL). The total oxygen content is about 9-14 vol %. 


Blood Proteins 


‘The proteins in the plasma serve to maintain the blood 
osmolarity. It is the source of colloid osmotic pressure. 
Some other functions are to buffer pH changes in the blood 
and to transport vitamins, hormones, and inorganic ions, 
that attach to these molecules in blood, to tissues. Another 
important function of special plasma proteins are the an- 
tibody proteins that play an important role in the specific 
immune system of the body. In carp, for example 4.15% of 
the blood weight are protein. Of that weight, 2.82 g is al- 
bumin, 0.79 g is globulin, and 0.23 g is fibrinogen. 


Response to Environmental Change 


Fish respond to environmental changes in different ways. 
Some fish are known as oxygen regulators because they 
maintain O2 consumption at lower O, levels by increasing 
ventilation. Oxygen conformers, on the other hand, adjust 
O, consumption according to ambient O, levels. Salmonids 
are regulators. The following are some effects of environ- 
mental changes on the respiratory system and the re- 
sponse of fish. 

Temperature increase presents a three-pronged prob- 
lem for respiration. It increases the O, demand with in- 
creased metabolism, lowers the solubility of O2 in water, 
and lowers the affinity of O. to the haemoglobin molecule. 
Both heart rate and ventilation increase in response to an 
increase in temperature. The resistance of the peripheral 
circulation also decreases. 

Hypoxia, or lowered environmental O., causes an in- 
crease in the frequency and amplitude of ventilation in 
most fish. While there is a decrease in heart rate, there is 
an increase in the volume of each stroke of the heart 
(stroke volume), thus maintaining the output of blood from 
the heart. This results in a large increase in the ratio of 
water pumped over the gills to the blood perfused through 
the gills (ventilation-to-perfusion ratio). Oxygen uptake is, 
therefore, maintained in the face of lowered water O2 con- 
centration. 

Exercise increases cardiac output due to an increase in 
stroke volume. Ventilation increases and there is a fourfold 
to eightfold increase in O, uptake. The ventilation-to- 
perfusion ratio remains relatively constant. Acidic condi- 
tions generally increase ventilation. 


NERVOUS SYSTEM 


The nervous system, acting with the endocrine system, is 
the way a body coordinates its bodily functions. There are 


sensory input from external as well as internal sources, 
and nervous output that sends coordinated commands to 
various parts of the body as nervous impulses and hor- 
mones, which can be stimulatory or inhibitory. Finally, 
there is integration between those two components at vari- 
ous levels including simple automatic reflexes; integration 
of vital processes, such as breathing; and higher levels, 
which include complex learning such as in the homing 
mechanisms of the salmon returning to its freshwater 
spawning site. The fish nervous system is not completely 
understood and it is complicated by the many diverse ad- 
aptations present. Generalization is difficult but the basics 
of the fish nervous system are presented here with an em- 
phasis on the bony fish. 


Central Nervous System 


The central nervous system constitutes the brain and the 
spinal cord (Fig. 7). The configuration of the fish brain re- 
sembles that of other aquatic vertebrates. All the typical 
nerves and paired lobes are present. While this basic form 
is consistent among fish species, the relative sizes of the 
lobes reflect the adaptive response of the particular species 
to its physical and biological environment. The optic lobes, 
therefore, in fish with large eyes that live in dimly lit en- 
vironments are larger than in fish with small eyes. The 
basic anatomy and function of the brain of a bony fish (in- 
cluding teleosts) is described here. 

The Prosencephalon is made up of the telencephalon 
and diencephalon. The telencephalon is known as the fore- 
brain and contains the paired olfactory lobes. The fore- 
brain is predominantly involved with reception and con- 
duction of smell impulses. The size of the lobes indicates 
the importance the role of smell has in the fish species. 
Elasmobranchs (sharks) and bony fishes have quite pro- 
nounced olfactory lobes. The forebrain also appears to play 
a role in fish behavior. The diencephalon is sometimes 
known as the between brain. It lies in between the olfac- 
tory lobes of the telencephalon and contains the pineal or- 
gan. There are two possible functions of the pineal organ. 
It has been suggested that the pineal body is either a pho- 
tosensory structure or plays a secretory role. The pineal 
gland may react to the chemical composition of the cere- 
brospinal fluid or brain tissue by external or internal (en- 
docrine) secretion. Another important component of the di- 
encephalon is the hypothalamus, which is an important 
area of interaction between the nervous and endocrine sys- 
tems. Nervous inputs into this area from the brain result 
in the production and release of many regulatory hormones 
of the body (more details in the endocrine section). The 
diencephalon appears to be an important center for incom- 
ing and outgoing messages relating to internal homeosta- 
sis. 

The optic lobes lie in the Mesencephalon and are the 
central control for vision. The optic tectum, which is the 
nervous center for the optic lobes, is also found in the mes- 
encephalon. The tectum is made up of neurons and the 
fibers from the optic lobe end here. The tectum correlates 
visual impressions with muscle reaction such as darting 
for prey or avoiding objects in the water. The choroid 
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plexus, which serves to nourish the central nervous sys- 
tem, is found in the midbrain. It is filled with cerebrospinal 
fluid and is richly supplied with blood vessels. 

The cerebellum has a role in swimming equilibrium, 
muscle tone maintenance, and fish orientation. The lateral 
line and sense organs are associated with the cerebellum, 
The division between the medulla oblongata and the spinal 
cord is not distinct. All sensory nerves except smell (I) and 
sight (II) lead to this center. This acts as a relay center 
between the spinal cord and the higher brain areas. It also 
controls certain somatic and visceral functions including 
respiration, osmoregulation, and swimming equilibrium. 

As in other vertebrates the gray matter makes up the 
central region of the spinal cord and consists of nerve cells. 
White matter, which surrounds this core, contains the my- 
elinated nerve fibers. The spinal cord receives sensory, af- 
ferent (to the brain) fibers by way of the dorsal roots of the 
spinal nerves and gives off the efferent (from the brain) 
motor fibers to the ventral roots of the spinal nerves. 


Peripheral Nervous System 


The peripheral nervous system provides a means of com- 
munication from the environment where stimuli are re- 
ceived by sensory organs, to the central nervous system 
and from the central nervous system to the proper effector 
organs in the body, muscles, or glands. The spinal nerves 
are paired and carry sensory and motor fibers from and to 
the fish body. Ganglia act as relay centers along the spinal 
nerves. Fish have 10 cranial nerves (higher vertebrates 
have 12), They are similar to spinal nerves except they do 
not have a ventral or dorsal root and they emerge from the 
skull. Some cranial nerves are strictly sensory (afferent) 
and some are strictly motor (efferent). 

The autonomic nervous system is part of the peripheral 
nervous system that innervates smooth muscle, heart 
muscle, and glands. Within this system is the sympathetic 
nervous system, made up mostly of spinal nerves, and the 
parasympathetic nervous system, made up of cranial 
nerves. The autonomic nervous system controls many of 
the vegetative (slow, routine, and automatic) systems of 
the body. As in mammals, the innumerable voluntary func- 
tions of the body are controlled in various centers of the 
brain. 

Coordination within the nervous system involves 
matching the input stimuli to appropriate actions. Those 
actions may involve the regulation of heart rate, for ex- 


Figure 7. Brain. Source: Ref. 3. 


ample, with various feedback of important information 
from the cardiovascular system. It involves the coordina- 
tion of gross behavior such as schooling, where inputs from 
visual and acoustical sensors are coordinated with gross 
muscular action involved in swimming, which in itself in- 
volves a balancing act involving the labyrinths, fin posi- 
tions, and trunk movement. 


Sensory Organs 

Fish have an acute sense of smell and rely on the olfactory 
organ to find food, avoid predators, and to help guide mi- 
gratory fish to their spawning grounds. Some fish utilize 
pheromones, chemical substances that can be smelled, to 
signal alarm to the rest of the school. Catfish, which have 
an excellent sense of smell, use the specific odor of the 
slime of individual fish to differentiate fish in a school hi- 
erarchy. As the water passes through the nostril over a 
transverse septum, olfactory epithelium connected to the 
olfactory nerve signals the smell response to the olfactory 
lobes in the brain. 

Taste buds are the gustatory organs and can be found 
in the epithelium of the mouth, lips, esophagus and snout. 
Some fish, mainly those that are not sight feeders, may 
have taste buds at other places on the body. Free nerve 
endings from the cranial nerves appear in sensitive 
regions, suggesting that touch works with taste to stimu- 
late the feeding response. External taste receptors respond 
to monovalent ions and, to a lesser degree, divalent ions. 
Internal receptors respond to amino acids, sugars, strong 
salts, and acids. Both taste and smell are based on organic 
chemoreception. It also appears that tactile, chemical, and 
temperature sensations are closely integrated in fish skin. 

Sight is extremely important to salmonids and other 
fish that depend on this sense to detect movements and 
color changes that signal prey, predator, and mate. The 
eyes of most bony fishes have a spherical lens, the most 
powerful shape for a single lens, that in some cases can be 
changed in convexity and in distance from the retina, the 
visual layer of the eye (Fig. 8). This is how the fish focus, 
because very little focusing is done by the cornea. There is 
little difference in the refractive index, the source of light 
diffraction, between the cornea and water and, therefore, 
little focusing is necessary. The cornea does play a role in 
protecting the rest of the eye from physical pollutants and 
harm and may help prevent dehydration. The iris controls 
the amount of light getting through to the retina. Most fish 
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Figure 8. Cross section of a fish eye, Source: Ref. 2. 


(eg, elasmobranchs) have a fixed iris that contains guanine 
and melanin. Sight feeders, such as the salmonids, have a 
well-developed lens muscle and focus by actually moving 
the lens. The eyeball is ellipsoid and lends a great depth 
of field, that is the sharp simultaneous focus of objects that 
are distant and near. This is due to a wide-angle configu- 
ration of the components: the flattened eyeball, the round 
lens, and the protrusion of the lens out of the iris. Light 
travels through the lens and is focused on the retina. Reti- 
nal layers such as the optic nerve fibers, ganglion cells, 
bipolar cells, and photoreceptor cells, (the cones and rods) 
all have a role in converting the light to sight images in 
the brain. The rod cells are sensitive to low light levels but 
not to color. The cone cells react to strong light and are 
color sensitive. Photochemical reactions in these cells are 
transmitted as electrical impulses to the optic nerve and 
eventually to the optic lobe in the brain. The sensitivity of 
the retina to particular colors of light depends on the pig- 
ments found in the rods and cones in the retina. 

The small pineal organ serves a visual as well as a se- 
cretory role in fish. It is a small fingerlike organ is located 
just under the cranium on the dorsal midline of the brain. 
It serves possible functions in the detection of day length. 
While it is not vital to life, it may serve an important role 
in the adjustment of body color to the environment as well 
as in the synchronization of physiological changes associ- 
ated with smoltification, in anadromous salmonids, with 
day length. 

The inner ear functions in both equilibrium and hear- 
ing. It is found on either side of the medulla oblongata of 
the brain. The inner ear is made up of two sections, the 
pars superior and the pars inferior. The pars superior has 
three semicircular canals filled with fluid and has an am- 
pullae and utriculus. The ampullae contains the receptor 
tissue, which has sensory cells with long sensory hairs 
similar to taste buds, and the lateral line. Displacement of 
the body causes the sensory cells to react and the proper 


righting mechanism to take place. The utriculus of the pars 
superior contains an otolith; a calcarious stone. This stone 
lies on the sensory hairs and responds to the force of grav- 
ity. This system works with the retina for maintenance of 
balance. The pars inferior is the structure of actual sound 
reception and it is composed of the two vesicles, sacculus 
and lagena. These vesicles, containing otoliths, are inner- 
vated by the auditory nerve. The otoliths will vibrate at a 
different resonance then the rest of the body when pre- 
sented with sound waves. This triggers the sensory hairs 
to send a nervous impulse up the cranial nerve. 

The lateral line is a set of sense organs found only in 
fishes and the aquatic stages of amphibians. The lateral 
line is innervated by cranial nerves and is closely associ- 
ated with the auditory centers. The brain relays secondary 
impulses from the lateral line to the hypothalamus, thal- 
amus, the optic tectum, and the cerebellum. The lateral 
line helps in the detection of prey, predators or mates by 
sensing hydrodynamic displacement. The lateral line re- 
ceptors respond to pressure waves and low frequency vi- 
brations and other localized disturbances. 


ENDOCRINE SYSTEM 


The endocrine system coordinates physiological processes 
with each other as well as with the external environment 
by way of chemical messengers called hormones. The hor- 
mones are released in response to changes such as light, 
temperature and stress. They ellicit and coordinate the ap- 
propriate responses from parts of the body, whether it be 
by a generalized stress response, a fright reaction, matu- 
ration of the gonads, smoltification, migration or spawn- 
ing. Hormones thus play important roles in many physio- 
logical processes such as reproduction, osmoregulation, 
mineral metabolism, and growth. Endocrine glands are 
ductless tissues that release hormones into the blood. 

The effects of hormones may be slow but are persistent 
in contrast to the rapid and transient action of nerves. It 
is important to realize the close relationship between the 
endocrine system and the nervous system. These two sys- 
tems work together to create a communication network 
with each system dependent on the other for complete in- 
tegration. Neurohormones are released by nerve cells, not 
endocrine glands, but have similar actions. They are car- 
ried by the blood to a target organ or to an endocrine gland, 
which can, in turn, release its own hormone. Neurohor- 
mones act as a link between the endocrine and nervous 
system. 


Pituitary Gland 


The pituitary gland lies close to the hypothalamus in the 
brain. It is made up of the infundibulum, the down growth 
of tissue from the brain, and the hypophysis, the upgrowth 
of tissue from the roof of the mouth. The hypophysis is 
differentiated into the adenohypophysis and the infundib- 
ular tissue. The adenchypophysis is the site of synthesis, 
storage, and release into the blood of several different pep- 
tide hormones. The infundibular, or neural, tissue forms 
the neurohypophysis, which is connected to the brain by 
the infundibular stalk. The neurohypophysis is not a dis- 


crete tissue in teleosts and appears to be a storage-release 
center for the materials that are synthesized in the hypo- 
thalamus and then transported to the neurohypophysis 
along neurosecretory axons. 

Growth hormone increases appetite, improves food con- 
version, increases protein synthesis, decreases nitrogen 
loss, stimulates fat mobilization and oxidation, and stim- 
ulates insulin synthesis and release. Prolactin is necessary 
for electrolyte and water balance in fresh water. It reduces 
water absorption and reduces sodium movement through 
the gill, kidney and urinary bladder. It may also cause the 
dispersal of xanthophore pigment in the skin of some fish. 
It is involved in lipid metabolism fat storage and reduces 
thyroxine levels of the serum. Thyroid stimulating hor- 
mone (TSH) regulates thyroid function and is controlled by 
negative feedback from the levels of circulating thyroid 
hormones. Adrenocorticotropic hormone regulates the re- 
lease of adrenocorticoids (steroids) from the interrenal tis- 
sue of the kidney. Melanophore stimulating hormone has 
a small effect on external body pigmentation in teleost. 
Fish also have sympathetic innervation of melanophores. 
Gonadotropic hormone, luteinizing hormone, and, to a mi- 
nor extent, follicle stimulating hormone, have crucial roles 
to play in gonad development and spawning. Oxytocin is 
involved in reproduction: egg formation, mating, and 
spawning. Vasopressin affects diuresis and, therefore, as- 
sists in osmoregulation. 

It is clear that the pituitary gland is the major gland in 
the endocrine system, exerting a large influence on pro- 
cesses of the body such as growth, osmoregulation, and re- 
production. Target organs of the pituitary hormones are 
the thyroid gland, interrenal tissue, testis, and ovary. The 
synthesis of stimuli from the environment and subsequent 
hormonal release demonstrates the link between the cen- 
tral nervous system and the endocrine system of the body. 
That link is the hypothalamus-pituitary axis. The hypo- 
thalamus receives external stimuli and communicates 
changes to the adenohypophysis of the pituitary, in close 
proximity, where the release of the appropriate hormone 
is elicited. 


Thyroid Gland 


Thyroid tissue is generally scattered throughout the pha- 
ryngeal area, in the head kidney, and in some cases around 
the eye. The hormones secreted by the thyroid are thyrox- 
ine (T4) and triiodothyronine (T3). Thyroid action is linked 
closely to the pituitary, which secretes TSH. Secretion of 
TSH is under negative feedback control depending on the 
levels of circulating thyroid hormones. There also appears 
to be a strong relationship between thyroid activity and 
the lunar cycle. Peak thyroxine levels have been shown at 
the period of the new moon, which is also when peaks in 
the outward migration of coho salmon have been observed. 
The surge of thyroxine influences growth, migratory rest- 
lessness, and seawater preference. 


Ultimo Branchial Gland 


This gland is equivalent to the parathyroid gland in ter- 
restrial mammals. It is generally located between the ab- 
dominal cavity and sinus venosus. Calcitonin is produced 
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by this gland, which regulates calcium by controlling its 
conservation and mobilization. 


Pancreas 


The pancreas of teleost is usually diffuse and scattered 
around the intestine and spleen, and often extends into the 
liver. Insulin and glucagon are the two hormones associ- 
ated with this gland. The action of the pancreas appears 
to be modified by different nutritional states, particularly 
in response to changes in protein metabolism. Insulin af- 
fects amino acid metabolism and incorporates amino acids 
into skeletal muscle and may not be as important to glu- 
cose homeostasis in teleosts as it is in mammals. It de- 
creases the rate of gluconeogenesis. It may have some role 
in saltwater survival. Glucagon simulates gluconeogenesis 
from muscle amino acids. 


Renal Tissue and Interrenal Tissue 


A number of hormones and tissues are involved in kidney 
function. Those include renin, angiotensin, and antidi- 
uretic hormone. Their functions are covered in the section 
on the renal system. Interrenal tissue is located in the an- 
terior kidney tissue, or the head kidney. The primary hor- 
mones released are corticosteroids. Under control of the 
pituitary through the action of adrenocorticotropic hor- 
mone (ACTH), the corticosteroids are released in response 
to appropriate stimuli, Chromaffin cells, the functional 
equivalents of medullary tissue of the adrenals in mam- 
mals, secrete the catecholamines, adrenaline, and nor- 
adrenaline. 

Corticosteroids such as cortisol are important hormones 
produced in the interrenal glands. Interrenal tissue re- 
sponse increases with stressful conditions, such as tem- 
perature change, exposure to toxic elements, and spawn- 
ing. This elicits a subsequent increase in cortisol levels. 
Cortisol is important in regulation of water and electrolyte 
balance by affecting ATPase activity and sodium flux 
across the gills. It is known as the saltwater adapting hor- 
mone, because it increases renal sodium retention, reduces 
glomerular filtration rate, and increases permeability of 
urinary bladder. It is important in smoltification and sub- 
sequent saltwater acclimation. Cortisol is also involved in 
metabolism, by promoting gluconeogenesis and related 
carbohydrate and protein metabolism. It also plays a role 
in preventing exhaustion by mobilizing energy reserves. 
Corticosteroids influence oocyte maturation and seem to 
be influenced by pituitary gonadotropins. 

Catecholamines, such as adrenaline and noradrenaline, 
respond immediately to stress. Catecholamines cause hy- 
perglycemia (high blood glucose), with a reduction in liver 
and muscle glycogen in some cases. They also cause sys- 
temic vasoconstriction, vasodilation in the gills, and in- 
crease the force and rate of the heartbeat. 


REPRODUCTIVE SYSTEM 


The reproductive systems and strategies in fishes are ex- 
tremely varied. Examples of the salmonid family are em- 
phasized here. Salmonids reproduce sexually. Pacific 
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salmon spawn only once in their life cycle, whereas the 
trouts and Atlantic salmon spawn repeatedly during their 
life span. Unlike other fish, lipid levels have little to do 
with initiating spawning activity or gamete development 
in the salmon. Lipid levels are, however, correlated to the 
distance that animals have to migrate up freshwater 
streams to reach their spawning grounds. Lipids as well 
as body proteins are consumed in this migration. The pri- 
mary environmental factor involved in sexual maturation 
is day length. The changes in day length are probably more 
important than absolute day length in the processes that 
affect reproduction. Temperature also plays an important 
role in gonadal development in some fishes. 

Both the testes and ovaries are located along the mid- 
line of the fish, ventral to the swim bladder, extending from 
the anterior to the posterior end, terminating at the vent. 
Eggs are commonly released into the peritoneal cavity and 
reach the outside through a funnel and ovarian duct. 
Sperm almost always stay inside ducts until they are re- 
leased. 


Egg Size and Fecundity 


In general, fish that lay smaller eggs lay many of them. 
Cod, for instance, lay millions of eggs that incur a high 
mortality rate. Smaller eggs also tend to hatch in a rela- 
tively short time and the hatched young require micro- 
scopic food almost immediately because the stored nutri- 
ents in the way of yolk is limited or nonexistent. 
Conversely, fish that lay larger eggs lay fewer eggs that 
take longer to hatch and have higher survival rates. The 
young also can survive on the yolk for days or weeks and 
can ingest large food particles when feeding begins. 

There is a correlation between the length of parental 
care and egg size. That is, the larger and fewer the eggs, 
the greater the parental care of the young. Herring spawn 
millions of eggs in kelp beds and abandon them. Salmon 
lay fewer, larger eggs and bury them in the gravel but still 
die and do not tend to their young. In the other extreme, 
some fish produce only a few eggs that are incubated in 
the body and live young are born that are more or less 
ready to fend for themselves. The yolk material is solid in 
salmonids. Their eggs sink in water because they are very 
dense. The yolk material influences the density and the 
development time. There is only about 30% water in the 
yolk material of salmon, whereas the herring egg has oil 
droplets in the yolk, thus allowing the egg to float. Ovip- 
arous fish are egg layers such as salmon, viviparous fish 
are placental live-bearers as mammals, and ovoviviparous 
fish are live-bearers but are passive parents. 


Hormones 


Gametogenesis, the formation of gametes, is dependent on 
pituitary hormones called gonadotropins. The gondadotro- 
pins are leutenizing hormone (LH) and follicle stimulating 
hormone (FSH). Blocking gonadotropins reduces gameto- 
genesis. These names are taken from mammalian sources. 
Although both, or analogues of both, may be present in 
fish, it is LH that predominates. This hormone appears to 
regulate the maturation and release of the egg. The folli- 


cles probably produce the estrogens, estrone, and estradiol 
under hormonal control from the pituitary gonadotropin. 
These hormones control the development of secondary sex 
characteristics in the female fish. They also serve an im- 
portant function in the production of vitellogenin in the 
liver. Vitellogenin is then taken up from the blood and in- 
corporated into the yolk proteins. Progesterone, which 
maintains the uterine development during pregnancy in 
mammals, may be absent in fish. The corticosteroids tes- 
tosterone and androstenodione may control the secondary 
sex characteristics in the male fish. 


Gonads and Gamete Formation 


The early development of gametes is similar to other ver- 
tebrates. The processes of spermatogenesis, (sperm devel- 
opment) and oogenesis (egg development) proceed in the 
following manner. In spermatogenesis a diploid spermato- 
gonium, through meiosis, gives rise to haploid spermato- 
cytes, which then become spermatids. A process called 
spermiogenesis is the final step of differentiation of sperm 
from spermatids. As Figure 9 shows, the sertoli cells serve 
as nutritive cells. During this process, the cysts swell and 
finally rupture, releasing the sperm to the lumen, which is 
continuous with the sperm duct. The interstitium between 
the cysts contain interstitial cells, fibroblasts, and blood 
vessels. In oogenesis, cells destined to become eggs prolif- 
erate, enlarge, and each becomes surrounded with follic- 
ular, or nutritive cells. The granulosa layer of the follicle 
cells is thought to give rise to the yolk. The proteins in the 
yolk are derived from vitellogenin as discussed above. The 
development of all eggs in the salmonid occurs synchro- 
nously, that is all at once. 


Ovulation 


Ovulation, or the release of all the eggs from the follicles, 
is triggered by the completion of yolk deposition. Once the 
ova leaves the follicle, they lose the supply of nutrients 
provided by the follicular cells. They depend on the ovarian 
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Figure 9. Spermatogenic cyst with several spermatogonial cells. 


fluid for nutrients and oxygen. The origin, quantity, and 
turnover rate of the ovarian fluid are unknown, although 
it could be a dilute ultrafiltrate of plasma. 


Spawning 

Spawning follows soon after ovulation. The range of 
spawning behavior as well as the spawning itself in fish is 
probably wider than that in all land vertebrates put to- 
gether. This event is probably controlled by a combination 
of hormones and environmental factors. There may be a 
special spawning hormone acting directly on the central 
nervous system. Mammalian reproduction involves both 
the pituitary gonadotropins, LH and FSH, affecting the 
gonads and the ovary, which respond by producing estro- 
gen and progesterone, whereas the LH hormone activity 
in fish predominates and FSH activity is absent or weak 
in some species. 


Fertilization 


Fertilization is also varied among species. Generally, one 
sperm enters the egg via a micropyle, which closes after 
entry (Fig. 10). This prevents multiple fertilization. There- 
after, the two nuclei unite. The chorion, the tough outer 
shell, or protective coating, of the egg swells by the egg 
imbibing water. This water hardening provides the egg 
with a protective shell permeable to dissolved substances, 
gases, and water. Water hardening produces a perivitelline 
space between the cell membrane and the external envi- 
ronment. Eggs and sperm survive only a short time if fer- 
tilization does not take place. 


Development 


Developmental time depends on environmental conditions. 
The important factors are temperature, salinity, oxygen, 
and light. All conditions have varying effects, depending 
on species. The following outline shows the major steps in 
the development of the fish, from embryonic to adult stages 
(Fig. 11). It is similar in pattern to the general pattern in 
vertebrate development. 
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Figure 10. Cross section of a salmonid egg. 
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Figure 11. Development stages of a salmonid. I = blastic cleay- 
age; cell division is shown in A, B and C. Cell division continues. 
II = gastrulation, III = organogenesis, IV = hatching, V = parr, 
VI = smolt, VII = juvenile to adult. 


I. Blastodisc cleavage (2 cells) 
I. Gastrulation 
Specialization of cells 
Body tissues develop and grow over the yolk 
Eyed stage 
Basic body form is evident 
Ill. Organogenesis 
Internal organs form 
Fins appear 
Circulatory system develops connection between 
yolk and internal vasculature 
IV. Hatching 
Hatching glands develop around head of embryo 
and secrete chorionase, an enzyme that dissolves 
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the tough chorion, or egg shell, for the embryo to 
escape. 
V. Parr 
General body form resembles that of the adult 
Dark vertical bars along the lateral body wall 
VI. Smolt 
Parr marks disappear 
Body coloration is silver 
Body shape is slightly more elongate than smolt 
VIL. Juvenile to adult 
General body shape and color is like the smolt 
Size increases as it grows and matures at sea 


IMMUNE SYSTEM. 


The immune system comprises the defense mechanisms of 
the body that prevent or control disease-producing organ- 
isms from entering the body and causing disease. The pri- 
mary problem of the immune system is to recognize self 
from nonself. Self refers to all normal physical and chem- 
ical components of the body and nonself is everything else. 
The latter may include bacteria, parasites, viruses, and 
tumors. 

Before discussing immune system in detail, a few key 
terms should be defined. Immunocompetence is the ability 
of a fish to mount a specific immune response against a 
foreign body or agent. The first stages of immunocompe- 
tence in salmonid fishes start at 1-2.5 g body weight. It is 
fully developed at 4 g. Immunological tolerance refers to a 
condition where the host does not recognize an antigen as 
being foreign and, therefore, tolerates its presence. Vacci- 
nation should not be conducted before immunocompetence 
is established, or immunotolerance may result. An anti- 
body is a protein manufactured by white blood cells (WBC) 
that are designed to bind to an antigen for which it was 


Figure 12. 1. Recognition of anti- 


made. An antigen is any substance, usually foreign to the 
body that is capable of causing the activation of an immune 
response. 

The immune system is made up of two kinds, or lines, 
of defenses. The first is the non-specific defense and the 
second is the specific defense. The nonspecific defense 
mechanisms are also divided into two categories of those 
involved in preventing nonself substances from entering 
the body and those that deal with substances that manage 
to enter the body. Nonspecific defense mechanisms are 
mounted against any foreign substance, whereas the spe- 
cific defense mechanisms are designed to attack very spe- 
cific antigens. Usually the term immune system refers to 
this last category. 


Nonspecific Defense Mechanisms 


Physical and chemical barriers to pathogen entry include 
the mucus on the skin and the skin itself. Mucus is contin- 
uously produced from goblet cells and it provides both a 
physical and chemical barrier to pathogen entry. It sloughs 
away pathogens and contains antibacterial proteins such 
as lysozymes, agglutinins, and lysins. Both the epithelium 
and the scales that make up the skin provide an effective 
physical barrier to pathogens. Some pathogens, however, 
do enter the body. Once the pathogens are inside, the fol- 
lowing components of the nonspecific immune system work 
to limit growth and multiplication of the pathogen. Serum 
transferrin is a protein that keeps free iron concentrations 
low. Growing and replicating bacteria need iron. C-reactive 
protein is a nonspecific agglutinating protein that coats the 
surface of the antigen and allows phagocytosis to occur 
more readily. Interferon is a soluble substance that acts 
against viruses. It prevents viral DNA replication in an 
infested host and cell. Cellular nonspecific defenses are 
performed by certain WBC such as neutrophils, macro- 
phages and natural killer cells. 
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Specific Defense Mechanisms 


There are two types of specific defense mechanism. Hu- 
moral immunity defense involves the production of specific 
immunoglobulins (Ig), which are globulin proteins that 
have antibody activity. The cellular immunity involves the 
stimulation of certain white blood cells to destroy specific 
antigens. The organs involved include the anterior kidney, 
thymus and spleen. The head kidney and the spleen have 
antibody-producing cells as well as phagocytes and mac- 
rophages. The spleen produces lymphocytes. Fishes lack 
bone marrow, and the above tissues act, in place, to supply 
the necessary elements for a functional immune system. 
Fish immunoglobins are tetramer molecules as opposed to 
the pentamers in humans and there is only one class of 
immunoglobins in fish compared to the two to five classes 
in mammals. These proteins are found in lymph, blood, 
mucus, and interstitial fluids. 


Humoral Immunity. In this type of specific immune re- 
sponse, antigens are selectively removed from the circu- 
lation by the use of antibody-producing white blood cells, 
which are specific to particular antigen. There are two 
types of cell involved in humoral immunity. Some of the 
cells produce the antibody and some act as memory cells. 
Once exposed to a particular antigen, the memory cells can 
rapidly grow and multiply when they encounter that an- 
tigen again. 


Cellular Immunity. In this type of specific immunity, the 
antigen causes certain groups of primed white blood cells 
to act specifically against the invading antigen. These 
WBCs can ingest or destroy the antigen as well as prolif- 
erate chemical messengers signaling the presence of non- 
self material. It seems that immersion-vaccination results 
in eliciting a particularly strong cellular immunity. This 
type of immunity is also referred to as cell mediated im- 
munity. The following are various cell types involved in cell 
mediated immunity. 

Neutrophils are the first line of defense after antigen 
invasion. These cells are phagocytic in humans and some 
fish such as catfish, but they are not in salmonids. They 
may release a toxic substance in the vicinity of the antigen. 
They are abundant in the WBC picture. Macrophages have 
a phagocytic function and also play a significant role as a 
secretory immune cell. They are more like the human neu- 
trophil in their phagocytic and bactericidal action. Special 
processing macrophages process and present the antigen 
to the lymphocytes. The antigen is taken up by these mac- 
rophages and processed internally. The antigen is then 
brought to the surface for lymphocytes to destroy. T-cell 
lymphocytes are antigen-specific lymphocytes that send 
chemical messengers that enhance phagocytic and bacte- 
ricidal activity of macrophages. T-cells do not engulf path- 
ogens, although they do have receptors for antigens. They 
also enhance macrophage activity. The activities of T cells 
are restricted by the fact that the antigen must be first 
processed by a macrophage and presented to this lympho- 
cyte. They are unable to respond directly to free antigen. 
Their response to an antigen presented to them is to dif- 
ferentiate into effector T-cells and memory T-cells. The co- 
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ordinated action of the various components of the specific 
immune system is demonstrated in Figure 12. 
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This article consists of brief descriptions of fish species of 
importance to either the commercial or sport fisheries in 
North America. The description of the each species consists 
of information about their physical appearance, notes 
about how they are caught and what food value they hold, 
their distribution, and their reproductive biology. The com- 
mon and scientific names used in this article comply with 
published information (1). 

In some cases, limiting the selection of species to those 
found in North America and of commercial or sport impor- 
tance restricted the representatives of a particular genus 
or family. In most cases, however, the omitted species of 
any genus share most of the major characteristics of those 
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species represented in this review. The amount of infor- 
mation given here about a particular species is largely a 
function of the body of published knowledge about that 
fish. This is the reason for any uneven treatment among 
species. The salmonlike fishes, for example, are probably 
the most intensively studied family of fishes in the world. 
The body of knowledge is consequently much larger than 
agroup of fishes such as the ocean perches. Measured units 
such as body size, weight, fecundity, and age at sexual ma- 
turity are estimates in many cases, and are based on mea- 
surements on a few individuals. They should, therefore, be 
considered as rough estimations of the average value. The 
reference list at the end of the article contains reviews ar- 
ticles and books relevant to the species covered in this ar- 
ticle. 


ANCHOVY 


The anchovies belong to the family Engraulidae. They be- 
long to the same order as the herrings, order Clupeiformes. 
The anchovies are a schooling fish that are almost exclu- 
sively marine, except for some populations that migrate 
into or become landlocked in freshwater systems. The 
three species found in North American waters are the 
northern anchovy, the striped anchovy, and the silver an- 
chovy. The northern anchovy is found off the Pacific Coast 
and the latter two are Atlantic species that are relatively 
rare in North America. The anchovies are typically found 
in temperate to tropical waters of Pacific, Atlantic, and In- 
dian Oceans. They are a small and silver fish that usually 
measure less than 15 cm, although they have been re- 
ported as large as 50 cm. They have characteristically sil- 
very sides with greenish blue to gray backs and a bright 
strip along the midlateral flank. The anchovies have no 
lateral line. 

The northern anchovy (Engraulis mordax mordax) is 
presently of commercial importance in California. Their 
distribution extends from Cape San Lucas in Baja Califor- 
nia to the Queen Charlotte Islands off the British Colum- 
bia coast. The preferred temperature range seems to be 
between 14.5 and 18.5°C. Although there was a sufficient 
abundance of northern anchovy off the British Columbia 
coast in the 1940s, stocks have declined to a point that a 
viable fishery cannot be sustained there. Populations off 
the California coast have been increasing in the last 20 yr, 
where they are captured in schools with nets for the fresh, 
cured, or canned markets. They have also been caught for 
the bait and fish meal markets. 

Evidence from California, shows that the mature an- 
chovy may spawn several times each year. Spawning takes 
place at temperatures between about 13 and 17.5°C near 
the surface and at night. Several thousand eggs are broad- 
cast and fertilized in the open waters. The eggs are ellip- 
soid and measure about 1.4 mm along the long axis and 
slightly less than 1 mm in diameter. As the embryo devel- 
ops, it hangs upside down during development. At those 
temperatures, the eggs hatch in about two to four days and 
the alevins are 2.5-3 mm long. The warm waters also en- 
hance the utilization of yolk, taking only about three days 
for the yolk sac to be absorbed. The young resemble the 


adults by the time they are about 25 mm long. They be- 
come sexually mature when they are about 13 cm. While 
about half of the two- to three-year-old fish will be mature, 
all at four years of age are sexually mature. They may live 
to be seven years old. Like other coastal fishes, the ancho- 
vies move to deeper waters during the winter and migrate 
toward the inshore during the summer. They also spend 
the daylight hours near the darker bottom and rise toward 
the surface at night. 

The striped anchovy (Anchoa hepsetus) is particularly 
abundant from Chesapeake Bay to the West Indies and 
Uruguay. Only strays from those areas have ended up in 
the northern United States and Nova Scotia, Canada. The 
silver anchovy (Engraulis eurystole) is normally found in 
the Atlantic Ocean from Woods Hole, Mass. to Beaufort, 
N.C. 


STRIPED BASS 


The name bass is usually used in reference to the large- 
mouth bass (Micropterus salmonides), which has the rep- 
utation for being the most popular game fish in North 
America. The striped bass (Morone saxatilis), while also 
being an extremely popular game fish, is classified under 
a different family (Fig. 1). Like groups of other fishes, the 
basses include a number of species that are quite different 
from each other. The striped bass is not hermaproditic as 
the sea bass is and it has only two spurs on the opercular 
bone instead of three. It, therefore, belongs to the Percich- 
thyidae family instead of the Serranidae to which the sea 
bass belong. 

There is no predictable way in which this animal can be 
caught because of its sporadic feeding habits. The fisher- 
man may be lucky with a particular lure or bait one day 
but be frustrated without a bite on the identical tackle and 
bait the next day. The animal is caught with a wide variety 
of sport fishing tackle. The most common tackle is the spin- 
ning rod with a lure that resembles the shad. The striped 
bass can also be caught on the fly rod with streamers or 
casting with bait. While it may be caught in open lakes 
and reservoirs, the most popular locations are at the out- 
falls of hydroelectric power plants or at the foot of dams. 
The elusive fish attracts the avid fisherman of inland wa- 
ters. The present record is a 26.9 kg striper taken from the 
Colorado River in 1977. In addition to its large size, the 
popularity of the striped bass as a sport fish is due to the 
fact that it feeds actively in warm as well as cold tempera- 
tures. It also actively feeds in daylight as well as in the 
dark. This popularity, however, has added to the plight of 
dwindling populations of this species in Atlantic coastal 
waters. The effects of pollution and mechanical destruction 
of their free-floating eggs in dams in combination with the 
increasing catch by sport fishing has imposed great pres- 
sures on populations of this fish. 

Although the striped bass is found on both coasts of 
North America, its native habitat is the Atlantic Coast. 
The populations in California and Oregon are decedents of 
a handful of animals that were transplanted from the East 
Coast into the San Francisco Bay area between 1879 and 
1881. The construction of dams, which trapped migrating 


populations of striped bass, demonstrated that these ani- 
mals can adapt to a wholly freshwater existence. They can 
thrive without the saltwater phase of their life cycle. This, 
along with the development of successful rearing technol- 
ogy in hatcheries, led to the transplantation of populations 
to inland states throughout North America and to the es- 
tablishment of successful fisheries in 17 inland states. 

The striped bass is omnivorous. The juvenile fish feeds 
on planktonic organisms, such as copepods, and on insect 
larvae. After the animals are between 7.6 and 12.7 cm in 
length, they begin to capture and feed on smaller fishes. 
The adult will feed on a wider range of organisms including 
fish, worms, shrimps, and shellfish. The striped bass is an 
anadromamous fish. That means that, like the costal 
salmon species, it spends its adult life in salt water and 
migrates into freshwater streams to spawn. Unlike the 
salmon that migrate great distances in salt water, how- 
ever, the bass’s saltwater residence is confined to coastal 
waters. 

The female produces about a million eggs, 1 mm in di- 
ameter, for every 4.5 kg of body weight. The females are 
always larger than the males and also live longer. The fe- 
males can live up to 40 yr, reaching sizes of over 4.5 kg. All 
animals that are greater than 13.6 kg are almost exclu- 
sively females. With the increasing day length and warm- 
ing temperatures of spring, the migration into freshwater 
streams occurs. Spawning generally takes place between 
4-yr-old females and 2-yr-old males. The spawning takes 
place in open waters of the stream. The female broadcasts 
her eggs, which are fertilized by several males. Due to the 
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Figure 1. Striped Bass (Morone saxa- 
tilis). Source: Copyright 1990 by B. 
Guild-Gillespie. 


Figure 2. Atlantic cod (Gadus mor- 
hua). Source: Copyright 1990 by B. 
Guild-Gillespie. 


oil content of the eggs, they are bouyant and float freely in 
the current of the river and later in the estuary. After a 
rather short incubation period of two or three days, the 
alevins hatch with yolk sacs, The alevins obtain nourish- 
ment from the yolk for the first four to six days, after which 
they resemble a small adult. Very much like the salmon 
young, the 5.1- to 7.6-cm young show vertical parr marks, 
which are eventually replaced by the characteristic hori- 
zontal stripes when they are about 6 in. in length, The 
juvenile then spends its growing and maturing period in 
the coastal marine environment until sexual maturity. 


COD FISHES 


The cods belong to the family Gadidae, which has three 
subfamilies, the Lotinae, the Phycinae, and the Gadinae. 
As Figure 2 shows, the cods have elongate bodies with 
large heads and mouths. They have well-formed caudal 
fins and may have two or three dorsal fins as well as one 
or two anal fins. They are normally dark and colored brown 
to gray. The cods produce free-floating eggs that do not con- 
tain oil globules. There are approximately 55 species of 
cods belonging to 21 genera. They are primarily marine 
and inhabit the cooler waters, near the bottom of northern 
seas. Most migrate inshore during the summer and move 
to deeper waters in the fall and winter. There are excep- 
tions such as the burbot (Lota lota), which is a freshwater 
fish, and landlocked populations of the Atlantic tomeod 
(Microgadus tomcod). Furthermore, there are species that. 
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reside in southern seas. The 7 species discussed here were 
selected on the basis of their commercial importance as 
food fishes. 


Atlantic Cod 


The Atlantic cod (Gadus morhua) is one of the most im- 
portant food fishes of the world. It is Canada’s most im- 
portant commercial species in terms of net value. Atlantic 
cod is caught commercially in a many ways, including 
trawl gear, seine, and gill nets, hand lines and jiggers. In 
1984, the 463,100 tons of Atlantic cod landed in Canada 
was valued at $168.6 million. The Atlantic cod is also 
caught for sport with hook and line. The Atlantic cod cheek 
is a delicacy, served in the finest restaurants. By-products 
of the cod include fish meal, cod liver oil, and glue. Between 
these two extremes, the Atlantic cod is present in almost 
every food niche. It is sold fresh, frozen, smoked, salted, 
and canned. Fish and chips and fish sticks are prime mar- 
ket products for the cod. 

The Atlantic cod is distributed throughout the cooler 
northern waters of the Atlantic Ocean. On the eastern 
shore, the Atlantic cod is found from Iceland, south to the 
Baltic Sea and to the Bay of Biscay. On the western side 
of the Atlantic, it is found in the North Atlantic from 
Greenland and southern Baffin Island, to Cape Hatteras, 
N.C. The majority of the populations are found on the con- 
tinental shelf. 

The Atlantic cod can be found spawning during most 
months of the year, from February to December, through- 
out their extensive range. The northern populations spawn 
earlier. As an example, spawning in the Grand Bank, 
which is one of the major fishing grounds for the Atlantic 
cod, begins in April, peaks in May, and ends in June. 
Spawning takes place in the open ocean at varying depths. 
While some may spawn at depths less than 110 m, other 
Atlantic cod populations will spawn deeper than 182 m. 
Both eggs and milt are broadcast into the water. Fecundity 
is high and increases with age. Although a fish 51 cm in 
length may produce 200,000 eggs, a female 140 cm may 
produce 12 million eggs. Like the haddock, the eggs are 
about 1.5 mm in diameter, spherical, transparent, and 
bouyant. They rise and float freely under the surface dur- 
ing incubation. As for all fish eggs, incubation time de- 
pends on temperature. Due to the colder waters that char- 
acterize their environment, the eggs take from 40 to 60 
days to hatch (—1.5 to 1°C). The newly hatched young are 
about 3-6 mm long and remain pelagic until a length of 
about 25-30 mm. They then descend to the bottom to feed 
and mature to adult sizes. The average adult caught by the 
commercial fishery is about 5-6 yr old, 50-60 cm long, and 
about 1-2 kg. They can live to be over 20 yr old and the 
largest recorded animal was 95.9 kg. 


Pacific Cod 


The Pacific cod (Gadus macrocephalus) is known as the 
common or gray cod. Like its counterpart on the Atlantic 
Coast, it is the most important trawl-caught bottom fish in 
western Canada. This trawl catch increased to a peak of 
about 9.1 million kg in 1966. It decreased after that to 
about 2.3 million kg in 1970. The Pacific cod is sold fresh 


and frozen. The flesh is filleted, and products such as fish 
sticks or fillet blocks are made for the domestic and export 
markets. 

The Pacific cod is similar in appearance to the Atlantic 
cod. In general, it may be more slender and may have a 
longer barbel under the lower jaw that equals or exceeds 
the diameter of the eye. The Pacific cod is found on both 
sides of the Pacific Ocean. Its distribution extends from 
Santa Monica, Calif. north to Alaska and around into the 
Okhotsk and Japan seas. It is also found off Korea and in 
the Yellow Sea to Port Arthur. 

The Pacific cod may be found in shallow waters in the 
spring but migrates into deep water in the fall. They spawn 
in the winter months. Spawning females range from 40 to 
60 cm in length and are two to three years old when they 
spawn the first time. A 60-cm female may produce about 
1.2 million eggs, which measure about 1 mm in diameter. 
The eggs and milt are broadcast into open waters and the 
fertilized eggs may float near the surface, depending on the 
salinity. In the cold northern waters, the eggs may take 
four weeks to hatch at 2°C. The incubation time is reduced 
to about 8 days at about 10°C. At 5°C, the yolk sac is ab- 
sorbed in about 10 days. The young will grow to about 20- 
50 cm in one year and to about 45-75 cm in about two 
years. 


Haddock 


The haddock (Melanogrammus aeglefinus) is a commer- 
cially valuable food fish of the cod family. Haddock are 
caught commercially with the otter trawl. They are sold as 
a fresh, frozen, smoked, and canned product. The major 
stocks are presently recovering from the overexploitation 
of the 1960s. 

Like the other cods, the haddock is rather dark in color, 
The color fades from the purplish gray on the dorsal sur- 
face, laterally to a light pink below the lateral line, and 
eventually to a white on the ventral surface. There is a 
characteristic black blotch on the lateral side posterior to 
the head and just dorsal to the pectoral fins. 

The haddock is found on both sides of the Atlantic. On 
the eastern side of the North Atlantic, it is distributed from 
Iceland south to the English Channel. It is found in the 
White, Kara, Norwegian, and North seas. On the western 
side of the Atlantic, the haddock is found from southwest- 
ern Greenland, south along the east coast of Canada and 
the United States to about Cape Cod. They migrate be- 
tween the shallower (30-37 m) warm waters of the banks 
during the summer and the deeper (55-125 m) waters in 
the winter. 

The haddock spawns in waters up to 90 m in depth, 
primarily on the Grand, Emerald, Browns, and Georges 
banks. They spawn between January and May, depending 
on location. The spawning adults are between 3 and 5 yr 
old. While many features of the reproductive process in the 
haddock are characteristic of the cods, observations of 
aquarium specimens suggest that the reproductive behav- 
ior of the male fish is complex, involving color changes, 
sound production, and courtship displays. The spawning 
female measures between 40 and 60 cm long and may pro- 
duce between 230,000 and 1.77 million eggs, respectively. 


The eggs resemble that of the Atlantic cod. Like the other 
cods, the eggs and milt are broadcast into the open waters. 
After fertilization, the eggs float to the surface and float 
freely until they hatch. In the cooler waters of the North 
Atlantic, incubation may take between one (10°C) and four 
(2°C) weeks. The newly hatched alevins are about 4 mm 
long and grow to young larvae of about 25 mm before they 
resemble the adult in body form. They start to descend to 
deeper waters between 40 and 50 mm. Although the av- 
erage 5-yr-old haddock may measure about 50 cm in 
length, the fish can live to be over 15 yr in age and an 
individual 112 cm long and 16.8 kg has been recorded. 


Pollock 


The pollock (Pollachius virens) is also known by other 
names such as Boston bluefish, coalfish, and green cod. The 
flesh, which is of a darker color than the cods and haddock, 
has a richer flavor than its relatives. The adult weighs 
about 2-5 kg and is fished commercially as an important 
food fish. The pollock is caught commercially in a number 
of ways, including trawling, longline, hand line, weirs, and 
traps. It is sold in fresh, frozen, and smoked forms. It is 
also fished for sport in the shallower waters with artificial 
lures. 

Like the haddock, the pollock are distributed through- 
out the North Atlantic. On the east side, they are found 
from Iceland, south to the Bay of Biscay. On the west side 
of the Atlantic, the pollock are found from southwestern 
Greenland to Cape Hatteras, N.C. 

At maturity, the male and female are about 3 yr old and 
are about 50 cm long; although records show that they can 
live up to 14 yr, weight 70 kg, and measure over 100 cm. 
The pollock shares much of the reproductive features of 
other cod fishes. They produce about 225,000 eggs each; 
the eggs are about 1 mm in diameter, spherical, bouyant, 
and remain pelagic until hatching. Eggs and milt are re- 
leased into the open waters at a depth of about 100-200 
m. Unlike other cod fishes, the pollock spends more time 
swimming throughout the water column as opposed to be- 
ing a primarily bottom fish. Its preferred depth is about 
110-180 m. Like the cod fishes, however, the pollock mi- 
grates toward shore and shallow waters in the summer 
and offshore to deeper waters in the winter. 


Walleye Pollock 


The walleye pollock (Theragra chalcogramma) has come to 
be one of the most important commercial fisheries in the 
world. It has been described as the most productive single- 
species fishery in the world. While it once had a limited 
market for human consumption due to its soft flesh, it is 
fished intensively today for the roe, frozen fish block and 
fillets, and processed fish flesh markets. Surimi, a pro- 
cessed minced fish flesh product, is also one of the prime 
products from the flesh of walleye pollock. These fishery 
products that derive from the walleye pollock are taken by 
separate fisheries, although trawling and seining are the 
common methods of catch. The surimi fishery consists of 
large factory trawlers or large factory ships with fleets of 
smaller catcher vessels; walleye pollock of all sizes are 
taken from the bottom and midwater depths. The freezer 
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fishery consists of large factory trawlers and smaller in- 
dependent fisherman that harvest walleye pollock off the 
bottom, along with other species such as turbot and the 
Pacific cod. The spawning adults are caught for the roe 
fishery from the midwaters. 

The walleye pollock has a typical codlike appearance 
with three, well-separated dorsal fins and very small or no 
barbels projecting from the lower jaw. It usually has an 
olive green to brown color on its back with irregular 
blotches or mottled appearance. It is lighter on its ventral 
surface and has silvery sides. 

The walleye pollock is distributed from central Califor- 
nia, north through the Bering Sea, around to Asian waters 
to the southern reaches of the Sea of Japan. It has a wide 
distribution vertically in the water column. It has been 
found from the surface to depths below 380 m. 

Walleye pollock begin to mature sexually at about 2-3 
yr of age, when they measure about 25 cm. By the time 
they are 5-6 yr old and 45 cm, more than 90% are mature. 
The fecundity of a 50-cm female is between about 200,000 
and 220,000 eggs. Estimates of fecundity range from about 
100,000 to 1 million eggs for females between 30 and 70 
cm in length, and 225 to 2,000 g, respectively. While 
spawning occurs during one season of the year, the female 
will spawn a number of times within that season. The eggs 
develop and mature in batches over time to allow multiple 
spawnings. Spawnings takes place mostly between March 
and April. The eggs measure about 1.4 mm in diameter 
and float freely in the water, once they are spawned. They 
are found mostly in the upper 20 m of the water column. 
Hatching may take place between 14 (5°C) and 24 (2°C) 
days. The hatched young measure about 4 mm in length 
and resemble tadpoles, with characteristic markings. They 
are born with yolk sacs, which are absorbed by the time 
they attain about 7 mm in length. At 22 mm and about 50 
days after hatching, they have all the adult fin rays and 
are considered juveniles. Adults can live to 15 yr, although 
most are between 1 and 7 yr of age. 


Hake 


The red hake (Urophycis chuss) and the white hake (U. 
tenuis) are often considered as good food fishes. The white 
hake grows to a larger size and is distributed over a 
broader range than the red hake. Characteristics of the 
white hake are presented here. Similar in size to other cod 
fishes, the hake is distinguished by the smaller head, large 
eyes, long dorsal and anal fins and the numerous barbels 
on the ventral side of the chin. They have a reddish brown 
color on their back, which fades to lighter shades on the 
side and white on the belly. The lateral line is pale. While 
some hake fisheries exist, this species is mostly taken in- 
cidental to other fisheries. 

The hake live on mud bottoms, 200-1,000 m in depth. 
They are distributed on the continental slopes in the North 
Atlantic from Iceland south to North Carolina. Some have 
strayed as far south as Florida in deep water. Like the 
other cod fishes, they move to deeper waters in the fall and 
winter. 

The average size of an adult at maturity is between 60 
and 70 cm, although specimens over 100 cm have been re- 
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corded. Spawning takes place at different times depending 
on the location, although most takes place in the winter 
and early spring. Fecundity is high relative to other cods. 
A 70-cm-long female may produce about 4 million eggs, 
and one 90 cm long may produce 15 million eggs. The eggs, 
therefore, are smaller than those of the other cod fishes 
and measure about 0.75 mm in diameter. The eggs, which 
are transparent and bouyant, float about the sea until the 
young alevins, about 2 mm long, hatch. The young grow 
up to about 80 cm as pelagic fish, after which they migrate 
to deeper waters to feed and grow to maturity. 


Whiting 


The name whiting can refer to any one of three species of 
fish. It was a name originally given to the walleye pollock 
(Theragra chalcogramma) (1). The Pacific tomeod (Micro- 
gadus proximus) is also commonly called the whiting. 
While the Pacific tomcod is highly regarded as a tasty food 
fish, it is not abundant enough for a commercial fishery. 
The blue whiting (Micromesistius poutassou) on the other 
hand is fished in Europe for food, The blue whiting is 
rather rare in North America. 

The blue whiting is normally found in the northeast At- 
lantic, off the coast of Greenland and off southern Iceland. 
It may also be found off Europe between Norway, south to 
western Mediterranean. Records of the blue whiting in 
North American range from Sable Island, south to Woods 
Hole, Mass. The blue whiting is a deep-water fish, caught 
by otter trawls at depths beyond 183 m off the continental 
slope during the spring or early summer. The scarce data 
on the reproductive features of this fish suggest that they 
resemble, verly closely, reproduction in other species of the 
Gadidae. It has been suggested that spawning occurs be- 
tween mid March to mid May (2). Spawning probably oc- 
curs in deep waters, deeper than 1,000 m, and the eggs are 
about 1-1.3 mm in diameter. The few specimens inspected 
from the northwest Atlantic suggest that the blue whiting 
is smaller than other Gadids, measuring less than 40 cm. 


FLATFISHES 


As the name implies, the flatfishes include the fishes that 
are flat in the dorsoventral axis (Fig. 3). They have both 
eyes on one side of the body and are often found lying on 


Figure 3. Halibut (Hippoglossus hip- 
poglossus). Source: Copyright 1990 by 
B. Guild-Gillespie. 


the bottom of the ocean covered in layer of sand or mud. 
All the flatfishes are classified in the order Heterosomata 
and include the soles of the family Soleidae and the floun- 
ders in the family Pleuronectidae. This latter family in- 
cludes the commercially important species of the true hal- 
ibuts in the genus Hippoglossus, the turbots in the genus 
Reinhardtius, and the right-eyed flounders in the genus 
Platichthys, The commercially important species tend to 
be right-sided; that is the side that is visible to the observer 
is the right side of the fish, The left eye migrates, along 
with appropriate skeletal, muscular and neural rearrange- 
ments, so that both eyes end up on the right, uppermost 
side of the animal. Although these fishes are well known 
as benthic animals, fish in the juvenile stages are also pe- 
lagic. The reading of rings in the otoliths, or ear stones is 
sometimes used to age flatfishes. Nine commercially im- 
portant species are discussed here. 


Halibut 

Although it seems reasonable at this time to regard both 
the Atlantic and Pacific halibuts as belonging to the same 
species Hippoglossus hippoglossus, the Pacific halibut is 
considered in current literature to be a separate species 
Hippoglossus stenolepis (Schmidt) (3,4). There were declin- 
ing levels of global commercial catches during the 1960s 
and 1970s. The large increases in bottom trawling in the 
1960s and 1970s were significant contributions to the de- 
cline. These global trends were even more exaggerated in 
some local fisheries such as the Atlantic landing in New 
England. The average annual landing was 4.83 million kg 
(eviscerated and heads off) in 1879. In 1930-1939 it was 
802,858 kg and by the period 1970-1975, it had fallen to 
75,296 kg. Regulation and stock management have cur- 
tailed this trend and Pacific stocks, for instance, seem to 
be recovering. 

The chief way in which commercially caught halibut is 
preserved for storage and transport to market is freezing. 
The animal is eviscerated and has the head off before the 
intact trunk is frozen. While earlier methods included salt- 
ing and chilling with ice, current methods of quick freezing 
and glazing or vacuum packaging in plastic provides a 
more reliable and consistent method. 


Atlantic Halibut. The Atlantic halibut (Hippoglossus 
hippoglossus) is a highly prized food fish. The Atlantic hal- 


ibut is commercially taken by otter trawls and longlines, 
with smaller fish being taken by trawls and the larger fish 
being caught on longlines. Both sizes are taken by fisheries 
specifically directed at their catch or as incidental catches 
when trawling or long-lining for cod, haddock, or other 
ground fishes. The flesh is marketed fresh or frozen. The 
high price it commands enables fishermen to take rela- 
tively small quantities. In spite of this fact, there is evi- 
dence suggesting that certain populations are being over- 
fished. The average length of the mature male and female 
halibut was 84 cm and 98 cm, respectively, in the period 
1959 to 1969. Those lengths dropped to 66 cm and 70 cm, 
respectively, in the years 1970 to 1979. This reduction in 
average size at maturity is characteristic of populations 
subjected to heavy harvesting of the larger individuals. 

The Atlantic halibut has a typical appearance of a flat- 
fish. It has a flattened body, lying on its left side with its 
right side showing. The lower side is characteristically 
white and the right uppermost side is colored various 
shades of brown. The lateral line is prominent and curved 
over the pectoral fins. It is a very large fish, with record 
weights of over 100 kg. The larger fishes are between 30 
and 35 yr old. It is the largest of the flatfishes. The females, 
in particular, have the highest growth rates as well as 
growth potential among the flatfishes. Females, therefore, 
become larger than males. 

The Atlantic halibut is found on the east and west 
shores of the north Atlantic Ocean. The distribution on the 
east shore spans the Bay of Biscay to the Barents Sea. On 
the west side, the Atlantic halibut is found off the west 
coast of Greenland, south along the Canadian coast to the 
coast of Virginia. It prefers cooler waters between 3 and 
9°C, at depths of 200-300 m. 

Knowledge about reproduction in the halibut is rela- 
tively new. Atlantic halibut spawn between February and 
March around the distribution in Canada. They spawn in 
deep waters ranging from about 180 m on the western side 
and about 1,000 m or deeper in the northeastern Atlantic. 
The mature female, which weighs about 90 kg, may pro- 
duce over 2 million eggs. The eggs are about 3 mm in di- 
ameter, spherical, and neutrally buoyant. They float dur- 
ing development at depths greater than 54 m but the 
hatched young sink as they develop. These free-floating 
eggs are most abundant at temperatures between 4.5 and 
7C and salinities between 33.8 and 35.0 ppt. Incubation 
takes about 16 days at 6°C. Little else is known about the 
details of the early life stages of the Atlantic halibut. 


Pacific Halibut. The Pacific halibut (Hippoglossus sten- 
olepis) has had a long commercial history on the Pacific 
coast of North America. The transacontinental railways 
across North America facilitated the Pacific halibut 
catches to be shipped across to eastern destinations and 
contributed to the near demise of the Pacific populations 
of this species. At the turn of the century, the total Cana- 
dian and U.S. catches was more than 4.54 million kg. Ad- 
ditional technological advancements in fishing vessels and 
gear increased harvests to a point that by 1930, increases 
in fishing efficiency no longer yielded greater catches. 
Through regulation under the International Fisheries 
Commission, the Pacific halibut stocks have rebuilt over 
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time. The Pacific halibut is commercially caught mainly on 
hook and line or on other gear that does not involve nets 
of any kind. Numerous baited hooks are set on lines and 
rest on the bottom. Those sets can be made by dories from 
larger mother ships. Longlines of baited hooks can be set 
and retrieved by the mother ship. 

The Pacific halibut is distributed throughout both west- 
ern and eastern coasts of the Pacific. On the western side, 
it is found from southern California, north along the west- 
ern coast to the Bering Sea. It is found off Anadyr, Kuril 
Islands, and Kamchatka, down to the northern areas of 
Japan. Like other flatfishes, the Pacific halibut is benthic 
(living on the bottom) at depths of about 1,100 m. 

Reproduction and details of the early life stages in the 
Pacific halibut are better understood than the Atlantic hal- 
ibut. Spawning takes place in the winter between Novem- 
ber and January from 275 to 412 m. It is not entirely clear 
whether females spawn every year or whether they spawn 
every other year. Both may be possible. Pacific halibut are 
known to migrate as far as 1,600 km to spawn, The mature 
female is about between 8 and 16 yr old and about 100— 
150 cm long. Males are considerably smaller. The female 
may produce between 600,000 and 1.5 million spherical 
eggs of about 3-3.5 cm in diameter, which are neutrally 
bouyant between 100 and 200 m. The egg surface has a 
honeycombed appearance due to the presence of many 
small holes. The eggs as well as the newly hatched young 
are pelagic for four to five months after spawning. Like the 
Atlantic halibut, the newly hatched alevins start to sink to 
deeper waters and are found below about 200 m. The al- 
evins are transparent, except for the eyes, and about 8-15 
mm long with very large yolk sacs. The young are still sym- 
metrical at this point. When they reach a size of about 18 
mm, the left eye starts to migrate to the right side and the 
yolk sac is barely evident. The young appear as small 
adults by the time they are about 30 mm. By the time the 
young are about three to five months old, they rise in the 
water column to about 100 m. Currents carry the young 
inshore and they become benthic fish at about six to seven 
months in age. As they mature, they gradually move to 
deeper waters. By the time they are about 5~7 yr old, they 
are established at depths of about 100 m and available to 
the commercial fishery. 


Greenland Halibut. The Greenland halibut (Reinhard- 
tius hippoglossoides) is a moderately flat fish that has a 
rich-tasting flesh. It is also known commonly as the Green- 
land turbot in the marketplace. Greenland halibut are 
caught commercially by longlines, gill nets, and otter 
trawls. It is only moderately flat because both sides of the 
fish are equally muscled. While it is primarily sold as fro- 
zen fillets, it is also sold as a smoked product. It is a 
moderate-size fish that grows to about 25 kg and 120 cm 
in Atlantic waters; the Pacific specimens are somewhat 
smaller. The underside is usually white in a young fish but 
gray in older fish. The visible side is dark brown to black. 
It is distinguished by its prominent teeth along a protrud- 
ing lower jaw. 

The Greenland halibut is distributed in cold waters in 
both the Atlantic and Pacific Oceans. In the northeast At- 
lantic, it is found from around Iceland and the Greenland 
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Sea to the Arctic Ocean, and both Barents and Norwegian 
Seas. From there, it is found southward to the Faroe- 
Shetland Ridge. In the northwest Atlantic, it is distributed 
from western Greenland, south to Georges Bank. In the 
Pacific, it is found from northern California to Japan 
through the Bering and Okhotsk Seas, Sakhalin, and 
Kamchatka. 

The limited knowledge about the details of spawning in 
this species is, no doubt, due in part to the fact that it 
spawns in the winter in the far north and at depths of 
about 650-1,000 m, at temperatures of about 0-3°C, mak- 
ing observation difficult. Spawning takes place in the win- 
ter or early spring, depending on location. The Greenland 
halibut can live to an age between 15 and 20 yr old. Until 
they are about 5-7 yr old, the males and the females grow 
at about the same rate. After that, the females grow larger 
and at a faster rate. All fish over 90 cm are females. The 
mature female may produce between 30,000 and 300,000 
eggs, depending on size. The eggs are larger than the hal- 
ibut eggs, measuring about 4~4.5 mm in diameter. The 
eggs are transparent and the newly hatched young rise to 
depths of about 30 m below the surface, where they live as 
pelagic fish until they are about 70 mm long. At that stage, 
they move to deeper waters but do not become benthic like 
the halibuts; although they are associated close to the bot- 
tom. 


Yellowtail Flounder. The yellowtail flounder (Limanda 
ferrunginea) is valued as a tasty product that is often sold 
fresh but that may also be sold frozen. It is either fished 
directly with otter trawls or as an incidental catch on long- 
lines in the American plaice fishery. While it is fished com- 
mercially, it is usually just the largest of the population 
that gets caught because of its small mouth. While it has 
the lateral line that curves over the pectoral fins, like the 
halibuts, the yellowtail flounder has a small mouth and 
the body size is much smaller. An average adult caught in 
the commercial fishery is about 30 cm long. This fish gets 
its name from the yellow markings anterior to the tail and 
at the bases of dorsal and anal fins. It has a white under- 
side and the color of the visible right side may range from 
a reddish brown to an olive green. 

The yellowtail flounder has a relatively limited distri- 
bution, compared to other flatfishes. It is found only in the 
western North Atlantic Ocean, from southern Labrador 
down to the Chesapeake Bay. The time of spawning de- 
pends on location, but mainly occurs in the spring to sum- 
mer months. The female produces a large number of small 
eggs. Females that measure 40-45 cm may produce be- 
tween 1 and 2 million eggs that are slightly less than 1 mm 
in diameter. The eggs and milt are deposited on, or near 
the bottom. Fertilization occurs there and the bouyant 
eggs then float to near the surface and drift during incu- 
bation. The incubation time is about five days at about 
10°C. The newly hatched alevins are about 2-3.5 mm long 
and grow to about 11.5-16 mm before they metamorphose 
from the anatomically symmetrical young to a smaller ver- 
sion of the adult form. The yellowtail flounder may live to 
12 yr of age, and individuals have been recorded up to 
about 60 cm. The typical fish caught commercially is be- 
tween 4 and 10 yr old, depending on the location of the 


catch. The females grow at significantly faster rates than 
the males. 


American Plaice. The American plaice (Hippoglossoides 
platessoides) is a white-fleshed fish that is highly enjoyed 
as a food fish. It is a very important commercial fish that 
constitutes about one-half of the commercially caught flat- 
fish species in Canada. Most of the northwest Atlantic fish- 
ery is Canadian. American plaice is commercially caught 
with otter trawls, gill nets, and with the Danish seine. 
Most of the commercial fishing takes place along the Lab- 
rador Shelf, Grand Bank, along the southern Gulf of St. 
Lawrence, and on the banks of the Scotian Shelf. The flesh 
is normally sold as frozen fillets. It is colored white on the 
underside and reddish to grayish brown on the visible right 
side. The maximum body size rarely reaches over 60 cm. 

The American plaice is found on both sides of the North 
Atlantic Ocean. It is distributed from Iceland, south to the 
English Channel, on the eastern side and from Baffin Is- 
land, south to Rhode Island on the western side. It is nor- 
mally found between about 75 and 275 m of water, prefer- 
ring temperatures around freezing. It is benthic and 
prefers the fine sand or mud bottom. It has a seasonal mi- 
gratory pattern, which brings it to deeper waters in the 
winter and to shallower waters in the spring. 

Spawning take place between early April and June, de- 
pending on location. Spawning takes place at depths of 
about 90-180 m, at temperatures between 0 and 2.5°C. 
The mature female produces many small eggs. A 40-cm- 
long female, 8 yr old, may produce between 250,000 and 
300,000 eggs, while a 70-cm-long female has been recorded 
to produce 1.5 million eggs. Males mature earlier at 4—5 yr 
old. The eggs measure about 1.5-2.8 mm in diameter. They 
are bouyant, without oil droplets and float near the surface 
during incubation. They, therefore, drift widely. At surface 
temperatures of about 5°C, the young alevins of about 4— 
6 mm, hatch in about 11-14 days. They transform from the 
symmetrical young to a small fish resembling the adult 
form at about 18-34 mm in length. They can live to be 25 
yr old, and the record size is 81.2 cm long and 6.3 kg 
dressed. 


Petrale Sole. The petrale sole (Eopsetta jordani) is a 
large flatfish that is prized as an excellent food fish, espe- 
cially along the west coast of North America. The livers of 
this fish are a rich source of vitamin A. It is distributed 
from Bering Sea, south to Baja California. Like other flat- 
fishes, it migrates seasonally and is found at depths of 
around 70-130 m throughout most of the year, except dur- 
ing the winter, when it moves to deeper waters, around 
300-460 m. The petrale sole is white on the underside and 
olive brown on the visible right side. It has a large mouth 
and lacks free spines at the origin of the dorsal fin. 

The oldest female petrale sole recorded was 25 yr old, 
whereas the eldest male was 19 yr old. The average spawn- 
ing female is about 44 cm and the male is about 38 cm. 
The female produces a large number of relatively large 
eggs, the number depending on size. Records show a 42- 
cm female produced 400,000 eggs and a 57-cm female pro- 
duced 1.2 million eggs. The eggs measure about 1.3 mm in 
diameter. Spawning takes place between late winter and 


early spring. Spawning takes place at depths of about 350 
m and the bouyant eggs float to shallower depths where 
they are carried by prevailing currents during incubation. 
The eggs hatch into 3 mm alevins in about 8-9 days at 7°C 
and the yolk sac is absorbed within a further 10 days. Sam- 
ples that measured 22 mm in length showed metamorpho- 
sis complete. Other evidence suggests that they settle to 
their adult benthic existence by the time they are 1-2 yr 
old. 


Rock Sole. The rock sole (Lepidopsetta bilineata) is the 
most commonly used food fish of the smaller flatfishes. 
There have been several subspecies identified in the Pacific 
Ocean. At 15 yr of age, the females may reach a length of 
60 cm, and the males, 50 cm. It is recognized by a canal 
formed along the lateral line that arches, typically, over 
the pectoral fin. It is a right-sided flatfish. Unlike other 
flatfishes, it tends to inhabit shallower waters. It is com- 
mercially taken at depths up to about 200 m, although it 
is scarce from about 100 m and deeper. Like other flat- 
fishes, however, it does migrate to even shallower waters 
during the summer, Its distribution extends to both sides 
of the Pacific Ocean from southern California, up along the 
North American west coast to the Bering and Okhotsk seas 
and around to Korea and the Sea of Japan. 

Observation off the North American west coast show 
that spawnings takes place between February and April. 
The fecundity of females measuring 35 cm and 46 cm in 
length were estimated at 400,000 and 1.3 million eggs, re- 
spectively. The eggs are pigmented yellowish orange and 
are adhesive. They measure about 1 mm in diameter. In- 
cubation is a function of temperature and may take be- 
tween 6 and 25 days, corresponding to a temperature 
range of about 8 to 3°C, respectively. Hatched alevins are 
about 5 mm long and yolk absorption takes about 10-14 
days, influenced again on ambient temperature. Fully 
metamorphosed young have been observed at about 20 mm 
in length. The oldest recorded female was 25 yr old, and 
the eldest male on record was 15 yr old. 


Dover Sole. The Dover sole (Microstomus pacificus) is 
highly prized for its quality flesh and excellent keeping 
qualities in the frozen state. It was originally dismissed as 
a viable commercial species because of its softness and 
sliminess. It may be uniformly brown on the visible right 
side and the underside may range in color from a light to 
a dark gray. It is characterized by having a lateral line 
canal that is almost straight as well as the excessive pro- 
duction of slime. While the body is also extraordinarily 
flaccid, it is known as a very hardy fish. The Dover sole is 
distributed from northern Baja California, up to the Bering 
Sea, found mainly on soft substrates. The average body 
size is about 70 cm. 

Spawning in California takes place from November to 
February. Mature females are approximately 45 cm and 
males mature at about 40 cm. The female produces a wide 
range of eggs depending on size. Samples from Oregon 
showed a 42.5-cm female produced 52,000 eggs, while an- 
other 57.5-cm female had 266,000 eggs. The eggs are large, 
measure 22.6 mm in diameter, and have a wrinkled sur- 
face. After hatching, the young remain bilaterally sym- 
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metrical for several months. Flatfishes usually metamor- 
phose and settle to a near benthic existence at about 20 
mm. Dover sole specimens up to 100 mm in length have 
been observed in a pelagic life stage. 


English Sole. The English sole (Parophrys vetulus) is 
characterized by its pointed head and, like the Dover sole, 
a lateral line canal that is almost straight. It is a moderate- 
size flatfish that grows to about 60 cm as a female and up 
to 50 cm as a male. It is colored a uniform brown on the 
uppermost right side and pale yellow to white on the un- 
derside. It has had a long history of being a commercially 
important species in North America. Its particular iodine 
flavor, found in some inshore populations, has identified 
its place in the marketplace. It is typically fished commer- 
cially at depths shallower than about 130 m, although its 
distribution extends to about 300 m. 

Spawning off British Columbia occurs between January 
and March. The range in fecundity is extreme. Records 
show that a 30-cm female produced 150,000 eggs, and one 
measuring 44 cm produced 1.9 million eggs. The size of the 
maturing male and female are rather similar. Mature fe- 
males measure about 30 cm, whereas the males measure 
about 26 cm. The eggs are small and measure slightly less 
than 1 mm in diameter. The eggs float due to the presence 
of oil droplets of various sizes in the yolk of the egg, start 
to sink just before hatching. The surface of the egg is cov- 
ered with small wrinkles and pores. Observations in Cali- 
fornia show that the incubation time is about 90 days and 
the new alevins are about 2.8 mm long. Due to the oil drop- 
lets, the alevins hang upside down until the yolk is ab- 
sorbed, in about 10 days, at which time they can swim. 
They remain pelagic for 6-10 weeks, after which they 
metamorphose to their adult form and seek the bottom. 
Young English sole are found in shallow waters but as they 
mature, the larger fish move to deeper waters. Like the 
other flatfishes, it tends to inhabit deeper waters in the 
winter and seek the shallower waters closer to shore in the 
spring. Another rather peculiar characteristic of this flat- 
fish is that it can migrate long distances. There are records 
of English sole traveling over 1,000 km, between Vancou- 
ver Island and California. 


HERRINGS AND SARDINES 


The herrings are commercially important in that they sup- 
port a variety of food fish markets (Fig. 4). Until the late 
1960s, the herring was reduced and utilized heavily as a 
source of oil and fish meal. The herring has and continues 
to be used for pet food. Herring as food for humans has had 
a long history. Today, they are sold fresh, frozen, smoked 
(kippers), and pickled. The smaller Atlantic herring, which 
are canned, is well known around the world as a sardine. 
The larger Atlantic herring are canned as kipper snacks 
and fillets. The roe from herring has recently found a mar- 
ket in Japan as a delicacy item known as kazunoko, as 
their local herring populations have declined. The herrings 
belong to the family Clupeidae. Both Atlantic and Pacific 
herrings are subspecies of the species Clupea harengus. 
The two fish look similar, characterized by a silvery body 
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Figure 4, Herring (Clupea harengus 
harengus). Source: Copyright 1990 by 
B, Guild-Gillespie. 


that is highly compressed laterally, large cycloid scales and 
large eyes. The pearl essence from the scales was in high 
demand during the 1940s for use in high-quality paints for 
aircrafts. 

The Pacific sardine (Sardinops sagax) is commonly re- 
ferred to as the pilchard. It is not the fish that North Amer- 
icans commonly refer to as the sardine. While the pilchard 
has some commercial value for its oil and for fish meal, 
very little is canned. 


Pacific Herring 


The Pacific herring is fished today for its roe and for re- 
duction purposes. Both herring and herring spawn have 
been fished by the North American natives since 800 Bc. 
The commercial herring fishery that began in the late 
1800s was based on the salted herring market. This was 
replaced by a fishery based on the reduction industry in 
which the herring carcasses were reduced for oi] and meal 
for commercial feeds for poultry and fish culture. The rela- 
tively new market of herring roe for the Japanese market 
started in the early 1970s. Today, the herring roe goes to 
Japan, and the carcasses are reduced for oils and meal. 

The Pacific herring (Clupea harengus pallasi) is distrib- 
uted throughout the coastal regions of both eastern and 
western shores of the Pacific Ocean. On the eastern shore, 
it is found from northern Baja California up to the Beau- 
fort Sea, On the western side, it is found from Korea, north 
to the Arctic Ocean. The adults are found at depths of 100— 
150 m. Juveniles are found between 150 and 200 m of wa- 
ter. 
The Pacific herring spawn in the late winter through to 
April, with peak spawning occurring in March. This exclu- 
sive spring spawning distinguishes the Pacific herring 
from their Atlantic counterpart. Most are able to spawn by 
the time they are about three years of age. The spawning 
process is very dramatic as the fish broadcast eggs and 
sperm near shore. The water in which they spawn turns 
white with the milt from the males, covering as much as 
257 km of shore line and at depths from the surface to 
about 10 m. The spawning area is usually in the intertidal 
zone, in sheltered bays or on open sand beaches, but not 
on exposed coastal areas. The texture of the substrate 
seems to be an important factor in determining the exact 
location of spawning. 

The female produces between 9,000 and 38,000 eggs de- 
pending on her size, which can range from about 20 to 
about 30 cm. The relative fecundity is about 200 eggs per 


gram body weight per year. In extreme cases, fish can grow 
to 50 cm and produce over 100,000 eggs. The eggs are 
about 0.9 mm in diameter before fertilization but expands 
to about 1.2-1.5 mm in diameter after fertilization and the 
absorption of water. They are also very sticky once they 
are exposed to water. The eggs commonly adhere to aquatic 
plants such as eelgrasses or rockweed. The incubation time 
is about 10 days and the newly hatched alevins measure 
about 7.5 mm in length. The yolk is absorbed within the 
following two weeks and the fish then begin to feed on 
planktonic organisms. At that stage, the young do not re- 
semble the adults. They are white, thin, and have large 
eyes. In about two months following yolk absorption, the 
young start to resemble the adult form and begin to form 
schools. By the late summer, the young are about 2.5—4.0 
cm long and move to deeper waters in the fall. The Pacific 
herring can live to be 10 yrs old. During growth and mat- 
uration, they may be about 15 mm by the end of their sec- 
ond year, about 20 mm at the end of their fourth year, and 
about 23 cm at the end of the eighth year of life. They 
return to shallow waters close to shore as they mature sex- 
ually and prepare to spawn. They also tend to have a di- 
urnal migration as rise to the surface in the evening and 
swim to deeper waters at dawn. 


Atlantic Herring 


The Atlantic herring (Cuplea harengus harengus) looks 
like its Pacific counterpart with iridescent blue or bluish 
green back and sides and a silver belly. Like the Pacific 
herring, its abundance has been declining steadily over 
time. The Canadian landings, for example, were 528,000 
tons in 1968; 250,000 tons in 1975; 177,000 tons in 1980; 
and 147,000 tons in 1982. The advent of the highly efficient 
purse seine net has contributed to the harvest pressures 
on populations of herring. Gill nets, trap nets, and weirs 
have traditionally been used to catch herring. It is distrib- 
uted on both sides of the North Atlantic Ocean. On the 
west side, it is found from Greenland south along the east 
coast of North America to Cape Hatteras. On the east side 
of the Atlantic, its distribution extends from Iceland, south 
to Europe between the White Sea to the Strait of Gibraltar. 

Atlantic herring mature to spawn at three to five years 
of age. There seems to be several discrete stocks that 
spawn at different times of the year; there are spring, sum- 
mer, and fall spawning populations. There may be stocks 
spawning every month between April and November 
throughout its distribution. Spring spawning occurs in 


shallower inshore areas, whereas summer and fall spawn- 
ing occurs in deeper offshore waters. Like the Pacific her- 
ring, eggs and milt are broadcast into the open water 
where fertilization occurs. The eggs then sinks to adhere 
to bottom plants such as Irish moss and several algal spe- 
cies at depths of 14 m. The fecundity can range an order 
of magnitude from 23,000 to 261,000 eggs, depending on 
body size and age. The fecundity increases with body size 
and age up to a certain age, after which egg numbers de- 
cline with further aging. Fecundity is also a function of 
when spawning occurs. Spring spawners produce up to 
about half the egg numbers of summer and fall spawner. 
The eggs, however, have a larger yolk mass. This may re- 
flect a strategy to survive the colder months of spring when 
food supply might be less abundant than in the summer 
and fall months. The small eggs, which measure from 1 to 
1.5 mm in diameter, take from 10 to 30 days to hatch, de- 
pending on the ambient water temperature. The hatched 
alevins are about 4 mm long. They are light sensitive and 
avoid bright light, seeking deeper waters during the day. 
Unlike the Pacific herring that stay relatively close to their 
spawning grounds, Atlantic herring migrate offshore ex- 
tensively. 


MENHADEN 


The Atlantic menhaden (Brevoortia tyrannus) is a bony, 
oily fish that is of commercial importance for oil, fish meal, 
and fertilizer products. It belongs to the family Cludeidae. 
It is a major protein component in commercial feed fed to 
cultured fishes. Livestock and poultry feed may also con- 
tain menhaden meal. The production of paints, soaps, and 
certain lubricants may use the menhaden oil. It is not con- 
sumed by humans because it has a lot of bones and its oily 
nature gives off an unpleasant odor when cooked. It is a 
particularly important fishery from Massachusetts to the 
Carolinas. It resembles the herring in appearance except 
for several features. The menhaden is deeper in the body, 
being more elliptical from a lateral view. It has a large 
head and lacks teeth. It also has a distinctive black spot 
posterior to the gill covers with more spots of irregular 
shapes and sizes along the ventral halves of the flanks. It 
has silvery sides with a back that can have a blue, brown, 
or green hue to it. Menhaden are harvested almost exclu- 
sively by the purse seine net. Purse seine fishing depends 
almost completely on the sighting of schools of menhaden 
at the surface, from aircraft or large vessels. The schooling 
behavior is an outstanding characteristic of this species, 
from larval to adult stages. 

The menhaden is distinct in its feeding habits in that it 
is one of few fish that can feed on planktonic organisms. 
While it is rather common for juvenile fishes to feed on 
plankton, most fishes use feed higher up the food chain. 
The menhaden has very fine gill rakers that filter out phy- 
toplankton such as diatoms as well as planktonic crusta- 
ceans. 

The menhaden is euryhaline. The Atlantic menhaden 
is mainly an ocean fish that schools off coastal waters of 
the Atlantic, although it has been reported in fresh water 
as well. It is distributed from the Gulf of St. Lawrence to 


FISHES: SPECIES OF ECONOMIC IMPORTANCE 823 


southern Florida. Freshwater populations have been re- 
ported in the St. John River, New Brunswick, Canada. 

The Atlantic menhaden can live up to 12 yr, although 
specimens over seven yr old are rare. While a few mature 
at L yr of age, 80% are sexually mature at 2 yr of age, and 
all are sexually mature by the time they are 3 yr old. The 
body size at 3 yr is approximately 25 cm. Reproduction of 
the menhaden is similar to the herring. They spawn at sea 
or in large bays, throughout their distribution. They may 
also be able to spawn in the St. John River, where they are 
found year-round. The spawning period for Maine to Mas- 
sachusetts, its northern distribution, occurs between May 
and October. Populations south of that area spawn during 
the other half of the year. The male and female broadcast. 
eggs and sperm into the water where fertilization occurs. 
The fertilized eggs measure about 1.3-1.9 cm in diameter, 
Fecundity of females measuring 20-35 cm were 38,000— 
631,000. The eggs are spherical and bouyant, the latter 
being due to the presence of an oil globule in the yolk. The 
young are approximately 2.44.5 mm in length at hatch- 
ing. 


MULLET 


Distributed mainly in the Atlantic Ocean, Black Seas, and 
the Mediterranean, the order Mullus includes several spe- 
cies of mullet that frequently move up to the Norwegian 
coast (Fig. 5). Two species, the red mullet (Mullus barba- 
tus) and the striped mullet (Mullus surmuletus) generally 
spawn off the coast in the summer and reach sexual ma- 
turity in two to three years. They prefer sandy or muddy 
bottoms. The oil bubbles in the eggs permit them to float 
in the water. With the arrival of fall season, the juveniles 
seek greater depths. Preferring sandy or muddy ground, 
the red mullet has a steep forehead whereas the striped 
mullet, usually found above sandy ground, has a less-steep 
forehead. Although teeth are not present in the upper jaw, 
they are located on the vomer and the gums. Mullets had 
been an edible delight since Roman times. Although they 
are small, they commanded a high price and were com- 
monly brought in the dining hall alive. 

Nowadays, the commercially important mullet species 
is another striped mullet (Mugil cephalus). It is large and 
measures 90 cm and weighs 7 kg. This ash gray fish has a 
dark blue shimmer with 9-10 light longitudinal stripes on 
the sides of the body. The striped mullet resides in warm 
seas including the Mediterranean and frequents river 
mouths or lagoons. Young striped mullets are nourished in 
salt water or brackish water ponds until they have grown 
to acceptable size for the consumer market. 

The suborder Mugiloidei, family Mugilidae includes 
several species of mullet that inhabit coastal waters and 
can acclimatize to brackish water, fresh water, or salt wa- 
ter. They prefer soft ground with a rich plant source located. 
in tidal zones. The generic name Mugil (sucker) derives 
from their feeding habit. They prey on detritus and tiny 
organisms on the floor. Otherwise, these mullet feed on 
mussels, snails, planktons, and little organisms that fre- 
quent algal populations. 
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Figure 5. Striped mullet (Mugil ce- 
phalus). Source: Copyright 1990 by B. 
Guild-Gillespie. 


Ocean Perch, Rockfish, and Redfish 


The fishes, commonly known as ocean perches, rockfishes, 
and redfishes belong to the family Scorpaenidae, the scor- 
pion fishes (Fig. 6). In general, these are highly valued food 
fishes that resemble the freshwater bass in appearance. 
They are found in all tropical and temperate marine en- 
vironments around the world. There are 60 genera with 
over 300 species in this family. The representatives of the 
popular food fishes in North America belong to the genus 
Sebastes. Fishes in this genus are ovoviviparous, that is 
they bear live young with some passive nuturing from the 
mother. The commercially important representatives com- 
prise two species in the Pacific and three species in Atlantic 
waters. 


Pacific Ocean Perch 


The Pacific ocean perch (Sebastes alutus) constitutes the 
major species of the Pacific Sabastes that is caught com- 
mercially for food. The fish may be caught by trawl or hand 
lines offshore and is mainly sold as fresh and frozen fillets. 
It can be recognized by a prominent knob, or overhanging 
tissue, off of the lower lip. It is colored a bright red over 
the entire body, including fins. The ventral side is usually 
lighter red. There are olive brown patches below the dorsal 
fin and on the dorsal side of the caudal penduncle. The 
Pacific ocean perch is found from southern California north 
to the Bering Sea. A close relative, the Sebastes paucispi- 
nosus, is found in the western shores of the Pacific, mainly 
around northern Honshu in Japan. It is usually found at 


Figure 6. Golden redfish (Sebastes 
marinus). Source: Copyright 1990 by B. 
Guild-Gillespie. 


depths below 130 m and fished most often between about 
160 and 300 m. 

The mature Pacific ocean perch can be between 30 and 
50 cm in length. As for most species, the male is generally 
smaller, lives longer, and grows more slowly than the fe- 
male. Spawning occurs in the winter months, and the 
young are born between January and February. Fecundity 
can vary an order of magnitude. Fish about 32 cm long and 
7 yr old produce about 30,000 eggs, and a female 44 cm 
long and 20 yr old produces about 300,000 eggs. Unlike the 
bottom-dwelling adults, the younger are pelagic. Ocean 
perch have low growth rates. Because of this, the young 
stay pelagic until the second or third year of life before 
heading to the bottom to grow to maturity. Adults may live 
to be 30 yr old. 


Yelloweye Rockfish 


The yelloweye rockfish (Sebastes ruberrimus) are named 
for their brilliant yellow eyes. They have a characteristic 
orange-yellow color to their body with a pink tint along the 
back and sides. The fins are also pink with black margins. 
The bellies are white with black dots. They are found 
around reefs from Baja California up the west coast of 
North America to the Gulf of Alaska. These fish are mostly 
caught commercially by setlines with live or dead herring 
bait. They contribute significantly to the whitefleshed fillet 
market in fresh or frozen states. The yelloweye rockfish 
can grow to be about twice the size of the ocean perch. They 
can grow to be about 90 cm. They are normally found at. 
depths between about 50-550 m. The fecundity of a 9 kg 


female can exceed 2.5 million young. The young off the 
Washington coast are born in June. 


Atlantic Redfishes 


There are several species that belong to Sebastes in the 
Atlantic. Four occur in the North Atlantic Ocean, three in 
the western North Atlantic and one (Sebastes viviparous) 
in the eastern North Atlantic. The three species of Atlantic 
redfishes found off the North American coast are the Aca- 
dian redfish (Sebastes fasciatus), the golden redfish (Se- 
bastes marinus), and the deepwater redfish (Sebastes men- 
tella), They are all commercially valuable as food fishes, 
although specific fisheries for each species do not exist. 
They are, rather, fished as a group and marketed as fresh 
and frozen fillets under the name of ocean perch. The deep- 
water redfish probably makes up the majority of the catch 
off the Newfoundland-Labrador coast, while the Acadian 
redfish is the main species in the commercial catch of red- 
fish off the Georges Bank-Gulf of Maine region. These 
fishes are caught with otter trawls. 

The Acadian redfish has an orange-red body with red 
fins, with the pelvic and anal fins having a particularly 
deep red color. There are green-black blotches below the 
dorsal fin and on the posterior part of the gill covers. There 
may be green iridescent flecks on the body above the lat- 
eral line. The deepwater redfish is bright red all over. The 
golden redfish can be colored either orange-yellow or gold- 
yellow. 

The distribution of the Atlantic redfishes extends from 
Iceland, south to about Virginia on the U.S. coast. The 
golden redfish is more common in the northern range of 
this distribution but less common in North American wa- 
ters compared to the Acadian redfish or the deepwater red- 
fish. The golden redfish is common off Greenland, Iceland, 
Norway, and in the southern Barents Sea. The deepwater 
redfish has the broadest distribution of the three redfishes 
and occurs throughout the North Atlantic range of this ge- 
nus except the North Sea and the Gulf of Maine. It is also 
found farther offshore than the other two species. The Aca- 
dian redfish may be considered the North American redfish 
because it is most common along the Canadian continental 
shelf and southward, particularly along the Georges Bank 
and in the Bay of Fundy and Gulf of Maine waters. The 
Acadian redfish occupies the shallowest waters of the three 
species, found most often at depths between about 130 and 
370 m. The golden redfish is found from about 300 to about 
370 m. The deepwater redfish is found in waters about 
350-700 m. 

About half of the populations of the Acadian and deep- 
water redfishes mature at about 19 cm and 30 cm for males 
and females, respectively. The female golden redfish ma- 
tures at about 41 cm. There is evidence suggesting the 
young hatch inside the female golden redfish in April and 
are born between April and May. The Acadian and deep- 
water redfishes hatch their young between March and 
June and release their young between March and June. A 
study in the Gulf of Maine showed that the Acadian redfish 
about 30 cm retains about 50,000 fertilized eggs and re- 
leases about 15,000 to 20,000 living young. The young of 
the Acadian redfish grow to be about 8 cm in the first year 


FISHES: SPECIES OF ECONOMIC IMPORTANCE 825 


and grow an average of about 2.5 cm each year up to about 
10 yr of age, declining in rate after that. The growth rates 
in males and females seem to be about the first 20 yr of 
life. 

The Atlantic redfishes, like the Pacific Sebastes, grow 
very slowly. Sections of the otoliths have been used to age 
these fishes. That data show that the golden and deep- 
water redfishes can live to be 48 yr old, This depends on 
the population. The populations of Acadian redfish in the 
Gulf of Maine may live up to 20 yr and grow to amaximum 
size of about 46 cm and 1.4 kg. 


SALMON 


The salmon family Salmonidae comprises numerous land- 
locked and anadromous species (Fig. 7). They are found in 
most waters of the northern hemisphere and dominate the 
northern waters of North America, Europe, and Asia. This 
family is made of of three subfamilies, the Salmoninae 
(salmon, trout, char), the Coregoninae (whitefish), and the 
Thymallinae (grayling). A common feature among all spe- 
cies is the adipose fin located on the dorsal surface between 
the dorsal and caudal fins. While representatives of the 
Coregoninae and Thymallinae belong to this family, the 
term salmon is usually applied to the salmon and trout of 
the Salmoninae. This article deals with only those species 
that are commonly referred to as salmon, which includes 
species in the genera Oncorhynchus and Salmo. Even this 
restriction does not eliminate the confusion between com- 
mon names and the scientific classification. The Atlantic 
salmon, for example, is strictly classified as a trout in the 
genus Salmo, The rainbow trout, on the other hand, has 
just recently been transferred from the genus Salmo to On- 
corhynchus, but it continues to be called a trout. The spe- 
cies covered here include the Pacific salmon species, the 
rainbow trout, and the Atlantic salmon. 

The anadromous species spawn in fresh water where 
the eggs incubate and where the young spend varying 
lengths of time. It is common for adults to return to the 
streambed where they were hatched. During the sexual 
maturation process, the typically silver fish begins to 
darken and takes on various colors including black, brown, 
orange, and red. There is usually a dramatic transforma- 
tion of the shape of the head and in some instances, the 
whole trunk. The head of the male usually elongates and 
there is a pronounced development of teeth. The chum 
salmon, for instance, develops a large hump back during 
this process. Many species do not feed once they enter fresh 
water and begin their migration to their spawning 
grounds. The spawning process culminates a long journey, 
sometimes covering thousands of miles, and normally ends 
in death for the Pacific salmon. The trouts, on the other 
hand, usually recuperate and may return to spawn a num- 
ber of times. The Pacific salmon, Atlantic salmon, and 
steelhead trout are anadromous. The landlocked salmo- 
nids discussed in this article include the rainbow trout and 
the kokanee salmon. While these are the natural life cy- 
cles, some species can be grown entirely in fresh water. For 
example, rainbow trout can be grown quite successfully in 
seawater netpens and the coho and pink salmon can spend 
their entire life cycle in fresh water. 


female can exceed 2.5 million young. The young off the 
Washington coast are born in June. 


Atlantic Redfishes 


There are several species that belong to Sebastes in the 
Atlantic. Four occur in the North Atlantic Ocean, three in 
the western North Atlantic and one (Sebastes viviparous) 
in the eastern North Atlantic. The three species of Atlantic 
redfishes found off the North American coast are the Aca- 
dian redfish (Sebastes fasciatus), the golden redfish (Se- 
bastes marinus), and the deepwater redfish (Sebastes men- 
tella), They are all commercially valuable as food fishes, 
although specific fisheries for each species do not exist. 
They are, rather, fished as a group and marketed as fresh 
and frozen fillets under the name of ocean perch. The deep- 
water redfish probably makes up the majority of the catch 
off the Newfoundland-Labrador coast, while the Acadian 
redfish is the main species in the commercial catch of red- 
fish off the Georges Bank-Gulf of Maine region. These 
fishes are caught with otter trawls. 

The Acadian redfish has an orange-red body with red 
fins, with the pelvic and anal fins having a particularly 
deep red color. There are green-black blotches below the 
dorsal fin and on the posterior part of the gill covers. There 
may be green iridescent flecks on the body above the lat- 
eral line. The deepwater redfish is bright red all over. The 
golden redfish can be colored either orange-yellow or gold- 
yellow. 

The distribution of the Atlantic redfishes extends from 
Iceland, south to about Virginia on the U.S. coast. The 
golden redfish is more common in the northern range of 
this distribution but less common in North American wa- 
ters compared to the Acadian redfish or the deepwater red- 
fish. The golden redfish is common off Greenland, Iceland, 
Norway, and in the southern Barents Sea. The deepwater 
redfish has the broadest distribution of the three redfishes 
and occurs throughout the North Atlantic range of this ge- 
nus except the North Sea and the Gulf of Maine. It is also 
found farther offshore than the other two species. The Aca- 
dian redfish may be considered the North American redfish 
because it is most common along the Canadian continental 
shelf and southward, particularly along the Georges Bank 
and in the Bay of Fundy and Gulf of Maine waters. The 
Acadian redfish occupies the shallowest waters of the three 
species, found most often at depths between about 130 and 
370 m. The golden redfish is found from about 300 to about 
370 m. The deepwater redfish is found in waters about 
350-700 m. 

About half of the populations of the Acadian and deep- 
water redfishes mature at about 19 cm and 30 cm for males 
and females, respectively. The female golden redfish ma- 
tures at about 41 cm. There is evidence suggesting the 
young hatch inside the female golden redfish in April and 
are born between April and May. The Acadian and deep- 
water redfishes hatch their young between March and 
June and release their young between March and June. A 
study in the Gulf of Maine showed that the Acadian redfish 
about 30 cm retains about 50,000 fertilized eggs and re- 
leases about 15,000 to 20,000 living young. The young of 
the Acadian redfish grow to be about 8 cm in the first year 
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and grow an average of about 2.5 cm each year up to about 
10 yr of age, declining in rate after that. The growth rates 
in males and females seem to be about the first 20 yr of 
life. 

The Atlantic redfishes, like the Pacific Sebastes, grow 
very slowly. Sections of the otoliths have been used to age 
these fishes. That data show that the golden and deep- 
water redfishes can live to be 48 yr old, This depends on 
the population. The populations of Acadian redfish in the 
Gulf of Maine may live up to 20 yr and grow to amaximum 
size of about 46 cm and 1.4 kg. 


SALMON 


The salmon family Salmonidae comprises numerous land- 
locked and anadromous species (Fig. 7). They are found in 
most waters of the northern hemisphere and dominate the 
northern waters of North America, Europe, and Asia. This 
family is made of of three subfamilies, the Salmoninae 
(salmon, trout, char), the Coregoninae (whitefish), and the 
Thymallinae (grayling). A common feature among all spe- 
cies is the adipose fin located on the dorsal surface between 
the dorsal and caudal fins. While representatives of the 
Coregoninae and Thymallinae belong to this family, the 
term salmon is usually applied to the salmon and trout of 
the Salmoninae. This article deals with only those species 
that are commonly referred to as salmon, which includes 
species in the genera Oncorhynchus and Salmo. Even this 
restriction does not eliminate the confusion between com- 
mon names and the scientific classification. The Atlantic 
salmon, for example, is strictly classified as a trout in the 
genus Salmo, The rainbow trout, on the other hand, has 
just recently been transferred from the genus Salmo to On- 
corhynchus, but it continues to be called a trout. The spe- 
cies covered here include the Pacific salmon species, the 
rainbow trout, and the Atlantic salmon. 

The anadromous species spawn in fresh water where 
the eggs incubate and where the young spend varying 
lengths of time. It is common for adults to return to the 
streambed where they were hatched. During the sexual 
maturation process, the typically silver fish begins to 
darken and takes on various colors including black, brown, 
orange, and red. There is usually a dramatic transforma- 
tion of the shape of the head and in some instances, the 
whole trunk. The head of the male usually elongates and 
there is a pronounced development of teeth. The chum 
salmon, for instance, develops a large hump back during 
this process. Many species do not feed once they enter fresh 
water and begin their migration to their spawning 
grounds. The spawning process culminates a long journey, 
sometimes covering thousands of miles, and normally ends 
in death for the Pacific salmon. The trouts, on the other 
hand, usually recuperate and may return to spawn a num- 
ber of times. The Pacific salmon, Atlantic salmon, and 
steelhead trout are anadromous. The landlocked salmo- 
nids discussed in this article include the rainbow trout and 
the kokanee salmon. While these are the natural life cy- 
cles, some species can be grown entirely in fresh water. For 
example, rainbow trout can be grown quite successfully in 
seawater netpens and the coho and pink salmon can spend 
their entire life cycle in fresh water. 
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Figure 7. Rainbow trout (Oncorhyn- 
chus mykiss). Source: Copyright 1990 
by B. Guild-Gillespie. 


Spawning behavior typically involves a high degree of 
territoriality and aggression between individuals as mates 
selection takes place. The female will usually create a de- 
pression, called a redd, in the gravel bottom by beating the 
rocks with the side of her tail. After eggs and milt are de- 
posited simultaneously for fertilization to take place, the 
female will cover the eggs with gravel by moving upstream 
from the redd and making another redd, causing the dis- 
placed gravel to cover the first redd that contains the eggs. 
The fertilized eggs then incubate in fresh water, which per- 
colates through the gravel, supplying oxygen and carrying 
away metabolic products such as ammonia and carbon di- 
oxide. The developing embryos as well as the hatched al- 
evins live off yolk carried in a yolk sac while they are still 
under the gravel. After the yolk is consumed, their mouths 
open and they begin to emerge from the gravel and feed on 
organisms in the open waters of the stream. The young of 
anadromous fishes spend varying lengths of time in fresh 
water. This fresh water residence ends when the animal 
undergoes the process of smoltification. This is the total of 
behavioral, morphological, and physiological changes that 
occur in the juvenile fish to prepare it for life in salt water. 
After the process of smoltification, the young migrate to 
sea to spend the rest of their life cycle growing to sexual 
maturity. 


Pacific Salmon 


Chinook Salmon. The chinook salmon (Oncorhynchus 
tshawytscha) is one of the most prized fishes on the west 
coast of North America. It is also one of the most important 
commercial species. The chinook salmon is known as the 
tyee or king salmon when the body size reaches greater 
than 13.6 kg. This fish has the largest body size of the 
Pacific salmons. While 13.6 kg is more common as the max- 
imum size, the world’s record is 57.3 kg. It is this charac- 
teristic combined with its high market value that has made 
it a popular choice for aquaculture in the northwestern 
states and on the west coast of Canada. There are two va- 
rieties of chinook salmon, the red chinook and the white 
chinook, which are named according to their flesh color. 
The red flesh commands the higher price. This segregation 
is rather unique among the salmon. Chinook salmon are 
caught commercially with trolling gear, purse seine or gill 
nets, long lines, and fish wheels. The majority are caught 
by trollers. Chinook salmon are sold as fresh, frozen, and 
canned products, with the canned products coming from 
the net fishery. They are caught for sport with a variety of 


lures including artificial lures, bait, and fiys. Dead herring 
serve as a desirable bait, trolled deep in the water column. 

Chinook salmon adults migrate extensively and are pri- 
marily found in the Pacific Ocean from the Ventura River 
in southern California, north to Point Hope, Alaska. Lim- 
ited evidence suggests, for instance, that the Canadian shi- 
nook migrate north to the Gulf of Alaska but remain within 
160 km of that area until they return south to spawn. This 
species is less common in the Arctic Ocean and in the Be- 
ring and Okhotsk seas and the Sea of Japan. The largest 
numbers come from the largest rivers such as the Fraser 
River in British Columbia. Substantial numbers of chinook 
also come from the Yukon River. While there have been 
numerous attempts to transplant this species to many lo- 
cations throughout North America and around the world, 
it seems that only success was on South Island, New Zea- 
land, where a self-supporting population was established. 

The average age of an adult returning to spawn varies 
from four to seven years, depending on the location. Three- 
to five-year-old returning adults are more common in 
southern streams, whereas five- and six-year-old adults 
are more common in northern streams. It is also quite com- 
mon for river systems to have more than one stock of chi- 
nook salmon returning to it, where there may be spring, 
fall, and winter runs of returning adults. 

The time of spawning depends on the location and the 
distance the adults must swim upriver to reach the spawn- 
ing grounds. In the Fraser River, for example, the chinooks 
spawn between July and November and the adults may 
travel up to 965 km from the mouth of the river to their 
spawning grounds. The chinooks that return to the Yukon 
River spawn between July and August and may travel up 
to 1930 km to reach their spawning grounds. Other stocks 
that travel only a few miles, if that, in British Columbia 
spawn in September and in October. Chinook salmon tend 
to spawn in deeper waters and in larger gravel than other 
Pacific salmon species. Each female may carry from 4,000 
to 13,000 eggs. The eggs are large for fish eggs and mea- 
sure about 7 mm in diameter. The eggs hatch the following 
spring and the alevins spend two to three weeks in the 
gravel with their yolk sacs. The emergent young remain in 
the freshwater rivers for varying lengths of time, depend- 
ing primarily on the water temperature. The young will 
smolt and migrate to sea after about three months in 
warmer southern areas such as in southern British Colum- 
bia, while chinook spend at least one year in fresh water 
in northern areas. Chinook juveniles may spend two years 
in fresh water in the Yukon River. The maturing adults 


may spend two to three years at sea before returning to 
fresh water to spawn. Spawning females are, therefore, 
about four to five years old. 


Coho Salmon. The coho salmon (Oncorhynchus kistuch) 
is also an important commercial and sport fish in North 
America. It is the mainstay of the saltwater sport fishery 
for salmon. Most of the coho are commercially caught in 
August by trolling with plugs, spoons, or feathered jigs, 
although purse seines and gill nets are also used. The 
trolled catch is sold as the fresh or freshly frozen product, 
while the netted fish are either canned or smoked. Sport 
fish are caught in the late summer to early fall months of 
July to October. The gear used by sport anglers is similar 
to the commercial trolling gear except it is smaller in size. 
Coho are also caught on the fly with bucktail flies and with 
bait such as frozen or pickled herring. Because coho remain 
silver and continue to feed while traveling upstream to 
spawn, they are pursued by the sport angler in many fresh- 
water rivers and streams. 

The adult distribution extends from southern California 
to the Gulf of Alaska. The juveniles are found in the fresh 
waters from Monterey Bay, Calif., to Point Hope, Alaska. 
Coho salmon are also found in the Anadyr River in the 
former USSR and south from that point to Hokkaido, Ja- 
pan. This species has been transported to other parts of 
the world such as Argentina and Chile, with Chile report- 
ing some success in the establishment of naturally repro- 
ducing stocks. Coho have also been introduced into the 
Great Lakes by both Canadians and U.S. citizens. While 
there are reports of natural reproduction, the maintenance 
of those stocks are heavily dependent on the annual plant- 
ing of cultured stocks. 

The full-grown adult can weigh from 1.8 to 5.5 kg. It 
enters fresh waters to spawn from late September to Oc- 
tober and may travel up to about 240 km upriver to spawn. 
Asian populations exhibit more of the separation of sum- 
mer and fall, or fall to winter runs than those populations 
returning to North American river systems. Spawning 
takes place in October or November. The eggs are rather 
large, measuring about 6-7 mm in diameter. The range in 
fecundity is about 2,000-3,000 eggs. After the eggs have 
hatched, the young spends between one and two years 
growing in fresh water. This again, depends on the loca- 
tion. Coho juveniles in British Columbia spend about one 
year in fresh water while those in the Yukon spend two 
years growing in fresh water. After their freshwater resi- 
dence, the young smolts migrate to sea. The saltwater res- 
idence usually lasts about 18 months, although the phe- 
nomenon of precocious sexual maturation, or jacking, is 
predominant in this species. While normal adults will re- 
turn between three and four years of age, jacks return to 
spawn at only two years of age. Coho salmon normally stay 
within about 40 km of the coast. 


Chum Salmon. While the chum salmon (Oncorhynchus 
keta), or dog salmon, is a less desirable species for the com- 
mercial or sport fisheries, it has maintained an important 
position in the diets of the native people of North America 
who capture the fish with nets and fish wheels. It is a pre- 
ferred species for smoking because of its low fat content. 
Its pale to white flesh has the lowest fat content of the 
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Pacific salmons. This species has been used the least for 
transplantations to other geographic areas, perhaps due to 
its relatively low commercial and sport value. Most of the 
chum salmon are harvested while they are migrating to- 
ward their home streams to spawn. Commercial catches 
are harvested mainly between August and October with 
purse seines and gill nets. Some are also caught by trolling 
gear. The trolled catch is sold fresh. Some are smoked or 
dry salted for preservation. The bulk of the commercial 
catch, however, is canned. 

The marine adults are found in Pacific and Arctic 
oceans, in the Sea of Japan, and in the Okhotsk and Bering 
seas. They probably have the widest distribution among 
the Pacific salmons. The major spawning areas in North 
America lie between Puget Sound in Washington State to 
Kotzebue, Alaska. The geographic range for their spawn- 
ing covers the west coast of North America from Oregon to 
the Mackenzie River. The time frame for adults arriving at 
the spawning grounds ranges from July, in northern Brit- 
ish Columbia to September or even as late as January for 
streams further south. The location of the spawning 
grounds, reflecting the degree to which the chum salmon 
swim into fresh water to spawn, varies considerably. Most 
arrive at the mouths of rivers in an advanced state of sex- 
ual development and spawn relatively close to the ocean. 
In general, few chum salmon migrate more than 160 km 
from the mouth of a river to spawn. The Yukon River, how- 
ever, is an exception; the population ascends over 1,930km 
to spawn. 

The mature adult is usually between two and four years 
old. While the adult chum salmon can weigh from 3.6 to 5.5 
kg, fish up to 13.7 kg have been reported. The fecundity 
ranges from about 2,000 to 3,000 eggs and each egg mea- 
sures about 5-6 mm in diameter. The hatched young spend 
a period in the gravel feeding off the yolk until the spring 
when they emerge and migrate directly to sea. Depending 
on the distance to the ocean, the young may take from a 
single night up to several months until they reach sea water. 
The migratory behavior of the young chum are similar to 
the pink salmon and the young of both species may be found 
making the seaward journey together. They usually travel 
by night and hide in the gravel during the day. They are also 
not dependent on schooling to make the trip, although they 
do school once they have reached the estuary. Once in the 
ocean, the young chum will usually spend a few months, 
until mid to late summer, in the coastal areas before mi- 
grating further out to sea. Chum salmon from North Amer- 
ica have been captured as far as 4,180 km off the west coast 
in the North Pacific. Most chum salmon spend two or three 
years in the ocean before returning to their home streams 
to spawn. They begin to appear at the mouths of rivers 
around May or June of their final year at sea. 


Pink Salmon. The pink salmon (Oncorhynchus gorbus- 
cha) is the most abundant of the Pacific salmon species. It. 
gets its name from the pink color of its flesh. Like the chum 
salmon, this species is not regarded as being highly desir- 
able compared to the deep red flesh of the sockeye salmon. 
The size range of the adult is about 1.4-2.3 kg, although 
animals as large as 6.4 kg have been recorded. A unique 
characteristic of this species is its fixed, two-year life cycle. 
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There is no overlap between the reproducing stock of one 
year to the next. This allows two separate stocks to utilize 
any stream for reproduction. Where there are odd-year 
stocks as well as even-year stocks using the same river, 
one often dominates. The Fraser River pink salmon run in 
British Columbia, for example, is primarily an odd-year 
stock, while the run in the Queen Charlotte Islands is an 
even-year stock. 

Pink salmon is caught commercially with purse seine 
and gill nets as well as with trolling gear, the latter con- 
tributing only a minor part of the total catch. Fish caught 
by trolling is sold fresh, but 95% of the commercial catch 
is canned. Pink salmon is also fished for sport by trolling 
artificial lures. 

Pink salmon is found in the Pacific and Arctic oceans, 
the Bering and Okhotsk seas, and the Sea of Japan. Its 
distribution in North America extends from the Sacra- 
mento River in California, north to the delta of the Mac- 
kenzie River, being most abundant around the central area 
of this range. It can be found from the surface to depths of 
about 36.6 m. Transplantations have established self- 
sustaining populations of pink salmon in northern Europe 
and in fresh water in Lake Superior. There are trans- 
planted populations along the Atlantic Coast of North 
America that seem to be self-sustaining. 

Pink salmon may spawn in a wide range of locations 
from tidal areas of certain rivers up to 483 km upstream 
from the mouths of large rivers. The pink salmon are also 
known as humpbacks because the sexually mature males 
develop a large hump behind the head. The snout elon- 
gates dramatically and large teeth emerge from the jaws. 
The adults will appear at the mouths of rivers from June 
to September to begin their migration to their spawning 
beds. Pink salmon spawn from mid-July to late October 
and the eggs hatch from late December to late February. 
Like the chum salmon, the young emerge from the gravel 
after the yolk supply is consumed and move directly to sea. 
The emergent young, which measure about 3.8 cm in fork 
length, may travel 16 km in a single night to reach the 
ocean. Their appearance is distinctive for salmon in that 
they lack the vertical parr marks on their sides. They are 
colored blue-green on their back and have silver sides. If 
the journey takes more than a night, the young will hide 
during the day in the gravel and emerge again at night to 
be carried by the current to the sea. 


Sockeye Salmon. The anadromous sockeye was the first 
Pacific salmon species to be fished commercially. The sock- 
eye has long been the mainstay of the Pacific salmon fish- 
ery. Its deep red flesh and high oil and protein contents 
have always brought it the highest price among the Pacific 
salmon species on the market. The sockeye is mainly 
caught with purse seine and gill nets, although trolling is 
also used. The product is mainly canned, although it may 
be sold fresh when the fishery is open. Native people use 
traditional methods of nets, weirs, and gaffs to harvest the 
fish. Although the sockeye salmon are not an important 
sport fish, effective artificial lures have been developed 
that have served both sport and commercial trollers at the 
mouth of major sockeye rivers such as the Fraser in British 
Columbia. 


The sockeye salmon (Oncorhynchus nerka) is repre- 
sented by an anadromous form and a landlocked form 
known as the kokanee. Specific recognition as subspecies 
has been given to each. The anadromous form i O. nerka 
nerka Walbaum and the kokanee is designated O. nerka 
kennerlyi Suckley. The anatomy of the two subspecies is 
very similar except for the total body size. The average 
weight of an adult anadromous sockeye is about 2.7-3.2 
kg, whereas the adult kokanee weighs less than 455 g. 
Adult sockeye have been recorded to be up to 6.8 kg. 

The distribution of this species extends from the Kala- 
math River in California to Point Hope in Alaska. They are 
also found in Asia from northern Hokkaido, Japan, to the 
Anadyr River in the former USSR. The distribution of the 
kokanee certainly follows that of the anadromous sockeye. 
It occurs in lakes where the anadromous salmon must. 
have had access at one time. Both kokanee and most 
anadromous sockeye return to the spawning grounds as 
four- or five-year-old fish. Both species spawn in the fall. 
The actual time depends on location. Kokanee, for exam- 
ple, spawn in September and October in Kootenay Lake in 
British Columbia but in November and December in Boul- 
ter Lake, Ontario. The major spawning grounds for this 
species are the watersheds draining into the Fraser, 
Skeena, and Nass rivers in British Columbia. Anadromous 
sockeye spawn between July and December, again depend- 
ing on location. 

Sockeye become sexually mature from three to eight 
years in age. While a one-year freshwater residence and a 
two- to three-year saltwater residence is normal, preco- 
cious males may return to spawn after only one year at 
sea. Fecundity is highly variable in this species. It ranges 
from 370 to 1760. While the kokanee egg is naturally 
small, the egg of the anadromous sockeye is large, mea- 
suring about 4.5~—5 mm in diameter. After hatching and 
consuming all the yolk, the young sockeye will spend at 
least one year in fresh water, although some will spend two 
or even three years in fresh water before migrating to sea. 
This variability is, to some extent, responsible for the 
range in size of adult sockeye. These years in fresh water 
are spent in nursery lakes. The fry feed on planktonic or- 
ganisms. Anadromous sockeye smolts will migrate to sea 
in the spring of their second and fifth year of life. At sea, 
the maturing sockeye migrate north and northwest, 
spreading out to the distribution outlined above. 


Rainbow Trout. The rainbow trout, steelhead trout, and 
kamloops trout all belong to the same species, Oncorhyn- 
chus mykiss formerly Salmo gairdneri. This species rep- 
resents one of the most highly prized game fishes in North 
America. The names rainbow and kamloops trout refer to 
the nonanadromous populations of this species, while the 
steelhead is normally used to refer to the large, anadro- 
mous variety of this species. The kamloops trout usually 
refers to the larger variety of the nonanadromous trout. 
All varieties of this species are highly prized sport fishes. 
The flesh is red to pink in fish that have been feeding on 
planktonic organisms and it tends to be more pale in fish 
from larger lakes where they feed on fish more than plank- 
ton. They take the bait or lure aggressively and fight the 
line, jumping out of the water many times in the process. 


Most of the steelhead are caught in fresh water in coastal 
areas. The commercial catch is usually incidental to the 
salmon fishery and are almost exclusively canned. The 
commercial gear involved in this fishery, therefore, consists 
of gill nets. 

Although the native range of this species is the eastern 
Pacific Ocean and for the freshwater forms, west of the 
Rocky Mountains from Mexico to Alaska, all forms of the 
rainbow trout can be found throughout North America in 
suitable habitats. It has also been introduced successfully 
in New Zealand, Australia, Tasmania, South America, Af- 
rica, Japan, southern Asia, Europe, and Hawaii. It is avery 
plastic species that adapts to different environments read- 
ily and may show variations in its physical and behavioral 
characteristics throughout its range. It is probably the 
most studied fish in terms of fish physiology and anatomy. 

The nonanadromous rainbow and kamloops trout are 
naturally spring spawners. They move from the lakes to 
inlet or outlet streams from about mid-April to June and 
spawn in streams with beds of fine gravel. This is the tim- 
ing for North America. Because their distribution spans 
the globe, the actual month of spawning will depend on 
when spring occurs at a particular location. The fecundity 
is about 1,400-2,700 eggs, but this is extremely variable; 
the range extends from 200 to 12,750. The eggs are 3-5 
mm in diameter. The eggs usually hatch in about four to 
seven weeks and the yolk is consumed in about three to 
seven days. The young emerge from the gravel between 
mid June and mid August and may reside in the stream 
until fall of that year or they may spend as long as three 
years in the stream. The young of the rainbow and kam- 
loops trout will then migrate upstream or downstream to 
the lake to feed and mature until they are ready to spawn. 

The anadromous steelhead trout populations may 
spawn in the spring, fall or winter. An established popu- 
lation for a given stream, however, will maintain a consis- 
tent pattern from year to year. The fecundity and egg size 
are similar to the rainbow and kamloops trouts. Most of 
the young will spend two to three years in fresh water be- 
fore migrating to sea as smolts in the spring, where they 
may spend an equal amount of time maturing in the ocean. 
Many will survive the spawning and return for a second or 
third spawning. 


Atlantic Salmon 


The Atlantic salmon (Salmo salar) has attracted both com- 
mercial and sport fisherman like no other species through- 
out history; so much so that populations of Atlantic salmon 
disappeared from the Thames in 1833 and from Lake On- 
tario in 1890 due to overexploitation. The Atlantic salmon 
are caught commercially with net and troll gear. They are 
caught in the sport fishery with live bait as well as on the 
fly and artificial lures. The intensive interest on this spe- 
cies has, unfortunately, eliminated entire populations of 
this species from certain watersheds over time. The com- 
mercial fishery for the Atlantic salmon off Greenland 
places a particularly heavy pressure on the Atlantic 
salmon population at large, because those waters repre- 
sent the major feeding grounds for all the stocks in the 
Atlantic Ocean. 
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The native distribution of the Atlantic salmon is the 
basin of the North Atlantic Ocean, from the Arctic Circle 
to Portugal and from northern Quebec south to the Con- 
necticut River. While fertilized eggs and live fish trans- 
plantations to the Pacific waters have occurred since 1905, 
there is no record of the establishment of self-sustaining 
populations. Like several of the Pacific salmons, there are 
established landlocked populations of this species in North 
America. The landlocked Atlantic salmon are sometimes 
called the ouananiche. There are self-sustaining popula- 
tions in Sebago Lake, Maine; Lake Ontario; and Lake St. 
John, Quebec. 

The Atlantic salmon is a typical anadromous fish. They 
spend 1-3 yr in fresh water as juveniles and migrate to sea 
as smolts where they may spend 1-2 yr growing and ma- 
turing. While mortalities in spawning are high, significant 
numbers of spawners return to spawn two or three times. 
The normal spawning time is from October to late Novem- 
ber. The fish in the southern regions tend to spawn later. 
The female will produce about 1,540 eggs per kg body 
weight. The size of returning adults ranges from 2.7 to 6.8 
kg. The returning adult spawner will normally have spent 
2 yr at sea. The Atlantic salmon generally have longer life 
spans than the Pacific salmon. Ages up to 11 yr have been 
reported. While the eggs may hatch in April of the follow- 
ing year, the young alevins will stay in the gravel and con- 
sume their yolk until May or June, at which time they 
emerge into the water column. The period of freshwater 
residence is variable, depending on the location. The 
younger parr in North America will spend 2-3 yr in fresh 
water until they smolt, at about 15.2 cm in length. Popu- 
lations in Greenland, however, have been recorded to 
spend as long as 4-8 yr in fresh water, attaining about the 
same body size. 

Unlike the slow growth in fresh water, the Atlantic 
salmon undergo rapid growth at sea. An exception to the 
average size of returning adults, stated above, are the pre- 
cociously matured fish that return after one year at sea. 
These are often males and are in the 1.4-2.7 kg range. 
There are many reports of individuals exceeding the nor- 
mal size range. While the average Atlantic salmon caught 
commercially is about 4.6 kg, record sizes of 35.9 and 37.7 
kg have been reported. While the average landlocked At- 
lantic salmon weighs about 0.9-1.8 kg, individual fish 
weighing 16.1 and 20.3 kg have been caught in North 
American lakes. 


SMELT 


The smelts are small, slender fishes that belong to the fam- 
ily Osmeridae. This group of fish probably got its name 
from one characteristic, their smell. The smell, which may 
be described as that of freshly cut cucumbers, is particu- 
larly noticeable when large numbers are caught during 
spawning runs. The six genera and 10 species are found in 
the northern hemisphere in the Atlantic, Arctic, and Pa- 
cific oceans. They are circumpolar in distribution. Some 
species in this family spend their entire life cycle in fresh 
water and others in sea water. There are species, further- 
more, that are anadromous. The four species found in 
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North America are the pond smelt (Hypomesus olidus), the 
longfin smelt (Spirinchus thaleichthys), the Eulachon 
(Thaleichthys pacificus), and the rainbow smelt (Osmerus 
mordax). The latter two species are discussed here because 
the existence of both sport and commercial fisheries for 
them. The former two species play a minor part in any 
commercial fishery and in normal consumption. 


Rainbow Smelt 


As Figure 8 shows, the rainbow smelt is a slender fish that 
may reach lengths of 17.8-20.3 cm, although 35.6-cm fish 
have been recorded. As the name implies, it is a colorful 
silver fish with a pale green back and iridescent sides. The 
rainbow smelt has supported a commercial fishery for over 
100 yr. It has always been abundant throughout its distri- 
bution. Most fish are caught in the spawning migration by 
trawl nets. The Atlantic rainbow smelt is also a popular 
sport fish. It is caught on hook and line through the ice as 
well as by dip netting or seine netting during the spawning 
run. It is an anadromous fish but like other anadromous 
fishes, it can successfully spend its entire life cycle in fresh 
water, The landlocked forms tend to have a darker color 
than the marine counterparts. As with other anadromous 
fishes, they lose the silver appearance and darken when 
they begin to spawn. 

There are two subspecies of the Osmerus mordax: the 
Arctic rainbow smelt (O. mordax mordax) and the Atlantic 
rainbow smelt (0. mordax dentex). The Arctic rainbow 
smelt includes those populations that are in the Pacific 
Ocean and are distributed from Vancouver Island, north 
around the state of Alaska, and into the Arctic Ocean to 
Cape Bathurst. The distribution of the Atlantic smelt was 
originally restricted to the marine waters from New Jersey 
to Labrador. The Atlantic smelt today is represented by 
both anadromous forms and landlocked forms in the Great 
Lakes. 

The anadromous and landlocked forms behave in a 
similar way in spawning. The spawning adults ascend 
streams to lay and fertilize their eggs. They begin their 
ascent in the spring when the ice cover disappears, usually 
in the months between March and May. Spawners can be 
up to six years old, but are commonly between two and 
three years old. Spawning, which usually occurs at night, 
involves two or more males to each female. While spawn- 
ing normally takes place in streams, fish will spawn on the 
shoreline if the currents are too strong to permit migration. 
Eggs and milt are released into the moving current and 


Figure 8. Rainbow smelt (Osmerus 
mordax), Source: Copyright 1990 by B. 
Guild-Gillespie. 


the eggs quickly stick within seconds to anything they 
come in contact with. The fertilized eggs, which measure 
about 1 mm in diameter, eventually end up resembling bal- 
loons on stems as the sticky outer coat washes off except 
at the point of attachment. Most of the spawners, like 
many other anadromous fishes, die after spawning. Al- 
though reports of fecundity vary, about 494-530 eggs per 
gram of body weight are produced. The eggs incubate for 
about two to four weeks in water temperatures between 6 
and 10°C. The hatched young, which are about 5 mm long 
are quickly swept down to the lake or estuary where they 
continue to feed and grow to a length of about 5 cm. They 
spend the remaining period up to spawning in the middle 
of the water column of lakes or in coastal waters close to 
shore. 


Eulachon 


Thaleichthys pacificus, the eulachon, means oily fish of the 
Pacific. Aside from the characteristic odor the oiliness of 
this fish is its outstanding feature. The oil content of the 
body is so high that the dried carcass can be lit like a can- 
dle. Another common name for this fish is candlefish, be- 
cause in the days before the luxuries of candles and inex- 
pensive oils, small strips of rags were inserted into the 
mouths of dried eulachons and lit for light. The rich oils 
lend a flavorful taste to this fish, which probably accounts 
for its high value as a food fish. The eulachon resembles 
the rainbow smelt in appearance, although it is darker in 
coloration and lacks the iridescence in the body walls. It is 
typically brown to blue-black on the dorsal surface. The 
coloration on the ventral surface is white and the sides are 
a light color, intermediate between the two extremes. 

The eulachon is caught by the native Indian community 
as well as by the commercial fishery. The volume caught 
by the native fishery has exceeded, and probably still ex- 
ceeds, the commercial catch. The commercial fishery util- 
izes drift gill nets and occurs principally in the Fraser 
River as the eulachon migrates to spawn. The commercial 
catch is used for human consumption but mostly for feed 
at fur farms. The native catch has always been based on 
the oil from the eulachon. It is used for cooking and for 
curing. Traditionally, the grease trails got their name be- 
cause they were used to carry the extracted eulachon oil 
from the fishing grounds to the points of trade. 

The eulachon is found only on the west coast of North 
America, from the Kalamath River in California up to the 
panhandle of Alaska and to the Pribilof Islands. Like the 


rainbow smelt, the eulachon is an anadromous fish that 
migrates from the sea up freshwater streams, soon after 
the ice cover breaks, to spawn. This occurs from mid March 
to mid May. The spawning females, which measure about 
15.2-17.8 cm in length, produce an average of 25,000 eggs 
and shed them in the free current along with the milt from 
the male partners. They are at least three years old when 
they spawn. Unlike the small rainbow smelt egg, the eu- 
lachon produces a relatively large egg of 8-10 mm in di- 
ameter, which is irregular in shape. The eulachon eggs 
have two outer layers. The outer, adhesive, layer breaks 
on spawning and everts to anchor the egg to coarse parti- 
cles such as gravel. The outer and inner layers remain at- 
tached at one point. While most of the adults die after 
spawning, some survive to spawn a second time. Like the 
rainbow smelt, the eggs take about two to three weeks to 
hatch and the just-hatched young resemble young herring. 
They measure about 5 mm in length and are slender and 
nearly transparent. The small young are swept to sea with 
the current. They move to deeper waters farther from the 
shore as they mature. Although they normally measure 
10.2-17.8 cm in length, individuals up to 30.5 cm have 
been recorded. 


TUNA AND SWORDFISH 


Tuna 


The true tuna belong to the tribe Thunnini, which belongs 
to the family Scombridae of the suborder Scombroidei, or- 
der Perciformes (Fig. 9). The bullet, frigate, bluefin, alba- 
core, yellowfin, skipjack, blackfin longtail, and the slender 
tuna are all true tunas. The other tribes in this family in- 
clude the Sardini (bonitos), the Scomberomorini (seerfish), 
and the Scombrini (mackerel). The smallest tunas (bullet 
and frigate) usually weigh less than 3 kg while the largest 
(bluefin) tunas can exceed 700 kg. The large bluefin tunas 
can live to 38 yr. This family of fishes possesses remarkable 
limits for growth, The billfishes, such as the black marlin, 
grow even larger than the tuna. Commercial fisherman 
have reported taking black marlin in excess of 3,000 kg, no 
doubt among the largest fishes in all the seas. 

The tunas have been fished for food for thousands of 
years. The skipjack, yellowfin, and bigeye tunas dominate 
the commercial catches. Most of the tuna harvests occur in 
the Pacific Ocean. About 50% of the world catch of tuna is 
caught by Japan and the United States. The balance is 
caught by almost every nation in the areas where the tuna 
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are found. They are caught with almost every kind of gear 
including the pole and line method as well as giant purse 
seines and long-lining. About 40% of the tuna are caught 
by the pole and line method where large schools of fish are 
first baited close to the boat with live anchovies or sardines 
that are thrown overboard and then caught with barbless 
lures on single poles. This process is called chumming. The 
balance of the commercial catch are harvested by purse 
seines (30%) and by long lines (30%). The purse seiner en- 
circles the school of fish up to about a kilometer in diameter 
while letting out a special net that can be gathered at the 
bottom, like a purse or bag. As the boat completes the cir- 
cle, the purse is gathered up to the boat along with the 
fish. This technique had caused high mortalities in dol- 
phins (also called porpoises by fisherman) that often con- 
gregate above schools of yellowfin tuna. Many of the dol- 
phins die because they become entangled in the net and 
are prevented from surfacing to breath. After this came to 
public attention in the mid-1960s, purse seine nets and 
seining methods have been modified to prevent this entan- 
glement and to allow the dolphins to escape from the net. 
The long-line vessel will let out a line up to 130 km in 
length with as many as 2,000 baited hooks dangling from 
this main line, supported by floats. In addition to the com- 
mercial catch, the tuna represent one of the most desirable 
sport fish in the world. It is well known for attracting avid 
sport fishermen who spend thousands of hours and dollars 
in pursuit of this challenging and exciting catch. 

Tuna is a very expensive food item. It is at least as ex- 
pensive as beef, relative to protein content. Over 90% of 
the world catch is consumed by the United States, Japan, 
France, Spain, Italy, and West Germany. A typical tuna 
fish sandwich is probably made of albacore, yellowfin, skip- 
jack, or bigeye tuna. Certain species, such as the skipjack, 
are sold as a dried product in Japan. The flesh of the blue- 
fin and bigeye tunas are valued as raw sashimi in Japan. 
Record prices for tuna come from Japan where the flesh of 
such large tuna, with a high oil content, has sold for as 
much as $26,000 U.S. a ton. 

The tuna and the billfishes represent some of the most 
interesting fishes in the world in that they deviate from 
the norm. The tuna are found in every temperate and trop- 
ical ocean around the world. They are most commonly 
found in the Atlantic, Pacific, and the Indian oceans. Tuna 
and billfishes are not only among the largest fishes in the 
oceans, but are also the fastest swimmers in the world. At 
high speeds, their body forms represent an extremely high 
degree of streamlining an hydrodynamic efficiency. At 


Figure 9. Tuna (Thunnus thunnus). 
Source: Copyright 1990 by B. Guild-Gil- 
lespie. 
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those speeds, their fins retract into grooves and their eyes 
become flush with the surface of the body. Even the slowest 
pace for the tuna represents the top speed any human 
could hope to achieve. Relatives of the tuna, the wahoo and 
sailfish have been recorded at swimming speeds over 75 
and 100 km/h. Not only are these animals most remark- 
able for their speed but they are also known for the in- 
credible distances they travel. Tagging studies, which tend 
to yield conservative estimates, have shown individual 
bluefin tuna and black marlin to travel over 10,000 km, at 
arate of over 30 km/day. While most of the distance records 
are held by the larger bluefin tuna, the skipjack tuna has 
been recorded to travel over 9,500 km and the yellowfin 
tuna, over 5,000 km. There are numerous records of indi- 
vidually tagged members of this group of remarkable fish 
crossing every major ocean in the world. 

As stated above, the general body shape of the tuna is 
one designed for hydrodynamic efficiency. The body is 
rather round in cross section and laterally oval. The tail is 
lunate (shaped like a crescent moon), which provides a 
high degree of forward thrust, with minimum drag. Like 
many other fishes, the upper body is dark and the ventral 
side is light in color to aid in camouflage. Body markings 
change with age and may include vertical bars or markings 
of different shapes. These markings may serve to identify 
sex, age, species, and particular stages in the reproductive 
cycle. 

One need for the efficiency in swimming is their mode 
of respiration. Tuna are ram ventilators. That is, they must 
swim with their mouths open to pass sufficient water over 
their gills. One result of this swimming activity is the high 
energy requirements of this fish. A tuna can consume up 
to one-quarter of its body weight in food each day. Such a 
high metabolic rate naturally produces a great amount of 
heat. The tuna are rather unique among fishes in that four 
genera of the family regulate body temperature above that 
of the ambient water. The bluefin tuna, for example, main- 
tains a visceral temperature 10-15°C above ambient water 
temperature. Maintaining a higher body temperature pre- 
sumably allows quicker digestion as well as a more rapid 
mobilization of stored energy reserves. It may be more ac- 
curate to state that those tunas that regulate body tem- 
perature have specialized mechanisms for dissipating the 
heat from metabolism. Special circulatory structures en- 
able this heat to be transferred to the external surface. 

As stated above, the tuna is highly active fish. The need 
for high rates of oxygen uptake by the fish to feed this high 
metabolic rate is met by a larger gill surface area and 
higher hemoglobin content than most other fishes. The 


Figure 10. Swordfish (Xiphias glad- 
ius). Source: Copyright 1990 by B. 
Guild-Gillespie. 


constant swimming motion in combination with pectoral 
fins that act like hydrofoils maintains the fish at a certain 
position in the water column. This greatly reduces the need 
for the swim bladder, which functions in other fishes as a 
buoyancy organ. The swim bladder is greatly reduced or 
absent in species of tuna. Unlike most other fishes, there 
is a greater proportion of red muscle to white muscle mass 
in the body. White muscle is used for short bursts of an- 
aerobic activity while the red muscle is used for routine 
swimming in fishes. This makeup provides the machinery 
with which the tuna can accomplish the incredible jour- 
neys over long distances. 

Spawning takes place in various regions, depending on 
the species. For example, the Atlantic mackerel spawns in 
the northwest Atlantic and the large bluefins spawn in the 
Straits of Florida and the Gulf of Mexico. Both eggs and 
sperm are broadcast into the water, near the surface. The 
eggs of the Atlantic mackerel are found mainly in the top 
10 m of water. The female tuna lays about 100,000 eggs 
per kg body weight; there might be about 10 million eggs 
from a 100-kg animal. This is not unreasonable because 
the bluefin tuna can reach a maximum size of about 700 
kg. These tiny eggs of about 1 mm float about in the upper 
layers of the ocean, held bouyant by an oil droplet inside 
the egg. While the various tuna species are found in waters 
of a wide range of temperatures, most eggs take only a few 
days to hatch. As in many other fishes, only about two of 
those individuals survive to maturity. 


Swordfish 


The swordfishes belong to the family Xiphidae (Fig. 10). 
The Xiphidae are related to other giant mackerellike fishes 
such as the tunas (Scombridae) and the spearfishes (Istio- 
phoridae), in that they all belong to the suborder Scombro- 
idei. The single representative of this species (Xiphias 
gladius) is known as the common swordfish or broadbill. 
It is highly prized as a game fish and as a food item. Like 
the tunas, there is evidence that the swordfish has been 
fished for thousands of years. Its dominant physical fea- 
ture is the large sword protruding from the upper jaw. 
While this feature was thought to serve a predatory func- 
tion, it may function more in the enhancement of swim- 
ming speed by reducing the resistance of water to the body, 
much like the pointed head of a rocket. There are reports, 
however, of many whales with broken bills of swordfish 
impaled in their bodies, some through their vertebrae. This 
fish may be referred to by sport anglers as the broadbill 
swordfish. The teeth and the spines of the first dorsal fin 
are lost with age. Its large body is scaleless. 


Although an individual weighing 537 kg was caught in 
1953 off the Chilean coast, most other record sizes are 
closer to half that weight. This is relatively small compared 
to members of the other families in the Scombroidei. The 
billfishes also represent a minor part of the commercial 
catch, relative to the tunas. The average annual catch for 
the swordfish between 1982 and 1985 was estimated at 
49,000 t, about 1.6% of the total catch for the Scombroidei. 

Unlike the tunas and other billfishes that avoid deep 
waters, the swordfish moves widely in the water column. 
When it dives to great depths and returns to the surface, 
it is often found in semiconsciousness at the surface until 
it regains equilibrium. It is in this stupor that fishermen 
have used the harpoon to catch this prize. While this was 
the popular method of catch until the early 1960s, the ma- 
jority of today’s commercial catch of swordfish is by long 
line. This billfish also contributes to the specialized market 
of big game fishing around the world where spending 
$1,000/day in the pursuit of a sailfish or billfish is not un- 
common. The local communities where big-game fishing 
ports are located may depend heavily on the economy of 
that sport. 

The distribution of the swordfish extends throughout 
the temperate, subtropical, and tropical waters in all 
oceans of the world. They are found in coastal as well as 
oceanic areas. Like the related tunas and spearfishes, the 
swordfish are highly migratory and have body forms that 
are very streamlined. The basic physiological and repro- 
ductive features of the swordfish are similar to those of the 
tuna. Spawning is thought to occur throughout the year in 
the Caribbean Sea, Gulf of Mexico, and off the Florida 
coast, Although the swordfish egg is somewhat larger than 
the tuna egg, and the fecundity is slightly lower, the major 
features of the reproductive system and process are the 
same as those for the tuna. The eggs are approximately 1.7 
mm in diameter and contain a large oil globule. Young 
hatch out at about 4 mm in length and may grow rapidly, 
up to 2 mm per day. 
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OVERVIEW OF FLAVOR COMPOUNDS 


Flavors 


Flavors possess a variety of chemical groups and struc- 
tures. They can be heterocyclic, carbocyclic, terpenoid, 
aromatic, and so on. The overall flavor of foods is due to 
carbohydrates, lipids, and proteins; however, specific fla- 
vors can be elicited by numerous other classes of com- 
pounds, such as alcohols, aldehydes, ketones, and various 
heterocyclic compounds (pyrazines, pyrroles, pyridines 
etc). Flavor components in food range in number from 50 
to 250 compounds in fresh products such as fruits and 
vegetables and to more than double this number in foods 
subjected to heat or enzyme treatment; for example, more 
than 700 compounds have been reported in roast coffee 
aroma (1). The investigation of around 200 different food 
products has led to the identification of nearly 5000 com- 
pounds (2,3), the vast majority of them identified by gas 
chromatography/mass spectrometry (GC/MS) analysis. 
Flavor sensation may be due to a single compound (4) or 
to a group of compounds. Single compounds are called fla- 
vor notes; examples are 4-hydroxy-3-methoxybenzalde- 
hyde (vanillin) (Fig. 1), the character note for vanilla flavor, 
and 3-phenyl-2-propenal (cinnamaldehyde) (Fig. 2) for cin- 
namon flavor. On the other hand, a group of compounds 
representing a particular flavor is called the flavor profile 
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Figure 1. 4-Hydroxy-3-methoxybenzaldehyde (vanillin). 
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Figure 2. 3-Phenyl-2-propenal (cinnamaldehyde). 


834 FLAVOR CHEMISTRY 


FB. Hagerman, The Biology of the Dover Sole, Microstomus 
pacificus (Lockinton), Calif. Div. Fish. Gam Fish. Bull. 78, 
1949, 

International Pacific Halibut Commission, The Pacific Halibut: 
Biology, Fishery, and Management, IPHC Technical Report No. 
22, 1987. 

K. S. Parker, “Pacific Halibut, Hippoglossus stenolepsis, in the 
Gulf of Alaska,” in N. J. Wilmovsky, L. S. Incze, and S. J. 
Westrheim, eds., Species Synopsis: Life Histories of Selected 
Fish and Shellfish of the Northeast Pacific and Bering Sea, 
Report of the Washington Sea Grant Program and Fisheries 
Research Institute University of Washington, Seattle, 1988, 
pp. 94-111. 

J, H.S. Blaxter, “The Herring: A Successful Species,” Can. J. Fish, 
Aquat, Sci, 42(Suppl. 1), 21-30 (1985). 

J. H. S, Blaxter and F. G. T. Holliday, “The Behavior and Physi- 
ology of Herring and Other Clupeoids,” in F. S. Russell, ed. Adv. 
Mar. Biol., Vol. 1, Academic Press, Orlando, Fla., 1963, pp. 
261-393, 

J. H. S. Blaxter and J. R. Hunter, “The Biology of the Clupeoid 
Fishes,” in J. H. S, Blaxter, F. S. Russell, and M. Yonge, eds., 
Advanced Marine Biology, Vol. 20, Academic Press, Orlando, 
Fla,, 1982, pp. 1-223. 

D. J. Grosse and D. E. Hay, “Pacific Herring Clupea harengus pal- 
lasi, in the Northeast Pacific and Bering Sea,” in N. J. Wili- 
movsky, L. S. Incze, and S. J. Westrheim, eds., Species Syn- 
opsis: Life Histories of Selected Fish and Shellfish of the 
northeast Pacific and Bering Sea. Washington Sea Grant Pro- 
gram and Fisheries Research Institute, University of Wash- 
ington Press, Seattle, 1988, pp. 34-54. 

S. Morita, “History of the Herring Fishery and Review of Artificial 
Propagation Techniques for Herring in Japan,” Can. J. Fish. 
Aquat. Sci. 42(Suppl 1), 22-229 (1985). 

J. W. Reintjes, Synopsis of Biological Data on the Atlantic Men- 
haden, Brevortia Tyrannus, FAO Species Synop. 42, Cir. 320, 
Washington, D.C. 1969. 

W. Templeman, Redfish Distribution in the North Atlantic, Bull. 
Fish. Res. Board Can. 120, 1959. 

B. A. Branson, “Sockeye Salmon,” Oceans 9, 25-29 (1976). 

R. E. Foerster, “The Sockeye Salmon, Oncorhynchus nerka,” Bull. 
Fish. Res. Board Can. 162, 1968. 

W. S. Hoar, “The Chum and Pink Salmon Fisheries of British 
Columbia, 1917-1947,” Bull. Fish. Res. Board Can. 90, 
1951. 

F. Neave, “The Origin and Speciation of Oncorhynchus,” Trans. 
Roy. Soc. Can. 52, 25-39 (1958). 

S. D. Sedgwick, The Salmon Handbook, Andre Deutsch Ltd, 
1982. 

L, Shapovalov and A. C. Taft, “The Life Histories of the Steelhead 
Rainbow Trout (Salmo gairdneri gairdneri) and Silver Salmon 
(Oncorhynchus kistuch),” Calif, Fish Bull. 98, 1985. 

N. J. Wilimovsky, ed., Symposium on Pink Salmon, Institute of 
Fisheries, University of British Columbia, Vancouver, 1962. 

M. Fish, “A Review of the Fishes of the Genus Osmerus of the 
California Coast,” Proc. U.S. Nat. Mus. 46(2027), 29-297 
(1913). 

J.L. Hart, “Pacific Fishes of Canada,” Bull. Fish. Res. Board Can. 
180, 1973. 

J. L. Hart and J. L. McHugh, “The Smelts (Osmeridae) of British 
Columbia,” Bull. Fish. Res. Board Can. 64, 1944. 

M. J. A. Butler, “Plight of the Bluefin Tuna,” National Geographic 
169, 220-239 (1982). 

J, Joseph, W. Klawe and P. Murphy, Tuna and Billfish-Fish With- 
out a Country, Inter-American Tropical Tuna Commission, 
Scripps Institution of Oceanography, Ladolla, Calif. 1988. 


G. D. Sharp, and A. E. Dizon, eds., The Physiology Ecology of Tu- 
nas, Academic Press, Inc., Orlando, Fla., 1978. 


GrorcE KaTsusH! IWAMA 
University of British Columbia 
Vancouver, British Columbia 
Canada 


FISH, MINCED. See SuRimi: SCIENCE AND 
TECHNOLOGY. 


FLAVOR CHEMISTRY 


OVERVIEW OF FLAVOR COMPOUNDS 


Flavors 


Flavors possess a variety of chemical groups and struc- 
tures. They can be heterocyclic, carbocyclic, terpenoid, 
aromatic, and so on. The overall flavor of foods is due to 
carbohydrates, lipids, and proteins; however, specific fla- 
vors can be elicited by numerous other classes of com- 
pounds, such as alcohols, aldehydes, ketones, and various 
heterocyclic compounds (pyrazines, pyrroles, pyridines 
etc). Flavor components in food range in number from 50 
to 250 compounds in fresh products such as fruits and 
vegetables and to more than double this number in foods 
subjected to heat or enzyme treatment; for example, more 
than 700 compounds have been reported in roast coffee 
aroma (1). The investigation of around 200 different food 
products has led to the identification of nearly 5000 com- 
pounds (2,3), the vast majority of them identified by gas 
chromatography/mass spectrometry (GC/MS) analysis. 
Flavor sensation may be due to a single compound (4) or 
to a group of compounds. Single compounds are called fla- 
vor notes; examples are 4-hydroxy-3-methoxybenzalde- 
hyde (vanillin) (Fig. 1), the character note for vanilla flavor, 
and 3-phenyl-2-propenal (cinnamaldehyde) (Fig. 2) for cin- 
namon flavor. On the other hand, a group of compounds 
representing a particular flavor is called the flavor profile 


OCH, 
OH 


Figure 1. 4-Hydroxy-3-methoxybenzaldehyde (vanillin). 
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Figure 2. 3-Phenyl-2-propenal (cinnamaldehyde). 


of that food product (5). Although a large number of flavor 
compounds are usually identifiable in a flavor profile, in 
general only a small number have a significant effect on 
the overall flavor, these compounds are often called char- 
acter impact compounds. An example is 2-isobutylthiazole 
(Fig. 3), the character impact compound found in tomato. 
The relative concentration of each component in a flavor 
profile is crucial for its imitation. Flavors can be biosyn- 
thesized naturally in foods, such as apples, bananas, and 
other fruits and vegetables, or they can be produced from 
precursors during processing or thermal treatment such as 
baking, roasting, and frying. Furthermore, flavors can be 
generated by enzymatic modifications such as in cheese or 
by microbial fermentation as in butter. 

The origin of natural flavors and their precursor com- 
pounds is found in animal and plant tissue, so flavor re- 
search interfaces with other disciplines in its effort to ex- 
tract and identify these compounds (6,7). 


Flavor Enhancers 


Monosodium glutamate (MSG), 5’-ribonucleotides such as 
5'-inosine monophosphate (5’-IMP) and 2-methyl-3- 
hydroxy-4-(4H)-pyrone (maltol) (Fig. 4) are called flavor 
enhancers, The actual mechanism of flavor enhancement 
is not known. These substances contribute a delicious or 
umami taste to foods when used at levels in excess of their 
detection limits and enhance flavors of food at levels below 
their detection thresholds. Their effects are prominent and 
desirable in the flavors of vegetables, dairy products, 
meats, poultry, and fish. 


Essential Oils 


Essential oils are also known as volatile oils, or essences. 
When exposed to air they evaporate at room temperature. 
They are usually complex mixtures of a wide variety of 
organic compounds (such as hydrocarbons, terpenes, alco- 
hols, ketones, phenols, aldehydes, esters, etc). Essential 
oils are obtained by steam distillation or solvent extraction 
from many odorous plant sources such as clove, cinnamon, 
orange, lemon, jasmine, rose, and so on. The organic con- 
stituents of essential oils are synthesized by the plant dur- 
ing its normal growth. 
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Figure 3. 2-iso-Butylthiazole. 
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Figure 4, 2-Methyl-3-hydroxy-4(4H)-pyrone (maltol). 
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Resins 


Resins are natural products that can be obtained either 
directly from the plant as exudates or are prepared by al- 
cohol extraction of plants that contain resinous materials. 
Naturally occurring resins are solids or semisolids at room 
temperature. They are soluble in alcohol or basic solutions 
but insoluble in water. They are usually noncrystalline and 
soften or melt on heating. Chemically, they are complex 
oxidation products of terpenes. They rarely occur in nature 
without being mixed with gums and/or volatile oils form- 
ing oleoresins. 


SENSORY BASIS OF FLAVOR 


Flavor can be defined as the combined perception of taste 
and smell. It involves receptors in both the oral and nasal 
cavities. In the oral cavity the taste buds are mainly dis- 
tributed on the surface of the tongue. Each taste bud con- 
sists of a barrel-like structure in which the taste cells are 
packed. Taste receptors, which are found on the surface 
of the taste cells, are linked to the brain by way of cranial 
nerves, which carry the nerve impulses to the brain after 
the neurotransmitters are released from the taste cells. 
This process is initiated by the formation of the taste 
compound-receptor complex. Olfactory cells on the other 
hand are situated in the upper part of the nasal cavity. 
Their receptors perform a similar function to that of the 
taste cells through their own nerve fibers, which transmit 
neural impulses from receptors directly to the olfactory 
bulb in the brain. There is a common view that there are 
four primary taste qualities—sweet, sour, bitter and 
salty—and seven primary odors—camphoraceous, musky, 
floral, peppermint, ethereal, pungent, and putrid (8). 


Sweet Taste 


Sweet taste is produced by several different classes of com- 
pounds (Fig. 5), such as sugars, polyhydric alcohols, a 
amino acids, proteins, and synthetic sweeteners. 


Sour Taste 


Sour taste results from the presence of hydrogen ions on 
the tongue; however, sourness and acidity (pH) are not di- 
rectly related, but there is some correlation. Two acids hav- 
ing the same pH do not produce the same degree of re- 
sponse. 


Salty Taste 

Salt taste is stimulated by most soluble salts having low 
molecular weights. 

Bitter Taste 


Three major classes of organic compounds encountered in 
food materials are associated with bitterness: alkaloids, 
glycosides (Fig. 6), and peptides. 


Astringency 


A taste-related phenomena perceived as a dry feeling in 
the mouth along with a coarse puckering of the oral tissue, 
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Figure 5. Examples of sweet-tasting compounds. 
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Figure 6. Naringin, a bitter-tasting glycoside. 


CLASSIFICATION AND ORIGIN OF FLAVOR 
COMPOUNDS 


Classification of Flavor Compounds Based on Their Mode of 
Formation: Biogenetic and Thermogenetic 

One way of classifying flavor compounds is based on their 
mode of formation; flavors can be generated either natu- 
rally (9,10) or by heat treatment during food processing 


astringency is due to tannins or polyphenols interacting 
with the proteins in the saliva to form precipitates or ag- 
gregates. Astringency may be a desirable flavor property, 
such as in tea and red wine. 


Pungency 

Certain compounds (Fig. 7) found in several spices and 
vegetables cause characteristic hot, sharp, burning, and 
stinging sensations that are known collectively as pun- 
gency. 


Cooling Effect 


Cooling sensations occur when certain chemicals (Fig. 8) 
contact the nasal or oral tissues and stimulate a specific 
receptor. This effect is most commonly associated with 
mintlike flavors, including peppermint, spearmint, and 
wintergreen. 
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Figure 7. Examples of compounds 
causing pungency. (a) Piperine, compo- 
nent responsible for the sensation of 
black pepper; (b) capsaicin, the pungent 
principal of “hot” pepper. 
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(11,12). Natural flavors are mainly the secondary metab- 
olites of the living tissue, formed during the natural 
growth cycle of the organism by the action of enzymes, 
whereas flavors produced by heat treatment are the result 
of thermal degradation and oxidation of various food in- 
gredients and their complex interactions. The initial or pri- 
mary precursors of flavors are the polymers found in food 
such as proteins, lipids, polysaccharides, and DNA, which 
can undergo either enzymatic or thermal hydrolysis to pro- 
duce the intermediate precursors, mainly dimers and 
monomers. These, in turn, can undergo different biotrans- 
formation reactions during normal metabolic growth and 
produce metabolites that have specific flavor qualities that 
remain in situ when the plant is harvested and produce 
the perceived flavor effect when consumed. On the other 
hand, during thermal processing of food products, the in- 
termediate precursors formed by thermal hydrolysis can 
undergo complex chemical transformations, and further 
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Figure 8, (—)-Menthol causes a cooling sensation. 


degradations, to generate cooked flavor (Fig. 9). The type 
of flavor effect depends on the conditions of processing and 
the type of the initial precursors found in the particular 
food product. In terms of composition, thermally generated 
flavors are richer in heterocyclic compounds compared 
with enzymatically produced flavors. 


Precursors of Flavor Compounds in Food 


Meat and Related Products, Raw meat has no particular 
appealing flavor. However, during various processes of 
cooking, the initial precursors in meat produce water- 
soluble intermediate precursors, such as glycopeptides, 
free nucleotides, peptides, amino acids, amino-sugars, free 
sugars, fatty acids, and so on. The meat flavor, therefore, 
is the combined effect of the chemicals produced from the 
thermal degradation of these intermediates and the prod- 
ucts formed from the amino-carbonyl interactions, such as 
between the reducing sugars and amino acids; this reac- 
tion is known as the Maillard reaction or nonenzymatic 
browning as it is responsible also for the brown color pro- 
duced when foods are heated (11-13). During thermal 
degradation amino acids and sugars produce complex mix- 
ture of compounds. Sulfur-containing amino acids are spe- 
cially important for the generation of meat aroma; cys- 
teine, cyctine, and methionine produce sulfur-containing 
small molecules, such as hydrogen sulfide, 3-(methylthio)- 
propionaldehyde, and 2-mercaptoethylamine, that play an 
important role in the aroma of meat products (Fig. 10). 
Thermal degradation of thiamine produces furans, thio- 
phenes, and thiazoles, important heterocyclic compounds 
with meatlike flavor. Thermal oxidation of unsaturated 
fatty acids leads to the formation of different aldehydes. 


Primary precursors: 
lipids, proteins, carbohydrates 


| Hydrolysis 


Intermediate precursors: 
sugars, amino acids, peptides 
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Figure 9. Origin of flavor compounds in food. 
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Figure 10. Aroma compounds identified in cooked beef. 


Nonalcoholic Beverages: Tea and Coffee. Tea and coffee 
are examples of food products in which both modes of flavor 
formation, thermal and enzymatic, play a role in the gen- 
eration of flavor. During the initial fermentation of green 
tea leaves, for example, important intermediate precursors 
are produced by the action of endogenous enzymes to pro- 
duce polyphenols, carotenoids, and unsaturated fatty ac- 
ids, such as lenolenic acid, which under the action of lipox- * 
ygenase enzymes can produce important flavor aldehydes 
such as (Z)-3-hexenal and (Z)-2-hexenal. In the heat-treat- 
ment stage tea leaves are dried at 85°C and the coffee 
beans are roasted at >180°C to produce numerous volatile 
aroma compounds (Fig. 11) by thermal degradation and 
Maillard reaction processes. The main intermediate pre- 
cursors involved during roasting of coffee are sugars, 
amino acids, fatty acids, peptides, amines, phenolic acids 
such as 3-(3',4'-dihydroxyphenyl)propenoic acid (caffeic 
acid), 1-methylpyridinium-3-carboxylate (trigonelline), 
and so on. In addition, tea and coffee contain alkaloids such 
as 1,3,7-trimethylxanthine (caffeine) and 3,7-dimethylxan- 
thine (theobromine) that impart a bitter taste to the bev- 
erage. 


Alcoholic Beverages: Wine. There are three main 
sources of flavor compounds in wine; some are already 
present in the grape, some are formed during fermentation 
process, and some may form during aging by Maillard-type 
reactions. The type of wood in which the wine is stored can 
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Figure 11. Some volatiles identified in coffee aroma. 
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also contribute to the overall flavor of the wine. Most of the 
300 or so flavor compounds identified in different wines 
such as 2-methyl-1-propanol, 1-hexanol, 2-phenyl-ethanol, 
ethyl acetate, and ethyl lactate, are formed during fermen- 
tation. The natural aroma of some grape varieties results 
from a mixture of different terpenes such as (E)-3,7- 
dimethyl-2,6-octadien-1-ol (geraniol), 3,7-dimethyl-1,6- 
octadien-3-ol (linalool), (Z)-3,7-dimethyl-2,6-octadien-1-ol 
(nerol) (Fig. 12). Sugars such as arabinose, xylose, man- 
nose, and rhamnose produce furans during the aging pro- 
cess by reacting with the amino acids such as proline, al- 
anine, and asparagine by the Maillard reaction (14,15). 


Fruits and Vegetables: Tomato. Generally, the aroma of 
all fresh fruits and vegetables is produced by the action of 
enzymes on the hydrolysis products of proteins, lipids, and 
carbohydrates. Free fatty acids in tomato and other vege- 
tables are generated by the action of phospholipases. Then, 
lipoxygenase enzymes convert the unsaturated fatty acids 
into important flavor aldehydes such as (Z)-3-hexenal, hex- 
anal and alcohols such as 3-hexenol. Amino acids can also 
be converted into aldehydes and alcohols by the action of 
enzymes for example leucine is converted into 3-methyl- 
butanal and 3-methyl-butanol; carotenoids in tomato can 
be converted into flavor ketones such as 2,6-dimethyl-2,6- 
undecadien-10-one. 


Milk and Dairy Products. More than 200 aroma com- 
pounds have been identified in differently processed milk. 
Some of these compounds have their origin in the raw milk, 
and some of them are formed during processing due to the 
degradation of the main precursors found in the raw milk 
such as fats, carbohydrates (mainly lactose), and proteins. 
These precursors undergo two types of transformations: 
(1) chemical, such as oxidations, and (2) biochemical with 
the participation of the enzymes and the microbial flora 
contained in the milk or by exogenous bacteria and micro- 
bial flora, such as during preparation of cheese and yogurt. 
The most important precursor responsible for the produc- 
tion of milk aroma is the lipid. Milk triglycerides are hy- 
drolyzed by bacterial lipases to produce free fatty acids, 
which in turn are oxidized into different carbonyl com- 
pounds, among them many methyl ketones responsible for 
the milk aroma. Other important carbonyl compounds in- 
clude oct-1-en-3-one (responsible for the metallic aroma), 
(Z)-4-heptenal (characteristic odor of cream), and y and 6 
lactones formed by the thermal oxidation of fatty acids (8). 


OCCURRENCE AND ORGANOLEPTIC PROPERTIES OF 
HETEROCYCLIC COMPOUNDS IN FOOD 


Although heterocyclic compounds are present only in min- 
ute amounts in foods, they constitute the most important 
character impact compounds because of their low thresh- 
old values. They are extremely important as compounding 
ingredients and in the development of new flavors. Almost 
half of the 5000 flavor compounds identified till now are 
heterocyclic in nature (16). 


Furans 


Furans are mainly associated with caramel-like, sweet, 
fruity, nutty, meaty, and burnt odor impressions. Because 
of their olfactory properties, many furans are commercially 
important flavoring chemicals. Furans are formed in food 
by thermal degradation of carbohydrates and by the Mail- 
lard reaction. They are almost present in all food aromas 
and essential oils. The most abundant furans are 2- and 
2,5-disubstituted, such as 2-methylfuran, which is found 
in coffee aroma. The 2-substituted furans with aldehyde, 
ketone, or alcohol functional groups generally have fruity 
aromas with the mild flavor of caramel when added in 
small amounts to nonalcoholic beverages and ice creams. 
3-Acetyl-2,5-dimethylfuran is used in imitation nut flavors 
ig. 13). 


Thiophenes 


Thiophenes can significantly contribute to the sensory 
properties of foods, but they are not as numerous as furans; 
they have been detected in boiled and canned beef, cooked 
chicken, asparagus, leeks roasted peanuts, popcorn, rice, 
bread, and coffee. Of the 46 sulfur-containing compounds 
identified in pressure-cooked lean ground beef, 20 were thi- 
ophenes. The most frequently found thiophenes are the 
parent compound itself, 2-alkylated, 2- and 3-acylated de- 
rivatives; they are described as being pungent and green- 
sweet. 2-Acetyl-3-methylthiophene (Fig. 14) is described in 
a patent as imparting a honeylike flavor to syrup bases, 
and 3-acetyl-2,5-dimethylthiophene is recommended in 
another patent for improving the aroma of tobacco and per- 
fumes. 


Pyrroles 


Pyrroles are among the most widespread heterocyclic com- 
pounds found in food flavors such as coffee, roasted pea- 
nuts, popcorn, and tobacco smoke. Few pyrroles have also 
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Figure 13, 3-Acetyl-2,5-dimethylfuran. 
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Figure 14. 2-Acetyl-3-methylthiophene. 


been identified in cooked beef, cooked asparagus, leeks, 
and bread. They are mainly formed via the Maillard re- 
action during cooking. N- and 2-substituted pyrroles are 
more common, and they impart a burnt character note to 
the food product. 1-Pyrroline significantly enhances butter 
flavor of manufactured margarine (Fig. 15). 


Thiazoles 


Thiazoles possess extraordinary potent sensory properties 
that can be described as green, roasted, or nutty. They play 
an important role in the flavors of meat products, vegeta- 
bles, passion fruit, roasted products, milk, coffee, rum, and 
whisky. Thiazoles can be formed in food products either 
naturally or through the Maillard reaction. 2-Isobutylthia- 
zole (Fig. 3), the characteristic aroma of fresh tomato, 
when added to canned tomato can produce a more intense 
flavor. 2,4,5-Trisubstituted thiazoles usually have roasted 
and meaty flavor characteristics. 2-Hydroxymethyl-4- 
methylthiazole is a patented flavor compound to produce 
woody and burnt flavor notes. 


Pyrazines 


Pyrazines represent 4% of all aroma compounds used as 
flavoring agents. They are the most widely distributed het- 
erocyclic compound in food flavors, found in more than 50 
food products of vegetable and animal origin whether pro- 
cessed or not. Pyrazines are described as having nutty, 
roasted, green, and fruity flavors. They principally occur 
in cooked beef, potato, mushroom, roasted nuts, bread, 
cheese, coffee, and some alcoholic beverages. 2-Alkyl-3- 
methoxypyrazines are widespread in vegetables; the char- 
acteristic aroma of green pepper is due to 2-i-buty]-3-meth- 
oxypyrazine (Fig. 16). 2-Methoxy-3-ethylpyrazine imparts 
a potato flavor to food products; 2,5-dimethylpyrazine has 
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Figure 16. 2-iso-butyl-3-methoxypyrazine, 


the flavor of fried chicken, whereas 2-ethoxy-6-methylpyr- 
azine gives the strong aroma and flavor of fresh pineapple. 


MAILLARD REACTION AND FORMATION OF 
HETEROCYCLIC FLAVOR COMPOUNDS IN FOOD 


Maillard Reaction 


Flavors can be produced either naturally by the action of 
enzymes or by thermal processing due to the interaction of 
different food components or their pyrolytic degradation. 
The interaction of reducing sugars with amino-containing 
components and their subsequent reactions is termed non- 
enzymatic browning or Maillard reaction (17-21). This re- 
action is considered to be the most important reaction in 
food chemistry because in addition to flavors, it is also re- 
sponsible for the formation of color, antioxidants, carcino- 
gens, and so on. It can also reduce the nutritional value of 
foods by effectively decreasing the concentration of essen- 
tial amino acids. The Maillard reaction results in the for- 
mation of distinctive brown color and aroma of broiled, 
baked, and roasted food products. Consequently, many 
unpleasant-tasting raw foods can be transformed by Mail- 
lard reactions into desirable products via processes such 
as bread baking, coffee roasting, and chocolate manufac- 
ture. The Maillard reaction is initiated by the interaction 
of the open chain form of the reducing sugars with amino 
acids resulting in the formation of a Schiff base that exists 
in equilibrium with glycosylamino acid. The equilibrium 
constant for this reaction is unfavorable, but the glycosyl- 
amino acid slowly undergoes a rearrangement reaction to 
yield a relatively stable derivative. The type of derivative 
formed depends on the reducing sugar; aldoses undergo 
Amadori rearrangement (22) to produce 1-(amino acid)-1- 
deoxy-2-ketoses, whereas ketoses undergo Heyns rear- 
rangement to produce 2-(amino acid)-2-deoxy-1-aldose. 
Both rearrangements are acid catalyzed; the carboxyl 
group of the amino acids provides the internal acid cata- 
lyst. The net result of this reaction is the transformation 
of an aldose into a ketose, and vice versa, via the formation 
of N-glycosides (Fig. 17). This initial stage of the Maillard 
reaction is well documented and understood; however, the 
subsequent reactions of these rearrangement products 
that produce flavors and colors are not very well defined. 
The rearrangement products themselves are colorless, 
nonvolatile compounds that do not impart to the food prod- 
ucts any specific flavor qualities. However, during the ther- 
mal processing of foods they decompose to produce differ- 
ent reactive intermediates that interact further with other 
food components to produce, among others, a wide range 
of heterocyclic compounds. These heterocyclic compounds 
possess potent flavor qualities at very low concentrations 
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Figure 17. Maillard reaction. 


that makes them important contributors to the flavor of 
baked, roasted, and cooked food. Eventually some of the 
intermediates formed will polymerize to form brown col- 
ored melanoidins that are characteristic of cooked food 
products. 


Further Reactions of Amadori and Heyns Rearrangement 
Products 


The mechanism of decomposition of Amadori and Heyns 
rearrangement products (AHRP) to produce heterocyclic 
flavor compounds is not well understood due to the com- 
plexity of the food matrix. However, based on the chemistry 
of carbohydrates, some decomposition pathways have been 
proposed that involve 1,2- and 2,3-enolizations of the open 
chain form of the AHRPs followed by f-eliminations to pro- 
duce 1,2- and 2,3-dicarbonyl compounds. These reactive in- 
termediates can undergo many reactions, including dehy- 
drations, cyclizations to produce furans, retroaldolizations, 
and further reactions with nitrogen and sulfur nucleo- 
philes to produce N- and S-heterocyclic compounds, such 
as pyrazines by the Strecker degradation (17). 


FLAVOR FORMATION BY ENZYMES 
AND MICROORGANISMS 


In contrast to thermally produced flavors, which comprise 
a large number of heterocyclic compounds, flavors gener- 
ated by enzymes in vegetables and fruits consist mainly of 
aldehydes, ketones, esters, alcohols, terpens, terpenoids, 
and S-containing aliphatic and aromatic volatile com- 
pounds. They can be produced from nonvolatile precursors 
by the action of different enzymes in the intact tissue be- 
fore harvest or due to the disruption of the cell tissue so 
that the compartmentalized endogenous enzymes and the 
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substrates interact. Alternatively, flavors can be produced 
by the action of exogenous enzymes or microorganisms 
during fermentation (8). 


Origins of Enzymatically Produced Flavors in Vegetables 


Aldehydes. Aldehydes containing less than five carbon 
atoms usually are associated with the development of off- 
flavors. However, unsaturated alkenals containing 5 to 10 
carbon atoms impart desirable flavor attributes to fresh 
vegetables; cis- and trans-2-hexenals are both potent 
aroma compounds of “green leaf” character. The melonlike 
odor of cucumbers are due to cis-2-nonenal (Fig. 18). Ali- 
phatic aldehydes may arise and accumulate in vegetables 
from precursors such as esters, amino acids, and free fatty 
acids. Esters can be hydrolyzed by esterases and followed 
by enzymatic oxidation (NADP-dependent dehydroge- 
nases) to produce aldehydes. Amino acids can be converted 
into a-keto acids by the action of transaminases, followed 
by enzymatic decarboxylation to produce flavor aldehydes. 
Triglycerides in plant tissue can be hydrolyzed by lipases 
to produce free fatty acids, which in turn can produce long- 
chain aldehydes by the action of lipoxygenases and lyases. 


Sulfur Volatiles. Sulfur-containing volatiles are pro- 
duced mainly by alliaceous (onion, garlic, leek, etc) and 
cruciferous (cabbage, mustard, broccoli, horseradish, etc) 
plants. Alliaceous vegetables produce disulfides and re- 


Figure 18. cis-2-Nonenal. 


lated volatiles, whereas cruciferous vegetables generate 
isothiocyanates. The main precursor of disulfides in allia- 
ceous plants are S-substituted L-cysteine sulfoxides, which 
on the action of allinases produce thiosulfinates (Fig. 19), 
the principal component responsible for the odor of fresh 
alliaceous plants. On heating, the thiosulfinates are con- 
verted into corresponding disulfides, which are responsible 
for the cooked flavor. The pungent taste of cruciferous 
vegetables, on the other hand, are caused by isothiocyan- 
ates (Fig. 20). The enzymes responsible for the release of 
these compounds are thioglucosidases, which act on differ- 
ent thioglucosides found in these vegetables to produce the 
corresponding isothiocyanates. The enzymes and the sub- 
strates in these vegetables are compartmentalized; the tis- 
sue of the plant should be disrupted to bring the substrate 
close to the enzyme for the generation of the flavor com- 
pounds. 


Origins of Enzymatically Produced Flavors in Fruits 


About 2000 distinct fruit volatiles have been isolated till 
now. They consist mainly of esters, aromatic aldehydes, 
lactones, alcohols, terpenoids, and some thioesters. Unlike 
fresh vegetables, the aroma is more frequently preformed 
and arises directly from the intact fruit. 


Esters and Aromatic Aldehydes. Esters make the most 
important contribution to what we usually perceive as fruit 
flavors. They are present in higher levels than any other 
class of compound, and also they are present in a greater 
variety compared with any other class. Most of the esters 
contribute to the character impact of the resultant aroma. 
Certain esters have been associated with the aroma of spe- 
cific fruits, such as methyl butyrate with apple, isopentyl 
acetate with banana, and ethyl butyrate with orange (Fig. 
21). Esters are biosynthesized by enzymatic esterification 
of carboxylic acids with alcohols through the action of such 
enzymes as esterases and acyl CoA-alcohol transacetylase. 
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Figure 19. Components responsible for the garlic flavor. 
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Figure 20. Allylisothiocyanate, principal “hot” component in 
mustard. 
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Figure 21. Esters with specific fruit flavors. 


In general, the most abundant alcohol in the volatile frac- 
tion of a fruit is usually present in the most abundant es- 
ter. Aromatic aldehydes sometimes constitute the main fla- 
vor component of certain fruits. Benzaldehyde (Fig. 22), for 
example, is the principal flavor compound in bitter almond. 
It is also present in the volatiles of peaches, apricots, 
cherries, and plums. They are generally produced from cy- 
anogenic glycosides by the action of f-glucosidases, which 
hydrolyzes the glycoside into the free sugar and (R)- 
mandelonitrile. The latter then undergoes an elimination 
reaction in the presence of hydroxynitrile lyase to produce 
the benzaldehyde. 4-Hydroxy-3-methoxybenzaldehyde 
(vanillin), another aromatic aldehyde, is also produced by 
the same series of enzymes. 


Origins of Enzymatically Produced Flavors in Dairy 
Products: Milk and Cheese 


In contrast to vegetables and fruits, in which the endoge- 
nous enzymes are responsible for the release of aroma com- 
pounds, dairy flavors are generated by in addition to en- 
dogenous enzymes, added microbial enzymes that play a 
predominant role in the formation of flavors. In general, 
the flavor of dairy products originates from microbial, en- 
zymatic, and chemical transformations (mostly oxida- 
tions)—the relative importance of which is not always un- 
derstood. These transformations give rise to a series of 
volatile and nonvolatile compounds, some of which have 
been shown to correlate well with some typical dairy flavor 
notes and some have little indication of their real contri- 


Figure 22. Benzaldehyde. 
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bution. For any dairy aroma, the total number of com- 
pounds identified is far less than in those foods subjected 
to thermal treatment. Thousands of heterocyclic com- 
pounds present in such foods are missing in fermented 
ones. The characteristic dairy food flavors are usually re- 
lated to the occurrence of relatively few key components. 

Milk furnishes the flavor precursors for all the fer- 
mented products (cheese, yogurt etc) made from it. The 
milk lactose, in addition to being a nutrient for the growth 
of the starter microorganisms, is also the principal precur- 
sor of 2,3-butadione (diacetyl), an important constituent of 
cultured products. It imparts characteristic creamy note to 
most cheeses and other dairy products. It is found in but- 
ter, unripened soft cheeses such as cottage cheese, and also 
in Swiss cheese. Milk proteins (caseins) are the source of 
bitter peptides that contribute to the aroma of different 
cheeses. The sweet flavor of Swiss cheese is due to a com- 
plex formed between calcium (or magnesium) and pep- 
tides, The burned note of Gruyére cheese is attributed to 
peptides complexed with 2,5-dimethyl-4-hydroxy-3- 
(2H|furanone; these peptides and amino acids are pro- 
duced during the ripening of cheese by the action of pro- 
teolytic enzymes on the milk caseines. Some amino acids 
can be oxidized into corresponding carboxylic acids, such 
as alanine, and into propionic acid, which is responsible in 
part for the aroma and taste of Swiss cheese. Although 
carbohydrates and proteins play an important role as pre- 
cursors of cheese aroma, fatty acids are the key precursors 
for both desirable and undesirable aroma. C4-C10 fatty 
acids impart well-known pungent notes to the cheese, 
whereas 2-methylketones, lactones, and dairy-associated 
aldehydes such as cis-4-heptenal are important precursors 
to other flavors. In addition, they act as a medium for the 
action of enzymes responsible for the formation of aroma, 
and they serve as a repository for all the other aroma com- 
pounds. As such, they determine the relative composition 
of the aroma vapor above the cheese. 


ANALYSIS OF FLAVOR COMPOUNDS 


The analysis of food flavors is complicated because of sev- 
eral factors. The flavor-active compounds are found in very 
low concentrations, ranging from a few 100 ppm for 
strongly flavored food products to less than 10 ppm for 
weakly flavored foods. In addition, they represent a wide 
range of functional groups with widely differing physical 
and chemical properties. Moreover, some of the compo- 
nents are thermally labile whereas others are highly re- 
active and may be lost if great care is not exercised during 
their isolation and concentration as well as in the subse- 
quent analysis. A further complication that puts great de- 
mands on the analytical methodology is that the trace com- 
ponents, even when present at levels of ppm or less, may 
sometimes make a greater contribution to the flavor than 
components present in vastly greater amounts. The eco- 
nomic importance of such a low threshold value flavor com- 
pound lies in the reduced cost of production of highly fla- 
vored food products. Despite impressive data available on 
the chemical composition of food flavors, there is still lack 
of complete understanding of what determines the flavor 
of many foods. This may be due, for some products at least, 


to the inability of the analytical techniques to identify im- 
portant trace components. However, major advances both 
in GC and MS technology—such as the introduction of in- 
ert thermostable capillary columns; gentle nonvaporizing 
on-column injection methods; improved interfaces between 
GC and MS; and sophisticated facilities for spectral acqui- 
sition, storage, data manipulation, and library search— 
make the modern GC/MS an analytical tool of outstanding 
powers, capable of acquisition of useful mass spectral data 
from the narrowest of GC peaks. 

Establishing the chemical composition and the struc- 
ture of flavor compounds found in food is important for 
correlating structures to sensory properties and for under- 
standing the mechanisms by which flavors are formed from 
their precursors. Although analysis of food flavors is simi- 
lar in many respects to analysis of any other mixtures, 
there are special problems associated with it, such as the 
low concentration of flavor components and their extreme 
complexity, frequently containing several hundred com- 
ponents of different functional groups. In some cases, trace 
components in an aroma have far greater sensory impor- 
tance than other components present in larger amounts; 
hence, sample preparation and concentration is specially 
important for analysis of flavor compounds. 


Sample Preparation 


There are two different approaches to prepare samples for 
flavor analysis. The first approach is total volatile analysis, 
which attempts to isolate and concentrate from target food 
products all the chemicals that could possibly contribute 
to the flavor. This can be achieved by different distillation 
and extraction methods. The most appropriate method is 
largely dictated by the nature of the product under study 
and by the extent to which its flavors are affected adversely 
by heat. Fresh fruits and other heat-sensitive products, for 
example, can be distilled at low temperatures under 
vacuum, whereas heat-stable products can be steam dis- 
tilled and simultaneously extracted into an organic solvent 
by using Likens- and Nickerson-type apparatuses. The sec- 
ond approach is headspace analysis, which aims at anal- 
ysis of volatile compounds found at equilibrium in the va- 
por phase above the food. The second approach is faster 
and simpler and requires small quantities of the food prod- 
uct for analysis. In addition, the headspace contains vola- 
tiles in the same relative concentrations as one actually 
inhales. The headspace volatiles can be analyzed by in- 
jecting a small volume of the volatiles directly into a gas 
chromatograph (GC) or, after its concentration, by cryo- 
genic trapping or by the use of porous polymers such as 
Porapak and Chromosorb or by activated charcoal (23). 


Chemical Methods of Analysis 


The identification of the flavor components present in a 
sample can be established rapidly by GC/MS analysis. 
However, in complex mixtures, important trace compo- 
nents are often either poorly separated from or totally 
masked by other components. Consequently, interpreta- 
tion of their mass spectra may be difficult to perform. To 
overcome this problem the sample can be modified prior 
to, during, or after GC/MS analysis to simplify its com- 
plexity. Modification of the sample prior to GC/MS analysis 


can be achieved by preliminary fractionation of its com- 
ponents into polar, nonpolar, and weakly polar fractions or 
into acidic, basic, and neutral fractions by column chro- 
matography using silica gel. Carbonyl compounds as a 
group are of special significance since they occur in a wide 
range of food products of plant and animal origin. As a 
group they can be isolated by treating the sample with an 
acidified solution of 2,4-dinitrophenylhydrazine and ana- 
lyzed as their 2,4-dinitrophenylhydrazone derivatives by 
GC, HPLC, TLC, and so on. Modification of the sample 
injected onto a GC/MS can be performed on-line by means 
of chemical abstractors deposited on deactivated solid sup- 
ports contained in a coiled tubing and placed before the 
analytical column of the GC. The function of the abstrac- 
tors is to remove components bearing specific functional 
groups by reacting with them. The absence of a particular 
peak is an indication of the presence of the functional 
group when the resulting chromatograms are compared 
with those obtained in the absence of the abstractor. Al- 
ternatively, to achieve greater resolution for incompletely 
separated peaks, components of each chromatographic 
peak can be recovered by different trapping techniques and 
analyzed again using different columns. Trapping tech- 
niques may be very simple, such as collection of peaks in 
cooled glass capillary tubes inserted into the GC column 
or by use of porous-layer open-tubular (PLOT) glass cap- 
illaries containing a layer of diatomacous earth support 
permanently fused to the wall of the capillary tube (23). 


Gas Chromatography /Mass Spectrometry 


The combined GC/MS remains the most powerful tech- 
nique available to the chemist for the separation and iden- 
tification of complex mixtures, because it generates the 
maximum amount of structural information for the small- 
est amount of sample in the shortest time. For more than 
20 years it has been the mainstay technique in the analysis 
of flavor components in food and still is, despite recent ad- 
vances in complementary techniques such as GC/IR (24). 

The separation of the complex mixture into its compo- 
nents is achieved on the gas chromatographic column, 
which can be divided into two types: packed and open tu- 
bular (or capillary). The separated components are then 
introduced through the GC/MS interface into the ioniza- 
tion chamber of the mass spectrometer, where the mole- 
cules are bombarded with a beam of energetic electrons 
(electron impact mode), causing them to ionize and frag- 
ment in a way that is characteristic of the molecule. The 
resulting mixture of ions are then separated on the basis 
of their mass/charge ratio (m/z) and their relative abun- 
dances are recorded. The results are then displayed as a 
plot of ion abundance versus m/z, which is called the mass 
spectrum. This represents the characteristic fingerprint of 
the molecule. The mass spectrum of an unknown com- 
pound then can be used to identify its structure by com- 
parison to other known mass spectra; this can be done con- 
veniently by computers. 


Gas Chromatography-Olfactometry (GCO) 


GC is used mainly in the quantitative analysis of flavor 
mixtures. However, when the instrumental detector is re- 
placed with a human nose—through the use of a sniffing 
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port—GC can also be used to perform sensory analysis. 
The technique is known as GCO (25). The main application 
of GCO is to establish and identify the odor-active com- 
ponents and odor quality of individual components present 
in a mixture and separated on a GC column. The most 
common techniques that utilize GCO include Charm- 
Analysis® and Aroma Extract Dilution Analysis (AEDA). 
Both techniques are based on dilution analysis and pro- 
duce quantitative estimates of relative potency of com- 
pounds eluting from a GC column. In dilution analysis, the 
aroma extracts are serially diluted, and each dilution is 
analyzed until no significant odor can be detected. In 
AEDA, the number of dilutions required to eliminate the 
odor is used to estimate the potency of that particular com- 
pound. In CharmAnalysis®, retention times are included 
in the calculation of the potency factors that are known as 
“charm values.” 


Purge and Trap-Thermal Desorption 


Low concentration of aroma volatiles can be isolated and 
concentrated on porous polymer traps such as poly[2,6- 
diphenyl-p-phenylene oxide] (Tenax-GC) using purge and 
trap (P&T) apparatus (26). Subsequently, the trapped vol- 
atiles can be thermally desorbed into a GC column using 
thermal desorption (TD) devices mounted on a GC. Both 
solid and liquid samples can be analyzed, if proper sam- 
pling apparatus is used. In both cases, samples are purged 
with purified inert carrier gas for a specific period of time 
(20-90 min), at a flow rate in the range of 10 to 80 mL/ 
min. The temperature, which can range from subambient 
to few hundred degrees Centigrade, depends on the nature 
of the sample. The adsorbant trap is then removed and 
fitted with a syringe needle and attached to the thermal 
desorber. The traps are thermally desorbed for a period of 
3 to 10 min at temperatures depending on the nature of 
the sample (50-350°C). During the desorption period, the 
temperature of the GC column is maintained at subam- 
bient values to cryofocus the aroma volatiles. After the 
desorption phase, the volatiles can be separated and even- 
tually identified by initiating the temperature program- 
ming of the column. 


Solid-Phase Microextraction 


Solid-phase microextraction (SPME) is a simple adsorp- 
tion/desorption technique (26) that eliminates some of the 
problems associated with solvent extraction of aroma vol- 
atiles. The device used to perform SPME consists of a 1- 
cm fused silica fiber, coated with a specific stationary phase 
(such as polydimethylsiloxane, carboxene, etc) and bonded 
to a stainless steel plunger and encased in a holder. The 
fused silica fiber can be drawn into a hollow needle at- 
tached to the holder by using the plunger. The device can 
be used to adsorb aroma compounds either from a solution 
or from the headspace above the solution, by inserting the 
needle through the septum that seals the sample vial. Af- 
ter sample adsorption, the needle can be introduced into 
the GC injector where the adsorbed volatiles are thermally 
desorbed into the GC column and analyzed. The adsorption 
equilibrium is usually attained in 2 to 30 min, depending 
on the concentration of the sample and the thickness and 
the type of the coating of the fiber. 
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FOAMS AND SILICONES IN 
FOOD PROCESSING 


Potato chips, jams and jellies, beers and wines, fruits and 
vegetables. What do all these foods have in common? The 
manufacturing processes for all these products commonly 
experience unwanted foaming. 


FOAMS 


Foam can be defined as a gas dispersed in a liquid at a 
ratio such that the mixture’s bulk density approaches that. 
of a gas rather than a liquid (1). Foaming can occur for 
several reasons, stemming from both mechanical and 
chemical origins. Examples of mechanical contributors of 
foam formation are agitation near a gas-liquid interface, 
excessive vacuums or pressure gradients, or the free fall of 
liquids (2). The addition of certain chemicals that act as 
surface-active materials, or surfactants, may also produce 
foaming within a process. The existence of starch in a food 
process is an example of this. Foam formation can cause 
many problems within a process, including reducing the 
capacity of open vats, increasing the need for head space 
in closed systems, slowing the time needed to drain liquids 
or dried foods, interfering with process instruments, or it 
can increase housekeeping costs by introducing the need 
for maintenance personnel to deal with safety hazards 
such as slippery floors and the overflowing of process tanks 
(2). 

‘Two basic actions can be taken to stop the formation of 
foam in a food process. The first involves mechanical 
means of eliminating the foam, such as heating, centrifug- 
ing, spraying, or ultrasonic vibration (3). The other option 
is to introduce chemical antifoams or defoamers to the pro- 
cess. This article will focus on the chemical method of foam 
control. Defoamers are materials that specialize in de- 
stroying existing foam immediately. Antifoams are mate- 
rials that are designed as long-lasting means of preventing 
the formation of foam. Examples of foam control products 
range from liquid products such as hydrocarbons (kero- 
sene, vegetable oils, organic phosphates, and acetylenic 
glycols), polyethers, fluorocarbons, and silicones, to solid 
products such as fatty amides, hydrocarbon waxes, solid 
fatty acids, and esters (3). The remainder of this article 
will focus on silicone-based antifoam products. 


SILICONE ANTIFOAMS 


Two theories exist to describe how antifoams work. Both 
are based on the fact that pure liquids do not foam. The 
presence of some stabilizing material is necessary in the 
surface layer of foam films to allow them to remain stable. 
These theories are also based on the premise that antifoam- 
ing agents either replace or modify these stabilizing mate- 
rials. The first theory states that the antifoam disperses in 
the form of fine drops into the liquid film between the bub- 
bles and spreads as a thick duplex film, ie, a film that is 
thick enough to have two definite surfaces. The tension cre- 
ated by the spreading duplex film leads to the rupture of 
the original liquid film (bubble wall), destroying the foam. 

The second theory is similar to the first and states that 
the antifoam produces a less cohesive, mixed monolayer on 
the surface of the liquid film. Because this monolayer is of 
less coherence than the original film stabilizing monolayer, 
it will cause the destabilization of the bubble wall (3). In 
either case, it is important to note that antifoams must be 
surface active, that they must be able to spread to the en- 
tire foaming surface of the process, and that they must 
remain insoluble to continue to be active. 

Since the discovery of polydimethylsiloxane in 1943 by 
scientists of what is now Dow Corning Corp., there have 
been many applications found for this unique substance. 
Applied as antifoams since shortly after their discovery, 
these silicone-based products are able to provide benefits 
that most organic defoamers cannot (4). Due to the inert 
nature of the polydimethylsiloxane molecule, silicone- 
based antifoams will not react with most process media. 
This inert nature also allows the antifoam to remain effec- 
tive longer than reactive organic material. Silicones exhibit 
a low surface tension (<20 dynes/em) (5), allowing them to 
spread quickly and evenly over the foaming surface, an im- 
portant requirement for an antifoam already mentioned. 

Both of these attributes contribute to the most impor- 
tant benefit of using silicone antifoams: their efficiency. 
Silicone-based antifoams are effective usually in amounts 
less than 100 parts active silicone per million parts foam- 
ing media in industrial applications and in as little as 5- 
10 ppm in food-grade systems. 

Silicone antifoams are available as three basic types of 
product. First, the polydimethylsiloxane, or silicone oil, 
can be used as an effective antifoam for many nonaqueous- 
type processes. Second, the silicone oil can be compounded 
with hydrophobic silica to form a product that can be useful 
in both aqueous and nonaqueous systems. It has been theo- 
rized that the addition of this silica gives an added benefit 
of physically disrupting the foam interlayer. The third and 
most effective product for aqueous systems is an emulsion 
of the silicone—silica compound. An emulsion is the most 
effective carrier of a compound in a water environment, 
allowing for ease in dilution and dispersion. 

Silicones can be used in many processes. There are 
silicone-based antifoams that are permissible for use in di- 
rect contact with food, as per the Food and Drug Admin- 
istration’s regulation #173.340, which allows for up to 10 
parts of active silicone per million parts of food in the final 
product. Certain silicones also meet the U.S. Department 
of Agriculture’s specifications for federally inspected foods. 
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Many are also kosher approved. Silicone antifoams usually 
will not impart any taste or smell to a product. Because 
these antifoams are essentially inert and are used in such 
low amounts, they rarely affect process reactions. 


BASIC GUIDELINES 


There are several basic guidelines to follow when using 
silicone antifoams to be the most effective as possible. Sil- 
icone antifoams should be prediluted and mixed in with a 
small amount of the foaming medium prior to introduction 
into the system. This allows the antifoam to disperse 
evenly and can prevent shocking of an emulsion, which 
could cause the emulsion particles to coalesce, or stick to- 
gether. The antifoam should be dispensed in such a man- 
ner as to allow it to disperse evenly and reach the surface 
of the foaming site. This could involve spraying the anti- 
foam onto the surface, or providing slight agitation when 
adding the antifoam to allow it to reach the surface. The 
antifoam should be added prior to the point where foaming 
occurs. This allows the product to act as it was designed; 
that is, as an antifoam rather than a defoamer. 

When using silicone emulsified antifoams, there are ad- 
ditional precautions that should be taken that involve the 
amount of shear that the antifoam is subjected to. Because 
this oil-based antifoam is emulsified using surfactants and 
thickeners, the product can be destroyed by disturbing the 
emulsion particles, causing coagulation or separation. 
High levels of mechanical shear can do this through tur- 
bulent agitation, violent shaking, or pumping through gear 
type, centrifugal pumps. Care should be taken to provide 
gentle agitation when prediluting, or when adding the 
antifoam to the foaming process. 


FUTURE DEVELOPMENT 


Significant advancements continue to be made in the de- 
velopment of silicone-based antifoams. Recent develop- 
ments have focused on areas involving organic-silicone 
blends. Many newly commercialized products use this new 
technology and may impart even more efficiency to current 
antifoam product lines. Work is also being conducted on 
varying the types of delivery systems for silicone anti- 
foams. Instead of water-based emulsions, solid media are 
being investigated as delivery systems for the antifoam 
compound to the foaming interface. This could provide 
benefits to separation processes using ultrafiltration. Typ- 
ically, emulsifiers used in antifoam emulsions have shown 
a tendency to clog and even damage many types of cross- 
flow ultrafiltration membranes. 

As the food industry continues to expand with quicker, 
more convenient processed foods, so too will the opportu- 
nities grow for foam control. Currently, an area experienc- 
ing growth is the microwavable foods segment. This is also 
an area where foaming has been a problem. Many manu- 
facturers desire microwaved food to resemble food that has 
been prepared by conventional means. Although the for- 
mation of foam on food or drinks that have been micro- 
waved does not affect the taste of these products, it is not 
aesthetically pleasing. The use of silicone antifoams can 
alleviate these types of problem. 
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FOOD ADDITIVES 


The broadest practical definition of a food additive is any 
substance that becomes part of a food product either di- 
rectly or indirectly during some phase of processing, stor- 
age, or packaging. 

Direct food additives are those that have been inten- 
tionally added to food for functional purpose, in controlled 
amounts, usually at low levels (from parts per million to 
1-2% by weight). Basic foodstuffs are excluded from the 
definition, although ingredients that are added to foods 
(eg, high-fructose corn syrup [HF CS], starches, and protein 
concentrates) are often included among food additives. 

Indirect or nonintentional additives, on the other hand, 
are those entering into food products in small quantities 
as a result of growing, processing, or packaging. Examples 
of these are lubricating oils from processing equipment or 
components of a package that migrate into the food before 
consumption. 


The legal definition of a food additive is much more com- 
plex and often the subject of controversial interpretation; 
it is addressed in the sections of this article dealing with 
government regulations. 

The practice of adding chemicals (eg, salt, spices, herbs, 
vinegar, and smoke) to food dates back many centuries. In 
recent years, however, the ubiquitous presence of chemical 
additives in processed foods has attracted much attention 
and public concern over the long-term safety of additives 
to humans. 

Although the safety issue is far from subsiding, the sci- 
entific consensus is that food additives are indispensable 
in the production, processing, and marketing of many food 
products, and that the judicious use of chemical addi- 
tives—typically in the range from a few parts per million 
(ppm) to less than 1% by weight of the finished food— 
contributes to the abundance, variety, stability, microbio- 
logical safety, flavor, and appearance of the food supply. 
While food additives offer a major contribution to the pal- 
atability and appeal of a wide variety of foods, their level 
of use is relatively insignificant in the total human diet. 

There is much discussion about whether a food additive 
or food product is natural or synthetic. This classification, 
in many instances, has become somewhat arbitrary. Many 
food additives synthesized in chemical laboratories are 
also found naturally occurring in normal food. Monoso- 
dium glutamate, a flavor-enhancing food additive, for in- 
stance, is the sodium salt of glutamic acid, an amino acid 
found in many foods such as mushrooms and tomatoes and 
metabolized by the human body using the same biochem- 
ical pathways of digestion. Vitamin C (ascorbic acid) and 
its isomer, erythorbic acid, are the same chemicals that are 
found in oranges. Similarly, citric acid, which is today pro- 
duced commercially by enzymatic fermentation of sugars, 
is the same chemically as the naturally occurring chemical 
that has been found to make lemons and limes tart. 

Direct food additives serve several major functions in 
foods. Many additives, in fact, are multifunctional. The ba- 
sic functions are as follows: 


* Preservation. Food preservation techniques have ad- 
vanced in the past hundred years and now include 
thermal processing, concentration and drying, refrig- 
eration and freezing, modified atmosphere, and ir- 
radiation. However, the use of chemical preservatives 
frequently augment these basic preservation tech- 
niques and represent the most economical way for 
food manufacturers to ensure a reasonable shelf life 
for the product. Antioxidants and antimicrobial 
agents perform some of these functions as well. 


* Processing. Food processors are increasingly using 
food additives to ensure the integrity and appeal of 
finished products. Emulsifiers maintain mixtures 
and improve texture in breads, dressings, and other 
foods. They are used in ice cream when smoothness 
is desired, in breads to increase shelf life and volume 
and to distribute the shortening, and in cake mixes 
to achieve batter consistency. Sorbitol, a humectant 
and sweetener, is used to retain moisture and en- 
hance flavor. With the removal of sugar from many 
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FOOD ADDITIVES 


The broadest practical definition of a food additive is any 
substance that becomes part of a food product either di- 
rectly or indirectly during some phase of processing, stor- 
age, or packaging. 

Direct food additives are those that have been inten- 
tionally added to food for functional purpose, in controlled 
amounts, usually at low levels (from parts per million to 
1-2% by weight). Basic foodstuffs are excluded from the 
definition, although ingredients that are added to foods 
(eg, high-fructose corn syrup [HF CS], starches, and protein 
concentrates) are often included among food additives. 

Indirect or nonintentional additives, on the other hand, 
are those entering into food products in small quantities 
as a result of growing, processing, or packaging. Examples 
of these are lubricating oils from processing equipment or 
components of a package that migrate into the food before 
consumption. 


The legal definition of a food additive is much more com- 
plex and often the subject of controversial interpretation; 
it is addressed in the sections of this article dealing with 
government regulations. 

The practice of adding chemicals (eg, salt, spices, herbs, 
vinegar, and smoke) to food dates back many centuries. In 
recent years, however, the ubiquitous presence of chemical 
additives in processed foods has attracted much attention 
and public concern over the long-term safety of additives 
to humans. 

Although the safety issue is far from subsiding, the sci- 
entific consensus is that food additives are indispensable 
in the production, processing, and marketing of many food 
products, and that the judicious use of chemical addi- 
tives—typically in the range from a few parts per million 
(ppm) to less than 1% by weight of the finished food— 
contributes to the abundance, variety, stability, microbio- 
logical safety, flavor, and appearance of the food supply. 
While food additives offer a major contribution to the pal- 
atability and appeal of a wide variety of foods, their level 
of use is relatively insignificant in the total human diet. 

There is much discussion about whether a food additive 
or food product is natural or synthetic. This classification, 
in many instances, has become somewhat arbitrary. Many 
food additives synthesized in chemical laboratories are 
also found naturally occurring in normal food. Monoso- 
dium glutamate, a flavor-enhancing food additive, for in- 
stance, is the sodium salt of glutamic acid, an amino acid 
found in many foods such as mushrooms and tomatoes and 
metabolized by the human body using the same biochem- 
ical pathways of digestion. Vitamin C (ascorbic acid) and 
its isomer, erythorbic acid, are the same chemicals that are 
found in oranges. Similarly, citric acid, which is today pro- 
duced commercially by enzymatic fermentation of sugars, 
is the same chemically as the naturally occurring chemical 
that has been found to make lemons and limes tart. 

Direct food additives serve several major functions in 
foods. Many additives, in fact, are multifunctional. The ba- 
sic functions are as follows: 


* Preservation. Food preservation techniques have ad- 
vanced in the past hundred years and now include 
thermal processing, concentration and drying, refrig- 
eration and freezing, modified atmosphere, and ir- 
radiation. However, the use of chemical preservatives 
frequently augment these basic preservation tech- 
niques and represent the most economical way for 
food manufacturers to ensure a reasonable shelf life 
for the product. Antioxidants and antimicrobial 
agents perform some of these functions as well. 


* Processing. Food processors are increasingly using 
food additives to ensure the integrity and appeal of 
finished products. Emulsifiers maintain mixtures 
and improve texture in breads, dressings, and other 
foods. They are used in ice cream when smoothness 
is desired, in breads to increase shelf life and volume 
and to distribute the shortening, and in cake mixes 
to achieve batter consistency. Sorbitol, a humectant 
and sweetener, is used to retain moisture and en- 
hance flavor. With the removal of sugar from many 


foods for dietetic reasons, a substitute-bulking agent 

is growing in importance. 
° Appeal and convenience. The changing eating habits 
of the consumers, partly brought about by the large 
increase in the percentage of women who work out- 
side the home, is creating a growing need for conven- 
ience foods. In many of these types of foods, it is es- 
sential that a variety of additives be used to provide 
the taste, color, texture, body, and general accepta- 
bility that are required. This need for convenience, 
while maintaining aesthetic appeal and taste, is be- 
coming extremely important. Most food additives 
such as gums, flavoring agents, colorants, and sweet- 
eners are included by food processors because con- 
sumers in the developed countries demand that food 
look and taste good as well as being easy and safe to 
serve. 
Nutrition. There have been tremendous advances in 
knowledge of human nutrition, and consumers are 
increasingly aware of the value of good nutrition. Vi- 
tamins, antioxidants, proteins, and minerals are 
added to foods and beverages as supplements in an 
attempt to ensure proper nutrition for those who do 
not eat a well-balanced diet. In addition, additives 
such as antioxidants are often used to prevent dete- 
rioration of natural nutrients during processing. Re- 
cently there is more importance attributed to disease 
prevention through proper nutrition, as well as to in- 
creasing performance through sport nutrition prod- 
ucts. On the other hand, the medically based desire 
for good nutrition through a balanced diet may ad- 
versely affect consumer demand for some food addi- 
tives, such as fat substitutes. 


Substances that come under the general definition of 
direct food additives number in the thousands and include 
both inorganic and organic chemicals, natural products, 
and modified natural and synthetic or artificial materials. 
Most food additives have a long history of use; others are 
the result of recent research and development to fill par- 
ticular requirements of modern food processing. Some are 
common chemicals of industry that are upgraded in terms 
of purity to allow their use in food. 

Food additives comprise more than 30 segments. With 
well over 2300 food additives currently approved for use in 
the United States (and more petitioning for approval), it 
would be impossible in a brief article such as this to discuss 
each and every substance. 

The U.S. Code of Federal Regulations (CFR) provides 
classification for food additives. In the CFR, direct food ad- 
ditives are divided into the following eight categories: 


1. Food preservatives (eg, sodium nitrate, sorbates) 
2. Coatings, films, and related substances (eg, poly- 


acrylamide) 

3. Special dietary and nutritional additives (eg, vita- 
mins) 

4, Anticaking agents (eg, sodium stearate, silicon di- 
oxide) 
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5. Flavoring agents and related substances (eg, vanil- 
lin) 

6. Gums, chewing gum bases, and related substances 
(eg, xanthan gum) 

7. Other specific usage additives (eg, calcium lignosul- 
fonate) 

8. Multipurpose additives (eg, glycine) 


Secondary direct food additives permitted in food for hu- 
man consumption are divided into four different types in 
the CFR, as follows: 


1. Polymer substances for food treatment (eg, acrylate 
acrylamide resins) 

2, Enzyme preparations and microorganisms (eg, ren- 
net, amylase) 

3. Solvents, lubricants, release agents, and related sub- 
stances (eg, hexane, trichloroethene) 

4. Specific usage additives (eg, boiler water additives, 
defoaming agents) 


Indirect food additives included in the CFR are divided 
into eight categories, as follows: 


1. Components of adhesives (eg, calcium ethyl aceto- 
acetate 1,4-butanediol modified with adipic acid) 

2. Components of coatings (eg, acrylate ester copolymer 
coatings and polyvinyl fluoride resins) 

8. As components of paper and paperboard (eg, slimi- 
cides, sodium nitrate/urea complex, and alkyl ketene 
dimers) 

4. As basic components of single- and repeated-use food 
contact surfaces (eg, cellophane, ethylene-acrylic 
acid copolymers, isobutylene copolymers and nylon 
resins) 

5. As components of articles intended for repeated use 
(eg, ultrafiltration membranes and textiles and tex- 
tile fibers) 

6. Controlling growth of microorganisms (eg, sanitizing 
solutions) 

7. Antioxidants and stabilizers (eg, octyltin stabilizers 
in vinyl chloride plastics) 

8. Certain adjuvants and production aids (eg, animal 
glue, hydrogenated castor oil, synthetic fatty alco- 
hols, and petrolatum) 


FUNCTIONALITY OF FOOD ADDITIVES 


Adopted from the National Academy of Sciences national 
survey of food industries the Food and Drug Administra- 
tion (FDA) uses the following terms to describe the physi- 
cal or technical effects for which direct human food ingre- 
dients may be added to foods: 


* Anticaking agent or free flow agent. Substance added 
to finely powdered or crystalline food product to pre- 
vent caking, lumping, or agglomeration 
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Antimicrobial agent. Substance used to preserve food 
by preventing growth of microorganisms and subse- 
quent spoilage, including fungistats, mold, and rope 
inhibitors; also includes antimicrobial agents, anti- 
myotic agents, preservatives, and mold-preventing 
agents (indirect additives) 

Antioxidant. Substance used to preserve food by re- 
tarding deterioration, rancidity, or discoloration due 
to oxidation 

Boiler water additive. Substance used in a steam or 
boiler water system as an anticorrosion agent, to pre- 
vent scale or to effect steam purity 

Color or coloring adjunct. Substance used to impart, 
preserve, or enhance the color or shading of a food; 
includes color fixatives, color-retention agents, and so 
on 

Curing or pickling agent. Substance imparting a 
unique flavor and/or color to food, usually producing 
an increase in shelf-life stability 

Dough strengthener. Substance used to modify starch 
and gluten, thereby producing more stable dough 
Drying agent. Substance with moisture-absorbing 
ability; used to maintain an environment of low mois- 
ture 

Emulsifier or emulsifier salt. Substance that modifies 
surface tension in the component phase of an emul- 
sion to establish a uniform dispersion or emulsion 
Enzyme. Substance used to improve food processing 
and the quality of finished food 

Firming agent. Substance added to precipitate resid- 
ual pectin, thus strengthening the supporting tissue 
and preventing its collapse during processing 
Flavor enhancer. Substance added to supplement, en- 
hance, or modify the original taste and/or aroma of a 
food, without imparting a characteristic taste or 
aroma of its own 

Flavoring agent or adjuvant. Substance added to im- 
part or help impart a taste or aroma in food 

Flour treating agent. Substance added to milled flour 
at the mill to improve its color and/or baking quali- 
ties, inducing bleaching and maturing agents 
Formulation aid. Substance used to promote or pro- 
mote or to produce a desired physical state or texture 
in food. Including carriers, binders, fillers, plasticiz- 
ers, film formers, and tableting aids, and so on 
Freezing or cooling agent. Substance that reduces the 
temperature of food materials through direct contact 
Fumigant. Volatile substance used for controlling in- 
sects or pests 

Humectant. Hygroscopic substance incorporated in 
food to promote retention of moisture; includes mois- 
ture retention agents and antidusting agents 
Leavening agent. Substance used to produce or stim- 
ulate production of carbon oxide in baked goods to 
impart a light texture; includes yeast, yeast foods, 
and calcium salts 

Lubricant or release agent. Substance added to food 
contact surfaces to prevent ingredients and finished 


products from sticking to them (direct additives); in- 
cludes release agents, lubricants, surface lubricants, 
waxes, and antiblocking agents (indirect additives) 
Malting or fermenting aid. Substance used to control 
the rate or nature of malting or fermenting process; 
includes microbial nutrients and suppressants and 
excluding acids and alkalis 

Masticatory substance. Substance that is responsible 
for the long-lasting and pliable property of chewing 
gum 

Nonnutritive sweetener. Substance having less than 
2% of the caloric value of sucrose per equivalent unit 
of sweetener capacity 

Nutrient supplement. Substance necessary for the 
body’s nutritional and metabolic process 

Nutritive sweetener. Substance having greater than 
2% of sucrose per equivalent unit of sweetening ca- 
pacity. 

Oxidizing or reducing agent. Substance that chemi- 
cally oxidizes or reduces another food ingredient, 
thereby producing a more stable product. 

PH control agent. Substance added to change or to 
maintain active acidity or basicity; includes buffers, 
acids, alkalis, and neutralizing agents 

Processing aid. Substance used as a manufacturing 
aid to enhance the appeal or utility of a food or com- 
ponent; Includes clarifying and clouding agents, cat- 
alysts, flocculents, filter aids, crystallization inhibi- 
tors, and so on 

Propellant. Gas used to supply force to expel a prod- 
uct or to reduce the amount of oxygen in contact with 
the food in packaging 

Sequesterant. Substance that combines with polyva- 
lent metal ions to form a soluble metal complex to 
improve the quality and stability of products. 
Solvent or vehicle. Substance used to extract or dis- 
solve another substance 

Stabilizer or thickener, Substance used to produce 
viscous solutions or dispersions; to impart body, to 
improve consistency, or to stabilize emulsions; in- 
cludes suspending and bodying agents, setting 
agents, and bulking agents 

Surface-active agent. Substance used, other than 
emulsifiers, to modify surface properties of liquid 
food components for a variety of effects; includes sol- 
ubilizing agents, dispersants, detergents, wetting 
agents, rehydrating enhancers, foaming agents, de- 
foaming agents, and so on 

Surface finishing agent. Substance used to increase 
palatability, preserve gloss, and inhibit discoloration 
of foods; includes glazes, polishes, waxes, and protec- 
tive coatings 

Synergist. Substance used to act or react with an- 
other food ingredient to produce a total effect differ- 
ent from or greater than the sum of the effects pro- 
duced by the individual ingredients 

Texturizer. Substance that affects the appearance or 
feel of the food. 


* Tracer. Substance added as a food constituent (as re- 
quired by regulation) so that levels of this constituent 
can be detected after subsequent processing and/or 
combination with other food materials 

* Washing or surface removal agent. Substance used to 
wash or assist in the removal of unwanted surface 
layers from plant or animal tissues 


GOVERNMENT REGULATIONS 


The application of food additives is highly regulated world- 
wide, although regulatory philosophy, the approval of spe- 
cific product, and the level of enforcement differ from coun- 
try to country. Basic regulations in the United States, 
Western Europe, and Japan are described in this section. 
These three major industrial regions are the largest con- 
sumers of food additives. With only 13% of the world’s 
population, these countries account for more than two- 
thirds of the food additive market. 


United States 


The U.S. Food and Drug Administration (FDA) is the prin- 
cipal U.S. regulatory body controlling the use of food ad- 
ditives. It does so through the 1958 Food Additives Amend- 
ment to the Food, Drug & Cosmetic (FD&C) Act of 1938. 
The amendment was enacted with the threefold purpose 
of 


1, protecting public health by requiring proof of safety 
before a substance could be added to food, 

2. advancing food technology, and 

improving the food supply by permitting the use of 

substances in food that is safe at the levels of in- 

tended use. 


Ld 


According to the legal definition, food additives that are 
subject to the amendment include “any substance the in- 
tended use of which results or may reasonably be expected 
to result directly or indirectly in its becoming a component 
or otherwise affecting the characteristics of any food.” This 
definition includes any substance used in the production, 
processing, treatment, packaging, transportation, or stor- 
age of food. 

If a substance is added to a food for a specific purpose, 
it is referred to as a direct additive. For example, the low- 
calorie sweetener aspartame, which is used in beverages, 
puddings, yogurt, chewing gum, and other foods, is consid- 
ered a direct additive. 

Indirect food additives are those that become part of the 
food in trace amounts due to its packaging, storage, or 
other handling. For example, minute amounts of packag- 
ing substances may find their way into foods during stor- 
age. Food packaging manufacturers, therefore, must prove 
to the FDA that all materials coming in contact with food 
are safe, before they are permitted for use in such a man- 
ner. 

For regulatory purposes, all food additives fall into one 
of three categories: 


1. generally recognized as safe (GRAS) substances, 
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2. prior sanctioned substances, or 
3. regulated direct/indirect additives. 


GRAS substances (of which there are approximately 
700 in all) are a group of additives regarded by qualified 
experts as “generally recognized as safe.” These substances 
are considered safe because their past extensive use has 
not shown any harmful effects. 

Prior sanctioned substances (approximately 1400) are 
products that already were in use in foods prior to the 1958 
Food Additives Amendment to the federal FD&C Act and 
are therefore considered exempt from the approval pro- 
cess. Some prior sanctioned substances also appear on the 
GRAS list. This is the grandfather clause of the amend- 
ment. The FDA is involved in an ongoing review of the 
GRAS and prior sanctioned lists to ensure that these sub- 
stances are tested by means of the latest scientific meth- 
ods. Likewise, the FDA also reviews substances that are 
not currently included on the GRAS list to determine 
whether they should be added. 

All other additives are regulated; that is, a specific food 
additive petition must be filed with the FDA, requesting 
approval for use of the additive in any application not pre- 
viously approved. A food or color additive petition must 
provide convincing evidence that the proposed additive 
performs as it is intended. Moreover, animal studies using 
large doses of the additive for long periods are often nec- 
essary to show that the substance would not cause harmful 
effects at expected levels of human consumption. 

In deciding whether an additive should be approved, the 
agency considers the composition and properties of the 
substance, the amount likely to be consumed, its probable 
long-term effects, and various other safety factors. Abso- 
lute safety of any substance can never be proven. There- 
fore, the FDA must determine if the additive is safe under 
the proposed conditions of use, based on the best scientific 
knowledge available. 

In addition, FDA operates an Adverse Reaction Moni- 
toring System (ARMS) to help serve as an ongoing safety 
check of all additives. The system monitors and investi- 
gates all complains by individuals or their physicians that 
are believed to be related to specific foods, food additives, 
or nutrient supplements. 

All color additives are subject to the Color Additive 
Amendment of 1960. Colors permitted for use in foods are 
classified either as certified or exempt from certification. 
Certified colors are man-made, with each batch being 
tested by the manufacturer and the FDA (certified) to en- 
sure that they meet strict specifications for purity. 

Color additives that are exempt from certification in- 
clude pigments derived from natural sources. However, 
color exempt from certification also must meet certain le- 
gal criteria for specifications and purity. 

The FD&C Act also authorizes the establishment of rea- 
sonable standards of identity and quality for food products. 
The standards of identity specify in detail what can and 
cannot be packaged under a given product name. Stan- 
dards of identity exist for milk, cream, cheese, frozen des- 
sert, bologna products, cereal products, cereal flours, 
pasta, canned and frozen fruits and vegetables, juices, 
eggs, fish, nuts, nonalcoholic beverages, margarine, sweet- 
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eners, dressings, and flavorings. An approved food additive 
in the United States may be precluded from use in certain 
foods characterized by the standards of identity unless the 
additive is specifically required by or is listed as an op- 
tional ingredient in the standards. The standards of iden- 
tity establish the ingredient composition of a given food, 
which can then be labeled by its common name. If the man- 
ufacturer does not adhere to the standard composition, the 
food must be labeled “imitation.” 

Flavor substances are regulated somewhat differently, 
and the rules are less restrictive. However, the use of 
aroma chemicals as flavor ingredients is regulated also un- 
der laws that may differ from country to country. Following 
the lead of the United States, inclusion in a positive list 
that spells out which chemicals are permitted for food use 
has become the prevalent legislation for regulating flavor 
chemicals worldwide. The United States has a list of flavor 
substances that are deemed GRAS based on history of use, 
review of available toxicology, and the opinion of experts. 
These GRAS lists (through GRAS 18 issued in 1998) have 
been compiled since 1977 by the expert panel of Flavor 
Extracts Manufacturers Association (FEMA) of the United 
States. Over the years, more than 1800 materials have ap- 
peared on FEMA lists. Formed in 1909, FEMA is an in- 
dustry association that originally started pursuing volun- 
tary self-regulation and later was granted quasi-official 
status on regulatory matters regarding flavor chemicals by 
the FDA. The FEMA expert panel was formed in 1960. 
This independent panel, composed of eminently qualified 
experts recruited from outside the flavor industry, has ex- 
pertise in human nutrition, physiology, metabolism, and 
toxicology and chemical structure-activity relationships. 
Most industrial countries more or less follow the U.S. sys- 
tem. 

In the United States, the FDA has primary jurisdiction 
over food additives, although clearance for use of additives 
in certain products must be obtained from other govern- 
ment agencies as well. For example, the U.S. Department 
of Agriculture (USDA) through the Meat Inspection Divi- 
sion (MID) exercises jurisdiction over additives and ingre- 
dients for meat and poultry, and the Bureau of Alcohol, 
Tobacco, and Firearms (BATF) of the U.S. Department of 
the Treasury controls the ingredients used in alcoholic bev- 
erages. 

The Federal Insecticide, Fungicide and Rodenticide Act 
(FIFRA), which was issued in 1972 and amended in 1988, 
covers pesticides used on raw agricultural products. The 
FDA, however, is responsible for enforcing tolerances for 
pesticide residues that end up in food products, such as 
ethylene dibromide used in grain products. 

Under FDA, USDA, and BATF regulations, the ingre- 
dients of a food or beverage must be stated on the product 
label in decreasing order of predominance. For many direct 
additive categories, chemical constituents must be identi- 
fied by their common names and the purpose for which 
they were added. 

One of the recent regulations involving the food 
industry as well as food additive manufacturers came with 
the passing of the Nutrition Labeling and Education Act 
of 1990 (NLEA), which amends the federal FD&C Act, to 
make nutrition labeling mandatory for most FDA- 


regulated foods. The nutrition labeling regulations issued 
by the FDA and the USDA’s Food Safety and Inspection 
Service (FSIS) required compliance by August 8, 1994. The 
FDA found that by the end of May 1995, more than 80% 
of the domestic and imported food products checked were 
in compliance with the regulations. 

The FDA's Food Additives Amendment also contains 
what is known as the Delaney Clause, which mandates the 
FDA to ban any food additive found to cause cancer in hu- 
mans or animals, regardless of dose level or intended use. 
The clause applies not only to new food additives but also 
to those in use prior to 1958. The Delaney Clause is totally 
inflexible in that it does not recognize any threshold level 
below which the additive might not present a health haz- 
ard. Thus, it has caused a number of problems for the food 
industry and for food additives. 

Certain additives, such as the sweetener cyclamate, 
FD&C Red #2 food color, and so on, have been banned after 
they were found to be potential carcinogens, although 
many experts believe that feeding tests in animals at mas- 
sive dose levels may not bear any correlation to the poten- 
tial risk to humans of chronic ingestion at very low levels. 
Were it not for a moratorium mandated by Congress, sac- 
charin would have also been banned in the United States 
several years ago by the FDA in compliance with current 
food laws. 


Approval Process 


A new substance gains approval for food use through the 
successful submission of a Food Additive petition that 
must document the following: 


Safety, including chronic feeding studies in two spe- 
cies of animals 


Intended use 


Efficiency data at specific levels in specified food sys- 
tems 


Manufacturing details and product specifications 
Methods for analysis of the substance in food 
Environmental impact statement 


Quite frequently, this process can be lengthy—up to 10 
years in the case of aspartame and Olestra®—and costly 
in terms of production hours and dollars. There is little 
doubt that every phase of the U.S. food additives business 
is affected by regulations and operates with a constant 
awareness of the importance of FDA decisions. Not only is 
the introduction of a new food additive impossible without 
FDA approval, but also the additives in use are under con- 
stant scrutiny by the regulatory agency and remain always 
vulnerable to new unfavorable toxicological findings. Al- 
though the barring of an additive may create opportunities 
for suppliers to develop new or substitute materials, the 
potential market is often too small to create sufficient in- 
centive, and the potential loss of the ingredient may raise 
excessive havoc within affected sectors of the food industry. 
For example, the ban on cyclamates, followed by the close 
call on saccharin, almost caused the demise of a strong diet 
soft drink industry. The well-recognized need for alterna- 


tive safe sweeteners that would command a high price un- 
doubtedly acted as a stimulus for G. D. Searle (now Mon- 
santo NutraSweet/Kelco division) to engage in a 10 year 
effort to have aspartame cleared for food use. 


European Union 


Food additives are regulated by Directive 89/107/EEC of 
December 21, 1988, on the approximation of the laws of 
member states concerning food additives authorized for 
use in foodstuffs intended for human consumption. The 
European Union (EU) food additives law recognizes 106 
food additives. Later, several amendment and adaptations 
of Directive 89/107/EEC were introduced or proposed, in- 
cluding the following: 


* A list of additives, the use of which is authorized to 
the exclusion of all others. 


* The list of foodstuffs to which these additives may be 
added, the conditions under which they may be added 
and, where appropriate, a limit on the technological 
purpose of their use. 


* The rules on additives used as carrier substances and 
solvents, including where necessary their purity cri- 
teria. 

* The proposal in 1990 by the European Commission 
of a first specific directive relating to sweeteners and 
on food additives other than colors and sweeteners. 
The Sweetener Directive took effect in 30 July 1994. 
Member countries were asked to adopt the directive 
by December 31, 1995, which did not occur. The 
sweetener guidelines are expected to open up new 
markets for low-calorie food products and will sim- 
plify the logistical matters. 


Efforts have been toward a uniform registration process 
so that a registration obtained in one country would be 
valid in all EU member countries. The new EU food addi- 
tive law, however, will not prevent individual countries 
from asking for additional or country-specific requirements 
for new product registrations. At the EU level, several in- 
stitutions and groups are involved in the development of 
food additives law, including the Scientific Committee for 
Food (SCF), one of the institutions of the European Com- 
mission that deals with safety issues; it includes represen- 
tatives from different national professional organizations, 
representatives from the food industry, retailers, and so on. 

The EU rules for the evaluation, marketing, and label- 
ing of novel foods such as genetically modified foods are 
also being developed. The new marketing rules would also 
oblige manufacturers to obtain permission before placing 
new foods or ingredients on the market, with the excep- 
tions for products that are substantially equivalent to ex- 
isting foods. The new rules have still to be cleared by the 
European Parliament, which has the power to veto under 
the new codecision procedure introduced in 1995. 

In many countries, additives must be declared in the 
labeling. Within the European Community, some additive 
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groups have been uniformly codified with “E” numbers for 
the orientation of consumers. Some countries, such as Ger- 
many, have gone further, adopting regulations on an ac- 
ceptable daily intake (ADI) basis that build on the newest 
toxicological knowledge. Some examples of “E” numbers 
are shown in Table 1. 


Japan 

In Japan, the Food Chemistry Division of the Ministry of 
Health and Welfare (MHW) has jurisdiction over food ad- 
ditives through the Food Sanitation Law, which was en- 
acted in January 1948 with several amendments adopted 
since then. Amendments to the regulations as well as ad- 
ditions or deletions to Kohetisho (the Japanese Codex of 
Food Additives) were mostly influenced by two major ob- 
jectives: (1) protection of food sanitation and customer 
safety, and (2) harmonization with international regula- 
tory requirements. 

Most discussions on regulating food additives in Japan 
have been related to defining what food additives should 
be under legal restriction and on labeling requirements. 
Very often in these discussions, differentiating “synthetic” 
and “natural” food additives had been at issue. In Japan, 


Table 1. Selected Food Additives and their European 
Codes 


Antioxidants 
F300 L-Ascorbic acid (vitamin C) 
E307 a-Tocopherol, synthetic (vitamin E) 
E311 Propyl gallate (PG) 
E320 Butylhydroxyanisole (BHA) 
Colorants 
E100 Curcumin 
E101 Riboflavin 
E102 Tartrazin (Yellow No. 5) 
E150 Caramel 
E160 Annatto 
E160a Beta-carotene 
E162 Beetroot red (Betanin; Betanidin) 
Emulsifiers 
E322 Lecithin 
E471 Mono- and diglycerides of fatty acids 
E475 Polyglycerol esters of fatty acids 
Preservatives 
E200 Sorbie acid 
E202 Potasium sorbate 
E210 Benzoic acid 
E211 Sodium benzoate 
E212 Potassium benzoate 
E282 Potassium propionate 
Thickeners and stabilizers 
E401 Sodium alginate 
E415 Xanthan 
£420 Sorbitol 
E440a Pectin 
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those two generally used terms have often misled custom- 
ers into a blind belief in natural food additives. However, 
regulatory bodies as well as the food additive industry no 
longer distinguish additives with these terms. The latest 
amendment of the Food Sanitation Law (May 24, 1995) 
includes deletion of the term “chemically synthesized sub- 
stances” from the law. Thus, “natural” food additives are 
regulated under the law amended (being enacted from May 
24, 1996), unless they are listed as “existing food addi- 
tives.” 

The following short summary of the history of food ad- 
ditive regulations and their effect shows why a distinction 
had been made between synthetic and natural and why 
those terms are now obsolete. 

It was in 1948 that the term food additive appeared in 
the Food Sanitation Law and a positive list of food addi- 
tives was created in Japan. It was the first positive list 
created in the world, and it did not distinguish between 
synthetic or natural additives. In the Food Sanitation Law, 
the term additive means anything added to, mixed into, 
permeating, or otherwise put in or upon food for the pur- 
pose of processing or preserving it. 

Since 1989 regulations such as labeling requirements 
cover natural additives as well, and other requirements for 
natural additives are planned for the future. Legal cover- 
age of natural additives was indicated by General Agree- 
ment on Tariffs and Trade (GATT) officials as a part of the 
move toward international harmonization of regulations. 
It was in 1987, when the Japanese government gave no- 
tification to GATT officials about a new labeling regulation, 
that officials pointed out that the Japanese regulation only 
covered synthetic additives, creating a large inconsistency 
with regulations of other nations. Today, when new natural 
food additives are used in Japan, suppliers also need to 
report them to the MHW. However, in general, data re- 
quirements for natural additives are still not as strict as 
those for chemical substances. There are about 1200 items 
in the list of natural additives while the conventional list 
contained 349 compounds as of 1992. 

Another important regulation that strongly affects this 
industry is labeling. The Enforcement Regulation of the 
Food Sanitation Law, Chapter II (amended on June 10, 
1981 and enacted in 1983), defines the term label, and it 
requires that both synthetic and natural food additives be 
declared on the food label. 


DESCRIPTION OF MAJOR FOOD ADDITIVES 


Practically every food manufacturing operation depends in 
some degree on the use of food additives, but the range of 
additives necessary for the formulation varies (Table 2). Of 
the variety of ways food additives have been classified, 
most involve functional grouping. Although chemical clas- 
sifications may be useful, because they place molecules of 
similar structure and physical-chemical properties in com- 
parable categories, compounds of a single chemical family 
may perform different functions in the food industry. 
Therefore, the following brief description of the major food 
additives is based on functional classification. 


Anticaking Agents 

Food products that contain hygroscopic substances require 
the addition of an anticaking agent to inhibit formation of 
aggregates and lumps and thus retain the free-flowing 
characteristic of the products. Such chemicals as calcium 
aluminum silicate, calcium phosphate tribasic, magne- 
sium carbonate, magnesium silicate, calcium stearate 
magnesium stearate, microcrystalline cellulose, and so- 
dium aluminum silicate at a level of 1.0% or less have been 
suggested as effective anticaking agents in free-running 
salt and in dry powdered mixes. Colloidal silicon dioxide is 
also used at a level of 1.0% as an anticaking agent in salt 
(NaCl). The decahydrate of sodium ferrocyanide or Yellow 
Prussiate of soda at the extremely low level of 5 ppm 
causes the formation of star-shaped crystals of sodium 
chloride rather than the usual cubical ones. The star- 
shaped crystals known in the trade as dendritic salt pos- 
sess nonsegregating properties; hence, they are less likely 
to cake. 


Antifoaming (Defoaming) Agents 


Antifoaming agents are substances used to reduce foaming 
caused by proteins or gases that may interfere with pro- 
cessing. Foaming may be largely suppressed or completely 
eliminated by the use of small quantities, generally about 
10 ppm, of dimethylpolysiloxane, mono- and diglycerides, 
oleic acid, silicon dioxide, white mineral oil, and a number 
of other fatty acids. These compounds have been suggested 
for use in the preparation of certain comminuted meat 
products, bakery products, confections, dairy products, 
vegetable oils, alcoholic and nonalcoholic beverages, jams 
and jellies, molasses, soups, starches, syrups, and pickles. 


Antioxidants 


Antioxidants are described in the “Preservatives” section 
of this article. 


Bleaching, Maturing, and Dough-Conditioning Agents 


Because some chemicals serve as both bleaching and 
maturing agents, and others are referred to as dough- 
conditioning agents or bread improvers, it is perhaps de- 
sirable to consider all of them under one heading. 

Bleaching agents are used in the production of certain 
cheeses, processed fruits, crude fats and oils, and meat 
products to neutralize color that may be present naturally. 
As an example, after crude oils are refined to remove im- 
purities, they must be further treated by bleaching to re- 
move coloring materials that are usually present in crude 
fats and oils. Sulfuric and metaphosphoric acids and hy- 
drogen peroxide have been used for this purpose. Calcium 
hypochlorite is used in bleaching sugar syrup prior to crys- 
tallization. 

Bleaching plays special importance in the flour milling 
and baking industries. Freshly milled wheat flour has a 
yellowish color, caused by the presence of small quantities 
of carotenoid and other pigments. Such flour also lacks the 
quality necessary to make elastic, stable dough. When 
such flour is stored and allowed to age for several months, 
it gradually becomes whiter because of oxidation and ma- 
tures, making it acceptable for baking. For many years, 


Table 2. Selected Food Additives and their Major Uses 
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Processed/cured 
meats 


Dairy 
products 


Jams/ 
Jellies 


Pickles/ 
sauces 


Breakfast 
cereals 


Cookies/ 
crackers 


Baked 
goods 


‘Mayonnaise/ 
dressings 


Anticaking agents 
Antifoaming agents 
Antioxidants 
Bleaching/maturing agents 
Colors 

Emulsifiers 

Enzymes 

Fat substitutes 

Firming agents 

Flavors 

Glazing compounds 
Humectants 

pH-adjusting compounds 
Preservatives 

Release agents 
Sequesterants 

Sweeteners 
Thickeners/stabilizers 
Vitamins 


PK 


> Pt 


m4 


Carbonated/still 


beverages Snacks/chips 


Pal 


x 
x 
x x 


x 


cad 
Ke Re 


Dessert 
mixes 


Frozen 
entrees 


Candies/chewing 


Fats/oils _ Margarine gums 


Anticaking agents 
Antifoaming agents 
Antioxidants 
Bleaching/maturing agents 
Colors 

Emulsifiers 

Enzymes 

Fat substitutes 

Firming agents 

Flavors 

Glazing compounds 
Humectants 
pH-adjusting compounds 
Preservatives 

Release agents 
Sequesterants 
Sweeteners 
Thickeners/stabilizers 
Vitamins 


we 


canal 


OM 


x 


Canal 
Mr 


mM 
Piel 


OA 


the natural bleaching and aging was the only means mill- 
ers and bakers had of producing the desired material. 
These natural processes were slow and costly and did not 
always yield a consistently satisfactory product. Then it 
was discovered that certain oxidizing agents incorporated 
into the flour in small amounts brought about rapid im- 
provements in its color and bread-making properties. Ox- 
idizing agents such as ammonium persulfate, potassium 
bromate, nitrogen peroxide, and chlorine dioxide is rec- 
ommended for flour treatment. 


Colorants 


Colorants, both synthetic and natural derivatives, are used 
in many foods to enhance their appearance and thereby 
influence the perception of texture and taste. 

Colors can be divided into two types: FD&C certified 
and noncertified colors. The term FD&C color is a carry- 


over from the federal FD&C Act of 1938. It refers to syn- 
thetic colors that were regarded as “harmless and suitable 
for use” in foods, drugs, and cosmetics. To market their 
products, U.S. producers must submit product samples 
from each batch of material for certification. 

Certified food colorants can be divided into dyes and 
lakes. Dyes are water-soluble compounds that impart color 
to a substance through dissolution. Lakes are both water 
and oil insoluble and impart color through dispersion in 
food. Because of their high tinctorial strength, synthetic 
colorants of the azo and triphenyl-methane class are used 
at levels of few ppm to about 300 to 500 ppm, whereas 
naturally derived colorants require much higher levels, of- 
ten a few percent as in the case of caramel color. 

Noncertified colors can be either natural origins, such 
as vegetables (eg, carrot oil, red beet juice, paprika, etc), 
fruits (eg, grape skin extract, cranberry juice concentrate, 
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etc), and insects (cochineal extract), or produced by chem- 
ical synthesis (eg, ferrous gluconate, riboflavin, synthetic 
carotenoid, etc). Although a great number of noncertified 
food colorants are used by the industry, demand is concen- 
trated in a few products; namely, caramel, annatto, pa- 
prika, and synthetic carotenoids. Food color additives and 
their sources are listed in Table 3. 


Emulsifiers 


Emulsifiers are additives that allow normally immiscible 
liquids, such as oil and water, to form a stable mixture. 
They are widely used in foods to achieve the texture, taste, 
appearance, fat reduction, and shelf life desired in foods. 
The most common and commercially important emul- 
sifiers are monoglycerides and diglycerides of fatty acids 
and their esters (eg, glyceryl monostearate), lactylated es- 
ters (eg, sodium stearyl lactylate), propylene glycol mono- 
and diesters (eg, propylene glycol monostearate), lecithin, 
sorbitan esters (eg, sorbitan monostearate), and polysor- 
bates (eg, polyoxyethylene sorbitan monolaurate). These 
products are usually formulated for specific applications so 
that the combination provides both enhanced performance 
and ease of use. A great number of other emulsifiers are 


Table 3, Selected Food Color Additives 


Color Source 
Allura Red No. 40 Red Synthetic 
Amaranth, Red No. 2" Red Synthetic 
Annatto extract Yellow Vegetable 
Beet juice Red Vegetable 
Brilliant blue FCF, Blue No.1 Blue Synthetic 
Beets, dehydrated (beet Purple Vegetable 
powder) 
Canthaxanthin Red Synthetic 
Caramel Brown Semisynthetic 
Apo-carotenal Orange Synthetic 
Beta-carotene Yellow Synthetic 
Carrot oil Yellow Vegetable 
Chlorophyll Green Vegetable 
Cochineal Extract, (carmine) Red Insect 
Erythrosine, Red No. 3 Red Synthetic 
Fast Green, Green No. 3 Green Synthetic 
Fruit juice (grape and Red Fruit 
cranberry) 
Grape skin extract Red Fruit 
(enocyanin) 
Paprika Red Vegetable 
Paprika oleoresin Red Vegetable 
Ponceau 4R, (Red No. 4)° Red Synthetic 
Riboflavin Yellow Synthetic 
Saffron Yellow Vegetable 
Sodium Indigo Disulfonate, Blue Synthetic 
Blue No. 2 
Sunset Yellow, Yellow No. 6 Yellow Synthetic 
Tartrazine, Yellow No. 5 Yellow Synthetic 
Titanium dioxide White Synthetic 
Turmeric (curcumin) Yellow Vegetable 
‘Turmeric oleoresin Yellow Vegetable 
Vegetable juice Red Beet and red cabbage 
juice 


also used by the food industry, but in smaller volumes (Ta- 
ble 4). 


Enzymes 

Enzymes are catalysts used during food processing to 
make chemical changes to the food. They are biological cat- 
alysts that make possible or greatly speed up chemical re- 
action by combining with the reacting chemicals and bring- 
ing them into the proper configuration for the reaction to 
take place. They are not affected by the reaction. All en- 
zymes are proteins and become inactive at temperatures 
above 40°C or in unfavorable conditions of acidity or al- 
kalinity. Food enzymes perform some of following func- 
tions: 


* Speed up reactions 

* Reduce viscosity 

* Improve extractions 

* Carry out bioconversions 
« Enhance separations 

* Develop functionality 
Create/intensify flavor 


Table 4. Emulsifiers and their Regulatory Status in the 
United States and Europe 


European 
Emulsifier USA* no. 
Mono- and diglycerides (GRAS) 182.4505 E471 
Succinyl monoglyceride 172.830 
Lactylated monoglyceride 172.852 E472 
Acetylated monoglyceride 172.828  §472 
Monoglyceride citrate 172.832 E472 
Monoglyceride phosphate (GRAS) 182.4521 


Stearyl-monoglyceride citrate 172.755, E472 


Diacetyl-tartrate ester of monoglyceride 


(GRAS) 182.4101 E472 
Polyoxyethylene monoglyceride 172.834 
Polyoxyethylene (8) stearate 172.838 
Propylene glycol monoester 172,854 E477 
Lactylated propylene glycol monoester 172.850 
Sorbitan monostearate 172.842 E491 
Sorbitan tristearate 172.842 
Polysorbate 60 172.886 = E435 
Polysorbate 65 172.836 E 436 
Polysorbate 80 172.840 E 433, 
Calcium stearoyl lactylate 172.844 482 
Sodium stearoyl lactylate 172.846 E481 
Stearoyl lactylic acid 172.848 
Stearyl tartarate E 483 
Stearyl monoglyceridyl citrate 172.755 
Sodium stearyl fumarate 172.826 
Sodium lauryl sulfate 172.822 
Dioctyl sodium sulfosuccinate 172.810 
Polyglycerol esters 172.854 E475 


Sucrose esters 172.859 E473 
Sucrose glycerides E474 


Lecithin (GRAS) 184.1400 E 322 
Hydroxylated lecithin 172814 E322 
Triethyl citrate (GRAS) 182.1911 


“Approved in Europe and Japan; banned in the United States. 


*Code of Federal Regulation (CFR) Title 21. 


° Synthesize chemicals 


Food enzymes are usually classified into the following 
categories: 


Carbohydrases (amylases are commercially the most 
important subgroup hydrolyzing 1,4 glycosidic bonds 
in carbohydrates) 

Proteases, hydrolyze peptide bonds in proteins 
Lipases, split hydrocarbons from lipid 

Pectic enzymes and cellulases, hydrolyzing the plant 
cell wall material 

Specialty enzymes 


These enzyme categories can be divided further into 
around 15 to 20 subgroups. Traditional roles of enzymes in 
the food industry have been in the processing of bakery 
goods, alcoholic beverages, and starch conversion. But in- 
terest is now focused on newer and more varied applica- 
tions, such as hydrolysis of lactose, the preparation of mod- 
ified fats and oils, the processing of fruit juices, and other 
processes where newer enzymes are being identified. Im- 
portant food applications of enzymes are listed in Table 5. 

The commercially important food enzymes are a amy- 
lase, glucoamylase, and glucose isomerase, which are es- 


Table 5, Enzyme Applications 


Dairy products Milk coagulation (rennet), milk 
protein modification, cheese flavor 
development, enzyme modified 
cheeses, and removal of hydrogen 
peroxide 

Antistaling, dough improvement, 
improved crust color, and gluten 
hydrolysis 

Removal of starches and processing 
from cane sugar 

Starch modification, liquefaction, 
isomerization, saccharification, 
modification, and increasing yield 


Baking and cereals 


Sugar processing 


Starch conversion 


Oils and fats Improving yields, interesterification, 
oil extraction, and lecithin 
production 

Flavors Synthesis of flavors, production of 
natural esters 

Alcohol fermentation Starch liquefaction, improving yeast 
growth 

Brewing Adjunct liquefaction, enhanced 


fermentability, filtration 
improvement, production of light 
beer, and removal of protein haze 

Increasing press yields, juice 
clarification, shelf-life extension 


Fruit juices, and wines 


Coffee processing Separation of bean, viscosity control 
of concentrate 

Chemical processes Biotransformation, synthesis (eg, 
emulsifiers) 

Analytical ‘Tests for dietary fiber, sugars 

Waste treatment Breakdown of cellulose, lignin, oil 


residues, and other solid waste 
material 
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pecially significant in the United States because of their 
widespread use in the conversion of cornstarch into high- 
fructose corn syrup (HFCS). Rennin, which is used in 
cheese making, is also of significant volume, followed by a 
host of other enzymes, including pectinases, invertase, lac- 
tase, and maltase (used for the modification of starches 
and sugars), catalase, pepsin, glucoseoxidase (an antioxi- 
dant for canned foods), and bromelin, ficin, and papain 
(plant proteases used for tenderizing meat and producing 
easily digestible foods). Enzymes are extremely specific 
and can act only on a single class of chemicals such as 
proteins, carbohydrates, or fats. 

Enzymes are produced from animal tissues (eg, pancre- 
atin, tripsin, lipase), plant tissues (eg, ficin, bromelin), and 
most frequently by microorganisms (eg, pectic, or starch 
enzymes). Microbial production from a variety of species of 
molds, yeast, and bacteria is increasingly becoming the 
predominant source of enzymes. 

Application of genetic engineering to the development 
of enzymes has already made a significant impact. The 
first food ingredient produced by genetic engineering was 
chymosin, “Chy-Max™,” a microbial rennet developed by 
Pfizer (now Cultor Food Science), which has been approved 
by the regulatory agencies in the United States, Canada, 
the United Kingdom, Australia, Italy, and several other 
countries. 


Firming Agents 


Fruits and vegetables contain pectin components that are 
relatively insoluble and form a firm gel around the fibrous 
tissues of the fruit and prevent its collapse. Addition of 
calcium salts causes the formation of calcium pectate gel, 
which supports the tissues and affords protection against 
softening during processing. The calcium salt is sometimes 
added to the canned vegetable in the form of a tablet con- 
taining both sodium chloride and calcium chloride. 

Canned vegetables, canned apples, frozen apples, and 
tomatoes are sometimes treated during processing with 
calcium chloride, calcium citrate, monocalcium dihydrogen 
phosphate, or calcium sulfate to prevent them from becom- 
ing soft and disintegrating. Suggested level of use of these 
calcium salts is 0.02%, calculated as calcium in the final 
food product. In canned potatoes, calcium chloride and cal- 
cium citrate at a level of 0.5% (calculated as calcium) are 
used. 

Aluminum sulfate, ammonium aluminum sulfate, po- 
tassium aluminum sulfate, and sodium aluminum sulfate 
are used as firming agents in pickles and relishes. A more 
recently introduced firming agent is aluminum sulfate for 
canned crabmeat, lobster, salmon, shrimp, and tuna. Cal- 
cium chloride acts as a firming agent in cheddar and cot- 
tage cheese. 


Flavors 


The word flavor describes a complex sensation provided by 
compositions of many defined aromatic ingredients. Fla- 
vorings are concentrated preparations used to impart a 
specific aroma to food or beverage. Flavoring ingredients 
are the most numerous single group of intentional addi- 
tives utilized by the food industries. Flavors should not be 
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viewed as a single homogeneous class of food additives but 
as a composite of closely interrelated and somewhat over- 
lapping sectors with differentiated characteristics, as dis- 
cussed next. 

Essential oils and natural extracts are usually defined 
as the volatile material obtained from a particular plant 
species by the process of distillation, expression (cold 
pressing), and maceration. Essential oils represent com- 
plex aroma mixtures containing as many as hundreds of 
chemical constituents. Included are vanilla, cocoa, cola, 
spice oleoresins, and so on. Essential oils may be used for 
imparting scent or aroma to consumer products, as raw 
materials for compounding flavor compositions, or as the 
source of isolated aroma chemicals, also used in compound- 
ing. 

Aroma chemicals comprise organic compounds with a 
defined chemical structure that are isolated from microbial 
fermentation, plants, or animal sources or are produced by 
organic synthesis. Included are anethole, vanillin, citro- 
nellol, geraniol, and so on, Aroma chemicals may be added 
directly to foods and beverages or used as raw materials 
in flavor compositions. 

Flavor compositions consist of complex mixtures of vari- 
ous aromatic materials from a few to 100 or more constit- 
uents, Compounded flavors may contain aroma chemicals, 
natural extracts, essential oils, solvents, and in some cases 
other functional additives (eg, antioxidants, acidulants, 
emulsifiers, etc). 

Flavor compositions are added to foods and beverages 
to 


* Create a totally new taste; 

* Enhance, extend, round out, or increase the potency 
of flavors already present; 

Supplement or replace flavors to compensate for 
losses during processing; 

Simulate other more expensive flavors or replace un- 
available flavors; and 

Mask less desirable flavors—to cover harsh or un- 
desirable tastes naturally present in some food, other 
than hide spoilage. 


Flavoring substances may be classified as follows: 


* Natural flavoring substance. Obtained by physical 
separation, enzymatic process, or microbial process 
from vegetable or animal sources, either in the raw 
state or after processing (including drying, torrefac- 
tion, and fermentation) 

* Nature-identical flavoring substance. Obtained by 
synthesis or isolated by chemical processes, chemi- 
cally identical to substances naturally present in 
vegetable or animal sources (this classification is 
used in Europe, but not allowed in the United States) 

* Artificial flavoring substance. Obtained by chemical 
synthesis and not found to occur in nature 

* Flavoring preparation. Products other than natural 
substances, whether concentrated or not, with fla- 
voring properties, obtained by physical separation, or 


enzymatic or microbial processes, from material of 
vegetable or animal origin, either in the raw state or 
after processing (including drying, torrefaction, and 
fermentation) 

* Process flavorings. Products obtained by heating to a 
temperature not exceeding 180°C for a period not ex- 
ceeding 15 min using a mixture of ingredients, not 
necessarily themselves having flavoring properties, 
of which at least one contains nitrogen (amino) and 
another is a reducing sugar. 

* Smoke flavorings. Smoke extracts used in traditional 
foodstuff smoking processes 

* Flavor enhancers. Some amino acids and nucleotides, 
as well as sodium salts (such as monosodium gluta- 
mate, sodium inositate and sodium guanylate), have 
only a weak taste by themselves but have the power 
to considerably enhance the taste sensation caused 
by other ingredients in savory flavors. 


The types of flavor compositions, their manufacturing 
processes, the starting materials for manufacturing them, 
and the common product forms are summarized in Table 6. 


Glazing and Polishing Agents 


Glazes and polishes are used on coated confections to give 
luster to the otherwise dull coating. Chemicals that are 
used for this purpose include acetylated monoglycerides, 
beeswax, carnauba wax, gum arabic, magnesium silicate, 
mineral oil, petrolatum, shellac, and zein. Generally these 
compounds are used at levels of about 0.4%, with the ex- 
ception of mineral oil and petrolatum, which are used at 
0.15%, and zein at 1.0%. 


Humectants 


Substances that have affinity to water, with stabilizing ac- 
tion on the water content of a material, are termed hu- 
mectant or moisturizing agents. These are hygroscopic ma- 
terials that prevent loss of moisture when incorporated 
into foodstuffs. Ideally, a humectant maintains within a 
rather narrow range of moisture content caused by humid- 
ity fluctuations. Among commonly used humectants are 
the following substances: glycerin, mono- and diglycerides 
of fatty acids, propylene glycol, pectin, molasses, potas- 
sium polymethaphosphate, and sorbitol. 


pH-Adjusting Agents 


A large group of chemical additives that are widely used 
in foods might be considered under the broad heading of 
pH-adjusting agents. Other terms that describe these 
chemicals include acidulants, acids, alkalis, buffers, and 
neutralizers. These chemicals are used in most segments 
of the food processing industries, including: 


* the baking industry as chemical leavening agents, 
© in soft drinks to provide tartness, 

* in certain dairy products to adjust the acidity, 

* in cheese spreads for emulsification, 


Table 6. Commercial Flavor Compositions 
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Type of flavor Classification Manufacturing process Raw materials Product form 
Compounded flavors Natural or synthetic Blending, mixing Essential oils, natural extracts, Liquid Spray-dried, 
fruit juice concentrates, encapsulated 
aroma chemicals 
Natural extracts Natural Extraction, enzymatic Food substrates (eg, plants, fish, Liquid Paste 
treatment meat, etc) 
Reaction flavors Natural Heating/pressure cooking Amino acids and sugars, Paste powder 
(thermally processed) hydrolyzed proteins 
Enzymatically Natural Enzymatic/microbial reaction Food substrates (eg, cheese) Paste powder 
modified flavors 


* in confectionery products as flavoring, to control the 
degree of inversion of sugars, and to control the tex- 
ture in the processing of chocolates, 


* in jams and jellies to provide proper gel formation. 


Citric acid is the most versatile and widely used of the 
food acidulants, and very large volumes of phosphoric acid 
are required for cola beverages. Other acidulants fre- 
quently used in processed foods include acetic, adipic, fu- 
maric, hydrochloric, lactic, malic and tartaric acids, and 
glucono-d-lactone. 

Important alkalies used in the food field include am- 
monium bicarbonate, ammonium hydroxide, calcium car- 
bonate, calcium oxide, potassium bicarbonate, potassium 
hydroxide, sodium bicarbonate, sodium carbonate, sodium 
hydroxide, and sodium sesquicarbonate. 

Quite often, the pH may be difficult to adjust or to main- 
tain after adjustment. Stability of pH can be accomplished 
by the addition of buffering agents that, within limits, ef- 
fectively maintain the desired pH even when additional 
acid or alkali may be added. Examples of representative 
buffer solutions are as follows: 


* Phosphoric acid : dibasic potassium phosphate 
* Formic acid : sodium formate 

* Acetic acid : sodium acetate 

* Sodium bicarbonate : sodium carbonate 

* Dibasic sodium phosphate : sodium hydroxide 


Preservatives 


Chemical preservatives play a very important role in the 
food industry, from manufacture through distribution to 
the ultimate consumer. The choice of a preservative takes 
into consideration the product to be preserved, the type of 
spoilage organism endemic to it, the pH of the product, 
period of shelf life, and ease of application. No one preser- 
vative can be used in every product to control all organ- 
isms, and therefore combinations are often used. In certain 
foods, specific preservatives have very little competition. 
In the concentrations used in practice, none of the preser- 
vatives discussed here is lethal to microorganisms in foods. 
Rather, their action is inhibitory. 

Preservatives may be divided into two main groups: 
(1) antioxidants and (2) antimicrobials. Antioxidants are 
food additives that retard atmospheric oxidation and its 


degrading effects, thus extending the shelf life of foods. 
Examples of food oxidative degradation include products 
that contain fats and oils in which the oxidation would pro- 
duce objectionable rancid odors and flavors, some of which 
might even be harmful. Antioxidants are also used to scav- 
enge oxygen and prevent color, flavor, and nutrient dete- 
rioration of cut or bruised fruits and vegetables. 

Food antioxidants may be divided into oil- and water- 
soluble compounds (Table 7) and also classified as natural 
or synthetic. 

The most frequently used natural antioxidants are 
ascorbic acid (vitamin C), its stereo isomer erythorbic acid, 
and their sodium salts (sodium ascorbate, sodium erythor- 
bate), plus the mixed d- and y-tocopherols. Vitamin C finds 
more major use as a nutritive supplement or in pharma- 
ceutical preparations. Smaller amounts, however, are in- 
tentionally used for antioxidant purposes. Erythorbic acid 
(iso-ascorbic acid) is virtually devoid of vitamin C activity 
(only 5% that of ascorbic acid). Citric acid and tartaric acid 
are also natural antioxidants (and antioxidant synergists) 
but are predominantly added to foods as acidulants. 

Synthetic antioxidants used as direct food antioxidants 
include butylated hydroxyanisole (BHA), butylated hy- 


Table 7. List of Major Food Antioxidants 
Oil-soluble antioxidants 


Butylated hydroxyanisole (BHA) 
Butylated hydroxytoluene (BHT) 
tert-Butyl hydroquinone (TBHQ) 
Propyl gallate (PG) 

Tocopherols 

Thiodipropionic acid 

Dilauryl thiodipropionate 
Ascorbyl palmitate 

Ethoxyquin 


Water-soluble antioxidants 
Ascorbic acid 
Sodium ascorbate 
Erythorbic acid 
Sodium erythorbate 
Glucose Oxidase/catalase enzymes 
Gum Guaiac 
Sulfites 
Rosemary extract 
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droxytoluene (BHT), tert-butyl hydroquinone (TBHQ), and 
propyl gallate (PG). These antioxidants are oil-soluble 
compounds. Their primary application is in fats and oils to 
retard the development of rancid taste. 

To improve the performance of antioxidants, two other 
types of food additives, sequestrants (eg, EDTA, citric acid) 
and synergists (eg, mixtures of antioxidants and lecithin), 
are frequently used with them. Antioxidants may also be 
present in food packaging as indirect food additives. 

Recently, definitive studies have shown and widely pub- 
licized in the news media that antioxidant nutrients such 
as ascorbic acid (vitamin C) and tocopherols (vitamin E) 
can protect against harmful cell damage and thus prevent 
certain human diseases. Foods formulated with antioxi- 
dants and other vitamins are now recommended to prevent 
and cure cancer, cardiovascular diseases, and cataracts. 
The same antioxidants that are used to prevent oxidative 
deterioration of food may be used in functional foods (also 
called nutraceuticals, designer foods, etc) to create prod- 
ucts that prevent or cure certain chronic diseases. 

Antimicrobials are capable of retarding or preventing 
growth of microorganisms such as yeast, bacteria, molds, 
or fungi and subsequent spoilage of foods. The principal 
mechanisms are reduced water availability and increased 
acidity. Sometimes these additives also preserve other im- 
portant food characteristics such as flavor, color, texture, 
and nutritional value. The primary food additives used for 
this function are sorbic acid, potassium and sodium sor- 
bates, calcium and sodium propionates, benzoic acid, so- 
dium and potassium benzoates, and parabens. 

In addition to these compounds, several organic acids 
such as citric, malic, lactic, ascorbic, phosphoric, and tar- 
taric also act as antimicrobial agents, but because of their 
greater use as acidulants, they are covered elsewhere. 

Sulfur dioxide and sulfites are also applied extensively 
for controlling undesirable microorganisms in soft drinks, 
juices, wine, beer, and other products. Salt, sugar, alcohol, 
spices, essential oils, and herbs also inhibit growth of mi- 
croorganisms, but usually their primary function is differ- 
ent when added to food. 

Major uses of antimicrobial preservatives by food in- 
dustry include the following: 


Sorbates are used as mold and yeast inhibition in 
processed cheese and spreads, salad dressings, and 
dried fruits, and are effective in the acidic pH range 
up to pH 6.5. 

Benzoates are used in beverages, fruit juice, and 
pickles, and are effective in the pH range between 2.5 
and 4.0. 

Propionates are used as mold and rope inhibitors in 
bread and baked goods. 

Parabens are effective in low-acid foods (pH greater 
than 5.0), such as meat and poultry products. 
Sulfur dioxide and sulfite salts (eg, potassium bisul- 
fite, potassium metabisulfite, sodium bisulfite, so- 
dium metabisulfite, and sodium sulfite) are the most 
effective inhibitors of deterioration of dried fruits and 
fruit juices. Sulfur compounds also used in the fer- 
mentation industry to prevent spoilage by microor- 


ganisms and as a selective inhibitor of undesirable 
organisms. 


Release Agents 


Release agents are used to prevent confectionery, and to a 
lesser extent baked goods, from sticking to equipment or 
to the container in which they are heated. They are also 
used to prevent pieces of confection from adhering to each 
other. Included are acetylated monoglycerides, calcium 
stearate, magnesium carbonate, magnesium silicate, mag- 
nesium stearate, mannitol, mineral oil, mono- and diglyc- 
erides, sorbitol, and stearic acid. 


Sequestering Agents 


Also called chelates, sequestering agents combine with 
polyvalent metal ions to form a soluble metal complex to 
improve the quality and stability of products as free me- 
tallic ions promote oxidation of food. They are used in vari- 
ous aspects of food production and processing chiefly to ob- 
viate undesirable properties of metal ions without the 
necessity of precipitating or removing these ions from so- 
lutions. 

Ethylenediaminetetraacetic acid (EDTA) is the most 
commonly used sequestering, or metal-complexing, agent 
used in the food industry. This compound, as well as the 
disodium or calcium disodium salts of tetraacetic acid re- 
tards discoloration of dried bananas, beans, chickpeas, 
canned clams, pecan pie filling, frozen potatoes, and 
canned shrimp. Also, these compounds improve flavor re- 
tention in canned carbonated beverages, salad dressings, 
mayonnaise, margarine, and sauces; retard struvite for- 
mation in canned crabmeat and shrimp; and protect 
against rancidity in dressings, mayonnaise, sauces, and 
sandwich spreads. EDTA is used at concentrations of 33 to 
800 ppm. 

Other chemicals that may be included in this category 
are calcium acetate, calcium gluconate, calcium sulfate, 
citric acid, stearyl citrate, tartaric acid, sodium tartarate, 
calcium monoisopropyl citrate, sodium hexametaphos- 
phate, phosphoric acid, potassium citrate, and various cal- 
cium, potassium, and sodium phosphates. 


Sweeteners 


Sweeteners are used in formulated foods for many func- 
tional reasons as well as to impart sweetness. They render 
certain foods palatable and mask bitterness; add flavor, 
body, bulk, and texture; change the freezing point and con- 
trol crystallization; control viscosity, which contributes to 
body and texture; and prevent spoilage. Certain sweeten- 
ers bind the moisture in food that is required by detrimen- 
tal microorganisms. Alternatively, some sweeteners can 
serve as food for fermenting organisms that produce acids 
that preserve the food, thus extending shelf life by retain- 
ing moisture. These auxiliary functions must be kept in 
mind when considering applications for artificial sweet- 
eners. 
Sweeteners may be classified in a variety of ways: 


‘Table 8, Polyols: Their Calorie Value and Relative 
Sweetness to Sugar 


Calorie value 


Polyol Relative sweetness, (U.S. FDA allowance), 
sweetener sucrose = 100 Keal/g 
Erythritol 60-70 0.2 

Isomalt 45-65 2.0 

Lactitol 40 2.0 

Maltitol 90 3.0 
Mannitol 70 16 

Sorbitol 50-70 26 

Xylitol 100 2.4 


Nutritive or nonnutritive. Materials either are me- 
tabolized and provide calories or are not metabolized 
and thus are noncaloric. 

Natural or synthetic. Commercial products that are 
modifications of a natural product (eg, honey or crys- 
talline fructose is considered natural; saccharin is a 
synthetic compound). 

Regular or low-calorie / dietetic /high-intensity. Al- 
though two sweeteners may have the same number 
of calories per gram, one may be considered low- 
calorie or high-intensity if less material is used for 
equivalent sweetness. 

As foods. For example, fruit juice concentrates can 
impart substantial sweetness. 


Sweetness is a subjective perception influenced by a 
multitude of variables, including temperature of the food 
being tasted, pH, other flavors and ingredients in the food, 
physical characteristics of the food sweetener, concentra- 
tion, rate of sweetness development, and permanence of 
sweetness and flavor. Sweetness is measured via sensory 
methods by taste panels. Results can vary depending on 
foods consumed prior to testing (even several hours before 
testing), the flavors to which the taster is accustomed, tast- 
ing experience of the panelist, time of day, and physical 
surroundings in the test room. 
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Sucrose, commonly known as table sugar (or refined 
sugar), is the standard against which all sweeteners are 
measured in terms of quality of taste and taste profile. It 
is consumed in the greatest volume of all sweeteners. How- 
ever, sucrose, high-fructose corn syrup (HFCS), and other 
natural sweeteners, such as molasses, honey, maple syrup, 
and lactose sweeteners, are not considered additives and 
are not covered in this report. 

Polyols (sugar alcohols) are a group of sweeteners that 
provide the bulk of sugars, without as many calories as 
sugar (Table 8). Polyols are important sugar substitutes 
and utilized where their different sensory, special dietary, 
and functional properties make them feasible. Polyols are 
obtained from their parent sugars by catalytic hydrogen- 
ation. In most European countries and in the United 
States polyols are utilized in low-calorie food formulations, 
Polyols are absorbed more slowly in the digestive tract 
than sucrose; therefore, they are useful in certain special 
diets. However, when consumed in large quantities some 
of them have a laxative effect. Polyols offer the same pre- 
servative benefit and a similar bodying effect to food than 
sucrose. Polyols are more resistant to either thermal 
breakdown or hydrolysis than sugar. Moreover most poly- 
ols are resistant to fermentation by oral bacteria, and 
therefore prime ingredients for tooth-friendly confection- 
eries (eg, “sugarless chewing gums). 

High-intensity sweeteners, once used mainly for die- 
tetic purposes, are now used as food additives in a wide 
variety of products. They are termed high-intensity be- 
cause they are many times sweeter than sucrose and 
closely mimic its sweetness profile. Because of the very low 
use levels, however, high-intensity sweeteners cannot per- 
form other key auxiliary functions in food and often must 
be used in conjunction with other additives such as low- 
calorie bulking agents. The relative sweetness of high- 
intensity sweeteners to sucrose sugar and their regulatory 
status are summarized in Table 9. 

In 1988, the U.S. FDA approved the use of Hoechst AG’s 
acesulfame K (Sunette®) for use in chewing gum, dry bev- 
erage mixes, instant coffee and tea, gelatins, puddings, and 
nondairy creamers. In 1998 its approval was extended to 


Table 9. High Intensity Sweeteners: Their Regulatory Status and Sweetness Relative to Sugar (1998) 


Sweetener Sweetness, sucrose = 1 United States Canada Europe Japan 
Cyclamate, Na Salt 30 P A A N 
Aspartame 200 A A A A 
Acesulfame K 200 A A A N 
Saccharin 300 A Ne A A 
Sucralose* 600 A A P N 
‘Thaumatin (Talin) 3,000 N N N A 
Alitame? 2,000 P P P P 
Neohesperidin DC 2,000 N N A N 
Stevioside 300 N N N A 
Glycirrhizin 50 N N N A 


Note: A = approved; P = petition filed; N = not approved. 


“Sucralose is approved in Australia, Russia, Brazil, New Zealand, Quasar, Romania, and Mexico. 

*Alitame is approved in Australia, New Zealand, People’s Republic of China, Indonesia, Colombia, and Mexico. 

‘Glycirrhizin is approved as a flavoring, but not as a sweetener in the United States. 

4Saccharin in Canada is limited for use in personal care products and pharmaceutical, but it is banned in foods and beverages. 
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Table 10. Functions of Major Food Thickeners and Stabilizers 


Flavor Protective Synergistic Fat 


Foam 


Mouth- 


Crystallization Water 


Suspending 


Emulsion 
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liquid beverages. Acesulfame K has a rapidly perceptible 
sweet taste 200 times as potent as sucrose. 

Alitame is a dipeptide made of two amino acids, L- 
aspartic and D-alanine. The sweetener is 2000 times as 
sweet as sugar with the same taste as sugar. Its potential 
market applications include bakery products, snack foods, 
candies and confectionery, ice cream, and frozen dairy 
products. 

Aspartame was approved in the United States in 1981 
for use in prepared foods and dry beverage mixes, as a 
tabletop sweetener, and in 1983 in liquid soft drinks. As- 
partame is about 200 times as sweet as sucrose. Unlike 
most low-calorie sweeteners, aspartame is digested by the 
body to amino acids, which are metabolized normally. 
However, because of its intense sweetness, the amounts 
ingested are small enough that aspartame is generally con- 
sidered noncaloric. 

Cyclamate is 30 times sweeter than sugar. It has a su- 
garlike taste, a good shelf life, and a synergistic effect when 
combined with other high-intensity sweeteners. Currently 
it is approved in Canada and Europe, but it has been 
banned in the United States since 1970. 

Neohesperidin dihydrochalcone (DHC) is derived from 
bioflavonoids of citrus fruits. It is 1500 to 2000 times 
sweeter than sucrose, leaves a licorice aftertaste, and gives 
a delayed perception of sweetness. DHC is produced from 
bitter Seville oranges by hydrogenation of natural neohes- 
peridin, the main flavonoid constituent of some oranges. 

Saccharin, used primarily as its sodium salt, is approx- 
imately 300 times as sweet as sucrose. Saccharin is the 
most widely used nonnutritive sweetener worldwide and 
the least expensive on a sweetness basis. It combines well 
with other sweeteners and has excellent shelf life. How- 
ever, it has several disadvantages: it is bitter, has metallic 
aftertaste, and there is concern over its safety. Saccharin 
has been used primarily in soft drinks, but also as a table- 
top sweetener and in a wide range of other beverages and 
foods. 

Sucralose is a selectively chlorinated derivative of su- 
crose, the only high-intensity sweetener based on sucrose. 
It is approximately 600 times sweeter than sucrose. Su- 
cralose is approved for food use in the United States, Can- 
ada, and several other countries. 

Stevia (Stevia rebaudiana), a plant native to South 
America, is the source of the stevia extract, which is the 
natural sweetener. It can be used in food products that 
require baking or cooking because of its stability in high 
temperatures. Stevia is approved for use as a sweetener in 
Japan. 

Thaumatin, a mixture of sweet-tasting proteins from 
the seeds of Thaumato coccusceus daniellii, a West African 
fruit, is about 2000 to 2500 times sweeter than sucrose. Its 
taste develops slowly and leaves a licorice aftertaste. 
Thaumatin acts synergistically with saccharin, acesulfame 
K, and stevioside; potential applications include beverages 
and desserts. It has been permitted in Japan as a natural 
food additive since 1979. 


Thickeners and Stabilizers 


Thickeners and stabilizers (also called as hydrocolloids, 
gums, or water-soluble polymers) provide a number of use- 


ful functions to food products (Table 10). The technical base 
for these effects results from the ability of these materials 
to modify the physical properties of water. Most food and 
beverage products largely consist of water. Thickener and 
stabilizer materials 


* function as rheology modifiers, affecting the flow and 
feel (mouth) of food and beverage products, 

* act as suspension agents for food products containing 
particulate matter, 

© stabilize oil/water mixtures, 

* act as binders in dry and semidry food products, and 


* create both hard and soft gels in food products that 
require this physical form. 


During the 1990s fat replacement became a major ap- 
plication for modified starches and gums as these additives 
provide unique texturing, bulking, and emulsifying prop- 
erties of the displaced fat. Also, natural gums were offered 
as good sources of dietary fiber. Thickeners and stabilizers 
are generally used in very small amounts in most food 
products, in concentrations of 0.15% in jam, 0.35% in ice 
cream, and 1 to 2% in salad dressings. 
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‘Two principal classes of these materials are recognized 
(a third class known as “synthetic polymers,” obtained 
from petroleum or natural gas precursors, are not used in 
food): 


1. Natural materials obtained from plants or animals, 
including gum arabic, locust bean gum, guar gum, 
alginates, carrageenan, pectin, starches, casein, gel- 
atin, and so on. 

2. Semisynthetic materials that are manufactured by 
chemical derivatization of natural organic materials 
(generally based on a polysaccharide), or by micro- 
bial fermentation. This group includes carboxymeth- 
ylcellulose (CMC) and other modified cellulose com- 
pounds, dextran, and gellan and xanthan gums. 


Vitamins 


Vitamins are nutritive substances required for normal 
growth and maintenance of life. They play an essential role 
in regulating metabolism, converting fat and carbohy- 
drates into energy, and forming tissues and bones. Vita- 
mins are typically divided into two groups: fat-soluble and 
water-soluble vitamins (Table 11). The fat-soluble group is 


Table 11. Vitamins Consumed as Food Additives and U.S. RDI Values 


Vitamin Principal synonyms Major market form U.S. RDI value 
Vitamin A 
A Retinol Vitamin A acetate 5000 IU 
Vitamin A palmitate 
Ay Dehydroretinol 
Vitamin B 
Niacin Vitamin By Nicotinic acid 20 mg 
Thiamin Vitamin B, Thiamin hydrochloride 1.5 mg 
Riboflavin Vitamin By Riboflavin 1.7 mg 
Pantothenic acid Vitamin Bs Calcium pantothenate 10 mg 
Pyridoxine Vitamin Bg Pyridoxine hydrochloride 2mg 
Cyanocobalamin Vitamin By, 6 mcg 
Folic acid, biotin Vitamin B. Folate 0.4 mg, 0.3 mg 
Vitamin C 
Ascorbic acid Ascorbic acid 60 mg 
Sodium ascorbate 
Calcium ascorbate 
Vitamin D 
De Ergocalciferol 400 1U 
Ds Cholecalciferol 
Vitamin E 
‘Tocopherols DL a-tocopherol acetate 301U 
D-a-tocopherol 
D-a-tocopheryl acid succinate 
Vitamin K 
K, Phytonadione Phylloquinone 65 meg 


Ky Menadione 
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Table 12. Fortified Food Groups 


Food Vitamin Use level Remarks 

Milk Vitamin D 420 IU/L Optional but generally added 

Beverages (noncarbonated) Vitamin C 15-100% of US RD1 per serving Optional; also added as an 
antioxidant 

Cereals Most essential vitamins  25-100% of US RDI per serving Optional; added to 90% of cold 
cereals 

Flour Thiamin, riboflavin, niacin 8-15% of US RDI per 2-07 serving Mandatory 

Margarine Vitamin A 33,100 IU per kilogram Optional, but generally added 


Miscellaneous foods (eg, instant Most essential vitamins 
breakfast, energy bars, etc) 


Added to position food as complete 
meal replacement 


usually measured in International Units (IU). The water- 
soluble group is usually measured in units of weight. 

Thirteen vitamins are recognized as essential for hu- 
man health, and deficiency diseases occur if any one is 
lacking. Because the human body cannot synthesize most 
vitamins, they must be added to the diet. Most vitamins 
are currently consumed as pharmaceutical preparations, 
or over-the-counter vitamin supplements. Some, like vi- 
tamins B, C, D, and E, however, are added directly to food 
products (Table 12), Ready-to-eat breakfast cereals are a 
successful example of fortification. Because the primary 
use of these cereals is as a complete breakfast entree, they 
are commonly formulated to provide 25% or more of the 
Daily Value (% DV) per serving of 10 to 12 important vi- 
tamins and minerals common to cereals. 

Vitamins are added to processed foods for several re- 
lated reasons: 


* To restore vital nutrients lost during processing; this 
is important with dried milk, dehydrated vegetables, 
canned foods, and refined and processed foods 

* To standardize nutrient levels in foods when they 
fluctuate because of seasonal variations, soil differ- 
ences, and methods of preparation 

* To fortify fabricated foods that are low in nutrients 
and promoted as substitutes for traditional products; 
this includes complete breakfasts, breakfast drinks, 
meat extenders, and imitation products such as eggs, 
milk, cheese, and ice cream 

* To fortify a major staple, such as bread, with a nu- 
trient known to be in short supply 

¢ For the preparation of designer food (nutraceuticals) 
containing vitamins that are shown to be useful in 
preventing chronic diseases. 


In addition, vitamins may be used as functional ingre- 
dients in foods. Vitamin E (tocopherol) and vitamin C 
(ascorbic acid) protect foods by serving as antioxidants to 
inhibit the destructive effects of oxygen. This helps protect 
the nutritive value, flavor, and color of food products. In 
addition, ascorbic acid enhances the baking quality of 
breads, increases the clarity of wine and beer, and aids 
color development and inhibition of nitrosamine formation 
in cured meat products. Beta-carotene and -apo-8'- 
carotenal are vitamin A precursors, which are brightly pig- 
mented and may be added to foods such as margarine and 
cheese to enhance their appearance. The roles of these sub- 
stances outside their nutritional functions are discussed 


elsewhere in this article (see the sections “Antioxidants,” 
“Preservatives,” and “Colorants”). 


Water-Correcting Agents 


Water used in the brewing industry is often corrected to a 
uniform mineral salt content that corresponds to water 
known to give the most satisfactory final product. A wide 
variety of salts are used for this purpose, including mono- 
and diammonium phosphates, calcium chloride, calcium 
hydroxide, calcium oxide, calcium dihydrogen phosphate, 
calcium sulfate, magnesium sulfate, potassium aluminum 
sulfate, potassium chloride, potassium sulfate, sodium bi- 
sulfate, and mono-, di-, and trisodium phosphates. Some 
of the chemicals, in addition to standardizing the salt con- 
tent, also control the acidity, thus providing uniform con- 
ditions for yeast fermentation. 
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FOOD ALLERGY 


The ancient Roman poet and philosopher Lucretius was 
quoted as saying: “One man’s food may be another man’s 
poison.” Although Lucretius was not referring to food al- 
lergies, his quote applies nicely to these illnesses. Most 
foodborne illnesses have the potential to affect everyone in 
the population. However, food allergies affect only a few 
individuals in the population. Food allergies involve an ab- 
normal immunologic response to a particular food or food 
component, usually a naturally occurring protein compo- 
nent of the food. The same food or food component would 
be safe and nutritious for the vast majority of consumers. 

True food allergies can occur through two different im- 
munologic mechanisms, the antibody-mediated mecha- 
nism and the cellular mechanism. The most common type 
of food allergies involve mediation by immunoglobulin E, 
or IgE. 


IGE-MEDIATED FOOD ALLERGIES 


In IgE-mediated food allergies, allergen-specific IgE anti- 
bodies are produced in the body in response to exposure to 
a food allergen, usually a protein. These IgE antibodies are 
highly specific and will recognize only a specific portion of 
the protein that they are directed against. Occasionally, 
IgE antibodies produced against one particular protein in 
a specific food will confer sensitivity to another food either 
because the food is closely related or because it shares a 
common segment with the allergenic protein. Some food 
proteins are more likely to elicit IgE antibody formation 
than others. Although exposure to the food is critical to the 
development of allergen-specific IgE, exposure will not in- 
variably result in the development of IgE antibodies even 
among susceptible people. Many factors, including the sus- 
ceptibility of the individual; the immunogenic nature of the 
food and its constituent proteins; the age of exposure; and 
the dose, duration, and frequency of exposure, are likely to 
influence the formation of allergen-specific IgE antibodies. 

Allergen-specific IgE antibodies are produced by plasma 
cells and attach themselves to the outer membrane sur- 
faces of two types of specialized cells: mast cells, which are 
found in many different tissues, and basophils, which are 
found in the blood. In this so-called sensitization process, 
the mast cells and basophils become sensitized and ready 
to respond to subsequent exposure to that specific food al- 
lergen. However, the sensitization process itself does not 
result in any symptoms. No adverse reactions will occur 
without subsequent exposure to the specific allergenic pro- 
tein or some closely related protein. Sensitization to a par- 
ticular allergen distinguishes allergic individuals from 
nonallergic individuals. 

Once the mast cells and basophils are sensitized, sub- 
sequent exposure to the allergen results in the allergen 
cross-linking two IgE molecules on the surface of the mast 
cell or basophil membrane. This interaction between the 
allergen and the allergen-specific IgE triggers the release 
of a host of mediators of allergic disease, which are either 
stored or formed by the mast cells and basophils. Several 
dozen different mediators have been identified, including 
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histamine, prostaglandins, and leukotrienes. Histamine is 
one of the primary mediators of IgE-mediated allergies. 
Histamine is responsible for many of the early symptoms 
associated with allergies. Many of the other mediators are 
involved in the development of inflammation. The inter- 
action of a small amount of allergen with the allergen- 
specific IgE antibodies results in the immediate release of 
comparatively large quantities of the various mediators 
into the bloodstream and tissues. Thus, exposure to ex- 
tremely small amounts of allergens can elicit symptoms. 
This mechanism of IgE-mediated reactions is involved in 
many different types of allergies to foods, pollens, mold 
spores, animal danders, bee venom, and pharmaceuticals, 
Only the source of the allergen is different. 

IgE-mediated food allergies are sometimes called im- 
mediate hypersensitivity reactions because of the short on- 
set time (a few minutes to a few hours) between the inges- 
tion of the offending food and the onset of symptoms. Since 
the mediators released from the mast cells and basophils 
can interact with receptors in a number of different tissues 
in the body, a rather wide variety of symptoms can be as- 
sociated with IgE-mediated food allergies (Table 1). The 
most common symptoms associated with food allergies are 
those involving the skin and the gastrointestinal tract. 
Respiratory symptoms are less frequently involved with 
food allergies than with various inhalant allergies such as 
pollen and animal dander allergies. However, asthma is a 
very serious, though uncommon, respiratory manifestation 
of food allergies. Fortunately, most food-allergic individu- 
als suffer from only a few of the many possible symptoms. 

Most of the symptoms of IgE-mediated food allergies are 
not particularly definitive, which can make clinical diag- 
nosis rather difficult. For example, the gastrointestinal 
manifestations of food allergies can also be associated with 
many other foodborne illnesses and a variety of other dis- 
eases as well. Additionally, there are millions of asthmat- 
ics, but only a few are allergic to foods. 

Anaphylactic shock is, by far, the most serious manifes- 
tation of food allergies. Anaphylactic shock involves gas- 
trointestinal, cutaneous, and respiratory symptoms in 
combination with a dramatic fall in blood pressure and car- 
diovascular complications. Death can ensue within min- 
utes of the onset of anaphylactic shock. Fortunately, very 
few individuals with food allergies are susceptible to such 
severe reactions after the ingestion of the offending food. 

The severity of an allergic reaction will depend to some 
extent on the amount of the offending food that is ingested. 
Severe reactions are more likely to occur when an allergic 
individual inadvertently ingests a large amount of the of- 
fending food, especially if that individual happens to be 


Table 1. Symptoms of IgE-Mediated Food Allergies 
Gastrointestinal symptoms 


Cutaneous symptoms 


Vomiting Urticaria (hives) 
Diarrhea Dermatitis 

Nausea Angioedema 
Respiratory symptoms Other symptoms 
Rhinitis Anaphylactic shock 
Asthma Laryngeal edema 
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exquisitely sensitive. However, exposure to even trace 
quantities can elicit noticeable reactions due to the large 
release of mediators. 

The most common allergenic foods are peanuts, tree 
nuts (almonds, walnuts, pecans, cashews, etc), soybeans, 
cows’ milk, eggs, fish, crustacea (shrimp, crab, lobster, etc), 
and wheat. Peanut allergy is the most common food al- 
lergy, especially in the United States where peanuts are a 
popular dietary item and peanut butter is introduced at an 
early age. Throughout the world, cows’ milk allergy is the 
most common food allergy among infants due to the wide- 
spread ingestion of milk during the first months of life. Any 
food that contains protein has the potential to elicit an al- 
lergic reaction in someone. The most common allergenic 
foods tend to be foods with high protein content that are 
frequently consumed. The exceptions are beef, pork, 
chicken, and turkey, which are uncommonly allergenic de- 
spite their frequent consumption and high protein content. 

The prevalence of IgE-mediated food allergies is not 
precisely known. The overall prevalence of food allergies 
in the developed countries of the world ranges from 4 to 
8% in infants to perhaps 1% in adults. Thus, many infants 
and young children outgrow their IgE-mediated food aller- 
gies. The reasons for the development of tolerance to pre- 
viously allergenic foods are not understood but may in- 
volve the development of blocking antibodies of other 
types, especially IgG and IgA. Allergies to some foods, such 
as cows’ milk and eggs, are more frequently outgrown than 
allergies to other foods, such as peanuts. 

The diagnosis of food allergies is typically approached 
in a stepwise fashion. The diagnosis of food allergies by an 
allergist is often critical because parental diagnosis and 
self-diagnosis are often incorrect, leading to identification 
of the wrong incorrect foods or the identification of too 
many foods as allergens. Most individuals with IgE- 
mediated food allergies are allergic to one or two foods; 
only on rare occasions do coexistent allergies occur to more 
than three foods. Thus, the goal of medical diagnosis is to 
establish a cause-and-effect relationship between one or a 
few foods and the onset of allergic symptoms. Most physi- 
cians begin the diagnosis by taking a careful history of the 
patient’s adverse reactions taking note of the foods eaten 
immediately before the onset of symptoms, the amount of 
various foods consumed, the type, severity, and consistency 
of symptoms, and the time intervals between eating and 
the onset of symptoms. Sometimes histories are needed 
from several episodes to reach a probable diagnosis. Chal- 
lenge tests with the suspected food(s) can be used to estab- 
lish with certainty the role of a specific food in the reaction. 
The double-blind, placebo-controlled food challenge 
(DBPCFC) is considered the most reliable procedure. In 
the DBPCFC, neither the patient nor the medical person- 
nel know when the food (in capsules or disguised in an- 
other food or beverage) is going to be administered and 
when the placebo is to be administered. Thus, the 
DBPCFC is free of bias. Single-blind and open challenge 
tests also have value in some situations. History alone can 
be sufficient to make the diagnosis in some situations if 
the cause-and-effect relationship is particularly compel- 
ling. Challenge tests are seldom used on individuals who 


experience life-threatening allergic reactions for rather ob- 
vious reasons. 

Once the adverse reaction has been clearly linked to the 
ingestion of a specific food, an assessment of the possible 
role of IgE must be conducted to determine if the adverse 
reaction has an allergic mechanism. The diagnosis of an 
IgE-mediated mechanism can be made with either the skin 
prick test (SPT) or radioallergosorbent test (RAST), The 
SPT is the simpler of the two procedures. In the SPT, a 
small amount of a food extract is applied to the patient’s 
skin, the site is pricked with a needle to allow entry of the 
allergen, and the site is observed for the development of a 
wheal-and-flare (basically a hive) response. A wheal-and- 
flare response at the skin prick site demonstrates that IgE 
affixed to skin mast cells has reacted with some protein in 
the food extract releasing histamine into the surrounding 
tissue and resulting in the formation of the hive. The RAST 
is an alternative procedure that uses a small sample of the 
patient’s blood serum. In the RAST, the binding of serum 
IgE to food protein bound to some solid matrix is assessed 
using radiolabeled or enzyme-linked antihuman IgE. 
While the RAST is more expensive than the SPT, it is 
equally reliable and can be conducted in a specialized lab- 
oratory in the absence of the patient. The RAST is pre- 
ferred for patients with extreme sensitivities because of 
the risk associated with severe reactions to the SPT. It 
should be emphasized that a positive SPT or RAST in the 
absence of a history of allergic reactions to that particular 
food is probably meaningless. The SPT and RAST are the 
most frequently used and reliable tests to assess the role 
of IgE in an adverse food reaction. 

The specific avoidance diet is the primary means of 
treatment for IgE-mediated food allergies. For example, if 
allergic to peanuts, don’t eat peanuts. With IgE-mediated 
food allergies, very low amounts of the offending food can 
be tolerated by most allergic individuals. Thus, the con- 
struction of a safe and effective avoidance diet can be quite 
difficult. Food-allergic patients must have considerable 
knowledge of food composition. For example, casein, whey, 
and lactose are common food ingredients that are derived 
from cows’ milk. These milk ingredients would likely be 
hazardous for milk-allergic individuals. The ingredient 
must contain the specific allergenic protein to be hazard- 
ous to the allergic consumer. For example, peanut oil and 
soybean oil, despite being derived from allergenic sources, 
do not contain protein and would not be hazardous for 
peanut-allergic or soy-allergic individuals unless the oils 
had become contaminated during use. The careful reading 
and complete understanding of food labels is critical to the 
implementation of a safe and effective avoidance diets. Of 
course, the manufacturers of packaged foods have the re- 
sponsibility to ensure that the label statements on pack- 
ages are accurate. Occasionally, errors are made by food 
processors that result in the presence of undeclared resi- 
dues of allergenic foods in a packaged food. The contami- 
nation of one food with another from the use of shared food 
processing equipment is one of the most common errors 
occurring in food manufacturing. However, restaurant and 
other food service meals can present an even bigger chal- 
lenge for food-allergic individuals. Residues of allergenic 
foods can arise from the use of shared food preparation 


equipment (utensils, cooking surfaces, pots and pans, etc). 
Additionally, the accurate identification of all of the ingre- 
dients in food service and restaurant meals can sometimes 
be quite difficult, and such foods are not labeled. As a re- 
sult, many inadvertent exposures occur among allergic 
consumers who are attempting to avoid their offending 
food(s). 

Cross-reactions are another perplexing issue for food- 
allergic consumers as they attempt to develop effective 
avoidance diets. Cross-reactions can occur but do not in- 
evitably occur between closely related foods. For example, 
many individuals are allergic to peanuts, but most of these 
individuals are not allergic to other legumes such as soy- 
beans, peas, green beans, and so on. A few of these indi- 
viduals are cross-reactive with one or more other legumes. 
Alternatively, cross-reactions frequently occur among the 
various crustacea (shrimp, crab, lobster, and crayfish). 
Cows’ milk and goats’ milk invariably cross-react as do the 
eggs of various avian species. Cross-reactions can also oc- 
cur between foods and other environmental allergens. The 
most common examples are the cross-reactions that occur 
between some fresh fruits and vegetables and certain pol- 
len allergies in some individuals and the cross-reaction 
that occurs in a few individuals with allergies to natural 
rubber latex with several foods, including bananas and 
kiwis. The basis for such cross-reactions is frequently not 
known. 

Infants born to parents with histories of allergic disease 
are much more likely than other infants to develop food 
allergies. Prevention of the development of food allergies 
in such infants is quite difficult. The avoidance of com- 
monly allergenic foods such as cows’ milk, eggs, and pea- 
nuts primarily through breast feeding appears to delay but 
not prevent the development of food allergies. 

A few specialized hypoallergenic foods are available in 
the marketplace. These foods are intended for infants who 
have developed allergies to infant formula made with cows’ 
milk. The most effective hypoallergenic infant formulae 
are based on extensively hydrolyzed casein. Although ca- 
sein is a common milk protein and a major milk allergen, 
the hydrolysis of its peptide bonds renders it safe for cows’ 
milk-allergic infants. 

Other approaches to the treatment of food allergies are 
considered controversial. Immunotherapy (eg, allergy 
shots), sublingual food drops, and the use of rotation diets 
would be examples of such controversial approaches. 

Pharmacological approaches can be used to treat the 
symptoms of allergic reactions. In particular, epinephrine 
(also known as adrenalin) is prescribed for individuals who 
experience life-threatening food allergies. The early ad- 
ministration of epinephrine after inadvertent exposure to 
the offending food can be life-saving for such patients. 
Antihistamines can also be used to treat the less-serious 
symptoms of food allergies. 


CELL-MEDIATED FOOD ALLERGIES 


Cell-mediated food allergies are sometimes called delayed 
hypersensitivity reactions, because the symptoms of these 
reactions typically appear 6 to 24 hours after consumption 
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of the offending food. Cell-mediated allergies involve the 
interaction of food allergens with sensitized lymphocytes, 
usually in the intestinal tract. These reactions occur with- 
out the involvement of IgE or other antibodies. The inter- 
action between the allergen and the sensitized lymphocyte 
results in lymphokine production and release, lymphocyte 
proliferation, and the generation of cytotoxic T lympho- 
cytes. Lymphokines are soluble proteins that exert pro- 
found effects on tissues and cells resulting in localized in- 
flammation. Lymphocyte proliferation increases the 
number of reactive cells thus magnifying the inflammatory 
process. The generation of cytotoxic or killer T cells results 
in the destruction of other intestinal cells including the 
critical absorptive epithelial cells. 

The T lymphocytes responsible for cell-mediated aller- 
gies abound in the gut-associated lymphoid tissue. In- 
testinal T lymphocytes are likely to be very critical in 
food-related, delayed hypersensitivity. However, the inac- 
cessibility of these lymphocytes has hampered experimen- 
tal studies of the role of cell-mediated reactions in food 
allergies. As a result, the prevalence and importance of 
cell-mediated food allergies remains unknown. 

Celiac disease, also known as gluten-sensitive enter- 
opathy, is the one illness that seems likely to involve a cell- 
mediated mechanism. Celiac disease occurs in certain in- 
dividuals following the ingestion of wheat, rye, barley, 
triticale, and perhaps oats. Although the mechanism of ce- 
liac disease is not completely understood, an immunocy- 
totoxic reaction mediated by intestinal lymphocytes is 
probable. On ingestion of proteins from the offending 
grains, the absorptive cells of the small intestinal epithe- 
lium are damaged and the absorptive function of the small 
intestine is severely compromised, resulting in a malab- 
sorption syndrome. The symptoms of celiac disease include 
diarrhea, bloating, weight loss, anemia from inadequate 
iron absorption, bone pain from impaired calcium absorp- 
tion, chronic fatigue, weakness, muscle cramps, and, in 
children, failure to gain weight and growth retardation. 
The prevalence of celiac disease in the U.S. is not precisely 
known but is thought to be about 1 in every 2000 individ- 
uals. Celiac disease appears to occur more frequently in 
Europe and Australia. Celiac disease rarely occurs in in- 
dividuals of Chinese or African heritage. Celiac disease 
may manifest at any age. Environmental factors, such as 
viral illness, may possibly contribute to the onset of celiac 
disease in some cases. 

Celiac disease is triggered by the ingestion of the pro- 
tein fractions, specifically the gliadin proteins, of wheat 
and related grains. Other grains, such as corn and rice, do 
not contain similar gliadin proteins. As with IgE-mediated 
food allergies, most consumers do not react adversely to 
the ingestion of these particular grain proteins. In suscep- 
tible individuals, a particular segment of the gliadin pro- 
tein interacts with the sensitized T lymphocytes to elicit a 
cell-mediated immune response. 

The most definitive diagnosis of celiac disease requires 
taking a small bowel biopsy. The biopsy material is ex- 
amined for evidence of flattened intestinal villi, a feature 
that is characteristic of the disease. A normal appearance 
of the biopsy material is restored after avoidance of wheat 
and related grains. Alternatively, a blood sample from the 
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patient can be examined for the presence of antiendomy- 
sial antibodies, which are elevated in celiac patients. Be- 
cause of the invasiveness of the biopsy procedure, the 
diagnosis is often made tentatively on the basis of symp- 
tomatic improvement after avoidance of wheat and related 
grains. 

Celiac disease is also treated with thorough implemen- 
tation of an avoidance diet. In the case of celiac disease, 
the total avoidance of wheat, rye, barley, triticale, and per- 
haps oats is usually advocated. Some, but not all, patients 
can tolerate oats. Ingredients derived from wheat, rye, bar- 
ley, and oats that contain protein must also be avoided. The 
tolerance of celiac sufferers for these grains is not precisely 
known, but it is thought that small amounts of these foods 
can provoke reactions. 


CONCLUSION 


Food allergies affect a small percentage of the population. 
The reactions can range in severity from mild to life- 
threatening. Food allergies are caused primarily by natu- 
rally occurring substances in foods. Food allergies can be 
triggered by ingestion of very small amounts of the offend- 
ing food. 
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FOOD ANALYSIS 


Food scientists analyze foods to obtain information about 
composition, appearance, texture, flavor, shelf life, safety, 
processibility, and microstructure (1-4). Nevertheless, the 
term food analysis is often reserved for determination of 
food composition, and so this will be the emphasis of this 
article. Knowledge of the composition of foods is important 
for several reasons, including compliance with legal stan- 


dards, quality assurance, determination of nutritional 
value, detection of adulteration, safety, processing, and re- 
search and development (2,3). An understanding of the 
methods of food analysis is important to food scientists 
working in academia, industry, and government. 

The diversity and complexity of food materials mean 
that a large number of different analytical techniques have 
been developed to analyze their properties. These tech- 
niques can be conveniently divided into either classical 
methods (such as gravimetry, titration, distillation, and 
solvent extraction) or instrumental methods (such as spec- 
troscopy, chromatography, and electrophoresis). 


INFORMATION SOURCES 


Food analysts often have to identify the various types of 
analytical methods available for determining the concen- 
tration of a specific component and then select the one that 
is most suitable for their particular application. A knowl- 
edge of the various sources where information about ana- 
lytical methods is available is therefore extremely impor- 
tant to the food analyst. 


Books 


A number of textbooks and reference books have been writ- 
ten on the subject of food analysis (1-8). These books cover 
topics such as sampling, data analysis, principles of ana- 
lytical techniques, and procedures for analyzing specific 
food components (eg, water, fat, protein, carbohydrates, 
and minerals). This type of book usually provides a general 
overview of analytical methods, rather than the specific 
details needed to actually carry out an analysis. 

A variety of other types of book contain information that 
is also useful to food analysts (eg, monographs, conference 
proceedings, encyclopedias, and handbooks). Monographs 
are books that deal with a particular specialized subject 
area, such as spectroscopy or chromatography. Conference 
proceedings contain papers that were presented at a sci- 
entific or technical meeting on a particular topic and are 
usually published by the sponsoring organization, for ex- 
ample, the American Chemical Society. Encyclopedias pro- 
vide information about a wide range of different analytical 
techniques, for example, Kirk-Othmer Encyclopedia of 
Chemical Technology (9). Some handbooks contain infor- 
mation about the physicochemical properties of materials 
(molecular weight, structure, density, refractive index, sol- 
ubility, specific heat capacity), which are useful for the 
identification and determination of specific food compo- 
nents (8,10-12). 


Official Methods 


In many circumstances it is important for a food analyst 
to use a standard analytical method that has been ap- 
proved by a professional association, such as the Associa- 
tion of Official Analytical Chemists, the American Associ- 
ation of Cereal Chemists, or the American Oil Chemists 
Society (13-15). These methods are compiled in volumes 
that are periodically updated as the methods are improved 
or as new methods are accepted. Standard methods have 


been developed after years of collaborative testing and are 
considered reliable and official. 


Periodicals 


Analytical methods developed by other scientists are often 
reported in scientific journals. Useful information about 
analytical methods may be obtained from food science jour- 
nals (eg, Food Chemistry, Food Microstructure, Food Test- 
ing and Analysis, Journal of Food Science) or from journals 
published in other areas (eg, Analytical Chemistry, Jour- 
nal of the Chemical Society, Applied Spectroscopy). For a 
detailed overview of many of the useful periodicals for food 
analysts see chapter 1 of Pomeranz and Meloan (1). 


Reviews 


Critical reviews are usually written by one or more experts 
in the field and are intended to offer a comprehensive sur- 
vey of the current state of the knowledge on a specific topic. 
Acritical review may be written about the application of a 
specific analytical instrument, recent developments in in- 
strumentation, or the determination of a specific compo- 
nent. Critical reviews are usually published in scientific 
journals or book series (eg, Advances in Analytical Chem- 
istry and Instrumentation, Advances in Food Research, 
Critical Reviews in Food and Nutrition). 


Theses 


Details about analytical methods can often be located in 
master’s and doctoral theses. Since 1938 theses from U.S. 
universities have been processed for microfilming by Uni- 
versity Microfilms of Ann Arbor, Michigan. Abstracts of up 
to 600 words of these theses are published in Dissertation 
Abstracts. An annual list of U.S. master’s theses in the 
pure and applied sciences has been published since 1955- 
1956 by the Thermphysical Properties Research Center, 
Purdue University, Lafayette, Indiana. 


Modern Information Retrieval Systems 


During the past few decades, computerized systems for 
storing and retrieving scientific information have devel- 
oped rapidly. Many of these can be accessed from a com- 
puter terminal in a library or via the Internet. An aware- 
ness of the systems available and their proper use can 
significantly reduce the time and effort involved in a lit- 
erature search on a particular subject. 

Several databases of particular interest to food analysts 
are available: AGRICOLA (USDA, National Agricultural 
Library, Beltsville, Md.), BIOSIS PREVIEWS (Biosciences 
Information Services, Philadelphia, Pa.), CA Search 
(Chemical Abstracts Service, Columbus, Ohio), CAB Ab- 
stracts (Commonwealth Agricultural Bureau, Slough, 
U.K.), CRIS (USDA, Washington, D.C.), Dissertation Ab- 
stracts Online (University Microfilms International, Ann 
Arbor, Mich.), Science Citation Index (Institute for Scien- 
tific Information, Philadelphia, Penn.), and Food Science 
and Technology Abstracts (International Food Information 
Service, Reading, U.K.). 
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Trade Publications 


Many companies that manufacture chemicals or analytical 
instruments produce publications that are valuable 
sources of information for food analysts. These include bib- 
liographies and abstracts of technical/scientific articles in 
a specific area, or detailed handbooks giving specifications, 
properties, and details of analytical procedures. The in- 
struction manuals normally provided by companies with 
the instrumentation they sell are indispensable for install- 
ing, using, and servicing equipment. Several scientific and 
trade journals periodically prepare lists of major commer- 
cial providers of chemicals and instrumentation (eg, Sci- 
ence, Prepared Foods, and Laboratory Equipment Direc- 
tory). 


SAMPLING 


Sample selection, preparation, and labeling are extremely 
important aspects of any food analysis procedure, which 
can lead to large errors if not carried out correctly, Ideally, 
the sample analyzed in a laboratory should have exactly 
the same properties as the total population it is supposed 
to represent. To achieve this a food analyst would have to 
analyze every sample, which is rarely possible because 
many analytical techniques are either destructive, time- 
consuming, expensive, or labor intensive. The analyst 
must therefore select a limited number of samples from 
the total population using a sampling plan that will ensure 
that their properties are a good representation of the true 
value. A sampling plan is a set of rules that an analyst 
uses to decide the number of samples of a given population 
to test, the location from which the samples should be se- 
lected, and the method used to collect them. The choice of 
a particular sampling plan depends on the purpose of the 
analysis, the physical property to be measured, the nature 
of the total population and of the individual samples, and 
the type of analytical technique used to characterize the 
samples. For certain products and types of populations, 
sampling plans have already been developed and docu- 
mented by various organizations that authorize official 
methods. 

Once a representative sample has been selected, it must 
be prepared for analysis in the laboratory. This step must 
be done very carefully in order to make accurate and pre- 
cise measurements. Typical preparation steps involve: 
making the sample homogeneous, reducing the sample to 
a manageable size, and preventing sample deterioration 
(eg, due to evaporation, enzyme activity, lipid oxidation, or 
microbial growth). It is important to carefully label sam- 
ples with information such as the nature of the sample, the 
place it was selected from, the date it was taken, and the 
person who collected and prepared it. It is also important 
to report the results of any analysis in a clear fashion, stat- 
ing the procedures used, the number of replications per- 
formed, and the estimated reliability of the measured 
value. 


SELECTION OF AN ANALYTICAL METHOD 


A food analyst often has a large number of different ana- 
lytical procedures that can be used to analyze a particular 
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food product. Selection of the most suitable procedure is 
often the key to the success of an analysis. Some of the 
most important factors that should be considered are as 
follows (4): 


1. Precision. A measure of the ability to reproduce an 
answer between determinations performed by the 
same scientist (or group of scientists) using the 
same equipment and experimental approach. 

2. Reproducibility. A measure of the ability to repro- 
duce an answer by scientists using the same exper- 
imental approach but in different laboratories us- 
ing different equipment. 

3. Accuracy. A measure of how close one can actually 
measure the true value of the parameter being 
measured. 

4, Simplicity of operation. A measure of the ease with 
which the analysis may be carried out by relatively 
unskilled workers. 

5. Economy. The total cost of the analysis, including 
the reagents, instrumentation, and time. 

6. Speed. The time needed to complete the analysis. 

7. Sensitivity. A measure of the lowest concentration 
of material that can be detected or quantified by a 
given technique. 

8. Specificity. A measure of the ability to detect and 
quantify specific components within a food mate- 
rial, even in the presence of other similar compo- 
nents. 

9. Safety. A measure of the potential hazards associ- 
ated with reagents and procedures used in the anal- 
ysis. 

10. Destructive /nondestructive. Whether the sample is 
destroyed during the analysis or remains intact. 

11. Official approval. Various international bodies 
have given official approval to methods that have 
been comprehensively studied by independent an- 
alysts and shown to be acceptable to the various 
organizations involved, for example, AOAC or 
AOCS. 


ANALYTICAL METHODS 


It is convenient to classify analytical methods as being ei- 
ther classical or instrumental (15). Classical methods in- 
clude gravimetry, titration, distillation, evaporation, and 
solvent extraction. Instrumental methods include various 
spectroscopic (infrared, visible, ultraviolet, nuclear mag- 
netic resonance, mass spectroscopy), chromatographic 
(thin-layer chromatography, gas chromatography, high- 
performance liquid chromatography), electrical (poten- 
tiometry, conductiometry, electrophoresis), and optical (po- 
larimetry and refractive index) methods. 


Classical Methods 


The classical methods of food analysis were developed 
more than a century ago to give reliable and reproducible 
results using chemicals and equipment that were readily 


available in most laboratories (eg, balances, glassware, 
ovens, heaters). Typically, classical methods involve pro- 
cedures such as weighing, volume determination, titration, 
filtering, evaporation, distillation, and solvent extraction. 
Although these classical methods are still widely used to- 
day, they are often being replaced by more convenient in- 
strumental methods. 


Instrumental Methods 


A variety of instrumental methods have been developed to 
analyze the properties of food materials (1-5). These can 
be categorized according to the physical principles on 
which they are based. 


Spectroscopy. Many instrumental methods utilize in- 
teractions between some form of radiation (electromag- 
netic, acoustic, electron beam, or neutron beam) and mat- 
ter to obtain information about the properties of foods 
(1,2,3,16). Radiation beams may interact with materials in 
a variety of ways, including absorption, emission, reflec- 
tion, refraction, scattering, and polarization. Instrumental 
methods based on each of these interactions are utilized in 
food analysis, although those based on absorption and 
emission tend to be the most common. 

Atomic spectroscopy utilizes electromagnetic radiation 
in the ultraviolet and visible region and relies on the tran- 
sition of outer-shell electrons between different energy lev- 
els. In atomic emission spectroscopy (AES), a sample is 
heated to atomize it and to excite the electrons to a higher 
energy state. The emission of radiation by the excited at- 
oms is then measured using suitable detectors. In atomic 
absorption spectroscopy (AAS), the absorption of radiation 
when a beam of electromagnetic radiation is passed 
through an atomized sample is recorded. Each element has 
its own unique set of energy levels and so the wavelengths 
of emitted or absorbed radiation can be used to identify it, 
whereas the extent of the absorption/emission can be used 
to quantify it. Atomic spectroscopy is principally used to 
determine the concentration of mineral elements in foods. 

UV-visible absorption spectrophotometry is one of the 
most common types of spectroscopic technique used by food 
analysts. Like atomic spectroscopy, it relies on transitions 
of outer-shell electrons. A beam of radiation is transmitted 
through the sample, and the reduction in its amplitude due 
to absorption is measured. By carrying out measurements 
over a range of wavelengths a spectra is obtained that con- 
tains peaks corresponding to the absorbing groups. The 
concentration of a substance can be determined by mea- 
suring the height of one of these absorption peaks (pro- 
vided there is no interference from other molecules). A 
number of more sensitive and specific methods based on 
luminescence are available for materials that fluoresce or 
phosphoresce. 

Infrared (IR) techniques rely on electromagnetic radi- 
ation absorbed or emitted by a sample due to the vibration 
or rotation of molecules. The interaction between infrared 
radiation and a sample leads to a spectra that contains 
peaks that correspond to different types of chemical 
groups. The location and magnitude of a peak provides in- 
formation about the type and concentration of components 


present. IR techniques are available to simultaneously de- 
termine moisture, protein, lipids, and carbohydrates in 
foods. 

Nuclear magnetic resonance (NMR) techniques rely on 
transitions of nuclei between different energy levels when 
they are placed in a static magnetic field. Only nuclei that 
have a property referred to as spin can be detected by 
NMR, the most common being 'H. NMR is an extremely 
powerful analytical technique that can be used to deter- 
mine concentrations, molecular structures, phase transi- 
tions, and images. 

A number of analytical instruments have been devel- 
oped to provide information about the composition or 
structure of food materials that utilize the absorption, dif- 
fraction, emission or scattering of X rays. 


Optical Methods. Analytical techniques that utilize the 
rotation of monochromatic light (polarimeters) or the re- 
fractive index (refractometers) of a material are frequently 
used to determine the concentration of components in liq- 
uids, These techniques are simple to use and provide rapid 
measurements, so they are often used for quality control 
purposes. 


Chromatography. Chromatography is a term used to 
designate a variety of analytical techniques that can sepa- 
rate mixtures of molecules into different fractions. It is 
mainly used in the food industry for two purposes: (1) to 
purify materials, and (2) to determine the types and 
amounts of specific substances present. Chromatography 
involves passing a solution of molecules (usually in a gas 
or liquid carrier) through a matrix. The carrier is called 
the mobile phase because it moves through the matrix, 
whereas the matrix is called the stationary phase because 
it remains stationary. Molecules are separated according 
to their interaction with the matrix: the stronger the in- 
teraction, the slower they move. The strength of the inter- 
action depends on the physicochemical properties of the 
substance and the matrix. Molecules can be separated ac- 
cording to their size, polarity, electrical charge or molecu- 
lar interactions. It is convenient to divide chromatographic 
methods into different categories according to the physi- 
cochemical basis of the separation (Table 1). 


Table 1. Physicochemical Basis of Separation in 


Chromatographic Techniques 
Basis Physical principle Examples 
Molecular Differences in the size and Gel filtration, 
size shape of molecules size exclusion 
Polarity Differences in partition Partition 
coefficient between polar and 
nonpolar solvent 
Electrical Differences in electrostatic Ton-exchange 
charge _ interaction between charged 
groups on molecules in the 
mobile phase and the matrix 
Molecular Specific interactions between Affinity 
affinity molecules in the mobile phase 


and the matrix 
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Chromatographic separations can be carried out using 
a variety of different experimental arrangements. In paper 
chromatography the sample is spotted on to the bottom of 
a sheet of paper. The paper is usually impregnated with a 
liquid, that acts as the stationary phase. The bottom of the 
paper is placed in a vessel that contains a solvent. The 
solvent acts as the mobile phase because it carries the sam- 
ple with it as it moves up the paper due to capillary forces. 
The molecules are separated according to the strength of 
their interaction with the stationary phase: the stronger 
the interaction with the stationary phase, the slower they 
move. More-sophisticated separations can be carried out 
using two-dimensional paper chromatography. 

Thin-layer chromatography (TLC) has largely replaced 
paper chromatography because it is quicker, more sensi- 
tive, has greater resolution, and has better reproducibility. 
The general principles of TLC are similar to paper chro- 
matography, except that the paper is replaced by a glass 
plate coated with a thin layer of porous material that acts 
as the stationary phase. 


Column Chromatography. Originally, column chromato- 
graphic techniques used glass columns with either gravity 
or a slight vacuum to move the mobile phase through them. 
Steel columns and high pressures are now widely used to 
speed up this process. In high-pressure (or performance) 
liquid chromatography (HPLC) the sample to be analyzed 
is dissolved in a liquid mobile phase and passed through a 
column containing the stationary phase (which may be ei- 
ther solid or liquid). In gas chromatography the sample is 
usually volatilized and then carried by a gaseous mobile 
phase through a thin tube that is coated with the station- 
ary phase. The efficiency of the separation can be manip- 
ulated by carefully selecting the most appropriate combi- 
nation of stationary and mobile phases. 


Electrical Techniques. A number of analytical instru- 
ments utilize measurements of the electrical properties of 
foods to obtain information about their composition. Po- 
tentiometric methods rely on measurements of the poten- 
tial difference between an indicator electrode and a refer- 
ence electrode. The magnitude of the potential difference 
is related to the concentration of a specific component 
within a solution. Coulometric methods are based on the 
measurement of the electrical charge required to com- 
pletely electrolyze the substance being analyzed: the 
greater the electrical charge, the higher the concentration 
of the substance. The composition of some foods can be de- 
termined by measuring their electrical conductivity. The 
current passing between a pair of electrodes is measured 
and then related to the composition of a specific component 
within the food. 

Electrophoresis relies on differences in the migration of 
charged macromolecules or colloidal particles in a solution 
when an electrical field is applied across it. It is used to 
separate molecules and particles on the basis of their size, 
shape, or charge. A buffered solution containing the sub- 
stance to be analyzed is poured onto a porous matrix (usu- 
ally a strip of paper or a gel) and a voltage is applied across 
it. The charged substance moves through the gel in a di- 
rection that depends on the sign of their electrical charge, 
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and at a rate that depends on the magnitude of the charge 
and the friction to their movement. The friction of a sub- 
stance is a measure of its resistance to movement through 
the matrix and is largely determined by the relationship 
between the effective size of the substance and the size of 
the pores in the matrix. The smaller the size of the sub- 
stance, or the larger the size of the pores in the matrix, the 
lower the resistance and therefore the faster the substance 
moves through the matrix. Matrices with different poros- 
ities can be purchased from chemical suppliers, or made 
up in the laboratory, so that substances with different sizes 
can be analyzed. Electrophoresis techniques can be carried 
out in two dimensions to improve resolution. Substances 
are separated in one direction on the basis of their size, 
and then in a perpendicular direction on the basis of their 
charge. 


Biochemical Analysis. A number of biochemical tech- 
niques are available that can be used to determine the con- 
centration or identity of specific food components. Enzymic 
techniques utilize specific enzyme reactions, whereas im- 
munological techniques utilize specific interactions be- 
tween an antigen and an antibody. Biochemical assays can 
be purchased commercially for many important food com- 
ponents. These kits contain the chemicals and instructions 
required to carry out the analysis and are usually easy to 
use, rapid, extremely sensitive, and specific. 

Because some of the nutritional requirements of micro- 
organisms and experimental animals are similar, it is pos- 
sible to employ analytical microbiology to determine some 
substances that are essential constituents of living cells. 
Microorganisms, as reagents, have been used to determine 
amino acids, vitamins, nucleic acids, heavy metals, growth 
factors, nutritional value of proteins, and antibodies. The 
basic principle is that in the presence of limiting amounts 
of certain compounds, the amount of microbial growth is a 
function of the amounts of the compounds. The micro- 
organisms used for assay are primarily bacteria, but 
yeasts, fungi, and protozoans also have been used. The as- 
say methods include diffusion in a gel, turbidimetric and 
dilution methods, gravimetric methods, and metabolic re- 
sponse methods. 


MAJOR FOOD COMPONENTS 


Aknowledge of the concentration of the major components 
present in a food material are important to food scientists 
for a variety of reasons, including legal requirements, la- 
beling, quality assurance, processing, food safety, nutri- 
tion, and so on. In this section, methods for analyzing the 
major components in foods are reviewed: moisture, carbo- 
hydrates, protein, lipids, and minerals. The analytical 
techniques described in the previous section often form 
part of these methods. 


Moisture 


Moisture determination is one of the most important and 
widely used measurements in the processing and testing 
of foods. The moisture content (M% = 100myater/™Msample)» 
where myater is the mass of the water and mgampie is the 


mass of the whole food) is simply related to the total solids 
(T% = 100 — M%). 

The thermal drying method relies on the evaporation of 
water from a sample and is one of the most commonly used 
procedures for determining moisture content (eg, conven- 
tional oven, forced air oven, vacuum oven, microwave oven, 
and infrared oven). The mass of a sample is weighed before 
and after it is dried, and the moisture content is then cal- 
culated. Care must be taken to ensure that the water is 
removed in a consistent fashion and that there are no in- 
terferences from chemical degradation or evaporation of 
other substances. In distillation methods, the food sample 
is mixed with an organic solvent and then placed in a spe- 
cially designed glass vessel with a collection arm. The glass 
vessel is heated to evaporate the water, which is collected 
in the graduated collection arm, where its volume is de- 
termined. The most commonly used chemical methods for 
moisture determination are the Karl Fischer titration and 
the gas production method. These methods rely on specific 
chemical reactions between water and another substance 
that lead to some quantifiable parameter. Several instru- 
mental methods based on differences in the physical prop- 
erties of water compared with the other components are 
widely used to determine moisture content, including in- 
frared, gas chromatography, NMR, and several electrical 
methods. These instruments are simple to use and provide 
rapid and reliable measurements and are therefore par- 
ticularly suitable for routine quality control applications. 


Carbohydrates 


Carbohydrates are the most abundant and widely distrib- 
uted food components. They include mono-, di-, oligo- and 
polysaccharides (17). The latter can be divided into struc- 
tural polysaccharides (cellulose, hemicellulose, lignin) and 
nutrient polysaccharides (starch, glycogen). Assay meth- 
ods of mono-, di- and oligosaccharides include chemical, 
colorimetric, chromatographic, electrophoretic, optical, 
and biochemical techniques. Many procedures involve pre- 
liminary separation by chromatographic or electrophoretic 
techniques prior to quantification by classical chemical or 
optical assays. The use of enzymatic assays is gaining pop- 
ularity because of their high specificity, sensitivity, and 
ease of use. 

Starch can be extracted from foods using perchloric acid 
or calcium chloride and precipitated with iodine, and the 
starch liberated from the complex can be determined col- 
orimetrically. 

The determination of structural polysaccharides is 
fraught with many difficulties because the materials con- 
tain many undefined polymers, varying in size and com- 
position. In food composition tables, carbohydrates are of- 
ten reported as the difference after subtracting from 100% 
the moisture, protein, oil, and ash content. In some cases, 
fiber (crude, total, and dietary) is determined separately. 


Protein 


Methods of determining the total protein content of foods 
(crude protein) are empirical in nature. Proteins are poly- 
mers of varying length and molecular structure that may 
contain up to 24 different kinds of amino acid (17). Amino 


acids can be determined, after hydrolysis of proteins, by 
colorimetric, enzymatic, microbiological, and chromato- 
graphic methods. The most powerful methods of amino 
acid analysis in protein hydrolysates are based on ion- 
exchange and gas chromatography. 

The most common procedures for determination of 
crude protein rely on a measurement of a specific element 
or chemical group in the proteins. The protein content is 
then calculated using an experimentally established cali- 
bration factor. For example, the approximate protein con- 
tent of a food can be estimated by measuring the nitrogen 
content and then multiplying by 6.25 (because on average 
16% of a protein’s mass is nitrogen). The elements or 
groups most commonly used are nitrogen, aromatic amino 
acids, or the peptide linkage. It is assumed that the con- 
stituent determined is present entirely in the protein frac- 
tion and that the empirical conversion factor is a constant. 
Determination of the protein content based on the nitrogen 
content can be made by the Kjeldahl method (based on 
digestion, neutralization, and titration) or the Dumas 
method (based on pyrolysis). A variety of spectrophoto- 
metric methods that rely on the presence of specific groups 
are also available for determining the protein content. 
These include the biuret method (formation of a purple 
complex between copper salts in alkali solutions and com- 
pounds containing at least two peptide bonds), the Lowry 
method (color formed after interaction of proteins with a 
phenol reagent and copper under alkaline conditions), di- 
rect method (measurement of absorbance at 280 nm, 210 
nm, or two wavelengths), turbidimetric methods (based on 
scattering of light from protein aggregates formed when a 
certain reagent is added), and dye-binding methods (add 
excess dye to protein solution and measure unbound dye). 
A variety of other instrumental methods can also be used 
to determine protein content, the most popular being NMR 
and IR. 

The concentrations of specific types of proteins in foods 
can be determined using liquid chromatography or electro- 
phoretic techniques. The proteins are first separated on 
the basis of their molecular weight or electrical charge and 
are then identified by comparison with standards of known 
properties. 


Lipids 


The most common methods of lipid analysis are based on 
their sparing solubility in water and their considerable 
solubility in organic solvents. Successful lipid analysis of- 
ten requires that covalent bonds between lipids and other 
coustituents (such as proteins or carbohydrates) are bro- 
ken before the solvent extraction is carried out, so that the 
lipids are free to be solubilized. The efficiency of extraction 
is usually greatest when the polarities of the lipid and sol- 
vent are similar. Ethyl ether and petroleum ether are two 
of the most common extraction solvents. Combinations of 
alcohol and ether, ternary mixtures of chloroform— 
methanol-water, and water-saturated butanol are other 
examples of effective solvents. Solvent extraction tech- 
niques may be batch (eg, an extraction funnel), semicon- 
tinuous (eg, Soxhlet), or continuous (eg, Goldfish). The fat 
content of milk and other dairy products is often deter- 
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mined by nonsolvent extraction techniques, such as the 
Babcock, Gerber, or detergent methods. Numerous instru- 
mental methods are available for determining the lipid 
content of certain foods, including IR, NMR, densitometry, 
X-ray absorption, and dielectric measurements. The iden- 
tity of the molecules in the lipid phase can be determined 
by chromatography, mass spectrometry, or NMR. 

The processing and quality of food oils are often deter- 
mined by physical characteristics such as their melting 
point, smoke point, flash point, fire point, solid fat content, 
and degree of oxidation. Consequently, analytical methods 
have been developed to characterize these quantities. 


Mineral Components 


Ash is the inorganic residue remaining after the inciner- 
ation of organic matter. It is a measure of the total mineral 
components in a food. Depending on the nature of the min- 
eral components, various ashing procedures can be em- 
ployed, such as dry ashing (in a muffle furnace) or wet ash- 
ing (by acid digestion). The individual elements within an 
ash can be determined by titrimetric methods, colorimetric 
methods, or atomic spectroscopy techniques. Atomic spec- 
troscopy techniques can provide a complete profile of the 
different types of element in a food material, whereas the 
titrimetric and colorimetric methods are usually designed 
to determine a particular element. In addition, atomic 
spectroscopy techniques have a much higher sensitivity 
and specificity. 
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FOOD AND NUTRITION SCIENCE 
ALLIANCE (FANSA) 


The Food and Nutrition Science Alliance, FANSA, is a 
partnership of four professional scientific societies whose 
members have joined forces to speak with one voice on food 
and nutrition science issues. FANSA’s combined member- 
ship includes more than 100,000 food, nutrition, and medi- 
cal practitioners and scientists. 

FANSA’s statements help consumers sort through the 
confusing array of information about food and nutrition 
and offer tips for evaluating the validity of such informa- 
tion. For instance, FANSA alerts consumers to be cautious 
about claims made about dietary supplements: 


1. When buying dietary supplements, caveat emptor 
applies. 
2. Ifit sounds too good to be true, it probably is not true. 


3. Dietary supplements encompass vitamins and min- 
erals as well as herbals and botanicals. 


4, Multivitamins may help some people. 
5. Less is known about herbals and botanicals than vi- 
tamins and minerals. 


6. High doses of some dietary supplements may be 
harmful. 


7. “Natural” is not synonymous with “safe.” 
8. For good health, eat a variety of foods. 


Other FANSA statements address the following topics: 


¢ Interpreting nutrition research 

* Making sense of scientific research about diet and 
health 

* Making sense of risks associated with diet 

* Folic acid: a reminder for women before and during 
pregnancy 


FANSA’s “10 Red Flags of Junk Science” help consumers 
think twice before reacting to the latest news bulletin 
about nutrition. Any combination of the following signs 
should send up a red flag of suspicion about the accuracy 
of the information: 


1. Recommendations that promise a quick fix 


i 


. Dire warnings of danger from a single product or 
regimen 

. Claims that sound too good to be true 

. Simplistic conclusions drawn from a complex study 

. Recommendations based on a single study 

. Dramatic statements that are refuted by reputable 
scientific organizations 

7. Lists of “good” and “bad” foods 

8. Recommendations made to help sell a product 

9. Recommendations based on studies published 

without peer review 


10. Recommendations from studies that ignore differ- 
ences among individuals or groups 


Oa we 


FANSA member organizations include the American 
Dietetic Association (ADA), American Society for Clinical 
Nutrition (ASCN), American Society for Nutritional Sci- 
ences (ASNS), and the Institute of Food Technologists 
(IFT). 

As the nation’s largest group of food and nutrition pro- 
fessionals with 68,500 members, ADA serves the public by 
promoting optimal nutrition, health, and well-being. With 
1300 members, ASCN is the scientific society for clinical 
nutritionists in medicine and the health sciences. With 
3400 members, ASNS (formerly American Institute of Nu- 
trition) is the principal professional organization of nutri- 
tion research scientists in the United States. And as the 
society for food science and technology, IFT represents 
28,000 food scientists and others in related professions, 
working in all facets of the food system, in academia, in- 
dustry, and government (IFT’s website can be accessed at 
http: / /www.ift.org). 


ELLEN J. SULLIVAN 
Institute of Food Technologists 
Chicago, Ilinois 


FOOD AND NUTRITION SCIENCE ALLIANCE 
ORGANIZATIONS 


The Food and Nutrition Science Alliance (FANSA) is a 
partnership of four professional scientific societies whose 
members have joined forces to speak with one voice on food 
and nutrition science issues. FANSA’s combined member- 
ship includes more than 100,000 food, nutrition, and medi- 
cal practitioners and scientists. 

FANSA member organizations are as follows: 


The American Dietetic Association (ADA) 
American Society for Clinical Nutrition (ASCN) 
American Society for Nutritional Sciences (ASNS) 


Institute of Food Technologists (see the article INsTI- 
TUTE OF FOOD TECHNOLOGISTS). 


THE AMERICAN DIETETIC ASSOCIATION 


As the nation’s largest group of food and nutrition profes- 
sionals with nearly 70,000 members, ADA (founded in 
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1917) serves the public by promoting optimal nutrition, 
health, and well-being. 

ADA members in the United States and abroad help 
shape the food choices and impact the nutritional status of 
the public. The membership includes dietitians, dietetic 
technicians, students, and others holding baccalaureate 
and advanced degrees in nutrition and dietetics. ADA 
members play a key role in shaping the public’s food 
choices, thereby improving its nutritional status, and in 
treating persons with illnesses. Members offer preventive 
and therapeutic nutrition services in a variety of settings. 

The ADA is a collective partnership of members, staff, 
and allied organizations. A number of networks provide 
the framework for member involvement, including state 
and district associations and 26 dietetic practice groups. 
The practice groups include members who specialize in 
public health, education, research, long-term care, food- 
service management, private practice, sports nutrition diet 
counseling for diabetes, weight management, and heart 
disease, among other areas. 

ADA members provide expert testimony at hearings, 
lobby Congress and other government bodies, comments 
on proposed federal and state regulations, and develop po- 
sition statements on critical food and nutrition issues. The 
Commission on Accreditation and Approval for Dietetics 
Education accredits and approves more than 600 entry- 
level dietetics education programs for entry into the pro- 
fession. Through its National Center for Nutrition and Di- 
etetics, ADA offers programs to educate consumers about 
the links between food and nutrition and health. 

The Journal of the American Dietetic Association and 
the ADA Courier supply members with current food and 
nutrition research and practice information, as well as As- 
sociation news. As an important player in the Interna- 
tional Committee of Dietetic Associations, ADA helps pro- 
mote information sharing and professional cooperation 
among dietetics practitioners around the world. 

Further information is available at Attp:www 
.eatright.org. 


AMERICAN SOCIETY FOR CLINICAL NUTRITION 


With 1300 members, ASCN is the premier scientific society 
for clinical nutritionists in medicine and the health sci- 
ences. 

The goals and objectives of ASCN are as follows: 


* To encourage and implement undergraduate and 
graduate education in basic and clinical nutrition, 
particularly in medical schools 

* To expand research and clinical training opportuni- 
ties in nutrition for health professionals 

* To provide opportunities for investigators to present 
and discuss current research in human nutrition 

* To offer continuing education programs in clinical nu- 
trition for physicians, basic scientists, and allied 
health professionals 

* To provide a journal for publication of meritorious 
work in clinical and experimental nutrition 


* To promote and publicize the professional application 

of nutrition science in health promotion, disease pre- 

vention, and patient care 

To facilitate and promote the issuing of credentials 

for practitioners of clinical nutrition 

* To participate in developing and implementing public 
policies and procedures concerned with clinical nu- 
trition 


To expand federal and private funding of clinical nu- 
trition research and training 

To maintain integrity and ethical behavior among 
nutrition societies through adherence to the society’s 


formalized code of professional responsibility 


ASCN sponsors two major forums for continuing edu- 
cation of physicians, basic scientists, and allied health pro- 
fessionals: the annual meeting and the postgraduate 
course. The postgraduate course, held annually since 1985, 
addresses current nutrition research findings and their 
clinical applications in health and disease. ASCN also co- 
sponsors meetings with other nutrition societies, such as 
ASNS, the American Society for Parenteral and Enteral 
Nutrition, the Canadian Society for Nutritional Sciences, 
and the International Union of Nutritional Sciences, which 
organizes the International Nutrition Congress every four 
years. 

The American Journal of Clinical Nutrition (AJCN), the 
society's official journal, publishes peer-reviewed original 
research contributed by scientists throughout the world 
and provides perspectives on nutrition, editorials, special 
articles, meeting reports, book reviews, and letters to the 
editor. Special supplements are devoted to symposia, work- 
shops, and other long reports. 

Government and the news media turn to ASCN mem- 
bers for authoritative information on issues related to 
clinical nutrition and its role in maintaining health and 
preventing and treating disease. ASCN also works with 
other professional societies to disseminate accurate infor- 
mation on current nutrition and dietary issues. 

General management of the society is vested in an 
elected council. The executive officer, as the society's chief 
administrative officer, implements financial, scientific, 
publication, and education programs under policies estab- 
lished by the council. In addition, the executive officer in- 
teracts with legislators, the National Academy of Sciences, 
the National Institutes of Health, and other government 
bodies to enhance the role of ASCN as a national source of 
clinical nutrition expertise; it also maintains liaison with 
Federation of American Societies for Experimental Biology 
(FASEB) constituent societies and with national and in- 
ternational nutrition societies. 

Further information is 
www.faseb.org /ascn. 


available at  http:// 


AMERICAN SOCIETY FOR NUTRITIONAL SCIENCES 


With 3400 members, ASNS is the principal professional 
organization of nutrition research scientists in the United 
States. It is dedicated to improving the quality of life 
through the science of nutrition. 


874 FOOD CHEMISTRY AND BIOCHEMISTRY 


The Society fulfills its mission by 


fostering and enhancing research in animal and hu- 
man nutrition; 

providing opportunities for sharing, disseminating, 
and archiving peer-reviewed nutrition research re- 
sults (at its annual meeting and in its official publi- 
cation, the Journal of Nutrition); 


fostering quality education and training in nutrition; 


upholding standards of ethical behavior in research, 
the protection of human research participants, and 
the care and treatment of research animals; 
providing opportunities for fellowship and support 
among nutritionists; and 


. 


. 


bringing scientific knowledge to bear on nutrition is- 
sues through communication and influence in the 
public domain. 


The ASNS Secretariat and its staff, housed in Bethesda, 
Maryland, administer the affairs of the Society. The exec- 
utive officer interacts with the elected officers of the Society 
to manage the business affairs of the Society and the Jour- 
nal of Nutrition, to maintain a relationship with the Fed- 
eration of American Societies for Experimental Biology (FA- 
SEB), to coordinate public affairs activities, and to provide 
support for the selection and scheduling of the scientific pro- 
gram at the annual meeting (Experimental Biology). 

Further information is available at Attp:// 
www, faseb.org /asns. 


Kristen McNutr 
Consumer Choices, Inc. 
Winfield, Illinois 


Table 1. Some General Food Chemistry Textbooks 


FOOD CHEMISTRY AND BIOCHEMISTRY 


The Institute of Food Technologists (IFT; Attp:// 
www. ift.org) is one of the largest scientific societies repre- 
senting professionals in food science and technology. A food 
scientist is defined by the IFT as a person who studies the 
physical, microbiological, and chemical makeup of food. In 
an accreditation program, the IFT has defined minimum 
standards for undergraduate food science degrees. These 
standards highlight the importance of chemistry in a food 
scientist’s education, with a greater minimum require- 
ment for chemistry than any other single discipline. Four 
introductory chemistry courses are required: two in gen- 
eral chemistry, one in organic chemistry, and one in bio- 
chemistry. Building on this base are a lecture and labora- 
tory course in food chemistry and a food analysis lecture 
and laboratory course that utilizes chemical and microbi- 
ological techniques. Over the last few decades, however, 
food chemistry has evolved into a field of such scope that 
these courses are barely adequate to serve as an introduc- 
tion to the field. 


EDUCATION 


One indication of the rapid evolution of food chemistry is 
the increase in specialized food chemistry and food chem- 
istry analysis books. In the early 1970s there were virtu- 
ally no general food chemistry text books. From the mid 
1970s on, however, there was an explosive growth in such 
books (Table 1). 

Most of the books have chapters on water, carbohy- 
drates, lipids, amino acids and proteins, enzymes, vita- 
mins and minerals, color, flavor, texture, toxic compounds 
and additives. Besides the trend to more general textbooks 
in the food chemistry area, there is a trend to increased 
complexity and proficiency in these books. Also, new food 


Author or editor 


‘Title 


Publishing company 


Year 


F. A. Lee 
O. R. Fennema (ed.) 
C. Zapsalis and R. A. Beck 


H. D. Belitz and W. Grosch 


J. M. deMan 
D. W. S. Wong 

D. Pearson 

Y, Pomeranz and C, E. Meloan 
8. 8, Nielsen 


C. M. Weaver 
L. M. L. Nollet 


Basic Food Chemistry 

Food Chemistry (3rd ed.) 

Food Chemistry and Nutritional 
Biochemistry 


Food Chemistry (translation from 
the German version by 
D. Hadziyev) 

Principles of Food Chemistry 
(8rd ed.) 

Mechanism and Theory in Food 
Chemistry 

The Chemical Analysis of Foods 
(7th ed.) 

Food Analysis: Theory and 
Practice 

Food Analysis (2nd ed.) 


Food and Chemistry Laboratory 
Handbook of Food Analysis 
(2 volumes) 


AVI, Westport, Conn. 
Marcel Dekker, New York 
Originally John Wiley and 
Sons, New York, now 
Macmillan, London 
Springer-Verlag, Berlin 


Aspen Publishers, 
Gaithersburg, Md. 

Van Nostrand Reinhold, 
‘New York 

Churchill Livingstone, 
New York 

Chapman and Hall 


Aspen Publishers, 
Gaithersburg, Md. 

CRC Press, New York 

Marcel Dekker, New York 


1975 
1996 (original version, 1976) 
1985 


1986 


1999 (original version 1980) 
1989 
1976 (original version 1926) 
1978 
1998 (original version 1994) 


1996 
1996 


Table 2. Food Chemistry Topics 


FOOD CHEMISTRY AND BIOCHEMISTRY 875 


Table 2. Food Chemistry Topics (continued) 


Water 


Physical properties, pH 
Hydrogen bonding, solubility of food components 
Water activity 


Carbohydrates 


Basic structures and naming conventions 
Chemistry of reducing and nonreducing sugars 
Nonenzymatic browning 
Natural homo and heteropolysaccharides, sources, biosynthesis 
and uses 
Chemical modification of natural polysaccharides and their uses 
New carbohydrate polymers from genetic engineering 
Lipids 
Basic structures and naming 
Lipid reactions, hydrolytic and oxidative rancidity 
Crystal structure and physical properties 
Refining, hydrogenation, and interesterification reactions 


Chemistry of artificial fats 
Modified fat composition from genetic engineering 


Amino acids and proteins 


Basic structure and naming 

Protein structure 

Denaturation conditions 

Protein chemical changes in processing 


Enzymes 


Catalytic action, stereochemical specificity 

Food enzymes, action, kinetics, stability, uses, and sources 
Enzymatic browning and rancidity 

Enzyme immobilization 

Postharvest physiology of plants 

Postmortem changes in animals 

Modified enzyme activity through genetic engineering 


Vitamins and minerals 


Chemistry and interaction of vitamins and minerals with food 
components under processing conditions 
Biosynthesis and biodegradation, metabolism 


Color 


Natural food pigments and their chemistry 
Artificial colors and their metabolism 
Color measurement 


Flavor 


Biosynthesis of flavor components 
Sweetening and the flavor theories 
Physiology of taste and smell 
Chemistry of artificial sweeteners 


Texture 
Food colloids 
Gel formation 
Emulsifiers and foaming agents 
Viscosity 


Toxic compounds 


Natural microbial, plant, and animal toxins 
Synthetic food toxins 

Radionucleotides and toxic metals 

Residues 

Metabolism and excretion of toxic compounds 


Food additives 


Sequestrants and their chemistry 
Artificial and natural sweeteners 
Antioxidants 

Acidulants 

Bases, leavening agents 
Antibiotic and probiotic agents 
Gases and propellants 

Other food additives 


Food analysis 


Analysis of any of the above food components using: 

Wet chemical and physical methods 

Chromatography techniques including high performance lig- 
uid chromatography (HPLC), gas chromatography (GC), 
capillary electrophoresis 

Spectroscopy techniques, visible (absorption and reflectance), 
ultraviolet, fluorescent, infrared, atomic absorption and 
emission, mass spectrometry (MS), nuclear magnetic reso- 
nance (NMR), electron spin resonance (ESR). 

Electroanalytical techniques, selective electrodes, coulometry 
and voltammetry, electrophoresis 

Enzymatic methods, enzymatic electrodes, enzyme immunoas- 
says 

Thermal methods, differential scanning calorimetry, eryoscopy 

Rheological methods 


chemistry analysis books have recently been emphasized. 
Food chemistry analysis borrows techniques from many 
other disciplines and has therefore become very complex. 
An indication of this increased complexity is the two- 
volume, 3000-plus-page series entitled, Handbook of Food 
Analysis. Included in the two volumes are 48 chapters with 
each chapter written by a group of experts in their field. 

With the increase in intricacy of the discipline, in- 
creased specialization is necessary. As early as 1944 the 
need for specialization in food science and technology was 
recognized by educators in the field (1). Nowadays food 
chemistry itself covers such a variety of topics (see Table 
2) that further specialization is an inevitable trend. 


PUBLICATIONS 


There is no doubt that parallel with the increase in edu- 
cational material, publications in the food chemistry dis- 
cipline have increased. As in the educational area there is 
indication that the discipline is becoming increasingly spe- 
cialized and complex. 

It is instructive to look at trend-setting journals in the 
food chemistry area. Although it is difficult to define ajour- 
nal as solely dealing with food chemistry, leading journals 
in food science and technology have been rated by the In- 
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Table 3. 1996 Food Science and Technology Journals 
Rated By Impact Factor 


Table 4. Subheadings Used by the Journal of 
Agricultural and Food Chemistry 


Impact 
Rank Journal title factor 
1 CRC Critical Reviews in Food Science 2.173 
2 Journal of Agricultural and Food Chemistry 1.732 
3 Biotechnology Progress 1.588 
4 Trends in Food Science and Technology 1.430 
5 Food and Chemical Toxicology 1.398 
6 International Journal of Food Microbiology ‘1.387 
7 Journal of Dairy Research 1.374 
8 Journal of Food Protection 1372 
9 Journal of Cereal Science 1.354 
10 Journal of American Oil Chemists Society 1.241 
n Journal of Food Science 1.225 
2 Cereal Chemistry 1.160 
13 Journal of Dairy Science 1.139 
“4 Food Microbiology 1.127 
15 Food Technology 1.100 
16 Netherlands Milk and Dairy Journal 1.056 
17 Meat Science 1.048 
18 Food Hydrocolloids 1.034 
19 Journal of Texture Studies 0.985 
20 Journal of the Institute of Brewing 0.955 


Source: Ref. 2. 


stitute for Scientific Information (2) on the basis of impact 
factor (the top 20 journals out of a list of 73 are given in 
Table 3). Impact factor is defined as the number of yearly 
citations of journal articles divided by the number of yearly 
articles. Therefore, an impact factor of 1.00 means that if 
a journal contained 50 papers in a given year, there would 
also be 50 citations of former journal papers for the same 
year. 

Review journals such as CRC Critical Reviews in Food 
Science, or Trends in Food Science and Technology will al- 
ways have somewhat higher impact factors because re- 
views are generally larger, well-referenced papers and 
preferentially cited over many smaller papers in a field. 
Also, some journals are not be considered primarily food 
technology journals and may not appear on the list for this 
reason. An example of this latter case is the Journal of the 
AOAC International (1.256 impact factor). However, im- 
pact factors do give a measure of the influence of various 
journals independent of the number of papers that appear 
in a journal (ie, large journals that have more total cita- 
tions are rated on an equivalent scale to small journals 
because of the per-article nature of impact factors). 

From Table 3 it can be seen that two leading food chem- 
istry journals are the Journal of Agricultural and Food 
Chemistry (JAFC), and Food and Chemical Toxicology. The 
latter journal covers an important food chemistry speciali- 
zation. The first of these is published by the American 
Chemical Society, which is the world’s largest scientific so- 
ciety. JAFC is also rated by impact factor as the second 
most influential agriculture journal and the fifth most in- 
fluential applied chemistry journal. Mirroring the growth 
of food chemistry and related fields, this journal has grown 
from 1548 pages in 1989 to almost 5000 pages in 1996. 
With this expansion the journal has developed subhead- 
ings (Table 4) to organize the research areas. 


Analytical Methods 

Biotechnology 

Chemical Changes During Processing/Storage 
Chemistry of Crop and Animal Protection 
Composition of Foods/Feeds 

Environmental Chemistry 

Flavors and Aromas 

Food Chemistry/Biochemistry 

Nutrition Toxicology 


Other leading food science and technology journals are 
often commodity publications such as the Journal of Dairy 
Research and the Journal of Cereal Science. All of these 
commodity publications contain a large proportion of food. 
chemistry articles. 

Food chemistry has now grown and matured to a point 
that it has influenced other disciplines such as nutrition 
and medicine. Two examples are nonenzymatic browning 
reactions and antioxidant protection of lipids to prevent 
oxidative rancidity. The former is now known to be a very 
general reaction that impacts conditions such as diabetes, 
aging, and even Alzheimer’s disease (3). The nonenzymatic 
browning products of concern in these conditions have 
been called advanced glycated end products. Food antiox- 
idants, long known to play a role in preventing off-flavors 
or rancidity in food, now also find an important role in hu- 
man health. The search for new and better natural anti- 
oxidants is an area of intense research interest, with sci- 
entists still unsure of the best protective agents found in 
mostly plant foods (4). In fact, the interest in foods and 
ingredients that may have health benefits has developed 
into a large new interdisciplinary research area dealing 
with functional foods or nutraceuticals. 

Even though food chemistry has developed a great deal 
over the last few decades, clearly there is still room for 
tremendous growth in the discipline because there is still 
a great deal that we do not understand about the chemistry 
of an increasingly diverse food supply. 
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FOOD CHEMISTRY: MECHANISM 
AND THEORY 


Food chemistry deals with the chemical identity of food 
components and chemical reactions governing the changes 
and performance of individual or interacting food compo- 
nents during handling, processing, and storage. Although 
the individual constituents may often be readily identified, 
the interactions of food components are extremely com- 
plex. 

Food chemistry is a branch of chemistry with its foun- 
dation built on chemical principles and reaction mecha- 
nisms, and a comprehension of the subject often requires 
thorough understanding and application of knowledge 
from various chemistry and chemistry-related disciplines. 
In this regard, food chemistry is quite similar to biochem- 
istry, except that the former relates chemistry to food sys- 
tems and the latter to biological systems. For example, a 
biochemist may be interested in elucidating the biosyn- 
thetic pathways of wheat storage proteins, but for a food 
chemist, it is more relevant to relate the chemical struc- 
tures of these proteins to functional properties, such as 
changes and effects in dough quality. Another example is 
found in the Maillard reaction. An organic chemist may 
investigate the chemical reactions and their mechanism in 
the formation of melanoidin compounds. A biochemist is 
likely more interested in the reactions because they are 
related to the aging process of certain vital proteins, such 
as lens crystalline, collagen, and elastin. A food chemist is 
also interested in the Maillard reaction, but more in link- 
ing the reaction mechanism to physical and chemical 
changes in food systems such as flavor development, 
browning, and nutritional loss. 

In this article reaction mechanisms of sufficient impor- 
tance in food systems and their current developments are 
presented. A number of good background references have 
been published (1-5). 


CARBOHYDRATES 


The Maillard Reaction 


In 1912, the French chemist Louis-Camille Maillard first 
observed that yellow-brown pigments formed in the reac- 
tion among sugars and amino acids, peptides, and proteins 
in a heated solution. Food chemists have recognized the 
practical relevance of this reaction to many chemical and 
physical changes during processing and storage of food. 
The first review (in English) on the Maillard chemistry in 
food systems was published in 1951 (6). Since then, nu- 
merous reviews on this subject have appeared (eg, 7-9,15). 
The biological importance of this reaction has been recog- 
nized only in the last 20 years. It is now well established 
that the reaction is linked to glycosylated hemoglobin 
(HbA,,) in diabetes, hardened lens crystallins in cataract 
disease, and a number of other aging proteins (10,11). 
The Maillard reaction comprises a series of reactions: 
(1) formation of glycosylamine via a Schiff-base formation 
between a reducing sugar and the amino group of an amino 
acid, (2) Amadori rearrangement in which glycosylamine 
is converted to ketosamine, (3) enolization (C1-C2 or C2- 
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C3), followed by cyclodehydration. In general, under acidic 
conditions, the nitrogen is protonated, and 1,2-enolization 
is assisted by the positively charged nitrogen acting as an 
electron sink. Alkali and strong basic amine favor 2,3- 
enolization (Fig. 1). 

The actual reactions are far more complicated than 
those outlined here, and there are many variations in the 
pathway. The initial step in the Amadori rearrangement 
is suggested as N-protonation. However, addition of the 
proton to the ring oxygen has also been proposed. Most 
discussions on the Maillard reaction concern the monosub- 
stituted amines, but the ketosamine formed in the reaction 
can also react with another molecule of an aldose resulting 
in disubstitution. Another variation is the Heynes rear- 
rangement in the conversion of D-fructosylamine (a keto- 
samine) to 2-amino-2-deoxy-D-glucose (an aldosylamine). 

A pathway that involves sugar fragmentation and free- 
radical formation prior to the Amadori rearrangement has 
been suggested (12,13) (Fig. 2). The radical has been struc- 
turally identified to be N,N'-disubstituted pyrazine cation 
radical and it is formed by the dimerization of a two-carbon 
enaminol product from the cleavage of glycosylamine. 

Direct dehydration of the Amadori compound has been 
proposed as an alternative to enolization (14,15) (Fig. 3). 
In this mechanism, the Amadori compound undergoes a 
trans-elimination at C2-C3, followed by a second dehydra- 
tion at C3-C4, to form a hydroxypyran and finally a pyr- 
ylium ion. The highly electrophilic pyrylium ion can un- 
dergo various nucleophilic additions, ring opening, and 
recyclization. 

Maillard reaction products have very diverse structures 
and are involved in various secondary reactions. A com- 
pilation of 450 volatile Maillard reaction products and 
related compounds (16) and reviews on this subject are 
available (7-9,15). Dicarbonyl compounds, such as 3- 
deoxyglycosulose generated by the 1,2-enolization path- 
way and the glycosulos-3-ene formed via the 2,3-enoliza- 
tion are the key intermediates for subsequent degradative 
reactions relating to color and flavor production. One of the 
well-known pathways is the Strecker degradation in which 
the carbonyl forms a Schiff base with the a-amino group of 
an amino acid. Enolization, decarboxylation, and hydro- 
lysis yield an aldehyde corresponding to the original amino 
acid with one fewer carbon. The aldehydes derived from 
this degradative pathway constitute many important fla- 
vor compounds in food systems. Compounds generated by 
degradation of the dicarbonyl compounds include pyrroles, 
Ppyrazines, oxazoles and derivatives, pyrrolines, pyrro- 
lidines, pyrones, thiazole, and thiazoline. 

Sulfite inhibition of nonenzymatic browning also in- 
volves the dicarbonyl intermediates reacting with sulfur 
oxoanion to form stable sulfonate product (17). The sulfur 
oxoanion may replace the C4 hydroxy group of the deoxy- 
glycosulose or undergoes 1,4-addition to the double bond 
of the a,f-unsaturated glycosulos-3-ene. 

Formation of melanoidins is caused by polymerization 
of unsaturated carbonyl compounds. Condensation be- 
tween 3-deoxyglycosulose and its enamine, which is a re- 
ductone, has been suggested to be the structural unit of 
the polymer (18,19) (Fig. 4), although polymers of repeat- 
ing units of furan or pyrrole have also been proposed. 


878 FOOD CHEMISTRY: MECHANISM AND THEORY 


ee ce ai as ass HOCH, 4 CHO 
C-OH yyR C=O H,0 70 a X a 
HO-C-H 4. H-C-H - CoH Cyclization _ 
H-C-OH H-C-OH CH ~H20 @) 
H-C-OH H-C-OH H-C-H 
CH,OH CH,OH CH,OH 
H,C—NHR @) 0 
a) 
20 J) 5 nostittion CHy—C-C-CHy 
HO-C-H 6) 
H-C-OH ae 
a yh 2,3-Enolization 
: ; =e 
H-G-on XY HOCH,—C~C-CHg 
CH,OH i 
ii 
(0) H-C-NHR CHs CHs Pa 0. _CHs 
¢-O8 war 90 ‘ee Ch 
-OH _/ c=0 c-OH OH 
H-C-OH H-C-OH C-OH 6 
i—C— —C- i—-Cc— 
H-C-OH H-C-OH H-C-OH 0. enCHs 
CH,OH CH,OH CH,OH 
) LY 
OH 
Figure 1. Reaction pathways of Amadori product: (1) Amadori product, (2) deoxyglycosulose, 
(3) furaldehyde, (4) glycosulos-3-ene, (5) reductones. 
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Figure 2. Fragmentation and free 
radical formation in the Maillard re- 
action: (1) enaminol, (2) dialkyldihy- Ni 
dropyrazine, (3) dialkylpyrazine cat- 4 
ion radical, (4) dialkylpyrazinium 
compound. Source: Ref. 12. op a (4) 


The Maillard reaction offers a perfect example of how 
basic organic chemistry—studies of the reaction mecha- 
nism between sugar and amino acids and the structural 
identification of possible intermediate compounds—has 
made it possible to explain some of the most interesting 
and important interactions in food systems. 


Polysaccharide Polymers 


The past two decades have witnessed an increasing inter- 
est in the relationship between molecular structure and 
functional mechanism of food polysaccharides. Growth in 
the knowledge of polymer chemistry has made a dramatic 


change in the way food scientists interpret structure and 
function of food polysaccharides. 

One milestone in this area is the elucidation of the gel- 
ling mechanism of alginate in the early 1970s (20). The 
mechanism of gelation has been shown to be the interac- 
tion between calcium ions and the polyguluronate blocks 
of alginate polymer. Such interactions provide junctions 
that cross-link alginate polymers into a three-dimensional 
network, known as the “egg box” model (Fig. 5). 

The concept of junction-zone linking long-chain poly- 
mers has since been included in explaining various kinds 
of gelation. For example, carrageenan polymers are known 
to associate by intermolecular double helices. Gelation oc- 
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Figure 3. Direct sequential dehydration of Amadori product: (1) Amadori product, (2) pyrylium 
ion, (8) 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one. Source: Refs. 14 and 15. 
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Figure 4. Repeating unit of melanoidin. R-NH, = amine, R’ = H or CH,OH. Source: Ref. 18. 


curs with the subsequent aggregation of these helices pro- 
viding cross-linking junctions to build a continuous net- 
work (21,22). The number of charged sulfate groups along 
the polymer contributes to the degree of aggregation and 
the characteristics of the gel. 

Carrageenan forms stable complexes with x-casein via 
the interaction between the sulfate anions and the highly 
positively charged region of the protein. The synergistic 
interaction between x-carrageenan and locust bean gum 


has also been interpreted on the basis of junction cross- 
linking. 

High methyoxy pectin gels at low pH and in the pres- 
ence of a cosolute such as sucrose. At low pH, the carboxyl 
groups are protonated, causing a decrease in electrostatic 
repulsion. Addition of a cosolute lowers the water solvation 
of the polymer. Both factors increase hydrophobic inter- 
action and association of the polymers into cross-linking 
junction zones (23). 
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Figure 5. The “egg box” model. Line ~ alginate polymer; dark 
circle = calcium ion. Source: Ref. 20. 


Starch gelation represents a more complex system, 
which has received continuous attention from various dis- 
ciplines. The structure of crystalline amylose (of B-form 
starch) as originally elucidated by X-ray diffraction con- 
sists of two parallel strands of right-handed sixfold helices 
packed in an antiparallel double helix (24). More recent 
work has suggested a parallel packing of left-handed, 
parallel-stranded double helices for crystalline amylose 
from both A- and B-form starch (25,26). In solution, the 
conformation of amylose assumes a random coil containing 
short segments of loose and irregular helical structure 
(27,28). 

Various models have been proposed for the structure 
of amylopectin. Most investigations seem to support a 
cluster-type model in that amylopectin is composed of clus- 
ters of oriented chains with the branching points collected 
together toward the reducing end (29). 

Gelation occurs when starch granules in suspension are 
heated above the gelatinization temperature and cooled. 
Heating causes the granules to swell irreversibly, accom- 
panied by the solubilization of amylose while most of the 
amylopectin is retained. On cooling, the starch gel formed 
has a composite structure of swollen amylopectin granules 
distributed in a matrix of amylose gel (30). Retrogradation 
involves crystallization of both the amylose in the gel 
phase and the amylopectin in the granules. The amylose 
molecules associate through hydrogen bonding into an in- 
soluble precipitate. Amylopectin also exhibits interchain 
association. However, amylopectin molecules have an av- 
erage chain length of 20 to 25 and a degree of polymeri- 
zation of approximately 10°. Interchain association be- 
tween the polymers can only extend for 15 to 20 glucose 
units before being interrupted by the branching points. 
Crystallization of the amylopectin fraction is slow and re- 
sults in a gradual increase in the rigidity of the granules 
and hence the amylose gel matrix. Reversion of a starch 
gel to the granular crystalline state is termed retrograda- 
tion, a process chiefly responsible for the staleness of 
bread. 

It is important to note that in a gel the intermolecular 
association of polymers usually involves extensive seg- 
ments of the polymeric chains held together by hydrogen 
bonding, electrostatic forces, hydrophobic or ionic interac- 
tions to form cross-linking junctions. Depending on the gel, 
a variety of rheological properties can exist. The entire 
field of polysaccharide gels has gone through a rapid ex- 


pansion in the scope of basic research and intensified in- 
vestigation in the relationship between the molecular ar- 
rangement and gelling characteristics. 


LIPIDS 


Lipid Oxidation 

Lipid autoxidation is a free-radical chain reaction involv- 
ing hydroperoxides. The mechanism has been extensively 
investigated since the first systematic study by Bateman 
and Bolland in the 1940s. In 1970, Rawls and van Santen 
proposed a possible role for singlet oxygen in the initiation 
of fatty acid autoxidation (31). In the presence of a suitable 
sensitizer, lipid oxidation proceeds via the “ene” reaction 
in which the dioxygen molecule is added to the olefinic car- 
bon with a subsequent shift in the position of the double 
bond, and both conjugated and nonconjugated hydroperox- 
ides are formed. In contrast, the classical free-radical 
mechanism produces only the conjugated hydroperoxides. 
The distribution of hydroperoxides are different from that 
found in the free-radical reaction. 

In linoleate autoxidation, the product is composed pre- 
dominantly of the 9- and 13-hydroperoxides, because the 
stability of the conjugated diene system favors the oxygen 
attack at the end position. Experimentally, however, four 
hydroperoxides are obtained: two with trans, cis and the 
other two with trans, trans stereochemistry (13-hydro- 
peroxy-9-cis, 11-trans-octadecadienoic; 13-hydroxyperoxy- 
9-trans, 11-trans-octadecadienoic; 9-hydroxyperoxy-10- 
trans, 12-cis-octadecadienoic, and 9-hydroperoxy-10-trans, 
12-trans-octadecadienoic). A unified mechanism has been 
proposed to account for the formation of these products (32) 
(Fig. 6). In this scheme the peroxy radicals initially formed 
have the trans, cis configuration and exist in two confor- 
mational isomers. The normal pathway involves the ab- 
straction of hydrogen from another linoleate by either iso- 
mer to yield the trans, cis hydroperoxides. The alternative 
pathway involves the loss of oxygen from the conformers 
to give either the original pentadieny] radical or a new car- 
bon radical in which the stereochemistry of the partial dou- 
ble bond is inverted. Oxygen addition to this new penta- 
dienyl radical yields a trans, trans-diene peroxy radical 
which ultimately gives the trans, trans-conjugated hydro- 
peroxide. 

Because autoxidation involves free radicals, radical 
scavengers should effectively terminate the chain reaction. 
Most antioxidants are substituted phenolic compounds 
that act by transferring hydrogen to lipid peroxy radicals. 
The resulting aryloxy radical of the antioxidant is stable 
and unreactive in oxidative reactions. The resonance sta- 
bility of the aryloxy radical depends on the substitution 
groups. Electron-releasing groups decrease the transition 
energy for the formation of the aryloxy radical. Bulky sub- 
stituents stabilize the aryloxy radical but also create steric 
hindrance making the antioxidant less accessible to the 
lipid peroxy radical (33). 


Physical Chemistry of Lipids 


Another area of great interest to food chemists concerns 
the physical chemistry of lipids—polymorphism, crystal 
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Figure 6. A unified mechanism for lipid autoxidation. Source: Ref. 32. 


habit, emulsion, etc. Triglycerides exhibit multiple crys- 
talline structures. For example, tristearin melts at 54.7, 
64.0, and 73.3°C, representing the transition from the less 
stable « form to the more stable forms, f’ and f. The a form 
has a hexagonal crystal subcell. The intermediate melting 
B' form is orthorhombic and the highest melting poly- 
morph; the f form has a triclinic subcell. This multiplicity 
of molecular conformation and packing influences the flu- 
idity, texture, and appearance of the product. Alpha crys- 
tals are fragile platelets of 5 um in size. Beta crystals tend 
to be large and coarse with 25-50 ym in diameter. Fats in 
the f’ form appear as tiny needles of ~1 ym in length. The 
B’ crystals can incorporate large numbers of air bubbles 
providing a smooth texture to an oil product such as mar- 
garine and shortening. The fatty acid composition, as well 
as the position of a particular fatty acid in the glyceride, 
affects the crystal habit of a particular fat. Interesterifi- 
cation usually causes a ' to # conversion. 

The current concept of emulsion stability came with 
the understanding of the factors controlling attractive/ 
repulsive forces and their interaction with distance be- 
tween disperse particles. Flocculation and coalescence of 
oil droplets in an emulsion is dependent on the balance 
between van der Waals attraction and electrostatic repul- 
sion. The combination of these two gives a net potential 
energy vs distance curve with a potential minimum at cer- 
tain intermediate ranges, where repulsion may be greater 
than attraction and a measure of stability exists (34). At 
long and short ranges, the net potential is always attrac- 
tion. 

An emulsifier consists of both hydrophilic and hydro- 
phobic segments in the same molecule. Food grade emul- 
sifiers are usually partial esters of fatty acids, polyols, and 
water-soluble organic acids. When an emulsifier is dis- 
persed in water and heated, a liquid crystalline mesophase 
is formed (35). The mesophase assumes a lamellar, hex- 
agonal, or cubic structure depending on the type of emul- 
sifier and temperature. In a ternary system such as an 


emulsifier in an oil/water system, similar types of meso- 
phases are formed (36). The ordered layer of this liquid- 
crystalline phase stabilizes the oil-in-water emulsion by 
forming a film at the interface. It decreases the attractive 
forces between the oil droplets and provides a steric barrier 
against coalescence between the droplets. 


PROTEINS 


Chemical Reactions in Processing 


Because proteins contain many amino acids with reactive 
side-chain groups, it is expected that a variety of reactions 
may occur during food processing. One of the most exten- 
sively studied reactions is alkali degradation. Alkaline 
treatment is used in food industry for peeling, solubiliza- 
tion, and texturization of food proteins and manufacture 
of gelatin, sausage casings, and tortillas. 

The most well-studied reaction is f-elimination in which 
the a-hydrogen of an amino acid residue is abstracted by 
the hydroxide ion (37) (Fig. 7). In protein-bound cysteine, 
the resulting product is a dehydroalanine which is an a,f- 
unsaturated compound. Nucleophilic side groups, such as 
the lysyl «amino and cysteinyl sulfur, react with de- 
hydroalanine via Michael addition, leading to new cross- 
linkings in the proteins and loss of certain essential amino 
acids. 

Alkaline treatment also causes hydrolysis of the amide 
groups in asparagine and glutamine, and the guanidino 
group in arginine. Racemization of amino acids is also de- 
tected. Protein-bound amino acids are more susceptible to 
a-hydrogen abstraction and hence recemization to the D- 
form (38). Prolonged heating results in isopeptide forma- 
tion between the e-amino group of lysine and the carbonyl 
group of aspartic or glutamic acid, or the amide groups of 
glutamine or asparagine. 
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Figure 7. Reaction of f-climination in alkali degradation of proteins: (1) dehydroalanine, (2) per- 


sulfide product, (3) lysinoalanine. 


Protein Structure and Functionality 


For a food chemist the structure of proteins is quite often 
viewed in the context of functionality in a food system. For 
example, the chemistry of muscle fibers and the mecha- 
nism of muscle contraction are related to rigor mortis and 
postmortem tenderness of meat (39). The onset of rigor 
mortis follows rapid depletion of ATP and breakdown in 
the regulatory system that controls the calcium level in 
muscle. Increasing concentration of calcium in the sarco- 
plasm induces contraction, whereas lack of ATP in the sys- 
tem stops the dissociation of the actin-myosin complex 
formed. The muscle loses its natural extensibility and this 
postmortem change is known as rigor mortis. Postmortem 
tenderness, however, is related to proteolysis of the muscle 
proteins, The acid proteases, such as the cathepsins, have 
received much attention in this respect. The calcium- 
dependent proteinase, calcium activated factor, has been 
linked to the causes of postmortem tenderization (40). In 
the last decade, there have been significant advances in 
our understanding of the molecular structure as well as 
the morphology and mechanism of muscle cytoskeletal pro- 
teins (41-43). These new developments in the basic knowl- 
edge of muscle proteins will inevitably affect the way their 
functionality in food systems is interpreted. 

Despite the importance of cereal seed proteins, until re- 
cently, their molecular structure has been little under- 
stood. In the last several years, the complete amino acid 
sequence (or sequence deduced from cDNA) of gliadin (a- 
type) has been determined (44). The low molecular weight 
(LMW) glutenin subunits have been mapped by two- 
dimensional gel electrophoresis and sequenced (45). The 
high molecular weight (HMW) glutenin genes have been 
sequenced and expressed in Escherichia coli (46). Most re- 
cently, wheat transformation with genes for HMW sub- 


units has been achieved, and the expression of one or two 
transgenic proteins in wheat results in stepwise increase 
in dough elasticity (47). Structural analysis of the amino 
acid sequence of the HMW glutenins is especially reveal- 
ing. The protein molecule contains a large central repeti- 
tive region rich in glutamine, forming a loose spiral struc- 
ture (48). Several cysteine residues are located at the 
a-helical region near the N- and C-terminal ends. Inter- 
molecular disulfide bonds between the terminal cysteine 
residues cross-link the glutenin subunits into gluten poly- 
mers with the spiral regions in between. Hydrogen bond- 
ing could form among the side chains of glutamine resi- 
dues, as well as the peptide backbone. However, attempt. 
to relate the elastic mechanism of HMW subunits to a 
model consisting of spiral motifs that can extend and re- 
form has not been entirely convincing (49). The continuing 
efforts on the investigation of protein sequences and struc- 
tures in combination with genetic engineering studies are 
of immense value in providing the molecular basis for the 
specific role of HMW glutenins. 

Bovine casein micelles exist in large spherical colloidal 
particles of 500 to 3000 A in diameter and 107 to 3 x 10% 
in particle weight. It has long been postulated that a mi- 
celle is assembled from submicelles containing a mixture 
of various casein molecules. However, the supramolecular 
structure of casein submicelles and micelles is unclear. 
One model suggests that submicelles are bound by electro- 
static interaction via colloidal calcium phosphate through 
their ester phosphate groups (50). Because x-casein is al- 
most phosphate free, binding occurs only among the other 
caseins in the submicelle. Submicelles with a low level of 
k-casein are oriented in the interior, and the surface of the 
micelle is covered entirely with submicelles having a high 
content of x-casein. A more recent model depicts the struc- 


ture of micelles as a protein gel without the formation of 
discret submicelles (51). The core of a micelle is a gel ma- 
trix with casein proteins held by microgranules of calcium 
phosphate. On the surface of the micelle is a “hairy” layer 
composed of a uniform density of macropeptide segments 
of x-casein. The highly flexible and hydrated polar poly- 
peptide chains provide steric stabilization to the micelle. 
Cleavage of the macropeptides by chymosin changes the 
surface characteristics of the micelle resulting in aggre- 
gation. 

‘The cDNA sequences for the four major caseins (a1, 2, 
B, and x) are known. Suggestions have been made to im- 
prove the functionality of casein using genetic engineering 
techniques (52). These include (1) alteration of the propor- 
tion of x-casein to enhance the stability of casein micelles, 
(2) construction of an additional cleaving site in casein for 
chymosin, resulting in a change of rheological effects of 
proteolysis, (3) dephosphorylation of casein, creating ad- 
ditional phosphate groups for stabilization, (4) deletion of 
a polar segment from the otherwise nonpolar N-terminus 
of x-casein, thereby enhancing its amphiphilicity. 

Similar strategy has been applied to the whey protein 
A-lactoglobulin. It has been postulated that the thermal 
instability of this protein is due to the unfolding of the 
polypeptide segment (residues 115-125) containing the 
free cysteine-121, and the subsequent sulfhydryl-disulfide 
exchange with the disulfides (65-160 and 106-143) or with 
k-casein in a milk system. Hence, deletion or substitution 
of the cys-121 by site-directed mutagenesis is expected to 
enhance the thermal stability and the functional proper- 
ties of #-lactoglobulin. 


COLORANTS 


There are two basic categories of color compounds: conju- 
gated polyenes and metalloporphyrins. The former in- 
cludes carotenoids, annatto, anthocyanins, betanain, dyes, 
and lakes. The effect of conjugation is lowering the z-n* 
transition energy from the highest occupied molecular or- 
bital to the lowest unoccupied molecular orbital. Increased 
conjugation in the molecule shifts the absorption maxi- 
mum to a higher wavelength. Substituent groups with lone 
pairs of electrons tend to increase conjugation by reso- 
nance. 

Carotenoids consist of a basic structure of eight repeat- 
ing isoprene units that are highly conjugated. In the con- 
jugated system, the terminal double bond has the highest 
electron density and is most susceptible to oxidative at- 
tack. Degradation proceeds from the end to the center of 
the molecule, resulting in a progressive shortening of the 
polyene chain (53). 

Anthocyanins are flavonoid compounds characterized 
by the flavylium nucleus. The flavylium form is stabilized 
by resonance with the positive charge delocalized through- 
out the entire structure, making the anthocyanin molecule 
intensely colored. The structural transformation of antho- 
cyanins in aqueous medium was thoroughly investigated 
in the early 1980s. Flavylium salts exist in equilibrium in 
different forms: flavylium cation (AH * ), quinoidal base (A), 
carbinol pseudobase (B) and chalcone (C). The equilibrium 
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between AH* and A involves the transfer of proton from 
the C5, C7, or C4’ hydroxyl groups to a water molecule. In 
the hydration reaction, the water molecule is preferen- 
tially added to the C2 of the pyrylium ring of AH*, result- 
ing in colorless B. The conversion of B to C is a base- 
catalyzed tautomerization (Fig. 8). Because most isolated 
natural anthocyanins when placed in slightly acidic me- 
dium (pH 3-6) exist largely in the colorless forms (B and 
C), these fundamental studies should have practical im- 
plications. Evidence indicates that substitution pattern at 
various positions of the anthocyanin molecule influences 
the equilibrium constants of these reactions and hence the 
distribution of the colored (AH*, A) and colorless (B, C) 
species (54). 

The two best known examples of metalloporphyrins 
found in food are the myoglobin and chlorophylls. A por- 
phyrin metal complex possesses 19 z-electrons in an 18- 
atom ring. The main effect of the metal on the transitions 
is the conjugation of the metal pz orbital with the porphy- 
rin z orbital (55). The splitting of the 6 orbitals of the metal 
ion (due to the porphyrin) exhibits additional loss of de- 
generacy from the theoretically predicted octahedral sym- 
metry. In oxymyoglobin heme complex the iron coordina- 
tion positions are directed to the four porphyrin nitrogens, 
and in the fifth and the sixth positions, to histidine F8 and 
Oy (or H,O), respectively. The role of the protein globin is 
to stabilize the steric and electronic configuration of the 
iron heme, and to facilitate the back-bonding of electrons 
from the iron to the x* orbital of the oxygen (Fig. 9). The 
hydrophobicity of the heme pocket excludes the binding of 
ionic ligands such as CN~, OH™, and the closely packed 
amino acid side chains restrict the size and orientation of 
the ligand (56). 

Chlorophylls, unlike myoglobin which contains a tran- 
sition metal ion, are porphyrins complexed with the alkali 
earth metal Mg**. The compounds are hydrophobic be- 
cause of the a long chain Cy phytol esterified to the pro- 
pionic acid side chain at C7. The magnesium atom of chlo- 
rophyll can be readily replaced by weak acids or other 
metals such as copper, zinc, and iron. The free base ob- 
tained after removal of the metal is pheophytin, with the 
transition intensity shifted to a lower wavelength. Hydro- 
lysis of the phytyl chain by alkali or enzyme yields the 
chlorophyllides, which are water-soluble and green- 
colored, with spectral characteristics similar to those of the 
chlorophylls. Removal of magnesium from the chlorophyl- 
lides yields pheophorbides, which have the same spectral 
properties as those of the pheophytins. These types of con- 
version have been frequently implicated as causes of color 
loss in processed green vegetables (57,58). Copper com- 
plexes of pheophytin and clorophyllide are stable to acid 
and are used as food colors in some European countries 
(59). 

There is a considerable interest in colorants from nat- 
ural resources. Cape jasmine (Gardenia jasminoides) have 
been investigated for the production of carotenoid and cro- 
cin. The flower is also rich in flavonoids. Another example 
is the mold Monascus purpureus, which has been used in 
Asian countries for centuries. The pigments produced are 
a mixture of red, yellow, and purple polyketides (60). Pig- 
ments extracted from algae, yeasts, and insects have also 
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Figure 9. Back-bonding of electrons from the transition metal to 
n* orbital of oxygen. 
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been investigated for potential use as natural colorants 
(61). Attempts have also been made to produce derivatives 
of anthocyanins and other pigments in plant tissue cul- 
tures (62). 


FLAVORS 


Flavor is the sensation produced by a material and per- 
ceived principally by the senses of taste and smell. Over 
the years, scientists have attempted to relate chemical 
senses to the molecular structures of various compounds 
in an effort to develop a coherent theory. In 1967 it was 
proposed the glucophore unit, which is responsible for 
sweetness in compounds, should consist of an AH, B hy- 
drogen bonding system where H is an acidic proton and B 
is an electronegative atom or center (63). In 1972 the two- 
component system was extended to include a dispersion 
bonding component designated as » component. The dis- 
tance parameters of the resulting tripartite structure are 
A,B = 2.6, B, y = 5.5, and A, y = 3.5 A. The orbital dis- 
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tance between the AH proton and B is 3.0 A. In a three- 
dimensional picture, the glucophore binds to the receptor 
site and the sweet taste is initiated by intermolecular hy- 
drogen bonding between the glucophore and a similar AH, 
B unit on the receptor. The » component acts to align the 
molecule to the receptor. The locations of AH, B, y compo- 
nents in many sweet compounds are known. For example, 
in aspartame, the protonated a-amino group and the ion- 
ized f-carboxy] group of the aspartyl residue represent the 
AH and B unit, respectively (Fig. 10). The phenyalanine 
end of the molecule represents the y component. Only the 
L-L isomer of aspartame is sweet, and this type of enan- 
tiomeric effect in sweetness is also shown in several simple 
amino acids. To account for this fact, the receptor AH, B 
site is believed to consist of a spatial barrier. Hence, the 
L-D isomer of aspartame has the methyl ester group so 
positioned that the molecule cannot fit into the pocket for 
interactions (64). A similar concept is also applied to the 
aminosulfonates, such as saccharin and acesulfame K. 
Ring substitution experiments on acesulfame K indicate a 
loss of sweetness when the length of the hydrophobic group 
on the nitrogen exceeds 0.7 A, suggesting that a bulky sub- 
stituent would create a steric hindrance (65). 

Another group of sweeteners worthy of attention are the 
sweet proteins, which are approximately 100,000 times 
sweeter than sucrose on a molar basis and several times 
on a weight basis. Thaumatin I, the most studied sweet 
protein, consists of a single polypeptide of 207 amino acids 
(My 22,000), with 8 disulfides and no histidine. The largest 
domain is a flattened f barrel formed by 11 antiparallel £ 
strands, with 6 residues per strand on the average. At- 
tached to this are domains II and III, with loops linked and 
stabilized by disulfide bonds (66). Monellin, the other 
known sweet protein, consists of subunits I and II of 50 
and 44 amino acid residues, respectively. The protein con- 
sists of a 5-stranded, antiparallel f sheet (2 f strands from 
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Figure 10. Assignment of glucophore unit in sweet compounds: (1) fructose, (2) saccharin, 


(8) aspartame. Source: Ref. 64. 


subunit I and 3 from subunit II) where each strand con- 
tains an average of 10 residues (67). There is only one 
sulfhydryl group (in subunit II), and in contrast to thau- 
matin I, no disulfide bond. Despite the intense sweetness 
of both proteins, there is little similarity in their three- 
dimensional structures. However, antibodies raised 
against thaumatin also cross-react with monellin (68). Five 
homologous amino acid sequences are found in thaumatin 
I and monellin; two are topologically similar and one of 
these is located in a f bend protruding from the surface of 
the molecule. This tripeptide sequence (-Glu-Tyr-Gly-) has 
been postulated to be the active site responsible for the 
sweet taste (69,70). The structure-function relationship of 
these proteins is not clear. 

A similar AH, B concept has been employed to explain 
bitterness with little success. The structural requirements 
for bitter taste have been proposed, and it has been shown 
that, in contrast to the AH/B system for sweeteners, bitter 
compounds need only one polar group (electrophilic or nu- 
cleophilic with a negative charge) and a hydrophobic 
group, with the intensity of bitter taste depending on the 
size and shape of the hydrophobic part of the molecule 
(71,72). Although the monopolar-hydrophobic concept for 
bitter taste requires more research, the importance of hy- 
drophobicity to bitterness has been well established. In- 
troduction of an additional hydrophobic group onto a sweet 
compound often results in modifying the taste from sweet 
to bitter. 

Several theories have been presented over the years to 
correlate the molecular structure with the perceived odor 
quality of a chemical compound. The infrared theory has 
had some success in correlating odor quality with low- 
energy molecular vibrations (73). The site-fitting theory at- 
tempts to link the size, shape, and electronic status of a 
molecule to a complementary receptor site (74). It has been 
suggested that although the overall shape and size of an 
odorous compound is responsible for the sensory percep- 
tion, the functional group determines the orientation and 
the affinity of the molecule to the receptor (75). Molecular 
connectivity terms have been derived to relate the quan- 
titative description of certain aspects of molecular topology 
to several classes of odor compounds and found significant 
correlations between the two (76). Another study on the 
qualitative structure activity relationship has been con- 


ducted using computerized pattern recognition techniques 
(77). Both chemical composition and the shape of the mol- 
ecule seem to be important contributing factors. In addi- 
tion to the properties mentioned, it is also evident that the 
chirality and hydrophobicity of the compound are impor- 
tant for odor intensity. 

Current knowledge about olfactory reception suggests 
the initial interaction occurs in the olfactory epithelium 
between the odorant with receptor proteins that extend 
from the dendrites of the olfactory sensory neurons (78,79). 
In humans, there are around 1,000 genes encoding 1,000 
different odor receptors, each expressed in thousands of 
olfactory sensory neurons. A particular odor would bind to 
a characteristic set of multiple receptors rather than in- 
dividual receptor cells, depending on the chemical groups 
of the odor molecule. Binding of an odorant to receptors 
activates a G protein—adenylate cyclase cascade, which re- 
sults in the generation of cAMP. The cAMP causes the 
opening of an ion channel either directly or by phosphory- 
lation via a cAMP-dependent protein kinase (80,81). The 
signals are transmitted to the localized glomeruli in the 
olfactory bulb, but exactly how the cortex decodes and re- 
constructs the signals into sensory responses is not known. 
There is still lack of a clear relationship between chemical 
structure and odor quality, and it is impossible to predict 
odor quality of a compound with a known structure. 


NATURAL TOXICANTS 


There are a large number of natural toxic chemicals in our 
daily diet. Toxicants may be chemical constituents of the 
food itself, contaminants from microbial infestation, or 
degradation products formed during food storage and pro- 
cessing. Toxic chemicals are commonly present in all 
plants, in which they act as protective agents against mi- 
crobial attack, insects, and predators (82). Although the 
generally low level of these compounds together with a var- 
ied diet usually eliminate the risk of intoxification, the 
presence of many of these natural pesticides in our food 
seems to be receiving very little attention from the general 
public. 

One well-known example of natural pesticides is the 
glycoalkaloids, solanine and chaconine, found in potatoes 
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Figure 11, Degradation of glucosinolate: (1) glucosinolate, (2) isothiocyanate, (3) thiocyanate. 


Source: Ref. 83. 


at the level of approximately 10 mg/100 g fresh weight (83). 
These glycoalkaloids are strong inhibitors of cholinester- 
ase causing neurological disorder symptoms. Lethal doses 
for humans range from 3 to 6 mg/kg body weight, and doses 
of greater than 2 mg/kg are normally considered toxic. 
Another class of toxicants, glucosinolates, occurs pre- 
dominantly in vegetables such as cabbage, cauliflower, 
radish, mustard greens, brussels sprouts, and broccoli. 
Glucosinolates are hydrolyzed by the enzyme thioglucoside 
glycohydrolase when the plant tissues are crushed. The 
unstable aglycone produced is converted to isothiocyanate 
in a process similar to the Lossen rearrangement or thio- 
cyanate (84) (Fig. 11). The latter compound is a goitrogen. 


A number of amino acids, peptides, and proteins con- 
stitute an interesting class of toxicants. There are more 
than 250 nonprotein amino acids found in plants, many of 
which are structurally similar to the protein amino acids. 
For example, -pyrazol-l-ylalane, pipecolic acid, homo- 
arginie, a,f-diaminobutyric acid are analogs of histidine, 
proline, arginine, and lysine, respectively. Toxicity of these 
nonprotein amino acids is usually caused by the competi- 
tion with structurally similar protein amino acids for pro- 
teins, resulting in functionally inactive products, or in in- 
terference with protein synthesis. 

The notorious toxins produced by Clostridium botuli- 
num are neurotoxins that block the release of acetylcholine 
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Figure 12. Formation of conjugate between aflatoxin B and DNA: (1) AFB,-8,9-oxide, (2) AFB,- 


Guanine-DNA. Source: Ref. 85. 


in the peripheral nervous system, resulting in paralysis. 
The lethal dose is in the range of 1 to 5 ng/kg body weight. 
Botulinum toxins are synthesized as an inactive precursor, 
which is a single polypeptide with a molecular weight of 
~150,000 Da. The protein is cleaved by an endogenous pro- 
tease into an active molecule consisting of a heavy chain 
and a light chain linked by a disulfide bond. The toxin ini- 
tially binds to gangliosides (sialic acid-containing glyco- 
lipids) on the plasma membrane of cholinergic nerve. The 
toxin-ganglioside complex undergoes endocytosis, and the 
low pH in the vesicle activates the insertion of the toxin 
into the membrane (85). 

Mycotoxins are toxic fungal metabolites that often con- 
taminate peanuts, cereals, and dairy products. The most 
extensively studied mycotoxins are the aflatoxins produced 
by Aspergillus and Penicillium. The toxicity of aflatoxin B, 
is caused by their metabolism to the reactive AFB,-8,9- 
oxide, which forms covalently linked conjugates with DNA 
and proteins (86) (Fig. 12), or undergoes hydrolysis to 
AFB,-8,9-dihydrodiol. The latter product is a dialdehyde 
phenolate ion stabilized by resonance and forms Schiff 
base with proteins. 

Polycyclic aromatic hydrocarbons are known carcino- 
gens found in grilled meat products. These compounds 
include benzo[a]pyrene, benzo[a]fluroanthene, benzo[a]- 
anthracene, and chrysene. They are metabolized by enzy- 
matic activation to form a dihydrodiolepoxide that binds 
DNA. Heterocyclic amines found in high temperature cook- 
ing are enzymatically converted to O-acyl derivative, 
which covalently binds DNA, resulting in mispairing in 
replication and transcription (87). 

Many N-nitrosamines are found in cured meat and 
fish, including N-nitrosodimethylamine, N-nitrosodieth- 
ylamine, N-nitrosopyrrolidine, and N-nitrosopiperidine. 
Metabolically, nitrosamines undergo enzymatic a-hydrox- 
ylation, followed by C-N bond cleavage to yield alkydiazo- 
hydroxide, which further breaks down to alkyldiazonium 
ion. Both alkydiazohydroxide and alkyldiazonium ion re- 
act with DNA to form covalent conjugates (88). 


CONCLUSIONS 


This brief overview clearly indicates the dynamic interac- 
tions among various interrelated disciplines. The very fact 
that interactions among food components are complex re- 
flects the scope and diversity of the underlying chemistry. 
It is often inadequate to treat food chemistry in a descrip- 
tive manner. Approaches must be taken to analyze the 
kind of chemical mechanisms involved and to follow the 
sequence of steps in terms of chemical equations and prin- 
ciples. Food chemistry encompasses reaction mechanisms 
involving free radicals, transition metals, coordination 
chemistry, stereochemistry, molecular structures, biopoly- 
mers, and colloids, in addition to common organic chemical 
reactions. The process of searching for a fundamental un- 
derstanding of how food components react and interact is 
indeed an exciting challenge for food scientists. 
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FOOD CONSUMPTION SURVEYS IN THE 
U.S. DEPARTMENT OF AGRICULTURE 


One mission of the U.S. Department of Agriculture (USDA) 
is to encourage the production and availability of a suffi- 
cient, safe, and nutritionally adequate supply of food for 
Americans, In support of this mission, USDA conducts sur- 
veys to monitor food use and food consumption patterns in 
the U.S. population. Early studies on food and nutrition 
were begun at the end of the last century. These small- 
scale studies aimed to help people in the working class 
achieve good diets at low cost. As time went on, recognition 
of the need for nationally representative food and nutrient 
intake data resulted in the development of larger surveys. 
The USDA's most recent national food consumption survey 
was the 1994-1996 Continuing Survey of Food Intakes by 
Individuals (CSFII), which measured the kinds and 
amounts of foods eaten by Americans. Conducted as a tele- 
phone follow-up to the CSFII, the 1994-1996 Diet and 
Health Knowledge Survey (DHKS) measured attitudes 
and knowledge about diet and health among Americans. 
The CSFII and DHKS were designed so that individuals’ 
attitudes and knowledge about healthy eating could be 
linked with their food choices and nutrient intakes. Both 
surveys address the requirements of the National Nutri- 
tion Monitoring and Related Research Act of 1990 (P.L. 
101-445) for continuous monitoring of the dietary status of 
the American population, including the low-income popu- 
lation. See the section “The National Nutrition Monitoring 
and Related Research Program.” 


USES OF THE DATA 


As shown in Table 1, evaluations of diet quality and track- 
ing changes in the diet over time have many useful federal, 
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FOOD CONSUMPTION SURVEYS IN THE 
U.S. DEPARTMENT OF AGRICULTURE 


One mission of the U.S. Department of Agriculture (USDA) 
is to encourage the production and availability of a suffi- 
cient, safe, and nutritionally adequate supply of food for 
Americans, In support of this mission, USDA conducts sur- 
veys to monitor food use and food consumption patterns in 
the U.S. population. Early studies on food and nutrition 
were begun at the end of the last century. These small- 
scale studies aimed to help people in the working class 
achieve good diets at low cost. As time went on, recognition 
of the need for nationally representative food and nutrient 
intake data resulted in the development of larger surveys. 
The USDA's most recent national food consumption survey 
was the 1994-1996 Continuing Survey of Food Intakes by 
Individuals (CSFII), which measured the kinds and 
amounts of foods eaten by Americans. Conducted as a tele- 
phone follow-up to the CSFII, the 1994-1996 Diet and 
Health Knowledge Survey (DHKS) measured attitudes 
and knowledge about diet and health among Americans. 
The CSFII and DHKS were designed so that individuals’ 
attitudes and knowledge about healthy eating could be 
linked with their food choices and nutrient intakes. Both 
surveys address the requirements of the National Nutri- 
tion Monitoring and Related Research Act of 1990 (P.L. 
101-445) for continuous monitoring of the dietary status of 
the American population, including the low-income popu- 
lation. See the section “The National Nutrition Monitoring 
and Related Research Program.” 


USES OF THE DATA 


As shown in Table 1, evaluations of diet quality and track- 
ing changes in the diet over time have many useful federal, 
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state, and local applications, including policy formation, 
program planning, and nutrition education. Users of the 
survey data include federal government agencies, such as 
the Environmental Protection Agency (EPA), the Food and 
Drug Administration (FDA), the Federal Trade Commis- 
sion, and numerous USDA agencies; state agencies and 
larger county health departments; food and agricultural 
industries; and universities. The data are used to deter- 
mine the food choices Americans make and to evaluate the 
content and adequacy of their diets in relationship to the 
Dietary Guidelines for Americans (1); other federal gov- 
ernment statements of dietary policy, such as the year 
2000 nutrition objectives (2); and the National Academy of 
Sciences’ Recommended Dietary Allowances (3). Health in- 
terventions such as the National Cancer Institute's “5-A- 
Day for Better Health Program” (4) and nutrition educa- 
tion materials such as the Food Guide Pyramid (5) are 
developed and targeted based on survey results. The data 
are also used to assess the nutritional impact of the 
USDA's food assistance programs; to estimate exposure to 
pesticide residues, food additives, and contaminants; to de- 
velop food fortification, enrichment, and food labeling pol- 
icies; and to assess the demand for agricultural products 
and marketing facilities. 


RECENT USDA FOOD CONSUMPTION SURVEYS 


The 1994-1996 CSFII and the 1994-1996 DHKS, popu- 
larly known as the What We Eat in America survey, are the 
most recent surveys conducted by the USDA (6). The 1994— 
1996 survey collected dietary data on individuals of all 
ages in the United States. A survey of food and nutrient 
intakes by children under 10 years of age was conducted 
in 1998 as a supplement to the CSFII 1994-1996. The Sup- 
plemental Children’s Survey (SCS) was conducted in re- 
sponse to the 1996 Food Quality Protection Act of 1996 
(P.L. 104-170), which required the Secretary of Agricul- 
ture to provide the EPA with information on food con- 
sumption patterns of a statistically valid sample of infants 
and children. This requirement follows a 1993 report of the 
National Academy of Sciences entitled Pesticides in the Di- 
ets of Infants and Children in which concern was raised 
that current food consumption data did not provide suffi- 
cient sample sizes for adequate estimation of exposure to 
pesticide residues in the diets of children (7). 

In the CSFII/DHKS 1994-1996, a nationally represen- 
tative sample of individuals of all ages was asked to pro- 
vide, through in-person 24-h recall interviews, information 
about their food intakes on two nonconsecutive days as 
well as socioeconomic and health-related information. 
About two weeks after the food intake interview, a subsam- 
ple of individuals age 20 years and over was asked to an- 
swer a series of questions about knowledge and attitudes 
toward dietary guidance and health. The sample design 
included oversampling of low-income individuals to yield a 
national sample of the low-income population. The final 
survey data set includes information on two days of food 
and nutrient intake data for more than 15,000 individuals 
and information on diet, health, and food safety issues 
from nearly 6000 adults who also responded to the DHKS 
(6). The method of data collection for the SCS is identical 


Table 1. Uses of Data from Nationwide Food Surveys 


Current nationwide food surveys conducted by USDA's 
Agricultural Research Service encompass two types of 
surveys: surveys of foods eaten by individuals both at home 
and away from home and surveys of attitudes and knowledge 
about healthy eating, about diet and health relationships, and 
about dietary guidance. A third type of survey that measured 
food used by households and the costs of those foods has been 
discontinued although results from those surveys are still 
used. Results from these three types of surveys are used for a 
variety of purposes. 


Assessment of dietary intakes 


Provide detailed benchmark data on food and nutrient intakes 
and eating patterns of the population 

Monitor the nutritional quality of diets and determine the size 
and nature of populations at risk of having diets low in 
certain nutrients 

Identify socioeconomic and attitudinal factors associated with 
diets 

Identify changes in food and nutrient consumption that would 
reduce health risks 


Economics of food consumption 


Predict demand for agricultural products and marketing 
facilities 

Determine the effects of socioeconomic factors on the demand for 
food 

Determine the demand for food away from home and its effects 
on the nutritional quality of diets 


Food policy, programs, and guidance 


Determine appropriate levels of enrichment or fortification 
based in part on food use 

‘Track use of food labels and their effect on dietary intakes 

Monitor food security, hunger, and diet quality 

Identify populations that might benefit from intervention 
programs 

Determine the amounts of foods that are suitable to offer in food 
distribution programs 

Identify factors affecting participation in some food programs 
and estimate the effect of participation on diet quality 

Estimate the effect of food programs on demand for food 

Develop food plans that reflect food consumption practices and 
meet nutritional and cost criteria 

Develop food guides and dietary guidance materials that target 
nutritional problems in the U.S. population 

Identify educational strategies to increase the knowledge of 
nutrition and to improve the eating habits of Americans 


Food safety 


Estimate exposure to pesticide residues, food additives, 
contaminants, and naturally occurring toxic substances 

Predict food items in which a food additive can safely be 
permitted in specified amounts 

Determine the need to modify regulations in response to 
changes in consumption 


Historical trends 


Correlate food consumption and dietary status with incidence of 
disease over time 

Follow food consumption through the life cycle 

Predict changes in food consumption and dietary status as they 
may be influenced by economic, technological, and other 
developments 
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to that used in the 1994-1996 CSFII; the SCS includes two 
days of dietary intake on approximately 5000 children 
birth through 9 years of age. 

Methodology research has always been important in 
planning the increasingly complex food consumption sur- 
veys at the USDA. Most surveys have contained a compo- 
nent to improve methods in future surveys as well as to 
evaluate food consumption of the sample under study. Such 
studies build on earlier experience and findings (8). To 
meet the objectives of improving the accuracy and compre- 
hensiveness of dietary intake data and developing a more 
cost-effective method of data collection for national surveys 
of food consumption to be conducted in the year 2000 and 
later, the USDA’s Food Surveys Research Group (part of 
the Beltsville Human Nutrition Research Center of the Ag- 
ricultural Research Service) has a dietary survey methods 
research program. The objective of this research program 
is to develop and test new dietary intake methodology, 
utilizing a telephone mode of data collection. This research 
includes the development and testing of a computer- 
assisted telephone interview (CATI) for collecting dietary 
data and the selection and testing of food measurement 
aids to improve portion size estimation. A critical compo- 
nent of the research program is a large-scale validation 
study of 400 individuals to compare estimates of energy 
intake as determined by the 24-hour dietary recall method 
against estimates of actual energy expenditure by individ- 
uals as determined by the doubly labeled water technique 
(9). The doubly labeled water technique provides precise 
measures of energy expenditure in free-living individuals 
and may be used to validate the assessment of energy in- 
take by other methods (10). 


HISTORY OF USDA FOOD CONSUMPTION SURVEY 
METHODOLOGY 


Household Food Consumption Surveys 


The USDA has conducted household food consumption sur- 
veys for about 100 years. In 1894 Congress mandated that 
human nutrition investigations be conducted by the USDA 
Office of Experiment Stations. W. O. Atwater, the first di- 
rector of the Experiment Stations, is credited with the first 
food consumption studies in the United States in the late 
1800s. He recognized the essential links between such 
studies and research on food composition, nutritional re- 
quirements, and dietary guidance, and he pioneered stud- 
ies in all of these areas. Atwater (11,12) sought food con- 
sumption information that would help him develop 
recommendations on what a working man should eat and 
how families could spend their food money wisely. By 1898 
USDA investigators had made studies of food consumption 
by more than 300 families (13). In early studies, partici- 
pants were “willing families.” Researchers used a food 
inventory-record to collect data by determining the weight 
and cost of food used by the family from inventories of food 
on hand at the start and end of the survey period and rec- 
ords of foods brought into the home during the period (14). 

Because this complex procedure was found to be too in- 
trusive, too time-consuming, and too costly, it was replaced 
in the 1930s by the food list-recall (or food list). The new 
technique required only an interview with the household 


respondent (usually the homemaker) who recalled, using 
the food list, the quantities of listed foods used by the 
household during the preceding week and the amounts 
paid for purchased items. Although the list-recall proce- 
dure was introduced with little preliminary study, re- 
sponse rates for the food list-recall were later shown to be 
much higher than for the food inventory-record method (8). 


Nationwide Household Food Consumption Surveys 


The USDA began periodic nationwide surveys of house- 
holds in the 1930s using the list-recall method along with 
statistical sampling techniques that permitted the collec- 
tion of data from large numbers of households in relatively 
short periods of time. In the 1930s and 1940s, nationwide 
surveys included the 1935-1936 Consumer Purchases 
Study, the 1942 Spending and Saving in Wartime Survey, 
and a survey of food consumption of urban families in 1948. 
The surveys in 1935-1936, 1942, and 1948 preceded the 
advent of probability sampling in surveys (15) and were 
less than fully representative of the U.S. population (8). 

Later household surveys attempted to represent the to- 
tal U.S. population. Their results indicated the way U. 
food supplies were distributed among households of differ- 
ent sizes, income, and location. Because each food was re- 
ported as brought into the household, its cost could be ob- 
tained and an estimate made of the money value of food 
used in households. The 1955 Household Food Consump- 
tion Survey (HFCS) was the first of the USDA’s food con- 
sumption surveys in which a commercial firm selected the 
sample and collected and edited the data. The USDA re- 
tained responsibility for overall planning and monitoring 
of all survey operations, provision of support data for anal- 
ysis, and the interpretation and publication of results. The 
1965-1966 HFCS was the first to cover all four seasons of 
the year and to collect information on food intake by indi- 
viduals (see later), as well as the food used by the house- 
hold as a whole. 

In addition to the periodic nationwide surveys of house- 
holds, the USDA has conducted smaller methodological or 
special-purpose surveys of food consumption. More precise 
methods evolved as various problems were investigated 
(8). For example, several studies addressed survey meth- 
odology issues such as food discard measurement, ques- 
tionnaire design and wording, and interviewer training 
and compared the food inventory-record and food list-recall 
methods of data collection, confirming the decision to adopt 
the list-recall technique for use in future surveys (16-21). 
Other studies (22,23) explored techniques for collecting di- 
etary data from individuals. The 1950s and early 1960s 
saw widespread concern for disadvantaged and low-income 
families, and the Pilot Food Stamp Program was initiated 
in 1961 in eight economically depressed areas. A before- 
and-after study of food consumption and dietary levels in 
an urban and a rural area showed that the Food Stamp 
Program increased the purchase of more nutritious foods 
by needy families and also expanded the market for agri- 
cultural products—a major government objective being to 
utilize farm surpluses (24). The Food Stamp Program be- 
came permanent with the Food Stamp Act of 1964. 

Two additional nationwide household food consumption 
surveys were conducted—in 1977-1978 and in 1987-1988. 
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The 1977-1978 Nationwide Food Consumption Survey 
(NFCS) included five supplemental surveys: low-income 
households, households with elderly persons, and house- 
holds in Puerto Rico, Alaska, and Hawaii. Some of these 
supplemental surveys facilitated studies of factors affect- 
ing food consumption and diet quality among groups eli- 
gible for some of the USDA's food assistance programs; oth- 
ers provided information on food consumption in locations 
outside the conterminous states that had not previously 
been studied (13). In 1979-1980, a follow-up survey to the 
1977-1978 low-income survey was conducted to assess 
whether shifts had occurred in food consumption and die- 
tary quality that might be associated with rising food costs 
and changes in the Food Stamp Program since the survey 
of similar households in 1977-1978. 

As food supplies increased and became more varied, the 
number of foods on the food list-recall form increased rap- 
idly: about 200 items in 1948, about 2300 items in 1977, 
and nearly 3000 items by 1987 (8). In the NFCS of 1987— 
1988, one innovation was the use of a laptop computer pro- 
grammed to handle the burden of a growing food list. The 
computer was intended to improve processing time also. 

The collection of two types of information—household 
use of food and individual intake—in the nationwide sur- 
veys of 1965-1966, 1977-1978, and 1987-1988 created 
large respondent burden and, in the 1987-1988 survey, low 
response rates. Because of these concerns and increasing 
national awareness of the relationship between diet and 
health, the collection of information on household use of 
food was discontinued after the 1987-1988 survey, com- 
pleting the shift in emphasis from collecting household 
food use data to individual intake data. 


Dietary Intake by Individuals 


Information on food intakes by individuals is more precise 
than household food use data for the assessment of diet 
quality (13). For several reasons, household data were less 
than ideal for analyses of diet quality relative to the Rec- 
ommended Dietary Allowances (RDA), which were the only 
standards available (25). Household food consumption 
data included food discard, resulting in overestimates of 
nutritional quality. To compare household intake levels 
with the RDAs, it was necessary to adjust for the con- 
sumption of food away from home, which was not surveyed, 
as well as to make various assumptions related to the ap- 
portionment of food among household members and their 
differing nutritional needs. Individual intake data repre- 
sent foods as eaten, excluding food discard and including 
both food eaten at home and food away from home. Indi- 
vidual intakes can appropriately be compared with sex- 
and age-specific RDAs. The first USDA nationwide survey 
of food intakes by individual members of households was 
conducted in spring 1965 as a supplement to the 1965- 
1966 HFCS. One day of intake for about 14,500 individuals 
in the United States was collected using a one-day (24- 
hour) recall. 

The 1965 individual intake data were found to be very 
useful as baseline data, resulting in many requests for en- 
larging their scope—more intake days per individual, all 
seasons, and more questions on dietary practices. Conse- 
quently, the scope of the second nationwide survey of die- 


tary intakes by individuals was greatly expanded in 1977— 
1978 and the name changed from the Household Food Con- 
sumption Survey to the Nationwide Food Consumption 
Survey. Three consecutive days of food intake were col- 
lected in four seasons for more than 30,000 individuals in 
the 48 conterminous states. In the NFCS 1977-1978, in- 
dividuals provided information on their own intakes, un- 
like in the HFCS 1965 when the household respondent had 
provided information for all household members. In 1987— 
1988, another NFCS was conducted, which included the 
collection of three consecutive days of food intake data 
from about 15,000 individuals. Most of the procedures used 
to obtain food intake reports were similar in the two NFCS 
surveys. Intake data were collected using a 24-hour recall 
and a two-day record. Interviewers collected the first day 
of data in the home and instructed the individuals in the 
households on filling out the two-day records. The inter- 
viewer then returned after the third intake day to answer 
any questions and collect the records. 

In 1985 the first national USDA survey of dietary in- 
take by individuals independent of a household food use 
component began. Its purpose was to collect data more fre- 
quently than every 10 years, thus providing up-to-date 
information on the adequacy of diets of selected population 
groups and early indications of dietary changes— 
important considerations for data that are used in plan- 
ning food assistance and educational programs and in ad- 
ministering a variety of public programs affecting the 
supply, safety, and distribution of the nation’s food. The 
CSFII was repeated in 1986. In both years the survey in- 
cluded two nationally representative samples—an all- 
income sample and a low-income sample. In both years, 
the all-income sample included about 1500 women 19 to 
50 years of age and about 500 of their children 1 to 5 years 
of age. The low-income sample included about 2100 women 
and about 1200 children 1 to 5 years of age in 1985 and 
about 1300 women and 800 children in 1986. A sample of 
men age 19 to 50 years of age was included in 1985 only. 
Food intake data were collected using a panel approach: 
Collection from each individual took place on up to six non- 
consecutive days at intervals of approximately two months 
over a one-year period. The first day of intake was collected 
using an in-person interview; subsequent days of data 
were collected by telephone when possible. A 24-hour die- 
tary recall was used for all intakes. 

In 1989 the panel aspect of the 1985 and 1986 CSFII 
was dropped and the CSFII 1989-1991 was conducted us- 
ing the same methodology as the individual intake portion 
of the NFCS 1987-1988. Individuals who took part in the 
CSFII 1989-1991 were asked to provide three consecutive 
days of dietary data. The first day’s data were collected in 
an in-home interview using a one-day (24-hour) dietary re- 
call. The second and third days’ data were collected using 
a self-administered two-day dietary record. 


Diet and Health Knowledge Survey 


In 1989 the DHKS was initiated to improve understanding 
of factors that affect food choices and provide a link be- 
tween an individual’s knowledge and attitudes and his or 
her dietary behavior. Individuals who were identified as 
the main meal-planners/preparers in the CSFII were con- 
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tacted by telephone, if possible, about six weeks after col- 
lection of the dietary data and were asked to answer a se- 
ries of questions about knowledge and attitudes toward 
diet, health, and food safety. In the 1994-1996 DHKS, 
adults 20 years and over replaced main meal-planners/ 
preparers as the unit of observation. 

An overview of USDA nationwide food surveys is pro- 
vided in Table 2. 


TRENDS IN FOOD CONSUMPTION 


In the depression years of the 1930s, concern about the 
quality of American diets was high. To address this and 
other issues related to family economics, the USDA and 
the Bureau of Labor Statistics conducted several national 
studies (13), The comprehensive picture of household food 
consumption and dietary levels obtained in the Consumer 
Purchases Study of 1935-1936 indicated that one-third of 
the nation’s families had diets that were poor by nutri- 
tional standards (26). These findings gave impetus to the 
enrichment of white flour and bread with iron and three B 
vitamins, establishment of the National School Lunch Pro- 
gram, and expansion of nutrition education and research. 
Also, USDA economists used results to project food con- 
sumption in the United States and to develop food budgets 
to help families select good diets. A later version of the 
least costly of these food budgets, the Thrifty Food Plan, is 
still used in the federal formulas for counting the nation’s 
poor (27) and for setting benefit levels in the Food Stamp 
Program (28). 

The 1942 Spending and Saving in Wartime Survey mea- 
sured the early effects of World War II on food consumption 
in urban, rural, and farm families at different income lev- 
els (29). The survey found marked improvement from the 
1930s in diets overall, but many families’ intakes of several 
nutrients were low in comparison with the new standards, 
the RDAs, first issued in 1941. Between the 1935-1936 
survey and the 1948 survey of urban areas, great strides 
were made in the distribution and storage of food products, 
most notably in home refrigeration. These changes af- 
fected the way people purchased and used food. 

Between the household food consumption surveys of 
1955 and 1965-1966, the availability and consumer accep- 
tance of many new, more convenient food products changed 
the cooking practices in many American households. For 
example, the use of mixes for baked products such as cakes 
and muffins and the availability of ready-made baked 
products led to a decrease in baking “from scratch,” and 
household consumption of flour, sugar, and other basic bak- 
ing ingredients decreased. 

Between 1965-1966 and 1977-1978, the proliferation 
of new products was especially marked. Technological 
changes, such as freeze-dried coffee, and the increasing va- 
riety of commercially frozen foods reflected breakthroughs 
in food processing and packaging. Lifestyle changes, such 
as increases in the proportion of women employed outside 
the home, may have decreased the time spent in meal 
preparation and increased the demand for convenience 
foods and fast-food restaurants. 

Between 1977 and 1985, when the CSFII was initiated, 
substantial changes occurred in food intakes—shifts to 


lower fat milk, less meat eaten separately (not as part of 
a mixture), and more grain products. These shifts, most 
prominent among higher income, more educated respon- 
dents, may have reflected concerns about diet and health 
issues. Nutrient intakes were at least as good, if not better 
in some respects, in 1985 than in 1977. However, the in- 
takes of some nutrients were still below the 1980 RDAs 
(30); these observations were apparent at all levels of in- 
come and in all geographic regions. 

The NFCS 1987-1988 showed a continuation of the di- 
etary trends observed between 1977 and 1985 toward 
lower-fat milk, less meat eaten separately, and more grain 
products. Total fat intakes as a percentage of calories fell 
from 40% in 1977-1978 to 36% in 1987-1988. More of the 
household food dollar was spent away from home, and 
fewer meals were consumed from household food supplies 
in 1987-1988 than in 1977-1978. These changes may have 
resulted from a desire for increased convenience and va- 
riety. The food industry responded in a number of ways: 
more and varied restaurants, more microwavable pack- 
aging, and more bakeries, delicatessens, and salad bars in 
supermarkets. 

In 1989-1991 survey data indicated that eating habits 
more closely followed national dietary guidelines than in 
the past, but the amount of fat in the average diet was still 
higher than the 30% recommended by the Dietary Guide- 
lines for Americans (1), and Americans were eating lower 
amounts of fruits, vegetables, grains, and low-fat dairy 
products than recommended. In 1989-1991, results from 
the DHKS showed that only about one-fourth of main 
meal-planners/preparers met dietary recommendations 
for fat and saturated fat, and that their perceptions about 
their diets did not always match reality. 

Data from the 1994-1996 CSFII indicated a continued 
decline in the percentage of calories from fat—from 36% in 
1987-1988 to 33% in 1994-1996. However, only about one- 
third of adults had fat intakes that provided 30% or less of 
calories. Consumption of grain-based products, especially 
grain mixtures such as pizza and lasagna, continued to rise 
between the late 1980s and the mid-1990s. Among young 
children, consumption of fluid milk decreased by 16% since 
the late 1970s, while consumption of carbonated soft 
drinks increased by 16%. 


PYRAMID SERVINGS DATA 


Along with improvements in data collection methods, an- 
other methodological advance during the 1990s involves 
the way information on food intakes by individuals is re- 
ported to the public. Since the 1965-1966 HFCS, when in- 
formation on the intakes of food by individuals was col- 
lected for the first time, average quantities of foods 
consumed have been reported in grams or as the percent- 
ages of individuals consuming food from selected food 
groups or subgroups. 

Information expressed as percentages of individuals us- 
ing food or as gram amounts of food has numerous uses, 
including comparing food consumption over time. Also, nu- 
trient intakes could be calculated from food intakes and 
then compared with standards such as the RDAs (3). These 
comparisons gave important information about the ade- 
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Table 2. Overview of USDA Nationwide Food Surveys, 1936 to 1998 


‘Type of data 
Survey Population Sample collected Dietary method 
1935-36 Consumer Farm, village, and city Husband and wife families, | Household food use  Seven-day list-recall; seven- 
Purchases Study households in five white and native born day food inventory record 
geographic regions 
1942 Family Spending _ Cities, rural nonfarm Housekeeping families and Household food use —_ Seven-day list-recall 
and Saving in areas, and farms single persons 
Wartime 
1948 Food Urban families Housekeeping families of Household food use _ Seven-day list-recall 
Consumption of nationwide in two or more persons 
Urban Families spring plus surveys 
in four cities 
1955 Food 48 states plus a National, self-weighting Household food use —_ Seven-day list-recall 
Consumption of supplement of farm probability sample of 
Households households housekeeping households 
1965-66 Household 48 states ‘Two separate samples (basic Household food use _ Seven-day list-recall 
Food Consumption. and low income); selected Individual intake 24-h dietary recall in spring 
Survey (HFCS) household members were only 
asked to provide intake 
information 
1977-78 Nationwide 48 states ‘Two separate samples (basic Household food use _ Seven-day list-recall 
Food Consumption and low income); all Individual intake Three consecutive days: 24- 
Survey (NFCS) household members were h dietary recall and two- 
asked to provide intake day diet record 
information 
1985-86 Continuing 48 states ‘Two separate samples (basic _ Individual intake Women and children: six 
Survey of Food and low income); women nonconsecutive 24-h 
Intakes by 19-50 years and their dietary recalls; day one in 
Individuals (CSFII) children 1-5 years in both person and remaining 
years and men 19-50 days by telephone 
years in 1985 only Men: day one only 
1987-88 NFCS 48 states ‘Two separate samples (basic Household food use —_ Seven-day list-recall 
and low income); all Individual intake Three consecutive days: 24- 
household members were h dietary recall and two- 
asked to provide intake day diet record 
information 
1989-91 CSFII 48 states ‘Two separate samples (basic Individual intake Three consecutive days: 24- 
and low income); all h dietary recall and two- 
household members were day diet record 
asked to provide intake 
information 
1989-91 Diet and 48 states Main meal-planners/ Dietary knowledge, Telephone followup to 
Health Knowledge preparers with a behavior, and CSFII 
Survey (DHKS) completed day one intake attitudes 
in CSFII 
1994-96 CSFII 50 states Oversampling of the low- Individual intake Two nonconsecutive 24-h 
income population; only dietary recalls 
selected household 
members were asked to 
provide intake 
information 
1994-96 DHKS. 50 states Adults 20 years and over Dietary knowledge, Telephone followup to 
with a completed day one behavior, and CSFII 
intake in CSFII attitudes 
1998 Supplemental 50 states Children 0-9 years Individual intake ‘Two nonconsecutive 24-h 
Children’s Survey to dietary recalls 
CSFII 1994-96 


quacy of diets but were difficult to interpret to the public, 
especially in light of more recent dietary recommendations 
that specified recommendations as the number of servings 
from specified food groups to eat each day. These recom- 
mendations are from the Dietary Guidelines for Americans 
and the USDA Food Guide Pyramid (1,5). To meet the need 


for a more easily understood way to report on the adequacy 
of food intakes, USDA developed a method for converting 
data from the CSFII into servings (31). This method fa- 
cilitates comparisons of food intakes by Americans to die- 
tary recommendations in the Food Guide Pyramid. The 
Pyramid shows a recommended range of servings to eat 
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each day from five major food groups—grain, vegetable, 
fruit, dairy, and meat. In general, the number of servings 
that is right for a person depends on calorie needs; people 
who need more calories should eat more servings. The Pyr- 
amid also provides guidance to help people choose diets low 
in fat and moderate in sugars. 

The method developed by the USDA adheres to Pyra- 
mid principles, uses the serving sizes specified by the Pyr- 
amid, and strictly categorizes foods according to Pyramid 
criteria (5). Since many foods people eat—foods like pizza, 
soups, and pies—count toward more than one food group, 
the method separates foods into their ingredients before 
servings are counted. Table 3 compares the average Amer- 
ican diet against Food Guide Pyramid recommendations. 
The average number of servings from the fruit, dairy, and 
meat groups are below minimums recommended. Those 
from the grain and vegetable groups are near the bottom 
of recommended ranges. 

The Pyramid recommends that Americans limit the fat 
in their diets to 30% of calories. People will consume about 
half of this amount as nondiscretionary fat if they eat the 
recommended number of servings from each food group, 
select the lowest fat choices within each group, and add no 
fat to their foods in preparation or at the table. Additional 
fat, up to 30% of calories, is considered discretionary in 
that people can decide whether to get it from higher-fat 
food choices or from additions to their foods during prep- 
aration or at the table. Examples of discretionary fat are 
the fat absorbed by french-fried potatoes during prepara- 
tion, the fat from margarine spread on bread at the table, 
and the fat in whole milk. In 1994-1996, the average fat 
intake of Americans, at 33% of calories, exceeded the rec- 
ommendation. Only 8% of calories were from nondiscre- 
tionary fat sources. Discretionary fat accounted for 25% of 
calories. 

The Pyramid suggests that Americans try to limit their 
added sugars (defined as any sugar that is not naturally 
occurring in the food) to 6 tsp a day if they eat about 1600 
calories, 12 tsp at 2200 calories, or 18 tsp at 2800 calories. 
In 1994-1996, Americans consumed an average of 20 tsp 
of added sugars a day in a diet that provided about 2000 
calories, Added sugars accounted for 16% of calories. 


THE NATIONAL NUTRITION MONITORING 
AND RELATED RESEARCH PROGRAM 


“Growing recognition of the relation of food to health and 
its consequent social implications has created widespread 
interest in estimates of the adequacy of diets of different 
population groups.” That statement, written in 1939 by 
Hazel K. Stiebeling and Esther F. Phipard in the introduc- 
tion to an early survey report from the USDA, still rings 
true (32). Although tremendous progress in evaluating di- 
etary adequacy occurred during the first hundred years of 
nutrition research, many research needs remain. In con- 
trast with W. O. Atwater’s landmark work in the late 1880s 
and early 1890s (11), which yielded information only on 
dietary energy, protein, fat, and carbohydrate, national 
food consumption surveys at the end of the twentieth cen- 
tury provide information on about 40 additional nutrients 
and dietary components. Yet, as we face the new millen- 


nium, there are still nutrients for which the analytical 
methodology continues to evolve, and there are still blanks 
in our understanding of the relationships between diet and 
health. 

Nutrition research encompasses many different fields, 
ranging from agriculture and economics to biochemistry 
and medicine. The missions of many different agencies of 
the U.S. government include responsibility for monitoring 
or promoting the health of different population subgroups. 
In the 1990s, with passage of the National Nutrition Moni- 
toring and Related Research Act of 1990 (P.L. 101-445), the 
federal government set in place a comprehensive plan to 
link all the agencies engaged in food and nutrition moni- 
toring activities. 

The 1990 Act required the federal government to de- 
velop the National Nutrition Monitoring and Related Re- 
search Program (NNMRRP) along with a Ten-Year Com- 
prehensive Plan for Nutrition Monitoring and Related 
Research. As required by law, the plan was transmitted by 
the President to Congress and was published in the Fed- 
eral Register on June 11, 1993 (33). The NNMRRP in the 
United States is a complex system of coordinated activities 
that provides information about the dietary, nutritional, 
and related health status of Americans; the relationships 
between diet and health; and the factors affecting dietary 
and nutritional status. The Ten-Year Plan serves as the 
basis for planning and coordinating the activities of the 
more than 20 federal agencies responsible for nutrition 
monitoring and related research activities. The primary 
goals of the plan are to ensure that the agencies partici- 
pating in the NNMRRP collect data that are continuous, 
timely, and reliable; coordinate data collection with other 
member agencies; use comparable methods for data collec- 
tion and reporting of results; and conduct research on the 
issues and topics relevant to monitoring the nutritional 
and health status of the population and subgroups at nu- 
tritional risk. 

Prior to the NNMRR Act of 1990, nutrition monitoring 
research was conducted as a part of the National Nutrition 
Monitoring System (NNMS). The history of the goals and 
milestones of federal nutrition monitoring in the United 
States can be found in Refs. 34 to 37. 

Two comprehensive reports on nutrition monitoring ac- 
tivities conducted as part of the NNMS were published in 
the late 1980s. The first report, Nutrition Monitoring in 
the United States: A Progress Report from the Joint Nutri- 
tion Monitoring Evaluation Committee, was prepared by a 
federal advisory committee jointly sponsored by the U.S. 
Department of Health and Human Services (HHS) and the 
USDA (36). The report provided an overview of the dietary 
and nutritional status of the U.S. population and was in- 
tended to serve as a reference, or baseline, for subsequent 
reports. The two major data sources for that report were 
the National Health and Nutrition Examination Survey of 
1976-1980 conducted by HHS and the NFCS of 1977-1978 
conducted by the USDA. The second report, Nutrition 
Monitoring in the United States: An Update Report on Nu- 
trition Monitoring (37), used data produced or released 
since publication of the 1986 report to provide an update 
on the dietary and nutritional status of the U.S. population 
and on selected health conditions and behaviors. 
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Table 3, Comparison of the Average American Diet Against Food Guide Pyramid Recommendations 


Average number of servings Percentages of individual consuming servings 
Recommended range consumed per day, recommended based on caloric intake, 
Food group of servings two-day average two-day average* 
Grain group 6 toll 6.7 38 
Vegetable group 3to5 3.3 41 
Fruit group 2to4 15 23 
Dairy group 2to3 15 23 
Meat group (ounces)” 5 to7 47 32 


Source: The Food Guide Pyramid (5). USDA’s Continuing Survey of Food Intakes by Individuals, 1994-1996; individuals 2 years and older (6). 

“Recommended amounts were derived from sample patterns in the Food Guide Pyramid (5). For the grain, vegetable, fruit, and meat groups, individuals 
consuming less than 2200 calories met the recommendation if they consumed at the bottom of the range of servings, individuals consuming 2200 up to 2,800 
calories meet the recommendation if they consumed in the middle of the range, and individuals consuming 2800 calories or more met the recommendation if, 
they consumed at the top of the range. For the dairy group, women who were pregnant or lactating and individuals 11 through 24 years of age were counted 
as meeting the recommendation if they consumed at least three dairy servings a day; all other individuals were counted as meeting the recommendation if 


they consumed at least two dairy servings a day. 


“The Pyramid recommends that servings of the meat group should be the equivalent of 5 to 7 oz of cooked lean meat, poultry, or fish. According to the Pyramid, 
Legg, 1/2 of tofu, 2 th of peanut butter, 1/3 c of nuts, and 1/4 ¢ of seeds are each equivalent to 1 oz of cooked lean meat. 


A third report was published following passage of the 
1990 Act. The Third Report on Nutrition Monitoring in the 
United States was based on data gathered by the 
NNMRRP since the 1989 report, giving special emphasis 
to low-income and high-risk population subgroups (38). 
This report concluded with a chapter on 33 recommenda- 
tions spanning all the component areas. Future years will 
no doubt see the achievement of many of those recommen- 
dations as well as the emergence of new opportunities for 
the expansion of nutrition knowledge. 
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FOOD CROPS: NONDESTRUCTIVE 
QUALITY EVALUATION 


Quality of food crops is not a single characteristic but com- 
prises many properties or attributes. Quality encompasses 
sensory properties (appearance, texture, and flavor), nu- 
tritive values, chemical constituents, mechanical proper- 
ties, functional properties, and defects. It is convenient to 
think of quality as the composite of intrinsic characteris- 
tics of the commodity and acceptability as people’s percep- 
tions of and reactions to those characteristics. Instrumen- 
tal methods for measuring quality of food crops were 
introduced in the 1920s, with improvements and new tech- 
nologies being introduced continuously. Instrumental 
methods generally measure chemical constituents or 
physical properties of the commodity that can be related 
directly or indirectly to functional behavior or sensory ac- 
ceptability. Measurement by some instrumental methods 
involves preparation that destroys the sample, which re- 
stricts use to a limited number of random samples for pre- 
dicting quality of the population. Nondestructive methods 
leave the product intact and undamaged so it can be stored 
or marketed after analysis. Nondestructive methods are 
preferred over destructive methods for commercial pur- 
poses and for monitoring quality over time in research pro- 
grams. Various methods are available for measuring spe- 
cific quality attributes nondestructively; a few are used 
commercially, some are used in postharvest research, and 
others are in the developmental stages. 


PRINCIPLES USED FOR NONDESTRUCTIVE 
INSTRUMENTAL QUALITY EVALUATION 


Nondestructive instrumental methods for measuring qual- 
ity involve electromagnetic (visible and near infrared light, 
X-ray, and magnetic resonance), electrochemical, or me- 
chanical (force, deformation, or vibration) responses. 
These principles are applied in the following methods of 
measurement. 


DESCRIPTION AND APPLICATION OF METHODS 


Electromagnetic Radiation 


Electromagnetic wavelengths encompass, from longest to 
shortest, radio waves, microwaves, light, X-ray, and 
gamma waves. Light here refers to ultraviolet, visible, 
near infrared, and infrared wavelengths. Visible light is 
that portion of the electromagnet spectrum that humans 
can see. The visible and near infrared ranges have been 
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most used for measuring quality, but X-ray and magnetic 
resonance permit deeper penetration of the tissues. 


Light 

Visible and Near Infrared Wavelengths. Each chemical 
bond in the chemical constituents of the tissue absorbs en- 
ergy in a characteristic manner that causes the absorption 
of only certain wavelengths of light. Analysis of the relative 
amount of each wavelength of light that is reflected or 
transmitted through the tissues can inform us of the con- 
centration of pigments, sugars, oils, and certain other 
chemical constituents within the tissue. Simple measure- 
ments may involve the difference or ratio between two spe- 
cific wavelengths of light. Some defects are presently 
detected by using reflectance images taken at two wave- 
lengths where sound and damaged tissue have different 
relative absorbances. Recently whole-spectrum data re- 
duction techniques using partial least squares (PLS) or 
similar mathematical treatments are being implemented 
to reduce spectral data to a small number of basic factors 
that are then used in multiple regression equations to pre- 
dict components. PLS has been particularly useful for near 
infrared data. 

Reflectance, Transmittance, and Interactance. Light can 
be measured in reflectance, transmittance, or interactance 
(body reflectance) modes. Food crops are cellular tissues 
that are highly light scattering. Most of the light impinging 
on a food crop penetrates its surface and interacts with the 
chemical constituents and physical structure of the tissue. 
The small portion of light that is reflected directly at the 
surface is called specular reflectance or gloss and is not 
generally useful for measuring quality. The portion that is 
reflected after very shallow penetration is usually also 
called reflectance but is more properly termed diffuse re- 
flectance, Reflectance from deeper within the tissues may 
be called interactance or body reflectance. Energy that 
passes entirely through the product is called body trans- 
mittance or direct transmittance, depending on whether 
the material does or does not scatter the light internally 
(“clear” juices or oils pressed from some fruits and vege- 
tables cause little scattering). 

The principle of light absorption by specific chemical 
bonds applies whether the measurement is reflectance or 
transmittance. The measurement of transmittance re- 
quires that the illuminating light must not reach the de- 
tector except by passing through the product. Such a light 
seal is difficult to achieve with irregularly shaped products 
like fruits and vegetables, especially at high speeds. There- 
fore body reflectance is preferred over transmittance mea- 
surement for on-line sorting operations that must handle 
each sample in a fraction of a second (about 5 to 12 fruit 
per second is currently desired for various products). How- 
ever, the distribution within the product of pigments or 
other constituents of interest determines whether reflec- 
tance can be used or if transmittance is required. 

The reactions of visible light with pigments result in the 
color we perceive when we view the product: chlorophyll 
looks green; anthocyanins give us shades of reds, purples, 
and blues; carotenoids are yellow, orange, or red. The pig- 
ment contents of many fruits and vegetables change as the 
product ripens, so ripeness often can be estimated by mea- 


suring pigment content or color. Additionally, color is often 
associated with consumer acceptability of the product. Re- 
fiectance from the outer few cells of the product is used in 
grading lines of packing houses to sort apples, carrots, cit- 
rus, nectarines, peaches, pears, plums, potatoes, and to- 
matoes according to defined color categories (1). Diffuse 
reflectance in the 640- to 750-nm wavelength range is used 
to predict maturity of lettuce, oranges, and peaches (2,3) 
based on the chlorophyll content, which has peak absorp- 
tion at 680 nm. The difference in absorbance (optical den- 
sity) at 690 nm and 740 nm (noted as 40D [690-740 nm]) 
was associated with ripeness of apple (4). Maturity of to- 
matoes is based on chlorophyll and lycopene contents, 
which can be predicted by 40D (710-780 nm) and 40D 
(570-780 nm) values, respectively (5). Maturity of blue- 
berries, papayas, and peaches can also be predicted by 
transmittance based on pigment content. The effectiveness 
of ripeness sorting by these methods depends on the com- 
position of the product, interfering absorbance by other 
components, and the relationship of pigment content to 
ripeness. In peaches the density of the stone as well as the 
amount of anthocyanin around the stone must be consid- 
ered when using transmittance measurements of chloro- 
phyll content. With apples, watercore may affect chloro- 
phyll readings. 

Near-infrared diffuse reflectance spectra are used to 
predict starch, protein, oil, and moisture contents of grains 
and oil seeds (6) and sugars in fruit (7,8). Dry matter con- 
tent of onions and potatoes, mainly carbohydrates, is de- 
termined by near infrared wavelengths (9). 

The composition and therefore the absorbance charac- 
teristics of healthy tissue differ from those of damaged or 
decayed tissues. Internal defects that can be detected by 
transmittance include hollow heart in potato tubers, core 
breakdown in pears, watercore in apples, freeze damage in 
citrus, and smut content on wheat. Hollow heart detection 
is based on 40D (800-710 nm), core breakdown on 40D 
(690-740 nm), watercore on 40D (810-760 nm), and smut 
on wheat on 4OD (890-930 nm). Surface defects that can 
be quantified by reflectance (R) include bruise (Ryoo_450 nm» 
Rr70-s00 nm» aNd others) (10,11), scald, russet, and other de- 
fects of apples; rind defects on lemons (Rgg0-¢50 nm); mold, 
scab, crack, and exposed pit on dried prunes (near infrared 
wavelengths) (12), and blight, soft rot, and scab in potato 
tubers (13). 

Fluorescence and Delayed Light Emission. Fluorescence 
is light that is instantaneously emitted by an illuminated 
sample at a wavelength longer (lower energy) than the il- 
luminating wavelength. Delayed light emission (DLE) is 
similar to fluorescence but is emitted after a time delay 
that allows chemical reaction to occur. In fruits and vege- 
tables, chlorophyll exhibits fluorescence and DLE, both 
with characteristic kinetics (time courses). Fluorescence 
emission peaks characteristic of the photosystem II anten- 
nae (686 nm), reaction center (696 nm), and photosystem 
I antenna (730-740 nm) are used to study chlorophyll func- 
tion during the growth and ripening periods of fruit (14). 
Because chlorophyll content is often related to maturity in 
fruits and vegetables, chlorophyll fluorescence and DLE 
have been proposed for measuring maturity of apricots, 
citrus, melons, papaya, persimmons, tea leaves, and to- 


matoes (15-18). Total, maximum, or changes in fluores- 
cence or DLE can be used to detect exposure to physiolog- 
ical stress injury such as caused by chilling temperatures, 
high temperatures, air pollutants, and mechanical stress 
(15,16,19,20). Equilibration in the dark for up to 10 min 
may be required to obtain stable values of chlorophyll fiuo- 
rescence or DLE; however, a relatively recent chlorophyll 
fluorescence technique, pulse amplitude modulated (PAM) 
fluorometry, does not require the dark period. PAM fluo- 
rescence has been used to follow development of chilling 
injury (21) and responses to heat treatments (22). 

A fluorescence application not based on chlorophyll de- 
tected mechanical injury of oranges by measuring fluores- 
cence from oils that leaked from damaged oil cells (23). 


X ray. X-ray technology has been modified to recognize 
rapidly internal characteristics of commodities on grading 
lines or on mechanical harvesters. Absorption of X rays 
varies directly with density and water concentration. Com- 
mercial uses include detection of hollow heart of potatoes 
(24) and freeze damage in citrus (25). X ray is being studied 
for automated detection of bruises and watercore in apples 
(26), split pits in peaches, presence of pits in processed 
stone fruits, and insect infestation in fruits and nuts (27). 
In research, X ray computed tomography shows density 
changes in tomato locules during maturation (28) and in- 
ternal sprouting and ring separations due to microbial rot 
in onion (29). 


Magnetic Resonance. Nuclear magnetic resonance 
(NMR) detects concentration and mobility of hydrogen nu- 
clei (and certain other nuclei) and indicates amounts of 
water, oil, and sugar. Of particular interest in horticultural 
applications, areas of greater free water content produce a 
stronger NMR signal than surrounding tissues, so that dis- 
orders involving water distribution can be detected (30). 
Magnetic resonance imaging (MRI) has been used to show 
morphology, ripening, seeds or pits, voids, pathogen inva- 
sion, worm damage, bruises, and other defects, as well as 
changes due to ripening, heat, chilling, and freezing (30- 
34). The major disadvantages of MRI are cost and speed. 
In a less expensive adaptation, a limited volume of tissue 
is averaged to detect concentrations of sugars or oils within 
a product (35,36). Currently, MR and MRI are not practical 
for routine quality testing; but, like all technologies, they 
are becoming cheaper, faster, and more feasible for re- 
search and specialized applications. Magnetic resonance 
detectors have great potential for evaluating internal qual- 
ity of products. 


Imaging. The electromagnetic technologies—light, X 
ray, and MR—can be applied using sensors that integrate 
a limited area or volume of the object being measured 
or using imaging technology (machine vision). Imaging 
provides spatial information. Most imaging is two- 
dimensional, much like the image on a computer monitor 
or television screen; X-ray CT and MRI can be three- 
dimensional. The more dimensions, the more expensive is 
the equipment and the more computationally intensive is 
the measurement. At present, light imaging is being used 
on-line for sorting apples, peaches, citrus, and some other 
commodities according to color, for some surface defects, 
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and for sizing some commodities (11,37-39). Research is 
directed at improving speed, accuracy, and cost. 


Electrochemical 


The relative concentrations of volatile compounds (non- 
aromatic and aromatic) within a fruit or vegetable increase 
during maturation and ripening. The electrical conductiv- 
ity of semiconductor gas detectors, based on different poly- 
mers and metal oxides, decreases on exposure to volatiles. 
A battery of several detectors can produce a profile that 
may indicate maturity or presence of some disorders. The 
electronic sniffer concept (40,41) has been tested on apples, 
blueberries, melons, and strawberries. Further research is 
needed to explore the selection of semiconductors and to 
relate the profiles to quality categories (42), 


Mechanical 


Quasi-Static Force and Deformation. Most force/defor- 
mation measurements are destructive, for example, the fa- 
miliar Magness-Taylor fruit firmness test (a penetrometer) 
or the Kramer shear test (multiblade shear widely used in 
the processed foods industry), or too slow for on-line use, 
such as the Cornell firmness tester (a creep tester) (42). A 
nondestructive, noncontact firmness detector was recently 
patented (43) that uses a laser to measure the deflection 
caused by a short puff of pressurized air, similar to some 
devices used by ophthalmologists to detect glaucoma. Un- 
der fixed air pressure, firmer products deflect less than 
softer ones. This appears to be a quite localized measure- 
ment; that is, a very small portion of the total fruit or vege- 
table is actually tested. In early tests, laser-puff readings 
correlated fairly well with destructive Magness-Taylor 
firmness values for apple, cantaloupe, kiwifruit, nectarine, 
orange, pear, peach, plum, and strawberry. 


Dynamic Force and Deformation 

Impact. The impact response of a product is directly 
related to its mechanical properties, mass, and shape. Im- 
pact is the rapid collision of two objects, whether one or 
both objects are in motion. Impact testing techniques in- 
clude drop, falling mass (or impact probe), and impact ram. 
A number of impact parameters have been proposed to 
measure horticultural product firmness, including peak 
force and time in contact with the impacting object. Impact 
responses have been studied for apples, blueberries, cher- 
ries, kiwifruit, peaches, pears, potatoes, and tomatoes (44— 
46). One potential problem with impact tests on fruits and 
vegetables is that some bruising may occur. 

Vibration. Sonic (or acoustic) vibrations encompass the 
audible frequencies from 20 Hz to about 15 kHz and ultra- 
sonic vibrations are above that range. When an object is 
excited by periodic forces, such as at sonic frequencies, or 
by certain types of impact it vibrates. Resonance (maxi- 
mum vibration) occurs at certain frequencies that depend 
on the mechanical properties, size, shape, and density of 
the product. The firmer the flesh, the higher the resonant 
frequency for products of the same size and shape. The 
traditional watermelon ripeness test is based on the acous- 
tic principle, where one thumps the melon and listens to 
the pitch (frequency) of the resonance. Resonant frequency, 
wave propagation velocity, attenuation, and reflection are 
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the important parameters for evaluating texture of horti- 
cultural commodities. The sonic vibration method is non- 
destructive and is suitable for rapid firmness measure- 
ment. Sonic measurement generally represents the 
mechanical properties of the entire product, unlike punc- 
ture or compression tests that sample localized tissues. 
Sonic measurements are excellent for following changes in 
individuals over time in research applications and are suit- 
able for determining average firmness of grower lots of 
fruit. Sonics may not be suitable for sorting operations as 
they have not always proved capable of predicting firmness 
of individual fruit as determined with a penetrometer (47— 
53). Some of the fruit tested have been apples, avocados, 
bananas, grapes, kiwifruit, head lettuce, mangoes, melons, 
peaches, pears, pineapples, and tomatoes. 

Ultrasonic measurement has generally not been suc- 
cessful for quality measurement on fruits and vegetables 
despite its success in medicine and animal studies. The 
structure and air spaces in fruits and vegetables make it 
difficult to transmit sufficient ultrasonic energy through 
them to obtain useful measurements (54). Wave propaga- 
tion velocity, attenuation, and reflection are the important 
ultrasonic parameters for quality evaluation of horticul- 
tural commodities. Skin texture of oranges and cracks in 
tomatoes could be evaluated by reflectance and backscat- 
ter, respectively (54). Hollow heart in potatoes was detect- 
able (55), but bruises in apples could not be readily de- 
tected (56). Ultrasonic measurements correlated well with 
firmness or ripeness of melon and avocado (57). However, 
a more powerful ultrasonic source is required to penetrate 
most fruits and vegetables. 


Sensor Fusion 


There is growing recognition that quality is a multifaceted 
attribute, leading to a need for “sensor fusion” or the com- 
bining of several measurements into a quality classifica- 
tion (38,58). The measurements may be from multiple sen- 
sors examining different parts of the same fruit but more 
likely will be from different kinds of sensors that detect 
different characteristics. Sorting requires high-speed, non- 
destructive sensing of each piece of fruit or vegetable and 
a statistical procedure to combine the measurements into 
a classification decision. Currently, automated sorting is 
mainly by size, color, and, for some commodities, surface 
defects. Fruit packinghouses in the United States require 
sorter speeds of 5 to 12 fruit per second. Statistical com- 
bination of measurements will increase the likelihood of 
predicting overall quality. However, it is important to un- 
derstand what each sensor measures and to understand 
the relationship of that characteristic to quality, so the lim- 
itations of the sorting method are appreciated. 


FUTURE DEVELOPMENTS 


Engineers and horticulturists continuously develop new, 
nondestructive methods for evaluating quality of fruits 
and vegetables. Some of the methods are incorporated into 
grading lines to sort the individual fruit or vegetables by 
one or several quality attributes. Some methods, such as 
MRI, are too costly or too slow for commercial, on-line im- 
plementation at present, but these methods are useful for 


horticultural research. And new sensing and computing 
technologies will likely render these sensors commercially 
economical in the future. 
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FOOD CROPS: POSTHARVEST DETERIORATION 


Harvest is a major event for any food that is derived from 
plants. As a plant part is severed from the plant it loses 
its source of supply of nutrients and its repository for met- 
abolic waste products. Until the detached plant part un- 
dergoes conventional food processing, it continues to live, 
respire, transpire, and senesce, ultimately leading to 
death. Postharvest deterioration continues until the item 
is either processed or consumed. Handling techniques have 
been developed to slow the physiological processes to pro- 
vide a product that is satisfactory to the consumer. 

Food crops are categorized as agronomic or horticul- 
tural. Agronomic (field) crops are primarily the grains and 
oilseeds that are harvested in a dry to semidry state and 
tend to be relatively stable to handling and storage as long 
as they are protected from moisture and insects. Horticul- 
tural (garden) crops, which comprise fruits, vegetables, 
and nuts, tend to be much more perishable, requiring so- 
phisticated handling systems to transport them from field 
to consumer. 

Estimates vary widely on how much of a crop is actually 
consumed (1,2). Processing techniques such as canning, 
freezing, and drying are designed to minimize these losses 
and extend the length of the season they are available for 
consumption. Postharvest handling techniques that ma- 
nipulate the storage environment extend the life of the 
product while keeping it in a fresh state. Minimal pro- 
cesses such as cutting, slicing, and dicing increase the ap- 
peal and convenience of the item frequently at the expense 
of greater perishability (3). Losses of edible product begin 
in the field during harvesting and loading; continue during 


transport to the processing plant, packinghouse, or mar- 
ket; during storage at any point in the distribution scheme; 
and during food preparation or even by the consumer at 
the point of consumption. Losses may be complete result- 
ing from the discarding of part (removal of outer leaves) or 
all (discarding a rotten fruit) of a given item. Frequently 
losses are more subtle and less tangible such as loss of 
acceptability, nutritional quality, or economic value, An un- 
derstanding of the scope of losses incurred for a particular 
fruit or vegetable requires an understanding of the com- 
plexity of the handling and distribution system for that 
item (4,5). 

Key concepts provide insight into the perishability of 
most fresh horticultural crops. Physiological deterioration 
of a fresh item begins at harvest and continues until pro- 
cessing or consumption. Respiration is the metabolic 
breakdown of food constituents to release the necessary 
energy to sustain the healthy tissue. Transpiration is the 
release of moisture from the surface of the fruit or vege- 
table. Senescence is genetically programmed deterioration 
that leads to cell and tissue death (4). Quality refers to the 
properties of a particular fruit or vegetable that make it 
unique and influence its purchase and consumption by the 
consumer. Shelf life is the time period a product can be 
maintained at an acceptable level of quality (5). 

Although most harvested products are at their peak of 
quality at harvest, climacteric fruits continue to ripen after 
detachment from the plant. These fruits (eg, apples, ba- 
nanas, pears, and tomatoes) will develop color, flavor, and 
textural attributes during postharvest storage. In many 
cases climacteric fruits do not develop full flavor off the 
plant, but the perishability of the fully ripe fruits precludes 
distribution. 


CAUSES OF LOSSES 


Many factors contribute to losses of fresh products during 
postharvest handling and storage. Mechanical injury re- 
sults in cuts or bruises that decrease purchase acceptabil- 
ity. Such damage may not be immediately evident as soft- 
ening and discoloration associated with bruising takes 
time to develop. Thus it is frequently difficult to determine 
the cause of the injury and how to take corrective action. 

Microbes can invade plant tissue, particularly when it 
has been mechanically damaged. Until recently, posthar- 
vest pathologists were primarily interested in plant path- 
ogens present in the field or introduced during handling 
that lead to decay and spread from item to item within 
bulk containers. More recently, introduction of human 
pathogens by contamination from irrigation water, un- 
treated animal manure, or association with raw meats or 
their exudates has led to safety concerns in fruits and vege- 
tables that are not thoroughly washed or cooked prior to 
consumption (5). 

As mentioned, physiological processes occur in the fruit 
or vegetable after detachment from the plant. Increased 
respiration accelerates tissue degradation and can lead to 
flavor development, which may be desirable in the form of 
ripe-fruit flavor or may be undesirable off-flavors. Excess 
transpiration results in shriveling, wilting, or loss of turgor 
causing rejection of squash, lettuce, or broccoli, and so on. 
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FOOD CROPS: POSTHARVEST DETERIORATION 


Harvest is a major event for any food that is derived from 
plants. As a plant part is severed from the plant it loses 
its source of supply of nutrients and its repository for met- 
abolic waste products. Until the detached plant part un- 
dergoes conventional food processing, it continues to live, 
respire, transpire, and senesce, ultimately leading to 
death. Postharvest deterioration continues until the item 
is either processed or consumed. Handling techniques have 
been developed to slow the physiological processes to pro- 
vide a product that is satisfactory to the consumer. 

Food crops are categorized as agronomic or horticul- 
tural. Agronomic (field) crops are primarily the grains and 
oilseeds that are harvested in a dry to semidry state and 
tend to be relatively stable to handling and storage as long 
as they are protected from moisture and insects. Horticul- 
tural (garden) crops, which comprise fruits, vegetables, 
and nuts, tend to be much more perishable, requiring so- 
phisticated handling systems to transport them from field 
to consumer. 

Estimates vary widely on how much of a crop is actually 
consumed (1,2). Processing techniques such as canning, 
freezing, and drying are designed to minimize these losses 
and extend the length of the season they are available for 
consumption. Postharvest handling techniques that ma- 
nipulate the storage environment extend the life of the 
product while keeping it in a fresh state. Minimal pro- 
cesses such as cutting, slicing, and dicing increase the ap- 
peal and convenience of the item frequently at the expense 
of greater perishability (3). Losses of edible product begin 
in the field during harvesting and loading; continue during 


transport to the processing plant, packinghouse, or mar- 
ket; during storage at any point in the distribution scheme; 
and during food preparation or even by the consumer at 
the point of consumption. Losses may be complete result- 
ing from the discarding of part (removal of outer leaves) or 
all (discarding a rotten fruit) of a given item. Frequently 
losses are more subtle and less tangible such as loss of 
acceptability, nutritional quality, or economic value, An un- 
derstanding of the scope of losses incurred for a particular 
fruit or vegetable requires an understanding of the com- 
plexity of the handling and distribution system for that 
item (4,5). 

Key concepts provide insight into the perishability of 
most fresh horticultural crops. Physiological deterioration 
of a fresh item begins at harvest and continues until pro- 
cessing or consumption. Respiration is the metabolic 
breakdown of food constituents to release the necessary 
energy to sustain the healthy tissue. Transpiration is the 
release of moisture from the surface of the fruit or vege- 
table. Senescence is genetically programmed deterioration 
that leads to cell and tissue death (4). Quality refers to the 
properties of a particular fruit or vegetable that make it 
unique and influence its purchase and consumption by the 
consumer. Shelf life is the time period a product can be 
maintained at an acceptable level of quality (5). 

Although most harvested products are at their peak of 
quality at harvest, climacteric fruits continue to ripen after 
detachment from the plant. These fruits (eg, apples, ba- 
nanas, pears, and tomatoes) will develop color, flavor, and 
textural attributes during postharvest storage. In many 
cases climacteric fruits do not develop full flavor off the 
plant, but the perishability of the fully ripe fruits precludes 
distribution. 


CAUSES OF LOSSES 


Many factors contribute to losses of fresh products during 
postharvest handling and storage. Mechanical injury re- 
sults in cuts or bruises that decrease purchase acceptabil- 
ity. Such damage may not be immediately evident as soft- 
ening and discoloration associated with bruising takes 
time to develop. Thus it is frequently difficult to determine 
the cause of the injury and how to take corrective action. 

Microbes can invade plant tissue, particularly when it 
has been mechanically damaged. Until recently, posthar- 
vest pathologists were primarily interested in plant path- 
ogens present in the field or introduced during handling 
that lead to decay and spread from item to item within 
bulk containers. More recently, introduction of human 
pathogens by contamination from irrigation water, un- 
treated animal manure, or association with raw meats or 
their exudates has led to safety concerns in fruits and vege- 
tables that are not thoroughly washed or cooked prior to 
consumption (5). 

As mentioned, physiological processes occur in the fruit 
or vegetable after detachment from the plant. Increased 
respiration accelerates tissue degradation and can lead to 
flavor development, which may be desirable in the form of 
ripe-fruit flavor or may be undesirable off-flavors. Excess 
transpiration results in shriveling, wilting, or loss of turgor 
causing rejection of squash, lettuce, or broccoli, and so on. 


Physiological disorders can develop during storage from 
preharvest nutritional deficiencies, postharvest stress con- 
ditions, or an interaction of preharvest and postharvest fac- 
tors leading to unacceptable quality or reduced shelf life. 

Some fruits and vegetables are susceptible to chilling 
injury, which develops at low temperatures above the 
freezing point. Chilling injury produces different symp- 
toms in different crops including abnormal ripening, 
surface lesions or pitting, increased susceptibility to decay, 
browning discoloration, and off-flavor development. 
Chilling-susceptible products include bananas, beans, cu- 
cumbers, grapefruit, melons, and tomatoes (6). Other 
physiological disorders can result from improper mineral 
nutrition during growth and development; during expo- 
sure to low levels of oxygen (Oz), high levels of carbon- 
dioxide (CO;), or high levels of ethylene (C,H,) during stor- 
age; or an interaction of these and other factors. 

As consumer demand increases for more fresh fruits 
and vegetables to meet nutritional concerns and provide 
more convenience to fit them into a busy lifestyle, more 
fresh items are sold in a cut or otherwise minimally pro- 
cessed form, Cutting tends to break apart cells, leading to 
loss of cell material; accelerate respiration, leading to more 
rapid degradation of the tissue; and increase surface area, 
resulting in surface evaporation. Composition of the gas- 
eous atmosphere that is most likely to preserve quality of 
these products can result in the production of off-odors and 
flavors, Cutting appears to decrease the losses due to chill- 
ing injury in susceptible fruits and vegetables. 


PREVENTION OF LOSSES 


The goal of postharvest handling is to minimize the loss of 
product quality between harvest and either processing or 
consumption. The first line of defense is prevention of 
physical injury. Environmental conditions during storage 
and handling represent the next line of defense. Addition 
of chemical compounds can prevent losses. Finally, sophis- 
ticated packaging techniques are being developed and used 
that employ one or more of the preceding lines of defense. 

Physical protection of products from injury is used to 
minimize mechanical damage. Reduction of mechanical in- 
jury can be achieved by decreasing the number and height 
of falls of individual items or containers during handling. 
When falls are unavoidable, damage due to impact can be 
minimized by cushioning, which can be achieved by foam 
padding, liquid foam, water, or even product that will be 
discarded. Impact damage of one fruit on another can be 
reduced by decreasing dumping operations and using 
spacer bars in conveyor lines to minimize fruit-to-fruit con- 
tact. Vibration damage tends to increase with an increase 
in the size of bulk handling and the distance from field (or 
orchard) to packing facility. Packing the product in whole- 
sale or retail packages close to the field, reducing or elim- 
inating tractor-drawn vehicles from field to packinghouse, 
and use of paved roads for transport will reduce vibration 
damage. 

Likewise, microbial decay and insect damage can be re- 
duced by physical protection. Since mechanical damage 
frequently provides a route for invasion, any means of me- 
chanical protection will help decrease microbial and insect 
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damage. Once endogenous protective barriers such as rind 
or peel are penetrated, chances for future losses are in- 
creased. A greater incidence of pests and disease in the 
field will be reflected in greater problems during posthar- 
vest handling. By leaving these problems in the field, simi- 
lar problems during handling and storage will be reduced. 
Physical removal of diseased or infected items during sort- 
ing or grading to prevent the spread of pathogens reduces 
subsequent infections. To prevent cross-contamination 
from human pathogens, all areas in which fresh fruits and 
vegetables are handled should be kept free from insects, 
birds, their droppings, and any raw animal products. The 
relatively short handling periods of fruits and vegetables 
are such that insect infestation is not usually a major prob- 
lem. With grain products, however, storage times are long, 
and insects, and the microbes they deposit during their 
visits, pose a more serious threat. Physical barriers are an 
important part of an insect-protection plan. 

In addition, screening products from light affects qual- 
ity. Light enhances chlorophyll breakdown and thus speeds 
yellowing of green vegetables. Light also enhances chlo- 
rophyll synthesis in nongreen vegetables such as potatoes. 
This greening is a quality defect as it is an indicator of 
light-catalyzed synthesis of toxic alkaloids such as sola- 
nine. Light enhances f-carotene synthesis in tomatoes, but 
the effect on color quality is much more significant pre- 
harvest than postharvest. 

Manipulation of environmental conditions is also an im- 
portant tool available to postharvest handlers. In general, 
lowering the temperature while maintaining high relative 
humidity increases the shelf life of a product by reducing 
the rates of respiration and transpiration. Composition of 
gaseous atmosphere can be either modified or controlled in 
the storage room, container, or consumer package to slow 
ripening and senescence. 

Proper temperature control is the most important tool 
in preventing postharvest losses. As the temperature is 
lowered, rates of respiration and transpiration decrease. 
The growth of microorganisms is also slowed by lower tem- 
peratures. For most fresh products, storage at tempera- 
tures as close to freezing as possible will extend shelf life. 
Freezing should be avoided as inadvertent freezing and 
thawing of fresh items leads to breakage of cell membranes 
and loss of desirable texture. Quick cooling after harvest 
to remove field heat is imperative in items like strawber- 
ries and green vegetables that respire rapidly and perish 
quickly. Hydrocooling and icing are used for products that 
can withstand water, but water is an excellent vehicle for 
spreading microorganisms. Forced-air cooling is another 
effective method, while vacuum-cooling is used for high- 
value items with a large surface area like lettuce. Slower 
cooling such as room cooling is permissible for products 
being stored for a longer time such as apples, but the final 
temperature should be as close to optimal as possible. 
When calculating refrigeration requirements, it must be 
remembered that respiring plant material evolves heat, 
known as the heat of respiration. 

Prevention of chilling injury can be achieved by storing 
susceptible commodities at temperatures above the critical 
storage temperature, which ranges from 4°C for snap 
beans to 15°C for bananas. A complete list of optimal stor- 


904 FOOD CROPS: POSTHARVEST DETERIORATION 


age temperatures is available (7). In commercial practice 
a compromise temperature between 5 and 10°C is fre- 
quently used to store most fresh items. At this temperature 
it is assumed that damage to chilling-susceptible product 
will be minimal while the decrease in shelf life to nonsus- 
ceptible items will not be economically significant. Ice is 
usually added to green vegetables to lower the tempera- 
ture and increase relative humidity (RH) without changing 
room temperature. The success of these strategies depends 
on a rapid turnaround of fresh product to minimize losses. 

Maintenance of a high RH lowers transpiration of 
heavily transpiring products. Just as each commodity has 
an optimal storage temperature, it also has an optimal RH. 
If the RH is too high, microbial growth is enhanced. If it is 
too low, shriveling or wilting can result. Rapid changes in 
temperature of a product can lead to condensation on the 
surface and increased susceptibility to microbial decay. 

Food additives are effective agents for the protection of 
plant products, but they are coming under greater scrutiny 
as consumers become more wary of chemicals. Many cur- 
rently used compounds are under regulatory review and 
the approval of new compounds is unlikely. Microbial in- 
hibitors help prevent the growth of spoilage microorgan- 
isms. Fumigants have been used to disinfest products from 
insects. External waxes are applied to porous fruit such as 
citrus fruits and cucumbers to slow water loss. These 
waxes also enhance appearance by providing gloss. 

Although not a chemical as such, food irradiation in- 
duces chemical changes similar to conventional processing 
and is considered a food additive by the FDA. Low-dose 
irradiation has been approved in many countries for the 
inhibition of sprouting in potatoes and onions, insect dis- 
infestation, and shelf-life extension. In some crops like 
strawberries, irradiation is effective in extending shelf life, 
but in others damage is induced at doses lower than effec- 
tive for extension. Irradiation appears to be a safer tech- 
nique for disinfestation than chemical fumigation, but 
questions of consumer acceptance of irradiated product 
have limited willingness of the food industry to adopt it as 
a widespread technique. 

Shelf life of fresh products may also be extended by 
modification of the composition of atmospheric gases. Res- 
piration and other metabolic processes are slowed with a 
decrease in oxygen and an increase in carbon dioxide. In 
some crops such as apples, pears, and onions, long-term 
storage is enhanced by controlling the atmosphere. Other 
crops such as lettuce and most root crops are susceptible 
to CO.. Optimal storage atmospheres for crops have been 
published (7). Controlled-atmosphere storage usually oc- 
curs in large storage rooms where the gaseous atmosphere 
is monitored and changed to maintain the desired compo- 
sition. In modified-atmosphere storage the initial gaseous 
composition is established but changes as respiration leads 
to decreased O, and increased CO, in the container. At- 
mosphere modification is very effective at maintaining tex- 
ture and appearance but can lead to the development of 
off-flavors. Modified atmosphere packaging (MAP) is the 
major technique used to preserve fresh-cut products. MAP 
is most effective when used in conjunction with tempera- 
ture reduction. In fresh-cut vegetable products like lettuce, 
the consumer has shown a willingness to sacrifice some 


losses in fresh flavor for added convenience. It is not clear 
that the consumer is willing to make the same sacrifice for 
fresh-cut fruits. 

Advances in film technology have introduced greater 
sophistication in packaging of fresh products. Packaging 
protects the product by confining it, preventing contami- 
nation, shielding from mechanical damage and pests, per- 
mitting atmosphere modification, and providing instruc- 
tions for optimal handling. The type of container used and 
its function can change as the item moves through han- 
dling and distribution. In general, the fewer handling steps 
and product transfers, the less opportunity for damage. 

Plastics are being widely used in the packaging of fresh 
fruits and vegetables. They are employed at the pallet level 
for containerization and prevention of moisture loss 
around as well as used for MAP within shipping cartons, 
retail packages, or even individual items. Barrier films 
have different transmission properties to permit or exclude 
specific gases such as water vapor, CO;, O2 and C2H,, de- 
pending on specific requirements of the individual items. 
These films permit in-package atmosphere modification, 
extending the advantages of the technology to the super- 
market shelves. Determination of the best initial compo- 
sition of gases has been limited by the variation of the in- 
dividual items in response to differing atmospheres. While 
accumulation of CO. and C,H, could be detrimental to 
product quality, absorbers of these compounds can be in- 
cluded in sachets enclosed in the package or imbedded in 
the packaging material itself (8). 

A logical extension of MAP is shrinking of the film 
tightly around the individual produce item. Although gen- 
erally considered a type of modified atmosphere, individual 
plastic films are really more analogous to externally ap- 
plied waxes, which change the diffusion properties of the 
item with the external atmosphere. These films slow tran- 
spiration while modifying the internal gaseous composi- 
tion. Shelf life of some products like lemons is dramatically 
extended while other products develop off-odors and off- 
flavors due to altered metabolism. Edible films such as su- 
crose polyesters and proteins permit moisture control and 
changes in respiration of whole and cut products either as 
a retail item or within a retail package (9). 
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FOOD CROPS: STORAGE 


This article describes various factors to be considered dur- 
ing the storage of fresh fruits and vegetables and some 
supplemental methods used with cold storage. Space lim- 
itations preclude detailed prescriptions of storage for spe- 
cific crops. This information is available in other publica- 
tions (1-4). 

Tissues of fruits and vegetables after harvest are still 
alive and continue to respire, metabolize, and change. Suc- 
cessful storage of fruits and vegetables extends the mar- 
keting period of these commodities and minimizes eco- 
nomic losses because most of the crop is utilized. Good 
storage conditions will maintain crop quality, reduce de- 
terioration, render excellent salable commodities, and 
avoid causing injury to tissues by chilling, freezing or am- 
monia fumes. 


FACTORS AFFECTING STORAGE LIFE 


The most important factor affecting storage life is the qual- 
ity of the product at harvest. Other factors to be considered 
during storage are temperature, humidity, and sanitation. 
Optimal storage conditions for fresh food crops will change 
from time to time, as changes in technology and popularity 
of different cultivars occur. 


Product Quality 


The quality of produce at harvest greatly affects the length 
of storage. The commodity should be harvested at the rec- 
ommended stage of maturity (which differs with commod- 
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ity) for maximal storage and should be free of physical 
damage, as skin breaks and bruises can lead to increased 
susceptibility to water loss and to bacterial and fungal at- 
tack. The extent of incipient infections by pathogens 
should be determined prior to storage, because such infec- 
tions can cause rot and decay during storage. 

Other factors to be considered in the determination of 
storage life and conditions are cultivar, environmental con- 
ditions during growth, cultural practices, handling prac- 
tices before storage, and transit conditions. Allowances for 
improper handling, unfavorable growing conditions, and 
poor or long-distance transit conditions should be made in 
determining optimal storage conditions and predicting 
storage life. Furthermore, different parts of plants are used 
as food, including roots, stems, fruits, flowers, and leaves, 
and these parts have different storage requirements. 


Respiration 


Plant tissues respire, using oxygen in the conversion of 
carbohydrates to carbon dioxide, water, and energy. The 
energy is primarily given off as heat. Respiration rates and 
the amount of heat released increase as storage tempera- 
ture increases, about two to three times for every 10°C 
(18°F) rise in temperature. The storage life of a commodity 
is inversely proportional to the rate of respiration. There- 
fore, as temperature increases, respiration rate increases, 
and storage life decreases. Respiration rates differ with 
plant species, cultivar, morphological tissue, and growing 
conditions. Rates gradually decrease after harvest for 
many fruits and vegetables, but in certain crops respira- 
tion rates gradually increase as they ripen, peak to a cli- 
macteric, and then decrease (5). 


Temperature 


Temperature affects the rates of produce metabolism and 
respiration, spore germination and pathogen growth, soft- 
ening, moisture loss, and undesirable growth, such as 
sprouting. For every 10°C increase in temperature, the 
rate of deterioration or undesirable growth increases two 
to three times. Refrigerated storage is therefore recom- 
mended for many perishable commodities to slow the 
changes listed above (6). For optimal storage, storage room 
temperatures should be held constant, with variations of 
less than 1-2°C. The recommended storage temperature 
for many crops is 0°C, while temperatures below 0°C will 
cause freezing damage. Crops sensitive to chilling should 
be stored at 12.5°C; temperatures below 12.5°C but above 
0°C will injure these commodities. Storage temperatures 
higher than optimal will shorten the expected shelf life of 
the produce. Temperature fluctuations can cause conden- 
sation on the product, leading to an increase in pathogen 
growth and subsequent decay. 


Precooling 


The first step in good temperature management of perish- 
able commodities is precooling after harvest and before 
shipment, storage, or processing (7-10). Prompt precooling 
can reduce commodity respiration, water loss, metabolism, 
and pathogen growth. This is done using special equip- 
ment and rooms, when rapid cooling is essential and eco- 
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nomically beneficial. Precooling can be accomplished in re- 
frigerated storage rooms equipped with proper control of 
airflow. 

Precooling methods quickly transfer heat from the pro- 
duce to a cooling medium, such as water, ice, or air. The 
rate of transfer depends on the availability of the cooling 
medium to the commodity, the temperature difference be- 
tween the medium and the commodity, the type of medium, 
and the flow rate of the medium. The commercial methods 
used include hydrocooling, vacuum cooling, air cooling, and 
icing. The methods used depend on the type of produce, the 
availability of equipment, facilities, containers, cost, and 
the proximity to market. See Table 1 for a list of methods 
of cooling for different commodities. 

Humidity 

Maintenance of proper humidity around the commodity is 
necessary during precooling and storage. Fruits and vege- 
tables transpire and lose water during precooling, storage, 
and transit. They will wilt or shrivel if humidity is too low. 
Humidity is generally expressed as percent relative hu- 
midity (% RH), the ratio of water vapor pressure in the air 
to saturation vapor pressure at a certain temperature (11). 
As temperature increases, the capacity of air to hold water 
increases. For most vegetables, a relative humidity of 98- 
100% are recommended to prevent wilting. Water may be 
sprinkled on the floor of a storage room or misted in the 
air if it is necessary to increase the relative humidity 
around a commodity. Other practices to ensure adequate 
humidity include using good room insulation, preventing 
air leaks, and providing sufficient cooling surface to keep 
the difference between refrigerant surface temperature 
and commodity temperature as small as possible. 


Sanitation 


Sanitary conditions must be maintained in storage facili- 
ties to prevent the growth of contaminating organisms. 
Under high humidity conditions, molds grow on the sur- 
faces of packages, walls, and ceilings, and although they 
may not directly decay produce, they may produce un- 
wanted substances that accelerate decay, give off-flavors to 
the commodity, or create favorable environments for decay 
organisms. Periodic and thorough cleaning of storage sur- 
faces and good air circulation help prevent the growth of 
surface molds. Whitewash can be sprayed on ceilings and 
walls when storage rooms are empty and before a new load 
comes in. Surfaces may also be scrubbed with sodium hy- 


Table 1. Methods of Cooling for Different Commodities 
Cooling method 
Hydrocooling 


Commodities cooled 


Asparagus, cantaloupes, celery, cucumbers, 
green peas, peaches, peppers, radishes 

Asparagus, artichokes, broccoli, Brussels 
sprouts, cabbage, cauliflower, celery, 
endive, escarole, head lettuce, parsley, 
spinach, sweet corn 

Cauliflower, cucumbers, grapes, melons, 
peppers, strawberries, tomatoes 

Teing Broccoli, Brussels sprouts, cantaloupes, 

carrots, green onions, kale, radishes 


‘Vacuum cooling 


Air cooling 


pochlorite or trisodium phosphate, with subsequent rins- 
ing and airing before new commodities are loaded. Fungi- 
cidal paint or fumigation with a mixture of 85% carbon 
dioxide and 15% ethylene can also be used. If odors have 
developed in a room, air purification can be accomplished 
by absorbing the odors with 6-14 mesh-activated coconut- 
shell carbon or washing the air with water (12). 


INJURIES 


Certain injuries to produce can occur during refrigerated 
storage under suboptimal conditions and include those due 
to chilling, freezing, or ammonia. Chilling injury usually 
occurs to commodities of tropical origin at temperatures 
below 10-13°C (50-55.4°F), although certain temperate 
commodities are also susceptible (13-15). Table 2 lists 
some commodities susceptible to chilling injury and their 
symptoms. Often symptoms cannot be detected at low tem- 
peratures and only become visible several days after the 
commodity has been removed to warmer temperatures. 
The extent of damage depends on length of exposure and 
chilling temperature. It may occur in a commodity exposed 
a short amount of time to a temperature considerably be- 
low the danger zone, but not if it is exposed longer to a 
higher temperature in the danger zone. Also, chilling in- 
jury may be cumulative, and chilling during transit or in 
the field before harvest may add to the effects of storage 
chilling. Chilling injury has been reduced by treatments 
such as intermittent warming, temperature precondition- 
ing, controlled atmosphere or hypobaric storage, waxing, 
and film packaging. 

Freezing injury occurs when ice crystals form in produce 
tissues, and is manifested by a mushy, limp, and water- 
soaked appearance. The extent of freezing injury depends 
on exposure time and temperature and varies with differ- 
ent commodities. 

Ammonia injury occurs when ammonia escaping from 
direct-expansion refrigeration units come in contact with 
the commodity. Injury is evident as brown to greenish 
black discoloration of the outer tissues and, in severe cases, 
as discoloration and softening of inner tissues (16). Daily 


Table 2. Commodities Susceptible to Chilling Injury and 
Their Symptoms 


Lowest safe 
temperature 
Commodity eC) Symptoms 
Avocados 4.5-13.0  Grayish brown flesh 
discoloration 
Bananas 11.5-13.0 Dull color when ripe 
Cantaloupes 25 Pitting, surface decay 
Cucumbers 7 Pitting, decay 
Egegplants 7 Surface scald, Alternaria rot, 
black seeds 
Lemons 11-13 _Pitting, red blotch 
Peppers 7 Sheet pitting, Alternaria rot on 
pods and calyxes, seed 
blackening 
Potatoes 10 Browning, sweetening 
‘Tomatoes, ripe 7-10 Water soaking, softening, decay 


Source: Ref. 1. 


odor checks or installation of ammonia detection systems 
help prevent ammonia injury to produce. Fumes can be 
removed by aeration and washing the air of the storage 
room with water. 


SUPPLEMENTAL METHODS TO COLD STORAGE 


Although refrigeration is the most effective method for re- 
tarding decay of food crops, supplements can be used to 
control the growth of pathogens, slow respiration rates, 
control physiological disorders and sprouting, reduce mois- 
ture loss, or retard ripening and senescence. Supplemental 
methods in use include chemical treatments, controlled- 
and modified-atmosphere storage, waxes, irradiation, and 
protective packaging. 

Chemical treatments are used if they are nontoxic to 
humans and the commodity, cost-effective, effective for 
their intended purpose, and approved by federal regula- 
tory agencies, for example, the use of growth regulators to 
control sprouting of potatoes and onions during storage. 
Calcium chloride is used to control bitter pit and maintain 
firmness in apples. Fungicides and bactericides, such as 
chlorine and sodium o-phenylphenate, are often added to 
wash water, soak tanks, and hydrocoolers to reduce growth 
of pathogens prior to and during refrigerated storage (17). 

Incontrolled-atmosphere (CA) storage, commodities are 
held in atmospheres of specified proportions of oxygen, 
carbon dioxide, or nitrogen, different from ambient air. 
This is accomplished by adding or scrubbing oxygen or car- 
bon dioxide in airtight containers or rooms (18-21). In 
modified-atmosphere storage, storage atmospheres are dif- 
ferent from that of ambient air, but are not controlled pre- 
cisely. 

Waxing is used to reduce moisture loss and improve the 
appearance of the commodity. Fungicides can also be 
mixed with the wax to retard decay. The effectiveness of 
the wax depends on the thickness of the coat and the uni- 
formity of application. 

Gamma irradiation has been used to disinfect papayas, 
mangoes, and grapefruit. Commercial use is limited be- 
cause of the cost and size of necessary equipment and con- 
sumer acceptance. Dosages of 1.5-2 kilogray can control 
decay and sprouting in certain commodities (22), but can 
also cause discoloration, pitting, softening, abnormal rip- 
ening, and flavor loss (23). 

Protective packaging safeguards produce against physi- 
cal damage during packing, such as that acquired from 
dropping of containers, overfilling of containers, or move- 
ment of the commodity within containers (24). Protective 
packaging must be sturdy and moisture tolerant. Packag- 
ing materials include plastic foam, waxed fiberboard, film 
box liners, wooden pallet bins, nailed wooden boxes, wir- 
ebound veneer crates, and perforated polyethylene or poly- 
propylene bags. 


FUTURE DEVELOPMENTS 


Technologies are continually being researched and devel- 
oped to improve the storage life of food crops. Future de- 
velopments should result in more economical and energy- 
effective cooling methods, more efficient transportation 
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and distribution systems, improved shipping containers, 
and increased usage of controlled- and modified-atmo- 
sphere storage. 
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FOOD CROPS: VARIETAL DIFFERENCES, 
MATURATION, RIPENING, AND SENESCENCE 


Nutritional labeling of packaged food products conveys a 
misleading impression that similar foods are uniform in 
nutrient composition. Raw agricultural crops are particu- 
larly susceptible to wide variations in nutrient content, 
sensory quality, and suitability as ingredients in prepared 
or processed food products. Differences in composition re- 
sult from many factors, including cultivar, growing condi- 
tion, maturation, ripening, and senescence (1). Terms criti- 
cal to an understanding of this subject are defined in 
Table 1. 


VARIETAL DIFFERENCES 


Humans eat a wide variety of plant products, thanks to 
the large number of plant species cultivated for food. Most 
individual fruits, vegetables, nuts, oilseeds, and grains 
represent separate species. A notable exception is Brassica 
oleracea, a species comprising the crops of broccoli, brus- 
sels sprouts, cabbage, cauliflower, collards, kale, and kohl- 
rabi. Although not as diverse as B. oleracea, most species 
have variations in cultivars that are apparent in differ- 
ences in growth response, pest and disease resistance, 
stress response, nutritional quality, and shipping stability. 

The concept of varietal differences is based on Mendel’s 
classic study of genetics in peas. Varietal differences are 
evident in the growth patterns of the crop in the field, such 
as the height of the plant, its branching characteristics, 
color and morphology of flower and fruit, and yield poten- 
tial for edible product at harvest. Some cultivars offer 
greater resistance to pests and disease at harvest. Resis- 
tance can be achieved as a result of removal of chemical 
compounds that attract insects or synthesis of compounds 
that are toxic to the disease microorganisms or pests. Un- 
fortunately, the same compounds that are toxic to the pest 
may adversely affect quality or may even be allergenic or 
toxic to humans (4). 

Cultivars adapt in different ways to changes in growing 
locations and environmental conditions. Some cultivars 
will thrive in one location and suffer in others. Cultivars 
of fruits and vegetables vary in their response to tempera- 
ture, cultural practices, and soil conditions, such as fertil- 
ity, soil compaction, and moisture content. Certain culti- 
vars within a species may show greater resistance to 
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Table 1. Definition of Terms 


Cultivar (cultivated variety) 


Group of plants within a particular cultivated species that is distinguished by a character or group of 


characters and that maintains its identity when propagated either asexually or sexually (2). 


Horticultural maturity 

for a particular purpose (3). 
Maturation 
Physiological maturity 
Ripening 


The stage of development when a plant or plant part possesses two prerequisites for use by consumers 


The stage of development leading to the attainment of physiological and horticultural maturity (3). 
The stage of development when a plant or plant part will continue to ontogeny even if detached (3). 
The composite of the processes that occur from the latter stages of growth and development through the 


early stages of senescence and result in characteristic aesthetic quality and food quality, as evidenced 
by changes in composition, color, texture, and other sensory attributes (3). 


Senescence 
@). 
Species 
members of the genus (2). 


‘Those processes that follow physiological maturity or horticultural maturity and lead to death of tissue 


A group of plants (within a genus) that often exhibit many more morphological similarities than to 


water, salt, and low-temperature or high-temperature 
stresses. The response to stress by plants is often reflected 
in changes in the edible portion of the tissue (eg, tomato 
plants resistant to low-temperature stress tend to produce 
fruit resistant to low temperatures during storage). Vari- 
etal differences have also been noted in the nutritional 
composition of crops at harvest and in the ability of a crop 
to maintain marketable quality during handling, shipping, 
and storage. 

Crops may be improved by selecting for desired traits 
from existing cultivars or wild strains. The most celebrated 
modern example of crop improvement was the develop- 
ment of high-yield rice cultivars by Borlaug that resulted 
in the Green Revolution. In addition to conventional breed- 
ing techniques, biotechnology offers powerful tools and re- 
combinant DNA in the development of better crops. Cell 
culture techniques permit rapid screening of potential 
strains if a reliable index for desirable trait(s) is available. 
Genetic engineering permits the direct manipulation of ge- 
netic material within the plant, promising the develop- 
ment of designer plants with the characteristics desired. 
These techniques are effective when the trait is clearly de- 
fined and a single gene is involved, such as disease resis- 
tance (4) or high-linoleic oilseeds (5). Much less effective 
has been the genetic modification of plants to improve 
quality that involves modification of texture or flavor 
where the physiological determinants of the characteristic 
are not clearly defined. 

Many examples demonstrate the importance of varietal 
differences in the marketplace. Differences in color and 
sweetness in fresh apple cultivars help satisfy regional and 
individual tastes. Other cultivars are preferred for specific 
processing or home applications. The length of the peach 
season in a particular growing area is the result of a suc- 
cession of early-, middle-, and late-maturing cultivars; dif- 
ferent cultivars adapt to different climatic regions. Cling- 
stone cultivars provide a firmer peach for canning and a 
better appearance, but many consumers prefer the flavor 
of freestone peaches in the fresh market. The cultivar of 
choice for a grape grower depends on the intended appli- 
cation: fresh, juice, jelly, raisins, or wine. Supersweet cul- 
tivars of corn were developed to increase sugar content by 
slow hydrolysis of sucrose during postharvest handling 
and storage. Processing cultivars of tomatoes must have a 
high-solids content, commercial cultivars that are shipped 
across the country must be able to withstand the rigors of 


handling and storage, and cultivars grown in backyard 
gardens must have high flavor impact. Hard cultivars of 
wheat are higher in protein and are used in breads, 
whereas soft cultivars are used in other applications, such 
as cookies and cakes. 

Mechanization of harvesting operations has been 
achieved for several commodities. Certain species are more 
amenable to mechanical harvesting than others, and cul- 
tivars for processing are more likely to have been adapted 
for mechanization than fresh-market cultivars. Certain 
cultivars are more amenable to mechanical harvest than 
others. Characteristics important in ease of mechanical 
harvest include the uniformity of size and maturity at har- 
vest, decreased susceptibility to bruising and other dam- 
age, and adaptability to fully mechanized production and 
handling systems. Successful mechanization requires an 
integration of breeding, quality, and engineering consid- 
erations. 


MATURATION 


Harvest is a critical point for the quality of any product 
derived from plants. The optimum harvest time varies 
with the period of growth and development of a plant from 
crop to crop. For example, celery (stems), cabbage (leaves), 
and broccoli (inflorescences) are harvested during vegeta- 
tive growth, and cucumber and beans are harvested as par- 
tially developed fruits. Maturity or stage of development 
at harvest can be viewed from either a biological or market 
perspective. Full development biologically is called physi- 
ological maturity, and satisfactory sensory quality is re- 
lated to horticultural maturity (3). 

Many crops present a narrow window for optimal har- 
vest. Maturity at harvest affects yield, stability during 
storage and handling, susceptibility to bruising or other 
damage, nutrient composition, and the quality of an item 
at purchase and consumption. All these factors should be 
considered in determining the best time to harvest. With 
most vegetables, this decision requires a compromise be- 
tween harvesting early enough to obtain tender, succulent 
quality and waiting to obtain better yield. 


RIPENING 


The desirable attributes associated with high-quality fruit 
develop during ripening. Nonclimacteric fruits develop 
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these attributes while still attached to the plant and are 
characterized by low levels of carbon dioxide (CO,) and eth- 
ylene (C,H,) evolution. Little further ripening occurs in 
nonclimacteric fruit after harvest. Nonclimacteric fruits 
should be harvested as close to the flavor peak as possible 
because flavor will not develop after detachment. 

Climacteric fruits are characterized by a rapid respi- 
ratory burst of greatly increased CO, and C,H, at the ini- 
tiation of ripening. The climacteric rise, triggered by C2H,, 
can occur on or off the plant. The fruit will generate its 
own C,H, from aminocyclopropane carboxylic acid (ACC) 
by ACC oxidase, and ACC is generated from S-adenosyl 
methionine (SAM) by ACC synthase (6). If the fruit is har- 
vested in a physiologically mature state before the in- 
creased generation of ACC and is kept in an environment 
free of C,H,, it can be maintained in a mature, unripe state 
during the transportation and storage. If climacteric fruits 
are harvested too early, they will not develop full flavor 
potential during storage. If harvested too late, they will 
become unacceptably soft before purchase or consumption. 
The marketplace offers greater incentives to the grower 
who harvests too early than to the one who harvests too 
late. In crops such as peaches and tomatoes where this 
window between too early and too late is narrow, premium 
quality product is difficult to obtain. Ripening can be ar- 
tificially triggered by using an external source of C)H,. 
This process permits the shipment of green bananas from 
the tropics to geographically distant markets where rip- 
ening is triggered close to the consumer, long-distance 
truck shipment of green tomatoes for ripening close to 
the distribution point, and controlled-atmosphere storage 
of apples before ripening to permit year-round consump- 
tion. 

Desirable changes associated with ripening include 
changes in appearance, flavor, texture, and nutritive value. 
Color changes are the result of the degradation of chloro- 
phyll (green), which unmasks xanthophylls and carotenes 
(yellow and orange), and the biosynthesis of anthocyanins 
(red, blue, or purple) and the carotenoid lycopene (red). The 
development of sweetness in fruits is the result of a dis- 
appearance of sour (acids) and bitter (including tannins) 
compounds and the accumulation of sweet (sugars) com- 
pounds. Flavor is the combination of taste (sweet, sour, 
bitter) and aroma that results from the accumulation of 
volatile compounds during ripening, producing character- 
istic flavors associated with specific fruits. Softening dur- 
ing ripening is the result of degradation of cell walls, pri- 
marily pectins, by a series of hydrolase enzymes (5). 
Vitamins (particularly A and C) accumulate during rip- 
ening, thereby enhancing the nutritional quality of the 
product. 


SENESCENCE 


Plants senesce by predictable, controlled patterns that 
lead to death. Senescence is distinct, although not always 
distinguishable, from aging (longevity). Plant organs also 
senesce, which is frequently enhanced by detachment. Rip- 
ening, as described earlier and defined in Table 1, is a spe- 
cial case of the early phase of senescence. In somewhat 
oversimplified terms, ripening tends to lead to improve- 


ment of quality attributes of fruits, whereas other senes- 
cence processes tend to lead to loss of quality. The primary 
objective of postharvest handling and storage is to control 
ripening and slow senescence, thus providing the con- 
sumer with a product of optimum quality at a reasonable 
price. 

The most obvious signs of senescence in vegetables are 
loss of color and tissue softening. Unlike similar changes 
noted in ripening fruits that are considered quality im- 
provements, yellowing and softening of green vegetables is 
considered detrimental. Yellowing, as in ripening, involves 
the unmasking of yellow pigments by chlorophyll depletion 
as chloroplasts are converted to chromoplasts. Likewise, 
softening is associated with breakdown of cell wall com- 
ponents, such as pectin and cellulose. 

The cellular physiology of senescence is complex. Al- 
though it was previously believed that senescence resulted 
from the release of organic acids and hydrolases within the 
cell, it is now generally recognized that senescence is con- 
trolled by genetics. Senescence affects gene expression, 
protein and nucleic acid degradation, chemical composi- 
tion and physical properties of membranes, and the struc- 
ture and function of plant organelles (7). Although pre- 
dominantly a degradative process, it is misleading to view 
senescence solely in the context of degradation. Metabolic 
processes function as a series of delicate balances between 
biosynthetic and degradative reactions. During growth 
and development as well as ripening, accumulation of a 
compound is the net result of biosynthesis exceeding deg- 
radation, Likewise, during senescence, net loss of a com- 
pound is the result of increased degradation, decreased 
synthesis, or a change in the balance between the two. 

Early changes observed in the ultrastructure of senesc- 
ing plant tissue include swelling of thylakoids in chloro- 
plasts. Mitochondria and vacuoles are affected later in the 
process. Changes in the nucleus are generally observed 
late in senescence before disruption of the plasma mem- 
brane, leading to cell and tissue death. Of particular in- 
terest in the study of senescence are the increase in pro- 
tease enzymes and loss of membrane integrity. Membranes 
serve as internal barriers within the cell and regulate the 
flow of ions and metabolites. During senescence and aging, 
these membranes lose their integrity, which leads to in- 
creased permeability. A current theory suggests that mem- 
brane lipids are degraded by hydrolytic and peroxidative 
mechanisms, resulting in increased permeability and de- 
creased function of membrane-bound proteins. 

Not all degradation of plant tissue is attributable to se- 
nescence. Mechanical damage can cause physical rupture 
of membranes and lead to mixing of enzymes and sub- 
strates, which results in the browning and discoloration 
called a bruise. Inadequate nutrition of the plant during 
growth and development can lead to deficiencies within a 
detached plant organ and result in a physiological disorder. 
Low temperatures and controlled atmospheres slow the 
respiration and senescence of many plant organs, but cer- 
tain species are susceptible to physiological disorders that 
result from exposure to low temperatures, low Oz, high 
COz, or elevated C,H,. In addition, excess water loss can 
lead to loss of turgor pressure, resulting in undesirable tex- 
tural properties. 
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FOOD ENGINEERING 


The largest business activity in the world is the supplying 
of food to an ever-increasing population. This business in- 
cludes growing and harvesting, transportation and han- 
dling, storing, processing and preservation, packing, dis- 
tribution, and marketing. During the past 50 to 75 years, 
the various phases of the food business have grown from 
small family-type enterprises to gigantic, increasingly so- 
phisticated and integrated food supply systems. The need 
for this change has been dictated by increasing concentra- 
tions of people in large urban areas, where the livelihood 
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of large segments of the population depend on huge quan- 
tities of foodstuffs being readily available. Because large- 
volume production of foods and food materials is often re- 
mote from dense concentrations of consumers, efficient 
mass production and transportation of food supplies are 
absolutely necessary. 

The vertically integrated food industry that has grown 
from these demands, probably more than any other human 
activity, requires the support of diversified, well-rounded 
teams of scientists, engineers, economists, and marketing 
specialists. Food engineering is a relatively new profes- 
sional and scientific field defined in the 1950s when several 
engineering-educated food scientists and technologists em- 
ployed by educational institutions and various segments of 
the food industry recognized that few engineers were edu- 
cated and trained for the increasingly complex world food 
industry. 

Foods are composed of a large variety of physically and 
chemically complex materials. A powerful analysis and de- 
sign concept, called unit operations, originated and was 
extensively developed by those in the field of chemical en- 
gineering. This concept has been immensely useful in food 
engineering operations ranging from raw material assess- 
ment to finished product evaluation. Unit operations per- 
mits a myriad of processing steps to be seen as relatively 
few basic physical and chemical transformations. For ex- 
ample, crushing, mixing, and filtering are physical unit 
operations; reduction and polymerization are chemical 
unit operations. 

Engineers in other industries are almost exclusively 
physical-science oriented. Functional engineers in the food. 
industry must be knowledgeable in the biological sciences 
as applied to the food industry, including sanitation, spoil- 
age, public health, environmental control, and biological 
process engineering, in which microorganisms are used to 
drive or mediate processes to produce food materials or 
food products. 

The food requirements of the modern world can no 
longer be met by small, isolated, and nonintegrated food 
production systems, each involved in a single phase of the 
food industry. The logistic requirements and the complex- 
ity of feeding a world in which many countries are unable 
to produce sufficient food for their own populations have 
created a demand for a more science- and engineering- 
based approach. Today, and increasingly in the future, the 
food engineer must have the ability to play an important 
role in the integration of all phases of food production, 
preservation, and distribution into a smoothly functioning 
industry. 


PROFESSIONAL RESPONSIBILITIES OF A FOOD ENGINEER 


Some principal responsibilities of food engineering profes- 
sionals, whether in industry or academia, are to develop 
and improve the basic steps involved in the production of 
food materials, process these materials into finished prod- 
ucts, and apply this knowledge to commercial operations. 
Considerations during all phases must include consumer 
acceptability (aesthetic and sensory) and safety of the 
product for human or animal consumption through good 
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manufacturing practices, as prescribed by the U.S. Food 
and Drug Administration. 

Food engineers are involved in a wide spectrum of ac- 
tivities, including operations, engineering feasibility, and 
pre-engineering studies for updating existing facilities and 
planning new operations. Other responsibilities include 
designing process machinery and equipment layouts and 
integration, developing and improving unit operations and 
processes, ensuring food sanitation and safety, and main- 
taining and upgrading facilities. Planning operations also 
incorporate logistics of supplying, storing, and transport- 
ing raw materials and ingredients as well as finished prod- 
ucts. 

Food engineers are increasingly required to have knowl- 
edge of computers and computer applications, especially 
methods and techniques relating to process control in 
manufacturing operations. The feedback of information in 
closed-loop systems is particularly important because the 
biological state is the primary factor in controlling the 
quality of the final product. 


EDUCATIONAL REQUIREMENTS OF A FOOD ENGINEER 


The first collegiate year is about the same for all engineer- 
ing curricula. The second year is likely to be similar, but 
with some departures for beginning specialization by field. 
Even in the third and fourth years, commonality for re- 
lated specialities is not unusual. 

The first year for all engineering students is primarily 
devoted to core curriculum requirements and beginning 
foundation courses in the natural sciences and mathemat- 
ies. Most foundation science courses have decidedly engi- 
neering slants; the subject matter is presented and used 
quantitatively, rather than descriptively. Courses directed 
toward engineering specialities usually begin in the second 
year and increase markedly in number and complexity in 
the third and fourth years. 

Engineering curricula tend to require more prescribed 
courses as well as a greater number of courses than other 
curricula. There are two important results from this: (1) it 
is not so unusual for engineering students to take an extra 
term to complete a degree, and (2) the options for taking 
nonrequired courses are limited, meaning that elective 
courses may have to be taken as overloads. 

There is no opportunity at present to pursue a 4-year 
accredited collegiate program leading to a baccalaureate 
in food engineering in any American college or university. 
Furthermore, no such program will exist until a food en- 
gineering program meeting the requirements of the Engi- 
neers Council for Professional Development (ECPD) has 
enrolled and graduated students and then has been ex- 
amined and approved by an accreditation committee of the 
ECPD. The procedure briefly outlined here is the one fol- 
lowed by more than a dozen separately identified engi- 
neering degree programs that have received accreditation. 

At present, the best opportunity to prepare for a career 
in food engineering after a baccalaureate is to select a col- 
lege or university that provides goal-compatible, ECPD- 
accredited programs in engineering; formal instruction for 
majors and nonmajors in related scientific and technical 


areas; and existing procedures for permitting significant 
student and advisor input into the planning of programs 
tailored to meet student aims. Goal-compatible engineer- 
ing curricula might include agricultural, chemical, me- 
chanical, civil, bio- and biochemical engineering. Related 
scientific and technical areas might include food science, 
nutrition, microbiology, sanitary engineering, pollution 
control, and public health engineering. 

An alternative might be to pursue a program in food 
science, with technical electives selected from appropriate 
engineering courses (perhaps with advisors in food science 
and engineering). The minimum grounding in engineering 
should include fluid mechanics, mechanics of materials, 
heat and mass transfer, thermodynamics, unit operations 
and processes, process control, computer science for engi- 
neers, and applied mathematics for engineers. 

The opportunities mentioned in the previous para- 
graphs for study in or related to food engineering might 
require an extra term or two of academic work. Because of 
this, a third alternative might be worth considering. With 
careful planning from both the engineering and food sci- 
ence viewpoints, and with institutional cooperation, it is 
conceivable that a B.S. degree in engineering and an M.S. 
degree in food science could be earned in 5 academic years. 


RESEARCH AND DEVELOPMENT AREAS IN FOOD 
ENGINEERING 


In the United States, there has been relatively little finan- 
cial support given to food engineering programs for fun- 
damental investigation of the complex composition and 
physical properties that must be considered in the design, 
construction, and operation of food processing operations. 
European countries have taken a world leadership position 
in the design, manufacturing, and marketing of food pro- 
cessing equipment. The support given to process engineers 
parallels the development of innovative new technologies, 
such as aseptic processing and controlled atmosphere stor- 
age and packaging. 

The challenge of engineering practice is to find usefully 
precise and economically feasible solutions to real prob- 
lems, The basic laws of physics, chemistry, and biology, 
expressed in the language of mathematics, show the rela- 
tionships among the elements composing a system, 
whether it be a piece of machinery or the planet on which 
we live. However, because of many shortcomings of the pre- 
cise knowledge of these relationships, balanced mathe- 
matical expressions are not determinable without the use 
of experimentally designed constants and secondary rela- 
tionships that balance the equations and make them use- 
ful for application to practical situations. Hence, the ap- 
plication to sound engineering principles implies the use 
of experimentally determined information combined with 
scientific knowledge. These relationships can be practi- 
cally applied to design a successful plant, to design and 
build machinery and equipment for successful and eco- 
nomical operations, and to complete records and informa- 
tion relating to production performance so that present 
operations can be improved and new ones developed. The 
problems associated with using an engineer’s tools in the 


food industry are all too common, Food processing and food 
handling machinery and equipment are often based on pre- 
vious practice rather than efficient functioning, easy main- 
tenance, and meeting sanitary requirements. Modern-day 
food manufacturing requires reliance on sound engineer- 
ing data, which often are not available or are in need of 
updating or improvement to evaluate and commercialize 
manufacturing methods and techniques. Some of the im- 
portant food engineering areas in need of further study 
include 


1. The changes in mass and composition that occur in 
foods during processing. 

2. The pack densities, specific gravities, and compress- 
ibilities that are brought about in loading bins, stor- 
age tanks, and vats. 

3. The safe loading depths for fresh or raw products 
during transportation and storage. 

4. The flow properties for various foods in different 
forms and process states. 

5. The properties of viscous material such as purées, 
pulps, slurries, etc. 

6. The specific heat, heat capacity, and heat conductiv- 
ity of foods in all states of preservation, especially 
when simultaneous mass and heat transfer occur. 

7. The effect of particle size on various processes, which 
has a bearing on many processes such as spray dry- 
ing, grinding, filtering slurries and miscella, and dis- 
integration operations. 


Both mechanical and chemical unit operations and pro- 
cesses are necessary in food production. Mechanical opera- 
tions include washing, sizing, sorting, grinding, mixing, 
polishing, grading, packaging, and materials handling. 
Processes for preserving (and often to improve texture and 
flavor) include a combination of chemical and physical unit 
operations and processes, These include (1) adding heat for 
cooking, pasteurizing, or sterilizing; (2) removing heat for 
cooling (refrigerating), freezing, or storing in a frozen state; 
(3) adding chemicals to control water activity, aid in fer- 
mentation or other processes (eg, enzyme hydrolysis), and 
improve sensory characteristics and acceptance; (4) remov- 
ing water to control water activity; and (5) irradiating to 
pasteurize or sterilize. Most food processing uses a com- 
bination of these steps. For example, drying is normally 
carried out by adding heat to vaporize the water, whether 
it be under vacuum or atmospheric pressure. Of course, the 
primary purpose of these operations is to control or de- 
struct microorganisms and their metabolic products and to 
reduce certain detrimental chemical and physical reac- 
tions. However, many undesirable chemical and physical 
relationships within foods, such as oxidative rancidity, vi- 
tamin deterioration, and certain textural changes, are of- 
ten caused or accelerated by processing methods. 


FOOD ENGINEERING AS RELATED TO OTHER 
DISCIPLINES AND PROFESSIONAL SOCIETIES 


Food science and food technology are related and overlap- 
ping disciplines that have similar basic science require- 
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ments, such as general and organic chemistry, physics, 
mathematics through calculus, and microbiology. Food sci- 
ence courses emphasize the relationships between basic 
science courses and the various aspects of food production, 
processing, and preservation. Separations—differentia- 
tion among career aims and goals—usually occur after col- 
lege graduation and the entrance into graduate school or 
the industrial and commercial job market. Food scientists 
ordinarily concentrate on the basic chemistry and micro- 
biology of foods; food technologists usually are more in- 
volved in the applied aspects of handling and processing 
foods. Many basic researchers specialize in the biological 
relationships of foods and must have particularly strong 
backgrounds in biology, biochemistry, and microbiology. 

The third member of the team is the food engineer. En- 
gineers professionally involved in the food industry must 
have the food science and technology background to ac- 
tively and productively participate in maintaining an ad- 
equate food supply for the world’s burgeoning population. 

The close work and professional relationships among 
food scientists, food technologists, and food engineers are 
demonstrated by the extent to which they maintain mem- 
berships in cross-disciplinary professional societies. The 
Institute of Food Science and Technology (IFT) was 
founded in 1939. Several decades later, a food engineering 
division was formed in the IFT. Many of the founding mem- 
bers of the division were food technologists who, through 
experience or further training, had learned applied engi- 
neering related to food processing. Today, the food engineer 
has found more direct relationships with fellow engineers 
in professional engineering societies, including the Amer- 
ican Society of Agricultural Engineers, the American So- 
ciety of Chemical Engineers, the American Society of Me- 
chanical Engineers, and other scientific and professional 
organizations. The food engineer is now established as an 
indispensible contributor to the further scientific and tech- 
nological development and growth of our most important 
scientific and industrial enterprise. 


J. T. CLAYTON 
University of Massachusetts 
Amherst, Massachusetts 
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ally anaerobic, on suitable substrates under controlled or 
uncontrolled conditions resulting in the production of de- 
sirable foods or beverages that are characteristically more 
stable, palatable, and nutritious than the raw substrate. 
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HISTORY 


The history of food fermentation paralleled the develop- 
ment of microbiology and food microbiology. Traditionally 
many foods were prepared by fermentation, but the rea- 
sons behind the success or failure of the processes were not 
known. After the work of Pasteur in the 1850s and others, 
who demonstrated that a specific microorganism (eg, 
yeast) acting on a suitable substrate (grape juice) will pro- 
duce a desirable product (wine), the science of food fer- 
mentation began. Now many food fermentation principles 
and practices are well established, and food companies can 
predictably produce consistently good-quality fermented 
products. With the advances in genetic engineering, old 
processes are being improved and new ones are being dis- 
covered. Also, many indigenous fermented foods (such as 
some Oriental foods and African tribal foods) and their pro- 
cesses are not well known and are areas for future inves- 
tigation. 

Although the principles of fermentation in many foods 
are understood in a laboratory setting, the scaling-up of 
these processes to commercially successful operations is 
complicated. A detailed account of all aspects of anaerobic 
fermentation, including methodology of anaerobic culti- 
vation; mutation and genetic engineering of anaerobic 
bacteria; industrially important strains and pathways, bio- 
chemistry, kinetics, and transport in anaerobic fermenta- 
tion; bioenergetics of anaerobic processes; data collection 
and analysis; mixed culture interactions; and design and 
application of anaerobic systems has been published by Er- 
ickson and Fung (1). 


MICROORGANISMS USED IN FERMENTED FOODS 


The number of microbial species used in fermented foods 
is surprisingly small. Of the thousands of species of micro- 
organisms in nature, only the following genera are well 
utilized by the food fermentation industry (2): 


Bacteria: Acetobacter, Streptococcus, Lactococcus, Leu- 
conostoc, Pediococcus, Lactobacillus, Propionibacter- 
ium, Brevibacterium, Bacillus, Micrococcus, and 
Staphylococcus. There has been a major renaming of 
some key bacteria used in fermentation as follows: 
Streptococcus cremois to Lactococcus lactis subsp. 
cremoris 
‘Streptococcus lactis to Lactococcus lactis subsp. lactis 
Streptococcus diacetylactis to Lactococcus lactic 
subsp. lactis biovar diacetylactis 
Leuconostoc citrovorum to Leuconostoc mesenter- 
oides subsp. cremoris 
Lactobacillus bulgaricus to Lactobacillus delbrueckii 
subsp. bulgaricus 
Streptococcus thermophilus unchanged 
Lactobacillus helvticus unchanged 
Yeast: Saccharomyces (especially S. cerevisiae and S. 
carlsbergensis), Candida, Torulopsis, and Hansenula 
Mold: Aspergillus, Penicillium, Rhizopus, Mucor, Mon- 
ascus, and Actinomucor 


In many tradition or indigenous fermented products, the 
cultures are not known or identified. 


TYPES OF FERMENTATION PROCESSES, 


Single-Culture Fermentation 


The key to the success of single-culture fermentation is to 
provide the culture with a sterile substrate and environ- 
ment with no contamination during the fermentation pro- 
cess. Examples include wine making, beer making, bread 
making, production of single-culture fermented dairy prod- 
ucts, and vinegar production. In this type of fermentation 
the viable cells increase in a typical growth curve sequence 
of lag phase, log phase, stationary phase, and death phase. 
Primary metabolites (alcohol, acid, etc) are made during 
the log phase, and secondary products (antibiotics, toxins, 
etc) are made after the culture reaches the stationary 
phase. 

An ideal culture for fermentation should possess the fol- 
lowing attributes: 


1. Organisms must be pure. 

2. Organisms must grow and reproduce quickly. 

3. Organisms must be genetically stable yet amiable to 
manipulation for better performance. 

4, Organisms must produce uniform product in a short 
time. 

5. Organisms must not produce undesirable by-prod- 
ucts. 

6. Organisms must have a protective mechanism (eg, 
acid or bacteriocin production) against other unde- 
sirable contaminants. 


Mixed Pure Culture Fermentation 


Some products need a mixture of known cultures. The 
mixed pure cultures can be a controlled mixture of bacteria 
or bacteria with a combination of yeast and mold. Yogurt 
making and cheese making are good examples of this type 
of mixed fermentation. It is necessary to provide a balance 
of the two cultures for maximum performance. For exam- 
ple, in yogurt making the desired ratio of cocci (S. ther- 
mophilus) to rod (L. bulgaricus) is 5:1 in cell numbers, but 
by weight the ratio should be 1:1. 


Mixed Natural Culture Fermentation 


In many parts of the world, especially in developing coun- 
tries, the flora of indigenous fermented foods are mixed 
natural cultures. The interactions of those microbes are 
exceedingly complex, and the success of such fermenta- 
tions depends on following traditional processes and not 
on scientific principles, because many of the responsible 
cultures have not been isolated and studied. The principal 
fermentation reactions in foods are listed in Table 1. This 
list does not include reactions in industrial fermentation 
of solvents, acids, and so on. 


Microbial Interactions 


The interactions of mixed cultures are of great interest in 
studying the kinetics of population development in liquid 


Table 1. The Principal Fermentation Reactions in Foods 
Lactic acid fermentation 
Homofermentative: CoH,20, (glucose) to 2CH;CHOHCOOH 
(lactic acid) 


Heterofermentative: CsH20, (glucose) to CH3CHOHCOOH 
(lactic acid) + CO, + C,H,OH (ethyl alcohol) 


Propionic acid fermentation 


8CoH120¢ (glucose) to 6CH,CHOHCOOH (lactic acid) 
3CH,CHOHCOOH (lactic acid) to 2CHsCH,CO,H (propionic 
acid) + CHjCOOH (acetic acid) + CO, + H,0 


Citric acid fermentation 


CH,COOHHOCCOOHCH,COOH (citric acid) to 2CH,COCOOH 
(pyruvic acid) to CH;COCHOHCH; (acetylmethylearbinol) + 
200, 

Acetylmethyleabinol can be oxidized to CHyCOCOCH; (diacetyl) 
or reduced to CH,CHOHCHOHCH, (2,3, butylene glycol) 


Alcoholic fermentation 
CoH20¢ (glucose) to 2C,H,OH (ethyl alcohol) + 2CO, 


Butyric acid fermentation 


CeH120¢ (glucose) to CHsCOOH (acetic acid) + 
CH3CH,CH,COOH (butyric acid) + CHyCH,OH (ethyl 
alcohol) + CH,(CH,),CHOH (butyl alcohol) + CH,COCH, 
(acetone) + CO, + Hy 


Gassy fermentation 


2CH20¢ (glucose) + H,O to 2CH,CHOHCOOH (lactic acid) + 
CH,COOH (acetic acid) + CjH,OH (ethyl alcohol) + 2CO, + 
2H, 


Acetic acid formation (oxidative) 
CH,OH (ethyl alcohol) + HO O, to CHyCOOH (acetic acid) 


and solid fermented foods. The following is a discussion of 
the study on the interactions between an important fer- 
mentative yeast (S. cerevisiae) and an important industrial 
bacterium (Acetobacter suboxydans) and an important en- 
vironmental contaminant (Escherichia coli). 

Figure 1 shows the interaction between S. cerevisiae 
and A. suboxydans. For the yeast, both direct count (under 
the microscope) and electronic count (Coulter Electronic 
Counter, which can differentiate particles sizes) increased 
with time. The direct count registered about 10 times more 
cells than the electronic count. For the bacterium, the di- 
rect count increased with time, but the electronic count 
increased to about 7.8 log cell/mL and then started to de- 
crease. This decrease in number is due to the adhesion of 
many of the bacterial cells to yeast cells. The electronic 
counter cannot differentiate these two populations when 
they are in clumps. However, microscopic observations can 
ascertain the different counts. The concentration of glucose 
completely disappeared in the first 10 h of yeast and bac- 
terial interactions. The pH of the medium first decreased 
and then stabilized at pH 3. This is due to oxidation of 
alcohol (produced by S. cerevisiae) by A. suboxydans. 
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Figure 1. Interaction of mixed cultures of S. cerevisiae and A. 
suboxydans in terms of cell numbers monitored by direct count 
and electronic count as well as product formation (alcohol and acid 
production). Source: Ref. 3, used with permission. 


The interactions of yeast and E. coli (Fig. 2) showed in- 
teresting contrasts compared with the yeast-Acetobacter 
interactions. Growth of yeast as monitored by viable cell 
count, direct cell count, and electronic count all increased 
with time. After reaching a stationary phase, viable yeast 
count decreased, but direct count and electronic counts reg- 
istered no reduction in numbers. A likely explanation is 
that the latter two biomass measurements counted both 
live and dead cells, but the viable cell count method only 
registered living cells. After the stationary phase, some of 
the yeast cell went through the death cycle. The growth of 
E. coli showed an increase in the viable cell count and di- 
rect cell count. The electronic count reached 8 log cells/mL. 
and then declined, exhibiting a trend similar to that ob- 
served in the yeast and Acetobacter interactions. Alcohol 
contents increased to about 2%, and the pH first dropped 
to around 4 and then rose to 6. This pattern differed from 
that obtained from the interaction of yeast and Acetobacter. 
E. coli cannot oxidize alcohol, and this did not create large 
amounts of acid to counteract the basic metabolites in the 
reaction vessel. This resulted in a medium that reverted 
to a more alkaline state. 

This study indicated that different methods of estimat- 
ing biomass may provide different results in mixed culture 
fermentation. The electronic counting method is useful 
when a single culture is monitored. In mixed culture in- 
teraction that involves clumping, this method is not suit- 
able for differentiating mixed populations. 

The following sections are synopses of major fermented 
food. Detailed treatment of these subjects can be found in 
books listed in the reference section. 
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Figure 2. Interaction of mixed culture of S. cerevisiae and E. coli 
in terms of cell numbers monitored by direct count, electronic 
count, and viable cell count as well as product formation (alcohol 
and acid production). Source: Ref. 3, used with permission. 


Fermented Liquid and Semisolid Dairy Products 


Cultured Buttermilk. Pasteurized skim milk inoculated 
with 0.5% mixture of Streptococcus (Lactococcus) lactis, S. 
(L.) cremoris, Leuconostoc cremoris, or L. dextranicum in- 
cubated at 22°C for 14 to 18 h, results in a product with 
pH 4.5 acid curds with pleasant aroma and flavor. It has 
acid tastes. 


Sour Cream. Milk with 19% milk fat and 0.2% citric acid 
inoculated with 1% S. (L.) lactis and S. (L.) cremoris, in- 
cubated at 22°C for 14 to 16 h results in a product with pH 
4.5 that is creamy and sour and good for baked potatoes 
and other foods. 


Acidophilus Milk. Skim milk inoculated with 5% Lac- 
tobacillus acidophilus incubated at 38°C for 18 to 24 h re- 
sults in an acidic (1% acid) sour milk product. It is claimed 
to have health benefits due to large numbers of live cul- 
tures in the product. 


Sweet Acidophilus Milk. Skim milk inoculated with a 
large percentage of L. acidophilus results in 5 x 10°; L. 
acidophilus per mL of live cultures in milk. The product is 
not fermented and must be kept cold (4°C) until sold. Con- 
trary to regular acidophilus milk, objected to by some con- 
sumers due to the high acidity, this product has no acid 
taste but is claimed to relieve gastrointestinal problems. 


Bulgaricus Milk. Whole milk inoculated with 2% L. bul- 
garicus incubated at 38°C for 10 to 12 h results in a sour 


(2-4% acid) product, claimed to relieve gastrointestinal 
problems. It is consumed in large quantities by people in 
the Georgia region of Europe. 


Yogurt. Milk with added 2 to 4% nonfat dry milk powder 
inoculated with 5% combination of S. thermophilus and L. 
bulgaricus (1:1 ratio, by weight, or 5:1 ratio by cocci to rod) 
incubated at 45°C for 3 to 6 h or 32°C for 12 to 14h results 
in a smooth, viscus gel with a delicate walnutlike flavor. 
The product must be chilled immediately. A variety of 
fruits, berries, and flavors can be added to the product. 
This is the fastest-growing product in the dairy industry. 


Kefir. Goat, sheep, or cow’s milk inoculated with kefir 
grain (a mixture of Saccharomyces kefir, Torula, Lactoba- 
cillus caucasicus, Leuconostoc, etc) incubated at 22°C for 
12 to 18 h results in a product with 1% alcohol and 0.8% 
acid. The product is strained through cheesecloth. The 
milk foams and fizzles like beer. 


Koumiss. Mare’s milk (which has five times more vita- 
min C than cow’s milk) inoculated with L. bulgaricus plus 
Torula yeast incubated at 22°C for 12 to 18 h results in a 
drink with 1 to 2.5% alcohol and 0.7 to 1.8% acid. 


THERAPEUTIC VALUE OF CULTURED MILK 


In 1907 Metchnikoff wrote the book Prolongation of Life 
and claimed that drinking sour milk regularly gave people 
in southeast Europe long life and good health, because pre- 
mature old age was a result of absorption of toxins pro- 
duced by bacteria in the large intestines. Large volumes of 
sour milk with live cultures changed the balance of micro- 
flora in the intestines so that toxic compounds were not 
produced and people lived longer. At a minimum, drinking 
live cultures of L. acidophilus or L. bulgaricus is not harm- 
ful. For people taking antibiotics after major surgery, 
which tends to sterilize the intestines, these live organisms 
might very well be beneficial. People with gastrointestinal 
problems may find sour milk helpful in suppressing diar- 
thea. This is still a controversial area. 


FERMENTED SOLID DAIRY PRODUCTS—CHEESE 


Cheese is made by the coagulation or precipitation of milk 
protein by acid produced by starter cultures (S. /L.] lactis 
and S. (L.] cremoris) with the aid of rennin (from the stom- 
ach of calves) added to the milk. Milk is usually pasteur- 
ized at 62.8°C for 30 min or 72.0°C for 15 s. Raw milk has 
been used to make cheese but is not advisable due to the 
potential of survival of foodborne pathogens such as Lis- 
teria monocytogenes. Regulations indicate the cheese made 
with raw milk cannot be sold until a 60-day aging period. 
The assumption is that in 60 days pathogens, if present in 
the cheese, will be killed by the starter cultures and the 
acidity involved in the product. A food-grade dye, annatto, 
is often added to give the cheese the familiar yellow color. 
Some cheese makers are now not using the dye so that the 
cheese will not have additives in the product. When milk 
proteins coagulate, the resultant liquid portion is called 


whey. From 10 lb of milk, only 1 Ib of cheese is made and 
9 lb are discarded as whey. Whey utilization is an impor- 
tant area of research because whey has very high biological 
oxygen demand (BOD) (30,000-60,000 ppm) and can be an 
important environmental contaminant if the BOD is not 
reduced. Also, whey contains about 50 to 70% of the nu- 
trients of milk, and this rich food source should be effec- 
tively utilized. After the curd is formed, it can be poured 
into perforated molds lined with cheesecloth, and the extra 
whey is drained. For harder cheese, the curd is cooked, 
stirred, cut, and pressed. The more whey expressed from 
the protein mass, the harder the resultant cheese will be. 
Salt is often added to the curd to give flavor as well as to 
prevent undesirable microorganisms from growing. 
Cheese is then ripened for several months or even years 
before consumption. 


Classification of Cheese 


There are literally hundreds of cheese varieties being 
made in the world. Most of the names are from the town 
or city in which the cheese originated, From a texture point 
of view, cheese can be classified into the following. 


Soft, Unripened or Ripened Cheeses. Cottage cheese is 
an example of soft, unripened cheese. It can be made by 
acid produced by the starter cultures (Lactococcus lactics 
and L. cremoris) along with rennin or by direct set using 
food-grade acid such as mesolactide and D-glucono-d- 
lactone. For the direct set method, the cottage cheese will 
coagulate very fast—within seconds at 4°C. For starter cul- 
tures, one can use a “short set” method by inoculating the 
milk with 5% starter cultures, and the process will be com- 
pleted in 5 h. For the “long set” method, a 3% percent in- 
oculation can be used, and it will take 10 to 14 h to com- 
plete the process. After setting the curd, it be cut using 
1/4” wire for small-curd cottage cheese and 3/4” wire for 
large-curd cottage cheese. 


Soft, Ripened Cheeses. Limburger cheese is an example 
of soft, ripened cheese. The soft cheese is placed on wooden 
shelves, and a surface bacterium (Brevibacterium linens) 
grows on the surface of the cheese and produces a brownish 
red surface growth. Protein is broken down into ammonia 
and gives the strong flavor to this cheese. Camembert 
cheese is another soft cheese, but it is ripened by a surface 
mold, Penicillium camemberti, with a mixture of bacteria. 
This famous French cheese is called the queen of cheese. 


Semisoft, Ripened Cheeses. Several mold-ripened 
cheeses are classified under this category. They are all rip- 
ened by Penicillium roqueforti, a mold that grows through- 
out the cheese mass. They are also called blue-veined 
cheese. Roquefort cheese is called the king of cheese. Other 
cheeses in this group are Stilton, Gorgonzola, and bleu. 


Hard Cheeses. These cheeses are well ripened and 
hard. Among the most important cheeses are cheddar, a 
bacterial-ripened cheese, and Swiss cheeses, which are 
cheeses with eyes. The characteristics eyes of Swiss 
cheeses are caused by CO produced by Propionibacterium 


FOOD FERMENTATION 917 


shermanii during anaerobic fermentation in the ripening 
stage. 


Cheese Varieties and Descriptions 


Principal cheese varieties and descriptions are as follows 
(4). 


American. This term is used to identify the group that 
includes cheddar, Colby, and so on, popularized in the 
United States. 


Bleu. The French name, bleu, is used for cheese similar 
to Roquefort but either not made in Roquefort, France, or 
not made from ewe’s milk. 


Blue. Roquefort-type cheese made in the United States 
and Canada is referred to as blue. Brick cheese, of Amer- 
ican origin, is made from whole milk, with a mild but pun- 
gent and sweet flavor. 


Cheddar. This is the most important cheese and ac- 
counts for 75% of cheese made in the United States. The 
name came from the town Cheddar in the UK where it was 
first made. In addition, cheddaring is the name of a step 
in the manufacturing process of piling and repiling of curd. 
This will provide better adhesiveness of the protein and 
also allow starter cultures to produce more acid to control 
coliforms. Most cheddar cheeses are ripened for 60 days 
and some for a year or more (sharp and very sharp ched- 
dar). 


Colby. Similar to cheddar, Colby has a softer body and 
more open texture. 


Cottage. A soft unripened cheese, cottage cheese is 
made from skim milk. Flavoring materials such as pep- 
pers, olives, pimientos, or garlic may be added. When more 
than 4% of fat is added, it is called creamed cottage cheese. 


Cream. Cream cheese is a soft, rich, unripened cheese 
made of cream or a mixture of cream and milk. 


Edam. Made from whole milk, Edam has a mild flavor 
and firm body. It is usually shaped like a flattened ball and 
covered with red coloring or red paraffin. 


Gouda. Gouda is similar to Edam, except that it con- 
tains more fat and is usually packaged like Edam. 


Limburger. A soft, surface-ripened cheese, Limburger 
has a characteristic strong flavor and aroma. 


Parmesan. A very hard cheese that will keep almost in- 
definitely, Parmesan is used as grated cheese on salads, 
soups, and with pasta. 


Process Cheese. Process cheese is made by grinding and 
mixing together by heating and stirring one or more nat- 
urally fermented cheese of the same or different varieties, 
together with an emulsifying agent into a homogenous 
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mass at very high temperature (130°C) for a few seconds. 
After the mixture has been properly prepared, the cheese 
can be made into various thickness, shapes, and forms. 
Also, a variety of ingredients such as bacon, spices, port 
wine, and so on can be incorporated into the cheese. At 
least one-third of all cheese marketed in the United States, 
except soft, unripened cheese, is process cheese. 


Process Cheese Food. Process cheese food is made in the 
same way as process cheese, except that certain dairy 
products (cream, milk, skim milk, cheese whey, or whey 
albumin) may be added. At least 51% of the weight of the 
finished product must be cheese. 


Process Cheese Spread. This is made in the same way 
as process cheese food, except that it contains more mois- 
ture and less fat and must be spreadable at a temperature 
of 21.1°C (70°F). Fruits, vegetables, or meats may be 
added. 


Roquefort. A cheese made only in the Roquefort area of 
France from ewe’s milk, Roquefort is characterized by 
sharp, peppery flavor and blue-green veins throughout the 
cheese. It is ripened principally by blue mold in the inte- 
rior. 


Swiss. A hard cheese with an elastic body, nutlike flavor, 
Swiss cheese is best known by the holes or eyes that de- 
velop as the cheese ripens. 

An excellence reference set—Cheese and Fermented 
Milk Foods Vol 1: Origins and Principles and Vol 2: Pro- 
cedures and Analysis—that covers all aspects of fermented 
diary foods was published by Kosikowski and Mistry (5). 


ALCOHOLIC BEVERAGES 


The per capita consumption of alcohol beverages in the 
United States is about 2.4 gal of wine, 24 gal of beer, and 
1.6 gal of spirits. In 1995 alcoholic beverages accounted for 
$103.9 billion in sales, with beer being $62.6 billion, spirit 
being $29.5 billion, and wine being $11.8 billion. Alcoholic 
beverages can be classified as fermented, not distilled, and 
distilled. 


Fermented, Not Distilled Beverages 


Wine. By definition, wine is a fermented product from 
fruits. By far the most important wine is produced from 
grapes, although it can be produced from apples, pears, 
berries, and other fruits. Vitis vinifera and V. labrusca are 
the most important species. Grape growing is a science it- 
self (viticulture), and wine making is called enology. 

To obtain a good wine, the enologist must consider the 
species and varieties used, the climate and soil conditions 
that dictate the vintage of a good wine, and the time to 
pick the grapes to make the wine. Europe produces about 
80% of the world’s wine, with North and South America 
producing about 14%; Africa, 4%; Asia, 1%; and Oceania, 
1%. Whereas in Europe people consume about 30 gal of 
wine a year per person, the U.S. population consumes 2 to 
3 gal per year per person. Grapes are first picked in au- 
tumn, when the amount of sugar in the grape stabilizes, 


then the grapes are stemmed and crushed to separate and 
remove the leaves and stems. The resultant materials, 
juice, skin, pulp, and so on, are called must (L. mustum, 
“new wine”), which is the source of the wine. 

Next SO, is added at 50 to 100 ppm to condition the 
must for its ability to inhibit undesirable organisms and 
its antifungal and antioxidative properties. The correct 
amount of sugar is added to define the final concentration 
of alcohol in the wine. The rule is when one wants to make 
a wine of X % alcohol one would add 2 X % of sugar. This 
is because 1 g of sugar will be converted to half a gram of 
alcohol and another half a gram of carbon dioxide, which 
is released into the environment. The conditioned must 
will then be inoculated with a wine yeast (usually S. cer- 
evisiae var. ellipsoideus Montrachet strain) at 1% inoculum 
level. For red wine the must can be fermented on the skin, 
which allows extraction of the red anthocyanin by alcohol 
to give the red color to the wine. Alternatively, the must 
can be hot-pressed (the must is heated to 62.7°C, and the 
juice is pressed out while hot), which also extracts the red 
color. To make white wine, white grapes can be used or, if. 
red grapes are used, a cold press will yield a white juice. 
Pressing of the wine is an important step. In a traditional 
wine press, when the must is poured into the press, some 
juice flows through the system without pressing. This 
“free-run” juice yields the best wine. The harder the grapes 
are pressed, the poorer the quality of the wine produced. 
At this point it is important to check the acidity of the 
must. The liquid should be about pH 3.6 and 0.7 to 0.9 g 
acid/100 mL of juice. If adjustment is needed, tartaric acid 
is used to acidify the must, and water is used to dilute the 
juice. This is the amelioration step. The juice is now ready 
for secondary fermentation. 

Secondary fermentation involves putting the ferment- 
ing must into a closed container (cooperage) and applying 
an airlock to prevent oxygen from entering the system and 
to allow carbon dioxide to escape. Because heat is produced 
(exothermic reaction), the fermenting must is kept at 
15.5°C to 21°C for red wine and 12.8°C to 18.3°C for white 
wine. 

Fermentation will continue for two to six weeks de- 
pending on the amount of dryness (reduction of sugar) de- 
sired in the finished wine. Before the completion of fer- 
mentation, several racking steps may be done. Racking is 
a process in which the wine is separated from lees (dead 
yeast cells and insoluble materials at the bottom of the 
cooperage). The first racking is done after fermentation to 
desired dryness (an appropriate amount of sugar is fer- 
mented to alcohol), followed by racking after dropping 
(crystallizing) the insoluble tartaric in cold temperature 
(ca 0°C), and the final racking is done after clarification 
and before bottling. Clarification can be achieved by the 
addition of fining agents such as gelatin, casein, bentonite, 
and polyclar AT. Enzymes may also be added to degrade 
pectin. The new wine is put into a wooden cooperage for 
aging. The biochemistry involved in aging is complex, but 
at least one year of aging is necessary for a good wine to 
be produced. The exact time for bottling of wine is deter- 
mined by the wine master of the particular winery. Wine 
can be pasteurized (55.5-65.5°C for a few seconds), but 
more often it is bottled without heat treatment, because 


heat tends to destroy flavor compounds. To remove any res- 
idues after aging, a filtration step can be made before bot- 
tling. Wine continues to improve in the bottle. Ten years 
of aging is optimum. 


Classification of Wines 


Hundreds of varieties of wines are produced around the 
world, and no classification can cover all of them. The fol- 
lowing is a functional classification of wines. 


Dry or Sweet Wines. In dry wine all fermentable sugar 
is converted to alcohol. Typically the wine has about 8 to 
12% alcohol. Examples are Chablis, Riesling, Burgundy, 
and Chianti. Sweet wine has some unfermented sugar. The 
alcohol is about 13 to 15%. Examples are Tokay and sau- 
terne. 


Fortified or Unfortified, In fortified wine more alcohol is 
added to the product. Some examples are sherry, port, 
muscatel, and champagne. Unfortified wine is a wine in 
which all the alcohol resulted from fermentation. 


Sparkling or Still. Sparkling wine is bottled before fer- 
mentation has ceased and liberates effervescence after the 
bottle is opened. Champagne made in France is the true 
example of fermentation in the bottle. To be able to show 
that the gas is generated in the bottle, a label can be 
printed as “fermented in this bottle.” Injection of CO, into 
a wine to achieve effervescence is called crackling. In this 
case the manufacturer cannot claim that the wine is fer- 
mented in this bottle. Still wines are those in which fer- 
mentation ceased before bottling and no CO, exists. 


Red or White. Fermentation of the skin of red grape will 
result in red wine such as claret, Burgundy, port, and 
chianti. Reisling is a good example of a white wine. 


Generic Wine. Wines blended from several varieties of 
grapes are called generic wines. Examples are Burgundy, 
chianti, Chablis, and claret. 


Variety Wine. Wines from predominately (at least 75%) 
one type of grape variety are variety wines. Examples are 
cabernet, pinot noir, zinfandel, and chardonnay. 


Vintage Wine. Vintage wine must have at least 95% of 
the juice coming from the year claimed. 


Prevention of Wine Spoilage 


Oxygen is the worst enemy of wine because it promotes the 
growth of Acetobacter, which oxidizes alcohol to acetic acid. 
Oxygen also oxidizes wine color from white to heavy amber 
or from rich purple to tawny brown and affects the flavor 
of the wine. Dirty equipment and environment contributes 
to spoilage of wine directly by introducing microorganisms 
or indirectly due to residues of unwanted chemicals. Un- 
desirable microorganisms during the fermentation process 
or in aging and storage can also contaminate wine. 


FOOD FERMENTATION. 919 
Champagne Processing 


Champagne processing is a fascinating subject and de- 
serves some discussions. About 250 years ago a monk 
named Don Perignon in the Champagne region of France 
discovered the process of making champagne. He ex- 
claimed, “Come and see I am drinking stars.” Champagne 
making is now a highly regulated manufacturing process 
under the control of the French government. At the perfect 
time of maturity of the grapes (chardonnay, pinot meunier, 
and/or pinot noir), they are picked by hand. Great care is 
taken not to bruise the delicate skin of the grapes during 
the harvesting stage. The grapes are then transported to 
the winery to be pressed to obtain the grape juice. Four 
thousand kg or 8800 lb of grapes are placed in a tub called 
marc. Each marc is pressed several times, yielding a total 
of 2550 L as laid down by the rules of appellation, which 
calls for 1.6 kg (3.52 lb) of grapes per liter of juice. The first 
three pressings yield 2050 L of first-quality juice known as 
the cuvee. A final pressing then yields 500 L of taille or 
lesser-quality juice. 

After pressing, the vin de cuvee and vin de taille are 
allowed to stand for the solids to settle. After that time the 
must will be allowed to ferment and is made into wine. 
Only wine made from vin de cuvee is used for champagne 
making. After fermentation, the cuvee will have about 10% 
alcohol. Into this cuvee more sugar and yeast culture will 
be added, and a strong cap is applied to the bottle to start 
a secondary fermentation in the bottle. The amount of 
added sugar will dictate the amount of pressure generated 
in the bottle. This is why champagne bottles are made with 
very strong and thick glass. During this fermentation, the 
yeast will convert the added sugar to alcohol and carbon 
dioxide. It is this carbon dioxide that causes champagne to 
bubble. An important step in champagne making is to re- 
move the yeast cells from the enclosed bottle so that the 
champagne will not be cloudy. To achieve this, a very te- 
dious procedure is used in which a worker will turn the 
champagne bottle one quarter time per day for two weeks 
(riddling). Each day after riddling, the bottle will be tilted 
a little more toward the neck such that yeast will slowly 
migrate to the neck of the bottle by gravity. After comple- 
tion of the riddling process, all the yeast will be at the neck 
of bottle. The neck is then frozen. This will cause a column 
of ice to be formed, which traps the yeast. The bottle is 
then opened quickly, and the pressure of the gas in the 
bottle will expel the column of ice with the yeast. Quickly 
the worker will add some sterile wine into the bottle to 
compensate for the lost liquid, and the bottle is tightly 
closed. A champagne is then made. The champagne can be 
stored in caves for years before shipment for sale. In the 
Meot & Chandon company in Epernay, France, something 
like 5 million bottles of champagne are stored in 7.1 mile 
of caves in this lime country. Current research work on 
champagne includes: (1) development of disease-resistant 
strains of grape vine; (2) use of alginate pellets to immo- 
bilize yeast cell in the champagne for secondary fermen- 
tation; after fermentation, it would take only 40 s to settle 
all the alginate pellets with yeast to the neck and remove 
the yeast a frozen column—this can take the place of the 
tedious “riddling” process by hand; and (3) measurement 


920 FOOD FERMENTATION 


of amount of bubble and foam by use of robots and camera 
to examine champagne quality. 


Beer 


Although beer is more complicated to produce, it was de- 
veloped earlier in history than wine at around 6000 B.c. 
By definition beer is an alcoholic drink derived from grains. 
The most common source of beer is barley, with rice and 
corn used as adjuncts. The per capita consumption in Eu- 
rope is about 32 gal of beer a year, whereas in the United 
States the per capita consumption is about 25 gal. Beer is 
made by malting barley to obtain a- and f-amylases, then 
by mashing, which is a process in which more grain (ad- 
juncts) and water are added to the malt. The mixture is 
heated slowly to first achieve proteolysis (35°C for 1h) and 
then starch hydrolysis (67-68°C for 20-30 min); finally, the 
enzymes are inactivated (mashing off at 75-80°C). The 
main purpose is to allow a- and f-amylase to degrade am- 
ylose and amylopectin to yield glucose and maltose for fer- 
mentation by yeast, because yeast cannot degrade starch 
directly. The liquid (which can be considered as nutrient 
broth for yeast) is separated from the husks of the grains 
by lautering and sparging. Basically these are filtration 
and rinsing steps to obtain clear liquid for fermentation. 
The resultant clear fluid is called wort. Before addition of 
yeast for fermentation, the wort is boiled and hops (Hu- 
mulus lupulus) is added to give the bitter flavor of beer. 
After cooling to 8.8°C, yeast is added (pitching). Saccha- 
romyces carlsbergensis (bottom yeast) is the yeast of choice 
for lager beer making. Fermentation continues for three to 
four days, at which time a lot of foam is developed in the 
fermentation vessel (Krausen formation). After five days, 
the Krausen collapses and after 10 to 12 days fermentation 
ceases. At this stage the beer is called green beer. Yeast 
cells can be recovered for animal feed, and CO, is collected 
and later injected into finished beer for foam formation. 
The green beer is aged for about three months before being 
bottled for sale. Beer can be sold in unpasteurized form 
(draft beer), which has a short shelf life. Most of the beer 
on the market is pasteurized at 57.2 to 60°C for 15 to 20 
min in bottles and cans. Some beers are filtered and not 
pasteurized (draft canned beer). Beer made in the preced- 
ing manner is called lager beer, and the alcohol content is 
about 3.5 to 4%. Using S. cerevisiae (top yeast), ale can be 
made that has about 6% alcohol. European beers are 
“heavier” because they use only barley, which has more 
protein than barley used in the procedure in the United 
States, where barley is mixed with rice and corn adjuncts 
that decrease the total protein contents. 


Light Beer. Light beer is made by using enzymes such 
as glucoamylase and pullulanase along with the a- and f- 
amylases to convert all the starch to fermentable sugar; 
thus, no sugar is left in the beer after fermentation. The 
beer has fewer (lighter) calories than the regular beer, 
which has residual starch. Light beer still has calories from 
alcohol since 1 g of alcohol provides 7 cal of energy. 


Dry Beer. Dry beer was started in Japan. Japanese beer 
has a sweeter taste than Western beer and is not blended. 


By a process called superattenuated fermentation, special 
yeast strains are used for prolonged fermentation, result- 
ing in the utilization of all the sugars. In dry beer making, 
no enzyme is added to reduce the carbohydrate. 


Ice Beer. This is the newest entry into the beer market. 
Beer is first made and then quickly frozen to obtain small 
ice crystals. The beer is then filtered through a membrane 
that retains the ice crystals. The reason behind this pro- 
cess is that the ice crystal will capture undesirable com- 
pounds of the beer with a resultant smoother beer. Some 
people think that this is just another commercial effort to 
keep consumers entertained by having another style of 
beer. Because the water is removed from the beer during 
the freezing and filtration processes, ice beer has a higher 
alcohol content of about 6% compared with regular beer. 


Sake Making 


Sake, a pale white drink, is closely related to Sinto religion 
and is often called rice wine. Technically it is a beer be- 
cause it is made of rice. The rice is first inoculated with 
spores of Aspergillus oryzae (Koji), which is the source of 
amylase to degrade starch. The Koji is then added to more 
rice along with yeast to achieve fermentation. The resul- 
tant liquid has a 14 to 20% alcohol content with no gas. 


Beverage from Distilled Fermented Liquids 


Because natural fermentation can achieve only about 12 
to 15% alcohol and in extreme cases like sake, 20% drinks 
of higher alcoholic content are achieved by concentrating 
alcohol through the process of distillation. 

Whiskey includes rye, bourbon, Scotch, Irish, Canadian 
Pisco, and vodka, which are distilled from fermented 
grains. Rums (Cuba, Puerto Rico, Philippines, Jamaica, 
Barbados, Martinique, and New England) are distilled 
from sugarcane and molasses. Tequila is distilled from 
agave. Brandies are distilled from a variety of fermented 
fruit juices such as grape (cognac, Armagnac, and brandy), 
apple (calvados and apple jack), cherry (kirsch and cherry 
brandy), and plum (slivovitz and Micabelle). In addition, 
distillation with flavored compounds provide such drinks 
as gins, liqueurs, absinthe, aquavit, and bitters. 


Fermented Products from Vegetables 


Vegetables have low buffering capacity. After harvest, 
vegetables have a heterogeneous population, including 
Pseudomonas, Bacillus, Chromobacterium, and a variety 
of enteric organisms; lactic acid bacteria (the organisms 
responsible for fermentation) exists in relatively small 
numbers. However, once the material is placed under an- 
aerobic conditions with the addition of 2.5% salt, lactic acid 
bacteria quickly predominates and initiates a favorable 
fermentation process. Such is the case in sauerkraut mak- 
ing. Shredded cabbage has 3 to 6% sugar (glucose, fructose, 
and sucrose). The first group of organisms growing are En- 
terobacter cloacae, Erwinia herbicola, and Leuconostoc 
mesenteroides (a heterofermentative lactic). As the lactic 


acid increases, the enterics die off and Leuconostoc me- 
menteroides predominates, producing favorable com- 
pounds for the development of Lactobacillus plantarum (a 
homofermentative lactic). This organism continues to pro- 
duce lactic acid to a level of 1.5 to 2.0% and completes the 
fermentation process. Vegetable fermentation represents a 
form of natural fermentation because, regardless of the 
type of starter culture used, L. plantarum always ends up 
as the principal organism in a properly treated fermenta- 
tion vet. A popular fermented vegetable in Korea is Kim- 
chi. Hundreds of varieties of Kimchi are made by anaerobic 
fermentation of mixed vegetable along with meat, spices, 
and other ingredients. It is interesting to note that in the 
West, vegetable fermentation is usually by use of one type 
of vegetable, but in the Orient the rule is to use several 
kinds of vegetable in the same fermentation vessel. 

The fermentation of cucumbers in the making of dill 
pickles and salt stock pickles is another example of vege- 
table fermentation. The microbial succession of cucumber 
fermentation closely follows the pattern achieved in sau- 
erkraut fermentation. Almost any kind of vegetable can be 
fermented. 


Fermented Products from Meats 


Since ancient times many types of fermented meat product 
have been developed. However, scientific understanding of 
fermented sausage resulted only after the advancement of 
meat microbiology in the last 100 years. Currently most 
meat is consumed unfermented. However, many varieties 
of meat products are preserved in the form of sausages 
(such as frankfurters, bologna, Vienna sausage, loaves and 
luncheon meats, bratwurst, brockwurst, and braun- 
schweiger). Only 6% of U.S. sausages are fermented. They 
are either fermented sausages (pepperoni and salami) or 
semidry fermented sausages (cervelat and Thuringer). The 
basic ingredients for fermented sausage are ground meat 
(one type or a mixture of a few types), salt (2.5-3.5%), 
sugar (1%, for fermentation), spices, nitrites, ascorbate 
and erythorbate, and lactic acid bacteria. The traditional 
process of applying cultures is to let chance contaminants 
start the fermentation. This process is highly unreliable 
because ground meat contains many types of microorgan- 
ism other than lactic acid bacteria. The second process is 
by back-slopping, when the batter from a previous suc- 
cessful batch is added to a fresh sausage batch to initiate 
the fermentation. This method is more reliable than the 
traditional method but is still subject to unwanted varia- 
tions. The third and most reliable process is by the addition 
of starter cultures. Lactic acid bacteria such as Pediococcus 
and Lactobacillus have been successfully used to make fer- 
mented sausages. These bacteria in the presence of sugar 
and the anaerobic environment provided by the casing of 
the sausage quickly produce lactic acid and also develop 
the tangy flavor typical of the taste of fermented sausage. 
Fermented sausages can also be smoked to add distinctive 
flavors. 


Fermented Cereal Foods—Bread 


According to many people of the world, bread is the staff 
of life. Bread is only one type of fermented cereal product. 
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Other products include rolls, Danish pastry, crackers, 
doughnuts, pretzels, and so on. Bread and bakery products 
are a multibillion dollar business in the United States, the 
majority of which is bread. The definition of a bread is a 
product of moistened, kneaded, fermented, and baked 
meal of flour (mainly from wheat) with appropriate added 
ingredients. Yeast (S. cerevisiae) is the organism to facili- 
tate the fermentation process to make bread. Yeast can be 
supplied to the baking industry in a compressed, bulk, or 
active dried yeast form. Bread is made by many different 
processes, but the most popular method is the sponge- 
dough method. After all the ingredients are mixed for the 
sponge part (65% of total flour, water, yeast, and yeast nu- 
trients), the sponge is kept at 25°C for 4.5 h for the first 
fermentation. The volume increases to four to five times, 
and the temperature increases to 30°C due to the exother- 
mic reaction of fermentation. The rest of the ingredients 
(flour, water, sweetener, fat, dairy product, crumb softener, 
rope and mold inhibitor, dough improver, and enrichment) 
are then added to make the final dough. The dough is 
mixed at 72 rpm to produce a smooth cohesive dough that 
has a glossy sheen. The mixed dough is allowed to rest for 
20 to 30 min, then the dough is divided and rounded and 
put into molds. In the proof box (35-43 °C at 80-90% hu- 
midity for 60 min) the dough expands to the desired vol- 
ume due to the fermentation of sugar with the develop- 
ment of COs, which is trapped by the elastic gluten of the 
dough. Baking is the last step in bread making. During 
baking the heat of the process expands the trapped gas in 
the dough matrix and causes the dough fabric to oven- 
spring. Enzymes are active until the dough reaches 75°C, 
when the gluten matrix coagulates and dough structure is 
set into the form of the bread. When the bread surface 
reaches 130 to 140°C, sugar and soluble protein react 
chemically to give the crust color and textures. The center 
of the bread does not exceed 100°C. After cooling, slicing, 
wrapping, and distributing, the bread reaches consumers. 
In many places in Europe, bread is baked a couple of times 
a day and consumers eat bread fresh from the oven. In the 
United States, breads in supermarkets are usually half a 
day to a day old before consumers purchase the products. 
One of the problems of the science of bread making is stal- 
ing. After years of research, the exact cause of staling is 
still unresolved. 


Production of Vinegar 


Vinegar is literally a result of souring (aigre) of wine (vin). 
The origin of vinegar no doubt followed the production of 
wine, because a bad batch of wine will result in some form 
of vinegar. Vinegar has been used as a flavoring agent, food 
preservation agent, and even as medicine. Both Eastern 
and Western cultures have records of vinegar in ancient 
history. Although vinegar production is always treated as 
a part of food fermentation, it is, in reality, an oxidative 
process. In the presence of molecular oxygen and Aceto- 
bacter aceti, or related species, alcohol is oxidized to acetic 
acid. Historically vinegar was made by the let-alone pro- 
cess or the field process; poor quality wine was allowed to 
sit in the open air for oxidation to occur. Currently the 
methods to make vinegar are the trickling process and the 
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submerge culture generator. In the trickling process, wine 
is trickled into a Frings-type generator where the liquid 
comes in contact with wood shavings, thereby exposing it 
to large amounts of oxygen. The alcohol is then oxidized by 
the Acetobacter in the system. At the bottom of the system, 
the collected liquid contains about 12% vinegar. This pro- 
cess takes about two weeks. The submerged culture sys- 
tem takes about 35 h to achieve the same concentration of 
vinegar. In this closed system, air is pumped into the gen- 
erator containing wine, and the organisms in the mixture 
actively oxidize alcohol to vinegar. Since Acetobacter can 
overoxidize acetic acid to hydrogen and carbon dioxide, 
Gluconobacter is used in submerged systems because this 
organism does not have enzymes to further oxidize acetic 
acid to other compounds. Vinegar can be pasteurized to 
render it more stable in storage. 


Mold-Modified Foods 


In many parts of the world the indigenous fermented prod- 
ucts are modified by molds along with yeast and bacteria. 
These products are usually the result of uncontrolled, nat- 
urally mixed culture fermentation. Much research needs 
to be done on these foods to ascertain the microbes involved 
in the process, the safety of the products, and the econom- 
ical feasibility of large-scale production in modern indus- 
trial plants. Some of the more important foods in this cate- 
gory are listed next. 


Soy Sauce. A product of the Orient, soy sauce is made 
from fermentation of whole or defatted soybean and soy- 
bean products along with roasted wheat, using a combi- 
nation of Aspergillus oryzae, Pediococcus halophilus, 
Lactobacillus delbrueckii, Torulopsis versatilus, and Sac- 
charomyce rouxii, resulting in a dark reddish liquid, salty 
taste, and an important flavoring agent. 


Miso. This is a product of the Orient from fermentation 
of whole soybeans mixed with rice or barley using Asper- 
gillus oryzae, S. rouxii, Torulopsis etchellsii, and P. halo- 
philus to produce a dark reddish, smooth paste with a 
strong flavor and salty taste. 


Hamanatto. A product of the Orient, hamanatto is made 
from fermentation of whole black soybeans and wheat flour 
by Aspergillus, Streptococcus, and Pediococcus. These 
black soft beans have a salty flavor and are used as a con- 
diment. 


Sufu. Sufu is a product of China obtained by fermen- 
tation of soybean curd (tofu) using Actinomucor elegans 
and Mucor dispersus, resulting in salty and strongly fla- 
vored cream cheese—type cubes. 


Tempeh. Tempeh is a product of Indonesia and vicinity 
using whole soybeans inoculated with Rhizopus oligospo- 
rus, resulting in a soft bean cake bound by mycelia of the 
mold. It has a clean taste and can be fried, cooked, or eaten 
as is. 


Natto. A product of Japan, natto is obtained by fermen- 
tation of whole soybeans with Bacillus subtilis var. natto, 


which results in beans covered with viscous, sticky glu- 
tamic acid polymers produced by the bacteria. It has a 
strong ammonia odor and is eaten with or without further 
cooking. 

Other mold-modified foods include bongkrek (coconut 
cake, Indonesia), ontjom (peanut cake, Indonesia), lao- 
chao (glutinous rice, China and Indonesia), ang-kak (red 
rice, China and the Philippines), idli (rice, India), doza 
(rice, India), trahana (parboiled wheat, meat, and yogurt, 
Turkey), injera, (teff, Ethiopia), kishk (wheat and milk, 
Egypt and Middle East), gari (cassava roots, West African 
and Nigeria), ogi (maize, Benin and Nigeria), mahewu 
(maize, South Africa), pozol (maize, Mexico), and many 
others. 

Other food products are also fermented, such as coffee, 
cacao, vanilla, tea, citron, ginger, mead, fish sauces (nu’oc 
mari), poi, olives, pidan (hundred-year-old egg), and so on. 
The field of food fermentation can even include such pro- 
cesses as production of single-cell protein, lactic acid, citric 
acid, glutamic acid, lysine, antibiotics, vitamins, lipids, 
ascorbic acid, and so on. Many areas of food fermentation 
overlap with industrial fermentation and biochemical en- 


gineering. 


THE ROLE OF GENETIC ENGINEERING IN FOOD 
FERMENTATION 


Most of the cultures used in food fermentation are natu- 
rally occurring cultures. Selection of special strains allow 
the manufacturers to produce special aromas, flavors, tex- 
tures, and odors of foods. By selection, mutation, and cross- 
ing of genes, much improved cultures have been developed 
to produce better fermented food. Now with the advent of 
genetic engineering scientists can insert genes of almost 
any living things into the chromosomes or plasmids of an- 
other organism to produce desirable products. For exam- 
ple, the rennin gene of calf has been cloned into E. coli to 
produce rennin that is chemically and biochemically ex- 
actly like the rennin extracted from the calf, but the en- 
zyme is much cheaper. A lot of work has been done in de- 
veloping phage-resistant dairy starter cultures. These 
types of development will no doubt help advance the sci- 
ence and productivity of starter culture technology and, it 
is hoped, provide more delicious, nutritious, plentiful, less 
expensive, and healthy fermented food products. 

In conclusion, food fermentation is an important field of 
study. Although much has been learned about some well- 
known fermentation processes such as beer, wine, cheese, 
and bread, much needs to be studied concerning mold- 
modified foods, indigenous foods, and improvement of ex- 
isting processes. With the rapid advancement of genetic 
engineering, some dramatic changes in the field of food fer- 
mentation should occur in the near future. 
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FOOD FREEZING 


Freezing has long been established as an effective method 
for the long-term preservation of foods. It has the potential 
to maintain quality and nutritional characteristics close to 
those of fresh foods. Although refrigerated storage has 
been developed to a stage where high quality can be main- 
tained for a few weeks, when extended shelf life is required 
of a preservation technology, the most commonly used 
methods are freezing, thermal processing, and canning. It 
is generally accepted that of these three methods, freezing 
is superior (1). Properly conducted freezing retains much 
of the flavor, color, texture, and nutritive value of food. The 
activity of microorganisms is much reduced, and, while fro- 
zen, many enzymes also have reduced activity. However, 
the freezing process can disrupt the control systems that 
influence enzyme action, leading to undesirable changes 
during thawing. Where this is a problem, special tech- 
niques may be used to destroy or reduce enzymic activity 
before freezing. The consequences of thawing are men- 
tioned because, with the exception of frozen commodities 
that are consumed directly (such as ice cream), normal 
freezing preservation requires that products be thawed be- 
fore they are used. 

Long before commercial application, refrigeration was 
used as a preservation technique. An early report is found 
in the She King, Chinese poetry written in 1100 B.C. (2). 
The earliest refrigeration agent was natural ice from fro- 
zen rivers and lakes and mountain snows. Natural refrig- 
eration was used to preserve meat, game, fish, and, more 
recently, eggs, vegetables, and fruits. It has long been ac- 
cepted that low temperatures reduce the rate of spoilage 
of food products compared to higher temperatures, and 
those who reside in colder climates have tended to expect 
food to store for longer times than those from hot climates. 
Modern progress in the refrigerated storage of foods, how- 
ever, required the development of systems capable of pro- 
ducing low temperatures on demand. 


REFRIGERATION HISTORY 


The early history of the development of refrigeration has 
been reviewed and summarized (1-4). Table 1 presents 
some of the important milestones in the development of 
refrigeration. 

The use of cool conditions for food storage dates back 
before the dawn of recorded history. Closer to modern 
times, in 1683, Robert Boyle reported the effects of refrig- 
eration and freezing on foods and insects. Ice was report- 
edly used by a Massachusetts fisherman to preserve his 
catch until it could be brought to port and marketed (5). 
Natural ice, harvested in winter and stored in special fa- 
cilities, was the primary source of refrigeration until the 
development of mechanical systems for ice making in the 
mid 1800s, based on the developing science of thermody- 
namics. 

The early development of mechanical refrigeration was 
targeted to medical needs rather than to food preservation. 
John Gorrie developed a mechanical system, using air com- 
pression and expansion and the Joule-Thomson effect, to 
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to maintain quality and nutritional characteristics close to 
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been developed to a stage where high quality can be main- 
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of a preservation technology, the most commonly used 
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The early history of the development of refrigeration has 
been reviewed and summarized (1-4). Table 1 presents 
some of the important milestones in the development of 
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The use of cool conditions for food storage dates back 
before the dawn of recorded history. Closer to modern 
times, in 1683, Robert Boyle reported the effects of refrig- 
eration and freezing on foods and insects. Ice was report- 
edly used by a Massachusetts fisherman to preserve his 
catch until it could be brought to port and marketed (5). 
Natural ice, harvested in winter and stored in special fa- 
cilities, was the primary source of refrigeration until the 
development of mechanical systems for ice making in the 
mid 1800s, based on the developing science of thermody- 
namics. 

The early development of mechanical refrigeration was 
targeted to medical needs rather than to food preservation. 
John Gorrie developed a mechanical system, using air com- 
pression and expansion and the Joule-Thomson effect, to 
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Table 1, Important Events in the Development of the U.S. Frozen Food Industry 


Year 


Event 


500 B.c—1800 A.D. 


Cooling achieved by use of snow, natural ice, air in cold climates, evaporative cooling of water, and radiative 
cooling 


1820 Natural ice had come into general use as an article of commerce and was used on a large scale for food 
preservation. 

1851 Jacob Fussell of Baltimore first sold ice cream on a significant commercial scale in the United States. 

1861 Thomas S, Mort established what is believed to be the world’s first cold-storage plant in Darling Harbor, Australia. 

1864 Ferdinand Carre patented an ammonia compression machine in France. 

1870 Ammonia compression machines were brought to a level of practicality almost simultaneously by Dr. Carl Linde in 
Germany and David Boyle in the United States. 

ca 1880 Ammonia compression machines and insulated rooms began to be used in the United States. 

ca 1916 Scientific work on the methodology of freezing foods began in earnest. 

1923 ‘The quick freezing industry began with the founding of a freezing company by Clarence Birdseye. 

1929 MA Joslyn and W.V. Cruess reported on the need to blanch vegetables before freezing. 

‘The Birdseye organization was bought by Postum Co. (now General Foods Corp.), marking the real beginning of 

marketing of frozen foods through retail stores in the United States. 

1930 Mechanical refrigeration had assumed an almost indispensable part of the food distribution system in the United 
States. 

1949 Mechanically refrigerated railroad cars came into use about this time. 

Early 1960s Fluidized-bed freezers and individually quick frozen foods began to assume a position of importance in the United 
States 

1962 Liquid nitrogen food freezers were first used commercially. 

1968 Freon®-12 freezers were first used commercially. 

Source: Ref. 1. 


cool air in a cylinder and produce ice for application in the 
treatment of malaria (2). Commercial ice making began 
about 1876. The number of mechanical refrigerated ware- 
houses began increase about 1890, but it was not until 
about 1915 that large-scale construction began. These 
early refrigeration systems were much too large to be in- 
stalled in individual homes. 

In the mid to late 1930s and the early 1940s, small-scale 
compressors became readily available. This allowed for the 
design and manufacture of relatively cheap and compact 
refrigeration units, which meant that home refrigeration 
was now practical. The dangers of ammonia refrigerant led 
to the development of an alternative, safer group of refrig- 
erants, the fluorocarbons (Freon), by the DuPont company. 
In recent years, the undesirable environmental conse- 
quences of these refrigerants has led to continued devel- 
opment of more environmentally acceptable refrigerants. 

In 1923, Clarence Birdseye created the first modern fro- 
zen food business, which set in motion a revolution in food 
preservation that has had significant consequences to the 
American diet. By 1930, the list of frozen foods consisted 
mainly of fish, small fruits, poultry, meat, eggs, and a few 
vegetables. Quality was variable. Joslyn and Cruess rec- 
ognized the role of enzymes in quality degradation and in- 
troduced the blanching process for the destruction of en- 
zymes. This led to significant quality improvement. During 
the past 60 years, the research efforts of frozen food pro- 
cessors, packaging manufacturers, and university and gov- 
ernment scientists have led to further improvements in the 
quality and stability of frozen foods. 

When describing the technologies of food freezing, it is 
best to consider the food freezing process from two per- 
spectives: (1) the methodologies for removal of heat, that 
is, the cooling process, and (2) the effects of removal of heat 
on the properties of the system undergoing cooling. 


THE REMOVAL OF HEAT (REFRIGERATION) 


Principles of Refrigeration 


Heat flows from a high temperature to a lower tempera- 
ture. To remove heat from an object by convection, conduc- 
tion, or radiation, there must be a heat sink at a lower 
temperature. If the object is at ambient temperature, then. 
the heat sink must be at a temperature below ambient to 
achieve cooling. There are several ways to reduce tem- 
perature below ambient. Early cooling methods involved 
evaporative cooling, which is what one experiences when 
a cooling breeze causes the evaporation of perspiration. 
Evaporative cooling has long been used for cooling water 
with porous pots and for air conditioning with swamp cool- 
ers. The principles behind evaporative cooling will be de- 
scribed later. Another simple method is to use ice, but if 
natural ice is not used, ice must how be produced in re- 
frigerated cooling systems capable of producing tempera- 
tures below the freezing point of ice. 

‘Two observations are key to the understanding of re- 
frigeration methods. First, a gas increases in temperature 
after being compressed with no heat removed and, simi- 
larly, reduces in temperature after expansion. Second, heat 
has to be supplied to a liquid in order for it to vaporize at 
constant temperature, and the condensation of a vapor 
yields heat. The two most commonly used refrigeration 
methods employ the vapor compression refrigeration cycle 
and the absorption refrigeration cycle (6,7). Mechanical en- 
ergy drives the vapor compression system, which is com- 
monly found in warehouses. Thermal energy drives the ab- 
sorption cycle, which benefits from greater mechanical 
simplicity and the ability to use a variety of sources for 
thermal energy. In both cycles, the primary heat sink is a 
liquid boiling at low temperature and pressure, and the 


primary heat rejection is a vapor at higher temperature 
and pressure condensing to a liquid. In the vapor com- 
pression system, work is used to compress the vapor; in 
the absorption system, heat is used to raise the tempera- 
ture of the absorbent and boil off the vapor at a higher 
temperature. 

To better understand the operation of these refrigera- 
tion systems, it is necessary to learn the principles of ther- 
modynamics. Thermodynamics is the name given to the 
study of energy, its transformations, and its relation to the 
states of matter. The units of measurement representing 
amount of heat or work are the calorie (cal), the joule (J), 
and the British thermal unit (Btu). These are defined as 
follows (8): 


One calorie is the heat required to raise the tempera- 
ture of 1g of pure water from 14.5°C to 15.5°C. 


One joule is the work done when a force of 1 N acts 
through a distance of 1m. 


One Btu is the quantity of heat required to raise the 
temperature of 1lb of water from 63°F to 64°F. 


Refrigeration is the process of removal of heat from an 
object or area. As has already been stated, heat moves from 
a warm to a cold body. In addition, two thermodynamic 
laws must always be obeyed. The first law of thermody- 
namics, the law of conservation of energy, states that en- 
ergy cannot be created or destroyed. This law may be re- 
stated in a variety of forms, all of which imply that 
although energy may assume many forms, the total 
amount of energy must remain constant. It follows that if 
energy should disappear in one form it must simulta- 
neously appear in other forms (8,9). Consequentially, dif- 
ferent forms of energy are interconvertible and equivalent. 
For each possible transformation, there is a definite con- 
version ratio. 

In one form, the second law of thermodynamics states 
that no system can receive heat at a given temperature 
and reject it to a higher temperature without the input of 
work from the surroundings. Because a refrigeration sys- 
tem performs such a transfer of heat, from a lower tem- 
perature region to a higher temperature region, this trans- 
fer necessarily requires the input of work in some form. 

To properly describe a thermodynamic process, it is nec- 
essary to maintain a careful bookkeeping system that ac- 
counts for energy in all the forms that are interconverting. 
This permits keeping track of the transformations quan- 
titatively. There are some standard thermodynamic func- 
tions that are used for these bookkeeping purposes. In ad- 
dition, the conditions of the process must be defined to 
make the bookkeeping feasible. Considering equilibrium 
states, such characteristic thermodynamic properties as 
internal energy (U), entropy (S), and enthalpy (H) are de- 
fined functions of easily measurable properties, such as 
pressure (P), temperature (7), and volume (V). Also, for 
equilibrium states, there are relationships among P, PV, 
and T. For an ideal gas, for example, the relationship 
PV = RT holds, where R is a constant. Real gases have 
pressure—volume—temperature relationships that are ex- 
tensions of this simple equation. Several standard process 
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routes can be to describe the thermodynamic relationships 
of a system, including: 


1. Constant temperature (isothermal) process, In this 
process, temperature is held constant and volume 
varies with pressure. 

2. Constant pressure (isobaric) process. In this process, 
pressure is held constant and volume varies with 
temperature. 


3. Constant entropy (adiabatic) process. In this process, 
no heat transfer occurs between the system and its 
surroundings. 


The bookkeeping can then be carried out by using some 
standard thermodynamic diagrams, which are discussed 
in the next section. 


Thermodynamic Diagrams 


In a thermodynamic diagram, the temperature, pressure, 
volume, enthalpy, and entropy relationships of substances 
are represented. The most frequently used diagrams are 
temperature—entropy and pressure-enthalpy diagrams. In 
these diagrams, it is important to know whether the sys- 
tem being described is one phase or multiphase and which 
phases are present. This is most readily achieved by plot- 
ting the saturation lines, which represent, in a system ca- 
pable of existing as liquid or as vapor (ie, a fluid), the point 
at which the first bubble of vapor appears in the liquid and 
the point at which the last drop of liquid evaporates to 
vapor. Thus, the saturation lines delineate the boundary 
between the one-phase and the two-phase regions. The one 
phase may be liquid or vapor, or the two phases may be 
liquid and vapor in coexistence. At some temperature and 
pressure, known as the critical point, liquid and vapor can 
no longer be distinguished. 

To calculate heat and work in a mechanical refrigera- 
tion system, it is necessary to have knowledge of the ther- 
modynamic properties of the working fluid, or refrigerant. 
This can readily be represented by means of a pressure— 
enthalpy diagram. A schematic pressure—enthalpy dia- 
gram is shown in Figure 1. The line that describes the 
property of saturated liquid (g), the line that describes the 
property of saturated vapor (h), and the critical point (*) 
are marked. To the left of g is a single-phase region of liq- 
uid. The g describes the liquid at the point when vapor just 
begins to boil off. The A describes the vapor as the last drop 
of liquid vaporizes. Between g and h is a two-phase region 
of mixed liquid and vapor. Beyond h, the single phase is 
vapor. Vertical lines describe conditions of constant en- 
thalpy, where the heat content of the refrigerant is un- 
changing. Horizontal lines describe conditions of constant 
pressure. The line c describes a constant temperature 
path. Note that in the two-phase region, this line is hori- 
zontal, that is, at constant pressure. At constant pressure, 
a pure liquid boils at constant temperature. As pressure 
increases, the boiling point increases. The line e describes 
a path of constant entropy. Additional lines, such as con- 
stant quality (ie, constant liquid/vapor ratio) and constant 
density lines can also be plotted. Diagrams such as these 
are readily available for all common refrigerants. Similar 
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Pressure 


Enthalpy 


Figure 1. A schematic pressure-enthalpy diagram. 


diagrams for temperature—entropy relations can be drawn. 
The key lines for understanding refrigeration systems are 
those that describe the saturated liquid and the saturated 
vapor. 


Compression Refrigeration Cycles 


Figure 2 schematically shows a mechanical refrigeration 
system. In the evaporator, a liquid under low pressure boils 
as it absorbs heat entering from the surroundings. The va- 
por travels to a mechanical compressor, which raises its 
pressure. The temperature increases. The high-pressure 
vapor passes through a condenser, where it rejects the heat 
to the surroundings. As heat is lost, the vapor condenses. 
The resulting liquid is held in a reservoir. As required, liq- 
uid from the reservoir passes through an expansion valve 
into the low-pressure side and enters the evaporator, 
where the cycle begins again. An operating principle of 
such a device, which uses work to remove heat in a cyclical 
process, may be described by a reversed Carnot cycle. Fig- 
ures 3 and 4 are the basic thermodynamic diagrams that 
describe the process. In Figure 3, the changes in unit mass 
of refrigerant fluid are as follows. Point e represents the 
saturated liquid in the reservoir. It has a heat content of 
Hy, pressure of Pz, and temperature of T. As it passes 
through the expansion valve, the pressure drops, and some 
vaporization occurs, lowering the temperature and bring- 
ing the fluid to a, at temperature T), pressure P, and heat 
content still H,. As the refrigerant takes in heat from the 


Expansion ~ 
valve 


Figure 2. A mechanical refrigeration system, schematic. 


Pressure 


1 
A, H, Hy 


Enthalpy 


Figure 3. Pressure-enthalpy diagram for the mechanical refrig- 
eration system shown in Figure 2. 
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Figure 4. Temperature-entropy diagram for the mechanical re- 
frigeration system shown in Figure 2. 


surroundings (at a temperature greater than 7)), the heat 
content increases. At b, the heat content is now Hp, with 
the pressure still P, and the temperature 7. This point is 
on the saturation line and describes the boiling of the last 
drop of the liquid. From 6 to c describes the compression 
of the initially saturated vapor, an adiabatic (or isentropic) 
step. The increase in heat content is the work supplied by 
the compressor to increase the pressure. At c, the tem- 
perature is T3, the heat content is H3, and the pressure is 
P. The vapor enters the condenser and loses heat to the 
surroundings. At d, on the saturation line, condensation 
just starts to occur. The pressure is still P2, the tempera- 
ture has dropped to T; (still above the surroundings), and 
the heat content is now H>. As heat continues to leave the 
refrigerant, it enters the two-phase region, until the sat- 
urated liquid is reached at e. At e, the condition of the liq- 
uid reservoir, the heat content is H,, the pressure is P,, 
and the temperature is T,. Thus, in one pass through the 
cycle, the unit mass of refrigerant has picked up an amount 
of heat, H2 — Hj, in the evaporator at temperature T, and 
has rejected this heat in addition to the heat representing 


the work of compression, H; — Hz in the condenser. Work 
is being used to enable heat to be transferred from a lower 
temperature to a higher temperature. A refrigerant is cho- 
sen so that the pressure required for a boiling point at or 
below the refrigeration temperature is not too low and so 
that the pressure required to have a boiling point high 
enough to reject heat into the surroundings of the con- 
denser is not too high. Table 2 lists appropriate tempera- 
tures and pressures for some common refrigerants. The 
Major components of a vapor compression system are the 
compressor, the condenser, the evaporator, and the con- 
trols. Any standard type of compressor is satisfactory; re- 
ciprocating compressors are commonly used, but rotary 
and centrifugal compressors can also be used. Condensers 
and evaporators are simply heat exchangers. The con- 
denser, which serves to reject heat from the system, may 
use air cooling, water cooling, or evaporative cooling. 
Water-cooled condensers flow the water through one of 
three configurations: shell and tube, shell and coil, and 
tube in tube. An air-cooled condenser circulates the high- 
temperature, high-pressure refrigerant through the con- 
denser coil and uses air moved by free convection, wind, or 
fans to remove the heat. An evaporative condenser trans- 
fers heat from the coil to a film of water that evaporates 
into an air stream passing over it. In the evaporator, the 
liquid refrigerant boils at low temperature and pressure 
within the coil, and the medium to be cooled is in contact 
with the exterior of the coil. 


Absorption Refrigeration Cycle 


Figure 5 illustrates a typical absorption refrigeration sys- 
tem. Once again, heat is picked up from the surroundings 
by the boiling of the low-pressure refrigerant liquid. As the 
vapor exits the evaporator, it contacts the absorbent and 
dissolves. The solution is pumped around to the boiler, 
where it is heated. The refrigerant boils off from the still- 
liquid absorbent and is transferred to the condenser, where 
it loses heat and is liquefied. The liquid refrigerant is 
stored in a reservoir until required, when it passes through 
an expansion valve into the evaporator. The absorption at 
low temperature and pressure, heating, and boiling off of 
the vapor at high temperature and pressure are the equiv- 


Table 2. Properties of Some Important Refrigerants 
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Figure 5. An absorption refrigeration system, schematic. 


alent of the mechanical compression step. In each case, the 
refrigerant is taken from the 7), P; condition to the T, Pa 
condition. The ammonia absorption refrigeration system 
requires some additional components because the absorb- 
ent fluid—water—is itself volatile; therefore, there is a 
need to separate a significant amount of water vapor from 
the ammonia vapor exiting from the boiler. This is 
achieved by using a distillation column. 

For the absorption system, the special components are 
the absorption chamber, the boiler, and the heat exchang- 
ers that transfer the heat in the returning “stripped” ab- 
sorbent to the refrigerant-loaded absorbent being pumped 
to the boiler. As mentioned earlier, for an ammonia-water 
system, a distillation coil is required to separate water 
from ammonia in the exiting vapor stream from the boiler. 
The evaporator and condenser can be similar to those of 
the vapor compression systems, although special modifi- 
cations may be required to deal with residual water in the 
ammonia-water system. 

To compare the capabilities of different refrigeration 
systems, some definitions are appropriate. 


Ton of refrigeration. The standard unit of refrigeration 
capacity is known as the ton of refrigeration. It is the 


Vapor pressure (MPa) 

‘Temperature (°C) Ammonia R22 R134 
—50 0.0408 0.0299 0.0645 
-30 0.119 0.164 0.085 
-10 0.290 0.355 0.201 
+10 0.613 0.681 0.415 
+30 0.855 1.192 0.770 
+50 2.028 1.943 1.318 


Properties at ~40°C evaporator, +20°C condenser 


Refrigerant Evaporator P(MPa) Condenser P (MPa) Compression ratio Net refrigeration (kJ/kg) Refrigerant circulation (kg/s) 


Ammonia 0.071 0.853 
R22 0.105 0.910 
R134 0.051 0.569 


11.23 


1131.45 0.0031 
164.21 0.00609 
146.95 0.02392 
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rate at which heat would have to be removed to convert 
1,000 kg of water at 0°C into ice at the same tempera- 
ture in a 24-hour period. The latent heat of fusion of 
water is 79.68 kcal/kg. Hence, a ton of refrigeration is 
equal to a rate of heat removal of 3,320 kcal/h. 
Enthalpy. Enthalpy, a measure of the heat quantity in 
a product, is a relative quantity. For most refrigerants, 
the enthalpy of the saturated liquid at 0°C is by con- 
vention set at 200 kcal/kg. For frozen foods, the en- 
thalpy at — 40°C is by convention set at 0 kcal/kg. 
Refrigeration effect. The net refrigeration effect for a 
system under given operating conditions can be calcu- 
lated from the pressure—enthalpy diagram as 


RE = H, - Hy 


where RE is the refrigerating effect (kcal/kg), H, is the 
enthalpy of vapor refrigerant leaving the evaporator, 
and H; is the enthalpy of the refrigerant entering the 
evaporator. In the example of the mechanical refriger- 
ation cycle in Figure 4, RE is given by H, — Hy. 
Quantity of refrigerant circulated per ton of capacity. 
This quantity is self-defining. 

Heat of compression. This is the enthalpy difference in 
the refrigerant between compressor discharge and inlet. 
In Figure 4, it is represented by H; — Hy. It can be 
expressed as kcal/kg. 

Work of compression. This is the product of refrigerant 
mass flow and heat of compression. It can be expressed 
as kilocalories per minute. Standard conversions allow 
it to be expressed in other units where necessary. 
Condenser heat load. This is determined by subtracting 
the enthalpy of the saturated liquid leaving the con- 
denser from the enthalpy of the superheated vapor en- 
tering the condenser: H; — Hy. 

Coefficient of performance. This is the ratio of output to 
input. The theoretical value is given by the refrigeration 
effect divided by the heat of compression. This, however, 
ignores friction losses in the compressor, which cause 
the heat input from the compressor (ie, the work of com- 
pression) to be less than the energy required to operate 
the compressor. The practical coefficient of performance 
is often only 60% of the theoretical value. 


The choice of refrigerant is made on the basis of several 
criteria, These include (10): 


1. The latent heat of evaporation. A high latent heat is 
preferred. 

2. The pressure that would be experienced in the con- 
denser at the condensing temperature. Excessively 
high pressures are to be avoided. 

3. The freezing temperature of the refrigerant must be 
below the temperature of the evaporator. 

4, The critical temperature of the refrigerant must be 
sufficiently high to give an effective working dia- 
gram for the temperatures experienced in the high- 
pressure side. 


5. The refrigerant should ideally be nontoxic, noncor- 
rosive, and chemically stable. 

6. It should be easy to detect leaks in the system. 

7. For industrial applications, where large quantities 
of refrigerant are used, low-cost refrigerants are pre- 
ferred. 


Clearly, not all these criteria can be satisfied by any one 
refrigerant. Ammonia has a high latent heat of evapora- 
tion, and leaks are easily detected. However, it is toxic and 
corrosive. On balance, the ease of leak detection renders it 
safe for use despite its toxicity. The fluorocarbons are also 
commonly used in refrigeration units. They have a wider 
range of applicable temperatures than ammonia, but en- 
vironmental concerns are associated with their use. 

Where lower temperatures are required, it is possible 
to use multistage refrigeration, where essentially two or 
more refrigeration cycles are coupled—the low stage of one 
is the high stage of the next. An alternative approach is to 
have two-stage compression (Figure 6). 

To freeze a product, it must in some way be coupled to 
the refrigeration effect. Freezing equipment uses a variety 
of solutions. Where mechanical refrigeration is used, the 
cooling source is the evaporator. It is possible to put the 
product in direct contact with the evaporator, as is the case 
in some designs of plate freezers, where the plates them- 
selves are machined internally as the evaporator. It is 
more common, however, to use some form of secondary re- 
frigerant, which is cooled by passing through the heat ex- 
changer of the evaporator, and then to contact this fluid, 
directly or indirectly, with the object. The secondary cool- 
ing medium may be a variety of fluids or air. The ability of 
this fluid to transport heat has an influence on the freezer 
design. Fluids based on aqueous solutions have a high vol- 
umetric heat capacity, so the volume of fluid required to 
transport a given quantity of heat is not too high. Air has 
a much smaller volumetric heat capacity (given the much 
lower density), so the volume of air required to transport 
the same quantity of heat is much greater. Freezers that 
use air as the transfer fluid need powerful fans to blow 
large volumes of air past the product to be frozen if heat 
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Figure 6. Two-stage refrigeration, schematic. 


removal is to be rapid. A variety of freezer designs exist 
(11). In plate freezers, the product is in contact with metal 
plates, cooled either directly (ie, the plates are themselves 
the evaporator coil) or indirectly, by circulating a second- 
ary refrigerant (usually an aqueous solution such as glycol 
solution or brine of sufficiently low freezing point) through 
the coolant channels. This gives effective cooling of the 
product if the geometry of the product results in good ther- 
mal contact with the plates, but poorer cooling occurs if air 
spaces interrupt the thermal contact. An alternative cool- 
ing method is direct immersion of the product in the sec- 
ondary cooling fluid. Using aqueous secondary refrigerants 
with high volumetric heat capacity, immersion results in 
excellent cooling rates, but the potential for contamination 
of the product exists. Using air as refrigerant, the potential 
for contamination is much less, but the volumetric heat 
capacity is much lower, so the heat transfer capabilities 
depend on the volume of cold air that can be brought into 
close contact with the product in unit time. A wide variety 
of freezer designs exist that use air as the heat transfer 
fluid. Static freezers use natural air circulation, and forced 
air (blast) freezers use a high-velocity cold air stream that 
passes by the product. Many mechanisms have been 
evolved for ensuring product throughput, and batch and 
continuous processes exist. In either case, air temperature 
and air velocity are critical to the rate of heat removal. 

The common characteristic of the mechanical refriger- 
ation systems so far discussed is their ability to produce 
cooling at the throw of a switch. This characteristic is also 
found in thermoelectric cooling systems (12). Thermocou- 
ples are devices that produce an electrical voltage as a re- 
sult of temperature difference. Thermoelectric coolers are 
the reverse concept—devices that produce a temperature 
difference on passage of an electric current. If the higher 
temperature node is at ambient temperature, the lower 
temperature node is a heat sink. Using modern semicon- 
ductor materials, effective thermoelectric cooling devices 
have been manufactured that can be used to provide re- 
frigeration. These are used primarily in special situations. 
They do not have the high capacities of mechanical refrig- 
eration systems. 

Mechanical or thermoelectric refrigeration is not the 
sole means of providing a heat sink. Just as ice has tradi- 
tionally been used as a cooling source, cryogenic media 
may be used as a cooling source. As with ice, these are not 
turnkey systems to produce cooling at the throw of a 
switch. Rather, these are systems where cooling capacity 
is stored in a convenient form. Special cooling processes 
are used to produce the cryogenic medium. In food freez- 
ing, common cryogenic coolants are liquid nitrogen or solid 
carbon dioxide. These are produced centrally and distrib- 
uted and stored in special insulated containers before use. 
The properties of the cryogens are summarized in Table 3. 
These cryogens can be used directly, bringing them into 
contact with the product to be frozen. The vaporization of 
the cryogen is an important component of the heat sink 
capacity, but the heat required to raise the temperature of 
the eryogen is also an important source of cooling capacity. 
Because the three primary drivers in rates of heat transfer 
are the volumetric contact rate between coolant and prod- 
uct, the volumetric heat capacity of the coolant, and the 
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Table 3. Thermal Properties of Cryogenic Refrigerants 


Property Nitrogen Carbon Dioxide 
Boiling point °C) -195.4 —78.6 (sublimes) 
Specific heat of vapor 

(kJ/kg K) 1.03 0.837 
Heat of vaporization 

(kJ/kg) 199 573 
Heat removal 

(bp to ~ 18°C, kJ/kg) 384 623 


temperature difference between the coolant and the object. 
to be cooled, the rates of heat transfer tend to be higher 
than for mechanical refrigeration systems, in which the 
refrigeration temperature is higher, and the volumetric 
heat capacity of the secondary refrigerant is lower. Refrig- 
eration systems are capable of providing a large range of 
cooling rate capabilities for products to be frozen. The de- 
sign of a refrigeration system should take into account the 
length of the operating season, the refrigeration load, the 
amplitude of fluctuations in this load, the buildup of frost 
on the evaporator surfaces and the need to remove it to 
maintain cooling efficiency, the target temperatures, and 
the cooling medium of choice. Other factors to be consid- 
ered are the type of refrigeration, capital cost, and ease of 
maintenance (13,14). The characteristics of the product of- 
ten determine the most appropriate freezing system for the 
product. The next section describes the freezing process 
within a product and its dependence on the external cool- 
ing conditions and the characteristics of the product. 


THE FOOD FREEZING PROCESS 


What Is Freezing? 


At its simplest, freezing can be taken to refer to a process 
that reduces the temperature of a product to 0°C or below. 
However, it also implies that ice should form. In addition, 
when considering food freezing, it is normally required 
that the temperature be reduced to — 18°C if extended 
storage life is to be achieved (15). The primary component 
of food is water. The use of the term freezing implies that 
some, or most, of this component enters the solid state, 
that is, becomes ice. In order for ice to form, heat must be 
removed. As heat is removed, the temperature of a food 
will begin to reduce. When it reaches the freezing tem- 
perature, ice does not necessarily form at first. Often, the 
temperature continues to reduce below the freezing point, 
resulting in a supercooled system. At some point, the crea- 
tion of in-ice nucleus initiates ice formation. Some ice can 
now form very rapidly from supercooled water, as very 
small crystals. The heat released as this supercooled water 
converts to ice raises the temperature back toward the 
freezing point. Once the ice formation has begun, further 
ice crystals form in concert with heat removal. The extent 
of initial supercooling determines the depth to which the 
initial burst of crystallization penetrates. Beyond that, the 
rate of heat removal has the primary influence on ice crys- 
tal size. If heat removal is rapid, the propagation of a few 
crystals is insufficient to match the heat flux. Hence, in- 


930 FOOD FREEZING 


cipient supercooling occurs, which results in an increased 
probability of nucleation. As a result, a larger number of 
ice crystals are formed (15). If the cooling rate is slower, 
propagation can keep pace with heat removal, and fewer 
larger crystals are the result. Figure 7 illustrates the re- 
lationships between concentration and ice content that 
govern the freezing process. As ice forms, removing water 
from the unfrozen phase, the concentration of solutes in 
the unfrozen phase increases. Figure 7 shows the concen- 
tration of the unfrozen phase as a function of temperature 
or, alternatively, shows the concentration dependence of 
freezing point. These two statements are equivalent. The 
two curves illustrate schematically the differences that ex- 
ist for different materials. The important point to grasp is 
that for two systems with the same initial water content, 
freezing can result in different amounts of ice at the same 
temperature. Also, addition of more solute can result ina 
lower freezing point. Both of these observations are ger- 
mane to the understanding of the behavior of frozen foods. 

When cellular systems are frozen, ice may or may not 
form within cells (16,17). In freezing, there is a driving 
force to keep the concentration of the unfrozen phase 
matched to the requirements of the phase diagram (Figure 
7). Within a cell, ice must form or water will translocate to 
the external medium for this to happen. If cooling is rapid, 
there may not be time for translocation, and ice will form 
within cells. Slow cooling may leave enough time for trans- 
location, so that ice forms only in external locations. Prod- 
uct quality is better if translocation of the water has not 
occurred; therefore, fast freezing tends to result in higher 
initial quality. 

Frozen food quality is influenced not only by the initial 
freezing conditions, but also by the conditions of storage. 
Chemical and physical change is possible under frozen 
storage conditions, at rates that depend on the tempera- 
ture (17,18). In general terms, the lower the temperature, 
the slower the change, although it should be recognized 
that, depending on the storage life required, there will be 
a threshold temperature that is low enough. However, even 
brief exposure to higher temperatures, especially above 
— 10°C, significantly reduces quality and shelf life. Rate of 
freezing, which is related to rate of cooling, is an important 
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Figure 7. A typical phase diagram for freezing. 


determinant of initial quality. Figure 8 shows a typical plot 
of the enthalpy of a product as a function of temperature. 
Freezing involves the removal of heat. The amount of heat. 
to be removed to go from ambient temperature to the stor- 
age temperature can be determined from Figure 8. How- 
ever, it is not only the changed heat content that will in- 
fluence the rate of the freezing process. The size of the 
object will also influence the rate of the process. The 
amount of heat to be removed depends on the mass and 
volume of the object. Because heat removal is through the 
surface, the rate of heat removal depends on the surface 
area and the effectiveness of heat transfer between the 
surface and the refrigerating medium. It also depends on 
the internal rates of heat transport within the object. For 
small products, the surface heat transfer is most impor- 
tant, and the cooling rate is influenced primarily by the 
heat transfer characteristics of the freezer. For larger prod- 
ucts, the internal characteristics of the product assume 
greater importance, and the heat content and internal heat 
transfer characteristics are the factors that have the great- 
est influence on the freezing rate and the rate of change of 
temperature. More simply, small products can be frozen 
slowly or rapidly, depending on the choice of freezer con- 
ditions. Large objects take much longer to freeze because 
the internal properties control the freezing rate, and the 
freezer characteristics are no longer the controlling factor. 
Only in the surface zone do the freezer characteristics 
markedly influence freezing rates. Beyond some critical 
surface heat transfer condition, the maximum possible 
surface heat transfer rate will exceed the rate of heat 
transfer from the interior of the product. Because of the 
mechanism of heat transfer, there exists a gradient in tem- 
perature between the surface of the product and the center. 
This temperature gradient is one determinant of the rate 
of internal heat transfer. As Figure 8 shows, the change in 
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Figure 8. The enthalpy-temperature diagram for aqueous sys- 
tems in the region of the freezing temperature. 


heat content for a 1°C drop in temperature is dependent 
on temperature. This is a consequence of the two different 
processes that result in a change in heat content: tem- 
perature change and phase change. The heat associated 
with temperature change is called sensible heat (ie, heat 
that can be sensed). When phase change occurs in a pure 
system at constant pressure, there is no temperature 
change. The heat associated with phase change is called 
latent heat. In Figure 8, the slope of the plot for pure water 
(sensible heat) is approximately 1 kcal/kg/K. For ice, it is 
approximately 0.5 keal/kg/K. The conversion of water to 
ice is accompanied by a change in heat content of approx- 
imately 80 kcal/kg. Thus, cooling of water to below freezing 
temperatures will result in a steady drop in temperature, 
followed by a region of steady temperature during the 
phase change, and then a further steady drop in tempera- 
ture, Because nucleation is necessary, there is a region of 
supercooling where the temperature drops below the freez- 
ing point before freezing initiates, and the temperature re- 
turns to that of the freezing plateau. This is illustrated in 
Figure 9, which shows the cooling profile at the surface and 
the center of a pure water sample. In a real product, with 
heat content as illustrated in Figure 8, the freezing curves 
appear as in Figure 10. Supercooling is still apparent, but 
now the temperature declines slowly as ice forms. Once 
most of the ice has formed, the rate of temperature change 
increases again. The trajectory of Figure 10, except for the 
supercooling dip, can be estimated from the phase diagram 
of Figure 7, because the reason for the plateau region is 
the need to remove latent heat, and the amount of latent 
heat to be removed depends on the change in ice content 
as a function of temperature. It is also possible to deter- 
mine Figure 8 from Figure 7, and vice versa. The enthalpy— 
temperature profiles of Figure 8, traversing from ambient 
temperature, show first the sensible heat zone. The slope 
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Figure 9. A temperature-time cooling diagram for a pure water 
sample (surface and center). 
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Figure 10. A temperature-time cooling diagram for a food sam- 
ple (surface and center). 


is the specific heat of the product and depends on water 
content and solids content. Water typically has a specific 
heat of 1 kcal/kg/K, and food solids typically have a specific 
heat of about 0.3 kcal/kg/K. In the freezing zone, the en- 
thalpy change is a combination of sensible heat for the un- 
frozen material and the latent heat released by the for- 
mation of ice. Once most of the freezing is over, the slope 
is characteristic of the sensible heat of the frozen system, 
in part influenced by the amount of unfrozen water that 
remains. Figures 9 and 10 illustrate the difference in freez- 
ing profile for different positions in the sample, which are 
in part a consequence of the internal temperature gradi- 
ents that accompany heat conduction. 

Freezing is normally considered complete when the cen- 
ter of the product reaches a predefined temperature. To 
estimate the freezing time, it is necessary to factor in the 
external conditions and the internal product properties. 
Successful design of a refrigeration system requires an es- 
timate of the freezing time, because this helps define the 
refrigeration requirement. The alternative International 
Institute of Refrigeration (IR) definitions of freezing time 
(19) are (1) nominal freezing time, the time between the 
surface reaching 0°C and the thermal center reaching a 
temperature 10K colder than the temperature of initial ice 
formation at the thermal center; and (2) effective freezing 
time, the time to lower the temperature of the product from 
its initial temperature to a given temperature at its ther- 
mal center. Because of the complex dependence of enthalpy 
on temperature, prediction is very complex. The aniso- 
tropic structure of food also adds complexity. Heat transfer 
coefficients are not well known. A variety of analytical and 
numerical predictive methods, are available and are dis- 
cussed in the literature (20-24). 

A simple method to reach a rough estimate of freezing 
time uses Plank’s equation: 
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where ¢; is the freezing time, L is the latent heat of the 
water fraction, p is the density, 7; is the initial freezing 
temperature, 7’, is the temperature of the refrigerating 
medium, a is the characteristic dimension, h is the surface 
heat transfer coefficient, k is the thermal conductivity, and 
P and R are constants that depend on the geometry of the 
sample. This equation clearly illustrates the effect of size, 
which was discussed previously. For a small object, the 
relative importance of the a and a” terms highlights the 
term involving h. As a increases, a” increases in signifi- 
cance, and the term in k increases in importance. Thus, 
the freezing time of small objects is determined primarily 
by the surface heat transfer, and that for large objects is 
determined primarily by the thermal conductivity of the 
object. One purpose of estimating freezing time is to de- 
termine the heat load for the refrigeration system. If the 
heat to be removed and the freezing time are known, then 
the rate of heat removal required can be estimated. This 
then gives an indication of the required capacity of the re- 
frigeration system. 

Many different types of food products are preserved by 
the freezing process, but they do not exhibit the same char- 
acteristics in the freezing process or require the same pro- 
cess conditions. For example, plant tissues, on freezing, 
tend to undergo disruption of the cell structure (16). In 
fresh plant tissue, the cell wall complex can act as an ef- 
fective barrier to ice propagation during freezing, with the 
result that ice may form only externally under slow cooling 
conditions. Water will tend to transfer from the cell. The 
resulting textural quality is often inferior. If rapid cooling 
is used, greater supercooling is produced in the cells and 
internal freezing becomes possible. Water transfer is min- 
imized, and the textural properties are improved. Freezing 
in plant tissues often produces structural disruptions of 
the cells, which allows for unwanted enzymic activity dur- 
ing storage or thawing. The results of this enzyme activity 
significantly change flavor and other attributes and lead 
to lowered quality or complete unacceptability of the prod- 
uct. To prevent this, it is often advised to thermally treat 
(blanch) the material before freezing to inactivate the en- 
zymes responsible for the unwanted changes. This proce- 
dure was first introduced by Joslyn and Cruess. Because 
blanching is a thermal treatment, it causes textural 
changes that are acceptable in products normally con- 
sumed cooked, but they are often unacceptable in products 
normally consumed raw. Blanching is most often used for 
vegetables and less often for fruits, which are frozen as is. 
For high-water-content plant tissues, freezing damage can 
cause significant textural alteration. Where texture is im- 
portant, this might mean that freezing is an unacceptable 
process. A good example is lettuce, where the high turgor 
pressure, essential to the eating quality, is lost by freezing. 
The individual material has to be examined to determine 
whether freezing and thawing cause unacceptable changes 
and whether blanching can be used to prevent these 
changes. Animal tissues exhibit different characteristics 
from plant tissues (16). First, the resistance to internal cell 
freezing is much less, and so cell dehydration during freez- 


ing, with consequential drip loss on thawing, is less of a 
problem. Also, the effect of freezing on the enzymatic pro- 
cesses is less marked than for plant systems. The biochem- 
ical system most at risk from freezing is the muscle con- 
traction system. The structural disruption of freezing 
causes uncoupling of the control of the contractile mecha- 
nism. If ATP is present, uncontrolled contraction can occur, 
resulting in extremely tough material. This is obviated by 
ensuring that rigor has been passed. Because rigor is a 
time-consuming process, methods to accelerate the deple- 
tion of the ATP reserve have been developed. These allow 
for the freezing process to be speeded up without causing 
unacceptable textural changes in the meat. 


Storage Temperatures 


Because the purpose of freezing is to extend the shelf life 
of food products, the influence of storage temperature on 
storage life and thawed quality is a concern. Traditionally, 
it has been assumed that storage at — 18°C (0°F) is ade- 
quate for all products. Although it is true that storage at 
lower temperatures is preferred to storage at higher tem- 
peratures, — 18°C does not always result in an acceptable 
shelf life. Some products require lower storage tempera- 
tures for extended storage. Ice cream and fish, for example, 
are much better stored at temperatures below —30°C if 
unacceptable changes in quality are to be avoided. The in- 
fluence of temperature on storage life is now much better 
understood. At temperatures close to ~5°C, change tends 
to be accelerated, compared to temperatures above or be- 
low. This is because of the reaction-enhancing effect of 
increased solute concentration in the unfrozen phase out- 
weighing the general slowing effect of lowered tempera- 
ture (18). This is of special significance in the careful han- 
dling of frozen foods. Beyond the zone of maximum ice 
formation, the influence of temperature is the primary de- 
terminant of reaction rates. However, it is now understood 
that it is the relative temperature, rather than some ab- 
solute temperature, which is significant. As a system 
freezes and ice forms, the properties of the unfrozen aque- 
ous phase change. Increasing concentration and decreas- 
ing temperature lower the mobility of the solute molecules. 
At some characteristic temperature, solute mobility be- 
comes severely constrained, and reaction rates decrease 
markedly. Although it may not be economically feasible to 
use temperatures below this characteristic temperature 
for storage, it also serves as a reference temperature 
against which the actual temperature of storage can be 
compared. For products where this temperature is lower, 
storage temperatures also should be lower to achieve ex- 
tended shelf life. 

As previously indicated, freezing is necessarily followed 
by thawing. The thermal properties of water and ice are 
such that the freezing process and the thawing process are 
not mirror images. Thawing follows a different profile (18). 
Because ice is a better conductor of heat, heat transfer into 
a frozen product is more rapid than heat removal from a 
similar unfrozen product. As ice begins to melt at the sur- 
face, a thermal barrier is formed, because liquid water is 
a less effective heat transfer medium. As a result, on thaw- 
ing the temperature rapidly rises into the zone around 


—5°C, and then heat transfer becomes less effective. The 
latent heat plateau takes longer to traverse than in freez- 
ing, where the heat transfer is through an external layer 
of ice. As a consequence of this property, exposure of frozen. 
products to higher temperatures even for a short time can 
lead to significant quality loss. The thawing process, too, 
if not well controlled, can result in loss in quality, as a 
consequence of the potential for significant reaction at 
—5°C. 

Freezing is an effective method for food preservation. 
The deceptively simple technology requires care to be ex- 
ercised in temperature control for optimum quality of prod- 
uct to be maintained to consumption. 
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FOOD MARKETING 


Most of the efforts and resources in food science and tech- 
nology are devoted to making food production faster, more 
efficient, of higher quality, and, of course, less expensive. 
Food marketing is concerned with a number of other im- 
portant activities such as the identification of consumer 
needs; the design of need-satisfying food products and ser- 
vices; the pricing, distribution, and communications (in- 
cluding advertising and promotion) of food and allied prod- 
ucts. Most people think of food marketing as synonymous 
with advertising, and while this is the most obvious activ- 
ity, it is by no means the most important. Marketing is 
more than just a set of techniques to entice people to buy 
a product, it is a philosophic approach to doing business. 


MARKETING PHILOSOPHY 


The marketing philosophy has been described by numer- 
ous authors, in literally hundreds of textbooks. Some of the 
more classic definitions are “marketing is the performance 
of activities that seek to accomplish an organization’s ob- 
jectives by anticipating customer or client needs and di- 
recting a flow of need-satisfying goods and services from 
producer to customer or client” (1) and “marketing is a so- 
cial and managerial process by which individuals and 
groups obtain what they need and want through creating 
and exchanging products and value with others” (2). In 
1985, the American Marketing Association approved this 
definition: “Marketing is the process of planning and exe- 
cuting the conception, pricing, promotion, and distributing 
of ideas, goods, and services to create exchanges that sat- 
isfy individual and organizational objectives.” (3). A sim- 
pler definition that captures the essence of marketing is as 
follows: “Marketing is the anticipation, understanding, 
and satisfaction of customer needs while realizing the or- 
ganization’s objectives.” The key to all of these definitions 
is that marketing involves activities that begin with as- 
sessing what the consumer needs and wants and trans- 
lates that into food products that can be sold for a profit. 
Food marketers believe that the most profitable way to sell 
products is to offer the consumer the products that they 
value the most. Food marketers understand that what 
they make in the factories may not be the same thing con- 
sumers are buying at the checkout line, Although not in- 
volved in the food industry, Charles Revson, of Revlon 
Cosmetics, summed up this concept as follows: “In the fac- 
tories we make cosmetics, at the counters we sell hope.” 
McDonald’s makes hamburgers but its customers are buy- 
ing quick and convenient appetite satisfaction. Food mar- 
keters must understand and focus on what consumers 
want to buy and not simply what food marketers make. 
But producing the right product is not enough. Food mar- 
keters are also concerned with moving that product to the 
point of consumption (distribution) and making sure that 
intermediate (wholesalers and retailers) as well as final 
(consumers) buyers know all the differential benefits de- 
rived from product usage. This differential advantage rep- 
resents the primary basis for persuading intermediate and 
final buyers to purchase and use a particular food product. 


The tools available for persuasion include advertising, per- 
sonal selling, consumer, and trade promotions. 


Production vs Marketing vs Sales 


After World War II, consumers had considerable spending 
power, pent-up demand, and too few goods to purchase. 
Firms found instant success by producing for the mass 
market. During the production era, food marketers focused 
on low-cost products to satisfy excess demand. An example 
is TV dinners. The earliest versions were frequently bland 
and cheap. Companies that made these products focused 
on cost reduction and just getting the product to market. 
However, as demand decreased and competition increased, 
firms shifted to a sales orientation. While the company 
made only minor changes to the TV dinners, they increased 
sales promotions and gave price deals to increase sales. 

One point of confusion is the difference between sales 
and marketing. In the 1960s when marketing came into 
vogue, many companies promoted their sales managers 
to marketing managers. Marketing to many was just 
modern-day sales. Nothing could be further from the truth 
marketing is a way of doing business. Marketing focuses 
on the customer and profits, and it sets the stage so that 
when the sales force is asked to sell, the odds are in their 
favor. Marketing ensures that the product the sales force 
is selling is one that the customer wants, in the type of 
package, in the proper stores, and in the right sizes, etc. 
The sales force is responsible for getting the volume. Mar- 
keting makes sure that the volume is profitable. 

As the TV dinner people found that increased selling 
activity increased sales, it also meant lower margins and 
profits. Food marketers began to ask the question; “What 
do consumers really want from frozen prepared foods?” It 
was not the traditional TV dinner that they had been push- 
ing on the public in the previous years. Food marketers, 
not the production department, defined what should be 
done to make the product more attractive (and, therefore, 
more profitable). Today’s frozen entrees and dinners are 
much better, and many consumers say a delicious, product 
choice. By taking a marketing approach, the company wins 
with higher profits and the consumer wins with better 
products. 


THE MARKETING MANAGEMENT PROCESS 


The marketing management process consists of analyzing 
market opportunities, researching and selecting target 
markets, developing marketing strategies, planning mar- 
keting tactics, and implementing and controlling the mar- 
keting effort. 

The steps in the marketing management process are as 
follows: 


1. Identify market opportunities. 


2. Select target market(s) and position the product in 
the target market. 


3. Develop a strategy for each target market. 
. Plan the tactics to accomplish the strategy. 
5. Provide a procedure to implement the strategy. 


» 


6. Put in place a system for monitoring performance. 
7. Evaluate and modify as needed. 


MARKETING STRATEGY 


Marketing strategy is how food marketers get from where 
they are to where they want to be. Many people confuse 
marketing strategy with simply beating the competition. 
However, marketing strategy is serving customers’ real 
needs, Competitive realities are what possible strategies 
are tested against. Marketing strategy involves manipu- 
lating the marketing mix in the context of environmental 
variables to satisfy the needs of the target market. The 
target market is a fairly homogeneous (similar) group of 
customers to whom a company wishes to appeal. The mar- 
keting mix represents the controllable variables the com- 
pany manipulates to satisfy the target market. The mar- 
keting mix is made up of four basic variables generally 
known as the four P’s product, place, promotion, and price. 


MARKETING ENVIRONMENT 


The marketing environment consists of forces that are not 
controllable but that influence both the consumer and the 
food marketer. Although the list of such environmental, 
uncontrollable or external forces is endless, the most com- 
mon factors confronting the marketer are as follows. 


1. Competition. Competitive analysis has been in vogue 
for the last five years. Understanding competitive 
strengths and weaknesses is a major input to marketing 
strategy today. A number of books have focused on just this 
topic (4,5). 

2. Demographics (Population Descriptors). Changes in 
demographics has also had a major impact on food mar- 
keting. Baby boomers and the aging of America are just 
two examples of demographic trends that will lead to new 
food marketing techniques. American Demographics is one 
journal that provides an excellent overview of changes in 
American demographics. 

8. Politics. No area of business is unaffected by politics. 
The implication to the food industry is through the USDA, 
FDA, FTC, FCC, and more recently the DEP. 

4. The Economy. Recession, depression, inflation, a 
booming economy, unemployment, etc all affect the ability 
of food marketers to carry out their mission. Even more 
important to the food business is Wall Street, which fre- 
quently determines corporate policies based on current 
stock prices. Companies attempting to raise stock prices 
by cutting costs and raising profits often find competitors 
taking market share from them. 

5. The Physical Environment. This usually refers to 
available resources. Probably the most important vari- 
ables are oil prices and availability of farmland. 

6. Technology. Little needs to be said about technology. 
It has influenced every aspect of food marketing. At retail, 
computerized shelf space management, talking shopping 
carts, and in-store videos will change the nature of the 
shopping experience. Distribution is already taking advan- 
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tage of satellite dishes on trucks to monitor the exact lo- 
cation and contents of the trucks. Warehouses are using 
scanning technology to position and control product move- 
ment. Food manufacturers have similarly benefited from 
technology. The Journal of the International Food Tech- 
nologists (IFT) addresses technology in food processing. 

7. Social—Cultural Factors. Of all factors changing 
food marketing, the changing American family is number 
one. Women leaving home to join the work force has made 
convenience a priority. More meals are being purchased 
from alternative outlets than ever before. No segment of 
the food industry has been unaffected by these changes (6). 


Food marketers employ the controllable variables, the 
four P's, to address the uncontrollable forces that influence 
the success of a firm’s marketing strategy. 


MARKETING MIX (THE FOUR P's) 


Product 


In the area of food marketing, a product can be described 
as the need-satisfying offering of a firm. Because consum- 
ers are buying satisfaction, companies must be concerned 
with product quality. From a marketing perspective, qual- 
ity means the ability of a product to satisfy a customer's 
needs or requirements. The product area of the four P’s is 
concerned with developing the right product for a specific 
target market. A product can either be a physical good, a 
service, or a blend of both. Products in the food industry 
are usually limited to consumer or industrial products. 
Consumer products are those products meant for the final 
consumer. Industrial products are products meant for use 
in producing other products. 


Product Development 


Product development involves offering new or improved 
products for a present market. In the food industry, com- 
petition is strong and dynamic, making it essential for 
companies to keep developing new product. New product. 
planning is not optional, it must be done just to survive in 
today’s changing markets. A new product is one that is new 
in any way for the company concerned. According to the 
Federal Trade Commission (FTC), a product can only be 
called new for six months and only if it is entirely new or 
changed in a functionally significant or substantial re- 
spect. The cost of new product introductions can be high. 
Experts estimate that consumer-product companies spend 
at least $20 million to introduce a new brand and 70-80% 
of these new brands are flops (7). 


Place (Distribution) 


The place component of the four P’s can be thought of as 
making products available in the right quantities and lo- 
cations when the customers want them. A product is not. 
much good to a consumer if it is not available when and 
where it is wanted. Place requires the selection and use of 
marketing specialists to provide target consumers with the 
product. Most consumer goods in our economy are distrib- 
uted through multiple institutions, or middlemen, which 
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are commonly referred to as marketing channels, or chan- 
nels of distribution. A channel of distribution is any series 
of firms or individuals who participate in the flow of goods 
and services from producer to final user or consumer. 

The issue of distribution in food marketing has histori- 
cally fallen into either food retail such as supermarkets or 
food service such as restaurants or school lunch programs. 
In the old model, food was either sold as components, taken 
home, and made into meals for supermarkets or sold as 
complete meals for the food service. Customers either 
bought meat, potatoes, and vegetables and made dinner or 
went to a restaurant for dinner. 

Recently this model of distribution has become less 
clear. Time-starved American consumers want and are 
willing to pay for more prepared meals. Each year the per- 
centage of the food dollar spent on traditional supermarket 
food has dropped and food service has increased. In 1997 
the percentage of the food dollar spent on traditional su- 
permarket products has fallen to less than 50%, while it 
was as high as 70% in the 1950s and 1960s. 

This consumer shift in demand for prepared foods has 
led to two major shifts in the distribution channel. First, 
a new form of food service supplier has appeared. These 
stores specialize in providing inexpensive complete pre- 
pared meals to be consumed either at home or at the store. 
Unlike the fast-food restaurants, they offer more tradi- 
tional meals such as meat loaf, roasted chicken, baked 
ham, and macaroni and cheese. These dishes are referred 
to as comfort food and are sold in outlets called Boston 
Market, Kenny Rogers Roasters, or Chili’s. These outlets 
look more like restaurants than supermarkets and are fre- 
quently called family restaurants. 

To compete against the family restaurants, many food 
retailers have actually changed into a new format called a 
“grocerant.” Grocerants look more like supermarkets than 
restaurants but have significantly more space dedicated to 
prepared meals. In many cases the grocerant will have a 
number of chefs in the store preparing the food as it is 
ordered. These meals are sold in outlets called Eatzi’s of 
Dallas, or Zagarra’s of Philadelphia. The grocerant still 
sells various food components and groceries, but this is just 
a small portion of total sales. Eatzi’s reported selling 38% 
ready-to-heat, 30% ready-to-eat, 12% raw prepared, and 
20% conventional groceries. 

Both the traditional supermarket and restaurant have 
changed to stop the loss of sales to the two new formats. 
Restaurants are providing more attention to takeout, and 
take home. Once just a nuisance, restaurants now see that 
they can make larger margins and increase total sales by 
not being limited to the number of tables available. Many 
restaurants are allocating space to a take-out section and 
have comfortable waiting areas for the take-out patrons to 
wait. The second defense against the new formats is to add 
entertainment to the traditional dining experience. Rather 
than compete just for the food, the new restaurants are 
creating themes that draw customers for fun as well as 
food. These theme restaurants called “eatertainment” in- 
clude Rain Forest Café, Planet Hollywood, King Henry's 
Feast, and many others. 

Supermarkets have also tried to appeal to the time- 
starved consumer by providing prepared food in the stores. 


They are often called Meal Solutions or Home Meal Re- 
placement and offer complete meals in the deli sections. In 
some cases these meals are prepared in-house, sometimes. 
in a central commissary for the chain, and in some other 
cases an outside supplier is used. At the time of this writ- 
ing no single format has been demonstrated to be superior. 

Regardless of the end point, traditional supermarket, 
restaurant, grocerant, eatertainment, or new supermar- 
ket, the people who supply those companies fit into one of 
the following categories. Marketing intermediaries fit into 
one of the following categories. 


1. Merchant wholesalers take title to (own) the goods 
they sell and sell primarily to other resellers (retailers), 
industrial, and commercial customers rather than to in- 
dividual consumers. 

2. Agent middlemen, such as manufacturer’s represen- 
tatives and brokers, also sell to other resellers and indus- 
trial or commercial customers, but they do not take title to 
the goods they sell. They usually specialize in the selling 
function and represent client manufacturers on a commis- 
sion basis. 

3. Retailers sell goods and services directly to final con- 
sumers for their personal, nonbusiness use. 

4. Facilitating agencies, such as advertising agencies, 
marketing research firms, collection agencies, and rail- 
roads, specialize in one or more marketing functions on a 
fee-for-service basis to help their clients perform those 
functions more effectively and efficiently (8). 


Choosing the correct channel of distribution is critical 
in getting products to the target market’s place. Because 
in the food industry physical goods are almost always in- 
volved, place requires physical distribution (PD) decisions. 
Physical distribution is the transporting and storing of 
goods to match target customers’ needs with a firm’s mar- 
keting mix (9). From the customer point of view, the con- 
cern is not how the product was stored or moved, but 
rather what is the customer service level, how rapidly and 
dependably a firm can deliver what the customer wants. It 
is important for food marketers to understand the cus- 
tomer’s point of view. Physical distribution is usually the 
invisible part of marketing and only gets the customer’s 
attention if something goes wrong. 


Promotion 


Promotion is concerned with telling the target market 
about the right product. A promotion is a direct induce- 
ment that offers an extra value or incentive for the product 
to the sales force, distributors, or the consumer with the 
primary objective of creating an immediate sale (10). Pro- 
motions are aimed at both consumers and middlemen for 
the purpose of keeping goods moving smoothly through the 
Pipeline. This is accomplished by using a combination of 
push and pull strategies. A push strategy provides incen- 
tives to the middlemen to buy and resell the product, there- 
fore pushing the goods on to the next stage of the pipeline 
to the ultimate consumer. A pull strategy provides incen- 
tives to the consumer to pull the product out of the end of 
the pipeline at the retailer level. Food marketers should 


use a combination of both strategies so that the product 
will flow easily from the manufacturer to the consumer. 
The ultimate goal of promotions is to induce behavior. 
Sales promotions refer to promotional activities other than 
advertising, publicity, and personal selling that stimulate 
interest, trial or purchase by final customers or others in 
the channel. 


Consumer Promotion. Examples of consumer promo- 
tions are coupons, sweepstakes, contests, product samples, 
refunds, rebates, tie-ins, premiums, bonus packs, trade- 
ins, and exhibitions. These promotions are directed at con- 
sumers who purchase products at the retail level and are 
designed to provide them with an inducement to purchase 
the marketer’s brand. Consumer promotions are part of a 
promotional pull strategy and work along with advertising 
to encourage consumers to create a demand for a particular 
brand. 


Trade Promotion. Trade promotions in the food industry 
are sometimes known as promotions to the retailer. This 
term may be misleading as these promotions are targeted 
to distributors, wholesalers, and retailers. Trade promo- 
tions are critical because product cannot be sold to consum- 
ers if it is not first sold to the middlemen. Because the 
average supermarket stocks more than 10,000 items, pro- 
motions need creativity to break through the clutter. Trade 
promotions include activities such as promotional allow- 
ances, dealer incentives, point-of-purchase displays, sales 
contests and sweepstakes, and trade shows. Trade pro- 
motions are designed to motivate distributors and retailers 
to carry a product and make an extra effort to promote it 
to their customers (push strategy). 

One of the most commonly used trade promotions in the 
food industry is the promotional allowance. These are pay- 
ments made by a manufacturer to resellers (often off- 
invoice) for merchandising its products or running in-store 
promotional programs such as reduced shelf prices, special 
displays, or in-store advertising. Another common but con- 
troversial promotion is the slotting allowance (sometimes 
known as a stocking allowance or street money). Slotting 
allowances are the fees that are often demanded by the 
retailers to gain admission into their stores. The position 
taken by the retailer is that with increased competition, a 
proliferation of new products, and small profit margins, 
they are required to ask for these fees, claiming that they 
will be used to promote the products, redesign shelves, and 
reprogram computers. Most manufacturers feel differently 
about how slotting fees are used. One food industry source 
estimated that 70% of all slotting fees go directly to the 
retailers’ bottom line (11). Many food manufacturers view 
slotting allowances as little more than corporate bribery. 

Traditionally, food companies have spent more of their 
promotional dollars on trade promotions than on consumer 
promotions, in an effort to win shelf space in the midst of 
a rising tide of new products. Recently, however, expendi- 
tures on promotions to consumers have been growing while 
expenditures on promotions to the trade have been declin- 
ing slowly. Of the three major areas of a company’s pro- 
motional spending, consumer promotions, trade promo- 
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tions, and media spending, the three-year trend shown in 
Table 1 has appeared (12). 

As an example, Kellogg Co., the world’s leading cereal 
manufacturer, is one of the companies that intends to tilt 
its marketing strategy away from the trade and back to- 
ward the consumer. This comes on the heels of sluggish 
domestic sales. In addition to Kellogg Co., Kraft General 
Foods has decided to step up advertising for its Maxwell 
House coffee, a brand that stopped advertising in 1987 and 
lost its number one position in the coffee business (13) (Ta- 
ble 2). 


Advertising 


Simply stated, advertising tells the target market that the 
right product is available, at the right price, and at the 
right place and time. Advertising is defined as any paid 
form of nonpersonal presentation of ideas, goods, or ser- 
vices by an identified sponsor. It includes the use of such 
media as magazines, newspapers, radio and television, 
signs, and direct mail (14), The most common vehicles of 
advertising used by food companies are network and spot 
television, radio, and magazines. According to one source 


the food industry is expected to be the biggest ad spender in 
1990 with a budget of $8.4 billion, according to a study by 
Schonfeld & Associates of Evanston, Ill. The 107 publicly 
owned restaurant and fast-food chains are forecast to spend 
8% more this year, to more than $1.5 billion. Supermarket 
chains will raise spending by 5.6% to $1.8 billion, with Kroger 
Co. the biggest at $225 million. Ad spending for health and 
beauty aids is expected to rise by 11% to more than $11.2 bil- 
lion with Bristol-Myers Co. leading the way at $1.1 billion (15). 


Personal Selling 


Personal selling is defined as direct communication be- 
tween sellers and potential customers. Personal selling is 
usually face-to-face, but communication can take place 
over the telephone. The strength of personal selling in food 


Table 1. Annual Survey of Promotional Practices 


Consumer Promotions Trade Promotions 
1987 26.1% 39.9% 
1988 26.3% 39.6% 
1989 27.1% 39.4% 


Table 2. Biggest Ad Spenders in the Prepared Food 
Category 


Rank Company 

1 Kellogg Company 

2 General Mills Inc. 

3 Philip Morris Companies, Ine. 
4 Quaker Oats Company 

5 Campbell Soup Company 
Source: Ref. 16. 


‘Note: For a one-year time period ending in June 1989, Total advertising 
expenditures for prepared foods for this time period was $1.2 billion. 
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marketing is its flexibility, as it provides immediate feed- 
back that helps salespeople adapt to the current situation. 

In total there are more than 11 million consumer sales- 
persons in the United States, with another 9 million sales- 
persons in the industrial marketing area. How important 
are salespersons? One study, for example, found that ex- 
ecutives of industrial firms rated the sales function as 5 
times more important than advertising in their marketing 
mixes; for consumer durables marketers, sales was rated 
1.8 times as important as advertising, while for consumer 
nondurables, advertising and person selling were rated as 
about equally important (17). 

The basic steps of personal selling are as follows; pros- 
pecting, planning sales presentations, making sales pre- 
sentations, and following up after the sale. Prospecting in- 
volves following all the leads in the target market to 
identify potential customers. Once the prospect has been 
located, it is necessary to make a sales presentation that 
is the salesperson’s effort to make a sale. 


Price 


The fourth P a food marketer must be concerned with is 
price. When a company sets a price, they must take into 
consideration the kind of competition in the target market 
and the cost of the whole marketing mix. Other consider- 
ations to be made in pricing decisions are customer reac- 
tion to possible prices, current practices as to markups, 
discounts, and other terms of sale, and finally, legal re- 
strictions on pricing. Price is an important consideration 
in food marketing because if a customer will not accept the 
price, all of the planning decisions and efforts could be 
wasted. 


MARKETING RESEARCH 


Finally, food marketing usually encompasses marketing 
research. Marketing researchers represent the informa- 
tion-gathering arm of the firm and helps to determine ex- 
actly what products consumers want as well as how to best 
distribute, advertise, and promote those products. Mar- 
keting research is also used extensively to measure per- 
formance. Do consumers really understand the benefits of 
the product, how much is being sold and to whom, etc? 
Simply stated, marketing research is intended to provide 
timely and relevant information to improve marketing de- 
cision making. 

In attempting to meet the needs of consumers, food 
marketers need to keep up with all of the changes taking 
place in their markets. Most food marketers rely on mar- 
keting research to help them make decisions about the 
marketing plan. The American Marketing Association 
adopted this definition of marketing research in 1987: 


Marketing Research is the function which links the consumer, 
customer, and public to the marketer through information— 
information used to identify and define marketing opportuni- 
ties and problems; generate, refine, and evaluate marketing 
actions; monitor marketing performance; and improve under- 
standing of marketing as a process. 


Marketing Research specifies the information required to ad- 
dress these issues; designs the method for collection informa- 
tion; manages and implements the data collection process; an- 
alyzes the results; and communicates the findings and their 
implications (19). 


Food marketers must use marketing research to help them 
make good decisions. One way is to use the scientific 
method—a decision-making approach that focuses on be- 
ing objective in testing ideas before accepting them. This 
way a marketer does not assume his or her intuition is 
correct without evidence to support it. The marketing re- 
search process is a five-step application of the scientific 
method. It includes 


. Defining the problem. 

. Analyzing the situation. 

. Getting problem-specific data. 
. Interpreting the data. 

. Solving the problem. 
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CONCLUSION 


In order for the food industry to maintain its preeminence, 
all the parts must not only work individually, but work 
together. While the engineers and food technologists are 
developing new products, food marketers must ensure that 
the research and development is market directed. Making 
food less expensive to produce is only valuable if people 
want and will buy the less-expensive product. Food mar- 
keting is the discipline that brings the consumer into the 
corporate planning process. It ensures that the products 
desired will not only be available, but that consumers will 
know about the benefits of the product and where to get it. 
Food marketing is no more important than any other food 
business function, but it is essential in today’s food busi- 
ness environment. 
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FOOD MICROSTRUCTURE 


The microstructure (location, distribution, size, morphol- 
ogy, porosity, etc) of a food material is closely correlated to 
its texture (1), component functionality (2), and nutritional 
quality (3). The challenge lies in finding the appropriate 
methodology (or combination of such) for microstructural 
characterization. This review will focus mainly on the vari- 
ous techniques available for such characterization with 
special emphasis on their applications and limitations. 

A basic approach for visualizing the microstructure of a 
sample is to obtain a magnified view of its components 
through microscopic techniques. Excellent examples of the 
relationship of microscopic observations to changes ob- 
served during processing can be found in the literature 
(4,5). Our attempt will be to summarize the differences of 
some basic microscopy techniques and their limitations 
and advantages. 


LIGHT MICROSCOPY 


The most routinely applied microscopy techniques are 
those collectively categorized under light microscopy. At 
the heart of these techniques is a microscope equipped 
with a light source and a series of lenses: the condenser, 
objective, and ocular. Figure 1a shows the basic principles 
of image magnification in a light microscope. A light source 
provides illumination, that passes through first the con- 
denser, then the specimen, followed by the objective lens 
producing a reversed upside-down image, which is then 
further magnified by the ocular lens (6,7). The resolution 
of light microscopy is between 200 and 500 nm (5). The 
proper use and limitation of each of these components has 
been described elsewhere (7). 

A specimen’s microstructure can only be seen in the mi- 
croscope when there is some form of contrast. Contrast is 
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Figure 1. (a) Schematic of image magnification in light micros- 
copy; (b) phase plates required for phase contrast microscopy (see 
text for details); (c) polarizers required for polarized light micros- 
copy (see text for details). 


usually established through the staining (chemically or 
physically attaching specific dyes) of particular compo- 
nents. Some commonly used stains in food research are 
presented in Table 1. Vaughan (4) described in detail the 
use of various stains to locate specific components in a va- 
riety of commodities. An example of the relationship of mi- 
crostructural changes occurring during processing looked 
at the effect of mixing on the structure of dough made from 
different quality flours by observing uranyl-acetate 
stained gluten fractions (8). Proper dough development re- 
quired a matrix network of protein strands. For living 
cells, which may be harmed by stains, a phase ring and 
plate may be added to achieve phase contrast (7) as shown. 
in Figure 1b. 


Table 1. Stains of Food Components Used in Light 
Microscopy Work 


Compound Stain 

Starch Iodine 

Protein Fast green, acid fuchsin 
Plant cell walls, muscle tissue ‘Toluidine Blue O 

Fats Oil Red O, Sudan IIT 
Source: Ref. 6. 
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Polarizers are common modifications added to the com- 
pound microscope to view highly ordered (crystalline) ma- 
terial. The polarizers are placed between the illumination 
source and the condenser (polarizer) and between the spec- 
imen and objective (analyzer) as shown in Figure 1c. Many 
organic crystals are birefringent: entering light is split into 
two component and polarized in two perpendicular direc- 
tions (7). Birefringence is the measure of the differences in 
refractive indices of the two components (9). Polarized mi- 
croscopy has been used in food to measure the sacromere 
length in muscle fiber and subsequently related to meat 
quality (5), to identify the botanical origin of starch grains 
and in turn follow the specific patterns of gelatinization 
and recrystallization (9), and to differentiate the three 
polymorphic forms of triglycerides in fats, oils, and emul- 
sions and relate each to lipid stability (5). 

A powerful light microscopy technique relies on the abil- 
ity of objects to fluoresce. Fluorescence is described as a 
process in which light energy is absorbed at a particular 
wavelength that excites the molecule to a higher electron 
energy state and higher vibrational state. Subsequently, 
this energy is re-emitted in the form of light in a range of 
wavelengths that can be quantified (10). Various food com- 
ponents are autofluorescent, whereas others require the 
attachment of specific fluoropores for them to be observed 
under fluorescence (Table 2). Selecting the appropriate 
fluorescence probes and/or filters to minimize background 
signals is critical for improved sensitivity of the detected 
fluorescence. The two types of filters used to obtain ade- 
quate fluorescence are the exciter and barrier filters. The 
exciter filter transmits only those wavelengths that are 
near the excitation maximum of the fluorescent compound 
while the barrier filter transmits only the wavelengths 
emitted by the sample (11). Vodovotz et al. (12) discussed 
the environmental factors that affect the efficacy of a spe- 
cific probe including solvent polarity, proximity, and con- 
centrations of quenching species and pH of the aqueous 
medium. Various examples of the use of fluorescence in 
food research include the effect of processing on starch as 
well as cell wall structure, enzyme activity, and nutritional 
quality of cereal grains (3,11). 

The main drawbacks of light microscopy are limited res- 
olution and the need to obtain thin sections for analysis. A 


Table 2. Fluorescent Probes and Stains Used with Food 
Components in Fluorescence Microscopy 


Food Component Fluorescence probe 
Collagen Autofluorescence 
Elastin Autofluorescence 
Pigments (chlorophyll, 

carotenoids) Autofluorescence 
Phenolic compounds (lignin 

and ferulic acid) Autofluorescence 
Cartlidge, bone Autofluorescence 
f-D-Glucan Calcofiuor white, Congo Red 
Periodate/Schif's Starch 
Proteins Acid fuchin, Thiazine Red R 
Lipids Nile Blue A, Sudan IT 


Source: Refs. 5, 6, and 12. 


specimen with considerable thickness yields a blurred or 
diffused image because the depth of field in conventional 
microscopy at high power is 2 to 3 u while the resolving 
power is 0.2 4 (13). The confocal microscope circumvents 
this problem by focusing a point light source on a small 
volume within the specimen, rendering an image of in- 
focus plane only, with the out-of-focus parts appearing as 
black background (14). The confocal microscope functions 
by focusing a light source on an x-y plane at a specific depth 
(z). The illumination is often coherent (laser) light since its 
greater intensity allows for additional applications such as 
observing fluorescence in a specimen. The specific fluores- 
cent probes can aid in the localization of different compo- 
nents depending on the number of laser lines available in 
the instrument. Figure 2 shows the principal parts and 
light path of a confocal microscope. The laser light passes 
through an objective lens (which acts as a condenser as 
well as a collector; hence, the term confocal), bounces off a 
diachroic mirror, and is then projected onto a pinhole (con- 
focal aperture) in front of a detector (photomultiplier tube). 
To obtain more than just a pinhole image, an x-y plane is 
scanned (rastered), and the image is then collected and 
reconstructed in a computer (12,14,15). 
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Figure 2. Schematic of the light path in a confocal microscope. 
Source: Ref. 12, used with permission. 


An important application of the confocal microscope 
is the ability to observe a three-dimensional image without 
the need to physically section the sample, allowing a 
disturbance-free observation of the specimen (12). Al- 
though transmission electron microscopy (TEM) can pro- 
vide a three-dimensional view of the specimen, the sample 
must be dried or frozen (or replicated with platinum and 
carbon) since TEM is carried out in vacuum. Additionally, 
confocal microscopy requires less sample preparation such 
as dehydration and fixation, since thin sections are ob- 
tained optically. For example, beef actomyacin solutions 
mixed with glutaminase were viewed directly at different 
time intervals as a gel network was formed (16). Dynamic 
processes such as dough formation (17) are also possible. 

The combination of two powerful techniques such as la- 
ser scanning confocal microscopy (LSCM) and fluorescence 
microscopy can be used to localize and identify different 
components. Heertje and coworkers (18) followed the ris- 
ing of dough containing fluorescein isothiocyanate solution 
at room temperature. They were able to distinguish vari- 
ous locations of gluten, starch, and air pockets. A similar 
study by Blonk and van Aalst (15) looked at the influence 
of various additives and the gluten network in dough on 
bread loaf volume. In their study, gluten was stained with 
rhodamine and was shown to have a finite expandability, 
whereas inclusion of an additive with surfactant capabili- 
ties aided in the formation of a continuous gluten film. No 
difference was detected in the location and distribution of 
starch (stained with periodic Acid-Schiff’s reaction) and 
gluten (stained with FuoroLink Cy3) when comparing 
fresh and aged bread (19). 

LSCM has been most commonly used in the fields of 
medicine and microbiology/biochemistry. The main benefit 
of LSCM is the elimination of diffuse light by the use of a 
pinhole. However, this requires greater illumination, 
which may result in photobleaching and photodamage to 
live specimen. To circumvent this problem, a microscope 
with an efficient light path from the specimen to the de- 
tector is required as well as its operation at maximal sen- 
sitivity (highest gain) (20). Some relevant applications in- 
clude the study of pH imaging in cells (21,22), detection of 
single molecules (such as DNA) in solution (23), the deter- 
mination of the intracellular 3-D (or 4-D) structure of in- 
dividual cell components by microinjecting dyes into living 
cells (24), and observing the location and distribution of 
Salmonella enteritidis in egg shells held at various condi- 
tions (25). 


ELECTRON MICROSCOPY 


Electron microscopy (EM) provides better resolution and 
higher magnifications compared with conventional light 
microscopy (26) because the illumination source in EM is 
electrons focused with magnetic lenses rather than pho- 
tons focused with glass lenses. Electrons are absorbed by 
air; therefore, operation is carried out under vacuum. The 
sample must not release any volatile substances when 
placed in the microscope, and thus it is dried or frozen or 
replicated with platinum and carbon. In the latter case the 
replica is examined (6). 
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EM can be carried out in two modes: scanning electron 
microscopy (SEM) and TEM. SEM is used to examine sur- 
faces. Nonconductive materials such as food specimens 
need to be made electrically conductive. This can be 
achieved by depositing a metal layer such as gold palla- 
dium onto the sample using a spatter coater. The sample 
is scanned by a focused electron beam. In conventional 
SEM the sample needs to be completely dry because the 
vacuum within the microscope would cause the water to 
evaporate. In addition, lipids in the sample would melt un- 
der the electron beam (27). Careful specimen preparation 
is critical to avoid artifacts and essentially determines the 
value of information obtained (28). The preparation meth- 
ods are dictated mainly by the type of sample. Moisture 
and fat content as well as structural differences should be 
considered. For example, fixation, dehydration, and coat- 
ing may require longer time for compact structures such 
as low-fat cheeses compared with full-fat cheeses (6). Criti- 
cal point drying after chemical fixation with osmium te- 
troxide and a low concentration of gluteraldehyde is an 
effective sample preparation method for protein systems 
such as gluten (29). Dry cereal grains and starch have been 
examined with SEM with relatively simple sample prep- 
aration, to assess relations among components and extent 
of damage due to milling (30,31), action of amylolytic en- 
zymes on starch granules (32) and to relate granule size 
and surface morphology to the genetic background of the 
source plant (33). Observation of bread by SEM can pro- 
vide information on gas cell size. However, the use of fix- 
atives and removal of moisture can cause the protein ma- 
trix to shrink away from the starch granules, altering the 
appearance of the bread components (34,35). 

High-moisture samples, as most foods are, and high-fat 
systems can be examined with cryo-SEM. This technique 
involves freezing the specimen and examining it in the 
SEM at a temperature at which neither water is lost nor 
fat is melted (36). Allan-Woajtas (37) has discussed meth- 
ods to freeze samples in preparation for SEM. Cryo-SEM 
is very useful in the study of food materials that are easily 
damaged by conventional SEM, such as baked products 
and emulsions. A significant advantage of the technique is 
the ability to study dynamic phenomena by freezing sam- 
ples at time intervals, during emulsion destabilization, for 
instance, or dough formation and baking (38). Sargent (36) 
has reviewed some of the numerous applications of cryo- 
SEM in food systems. Dairy products such as cheese, ice 
cream, and full- and low-fat spreads have been examined 
in great detail. Low-temperature SEM has helped reveal 
the mechanism of emulsion and foam destabilization in 
products such as salad dressings, meringues, and mayon- 
naise. Cocoa powders, butter, and chocolate have been ex- 
tensively characterized as well. Structure organization in 
cereals and changes during heating or baking (35,39), 
dough formation and effect of mixing on the gluten net- 
work (28,40), and examination of cake batters (41) are 
some of the many applications of cryo-SEM in the study of 
cereal products (42). 

Despite the extent of applications, cryo-SEM is not free 
of artifacts. The most common are due to formation of ice 
crystals, which can displace structural elements and de- 
stroy the initial structure (6). Some of the limitations of 
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the conventional and cryo-SEM can be resolved by an 
emerging technique, the environmental SEM (ESEM) 
(39,43), that can produce images at ambient temperature 
without drying or metal coating. This technique could have 
great impact in the direct observation of food systems. 

TEM visualizes the internal structure of food samples. 
Thin sections of samples embedded in epoxy resin or 
platinum-carbon replicas of the sample are placed in the 
path of the electron beam, and the electrons are transmit- 
ted through the sample (6). Cryo-fixation followed by rep- 
lication produces superior TEM images of high resolution. 
The image quality depends on the quality of the replica, 
which requires high skill and experience. TEM has been 
used to identify protein and lipid structures in grains (30), 
to determine structure and stability of cake batters (41), 
to study the properties of microencapsulated droplets in 
starch/water gels (44), to assess enzyme activity on flours 
(45), to monitor changes in plant cell walls as a result of 
processing (46), and to obtain images of food-related pro- 
teins (47). 

EM techniques in general provide qualitative informa- 
tion on the structure and microscopic organization of food 
products. Quantitative information can be obtained by im- 
age analysis techniques that employ sophisticated statis- 
tical analysis. Computer-aided digitization of the micro- 
graphs can be used to obtain, for instance, to study air cell 
size distributions (48) or even two- and three-dimensional 
reconstructions of protein structures (47). Image analysis 
will be described in more detail later. 


ATOMIC FORCE MICROSCOPY 


The light and electron microscopes helped to cross many 
boundaries in the world of molecules through elegant 
methods of sample preparation that have enabled micros- 
copists to approach the theoretical resolution of their in- 
struments. Still, to pass from the subcellular level to the 
molecular domain, the ability to resolve objects smaller 
than 1 nm is needed. This task can be accomplished by the 
scanning probe microscopes (49), a family of microscopes 
that make it possible to examine molecules or groups of 
molecules without the heavy metal coatings that are often 
necessary to produce contrast in optical and high-vacuum 
systems and without the many of the other constraints in- 
herent to optical and electron microscopes. 

The first probe microscope, the scanning tunneling mi- 
croscope, was invented in 1986 and led to the development 
of the atomic force microscopy (AFM) (50). AFM is more 
suitable for nonconductive samples such as biological spec- 
imen (51). 

The major difference between AFM and light or electron 
microscopy is in the way the image is created. Conven- 
tional microscopy employs lenses and relies on optics to 
create an image. In AFM the image is created by scanning 
asharp tip, which is attached to a flexible cantilever, across 
a sample surface (Figure 3), much like a record stylus plays 
a record. When the tip is in close proximity to the sample, 
repulsive forces cause the cantilever to bend away from the 
surface. By measuring the extent of cantilever bending, a 
detailed topography can be recorded. The most common 
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Figure 3, Schematic of the AFM cantilever-tip mechanism. 
Source: Ref. 51, used with permission. 


detection system is the deflection of a laser beam (52) re- 
flected off a mirror mounted on the back of the cantilever 
mechanism. This system is very sensitive and can detect 
cantilever deflections produced by the tip scanning over 
individual atoms and molecules. The force exerted by the 
tip on the sample is very important for precision imaging. 
Too low a force causes the tip to mistrack and lose detail, 
whereas too high a force can displace or damage the sam- 
ple. To control the force exerted by the tip, the cantilever 
assembly is mounted on a piezoelectric device that also 
controls the precision with which the tip is positioned rela- 
tive to the surface of the sample. The precision of this 
mechanism is the key to the high resolution of the AFM 
(53). 

One of the major advantages of the AFM is the minimal 
sample preparation required to obtain high-resolution im- 
ages. Specimens are applied to a substrate as a dilute so- 
lution or thin film. No coating, extensive drying, or other 
preparation is needed. The substrate can be any flat sur- 
face such as a glass slide or freshly cleaved mica. 

AFM can be carried out in three modes: contact, non- 
contact, and tapping mode (6). In the contact mode, the tip 
touches the sample. As the cantilever bends in response to 
surface features, a variable force is exerted on the sample. 
This force is compared with a preset value, and the piezo- 
electric device moves up or down to meet that value. The 
whole scan is then performed at constant force. The dis- 
tance that the piezo needs to travel to achieve that con- 
stant force is recorded and amplified to create the image 
(53). Higher scan speeds can be attained with the contact 
mode, which is the only mode that can obtain “atomic res- 
olution” images. Contact mode is the technique of choice 
for very rough samples with extreme changes in vertical 
topography; for example, deep grooves or valleys. The main 
disadvantage is that contact mode can be damaging to very 
soft samples due to the high forces, a result of capillary 
interactions from the absorbed fluid layer on the sample 
surface (54). 

Most of the AFM imaging in food systems has been done 
with the contact mode. Aggregates of f-lactoglobulin, a 
whey protein, were imaged and characterized after depo- 
sition on mica and graphite (55). This level of detail cannot 
be accomplished with electron microscopy because of the 
restrictions imposed by the size of the metal coatings nec- 


essary to obtain the EM image. Kirby et al. (56) obtained 
high-resolution images of xanthan gum that showed ex- 
treme stiffness of individual molecules entangled in a net- 
work. Images of pectin (57), another thickening agent, ap- 
peared to be a more flexible structure that can be easily 
distorted. This can explain the relatively lower viscosity 
attained by pectin as compared with xanthan gum. Round 
et al. (58) studied an unusual branched structure for to- 
mato pectins that could not be predicted from enzymatic 
hydrolysis, showing that AFM can be used to differentiate 
among polysaccharides from different plant sources. Inter- 
actions between a-gliadin layers were also investigated 
(59). It was shown that the molecules in the protein film 
have a very compact conformation that was affected by the 
presence of additives, demonstrating the potential use of 
AFM in characterization of edible protein-based films. 
Kirby et al. (53) obtained images of cellulosic gelled struc- 
tures exuded by Acetobacter xylinum that show a network 
of flat ribbons enclosing the bacteria. Baker's yeast strains 
along with polysaccharide molecules from the cell wall 
were imaged (60) with minimal sample preparation. The 
action of a-amylase on starch granules has been captured 
in real time (61), demonstrating the ability of AFM to di- 
rectly observe enzymatic reactions and structure changes 
on the substrate (Figure 4). 

In the noncontact mode the cantilever is vibrated close 
to its resonance frequency, and the tip does not touch the 
sample. The image is created by detecting the damping 
effect on the cantilever vibrations caused by long-range at- 
tractive forces between the atoms of the tip and the sam- 
ple. The main advantage of using the noncontact mode is 
that the shearing forces imposed on the sample by the tip 
are reduced or even eliminated, making imaging of very 
soft specimens possible. The main disadvantage is that the 
noncontact mode usually only works on extremely hydro- 
phobic samples where the absorbed fluid layer at the sur- 
face of the sample is at minimum. 
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The tapping mode overcomes this limitation (54). It is 
similar to the noncontact mode, but, in this case, the can- 
tilever is strongly vibrated and the tip intermittently 
touches the sample. The major advantage of this technique 
is that the adhesive forces arising from absorbed water on 
the surface are reduced. Shearing is also minimized since 
the tip touches the surface only momentarily. As a result, 
this mode provides high-resolution images that could oth- 
erwise be obtained only with both the sample and the can- 
tilever immersed in a liquid (53) and is very suitable for 
soft hydrophilic specimens. Tapping mode is gaining mo- 
mentum in studying food systems. Tsoubeli and Taub (62) 
obtained high-resolution images of bovine myofibrils in air 
and followed aggregation and gel formation as a result of 
thermal processing. 


DYNAMIC LIGHT SCATTERING 


Dynamic light scattering (DLS) is an alternative method 
for determining food microstructure that is based on scat- 
tering of light by moving particles. Details of this nonin- 
vasive and relatively rapid method are given elsewhere 
(63). In the food industry, DLS is used for determining par- 
ticle sizes in the range of 1 to 300 4m in such diverse prod- 
ucts as chocolate, wheat and soy flour, confectionery sugar, 
spices, and mayonnaise. More specific instruments have 
been developed to detect particles outside this range (64). 
The main application of this technique has involved very 
dilute systems (milk and oil in water emulsions), because 
the concentration of scatters had to be sufficiently low that 
an incident photon of light is scattered only once by the 
sample (63). Therefore, DLS can rarely be used directly on 
most foods, since particulate concentration is too high and 
native structure is difficult to maintain upon dilution. Ney- 
ertheless, DLS has been used to look at the changes in the 
average size of casein micelles with addition of calcium 


Figure 4. «Amylase action on a single starch 
granule obtained by contact mode AFM. A~D: 0, 
105, 420, and 735 s, respectively. Source: Ref. 61, 
used with permission. 
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phosphate, increased temperature, and different pHs (63). 
These changes (reflecting processing protocols) could be re- 
lated to the functional properties of milk. Additionally, 
DLS has been used to detect size distribution (65) and ad- 
sorbed monolayers (66) in emulsions. 

A modification of DLS, diffusion wave spectroscopy 
(DWS), in which incident and back-scattered light are con- 
ducted through fiber optics, can be used to provide esti- 
mates of mean particle size in concentrated suspensions. 
For example, the particle-size changes in rennet (67) and 
acid-induced (68) gelation of milk were studied by DWS. 
However, to obtain accurate particle sizes with DWS, the 
instrument needs to be calibrated with separate samples 
with known size scatterers, which may not have the same 
optical characteristics as the food samples used, making 
the interpretation of results difficult (63). 


IMAGE ANALYSIS 


To obtain microstructural information from microscopic or 
other imaging techniques, data need to be collected and 
analyzed. The first step would require a computer render- 
ing of the image, which may be accomplished by photo- 
graphing and digitizing the data. In the case of LSCM, this 
would be done automatically. Once microstructural data 
are collected, subjective analysis may not be sufficient. 
Quantification of objects observed in an image may be as 
simple as measuring its length with an eyepiece microm- 
eter or counting individual components. These measure- 
ments, if performed in a large number of samples, could be 
extremely time-consuming; therefore, automated image 
analysis techniques may be preferable. However, the au- 
tomated system used is required to recognize the desired 
object(s), and differentiate it (them) from artifacts such as 
overlapping or touching cells, debris, and dirt, so as to ex- 
clude them from the measurements (7). Regardless of the 
method used, analysts need to be sure that their observa- 
tions are not due to artifacts arising from sample prepa- 
ration, such as fixing and embedding, or instrumental lim- 
itations such as the optics used. 

Various objects display irregular shapes, which are dif- 
ficult to characterize quantitatively. Fractal analysis can 
be employed to estimate the degree of irregularity in a 
sample. Unlike Euclidean geometry in which dimensions 
are expressed in whole numbers (eg, 2 for area and 3 for 
volume), fractal dimensions consist of fractional numbers 
(such as 1.3, etc). However, for true fractal objects they 
must exhibit self-similarity, at least over the range being 
described (69). This technique can be used to follow 
changes in the irregularity of a sample due to processing. 
For example, the extent of agglomeration of coffee particles 
can be quantified and related to their dispersibility in a 
liquid (69). The difficulty with fractal analysis lies with the 
ability to obtain accurate data from imaging technique, 
such as the edge pixels in a digitized image. 

These techniques represent a few, but not all, of the 
methods available to obtain microstructural information of 
food products. It is imperative to understand the limitation 
of each technique, especially when interpreting the results. 
Proper microstructural analysis can be extremely benefi- 


cial in characterizing changes occurring in food products, 
which manifest themselves in a macroscopic level. 
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FOOD PLANT DESIGN AND CONSTRUCTION 


Design and construction of a new food plant or a major 
expansion is a relatively rare event in the normal career 
of a food professional. When it does occur, it is important 
to have an understanding of critical issues and to have a 
well-planned approach. This article provides the nonex- 
pert food professional with enough information to interact 
effectively with the engineers, architects, and constructors 
who are usually involved in any large project. 


CRITICAL ISSUES 


Nearly every food plant design must face the following is- 
sues: 


* Sanitary design. Hazard analysis and critical control 
point (HACCP) plans must be accommodated to en- 
sure human safety and product quality. Certain as- 
pects of sanitary design are dictated by government 
regulation, whereas others are voluntary but highly 
recommended. 

Efficient material and people flow. Flow of material 

and of people dictates plant layout and thus overall 

design. It also strongly influences expansion oppor- 
tunities, sanitation, and safety. 

* Environmental impact. A food plant discharges 
wastes that can require treatment. A plant can be 
affected by its neighbors’ discharges, and it must be 
a good neighbor aesthetically. 


*© Minimum capital and operating cost. Food plants 
must be efficient competitors. Resources must be in- 
vested wisely in light of life-cycle costs and designs 
that minimize such costs as maintenance and sani- 
tation. 


Other more specific issues and further details on these is- 
sues are addressed in the description of the overall ap- 
proach in the balance of this article. 


PROJECT APPROACH 


The approach outlined in this section has proved successful 
in the design and construction of new or renovated pro- 
duction facilities. It is adapted from one used by a large 
equipment and engineering firm focused on the food in- 
dustry. It includes three steps or phases: a preliminary 
study of feasibility; an engineering and design phase 
(which itself may have some divisions); and a construction 
phase. Table 1 describes the phases in outline form. 


PHASE I—FEASIBILITY STUDY 


The primary objective of the feasibility study is to establish 
a financial analysis, specifically the capital and operating 
costs that can be compared with the estimated benefits to 
test whether the proposed project meets investment cri- 
teria. The feasibility study also imposes a discipline on the 
various interested parties, such as production, engineer- 
ing, management, and marketing. They must agree on spe- 
cific assumptions and design criteria. Once established and 
proved satisfactory, these criteria are the basis for all sub- 
sequent designs. 


Develop Process Parameters 


Present and Historical Sales. The most important deci- 
sions about a new plant are what it should make and how 
much. These are dictated by corporate strategy, but sizing 
has such an influence on design and cost that it requires 
special analysis. The typical trade-off is line capacity 
against inventory levels, especially for seasonal products. 
Minimum inventory level consistent with efficient cus- 
tomer service must be established. Modern practice is to 
minimize inventory as much as possible, even to the extent 
of importing raw materials when necessary. 


Projected Sales Data. The plant should satisfy the pro- 
jected sales requirement for some future identified date. 
This forecast is based on growth rate projections for each 
product category. The design basis year is often designated 
as the fifth year after completion of construction. Expan- 
sions beyond the year used as the design basis are provided 
by physically expanding the building or adding production 
capacity. 


Raw Ingredient Utilization and Procurement. Usage lev- 
els and purchase options of raw ingredients are evaluated 
to determine liquid and dry ingredient storage and receiv- 
ing requirements. Issues include whether ingredients are 


Table 1. Three Phases of the Design and Construction of 
a Food Plant 


Phase I—Feasibility study 


Develop process parameters 
Present and historical sales 
Projected sales data 
Raw ingredient utilization and procurement 
Operations and production 
Packaging and filling 
Automation 
Packaging material utilization 
Materials handling methods 
Finished product storage 

Develop utility requirements 
Water utilization 
Fuel utilization 
Electrical utilization 
Sewage and wastewater 
Solid wastes 

Develop site parameters 
Area needed 
Projected plant configuration 
Owner's building style 

Cost estimate and schedule 


Phase II—Engineering and architectural design 
Process specifications and engineering 
Piping and instrumentation diagram 
Process equipment arrangement 
Process piping 
Process equipment specifications 
Process installation specifications 
Utility specifications and engineering 
Mechanical flow diagrams 
Mechanical equipment arrangements 
Mechanical equipment specifications 
Mechanical piping 
Mechanical installation 
Electrical single-line diagram 
Electrical equipment arrangement 
Electrical equipment details 
Electrical equipment specifications 
Electrical equipment installation 
Site and facility specifications and engineering 
Site layout 
Architectural design 
Architectural details 
Building and zoning permits 
Cost estimate and financial analysis 


Phase II—Project and construction management 

Bidding 

Contract type 

Site 

Building 

Process equipment 

Mechanical 

Electrical 

Process installation 
Site management 

Scheduling of site activities 

Receiving storing, and releasing material and equipment 

Verification of work 

Accounting and payments 

Project documents 

Start-up and commissioning 

Close out 
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received in bulk, semibulk containers, or discrete packages 
(bags, drums, and boxes). Minimum inventory levels de- 
pend on ordering quantities, time for delivery, safety stock, 
and stability of the materials. These factors influence 
equipment and space requirements. 


Operations and Production. Decisions must be made 
about production rates, operating days, and shift arrange- 
ments. Traditionally, food plants have operated five days 
per week, with two shifts of production and one for clean- 
up per day, but there is a growing trend toward operating 
plants for 24 hours per day and seven days per week as 
the ideal to minimize capital costs. There are significant 
challenges in achieving such a schedule in many food 
plants, including finding qualified workers willing to keep 
the required schedule. Allowance must also be made for 
swings in required production rates, and equipment must 
be chosen that can accommodate such swings. Many types 
of food processing equipment have only a 2:1 turndown ra- 
tio, meaning they can only run over a range of 50% to 100% 
of nominal capacity. Some types are more flexible but many 
are less. 

An important document resulting from this step is the 
process flow diagram, which identifies schematically each 
unit operation with associated flow rates and important 
process conditions. 


Packaging and Filling. The type and rate of commercially 
available filling equipment must be evaluated for present 
and projected capacities. There may need to be several 
packaging lines for some process lines. Packaging lines are 
typically highly automated because packaging often is la- 
bor intensive. Flexibility in packaging in the sense of pack- 
age size changes, material changes, and case configura- 
tions must be considered. 


Automation. The level of plant automation must be es- 
tablished during this phase. Plant floor control systems are 
typically integrated with management information sys- 
tems even up to the corporate level so that production 
requirements can be transmitted to the factory and pro- 
duction costs and performance can be transmitted to ac- 
counting. This is a fast-changing area, but some assump- 
tion must be made for the purpose of cost estimating. A 
typical automation structure includes PLCs (programma- 
ble logic controllers) on major equipment, PCs (personal 
computers) as operator workstations controlling segments 
of a process, and somewhat larger computers at the plant 
level, all connected by local area networks (LANs). The 
plant and the corporate computers are typically connected 
by dedicated high-speed communication channels. 


Packaging Material Utilization. The usage levels and 
purchasing methods for packaging must be evaluated to 
determine storage and receiving requirements. Unique 
storage requirements such as temperature or environment 
control must be defined. For example, some paper and 
polymer packaging material must be equilibrated with the 
relative humidity of the plant to perform well. Glass con- 
tainers received during cold weather must be warmed to 
prevent condensation of moisture. The packaging materi- 
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als storage capacity will reflect such factors as proximity 
to supplier, long-term purchasing agreements, and volume 
discounts. 


Materials Handling Methods. Materials handling meth- 
ods for raw materials, work-in-process, and finished goods 
must be established. Choices include pneumatics for bulk 
powders, pipe for liquids, conveyors, totes, automated ve- 
hicles, person-driven vehicles, overhead rail, and manually 
powdered carts. Common issues include delivery of pack- 
aging material to point of use, where to put unitizing (pal- 
letizing), and how to handle trash such as empty ingredi- 
ent bags and drums. It is desirable to minimize trash 
generation in food processing areas. Glass and wood 
should not be used (except for glass jars and bottles used 
as packages). 


Finished Product Storage. An important issue is whether 
the plant site is also a distribution center for a wider line 
of products or simply ships its output to another site. This 
has a significant impact on storage requirements, traffic 
patterns, information systems, and overall design. If the 
plant is not to also be a distribution center, then the re- 
quirement for on-site finished goods storage may be mini- 
mal, and costs can be saved. If the plant is also to be a 
distribution center, then issues of receiving from other 
sites, order receiving and picking, and order shipping must 
be faced. 


Develop Utility Requirements 


Critical utilities include water, fuel, electricity, wastewater 
treatment, and solid waste disposal. If the process involves 
refrigeration, uses refrigerated ingredients, or produces re- 
frigerated products, then it will probably require a central 
ammonia system. Utility requirements are estimated from 
the process flow diagram and material and energy bal- 
ances. Local providers of water, fuel, waste disposal, and 
power are sources of information on rates, characteristics, 
and limitations. It is important that capacity be sufficient 
for current and future requirements and that costs be sta- 
ble and predictable. Disposal of liquid and solid wastes is 
normally best handled by municipal facilities, but in some 
locations, a food plant must become self-sufficient in these 
matters. When permitted, land disposal of liquid wastes 
can be satisfactory, but it requires large amounts of land. 
Often, local farmers will accept food solid waste as animal 
feed and remove it at their own cost. Disposing of pack- 
aging waste can be a challenge in some areas. 


Develop Site Parameters 


To develop an accurate cost estimate, it is important to 
have a specific site in mind, but before one can be identi- 
fied, it is necessary to understand the requirements. It is 
not unusual for land area to be 4 to 5 times the building 
area and sometimes much more, such as when land dis- 
posal of liquid wastes is included. Ideal sites are generally 
level and well-drained, have utilities supplied or within 
relatively short distances, are close to desired transporta- 
tion, have no undesirable neighbors, are removed from 


residential areas, have safe and efficient traffic patterns, 
and permit designs with room for expansion in the future. 

Site location at a broader scale is dictated largely by 
marketing considerations, but it is also influenced by other 
factors such as labor availability and cost, utility avail- 
ability and cost, taxes, regulatory environment, raw ma- 
terials, transportation access (including air, for visits from 
headquarters), and quality of life (to help in recruiting 
management). 

Sadly, the ideal piece of land probably does not exist, at 
least not in the ideal location. This means various compro- 
mises must be made, which usually have cost implications. 
Generally, in the feasibility phase, a time zone or region of 
the country is known, perhaps even a specific state or com- 
munity. Rarely is a specific plot of land identified at this 
stage, because the feasibility is still under study. Although 
it is tempting to assume an ideal plot of land (large enough, 
solid-bearing soil, easy access to utilities, great location), 
it is prudent to test the sensitivity of costs to various ad- 
verse assumptions, such as the need for pilings because of 
weak soil, the need to pay for utility access, or the need to 
pave an access road. These alternatives can be identified 
with assumed costs as subcases of the ideal. They rarely 
are the sole cause of unsatisfactory cost projections, but 
they can contribute. 

In economic evaluation, if an ideal case is not feasible, 
then no worse case will be. However, if an ideal case is 
marginal, then one or two adverse circumstances can make 
a difference, and the project may be shaky by corporate 
standards. It is important to discover this early before 
large sums are spent on design and construction. 


Projected Plant Configuration. A preliminary plan illus- 
trating the production facility on the assumed lot is devel- 
oped. This helps identify site-related costs and assists in 
presenting the concept to management, municipalities, 
and designers. 


Owner's Building Style. The final design of a process fa- 
cility must suit the owner’s needs, which may include us- 
ing the facility in marketing. Visits by the public are rela- 
tively rare, but it is common to welcome customers to food 
plants, and some provision for safe touring might be ap- 
propriate. Good design can make a utilitarian facility an 
attractive place to work and a good neighbor in its com- 
munity at very little cost. 


Cost Estimate 


An estimate of the capital cost of process equipment and 
services can be determined from the preliminary design. 
Operating costs depend on the quantities and costs of util- 
ities. The facility cost is estimated from the preliminary 
layout and the site plan, often by applying an experience- 
based unit cost to the estimated area. For many food plants 
in the late 1990s, facility costs were about $80 to $100 per 
square foot. Facility costs for food plants are typically 35 
to 50% of the total cost, depending on the complexity of the 
process involved. 

The feasibility study summarizes all the assumptions, 
projected costs, and operating procedures as well as the 


parameters on which the final design will be based. The 
study report is a reference document for the balance of the 
project and also can support such requirements as envi- 
ronmental impact statements. 

The financial analysis includes a projection of capital 
requirements during design, construction, and the first five 
years of operation to meet projected production require- 
ments. Pro forma operating statements, staffing require- 
ments, inventory costs, and other scheduled operating 
costs are the basis of operating statements as well as profit 
and loss calculations. Modern financial analysis computes 
the net present value (NPV) of future cash flows using a 
predetermined hurdle or discount rate, often close to 20%. 
If the estimated NPV is positive over the expected life of 
the plant, the project is feasible and should be funded. 
Cash flow is the sum of profits after taxes plus deprecia- 
tion. Capital investments are treated as negative cash 
flows when they occur. Clark discusses cost estimating and 
economic analysis in greater detail (1). 

A schedule for the project is prepared that shows the 
major activities and their expected duration. It is impor- 
tant to recognize the dependence of certain activities on 
others—construction cannot begin until the relevant de- 
sign is complete; steel cannot be erected until foundations 
are laid; it takes time for structural steel to be fabricated; 
earthwork is difficult when the ground is frozen; obtaining 
permits, as mentioned later, may require a long time; and 
equipment cannot be installed until the building is largely 
complete. 


PHASE II—ENGINEERING AND ARCHITECTURAL DESIGN 


The new facility should be designed around the process. It 
should accommodate the projected growth in production 
and future expansions, keeping in mind that new products 
will be developed and existing products discontinued. Lay- 
out should consider how changes could be made with min- 
imal disruption to existing operations. 

Structural steel, foundations, and other elements 
should be designed to support equipment and piping and 
to facilitate expansion. Floor drains are important in wet 
areas, and floors should be sloped to drain. Layout of equip- 
ment to permit access for maintenance and easy changes 
is critical. 

Room, floor, and ceiling finishes are dictated by process 
conditions and should be chosen with an understanding of 
life-cycle costs. Ceilings should be avoided in process areas 
if possible because they collect dust and moisture and are 
hard to clean. Heating, ventilating,and air conditioning 
(HVAC) requirements are also set by the process and can 
be stringent in food plants, which may be dusty, humid, 
and require extremes of heating and cooling. Meat and 
poultry plants, for instance, are routinely cooled to 50°F to 
reduce microbial growth, and some cereal processing 
plants are heated to 140°F on occasion to eliminate insect 
infestations. Employee comfort is achieved by adequate 
ventilation and appropriate cooling or heating. 


Process Specifications and Engineering 


Piping and Instrumentation Diagram. The piping and in- 
strumentation diagram is based on the process flow dia- 
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gram but adds much more detail. All equipment, piping, 
and instruments are shown with indications of size, oper- 
ating rates, and expected conditions of temperature, flow 
rate, and pressure. Each device is identified with a number 
that is used to track it through procurement, receiving, 
installation, and operation. It is good practice to determine 
if the corporation has an existing asset accounting system 
and to use numbers from the beginning of the project that 
are compatible with the system. Thus, the new assets are 
easily incorporated into the corporation’s records with lit- 
tle effort. The same identification system can be extended 
to a preventive maintenance system. If cleaning-in-place 
is involved in the process, and it often is, then there should 
be a separate cleaning-in-place piping and instrumenta- 
tion diagram to avoid confusion. The cleaning-in-place sys- 
tem in some aspects nearly duplicates the process and in 
others simply connects with the process equipment. Trying 
to show both on one drawing is difficult. 


Process Equipment Arrangement. The major process 
equipment is located on scale drawings. These often rely 
on vendor shop drawings that typically are prepared late 
in a project, yet the arrangement drawings are needed 
early to establish building size and layout. One solution to 
this dilemma is to make generous space allowances, be- 
cause equipment always seems to grow; it rarely shrinks. 
Also, supports, platforms, chutes, conveyors, motors, and 
control cabinets are often overlooked early in design and 
added later, so additional space is always needed. 


Process Piping. Typical piping details, isometries, pipe 
support methods, and piping routes are identified. As with 
the equipment, piping seems to grow during a project as 
needs are refined and detail is developed. Piping can en- 
counter conflicts with structural steel, lighting, fire protec- 
tion, electrical conduit, and HVAC ducting because typi- 
cally each of these engineering disciplines develops 
independently within a project. It falls to project manage- 
ment and sometimes to the owner to identify and resolve 
early such interferences and conflicts. One solution is to 
identify chases or spaces reserved for certain purposes, 
such as electrical, process piping, or utility piping. Even 
with this precaution, there will be conflicts that must be 
resolved. It is much less expensive to do so in the design 
stage than in the field. 


Process Equipment Specifications. Each piece of equip- 
ment is defined by a specification that describes its perfor- 
mance, special features, regulatory issues if any, and de- 
sired spare parts and support, such as assistance during 
start-up. The specifications are used primarily for pur- 
chasing but also become an important part of the docu- 
mentation of the project. 


Process Installation Specifications. The primary purpose 
of this document is to define responsibility for procure- 
ment, receipt, and installation of the equipment. A typical 
issue is defining responsibility for supplying electrical 
power to a unit. Often, the electrical power is installed up 
to a distribution panel by one contractor but then must be 
delivered to each piece of equipment, which can only be 
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done after the equipment is set in place. Various parties 
may become involved, but it is best to establish uniform 
standards, routes, details, and practices. 


Utility Specifications and Engineering 


Mechanical Flow Diagrams. The mechanical flow dia- 
grams will indicate all mechanical equipment type, size, 
and operating rates. Instrumentation for mechanical con- 
trol and alarm are identified. Each device is assigned a 
unique item number. The relationship of the mechanical 
equipment with the process must be shown and defined. 
Typical mechanical systems included in the mechanical 
flow diagram include steam, hot water, cold water, com- 
pressed air, fuel gas, inert gas, vacuum, chilled water, am- 
monia, glycol coolant, and conveyor chain lubricant. There 
can be several pressures of steam and several levels of am- 
monia refrigerant. 


Mechanical Equipment Arrangements. The mechanical 
equipment arrangement drawings locate all mechanical 
equipment. 


Mechanical Equipment Specifications. Each piece of me- 
chanical equipment is defined by an equipment specifica- 
tion, which includes its performance, rates, features, and 
regulatory requirements. 


Mechanical Piping. Typical mechanical piping details, 
pipe support methods, insulation, and mechanical piping 
routes are identified. The distinction between process pip- 
ing and mechanical piping is that process piping often is 
stainless steel, sanitary tubing, whereas the mechanical 
piping often is carbon steel, fiberglass, copper, or other ma- 
terials, Routing, hangers, and other details should be com- 
patible for both; that is, the same sanitary design practices 
should be followed in food processing areas. Some utility 
piping may exist outside the food processing areas, and 
there less expensive practices may be followed. However, 
an area that initially is not a processing area, such as a 
storage area, may later be converted into a processing 
area, so it is wise to anticipate such possibilities when 
specifying utility hangers, insulation, and routing. 


Mechanical Installation. The installation responsibility 
for each piece of mechanical equipment and piping system 
is defined, including responsibility for procurement, re- 
ceipt, and installation. 


Electrical Single-Line Diagram. Electrical distribution for 
all process, mechanical and facility equipment drives, and 
lighting is indicated on the single-line diagram. 


Electrical Equipment Arrangement. The electrical equip- 
ment, switchgear, distribution, motor control centers, low- 
voltage panels, and lighting panels are located. Normally, 
these do not occupy prime space, but they should be acces- 
sible, and space for future expansion should be provided. 
The relationship of the switchgear to incoming power and 
transformers is defined. Reliability of local power must be 
assessed to determine if two independent sources are 


needed, and provisions for future requirements should be 
made. 


Electrical Equipment Details. Typical electrical details 
and conduit arrangements are identified. In food plants, 
electrical conduit should be mounted away from walls so 
that the space between can be cleaned. Perforated channel 
(Unistrut) and all-thread rods should not be used as hang- 
ers in food processing areas and probably should not be 
used at all because they are hard to clean. 


Electrical Equipment Specifications. Each major electri- 
cal device—transformer, switchgear, motor control center, 
mechanical control panel, process control panels and light- 
ing panels—are defined for purchase and installation. It is 
common for corporations to establish preferred suppliers 
for such equipment in an attempt to standardize and sim- 
plify maintenance. 


Electrical Equipment Installation. The installation re- 
sponsibility for each piece of electrical equipment is de- 
fined, including responsibility for procurement, receipt, 
and installation. 


Site and Facility Specifications and Engineering, 


Site Layout. A survey, topographical study, and appro- 
priate soil borings are obtained for the specific site. These 
help guide placement of the building on the site and influ- 
ence foundation design. The site plan or layout shows 
building location, access routes for trucks, visitors and em- 
ployees, and provisions for expansion (typically dotted in). 
Location of underground utilities is also shown. Identifi- 
cation of bordering neighbors is common. 


Architectural Design. Each floor or level of the building 
is shown in plan view, and elevations (side views) are pre- 
pared. Because it is common to put support equipment on 
the roof, a roof plan is also needed. Overall people, mate- 
rial, and traffic flow patterns are shown. A perspective ren- 
dering, which is a drawing showing what the building will 
look like when finished, is sometimes prepared for presen- 
tations, especially to management and local governments. 


Architectural Details. Architectural details include ma- 
terials of construction, wall finishes, floor finishes, doors, 
security systems, lighting (exterior and interior), and vari- 
ous amenities such as cafeteria, if any, lounges, offices, rest 
rooms, and health centers. Modern plants commonly con- 
tract for food service, but may only provide vending ma- 
chines and a place to eat. Rest rooms and lockers must be 
convenient to work areas but separated, usually by corri- 
dors. Exterior lighting should be directed at the plant, not 
mounted on the walls, and should not use mercury vapor 
lamps because they attract insects. Mercury vapor lamps 
can be used on the perimeter of the property to attract 
insects away from the plant. 

Floors, walls, and ceilings (if any) in food processing 
areas should be impervious, easy to clean, and resistant to 
moisture and strong cleaning solutions often used in food 
plants. There are many possibilities, but epoxy-based coat- 


ings properly selected for the service are economic choices. 
Epoxy-based floor coatings can be harmed by thermal 
shock, such as exposure to live steam, unless they are filled 
with the correct amount of inert material. Such fillers also 
provide some texture to the coating, which may improve 
traction on the floor. Fiberglass-reinforced epoxy panels 
are often used for walls and ceilings. Insulated sandwich 
panels are often used for refrigerated spaces and can be a 
sanitary and economic choice for walls and ceilings. Each 
architectural detail in a food plant must be selected with 
an understanding of the environment and hazards to 
which it is exposed. The environment is often wet or dusty; 
there are strong chemicals (acids and caustics) used for 
cleaning; there can be oils and abrasive materials; and the 
area must be protected against insect, rodent, and bird in- 
festation. Common commercial and industrial materials 
and details are not adequate for a food plant. 


Building and Zoning Permits. The site layout, architec- 
tural details, and layouts are used to obtain construction 
and building permits. These are issued by local govern- 
ment agencies after review of the plans for compliance with 
site zoning and building requirements. Normally, the pro- 
cedure for obtaining permits begins early in the design 
phase because it can influence design. Setback require- 
ments, for instance, affect building location on a site. Final 
permits require final design plans, usually signed and 
sealed by a registered architect and engineers licensed to 
practice in the state. Exceptions to some requirements can 
be obtained, but it is usually prudent to comply with most 
requirements. Obtaining permits can be time-consuming, 
especially if public hearings are required for zoning 
changes, but areas seeking economic development and in- 
vestment will usually expedite the process if asked. 


Cost Estimate and Financial Analysis 


The cost estimate and financial analysis prepared in the 
feasibility phase is revised in light of the completed design 
and any subsequent information, such as revised sales 
forecasts, costs, or other developments. The cost estimate 
prepared at this point becomes the control budget for con- 
struction and should always be preserved as the basis for 
any future changes. A detailed schedule is also prepared, 
adding detail to those prepared earlier. 


PHASE III—PROJECT AND CONSTRUCTION 
MANAGEMENT 


The critical issues during this phase are control of the 
budget, schedule, and quality of construction. The budget 
is based on the estimate made at the end of design. As bids 
are received, the budget is adjusted to reflect reality. If 
good estimating practice is followed by experienced engi- 
neers and architects working from a reasonably complete 
design, the total cost should not change during bidding and 
construction if the design does not change. The biggest risk 
to the budgeted cost is design changes during construction. 
These arise for a number of reasons: new information, new 
people with new opinions, unforeseen circumstances and 
events, and changes in strategy. Good project management 
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strives to control design changes, for whatever reason. The 
contingency allowance always included in any cost esti- 
mate is not intended to cover design changes; it exists to 
account for errors in the estimate corresponding to the 
original scope. Knowing that there is almost always some 
uncertainty about scope, some owners provide a separate 
allowance, called the owner’s contingency, to cover such 
incidents. The schedule is a living document that is revised 
as information is received, as estimated duration of activ- 
ities are converted into actual duration, and as activities 
are added. It is common for management to insist on a 
fixed completion date because of market obligations and 
other constraints, even in the face of delays in approval, 
design, and construction. Reconciling the inevitable con- 
flicts is a significant challenge. Techniques include over- 
lapping construction activities, starting construction be- 
fore design is complete (fast-track approach), paying 
premium wages to work extra shifts and weekends, and, 
as a last resort, compromising design intent, by using more 
easily available materials, for example. 

Maintaining quality during construction requires con- 
stant vigilance by the owner and the construction man- 
ager. There is always a temptation to cut corners on ma- 
terials or procedures to save money, but once details have 
been specified, they must be followed unless prior approval 
is received for a substitute. Tests are common for concrete, 
coatings, electrical wire, pipe, and other materials. Expe- 
rience and care are required in sanitary welding and ap- 
plication of coatings. Before allowing a contractor to pro- 
ceed, the manager should make sure that the tradesmen 
are skilled, and the manager should routinely inspect the 
work as it proceeds. Construction can rarely improve on a 
design, but it can easily compromise the intent if permitted 
to do so. 


Bidding 


There are several approaches to organizing and managing 
construction. The entire project can be managed by a gen- 
eral contractor, who may also have performed the design 
(design-build approach), or the design may have been per- 
formed by a different firm, typically an architecture and 
engineering company. The owner can engage a construc- 
tion manager, who may or may not have performed the 
design, but who advises the owner on the selection of sub- 
contractors but does not perform any of the work himself. 
In the construction management approach, the owner di- 
rectly engages each subcontractor, and the Construction 
Manager maintains the budget and schedule and monitors 
construction quality. Finally, the owner can serve as his or 
her own construction manager. Because of the relatively 
unique skills needed for construction, as compared with 
those of the typical food professional, it is a rare corpora- 
tion that can perform this task on a large project success- 
fully. 

Depending on the project approach taken, there may be 
just one bid (or negotiated price) or many. Typically, it is 
easier to get competitive bids on smaller and more spe- 
cialized packages than on a smaller number of larger pack- 
ages. On the other hand, the more parties involved the 
more complex the management task. A common solution 
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is to have bid packages for the following major components: 
site, building shell, mechanical, electrical, process equip- 
ment installation (millwright), and process and packaging 
equipment (multiple packages). The mechanical and elec- 
trical contractors often install the utility and service equip- 
ment and connect the process equipment. Some mechani- 
cal contractors install process equipment, but because 
much of it is highly specialized, often the vendors assume 
this responsibility. 

Some types of process and packaging equipment have 
long lead times and so must be ordered early in the project 
to ensure delivery at the proper time. Ideally, equipment 
is delivered when its correct space is available so that han- 
dling is minimized. 

Lead times for structural steel, process and packaging 
equipment, and large mechanical and electrical equipment 
have significant impact on the schedule. Once ordered, 
their progress through manufacturing must be monitored 
to ensure adherence to the plan, which may require a full- 
time person or more. 


Site Management 


Typically, the owner, the contractor or construction man- 
ager, and the major subcontractors have staff members on 
site, usually in trailers. A good practice followed by many 
owners is to hire or assign the future plant manager and 
key staff members early in a project and make them re- 
sponsible during all phases of the construction project. Al- 
ternatively, project management specialists may be as- 
signed, In any event, the following activities occur on site. 


Scheduling of Site Activities. Coordinating the various 
trades and subcontractors is a critical, ongoing effort. It is 
common to have a daily meeting of all parties to report 
attendance, revise schedules, resolve interferences and 
conflicts, and predict needed material and people. 


Receiving, Storing, and Releasing Material and Equipment. 
As equipment and material are received, they are in- 
spected, verified against specifications and orders, and 
stored securely, protected against weather and unauthor- 
ized access. As needed, equipment and material are re- 
leased for use. Contractors are generally responsible for 
their own materials, but the owner or the construction 
manager may handle process equipment and piping. 


Verification of Work. Contractors routinely file liens 
against owners to ensure payment for their work. As work 
is completed, the owner or construction manager secures 
waivers of liens and approves payment, upon inspection 
and satisfaction. It is normal to retain a portion of payment 
against correction of faults, usually documented in a punch 
list. The punch list is maintained as a living document, and 
responsibility for and disposition of each item are noted. 


Accounting and Payments. Accurate, fair, and timely 
payment for completed and accepted equipment, material, 
and services is critical. This requires documentation in the 
form of purchase orders, contracts, receipts, invoices, in- 
spection reports, and the punch list. Typically, contractors 


expect to be paid as they incur expenses subject to a re- 
tained portion, often 10%, which is paid at completion and 
satisfaction of any defects. To document progress, a con- 
tractor may submit time sheets supporting the labor costs 
and receipts for materials. If the contract is a lump sum, 
these are compared to an estimate of the total; if the con- 
tractor is being paid for time and materials, these are the 
costs plus an agreed profit and overhead, if any. As costs 
are actually incurred for the project, the control budget is 
adjusted, and projections are made for amounts to com- 
plete. The owner must be kept informed of the budget 
status almost continuously. 


Project Documents. In addition to the cost and disburse- 
ment documents, schedules, and inspection reports, there 
are important permanent records that accumulate during 
construction. These include operations and maintenance 
manuals for all equipment, equipment and facility draw- 
ings as designed and as built, and all the permits and cer- 
tificates issued. These must be collected, cataloged, and 
preserved. 


Start-up and Commissioning. Once process, packaging, 
and mechanical equipment is installed and utilities are 
provided, each unit can usually be tested in isolation to be 
sure motors rotate correctly, instruments read correctly, 
and controls work as expected. This testing is usually the 
responsibility of the party installing the device. After all 
components of a system, such as one process line, are in 
place, then it can be tested as a whole. This may require 
coordination of speeds, alignment of conveyors, and inte- 
gration of controls. Vendors of process and packaging 
equipment routinely provide assistance in this phase, dur- 
ing which operators are trained in safe and effective opera- 
tion and maintenance of the system. Commissioning oc- 
curs with the initial operation of a system using realistic 
raw materials and attempting to produce acceptable final 
product. It is wise not to expect design efficiency at this 
point, and in fact, any salable product should be seen as a 
dividend. Each process unit operation must be assessed 
over its expected range of operating rates and conditions 
and compared with process design and equipment specifi- 
cations. Deficiencies, if any, must be corrected or otherwise 
accommodated, perhaps by lowering expectations, if nec- 
essary. The limiting components of the system must be 
identified. These may well be different than was intended 
or expected in design. Ideally, at the end of commissioning, 
which may take a month of effort, the new process line is 
operating at expected design rates and efficiencies, the op- 
erators are trained and self-sufficient, the vendor techni- 
cians have departed, and the plant or line is ready to accept 
orders routinely. 


Close Out. It is wise to have a formal project completion 
conference among the owner, the construction manager, 
the designer, and major vendors to transfer any remaining 
documents, resolve any outstanding invoices, and transfer 
accumulated knowledge and experience. Sometimes this 
can correspond with dedication of a new facility and in- 
volve some modest ceremony and souvenirs; on other oc- 
casions, it can be a simple business meeting, but it is im- 
portant to somehow mark the official end of a project. 
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FOOD PRESERVATION 


Matching the supply of food as produced by the agricul- 
tural sector with the demand for food by consumers in both 
time and space necessitates the use of a variety of pres- 
ervation techniques. Food is being produced in larger 
quantities by fewer people in rural areas often very distant 
from the urban consumer. The production of agricultural 
commodities follows cyclical patterns of supply, dictated by 
such things as cropping times and yearly fluctuations. The 
requirements on the food supply by the consumer include 
safety, quality, adequate shelf life, variety, and conven- 
ience. Thus, the demand for food tends to be more constant 
than its production, food needs to be transported from the 
production sector to the consuming markets, food needs to 
be transformed from its raw state as produced by the ag- 
ricultural sector into a vast array of consumer goods, and 
throughout this process quality must be maintained, 
safety must be guaranteed, and the economics must be fa- 
vorable, minimizing losses and waste. This matching of 
supply and demand in both space and time both defines 
and introduces the field of food preservation. 

Food in its many forms is subject to very rapid deteri- 
oration beginning soon after harvest. The factors contrib- 
uting to this process include biological deterioration and 
postharvest loss from bacteria, yeasts, molds, insects, and 
rodents, and chemical breakdown of food components cat- 
alyzed by enzymes, light, or oxygen. Preservation tech- 
niques attempt to control these deterioration processes 
through the destruction of microorganisms present in the 
food, through the manipulation of factors essential for the 
continued growth of microorganisms, or through the con- 
trol of factors responsible for chemical deteriorations. It is 
difficult to define the time frame necessary to consider a 
food preserved. Milk can be preserved through pasteuri- 
zation and refrigeration to attain a shelf life of 10 to 14 
days. Milk can also be preserved through spray drying to 
attain a shelf life of a year or longer. Thus a food might be 
considered preserved when it is effectively moved from pro- 
duction to consumption, maintaining safety and quality, 
minimizing losses, and being delivered in a form which is 
convenient and acceptable to the consumer. 
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Although new preservation processes have been devel- 
oped and traditional processes have been modified, food 
preservation has been practiced for millennia. Since the 
beginning of man the need has existed to gather food. Pro- 
cesses such as sun-drying, salting, smoking, or food fer- 
mentations are considered to be early forms of food pres- 
ervation. The technology of food preservation increased 
dramatically with the discovery of microorganisms late in 
the eighteenth century and the appreciation of their role 
in food deterioration that followed. The reader is referred 
to Ref. 1 for a complete history of food preservation. 


CAUSES AND MANIFESTATIONS OF FOOD 
DETERIORATION 


Microorganisms 


Microorganisms are ubiquitous living organisms that need 
nutrients, moisture, appropriate oxygen conditions, and 
favorable pH ranges to grow. Microorganisms can contam- 
inate our food supply from the point of production or har- 
vest until the time of consumption. Many microbial food 
contaminants are native to the soil or animal environment 
from which the food is derived, and many are added un- 
intentionally through handling practices. The components 
of most foodstuffs (carbohydrates, proteins, etc) serve as 
ideal nutrients for the growth of microorganisms and this 
growth leads to potentially harmful populations of micro- 
organisms, potentially harmful buildup of microbial me- 
tabolites, for example, toxins, enzymes, polysaccharides, or 
pigments, and a deterioration in food quality resulting 
from the metabolism of food constituents, for example, 
amino acid or fatty acid release from proteins or lipids. 
Microorganisms important to food deterioration include 
bacteria, yeasts, and molds. Some bacteria can produce 
spores, a dormant form that is capable of withstanding 
long periods under conditions in which the vegetative form 
could not grow. These spores can then germinate when con- 
ditions once again become favorable. Spores are much 
more heat resistant than their vegetative form, and hence 
during processing, if elimination of all bacteria is a goal, 
then the heat resistance of the spore must be targeted. 

It is important to distinguish between pathogenic and 
nonpathogenic species. Pathogens are organisms that 
cause disease, and a number of human pathogens can be 
transmitted through food. They include Salmonella spp., 
Staphylococcus aureus, Clostridium botulinum, Listeria 
monocytogenes, and many others. Mycotoxins are fungal 
metabolites, some of which are potentially toxic or carcin- 
ogenic to humans, for example, aflatoxin from Aspergillus 
flavus. It is essential that all pathogenic species be con- 
trolled in preserved foods to eliminate foodborne disease. 
This is done by providing measures to eliminate what may 
be present in raw materials (eg, those of animal origin) 
through processing, and by providing measures to elimi- 
nate the entry of contaminating pathogens to the food sup- 
ply through hygienic manufacturing practices. Most mi- 
croorganisms, however, are not pathogenic but can cause 
food spoilage if allowed to grow, primarily as a result of off- 
flavors and odors from metabolic by-products. These, too, 
need to be controlled as they account for diminished shelf 
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mentations are considered to be early forms of food pres- 
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the eighteenth century and the appreciation of their role 
in food deterioration that followed. The reader is referred 
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inate our food supply from the point of production or har- 
vest until the time of consumption. Many microbial food 
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from which the food is derived, and many are added un- 
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could not grow. These spores can then germinate when con- 
ditions once again become favorable. Spores are much 
more heat resistant than their vegetative form, and hence 
during processing, if elimination of all bacteria is a goal, 
then the heat resistance of the spore must be targeted. 

It is important to distinguish between pathogenic and 
nonpathogenic species. Pathogens are organisms that 
cause disease, and a number of human pathogens can be 
transmitted through food. They include Salmonella spp., 
Staphylococcus aureus, Clostridium botulinum, Listeria 
monocytogenes, and many others. Mycotoxins are fungal 
metabolites, some of which are potentially toxic or carcin- 
ogenic to humans, for example, aflatoxin from Aspergillus 
flavus. It is essential that all pathogenic species be con- 
trolled in preserved foods to eliminate foodborne disease. 
This is done by providing measures to eliminate what may 
be present in raw materials (eg, those of animal origin) 
through processing, and by providing measures to elimi- 
nate the entry of contaminating pathogens to the food sup- 
ply through hygienic manufacturing practices. Most mi- 
croorganisms, however, are not pathogenic but can cause 
food spoilage if allowed to grow, primarily as a result of off- 
flavors and odors from metabolic by-products. These, too, 
need to be controlled as they account for diminished shelf 
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life and economic loss. In this latter case, however, it is 
important to recognize that spoilage organisms are not 
eliminated during processing, but rather kept below a criti- 
cal number to provide adequate shelf life to the product. 
An example would be pasteurized milk, in which pasteur- 
ization eliminates all pathogens, but a population of spoil- 
age organisms remains and limits the shelf life to 14 to 16 
days in most cases. For further reading on food microbi- 
ology, the reader is referred to Refs. 2 to 5. 


Enzymes 


Enzymes are naturally present in most raw food commod- 
ities and a number of enzymes catalyze reactions that are 
detrimental to product quality. These include off-flavor 
production by lipoxygenases, lipases, and proteases; tex- 
tural changes due to pectic enzymes and cellulases; color 
changes due to polyphenol oxidase, chlorophyllase, and 
peroxidase; and nutritional changes due to ascorbic acid 
oxidase or thiaminase. A mild heating process such as 
blanching or pasteurization is usually sufficient to destroy 
any harmful enzymes that may be present in a food. 


Pests 


Insect and rodent infestations and losses can occur readily 
in open fields during growth and production and in bulk 
stores of food exposed or partially exposed to the environ- 
ment, and this is especially prevalent in developing coun- 
tries where storage conditions are less than adequate. In- 
sects can attack grains, reducing their nutritive value and 
imparting a sour taste to flour, peas, beans, meat, fish, 
cheese, and so on. Insects damage far more food than they 
consume due to the deposition of larvae in webbings, ren- 
dering much of the food store as waste. Rodents are also a 
serious concern in food storage, also damaging far more 
than they consume through adulteration with droppings, 
filth, and hair and potential transmission of disease. 


Temperature 


Uncontrolled heat and cold can cause detrimental reac- 
tions to occur in foods. Increased but moderate tempera- 
tures, 30 to 40°C, accelerate the rates of reactions such as 
oxidation, which lead to the production of off-flavors and 
odors, color changes, and nutrient loss and significantly 
decrease the generation times of microorganisms, leading 
to enhanced populations. Decreased temperatures, in the 
0 to 15°C range, can lead to detrimental physiological re- 
actions in certain susceptible products. These include chill 
injury in tomatoes or bananas, which results in color and 
texture changes and increase in microbial susceptibility; 
cold shortening in meats resulting in tough carcasses after 
slaughter; chill sweetening in potatoes resulting in in- 
creased glucose contents and enhanced browning during 
frying; and staling of bread, which occurs much more read- 
ily at these temperatures. 


Moisture 


The water present in a food plays a critical role in sup- 
porting microbial growth and chemical reactions. The 
moisture is an integral part of the structure of a food, both 


at the molecular level (associated with macromolecules as 
bound or plasticizing water) and at the structural level (eg, 
intracellular or extracellular). Water activity is defined as 
the equilibrium relative humidity of the food, or a measure 
of free water in the food, that water which is able to par- 
ticipate in reactions. It has been shown that detrimental 
reactions in foods are often related more to the water ac- 
tivity of the food than its moisture content, and water ac- 
tivity has been used widely over the last several decades 
as a measure of food stability. It is increasingly being rec- 
ognized, however, that the physical state of the solids in 
the food and their interaction with water is also a deter- 
mining factor in reaction rates. Both rates of microbial 
growth and chemical reactions are also influenced by water 
and solute diffusion. In recent years, the glass transition 
of both small molecules (eg, sugars) and macromolecules 
(eg, starches) has been recognized as a key event in the 
occurrence of solute diffusion-controlled deteriorative re- 
actions, and hence another measure of food stability re- 
lated specifically to water relations in the food. A good 
review of water activity and glass transitions related to 
food preservation can be found in Ref. 6. Thus the gain or 
loss of moisture from a food due to its conditions of storage, 
particularly relative humidity, may influence the water ac- 
tivity and solute diffusion rates and thus the microbial and 
chemical stability of the product. Additionally, changes in 
the relative humidity of storage can also affect structure 
and texture of the food. High relative humidities of storage 
can favor splitting or cracking of the skins of some fruits, 
while low relative humidities can favor wilting and shriv- 
eling of fruits and vegetables, leading to a loss of weight 
and thus economic value. 


Oxygen 


The oxygen requirements for both the storage of foods and. 
for microorganisms vary considerably. Bacteria have very 
strict oxygen requirements and are classified accordingly 
as aerobic, anaerobic, or facultative organisms with wider 
tolerances. Oxygen is also an initiator of chemical reac- 
tions that are detrimental to various food constituents, in- 
cluding lipids, vitamins, pigments, and some amino acids. 
However, reduced oxygen contents can impair the physio- 
logical function of food tissues, such as fruits, vegetables, 
or meat. Hence control of oxygen contents through modi- 
fied atmospheres and protective packaging can help to re- 
duce food deterioration. 


Light 


Exposure to light can be detrimental to some food prod- 
ucts. Light can promote oxidative rancidity of lipids; 
oxidation of milk leading to breakdown of proteins and for- 
mation of unpleasant volatiles; changes in various pig- 
ments (eg, myoglobin in red meats); breakdown of vitamins 
such as vitamin A, riboflavin, and ascorbic acid leading to 
nutrient loss; or the development of potentially toxic light- 
induced glycoalkyloids such as solanine in potatoes that 
have turned green due to increased chlorophyll content 
(from light exposure). 


Time 


Time itself plays a very great role in food deterioration. 
While some preservation methods such as canning are in- 
tended to produce food for years of storage, other preser- 
vation methods such as pasteurization and refrigeration 
produce shelf lives of days to weeks. Such processes aim to 
slow but not eliminate deteriorations, and recontamina- 
tion becomes possible unless protective packaging is em- 
ployed or after package integrity is broken. Food deterio- 
rations described earlier will substantially reduce the shelf 
life of a product, but virtually all foods will become uncon- 
sumable over time. 


PRESERVATION PRINCIPLES AND APPLICATIONS 


Preservation techniques put into practice control mecha- 
nisms for reducing food deterioration. Often, various meth- 
ods are combined to ensure safety and preservative action 
while maintaining maximal quality and stability. For ex- 
ample, fluid milk is preserved through a combination of 
pasteurization and subsequent refrigeration, aseptic ther- 
mal processing is usually combined with aseptic packag- 
ing, and freezing is usually accompanied by a blanching 
pretreatment to reduce enzymatic activity. For more de- 
tailed general information on preservation principles and 
techniques, the reader is referred to Refs. 7 to 15. 


Physical Preservation 


Thermal Methods. A number of preservation processes 
use heat to extend the shelf life of foods. High-temperature 
preservation methods performed commercially are con- 
trolled processes that include canning, aseptic processing, 
pasteurization, and blanching. Microorganisms differ in 
their heat resistance and are classified as psychrotrophs, 
mesophiles, or thermophiles according to their tolerance to 
heat. However, all microorganisms can be destroyed by the 
application of heat, and each organism has a certain time/ 
temperature relationship associated with it to ensure a 
given reduction in its population. The most intense heating 
preservation process would render the food sterile. Steril- 
ization refers to the complete destruction of all microor- 
ganisms. Complete sterility is difficult to achieve and often 
leads to a reduction in the quality attributes of the food, 
since most food components such as proteins or vitamins 
are also heat sensitive. Commercial sterility has been de- 
fined as the destruction of all pathogens and spoilage or- 
ganisms in a food. Canning, thermal retorting in alumi- 
num cans or flexible pouches, and aseptic processing, 
thermal processing prior to packaging followed by aseptic 
packaging techniques, target commercial sterility as their 
goal. Provided the food is maintained in the commercially 
sterile state after processing, a shelf life of two years or 
more can be achieved. 

Canned food is typically packaged and maintained un- 
der a vacuum to eliminate oxygen and to act as an indicator 
for the consumer of loss of can seal integrity and hence 
sterility, As a result, the growth of anaerobic microorgan- 
isms, those that cannot grow in the presence of oxygen, 
would be favored if present. C. botulinum is an anaerobic, 
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pathogenic, spore-forming microorganism that can cause 
severe illness and death; hence, it is essential that all 
spores of C. botulinum have been destroyed during the can- 
ning operation. C. botulinum is also pH sensitive, with a 
minimum growth requirement of pH 4.6. Thus, foods to be 
sterilized are characterized as either low-acid or high-acid 
foods, with the latter requiring a less severe (eg, boiling 
water) process than the former (must be processed under 
pressure to achieve temperatures in excess of 121°C). As 
the food is thermally processed after being packaged, the 
heat transfer characteristics of the food itself also become 
of importance in determining the processing time required 
at a specified temperature. Thus the calculations required 
to ensure lethality of all C. botulinum spores become very 
complex. The reader is referred to Refs. 16 to 19 for further 
reading on the subject of canning. Aseptic processing also 
targets commercial sterility but relies on continuous meth- 
ods of heat treatment of the food prior to being packaged. 
Such heat treatment methods either use heat indirect heat 
exchangers, in which the food is separated from the heat- 
ing medium by a barrier, or direct methods such as steam 
injection or steam infusion, where the heating medium and. 
food are in direct contact. Such processes need to account 
for any added water from steam condensation, and hence 
are usually followed by a vacuum treatment for water re- 
moval, which also provides rapid cooling to the processed 
product. Once processed, there must be no contamination 
before packaging, implying sterile processing environ- 
ments, and aseptic packaging must follow, to provide a 
package that will maintain the product in its commercially 
sterile condition until consumption. Details of aseptic pro- 
cessing techniques can be found in Refs. 20 to 23. 

Pasteurization is a low-order, time- and temperature- 
dependent heating process that is designed to destroy all 
pathogens present in the food; to reduce the bacterial load 
in the case of milk and eggs; to reduce the yeast and mold 
count in the case of beer, wine, and fruit juices; and to 
extend the shelf life. Pasteurization can be performed prior 
to packaging in either batch or continuous heat exchang- 
ers, as in milk, or subsequent to packaging in either con- 
tinuous or batch processes, as in bottles or cans of beer. 
Blanching is another low-order heat process used primar- 
ily as a pretreatment step prior to either freezing or can- 
ning. In a freezing operation, blanching is performed pri- 
marily to destroy enzymes that may continue to be active 
during freezing, or after thawing, when tissue rupture due 
to the freezing process may have allowed for enzymes and 
their substrates to come together, promoting fast enzymic 
deterioration. Prior to canning, blanching is performed pri- 
marily to cleanse and wilt tissue for ease of packaging, and 
to expel tissue gas that may interfere with an appropriate 
can vacuum. 

Low-temperature methods include both refrigeration 
and freezing. Storage below 15°C but above freezing re- 
tards growth of microorganisms, retards metabolic activi- 
ties of animal tissues postslaughter and plant tissues post- 
harvest, retards deteriorative chemical reactions such as 
oxidation and enzyme-catalyzed reactions, and retards 
moisture loss. Unlike heating preservation, cold preser- 
vation does not destroy microorganisms, only retards their 
growth. The foods are still perishable and organisms will 
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grow more rapidly once conditions become favorable. The 
shelf life can be extended from less than one week for 
highly perishable products such as raw milk or ripe to- 
matoes to more than six months for more durable products 
such as onions or smoked meats. Freezing preservation is 
achieved through both low temperatures that inhibit mi- 
crobial growth and rates of reactions and reduction in wa- 
ter content as a result of ice crystallization. A reduction to 
subzero temperatures will cause water in the food to crys- 
tallize to ice, but ideally there should be little or no other 
changes to food components as a result. Shelf life of frozen 
foods can range from three months to a year or longer, de- 
pending on storage temperature, but is still limited by en- 
zymatic activity, oxidation, and freeze dehydration (subli- 
mation, “freezer burn”), especially if packaging has not 
been adequate to provide an oxygen or moisture barrier. 
Freezing will reduce the population of microorganisms 
that may be present, but will not eliminate them, so 
thawed foods again become very perishable, often more 
so than their fresh form due to damage of cellular and 
tissue integrity caused by ice formation, which may also 
bring enzymes in closer contact with their substrates, a 
process referred to as decompartmentalization. Commer- 
cial food freezing facilities utilize several methods, includ- 
ing air freezing through sharp (natural convection), blast, 
or fluidized-bed (forced convection) techniques; indirect 
contact systems such as plate freezers or scraped surface 
freezers; or direct contact freezing systems utilizing low- 
temperature liquids or cryogens. Packaging may be done 
either prior to or after a freezing process, depending on the 
commodity and equipment utilized. Detailed information 
on food freezing can be found in Refs. 24 to 26. 


Reduction of Water Content. Microorganisms need fa- 
vorable moisture conditions within the food, water activity 
greater than 0.6 to 0.8, for their growth. It is therefore 
possible to manipulate the water activity of the food to in- 
hibit microbial action. Concentration of liquid food prod- 
ucts through thermal evaporation, freeze concentration, 
osmotic dehydration, and membrane processes achieves 
lowered water contents, and provided that water activity 
or solute diffusion rates have been lowered sufficiently, of- 
fers preservation action. Thermal concentration removes 
water in the form of vapor from the liquid. It is usually 
performed in multiple effect falling-film vacuum evapora- 
tors designed for thermal efficiency and product quality. 
Freeze concentration removes water from liquid foods in 
the form of ice and is particularly suited to foods such as 
fruit juices with depressed freezing points due to high 
sugar concentrations within the food. Osmotic dehydration 
has been used for fruit slices in sugar solutions whereby 
water will migrate from the fruit slice into the sugar so- 
lution due to the high osmotic pressure of the solution. 
Membrane processes such as reverse osmosis, ultrafiltra- 
tion, or microfiltration remove water from foods in the form 
of liquid water, due to the presence of a semipermeable 
membrane and the imposition of a pressure gradient. Sol- 
vent and low molecular weight solute, depending on the 
membrane pore size, pass through the membrane in the 
permeate stream while the higher molecular weight sol- 
utes are concentrated in the retentate stream. 


The nearly complete removal of water through dehy- 
dration by solar, cabinet, tunnel, drum, or spray-drying 
methods also offers a form of preservation by reduction of 
available water for microbial growth or chemical or enzy- 
matic reactions. Dehydration occurs under controlled con- 
ditions that cause minimal changes in the food properties. 
The food can then be consumed dried, as in some dried 
fruits or meats, but is more likely to be rehydrated prior 
to consumption, as in dried milk and eggs, instant potato 
flakes, or instant coffee. The reconstituted product should 
resemble as closely as possible the quality of the original 
food. In addition to preservation, the drying of foods de- 
creases the weight and bulk of the original food and adds 
a measure of convenience to the product. Sun drying has 
been practiced for centuries and is still used for the dehy- 
dration of grains, seaweeds, raisins, and other foods, par- 
ticularly in developing countries. Most commercial fruit 
and vegetable operations employ continuous tunnel or belt 
dehydration systems that utilize heated air as the drying 
medium. The majority of liquid foods, such as skim milk, 
cake and soup mixes, flavors, purees, juices or instant cof- 
fee, are dried in spray dryers that atomize the usually pre- 
concentrated liquid product into tiny droplets that dry 
rapidly in the surrounding heated environment, being re- 
covered from the air stream as fine powder particles. This 
spray-dried powder is capable of further conditioning to 
render it more soluble for easy dispersion/dissolution, a 
process called instantizing. Such a process is frequently 
conducted on powders destined for the consumer market, 
but rarely on powders destined for commercial processing. 
Freeze drying removes water from a frozen food through 
sublimation under vacuum and is particularly suited to 
thermally sensitive products, such as instant coffee or 
convenience-type prepared entrees. See Refs. 27 to 29 for 
more information on food dehydration and Ref. 30 for de- 
tailed information on freeze drying. 


Oxygen Control. Because of the strict oxygen require- 
ments for bacterial growth and the participation of oxygen 
in a number of chemical reactions, oxygen control can act 
as a means of food preservation. Controlled and modified 
atmospheric storage of foods are techniques to maintain 
gaseous atmospheres with strictly controlled oxygen con- 
tents. The controlled or modified atmosphere can be main- 
tained in warehouses for bulk foods (eg, apples), often prior 
to further processing, or can be maintained at the micro- 
atmospheric level within a food package. Food packaging 
also offers protective barriers to food against the action of 
contaminating microorganisms, pests, moisture, oxygen, 
and light. The packaging necessary to maintain preserva- 
tion is usually chosen to accompany the particular process. 
Examples include multilaminate flexible packaging for 
aseptically processed foods, or rigid aluminum cans for re- 
torting. Information on modified atmospheres can be found 
in Refs. 31 to 36 and on food packaging in Refs. 37 to 41. 


Radiation. The use of nuclear energy in the form of 
gamma radiations, short wavelengths emitted by unstable 
isotopes of cobalt 60, or cesium 137, to inactivate micro- 
organisms has been a developing technology since 1945. 
The main goal of irradiation is to extend the shelf life of 


foods where heat or chemical means are unfeasible due to 
the nature or geographic location of the food. Major poten- 
tial applications of this process include spices due to the 
heat-sensitive volatile flavor components; insect disinfes- 
tation of grains and fruit; extended shelf life of fruits, vege- 
tables, fish, shellfish, and meat products; sterilized diets 
for military, space, and medical uses; and animal feeds and 
moist pet foods. The irradiation occurs in an enclosed 
chamber in which the product can be exposed to an even 
distribution of the penetrating gamma rays for the neces- 
sary time to accomplish microorganism inactivation. The 
safety of irradiated foods has been extensively studied and 
proved. Further details on food irradiation can be found in 
Refs. 42 to 45. 


Chemical Preservation 


Intermediate Moisture Foods. An intermediate moisture 
food (IMF) is one that can be eaten as is, without rehydra- 
tion, and yet is shelf stable without refrigeration or ther- 
mal processing. Whereas most foods have water activities 
in the range of 0.9 to 1.0, IMF rely on water activities in 
the range of 0.65 to 0.85, below that required for the 
growth of the most tolerant organisms, for their preser- 
vation effects. The aqueous portion of such foods is also 
very high in viscosity, due to the high concentration of dis- 
solved solutes present in a low amount of water, and hence 
water and solute diffusion is also a limiting factor in mois- 
ture availability to sustain growth and promote chemical 
reactions. Included in this category of foods are jams and 
jellies, fruit cakes, pepperoni, sweetened condensed milk, 
marshmallows, soft cookies, and many others. Sugar and 
other humectants, water-absorbing compounds such as 
sorbitol, glycerol, starches, or gelatin, can be used to for- 
mulate these foods. Although the technology can produce 
a range of products with acceptable texture, many of which 
have been in existence since historical times, the flavor 
profile created by the various humectants has been a lim- 
iting factor in new IMF product development. Another fac- 
tor to consider in the preservation of IMF is the heteroge- 
neity of the product. There are many multicomponent 
foods consisting of two or more distinct parts (eg, bakery 
product and fruit or icing, pasta and sauce). Not only does 
the stability of each component need to be considered sep- 
arately, but the stability of the components after moisture 
equilibration (based on water activity or solute diffusion 
properties) also needs to be considered. See Refs. 6 and 46 
for further information on IMF. 


pH Control. Acids can be used to lower the pH of foods 
to below the tolerable range for microorganisms. Acid can 
also enhance the lethality of heating processes. C. botuli- 
num, the organism of concern in commercial canning pro- 
cesses, will not grow at less than pH 4.5 and thus it is not 
necessary to thermally process high-acid foods (pH < 4.5) 
under the same rigid time/temperature standards as is the 
case with low-acid foods (pH > 4.5). The addition of acid 
to such foods as soft drinks and the production of acid in 
some food fermentations are effective controls of microbial 
growth. However, pH control is normally associated with 
some other means of preservation as well since the palat- 
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ability of many foods and chemical stability of their con- 
stituents, for example, proteins, also decrease at low pH 
levels. 


Chemical Addition. Salt can be added to foods for its 
contribution to the preservation of the food, for example, 
butter, fish, or cured meat products such as bacon. The 
action of salt results from the osmotic pressure created in 
the aqueous environment surrounding the microbial cell, 
in an analogous manner to the addition of sugar in inter- 
mediate moisture foods or the use of sugar syrups for os- 
motic dehydration of fruits. Plasmolysis, the partial de- 
hydration of the cell, results, and the viability of the 
microorganism is thus destroyed. Smoke is also a type of 
chemical preservative and has been used since historical 
times to preserve foods, especially meat and fish products. 
The action of smoke results from the formation of small 
amounts of preservative chemicals, and the internal tem- 
peratures and dehydration of tissues associated with the 
hot-smoking process. Cold smoking at temperatures less 
than 30°C relies solely on the formation of bactericidal 
chemicals and is usually associated with other means of 
preservation such as salting, refrigeration, or packaging. 
Chemical preservatives, such as benzoic acid or sodium 
benzoate, sorbic acid or potassium sorbate, sodium nitrite 
or nitrate, and sulfur dioxide are permitted at low levels 
in some foods as preservative agents against microbial 
growth. The use of chemical preservatives and other food 
additives are closely regulated by governmental agencies. 
Chemical preservatives have been reviewed in Refs. 47 
to 49. 


Biological Preservation 


Fermentations. Unlike the processes described previ- 
ously, food fermentations have as their goal an increase in 
the numbers of microorganisms present in a food. The tra- 
ditional foods of many countries rely on fermentation pro- 
cesses, and fermentation is a historical but important 
means of food preservation throughout the world. Fer- 
mented foods are preserved through the action of a partic- 
ular organism, unique to each given commodity, on a par- 
ticular substrate within the food product, primarily 
carbohydrates but also proteins and lipids. The conditions 
of fermentation favor the growth of the desirable organism, 
which is often added in the form of a pure culture, and 
cause the competitive disappearance of undesirable spoil- 
age or pathogenic organisms. The metabolic by-products of 
the fermentation change conditions, such as pH or oxygen 
content within the food, that also act to inhibit the unde- 
sirable organisms and include lactic and other acids, eth- 
anol and other alcohols, gases such as CO,, and a variety 
of other compounds at low levels that are responsible for 
the unique flavor characteristics of the particular product. 
Examples of food fermentations include the production of 
alcohols by yeasts in wine, cider, and beer and the produc- 
tion of lactic acid by bacteria in fermented milks, sour 
cream, yogurt, fermented meats, pickles, sauerkraut, and 
vinegar. Further information of food fermentations can be 
found in Refs. 50 to 52. 
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Others 


There is much interest from food technologists in devel- 
oping new and novel food preservation methods, to im- 
prove all aspects of food preservation from energy effi- 
ciency to food quality and convenience. Examples of these 
methods include the so-called hurdle technology, which is 
a sequence of processing steps, each designed to address a 
particular deterioration source, but none used to the extent 
that alone it would provide sufficient preservation. There 
is also recent interest in the use of natural antimicrobial 
agents, such as nisin, produced by one group of microor- 
ganisms (lactic acid bacteria) that controls growth of an- 
other group. The use of nonthermal processes such as mi- 
crofiltration, which would filter out bacteria from a liquid 
food without relying on heat to destroy the vegetative cell, 
are being utilized; such a process is being used for “cold 
pasteurization” of beer or milk. Nontraditional thermal 
methods such as microwave or ohmic heating processes are 
also being investigated and exploited. See Refs. 53 and 54 
for further details of some of these novel food preservation 
methods. 
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FOOD PROCESSING 


Individuals, companies, and corporations in the business 
of food processing have three basic responsibilities: (1) to 
ensure food safety, (2) to enhance food stability, and (3) to 
alter the form of feedstocks and ingredients to fit consumer 
demands, Food safety is paramount. The hazards associ- 
ated with processed foods can be microbial, physical, or 
chemical. Microbial hazards are from pathogenic microor- 
ganisms or viruses that either invade the consumer or pro- 
duce toxins in food during growth and dormancy phases. 
Examples of physical hazards are broken glass, rocks, or 
metal pieces, which can inflict serious harm if consumed 
inadvertently. Chemical hazards can come from cleaning 
compounds or other equipment maintenance fluids or can 
be associated with overuse of regulated food ingredients 
(such as sulfites in wine that control oxidative discolora- 
tion and growth of undesirable microorganisms but that 
can lead to bronchospasms in some individuals). Many of 
the processes used in food production are specifically used 
to ensure food safety. 

Simply ensuring food safety does not, however, guar- 
antee stability for the product shelf life desired by consum- 
ers. For example, retorting canned low-acid food through 
12 decimal reductions for Clostridium botulinum to pre- 
vent botulism will only result in approximately a two- 
decimal reduction in Bacillus stearothermophilus, a ther- 
mophilic organism that causes flat sour spoilage if canned 
foods are stored above 38°C. Therefore, canned low-acid 
foods generally receive a more severe heat treatment than 
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is required for ensuring food safety. In another example, 
refrigeration can prevent the growth of most pathogenic 
microorganisms but will not prevent enzyme activity or the 
growth of spoilage psychrophiles (some pathogens, such as 
Listeria monocytogenes or Yersinia entercolitica, are now 
being found to be psychrophilic). Food spoilage can result 
from nonpathogenic microorganisms, enzyme activity, 
chemical deterioration (eg, oxidation of lipids), contami- 
nation from pests, and mechanical damage. 

In addition to safety and stability, much of modern food 
processing is designed to provide food to the consumer in 
a form convenient for use and desirable for taste. For ex- 
ample, while potatoes can be stored safely for long periods, 
precooking, mashing, and drum drying renders them in a 
form that can be consumed simply by adding hot water. 
Addition of dried spices or cheese flavoring may further 
enhance the appeal of the product. Ice cream can safely be 
packaged in one-gallon tubs and stored for months, but an 
individual serving on a stick with a chocolate coating will 
be much more convenient and appealing. 

Conventional food processing, regardless of type of food, 
can be divided into three classes: separation, assembly, and 
preservation. These can occur at harvest, at the food- 
processing plant, or even at the point of retail sales. In- 
creasing emphasis is being placed on field processing as 
exemplified by the widespread use of mechanical harvest- 
ers fitted with cleaning, sorting, color measurement, and 
size-grading systems. The known food-processing opera- 
tions are grouped in Tables 1, 2, and 3. 

Foods can be categorized as living tissue, or raw foods, 
and nonliving tissue. Living tissue foods include fresh 
fruits, vegetables, meats, and grains. Processes for pre- 
serving living tissue are considered separately from those 
used for the preservation of nonliving tissue, for example, 
canned, frozen, and dried foods. 


FOOD COMPOSITION 


Chemical Composition 


Virtually all foods are derived from living tissues, although 
individual nutrients and additives, including lipids, car- 
bohydrates, amino acids, and vitamins, can be synthe- 
sized. A nutritionally adequate dietary regimen of pure nu- 
trients would be neither economically nor aesthetically 
useful except for medical applications such as intravenous 
feeding. Foods consist of hundreds of compounds because 
they are derived from the life processes of living tissues. 
The components of food composition are the nutrients that 
are essential to sustain life processes. Information on spe- 
cific compounds in foods can be obtained from the litera- 
ture, as can tables listing the nutrient composition of com- 
modities, refined food components (eg, sucrose and 
gelatin), and processed as well as standardized formulated 
foods (eg, bread and margarine). Tables of nutrient com- 
position are available for most foods found worldwide and 
contain quantitative data on moisture and caloric value 
(kJ or keal x 4.184) and on lipid, protein, carbohydrate, 
fiber, ash, mineral, and vitamin contents. Tables of food 
composition are useful only as a first approximation to the 
actual nutritive value and gross chemical composition of 
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Table 1, Separation Unit Operations of the Food Industry Arranged by Mode of Separation and Phases Being Separated 


hands 6 be Mode of separation 
separated Physical Chemical Mechanical 
Gas-gas 
Gas-liquid Condensation and blanching Deaeration 
Gas-solid Blanching Controlled atmosphere, deaeration, 
compression, and densifying 
Liquid-liquid Distillation and membrane Solvent extraction Centrifugation 
filtration 
Liquid-solid Foaming, coagulation, and Ton exchange, solvent 11 Unit operations* 
drying extraction, and flocculation 
Solid-solid Dialysis, freeze concentration, 34 Unit operations? 
and sublimation 


“Mechanical separations include churning, centrifugation, clarification, draining, expelling, filtration, fiotation, pressing racking, rendering, and skimming. 
"Mechanical separations include abrading, boning, cutting, coring, crushing, dividing, defeathering, eviscerating, fiaking, finishing, filleting, grinding, har- 
vesting, husking, hulling, inspection, milling, peeling, picking, pitting, pulverizing, slicing, sieving, sorting, shredding, sizing, sifting, scarifying, sampling, 
shucking, stemming, vining, and winnowing. 


‘Table 2, Assembly Unit Operations of the Food Industry Arranged by Mode of Assembly and Phases Being Assembled 


Phases to be Mode of assembly 
assembled Physical Chemical Mechanical 
Gas-gas 
Liquid-gas Aeration, foaming, carbonation, 
and whipping 
Solid-gas Baking, puffing, and agglomeration _ Humidification, oxidizing, and Extrusion and aeration 
proofing 
Liquid—liquid Neutralization and acidification Emulsification, homogenization, 
dispensing, mixing, and pumping 
Liquid-solid Crystallization Soaking, malting, rehydration, and _Dispersing, dissolving, immersion, 
acidification mixing, and pumping 
Solid-solid Braising and roasting Aging 7 Unit operations* 
Gas-liquid-solid Sprouting Weighing and blending 


Mechanical assembly operations for solid-solid mixtures, include coating, enrobing, filling, forming, molding, pelleting, and stuffing. 


Table 3. Preservation Unit Operations of the Food Industry Arranged by Mode of Preservation and Spoilage Vectors 


Mode of preservation 


Spoilage Physical 
vector Heat Cold Dehydration Nonthermal Chemical Mechanical 
Microbes ‘Frying, Coolingand Dehydration, Irradiation, ultrahigh Acidification, Cleaning, 
boiling, freezing desiccation, hydrostatic pressure, brining, centrifugation, 
pasteurizing evaporation, and high-intensity fermentation, and washing 
retorting and electromagnetic and isomerization, 
lyophilization —_ultrasonic fields pickling, and 
smoking 
Enzymes _Blanching, Hydrocooling Irradiation and Acidification 
boiling, and ultrahigh hydrostatic 
scalding pressure 
Chemical — Exhausting Chilling Hydrogenation Cleaning, 
and esterification, degassing, and 
deodorizing and smoking washing 
Economic Pasteurization Freezing Dessication Irradiation Fumigating Cleaning, 
pests compressing, 
and washing 
Mechanical Freezing Aspiration, 
damage cleaning, 
centrifugation, 
sorting, and 


washing 


specific foods. Foods derived from living tissue are of ex- 
tremely variable composition. The concentration of any nu- 
trient is affected by horticultural, genetic, harvesting, han- 
dling, storage, and distribution factors. Furthermore, 
chemical analytical procedures may not correlate with the 
biological activity of available nutrients in the food. 


Functional and Conformational Data 


Foods and food ingredients are selected not only on the 
basis of nutritional content but for their functional and 
conformational attributes, which include toughness and 
tenderness; fiber content; style of cut; color and surface 
appearance; odor and flavor; microbial content; defects and 
extraneous matter; adaptability to freezing or heat treat- 
ment; genetic and varietal factors; geographical or regional 
production area; date of production (vintage); portion of 
plant or animal used; method of preservation; key ingre- 
dients; emulsifying capacity; water-binding capacity; and 
foaming capacity. 


FOOD LAWS AND REGULATIONS 


In the United States, a number of food laws have been 
passed with the primary objective to prevent food adulter- 
ation, either economic or hazardous. Some of the more 
prominent laws are the 1938 Food, Drug, and Cosmetic Act 
(FDCA), the 1958 Food Additives Amendment to the FDCA 
(including the Delaney clause, which prohibited the use of 
any known human or animal carcinogen in foods), the 1966 
Fair Packaging and Labeling Act, and the 1990 Nutrition 
Labeling and Education Act. Food regulations promul- 
gated by the Food and Drug Administration (FDA) for the 
purpose of enforcing these laws are found in Title 21 of the 
Code of Federal Regulations, while regulations promul- 
gated by the U.S. Department of Agriculture (USDA) (for 
meat, poultry, eggs, and their products) are in Title 9. In 
addition to these national regulations, food processors 
dealing in international commerce may have to follow in- 
ternational regulations, such as those defined by the Codex 
Alimentarius. 

Currently, regulations exist pertinent to current good 
manufacturing practices (CGMPs), nutritive require- 
ments, food standards of identity, labeling, use of Hazard 
Analysis and Critical Control Point (HACCP) plans, and 
others. The most recent and important regulations are the 
mandating of HACCP by the FDA in 1995 for domestic and 
imported fish and fishery products and in 1996 by the Food 
Safety and Inspection Service of the USDA (FSIS-USDA) 
covering domestic and imported meat and poultry prod- 
ucts. HACCP is a systematic approach to identification, 
evaluation, and control of food safety hazards. The system- 
atic approach is based on the following seven points: 


. Conduct a hazard analysis. 

. Determine the critical control points. 
. Establish critical limits. 

. Establish monitoring procedures. 

. Establish corrective actions. 

. Establish verification procedures. 


QAaRone 
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7. Establish record keeping and documentation proce- 
dures. 


The regulations require as a prerequisite to the HACCP 
systems of an individual food processor the establishment. 
of sanitation standard operating procedures (SSOPs), 
which are written procedures determining how a food pro- 
cessor will meet sanitary conditions and practices in a food 
plant. SSOPs are based on the CGMP regulations. 


Grades and Grading 


The USDA also provides grading services for fruits, vege- 
tables, meats, poultry, dairy products, and grains. Services 
may be obtained on a contractual basis for inclusive grad- 
ing or for grading of selected lots of product. Grades are 
not mandatory as are identity standards. Grades provide 
a rational basis for the evaluation of the worth of processed 
foods for trading, financial, or contractual purposes where 
the buyer or seller cannot sample or inspect the products 
themselves. All grades and grading procedures, fees, la- 
beling and identification procedures, and sampling plans 
(including those for canned, frozen, and dried fruits and 
vegetables) are specified. Because changes in regulations 
take place frequently, the regional or the Washington, 
D.C., office of the FDA or the USDA should be consulted 
for the latest regulations. 


PRESERVATION OF LIVING TISSUE 


The genetically controlled taste, color, nutritive value, cell 
structure and conformation of fresh foods are usually best 
at harvest. Protection of these qualities is achieved by re- 
tarding or inhibiting the detrimental action of microbes, 
enzymes, and other chemical degradation while maintain- 
ing the integrity of the membranes, enzyme systems, and 
gross structure of the food. Specifically, the following must 
be accomplished: 


1. The growth rate of microbes normally associated 
with the product at harvest or during handling and 
transport must be inhibited or reduced. 

2. Production of deteriorative enzymes or enzyme sys- 
tems responsible for softening, color loss, or flavor 
changes must be inhibited or their rate of action 
must be reduced. Enzymes may be associated with 
the product or with incidental microbial contamina- 
tion. 

3. Loss of moisture and deterioration by chemical con- 
tamination must be prevented. Volatile organic com- 
pounds generated through respiratory action or 
present in storage often must be removed. 

4. Higher life forms, insects, mites, and so on, must be 
inactivated or eliminated. 

5. Bruising and various forms of mechanical damage 
must be prevented. 


Processing operations required for the distribution of 
living tissue depend on the following factors: inherent stor- 
age potential of the tissue (this can be improved through 
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genetic engineering, eg, by improving skin strength, resis- 
tance to microbes, or reducing respiration rate), desired 
storage life, degree of handling and shipping required, and 
intended use of the tissue (eg, further processing, food ser- 
vice, or retail consumption). 

The intensity of processing operations is limited by the 
tissue itself in terms of temperature range, water activity, 
respiratory gas composition, mechanical stresses, and con- 
centrations of chemicals. Temperature has the greatest ef- 
fect on shelf life, because activation energies (and hence 
reaction rates) for microbial growth and enzyme activity 
are two to five times greater than those of most deterio- 
rative chemical reactions. Except for certain fruits and 
vegetables, storage should be to 0°C without ice formation 
(Table 4). When shipping distances are great, expensive 
and highly perishable commodities are routinely shipped 
by air freight. Many fruits and vegetables are stored in 
atmospheres with controlled or modified Oo, CO., or CoH, 
compositions. 


A clear distinction is now made between processing 
whole, intact living tissue and minimally processed prod- 
ucts that have arisen largely due to consumer demand in 
developed countries for freshlike, high-quality convenience 
foods. Minimally processed products include living tissues 
that have been cut, peeled, or shredded and generally re- 
quire refrigeration in combination with other treatments, 
such as pH control, antioxidant addition, or chlorinated 
water dips, to extend the shelf life of the products. The 
application of “hurdle” technology to ensure safety and sta- 
bility refers to synergistically applying several preserving 
treatments in series to minimize or eliminate microbial 
and enzymatic activity while preserving the freshlike na- 
ture of the products. 


PRESERVATION OF NONLIVING TISSUE 


Most processed foods, for example, canned, frozen, and 
dried products, are marketed as nonliving tissue or man- 


Table 4. Storage Conditions and Approximate Useful Storage Life for Selected Living-Tissue Foods 


Food Temperature (°C) _Relative humidity (%) | Atmosphere composition (vol. %) Useful storage (days) 
Apples 0 90-95 air 100-250 
1-5% COz, 2-3% O2 >180 
Bananas 14 90-95 air 7-10 
Beans, snap 6 95 air 7-10 
Beets (topped) 0 >95 air 90-150 
Broccoli 0 >95 air 10-14 
0 >95 1-5% COs, 3.5% Oz 40 
Cabbage 0 >95 air 30-180 
Carrots (topped) 0 >95 air 30-270 
Celery 0 95 air 30-60 
Cherries 0 >90 air 15 
Corn, sweet 0 95 air 4-8 
Cranberries 3 90-95. air 60-120 
Cucumbers 10 90-95, air 10-14 
Eggs 0 85-92 air 150-180 
Grapefruit 10-15, 85-90 air 40-60 
Grapes 0 80-95 air 20-180 
Lettuce 0 >95 air 15-20 
Meat 0 95 air 5-15 
Melons 7-10 90-95 air 3-15 
Onions 0 60-75 air 200 
Oranges 0 85-90 air 50-80 
Oysters (shucked) 0 100 (wet ice) - 7-10 
Papaya 10 85-90 air 5-20 
Peaches ) 90 air 15-30 
Pears ) 90-95 air 60-180 
Peas 0 90-95 air 5-15 
Peppers (green) 10 92-95 air 15 
Potatoes 4 90 air 150-250 
Poultry 0 >95 air 15 
Pumpkin 10-12 70-75, air 90 
Radishes 0 >90 air 60-120 
Raspberries 0 >90 air 2 
Shrimp 0 ice air 10-12 
Spinach r) >90 air 10 
Strawberries 0 >90 air 5 
Sweet potato 12-16 85-90 air 90-200 
Tomatoes (green) 12-16 90 air 15-20 
Turnips 0 >90 air 100-150 


ufactured foods. Separation, assembly, and preservation 
operations determine the final quality of the product. Typ- 
ical processing temperatures, pressures, and pH values are 
shown in Table 5. Because most preservation operations 
allow little or no residual microbial or enzyme activity, de- 
terioration during storage is chemical. The relatively low 
activation energies of deteriorative chemical reactions 
compared with enzyme reactions present little advantage 
to low-temperature storage and make practical the storage 
of sterile foods at 25°C for months without appreciable loss 
of original nutrients and quality factors. Often foods are 
manufactured with a specified economic shelf life. Expi- 
ration dates are used to ensure adequate quality while 
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ing operations on the nutritive content of foods has been 
reported. Measurable changes in the vitamin content of 
foods usually indicate significant changes in flavor, color, 
and structure. 


HEAT TREATMENT 


Populations of all life forms show characteristic death 
rates when exposed to elevated temperatures, pressures, 
and concentrations of certain chemicals. Enzymes show 
similar inactivation kinetics. The benefits of heat preser- 
vation, for example, the high inactivation rates of microbes 


minimizing inventory costs. The effect of various process- 


and deteriorative enzymes, 


considerably outweigh the 


Table 5. Typical Temperatures, Pressures, and pH Values in Food-Processing Operations 


‘Temperature 


Example of use 


Limits of applications 


Cryogenic freezing—liquid 
nitrogen 

Cryogenic freezing—solid 
carbon dioxide (~78.5°C) 

Cryogenic freezing—air, plate 
and aqueous base freezants 
(-40 to -5°C) 

Refrigerated storage (0-10°C) 

Room temperature storage, air 
(20-40°C) 

Water, air, atmospheric steam 
(50-100°C) 


Steam (110-130°C) 


Oil, steam, infrared radiation 
(180°C) 

Various infrared radiation 
sources (180°C) 


<0.5 kPa 
0.5-4 kPa 


101 kPa 
0.1-1 MPa 


>1MPa 


pH 1 
pH2.5 
pH 3-45 
pH 3.5-7 
pH8-9 


pH 12 
33% sodium hydroxide 


Heat-transfer media 


Rapid freezing to minimize moisture loss 
Rapid freezing 


Commercial freezing; parasite and insect 
destruction; storage; freeze drying 


Commercial refrigerated storage 
Canned and dry food storage 


Pasteurization of milk and eggs; blanching; 
sterilization of acid foods (pH 4.5); air drying; 
cooking; 

Thermal sterilization of nonacid foods; 
destruction of antinutritive factors 

Frying, roasting, baking, generation of browning 
reaction products 

Surface heating for flash drying, peeling 


Pressure® 


Freeze drying 

Hypobaric storage, deaeration, vacuum 
concentration, vacuum cooling 

Most processing operations 

Steam sterilization, over pressure for glass and 
pouch packs; carbonated and aerosol 
packaged food 

Extraders, hydraulic pressing, homogenization, 
microbial and enzyme inactivation at 1 GPa 
(10,000 atm) and higher 


Hydrogen ion concentration 
Acid hydrolysis 
Lemons, limes, vinegar, organic acids 
Fruits, acidified foods 
Normal pH of most foods 
Solubilization of certain proteins for extraction, 
alkali process cocoa 
Limed corn 
Peeling of fruits and vegetables 


Cost, stress cracking during freezing 
Cost 

Foods not suitable for freezing 

Microbial growth possible 

Suitable only for preserved and packaged foods 


Excessive times will cause poor color, flavor, and 
structure 


Rapid thermal degradation of nutrients, 
pigments, structure, and flavors 
Short duration surface treatments 


Charring, pyrolysis without precision control 


Cost 
Cost. 


Cost 


Cost, specialized products 


Must be neutralized 
Taste 
Noncompatability of foods; protein denaturation 


Must neutralize to normal pH for consumption 
Color, flavor, nutrient loss 


Surface treatment only, must neutralize to 
normal pH for consumation 


To convert kPa to mmHg, multiply by 7.5; to convert MPa to atm, divide by 0.101. 
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drawbacks, for example, heat-induced losses of desirable 
food nutrient, structures, colors, and flavors. 

The heat treatment needed to inactivate microbes or 
enzymes can be calculated from the energy for activation 
and the known rate of inactivation at a given temperature, 
usually 121°C. These values depend on the food system and 
its pH, water activity, and chemical profile. Typical acti- 
vation energies and inactivation rates at 121°C for heat- 
resistant microbes are 209-335 kJ/mol (50-80 kcal/mol) 
and 0.1 to 10 decimal reductions/min. Commercial heat 
preservation operations assume a starting concentration 
of C. botulinum spores (mixed varieties) of 10 to 12/g and 
an inactivation rate of 5 to 10 decimal reductions/min at 
121°C. 

Preservation heating times at any temperature can be 
determined by integrating the lethal temperature-time ef- 
fects at the slowest heating point in the package. Thus if 
the geometry of the container and the thermophysical 
properties of the food are known, it is possible to calculate 
the heating time necessary to ensure a safe level of mi- 
crobes or residual enzyme activity in the food and the re- 
sidual concentration of desired nutrients. In general, 
higher life forms (eg, insect eggs, mites, etc) are killed by 
even mild heat treatments. Computer programs are avail- 
able for determining safe heat-preservation operations 
when given information about the product, including its 
initial temperature, container characteristics, fill, and 
heat-exchange system (pure steam, steam-air, water, etc). 

The hydrogen ion is extremely toxic to most microbes. 
Foods having a pH below 4.5 can be commercially steril- 
ized by heating to 100°C with a limited holding period. 

Aseptic preservation involves performing separate 
heat-preservation operations on the food and the contain- 
ers prior to assembly. Liquid products can be heated and 
cooled rapidly under optimum conditions of heat transfer 
in specialized heat exchangers. The sterile product is pack- 
aged under sterile filling conditions into sterile unit retail 
packages, drums, or bulk-storage tanks. 


NONTHERMAL PROCESSES YIELDING MICROBIAL 
INACTIVATION 


Thermal preservation processes such as retorting canned 
foods and pasteurizing milk and eggs have the disadvan- 
tage of degrading product quality as perceived by the con- 
sumer as well as nutritional quality. In recent years, much 
research has been conducted with success to develop non- 
thermal food processes that destroy microorganisms. 
These processes include irradiation, ultrahigh hydrostatic 
pressurization, pulsed electric fields, oscillating magnetic 
fields, high-intensity visible and UV light, and ultrasonics 
(manothermosonication). In all of these processes, micro- 
bial inactivation increases with the duration and intensity 
of the treatment, analogous to thermal processes. 

Food irradiation has gained prominence worldwide as a 
nonthermal method. Irradiation refers to ionizing electro- 
magnetic radiation that inactivates microorganisms by 
producing high-energy electrons within the food product. 
Trradiation has been approved for use in the United States 
on a number of food products (Table 6). Specifically, the 


FDA has approved irradiation from sealed units of radio- 
active nuclei ('*'Cs or Co), electron beams generated 
from machine sources at energies not to exceed 10 MeV, or 
X rays generated from machine sources not to exceed 5 
MeV. 

The legal basis for regulation of food irradiation by the 
FDA is that irradiation is included in the definition of 
“food additive” in the 1958 Amendment to the FDCA. The 
primary concern is that the radiation, in the process of 
destroying microorganisms and enzymes, will produce 
toxic substances. However, the Joint FAO/IAEA/WHO Ex- 
pert Committee on the Wholesomeness of Irradiated Food 
(JECFI) concluded in 1980 after review of extensive re- 
search that irradiation of any commodity up to an overall 
average dose of 10 kGy presents no toxicological hazard. 
Despite its safety and potential benefits for a safe food sup- 
ply, food irradiation still remains a controversial food pro- 
cess with many food processors unwilling to install irra- 
diation systems. 

The other nonthermal preservation methods have not. 
found widespread usage and are still under development. 
Ultrahigh hydrostatic pressure (UHP) has been shown to 
be effective in inactivating microorganisms (vegetative 
bacteria, parasites, yeasts, and molds) at pressures be- 
tween 300 and 600 MPa (43,000 to 87,000 psi). Processes 
can be made continuous for liquid foods, and processing 
times range from one minute to one hour at room tem- 
perature. The UHP process can also be enhanced by in- 
creasing temperatures up to 90°C, to the point of inacti- 
vating enzymes and spores. The other nonthermal 
processes involve exposing the food to high-intensity field 
strengths for short durations, sometimes including up to 
100 rapid pulses. The degree of microbial inactivation de- 
pends on the strength of the field, its duration, and the 
number of pulses. Increasing temperature during these 
processes also enhances inactivation. 


FREEZING 


The rate of loss of color, flavor, structure, and nutrients in 
foods is a function of temperature; thus, lower storage tem- 
peratures prolong the useful life of foods. However, below 
0°C, the free water in food forms ice crystals as a function 
of moisture content, solute composition, and storage tem- 
perature. Ice formation is both beneficial and detrimental. 
Benefits include strengthening of structures and removal 
of free moisture, which reduces water activity. Benefits, 
however, are often far outweighed by the deleterious ef- 
fects of ice crystal formation, the partial dehydration of the 
tissue surrounding the ice crystal, and the freeze concen- 
tration of potential reactants. Ice crystals disrupt cell 
structures mechanically, and the increased concentration 
of cell electrolytes can result in the chemical denaturation 
of proteins. 

The technology of food freezing emphasizes as short a 
passage of time through the temperature zone of maxi- 
mum ice crystal formation as possible. The formation of as 
small an ice crystal as possible minimizes the mechanical 
disruption of cells and possibly reduces the effects of solute 
concentration damage. Rapid freezing can only be accom- 
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Table 6. Approved Uses of Food Irradiation in the United States 


Food product Purpose of irradiation Dose (kGy) Date approved? 
Fresh fruits and vegetables Inhibition of growth and 1 (max) April 1986 (FDA) 
maturation 
Dehydrated aromatic vegetable Control of foodborne 30 (max) April 1986 (FDA) 
substances (herbs, seeds, spices, pathogens 
teas, vegetable seasonings) 
Food Anthropod pest control 1 (max) April 1986 (FDA) 
Enzyme preparations, dehydrated Control of foodborne 10 (max) April 1986 (FDA) 
pathogens 
Pork Control of Trichinella 0.3 to 1.0 January 1986 (USDA) 
July 1985 (FDA) 
Hawaiian papaya Fruit flies 0.15 (min) February 1989 (USDA) 
Packaged poultry products, fresh or Control of foodborne 15 to 3.0 September 1992 (USDA) 
frozen, including ground, hand- pathogens May 1990 (FDA) 
boned and skinless products 
Mechanically deboned poultry meat Control of foodborne 1.5 to 3.0 September 1992 (USDA) 
pathogens May 1990 (FDA) 
Meat, meat by-products, and Control of foodborne 4.5 (max) for refrigerated Proposed by the USDA in February 
certain meat food products pathogens products 7.0 (max) for 1999 
frozen products Approved by the FDA in December 


1997 


Final rules published in the Federal Register by the Food and Drug Administration (FDA) or the United States Department of Agriculture (USDA) unless 


otherwise indicated. 


plished by large temperature differences and high heat- 
transfer coefficients. 

Many processed foods and certain animal products tol- 
erate freezing and thawing because their structures can 
accommodate ice crystallization, movement of water, and 
the related changes in solute concentrations. Starches can 
be modified to form gels that accept several freezing and 
thawing cycles without breakdown. By contrast, most 
fruits and vegetables lose significant structural quality on 
freezing because their rigid cell structures fail to accom- 
modate ice crystal formation. However, it is not possible to 
store foods at temperatures low enough to ensure complete 
conversion of all water to ice; as a result, commercial frozen 
food storage temperatures represent an economic balance 
between storage costs (time, energy, and capital invest- 
ment) and projected shelf life. 

The freezing process disrupts tissue structures and al- 
lows cell contents to become mixed so that undesirable en- 
zyme reactions can take place at significant rates even at 
storage of — 18°C. These reactions can generate off-flavors, 
reduce nutrient concentrations, and cause major changes 
in the structure and appearance of foods. The amount of 
free liquid or drip found after a freeze-thaw cycle is a good 
indication of the structural damage. 

Heat treatment (blanching) prior to freezing eliminates 
enzyme-mediated changes in color, flavor, and structure. 
Most deteriorative enzymes are inactivated by exposure to 
a temperature of 100°C for 1 to 5 min. The enzymatic ox- 
idative deterioration of frozen fruits can be inhibited with 
sulfur dioxide, sucrose, and combinations of citric acid, so- 
dium chloride, and ascorbic acid (preceded by vacuum re- 
moval of oxygen if heat is not used). 

Most frozen foods have a useful storage life of one year 
at — 18°C; however, foods high in fat (eg, sausage products) 
may become rancid in two weeks. Frozen storage can result 


in moisture loss from the food through a freeze-drying pro- 
cess, because the heat-transfer surfaces used to maintain 
storage temperatures are at a lower temperature than the 
storage area. For this reason, frozen foods must be pro- 
tected against drying by a moisture barrier. In addition, 
foods subject to oxidative deterioration must be protected 
from air. 

Freezing-preservation equipment can be classified by 
method of heat transfer. Usually air is the heat-exchange 
medium for freezing foods. Foods are loaded on a belt or 
vibrating conveyor and passed through air flowing upward 
at up to 5 m/s at temperatures as low as — 40°C. The air 
is recycled through coils and fans located next to the con- 
veyor and returned through the conveyor. Because the air 
has a partial water vapor pressure lower than the food, 
freeze drying can occur, and some of the water in the prod- 
uct is removed and deposited as ice on the heat-exchange 
coils. As a freezing medium, air has other drawbacks. The 
low gas-solid heat-transfer coefficient and the heat capac- 
ity of air require either low temperatures or high velocities 
to obtain needed high heat fluxes. Low air temperatures 
increase refrigeration costs and high air velocities gener- 
ate additional fan heat loads. For these and other reasons, 
freezing by conduction or by liquid heat-transfer methods 
are less costly in terms of capital investment and energy. 

Liquid heat-transfer media that are used for direct- 
immersion freezing include food-grade dichlorodifiuoro- 
methane, nitrous oxide, and water solutions of various ed- 
ible salts, sugars, alcohols, acid, and esters. Liquid 
heat-transfer agents offer a high-heat-transfer coefficient 
and reduced pumping costs, eliminate product desiccation, 
and allow operation at high low-side equipment tempera- 
tures. Drawbacks include possible changes in food flavor 
and costs of processing. Although dichlorodifluoromethane 
offers major operating advantages as compared with other 
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heat-transfer media, cost and environmental concerns 
have reduced its potential usefulness as an ideal direct- 
immersion freezant. There is a need for a direct-immersion 
liquid freezant that is safe, low cost, thermodynamically 
efficient, and compatible with foods with respect to flavor, 
color, and odor. 

Conduction freezing between chilled plates is a cost- 
effective method of heat removal provided the product can 
be assembled in a geometry compatible with the plate sur- 
faces. Packages having semiinfinite slab geometry are 
loaded between stacks of platens through which refriger- 
ant is circulated. Good heat transfer is maintained by 
maintaining a pressure on the stack of platens. 

Other freezing methods use direct immersion in liquid 
nitrogen, exposure to solidified carbon dioxide, and im- 
mersions of packaged products in liquid freezants, for ex- 
ample, sodium or calcium chloride brines, methanol, or 
propylene glycol solutions. 

The quality of frozen food is related to storage tempera- 
ture; however, because constant storage temperatures are 
not always feasible, the shelf life is often determined by 
the highest temperature and total length of time that food 
is exposed to that temperature before use. Maintaining a 
—18°C storage environment from time of freezing until use 
continues to be a major technical problem facing the 
frozen-food industry. 


REDUCTION OF WATER ACTIVITY (DEHYDRATION) 


Microbes require a specific minimum level of water activity 
(a,,), defined by the relative humidity (measured in equi- 
librium with the food) for growth and reproduction at a 
given temperature and substrate composition. Foods pos- 
sess characteristic equilibrium relationships between wa- 
ter activity and moisture content at given temperatures, 
which are known as sorption isotherms. Preservation 
against microbial spoilage by dehydration requires a mois- 
ture content equal to a water activity below 0.65 (Fig. 1). 
Dehydration contrasts with food concentration where wa- 
ter is removed for reasons other than for effective reduction 
in water activity. 

Living tissue, when dried to a water activity below 0.97, 
suffers irreversible disruption of metabolic processes. De- 
teriorative chemical reactions, enzyme-catalyzed or not, 
are generally a function of water activity and reactant con- 
centration. Thus, nonenzymatic browning (Maillard reac- 
tion), oxidation, and internal rearrangements (eg, staling 
and protein cross-linking) can increase in rate as water 
activity is reduced because of the increase in concentration 
of reactants. Many reactions show a minimum rate in the 
range of a,, = 0.4. 

Prior to dehydration, foods are usually heat treated to 
inactivate enzyme systems. Those foods susceptible to 
rapid nonenzymatic browning resulting from high concen- 
trations of reducing sugars are treated with sulfur dioxide, 
and products subject to oxidative rancidity can be treated 
with antioxidants and packaged to prevent exposure to ox- 
ygen. Low-temperature storage (5°C) reduces chemical de- 
terioration. Blends of dehydrated products must be assem- 
bled from ingredients having the same water activity. 


High-quality dried foods can be obtained only if the 
drying system is designed to match heat penetration with 
the rate of release of moisture from the food. Typically, 
continuous-belt dryers are staged to provide three or more 
zones into which the product is reapplied into progres- 
sively deeper beds. Each zone operates at a dry- and wet- 
bulb temperature, a through-flow (upflow and downflow 
through a bed of materials) air velocity, and a bed depth 
that optimize product quality, energy use, and production 
rate. 

Liquids and pastes are commonly dried in spray, drum, 
or freeze dryers. In spray drying, product is atomized 
through a nozzle (rotary, pneumatic, or high pressure) into 
a drying chamber in a continuous operation with hot air 
entering at typically 200 to 300°C. Evaporative cooling pro- 
vides rapid cooling of the inlet air and prevents heating of 
the product until in a dry, stable state. Drum drying is 
generally a much more severe heat treatment unless done 
under vacuum. Freeze drying preserves original product 
qualities (flavor, structure, nutrients, etc) to the greatest 
extent, but it is a slow and costly process and therefore 
finds application mostly with high-value products such as 
spices and coffee. Particulate foods can be dried in contin- 
uous conveyor systems, fluidized beds, freeze dryers, or 
batch tunnel systems. Fluidized beds use pneumatic flow 
to fluidize particulate product and have the advantage of 
optimizing drying surface area for heat and mass transfer 
per unit volume of dryer. Some fruits, salted animal prod- 
ucts, nuts, berries, and many field crops are sun-dried. 
Other food processes that produce dehydration include os- 
motic dehydration (in which intact fruits and vegetables 
are exposed to hypertonic solutions), vacuum dehydration, 
microwave dehydration, extrusion cooking, pneumatic de- 
hydration, foam-mat dehydration, and gun puffing. 


MECHANICAL FOOD PROCESSES ENHANCING 
PRESERVATION 


Mechanical food-preservation methods are characterized 
by separation operations, which tend to affect food quality 
factors less than other methods, as exemplified by the pro- 
duction of sterile draft beer by filtration. 

Packaging is the primary mechanical preservation 
method; barrier materials protect preserved foods from ex- 
ternal spoilage factors during storage and distribution. 
Other mechanical food-processing methods include siev- 
ing, filtration, air classification, washing, sorting, ultrafil- 
tration, microfiltration, centrifugation, extraction, strip- 
ping, flotation, and so on. Size grading, defect sorting, and 
washing are routinely used to reduce or eliminate mi- 
crobes, enzymes, chemicals, insects, and other matter. Vir- 
tually all food materials require repetition of these opera- 
tions between harvest and preservation. 

Washing equipment is designed to accommodate the 
type of food being washed. Leafy vegetable washers, for 
example, use a series of rotating paddles that transfer the 
material along the water surface in a tank so that sand can 
settle to the bottom of the tank. Fruit washers have reels 
or belts fitted with high-pressure water sprays that me- 
chanically loosen dirt and debris. For tomatoes, tree fruit, 
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Figure 1. Relative rate of food deterioration factors as a function 
of water activity a,,. 


and root vegetables washing units have spinning soft- 
rubber disks that are mounted in rows to give an intensive 
wiping action at the surface of the food as it rolls over the 
disk array. Disk washers reduce water consumption in to- 
mato washing from 1,500 L/t (360 gal/short ton) to as little 
as 20 L/t (5 gal/short ton). Other food washing equipment 
uses combinations of sprays, brushes, and mechanical ag- 
itators. For example, froth flotation removes foreign par- 
ticulate organic matter from cut corn and peas. Approved 
wetting agents (eg, sodium lauryl sulfate) are often incor- 
porated in wash water to improve the efficiency of the 
washing operation. The proper chlorination of wash and 
transport water also is extremely important in maintain- 
ing low levels of microbes. Break-point chlorination en- 
sures adequate but not excessive residual free chlorine (be- 
cause >5 ppm of free chlorine can spoil flavors of some 
foods). This method of chlorination is implemented by add- 
ing sufficient chlorine to oxidize organic materials in the 
water and leave a residual concentration to ensure anti- 
microbial activity. Water used in the final washing of food 
materials processed under FDA jurisdiction must be suit- 
able for drinking. 

Liquid foods free of suspended solids may be sterilized 
by filtering spoilage microbes. The filtered product, for ex- 
ample, wine, beer, and certain fruit juices, is packaged un- 
der aseptic conditions in a sterilized container. Centrifu- 
gation can be used to reduce microbial contamination and 
to remove extraneous organic matter in liquid foods such 
as milk. 


CHEMICAL PRESERVATION METHODS 


Addition of chemicals usually occurs in conjunction with 
other preservation methods because they enhance the ef- 
fectiveness of heat, refrigeration, drying, or packaging. 
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Examples include the addition of antioxidants to fried 
foods to reduce the need for more expensive oxygen- 
impermeable flexible packaging and the use of sulfur di- 
oxide to retard the development of brown color in frozen or 
dried apples. 

The extreme toxicity of the hydrogen ion toward food- 
spoilage microbes and its tolerance by humans has made 
it a preferred food preservative. Studies have shown that 
various organic acids exert a strong inhibitory effect on the 
growth of microbes beyond the activity of the hydrogen ion 
itself. Lactic, propionic, acetic, sorbic, and benzoic acids; 
their sodium or potassium salts; and certain derivatives of 
benzoic acid find extensive use as yeast, mold, and bacte- 
rial inhibitors in bread, beverages, and sauces. Combina- 
tions of hydrogen ion, organic acids, mild heat treatment, 
and exclusion of oxygen have allowed the simple and safe 
preservation of foods not tolerant of conventional heat ster- 
ilization above 100°C, freezing, or dehydration. 

Traditional food-preservation methods were based 
largely on drying in conjunction with preservation with lo- 
cally available chemical preservatives. These included 
salt, organic acids generated by a lactic or acetic acid fer- 
mentation (as in pickling), wood smoke, and ethanol de- 
rived from the fermentation of substances containing 
sugar. Many traditionally preserved products are available 
in the marketplace, although modern preservation meth- 
ods predominate because they are convenient. 

Chemical preservatives and chemical preservation 
methods used in conjunction with other preservation 
methods for meat and poultry are controlled by USDA reg- 
ulations. The FDA has jurisdiction over the use of chemical 
preservatives in other foods. Additives are reviewed con- 
tinually for heat safety. 


TOXICOLOGICAL IMPLICATION OF PROCESSED FOOD 


A primary objective of food processing is to ensure a safe 
food supply. Certain harvested foods can contain naturally 
occurring poisonous substances, compounds with phar- 
macological effects, or compounds that can interfere with 
the utilization of nutrients present in other foods when 
they are consumed together. 

Foods just harvested may contain or become contami- 
nated with spore or vegetative forms of microbes, para- 
sites, or the wastes of higher life-forms. Careless posthar- 
vest handling, storage, processing, and distribution 
operations provide additional opportunities for microbial 
growth or contamination. In addition to the hazard asso- 
ciated with pathogenic microorganisms, microbial growth 
can result in the release of toxins that the consumer has 
no way of identifying, consequently, food poisoning out- 
breaks occur. Fortunately, some toxins are heat sensitive 
and are inactivated during the cooking process. However, 
only good manufacturing, handling, and distribution prac- 
tices ensure the prevention of microbial growth. These 
practices must be carried out from the time of harvest to 
the time of consumption. 

A third source of potential health hazards in food sup- 
plies are toxic compounds formed during the chemical deg- 
radation of processed and stored foods. Oxidative break- 
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down products of unsaturated fatty acids have been 
implicated as potential carcinogens, for example, malon- 
aldehyde. 

In addition to the preceding, foods must be protected 
from contamination by pesticides and other chemicals used 
for crop protection; from exposure to hazardous chemicals 
and extraneous materials, for example, asbestos in air and 
water supplies; and radioactive isotopes. Many toxic com- 
pounds can be found as soil contaminants or as contami- 
nants in lakes, oceans, or groundwater supplies and can 
be concentrated in the edible tissues of plants and animals. 


FOOD-PROCESSING FACILITIES 


Factors important in the selection of sites for food- 
processing operations include availability of raw materi- 
als, abundant potable water supply, low-cost waste dis- 
posal facilities, adequate low-cost energy supply, adequate 
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rail and truck transportation, proximity to consumers, and 
adequate storage areas. The relative importance of each of 
these factors depends on the length of the processing sea- 
son, the ease of storage and handling of raw materials, the 
perishability of the finished products, and the complexity 
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analysis of perishable food distribution practices. A uni- 
versal product code applicable to all processed foods for 
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tory review. 


FOOD PACKAGING 
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weight and cost. 
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advantage: they can be filled and sealed at speeds in excess 
of 1000/min. Thus the relatively higher container cost can 
be recovered to some degree by higher production rates. 
Their rigidity (ie, sturdiness) facilitates stacking and han- 
dling during distribution and storage. 

Paper, plastics, and aluminum have provided the food 
industry with container material that can be tailored to 
specific barrier needs. Ease of forming, sealing, opening, 
and decoration; strength; and low weight have made them 
preferred materials for refrigerated, dry, and frozen prod- 
ucts. 

Resistance to thermal treatment and desired barrier 
and mechanical qualities are obtained by laminating or 
coextruding appropriate combinations of paper, aluminum 
foil, and plastic. Lamination and coextrusion seal trans- 
parent packages against moisture and gas permeation and 
strengthen the packaging. 

Pouches formed by heat-sealing paper-foil—plastic lam- 
inates on three sides, filling, and then heat-sealing the 
fourth side have found extensive use with moisture- and 
oxygen-sensitive dry foods as well as with high-moisture 
thermally processed foods. Pouches capable of withstand- 
ing saturated steam or steam-air mixtures at 121°C for 
several hours are finding greater use as substitutes for 
metal and glass containers. The advantage of pouches 
for heat sterilization is their slab rather than cylindrical 
shape. Their thinner cross section allows a shorter heat- 
processing time than cylindrical containers of the same ca- 
pacity. Mechanical advances in forming, filling, sealing, 
and handling pouches will result in continued substitution 
of laminates for rigid metal and glass containers. 

Plastics and plastic-coated papers are widely used for 
beverages, including carbonated drinks. Several aseptic 
systems are marketed for bulk packing of liquids in mul- 
tiliter plastic bags. 

Semirigid containers are also gaining increased accep- 
tance, particularly as replacements for the #10 can (2.72 
kg or 96 oz). Initial developments have produced a light- 
weight drawn-metal container measuring 24 x 30 x 6cm 
with a double-seamed top. The thickness of this container 
(6 cm) is such that during heat sterilization, heat travels 


only 3 cm by conduction versus about 8 cm in the conven- 
tional #10 can. Shorter heat treatments allow the preser- 
vation of a greater variety of specialty products. The half- 
steam-table size eliminates cleaning of pans, because the 
opened unit serves as a serving tray. Other semirigid sys- 
tems have been developed to replace the steel can for 
single-portion service. These containers generally use a 
heat-sealed or glued paper-—foil—plastic laminated closure. 

Aerosol containers have played a specialized role in the 
food industry as dispensers for such foods as whipped top- 
pings (using nitrous oxide as a propellant), cake frosting, 
and barbecue sauces. Special filling techniques and prod- 
uct formulations are required because the aerosol package 
cannot be heat sterilized once it has been sealed. 

Packaging forms an integral part of most food process- 
ing. For this reason, studies of storage conditions over a 
range of temperatures, relative humidities, and handling 
conditions must be made to determine the suitability of a 
package. Packaging in contact with foods must be tested 
for migration of packaging components under actual con- 
ditions of use, and pickup of off-flavor must be evaluated 
on a product-by-product basis. Because of potential migra- 
tion of packaging materials into foods, current food and 
drug regulations should be consulted prior to marketing 
foods packaged in nonstandard materials. 
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FOOD PROCESSING: EFFECT ON 
NUTRITIONAL QUALITY 


The definition of processing is “a natural phenomenon 
marked by gradual changes that lead toward a particular 
result”; “a series of actions or operations conducing to an 
end”; or “a continuous operation or treatment especially in 
manufacture” (1). Food processing, therefore, refers to the 
series of actions involved in order to prepare and preserve 
a food supply by some continuous operation or treatment. 
to achieve as a goal a safe, high-quality product with ex- 
tended shelf life. 

Changes that occur to food quality may be thought of as 
two types: deterioration and spoilage. Deterioration in- 
volves changes in quality induced by physicochemical and/ 
or biochemical reactions taking place with or without the 
intervention of a physical environment (such as oxygen, 
carbon dioxide, water, light, heat, etc). Spoilage, on the 
other hand, generally refers to changes in quality due to 
action of biological agents such as bacteria, molds, or in- 
sects. Effects of deteriorative reactions and spoilage agents 
on food quality result in changes in both sensory properties 
(ie, appearance, flavor, texture) and nutritive value (vita- 
min content, protein value, etc). The extent to which these 
reactions can occur depends on the sensitivities and types 
of food products considered. For example, certain fruits 
such as strawberries or raspberries may be readily spoiled 
by the presence of molds. Green peas or beans, on the other 
hand, lose flavor and result in undesirable textures due to 
enzyme-induced reactions. 

Through various types of food processing, quality fac- 
tors can be maintained or extended, the extent of which 
depends on the food product to be considered. By canning 
fruits and vegetables (eg, pears, peaches, peas, beets) with 
proper heat sterilization and packaging, these products 
will not suffer spoilage, although they may deteriorate to 
some extent in terms of color, flavor, and texture. The ex- 
tent of these changes depends on a wide array of factors, 
including storage conditions after packaging. Factors af- 
fecting quality of food products include: (1) initial quality 
of the raw materials and handling from harvesting to the 
manufacturing plant; (2) pretreatment (including clean- 
ing, sanitizing, washing, aspiration, screening, filtration, 
chlorination, fumigation, etc); (3) sorting (removal of ex- 
traneous materials); (4) peeling, coring, dehairing, de- 
feathering, husking, stemming, and so on; (5) disintegra- 
tion/physical separation in cases where grinding, pulping, 
pressing, or expelling are needed, generally followed by 
screening, filtering, or centrifugation; and finally, of 
course (6) the final finished food manufacturing step. 
These final manufacturing steps comprise a myriad of dif- 
ferent types of food processes including clarification/filtra- 
tion; crystallization; curing/smoking; dehydration; evapo- 
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ration and distillation; fermentation; foaming; mixing/ 
shearing operations (whipping, kneading, blending); 
forming/shaping; heating/cooking; maturation/aging; or 
cooling/freezing. 

To discuss the effects of food processing on nutritional 
quality, it is important to have an understanding of some 
of the basic types of food manufacturing available, their 
historical development and why they are used. Table 1 pro- 
vides a very brief chronological sequence of events that 
have taken place in the development of food processing 
since the beginning of time. Although in a very subjective 
way there has been general interest in the effect of pro- 
cessing treatments on product integrity, most traditional 
processes have developed by accident over time. Any true 
acknowledgement of nutritional or overall quality of foods 
has only become more of a science and concern during the 
last half of the twentieth century. As knowledge expands 
on the effects of microorganisms and chemicals on man, 
the standards for purity and safety increase. The stan- 
dards in the United States, for example, are largely deter- 
mined by state and federal food and drug agencies as well 
as individual food industry standards. 

In addition to introducing various types of manufactur- 
ing techniques and some of the processing parameters that 
influence quality of foods, it is also important to include a 
brief discussion on chemical kinetics, which encompasses 
the study of the rates at which chemical reactions proceed. 
It is through a basic understanding of kinetics of degra- 
dation of nutrients and general physical characteristics in 
combination with a thorough knowledge of how their re- 
actions rates are affected by different processing condi- 
tions that a food technologist can optimize a food process 
to achieve the highest quality possible and predict a max- 
imum shelf life for that product. The area of kinetics in 
food systems has received a great deal of attention in past 
years, primarily due to efforts to optimize or at least max- 
imize the quality of food products during processing and 
storage. A good understanding of reaction kinetics pro- 
vides a better idea of how to formulate or fortify food prod- 
ucts to preserve and/or extend the existing nutrients or 
components in a food system or minimize the appearance 
of undesirable breakdown products. Although limited ki- 
netic information is presently available for food systems or 
ingredients, several researchers have compiled kinetic 
data on various quality attributes, including enzyme and 
protein changes (2), flavor changes (3), physical/textural 
changes (4), and vitamins and pigments (5,6), in order to 
facilitate the development of mathematical formulas for 
the optimization of a given food process. The interaction of 
the study of kinetics and its relationship to food processing 
and maintaining optimum food quality will be discussed in 
a later section. Since a complete discussion of all types of 
food manufacturing and their effect on quality of foods is 
beyond the scope of this article, only a few selected pro- 
cesses that are representative of various influencing pro- 
cessing variables that may affect a food product will be 
presented. 


THERMAL PROCESSING 


One of the earliest commercially available and most prev- 
alent methods of food preservation during the twentieth 


century has been thermal processing of foods. The term. 
thermal processing generally refers to a process during 
which a food product is subjected to high temperatures 
with the objective of inactivating undesirable microorgan- 
isms and/or enzymes in order to comply with public health 
standards. It includes operations such as conventional and 
aseptic canning as well as pasteurization. Foods are by na- 
ture contaminated by microorganisms and contain indige- 
nous enzymes that may cause undesirable changes in prod- 
ucts during storage. Proper thermal processing can extend 
shelf life by weeks (eg, pasteurization) or months to years 
(eg, canning). Unfortunately, in addition to destruction of 
microorganisms, there is an associated undesirable deg- 
radation of heat-sensitive vitamins and other quality fac- 
tors. It is, therefore, of critical importance to determine the 
appropriate heat treatment for individual food products 
when calculating process times to ensure high-quality and 
safe products. 


Pasteurization 


In the case with pasteurization, not all vegetative micro- 
organisms are killed and thus must be stored under con- 
ditions that minimize growth. For example, with milk, pas- 
teurization is used to kill pathogenic microorganisms; 
however, some vegetative spoilage microorganisms can 
still survive this heat treatment and, thus, milk requires 
refrigeration. In the case with beer, pasteurization serves 
mainly to kill spoilage microorganisms. Techniques used 
to extend shelf life include refrigeration; chemical addi- 
tives that alter the microenvironment of food, reducing 
growth of microorganisms (eg, sweetened condensed milk, 
food acids in pickles and fruit juices); packaging (eg, main- 
tain anaerobic conditions in bottled beer); and fermenta- 
tions with desirable organisms (eg, cheese, yogurt, etc). 

The individual heat treatment applied to a food product 
depends on the specific heat resistance of a particular mi- 
croorganism that is used as a basis for the process. For 
instance, high-temperature, short-time (HTST) processing 
for milk is 161°F (71.7°C) for 15 s as compared with con- 
ventional pasteurization of 145°F (62.8°C) for 30 min. 
HTST is better due to less nutrient destruction and sen- 
sory quality changes. This is because destruction rates for 
nutrients and quality factors are less dependent on tem- 
perature than destruction rates for microorganisms. The 
process criteria for pasteurization of milk are the thermal 
destruction of Coxiella burnetti, the rickettsia organism re- 
sponsible for Q fever. These process criteria vary according 
to food type and pH. For instance, in the case with high- 
acid fruits (cherries), the criteria are set for the destruction 
of yeasts and molds, and for fermented beverages (beer, 
wine), the criteria are set for the destruction of wild yeast. 
In the case with pasteurization of foods, since there is not 
established sterilization, these products need to have low- 
ered storage temperatures. 


Canning 


Canning is a general term applied to processes in which a 
product is sealed in a hermetic container and contains no 
active microorganism or enzymes that could grow under 
conditions imposed during storage. A food product is not 


FOOD PROCESSING: EFFECT ON NUTRITIONAL QUALITY 971 


Table 1, Historical Development of Processing and Preservation Techniques 
Date Event 


30,000 B.c. 

27,000 B.c. 

before 15,000 B.c. (Old Stone Age) 
after 15,000 b.c. (Middle Stone Age) 
11,000 B.c. 

before 9000 B.c. (New Stone Age) 


In-ground ovens /w/ hot stones, Europe 

Clay ovens, Czech Republic 

Roasting, pounding, drying 

Dried fish, boiling, food storage, smoking, steaming 

First grain mills, North America 

Alcoholic fermentation, acetification, salting, baking, bread making, sieving, primitive 
pressing, seasoning 

Olive oil press, Near East 

Dairy produce, butter, cheese, Near East 

Filtration, lactic acid fermentation, flotation, leavened bread, flavoring 

Refinement of flavoring, and cooking 


6000-5000 B.c. 

4500 B.c. 

3500 B.c. (Bronze Age) 
1500 B.c. (Iron Age) 


1200 Bc. Deep frying, Egypt 

after 1000 B.c. Ice used for refrigeration 

600-400 B.c. (Roman Period) Food adulteration common 

AD. 100s Invention of mill /w/ vanes, Britain 

A.D, 300 Water mills 

A.D, 7008, Distillation of spirits, Iran 

AD. 1100 Distillation of aleoholic beverages, Italy 

AD. 1276 First official whiskey distillery, Ireland 

1300s Rice mill, Italy 

end of Middle Ages Preservation of fruits with sugar instead of honey 

1500 Mechanical sieving 

1588, Ramelli’s grain mill 

1678 Champaign, France 

1795 Introduction to thermally processed foods (N. Appert) 

1800-1870 Canning industry develops 

1801 Beet sugar refinery, France 

1835 Evaporated milk process patented 

1851 High-pressure steam sterilizer patented by R. C. Appert 

1850-1860 Pasteurization of wine 

1853 Vacuum evaporated milk process developed (G. Borden) 

1800-1850 Ice-making machines patented 

1840 Roller mills for flour, Hungary 

Civil War period Expansion of canned food industry 

late 1800's Development of pure cultures for beer 

1877 Laval’s centrifugal cream separator 

1899 First report on high-pressure preservation (B. H. Hite) 

1902 Fat hydrogenation patented 

1912 Discovery of vitamins, Poland 

1915-1920 Large-scale refrigerated warehouses 

1920 Electropure process for milk (electrical discharge for inactivation of microorganisms) 

wwi Introduction of dehydrated foods 

1930s-1950s Most work accomplished on isolation of individual vitamins 

1940-1946 (WW II period) Fortification of foods, expansion of dehydrated foods (eg, milk, eggs, vegetables) 

1945, Introduction of radiation for preservation of foods 

by end of 1950s Irradiation ready for commercial processing of foods 

1958 Irradiation of foods halted by FDA for three decades 

1985, FDA approves irradiation for Trichinella spiralis control in pork 

1986 FDA approves irradiation for microorganism control in dehydrated enzymes, herbs, spices, 
vegetable seasoning; disinfestation of vegetables and fruits; and ripening delay of fruits 

1990 FDA approves irradiation for microorganism control in fresh/frozen poultry 

1991 First commercially UHP-treated fruit products, Japan 

1995 FDA approves irradiation for Salmonella control in animal feed and pet food 

1997 FDA approves irradiation for microorganism control in fresh chilled/frozen red meats 


heat-transfer characteristics of the food container and 
heating medium; and the initial load of microorganisms. 
The nature of the food and its microenvironment during 


necessarily sterile, however, since excessive storage tem- 
peratures (120-140°F [48.9-60°C]) could result in growth 
of certain microorganisms. To achieve commercial sterility, 


the following factors need to be considered: nature of the 
food (eg, pH); storage conditions following thermal pro- 
cessing; heat resistance of the microorganism or spore; 


storage are extremely important for establishing guide- 
lines for a thermal process. Since, generally, canned foods 
are void of oxygen, obligate aerobes do not pose health haz- 


972 FOOD PROCESSING: EFFECT ON NUTRITIONAL QUALITY 


ards or spoilage problems. Spores of anaerobic microorgan- 
isms are also less heat resistant than those of anaerobic 
organisms (facultative or obligative anaerobes). An excep- 
tion would be the case of canned cured meat products 
where oxygen may not entirely be removed. Aerobes such 
as Bacillus subtilis and Bacillus mycoides have been iden- 
tified in these cases as spoilage agents (7). 

A major factor for consideration in anaerobic environ- 
ments is the pH of the food system. For instance, there are 
extremely heat-resistant spores that may survive a typical 
commercial process but do not constitute a health or spoil- 
age hazard because of the low pH of the food. For this rea- 
son, the protocol for thermal process design for foods has 
been set according to the pH of the food products as follows: 


1. High-acid foods (pH < 3.7): spore-forming bacteria 
do not grow, and thermal inactivation is based on 
yeasts and molds 

2. Acid foods with 3.7 < pH < 4.5: processed to inacti- 
vate acid-producing spore formers (eg, Bacillus co- 
agulans) 

3. Low-acid foods with pH > 4.5: processed to inacti- 
vate Clostridium botulinum, which produces an ex- 
tremely poisonous toxin and is assumed to be pres- 
ent in all products intended for canning; it cannot 
grow below pH 4.5. 


Other spores that are more heat resistant than C. 
botulinum such as Bacillus stearothermophilus, a non- 
pathogenic thermophilic spore former 20 times more heat 
resistant but requires elevated storage temperatures 
(120-130°F [48.9-54.4°C]) to grow, are referred to as flat 
sour organisms. These could be potential problems if ele- 
vated storage temperatures were present. Often in quali- 
fying a process, the organism used is another putrefactive 
anaerobe referred to as PA 3679 since it is less toxic, easy 
to assay, and exhibits a heat resistance slightly greater 
than C. botulinum. 

Two main criteria must be considered in designing a 
thermal process to accomplish inactivation of spores or 
vegetative cells. The first is the understanding of thermal 
inactivation kinetics or rate of destruction of food-spoilage- 
causing organisms and the dependence of rate on tem- 
perature. The second is taking into consideration the tem- 
perature history of the product or the heat-transfer 
characteristics (heat penetration) that determine the tem- 
perature profiles achieved within the container during pro- 
cessing. Destruction of microorganisms and their spores 
generally obey first-order kinetics, although exceptions 
have been described by Stumbo (8). The rate of destruction 
is characterized by a first-order reaction rate constant. The 
general rate equation, -dC/dt = kC, as presented later 
in a short discussion on kinetics, applies to any first-order 
reaction process and is used here to describe the thermal 
inactivation of bacterial spores, where C = concentration 
of viable spores, k = the rate constant (¢~') and ¢ = time. 
After rearranging terms and integrating over time, this 
equation becomes In [C,/C] = kt, where Cy = initial con- 
centration of viable spores. From a semilog plot of In C 
versus time (t) of exposure to a constant lethal tempera- 


ture, a straight line will result that intercepts the ordinate 
axis at In Cy with a slope of —k. The temperature depen- 
dency of the rate constant is described by the Arrhenius 
equation. It is also an exponential function that is de- 
scribed by a straight line on a semilog plot In k versus 
1/T. The equation is In (k /ko) = (E,/R) + (To — T)/ToT1, 
where T = temperature (K), ko = reference rate constant 
at a reference temperature (T,), E, = energy of activation 
(cal/mole), and R = universal gas constant (1.987 cal/ 
mol - K). 

In the canning industry, another term is used that is 
related to the first-order reaction rate constant, referred to 
as the D-value, defined as the time in minutes at a given 
temperature to reduce the population of microorganisms 
or spores by 90%, or the logarithmic order of death, using 
the common (base 10) logarithm. It has a similar time de- 
pendency as k, and the mathematical relationship between 
the two terms is D = 2.303/k. The temperature depen- 
dence of the rate of destruction (D-value) also follows a 
well-defined relationship: log (D) is linearly related to tem- 
perature (Fig. 1). It can be seen that a plot of log (D) versus 
temperature (°F) provides a z-value that is the reciprocal 
of the slope (Fig. 2). The z-value represents the tempera- 
ture change (°F) necessary for the D-value to change by 
90% (one log cycle). This plot is referred to as the thermal 
death time (TDT) curve. This z-value reflects the sensitiv- 
ity of change of temperature on the destruction of the mi- 
croorganism, similarly to the energy of activation (Z,). This 
provides the information required to equate the various 
time/temperature treatments in terms of thermal destruc- 
tion of microorganisms and spores. In fact, it may be ob- 
served from Figure 2 that many different process designs 
could be selected to achieve the same thermal lethality. 

The fact that thermal inactivation of microorganisms or 
spores follows a first-order reaction rate indicates that an 
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Figure 1. Graphical representation of a first-order kinetics for 
the destruction of bacterial spores. 
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Figure 2. Graphical representation of thermal death time (TDT) 
for microorganisms. 


absolute zero count theoretically cannot be reached. Each 
order of D minutes results in a reduction of 90%, which 
implies that 10% are left. Thus, this becomes the proba- 
bility of survival and a number of D-values is used to define 
the order of the process. To specify a TDT curve, all that is 
needed is a slope (z-value) and a reference point providing 
a D-value at a reference temperature. For the sterilization 
of low-acid foods with highly resistant microorganisms, a 
reference temperature of 250°F (121°C) is generally speci- 
fied and the order = 12D, or 12 decimal reductions. In 
the case of C. botulinum, in low-acid foods, the highest 
Dygo value known for this organism is 0.21 min; therefore, 
the minimum process sterilizing value is F = 0.21 x 12 
= 2.52 min. Lethal rate may be calculated as 1/t = 
10°7-5):, Actually, all low-acid foods are processed far be- 
yond the minimum botulinum cook in order to deal with 
spoilage bacteria of much greater heat resistance. In the 
case of high-acid foods or pasteurization processes in which 
microorganisms have lower heat resistance, a reference 
temperature of 212° (100°C) or 150°F (65.6°C) is used. Fac- 
tors affecting thermal resistance of microorganisms or 
spores are pH and buffer components (eg, salts), ionic en- 
vironment, water activity (particularly concentrated-type 
products, such as condensed soups or evaporated milk), 
and overall medium composition. 

This information in combination with the temperature 
history of the sample will provide the information required 
to design an appropriate thermal process. Foods processed 
in containers require that their temperature history be de- 
termined at the slowest heating point (8,9). Heat penetra- 
tion depends on: (1) surface heat-transfer coefficient, 
(2) physical and thermal properties of the product, (3) 4T 
between the steam and initial product temperature, 
(4) container size (overall dimensions), and (5) type of heat 
transfer within the container (ie, convection or conduc- 
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tion). A good review on determining heat penetration in 
canned foods, which is beyond the scope of this presenta- 
tion, and the use of Ball’s formula for calculating thermal 
process times is presented by Teixeira (10). 

In optimizing a thermal process, it is not only important 
to inactivate microorganisms or spores but also to retain 
sensory and nutrient quality factors. Since reaction rate 
constants and dependency on temperature are very differ- 
ent for nutrient and sensory quality factors as compared 
with thermal destruction of microbes, an opportunity ex- 
ists to optimize quality. Aseptic canning systems have be- 
come more and more prevalent in recent years to minimize 
quality losses that occur in slow heated foods processed in 
conventional retort systems and to allow more economical 
packaging systems. The basic concept allows sterilizing the 
product using either HTST or ultrahigh temperature 
(UHT) processing outside the container, followed by filling 
aseptically into separately sterilized containers. A good ex- 
ample of quality improvement with such aseptic systems 
has been presented by Josylyn and Heid (11) showing ther- 
mal inactivation of a bacteria (Fy = 6 min) compared with 
thiamin destruction curves for various levels of loss (Fig. 
3). The only criteria is that a time/temperature relation- 
ship be chosen along the TDT curve. It is clear that higher 
processing temperatures allow greater retention of thia- 
min than at lower processing temperatures at longer pro- 
cessing times. Thiamin is one of the most thermally labile 
of all the vitamins and provides a good illustration of how 
quality can be maximized without sacrificing microbiolog- 
ical safety. It should be kept in mind, however, that this 
particular example also assumes that a first-order rate re- 
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Figure 3. Time-temperature sterilization curve for bacteria (Fo 
= 6 min) compared with time-temperature destruction curves for 
1, 5, 10, 20, and 50% loss of thiamin. Source: Ref. 11. 
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action applies to the destruction of thiamin, which may or 
may not be the case with other nutrients. 

Currently, most aseptically processed products are of 
fluid nature, although studies are constantly under way to 
apply aseptic processing to fluid products containing solid 
particulates, such as soups or stews with chunks of meat 
and vegetables. These particulates would be the cold spots 
in the process. Until recently, there has been no way to 
actually monitor the temperature at these points, and, 
thus, food engineers have relied on mathematical models 
to predict temperature changes. Mathematical models to 
account for heat-transfer coefficients have been demon- 
strated by Sastry (12). A joint task between the National 
Center for Food Safety and Technology (NCFST) and the 
Center for Aseptic Processing and Packaging Studies 
(CAPPS) resulted in establishing a protocol for use by any 
company that wants to produce a low-acid aseptic product 
containing particulates; their aseptic process filing was ac- 
cepted by the FDA in 1997 (13). This milestone opened a 
new market for aseptically processed particulate foods, re- 
sulting in higher quality and safety, and better color, tex- 
ture, and overall quality products. To further ensure safety 
and quality of thermally processed foods, specific guide- 
lines have been set forth by the U.S. Code of Federal Reg- 
ulations. All plants producing low-acid canned foods must 
be registered with the Food and Drug Administration 
(FDA), indicating name and place of business, location, 
processing method, and list of food products processed. 
There are four operational levels for low-acid foods: (1) ad- 
equacy of equipment and procedures to perform safe pro- 
cessing operations; (2) adequacy of record keeping to prove 
safe operations; (3) justification of the adequacy of time/ 
temperature processes; and (4) qualifications of supervi- 
sory staff responsible for thermal processing and container 
closure operations. 


Irradiation 


Similarly to conventional thermal processing, the concept 
of irradiation is to temporarily raise the energy level of a 
system sufficient enough to result in the death of micro- 
organisms, thus extending the shelf life of a product. In 
the case of irradiation, however, instead of raising the tem- 
perature of the system for a given period of time, the sys- 
tem is exposed to a source of radiation, resulting in ioni- 
zation of individual atoms or molecules to produce an 
electron and a positively charged atom. The energy of ra- 
diation is often measured in electron volts (eV), where one 
electron volt is the energy acquired by an electron falling 
through a potential of 1 V (or l/eV = 1.602 x 10” erg). 
The total effect of the radiation on a given material de- 
pends on the energy of each photon, its source, as well as 
the total number of photons impinging on the material. 
The relative ionization of electrons varies with the depth 
of absorption in a given material (absorber). Using irradi- 
ation as a technique for preservation allows the foods to 
be kept cold or frozen during treatment, thus potentially 
allowing greater stability of quality factors of the food 
product. 

In looking at units of measurement for irradiation of 
foods from an historical perspective, a variety of different 


units have been proposed. Since the amount of energy ab- 
sorbed by a material and the amount of ionization pro- 
duced, as a result of the interaction of radiations with a 
given material, depend on a number of variables—includ- 
ing the number of particles passing through the material, 
energy of the particles, and the nature of the absorber— 
measurement of the radiation dose becomes a complex is- 
sue. Early references mention the roentgen (R) as a unit of 
measure or the amount of energy delivered by X-rays or )- 
rays to a gram of dry air or 83.3 erg. Since measurements 
in biological systems, however, were found to range from 
93 erg/g in water or biological tissue up to 150 erg/g in 
bone, it was decided by the International Commission on 
Radiological Units that the term rad would be used. That 
is the quantity of radiation that results in the absorption 
of 100 erg/g at the point of interest (14). Now the radiation 
absorbed is conventionally reported in units of grays (Gy) 
or kilograys (kGy), where 1 Gy = 1 J/kg (13 = 10’ erg). 
Although the concept of using ionizing radiation for the 
preservation of foods has existed since about 1945 and 
near-commercialization since the end of the 1950s, its ac- 
tual practice as a common food processing technique still 
has not taken a strong hold in the United States even at 
the close of the twentieth century. One of the reasons con- 
tributing to this delay was the passage of the Food Addi- 
tives Amendment to the Food, Drug and Cosmetics Act in 
1958, which classified radiation as a food additive rather 
than a preservation processing technique. This legislation 
resulted in extensive and time-consuming testing before 
acceptance could be considered (15). Although the first ac- 
tual approval of irradiation of a food product in the United 
States was for insect disinfestation of wheat flour in 1963, 
approval for the first meat product for the control of Trich- 
inella spiralis in pork was not until 1985. This was fol- 
lowed by approval in the United States of irradiation of 
chicken in 1990 and beef in 1997 (Table 1). A review by 
Pauli and Tarantino (16) presents the FDA's standards by 
which they determine safety of proposed applications of 
radiation. The major areas that they pursue to ensure 
safety include radiological, toxicological, and microbiolog- 
ical safety and nutritional adequacy. From a radiological 
point of view, there is no concern since the currently ap- 
proved radiation sources are of too low an energy level to 
induce radioactivity. Assessment of the toxicological safety 
of irradiated foods was accomplished through the Bureau 
of Foods Irradiated Food Committee, set up by the FDA. 
After going through a series of assessments based on ani- 
mal feeding and mutagenicity studies, the group concluded 
that radiation doses below 1 kGy present no evidence of 
possible toxicological risk. For larger radiation doses it was 
determined to assess the process on a case-by-case basis, 
particularly foods consumed in significant quantities. 
There has been a great deal of controversy over irradi- 
ation of foods and its safety to both workers in the plants 
conducting the treatment as well as the handling and con- 
sumption of irradiated food products. To a large extent 
these concerns are still present, but with the education of 
consumers regarding safety and benefits of irradiation, 
opinions are gradually changing. Hashim and coworkers 
(17) made recommendations for increasing consumer ac- 
ceptance of irradiated foods, including: (1) development of 


educational programs to increase consumer understanding 
of the role of irradiation of foods; (2) preparation of infor- 
mative irradiation labels and/or posters to assure consum- 
ers of the safety of irradiated products; (3) conduct televi- 
sion shows, promoting children interaction along with 
pamphlets and informational brochures; and (4) conduct 
in-store sampling surveys of cooked irradiated foods. Since 
the FDA acceptance of irradiation to control growth of mi- 
croorganisms in red meat in December of 1997, there has 
been a great deal of changing of public opinion over irra- 
diation as a means to preserve foods. Resurreccion and 
Galvez (18) and Lusk et al. (19) have also discussed the 
need for consumer acceptance of irradiation as a safe pro- 
cessing method of preservation. At present the consumer’s 
perception of this technique is still questionable but has 
been shown to greatly improve after conducting educa- 
tional programs addressing the overall safety of the pro- 
cess, 

From a microbiological safety viewpoint, some issues 
that are raised on the effects of irradiation of foods are 
whether irradiation may result in the mutation of micro- 
organisms that may lead to more virulent pathogens and, 
if there is reduction of the spoilage microorganisms, 
whether, as a consequence, pathogens will be able to grow 
undetected without competition. The FDA, however, has 
indicated that radiation-induced mutation is not a concern 
with respect to increased virulence or increased heat re- 
sistance. In fact, Farkas (20) has indicated that radiation 
is more likely to reduce virulence of surviving pathogens. 
Other issues of concern involve losses of nutrients. There 
has been general evidence, however, that indicates conven- 
tional cooking alters the nutrient quality much more than 
irradiation. Macronutrients, including proteins, lipids, and 
carbohydrates, are not significantly affected up to doses of 
10 kGy with only minor changes at sterilization doses of 
50 kGy (21). There is evidence that vitamins may degrade 
with irradiation, which would be expected due to any pro- 
cess that elevates the energy level of the individual food 
constituents. The degree of degradation will depend on a 
number of factors such as the dose of radiation, the food 
type, the temperature at which irradiation occurs and the 
presence of oxygen. Generally, low-temperature radiation 
in the absence of oxygen reduces significantly the losses of 
vitamins as well as maintaining storage at low tempera- 
ture and in sealed containers (22). Similarly to thermal 
processing, it has been found that thiamin is the most la- 
bile of the water-soluble vitamins in the presence of irra- 
diation processing, whereas vitamin E has been shown to 
be the most susceptible of the oil-soluble vitamins to deg- 
radation from irradiation. The FDA requires that those vi- 
tamins most affected by irradiation are not a significant 
source from that particular processed food product in the 
overall diet. 

Overall quality of irradiated foods may be affected by 
(1) radiation dose, (2) dose rate, (3) temperature and at- 
mospheric conditions during irradiation (eg, presence of 
oxygen), (4) temperature and environmental conditions fol- 
lowing irradiation during storage, and (5) development of 
radiolytic products (23). The presence of radiolytic prod- 
ucts can result in oxidation of myoglobin and fat, which 
may result in discoloration and rancidity or other off-odor 
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and/or off-flavor development. For instance, ozone, which 
is a strong oxidizer produced during irradiation in the 
presence of oxygen, may oxidize myoglobin, resulting in a 
bleached appearance. Color changes may be influenced by 
the packaging environment. It has been reported that ir- 
radiated vacuum-packaged meats develop a fairly stable 
bright pink or red color in turkey breasts, pork, or beef (24— 
26). This stresses the importance of elimination of oxygen 
before irradiation. Irradiation in the frozen state mini- 
mizes movement of free radicals to react throughout the 
food system and, thus, can minimize sensory quality is- 
sues. According to Kropf et al. (27) and Luchsinger et al. 
(28), any irradiation-induced off-odors may be removed 
during conventional cooking; however, studies are ongoing 
to investigate. Another issue that should be considered is 
the effect of the type of packaging that is used to prevent 
the evolution of hydrogen, low-molecular-weight hydrocar- 
bons, and halogenated polymers (29). Packaging materials 
must be approved by the FDA according to the 21 CFR 
179.45. 

Flavor-transfer problems to the food could occur as a 
result of using conventional fresh meat overwrap (eg, poly- 
vinylchloride). The development of detection methods for 
irradiation of foods is currently an active area of investi- 
gation. This is important from a regulatory compliance 
view point (15). With the development of these methods, 
there should be an acceleration of approval of irradiated 
foods as well as new applications and enhancement of in- 
ternational trade. Since irradiation involves no major 
chemical, physical, or sensory changes in foods, minute 
changes must be focused upon. Glidewell et al. (30) pre- 
pared a comprehensive review on detection methods for 
irradiated foods. For example, detection of hydrocarbon 
formation from irradiated lipid-containing foods offers a 
potential method of detection. Crone et al. (31) detected 
the formation of 2-alkyl-cyclobutanone formed from fatty 
acids in irradiated but not cooked foods. Other methods of 
detection include measurement of cell membrane damage 
through measurement of electrical impedance, electron 
spin resonance, and thermal and near-infrared analysis. 

From a microbiological point of view, the predominant 
spoilage organisms are Gram-negative psychrotrophic mi- 
croorganisms, which are very susceptible to irradiation 
(82). It has been shown that doses of about 1 kGy virtually 
eliminate Gram-negative microorganisms. However, it is 
not as effective on Gram-positive lactic acid-producing mi- 
croorganisms. Nevertheless, refrigerated storage of meats 
has increased dramatically as a result of irradiation. Lam- 
bert et al. (33) found pork loin slices packaged under ni- 
trogen and irradiated to 1 kGy had an extension of 21 days 
beyond the control at 5°C. As with TDT in conventional 
thermal processing, the death of a microorganism result- 
ing from exposure to radiation can also be evaluated by 
plotting the logarithm of the surviving fraction, in this 
case, against dose. With thermal sterilization, the effect of 
kill is not solely dependent on the quantity of heat ab- 
sorbed by the cell but also on the intensity factor (tem- 
perature) and on time. Radiation sterilization, on the other 
hand, is actually less complicated since the intensity factor 
is called dose rate, or the amount of radiation absorbed by 
the cell per unit time. Although dose rate has some lethal 
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effects, it is possible to relate radiation effects to dose alone 
according to the following equation: n = nge~?», where 
n = the number of live organisms after irradiation, ny = 
the initial number of microorganisms, D = dose of radia- 
tion received, and Dy = constant dependent on organism 
type and environmental factors (Fig. 4). 

Depending on the dose level of radiation energy applied, 
foods may be pasteurized to reduce or eliminate pathogens 
or they may be sterilized to eliminate all microorganisms. 
The approved sources of radiation for food use include )- 
rays (produced by radioisotopes cobalt-60 or cesium-137) 
and machine-generated X rays (with a maximum energy 
of 5 X 10° electron volts feV]) or electrons (with a maxi- 
mum energy of 10 MeV). 


FOOD PRESERVATION THROUGH CONTROL OF WATER 


As mentioned in the general discussion of food preserva- 
tion, the most serious limitation of shelf life and nutri- 
tional quality is from microbiological activity. This section 
covers briefly the concept of reducing the amount of water 
in food systems as a means of food preservation. By low- 
ering the amount of water available for microorganisms to 
remain active and reducing mobility of potentially reactive 
chemical species in a food system, it is possible to extend 
quality of a product from both a microbiological and nutri- 
tional point of view. Food preservation processes falling in 
this category include concentration processes such as evap- 
oration or freeze-concentration; dehydration including air 
drying, spray drying, freeze drying, and soon, and methods 
of adding salt or sugar and thereby lowering the available 
water by increasing osmotic pressure. Since all of these 
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Figure 4. Representation of dose-response curves for different 
types of microorganisms. Source: Ref. 14. 


methods depend on lowering available water, instead of 
describing in complete detail each type of process, which 
is beyond the scope of this article, the overall general re- 
lationship between availability of water and chemical re- 
actions or microbiological activity will be discussed in this 
section. 

One of the most important concepts in understanding 
the relationship between moisture removal and shelf-life 
extension is that of free versus bound water in foods, which 
are terms that grew in importance particularly during the 
latter half of the twentieth century. It was realized that 
active water is more important to the stability of a food 
system than the total amount of water present, or water 
content (34). The term water activity (a) is a thermody- 
namic property defined as the ratio of the vapor pressure 
of water in a food system (p) to the vapor pressure of pure 
water (po) at a given temperature or the equilibrium rela- 
tive humidity (ERH) of the air surrounding the food system 
at a given temperature, such that a, = p/po = % ERH/ 
100. Water activity is currently the most common term 
used by researchers and industry professionals in the food 
processing business. A sorption isotherm is a graphical il- 
lustration of the relationship of water activity, or relative 
humidity of the vapor space surrounding a food system, 
and the equilibrium moisture content of that material. An 
isotherm is generally divided into three major regions (Fig. 
5). Region A represents strongly bound water with an en- 
thalpy of vaporization considerably higher than that of 
pure water. This region represents the first layer of water 
molecules sorbed at hydrophilic, charged and polar groups 
of food constituents (proteins, polysaccharides) and in- 
cludes structural water (hydrogen-bonded water), mono- 
layer water, and hydrophobic hydration water (35). This 
bound water is generally considered unfreezable and un- 
available for chemical reactions or acting as a plasticizer. 
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Figure 5. General type of sorption isotherm for food products. 
Source: Ref. 50. 


Region B includes water molecules that are less firmly 
bound than those in region A with an enthalpy of vapori- 
zation only slightly more than that of pure water. This wa- 
ter may or may not be unfreezable and is available for low- 
molecular-weight solutes and some biochemical reactions. 
It may be considered a sort of transition zone between 
bound and free water. Region C consists of water molecules 
that have properties resembling more closely those of free 
water, often referred to as capillary water or that which is 
loosely bound with no excess heat of binding detected in 
this region. 

Concerning the effect of temperature on water activity, 
as temperature increases, the amount of water adsorbed 
usually decreases, In fact, the effect of temperature on iso- 
therms follows a Claussius—Clayperon relationship as de- 
picted in an integrated form, holding moisture content con- 
stant: In (ag/a,) = 4H,/R(1/T, — 1/T2), where 4H, = heat 
of sorption (cal/mole); R = 1.987 cal/mol - K; a, and az are 
different water activities at their respective temperatures 
T, and T;. 4H, refers to that amount of energy above and 
beyond that associated with the latent heat of vaporiza- 
tion. The average heat of sorption or the energy of binding 
of water (also referred to as E,,) can be determined by plot- 
ting the natural logarithm of a,, versus 1/T at different 
moisture contents, The resulting slope of the straight line 
is — 4H,/R (Fig. 6). Iglesias and Chirife (36) tabulated val- 
ues for E, for different food systems at different tempera- 
ture ranges. Several techniques of measurement of water 
activity have been sited (37-41). Probably the most com- 
mon approach to estimating the amount of bound water is 
through the Brunauer-Emmet-Teller (BET) isotherm or 
the “BET monolayer value” as determined from the follow- 
ing equation: a/m(1 — a) = [1/m,c] + [le — DAmye)a, 
where a = water activity, m = water content (g water/g 
solid), m, = monolayer value, and c = constant. 

Information on sorption behavior is important in con- 
centration and dehydration processes, particularly toward 
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Figure 6. Graphical representation of determination of heat of 
sorption in food systems at constant moisture content. 
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the end of a dehydration process where the total heat of 
vaporization (AH) plus heat of sorption are of concern. Be- 
cause the heat of sorption depends on the partial pressure 
of water over the food and on the energy of water binding 
in the food, knowledge of these values is helpful in the de- 
sign of these processes in calculating the amount of energy 
required for proper drying. Furthermore, since water ac- 
tivity affects stability, it must be brought to an appropriate 
level at the end of drying that is suitable for long-term 
storage. Different quality factors and microbiological 
growth all have different sensitivities to different water 
activities. Knowledge of the relative reaction rates in com- 
bination with heats of sorption and rates of moisture dif- 
fusivity in different types of food materials will provide a 
food technologist with the tools to design the most efficient 
process by which to remove water from a food in order for 
it to maximize drying and optimize quality with extended 
shelf life. It can be seen from Figure 7 that, depending on 
the type of food system, different levels of water activity 
will need to be achieved to best reduce degradation reac- 
tions of certain types. In general, for most foods, microbi- 
ological activity can be curtailed providing a water activity 
below 0.91 for bacteria and below 0.80 for most molds, al- 
though some xerophilic fungi have been found to grow as 
low as 0.65. On the other hand, oxidation-type reactions 
are minimal around 0.3 to 0.4 a,, but nonenzymatic 
browning reactions are maximum around 0.4 to 0.60 ay. It 
is clear that processing condition designs are highly de- 
pendent on the individual system under consideration. The 
importance of hysteresis should also be mentioned. By this 
it is meant that the upward (adsorption side) of the curve 
has a different path than the desorption side of the iso- 
therm (Fig. 5). This in combination with the effect of tem- 
perature on hysteresis is also important in design and op- 
erating and controlling drying processes and reverse 
osmosis. 

Several types of deleterious changes may take place 
during dehydration, including nonenzymatic browning, 
lipid oxidation, vitamin degradation, pigment loss, re- 
duced solubility and textural changes as well as flavor and 
aroma volatilization. Through an understanding of the in- 
fluences of water activity on the rates of degradation of 
various food components, food technologists have the abil- 
ity to design and regulate the processes during the differ- 
ent stages of drying to best maintain the integrity of the 
natural components of the system. For instance, it has 
been shown by several researchers that browning reac- 
tions follow zero-order kinetics after an induction period 
(42-44), and it is most severe toward the end of the drying 
period at low moisture where less evaporative cooling 
takes place (42). Franzen et al. (45) developed a model for 
nonenzymatic browning in skim milk within a tempera- 
ture range of 35 to 130°C as a function of time, tempera- 
ture, and moisture content. Ascorbic acid, on the other 
hand has been shown to be particularly sensitive at high 
moisture contents. To optimize vitamin C retention, a 
product should be dried at low temperatures during the 
constant rate period of drying, followed by increasing the 
temperature as the moisture content decreases (46). Rates 
of ascorbic acid degradation during drying have been re- 
ported in the literature (4749). Different methods of de- 
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Figure 7. Relative rates of typical deterio- 
rative reactions in foods as a function of wa- 
ter activity. Source: Ref, 99. 
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hydration and their major characteristics have been re- 
viewed by Okos et al. (50). 


EMERGING FOOD PROCESSING TECHNOLOGIES 
AND THEIR IMPLICATIONS ON QUALITY 


High Pressure 


As can be ascertained from the history of time in the de- 
velopments made within the area of food processing and 
preservation and the gradual rise in concern over the nu- 
tritional benefits resulting from these processes, most ad- 
vancement has occurred within the past half century. With 
the ever-increasing issues of a faster pace of life and the 
desire for more economical and better quality products for 
consumption, there has been greater interest in new pro- 
cesses to improve efficiencies. A few new technologies are 
beginning to emerge in the food industry that are worth 
mentioning. One area of recent interest is in using ultra- 
high hydrostatic pressure (UHP) processing of foods. Ac- 
cording to the Le Chatelier principle, any reaction, confor- 
mational change, or phase change that is accompanied by 
a decrease in volume will be favored at high pressure, 
while reactions involving an increase in volume will be in- 
hibited (51). High-pressure treatments are independent of 
product size and geometry, and their effect is uniform and 
instantaneous, unlike conventional heat-transfer systems 
(52-54). It is somewhat difficult to predict, however, ex- 
actly the effects of increasing pressure on food systems due 
to their complexity. Pressure is applied via a pressure- 
transferring medium such as water or other fluid and can 
be effective at ambient temperature, thereby decreasing 
the amount of thermal energy needed during conventional 
processing (55,56). The following are considered the major 
effects of high pressure on food systems: (1) most impor- 
tant, the inactivation of microorganisms (57); (2) modifi- 
cation of biopolymers such as protein denaturation (58), 
enzyme inactivation or activation (59), or gel formation 
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(60); (3) quality retention such as flavor and color (60,61); 
and (4) product functionality (eg, density changes, freezing 
and melting temperatures, or. texture attributes (62,63). 
There have been reports that lipid oxidation may increase 
with application of high pressure in codfish and pork 
(64,65) but browning may decrease at elevated pressures 
(66). Due to the lower temperatures required for UHP 
treatment of foods, nutritional quality is subject to less 
degradation. UHP keeps covalent bond intact and affects 
only noncovalent ones, resulting in improvement in overall 
quality characteristics (61). For instance, Horie et al. (67) 
reported 95% retention of vitamin C in strawberry jam af- 
ter UHP processing. 

In high-pressure processing, foods are generally sub- 
jected to pressures in a range of 100 to 600 MPa at around 
room temperature. In April 1990, a Japanese company, 
Meidi-ya Food, introduced the first UHP-processed food, a 
high-acid fruit jam, and by May 1991 a variety of products 
including yogurts, fruit jellies, and sauces were UHP pro- 
cessed. The Japanese companies Pokka and Wakayama set 
up the first semicontinuous UHP processes for bulk treat- 
ment of citrus juices at a rate of 4000 to 6000 L/h (68). At 
present, however, there are no companies in the United 
States using this UHP process in food manufacture. The 
key to the success of this particular technology will be the 
inactivation of microorganisms with the simultaneous re- 
tention of nutritive and organoleptic characteristics of a 
given product. The attainment of reliable and consistent 
data on the destruction of microorganisms has yet to be 
accomplished. Great strides have been made by investi- 
gators; some have reported first-order kinetics on destruc- 
tion of bacteria and yeast as a function of pressure (55,69— 
71). Some researchers, however, have reported a possible 
two-phase inactivation with the first population inacti- 
vated rapidly and the second found to be more resistant 
(72). It is important to determine inactivation kinetics as 
a function of pressure, temperature, and medium compo- 
sition (73). There are many reports on the effect of UHP 


on reduction of microorganisms but few authors report ki- 
netics, which as previously mentioned is essential to the 
prediction of destruction of pathogenic bacteria and spores. 
Those authors who have determined first-order kinetics 
have attempted to apply the traditional concepts of D- and 
z-values; however, other authors have shown evidence that 
death is not first order, indicating the invalidity of D- and 
z-values. As pointed out by authors Villota and Hawkes (5), 
a major drawback in thermal processing is the incomplete 
reporting of necessary conditions when collecting kinetic 
data. In the case of UHP processing, this is even more cru- 
cial with added variables, such as rate of pressure increase 
and decrease, the come-up time for the pressure, the actual 
isostatic pressure, and the initial population concentra- 
tion. Their pressure resistance depends on the type of mi- 
croorganism and suspension media composition, tempera- 
ture of applied pressure, gas solubility, ionic strength, and 
pH. Recovery after release of pressure treatment is also an 
important consideration for proper assessment of the 
treatment. 


Ohmic Heating/Pulsed Electric Field 


Other areas of food processing that have received a great 
deal of attention include ohmic heating and pulsed electric 
field (PEF). Ohmic heating was one of the earliest forms of 
electricity applied to food pasteurization (74). Its mode of 
operation is by direct passage of electric current through 
the food product, which generates heat as a result of 
electrical resistance. Ohmic heating reduces the time of 
heating as compared with conventional heat transfer by 
convection or conduction. Its advantages are (1) rapid and 
uniform heating, (2) less thermal damage to product, 
(3) decreased operational costs, and (4) absence of hot sur- 
faces and therefore reduced fouling, as occurs in UHT pro- 
cessing (75). Ohmic heating is of particular interest to 
aseptic processing, keeping in mind factors such as particle 
size, particle density, carrier viscosity and composition, 
and electrical conductivity (76). Although this technology 
was introduced in the early twentieth century, with the 
pasteurization of milk pumped between parallel plates 
with different voltages, the technology disappeared due to 
the lack of suitable electrode materials (ie, breakdown of 
carbon electrodes resulting in contamination of product) 
and adequate control systems. With the development of 
new electrode materials such as stainless steel, there has 
been renewed interest (77). 

One of the earliest systems using electrical discharge 
for inactivation of microorganisms was the Electropure 
process for milk in the 1920s. This process involved pass- 
ing an electric current through carbon electrodes and heat- 
ing the milk to 70°C to inactivate Mycobacterium tuber- 
culosis and Escherichia coli. An electrohydraulic treatment 
was introduced in the 1950s to inactivate microorganisms 
suspended in liquid foods. By increasing the electric field 
intensity, the frequency of the number of pulses and their 
duration, greater inactivation of microorganisms can be 
achieved (78-81). This, again, depends on other factors 
such as treatment temperature, pH, ionic strength, and 
conductivity of the fluid medium (ie, high-lipid-containing 
fluids are less conductive than aqueous media). Vega- 
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Mercado et al. (82) have reviewed some of the most recent 
advances in the area of high-intensity PEFs. It is clear that 
this is still a developing technology but warrants mention- 
ing as a new technology of the future in food processing. 
Nevertheless, a great deal of work needs to be accom- 
plished in the area of determining the kinetics of destruc- 
tion of microorganisms as a function of PEF; determination 
of uniform delivery of treatment; the impact of tempera- 
ture, pH, moisture, and lipid content on the process; and 
the influence of food additives. Also, little is known about 
the influence of PEF on vitamin retention. It has been sug- 
gested that this methodology will have most of its potential 
in combination with other processing techniques. 


REACTION KINETICS IN FOOD SYSTEMS 


Advances in more efficient and versatile methods of food 
processing and preservation have been occurring exponen- 
tially over the past few decades in order to meet the con- 
tinually increasing population and consumer’s demands 
for quality foods, with particular focus on their nutritional 
aspects. Not only does quality of processed foods depend 
on the initial integrity of the raw materials, but also on 
the changes occurring during processing and subsequent 
storage. Emphasis is growing in the area of nutraceuticals 
and fortified high-energy foods (83-85). Not only nutri- 
tional quality is important to the food processor, however, 
but also the general appearance of the food, its flavor, color, 
and texture, many factors of which are highly dependent 
on the target consumer groups of interest, which are based 
on different cultural, geographical, and sociological back- 
grounds. It is, therefore, of critical importance to the food 
industry to minimize losses of quality in food products dur- 
ing processing, as well as subsequent storage. It is through 
the development of mathematical models to predict behav- 
ior of food components under a set of conditions and opti- 
mization of processes for maximum product quality that 
continued advancement can be achieved in processing 
techniques. To obtain these goals, extensive information is 
needed on the rates of destruction of quality parameters 
and their dependence on variables such as temperature, 
pH, light, oxygen, and moisture content. A food engineer 
can then develop new processing techniques to achieve op- 
timum product quality based on an understanding of re- 
action rates and mechanisms of destruction of individual 
quality factors combined with the knowledge of the appli- 
cation of kinetics. There are three main areas of concern 
when dealing with reaction kinetics: (1) the stoichiometry, 
(2) the order and rate of reaction, and (3) the mechanism. 
For simple reactions, the stoichiometry is probably the 
first consideration. Once this is clarified or elucidated, the 
mechanisms involved in the reaction can be determined. It 
should be mentioned that based on actual kinetic data, our 
idea of the stoichiometry may change. In highly complex 
reactions, as is the case of many reactions occurring in food 
systems, a great deal of overlap exists among the three 
aforementioned areas. Thus, it is of critical importance to 
take a close and analytical look at the overall system to be 
able to characterize reaction pathways. 
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BASIC PRINCIPLES OF KINETICS 


Order of Reaction 


The first step in developing the basis for the kinetics of 
degradation of a particular nutrient is the determination 
of the order of the reaction. Understanding of the mecha- 
nisms involved in a reaction is important to properly ob- 
tain and report meaningful kinetic information, select re- 
action conditions leading to a desired end product, and/or 
minimize the appearance of undesirable compounds. Un- 
fortunately, very seldom has effort been given to clearly 
understand the mechanisms involved in the reaction in 
complex systems, as in the cases with food and biological 
materials. Most information available has been oversim- 
plified. In fact, most investigators have often tried to adapt 
fairly simple zero- or first-order reaction kinetics to com- 
plex situations without trying to understand the actual 
pathways involved. Although, from a practical point of 
view it is clear that simplifications may be taken, appli- 
cability of the information may be restricted only to the 
conditions encompassed by the experimental design, and 
thus, one may incorrectly predict trends by directly using 
reported information. 

The reaction pathway, also called reaction mechanism, 
may be determined through proper experimentation. A 
chemical reaction may take place in a single step, as in the 
case of elementary reactions, or in a sequence of steps, as 
would be the case of most reactions occurring in food sys- 
tems. Conditions such as temperature, oxygen availability, 
pressure, initial concentration, and the overall composition 
of the system may affect the mechanism of the reaction. 
For instance, the degradation of folic acid and ascorbic acid 
can be affected by the presence of oxygen, resulting in mod- 
ification of the reaction pathway and thus, the type of 
breakdown products. Moreover, the rate at which these 
parent compounds disappear may be highly influenced by 
the presence and concentration of the breakdown products 
generated. It is true that the level of complexity involved 
in these reactions may be of such magnitude that a com- 
plete understanding of the mechanism of deterioration 
cannot always be easily determined or identified or, even 
more, may hinder the development of simple techniques to 
rapidly evaluate the stability of a given system. Neverthe- 
less, it should be stressed that more reliable information 
is obtained when understanding of the reaction pathways 
is achieved. Reaction pathways for vitamin and pigment 
degradation kinetics have been reviewed (5). 

The most common approach for the determination of 
the reaction order for a simple reaction, taking into con- 
sideration its initial rate, is as follows: —dC/dt = k - C”, 
where C = concentration, k = reaction rate constant, n = 
order of the reaction, and t = time. After taking the nat- 
ural logarithm on both sides of the equation, a plot of the 
In (—dC/dt) versus In C will give a straight line, whose 
slope corresponds to the reaction order (n), as shown in 
Figure 8. Although the intercept should correspond to the 
reaction rate constant (k), it is normally considered that, 
for the sake of accuracy, this would not be the preferred 
approach for its estimation. Rather, once the reaction order 
has been determined, the rate constant can be calculated 


by applying the corresponding equation for that reaction 
order. Other methods can also be used to determine the 
order of the reaction with respect to the reactants and 
products involved in the reaction, depending on the stoi- 
chiometry (5). 


Reaction Rate 


Acommon approach in reporting reaction rates in food sys- 
tems is as the change in concentration of a reactant as a 
function of time. The reaction rate thus provides a mea- 
surement of the reactivity and stability of a given compo- 
nent in a particular system. A number of factors that have 
been observed to influence the reaction rate include (1) con- 
centration of reactants, products, and catalysts; (2) envi- 
ronmental factors such as temperature, pressure, and ox- 
ygen availability; (3) wavelength and intensity of light; and 
(4) physicochemical properties such as viscosity, pH, ionic 
strength, and conductivity. Depending on the type of re- 
action and the components, other factors will also be influ- 
ential in controlling reaction kinetics. 

Although traditionally one can apply reaction kinetics 
to monitor chemical changes occurring in a system, other 
physicochemical changes may also be described using a ki- 
netic approach. For instance, textural and color changes 
occurring in food systems can be described using reaction 
rates, It is obvious that the numbers obtained represent 
the final effect caused by other complex reaction mecha- 
nisms leading to an overall result. For instance, color 
changes in a product containing carotenoids, may be an 
indication of the stability of the system, and in particular, 
stability of the carotenoids as related to environmental 
conditions. Another example is the textural changes in 
starch-based systems as a function of time, which may be 
the result of starch retrogradation mechanisms as well as 
lipid-amylose interactions as influenced by environmental 
conditions. Since reactions in food systems are normally 
complex and a combination of several elementary pro- 
cesses, additional basic information may be necessary to 
postulate reaction rate expressions. Identification of inter- 
mediates and previous knowledge of rate equations to fit 
data for other systems may provide assistance in properly 
characterizing a given reaction. The most commonly found 
reactions in food and biological systems are the zero-, first-, 
and second-order reactions. 


Zero-Order Reactions. In zero-order reactions the rate 
is independent of the concentration. This may occur in two 
different situations: (1) when intrinsically the reaction 
rate is independent of the concentration of reactants and 
(2) when the concentration of the reacting compound is so 
large that the overall reaction rate appears to be indepen- 
dent of its concentration. Many catalyzed reactions fall in 
the category of zero-order reactions with respect to the re- 
actants. On the other hand, the reaction rate may depend 
on the catalyst concentration or other factors unrelated to 
the concentration of the compound under investigation. 
Thus for a zero-order reaction at constant density, the over- 
all expression would be as follows: —dC/dt = ko, where C 
= concentration, kg = the zero-order reaction rate con- 
stant, and t = time. After integrating, this equation be- 


First step 


In [- dC/dt] 


comes Cy — C = kot, where C = concentration at time t, 
and Cy = initial concentration. According to this mathe- 
matical expression, a distinguishing feature for this type 
of reaction is a linear decrease in concentration as a func- 
tion of time as illustrated in Figure 9. Typical reactions 
that have been represented by zero-order reactions include 
some of the autooxidation reactions. It is clear that zero- 
order reactions do not appear to occur as frequently in food 
systems as other reaction orders. In most cases, it is evi- 
dent that the most common situation for this type of re- 
action is when the concentration of the reactants is so large 
that the system appears to be independent of concentra- 
tion. 


First-Order Reactions. A large number of reactions oc- 
curring in food systems appears to follow a first-order re- 
action. A mathematical expression for this behavior would 
be as follows: —dC/dt = k,C, where k, = first-order re- 
action rate constant. By integration, this equation becomes 
In[C/C,] = k,t. Thus, according to this mathematical ex- 
pression In (C) versus time will be a linear function where 
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Figure 9. Graphical representation for the determination of a 
zero-order rate constant (ko). 
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Second step 


Figure 8. Graphical representation for deter- 
mining reaction order (n) of a reaction. 


the slope corresponds to —k as shown in Figure 10, The 
term half-life (¢,/2) of a reactant is commonly used and may 
be described as t)/2 = In 2/k,. These mathematical expres- 
sions clearly indicate that the half-life and the reaction 
rate for a true first-order reaction are independent of the 
initial concentration. Although in a number of systems this 
may be the case, often formulated products will not follow 
true first-order reaction kinetics, but rather a pseudo-first- 
order reaction. In fact, in formulated systems the presence 
of breakdown products may strongly influence the order of 
the reaction. However, for only a given value of initial con- 
centration, the reaction may follow apparent first-order ki- 
netics. To determine if a given reaction does indeed follow 
a pseudo-first-order kinetics, conditions for the kinetic 
study can be chosen to follow the technique of flooding. 
Through this approach, all but one of the concentrations 
are set sufficiently high that, compared with the one re- 
agent present at lower concentration, the others are effec- 
tively constant during the time of the experiment. Since 
only one of the concentrations changes appreciably during 
the run, the effective kinetic order is reduced to the reac- 
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Figure 10, Graphical representation for the determination of a 
first-order rate constant (f,). 
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tion order with respect to that one substance. If the order 
of the reaction is determined to be one, the reaction is said 
to follow a pseudo-first-order reaction. The degradation of 
ascorbic acid, for instance, has been primarily found to fol- 
low first-order kinetics in food systems. On the contrary, 
degradation of ascorbic acid in model systems has fre- 
quently been found to follow pseudo-first-order kinetics. It 
appears that the presence of breakdown products modifies 
the kinetics of deterioration of ascorbic acid, and, thus, its 
initial concentration will influence its rate of degradation. 
These factors, of course, serve to further complicate the 
prediction of nutrient retention. 


Second-Order Reactions. Two types of second-order re- 
action kinetics are of importance. Type I, A + AP, where 
Ais a reactant and P is a product, may be mathematically 
described as —dC,/dt = ky - C2. Type II reaction, A + B 
> P, where A and B are the reactants and P the product, 
may be mathematically described as —dC,/dt = koC,Cp, 
where C, = concentration of reactant species (A) at time 
(t), Cy = concentration of reactant species (B) at time (¢) 
and k. = second-order reaction rate constant. For Type I, 
the integrated kinetic expression yields: [1/C,] — [1/C,,] 
= ket, which in terms of the half-life becomes t;2. = 
Ika » Ca, For Type II, the integrated form yields: kot = 
{1XCy, — Cp,)] + In [Cp, - Ca/Ca, Cpl, where Ca, and 
Cy, are the respective initial concentrations and C, and Cy 
are the respective concentrations at time (t). It should be 
stressed, however, that Type II reactions do not have to 
necessarily follow a second-order reaction. For instance, 
for the particular case where component A is present in 
large amounts as compared with component B, the reac- 
tion may follow first-order kinetics with respect to B. A 
typical plot of second-order kinetics is presented in 
Figure 11. 
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Figure 11. Graphical representation for the determination of a 
second-order rate constant (k2) for a Type I reaction. 


Nonelementary Reactions 


Many different types of reactions fall under the category 
of nonelementary reactions, which will only be mentioned 
by name. To characterize the kinetics of nonelementary re- 
actions, one can assume a series of individual elementary 
reactions taking place. In these reactions, intermediates 
may not be observed or quantitated, either because they 
are present in very small amounts or because they are un- 
stable. Such reactions would fall under three main cate- 
gories: (1) consecutive or series reactions, (2) reversible or 
opposing reactions that attain a finite equilibrium, and 
(3) parallel or competitive reactions. The types of inter- 
mediates postulated may fall in any one of the following 
categories, namely, free radicals, ions and polar sub- 
stances, molecules, and transition complexes (chain reac- 
tions and nonchain reactions). It should be mentioned that 
a classical example of a transition complex-chain reaction 
is the degradation of f-carotene. It involves an autoxida- 
tion reaction involving three main periods: (1) induction 
(formation of free radicals), (2) propagation (free-radical 
chain reactions), and (3) termination (formation of nonrad- 
ical products). A more in-depth analysis and mathematical 
approach to characterizing this reaction has been reported 
by several authors (86-89). 

Another example of a transition complex reaction is 
that of a nonchain catalyzed type that may involve the in- 
teraction of a substrate with a catalyst to form a complex, 
followed by its decomposition to form a product. Upon de- 
composition, the catalyst is then regenerated and is capa- 
ble of taking part in the reaction once again. An example 
of this type of transition complex reaction is that of 
enzyme-catalyzed reactions. It should be mentioned that 
most of the reactions occurring in biological systems are 
catalytic in nature. The basic principles for enzyme- 
catalyzed reactions have been presented by Michaelis— 
Menten, who proposed the theory of complex formation. 
Although the general principle of chemical kinetics may 
apply to enzymatic reactions, the phenomenon of satura- 
tion with substrate is unique to enzymatic reactions. In 
fact, at low substrate concentrations the reaction velocity 
is proportional to the substrate concentration, and thus the 
reaction is first order with respect to the substrate. As the 
substrate concentration increases, the reaction progres- 
sively decreases, being no longer proportional to the con- 
centration of the substrate and deviating from any first- 
order kinetics. The reaction follows zero-order reaction 
kinetics, due to saturation with the substrate. For the par- 
ticular case of enzyme kinetics, however, the cases of com- 
petitive and noncompetitive inhibition also add complica- 
tions to the reaction and are thus not as easily defined by 
simple kinetics. A general description of enzyme-substrate 
kinetics can be found in most any classical biochemistry 
textbook (eg, 90, 91). 


Temperature Effects 


When considering reaction rates, it is clear that these val- 
ues may be influenced by a large number of parameters, 
including temperature and pressure. In fact, equilibrium 
yields, chemical reaction rates, and product distribution 
may be drastically influenced by temperature. Since chem- 


ical reactions are accompanied by heat effects, if these are 
large enough to cause a significant change in temperature 
of the reaction mixture, these effects also need to be con- 
sidered. This would be particularly important in reactor 
design. The effect of temperature for an elementary pro- 
cess may follow, in most cases, the Arrhenius equation: k = 
koexp(—E,RT) where, ko = frequency or collision factor, 
E, = activation energy (cal/mol), R = gas constant (1.987 
cal/mol - K), and T = absolute temperature (K). It is ob- 
vious that if the frequency factor and the activation energy 
could be evaluated from molecular properties of the reac- 
tants, it would be possible to estimate the values corre- 
sponding to the reaction rate. Unfortunately, our knowl- 
edge of kinetics is limited, particularly for complex 
systems, as would be the case of food systems or products. 

It is, however, important to mention the collision theory 
as an approach to deal with kinetics. In Figure 12, the en- 
ergy levels involved in a reaction are illustrated. According 
to the collision theory, upon the collision of reactive mole- 
cules, enough energy is generated to provide the necessary 
activation energy. Such a theory was used as the founda- 
tion for the determination of rate expressions based on the 
frequency of molecular collision required to generate a 
minimum energy. 

Another theory, the activated-complex or transition- 
state theory, has also been suggested. According to this 
approach, which still relies on reactions occurring due to 
collision between reactive molecules, an activated complex 
is formed from the reactants that eventually decomposes 
to generate products. The activated complex is in ther- 
modynamic equilibrium with the reactants. Complex de- 
composition is, then, the limiting step. Regardless of the 
theories considered, they do not provide the means to rap- 
idly and easily calculate activation energies from simple 
thermodynamic information. Thus in practical terms, one 
has to obtain basic kinetic information to be able to deter- 
mine the effect of temperature as affecting reaction kinet- 
ics. Based on the Arrhenius equation, it is clear that if one 
plots the In k versus 1/7’, the slope would correspond to the 
activation energy divided by the gas constant. Moreover, 
this value by itself will not provide any idea on the reac- 
tivity of a given system, only information on temperature 
dependence of the reaction. 

Although the Arrhenius equation is commonly used to 
describe temperature dependence of the reaction rate in 
most food systems, deviations may occur as reported by 
several authors, including Labuza and Riboh (92). In fact, 
a large number of factors may contribute to deviations. 
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Figure 12. Representation of potential energy levels during the 
process of a given endothermic reaction. 
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Changes in reaction mechanisms may occur for a large 
temperature range. For instance, it is highly possible that 
mechanisms of deterioration may change at conditions be- 
low the freezing point due to a concentration effect. On the 
other hand, at high temperatures, changes in the physical 
state of some compounds, including fats and sugars, may 
occur. Lipids may change from a solid to a liquid state, 
while sugars may change from an amorphous to a crystal- 
line or to a liquid state. Because of the high complexity of 
food systems, it is also possible that when various mech- 
anisms of deterioration operate simultaneously, the effect 
of temperature may alter the rate of one, thus causing in- 
hibition or catalysis in the other mechanisms. Finally, ir- 
reversible changes such as starch hydrolysis or protein de- 
naturation may occur due to temperature, thus modifying 
the reactivity of the system. In fact, although enzyme- 
catalyzed reactions will have an increasing reaction rate 
upon an increase in temperature, a decrease will be ob- 
served beyond a certain temperature due to enzyme inac- 
tivation. 

Of particular importance to food processors is the de- 
termination of any nutritional and overall quality changes 
that may occur as a result of processing conditions encoun- 
tered in operations such as dehydration, sterilization, ex- 
trusion, and so on. It is not only important to establish the 
extent of these undesirable changes, but it is also crucial 
to know the rate at which these undesirable changes take 
place. It is the ultimate goal of the food manufacturer to 
be able to optimize the quality of the final product while 
still maintaining an accurate perspective of the economics 
of this approach. Although a variety of methodologies have 
been proposed for the optimization of nutrient or quality 
retention during processing, only a few authors have ac- 
tually tested the feasibility of these methods. Due to the 
complex nature of food materials, complete kinetics models 
are not easily attainable, resulting in one of the major ob- 
stacles in optimization in the food industry. Several re- 
searchers, however, have successfully applied optimization 
techniques to different types of food processes such as thi- 
amin retention during sterilization (93) and ascorbic acid 
retention during air drying (94) using Pontryagin’s maxi- 
mum principle. Mishkin et al. (95) applied the complex 
method for optimization of ascorbic acid in air drying and 
minimizing browning in the dehydration of white potatoes. 
Saguy (96) published a practical text on computer-aided 
techniques for food technologists covering model building 
with applications and implementation of kinetics, simu- 
lation, heat transfer, and so on. With the fast-paced ad- 
vancement in computer software, computer prototyping 
based on mathematical models rather than actual physical 
models has greatly aided product and process design. 
Datta (97) has reviewed some different commercially avail- 
able computer-aided engineering (CAE) software programs 
and their sources with examples of computational fluid dy- 
namics (CFD) and heat transfer for processes such as can- 
ning of liquid and solid foods, extrusion, and continuous 
sterilization of liquids. 


FINAL REMARKS 


It is important for the food technologist to attain a com- 
plete understanding of the principal processing variables 
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involved in a general wide array of types of food processing 
techniques combined with a general knowledge of the ki- 
netics of degradation of food quality characteristics. Al- 
though not discussed due to time constraints, the effect of 
storage conditions, whether ambient, refrigerated, frozen, 
or under controlled atmosphere, depending on its mode of 
preprocessing, is also an area of importance in maintaining 
quality of processed foods. Although generally many of the 
deleterious reactions occurring in foods are significantly 
slowed down at reduced temperatures, mechanisms of re- 
action can be altered such that prediction and optimization 
of these conditions becomes even more of a challenge. It 
should be kept in mind that some of the new emerging 
technologies in food processing will require more basic 
studies in order to predict retention of vitamins and or- 
ganoleptic properties. Understanding of the mechanisms 
involved in reactions leading to the destruction of a com- 
pound or quality character should facilitate development 
of kinetics information with wider applicability. This will 
facilitate the optimization process of process and storage 
conditions and provide guidelines to determine formula- 
tion or fortification protocols of products leading to a higher 
nutritional value. It will also facilitate and encourage the 
development of new technologies for future food processing 
systems needed not only to feed the ever-expanding world 
population but also to ensure a high-quality nutritious food 
supply (98,99). 
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FOOD PROCESSING: STANDARD 
INDUSTRIAL CLASSIFICATION 


When one is in a grocery store, one is faced with an in- 
credible selection of processed foods. For food manufactur- 
ers, this illustrates only one point: the amount of research 
and development that precedes their marketing. For reg- 
ulatory agencies such as the Food and Drug Administra- 
tion and the Department of Agriculture, this confirms the 
amount of work needed to assure the safety and whole- 
someness of these products. However, for some other fed- 
eral agencies, this poses an entirely different headache. 
For example, the Department of Labor (DOL) and the En- 
vironmental Protection Agency (EPA) must classify and 
give aname to each establishment that manufactures each 
product in order to enforce their legal mandates. To them 
it is a huge logistic nightmare. For example, the DOL must 
have access to a record of the number of employees suffer- 
ing injuries in each type or category of food processing 
plants. To fill this need, the executive branch of the gov- 
ernment has developed the Standard Industrial Classifi- 
cation (SIC) for food processing plants. The SIC Manual is 
one of the most useful federal publications available to 
both government agencies and the industries. One exam- 
ple of its usefulness is in assisting the allocation of re- 
sources. For example, a government agency can plan its 
budget accordingly by using the SIC to determine the num- 
ber of food processing plants it has to inspect annually. 
Another application is the use of SIC to determine the em- 
ployment status of the food processing profession. Such 
classification applies only to food processing establish- 
ments in the United States and this article discusses the 
SIC in details. 


STANDARD INDUSTRIAL CLASSIFICATION MANUAL 


The SIC Manual is issued by the Office of Management 
and Budget (OMB) of the Executive Office of the President 
of the United States. The manual divides industries in the 
United States into major groups. One major group 20 cov- 
ers food and kindred products. This group includes estab- 
lishments manufacturing or processing foods and bever- 
ages for human consumption, and certain related products, 
such as manufactured ice, chewing gum, vegetable and 
animal fats and oils, and prepared feeds for animals and 
fowls. Products described as dietetic are classified in the 
same manner as nondietetic products, eg, as candy, canned 
fruits, and cookies. Chemical sweeteners are classified in 
Major Group 28. 

Major Group 20 is subdivided according to the following 
criteria (Table 1). 

The following discusses each industry under food and 
kindred products. The abbreviations used are: * = The 
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it is a huge logistic nightmare. For example, the DOL must 
have access to a record of the number of employees suffer- 
ing injuries in each type or category of food processing 
plants. To fill this need, the executive branch of the gov- 
ernment has developed the Standard Industrial Classifi- 
cation (SIC) for food processing plants. The SIC Manual is 
one of the most useful federal publications available to 
both government agencies and the industries. One exam- 
ple of its usefulness is in assisting the allocation of re- 
sources. For example, a government agency can plan its 
budget accordingly by using the SIC to determine the num- 
ber of food processing plants it has to inspect annually. 
Another application is the use of SIC to determine the em- 
ployment status of the food processing profession. Such 
classification applies only to food processing establish- 
ments in the United States and this article discusses the 
SIC in details. 


STANDARD INDUSTRIAL CLASSIFICATION MANUAL 


The SIC Manual is issued by the Office of Management 
and Budget (OMB) of the Executive Office of the President 
of the United States. The manual divides industries in the 
United States into major groups. One major group 20 cov- 
ers food and kindred products. This group includes estab- 
lishments manufacturing or processing foods and bever- 
ages for human consumption, and certain related products, 
such as manufactured ice, chewing gum, vegetable and 
animal fats and oils, and prepared feeds for animals and 
fowls. Products described as dietetic are classified in the 
same manner as nondietetic products, eg, as candy, canned 
fruits, and cookies. Chemical sweeteners are classified in 
Major Group 28. 

Major Group 20 is subdivided according to the following 
criteria (Table 1). 

The following discusses each industry under food and 
kindred products. The abbreviations used are: * = The 


FOOD PROCESSING: STANDARD INDUSTRIAL CLASSIFICATION 987 


Table 1. Standard Industrial Classification (SIC) and 
Subdivisions for Major Group 20: Food and Kindred 
Products 


Industrial group no.: Industrial group name 
Industrial no.: Industrial name 


201: Meat products 
2011: Meat-packing plants 
2013: Sausages and other prepared meat products 
2015: Poultry slaughtering and processing 
202: Dairy products 
2021: Creamery butter 
latural, processed, and imitation cheese 
2023: Dry, condensed, and evaporated dairy products 
2024: Ice cream and frozen desserts 
2026; Fluid milk 
203: Canned, frozen, and preserved fruits, vegetables, and food 
specialties 
: Canned specialties 
‘anned fruits, vegetables, preserves, jams, and jellies 
ried and dehydrated fruits, vegetables, and soup mixes 
2035: Pickled fruits and vegetables, vegetable sauces and 
seasonings, and salad dressings 
2037: Frozen fruits, fruit juices, and vegetables 
2038: Frozen specialties, not elsewhere classified 
204: Grain mill products 
2041: Flour and other grain mill products 


: Prepared feeds and feed ingredients for animals and 
fowls, except dogs and cats 
205: Bakery products 
2051; Bread and other bakery products, except cookies and 
crackers 
2052: Cookies and crackers 
2053; Frozen bakery products, except bread 
206: Sugars and confectionary products 
2061; Cane sugar, except refining 
2062: Cane sugar refining 
2063: Beet sugar 
2064: Candy and other confectionery products 
2066: Chocolate and cocoa products 
2067: Chewing gum 
2068: Salted and roasted nuts and seeds 
207: Fats and oils 
2074: Cottonseed oil mills 
2075: Soybean oil mills 
2076: Vegetable oil mills, except corn, cottonseed, and soybean 
2077: Animal and marine fats and oils 
2079: Shortening, table oils, margarine, and other edible fats 
and oils, not elsewhere classified 
208: Beverages 
: Malt beverages 
falt, 
Fines, brandy, and brandy spirits 
jistilled and blended liquors 
jottled and canned soft drinks and carbonated waters 
lavoring extracts and flavoring syrups, not elsewhere 
classified 
209: Miscellaneous food preparations and kindred products 
2091: Canned and cured fish and seafoods 


2095: Roasted coffee 

otato chips, corn chips, and similar snacks 
lanufactured ice 

lacaroni, spaghetti, vermicelli, and noodles 
‘ood preparations, not elsewhere classified 


item has been made in the same establishment as the basic 
material; ** = The item has been made from purchased 
materials or materials transferred from another establish- 
ment; IGN = Industry Group No; IN = Industry No. 


MEAT PRODUCTS (IGN 201) 


Meat Packing Plants (IG 2011) 

Establishments primarily engaged in the slaughtering, for 
their own account or on a contract basis for the trade, of 
cattle, hogs, sheep, lambs, and calves for meat to be sold 
or to be used on the same premises in canning, cooking, 
curing, and freezing, and in making sausage, lard, and 
other products. Also included in this industry are estab- 
lishments primarily engaged in slaughtering horses for hu- 
man consumption. Establishments primarily engaged in 
slaughtering, dressing, and packing poultry, rabbits, and 
other small game are classified in Industry 2015; and those 
primarily engaged in slaughtering and processing animals 
not for human consumption are classified in Industry 2048. 
Establishments primarily engaged in manufacturing sau- 
sages and meat specialties from purchased meats are clas- 
sified in Industry 2013; and establishments primarily en- 
gaged in canning meat for baby food are classified in 
Industry 2032. 


1. Bacon, slab and sliced* 
2. Beef* 

3. Blood meal 

4. Boxed beef* 

5. 


. Canned meats, except baby foods and animals 
feeds* 


6. Corned beef* 
7. Cured meats* 
8. Dried meats* 
9. Frankfurters, except poultry* 
10. Hams, except poultry* 
11. Hides and skins, cured or uncured 
12. Horse meat for human consumption* 
13. Lamb* 
14. Lard* 
15. Luncheon meat, except poultry* 
16. Meat extracts* 
17. Meat packing plants 
18. Meat* 
19. Mutton* 
20. Pork* 
21. Sausages* 
22. Slaughtering plants: except animals not for human 
consumption 
23. Variety meats edible organs* 
24. Veal* 


Sausages and Other Prepared Meat Products (IN = 2013) 


Establishments primarily engaged in manufacturing sau- 
sages, cured meats, smoked meats, canned meats, frozen 
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meats, and other prepared meats and meat specialties, 
from purchased carcasses and other materials. Prepared 
meat plants operated by packing houses as separate es- 
tablishments are also included in this industry. Establish- 
ments primarily engaged in canning or otherwise process- 
ing poultry, rabbits, and other small game are classified in 
Industry 2015. Establishments primarily engaged in can- 
ning meat for baby food are classified in Industry 2032. 
Establishments primarily engaged in the cutting up and 
resale of purchased fresh carcasses, for the trade, (includ- 
ing boxed beef) are classified in Wholesale Trade, Industry 
5147, 


1. Bacon, slab and sliced** 
2. Beef** 
3. Bologna** 
4. Calf’s-foot jelly 
5. Canned meats, except baby foods and animal 
feeds** 
6. Corned beef** 
7. Corned meats** 
8. Cured meats: brined, dried, and salted** 
9. Dried meats** 
10. Frankfurters, except poultry** 
11. Hams, except poultry** 
12. Headcheese** 
13. Lard** 
14. Luncheon meat, except poultry** 
15. Meat extracts** 
16. Meat products: cooked, cured, frozen, smoked, and 
spiced** 
17. Pastrami** 
18. Pigs’ feet, cooked and pickled** 
19. Pork: pickled, cured, salted, or smoked** 
20. Potted meats** 
21. Puddings, meat** 
22. Sandwich spreads, meat** 
23. Sausage casings, collage 
24. Sausages** 
25. Scrapple** 
26. Smoked meats** 
27. Spreads, sandwich: meat** 
28. Stew, beef and lamb** 
29. Tripe** 
30. Vienna sausage** 


Poultry Slaughtering and Processing (IN 2015) 


Establishments primarily engaged in slaughtering, dress- 
ing, packing, freezing, and canning poultry, rabbits, and 
other small game, or in manufacturing products from such 
meats, for their own account or on a contract basis for the 
trade. This industry also includes the drying, freezing, and 
breaking of eggs. Establishments primarily engaged in 
cleaning, oil treating, packing, and grading of eggs are 
classified in Wholesale Trade, Industry 5144; and those en- 


gaged in the cutting up and resale of purchased fresh car- 
casses are classified in Wholesale and Retail Trade. 


1. Chickens, processed: fresh, frozen, canned, or 
cooked 
. Chickens: slaughtering and dressing 
Ducks, processed: fresh, frozen, canned, or cooked 
Ducks: slaughtering and dressing 
Egg albumen 
. Egg substitutes made from eggs 
. Eggs: canned, dehydrated, desiccated, frozen, and 
processed 
8. Eggs: drying, freezing, and breaking 
9. Frankfurters, poultry 
10. Game, small: fresh, frozen, canned, or cooked 
11. Game, small: slaughtering and dressing 
12. Geese, processed: fresh, frozen, canned, or cooked 
13. Geese: slaughtering and dressing 
14. Ham, poultry 
15. Luncheon meat, poultry 
16. Poultry, processed: fresh, frozen, canned, or cooked 
17. Poultry: slaughtering and dressing 
18. Rabbits, processed: fresh, frozen, canned, or cooked 
19. Rabbits, slaughtering and dressing 
20. Turkeys, processed: fresh, frozen, canned, or cooked 
21. Turkeys: slaughtering and dressing 


NAAP wD 


DAIRY PRODUCTS (IGN 202) 


This industry group includes establishments primarily en- 
gaged in: 


1. Manufacturing creamery butter; natural, processed, 
and imitation cheese; dry, condensed, and evapo- 
rated milk; ice cream and frozen dairy desserts; and 
special dairy products, such as yogurt and malted 
milk; and 

2. Processing (pasteurizing, homogenizing, vitaminiz- 
ing, bottling) fluid milk and cream for wholesale or 
retail distribution. 


Independently operated milk-receiving stations primar- 
ily engaged in the assembly and reshipment of bulk milk 
for use in manufacturing or processing plants are classified 
in Industry 5143. 


Creamery Butter (IN 2021) 


Establishments primarily engaged in manufacturing 
creamery butter. 


1. Anhydrous butterfat 

2. Butter oil 

3. Butter powder 

4. Butter, creamery and whey 
5. Butterfat, anhydrous 
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Natural, Processed, and Imitation Cheese (IN 2022) 
Establishments primarily engaged in manufacturing nat- 
ural cheese (except cottage cheese), processed cheese, 
cheese foods, cheese spreads, and cheese analogs (imita- 
tions and substitutes). These establishments also produce 
byproducts, such as raw liquid whey. Establishments pri- 
marily engaged in manufacturing cottage cheese are clas- 
sified in Industry 2026, and those manufacturing cheese- 
based salad dressings are classified in Industry 2035. 


1. Cheese analogs 

2. Cheese products, imitation or substitutes 
8. Cheese spreads, pastes, and cheeselike prepara- 
tions 

Cheese, except cottage cheese 

. Cheese, imitation or substitutes 

. Cheese, processed 

. Dips, cheese based 

. Processed cheese 

. Sandwich spreads, cheese 

10, Whey, raw: liquid 


OHNAAS 


Dry, Condensed, and Evaporated Dairy Products (IN 2023) 
Establishments primarily engaged in manufacturing dry, 
condensed, and evaporated dairy products. Included in this 
industry are establishments primarily engaged in manu- 
facturing mixes for the preparation of frozen ice cream and 
ice milk and dairy- and nondairy-based cream substitutes 
and dietary supplements. 


1. Baby formula: fresh, processed, and bottled 
2. Buttermilk: concentrated, condensed, dried, evap- 
orated, and powdered 
3. Casein, dry and wet 
4. Cream substitutes 
5. Cream: dried, powdered, and canned 
6. Dietary supplements, dairy and nondairy based 
7. Dry milk products: whole milk, nonfat milk, but- 
termilk, whey, and cream 
8. Eggnog, canned: nonalcoholic 
9. Ice cream mix, unfrozen: liquid or dry 
10. Ice milk mix, unfrozen: liquid or dry 
11. Lactose, edible 
12. Malted milk 
13. Milk, whole: canned 
14. Milk: concentrated, condensed, dried, evaporated, 
and powdered 
15. Milkshake mix 
16. Skim milk: concentrated, dried, and powdered 
17. Sugar of mix 
18. Whey: concentrated, condensed, dried, evaporated, 
and powdered 
19. Whipped topping, dry mix 
20. Yogurt mix 


Ice Cream and Frozen Desserts (IN 2024) 

Establishments primarily engaged in manufacturing ice 
cream and other frozen desserts. Establishments primar- 
ily engaged in manufacturing frozen bakery products, such 
as cakes and pies, are classified in Industry 2053. 


1. Custard, frozen 

2. Desserts, frozen: except bakery 

3. Fruit pops, frozen 

4. Ice cream: eg, bulk, packaged, molded, on sticks 

5. Ice milk: eg, bulk, packaged, molded, on sticks 

6. Ices and sherbets 

7. Juice pops, frozen 

8. Millorine 

9. Parfait 

10. Pops, dessert: frozen-flavored ice, fruit, pudding, 
and gelatin 

11. Pudding pops, frozen 

12. Sherbets and ices 

13. Spumoni 

14. Tofu frozen desserts 

15. Yogurt, frozen 


Fluid Milk 


Establishments primarily engaged in processing (eg, pas- 
teurizing, homogenizing, vitaminizing, bottling) fluid milk 
and cream, and related products, including cottage cheese, 
yogurt (except frozen), and other fermented milk. Estab- 
lishments primarily engaged in manufacturing dry mix 
whipped toppings are classified in Industry 2023; those 
producing frozen whipped toppings are classified in Indus- 
try 2038; and those producing frozen yogurt are classified 
in Industry 2024. 


1. Buttermilk, cultured 
2. Chocolate milk 


. Cottage cheese, including pot, bakers’, and farmers’ 
cheese 


4. Cream, aerated 
5. Cream, bottled 
6. Cream, sour 
% 
8. 
9. 
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. Dips, sour cream based 
. Eggnog, fresh: nonalcoholic 
. Flavored milk drinks 
10. Half and half 
11. Milk processing (pasteurizing, homogenizing, vi- 
taminizing, bottling) 
12. Milk production, except farm 
13. Milk, acidophilus 
14. Milk, bottled 
15. Milk, flavored 
16. Milk, reconstituted 
17. Milk, ultrahigh temperature 
18. Sour cream 
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19, Whipped cream 
20. Whipped topping, except frozen or dry mix 
21. Yogurt, except frozen 


CANNED, FROZEN, AND PRESERVED FRUITS, 
VEGETABLES, AND FOOD SPECIALTIES (IGN 203) 


The canned products of this industry group are distin- 
guished by their processing rather than by the container. 
The products may be shipped in bulk or in individual cans, 
bottles, retort pouch packages, or other containers. 


Canned Specialties (IG 2032) 

Establishments primarily engaged in canning specialty 
products, such as baby foods, nationality speciality foods, 
and soups, except seafood. Establishments primarily en- 
gaged in canning seafoods are classified in Industry 2091. 


1. Baby foods (including meats), canned 
2. Bean sprouts, canned 

3, Beans, baked: with or without meat—canned 
4. Broth, except seafood: canned 

5. Chicken broth and soup, canned 

6. Chili con carne, canned 

7. Chinese foods, canned 

8. Chop suey, canned 

9. Chow mein, canned 

10. Enchiladas, canned 

11. Food specialties, canned 

12. Italian foods, canned 

13. Macaroni, canned 

14. Mexican foods, canned 

15. Mincemeat, canned 

16. Nationality specialty foods, canned 
17. Native foods, canned 

18. Pasta, canned 

19. Puddings, except meat: canned 

20. Ravioli, canned 

21. Soups, except seafood: canned 

22. Ravioli, canned 

23. Soups, except seafood: canned 

24. Spaghetti, canned 

25. Spanish foods, canned 

26. Tamales, canned 

27. Tortillas, canned 


Canned Fruits, Vegetables, Preserves, Jams, and Jellies (IN 
2033) 


Establishments primarily engaged in canning fruits, vege- 
tables, and fruit and vegetable juices; and in manufactur- 
ing catsup and similar tomato sauces, or natural and 
imitation preserves, jams, and jellies. Establishments pri- 
marily engaged in canning seafoods are classified in In- 
dustry 2091; and those manufacturing canned specialties, 


such as baby foods and soups, except seafood, are classified 
in Industry 2032. 


. Artichokes in olive oil, canned 
Barbecue sauce 

. Catsup 

. Cherries, maraschino 

. Chili sauce, tomato 

Fruit butters 

. Fruit pie mixes 

. Fruits, canned 

|. Hominy, canned 

. Jams, including imitation 

. Jellies, edible: including imitation 
. Juice, fruit: concentrated-hot pack 
13. Juices, fresh: fruit or vegetable 

. Juices, fruit and vegetable: canned or fresh 
. Ketchup 

. Marmalade 

. Mushrooms, canned 

. Nectars, fruit 

. Olives, including stuffed: canned 

. Pastes, fruit and vegetable 

. Preserves, including imitation 

. Purees, fruit and vegetable 

. Sauces, tomato based 

24. Sauerkraut, canned 

25. Seasonings (prepared sauces), tomato 
26. Spaghetti sauce 

27. Tomato juice and cocktails, canned 
28. Tomato paste 

29. Tomato sauce 

30. Vegetable pie mixes 

31. Vegetables, canned 
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Dried and Dehydrated Fruits, Vegetables, and Soup Mixes 
(IN 2034) 

Establishments primarily engaged in sun drying or artifi- 
cially dehydrating fruits and vegetables, or in manufac- 
turing packaged soup mixes from dehydrated ingredients. 
Establishments primarily engaged in the grading and 
marketing of farm dried fruits, such as prunes and raisins, 
are classified in Wholesale Trade, Industry 5149. 


. Dates, dried 

. Dehydrated fruits, vegetables, and soups 

. Fruit flour, meal, and powders 

. Fruits, sulphured 

. Olives, dried 

. Potato flakes, granules, and other dehydrated po- 
tato products 

7. Prunes, dried 

8. Raisins 


QaPpone 
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9. Soup mixes 
10. Soup powders 

11. Vegetable flour, meal, and powders 
12. Vegetables, sulphured 


Pickled Fruits and Vegetables, Vegetable Sauces and 
Seasonings, and Salad Dressings (IN 2035) 

Establishments primarily engaged in pickling and bring- 
ing fruits and vegetables and in manufacturing salad 
dressings, vegetable relishes, sauces, and seasonings. Es- 
tablishments primarily engaged in manufacturing catsup 
and similar tomato sauces are classified in Industry 2033, 
and those packing purchased pickles and olives are clas- 
sified in Wholesale or Retail Trade. Establishments pri- 
marily engaged in manufacturing dry salad dressing and 
dry sauce mixes are classified in Industry 2099. 


1. Blue cheese dressing 

2. Brining of fruits and vegetables 

3. Cherries, brined 

4, French dressing 

5. Fruits, pickled and brined 

6. Horseradish, prepared 

7. Mayonnaise 

8. Mustard, prepared (wet) 

9. Olives, brined: bulk 

10. Onions, pickled 

11. Pickles and pickle salting 

12. Relishes, fruit and vegetable 

13. Russian dressing 

14, Salad dressings, except dry mixes 

15. Sandwich spreads, salad dressing base 

16. Sauces, meat (seasoning): except tomato and dry 

17. Sauces, seafood: except tomato and dry 

18. Sauerkraut, bulk 

19. Seasonings (prepared sauces), vegetable: except to- 
mato and dry 

20. Soy sauce 

21. Thousand Island dressing 

22. Vegetable sauces, except tomato 

23. Vegetables, pickled and brined 

24. Vinegar pickles and relishes 

25. Worcestershire sauce 


Frozen Fruits, Fruit Juices, and Vegetables (IN 2037) 


Establishments primarily engaged in freezing fruits, fruit 
juices, and vegetables. These establishments also produce 
important byproducts such as fresh or dried citrus pulp. 


1. Concentrates, frozen fruit juice 

2. Dried citrus pulp 

3. Frozen fruits, fruit juices, and vegetables 
4, Fruit juices, frozen 


5. Fruits, quick frozen and cold pack (frozen) 
6. Vegetables, quick frozen and cold pack (frozen) 


Frozen Specialties Not Elsewhere Classified (IN 2038) 


Establishments primarily engaged in manufacturing fro- 
zen food specialties, not elsewhere classified, such as fro- 
zen dinners and frozen pizza. The manufacture of some 
important frozen foods and specialties is classified else- 
where. For example, establishments primarily engaged in 
manufacturing frozen dairy specialties are classified in In- 
dustry Group 202, those manufacturing frozen bakery 
products are classified in Industry Group 205, those manu- 
facturing frozen fruits and vegetables are classified in In- 
dustry group 205, those manufacturing frozen fruits and 
vegetables are classified in Industry 2037, and those 
manufacturing frozen fish and seafood specialties are clas- 
sified in Industry 2092. 


1. Dinners, frozen: packaged 
2. French toast, frozen 
3. Frozen dinners, packaged 
4. Meals, frozen 

5. Native foods, frozen 
6. Pizza, frozen 

7. Soups, frozen: except seafood 

8. Spaghetti and meatballs, frozen 
9. Waffles, frozen 

10. Whipped topping, frozen 


GRAIN MILL PRODUCTS (IGN 204) 


Flour and Other Grain Mill Products (IN 2041) 
Establishments primarily engaged in milling flour or meal 
from grain, except rice. The products of flour mills may be 
sold plain or in the form of prepared mixes or doughs for 
specific purposes. Establishments primarily engaged in 
manufacturing prepared flour mixes or doughs from pur- 
chased ingredients are classified in Industry 2045, and 
those milling rice are classified in Industry 2044. 


1. Bran and middlings, except rice 
2. Bread and bread-type roll mixes* 
3. Buckwheat flour 

4. Cake flour* 

5. Cereals, cracked grain* 
6. Corn grits and lakes for brewers’ use 

7. Dough, biscuit* 

8. Doughs, refrigerated or frozen* 

9. Durum flour 

10. Farina, except breakfast food* 

11. Flour mills, cereals: except rice 

12. Flour mixes* 

13. Flour: buckwheat, corn, graham, rye, and wheat 
14. Frozen doughs* 

15. Graham flour 

16. Granular wheat flour 


992 FOOD PROCESSING: STANDARD INDUSTRIAL CLASSIFICATION 


17. Grits and flakes, corn: for brewers’ use 

18, Hominy grits, except breakfast food 

19. Meal, corn 

20. Milling of grains, dry, except rice 

21. Mixes, flour: eg, pancake, cake, biscuit, doughnut* 
22. Pancake batter, refrigerated or frozen* 

23. Pizza mixes and prepared dough* 

24, Semolina (flour) 

25. Wheat germ 

26. Wheat mill feed 


Cereal Breakfast Foods (IN 2043) 


Establishments primarily engaged in manufacturing ce- 
real breakfast foods and related preparations, except 
breakfast bars. Establishments primarily engaged in 
manufacturing granola bars and other types of breakfast 
bars are classified in Industry 2064. 


1. Breakfast foods, cereal 

2. Coffee substitutes made from grain 
3. Corn flakes 

4, Corn hulled (cereal breakfast food) 
5. Farina, cereal breakfast food 

6. Granola, except bars and clusters 
7. Hominy grits prepared as cereal breakfast food 
8. Infants’ foods, cereal type 

9. Oatmeal (cereal breakfast food) 

10. Oats, rolled (cereal breakfast food) 
11. Rice breakfast foods 

12. Wheat flakes 


Rice Milling (IN 2044) 

Establishments primarily engaged in cleaning and polish- 
ing rice, and in manufacturing rice flour or meal. Other 
important products of this industry include brown rice, 
milled rice (including polished rice), rice polish, and rice 
bran. 


. Flour, rice 

. Milling of rice 

. Polishing of rice 

. Rice bran, flour, and meal 

. Rice cleaning and polishing 

Rice polish 

. Rice, brewers’ 

. Rice, brown 

. Rice vitamin and mineral enriched 
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Prepared Flour Mixes and Doughs (IN 2045) 


Establishments primarily engaged in preparing flour 
mixes or doughs from purchased flour. Establishments pri- 
marily engaged in milling flour from grain and producing 
mixes or doughs are classified in Industry 2091. 


1. Biscuit mixes and doughs** 
2. Bread and bread-type roll mixes** 
3. Cake flour** 

4. Cake mixes** 

5. Dough, biscuit** 
6. Doughnut mixes** 

7. Doughs, refrigerated or frozen** 

8. Flour: blended or self-rising** 

9. Frozen doughs** 

10. Gingerbread mixes** 

11. Mixes, flour: eg, pancake, cake, biscuit, doughnut** 
12. Pancake batter, refrigerated or frozen** 

13. Pancake mixes** 

14. Pizza mixes and doughs** 


Wet Corn Milling (IN 2046) 

Establishments primarily engaged in milling corn or sor- 
ghum grain (milo) by the wet process, and producing 
starch, syrup, oil, sugar, and byproducts, such as gluten 
feed and meal. Also included in this industry are estab- 
lishments primarily engaged in manufacturing starch 
from other vegetable sources (eg, potatoes, wheat). Estab- 
lishments primarily engaged in manufacturing table 
syrups from corn syrup and other ingredients, and those 
manufacturing starch-based dessert powders, are classi- 
fied in Industry 2099. 


. Corn oil cake and meal 

. Corn starch 

. Corn syrup (including dried), unmixed 
. Dextrine 

Dextrose 

. Feed, gluten 

Fructose 

|. Glucose 

. High fructose syrup 

. Hydrol 

. Meal, gluten 

. Oil, corn: crude and refined 
. Potato starch 

. Rice starch 

. Starch, instant 

. Starch, liquid 

'. Starches, edible and industrial 
. Steep water concentrate 

. Sugar, corn 

. Tapioca 

. Wheat gluten 

. Wheat starch 
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Dog and Cat Food (IN 2047) 


Establishments primarily engaged in manufacturing dog 
and cat food from cereal, meat, and other ingredients. 
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These preparations may be canned, frozen, or dry. Estab- 
lishments primarily engaged in manufacturing feed for 
animals other than dogs and cats are classified in Industry 
2048. 


Prepared Feeds and Feed Ingredients for Animals and Fowls, 
Except Dogs and Cats (IN 2048) 


Establishments primarily engaged in manufacturing pre- 
pared feeds and feed ingredients and adjuncts for animals 
and fowls, except dogs and cats. Included in this industry 
are poultry and livestock feed and feed ingredients, such 
as alfalfa meal, feed supplements, and feed concentrates 
and feed premixes. Also included are establishments pri- 
marily engaged in slaughtering animals for animal feed. 
Establishments primarily engaged in slaughtering ani- 
mals for human consumption are classified in Industry 
Group 201. Establishments primarily engaged in manu- 
facturing dog and cat foods are classified in Industry 2047. 


1, Alfalfa, cubed 

2. Alfalfa, prepared as feed for animals 
3. Animal feeds, prepared: except dogs and cats 
4, Bird food, prepared 

5. Buttermilk emulsion for animal food 
6. Chicken feeds, prepared 

7. Citrus seed meal 

8, Earthworm food and bedding 

9. Feed concentrates 

10. Feed premixes 

11. Feed supplements 


12. Feeds, prepared (including mineral): for animals 
and fowls—except dogs and cats 


13. Feeds, specialty: mice, guinea pigs, minks, etc 

14. Fish food 

15. Hay, cubed 

16. Horsemeat, except for human consumption 

17. Kelp mean and pellets 

18. Livestock feeds, supplements, and concentrates 

19. Meal, bone: prepared as feed for animals and fowls 

20. Mineral feed supplements 

21. Oats: crimped, pulverized, and rolled: except break- 
fast food 

22. Oyster shells, ground: used as feed for animals and 
fowls 

23. Pet food, except dog and cat: canned, frozen, and 
dry 

24. Poultry feeds, supplements, and concentrates 

25. Shell crushing for feed 

26. Slaughtering of animals, except for human con- 
sumption 

27. Stock feeds, dry 


BAKERY PRODUCTS (IGN 205) 


Bread and Other Bakery Products, Except Cookies and 
Crackers (IN 2051) 


Establishments primarily engaged in manufacturing fresh 
or frozen bread and bread-type rolls and fresh cakes, pies, 
pastries and other similar perishable bakery products. Es- 
tablishments primarily engaged in producing dry bakery 
products, such as biscuits, crackers, and cookies, are clas- 
sified in Industry 2052. Establishments primarily engaged 
in manufacturing frozen bakery products, except bread 
and bread-type rolls, are classified in Industry 2053. Es- 
tablishments producing bakery products primarily for di- 
rect sale on the premises to household consumers are clas- 
sified in Retail Trade, Industry 5461. 


1. Bagels 

. Bakery products, fresh: bread, cakes, doughnuts, 
and pastries 

3. Bakery products, partially cooked: except frozen 

4, Biscuits, baked: baking powder and raised 

5. Bread, brown: Boston and other—canned 

6. 

7: 


ny 


. Bread, including frozen 
. Buns, bread-type (eg, hamburger, hot dog), includ- 
ing frozen 
8. Buns, sweet, except frozen 
9. Cakes, bakery, except frozen 
10. Charlotte Russe (bakery product), except frozen 
11. Croissants, except frozen 
12. Crullers, except frozen 
13. Doughnuts, except frozen 
14. Frozen bread and bread-type rolls 
15. Knishes, except frozen 
16. Pastries, except frozen: eg, Danish, French 
17. Pies, bakery, except frozen 
18. Rolls, bread-type, including frozen 
19. Rolls, sweet, except frozen 
20. Sponge goods, bakery, except frozen 
21. Sweet yeast goods, except frozen 


Cookies and Crackers (IN 2052) 

Establishments primarily engaged in manufacturing fresh 
cookies, crackers, pretzels, and similar dry bakery prod- 
ucts. Establishments primarily engaged in producing 
other fresh bakery products are classified in Industry 2051. 


1. Bakery products, dry: eg, biscuits, crackers, pret- 
zels 

2. Biscuits, baked: dry, except baking powder and 
raised 

. Communion wafers 

. Cones, ice cream 

Cookies 

Cracker meal and crumbs 

. Crackers: eg, graham, soda 


NO HP w 
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8. Matzoths 
9. Pretzels 
10. Rusk 

11. Saltines 
12. Zwieback 


Frozen Bakery Products, Except Bread (IN 2053) 
Establishments primarily engaged in manufacturing fro- 
zen bakery products, except bread and bread-type rolls. 
Establishments primarily engaged in manufacturing fro- 
zen bread and bread-type rolls are classified in Industry 
2051. 


1. Bakery products, frozen: except bread and bread- 
type rolls 

. Cakes, frozen, pound, layer, and cheese 

. Croissants, frozen 

. Doughnuts, frozen 

. Pies, bakery, frozen 

. Sweet yeast goods, frozen 


Qaron 


SUGAR AND CONFECTIONERY PRODUCTS (IGN 206) 


Cane Sugar, except Refining (IN 2061) 


Establishments primarily engaged in manufacturing raw 
sugar, syrup, or finished (granulated or clarified) cane 
sugar from sugar cane. Establishments primarily engaged 
in refining sugar from purchased raw cane sugar or sugar 
syrup are classified in Industry 2062. 


. Cane sugar, made from sugarcane 

. Molasses, blackstrap: made from sugarcane 
. Molasses, made from sugarcane 

. Sugar, granulated: made from sugarcane 

. Sugar, invert: made from sugarcane 

. Sugar, powdered: made from sugarcane 

. Sugar, raw: made from sugarcane 

. Syrup, cane: made from sugarcane 


BARNA one 


Cane Sugar Refining (IN 2062) 


Establishments primarily engaged in refining purchased 
raw cane sugar and sugar syrup. 


1. Molasses, blackstrap: made from purchased raw 
cane sugar or sugar syrup 

2. Refineries, cane sugar 

3, Sugar, granulated: made from purchased raw cane 
sugar or sugar syrup 

4, Sugar, invert: made from purchased raw cane sugar 
or sugar syrup 

5. Sugar, powdered: made from purchased raw cane 
sugar or sugar syrup 

6. Sugar, refined: made from purchased raw can sugar 
or sugar syrup 


7. Syrup, made from purchased raw can sugar or sugar 
syrup 


Beet Sugar (IN 2063) 


Establishments primarily engaged in manufacturing 


sugar from sugar beets. 


. Beet pulp, dried 

. Beet sugar, made from sugar beets 

. Molasses beet pulp 

Molasses, made from sugar beets 

. Sugar, granulated: made from sugar beets 
Sugar, invert: made from sugar beets 

. Sugar, liquid: made from sugar beets 

. Sugar, powdered: made from sugar beets 
). Syrup, made from sugar beets 


CHARA P HONE 


Candy and Other Confectionery Products (IN 2064) 


Establishments primarily engaged in manufacturing 
candy, including chocolate candy, other confections, and re- 
lated products. Establishments primarily engaged in 
manufacturing solid chocolate bars from cacao beans are 
classified in Industry 2066, those manufacturing chewing 
gum are classified in Industry 2067, and those primarily 
engaged in roasting and salting nuts are classified in In- 
dustry 2068. Establishments primarily engaged in manu- 
facturing confectionery for direct sale on the premises to 
household consumers are classified in Retail Trade, Indus- 
try 5441. 


1. Bars, candy: including chocolate-covered bars 

2. Breakfast bars 

3. Cake ornaments, confectionery 

4. Candy, except solid chocolate 

5. Chewing candy, except chewing gum 

6. Chocolate bars, from purchased cocoa or chocolate 

7. Chocolate candy, except solid chocolate 

8. Confectionery 

9. Cough drops, except pharmaceutical preparations 

10. Dates: chocolate covered, sugared, and stuffed 

11. Fruit peel products: candied, glazed glace, and crys- 
tallized 

12. Fruits: candied, glazed, and crystallized 

13. Fudge (candy) 

14. Granola bars and clusters 

15. Halvah (candy) 

16. Licorice candy 

17. Lozenges, candy: nonmedicated 

18. Marshmallows 

19. Marzipan (candy) 

20. Nuts, candy covered 

21. Nuts, glace 

22. Popcorn balls and candy-covered popcorn products 
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Chocolate and Cocoa Products (IN 2066) 

Establishments primarily engaged in shelling, roasting, 
and grinding cacao beans for the purpose of making choco- 
late liquor, from which cocoa powder and cocoa butter are 
derived, and in the further manufacturing of solid choco- 
late bars, chocolate coatings, and other chocolate and cocoa 
products. Also included is the manufacture of similar prod- 
ucts, except candy, from purchased chocolate or cocoa. Es- 
tablishments primarily engaged in manufacturing candy 
from purchased cocoa products are classified in Industry 
2064. 


1. Baking chocolate 
2. Bars, candy: solid chocolate 
8. Cacao bean products: chocolate, cocoa butter, and 
cocoa 
4. Cacao beans: shelling, roasting, and grinding for 
making chocolate liquor 
5. Candy, solid chocolate 
6. Chocolate bars, solid: from cacao beans 
7. Chocolate coatings and syrups 
8. Chocolate liquor 
9. Chocolate syrup 
10. Chocolate, instant 
11. Chocolate, sweetened or unsweetened 
12. Chocolate butter 
13. Chocolate mix, instant 
14. Chocolate powdered: mixed with other substances 


Chewing Gum (IN 2067) 


Establishments primarily engaged in manufacturing 
salted, roasted, dried, cooked, or canned nuts or in pro- 
cessing grains or seeds in a similar manner for snack pur- 
poses. Establishments primarily engaged in manufactur- 
ing confectionery-coated nuts are classified in Industry 
2064, and those manufacturing peanut butter are classi- 
fied in Industry 2099. 


1, Nuts, dehydrated or dried 
2. Nuts: salted, roasted, cooked, or canned 
3. Seeds: salted, roasted, cooked, or canned 


FATS AND OILS (IGN 207) 


Cottonseed Oil Mills (IN 2074) 


Establishments primarily engaged in manufacturing cot- 
tonseed oil, cake, meal, and linters, or in processing pur- 
chased cottonseed oil other than into edible cooking oils. 
Establishments primarily engaged in refining cottonseed 
oil into edible cooking oils are classified in Industry 2079. 


1. Cottonseed oil, cake, and meal: made in cottonseed 
oil mills 

2. Cottonseed oil, deodorized 

3. Lecithin, cottonseed 


Soybean Oil Mills (IN 2075) 

Establishments primarily engaged in manufacturing soy- 
bean oil, cake, and meal, and soybean protein isolates and 
concentrates, or in processing purchased soybean oil other 
than into edible cooking oils. Establishments primarily en- 
gaged in refining soybean oil into edible cooking oils are 
classified in Industry 2079. 


Lecithin, soybean 

Soybean flour and grits 

. Soybean oil, cake, and meal 

. Soybean oil, deodorized 
Soybean protein concentrates 
. Soybean protein isolates 


OAR ONE 


Vegetable Oil Mills, Except Corn, Cottonseed, and Soybean 
(IN 2076) 


Establishments primarily engaged in manufacturing vege- 
table oils, cake and meal, except corn, cottonseed, and soy- 
bean, or in processing similar purchased oils other than 
into edible cooking oils. Establishments primarily engaged 
in manufacturing corn oil and its byproducts are classified 
in Industry 2046, those that are refining vegetable oils into 
edible cooking oils are classified in Industry 2079, and 
those refining these oils for medicinal purposes are clas- 
sified in Industry 2833. 


1, Castor oil and pomace 

2. Coconut oil 

3. Linseed oil, cake, and meal 

4. Oils, vegetable: except corn, cottonseed, and soy- 
bean 

5. Oiticica oil 

6. Palm kernel oil 

7. Peanut oil, cake, and meal 

8. Safflower oil 

9. Sunflower seed oil 

10. Tallow, vegetable 

11. Tung oil 

12. Walnut oil 


Animal and Marine Fats and Oils (IN 2077) 


Establishments primarily engaged in manufacturing ani- 
mal oils, including fish oil and other marine animal oils, 
and fish and animal meal; and those rendering inedible 
stearin, grease, and tallow from animal fat, bones, and 
meat scraps. Establishments primarily engaged in manu- 
facturing lard and edible tallow and stearin are classified 
in Industry Group 201; those refining marine animal oils 
for medicinal purposes are classified in Industry 2833; and 
those manufacturing fatty acids are classified in Industry 
2899. 


1, Feather meal 
2. Fish liver oils, crude 
3. Fish meal 
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4. Fish oil and fish oil meal 

5. Grease rendering, inedible 

6. Meal, meat and bone: not prepared as feed 

7. Meat and bone meal and tankage 

8. Oils, animal 

9. Oils, fish and marine animal: eg, herring, men- 
haden, whale (refined), sardine 

10. Rendering plants, inedible grease and tallow 

11. Stearin, animal: inedible 

12. Tallow rendering, inedible 


Shortening, Table Oils, Margarine, and Other Edible Fats 
and Oils, Not Elsewhere Classified (IN 2079) 
Establishments primarily engaged in manufacturing 
shortening, table oils, margarine, and other edible fats and 
oils, not elsewhere classified. Establishments primarily en- 
gaged in producing corn oil are classified in Industry 2046. 


1. Baking and frying fats (shortening) 

2. Cottonseed cooking and salad oil 

3. Margarine oil, except corn 

4. Margarine, including imitation 

5. Margarine-butter blend 

6. Nut margarine 

7. Oil, hydrogenated: edible 

8. Oil, partially hydrogenated: edible 

9. Oil, vegetable winter stearin 

10. Olive oil 

11, Peanut cooking and salad oil 

12. Shortenings, compound and vegetable 

13. Soybean cooking and salad oil 

14. Vegetable cooking and salad oils, except corn oil: 
refined 


BEVERAGES (IGN 208) 


Malt Beverages (IN 2082) 
Establishments primarily engaged in manufacturing malt 


beverages. Establishments primarily engaged in bottling 
purchased malt beverages are classified in Industry 5181. 


Ale 

. Beer (alcoholic beverage) 

. Breweries 

Brewers’ grain 

. Liquors, malt 

. Malt extract, liquors, and syrups 
. Near beer 

. Porter (alcoholic beverage) 

9. Stout (alcoholic beverage) 


SPABRAPRwONYE 


Malt (IN 2083) 


Establishments primarily engaged in manufacturing malt 
or malt byproducts from barley or other grains. 


1. Malt byproducts 

2. Malt: barley, rye, wheat, and corn 
3. Malthouses 

4. Sprouts, made in malthouses 


Wines, Brandy, and Brandy Spirits (IN 2084) 
Establishments primarily engaged in manufacturing 
wines, brandy, and brandy spirits. This industry also in- 
cludes bonded wine cellars that are engaged in blending 
wines. Establishments primarily bottling purchased 
wines, brandy, and brandy spirits but that do not manu- 
facture wines and brandy, are classified in Wholesale 
Trade, Industry 5182. 


1. Brandy 

2. Brandy spirits 

3. Wine cellars, bonded: engaged in blending wines 
4. Wine coolers (beverages) 

5. Wines 


Distilled and Blended Liquors (IN 2085) 

Establishments primarily engaged in manufacturing al- 
coholic liquors by distillation, and in manufacturing cor- 
dials and alcoholic cocktails by blending processes or by 
mixing liquors and other ingredients. Establishments pri- 
marily engaged in manufacturing industrial alcohol are 
classified in Industry 2869, and those only bottling pur- 
chased liquors are classified in Wholesale Trade, Industry 
5182. 


. Applejack 

. Cocktails, alcoholic 

. Cordials, alcoholic 

. Distillers’ dried grains and solubles 

Eggnog, alcoholic 

. Ethyl alcohol for medicinal and beverage purposes 

. Gin (alcoholic beverage) 

. Grain alcohol for medicinal and beverage purposes 

. Liquors: distilled and blended—except brandy 

. Rum 

. Spirits, neutral, except fruit—for beverage pur- 
poses 

12. Vodka 

13. Whiskey: bourbon, rye, scotch type, and corn 


Be 
PSeeRraaPpwone 


Bottles and Canned Soft Drinks and Carbonated Waters 
(IN 2086) 


Establishments primarily engaged in manufacturing soft 
drinks and carbonated waters. Establishments primarily 
engaged in manufacturing fruit and vegetable juices are 
classified in Industry Group 203; those manufacturing 
fruit syrups for flavoring are classified in Industry 2087; 
and those manufacturing nonalcoholic cider are classified 
in Industry 2099. Establishments primarily engaged in 
bottling natural spring waters are classified in Wholesale 
Trade, Industry 5149. 
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1. Beer, birch and root: bottled or canned 


2. Carbonated beverages, nonalcoholic: bottled or 
canned 


. Drinks, fruit: bottled, canned, or fresh 

. Ginger ale, bottled or canned 

Iced tea, bottled or canned 

. Lemonade: bottled, canned, or fresh 

Mineral water, carbonated: bottled or canned 
. Soft drinks, bottled or canned 

|. Tea, iced: bottled or canned 

10. Water, pasteurized: bottled or canned 


OCONAMP 


Flavoring Extracts and Flavoring Syrups, Not Elsewhere 
Classified (IN 2087) 

Establishments primarily engaged in manufacturing fla- 
voring extracts, syrups, powders, and related products, not 
elsewhere classified, for soda fountain use or for the man- 
ufacture of soft drinks, and colors for bakers’ and confec- 
tioners’ use. Establishments primarily engaged in manu- 
facturing chocolate syrup are classified in Industry 2066. 


. Beverage bases 

. Bitters (flavoring concentrates) 

. Burnt sugar (food color) 

. Cocktail mixes, nonalcoholic 

. Coffee flavorings and syrups 

. Colors for bakers’ and confectioners’ use, except 
synthetic 

7. Cordials, nonalcoholic 

8. Drink powders and concentrates 

9. Flavoring concentrates 

10. Flavoring extracts, pastes, powders, and syrups 

11. Food colorings, except synthetic 

12. Food glace, for glazing foods 

13. Fruit juices, concentrated: for fountain use 

14. Fruits, crushed: for soda fountain use 


QArreone 


MISCELLANEOUS FOOD PREPARATIONS AND KINDRED 
PRODUCTS (IGN 209) 


Canned and Cured Fish and Seafoods (IN 2091) 


Establishments primarily engaged in cooking and canning 
fish, shrimp, oysters, clams, crabs, and other seafoods, in- 
cluding soups: and those engaged in smoking, salting, dry- 
ing, or otherwise curing fish and other seafoods for the 
trade. Establishments primarily engaged in shucking and 
packing fresh oysters in nonsealed containers, or in freez- 
ing or preparing fresh fish, are classified in Industry 2092. 


. Canned fish, crustacea, and mollusks 
. Caviar, canned 
. Chowders, fish and seafood: canned 


. Clam bouillon, broth, chowder, juice: bottled or 
canned 


Pon 


5. Codfish: smoked, salted, dried, and pickled 
6. Crab meat, canned and cured 
7. Finnan haddie (smoked haddock) 
8. Fish and seafood cakes: canned 
9. Fish egg bait, canned 
10. Fish, canned and cured 
11. Fish: cured, dried, pickled, salted, and smoked 
12. Herring: smoked, salted, dried, and pickled 
13. Oysters, canned and cured 
14. Salmon: smoked, salted, dried, canned, and pickled 
15. Sardines, canned 
16. Seafood products, canned and cured 
17. Shellfish, canned and cured 
18. Shrimp, canned and cured 
19. Soups, fish and seafood: canned 
20. Stews, fish and seafood: canned 
21. Tuna fish, canned 


Prepared Fresh or Frozen Fish and Seafoods (IN 2092) 
Establishments primarily engaged in preparing fresh and 
raw or cooked frozen fish and other seafoods and seafood 
preparations, such as soups, stews, chowders, fishcakes, 
crabcakes, and shrimpcakes. Prepared fresh fish are evis- 
cerated or processed by removal of heads, fins, or scales. 
This industry also includes establishments primarily en- 
gaged in the shucking and packing of fresh oysters in non- 
sealed containers. 


1. Chowders, fish and seafood: frozen 

2. Crabcakes, frozen 

3. Crabmeat picking 

4, Crabmeat, fresh: packed in nonsealed containers 
5. Fish and seafood cakes, frozen 

6. Fish fillets 

7. Fish sticks 

8. Fish: fresh and frozen, prepared 

9. 


. Oysters, fresh: shucking and packing nonsealed 
containers 


10. Seafoods, fresh and frozen 

11. Shellfish, fresh and frozen 

12. Shellfish, fresh: shucked, picked, or packed 
13. Shrimp, fresh and frozen 

14. Soups, fish and seafood: frozen 

15. Stews, fish and seafood: frozen 


Roasted Coffee (IN 2095) 


Establishments primarily engaged in roasting coffee, and 
in manufacturing coffee concentrates and extracts in pow- 
dered, liquid, or frozen form, including freeze dried. Coffee 
roasting by wholesale grocers is classified in Wholesale 
Trade, Industry 5149. 


1. Coffee extracts 
2. Coffee roasting, except by wholesale grocers 
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sumer, Establishments primarily engaged in manufactur- 
ing flour mixes are classified in Industry Group 204. 


3. Coffee, ground: mixed with grain or chicory 


4. Coffee, instant and freeze dried 


Potato Chips, Corn Chips, and Similar Snacks (IN 2096) 1. Almond pastes 
Establishments primarily engaged in manufacturing po- % Baking: powder 
tato chips, corn chips, and similar snacks. Establishments 3. Bouillon cubes 
primarily engaged in manufacturing pretzels and crackers 4. Box lunches for sale off premises 
are classified in Industry 2052; those manufacturing candy 5. Bread crumbs, not made in bakeries 
covered popcorn are classified in Industry 2064; those 6. Butter, renovated and processed 
manufacturing salted, roasted, cooked or canned nuts and A .. 
seeds are classified in Industry 2068; and those manufac- Te Cake Rosting nai G7 
turing packaged unpopped popcorn are classified in Indus- 8. Chicory root, dried 
try 2099. 9. Chili pepper or powder 
10. Chinese noodles 
1. Cheese curls and puffs 11. Cider, nonalcoholic 
2. Corn chips and related corn snacks 12. Coconut, desiccated and shredded 
3. Popcorn, popped: except candy covered 13. Cole slaw in bulk 
4. Pork rinds 14. Cracker sandwiches made from purchased crackers 
5. Potato chips and related corn snacks 15. Desserts, ready to mix 
6. Potato sticks 16. Dips, except cheese and sour cream based 
17. Emulsifiers, food 
Manufactured Ice (IN 2097) 18. Fillings, cake or pie: except fruits, vegetables, and 
Establishments primarily engaged in manufacturing ice meat 
for sale. Establishments primarily engaged in manufac- 19. Frosting, prepared 
turing dry ice are classified in Industry 2813. 20. Gelatin dessert preparations 
. 21. Gravy mixes, dry 
1, Block ice 22. Honey, strained and bottled 
Bele cubes: bs A 23, Jelly, corncob (gelatin) 
8. Ice plants, operated by public utilities ‘9a; Laaveniny ds a 
oak : i g compounds, prepare: 
4, Ice, manufactured or artificial: except dry ice 25, Marshmallow creme 
Macaroni, Spaghetti, Vermicelli, and Noodles (IN 2098) 26. Meat seasonings, except sauces 
Establishments primarily engaged in manufacturing dry Bi, Molsnee, mies or blended 
macaroni, spaghetti, vermicelli, and noodles. Establish- 28. Noodles, fried (eg, Chinese) " , : 
ments primarily engaged in manufacturing canned maca- 29. Noodles, uncooked: packaged with other ingredi- 
roni and spaghetti are classified in Industry 2032, and ents 
those manufacturing fried noodles, such as Chinese noo- 30. Pancake syrup, blended and mixed 
dies, are classified in Industry 2099. 31. Pasta, uncooked: packaged with other ingredients 
Macaroni and products, dry: eg, alphabets, rings, sea- 32. Peanut butter 
abells 33. Pectin 
1. Noodles: egg, plain, and water 34. Pepper : 
2. Spaghetti, dry 35. Pizza, refrigerated: not frozen 
3. Vermicelli 36. Popcorn, packaged: except popped 
37. Potatoes, dried: packaged with other ingredients 
Food Preparations, not Elsewhere Classified (IN 2099) 38. Potatoes, peeled for the trade 
Establishments primarily engaged in manufacturing pre- 39. Rice, uncooked: packaged with other ingredients 
pared foods and miscellaneous food specialties, not else- 40. Salad dressing mixes, dry 
where classified, such as baking powder, yeast, and other 41. Salads, fresh or refrigerated 
leavening compounds; peanut butter; packaged tea, in- 42. Sandwiches, assembled and packaged: for whole- 
cluding instant; ground spices; and vinegar and cider. Also sale market 
inane in poeraeres ie enn pemianily) en- 43. Sauce mixes, dry 
in manufacturin; reparations, exce] yur A i : 
ae consisting of ast ae ratatoes, ‘teatated ges ae Sorghum, Including: custom xefining 
table protein, and similar products that are packaged with 45. Spices, including grinding 
other ingredients to be prepared and cooked by the con- 46. Sugar grinding 
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47. Sugar, industrial maple: made in plants producing 
maple syrup 

48. Sugar, powdered** 

49. Syrups, sweetening: honey, maple syrup, sorghum 

50. Tea blending 

51. Tofu, except frozen desserts 

52. Tortillas, fresh or refrigerated 

58. Vegetables peeled for the trade 

54. Vinegar 

55. Yeast 
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FOOD PROCESSING: TECHNOLOGY, 
ENGINEERING, AND MANAGEMENT 


The technology of food is intertwined with the business of 
selling food. Although this is not unique to food technology, 
having insight into the food business will provide some in- 
sight into the motivation it provides for the development 
of new technologies and the maintenance of old ones. De- 
cision making in the food industry requires knowledge of 
both the business of selling food and the technology of pro- 
ducing, holding, and delivering food. The right information 
about the technology and the business, coupled with or- 
ganized approaches to decision making, can yield impor- 
tant benefits to those responsible for making decisions in 
the industry. 

Some generalizations about the food business are that 
it is high volume, low margin, multiple product, transpor- 
tation intensive, and end-user marketing intensive. Be- 
cause of the need for food to be ubiquitous, the business 
requires multiple distribution points and complicated dis- 
tribution networks. The nature of food as material and as 
a perception of the consumer both defines and constrains 
the food business. The intent is to deliver safe, palatable, 
and profitable product to the purchaser. Technology con- 
strains the business by specifying what can and cannot be 
done with food materials while maintaining a viable prod- 
uct. The reality is that the technology and the business of 
selling food are inseparable. 

Because profit per sale is usually low, food businesses 
must make many sales to gain a reasonable profit. This 
emphasis on volume requires food technology to provide 
speed in production. This makes the production facility 
challenge one of turning out salable foodstuffs by the ton. 
In the food industry, great value is placed on technological 
innovation that enables automated handling of materials 


and scale-up of processes and procedures from small to 
large volumes. In such a high-volume business, small im- 
provements in efficiency of the technology or distribution 
or the decision making can have important consequences 
for the profit (or even survival) of an enterprise. 

Most food companies see opportunities for growth in 
the introduction of new products. This has led to varie- 
ties of products from single companies and much product. 
differentiation within categories of products. The tech- 
nology to develop, manufacture, and distribute these new 
product entries must be invented and applied in order 
for such growth to happen. This perception of how 
growth is attained, and the perception that growth is im- 
portant, provide important spurs for technological devel- 
opment. 

That food must be ubiquitous leads to situations in 
which the business and the technology cannot be sepa- 
rated. Although lengthening shelf life is a regular goal and 
concern of the food technologist, the distribution system 
must be designed around what the technology and the con- 
sumer will bear. Some fresh foodstuffs are flown to market, 
whereas other products are shipped by train or barge. The 
network of warehouses, transportation corridors, vehicles, 
and storage facilities all must accommodate to the realities 
of the food as material and to the requirement that con- 
sumer’s expectations are matched in food products once 
delivered. The business accommodates to the realities of 
the product, whereas the technologist tries to change the 
product to achieve new advantages for the business. Be- 
cause food must be everywhere there are people, the mar- 
keting of food must be ubiquitous—ultimately, food prod- 
ucts are consumed teaspoon by teaspoon, and each 
individual consumer must be sold on the product. 

The other technological reality that affects the food 
business is the need for uniform products when the inputs 
are variable. The biological systems that generate the in- 
puts to food products require modification to yield uniform 
outputs. The modification is usually called processing. Be- 
sides turning out food by the ton, food technology must also 
provide a means to control the performance of the inputs 
so that the consumer's perception of the product is the 
same container to container and bite by bite. 

The nature of the business of food has important con- 
sequences for the technologist, and the technology of food 
has important consequences for the businessperson. De- 
cisions, whether they are viewed as business oriented or 
technology oriented, should not be seen in isolation from 
either arena. 


CONTROLLING FOOD QUALITIES 


Much of the application of food technology is for the pur- 
pose of producing uniform output from variable input. This 
is a significant difference from fabricators who assemble 
parts into a product. Such assembly presumes inter- 
changeable inputs (parts). By contrast food processors as- 
sume that the inputs are variable. Milk from farm A is 
different from milk from farm B. Peas harvested on Mon- 
day are different from peas harvested on Tuesday. The 
challenge and opportunity is to control the quality of the 
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output product by controlling the processing steps applied 
to the inputs. 

Consistently reproducing a food quality implies that 
this quality is somehow measurable. From a consumer per- 
spective this is usually not the case. Even articulating the 
nature of a food quality may be difficult for a consumer. 
Although there are words like sweetness and saltiness, 
more often the expressions describing quality are much 
more general—‘it tastes good” or “it doesn’t taste right.” 
This problem for quality measurement is further compli- 
cated by the variability among consumers of what is con- 
sidered a good quality for food to have. Preferences vary. 
For control to be possible the consumer’s perception of 
quality must be separated from the measurable qualities 
of food materials. The food technologist seeks desirable ef- 
fects through variables that are controllable. The under- 
lying assumption is that controlling ingredient amounts, 
processing times and temperatures, holding times, and the 
like will produce a food product that meets the consumer's 
quality expectations. The connection between processing 
variables that can be measured and replicated and the con- 
sumer’s perception of the qualities of a food product is real, 
but it is indirect. Many intervening factors influence this 
connection and most of them are not measurable. 

For a given product the best hope of consistent qualities 
is to control what can be measured as carefully as possible. 
Keeping in mind that the inputs are intrinsically variable 
and that processes also vary, “control” must be defined sta- 
tistically. If a quality measure of an ice cream product is 
its gross weight, then the ideal is that the gross weight of 
every container comes from the same distribution of such 
weights. Because we cannot eliminate variability entirely, 
the best we can do is to make sure that the underlying 
distribution does not change. In these situations a distri- 
bution is said to have “changed” if its center (mean) or its 
dispersion (standard deviation) changes. A manufacturing 
step is said to be “in control” if the measurements taken 
are scattered according to the same distribution. 

Deciding whether an operation is in control or not can 
be done by routinely sampling the output from the opera- 
tion and measuring the target quality for each item in the 


Sample means 


sample. Sample statistics can be computed, including typ- 
ically the mean of the sample, the range of the sample, and 
the standard deviation of the sample. These numbers have 
their own distributions, but these distributions are related 
to the target quality measurement in well-known ways. 
The easiest connection to describe is the one between the 
mean of the measurements and the mean of the sample. 
The mean of the sample means has the same value as the 
mean of the target measurements, and the standard de- 
viation of the sample means (also called the standard error 
of the mean) is the standard deviation of the measure- 
ments divided by the square root of the sample size. Fur- 
thermore, the distribution of the sample means is distrib- 
uted approximately normally, provided the sample size is 
big enough (in practice big enough typically means four or 
more items in the sample). This fact is true even if the 
distribution of the measurements is not normal. This en- 
ables a method for making the in control decision. 

W. A. Shewhart (1) developed a strategy and a graphic 
that made this decision making feasible for a wide variety 
of situations. He proposed that if the sample mean fell 
more than three standard deviations from the empirically 
established mean of the process (established when the pro- 
cess was in control), this was evidence that the operation 
producing the measurement was not in control. If the sam- 
ple mean was less than three standard deviations from the 
established process mean, the operation was deemed in 
control. Because the distribution of the sample means is 
approximately normal, the probability of the sample mean 
falling beyond three standard deviations by chance (ie, 
without the distribution of the individual measurements 
changing) can be computed and is quite small (less than 
0.003). 

The graphic that Shewhart developed is called a control 
chart (Fig. 1). This consists of three equally spaced parallel 
lines (or sometimes two lines for the range chart). The cen- 
terline corresponds to the process mean that is also the 
mean of the sample distribution; the upper and lower lines 
correspond to the mean plus three standard deviations and 
the mean minus three standard deviations of the sample 
distribution, respectively. Sample means and sample 
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Figure 1. An example control chart for 
means and ranges of sample size four 


0.3372 


for gross weights of quarts of ice cream. 
There is one out-of-control point in the 
sample means chart. 
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ranges can be plotted successively from left to right to in- 
dicate a time sequence. Any time a plotted point falls out- 
side the three standard deviation limits, the operation is 
assumed to be out of control. 

Many of Shewhart’s followers have made refinements of 
this device for decision making, but the essence of this 
method has remained the same since originally suggested. 
The main idea is that unusual values for the sample sta- 
tistics indicate that the underlying distribution of mea- 
surements has changed. It is a signal that the cause of this 
change should be sought and found. Making decisions 
based on this method can produce two types of errors. On 
the average, three times in a thousand samples the sample 
mean will be beyond the “three sigma limits” even though 
the underlying distribution has not changed. Or the plot- 
ted point will fall between the control limits even though 
the distribution has changed. Such errors can be antici- 
pated, and the use of this device can be adjusted to take 
into account the importance of these errors. 

Control charts have been used to help propel the quality 
revolution. Emphasis on good quality products and on con- 
tinuous quality improvement has had large impact on 
some industries. In automotive and electronic industries 
the commitment to constant quality improvement has in- 
deed made products more reliable and convenient. The 
food industry has benefited less from the quality emphasis 
for two reasons. First, it is difficult to reduce the intrinsic 
variability in viable biological systems. The amount of this 
variability is unlikely to be reducible because genetic di- 
versity is a strength of biological systems. This often leads 
to a level of variability in food materials that is hard to 
reduce, Second, distinguishing between a successful prod- 
uct and a failure is not clear-cut. This makes it difficult to 
define and detect quality improvement. For example, if a 
stereo or one if its components fail, the symptom is usually 
obvious to most users. In a food product, the wrong amount 
of an ingredient may be a failure, but the result may not 
be detectable by the consumer. Similarly, a food manufac- 
turer may choose to change a product. While some custom- 
ers may judge the altered product a failure, others may 
like it better. 

This brief article cannot deal with the details of devel- 
oping and using control charts, but there are many texts 
that can assist (2). The basic underlying idea is that pat- 
terns in variation of measurements can be used to deter- 
mine the state of control (or lack of it) of the qualities of 
food products. 


THE OPTIMIZING DECISION MAKER 


Those responsible for the policy and assets of a food busi- 
ness are (usually without knowing it) optimizers. They try 
to achieve the best results in the business situation they 
face while recognizing the technological situation. This 
means conscientious managers will attempt to use re- 
sources efficiently. The usual procedure when optimizing 
is to array the alternatives, eliminate the infeasible ones 
from consideration, and then measure the remaining al- 
ternatives until a best one is determined (3). Sometimes 
this is an informal procedure, with little information gath- 
ering and minor mathematics, and sometimes it is very 


formal with structured information requirements and com- 
plex mathematics. The science associated with food ma- 
terials often structures information requirements, the 
technology provides numbers and determines what is fea- 
sible, and the business objectives provide the measuring 
stick to choose among alternatives. This kind of decision 
making links the business to the technology in important 
and useful ways. Not only is the approach structured and 
systematic, but also for many kinds of decisions there are 
formal (mathematical) methods that can assist the deci- 
sion maker. 

Decisions that affect the efficiency of a food industry 
enterprise are made at many levels in the business. Some- 
times they are onetime occurrences (should we invest in a 
new production process?) and sometimes they are recur- 
ring (how long should we process that product and at what 
temperature?). Because some decisions become routine, 
they are sometimes dismissed as trivial or unimportant. 
This is not always the case, as routine decisions about food 
formulations, delivery, processing parameters, production 
scheduling, and the like have important impacts on costs, 
profits, and the safety of the food product. If a recurring 
decision is not optimal, the result is regular losses to the 
business. In many cases, formal models can be built for 
these decision situations, and formal methods can be ap- 
plied to give the decision maker good information to act on. 
Although the optimization opportunity itself is constrained 
by the quality of the information available to the user, it 
still will be the best the food manager can do in the situ- 
ation he or she faces. 

An important piece of optimizing is the objective mea- 
sure (4). This device allows the user to choose between al- 
ternatives—providing a measure of which one is better. 
There is sometimes a perceived conflict between the objec- 
tives of the food technologist and the food industry man- 
ager. If the technologist insists on some kind of quality 
objective—best product, highest-quality product—this 
may come in conflict with profit objectives of the business. 
The inputs required to achieve such extreme quality ob- 
jectives are often so expensive that the necessary product 
price becomes more than the market will bear. The contri- 
bution of food technology in this business context must be 
to specify what is feasible. Otherwise, the decision will be 
driven by two (or more) conflicting objectives and will 
never be optimal. 


EXAMPLES 


Allocation of Milk Resources in Cheese Making 


In a step in the manufacture of cheddar cheese, a variety 
of milk resources are blended in a cheese vat with other 
ingredients (5). Making the blend is called standardizing, 
and the resulting blend is called cheese milk. The blend is 
allowed to coagulate before other processing steps are 
taken. The milk resources used are valuable; the cheese- 
maker pays to acquire them. Furthermore, the cheese yield 
and cheese quality are affected by which combination and 
proportions of resources are used in the blend. In the 
United States, the composition of the resulting product 
(which is determined by the composition of the cheese 
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milk) is also constrained by government regulations and 
definitions. A recurring decision that the cheesemaker 
faces is determining the constituent amounts for each of 
the inputs to the cheese milk. The decision is constrained 
in many ways, but it is made regularly with the ordinary 
business objective of making a profit. 

Technological investigation has determined a cheese 
yield formula (6) that allows the cheesemaker to predict 
the cheese yield if enough detail is known about the casein, 
fat, salt retention, and water retention of this step in the 
process, This technological model requires that the casein- 
to-fat ratio of the cheese milk be restricted to a small 
range. If this is done, the formula can be used to predict 
pounds of output for a given set of inputs. The potential 
inputs to the cheese milk include milk, condensed skim 
milk, nonfat dry milk, whey protein concentrate, cream, 
frozen cream, water, and other ingredients. Almost all the 
inputs affect the casein-to-fat ratio and the cheese yield. 
Because each of these resources will have different prices 
at different times, the cheesemaker can optimize the 
cheese milk by making the optimal choice of resources for 
the current set of price and availability circumstances. 

This optimization opportunity may be modeled as a lin- 
ear program (7). The variables are the inputs to the cheese 
milk; the constraints may be constructed out of these vari- 
ables to restrict the casein-to-fat ratio and to reflect gov- 
ernment regulations, company policies, resource availabil- 
ity, and other restrictions on the cheese product. An 
objective measure may be constructed from the variables 
and corresponding costs coupled with the sales value of the 
resulting product. The advantage of casting this as a linear 
program is that the resulting model can then be solved by 
computer to quickly determine the optimal constituents of 
the cheese milk. The result will simultaneously reflect the 
technological, legal, and economic realities facing the 
cheesemaker. Solutions generated this way have been 
shown to have a profound impact on the profitability of the 
cheesemaker. Without such a model and the computer sup- 
port, cheesemakers can make good guesses, but they can- 
not be assured of regularly choosing optimal inputs to the 
cheese vat. 

In this example we have a high-volume product (the 
vats may hold 20,000 lb of cheese milk) and variable inputs 
(the fat and solids content of incoming milk varies from 
farm to farm and animal to animal) and the recurring de- 
cision of how to standardize the cheese milk to achieve uni- 
form outputs. Because of its recurring nature, this decision 
has important economic consequences for the cheese- 
maker. Investigation of cheese technology provided the 
model (the cheese yield formula) that enables the appli- 
cation of optimization methods to assist with the decision 
of how to standardize the cheese milk. 


Formulating a Cheese Topping 


When a new product is fielded, there is the opportunity to 
establish its formulation. This decision affects the econom- 
ics associated with the product and the consumer’s percep- 
tion of the product. The challenge is to devise a formulation 
that is technologically feasible and commercially viable. 
Because there are many alternatives to any formulation, 


some strategy has to be adopted to determine the desired 
formulation. An optimization strategy provides a good way 
to sift through alternatives and come up with an attractive 
formulation. 

Cheese toppings may be manufactured by making pro- 
cessed cheese in such a way that the substance has many 
potential consistencies and textures. Such material may 
be mixed with other ingredients such as onions, chives, 
bacon bits, red pepper, and many more alternatives. The 
resulting product may be used by consumers as a topping 
for vegetables, potatoes, and salads. Properly formulated, 
it may be used hot or cold in a variety of ways. Details 
about the formulation of the plain cheese topping may be 
found in Hanrez-LaGrange (8). For this illustration we will 
consider the problem of determining what proportions of 
the noncheese ingredients added to the plain cheese top- 
pings will make the best product, Preliminary studies have 
guided the decision makers to the point of determining 
what combination of red pepper pieces and nacho flavor 
will make the best cheese topping. 

With a new product in the laboratory or pilot stage, de- 
termination of an acceptable objective measure for opti- 
mization is difficult. This measure will be used to compare 
alternative formulations, but it should indicate the perfor- 
mance of the product when it is ultimately marketed. Be- 
cause this amounts to a forecast, the measure is beset with 
intrinsic variability problems of all forecasts. A procedure 
is to ask a sample of consumers to taste and then rate the 
product. Presuming this sample represents the intended 
market, the formulator may use the rating as a guide for 
adjusting the formulation. The connection between the for- 
mulator and the consumer panelist is a ballot requiring 
the panelist’s responses. The questions used to solicit these 
responses can be used to fashion an objective measure. Al- 
though there are many ways to phrase such questions, care 
should be taken that the responses somehow relate to the 
potential market for the product. One possibility is ask the 
consumer to rate the product as acceptable or not accept- 
able. If the sample of tasters represents the target market 
for the product, the set of purchasers will be a subset of 
the set of acceptors. The bigger the set of acceptors, the 
larger the potential market. Actual sales will depend on 
many factors not controllable by manipulating the cheese 
topping formulation, such as advertising, distribution, 
price, and the competition. This acceptor set size measure 
can be taken for any potential formulation and becomes a 
way to compare formulations in order to discard the less 
desirable ones. Other measures are possible, but for this 
example, the acceptor set size will be used as the objective 
measure. 

The strategy, then, is to ask a sample of consumers 
whether various formulations of this product with varying 
amounts of red peppers and nacho flavoring are accept- 
able. The objective is to find a formulation that will max- 
imize the acceptor set size when the product is marketed. 
The acceptor set size is presumed to be a function of the 
formulation. Because the intention is that the product is 
to be sold in large volume, this function may be presumed 
to be continuous and differentiable over a reasonable range 
of values for input amounts of red pepper and nacho flavor. 
For such a function the mathematical construct called the 
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gradient exists and may be used as a guide in seeking a 
better (bigger acceptor set size) formulation. The gradient 
of a function is a vector of partial derivatives of the function 
with respect to the variables. It has the property that it 
always points in the direction in which the function is in- 
creasing most rapidly. The advantage here is that we may 
estimate the partial derivatives of this function without 
knowing an explicit formula for the acceptor set size func- 
tion. Thus, the gradient may be estimated and improve- 
ments to the acceptor set size function may be made by 
determining the gradient, taking a step in that direction, 
and retesting to determine how to adjust the formulation 
further, In symbols: 


A = f(x, y) is the acceptor set size function grad(A) 
= (fo fy) 


where x is the amount of nacho flavor, and y is the amount 
of red pepper 
Tf (xo, yo) is the initial formulation, then 


(x1, 41) = (oy Yo) + k X grad(AXxo, yo) 


where k is the step size in the gradient direction. This pro- 
cess of estimating the gradient and determining the next 
test formulation ends when there is no more improvement 
possible (the gradient is at or near (0, 0)) or when the noise 
in the data overpowers the information in the estimate of 
the gradient. 

Partial derivatives are measures of rates of change in 
the direction parallel to the axes of the chosen variable. To 
estimate the value of the partial derivative at a given for- 
mulation requires that functional estimates be generated 
at higher and lower values of the chosen variable while the 
other variables are held constant. In this example, the ini- 
tial formulation was x) = 3% and yo = 13.75%. To obtain 
estimates of the partial derivative required functional es- 
timates for 2%, 3%, and 4% nacho flavor while holding the 
amount of red pepper in the mix at a constant 13.75%. To 
get the other partial derivative required holding nacho fla- 
vor at a constant 3% and getting functional estimates of 
the acceptor set size with red pepper at 8.75%, 13.75%, 
and 18.75%. The results of the initial test are shown in 
Figure 2. 

The gradient vector for this test was estimated as: 


grad(A)I(xo, yo) = (0.50, — 0.38) 


which implies that a better formulation is possible with 
more nacho flavor and less red pepper. Choosing the step 
size depends on the product and ingredient circumstances 
and the judgment of the investigator. The next step in the 
optimization process was to test with the formulation set 
at 


(x1, y1) = (4.35%, 12.67%) 


The functional estimates for the acceptor set size are 
shown in Figure 3. 

Further adjustments in this formulation are possible 
providing that big enough samples of consumers can be 
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Figure 2. Determining the initial gradient in the ingredient 
space. Note that the gradient in the figure suggests the objective 
value will increase if the amount of red pepper decreases and the 
amount of nacho flavor increases. 
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Figure 3. The values after one step in the gradient search pro- 
cess. 
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used to generate the accuracy necessary to make the re- 
sults useful. This approach can be used for more than two 
variables, but the number of formulations for which data 
must be gathered also grows. 

This sketch of a gradient search method leaves out 
many details of how the estimates are generated and used 
to determine the next formulation. More information may 
be found in Hanrez-LaGrange (8) and Hanrez-LaGrange 
and Norback (9). This approach has some similarity to re- 
sponse surface methods (RSM). The main difference is that 
in RSM, a formula for the objective measure must be gen- 
erated, and this estimation of the objective measure then 
may be searched for a maximizing value. Because this 
function is maximized over the entire range of feasible for- 
mulations, it usually requires more expensive data collec- 
tion than direct estimates of the gradient for a specific for- 
mulation and is of little value beyond its use in finding a 
maximum. Besides finding the maximum, the gradient 
search approach shows the impact of different components 
on the objective measure. 

The weaknesses in this method are in the determina- 
tion of the step size at each iteration, in the noise intrinsic 
to sampling from a population of consumers, and the fact 
that it may be suboptimal if the objective measure is mul- 
timodal. The latter difficulty can be avoided by careful pre- 
screening of the product and its potential formulations fol- 
lowed by restriction of the feasible formulations so that 
only one maximum may occur over the range of ingredient 
values being considered. In every test case, the procedure 
has yielded good solutions to formulation problems in two 
or three iterations. The gradient search procedure may be 
used for any functional objective measure, not just for the 
acceptor set size measure. 

Making and adjusting formulations will have important 
economic consequences in high-volume situations. In this 
case, the food technology constrained the formulation, 
whereas the business objective of making the acceptor set 
size largest adjusted the formulation among the feasible 
alternatives. The situation could also be constrained by the 
cost of the inputs to the product, by company policy, or by 
government regulation. Decision support methods (gradi- 
ent search) were applied to assist in determining the right 
formulation for the product. Such methods could be applied 
again if the product were to be reformulated for a substi- 
tute ingredient. Small variations in a formulation can have 
important consequences to the consumer’s response to the 
product and to its profitability. With infinitely many for- 
mulations to choose from, these methods provide an or- 
ganized means of choosing a good one. 


Extending the Shelf Life of Fresh Seafood 


An ongoing effort by the purveyors of fresh seafood is the 
opening of inland markets. This can be done by speedier 
transportation, but this turns out to be costly and some- 
times hard to arrange if these products are to enter ordi- 
nary marketing channels. This business objective can also 
be advanced by improving the holding technologies for 
fresh seafood products (4). With such technologies the 
product can come through shipping and handling and still 
be desirable to the consumer. Perhaps the most common of 


these technologies is refrigeration, but this too has limits, 
which still leaves large markets untapped. 

Two emerging technologies have application here: mod- 
ified atmosphere packaging and the use of a sorbate dip on 
the product. With modified atmosphere packaging, the 
product is enclosed by a barrier material and the atmo- 
sphere over the product is replaced by one without oxygen. 
The permeability of the barrier material to oxygen is a con- 
trollable variable—the packaging material must be chosen 
(and paid for) by the seafood seller. The sorbate dip tech- 
nology requires that the product be coated with a sorbate 
solution of variable concentration. Because these two tech- 
nologies can be used simultaneously, a reasonable question 
is, what combination of both would be most beneficial to 
the seafood seller? 

This was investigated by gradient search methods. Con- 
sumer response data were taken by asking consumers to 
taste and then to rate the sample tasted as acceptable or 
unacceptable. (Other data were taken as well.) The pur- 
pose was to determine the consumer response to applica- 
tions of combinations of these technologies by estimating 
the acceptor set size over time. The system was con- 
strained by the limits on the sorbate concentration that 
seemed acceptable and by available barrier materials. The 
acceptor set size function was assumed to be differentiable 
and the data taken were used to estimate the gradient of 
this function. The gradient of any differentiable function 
has the property that it points in the direction of the steep- 
est ascent of the function. Thus, after each completed test, 
new information was available that indicated what ad- 
justment in the technologies could be made to make the 
combined application better. This approach is an example 
of a gradient search method and is a decision-making tool 
that is broadly applied in optimization, often as part of a 
computer algorithm. The novelty here is that data collec- 
tion must be done before each iteration of the algorithm, 
making the whole procedure considerably slower than 
most algorithms. 

A starting permeability of the barrier film and concen- 
tration of sorbate is chosen. Tests are run for higher and 
lower permeabilities at this sorbate concentration and for 
higher and lower sorbate concentrations at this perme- 
ability. The resulting data allows the estimation of the gra- 
dient vector at the starting point. If the gradient vector is 
at or near zero, little improvement is possible, otherwise a 
step in the direction of the gradient will improve the per- 
formance of the combined technologies. New values for per- 
meability and concentration are chosen and the test is re- 
peated. 

The application of this procedure portrayed consumer 
response through time to different combinations of tech- 
nologies. An important question not addressed is, is the 
extra expense of implementing and using the technology 
worth the resulting extension in shelf life? Addressing this 
question would mean a more complicated model would 
have to be developed and perhaps different computational 
methods would be required. 


Managing Material Flow and Batching 


Production scheduling, production quality control and in- 
ventory management in the food industry lead to a focus 
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on the flow of materials through the production facility. 
Many important decisions depend on accurate and timely 
information regarding the amount and quality of materials 
that are undergoing some step in the manufacturing se- 
quence. This information is used by the manager to deter- 
mine product costs, procurement, or harvest requirements, 
and to project output product amounts and to assist in set- 
ting prices. Product safety, good product qualities, and 
product profitability require that the manufacturing se- 
quence conform to the requirements of the food as material 
and that the processing facilities be managed efficiently. 
Because of the typical low margin per sale, the throughput 
for such facilities must be large. This means that small 
improvements in efficiency will have important conse- 
quences for profitability. In many food production facilities, 
the manufacturing sequence is further complicated be- 
cause either the technology or the economics require batch 
processing. Although the ideal may be “continuous pro- 
cessing,” the technology may not be available as in the 
manufacture of cheddar cheese, the blending of processed 
cheese, or the processing of low-acid foods. In other cases, 
the continuous technology is too expensive or otherwise 
infeasible to be adopted as in the retort processing of low- 
acid foods. This leads to complications in achieving target 
productions, especially in cases where batches of inter- 
mediate materials are used in multiple products. The de- 
cision making surrounding procurement, production 
scheduling, and quality control is strongly connected to the 
technology of the food being processed. This technology 
once again determines the manufacturing sequence and 
constrains the amount of throughput. 

The flow of materials in canning requires that incoming 
vegetables be washed, sorted by grades, placed in a con- 
tainer that is partially filled with brine, then retort pro- 
cessed before being cooled, labeled, and placed in cases. 
Although not all of these steps are used in every manufac- 
turing sequence, brining and retort processing are both 
batch-processing steps. The flow of materials provides a 
structure to organize information regarding this manufac- 
turing sequence. Such information can be fed forward to 
control subsequent steps in the processing. For example, 
the size of peas (as well as the variety of peas and the 
formulation of the brining solution) will affect the time and 
temperature settings for the subsequent retort processing. 
Amounts of materials and corresponding costs may be kept 
in this same flow of materials structure as well as infor- 
mation required by government regulation or company 
policy. 

Using a flow of materials structure provides great or- 
ganizational advantage. Although it is possible to do the 
arithmetic and track the resources by hand for a few prod- 
ucts, with many products that use many intermediate 
products the mass of detail that accumulates is soon over- 
whelming. Using the flow of materials as a structure pro- 
vides more than organizational convenience, however. The 
development of the so-called Gozinto matrices can be done 
from the flow of materials structure (10,11), and their con- 
nection to materials requirements planning (MRP) means 
that accurate projections of materials use, costs, and in- 
ventory amounts can be conveniently made. Although the 
time phasing of inventory and production is not as impor- 


tant a problem in the food industry as it is in fabrication 
industries, tracking the use of intermediate products, 
product costing, and batching are. 

A Gozinto matrix is created through a procedure that 
organizes production information into a lower triangular, 
invertible matrix. The rows and columns of this matrix cor- 
respond to products and inputs to products, organized so 
that no row corresponding to an input to a product occurs 
above the row corresponding to the product in the matrix. 
This means that the bottom rows in the matrix correspond 
to ingredients purchased or harvested from outside the 
production facility, whereas the top rows correspond to the 
output products of the facility. The rows in between cor- 
respond to intermediate products that may find there way 
into many output products. More details may be found in 
Mize and coworkers (11). 

Inverting this matrix and doing some elementary ma- 
trix algebra provides a means of anticipating and tracking 
inventories and production. For specified target produc- 
tion, the precise input needs of each ingredient or inter- 
mediate product may be determined. Inventories would be 
kept to a minimum if we could procure or manufacture 
exactly these quantities of input materials. But getting ex- 
actly the quantity of intermediate products required is 
complicated by batch processing and by the use of batch 
output in multiple products. The amount of brine needed 
for a target number of cases of canned vegetables is rarely 
a whole number of batches of brine. More likely, the target 
will require 12.37 batches of brine, or some other in be- 
tween number. Is it better in these cases to make 12 
batches or 13 batches or to make partial batches (ie, 0.37 
batches)? 

If we make more batches than the target, we will have 
excess quantity of batch output, which must be stored or 
discarded, or used in excess production of final product, 
which then must be stored. If we make less than the target 
production, we may not meet demand (causing stock outs) 
and opportunity costs associated with lost sales. If we 
make partial batches, we face the same labor and fixed 
costs associated with full batches but get less output. Fur- 
thermore, partial batches often imply important techno- 
logical changes-especially in the food industry—since 
batch inputs may not scale linearly. Salt and spices are 
good examples of inputs for which it is not good enough to 
simply cut the amounts in half when the batch is half the 
size. If this technological information is not available, 
product quality will vary when the batch is rescaled. 

In these circumstances, what is the best the production 
manager can do? If the costs just described are understood 
and can be estimated, an optimization model can be built 
and used to determine how many batches of input are best 
for target production amounts. The difficult part is the con- 
struction of an objective measure, which simultaneously 
takes into account the costs of the different alternatives as 
well as potential revenues from the products. Measuring 
profits for a production run will require determining the 
revenue from each of the products made and subtracting 
ingredient costs, batching costs, and the costs from over- 
production and underproduction. The resulting detailed 
model can be found in Chung (12). For purposes of this 
review suffice it to say that it is possible and profitable to 
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apply optimization in batching situations. The goal of the 
model is to find not only a product mix but also a batch 
mix that maximize the penaltied profits. 

Although other models are possible, this example shows 
how such a model might be constructed. Such models may 
require that certain values be integers but still may be 
solved by computer methods. The result will be optimal 
choices regarding the number of batches produced that re- 
flect the costs and revenues that the production facility 
faces, rather than the intuition of the manager. 


CONCLUSION 


The examples given here give some ideas how food tech- 
nology may be incorporated in the structure of decision- 
making models. When there are many alternatives to 
choose from, the effort required to search for a best one 
often leads to more profit. The business of food technology 
and the food technologist in this decision-making realm is 
to constrain the set of alternatives. The objectives of the 
organization can then drive the decision-making process to 
the choice of an appropriate alternative. This optimization 
philosophy helps keep all participants in food industry de- 
cision making pulling in the same overall direction, even 
though interests and expertise of the individuals may be 
vastly different. 

What is seldom investigated is this connection between 
the technology of food and the decision making done by 
food industry managers. If this connection is managed 
properly, important consequences for the efficiency and 
profitability of the business can be realized. The procure- 
ment of materials and the production, marketing, and dis- 
tribution of food products all depend on the nature of food 
as material and the consumer's perception of that material 
as each spoonful is consumed. Approaching this from an 
optimization perspective—arraying the alternatives, mea- 
suring the alternatives, and choosing a desirable one—is 
a useful and profitable way to manage. 
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FOOD REGULATIONS: INTERNATIONAL, 
CODEX ALIMENTARIUS 


International food regulations govern the import and ex- 
port of both raw agricultural commodities and processed 
food products to ensure food safety, control unwanted re- 
lease of exotic species of plants and animals, and limit the 
spread of both plant and animal diseases. International 
food regulations also include standards for trade, including 
units of measure and minimum quality standards. 

Until recently, there were essentially no unified inter- 
national food regulations. Each nation negotiated with 
specific trading partners in cooperative agreements. This 
was a process driven by the standards of the importing 
country, since the exporter was responsible for ensuring 
that the product in question complied with the regulations 
of the importing country. Because national food regula- 
tions varied widely from nation to nation, this proved to 
be an inefficient process. This process also allowed coun- 
tries to use food regulations as de facto barriers to foreign 
competition. Although there are still no legally binding in- 
ternational food regulations, increasing international 
trade and broadening participation under the World Trade 
Organization (WTO) is now forcing a rapid harmonization 
of international standards. A set of unified international 
food standards has emerged, with the force of the world’s 
largest international trade organization behind it. More 
importantly, the WTO has established a process for the 
adoption of future standards, as well as for settling trade 
disputes involving food standards. 


HISTORY 


The General Agreement of Tariffs and Trade (GATT) was 
created in 1947 in an effort to foster international trade. 
From 1947 to 1994, the GATT served as the umbrella or- 
ganization for international trade, establishing standards 
and rules to allow countries to trade with each other in an 
open and fair manner. Despite major success at fostering 
trade in nonfarm products, the GATT contained few effec- 
tive rules for agricultural trade. 
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apply optimization in batching situations. The goal of the 
model is to find not only a product mix but also a batch 
mix that maximize the penaltied profits. 

Although other models are possible, this example shows 
how such a model might be constructed. Such models may 
require that certain values be integers but still may be 
solved by computer methods. The result will be optimal 
choices regarding the number of batches produced that re- 
flect the costs and revenues that the production facility 
faces, rather than the intuition of the manager. 


CONCLUSION 


The examples given here give some ideas how food tech- 
nology may be incorporated in the structure of decision- 
making models. When there are many alternatives to 
choose from, the effort required to search for a best one 
often leads to more profit. The business of food technology 
and the food technologist in this decision-making realm is 
to constrain the set of alternatives. The objectives of the 
organization can then drive the decision-making process to 
the choice of an appropriate alternative. This optimization 
philosophy helps keep all participants in food industry de- 
cision making pulling in the same overall direction, even 
though interests and expertise of the individuals may be 
vastly different. 

What is seldom investigated is this connection between 
the technology of food and the decision making done by 
food industry managers. If this connection is managed 
properly, important consequences for the efficiency and 
profitability of the business can be realized. The procure- 
ment of materials and the production, marketing, and dis- 
tribution of food products all depend on the nature of food 
as material and the consumer's perception of that material 
as each spoonful is consumed. Approaching this from an 
optimization perspective—arraying the alternatives, mea- 
suring the alternatives, and choosing a desirable one—is 
a useful and profitable way to manage. 
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FOOD REGULATIONS: INTERNATIONAL, 
CODEX ALIMENTARIUS 


International food regulations govern the import and ex- 
port of both raw agricultural commodities and processed 
food products to ensure food safety, control unwanted re- 
lease of exotic species of plants and animals, and limit the 
spread of both plant and animal diseases. International 
food regulations also include standards for trade, including 
units of measure and minimum quality standards. 

Until recently, there were essentially no unified inter- 
national food regulations. Each nation negotiated with 
specific trading partners in cooperative agreements. This 
was a process driven by the standards of the importing 
country, since the exporter was responsible for ensuring 
that the product in question complied with the regulations 
of the importing country. Because national food regula- 
tions varied widely from nation to nation, this proved to 
be an inefficient process. This process also allowed coun- 
tries to use food regulations as de facto barriers to foreign 
competition. Although there are still no legally binding in- 
ternational food regulations, increasing international 
trade and broadening participation under the World Trade 
Organization (WTO) is now forcing a rapid harmonization 
of international standards. A set of unified international 
food standards has emerged, with the force of the world’s 
largest international trade organization behind it. More 
importantly, the WTO has established a process for the 
adoption of future standards, as well as for settling trade 
disputes involving food standards. 


HISTORY 


The General Agreement of Tariffs and Trade (GATT) was 
created in 1947 in an effort to foster international trade. 
From 1947 to 1994, the GATT served as the umbrella or- 
ganization for international trade, establishing standards 
and rules to allow countries to trade with each other in an 
open and fair manner. Despite major success at fostering 
trade in nonfarm products, the GATT contained few effec- 
tive rules for agricultural trade. 
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Since 1948 national food safety and animal and plant 
health measures that affect trade were subject to GATT 
rules. These rules required nondiscriminatory treatment 
of imported agricultural products from different foreign 
suppliers, and, in theory, imported products were supposed 
to be treated no less favorably than domestically produced 
agricultural goods. However, the agreement allowed that 
for purposes of protecting human, animal, or plant health, 
governments could impose more stringent requirements 
on imported products than they required of domestic 
goods. This clause was often intentionally misused to keep 
imported farm products out of a country to protect domes- 
tic producers. In 1979 the Tokyo Round of trade negotia- 
tions attempted to limit abuse of this clause and produced. 
the Agreement on Technical Barriers to Trade. In this 
agreement, governments agreed to use relevant interna- 
tional food standards—except when they considered that 
these standards would not adequately protect health. Al- 
though the agreement established the precedent of using 
international standards, there remained a large loophole 
for using sanitary and phytosanitary measures as barriers 
to trade. 

In April 1994 the GATT completed the final act of a 
series of international trade negotiations, commonly re- 
ferred to as the Uruguay Round, including reforms of in- 
ternational food regulations. The negotiations culminated 
in a treaty that created the WTO (which superseded the 
GATT as the umbrella organization for international 
trade) and contained the WTO Agreement on Sanitary and 
Phytosanitary (SPS) Measures concerning the application 
of food safety and animal and plant health regulations. 

The SPS agreement, now the centerpiece for interna- 
tional food regulations, stated that the WTO and its mem- 
ber countries would adopt the existing international stan- 
dards, guidelines, and recommendations developed by 
specific international organizations as the basis for its food 
standards. The SPS agreement recognizes the standards 
of the Codex Alimentarius (Codex), the International 
Office of Epizootics (OIE), and the International Plant 
Protection Convention (IPPC). Importantly, the SPS agree- 
ment contains specific guidelines for the continual creation 
and adaptation of food standards to respond to new 
developments and knowledge in food safety and plant and 
animal health. The SPS also outlines a specific dispute 
settlement procedure, with effective timetables and re- 
quirements. In effect, the SPS agreement, administered 
through the WTO and based on the recommendations of 
independent organizations, is the first effective set of uni- 
fied international food regulations. 

The SPS agreement is an interesting and important 
success story. It demonstrates that voluntary, market- 
oriented collaboration can achieve difficult goals, and it en- 
dorses the existence and work of international technical 
advisory bodies. The three organizations to which the 
WTO defers for its food standards were created indepen- 
dently and prior to the creation of the WTO. None of these 
organizations had legal authority to impose their recom- 
mendations on any nation. But the recommendations and 
guidelines set by these organizations were well founded, 
as they represented the consensus opinions of scientists 
and experts from around the globe. 


Although the adoption of the standards of these orga- 
nizations created a much needed baseline for international 
trade, it is important to note that these standards do not. 
supersede the ability of nations to maintain their own 
food safety standards. First, these rules apply only tomem- 
ber nations of the WTO. But even WTO member nations 
maintain control of their food safety standards. No mem- 
ber nation is required to adopt any international food stan- 
dard as its own. However, if a member nation maintains a 
food standard stricter than an established international 
standard that results in restrictions on trade, WTO rules 
require that the nation demonstrate the need for the 
stricter standard using sound scientific principles. The 
SPS agreement also stipulates: “Members shall accept the 
sanitary or phytosanitary measures of other Members as 
equivalent, even if these measures differ from their own 
. .. if the exporting Member objectively demonstrates to 
the importing Member that its measures achieve the 
importing Member’s appropriate level of sanitary or phy- 
tosanitary protection” (1). In other words, each country is 
free to devise its own sanitary and phytosanitary measures 
as long as those measures achieve the proper level of 
sanitary/phytosanitary protection for its exported product. 
The SPS agreement also states that sanitary and phyto- 
sanitary measures “shall not be applied in a manner which 
would constitute a disguised restriction on international 
trade” and standards must be applied “only to the extent 
necessary to protect human, animal or plant life or health, 
is based on scientific principles and is not maintained with- 
out sufficient scientific evidence” (1). 

To ensure that the standards-setting process remains 
relevant to WTO member countries, the SPS agreement 
stipulates that “members shall play a full part, within the 
limits of their resources, in the relevant international or- 
ganizations and their subsidiary bodies,” with particular 
reference to the Codex, OIE, and IPPC “to promote within 
these organizations the development and periodic review 
of standards, guidelines and recommendations with re- 
spect to all aspects of sanitary and phytosanitary mea- 
sures” (1). The SPS also created a Committee on Sanitary 
and Phytosanitary Measures to monitor the process of in- 
ternational harmonization and coordinate efforts in this 
regard with the relevant international organizations. 


The Codex 


The Codex Alimentarius (Codex), to which the WTO defers 
for food safety standards, was created in 1962 by the 
United Nation’s Food and Agriculture Organization 
(UNFAO) and the World Health Organization (WHO) un- 
der the direction of the FAO/WHO Food Standards Pro- 
gram. The Codex Alimentarius, which means “food code” 
in Latin, was created “to guide and promote the elabora- 
tion and establishment of definitions and requirements for 
foods, to assist in their harmonization and, in doing so, to 
facilitate international trade” (2). The Codex is composed 
of more than 160 member countries, each represented by 
delegates who participate through the various committees 
that comprise the Codex (see Fig. 1). 

There are several committee categories within the Co- 
dex: the executive committee, general subject committees 
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and commodity committees. The executive committee is 
the executive organ of the Commission; that is, it is re- 
sponsible for its functioning. It is comprised of a chair and 
three vice-chairpersons, as well as one member represent- 
ing each of six geographic regions of the globe: Africa, Asia, 
Europe, Latin America and the Caribbean, North America, 
and the southwest Pacific. Actual standards and food 
safety recommendations are established either through a 
general subject committee, such as food labeling, or com- 
modity committees, such as milk and milk products (see 
Table 1). There are 8 general subject committees and 14 
commodity committees. As the Codex has operated for 


Table 1. Codex Commodity and General Subject 
Committees 


Worldwide Codex Commodity Committees 
(and their host countries) 


Cocoa products and chocolate (Switzerland) 
Sugars (United Kingdom) 

Processed fruits and vegetables (United States) 
Fats and oils (United Kingdom) 

Soups and broths (Switzerland) 

Fresh fruits and vegetables (Mexico) 

Milk and milk product (New Zealand) 

Cereals, pulses, and legumes (United States) 
Processed meat and poultry products (Denmark) 
Meat hygiene (New Zealand) 

Vegetable proteins (Canada) 

Fish and fishery products (Norway) 

Nutrition and foods for special dietary uses (Germany) 
Natural mineral waters (Switzerland) 


Worldwide Codex General Subject Committees 


Food labeling (Canada) 

Food additives and contaminants (Netherlands) 

Food hygiene (United States) 

Pesticide residues (Netherlands) 

Veterinary drugs in foods (United States) 

Methods of analysis and sampling (Hungary) 

Food import and export inspection and certification systems 
(Australia) 

General principles (France) 


more than 30 years and has been establishing standards 
and guidelines throughout this time, most committees 
meet only on an irregular basis when developments re- 
quire new or revised standards. 

Examples of standards established by the Codex gen- 
eral committees include limits for allowable levels of pes- 
ticide residues in food products, guidelines for hygienic 
handling of food products, limits on food additives and 
contaminants (ie, preservatives, coloring agents, etc), vet- 
erinary drug residues, and even analysis and sampling 
methods. 

Examples of commodity committees are cereals, pulses, 
and legumes; milk and milk products; cocoa products and 
chocolate; sugars; and natural mineral waters. 

The Codex works closely with both its parent organi- 
zations, the UNFAO and the WHO, as well as the WTO to 
ensure that its work addresses the relevant concerns of 
these organizations. 


The OIE 


The OIE, the organization responsible for animal health, 
was created in 1924. The OIE is an intergovernmental or- 
ganization headquartered in Paris, France. It consists of 
more than 150 member countries who, as with the Codex, 
are represented by delegates participating through various 
commissions and committees. The OIE is organized into 
three types of commissions: an administrative commission, 
regional commissions, and specialist commissions, as well 
as working groups. 

The International Committee, the highest authority of 
the OIE, meets once a year. Its main function is to coor- 
dinate the work of the OIE commissions and adopt inter- 
national standards for animal health, especially for inter- 
national trade, as well as to adopt resolutions on the 
control of major animal diseases. Due to the geographic 
nature of animal health problems, regional commissions 
were created to address the specific animal health concerns 
for the five major geographic areas of the world: Africa, the 
Americas, Asia, Europe, and the Middle East. 

To facilitate its role in harmonizing regulations for 
trade in animals and animal products, the OIE maintains 
the International Animal Health Code, prepared by the 


International Animal Health Code Commission, as well as 
a Manual of Standards for Diagnostic Tests and Vaccines 
prepared by the OIE’s Standards Commission. These pub- 
lications establish minimum standards to protect animal 
health (both domesticated and farm animal as well as wild 
animals) and to prevent the spread of animal diseases that 
might result from the trade in animals or animal products. 

Examples of standards established by the OIE are 
guidelines for assessing the health of animals before, dur- 
ing, and after transport of animals in international trade, 
guidelines for destroying pathogens in animal products, 
and recommended diagnostic procedures. 


The International Plant Protection Convention 


The IPPC is the phytosanitary (plant health) standard- 
setting organization of the SPS agreement and is the basis 
on which countries collaborate to prevent the spread and 
introduction of plant pests and plant products. The pur- 
pose of the Convention according to the IPPC preamble is 
“international cooperation in controlling pests of plants 
and plant products and in preventing their international 
spread, and especially their introduction into endangered 
areas.” The scope of the Convention extends to the protec- 
tion of both cultivated and natural flora and includes both 
direct and indirect damage by pests. 

From its creation in 1951 until 1992, the IPPC existed 
as an international agreement administered through the 
FAO and implemented primarily through the cooperation 
of regional and national plant protection organizations. 
However, the FAO recognized the role that the IPPC would 
play in the then-developing WTO/SPS agreement and cre- 
ated an IPPC Secretariat in 1992. The FAO also estab- 
lished a standard-setting process and formed the Commit- 
tee of Experts on Phytosanitary Measures (CEPM) in 1993. 
The IPPC currently has more than 100 member countries 
and is administered through the UNFAO’s Plant Protec- 
tion Service. 

In addition to the Secretariat and CEPM, amendments 
to the Convention resulted in the creation of the Commis- 
sion on Phytosanitary Measures to review the state of 
plant protection in the world, provide direction to the work 
of the IPPC Secretariat, and approve international stan- 
dards. 

The Secretariat is responsible for coordinating the work 
of the IPPC and, most importantly, the elaboration of 
International Standards for Phytosanitary Measures 
(ISPMs). These standards are developed by a process that 
begins with submission of proposed standards from the 
Secretariat, by expert groups organized by the Secretariat, 
or by regional or national plant protection organizations. 
Draft standards are reviewed by the CEPM and are sent 
to member governments for consultation before being sub- 
mitted to the Commission for adoption. 

IPPC standards fall into three categories: reference 
standards, concept standards, and specific standards. To 
date, the IPPC has produced primarily reference and con- 
cept standards to support the subsequent specific stan- 
dards. 

The IPPC also has a dispute settlement clause to help 
resolve international trade disputes, although this process 
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is separate from the WTO dispute settlement process and 
is not legally binding. 


CONCLUSION 


The demand for agricultural products is expected to more 
than double worldwide over the next 40 years, through 
both population growth and dietary improvement in de- 
veloping country populations. Many of these countries lack 
adequate land and agricultural resources to meet their ex- 
pected food needs domestically without significant destruc- 
tion of wildlife habitat, elevating the importance of inter- 
national agricultural trade. Consumers throughout the 
world are also raising their food safety expectations, thus 
the need for viable international food safety standards. 
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FOOD SAFETY AND RISK COMMUNICATION 


Foods commonly contain a number of microorganisms 
(bacteria, fungi, viruses, etc) as well as potential chemical 
contaminants (food additives, pesticide residues, veteri- 
nary drug residues, metals, etc) that may pose some level 
of risk to consumers. Although the magnitudes of the risks 
may vary dramatically among the various risk agents, it 
is clear that significant public attention focuses on virtu- 
ally all types of food safety risks, both large and small. 
Effective communication of such food safety risks to the 
general population as well as to lawmakers is an important 
goal of health scientists, government agencies, and food 
industry representatives. 
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The process of risk communication was defined by the 
National Research Council (NRC) to include an interactive 
process of exchange of information including information 
on the nature of the risk and other messages regarding 
concerns, opinions, or reactions to the risk messages (1). 
With respect to communication of food safety risks, com- 
mon risk communication methods have been mostly one- 
way and technocratic and frequently involve regulatory 
agencies, industry, or government officials transmitting 
the results of risk assessments with the aim that the public 
accept the risk messages and act accordingly (2). In the 
last decade this view has been challenged, and alternative 
risk communication methods have been developed to im- 
prove dialogue with the public and affected or interested 
parties. It has been suggested that such a dialogue should 
provide effective public involvement in the decision- 
making process and not merely reflect transference of food 
safety risk information from experts to nonexperts. 


RISK MESSAGES 


Risk messages are only a part of the interactive risk com- 
munication process and are often designed to inform the 
public about food safety risks. Due to the highly technical 
nature of the subject matter, the task of formulating food 
safety risk messages that are clear, accurate, and not mis- 
leading is a challenging one. Complex language and tech- 
nical jargon are commonly used in risk messages, leading 
to information that is often incomprehensible to the public. 
Effective risk messages should be developed using clear 
and plain language and should transmit relevant infor- 
mation in addition to recommending practical actions that 
the public can take (1). 

Effective risk communication requires communicators 
to recognize and overcome several obstacles that are rooted 
in the limitations of scientific risk assessment and in public 
understanding. Technical barriers to effective risk com- 
munication include the need to make assumptions and 
subjective judgments in the risk assessment process. In 
the risk assessment of a food chemical there is a need to 
consider any possible gaps in knowledge that will lead to 
uncertainties in the risk estimates (3). Uncertainties fre- 
quently arise from the use of animal models in the risk 
assessment process. Typical human health risk assess- 
ments rely on results from laboratory animal studies that 
must be extrapolated to humans. Evaluating results from 
toxicology studies where chemicals are administered to 
laboratory animals at a very high dose requires extrapo- 
lation to humans exposed to a low dose, sometimes over a 
lifetime, generating different levels of uncertainty. Accord- 
ing to Young (4), the greater the uncertainty about a given 
effect, the more likely it is to be overestimated. Experts 
often adopt measures based on conservative assumptions, 
which provides a tendency to dramatically overestimate 
the predicted levels of risk (5). 

Risk messages should present a clear explanation of the 
scientific evidence, including data gaps, significance of un- 
certainties, and possible differences in opinion among ex- 
perts. In formulating risk messages it is important to be 
truthful and to discuss practical factors to be considered 


for risk management/control. Risk communicators should 
explain steps to be followed for risk reduction or, when ap- 
plicable, address possible consequences (health, economic) 
resulting from risk control measures. The common views 
of experts should be expressed, and consumer concerns 
need to be considered (6). Nonetheless, consumer reaction 
to food safety risk messages may often involve misunder- 
standing of the scientific facts and may lead to general dis- 
trust of those providing the messages. 


RISK COMPARISONS 


The sheer complexity and uncertainty inherent in risk as- 
sessment provides a significant barrier to public under- 
standing and appreciation of the magnitude of risks. One 
method of explaining risk information is to make compar- 
isons to other risks. Some feel that comparing and con- 
trasting risks with similar assessments of commonplace 
situations help the consumer better understand risks (7), 
because comparisons are more meaningful to the public 
than unfamiliar magnitudes (probabilities) associated 
with risks. Examples of such an approach include compar- 
ing the risks of cigarette smoking with the risks of motor 
vehicle accidents, home accidents, background radiation 
levels, or hang gliding. 

Although risk comparisons can be helpful in communi- 
cating the magnitude of risks, they are not by themselves 
adequate determinants of decisions. Despite the appeal of 
using risk comparisons to put results of risk assessments 
in perspective, such risk comparison practices have been 
subject to criticism, because they ignore critical elements 
concerning public values and acceptability of different 
types of risks. Moreover, some comparisons involving dif- 
ferent types of risk often ignore different levels of uncer- 
tainty inherent in the risk estimates. 

With regard to chemical hazards, Ames et al. (8) and 
Gold et al. (9) ranked the potential human carcinogenic 
risks of exposures to a variety of environmental pollutants, 
synthetic pesticide residues, naturally occurring toxins, 
and pharmaceutical products using an index that relates 
predicted human exposure levels for carcinogens to their 
carcinogenic potency in rodents. Their results indicated 
that the risks posed by residues of synthetic pesticides or 
environmental pollutants ranked low in comparison to 
risks of naturally occurring carcinogens. 


RISK AND CONSUMER PERCEPTIONS 


Perception of risks among members of society is very com- 
plex and is determined by both biological and nonbiological 
factors. Due to the often highly technological content of 
risk messages, such messages can generate frustration on 
the part of the public who ultimately complain of the in- 
accessibility of the scientific knowledge expressed in those 
messages. On the other hand, if risk messages are oversim- 
plified, they can also result in negative reactions from the 
public, such as distrust or unnecessary fear. While many 
experts define a food safety risk as a probability of an ad- 
verse health effect caused by exposure to some potentially 
hazardous agent in food, perceived risk may be defined as 
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Table 1. Qualitative Factors Affecting Risk Perception and Evaluation 


Factor Conditions associated with increased public concern Conditions associated with decreased public concern 
Voluntariness of exposure Involuntary Voluntary 

Controllability Uncontrollable Controllable 

Fairness Inequitable distribution of risks and benefits Equitable distribution of risks and benefits 
Familiarity Unfamiliar Familiar 

Origin Caused by human actions or failures Caused by acts of nature 

Memorability Memorable Not memorable 

Dread Dreaded effects Effects not dreaded 

Catastrophic potential Fatalities and injuries grouped in time and space Fatalities and injuries scattered and random 
Benefits Effects irreversible Effects reversible 

Effects manifestation Delayed effects Immediate effects 

Effects on children Children specifically at risk Children not specifically at risk 

Victim identity Identifiable victims Statistical victims 


Trust in institutions 


Lack of trust in responsible institutions 


Trust in responsible institutions 


Source: Ref. 3. 


the sum of hazard, derived from the risk assessment pro- 
cess, and outrage, which involves nonbiological, qualita- 
tive factors (10). Table 1 lists a variety of factors related to 
public concern and conditions that provoke high or low lev- 
els of outrage among consumers. It has been pointed out 
that the public pays too little attention to hazard while the 
scientific experts pay little or no attention to outrage, 
which explains the common differences between publicand 
expert opinions concerning risks. Some risks possessing 
high hazard but low outrage may be of less public concern 
than those with low hazard but high outrage (10). The ac- 
ceptability of a risk depends on those outrage factors. 
Many major food safety-related disputes relate more to 
risk acceptability than to the actual risks calculated. It is 
common that a voluntary risk is more acceptable than one 
perceived as being involuntarily inflicted on consumers. 
Slovic (11) provides many examples of how hazard and out- 
rage influence public perception of risks. 

Pesticide residues in foods provide a good example of 
how outrage factors may significantly influence public per- 
ception of risks. Consumer attitude surveys revealed that 
between 72 and 82% of the public deem pesticide residues 
as a major concern in food safety (12), although this con- 
trasts greatly with the opinion of most health scientists 
and regulatory agencies who contend that the dietary risks 
from exposure to pesticides in foods are minimal (13). Pes- 
ticide residues are associated with several conditions of in- 
creased public concern, such as being involuntary, (largely) 
uncontrollable, unfamiliar, and inequitable (it is commonly 
assumed that consumers may be the ones taking the risks 
while food producers may be reaping the benefits from pes- 
ticide use). Significant concern is also expressed by the 
public with regard to new technologies such as food irra- 
diation, biotechnology, engineered foods, and the use of 
growth hormones given to cows with the aim of boosting 
milk production. The scientific processes of risk assess- 
ment and risk management provide information concern- 
ing the risks, costs, and benefits of policy choices, but the 
ultimate management of the risks is an issue of social pol- 
icy that requires decisions to be made on the basis of value 
choices (6). 
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FOOD SAFETY AND RISK MANAGEMENT 


The emerging field of food safety risk analysis is composed 
of three dependent yet separate fields: risk assessment, 
risk management and risk communication. This trinity of 
risk-related factors forms the basis for the decisions about 
chemicals requiring regulation and the type of regulation 
needed. The ultimate goal of the process is food safety, the 
prevention of adverse health effects due to exposure to haz- 
ardous substances in food. Many different chemicals enter 
the food supply, including pesticides, natural toxins (such 
as aflatoxins), metals, and intentionally used food addi- 
tives, 

Risk management is a process to determine what level 
of risk is significant and to identify, select, and implement 
options to reduce or minimize levels of risk (1). Probabilis- 
tic risk information obtained through the risk assessment 
process is provided to risk managers who determine what 
action, if any, should be taken to manage (control) the risk 
in question, Representatives of both the government and 
industry sectors are frequently involved in risk manage- 
ment activities. 

Risk management provides a regulatory decision- 
making process that involves consideration of political, so- 
cial, economic, and technological information in addition 
to simply considering the results from the risk assessment 
process. As such, risk management requires the use of 
value judgments on issues such as acceptability of risk and 
the reasonableness of the costs of control (2). 

Although risk assessment and risk management activ- 
ities must be coordinated, these entities must also main- 
tain some independence to guarantee the scientific integ- 
rity of the risk assessment process and to minimize 
potential conflicts of interest between risk assessors and 
risk managers (3,4). Nevertheless, it has been suggested 
that the separation between risk assessment and risk 
management may not be advantageous or possible, and 
some authors propose an integrated model, which com- 
bines elements of risk assessment and management (5). 

Risk management considers risk characterization re- 
sults, searches for viable options or strategies to minimize 
or reduce the potential risk, and identifies risk control 
strategies, if needed, to reduce the risks to acceptable lev- 
els. Ideally, a monitoring step should follow to allow an 
evaluation of the impact of regulatory decision on public 
health. 

Since risk management considers political, economic, 
and social issues in addition to risk characterization re- 
sults, optimal risk management decisions should include 
input from a variety of stakeholders that may be impacted 
by such decisions. Stakeholders may represent either the 
public or private sectors and include consumer and envi- 
ronmental organizations, the food industry (producers, 
processors, distributors, retailers, and restaurants), regu- 
latory bodies, the legislative sector, and trade associations. 


CONSIDERATION OF RISK CHARACTERIZATION 


Once the risk assessment process has been completed to 
provide a mathematical characterization of the risk and a 


description of the various uncertainties inherent in the cal- 
culation of the risk, risk managers will consider this risk 
estimate as the starting point from which to develop an 
appropriate risk mitigation strategy, if it is deemed that 
the risk should be reduced. It should be emphasized that 
optimal risk management efforts require scientifically ap- 
propriate risk assessments. 

An important aspect in the consideration of the risk 
characterization is the need for experienced judgment. In- 
herent in the risk assessment process are large gaps in 
knowledge that require many choices to be made among 
competing models and assumptions; this introduces con- 
siderable uncertainty into the risk estimates that must be 
appreciated in the risk management process. Optimally, 
risk managers should be allowed the flexibility to make 
risk-related decisions using a weight-of-evidence approach 
that allows for the consideration of all available valid 
scientific data. It has been suggested, however, that risk 
assessments are often conducted using a strength-of- 
evidence approach in which experiments demonstrating 
positive toxicological effects are given more weight than 
any number of negative experiments of equal quality (6). 
This may be particularly true in the case of carcinogen risk 
assessment, where conservative assumptions may exag- 
gerate risks greatly and, therefore, may distort regulatory 
practices (7). 


RISK, COSTS, AND BENEFITS 


In food safety decision-making processes, benefit-cost 
analysis is frequently adopted to reduce risk to a single 
dimension (such as the risk of developing cancer, nervous 
system disorder, or death), to avoid subjectivity in the de- 
cision making, and as an aid in setting priorities. An im- 
portant role of the risk manager is to identify various risk- 
control options and to assess the risks and benefits 
associated with each option. Costs and benefits may be cal- 
culated on both economic and health scales; such a process 
is highly controversial as it often assigns monetary values 
to human life, deaths, illnesses, and health issues. As an 
alternative to conventional cost-benefit analysis, other 
techniques have been developed to provide assistance in 
evaluating various options where costs and benefits may 
be expressed on nonmonetary scales. It should be empha- 
sized that although benefit-cost analysis can be of some 
help in the decision-making process, it is fundamental to 
ensure that important qualitative factors are not under- 
played by quantitative factors (2). 


PREVENTION, INTERVENTION, AND CONTROL ACTIONS 


Chemical hazards can be introduced into the food supply 
at all stages along the food chain. Standards for food safety 
are set, and the food industries are entrusted to comply 
with them. In addition to regulatory standards, consumer 
demands and purchasing habits may also require food in- 
dustry representatives to consider implementing various 
risk control measures. 

In the process of preparing a strategy to reduce poten- 
tial risks, it is clear that considerable improvements can 


be achieved by appropriate education, training, and pre- 
vention. Implementation of Good Manufacturing Practices 
and Hazard Analysis Critical Control Point (HACCP) pro- 
grams have led to the widespread adoption of several risk 
prevention measures in the production and processing of 
food products. 

Legislative mandate largely determines the flexibility 
afforded risk managers in interpreting the results of risk 
assessments and in considering other factors before mak- 
ing regulatory decisions. A variety of models are often con- 
sidered in the food safety risk management process and 
their uses are often prescribed by law. Some common mod- 
els include: 


Zero risk, which applies to food additives shown to in- 
duce cancer in humans or animals. For chemicals reg- 
ulated in such a manner there is a zero tolerance. 
Reasonable certainty of no harm or negligible risk, 
which typically deems acceptable a cancer risk of no 
more than one excess cancer above background per mil- 
lion people exposed, as calculated using conservative 
(risk-magnifying) risk assessment methods. 

Risk balancing, which specifically requires that risk and 
benefits should be considered together before making a 
decision. 

Technical feasibility, which considers both the level of 
risk and the availability of current technological meth- 
ods to control the risk. 


UNITED STATES REGULATIONS 


Food additives are regulated by the U.S. Food and Drug 
Administration (FDA). Before an additive is approved for 
food use it must be demonstrated that it is safe under its 
intended conditions of use. Some food ingredients have 
been reviewed by qualified personnel and are granted the 
status of Generally Recognized as Safe (GRAS). Food ad- 
ditives that have been demonstrated to be noncarcinogenic 
are allowed for use if the exposure estimates are below the 
Acceptable Daily Intake (ADI), which is derived by apply- 
ing conservative uncertainty factors to exposure levels that 
typically do not cause observed effects in laboratory ani- 
mals. 

Within the Federal Food, and Drug and Cosmetic Act, 
the Delaney Clause, adopted in 1958, states that no sub- 
stance which has been shown to induce cancer in humans 
or animals can be used as a food additive (zero risk basis). 
As such, potentially carcinogenic chemicals are not allowed 
as food additives regardless of the expected level of expo- 
sure. 

The FDA has applied the concept of a negligible risk to 
veterinary drugs while taking negligible risk and risk bal- 
ancing approaches to regulate specific carcinogenic food 
contaminants, such as polychorinated biphenyls (PCBs) in 
fish and aflatoxins in peanuts and other products (8). 

The U.S. Environmental Protection Agency (EPA) reg- 
ulates drinking water contaminants under provisions of 
the Safe Drinking Water Act. For noncarcinogenic drinking 
water contaminants, allowable levels are set to ensure that 
a fraction of the ADI is not exceeded. For carcinogenic 
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drinking water contaminants, it has been recognized that 
zero risk is not technologically attainable. As an alterna- 
tive, maximum containment levels are established at the 
lowest technologically feasible levels; these typically result 
in lifetime cancer risks in the order of 1 in 100,000 or lower, 
but risks for some chemicals at the maximum containment 
level exceed 1 in 100,000 (8). 

The major law regulating pesticides, the Federal Insec- 
ticide, Fungicide, and Rodenticide Act, provides the EPA 
with the authority to permit specific pesticide uses when 
it has been determined that the potential benefits of the 
uses of the pesticides outweigh their potential risks. Some 
benefits of pesticides may be directly related to health; an 
example concerns the use of a fungicide that may result in 
food residues yet may prevent the formation of naturally 
occurring fungal toxins of potentially greater health risk. 
Substitution effects are also important, since elimination 
of the use of a specific pesticide that may leave food resi- 
dues could lead to an increase in the use of less-effective 
pesticides, resulting in greater potential for environmental 
disruption and worker-safety concerns. Another benefit 
considered by EPA is the pesticide’s ability to produce an 
abundant, available, and affordable food supply by increas- 
ing crop yields and reducing production costs and con- 
sumer prices. 

In August 1996 new legislation repealed the Delaney 
Clause with respect to pesticide residues. The legislation 
limited risk-balancing provisions concerning pesticide res- 
idues in foods and instituted a “reasonable certainty of no 
harm” standard. In addition, regulatory practices were 
prescribed to consider exposures and sensitivities of spe- 
cific population subgroups such as infants and children, to 
consider the aggregate exposure of pesticides from dietary, 
water, and residential exposure, to consider the cumula- 
tive risks posed from exposure of families of pesticides that 
possess common toxicological mechanisms of action, and to 
consider other types of toxicological effects such as endo- 
crine disruption. 

As noted in the previous discussion, a variety of differ- 
ent risk management practices are prescribed and the 
choice of which practices to use depends on the classifica- 
tion of the chemical (eg, pesticide, food additive, veterinary 
drug) and the medium from which humans are exposed (eg, 
food, water). As such, an acceptable level of risk for one 
type of food chemical may differ greatly from what is 
considered legally acceptable for another type of food 
chemical, and the use of practices such as risk balancing 
(comparing risks with benefits and/or economic impact) 
and technical feasibility may be allowed under some laws 
and not allowed under others. A summary of the various 
regulatory models used in the United States is provided 
in Table 1. In essence, it is possible for the same chemical 
to be subjected to different allowable levels of risk de- 
pending on whether consumers eat it, breathe it, or drink 
it. It is common that higher risks are tolerated for workers 
who are exposed to chemicals during their job (such as 
pesticide manufacturers and applicators) than for the 
general population. In general, such risks are justified be- 
cause the general population includes children, pregnant 
women, elderly, and ill people, whereas the workforce is on 
average healthier and frequently subjected to medical sur- 
veillance, and their work environment, in many cases, is 
monitored (8). 
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Table 1. U.S. Federal Laws Regulating Chemicals in Food and Water 


Law Regulatory agency Regulated products Regulatory model 
Food, Drug and Cosmetic Act (1906, 1938, FDA Food and feed additives Zero risk 
amended 1958, 1960, 1962, 1968) Veterinary drugs Negligible risk 
Natural toxins Negligible risk/risk balancing 
Federal Insecticide, Fungicide, and EPA Pesticides Reasonable certainty of no 
Rodenticide Act (1948, amended 1972, harm/limited risk balancing 
1975, 1978) 
Safe Drinking Water Act (1974, amended EPA Drinking water contaminants Technical feasibility 
1977, 1996) 
Source: Ref. 9. 


INTERNATIONAL REGULATIONS 


International food standards are set by the Codex Alimen- 
tarius Commission, which was established by the Food and 
Agriculture Organization (FAO) and World Health Orga- 
nization (WHO) Assembly in 1961-1962. The Codex Ali- 
mentarius Commission membership is open to all member 
nations and associate members of FAO and/or WHO, and 
currently comprises more than 160 members. The overall 
objective of the Codex is to ensure consumer protection and 
to facilitate international trade. 

Scientific risk assessment provides the basis for Codex 
risk management decisions. Two FAO/WHO scientific ad- 
visory bodies, the Joint Expert Committee on Food Addi- 
tives (JECFA) and the Joint Meeting on Pesticide Residues 
(JMPR) focus their activities primarily on risk assessment. 
These committees are independent of the Codex system 
and advise FAO and WHO and their members. Within Co- 
dex, risk management is defined as the process of consid- 
ering risk assessment results, weighing policy alterna- 
tives, and, if required, selecting and implementing 
appropriate control options including regulatory mea- 
sures. The outcome of the risk management process is the 
development of standards, guidelines, and other recom- 
mendations, which are developed by the Codex subsidiary 
bodies, such as the Committee on Food Additives and Con- 
taminants (CCFAC), the Committee on Pesticide Residues 
(CCPR), and the Committee on Residues of Veterinary 
Drugs in Food (CCRVDF). In the case of food contami- 
nants, the normal approach is for CCFAC to set levels of 
contaminants that are as low as reasonably achievable. 
The CCRVDF recommends maximum residue limits 
(MRLs) for residues of veterinary drugs in food, and the 
CCPR sets ADIs and MRLs for pesticide residues. Moni- 
toring of both the effectiveness of the control measure 
(through periodic evaluation of the decision) and its impact 
on risk to the exposed population is expected following im- 
plementation of the control measure (3). 
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SOURCES OF CONSUMER INFORMATION 


Consumers indicate that their primary source of food 
safety information is the media (1-4). Television newspa- 
per stories alert the public to current food safety issues 
with magazines frequently providing more in-depth infor- 
mation. Labels and cookbooks also serve as sources of in- 
formation. 

Food industry and consumer groups, government agen- 
cies, educational institutions, and professional organiza- 
tions provide information to the consumer through the me- 
dia or directly via educational flyers, articles in magazines 
or newsletters, and meetings. 


The Institute of Food Technologists (IFT), a professional 
society of food and nutrition scientists, has identified about 
80 academic members who serve as food science commu- 
nicators. An IFT media guide with food science communi- 
cator contact information organized by topic and geo- 
graphic areas is distributed to major news services across 
the country. Communicators initiate or respond to almost 
1000 media contacts a year. 

The American Dietetic Association (ADA) has organized 
a similar media outreach activity. Although ADA spokes- 
persons primarily address nutritional issues, food safety is 
also an area of inquiry. The association has published po- 
sition papers on a variety of issues with safety components, 
such as food irradiation, biotechnology, and fat substitutes. 

Other professional societies have developed food safety 
material for the public. For example, Before Disaster 
Strikes, A Guide to Food Safety in the Home can be ordered 
through the International Association of Milk, Food and 
Environmental Sanitarians Web site, www.iamfes.org. 

The International Food Information Council (IFIC) 
Foundation communicates science-based information on 
nutrition and food safety issues to health professionals, 
media, educators, and government officials. The Founda- 
tion is supported primarily by the broad-based food, bev- 
erages, and agricultural industries. IFIC Foundation ac- 
tivities include publishing a bimonthly newsletter, “Food 
Insight”; placing science-based information on the Internet 
(www. ificinfo.health.org); sponsoring educational events 
and roundtables for opinion leaders; writing scientific 
white papers, consumer brochures, and school curricula; 
and preparing educational exhibits at scientific and pro- 
fessional meetings. IFIC Foundation has also prepared a 
comprehensive media guide with background and con- 
sumer publications on current issues and lists of scientific 
experts. 

The American Council on Science and Health, Inc. 
(ACSH) is a consumer educational consortium concerned 
with food safety and other issues. The ACSH board, com- 
posed of 250 physicians, scientists, and policy advisers in 
a variety of fields, reviews the Council's reports and par- 
ticipates in ACSH educational activities. ACSH produces 
a wide range of publications (www.acsh.org), including 
peer-reviewed reports on important health topics. ACSH 
representatives appear regularly on television and radio, 
in public debates and in other forums, and hosts media 
seminars and press conferences. Publications related to 
food safety include: Eating Safely: Avoiding Foodborne IIl- 
ness; Irradiated Foods; Feeding Baby Safely: Facts, Fads 
and Fallacies; An Unhappy Anniversary: The Alar “Scare” 
Ten Years Later; and ACSH Holiday Dinner Menu. 

The U.S. Food Safety and Inspection Service estab- 
lished the U.S. Department of Agriculture (USDA) hot line 
to reach consumers with information on safe handling of 
meat and poultry. Since its inception the hot line has re- 
sponded to more than one million calls for information on 
meat and poultry safety with more than 100,000 calls re- 
ceived on the toll-free line from January through Decem- 
ber 1996 (5). Information is also available through a fast 
fax service and at the Web page http: / / www.usda.gov.fsis. 
In 1996 over 80% of hot line calls were from consumers, 
with the remainder coming from businesses and profes- 
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sional clients including educators, communicators, health 
and human service professionals, students, teachers, and 
the media. Through their professional capacity, many of 
these callers also extend information to the public. 

The FDA Consumer, published 10 times per year and 
available electronically at www.fda.gov /fdac/, contains 
consumer-oriented articles on various health topics includ- 
ing food safety. 

The USDA provides information to food and health ed- 
ucators and the land grant university cooperative exten- 
sion system through material such as “Food Safety Focus” 
and “Food Safety Educator.” The cooperative extension 
system in each state uses these materials or others devel- 
oped within the state to provide food safety information to 
the public. Many of these are listed in the National Food 
Safety Database. 

The National Food Safety Database serves as a man- 
agement system of U.S. food safety materials used by the 
Cooperative Extension Service (CES), consumers, indus- 
try, and other public health organizations. The Web site 
www.foodsafety.org lists many of the food safety resources 
developed for various audiences, ranging from producer to 
consumer. In addition to printed resources, a growing 
amount of information now is accessible in electronic for- 
mat, and on the Internet. 

Food industry and consumer groups prepare consumer 
material on proper food handling or address areas of food 
safety concern. The Center for Science and the Public In- 
terest reaches the public through its newsletter and inter- 
action with the media. In recent years Consumer Reports, 
published by Consumer’s Union, has addressed food safety 
and safe food handling. 


CONSUMER CONCERNS 


Better documentation of the consequences of microbiolog- 
ical-based foodborne illness and increased media coverage 
have probably led to increased consumer concern about mi- 
crobiological hazards. Nationwide surveys indicate that 
more people volunteer concerns about microbiological haz- 
ards than any other potential food safety issue. Survey re- 
sponses regarding volunteered concern about microbiolog- 
ical safety increased from 36% in 1992 to 69% in 1997 (6). 
When the question of concern about food contamination by 
bacteria or germs was specifically asked, 82% of respon- 
dents classified it as a serious hazard. This response in- 
dicates more concern about this type of food hazard than 
any other food safety risk. 

Although pesticide residues continue to generate con- 
cern among a large segment of the population, only 65% 
ranked it a serious hazard in 1997, a significant decreased 
from 82% in 1989 (6). Concern about other food safety 
areas has also decreased. Those expressing serious concern 
with antibiotics and hormones used in poultry or livestock 
decreased from 61% in 1989 to 43% in 1997. Those rating 
the use of nitrites in food as a serious hazard decreased 
from 44% in 1989 to 28% in 1997. Those rating use of ad- 
ditives and preservatives as a serious hazard decreased 
from 30% in 1989 to 21% in 1997. 

The USDA hot line calls indicate the food safety areas 
related to animal products where people sought informa- 
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tion. In 1996 most calls, 74%, were inquiries about safe 
storage, handling, and preparation of meat and poultry 
products (5). Twelve percent of inquiries dealt with mar- 
keting and inspection issues, 6% addressed questionable 
products and practices, and 4% related to labeling, product 
dating, and basic nutrition. More than 6000 inquiries re- 
lated to handling of turkey, followed by beef and veal with 
almost 5000 calls. 


CONSUMER SAFE-HANDLING KNOWLEDGE 


Although consumers recognized the potential seriousness 
of foodborne bacteria and believed they were well informed 
(1), many were unaware of safe-handling and storage prac- 
tices, with those age 35 or younger demonstrating the 
lowest level of knowledge (7-8). A 1998 nationwide poll 
indicated more than 90% of consumers had heard of 
Salmonella, yet critical gaps existed in food safety knowl- 
edge (9). 

Many factors have contributed to consumers’ lack of fa- 
miliarity with safe food handling. Increased participation 
in the paid labor force has resulted in less in-home training 
of young people in food handling; few schools offer or re- 
quire food preparation classes; partially prepared foods 
may have different, less familiar handling requirements 
(7). Additionally, some historic food safety recommenda- 
tions related to temperature and acidity do not eliminate 
risks from some pathogens. 

Food safety experts have identified the most common 
food-handling problem by consumers at home. The top fac- 
tors attributed to mishandling include contaminated raw 
food, inadequate cooking or heat processing, obtaining food 
from unsafe sources, improper cooling, intervals of 12 
hours or more between preparation and eating, and colo- 
nized person handling implicated food or poor hygiene (10). 
Mishandling associated with specific pathogens included 
the same contributing factors (11). 

In a nationwide mail survey, Williamson et al. (8) found 
specific safe-handling practices were not practiced by 15 to 
30% of respondents. People failed to rapidly cool cooked 
food, with 29% indicating they would let roasted chicken 
sit on the counter until it cooled completely before refrig- 
erating. Only 32% indicated they would use small shallow 
containers to refrigerate leftovers. People were not aware 
that failure to refrigerate may jeopardize safety, with 18% 
not concerned or uncertain about the safety of cooked meat 
and 14% about poultry left unrefrigerated for more than 
four hours. The need for sanitation was not recognized, 
with only 54% indicating they would wash a cutting board 
with soap and water between using it to cut raw meat and 
chop vegetables. 

Similarly, in a California survey, only 63% indicated 
they clean the food preparation area with soap and water. 
The importance of temperature control was not fully un- 
derstood, with 50% indicating they refrigerate leftovers in 
large containers. Of particular concern, more than half of 
consumers always or sometimes tasted leftovers to check 
whether they are still safe (1). 

Even consumers who knew they were being watched 
and evaluated made mistakes. An audit of consumer food- 


handling practices among 106 U.S. and Canadian house- 
holds found 96% had at least one critical violation. House- 
holds average 2.8 critical and 5.8 major violations per 
household (12). A critical violation was defined as one that, 
by itself, can potentially lead to a foodborne illness, 
whereas major violations are unlikely to cause foodborne 
illness but are frequently cited as contributing factors. 


CONSUMER PERCEPTION OF THE SOURCE OF 
FOODBORNE ILLNESS 


Many consumers misperceive the nature of foodborne ill- 
ness and the most likely source of the pathogen (13). Con- 
sumer belief about the type of food responsible for food- 
borne illness—meat, poultry, seafood, eggs—is consistent 
with expert opinions. However, consumers believe food- 
borne disease is a minor illness without fever that occurs 
within a day of eating a contaminated food. Infections 
caused by Salmonella and Campylobacter, the most com- 
mon foodborne illnesses in the United States (14), are not 
consistent with the symptoms consumers described, be- 
cause of the longer latency and fever-causing properties. 

Most consumers believe their illness is caused by food 
prepared somewhere other than the home. Williamson et 
al. (8) found about one-third of consumers thought food 
safety problems most likely occurred at food manufactur- 
ing facilities, and one-third blamed unsafe practices at res- 
taurants. Only 16% thought the home was the most likely 
place for mishandling. Fein et al. (13) found 65% attributed 
foodborne illness to food prepared at a restaurant, with 
17% believing the mishandling occurred at the supermar- 
ket and 17% at home. Similarly, a nationwide 1998 survey 
found 39% of consumers thought safety problems occurred 
at the food processor or manufacturer, 20% believed they 
occurred at the restaurant, and only 15% thought mishan- 
dling occurred in the home (15). In contrast, food safety 
experts believe sporadic cases and small outbreaks in 
home are far more common than those cases constituting 
recognized outbreaks (7). 

If consumers misperceive the nature and origin of food- 
borne illness, they underestimate the frequency of serious 
consequences and thus are less motivated to change. 
Schafer et al. (16) found that motivation to practice safe 
food-handling behavior requires the belief that someone 
could be harmed by not following guidelines, and that new 
behavior could prevent foodborne disease. The failure to 
associate at-home food-handling practices with foodborne 
illness is a serious impediment to convincing people to dis- 
continue potentially hazardous food-handling behavior 
(13). 


U.S. NATIONAL FOOD SAFETY PROGRAM. 


A coalition of national industry, government, and con- 
sumer groups formed the Partnership for Food Safety Edu- 
cation to provide safe food-handling information to the 
public. In 1998 the Partnership launched the Fight BAC 
(bacteria) education campaign. The initial goal of this cam- 
paign was to covey four key principles of food safety: Clean: 
wash hands and cooking utensils; Separate: prevent cross- 
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contamination; Cook: heat foods to proper temperature; 
and Chill: store foods correctly. The program encourages 
grassroots education in local communities through dissem- 
ination of a Fight BAC kit with implementation ideas and 
reproducible materials. Although it is too early to judge the 
success of the program, materials have been widely dis- 
seminated and Fight BAC symbols and flyers are in major 
supermarkets. 
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FOOD SCIENCE AND TECHNOLOGY: 
DEFINITION AND DEVELOPMENT 


Food science and technology have been defined in various 
ways. All definitions basically specify that food technology 
is the application of the principles and facts of science, en- 
gineering, and mathematics to the processing, preserva- 
tion, storage, and utilization of food. Food science, on the 
other hand, deals chiefly with the acquiring of new knowl- 
edge to elucidate the course of reactions or changes occur- 
ring in foods whether natural or induced by handling pro- 
cedures. With respect to “natural,” nearly all our foods are 
of biological origin. Foods consist of chemicals, contain en- 
zymes of intrinsic origin, and generally are subject to the 
action of enzymes of extrinsic origin and to microorgan- 
isms. Furthermore, various physical phenomena affect 
their state. Foods are subject to a myriad of forces, many 
of which are known; a far greater number of influences are 
still unknown. There is thus a great need for food science, 
which, among its functions, is the acquiring of new knowl- 
edge. Although in theory food science deals with the ac- 
quiring of new knowledge without there being any in- 
tended benefit from the new knowledge, in practice there 
is usually some hoped-for benefit such as greater stability 
of the food, a gain in acceptability or nutritional value, or 
a reduction in the likelihood of spoilage. 

Food science and technology arose as separate disci- 
plines through the coalescing of those portions of other sci- 
ences that dealt with foods. Traditionally, chemists, micro- 
biologists, and other kinds of scientists studied or taught 
about foods from their particular points of view, but food 
processing transcends any one of the traditional disci- 
plines. The distinction between chemists and microbiolo- 
gists who study foods and food scientists and technologists 
is that the former devote their efforts chiefly to determin- 
ing chemical composition, or the microbial state of foods. 
They are concerned with only one aspect of food. There is 
a need for those whose vision and competency cuts across 
discipline lines. When food processing is involved, knowl- 
edge of only one branch of science is not enough. There is 
aneed for scientists and technologists whose knowledge of 
the different fields germane to various aspects of food pres- 
ervation enables them to couple principles from the tra- 
ditional fields with principles of food preservation to effect 
the most suitable solution to a food processing problem. 
The same applies to food engineering. There are principles 
that apply to the solution of engineering problem. Some- 
times the most efficient engineering solution is not the 
most suitable or, more serious, not even an acceptable so- 
lution from the point of view of handling a food. 

There have been instances of having an individual 
trained in one of the traditional branches of engineering 
assigned to the task of devising a new procedure for the 
handling of food. The process designed often was efficient 
from an engineering standpoint but a disaster from a mi- 
crobiological point of view because allowance was not made 
for proper cleaning of the equipment. Food retained in the 
system could act as an inoculum of spoilage organisms for 
portions of food subsequently passing through the equip- 
ment. An engineer trained as a food technologist would 
recognize that possibility and select the next best option, 


1018 FOOD SCIENCE AND TECHNOLOGY: DEFINITION AND DEVELOPMENT 


one less efficient from an engineering point of view but one 
least likely to permit spoilage organisms to flourish. 

In effect, a food scientist or technologist is a generalist 
in science rather than being an adherent of only one 
branch of science. The same applies to a food engineer. 
Food engineers augment their knowledge of engineering 
principles with the same kind of multidisciplinary knowl- 
edge that characterizes the food scientist. 

Because foods themselves are intrinsically complex and 
subject to various forms of change (biological, chemical, nu- 
tritional, physical, and sensory) it was quite logical that a 
science arose that was designed to pull together the wide 
range of knowledge that impinges in some way on food and 
food processing. 


FOOD RESEARCH BEFORE THE TERM “FOOD SCIENCE” 
AROSE 


Food science as a distinct discipline is not quite a century 
old, but aspects of it have existed for centuries. Appert’s 
development in 1810 of the process of canning (1) was an 
epochal event. The process wasn’t called canning then, and 
Appert himself did not really know the principle upon 
which his process depended, but canning has had a major 
impact on food preservation ever since its development. It 
was the first of the purposely invented processes. Other 
methods developed earlier, such as drying and fermenta- 
tion, go back to antiquity and were a result of the evolution 
of procedures over centuries rather than the purposeful 
application of the scientific method. Pasteur’s study on the 
spoilage of wine and his description in 1864 (2,3) of how to 
avoid such spoilage persists not only because of the scien- 
tific importance of his findings but also because the term, 
pasteurization, is so much a part of our vocabulary. There 
were other early studies on food spoilage. In 1897 Prescott 
and Underwood published a seminal study of the spoilage 
of canned clams and lobsters (4). There was also a 1898 
paper of theirs that dealt with the spoilage of canned corn. 
Russell (5) carried out what is now believed to be the first 
scientific work on spoilage of canned foods. He studied the 
amount of heat needed to preserve canned peas. His study, 
published in 1895, was little noticed for some time because 
it was buried in a report of the Wisconsin Agricultural Ex- 
periment Station (5). 

A study initiated in 1920 that led to a truly scientific 
breakthrough was that of the National Canners Associa- 
tion (NCA; now called the National Food Processors As- 
sociation). The NCA study (6) was the first to result in 
sound mathematical expressions for the amount of ther- 
mal energy needed to destroy microbial spores, the amount 
of heat put into a can and removed from it during heating 
and cooling, and a means of calculating the least amount 
of heat needed to destroy some specified number of spores 
in the can. Actually, there is no such thing as attaining a 
complete kill. One has to content oneself with the proba- 
bility of there being one surviving spore. The usual level 
specified is 12D, or the probability of one container in 100 
billion containing a viable spore. 

The NCA study is a good illustration of fundamental 
scientific knowledge being discovered as an outgrowth of 
an investigation carried on for a very practical reason: to 


avert food spoilage and the risk of a Clostridium botulinum 
spore being able to grow out later and cause a very serious 
form of food intoxication (poisoning). Throughout the food 
field, the pharmaceutical industry, and others where ste- 
rility must be attained, the NCA study is the source of the 
knowledge needed. 


THE FIRST OF THE TEACHING DEPARTMENTS 


Just a little bit earlier than investigations such as that of 
the NCA, universities began to teach phases of food pres- 
ervation that would be called food science today. Dairy pro- 
cessing and meats processing were taught during the nine- 
teenth century, but the subject matter of each tended to be 
taught from the point of view of that commodity alone. In 
the 1910s things changed. At four different universities, 
predecessor departments to food science and technology 
arose. Like dairy manufacturers, their first departmental 
names were descriptive of the commodity area that they 
represented, but the pioneer teachers of food preservation 
recognized that the principles and facts that applied to 
their products had application to other commodities; thus, 
they tended to broaden their approach by teaching food 
preservation across commodity and discipline lines. At the 
University of Massachusetts, the departmental designa- 
tion was Horticultural Manufacturers; at the University of 
California, it was Fruit Products; at Oregon State, the de- 
partmental title, like that at Massachusetts, related to 
Horticulture; at the Massachusetts Institute of Technology 
(MIT), the first courses were taught in Biology, since that 
was the school in which Prescott was located. 

Among those who instituted formal teaching of that 
which is called food science today were Walter Chenoweth 
(G. E. Livingston, unpublished) of the University of Mas- 
sachusetts; William V. Cruess, at California; Ernest 
Weigand, at Oregon State University; and Samuel C. Pres- 
cott (7), at MIT. The early teachers found that they could 
not truly teach food preservation unless they looked at the 
food and processes from the points of view of more than 
one discipline or commodity, for example, bacteriology in 
Prescott’s case (4). That kind of thinking led to the depart- 
ments becoming the first of the present food science and 
technology departments. 

In defense of the dairy departments and other commod- 
ity-oriented departments of that time, it must be pointed 
out that in the last century there was less of what would 
be called further processing than today, when one type of 
commodity is incorporated into another commodity to pro- 
duce still a third form of food; consequently, there was less 
reason to look across commodity lines. 

Before discussing the evolution of the terms food science 
and technology, two other pioneers merit special mention. 
One of those is Dr. Carl R. Fellers (G. E. Livingston, un- 
published). He was one of the most influential of the early 
teachers and researchers (8). He spent most of his career 
at the University of Massachusetts. From the early 1920s 
on, he evinced both in this teaching and research the con- 
cept that science and technology as they relate to food are 
one, that there are particular facts associated with partic- 
ular foods, but the same principles and methods apply 
whether the food be apples, confections, fish, tortillas, veal, 
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or zucchini. Another individual of the same sort was Dr. 
Bernard E. Proctor (G. E. Livingston, unpublished), a pro- 
fessor at MIT. The book Food Technology, published in 
1937 by Prescott and Proctor (9), was among the first to 
use that term. Incidentally, Prescott, Cruess, Fellers, and 
Proctor all were early presidents of the Institute of Food 
Technologists (IFT). 


FOOD SCIENCE AND TECHNOLOGY AS A TITLE 


The founding of the IFT in 1939 (10) led to general use of 
the term food technologist. Reference was made in the last 
section to Prescott and Proctor’s book for its use of the term 
food technology; another who did so in the same year, 1937, 
was Bitting (11). He called himself a food technologist on 
the title page of his book. By 1945, the original four de- 
partments that had taught the subject under different ti- 
tles had changed their departmental names to food science, 
food science and technology, food engineering, or some var- 
iant such as food science and nutrition. Several other food 
science departments were organized in the 15 years after 
World War II. A few of the departments started ex nihilo; 
most had their origins in some commodity department or 
represented amalgamations where phases of food science 
taught in various departments were transferred and com- 
bined to form a new department. A factor that also solidi- 
fied the use of food technology was development of the 
IFT’s curricular minimum standard for food science and 
technology (12). That subject may be found in the article 
INSTITUTE OF FOOD TECHNOLOGISTS: HISTORY AND PER- 
SPECTIVES. 

The coalescing of the interests of those who conduct re- 
search on foods and food processing came somewhat late 
in the history of science. Not until after World War II did 
the term food science/technology come into widespread 
use. The two disciplines are so interlinked they function as 
one and are generally taught that way. Food engineering 
has generally been taught under the rubric food technol- 
ogy. Sometimes it is taught in an agricultural engineering 
department. Today one thus finds departments designated 
as food science, food science and technology, and sometimes 
food science and nutrition; if nutrition is a part of the title, 
however, the designation is generally food science and hu- 
man nutrition. The reason for specifying “human” is that 
nutrition is taught in animal science courses and in foods 
and nutrition departments, and a distinction had to be 
made between the types of nutrition taught in these older 
kinds of departments. Nutrition as taught in foods and nu- 
trition departments often deals with the clinical side of 
nutrition, whereas that taught in food science departments 
is more likely to delve into the relations between the re- 
tention of nutrients as influenced by various processing 
techniques. Both types of department naturally have com- 
mon ground in elucidating the functions the various nu- 
trients perform, interrelations among nutrients, and the 
well-being of humans when foods are used wisely. 


POSITIONS FILLED BY FOOD SCIENTISTS/ 
TECHNOLOGISTS 


The types of industrial jobs available to food scientists and 
technologists cover the gamut of responsibilities from ex- 


amination of raw products to final sales. Positions of re- 
sponsibility are also available in government (the Food and 
Drug Administration, the U.S. Department of Agriculture, 
the Department of Defense, and among others, the Public 
Health Service). The same applies to state and local gov- 
ernments such as state departments of agriculture and 
state and local health departments. In the academic world, 
teachers and researchers find many opportunities, Entre- 
preneurs such as food consultants often establish a remu- 
nerative niche for themselves. The roles food scientists and 
technologists play will be more fully set forth in the article 
FooD SCIENCE AND TECHNOLOGY: THE PROFESSION. So too 
will developments as far as food processes are concerned. 
The next topic here will deal with changes taking place in 
the makeup of members of the profession. 

Mermelstein (13) prepared in 1998 an article demo- 
graphic as to changes taking place in the profession and 
as to employment, salaries, and the locations of food 
scientists/technologists both geographically and by em- 
ployment field. He pointed out that at present males con- 
stitute 61% of IFT members, whereas females constitute 
39%. Predictive of the future is the fact that female mem- 
bers tend to be younger than males. That 39% of IFT mem- 
bers are females is significant in itself, for 30 years ago 
they constituted a very small part of IFT membership. 
Since they tend to be younger today than their male coun- 
terparts, this suggests that in not too many years they will 
be the dominant portion of the membership. 

The ascendancy of women in the profession can be seen 
in the colleges, too. Three decades ago there were few 
women among food science/technology graduates. Today 
that situation has changed dramatically. Female students 
outnumber male majors in many food science depart- 
ments. The same applies to the Student Division of the 
IFT. Female student members are as numerous as male 
students, and often they assume the dominant roles in run- 
ning the various student chapters by being elected chair of 
their university’s IFT student chapter. There is little ques- 
tion that women are occupying roles, some of which were 
closed to them in years past, and at far higher levels than 
heretofore. Throughout industry, there are several female 
vice presidents. In the academic world, professors are as 
likely to be female as male, and several of the teaching 
departments have female heads or chairs. 

An interesting facet of the survey Mermelstein reported 
is that a far higher proportion of those who work in the 
research and development (R&D)/scientific/technical cate- 
gory are women. Overall the salaries for women were lower 
than for men, the median salary being $68,500 for men 
versus $50,000 for women, but part of that discrepancy is 
a reflection of the fact the women are younger and thus 
have worked for fewer years. For those with a bachelor’s 
or master’s degree and less than one year’s experience, the 
discrepancy was substantial, that is, $4300 and $5500, re- 
spectively. At the Ph.D. level, the discrepancy was only 
$400. 

For those in industry with all years of experience com- 
bined, those with the B.S., M.S., Ph.D. and MBA degrees 
earned median salaries of $54,000; $60,000; $72,000; and 
$75,000, respectively. For educational institutions, the sal- 
aries were $33,682; $34,150; and $64,400; the MBA degree 
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was not listed since it is outside of food science. For the 
first three categories, government employees averaged 
$49,825; 50,000; and $70,500. For scientific/trade organi- 
zations, the median salaries were $55,000; $57,000; 
$76,351; and $75,500. At the Ph.D. level and that of the 
MBA, median salaries by form of employment were com- 
parable. 

In summary, food science became defined only in the 
fore part of the twentieth century, and the term did not 
come into common use until nearly midway in this century. 
It differs from many other sciences in the scope of its out- 
look. As most sciences have developed, they have looked 
inward toward greater and greater specialization. Not- 
withstanding that, most practitioners within a field must 
today keep abreast of developments elsewhere in the great 
area in which their science belongs. A microbiologist, for 
example, generally attempts to stay knowledgeable of de- 
velopment elsewhere in the biological and biochemical 
fields. The scientist thus looks outward to other areas of 
his/her science. Food scientists and technologists must 
look outward with exceptional vigor. They cannot confine 
themselves to one major area such as the biological, bio- 
chemical, or physical sciences or engineering. Because food 
and food processing encompass all these areas, the food 
scientist or technologist must stay abreast of developments 
in several other diverse areas to practice the profession 
most effectively. The profession is thus one of unusual chal- 
lenge. Because so many sciences impinge on food processes 
and since food is processed in an increasingly number of 
different ways today, there is an even greater need for food 
science and technology than there was when the two were 
first constituted as a new and separate field. Food scien- 
tists and technologists are the individuals most fit by train- 
ing to be able to recognize, study, use, and interpret the 
myriad of interrelated processes that occur whenever food 
is preserved, stored, or utilized. 


BIBLIOGRAPHY 


1. S.A. Goldblith, “The Science and Technology of Thermal Pro- 
cessing, Part I,” Food Technol. 25, 1256-1262 (1971). 

2. M. Frobisher, Jr., Fundamentals of Bacteriology, W. B. Saun- 
ders Co., Philadelphia, Penn., 1937, pp. 443-448. 

3. J. M. Jay, Modern Food Microbiology, 5th ed., Chapman and 
Hall, New York, 1996, pp. 5, 7. 

4, S.A. Goldblith, “The Science and Technology of Thermal Pro- 
cessing, Part 2,” Food Technol. 26, 64-69 (1972). 


5, H.L. Russell, Gaseous Fermentation in the Canning Industry, 
12th Annual Report, Wisconsin Agricultural Experiment Sta- 
tion, Madison, Wis., 1895, p. 227. 

6. W. D. Bigelow et al., Heat Penetration in Processing Canned 
Food, Bulletin 16-L, National Canners Association, Berkeley, 
Calif., 1920. 

7. 8, A. Goldblith, Pioneers in Food Science, Vol. 1, Food and 
Nutrition Press, Trumbull, Conn., 1993. 

8. R. L. Hall, “Pioneers in Food Science and Technology: ‘Giants 
in the Earth’,” Food Technol. 48, 192 (1989). 

9. 8. C. Prescott and B. E. Proctor, Food Technology, McGraw- 
Hill, New York, 1937. 


10. N. H. Mermelstein, “History of the Institute of Food Technol- 
ogists: The First 50 Years,” Food Technol. 12, 14-18, 35-52 
(1989). 

11. A. W. Bitting, Appertizing or the Art of Canning: Its History 
and Development, The Trade Pressroom, San Francisco, 
Calif., 1937. 

12. R. M. Schaffner, “What Training Should a Four-Year Food 
Technology Student Recieve,” Food Technol. 12, 7-14 (1958). 

13. N. H. Mermelstein, “1997 IFT Membership Employment & 
Salary Survey,” Food Technol, 52, 63-73 (1998). 


JOHN PowERS 
University of Georgia 
Athens, Georgia 


See also Foop SCIENCE AND TECHNOLOGY: THE 
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FOOD SCIENCE AND TECHNOLOGY: 
THE PROFESSION 


Food scientists and technologists are employed in acade- 
mia, by government and industry, by consulting firms, in 
entrepreneurial endeavors of various sorts and as private 
consultants. Crucial to almost any profession is the edu- 
cation its members receive prior to entering into that pro- 
fession. Food science and technology is no exception. For 
that reason, the development of the Institute of Food Tech- 
nologists’ (IFT) minimum undergraduate curriculum will 
be described first. 

In 1958 the IFT sponsored a conference between indus- 
trial leaders and university personnel to devise an under- 
graduate curriculum that would answer industry's needs 
for graduates educated in food science (1). A model curric- 
ulum was devised. In essence it was a consensus between 
the course work industry thought graduates coming into 
their fields should have versus the very practical matter 
that there is a limit to the number of courses a curriculum 
can have and still permit students to graduate in four 
years. 

In 1962 and again in 1965 additional conferences were 
held (2). They resulted in the IFT adopting its minimum 
undergraduate curriculum (2). It was revised again in 1977 
(3). The eventual outcome was that the gradual refining of 
thought as to courses that are essential for a would-be food 
scientist to take became the IFT’s minimum undergradu- 
ate standard curriculum. 

The reason the specified curriculum became a standard 
arises from the fact the IFT put teeth into a related pro- 
gram. The IFT awards approximately 145 scholarships (4). 
IFT scholarships can go only to universities that have a 
curriculum conforming to IFT’s minimum requirements, 
and, furthermore, not only must the scholarship holder be 
at a university conforming to the IFT’s minimum under- 
graduate curriculum, s/he must be following that curricu- 
lum. Many food science and technology departments have 
more than one curriculum. At the University of Georgia, 
for example, there is an environmental public health pro- 
gram administered by the Food Science and Technology 
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was not listed since it is outside of food science. For the 
first three categories, government employees averaged 
$49,825; 50,000; and $70,500. For scientific/trade organi- 
zations, the median salaries were $55,000; $57,000; 
$76,351; and $75,500. At the Ph.D. level and that of the 
MBA, median salaries by form of employment were com- 
parable. 

In summary, food science became defined only in the 
fore part of the twentieth century, and the term did not 
come into common use until nearly midway in this century. 
It differs from many other sciences in the scope of its out- 
look. As most sciences have developed, they have looked 
inward toward greater and greater specialization. Not- 
withstanding that, most practitioners within a field must 
today keep abreast of developments elsewhere in the great 
area in which their science belongs. A microbiologist, for 
example, generally attempts to stay knowledgeable of de- 
velopment elsewhere in the biological and biochemical 
fields. The scientist thus looks outward to other areas of 
his/her science. Food scientists and technologists must 
look outward with exceptional vigor. They cannot confine 
themselves to one major area such as the biological, bio- 
chemical, or physical sciences or engineering. Because food 
and food processing encompass all these areas, the food 
scientist or technologist must stay abreast of developments 
in several other diverse areas to practice the profession 
most effectively. The profession is thus one of unusual chal- 
lenge. Because so many sciences impinge on food processes 
and since food is processed in an increasingly number of 
different ways today, there is an even greater need for food 
science and technology than there was when the two were 
first constituted as a new and separate field. Food scien- 
tists and technologists are the individuals most fit by train- 
ing to be able to recognize, study, use, and interpret the 
myriad of interrelated processes that occur whenever food 
is preserved, stored, or utilized. 
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Food scientists and technologists are employed in acade- 
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cation its members receive prior to entering into that pro- 
fession. Food science and technology is no exception. For 
that reason, the development of the Institute of Food Tech- 
nologists’ (IFT) minimum undergraduate curriculum will 
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In 1958 the IFT sponsored a conference between indus- 
trial leaders and university personnel to devise an under- 
graduate curriculum that would answer industry's needs 
for graduates educated in food science (1). A model curric- 
ulum was devised. In essence it was a consensus between 
the course work industry thought graduates coming into 
their fields should have versus the very practical matter 
that there is a limit to the number of courses a curriculum 
can have and still permit students to graduate in four 
years. 

In 1962 and again in 1965 additional conferences were 
held (2). They resulted in the IFT adopting its minimum 
undergraduate curriculum (2). It was revised again in 1977 
(3). The eventual outcome was that the gradual refining of 
thought as to courses that are essential for a would-be food 
scientist to take became the IFT’s minimum undergradu- 
ate standard curriculum. 

The reason the specified curriculum became a standard 
arises from the fact the IFT put teeth into a related pro- 
gram. The IFT awards approximately 145 scholarships (4). 
IFT scholarships can go only to universities that have a 
curriculum conforming to IFT’s minimum requirements, 
and, furthermore, not only must the scholarship holder be 
at a university conforming to the IFT’s minimum under- 
graduate curriculum, s/he must be following that curricu- 
lum. Many food science and technology departments have 
more than one curriculum. At the University of Georgia, 
for example, there is an environmental public health pro- 
gram administered by the Food Science and Technology 


Department. A student in that program is not eligible for 
an IFT scholarship because the public health curriculum 
does not specify some of the courses the IFT considers to 
be critical in the training of a food scientist. 

In the United States there are approximately 60 uni- 
versities claiming they teach food science and technology. 
Of these, 43 meet the minimum standard (4). The standard 
recommended is just that. It is not accreditation. Accredi- 
tation does exist for some sciences and certain other fields, 
but the IFT has not sought to foster that kind of program 
conformity. In general, universities are not in favor of all 
types of programs being accredited because that tends to 
tie the hands of the university. Sometimes a university 
must supply funds to an accredited department to enable 
it to keep its accreditation. Loss of accreditation reflects 
unfavorably upon a university. To avoid that happening, a 
university may supply the funds to the accredited depart- 
ment even though the funds are needed more critically 
elsewhere. 

For the purpose of awarding scholarships, the IFT’s 
minimum standard applies throughout North America. 
There are seven Canadian universities and one Mexican 
university, the curricula of which meet the IFT’s minimum 
standard. Students in those countries are eligible to apply 
for the IFT scholarships. Not every year, but often, a stu- 
dent in Canada or Mexico receives one of the IFT’s schol- 
arships. The Canadian Institute of Food Science and Tech- 
nology has a scholarship program of its own. Students at 
some Canadian universities are fortunate in that they can 
seek to obtain a scholarship under either of these two 
North American programs. 

The purpose of the minimum standard curriculum is to 
ensure that individuals graduating from a food science pro- 
gram bring to the job the kind of qualifications employers 
have a right to expect and the kind of education most con- 
ducive to the long-term interests of graduates in food sci- 
ence. 

The most recent revision of the undergraduate mini- 
mum standard curriculum occurred in 1992 (5). The IFT 
reexamines the curriculum at intervals not greater than 
10 years to take into account changes in the industry, use 
of new tools such as students developing computer literacy, 
and the institution of new kinds of courses. For example, 
a “capstone” course was not originally required. Today the 
IFT considers it important that students at the senior level 
take a course that incorporates and unifies principles the 
students should have learned in food chemistry, microbi- 
ology, and engineering; food processing; nutrition; sensory 
analysis; and statistics. How that unification is fostered is 
up to the faculty. The course can be one of food processing, 
product development, some combination thereof, or a 
wholly different form of instruction that requires the stu- 
dents to plan and think for themselves in carrying out a 
project. 

Not only does the Education Committee revise the stan- 
dard curriculum at intervals, it monitors conformance to 
the curriculum by evaluating each university's curriculum 
at intervals not greater than five years to be sure the uni- 
versity is still in compliance with the minimum standard. 

Aside from the capstone course, the curriculum cur- 
rently in place (5,6) requires one or more courses in food 
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chemistry, food analysis, food microbiology, food process- 
ing, food engineering, written and oral communication 
skills, computer literacy, and courses that call for “critical 
thinking skills.” These are courses in food science. Addi- 
tional courses in food science depend on the student's in- 
terest, but allowance has to be made in the student’s pro- 
gram so that required courses in basic science and 
mathematics may be taken. In fact, they must be taken. 
Among these required courses are two courses in general 
chemistry plus one course each in organic chemistry and 
biochemistry; two courses in calculas, one in general phys- 
ics, one in statistics, two courses in communication skills 
(normally prior to the food science courses calling for de- 
velopment of such skills), and not less than four courses in 
history, ethics, economics, literature, art, sociology, philos- 
ophy, psychology, and foreign languages. The intent is that 
students, no matter their specializations, should have 
enough “general” education to be a well-rounded citizen. 
The necessity for the science and mathematics courses is 
obvious. If students are to secure the maximum benefit 
from instruction in food science, they must have a suffi- 
cient and sound background in the basic sciences under- 
lying each of the different types of course. Food science 
courses can then be taught at the appropriate level of com- 
prehensiveness and depth. 

Additional requirements such as the food science and 
technology unit should preferably be administratively in- 
dependent and have an adequate budget. The faculty 
members must be trained in the subjects they teach; they 
should be encouraged to participate in professional asso- 
ciations and to engage in research. Teaching loads should 
not be so high as to interfere with adequate preparation 
for teaching. 

Not only has the Education Committee of the IFT been 
involved, but other individuals and groups have examined 
various aspects of the educational process (7-9). The In- 
ternational Union of Food Science and Technology 
(IUFoST) has considered the types of educational pro- 
grams available, including a listing of food science and 
technology programs in various countries (10). The listing 
is quite extensive. It is not, however, complete. The Uni- 
versity of Pretoria and the University of Stellenbosch in 
South Africa were not listed. Both universities have well- 
developed food science programs. In 1991 a symposium, 
covering food science teaching worldwide, was held in Eu- 
rope (11). Educational systems—as is well known—are dif- 
ferent there. The same applies to the developing countries. 
Netto (12) commented that in most developing countries, 
education does not come first, that in both industrialized 
and developing countries the expertise of food scientists 
and technologists is needed to win the fight against food- 
borne diseases and contaminants and to search for safer 
and more nutritious food products. 


THE PROFESSION 


Once trained, the question facing any professional is: 
Where can I use my education and what will be the oppor- 
tunities? Those in food science and technology are fortu- 
nate. The food industry in the United States is large, so- 
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phisticated, and highly efficient. Since the end of World 
War II disposable income required for food purchases has 
declined precipitously. It was once above 22%. In 1985 food 
expenditures as a proportion of household disposable in- 
come had declined to 18% (18). In 1995 the percentage was 
approximately 11% (14). Much of the change came about 
because of the efficiency of American agriculture and that 
of the food industry. Roberts et al. (15) claim that the food 
industry, allowing for stimulation of other industries 
(transportation, packaging, printing, etc) is a $1.8 trillion 
industry. 

Since the end of World War II the value-added part of 
the food industry has increased substantially. In 1980 it 
surpassed agriculture’s contribution. The overtaking of ag- 
riculture is significant, for U.S. agriculture is known 
worldwide for its efficiency. Only about 2.5% of the U.S. 
population is required to produce the food we consume plus 
that exported. Developments in efficiency and in the value- 
added side of the food industry are largely a result of the 
efforts of food scientists and technologists. They are not 
always the originators of new ideas. Marketeers regularly 
initiate requests for new, value-added products. Whether 
or not food scientists or technologists originate the idea, 
they are the ones who bring hoped-for results to reality. 


STRENGTHENING VALUE-ADDED COMPONENTS 


This next immediate description involves a few illustra- 
tions of ways food scientists and technologists have 
strengthened the value-added components of the American 
food industry and point out in particular that all funda- 
mental knowledge does not come from scientific projects 
and that applied projects generally have to have a scientific 
component before they come to full fruition. 

In the companion entry, “Food Science and Technology: 
Definition and Development,” reference was made to the 
National Canners Association (NCA) research on thermal 
processing of food. The reason the project was undertaken 
was because canned foods had acquired a bad reputation 
in the 1910s. They were the cause of botulism outbreaks. 
The outbreaks were the result of failure to heat sterilize 
the canned product adequately, but the underlying cause 
was the lack of fundamental knowledge to determine just 
how much heat needed to be applied. The food scientists, 
technologists, engineers, and a mathematician on the re- 
search team brought into being the knowledge required to 
prevent such outbreaks. 

The NCA study illustrates the gamut of technological, 
scientific, and mathematical knowledge often brought to 
bear on a technological problem and the fact that basic 
scientific knowledge is frequently one of the outcomes of a 
very practical project. The mathematician on the research 
team, Ball, devised the mathematical procedure allowing 
safe thermal processing to be attained (16,17). The point 
to going into detail is to highlight the fact that the food 
science profession is many faceted. Science, engineering, 
and mathematics all may need to be brought into play to 
solve the problems at hand. In the case here, a trade or- 
ganization was the agency that developed scientific knowl- 
edge so fundamental that its reach has been well beyond 
the food industry. 


A second benefit attained from the NCA study is that 
knowledge of proper thermal processing methods enabled 
canned foods to shake off a reputation as an unsafe food 
product and to acquire one of almost complete safety. That 
in turn has been a major factor in canned foods, a value- 
added product, assuming a prominent role in the U.S. 
economy. Aside from convenience and being amenable to 
long-term storage, canned foods are “safe.” Food technol- 
ogists are the ones who have made that so. 

Two other illustrations will be given to demonstrate 
that the profession works in various ways. Clarence Birds- 
eye, an engineer and an inventor working on his own, 
brought about change because of innovative thought. He 
reasoned that food frozen quickly enough would retain its 
original qualities. He was close to being correct but not 
entirely so. The process worked for seafoods, but later on 
when freezing was extended to vegetable products, trouble 
arose. The flavor, color, and texture of the vegetables usu- 
ally deteriorated within a month or so. Blanching had to 
be inserted as a processing step to inactivate the enzymes 
naturally present in the vegetables (18). Even at freezing 
temperatures, enzymes can cause changes deleterious to 
food quality. Researchers at the University of California 
demonstrated that peroxidase had to be destroyed to be 
sure that it and other enzymes would be inactivated (17). 
Here science had to step in to bring an application to 
fulfillment. The frozen foods industry has most certainly 
affected the eating habits of Americans and made a major 
contribution to the value-added portion of the food 
industry. 

The third illustration will be that of research at a state 
government laboratory. Rare today is the homemaker who 
squeezes oranges for juice at breakfast. At the Florida Cit- 
rus Experiment Station scientists using fundamental 
knowledge reasoned that if orange juice were concentrated 
under a vacuum, the temperature would be low enough to 
avoid the heat-induced taste to which canned orange juice 
is so susceptible. Furthermore, they reasoned that if a 
small amount of fresh juice were added back to the con- 
centrate, the top flavor notes could be restored to the con- 
centrate. The process was successful until the volume pro- 
duced began to cause the orange concentrate to be on the 
market for an appreciable time; then trouble arose as it 
had with frozen foods. As the juice was concentrated, cal- 
cium compounds in the juice were likewise concentrated. 
Upon storage even at freezing temperatures, the calcium 
compounds reacted with low methoxyl pectin produced by 
enzymes in the orange concentrate to cause curdling and 
gelation. Mild heating—not enough to affect the sensory 
quality—had to be added as a pasteurization step to in- 
activate the pectic enzymes (19,20). As with frozen foods, 
fruit and vegetable concentrates increased greatly in vol- 
ume and went on to add materially to the value-added part 
of the food industry. In this instance, governmental scien- 
tists brought about a new industry, first by using scientific 
reasoning to devise a new application, then by using sci- 
entific research to overcome a limitation not anticipated. 


NEWER PROCESSES 


Enough illustrations have been given in detail to show that 
the profession functions in various settings: industry, trade 


organizations, universities, the government, and entrepre- 
neurial enterprises. Within recent years, newer forms of 
processing have arisen. Among them is extrusion process- 
ing (21), controlled atmosphere and modified atmosphere 
storage of fruits and vegetables; controlled atmosphere 
packaging of food products (22,23); minimal processing 
coupled with refrigeration and some forms of packaging to 
permit the marketing of fruits, vegetables, and other kinds 
of foods (24-25); and edible packaging of various sorts (26— 
28). Not identical to the fresh produce but generally close 
to it, minimal processed foods have made a decided niche 
for themselves. Aseptic processing has unquestionably de- 
veloped for itself a major role in food preservation (29), and 
ohmic heating is coming to the fore (30). 

Irradiation of foods is being considered anew. Out- 
breaks of food infections or intoxication from organisms on 
fresh produce has revived the idea of irradiating fruits to 
destroy pathogenic microorganisms (31), 

An area where a major change is taking place in the 
food field is that of biotechnology or “genetic engineering” 
as it is sometime called (32-35). Katz (33) points out that 
the movement toward improved vegetable oils will be 
helped by the New Plant Genome Initiatives signed into 
law by President Clinton in 1997. Biotechnology research 
and other innovations are not without objection (36) or the 
risk of development of allergenicity (37). 


NUTRACEUTICALS 


A phase of food science coming to the fore is that of so- 
called nutraceuticals (38-41). They are often also referred 
to a phytochemicals. In many respects, this phase of sci- 
ence is at the same stage as was research into vitamins 70 
to 80 years ago. Nutraceuticals are chemicals in the food 
that either upon theoretical grounds or by observation ap- 
pear to possess physiological properties. The questions are 
(1) do nonnutritive compounds affect in any way the action 
or use of demonstrated nutritional substances; if so, how 
and to what extent, and (2) are such actions beneficial or 
detrimental to health? The task is to relate the presence 
of one or more of the nutraceuticals to specific effects. To- 
day, of course, isolation and identification of unknown com- 
pounds is far more feasible than it was when the first of 
the vitamins began to be unequivocally identified. Testing 
for effects however is no less arduous. 


GOVERNMENTAL ACTIVITIES 


Very brief mention was made of a state governmental lab- 
oratory when the development of citrus concentrate was 
referred to, but that research was a very small part of the 
effect governmental agencies have on food science and 
technology. The research laboratories of the U.S. Depart- 
ment of Agriculture (USDA) employ many food scientists 
and technologists. Aside from the five major regional lab- 
oratories and the USDA laboratories in Beltsville, Mary- 
land, there are numerous area laboratories such as the 
Southern Area Laboratory in Lane, Oklahoma, and the 
Tree Fruit Research Laboratory in Wenachee, Washington, 
which carry on research. The research is often oriented 
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toward raw products, and livestock or poultry production, 
but at many of these laboratories, major effort today goes 
into food processing or utilization. There is also the joint 
state-federal program of the Agricultural Research Ser- 
vice and the Land-Grant Experiment Stations. 

The Department of Defense (DOD) likewise employs a 
good number of food scientists and technologists. The 
RD&E Center of the U.S. Army Natick Facility conducts 
research on the stability of military rations, demographic 
acceptability of different kinds of food, and nutritional 
studies. The National Marine Fishery Service, Depart- 
ment of Commerce, also employs food scientists and tech- 
nologists, though its operations are much smaller than 
those of the USDA or DOD. 

One of the things that has added stature to the profes- 
sion is that the U.S. Federal Government's Directory of Oc- 
cupational Titles began to list both food science and food 
technologists as professional fields rather than lumping 
food scientists under some older category such as micro- 
biologist or chemists (42). 


GOVERNMENTAL REGULATION 


A major employer of food scientists and technologists is the 
Food and Drug Administration (FDA). In spite of the mat- 
ter of occupational titles just referred to, they may not be 
called food scientists or technologists because their duties 
are generally that of an analyst or an inspector. The same 
applies to the USDA and its Food Inspection Service. Of 
increasing importance today has been the institution of 
Hazard Analysis at Critical Control Points (HACCP) and 
Standard Operating Procedures (SOP) for sanitation, 
which are programs mandated by the federal government 
but implemented by the food firm according to specifica- 
tions set down by the government (43) where the com- 
pany’s own quality control personnel are responsible for 
inspecting of the food at points along the processing line. 
HACCPs arise where there is the possibility of microbial 
organisms contaminating the food or increasing apprecia- 
bly in number or where other forms of contamination 
might be the cause of a regulatory complaint. 

Major effort is being directed toward solutions to the 
problem of pathogenic organisms infecting the food supply. 
Among the pathogens are protozoa (44), viruses (45); nor 
is the home exempt from such problems (46). In assessing 
dangers, recognition has to be taken of the fact that not all 
fecal coliforms are necessarily of public health significance 
(47). 

Miller (48) pointed out that an integration of food sci- 
ence, toxicology, microbiology, nutrition, and genetics is 
needed to solve problems of food safety. Hutt (49) described 
several of the modifications made in the FDA Moderniza- 
tion Act of 1997. In Food Technology (50) the proceedings 
of a symposium to honor Peter Baron Hutt are described. 
Hutt himself explained and criticized the approval system 
for food additives. Articles on food additives have not been 
cited here. They really need to be considered in the light 
of risk assessment (51). 
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SUMMARY 


The food industry is, as O’Conner said, an industrial pow- 
erhouse (13). It adds greatly to the gross domestic produc- 
tion of the United States. For many of the other industrial 
countries of the world, the same is true. Food production 
is a key part of the economy. Developments originated by 
food scientists, technologists, and engineers, while not the 
sole source of advances made by the food industry, have 
been among the foremost in bringing the United States to 
the enviable position it occupies. The roles food scientists 
and technologists assume have been illustrated here 
mostly by example. The very nature of the profession re- 
quires that its practitioners be individuals with a strong, 
broad background in basic science and mathematics and 
with a sufficiently broad knowledge of food science and en- 
gineering to be able to fit within anyone of the several 
areas the food industry encompasses. That is the reason 
the IFT promulgated an undergraduate minimum stan- 
dard curriculum only. There is a general consensus that 
specialization should not commence until graduate studies 
are undertaken. The survey reported by Mermelstein (52) 
teems with information as to the demographics of job op- 
portunities, degree level helpful, gender, types of employ- 
ment, and salaries received by those in various fields of 
employment. 

The food industry and food science are on the move in 
other countries, too (53). In a synopsis of a publication by 
the National Science Board (54), academic universities are 
stated to be the “manufacturing plants for new knowl- 
edge.” They are the largest producers of basic research, but 
it is pointed out that Europe now leads North America in 
science and engineering doctoral production. Western and 
Eastern European universities now graduate about 60% 
more doctoral students than does North America. The re- 
port states further, contrary to popular opinion, that most 
doctoral graduates do not work in academia, only 28.4% 
do. There has been a rapid rise in R&D spending outside 
the United States, but there has also been a rapid rise in 
spending within the United States by foreign firms. The 
United States possesses 46% of the world’s industrial R&D 
capacity. 
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FOOD SPOILAGE 


Food is considered spoiled when an undesirable change in 
the color, flavor, odor, or texture of the product has oc- 
curred. Microbial activity, endogenous chemical activity, 
insect/rodent damage, or physical injury such as bruising 
and freezing are responsible for spoilage. Spoilage classi- 
fications will vary with the consumer; that is, one individ- 
ual may consider a food spoiled where another does not. A 
perfect example is fermented food. To some individuals, the 
food may be considered delicious but to other individuals 
who have had limited exposure to that type of food, the 
unfamiliar odors associated with the product would be con- 
sidered spoiled. Individuals also differ in their thresholds 
to various odors and flavors, which would affect their judg- 
ment of the food’s quality. Less obvious changes in food 
composition may also classify the food as spoiled. For ex- 
ample, nutrient losses, presence of harmful bacteria, or the 
formation of toxic substances within the food would all ren- 
der the product spoiled. In these and other cases where 
food has been labeled as spoiled, the food is removed from 
distribution and labeled unfit for human consumption. The 
significance of this action is that there are economic losses 
associated with removal of the products from distribution 
and consumption, and the producer, processor, or con- 
sumer must assume these losses. 


ORGANOLEPTIC DESCRIPTION OF SPOILAGE 


Changes in the visual, tactile, olfactory, and flavor char- 
acteristics of food constitute spoilage, symptoms varying 
with the commodity. As an aid to summarize the types of 
spoilage occurring in many of the major food commodities, 
Table 1 lists some of these spoilage descriptors and the 
associated factor/mechanism for their development. Ex- 
amples of visual changes would include the surface dark- 
ening of red meats, greening of cooked and cured meats, 
surface darkening of cut fruits, and fuzzy areas being gen- 
erated on the surface of fruit, bread, or cheese. Other vi- 
sual changes that also overlap tactile perceptions include 
sliminess on meats and vegetables and ropiness and cur- 
dling in fluid milk products. Off-odors and off-flavors as- 
sociated with spoiled foods may be described by the terms 
putrid, rancid, bitter, soapy, sour, stale, and earthy. These 
off-odors and off-flavors vary not only between food cate- 
gories but may also vary within a food category. For in- 
stance, the spoilage of marine temperate water fish is char- 
acterized by development of fishy, rotten, and hydrogen 
sulfide notes, whereas tropical fish and freshwater fish 
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Table 1. Selected Spoilage Indicators of Various Food Commodities. 


Spoilage descriptor 


Spoilage factor 


Meat 
Off-odors: fruity, sweet smelling esters, followed by the formation of putrid 
sulfur compounds (indole, methanethiol, dimethyl disulfide and ammonia) 
Slimy or tackiness: masses of bacterial growth and the softening or loosening of 
meat structural proteins 
Greening: discoloration of meat pigments in frankfurters 


Discoloration: surface browning 
Fish 
Off-odors: hydrogen sulfide; methyl mercaptan; dimethyl sulfide; trimethylamine 


Softening/mushiness: liquefaction of muscle tissue in Pacific whiting 
Discoloration: blackening of tissue in shrimp 


Eggs 
Runny yolk and off-odors: H,S and musty odors 
Discolored yolks 
Pinspots: mycelial growth on inside of eggs 

Milk 
Off-flavors and odors: Bitter and occasionally putrid 
Clotting or curdling 

Butter 


Off-odors: putrid odors due to certain organic acids (ie, isovaleric acid) 
Off-odors: rancid odors from short-chain fatty acids hydrolyzed from fats 


Cheese 


Holes or gas pockets 
Fuzzy areas 


Vegetables 


Soft roll: initially sunken areas, followed by sunken area becoming soft, and wet 
and spreading to encompass the entire vegetable 

Gray mold rot: Gray mycelium 

Black semisoft blemishes 

Black rot: in potatoes 

Chilling injury (pitting and russeting; surface browning; improper ripening; 
decay) 

Shriveling 


Citrus fruit 


Green rot: dense olive-colored layer of mycelium and powdery conidia 


Noncitrus fruits 
Brown rot: brown discolorations in peaches, plums, and apples 
Downy mildew: in grapes 
Gray mold rot: gray mycelium (fuzz) in strawberries 
Legumes 
Reddish-brown spots/streaks 
Off-flavors: beany, grassy, and rancid 
Grains 


Toxic compound generation: mycotoxins 


Pseudomonas spp. 
Pseudomonas spp. 


Heterofermentative species of lactobacilli and 
Leuconostoc 
Pigment oxidation 


Pseudomonas spp. 
Proteolytic enzyme activity 
Enzymic oxidation of polyphenols 


P. graveolens 

Pseudomonas, Aeromonas, Acinetobacter, 
Proteus 

Molds—Penicillium and Cladosporium 


Pseudomonas spp. 
Lactic acid bacteria 


P. putrefaciens 
P.fragi 


Gas-producing bacteria 
Molds 


Erwinia spp. and Pseudomonas spp. 
Botrytis cinerea 

Alternaria spp. 

Ceratocystis fimbriata 

Membrane lipid oxidation 


Moisture loss 


Penicillium digitatum 


Monilinia fructicola and Penicillium expansum 
Plasmapara viticola 
Botrytis 


Uromyces 
Chemical lipid oxidation 


Molds 
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Table 1. Selected Spoilage Indicators of Various Food Commodities. 


Spoilage descriptor 


Bread 


Fuzzy areas: mycelium 


Fuzzy areas: mycelium 


Swelling of can 


Off-flavors: grassy (cis-hexen-3- 
trichloroanisole); vinegary (acetic acid) 


Off-odor: buttery or honeylike due to presence of diacetyl 
Ropiness: liquid becomes viscous and pours as an “oily” stream 


Off-flavors: sourness due to oxidation of ethanol to acetic acid 
Turbidity 
Browning and haze formation 


|; trans-hexen-2-al); cork taint (2,4,6- 


Spoilage factor 


Rhizopus stolonifer 


Molds 


Gas-producing organisms 


Acetobacter spp. 


Pediococcus cerevisiae 

Acetobacter, Lactobacillus, Pediococcus 
cerevisiae, and Gluconobacter oxydans 

Acetobacter spp. 

Zymomonas anaerobia and Saccharomyces spp. 

Chemical oxidation of polyphenols 


Chocolate 


Surface whitening 


Off-flavors: rancid 


Chrysosporium spp. or fat recrystallization 


Chemical lipid oxidation 


Potatoes 


Sprouting: toxic formation of solanine 


Physiological 


spoilage is characterized by fruity and sulfhydryl notes. 
Development of spoilage flavors and odors are seldom 
abrupt but occur in successive steps. In the case of fish, the 
initial accumulation of inosine monophosphate (IMP) con- 
tributes to the pleasant flavor of the fish while subsequent 
breakdown of IMP results in loss of such flavor. Further 
storage leads to the microbial or chemical generation of 
putrid or rancid compounds, respectively, that are respon- 
sible for making the product unpalatable. It is important 
to note that oftentimes no specific volatile compound may 
be held responsible for the spoilage aromas. Instead the 
concentration of a class of volatile compounds, such as the 
sulfur class of volatiles, and the relative concentration of 
that class to other classes of volatiles may better describe 
differences in spoilage aromas. 


FOOD SPOILAGE MECHANISMS 


Microbiological Degradation 


Organisms and Factors Affecting Growth. The types of 
microorganisms that are responsible for spoiling foods in- 
clude bacteria, molds, and yeasts. Like other living things, 
microorganisms require nutrients, water, and minerals to 
survive and grow, and to accomplish these activities, the 


microorganisms degrade the foods. Many factors affect the 
growth and biochemical activities of microorganisms in 
foods and these are the chemical composition of the food, 
the conditions of processing and storage, and the inherent 
properties of the microbial species present. With regard to 
the latter point, different types of microorganisms have 
growth habitats for which they are best suited. For ex- 
ample, bacteria are adapted to fast growth in nonacidic 
(pH 5.0-8.0) and moist conditions, whereas molds grow 
more slowly but are better adapted to growth in relatively 
acidic (pH 2.5) or dry conditions. Yeasts are similar to 
molds, but many also tolerate conditions containing high 
concentrations of sugar. 

The microbial flora in a food will be initially dictated by 
the product’s environment or by contaminants picked up 
during processing, handling, packaging, and storage of 
that product. For example, freshly caught fish from warm 
or tropical waters carry a microbial population primarily 
of mesophilic bacteria (bacteria that grow best from 15 to 
40°C) such as Micrococcus coryneforms and Bacillus. In 
contrast, cold and temperate water fish species harbor 
predominantly psychrotrophic bacteria (bacteria that grow 
at refrigeration temperatures) that includes the genera 
Moraxella /Acinetobacter, Pseudomonas, Flavobacterium, 
and Vibrio. Upon refrigerated storage, however, the psy- 


1028 FOOD SPOILAGE 


chrotrophic bacteria in both the warm and cold water fish 
become the predominant species as a result of natural com- 
petition. Since a greater concentration of psychrotrophic 
organisms are initially found in seafood harvested from 
temperate waters, their spoilage could be expected to be 
quicker than seafood harvested from tropical waters. Such 
conjecture has at least been substantiated with organolep- 
tic evaluations of tropical and temperate shrimp stored in 
ice (1), Another important intrinsic factor in fish that has 
played an important role in determining the microbial 
flora during storage is the pH. Most fish contain only very 
little carbohydrate (<0.5%) in the muscle tissue, and thus 
only small amounts of lactic acid are produced postmor- 
tem. As a result, fish muscle contains a high postmortem 
pH (>6.0), and under these conditions the pH-sensitive 
spoilage bacteria Shewanella putrefaciens may grow. In 
the case of bivalves such as oysters and clams that store 
energy in their tissues as glycogen, lactic acid may be pro- 
duced in much greater quantities. As a result, the reduc- 
tion in pH favors multiplication by fermentative-type 
microorganisms such as Lactobacilli, Streptococci, and 
yeasts. 

In other meat items stored at refrigeration tempera- 
tures, only approximately 10% of the initial bacteria pres- 
ent are able to grow, and of those microorganisms able to 
grow, the fraction causing spoilage is even lower. Hence, it 
is important to identify these “specific spoilage organisms” 
in each food so treatments can be optimized to minimize 
their growth. Influencing the composition of those specific 
spoilage organisms on meat, however, will be the available 
moisture. In a high humidity environment, bacterial spoil- 
age in fresh meats is dominant, with coalescence of colo- 
nies producing a slime layer on the surface. When the sur- 
face of the meat is too dry, as it is with many dried and 
fermented meat products, mold tends to predominate as 
the spoilage organisms. On the other hand, the application 
of vacuum or modified atmosphere packaging to cooked 
meat products generates conditions conducive to domi- 
nance by lactic acid bacteria. Producing acids such as lactic 
acid, acetic acid, and formic acid, the bacteria generate 
spoiled products described as sour and acid. When these 
products are stored aerobically following their anaerobic 
storage, additional obnoxious odors may be produced that 
are described as slightly sweet and cheesy. 

Molds are able to grow on many other kinds of food in 
addition to meat. These include cereals/grains, milk, fruit, 
vegetables, and nuts. As a result of the mold growth, sev- 
eral kinds of food spoilage may arise: off-flavors, toxins, 
discolorations, and rotting. Of these, the most important 
spoilage problem associated with molds is the formation of 
mycotoxins. Mycotoxins are secondary metabolites of 
molds that are toxic to vertebrate animals in small 
amounts when introduced via a natural route. The most 
important toxic effects are different kinds of cancer and 
immune suppression. While some mycotoxins are only 
present in the mold, most of them are excreted in the foods. 
The high resistance of mycotoxins to physical and chemical 
treatments makes them difficult to remove from foods once 
they are present. Hence, it is important to limit mold 
growth on food items. 


The well-accepted conclusion that molds are mostly re- 
sponsible for the spoilage of fruit is based on the visible 
presence of fungal mycelium and spores on the surface of 
these products at the time of rotting. Yeasts, however, com- 
monly occur on the surface of freshly harvested fruits at 
populations of 10° to 10° cells per square centimeter (2). 
These yeasts in most circumstances are considered to re- 
main relatively inactive as they do not produce the appro- 
priate enzymes to degrade the skin of the fruit and estab- 
lish infection. Physical damage of the skin, however, by 
overripening, mechanical injury, or fungal attack exposes 
the fruit tissue upon which yeast can rapidly grow to pro- 
duce secondary spoilage. 

In products, such as beer and wine, that are dependent 
on microbial action, spoilage may also ensue when growth 
of undesirable microorganisms occurs. Even in chocolate- 
covered confectionery products, spoilage may result from 
growth of foodborne Chrysosporium species. Growth of 
these xerophilic fungi has produced a white surface dis- 
coloration that for all purposes was similar in appearance 
to the effects observed from recrystallization of cocoa but- 
ter (3). 


Enzymatic/Biochemical Activity of Microorganisms. Dur- 
ing their growth, microorganisms utilize food constituents 
and generate metabolic end products. As a consequence, 
the physical, chemical, and sensory properties of the food 
are substantially changed. Generally, the nature of these 
changes is not well described, making it difficult to explain 
spoilage on a biochemical basis. These biochemical activi- 
ties, however, often include enzyme activity of a pectino- 
lytic, proteolytic, and/or lipolytic nature. 

In fruits and vegetables, pectolytic fluorescent pseudo- 
monads, mainly P. fluorescens and P. viridiflava, account 
for substantial proportions of postharvest rot in cold stor- 
age and at wholesale and retail markets. The ability of 
these pseudomonads to cause maceration of plant tissues 
is primarily due to their ability to produce an extracellular 
pectate lyase capable of degrading pectin components of 
plant cell walls. 

Grain is also subject to breakdown by carbohydrases 
from spoilage fungi. These fungi have been shown through 
in vitro studies to produce cellulase, polygalacturonase, 
pectin methyl esterase, 1-4-f-glucanase, f-glucosidase, and 
B-xylosidase (4). Environmental conditions such as water 
activity (A,) and temperature, however, influence the pro- 
duction of these enzymes. 

A key metabolic reaction of most yeasts when cultured 
under favorable anaerobic conditions is the fermentation 
of sugars such as glucose, fructose, sucrose, and maltose 
to produce ethanol and carbon dioxide. In addition to the 
loss of sweetness, this activity produces gassy products 
with a distinctive alcoholic aroma and flavor. Many hun- 
dreds of other secondary end products are formed during 
fermentation, and these also have a significant impact on 
the sensory properties. Such products include higher al- 
cohols, organic acids, esters, aldehydes, and ketogenic sub- 
stances that, although produced in small concentrations, 
have very low flavor and aroma thresholds. Unfortunately, 
with the exception of Saccharomyces cerevisiae, the pro- 


duction and sensory relevance of these secondary metab- 
olites by yeasts are not well known (2). 

Fragmentary knowledge exists on yeast metabolism of 
nitrogen compounds. As one example where this type of 
biochemical activity is of significance, metabolism of lysine 
during the growth of the yeast Brettanomyces intermedius 
in wine produced mousy taints due to the production of 
substituted tetrahydropyridines (2). It is also well docu- 
mented in the brewing and wine literature that some, but 
not all, strains of S. cerevisiae can produce objectionable 
concentrations of hydrogen sulfide and sulfur dioxide and 
that these properties are linked to their metabolism of 
amino acids and inorganic sulfur compounds in the growth 
medium. 

Yeast can both synthesize and metabolize organic acids. 
These activities change the acidities and flavor profiles of 
the product. In addition, when oxidative utilization of or- 
ganic acids by yeast occurs via the tricarboxylic acid cycle, 
the pH of the product may rise to values that allow the 
growth of spoilage bacteria. 

In foods, microbial proteolysis is another key spoilage 
reaction. Initially, it leads to the development of bitter fla- 
vors, followed by the production of strong ammonia odors 
and putrefaction. These proteases, secreted into the food 
to break down the proteins, include both endoproteases 
and exoproteases (aminopeptidases and carboxypepti- 
dases). Thus, volatile fatty acids originate from proteins by 
deamination of amino acids while volatile bases arise from 
decarboxylation of amino acids and deamination of aden- 
ylates in the food. The degradation products, in turn, serve 
as a nutrient source for the microorganisms. When ample 
concentrations of low molecular weight nitrogen constitu- 
ents (free amino acids, creatine, taurine, etc) are already 
present in the food product, however, as they are in fresh 
fish, protease synthesis and excretion is inhibited. In later 
stages of spoilage when most of the free amino acids have 
been depleted, then proteolysis becomes important. Even 
so, it appears that some level of low molecular weight pep- 
tides must be present to activate the synthesis of the ex- 
tracellular proteases in P. fragi, an active spoiler of muscle 
food (5). Other factors in the food medium have also been 
shown to affect synthesis and excretion. For example, in 
milk supplemented with iron, the size of the Pseudomonas 
population when extracellular enzymes were produced 
was 10 times larger in the supplemented milk than in the 
nonsupplemented milk (6). The types of proteases pro- 
duced by a microorganism, however, will vary. Thus, P. 
aeruginosa secretes two proteases, V. alginolyticus secretes 
a collagenase and five alkaline serine proteases, and Aero- 
monas hydrophila secretes two proteinases and one ami- 
nopeptidase. In general, these proteases have molecular 
weights ranging from 20 to 50 kDa, consist of only a single 
polypeptide, and lack the cysteine amino acid. The latter 
two characteristics are especially important because they 
contribute to the high heat stability of the extracellular 
proteases. Hence, even though the vegetative cells may be 
killed by a heat treatment, extracellular microbial en- 
zymes continue to exert their activity. To reduce the pos- 
sibility of this type of activity in milk, thresholds have been 
set in raw milk at approximately 2 x 10° colony forming 
units/mL (7). Levels above this threshold would thus gen- 
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erate pasteurized milk that would spoil quickly despite 
bacterial counts being reduced greatly. Product deteriora- 
tion by proteolytic enzymes generated from psychrotrophic 
sporeformers, such as Bacillus spp., however, is also re- 
ceiving attention in the dairy industry. When in the spore 
state, these microorganisms easily survive the typical 
range of pasteurization conditions with subsequent ger- 
mination and outgrowth of vegetative cells. Consequently, 
during their growth, activity by degradative enzymes, in- 
cluding proteases, leads to gelation of ultra-high tempera- 
ture (UHT) milk, sweet curdling of milk, bitter and unclean 
off-flavors in cheese, decreases in cheese yield, and tex- 
tural and body defects such as “wheying off” in cultured 
dairy products. Interestingly, it has been noted that the 
optimum temperature for production of degradative en- 
zymes by these microorganisms is usually lower than the 
optimum temperature for cell division (8). Thus, it is pos- 
sible for milk held at refrigeration temperatures for ex- 
tended periods of time to develop off-flavors through mi- 
crobially produced enzymes even though the observed 
microbial population might remain below that normally 
associated with formation of microbial defects. 

Lipases are another group of hydrolytic enzymes re- 
leased by microorganisms to break down the food. In this 
case, the enzymes cleave fatty acids from triglycerides (a 
molecule containing three fatty acids esterified to a glyc- 
erol backbone). For those lipases found in milk, a prefer- 
ence occurs for cleavage at the 3-position in the triglyceride 
where butyric and caproic fatty acids reside. Upon hydro- 
lysis, these volatile fatty acids at very small concentrations 
(1.5 mEq/100 g of fat) have distinctly unpleasant smells 
and tastes, which is termed hydrolytic rancidity. Also, in 
milk, some thermoduric psychrotrophs have been shown 
to produce phospholipases, particularly phospholipase C, 
that hydrolyse the ester linkage between the glycerol back- 
bone and the phosphoryl group of a phospholipid. In milk, 
this attack takes place at the fat globule membrane where 
phospholipids are found. The lipolysis at the fat globule 
membrane results in an increased susceptibility of the ex- 
posed milkfat to the subsequent action of lipases. It has 
also been suggested that the degradation of the fat globule 
membrane by phospholipase C results in the aggregation 
of fat globules that leads to the bitty cream defect fre- 
quently observed in cream products. 

Not all lipolytic action results directly in flavor defects. 
Only when the free fatty acids (FFAs) are short to medium 
range (C4 to C12) do they contribute directly. In many 
cases, FFAs react with protein constituents in the food pro- 
ducing textural defects in the product, but rarely are these 
defects of a severity to render the product spoiled. In cases 
where the FFAs are of an unsaturated nature (contain one 
or more double bonds in their structure), they may increase 
or decrease the susceptibility of the food to undergo lipid 
oxidation. When the FFA is cleaved from a membrane 
phospholipid early in storage, it will increase the oxidative 
stability of the product, but release of FFA from mem- 
branes later in storage will decrease oxidative stability. 
FFAs released from storage triglycerides almost always 
are more susceptible to lipid oxidation than they were 
when esterified. This process of lipid oxidation, in turn, 
leads to the presence of off-flavors and off-odors in the 
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product. Lipid oxidation will be described in more detail in 
the next section. 

The last group of microbial enzymes to be discussed in 
this section is one that leads to trimethylamine oxide 
(TMAO) degradation. In marine fish, TMAO is believed to 
be involved in the fish’s osmotic regulation, and levels in 
the fish will be dictated by the levels required for counter- 
acting the osmotic pressure of seawater as well as amounts 
present in the food. Degradation of this compound by psy- 
chrotrophic bacteria, such as Achromobacter, apparently 
involves both a triamineoxidase for activation of the 
TMAO substrate and a dehydrogenase for reduction of the 
compound to trimethylamine (TMA). In turn, when TMA 
reacts with the fat in the muscle, it creates a characteristic 
fishy odor. Odors appear at TMA levels as low as 2.9 mM 
of muscle extract, while definite odors have been observed 
at levels of 7.2 mM in the muscle extract (9). Significant 
amounts of TMA, however, will not be observed until after 
the bacterial lag phase that extends from the onset of rigor 
to its resolution, due to a postulated bacteriostatic effect of 
rigor mortis. 


Lipid Oxidation 


Oxidative rancidity has long been recognized as a major 
cause of spoilage in food. In many products (potato chips, 
nuts, oil, cereals, etc) stored for varying lengths of time, 
the off-flavors and off-odors generated as a result of lipid 
oxidation are described as rancid, cardboardy, or painty. 
In meat that has been cooked, refrigerated, and then re- 
warmed, the off-flavors are described as warmed-over. In 
stored fish, the off-odors may be described as either rancid 
or fishy. 

Lipid oxidation is a radical-driven process that begins 
with an activated oxygen species abstracting a hydrogen 
atom from an unsaturated fatty acid. The active oxygen 
species can be produced by light; or by interaction of the 
oxygen with enzymes such as lipoxygenase, peroxidase, or 
microsomal enzymes; or with transition metal ions, par- 
ticularly iron. The oxygenated fatty acid, in turn, forms a 
hydroperoxide (primary reaction product) by abstracting a 
hydrogen atom from an adjacent fatty acid, which, in turn, 
can continue the process of abstracting hydrogen from a 
neighboring fatty acid. Hydroperoxides do not directly 
cause an adverse effect on the flavor and aroma of the food; 
rather, it is their breakdown to aldehydes and ketones (sec- 
ondary reaction products). During this breakdown, addi- 
tional free radical compounds may be generated that, in 
turn, could start another sequence of lipid oxidation reac- 
tions. 

The susceptibility of a food to oxidize is dependent on 
both its chemical composition and its physical environ- 
ment. The major chemical component in the food that will 
affect oxidation is the degree of unsaturation that exists in 
the fatty acids. The more double bonds in the fatty acid, 
the faster it will oxidize. For example, fish contain unsat- 
urated fatty acids with one to six double bonds, and they 
will oxidize faster than chicken, which contains unsatu- 
rated fatty acids with one to four double bonds. Concen- 
trations of catalysts in the food system are also important 
in determining the susceptibility of the food to oxidize. Of 


these catalysts, the nonenzymic catalysts (transition metal 
ions) play a key role, as they not only participate in the 
initiation process but also participate in the breakdown of 
hydroperoxides to low molecular weight off-flavors and off- 
odors. The fact that most foods, even immediately after 
harvest and slaughter, are believed to have hydroperoxides 
present, would lend credence to a dominant initiation role 
being played by transition metal-catalyzed hydroperoxide 
breakdown. Other compositional factors affecting the 
food’s susceptibility to oxidize include pro-oxidants and an- 
tioxidants (tocopherol, flavonoids), as well as the microbial 
contamination. Illustrating this latter point, for instance, 
lipid oxidation was reduced in pork muscle stored at 2°C 
when lipolytic enzyme-producing bacteria were present 
(10). As for the physical environment, oxygen availability, 
temperature, and water activity play a role in the suscep- 
tibility of a food’s lipid to oxidize. 


Biochemical Physiological Degradation 


Chilling Injury. Chilling injury is a term used to describe 
the physiological damage that occurs in many plants and 
plant products, particularly those of tropical and subtrop- 
ical origin, as a result of their exposure to low but non- 
freezing temperatures. Visual symptoms vary with the 
product but may include surface pitting, water rot, poor 
color development or inability to ripen, and general loss of 
structural integrity. Appearance of these symptoms has 
been found to depend on the time and temperature of ex- 
posure to the chilling temperature as well as the maturity 
of the plant product. It primarily occurs only after transfer 
to nonchilling temperatures. 

One of the most important visual symptoms of chilling 
injury is pitting, a general collapse of the fruit tissue in- 
duced by low-temperature dehydration. It is more evident 
in fruits such as limes, grapefruit, mango, or avocado in 
which the outermost covering is harder and thicker than 
the adjacent layer. In fruits with thin and/or soft peels such 
as peppers, eggplant, and tomato, water soaking, surface 
discoloration, and sheet pitting are more common. More 
specifically in eggplant, pitting begins with the deforma- 
tion and browning of the cells located several layers be- 
neath the epidermis followed by deformation and browning 
of the pericarp cells. In broccoli, chilling injury deteriora- 
tion is manifested by chlorophyll loss and yellowing of 
flower buds. 

Physiological and biochemical investigations into the 
nature of chilling injury have focused on membrane- 
induced damage in chilling-susceptible fruits and vegeta- 
bles as a result of their inability to increase protective 
enzyme systems that would reduce and scavenge free rad- 
icals attacking the membranes. As evidence for this line of 
thought, it was found that while superoxide dismutase 
activity increased during cold storage in both chilling- 
sensitive and -tolerant cultivars, catalase, ascorbate oxi- 
dase, and glutathione reductase activities were higher 
in tolerant cultivars than nontolerant cultivars at low 
temperature (11). Further support for the free-radical 
membrane-damage hypothesis has been in the observation 
that free-radical-mediated membrane damage precedes 
the visual symptoms (12). Tolerance to low temperatures 


may be increased, however, by exposing the sensitive fruits 
to nonchilling low temperatures prior to refrigerated stor- 
age. The acclimation period apparently enables the mate- 
rial to activate and produce the necessary enzymes re- 
quired for protection during low-temperature storage. 
Inactivation of these enzymes, on the other hand, would 
most likely occur during minimal processing (cutting, slic- 
ing, coring, peeling, trimming, or sectioning of agricultural 
produce), and this inactivation would account for the ob- 
servation that minimally processed vegetables are more 
sensitive to chilling injury than the intact produce. In fact, 
spoilage as a result of chilling injury occurred sooner in 
minimally processed vegetables than microbial degrada- 
tion (13), which demonstrates that changes in the process- 
ing and handling of the food will often shift what type of 
spoilage is observed. 


Senescence. Senescence is an ill-defined collective term 
used by plant physiologists to describe deteriorative reac- 
tions occurring during the final stage of the life of a plant, 
its constituent tissues, or its cells. Although the senescence 
of different organs can vary in rate and with organ func- 
tion, several consistent features are found in a range of 
senescence situations. For physical changes, there may be 
loss of green color or synthesis of new pigments such as 
carotenoids or flavonoids. In terms of texture, there may 
be softening, wilting, or drying. Increased development of 
infections and lesions are also signs of senescence that in- 
dicate the material has lost its resistance to pathogens. 
Bear in mind that fruits and vegetables continue to live, 
respire, and change after harvest, and although noncli- 
macteric fruits and vegetables, such as citrus fruits and 
beans, do not ripen or improve after harvest, climateric 
fruits and vegetables, such as tomatoes and bananas, con- 
tinue to ripen after harvest. Thus, nonclimacteric fruits 
and vegetables would be considered to immediately start 
the process of senescence following harvest, whereas cli- 
macteric fruits and vegetables only undergo senescence 
during storage after development of desirable sensory 
characteristics. Studies designed to elucidate the mecha- 
nism of senescence point again to the role of membrane 
lipid oxidation. It appears that during storage, protective 
systems that exist in the tissue become disabled and thus 
provide increased opportunities for free-radical reactions 
to inactivate key metabolic pathways. Physiological 
changes accompanying senescence include: loss of chloro- 
phyll; disassembly of chloroplast structure; degradation of 
cell walls; altered membrane composition; loss of mem- 
brane fluidity; loss of cellular compartmentation; release 
of vacuolar contents; altered sugar content; a switch to al- 
ternative substrates for respiration; net loss of RNA; in- 
creased protease activity; net loss of protein; and altered 
amino acid content. In simplified terms, however, these 
changes could be described as arising from a change in the 
balance between anabolic and catabolic processes. 


Endogenous Enzymatic Degradation. Activity of enzymes 
endogenously present in the food product may also lead to 
quality deterioration and spoilage during storage. Exam- 
ples of these types of enzymes include phenolases, lipoxy- 
genases, proteases, dimethylases, and peroxidases. 
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Postmortem, polyphenoloxidases present in shrimp and 
lobsters catalyze oxidation of tyrosine to o-quinones, which 
then condense with other quinones or with amino acids or 
proteins to form melanin. Although tyrosine is not colored, 
melanins are dark brown to black pigments, and their for- 
mation in shrimp and lobster is described as blackspot de- 
velopment. 

Tenderization or flesh softening is considered to be as- 
sociated with the disappearance of Z-disks, dissociation of 
actomyosin complex, destruction of connectin, and general 
denaturation of collagenous tissue. Of the proteases in- 
digenous to skeletal muscle, Ca**-dependent proteases 
and the lysosomal cathepsins have been reported to be the 
best candidates for bringing about the textural changes 
during postmortem storage. Whereas these activities are 
desirable, activities associated with proteases invading 
from an animal’s abdominal cavity are not. For example, 
herring, mackerel, and capelin caught during periods of 
heavy feeding are very susceptible to autolytic tissue deg- 
radation, and it is highly recommended to gut these fish 
as soon after capture as possible (9). 

Breakdown of trimethylamine N-oxide (TMAO) by the 
enzyme TMAO demethylase in gadoid fish species gener- 
ates dimethylamine and formaldehyde (FA). The FA, in 
turn, is extremely reactive and cross-links with myofibril- 
lar proteins, causing a toughening of the texture and a loss 
of water-holding capacity that may be described as a “cot- 
tony” and “spongy” texture. Generally this reaction is evi- 
dent during frozen storage of the gadoid species; however, 
if fresh fish are stored for long periods of time, such as 
when the fish are treated with chemicals and/or modified 
atmospheres, the consequences of this enzyme activity 
may also be evident. 

For those fish species where red pigmentation is desir- 
able (eg, salmon), postharvest bleaching would be consid- 
ered undesirable. Lipoxygenases associated with fish skin, 
however, are capable of bleaching carotenoid pigments in 
fish skin and/or flesh. 

A common occurrence that foods undergo during har- 
vesting and processing is tissue disruption. With fruits and 
vegetables, this action could be either intentional (cutting 
broccoli, harvesting asparagus) or unintentional (fruit 
bruising, nicking of potatoes). For grains and oilseeds, 
grinding is often applied to abstract the desirable frac- 
tions, whereas with muscle foods, it could be anything from 
cutting into portions to mincing or deboning the tissue. 
These actions have important consequences, since during 
tissue disruption, a loss of an essential control system, en- 
zyme decompartmentation, occurs. Enzyme and substrate 
not normally in contact with each other are thrown to- 
gether, and the resulting activity leads to deterioration in 
quality. Harvesting asparagus, for example, initiates a lig- 
nification process that can render the stalk tough and in- 
edible in a short period. This reaction is thought to proceed 
by peroxidase-catalyzed polymerization of phenolic com- 
pounds that then couple to cell wall constituents in vas- 
cular tissue, creating a rigid network (14). In minced fish 
tissue, a more extreme example of tissue disruption, lipo- 
lytic enzymes are released from lysosomes and proceed to 
attack the muscle lipids, rendering changes in texture and 
water-holding capacity of the product. 
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Physical Degradation 


Insects. During growth, harvesting, and storage, in- 
sects may invade and feed on plant products. In some 
cases, this may directly lead to extensive losses in the 
product. In other cases, the appearance of the product 
would be considered unacceptable to the consumer and in 
this sense could be considered spoiled. Cured meats like 
country-style hams may also be damaged when insects lay 
their eggs in the meat. The larvae arising from the eggs 
burrow and feed on the meat causing a corky appearance. 
Insects may also serve as the vector for subsequent spoil- 
age of the product. For example, the common fruit fly will 
transfer the mold that causes soft rot in vegetables (15). 


Dehydration. The control of water in foods during stor- 
age is essential for fresh and dry foods. In the case of many 
types of fresh produce, they must be wrapped to prevent 
transpiration that would cause wilting and shriveling. On 
the other hand, it is important that the water vapor trans- 
fer rate of the wrapping not be too low so as to cause con- 
densation, At 100% relative humidity, an acceptable water 
vapor transfer rate for packaging of most produce would 
be between 50 and 100 g/m?/day (16). When the relative 
humidity in the packaging is less than 80 to 95% of satu- 
ration, fruit and vegetables lose moisture, and reduction 
in quality occurs when as little as 3 to 6% of the produce 
moisture is lost (17). 

Dehydration or loss of moisture is also a problem for 
food stored in the frozen state. In meats, such moisture loss 
is often evidenced as freezer burn, a glassy appearance pro- 
duced by the presence of tiny cavities left behind by sub- 
limated ice. Apart from appearance of the product, loss of 
moisture will also affect the food’s juiciness and texture. 
Oftentimes this moisture is recrystallized and leads to an 
unattractive formation of ice within the package. 


Absorption of Odors. Many foods high in fat and im- 
properly packaged have the potential to absorb odors from 
other products. For instance, milk left opened in the re- 
frigerator will pick up odors from other highly volatile 
opened products in the refrigerator. The presence of odors 
not normally associated with the product may thus be jus- 
tification for it being labeled as spoiled. 


TOOLS FOR DETECTION OF SPOILAGE 


Sensory Evaluations 


Since quality and acceptability in most cases is ultimately 
determined by the consumer, sensory evaluation employ- 
ing humans is one of the standard criteria used for judg- 
ment of spoilage. Depending on the product and the pro- 
jected method of spoilage in that product, participants may 
be asked to judge visual and/or organoleptic characteris- 
tics, Many different approaches (tests) may be taken dur- 
ing sensory evaluation, but, in general, there may be dif- 
ference tests (panelist asked to judge which of several 
samples is different) or hedonic scaling tests (panelist 
asked to rate a characteristic on an arbitrary scale with 
defined end points). The difficulty with using these type of 


analyses on a routine basis is the expense and time in- 
volved to conduct such analyses. 


Microbial Evaluations 


When microbial degradation is the major source of spoilage 
in the food, it is common practice to analyze for total num- 
bers of bacteria in the food. The food may be rinsed to de- 
termine surface count or it may be ground/mixed with a 
specially formulated liquid medium of which diluted por- 
tions are taken and spread onto an agar plate. One of the 
drawbacks with regard to this type of analysis is that it 
takes a minimum of one to two days for the bacteria to 
grow on the agar and generate visible colonies for counting. 
The second even more important drawback is the realiza- 
tion that total count of bacteria does not always correlate 
to degree of spoilage. When spoilage is evident as visible 
growth (mold, pigmented or nonpigmented, slimy bacterial 
colonies), there is a direct relationship between total num- 
bers of microorganisms and degree of spoilage. More often, 
though, spoilage is a result of the production of off-odors 
and off-flavors caused by bacterial metabolism. In these 
cases, there is no correlation between total numbers of 
bacteria and spoilage since only a fraction of the total flora 
participates in the spoilage. Thus, it becomes advanta- 
geous to identify which organisms are responsible for the 
spoilage and concentrate on enumerating their popula- 
tions by employing selective media. No specific spoilage 
bacteria, however, have been identified in the case of 
vacuum-packaged beef or with vacuum-packaged cold- 
smoked salami (18). Even when the specific spoilage or- 
ganisms are well established, there are instances where 
their enumeration is of limited value. For example, spoil- 
age occurs at lower cell densities on high pH (>6.0) meat 
than on normal pH (<5.8) meat (19). Therefore, in those 
cases, it has been more appropriate to concentrate on iden- 
tifying and quantifying the metabolic products responsible 
for the spoilage. 

Other more advanced methods exist to identify spoilage 
organisms, and these rely on the immunochemical and ge- 
netic characteristics of the microorganisms. For detecting 
molds in grains, for example, antibodies to specific fungi 
may be linked directly or indirectly to a fluorescent dye. 
This technique is suitable for work on individual grains, 
but difficulties arise in assessment of molds in large sam- 
ples of grain and in quantifying levels of molds present. 
Genetic detection techniques, on the other hand, are gen- 
erally based on the hybridization of genomic DNA with a 
specific DNA probe. Hybridization may be accomplished by 
a variety of methods, but the most popular is the polymer- 
ase chain reaction (PCR). Such tools have proven useful in 
the identification of wild yeast belonging to the genus Sac- 
charomyces that are biochemically and physiologically 
very similar to the culture yeast used in beer. By and far, 
the largest number of PCR applications have been directed 
at specific food pathogens, where it is essential to confirm 
the causative agent from a public health standpoint. Spoil- 
age organisms, however, are of concern primarily from an 
economic significance, hence it is not necessary to detect 
them individually in foods. Consequently, primers may be 
designed for a conserved region of the DNA that allows 
detection of the majority of spoilage organisms as a group 


for a given commodity. Using such an approach for the 
PCR-ELISA assay, a detection threshold of 10° cfu/cm, was 
found (20). The advantage to using PCR rather than tra- 
ditional plating is that the detection of the microorganisms 
is not dependent on the organisms’ state of growth or on 
environmental influences. Limitations of PCR, however, 
are the inability to differentiate between viable and non- 
viable microorganisms, and substances in the food variably 
affect the activity of the DNA polymerase. 


Chemical Evaluations 


The chemical methods used for evaluating spoilage basi- 
cally embody the assumption that as foods undergo spoil- 
age, some new product or products are created by spoilage. 
Some of the specific components for which analyses have 
been undertaken and related to spoilage include: chitin, 
ergosterol, D-amino acids, D-lactate, tyramine, volatile ba- 
sic nitrogen, trimethylamine, hydroperoxides, thiobarbi- 
turic acid-reactive substances, and headspace volatiles. 

Chitin (N-acetyl-glucosamine) is an important compo- 
nent of fungal cell walls and is assessed by hydrolysis of 
chitin to glucosamine, followed by deamination to an al- 
dehyde that is measured colorimetrically. Chitin, unfor- 
tunately, is also a major cuticular component of grain stor- 
age insects. Because insect debris is common in stored 
grain, the levels of chitin may not always be related to the 
level of spoilage. 

Ergosterol (ergosta-5-7, 22-trienol) is another predom- 
inant sterol found in most fungi belonging to the classes 
Ascomycetes and Deuteromycetes. The amount of ergo- 
sterol produced by the fungi, however, is influenced by sub- 
strate composition, extent of aeration, and growth phase 
of mycelium; thus, it may not always be a true indicator of 
the extent of spoilage. 

D-amino acids are important components of bacterial 
peptidoglycans. The presence of >1 ppm D-alanine in a va- 
riety of fruit juices indicated bacterial as opposed to yeast 
contamination (21). Thus, the potential exists for this com- 
pound to be used as a spoilage indicator. Similarly the D- 
isomer of lactate is not found in fresh foods and can be a 
diagnostic feature for bacterial spoilage. 

Biogenic amines (putrescine, spermine, spermidine, 
histamine, tyramine) are produced by a number of bacteria 
and represent a hazard due to their psychoactive or vaso- 
active effects. In terms of their usefulness as spoilage in- 
dicators, only tyramine has been detected prior to the 
appearance of a faint putrid smell (initial stage of putre- 
faction). Using a sensor, composed of a tyramine oxidase- 
immobilized column and an oxygen electrode, tyramine 
levels have been found useful for estimating bacterial 
spoilage in aging beef. (22) 

Both trimethylamine (TMA) and total volatile basic ni- 
trogen (TVBN) levels have been routinely measured dur- 
ing iced and refrigerated storage of fish products. A recent 
comprehensive study, however, using 115 specimens of ma- 
rine teleosteans and examination after three, five, and 
eight days of chilled storage revealed a strong relationship 
of organoleptically detected spoilage with TMA content, 
but not with TVBN content (23). 

Food spoilage due to lipid oxidation has commonly been 
monitored by analyzing foods for the presence of hydro- 
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peroxides (primary reaction products) and for thiobarbi- 
turic acid-reactive substances (TBARS, secondary reaction 
products). Which compound is targeted depends on the 
food being analyzed. For instance, in frying oils, hydro- 
peroxides are the compound of choice, whereas in muscle 
foods, TBARS has been the most common substance mea- 
sured. The latter compound is preferred in muscle because 
hydroperoxides tend to break down quickly from interac- 
tion with the iron in the muscle. 

At the root of many of the spoilage problems in food is 
the presence of off-flavors and off-odors. It therefore stands 
to reason that these compounds would be the target for 
identification and quantification. One of the most common 
means to measure the food for off-flavors and off-odors has 
been to sample the headspace of the food for its volatile 
content and subject it to gas chromatography (GC), often- 
times in combination with mass spectrometry (MS). In this 
manner, the dominant volatiles, 3-methyl-1-butanol, 1- 
octen-3-ol and 3-octanone, have been used as indicators of 
spoilage in stored grain (24). Another food item where GC 
has been used to correctly identify spoilage samples has 
been with shrimp. In this case, the data from 9 to 11 vol- 
atiles were required for identification of rancidity in 
shrimp meat (25). Similarly, GC/MS in combination with 
principal component analysis of the data was proven useful 
in rapid differentiation of control reduced-fat milk samples 
from reduced-fat milk samples abused by light, heat, cop- 
per, and microbial (P. fluorescens, P. aureofaciens, or P. pu- 
trefaciens) contamination (26). 

Another instrumental method to analyze volatiles that 
just came on the scene in the early to mid 1990s is the 
electronic nose. This instrument consists of an array of 
nonspecific electronic chemical sensors that react differ- 
entially with the headspace volatiles of the food. Similar 
to the human nose, the electronic nose recognizes odor pat- 
terns rather than specific patterns. While the human brain 
processes the signals from our nose, a pattern recognition 
routine analysis program analyzes the sensor responses in 
the electronic nose. Thus, in conjunction with sensory pan- 
els, the instrument can be trained to recognize products 
that have changed significantly in aroma and flavor. The 
potential of electronic noses to serve as spoilage indicators 
has been demonstrated with products such as grain, 
ground meat, vacuum-packaged beef, and freeze-stored 
chicken (27). To further the use of this instrument for spoil- 
age measurements, however, improvements will need to be 
made in the sensors’ stability, susceptibility to humidity, 
and lifetime. 


TOOLS FOR PREDICTION OF SPOILAGE 


Although it is all well and good to be able to detect a spoiled 
food, it is even better if we have the tools to predict when 
spoilage will occur. With that information, preventative 
measures may in some cases be applied. More often, the 
information is used to determine the distribution chain 
that should be taken by the product in order that it be 
bought and consumed before spoilage takes place. 

‘Two approaches can be taken for prediction of spoilage. 
In one approach, the food is subjected to conditions that 
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would accelerate its degradation. The time it takes to reach 
a defined level of deterioration is then related to the time 
it would take for the food to spoil under common storage 
practices. The inherent assumption to this approach, how- 
ever, is that the conditions used for acceleration (tempera- 
ture, oxidative catalysts, etc) would lead mechanistically 
to the same type of reactions as would have occurred with- 
out the activation. Such is not always the case. 

In the second approach for prediction of spoilage, the 
state of the food at some earlier time period is related to 
the time at which spoilage would occur. In this approach, 
either microbial or chemical attributes may be used to de- 
scribe the state of the food. For example, it has been shown 
that a chicken carcass with a significantly higher number 
of P. fluorescens would not continue to be hygienically ac- 
ceptable as long as one that had a fewer number of spoilage 
organisms at day of processing (28). On the other hand, 
headspace GC data for milk that underwent a preincuba- 
tion (24°C, 18 h) was related to the shelf life of milk stored 
at refrigeration temperatures (29). In both these examples, 
however, the predictions would only be valid for the prod- 
uct and storage conditions that existed for the study de- 
veloping the model. In contrast, predictive microbiology 
aims to take into account the variability that occurs in 
product and storage conditions. It is based on the premise 
that the responses of populations of microorganisms to en- 
vironmental factors are reproducible and that by consid- 
ering environments in terms of identifiable dominating 
constraints it is possible, from past observations, to predict 
the responses of those microorganisms. The necessary 
components to predictive microbiology therefore include 
determining the specific spoilage microorganisms, their 
spoilage domains, and their growth kinetics for which a 
mathematical model is derived and validated. Those fac- 
tors that should be considered during the development of 
the models are the pH, water activity, temperature, at- 
mosphere, preservatives, and interactions among micro- 
organisms. Many of the models currently developed have 
been incorporated into a commercial software program 
(Food Micromodel Ltd., Leatherhead, UK) where they may 
be applied to broad categories of food. 


MEASURES TO PREVENT SPOILAGE 


To ensure that food items reach the consumer before spoil- 
age takes place, many cost-effective treatments may be ap- 
plied to delay spoilage. These treatments concentrate on 
modifying those factors known to affect the rate at which 
the changes contributing to spoilage would take place and 
may involve processing or storage operations. They may be 
grouped into treatments where temperature is modified, 
pressure is applied, additives are added, or atmospheres 
are modified. 

High temperatures have traditionally been applied toa 
number of foods to inactivate microorganisms and en- 
zymes. In applying such treatments, however, the tem- 
peratures used should not decrease the desirable proper- 
ties of the food. Also, many high-temperature treatments 
do not absolutely ensure a stable product. As alluded to 
previously, some microorganisms (thermoduric and ther- 


mophilic) may be able to survive the heat treatment, and 
extracellular microbial hydrolytic enzymes are also ex- 
tremely heat resistant. 

Refrigeration and frozen storage is another common 
technique used to extend shelf life. In addition to inhibiting 
microorganisms, low temperatures work by slowing down 
metabolic and chemical reactions in the product. Unfor- 
tunately, some fruits and vegetables are sensitive to re- 
frigeration temperatures in that they exhibit chilling- 
injury symptoms. For these items, the most successful 
means to avoid chilling injury is to simply refrain from 
exposing susceptible commodities to temperatures below 
their critical threshold. Alternatively, the severity of chill- 
ing injury in a few commodities may be reduced when tem- 
perature conditioning (lowering temperatures to slightly 
above the chilling range for various periods) is applied. 

High-pressure processing has been a recent treatment 
for delaying spoilage in food in that vegetative cells, in- 
cluding yeast and molds, can be inactivated by pressures 
of ~300 to 600 MPa (30). An advantage of the new tech- 
nology is that flavor and vitamins are unaffected or only 
minimally altered by high-pressure processing at room 
temperature. On the other hand, bacterial spores are 
highly pressure resistant, since pressures exceeding 1200 
MPa may be needed for their inactivation. 

The use of chemicals may also be used to prevent or 
delay spoilage. Examples include antimicrobials, antioxi- 
dants, and calcium, which inhibit, respectively, microbial, 
oxidative, and chilling-injury spoilage. For any chemical 
additive, however, it must be legally approved for use in 
the product of concern. 

Modified atmospheres containing carbon dioxide, oxy- 
gen, and nitrogen in varying proportions are used com- 
mercially to delay or prevent the growth of spoilage organ- 
isms in foods. As the concentration of carbon dioxide 
increases in the atmosphere, the growth rate of most bac- 
teria is more or less inhibited. Excessive concentrations of 
carbon dioxide, however, may cause physiological damage 
in fresh produce such as uneven ripening in tomatoes, sur- 
face pitting in asparagus, and discoloration in celery. 
Therefore, the usual concentrations of carbon dioxide used 
for extending shelf life are in the range of 5 to 20%. 

Another variation of modifying the atmosphere of a food 
is to apply edible coatings. Such coatings are made of edi- 
ble materials that are used to enrobe the food and provide 
a semipermeable barrier to gases and water vapor. These 
coatings have the potential to reduce moisture loss, restrict 
oxygen entrance, lower respiration, retard ethylene pro- 
duction, seal in flavor volatiles, and carry additives that 
retard discoloration and microbial growth. 

The measures just listed to reduce or prevent spoilage 
represent only a handful of those available; however, these 
and other techniques are increasingly used together in 
combination with preservative or hurdle technologies. 
These are applied on the basis that organisms develop ho- 
meostatic mechanisms to survive environments and that 
by attacking different elements of the survival response, 
increased microbial inactivation will occur with applica- 
tion of milder treatments. Keep in mind that removal of 
one spoilage mechanism does not imply that the product 
would be spoilage-free. More often than not, other spoilage 


mechanisms would surface with the extension of storage 
that has been incurred. Whether the mechanisms are of 
concern, however, would depend on the typical length of 
time that the product takes to get to the consumer. Thus, 
while spoilage may be viewed as a very complex set of ac- 
tivities, it must ultimately be viewed in the context of the 
distribution chain and the point at which consumption 
would take place. 
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Of paramount importance in food manufacture is the free- 
dom of microbial (spoilage and pathogenic microorgan- 
isms) and foreign body contamination in the final product. 
Such contamination may arise from the constituent raw 
materials or the processing environment, which includes 
food contact surfaces, the air, people, and pests. Failure to 
control these factors may lead to product recalls, loss of 
sales or profits, adverse publicity, and, if regulatory re- 
quirements have been infringed, fines, sanctions, or ulti- 
inately site closure or loss of production/export license. For 


mechanisms would surface with the extension of storage 
that has been incurred. Whether the mechanisms are of 
concern, however, would depend on the typical length of 
time that the product takes to get to the consumer. Thus, 
while spoilage may be viewed as a very complex set of ac- 
tivities, it must ultimately be viewed in the context of the 
distribution chain and the point at which consumption 
would take place. 
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example, incomplete sanitation of a meat grinder was re- 
sponsible for a large outbreak of Salmonella typhirium in- 
fected from ingestion of ground beef (1). Many food service 
operations are integrating hazard analysis and critical 
control point (HACCP) along with sanitation to ensure food 
safety (2). 

The sanitation of surfaces, when undertaken correctly, 
is cost effective, easy to manage, and, if diligently applied, 
can reduce the risk of microbial or foreign body contami- 
nation of product. When incidents of such contamination 
occur, it is often not easy to trace and rectify the exact 
source and as surface sanitation is relatively cheap, it can 
provide management with a good tool to reduce this risk. 
In this context, surface sanitation: 


1, Removes microorganisms, or material conducive to 
microbial growth. This reduces the chance of con- 
tamination by pathogens and extends the shelf life 
of some products. 


2, Removes materials that could lead to foreign body 
contamination or could provide food or shelter for 
pests. 


Surface sanitation is also implemented in food processing 
to provide a wide range of additional benefits including: 


1, Reduces waste and improves the appearance and 
quality of product by removing product left on lines 
that may deteriorate and reenter subsequent pro- 
duction runs. 


2. Increases process performance in some areas (eg, 
plate and scrape surface heat exchangers). 


3. Extends the life of, and prevents damage to, equip- 
ment and services. 


4. Provides a safe and clean working environment for 
employees and thus increases morale and productiv- 
ity. 

5. Presents a favorable image to customers and the 
public. 


In this article, food surfaces are defined as both food 
contact and environmental surfaces. Environmental sur- 
faces are included as, although they are not in direct con- 
tact with the product, contamination may be transferred 
from them to the product by people, pests, the air, or clean- 
ing procedures. Only hard surfaces are considered eg, 
equipment, floors, walls, and utensils as other surfaces, eg, 
protective clothing or skin, would be traditionally dealt 
with under personal hygiene. 

It is further assumed that the surfaces addressed have 
been designed hygienically. Poor hygienic design will re- 
strict the efficiency of even the most effective cleaning 
procedure and may vitiate any subsequent disinfection 
programs. The principles of hygienic design are compre- 
hensively described elsewhere (3-5). The basic hygiene de- 
sign of equipment for open food processing has been re- 
viewed recently (6). 


FOOD SOILS 


Debris will build up on surfaces throughout the production 
period; this will require subsequent removal by cleaning. 
This debris may be the result of normal production, spill- 
ages, line jams, maintenance, packaging, or general dust 
and dirt. Such undesirable material, which may include 
food residues, microorganisms, and foreign matter, is re- 
ferred to as soil. In practical terms, a soil is anything in 
the wrong place at the wrong time; peas on a conveyor 
during production are product but after production or on 
the floor are soil. 

Product soils are usually easy to visualize and are char- 
acterized primarily by the product type eg, protein, fat or 
carbohydrate. The process however is also important as a 
given product may present a variety of cleaning problems, 
depending on whether it is dry, wet, heat treated, frozen 
or the length of time it is left prior to cleaning. 

Microbial soils cannot generally be observed by the eye 
but require microscopic examination. Bacterial attach- 
ment to surfaces is well documented (7-9), and the influ- 
ence of bacterial growth on surfaces, termed biofilms, in 
the food industry has been discussed (10,11). Examination 
of stainless steel coupons attached to production lines, by 
epifiluorescent microscopy, has been used to assess micro- 
bial levels in a range of food soils (12). An example of a 
heavy biofilm buildup over 16 h is shown in Figure 1 for a 
baked bean soil. After 12 h or so, this biofilm appeared to 
be of a brown vegetable appearance, but the photographs 
show clearly that it is bacterial in nature. A thorough un- 
derstanding of a soil’s characteristics is therefore required 
to ensure a successful and economic sanitation program. 


FUNDAMENTALS 


The process of sanitation is intended to remove all unde- 
sirable material (food residues, microorganisms, foreign 
bodies, and cleaning chemicals) from surfaces in an eco- 
nomical manner, to a level at which any residues remain- 
ing are of minimal risk to the quality or safety of the prod- 
uct. Sanitation is divided into two broad areas, the 
cleaning of open and closed surfaces, though the principles 
are essentially the same. Open surface sanitation refers to 
all equipment and environmental surfaces that are readily 
cleaned manually. Closed surface sanitation, generally re- 
ferred to as clean-in-place or CIP, is undertaken where 
manual cleaning is difficult, impractical or impossible (e.g., 
tanks, homogenizers and pipelines). 

Sanitation programs are a combination of four major 
factors: 


* Mechanical or kinetic energy 

* Chemical energy 

* Temperature or thermal energy 
* Time 


Mechanical or kinetic energy is employed to physically 
remove soils and may include manual brushing (physical 
abrasion), pressure jet washing (fluid abrasion), or the cir- 
culation of fluid in CIP systems (turbulent flow). Of these 


fa) 
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methods, physical abrasion is the most efficient in terms 
of energy transfer (13); for turbulent flow, a mean velocity 
of 1.5 m/s should be achieved (14). 

Chemical energy is fundamental to both the cleaning 
and disinfection elements of sanitation. In cleaning, chem- 
icals are used to break down soils so that the soils are less 
tenacious and to suspend them in solution to allow them 
to be rinsed away. In disinfection, chemicals are used to 
reduce the viability of microorganisms remaining on sur- 
faces after cleaning. 

‘Temperature or thermal energy is important for several 
reasons. Cleaning and disinfection chemical effects in- 
crease with temperature linearly and approximately dou- 
ble for every 10°C rise. Temperatures above the melting 
point of fatty or oily soils are used to break down and emul- 
sify these deposits and high temperatures, particularly in 
CIP systems, have a disinfection effect in their own right. 

Time is a factor that is often overlooked in sanitation 
systems. It is an essential prerequisite for the previously 
discussed energy forms and generally the longer the time 
period employed, the more efficient the process. Time can 
also be used to reduce the degree of energy input required 
from other sources when precleaning soaking is under- 
taken. 

The combinations of these four factors varies for differ- 
ent cleaning systems such that if one energy source is re- 
stricted, this shortfall may be compensated for by utilizing 
greater inputs from the others. For example, in CIP clean- 
ing, the energy that can be derived from mechanical energy 
is low but much higher temperatures and chemical con- 
centrations are possible than can be safely used in open 
surface cleaning. The influence of chemical (detergents), 
temperature, and mechanical energy (pressure washing) 
has been described for open surfaces (15-18) and for CIP 
systems (19). 

Soil removal from surfaces has been shown to basically 
follow first-order reaction kinetics (20,21) such that the de- 
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Figure 1. Build up of a bacterial 
biofilm on a baked bean production 
line, Photographs were taken using 
epifiourescent microscopy such that 
bacteria fluoresced orange while the 
background remained dark. (a) 4 h, 
(b) 8 h, (c) 12 h, (4) 16h. 


crease in the log of the mass of soil per unit area remaining 
is linear with respect to cleaning time (Fig. 2). This ap- 
proximation is only valid in the central portion of the plot; 
it has been reported (22) that in practice, soil removal is 
initially faster and ultimately slower than that which a 
first-order reaction predicts (dotted line in Fig. 2). The rea- 
sons for this are unclear although initially, unadhered, 
gross soil is usually easily removed whereas ultimately, 
soils held within surface imperfections or otherwise shad- 
owed from cleaning effects would be more difficult to re- 
move. 

As routine cleaning operations are therefore not 100% 
efficient over multiple soiling/cleaning cycles, soil deposits 
will accumulate on surfaces. During this phase, cleaning 
will become less efficient and attached microbial numbers 
will increase. This situation is usually controlled by the 


Log soil mass 


Cleaning time 


Figure 2. Removal of soil from surfaces with cleaning time. 
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application of a periodic clean (23), the object of which is 
to periodically return the surface bound soil accumulation 
to an acceptable base level (Fig. 3). This is achieved by 
increasing cleaning time and/or energy input (eg, higher 
temperatures, alternative chemicals, or manual scrub- 
bing) and is the basis of many food processors weekend 
clean down. 


SANITATION PROCEDURE 


The principal stages involved in a typical sanitation pro- 
cedure are as follows: 


1. Preparation. Dismantle equipment as far as is prac- 
ticable or necessary and/or remove unwanted uten- 
sils/equipment. Protect electric or other sensitive 
systems and/or screen off other lines or areas to pre- 
vent transfer of debris by the sanitation process. 

2. Gross soil removal. Where appropriate, remove all 
loose or gross soil by eg, brushing, shoveling, scrap- 
ing, or vacuuming. Wherever possible, soil on floors 
and walls should be picked up rather than washed 
to drains. 

3. Prerinse. Rinse with low pressure cold water to re- 
move loose small debris. Hot water can be used for 
fatty soils, but too high a temperature may coagulate 
proteins. 

4, Cleaning. Apply cleaning chemicals, temperature, 
and mechanical energy to remove adhered soils. 

5, Interrinse. Rinse with low pressure cold water to re- 
move soil detached by cleaning operations and clean- 
ing chemical residues. 

6. Disinfection. Apply chemical disinfectants to remove 
or reduce the viability of remaining microorganisms 
to as low a level as possible. 

7. Postrinse. Rinse with low pressure cold water to re- 
move disinfectant residues if required. 

8. Intercycle conditions. Remove excess water and/or 
do everything necessary to prevent the growth of mi- 


Soil or microbial mass 
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Figure 3. Build up of soil and/or microorganisms A, with periodic 
cleans and B, without periodic cleans (19). 


croorganisms in the period up until the next produc- 
tion process or the next use of the equipment/area. 


Although broadly similar for all general sanitation pro- 
cedures, alternatives may be used. In CIP systems a sec- 
ond cleaning cycle may be added if both an alkaline and 
acidic phase are incorporated. With only light soiling to be 
removed, it may be appropriate to combine stages 4-6 by 
using a detergent-sanitizer, a chemical with both cleaning 
and antimicrobial properties. This should only be used for 
light soils, however, as with normal or heavy soils the an- 
timicrobial properties will be quickly lost. Stages 3, 5, and 
7 may be omitted in dry cleaning operations where organic 
solvents replace water in the cleaning and, where appro- 
priate, the disinfection stages. Because of the general na- 
ture of this article, specialist dry cleaning is not discussed 
further. 


CHEMICALS 


This section gives a brief and general introduction to the 
chemicals used in sanitation. For further information, 
readers are directed to the specific articles on detergents 
and disinfectants in this encyclopedia. Sanitation chemi- 
cals, because of the procedure outlined in the previous sec- 
tion, are usually employed as cleaning or disinfection 
agents. This section is therefore divided into cleaning and 
disinfection subsections. Some chemicals routinely used, 
such as quaternary ammonium compounds (QUATS) or io- 
dophores, have both cleaning and biocidal properties, al- 
though in this section they are described for their primary 
function only. 


Cleaning 


Unfortunately no single cleaning agent is able to perform 
all the functions necessary to facilitate an efficient clean- 
ing program, so a cleaning solution, or detergent, is 
blended from some of the following characteristic compo- 
nents: water, surface active agents inorganic alkalies in- 
organic and organic acid, and sequestering agents. 


Water. Water is the basic ingredient of most cleaning 
systems as it provides the cheapest readily available trans- 
port medium for removing soils. It also has dissolving pow- 
ers to remove ionic and water soluble compounds such as 
salts and sugars, will help emulsify fats at temperatures 
above their melting point, and can be used as an abrasive 
agent when high pressure washing. It is, however, a poor 
wetting agent and cannot dissolve nonionic compounds. 


Surface Active Agents. Surface active agents, wetting 
agents or surfactants are composed of a long, nonpolar (hy- 
drophobic or lyophilic) chain or tail and a polar (hydro- 
Philic or lyophobic) head as illustrated in Figure 4. Surfac- 
tants may be anionic, cationic, or nonionic, depending on 
their ionic charge in solution. The polar end is able to pen- 
etrate into water as the ionic charges are greater in mag- 
nitude than the weaker hydrogen bonding between the wa- 
ter molecules. The nonpolar end is unable to easily break 
apart the water molecules’ hydrogen bonding but can enter 
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(a) Nonpolar tail Polar head 
Water droplet 
Water and surfactant 
(b) 
Surfactant and fat Water 


Figure 4. Schematic diagrams showing: (a) struc- 


sso to £3 


other nonpolar compounds such as fats and oils. This aids 
cleaning in two ways: it reduces water surface tension and 
removes and suspends fats. 

Surface tension is reduced as the polar head enters the 
water and breaks down hydrogen bonding. If a surfactant 
is added to a drop of water on a surface, the surface tension 
of the water is reduced and the drop collapses to wet the 
surface (Fig. 4). Increased wettability allows greater water 
penetration into soils and hence better cleaning action. 
Fats and oils are removed from surfaces as the polar head 
of the surfactant molecule dissolves in the water, whereas 
the hydrophobic end dissolves in the fat. Due to the forces 
acting on the fat-water interface, the fat particle tends to 
form a sphere, as this has the lowest surface area for a 
given volume. In so doing, the fat particle will roll up, be- 
come detached from the surface, and remain in suspension 
(Fig. 4). 


Inorganic Alkalies. Alkalies are useful cleaning agents 
because they are cheap, break down proteins, saponify 
fats, and may be bactericidal. A typical saponification re- 
action is shown below in which a nonpolar R group is 
changed to a soluble form that has good surfactant prop- 
erties. 

CH,COO—R CH,OH 

| | 

CHCOO—R + NaOH CHOH + 3R—COO-Na* 
| I 


CH,COO—R CH,OH 
Triglyceride Sodium Glycerol Soap 
fat hydroxide 


Generally, the stronger the alkali the greater the degree 
of saponification, although this is a compromise, as corro- 
siveness also increases with alkali strength. Alkaline com- 
pounds can also precipitate scum, a reaction of the soap 
with water hardness ions (Ca?* and Mg?*), and may have 
poor rinsability. For some applications, alkaline detergents 
are chlorinated, as at high pH chlorine increases peptizing 


O 


ture of surfactant molecule, (b) surfactant improving 
the wettability of water, and (c) surfactant removing 
fat from a surface and dispersing it in suspension. 


of proteins and may reduce mineral deposition. Chlorine 
at high pH, however, is also very corrosive. 


Inorganic and Organic Acids. Acids are not generally 
used in the food industry as they have little dissolving 
power for fats, oils, and proteins. They are useful, however, 
in making soluble mineral scales such as hard-water de- 
posits, beer stone, and milk stone. A typical reaction would 
be as follows: 


CaCO, + 2HCl~ CaCl, + H,O + CO, 
Insoluble Soluble 


As with alkalies, the stronger the acid the more corro- 
sive it is. Strong acids (mineral acids) include hydrochloric, 
nitric, and phosphoric acid, whereas weaker organic acids 
typically used include citric, lactic, and acetic acid. 


Sequestering Agents. Sequestering agents are employed 
to sequester or chelate mineral salts by forming soluble 
complexes with them. Their primary use is in the control 
of water hardness ions although they are also useful in 
maintenance of alkaline conditions by buffering, emulsifi- 
cation of oils, and fats and increasing rinsability. Seques- 
trants can be both organic and inorganic, organic seques- 
trants being usually based on polyphosphates and 
inorganic chelating agents commonly being the potassium 
or sodium salts of ethylene diamine tetraacetic acid 
(EDTA). 

A general-purpose food detergent may contain a strong 
alkali to saponify fats, weaker alkali builders to aid cor- 
rosion resistance, surfactants to improve wetting, disper- 
sion, and rinsability and sequestrants to control hard wa- 
ter ions. Ideally, the detergent should also be safe, 
nontainting, stable, noncorrosive, biodegradable, and 
cheap. The detergent chosen for a particular application 
will depend on the soil to be removed; the solubility char- 
acteristics and cleaning procedure recommended for a 
range of food soils is shown in Table 1. 
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‘Table 1. Solubility Characteristics and Cleaning Procedures Recommended for a Range of Solid Types 


Food (or soil) Solubility characteristics Cleaning procedure recommended 
Sugars, organic acids, salt Water soluble Mildly alkaline detergent 
High-protein foods (meat, poultry, fish) Water soluble Chlorinated alkaline detergent 
Alkali soluble 
Slight acid soluble 
Fatty foods (fat meat butter, margarine, oils) Water insoluble Mildly alkaline detergent; if ineffective, use 
strong alkali 
Alkali soluble 
Stone-forming foods, mineral scale (milk Water insoluble Chlorinated cleaner or mildly alkaline 
products, beer, spinach) cleaner, alternate with acid cleaner on 
each 5th day 
Acid soluble 
Alkali insoluble 
Heat-precipitated water hardness Water insoluble Acid cleaner 
Alkali insoluble 
Acid soluble 
Starch foods, tomatoes, fruits, vegetables Partly water soluble Mildly alkaline detergent 
Alkali soluble 
Source: Ref. 24, 
Disinfection Table 2. Other disinfectants used to a limited extent in- 


The cleaning portion of the sanitation cycle has been 
shown to reduce bacterial numbers on surfaces by up to 
99.9% or three log orders (25). Work in our own laborato- 
ries has shown that with detergent soaks and pressure 
washing, up to 4-5 log orders may be removed. However, 
given that bacterial numbers on surfaces could be between 
10’ and 10’° organisms/cm (2,25), viable bacteria are likely 
to be present on surfaces after cleaning. The aim of disin- 
fection procedures is to remove or reduce the viability of 
these remaining microorganisms. 

If possible, temperature is used as a disinfectant as it 
penetrates into surfaces, is noncorrosive, is nonselective to 
microbial types, and is easily measured and leaves no res- 
idue (20). Whereas high temperatures are often used as 
disinfectants in CIP systems, their use on open surfaces is 
usually uneconomic, hazardous, or impossible. In such 
cases, chemical biocides are employed and, as with clean- 
ing chemicals, no single disinfectant satisfies all the per- 
formance requirements. Biocides are rarely mixed, how- 
ever, so a choice has to be made from a limited number of 
disinfectant types. Universally used biocides include chlo- 
rine releasing components, quaternary ammonium com- 
pounds, iodine compounds, amphoterics, and peracetic 
acid. 

Chlorine is the most widespread and cheapest disinfec- 
tant used in the food industry and is available in fast- 
acting (chlorine gas, hypochlorites) or slow-releasing forms 
(e.g., chloramines, dichlorodimethylhydantoin). Quater- 
nary ammonium compounds (QUATS or QAC’s) are based 
on ammonium salts with substituted hydrogen atoms and 
a chlorine or bromine anion, whereas iodophores are sol- 
uble complexes between elemental iodine (active ingredi- 
ent) and nonionic surface active agents. Amphoterics are 
based on the amino acid glycine, often incorporating an 
imidazole group. Peracetic acid may be used by itself or 
formulated with hydrogen peroxide. A range of character- 
istics for examples of these disinfectant types is shown in 


clude biguanides, formaldehyde, ozone, chlorine dioxide, 
and bromine; however, biocides successfully used in other 
industries, eg, phenolics or metal ion-based products, are 
not used for food applications due to safety or taint prob- 
lems. Frank and Chmielewski (26) confirmed the effective- 
ness of quaternary ammonium compounds and chlorine in 
reducing S. aureus 1,000-fold on stainless steel and do- 
mestic food preparation surfaces. 

Disinfectant concentration and contact time are impor- 
tant considerations in the reduction of microbial viability. 
The relationship between death and concentration is not 
linear but follows a sigmoidal curve dependent on the re- 
sistance of organisms within the population. Disinfectants 
do not, therefore, necessarily kill all microorganisms in a 
population, and increasing concentration may not enhance 
this effect. For disinfectants to be effective, they must find, 
bind to, and transverse microbial cell envelopes before they 
reach their target site (27). Chemical disinfectants are also 
effective in preventing cross-contamination from food con- 
tact surfaces (28). Sufficient contact time is therefore criti- 
cal to give good results. Amphoterics and QUATS may be 
left on surfaces for extended periods between production 
runs without rinsing, as they are FDA approved as indirect 
food additives at low concentration. 

The performance of the cleaning procedure may influ- 
ence disinfection efficiency. Any soil or cleaning chemical 
residues remaining may protect microorganisms from dis- 
infectant penetration or may react with the disinfectant 
and destroy its antimicrobial abilities. Biocides are best 
used within their specified pH range, although perfor- 
mance can generally be increased by increasing the tem- 
perature. A study by Best et al. (29) examined the efficacy 
of 14 disinfectants against Listeria spp. Their effectiveness 
varied depending on whether the test organism was dried 
on a steel surface, in suspension, or in the presence of or- 
ganic material. Consequently, it is important to select the 
appropriate disinfectant for the particular contaminated 
surface, especially if organic material is present. 
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Table 2. Characteristics of Some Universal Disinfectants 
Property Chlorine QUAT Todophore ‘Amphoteric Peracetic acid 
Microorganism control Gram positive ++ t+ + ++ -+ 
Gram negative ++ a = ++ —_ 
Spores + at th te nok 
Yeast ++ == += + ++ 
Developed microbial resistance - ~ = + - 
Inactivation by Organic matter ++ + + + + 
Water hardness - + = = - 
Detergency properties - ++ + + ~ 
Residual film formation = + +/— ++ - 
Foaming potential = ++ + ++ = 
Problems with Taints +/- = +/- ze +/- 
Stability +/- - - = +/- 
Corrosion + - + - - 
Safety Ls = cf - ++ 
Other chemicals - + + - - 
Cost. od ++ + ++ ud 


Note: — No effect (or problem). 
+ Effect. 
++ Large effect. 


METHODS 


Open Surfaces 


After gross soil removal, open surfaces can be cleaned and 
disinfected in their normal position or dismantled and/or 
transferred to a separate area (cleaned-out-of-place, COP). 
Sanitation procedures can be undertaken by hand using 
simple tools eg, brushes or cloths (manual cleaning) or by 
using specialized equipment designed to cover larger areas 
more rapidly. 

Manual cleaning is often undertaken because no spe- 
cialist equipment is required and high levels of mechanical 
energy input can be used at exactly the right point. Sani- 
tation procedures can also be undertaken quickly (over 
small surface areas) and in places that alternative tech- 
niques could not reach or may damage. Due to operator 
safety, however, only low levels of temperature and chem- 
ical energy can be applied and it is costly in time and la- 
bour to cover large surface areas. Only tools specifically 
designed for food sanitation should be used, eg, plastic- 
handled brushes with stiff, colored nylon bristles, and they 
should be regularly cleaned and stored in a disinfectant 
solution to reduce cross-contamination in use. 

Manual cleaning of smaller, dismantled items can be 
improved using COP techniques. When soak tanks are 
used, items can be subjected to higher temperatures and 
chemical concentrations for an extended time period prior 
to manual cleaning and disinfection. For an automated ap- 
proach, specialized equipment can be used that also ap- 
plies the mechanical energy input, eg, tray washers and 
tunnel dish washers. 

For large areas of open surface, sanitation equipment 
is designed to disperse chemicals and/or provide mechan- 
ical energy. Chemicals may be applied as mists, foams, or 
gels, whereas mechanical energy is provided by water jets 
or scrubbing actions. The use of high temperature is rarely 
used for cleaning or disinfections, because of the excessive 


energy requirements needed to heat soil and/or surfaces to 
suitable temperatures. 

Mist spraying of chemicals onto surfaces is undertaken 
using small, hand-pumped containers, knapsack sprayers 
(Fig. 5) or pressure washing systems at low pressure. As 
for the other chemical application methods, pressure 
washing systems can be mobile units (Fig. 5), wall 
mounted serving one or more outlets, or centralized where 
one unit may supply many outlets via a ring main. Chem- 


Figure 5. A range of cleaning equipment suitable for use in food 
hygiene. Clockwise from left: electrically driven scrubber brush, 
gel applicator, detergent or disinfectant mist sprayer, floor scrub- 
ber, mobile high-pressure/low-volume washer with standard lance 
connected, shrouded lance to reduce aerosol spread, low-pressure/ 
high-volume gun. 
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icals are added, usually by venturi injectors, either at the 
pumps of mobile or wall-mounted units, at the outlets of 
high pressure water ring main systems or via separate low 
pressure chemical ring mains. Misting is only able to wet 
vertical smooth surfaces and therefore only small quanti- 
ties can be applied. Only weak chemicals can be applied, 
as the technique tends to form aerosols, so for cleaning 
purposes, misting is only useful for light soiling. The de- 
tergent and loosened soil are removed via high or low pres- 
sure water rinsing. Once the surfaces have been cleaned, 
however, misting is a very useful and most widely applied 
technique for applying disinfectants. 

If more tenacious soiling is to be removed, detergents 
may be applied as a foam. Foams are more viscous than 
mists, are not as prone to aerosol formation, and remain 
on vertical surfaces for around 5-20 min. This allows the 
use of more concentrated detergents, longer contact times, 
and because of the nature of the foam, a more consistent 
application of chemicals as it is easier to spot areas that 
have been missed. Foams can be generated and applied by 
the entrapment of air in high pressure systems or by the 
addition of compressed air in low pressure equipment, and 
are rinsed away by high or low pressure water. Although 
the visible nature of the foam should aid complete removal 
from surfaces, its foaming capabilities can make rinsing 
difficult. 

The use of thixotropic gels has recently been introduced 
to further extend contact time over foams and improve 
rinsability. Gels are typically fluid at high and low concen- 
trations but become thick and gelatinous at a concentra- 
tion of around 5-10%. They are easily mixed and applied 
through high and low pressure systems, foaming equip- 
ment, or portable electrically pumped units (Fig. 5), re- 
main on surfaces for extended periods (hours) and are eas- 
ily diluted and rinsed away with high or low pressure 
water. Gels are usually more expensive than foams how- 
ever. 

The proportions of input from each energy source for a 
range of open surface cleaning techniques are shown in 
Figure 6. The figure illustrates the various methods’ abil- 


Heavy |_ 
soil 


Light | 
soil 


-——— Energy input ————->4 


ities to satisfactorily remove both light and heavy soiling 
from surfaces. 

High pressure-low volume water systems, in which wa- 
ter is typically pumped at pressures up to 100 bar through 
a 15° nozzle, are widely used in the food industry. Water 
jets confer high mechanical energy, can be used on a wide 
range of equipment and environmental surfaces, are not 
limited to flat surfaces, will penetrate into surface irregu- 
larities, and can mix and apply sanitation chemicals. Soil 
removal does not necessarily increase linearly with pres- 
sure, as illustrated for a bacterial soil in Table 3, and may 
decrease. This is related to the water droplet size emerging 
from the nozzle, for which there will be an optimum size 
and hence impingement, for each soil type (24). Droplet 
size reduces with increasing pressure and pressures of 
around 50 bar are satisfactory for many operations. Care 
must be taken when using pressure washers as they are 
able to transfer soil and bacteria from one surface to an- 
other over large distances and may damage electrical in- 
stallations or other delicate equipment. 

For the cleaning of floors and other predominantly flat 
surfaces eg, walls, equipment that produces a mechanical 
scrubbing action may be used. Such equipment may in- 
clude water-driven attachments to high pressure systems, 
electrically operated small diameter (23 cm) brushes, and 
floor scrubbers (Fig. 5). With these techniques, high me- 
chanical input is combined with chemical energy after 
which surfaces may be rinsed with low pressure water. 
Larger and more sophisticated scrubber dryers, or floor au- 
tomats, have a squeegee and vacuum unit mounted behind 
the scrubbing brush(es) to suck up the resulting soil and 
detergent emulsion. These devices provide a rapid and ef- 
fective clean, and produce a dry surface that is safer and 
less conducive to microbial growth but can only be used 
efficiently in food processing areas designed for their use. 
All mechanical scrubbing units should be cleaned and dis- 
infected after use to avoid cross-contamination. 


Enclosed Surfaces, CIP 


This section gives a brief and general introduction to CIP 
and readers are directed to the specific article on CIP in 


Time Time Time Time Temp 
Time Time Time 
Manual Manual Mist Foam Gel Foamgel Floor 
small items large areas automat 


Figure 6. Relative energy inputs for a range of cleaning techniques. The dotted lines above each 
technique represent their abilities to cope with heavy soiling (13). 


FOOD SURFACE SANITATION 1043 


Table 3. The Effect of Water Pressure on Spray Cleaning Efficiency 


Pressure (bar) 
Microorganisms remaining cm? (as measured by DEM) 


2.9 x 10° 


25 50 5 98 
3.1 x 10¢ 1.9 x 10* 7.7 x 10° 3.3 x 10* 


this encyclopedia, for further information. As a technique, 
CIP is well established, especially in liquid food processing, 
and is achieved by the sequential circulation of water, de- 
tergents, and disinfectants through processing equipment 
that remains assembled. Mechanical or kinetic energy is 
provided by turbulent flow in pipes and jet impingement 
in tanks and vessels. CIP systems are best employed to 
clean process equipment that has been designed specifi- 
cally for CIP cleaning and should supply detergents at the 
correct temperature, concentration, and velocity in the 
right place for the required contact time. 

It is fundamental with enclosed systems that hygienic 
design and product safety from sanitation chemicals is ad- 
dressed. Attention must be paid to hygienic design so that 
areas where product and microorganisms can lodge, out of 
the flow of cleaning chemicals and disinfectants, are elim- 
inated (3). Special devices should be built into the system, 
eg, key pieces, flow plates, swing bends, and electrical in- 
terlocks to ensure that product contamination by CIP so- 
lutions cannot occur, and a single valve must never be re- 
lied upon to safeguard product (30). 

There are three main types of CIP systems: single use, 
reuse, and multiuse. Single-use systems are the most basic 
and are so called because the detergent is only used once 
and then drained. A simple system is shown in Figure 7. 
The system can be located close to the equipment to be 
cleaned, to eliminate long pipe runs, and is low on capital 
cost. It may be operated automatically or manually and the 
final rinse may be collected to use as the initial rinse in 
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Figure 7. A simple, single-use CIP system. 


the following cleaning cycle. Although it is expensive on 
detergent, a single-use system may be the only system ap- 
plicable if the product soil to be removed is such that de- 
tergent contamination occurs to a degree that detergent 
recovery is impractical. 

Reuse systems are generally more complex and may be 
used to clean more than one process. They are designed to 
recover the cleaning fluids for reuse and are best employed 
where product soil is light or where much of the soil can 
be removed with the prerinse. Reuse systems are normally 
run automatically with programmed cleaning cycles for 
each circuit and there is, therefore, the need for timing, 
temperature and dosing control equipment, filters, storage 
vessels, and recording instrumentation. With large instal- 
lations, the CIP unit can be placed out of the process area, 
or centralized, which may be advantageous for some ap- 
plications. This can, however, lead to extensive pipe runs, 
which require large solution volumes and are prone to heat 
loss and expansion problems. This can be partially over- 
come in decentralized systems in which the detergent so- 
lution is mixed, heated, and distributed centrally, but rinse 
waters and other chemicals are heated and/or mixed and 
supplied close to the process equipment to be cleaned. 

Multiuse systems combine the best design features of 
both single-use and reuse systems and are used where ver- 
satility in temperature, cleaning fluid type, concentration, 
and the ability to recover or drain cleaning fluids are re- 
quired. 

As a cleaning technique, CIP has many advantages. 
Cleaning schedules are adhered to automatically and use 
optimum cleaning fluids, concentrations, and tempera- 
tures to help achieve consistently satisfactory results. Pro- 
cesses can be cleaned as soon as production finishes to re- 
duce down time and the life of equipment is extended due 
to reduced dismantling. Manual input can be reduced and 
operator safety increased through less contact with haz- 
ardous materials or work places. The major disadvantages 
are initial capital cost and the inflexibility of some systems 
if manufacturing processes are altered. Russel (31) re- 
viewed some of the difficulties in cleaning processing 
equipment and emphasized the importance of designing 
safe, easy-to-use cleaning equipment as well as safer san- 
itation chemicals. More automated CIP systems will prob- 
ably be introduced to reduce human error. 


EVALUATION OF EFFECTIVENESS OF SANITATION 
SYSTEMS 


As with other important aspects of safe and wholesome 
food production, sanitation programs require regular eval- 
uation of their effectiveness as part of a specified quality 
assurance system. Traditionally, this has been undertaken 
on two levels—an immediate assessment of the perfor- 
mance of a sanitation program by sensory evaluation and 
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a historical measurement of microbial surface populations 
if surfaces are visibly clean. Sensory evaluations are used 
as a process control to rectify immediately obviously poor 
sanitation. Bacterial evaluations may be used to optimize 
sanitation procedures and ensure compliance with micro- 
bial standards and in hygiene inspection and troubleshoot- 
ing exercises. Recently, rapid methods have been devel- 
oped to assess microbial surface populations in a time 
relevant to process control and in this context, only tech- 
niques that provide estimates in less than 15-20 min are 
considered. 

As with the inherent faults of end product analysis in 
describing production quality, reliance should not be 
placed on assessment techniques that can only sample a 
very small proportion of plant surfaces. Assessment tech- 
niques should, rather, be designed to monitor the effec- 
tiveness of an integrated HACCP-type (Hazard Analysis 
and Critical Control Point) approach to sanitation in which 
such critical control points may include detergent and dis- 
infection concentration, solution temperature, application 
procedures, and chemical stock rotation. 

Sensory evaluation involves visual inspection of sur- 
faces under good lighting, feeling for greasy or encrusted 
surfaces, and smelling for product and/or offensive odors. 
If these assessments indicate the presence of product res- 
idues, no further analysis is required and microbiological 
examination will be misleading. If no product residues are 
detected, microbiological techniques may be applied. All of 
the microbiological techniques appropriate for food factory 
use involve the sampling of microorganisms from contam- 
inated surfaces and their culture using standard agar plat- 
ing methods. Microorganisms may be collected via cotton 
or alginate swabs (after which they are resuspended by 
vortex mixing or dissolution), water rinses for larger en- 
closed areas, or directly using agar contact plates. Tradi- 
tional techniques have been reviewed (32,34) since which 
time few improvements have occurred other than with con- 
tact methods which are now available commercially as pre- 
made sampling units. 

Traditional microbiological techniques all require a 
minimum of 2448 h to provide results and these only pro- 
vide a historical view of the efficiency of sanitation pro- 
grams. Rapid methodology was devised to ascertain sani- 
tation efficiency and for some products, when to clean, in 
a time relevant to process control. The two most common 
techniques are epifiluorescent microscopy and the ATP 
technique. With epifluorescent microscopy, microorgan- 
isms may be sampled by swabbing and filtering the resus- 
pension media or filtering rinses (direct epifluorescent fil- 
ter technique, DEFT) or by enumerating the surface of 
coupons attached to product contact surfaces (direct epi- 
fluorescent microscopy, DEM). After swabbing, estimates 
may be made of soil and/or microorganisms by analysis of 
total or microbial adenosine triphosphate (ATP) levels. 
ATP bioluminescence provides a reliable and rapid alter- 
native to traditional microbiological methods (35). The ef- 
ficiency and flexibility of this method makes it a unique 
hygiene-monitoring system for food plants (36). A recent 
study by Green et al. (37) showed that cleaning agents and 
sanitizers can affect ATP bioluminescence measurements 
differently. Consequently, it is important to select carefully 


the type and concentration of chemical cleaner or sanitizer 
used to clean the processing equipment when using this 
method to monitor hygiene. In the majority of practical 
applications, where an assessment of cleaning is required, 
analysis for total ATP is preferred on the assumption that 
any residues, soil or microorganisms, should have been re- 
moved. The use of DEM and DEFT has been described for 
assessing open surface hygiene (12,38), rinses (39), and the 
use of ATP (40,41). 

The accuracy of a range of surface hygiene assessment 
techniques as compared to the most accurate method, 
DEM, has been described (42), and is shown in Table 4. 
The table shows the ability of a number of commercial con- 
tact, self-prepared (DIY) contact, traditional swabbing and 
rapid techniques (ATP and DEFT) to predict a DEM count 
of 10*, 10° and 10° bacteria/cm?. The results indicate that 
only above 10° bacteria/em” are these methods accurate 
and they are therefore useful for indicating gross contam- 
ination only. For cotton swabs, the most widely used 
method in practice, a result of zero is more likely than a 
result of 10* when assessing surface populations of 10* 
bacteria/cm*. The rapid methods available are at least as 
accurate as traditional methods and as shown in Table 5, 
which compiles a range of attributes for typical assessment 
methods, the choice between rapid and traditional tech- 
niques is a balance of cost and speed of result. 


EVALUATION OF THE EFFECTIVENESS OF DISINFECTION 


The effectiveness of a disinfectant can only be undertaken 
by assessing viable microbial levels before and after ex- 
posure. Ideally, this should be carried out in the field, but 
due to problems with reproducibility and scale (assessing 
only a small area of the total plant), this may take many 
weeks before satisfactory results are achieved. Disinfec- 
tant testing is, therefore, usually undertaken in the labo- 
ratory under strictly defined conditions to enable repro- 
ducible and rapid results. 

At their simplest, disinfectant test methods consist of 
adding a known concentration of disinfectant to a known 
inoculum of bacteria for a defined time and temperature 
period and assessing surviving bacterial numbers. Micro- 
organism survival may be assessed by inoculating a sam- 
ple of the disinfectant/microorganism mixture into tradi- 
tional culture medium and enumerating any microcolonies 
produced or by the use of a disinfectant concentration/ 
microorganism mixture dilution range and recording the 
disinfectant dilution that just prevents microbial growth. 
These disinfectant tests, referred to as suspension tests, 
are simple to undertake but can only be used to screen 
potential products for disinfectant action or to confirm the 
biocidal abilities of known disinfectants as a quality con- 
trol procedure. 

More extensive suspension test methodologies are 
available that simulate some of the conditions under which 
disinfectants may have to work. Such conditions may in- 
clude the presence of soil, different contact times, alter- 
native temperatures, a variety of bacterial types and the 
degree of water hardness (43). The results of suspension 
tests have been used to ascertain recommended in-use dis- 
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Table 4. Accuracy in the Estimation of Surface Microbial Populations for Various Hygiene Assessment Methods as 
Compared to DEM 

Prediction of a DEM count (cm?) 
Method used Repeats 10* 10° 108 2sD? 
Commercial contact A 58 3.42 6.18 8.94 #431, 
DEFT swab 108 2.06 4.46 6.86 +£1.22 
Commercial contact B 30 3.57 6.01 8.45 +£1.77 
ATP swab 31 2.36 4.66 6.96 +£2.22 
DIY contact 30 4.76 6.15 7.55 +£2.33 
Commercial contact/swab Ww 1.50 3.04 4.59 +2.81 
Cotton swab 70 147 441 7.35 +2,88 
Alginate swab 70 0.61 3.55 6.49 +4.06 
Commercial contact C 46 281 5.35 7.89 +5.54 
Table 5. Attributes of a Range of Surface Hygiene Assessment Techniques 
Attribute commercial DEM DEFT Swab ATP Swab TVC Swab CONTACTDIY CONTACT 
Analysis for ‘Total count Viable/total Viable/soil Viable count Viable count Viable count 
Preparation time 5 min 15 min 10 min 1h th 1min 
Test time 5-10 min 15 min 2min 25 min Imin 1Tmin 
Surface requirement — Coupon Any Any Any Flat only Flat only 
Field application Research Yes Yes Yes Yes Yes Yes 
Degree of competence Micro training Micro training _ Basic training Basic micro Basic micro Little/none 
Facilities required UV microscope UV microscope Luminometer (portable) Basic lab Basic lab Incubator 
Speed of result. <5 min <5 min <1min >1-2 days >1-2 days >1-2 days 
Test cost 50p/$1 50p/$1 £1/$2 5Op/$1 50/$1 £1-4/$2-8 
Initial cost £2-5,000 £3-15,000 £2.5-10,000 Low Low Very low 
$4-10,000 $6-30,000 $5-20,000 


infectant concentrations, but in reality they only highlight 
conditions under which disinfectants that have failed 
should not be used. 

Through the auspices of national standard organiza- 
tions, many countries have standard disinfectant testing 
procedures, including Australia, New Zealand, South Af- 
rica, France, Germany, The Netherlands, the UK, and the 
United States (44). There is little standardization between 
countries, however, and to address this issue, with the 
planned harmonization of Europe in 1992, the European 
Suspension Test (EST) (45) was published with some 
agreement between European countries. To pass the EST, 
a disinfectant must reduce the viability of 5 test organisms 
by 5 log orders in 5 min at both low (0.03% bovine albumin) 
and high (1.0% bovine albumin) soil levels. Results for two 
examples each of a range of disinfectant types are shown 
in Table 6. These results illustrate a number of points in- 
cluding: the relative resistance of microbial species, the 
variation of disinfectant action within a single microbial 
species, the influence of organic load and hence the neces- 
sity to thoroughly clean prior to disinfection in practice, 
and the range of biocidal action between and within prod- 
uct types. In its early stages of development, a collabora- 
tive trial in 10 European countries found the EST to be 
sufficiently repeatable and reproducible to be adopted in- 
ternationally (46). 

Microorganisms are not primarily found in the food pro- 
duction environment in suspension. In an attempt to more 
closely simulate an in-use conditions surface, tests have 


been developed in which microorganisms are dried onto 
surfaces prior to disinfection (47-49). Although these tests 
provide a stronger challenge to the disinfectant (50), there 
are problems with the tests in that the drying process may 
alter microbial resistance, it is difficult to remove a consis- 
tent proportion of microorganisms for enumeration after 
disinfection and again, microorganisms are rarely dried 
onto surfaces in practice. A surface test has recently been 
described (51) in which disinfectants are tested against 
bacterial biofilms developed on stainless steel samples and 
in which the viability of the biofilm was assessed, while 
surface bound using a Malthus microbiological growth an- 
alyser (Malthus Instruments Ltd. (Radiometer), UK). The 
relative resistance of bacteria when attached to surfaces 
as compared to in suspension is shown in Table 7. A range 
of disinfectants was tested under the conditions of the EST 
at their manufacturers’ recommended concentration 
(MRC) for bacteria in suspension and at the MRC and 10 
and 100 times this concentration, when attached to a sur- 
face. The results showed that bacteria were 10 to 100 times 
more resistant to biocides when attached to a surface and 
that biocides that performed well in suspension did not 
necessarily perform well on surfaces. Care should there- 
fore be exercised in transferring the results from suspen- 
sion tests to in-use applications. 


FUTURE DEVELOPMENT 


Sanitation is likely to feature much more prominantly in 
the eyes of management in the future due to their desire 
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Table 6. European Suspension Test Results for a Range of Commonly Used Disinfectants Tested at their Manufacturers 


Recommended Concentrations (MRC) 


Log reduction 
Pseudomonas Proteus Staphylococcus Enterococcus Saccharomyces 
Product MRC(%) Organic Load(%) aeruginosa __mirabilis aureus faecium cerevisiae _ Result 
Peracid OL 0.03 7,6 UAT 17 6,5 51,1 Fail 
1.0 7,1,5 7,6,7 7,1,6 6,0,5 5,0,0 Fail 
Peracid 1 0.03 5,5 7,7 17 7,7 >4,5 Pass 
1.0 5,5 7,7 6,7 7,7 >4,5 Pass 
HOC! 0.25 0.03 7,7 77 7,6,6 5,6 4,5,2 Fail 
1.0 4,3 2,2 2,2 0,0 3,5,3 Fail 
HOC) 03 0.03 6,6 54,4 6,5 6,6 >4,3 Fail 
1.0 3,3 0,3,2 1,4 2,2 0,0 Fail 
QuAT 02 0.03 2,2 3,5,4 A 6,5 5, 3,4 Fail 
1.0 2,2 3,1 7,6 5,5 4,1 Fail 
QUAT 10 0.03 5,6 6,5 5,7 5,5 5,5 Pass 
1.0 5,7 5,6 1,7 4,6,6 4,5,5 Pass 
Biguanide 0.5 0.03 2,5,5 2,5,5 2,6,7 3, 6,7 5,4 Pass 
1.0 2,1 2,1 2,2 rie 2,1 Fail 
Biguanide 0.5 0.03 6,6 5,6 7,5 7,7 1,2 Fail 
1.0 6,6 4,3 4,4 7,7 11: Fail 
Todophore 0.2 0.03 7,7 1,7 7,6 7,6 4,4 Fail 
10 iA. 3,2 4,2 11 0,0 Fail 
Todophore 1.0 0.03 4,4 CAC 5,5 3,4 2,3 Fail 
1.0 2,3 3,5,5 5,5 3,3 4,1 Fail 
Amphoteric 1.0 0.03 5,5 4,7,7 107 6,7 4, 5,5 Pass 
10 4,5,7 6, 4,7 47 4,7,6 2,5,3 Fail 
Amphoteric 1.0 0.03 7,6 ki 17 6,6 5,5 Pass 
1.0 7,6 6,6 1,7 6,6 5,5 Pass 


Table 7. The Relative Resistance of Bacteria Attached to 
a Surface (Malthus) and in Suspension (EST) 


Result 
EST Malthus 

Product type Cone. (%) 0.03 10 0.03 = 10 
Peracid 0.1 Pass Pass Pass Fail 
1.0 Pass Pass. 
10.0 Pass Pass. 

Todophore 0.2 Pass Fail = Fail’ ~—‘Fail 
2.0 Pass Pass 
20.0 Pass Pass. 

Biguanide 05 Pass Fail = Fail_~—Fail 
5.0 Pass Fail 
50.0 Pass Pass. 

HOCI 0.25 Pass Pass Fail —Fail 
2.25 Fail Fail 
25.0 Pass Pass. 

Amphoteric 1.0 Pass Pass Fail _—‘Fail 
10.0 Pass Fail 

QUAT 1.0 Pass Pass Fail _—Fail 
10.0 Fail Fail 


Note: For both the EST and Malthus tests, three organisms were used— 
Pseudomonas aeruginosa, Proteus mirabilis, and Staphylococcus aureus; a 
pass criteria of a 5 log reduction in 5 min for all three organisms was used. 


to seek increased standards of hygiene. These have arisen 
from: 


1. The realization of the importance of environmental 
routes of infection to product for both microbial and 
foreign body contaminants. 

2. Pressure from customers and consumers for higher 
standards of hygiene. 

3. Trends in food production towards short shelf-life 
products that intrinsically demand higher standards 
of hygiene. 

4. The ability to sell product of a low microbiological 
load at a premium. 

5. Increased plant size, where single mistakes will in- 
cur large financial losses. 

6. Legislation. 


Demand for increased standards of hygiene could lead 
to further advances in rapid methodology to determine sur- 
face hygiene in a time relevant to process control, chemical 
testing schemes that more closely simulate in-use condi- 
tions, improved application techniques that are more effi- 
cient and reduce cross-contamination via cleaning meth- 
ods, the design of equipment and processing areas with 
more thought to ease of cleanability, and the increased use 
of automation and/or robotics for both production and san- 
itation operations. 

Other trends may be influenced by environmental and 
energy restrictions. This will lead to the use of chemicals 
that leave no undesirable environmental residues. For ex- 


ample, the formation of chemical by-products when chlo- 
rine is used as a disinfectant remains a great concern. 
Chlorination of drinking water has been shown to produce 
a number of cancer-causing chemicals (52). Consequently, 
there is a definite trend to increase the use of alternative 
disinfectants such as ozone, chlorine chloride, and chlora- 
mine for treating drinking water as they have fewer chlo- 
rinated disinfectant by-products (53). Further trends will 
include a reduction in water usage, and an associated move 
towards dry cleaning methods such as ring-main vacuum 
lines, and as for hygiene reasons, more efficient and less 
manual sanitation application techniques. 
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FOOD TOXICOLOGY 


Food toxicology is a specialized area of the discipline of 
toxicology that deals with toxic substances in foods. It is 
the study of the nature, sources, and formation of toxic 
substances in foods, their deleterious effects on consumers, 
the manifestations and mechanisms of these effects, and 
the identification of the limits of the safety and thus the 
regulation of these substances. Because the public is con- 
cerned about the quality and safety of foods, it is important 
to understand the principles of food toxicology and food 
safety. In this article, the general principles of toxicology 
are presented before the discussion of food toxicology. 


TOXICOLOGY: PRINCIPLES, DEFINITIONS, AND SCOPE 


Toxicology is the study of the adverse effects of substances 
on living organisms. It is a multidisciplinary field of study 
dealing with the detection, occurrence, properties, effects, 
and regulations of toxic compounds. It therefore involves 
an understanding of chemical reactions as well as biologi- 
cal mechanisms of toxic actions. 

A toxicological study usually consists of four elements: 
(1) a chemical agent capable of causing a deleterious re- 
sponse; (2) a biological system with which the chemical 
agent may interact to produce the deleterious response; 
(3) a means by which the chemical agent and the biological 
system are permitted to interact; and (4) a response that 
can be used to quantitate the deleterious effect on the bio- 
logical system. 

Two aspects of interaction between substances and liv- 
ing organisms are of importance: the influence of the sub- 
stances on the living organism and the influences of the 
organism on the substances. The chemical agent capable 
of causing a deleterious effect in the organism is defined 
as a poison or toxicant. A toxicant will exert toxicity, which 
is defined as the capacity to produce toxic injury to cells or 
tissues, only at appropriate conditions when the biological 
system is exposed to a certain dose of the toxicant. In effect, 
Paraceisus (1493-1541) noted, “All substances are poisons; 
there is none which is not a poison. The right dose differ- 
entiates a poison and a remedy.” Thus, as a rule, a sub- 
stance is a toxicant only in toxic doses; virtually any sub- 
stance, even pure water or sugar, is poisonous when taken 
in great excess. The capability to detect subtoxic levels of 
toxicants in biological system, such as in the plasma or 
urine, is of particular importance because, once known, 
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FOOD TOXICOLOGY 


Food toxicology is a specialized area of the discipline of 
toxicology that deals with toxic substances in foods. It is 
the study of the nature, sources, and formation of toxic 
substances in foods, their deleterious effects on consumers, 
the manifestations and mechanisms of these effects, and 
the identification of the limits of the safety and thus the 
regulation of these substances. Because the public is con- 
cerned about the quality and safety of foods, it is important 
to understand the principles of food toxicology and food 
safety. In this article, the general principles of toxicology 
are presented before the discussion of food toxicology. 


TOXICOLOGY: PRINCIPLES, DEFINITIONS, AND SCOPE 


Toxicology is the study of the adverse effects of substances 
on living organisms. It is a multidisciplinary field of study 
dealing with the detection, occurrence, properties, effects, 
and regulations of toxic compounds. It therefore involves 
an understanding of chemical reactions as well as biologi- 
cal mechanisms of toxic actions. 

A toxicological study usually consists of four elements: 
(1) a chemical agent capable of causing a deleterious re- 
sponse; (2) a biological system with which the chemical 
agent may interact to produce the deleterious response; 
(3) a means by which the chemical agent and the biological 
system are permitted to interact; and (4) a response that 
can be used to quantitate the deleterious effect on the bio- 
logical system. 

Two aspects of interaction between substances and liv- 
ing organisms are of importance: the influence of the sub- 
stances on the living organism and the influences of the 
organism on the substances. The chemical agent capable 
of causing a deleterious effect in the organism is defined 
as a poison or toxicant. A toxicant will exert toxicity, which 
is defined as the capacity to produce toxic injury to cells or 
tissues, only at appropriate conditions when the biological 
system is exposed to a certain dose of the toxicant. In effect, 
Paraceisus (1493-1541) noted, “All substances are poisons; 
there is none which is not a poison. The right dose differ- 
entiates a poison and a remedy.” Thus, as a rule, a sub- 
stance is a toxicant only in toxic doses; virtually any sub- 
stance, even pure water or sugar, is poisonous when taken 
in great excess. The capability to detect subtoxic levels of 
toxicants in biological system, such as in the plasma or 
urine, is of particular importance because, once known, 


further exposure can be avoided. In toxicology, exposure is 
the total amount of toxicants received by the biological sys- 
tem of interest. It can be expressed as the product of con- 
centration and duration. A chemical agent does not pro- 
duce toxic effects in a biological system unless that agent 
or its biotransformation products reach appropriate sites 
in the body at a concentration and for a length of time 
sufficient to produce the toxic manifestation. 

The route or site of exposure affects the toxicity of a 
chemical agent to the biological system. In food toxicology, 
the route of exposure is through the gastrointestinal tract 
(ingestion). The duration of animal exposure to toxicants 
is usually divided into four categories: acute, subacute, 
subchronic, and chronic. Acute exposure is defined as ex- 
posure to a toxic chemical for less than 24 hours. Although 
acute exposure usually refers to a single administration, 
repeated exposures may be given within a 24-hour period 
for some slightly toxic or practically nontoxic chemicals. 
Subacute exposure refers to repeated exposure to a toxic 
chemical for 1 month or less; subchronic exposure, to re- 
peated exposure for 1 to 3 months; and chronic exposure, 
to repeated exposure for more than 3 months. 

The LD5o of a compound is commonly reported as a mea- 
sure of the toxicity of that compound. The LDso can be de- 
fined as the dose of a compound that causes 50% mortality 
in a population. However, limitations of the LDso as a mea- 
sure of toxicity are often not recognized. The LDso is an 
indicator of acute toxicity, using death as the end point, 
and therefore is not indicative of the effect of the compound 
under low dose or long-term exposure, which is usually the 
case for food toxicants. Chronic toxicity studies are needed 
to establish the effects of long-term or repeated adminis- 
tration of a compound. Chronic toxicity studies are used to 
determine the no observed effect level (NOEL) or no ob- 
served adverse effect level (NOAEL). From these studies, 
the reference dose (RfD) can be established. The RfD is 
defined as the maximum dose (mg/kg body weight) of an 
agent that is assumed to be without an adverse noncancer 
health impact on the human population (1). 

The biological systems used for toxicity testing can be 
whole animals, including humans, dogs, and rodents, or 
they can be tissues or organs in culture, cell cultures, cell- 
free systems, eukaryotes (such as yeast and Aspergillus) 
and prokaryotes (such as Salmonella typhimurium and 
Escherichia coli), and plants. The age, sex, strain, and nu- 
tritional and disease status of the animal species all affect 
the outcome of the toxic effect. The use of enzyme inducers 
or inhibitors to modulate drug metabolism enzyme sys- 
tems also affects animal susceptibility and toxicity to en- 
vironmental chemicals. Whole animals are used to deter- 
mine LD; and organ target toxicity. They are also used to 
assess whether a compound is carcinogenic (ie, capable of 
inducing cancers) or teratogenic (ie, capable of inducing 
defects in the developing embryo). Insects are used in con- 
junction with pesticide development and for the detection 
of environmental mutagens (ie, causing a change in the 
DNA). Eukaryotes and prokaryotes are now widely used 
for the determination of mutagenic and carcinogenic po- 
tencies of environmental toxicants, drug impurities, and 
compounds present in foods. Currently, there is a trend in 
toxicology to use cell cultures as an alternative model sys- 
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tem to animals. In this case, the TCs (the toxic concentra- 
tion that will induce poisonous effects to 50% of the cell 
population) is used to indicate the potential toxicity of the 
test compound. Cell-free systems are used to study the bio- 
chemical mechanism of toxicity. 

Thus, the occurrence of a toxic response is dependent 
on the chemical and physical properties of the agent, the 
duration of exposure, and the susceptibility of the biologi- 
cal system or subject. 

The single-most important factor that determines the 
potential harmfulness of a toxicant is the relationship be- 
tween the concentration of the toxic agent and the effect. 
produced in the biological system. This is referred to as the 
dose-response relationship. Toxic responses will not occur 
unless the chemical interacts with the target site(s). The 
degree of the response is related to the concentration of 
the agent at the reactive site, which in turn is related to 
the dose administered. In addition, the toxic response 
should be quantifiable. 

A graphic expression of the typical dose-response re- 
lationship is shown in Figure 1. A sigmoidal response curve 
is obtained when the dosage is plotted on a logarithmic 
scale, The response may be applied to an individual, a sys- 
tem, or a fraction of a population; it ranges from 0 to 100%. 
The lowest dose of any toxicant that evokes a stated all- 
or-none response is called the threshold dose. Below this 
dose, there is no response. It is through the use of this 
dose-response relationship that the toxicologist is able to 
obtain the LDso of a toxicant if mortality is used as an end 
point. See Reference 2 for a discussion of dose-response 
and LDgo. 

After administration to a test animal, toxicants usually 
undergo a series of complex processes, including absorp- 
tion, distribution, metabolism, and excretion, before they 
exert their toxic effects (Fig. 2). An overview of these pro- 
cesses can be found in References 3 and 4. During the ex- 
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Figure 1. A typical sigmoid form of the dose-response relation- 


ship. Dosage is most often expressed as mg/kg and plotted on a 
log scale. 
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Figure 2. The three phases of toxicant action: the exposure phase, the toxico-kinetic phase, and 


the toxodynamic phase. 


posure phase, the toxicant may undergo chemical altera- 
tion to compounds that may be more or less toxic than the 
parent compound. For example, hydrolysis of esters can 
take place in the gastrointestinal tract through the action 
of intestinal microflora. In this connection, azo compounds 
can be reduced to the more toxic aromatic amines. 

The toxicokinetic phase includes all the processes in- 
volved in the relationship between the effective dose of 
a toxicant and the concentration present at the various 
body fluid compartments and the target tissue. During the 
toxicokinetic phase, two types of processes play an impor- 
tant role: 


1. Distribution processes that involve absorption, dis- 
tribution to the organs, and excretion. Toxicants are 
transported and then may bind to protein carriers or 
tissue components. The principles of pharmacoki- 
netics apply to this distribution process of toxicants. 

2. Biotransformation of toxicants. This usually involves 
the bioactivation of the toxic agent. This metabolic 
biotransformation is accompanied by changes in 
chemical properties such as hydrophilicity and lipo- 
philicity, which in turn affect their distribution in the 
organisms, the binding to macromolecules (such as 
proteins and DNA), and excretion. 


Metabolism of toxicants mainly occurs in the liver but 
may also occur in other tissues, such as the lung, kidney, 
skin, and gonads. Through enzymatic biotransformation 
processes, the lipophilic compounds are converted to more 
water-soluble metabolites. Two types of enzymatic reac- 
tions are involved in toxicant metabolism: phase I reac- 
tions, which involve oxidation, reduction, and hydrolysis; 
and phase II reactions, which consist of conjugation reac- 
tions. Phase I reactions generally convert compounds to 
derivatives that are more water soluble than the parent 
molecule. The reactions occur mainly via two oxidative en- 
zyme systems, the cytochrome P-450 system (the mixed- 
function oxygenase) and the mixed-function amine oxi- 
dase. More important than these particular conversions is 
that these two systems also add or expose functional 
groups such as —OH, —SH, —NH,, and —COOH, which 
promote the compound’s covalent conjugation with endog- 
enous moieties such as glucuronic acid, sulfate, and amino 
acids through the actions of phase II reaction enzymes. 
These conjugated secondary metabolites possess increased 
water solubility and significant ionization properties at 
physiologic pH that in turn facilitate their secretion or 
transfer across hepatic, renal, and intestinal membranes. 


The toxodynamic phase comprises the action of the tox- 
icant molecules on the specific sites of action and the ex- 
pression of the observed toxic effect. The target organ on 
which the toxicant acts and the effector organ in which the 
effect is induced, or on which the effect is observed, need 
not be identical. The concentration of the active toxicant 
metabolite reached in the target determines to what de- 
gree a biological action will be elicited. The toxic effect ob- 
served in the biological system can be the result of inter- 
ference with the normal function of the enzyme systems; 
blockade of the oxygen transport by hemoglobin; interfer- 
ence with the general functions of the cell; interference 
with DNA, RNA, and protein synthesis; hypersensitivity 
reactions; and direct chemical irritation of tissues. 

Many carcinogens undergo enzymatic activation to re- 
active ultimate carcinogens that are electrophilic and are 
capable of covalent interaction with cellular macromole- 
cules, including DNA. In addition to these secondary car- 
cinogens, there are also primary carcinogens that are re- 
active and do not require metabolic activation. If the 
damaged DNA is not repaired, the genome lesions are ex- 
pressed in replicated cells that later will transform into 
abnormal cells. For a review of carcinogen metabolism, 
DNA adduct formation, and DNA repair, see reference 5. 
These abnormally altered or initiated cells may be re- 
moved through the process of programmed cell death 
(apoptosis) or may undergo proliferation to form preneo- 
plastic lesions. The growth and progression of preneoplas- 
tic lesions into a neoplasm or cancer depends on the pres- 
ence of promoting or inhibiting compounds or conditions in 
the animal’s environment. For many types of cancers, di- 
etary factors have been shown to play a major role in the 
promotion or inhibition of tumor development. For detailed 
discussions on carcinogenesis mechanisms, refer to Refer- 
ences 5 and 6. The role of dietary factors in cancer devel- 
opment was summarized in Reference 7. 
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Food contains hundreds of thousands of substances, and 
most of these have not been characterized or tested. The 
recognition of the safety of these substances, at the level 
consumed in the diet, is based on a history of consumption 
of those foods. Substances added to foods that do not have 
this history, such as new food additives, must undergo spe- 
cific toxicological testing to determine that the federal 
Food Drug and Cosmetic Act (FD&C Act) standard of “rea- 
sonable certainty of no harm” is met. 


The toxicants present in food can be of biological origin, 
a direct or indirect food additive, a contaminant, or pro- 
duced during cooking or processing. Exogenous factors, 
such as the nature of the compounds, the dose, the fre- 
quency of exposure, the route of exposure, the presence of 
other nutrients or drugs, and various environmental fac- 
tors, affect the toxicity of food toxicants. Endogenous 
factors, such as the physiology and morphology of the gas- 
trointestinal tract, the nature of the gastrointestinal mi- 
crofiora, and the metabolic activity of the body, can also 
affect toxicity. The intestinal microflora play important 
roles in inducing the formation of some toxicants, such as 
nitrosamines and cyanogenic glycosides. The toxicology of 
food compounds has been the subject of several books (8,9). 


Foodborne Hazards of Microbial Origin 


Foodborne disease agents are characterized by their diver- 
sity. Some produce their effects through toxic metabolites 
resulting from the growth of microorganisms in the food 
before ingestion and are classified as foodborne intoxica- 
tions (eg, staphylococcal food poisoning and botulism). 
Others produce adverse effects through ingestion of living 
microorganisms and thus are called foodborne infections 
(eg, Salmonella, Vibrio parahemolyticus, Listeria monocy- 
togenes, and Clostridium perfringens poisoning). A detailed 
description of these bacteria, their toxins, prevalence, and 
toxicity can be found in a review by Concon (10). Other 
pathogens are emerging as important public health 
threats, including E. coli 0157:H7, Campylobacter jejuni, 
and Yersinla (11). The severity of the toxic effects ranges 
from temporary discomfort to the acute lethality of botu- 
lism. Infants, the elderly, and persons on immunosuppres- 
sive or chemotherapeutic drugs are thought to be more sus- 
ceptible to the toxic effects of these microbial agents. The 
main source of these hazards may be on the farm, during 
food processing, or more likely, during food service prepa- 
ration or preparation at home. The changing consumer 
lifestyle, including increased number of women in the 
workforce, limited time for food preparation, and an in- 
crease in the number of single heads of households, may 
also impact the emergence and reemergence of foodborne 
pathogens (12). 


Environmental Contaminants 


Toxicants included in this category are the trace elements 
and organometallic compounds (eg, mercury, lead, and cad- 
mium) as well as a variety of organic compounds (eg, poly- 
chlorinated biphenyls [PCBs]). These toxicants tend to 
have common behavioral characteristics, although they 
are quite different in chemical structure. Environmental 
toxicants tend to be stable and thus persistent in the en- 
vironment. They tend to bioaccumulate in the food chain 
and can be biotransformed with increasing toxicity in hu- 
mans. Lead and mercury have been shown to cause major 
toxic effects in infants and young children because of the 
greater absorption of the compounds, increased sensitivity 
of developing systems, and their greater frequency of ex- 
posure to the toxicants. 

The major source of lead exposure through food is in 
fruits, vegetables, and grains, which is primarily the result 
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of deposition of environmental lead into the plants. The 
elimination of leaded gasoline, lead in soldered food cans, 
and lead in pottery glazes have all contributed to a de- 
crease in the levels of lead in food. Fish, plants, and ani- 
mals take up cadmium from the environment, and shell- 
fish are the major source of cadmium in the diet. Mercury 
exposure via food most often occurs when fish and seafood 
are contaminated with mercury. The Food and Drug Ad- 
ministration (FDA) limits the amount of heavy metals in 
our foods. For example, cadmium in food colors is limited 
to 15 parts of cadmium per million parts of food color (15 
ppm), and the maximum acceptable level of mercury in fish 
and seafood is set at 0.5 ppm. 

Because PCBs tend to be stored in the fat tissues of 
animals, the FDA has established maximum allowed ley- 
els of between 0.2 and 3 ppm PCBs in milk, eggs, animal 
fats, and shellfish. The used of PCBs was put under reg- 
ulatory control in 1972, and production was ceased in the 
United States in 1977. As a result, the amount of PCBs in 
the U.S. diet has dramatically dropped since 1971. A pos- 
sible role of PCBs in the development of breast cancer has 
been hypothesized. However, findings from epidemiologi- 
cal studies have been inconclusive. For a review of this 
issue as well as other health issues related to exposure to 
chlorinated contaminates, see the work by Holland (13). 
The toxicity of metals (14) and other food contaminants (8) 
has been reviewed. 


Naturally Occurring Toxicants 


Naturally occurring toxicants are products of the metabolic 
processes of animals, plants, and microorganisms from 
which the food products and nutrients are derived. Hu- 
mans may be exposed to these naturally occurring toxi- 
cants through direct consumption of the foods or through 
secondary exposure from the edible by-products of food- 
producing animals. Most toxicants of animal origin come 
from fish and shellfish, including saxitoxin (paralytic shell- 
fish poisoning), tetrodotoxin (puffer fish poisoning), cigua- 
toxin (ciguatera poisoning), and histamine (scombroid poi- 
soning). The toxins produced by fungus on infected grains 
and other foods are also considered naturally occurring 
toxicants. They include aflatoxins, ergot toxins, ochra- 
toxin, zearalenone, and the trichothecene toxins. Many of 
these mycotoxins (toxins produced by fungal cultures) are 
carcinogenic, mutagenic, and teratogenic. Many mush- 
rooms also produce toxins with varying types of effects. See 
references 9 and 10 for further details on the toxicity of 
mycotoxins and toxic mushrooms. 

Plants contain hundreds of biologically active com- 
pounds, which recently have been termed phytochemicals. 
Interest in phytochemicals has grown dramatically in re- 
cent years as a result of reports that they may offer po- 
tential health benefits (including cancer prevention) and 
agricultural benefits (increased resistance to plant patho- 
gens). However, in many cases, these compounds have also 
been demonstrated to have toxic effects. Examples of toxic 
compounds found in plants consumed by humans are listed 
in Table 1 (9,10). 

The concept of compounds having both beneficial and 
harmful effects, depending on the dose, has been well es- 
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Table 1. Examples of Toxic Compounds Found in Plants Consumed by Humans 


Type of toxicity Source of compounds involved 

Cyanide poisoning Cyanogenic glycosides in almonds, lima beans, cassava root, and sorghum 
Goitrogens Glucosinolates, isothiocyanates in the Brassica family (cabbages, brussels sprouts) 
Favism Fava beans 

Lathyrism Chick peas or garbanzos 

Hemaglutinins A wide variety of legumes 


Enzyme inhibitors 
Carcinogenic 

Vasoactive amines 

Interferes with hormone action 
Antinutrient compounds 

Stimulants and other psychoactive effects 


Legumes, potatoes, eggplant, tomatoes 

Pyrolizidine alkaloids in some herbs 

Bananas, avocado, cheeses 

Phytoestrogens in soybeans 

Phytic acid in cereals and legumes, oxalates in spinach and tea 
Caffeine in teas and coffee 


tablished for various nutrients and pharmaceuticals. The 
phenomenon is called hormesis and is defined as the pro- 
duction of beneficial effects in a population at low expo- 
sures and adverse effects at high exposures to a given 
chemical, Data demonstrating that hormesis may occur 
with compounds that have previously been considered only 
as toxins, such as pesticides and heavy metals, has re- 
cently been reviewed (13). It appears likely that this holds 
true for many plant compounds as well. For example, tan- 
nins represent a group of natural plant compounds that 
have been shown to have both beneficial and toxic effects 
(15). 

Further investigations into the mechanisms of action of 
these biologically active plant compounds are needed. In 
many cases, there is little information on the toxicity of 
these compounds, especially when compared to the amount 
of toxicology information needed for food additives and pes- 
ticides (16). Increased consumption of these compounds is 
likely because of the current development of “functional 
foods” that often contain various phytochemicals with the 
goal to improve health. However, the optimum levels of 
consumption for healthful effects and the levels that would 
result in toxicity are currently unknown for most phyto- 
chemicals. 

Concerns regarding the safety of genetically engineered 
foods include the potential development of increased levels 
of plant toxins or of new allergens in these foods. In the 
United States, it is the responsibility of FDA to ensure that 
genetically engineered foods are safe. See reference 17 for 
a discussion of FDA's policy for foods developed by biotech- 
nology. 


Reaction Products 


Toxic reaction products may be produced after cooking, 
processing, or charcoal broiling of foods. Carcinogenic ni- 
trosamines are produced in cured meats such as bacon dur- 
ing cooking from the reaction of nitrite with secondary 
amines. Potent mutagenic and carcinogenic heterocyclic 
amines such as PhlP (2-amino-1-methyl-6-phenylimi- 
dazo[4,5-b]pyridine), IQ (2-amino-3-methylimidazo[4,5- 
f lquinoline), MelQ(2-amino-3,4-dimethylimidazol4,5-f ]- 
quinoline), MelQx(2-amino-3,8-dimethylimidazo[4,5-f }- 
quinoxaline) are found in cooked fish and meat owing to 
pyrolysis of amino acids, peptides, and proteins (18). Poly- 
cyclic aromatic hydrocarbons such as the carcinogen 


benzo(a)pyrene accumulates in foods during charcoal broil- 
ing and smoking. The production of reaction products from 
food irradiation, a method of food preservation, has been 
investigated in numerous studies. The safety of irradiated 
food produced in accordance with good manufacturing 
practices has been acknowledged by the World Health Or- 
ganization (19). An evaluation of the safety of food irradi- 
ation was required for recent approval of food irradiation 
as a method of preservation of meat (20). See reference 21 
for further information on the safety of irradiated foods. 


Residues 


Residues of chemicals occur in foods as a result of the use 
of pesticides, drugs in food-producing animals, and food 
packaging materials. To ensure a safe food supply, the En- 
vironmental Protection Agency (EPA) regulates the safety 
of food by setting safety standards to limit the amount of 
pesticide residues that legally may remain in or on food or 
animal feed that is sold in the United States. The FDA and 
the U.S. Department of Agriculture (USDA) ensure com- 
pliance with these safety standards by monitoring domes- 
tic and imported foods. Annual reports summarizing the 
findings of pesticide monitoring programs are available 
from the USDA. The regulation of pesticides in food pro- 
duction is currently undergoing major reform because of 
the passage of the Food Quality Protection Act (FQPA) in 
August 1996. Major changes in pesticide residue safety 
standards resulting from the FQPA include a new safety 
standard based on a “reasonable certainty of no harm”; 
consideration of aggregate exposure from all sources of 
pesticides (drinking water, residential, and dietary expo- 
sure); and consideration of all pesticides with a common 
mechanism of toxicity as a group to determine cumulative 
exposure. The EPA must consider children’s special sen- 
sitivity and exposure to pesticides. Under the new law, the 
EPA is required to develop and use a screening and testing 
program for chemicals with the potential to disrupt the 
endocrine process (endocrine disruptors). The impact of 
this new law on the use of pesticides has yet to be deter- 
mined because the regulations, which will enforce this law, 
are still under development. 

Various drugs and antibiotics are used in the production 
of animal food products. The use of these drugs and the 
amount of residues allowed in the animal tissues are reg- 
ulated by FDA. In most cases, tolerances range from 0 to 


1 ppm. The unintentional transfer of compounds from 
packaging materials into foods is another source of food 
residues. Food residues from pesticides, drugs, and pack- 
aging materials are called unintentional food additives. 
Animal drug residues and food contact substances, which 
“may reasonably be expected to become a component of 
food,” must be shown to be safe for humans under similar 
standards as food additives. Although public concern re- 
garding food residues has always been the subject of the 
lay press, there is little evidence of health hazards from 
the small amount of residues present in foods produced in 
the United States (22). The use of pesticides in other coun- 
tries may not be as well regulated, and therefore the safety 
of pesticide residues in imported foods continues to be a 
concern. 


Food Additives 


A food additive is defined as a substance or mixture of sub- 
stances, other than a basic foodstuff, that is present in a 
food as a result of any aspect of production, processing, 
storage, or packaging. Today, more than 2,500 different ad- 
ditives are intentionally added to produce desired effects. 
They include preservatives, antioxidants, sweeteners, nu- 
tritional additives, flavoring agents, coloring agents, 
bleaching agents, texturizing agents, and miscellaneous 
additives. A comprehensive summary of food additive tox- 
icology has recently been published (23). The majority of 
direct food additives, predominantly spices and flavors, are 
generally recognized as safe (GRAS) substances that have 
been used for many years and have been found to present 
no significant hazard with normal human food uses. How- 
ever, the use of some food additives, such as cyclamates, 
red no. 2 and violet no. 1, is banned owing to their potential 
carcinogenic activity. 

When a manufacturer submits a petition for a food ad- 
ditive approval, the FDA requires information on the 
chemical identity of the additive, the purpose and amount 
proposed for use, functionality testing to demonstrate ef- 
fectiveness of the additive, methods of analysis in food, and 
safety data for the additive. Safety evaluation is discussed 
in the next section. The FDA operates an adverse reaction 
monitoring system (ARMS) to help serve as an ongoing 
safety check of all food additives. The system monitors and 
investigates all complaints by individuals or physicians 
that are believed to be related to specific foods, food and 
color additives, or vitamin and mineral supplements. The 
ARMS computerized database helps officials decide 
whether reported adverse reactions represent a real public 
health hazard associated with food, so that appropriate ac- 
tion can be taken. However, it is possible that postmarket 
surveillance may not be sensitive enough to identify a 
small subsection of the population that has severe adverse 
effects to a particular additive. This concern has been 
raised with the recent approval of the fat replacement 
Olestra. The purported benefit of fat replacers is possible 
prevention of obesity through calorie reduction. However, 
adverse gastrointestinal effects in some individuals have 
raised concern and resulted in a label requirement on foods 
containing this additive. 
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Dietary Supplements 


A dietary supplement is any product that is taken by 
mouth and intended to supplement the diet and is labeled 
as a dietary supplement. Dietary supplements may con- 
tain vitamins, minerals, herbs, and amino acids as well as 
substances such as enzymes, organ tissues, metabolites, 
extracts, or concentrates. The Dietary Supplement Health 
and Education Act (DSHEA) of 1994 established new 
guidelines for the safety requirements of dietary supple- 
ments and dietary ingredients of supplements. One re- 
quirement is that “the dietary supplement contains only 
dietary ingredients which have been present in the food 
supply as an article used for food in a form in which the 
food has not been chemically altered.” The alternative re- 
quirement is that there is a history of use or other evidence 
of safety establishing that the dietary ingredient when 
used under the conditions recommended or suggested in 
the labeling of the dietary supplement “will reasonably be 
expected to be safe.” As a result, dietary ingredients used 
in dietary supplements are no longer subject to the pre- 
market safety evaluations required of other new food in- 
gredients. 

The ARMS program for food additive postmarket sur- 
veillance also serves to monitor safety of dietary supple- 
ments. Recently, ARMS reports of adverse health effects 
associated with dietary supplements containing ephedrine 
alkaloids resulted in proposed safety measures by the 
FDA, including limits on the amount of ephedrine per serv- 
ing and label warning statements for ephedrine-containing 
supplements. 


SAFETY EVALUATION AND RISK ASSESSMENT 


A number of different laws—the Food, Drug, and Cosmetic 
Act (FD&C Act); the Federal Insecticide, Fungicide, Ro- 
denticide Act (FIFRA); the recent FQPA and DSHEA; the 
Meat Inspection Act; and the Poultry Products Inspection 
Act—are routinely employed by the FDA, USDA, and EPA 
to govern the safety of food. For chemical food safety issues, 
a risk assessment process is used to determine the levels 
of a compound that will be allowed in foods. There are 
four steps in risk assessment: (1) hazard identification, 
(2) dose-response assessment, (3) exposure assessment, 
and (4) risk characterization. See reference 1 for an over- 
view of risk assessment. 


Hazard Identification 


Hazard identification is the determination of the known or 
potential health effects of consumption of the compound. 
In some cases, the need for toxicological testing can be 
predicted from the chemical structure based on known 
structure-activity relationships. Several chemical struc- 
tures, such as n-nitroso or aromatic amine groups, are po- 
tentially carcinogenic. In many cases, manufacturers use 
this information to decide whether to go forward with 
expensive animal testing of their products. In vitro and 
short-term animal tests are also used before investing in 
long-term animal testing. These can include tests for mu- 
tagenicity, carcinogenecity, developmental toxicity, repro- 
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ductive toxicity, neurotoxicity, and immunotoxicity (3). 
However, for final approval of pesticides and food addi- 
tives, the long-term animal bioassay is a key component in 
the hazard identification process. Table 2 lists the types of 
toxicological tests that are conducted using the animal 
model system. For food additives, the safety evaluation in- 
volves assigning a concern level to the additive, based on 
structural information and an estimate of exposure. The 
minimum toxicological testing required for each concern 
level is listed in Table 3. 

Epidemiological studies, in which a positive association 
between exposure and disease has been observed, and case 
reports of accidental poisonings have provided convincing 
evidence of the human risk of various compounds. This has 
been the basis for the identification of many naturally oc- 
curring toxins, including ergot alkaloids, potato alkaloids, 
and toxic mushrooms. 


Dose-Response Assessment 


The dose-response assessment examines the relationship 
between the magnitude of the exposure and the probability 
of adverse effects. There are two approaches to dose- 
response assessments: a threshold approach for noncancer 


‘Table 2. Types of Toxicological Tests 
Acute tests (single exposure or dose) 


Determination of median lethal dose (LDso) 
Acute physiologic changes (blood pressure, pupil dilation, etc) 


Subacute tests (continuous exposure or daily doses) 


Three-month duration 

‘Two or more species (one nonrodent) 

Three dose levels (minimum) 

Administration by intended or likely route 

Health evaluation, including body weight, complete physical 
examination, blood chemistry, hematology, urinalysis, and 
performance tests 

Complete autopsy and histopathology on all animals to 
determine the presence of any tissue damage or cancerous 
tissues 


Chronic tests (continuous exposure or daily doses) 


‘Two-year duration (minimum) 

‘Two species selected for sensitivity from previous tests 

‘Two dose levels (minimum) 

Administered by likely route of exposure 

Health evaluation including body weight, complete physical 
examination, blood chemistry, hematology, urinalysis, and 
performance tests 

Complete autopsy and histopathology on all animals to 
determine the presence of any tissue damage or cancerous 
tissues 


Special tests 

‘Teratogenicity 

Multigenerational reproduction feeding study (all aspects other 
than teratogenicity) 

Skin and eye effects 

Behavioral effects 


end points and a nonthreshold approach for cancer end 
points. The threshold is the level of exposure below which 
no adverse effects result. This approach is based on estab- 
lishing a NOAEL, which is the highest dose in milligrams/ 
kilogram body weight that results in no detectable damage 
to the animal during chronic or subchronic testing. Safety 
factors are applied to the NOAEL to determine the RfD 
and the acceptable daily intake (ADI). The ADI values are 
used by the World Health Organization for pesticides and 
food additives to define “the daily intake of a chemical, 
which during an entire lifetime appears to be without ap- 
preciable risk on the basis of all known facts at that time.” 
The safety factors, also called uncertainty factors, allow for 
differences in species and individual susceptibility to tox- 
icity. A factor of 10 is used for each extrapolation (ie, from 
animals to humans, from a small number of animals to a 
population, from a short-term study to a chronic study) to 
result in a total safety factor of 100 to 1,000. The FQPA 
requires an additional 10-fold safety factor for pesticides if 
adverse effects on infants and children are unknown or 
increased compared to adults. Therefore, the RfD or ADI 
= NOAEL = safety factors. 

Dose-response models for cancer, which is considered 
to be a nonthreshold end point, can be categorized into two 
types. One type is the statistical or probability model, such 
as the log-probit and logit models. The other type is a 
mechanistic-based model, such as the one-hit, multistage, 
and linearized multihit models. A discussion of these mod- 
els and the use of pharmacokinetic models to improve can- 
cer risk assessment can be found in reference 25. 


Exposure Assessment 


For exposure assessment, estimates of the likely levels of 
human consumption of the particular food substance or the 
estimate of daily intake (EDI) must be made. It is neces- 
sary to know the following: (1) the amount of substance in 
the foods; (2) daily intake of each food containing the sub- 
stance by consumers; and (3) the portion of the population 
that are consumers. The amount of a direct food additive 
in the foods will be based on the amount needed to obtain 
the desired effects of the additive and this will have been 
determined by the manufacturer petitioning for approval 
of the additive. For pesticides, tests are conducted to de- 
termine the level of pesticide that remains on the agricul- 
tural commodities after the pesticide is used in the pro- 
duction of that commodity. Food consumption surveys, food 
disappearance figures, and market basket surveys can be 
used to determine the EDI. However, food consumption 
surveys are most often used. The anticipated use and the 
toxicity of the compound will affect whether values for av- 
erage consumers or heavy consumers (at or above 95th 
percentile for food intake) and values for the whole popu- 
lation or consumers only are used in the EDI. The daily 
intake of food consumed (kilograms per day) multiplied by 
the amount of the compound in the food (milligrams/ 
kilogram) provides an estimate of the amount of the com- 
pound (milligrams per day) that will be consumed. Guide- 
lines on the estimations of exposure to food additives and 
chemical contaminants have been published by the U.S. 
FDA (26). 
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Table 3. Minimum Toxicological Testing of Food Additives Required by the U.S. Food and Drug Administration 


Indirect food additives 


Virtually nil exposure (<0.05 ppm) 
Insignificant exposure (>0.05 ppm) 


Acute oral study—rodent 
Acute oral study—rodent® 


Subchronic feeding study (90-day)—rodent with in utero exposure 
Subchronic feeding study (90-day)—nonrodent 
Multigenerational reproduction feeding study (minimum of 2 generations) with teratology 


phase—rodent* 
Teratology study 


Short-term tests for carcinogenic potential” 


Significant exposure (>~1 ppm) Acute oral study—rodent® 


Subchronic feeding study (90-day)—rodent® 
Lifetime feeding study (about 2 y)—rodent with in utero exposure for carcinogenesis and chronic 


toxicity 


Lifetime feeding study (about 2 y)—rodent for carcinogenesis 
Short-term feeding study (at least 1 year)—nonrodent 
Multigenerational reproduction feeding study (minimum of 2 generations) with teratology 


phase—rodent 
‘Teratology study* 


Short-term tests for carcinogenic potential” 


Metabolism studies” 


Direct food additives 


Concern level I (lowest concern) 


Short-term feeding study (at least 28 days)—rodent 


Short-term tests for carcinogenic potential 


Concern level II Acute oral study—rodent* 


Subchronic feeding study (90-day)—rodent 
Subchronic feeding study (90-day)—nonrodent 
Multigenerational reproduction feeding study (minimum of 2 generations) with teratology 


phase—rodent 
‘Teratology study” 


Short-term tests for carcinogenic potential 


Concern level III (highest concern) —_ Acute oral study—rodent* 


Subchronic feeding study (90-day)—rodent® 
Lifetime feeding study (about 2 y)—rodent with in utero exposure for carcinogenesis and chronic 


toxicity 


Lifetime feeding study (about 2 y)—rodent for carcinogenesis 
Short-term feeding study (at least 1 year)—nonrodent 
‘Multigenerational reproduction feeding study (minimum of 2 generations) with teratology 


phase—rodent 
Teratology study* 


Short-term tests for carcinogenic potential 


Metabolism studies” 


Notes: If carcinogenici 
these toxicology studies are contained in the “Redbook” (24). 
“If indicated by available data or information. 

"Suggested. 

“If needed as preliminary to further study. 


Risk Characterization 


Risk characterization is the estimate of the incidence of 
health effects that are likely to occur under specific con- 
ditions of exposure. This is dependent on the exposure lev- 
els and the toxicity of the compound. Simply, risk = tox- 
icity Xx exposure. Risk characterization requires a 
judgment of the applicability of the science to the potential 
human exposure conditions. 

For noncarcinogens, the approach is to ensure that the 
estimated intake or exposure does not exceed the RfD. In- 
takes at levels below this level are considered to be without 
appreciable risk. The amount of additive or pesticide res- 
idue that is allowed in foods (ie, the tolerance) is based on 


is suspected as a problem, carcinogenicity studies will be done no matter what the circumstances. References to current guides on 


the lowest amount needed for efficacy, not safety. As a re- 
sult, the tolerance may be many folds lower than the safe 
level based on the RfD. See Table 4 for an example of the 
determination of tolerance levels. 

For carcinogens, the risk assessment is based on the 
assumption that there is no threshold for carcinogenesis 
and that the dose-response relationship observed at high 
doses is similar to that at low doses. An acceptable level of 
risk has been set at a consumption level estimated to pro- 
duce no more than one cancer in a million individuals. The 
insensitivity of the animal bioassay for detecting carcino- 
gens has led to the use of high doses in order to generate 
a sufficiently high frequency of response to be statistically 
significant. Results from these studies then need to be ex- 
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Table 4, Example of Determination of Maximum 
Permissible Levels 


1. The synthetic food color additive Rosy Red was tested in rats 
and dogs in a chronic feeding study. A NOAEL of 1,000 mg/kg 
body weight per day (mg/kg/day) was determined. 
2. Safety factor = 10 (extrapolation to humans) x 10 
(individual variation) = 100 

. RED = 1,000 mg/kg/day + 100 = 10 mg/kg/day 

. Rosy Red is being developed for use in licorice candy. Using 
food consumption survey data, it was found that the person 
with the highest intake would consume 100 g of candy per 
day, 

5. The maximal permissible intake per day (MPI) = RfD x 60 
kg (adult body weight) = 10 mg/kg x 60 kg = 600 mg per 
day. 

6. Assuming that Rosy Red will not be added to any other foods, 
the maximum permissible level (MPL) (also called tolerance 
level) that would be approved would be MPL = MPI/food 
factor. Food factor represents an estimation of the amount of 
that food in the diet. MPL = 600 mg + 100 g licorice = 6 mg 
Rosy Red/g licorice. However, if only 1 mg Rosy Red/g candy 
was needed for the desired color, the MPL would be 1 mg/g. 

7. The RED is usually well above the EDI of a food additive. 


AO 


trapolated to the low-dose range that represents the hu- 
man exposure levels. A very large number of animals 
would be required to obtain a statistically valid response 
level if low doses were used, resulting in increased testing 
costs. Therefore, the dose used may be up to the maximum 
tolerated dose (MTD), which is the highest dose that does 
not produce overt toxic responses in subchronic studies. 
Concerns with the use of the MTD are that this dose may 
result in depressed food intake and may saturate other 
physiological processes, such as activation and inactiva- 
tion by enzyme systems, active transport, and DNA repair. 
Cytotoxicity caused by high doses may result in mito- 
genesis or increased cell proliferation, enhancing the car- 
cinogenesis process. Thus, use of the MTD may result in 
the ability of a compound to induce cancer through mech- 
anisms that do not occur at low doses. 

In part to address this issue, the EPA proposed new 
guidelines for cancer risk assessment in 1996 (27). The 
1986 cancer guidelines classified compounds as A, B1, B2, 
C, D, or E carcinogens. Classification as an A carcinogen 
was based on “sufficient evidence of carcinogenecity from 
human studies,” and an E classification was based on “evi- 
dence of noncarcinogenecity.” Tumor findings in animals or 
humans were the dominant components of the classifica- 
tion. The 1996 proposed guidelines will use a narrative de- 
scription of the likelihood and conditions of human hazard, 
such as “not likely to be a human carcinogen, because ani- 
mal data shown to be not relevant to humans.” Therefore, 
consideration of the route of exposure, the dose~—response 
relationship, and mode of action information are changes 
in the proposed guidelines. Further discussion on the pro- 
posed guidelines can be found in the Science Advisory 
Board review (28). 

A major difference in the cancer risk assessment pro- 
cess for food additives and for pesticides is that the Dela- 
ney clause still applies to food additives, but has been re- 


moved for pesticides by the FQPA. The Delaney clause of 
the FD&C Act states that “no additive shall be deemed to 
be safe if it is found to induce cancer when ingested by man 
or animal, or if it is found, to induce cancer in man or ani- 
mal” (Food Additive Amendment of 1958, section 409). The 
Delaney clause therefore does not allow for consideration 
of dose or mechanism of action. Therefore, even if it is 
clearly demonstrated that the mechanism of cancer induc- 
tion in animals is not relevant to humans, the Delaney 
clause would prohibit the use of the product in foods. This 
is one reason why the new FQPA eliminated the Delaney 
clause from pesticide regulations. 


CONCLUSIONS 


The safety of the food supply affects the entire population 
of a country. Current laws and regulations in the United 
States have resulted in the provision of one of the safest 
food supplies in the world. However, as production and pro- 
cessing methods of food continue to change, new challenges 
and issues in food toxicology continue to arise. 

The level of exposure to naturally occurring toxins may 
increase in the near future as a result of the increased 
development of functional foods and pest-resistant crops. 
Functional foods or nutraceuticals represent a rapidly 
growing segment of the food industry. Functional foods are 
defined as foods that contain components with anticipated 
health benefits. Examples include beverages with added 
herbal extracts, cereals with added fiber, and vegetables 
and fruits bred to contain higher levels of antioxidants or 
other phytochemicals. Concerns regarding environmental 
and health impacts of pesticide use have resulted in the 
drive to lower pesticide use through the development of 
biological pesticides and pest-resistant crops. In many 
cases, pest resistance is achieved through increasing the 
plant’s naturally occurring defense mechanisms, which 
may involve naturally occurring toxicants. In both cases, 
the goal is to improve overall health. However, as men- 
tioned earlier, our current level of understanding of the 
dose-response curves for naturally occurring compounds 
is very limited, making it extremely difficult to determine 
when levels of exposure cease being beneficial and start to 
become harmful. 

Understanding of the interactions between the many 
compounds in the diet and the interaction between diet 
and other environmental compounds is another area of 
needed research. The requirement of the FQPA to consider 
all pesticides with a common mechanism of action is one 
step toward recognizing the need to consider the impact of 
exposure to a variety of compounds. This is a very complex 
and difficult question to address, but research on this topic 
is beginning to increase. 

Consumer understanding of the dose-response concept 
is critical to their understanding of how low levels of food 
additives and pesticides in foods can pose little to no risk, 
even though these compounds may have toxic effects at 
high doses. Consumer acceptance of pesticide residues and 
processes such as food irradiation has been shown to in- 
crease after educational programs to develop this type of 
understanding. The commonly held beliefs “natural is 


safe” and that “synthetic chemicals pose a greater risk 
than natural compounds” also need to be addressed 
through public educational programs. Greater under- 
standing of these issues will prevent undue concern and 
overreaction to the presence of small amounts of synthetic 
chemicals and may prevent poisonings and adverse health 
effects caused by overzealous consumption of “natural” 
compounds with promised health benefits. 
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Most people take the process of eating for granted, know- 
ing that the body will take care of itself. But between eat- 
ing and the cellular utilization of dietary nutrients, hun- 
dreds of thousands of metabolic processes take place. Food 
must first be digested, or broken down into particles of a 
size and chemical composition that the body can readily 
absorb. Absorption takes place mostly in the small intes- 
tine, where specialized cells transfer digested nutrients to 
the blood and lymph vessels. In some cases, special 
changes are needed so that the nutrients can be trans- 
ported to the cells where they are to be used or further 
processed. Within the cells, the nutrients are either stored 
or metabolized, that is, broken down into simpler compo- 
nents for energy or excretion (catabolism), or used to syn- 
thesize new materials for cellular growth, maintenance, or 
repair (anabolism). 
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The complicated processes involved are different for 
each nutrient, although the paths that certain nutrients 
take intersect at various points. The chemical details of 
metabolism belong to the disciplines of biochemistry and 
physiology; standard texts in these subjects can be con- 
sulted for detailed information. This article provides a 
brief overview of what happens in the body to the foods 
that are eaten, with particular attention to the three major 
nutrients: carbohydrates, proteins, and fats. 


THE ALIMENTARY SYSTEM 


The alimentary or digestive system is a long tube that con- 
sists of the mouth, esophagus, stomach, small intestine, 
colon, rectum, and anus. Some important accessory organs 
connected to the digestive tract are the salivary glands, 
gallbladder, pancreas, and liver. Along this tract, foods are 
broken down into smaller units, both physically and chem- 
ically, and then absorbed for use by the body. Figure 1 
shows the general outline of the entire human digestive 
system. 


The Food Path 


The food placed in the mouth is chewed, softened, and 
swallowed. In the stomach, it is churned and then pro- 
pelled into the small intestine where it is mixed with the 
bile from the gallbladder and digestive enzymes from the 
intestinal walls. The products of this digestion are partly 
or completely absorbed into either the portal vein or the 
lacteal system. 


Oral cavity 


‘Esophagus 


Liver 

Duodenum 
{duodenojeyunal 
flexure not shown} 
Transverse colon 


Ascending colon \ 3 colon 
‘Smali intestine F 


Figure 1. The digestive system of the human body. 


In the mouth, chewing (mastication) reduces large food 
lumps into smaller pieces and mixes them with saliva. This 
wetting and homogenizing facilitates later digestion. In 
clinical dietetics, edentulous (toothless) patients or those 
with reduced saliva secretion have trouble eating dry foods 
and require a soft, moist diet. Saliva facilitates swallowing 
and movements of the tongue and lips, keeps the mouth 
moist and clean, serves as a solvent for taste bud stimu- 
lants, acts as an oral bugger, provides some antibiotic ac- 
tivity, and inhibits loss of calcium from the teeth by main- 
taining a neutral pH. Saliva contains ptyalin (salivary 
amylase, a digestive enzyme) and mucin (a glycoprotein). 
Mucin lubricates food and ptyalin digests carbohydrates to 
asmall extent. Each day the salivary gland makes about 
1,500 mL of saliva (ca 5.5—6 cups). 

The bolus of food is propelled forward by rhythmic con- 
tractions of the entire intestinal system. These peristaltic 
waves move the food from the mouth, through the esoph- 
agus, and into the stomach. Certain individuals, especially 
nervous people, tend to swallow air when eating. When 
part of the air is expelled through the mouth, belching re- 
sults; the remaining air is expelled as flatus. If too much 
air is swallowed, there will be abdominal discomfort. 

From the mouth, food travels through the esophagus, 
the stomach cardia, the stomach body, the greater curva- 
ture, the pylorus, and the duodenum. These are all parts 
of the stomach, where food is well mixed. Figure 2 shows 
the general structure of this organ and the site of specific 
secretions. The acid, mucus, and pepsin cause partial di- 
gestion, and peristalsis mixes up the food. The food is then 
released gradually through the pylorus into the duode- 
num, 

The gastrointestinal (GI) system, the stomach and in- 
testines, breaks down complex carbohydrates, proteins, 
and fats into absorbable units, mainly in the small intes- 
tine. Vitamins, minerals, fluids, and most nonessential nu- 
trients are also digested and absorbed to varying degrees. 
Foods are digested by enzymes secreted by different parts 
of the GI system. Table 1 summarizes the major digestive 
enzymes and their actions. After the digestive process is 
complete, nutrients are ready for absorption, which occurs 
mainly at the small intestine. The absorption of each nu- 
trient is discussed later. 


Fundus 
Greater 


Curvature 


Antrum 


Figure 2. General structure of the stomach. 


After the nutrients have been absorbed, they enter the 
circulation in two ways. Most fat-soluble nutrients enter 
the lacteal or lymphatic system, which eventually joins the 
systemic blood circulation at the thoracic duct. Other nu- 
trients enter the hepatic portal vein and are received by 
the liver, which eventually releases them to the blood- 
stream. 


Enzymes and Coenzymes 


After digestion and absorption, the nutrients exist as hex- 
oses (mainly glucose and fructose), fatty acids, glycerols, 
and amino acids and are then metabolized in various fash- 
ions. Many of the metabolic processes require the presence 
of a catalyst, a substance that can facilitate a chemical 
reaction. Although participating in the process, it may or 
may not undergo physical, chemical, or other modification 
itself. Nonetheless, the catalyst usually returns to its origi- 
nal form after the reaction. 

In the body, most biological reactions require a special 
class of catalysts: the protein catalysts or enzymes. Each 
enzyme catalyzes only one or a small number of reactions. 
There are many enzymes, each with a specific responsibil- 
ity. Without enzymes, most biological reactions would pro- 
ceed at a very slow speed. Coenzymes are accessory sub- 
stances that facilitate the working of an enzyme, mainly 
by acting as carriers for products of the reaction. In this 
case, the enzyme is composed of two parts: a protein 
(apoenzyme) and a nonprotein (cofactor or coenzyme). 
Many coenzymes contain vitamins or slightly modified vi- 
tamins as the major ingredient. A coenzyme can catalyze 
many types of reaction. Some coenzymes transfer hydro- 
gens; others transfer groups other than hydrogens. Table 
2 describes the characteristics of the former; Table 3, those 
of the latter. Because most of the metabolic reactions dis- 
cussed in this article involve coenzymes, a knowledge of 
the biochemical role of vitamins is important. 


CARBOHYDRATES 


Starch, cellulose, and their derivatives are the only poly- 
saccharides consumed to any extent by humans. The major 
simple sugars ingested include the monosaccharides (such 
as glucose and fructose in honey and fruit juices) and di- 
saccharides (such as maltose in beer, lactose in milk, and 
sucrose in table sugar). Also ingested are dextrins, sugar 
alcohol, and trisaccharides and tetrasaccharides, although 
in very small quantities. The sections that follow discuss 
briefly the digestion and absorption pathways of these car- 
bohydrates, the involvement of carbohydrates in energy 
formation and storage, the specific processes by which car- 
bohydrates are broken down or synthesized by the body, 
and the regulation of glucose levels in the blood. 


Digestion and Absorption 


Starch is partially hydrolyzed by ptyalin in the mouth 
(Table 1 and Fig. 3), The short stay in the oral cavity per- 
mits only dextrines and small polysaccharide fragments to 
break off from the starch molecules, and the action of 
ptyalin is terminated by the acid in the stomach. In the 
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small intestine, all digestible carbohydrates are reduced to 
monosaccharides, namely, glucose, fructose, galactose, 
mannose, and pentoses. Currently, it is believed that the 
final hydrolysis, or digestion, of disaccharides to monosac- 
charides occurs in the intestinal mucosal walls. In hu- 
mans, all nondigestible carbohydrates such as lignin, 
hemicellulose, and cellulose are passed into the colon, 
where they are mainly fermented to release gas. By con- 
trast, ruminants (animals such as cattle, sheep, and goats) 
have the ability to digest fiber. 

Most of the monosaccharides are absorbed before the 
food residue reaches the end of the ileum. Absorption is 
principally carried out by active transport (requiring en- 
ergy), although diffusion (passive movement) also occurs. 
Glucose and galactose enter the blood five times faster 
than mannose and pentoses, whereas fructose is absorbed 
about two to three times faster. Glucose entry into the 
blood may be as high as 129 g/h. 

The monosaccharides traverse the intestinal and portal 
veins to reach the liver, from which they may eventually 
be released into blood circulation. In the liver, most of the 
fructose and galactose are converted to glucose, which is 
the main simple sugar in the blood, although fructose and 
galactose may be present throughout the bloodstream if a 
person consumes a large amount of them. An actively nurs- 
ing mother also has some lactose in the blood, because this 
disaccharide is manufactured by the active mammary tis- 
sues. In the liver, part of the glucose is released to the 
circulation, part converted to glycogen for storage, part 
changed to other essential substances required by the 
body, and part oxidized to energy. Normally, a peak plasma 
glucose level of 120 to 140 mg/100 mL is reached within 
60 min after a mixed meal. 

After glucose has reached the bloodstream, some enters 
cells to give energy, and some is converted to glycogen in 
tissues such as muscle. Glycogen is found in many organs 
in the body, but the liver and muscle are the major storage 
sites. Most of the glucose is used to provide energy through 
a three-stage process: glycolysis, the citric acid cycle, and 
the respiratory chain. 


Energy Formation and Storage 


Everything a body does requires energy. Nature has pro- 
vided the animal body with a wide spectrum of methods 
that permit energy either to be released to be stored and 
released to satisfy its energy need. There are five different 
energy systems known to operate in animal cells. 


Direct Release of Energy (Mainly as Heat) 


glucose (or fat or protein) + oxygen = carbon dioxide 
+ water + energy to be stored + heat. 


Energy Stored as Adenosine Triphosphate (ATP). One 
technique of storing part of the energy released from the 
oxidation of foodstuffs is incorporating it into ester bonds 
between certain organic compounds and phosphoric acid 
groups. The resulting substances are called high-energy 
phosphate compounds, the most important of which is 
probably adenosine triphosphate. This ubiquitous mole- 


Table 1. Characteristics of the Enzymatic System of Digestion 


Location 
Mouth 


Stomach 


Small intestine 
(mainly 
duodenum and 
jejunum) 


Food or substrate 
Starch 


Protein 


Milk casein 


Fat 


Protein 
proteoses, peptones, ete 


Proteoses, peptones, ete 


Polypeptides with free 
carboxyl groups 
Fibrous protein 
Carbohydrate 
Starch, dextrins 


Fat 
Triglycerides 


Products of digestion 


Maltose, dextrins, disaccharides, 
monosaccharides, branched 
oligosaccharides 

Proteoses, peptones, polypeptides, 
dipeptides, amino acids 

Milk coagulation 


‘Triglycerides; some monoglycerides 
and diglycerides, glycerol, fatty 
acids 

Polypeptides, dipeptides, ete 

Polypeptides, dipeptides, ete 

Lower peptides, free amino acids 

Peptides, amino acids 


Maltose, isomaltose, 
monosaccharides, dextrins 


Monoglycerides and diglycerides, 
glycerol, fatty acids 


Enzyme(s) involved in digestion 
Active in acid-base 
Name(s) Source(s) (pH) 
Ptyalin, or salivary amylase Salivary glands Slightly acidic (6.7) 
Pepsin Peptic or chief cells of stomach Acidic (1,6~2.4) 
Rennin Stomach mucosa Acidic (4.0), 


Gastric lipase 


‘Trypsin (activated 
trypsinogen) 

Chymotrypsin (activated 
chymotrypsinogen) 

Carboxypeptidase 


Elastase 


a-Amylase (amylopsin) 


Lipase (steapsin) 


Stomach mucosa 


Exocrine gland of pancreas 
Exocrine gland of pancreas 
Exocrine gland of pancreas 
Exocrine gland of pancreas 


Exocrine gland of pancrease 


Exocrine gland of pancreas 


requires calcium 
for activity 
Acidic 


Alkaline (7.9) 


Alkaline (8.0) 


Slightly alkaline 
(7.1) 


Alkaline (8.0) 
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Cholesterol 
Nucleic acids 
Ribonucleic acid 
Deoxyribonucleic acid 
Protein 
Small intestine Polypeptides 
(mainly jejunum 
and ileum) 
Carbohydrate 
Sucrose 


Dextrin (isomaltose) 
Maltose 
Lactose 


Fat 
Monoglycerides 


Lecithin 
Nucleotides 
Nucleosides 


Organic phosphates 


Cholesterol esters 
Nucleotides 
Ribonucleotides 
Deoxyribonucleotides 


Amino acids 


Glucose, fructose 
Glucose 
Glucose 


Glucose, galactose 


Glycerol, fatty acids 
Glycerol, fatty acids 
Nucleosides, phosphate 
Purines, pyrimides, pentose 


Free phosphates 


Cholesterol esterase 


Ribonuclease 
Deoxyribonuclease 


Carboxypeptidase, 
aminopeptidase, 
dipeptidase 

Sucrase 

a-Dextrinase (isomaltase) 


Maltase 


Lactase 


Lipase (enteric) 
Lecithinase 
Nucleotidase 
Nucleosidase 


Phosphatase 


“The food is not grouped together (eg, all fat, all proteins, etc), instead the food is placed in an order that follows the sequence of digestion along the duodenum to jejunum. This attempts to present the digestive 


enzymes in their expected sequence of action. 


Exocrine gland of pancreas 


Exocrine gland of pancreas 
Exocrine gland of pancreas 


Brush border of the small 
intestine 


Brush border of the small 
intestine 

Brush border of the small 
intestine 

Brush border of the small 
intestine 

Brush border of the smal] 
intestine 


Brush border of the small 
intestine 

Brush border of the small 
intestine 

Brush border of the small 
intestine 

Brush border of the small 
intestine 

Brush border of the small 
intestine 


Acidic-alkaline 
(5.0-7.0) 


Acidic (5,8-6.2) 


Acidic (5.4-6.0) 


Alkaline (8.6) 
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Table 2, Characteristics of Coenzymes That Transfer Hydrogens 


Enzyme system Coenzyme Vitamin component Nonvitamin component 
Dehydrogenase Flavin adenine dinucleotide (FAD) Riboflavin (vitamin B,) Adenine, ribose, phosphate 
Dehydrogenase Nicotinamide adenine dinucleotide (NAD) _ Niacin Adenine, ribose, phosphate 

Part of dehydrogenase Lipoic acid (thiotic acid) None Lipoic acid 

Respiratory chain Coenzyme Q None Quinone (vitamin E-related substance) 


‘Table 3. Characteristics of Coenzymes That Transfer Nonhydrogen Groups 


Enzyme system Coenzyme Vitamin component Nonvitamin component 
‘Transaminases, decarboxylase __Pyridoxal phosphate Vitamin By None 
Part of dehydrogenase Lipoic acid (lipoamide) None Lipolic acid 
Dehydrogenase Coenzyme A Pantothenic acid _-Mercaptoethylamine, adenine, ribose, phosphate 
Cocarboxylase 
(decarboxylase, transketolase) Thiamin pyrophosphate ‘Thiamin Phosphate 
Methyl transferase 5-Methyltetrahydrofolate Folic acid None 
‘Transmethylase Coenzyme By Vitamin By» Adenine, ribose 
Carboxylase Carboxyl-biotin complex __ Biotin None 


cule is considered the energy powerhouse of the body. It 
releases its energy in the following reactions: 


ATP + H,O = ADP + P + 7.5 kcal 
ADP + H,O = AMP + P + 7.5 kcal 


where ATP = adenosine diphosphate, P = inorganic phos- 
phate, and AMP = adenosine monophosphate. Theoreti- 
cally, the conversion of 1 mol of ATP to AMP can produce 
15 kcal. However, within the body ATP is normally 
changed only to ADP when energy is needed. The energy 
released from this process can be used for such work as 
organ building, heartbeat, transportation across cell mem- 
branes, and muscle contraction. Sometimes these com- 
pounds are called active phosphate carriers and discharg- 
ers. Figure 4 summarizes the role of ATP in body energy 
and metabolism. 


Energy Stored in Creatine Phosphate, or Phosphocreatine. 
Creatine phosphate is another energy-rich phosphate com- 
pound found in muscle. It can contribute to muscle energy 
metabolism in two ways: 


creatine phosphate + H,O = creatine + P + 7.5 kcal 


ADP ATP 


creatine phosphate + HQ -— creatine 

In the first reaction the energy is released directly. In the 
second, the energy is transferred to ADP and later released 
for muscular or other work. Creatine phosphate is some- 
times called an active phosphate carrier. Similar sub- 
stances are 1,3-diphosphoglyceric acid and phosphoenol- 
pyruvic acid. 


Energy Stored in Active Acetate. The active acetate is the 
substance acetyl-CoA, which participates in intermediate 


metabolism. In terms of energy, formation of 1 mol of 
acetyl-CoA is equivalent to that of 1 mol of ATP. 


Low-Energy Phosphate Compounds. Not all organic 
phosphates are of the high-energy type. Substances such 
as glucose-6-phosphate are phosphate compounds carrying 
a small amount of stored energy, such as 2-3 kcal/mol. If 
the above energy systems are summarized the oxidation 
or complete metabolism of glucose will yield the following: 


CeHi20¢ (glucose) + 60, = 6CO, + 6H,O 
+ heat + 38 ATP 


Cellular Metabolism Processes 


Within the cells, a series of complex biochemical processes 
is needed to degrade glucose (carbohydrate) to release the 
energy needed by the body. Three biological processes are 
involved: glycolysis, the citric acid cycle, and the respira- 
tory chain. The glucose involved derives from food and in- 
ternal production, which occurs mainly in the liver. In the 
cells of the liver, stored glycogen may be converted to glu- 
cose by the process of glycogenolysis; in the process of glu- 
coneogenesis, glucose is synthesized from noncarbohy- 
drate sources. However, as will be seen later, the muscles 
can also indirectly contribute the energy from cellular me- 
tabolism by participating in these processes. These pro- 
cesses are briefly defined in Table 4 and discussed in the 
following sections. 


Glycolysis. The first step of carbohydrate metabolism is 
glycolysis, in which the six-carbon glucose is converted to 
a three-carbon substance (pyruvic or lactic acid), as indi- 
cated in Figure 5. Figure 6 illustrates the intermediate 
metabolic steps during the transformation of glucose to py- 
ruvic acid. The interconversion between pyruvic and lactic 
acid occurs mainly in the muscle and will be discussed 
later. During the process of glycolysis, the conversion of 1 
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carbohydrate | glucogen dextrin eroe galactose ‘system 
Products of Dextrins, Maltese Mouth 
digestion maltose 
Dextrin Glucose, 
maltose Matinse fructose Stomach 
Glucose, | Glucose, Pines. Small 
Glucose | palactose ructose, | intestine 


Figure 3. Carbohydrate digestion. 


Figure 4. The role of ATP in body energy metabo- 


Carbohydrate 
Protein 
Fat 
ADP +P 
Oxygen 
Vitamins 
Minerals 
Yther Electrical work 
factors Mechanical work 
ATP —> Energy Molecular activation 
Tissue building 
Other work 
Carbon dioxide 
Water 
Heat 


mol of glucose to 2 mol of pyruvic acid generates four hy- 
drogen atoms and 8 mol of ATP. The hydrogen atoms re- 
leased are eventually converted to water; the details are 
discussed below. Before the pyruvic acid can be converted 
to carbon dioxide, water, and energy, it must be trans- 
formed into a highly versatile metabolite, the two-carbon 
substance acetyl-CoA (Fig. 6). This transformation is ir- 
reversible. 


Citric Acid Cycle. The citric acid cycle is a series of 
chemical reactions that metabolizes acetyl-CoA to carbon 
dioxide and hydrogen atoms, as indicated in Figures 7 and 
8. In each cycle, two carbon dioxide molecules and four 
pairs of hydrogen atoms are put through the respiratory 
chain, together with the electrons, to generate 12 mol of 


lism. 


ATP and 4 mol of water from oxygen. This cycle is the ma- 
jor link, or common path, in the transformation of carbo- 
hydrate, fat, and protein to carbon dioxide and water. Me- 
tabolites of the three nutrients enter the cycle at different 
strategic points. Because the cycle requires the respiratory 
chain to complete its work, it will not function in the ab- 
sence of oxygen (anaerobically). 

As indicated above, pyruvic acid may be removed from 
the glycolysis process by being converted to lactic acid. If 
so, there must be a source of hydrogen atoms, which are 
normally obtained from the production of phosphoglycer- 
aldhyde (Fig. 6). In this case, glucose metabolism and en- 
ergy (ATP) production can continue for a while without ox- 
ygen (that is, without going through the citric acid cycle). 
This anaerobic respiration occurs in muscle where an oc- 
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Table 4. Definitions of Some Metabolic Terms 


Term Definition 


The breaking down of hexoses (six carbon 
sugars), mainly glucose, into three- 
carbon substances (pyruvic or lactic 
acid); the process is sometimes termed 
the Embden-Meyerhof pathway 

The formation of glycogen from glucose 

‘The breaking down of glycogen into 
glucose and its metabolites 

‘The synthesis of glucose (and thus 
glycogen) from noncarbohydrate 
sources, such as lactate, glycerol, and 
amino acids 

Also termed the Krebs Cycle or 
tricarboxylic acid cycle; the process 
whereby carbohydrate, fat, and protein 
is completely oxidized to carbon 
dioxide, water, and energy; 
accomplished with the assistance of the 
respiratory chain 

The transport of hydrogen atoms from 
biological oxidation for acceptance by 
oxygen atoms to form water molecules 


Glycolysis 


Glycogenesis 
Glycogenolysis 


Gluconeogenesis 


Citric acid cycle 


Respiratory chain 


a-Glycerophosphate 


Figure 6. Reactions involved in glycolysis. 


One mole of glucose 
(six carbons) 


One mole of pyruvic acid 
(three carbons) 


One mole of pyruvic acid 
(three carbons) 


Figure 5. The overall result of glycolysis. 


casional burst of energy is needed. The lactic acid that ac- 
cumulates is converted back to pyruvic acid when the ox- 
ygen supply is restored, in which case the citric acid cycle 
is reactivated. The soreness of muscle from heavy work or 
exercise results from the presence of a large amount of lac- 
tic acid. 


Respiratory Chain. Biological oxidation, or the respira- 
tory chain, is a very complicated process whereby hydrogen 
atoms released by substances through oxidation are trans- 
ported by a number of intermediates until the hydrogen 
atoms are accepted by oxygen to produce water. The res- 
piratory chain involves both oxidation and reduction. Ox- 
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4 —. 
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Fructose-6-P 
4 ATP —» ADP 


Fructose-1, 6-diP 
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r 
Phosphoglyceraldehyde 
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ADP —~ ATP 
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Oxaloacetic acid 


Lactic acid 
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Figure 8. Components and products of the citric acid cycle. 
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idation is the process whereby a substrate either takes up 
oxygen or loses hydrogen. The substrate is oxidized, while 
the source substance that provides the oxygen or accepts 
hydrogen is the oxidizing agent. Reduction is the reverse 
process, whereby a substrate loses oxygen or accepts hy- 
drogen. This substrate is reduced and the source substance 
that gains oxygen or loses hydrogen is the reducing agent. 

The respiratory chain involves coenzymes (Tables 2 and 
3) and consists of the following series of events: 


1. Hydrogen atoms are released from a substrate, a 
process requiring an energy source. 

2. The coenzyme NAD accepts hydrogen (NAD to 
NADH,). 

8. The hydrogen in NAD is accepted by FAD (FAD to 
FADH,). 

4. The hydrogen in FADH, is accepted by coenzyme Q. 

5. The hydrogen in CoQHy is released as hydrogen by 
losing an electron, and a chain of cytochromes be- 
comes reduced by accepting the electron. 

6. The electron is transferred to molecular oxygen (O2). 

7. The negatively charged oxygen (O2) reacts with two 
protons (H~) to form water. 


The entire process of the respiratory chain, including the 
formation of ATPs, is illustrated in Figure 9. The complete 
conversion of glucose to carbon dioxide, water, and energy 
is shown in Figure 10. The amount of energy used or stored 
is shown in Tables 5 and 6. 


Glycogenesis and Glycogenolysis. In plants, carbohy- 
drate is stored as starch, a polysaccharide of glucose. In 
animals, carbohydrate is stored in the form of glycogen, 
also a polysaccharide of glucose. The amount of glycogen 
stored in the body depends on the diet and the physiolog- 
ical status of the animal. In man, glycogen is produced and 
stored mainly in the liver and muscle. The process, known 
as glycogenesis, occurs readily when adequate glucose is 
present. 

However, when the glucose concentration in the liver 
and muscle decreases, their glycogen content must be bro- 
ken down to provide glucose for energy. This reverse pro- 
cess of glycogenesis is glycogenolysis. Its occurrence in the 
muscle is slightly different from that in the liver. In the 
liver, the glycogen can be directly degraded to glucose. 
However, in the muscle, the enzyme for the final step is 
missing so that glycogen is degraded only to glucose-6- 
phosphate, which has to be converted to pyruvic and lactic 
acids instead (Fig. 6). These can be converted to glucose 
via the citric cycle. 


Gluconeogenesis. Gluconeogenesis is the synthesis of 
glucose (and thus glycogen) from noncarbohydrate sources 
such as amino acids, fatty acids, glycerol, and lactic and 
pyruvic acids. Figure 11 shows how muscle glycogen can 
be converted to glucose in the liver in spite of the muscle’s 
lack of the appropriate enzyme. Figures 11 and 12 show 
how protein and fat can be converted to glucose. The in- 
terrelationship among the three nutrients, carbohydrate, 


protein, and fat, will be discussed at length in later sec- 
tions. 


Regulation of Blood Glucose 


Another important aspect of what happens to carbohy- 
drates in the body is the balancing of blood glucose (or 
blood sugar) levels. In a normal person, blood glucose fluc- 
tuates within narrow limits: between 70 and 100 mg/100 
mL of blood. This is achieved by a balance between the 
supply and removal of blood glucose. If blood glucose 
drops below the norm, hypoglycemia occurs. In a healthy 
individual, the blood sugar is restored to normal by the 
provision of glucose from three sources. Simply eating ad- 
ditional carbohydrates increases the absorption of mono- 
saccharides, and the liver can then release more glucose. 
Second, the glycogen in liver and muscle may be degraded 
(glycogenolysis) to form more glucose. Third, protein and 
fat may be degraded to provide glucose (gluconeogenesis). 

If a person’s blood glucose rises above the norm, hyper- 
glycemia occurs. If the person is in normal health, the body 
spontaneously lowers the blood glucose levels in one or 
more of the following ways: (1) more insulin is released to 
drive glucose into cells for oxidation, (2) more glycogen is 
formed (glycogenesis) in the liver and muscle, (3) more glu- 
cose is changed to fat (lipogenesis) in fat cells, and (4) more 
glucose is excreted in the urine (glucosuria). 


PROTEINS 


Dietary protein exists in three forms. The major portion is 
conjugated with other substances, a small fraction is as- 
sociated with fats and carbohydrates, and only a very 
small part exists as free protein, such as that in egg white. 
To be used by the cells, all proteins must be broken down 
into their constituent amino acids. In the sections that fol- 
low, the paths of protein digestion, absorption, and metab- 
olism will be traced. 

Digestion 

Digestion of protein begins in the stomach (Table 1 and 
Fig. 13) where acid activates the pepsinogen (an enzyme) 
to release pepsin (another enzyme). The pepsin cleaves 
peptide linkages in the protein to produce polypeptides, 
each with two or more amino acids. When the stomach con- 
tent reaches the duodenum, the pH is raised to about 6.5 
by the presence of alkaline pancreatic juice. In the small 
intestine, chymotrypsin and trypsin hydrolyze most of the 
protein molecules to form small polypeptides and dipep- 
tides. These are further digested to form free amino acids 
by the pancreatic enzyme carboxypeptidase and the intes- 
tinal enzymes aminopeptidase and dipeptidase. Those 
small peptides not split into individual amino acids may 
gain enter to mucosal cells to be digested later, for body 
tissues can utilize only amino acids. 

Because protein molecules also contain nonpeptide link- 
ages, they must be denatured first (by heat or stomach 
acid) before the appropriate enzymes can digest them. The 
denaturation process exposes the protein molecules, pro- 
viding more surface area for enzymatic action. On the 
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other hand, excess heating or cooking can also reform some 
other linkages, making digestion more difficult. 


Absorption 


Normally only amino acids (and certain small peptides) are 
absorbed. In the small intestine all free amino acids, 
whether ingested or digested products, are absorbed via 
the mucosal cells into the hepatic portal vein. The D-amino 
acids are not absorbed as well as the L forms. The L-amino 
acids, the biologically active ones, are absorbed by active 
transport (a process requiring energy). Absorption occurs 
along the entire small intestine, with the slowest rate 
along the ileum. The stomach and colon may also absorb 
some amino acids. About 20-30% of ingested proteins are 
unabsorbed and excreted in the stools. 

Although normally only amino acids are absorbed, it is 
well known that in small infants some undigested proteins 
are also absorbed. The subsequent antigen-antibody in- 
teraction causes the child to develop an allergic reaction 


ADP + P 


Figure 9. The respiratory chain or electron 
transport system (S = substrate). 


when ingesting the same protein foods later. This explains 
the high allergic incidence among infants to foods such as 
eggs and cereals. If adults show allergy to ingested protein 
foods, they are still probably capable of absorbing whole 
protein molecules. For the majority of the population, this 
ability disappears with age. 

Amino acids seem to be utilized best when they are ab- 
sorbed in accordance with the body need for growth and 
function. Any excess absorbed will not be stored but ex- 
creted in the urine or metabolized to ammonia. Studies 
have shown that absorption and utilization of proteins are 
optimized when adults evenly distribute their protein in- 
take throughout the day. 

In some cases, erratic patterns of protein absorption 
may be due to stomach irregularities rather than irregular 
protein ingestion, for the stomach regulates the emptying 
of the nutrient into the small intestine. In patients with 
partially or completely removed stomachs, the rate of pro- 
tein emptying is so disturbed that much of this valuable 
nutrient is lost in the fecal waste or degraded by intestinal 
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Figure 10. The three stages of converting glucose to carbon 


dioxide, water, and ATP. Water ATP 


Table 5. Energy Production during the Conversion of 1 Mol of Glucose to Carbon Dioxide and Water in the Presence of 
Oxygen 


Phosphorylation* ATP 
Sequence Product of specific reaction sD SP oP Loss Gain 
Glycolysis Glucose-6-P x 1 
Fructose-1,6-diP x 1 
Phosphoglyceric acid x 2 
Phosphoglyceraldehyde x 6 
Pyruvie acid x 2 
Citric acid cycle Acetyl-CoA x 6 
Oxalosuccinic acid x 6 
Succinyl-CoA x 6 
Succinic acid x 2 
Fumarate x 4 
Oxaloacetate x 6 
Total number of ATP gained during the oxidation of 1 Mol of glucose under aerobic conditions 38 


*SD = substrate dephosphorylation; SP = substrate phosphorylation; OP = oxidative phosphorylation. 
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Table 6. Energy Production during the Conversion of 1 Mol of Glucose to Carbon Dioxide and Water in the Presence of 
Oxygen 


Phosphorylation® ‘ATP 

Sequence Product of specific reaction sD SP OP Loss Gain Hydrogen atoms 
Glycolysis Glucose-6-P x 1 

Fructose-1,6-diP x i 

Phosphoglyceraldehyde x Released 

Phosphoglyceric acid x 2 

Pyruvie acid x 2 

Lactic acid Accepted 


SD = substrate dephosphorylation; SP = substrate phosphorylation; OP = oxidative phosphorylation. 


| Liver Muscle | 
Alanine Glucose Glycogen Protein 
Ammonia — Pyruvic acid Pyruvic acid Amino acids 


Glucose ~~» Glycogen | Lactic acid Alanine 


Figure 11, The role of liver and 
muscle in gluconeogenesis. 
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Figure 13. Protein digestion. 


flora. When undigested amino acids are decarboxylated by 
intestinal bacteria, the important chemicals such as his- 
tamine, tyramine, ammonia, and similar substances are 
formed, many of which are absorbed. These substances are 
undesirable in excessive quantities. The ammonia formed 
by deamination plays a critical role in certain pathological 
conditions, for the absorbed ammonia can cause body de- 
terioration. The absorption of amino acids is also impaired 
if the intestinal mucosa is damaged, as occurs in sprue, 
ulcerative colitis, and resection of a moderate amount of 
the small intestine. With time, however, there is a func- 
tional adaptation of the intestinal mucosa. 


Metabolism 


The liver may release some absorbed amino acids for body 
metabolism. Body amino acids may be catabolized or used 
in body repair, building, and maintenance. The importance 
of protein to the body is illustrated by its numerous func- 
tions and the complexity of its metabolism. If a normal 
person has a regular diet, three major factors determine 
the direction of protein metabolism: the quality and quan- 
tity of protein consumed, the amount of calories ingested, 
and the physiological and nutritional status of the body. 

Protein metabolism revolves around a body pool of 
amino acids that are continuously released by protein hy- 
drolysis and resynthesized. The amino acids ingested are 
the same as those released in the body. Body tissues can 
utilize only amino acids, not small peptides. About 50-100 
g of body protein turns over daily, ranging from the slowest 
rate in the collagen to the fastest rate in the intestinal 
mucosa. Any amino acids filtered through the kidneys are 
reabsorbed, although certain congenital defects in the kid- 
ney tubules may interfere with this process. During preg- 
nancy, infancy, childhood, and other conditions of growth, 
protein synthesis exceeds degradation. Individuals in 
these categories, therefore, require a large pool of amino 
acids, 

Figure 14 illustrates the general catabolism, or degra- 
dation, of protein to amino acids and other metabolites. 
Figure 15 gives the general outline of protein formation in 


the body, and Figure 16 provides an overview of protein 
metabolism. The sections that follow discuss certain as- 
pects of protein metabolism: degradation, protein synthe- 
sis, nitrogen balance, and metabolism of creatine and cre- 
atinine. 


Protein Degradation. Protein is degraded to its individ- 
ual amino acids in the muscle and other tissues, but the 
major site of actual destruction (catabolism) of each amino 
acid is the liver. The amino acids released from all other 
organs, especially the muscles, reach the blood and are di- 
verted to the liver for degradation (Figure 14). Under nor- 
mal circumstances, the catabolism of protein is balanced 
by its formation, although during stresses such as star- 
vation and disease destruction can outstrip synthesis. 

The procedure for the oxidation of an amino acid begins 
with deamination, a process in which the ammonia or 
amino group of the acid is removed so that only the carbon 
skeleton of the amino acid is left. Two metabolites are 
formed: the keto acids and ammonia (Fig. 14). The am- 
monia is changed to urea, which is released to the blood 
and eventually excreted in the kidney. Normally, we ex- 
crete about 20-30 g of urea in the urine each day. Because 
urea forms exclusively in the liver, advanced liver disor- 
ders raise the blood urea nitrogen level. 

The keto acids formed from deamination enter the citric 
acid cycle to be oxidized. The exact process whereby keto 
acids and ammonia are formed varies with each individual 
amino acid, although the goal is the same. Figure 17 shows 
the points at which each of the acids and their keto acids 
enter the citric acid cycle or are transformed to pyruvate 
to form glucose. Within the citric acid cycle, the keto acids 
may be made to form glucose (gluconeogenesis). The keto 
acids are also tied to fat metabolism by the interconversion 
of keto acids and fatty acids. In sum, when protein is de- 
graded amino acids are formed. Some amino acids circu- 
late, some are oxidized, some are converted to glucose, and 
some are directed to other paths. 


Protein Synthesis. Protein synthesis is the process of 
linking different amino acids by their amino groups (pep- 
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Figure 14. An overview of protein 
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Figure 15. An overview of protein 
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Phenylalanine, 


tyrosine 


Figure 17. Introduction of the carbon struc- 
tures of individual amino acids into the citric 
acid cycle. 


tide linkages) to form a molecule of protein. This molecule 
must contain the right number of amino acids in the ap- 
propriate pattern and sequence needed for a specific body 
structure, such as hair, skin, muscle, tears, saliva, en- 
zymes, or hormones. The nucleic acids DNA and RNA con- 
trol this process, which takes place in cell nucleus cyto- 
plasm. The formation of each specific protein requires a 
highly specific genetic code, the details of which may be 
obtained from a standard biochemistry or molecular biol- 
ogy text. 

Although it occurs in nearly all cells, protein synthesis 
in some is more frequent and intense than in others. The 
organs that seem to synthesize the most protein are the 
liver, muscle, and those cells, tissues, and organs that 
manufacture or secrete enzymes, hormones, and other pro- 
tein substances. One exception is the synthesis of plasma 
proteins by the liver. This occurs because red blood cells 
have no nuclei and are thus unable to synthesize protein 
themselves. 

For a protein to be synthesized, the appropriate type 
and number of amino acids must be available. There are 
8-10 amino acids whose carbon skeletons cannot be syn- 
thesized or manufactured by the body. They are called the 
essential amino acids and must be supplied in the diet. In 
addition, there are 10-15 amino acids that the body can 
manufacture (including their carbon skeletons), which are 
the nonessential amino acids. If the appropriate carbon 
skeleton of an amino acid is present, the body can add, 
subtract, and transfer the amino group until the right 
amino acid is formed. Protein synthesis is normally pre- 
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ceded by massive deamination, amination, and transami- 
nation to obtain the appropriate amino acids. 


Nitrogen Balance. Of the three major nutrients protein 
is the most important in the sense that it makes up lean 
body mass. Another factor that makes protein important 
is that body protein turnover is tremendous. For example, 
the formation of hair, skin, saliva, and sweat all involve 
large losses of protein that must be constantly replaced. 
One acceptable technique to determine if there is enough 
protein in the diet is to measure the ingestion and excre- 
tion of nitrogen (nitrogen balance), because all protein has 
arelatively constant content of this element. Theoretically, 
if a young adult is in normal health and a proper stage of 
development, the amount of nitrogen consumed should be 
equal to the amount excreted. This is nitrogen equilibrium. 
However, depending on age, physiological condition, die- 
tary intake, and other factors, some people are in positive 
nitrogen balance and others are in negative nitrogen bal- 
ance. 


Metabolism of Creatine and Creatinine. Body muscles 
perform work and may occasionally be required to provide 
a sudden burst of energy. They achieve this by the hydro- 
lysis of two unique high-energy bonds. One is ATP and 
the other is phosphocreatine (or creatine phosphate), both 
of which were mentioned above. The body, mainly the 
muscles, contains about 100-150 g of phosphocreatine and 
creatine. Although not an amino acid, creatine is a unique 
nitrogenous chemical derived from three amino acids: 


arginine, glycine, and methionine. Creatine, which is wa- 
ter soluble, is found in meat and meat products (such as 
extracts, soups, and gravies). Food contains little or no 
phosphocreatine, because of its easy degradation to crea- 
tine (or creatinine, another metabolite) and phosphoric 
acid (Fig. 18). 

Phosphocreatine is a high-energy compound that pro- 
vides instant energy when the muscles need it. If it is de- 
pleted, ATP is then used. Phosphocreatine seems to help 
maintain the ATP levels. After exertion and after all stored 
energy is used, creatine is rephosphorylated to form phos- 
phocreatine. 

Although an important body constituent, creatine is 
usually not excreted as such. Instead, the spontaneous, 
nonenzymatic dephosphorylation of phosphocreatine pro- 
duces creatinine, in an irreversible process. Every healthy 
individual excretes a constant amount of creatinine, which 
is thus considered to be a normal waste product. The 
amount in the urine also reflects the amount of active 
muscle mass in the host. A woman excretes about 15-22 
mg/kg, and a man about 20-26 mg/kg. Because creatinine 
is normally excreted rapidly, any increase in its level in the 
blood is a sign of kidney malfunction. Physicians attempt- 
ing to make sure of the proper collection of urine frequently 
exploit the constancy of creatinine excretion. The volume 
of urine collected should reflect a 24-h excretion if the level 
of creatinine is within the normal range. 

Although creatine is normally not excreted in the urine, 
children and women occasionally do dispose of the chemi- 


(a) Creatine synthesis 


Glycine + amidine group 
from arginine 


Kidney 


Liver 


FOOD UTILIZATION 1073 
cal in this manner. The excretion rate for women is espe- 
cially high during and after pregnancy. The urinary level 
of creatine is also high in patients with diabetes, hyper- 
thyroidism, and fever and those experiencing malnutrition 
or simple starvation. This reflects the degradation of mus- 
culature. 


FATS 


The digestion, absorption, transportation, and cellular me- 
tabolism of fats follow yet a third set of chemical and bio- 
logical pathways in the body. However, they intersect the 
pathways of carbohydrates and proteins at several points. 
The following sections briefly describe the general fate of 
fats in the body. 


Digestion, Absorption, and Transportation 


Ingested fat meets its first significant digestive enzyme in 
the duodenum, where the exocrine gland of the pancreas 
provides the most important lipase (Table 1 and Fig. 19). 
The lipases in the saliva, stomach, and small intestine 
have only a small effect on fat digestion, as shown by the 
tremendous reduction in fat digestion when the pancreas 
is disabled. When the exocrine gland of the pancreas is not 
working properly, undigested and unabsorbed fat causes 
steatorrhea (bulky, clay-colored, fatty stools). The com- 
bined detergent actions of bile salts (from the gallbladder), 
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Figure 19. ‘Triglyceride digestion. 


fatty acids, and glycerides emulsify fat, thus facilitating its 
digestion by lipase. 

In the small intestine, half of the ingested triglycerides 
are hydrolyzed by lipase to form free fatty acids and glyc- 
erols, The rest are changed to monoglycerides and a small 
amount of diglycerides. The monoglycerides are absorbed 
into the intestinal mucosa, where they are further hydro- 
lyzed to glycerols and free fatty acids. 

Free fatty acids in the intestine are absorbed in two 
ways. Fatty acids with less than 10-12 carbon atoms pass 
directly from the intestinal lumen, through mucosal cells, 
into the portal vein, and to the liver. Here some are re- 
leased into circulation as free fatty acids, some are con- 
verted to triglycerides for deposition, and some are circu- 
lated in the blood as glycerides or as fatty acids that reside 
within the complex of lipoproteins. Fatty acids with more 
than 10-21 carbon atoms are absorbed into the mucosal 
cells, where they are regrouped with glycerols to form tri- 
glycerides. The triglycerides attach themselves to very low 
density lipoproteins to form chylomicrons, which enter the 
systemic circulation via the lymph and thoracic duct. Chy- 
lomicrons are fat globules 1 4m in diameter and visible 
under the microscope. 

Other fatty substances are absorbed to varying degrees. 
For example, animal sterols are absorbed easier than plant 
sterols. Pancreatic secretion, fatty acids, and bile salts, 
which together emulsify and esterify cholesterol, are nec- 
essary for cholesterol absorption of cholesterol. It is cur- 
rently believed that cholesterol is absorbed mainly in the 
ileum. Like the triglycerides, absorbed cholesterol is incor- 
porated into the chylomicrons, which reach the systemic 
circulation. 

Within two to three hours after the ingestion of food 
containing short-chain fatty acids, the blood level of chy- 
lomicrons remains unchanged, although it may rise 
sharply if the meal contains long-chain fatty acids. Nor- 
mally, after a mixed meal, the plasma develops a milky 
appearance because of the presence of chylomicrons in the 
blood. This is sometimes known as lipemia. In the presence 
of the enzyme lipoprotein lipas, these plasma chylomicrons 
are cleared and their contents diverted to the liver and 
adipose tissue. 

Blood plasma, therefore, contains fat in the following 
forms: fatty acids, glycerol, glycerides, cholesterol, choles- 


terol esters, and phospholipids. These forms are bound to 
the albumin, a-globulin, and f-globulin fractions of the 
plasma proteins. The resulting lipid-protein complexes 
have varying densities. The highest densities occur in 
those with the most protein and least lipid; the lowest den- 
sities occur in those with the least protein and most lipid. 
Consequently, the complexes are classified into high- 
density, low-density, and very low density lipoproteins. In 
general, very low density lipoproteins carry mainly tri- 
glycerides; low-density lipoproteins carry mainly choles- 
terol; and a-lipoproteins carry phospholipids, albumin, and 
free fatty acids. For a normal person, about 95% of ingested 
fat is absorbed, mainly in the duodenum and jejunum, with 
some absorption by the ileum. About 5% of fecal waste is 
fat, which comes from the diet, cell debris, and bacterial 
synthesis. 

Although most of the fats are emptied into the lym- 
phatic system after absorption and eventually reach the 
systemic circulation, the bile salts separate from the fats 
and travel through the portal vein into the liver. There 
they are reincorporated into the bile. Bile salts are thus 
cycled through the enterohepatic circulation (the liver, 
gallbladder, intestinal lumen, portal vein, and back to the 
liver). About 80-90% of bile salts in the intestinal lumen 
are reabsorbed in this way; the rest are lost in the stool. 


Cellular Metabolism 


The adult body distributes fats to two main locations: the 
membranes and other structural parts of cells (commonly 
called structural fats) and the fat cells (neutral fats), which 
are mainly white. Infants have some brown fat cells, which 
can regulate body temperature by producing heat to sup- 
port the baby’s higher metabolic rate. Neutral body fat con- 
tains mainly triglycerides, plus small amounts of diglycer- 
ides and monoglycerides, which are important metabolic 
intermediates. Consequently, triglycerides are the main 
form of stored energy. 


Fat Degradation. Stored fat is degraded as needed to 
provide energy. Fat degradation occurs in two major 
stages: hydrolysis of glycerides and oxidation of fatty acids. 
In the adipose tissues, glycerides are hydrolyzed by a li- 
pase to form fatty acids and glycerols. Both of these are 


released into the circulation for transport to the liver, 
where further hydrolysis may occur. When triglycerides 
are hydrolyzed, the released glycerols can be converted to 
phosphoglyceraldehyde in the liver (Fig. 6 and 20). This 
compound can in turn be converted to either carbon dioxide 
and water or glucose. 

The process of oxidizing the fatty acids to carbon diox- 
ide, water, and energy is called f-oxidation, or alternate 
oxidation. It occurs mainly in the mitochondria of liver 
cells. The carbon chain is broken down by the successive 
removal of two-carbon fragments from the carboxyl end to 
form acetic acids. These can combine with CoA to form 
acetyl-CoA, which can enter the citric acid cycle to be oxi- 
dized (Figs. 8, 17, and 20). When the fatty acids are re- 
duced to acetyl-CoA, hydrogen atoms are also released, 
which can be passed on to the respiratory chain. When 
fatty acids are completely oxidized, they generate more 
ATP than the molecular equivalent of carbohydrate be- 
cause less oxygen is present. This explains why fat has a 
higher caloric value. However, unsaturated fatty acids gen- 
erate less energy than the molecular equivalent of satu- 
rated fatty acids because less hydrogen is present in the 
former. 

Most of the naturally occurring fatty acids are even 
numbered, and thus their oxidation always produces 
acetyl-CoA at the end. However, if the fatty acids happen 
to be odd chained, propionyl-CoA is formed instead. 
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Propionyl-CoA can also enter the citric acid cycle if the co- 
enzyme with vitamin By, is available. 


Fat Synthesis. Fat synthesis takes place in two major 
stages: the formation of fatty acids and the formation of 
triglycerides. Fatty acids synthesis is achieved in two 
places: the mitochondria and the cytoplasm. Within the 
mitochondria, f-oxidation is reversed and two-carbon units 
are added until the appropriate fatty acids are formed. 
Outside the micochondria, in the cytoplasm, another form 
of fatty acid synthesis occurs. Here the starting compound 
is acetyl-CoA which serves as the end of the fatty acid mol- 
ecule. The remaining carbons are incorporated as two- 
carbon units derived from the malonyl group. The incor- 
poration is accompanied by simultaneous recarboxylation. 
The fatty acids formed are mainly 12-14 carbons long and 
rarely more than 16. The body can synthesize unsaturated 
fatty acids from the saturated ones by removing hydrogen, 
although it is unable to synthesize the essential ones. 

In the adipose tissues, fatty acids combine with glycerol 
to form triglycerides, or neutral fats. This reaction occurs 
in the mitochondria. Figure 20 summarizes the informa- 
tion on fat synthesis. 

As indicated earlier, glycerol can be converted to glucose 
(gluconeogenesis). However, acetyl-CoA cannot be con- 
verted to pyruvic acid (Fig. 10). Although keto acids can 
enter the citric acid cycle, there is very little net conversion 
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Figure 20. An overview of fat me- 
tabolism. 
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of fat to carbohydrate in the body, with the exception of the 
small amount of phosphogyceraldehyde formed from glyc- 
erol. 


Ketone Bodies. During the normal process of f-oxidation 
of fatty acids, the liver has the appropriate enzyme to re- 
move the CoA from acetoacetyl-CoA to form acetoacetic 
acid. Acetones and f-hydroxybutyric acids can be formed 
from acetoacetic acids. The last three compounds are col- 
lectively called ketone bodies. The small amount of ketone 
bodies normally made by the liver is transported by the 
circulation to the muscle for conversion to acetyl-CoA, 
which is put through the citric acid cycle (Fig. 20). Acetone 
is eliminated via urination and respiration. Because under 
normal circumstances the ketone bodies are metabolized 
as soon as they are formed, a person rarely excretes more 
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than 1 mg of ketone each day, and blood levels are usually 
less than 1 mg/100 mL. 

However, the ketones can accumulate under certain 
conditions, and the resulting clinical condition is known as 
ketosis. The main cause of ketosis is the accumulation of 
acetyl-CoA because the citric acid cycle in the liver is not 
operating at its normal or optimal efficiency. The most 
common cause is a sequence of events called intracellular 
carbohydrate starvation. First, decreased supply of glucose 
leads to a reduction in pyruvic acid, acetyl-CoA, and cel- 
lular energy supply. Second, for compensation, fatty acid 
oxidation is increased to provide energy with an accumu- 
lation of acetyl-CoA. Third, the oversupply of acetyl-CoA 
leads to the formation of ketone bodies. 

Glucose supply to cells is reduced in people with dia- 
betes mellitus and people who undergo dietary alterations 
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such as high-fat—low-carbohydrate intake or simple star- 
vation. In a diabetic patient, the lack of insulin prevents 
glucose from entering cells. When a persons’s diet is low in 
calories, high in fat, or low in carbohydrate, a similar met- 
abolic pattern takes place. The inadequate intake of car- 
bohydrate means a low supply of glucose to cells, and ke- 
tosis may develop. However, an intravenous introduction 
of glucose counteracts ketosis, which is why carbohydrate 
is an antiketogenic agent. 


Cholesterol Metabolism. Body metabolism of cholesterol 
is of special concern to nutritional scientists. Dietary cho- 
lesterol comes mainly from animal products such as fats, 
eggs, and organ meats. Sterols are obtained from plant 
foods, although they are not absorbed by the human di- 
gestive system. Ingested cholesterol is readily absorbed via 
the lymphatic system after esterification in the intestinal 
mucosa (with fatty acids). The body can also synthesize 
cholesterol, mainly in the intestinal mucosa and liver. It is 
currently believed that the amount of cholesterol synthe- 
sized by the body is inversely related to the quantity con- 
sumed. However, the problem of regulating serum choles- 
terol level by reducing dietary intake is a much debated 
issue. 

Synthesis and degradation of cholesterol occur simul- 
taneously and continuously. The body removes cholesterol 
by conjugating it with taurine or glycine in the liver and 
excreting it in the bile, although the enterohepatic circu- 
lation makes sure that some cholesterol is reabsorbed. 


NUCLEIC ACIDS 


Practically everything humans eat contains nucleic acids, 
which occur in cell chromosomes; nucleic acids are respon- 
sible for heredity. During digestion, ingested nucleic acids 
are initially cleaved into nucleotides by pancreatic nucle- 
ases (Fig. 21 and Table 1). Next, the small intestine se- 
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cretes nucleotidase, which hydrolyzes nucleotides to form 
phosphoric acid and nucleosides. The latter are split by 
intestinal nucleosidases to form sugars, purine, and pyrim- 
idine, all of which are absorbed by active transport. Un- 
digested large molecules of nucleic acids are excreted in 
the stool. 

Nucleic acids can also be synthesized. In the body, pu- 
rines, pyrimidines, and sugars are put together to form 
ribonucleic acid (RNA), deoxyribonucleic acid (DNA), nico- 
tinamide adenine dinucleotide (NAD), and other related 
substances. However, the liver can also make pyrimidines 
and purines. Figure 22 shows the origins of atoms in syn- 
thesized purine, and Figure 23 those of pyrimidine. 

Within a cell, although DNA is stable throughout life, 
RNA is in constant equilibrium with a metabolic pool. Pu- 
rines and pyrimidines may be excreted as such in the urine 
or be metabolized to uric acid (purines) or carbon dioxide 
and ammonia (pyrimidines). 

Uric acid in the body comes from two sources: synthesis 
from glycine and degradation of purines. In humans, uric 
acid is excreted in the urine, although in most other mam- 
mals it is converted to allantoin before excretion. The nor- 
mal blood level of uric acid is 4 mg/100 mL. The kidney 
reabsorbs much of the filtered uric acid, but the body ex- 
cretes about 1 g of uric acid in 24 h. A standard reference 
text should be consulted for additional information on 
DNA, RNA, and molecular genetics. 


WATER, VITAMINS, AND MINERALS 


From the stomach to the colon, water passes freely and 
reversibly between the intestinal lumen and body com- 
partments, although less so in the stomach than elsewhere 
in the gastrointestinal tract. Water moves in or out of the 
intestinal lumen to insure osmotic equilibrium on the two 
sides. In general, the osmolality of the contents of the small 
intestine resembles that of the plasma. After nutrients in 
the intestine have been absorbed, the excess water in the 
lumen is passed out with fecal waste to maintain osmotic 
equilibrium. Sodium moves freely according to the concen- 
tration gradient on the two sides of the mucosal cells. In 
the colon, sodium moves from body to luman in accordance 
with the osmotic gradient. 

All water-soluble vitamins are absorbed along the small 
intestine. Except for vitamin B,,, a healthy person can ab- 
sorb these vitamins rapidly. All fat-soluble vitamins re- 
quire the presence of pancreatic enzyme, bile salts, glyc- 
erides, and fatty acids for absorption, as does fat itself. In 
ahealthy person, all essential minerals are absorbed easily 
by the body, although the extent varies with individual 
minerals. 
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FOODBORNE DISEASES 


All through history, human beings no doubt were affected 
by a great variety of foodborne diseases through consump- 
tion of water and food. No one knows for certain the num- 
ber of cases of foodborne intoxications and infections oc- 
curring annually in the world. In the United States the 
Centers for Disease Control and Prevention reported that 
between 1988 and 1992 a total of 2423 outbreaks of food- 
borne diseases with 77,373 cases of illness. Among out- 
breaks for which the etiology is known, bacterial patho- 
gens caused 79% of the outbreaks and 90% of the cases. 
Since many outbreaks and cases are not reported, the es- 
timation of foodborne cases is between 6 and 33 million 
cases per year and from 525 to 9000 deaths. The total cost 
of productivity losses from a few major pathogens ranges 
from $5 to $6 billion per year. Class 1 recalls of food prod- 
ucts for life-threatening bacteria increased from 79 recalls 
in 1988 to 378 recalls in 1995. In countries with poor san- 
itation, one can only surmise that the number of foodborne 


disease cases is much higher. There is a heightened aware- 
ness of the role of foodborne diseases by consumers in the 
United States due to some sensational outbreaks of food- 
borne diseases affecting a large number of people and the 
deaths of children after the consumption of undercooked 
hamburger or contaminated cheeses. As a result, the gov- 
ernment has implemented greater monitoring programs 
and Hazard Analysis Critical Control Point (HACCP) pro- 
cedures in the food industry to attempt to curtail the out- 
breaks and protect the safety of consumers. Consumers are 
much more aware of the great potential for large-scale 
foodborne outbreaks and demand a safer food supply. At 
the same time consumers are also demanding more fresh 
foods, minimally processed food, and organic foods where 
control of foodborne pathogens are more difficult. There is 
also a drastic demographic change in the society where 
more and more people live longer and thus have lower re- 
sistance to diseases in general, and more people are at risk 
due to immunocompromised diseases and conditions that 
make them more susceptible to foodborne diseases. Food 
distribution systems also have been greatly improved, and 
thus production of food in one location can be transported 
to hundreds and thousands of miles in a short time. When 
a problem occurs, the amount of food involved can be as- 
tronomical, such as a case of recalling 25 million pounds 
of ground beef due to one contamination source. The com- 
pany involved is no longer in existence as a major player 
in food supply. Another important development is inter- 
national trade. Vast amounts of food are regularly shipped 
from one country to another with minimal monitoring of 
the microbial safety of the food involved. To complicate 
matters further, there are actually now microorganisms 
that are emerging or reemerging in the food supply and 
make tracking and controlling of these organisms more dif- 
ficult. Fortunately, with new developments in microbial de- 
tection methods and systems these microorganisms are be- 
ing detected more frequently with better accuracy and rate 
(see the article RAPID METHODS OF MICROBIAL ANALYSIS). 
Also there are better and more efficient intervention strat- 
egies and methods in food processing to control unwanted 
microorganisms (see the articles FOOD FERMENTATION and 
MICROBIOLOGY OF FOODS). Thus food microbiologists, food 
scientists, epidemiologists, medical personnel, public 
health workers, and consumer educators are charged with 
the responsibility of studying the occurrence, enumeration, 
isolation, detection, characterization, prevention, report- 
ing, education about, and control of foodborne microorgan- 
isms in and from food, water, and the environment nation- 
ally and internationally. 


DEFINITIONS 


Food intoxication is the ingestion of toxic compounds in 
foods, from chemical contamination or preformed by 
toxigenic microorganisms, by susceptible persons who 
later became ill. 

Food infection is the ingestion of large numbers of via- 
ble, pathogenic microorganisms in food by susceptible 
persons who later became ill. Usually the number is 
around one million live organisms per gram of food, but 
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FOODBORNE DISEASES 


All through history, human beings no doubt were affected 
by a great variety of foodborne diseases through consump- 
tion of water and food. No one knows for certain the num- 
ber of cases of foodborne intoxications and infections oc- 
curring annually in the world. In the United States the 
Centers for Disease Control and Prevention reported that 
between 1988 and 1992 a total of 2423 outbreaks of food- 
borne diseases with 77,373 cases of illness. Among out- 
breaks for which the etiology is known, bacterial patho- 
gens caused 79% of the outbreaks and 90% of the cases. 
Since many outbreaks and cases are not reported, the es- 
timation of foodborne cases is between 6 and 33 million 
cases per year and from 525 to 9000 deaths. The total cost 
of productivity losses from a few major pathogens ranges 
from $5 to $6 billion per year. Class 1 recalls of food prod- 
ucts for life-threatening bacteria increased from 79 recalls 
in 1988 to 378 recalls in 1995. In countries with poor san- 
itation, one can only surmise that the number of foodborne 


disease cases is much higher. There is a heightened aware- 
ness of the role of foodborne diseases by consumers in the 
United States due to some sensational outbreaks of food- 
borne diseases affecting a large number of people and the 
deaths of children after the consumption of undercooked 
hamburger or contaminated cheeses. As a result, the gov- 
ernment has implemented greater monitoring programs 
and Hazard Analysis Critical Control Point (HACCP) pro- 
cedures in the food industry to attempt to curtail the out- 
breaks and protect the safety of consumers. Consumers are 
much more aware of the great potential for large-scale 
foodborne outbreaks and demand a safer food supply. At 
the same time consumers are also demanding more fresh 
foods, minimally processed food, and organic foods where 
control of foodborne pathogens are more difficult. There is 
also a drastic demographic change in the society where 
more and more people live longer and thus have lower re- 
sistance to diseases in general, and more people are at risk 
due to immunocompromised diseases and conditions that 
make them more susceptible to foodborne diseases. Food 
distribution systems also have been greatly improved, and 
thus production of food in one location can be transported 
to hundreds and thousands of miles in a short time. When 
a problem occurs, the amount of food involved can be as- 
tronomical, such as a case of recalling 25 million pounds 
of ground beef due to one contamination source. The com- 
pany involved is no longer in existence as a major player 
in food supply. Another important development is inter- 
national trade. Vast amounts of food are regularly shipped 
from one country to another with minimal monitoring of 
the microbial safety of the food involved. To complicate 
matters further, there are actually now microorganisms 
that are emerging or reemerging in the food supply and 
make tracking and controlling of these organisms more dif- 
ficult. Fortunately, with new developments in microbial de- 
tection methods and systems these microorganisms are be- 
ing detected more frequently with better accuracy and rate 
(see the article RAPID METHODS OF MICROBIAL ANALYSIS). 
Also there are better and more efficient intervention strat- 
egies and methods in food processing to control unwanted 
microorganisms (see the articles FOOD FERMENTATION and 
MICROBIOLOGY OF FOODS). Thus food microbiologists, food 
scientists, epidemiologists, medical personnel, public 
health workers, and consumer educators are charged with 
the responsibility of studying the occurrence, enumeration, 
isolation, detection, characterization, prevention, report- 
ing, education about, and control of foodborne microorgan- 
isms in and from food, water, and the environment nation- 
ally and internationally. 


DEFINITIONS 


Food intoxication is the ingestion of toxic compounds in 
foods, from chemical contamination or preformed by 
toxigenic microorganisms, by susceptible persons who 
later became ill. 

Food infection is the ingestion of large numbers of via- 
ble, pathogenic microorganisms in food by susceptible 
persons who later became ill. Usually the number is 
around one million live organisms per gram of food, but 


there are cases that at low as 100 cells can become in- 
fectious. 

Food poisoning is the ingestion of contaminated food 
containing either chemical preformed toxins or live mi- 
crobes by susceptible persons who later became ill. 
Foodborne outbreak is the consumption of contaminated 
food from one source by two or many people who later 
became ill. In the case of botulism one affected person 
will constitute one outbreak. 

Foodborne disease case is the consumption of contami- 
nated food by one susceptible person who later became 
ill. A foodborne outbreak can have 2 cases or 100,000 
cases, with the exception of botulism, when one case is 
considered one outbreak. 

Endemic is the usual cases of a particular illness in a 
community. 

Epidemic is an unusual, large number of cases of a par- 
ticular illness from a single source in a community. 
Pandemic is a disease affecting the entire world. 
Epidemiology is the study of diseases in a population 
using statistical methods. An epidemiologist studies 
patterns of diseases and their causative agents in terms 
of a population, whereas a physician treats individual 
patients. 

Etiologic agent is the agent that caused a specific dis- 
ease. 


FOOD INTOXICATIONS 


Chemical intoxications are usually the result of accidents. 
People have been poisoned by inorganic compounds such 
as antimony, arsenic, cyanide, cadmium, lead, selenium, 
and mercury. The symptoms usually occur rapidly (a few 
minutes or hours), and reactions are usually violent in 
cases of ingestion of large doses of the toxic compounds. 
Immediate medical assistance is essential for the victims 
in such cases. 

Long-term chemical intoxication is also possible by the 
ingestion of a small amount of toxins in food or water over 
many years and later the person became ill. There are also 
many naturally occurring chemical toxins in foods as well 
as unintentionally added chemical toxins such as pesti- 
cides and chemical residuals from packaging materials 
and the environment. 


BACTERIAL AND MICROBIAL INTOXICATION 


This form of intoxication is the result of consumption of 
preformed toxic compounds in the food by susceptible per- 
sons. The effects can be rapid (within hours) but usually 
are longer than chemical intoxication. 


Clostridium botulinum 


The first recorded outbreak of botulism was in 1793 in- 
volving sausages (botulus) in Germany. Since that time 
many outbreaks all over the world have been reported. 
From 1899 to 1977 there were 766 outbreaks involving 
1961 cases and 999 deaths. In the United States between 
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1971 and 1985, three outbreaks were recorded with 485 
cases and 55 deaths. In 1990 there were 12 outbreaks, 22 
cases, and 5 deaths and in 1994 there were 42 cases of 
foodborne botulism, 86 cases of infant botulism, and 11 
cases of wound botulism with no fatality. The general pub- 
lic usually have panic in the report of botulism due to its 
high fatality rate. The organism is a Gram-positive, an- 
aerobic, spore-forming rod that can grow at temperatures 
from 3.3°C to as high as 50°C. Most strains will grow well 
at 30°C, with optimum temperature at 37°C. To control the 
growth of the organism the pH must be below 4.6, salt 
content of 10% and above, and a water activity of less than 
0.94. The vegetative cells of this organism are easily killed 
by heat, but the spores formed by this cell are far more 
resistant to heat, cold, acid and basic chemicals, radiation, 
and other forms of preservation methods. Thus control of 
botulism is geared to the destruction of the spores. Time 
and temperature combinations of canning of all foods are 
designed to kill the most heat-resistant spores of Clostrid- 
ium botulinum. The spores formed by this organism can 
reside in soil, water, and the environment and can be 
transmitted to foods. Foods involved in botulism cases usu- 
ally are improperly home-canned medium- or low-acid 
foods. Information since 1899 indicates that about 70% of 
the outbreaks can be traced to improperly processed home- 
canned foods and 9% to commercially processed food, with 
the other outbreaks from unknown sources. Symptoms de- 
velop from 18 to 96 h after ingestion of toxic foods. They 
include vomiting, nausea, fatigue, dizziness, vertigo, head- 
ache, dryness of mouth, muscle paralysis, and death by 
asphyxiation. Since the toxin affects peripheral nerves the 
patient is alert until the moment of death. There are sev- 
eral types of botulin toxins (types A, B, C,, Co, D, E, F, and 
G). These are large molecular weight proteins (about 1 mil- 
lion dalton). The important toxins affecting human beings 
are toxins A, B, and E, and rarely F. These toxins are 
among the most toxic materials produced by a biologic sys- 
tem. It was estimated that one pure ounce of toxin can kill 
200 million people. Treatment is by administration of 
monovalent E, bivalent AB, trivalent ABE, or polyvalent 
ABCDEF antisera. Fortunately, the toxins are heat sen- 
sitive. Boiling of the toxin for 10 min will destroy it. The 
toxins can be detected by animal tests using mice as well 
as immunologic tests using specific antibodies (gel diffu- 
sion tests, ELISA, RIA tests, etc). Recently a rapid poly- 
merase chain reaction (PCR) method has been employed 
to detect the botulin gene harbored by cultures isolated 
from foods. The information, however, does not directly im- 
ply that the food is toxigenic and harbors the toxin. The 
key to preventing botulism is to know the composition (pH, 
A,, oxidation-reduction potential, presence of inhibitory 
compounds, etc) of the food and to utilize proper time and 
temperature for processing as well as correct packaging 
and storage of the processed food. All high-moisture, low- 
acid foods processed and then stored under anaerobic con- 
ditions either in cans, glass bottles, or pouches should be 
subject to close scrutiny to avoid the possibility of C. bot- 
ulinum surviving and later germinating and producing the 
toxins. Since there are proteolytic and nonproteolytic 
strains of C. botulinum the absence of off-odor of a sus- 
pected canned food cannot guarantee the safety of the food. 
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Never taste a suspected food or use food from swollen, 
dented, or deformed cans. When in doubt, always boil the 
suspected food for 10 min before discarding it. 


Staphylococcus aureus 


Staphylococcus aureus is a Gram-positive facultative an- 
aerobic coccus occurring in clusters. The organisms is 
ubiquitous and can be found in human skin, nose, hair, and 
many food items. The organisms, when allowed to grow in 
food, may produce a class of low-molecular-weight (ca 
30,000 daltons) protein toxins called staphylococcal entero- 
toxins (A, B, Cy, Cz, Cs, D, and E). These toxins, when in- 
gested by a susceptible person, will cause severe nausea, 
vomiting, abdominal cramps, diarrhea, and prostration 
about 4 to 6 h after consumption. Recovery is about 24 to 
72 h: Victims will not die, but may wish they had, as the 
reactions are very violent. Also there is no immunity 
against the toxin, thus a person can have staphylococcal 
intoxication repeatedly. Along with Salmonella and Clos- 
tridium perfringens, staphylococcal intoxication ranks 
among the top three agents of foodborne disease in the past 
25 years. In 1992 there were six outbreaks involving 206 
cases with no death. Since this is a nonreportable disease, 
many more outbreaks and cases occur regularly without 
being reported to public health officials. These toxins are 
heat stable. Once formed in food the toxin is very hard to 
destroy. Heating the toxins at 80°C for 5 h will not destroy 
the toxin. Boiling for 3 h will destroy the toxin and cooking 
under pressure (121°C) will inactive the toxin in 30 min. 
For practical purposes these toxins are not inactivated by 
normal cooking procedures. 

Due to the fact that the enterotoxins are heat stable, 
detection of live S. aureus in foods has only limited value 
in terms of assessment of the potential of the food to cause 
staphylococcal food intoxication. For example, assume a 
food is contaminated with a toxigenic strain of S. aureus 
and the organisms grew to 1 million cells and released 
large amount of enterotoxins (in micrograms) in the food 
and the food is subsequently cooked. Even though live S. 
aureus cannot be found in this food item, the food is still 
capable of causing a case of staphylococcal intoxication due 
to the heat-stable toxins in the food. Several years ago 
there was a big concern regarding canned mushrooms that 
were shipped from a foreign country to the United States. 
Certainly no live S. aureus were found in canned mush- 
rooms, yet the preformed enterotoxins in the canned mush- 
rooms caused many cases of food intoxication. 

The value of monitoring live S. aureus is to ascertain 
the hygienic quality of the food and the potential of the live 
organisms to grow and produce the enterotoxins in foods. 
Detection of staphylococcal enterotoxins has been a subject 
of much research in the past 25 years. Monkey, cats, and 
other animals have been used to detect toxins but are not 
practical for routine testing. Immunological methods such 
as the ELISA test, Latex agglutination tests, and gel dif- 
fusion tests are used to detect the toxin in foods. The com- 
mercial kits can detect enterotoxin A, B, C, D, and/or E 
either singularly or in combination. 

Fortunately S. aureus is not a good competitor com- 
pared with other spoilage organisms (eg, Pseudomonas) in 


raw foods such as ground beef and fish, and so on. However, 
in the absence of competitors, such as in salty food (eg, 
ham) or processed foods (eg, processed cheese), the organ- 
ism can grow and produce heat-stable toxins. Enough tox- 
ins can be produced in 4 h at room temperature to cause a 
problem. That is why this intoxication is called picnic food 
poisoning; during a picnic, food may be left nonrefrigerated 
for hours before consumption by partygoers after various 
activities. It is therefore essential to prevent S. aureus 
from growing in the food by proper refrigeration (4°C) of 
food or keeping hot food hot (60°C). This advice is appli- 
cable to all subsequent discussions on food intoxication and 
infections. 


Aspergillus 


Aspergillus flavus and A. parasiticus are molds that can 
produce a group of carcinogenic toxins called aflatoxins 
(A-fla-toxin). In 1960 in England, 100,000 turkeys died of 
unknown causes, and the disease was called Turkey X dis- 
ease. After much work, the contaminant was found to have 
originated from peanut meals from Brazil. The organisms 
responsible for producing the toxic compounds were iden- 
tified as A. flavus. Later, A. parasiticus was also found to 
be able to produce the toxin. Recently A. nomius has also 
been added to the list of cultures producing aflatoxin. The 
mold can grow between 7.5°C and 40°C, with optimal tem- 
perature at 24 to 28°C. The minimal water activity for 
growth is 0.82 and the optimal is 0.99. pH range of growth 
is from 2 to near 11. Production of the toxins generally 
parallel the growth of the organisms. Sporulation of the 
cultures seems to be a prerequisite to toxin production. In 
one to three days of growth, the organism can produce the 
toxins. The primary toxins are B,, By, G;, and Gp. B andG 
indicate that the toxins fluoresce blue or green under ul- 
traviolet light, respectively. When cows consume B, and By 
toxins, they can modify the toxins and excrete the toxins 
as M, and Mp in milk. 

Spores of these molds are ubiquitous; the organisms 
have been found to grow in rice, sorghum, peanut, corn, 
wheat, and soybean crops, as well as in animal feed. Hu- 
man food shown to support growth and toxin production 
of this mold include peanut, peanut butter, pecans, beans, 
dried fruits, fish, and even cheese. Because the toxins are 
carcinogenic, they are under strict government scrutiny 
since the Delaney Clause of 1958 prohibits the presence of 
carcinogenic compounds in foods. Currently the allowed 
limit is 20 ppb for animal feed and all foods except milk, 
which has an action level of 0.5 aflatoxin M,. Although 
no direct food-related aflatoxin cases have been reported 
in the United States, there are concerns that aflatoxin 
can affect the immune systems of patients. There were 
aflatoxin cases reported in Southeast Asia when people 
consumed food heavily contaminated with molds. The tox- 
ins can be detected by animal tests using ducklings or 
chick embryos. Thin-layer chromatography and high- 
performance liquid chromatography can also be used to 
detect these toxins. Recently, monoclonal antibodies have 
been employed to detect these toxins with great rapidity 
(LO to 30 min) and sensitivity (1 ppb and lower). Attempts 
to detoxify aflatoxin by ozone, peroxides, and ammonia 


have been met with limited success. Thus, the best pre- 
ventive measure is not to allow the mold to contaminate 
the food and feed and to keep these commodities in a dry 
environment unfavorable for mold growth. 


Exotoxins Versus Endotoxins 


It is necessary to differentiate these toxins before a dis- 
cussion on foodborne infections. Exotoxins are toxins pro- 
duced by an organism and later released into the environ- 
ment. The cell remains alive and intact. Ingestion of these 
preformed toxins causes foodborne intoxication. These tox- 
ins are protein toxins mainly produced by Gram-positive 
organisms. Because they are proteins, they can be neu- 
tralized by corresponding antibodies and detected by a va- 
riety of immunologic methods. These toxins are relatively 
heat sensitive (except the staphylococcal enterotoxins as 
described earlier). These toxins also have distinct phar- 
macology. Examples of exotoxins are staphylococcal en- 
terotoxins (affecting the intestinal tracts) and botulinum 
neurotoxins (affecting the nervous system). 

Endotoxins are part of the cell wall material of Gram- 
negative cells. Every Gram-negative bacterium examined 
has endotoxins. These are complex molecules containing 
protein, carbohydrate, and lipid. The protein moiety deter- 
mines antigenicity, the carbohydrate moiety determines 
immunologic specificity, and the lipid moiety causes tox- 
icity. Unlike exotoxins, antibodies will not neutralize tox- 
icity because the toxic part is the lipid. All endotoxins have 
the same action and are released when the Gram-negative 
bacterium lysogenizes. These endotoxins cause fever by 
acting as exogenous pyrogens. The exogenous pyrogen, 
when absorbed into the bloodstream, causes injury to the 
leukocytes, which in turn releases an endogenous pyrogen. 
This endogenous pyrogen stimulates the thermoregulatory 
center of the brain at the hypothalamus and causes fever. 
Therefore, fever production by a patient is indicative of a 
foodborne infection case. Endotoxins can be detected by the 
limulus amebocyte lysate (LAL) test. In the presence of 
endotoxins, the LAL will form a gel. The reaction takes 
about 1h. Currently, hospital materials should be pyrogen- 
free, and LAL is the standard test for pyrogens in the hos- 
pital supplies and environment. Because endotoxins are 
released upon lysis of the cell, it is advisable in certain 
cases that antibiotics not be administered in mild food in- 
fection cases. Lysis of cells by antibiotics such as Esche- 
richia coli 0157:H7 may allow the release of other harmful 
toxins in the intestinal tract and may case a more severe 
infection case. 


BACTERIAL INFECTION 


Clostridium perfringens 


C. perfringens occupies an interesting position as being 
both a foodborne infection agent as well as a foodborne 
intoxication agent. On the one hand, the susceptible per- 
son has to ingest large numbers of viable C. perfringens 
before coming down with food poisoning, and on the other 
hand, the organism produces an enterotoxin to cause the 
illness. In 1990 there were 11 outbreaks and 1240 cases 


FOODBORNE DISEASES 1081 


with no deaths in the United States. The estimate, how- 
ever, is 652,000 cases with an average of 7.6 deaths per 
year at an annual cost of $123 million to the U.S. economy. 
C. perfringens is a Gram-positive anaerobic spore-forming 
rod and produces at least 13 different toxins that can cause 
diseases such as gas gangrene. One of the toxins is named 
C. perfringens enterotoxin (CPE), which is released in the 
intestinal tract and causes the infection/intoxication by 
this organism. The generation time (time for doubling ofa 
population of cells) of C. perfringens in ideal conditions is 
as short as 7 min, making it the fastest-growing organism 
known. Spores of the organism distribute widely in nature 
and can easily contaminate foods. Most of the incidences 
of C. perfringens food poisoning involve meats prepared in 
large quantities one day and consumed the next day while 
the food is held at lukewarm temperatures. In such con- 
ditions, most vegetative cells of competitors die off while 
the spores of C. perfringens have a chance to survive, ger- 
minate, and grow into large numbers. The organisms in 
large numbers (about 10,000 to 1 million per gram), when 
ingested by a susceptible person, will start to sporulate in 
the small intestine due to the favorable anaerobic environ- 
ment. The gene coded for sporulation also controls the re- 
lease of an enterotoxin that is responsible for the diarrhea 
characteristics of C. perfringens food poisoning. It is note- 
worthy that C. perfringens does not sporulate in foods and 
therefore the CPE is not preformed in the food to cause the 
food poisoning cases. Symptoms occur between 8 and 20 h 
after ingestion of a large number of viable C. perfringens 
and include acute abdominal pain, diarrhea, and nausea, 
with rare vomiting. The symptoms are milder than those 
caused by Salmonella. Detection of this organism is by an- 
aerobic cultivation of food using differential anaerobic agar 
such as tryptose sulfite cycloserine agar. C. perfringens 
forms black colonies in this agar medium. Immunologic 
methods such as reverse-passive agglutination assay and 
ELISA test have been developed to detect the CPE in food, 
culture fluid, and feces. 


Salmonella 


Salmonella is the classic example of foodborne infection. 
Salmonella enteritidis was isolated in 1884 and still is an 
important foodborne organism. In 1992 there were 80 out- 
breaks with 2834 cases and four deaths due to Salmonella 
in the United States. The organism is a Gram-negative, 
facultative anaerobic, non-spore-forming rod, motile by 
peritrichous flagella. It does not ferment lactose and su- 
crose but ferments dulcitol, mannitol, and glucose. There 
are exceptions to the general characteristics. For example, 
lactose-positive cultures have been found, and nonmotile 
species such as S. pullorum and S. gallinarum exist. The 
organism is heat sensitive but can tolerate a variety of 
chemicals, such as brilliant green, sodium lauryl sulfite, 
selenite, and tetrathionate. These compounds have been 
used for the selective isolation of this organism from food 
and water. To confirm the isolate as a Salmonella, one 
must perform serologic tests by use of polyvalent anti-O 
antiserum (against cell surface antigens) or polyvalent 
anti-H antiserum (against flagella antigens). This genus 
went through several revisions in classification and tax- 
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onomy of species and subspecies in the past 20 years due 
to advancement of genetic typing systems. 

Currently there are two species, namely, S. enterica 
with six subspecies and 2356 serovars and S. bongori with 
19 serovars. Each serovar is potentially pathogenic. In the 
literature, many scientists still use the traditional genus 
and species nomenclature such as S. typhimurium, S. ty- 
Pphosa, and so on. Salmonella has been found in water, ice, 
milk, dairy products, shellfish, poultry, poultry meat prod- 
ucts, eggs and egg products, animal feed, pets, and so on. 
Human beings can be healthy carriers of this organism. It 
has been estimated that 4% of the general public carries 
this organism. There are actually three types of diseases 
caused by Salmonella: (1) enteric fever caused by S. ty- 
phosa (typhoid fever), in which the organism, ingested 
along with food, finds its way into the bloodstream and 
disseminates to the kidney and is excreted in the stools; 
(2) septicemia caused by S. cholerasuis, in which the or- 
ganism causes blood poisoning; and (3) gastroenteritis 
caused by S. typhimurium and S. enteritidis, a true food- 
borne infection. In the last case, large numbers of live Sal- 
monella are ingested with food and, in one to three days, 
liberate the endotoxins that cause localized violent irrita- 
tion of the mucous membrane with no invasion of the 
bloodstream and no distribution to other organs. Symp- 
toms of salmonellosis occur 12 to 24 h after ingestion of 
food containing 1 to 10 million Salmonella per gram and 
include nausea, vomiting, headache, chills, diarrhea, and 
fever. The illness lasts for two to three days. Most patients 
recover; however, death can occur in the very old, the very 
young, and those with compromised immune systems. 

Since no Salmonella is allowed in cooked food for inter- 
state commerce and international trade, the detection of 
Salmonella has been a subject of much research and de- 
velopment. Detection of Salmonella by the classical 
method includes preenrichment of culture from food sam- 
ple, enrichment or selective enrichment of the liquid cul- 
ture, plating of liquid on selective agar to isolate cultures, 
biochemical tests of suspect colonies, and confirmation of 
isolates with typical biochemical profiles by serological 
tests. These procedures may take up to five days for com- 
pletion. Recently a variety of methods and procedures 
have been developed and implemented for the effective iso- 
lation, enumeration, detection, identification, and charac- 
terization of Salmonella. Improvement of preenrichment 
and enrichment procedures have been made by the manip- 
ulation of incubation temperature (use 42°C instead of 
37°C), addition of various stimulation compounds such as 
Oxyrase enzyme, and concentration of cells by immuno- 
magnetic separation (Dynal system). A large number of 
biochemical diagnostic kits, such as API, MicroID, 
Enterotube, Biolog, Vitek, and so on, have been developed 
and marketed to conveniently and automatically identify 
isolates. Manual and automated sandwich ELISA tests, by 
EIA Assurance test, VIDAS, Tecra, and so on, and lateral 
immunomigration tests kits by BioControl VIP system and 
Neogen have been used widely. For the genetic tests, DNA/ 
RNA probes system by Genetrak, PCR test by Perkin- 
Elmer, Probelia, and BAX system and ribotyping by Qual- 
icon system and others are finding their ways into food 


microbiology laboratories (see the article RAPID METHODS 
OF MICROBIOLOGICAL ANALYSIS). 

Because Salmonella is heat sensitive, proper cooking 
will destroy the organism. Also, proper chilling, refrigera- 
tion, and good sanitation will minimize the problem. Sal- 
monella remains one of the most important food pathogens 
in our food supply. 


Shigella 


Shigella is a Gram-negative, facultative anaerobic non- 
spore-forming rod quite often confused with Salmonella in 
the bacteriologic diagnostic process. It is nonmotile and hy- 
drogen sulfide negative. The colonies are smaller than Sal- 
monella. In terms of foodborne infection, Shigella is not as 
prevalent as Salmonella, but this organism is very impor- 
tant in waterborne diseases, especially in tropical and sub- 
tropical countries where sanitation conditions are poor. 
The organism is transmitted by water, food, humans, and 
animals. The “4 Fs” involved in the transmission of Shi- 
gella are food, finger, feces, and flies. One to four days after 
ingestion of the organisms, there will be an inflammation 
of walls of the large intestines and ileum. Invasion of the 
blood is rare. Bloody stool will occur, owing to superficial 
ulceration. The cell wall of Shigella, when lysed, will re- 
lease endotoxins. In addition, S. dysenteriae produces an 
exotoxin that is a highly toxic neurotoxin. This toxin can 
be neutralized by specific antibody. Mortality rate of shi- 
gellosis is higher than that of salmonellosis. Prevention of 
shigellosis can be achieved by sanitation, good hygiene, 
treatment of water, prevention of contamination, detection 
of carriers, and isolation of patients from the general 
public. 


Vibrio cholerae 


Vibrio cholerae was a very important disease-causing or- 
ganism in the late nineteenth century and early twentieth 
century worldwide. The organism is under control in many 
industrialized countries; however, it is still a very impor- 
tant waterborne disease in places with poor sanitary con- 
ditions. The classical work of John Snow in 1854 showed 
the transmission of V. cholerae through poorly designed 
water delivery systems in London. His work led to the de- 
velopment of much improved water delivery systems and 
water treatment systems by public health official and en- 
vironmental engineers in developed countries around the 
world. In the United States in 1990 there was one outbreak 
involving 26 cases and one death. The appearance of V. 
cholerae in industrialized countries often causes panic be- 
cause this organism has the potential to start a pandemic 
infection. It is a Gram-negative, curved rod that looks like 
comma under the microscope, thus the original name of 
V. comma. No spore is formed. V. cholerae grows well in 
alkaline medium and is actively motile by a single polar 
flagellum. The organism is endemic in India and Southeast 
Asia and is spread by person-to-person contact, water, 
milk, food, and insects. The organism produces enterotox- 
ins and endotoxins in the intestines and causes severe ir- 
ritation to the mucous membranes with resultant outflow 
of fluid and salts and impairs the sodium pump of mam- 
malian cells, thus causing severe diarrhea, dehydration, 


acidosis, shock, and even death. The mortality rate may be 
as high as 25 to 50%. The most effective therapy is replace- 
ment of water and electrolytes to correct severe dehydra- 
tion and salt depletion. V. cholerae remains a dreaded com- 
municable disease in many parts of the world, and much 
education and public health work need to be done to reduce 
human suffering from this organism. Besides conventional 
biochemical tests, currently there are immunologic and 
DNA probes and PCR methods for rapid detection of this 
organism. 


Vibrio parahemolyticus 


Vibrio parahemolyticus is an organism that has caused 
many cases of foodborne disease in Japan for many years. 
This is because citizens in Japan like to consume raw or 
undercooked seafood, which may be contaminated with the 
organisms, especially in the summer months when the wa- 
ter is warm in Northern Hemisphere. Most of the original 
reports and research works were in Japanese and not read- 
ily understandable or available to microbiologists in the 
West. U.S. scientists started working on the organism in 
earnest around 1969. In 1971 three outbreaks of this or- 
ganism occurred in the United States. Since U.S. citizens 
do not regularly consume raw seafood, the sources of the 
illness were probably recontamination of cooked foods. In 
1990 there were four outbreaks and 21 cases reported. The 
fact that no outbreaks were reported in 1988, 1989, 1991, 
and 1992 indicates that this organism is not a source of 
common foodborne infections in the United States. 

The organism is a Gram-negative curved rod and is 
halophilic (salt loving); it grows best in 3 to 4% salt me- 
dium and can grow in 8% salt also. The growth tempera- 
ture range is 15 to 40°C, and the pH range is 5 to 9.6. The 
organism is sensitive to streptomycin, tetracycline, chlor- 
amphenicol, and novobiocin but resistant to polymyxin and 
colistin. The Kanagawa positive strains hemolyze human 
blood. Environmental strains are negative for this test. 
The organism is distributed in fish and shellfish from sea- 
water as well as from fresh water. Most of the outbreaks 
are recorded in the summer months when the water is 
warm in the Northern Hemisphere. Symptoms of the dis- 
ease occur about 12 h after ingestion of a large number of 
viable cells (10°/g) and include abdominal pain, diarrhea, 
vomiting, mild chills, and headache. The symptoms are 
similar to those of salmonellosis but more severe. It has 
been described that salmonellosis affects the abdomen of 
the patient, whereas V. parahemolyticus infection affects 
the stomach of the patient. Detection of the organism is 
best achieved by good selective medium such as BTB-salt- 
Teepol agar. Prevention of the occurrence of infection by 
this organism is by adequate cooking of seafood. 


Vibrio vulnificus 


This organism can be considered as an emerging pathogen. 
It causes more than 90% of all seafood-related deaths in 
the United States. The organism is widespread in estua- 
rine environments and has been isolated from waters 
around the world. Consumption of raw oysters contami- 
nated with this organism may lead to septicemia and 
death. Also the organism may invade wounds of victims as 
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the persons wade or work in the contaminate water. The 
organism is a typical vibrio-shaped organism and is clas- 
sified as biotype 1 and biotype 2. The organism grows well 
in common bacteriological agars such as MacConkey agar 
and blood agar. The incubation time of the illness is from 
one to seven days. The disease involves fever; chills; nau- 
sea and, to a lesser extent, vomiting; abdominal pain; and 
diarrhea. Development of secondary lesions can be serious 
and may result in vasculitis and necrotizing fasciitis ne- 
cessitating surgical removal of tissues or even limb am- 
putation. Since the organism is killed by common cooking 
practices, the problem is the consumption of raw seafood, 
especially raw oysters. People with liver damage and with 
immunocompromised conditions should definitely avoid 
eating raw seafood. There was one outbreak with two cases 
and one death reported in the United States in 1990. 


Bacillus cereus 


Bacillus cereus and other Bacillus species have been im- 
plicated in foodborne diseases only in recent years, al- 
though these organisms have been suspected as agents of 
foodborne illness for a long time. In 1991 there were five 
outbreaks, 253 cases, and no deaths reported in the United 
States. These are Gram-positive, aerobic, spore-forming 
rods occurring widely in nature and contaminating foods 
easily. Because of the general resistance of spores of this 
organism and the prolific biochemical activity of the veg- 
etative cells, it can be considered one of the most important 
environmental bacterial contaminants of foods. Two dis- 
tinct clinical symptoms are caused by this organism. The 
diarrheal syndrome occurs after 12 to 24 h of ingestion of 
large numbers (about 1 million) of viable B. cereus and in- 
cludes abdominal pain, watery diarrhea, rectal tenesmus, 
and nausea without vomiting. The diarrheal enterotoxin 
is formed in the intestine of the host and causes the dis- 
ease. The diarrheal syndrome is the result of consuming 
proteinaceous foods, pudding, milk and milk products, 
sauces, and vegetables. The emetic syndrome causes ill- 
ness almost exclusively associated with cooked rice and 
noddles and is characterized by a rapid onset (1-5 h) with 
nausea, vomiting, and malaise. The toxin is preformed in 
the food by large numbers of B. cereus (1 to 10 million cells). 
A large number of viable B. cereus found in food indicates 
poor food handling and storage practices. To truly assess 
the foodborne illness potential, one has to detect the toxins 
involved. Currently no diagnostic kits are available for the 
detection of emetic toxin, but two kits available for diar- 
rheal enterotoxin, one by OXOID that utilizes reverse pas- 
sive latex agglutination tests and another by Tecra that 
uses the ELISA format. 

Other Bacillus suspected of causing foodborne diseases 
include B. licheniformis and B. subtilis, in which large 
numbers (10°-10° organisms/gram of food) of these organ- 
isms are ingested by susceptible persons. It should be 
noted that B. subtilis var natto is used to ferment a popular 
food item in Japan called Natto in which the organisms 
produce a polymer of glutamic acids as well as other flavor 
compounds. Control of Bacillus food poisoning is compli- 
cated by the ubiquitous nature of this organism. The best 
measures are to prevent the spore from germinating and 
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to prevent multiplication of vegetative cells in cooked and 
ready-to-eat foods. Freshly cooked food eaten hot imme- 
diately after cooking should not be a problem. However, 
slow reheating of previously cooked rice products should 
be treated with caution. Refrigeration of leftover cooked 
rice products is highly recommended as a preventive mea- 
sure. 


Campylobacter jejuni 


Campylobacter jejuni, recognized as an emerging pathogen 
in the past 10 years, has been reported as the most com- 
mon bacterial cause of gastrointestinal infection in hu- 
mans, even surpassing rates of illness caused by Salmo- 
nella and Shigella. In 1992 there were six outbreaks, 138 
cases, and two deaths reported in the United States. Cam- 
pylobacter was originally called Vibrio fetus, because it 
was first recognized as an agent of infertility and abortion 
in sheep and cattle. The organism is a member of the 
family Spirillaceae because of the physiologic and morpho- 
logic similarities to Spirillum. The organism is a Gram- 
negative, slender, curved bacteria that is motile by a single 
polar flagellum. It neither ferments nor oxidizes carbohy- 
drates, is oxidase positive, reduces nitrates, but will not 
hydrolyze gelatin or urea and is methyl red and Voges- 
Proskauer reaction negative. It will grow between 25 and 
43°C. The organism is an obligate microaerophile that 
grows optimally in 5% oxygen. This attribute has been 
used for isolation of the organism by applying appropriate 
gas mixtures into the headspace of cultivation media. Re- 
cently in D, Fung’s laboratory the enzyme Oxyrase was 
found to greatly stimulate the growth of this organism, 
even in the absence of special gas mixtures, thus facilitat- 
ing rapid and convenient detection and isolation of this 
organism. The incubation time of C. jejuni food poisoning 
ranges from two to five days; the duration of the sickness 
may be up to 10 days. The patient will exhibit enteritis, 
fever, malaise, abdominal pain, and headache. The stools 
become liquid and foul smelling. Blood, bile, and mucus 
discharge may occur in serious cases. The organism has a 
worldwide distribution, with outbreaks related to milk, 
poultry, eggs, red meat, pork, and water reported. It has 
been isolated from 50 to almost 100% of poultry carcasses 
in several studies. Competitive exclusion protocols have 
been devised to prevent the attachment and growth of C. 
jejuni by inoculating large numbers of natural intestine 
microorganisms in newly hatched chicks. Detection of this 
organism is by suitable liquid and solid growth media de- 
signed for the organism and rapid tests involving ELISA, 
PCR, ribotyping, and so on. One complication in studying 
this organism is the presence of a viable but nonculturable 
population of C. jejuni in the environment. Proper food pro- 
cessing techniques (heating, cooling, chemical treatment 
of foods, etc) will control this fragile organism. Its preva- 
lence as a foodborne pathogen can be attributed to post- 
processing contaminations of food. Again, good sanitation 
and hygiene should reduce the incidence of this organism 
in our food supplies. Because of increased outbreaks and 
cases related to this organism much research worldwide is 
being conducted to monitor the organism. C. jejuni may be 
the next major foodborne disease-causing organism to be 


faced by food microbiologists nationally and internation- 
ally. 


Escherichia coli 


Escherichia coli is one of the most common bacteria in our 
environment. Most people do not think of £. coli as a food- 
borne pathogen; however, recent research and information 
indicates that some strains of E. coli can indeed cause se- 
vere foodborne diseases. The sensational outbreak of E. 
coli 0157:H7 involving hundreds of people and four deaths 
of children by the consumption of undercooked hamburger 
served by a fast-food chain in the United States in 1993 
awakened the general public to the importance of food 
safety. Food industries, academic communities, regulatory 
agencies, and consumer groups have been actively working 
on solving the problem of E. coli 0157:H7 ever since that 
outbreak. Although much has been learned about this 
organism, far more needs to be done to determine the 
habitat, the detection, and the control of this organism. E. 
coli is a Gram-negative, facultative anaerobic, non-spore- 
forming rod that occurs widely in nature as well as in 
intestines of humans and animals. It is glucose and lactose 
positive, indole and methyl red positive, but Voges- 
Proskauer and citrate negative. The most useful way to 
classify the species is by serotyping, using antibodies 
against O, H, and K antigens of various strains of E. coli. 
Most E. coli isolated from the environment are not 
pathogenic. However, there are six classes of pathogenic 
and diarrheagenic E. coli. They are enterohemorrhagic 
(EHEC), enterotoxigenic (ETEC), enteroinvasive (EIEC), 
enteroaggregative (EaggEC), enteropathogenic (EPEC), 
and diffusely adherent (DAEC) E. coli. 

EHEC, or enterohemorrhagic E. coli, was first identified 
as a human pathogen in 1982. The most important sero- 
type is 0157:H7. Other serotypes in this group are 
026:H11, 0103, 0104, 0111, and others. E. coli 0157:H7 
causes the most concern worldwide because of its unusual 
cultural characteristics and pathogenicity. Unlike most E. 
coli, this serotype does not ferment sorbitol within 24 h, 
does not possess f-glucuronidase activity, and does not 
have the ability to hydrolyze 4-methylumbelliferyl-f-p- 
glucuronide (MUG), which is an important diagnostic char- 
acteristic of most other E. coli strains. Because of these 
differences in routine microbiological manipulations, E. 
coli 0157:H7 has been excluded in the protocol for common. 
E. coli. The organism produces one or more Shiga-like tox- 
ins (SLT; also known as verotoxin, VT) and it possesses an 
attaching and effacing gene (eae gene) and a large plasmid 
(60 MDA). The organism causes severe illness, especially 
in children and immunocompromised patients. There are 
three manifestations of the disease: hemorrhagic colitis 
(HC), hemolytic uremic syndrome (HUS), or thrombotic 
thrombocytogenic purpura (TTP). Symptoms of HC occur, 
within one to two days after consuming contaminated 
foods. The initial symptoms are mild, nonbloody diarrhea 
followed by severe abdominal pain, and a short fever or no 
fever. The watery diarrhea will last for 24 to 48 h followed 
by 4 to 10 days of bloody diarrhea, severe abdominal pain, 
and dehydration. Patients with HC may develop more se- 
vere life-threatening complications such as HUS or TTP. 


HUS symptoms are characterized by microangiopathic he- 
molytic anemia (pallor, intravascular destruction of red 
blood cells), thrombocytopenia (depressed platelet counts), 
and acute renal failure and may lead to death. TTP affects 
mostly adults and is a rare syndrome of E. coli 0157:H7 
infection. It causes neurological abnormalities such as ner- 
vous system deterioration, seizures, and strokes. Patients 
will often develop blood clots in the brain and may die. The 
infectious dose of E. coli 0157:H7 is between 2 to 200 cells. 
Adhesion of the organisms to the intestinal wells is impor- 
tant, but it does not enter the circulatory system. The or- 
ganism colonizes the intestinal tract where toxins are pro- 
duced and then become active in the colon. For this reason 
much research is being conducted to have competitive ex- 
clusion by nonpathogenic organisms to attach to the epi- 
theleal cells before E. coli 0157:H7 can have a chance to 
interact with the epitheleal cells. Research in this area is 
in its infant stage. 

Much information is now known about the character- 
istics of this organism. It grows well at 37°C but poorly at 
44 to 45°C, a temperature usually used to isolate E. coli. 
It can grow between 8 and 10°C and can survive in ground 
beef at —20°C for nine months. It grows in neutral pH 
ranges of 5.5 to 7.5 but can grow in the pH 4.0 to 4.5 range, 
and more recent data indicated that it can survive in apple 
cider in the range of 3.6 to 4.0. The organism is heat sen- 
sitive. Proper cooking temperature of 160°F or 71°C will 
destroy the organism in foods. The organism is quite salt 
tolerant with the ability to grow at 8% NaCl at 37°C; how- 
ever, at the lower incubation temperature of 10°C, growth 
was inhibited at 4 to 6%. This organism grows well in the 
water activity range of 0.99 with a minimum at 0.95. 

Outbreaks of E. coli 0157:H7 have been reported from 
water, meat, poultry, dairy products, salad, apple cider, 
and even fermented meats and mayonnaise. Detection 
methods include conventional culture procedures designed 
specifically for E. coli 0157:H7, a variety of diagnostic kits, 
serologic tests, ELISA, PCR, ribotyping, and so on. The 
aim is to accurately and rapidly screen the presence or ab- 
sence of the organisms in 25 g of food. A 24-h negative 
screening protocol is now available. One commercial com- 
pany even suggested an 8-h protocol. This organism will 
continue to be very important in food microbiology for the 
foreseeable future. 

ETEC, or enterotoxigenic E. coli, is a the major cause 
of infantile diarrhea in developing countries and is most 
frequently responsible for traveler’s diarrhea. The sero- 
types involved include 08, 015, 020, 025, and others. 

EIEC, or enteroinvasive E. coli, strains cause nonbloody 
diarrhea and dysentery by invading and multiplying 
within colonic epithelial cells. Serotypes include O28ac, 
0112, 0124, and others. 

EAggEC, enteroaggregative E. coli, affects infants and 
children with persistent diarrhea. These cells have the 
characteristic pattern of aggregative adherence on Hep-2 
cells. 

EPEC, or enterotoxigenic E. coli, has been defined as 
“diarrheagenic E. coli belonging to serogroups epidemio- 
logically incriminated as pathogens, but whose pathogenic 
mechanisms have not been proven to be related either to 
heat-liable enterotoxins (LT) or heat-stable enterotoxins 
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(ST) or to Shigella-like invasiveness.” The serotypes in- 
cluded in EPEC are 055, 086, Olllab, 0119, O125ac, 
0126, and others. 

DAEC, or diffusely adherent E. coli, have been associ- 
ated with diarrhea in children in Mexico and can produce 
mild diarrhea without blood or fecal leukocytes. 

A comprehensive treatment of E. coli 0157:H7 and 
other E. coli strains as well as many foodborne pathogens 
can be found in the book by Doyle, Beuchat, and Montville 
(1997). Prevention and control of pathogenic E. coli is best 
done by education of food handlers, who should adhere to 
strict hygienic practices. Fecal and other waste materials 
from humans and animals should be decontaminated and 
not allowed in contact with water and food supplies. Ka- 
lamaki, Price, and Fung (1997) summarized screening and 
identification test kits for E. coli (see Table 1). Similar ta- 
bles for the detection of Enterobacteriaceae, Campylobac- 
ter, Salmonella, Listeria, Rotavirus, Staphylococcus au- 
reus, Vibrio cholerae, and V. vulnificus are presented in the 
same publication. Due to these developments it is possible 
now to have a negative screening of E. coli 0157:H7 in 
about one day. However, when a food sample showed a 
positive screening result, the conventional methods must 
be used to confirm the presence or absence of E. coli 
0157:H7. 


Yersinia enterocolitica 


Yersinia enterocolitica is a Gram-negative, facultative an- 
aerobic, non-spore-forming bacterium, sucrose positive, 
rhamnose negative, indole positive, motile at 20°C but not 
at 37°C, and highly virulent to mice. Serotyping is very 
important in separating this organism from other closely 
related Gram-negative bacteria. Although Y. enterocolitica 
has an optimal growth temperature at around 32 to 34°C, 
it is often isolated on enteric agars at 22 to 25°C. It grows 
slowly in simple glucose-salts medium but grows much bet- 
ter with supplements such as methionine or cysteine and 
thiamine. One important aspect of this organism is that it 
can grow in vacuum-packaged meat under refrigeration 
because it is a facultative anaerobe and is a psychrotroph. 
After ingestion of large numbers of this organism, the sus- 
ceptible person can develop fever, abdominal pain, and 
diarrhea, with nausea and vomiting occurring less fre- 
quently. More serious intestinal disorders include enteri- 
tis, terminal ileitis, and mesenteric lymphadenitis. Ex- 
traintestinal infections of Y. enterocolitica have been 
reported, including septicemia, arthritis, erythema no- 
dosum, sarcoidosis, skin infection, and eye infection. 

Foods suspected of being a source of yersiniosis in the 
United States include chocolate milk, milk powder, chow 
mein, tofu, and pasteurized milk. Pork products have also 
been suspected. 

Isolation of this organism typically goes through an en- 
richment step using nutrient broth or Rappaport broth 
and then through a plating medium using an enteric agar 
(SS, XLD, DCL, etc). The CIN agar (cefsulodin-irgasan- 
novobiocin agar) is commercially available for the isolation 
of this pathogen; however, many other organisms, such as 
Salmonella and Serratia, also grow on this agar. In D. 
Fung’s laboratory a new agar named KV202 has been de- 


Table 1. E. coli Screening and Identification Test Kits 


False False Cost 
Assay Limit of % negative positive Total per 
Test kit Supplier principle detection Sensitivity Specificity _ Agreement rate rate time assay 
ANTI £. coli 0157 Dynal, Inc., Lake Success, Immunomagnetic 2eells/g NR* NR NR NR NR 30h $2.60 
NY separation 
Assurance EIA EHEC? BioControl ELISA <0,003-0.093 100% 98.4% (a) 100(b) 0% (b) 1.1% (b) <20h $5.15 
cfu/g 99.5% (b) 99.4 (c) 1% (©) 0% (c) 
100% (c) 
Bactident E. coli Merk f-v-glucoronidase activity 96.30% 100% NR 85%" 100% 30 min for test. NR 
assay only 
COLISTEIA:ETEC — Denkaseiken Co Ltd, Tokyo, ELISA NR 100% 100% NR 0% 0% 24h NR 
STA Japan 
F. coli 0157:H7 Kit AMPCOR (Neogen Corp.) Immunoprecipitation 10*-10* efu/ 97.90% (c) 95% (a) 9.1 efficiency <1% (a) <1% (a) 6-28h $9.50 
mL 90.4% (0) (©) 21% (c) 9.6% (c) 
E, coli O1S7:H7 VIA. TECRA ELISA 1b cfu25g «93% >96% NR 1% <4% 20h $6.00 
E, coli 0157 Latex Test Unipath Ltd. Latex agglutination Pure colony 100% 19% NR 0% 21% 2min for test NR 
only 
EHEC-Tek Organon Tecknika ELISA <1 cell/g 76.5% (cf NR NR NR NR 24-26h $9.60 
EZ COLI DIPCO ELISA 10 efu/mL 100% 95.7% 97.8 accuracy 0% <2% 24h $9.48 
GENE-TRAK GENE-TRAK Nucleic acid hybridization —_10* cfu/mL 97.40% (a) 100% (a) NR 1.2% (a) 0% (a) 24-48h $7.00 
100% (b) 
HEC 0157 ELISA’ 3M Company Blot ELISA <leell/g 84.5% (e)  95.2%(e) 89.9% 0% (c) 2% (0) 26-28 h $5.00 
efficiency (e) 15.5%(e) 4.8% (e) 
Premier EHEC Meridian Diagnostics ELISA Verotoxin 100% 99.6% 99.7 0% 0.4% NR NR 
detection 
Rapidee coli* bioMerieux f-p-glucoronidase activity Pure colony 91.30% 100% NR 70.80%" 100%" 26h for test NR 
assay only 
Rhabdebact ETEC-LT —_ Karo BioDiagnostics AB Immunofluorescence Purecolony 96% 100% 59.20 4% 0% 25.5 NR 
Hudding, Sweden 
vipas bioMerieux Vitek ELFA 10° efu/mL NR NR NR 11.10% 0% (b) 24-48 h $8.00 
1.7% (a) 
VIP EHEC? BioControl Immunoprecipitation <0,003-2.4 100%(b) 100% (b) 99.4 (a) 0% (b) 0% (b) 18h $8.50 
cells/g 99.6% (c) 94.3% (c) 0.3% (¢) 5.6% (c) 
VET-RPLA* Unipath Ltd. Latex Agglutination titre 20-128 100% 100% 88.50 0% 0% 37h $11.04 
“No reported. 
*AOAC first action. 
‘Negative predictive value. 
4Positive predictive value. 
“Increases with IMS step. 
‘FSIS method. 
‘Not available in North America. 


“Heat labile enterotoxin detection. 
Source: Ref. 1, used with permission. 
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veloped that separates Salmonella and Serratia colonies 
from Yersinia by the development of black colonies. Control 
of yersiniosis is through proper handling of raw and cooked 
food of all types, especially pork products, and of water for 
food processing. There has been no reported outbreaks of 
Y. enterocolitica between 1988 and 1992. 


Listeria monocytogenes 


Listeria monocytogenes has developed into a very impor- 
tant food pathogen in the past 10 years from the stand- 
point of economic and public health impact. The organism 
is a small, short, Gram-positive non-spore-forming rod. It 
is motile by a characteristic tumbling motion or slightly 
rotating fashion. The organism grows on simple laboratory 
media in the pH range between 5 and 9. On solid agar, the 
colonies are translucent, dewdrop-like, and bluish when 
viewed by 45° incident transmitted light (Henry’s illumi- 
nation step). Biochemically, this organism can be confused 
with such organisms as Lactobacillus, Brochothrix, Erysi- 
pelohrix, and Kurthia. A variety of biochemical tests have 
been devised to separate L. monocytogenes from other Lis- 
teria species, such as L. innocua, L. welshimeri, and L. 
murrayi. Serotyping is also important in the identification 
of this organism, the most important ones being 1/2a, 
1/2b, 1/2c, 3a, 3b, 3c, and 4b. Listeria is a psychrotroph 
capable of growing at temperatures as low as 2.5°C and as 
high as 44°C. Because dairy products have been implicated 
in outbreaks of listeriosis, much research has been directed 
toward cheese and milk products. The organism has been 
found to survive the processing of cottage cheese, cheddar 
cheese, and Colby cheese. A question of great concern is 
whether L. monocytogenes can survive the current pas- 
teurization temperature of milk (ie, 63°C for 30 min or 72°C 
for 15 s). Data on this issue are still inconclusive, and re- 
search on this topic is still ongoing. It is important to note 
that, at present, the time and temperature regulation for 
pasteurization of milk has not been affected by the possible 
heat resistance of L. monocytogenes. The disease starts 
with infection of the intestine—the infective dose is not 
known at this point. Patients may develop transitory flu- 
like symptoms such as malaise, diarrhea, and mild fever. 
In severe cases, virulent strains are capable of multiplying 
in macrophages and later producing septicemia. When this 
occurs, the bacteria can affect the central nervous system, 
the heart, the eyes, and may invade the fetus of pregnant 
women and result in abortion, stillbirth, or neonatal sep- 
sis. 

Several well-documented cases of listeriosis have been 
reported in Nova Scotia (1981), Massachusetts (1983), and 
the most well known one involving Mexican-style soft 
cheese in Southern California (1985). Due to concerted ef- 
fort by the food industry and government agencies, the out- 
breaks of L. monocytogenes seemed to have subsided for 
about 10 years. Between 1998 and 1992 only one outbreak, 
involving two cases and one death, was recorded for L. 
monocytogenes, and it appeared that the problem of L. 
monocytogenes was under control. However, recently in 
1998 and 1999 the organism was found in surfaces and 
equipment of production lines of frankfurters, air condition 
lines, hot dogs, lunch meat, and turkey breasts and caused 
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many outbreaks and recalls. One company recalled 30 
million lb of ready-to-eat products due to L. monocytogenes. 
Another company recalled 15 million Ib of hot dog and 
deli meat products due to an outbreak of L. monocytogenes 
that included 20 deaths—14 adults and 6 miscarriages/ 
stillbirths—and at least 97 illnesses in 22 states. There is 
a resurgence of concern about this organism due to the 
pathogenic nature of the illness involving miscarriages and 
stillbirth of fetuses. 

LL. monocytogenes has been isolated in a variety of com- 
modities, including poultry carcasses, meat and chopped 
beef, dry sausages, milk and milk products, cheese, vege- 
tables, and surface water. Control measures include elim- 
inating occurrence of the organism in the raw food mate- 
rials, transporting vehicles, and food-processing plants 
(especially in controlling cross-contamination of raw and 
finished products); in practicing good general sanitation of 
the entire food-processing environment; in regular moni- 
toring of the occurrence of this organism in the food- 
processing facilities; and in preventing pregnant females 
from working in and around an environment that might 
have the possibility of exposing them to L. monocytogenes. 
Because the organism is killed by heat and is susceptible 
to sanitizing agents, proper cooking of food and decontam- 
ination of the food preparation environment will also help 
reduce risks. Much research has been devoted to the rapid 
isolation, enumeration, and identification of this organism. 
Many diagnostic kits, immunological systems, and genetic 
systems have been developed to rapidly screen this organ- 
ism in the food supply. 


Aeromonas hydrophia 


Aeromonas hydrophia has been associated with foodborne 
infection, although the evidence is not conclusive. The or- 
ganism is a facultative anaerobic, Gram-negative, motile 
rod. Biochemically, it is similar to E. coli and Klebsiella. 
The optimal temperature for growth is 28°C and the max- 
imum is 42°C. Many strains can grow at 5°C, which is a 
temperature usually considered adequate to prevent 
growth of foodborne pathogens. 

Diseases caused by A. hydrophila include gastroenter- 
itis (cholera-like illness and dysentery-like illness) and ex- 
traintestinal infections such as septicemia and meningitis. 
This organism has been isolated from fish, shrimp, crabs, 
scallops, oysters, red meats, poultry, raw milk, vacuum- 
packaged pork and beef, and even bottled mineral water. 

Because the organism is a psychrotroph, cold storage is 
not an adequate preventive measure. Proper heating of 
food offers sufficient protection against this organism. Con- 
sumption of undercooked food or raw food such as raw 
shellfish is discouraged. 


Plesiomonas shigelloides 


Plesiomonas shigelloides has been a suspect in foodborne 
disease cases. The organism is Gram-negative, facultative 
anaerobic, catalase negative, and fermentative. It is oxi- 
dase positive and can be differentiated from bacteria in the 
family Enterobacteriaceae by this test, since the latter is 
oxidase negative. The organism also resembles Shigella 
but can be differentiated from Shigella by being motile. It 
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is capable of producing many diseases, ranging from en- 
teritis to meningitis. 

Gastroenteritis by P. shigellosides is characterized by 
diarrhea, abdominal pain, nausea, chills, fever, headache, 
and vomiting after an incubation time of one to two days. 
Symptoms last for a week or longer. All reported food in- 
volved with cases of gastroenteritis were from aquatic or- 
igin (salted fish, crabs, and oysters). The organism can be 
isolated from a variety of sources, including humans, birds, 
fish, reptiles, and crustaceans. The true nature of this or- 
ganism as a foodborne agent is not fully known because 
the organism has not been well studied to date. 


Miscellaneous Bacterial Foodborne Pathogens 


Many other microbes are suspected of being foodborne 
pathogens. However, they are not currently being labeled 
as true foodborne pathogens owing to a lack of reports of 
these organisms, as well as a lack of isolation methods and 
research on these organisms. Many of these organisms 
may be identified as foodborne pathogens in the future. 
Among these organisms are the Gram-negative bacteria 
Citrobacter, Edwardsiella, Enterobacter, Klebsiella, Haf- 
nia, Kluyvera, Proteus, Providencia, Morganella, Serratia, 
Vibrios, and Pseudomonas and the Gram-positive bacteria 
Corynebacterium, Streptococcus, and other species of Ba- 
cillus and Clostridium. Miscellaneous organisms include 
Brucella, Mycobacterium (T, B), Coxiella burnetii (Q-fever), 
and Leptospirosis, Erysipelas, and Tularemia. 


Foodborne Viruses 


Foodborne viruses are much less studied by food microbi- 
ologists than are bacteria and fungi owing to the difficulty 
of cultivating these entities, as conventional bacteriologic 
media will not allow these particles to grow. There are, no 
doubt, many foodborne outbreaks and cases caused by a 
variety of viruses, but scientists in many cases are not able 
to identify the sources of the infection. Viruses that have 
been incriminated in foodborne diseases include hepatitis 
A virus (oysters, clams, doughnuts, sandwiches, and 
salad), Norwalk virus (oysters), polio virus (milk and oys- 
ters), ECHO virus (oysters), enteroviruses (oysters), and 
coxsackievirus (oysters). Much more research needs to be 
done in the field of food virology to help reduce the inci- 
dences of foodborne diseases caused by viruses. 


Protozoa and Related Organisms 


Protozoans such as Cryptosporidium, Cyclospora, Toxo- 
plasma, Giardiasis, Entamoeba, Balantidium, and others 
can also cause human foodborne diseases. The most sen- 
sational outbreak was the one involving Cryptosporidium 
Parvum, which affected 400,000 people and caused several 
deaths in Milwaukee in 1993. Cyclospora cayetanensis also 
was in the news due to imported fruits and caused a food- 
borne outbreak. These organisms have complex life cycles 
and are studied by specialists in this area. Recently a or- 
ganism named Pfiesteria piscicida was responsible for kill- 
ing million of fish in the Eastern shores of the United 
States. The organism has 24 life stages ranging from a cyst 
stage to a toxic zoospore phase to an amoeba stage. People 
in contact with water infected with this organism com- 


plained of vomiting and liver problems, but no conclusive 
data are available on the pathogenicity of this organism 
on human. 


Nonmicrobial Foodborne Disease Agents 


Consumption of food containing other living organisms can 
directly and indirectly cause foodborne diseases as well. 
Among nonmicrobial foodborne disease agents are scom- 
broid fish (associated with high level of histamine), ces- 
todes (flatworms such as Taenia saginata, T. solium, and 
Diphyllobothrium latum), nematodes (hookworm such as 
Trichinella spiralis), trematodes (fluke such as Clonorchis 
sinensis), shellfish (indirectly toxin from the dinoflagellate 
Gonyaulax catenella), ciguatera (from eating fish such as 
barracudas, groupers, and sea basses that feed on toxic 
algae), and other poisonous fish (such as puffer fish and 
moray eel). 


SUMMARY 


Food safety is everybody's responsibility. Scientists are 
charged with identifying the agents causing foodborne in- 
fections and intoxications and studying the mechanisms of 
the intoxication and infection as well as working on the 
isolation, enumeration, characterization, and identifica- 
tion of the causative agents and their control by developing 
intervention strategies and preservation methods. The 
food industry uses this basic knowledge and applies it to 
good manufacturing practices to produce wholesome, nu- 
tritious, and safe foods by utilizing modern equipments, 
systems, processing techniques, and distribution systems. 
Government agents are charged with the responsibility of 
monitoring the safety of food supplies and enforcing regu- 
lation to ensure the production, distribution, and sales of 
wholesome foods. The consumer must also be educated in 
the handling of raw and cooked food at the point of pur- 
chase, as well as preparation of the food and final con- 
sumption. All parties are responsible for the food safety of 
all involved. The delightful book Safe Eating by Acheson 
and Levinson (1998) details the problems involving food 
safety and solutions to protect consumers in laypeople’s 
terms and yet provides much scientific information about 
the entire issue of food safety and consumer protection. It 
is a book worth reading and studying by consumers con- 
cerned about food safety. 
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FOODBORNE MICROORGANISMS: 
DETECTION AND IDENTIFICATION 


The many methods that are used to enumerate microor- 
ganisms or to detect their toxic products in foods can be 
placed in two groups. One group includes those methods 
that require the organisms to be viable, while the other 
includes methods that detect cells that may be nonliving, 
or parts and products of cells, and the two groups are listed 
in Table 1 along with the reported minimum detectable 
numbers of cells or products for each. In both groups are 
methods that are used primarily for the detection and enu- 
meration or microorganisms, whereas some are used pri- 
marily to identify microorganisms. 


Table 1. Examples of the Two Broad Categories of 
Enumeration/Detection Methods and their Minimum 
Response Cell Numbers 


Minimum 
numbers 
A. Viable /respiring cells required 

1. Standard plate count 1 

2. Most probable number (MPN) <1 

3, Dye reductions ~10™ 
4, Hydrophobic grid membrane filter (HGMF) <10 

5. Microcolony-DEFT 10° 
6. Electrical impedance 108-107 
7. Radiometry 10*-108 
8, Catalasemeter ~104 
9. Microcalorimetry ~104 

B, Viable cells are not needed 

1, Direct microscopic count (DMC) 104 
2. Direct epifluorescent filter technique (DEFT) 10°-104 
3. Fluorescent antibody 10°-107 
4. ATP assay 10°-108 
5. Limulus amoebocyte lysate test (LAL) ~10? 
6. Radioimmunoassay <10* 
7, ELISA, EIA 108-108 
8. Thermostable nuclease (TNase) 107 
9. DNA probes 10°-107 


*Four hours for resazurin reduction. 


DETECTION METHODS THAT REQUIRE VIABLE CELLS 


This group of methods includes some of the oldest in use 
along with some that were developed only in the last two 
decades. Because they all depend on dividing cells, their 
speed is dependant directly upon the growth rate of the 
organisms of interest. Their chief value is that they may 
be used to determine the number of viable or colony- 
forming units (cfu) in a food product, and the number of 
organisms found depends on the factors of culture media 
employed, temperature and time of incubation, incubation 
environment (aerobic or anaerobic), pH, and a,, of culture 
medium. Each of those listed in Table 1 is further discussed 
as follows. 


Standard/Aerobic Plate Count (SPC, APC) 


Along with direct microscopic count, this is one of the old- 
est methods for enumerating bacteria in foods and food 
specimens. Official methods for determining cfus are de- 
scribed in standard references (1,2) and no further details 
are presented here. 

There are two basic ways to conduct an SPC: pour and 
surface plating of samples or diluents. By the former, 
diluent is placed in empty petri dishes followed by pouring 
of cooled molten agar and mixing with diluted sample. 
With surface plating, diluents are spread over the surface 
of dried agar media, typically with bent glass rods (hockey 
sticks). The following factors may be considered in deciding 
whether to use the pour or surface plate method, assuming 
the same time and conditions of incubation. 
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or parts and products of cells, and the two groups are listed 
in Table 1 along with the reported minimum detectable 
numbers of cells or products for each. In both groups are 
methods that are used primarily for the detection and enu- 
meration or microorganisms, whereas some are used pri- 
marily to identify microorganisms. 


Table 1. Examples of the Two Broad Categories of 
Enumeration/Detection Methods and their Minimum 
Response Cell Numbers 
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numbers 
A. Viable /respiring cells required 
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2. Most probable number (MPN) <1 

3, Dye reductions ~10™ 
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8. Thermostable nuclease (TNase) 107 
9. DNA probes 10°-107 


*Four hours for resazurin reduction. 


DETECTION METHODS THAT REQUIRE VIABLE CELLS 


This group of methods includes some of the oldest in use 
along with some that were developed only in the last two 
decades. Because they all depend on dividing cells, their 
speed is dependant directly upon the growth rate of the 
organisms of interest. Their chief value is that they may 
be used to determine the number of viable or colony- 
forming units (cfu) in a food product, and the number of 
organisms found depends on the factors of culture media 
employed, temperature and time of incubation, incubation 
environment (aerobic or anaerobic), pH, and a,, of culture 
medium. Each of those listed in Table 1 is further discussed 
as follows. 


Standard/Aerobic Plate Count (SPC, APC) 


Along with direct microscopic count, this is one of the old- 
est methods for enumerating bacteria in foods and food 
specimens. Official methods for determining cfus are de- 
scribed in standard references (1,2) and no further details 
are presented here. 

There are two basic ways to conduct an SPC: pour and 
surface plating of samples or diluents. By the former, 
diluent is placed in empty petri dishes followed by pouring 
of cooled molten agar and mixing with diluted sample. 
With surface plating, diluents are spread over the surface 
of dried agar media, typically with bent glass rods (hockey 
sticks). The following factors may be considered in deciding 
whether to use the pour or surface plate method, assuming 
the same time and conditions of incubation. 
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1. Size of colonies: smaller on pour, larger on surface. 
2. Spreading of colonies: less pronounced on pour. 
3. Enumeration of psychrotrophs: better with surface. 
4. Crowding of colonies on plate: more with surface. 
5. Use of selective/differential media: better with sur- 
face. 
6. Colonial features of colonies: better with surface. 
7. Microaerophilic organisms: better with pour. 
8. Strict aerobes: better with surface. 
9. Colony pigmentation: better observed with surface. 
10. Strict anaerobes: better with pour. 
11. Subculturing of colonies: better with surface. 


Reproducibility: Generally Better With Pour 


Although surface plating has some advantages over pour 
plating, the latter method is much more widely used. The 
way in which food specimens are homogenized for cfu de- 
terminations is an important decision that affects the 
numbers of organisms found. Brisk shaking by hand or by 
use of mechanical shakers provides suitable results when 
comminuted meats or powdered food specimens are used, 
but reproducibility is not always good. Homogenizing with 
a Waring blender is a widely used method and this device 
allows one to homogenize chunks of food as well as com- 
minuted products. One drawback to using this method is 
the heat build up that occurs in the container when blend- 
ing is carried out for more than about 2 min. Other draw- 
backs to the use of the Waring blender have been discussed 
elsewhere (3). The Stomacher has emerged as the method 
of choice for food homogenizations. Developed by Sharpe 
and Jackson (4), this device has been compared to the War- 
ing blender and other methods and found to give better 
results overall (5-7). 


Spiral Plater. The use of the Spiral plating device is an- 
other way to achieve surface plating, and a large number 
of investigators have shown that the proper use of this de- 
vice achieves results comparable to those by the more tra- 
ditional methods (8-11). Among the advantages it offers is 
the use of only one petri dish to effect the enumeration of 
cfus over a wide range, and dilution blanks are not needed. 
The plating of solid foods can present problems unless care 
is taken to prevent particles from clogging the Spiral plater 
stylus. 


Dry Film. A more recent surface-plating methodology is 
the use of dry film such as Petrifilm where an inoculum is 
spread over the surface of a prescribed area impregnated 
with culture medium. The colonies that develop are 
smaller than for the classical surface plate method, but 
their enumeration is aided by color development from tet- 
razolium in the film. This method has been shown to give 
results comparable to those by pour or surface plating in 
petri dishes (12,13). 


Other Methods. Other variations of methods that allow 
one to enumerate cfus include roll tube methods that are 
especially useful for enumerating strict anaerobes, and Ro- 


dac or contact plates that may be used to determine cfus 
by their direct application to food plant surfaces. A com- 
mon problem with contact plates employing nonselective 
media is the spreading of colony growth and also over- 
growth by molds, but this can be minimized by using se- 
lective culture media for specific groups of organisms (14), 
or using properly dried contact plates when nonselective 
media are used, 


Most Probable Numbers (MPN) 


This is a statistical method that can be used to enumerate 
all viable cells in a food product or specific indicators, path- 
ogens, or fungi, depending on the media employed. MPN 
is run either as a 3- or 5-tube method and results are gen- 
erally higher than by either pour or surface Plating meth- 
ods. Details of MPN methodology are presented in Stan- 
dard Methods (2). Some of the problems encountered with 
plate count methods are avoided by the use of MPN. For 
example, problems presented by spreading colonies as well 
as those of inaccurate counts are avoided. On the down 
side, no information is provided on colony features or the 
types of organisms when nonselective media are employed. 
As noted above, MPN counts are generally higher than 
plate counts; and large quantities of glassware are needed 
(3). MPN is the method of choice for enumerating coliforms 
or Escherichia coli in foods and waters. This method has 
recently been reported for Listeria spp. (15) and Salmo- 
nella spp. (16) in raw meat and poultry. 


Dye Reductions 


Although these methods cannot be used to make precise 
determinations of microbial numbers, they can be used to 
make estimates of certain organisms within number 
ranges. The dyes most commonly used are methylene blue, 
resazurin, and tetrazolium, and detailed procedures for 
their use are described in Standard Methods (2). 

Dye reduction methods are based on the fact that re- 
spiring microorganisms effect their reduction resulting in 
color changes. Methylene blue changes from blue to white, 
resazurin from slate blue to pink or white, and tetrazolium 
from colorless to its red formazan. In general, the color 
changes are essentially linear in the log,) 5 to 8 cfu/g 
range, although not all organisms are equal in their re- 
ductive abilities. 

Dye reduction methods are normally employed as 
screens. Resazurin has been shown to be an excellent 
screen for logy 5.0 cfu/g for raw milk (17,18), meats (19- 
21) poultry (22), and frozen shrimps (23). Methylene blue 
has a long history of use as a screen for raw milk (17) where 
the time (in hours) it takes for the blue color to be reduced 
to its colorless form is used as an approximation of overall 
microbial load. When compared to nitroblue tetrazolium 
and indophenyl nitrophenyl tetrazolium, resazurin pro- 
duced faster results (20). Using surface samples from 
sheep carcasses, resazurin was reduced in 300 min by 
18,000 cfu/em?, nitroblue in 600 min by 21,000 cfu/em? 
whereas with indophenyl nitrophenyl tetrazolium 18,000 
cfu/em? effected reduction in 660 min (20). 

These methods are both simple to use and inexpensive, 
but as noted above, some groups of organisms are more 


FOODBORNE MICROORGANISMS: DETECTION AND IDENTIFICATION 1091 


efficient in reducing the oxidized forms than others. Their 
use has been described (1) and discussed elsewhere (3). 


Hydrophobic Grid Membrane Filter (HGMF) 


A hydrophobic grid membrane filter consists of 1600 wax 
grids on a single membrane filter that restricts growth and 
colony size to individual grids (24-26). On one HGMF, from 
10 to 9 x 10‘ cells can be enumerated by an MPN proce- 
dure, and enumeration can be automated. The method can 
detect as few as 10 cells/g and results can be achieved in 
24 h or so, and it can be used to enumerate all cfu’s or 
specific groups such as indicator organisms (27-29), yeasts 
and molds (30), or pathogens such as salmonellae (31). 
This method has been automated (30) and given AOAC 
approval (27). Hydrophobic grid membrane filter systems 
have been reported for enumerating Escherichia coli (32) 
and Listeria monocytogenes (33,34). 

A typical application of HGMF consists of filtering 1 mL 
ofa 1:10 homogenized sample through a HGMF membrane 
and placing the membrane on a suitable medium for in- 
cubation overnight to allow colonies to develop. The grids 
that contain colonies are enumerated and MPN is calcu- 
lated. 


Microcolony Direct Epifluorescent Filter Technique 
(Microcolony-DEFT) 


The DEFT, described shortly is a method for determining 
viable and nonviable cells, whereas microcolony-DEFT is 
a variation used to determine viable cells only. Typically, 
food homogenates are filtered through DEFT membranes 
and the membranes are then placed on the surface of ap- 
propriate media and incubated for 3 to 6 h (3 h for gram- 
negative and 6 h for gram-positive bacteria). The micro- 
colonies on the filters are stained and enumerated (35). 
The latter authors showed this method to be satisfactory 
for enumerating coliforms, pseudomonads, and staphylo- 
cocci, and that as few as 10°/g could be detected with re- 
sults within 8 h. 

In another variation of DEFT, Rodrigues and Kroll (36) 
devised a microcolony epifluorescence microscopy method 
that combines DEFT with the hydrophobic grid membrane 
filter (HGMF). By this method, nonenzyme detergent- 
treated samples are filtered through Nucleopore polycar- 
bonate membranes. The membranes are transferred to the 
surface of selective agar and incubated for 3 h for gram- 
negative and 6 h for gram-positive bacteria. The mem- 
branes are then stained with acridine orange and the mi- 
crocolonies are enumerated by epifluorescence microscopy. 
Results were achieved in less than 6 h without resuscita- 
tion for injured organisms, and in about 12 h when a re- 
suscitation step was employed. 


Electrical Impedance 


Impedance does not lend itself to the enumeration of mi- 
crobial numbers per se, but it can be used to indicate the 
presence of respiring cells in the range of about 10*/g or 
above. The method is based on the measurement of impe- 
dance decrease caused by respiring microorganisms in 
suitable culture substrates, and it lends itself to the 


screening of food products for the presence or absence of a 
certain minimum number of cells (37,38). The lowest num- 
ber of viable bacterial cells that can elicit an impedance 
response is in the 10°-107/mL range. If a product contains 
a lower number of cells/milliliter, say, 10°/g, the time it 
takes this number to reach the threshold level is the im- 
pedance detection time (IDT). 

As a screen, impedance measurement may be used to 
determine how long it takes (in hours) for IDT where the 
longer the time the lower the number of cells in the food 
sample. By use of known numbers of organisms in appro- 
priate substrates, one can determine cutoff times to reflect, 
eg, 10° cells/g. All aerobic bacteria (total numbers) may be 
detected as well as specific groups of organisms by using 
the appropriate growth media (39). Results can be ob- 
tained within hours, depending on initial numbers, and the 
method lends itself to automated data collection. This 
method has been used to detect coliforms in foods (40-42), 
to estimate the flora of frozen orange juice concentrate (43), 
raw meats (4446), and milk (47). The potential food and 
nonfood applications for the technology were recently re- 
viewed (48). 


Radiometry 


This method employs the use of !4C-labeled fermentable 
substrates with the radiolabel on a carbon atom that 
respiring organisms can release as '*COg. In general, the 
larger the number of cells the more ‘CQ, released, and 
approximate numbers of cells are determined by the 
amount of radioactive carbon dioxide released. It normally 
requires 10*—10° coliforms to release enough ‘CO, from 
lactose to be detected. 

Although radiometry is not widely used, it has been 
shown to be applicable to the detection of the microbial 
flora of foods (49,50) and to the specific detection of sal- 
monellae (51). 

Radiometry is used as a screen in much the same way 
as impedance and dye reduction methods, where the time 
required to produce a threshold quantity of CO, is a func- 
tion of the number of cells that can release CO, from the 
labeled substrate. The radiolabel and the necessity for ra- 
dioactivity counters make this method unpopular in the 
food industry. 


Catalasemeter 


This disk flotation device was designed by Gagnon et al. 
(52) and further developed at the University of Quebec 
(53) to detect the volume of oxygen released when micro- 
bially produced catalase acts on hydrogen peroxide. The 
catalasemeter consists of the preparation of food extracts 
that contain catalase (formed by catalase-positive organ- 
isms) followed by soaking a filter paper disk with the en- 
zyme preparation. The filter paper disk is immediately 
placed in a tube containing 3% hydrogen peroxide. The 
disk-containing tube is placed in a photometer and the 
time in seconds that elapses between the initial fall of the 
disk to the bottom of the tube and its subsequent rise, due 
to the buoyancy caused by bubbles of oxygen at its surface, 
is recorded as flotation time. When large numbers of 
catalase-positive organisms are in the food preparation, 
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more catalase is present to produce more oxygen from the 
hydrogen peroxide and subsequently the shorter the flo- 
tation time. 

The Catalasemeter as described above was employed by 
Dodds et al. (54) to make rapid assessments of the micro- 
bial quality of vacuum-packaged cooked turkey products, 
and cfus of 10*/g or higher could be detected accurately in 
300 sec, with longer and less accurate flotation times re- 
quired with lower numbers. Overall, the test correlated 
well with cfu’s of catalase-positive Enterobacteriaceae with 
a correlation coefficient of 0.804. 


Microcalorimetry 


This method has received only limited study, but it offers 
potential as a screen for ca 10‘ microorganisms/g in canned 
foods as well as in ground beef. It is based on the fact that 
respiring cells emit heat and that accurate measurements 
of the heat correspond to cell numbers. Either a batch or 
flow type microcalorimeter is used, and some of these in- 
struments are sensitive to a heat flow of 0.01 cal/h (55). 
The organisms that grow in canned foods can be detected 
by observing and measuring the thermogram produced 
when sensors are placed on the outside of cans (56). About 
10* cells/g are necessary to give a detectable response (3), 
and specific groups of organisms, such as lactic acid bac- 
teria (57) and yeasts (58,59) can be detected or character- 
ized under appropriate conditions. 


DETECTION OF ORGANISMS AND/OR THEIR PRODUCTS 
BY METHODS THAT DO NOT REQUIRE VIABLE CELLS 


Unlike some of the enumeration methods that can be used 
to make rather precise determinations of microorganisms 
in foods, most of those that do not require cell viability can 
be used only to determine numbers at or above their re- 
spective threshold ranges. In addition to the latter, some 
of these methods lend themselves to the identification of 
certain groups of organisms, and they are discussed fur- 
ther in this regard in a later section. Their application for 
enumeration of cells or the detection of cell products is dis- 
cussed as follows. 


Direct Microscopic Count (DMC) Methods 


In addition to being the oldest ways to determine the num- 
bers of microorganisms in foods and other specimens, 
DMCs are the fastest. For food use, the two oldest and most 
widely used DMC methods are the Breed method for bac- 
teria, and the Howard mold count slide for molds. 

The Breed method consists of adding 0.01 ml of a sam- 
ple to a 1-cm? area on a special microscope slide followed 
by drying, fixing, staining, and viewing with the oil im- 
mersion objective of a calibrated compound microscope (1). 
The method is widely used for raw milk, and it can be used 
for other food products such as powdered eggs. Results can 
be obtained in about 5 min. but a minimum of around 10* 
cells/mL are needed. Results obtained by this method are 
generally always higher than for viable cell methods such 
as APC since no distinctions can be made between viable 
and nonviable in cells (3). In spite of its drawbacks, this 


method is valuable when one wishes to know in the short- 
est possible time if a given level of microorganisms exists 
in a food product. 

A slide method that may be used to detect and enumer- 
ate only viable cells was developed by Betts et al (60). 
Key to the method is the use of the tetrazolium salt 2-(p- 
iodophenyl-3-(p-nitrophenyl)5-phenyl tetrazolium chlo- 
ride (INT). Cells are exposed to filter-sterilized INT for 10 
min at 37°C in a water bath followed by filtration on 0.45 
um membranes. Following drying of membranes for 10 min 
at 50°C, the special membranes are mounted in cotton seed 
oil and viewed with coverslip in place. The method was 
found to be workable for pure cultures of bacteria and 
yeasts. Betts et al. found that the INT method underesti- 
mated APC by 1-1.5 log cycles when compared to APC us- 
ing milk. By use of fluorescence microscopy and Viablue 
(modified aniline blue fluochrome), viable yeast cells could 
be differentiated from nonviable cells (61,62). 

The Howard mold count is a slide method specifically 
developed for monitoring tomato products for molds (63). 
A similar method has been developed for Geotrichum can- 
didum in fruits and vegetable products. These methods 
can be used to assess the prevalence of fungal contami- 
nation by observing their mycelia or mycelial fragments, 
but the values obtained rarely correspond to viable mold 
counts when plating methods are employed (3). 


Direct Epifluorescent Filter Technique (DEFT) 


DEFT is a more recent modification of the classical DMC 
method. A good review of this technique was published by 
Pettipher (64). By the basic method, a diluted food homog- 
enate is filtered through a 5-“m nylon filter, The filtrate is 
collected and treated with 2 mL Triton X-100 and 0.5 mL 
trypsin. After incubation, the treated filtrate is passed 
through a 0.6-um Nucleopore polycarbonate membrane 
and the filter is stained with acridine orange. Following 
drying, the stained cells are enumerated by epifluores- 
cence microscopy and the number of cells/g calculated by 
multiplying the average number/field by the microscope 
factor (65-67). Results can be obtained in 25-30 min, and 
numbers as low as around 6,000 cfu/g can be obtained from 
meats and milk products. 

DEFT has been used successively not only with milk but 
to estimate numbers of microorganisms on meat and poul- 
try (67) and on food contact surfaces (68). It has been 
adapted to enumerate viable gram-negative and all gram- 
positive bacteria in milk in about 10 min (69). The further 
adaptation of DEFT to the enumeration of viable cells was 
previously discussed. A shortened procedure for DEFT de- 
veloped by Champagne et al. (70) was used to assay the 
quality of raw milk in tanker deliveries. 


Fluorescent Antibody (FA) 


This is a microscope slide method that finds its widest use 
in food microbiology in the examination of foods for sal- 
monellae (71,72), although the method can be used for any 
organisms to which an antibody can be made. By this 
method, an antibody is made to the organism of interest 
and made fluorescent by coupling it to a fluorescent com- 
pound such as fluorescein isocyanate. Following the prep- 
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aration of slide smears, drying, and fixing, the coupled 
antibody-fluorescent dye is added. If the organism to 
which the antibody is made is present, it will react with 
the cells and evidence for the reaction is ascertained by 
observing for fluorescence under a microscope with oil im- 
mersion objective. The FA technique can be run as a direct 
or an indirect method, with the latter being preferred by 
many. By the latter, the homologous antibody is not cou- 
pled with fluorescent label but instead, an antibody to this 
antibody is prepared and coupled. This method obviates 
the need to prepare antibody for each organism of interest. 
More recent modifications of FA include the use of mono- 
clonal antibodies, which appear to reduce false positive re- 
actions (3). A modified antibody-DEFT technique has re- 
cently been reported by a number of researchers to provide 
arapid and direct method for enumerating E. coli 0157:H7 
in beef (73,74) and Listeria in vegetables (75). 

This method is rapid but requires the presence of about 
10°10’ cells/ml for success in finding positive cells on the 
slide. It is official by AOAC (76), and it is more satisfactory 
in the hands of some than others. False positive results 
may run as high as 8-10% and false negatives may be as 
high as 1-3%, depending on the experience of the mi- 
croscopist. The FA technique is more of a screen for the 
presence of targeted organisms in the 10°-107/mL range 
than an enumeration method per se. It can be automated 
(77) and viable salmonellae cells can be enumerated when 
combined with a microcolony technique (78). Its utility as 
a method to identify given organisms is obvious. 


ATP Assay 


This method is based on the fact that all cells contain ATP 
and that the quantity detected in a specimen is referable 
to a given number of cells. The presence and amount of 
ATP are detected by use of the firefly luciferin-luciferase 
assay with the use of a photometer to measure emitted 
light (79,80). The problems that must be dealt with are 
that (1) the quantity of ATP varies for different bacterial 
cells, with the amount ranging from 0.1 to 4.0 fg/bacterial 
cell and for yeast cells from 13 to 100 fg/cell and (2) back- 
ground ATP from food substances must be excluded from 
the analysis. By one commercially available system, back- 
ground ATP can be eliminated and ATP assays can be run 
in an automated manner. 

It generally requires 10°-10° cells/g in order to have 
enough ATP to emit consistent detectable light, but results 
can be obtained within 1 h depending on the initial number 
of cells. The method has been shown to be comparable to 
APC for the aerobic flora of ground beef (81) over the APC 
range of 10°—10° cells/g and to be applicable to seafoods 
(82), and yeasts in beverages (83). Sensitivity can be in- 
creased for beverages by filtration and concentration of 
cells. Recent studies by Ellerbroek et al. (84) found that 
the ATP assay was suitable for monitoring the hygiene of 
poultry carcasses in slaughterhouses by enumerating psy- 
chrotrophic and mesotrophic bacteria present. This 
method was also reported for assessing the microbial qual- 
ity of milk samples (85). 


Limulus Amoebocyte Lysate (LAL) Test 


The LAL method is applicable to the determination of li- 
popolysaccharides (LPS) or endotoxins in foods, and as 


such the detection of gram-negative bacteria, both viable 
and nonviable. It employs the lysate from the amoebocytes 
of the horseshoe crab (Limulus polyphemous), which is the 
most specific substance known for detecting LPS (86). Be- 
cause all gram-negative bacteria produce LPS while gram- 
positives do not, LAL is a test for gram-negative bacteria. 

The LAL test can be run in several ways, and these have 
been presented and discussed elsewhere (87). The most 
commonly used is a tube gelation method where the food 
specimen is diluted in pyrogen-free water and 0.1 or 0.2 
mL amounts are added to similar quantities of the LAL 
reagent in pyrogen-free tubes (all glassware and reagents 
must be pyrogen-free for use by this method). Following 
incubation at 37°C for 1 h, positive tests are indicated by 
the presence of firm gels. The chromogenic substrate 
method consists of using synthetic substrates that produce 
acolor change in the presence of LPS and the LAL reagent, 
and the color change is read spectrophotometrically. The 
latter method can be run in 30 min, and it lends itself to 
automation (87,88). 

Commercially available LAL reagents can detect 1.0 pg 
of LPS, and since a typical Escherichia coli cell contains 
about 3.0 fg of LPS, the LAL test should be able to respond 
to about 300 cells. Studies with pseudomonads from meats 
have shown the test to be capable of detecting 10? cfu/mL 
(89), and it has been shown to be effective for testing meats 
(90), raw milk (91-93), seafoods (94), sugars and some pro- 
cessed meats (54), 

Since the total gram-negative flora of a food product can 
be determined within 1h by use of LAL, this test has been 
adapted to the approximation of the total bacterial count 
using fresh ground beef (87,95). By this procedure, the 
gram-negative bacteria are represented by LAL values, 
whereas gram-positives are estimated by multiplying re- 
spective gram-negative numbers by predetermined ratio 
values of gram negatives to gram-positives. Estimated to- 
tal bacteria by this procedure have been shown to compare 
favorably to the total count by use of APC methods (89,95). 

Since the LAL test can be conducted in 1 h or less, it 
can be used to make rapid assessments of the microbial 
load or overall sanitation of a food product. In this appli- 
cation, low LAL values are more meaningful than high val- 
ues since the latter could represent nonviable cells. 


Radioimmunoassay (RIA) 


This method does not lend itself to the enumeration of mi- 
crobial cells per se, but it can be used to detect/quantitate 
toxic products of microbial cells. Briefly, RIA consists of 
adding a radioactive label (eg, 1°I) to a soluble antigen 
followed by reaction of the antigen with its homologous 
antibody bound to a solid such as polystyrene. After wash- 
ing, the adherence of the radiolabel to the polystyrene is 
assessed by use of a radioactivity counter. 

RIA is one of the most sensitive methods known for de- 
tecting staphylococcal enterotoxins (96,97), enterotoxins of 
E coli (98), Vibrio cholerae (99), mycotoxins (100,101) and 
other similar products (3). It is sensitive to 0.1 ng of staph- 
ylococcal enterotoxin A, 0.5 ng of aflatoxin B;, and 20 ppb 
ochratoxin A. The most serious drawbacks to this method 
is the need for radioactive compounds and the consequent 
need for a radioactivity counter. 


1094 FOODBORNE MICROORGANISMS: DETECTION AND IDENTIFICATION 


Enzyme Immunoassay, Enzyme-linked Immunoabsorbent 
Assay (EIA, ELISA) 


In its simplest form, ELISA can be viewed as RIA without 
aradioactive element. Instead of the latter, an enzyme sub- 
strate reaction is used to indicate an homologous antigen— 
antibody reaction. Because of the absence of radioactivity, 
ELISA is much more widely used to detect microbial toxins 
in foods, and it has been used to detect salmonellae cells 
in food products (102-104). An automated ELISA test was 
recently reported for detecting Salmonella in chocolate 
(105). The ELISA test gave 15% fewer false negatives com- 
pared to conventional culture methods. For the latter, 10*— 
10° cells/mL may be detected but the general minimum is 
around 10°/mL. It can detect 0.1 ng/ml of Clostridium per- 
fringens enterotoxin, and 10 pg/mL or less of aflatoxin M, 
(106) and other mycotoxins (107-109). ELISA tests to de- 
tect botulinal toxins Type A (110), Type E (111), and Type 
G (112) have been developed as well as tests for staphy- 
lococcal enterotoxins (113~115). 

Although ELISA methods can be run with either poly- 
clonal or monoclonal antibodies, the latter tend to give bet- 
ter results (116). A commercial method for detecting Lis- 
teria monocytogenes employing monoclonal antibodies is 
available (117). A collaborative study on the ELISA test 
proved it effective for detecting L. monocytogenes and other 
Listeria spp. in foods (118). This method was subsequently 
adopted by AOAC International for detecting L. monocy- 
togenes in dairy, seafood, and meat products. A monoclonal 
method for salmonellae has been show capable of detecting 
as few as 10° cells/mL (119). 


Thermostable Nuclease (TNase) 


This test is specifically designed for Staphylococcus aureus 
and it can be run in 1-2 h (120). All strains of S. aureus 
that produce enterotoxins also produce this heat-stable nu- 
clease, although many TNase-positive strains do not pro- 
duce enterotoxins (121). 

The microslide method consists of a layer of agar con- 
taining toluidine blue O and DNA into which holes are 
made for test samples. After heating to 100°C, food or food 
homogenates are placed in the holes and the slide is in- 
cubated at 37°C for 1-2 h. If TNase is present, the DNA is 
degraded and this is manifested by a change in color of the 
dye (122). It generally takes about 5 x 10’ S. aureus cells 
to produce detectable amounts of TNase and this enzyme 
is generally produced before enterotoxins. Thus, this test 
can be used to screen foods for the presence of enterotoxins 
even in the absence of viable S. aureus cells (123,124). Oc- 
casional false positive tests may occur from Streptococcus 
faecalis strains that also produce TNase. 


DNA Probes 


Although DNA probes are most often used to detect specific 
organisms, their use may be viewed as screens for the or- 
ganism in question since 10°10’ cells/mL are needed for 
positive tests. In a typical application, one selects a unique 
DNA sequence of the organism of interest and tags a single 
strand with a radioisotope. DNA fragments of unknown 
organisms are prepared by use of restriction endonucle- 


ases. After separating the fragment strands, they are 
transferred to cellulose nitrate filters and hybridized to the 
radioactive probe. After gentle washing to remove un- 
reacted probe DNA, the presence of the radiolabel is de- 
tected by autoradiography or by use of a radioactivity 
counter. 

A number of investigators have developed and tested 
DNA probes for salmonella (125-127), listeriae (128-131), 
and other food-borne pathogens and found the method to 
be satisfactory for detecting the presence of target organ- 
isms in mixed culture. Commercial methods exist for sal- 
monellae and listeriae, but they generally require 44+ h 
when used on products that contain low numbers of target 
organisms. 

DNA probes are used in colony hybridization methods 
where micro- or macrocolonies of the target organism are 
allowed to develop directly on membranes that are incu- 
bated on suitable agar plates. Following treatment of the 
colonies to separate and fix DNA strands, the DNA probe 
is applied to the membrane and the radiolabel is tested for. 
Colony hybridizations have been employed with success to 
detect Listeria monocytogenes, enterotoxigenic strains of E. 
coli (132,133), and Yersinia enterocolitica. These develop- 
ments have resulted in the polymerase chain reaction 
(PCR) technique which has found considerable application 
for detecting foodborne pathogens (134). 

One of the drawbacks to the use of DNA probes in the 
food industry is the presence of radioactive elements. One 
of the most promising nonisotope probes employs biotin 
and its detection using a streptavidine-alkaline phospha- 
tase conjugate to produce an insoluble color precipitate in 
the presence of a dye. One such method was developed 
(135) and shown to be workable for E. coli and to detect 2 
X 10’ cells/g in about 30 h. The nonisotopic detection sys- 
tem required about 3 h for results. 
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FOODSERVICE SYSTEMS 


OVERVIEW 


The foodservice industry is defined as the industry respon- 
sible for preparing food or meals outside the home. In the 
last part of the 20th century, the food dollar has moved 
away from traditional food shopping. In the late 1990s, 
approximately 50% of food dollars were spent for food pre- 
pared away from the home. It is predicted that by 2005, 
the foodservice industry will have more points of distri- 
bution, many new selections, and fresher foods. 

In the 1960s, the development of new food technologies 
in food production, packaging, transportation, changes in 


lifestyles, increased mobility of the population, and devel- 
opment of computers made possible the growth of modern 
foodservice. Higher expenditure on food away from home 
is the result of higher incomes, several paychecks in a fam- 
ily, and busier lifestyles. Any foodservice operation that 
supplies prepared food to a customer, such as institutions, 
fast-food operations, restaurants, and espresso stands, can 
be classified as a system. 

The external environment energizes this dynamic food- 
service system. Without this external energy, the system 
fails. We can approach large or small foodservice systems 
as interrelated activities that make up the total system. 
As in any system, the basic operating activities influence 
the total system. 

Inputs in the foodservice system are the operational, 
physical, and people required to produce the operation 
objectives, a food(s) product. The activity, procurement, 
and production of food are the finished product; the 
quality of food and service are the output of the system. 
An internal control is the menu. The external controls in- 
clude the federal and state laws and regulations govern- 
ing the operation. The responses from internal and exter- 
nal environments include the customer comments, plate 
waste, cost, and frequency of selection of a food item. All 
external feedback provides the energy that keeps the sys- 
tem going. 

We can divide the foodservice industry into three 
groups: commercial, institutional, and military feeding. 
The commercial feeding is the largest segment of the food- 
service industry. This industry includes those operations 
that are open to the public and supply meal service daily 
for profit, such as, on-site feeding from table service, 
amusement and ball park concessions, airlines, cruise 
ships, espresso stands, food courts, and casual theme eat- 
eries. The institutional noncommercial feeding groups in- 
clude business, education, correctional institutions, and 
health care facilities that operate their own foodservice. 
Many of these establishments do not operate for profit but 
must stay within a break-even budget. Some institutional 
foodservice operations do make a profit, but profit is not 
the primary goal. For many of these organizations, nutri- 
tious food, nutrition education, and customer satisfaction 
are the primary goals. Military feeding includes the food- 
service to the troops, noncommissioned officers and offi- 
cers clubs, and military exchange foodservice. The mil 
tary is now emphasizing healthy entrees and nutrition 
education. Menus are modified to reduce fat, salt, and cho- 
lesterol and to increase the use of fresh fruits and vege- 
tables. 

Foodservice systems are designed for efficient purchas- 
ing, storage, preparation, delivery of product, service, and 
transportation. Recipes are standardized for each type of 
operation. In some facilities, methods of preparation are 
controlled using assembly-line techniques in back-of-the- 
house and front-of-the-house operations to speed customer 
service. Customers in the 1990s do not have the patience 
or time to stand in line. Sophisticated, computerized equip- 
ment has added to the efficiency of many foodservice opera- 
tions. Microwave ovens are used to reheat or reconstitute 
many food items in institutional and commercial opera- 
tions. 
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Restaurants and large supermarkets prepare cooked- 
to-order food or use prepared food already portioned and 
shaped (eg, ready-cut potatoes for frying). They may also 
choose to use meat and desserts proportioned and ready 
to serve. Computer technology has increased efficiency of 
the institutional and commercial foodservice operations 
when ordering food, either from a central commissary or 
direct from a manufacturer. The larger restaurants and 
fast-food chains order food from a central location where 
whole meals are prepared and packaged so that they 
remain fresh. The preprepared food or meals are distrib- 
uted to other establishments, sometimes at a great dis- 
tance from the preparation facility. Preservation methods 
include fast freezing, precooking, and dehydrating. New 
food technologies and food irradiation add shelf life to 
food products, which increases efficiency and decreases 
cost. 

Many successful foodservice operations have identified 
a particular segment of the population and focus on specific 
consumer desires. The take-out phenomenon of foodservice 
that grew from recognizing the needs of a particular con- 
sumer population is an example. In the past decade, more 
gourmet take-out foods from large supermarkets, specialty 
take-out, and fast food eateries have developed. The larger 
franchise chain operations use marketing research and ad- 
vertising strategies to identify and increase customer 
sales. 

Commercial foodservice includes eating and drinking 
operations, food contractors, recreation and sports centers, 
stores and gas station foodservice, and lodging establish- 
ments. The franchise foodservice provides more theme or 
specialty foodservice. Fast-food foodservice includes spe- 
cialties in sandwiches or hamburgers, seafood, and ethnic 
foods. Local operators or fully franchised operations may 
own some fast-food operations. Hotels may have an in- 
house managed foodservice operation or contract with a 
franchised operation. A trend in the hotel foodservice 
operations is to have independent coffee or espresso kiosks 
at customer traffic areas. Some large department stores 
combine a gourmet menu and take-out service with their 
restaurant foodservice. 

In-house management or a food contractor may operate 
the foodservice operations in health care institutions. In- 
creasing costs, competition, and change of population have 
provided challenges for the health care industry. The num- 
ber of older patients who require complicated dietary regi- 
ments and modified diets, operating expenses of hospitals, 
convalescent homes, and long-term care facilities contin- 
ues to increase. The philosophical change in feeding the 
older population in convalescent homes and long-term care 
facilities to provide a more liberalized diet has helped to 
lower the variety of foods prepared. This trend, along with 
new technologies, has helped the health care foodservice 
industry to become more efficient. Feeding facilities for em- 
ployees, the public, and catering are potential revenue 
sources. Health care foodservice directors are encouraged 
to meet their customer’s needs and have become very en- 
trepreneurial. 

Changes in the public’s eating behaviors have influ- 
enced changes in college and university feeding. College 
costs, fewer residential colleges and universities, and more 
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diverse college populations have had an impact on the 
foodservice operation. Nontraditional board plans, a la 
carte programs, cash operations, 24-hour service, take-out 
service, espresso kiosks, and a variety of menus are inno- 
vations that have developed. Foodservice is no longer ob- 
tained in just one location for those living in residence 
halls. Specialty dining halls for the faculty and guests and 
catering activities are other types of foodservice that may 
be provided. 

Centralization of various functions has become a stable 
operational function in college and university foodservice 
operations, They may centralize food purchasing, storage, 
preparation, and some production. Foodservice employees 
may then transport the prepared item or raw material to 
a satellite unit. Recipe and menu standardization, prepre- 
pared purchased food items, and computerized operations 
have made college and university foodservice operations 
more efficient and cost effective. 

School lunch in the United States has a long history. 
The rejection of young men for military service in World 
War II because of poor nutritional status led the impetus 
to the development of the National School Lunch Program. 
The National School Lunch Act in 1946 provided more 
than 23.5 million children with a school lunch, with ap- 
proximately 50% receiving reduced price or free lunches. 
The National School Lunch Act had a dual purpose: “to 
safeguard the health and well-being of the nation’s chil- 
dren and to encourage the domestic consumption of nutri- 
tious agricultural products.” Federal regulations control 
the meal pattern and provide for joint administration of 
the program through a federal-state-local school district 
relationship. 

The Federal Government has changed the Child Nutri- 
tion Act often since 1946. Legislation and amendments 
have changed the funding policy and circumstances for of- 
fering free or reduced-price meals to children. Legislation 
has reshaped the commodity distribution plan, provided 
for supplemental feeding programs, and authorized the 
School Breakfast Program. One of the biggest impacts on 
the federal school lunch program was the Omnibus Rec- 
onciliation Act of 1980. This legislation reduced the reim- 
bursement rate to schools and changed the income eligi- 
bility standard for students who could receive free or 
reduced-price meals. Other legislation modifications were 
made in the 1990s to help achieve reductions in federal 
spending. School foodservice personnel work creatively to 
meet these legislation changes while maintaining a nutri- 
tious and satisfying meal program that will appeal to the 
student population. 

School foodservice programs vary in type of organiza- 
tion and management from the one unit, one manager 
operation to a centrally managed unit in a large city school 
system. Many large school systems have centralized food 
preparation centers that distribute food in bulk or pre- 
plated, hot or refrigerated service to students in schools 
with satellite service centers. Since early 1970, program 
regulations have changed, allowing schools to negotiate 
with food contractors to provide meals. 

Commercial and industrial organizations also offer em- 
ployee feeding programs. The increase in white collar 
workers and suburban living increased foodservice sales in 


office buildings. The use of food and beverage vending ma- 
chines with microwave ovens has simplified and reduced 
the cost of these foodservice operations. 

Food contractors use marketing strategies to encourage 
sales, such as on-site bakeries, espresso coffee centers, and 
take-home food items. A variety of settings are used, from 
elegant executive dining rooms to the vending-machine 
cafeteria. 

In the transportation segment of foodservice, food con- 
tractors provide most of the in-transit airline feeding. They 
adapt menus and food items to specifications of the various 
airline carriers. Sales in the transportation feeding for pas- 
senger and cargo liners and railroads continue to decline. 
The major thrust in transportation foodservice has been 
efficient productivity. 


MENU SYSTEM 


The foodservice operation begins and ends with the menu, 
a detailed list of foods served. Creative menu planning 
uses originality, imagination, and knowledge. The menu is 
a guide for the kitchen and wait person and a printed list 
for customers. The menu determines the foods purchased, 
equipment needed for production, personnel required for 
production and service, and work schedules of the employ- 
ees. It is a marketing tool and an important factor in con- 
trolling costs. 

The menu must be consistent with the goals of the or- 
ganization and meet the food preferences of the identified 
customer. Considerations to use in menu planning for com- 
mercial foodservice include the goals of the organization, 
equipment and physical facilities, skill of employees, 
money available, and type of service. Most institutional 
foodservice operations include the consideration of serving 
nutritious foods. Commercial foodservice has moved to in- 
clude healthy food and the caloric value of foods served on 
their menus. In the 1990s, many restaurants have in- 
cluded caloric values or notations identifying “healthy 
heart” food items. The public’s avoidance of many of these 
healthy foods has led some foodservice establishments to 
discontinue the nutrition information menu. Managers 
planning menus for any foodservice operation must be 
aware of the food preferences, food habits, and cultural 
make-up of their customers. Monitoring current trends in 
eating behaviors is necessary. Balancing these food pref- 
erences of the clientele with the food budget, the con- 
straints of the facility, and employees skills are important 
tasks for all foodservice managers. 

To determine effectiveness of the menu, many foodser- 
vice operations prepare a method to evaluate menus. This 
may be a record of food purchased, customer preference 
surveys, plate waste checks, or verbal opinion from cus- 
tomers. Production employees can contribute to the eval- 
uation of menus. Providing a routine employee menu eval- 
uation allows the employees some ownership in the 
production of the menus. 


PURCHASING, RECEIVING, AND STORAGE SYSTEMS 


To maintain an effective and cost-efficient foodservice 
operation, the purchasing and inventory system must be 


carefully planned. Selecting the establishment’s suppliers 
on an objective basis and developing specifications and for- 
mal buying procedures contribute to efficient manage- 
ment. Computers have made this part of the foodservice 
system more efficient and effective. 

Effective purchasing procedures include the knowl- 
edge of availability of food, number of suppliers in the 
area, skill of production employees, organization’s food 
and nonfood items budget, and the quality and value of 
food items. The purchasing manager must use appropri- 
ate buying methods, establish good ordering schedules, 
and develop an effective system of communicating needs 
from the production to the buyer. The purchasing man- 
ager must have a thorough knowledge of the menu, or- 
ganization mission, food and nonfood specifications, and 
personnel resources. 

Specifications for food and nonfood items should be de- 
tailed to ensure the continuous quality of products. Several 
federal agencies have established quality grades for the 
safety of many food products. Determination of the quality 
of a food or nonfood item to buy and whether to prepare or 
buy prepared foods will be governed by the organization’s 
mission, menu, and identified customer. 

Computer technology is used to develop an effective sys- 
tem for purchasing and recording the delivery of food and 
nonfood items. Employees must be trained to receive foods 
and store them at appropriate temperatures, All preplan- 
ning and savings can be lost by careless employees in the 
storage and receiving area. 

Designing effective food-receiving procedures provides 
control and predictability. Receiving procedures that in- 
volve daily reports, a tagging system, and invoice stamps 
are appropriate management tools. Providing a checking 
system to evaluate the accuracy of the foodservice receiv- 
ing system is important. 

Adequate procedures for storage can reduce spoilage 
and product theft. Storage areas, including dry, refrig- 
erated, and frozen, should be checked regularly. Proce- 
dures for checking dry, refrigerated, and frozen food 
items are essential for inventory and product control. 
Physical inventory systems are essential. Computer sot 
ware has been developed for day-to-day inventories in- 
terfaced with ordering and purchasing. These systems 
give the foodservice organization a painless, perpetual in- 
ventory system. 


PRODUCTION SYSTEM 


Basic preparation standards and procedures are necessary 
in any foodservice system. A standard product can be de- 
veloped consistently, and waste can be avoided. Using pre- 
prepared foods will reduce the need for skilled labor and 
reduce energy requirements. Because the cost of operating 
a foodservice establishment is still climbing, the produc- 
tion system has the potential to be the most expensive of 
all the systems. Skilled labor is expensive, but so is un- 
trained, unskilled labor. Therefore, the use of standardized 
recipes, good quality ingredients, training, and proper su- 
pervision of production is essential. 


FOODSERVICE SYSTEMS 1101 


The menu is the input and control, where production 
planning begins. The production system transforms the 
raw product into the salable output of the foodservice sys- 
tem. Accurate forecasting is the prediction of the food 
needs for the meal, day, or defined period based on estab- 
lished trends. Forecasting is a procedure that can limit 
food waste and maintain cost controls. Past sales trends 
can be used along with present and future developments. 
Food sales performance determines the quantities of food 
and portion size to be prepared. This information is in- 
cluded on the production schedule, along with special in- 
structions for preparation and work assignments. New 
computer technologies and modern equipment can help in 
making the production equipment more efficient. To main- 
tain quality and consistent foodservice, employees must 
follow the standardized recipes, procedures, and portion 
control. Quality preprepared and preplated food items 
have provided automation and decreased personnel ex- 
pense in this area. 

To maintain food quality, the purchase of quality food is 
the first step. Using standardized recipes, supervision of 
food production, and critical tasting techniques are other 
factor in producing quality items. The food needs to be safe, 
wholesome, and pleasing to the targeted customer for the 
foodservice operation to be successful, 


THE SERVICE SYSTEM 


The wait person or server communicates the establish- 
ment’s attitude toward the customer. Some foodservice 
operations use the term guest to emphasize the value 
placed on their clientele. The server spends more time 
with the customer and may be the first and last person 
with whom the customer has contact. A good culture of 
service occurs when servers are empowered to respond 
positively to all customer requests. Management must 
promote this “culture of service” to all employees that 
have contact with the customer. Good servers are aware 
of the customer’s discomfort and dissatisfaction. Having 
a positive regard for the customer is training by example. 
Continuing education for managers and employees is nec- 
essary. 

A full-service restaurant practices one of the four basic 
service styles or a combinations of styles. Family-style ser- 
vice uses serving dishes placed on the table, and the cus- 
tomers serve themselves. This is also known as English 
service. Smorgasbords and self-serve salad bars are forms 
of the family-style service. Plate service, or American ser- 
vice, is generally used by most restaurants. All the food is 
put on plates in the kitchen and served in the dining room. 
Bread and butter may be served on a bread and butter 
plate. French service, or table-side service, is another style. 
This service is characterized by the service of food from a 
heated cart by a waiter and assistant. The waiter and as- 
sistant prepare finishing touches to the food on the cart at 
the table and serve the food to the customer. During platter 
service, or Russian service, the food is fully prepared and 
cut into portions in the kitchen. The waiter serves the food 
on platters directly to the customer. Both French and Rus- 


1102 FOODSERVICE SYSTEMS 


sian types of service allow for showmanship and drama at 
the customer's table. More equipment, utensils, and 
skilled waiters are needed for this type of service. Portion 
control may also be a problem. 

In the 1990, most full-service restaurants added an- 
other type of service: the take-out and delivery service. 
Take-out foods have become a vital part of the American’s 
way of life. Restaurants and food retailers have become 
kitchens-on-the-go. A consumer survey revealed that ap- 
proximately three-quarters (78%) of U.S. households make 
one carry-out or delivery purchase in a typical month. The 
take-out customer is “in a hurry,” “tired,” or has “no other 
place to go.” Therefore, the customer is looking for speedy 
service, accurately filled orders, easy access, reasonable 
prices, and sometimes portion sizes that provide enough 
for leftovers. The restaurant’s take-out contact person may 
be the only employee the customer sees. A good service 
culture is important. 


HUMAN RESOURCE SYSTEM. 


Foodservice operations have had a negative production 
record in the past, but the trend is to reverse this image. 
The foodservice industry is learning to maximize its best 
resource—the people they employ. Increasing productivity 
and decreasing employee turnover should be objectives of 
a good foodservice manager. Effective recruitment, selec- 
tion, orientation, and training will enhance these objec- 
tives. 

A plan for recruiting and selecting new employees com- 
municates the knowledge and skill needed for employ- 
ment. Employee orientation and training programs devel- 
oped by the fast-food chains have emphasized the need for 
training programs in all foodservice operations. Managers 
need to be trained for their positions and to understand 
the principles of learning to maximize training efforts. 
Managers who are not trained to use effective investigative 
methods, active listening, and conflict-resolution tech- 
niques when small employee problems occur may discover 
a larger employee problem. Failure to resolve small prob- 
lems may contribute to an unhappy working environment 
and frequent employee changes. Unresolved employee 
problems open the door to labor unions to represent the 
employees better. 

Government legislation affects human resources plan- 
ning. Since the 1960s, several pieces of legislation have 
had significant impact on the hiring, disciplining, promo- 
tion, demotion, internal organization environment, and 
separation of employees. 

Developing standards of performance to evaluate em- 
ployee and staff can increase the employee's involvement 
and motivation. Management by objective can be used for 
staff personnel and is an effective personal motivator. 
“Management by walking around” can be an effective 
way to “catch” an employee doing something right. Man- 
agement by walking around adds to more positive em- 
ployee performance evaluations. Using this technique 
will allow the manager to correct inappropriate behavior 
or work procedures on the spot. An employee manual 


with the foodservice operation’s policies and procedures 
is necessary for good employee—-employer relationships. A 
positive approach, humor, and a good self-image can be 
valuable assets for a foodservice manager. Providing a 
positive work environment and paying attention to the 
employee and the employee's contributions to the orga- 
nization’s goals can be the most effective motivator in the 
industry. 


EQUIPMENT AND ENERGY SYSTEM 


Knowledge of equipment and energy is necessary to pro- 
vide efficient transformation of the raw food to quality food 
products. Training of personnel in the care and use of the 
equipment is important for preserving the equipment. To- 
day’s current use of computerized equipment requires bet- 
ter equipment care to reduce the cost of repair. On the 
other hand, many foods are purchased preprepared or pre- 
cut and require less equipment and skill to prepare and 
cook. When purchasing a piece of equipment, consideration 
should be given to the initial cost, installation, mainte- 
nance, personnel using the equipment, and energy cost. 
Calculations can be used to determine these answers and 
the equipment cost over time. 

In energy management, a planned and organized pro- 
gram is necessary for an efficient organization. An equip- 
ment maintenance checklist can provide a starting point. 
Many equipment manufacturers and utility companies 
have tips for energy conservation. 


QUALITY ASSURANCE CONTROL SYSTEM 


Quality assurance programs allow foodservice operations 
to be proactive rather than reactive. Satisfaction of the cus- 
tomer is the goal of the operation. Quality assurance pro- 
grams ensure the attainment of that goal. The use of the 
hazard analysis critical control point concept has been rec- 
ommended as a preventive approach to quality control in 
foodservice systems. Quality audits are an important com- 
ponent of a quality assurance program and provide feed- 
back. These audits allow management to control the out- 
put of the system. 
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FREEZE CONCENTRATION 


Freeze concentration is a process in which aqueous solu- 
tions are concentrated by partially freezing them and sepa- 
rating the ice produced from residual unfrozen solution. 
Because nonaqueous volatile components (eg, volatile fla- 
vors and aromas in foods) are not removed, freeze concen- 
tration provides more selective water removal than evap- 
oration. It is also gentler because no heat exposure is 
involved. Freeze concentrated liquid foods often taste 
measurably better than evaporative concentrates. Unfor- 
tunately, the taste improvement does not always translate 
into improved sales. In spite of process improvements and 
cost reductions achieved in recent years, freeze concentra- 
tion remains much more costly than evaporative concen- 
tration. 


PRODUCTS 


Coffee extract, fruit juices, milk, beer, wine, and vinegar 
have been concentrated by freeze concentration. Freeze 
concentration is also used to recover potable water in the 
form of meltable ice from sea water and brackish water. A 
less-selective analogous process, partial solidification, is 
used to separate high-melting fats from low-melting fats. 

Freeze concentration works best for clear solutions; any 
insoluble solids present are likely to reduce cleanness of 
separation and be trapped and lost when the concentrate 
is separated from the ice. Therefore, insoluble solids 
should be removed before freeze concentration begins. 
They can, if desired, be added back to the concentrate after 
the process is complete. Freeze concentration also does not 
work well if solutes in the solution precipitate as concen- 
tration occurs. 


FREEZING POINT DEPRESSION 


Solutes depress the freezing point of water. Therefore, as 
ice forms and solute concentrations increase, the freezing 
point decreases. Figure 1 shows how the freezing points of 
wine and some juices depend on concentration (1). The 
freezing point depression is roughly inversely proportional 
to the solute’s molecular weight. Thus, at equal concentra- 
tions, freezing point depressions for juices (eg, apple juice) 
in which the main solutes are fructose and glucose are 
greater than those for juices (eg, orange juice) containing 
greater amounts of sucrose. Depending on the fruit juice 
involved, solute concentrations in the 50% range can be 
obtained by cooling juice to —8 to — 14°C. Cooling to — 13 
to — 18°C is required to obtain 60% concentration. 

When simple binary solutions (eg, NaCl in water) un- 
dergo freezing, the solute involved will precipitate at a 
certain temperature and corresponding concentration, the 
eutectic temperature and concentration. As the solute pre- 
cipitates, the remaining water simultaneously freezes. It 
is extremely difficult to separate the components of the re- 
sulting solid mixture. For such solutions, freeze concentra- 
tion beyond the eutectic concentration is impossible. Liq- 
uid foods contain complex mixtures of solutes that inhibit 
each others’ crystallization. Therefore, eutectics rarely 
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Figure 1. Freezing point versus concentration for wine and vari- 
ous fruit juices. Source: Ref, 1. Courtesy of Marcel Dekker. 


form when liquid foods freeze. Around 65% solute concen- 
tration, the remaining unfrozen water in foods so strongly 
associates with the solutes, or is otherwise prevented from 
freezing, that freezing stops or radically slows down. Fur- 
ther, at such concentrations, concentrates become so vis- 
cous that they cannot be readily separated from ice. There- 
fore, 65% represents the upper concentration limit for 
freeze concentration of liquid foods. Final concentrations 
obtained in most food freeze concentration systems are 
lower (45 or 50%). In some cases, only a modest increase 
in concentration is provided, such as when low-sugar- 
content wine grape juices are freeze concentrated to permit 
production of wine that contains adequate amounts of al- 
cohol. Large increases in concentration are used when 
wine grape juice is freeze concentrated so that it can be 
stored for subsequent use in wine production. 


CLEANNESS OF SEPARATION 


Apple jack has been freeze concentrated on farms by slowly 
freezing it in a milk can and augering out the concentrate 
that accumulates along the can’s axis. A great deal of sol- 
ute is left behind, trapped in ice. Similar loss-prone pro- 
cedures can be used to freeze concentrate small amounts 
of aqueous solution in laboratories. In commercial freeze 
concentration, solute losses must be minimized; nearly all 
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Figure 2. Freezing point versus crystal diameter for ice in a 30% 
sucrose solution, Source: Reprinted courtesy of Niro Process Tech- 
nology B.V. 


Figure 3. A ripening tank. SSF = scraped-surface freezer. 
Source: Reprinted courtesy of Niro Process Technology B.V. 


solute-containing liquid has to be cleanly separated from 
ice. This requires production of well-rounded, suitably 
large crystals of ice and efficient means of separation. Sol- 
ute losses can be kept below 0.01% when food liquids 
are separated from suitably large ice crystals (200 to 250 
4m diameter) in wash columns (the most efficient separa- 
tion devices currently available). When centrifugation is 
used for ice-concentrate separation, losses are in the 1 to 
3% range. For pressing, losses are around 5%. Losses are 
also bad for filtration. Losses for these less-efficient ice- 
concentrate separation systems can be reduced by using 
reverse osmosis to recover solutes from melted ice. 


ICE CRYSTAL FORMATION AND GROWTH 


Ice-free aqueous solutions have to be cooled below their 
equilibrium freezing point before ice crystal nuclei form 
and freezing starts. Ice can nucleate in several ways. Het- 
erogeneous nucleation usually predominates in ice-free so- 
lutions and rapidly occurs roughly 6°C below the initial 


Ripened slurry 
— to next stage 
or wash column 


— Ripening tank 


Fine slurry mr 
inlet line 
Stramer 


Slurry containing 
small crystals 
from SSF 


z Crystaltree 
liquor to SSF 


equilibrium freezing point of the solution. Once nucleation 
occurs, the solution’s temperature rises and closely ap- 
proaches its equilibrium freezing point at its current con- 
centration. Ice nuclei are very small and have to be con- 
verted into much larger ice crystals for efficient separation. 
This can be done by bulk supercooling that causes existing 
crystals to grow by maintaining the solution below its equi- 
librium freezing point. The greater the supercooling, the 
greater the rate of growth. However, if the supercooling is 
too large, highly branched crystals from which solution 
does not separate cleanly will form. Further, new nuclei 
will continually form on cooling surfaces if temperature 
differences larger than 6°C are used to provide heat re- 
moval. 

Therefore, it is preferable to form small ice crystals on 
sharply chilled, rapidly scraped surfaces and mix those 
crystals with larger crystals in tanks, in which the small 
crystals sacrificially melt and cause large-crystal growth. 
The process occurs because ice crystals with small radii 
have slightly lower equilibrium freezing points than crys- 
tals with larger radii (Fig. 2). Slurries containing mixtures 
of smaller and larger crystals assume a temperature be- 
tween the respective equilibrium freezing temperatures of 
the small and large crystals. The small crystals tend to 
melt, and the large crystals tend to grow, a process known 
as Ostwald ripening (2). The temperature differences in- 
volved are very small, but the process is fairly rapid in 
stirred systems because the crystals provide an enormous 
amount of heat-transfer and mass-transfer surface. 

Ripening in freeze concentration systems is frequently 
carried out in a large, enclosed, vertical, cylindrical tank 
fitted with a helical agitator and draft tube (Fig. 3). Liquid 
withdrawn from the mixing tank through a scraped screen 
at its bottom is fed to freezers and returns to the tank as 
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Table 1. Local Conditions in a Four-Stage Freeze- 
Concentration System Converting 5,000 kg/h of a 10% 
Solute Feed into a 50% Solute Concentrate 


Stage 1 2 3 4 
Concentration (% 8.8.) 16.0 261 36.4 500 
‘Temperature (°C) -20 -37 -65 -96 
Ice-formation rate (kg/hr) 2,100 1,200 900 600 
Mean ice crystal diameter (um) 240 198-163-120 


an ice-containing slurry. The process runs best when the 
returning slurry contains very small crystals (10 um di- 
ameter), and the bulk of the crystals in the tank are much 
larger (120 to 250 zm diameter). 


ICE PRODUCTION 


Roughly 75% of a feed by volume may be converted into ice 
in a typical food freeze concentration system. Stirring is 
needed to provide rapid ice crystal ripening and growth, 
but ice-concentrate mixtures containing so much ice can- 
not be readily stirred or pumped. Therefore, enough con- 
centrate is retained in the system to keep ice volume per- 
centages in the system within the stirrable range (below 
28% by volume). 


FREEZE-CONCENTRATION SYSTEMS 


The basic components in most freeze concentration sys- 
tems are freezers, ripening tanks, and separators (2). 
Originally, single-stage systems,—systems containing one 
ripening tank or, in some cases, a bulk-growth tank—were 
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Figure 4. A three-stage freeze-concentration system. Source: Reprinted courtesy of Niro Process 


‘Technology B.V. 
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used and are still used when little concentration is re- 
quired. Countercurrent multistage systems that use wash 
columns as separators are used to provide high degree of 
concentration. Compared to single-stage operation, coun- 
tercurrent multistage operation provides faster, cleaner 
separation; greater thermodynamic efficiency (reduced en- 
ergy consumption); faster ripening and crystal growth; and 
higher concentrations. Figure 4 shows a modern three- 
stage countercurrent freeze-concentration system. Sys- 
tems containing up to five stages are used. Each stage con- 
sists of a ripening tank served by several scraped-surface 
freezers operating in parallel (3). Clear liquid, drawn out 
of the tank through a scraped strainer, is pumped through 
the associated freezers and returns to the tank as an ice- 
containing slurry. Although high scraping rates and strong 
chilling are used, the liquid passes through the freezers so 
quickly that only 7.5 to 8% of the stream is converted into 
ice, and 5- to 10-~m diameter crystals are produced. 

Flow within the system is arranged so that the liquid 
being concentrated and the ice produced move countercur- 
rent with respect to each other in an overall sense. Part of 
the liquid drawn through the ice strainer at the bottom of 
a ripening tank is sent to the next tank in terms of con- 
centrate flow, that is, to the tank with the next higher con- 
centration. Ice-concentrate mix continuously transfers out 
of each stage. Most of the concentrate in the mix is me- 
chanically expelled; much of what remains is displaced by 
more dilute concentrate from the stage the ice is about to 
enter. The ice enters the next stage in the direction of ice 
flow, which is the next-more-dilute stage. Ice-crystal size 
progressively increases as ice moves from the most concen- 
trated stage to the most dilute stage. 

Strained, ice-free product concentrate discharges from 
the most concentrated stage. Ice is removed in slurry form 
at the opposite end, the dilute end of the system, where 
separation is easiest. The discharged mixture of ice and 
dilute stage liquor is sent to a wash column, where it is 
propelled upward and slightly mechanically compressed. 
The compression expels most of the accompanying liquor. 
The ice is melted near the top of the column, forming 
melted water that displaces remaining solute-containing 
liquor from the pores in the advancing bed of ice. If the 
rate of ice advance is suitably slow, very clean displace- 
ment is obtained, and, as previously mentioned, less than 
0.01% solute is lost. If it is too fast, very large amounts of 
solute are lost. The maximum rate of ice advance that can 
be safely used is roughly proportional to the ice crystal 
diameter squared and inversely proportional to the differ- 
ence between viscosity of the displaced liquor and the vis- 
cosity of the water carrying out the displacement. Concen- 
trations, temperatures, ice-formation rates, and mean ice 
crystal diameters in the stages of a four-stage freeze con- 
centration system processing 5,000 kg/h of liquid feed are 
listed in Table 1. 

The total rate of ice production, 4,800 kg/h, exceeds 
the net rate of ice removal, 4,000 kg/h, because some ice 
melts because of stirring-induced friction in the system. 
Roughly two hours of ice-holdup time in a multistage, 
freeze-concentration system may be required to achieve 
adequate ice crystal size growth. The average solute 
holdup is usually roughly twice as long. Less than a few 


minutes of holdup time are used in juice-concentration 
evaporators. 
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FREEZE DRYING 


Freeze drying (lyophilization) is the drying of material in 
the frozen state. It is usually carried out under vacuum, at 
absolute pressures that readily permit ice to sublime 
(change directly from solid to vapor). Absolute pressures 
used in food freeze drying range between 50 ym Hg and 
1,500 wm Hg. 

Moist foods contain water that freezes (ie, forms ice) 
when suitably cooled, and smaller amounts of bound water 
that do not, even at —60°C, but instead form part of a 
solute-rich matrix that becomes extremely viscous and 
stiffens as temperature drops. In frozen foods, ice is em- 
bedded in that matrix. Except for clear juices and extracts, 
frozen foods also contain other solid components, such as 
cell walls, membranes, and subcellular particles. As noted 
in the article FREEZE CONCENTRATION, food solutes depress 
the freezing point of water. The initial equilibrium—freez- 
ing points of foods usually lie between —0.5°C and ~2°C. 
As foods freeze, the solutes they contain become more con- 
centrated, and the freezing point depression increases. 
Therefore, successive portions of a food’s water content 
freeze at lower and lower temperatures. Freezing is com- 
plete when the last freezable water changes into ice. In 
many foods, this effectively occurs between —20°C and 
—30°C. 

During food freeze drying, ice sublimes and bound wa- 
ter desorbs as vapor. Most bound water remains when the 
last ice has sublimed; almost all has to be removed to pro- 
vide stable, freeze-dried food. To do this, the product tem- 
peratures are raised, and added vacuum drying time is 
provided after the last ice sublimes. Ice-containing regions 
in foods remain fully frozen during freeze drying; tempera- 
tures well above freezing exist in parts of regions whose 
ice content has already sublimed. 


PRODUCTS 


Soluble coffee is the material freeze-dried in greatest vol- 
ume. Vegetables for dried soup mixes, mushrooms, herbs, 


spices, cheese starter cultures, shrimp, fruits for ready-to- 
eat breakfast cereals and vegetables, meats, fish, and 
fruits for military, camping, and space-travel rations are 
or have been freeze-dried commercially. Freeze drying is 
used in making highly compressed, dry, military rations 
that expand to near-normal size and shape when rehy- 
drated. Patents (1) or other technical literature describe 
the freeze drying of eggs, dairy products, powdered fish 
and shellfish, gelatin, bacon, cooked rice, emulsified pea- 
nut butter, soluble tea, puddings, jellies, pie fillings, salads 
coated with dressings, berries, avocado powder, potato- 
based products, fruit juices, and yeasts. Laboratory-scale 
freeze drying is used to preserve food samples. 


ADVANTAGES AND DISADVANTAGES 


Advantages of freeze drying include (1) low thermal dam- 
age; (2) good retention of volatile flavors (2); (3) good vi- 
tamin retention with minor exceptions (eg, loss of panto- 
thenic acid in pork) (3); (4) rapid product rehydration 
(sometimes this requires slow freezing before drying); (5) 
low product shrinkage; (6) long product storage life if prod- 
ucts are suitably packed; and (7) retention of biological ac- 
tivity (particularly if cryoprotectants are used during 
freezing). Disadvantages of freeze drying include (1) freeze 
drying costs much more than conventional drying (4); 
(2) certain products are damaged by freezing before drying; 
(3) freeze-dried products rapidly pick up moisture unless 
packed and maintained at low humidity; (4) freeze-dried 
products are very friable; and (5) some freeze-dried prod- 
ucts (eg, carrots) bleach when stored (this can be prevented 
by suitable pretreatment). 


SYSTEM COMPONENTS 


Figure 1 shows basic components of a simple vacuum 
freeze dryer: a vacuum chamber containing a set of parallel 
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heating plates, between which is a tray holding the frozen 
food to be dried; a vacuum pump for evacuating the cham- 
ber and removing inleaking air; a condenser where water 
vapor generated during drying condenses as ice; refriger- 
ation for cooling the condenser; and a system that supplies 
hot heat-transfer fluid to the plates. Other elements not 
shown include a pressure-tight door that permits insertion 
and removal of loads; instruments for sensing plate, con- 
denser and drying food temperatures, and for sensing pres- 
sure in the chamber; and the controller that regulates 
plate temperatures. 

Figure 1 shows a single pair of heating plates and one 
tray of frozen food. Plant-scale freeze dryers contain many 
plates and many rows of trays holding many tray-loads of 
product. Large-scale freeze dryers are described later in 
this article. Reference 5 provides design details about such 
dryers. 

Small-scale freeze dryers may contain up to five heating 
plates. They can process up to four rows of product, have 
a transparent plastic door that permits products to be ob- 
served during drying, and may be fitted with a balance or 
load cells that weigh food loads as they dry. Drying rates 
and temperatures measured in suitably instrumented 
small freeze dryers are used to help select operating con- 
ditions used in production-scale drying. 


PREPARATION 


Foods have to be suitably prepared (cleaned, peeled, 
trimmed, sliced, diced, and blanched or sulfited where nec- 
essary) and properly frozen before drying. To improve per- 
meability, holes are punched in the skins of some foods, 
such as blueberries and peas. Meat is trimmed to remove 
fat (which interferes with drying) and, when sliced, is cut 
across the grain to maximize heat transfer and ease of va- 
por escape during drying. Liquid feeds may be evapora- 
tively concentrated or freeze concentrated to reduce water 
removal loads in drying. 


Noncondensibles 


Figure 1. Basic components of a 
simple oneshelf vacuum freeze 
drier. C = condenser. 
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Freeze drying and the properties of freeze-dried foods 
are greatly affected by how foods are frozen. Slow freezing 
is used to produce freeze-dried coffee dark enough to be 
accepted by consumers and to improve the rehydratability 
of freeze-dried fruits. Rapid freezing permits more rapid 
desorption of bound water, but also causes greater resis- 
tance to vapor flow during sublimation. 


BASIC PROCESS 


Contact-based conductive heating has been used in some 
commercial freeze dryers. Microwave heating has been 
tested experimentally (6). In modern freeze dryers, radiant 
heating is by far the most commonly used method of pro- 
viding heat input. Therefore, only drying based on its use 
will be discussed. Let us examine what happens when a 
slab of frozen food placed on a perforated tray is freeze 
dried in a simple dryer, like that shown in Figure 1. After 
the dryer door is closed and sealed, the refrigeration is 
turned on, cooling the condenser. The vacuum pump is 
turned on, and, as air leaves the dryer, pressure drops. 
When the pressure closely approaches the vapor pressure 
of ice at the set condenser temperature (eg, 97 zm Hg ab- 
solute for a — 40°C condenser), hot fluid is pumped through 
the heating plates. 

The plate temperatures rise until they reach a desired 
set value (eg, 120°C). Heat transfers radiantly from the 
plates to the slab, causing sublimation on both sides of the 
slab. Vapor produced at the bottom of the slab escapes 
through the perforations in the tray. Sublimation inter- 
faces form and recede into the slab, leaving behind ice-free 
pores in the matrix containing the bound water. Thereaf- 
ter, heat, radiantly transferred to outer surfaces of the 
slab, transfers conductively across the ice-free layers, caus- 
ing further sublimation. Small amounts of bound water 
also evaporate. Vapor produced by both processes flows 
through the pores in the ice-free layers, causing a pressure 
drop that may be a large fraction of the absolute pressure 
in the dryer. The vapor leaves the slab and flows to the 
condenser, where it freezes. 

The ice-free layers deepen as sublimation proceeds. 
Consequently, heat- and vapor-flow resistances increase, 
and the sublimation rate progressively decreases. After 
the last ice sublimes, that is, the sublimation interfaces 
meet near the center of the slab, the center temperature 
rises and bound water desorbs more rapidly. To prevent 
overdrying and overheating of outer parts of the slab, the 
plate temperature is reduced as desorption proceeds. At 
the end of drying, the plate temperature may be 50°C, and 
the center product temperature may be 30°C. 

After drying is complete, the vacuum is broken by ad- 
mitting air or, preferably, dry nitrogen. The product is 
quickly removed, rapidly transferred to a low humidity 
room, and quickly packed and sealed in an impermeable 
container. After all product is discharged from the dryer, 
ice is removed from the condenser by passing hot refrig- 
erant gas through it or by spraying it with hot water. The 
melt produced drains from the dryer through a closeable 
outlet at its bottom. 


HEAT TRANSFER 


Heat that transfers across ice-free layers in a drying food 
causes a proportional amount of sublimation. Therefore, 
dZ/dt, the time rate of increase in the depths of ice-free 
layers in a slab, can be expressed in terms of the rate of 
heat transfer (7): 


dZ _ k{T, — T.) rer) 
dt ApXZ 


where T, is the outer-surface temperature, T, is the tem- 
perature at the sublimation interface, Z is the thickness of 
the ice-free layer, k, is its thermal conductivity, 4 is the 
latent heat of sublimation (roughly 2,836 kJ/kg ice), and p 
and X are the initial density and weight fraction of ice in 
the slab, respectively. 

The k, is roughly proportional to the food’s initial solids 
content and also depends on pressure. At absolute pres- 
sures greater than roughly 100 mm Hg, ; is the same as 
at atmospheric pressure, that is, roughly 0.032 to 0.17 W- 
m7! - °C~1. At lower pressures, k, decreases sigmoidally 
as pressure decreases, and roughly around 100 ym Hg lev- 
els off at roughly one half to one quarter of its atmospheric 
pressure value. The respective pressures at which k, shifts 
start and finish depend on pore diameter. In most cases, 
freeze drying is carried out at or close to the low-pressure 
k, limit. Thermal conductivities encountered in freeze- 
drying foods are substantially lower than those of many 
thermal insulators. 


PRESSURE DROP 


The pressure drop caused by vapor flow across the ice-free 
layers in a slab is proportional to dZ/dt. Consequently, it 
can be shown that 


(2) 


where P, is the pressure at the sublimation interface, P, 
the pressure at the outer surface of the slab, and K is the 
permeability of the porous ice-free layers. K is proportional 
to the volume fraction of ice initially present, roughly in- 
versely proportional to ice-crystal diameter, increases 
somewhat as the mean partial pressure of water in the 
pores increases, and decreases if excessive amounts of non- 
condensibles are present. Typical K range between 0.7 < 
10-® and 10 x 10-°kg- m=! + s~1- (um Hg)! (5 x 107° 
to 70 x 10~® s~1 in SI units). 


SUBLIMATION TEMPERATURE 


The vapor pressure versus temperature relationship for 
ice, shown in Figure 2, fixes P, in terms of T,. In lightly 
loaded freeze dryers with wide vapor-transfer spaces, P, 
equals the vapor pressure of the ice on the condenser. Fig- 
ure 2 also depicts equation 2 solved to determine T, and 
P, for the freeze drying of a slab of coffee extract for which 
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Figure 2. Vapor pressure of ice versus temperature and pressure 
and temperature conditions at the outer surface (O) and subli- 
mation interface (S) of a slab of food undergoing freeze drying in 
a chamber where the condenser temperature is — 40°C. 


hy = 0.085 W+ m=) + °Co!, K = 3.5 x 10-°kg- m7! +57! 
- (um Hg)~*, and T, = 30°C. The condensed ice tempera- 
ture is — 40°C. Therefore, as shown by the dotted lines, P, 
= 97 um Hg. T, and P, define point O. A line, drawn 
through O with slope —k,/(K - A), intersects the ice vapor 
pressure curve at S, providing P, and T,, which respec- 
tively are 301 wm Hg and —29.4°C. 


PRODUCT SURFACE TEMPERATURE 


T, is greatly affected by T,, the heating plate temperature; 
higher T,, cause higher T,. Usually, T, is rapidly ramped 
up to a set value and then held there until sublimation is 
complete. If so, 7; initially will be only slightly higher then 
the condenser temperature. Then, as drying proceeds and 
the sublimation interfaces recede, that is, Z increases, T, 
progressively rises. T, can be calculated as a function of T, 
during sublimation by relating the rate of radiant heat ab- 
sorption by the food to the rate at which heat is conduc- 
tively transferred through the ice free layers. Equation 2 
and the vapor pressure versus temperature relationship 
for ice also have to be used in carrying out this calculation. 

To prevent thermal damage, 7’, must be kept below a 
specified upper limit or limits that depend on the product 
being dried. A fixed upper limit, such as 40°C for coffee 
extract, is usually used. Upper limits that depend on ex- 
posure time are used occasionally; higher T, is allowed if 
the exposure time is short. Plate temperatures and drying 
rates must be reduced if excessively high T, develop as Z 
increases. During the desorption phase of drying, plate 
temperatures are usually progressively reduced to prevent 
T, from rising excessively. 


DRYING TIME 


Equation 1 can be rearranged and integrated, as shown 
below, to provide ¢,, the time required to complete subli- 
mation: 
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ik (ApX)ZdZ 
~0 R(T, — T) 


(3) 


where L is the final depth of the ice-free layer, that is, half 
the slab thickness for slabs where sublimation occurs at 
equal rates on both sides. T, and, to a lesser extent, T, vary 
as Z changes during drying. Therefore, equation 3 usually 
must be numerically integrated. The integrand in equation 
3 is proportional to ZdZ. Therefore, ¢, will be proportional 
to L? regardless of the particular way T, and T, change 
during drying. It appears that required desorption times 
and required total drying times are also proportional to L”. 

It usually takes 14 to 18 hours to freeze dry a 12.5-mm 
(0.5-in.) thick slab of food that initially contains 75 to 85% 
water. In freeze-drying a 12.5-mm thick slab of coffee ex- 
tract containing 74% water, 60% of the drying time was 
used for sublimation, 40% for desorption. Concentrated ex- 
tracts with lower water contents usually dry more rapidly, 
but as concentration increases, a larger proportion of the 
drying time is used for desorption. Less information is 
available about the portion of drying time used for desorp- 
tion for other products. 


COLLAPSE 


During sublimation, T, must be kept low enough to prevent, 
pore structure collapse caused by partial melting (8). When 
collapse occurs, vapor escape is cut off, the product foams, 
and drying rapidly fails. Collapse will occur at 7, greater 
than — 23°C for coffee extract. Collapse can occur at T, as 
low as —46°C (for Concord grape juice). At the other ex- 
treme, T, as high as ~ 1.5°C can be safely used for potatoes. 
Collapse can occur if flow-pressure drop is excessive or if 
P, is too large, but it can be prevented, if need be, by re- 
ducing the condenser operating temperature or by reduc- 
ing the sublimation rate by decreasing T,,. 


PARTICULATE PRODUCTS 


Most foods are freeze-dried in particulate form. Heat and 
mass transfer during the freeze drying of particles is more 
complex than for the freeze drying of slabs. Sublimation 
occurs beneath all exposed surfaces, but is most rapid 
where temperature is greatest—at ice-vapor interfaces 
closest to the heating plate. Although sublimation takes 
place over a greater depth of product, the required drying 
time remains proportional to L? (the product bed depth 
squared). Because vapor flows readily through spaces be- 
tween particles, trays with solid bottoms can be used with- 
out interfering with drying in lower parts of the load. Be- 
cause t, depends on L”, thicker parts of particulate loads 
can take markedly longer to dry than parts of average 
thickness. Therefore, care must taken to load trays uni- 
formly. 

Excessive amounts of fines were produced when slabs 
of freeze-dried extract were ground to provide granules for 
consumer use. To prevent this, frozen coffee extract is 
ground to produce granules of desired size before drying 
and freeze-dried in granule form in shallow beds in trays. 
Fines produced during grinding are removed by screening 
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and recycled by mixing them with extract about to be fro- 
zen. Vapor-flow resistance during freeze drying of extract 
granules is much smaller than for slabs, but heat-transfer 
resistance is greater. In drying extract granules, heating 
plates are often maintained at 130°C while sublimation 
occurs. Yet, because of low pressure drop, T, is only slightly 
higher than the condenser temperature during this period. 
After sublimation is complete and desorption alone occurs, 
plate temperatures are gradually reduced to 50°C. 

Excessive product loss caused by granule entrainment 
in high-velocity vapor used to occur when coffee extract 
granules were freeze-dried, but now, in modern, properly 
operated, well-designed dryers, losses are now less than 
0.1%, 


FOAMED PRODUCTS 


Gas is injected or beaten into some liquid feeds to foam 
them before they are frozen and dried. This reduces bulk 
density, improves vapor permeability during drying, or 
permits creation of novel foamed products. Freeze-dried 
soluble coffee made from concentrated extract, in foamed, 
frozen, granular form has the same bulk density as freeze- 
dried granular soluble coffee made from unfoamed, normal 
concentration extract. Without foaming, it would be denser 
and less acceptable. At regularly used continuous produc- 
tion conditions, foamed granules dry in roughly 7 hours. 


CONDENSATION 


The largest energy cost for freeze drying is that for the 
refrigeration used to condense vapor as ice. This cost can 
be reduced by removing water before drying and by oper- 
ating the condenser at the highest temperature that still 
reliably prevents collapse. Higher condenser temperatures 
can be safely used when the pressure drop caused by vapor 
flow is low, as occurs when extract granules are dried. 

In addition to removing heat of condensation (roughly 
the same as the heat of sublimation), the refrigerator also 
removes heat the vapor picks up from the product and the 
heating plate and heat transferred to the condenser by ra- 
diation. Heat shields or condenser enclosures that do not 
significantly interfere with vapor flow are used to reduce 
transfer of radiant heat to the condenser. 

The temperature at the outer surface of deposited con- 
densed ice is higher than at the condenser wall itself. When 
air inleakage is small, transparent ice forms on the con- 
denser and the temperature difference across the ice is 
small. If inleakage is moderate, milky ice forms, and the 
temperature difference is greater. When inleakage is ex- 
cessive, porous frost that conducts heat poorly forms and 
the temperature on the outside of the frost is markedly 
higher than in the condenser. When this occurs, the con- 
denser operating temperature may have to be reduced to 
prevent P, from rising enough to cause collapse. This 
raises refrigeration costs. Accumulation of air around con- 
densers is minimized by having the vapor contacting the 
condenser efficiently sweep air toward the vacuum pump. 

The drier shown in Figure 3 has two condensers, an on- 
line one that condenses vapor as ice, and an off-line one 


undergoing de-icing. The two condensers cyclically change 
roles with the aid of a pressure-tight slide gate. Thus, de- 
icing takes place almost continually while drying occurs. 
Ice buildup on the active condenser is 2 to 3 mm, at most. 
Up to 17 mm of ice may deposit on condensers subjected 
to de-icing only at the end of drying. 


BATCH FREEZE DRIERS 


Plant-scale, batch, freeze drying of foods is usually carried 
out in cylindrical vacuum chambers available in various 
sizes. A very large unit may provide 90 m? of shelf area 
and up to 227 kg/h of sublimation capacity. In some sys- 
tems, trays of frozen food are loaded on a rack of shelves 
that is pushed into a drier on an overhead rail. There, the 
tray-laden shelves intermesh with built-in heating plates, 
as shown in Figure 3. Seven pairs of shelves are shown; 15 
pairs are usually used. In other driers, loaded trays sit on 
built-in guide rails that lie between built-in heating plates. 
In still another system, both shelves and heating plates 
form part of a cart that is pushed into the drier. Heating 
fluid flows through the plates through connections made 
after the cart enters the drier. In each system, the sequence 
of operations used and basic processes involved are, in 
most respects, essentially the same as those described for 
a one-shelf drier. 

Groups of batch freeze driers operating on a staggered 
schedule are used to efficiently freeze-dry food on a sus- 
tained basis. Staggered operation evens out refrigeration, 
heating, and vacuum pumping loads; reduces manpower 
needs; and permits sharing of refrigeration, heating, and 
vacuum pumping systems. 


CONTINUOUS FREEZE DRIERS 


Freeze-dried foods produced year-round in large volume 
are often freeze-dried continuously in cylindrical cham- 
bers, up to 3.7-m wide and up to 25-m long, that process 
15 rows of trays at a time (9), Generated vapor is removed 
by using multiple pairs of switchable condensers, similar 
to those shown in Figure 3. Trays of frozen food enter such 
driers one-at-a-time through a double-valve lock, without 
loss of vacuum. The injected trays are automatically ele- 
vated, arrayed in a vertical set, and then pushed forward 
as a set. The pushed trays move through the drier in sepa- 
rate rows between heated plates, whose local tempera- 
tures are programmed to provide heat input that varies 
properly with axial tray position. At the discharge end of 
the drier, trays and their now-dry contents are individually 
automatically lowered and exit, one-at-a-time, through a 
double-valve lock. Pairs of locks are used at each end of 
large driers. In smaller driers, individual locks are used at 
each end. Depending on drier size and feed moisture con- 
tent, available continuous freeze driers can process 5,000 
to 27,500 kg of feed per day. 


ALTERNATIVE FREEZE DRYING METHODS 


US. food freeze drying patents issued between 1961 and 
1976, an important period of development, have been re- 
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viewed by Gutcho (1). Some of these patents describe now- 
standard freeze drying methods and equipment, methods 
for freeze drying particular products, or methods for pre- 
paring such products for drying. Others describe freeze 
drying methods that for one reason or another have been 
abandoned or are rarely or infrequently used today. Some 
describe infrequently used heating methods: direct-contact 
heating; microwave heating; infrared heating; induction 
heating; use of layers of expanded metal mesh or of ribbed 
trays to facilitate heat transfer; or the use of heat pumping 
to couple heating and condensation. Others describe spray 
freeze drying, various types of atmospheric freeze drying, 
circulation of low-pressure gas through the drying mate- 
rial, or vapor removal by adsorption instead of condensa- 
tion. Still other patents describe use of moving belts, vi- 
brating conveyers, helical conveyors or vertical stacks of 
scraped trays as particle conveying devices in continuous 
freeze driers. Food freeze drying patents and literature for 
the years 1977 to 1998 were reviewed in preparing this 
article. Aside from development of the previously described 
continuous freeze drier, innovation in the field has slowed 
down. Atmospheric freeze drying in sorbent-containing flu- 
idized beds and use of microwave heating in freeze drying 
are still of interest, and articles dealing with these meth- 
ods continue to appear from time to time. 


; 
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Figure 3. A batch freeze drier in which 
dual, switchable condensers are used and 
in which trays enter on a rack of shelves 
supported on an overhead track. Source: 
Reproduced with permission of Atlas-Stord 
Inc. 
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FREEZING SYSTEMS FOR THE FOOD INDUSTRY 


FUNDAMENTALS, 


During storage foods are subjected to changes that affect 
food quality and that sooner or later will lead to severe 
deterioration and eventually spoilage of the foods. These 
changes are caused by microorganisms and chemical and 
physical reactions. Often a combination or interaction of 
different reactions will cause changes, lowering the quality 
primarily by changing the sensory properties of the prod- 
uct. 

The wide variety of circumstances, including type of 
food and ingredients, will determine the type of changes 
that will dominate. In meat and fish products or other 
foods rich in protein, changes caused by microorganisms 
will dominate while food rich in fat is more susceptible to 
chemical and biochemical change. Physical changes occur 
in all types of food. 

The purpose of all food preservation methods is to in- 
hibit or decrease the speed of reaction responsible for the 
deterioration. All of these reactions are among other fac- 
tors influenced by temperature. The speed of reaction is 
decreased at lower temperatures. Cooling and chill storage 
therefore are perhaps the most important methods of en- 
hancing the storage life of most food products. But even at 
temperatures near the freezing point some reactions, in- 
cluding growth of many microorganisms, continue at a rate 
that will limit the preservability to a relatively short pe- 
riod of time. 

When the food temperature is <—10°C microbiologic 
growth will cease. Chemical, biochemical, and physical re- 
actions will still continue at very low temperatures but at 
a slow pace. Storage life is substantially enhanced as com- 
pared to storage at chilled or ambient temperature. 


HISTORY OF REFRIGERATION 


Refrigeration applied both above and below the freezing 
point of foods has been used for thousands of years to pre- 
serve foods and to increase comfort. Historians estimate 
that caves were used for food storage about 100,000 yr 
ago (1). 

‘Temperature inside the caves is naturally low as a re- 
sult of the evaporization of water, which is often present. 

An Egyptian frieze from 3000 B.c. shows a slave waving 
a fan in front of a clay pot. The cooling effect from vapori- 
zation of water was also utilized in this case. Egyptians 


also utilized terrestrial radiation toward space at night un- 
der a clear sky to produce ice. 

Ice was used locally when available. Later it was har- 
vested during wintertime and stored for the summer sea- 
son. In 1100 B.C. a Chinese poem mentioned ice houses. Ice 
and snow were transported over great distances, eg, from 
the Apennines to Rome, and caravans were transporting 
ice and snow from Lebanon to the palaces of the Califs of 
Damascus, Baghdad, and the sultans in Cairo. 

In many countries ice was believed to be a gift of the 
gods to humans. This was confirmed as late as during the 
mid-nineteenth century, when the American John Goorie 
in 1844 managed to produce ice with an air compressor but 
did not dare to publish the invention under his own name. 
Instead, under a pseudonym he wrote a scientific article 
describing an ice machine as a future possibility. The New 
York newspaper, The Globe, shortly after published an ar- 
ticle titled “Some lunatic in Florida believes his machine 
can make ice equally good as the All Mighty.” 

Obviously hunters and gatherers living in a cold climate 
did use the natural freezing of their food products in order 
to preserve them over long periods of time. 

Exactly when the temperature-decreasing effect—with 
the addition of certain salts to water—was discovered is 
not known. There is, however, reason to believe that the 
method was used in India in the fourth century A.D. During 
the fourteenth and fifteenth century a number of European 
scientists were working with salt solutions and managed 
to achieve temperatures as low as — 15 to —20°C. With 
those salt mixtures the stage between natural and artifi- 
cial cooling was passed. 

It was not until 1755, however, that the first apparatus 
for making ice was constructed by William Cullen. Vapor- 
ization of water at reduced pressure was utilized. 

During the first half of the nineteenth century four 
events of fundamental importance for the refrigeration in- 
dustry took place: (1) the systematic work on the liquefac- 
tion of gases, (2) the genesis of thermodynamics originated 
by Nicolas Carnot in 1824 on the invention of the refrig- 
eration machine using compression of a liquefiable gas (of- 
ten referred to as the Carnot engine), (3) Jacob Perkins’s 
work in mechanical refrigeration in 1834, and (4) the air 
cycle machine (Goorie, 1844); the latter two inventions re- 
mained undeveloped for two decades. 

The start of industrial freezing of food is often set at 
around 1880, even if the first industrial installations were 
made some 20 years earlier. During 1870-1880 frozen 
meat was transported from the southern hemisphere to 
Europe. Initially those endeavors were unsuccessful. In 
beef cargo from Buenos Aires to Rouen (port on Seine 
River) in France as much as 25% in weight was lost by 
sublimation and the quality was unacceptable. The break- 
through came in 1877 when a shipment of frozen meat was 
brought in from Buenos Aires to Marseilles on the steamer 
Paraguay (2). This shipment was followed by another one 
from South America to New York in 1879, and in 1880 the 
steamer Strathleven made the journey from Sydney and 
Melbourne to London. 

As compared to the quality achieved today, much was 
to be wished for. The freezing was carried out very slowly 
and the storage temperatures were high compared to the 
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that caves were used for food storage about 100,000 yr 
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‘Temperature inside the caves is naturally low as a re- 
sult of the evaporization of water, which is often present. 

An Egyptian frieze from 3000 B.c. shows a slave waving 
a fan in front of a clay pot. The cooling effect from vapori- 
zation of water was also utilized in this case. Egyptians 


also utilized terrestrial radiation toward space at night un- 
der a clear sky to produce ice. 

Ice was used locally when available. Later it was har- 
vested during wintertime and stored for the summer sea- 
son. In 1100 B.C. a Chinese poem mentioned ice houses. Ice 
and snow were transported over great distances, eg, from 
the Apennines to Rome, and caravans were transporting 
ice and snow from Lebanon to the palaces of the Califs of 
Damascus, Baghdad, and the sultans in Cairo. 

In many countries ice was believed to be a gift of the 
gods to humans. This was confirmed as late as during the 
mid-nineteenth century, when the American John Goorie 
in 1844 managed to produce ice with an air compressor but 
did not dare to publish the invention under his own name. 
Instead, under a pseudonym he wrote a scientific article 
describing an ice machine as a future possibility. The New 
York newspaper, The Globe, shortly after published an ar- 
ticle titled “Some lunatic in Florida believes his machine 
can make ice equally good as the All Mighty.” 

Obviously hunters and gatherers living in a cold climate 
did use the natural freezing of their food products in order 
to preserve them over long periods of time. 

Exactly when the temperature-decreasing effect—with 
the addition of certain salts to water—was discovered is 
not known. There is, however, reason to believe that the 
method was used in India in the fourth century A.D. During 
the fourteenth and fifteenth century a number of European 
scientists were working with salt solutions and managed 
to achieve temperatures as low as — 15 to —20°C. With 
those salt mixtures the stage between natural and artifi- 
cial cooling was passed. 

It was not until 1755, however, that the first apparatus 
for making ice was constructed by William Cullen. Vapor- 
ization of water at reduced pressure was utilized. 

During the first half of the nineteenth century four 
events of fundamental importance for the refrigeration in- 
dustry took place: (1) the systematic work on the liquefac- 
tion of gases, (2) the genesis of thermodynamics originated 
by Nicolas Carnot in 1824 on the invention of the refrig- 
eration machine using compression of a liquefiable gas (of- 
ten referred to as the Carnot engine), (3) Jacob Perkins’s 
work in mechanical refrigeration in 1834, and (4) the air 
cycle machine (Goorie, 1844); the latter two inventions re- 
mained undeveloped for two decades. 

The start of industrial freezing of food is often set at 
around 1880, even if the first industrial installations were 
made some 20 years earlier. During 1870-1880 frozen 
meat was transported from the southern hemisphere to 
Europe. Initially those endeavors were unsuccessful. In 
beef cargo from Buenos Aires to Rouen (port on Seine 
River) in France as much as 25% in weight was lost by 
sublimation and the quality was unacceptable. The break- 
through came in 1877 when a shipment of frozen meat was 
brought in from Buenos Aires to Marseilles on the steamer 
Paraguay (2). This shipment was followed by another one 
from South America to New York in 1879, and in 1880 the 
steamer Strathleven made the journey from Sydney and 
Melbourne to London. 

As compared to the quality achieved today, much was 
to be wished for. The freezing was carried out very slowly 
and the storage temperatures were high compared to the 


storage temperatures used today. In 1915 the German sci- 
entist Rudolf Plank showed the importance of rapid freez- 
ing in experiments on fish. This knowledge was soon ap- 
plied for other products. 

Although fish, meat, poultry, and berries have long been 
subjected to preservation by freezing, frozen-state deliv- 
eries to consumers did not take place until the develop- 
ment of “quick freezing” in the mid-1920s. The date is often 
set at the October 14, 1924, the day when Clarence Birds- 
eye received a patent for a plate freezer. This apparatus 
was revolutionary, as it was now possible to quick freeze 
packaged foods for the retail outlets. In 1929 the American 
company Postum/General Foods bought Birdseye’s Com- 
pany, and in the following year the first consumer package 
of frozen foods were marketed in Springfield, Massachu- 
setts (3). 

In 1938 frozen foods were introduced to Europe and the 
year after, British companies were licensed to produce 
quick-frozen foods. After World War II the market ex- 
panded rapidly throughout all industrialized countries. 


FUNDAMENTAL CHANGES DURING FREEZING 


The importance of early freezing is related to the need to 
decrease the rate of the deterioration processes caused by 
chemical, biochemical, and physical reactions as well as 
microbiological activity. Chemical and biochemical reac- 
tions influence the product quality not during the freezing 
process, but during subsequent storage. The importance of 
quick freezing is some times argued from a sensory point 
of view (4). It must not, however, be forgotten that quick 
freezing is most important from a technical-economical— 
operational point of view. With reference to quality, the 
rate of freezing determines the size of weight loss and in 
some cases also the microbiologic quality of the product. 
The drip loss or loss of product juice on thawing is deter- 
mined by the rate of freezing as well. 

The freezing process may be seen as a lowering of 
the product temperature from its original value to the stor- 
age temperature in question. However, from a technical— 
economical-operational point of view a more strict defini- 
tion is needed. 


Ice Crystallization 


The major component of most foods is water, which in the 
freezing process is transferred from a liquid toa solid state. 
This transfer obviously result in numerous changes. 

Most food products consist of or contain animal and/or 
vegetable cells forming biological tissues. The water solu- 
tion of the tissue is contained between the cells—intercel- 
Jular fluid—and within the cells—intracellular fluid. 

When the food product is cooled below 0°C ice begins to 
form at the initial freezing point. The temperature at 
which freezing starts depends on the concentration of dis- 
solved substances—salts and other solubles—present. The 
concentration is higher within than outside the cells. The 
cell membrane acts as an osmotic barrier and maintains 
the difference in concentration. 

When the product is frozen the first ice crystals are 
formed outside the cell since the freezing point is higher 
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because of the more diluted fluid here than inside the cell. 
Once started, the rate of ice crystallization is a function of 
the speed of heat removal as well as the diffusion of water 
from within the cell to the intercellular space. If the freez- 
ing rate is low, few crystallization centers—nucelli—are 
formed in the intercellular space. During the freezing pro- 
cess the cell looses water by diffusion through the mem- 
brane, and this water crystallizes to ice on the surface on 
the crystals already formed outside the cell. As in slow 
freezing, there are few nucleins formed; those existing as 
crystals grow to a relatively large size. 

As the cells loose water, the remaining solution within 
the cells becomes increasingly concentrated and the cell 
volume shrinks causing the cell wall to partly or entirely 
collapse. The large ice crystals formed outside the cell wall 
occupy a larger volume than does the corresponding 
amount of water, and therefore they will exert a physical 
pressure on the cell wall. In some cases this pressure can 
be sufficient to damage the cell wall and contribute to an 
increased drip loss on thawing. 

By increasing freezing rates a larger number of ice crys- 
tallization nuclei are formed, which results in a much 
smaller size of the final crystals as compared to slow freez- 
ing. However, even in the case of high freezing rates most 
of the crystals are formed outside the cells. Only at ex- 
tremely high freezing rates not obtainable in commercial 
freezing of food products, small crystals are formed uni- 
formly throughout the tissue both externally and inter- 
nally with respect to the cell. 

As the food products are cooled down below the initial 
freezing point, an increasing amount of water is turned 
into ice and the residual solutions become more concen- 
trated. The relation of water frozen out as ice and the con- 
centration of the remaining solution have an impact on the 
preservability of a number of food products (5). 

The size of the ice crystals has long been regarded as 
crucial for the quality of the frozen product. It appears, 
however, from experience as well as a number of investi- 
gations that the differences in ice crystal size and distri- 
bution have little effect on the sensory properties of the 
food product when presented to the consumer, provided up- 
to-date equipment and good commercial practice have 
been used (6). 

The freezing rate is not negligible, however. On the con- 
trary, in good commercial practice the freezing time must 
be determined for each product in order to safeguard 
against microbiologic growth, which is most important 
from a safety point of view and low controlled weight 
losses, which is important from an economic point of view. 

The practical result of different freezing rates—size and 
locations of ice crystals—can be seen as a difference in drip 
loss of water or “product juice” when a product is thawed. 
Loss of juice results in a more or less pronounced loss of 
texture, flavors, and—in most cases—nutrients. For this 
reason the drip loss is often used as an indication of the 
quality loss during freezing and subsequent storage. The 
relation between speed of freezing and drip loss for two 
different foods is illustrated in Figure 1. 

For strawberries it is rather obvious that the consumer 
will not readily accept the product with a 20% drip loss if 
a product with only 8-10% drip loss is available. The latter 
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Figure 1. Drip loss during thawing of sliced beef and strawber- 
ries, frozen at various rates, to an equalization temperature of 
— 18°C. Source: Ref. 6. 


level of drip loss can be achieved in modern freezers usu- 
ally employing the fluidization technique. 

When comparing slices of beef even very slow freezing 
rates gave a small drip loss hardly noticeable to the con- 
sumer. The small improvement achieved by quick freezing 
is normally not observed. 


Microbiology 


With reference to temperature requirements, bacterias are 
divided into four basic groups according to type of growth: 
thermophilic, mesophilic, psychrophilic, and psychro- 
trophic. Of those the two latter groups are of special inter- 
est in food spoilage at low temperatures. Psychrophilics 
are often an important cause of spoilage of protein-rich 
foods such as meat, fish, poultry; psychrophilic bacteria 
grow well at temperatures above 0°C. 

The optimum temperature for growth, however, ismuch 
higher. Psychrotrophiecs are also able to grow close to the 
freezing point but the optimum temperature is higher than 
that for psychrophilics. Lowering the temperature will 
slow down the growth rate of all bacteria, and at tempera- 
tures used in commercial storage of frozen foods all micro- 
biologic growth ceases completely. The time to decrease the 
temperature to below the freezing point is critical. A prod- 
uct temperature of — 10°C is normally considered safe with 
regard to microbiologic growth. 

During freezing and frozen storage some bacteria are 
impaired and even destroyed. Under certain circumstances 
the death of bacteria will cause a considerable decrease in 
the total number of viable cells in the frozen products. 
Since some species are more susceptible to freezing inju- 
ries than others there may also be a change in the relation 
between various species (7). 

From a microbiologic point of view the total flow from 
the production to the consumption must be regarded. Dur- 
ing this flow, food products are subjected to various tem- 
peratures and other growth-affecting factors. Large vari- 
ations occur from product to product; meat and meat 


products have been chosen as examples in the following 
discussion. The general concept is obviously valid for most 
food products. 

During slaughter and subsequent handling the surface 
of the meat is infected by microorganisms originating from 
the animal itself and from the environment. 

The number of organisms present is dependent on the 
hygienic conditions, but the flora consists to a great extent 
of spoilage organisms that thrive on the meat surface and 
multiply. 

Rapid cooling reduces the rate of growth substantially, 
but many of the psychrophilic and psychrotropicorganisms 
will grow even at chill temperatures. These organisms de- 
pend on free oxygen for their metabolism, and since oxygen 
is available in the surface layer only, no growth will occur 
in the interior of the meat. 

Freezing of carcass meat therefore normally will not 
cause any serious problems from a microbiologic point of 
view. In commercial freezing the freezing rate is fast 
enough to stop the growth at the surface. As the microor- 
ganisms cannot develop under the surface layer, the freez- 
ing rate is of less importance microbiologically. 

Processing, like cutting and mincing, increases the mi- 
crobiologic contamination as the surface/volume ratio in- 
creases. The freezing rate becomes more critical. A com- 
mon pack in the industry today is the 30-kg carton 
normally frozen in a traditional air-blast tunnel. It is then 
essential that a good air circulation be provided in order 
not to prolong the freezing time. 

Freezing times for cartons subjected to both adequate 
and inadequate airflow are compared in Figure 2. 

Inadequate airflow has been achieved by placing the 
meat cartons directly on pallets with only a small wooden 
spacer (30 mm) between each layer instead of being placed 
on freezing racks or with rigid layer separators with a min- 
imum height of 50 nm. 

If spacers used as in the improper airflow system do not 
cover the total carton area, some cartons may collapse, 
which will prevent airflow through the different layers. 
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Figure 2. Recorded temperature decrease during the freezing of 
cartons in an air-blast tunnel (air temperature — 38°C, front air 
velocity 1.5 m/s, size of cartons 160 x 400 x 600 mm), Source: 
Ref. 7. 


The freezing time is obviously prolonged. There is also 
a risk that cartons are removed from the air-blast tunnel 
before the freezing is completed if blocking of the air chan- 
nels is not visible from the outside. In the latter case there 
may be substantial growth of microorganisms during sub- 
sequent storage, ie, until a sufficiently low temperature 
has been reached. 

In most cases a freezing time of 24-36 h down to — 10°C 
in the center of wholesale cut meat will not cause any mi- 
crobiologic problems. If the degree of cutting is increased 
to smaller cuts, such a long freezing time may become a 
major problem. Those products should preferably be frozen 
integrated in the processing line before packaging or in 
very small packages that allow for a much faster freezing. 

As most prepared foods involve a high degree of pro- 
cessing as well as mixing of different ingredients the freez- 
ing becomes very important. The general pattern of the 
growth of microorganisms in the production of prepared 
foods is illustrated in Figure 3. 

During storage of raw material as well as during han- 
dling and preparation, microorganism growth will take 
place. If the preparation is followed by heat treatment, the 
total number of microorganisms will be reduced. 

At this point the product could be handled in two dif- 
ferent ways: either packaged and frozen in batch-operated 
equipment or frozen in-line and then packed. If the prod- 
ucts are placed on racks and then transported to a freezing 
tunnel for freezing, there may be a time lapse, resulting in 
a marked growth of microorganisms. If the product has 
been heat treated, it will pass through the temperature 
zone of optimum microbiologic activity. 

A chilling operation immediately after the heat treat- 
ment—which means that the products are cooled down to 
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Figure 3. Growth pattern of bacteria during different steps in 
the processing of precooked frozen foods. Source: Ref. 7. 
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below — 10°C, then packaged and frozen—will reduce the 
growth of bacteria. However also in this case microbiologic 
growth can be recorded. If the products are instead frozen 
in-line immediately after the heat treatment and then 
packaged, there will be almost no increase in the number 
of bacteria present. 

In-line freezing is, of course, even more essential when 
prepared foods are processed without heat treatment prior 
to the freezing process. 

A low microbiologic load in the frozen state will directly 
influence the preservability of the food product after thaw- 
ing. All measures taken to arrest growth of microorgan- 
isms prior to freezing are therefore beneficial. 

Compared to batch freezing in a tunnel, the modern in- 
line freezer provides much faster freezing, and even more 
important, the in-line process itself minimizes the delays 
in product flow from preparation to freezing and through 
the temperature zone, which is critical from a microbio- 
logic point of view. 


Desiccation 


During the freezing process it is unavoidable that a certain 
evaporation of water from the surface takes place, result- 
ing in both a quality loss and a weight loss. Only if the 
product is tightly enclosed in a water vapor inpermeable 
packaging material, evaporation can be completely 
avoided. If there are small spaces between the product and 
the packaging material ice is deposited in these. 

Freezers that are poorly designed and improperly used 
may cause a weight loss in the order of 5-7%, while prop- 
erly designed and used equipment will cause no more than 
0.5-1.5% weight loss. As the total freezing cost often is no 
greater than 3-5% of the product value, it is obvious that 
dehydration losses are of great importance in any compar- 
ison of different freezing methods. 

There is a definite correlation between the degree of de- 
hydration loss and the rate of freezing. In Figure 4, the 
temperature gradient in a product with a thickness of 2b 
and in the air surrounding the product is plotted against 
the partial pressure of water vapor in moist air. 

The size of the dehydration is influenced by a number 
of factors related to the biological materials as well as to 
physical handling, temperature of the heat-transfer me- 
dium, dimensions of the product, etc. The rate of evapo- 
ration from the product is determined by the conditions at 
the surface. 

In a simplified consideration the evaporation rate may 
be regarded as proportional to the vapor pressure 4p”. The 
curve corresponds to the “relative” humidity of the product 
surface. This concept is introduced in order to represent 
the diffusion resistance that may exists in cell walls, etc. 

During infinitely slow freezing the surface temperature 
approaches the average temperature t;. Then the evapo- 
ration rate increases to the value 4p3. Hence it is clear that 
tz — ta should be as great as possible in order to obtain low 
dehydration losses. Three principal factors contribute to 
this: 


¢ 6 large. In thick products the surface temperature 
will be low during most of the freezing process. 
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Figure 4. Dehydration mechanism during freezing. Source: 
Ref. 8. 


* t, low. The lower the temperature of the ambient air, 
the more curved the temperature gradient in the 
product will be. 


+ High heat-transfer rate. A low air temperature has 
no appreciable effect if the heat-transfer rate is too 
low. Therefore, it is extremely important that the 
heat-transfer conditions be favorable. This is more 
important for thinner products. 


Wet products generate water vapor at a rate propor- 
tional to the difference between the vapor pressure at the 
surface of the product and that of the surrounding air. In 
a product that has a more or less dry surface there is a 
resistance in the cell walls against diffusion of vapor from 
the interior of the product to the surface and the air. This 
results in a reduction of vapor pressure at the surface of 
the product. 

The water vapor pressure decreases rapidly when the 
temperature is reduced, which means that the dehydration 
will be less the colder the heat-transfer medium is. The 
importance of a low temperature during freezing is well 
illustrated in Figure 5, where the accumulated weight loss 
during different freezing tests with a temperature varying 
from —13 to — 35°C is plotted against the core tempera- 
ture of the product. The diagram illustrates both the im- 
portance of the latent heat zone and the drastic influence 
of the air temperature. 
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Figure 5. Accumulated dehydration during freezing at different 
air temperatures, Source: Ref. 9. 


Glazing for Protection of Product Quality. In order to im- 
prove shelf life by preventing desiccation and oxidative 
changes, it has become standard practice to glaze certain 
individually frozen products, eg, shrimp, after freezing. 
The product quality is greatly improved as the thin ice 
layer prevents the product from the changes mentioned 
above. The glazing is carried out by spraying the frozen 
product with cold water, which immediately freezes on the 
surface. Even if the product leaves the freezer at a low 
outfeed temperature, the product temperature may in- 
crease considerably after the glazing operation. This high- 
end temperature may cause clumping of the product when 
packed, and the slow decrease in temperature during sub- 
sequent storage and distribution may lead to noticeable 
texture changes on thawing. 

To avoid these problems special equipment has been de- 
veloped—GLAZoFREEZE—that is designed to lower the 
product temperature of the glazed product immediately af- 
ter the glazing operation. The equipment utilizes the flu- 
idization technique. In GLAZoFREEZE the fluidization 
must be specially gentle to the product in order to avoid 
damage of the glazed surface. 


DEFINITIONS 


Definitions of the freezing process, freezing time, freezing 
rate, and speed of freezing are most useful in comparisons 
of different systems and equipment. The International In- 
stitute of Refrigeration gives the following definitions (10). 


Freezing Process 


During the freezing process different parts ofa product will 
pass through the various stages at different times. If a par- 
ticular location in the product is considered, three stages 
of temperature changes can be defined. 


Prefreezing Stage 


This is the interval between the time at which a high- 
temperature product is subjected to a freezing process and 
the time at which the water starts to crystallize. 


Freezing Stage 


The period during which the temperature at the consid- 
ered location is almost constant because the heat that be- 
ing extracted is causing the majority of water to change 
phase into ice. 


Reduction to Storage Temperature 


This is the period during which the temperature is reduced 
from the temperature at which most of the freezable water 
has been converted to ice to the intended final tempera- 
ture. The final temperature can result when the storage 
temperature is reached in any part of the product, includ- 
ing the thermal center or the equalization temperature. 
The equalization temperature is the temperature achieved 
under adiabatic conditions—without heat exchange with 
the environment. 


Freezing Time 


The freezing time is defined as the time elapsed from the 
start of the prefreezing stage until the final temperature 
is reached. The freezing time depends not only on the ini- 
tial and final temperature of the product and the quantity 
of heat removed but also on the dimensions—especially the 
thickness—and shape of the product as well as on the heat- 
transfer process and its temperature. 


Freezing Rate 


For a product or a package the freezing rate (degrees Cel- 
sius per hour) is the difference between the initial and the 
final temperatures divided by the freezing time. In a given 
point of a product the local freezing rate is equal to the 
difference between the initial temperature and the desired 
temperature divided by the time elapsed until the moment 
at which the latter temperature is achieved in this partic- 
ular point. 


Speed of Ice Front Movement 


The freezing rate may be evaluated by the speed of move- 
ment of the ice (in centimeters per hour) through a product. 
This speed is faster near the surface and slower toward the 
center. As a result, reported freezing rates from different 
sources are not necessarily comparable. 


Practical Freezing Time 


Besides the above-mentioned definitions the industry has 
developed a common definition of freezing time for practi- 
cal commercial purposes. 

From a practical point of view the freezing time is de- 
fined as the time required to lower the temperature of a 
product to an equalization temperature of — 18°C under 
adiabatic conditions. This definition determines the com- 
mercial capacity of the freezing equipment. 

The time the product is held in the freezer is known as 
standard freezing time (SFT) or holding time. In Figure 6 
ET stands for equalization time. In determining capacity 
of equipment there will be an equalization to — 18°C. How- 
ever, in practical life this temperature equalization takes 
place during subsequent handling and storage and the 
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Standard 
freezing time (SFT) equalization (ET) 


Temperature Storage 


Freezing temperature 
equalization in industrial freezing 


Figure 6, Practical commercial definition of the freezing process. 


equalization temperature will be that of the surrounding 
environment. From a theoretical point of view the total 
freezing time (TFT) for a product is SFT + ET. 
Important is that contrary to what is commonly be- 
lieved the product temperature is not brought down to 
— 18°C in the center of the product in the freezer. This tem- 
perature or preferably a lower temperature is achieved 
during subsequent handling, packaging, and storage. 


Freezer Capacity 


The investment in any freezing equipment is based on re- 
quirements to freeze a certain quantity of food per hour. 
As a principle the following relation is valid for any type 
of freezer: 


C = Q/F = Vq/F 


where C is the capacity of the freezer expressed as tons per 
hour, Q is the quantity, in tons, of the product that can be 
accommodated in the freezer, F is the holding time, in 
hours, of the product in the particular freezer, V is the vol- 
ume, in cubic meters, of the product that can be accom- 
modated in the freezer, and q is the volume weight, in tons 
per cubic meter, of the product. 

The holding time refers to the temperature change that 
is required, ie, usually from incoming temperature to 
~— 18°C equalization temperature. 

It is important to understand the fundamental impor- 
tance of the holding time for the capacity of a freezer. Every 
product has different holding times. The amount of heat to 
be extracted per kilogram of product usually varies only 
little within a group of products, eg, vegetables, but the 
dimensions of each product particle have a drastic influ- 
ence (see Fig. 7). 

As all heat must be extracted from the product through 
its surface, the relation between surface and weight, the 
specific surface in square meters per kilogram, is of great 
interest. Volume and weight are entirely proportional to 
each other and therefore can substitute each other in this 
discussion. In Figure 7 can be seen that the freezing time 
is inversely proportional to the specific surface for parti- 
cles. 
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Figure 7. Heat to be extracted during freezing of different pack- 
age sizes (where V = volume, F = surface, J = inverted specific 
surface, 7’ = practical holding time, F/V = specific surface). 


As a practical example a simple rack tunnel with a ca- 
pacity of one ton per hour of spinach purée in 45-mm-thick 
packages can be taken. It may have the following capaci- 
ties: 


Spinach, packaged, 45-mm layer ltonh 

Peas, unpackaged, 30 mm layer 15 ton/h 
Peas, packaged, 45 mm layer 0.6 ton/s 
Parsley, packaged, 45 mm layer 0.4 ton/h 
‘TV-dinner, packaged, 35 mm layer 0.2 ton/h 


In the case of parsley and TV dinners the capacity is 
reduced primarily because of the low volume weight and 
secondarily because of the poor heat transfer inside the 
packages. 
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Frequently a freezer may be used for several different 
products. For such products the above working capacity 


will have to be multiplied with the capacity factor, which 
relates the capacity of that particular product to the ca- 
pacity of the product stated in the design specification. For 
products with very low capacity factor, the operating con- 
ditions usually differ so much that a separate working ca- 
pacity must be established. 


Precooling. Precooling is defined as the cooling of the 
product before it enters the freezer. The process of pre- 
cooling has a positive effect on the energy required to 
freeze a product and generally reduces the frost load on 
the coils as well. Precooling can be done by blowing am- 
bient air over the product, blowing ambient air that has 
been evaporatively cooled by water sprays, immersion in 
cold water (refrigerated or nonrefrigerated), or blowing re- 
frigerated air over the product. 

Sanitation during precooling processes is an important 
consideration because the conveyor system could be at a 
temperature for all or part of the cycle that can allow bac- 
terial buildup. 

Precooling reduces the load on the low-temperature re- 
frigeration system, which reduces the power required by 
the low-temperature system. If a refrigerated precooler is 
used, the precooling heat is removed by a refrigeration sys- 
tem that consumes less power per unit of heat removed 
from the product, and a net power savings is achieved. 


FREEZING EQUIPMENT 


Today's freezing equipment can be divided into two main 
groups: integrated in the processing line and operating in 
batches. 

According to the heat-transfer method, there are basi- 
cally three main types of equipment: 


* Air-blast freezers, which use air for heat transfer. Be- 
cause air is the most common freezing media, this 
method of heat transfer has probably the largest 
range of designs. 

* Contact freezers. Heat transfers occurs through con- 
duction. A refrigerated surface is placed in direct con- 
tact with the product or package to carry away the 
heat. Alternatively, the product is immersed in a cold 
liquid—brine. 

* Cryogenic freezers. These freezers use liquefiable 
gases, nitrogen or carbon dioxide to produce vapors 
that precool and freeze the products. 


Combinations of these heat-transfer methods can be 
seen in special designs. 

The freezing equipment can also be divided into two 
main groups with reference to the product. Individually 
quick-frozen (IQF) and packaged products, 

All of these methods are used in the food processing 
industry; however, the preferred systems are those that 
can be operated in-line, integrated with the processing and 
packaging operations. 

The freezing equipment must be designed to accom- 
modate the three stages of the freezing process and should 
ideally optimize the total process. 


The following design criteria are of special interest (see 
below under “Major Considerations in Freezer Design”): 


Product quality 

Hygiene 

Minimum product losses 
Reliable and simple operation 
Simple maintenance 
Economy, freezing cost 


In the following sections the freezing equipment will be 
discussed with the basis on the method of heat transfer. 


Air-Blast Freezers 


Air is the most common freezing medium, and for that rea- 
son a number of designs can be found. Even if a storage 
room should never be considered as a piece of freezing 
equipment, it is sometimes used for this purpose. However, 
freezing in a storage room involves so many disadvantages 
that it should be used only in exceptional cases. The freez- 
ing is so slow that the quality of almost all products will 
be affected adversely. 


Sharp Freezer, Blast Room 


Basically, a sharp freezer or blast room is a cold storage 
room that has been especially constructed and equipped to 
operate at low temperatures for freezing. Even if this room 
is equipped with extra refrigeration capacity as well as 
fans for air circulation, there is normally no controlled air- 
flow over the products, and for that reason freezing is nor- 
mally slow. This type of equipment is, however, still used 
sometimes for bulk products such as beef quarters, but not 
for processed food products. 


Tunnel Freezers 


In tunnel freezers refrigerated air is circulated over the 
product, which is placed on trays or special spacers that 
stand in or pass through the tunnel in racks or trolleys. 

The racks or spacers are arranged to provide an air 
space between each layer of trays. The racks or trolleys 
can be moved in and out of the freezer manually or by a 
fork-lift truck pushed through the tunnel by a pushing 
mechanism or slide-through. Tunnels are also used for 
freezing hanging meat carcasses carried on a suspension 
conveyor or in especially designed racks. 

Practically all products can be frozen in a tunnel freezer. 
Whole, diced, and sliced vegetables may be frozen in car- 
tons or unpacked in a 30-40-mm-deep layer on trays. Spin- 
ach, broccoli, meat patties, fish fillets, and prepared foods 
are frozen in packages in this type of equipment. It is, how- 
ever, important to recognize that both refrigeration capac- 
ity and arrangements for air circulation have been de- 
signed for a specific product range. This means that if the 
tunnel freezer is designed for freezing meat carcasses or 
bulk meat cartons, the tunnel design is not appropriate for 
handling unpacked products such as vegetables. The result 
is often a increase in weight loss that influences both the 
sensory properties of the product and the economics of the 
freezing operation. 
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The flexibility of this type of equipment is balanced by 
high manpower requirements and a considerable weight 
loss if improperly used. The high manpower is caused by 
the handling, releasing, cleaning, and transportation of 
the trays and of the racks. 

The tunnel should always be filled with product in such 
way that uniform airflow is obtained over all products to 
be frozen (see Fig. 8). 


Mechanized Freezing Tunnels 


A certain degree of mechanization is achieved when the 
racks are fitted with casters or wheels. The racks or trol- 
leys are usually moved on rails by a pushing mechanism 
often powered hydraulically. Mechanized tunnel freezers 
are known as push-through tunnels, carrier freezers, and 
sliding-tray freezers. A typical design is shown in Figure 9. 

As in any other tunnel freezer, the products are placed 
on trays that, in turn, are stacked on trolleys. The tunnel 
contains one or two rows of trolleys that are pushed for- 
ward stepwise by each other on rails in line with the prod- 
uct line. When a trolley leaves the freezer, the frozen prod~ 


Figure 8. Stationary freezing tunnel. 


Figure 9. Mechanized freezing tunnel. 
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ucts are removed from the trays and the trolleys are 
returned to the loading station. 

The design and construction of the freezer is common 
to most tunnel freezers. The evaporation coils are placed 
on a steel frame standing on the insulated floor. They have 
a thin spacing, which varies with the depth of the coils. 
The spacing is wide at the air inlet and narrow at the out- 
let. This ensures an even frost buildup on the coils without 
detriment to the airflow. The coils are furnished with liquid 
and suction headers and arranged for pump circulation of 
the refrigerant. In some installations arrangements are 
also made for gravity feed. Standard defrosting is effected 
by hot gas or by leaving the doors open and running the 
fans during the night. 

‘The fans circulate the air down between the coil and the 
wall through the coil, through the trolleys and the prod- 
ucts, and then the air is deflected up along the wall and 
back to the fans above the sheeting. 

Tunnel freezers are built for capacities varying from a 
few hundred kilograms to several tons per hour. The freez- 
ing time in this type of equipment varies considerably from 
a few hours when freezing unpackaged vegetables in a thin 
layer to 48 h freezing meat carcasses. 

The sliding-tray freezer is basically a tunnel consisting 
of one huge rack accommodating many large trays on each 
tier. At one end of the construction there is an elevating 
mechanism that lifts the arriving tray to the top tier, where 
it is pushed in, forcing all the other trays on this tier to 
advance one step. The tray at the far end is pushed onto 
an elevator that brings it down one tier where the tray is 
entered. Consequently, on every odd tier the trays will be 
advancing, and on every even tier they will be returning. 
For each tray that enters, all trays will advance one step. 

All mechanisms are usually hydraulically powered. 
Outside the freezer enclosure automatic loading and un- 
loading of the trays may be arranged. 

The freezing trays are in the traveling-tray freezer con- 
nected to one or two sturdy roller chains at each end. These 
are arranged to move the trays forward to a set of sprockets 
elevating the trays one tier while maintaining their hori- 
zontal position. This type is constructed as large as those 
mentioned previously, but requires more space because the 
minimum pitch between the tiers is decided by the sprock- 
ets, which are 200-300 mm in diameter. 

The carrier freezer may be regarded as two push- 
through tunnels, one on top of the other. At the stop section 
a row of carriers is pushed forward, while it is returned in 
the lower section. At both ends there are elevating mech- 
anisms. A carrier is similar to a bookcase with shelves. 
When it is indexed up at the loading end of the freezer, the 
products on one tier at a time are pushed off the shelf onto 
a discharge conveyor. 

When the carrier is indexed up the next time, this shelf 
is level with the loading belt from which new products are 
transferred to the carrier (see Fig. 10). 

The carriers may be designed for almost any pitch be- 
tween the tiers and for any length and width, giving max- 
imum compactness. The loading and unloading may be 
manual or fully automatic. 

Another automatic freezing tunnel is the reciprocating 
spiral freezer, which consists of two parallel sets of rails, 


Figure 10. Carrier freezer. 


one of which is fixed. In between there is a set of movable 
rails. Initially the products rest on the fixed set. The mov- 
able set lifts the products clear of the fixed set, advances 
one stroke, descends to leave the products resting on the 
fixed set again, and then returns to the initial position. 

Both sets are arranged to form a large spiral, the fixed 
set supported from an external steel structure and the 
movable set fitted to a central cylinder. This provides a 
reciprocating motion around the vertical axis as well as up 
and down. 

The infeed can be arranged very easily for a range of 
carton sizes provided the utilization of the conveyor area 
is limited. Small items must be placed on trays that are 
loaded, unloaded, and transferred from outfeed to infeed 
separately. 

As the total product load is accelerated and decelerated 
for each stroke, a relatively slow motion is necessitated, 
making this type of freezer suitable mainly for intermedi- 
ate and large package sizes. 

All freezer designs described above are intended pri- 
marily for packaged products. Attempts to freeze fish fil- 
lets, meat patties, etc individually on trays invariably have 
been only moderate successful because of a number of 
problems, primarily the following: 


1. Products stick to the trays. This causes damage and 
weight losses if products are removed mechanically. 
An alternative is to heat the trays to release the 
products. This requires complicated equipment and 
causes reduced capacity. 

2. Hygiene. The trays must be washed after removal of 
the frozen products if acceptable hygiene is to be ob- 
tained. 

3. The handling of trays from outfeed to infeed is costly 
whether it is manual or automatic. 


The principal advantages of automatic air-blast freezers in 
comparison with automatic plate freezers, which are usu- 
ally the alternative, are the following: 


4. Products of much varied thickness may be frozen si- 
multaneously or immediately after another. 

5. Products do not need to be square in shape. 

6. Higher capacities per unit are possible. 


The automatic or mechanized tunnel freezer generally 
has the same advantages and disadvantages as the clas- 
sical tunnel except that it is slightly better suited as an 
inline freezer. 

Labor costs can be reduced and the flexibility is some- 
what better as different products can be handled at the 
same time by different tracks having different dwell times. 


Belt Freezers 


The first belt freezers basically consisted of a wire mesh 
belt conveyor in a blast room, which satisfied the need for 
a continuous product flow. In addition to the disadvantage 
of poor heat transfer in a blast room, many mechanical 
problems arose. 

Modern belt freezers normally utilize vertical airflow, 
forcing the air through the product layer, which creates 
good contact with all product particles. A condition is, how- 
ever, that the product be evenly distributed over the entire 
belt area. Where the product layer is thin or nonexisting, 
there is less resistance to the air, which will concentrate 
to these areas and bypass the thicker product layer. This 
phenomenon, called channeling, may result in poorly fro- 
zen products and thus must be avoided by careful and even 
spreading of the product across total belt width under all 
operating conditions. Single-belt freezers designed for 
freezing unpacked products can be designed to achieve a 
fluidized freezing. 

In order to decrease the necessary floor space of a single- 
belt freezer the belts can be stacked above each other as 
in a multitier belt freezer or a spiral belt freezer. The latter 
being the most important modern belt freezer equipment. 
A typical multitier freezer is shown in Figure 11. 

A multitier freezer can be used where the factory layout 
requires a straight-through product flow and where avail- 
able space is narrow. A freezer consists of three conveyor 
systems positioned one above the other with fans and coils 
positioned above the top belt supported by the same steel 
structure that carries the conveyor system. 

Products are fed onto the top belt and transported 
through the cooling zone into the freezing zone and to the 
opposite end of the freezer. Here the products are trans- 
ferred from the top belt to the second via a stainless-steel 
transfer chute. On a second belt they are conveyed back 
through the freezing zone to the infeed, where they are 
transferred to the third belt. The third belt takes the prod- 
ucts through the freezing zone and delivers the frozen 
products to the outfeed, from which the products leave the 
freezer. This arrangement has the advantage that the 
product, after being surface frozen on the first belt, may be 
stacked in a rather deep bed on the lower belts. Thus the 
total belt area required can be reduced. 

By vertically stacking the belt in tiers a minimum of 
floor space is occupied by the freezer. This is the case in 
the modern spiral belt freezer (Fig. 12), which maximizes 
the belt surface area in a given floor space. This is achieved 
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by using a belt that can be bend laterally around a rotating 
drum. The belt in supported by rails and driven by the 
friction against the drum. The most advanced and refined 
spiral freezers operate with a low tension drive system. 

The continuous-belt design eliminates product transfer 
points where product damage can occur within the freezing 
system. The products are placed on the belt outside the 
freezer where they can be monitored and will remain in 
the same spot until leaving the freezer. The flexibility of 
the belt used allows for more than one infeed and outfeed 
with one and the same belt, and infeed and outfeed may 
be arranged in any direction desired to suit the layout of 
the processing line. 

In the most modern version of spiral belt freezers a self- 
stacking belt—FRIGoBELT—where each tier rests di- 
rectly on the vertical side links of the tier beneath is used. 
This construction eliminates the need for rails and runners 
and allows more tiers of belt to be installed in a given 
space. The whole stack turns as a unit. Products cannot 
roll and blow out of the closed freezing zone and cannot 
become stuck within freezer because there are no station- 
ary structural parts to snag them. Equally important is the 
improvements of the hygienic conditions of the enclosed 
product zone. The belt in contact with the product is reg- 
ularly cleaned and dried in an external washing unit out- 
side the freezer. 

The side links of the belt will also serve to channel the 
vertical airflow in the freezing zone. The air is blown down 
over the upward-moving products in a countercurrent flow, 
which is a very efficient form of heat transfer. 

The spiral belt freezer provides great flexibility with re- 
gard to the product range to be handled. Both unpackaged 
and packaged products are frozen and typical products are 
meat patties, fish cakes, fish fillets, and bakery products, 
which all may be frozen raw or prepared. 


Fluidized-Bed Freezers 


Previously freezing of vegetables took place in a plate 
freezer or tunnel freezer, and the result was more or less 
a block frozen product that was hard to thaw and rather 
inconvenient in handling. The use of “cluster busters” in 
order to obtain a more free-flowing product caused consid- 
erable mechanical damage. Belt freezers were introduced 
soon after World War II, but in order to meet the high freez- 
ing demands those freezers became rather huge. In the 
early 1960s fluidized freezing was introduced after years 
of experiments and tests, and it was possible for the first 
time to quick-freeze vegetables individually very fast in a 
commercial application. 

Fluidization occurs when particles of fairly uniform 
shape and size are subjected to an upward airstream. At 
a certain air velocity the particles will float in the air- 
stream, each one separated from the other but surrounded 
by air and free to move. In this state the mass of particles 
can be compared to a fluid. 

If a mass is held in a container that is fed in one end 
and the other end is lower, the mass will move toward the 
lower end as long as more products are added. By utilizing 
low-temperature air to achieve the fluidization the prod- 
ucts are frozen and simultaneously conveyed by the same 
air without the aid of a conveyor (see Fig. 13). 
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Figure 11. Multitier freezer 
(TRIoFREEZE). 


Figure 12. Spiral freezer (GYROCOMPACT). 


The use of the fluidization principle gives a number of 
advantages in comparison with the use of a belt freezer. 
‘The product is always individually quick-frozen (IQF); this 
applies also to products with a tendency to stick together, 
eg, French-style green beans, sliced carrots, and sliced cu- 
cumber. 

The freezer is totally independent of fluctuations in 
load. If the freezer is partly loaded, the air distribution can 
be the same as for the full load, ie, with no hazard of chan- 
neling. The variability of freezing with products is greatly 
improved because a deep fluidized bed can accept products 
with more surface water. Consequently, there is no hazard 


Figure 13. Fluidized-bed freezer (FLOFREEZE). 


of belt damage if a dewatering screen is broken down tem- 
porarily. 

One type of fluidized-bed freezer combines the fluidized 
bed with a conveyor belt. The freezer operates in two 
stages: a crust freezing zone and a finishing freezing zone. 
In the former the product is carried on a fluidized bed that 
guarantees an efficient heat transfer, a quick crust freez- 
ing, and particle separation. The crust frozen product is 
then conveyed on a belt through the second freezing zone. 

The fluidization technique achieves a very efficient air- 
product contact, which gives heat-transfer rates which are 
much higher than those for conventional air-blast freezing 
tunnels or belt freezers. The efficiency of the heat removal 
can also be seen in the physical dimensions of the equip- 
ment, which are generally one-third of the comparable belt 
freezer. 


The fluidized-bed freezer is in-line equipment suitable 
not only for vegetables, berries, and other fruits but also 
for processed products such as French fried potatoes, 
peeled cooked shrimps, diced meat, and meatballs. 


Contact Freezers 


In a contact freezer the product is either in direct contact 
with the freezing media—immersed—or indirectly by be- 
ing in contact with a belt or plate containing the freezing 
media. 


Immersion Freezers 


The immersion freezers consists of a tank with a cooled 
freezing medium, such as salt, sugar, or alcohol solution in 
water or other nontoxic mixtures of water and solutes. The 
product is immersed in this brine or sprayed while being 
conveyed through the tank. 

This type of equipment has been quite commonly used 
for surface freezing of turkeys and other poultry on mar- 
kets where a light color is demanded. Final freezing is ac- 
complished in a separate blast tunnel or during cold stor- 
age. The latter, however, may jeopardize quality because 
of slow core freezing. It is necessary to protect the product 
from contact with the brine by using high-quality pack- 
aging materials with absolutely tight seal. Brine residues 
on the packages are washed off with water at the freezer 
exit. 

A sodium chloride brine was earlier sometimes used in 
direct contact with the product in the fishing industry. For 
freezing tuna fish, for example, it is still used in some 
places. 


Indirect-Contact Freezers 


The most commonly contact freezer is the plate freezer, 
where the product is pressed between hollow metal plates 
that are positioned horizontally or vertically, with a refrig- 
erant circulating through them. 

Another type of freezer utilizes two belts with the re- 
frigerant circulating outside the belts or alternatively plac- 
ing the product on a single belt. All these arrangements 
provide a very good heat transfer, which is reflected in 
short freezing times, provided the product itself is a good 
heat conductor. 

The advantage of good heat transfer at the surface is 
gradually reduced with increasing product thickness. For 
this reason it is often limited to a maximum of 50-60 mm. 
It is further important that the packages are well filled and 
if metal trays are used to carry the packs that these are 
not distorted. 

The pressure from the plates or belts maintain through- 
out the freezing process practically eliminates what is 
known as “bulging” and the frozen packs will maintain 
their regular shape within very close tolerances. 


Plate Freezers 


There are two main types of plate freezer: the horizontal 
and the vertical plate freezer. Either type can be manual 
or automatic. The typical manual horizontal plate freezer 
contains 15-20 plates. The product is placed on metal trays 
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or in other systems metal frames and transported to the 
freezer where they are manually loaded between the 
plates. 

In order to obtain automatic operation of the horizontal 
plate freezer the whole battery of plates is moyed up and 
down in an elevator system. At the loading conveyor level 
the plates are separated, and a row of packages that have 
accumulated on a transport conveyor from the processing 
and packaging are pushed in between the open plates, si- 
multaneously discharging a row of frozen products at the 
opposite side. This cycle is repeated until all frozen pack- 
ages at this level has been replaced. Then the space be- 
tween the two plates are closed, all plates are indexed up, 
and the next set of plates are opened for loading and un- 
loading. A typical automatic plate freezer is shown in Fig- 
ure 14. 

The vertical plate freezer is used mainly for freezing 
products in blocks weighing 10-15 kg and has been spe- 
cially developed for freezing fish at sea. The freezer con- 
sists of a number of vertical freezing plates forming par- 
titions in a container with an open top. The product is 
simply fed in from the top and the blocks after freezing is 
discharged either to the side, upwards, or down through 
the bottom. Usually this mechanism is automized. The dis- 
charge of the products is enhanced by a short period of gas 
defrost at the end of the freezing cycle and the use of com- 
pressed air or a hydraulic system to force out the product. 


Band Freezers 


Single-band and double-band freezers are designed to 
freeze thin product layers. The freezers can either be 
straight forward bands as shown in Figure 15 or as a drum 
(Fig. 16). 

The band freezer illustrated in Figure 16 is designed to 
freeze and form liquids and semiliquids into individual pel- 
lets as an in-line operation. 


Figure 14. Automatic plate freezer (AUToPLATE), 
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Figure 15. Contact band freezer 
(PELLoFREEZE). 
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Figure 16. Direct-contact band freezeR—drum freezer. 


The product is formed and frozen between two endless 
stainless-steel bands, of which the top band is flat and the 
lower band is corrugated with flexible seals on each side. 
The product is supplied on the corrugated band by a 
spreading device, after which the flat band is brought in 
contact with the product, thus totally enclosing it. After 
the freezing-forming zone the two bands are separated. 
The liquid is now frozen to a mat and passes through the 
final forming operation. The product finally enters the out- 
feed conveyor in an IQF form. 

A monopropylene glycol—water brine is used as an in- 
termediate freezing medium. The brine is circulated by 
pumps from a sump below the freezing pump via a brine 


cooler to the freezing zone, where it passes over the outer 
surfaces of the band with high velocity. 

Typical products frozen in band freezers are chopped 
spinach purée, fruits pulps, egg yoke, sauces, and soups. 

The drum freezer can be viewed as a more compact band 
freezer. Distinction is made between both vertical and hor- 
izontal drums. This type of freezer is also known as a ro- 
tary freezer. 


Cryogenic Freezers 


Cryogenic freezers differ from all other types of freezers in 
one fundamental respect: they are not connected to a re- 
frigeration plant. The heat-transfer medium is nitrogen or 
carbon dioxide liquefied in large industrial installations 
and shipped to the food freezing factory in low-tempera- 
ture well-insulated pressure vessels. 

The design of cryogenic freezers has improved signifi- 
cantly in recent years. As for all types of freezers also this 
type can be found as straight-belt, multitier, and spiral belt 
as well as immersion designs. In principle the same basic 
equipment can be used for both gases, but with slight mod- 
ifications. The size and mobility of cryogenic freezers allow 
for flexibility in design and redesigning a processing plant. 

Key attributes of the equipment are high heat-transfer 
rates, low investment costs, and rapid installation and 
startup. Especially interesting applications are those for 
chilling, firming, or crusting products. 

A typical belt liquid nitrogen (LIN) freezer is shown in 
Figure 17. Liquid nitrogen at — 196°C is sprayed into the 
freezer in which the atmosphere is circulated by small 
fans. The freezant or liquid nitrogen partially evaporates 
immediately leaving the spray nozzles and on contact with 
the products. The cold gas is circulated by fans toward the 
infeed end precooling the products entering the freezer and 
thereafter extracted by an exhaust fan. 


Figure 17. Cryogenic freezer (AGA FREEZE). 


The freezant thus passes in countercurrent to the move- 
ment of products on the belt and giving a high heat-trans- 
fer efficiency, which is an advantage in terms of quality for 
some special products. 

However, the quick freezing may also result in cracking 
of the product surface if sufficient precautions are not 
taken. The freezant consumption is in the range of 1.2-2.0 
kg per kilogram of product. The capacity can vary from 150 
to 1000 kg/h, and typical products are meat cuts, fish fil- 
lets, seafood, fruit, berries, pies, and pastries. 


Prefreezer 


A recent development utilizing liquid nitrogen as freezing 
medium is an apparatus designed for quick crust freezing 
of extremely wet, sticky, or sensitive products that can 
then be easily handled in a spiral belt freezer or a fluidized- 
bed freezer for completion of the freezing process without 
deformation or breakage. The freezers also offer a possi- 
bility of freezing products that are difficult to freeze in con- 
ventional systems (see Fig. 18). 

The products are frozen by means of direct immersion 
in liquid nitrogen, which gives an almost instantaneous 
freezing of the surface. The product is fed vertically into 
an IQF tank with a continuous flow of liquid nitrogen. 

In this stream the products are gently received and 
separated at the same time as a very thin layer of the prod- 
uct surface is frozen. From this first step the products drop 
down on a belt and are fed into a bath of liquid nitrogen 
that together with a spray completes the crust freezing. 
The liquid nitrogen is then separated from the product and 
collected in a sump from where it is recirculated by means 
of a specially designed pump. 


Carbon Dioxide Freezer 


Liquid carbon dioxide is normally stored under high pres- 
sure. At atmospheric pressure it exists only as a solid or a 
gas. When the liquid is released to the atmosphere, 50% of 
the liquid becomes dry-ice snow and 50% vapor both at 
—179°C. Because of these unusual properties, carbon diox- 
ide freezer designs vary widely. 

In a LIN freezer the cold gas phase is used to precool 
the product before it is exposed to the nitrogen spray. As 
liquid carbon dioxide forms snow that needs time for sub- 
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Figure 18. Prefreezer (CRUSToFREEZE). 


limation, the injection is moved closer to the product in- 
feed as compared to the LIN freezer. 


THERMODYNAMIC PROPERTIES 


An important consideration in all designs of food process- 
ing involving heat exchange is the thermal properties of 
the food products to be handled in the system. The variable 
composition and structure of foods influence those prop- 
erties. During storage the chemical and physical proper- 
ties, the time, and the temperatures are the most impor- 
tant factors. The composition of the food product varies 
with species, growth condition, age, feed, harvest, slaugh- 
ter, catch, handling, and processing, as well as storage con- 
ditions. All of these factors influence the thermal proper- 
ties. 

For these reasons it is easily understood that the values 
of thermal properties are not exact values but most often 
estimates. The more detailed a description of the food prod- 
uct measured the more accurate the values given. Another 
important consideration when using experimentally found 
thermal properties is the difference in the methods of mea- 
surement, which may place limitations on the value of the 
data (4). Computer programs have been developed to es- 
timate the thermal physical properties from the knowledge 
of the specifications of the products, such as chemical com- 
position, temperature, and density. 

Values of specific heat and latent heat of fusion are often 
calculated directly from the water content of the product. 
This is the case for the values given in Table 1. 

The values of water content in Table 1 are averaged for 
the product. The water content for fruit and vegetables 


Figure 17. Cryogenic freezer (AGA FREEZE). 


The freezant thus passes in countercurrent to the move- 
ment of products on the belt and giving a high heat-trans- 
fer efficiency, which is an advantage in terms of quality for 
some special products. 

However, the quick freezing may also result in cracking 
of the product surface if sufficient precautions are not 
taken. The freezant consumption is in the range of 1.2-2.0 
kg per kilogram of product. The capacity can vary from 150 
to 1000 kg/h, and typical products are meat cuts, fish fil- 
lets, seafood, fruit, berries, pies, and pastries. 


Prefreezer 


A recent development utilizing liquid nitrogen as freezing 
medium is an apparatus designed for quick crust freezing 
of extremely wet, sticky, or sensitive products that can 
then be easily handled in a spiral belt freezer or a fluidized- 
bed freezer for completion of the freezing process without 
deformation or breakage. The freezers also offer a possi- 
bility of freezing products that are difficult to freeze in con- 
ventional systems (see Fig. 18). 

The products are frozen by means of direct immersion 
in liquid nitrogen, which gives an almost instantaneous 
freezing of the surface. The product is fed vertically into 
an IQF tank with a continuous flow of liquid nitrogen. 

In this stream the products are gently received and 
separated at the same time as a very thin layer of the prod- 
uct surface is frozen. From this first step the products drop 
down on a belt and are fed into a bath of liquid nitrogen 
that together with a spray completes the crust freezing. 
The liquid nitrogen is then separated from the product and 
collected in a sump from where it is recirculated by means 
of a specially designed pump. 


Carbon Dioxide Freezer 


Liquid carbon dioxide is normally stored under high pres- 
sure. At atmospheric pressure it exists only as a solid or a 
gas. When the liquid is released to the atmosphere, 50% of 
the liquid becomes dry-ice snow and 50% vapor both at 
—179°C. Because of these unusual properties, carbon diox- 
ide freezer designs vary widely. 

In a LIN freezer the cold gas phase is used to precool 
the product before it is exposed to the nitrogen spray. As 
liquid carbon dioxide forms snow that needs time for sub- 


FREEZING SYSTEMS FOR THE FOOD INDUSTRY 1125 


Figure 18. Prefreezer (CRUSToFREEZE). 


limation, the injection is moved closer to the product in- 
feed as compared to the LIN freezer. 


THERMODYNAMIC PROPERTIES 


An important consideration in all designs of food process- 
ing involving heat exchange is the thermal properties of 
the food products to be handled in the system. The variable 
composition and structure of foods influence those prop- 
erties. During storage the chemical and physical proper- 
ties, the time, and the temperatures are the most impor- 
tant factors. The composition of the food product varies 
with species, growth condition, age, feed, harvest, slaugh- 
ter, catch, handling, and processing, as well as storage con- 
ditions. All of these factors influence the thermal proper- 
ties. 

For these reasons it is easily understood that the values 
of thermal properties are not exact values but most often 
estimates. The more detailed a description of the food prod- 
uct measured the more accurate the values given. Another 
important consideration when using experimentally found 
thermal properties is the difference in the methods of mea- 
surement, which may place limitations on the value of the 
data (4). Computer programs have been developed to es- 
timate the thermal physical properties from the knowledge 
of the specifications of the products, such as chemical com- 
position, temperature, and density. 

Values of specific heat and latent heat of fusion are often 
calculated directly from the water content of the product. 
This is the case for the values given in Table 1. 

The values of water content in Table 1 are averaged for 
the product. The water content for fruit and vegetables 


1126 FREEZING SYSTEMS FOR THE FOOD INDUSTRY 


Table 1, Thermal and Related Properties of Food and Food Materials 


Highest freezing Specific heat? Latent heat 
Water content % point, ‘Above freezing, Below freezing, _of fusion” 
Food or food material (mass)" °c kJ/kg - °C kJ/kg °C kJ/kg 
Vegetables 
Artichokes, Globe 84 -12 3.78 1.90 281 
Artichokes, Jerusalem 80 -25 3.68 185 268 
Asparagus 93 ~06 4.00 2.01 312 
Beans, snap 89 -07 3.90 196 298 
Beans, lima 67 ~06 3.35 1.68 224 
Beans, dried u “s 1.95 0.98 37 
Beets, roots 88 =11 3.88 195 295 
Broccoli 90 -06 3.93 197 302 
Brussels sprouts 85 ~08 3.80 191 285 
Cabbage, late 92 ~09 3.98 2.00 308 
Carrots, roots 88 -14 3.88 1.95 295 
Cauliflower 92 ~08 3.98 2.00 308 
Celeriac 88 -09 3.88 1.95 298 
Celery 94 ~05 4.03 2.02 315 
Collards 87 -08 3.85 1.94 291 
Corn, sweet 4 ~06 3.53 177 248 
Cucumbers 96 ~05 4.08 2.05 322 
Eggplant 93 ~08 4.00 2.01 312 
Endive (escarole) 93 ~01 4.00 2.01 312 
Garlic 61 -08 3.20 1.61 204 
Ginger, rhizomes 87 a 3.85 194 291 
Horseradish i ~18 3.55 1.79 261 
Kale 87 ~05 3.85 1.94 291 
Kohlrabi 90 =10 3.93 197 302 
Leeks 85 ~07 3.80 191 285 
Lettuce 95 -02 4.06 2.04 318 
Mushrooms 91 -09 3.95 1.99 305 
Okra 90 -18 3.93 197 302 
Onions, green 89 ~09 3.90 1.96 298 
Onions, dry 88 -08 3.88 1.95 295 
Parsely 85 td 3.80 191 285 
Parsnips 79 -09 3.65 1.84 265 
Peas, green 4 -06 3.53 177 248 
Peas, dried 2 = 197 0.99 40 
Peppers, dried 12 = 197 0.99 40 
Peppers, sweet 92 -0.7 3.98 2.00 308 
Potatoes, early 81 06 3.70 1.86 271 
Potatoes, main crop 78 ~06 3.63 1.82 261 
Potatoes, sweet, 69 -13 3.40 L71 231 
Pumpkins 91 -08 3.95 1.99 305 
Radishes 95 -07 4.06 2.04 318 
Rhubarb 95 -09 4.06 2.04 318 
Rutabagas 89 =.1 3.90 1.96 298 
Salsify 79 =43 3.65 184 265 
Spinach 93 -03 4.00 2.01 312 
Squash, summer 94 -05 4.03 2.02 315 
Squash, winter 85 -08 3.80 191 285 
‘Tomatoes, mature green 93 -06 4.00 2.01 312 
Tomatoes, ripe 94 -05 4.08 2.02 315 
Turnip greens 90 -02 3.93 197 302 
Tumip 92 -11 3.98 2.00 308 
Watercress 93 -03 4.00 2.01 312 
Yams 4 a 3.53 77 248 
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Table 1. Thermal and Related Properties of Food and Food Materials (continued) 


Highest freezing ______Spevificheat? _— Latent heat 
Water content % point, ‘Above freezing, Below freezing, _ of fusion’ 
Food or food material (mass)* °c kJ/kg «°C kJ/kg °C kJ/kg 
Fruits 
Apples, fresh 84 -11 3.78 1.90 281 
‘Apples, dried 24 = 2.27 1.14 80 
Apricots 85 -11 3.80 1.91 285 
Avocados 65 -03 3.30 1.66 218 
Bananas 15 -0.8 3.55 1.79 251 
Blackberries 85 -08 3.80 191 285 
Blueberries 82 -16 3.73 1.87 275 
Cantaloupes 92 -12 3.98 2.00 308 
Cherries, sour 84 -17 3.78 1.90 281 
Cherries, sweet 80 -18 3.68 1.85 268 
Cranberries 87 -0.9 3.85 1.94 291 
Currants 85 -10 3.80 1.91 285 
Dates, cured 20 -15.7 2.17 1,09 67 
Figs, fresh 78 24 3.63 1.82 261 
Figs, dried 23 — 2.25 1.13 q7 
Gooseberries 89 -11 3.90 1,96 298 
Grapefruit 89 =11 3.90 1.96 298 
Grapes, American 82 =-15 3.73 1.87 275 
Grapes, Vinifera 82 -21 3.73 1.87 275 
Lemons 89 -14 3.90 1,96 298 
Limes 86 -16 3.83 1.92 288 
Mangoes 81 -0.9 3.70 1.86 271 
Melons, Casaba 93 “Li 4,00 2.01 312 
Melons, Crenshaw 93 -11 4.00 2.01 312 
Melons, honeydew 93 -0.9 4.00 2.01 312 
Melons, Persian 93 -0.8 4.00 2.01 312 
Melons, watermelon 93 -0.4 4.00 2.01 312 
Nectarines 82 -0.9 3.73 1.87 275 
Olives iy -14 3.55 1.79 251 
Oranges: 87 -0.8 3.85 1.94 292 
Peaches, fresh 89 -0.9 3.90 1.96 298 
Peaches, dried 25 — 2.30 1.16 84 
Pears 83 -16 3.75 1.89 278 
Persimmons 3 -22 3.63 1.82 261 
Pineapples 85 -10 3.80 1.91 285 
Plums 86 -08 3.83 1.92 288 
Pomegranates 82 —3.0 3.73 1.87 275 
Prunes 28 _ 2.37 1.19 94 
Quinces 85 -2.0 3.80 191 285 
Raisins 18 - 2.12 1.07 60 
Raspberries 81 -0.6 3.70 1.86 271 
Strawberries 90 -08 3.93 1.97 302 
Tangerines 87 -11 3.85 1.94 291 
Whole fish 
Haddock, cod 78 —2.2 3.63 1.82 261 
Halibut 15 -22 3.55 1.79 251 
Herring, kippered 70 22 3.43 172 235 
Herring, smoked 64 2.2 3.28 1,65 214 
Menhaden 62 -22 3.23 1.62 208 
Salmon 64 -22 3.28 1.65 214 
Tuna 70 -2.2 3.43 1.72 235 
Fish fillets or steaks 
Haddock, cod, perch 80 -22 3.68 1.85 268 
Hake, whiting 82 —2.2 3.73 1.87 275 
Pollock 79 22 3.65 1.84 265, 


Mackerel 57 -22 3.10 1.56 191 
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Table 1. Thermal and Related Properties of Food and Food Materials (continued) 


Highest freezing  _______Specificheat’___— Latent heat 
Water content % point, ‘Above freezing, Below freezing, of fusion? 
Food or food material (mass? °c kS/kg «°C kJ/kg °C ksikg 
Shellfish 

Scallop, meat 80 -22 3.68 1.85 268 
Shrimp 83 2.2 3.75 1.89 278 
Lobster, American 79 -22 3.65 184 265 
Oysters, clams, meat, and liquor 87 -2.2 3.85 194 291 
Oyster in shell 80 -28 3.68 1.85 268 

Beef 
Carcass (60% lean) 49 -17 2.90 1.46 164 
Carcass (54% lean) 45 -2.2 2.80 141 151 
Sirloin, retail cut 56 = 3.08 1.55 188 
Round, retail cut 67 = 3.35 1.68 224 
Dried, chipped 48 _ 2.88 1.44 161 
Liver 70 -17 3.43 1.72 235 
Veal, carcass (81% lean) 66 = 3.33 167 221 

Pork 
Bacon 19 = 2.15 1.08 64 
Ham, light cure 57 = 3.10 1.56 191 
Ham, country cure 42 = 2.72 137 141 
Careass (47% lean) 37 = 2.60 131 124 
Bellies (33% lean) 30 = 2.42 122 101 
Backfat (100% fat) 8 = 187 0.94 27 
Shoulder (67% lean) 49 -22 2.90 146 164 
Ham (74% lean) 56 -17 3.08 1.55 188 
Sausage, links or bulk 38 is 2.62 1.32 1.27 
Sausage, country style, smoked 50 -39 2.93 147 168 
Sausage, frankfurters 56 -17 3.08 1.55 188 
Sausage, Polish style 54 = 3.08 1.52 181 

Lamb 
Composite of cuts (67% lean) 61 -19 3.20 161 204 
Log (83% lean) 65 = 3.30 1.66 218 

Dairy products 

Butter 16 _ 2.07 1.04 54 
Cheese, Camembert 52 = 2.98 1.50 174 
Cheese, Cheddar 37 -129 2.60 131 124 
Cheese, cottage (uncreamed) 79 12 3.65 184 265 
Cheese, cream 51 = 2.95 148 171 
Cheese, Limburger 45 -14 2.80 141 161 
Cheese, Roquefort 40 -163 2.67 134 134 
Cheese, Swiss 39 -100 2.65 133 131 
Cheese, processed American 40 69 2.68 134 134 
Cream, half-and-half 80 = 3.68 185 268 
Cream, table 2 22 3.48 175 241 
Cream, whipping, heavy 57 ie 3.10 1.56 191 
Ice cream, (10% fat) 63 56 3.25 163 211 
Milk, canned, condensed, sweetened 27 -150 235 118 90 
Milk, evaporated, unsweetened 74 id 3.53 Let 248 
Milk, dried (whole) 2 hs 172 087 7 
Milk, dried (nonfat) 3 a 1.75 0.88 10 
Milk, fluid (3.7% fat) 87 -06 3.85 194 291 
Milk, fluid (skim) 91 a 3.95 199 305 


Whey, dried 5 = 1.80 0.90 17 
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Table 1. Thermal and Related Properties of Food and Food Materials (continued) 
; 7 
Highest freezing Specific heat! Latent heat 
Water content % point, ‘Above freezing, Below freezing, _of fusion’ 
Food or food material (mass °c ke /kg = °C kJ/kg °C kJ/kg 
Poultry products 
Egg, whole (fresh) 4 -06 3.53 177 247 
Eggs, white 88 -06 3.88 1.95 295 
Eggs, yolks 51 -06 2.95 148 171 
Eggs, yolks (sugared) 51 -39 2.95 148 m1 
Eggs, yolks (salted) 50 -172 2.93 147 168 
Eggs, dried (whole) 4 ~ 177 0.89 13 
Eggs, dried (white) 9 = 1.90 0.95 30 
Chicken 4 -28 3.53 77 248 
Turkey 64 = 3.28 1.65 214 
Duck 69 = 3.40 LT 231 
Miscellaneous 
Honey 7 - 2.10 1.68 57 
Maple syrup 33 = 2.50 1.26 hel 
Popcorn, unpopped 10 a 1.92 0.97 34 
Yeast, baker's compressed ot = 3.45 173 238 
Candy 
Milk chocolate 1 = 1.70 0.35 3 
Peanut brittle 2 - 172 0.87 1 
Fudge, vanilla 10 = 192 0.97 34 
Marshmallows 7 = 2.10 1.05 57 
Nuts, shelled 

Peanuts (with skins) 6 ne 1.82 0.92 20 
Peanuts (with skins, roasted) 2 = 172 0.87 1 
Pecans 3 = 1.75 0.88 10 
Almonds 5 = 1.80 0.90 Ww 
Walnuts, english 4 ee 178 0.89 13 
Filberts 6 = 1.82 0.92 20 


“Water contents of fruits and vegetables are from Lutz and Hardenburg (1968) except for Jerusalem artichokes; dried beans; and peas, yams, dried apples, 
figs, peaches, prunes, and raisins; the latter are from Watt and Merrill (1963). Water contents of meats, dairy, and poultry products, miscellaneous candy, 
and nuts are also from Watt and Merrill; water contents of eggs (yolks, salted) and fish are from ASHRAE (1972, 1974, and 1978). 

'Preezing points of fruits and vegetables are from Whiteman (1957), and average freezing points of other foods are from ASHRAE (1972, 1974, and 1978). 


“Specific heat was calculated from Siebel’s formulas (1892). 


Latent heat of fusion was obtained by multiplying water content expressed in decimal form by 144, the heat of fusion of water in Btu/lb. 
‘Source: Reprinted with permission of the American Society of Heating; Refrigerating and Air-Conditioning Engineers from the 1989 ASHRAE Handbook— 


Fundamentals. Ref. 11. 


varies with the stage of development or maturity when 
harvested and also with type of species, growing condi- 
tions, and the storage conditions after harvest. The values 
given in the table apply to mature product shortly after 
harvest. For meat the water content values are for the time 
of slaughter or after the aging period. In reality the water 
content varies considerably, not only between different ani- 
mals but also between different muscles from the same 
animal. For processed products the water content depends 
on the specific process used. 

The freezing points given in Table 1 are based on 
experiments in which the product has been cooled 
slowly until freezing occurred. For fruits and vegetables 
the highest temperature at which the product freeze are 
given and for other foods average freezing temperature is 
shown. 


With reference to specific heat it should be observed 
that this is a function of temperature. The value given in 
Table 1 are from 0°C. In a unfrozen product the specific 
heat will be slightly lower as temperature rise, and in fro- 
zen foods there is a large change in specific heat as tem- 
perature decreases. The latter is, of course, related to the 
changes in composition, in particular the water content. 
When calculating specific heat of a frozen product it is as- 
sumed that the water is frozen to ice and that the specific 
heat involved is that of ice. This assumption is not totally 
correct. The freezing of most foods that is transferring from 
liquid water to ice is a gradual process that occurs over a 
wide temperature range. 

With reference to the latent heat of fusion given in Table 
1, these values are also subject to error because they do 
not consider the chemical composition other than water 
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content. They are, in other words, the product of the heat 
of fusional water and the water content. 

The variations that occur in values given on thermal 
properties should be taken into account in practical appli- 
cations. Today a comprehensive work is carried out at sev- 
eral research institutes and universities, eg, at Campden 
Food and Drink Research Association, UK (12) to compare 
different data. Besides Table 1, a compilation of thermal 
properties presented by Polley and co-workers is of interest 
(13), 

The definitions of the thermal properties normally 
listed are 


Water content—the mass of water in the product di- 
vided by the total mass expressed in percentage. 
Average freezing point—the temperature at which the 
liquid and solid state of a product are in equilibrium 
expressed in Celsius. 

Latent heat—the quantity of heat necessary to change 
1 kilogram of liquid to solid without change of tempera- 
ture measured as kJ/kg. 

Specific heat—the amount of heat needed to rise the 
temperature of 1 kg of a food product 1° measured as 
kJ/kg, °C. 

Heat of respiration—the quality of heat generated per 
24 h measured as kJ/24 h, kg. 


The large variations that occur for thermal properties 
of food products explain why theoretical calculations on 
freezing time are difficult and should not be used to deter- 
mine the requirements for a specific freezer. Those require- 
ments should be determined by practical tests. 


DETERMINATION OF HOLDING TIME 


For calculation of the capacity of any freezer, the necessary 
holding time is essential. For bulk products such as peas, 
green beans, French fried potatoes, and fish sticks the ca- 
pacity of standard equipment is usually specified sepa- 
rately. This is also the case with packaged products that 
are homogeneous such as spinach purée and fish fillet 
blocks. For other products holding time must be deter- 
mined before capacity can be stated. 

In the literature many different formulas can be found 
for accurate determination of holding times. In reality, 
however, they are of little use, because products differ so 
much in composition and form that the work to transform 
the characteristics of a product into mathematical terms 
is a lot more time-consuming than test freezing of the very 
product itself. This can usually be done in less time than 
it takes to analyze the composition of the product. 

Ofcourse, such test freezing should be carried out under 
controlled conditions that do correspond to those that can 
actually be achieved in production. A suitable pilot freezer 
for different airflow directions is shown in Figure 19. 


MAJOR CONSIDERATIONS IN FREEZER DESIGN 


Safety of Personnel 


The safety of personnel that operate, clean, and service a 
freezer should be a main consideration in the freezer de- 


Figure 19. Test freezer. 


sign. In too many instances, serious injuries have been 
the result of unsafe design and operation of freezing ma- 
chinery. 

Mechanical hazards exist in the conveyor drive systems, 
fans, and other areas. The machinery must be designed so 
that all areas of a freezer can be easily cleaned and in- 
spected while ensuring that personnel are suitably pro- 
tected. All drives and fans must be fully guarded so that 
no worker individual or worker’s clothing can reach any 
part of the machine and get caught or crushed. Emergency 
stop switches need to be located throughout the machine 
so that if someone does get caught in the machinery the 
machine can be stopped quickly to minimize the injury. 
Fan guards must be designed sufficiently open to remain 
unrestricted by frost buildup while still preventing person- 
nel from getting their hands or clothing into the fan. 

The extreme cold found in most modern freezers rep- 
resents a hazard to personnel in the form of hypothermia 
and frostbite. The high air velocities found in efficient 
freezers that use air as the product heat-transfer medium 
greatly increases heat transfer and the wind-chill factor, 
which will quickly freeze exposed skin and draw heat from 
the body at a very high rate. Exposure to these low tem- 
peratures must be limited to a tolerable period, and the 
fans must be shut off whenever a person needs to enter 
such a freezer. 

Cryogenic freezers must not be entered during opera- 
tion; even a very brief exposure to the cryogen can quickly 
cause frostbite as a result of the extremely high heat trans- 
fer between the boiling liquid or sublimating solid and 
warm flesh. 

Cryogenic freezers, which generally employ either liq- 
uid nitrogen or carbon dioxide in snow form, must be evac- 
uated and refilled with air prior to entry by personnel. The 
freezers purge all the air out during operation, which re- 
sults in an oxygen content insufficient to sustain conscious- 
ness or life. Such machines must be locked out during 
operation to prevent access and risk of asphyxiation. 

Noise can reach levels that damage hearing in some 
freezers. Care must be taken to avoid exposure to noise 
levels above 95 dB by wearing a suitable form of hearing 
protection such as earplugs or earmuffs. 


Noise can be reduced to safe levels by proper selection 
of fans. Excessive noise is generally a result of using a fan 
at a pressure above which it is designed to operate, causing 
cavitation. 


Machinery Protection 


The hostile environment in which freezers operate render 
human surveillance of their operation almost impossible. 
The machinery therefore must operate in an extremely de- 
pendable manner and have a number of detection devices 
mounted and operational so that if something does go 
wrong, the damage will be minimized. 

The most common problems encountered in freezers are 
caused by ice accumulation, product jams, and operational 
errors. Ice accumulation can occur as a result of poor de- 
frost procedure, excessive moisture on the conveyor car- 
rying the product into the freezer, or poor startup and shut- 
down procedures. Ice can accumulate in locations in the 
machine where it impedes the safe operation of the freezer 
by jamming a part of by forcing the conveyor or other parts 
out of their normal operating position. Product jams can 
occur because the products to be frozen is improperly 
loaded onto the conveyor or the conveyor can be blocked by 
an obstruction in the product path. In either case good 
operation of the freezer and sound design can alleviate the 
problem. Operational errors are symptomized by a wide 
variety of problems. Typical symptoms are frozen convey- 
ors due to improper startup, unbalanced fans, or an ice- 
plugged coil due to improper defrost. 

Excessive pressure in the refrigeration piping and the 
coils can lead to a failure and subsequent loss of refrigerant 
and potential safety hazard. During normal operation the 
refrigeration piping in the freezer is under low pressure, 
so the risk of a ruptured pipe is small at that time. When 
a freezer is defrosted, the temperature of the coil is raised 
in order to melt the frost of the coil. If the refrigeration 
piping is not properly designed and installed, potentially 
dangerous pressures can develop in the coil. It is impera- 
tive that suitable relief devices be installed in the coil so 
that if the operator makes an error the pressure of the 
refrigerant in the coil cannot go above a safe level. 


Product Safety 


In a typical freezer application the value of the product 
that passes through the freezer in a period of just a few 
weeks can exceed the cost of the freezer. It is therefore 
sound practice to ensure that the product is not damaged 
or contaminated by the freezer. 

Contamination can occur as a result of improper clean- 
ing, debris such as surface coatings, or particles created by 
wear. Even if the contaminant is not harmful or toxic, its 
presence can render the product unsalable. 

Product contamination can be minimized by sound 
freezer design in which wear debris cannot be generated 
in a location where it can get into the product as it is being 
conveyed through the freezer. Typical sources of contami- 
nation are wear debris created between the conveyor belt 
and the wear strip supporting the belt, dripping of con- 
densed water at entries and discharges from freezers, flak- 
ing coatings, and leaking fluids such as hydraulic oil. 
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Product handling within the freezer can physically 
damage the product. Symptoms of products that have been 
damaged within the freezer include clumping together of 
pieces intended to be separate and free-flowing (IQF), 
pieces of the product torn from the conveying device as a 
result of the product being frozen to the conveyor, collision 
damage as a result of the product itself, and buildup of ice 
on the product. 

Clumping together of product is generally a result of 
improper handling by the freezer as a result of poor design 
or improper operation. It is important that relative motion 
between the pieces to be frozen is maintained while the 
surface of the product freezes. The relative motion between 
the particles can be achieved by fluidization, mechanical 
agitation, or immersion in a boiling liquid that boils at a 
temperature well below the product freezing point. 

In order to avoid damage to a product as it is removed 
from the conveyor that is transporting it through the 
freezer, it is essential that the product be solidly frozen and 
that the product does not adhere to the conveyor exces- 
sively. 

Excessive adhesion can be avoided by careful selection 
of the conveyor material or by transporting the product in 
a manner such that it does not rest on a solid conveyor 
during the period that the surface of the product is being 
frozen. 

Collision damage is generally a result of excessive load- 
ing of product onto the conveyor, which can result in the 
product colliding with other products inside the freezer or 
colliding with stationary structures within the freezer. 
Such collisions frequently result in product jams, which 
can destroy a considerable amount of product at each oc- 
currence. To avoid such problems even feed equipment 
should be used. 

Ice buildup on products can result in an insightly prod- 
uct. This condition can occur when excessive free moisture 
is transported into the freezer and is transferred from un- 
frozen to frozen product in the early stages of freezing. This 
can be controlled by minimizing the free moisture going 
into the freezer with the product and by controlling the 
motion of the product once it is inside the freezer. 


Hygiene in the Freezer Environment 


Proper hygiene in the freezer environment must be defined 
by the user. Factors such as the sensitivity of the product 
to various degrees of contamination must be considered in 
setting sanitary standards. For example, if a cooked prod- 
uct is frozen that requires no additional cooking prior to 
consumption, extreme hygienic procedures and very sani- 
tary equipment must be employed because of the high 
risks to the consumer. Contamination of the product can 
assume many forms. Typical forms of contamination that 
must be considered are bacterial, wear debris, pieces of a 
different product, and foreign debris. 

Bacterial contamination is generally the result of bac- 
terially contaminated food coming in contact with the prod- 
uct and attaching itself. This can occur if the conveying 
system has not been adequately cleaned and sanitized. 

Wear debris will be created in all freezing and process- 
ing machinery. Whether or not the product is considered 
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contaminated is a function of how obvious the debris is and 
what the composition is. Stainless steel rubbing on either 
a plastic such as polyethelyne or directly on another piece 
of stainless steel will generate a significant amount of 
dark-gray powder. If this gray powder is deposited on the 
product such that it is visible macroscopically, the product 
is considered contaminated. 

Contamination can also occur if previously frozen food 
or any food particle is deposited onto a product that is be- 
ing frozen. This can be the result of inadequate cleaning 
between changes in product changes on the freezer or pro- 
duction line. A clean design and thorough cleaning can al- 
leviate this problem. 

Automatic cleaning of freezing machinery permits 
cleaning with less labor and reduces the need to access 
difficult areas and dangerous locations while still pro- 
viding adequate cleaning. Additionally, automatic clean- 
ing reduces labor and the necessary cleaning time (see 
Fig. 20). 

Cleaning solutions must be selected carefully to ade- 
quately clean the machinery without damaging the mate- 
rials or surface coatings used on the freezer. After cleaning, 
a sanitizing agent is sometimes employed to sterilize the 
machine. 


Materials for Freezing Machinery 


Hygienic standards demand that all food machinery in- 
cluding freezers be constructed of nontoxic materials that 
permit use of aggressive cleaning agents such as mild caus- 
tics without corroding. Typical materials used presently 
are 300 series stainless steel, galvanized steel, aluminum, 
and various food-grade plastics. 

Special considerations must be taken into account 
in selection of materials for specific functions in the 
freezer. 

Surfaces that come in contact with the product must be 
smooth and totally noncorrosive and not adhere to the 


Figure 20. Cleaning in place (CIP). 


product, either frozen or thawed. Stainless steel and plas- 
tics are generally used for product contact. 

Materials through which heat must pass must have a 
high thermal conductivity. Applications that fall under this 
category are heat-transfer coils, flat metal belts used on 
contact freezers, and plates used on horizontal and vertical 
plate freezers. 

High-insulation properties are required in practically 
all freezers to separate the cold environment from the am- 
bient air as well as to prevent the formation of condensa- 
tion on the warm external walls. Generally the insulating 
walls are of a panel construction with either metal or fiber- 
glass skins and a plastic low thermal conductivity core. 
The panel is generally bonded together to give suitable me- 
chanical properties and also to prevent the ingress of mois- 
ture. If moisture were to enter the panel, deterioration of 
the panels thermal and mechanical properties could result 
because of the freeze-thaw cycles encountered in a typical 
freezer. 

Lubricants selected for food freezer applications must 
be selected on the basis of both their low-temperature 
properties and their toxicity. Gearboxes in the freezer 
must be located so that any leakage of lubricant cannot 
contaminate the product. Greases and oils used in close 
proximity to the product or product-carrying surface must 
be edible as insurance against accidental contamination 
over the life of the freezer is impossible. Lubricants must 
remain viscous enough over the entire operating range 
they are to be exposed (even when the freezer is held at 
extremely low temperatures without product) to permit 
dependable operation of the machinery. This generally re- 
quires the use of synthetic lubricants at temperatures be- 
low 7°C. Lubricants should also have the ability to main- 
tain their properties with considerable moisture content 
as the cleanup and thawing will result in significant wa- 
ter accumulation in the lubricant. Lubricants must gen- 
erally be changed at short intervals as a result of water 
contamination. 

Coatings used in freezers must be permanent, or con- 
tamination of the product can result. Painted coatings re- 
quiring meticulous preparation in application are fre- 
quently fragile and require routine maintenance. Metallic 
coatings such as galvanizing, flame spraying, and plating 
are generally durable but are not as durable as a compo- 
nent made entirely of noncorrosive material. When coating 
a material with zinc, consideration should be given the 
thickness of the coating desired as the zinc will be con- 
sumed over time depending on its thickness and the en- 
vironment. Zinc may not be in contact with the food prod- 
uct. 
Materials at freezer temperatures generally undergo 
large changes in their physical properties, such as brittle- 
ness and size. The property changes can result in large 
stress-induced distortions and breakage unless adequately 
accounted for. 


Mechanical Efficiency 


The mechanical efficiency of the freezer is a measure of 
how much work goes into the mechanical devices within 
the freezer. The mechanical devices typically consists of 


conveyor drives, fans, and other powered devices. It is im- 
portant to realize that any energy put into the freezer ei- 
ther by the work performed in the freezer or by removing 
heat from the product must be removed by either the re- 
frigeration system or the cryogen. Therefore, a significant 
multiplier must be applied to the cost of adding extra en- 
ergy to the freezer environment. 

The quantity, types, and power consumption of energy- 
consuming devices in a given freezer vary greatly be- 
tween freezer types. Fans are generally the largest power- 
consuming component in fan-equipped freezers. Fan 
efficiencies are defined as the ratio of useful fan work to 
the actual power consumed by the fan motor and can vary 
from 40 to 70% depending on the selection of the fan. 
Conveyor drives are generally relatively small power con- 
sumers. 


Coils 


Coils are employed in almost all types of freezers that 
transfer heat by circulating cold air over the product and 
serve the function of transferring the heat from the air to 
the refrigerant. The efficiency of such a freezer is greatly 
influenced by the design of the coil as the design deter- 
mines the difference between the air and refrigerant tem- 
peratures, which has a large bearing on the initial and 
operating cost of the refrigeration system. Coil efficiency 
is a function of materials of construction, configuration of 
the surface and refrigerant pipes, air velocity, and refrig- 
erant circulation. 

In addition to heat-transfer considerations, freezer coils 
must be designed with sanitation, corrosion, frost buildup, 
and speed of defrosting in mind. 

In order to remain operational as long as possible, coils 
must be designed to accept frost without becoming plugged 
up prematurely. This is generally done by careful selection 
of the spaces between the heat-transfer surfaces or by con- 
tinuous defrosting. 

Continuous defrosting can be accomplished by install- 
ing multiple banks of coils and shutting off one bank 
and defrosting it while the others remain operational, 
blowing the frost from the coils with compressed air 
during operation, or rinsing the frost from an operating coil 
with a mixture of glycol and water. In such cases a glycol 
concentration is used to remove the water. A continuous 
(automatic) defrosting system is illustrated in Fig- 
ure 21, 


Fans 


Fans for freezers should be selected to provide the highest 
possible economy over the life of the freezer taking into 
account dependability, efficiency, and initial costs. 

Fans positioned such that the air flows over them 
before the coil are subject to large frost buildup. Frost 
buildup on a fan will result in imbalance, which will im- 
pose large stresses on the fan wheel and the motor. The 
fan must be designed to accept the resultant imbalance 
without failing. 

Fan efficiency is determined by how the fan is selected 
and applied. Inlet and discharge effects can greatly alter a 
fan’s performance. The air pressure and volume of air that 
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Figure 21, Automatic defrosting (ADF), 


pass through the fan are normally presented graphically 
by the fan producer. A fan must be selected to give the 
correct quantity of air over a fully normal operating range, 
which can vary significantly from the time when a freezer 
has been recently defrosted and lightly loaded with prod- 
uct to when the freezer is frosted up and heavily loaded 
with product. 

Fan motors must be selected and designed to take the 
mechanical stresses imposed on them as well as to power 
the fan wheel over a wide operating range. Fan motor bear- 
ings should be specially lubricated to run freely over a full 
range of operating temperatures. The bearings need to be 
adequate to tolerate a significant amount unbalance as dis- 
cussed before. 


Electrical Considerations 


Dependable and safe electrical installations require spe- 
cial attention in a freezer environment because of the high 
moisture and large temperature changes that cause water 
to migrate and condensate on electrical wiring and com- 
ponents. Electrical devices and wiring need to be protected 
from moisture by ensuring that they always remain above 
the dewpoint under all operating conditions and by pro- 
tecting them from water entry during defrosting and clean- 
ing. Electrical panels external to the freezer need to be 
protected from the cleanup conditions found in most plants 
by taking special precautions in sealing and ventilation for 
cooling. 


Airflow 


In freezers employing air as the heat-transfer medium the 
design of the airflow has a major influence on the perfor- 
mance of the freezer and on the food product quality. The 
significant factors to consider in regard to airflow are quan- 
tity, evenness of distribution over the product, and power 
consumed by the fans. 
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The quantity of the air circulated influences the perfor- 
mance of the coils, the change in air temperatures through 
the freezer, and heat-transfer rates between the air and 
the product, all assuming that the areas through which the 
air flows remain constant. An efficient airflow is illustrated 
in Figure 22. 

The distribution of the air over the product should be 
carefully controlled to give the designed freezing rate 
uniformly over all the product passing through the 
freezer. 

The deterioration of the airflow through the freezer with 
increased coil frosting and heavy product loading needs to 
be taken into account when designing the air system so 
that the freezer maintains full performance under the full 
range of operating conditions. 


REFRIGERATION SYSTEMS 


The Second Law of Thermodynamics states that heat can 
be raised from a low to a high temperature level only by 
expenditure of work. This means that energy inherently 
flows only from high to low temperatures. From the long 
list of refrigeration processes, only two are normally of im- 
portance for the food industry: (1) a closed mechanical re- 
frigeration system containing a compressor, a condenser, 
an expansion valve, and an evaporator and (2) an open 
cryogenic refrigeration system using either liquid nitrogen 
(No), or carbon dioxide (CO,). 


Mechanical Refrigeration 


The main elements in a mechanical refrigeration system 
are shown in Figure 23. The closed system is filled with a 
refrigerant like Freon or ammonia. Refrigerant as a gas is 
pulled from the evaporator (1) to the compressor (2) driven 
by a motor (5). The compressor discharge the gas to the 
condensing pressure and the gas condensates to liquid in 
the condenser as heat is removed from the condensor to 
the surrounding air or to water circulating through the 
condenser. 

From the condenser the liquid goes through the expan- 
sion valve. The expansion valve is regulating the flow of 


Figure 22. Example of efficient airflow in a freezer. 


te, 


Figure 23. Mechanical refrigeration system: (1) evaporator; (2) 
compressor; (3) condenser; (4) expansion valve; (5) motor. 


refrigerant being evaporated in the evaporator and also 
keeping the pressure between high and low levels. 

Energy picked up in the evaporator (Q2) plus energy 
introduced to the compressor shaft (£) equals the energy 
delivered from the condensor (Q,): 


Qe + E=Q 


The system described is the same as used in heat 
pumps. The main difference between the two systems is 
that in a refrigeration application the heat pickup in the 
evaporator is the objective, while in a heat pump the main 
goal is to produce heat in the condensor. 

Heat recovery from refrigeration systems will be of 
greater importance as energy costs rice and environmental 
questions require an increasing amount of attention. 
Whenever a demand for heat exists near a refrigeration 
plant, one form or another of heat recovery from the re- 
frigeration plant should be considered. 


One- or Two-Stage Systems 


The simple arrangement illustrated in Figure 23 is gen- 
erally used for all installations where the purpose is 
to keep the temperature around the freezing point or 
higher. 

For storage temperatures around ~ 30°C and for freez- 
ing equipment it is normally economical to use a two-stage 
system. Such a system contains, in principle, two subsys- 
tems, as shown in Figure 23, working together. The con- 
densing pressure for the low-stage compressor is about the 
same as the evaporation pressure for the high-stage com- 
pressor. 

The vapor pressure (in megapascals) for refrigerants 
R12, R22, R134A, and R717 (ammonia, NHg) as a function 
of the temperature in Celsius is shown in Table 2. Assum- 
ing that ammonia R717 is used, an evaporation tempera- 
ture of — 30°C corresponds to a pressure of 0.119 MPa and 
a condensing temperature of + 35°C corresponds to a pres- 
sure of 1.36 MPa. This gives a compression ratio of 11.4 
which is uneconomically high. For economical operation 
the ratio should not be more than 8-10; therefore, in this 
case a two-stage system should be used. 


Table 2. Saturated Vapor Pressure of Some Refrigerants, 
MPa 


serait, Refrigerant* 
°C R12 R22 RI34A R717 
—50 0.0391 0.0645 0.0299 (0.0408 
-40 0.0642 0,105 0.0516 0.0715 
-30 0,100 0,164 0.0847 0.119 
-20 0.152 0.245 0.133 0.190 
-10 0.219 0.355 0,201 0.290 
0 0,309 0,498 0.293 0.428 
+10 0.424 0.681 0.415 0.613 
+20 0.567 0.910 0.572 0.855 
+80 0.745 1,192 0.70 1,164 
+40 0.959 1.534 1.016 1.551 
+60 1.217 1.943 1,318 2.028 


*R12 = dichlorodifluoromethane, CC1,F,, R22 = dichlorodifluoromethane, 
CHCIF;, R134A = tetrafluoroethane, CF,CH,F, R717 = ammonia, NH. 
Source: Reprinted with permission of ASHRAE from the 1990 ASHRAE 
Handbook-Refrigeration. Ref. 14. 


The intermediate pressure is selected so that the two 
compressors will work with the same compression ratio. 
This means in this case that the intermediate pressure 
should be about 0.44 MPa, corresponding to a temperature 
of 0°C. 


The Refrigerant 


Refrigerants are the vital working fluid in a refrigera- 
tion system. They absorb heat from one area and dissipate 
heat into another. The design of the refrigeration equip- 
ment is influenced by the properties of the refrigerant se- 
lected. 

A refrigerant must satisfy many requirements, some of 
which do not directly relate to its ability to transfer heat. 
The environmental consequences of a refrigerant that 
leaks from a system must also be considered. Because of 
their stability, fully halogenated compounds, called CFCs, 
persist in the atmosphere for many years and eventually 
diffuse into the statosphere. According to several scientists 
the existence of CFCs in the stratosphere has a detrimen- 
tal effect on the ozone layer. The ozone layer protects the 
earth from too much ultraviolet radiation. A depletion of 
ozone might mean a dangerous increase of uv radiation on 
earth. This fact, coupled with the CFC contribution to the 
greenhouse effect, has led most nations to urge the indus- 
try to minimize the leakage of CFCs into the atmosphere 
and gradually to phase out their use. 

Several of the large chemical companies are at present 
heavily engaged in finding good substitutes for the CFCs. 
One such substitute is refrigerant 134a, which is listed in 
Table 2. 

The present available substitutes do not have the same 
properties as, for example, R12. The users therefore have 
to accept the fact that a plant designed for the use of R12 
will have some limitations when operated with, eg, R134a, 
and in most cases modifications are necessary. 
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Most likely the use of R717 (ammonia) will be more and 
more frequent, particularly for large industrial applica- 
tions. 

For commercial installations such as those in depart- 
ment stores most likely we will see a central refrigeration 
plant using ammonia chilling brine being pump-circulated 
to the various locations where refrigeration is needed. By 
using a brine the risk of ammonia gas leaking and coming 
in contact with the public will be minimized. 


Compressors 


Piston compressors of various sizes dominated in the re- 
frigeration industry until about 25 years ago, when screw 
compressors were first used also for refrigeration applica- 
tions. 

Today screw compressors are commonly used for indus- 
trial applications, while for small systems such as refrig- 
erators and home freezers the use of hermetic piston com- 
pressors is still widespread. 

Large compressors are often equipped with a capacity- 
control mechanism, which makes it possible to maintain 
constant evaporation temperatures even when the demand 
varies. It should, however, be noted that the efficiency gen- 
erally decreases when the compressor works with reduced 
capacity. 

The efficiency of refrigeration systems is influenced by 
many factors other than the compressor. Only when all 
details are well designed and tuned together can an opti- 
mal result be achieved. 


Engine Room as Package Unit or Site-Built 


In the early days of the refrigeration industry all engine 
rooms were site-built. Today, however, it is more common 
for the refrigeration plant to be delivered as a package unit 
(see Fig. 24). This offers the benefit of quick deliveries with 
very little work on-site. If the package unit is designed by 
an experienced supplier, it also means less risk for func- 
tional problems during startup. Finally it offers a greater 
flexibility than a site-built installation, which tends to be 
more important as the industry must accommodate chang- 
ing demands. 


Economical Operation Conditions 


‘Two basic facts are important for anyone responsible for 
the operation of an industrial refrigeration plant. 

Out of an existing refrigeration installation more re- 
frigeration capacity is achieved if the evaporation tem- 
perature is elevated. This is clearly illustrated in Figure 
25. Therefore, it is important to make sure that the evap- 
orator surfaces are kept as clean as possible from ice and 
that good air circulation is obtained over the whole surface. 
It is also important that the refrigerant be in good contact 
with every part of the evaporator. 

The condition of the condensor is also of importance for 
a good economy. As can be seen from Figure 26 the elec- 
trical power consumption goes down with lowering the con- 
densing temperature. For efficient operation the evapora- 
tion temperature should be kept high and the condensing 
temperature low. 


1136 FREEZING SYSTEMS FOR THE FOOD INDUSTRY 


Figure 24. Package refrigeration unit. Refrigera- 
tion capacity = 400 kW at — 40°C evaporation tem- 
perature and 35°C condensation temperature. 
Length = 12 m; width = 2.1 m; height = 3 m. 
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Figure 25. Refrigeration capacity as a function of evaporation 
temperature. 


With the help of an automatic process control system it 
is possible to improve the efficiency of a refrigeration in- 
stallation, including the operation of the freezing equip- 
ment. 

Figure 27 illustrates a typical example of how a process 
line is shown on a data screen being part of an automatic 
process control system. 


Cryogenic Refrigeration Systems 


The second refrigeration process of importance for the food 
industry is the cryogenic system. In contrast to the me- 
chanical refrigeration system described above, the cryo- 
genic system is open, which means that the refrigerant is 
consumed and not recirculated. Liquid nitrogen or liquid 
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Figure 26. Electric power consumption as function of condensing 
temperature. Constant condensing temperature. 


or solid carbon dioxide (CO,) are normally used as refrig- 
erants. 

In a cryogenic system the refrigeration machinery for 
production of LIN or liquid CO, are large industrial units 
normally located at a distance remote from the food pro- 
cessing factory. With help of special transport equipment 
the cryogenics are transported from the place of manufac- 
turing to storage tanks at the food factories. 

From an economic viewpoint the principal difference be- 
tween a mechanical refrigeration system and a cryogenic 
system is that for the former the investment cost for the 
food producer is fairly high while the running cost is low. 
The opposite goes for cryogenic systems. This fact is illus- 
trated in Figure 28. 


THE ECONOMICS OF FREEZING 


The freezer is usually the largest investment in a process- 
ing line. The freezer’s impact on operating costs as well 
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Figure 28. Freezing cost as function of utilization per year for 
mechanical freezing and cryogenic freezing. Constant evaporating 
temperature. 


as on the final product quality and cost is similarly high. 
For the investor, it is essential to ensure that the design 
of the freezing system allows it to be properly integrated 
into the process and consistently operated at an optimal 
level. 


Reliability 


The value of the food products that pass through a freezer 
ina few weeks’ time is often much higher than the invest- 


FREEZING SYSTEMS FOR THE FOOD INDUSTRY 1137 


Figure 27. Screen illustration of 
part of a processing line being con- 
trolled automatically. 
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ment cost of the freezer itself. This makes reliability a cru- 
cial consideration for the food processor. 

Not only is the time the freezer is in operation impor- 
tant, but also the amount of time it is working to full ca- 
pacity. A breakdown of any part of the line stops the whole 
line, and product that moves through a line without freez- 
ing properly may loose much or most of its market value. 

With some systems, product blows out of the freezing 
zone, lodging in and freezing to other parts of the equip- 
ment. This can jam up the line and eventually cause 
damage. 


Dehydration 


Dehydration losses will always be present in any freezing 
system. The evaporation of water vapor from unpacked 
products during freezing becomes evident as frost builds 
up on evaporation surfaces. This frost is also caused by 
excessive infiltration of warm, moist air into the freezer. 
Still air inside the diffusion-tight carton often creates 
larger dehydration losses than does the unpackaged prod- 
ucts frozen in an IQF freezer. Heat transfer is poor because 
no air circulation occurs within the package. The result is 
an evaporation of moisture that can be significant; how- 
ever, the frost may stay inside the carton. 

A poorly designed freezing tunnel may operate with 
dehydration losses of 3-4%, while a well-designed tunnel 
can be built to operate with losses of 0.5-1.5%. Liquid ni- 
trogen tunnels normally operate with a dehydration loss 
of about 0.2-1.25%. This loss occurs when the nitrogen gas 
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is circulated over the product at the infeed end of the 
freezer. 


Freezing Cost Comparison 


The cost ofa freezing system comes both from the purchase 
price and the true cost of operation over the lifetime of the 
system. High operating costs can offset the advantages of 
a low initial purchase price. Consequently, it is essential 
to consider all the factors before making an investment, ie, 
to consider a freezer’s “all-in economy.” 

In making preinvestment analyses, a comparison 
should be made of all pertinent factors involved, eg, capi- 
tal, power, operation, cleaning, and maintenance, dehydra- 
tion, and downtime costs. Figure 29 shows the relative 
costs when the real-life data from a GYRoCOMPACT were 
compared with the data from a conventional spiral freezer. 

The graphs in this cost study (based on freezing of 1500 
kg/h of hamburgers) clearly illustrates that the real cost 
of a freezer is not merely a question of the initial capital 
outlay. All the other factors involved in the economics of 
freezing contribute to the all-in cost picture. Figure 30 
shows the effect of an efficient operation over a 5-yr period. 

With all the crucial factors taken into account, the 
somewhat higher purchase price of one freezer was more 
than offset by the unique module design concept of the 
same freezer, including a particular belt design indicating 
major overall cost savings. The extra investment has a 
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Figure 29. Relative freezing cost. 
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Figure 30. Accumulated annual savings. 


payback time of about 1 yr. Thereafter, the continued cost 
savings means profit for the food processor. 


Flexibility and Upgradability 


With the competitiveness of today’s consumer market, tim- 
ing is of decisive importance. A system that is easy to mod- 
ify will make it possible for the processor to respond 
quickly to the requirements of a new market and to expand 
or relocate the system easily. A freezing system built as a 
permanent fixture that cannot be readily expanded, easily 
removed, or conveniently traded in or resold could cost a 
great deal more at a later date as needs change. 


Maintenance and Service Support 


Freezers create an extremely harsh environment for me- 
chanical parts. Optimum performance from even the most 
efficient freezer requires proper maintenance. Attention 
must be paid to how complicated and time-consuming such 
maintenance will be, and what effect this will have on valu- 
able processing time. 

Another important factor in the economics of freezing 
is backup support and a wide range of related services. In 
judging a freezer supplier's support capability, considera- 
tion should be given to the level of service offered in the 
planning and installation stages as well as after the deal 
is complete. 

The processor will also need to consider where the sup- 
plier’s service centers are located, and what commitment 
of service resources they are prepared to make. This will 
determine how quickly a service technician can respond in 
an emergency. 
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FRESH-CUT FRUITS AND VEGETABLES: 
MODIFIED ATMOSPHERE PACKAGING 


Fresh and fresh-cut fruits and vegetables are living tissue 
that undergoes catabolic metabolism including respiration 
(1). Unlike their fresh, intact counterparts, fresh-cut or 
“minimally processed” fruits and vegetables are subjected 
to specific processing and preservation steps. Fresh-cut 
fruits and vegetables are prepared by one or more unit 
operations such as peeling, slicing, shredding, juicing, and 
so on. They also are subjected to a partial but not end-point 
preservation treatment that may include use of minimal 
heat, antioxidants and other preservatives, radiation, pH 
control, chlorinated water dips, or a combination of these 
treatments (2). The initial preparation and preservation 
treatments are usually followed by a controlled/modified 
atmosphere, vacuum-packaging step. The packaged prod- 
uct should be maintained at a reduced temperature above 
the freezing point (~1°C) throughout storage, distribution, 


and marketing up until the time of preparation for con- 
sumption. 

Fresh-cut produce is a perishable food that is included 
in Brody's (3) minimally processed/reduced-oxygen-pack- 
aged/chilled-distribution category of commercial foods. A 
major advantage is that it offers freshlike, ready-to-eat 
convenience and quality for both institutional and retail 
markets. 

The composition of the earth’s atmosphere (commonly 
called air), exclusive of water vapor and trace contami- 
nants, is 78.08% nitrogen, 20.94% oxygen, 0.93% argon, 
0.34% carbon dioxide, and trace amounts of several other 
noble gases including neon and helium (4). In nature all 
fresh, unpackaged food not immersed in water is sur- 
rounded, and to some extent permeated, by air. Chemical 
interactions routinely occur between fresh, unpackaged 
food and the air’s oxygen and carbon dioxide, which are 
highly reactive gases. These reactions result in significant 
short- and long-term changes in the chemical and physical 
characteristics of food that can have positive or negative 
impacts on a food’s utility, quality, storability, and nutrient 
status. 

Fresh-cut produce items in the marketplace include 
peeled, sliced carrot sticks; sliced/diced onions; celery 
sticks; peeled, sliced/diced Irish potatoes; melon balls; 
peeled, cored/sliced/diced pineapple; apple slices; cole 
slaw; sliced tomatoes; destemmed grapes; decapped, sliced 
strawberries; shredded lettuce; mixed salad greens; and 
even prepared Waldorf salad with sliced apples, raisins, 
diced celery, and walnut pieces. 


PARTIAL PROCESSING OF FRESH PRODUCE 


Postharvest processing operations on fresh produce are es- 
sentially limited to those that take place prior to blanch- 
ing. Thus, enzyme systems remain functional, and abun- 
dant microflora are present on minimally processed 
produce at the time it is packaged. Food processing opera- 
tions and treatments applied to fresh-cut produce include 
chilling, washing, peeling, coring, slicing/cutting, acidified 
chlorine solution immersion, applications of antioxidants/ 
firming agents/antimicrobials, and dewatering via centri- 
fugation. Obviously many of these operations cause stress 
or damage to the plant tissue, shortening its shelf life. Fur- 
thermore, despite the sanitizing treatments carried out 
during fresh-cut processing, surviving psychotrophic mi- 
croorganisms can thrive at damaged tissue sites even un- 
der refrigeration. 


THE RATIONALE FOR MODIFIED ATMOSPHERE 
PACKAGING OF FRESH-CUT PRODUCE 


Damaged plant tissue usually demonstrates marked in- 
creases in aerobic respiration and catabolic metabolism 
and is accompanied by increased moisture loss and a de- 
cline in sensory and nutritional quality. Two primary 
means that are used to delay postprocessing quality deg- 
radation are refrigerated storage/distribution and altera- 
tion of the atmosphere surrounding the fresh-cut produce. 
Modified atmosphere packaging (MAP) of fresh-cut pro- 
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Fresh and fresh-cut fruits and vegetables are living tissue 
that undergoes catabolic metabolism including respiration 
(1). Unlike their fresh, intact counterparts, fresh-cut or 
“minimally processed” fruits and vegetables are subjected 
to specific processing and preservation steps. Fresh-cut 
fruits and vegetables are prepared by one or more unit 
operations such as peeling, slicing, shredding, juicing, and 
so on. They also are subjected to a partial but not end-point 
preservation treatment that may include use of minimal 
heat, antioxidants and other preservatives, radiation, pH 
control, chlorinated water dips, or a combination of these 
treatments (2). The initial preparation and preservation 
treatments are usually followed by a controlled/modified 
atmosphere, vacuum-packaging step. The packaged prod- 
uct should be maintained at a reduced temperature above 
the freezing point (~1°C) throughout storage, distribution, 


and marketing up until the time of preparation for con- 
sumption. 

Fresh-cut produce is a perishable food that is included 
in Brody's (3) minimally processed/reduced-oxygen-pack- 
aged/chilled-distribution category of commercial foods. A 
major advantage is that it offers freshlike, ready-to-eat 
convenience and quality for both institutional and retail 
markets. 

The composition of the earth’s atmosphere (commonly 
called air), exclusive of water vapor and trace contami- 
nants, is 78.08% nitrogen, 20.94% oxygen, 0.93% argon, 
0.34% carbon dioxide, and trace amounts of several other 
noble gases including neon and helium (4). In nature all 
fresh, unpackaged food not immersed in water is sur- 
rounded, and to some extent permeated, by air. Chemical 
interactions routinely occur between fresh, unpackaged 
food and the air’s oxygen and carbon dioxide, which are 
highly reactive gases. These reactions result in significant 
short- and long-term changes in the chemical and physical 
characteristics of food that can have positive or negative 
impacts on a food’s utility, quality, storability, and nutrient 
status. 

Fresh-cut produce items in the marketplace include 
peeled, sliced carrot sticks; sliced/diced onions; celery 
sticks; peeled, sliced/diced Irish potatoes; melon balls; 
peeled, cored/sliced/diced pineapple; apple slices; cole 
slaw; sliced tomatoes; destemmed grapes; decapped, sliced 
strawberries; shredded lettuce; mixed salad greens; and 
even prepared Waldorf salad with sliced apples, raisins, 
diced celery, and walnut pieces. 


PARTIAL PROCESSING OF FRESH PRODUCE 


Postharvest processing operations on fresh produce are es- 
sentially limited to those that take place prior to blanch- 
ing. Thus, enzyme systems remain functional, and abun- 
dant microflora are present on minimally processed 
produce at the time it is packaged. Food processing opera- 
tions and treatments applied to fresh-cut produce include 
chilling, washing, peeling, coring, slicing/cutting, acidified 
chlorine solution immersion, applications of antioxidants/ 
firming agents/antimicrobials, and dewatering via centri- 
fugation. Obviously many of these operations cause stress 
or damage to the plant tissue, shortening its shelf life. Fur- 
thermore, despite the sanitizing treatments carried out 
during fresh-cut processing, surviving psychotrophic mi- 
croorganisms can thrive at damaged tissue sites even un- 
der refrigeration. 


THE RATIONALE FOR MODIFIED ATMOSPHERE 
PACKAGING OF FRESH-CUT PRODUCE 


Damaged plant tissue usually demonstrates marked in- 
creases in aerobic respiration and catabolic metabolism 
and is accompanied by increased moisture loss and a de- 
cline in sensory and nutritional quality. Two primary 
means that are used to delay postprocessing quality deg- 
radation are refrigerated storage/distribution and altera- 
tion of the atmosphere surrounding the fresh-cut produce. 
Modified atmosphere packaging (MAP) of fresh-cut pro- 
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duce results in a reduced oxygen concentration and an in- 
creased carbon dioxide concentration surrounding the 
product. 

Living plant tissue takes up oxygen and liberates car- 
bon dioxide during aerobic respiration. When this tissue is 
hermetically sealed inside a package that is selectively 
permeable to oxygen and carbon dioxide, the initial rate of 
oxygen uptake by the tissue exceeds the rate at which ox- 
ygen permeates by diffusion into the package from the sur- 
rounding air. When the oxygen concentration inside the 
package falls to around 12%, the respiration rate of the 
tissue begins to slow (5). At an 8% oxygen concentration, 
metabolic activity such as ripening of fruit tissue declines 
significantly. Aerobic respiration, and the rate of oxygen 
uptake by the tissue, reach a minimum when the in- 
package oxygen concentration attains a 1 to 5% level. If 
the package material is appropriately permeable, the min- 
imum oxygen concentration is maintained at a steady 
state; that is, the rate of oxygen uptake by the tissue 
equals the rate of oxygen permeation into the package from 
surrounding air. At this minimum respiration rate, tissue 
quality loss due to catabolic metabolism is minimized and 
the onset of senescence is delayed. 

Since the plant tissue also liberates carbon dioxide dur- 
ing respiration, the carbon dioxide concentration inside the 
package rises simultaneously as the oxygen level declines. 
Therefore, the MAP material must be sufficiently perme- 
able to carbon dioxide to prevent excessively high levels 
from accumulating inside the package, which would injure 
the plant tissue. After the package is sealed, the interior 
relative humidity rapidly increases to nearly 100%. The 
package material is a good barrier to water vapor, so the 
rate of moisture vapor transmission through the package 
is much less than the rate at which moisture vapor accu- 
mulates inside the package via evapotranspiration from 
the plant tissue. Thus, shortly after the produce is sealed 
inside the package the moisture vapor pressure deficit be- 
tween the tissue and the in-package atmosphere attains 
zero and further tissue moisture loss is arrested. 


PROBLEMS AND CONCERNS ASSOCIATED WITH MAP OF 
FRESH-CUT PRODUCE 


Considerable care must be taken in designing MAP for 
fresh-cut produce. Polymeric packaging materials having 
appropriate permeabilities for oxygen and carbon dioxide 
must be carefully selected to prevent the development of 
an anaerobic atmosphere within the package after filling 
and sealing. When the in-package atmospheric oxygen con- 
centration declines to a low level (usually somewhere be- 
tween <1 and 3%), the tissue aerobic respiration rate 
reaches a minimum termed the extinction point. If the ox- 
ygen level falls below the extinction point, anoxia ensues 
and the tissue begins anaerobic respiration, which is fer- 
mentative in nature. This event triggers the rapid destruc- 
tion of the tissue’s like-fresh sensory quality, generating 
off-flavors and negatively impacting texture and appear- 
ance; in short, the product becomes unmarketable. 

The optimum atmosphere within the modified atmo- 
sphere (MA) package, with respect to oxygen and carbon 


dioxide concentration, depends on the variety of produce, 
the extent of tissue damage sustained during processing, 
and the product temperature. Maximum quality retention 
is achieved when product temperature is maintained ei- 
ther just above its freezing point or, for some items, just 
above the chill-injury temperature. Lowering produce tem- 
perature reduces respiration by a factor of two- to threefold 
for each 10°C decline (Q10 = 2-3), and use of an appro- 
priate MA package can result in an additional fourfold re- 
duction in respiration rate (6). 

When the temperature is sufficiently cool and an ap- 
propriate MA package results in an in-package oxygen con- 
centration slightly above the extinction point, aerobic mi- 
crobial growth also is slowed, further retarding tissue 
decay. However, if the package is temperature abused or 
improperly designed or filled, causing the oxygen concen- 
tration to fall below the extinction point, the anoxic at- 
mosphere can encourage the growth of anaerobic and/or 
facultative anaerobic, psychotrophic microorganisms (2), 
some of which are pathogenic. This potential for patho- 
genic microorganisms to develop within MA-packaged 
fresh-cut products is of considerable concern to food science 
professionals and regulatory authorities. 

In many cases the steady-state (equilibrium) oxygen 
content in fresh-cut MA packages is 2 to 5%, and there is 
a potential that carbon dioxide will increase to as high as 
16 to 19% (7). Maximum tolerable carbon dioxide concen- 
trations for many fresh-cut or intact items, including cau- 
liflower, lettuce, celery, kiwifruit, cabbage, radish, sweet 
pepper, banana, and carrot, are in the 2 to 5% range, and 
physiological damage can occur at levels in excess of 2 to 
6% (5). Thus, the polymeric materials selected for use in 
MAP need to be four to six times more permeable to carbon 
dioxide than to oxygen. Sometimes it is necessary to use 
package parameters for fresh-cut produce that provide a 
compromise, with the equilibrium atmosphere somewhat 
higher in oxygen concentration than ideal, in order to avoid 
excessive accumulation of carbon dioxide. The package ma- 
terial selected also should have a moderate to high per- 
meability to moisture vapor in order to minimize the 
chance of moisture condensation on the inside surface of 
the package due to minor temperature fluctuations during 
storage and distribution. 


MODES OF MAP 


There are two modes of MAP—passive and active (7). Pas- 
sive MAP involves placing the plant tissue in a selectively 
gas-permeable polymeric package, hermetically sealing 
the package, and then allowing tissue aerobic respiration 
to reduce oxygen and increase carbon dioxide concentra- 
tions inside the package to a desired steady-state equilib- 
rium. Active MAP involves placing the plant tissue in a 
selectively gas-permeable package, evacuating the pack- 
age atmosphere, and replacing it by flushing the unsealed 
package with a specific mixture of oxygen, carbon dioxide, 
and nitrogen gases (8) followed by rapid sealing of the 
package. The flushing gas composition is usually selected 
to provide optimum levels of oxygen and carbon dioxide 
(with a balance of nitrogen) to immediately diminish aer- 
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obic respiration rate of the particular tissue system being 
packaged. Active MAP may also include the utilization of 
absorbers or adsorbers placed inside the package to scav- 
enge oxygen, carbon dioxide, ethylene (5), and water vapor 
as well as the use of antimicrobial agents such as carbon 
monoxide. The goal of passive and active MAP design is 
to achieve a balance between the enclosed plant tissue 
respiration rate and package gas permeability to attain 
or maintain an acceptable equilibrium atmosphere within 
the package; that is, a MA that will delay ripening/ 
senescence and thereby extend product shelf life. 


SHELF-LIFE REQUIREMENTS OF MAP FRESH-CUT 
PRODUCTS 


In the United States fresh-cut products are processed and 
packaged either at the source of production or at regional 
or local processing facilities. The postprocessing shelf life 
needed at each of these processing sites is 14 to 21 days, 7 
days, and a short time (12-24 hours), respectively (9). The 
use of vacuum and gas flushing techniques in conjunction 
with differentially permeable packages (primarily flexible 
polymeric film bags) is essential for attaining a 21-day 
shelf life and desirable for achieving 7 days of postprocess- 
ing shelf life. Simpler packaging materials, combined with 
vacuum or gas flushing, are usually sufficient for attaining 
a short postpackaging shelf life. 


SELECTION OF MAP MATERIALS 


Determining the optimal atmosphere/packaging material 
requirements for MAP of fresh-cut produce is a complex 
task. Various researchers have worked to develop mathe- 
matical models to aid package material selection. Infor- 
mation about the various mathematical models can be ob- 
tained by referring to references provided by Zagory and 
Kader (7). However, use of these models to select MA pack- 
age design criteria cannot be relied upon exclusively. Em- 
pirical testing of selected packaging is absolutely essential 
for ultimate successful use of MAP (10). 

MAP of fresh-cut produce requires careful selection of 
polymeric packaging materials especially with regard to 
their permeability to oxygen, carbon dioxide, and water 
vapor. It is necessary that the polymeric material selected 
be three to six or more times more permeable to carbon 
dioxide than to oxygen. Polymeric materials potentially 
suitable for MAP fresh-cut produce include low-density 
polyethylene (LDPE), linear low-density polyethylene 
(LLDPE), medium-density polyethylene (MDPE), high- 
density polyethylene (HDPE), polypropylene (PP), polyvi- 
nyl chloride (PVC), polystyrene (PS), ethylene vinylacetate 
(EVA) copolymers, ionomers, and polybutylene (10). 


SAFETY CONSIDERATIONS 


The probability of a microbial foodborne disease resulting 
from consumption of MA-packaged fresh-cut produce is 
relatively low. Only a few pathogens are capable of growing 
at refrigerated temperatures, and normal spoilage organ- 


isms which are usually psychotrophic have a competitive 
advantage over most pathogens that may be present (11). 
Moreover, many fruits are sufficiently acidic to prevent 
pathogen growth. Nevertheless, foodborne disease does oc- 
cur with fruits and vegetables. Some pathogens that have 
potential to develop in MA-packaged fresh-cut products 
are Escherichia coli, Aeromonas hydrophila, Clostridium 
botulinum, Listeria monocytogenes, Salmonella sp., and 
parasites including Entamoeba histolytica and Giardia 
lamblia can be present (11). Therefore, an intense com- 
mitment to sanitation and adherence to U.S. Food and 
Drug Administration (FDA) Good Manufacturing Prac- 
tices (GMPs) as well as implementation of a Hazard Anal- 
ysis Critical Control Point (HACCP) program should be a 
part of fresh-cut food processors quality assurance efforts 
(12). 

Another important food safety consideration is the po- 
tential for migration of harmful /toxic chemicals from pack- 
aging materials in immediate contact with the fresh-cut 
produce into it. Commercial plastic packaging materials 
usually include nonplastic components that might migrate 
to contained foods. Thus, polymeric MAP materials must 
comply with all governmental regulations related to indi- 
rect food additives, and packaging suppliers must be able 
to certify such compliance (10). 
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FRUIT DERYDRATION 


Dehydration, or drying, is a preservation process that in- 
volves the reversible removal of water from the fruit tis- 
sues, thereby extending the storage life because microor- 
ganisms and the native enzymes of fruits are deprived of 
the moisture necessary for their activity. However, it is not 
a sterilizing process, and means must be provided to pre- 
serve the low-moisture equilibrium and prevent the fruit 
tissue from regaining moisture until such time as delib- 
erate reconstitution is desired. Although preservation is 
usually the principal reason for dehydration, other consid- 
erations are often important; for example, significant re- 
ductions in the weight and bulk of fruits for economical 
transport and storage. 

Drying fruits is one of the oldest techniques of food pres- 
ervation; Persians, Greeks, and Egyptians have used it 
since ancient times. Sun drying was the method applied in 
early times, and it still accounts for a significant part of 
the dried fruit consumed in the world today. However, since 
the latter part of the nineteenth century mechanically de- 
hydrated fruits are produced in increasingly larger quan- 
tities. 

‘Today the food dehydration industry is large and ex- 
tends to all countries throughout the world. The following 
countries are highly important dried fruit producers: Aus- 
tralia, Argentina, Chile, France, Greece, Portugal, Spain, 
South Africa, Turkey, and the United States (Table 1). In 
the United States more than 90% of the dried fruit output 
is produced in California, where apples, apricots, dates, 
figs, peaches, pears, prunes, and raisins represent the sig- 
nificant volume of dried fruits; raisins account for over 61% 
of the total volume (Table 2). Dried fruits, particularly ap- 
ples, are also produced in Washington and Oregon. Con- 
sumption of dried fruits in the United States has remained 
almost constant during the past 20 years. Annual per cap- 
ita consumption was 2.47 Ib (1121 g) in 1977 and 2.94 lb 
(1335 g) in 1997 (Fig. 1). The small increase in consump- 
tion is largely attributed to the higher use of raisins. Re- 
cently the development of an increasing variety of con- 
venience foods, such as instant beverages, breakfast 
cereal, healthy fruit snacks, and so on, often depend on the 


Table 1. Major Dried Fruit Producing Countries 
Dried Fruit 


Principal Countries of Origin 


Apples Chile, Italy, Spain, U.S. 
Apricots South Africa, Turkey, U.S. 

Cranberries US. 

Currants Australia, Greece, U.S. 

Dates Egypt, Iran, Iraq, Saudi Arabia, U.S. 

Figs Greece, Turkey, U.S. 

Peaches Australia, Chile, South Africa, U.S. 

Pears Australia, Chile, South Africa, U.S. 

Prunes Argentina, Chile, Croatia, South Africa, U.S. 
Raisins Afganistan, South Africa, U.S. 


availability of high-quality dehydrated fruits. Develop- 
ment of new forms of dried fruit and successful preparation 
of intermediate-moisture products have led to products 
that are stable to store and pleasant to eat directly. 


PRINCIPLES 


Dehydration involves simultaneous heat transfer and 
moisture diffusion (mass transfer), The conversion of liq- 
uid (or solid in the case of freeze drying) to vapor demands 
the supply of latent heat to the product; this can be 
achieved by a variety of methods: conduction by contact 
with a heated metal plate, convection from heated air, ra- 
diation from an infrared source, or microwave energy. The 
process may be accelerated by the application of vacuum. 


Dehydration Terms 


Dried is the term applied to all dried products, regardless 
of the method of drying. Dehydration refers to the use of 
mechanical equipment and artificial methods under care- 
fully controlled conditions of temperature, humidity, and 
airflow. Although the term dehydrated does not refer to 
any specific moisture content in the finished product, it is 
usually considered implying virtually complete water re- 
moval to a range of 1 to 5% moisture. Products with such 
low water content can be stored in a moisture-proof pack- 
age at room temperature for periods well in excess of two 
years with no detectable change in quality. 

Evaporation refers to the use of the sun or forced-air 
dryers to evaporate moisture from fruit to a fairly stable 
product. The moisture level of evaporated fruit is approx- 
imately 15 to 25%. In general, sun drying will not lower 
the moisture content of fruit below 15%. The shelf life of 
such fruit products does not exceed one year, unless they 
are held in cold storage. For the extended shelf life of most 
evaporated fruits, sulfur treatment (except for prunes, un- 
bleached raisins, and dates) or the use of a chemical mold 
inhibitor is necessary. 

Vacuum drying is a method of drying in a vacuum cham- 
ber under reduced atmospheric pressure to remove water 
from the fruit at less than the boiling point of water under 
ambient conditions. 

Freeze drying is a method of drying in which the fruit 
is frozen and then dried by sublimation in a vacuum cham- 
ber under high vacuum (an absolute pressure of less than 
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Table 2. Production Volume and Value of Dried Fruits in California Five Year Averages, 1992-1996 


Commodity Drying ratio: fresh to dry fruit* ‘Average annual production (tons) Average farm value (dollars) 
Apples 7-10 to 1 2,720 3,168,800 
Apricots 5.5-8.5 tol 2,200 4,840,00 
Dates 19,900 19,900,000 
Figs 3tol 14,350 13,919,00 
Peaches, Freestone 6-8.75 to 1 1,420 1,377,400 
Pears, Bartlett 6-7 tol 970 834,000 
Prunes 2.75-3.25 to 1 174,730 167,740,800 
Raisins 45tol 342,750 332,467,500 
Total 559,040 544,247,500 


“Pounds of fresh fruit required to yield one pound of dehydrated product. 
Source: Dried Fruit Association of California, Sacramento, California. 
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Figure 1. Per capita consumption of dried fruits in the United 
States, 1997. 


4.6 mmHg, the vapor pressure of the ice and water at 0°C, 
is necessary) to around 2% moisture. 

Intermediate-moisture fruits (IMF) are dried on the ba- 
sis of water activity level rather than on the percentage of 
moisture. Restraint of the water molecules to a degree that 
prohibits spoilage by microorganisms occurs at different 
moisture contents depending on the amount and nature of 
the dissolved material present and to some degree on the 
insoluble components. Food may be classified as an IMF if 
it has water activity level greater than a common low- 
moisture fruit (0.2) and less than that of most fresh fruit 
(0.85). In practice, most IMF has a water activity in the 
range of 0.65 to 0.85 and contains 15 to 30% moisture. 

Water activity (a,,) is defined as the ratio of the water 
vapor pressure in equilibrium with a food to the vapor 
pressure of water at the same temperature. Bacteria will 
not grow if ay is below 0.9, and yeast and molds, are in- 
hibited below a, of 0.7. 

Dehydrofreezing is a hybrid process that combines the 
best features of both drying and freezing. The process con- 
sists of drying fruit to about 50% ofits original weight, then 
this intermediate material is quick-frozen by standard 
freezing techniques. The quality of dehydrofrozen fruit is 
equal to that of frozen products, as the drying process is 
discontinued at a stage where quality impairment usually 
does not occur. The advantages of the process are a 50% 
reduction in storage and freight charges and even greater 
savings in packaging costs in comparison with traditional 
frozen products. 


DRYING METHODS 


Quality requirements, raw material characteristics, and 
economic factors determine selection of a drying method as 
well as the operating conditions for a given fruit. Several 
drying methods are commercially used, each better suited 
for a particular situation. 

The selection of drying methods depends on the follow- 
ing factors: 


Physical form of raw material: whole fruit (eg, cran- 
berry, grape, plum, etc), sliced form (eg, banana, 
mango, kiwi, etc), liquid, paste, slurry, pulp, thick liq- 
uid, and large versus small aggregates 

© Properties of raw material: sensitive to oxidation, 
sensitive to temperature damage, thermoplastic res- 
idues, and so on 

Susceptibility to microbial attack 

© Sugar content 

* Presence of a “skin” that acts as a barrier for water 
removal (eg, grapes, blueberries) 

Desired product characteristics: powder, instant sol- 
ubility, retention of shape, and so on 

* Value of the finished product: low, medium, or high 
price 


The following three basic types of drying process are 
used for fruits: 


1. Sun drying and solar drying are practiced for certain 
fruits, such as prunes, grapes, and dates. 
2. Atmospheric dehydration processes, including: 
a. stationary, or batch, processes (using kiln, tower, 
and cabinet dryers) 
continuous processes (eg, tunnel, belt trough, con- 
veyor, and fluidized bed) 

c. spray dryers, suitable for making powders from 
fruit juice concentrates, and drum, or roller, dry- 
ers, useful for drying fruit juice concentrates, slur- 
ries, or pastes 

3. Subatmospheric dehydration techniques, including: 

a. vacuum dehydration processes, which are useful 

for the processing of low-moisture fruits with high 


b. 
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sugar content, such as peaches, pears, and apri- 
cots 

b. freeze drying, which ensures high flavor retention 
and minimal damage to product structure and 
nutritional value; the finished product with open 
structure permits fast and nearly complete rehy- 
dration 


More than 200 types of dryers are available commer- 
cially to process the diverse physical forms of foods and 
required product characteristics. For drying fruits, conven- 
tional types of dryers are commonly used because of their 
simplicity of construction and operation, as well as low 
cost. Most products are seasonal in nature, which means 
that dryers are operated only over a fraction of the year. 
Thus, the units must have low capital costs for economic 
reasons. 


Sun Drying 


Sun drying of fruit crops is still practiced unchanged from 
ancient times. This method is limited to climates with hot 
sun and dry atmosphere, and to certain fruits such as 
prunes, grapes, dates, figs, apricots, and pears. These crops 
are processed without much technical aid by simply 
spreading fruits on the ground, on racks, or roofs and ex- 
posing them to the sun until dry. Because sun-dried prod- 
ucts generally have moisture levels no lower than 15 to 
20%, they have a limited shelf life. It is a slow process, 
unsuitable for producing high-quality products, and dust, 
dirt, and insects often contaminate the finished products. 


Solar Drying 


In recent years considerable interest has been focused on 
the use of solar energy because of the rapid increase of fuel 
costs. In this method, solar energy is used alone or may be 
supplemented by an auxiliary energy source. A simple 
method of accelerating the sun-drying rate of fruit is to 
paint the trays black. A solar trough application of mirrors 
to increase solar energy and indirect solar dryers applying 
solar collectors are also recommended to improve the effi- 
ciency of this process. 


Kiln Drying 


The natural draft from rising heated air used for drying 
fruit is the oldest type of dehydration equipment still in 
commercial use. Kiln dryers generally have two levels: gas 
burners on the lower floor provide heat, and the warm air 
rises through a slotted floor to the upper level. Food ma- 
terials such as apple slices are spread out on the slotted 
floor in a layer about 25 cm deep and turned over period- 
ically by fork until they reach the desired moisture, usually 
between 16 and 24%. 


Cabinet Drying 

Cabinet dryers are arranged for batch operation and are 
usually held at constant temperature, though humidity 
may decrease during the drying process. They consist of an 
enclosed chamber fitted with a variable heater and a fan 
for air stirring, together with deflectors for airflow adjust- 


ment, outlet air louvers, and adjustable inlet air louvers. 
Cabinet drying is a particularly useful research tool for 
establishing the drying characteristics of a new product, 
prior to a large-scale commercial run. 


Tunnel Drying 


The equipment is similar to a cabinet dryer except that it 
allows a continuous operation along a rectangular tunnel 
through which move tray-loaded trucks. The tunnel dryer 
provides rapid drying without injury to fruits and permits 
a uniform drying process; therefore, it is widely used in 
drying fruit. 

Tunnel dryers are classified by the direction in which 
the air traverses the product. In a parallel flow unit, the 
fresh material encounters the driest and warmest air ini- 
tially, and leaves the drier at the coldest end; in a counter- 
current flow unit, the air direction is opposite to the move- 
ment of the product, so the dry product leaving the drier 
encounters hot dry air. Multistage dryers consisting of 
three, four, or five dryer stages are also used. Such systems 
are flexible and can achieve close to optimum drying con- 
ditions for a wide variety of products. 


Conveyor Drying 


Conveyor dryers are continuous processing equipment and 
consist of an endless belt that carries the material to be 
dried through a tunnel of warm circulating air. The speed 
of the conveyor is variable to suit both the product and the 
heat conditions. Furthermore, process conditions are usu- 
ally controlled by designing the system in sections, thus 
allowing different flow rates, humidities, and tempera- 
tures to be set in each section, and by rotating the product 
when it moves from one section of the belt to the next. 

This drying method has the advantage of essentially au- 
tomatic operation, which minimizes labor requirements. 
The conveyor dryer is best adapted to the large-scale dry- 
ing of a single commodity for the whole operating season. 
It is not well suited to operations in which the raw material 
or the drying conditions are changed frequently, because 
extensive hours of start-up and shutdowns make it difficult 
to produce satisfactory products. 


Spray Drying 
Spray drying involves the dispersion of liquid or slurry in 
a stream of heated air, followed by the collection of the 
dried particles after their separation from the air. The pro- 
cess is widely used to dehydrate fruit juices. 

The general construction of a spray dryer incorporates 
four main features: 


1. a heater and at least one fan to produce air at the 
required temperature and velocity; 

2. an atomizer or jet to produce liquid particles of the 
required size; 

3. a chamber in which the liquid droplets are brought 
into intimate contact with the hot air; and 


4. a means of removing the product from the air 
stream. 


The final product is delivered as a free-flowing powder. 


Drum Drying 


In drum drying, which is suitable for a wide range of liquid, 
slurried, and pureed products, a thin layer of product is 
applied to the surface of a slowly revolving heated drum. 
In the course of about 300 degrees of one revolution, the 
moisture in the product is flashed off, and the dried ma- 
terial is scraped off the drum by a stationary or recipro- 
cating blade at some point on the periphery. The residence 
time of the product in the drier is on the order of two to 
few minutes. 

Drum drying is an inexpensive method; however, its 
commercial application is limited to less heat sensitive 
products. Its usefulness for fruit dehydration is quite lim- 
ited because the high temperature required, usually above 
120°C, imparts a cooked flavor and off-color to most fruit 
products. Also, the high sugar content of most fruit juices 
makes them difficult to remove from the drum dryers be- 
cause of their high thermoplasticity. 


Vacuum Drying 


Dehydration under vacuum has special merits for certain 
fruits in terms of final quality. Drying can be carried out 
at lower temperatures than with air drying, and heat dam- 
age is minimized. Furthermore, as drying is carried out 
with virtual absence of air, oxidation of the fruit is virtually 
eliminated. 

Vacuum-drying systems have the following compo- 
nents: (1) a vacuum chamber, (2) a heat supply, (3) a 
vacuum-producing unit, and (4) a device to collect water 
vapor as it evaporates from the food. The vacuum shelf 
dryer, the simplest type of vacuum drier, is used to process 
a wide range of fruit products, including liquid, pastes, dis- 
crete particles, chunks, slices, and wedges. The equipment 
consists of a vacuum chamber containing a number of 
shelves arranged to supply heat to the product and to sup- 
port the trays on which the product is loaded into the 
chamber. The shelves may be heated electrically or, more 
often, by circulating heated fluid through them. The 
vacuum chambers connect to suitable vacuum-producing 
equipment, located outside the vacuum chamber, which 
may be a vacuum pump or a steam injector. 

Another essential part of a vacuum dryer that has a 
vacuum pump is a condenser, which collects water vapor 
to prevent it from entering the pump. A steam injector, 
which is often used to create vacuum, is an aspirator in 
which high-velocity steam jetting past an opening draws 
air and water vapor from the vacuum chamber. 

Because of the high installation cost and operating cost 
of vacuum driers, they are used only for high-value raw 
materials or products requiring reduction to extremely low 
levels of moisture without damage. 


Freeze Drying 


In freeze drying (also called lyophilization) the moisture is 
removed from the fruit by sublimation, that is, converting 
ice directly into water vapor. Therefore, no transfer of liq- 
uid occurs from the center of the mass to the surface. As 
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drying proceeds, the ice layer gradually recedes toward the 
center, leaving vacant spaces formerly occupied by ice crys- 
tals. 

The processing involves two basic steps: (1) the raw 
fruit is first frozen in the conventional manner followed by 
(2) drying to around 2% moisture in a vacuum chamber 
while still frozen. The most common type of freeze-drying 
equipment is a batch chamber system similar to a vacuum 
shelf dryer but with special features to meet the needs of 
the freeze-drying process. 

Freeze dehydration produces the highest-quality fruit 
products obtainable by any drying method. The porous 
nonshrunken structure of the freeze-dried product facili- 
tates rapid and nearly complete rehydration when water 
is added. The low processing temperatures and the rapid 
transition minimize the extent of various degradative re- 
actions such as nonenzymatic browning and also help to 
reduce the loss of flavor substances. 

The industrial application of freeze drying to a wide 
range of fruits has been limited because of the require- 
ments of high capital investment, high processing costs, 
and the need for special packaging. This process is suitable 
only for high-value products. 


PREDRYING TREATMENTS, 


Preparation of raw fruit for drying is similar to that of 
canning and freezing. It includes washing, sorting for size 
and maturity, peeling, and cutting into halves, wedges, 
slices, cubes, nuggets, and so on. Alkali dipping is used for 
raisins and prunes. Blanching is used for some fruits. 

Sulfur is applied to help preserve the color of dried 
fruits such as apples, pears, peaches, and apricots. The 
FDA generally recognizes several sulfite salts and SO, gas 
as safe (GRAS) for use in foods. Both enzymatic and non- 
enzymatic browning of fruits could be inhibited by appli- 
cation of sulfites. However, sulfites have been associated 
with severe allergy-like reactions in some asthmatics, 
prompting the FDA to limit sulfites to certain categories 
of food products. The food regulation in the United States 
requires that the presence of sulfites must be declared on 
the label when the sulfiting agents have a functional effect 
or are present at a detectable level, defined as 10 ppm or 
more. 

Although sulfites are allowed in dry fruits, their use is 
unpopular to many consumers. Therefore, alternative 
treatments to retard enzymatic browning and other oxi- 
dative reactions during drying have been investigated. 
Probably the best-known alternative to sulfite is ascorbic 
acid and its isomer erythorbic acid. These compounds are 
added to syrups or applied by dipping the fruit in solutions 
containing the browning inhibitor, sometimes in combi- 
nation with an organic acid such as citric acid and a cal- 
cium salt. Browning inhibitor penetration may be en- 
hanced by vacuum infiltration treatment, which also 
removes air from the fruit tissues. 

Current alternatives to sulfites are not equivalent to 
sulfites in effectiveness, cost, or functionality. Because sul- 
fites serve multiple functions, for example, inhibiting en- 
zymatic and nonenzymatic browning and controlling 
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growth of microorganisms, a sulfite replacement is likely 
to contain several components having different and com- 
plementary functions. 


POSTDRYING TREATMENTS 


Treatments of finished fruits vary with the kind of fruit 
and intended use of the products. The addition of an anti- 
caking agent, usually calcium stearate at less than 0.1% 
concentration, is necessary to prevent caking of most de- 
hydrated fruits. 

Sweating of dehydrated fruits is a treatment to equalize 
moisture of the batch. It is usually accomplished by keep- 
ing the dried fruit in bins or boxes. Bins are also used for 
secondary drying to reduce moisture levels of particulate 
fruits from 10-15% to 3-5%, a range at which drying rates 
are limited by slow diffusion of water. Temperatures of 
about 40°C and airflow provided by a blower fan, of about 
33 m/min, suit the nearly dry product. These conditions 
minimize the risk of heat damage at a stage when fruit 
products are most susceptible to degradation. 

Screening is often required to remove the unwanted size 
portion of the dried product. Removal of unwanted size 
pieces, or fines, is usually accomplished by passing the dry 
product over a vibrating wire cloth or perforated metal 
screens and collecting the fractions separately. Fines may 
be used in other products, or sometimes represent a loss. 

The acceptable fraction passes onto the final inspection 
operation to remove foreign materials, discolored pieces, 
or other imperfections such as skin, carpel, or stem parti- 
cles. Manual and visual selection of most dehydrated prod- 
ucts is necessary and is carried out by inspectors while the 
product is moving along on a continuous belt. In addition 
to inspectors, magnetic devices are usually installed over 
the belt to remove ferrous metal contaminants. 


PACKAGING 


The shelf life of a dehydrated fruit product is influenced to 
a large extent by its packaging, which must protect the 
dehydrated product against moisture, light, air, dust, mi- 
croflora, foreign odor, insects, and rodents. To avoid caking, 
air-conditioned and dehumidified rooms (below 30% RH) 
are required to package low-moisture fruits with high 
sugar content. 

Freeze-dried fruits must be packed in inert gas to en- 
sure storage stability. Nitrogen gas is commonly used to 
extend the storage stability of oxygen-sensitive products. 
In inert gas packaging, a headspace oxygen level of 1 to 
2% is targeted. 


PROCEDURES FOR SELECTED COMMODITIES 


Apples 


Apples are either dried immediately after harvesting or 
after being stored in cold or controlled-atmosphere (CA) 
storage until a convenient processing time occurs. The best 
varieties for drying are Gravenstein, Pippin, and Golden 
or Red Delicious apples. Two types of dried apple products 


are recognized under U.S. standards: (1) evaporated ap- 
ples and (2) dehydrated (low-moisture) apples. 

Evaporated apples, also called regular moisture or 
dried, are cut to desired size and dried to average, not more 
than 24% moisture by weight. Unsulfured apples however, 
must average not more than 20% moisture. Only artificial 
dryers such as kiln, tunnel, or continuous belt dryers are 
commonly used to produce dried apples. The process in- 
volves sizing, coring, and slicing the fruit pieces to 0.95 to 
1.3 cm (3/8-1.5 in.) in thickness. The fruit is usually dipped 
into a sodium sulfite solution, then dried in a kiln, tunnel, 
or continuous belt dryer to approximately 16 to 25% mois- 
ture. The fruit slices during drying are exposed to the 
fumes of burning sulfur. Drying in the kiln requires 14 to 
18 h at 65 to 74°C (150-165°F). 

If a tunnel dryer is used, the air entering the tunnel is 
at 74°C (165°F) with a relative humidity of 35%. At the 
outlet, the air is at about 54°C (130°F) with a relative hu- 
midity of 35%. 

Evaporated apples can be stored for short periods of 
time, less than three months, at ambient room tempera- 
tures in a dry atmosphere. For prolonged storage, 7°C 
(45°F) or less is required. Unsulfured evaporated apples 
require 4 to 5°C (39-40°F) cold storage. Evaporated apples 
will generally reconstitute with one part apples in five 
parts water by weight. 

If the product is processed to a low-moisture state (less 
than 5% moisture), the dried apples are cut to the desired’ 
size, usually 0.64 and 0.85 cm (1/4 and 3/8 in.), dice. Fre- 
quently the fruit pieces are instantized by compression 
or perforation prior to dehydration. Dehydrated (low- 
moisture) apples are processed in forced-air dryers, such 
as the continuous belt dryer, using evaporated fruit as raw 
material. Some apples are vacuum dried for snack or other 
specialty product applications. 

Only 300 ppm SO, is necessary to prevent browning. To 
prevent caking, 0.5% maximum calcium stearate may be 
added. Packaging is generally in fiberboard boxes with a 
net weight of 15 to 40 lb (6.8-18 kg), depending on the 
product destiny. 

Approximately 100 kg of fresh unpeeled fruit will yield 
about 10 to 11 kg of dehydrated apples. Dehydrated apples 
will generally fully reconstitute with one part of apple in 
six parts water by weight. The maximum allowable SO, 
level in dried apple products in the United States is 1000 
ppm and a maximum of 500 ppm in the European Com- 
munity. 


Apricots 


Apricots are picked for drying from mid-June to early July 
when they are fully tree-ripened. The best varieties for dry- 
ing are Royal, Blenheim, and Moorparks. California pro- 
duces more than 90% of the U.S. crop and 10% of the world 
crop. 

Apricots are either sun-dried or dried in tunnel driers. 
The fruit is halved, the pit is removed, and the fruit is 
placed cup up on a flat wooden tray. The filled trays are 
exposed to sulfur dioxide fumes for about 12 h. After sul- 
furing, the trays are transferred to a field, exposing the 
fruit to full sun. Apricots are allowed to dry in this manner 


for one day, then the individual trays are transferred to a 
shady area and stacked 3 to 4 ft high. They are allowed to 
dry in the stack for approximately one week, then they are 
removed from the trays, placed into boxes or bins, and ul- 
timately delivered to a packing plant. 


Berries 


Berry flavor and color degrades with exposure to prolonged 
elevated temperatures. Also, the juices of both strawber- 
ries and raspberries tend to drip during heating. There- 
fore, conventional air drying techniques, such as continu- 
ous belt driers are not used for drying berries. 

Freeze drying has been the typical method for drying 
strawberry and raspberry pieces. The berries are individ- 
ually quick-frozen and then spread onto drying trays. The 
freeze-dry chamber is filled with the trays, and the shelf 
temperatures during the cycle may be varied to maintain 
an optimal product temperature. 

The packaging must be a high-moisture barrier film, 
such as foil-paper laminate or foil polyethylene laminate, 
because with exposure to air freeze-dried berries absorb 
moisture very quickly. Cereal and confection products of- 
ten contain freeze-dried berries. 

Drum dryers are also used to dry strawberry and rasp- 
berry purees. Because of high temperatures (>220°F, 
>105°C) for a time period of 1 to 5 min, the color is often 
browner and flavor is more caramelized than those of 
freeze-dried products. 

Cranberries are being dehydrated and sold as a snack 
food and are being used in mixtures of other dehydrated 
fruit as a snack. The Ocean Spray Company has developed 
Craisin, which is a sugar-induced cranberry that is dried 
and used in baked and cereal products or sold as a snack 
in its own package. 

Blueberries are dried by tunnel dryers and freeze-dry- 
ers. For both processes individually frozen berries are used 
as the raw material. The use of dried blueberries is gaining 
acceptance in cereals and baked products. The drying of 
currants and gooseberries is mainly a home industry due 
to lack of volume production of these fruits. 


Dates 


Dates are almost exclusively sun-dried, as a favorable dry 
climate exists in the areas where date palms are grown. 
Such areas as Southern Iran, Iraq, and Egypt have a very 
high daily temperature during the growing and harvesting 
seasons and thus are ideal for natural sun drying of dates. 
In Arizona and Southern California, where dates are also 
grown, they are seldom dehydrated except in the prepa- 
ration of low-moisture date products. In such cases, the 
dates are cut to small pieces or extruded to paste and dried 
in vacuum dryers. 


Figs 

The principal varieties grown for drying are Calimyrna, 
Mission, Adriatic, and Kadota. Figs are usually allowed to 
dry partially on the trees. In some cases, the trees are 
lightly shaken at intervals. Figs are usually mechanically 
gathered from the ground and are typically dry enough to 
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be loosely packed in boxes or bins. Sometimes they are fur- 
ther dried on trays in the sun to a moisture content of ap- 
proximately 17 to 18%. 

After being transported to the plant in sweat boxes or 
bins, the figs are normally screened, graded for size, and 
then inspected to remove insect-damaged fruits. The 
screening is necessary to divide the figs into the required 
finished product styles. After the first sorting and grading 
operation, the figs to be stored for later processing are 
packed in boxes and placed in an airtight chamber and 
fumigated. This operation is repeated several times over a 
two-week holding period. 

The figs to be processed are conveyed through a cold- 
water reel washer to remove dust and foreign material. 
They are then directed to a processing unit where they are 
immersed in hot water for 5 to 10 min. Soak time depends 
on the size and variety of fruit being processed. The figs at 
this point have adsorbed some water and, because of in- 
creased susceptibility to mold, are sprayed with potassium 
sorbate. They are conveyed, typically, over a dewatering 
belt where they may either be put into small plastic tubs 
to equilibrate or placed into retorts directly. The retorting 
process includes exposure to live steam for 2 or 3 min, 
which further softens the figs. The fruit is air-cooled and 
packaged. 


Peaches and Nectarines 


The primary peach for drying is the Lovell, a highly colored 
freestone variety. Faye Elberta is also dried. Sungrade and 
Le Grande nectarines are preferred for drying; both are 
freestone fruits. 

Freestone peaches and nectarines are harvested and 
processed similarly to apricots. After sulfuring, the fruits 
are placed in full sun for two to three days or longer, de- 
pending on weather conditions, at which time they are 
transferred to shady stack storage and dried for several 
more weeks. Finally, they are removed from the trays, 
transferred to boxes or bins, and delivered to the packing 
plant. 

Dehydrated (low-moisture) apricots and peaches are 
processed from the sun-dried (evaporated) fruit to a limited 
extent. Because of the high sugar content and the sensi- 
tivity of the yellow pigment to heat, a vacuum process is 
necessary to dehydrate these fruits to less than 5% mois- 
ture. Vacuum shelf dryers are used for the process. The 
evaporated fruit halves are sliced or diced before loading 
on the drying trays. 


Pears 


Pears that are to be dried are allowed to ripen on the tree. 
The summer Bartlett variety is used for drying in Califor- 
nia. The fruits are handpicked and transported to cutting 
sheds where they are cored and halved. Placed cup up on 
wooden racks, they are stored overnight in sulfur houses 
where they are exposed to burning sulfur to prevent 
browning. The pear halves are removed from the sulfur 
house, dried in the sun for four to eight days, and then 
transferred to stacked storage for an additional two to 
three weeks. 
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Once dried, the fruit is delivered to the packing plant, 
where it is usually processed to fill orders. The dried fruit 
from the field may sometimes be stored as long as several 
years before being repacked. Pears are little known as a 
dried fruit and most commonly appear in packages of 
mixed dry fruits. 


Prunes 


Although plums are one of the most widely distributed 
fruits in the United States, only one type of plum, the 
French type, is designated a prune. The La Petite d’Agen 
variety brought to the Santa Clara Valley of California by 
a French nurseryman in 1856, known as the California 
French prune, is used for drying and is grown almost en- 
tirely in California. Prunes are the second most important 
dried fruit crops. The California production accounts for 
100% of the U.S. production and 70% of the world’s supply. 

Most of California’s plums for prune production are har- 
vested mostly in late August by machine. The soluble sol- 
ids content of juice must reach 22% prior to harvest. Im- 
mediately after harvesting, the orchard-ripened fruit is 
taken to the dehydrator yard where it is washed, placed 
on large wooden trays, and dehydrated to about 18% mois- 
ture in forced-draft tunnel dehydrators. The drying process 
requires 24 to 36 h, depending on the size and solids con- 
tent of the fruit. Three pounds of plum will yield 1 Ib of 
prune. 

Dried prunes are processed through a series of screen- 
ing, grading, and washing steps. Grading involves sepa- 
ration according to size, ranging from 23 to 150 prunes per 
pound. Hand sorting for cull removal follows, after which 
the prunes are conveyed to a blancher where they are held 
from 8 to 20 min to inactivate enzymes and preserve color 
and flavor. Potassium sorbate and fresh water are then 
sprayed onto the prunes to maintain proper moisture con- 
tent and to add a preservative. Fruit to be pitted is sent 
through automatic pitting machines that either squeeze 
the pit out with mechanical fingers or punch it out. The 
pitted or unpitted prunes are again handsorted for rejects, 
automatically weighed into boxes or sacks, sprayed with 
potassium sorbate preservative, and sealed. Other popular 
prune products include prune juice (a water leachate of the 
prune) and prune paste, used in baking and confections. 


Raisins 


The United States and Turkey produce over two-thirds of 
the world’s supply of raisins. Approximately 25% of the 
U.S. grape production is made into raisins, processed al- 
most entirely in the San Joaquin Valley of California. Rai- 
sins are the most important dried fruit crops. Cultivation 
for raisin grapes is little different than for fresh market 
grapes. 

Thompson Seedless, Muscat, Black Corinth, and Sultan 
grapes are the principal varieties processed for raisins. 
‘The fruit is handpicked in August from the vine in bunches 
and set on paper to be dried in the sun for 7 to 10 days. At 
this point, fruit dehydration has not been uniform. Thus, 
turning of the berries is done to speed the drying process 
and allow raisins to dry more uniformly. Without turning, 
some raisins will be too dry, while others will be too moist, 


requiring a long curing period Jater on. Within approxi- 
mately five to seven days after turning, the raisin trays are 
ready to be retrieved and loaded into sweat boxes to equal- 
ize and then to be shipped to the processing plant. The 
maximum moisture allowed at the packinghouse for in- 
coming raisins is 16%, but usually they are in the 9 to 12% 
moisture range. 

Golden Bleach raisins are dipped in 0.25% hot NaOH 
(lye) solution after harvest for 3 to 6 s, sulfured for 4 to 6 
h, and dried in the sun or in forced-air dryers. Soda-dipped 
raisins are dipped for 30 to 60 s in a 4% solution of soda 
ash and Na,CO, at 35 to 38°C and then processed in the 
same manner as Golden Bleach, but they are not sulfured. 
From this point, the processing is the same as for natural- 
dried raisins. 

Raisins are processed by a series of screening, destem- 
ming, and air separations. These processes are repeated 
until lightweight particles are removed. Small raisins may 
then be utilized in distilled alcohol products or in cereal or 
bakery products. 

The raisins are next washed and sent through a de- 
watering operation, which removes excess surface water. 
They go through another destemming operation, and their 
moisture content is adjusted to 18% by water sprays. The 
fruits are sorted by a mechanical sorter and packaged for 
storage or shipment. The packages used for raisins are 14- 
g (0.5-0z) miniboxes, 500-g (1.1-Ib) canisters, and 1-kg (2.2- 
Ib) bags, and bulk size packages that contain from 13 to 
500 kg (28.6 to 1100 Ib) each. Raisins are also sold to in- 
dustrial users as raisin paste and raisin juice concentrate 
(70° Brix). 
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FRUIT PRESERVES AND JELLIES 


The fruit preserve and jelly categories are certainly a ma- 
jor milestone in food evolution. Their history dates back to 
ancient times, when a confection or a dessert has been doc- 
umented as a part of the meal. The use of sugar widened 
the possibilities for preserving fruits. In fact, during colo- 
nial times, a jam sometimes formed while fruit was being 
boiled. This jam or gel formed when the correct proportions 
of pectin, sugars, and acids occurred. Jam and jelly pro- 
duction was once considered an art; now it is a science. 
More is known about the components necessary to produce 
this kind of gel. This knowledge has led to other applica- 
tions such as stabilized fruit fillings and sauces, processed 
fruit juices, canned fruits, and frozen desserts and confec- 
tions. 


DEFINITIONS AND STANDARDS 


The name preserves covers a broad range of products, in- 
cluding jams, butters, marmalades, and conserves, as well 
as ordinary preserves. Preserves contain the largest fruit 
pieces, whereas jams contain smaller pieces that are 
crushed or chopped with added acid. Fruit butters are 
made of fruit pulp cooked to a smooth consistency. They 
are pressed through a coarse strainer and are more con- 
centrated than jams. Scorching can be a problem because 
of their high viscosity. Marmalades have the characteris- 
tics of both jellies and preserves. They contain thin citrus 
peel or fruit pieces and are chiefly made from citrus fruits, 
alone or in combination with other fruits. Conserves are 
similar to jams, except that two or more fruits are cooked 
together and raisins and nuts can be added. Jellies are in 
aclass by themselves. They are clear sparkling spreads in 
which fruit juices as the source of flavor, and, in some 
cases, the thickening agent. 

The Federal Standards and Definitions do not differ- 
entiate between preserves and jams (1,2). A preserve is 
minimally 45 parts prepared fruit with 55 parts of sugar 
and is concentrated to 65% or higher solids, resulting in a 
semisolid product. Jellies are similar to preserves, with 45 
parts of clarified fruit juice and 55 parts of sugar, resulting 
in a minimum of 65% solids. Both categories can utilize a 
maximum of 25% corn syrup for sweetness as well as pec- 
tin and acid to achieve the gelling texture required. Fruit 
butters are prepared from mixtures containing not less 
than five parts by weight of fruit to two parts of sugar. 


GELATION-PECTIN MECHANISM. 


Typical Gel Formations 


Gelation, the formation of the polymer network that gives 
commercial fruit preserves and jellies their texture, de- 
pends on four essential ingredients—pectin, sugar, acid, 
and water—added in the correct proportions. A pectin gel 
is a system resembling a sponge filled with water. This 
polymer is in a partially dissolved, partially precipitated 
state. The chain molecules are locally joined by limited 
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crystallization, forming a three-dimensional network in 
which water, sugar, and other solutes are held. Some fruits 
such as tart apples, red and black raspberries, oranges, 
and cranberries have enough pectin and acid present. Still 
others, such as ripe apples and plums, contain sufficient 
pectin but lack enough acid. Pectin or acid must be added 
when using most fruits. Sugar is always needed when 
high-methoxyl pectin is used. 

Since fruits vary widely with regard to maturity, cli- 
matic conditions, and storage, it can be difficult to ensure 
the proper composition. Fruit should be picked just before 
processing to ensure taste and texture. It should be picked 
as ripe fruit in the early morning to ensure quality. Over- 
ripe fruit will have reduced sugar quality, and the pectin 
will suffer molecular breakdown from enzyme activity. If 
fresh fruit is not available, frozen, cold-pack, or canned 
fruit can be used for jams and preserves. 

The juice of grapes, currants, lemons, sour oranges, and 
grapefruits contains sufficient pectin and acid for jelly 
manufacture. Strawberries, rhubarb, and apricots usually 
contain sufficient acid but may lack pectin. On the other 
hand, sweet cherries and quinces may lack acid yet have 
enough pectin. Commercial pectin, either liquid or powder, 
can be added as a supplement. The viscosity of a fruit juice 
is an index of its gelling power. 

Pectin is found in the flesh, skins, and seeds of most 
fruits. It can be extracted when fruit is boiled. Pectin is a 
complex carbohydrate consisting of polygalacturonic acid 
chains having a wide variety of molecular weights. The 
chains contain some carboxyl groups that are partially 
methylated, forming the ester known as pectin. 

Generally, a degree of methylation (DM) of 50% divides 
commercial pectin into two main groups: high-methoxyl 
(HM) pectins and low-methoxyl (LM) pectins. The LM- 
pectin group includes both conventional and amidated ver- 
sions. The HM pectins are the predominate choice for the 
standard jellies and preserves. The LM pectins can be util- 
ized in low-sugar fruit spreads. 

The degree of methylation of pectin has a critical influ- 
ence on the solution and gelation characteristics of pre- 
serves and jellies. The highest DM that can be achieved by 
extraction of the natural raw material is about 75%. Pec- 
tins of DM ranging from 0 to 70% are produced by de- 
methoxylation in the manufacturing process. 

The DM of HM pectins controls their relative speed of 
gelation; hence, the terms slow-set and rapid-set HM pec- 
tin. Ifa higher degree of methylation of pectin is used, the 
higher will be the pH required for a fast set. A fast set is 
necessary to suspend fruit pieces and prevent fruit flota- 
tion or sinking. A slow set is necessary for a clear jelly, so 
that air bubbles are removed. The pectin’s quality is stan- 
dardized on the basis of its 150° standard, which means 
that, under controlled conditions, 1 Ib of 150-grade pectin 
will gel 150 Ib of sugar. This method is known as SAG. 

Another method for testing pectin gels is the Voland- 
Stevens LFRA texture, analyzer in which the gel’s elastic- 
ity is exceeded. The Tarr-Baker gelometer was the original 
jelly strength tester. However, after it was discontinued in 
1965, the Voland-Stevens analyzer was declared an ac- 
ceptable replacement because of its operational similarity, 
portability, compactness, reproducibility, and ease of use 


1150 FRUIT PRESERVES AND JELLIES 


and calibration (3). This flexible instrument can be at- 
tached to a printer to measure elasticity and other attrib- 
utes of a gel. This method is comparable to the SAG 
method. 

Jellies are usually produced at a pH of 3.1 and jams at 
3.3. HM pectin can gel sugar solutions with a minimum of 
about 55% soluble solids within a pH range of approxi- 
mately 2.0 to 3.4. For any soluble solids with a value above 
55%, there is a pH value at which gelation is optimal for a 
particular HM pectin and a pH range within which gel- 
ation can be controlled. 

Sugars have a general dehydration effect on HM-pectin 
solubility. At higher solids values, there is less water avail- 
able to act as a solvent for the pectin. Hence, there is an 
increased tendency to gel. Because gelation relies on the 
proper balance of soluble solids and pH in the medium, it 
is possible to compensate for a reduction in soluble solids 
by reducing the pH. Any HM pectin can gel rapidly or 
slowly and the rate can be controlled by the soluble solids 
and pH. 

An attempt was made to quantify fruit content in jams 
by combining chemical composition data, particularly the 
inorganic elements that are stable to processing such as 
ash, magnesium, and potassium, with the rheological 
forces such as yield stress and flow index in a regression 
analysis that could explain 90% of the variability in fruit 
content (4). 


Novel Gel Systems 


The typical manufacturing methods for jams and jellies 
use the four necessary components: fruit, pectin, sugar, 
and acid. Some combination pectin sources have been de- 
vised. In one (5), an emulsifier is added to the sugar surface 
and blended with the bulk of the sugar. A very fine pectin 
is then mixed with acid and combined with the emulsifier— 
sugar complex. The emulsifier acts not only as a glue, caus- 
ing the fine pectin particles to adhere to the sugar surface, 
but it also acts as an antifoaming agent and a dispersing 
agent in the final gel production. 

Another convenient product, one-step pectin gelling 
composition, has been developed (6). Pectin particles are 
mixed with moistened coarse sugar particles. Acid may be 
added in a dry form and will adhere to the sugar, or it can 
be predissolved in water and sprayed onto the mix. Much 
less pectin can be used in this method as compared with 
dry blending fine pectin, acid, and sugar. This is due to the 
use of larger sugar particles and smaller pectin particles, 
so that the pectin dissolves faster while the concentration 
of dissolved sugar solids is retarded. 

Instant pectins are technologically optimized pectins 
with better dispersion and solubility properties. They dis- 
solve rapidly even at low temperatures and work into jam 
mixes without prior mixing with sucrose or corn syrup (7). 

The LM pectin offers another gel formation method for 
preserves and jellies. However, the gel formed does not con- 
form to the federal standard of identity. The use of this 
pectin does result in reduced-sugar jams, jellies, and pre- 
serves, the LM-pectin group includes both conventional 
(acid demethuylated) and amidated types. These pectins 
require calcium ions for gelation, not sugar or acid. 


The gelation of LM pectin is controlled primarily by the 
reaction of a divalent cation with the acid groups of the 
pectin chains. LM pectin can be used at solids levels as low 
as 10%. The pH range for LM pectin is 3.0 to 6.0 because 
the role of acid is minimized. For successful gelation to 
occur, 50 to 100% of the acid groups must be complexed 
with calcium. The amidated pectin, which has fewer free 
acid groups, requires less calcium for gelation and relies 
on hydrogen bonding between the amide and free acid 
groups. Amidated pectins form gels that are more rigid 
than those formed with conventional pectins. Conventional 
pectins produce a thickening effect and are aptly used for 
jams and preserves; amidated pectins are used for jellies. 


CARBOHYDRATE SWEETENERS 


In HM-pectin systems, sugar accounts for more than 50% 
of the total weight and 80% of the total solids in a jam. It 
contributes solids; maintains microbiological shelf life; pro- 
vides sweetness, body, and mouth-feel; contributes to gel- 
ation; and adds color and shine to the jam. 

Other sugars that can be used are glucose syrup, dex- 
trose, invert sugar syrup, and honey. When other sugars 
are substituted for sucrose in jam, the effects on the HM- 
pectin gelation are as follows: 


* Inversion of sucrose reduces gel strength and lowers 
the gelling temperature. 
* Glucose syrup usually reduces the gel strength. High- 
dextrose-equivalent (DE) glucose syrups decrease 
gelling temperature; regular-DE syrups increase it. 
Sugar alcohols such as sorbitol and xylitol are used 
in dietary products. Sorbitol jams can be made with 
HM pectin, soluble solids of 65%, and a pH of 3.0 Xy- 
litol has limited solubility, At the 39% limit of solu- 
bility, gelatin with HM pectin can be obtained when 
the pH is lowered to 2.7. 
Maltitol syrups are used in the manufacture of sugar- 
free jellies. Suitable selection of the maltitol content 
needs to complement the acidified and nonacidified 
gelatin to deliver the appropriate applications (8). 


A study was developed to compare some effects of gel- 
ling agents and sweeteners in high- and low-sugar-content 
carbohydrate gels (9). HM pectin, LM pectin, carrageenan, 
and alginate gels were the gelling agents, while sucrose 
and high-fructose corn syrup (HFCS) were the sweeteners. 
Soluble solids ranged from 35 to 65% with polydextrose as 
the bulking agent. The properties compared were bound 
water, water activity, syneresis (35% soluble solids), closely 
simulated HM-pectin gels because of the comparable 
spreadability properties. The water-binding property of su- 
crose exceeded HFCS with most gel systems, except where 
a combination of LM pectin and carrageenan was used. 
The water binding served as an index for predicting syn- 
eresis, or weeping; spreadability; and shear. However, a 
synergy of carrageenan with pectin or alginate with pectin 
resulted in increased bound water compared with individ- 
ual gums. 


Another study to improve nonsugar jam systems used 
the addition of xylitol or saccharin to veltol to improve the 
color and taste of apricot jam with minimal changes during 
storage (10). The use of aspartame in fruit spreads was 
minimally documented until its stability and effectiveness 
were measured in 1986 (11). A high-performance liquid 
chromatographic method was the quality control tool for 
monitoring levels of aspartame. This study predicted an 
average half-life of 168 days for aspartame in a fruit spread 
kept at 25°C. It occurs only at higher temperatures. 

Gel strength and gelling temperatures of both amide 
and conventional LM pectins are influenced by the type of 
sugar used in the gel. Gels prepared with HFCSs have sig- 
nificantly lower gel strengths at all calcium levels than gels 
prepared with sucrose. However the use of 42- and 62-DE 
corn syrups give higher gel strengths than sucrose in LM- 
pectin formulations. 


PROCESSING TECHNIQUES 


Traditional Process 


The traditional process used for preserve and jelly manu- 
facture is the open kettle, batch boiling technique. The 
boiling process, in addition to removing excess water, also 
partially inverts the sugar, develops the flavor and texture, 
and destroys yeast and mold. In jelly manufacture, the 
fruit is boiled to extract the pectin and destroy the pectin- 
hydrolyzing enzymes. The juice is then separated by 
straining or pressing, and the press cake is boiled with 
more water to obtain more pectin. Pectin deficiency is rem- 
edied by the addition of commercial pectin. Added pectin 
needs to be dispersed with sugar to ensure uniform distri- 
bution. Either liquid or dry sugar is added. 

A second boiling step is necessary to concentrate the 
juice to the critical point for gel formation of the particular 
pectin-sugar—acid system being used (12). Extended boil- 
ing causes acid volatilization, pectin breakdown, and 
losses in flavor and color. Vacuum concentration (50-60°C) 
produces a higher-quality jelly than atmospheric pressure 
boiling (105°C). A refractive index reading indicating 
soluble-solids content is the point at which the concentra- 
tion stops. A flow diagram for these processes can be found 
in Reference 13. 

The pH of the jelly will determine the set temperature 
of the pectin. The setting temperature of a jelly at pH 3.0 
can be lowered approximately 10°C with rapid-set pectin 
or 20°C with slow-set pectin by decreasing the acidity to 
pH 3.25 (14). 

For preserves and jams, the same procedure is used ex- 
cept that the fruit pulp is not strained. Rapid-set pectin is 
preferred to suspend the fruit more evenly and to minimize 
settling out. 

Both products are packed hot, at about 85°C, into con- 
tainers that are then sealed. Hot sterilized jars with hot 
sterilized lids and caps can also be used. Once filled, the 
jars are turned over to heat the lids and then returned to 
the upright position. The hot water bath technique can be 
a water bath and boiled from 5 to 15 min, depending on 
the fruit. This is a better method for deterring mold growth 
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for fruit preserves and jellies. The U.S. Department of Ag- 
riculture (USDA) sanctions the use of paraffin or a two- 
piece metal lid and screwband for sealing jellies, but it 
highly recommends processing them for extra safety pre- 
caution. 

The continuous process utilizes a premix for its effi- 
ciency. The APV system uses a plate evaporator for jellies. 
The Alfa-Laval system uses a scraped-surface heat ex- 
changer for preserves because of the fruit pieces involved. 
The soluble-solids content or Brix degree is monitored by 
either an in-line unit or an automatic unit with electrical 
feedback to control the evaporator (15,16). 

The filling temperature for these processes should be 85 
to 95°C. This will ensure proper setting, fruit distribution, 
and a sterile product. A rotary multiple-piston displace- 
ment machine is used for filling. Speeds range from 100 to 
600 jars per minute. Jars are washed and preheated before 
filling. Capping occurs immediately afterward, ensuring a 
vacuum seal. 

The pack will be sterile in most cases if it is filled at not 
less than 85°C and capped using a steam flow closure. If a 
steam flow closure is not used, the sterile pack will require 
the use of a steam-sterilizing unit to cool it. Jars can be 
cooled continuously using water sprays of about 60°C to 
avoid thermal shock. Subsequently, 20°C water is used to 
finish this process. The jar temperature should be above 
ambient. The vacuum seal is check by a nonvacuum detec- 
tor to ensure a hermetic seal. Jars are passed through a 
visual inspection point to locate and remove jars with un- 
favorable attributes such as foreign material, floating fruit 
pieces, and bubble formation. The jars are then passed to 
labeling machines, packed in cases or trays, and shrink- 
wrapped. 

The order of addition of ingredients is very important. 
As in vacuum cooking, a slow-set pectin is preferred to 
limit the change of preset with the pectin. Most manufac- 
turers use pectin solutions that are easily prepared and 
dissolve much more effectively than powder. The pectin so- 
lution can be added before or after concentration of the 
batch. Addition of the pectin after concentration results in 
a faster cooking rate due to the lower viscosity of the batch 
during concentration. For jelly manufacture, it is best to 
add the pectin solution before cooking is completed. The 
addition of 15 to 25% corn syrup deters crystallization from 
occurring due to sugar inversion resulting from low- 
temperature vacuum cooking (17). Low-sugar jams require 
less cooking than jellies and can use larger quantities of 
HM pectin to improve gel quality. 


Modern Processing Techniques 


A process to replace canning has been developed in Sweden 
by Alfastar (16). This multitherm process is said to pre- 
serve food for several months without chemicals as well as 
to achieve a fresher-tasting product. The process is rapid, 
with even heating through the product. The processing 
temperature is 150°C and can be reached in less than a 
minute. 

The use of enzymes has made the process more efficient. 
Serum separation can be reduced by using an effective 
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amount of pectin esterase to the aqueous phase and incu- 
bating it in the presence of divalent cations (18). 

Another modern technique being used today includes 
extraction of pectin by pretreating the fruit in an electro- 
magnetic field of superhigh frequency (19). 

The microwave oyen is the latest method for processing 
jams and jellies for the homemaker (13). An oversized con- 
tainer must be used for this process to avoid boiling over. 
Fruit, sugar, and some butter are mixed and allowed to 
stand for 30 min. The butter will help to deter the frothi- 
ness that may develop. The mixture is microwaved until it 
boils, with frequent stirring. It is then cooked for 10 to 13 
min more in the microwave. Jams produced from this mix- 
ture keep well in the refrigerator for several months. They 
can also be canned for greater safety. 

The no-cooked freezer jams are by far the easiest of 
these processing techniques. The fruit is mixed with an 
appropriate amount of sugar. This technique does not rely 
on pectin as much, because pectin is not heated to form the 
gel bonding that cooking at high temperatures creates. 
Lemon juice, if any, is added to the pectin, and then stirred 
into the sugar—fruit mix. The mixture is placed in steril- 
ized containers and covered with two-piece metal lids and 
kept at room temperature for 24 h before placing in the 
freezer. Once opened, it can be stored up to three weeks in 
the refrigerator. 


QUALITY PARAMETERS 


The overall quality of fruit preserves and jellies has in- 
creased because of improvements in processing tech- 
niques, increased knowledge of fruit characteristics, and 
competitive situations. Fruit quality control is most im- 
portant because it affects flavor, odor and color of the pre- 
serves and jellies. 

The following criteria are important for manufacturing 
a quality product: 


* Fruit appearance, ripeness, and solids must be opti- 
mized. 

* Fruit juice must be clarified properly to ensure aclear 
jelly. 

¢ Appropriate pectin grade, 120 to 200, must be used. 

« Sugar assay and appearance must be appropriate. 


* Corn syrup buffering capacity, solids, and appearance 
must meet minimum specifications. 


Processing must be monitored in the areas of appear- 
ance, flavor, color, viscosity, pH, and solids. Powder pectin 
use results in a dark, rich color and stiff gel. In contrast, 
liquid pectin, which is less concentrated, makes a less stiff 
product. Typically, high-DM pectin must be conditioned to 
increase its set time and to optimize the DM. This pectin 
follows first-order kinetics in its stability. 

Jelly quality attributes are similar to those of jam ex- 
cept that jelly is clear and bright, does not contain fruit 
pieces, holds its shape when unmolded, and cuts easily 


with a spoon. A stiffjelly is so firm that the mold will retain 
the mold shape. 
Some problems that can occur are the following: 


Cloudy jelly. Unclarified juice, underripe fruit, or pour- 
ing so slowly into containers that gelling occurs can re- 
sult in a cloudy jelly. 


Color changes. Darkening at the top of the jars can be 
caused by storing them in too warm a place or by an 
imperfect jar seal. 


Color fading. Fading can occur with red fruits if they 
are stored in too warm and too bright areas or stored 
too long. The natural colorants in the fruit are highly 
susceptible to high temperatures and light. Another 
possible cause of color fading could be that the process- 
ing was not sufficient to either destroy the enzymes that 
can affect color, or that the processing time elevated the 
temperature, causing color destruction. Trapped air 
bubbles can also contribute to the chemical changes 
caused by oxidation. 


Crystal formation. An excess of sugar can “seed” the 
jelly when HM pectin is used. This excess sugar comes 
from overcooking, too little acid, or from undercooking 
the recipe. Tartrate crystals can form in grape jelly, if 
juice is left to stand in the cold for several hours before 
being used. Moreover, if the glass interior is scratched, 
seeding can occur. 


Floating fruit. This can result either from undercooking 
or from not driving off enough water to create the vis- 
cous gel necessary to maintain even fruit distribution, 
Fruit pieces not properly cut or not ripe enough can also 
lead to floating fruit. 


Gummy jelly. Gummy jelly can result from overcooking 
and creating invert sugar. 


Mold. The appearance of mold can be the result of im- 
perfectly sealed jars and airborne contamination, if the 
full sugar complement was not used. The water activity 
created makes a favorable environment for contami- 
nation from the jars if they were not properly sterilized 
or simply underprocessed. A change in the appearance 
and off-odor or fermented smell will not necessarily oc- 
cur. However, mold is often seen before taste is affected. 


Weeping jelly. Syneresis in jelly can be overcome by not 
overcooking, not storing in a warm place, and using the 
appropriate amount of pectin or acid. 


Stiff or tough jelly. Overcooking or using too much 
added pectin delivers a tough jelly. 


Jelly failures. An improper balance has occurred when 
a gel is not formed. Inaccurate measurement, insuffi- 
cient cooking, overcooking, or increasing the recipe pre- 
vents the pectin from building its network. 


In a study (20), reduced boiling time improved both the 
aroma and flavor of fruit preserves. However, it was noted 
that the retention of flavor and color can be protected dur- 


ing the shelf life by means of modified packaging and ap- 
propriate storage practices, thus eliminating light and ox- 
ygen and storing at 15°C. 


CURRENT TRENDS WORLDWIDE 


The jam, jelly, and preserve market is expected to reach 
$1.5 billion by 2000, with the upscale market showing the 
greatest potential for growth. Gourmet fruit spreads, pre- 
serves, jams, and jellies, including more imports and exotic 
flavors, are the new products. According to Food & Bever- 
age Marketing, the estimated growth rate for these prod- 
ucts is 3% per year. The nutritional and health benefits 
take the forms of less sugar and more fruit; no sugar is 
added because high-sugar fruit juice is used instead of 
100% fruit (18,21). A more convenient packaged powdered 
pectin has sugar added to it to be used as a sugar and 
pectin mix for preparing jams and jellies at home. Argen- 
tina has a line of dietetic jams, the Netherlands markets 
lower-calorie jams and preserves, and Japan produces a 
jelly drink. 

The packaging revolution has also affected this market 
in the form of squeezable plastic containers for conven- 
ience, trays and containers of layered foil materials that 
add longer shelf life to products, and contemporary plastic 
jelly jars and lids featuring dinosaurs. 


SUMMARY 


Fruit preserves and jellies have become segmented over 
the last few years and will continue to grow via the gour- 
met marketplace. They have grown right along with the 
new processes, continuous operation, aseptic processing, 
and microwaving. There is still opportunity for growth in 
refining current gel systems and developing more conven- 
ient ones for either commercial or home use. 
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ACEROLA 


Acerola (Malpighia glabra, Barbadas cherry, or West In- 
dian cherry, of the family Malpighiaceae) is native to the 
West Indies and South America. There are also large plan- 
tations in Puerto Rico. The fruit is grown on a large shrub, 
10 to 15 ft in height, and resembles cherries. Each bright- 
red fruit contains three seeds and several vertical furrows. 
The fruit is the richest known natural source of vitamin C, 
containing 1000 to 4000 mg/100 g, over 20 times as much 
as oranges. The juice is often used to enrich the vitamin C 
content of other fruit products. The tart, fruity fruit and 
juice are used to make jams, jellies, preserves, and the like. 


BAEL 


Bael (Aegle marmelos, bel, or Bengal quince, of the family 
Rutaceae) is native to India and is also grown in Southeast 
Asia. The fruit is grown on a tree up to 40 ft tall and re- 
sembles a citrus fruit with a thick rind. The pulp is yellow 
and mucilaginous when fresh and becomes reddish when 
dried. The aromatic, pleasant-tasting fruit is eaten fresh 
or dried and in juice preparations. It is also used in the 
treatment of diarrhea and dysentary (1). 


CALAMONDIN 


Calamondin (Citrus madurensis, of the family Rutaceae) 
looks like a small orange. It is grown on a small evergreen 
shrub often planted as an ornamental. Hortus III (2) lists 
calamondin (Citrofortunella mitis) as a hybrid of Citrus 
and Fortunella. The fruit is very acidic and rarely con- 
sumed fresh, but it makes a desirable, flavorful ingredient 
for marmalades, jams, jellies, and the like. 


CAROB 


Carob (Ceritonia siliqua, John’s bread, locust, or algaroba 
bean, of the family Leguminosae) is native to the eastern 
part of the Mediterranean area. The tree bears pods up to 
1 ft in length that have a thick, juicy pulp containing up 
to 50% dry weight of sugar. The large carob seeds are con- 
tained in the pulp. The fruit is eaten raw, discarding the 
seeds, or the seeds can be dried and ground to make a flour 
for baking. Carob seeds also serve as a source of gum for 
the food industry. 


CHIRONJA 


Chironjas are a citrus fruit of the family Rutaceae. Chi- 
ronja is believed to be a natural hybrid of the orange, C. 
sinensis, and the grapefruit, C. paradisi. It was found 
growing wild in the mountains of Puerto Rico in 1969. It 
is an excellent fresh fruit and can also be preserved in a 
manner similar to oranges and grapefruit (3). 


FIG 


Figs (Ficus carica, of the very large family Moraceae) are 
native to Asia Minor and spread to the Mediterranean area 
more than 4000 years ago. The fruit is a multiple fruit 
developing from a whole inflorescence inside a protective 
coating. The best-known cultivated varieties are the com- 
mon, or Adriatic, fig and the Smyrna fig. The former pro- 
duces fruit by parthenocarpy and does not need to be fer- 
tilized. The Smyrna fig is fertilized by a small wasp that 
enters the fruit through a small hole in the end. In the 
United States, the Smyrna fig is known as the Kalimyrna, 
and the Italian Dottato type is known as the Kadota. Figs 
may be consumed fresh or dried, canned, or frozen. They 
are used in conserves, jams, confections, and baked goods. 


GRAPEFRUIT 


The origin of the grapefruit (C. paradisi, of the family Ru- 
taceae) is uncertain, but it is believed to have developed in 
the West Indies from a cross between the sweet orange, C. 
sinensis, and the pummelo or shaddock, C. grandis. Shad- 
dock is native to Thailand and Malaysia and was brought 
to the Barbados by a ship captain named Shaddock. Grape- 
fruits became an important import to Europe between the 
two world wars. 

Grapefruit is an important crop, with world production 
estimated at about 3.5 million metric tons in 1992; the 
United States produced about half (4). Florida grows more 
than 80% of the U.S. crop and more than 90% of the export 
volume. About half of the crop is processed into a variety 
of products. Grapefruits are divided into two major groups, 
the white grapefruit, with a pale yellow flesh, and the pink, 
or pigmented, group. The red color is due to the presence 
of the carotenoid lycopene, which has a very appealing 
pink color in fresh fruit or juice but tends to turn brownish 
on heat processing. Juice is the major processed product 
from grapefruit. Grapefruit juice sometimes contains high 
concentrations of limonin, which produces a bitter taste. 
The content of limonin is often reduced to a desirable level 
by a solvent-extraction debittering step, but some limonin 
is retained because at low levels it imparts a desirable fla- 
vor. Oil recovered from the outer layer of the skin is an 
important product. Grapefruit is classified along with lem- 
ons and limes as yellow citrus, as opposed to the orange 
citrus group. Oil from all three is used as a flavoring ad- 
ditive in juice products. Canned grapefruit sections are a 
minor product compared with juice, but they are still very 
popular on the consumer market. Pectin may be produced 
from the peels. The peels are also dried and sold as cattle 
feed. The peels are usually treated with lime to break down 
the pectin before pressing and drying. The press juice may 
be concentrated into citrus molasses and sold as cattle 
feed. 


KUMQUAT 


Kumquats (of the family Rutinaceae) are considered by 
some to be a citrus fruit even though they belong to the 
genus Fortunella not Citrus. The two best-known species, 


F. japonica (the marumi kumquat) and F. margarita (the 
nagami kumquat) are native to China and cultivated in 
Japan and China. They are grown in the United States 
mainly as an ornamental plant. The small fruits (about 1 
in. in diameter) have a fruity, acidic flavor and are often 
used in marmalades, jams, jellies, and preserves. 


LEMON 


The lemon (C. limon, of the family Rutaceae) is the most 
diversified and most widely grown of the citrus species. 
Worldwide production in 1992 was estimated at about 3.4 
million metric tons (4), and the United States produced 
about 680,000 tons. The major product from lemons is 
juice, which is produced in a manner similar to orange and 
grapefruit juice. Lemon oil from the peels is considered to 
be superior as a flavoring agent to the other citrus oils be- 
cause of its high content of aldehydes. The prominent al- 
dehyde is citral, which is a mixture of nerol and geraniol, 
as compared with the decanol of oranges and the nootka- 
tone of grapefruit. Lemon oil is highly prized as a flavorant 
for many juice drinks and other food products as well a 
fragrance for cosmetics. 


LITCHI 


Litchis (leechee, lichi, or lychee) belong to several species 
of the family Sapindaceae; they are native to China and 
also grown in the Philippines and India. The litchi, Ne- 
Phelium litchi, is a true nut, with the inner nut (about 1 
in. in diameter) surrounded by an edible white, fleshy aril 
layer and a red spiny outer coat. The term litchi nut usu- 
ally refers to the whole nut with the dried aril inside; it 
tolerates shipment very well and is often found in Euro- 
pean markets. The edible aril layer is usually eaten fresh, 
dried, or canned. The inner nut is not eaten (1). 


LONGAN 


Longans (Nephelian longan, of the family Sapindaceae), 
native to China, are also grown in India and the Malay 
Archipelago. The fruit resembles the litchi in size, struc- 
ture, and appearance, except that the outer coat is brown. 
The edible white, fleshy aril layer is usually eaten fresh, 
dried, or canned. The inner nut has no value as a food. 


LOQUAT 


The loquat (Eriobotrya japonica, Japanese plum, or Japa- 
nese medlar, of the family Rosaceae) is native to China. It 
is widely grown in Japan and many other parts of the 
world. The fruit is a pear-shaped yellow pome, up to 3 in. 
long, with a five-lobed calyx and two to four black stony 
seeds, The fruit is eaten fresh or in the form of jams, jellies, 
sauces, or alcoholic beverages. The seeds are also used in 
cooking. 
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Mandarins (C. reticulata or C. nobilis, mandarin orange, 
or satsuma orange or tangerine, of the family Rutaceae), 
native to southern China, is now grown in many parts 
of the world. The many varieties may be divided into 
five groups: C. reticulata Blanco (common tangerines), C. 
unshiu Marc (satsuma tangerines), C. deliciosa Tenore 
(Mediterranean tangerines), C. nobilis Lourerio (King tan- 
gerines), and C. madurensis Lourerio (calamondin tanger- 
ines), The satsumas, with yellow-orange flesh, are the larg- 
est and hardiest and are common in Japan and Europe. 
The mandarins are similar but have orange flesh. The tan- 
gerines are smaller, with red-orange flesh. One cultivar 
that originated in Algeria is being sold under the name 
Clementine. Mandarin orange is the preferred name for all 
groups, and the names mandarin and tangerine are often 
used interchangeably. Some important hybrids associated 
with tangerines are the tangelo (tangerine x pummelo) 
and the tangor (tangerine x orange). Tangerines are a ma- 
jor crop, with worldwide production in 1992 estimated at 
6 million metric tons and U.S. production at 300,000 tons 
(5). The fruit is mainly eaten fresh or canned or processed 
into juice. 


MEDLAR 


Medlar (Mespilus germanica, of the family Rosaceae), na- 
tive to Persia, is a very old fruit and was well-known by 
the Romans. The fruit is less appealing than other pomes 
and is usually used in jams (1). 


ORANGE 


Citrus fruits, of the family Rutaceae, date back over 4000 
years and are believed to have developed on the slopes of 
the Himalayas in northeastern India. They soon spread 
throughout Europe and were introduced to the Americas 
by Columbus. Citrus juices constitute a major portion of 
the worldwide fruit products and are second only to grapes 
in volume. Worldwide production of oranges was estimated 
in 1992 at 36 million metric tons. Japan was the leading 
producer, at 1.9 million tons, with U.S. production at 
310,000 tons (5). 

Commercial oranges are divided into two groups: C. si- 
nensis, the sweet orange, and C. aurantium, the sour, or 
Seville, orange. The sweet oranges can be subdivided into 
four groups: common, navel, blood, and acidless, or sugar, 
oranges. The dominant variety in the common group is the 
Valencia cultivar, and it is the main citrus variety grown 
in all the world. The navel orange dominates the second 
group, and it is usually grown for the fresh trade. Blood 
oranges are grown primarily in the Mediterranean area 
and are claimed to be the most delicious of all the citrus 
fruits. The red color is due to the presence of anthocyanin 
pigments in addition to the yellow-orange carotenoid pig- 
ments found in all the other citrus fruits. The acidless 
oranges produce fruit that is very low in acid and less de- 
sirable for the juice trade. The sour orange group is dom- 
inated by the Seville cultivar, which is grown primarily for 
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its peel and used in the manufacture of marmalade. The 
juice by-product from the manufacture of marmalade can 
be debittered and added to 100% juice products at the 5% 
level in the United States. 

Oranges for the fresh market are a major outlet, but 
most growers combine a fresh fruit operation with a pro- 
cessing capability to utilize the fruit that does not have 
outer skin of the desirable appearance for marketing as 
fresh fruit. For juice production, the fruit is washed, 
sorted, and conveyed to a juice extractor. The fruit is con- 
veyed to upper and lower cups that have sharp edges that 
cut a 1-in. hole in the bottom of the fruit; the inner contents 
of the fruit are then pushed through. In one pass the fruit 
is separated into an oil emulsion, juice, peel, and core ma- 
terial. The oil emulsion is washed and centrifuged to collect 
the oil. The remaining liquid is then recycled through the 
process. The juice is filtered to remove some of the pulp 
and sent to the packaging units. The pulp is washed and 
filtered, and the pulp wash is added back to the juice. In 
many areas that grow citrus, varieties more suitable for 
the fresh trade are grown, and they sometimes produce a 
bitter juice due to the presence of limonin. The limonin 
content can be lowered by passing the juice through an ion 
exchange column. In 1990 the U.S. Food and Drug Admin- 
istration (FDA) approved the debittering process for frozen 
concentrated orange juice and concentrated juice for 
manufacturing, thus permitting more efficient use of navel 
oranges. Citrus oil is an important by-product of citrus pro- 
cessing. The major component (90%) of orange oil is d- 
limonene, which contributes little to the flavor but is a car- 
rier of other flavor components. The most prominent flavor 
components are the aldehydes, primarily decanol and ethyl 
butyrate. The excess pulp, core, peels, seeds, and so forth 
can be dried and sold as cattle feed. Frozen concentrated 
orange juice is the major processed product, but specialty 
products such as molasses, alcoholic beverages, and can- 
died peel are also produced. 


POMEGRANATE 


Pomegranates (Punica granatum, of the family Punica- 
ceae) are native to Iran and are grown in large quantities 
in India and the Far East. The pomegranate was held in 
great esteem in ancient times but is less popular today. The 
fruit is round, about 2 to 3 in. in diameter, and has a leath- 
ery, red outer skin. The seeds are surrounded individually 
by a reddish-purple, highly flavorful pulp. The fruit is 
eaten fresh or, more usually, as a flavorant in ice cream, 
sherbet, juice drinks, and the like. 


PUMMELO 
Pummelos (C. grandis, pomelo, or shaddock, of the family 
Rutaceae) are large citrus fruits up to 10 in. in diameter 


native to Thailand and Malaysia. Grapefruit is believed to 
be a cross between the pummelo and the sweet orange. 


SOUR ORANGE 


See Orange. 


SUGAR APPLE 


Sugar apples (Annona squamosa, custard apple, or sweet- 
sop, of the family Annonaceae) are grown in the lowland 
areas of South America. The yellowish-green fruits, up to 
3 in. in diameter, are consumed fresh or in juice drinks. 


TANGERINE 


See Mandarin. 


UGLI 


Ugli fruit, of the family Rutaceae, is a large citrus hybrid 
with a thick rind produced by a cross between C. reticulata 
and C. paradisi. It is cultivated in Jamaica. 
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APPLE 


Apples have been known since the beginning of recorded 
history. The fruit referred to in the Bible by Adam and Eve 
is thought to be an apple. Apples were very popular in an- 
cient Rome and Greece. Modern apples developed in south- 
western Asia in the area from the Caspian to the Black 
Sea. The Stone Age lake dwellers of central Europe learned 
to preserve apples by drying them in the sun. The apple 
was brought to America by the colonists and soon spread 
across the new continent. The life of John Chapman, better 
known as Johnny Appleseed, born in Leominster, Massa- 
chusetts, in June 1776, is an American legend. He carried 
apple seeds with him on his travels west and planted them 
wherever he went. Apples are the most widely planted of 
all fruits and are found in nearly all temperate zones 
around the world (1). 


The genus Malus, of the family Rosaceae, contains a 
number of species and literally hundreds of cultivars of 
both the edible and ornamental varieties. Large apples are 
decendants of the species M. pumila, which originated in 
southwestern Asia, and hybrids with M. sylvestris of Eu- 
rope. Edible crab apples are derived from M. baccata. Or- 
namental apples are hybrids of the edible species. The tax- 
onomy of modern cultivated apples is so obscured by 
centuries of breeding and selection by humans that it is 
very difficult to assign modern apples to any one species of 
Malus (2). Botanically, the apple is a pome fruit developed 
from an inferior ovary and is derived from the ovary wall 
and the floral tube. The fleshy mesocarp constitutes the 
main edible portion. The five cavities each contain two 
seeds. 

World production of apples in 1993 was about 40 million 
metric tons, with the United States contributing about 5 
million tons (3), Production is increasing because produc- 
tion in China, Russia, Korea, Poland, and Romania is be- 
lieved to be underreported. In the United States, about 
55% of the apple crop was marketed fresh and 45% pro- 
cessed. Of the processed portion, about 44% was utilized 
in juice, 26% was canned, 6% was dried, 4% was frozen, 
and 3% was used in miscellaneous products such as jelly, 
wine, and vinegar. All of the current cultivars are used to 
some extent for processing, and some cultivars are grown 
exclusively for processing; however, most apples used for 
processing are salvaged from the fresh market. 

Apple juice is sold in many forms. Fresh apple juice, or 
sweet cider, is produced from sound, ripe fruit that has 
been pressed and bottled. No form of preservation is used 
other than refrigeration. In the United States, apple cider 
refers to the fresh juice, but worldwide, it usually means 
apple juice that has been fermented. Shelf-stable apple 
juice has been treated with some form of preservation, usu- 
ally heat treatment. The processed juice can be in several 
forms: crushed, with a high pulp content; unfiltered, with 
a lower pulp content; or clarified. The most popular prod- 
uct in the United States has been treated with ascorbic or 
erythorbic acid to produce a lighter color, depectinized with 
a pectinase enzyme, and filtered before being pasteurized 
to produce a clear juice. The manufacture of applesauce is 
a relatively simple procedure. Apples are washed, sorted, 
and chopped. Sugar is added, the mixture is cooked, and 
the skins and seeds are removed with a screen extractor. 
The puree is then canned or bottled. For sliced apples the 
fruit is washed, graded, peeled, cored, and sliced. The slices 
are placed in a container, and a vacuum is applied to re- 
move the air from the slices. The vacuum is broken by in- 
jecting a solution of water, salt, ascorbic acid, and/or sugar. 
The slices are then put into containers, sugar syrup is 
added, and the containers are steam vacuumed, closed, 
and thermally processed. For frozen slices, the apple slices 
are vacuum treated, blanched, put into 35-lb containers, 
and frozen. For dried apple slices, the slices are prepared 
as noted previously and treated with sulfur dioxide, or one 
of its salts, to maintain a light color and to minimize en- 
zymatic activity. Two types are recognized in the United 
States: Evaporated apple slices have not more than 24% 
moisture, and dehydrated slices contain not more than 
3.5% moisture. A number of specialty products are pro- 
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duced from apples, such as glazed apples, spiced crab ap- 
ples, apple butter, apple jelly, apple vinegar, and baked ap- 
ples. Apple butter is similar to applesauce except that it is 
produced with slower heating and the final product is 
darker in color, more caramelized, and thicker. Apple jelly 
is made from concentrated apple juice. 


APRICOT 


Apricots are native to China and have been cultivated for 
more than 4000 years. They were well-known in ancient 
Greece and Rome, having followed the trade routes west- 
ward. From Europe, the apricot was introduced to America 
on the ships of the early explorers and settlers. Worldwide 
production in 1990 was estimated at nearly 700,000 metric 
tons (4). U.S. production was estimated at about 123,000 
metric tons, with 97% produced in California. 

The apricot belongs to the genus Prunus of the family 
Rosaceae. It is a stone fruit, in which the seed is encased 
within a hard, lignified endocarp referred to as the stone. 
Most commercial apricots belong to P. armeniaca, but sev- 
eral other varieties (P. siberica and P. mandshurica) are 
known. P. mume, known as the winter-flowering plum in 
Asia, has several cultivars. There is considerable genetic 
diversity in the apricot, but nearly all commercially im- 
portant cultivars in the United States are derived from P. 
Armeniaca. 

Before World War II, most apricots in the United States 
were sun dried, but production of canned apricots cur- 
rently exceeds that of dried products. About 16% of apri- 
cots are marketed fresh and about 10% frozen. For canned 
apricots, Patterson and Tilton are the varieties of choice. 
The apricots are either picked by hand or shaken off the 
trees mechanically and transported to the cannery. The 
fruits are washed in chlorinated water; extraneous matter 
such as leaves, sticks, immature fruit, and the like are re- 
moved; and the fruit is conveyed to the cutters. The fruit 
is cut along the sutures, the pits are removed, and the fruit 
is placed in containers. Syrup consisting of light or heavy 
sugar syrup, apricot juice, or pear juice is added, and the 
containers are thermally processed. For sun-dried apri- 
cots, Blenheim is the cultivar of choice because of its su- 
perior flavor, but Patterson and Tilton are also used. Sun 
drying is a method of preservation limited to climates with 
hot sun and dry atmospheres. There are six basic steps: 
(1) select and sort fresh fruits, (2) wash, (3) cut into halves 
and remove pits, (4) place fruit cut side up on drying trays, 
(5) treat with burning sulfur or gaseous sulfur dioxide, and 
(6) place trays in the drying yard in full sun. The sulfur 
dioxide preserves the color of the dried fruit by minimizing 
enzymatic browning and reduces degradation of carotene 
and ascorbic acid. The fruits usually take 5 to 10 days to 
dry to a moisture content of 15 to 20%. The trays are then 
removed from direct sunlight and stacked to allow the 
moisture content to rise to about 27%. The fruits are then 
placed in boxes for 2 to 3 weeks and allowed to equilibrate 
to the desired moisture content. Once cured, the apricots 
are graded and packaged for sale. Frozen apricot slices are 
produced by washing, grading, cutting, slicing, and freez- 
ing the fresh fruit. 
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BILBERRY 


Bilberries (Vaccinium myrtillus, of the family Ericaceae) 
are native to northern parts of Eurasia and are also called 
whortleberries or blaeberries. The small (8 mm in diame- 
ter), dark blue fruits are closely related to blueberries and 
are eaten raw or as jams, jellies, and preserves. They are 
also used in bakery goods. 


BLACKBERRY 


Blackberries, of the family Rosaceae, belong to the genus 
Rubus, which, particularly its subgenus Eubatis, is highly 
genetically heterogeneous. A series of species and subspe- 
cies makes it difficult to identify the heritage of many of 
the current cultivars. The cultivated blackberries of North 
America are divided into five groups: (1) the erect or nearly 
erect types of the eastern United States, (2) the eastern 
trailing types, (3) the southeastern trailing types found 
along the Atlantic and Gulf Coasts, (4) the trailing types 
of the Pacific Coast, and (5) the semitrailing types of the 
Pacific Coast. Trailing blackberries are also called dewber- 
ries, running blackberries, or ground blackberries. A num- 
ber of thornless blackberry cultivars have been introduced 
and are sometimes called boysenberries, loganberries, or 
youngberries, All blackberries consist of a collection of 
drupelets that are partly fleshy and partly hard (the seed). 
Blackberries can be distinguished from raspberries be- 
cause when a raspberry is picked the core stays on the 
bush. When a blackberry is picked, the core remains with 
the berry and becomes part of the edible fruit. A tayberry 
is a cross between a blackberry and a red raspberry 

Approximately 90% of the blackberry crop is processed, 
perhaps because the fresh fruit has a storage life of only 4 
to 5 days. In earlier years, blackberries were more popular 
as fresh fruit rather than being processed because of the 
difficulty in handpicking canes with abundant thorns. The 
introduction of mechanical picking machines changed the 
economics of harvesting, and blackberry products became 
much more popular. Canning and freezing are the main 
methods of preservation. Juice production is increasing 
along with the national increase in consumption of fruit 
juices. 


BLUEBERRY 


Blueberries belong to the family Ericaceae, subfamily Vac- 
ciniaceae. True blueberries belong to the ancient genus 
Vaccinium, subgenus Cyanococcus. Blueberries are divided 
into two major groups, lowbush and highbush. The low- 
bush type generally grows wild over large areas and is the 
source of a large quantity of fruit on the commercial mar- 
ket. Northern lowbush blueberries consist of several spe- 
cies: V. myrtilloides, V. angustifolium, V. lamarkii, and V. 
vacillans. V. angustifolium is gradually replacing the oth- 
ers in areas where rotational burning is used for weed con- 
trol and pruning. The northern highbush blueberry is V. 
corymbosum, and the southern type is V. australe. The 
rabbit-eye blueberry is V. ashei, so named because when 
the fruit begins to ripen the pink color resembles a rabbit’s 
eye. It is grown mainly in the southern states. 


Blueberry production in the United States was about 
85,000 tons in 1993 and is increasing rapidly. Production 
increased 50% between 1992 and 1993 alone. About 60% 
of the blueberries were processed and 40% sold as fresh 
berries. The rapid increase was due to the addition of blue- 
berry products to a wide variety of foods, including break- 
fast cereals, dessert toppings and fillings, pies, cakes, 
cheesecakes, salads, muffins, fruit cocktails, yogurts, ice 
creams, breads, bagels, pastries, frozen muffin and cookie 
doughs, and the like. The forms of blueberries used in 
these products are fresh, frozen, puree, juice, dehydrated, 
and concentrate. 


CHERRY 


Cherries, of the family Rosaceae, are believed to have orig- 
inated in the Caspian and Black Sea area, and wild trees 
inhabit all of Europe (5). They were domesticated in Greece 
as early as 300 B.c. The colonists brought them to America. 
Cherries are drupe fruits with a stone center. The two main 
types of cherries are sweet (P. avium) and pie, tart, or sour 
(P. cerasus). U.S. production in 1993 was estimated at 
170,000 tons for sweet cherries and 160,000 tons for tart 
cherries. Several preservation methods are available. Tra- 
ditionally cherries have been canned. Canning involves 
soaking the cherries in cold water to firm them for the pit- 
ting operation. After pitting, the cherries are put into cans 
or jars, syrup is added, and the containers are thermally 
processed. Tart cherries are usually pitted, but most sweet 
cherries are not. Frozen cherries are usually pitted and 
blanched before filling and freezing. Brining involves soak- 
ing the cherries in a 1% solution of sulfur dioxide, or one 
of its salts, which inhibits microbial growth and enzyme 
activity. It also bleaches the cherries to a pale yellow color. 
Brined cherries can be stored for a long time and used for 
jam and jelly production. The red color returns after re- 
moval of the sulfur dioxide. In the past, this was a very 
popular method of preservation, but it has been replaced 
by freezing because the frozen product offers a superior 
flavor in the final product. 

Maraschino cherries are produced from brined cherries 
by soaking the cherries in a 0.5% solution of calcium chlo- 
ride to firm the fruit, soaking in a sodium sulfite solution 
for further bleaching, and neutralizing with a sodium bi- 
carbonate solution. After addition of a red colorant, usually 
erythrosine, the cherries are soaked in a solution of citric 
acid to fix the color. The cherries are then put into contain- 
ers, a syrup flavored with benzaldehyde is added, and the 
containers are thermally processed. Cherries are also 
pressed to produce single-strength or concentrated juice, 
which has been well received as a colorful and flavorful 
food ingredient. Cherries are also dehydrated to make a 
desirable component of bakery products. Cherries lend 
themselves to many specialty products such as pie fillings, 
glazed products, wines, sauces, juice powders, spreads, 
candies, and flavors (5). 


CHOKEBERRY 


The black chokeberry, also known as chokecherry (Aronia 
melanocarpa), is a member of the family Rosaceae. It is a 


native North American plant introduced into Europe in the 
late eighteenth century. It produces clusters of small stone 
berries that, particularly in Poland, have been used to 
make jams, jellies, juices, and wines. Chokeberry juice is 
very astringent and has been used to improve the taste of 
apple products. Its astringency is not unlike that of cran- 
berries, and it may find a place as an adjunct for flavoring 
products that now use cranberries. Chokeberries have also 
been suggested as a source of anthocyanin pigments for 
applications as natural colorants (6). Chokeberries are a 
very minor crop in the United States. 


CRANBERRY 


The cultivated cranberry (V. macrocarpon, of the family 
Ericaceae) is native to peat bogs in many northern states 
from Massachusetts to Minnesota and some Canadian 
provinces. The wild cranberry, V. oxycoccus, is native to the 
Pacific states but not the eastern states. It is not grown 
commercially because of its small berry size. Another spe- 
cies, V. vitis-idea, lingonberry, is grown on the upland areas 
of Scandinavia and Alaska. It is sometimes called moun- 
tain cranberry, European cranberry, partridgeberry, or fox- 
berry and is used locally for jams and jellies, These are not 
to be confused with the highbush cranberry, Viburnum tri- 
lobum or V. opulus; it is primarily grown as an ornamental 
shrub, but the berries are sometimes used for jellies. North 
America produces nearly all of the world crop of cranber- 
ries, and production in 1998 was estimated at 300,000 
tons, of which 95% was processed (M.S. Starr, personal 
communication, 1999). 

Cranberries are one of the three fruits native to North 
America, the others being blueberries and the Concord 
grape. Cranberries were part of the American diet long 
before recorded history in the United States. Native Amer- 
icans made pemmican from dried meat, fat, and cranber- 
ries. The cranberries probably contributed a pleasant taste 
and appearance to a food that must not have been very 
palatable. They also probably acted as a preservative by 
raising the acidity of the product, and the benzoic acid con- 
tent may have had some antimicrobial action. Pemmican 
may have been the original trail food. 

The cranberry is a low-growing, trailing, woody, broad- 
leaf, evergreen plant that is grown in bogs and swamp 
areas generally unsuited for other types of agriculture. A 
plentiful supply of water is required for irrigation and 
flooding to prevent frost damage before harvest. In earlier 
years, harvesting was accomplished by hand rakes to col- 
lect the berries. Today, mechanical harvesters are used on 
both dry and flooded bogs. Flooding the bogs before shak- 
ing the berries off the vines produces a bigger yield because 
the berries float and can be skimmed by harvesters. Dry 
harvesting is usually reserved for the fresh trade, and wet 
berries are usually sent to freezers for later use. North 
America currently supplies nearly all of the world’s cran- 
berries, but test plantings are being developed in Chile, 
the Ukraine, Poland, and central Europe. 

Cranberries are used to produce three major products. 
Cranberry sauce is a mixture of cranberries, sugar, and 
water. The mixture is cooked, passed through a strainer to 
remove the skins and seeds, poured into cans, and ther- 
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mally processed. Cranberry whole sauce is a similar prod- 
uct, but it contains the skins and seeds. Both products form 
a firm gel because of the high pectin content. For cranberry 
juice, frozen cranberries are thawed and pressed to collect 
the juice. Commercial juice, as marketed for consumption, 
contains about 20 to 30% juice, sugar, and water. The press 
juice has to be diluted because full-strength juice is too 
astringent and does not make a palatable product. Cran- 
berry juice and a number of combinations with other juices 
such as raspberry, orange, apple, blueberry, and prune 
have proved to be very popular in the recent rapid increase 
in fruit juice consumption by the American public. The 
popularity of the fruit juices has led to increased demand 
for cranberry juice concentrate, which is made by filtering 
the press run juice and passing it through an evaporator. 
Cranberry juice concentrate also provides a very concen- 
trated source of red anthocyanin pigments, which make a 
very attractive red color (7). Fresh and dried cranberries 
have been added to muffins, cakes, cookies, breads, fillings, 
toppings, and a variety of specialty products. One cran- 
berry product, Craisins, is similar to raisins. 


CURRANT 


Cultivated currants, of the family Saxifragaceae, are 
currant-bearing shrubs grown in the temperate and cold 
regions of both North and South America. Currants are 
extremely cold hardy, and their culture extends nearly to 
the Arctic Circle. Red and white currants are Ribes sati- 
vum, and black currants are R. nigrum. The flowering cur- 
rant is R. odoratum. The black currant produces a more 
vigorous plant with a higher yield and stronger flavor than 
the other types and is probably more important commer- 
cially; however, it is a minor crop. A hybrid of black currant 
and gooseberry named Jostaberry is even more vigorous 
and produces fruit that looks like a black currant except 
larger Jostaberries are attracting the interest of home gar- 
deners. Currants are used to make jams and jellies and as 
a very flavorful juice concentrate for addition to other 
juices. Dried currants are not from the Ribes genus but are 
dried grapes from the Black Corinth cultivar of V. vinifera. 
They are sometimes called Zante currants. 


GOOSEBERRY 


Gooseberries, of the family Saxifragaceae, are closely re- 
lated to currants and require essentially the same cultural 
conditions. Gooseberries of American origin are R. hirtel- 
lum, and those of European origin are R. uva-crispa. The 
fruit may be white, yellow, green, or red and may have a 
prickly, hairy, or smooth surface. Gooseberries have an 
acidic and astringent flavor and are used to make jams and 
jellies. They are a minor crop in the United States. 


GRAPE 


Grapes, of the family Vitaceae, are the largest fruit crop in 
the world. The Food and Agriculture Organization of the 
United Nations estimated the grape crop in 1989 to be 
about 60 million metric tons, of which about 80% was used 
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in wine production. Grape growing in the United States is 
divided into four areas: (1) the European type (Vitis vini- 
fera), grown in California and Arizona; (2) the American 
bunch type (V. labrusca), grown in the Great Lakes area 
(New York, Pennsylvania, Michigan, Ohio, and Ontario, 
Canada), the Pacific Northwest (Washington, Oregon, and 
British Columbia), and the Midwest (Arkansas, Missouri, 
Towa, Ilinois, Indiana, Kansas, and Nebraska); (3) French 
hybrids (V. vinifera), grown in Ontario, New York, and Brit- 
ish Columbia, and (4) muscadine (V. rotundifolia), grown 
in the South Atlantic and Gulf states. Actually, with the 
rise in popularity of wines, nearly every U.S. state has a 
grape and wine production area. The French hybrids have 
an interesting background, particularly with regard to 
wine. They originated in France as a group of cultivars 
produced by crossing V. vinifera with certain wild Ameri- 
can grapes, mainly V. lincecumii (post-oak or turkey grape) 
and V. rupestris (sand, sugar, or rock grape). The French 
breeders hoped to obtain cultivars that combined the de- 
sirable qualities of the European cultivars with the har- 
diness and disease resistance of the American species. The 
breeding program has been going on for more than 100 
years, and a number of cultivars are available, mainly for 
the wine trade (8). There are literally thousands of grape 
cultivars available for the grape-growing regions around 
the world. 

Grapes for fresh consumption are grown in many geo- 
graphical areas, but most are in California. Cultivars of V. 
vinifera dominate the production of table grapes. The most 
prominent cultivar for juice production is the Concord (V. 
labrusca), New York and Washington led the United States 
in production of Concord grapes in 1993 with 300,000 met- 
ric tons (9). Grapes for table consumption are usually 
picked by hand to preserve the integrity of the grape 
bunches. Grapes for juice production are usually mechan- 
ically harvested; a number of different machine designs 
are available, but all of them use beaters or rods to shake 
the grapes from the vines. The grapes are collected, trans- 
ferred to bulk containers, and transported immediately to 
the factory. The grapes are dumped into a holding tank and 
then transferred by auger to a stemmer-crusher that sepa- 
rates the fruit from the stems. The mixture is transferred 
to a holding tank, heated to 140°F, and a pectolytic enzyme 
is added to break down the pectin. After 30 min, a filter 
aid, such as rice hulls or paper pulp, is added, and the 
mixture is pressed to remove the juice. The filtered juice is 
allowed to stand to precipitate the argols (crude tartar). 
The juice is then racked off, filtered, poured into contain- 
ers, and thermally processed. Grape juice concentrate can 
be made from the juice. Cold pressing is similar to the 
method just mentioned except that the process is con- 
ducted at ambient temperature. Grape juice, prior to the 
tartar removal step, can be pasteurized and stored in large 
tanks of up to 100,000 gal for future manufacture into jams 
jellies, toppings, fillings, and the like. 

Production of grape juice and grape juice concentrate 
has recently increased markedly as a replacement for 
sugar in many drinks on the market. Some of the concen- 
trates are bland in flavor and mix very well with some of 
the more prominent flavors inherent in other fruits. A 
large industry has developed for grape concentrate with 


up to eight times the normal red pigment content of grape 
juice; this product provides a colorant as well as a desirable 
mild, fruity flavor. The colorant concentrate is made from 
selected grape cultivars with a very high pigment content. 
Both red and yellow concentrates are available (10). Grape 
colorants (under the generic name enocyanin), prepared 
from the press cake left over from the wine-making pro- 
cess, have been marketed for more than 120 years (11). The 
preparation and use of colorants from grapes were de- 
scribed by Francis (12). 


HUCKLEBERRY 


Huckleberries (Gaylussacia baccata, of the family Erica- 
ceae) grow wild on shrubs in North America. The small 
black fruits grow in clusters and resemble blueberries; 
they are not true berries but drupes that contain 10 stones. 
The fruit is used raw or frozen. 


KIWI 


Kiwi, also called kiwifruit (Actinidia chinensis, of the fam- 
ily Actinidiaceae), was developed in New Zealand, where 
it was known as the Chinese gooseberry. This name did not 
lend itself to marketing, so the name was changed to Kiwi; 
it began to appear in U.S. stores in the 1980s. The fruit is 
oval, about 2 in. in length, with brown fuzzy skin, green 
flesh, and a refreshing, tart flavor. It is consumed fresh or 
made into jam, jelly, or wine. It is sometimes dried and 
used as a meat tenderizer. Kiwi grows on a vigorous, de- 
ciduous vine, and hardier types are finding favor in home 
gardens in the United States. The hardy kiwi, A. arguta, 
produces fruit about 1 in. in length, with a pleasant, tart, 
slightly phenolic flavor. The hardy kiwi requires both a 
male and a female plant for fruit production, but another 
cultivar, Issae, is self-fertile. 


LOGANBERRY 


Loganberries (R. loganobaccus, of the family Rosaceae) are 
believed to be a cross between an American variety of 
blackberry and a raspberry. The fruit is eaten raw or in 
jams and preserves. 


MULBERRY 


Mulberry trees are well-known in Asia because silkworms 
feed on their leaves. The mulberry trees (Morus alba, of 
the family Moraceae) grown in the northern United States 
are large and grown for ornamental purposes, as a wind- 
break, and also for their fruit, which is very attractive to 
birds. The trees are prolific in fruit production. The more 
tender black mulberry (M. nigra and M. rubra) is grown in 
the south. The fruit resembles a blackberry and has a 
fruity but rather insipid flavor. The fruit is used for juice, 
jam, jelly, toppings, and the like. 


PEACH 


The peach is considered to be the queen of temperate-zone 
fruits and is second only to the apple as the world’s most 


widely grown tree fruit. Peaches are native to China and 
have been grown for over 4000 years. They were well- 
known by the ancient Greeks and Romans and came to 
America on the ships of the colonists. Peaches are grown 
on all continents, but most of the peaches in world com- 
merce are grown in the United States. World production 
in 1990 was estimated at about 7 million metric tons (4). 

All commercial peaches are P. persica, of the family Ro- 
saceae. Breeding and selection down through the ages 
have resulted in numerous cultivars designed for fruit 
quality, size, yield, and horticulturally desirable charac- 
teristics. Canning is the most popular method of preser- 
vation for both freestone and clingstone types of peaches. 
Sound fruit is washed, peeled, pitted, cut, and put intocans 
or jars. Syrup is added, and the containers are thermally 
processed. Frozen peaches are prepared the same way ex- 
cept that the containers are frozen. Single-strength juice 
and concentrate can be prepared by pressing the fruit. 
Peach nectar is juice and sweetener with enough fruit pulp 
to produce a more viscous liquid. Dried peaches are pre- 
pared by sun-drying the peach halves or by dehydration, 
in the same manner as apricots. 


PEAR 


Pears, of the family Rosaceae, are native to Europe and 
Asia and were well-known by the ancient Greeks and Ro- 
mans. Breeders in France 400 years ago developed a num- 
ber of cultivars, and France is still the largest grower of 
pears in the world. The pear was introduced to England 
and then to America and soon became an important crop 
in many countries (13). The largest producers are France, 
Germany, the United States, Australia, New Zealand, 
South Africa, Argentina, and Japan. In North America, 
pears are of three botanical groups: (1) the European pear, 
Pyrus communis, which includes all the old standard cul- 
tivars; (2) the Asian, Oriental, or sand pear, P. pyrifolia or 
P. serotind; and (3) the Eurasian pear, P. lecontei, a hybrid 
between the previous two. The pear is a pome fruit closely 
related to the apple, but it never quite attained the popu- 
larity of apples, possibly because it does not store as well. 

The major processed product is canned pears prepared 
in a manner similar to canned peaches and apples. Dried 
pears are prepared as described for peaches and apples. 
Pear juice, pear juice concentrate, and nectar are prepared 
by crushing and pressing the ripe pears. 


PERSIMMON, 


Persimmons (Diospyros kaki, of the family Ebenaceae) are 
native to the Far East and were originally cultivated in 
China and Japan. Today persimmons are cultivated in Eu- 
rope, the Mediterranean, the United States, and many 
other warm parts of the world. The fruit resembles a to- 
mato in size and shape and has a fruity, tart, astringent 
flavor. Another variety, D. lotus, cultivated in Asia, is also 
known as the Chinese date plum. In the United States, 
another native species, D. virginiana, occurs, but its fruit 
is much smaller and inferior to D. kaki. All commercial 
plantings in the United States are based on D. kaki and 
are known as the Oriental or Japanese persimmon. They 
are usually eaten raw or processed into juice or nectar. 
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PLUM 


Plums are fleshy stone fruits of the family Rosaceae. The 
large-fruited European type, P. domestica, is the most im- 
portant type. It originated in the Caucacus Mountains, 
probably from a doubling of the chromosomes of a cross 
between P. cerasifera and P. spinosa. The small-fruited Eu- 
ropean type, P. insititia, includes the purple damsons and 
the yellow mirabelles. The Japanese plum, P. salicina, is 
next in importance. The Simon plum, P. simonii, was in- 
troduced from China. A number of plums are native to 
America, including P. americana, P. americana nigra (from 
Canada), P. munsoniana (the wild goose plum), and P. hor- 
tulana, P. angustifolia, the Chicasaw or sand plum, is na- 
tive to the southern United States. P. maritima, the beach 
plum, is abundant in the Cape Cod area. P. subcordata 
grows wild in the western United States. Plums have been 
extensively hybridized; more than 2000 varieties exist, but 
only a few are commercially important. The large Euro- 
pean plums are largely consumed fresh, but many of the 
other types are canned, frozen, dried, or processed into 
jams, jellies, preserves, nectars, and so forth. Yugoslavia 
is the largest producer, with 90% of its crop processed into 
slivovitz brandy. Germany is second and the United States 
third, with about 300 tons. California produces 90% of the 
U.S. crop. 


PRUNE 


Prunes are dried plums. All prunes are plums, but not all 
plums are prunes. One group of plums, P. domestica, is 
known as the prune type; it is a major source of prunes, 
but prune plums are also eaten fresh. Plum designates a 
variety primarily for uses other than drying such as for 
fresh consumption, canning, freezing, jams, and jellies. 
Most plum varieties ferment if dried with the pit; however, 
if they are dried after removal of the pit, they are called 
dried plums rather than prunes (14). World production of 
prunes in 1994 was about 800,000 tons; California pro- 
duced 70% of the world crop and 98% of the U.S. crop in 
1994. 

In previous years, prunes were produced by sun drying, 
but today nearly all prunes are produced by dehydration. 
Prune juice can be produced by simply leaching prunes 
with hot water, but recently the disintegration process has 
become the method of choice. Prunes are cooked in a pres- 
sure cooker with agitation to break up the fruit. The juice 
is then separated by centrifugation or pressing and fil- 
tered. The clear juice is then concentrated under vacuum 
to 19 to 20°Brix and poured into cans or bottles. Prune juice 
concentrate is made by treating the prune juice with a pec- 
tolytic enzyme to reduce the viscosity and concentrating to 
the desired solids level. At 70°Brix for domestic use and 
72°Brix for export, the product is shelf stable and does not 
require freezing or a chemical preservative. The bulk con- 
centrate in 5-gal pails, 55-gal drums, or tank cars is often 
used to reconstitute single-strength juice. 


QUINCE 


Quinces (Cydonia oblongata, of the family Rosaceae), na- 
tive to western Asia, were well-known by the ancient Ro- 
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mans. The fruit is closely related to the genus Pyrus and 
resembles an apple. The fruit is very firm, orange, and up 
to 5 in. in diameter. Six varieties are known: C. sinensis, 
C. lusitanica, C. malformis, C. marmorata, C. pyriformis, 
and C. pyramidalis. The pomological quinces also include 
four species of the Asiatic genus Chaenomeles such as C. 
speciosa. Most of these are grown as ornamentals because 
the fruit is unpalatable. The fruit of C. oblongata is the 
most popular and is often added to other fruit because of 
its high pectin content or used to make quince jam and 
jelly. 


RAISIN 


Raisins are a very old product and have been known since 
biblical times. Raisin production spread from the Middle 
East to many other parts of the world. The United States 
and Turkey produce two-thirds of the world production of 
about 1 million metric tons. Raisins are produced from va- 
rieties of grapes (Vitis vinifera) that have a high sugar con- 
tent. The sultanas produced from the Thompson seedless 
variety of grapes are the most well-known. Grapes to be 
dried into raisins are picked by hand and spread on paper 
trays between the rows of grapevines. The grapes on the 
trays have to be turned to promote even drying. They are 
then transported to the packing shed for cleaning, grading, 
adjustment of moisture content, and packaging. Raisins 
are usually added to bakery products, breakfast cereals, 
confections, chocolate bars, and the like. Raisins can also 
be used to make brandy, such as the aniseed-flavored ouzo 
in Greece or raki in Turkey. 


ROSE HIP 


Rose hip is the name given to the fruit of a number of Rosa 
spp. in the family Rosaceae, a very large family with more 
than 100 genera and 2000 species. Nearly all rose hips are 
very high in vitamin C, with some species (eg, R. laxa) 
containing up to 10% dry weight of vitamin C. This is 200 
times that found in orange juice, so rose hips have been 
promoted as a source of vitamin C. The hips are seldom 
eaten raw and usually made into juice extracts, jams, jel- 
lies, and preserves. 


STRAWBERRIES 


Strawberries are a major crop with worldwide production 
estimated at 1,260,000 tons (15). The U.S. produces about 
700,000 tons with about 80% of the production in Califor- 
nia. Strawberries are not true berries in the botanical 
sense but are aggregate or multiple fruits. Strawberries 
belong to the family Rosaceae and the genus Fragaria. 
Many domesticated cultivars are crosses between F. chil- 
oensis and F. virginiana, also known as F. ananassa. The 
plants are planted one year, bear fruit the second year, and 
sometimes are allowed to produce for a third year before 
replanting. 

Strawberries are picked by hand and transported in 
flats for the fresh trade or for processing. The major pro- 
cessed products are frozen purees and puree concentrates 


for use in jams, preserves, and nectars. Strawberries are 
also frozen as whole or sliced fruit individually or in blocks, 
with or without sugar. Strawberries are also canned or 
made into juice concentrate. Dehydrated berries, fruit 
preparations, fillings, syrups, toppings, beverages, and 
wines are other products. Combinations of strawberry 
juice with many other fruit juices are increasing in popu- 
larity due to the trend for increased consumption of fruit 
juices. 
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FRUITS, TROPICAL 


AVOCADO 


Avocados (Persea americana, avocado pears, alligator 
pears, of the family Lauraceae) are native to Central 
America and are grown worldwide, but they became an 
important commercial crop in the United States and Mex- 
ico in the twentieth century. Worldwide production in 1992 
was estimated to be about 1.4 million metric tons, of which 
Mexico produced about 785,000 tons and the United States 
155,000 tons (1). 
Avocados are classified into three types: 


1, The West Indies type (P. americana var. americana) 
is grown in tropical regions. The fruit is large and 
round, with a thick skin and a yellowish-green pulp 
color. The oil content is less than 8%. 

2. The Mexican type (P. americana, var. drymifolia) is 
grown in both tropical and subtropical regions. The 
small fruit has a thin green skin, and the green pulp 
has an oil content up to 30% by weight. 

3. The Guatemalan type (P. americana var. guatema- 
lensis) is grown in both tropical and subtropical 
regions. The green fruit has a thick skin, a high oil 
content, and a nutty flavor. 


Avocados have traditionally been marketed fresh, but a 
large processing industry developed in the 1960s primarily 
to produce a spiced puree known as guacamole. The avo- 
cados are washed, sorted, sanitized in a hypochlorite so- 
lution, and cut to remove the large seed; the flesh is then 
passed through an extractor to remove the skin. The re- 
sultant puree is packed, frozen, and sold to both the con- 
sumer and institutional trade for the manufacture of gua- 
camole. Oil can be extracted from the fruit by solvent 
extraction of the dried fruit, by hydraulic pressing of the 
dried slices, or by centrifugation of the fruit puree. 

Avocados as purchased are usually very firm and have 
to be allowed to ripen before consumption. They do not 
ripen on the tree. After harvesting the rate of ripening de- 
pends on the maturity of the fruit, the temperature, the 
levels of oxygen and carbon dioxide, and the humidity. The 
processors require a uniform supply of ripe fruit, so the 
fruit is usually treated with ethylene gas in ripening rooms 
to ensure uniform ripening. For the fresh fruit trade, the 
fruit may be preconditioned with a short ethylene treat- 
ment to ensure more rapid ripening in supermarkets and 
restaurants. Discoloration after cutting is a major problem 
for the processors, but it has been minimized by rapid han- 
dling and proper selection of cultivars. Avocados are 
unique in having the highest protein and oil content of any 
fruit. The U.S. processed market has been estimated at 
23,000 tons and will probably increase as Mexican foods 
become more popular (1). 


BANANA 


Bananas (Musa paradisiaca var. sapientum, of the family 
Musaceae) are native to India and Malaysia and are grown 
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in every wet tropical area in the world. The cultivated va- 
rieties are derived from the wild species M. acuminata and 
M. balbisiana, and a number of other Musa spp. are grown 
as ornamental plants. The only edible species that thrives 
outside the tropics, where the temperature never falls be- 
low 18°C, is M. cavendishii, which despite its delicious fla- 
vor is not popular because its small brown fruit is less de- 
sirable in appearance. Bananas are the most widely 
consumed and most highly consumed (in terms of volume) 
of any fresh fruit in the world, partially due to their ease 
of shipping and year-round availability. 

Musa spp. are large herbaceous plants that grow from 
an underground rhizome. The shoots, which may be up to 
30 ft tall, produce an inflorescence at the top that develops 
into a stem of bananas. The weight of the bananas, up to 
120 Ib, causes the stem to bend over. After harvesting, the 
stem is cut off and left in the field. A new planting will 
produce a stem in about 18 months, and a daughter stem 
from the same rhizome will produce a stem in about 12 
months. A third stem from the same rhizome may produce 
a stem in about 8 months, after which the field is usually 
replanted. The stem is cut while the fruit is immature and 
green in color, and the fruit ripens during and after ship- 
ping. This provides a 2- to 3-week period for shipping, 
which is very convenient for worldwide delivery. Most of 
the banana production is centered in Central America, 
South America, and the Caribbean. 

The large fresh fruit industry provides the raw material 
for the processed industry because fruit that is unsuitable 
for the fresh trade or is in oversupply is usually processed. 
The green fruit is transported to the holding sheds, treated 
with ethylene gas to ensure uniform ripening, and pro- 
cessed. The major product is banana puree, which is made 
by mechanically peeling the fruit, pureeing the flesh, and 
deseeding the puree if desired. Actually, bananas have no 
seeds; the black specks are atrophied seed bags, but they 
are commonly called seeds. The seeds can be removed with 
a screen. The puree is then deaerated, which also removes 
some of the flavor essence. The flavor components are col- 
lected and added back to the puree. The puree can be 
packed as single strength or (more often) concentrated and 
thermally treated or frozen before packaging. Both single- 
strength and concentrated puree are used extensively in 
the baby food industry, as juice components, and in many 
baking and confectionery products. Banana flakes are pre- 
pared by drum-drying the puree. Banana powder is made 
by grinding banana flakes. Banana “figs” are made by dry- 
ing slices of ripe bananas. Banana chips are made by slic- 
ing green cooking bananas and deep-frying them in oil. A 
number of other minor products are also made. 


BREADFRUIT 


Breadfruit (Artocarpus altilis, of the family Moraceae) is 
native to Polynesia. The breadfruit tree was discovered by 
Captain Cook in Tahiti, and it was thought that the fruit 
would be a good source of food for slaves in the West Indies. 
Accordingly, Captain Bligh, on the Bounty, was commis- 
sioned to bring seedlings to the West Indies. A mutiny 
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thwarted his first try, but he succeeded on his second trip. 
He even planted one himself in the botanic garden of St. 
Vincent in 1793, and apparently it is still there today (2). 

The fruits are large, up to 10 in. in diameter, and borne 
ona large tree up to 60 ft tall. The edible portion is a thick, 
fleshy layer between the rind and the core. It is usually 
eaten immature when the flesh is still white and is boiled, 
baked, roasted, or fried but never eaten raw. Because of its 
high starch content, the fruit can be dried, ground into 
flour, and baked into bread, cakes, and a fermented dough 
product known as mahe. The usual breadfruit has no seeds 
and is propagated by cuttings, but some cultivars produce 
seeds, which are called bread nuts. The seeds are eaten 
boiled or roasted. Breadfruit has been introduced into all 
of the wet tropical countries, but it never attained the im- 
portance envisioned by Captain Cook. 


CARAMBOLA 


Carambolas (Averrhoa carambola, caramba, bliming, or 
country gooseberry, of the family Oxalidaceae) are native 
to Indonesia but are grown in all tropical countries. The 
yellow fruit is up to 5 in. long and 3 in. wide, with five 
pronounced ribs and a star-shaped cross section. The flesh 
is translucent, yellow, tart, and juicy and contains large 
brown seeds. The fruit is eaten raw or made into juices, 
jams, jellies, and tarts. A related species, A. belimbi, 
known as Belimbi, produces green acidic fruit that is used 
to make pickles, curries, and preserves. 


‘CASHEW APPLE 


The cashew tree (Anacardium occidentale, of the family 
Anacardiaceae) is native to tropical America, but today it 
is grown chiefly in India, Tanzania, and Mozambique. The 
tree produces three products of commercial interest. The 
cashew apple is a pear-shaped fruit about 4 in. long with 
a very acidic taste. The fruit is eaten raw in the local mar- 
kets or made into fresh and fermented juices. A protuber- 
ance on the end of the apple contains the cashew nut, 
which is highly prized on the worldwide market. The outer 
coating of the cashew nut, which is removed before ship- 
ping, contains a very corrosive, black oil that is recovered 
and sold on the industrial market. Cashew nuts can be 
pressed to produce cashew nut oil, which is a prized fla- 
vorant and should not be confused with the oil from the 
seed coat. 


CERIMAN 


Ceriman (Monstera deliciosa, or monster plant) is native 
to Mexico and Guatemala and belongs to the family Ara- 
cea. This is a very large family with about 15 genera and 
2000 species. Several aroids are grown in the tropics for 
their edible tubers (taro, dasheen, tannia, malonga, and 
ocumo) and are an important starch staple of the diet. M. 
deliciosa is a robust climbing vine that produces tiny fruit 
on a spadix up to 10 in. long. The spadix is eaten raw and 


is reputed to have a delicious flavor resembling that of 
pineapple. 


CHERIMOYA 


Cherimoyas (Annona cherimola, of the family Annonaceae) 
are native to South America. The fruit is heart shaped or 
conical and can weigh up to 1 Ib. The soft white flesh con- 
tains many beanlike seeds, and the flavor somewhat re- 
sembles that of a pineapple. The fruit is eaten raw or pro- 
cessed into juice. 


CUSTARD APPLE 


Custard apples (A. squamosa, of the family Annonaceae), 
also known as sweetsops or sugar apples, are native to 
South America. The yellowish-green fruits, up to 4 in. in 
diameter, have a scalelike covering that resembles a conif- 
erous cone. The edible custardlike, granular pulp is white, 
and the seeds are embedded in it. The pulp is very sweet, 
with up to 18% sugar. The fruit is very perishable and 
hence little known outside the producing regions. The fruit 
is eaten raw. 


DATE 


Dates (Phoenix dactilifera, of the family Palmae) probably 
are native to India despite the fact that they have been 
grown in the Arab countries for many thousands of years. 
The date palm is grown in all hot, dry areas of the world 
but primarily in the desert areas of the Middle East and 
the Sahara. Dates are also grown in California, Arizona, 
and Mexico. The date palm is a dioecious plant, meaning 
that both male and female plants must be grown to ensure 
pollination. The fruit is borne at the top of a very tall (up 
to 90 ft) tree and is pollinated by suspending a small 
branch of the male flowers over the female inflorescence. 
Each individual fruit contains a hard seed called a stone. 
The seed is surrounded by an edible fleshy endocarp that 
when dried contains up to 70% sugar. The high sugar con- 
tent ensures that the fruit will not spoil during storage or 
shipping. Dry dates are consumed fresh or incorporated 
into a wide variety of bakery products, confections, dairy 
products, preserves, spreads, beverages, and other prod- 
ucts. The Arabs are believed to have over 800 different 
uses for the date, perhaps because it is almost the only 
plant available in the desert areas (2). 


DURIAN 


Durians (Durio zibethicus, of the family Bombacaceae) are 
native to Malaysia. The fruits, weighing up to 10 Ib, are 
borne on a very large tree up to 90 ft tall. The fruit has a 
spiny outer covering surrounding cream-colored flesh with 
a large seed. When ripe, the fruit drops to the ground and 
soon turns rancid. The durian is noted for the foul odor of 
the ripe fruit, and only people who can get past the odor 
can enjoy the delicious taste of the fruit. 


FEIJOA 


Feijoa (Feijoa sellowiana, or pineapple guava, of the family 
Myrtaceae) grows on a small tree native to South America. 
The green fruit tinged with red is 2 to 3 in. long. The white 
flesh is sweet and consumed fresh or made into juices, 
jams, jellies, and preserves. 


GUAVA 


Guavas (Psidium guajava, of the family Myrtaceae) are 
native to tropical America and are grown in nearly all trop- 
ical areas in the world. The fruit of the best-known guava, 
P. guajava var. pyriferum, varies greatly in size, up to 0.5 
Ib, and color, from white to yellow or red. The fruit from P. 
guajava var. pomiferum is smaller and redder. P. cat- 
tleianum or P, littorale, native to Brazil, has small, round, 
purple fruit. The small purple strawberry guava, P. littor- 
ale var. longipes, is also widely cultivated. The fruit may 
be consumed raw, canned, frozen, or in the form of juice. It 
is widely used for jams, jellies, preserves, and confections. 
The fruit contains about 240 mg/100 g of vitamin C and 
has been promoted as a good source of vitamin C. 


ILAMA 


Tlamas (A. diversifolia, of the family Annonaceae) are na- 
tive to South America. The fruit is a medium-sized berry 
formed by the union of the pistils and the receptacle. The 
fruit is consumed fresh or in juices, jellies, sherbets, or fruit 
desserts. 


JABOTICA 


Jaboticas (Myrciaria cauliflora, of the family Myrtaceae) 
are native to South America and grow on small evergreen 
shrubs. The grapelike berries may be consumed fresh or 
as juice, jam, jelly, or preserves. 


JACKFRUIT 


Jackfruit (Artocarpus heterophyllus (Syn. A. integrifolia or 
A. integra}) belongs to the same family (Moraceae) as 
breadfruit. It is a native of India and is grown in almost 
every tropical area. The trees are very large, up to 70 ft 
tall, and bear the largest known fruit. The fruit is up to 4 
ft long, 1 ft in diameter, and weighs up to 100 Ib. It is a 
compound fruit developed from the entire female inflores- 
cence, with a green coating covered with hexagonal spines. 
The pulp is composed of many fruits, each surrounding a 
large seed. The edible part is the red pulp surrounding the 
seeds, and it has a very sweet but rather insipid flavor. 
The pulp is consumed raw or as juice, jam, or jelly. The 
seeds are also edible after boiling or roasting. The imma- 
ture fruit is consumed as a vegetable, either boiled or 
roasted. 


JAVA PLUM 


Java plums (Syzygium cumini, of the family Myrtaceae) 
are native to Asia. The small purplish-red fruit is eaten 
fresh. 
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Jujubes (Ziziphus jujuba or Z. mauritana, Chinese jujube, 
or Chinese date, of the family Rhamnaceae) are native to 
the Mediterranean area. The fruit is small, mealy, deep 
yellow, and borne in clusters. It is used in sweet pickles, 
stews, preserves, and confections. It is sometimes called 
lotus in Greek mythology, not to be confused with the 
sacred lotus, an aquatic plant, Nelumbo nucifera or Nel- 
umbian nuciferum, grown in India and China. In Homer's 
Odyssey, lotus probably refers to Z. jujuba, but it should 
be called a pseudocereal or pseudobeverage rather than a 
fruit (2). 


LIMES 


Limes (of the family Rutaceae), native to the East Indian 
Archipelago, are the least cold hardy of the citrus fruits 
and are grown in tropical areas throughout the world. 
Three lime species are recognized: the small-fruited Citrus 
aurantifolia, the large-fruited C. latifolia, and the sweet 
lime, C. limettoides. Limes are often described by their 
area of production. The most popular small-fruited type is 
called the West Indian, Mexican, or Key lime. The large- 
fruited types are called Tahitian or Bearss and are grown 
in Australia, Brazil, California, and Florida. The Indian 
type is the favorite sweet lime and is grown in India and 
Pakistan. U.S. production of limes in 1992 was estimated 
at 1.6 million boxes (3). 

Limes are very acidic and are seldom eaten fresh. They 
are much in demand as a flavorant for other products such 
as juices, jams, jellies, baked goods, and alcoholic bever- 
ages. British sailors became known as limeys because they 
were fed limes for the prevention of scurvy. Despite this 
folklore, limes, at 37 mg/100 g, have less vitamin C than 
lemons (2). 


MAMEY 


Mameys (Mammea americana, or Mammey apple) belong 
to the family Guttiferae and are native to Central America 
and the West Indies. The fruit is a drupe the size and shape 
of an orange and with a brown russeted skin. The yellow, 
edible flesh surrounds a large seed. The fruit is consumed 
fresh or as jams and preserves. 


MANGO 


Mangos (Mangifera indica, of the family Anacardiaceae) 
are native to southern and Southeast Asia. It is one of the 
most important tropical and subtropical crops in terms of 
production and popularity. The country with the largest 
production is India, where it has been cultivated for over 
4000 years, but it is now grown in almost all tropical areas. 
India produces 60% of the worldwide crop of about 17 mil- 
lion tons (4). 

Mangos grow very large, handsome trees up to 90 ft tall 
with a spread of 125 ft. The fruit is ovoid or heart shaped, 
about 3 to 5 in. long, with a skin color varying from green 
to yellow to red. When ripe, the flesh is yellow-orange and 
fibrous, with a large central seed. The flavor is fruity with 
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a terpene flavor. One irreverent British visitor described 
the wild mango as having a flavor resembling that of a 
piece of cotton batting dipped in turpentine. But centuries 
of breeding have resulted in hundreds of commercial cul- 
tivars with truly delicious flavors. The major processed 
product is mango puree, which is used as an ingredient for 
many other products such as juices, nectars, jams, pre- 
serves, confections, and baked goods. Mango slices, canned 
or frozen, are available. Immature, green frozen slices are 
also popular. Mango leather is an ethnic food in India. It 
is prepared from mango puree by removing some of the 
fiber and drying in the sun. The unripe fruit is used in 
chutneys and pickles. 


MANGOSTEEN 


Mangosteens (Garcinia mangostana, of the family Gutti- 
ferae) are native to Malaysia and are found in Java, Su- 
matra, the Philippines and Sri Lanka. The fruit is a 
reddish-purple berry about the size of a small apple with 
segments similar to citrus fruits. The edible portion is the 
white flesh in the arils surrounding the seeds. 


MIRACLE FRUIT 


Miracle fruit (Synsepalum dulcificum, of the family Sapo- 
taceae) is native to tropical West Africa. The fruit is a small 
red berry with white flesh. It is consumed fresh with other 
foods. Its major quality is the ability to make sour foods 
taste sweet. This effect on the taste buds received much 
research attention, but the fruit was not commercialized 
because of lack of U.S. Food and Drug Administration 
(FDA) approval. 


PAPAYA 


Papayas (Carica papaya, or pawpaw, of the family Cari- 
caceae) are native to tropical America. Brazil is the major 
producer, with worldwide production in 1992 estimated at 
4 million metric tons (4). The papaya plant is a giant herb, 
rather than a tree, because it lacks woody tissue. The stem 
grows 20 to 30 ft tall and bears fruit near the stem. The 
fruit may be oblong or elliptical, up to 20 Ib, and orange. 
The flesh may be orange to red and surrounds a large seed 
cavity containing many seeds. The fruit is consumed fresh 
or as puree, which is used to produce juices, nectars, jams, 
jellies, sherbets, dairy products, and confections Papaya 
leather is made by drying the puree. Papaya slices or 
chunks are canned or frozen and used in fruit salads, ice 
creams, sherbets, and confections. 

Another plant is also called PaPaw. This is Asimina tri- 
loba (Michigan banana, of the family Annonaceae), a small 
ornamental tree that grows in temperate zones. The fleshy, 
oblong fruit is about 3 to 5 in. long and has a banana-like 
flavor. It is eaten fresh or as an ingredient in fruit salads, 
baked goods, and confections. 


PASSION FRUIT 


Passion fruit (Passiflora edulis, of the family Passiflora- 
ceae) is native to Brazil and is grown in all tropical areas 


around the world. A number of species are grown for their 
edible fruit: purple granadilla (P. edulis), yellow granadilla 
(B. laurifolia), sweet granadilla (P. ligularis), sweet cala- 
bash (P. maliformis), curaba (P. mollissima), and giant 
granadilla (P. quadrangularis). The round berry, grown on 
a woody vine, is about 2 in. in diameter and contains a juicy 
pulp with many seeds. Single-strength or concentrated 
juice, frozen or canned, is the major processed product. The 
flavor is very susceptible to damage by heat; therefore, the 
frozen product is preferred over the canned product, but 
recent advances in aseptic packaging have produced su- 
perior products. Passion fruit juice is very popular for 
blending with other juices. The fruit is also used in fruit 
salads, jams, jellies, and confections, 


PINEAPPLE 


Pineapples (Ananas comosus, of the family Bromeliaceae) 
are native to tropical South America and are grown in 
nearly all tropical areas. The plant is a rosette of long, stiff, 
fleshy leaves that produces a short flower stem. The indi- 
vidual fruitlets fuse to produce a compound fruit. Despite 
its economic importance, only one cultivar is of commercial 
importance. The cultivar Smooth Cayenne comprises 95% 
of the worldwide crop. The major processed products are 
solid pack (slices, chunks, and tidbits), crushed (dices), and 
juice. The fruits are handled by a machine called a ginaca, 
which processes about 100 pineapples a minute into eight 
fractions: the cylinder, core, skin, eradicator meat from the 
skin, crown end, eradicator meat from the crown end, butt 
end, and eradicator meat from the butt end. The cylinder 
is used to make the high-value products: slices, chunks, 
tidbits, and crushed pineapple. The eradicator fractions 
and the core are used to make juice. The skin, crown end, 
and butt end are used to make by-products. The mixture 
may be pressed to make mill juice, which can be added to 
the solid pack or used to dissolve sugar to make a syrup 
for addition to the solid pack. The residue from the press- 
ing operation is sold as cattle feed. The mill juice can also 
be used as a sugar source for the production of alcohol or 
vinegar. Recent research indicates that mill juice can be 
purified sufficiently to allow the product to compete with 
grape juice as a sugar base for fruit beverages. Solid pack 
pineapple, crushed pineapple, and pineapple juice are usu- 
ally preserved by thermal treatment (5). Pineapples are 
often consumed raw; many people consider the pineapple 
to be the most palatable fruit of all (2). They are often used 
as flavorful ingredients for juice products, jams, jellies, 
preserves, dairy products, and confections. The pineapple 
plant is also the source of the proteolytic enzyme bromelin. 


PLANTAIN 


Plantains (M. paradisiaca, or cooking bananas, of the fam- 
ily Musaceae) are closely related to bananas. They are 
grown in most tropical countries. They have a higher 
starch content than bananas and are eaten raw or as a 
cooked vegetable. A flour is often prepared from plantains 
and added, as a thickener, to a number of foods. The flour 
itself can be used to prepare baked goods. The fruit can be 


french fried to make chips or fermented to make alcoholic 
beverages. 


PRICKLY PEAR 


Prickly pears (Opuntia ficus-indica, tuna, or Indian fig), 
native to the dry areas of North and South America, belong 
to the Cactaceae or cactus family. Six other species of 
Opuntia also produce edible fruit. The red to purple fruit, 
8 to 4 in. long, is covered with small prickles and is con- 
sumed fresh or dried. The fruit is also used in jams, jellies, 
preserves, and candy. 


PULASAN 


Pulasans (Nephelium mutabile, of the family Sapinda- 
ceae), native to Southeast Asia, are another arillate fruit 
similar to litchis and rambutans. 


RAMBUTAN 


Rambutans (N. lappaceum, of the family Sapindaceae) are 
native to Malaysia. The rambutan is similar to the litchi 
in appearance and structure except that rambutans are 
covered with soft spines. The fruit is eaten raw or canned, 
primarily for export from Thailand. 


ROSE APPLE 


Rose apples (S. jambos, of the family Myrtaceae) are native 
to Asia. The small yellow fruits are eaten fresh, dried, or 
in confections. The species S. malaccense is closely related, 
with larger fruit up to 2 in. in diameter. The fruit is also 
called Malay apple and is eaten raw, cooked, or in jams, 
preserves, and wine. 


SANTOL 


Santols (Sandoricum koetjape) are native to Asia. The 
medium-sized, spherical, yellow fruit has a fruity, sour 
taste and is consumed fresh or as jams, jellies, and pre- 
serves. 


SAPODILLA 


Sapodillas (Manikara achras (Syn. M. zapotilla or Achras 
zapota], sapotilla, sapota, zapotle, chiku, or naseberry, of 
the family Sapotaceae) are native to Mexico and South 
America and are grown in nearly all tropical areas. The 
fruit is a fleshy berry, up to 3 in. in diameter, with a rusty 
brown skin. The pulp is yellowish-brown to red in color, 
with a mild aroma and a slightly astringent, pleasant 
taste. The fruit is usually eaten fresh because processing 
degrades the delicate flavor (6). 


SOURSOP 


Soursops (A. muricata, guanabana, or sapote agrio, of the 
family Annonaceae) are native to North and South Amer- 
ica. The oval fruit weighs up to 3 Ib and has a dark green, 
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leathery skin covered with many short, curved, fleshy 
spines. The white cottony pulp contains many shiny dark 
brown seeds and has a distinctive flavor and aroma. The 
fruit can be eaten fresh, but more often the pulp is ex- 
tracted and used in beverages, sherbets, ice creams, and 
syrups. The pulp and the puree can be canned or frozen (6). 


STAR APPLE 


Star apples (Chrysophyllum cainito, or caimito, of the fam- 
ily Sapotaceae) are native to North and South America. 
The fruits are globular, up to 4 in. in diameter, and star 
shaped in cross section, with a light green to purple skin. 
The white, translucent pulp contains three to eight seeds, 
and the fruit is usually eaten fresh. 


TAMARIND 


Tamarinds (Tamarindus indica, tamarin, tamarindo, or 
imli, of the family Leguminosae) are probably native to 
East Africa but were introduced into India long ago. The 
tamarind was well-known by the Egyptians and Greeks of 
the fourth century. The tamarind grows on a large ever- 
green tree of the family Leguminosae. The fruit is an ir- 
regularly shaped pod about 8 in. long. As the pod matures 
it turns into a brown, brittle shell containing a dry sticky 
pulp that surrounds red-brown seeds. Tender shoots and 
flowers are consumed as vegetables in salads, soups, and 
curries. Immature pods are used as seasoning for cooked 
rice, fish, and meats. Pulp from the mature pods is pressed 
into cakes and is valued as highly as dates and figs. Tam- 
arind pulp is an important ingredient in barbecue sauces 
and as a fruit base in juices, jams, jellies, preserves, sher- 
bets, dairy products, and alcoholic beverages (6). 


TREE TOMATO 


Tree tomatoes (Cyphomandra betaceae, or tamarillo, of the 
family Solanaceae) are native to tropical America. The 
round, juicy, orange-red fruit, about 2 in. in diameter, 
grows on a 10-ft shrub and has a mild sour taste. The fruit 
can be eaten fresh but is usually made into jams, jellies, 
and preserves. 


‘WAX APPLE 


Wax apples (S. samarangense, java apple, or jambosa, of 
the family Myrtaceae) are native to Asia. The fruit is a 
whitish-red berry about 1 in. long with a mild insipid fla- 
vor. It is usually consumed fresh. 
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FRYING TECHNOLOGY 


Frying is a process of dehydrating food from the surface 
inward. The process typically uses triglyceride-based oil 
(lipid) from an animal or vegetable origin to transfer ther- 
mal energy from a heat source to food immersed in the oil. 
The efficiency of heat transfer is mediated by surfactant 
chemical species (wetting agents) included or formed in the 
oil that control the contact time between hydrophobic oils 
and aqueous foods. Heat capacity of the oil is primarily 
determined by the ratio of triglyceride to polymer formed 
in the oil. 

A dynamic balance occurs between water movement 
from and oil movement into the frying food at a given tem- 
perature (typically 150-190°C) and food immersion time. 
The dynamic balance and the kinetics of the process are 
further mediated by the state of degradation of the oil as 
influenced by its exposure to primarily heat, oxygen, water, 
and chemicals and particles from the frying food. Fatty 
acid and smaller organic molecules formed in the oil gen- 
erally increase thermal conductivity of the oil at the food 
surface. 

Three surveys of frying topics covering chemical, physi- 
cal, engineering, sensory, and nutritional aspects of frying 
oils and fried food are currently available (1-3). 


PROCESS ANALYSIS 


Frying is a unit operation composed of multiple subsys- 
tems. A fryer is a process reactor wherein chemical and 
physical interactions are induced to occur between oil and 
food. Thermal energy is supplied to the reactor by heating 
the oil in the fryer vat through direct or indirect means, 
and waste energy escapes to the environment by conduc- 
tion through the reactor walls and by water evaporation. 
Raw food containing an excess of water (and sometimes 
solids) enters the reactor in immersed batches (basket- 
loads) or immersed or submerged continuous (conveyor) 
streams, and the food emerges in a cooked state separated 


from waste materials: water (liquid and vapor), organic 
volatiles, and particulate solids. 

Oil in the reactor vat is replenished to make up for 
losses incurred by adsorption and absorption by the food. 
Oil is also filtered (cleaned) to remove particulates, some 
oil degradation chemicals, and interaction by-products 
formed between oil and food degradation products such as 
emulsified water. Oil filtration and/or treatment materials 
are discarded from the oil cleaning and/or filtering appa- 
ratus, and the oil is recycled into the fryer until the oil is 
out of specification for food manufacture; it is then dis- 
carded from the process. The process reactor when drained 
of oil also requires cleaning and sanitation to prevent foul- 
ing and to provide a contaminant-free process environ- 
ment; this step also generates a waste stream of chemicals, 
particulates, and water. 

Process monitoring and control involve thermal and 
other measurements of the reactor’s input and output 
streams, sampling oil and food to judge product quality 
and potential shelf life, and sampling waste streams to 
suggest the extent of needed treatment. 


ENGINEERING PRINCIPLES 


It is possible to calculate the many aspects of heat and 
mass transfer most important to the frying process based 
on the expected loss of water and the mass of food to be 
dehydrated. Unfortunately, these calculations do not take 
into account the constant changes occurring in a degrading 
heat transfer medium (the oil) and the accumulation of 
surfactant species in the oil due to both food and process 
influences. Numerical modeling has not yet advanced be- 
yond examining fresh oil model systems. 

There are five stages in the life of frying oil that pro- 
duce, in sequence, raw, cooked, and overcooked food. The 
following is a description of how frying proceeds and why 
surfactant chemicals control the kinetics and dynamics of 
the frying process. From the perspective of physical chem- 
ists and process specialists, the cooking of food in an oil 
can be reduced to simple engineering principles with par- 
allel simple measurement and control procedures. This is 
a new paradigm of frying and is different from that of the 
paradigm of organic chemists and food scientists, who ini- 
tially studied the complexities of frying oil and food chem- 
istry to develop databases of results and observations. 

The model of understanding frying in terms of physical 
chemistry and engineering leads to the belief that the 
foremost way to judge frying and frying oils is by evalu- 
ating the physical properties of fried foods. Only the pro- 
cess variables affecting the physical properties of fried 
foods can be controlled in the engineering sense. Tempera- 
ture profiles, water loss from food, and oil absorption into 
food are amenable to process control. On rare occasions, 
the pressure over the frying oil is also controlled. 

Factors such as flavor development and typical finished 
food color are not primarily controlled by the process. 
Rather, they are dependent on the source of the oil, the 
content and type of surfactants, the type and composition 
of food fried, and a range of organic reactions, only some 
of which depend directly on process variables. 


1168 FRYING TECHNOLOGY 


3. D. Kimball, “Grapefruits, Lemons and Limes,” in L. P. Somogyi, 
D. M. Barrett, and Y. H. Hui, eds., Processing Fruits: Science 
and Technology. Major Processed Products, Technomic, Lan- 
caster, Pa., 1996, pp. 305-336. 

4, J. S, Wu and M. J. Scheu, “Tropical Fruits,” in L. P. Somogyi, 
D. M. Barrett, and ¥. H. Hui, eds., Processing Fruits: Science 
and Technology. Major Processed Products, Technomic, Lan- 
caster, Pa., 1996, pp. 387-418. 

5, C. E. Mumaw, “Pineapples,” in L. P. Somogyi, D. M. Barrett, 
and Y, H. Hui, eds., Processing Fruits: Science and Technology, 
Major Processed Products, Technomic, Lancaster, Pa., 1996, pp. 
337-360. 

6. S, Lakshminarayana, “Sapodilla and Prickly Pear,” in S. Nagy 
and P, E, Shaw, Tropical and Subtropical Fruits, AVI, Westport, 
Conn,, 1980, pp. 415441. 


F. J. FRaNcIs 
Editor-in-Chief 

University of Massachusetts 
Amherst, Massachusetts 


FRYING TECHNOLOGY 


Frying is a process of dehydrating food from the surface 
inward. The process typically uses triglyceride-based oil 
(lipid) from an animal or vegetable origin to transfer ther- 
mal energy from a heat source to food immersed in the oil. 
The efficiency of heat transfer is mediated by surfactant 
chemical species (wetting agents) included or formed in the 
oil that control the contact time between hydrophobic oils 
and aqueous foods. Heat capacity of the oil is primarily 
determined by the ratio of triglyceride to polymer formed 
in the oil. 

A dynamic balance occurs between water movement 
from and oil movement into the frying food at a given tem- 
perature (typically 150-190°C) and food immersion time. 
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further mediated by the state of degradation of the oil as 
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acid and smaller organic molecules formed in the oil gen- 
erally increase thermal conductivity of the oil at the food 
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Three surveys of frying topics covering chemical, physi- 
cal, engineering, sensory, and nutritional aspects of frying 
oils and fried food are currently available (1-3). 
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Frying is a unit operation composed of multiple subsys- 
tems. A fryer is a process reactor wherein chemical and 
physical interactions are induced to occur between oil and 
food. Thermal energy is supplied to the reactor by heating 
the oil in the fryer vat through direct or indirect means, 
and waste energy escapes to the environment by conduc- 
tion through the reactor walls and by water evaporation. 
Raw food containing an excess of water (and sometimes 
solids) enters the reactor in immersed batches (basket- 
loads) or immersed or submerged continuous (conveyor) 
streams, and the food emerges in a cooked state separated 


from waste materials: water (liquid and vapor), organic 
volatiles, and particulate solids. 

Oil in the reactor vat is replenished to make up for 
losses incurred by adsorption and absorption by the food. 
Oil is also filtered (cleaned) to remove particulates, some 
oil degradation chemicals, and interaction by-products 
formed between oil and food degradation products such as 
emulsified water. Oil filtration and/or treatment materials 
are discarded from the oil cleaning and/or filtering appa- 
ratus, and the oil is recycled into the fryer until the oil is 
out of specification for food manufacture; it is then dis- 
carded from the process. The process reactor when drained 
of oil also requires cleaning and sanitation to prevent foul- 
ing and to provide a contaminant-free process environ- 
ment; this step also generates a waste stream of chemicals, 
particulates, and water. 

Process monitoring and control involve thermal and 
other measurements of the reactor’s input and output 
streams, sampling oil and food to judge product quality 
and potential shelf life, and sampling waste streams to 
suggest the extent of needed treatment. 


ENGINEERING PRINCIPLES 


It is possible to calculate the many aspects of heat and 
mass transfer most important to the frying process based 
on the expected loss of water and the mass of food to be 
dehydrated. Unfortunately, these calculations do not take 
into account the constant changes occurring in a degrading 
heat transfer medium (the oil) and the accumulation of 
surfactant species in the oil due to both food and process 
influences. Numerical modeling has not yet advanced be- 
yond examining fresh oil model systems. 

There are five stages in the life of frying oil that pro- 
duce, in sequence, raw, cooked, and overcooked food. The 
following is a description of how frying proceeds and why 
surfactant chemicals control the kinetics and dynamics of 
the frying process. From the perspective of physical chem- 
ists and process specialists, the cooking of food in an oil 
can be reduced to simple engineering principles with par- 
allel simple measurement and control procedures. This is 
a new paradigm of frying and is different from that of the 
paradigm of organic chemists and food scientists, who ini- 
tially studied the complexities of frying oil and food chem- 
istry to develop databases of results and observations. 

The model of understanding frying in terms of physical 
chemistry and engineering leads to the belief that the 
foremost way to judge frying and frying oils is by evalu- 
ating the physical properties of fried foods. Only the pro- 
cess variables affecting the physical properties of fried 
foods can be controlled in the engineering sense. Tempera- 
ture profiles, water loss from food, and oil absorption into 
food are amenable to process control. On rare occasions, 
the pressure over the frying oil is also controlled. 

Factors such as flavor development and typical finished 
food color are not primarily controlled by the process. 
Rather, they are dependent on the source of the oil, the 
content and type of surfactants, the type and composition 
of food fried, and a range of organic reactions, only some 
of which depend directly on process variables. 


Two traditional means of controlling the transfer of 
thermal energy to frying food are heater temperature con- 
trol (at designed energy flux) and residence time of the food 
in the heated oil bath. Overheated oil at the surface of the 
heaters is reduced to carbon deposits (coke) on the heater 
surfaces. As the carbon layer builds and becomes an in- 
sulating jacket, the heater cycle on times and tempera- 
tures are increased to keep the oil at frying temperature. 
A new frying oil somewhat resists this process, and heat 
transfer rates and ratios are essentially a static system. 
As the oil degrades, however, and products such as ther- 
mally formed and food-formed surfactants increase, the dy- 
namics of the heat transfer system accelerates. Oil makes 
successively better contact with the food exterior and thus 
excessively dehydrates that layer. Thermal energy is ex- 
pended to convert more and more surface water to steam. 
This ever-deepening dehydration of the crust phenomenon 
robs energy that otherwise would go to heat and cook the 
interior of the food. 

The time food spends in heated oil can be varied to 
achieve a particular degree of cooking. Times vary from 
blanching for 30 s to cooking a chicken for 20 min. Manual 
placement and removal of basketloads of food control res- 
idence time in smaller fryers. Larger, or continuous, fryers 
often use conveyor systems to control frying food residence 
time. Unfortunately, heater designs and residence time 
variations leave out considerations of the chemical 
changes that take place in the oil with time. Such changes 
have been described in depth by analytical and organic 
chemists, but physicochemical changes that affect heat 
and mass transfer of the oil with use have been largely, 
although not completely, ignored. Although electrome- 
chanical devices for controlling fryer heaters and residence 
time are well developed (based on the incomplete engi- 
neering concept that the thermal properties of oils are con- 
stant), further analysis of frying systems has ignored avail- 
able information related to chemical changes taking place 
in the frying oil. 


FRYERS 


Fryers are basically oil vats with heaters. The heaters 
transfer thermal energy into frying oil. The frying oil then 
transfers heat energy to the food’s surface. Heat not used 
up at the surface is conducted into the interior of frying 
food. Heaters are turned on and then off as predetermined 
low and high set points of temperature (energy) in the oil 
are reached. 

The heaters operate at temperatures considerably 
higher than the maximum set point temperature of the oil. 
The energy density (flux) of the heater’s surface is high to 
heat the oil quickly to operating temperature regardless of 
energy losses to the environment. Cycle rates are adjusted 
by a set point thermocouple to counter overall heat loss at 
the heater surface, which includes energy dissipated to oil, 
fryer machinery, and also to further heat loss in the oil due 
to food loading. 

Engineering of heater configuration is usually based on 
thermal calculations supposing that frying is really a food 
dehydration process. Heater design calculations entail de- 
termining the specific heat of the dry mass of the food, the 
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percentage of water, the change of state of water from ice 
to water and water to steam, and the specific heat of the 
frying oil (figured as a constant representing new oil), For 
production fryers, heater placement and energy density in 
the oil vat are designed to compensate for food-loading 
points (high density) and take-away points (low density) 
and to compensate for heat sinks such as conveyers, crumb 
collectors, and filtering systems. 


FOOD AND OIL QUALITY INTERACTIONS 


A broad model describing all the qualities of frying oils and 
foods prepared in these oils is a continuum of frying oil 
degradation changes that could be associated with fried 
food qualities. Five stages of frying oil degradation are 
identified. 

Figure 1 suggests that all frying oils behave similarly 
in the frying environment and that their bulk effects 
change slowly, even though the minor products of degra- 
dation may have a strong relationship to consumer accep- 
tance of foods. Furthermore, each oil degradation stage can 
have different associated analytical values depending on 
the food being cooked. For instance, the degraded oil stage 
end points for potato chips, breaded vegetables, and fast 
food are found at 13%, 17%, and 25% total polar materials 
(TPM) content, respectively, 

Within narrow windows, these TPM chemical index val- 
ues seem relatively invariant across the food industry and 
are closely linked with the heating history of the oils. How- 
ever, specific chemical markers used as process measure- 
ment end point specification values such as percentage of 
free fatty acids (FFAs) and other relatively minor degra- 
dation products vary with the mix of foods being fried. The 
percentage of FFAs end point values for the degraded stage 
are 0.5%, 2.0%, and 5.0%, respectively, for snack food, pro- 
cessed meat food, and fast-food industry segments. A gen- 
eralized table for fast foods is shown in Table 1. 


FRYING OIL DEGRADATION 


The simple hydrolysis of oils (triglycerides) due to heat and 
moisture at ordinary frying temperatures forms quantities 
of FFAs. The FFAs then react with oxygen, each other, food 
juices, and a variety of intermediate degradation products 


.-. Break-in 
Fresh 
Optimum 
... Degrading 
... Runaway 


Food quality 


1 
I 
t 
1 
I 
! 
1 
1 
! 
I 
I 
! 
1 


mies 


1 
i 

i 

f 1 
I 1 

1 i 

I 1 

1 1 

oO A B c D 
Heating time 


Figure 1. Frying oil quality curve. 
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‘Table 1. Values for Fast-Food Degradation by Stages 


Parameter 0 Break-in Fresh Optimum Degraded Runaway 
TPM (%) <4 10 15 20 25 35 
FFAs (%) 0.02 05 1.0 3.0 5.0 8.0 
Mono- and diglycerides (%) 2 6 7 3 1 05 
Surfactants 0-7 10 35 65 >150 >200 
Dimer and polymer (%) 05 2 5 12 7 25 
Oxidized fatty acids (OFA) (%) 0.01 0.08 02 07 10 2.0 
Metals (ppm) 1 5 10 15 25 50 


in the oil. These new chemicals in frying oil are either vol- 
atile (and leave) or are soluble (and some are even sus- 
pended colloids) in the triglycerides that comprise the oil. 
Monoglycerides and diglycerides formed after hydrolytic 
splitting off of fatty acids are generally more reactive than 
the original triglycerides. Acrolein, formed by the dehydra- 
tion reaction of glycerol, may be an important toxicant or 
irritant in the oil and frying vapor, but it is rarely inves- 
tigated. 

The degradation of frying oil is also accelerated by the 
soluble chemicals that are either left in the oil as residues, 
additives, and artifacts of refining or that are introduced 
into the oil by frying food. As plant and animal cells (whole 
food) explode during cooking, the watery (plasma) juices of 
the cells introduce foreign chemicals into the oil. A similar 
process occurs when watery systems in formed and fabri- 
cated foods are introduced into hot frying oil. 

Exposure to heat, light, crumbs, reactive metals, and 
food juices causes frying oil to react more and more rapidly 
with its own degradation products, with oxygen from the 
air, and with food-introduced contaminants. The ongoing 
combination of chemical changes finally causes a fry chef 
or line operator to dispose of a batch of oil because poor oil 
makes poor-quality fried foods. 

Frying oils cook poorly when degraded by physical 
(thermal) stress and chemical changes. With use, oil 
changes its ability to hold heat. Heat capacity of oil in- 
creases with an increasing load of polymer (it takes more 
energy to attain a given temperature), and oil increases its 
rate of transferring heat (contact time increases with in- 
creasing levels of surfactants). Fresh oil, by comparison, 
holds heat well and acts like a thermal reservoir. Fresh oil 
also slowly releases heat to the surface of frying food. 

Following are the most common chemical tests per- 
formed by inspectors in food production facilities, restau- 
rants, and laboratories to indicate the approach of the 
specified discard point of a used frying oil. 


Total Polar Materials (Chemical Index) 


As oil breaks down, a group of polar materials includes 
most of the nontriglycerides, In the laboratory, a column 
chromatography method allows the determination of the 
percentage of polar materials in frying oils. The determi- 
nation may also be made with a colorimetric quick test on- 
site; the quick test is then correlated to the standard 
method. 


Polymer in Oil (Chemical Marker) 


The formation of polymer in frying oils is directly related 
to the time oil is exposed to frying temperatures. At ele- 


vated temperatures, unsaturated fatty acids in triglycer- 
ides and also fatty acids free in solution combine with 
oxygen from the air. Some of the oxidized fatty acids cross- 
link to form high molecular weight polar compounds 
known as dimers. These dimeric triglycerides and fatty 
acids again cross-link during further exposure to frying 
conditions and form polar trimers, tetramers, and oligo- 
mers. Observation supports the hypothesis that no later 
than at about 50 h of heating and frying the oil becomes 
saturated with polymer, and any excess polymer plates out 
onto the walls of the fryer and onto the fry basket. 


Free Fatty Acids 


The measurement of FFAs as an indicator of oil quality is 
a widespread practice because it is easy to do and the per- 
centage of FFAs rises with increasing use of a single batch 
of frying oil. However, the measurement is nearly mean- 
ingless because the rate of formation is not uniform, and 
many of the FFAs are continually being changed to volatile 
and nonacidic, nonvolatile decomposition products. The 
measured percentage of FFAs (titratable acidity) just doc- 
uments what is left over from other degradation processes. 
In addition, when fresh oil is used to top up a fryer, the 
FFAs in the original batch are diluted to further confuse 
the actual relationship between oil quality and oil use. 

An accepted reason to measure percentage of FFAs in 
the laboratory is to be able to predict the approximate re- 
sistance to oxidation of the oil on a potato chip distributed 
in a plastic bag. The FFAs are readily oxidized to yield a 
rancid odor. Colorimetric quick tests for percentage of 
FFAs are available for laboratory and for at-process control 
of frying oils. 


Surfactants 


Surfactants (wetting agents) in frying oil control the rate 
and amount of water removed from the surface of cooking 
food, overall oil pickup, and, by indirect (conductive and 
perhaps convective) forces, the degree of cooking of the in- 
terior. Although fatty acids are not surfactants, degrada- 
tion products of fatty acids can be surfactants. For exam- 
ple, the soaps formed by combination of fatty acids with 
metals leached from food cells and food ingredients are sur- 
factants. These parts per million of soaps along with other 
surfactants, such as monoglycerides, diglycerides, phos- 
pholipids, oxidized fatty acids, and oxypolymer fractions, 
control how (and even if) a food will fry in oils. The effi- 
ciency of heat transfer from heater to oil to food, the oil 
soakage into food, and the foaming tendency of the oil (ox- 


ygen incorporation route) are mediated by traces of sur- 
factants. A colorimetric quick test for surfactants in frying 
oil is available. 


Color in Oil 


The often intense color of an oil is unrelated to the pro- 
duction of lightly colored, delicious food. The color bodies 
in oil do not seem to enter into the chemistry and physics 
of frying. They are inert with respect to the cooking pro- 
cess. The color of oil is not related to the color of food fried 
because the layer of oil on a food’s surface is so thin it does 
not contribute significant color to the food. Removing color 
from oil is not equivalent to restoring cooking quality to 
the oil. Regardless of applicability, color matching and 
spectrophotometric techniques are available. 


FOOD QUALITY 


Very fresh oil does not cook well (food remains relatively 
raw) until it is broken in by frying a few portions of food 
or by adding a small amount of old oil to the new. Food 
fried in moderately used oil develops a well-cooked interior, 
a crisp exterior with a minimum of oil soakage, and typical 
golden colors and tempting flavors. Food fried in degraded 
oil does not cook completely in the interior, develops an 
excessively hard exterior, and suffers from oil soakage, 
dark coloration, and off-flavor. 

Food fried in fresher oil is crisp, tasty, and well received. 
Food fried in degraded oil is limp and rejected. The quality 
of fried food from differently aged oil is often adjusted for 
by varying heater temperature and food residence time. 
These latter adjustments, however, never fully compensate 
for changes in the cooking properties of frying oil. Attain- 
ment of a crisp crust differentiated from a well-cooked in- 
terior is the goal of many groups that use frying to process 
food. The structure and chemical composition of fried crust 
is not yet understood. Dehydration produces hard struc- 
tures, and oil incorporation (and perhaps interaction) pro- 
duces an elastic component. This lack of knowledge keeps 
product development focused more on ingredient technol- 
ogy than on scientific principles. 


Oil in Prefried Foods 


The coatings of battered and breaded foods introduce sol- 
uble contaminants into the oil. When prefried foods are 
refried, the aged oil in the food comingles with the new 
frying oil and again introduces foreign chemicals. This lat- 
ter case is especially important to food service operators 
and is difficult to guard against. Some prefried food ven- 
dors even tout the fact that their products are heavy with 
oil and will provide the food service fryer with extra free 
oil. This free oil is often loaded with soluble contaminant 
chemicals such as surfactants. Often a food service opera- 
tion complains to its frying oil vendor that a new batch of 
oil was no good because it failed early in use. Actually, the 
prefried food was the culprit and the wrong vendor was 
blamed. An opportunity always exists to better control the 
production and increase the quality of fried foods by iden- 
tifying the causative agent of variation in oil and its rela- 
tionship to the process of frying. 
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The volatile and nonvolatile (possibly toxic) organic decom- 
position products of frying oils that have been extensively 
studied and commented on amount to, at most, a small 
percentage of the total mass of heated frying oil. Other, less 
studied components can be present in used oils at large 
percentages (20% or more for polymer) and have severe 
operating and economic consequences for fryer operators 
and consumers. It seems appropriate at this time to study 
the larger chemical variables and their consequences in 
frying technology. Fried food may be sterile on the surface 
as it emerges from the hot frying oil, but the interior bulk 
may still contain viable bacteria due to energy balance de- 
ficiencies in the process. This is especially worrisome in 
products such as coated meats, poultry, fish, and cheese 
and vegetable roll-ups. 


REGULATORY 


Recently, regulatory agencies and fast-food chains have 
shown an interest in having a simple means to determine 
when oil should be discarded. Many regulatory officials 
and nutritionists believe that it would be a wise practice 
to discard frying oils from food production before their 
TPM content has risen to 30% by weight of the oil. This 
attitude is nearly universal even though abused cooking 
oil consumed with fried food has not been shown to cause 
tumorigenesis or chronic toxicity in humans. 

When a frying oil contains about 25% polar materials, 
numerous inspectors and restaurant operators believe the 
oil is abused and that such oil incorporated into food causes 
the food to be out of quality specification. The TPM content 
of oil included in food can then be regarded as a chemical 
index of fried-food quality. A food can be considered adul- 
terated with respect to label declaration when the listed 
oil is only about 70 to 75% pure. 


FRYING RESEARCH 


Frying research has traditionally focused on the volatile 
and nonvolatile degradation chemicals formed in oils as a 
consequence of heating the oils in air. Summaries of im- 
portant areas of study at an earlier time have been pub- 
lished (4,5). The degradation pathways and products of 
heated frying oils have been described (6). Important areas 
of frying oil analysis have been suggested (7). Diverse tools 
have been used to attempt to find relationships between 
different breakdown products in frying oils (8). Facets of 
oil use influencing fried-food quality have been studied 
(9,10). A simple surfactant formed in frying oils is related 
to oil soakage into food (11). Oil flavor chemistry has been 
described (12). Early evidence of a toxic material formed 
in abused frying oils has been presented (13). A summary 
of the nutrition and toxicology of frying oils has been pub- 
lished (14). 

No researcher, however, has been able to specifically as- 
sign some element or elements in the complex mix of deg- 
radation chemicals in oils to the overall physical and sen- 
sory quality of food produced in aging frying oils. There is 
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no textbook statement that if this element is examined in 
oil and controlled, the physical and sensory quality of fried 
food can be controlled. Some control of texture may be at- 
tainable if the chemistry causing crispness can be eluci- 
dated. The fractal nature of crust may be controlled by un- 
derstanding the relationship between oil and starch 
interactions in potatoes, for example. Only general texts 
are available in this discipline (15). Flavor and taste com- 
ponents and rates and origins of organic reactions have 
been intensely studied, but the public as often as not still 
eats poor-quality fried food. 


PROCESS OPTIMIZATION 


The dynamics of heat and mass transfer while oil is un- 
dergoing chemical changes have not been well studied. Se- 
lective absorption of deleterious materials from frying oil 
solution has been proposed by the industry as a way to 
lengthen the service life of oils. Both filtration and infiltra- 
tion of oil into frying food can be improved by studying 
aspects of fluid mechanics. Again, only general texts are 
available (16). Optimization of the frying process needs to 
be reduced to principles and rules for computerization in 
expert systems. 


FRYING OIL SUBSTITUTES 


To obtain either formulation compatibilities or reduced cal- 
ories per serving, the food industry has frequently funded 
research on synthetic oils to be used either as replacers, 
extenders, or sensory enhancers. The group of discovered 
oil mimetics copy some sensory properties but cannot re- 
place the functionality of frying oils in resistance to heat 
and oxidation. Oil replacers are created to substitute for 
natural triglyceride oils functionally but are not bioavaila- 
ble and so do not contribute to nutrition. The lack of bio- 
availability is often touted as yielding low-calorie oil, but 
a consequence of replacers to date has been to remove fat- 
soluble materials, such as some vitamins, from the gut as 
the replacer passes through unchanged. Fortification of 
the replacers with fat-soluble vitamins is now suggested. 
The similarity between synthetics and the nonabsorbable 
polymer formed in abused oil is striking. 


FRYING OIL CONTROVERSIES 


Frying research has generally been conducted in ways that 
illustrate the dynamics and kinetics of oil degradation in 
nearly fresh oils or nearly abused oils. The middle ground, 
which is of most concern to industry and commerce, has 
been scarcely touched. Thus the emphasis has been on the 
onset of degradation or on thoroughly degraded systems 
that are not typical of food service or food processing by 
frying. Problems with processed oils such as flavor and 
color reversion, hydrogenation flavor, color associated with 
bitterness, high solids content, trans-fatty acids, unusual 
oxidation products, and processing residues and additives 
are rarely discussed. The importance of saturates and cho- 
lesterol and the potentially negative aspects of highly poly- 
unsaturated oils, animal-source oils, saturated tropical 
oils, and heavily hydrogenated oils are not yet resolved. 
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FUMIGANTS 


Fumigants have been used for centuries as a method of 
controlling stored insect pests. Because some insects de- 
posit their eggs inside the grain kernel, fumigants must 
possess certain properties so that they exist in a gaseous 
state to penetrate the kernel to effectively control the in- 
festation. In recent years the number of fumigants used 
worldwide has decreased to only two, phosphide and 
methyl bromide (1). The industry must take greater care 
in the use of the available products and exercise greater 
caution so that misuse cannot occur. Improper sealing of 
an area to be fumigated, poor application techniques cou- 
pled with wrong dosages, and inadequate fumigation time 


always result in failure. One of the principal concerns with 
poor fumigations is the development of resistant insects. 

Newer government regulations require that applicators 
become more knowledgeable in regard to fumigant chem- 
icals and their application. Safety of the applicator is a 
prime consideration for any fumigation, both during ap- 
plication of the chemical and the subsequent aeration of 
the fumigated commodity. The total procedure will only be 
successful if the space to be fumigated has been properly 
sealed so that the gas concentration can be maintained for 
the required time period to ensure total control. Improper 
sealing will result in loss of gas during the fumigation, so 
it is recommended that the applicator take gas readings 
during the fumigation to determine gas release and con- 
centration. It is always surprising to hear how much time 
was taken for a fumigation that failed only to hear that 
some area was not sealed and that gas readings were not 
taken. Applications of this nature can only result in the 
development of resistance because generations of insects 
become exposed to nonlethal concentrations. The industry 
still has sufficient means to control stored product pests, 
but these methods must be used effectively and with 
proper techniques. 

Each fumigation is different and, therefore, the selec- 
tion of the appropriate fumigant to be used is crucial. It is 
especially significant that the properties of each chemical 
is considered for both success and to determine how best 
to apply the product so that all areas of the space to be 
fumigated have sufficient gas concentration during the 
treatment period. Fumigant products vary in mode of ac- 
tion depending on many factors including temperature, 
relative humidity, sorption, diffusion, and penetration. 

A good fumigation will require prefumigation planning. 
All aspects of the fumigation must be decided so that suc- 
cess will be achieved. Among the factors to be considered 
are safety of the applicator, proper sealing of the structure, 
properties of the fumigant to be used, application equip- 
ment or techniques, gas readings, placement of warning 
signs, posting of guards, and notification of emergency per- 
sonnel in the area in the event of an episode. The proper 
method of aeration of the treated commodity must also be 
analyzed and planned so that the release of the fumigant 
will not result in exposure or risk to anyone. Once all as- 
pects of the fumigation have been established, it then is 
necessary to choose which fumigant will be used from 
among those available. 


AVAILABLE FUMIGANTS 


Metal Phosphides 


There are two metal phosphide products that are presently 
used as a source of hydrogen phosphide: aluminum phos- 
phide and magnesium phosphide. 


Aluminum Phosphide. This product is manufactured as 
a tablet or pellet and is packaged in a formulation in a bag 
or sachet or as a tablet or pellet prepac. The paraffin- 
coated, 3-g tablets will produce 1 g of hydrogen phosphide 
gas when exposed to certain heat and humidity conditions. 
The pellets are one-fifth the size of the tablets and produce 
200 mg of hydrogen phosphide gas. This gas has a density 
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of 1.18 as compared to air and, as a result, has excellent 
diffusing and penetrating properties. The tableted product. 
usually contains ammonium carbamate, which will break 
down into ammonia and carbon dioxide when exposed to 
heat. The gases escape from the tablet or pellet by causing 
ruptures in the paraffin coating. The ammonia also acts as 
a warning gas to the applicator. Atmospheric moisture 
then penetrates the ruptured coating to react with the alu- 
minum phosphide resulting in the release of hydrogen 
phosphide gas, which is the resultant fumigant. Tablet and 
pellet prepacs release hydrogen phosphide in an identical 
manner, These formulations cause a delayed release until 
appreciable gas concentrations are reached and act as a 
safeguard to the applicator. Bag or sachet formulations 
also have a delayed release; atmospheric moisture must 
penetrate the paper or cloth packaging material before any 
toxic gas is released. It is important to follow the manu- 
facturer’s applicator’s manual for use of aluminum phos- 
phide because low temperature and low relative humidity 
can result in only partial reaction and a minimum of gas 
release. The result will be low concentration of gas, a good 
chance at fumigation failure, and possible problems on 
deactivation of the unreacted metal phosphide. When tem- 
peratures are lower or relative humidity is lower, then it 
is wise to consider the use of a magnesium phosphide 
product. 


Magnesium Phosphide. These products are produced 
and marketed as either tablets or pellets or as magnesium 
phosphide impregnated in a plastic matrix. No bag or sa- 
chet formulation of this chemical is available. There is a 
magnesium phosphide pellet prepac product that is used 
only as a spot fumigant for plant processing equipment. 
The reactivity of magnesium phosphide with atmospheric 
moisture is so much faster than aluminum phosphide, it 
can be used in conditions of high temperatures, low rela- 
tive humidity or low temperatures and low to medium rela- 
tive humidity. 


PROPERTIES OF METAL PHOSPHIDES 


There are several properties of metal phosphide fumigant 
products that must be considered in any application. 


1. Its density is such that any leakages will result in 
loss of gas. 

2. Hydrogen phosphide gas can self-ignite at a concen- 
tration of 17,900 ppm if there is an ignition source 
available. The reaction between a metal phosphide 
and atmospheric moisture, which yields hydrogen 
phosphide, is exothermic and, therefore, the piling 
of tablets during fumigation is to be avoided as the 
heat generated from this exothermic reaction can 
be the ignition source. 

3. Hydrogen phosphide reacts with certain metals, es- 
pecially with copper, so care must be taken during 
fumigation to prevent corrosion of electrical and 
electronic equipment and instruments. 

4. Note that 1 g of hydrogen phosphide gas per 1,000 
ft° will result in a concentration of 25 ppm. There- 
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fore, if a dose of 20 tablets/1,000 ft? is applied, the 
theoretical maximum concentration would be 500 
ppm (20 g X 25 = 500 ppm), which is equivalent 
to a dose of 0.7 g/m’. 

5. Aluminum or magnesium phosphide tablets and 
pellets that contain ammonium carbamate also re- 
lease ammonia and, therefore, can be phytotoxic to 
living plants if sufficient concentration is present 
as well as darkening some nut meats when direct 
contact is made with the product. The darkening of 
nut meat is usually reversible. It would be better to 
use the magnesium phosphide impregnated in a 
plastic matrix (Fumi-Cel/Fumi-Strip) for some of 
these fumigations because it contains no ammo- 
nium salts. 

6. Hydrogen phosphide has no effect on germination 
and, therefore, can safely be used to fumigate vari- 
ous seeds. 

7. Hydrogen phosphide has no real CT product and 
fumigations must be no less than three days for 
complete control. 

8. Do not fumigate if commodity temperature is below 

5°C (40°F). 

A fumigated commodity or space must be aerated 

until there is 0.3 ppm or less of hydrogen phosphide 

before reentry is allowed without respiratory pro- 
tection. 

10. Repeated fumigation with hydrogen phosphide will 

not result in a buildup of residues if the product is 
properly aerated following fumigation. 


o 


Finally, it must also be noted that hydrogen phosphide 
produced from metal phosphide product has a garlic or car- 
bidelike odor. One word of caution in this regard is to em- 
phasize that pure hydrogen phosphide has no odor, and the 
odor noted during a fumigation is an impurity and can be 
sorbed on a commodity, therefore, the lack of odor cannot 
be considered as a key for the lack of hydrogen phosphide 
being present. A measuring device must be used to deter- 
mine concentration. 

Metal phosphide products can be applied directly to raw 
agricultural commodity and animal feeds and have a tol- 
erance of 0.1 ppm for this purpose. No direct contact can 
be made with these products on processed food so packaged 
metal phosphide products such as prepacs, bags, sachets, 
or Fumi-Cel/Fumi-Strip are used for these applications, 
and the approved tolerance is 0.01 ppm. Care should al- 
ways be taken when deactivating residual materials as fu- 
migation conditions could have resulted in having some 
unreacted phosphides in the residuals. The manufac- 
turer’s applicator’s manual should be consulted prior to 
initiating this activity. 

The half-life of hydrogen phosphide in the atmosphere 
is short and depends on climatic condition; it is in the range 
of 5-28 h. Hydrogen phosphide is known to be oxidized to 
phosphate both in the atmosphere and during fumigation. 


Toxicology 


Hydrogen phosphide has been shown to be an acute toxic 
material and has no chronic effects. Effects shown by ex- 


perimental animals as a result of subchronic exposure 
were shown to be reversible. This substance also had no 
teratological or mutagenic action when these studies were 
completed. 

Aluminum phosphide, a fumigant used extensively in 
India, is extremely toxic to humans with a fatal dose re- 
ported to be 1.5 g (2). Gupta and Ahlawat (3) attributed 
aluminum phosphide poisoning to the release of a cytotoxic 
phosphine gas to the major organs of the body including 
heart, lungs, and kidneys. 


Respiratory Protection 


If the application is made inside a structure, then gas read- 
ings must be taken and a gas mask with approved canister 
must be worn if the levels exceed 0.3 ppm. An air pack 
must be worn when the levels exceed 15 ppm. These same 
requirements also apply to aeration. 


METHYL BROMIDE 


Methyl bromide is packaged as a liquid under pressure in 
either small cans or in various sizes of steel cylinders, It 
has a density of approximately 3.3 times that of air and, 
as a result, should be used with fans to prevent stratifi- 
cation, resulting in fumigation failures in the higher por- 
tion of the area. To prevent some of this phenomenon from 
occurring, it is usually recommended that the product be 
released near top of the site to be fumigated whether it is 
a silo or mill. If fans are not employed, there is a possibility 
that the upper portion of the site will not be successfully 
fumigated. If bagged commodities are to be fumigated un- 
der a tarpaulin or in a truck or container, the entry tube 
should be leakproof and a pan should be placed under the 
end of the tube so that no liquid methyl bromide is allowed 
to come into contact with the bagged commodity, which can 
result in staining. 

The properties of methyl bromide that must be consid- 
ered prior to fumigation are as follows. 


1. Its density is such that fans should be used to recir- 
culate the gas for even distribution. 

2. A heat exchanger may be necessary to properly vol- 
atize the methyl bromide. 

3. Methyl bromide is nonflammable but can result in 
the formulation of hydrobromic acid when open 
flames are present. Hydrobromic acid can be corro- 
sive. 

4, Methyl bromide can be sorbed under certain condi- 
tion and can react chemically with certain com- 
pounds resulting in damage or bad odors. These ma- 
terials include certain foodstuffs, rubber goods, furs, 
leather goods, woolens, rayons, various paper prod- 
ucts, photographic chemicals, cinder blocks, charcoal 
or any material that contains active sulfur com- 
pounds. 

5. Methyl bromide can effect germination of seeds and 
should be used for this purpose with caution. 

6. Methyl bromide does have a true CT product, and 
fumigation usually can be completed in 12-24 h de- 
pending on dosage. 


7. Normally fumigation with methyl bromide is not rec- 
ommended when the commodity temperature is 
lower than 15.5°C (60°F). 

8. Following fumigation, aeration must continue until 
the level of methyl bromide is below 5 ppm. If the 
level exceeds this amount, then proper respiratory 
equipment must be worn. 

9. Repeated fumigations with methyl bromide can re- 
sult in residues exceeding tolerances established by 
federal agencies for various commodities. 


Finally, it should be noted that methyl bromide is odor- 
less and proper measuring instrumentation is required to 
measure concentration. The halide detector is not sensitive 
enough to be used to determine levels suitable for reentry 
into an aerated facility. Aeration may have to be prolonged 
due to sorption of methyl bromide to commodities or ma- 
terials in the structure. Fans will help in the aeration pro- 
cess. The half-life of methyl bromide can be 15-18 months 
depending on climatic conditions. 


Toxicology 


Methyl bromide is known to be a chronic toxic chemical, 
that is, the effects due to exposure are cumulative and are 
not reversible. Major studies such as chronic toxicity, ter- 
atology, pharmacokinetics, and mutagenicity are being 
conducted to fill data gaps for regulatory purposes. 

Methyl bromide is known to be a chronic toxic chemical, 
as the effects due to exposure are cumulative and not re- 
versible. Consumption of methyl bromide from fumigated 
food has been estimated at 0.00125 mg/kg/day in the av- 
erage diet. Wilson et al. (4) fed dogs a diet containing 0.27— 
0.28 mg/kg/day methyl bromide over a period of a year. No 
adverse effects were observed, indicating it did not present 
a significant health hazard to humans. Another recent 
feeding trial on rats and rabbits conducted by Kaneda et 
al. (5) concluded that methyl bromide was not fetotoxic or 
teratogenic to rat and rabbit fetuses up to dose levels of 30 
and 10 mg/kg/day, respectively. Nevertheless, the use of 
methyl bromide as a fumigant was banned by the Montreal 
Protocol (an international treaty) as of 2001 because it is 
an ozone depleter. This could have a significant effect on 
Florida’s horticultural industry unless alternative meth- 
ods are found (6,7). 


Respiratory Protection 


If application is made inside a structure, then an air pack 
must be worn for any level above 5 ppm. This same restric- 
tion applies to aeration. 


Alternatives to Methyl Bromide 


A number of alternative methods are being explored for 
possible implementation prior to the ban on methyl bro- 
mide in 2001. Warner (8) suggested a combination of moist 
heat and controlled atmosphere as an alternative quar- 
antine treatment for codling moth in fruit. Subjecting ap- 
ples, pears, and cherries to 113-117°F (45-47°C) would be 
adequate to destroy the codling moth larvae. Storing the 
fruit in a controlled atmosphere of 0.5 % oxygen and 15% 
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carbon dioxide shortened the heating time at 117°F needed 
to kill the larvae by as much as one half or two-thirds com- 
pared to just heating alone. Warner (9) also recommended 
irradiation as an alternative quarantine treatment to fu- 
migation with methyl bromide for cherries. Irradiation up 
to 50 krad did not have a detrimental effect on the quality 
of the fruit. A recent study by Sholberg (10) used short 
chain organic acids (acetic, formic, and proprionic) as fu- 
migants against postharvest decay by fungal pathogens. 
All three acids reduced decay in citrus by Penicillium dig- 
itatum from 86% to 11% and decay in pome fruit by P. ex- 
pansum from 98% to 14%, 4%, and 8%, respectively. It is 
clear that alternative methods to fumigants will soon be 
implemented before the ban on methyl bromide comes into 
force. 


CONTROLLED ATMOSPHERES 


The gases primarily used for controlled-atmosphere fumi- 
gations are carbon dioxide, nitrogen, or a mixture of these 
gases. These gases, in effect, are applied to reduce the ox- 
ygen content in a storage. 


Carbon Dioxide 


The addition of this gas not only reduces the oxygen con- 
tent but also acts directly on stored pests by acting as a 
dessicant on the insect body fluids. Carbon dioxide is usu- 
ally applied from trucks or tanks that contain liquid carbon 
dioxide. Appropriate vaporizers and regulators are then 
used to supply gaseous carbon dioxide to the structure to 
be fumigated. The gas is usually applied at the top of a silo 
and because it is denser than air the gas will move down 
through the grain mass. The silo or warehouse to be fu- 
migated must be tightly sealed, and carbon dioxide must 
be added daily to maintain a 60-70% concentration to be 
efficient. A system must also be used in the structure that 
will not allow the pressure inside to build up during ap- 
plication. Usually a vent is placed in the roof or a hatch or 
portion of polyethylene used to seal roof vents is opened 
during application. 


Nitrogen 

Nitrogen can also be used as an inert gas to control oxygen 
concentrations. A nitrogen generator is required, and nor- 
mally the oxygen concentration must be reduced to ap- 
proximately 1%. Fumigation time can vary but usually re- 
quires approximately 10 days for good control. 


Inert Atmosphere Generators 


There are several inert atmosphere generators that result 
in a mixture of nitrogen and carbon dioxide being applied 
to the structure to be fumigated. 

To use a controlled atmosphere for fumigation, the fol- 
lowing factors must be considered. 


1. Temperature of the commodity and within the stor- 
age area should be 21°C (70°F) or higher to have an 
effective fumigation. Lower temperature will effect 
the mortality of the insect present in the structure 
or commodity. 
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2. A vent or pressure relief system must be present in 
the warehouse or silo to prevent structural damage 
due to pressure build up. 

3. Application time can take up to 12 h with daily re- 
charging, which will normally take 3-4 h. 

4, Total fumigation time can be from 4 to 10 days de- 
pending on temperature and gas tightness of the 
structure. 

5. Even though these gases are considered to be non- 
toxic, an air pack must be used when entering a fa- 
cility that has low oxygen content during fumigation. 


MIXTURES OF GASES 


Research is being conducted by several groups to try to 
determine if mixtures of gases can result in more favorable 
fumigation conditions with a shorter duration. Mixtures 
such as hydrogen phosphide and carbon dioxide, methyl 
bromide and carbon dioxide, or increased temperature and 
carbon dioxide are being tested. Early studies show that 
some mixtures may be promising, but additional studies 
will have to be performed. Elevated temperature and car- 
bon dioxide combinations have not been successful to date. 
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FUNCTIONAL FOODS 


Functional foods usually refer to foods containing signifi- 
cant levels of biologically active components that impart 
health benefits beyond basic nutrition. These components 
are often known as phytochemicals—meaning plant chem- 
icals. Several terms are used to describe the many natural 
products currently being developed for health benefit. 
These include nutraceutical, functional food, pharmafood, 
designer food, vitafood, phytochemical, and foodaceutical. 
Functional food may be the most internationally recog- 
nized term for the category of enhanced foods with poten- 
tially strong preventive or therapeutic properties and is 
used widely in Japan and Europe. In North America, the 
terms functional food and nutraceutical have been used 
interchangeably, and a number of definitions of what are 
included under these all-encompassing headings have 
been advanced. According to Health Canada, a functional 
food is similar in appearance to conventional food, is con- 
sumed as part of the usual diet, and has demonstrated 
physiological benefits and/or reduces the risk of chronic 
disease beyond basic nutritional functions. A nutraceutical 
is a product produced from foods but sold in pills, powders 
(potions), and other medicinal forms not generally associ- 
ated with food and demonstrated to have a physiological 
benefit or provides protection against chronic disease (1). 

The following statement provides the definition for 
functional food endorsed by the European expert commit- 
tee organized by the International Life Science Institute 
(LSD: “A food can be regarded as functional if it is ade- 
quately demonstrated to beneficially affect one or more tar- 
get functions in the body, beyond normal nutritional ef- 
fects, in a way which is relevant to either the state of well 
being and health and/or the reduction of the risk of a dis- 
ease.” Definitions are also based on, and relevant for, tar- 
get groups. In Germany, for example, functional foods are 
targeted for the general population, while the term nutra- 
ceuticals is used for products aimed at specific age cate- 
gories, and medical foods is the term for products designed 
for patients (2). Currently in Japan, the functional foods 
approved as Foods for Specified Health Use (FOSHU) 
regulation established in 1991 by the Japanese Ministry 
of Health and Welfare are defined as everyday foodstuffs 
expected to have a specific effect on health due to relevant 
constituent(s). This regulation allows claims regarding the 
foods’ beneficial effect on health. 

In the United States, the movement toward functional 
foods began during the late 1970s when Lee Wattenberg of 
the University of Minnesota extolled the health benefits of 
components of crucifers and cabbage. As the next step, the 
National Academy of Sciences’ report on “Diet and Cancer” 
in 1982 not only made a connection between fat and fiber 
in the diet but also nonnutritive components that might be 
important in the diet. The term designer foods coined by 
Herbert F. Pierson, Jr., in 1989, was publicized in the pop- 
ular press in the United States several years ago when the 
National Cancer Institute (NCI) announced a $20 million 
five-year research program to study the anticarcinogenic 
properties of components of citrus, flax, aged garlic extract, 
licorice extract, soybean meal, and umbelliferous vegetable 
juice beverage. In 1989, because of the regulatory confu- 


sion concerning foods versus drugs, Stephen L. DeFelice, 
chair of the Foundation for Innovation in Medicine, intro- 
duced the term nutraceuticals to include isolated nutri- 
ents, dietary supplements, genetically engineered foods, 
and herbal products. The term nutraceuticals has received 
considerable press and carries a high-tech image that fits 
comfortably with pharmaceutical companies. 

The concept of functional foods is based on evidence that 
certain vegetables, herbs, fruit, and grains naturally rich 
in various phytochemicals have a protective effect against 
diseases such as cancer. There are at least 14 classes 
of phytochemicals known or believed to possess cancer- 
preventive properties (3). These include sulfides, phytates, 
flavonoids, glucarates, carotenoids, coumarins, monoter- 
penes, triterpenes, lignans, phenolic acids, indoles, iso- 
thiocyanates, phthalides, and polyacetylenes. A variety of 
these phytochemicals are abundantly present in garlic, 
green tea, soybeans, cereal grains, licorice roots, flaxseed, 
and plants from the cruciferous, umbelliferous, citrus, so- 
lanaceous, and cucurbitaceous family (Table 1). 

Increased intakes of nonnutrient phytochemicals with 
potential health benefits can be improved by increased in- 
take of a food rich in products such as garlic extract; by 
conventional plant breeding to increase the concentration 
in a crop; through biotechnology; by selective processing, 
such as milling and extraction, to enhance the concentra- 
tion of one or more chemicals in a food; or by adding a 
phytochemical to a food. Food processing and preparation 
procedures also affect the physiological consequences of 
food. Fermented products, including dairy products, have 
long been recognized to alter gastrointestinal flora and 
even reduce circulating cholesterol. While heating toma- 
toes may improve lycopene availability and thus improve 
its antioxidant potential, heating of unpeeled garlic re- 
duces its anticancer potential. Ingestion of functional foods 
represents an effective strategy to maximize health and 
reduce the risk of diseases. Interest in the health benefits 
of foods is propelled by rising health care costs, legislative 
changes (ie, the Nutritional Labelling and Education Act 
(NLEA] and Dietary Supplement Health and Education 
Act [DSHEA)) that permit claims for foods and associated 
components, and by new and exciting scientific discoveries. 
Functional food is one of today’s most prevalent trends for 
food product development. According to Datamonitor, Inc., 
a global market research firm, the U.S. market for nutra- 
ceuticals has grown from $11 billion to $16.7 billion, rep- 
resenting a growth of 10.9% over the past four years. The 
firm’s survey, “U.S. Nutraceuticals 1997,” found that a gen- 
eral trend toward healthy eating (represented by low-fat, 
low-calorie foods) has shifted toward more active preven- 
tion of disease and maintenance of health. 


FUNCTIONAL FOODS FROM PLANT SOURCES 


Epidemiological studies have shown that plant-based diet 
can reduce the risk of chronic disease, particularly cancer 
and cardiovascular disease. This is supported by the low 
incidence of cardiovascular disease in vegetarians and re- 
duced cancer risk in people consuming diets high in fruits 
and vegetables. Biologically active components of plants 


Table 1. Phytochemicals from Major Plant Food 


Monoterpenes Glucarates Lignans Sulfides Phytates _Isothiocyanates 


Triterpenes 


Carotenoids 


Flavonoids Coumarins 


Phenolic acids 
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with demonstrated physiological benefits that may en- 
hance health by reducing or alleviating the risk and/or in- 
cidence of diseases have been identified in plants com- 
monly grown in commercial agriculture. 


Cereals 


Cereals such as wheat and rice are major constituents of 
the diet of a vast number of the world’s population and 
therefore can play an important role in the nutritional 
quality of the diet and human health. The role of cereal 
grains in gastrointestinal health has long been recognized. 
Dietary fiber, particularly from cereals, has been postu- 
lated to be the major preventive factor against a number 
of cancers including colorectal carcinogenesis. However, a 
recent report (4) has challenged the connection between 
fiber consumption and colorectal cancer. Increased dietary 
fiber intake, especially soluble fiber, has also been linked 
to reduced risk of coronary heart disease. Oat is one of the 
few foods that have been rigorously tested as a dietary 
source of the cholesterol-lowering soluble fiber f-glucan in 
clinical settings among free-living individuals. Consump- 
tion of diets high in soluble fiber #-glucan has been asso- 
ciated with reduction in total and low-density lipoprotein 
(LDL) cholesterol, thereby reducing the risk of coronary 
heart disease (CHD). For this, the Food and Drug Admin- 
istration (FDA) awarded the first food-specific health claim 
under the NLEA in January 1997 (5), in response to a pe- 
tition submitted by the Quaker Oats Company. A food 
bearing the health claim must contain 13 g of oat bran or 
20 g oatmeal and provide without fortification at least 1.0 
g of f-glucan per serving. In February of 1998, the soluble 
fiber health claim was extended to include psyllium fiber. 
There is great expectation that the health claim for the 
soluble fiber f-glucan of oats will expand to other grains, 
including barley. In this regard, the prowash barley variety 
from Montana State University is said to contain twice the 
level of soluble cholesterol-lowering f-glucan fiber found in 
ordinary barley. Recently, stabilized full-fat rice bran per- 
formed similarly to oat bran in reducing hypercholester- 
olemia in humans (6). Wheat foods, the major source of 
dietary fiber in the North American diet, generally ac- 
cepted in promoting regularity, is also being touted as hav- 
ing protective effects against colon and breast cancers. 
Wheat bran, even in processed forms, can offer protection 
against the development of colon adenocarcinoma even 
when the carcinogenic process is promoted by high-fat low- 
calcium high-risk Western-style diets (7). In this regard, 
the FDA has under consideration a petition from the Kel- 
logg Company seeking approval for the health claim that 
eating products containing insoluble fiber from wheat bran 
can help reduce the risk of colon cancer. 


Legumes 


The Leguminosae plant family, of which soy is of the ut- 
most economic importance, is most abundant in phytoes- 
trogens. The low mortality due to breast, colon, and pros- 
tate cancer of Asians, especially Japanese and Chinese, 
compared with Westerners has been attributed mainly to 
extensive use of soy foods. Several classes of anticarcino- 
gens have been identified in soybeans, including protease 


inhibitors; phytosterols; saponins; phenolic acids; phytic 
acid; the precursors of mammalian lignans, especially sei- 
coisolariciresinol; and isoflavones, a class of phytoestro- 
gens. The two primary isoflavones, genistein, reported to 
be the most biologically active phytoestrogen, and diad- 
zein, present in high concentration in soybeans, are known 
to modulate hormone-related conditions, such as heart 
disease, osteoporosis, breast and prostate cancers, and 
menopausal symptoms. Since isoflavones are structurally 
similar to the estrogenic steroids, they may act as anti- 
estrogens by competing with the more potent, naturally 
occurring endogenous estrogens for binding to the estrogen 
receptor. In this regard, an isoflavone extracted from soy- 
beans, 17f-estradiol (Estrace®, Roberts Pharmaceuticals 
Canada Inc.), is being marketed as a prescriptive oral 
estrogen for effective management of menopause. The 
cholesterol-lowering effect of soy is the most well docu- 
mented physiological effect and is attributed mainly to soy 
isoflavones. However, very recent studies suggest that the 
combination of both soy protein and isoflavones are nec- 
essary to produce the greatest cholesterol-lowering effect. 
In addition to being a high-quality protein, soybean protein 
is now thought to play a preventive and therapeutic role 
in cardiovascular disease. In this regard, the FDA has pro- 
posed to authorize a health claim regarding the association 
between soy protein and reduced risk of coronary heart 
disease as petitioned by Protein Technologies Interna- 
tional, Inc. Soy protein in the amount of 6.25 g with a min- 
imum of 12.5 mg of total isoflavones (equivalent to 25 g of 
soy) per day is required to qualify an individual food to bear 
the health claim (8). Recently, the hypocholesterolemic ef- 
fects of protein concentrates from lesser known legume 
seeds have been demonstrated (9). 


Oilseeds 


Flaxseed is the most prominent oilseed studied to date as 
functional food since it is a leading source of the omega-3 
fatty acid, a-linolenic acid (ALA) (52% of total fatty acids), 
and phenolic compounds known as lignans (>500 u/g, as 
is basis). Dietary omega-3-rich oil moderates the recog- 
nized current American excess of omega-6 intake that 
leads to eicosanoid-mediated disorders (eg, thrombotic 
heart attack and stroke, cardiac arrhythmia, atherogene- 
sis, arthritis, asthma, osteoporosis, tumor metastases, 
etc). In this context, flaxseed has been fed to poultry, cattle, 
and pigs to increase omega-3 fatty acids in eggs, milk, and 
meat. Omega-3 fatty acids, precursors of long-chain poly- 
unsaturated fatty acids, have been shown to be important 
for visual and brain development, especially for termed in- 
fants. The lignan secoisolariciresinol diglycoside (SDG), 
extracted from flaxseed, is the precursor of the mammalian 
lignan enterodiol and its oxidation product, enterolactone. 
Because enterodiol and enterolactone are structurally 
similar to estrogens, they may play arole in the prevention 
of estrogen-dependent cancers. Flaxseed has a protective 
effect against both mammary and colon cancer. Long-term 
studies confirm the protective effect of SDG on tumor 
growth due to the biological properties of mammalian lig- 
nans derived from SDG. Dietary flaxseed also provides a 
significant benefit in preventing the decline in renal func- 


tion and has been found to be a suitable adjunct to therapy 
in patients with lupus nephritis and other forms of pro- 
gressive renal disease. Flaxseed is also a good source of 
dietary fiber known to improve glucose metabolism as well 
as other phytochemicals associated with the decreased risk 
of developing colorectal cancer (10). Consumption of flax- 
seed has been shown to reduce total and LDL cholesterol 
and platelet aggregation. Other oilseed crops are pre- 
dominantly linoleic-acid-rich oils and have the advantage 
of being the richest natural dietary sources of vitamin E, 
in addition to providing the essential fatty acids. Recent 
trends for commercial vegetable oil have been the reduc- 
tion of polyunsaturates, as in the case of sunflower (Nu- 
sun), to overcome the presence of undesirable trans fatty 
acids due to hydrogenation (11). 


Horticultural Crops 


Tomatoes. Lycopene, the primary carotenoid found in 
tomatoes, has been implicated in risk reduction of prostate 
cancer as well as other cancers, including breast, digestive 
tract, cervix, bladder, skin, and lung, whose risks have 
been inversely associated with serum or tissue levels of 
lycopene. Recently, intake of lycopene has also been in- 
versely associated with risk of myocardial infarction, prob- 
ably due to modulation of cholesterol metabolism (12). 


Garlic. The purported health benefits of garlic include 
cancer chemopreventive, antibiotic, antihypertensive, and 
cholesterol-lowering effects. Allicin, produced when garlic 
cloves are crushed, and responsible for the characteristic 
odor of fresh garlic, spontaneously decomposes to form 
sulfur-containing compounds with chemopreventive ac- 
tivity. 

Garlic has been historically used as a spice and remedy 
for common ailments. The reported medicinal properties of 
garlic such as antibacterial activity, antifungal activity, in- 
hibition of platelet aggregation, and reduction of serum 
cholesterol levels are due to biologically active sulfur com- 
pounds. Attention has been directed to garlic and garlic 
extracts as potential cardiovascular and anticancer agents. 
Several epidemiological studies demonstrate the effective- 
ness of garlic in reducing human cancer risk, especially 
cancer of the stomach, colon, and gastrointestinal tract. 
Garlic has also been advocated for the prevention of car- 
diovascular diseases, possibly through antihypersensitive 
and cholesterol-lowering effects. Plants of the genus 
Allium—including garlic, onion, and leek—are also good 
sources of sapogenins, bioactive compounds that are rela- 
tively stable within the food during and after processing. 


Cruciferous vegetables. Epidemiological studies indi- 
cate reduced risk of breast, colon, gastric, and prostate can- 
cers on frequent consumption of cruciferous vegetables. 
The anticarcinogenic properties of cruciferous vegetables 
are attributed to their relatively high content of glucosi- 
nolates and their derivatives, of which the allyl isothiocy- 
nate and indoles are most potent. Indole-3 carbinol (I3C) 
is currently under investigation for its cancer chemopre- 
ventive properties, particularly of the mammary gland, 
and may be a novel approach for reducing the risk of breast 
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cancer. Besides glucosinolates and its derivatives, several 
groups of compounds including dithiolthiones, sulfonates, 
and vitamins from cruciferous vegetables have been re- 
ported to alleviate diseases and promote health. 


Fruits. Flavonoids are the main constituents in most 
fruits known to protect against a variety of human degen- 
erative diseases. These and other fruit components are 
major sources of dietary antioxidants that increase the 
plasma antioxidant capacity resulting in inhibition of 
atherosclerosis-related diseases in humans with increased 
consumption of fruits (13). Flavonoid intake from various 
sources including fruits and vegetables has been inversely 
related to coronary heart mortality (14). The limonoids, a 
group of chemically related triterpene derivatives, present 
in large quantities in citrus fruits has been suggested as 
the preventive agent against a variety of human cancers. 
Cranberry juice has been recognized for a long time as ef- 
ficacious in the treatment of urinary tract infections. The 
inhibition of the adherence of Escherichia coli to uroepi- 
thelial cells has also been attributed to fructose and a non- 
dialyzable polymeric compound from cranberry juice (15). 
Flavonoids and other phenolics present in grape and grape 
products have been shown to possess anticarcinogenic, 
anti-inflammatory, antihepatotoxic, antibacterial, antivi- 
ral, antiallergic, antithrombic, and antioxidative effects. 
The ability of phenolic substances in prevention of athero- 
sclerosis and risk reduction of cardiovascular diseases has 
been aptly demonstrated by the benefits of red wine con- 
sumption, often referred to as the French Paradox. The 
health benefits of grape phenolics in inhibiting the oxida- 
tion of LDL can also be obtained from commercial grape 
juice (16). Red wine is also a significant source of trans- 
resveratrol, a phytoalexin with estrogenic and anticancer 
properties (17). 

Polyphenols comprising up to 30% of the total dry 
weight of fresh tea leaves have been associated with the 
cancer chemopreventive effects particularly from green 
tea. Decrease recurrence of breast cancer in Japanese 
women and substantial reduction in risk of cardiovascular 
diseases have been associated with tea consumption (18). 
Phenol antioxidants from tea with lipoprotein-bound an- 
tioxidant activity constitute a major source of antioxidants 
in the North American diet. 

Blueberry fruits, particularly Vaccinium myrtillus L., 
also known as bilberries are a rich source of anthocyanins 
and other flavonoids, which have demonstrated a wide 
range of biochemical and pharmacological effects, includ- 
ing anticarcinogenic, antiatherogenic, anti-inflammatory, 
antimicrobial, and antioxidant activities. Studies carried 
out in small animals or on a small number of humans, 
indicate that concentrated extracts of anthocyanins ob- 
tained from bilberries may benefit visual acuity, as well as 
provide protection against macular degeneration, glau- 
coma, and cataracts. 


FUNCTIONAL FOODS FROM ANIMAL SOURCES 


Dairy Products 


Prebiotic- and probiotic-containing dairy products lead the 
functional food market in most of Europe and Japan. The 
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term prebiotics has been applied to products such as oli- 
gosaccharides, used as bifidogenic factors in fermented 
dairy products to promote the growth of beneficial organ- 
isms. Natural sources of these bifidogenic oligosaccharides 
include chicory, Jerusalem artichokes, and other plants. 
Besides prebiotic effect, the major fructo-oligosaccharide 
inulin has physiological benefits in absorption of minerals, 
carbohydrate and lipid metabolism, immune functions, 
modulation of serum lipids, and reduction of cancer risks 
(19). The generally accepted definition of probiotics is that 
they are live microbial food or feed supplements that ben- 
efit humans and animals by improving the microbial bal- 
ance in the intestine. Several health benefits have been 
attributed to probiotics, including anticarcinogenic, hypo- 
cholesterolemic, and antagonistic effects against enteric 
pathogens and other intestinal organisms. The role of pro- 
biotics in cancer risk reduction has been evident, particu- 
larly in colon cancer (20). Products that contain both pre- 
biotics and probiotics, referred to as synbiotics, are being 
successful marketed in Europe. Traditional dairy products 
are also good sources of calcium and other milk-based 
bioactive compounds, such as casein-based bioactive pep- 
tides, whey proteins, and conjugated linoleic acid (CLA), 
with anticarcinogenic and immunogenic properties (21). 


Beef 


The mixture of positional and geometric isomers of linoleic 
acid with conjugated double bonds referred to as conju- 
gated linoleic acid is most abundant in fat from ruminant 
animals. CLA, first isolated from grilled beef (22), has been 
shown to be effective in suppressing forestomach tumors 
and mammary carcinogenesis. Beef fat contains 3 to 8.5 
mg CLA/g fat, and diets containing only 0.1 to 1% CLA 
have been shown to have anticarcinogenic effect in amam- 
mary tumor model (23). CLA has also been suggested as a 
weight reduction agent since it can change body composi- 
tion. Recent studies indicate that CLA has protective ef- 
fects in cases of human breast cancer, chronic renal fail- 
ures, and reduction in the severity of preexisting aortic 
atherosclerosis (23). It has been suggested that supple- 
mentation of CLA in diets alters the incorporation of n-6 
fatty acids and CLA isomers into adipose tissue and en- 
hances certain anticancer immune defenses. 


Fish 


Seafood lipids are rich in long-chain omega-3 polyunsatu- 
rated fatty acids (PUFA). The beneficial health effects of 


Table 2. Selected Functional Foods and Bioactive Food Ingredients and Their Health Benefits 


Functional food 


Benefit 


f-glucan derived from oats 

Canola oil with reduced saturated fats 

Dairy products with probiotics and prebiotics 

Flaxseed lignans 

Flaxseed oil—high in omega-3 fatty acids 

Fructo-oligosaccharides (especially for people with irritable 
bowel syndrome) 

Green tea extracts and beverages 


Herbal extracts 
Ginseng 
Gingko biloba 
St. John’s wort 
Echinaceae 
Milk thistle 
Valerian 
High laurate canola oil 
Insoluble fiber from cereals 
Oil rich in decosahexanoic acid 
Oils engineered without trans fatty acids 
Omega-3 enriched eggs 
Products made from blueberries, cranberries, bilberries and 
lingonberries (Vaccinium genus) 
Resistant starch from grains 


Shiitake mushrooms 


Soluble fiber from cereals 
Soluble fiber from konjac glucomannan 
Soy isoflavones 


Soy protein 
Sunflower oil enriched with conjugated linoleic acid 
‘Tomato with enhanced lycopene content 


Reduces risk of coronary heart disease 

Reduces risk of coronary heart disease 

Maintains a healthy digestive tract 

Reduces risk of breast cancer and improves glucose metabolism 

Decreases triglycerides and blood cholesterol 

Restores colonic and intestinal health and reduces colonic 
precancerous lesions 

Aids relaxation and reduces risk of cardiovascular disease and 
certain cancers 


Antistress, immunostimulant 

Improves cognitive performance 

Controls mild to moderate depression 

Boosts immune system 

Supports healthy liver function 

Promotes restful sleep 

Lowers cholesterol 

Reduces risk of colon cancer 

Enhances neurological and visual developments in infants 

Lowers heart disease risk 

Reduces serum triglycerides 

Reduces risk of inflammation and peripheral vascular disease, 
controls diabetes and improves vision 

Promotes gastrointestinal health and lowers risk of colon 
disease 

Enhances immune activity, stimulates immune function and 
inhibits tumor growth 

Aids in control of blood glucose 

Maintains intestinal health and suppresses appetite 

Reduces the negative effects of estrogen and lowers risk of 
several cancers 

Reduces risk of coronary heart disease 

Enhances anticancer immune defenses 

Reduces risk of specific types of cancer (eg, prostate) 


omega-3 PUFA have been attributed to their ability to 
lower serum triglycerol and cholesterol. Consumption of 35 
g or more of fish daily has been shown to reduce the risk 
of death from nonsudden myocardial infarction (24), and 
as little as one serving of fish per week was associated with 
a significantly reduced risk of total cardiovascular mortal- 
ity (25). In addition, omega-3 PUFA are essential for nor- 
mal growth and development and may also play a role in 
prevention and treatment of hypertension, arthritis, other 
inflammatory and autoimmune disorders, and cancer (26). 
In this context, several countries, including Canada, the 
United Kingdom, and Denmark, have dietary guidelines 
for omega-3 PUFA and requirements for its addition in in- 
fant formula. 


CURRENT TRENDS 


Consumer demand for foods capable of promoting good 
health and preventing or alleviating diseases is growing. 
This demand is likely to increase as baby boomers strive 
to manage the chronic health problems associated with ag- 
ing and seek cost-effective alternatives to drugs. Also, with 
the ongoing legislative changes that permit claims for 
foods and associated components, and with the new and 
exciting scientific discoveries, many more companies, in- 
cluding multinationals, are and will continue to put more 
resources into the development and marketing of func- 
tional foods (27). Table 2 lists selected functional foods and 
bioactive food ingredients currently under active develop- 
ment in North America and around the world. In the pro- 
cess of developing new and improved functional products, 
a better understanding of food, nutrition, and health will 
likely emerge. Nonetheless, to gain wide acceptance, func- 
tional foods must offer health benefits that consumers can 
understand. Although terminology used in the functional 
food area can be confusing, it is generally agreed that the 
primary goal is to develop foods with added health benefits, 
rather than to rely on supplements. Any claim about the 
benefits of foods, however, must be based on sound and 
accurate scientific information. The development of func- 
tional foods also requires careful attention to safety, label- 
ing, and claims as well as to nutritional and physiological 
rationale, cost, and sensory quality and should depend 
heavily on scientific substantiation. 
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PREFACE 


The preface to the First Edition of this encyclopedia pro- 
vided a detailed account of its breadth and aims. This 
breadth is maintained in the Second Edition and enlarged 
to include more of the associated areas of food science. A 
number of these areas are of current prime importance, 
including food safety, functional foods, and neutraceuti- 
cals. Seventy years ago, when the discipline of food science 
and technology was first introduced, the accepted defini- 
tion was the science concerned with food “from the farm 
gate to the consumer.” It later became obvious that many 
of the conditions associated with conventional agricultural 
production practices had a definite impact on the quality 
and quantity of the resultant food, so the lines between 
agricultural production and food science and technology 
became blurred. 

The above definition of food science and technology was 
appropriate for food production techniques in the early 
part of the twentieth century. We were primarily depen- 
dent on fresh fruits and vegetables in season and meats, 
augmented by commodities which could be easily stored 
such as grains, root crops, dried fruits and fermented foods, 
and beverages. The “New England boiled dinner,” com- 
posed of corned beef, potatoes, carrots, cabbage, turnips, 
onions, and parsnips, was a good example. A major change 
from a seasonal concept of food supply to a processed sys- 
tem occurred in the 1920s with the development of food 
preservation techniques such as canning, freezing, dehy- 
dration, and chemical preservation. When this was com- 
bined with developments in packaging, storage, transpor- 
tation, and consumer marketing, the rate of change to a 
processed-food society was speeded up. Today we have the 
advantages of a stable processed food supply combined 
with fresh fruits and vegetables produced locally and also 
shipped in from other countries. This has produced the 
best of both systems, but it has some problems. The con- 
centration of production, packaging, storage, and trans- 
portation into large units has increased the possibility of 
contamination with chemicals and microorganisms, a ma- 
jor concern of regulatory officials; it may also be a source 
of concern for readers of this encyclopedia. Hopefully, the 
sections on food safety, estimation of risk, interpretation of 
risk, and management of risk will allay the fears for the 
safety of the global food supply. 

Another change in the concept of food science and tech- 
nology occurred in the 1950s with increased concern over 
adequate nutrition in food and the nutrition delivery sys- 


tem. The science of nutrition at that point had developed 
to the point where meaningful predictions could be made 
on the effect of components in the food supply on the health 
and well-being of the populace. This led to increased em- 
phasis on food processors to maintain the nutritive value 
of their products in order to supply the “Acceptable Daily 
Intake” recommended by governmental and other agen- 
cies. However, maintenance of nutrients already present 
in food was not enough, and the science of fortification was 
developed primarily to prevent the development of condi- 
tions which could lead to a deterioration in the overall 
health of the individual. This concept was enlarged to en- 
compass components of the diet which were not necessarily 
related to deficiencies and disease but were related to over- 
all well-being. This led to the concept of “Neutraceuticals,” 
components which combine nutritive and pharmaceutical 
properties. The term “functional foods” was also intro- 
duced to describe components which have a technological 
function in foods as well as a nutritive or health benefit. 
Both areas are rapidly expanding and may be of interest 
to readers of this encyclopedia. 
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PREFACE TO THE FIRST EDITION 


Although this encyclopedia is designed for food scien- 
tists and technologists, it also contains information useful 
to food engineers, chemists, biologists, ingredient sup- 
pliers, and other professionals involved in the food chain. 

The topics selected are based on the following frame of 
reference: 


A. Basic and Applied Sciences 

1. Biology: botany, bacteriology, microbiology, my- 
cology, eg, photosynthesis, food microbiology, my- 
cotoxins. 

2. Chemistry: biochemistry, physical chemistry, an- 
alytical chemistry, organic chemistry, radiochem- 
istry, forensic chemistry, eg, food chemistry, food 
analysis, interesterification, emulsification. 

3. Physics: rheology, thermodynamics, cryogenics, 
radiophysics, ultrasonics, eg, food rheology, ther- 
modynamics, microwave, irradiation. 

4. Nutrition: basic, applied, and clinical nutrition, 
eg, nutrition, protein, energy, dietetics, nutri- 
tional quality and food processing. 

5. Psychology: sensory behaviors, eg, food and color, 
sensory sciences, taste and odor. 

6. Medicine: metabolisms, toxicology, heart dis- 
eases, eg, food utilization, cholesterol, foodborne 
diseases. 

7. Economics: marketing, development, eg, food 
marketing, food industry economic development. 

8. Integrated sciences: history of foods, food struc- 
ture. 

B, Processing Technology, Engineering, 

Twenty-three Unit Operations 

1. Raw material preparation, eg, apricots and 
apricot processing, milk and milk products. 

2. Size reduction, eg, potato and potato processing, 
crabs and crab processing. 

3. Mixing and forming, eg, confectionery, biscuits 
and cracker technology. 

4. Mechanical separations, eg, meat processing 
technology, cheeses, poultry product and tech- 
nology. 

5. Membrane concentration, eg, milk and mem- 
brane technology 

6. Biotechnology, eg, genetic engineering 

7. Irradiation, eg, irradiation 

8. Blanching, eg, blanching, vegetables processing 

9. Pasteurization, eg, yogurt 

. Heat sterilization, eg, aseptic processing 

. Evaporation, eg, evaporation, distillation, heat 
transfer, heat exchangers 

. Extrusion, eg, extrusion and extrusion cooking, 
snack foods 


and the 


18. Dehydration, eg, fruit dehydration, vegetable 
dehydration, drier technology and engineering 
. Baking and roasting, eg, baking science and 
technology, breakfast cereals 
. Frying, eg, frying technology, fats and oils 
. Microwave and infrared radiation, eg, micro- 
wave science and technology 
. Chilling and controlled- (modified-) atmosphere 
storage, eg, chilled foods, controlled atmo- 
spheres for fresh fruits and vegetables, pack- 
aging and modified atmospheres. 
Freezing, eg, food freezing, freezing systems, re- 
frigerated foods 
Freeze drying and freeze concentration, eg, 
freeze drying, driers technology and engineer- 
ing. 
Coating or enrobing, eg, fish and shellfish prod- 
ucts, poultry processing technology, 
Packaging, eg, packaging materials, packaging 
and labeling 
Filling and sealing of containers, eg, aseptic pro- 
cessing and packaging 
Materials handling and process control, eg, com- 
puter and food processing, artificial intelligence, 
expert systems 
C. Food Laws and Regulations 
1. Basic principles, eg, food laws and regulations 
2. Food identity, eg, standards and grades 
3. Food chemicals, eg, food additives 
4. 
5. 


18. 


19. 


20. 
21. 
22. 


23. 


. Health and safety, eg, sanitation 
. Food processing plants, eg, food plant design and 
construction, food processing: standard indus- 
trial classifications. 
6. Food plant inspection, eg, food laws and regula- 
tions. 


Apart from members of the editorial advisory board, 
hundreds of professionals in the academic, industry, and 
government have personally counseled me on many as- 
pects of the work. Their combined effort is reflected in the 
articles in this encyclopedia: appropriateness of the selec- 
tion of topics; diverse expertise and background of each 
contributor; the excellent treatment of each article. The 
users are the best judge of these claims. 

Asmall portion of the text is devoted to cover nontechn- 
ical data: 


1. Descriptions of selected scientific institutions, eg, In- 
stitute of Food Technologists. 

2. Food science and technology in selected countries in 
the world, eg, International Development: South Af- 
rica. 
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8. Research and development in major U.S. govern- 
ment agencies, eg, U.S. Department of Agriculture. 
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CONVERSION FACTORS, ABBREVIATIONS, 
AND UNIT SYMBOLS 


SI Units (Adopted 1960) 


The International System of Units (abbreviated SI), is being implemented throughout the world. This measurement system 
is a modernized version of the MKSA (meter, kilogram, second, ampere) system, and its details are published and controlled 
by an international treaty organization (The International Bureau of Weights and Measures) (1). 


SI units are divided into three classes: 


BASE UNITS 


length 

mass 

time 

electric current 
thermodynamic temperature 
amount of substance 
luminous intensity 


SUPPLEMENTARY UNITS 


meter? (m) 
kilogram (kg) 
second (s) 
ampere (A) 
kelvin (K) 
mole (mol) 
candela (cd) 


plane angle 
solid angle 


DERIVED UNITS AND OTHER ACCEPTABLE UNITS 


These units are formed by combining base units, supplementary units, and other derived units (2-4). Those derived units 
having special names and symbols are marked with an asterisk in the list below. 


radian (rad) 
steradian (sr) 


Acceptable 
Quantity Unit Symbol equivalent 
*absorbed dose gray Gy Jhkg 
acceleration meter per second squared m/s” 
*activity (of a radionuclide) becquerel Bq Vs 
area square kilometer km? 
square hectometer hm? ha (hectare) 
square meter m? 
concentration (of amount of substance) mole per cubic meter mol/m? 
current density ampere per square meter Alm? 
density, mass density kilogram per cubic meter kg/m* g/L; mg/em® 
dipole moment (quantity) coulomb meter C-m 
*dose equivalent sievert Sv Jhkg 
*electric capacitance farad F cv 
*electric charge, quantity of electricity coulomb Cc Avs 
electric charge density coulomb per cubic meter C/m® 
*electric conductance siemens Ss AV 
electric field strength volt per meter Vim 
electric flux density coulomb per square meter C/m? 
*electric potential, potential difference, electromotive force _ volt Vv WA 
*electric resistance ohm Q V/A 


+The spellings “metre” and “litre” are preferred by ASTM; however, “-er” is used in the encyclopedia. 


{Wide use is made of Celsius temperature (¢) defined by 


t=7T-T 


where T is the thermodynamic temperature, expressed in kelvin, and Ty = 273.15 K by definition. A temperature interval may be expressed in degrees 


Celsius as well as in kelvin. 
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CONVERSION FACTORS, ABBREVIATIONS, AND UNIT SYMBOLS 


Quantity Unit 
*energy, work, quantity of heat megajoule 
kilojoule 
joule 
electronvolt} 
kilowatt-hourt 
energy density joule per cubic meter 
*force kilonewton 
newton 
*frequency megahertz 
hertz 
heat capacity, entropy joule per kelvin 
heat capacity (specific), specific entropy joule per kilogram kelvin 


heat-transfer coefficient 
*illuminance 

*inductance 

linear density 

luminance 

*luminous flux 

magnetic field strength 

*magnetic flux 

*magnetic flux density 

molar energy 

molar entropy, molar heat capacity 
moment of force, torque 
momentum 

permeability 

permittivity 

*power, heat flow rate, radiant flux 


power density, heat flux density, irradiance 


*pressure, stress 


sound level 

specific energy 
specific volume 
surface tension 
thermal conductivity 
velocity 


viscosity, dynamic 
viscosity, kinematic 


volume 


wave number 


watt per square meter kelvin 
lux 

henry 

kilogram per meter 
candela per square meter 
lumen 

ampere per meter 

weber 

tesla 

joule per mole 

joule per mole kelvin 
newton meter 

kilogram meter per second 
henry per meter 

farad per meter 

kilowatt 

watt 

watt per square meter 
megapascal 

kilopascal 

pascal 

decibel 

joule per kilogram 

cubic meter per kilogram 
newton per meter 

watt per meter kelvin 
meter per second 
kilometer per hour 
pascal second 

millipascal second 
square meter per second 
square millimeter per second 
cubic meter 

cubic diameter 

cubic centimeter 

1 per meter 

1 per centimeter 


Acceptable 
Symbol equivalent 


eVi 
kW-ht 
J/m? 
kN 

N kg: m/s? 
MHz 

Hz Vs 

J/K 
Iikg-K) 
Wim? K) 
lx 


H Wh/A 
kg/m 

cd/m? 

Im ed: sr 
A/m 

Wb Vis 

uy Wh/m? 
Jimol 

Jmol: K) 

N-m 


Ww Js 


Pa N/m? 


dm? L (liter) (5) 
cm mL 


+This non-SI unit is recognized by the CIPM as having to be retained because of practical importance or use in specialized fields (1). 
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In addition, there are 16 prefixes used to indicate order of magnitude, as follows: 


Multiplication factor Prefix Symbol 
10° exa E 
108 peta P 
10” tera T 
10° giga G 
10° mega M 
10° kilo k 
10? hecto he 
10 deka da* 
107! deci a 
10-? centi e 
10-8 milli m 
107° micro 7 
10-° nano n 
10-” pico P 
10-8 femto f 
10-* atto a 


“Although hecto, deka, deci, and centi are SI prefixes, their use should 
be avoided except for SI unit-multiples for area and volume and 
nontechnical use of centimeter, as for body and clothing measurement. 


For a complete description of SI and its use the reader is referred to ASTM E380 (4). 
A representative list of conversion factors from non-SI to SI units is presented herewith. Factors are given to four 
significant figures. Exact relationships are followed by a dagger. A more complete list is given in the latest editions of 
ASTM E380 (4) and ANSI Z210.1 (6). 


+Exact. 


CONVERSION FACTORS TO SI UNITS 


To convert from To Multiply by 
acre square meter (m?) 4.047 x 10° 
angstrom meter (m) 1.0 x 1071+ 
are square meter (m?) 1.0 x 107+ 
astronomical unit meter (m) 1.496 x 10" 
atmosphere, standard pascal (Pa) 1.013 x 10° 
bar pascal (Pa) 1.0 x 105+ 
barn square meter (m?) 1.0 x 10728} 
barrel (42 U.S. liquid gallons) cubic meter (m°) 0.1590 
Bohr magneton (jp) a 9.274 x 10-% 
Btu (International Table) joule (J) 1.055 x 10° 
Btu (mean) joule (J) 1.056 x 10° 
Btu (thermochemical) joule (J) 1.054 x 10° 
bushel cubic meter (m*) 3.524 x 10°? 
calorie (International Table) joule (J) 4.187 
calorie (mean) joule (J) 4.190 
calorie (thermochemical) joule (J) 4.184} 
centipoise pascal second (Pa-s) 1.0 x 107% 
centistokes square millimeter per second (mm/s) 1.0 
cfm (cubic foot per minute) cubic meter per second (m*/s) 4.72 x 10-* 
cubic inch cubic meter (m*) 1.639 x 107° 
cubic foot cubic meter (m*) 2.832 x 10-? 
cubic yard cubic meter (m°) 0.7646 
curie becquerel (Bq) 3.70 x 10° 
debye coulomb meter (C-m) 3.336 x 10-* 
degree (angle) radian (rad) 1.745 x 107? 


Xx 
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CONVERSION FACTORS TO SI UNITS 


To convert from To Multiply by 
denier (international) kilogram per meter (kg/m) 1.111 x 107-7 
text 0.1111 
dram (apothecaries’) kilogram (kg) 3.888 x 107% 
dram (avoirdupois) kilogram (kg) 1.772 x 1078 
dram (U.S. fluid) cubic meter (m*) 3.697 x 10-8 
dyne newton (N) 1.0 x 1075+ 
dyne/em newton per meter (N/m) 1.0 x 1073+ 
electronvolt joule (J) 1.602 x 107% 
erg joule (J) 1.0 x 1077+ 
fathom meter (m) 1.829 
fluid ounce (U.S.) cubic meter (m*) 2.957 x 1075 
foot meter (m) 0.3048¢ 
footcandle lux (1x) 10.76 
furlong meter (m) 2.012 x 107? 
gal meter per second squared (m/s”) 1.0 x 1077+ 
gallon (U.S. dry) cubic meter (m*) 4.405 x 1078 
gallon (U.S. liquid) cubic meter (m*) 3.785 x 1078 
gallon per minute (gpm) cubic meter per second (m/s) 6.309 x 1075 
cubic meter per hour (m*/h) 0.2271 
gauss tesla (T) 1.0 x 10~* 
gilbert ampere (A) 0.7958 
gill (U.S.) cubic meter (m*) 1.183 x 10-4 
grade radian 1.571 x 107? 
grain kilogram (kg) 6.480 x 1075 
gram force per denier newton per tex (N/tex) 8.826 x 107? 
hectare square meter (m?) 1.0 x 104+ 
horsepower (550 ft Ibf/s) watt (W) 7.457 x 10° 
horsepower (boiler) watt (W) 9.810 x 10° 
horsepower (electric) watt (W) 7.46 x 107+ 
hundredweight (long) kilogram (kg) 50.80 
hundredweight (short) kilogram (kg) 45.36 
inch meter (m) 2.54 x 10-74 
inch of mercury (32°F) pascal (Pa) 3.386 x 10° 
inch of water (39.2°F) pascal (Pa) 2.491 x 10? 
kilogram-force newton (N) 9.807 
kilowatt hour megajoule (MJ) 3.6 
kip newton (N) 4.448 x 10° 
knot (international) meter per second (m/S) 0.5144 
lambert candela per square meter (cd/m*) 3.183 x 10° 
league (British nautical) meter (m) 5.559 x 10° 
league (statute) meter (m) 4.828 x 10° 
light year meter (m) 9.461 x 1015 
liter (for fluids only) cubic meter (m*) 1.0 x 107*+ 
maxwell weber (Wb) 1.0 x 107% 
micron meter (m) 1.0 x 1075+ 
mil meter (m) 2.54 x 1075+ 
mile (statute) meter (m) 1.609 x 10° 
mile (U.S. nautical) meter (m) 1.852 x 10% 
mile per hour meter per second (m/s) 0.4470 
millibar pascal (Pa) 1.0 x 10? 
millimeter of mercury (0°C) pascal (Pa) 1.333 x 107+ 
minute (angular) radian 2.909 x 10-4 
myriagram kilogram (kg) 10 


tExact. 
‘See footnote on p. xviii. 
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xxi 


‘To convert from To Multiply by 
myriameter kilometer (km) 10 
oersted ampere per meter (A/m) 79.58 
ounce (avoirdupois) kilogram (kg) 2.835 x 107? 
ounce (troy) kilogram (kg) 3.110 x 10-7 
ounce (U.S. fluid) cubic meter (m5) 2.957 x 10-5 
ounce-force newton (N) 0.2780 
peck (U.S.) cubic meter (m*) 8.810 x 10-8 
pennyweight kilogram (kg) 1.555 x 1078 
pint (U.S. dry) cubic meter (m*) 5.506 x 10-4 
pint (U.S. liquid) cubic meter (m*) 4.732 x 10-4 
poise (absolute viscosity) pascal second (Pa-s) 0.10+ 
pound (avoirdupois) kilogram (kg) 0.4536 
pound (troy) kilogram (kg) 0.3732 
poundal newton (N) 0.1383 
pound-force newton (N) 4.448 
pound force per square inch (psi) pascal (Pa) 6.895 x 10° 
quart (U.S. dry) cubic meter (m°) 1.101 x 107% 
quart (U.S. liquid) cubic meter (m*) 9.464 x 10-4 
quintal kilogram (kg) 1.0 x 107+ 
rad gray (Gy) 1.0 x 107} 
rod meter (m) 5.029 
roentgen coulomb per kilogram (C/kg) 2.58 x 1074 
second (angle) radian (rad) 4.848 x 107%} 
section square meter (m?) 2.590 x 10° 
slug kilogram (kg) 14.59 
spherical candle power lumen (Im) 12.57 
square inch square meter (m?) 6.452 x 1074 
square foot square meter (m?) 9.290 x 10-* 
square mile square meter (m?) 2.590 x 108 
square yard square meter (m?) 0.8361 
stere cubic meter (m*) 1.0+ 
stokes (kinematic viscosity) square meter per second (m?/s) 1.0 x 10°-4F 
tex kilogram per meter (kg/m) 1.0 x 10-% 
ton (long, 2240 pounds) kilogram (kg) 1.016 x 10° 
ton (metric) (tonnee) kilogram (kg) 1.0 x 108+ 
ton (short, 2000 pounds) kilogram (kg) 9.072 x 10? 
torr pascal (Pa) 1.333 x 10? 
unit pole weber (Wb) 1.257 x 10-7 
yard meter (m) 0.9144+ 
tExact. 
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GELATIN 


Gelatin is a substantially pure protein food ingredient, ob- 
tained by the thermal denaturation of collagen (1), which 
is the structural mainstay and most common protein in the 
animal kingdom. Today, gelatin is usually available in 
granular powder form, although in Europe sheet gelatin is 
still available. 

There are two main types of gelatin. Type A, with 
isoionic point of 7 to 9, is derived from collagen with exclu- 
sively acid pretreatment. Type B, with isoionic point of 4.8 
to 5.2, is the result of an alkaline pretreatment of the col- 
lagen. However, gelatin is sold with a wide range of special 
properties, such as gel strength, to suit particular appli- 
cations. 

Gelatin (2) forms thermally reversible gels with water, 
and the gel melting temperature (<35°C) is below body 
temperature, which gives gelatin products unique organ- 
oleptic properties and flavor release. The disadvantage of 
gelatin is that it is derived from animal hide or bone (not 
from horses as is a common perception), so there are prob- 
lems with regard to kosher and Halal status. Vegetarians 
also have objections to its use. Competitive gelling agents, 
such as starch, alginate, pectin, agar, carrageenan, are all 
carbohydrates from vegetable sources, but their gels lack 
the melt-in-the-mouth and elastic properties of gelatin 
gels. 


CHEMISTRY AND BIOCHEMISTRY 


Gelatin is an amphoteric protein with isoionic point be- 
tween 5 and 9 depending on raw material and method of 
manufacture. Like its parent protein, collagen (3), it is 
unique in that it contains 14% hydroxyproline, 16% pro- 
line, and 26% glycine. The only other animal product con- 
taining hydroxyproline is elastin, at a very much lower 
concentration, so hydroxyproline is used to determine the 
collagen or gelatin content of foods. The protein is made 
up of peptide triplets, glycine-X-Y, where X and Y can be 
any one of the amino acids but proline has a preference for 
the X position and hydroxyproline the Y position (3). Ap- 
proximately 1,050 amino acids produce an a-chain with the 
left-handed proline helix conformation. Collagen exists in 
many different forms, but gelatin is only derived from 
sources rich in Type I collagen, which contains no cystine. 
However, hide or skin contains some Type III collagen, 
which can be the source of traces of cystine found in some 
gelatins. Although Type I collagen contains no cystine, the 
a-procollagen chains excreted by the cell do contain cystine 
at the C-terminal end of the protein that is thought to be 
the site of assembly of three a-chains. The three chains 
then spontaneously (4) coil together, zipper fashion, to 
form a right-handed helix. After spontaneous helix for- 
mation, cross-links between chains are formed in the re- 
gion of the N-terminal telopeptides (globular tail portion 
of the chains), and then the telopeptides (containing the 
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cystine and tyrosine of procollagen) are shed, leaving the 
rodlike, about 3,150-amino-acid-containing triple helix. 
These collagen rods assemble together with a quarter- 
stagger to form the collagen fiber, and the fibers are sta- 
bilized by further cross-links. 

Gelatin is the product of denaturation or disintegration 
of collagen. Initially, the a-chains of collagen are held to- 
gether with several different but easily reducible cross- 
links. As the collagen matures, the cross-links become sta- 
bilized (3). As time progresses, the eta-amino groups of 
lysine become linked to arginine by glucose molecules 
(Maillard reaction) to form the pentosidine type cross-links 
that are extremely stable (5). Hence, when the alkaline 
processing is used on young animal skin, the alkali breaks 
one of the initial (pyridinoline) cross-links and as a result, 
on heating, the collagen releases mainly denatured a- 
chains into solution (5). Once the pentosidine cross-links 
of the mature animal have formed in the collagen, the main 
process of denaturation has to be thermal hydrolysis of 
peptide bonds, resulting in protein fragments of various 
molecular weights (polydisperse protein fragments). With 
the acid process, the collagen denaturation is limited to 
the thermal hydrolysis of peptide bonds with a small 
amount of a-chain material from acid-soluble collagen in 
evidence (6). 

Nutritionally, gelatin is not a complete protein food be- 
cause the essential amino acid tryptophan is missing, and 
methionine is present at a low level. 

Type A gelatin (dry and ash-free) contains 18.5% nitro- 
gen, but because of the loss of amide groups, Type B gelatin 
contains only about 18% nitrogen (7). Gelatin is abnor- 
mally stable, and a special catalyst has to be used to obtain 
the correct Kjeldahl nitrogen content. 

The amino acid analysis of gelatin (8) is variable, par- 
ticularly for the minor constituents, depending on raw ma- 
terial and process used, but proximate values by weight 
are glycine, 21%; proline, 12%; hydroxyproline, 12%; glu- 
tamic acid, 10%; alanine 9%; arginine, 8%; aspartic acid, 
6%; lysine, 4%; serine, 4%; leucine, 3%; valine, 2%; phe- 
nylalanine, 2%; threonine, 2%; isoleucine, 1%; hydroxyly- 
sine, 1%; methionine and histidine, <1%; and tyrosine, 
<0.5%. The peptide bond has considerable aromatic char- 
acter, so gelatin shows an absorption maximum at about 
230 nm. 

Collagen is resistant to most proteases and requires 
special collagenases for its enzymic hydrolysis. Gelatin, 
however, is susceptible to most proteases, but they do not 
break gelatin down into peptides containing much less 
than 20 amino acids. 

The cross-linking of gelatin with aldehydes is being 
used to extend the uses of gelatin. In particular, treatment 
of gelatin films with glutaraldehyde is receiving consider- 
able study to improve thermal resistance, decrease solu- 
bility in water, and improve mechanical properties. In Ja- 
pan and Brazil, the cross-linking of gelatin using the 
enzyme trans-glutaminase and its use in joining gelatin to 
other proteins is approved for food use. An occasional phe- 
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nomenon is the loss of gelatin solubility after storage in a 
new kitchen cupboard where the residual formaldehyde 
vapor from the adhesives used causes cross-linking of the 
gelatin. This reaction has been used to make gelatin ad- 
hesives water resistant. Furthermore, the smokes used in 
food preservation are rich in aldehydes and thus can have 
unwanted reactions with gelatin. 


GELATIN MANUFACTURE 


There are a large number of unit processes used in the 
manufacture of gelatin. The raw materials from which it 
is derived are demineralized bone (called ossein), pigskin, 
cow hide, and fish skin. In China, donkey hide is used quite 
extensively. In theory, there is no reason for excluding any 
collagen source from the manufacture of gelatin, but the 
raw materials listed are currently commercially available. 
Interestingly, in countries where pork is sold with its skin 
intact, there is no pigskin available for gelatin manufac- 
ture. 

As mentioned earlier, there are two processes by which 
collagen is processed to gelatin: the acid process and the 
alkali process. The acid process (studied in detail by Reich 
et al. [9]) is mainly used with pigskin and fish skin and 
sometimes bone raw materials. It is basically one in which 
the collagen is acidified to about pH 4 and then heated 
stepwise from 50°C to boiling to denature and solubilize 
the collagen. Thereafter, the denatured collagen or gelatin 
solution has to be defatted, filtered to high clarity, concen- 
trated by vacuum evaporation or membrane ultrafiltration 
treatment to a reasonably high concentration, and then 
dried by passing dry air over the gel. The final process is 
one of grinding and blending to customer requirements 
and packaging. The resulting gelatin has an isoionic point 
of 7 to 9 based on the severity and duration of the acid 
processing of the collagen, which causes limited hydrolysis 
of the asparagine and glutamine amino acid side chains. 

The alkali process (studied in detail by Cole [10]) is used 
on bovine hide and collagen sources where the animals are 
relatively old at slaughter. The process is one in which col- 
lagen is submitted to a caustic soda or lengthy liming pro- 
cess before extraction. The alkali hydrolyzes the aspara- 
gine and glutamine side chains to glutamic and aspartic 
acid relatively quickly (11), with the result that the gelatin 
has a traditional isoionic point of 4.8 to 5.2. However, with 
shortened (7 days or less) alkali treatment, isoionic points 
as high as 6 are produced. After the alkali processing, the 
collagen is washed free of alkali and treated with acid to 
the desired extraction pH (which has a marked effect on 
the gel strength to viscosity ratio of the final product). The 
collagen is then denatured and converted to gelatin by 
heating, as with the acid process. Because of the alkali 
treatment, it is often necessary to demineralize the gelatin 
solution to remove excessive amounts of salts using ion— 
exchange or ultrafiltration. Thereafter, the process is the 
same as for the acid process—vacuum evaporation, filtra- 
tion, gelation, drying, grinding, and blending. 

Although gelatin is often considered a commodity like 
sugar, the descriptions of the processes and raw materials 
above should indicate that gelatin has the potential for be- 


ing a variable product. Users must ensure that they are 
using the best product for each particular application. In 
the past, little emphasis has been placed on the animal age 
of the raw material, particularly in the case of gelatins 
from bovines; however, it is now known that this factor 
plays a significant role in the molecular structure of the 
derived gelatin. The role of liming in the alkali process 
used to be considered one of progressive alkali hydrolysis 
of the collagen, which made it possible to denature the col- 
lagen at lower temperatures and thus maximize the yield 
of top-quality gelatin. Recently, however, it has been shown 
that the role of liming is limited to the hydrolysis of one 
collagen cross-link that fluoresces at 290 to 380 nm and 
that liming has increasing less effect on extractability in 
older animals. The result is that alkali treatment times 
have been greatly reduced. One of the less well-recognized 
effects of alkali treatment is the “opening up” of the hide 
collagen, as it is called in leather manufacture, or the de- 
struction of the proteoglycans associated with the collagen 
fibrils. This probably results in a more pure gelatin via the 
alkali process, as is indicated by electrophoresis of the gel- 
atin proteins (6). 

At present, enormous developments are being made in 
the understanding of the structure of collagen and the 
changes occurring with senescence, and these develop- 
ments are bound to have an impact on the appreciation of 
the variables in gelatin, particularly at the molecular level. 


GELATIN SAFETY 


Gelatin is regarded as a food ingredient rather than an 
additive, and it is generally regarded as safe (GRAS). In 
1993, the Food and Drug Administration (FDA) reiterated 
the GRAS status of gelatin and stated that there was no 
objection to the use of gelatin from any source and any 
country, provided that the hide from animals showing 
signs of neurological disease were excluded and that spec- 
ified raw materials were excluded from the manufacturing 
process. At the beginning of the bovine spongiform 
encephalopathy (BSE) scare in Europe, the popular media 
brought suspicion on all products of bovine origin as being 
possible transmitters of the disease to humans as 
Creutzfeldt-Jakob disease. This was a thoroughly unsci- 
entific assessment of the dangers of spreading infection. It 
is now recognized that BSE is a neurological and brain 
problem that is not associated with the hide of the animal. 
It is also recognized that the processes of manufacturing 
gelatin make it virtually impossible for the survival of a 
defective prion, if it were present in the first place. 

Detailed and unbiased information on BSE is available 
from the Institute of Food Science and Technology website. 
Gelatin retains its GRAS status, and the Joint Expert 
Commission on Food Additives (JECFA) placed no limit on 
the use of gelatin in 1970. 

Gelatin is an excellent growth medium for most bacte- 
ria, so considerable care needs to be taken during manu- 
facture to avoid contamination. This care is evidenced by 
the use of documented hazard analysis of critical control 
points (HACCP) programs by manufacturers. In the same 
way, to ensure product reproducibility, most companies are 
implementing ISO 9000 quality management systems. 


GELATIN PROPERTIES AND USES 


Solubility in Water 


Gelatin is only partially soluble in cold water, but dry gel- 
atin swells or hydrates when stirred into water. Such 
mixtures should generally not exceed 34% gelatin. On 
warming to about 40°C, gelatin that has been allowed to 
hydrate for about 30 minutes melts to give a uniform so- 
lution. Alternatively, dry gelatin can be dissolved by stir- 
ring into hot water, but stirring must be continued until 
solution is complete. This method is normally only used for 
dilute solutions of gelatin. 

If gelatin solutions are spray-dried or drum-dried from 
the sol state, the resulting gelatin is cold-water soluble, 
and such gelatins gel quickly when stirred into cold water. 
These gels are generally not clear, so the use of this form 
of gelatin is limited to milk puddings and other products 
where solution clarity is not required. 

The compatibility of gelatin in aqueous solution with 
polyhydric alcohols, such as glycerol, propylene glycol, and 
sorbitol, is virtually unlimited, and they are used to modify 
the hardness of gelatin films. 


Adhesive Properties 


Possibly the oldest use of gelatin was as animal glue. For 
adhesion to take place, a warm gelatin solution must be 
used, and the gelatin must not have gelled before the sur- 
faces to be glued are brought together. An example of this 
use of gelatin is in pharmaceutical or confectionery tablet- 
ing and in licorice allsorts where it can be used to join the 
layers. 


Gelling Properties 


The most common use of gelatin is for its thermally re- 
versible gelling properties with water, such as in the pro- 
duction of table jellies. Gelatin is also used in aspic to add 
flavor to meat products, and after gelling it also provides 
a pleasing shiny appearance to the product. In some cases, 
gelling is known as its water-absorbing property. For ex- 
ample, in canned hams, gelatin can be added to the can 
before cooking. After cooking, the exudate from the meat 
is absorbed by the gelatin and appears as a gel when the 
can is opened. 

In confectionery, gelatin is used as the gelling binder in 
gummy products and wine gums. In the manufacture of 
these products, gelatin is combined with sugar and glucose 
syrups. Incompatibility between gelatin and glucose syrup 
can occur (12) and is a function of the concentration of glu- 
cose polymers containing more than 2 glucose units in the 
syrup. Competition between gelatin and glucose polymers 
for water in low-water content products can result in, at 
worst, precipitation of the gelatin and, at best, a marked 
loss in gelling properties or hardness of the product. It is 
also known that different gelatins with similar properties 
in water can have very different properties in confectionery 
formulations. 

Some raw fruits, such as pineapple and papaya, contain 
proteolytic enzymes (bromelain) that hydrolyse gelatin 
and destroy its gelling ability. In such cases, it is essential 
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that the fruit is cooked to destroy the protease before the 
fruit is added to gelatin solutions. 

In general, one can say that the lower the mean molec- 
ular weight (MW) of a gelatin, the lower the gel strength 
and viscosity of its solution. However, the collagen chain 
(MW 100 kD; gel strength, 364 g Bloom) is the main con- 
tributor of gel strength (13), and higher MW components 
(B-chain, MW 200 kD; y-chain, MW 300 kD; and microgel, 
MW > 300 kD) make a relatively low contribution to gel 
strength but a high contribution to viscosity. 


Foaming Properties 


Gelatin is a very efficient foam stabilizer, and this property 
is exploited in the manufacture of marshmallows. Differ- 
ent gelatins have different foam stabilizing properties, and 
gelatin for this use needs to be carefully selected. However, 
the foaming properties can be standardized by the use of 
sodium lauryl sulfate (14), if this is permitted by local food 
additive regulations. In marshmallows, the gelatin’s film- 
forming properties are also used to stabilize the foam on 
cooling, and because the product is normally not acidified, 
it has to have a much lower moisture content (>85% solids) 
than gummy products (76% solids) to avoid mold growth 
in storage. 


Protective Colloid and Crystal Habit-Modifying Properties 


If a gelled jelly is frozen, the product will suffer from syn- 
eresis, and after thawing, the clear jelly will disintegrate 
with much exuded water. However, if water containing 
0.5% gelatin is frozen, the water will freeze as millions of 
small discrete crystals, instead of forming a single solid 
block of ice. This effect is most desirable in frozen ice treats 
(popsicles or ice lollies). Gelatin is also used in ice cream 
manufacturing to obtain a smooth product with small ice 
crystals and to ensure that any lactose precipitates as fine 
crystals, which avoids the development of graininess with 
time. 


Film-Forming Properties 


Gelatin’s film-forming properties are used in the manufac- 
ture of hard and soft (pharmaceutical) capsules. Gelatin 
films shrink with great force on drying; hence, such uses 
usually involve the addition of polyhydric alcohols to mod- 
ify the adhesion and flexibility of the dry film. Also, for film 
forming, a gelatin with a high viscosity is preferred to one 
with a low viscosity. For hard capsules and in photography, 
ossein gelatin is preferred and commands a premium price. 


Emulsifying Properties 

The amphoteric character and the hydrophobic areas on 
the peptide chain give gelatin limited emulsifying and 
emulsion-stabilizing properties used in the manufacture of 


toffees and water-in-oil emulsions, such as lowfat marga- 
rine. 


Stability 


Dry gelatin has an almost infinite shelf life as long as the 
moisture content is such as to ensure that the product is 
stored below the glass-transition temperature. 
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The stability of gelatin in solution depends on tempera- 
ture and pH. Generally, to minimize loss of gel strength 
and viscosity with time, the pH of the solution should be 
in the range 5 to 7, and the temperature should be kept as 
low as possible, consistent with the avoidance of gelation 
and the suitability of the solution viscosity to the particu- 
lar application. Often, the cause of degradation or hydro- 
lysis of gelatin in solution is microbial proliferation, so gel- 
atin solutions should not be stored for longer than is 
absolutely necessary. After addition of the acid to confec- 
tionery formulations, the solution should be used and 
cooled or gelled with minimal delays. 


Microencapsulation and Mixed Film-Forming Properties 


Besides being precipitated by polymers competing for wa- 
ter, gelatin is amphoteric—it has positive and negative 
charges on the molecule (and no net charge at the isoionic 
point). Hence, at a pH where the basic side chains do not 
carry a charge, acid groups, for example, from gum arabic, 
can react with the basic groups of gelatin to form an in- 
soluble gelatin-arabate complex that can be precipitated 
around emulsified oil droplets, forming microencapsulated 
oil. The microcapsules are hardened with formaldehyde or 
glutaraldehyde before harvesting and drying. In this ap- 
plication, the pl of the gelatin is critical. This process has 
been used in the food industry for encapsulating flavors. 


Milk and Food Stabilizing Properties 


Gelatin is used as a stabilizer, particularly in yogurt, 
where the addition of 0.3 to 0.5% acts to prevent syneresis, 
thus allowing the production of stirred and fruit-contain- 
ing products. In this application, the gelatin reacts with 
the casein in the milk to reduce its tendency to separate 
water from the curd. Gelatin can also be used in cheese 
manufacturing to improve yield and in the stabilization of 
thickened cream. 


Fruit Juice Clarifying Properties 


In fining applications, gelatin reacts with polyphenols 
(tannins) and proteins in fruit juices, forming a precipitate 
that settles and leaving a supernatant that is stable to 
further cloud formation with storage time. In wine, usage 
levels are about 1 to 3 g/hL, and excess usage, which would 
lead to protein instability, needs to be avoided. Tradition- 
ally, low-Bloom-strength gelatins have been used, but 
high-Bloom-strength gelatins are equally effective (15). 
However, from the practical point of view, the use of low- 
Bloom-strength gelatin is cheaper and makes it easier to 
mix the gelatin into the bulk of the cold juice before gel- 
ation can occur. In this regard, it has become common prac- 
tice to treat cold grapes, during the initial crushing pro- 
cess, with gelatin that has been hydrolyzed to the extent 
that it can no longer gel. 


Texturizing Properties 


Gelatin is used in dried soups to provide the appropriate 
mouth feel (viscosity) to the final product. 


Nutritional Properties 


As stated earlier, gelatin is not a complete protein source 
because it is deficient in tryptophan and low in methionine. 
However, the digestibility is excellent, and it is often used 
in feeding invalids. The high level of lysine (4%) is note- 
worthy. Although controversial, studies have shown that 
the consumption of 7 to 10 g/day can significantly improve 
nail growth rate and strength (16), and it also promotes 
hair growth (17). Gelatin has also been shown to benefit 
arthritis patients in a large proportion of cases (18). 


Corrosive Properties 


Although 304 stainless steel (s/s) can be used with milk, 
gelatin attacks 304 s/s, and tubing can be perforated after 
a few months of continuous usage. With gelatin, it is es- 
sential to use 316 s/s. If heat exchanger plates are in- 
volved, the use of 316 s/s with the minimum specified mo- 
lybdenum content of only 2% can be unacceptable. 


Fish Skin Gelatin 


Fish skin gelatin is available commercially and can be pro- 
duced for kosher use provided that the appropriate condi- 
tions are met (such as the use of fish with scales). Fish 
gelatin with normal gel strength has a normal hydroxy- 
proline content (19) and is made from fish from warmer 
waters and not necessarily from fresh water, although this 
is normally the case. Fish gelatin with low or no gel 
strength (20) has a low hydroxyproline content (7) and is 
produced from cold water species that are obtained typi- 
cally from the sea. 

The low-gel-strength gelatin has been used to emulsify 
vitamin A before spray drying to give another type of mi- 
croencapsulated product using gelatin. 


GELATIN TESTING METHODS 


The best published sources of gelatin testing methods are 
British Standard 757 (21) or Standard Methods for Sam- 
pling and Testing Gelatin, published by the Gelatin Man- 
ufacturers of America (22) or the Pharmacopoeias. Many 
of the methods used in laboratories need to be modified to 
suit the peculiarities of gelatin. 


Identification 


Gelatin gives the normal positive trichloroacetic acid, 
biuret, and ninhydrin tests for protein. The precipitate 
with 5% tannic acid is a particularly sensitive test for very 
dilute solutions of gelatin. In addition, the thermally re- 
versible gelation of a 6% solution in water between 10° and 
60°C is unique for this protein. 


Gel Strength 


The most important attribute of gelatin is its gel strength, 
and when determined by the standard method (21), this is 
called the Bloom strength. Bloom strength is the force in 
grams required to press a 12.5-mm diameter plunger 4mm 
into 112 g of a standard 6 2/3% w/v gelatin gel at 10°C. 


Several penetrometer-type instruments have been 
adapted to determine Bloom strength. 

A frequent question is how to substitute gelatin of one 
Bloom strength for a gelatin of another. As a guide one can 
say 


or 
Cy(\B)A VB) = Cz 


where C = concentration, B = Bloom strength, and k 
= constant (11). However, there are other considerations 
besides gel strength that can invalidate such a substitution 
calculation. For example, in a gummy formulation, the tex- 
ture using 250-Bloom gelatin is far less elastic and sticky 
than when 180-Bloom gelatin is used. 


Viscosity 


From the point of view of functionality, the solution viscos- 
ity of gelatin is probably the second-most important pa- 
rameter. The standard method calls for the viscosity of a 
6-2/3% solution at 60°C. Low viscosity (and a high gel 
strength) is required for poured confectionery, and high 
viscosity is required for film-forming applications. 

In viscosity calculations, usually C logV = k, but the 
model is not as good as the mathematical model for Bloom 
calculations. 


Color and Clarity 


Solution color and turbidity or clarity are attributes that 
may or may not be important depending on the application. 
Poor clarity markedly affects the ability to measure color 
(23), and at this stage, there are no internationally ac- 
cepted methods for determining these attributes. However, 
if clarity is good, then gelatin color obeys Beer’s law. 


pH 


Solution pH (1%) is usually about pH 5 but can vary con- 
siderably. At this pH, the viscosity of type B gelatin is min- 
imal and the gel strength is maximal; hence, from the 
manufacturer’s point of view, it is advantageous to manu- 
facture gelatin at this pH. However, because of the strong 
buffering capacity of gelatin, this pH may not be the most 
advantageous for the customer. 


Moisture 


The moisture content of gelatin may be as high as 16%, 
but normally it is about 10 to 13%. At 13.0% moisture con- 
tent, the glass-transition temperature (24) of gelatin is 
about 64°C, which allows particle size reduction to be a 
simple operation. In addition, at 13% moisture content and 
25°C gelatin is close to equilibrium with ambient air mois- 
ture contents of about 46% relative humidity. Gelatin with 
a moisture content of 6 to 8% is very hygroscopic, and it 
becomes difficult to determine the physical attributes with 
accuracy. 
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Because of the variable granule size of gelatin, the rate 
of moisture loss at 105°C can be variable. Hence, it is nor- 
mal to add water to the gelatin powder before placing the 
sample in the drying oven. This means that the gelatin 
melts and water is lost from a uniform thin film of protein. 
Metal dishes must be used because after drying, the film 
of gelatin shrinks and breaks glass or ceramic containers. 

Finally, the drying of gelatin to very low moisture con- 
tents results in cross-linking and loss of solubility. It is 
thus difficult to distinguish between free and bound water 
in gelatin. 


Ash 


The gelatin ash content is determined by pyrolysis at 
550°C. Ash contents up to 2.5% can usually be accepted in 
food applications. However, the nature of the ash can be 
important. For example, 2% CaSO, in gelatin can have ex- 
cellent clarity in spite of the solubility product of the ash 
being exceeded (because of the crystal-habit modifying ef- 
fect of gelatin). However, after dilution of the gelatin in a 
confectionery formulation, the ash can precipitate. Fur- 
thermore, ammonia is often used as a pH modifier in gel- 
atin preparation, and salts such as NH,CI are not deter- 
minable by pyrolysis. 


Sulfur Dioxide Content 


Sulfur dioxide is used as a biocide and bleach in gelatin 
manufacture. The nationally permitted level of residual 
SO, in gelatin is variable, and the methods for its deter- 
mination can give a great variation in results. It is known 
that gelatin promotes oscillating redox reactions (25,26), 
and the control of this contaminant is not easy. Hydrogen 
peroxide is often used to control the SO, content of gelatin, 
and sometimes the permitted level of this contaminant is 
also specified. It is interesting to note that both H,O, and 
SO, can be shown to coexist in gelatin. 


Heavy Metal Content 


The determination of heavy metals in gelatin can be a 
problem. It is difficult to completely degrade gelatin, and 
the main component of the ash in gelatin can be of low 
solubility, such as calcium sulfate, and have a variable 
ability to absorb traces of heavy metals. Internal standards 
must be used wherever possible. 


Isoionic Point 


The isoionic point of gelatin (11) is best determined by 
passing a 1% solution of the gelatin at 40°C through a 
mixed-bed column of ion-exchange resin (Rohm & Haas 
MB3) at a flow rate of not more than 10 bed volumes per 
hour and measuring the pH of the eluate. After cooling, 
isoionic gelatin has poor clarity, and the conductivity 
should be between 1 and 5 ys/cm for type B gelatin. 


Microbiological Properties 


Gelatin is an excellent nutrient for most bacteria, so the 
manufacturing processes have to carefully avoid contami- 
nation. Most countries have microbiological specifications 
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for gelatin, but generally they are not very onerous. Total 
mesophyllic plate counts of 1,000 are generally accepted 
with various countries limiting the presence of coliforms, 
Escherichia coli, Salmonella, clostridial spores, staphylo- 
cocci, and sometimes even pseudomonads. 
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Traditional food biotechnologies are frequently character- 
ized by the formation of ethanol, acetic acid, propanoic 
acid, and lactic acid. The resulting products, though dif- 
ferent from the original fruit must, flour paste, milk, or 
meat in many ways, were experienced not only as having 
no adverse effects on well-being (if consumed in modera- 
tion), but they even possessed new, attractive sensory 
properties. Based on these very roots of biotechnology (1), 
a great number of nonvolatile flavor compounds, such as 
acidulants, amino acids, 5'-nucleotides, and certain car- 
bohydrates are now manufactured on an industrial scale 
(2). Although the enzymatic origins of the volatile flavor 
fraction of many foods are clearly recognized (3), aroma- 
producing microorganisms and enzymes thereof have, for 
a long time, been rather regarded as laboratory oddities 
(4). Today, the increasing number of papers and patents on 
the biotechnology of aromas indicates a strong trend in 
both academic and industrial flavor research (5-26). In- 
creasing confidence in the future of biotechnology (27) and 
in the so-called soft chemistry approach has merged to- 
gether with “all-natural” marketing claims into the recent 
development of pilot and production scale bioprocesses for 
aroma chemicals (Table 1). 


‘Table 1. Industry Driving Forces 
Technical Push 


High selectivities or specificity (chemo-, regio-, stereo-) 

High reaction rate at low molar fractions 

Environmentally compatible, renewable substrates and mild 
reaction conditions 

Multistep syntheses including cofactor regeneration (whole cell) 


Business Pull 


Health- and nutrition-conscious lifestyles demand “natural” 
products 

Classical plant sources suffer from microbial or insect 
infestation, sociopolitical instability and depend on seasonal 
variation, fertilizers, ete 

Character impact components may possess additional 
bioactivities and, therefore, often occur in traces only in their 
plant sources 


Source: Ref, 28, 


Volatile flavors and fragrances command a growing 
(currently ca $10 billion) market (29). The market of food 
flavors in the United States alone is estimated at over $1 
billion and is continuously increasing (21). The resulting 
demand of the industry for natural ingredients suggests 
that the agricultural sources with their inherent instabil- 
ities will no longer satisfy the need. The physiologically 
most active constituents of natural flavors, the so-called 
character impact components, are often present in plants 
in traces and in bound forms, an additional obstacle for an 
economic isolation. Recent advances in cell biology and in 
bioengineering—and particularly the ability to alter the 
biocatalyst’s properties genetically—possess great poten- 
tial for the flavor industry, as the legal definitions of the 
Food and Drug Administration and of the Council of the 
European Communities classify fermentation flavors (with 
few restrictions) as “natural” compounds. From a chemical 
viewpoint, the use of a chiral (bio)catalyst would offer the 
most adequate synthetic approach anyway: The sensory 
properties of many flavors strongly depend on the chiral 
structure of the molecules, and the enantiomeric forms of 
many terpenes, lactones, and so on may exhibit different, 
sometimes even opposite, sensory characteristics (30). 

An estimated number of less than 100 flavor compounds 
and building blocks are now available on the market, 
among them carboxylic fatty acids, esters and lactones de- 
rived thereof, cheese and yeast flavors, methyl ketones, 
benzaldehyde, vanillin, cinnamates, and some other char- 
acter impact components. Particular progress has been 
made using lipases and certain other hydrolases, whereas 
the improvement of cell based processes appears more dif- 
ficult. According to the increasing structural complexity of 
the biocatalyst, this article highlights some recent achieve- 
ments, but also current problems of the biotechnology of 
volatile flavors using enzymes, microbial and fungal cells, 
and plant cells. 


ENZYME MIXTURES AND PURIFIED ENZYMES 


Microbial enzymes, products of bioprocesses themselves, 
are an integrated part of modern food technology. Their 
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long-established use by the food industry leaves no doubt 
that biocatalysts are particularly advantageous for the 
safe production of food and pure food ingredients. In view 
of regiospecifity and enantioselectivity, substrate specifity, 
and ability to function at statistically cold temperatures, 
it would seem obvious to use enzymes for the generation 
of chemically often sensitive, volatile molecules. 


Indirect Action on Food Flavor 


Enzymes of main group three (hydrolases) possess a share 
of about 80% of the industrial enzyme market. The appli- 
cation of pure or combined lipases, amylases, glucoamy- 
lases, cellulases, invertases, proteases, or ribonucleases 
may affect the overall flavor of food in various ways: (1) by 
direct accumulation of monomer flavor compounds from 
polymer or conjugated precursors; (2) by increasing the 
pool of precursors for a subsequent thermal flavor gener- 
ation (reaction flavors); and, (3) by liberating previously 
adsorbed compounds from the hydrolyzed polymer carrier 
molecules. 

Phosphatases and glycosidases were applied to liberate 
volatile flavors directly from their odorless transport or 
storage forms (Table 2). These cofactor independent en- 
zymes are, like all hydrolases, conveniently applied to 
practical processes, as the cosubstrate water is abundant 
in most food systems. Acyl sugar esters represent a novel 
class of non-volatile precursors of volatiles. 1-O-trans- 
cinnamoyl-f-D-glucopyranose and related ester compounds 
may be the natural progenitors of methyl and ethyl cin- 
namate, widely occurring volatiles in various fruits (32). 
Comparable to CoA-dependent activation of acyl moieties, 
1-O-sugar esters are thought to be activated conjugates. In 
the intact plant cell specific transferases may convert them 
into new esters, while a spontaneous chemical alkylation 
was observed under slightly alkaline conditions in the 
presence of methanol or ethanol. As these hydrolases and 
transferases may not be easily separated from their pro- 
ducer cells, the plant gene may be isolated, linked to a suit- 
able construct, and transferred into a microbial host, to 
finally overexpress the gene coding for the target enzyme. 
The rDNA approach has been suggested for endo-f- 


Table 2. Gycoconjugated Flavors Liberated by 
Hydrolases 


Source Organ Flavor products 
Camellia sinensis Leaf and (3Z)-Hexenol, 2- 
(tea) aerial part —_phenylethanol 
Carica papaya Fruit Benzaldehyde, benzyl 
isothiocyanate 
Cydonia oblonga Fruit Norisoprenoids 
(quince) 
Fragariaananassa Fruit Furaneol 
(strawberry) 
Malus domestica Fruit and leaf Alkanols, eugenol, octa- 
(apple) diols, norisoprenoids 
Vanilla planifolia Fruit Vanillin 
Vitis vinifera (grape) Fruit Geraniol, nerol, linalool, 
norisoprenoids 


‘Source: Ref. 31. 
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glucosidases from Aspergillus niger or A. oryzae. Some of 
these fungal hydrolases are distinguished by a superior 
activity at elevated processing temperature and at high 
concentrations of ethanol; their application to wine should 
enhance the flavor. 

Looking at the second field of application, rhamnosidase 
could be the target of a genetic approach. This enzyme is 
present as an impurity in commercial pectinases. Its action 
on Citrus wastes containing bitter glycosides results in the 
liberation of a glucose/rhamnose mixture. Glucose oxidase 
from Gluconobacter suboxydans is then used subsequently 
to remove any remaining glucose. The residual pure rham- 
nose is an important precursor of the widely used fla- 
vor, 2,5-dimethy]-4-hydroxy-2,3-dihydrofuran-3-one (Fur- 
aneol) by reacting the methylpentose with an amino acid. 
The product resulting from the oxidation of glucose, 5-keto- 
gluconic acid, may serve as a precursor of the savory flavor 
4-hydroxy-5-methyl-3(2H)-furanone (26). 

The third approach is exemplified by the treatment of 
extracted vanilla pods with an exo-enzyme mixture of A. 
niger that led to the additional formation of flavor (33). 
This idea has been transferred to other flavor-bearing 
plant sources with a rigid morphology, such as Iris rhizom. 
The addition of enzymes for the removal or prevention of 
off-flavors, for example, the enzymatic debittering of Citrus 
products, may also be interpreted as an indirect action of 
enzymes on the final sensory quality of the food product. 


Classical Fermented Food 


Numerous enzymes of various microorganisms must act 
together in a well-balanced mode to bring about the 
typical sensory characteristics of the complex substrates of 
fermented food. In an approach to rationalize the tradi- 
tional technology, enzyme and substrate mixtures, or pu- 
rified lipases and proteases together with defined sub- 
strates, such as butter oil, are used. Various microbial 
lipases preferably cleave the ester bond between glycerol 
and short- to medium-chain fatty acids. The liberated free 
fatty acids are the sensory backbone of many dairy flavors. 
Butter and cheese flavor are now generated by the action 
of lipases or combinations of enzymes on curd or milk frac- 
tions, and some of the flavor-enriched products are traded 
as “Enzyme Modified Cheese.” 

Some meat products, such as salami-type sausages, 
were also described to benefit from added enzymes: lipase, 
protease, and collagenase enzymes improved taste and ac- 
celerated ripening (34-36). Proteolytic, lipolytic, and fur- 
ther biopolymer degrading activities can be isolated from 
yeast cultures and combined with the inactivated producer 
cells to obtain food flavors with savory notes. The claimed 
gain in flavor intensity is seldomly quantified, which 
makes the success of certain bioprocesses difficult to as- 
sess. If, in a food-type substrate, the addition of a single 
enzyme caused a fortified flavor, the traditionally used 
starter culture strain should benefit from a transmission 
of the corresponding gene or from the use of gene dosage 
effects, Several recent reviews deal with rDNA techniques 
for the elucidation and improvement of relevant properties 
of starter cultures (eg, 37,38), but their application to im- 
prove the flavor formation properties is still somewhat ne- 
glected (39). 


Concerted Enzymatic Production of Flavor 


Lipase and esterase preparations catalyze reverse hydro- 
lysis (esterification, lactonization) and transesterification 
reactions in one-phase, two-phase, microemulsion, and 
even in supercritical fluid systems (40). Elegant methods 
perform the reaction in one of the substrates as the solvent 
and apply chemical or physical sinks to trap the reaction 
water. Although essential for the hydration of the enzyme, 
water is detrimental in excess and will lead to incomplete 
conversion. Various techniques for water limitation such 
as the use of molecular sieve, distillation, condensation on 
a cold surface, and reduced pressure were described. Fla- 
vor applications included bacterial, fungal, and mamma- 
lian sources of enzyme for the production of chiral aliphatic 
esters, terpenol esters, and lactones with fruity, flowery, 
nutty, and creamy odors (Table 3). Similarly, proteases 
were used for the production of aspartam, a dipeptide 
sweetener, and for peptides possessing umami or sodium 
glutamate-like flavors (44). Carbohydrate esters may find 
an industrial use as surfactants to stabilize emulsion-type 
composed Citrus flavors, for example, in nonalcoholic bev- 
erages (45). 

Vice versa, the selective hydrolysis of racemic amides 
or esters yields chiral amines, alcohols, or acids. Since the 
early seventies important industrial applications of hydro- 
lases are the enzymatic resolution of racemic amino acids, 
and the asymmetric hydrolysis of menthyl esters to pro- 
duce optically pure L-menthol (candies, sweets, toothpaste, 
tobacco, ointments, etc), one of the bulk compounds of the 
flavor industry. More than 50 lipases of different origin 
have been characterized with respect to their efficiency 
and selectivity. Only tertiary alcohols and branched-chain 
and benzoic acids were usually excluded from the wide 
range of substrates. Subjects of recent work were the ef- 
fects of solvent, pH, temperature, surfactants, water con- 
tent, immobilization of the enzyme, pretreatment of the 
solid support, mass transfer-reaction interactions, iso- 
zymes, and chemical modification of the enzyme. Few re- 
searchers have been interested in the unambiguous iden- 
tification of the catalytically active constituent of the 
often crude industrial enzyme mixtures. A closer look at 
commercial porcine pancreas extract showed that the N- 
terminal end of the active protein was homologous to a 
known cholesterol esterase sequence (47). This enzyme 


Table 3. Compounds from Enzymatic Hydrolysis or 
Reverse Hydrolysis 


Substrates Products Ref. 

Racemic carboxylic Chiral alcohols 41 
acids 

Acetocarboxylic acid Chiral hydroxy esters 42 
esters 

Acid plus aleohol/ Geranyl butanoate ete. 43 
esters 

Amino acids Oligopeptides 44 

Carbohydrate and ‘Fructose stearate, linoleate, ete 45 
fatty acid 

Racemic lactones Jasmolactone, massoia lactone, 46 

tuberolactone 


catalyzed the selective esterification of 2-pentanol with bu- 
tanoic acid in n-heptane. Proofed protocols for flavor ester 
synthesis can be obtained from some enzyme suppliers. 

The step from hydrolytic/reverse hydrolytic reactions 
toward serial enzymatic reactions is bound to require 
cofactor-dependent enzymes (Table 4). With an ADH/ 
NAD*/CH;CHO-system for the production of geranial 
(lemon flavor constituent), 1500 cycles of regeneration of 
the cofactor were achieved by coimmobilization of NAD. 
The bienzymatic method for cofactor regeneration instead 
of the coupled substrate method was suggested to convert 
ethanol to acetaldehyde, cinnamic alcohol to cinnamalde- 
hyde, and leucine to 3-methylbutanal (malty odor) and 3- 
methylbutanol (fusel oil odor). In the latter case (50), 
‘Streptococcus enzymes were conencapsulated with sub- 
strate, NAD, and enzymes of Gluconobacter oxidans, which 
oxidize ethanol to acetic acid in a milk fat coat. Cheese that 
contained the enzyme capsules exhibited a stronger taste 
than controls. Such coimmobilizates of biocatalysts of dif- 
ferent origin or of biocatalyst and substrate belong to a 
second generation of immobilized biocatalysts; they seem 
to be especially promising in the area of flavor production 
with its often poorly water soluble substrates and prod- 
ucts, 

An oxidoreductase from Candida parapsilopsis reduced 
the carbonyl function of keto esters; aliphatic, aromatic, 
and alicyclic ketones; aldehydes; and ketoacetals with high 
conversion rates (51). The products may be flavors or use- 
ful for flavor ester syntheses. To demonstrate its prepara- 
tive value, methyl (S)-( + )-3-hydroxybutanoate, a versatile 
chiral building block, was synthesized with coupled coen- 
zyme regeneration. Prenylation of small, polar compounds 
helps to increase their volatility and, thus, their odor ac- 
tivity. Prenylated odorants were found in roasted coffee 
and believed to contribute to the overall flavor (52). A 
transfer of the prenyl moiety onto benzoic acid derivatives 
was achieved using a membrane bound transferase from 
overproducing strains of Escherichia coli (53). This exam- 
ple documented particularly well the inherent advantages 
of enzyme catalysis: The substitution proceeded regio- 
selectively, and no isomerization of the substituent’s dou- 
ble bonds occurred. 


MICROBIAL CELLS 


Microbial cells may be regarded as a very natural form of 
immobilized enzymes that provide self-regeneration of cat- 
alytic activities and of all cofactors, active transport sys- 


‘Table 4. Cofactor Coupled Reactions Generating Volatile 
Flavor 


System components Product Ref. 
Geraniol/Acetaldehyde/NAD*/ADH  Geranial 48 
CinnamylOH/Octanal/NAD* /ADH/ 

Lip-DH/DCIP Cinnamaldehyde 49 
-Leucine/EtOH/NAD*/ 

Enzyme mixture 3-Methylbutanal/ol 50 


Oxo compound/NADH Chiral alcohol 51 


(GENETIC ENGINEERING: FOOD FLAVORS 1191 


tems for substrates, and an optimal spatial arrangement 
of enzyme chains. Empirical biotechnologies rely on Schi- 
zophyta and Protoascomycotina to improve keeping qual- 
ity, digestibility, and, as a welcome side effect, flavor of 
foods and beverages. 


Food Strains 


Fatty acids and simple carbonyl compounds are the pre- 
dominant volatile compounds produced by Streptococci and 
Lactobacilli (54). Penicillium strains used in the manufac- 
ture of surface-molded cheese and raw sausages add meth- 
ylketones and, if the cells were injured by mechanical 
stress, Cs-compounds to the spectrum. Typical yeast vola- 
tiles are esters, thio-compounds, and reduced carbonyls. 
The fermentation of food strains on classical or on chemi- 
cally defined substrates usually resulted in the production 
of these common flavor molecules. More interesting com- 
pounds were rarely formed or formed in low amounts (<mg 
L~») only. 

However, some recent applications demonstrate that in- 
dustry is willing to exploit the capabilities and the opera- 
tional advantages of microbial cells, despite their obvious 
genetic limitations. The examples selected (Table 5) reflect 
some of the actual trends: new substrates and old strains, 
for example, for the malolactic fermentation of fruit and 
vegetable juices; better defined, often continuously oper- 
ated systems for better understanding of biochemical regu- 
lation phenomena; cell recycle and immobilized systems 
for reuse of the biocatalyst (55,56). It has been observed 
that both quality and quantity of volatiles produced by mu- 
tants or mixed cultures with enhanced or complementary 
metabolic abilities were superior to products fermented 
with a pure standard strain. The cell counts in mixed cul- 
tures often run through transient maxima for the single 
strains resulting in fluctuations of formation of volatiles 
and their precursors. Sometimes the success of the entire 
process is jeopardized. Genetic engineers are now in the 
position to step forward from combining strains to recom- 
binant strains with a more stable and complex physiology. 

The reported generation of Furaneol (2,5-dimethyl-4- 
hydroxy-3(2H)-furanone; “Enhansol” in the United States) 
in an aerated culture of Lactobacillus helveticus deserves 
special attention (57). This heterocyclic character impact 
compound with an intense fruity/pineapple to caramel/ 
burnt note (depending on its actual concentration) belongs 
to the most potent flavor compounds, but it is rather un- 
stable in aqueous fermentation media. Special precautions 


Table 5. Food Strains and Flavor Formation 


Substrate Catalyst Flavor Ref. 
Citrate Streptococcus lactis Diacetyl, ete 55 
Whey plus 

amino acids Lactobacillus helveticus Furaneol,ete 57 
Milk fat plus 

methionine Brevibacterium linens Methanethiol 56 
Koji Pediococcus plus Yeast “Soy sauce” ‘58 
Octanoic acid Penicillium roquefortii © 2-Heptanone 59 
Citronellol __Botrytis cinerea Terpenols, ete 60 
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were taken for its quantitative recovery from a submerged 
culture by ion-exchange resins. This should sharpen the 
view for a possibly concurrent or even predominant chem- 
ical formation of volatiles in the often complex fermenta- 
tion broths. Furaneol was also detected in a casein peptone 
medium supplemented with L-rhamnose and grown with 
Pichia capsulata (61). However, Furaneol was formed from 
a hypothetical intermediate of rhamnose generated during 
heat sterilization of the medium, as Furaneol was neither 
detected in sterile filtered medium nor after separate heat 
sterilization of rhamnose and the peptone. Capillary gas 
chromatography coupled to combustion/isotope-ratio mass 
spectrometry confirmed that the carbons of Furaneol were 
actually derived from the rhamnose skeleton. 

The closely related sotolone (4,5-dimethyl-3-hydroxy- 
2(5H)-furanone), another powerful odorant (lovage odor) 
was prepared using an amino acid oxidase of resting cells 
of the bacterium Morganella morganii and subsequent lac- 
tonization (62). The same compound is known to be devel- 
oped during the aging of wine (63). Under experimental 
conditions, however, sotolone was formed by a purely 
chemical mechanism from a-ketobutanoic acid and acet- 
aldehyde by an aldol addition followed by cyclization. An- 
other strong odorant among this group of chemicals is 5- 
ethyl-4-hydroxy-2-methy]-3(2H)-furanone. The efficiency 
of numerous sugars and sugar phosphates to act as a pre- 
cursor in the formation of this heterocycle by the shoyu 
yeast Zygosaccharomyces rouxii was investigated (64). Bio- 
synthesis proceeded under conditions of an operating 
pentose-phosphate cycle in the yeast. The same potent fla- 
vor enhancer has also been found in Swiss cheese, an in- 
dication that another yeast-independent way of formation 
may exist (65). 

A fermentation of soy sauce from koji with immobilized 
whole cells of lactic acid bacteria of the genus Pediococcus 
and yeast cells to produce a soy sauce flavor was reported 
by a Japanese group. The calcium alginate entrapped cells 
were kept in three column reactors with a working volume 
of 280 L. Thereby, the ecological situation of the fermenting 
microorganisms was simulated (58). Substrates of Penicil- 
lia in blue cheese flavor formation were pure fatty acids, 
ripened curd, or lipolyzed milk fat. Experiments to stabi- 
lize the active fungal spores in continuous culture by en- 
trapment into alginate gel were successful (59). The repro- 
ducible manufacture of a high-quality fermented sausage 
is still a challenge to the producer, because choice of ingre- 
dients and processing conditions may severely alter prod- 
uct characteristics (66). An earlier drawback, the involve- 
ment of an incidental indigenous or contaminating 
microflora, has been overcome by the use of defined starter 
cultures; comprehensive investigations have also been de- 
voted to the surface molds of salami (67,68). The key role 
of microorganisms in flavor formation is now widely rec- 
ognized, but problems of isolating the lipophilic flavor from 
the fatty matrix have impeded a sound correlation of vol- 
atile compounds and the underlying microbial pathways. 
Because mixed populations are no longer regarded as the 
antithesis of good experimental work, new perspectives 
have opened up. The biodegradation of complex polyester, 
polyglycosidic, polyamidic, or polyaromatic structures usu- 
ally leads to the formation of flavor intermediates. In all 


of these cases a stimulating effect of the various forms of 
mutualism or commensalism within microbial communi- 
ties may be expected. 


Nonfood Organisms 


The range of accessible volatile flavors is considerably ex- 
panded by using nonfood species. The need to provide all 
those pathways with energy and substrates that are not 
directly required for an intended conversion reaction may 
be compensated by the cell’s self-regeneration of active bio- 
catalyst. Just when cofactor-dependent steps are aimed at, 
intact cells still appear to be the catalysts of choice. 

A good example is the oxidation of fusel oil alkanols to 
carboxylic acids such as 2-methylbutanoic acid by Entero- 
bacteria. A following conversion of this acid to its ethyl 
ester by a reverse hydrolysis step will yield one of the most 
potent fruit flavor compounds (13). Proliferating nonfood 
yeasts substituted purified, immobilized lipase or alcohol 
dehydrogenase in the production of carboxylic acid esters 
or aliphatic aldehydes including acetaldehyde, an impact 
component of citrus and yogurt flavors (69); and strains of 
Penicillium, Pseudomonas, and A. niger substituted the ac- 
tion of plant enzymes in degrading terpenoid structures 
such as carotenoids, resulting in, for example, tea and to- 
bacco flavor constituents. Genetically altered Pseudo- 
monas strains with special plasmids were described for ef- 
fecting this catabolism (20). The formation of geosmin 
(4,8-dimethyl-decahydro-4-naphthalinol) with its strong, 
earthy smell needs to be controlled in food and drinking 
water. Bacteria, fungi, and some plants are able to synthe- 
size the compound. Parameters that affects its accumula- 
tion in Streptomyces tendae and in Penicillium expansum 
were studied (70), and a hypothetical pathway of formation 
was suggested based on structural properties of some by- 
products (71). Soil bacteria with their sometimes extensive 
secondary metabolism have also proven useful for the 
rapid degradation of ferulic acid to yield 11.5 g of vanillin 
per liter (72). The patent describes the use of Amycolatop- 
sis species of the genus Pseudonocardia and adsorbent res- 
ins such as Amberlite, XAD-types, or Lewatites for product 
accumulation. Another character impact component, 2- 
acetyl-1-pyrroline (bread crust, popcorn), was isolated 
from cocoa fermentation boxes naturally contaminated 
with Bacillus cereus. A pathway of formation was made 
likely using '°C- and '°N-labeled precursors fed to various 
Bacillus species and an atomic emission detector coupled 
with the chromatographic separation of volatiles (73). 

Protoplast fusion, another prominent novel technique 
to recombine genetic information, was used to overcome 
unstable cocultivations and to produce single compounds 
such as 4-ethylguaiacol, a seasoning agent, and to improve 
wine flavor (74). Problems encountered with hybrid cells 
are the sometimes difficult selection and insufficient ge- 
nome stability of fusant strains. In a strict sense, the first 
transfer of flavor-related genes from one procaryotic spe- 
cies into another one was reported in 1995 only (75): An 
expression of genes coding for the transformation of limo- 
nene to a-terpineol (lilac odor) of B. stearothermophilus in 
E. coli was achieved. Compared with strains of Ps. gladioli 
and P. digitatum that perform the same reaction, the yields 
were still too low for a biotechnological application. 


Higher Fungi 


Eumycetes, taxonomically located between less-organized 
microorganisms with limited potential for flavor formation 
and the complex seed plants, appear to be a kind of golden 
mean for the biogeneration of flavors. They grow well in 
certain synthetic liquid media and offer a tremendous met- 
abolic diversity. Some producer strains are related to edi- 
ble species that should facilitate approval of the products 
by the authorities. 

Not only mushroom-like compounds such as 1-octene-3- 
ol, but also fruity, floral, spicy, and even chocolate-like (due 
to pyrazines) odors emanated from fungal cell cultures (Ta- 
ble 6). Volatiles of almost every chemical class were syn- 
thesized de novo or via bioconversions by submerged cul- 
tured mycelia. Depending on strain and composition of the 
nutrient medium, frequently found volatiles were pheno- 
lics, terpenes, and lactones. With respect to the vast num- 
ber of strains, their metabolic flexibility under changing 
conditions, and the broad bioengineering experience, the 
potential of fungal cells to produce commercial food flavors 
can hardly be overestimated. Previously reported low 
yields are not an inevitable feature of fungal cells but were 
rather due to suboptimal culture conditions. 

The example of Polyporus durus demonstrated that 
these saprophytic organisms are very adaptable to chang- 
ing culture conditions; thus, they are amenable to a step- 
wise optimization of product yields (Table 7; 76). The pres- 
ence of a reesterified coconut oil fraction strongly 
stimulated the formation of volatiles. More than 60 con- 
stituents, among them almost 20 lactones, were accumu- 
lated in the culture broth. A total concentration of volatiles 


Table 6. Volatiles from Cultured Fungi 


Species Product(s) 

Agaricus bisporus, ete Benzaldehyde, phenyl 
acetaldehyde 

Ascoidea hylecoeti 2-Phenyl ethanol 

Bierkandera adusta Anisaldehyde, veratraldehyde 


2-Amino benzaldehyde 
Coumarins 


Hebeloma sacchariolens 
Hyanellum suaveolens 


Inocybe sp. Methyl cinnamate 
Ischnoderma benzoinum _ Benzaldehyde, anisaldehyde 
Lentinus sp. Benzyl acetate, methyl anisate, 


methyl cinnamate 
Methyl acetophenone, methyl 
benzylalcohol, p-tolualdehyde 


Hycoacia uda 


Nidula sp. Raspberry ketone, cinnamic acid 
derivatives 
Phanerochaete Veratraldehyde 
chrysosporium 
Phellinus sp. Methyl benzoate, salicylate 


Pycnoporus cinnabarius 
Sirodesmium diversum 
Sparassis ramosa 


Methyl anthranilate, vanillin 
p-Hydroxybenzaldehyde 
Oak moss impacts (orcine 


derivatives) 

Trametes sp. Anisaldehyde, methyl 
phenylacetate 

Tyromyces sambuceus Alkanolides, benzaldehyde, ethy! 
benzoate 


Source: Ref. 24. 
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Table 7. Stepwise Improvement of 4-Octanolide 


Production by Polyporus durus 

Parameter Productivity [mg L~1d-"] 
Standard medium Traces 
N-source 0.2 

‘Transfer to submerged cultivation 0.6 

C-Source, pO, 3 

Addition of precursor and surfactant 16 
Preparation and size of inoculum 31 
Semicontinuous cultivation 46 

Source: Ref. 74. 


of about 800 mg L~? was reached. Capillary gas chroma- 
tography on chiral and achiral phases showed a high en- 
antiomeric purity of some of the chiral lactones (>98% ee). 
After the pioneering work using castor oil as a substrate 
for the fungal production of 4-decanolide (fruity-fatty odor) 
had ended up with yields of less than 5 g L~(77), the race 
for the best process was opened. During the past 10 years, 
every major flavor house started to develop its own lactone 
process. When, for example, species of the Mucor fungi 
were fed under aerated conditions with fatty acids or fatty 
acid esters, 4- and 5-alkanolides with the respective carbon 
numbers were produced in good yields (78). Similar effects 
of triacylglycerol substrates were reported for many other 
microorganisms. 

Based on the universality of biochemistry, microbial 
models for studying flavor synthesis have widely replaced 
the inconvenient plant cell systems. One should, however, 
be aware that nature frequently provides more than just 
one pathway for a certain flavor molecule. This obviously 
restricts an unseen extrapolation of results. Genetic engi- 
neering should therefore be considered as a second step, 
after a biogenetic route has been fully elucidated and 
selected for gene transfer. Microbial versus plant forma- 
tion of 4-dodecanolide (peachy-fatty odor; odor threshold in 
the zg L~' range) may illustrate the situation: A chiral 10- 
hydroxystearic acid was obtained by bacterial conversion 
of oleic acid, and a baker’s yeast concluded the sequence 
by f-oxidation and lactonization (79). Data obtained with 
fruits of strawberry and peach, however, support a se- 
quence starting with an epoxy fatty acid and proceeding 
through a f-oxidative chain shortening of the -3,4- 
dihydroxy fatty acid. Elimination of water from the hy- 
droxylactone followed by reduction of the enlactone con- 
cluded the biosynthesis (80). Both routes led to the same 
optically pure (R)-form of the lactone. 

Only about 0.2% (equivalent to 20 to 30 tons) of the 
vanillin consumed worldwide is isolated from the botanical 
source, whereas the remainder is synthetic. This dispro- 
portion has stimulated research for a biotechnological sub- 
stitution, despite some arguing about the details of its bio- 
synthesis (20). Until now, neither plant cell cultures of 
Vanilla nor bacteria or fungi yielded more than trace 
amounts of the target compound. Again, as mentioned for 
the preceding bacterium (72), feeding of precursors (here 
lignin, eugenol, ferulic acid, curcumin, or benzoe siam 
resin) presented a solution. Different '°C-isotope ratios of 
the vanillins allowed to assign the flavor compound to a 
specific geographical or biochemical source (81). 
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Benzaldehyde, the second most important flavor mole- 
cule after vanillin, is obtained from amygdalin in peach or 
apricot kernels and is a character impact ingredient in 
stone fruit flavors, such as cherry coke. Equimolar 
amounts of hydrocyanic acid are formed concurrently and 
cause major safety problems. Among the biotechnological 
alternatives is the microbial degradation of natural L- 
phenylalanine. This amino acid has become easily avail- 
able (from biotechnology), as it is an intermediate of the 
synthesis of the high intensity sweetener, aspartame (26). 
Strains of the basidiomycete Ischnoderma benzoinum af- 
forded significant yields of benzaldehyde upon phenylala- 
nine feeding (82). The metabolic pathways were elucidated 
using submerged cultures of this fungus and ring-labeled 
deutero-L-phenylalanine as a precursor (83). Depending on 
the phase of the cell cycle operating, phenylalanine was 
almost completely converted to benzaldehyde or to 3- 
phenylpropanol (flowery, roselike odor). 

Generally, the supplementation of cell cultures with 
suitable (natural) precursor substrates, customary in nu- 
merous bioprocesses for pharmaceuticals, is an efficient 
tool to further increase the yields of volatiles. While high 
yields will continue to be key to the economy of a biopro- 
cess, a more critical evaluation of terms such as “optimi- 
zation” or “best performance” has started: Optimization 
should not be regarded equivalent to the maximization of 
any one single parameter, but depends on the definition of 
a frame of reference to which the developmental activities 
are directed. A first step into this direction is the replace- 
ment of the term “yield” by time- and biomass-related pro- 
ductivity data. 


PLANT CATALYSTS 


Most of the volatile flavors processed by the food industry 
are directly or indirectly derived from plant metabolism. 
Pressing, distillation, extraction, and chromatography are 
the common techniques for obtaining raw materials of nat- 
ural flavors from intact plants. 


Crude Enzymes and Homogenates 


Crude enzyme preparations from fruits and vegetables 
were able to partly restore the fresh odor impression in 
processed food by converting nonvolatile odorless precur- 
sors to volatile flavors. Developed in the late fifties, this 
so-called flavorese-enzyme concept failed from economic 
and biogenetic reasons. Successors used by-products of 
food processing as a less expensive source of enzymes. Fol- 
lowing up earlier work with apple peel, a Hungarian group 
developed a preparative scale generation of apple flavor 
(84). A vigorous formation of the volatile Cg-compounds 
typical of plant lipoxygenase/hydroperoxide lyase systems 
occurred in homogenates of some apple cultivars and grass 
species. The yield of the main volatile compound, (2E)- 
hexenal (pleasant fresh-green note), reached some 100 mg 
kg~' h- (85,86). 

Progress toward understanding how fatty acid perox- 
ides are obtained from lipoxygenase action (87), how the 
products can be analyzed (88), and how these precursors 
are further transformed by a cytochrome-type lyase (89) 


has culminated in the development of immobilized biocat- 
alysts (90,91). Patents describe, for example, the genera- 
tion of (3Z)-hexenol by subjecting linolenic acid and water- 
melon foliage to mechanical shearing in the presence of a 
yeast (92), or the generation of several green note com- 
pounds using a lyase from guava (93). This biosynthetic 
principle has been extended to the cooxidation of carrot 
oleoresin (rich in carotenoids) by fatty acid hydroperoxides 
to obtain oxidative breakdown products, such as ionones 
(fruity-violet odors) or dihydroactinidiolide (fragrant- 
woody notes) (94). The genetic engineering approach holds 
a lot of promise for these bioprocesses, because the single 
enzymes involved are well known. The operational insta- 
bility of plant lyases may be improved by enzyme engi- 
neering in the future. 


Callus and Suspension Culture 


Derived from a wounding-induced tissue (primary callus), 
a continuously growing sterile culture of plant cells can be 
established by mechanical separation and further subcul- 
turing on a synthetic medium (callus culture). After trans- 
fer to a liquid medium, cells of a macroorganism are finally 
reduced to the single-cell level (suspension culture). Ac- 
cording to its origin, the somatic cell is provided with a 
complete genom and able to develop into a whole plant 
again. This totipotency was translated into the idea that 
all genetic functions, including, for example, essential oil 
and aroma formation, would be expressed in such cells 
(95). However, numerous disappointing experiments have 
caused the industry to almost completely refrain from fur- 
ther investments into this kind of plant biotechnology. 
The absence of flavor compounds in cell cultures of flavor- 
yielding plants has been attributed to a lack of morpholog- 
ically differentiated structures (eg, oil glands, resin ducts, 
ete), or to a rapid catabolism of the presumed intermedi- 
ates. Detailed studies on the synthesis of lower terpenes 
in callus cultures of essential oil bearing plants showed all 
species to possess high prenyltransferase and pyrophos- 
phate isomerase activities, and most of the cultures to pos- 
sess further activities of the mevalonate pathway, al- 
though a significant accumulation of products did not 
occur. 

A physical stimulus to secondary metabolism in plant 
cells has been neglected for a long time: light. Although 
not always sufficient, the cytodifferentiation from hetero- 
trophic to phototrophic cells induced the formation of leaf- 
typical constituents, such as pigments, quinones, and es- 
sential oils. Chlorophyll formation in the presence of light 
is tied to a preceding formation of phytol; this diterpenoid 
alcohol in turn can only be formed if the initial steps of the 
mevalonate pathway are operating. The accumulation of 
the intermediate lower terpenoids along this route is then 
to be expected. In addition to light a fine-tuning of the phy- 
toeffector concentrations in the growth medium is man- 
datory to support both growth and aroma formation, as 
was shown with illuminated callus cultures of Citrus (96). 
These cells accumulated a full spectrum of volatile ter- 
penes, and the best yields were about 5% of the volatiles 
isolated from a mature tissue of the mother explant (grape- 
fruit peel; Table 8). Addition of precursors resulted in con- 


Table 8. Some Volatile Constituents of in vitro cells of 
Citrus paradisi 


Compound, Low High 

mg kg~! fresh wt phytoeffector cone phytoeffector conc 
Chlorophyll 193 310 
(+)-Limonene 48 177 
a-Pinene 0.09 0.58 
B-Pinene 0.22 0.67 
n-Octanal 117 0.41 
Citronellal 0.95 0.59 


Source: Ref. 96. 
24-h photoperiod and 3,000 lux 


version to and stable accumulation of volatiles, especially 
in oxyfunctionalization reactions. One example of econom- 
ical relevance could be the regioselective biotransforma- 
tion of valencene into the sesquiterpene ketone nootka- 
tone. After six hours of incubation, almost 70% of the 
substrate was transformed with no other detectable vola- 
tile by-products. Natural nootkatone with its grapefruit- 
like odor and bitter taste is a sought-after flavor compound 
with limited availability. As was found repeatedly in ear- 
lier work with plant cell cultures, flavor formation was fa- 
vored by slow growth, an indication that flavor syntheses 
may be a general characteristic of a heterostatic physiology 
of the cell (26). The preceding findings disagree with early 
statements that either the cytotoxicity of the once formed 
volatiles or their instability in the surrounding medium 
compartment would prevent flavors from being accumu- 
lated in elevated concentration. 

The addition of heat-inactivated microbial homogenates 
to growing plant cell cultures was discussed as a means of 
inducing metabolic cascades involved in chemical defense. 
As some flavor compounds interfere with bacterial or fun- 
gal growth, their synthesis was thought to be triggered by 
simulating a respective microbial attack. This so-called 
elicitation was demonstrated by the addition of autoclaved 
fungal mycelium to Petroselinum cells that responded with 
the formation of volatile phthalides, coumarins, and phe- 
nolics (97). A phototrophic state of the cells was required, 
because only the plastid differentiated cells tolerated the 
higher cytokinin concentrations and the fungal homoge- 
nate. This kind of ecological stress typically leads to the 
secretion of the newly formed compounds into the sur- 
rounding nutrient medium, where they unfold their bio- 
activity, and from where they can be easily recovered. The 
use of lipophilic traps (solvent or adsorbent) simulating a 
natural morpholicical accumulation site can be combined 
with the elicitor approach. 

Cell immobilization is an expanding area of biotechnol- 
ogy. The characteristics of continuous operation, reuse of 
the biocatalyst, ease of process control, and improved bio- 
catalyst stability should prove especially beneficial for cul- 
tured plant cells, as immobilized cells are similar in many 
respects to the tissues of intact plants. Aggregated cells 
face heterogeneous microenvironments, release intracel- 
lular products, and divide slower. These and other factors 
may redirect plant secondary metabolism. The use of im- 
mobilized plant cells in column or membrane reactors may 
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offer better perspectives for a future application on an in- 
dustrial scale. If single enzymes were rate limiting, as par- 
ticularly in biotransformations, it should be possible to se- 
lect for higher yields by making use of the somaclonal 
variation that builds up in plant cell cultures, or by en- 
hanced mutagenesis. Increased levels of essential oils were 
reported for mutant plants of Pelargonium and other spe- 
cies regenerated from UV or ethyl methane sulfonate 
treated callus cultures; this type of approach is somewhat. 
restricted by the laborious procedures and assays required 
(98). 

In spite of the achievements it should not be overlooked 
that de novo syntheses as well as biotransformations using 
plant cells will always have to compete not only with field 
plants, but also with microbial and enzyme technologies. 
Plant cells are not very adaptable to extreme conditions of 
cultivation, and the logical consequence would rather be to 
use in vitro plant cells of suitable cultivars as a convenient 
source of genes and to link these plant genes to microbial 
operators in future rDNA experiments. 


Specialized Plant Cells 


The biotechnological ideal of an immobilized plant cell 
with active flavor metabolism, available in any amount, 
was created by nature: mature fruits. It has been known 
for a long time that aged fruit tissues are able to take up 
exogenous substrates, metabolizing them to flavor com- 
pounds. The same holds true for intact fruits and volatile 
substrates. A procedure was developed to expose fruits 
during storage to vapors of precursors of volatile flavors. 
By analogy with controlled atmosphere (CA) storage, this 
biotechnological concept was termed PA (for precursor at- 
mosphere) storage. One example refers to the drying of 
banana tissue (99). Although many compounds of banana 
flavor showed a good retention in the starchy matrix of 
the tissue, the concentrations of some highly volatile 
carboxylic esters decreased by 50 to 80% during freeze 
drying. When bananas were submitted to PA-storage in 3- 
methylbutanol vapors before dehydration, the fruits rap- 
idly accumulated volatile impact components. By manag- 
ing endogenous organized enzymes and their substrates, a 
dried fruit with an amount of 3-methylbutyl esters com- 
parable to that of the genuine fresh fruit was finally ob- 
tained (Table 9). As a result, a preceding PA storage can 
compensate for flavor deficiencies caused by one-sided 
breeding, by improper transport and storage, or by physi- 
cal losses during thermal processing operations. 


Table 9. Effect of a Preceding Precursor Atmosphere (PA) 
Storage on Impact Volatiles of Freeze-Dried Banana 
Slices 


Fruit 
3-Methylbutyl ester, Freeze-dried 
ug 100g~'fresh wt Fresh Without _With PA-storage 
Acetate 7460-2860 6990 
2-Methylpropanoate 70 27 60 
Butanoate 600 250 960 


Source: Ref. 99. 
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COMMERCIAL BIOFLAVORS 


Novel bioprocesses are now an accepted alternative source 
of a wide range of high-prized volatile flavors. A couple of 
companies advertise 100% natural compounds. Whether 
these were obtained by conventional physical treatments 
of plant (or other natural) sources, or whether they in fact 
originated from a bioreactor, is sometimes difficult to as- 
sess. True products of concerted bioprocesses may be di- 
acetyl (butter note, from starter cultures), cheese flavors, 
yeast products (meaty and savory notes), fatty acids and 
related alcohols and esters (from lipase technology or in- 
tact microorganisms), Cg- and Cg-alcohols and related car- 
bonyls (green and mushroom notes, from plant and fungal 
homogenates), and some specialties such as lactones, va- 
nillin, and nootkatone from complex biosystems. 

The legal definitions (and the average consumer) clearly 
discriminate artificial flavors against natural ones; this 
fact has undoubtedly contributed to the recent surge of ac- 
tivity in bioflavor research. The legal discrimination itself, 
however, must be regarded artificial, because “no com- 
pounds are made on earth other than those permitted by 
the laws of nature” (100). The existing legal restrictions 
might be challenged less by the public with its unfounded 
reservations than by problems to analytically distinguish 
natural from synthetic. Sophisticated analytical tools com- 
prise multidimensional chiral gas chromatography, high 
resolution NMR-spectroscopy, and isotope ratio mass spec- 
troscopy (30,81). Despite this selection of analytical op- 
tions, some volatile compounds are still difficult to differ- 
entiate. 

Regardless of the actual legal situation in a country, the 
superiority of biocatalysts to generate complex, sensitive, 
and chiral molecules is more and more recognized in or- 
ganic synthesis. The classical field of food biotechnology 
will continue to profit from modern developments in gene 
recombination and delivery, bioreactor and sensor design, 
on-line control, and related techniques. The improvement 
of fungal strains and plant cultivars is still restricted by 
several fundamental scientific and applied hurdles. The 
use of eucaryotic and mitochondrial genome fragments and 
the chromosomal integration of rDNA characterize lines of 
current research. Special emphasis should be put on safety 
testing of food generated by genetically manipulated 
strains, particularly if these are to remain in the consumed 
products (101). 
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Genetic engineering is an important and widespread en- 
abling technology in the development of the discipline of 
food science and technology and our notions of food, from. 
production to processing. A decade ago, Douglas McCor- 
mick, the editor of Bio / Technology, wrote: “By most stan- 
dards, all of this [biotechnology] is still brand new. Yet bio- 
technology is the product of intellectual earthquakes that 
change things so completely that it is difficult, after the 
event, to remember that once the landscape was different. 
It is easy to forget that the change is recent, and more 
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GENETIC ENGINEERING: 
PRINCIPLES AND APPLICATIONS 


Genetic engineering is an important and widespread en- 
abling technology in the development of the discipline of 
food science and technology and our notions of food, from. 
production to processing. A decade ago, Douglas McCor- 
mick, the editor of Bio / Technology, wrote: “By most stan- 
dards, all of this [biotechnology] is still brand new. Yet bio- 
technology is the product of intellectual earthquakes that 
change things so completely that it is difficult, after the 
event, to remember that once the landscape was different. 
It is easy to forget that the change is recent, and more 


change is just around the corner” (1). McCormick’s state- 
ment has been true so far and will hold true for some time. 
In this article we describe the vocabulary, concepts, tools, 
techniques, and applications of genetic engineering to food 
science and technology. 


HISTORY 


The discovery of DNA ligase in 1967 followed by the DNA 
restriction endonucleases and RNA reverse transcriptase 
in 1970 was the beginning of era of genetic engineering. 
Also, in 1970 the first record for total synthesis of a gene 
in vitro was produced. In 1972 the first in vitro recombi- 
nant DNA molecule was generated, and a year later the 
first plasmid vector-mediated transformation was demon- 
strated. In 1975 the methodology for Southern blot was 
published. The blotting system (Fig. 1) allows for isolation 
and identification of DNA fragments by gel electrophoresis 
and their transfer (or blotting) onto a membrane filter for 
direct hybridization to a single-stranded radioactively la- 
beled or biotin-linked probe. Four years later, the discovery 
of introns and exons in eukaryotic genes changed our con- 
cepts of gene transcripts, and the same year rapid DNA 
sequencing methods became available. In the decades fol- 
lowing these outstanding achievements we have seen a 
rise in the commercial application of genetic engineering 
and production of human, plant, and microbial processes 
or products (2). It is amazing how rapidly genetic engi- 
neering has grown and what in the future it holds. 


PRINCIPLES OF GENETICS 


The hereditary material of most cellular organisms is 
DNA, although in many bacteriophages and plant or ani- 
mal viruses it could be either DNA or RNA. DNA is largely 
the basis for the preservation of the instructions for the 
organization, structure, and functioning of living cells. His- 
torically, it was realized that the passage of hereditary 
traits to one’s offspring depended on those that were found 
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Figure 1. DNA obtained from human genome (a) has been hy- 
bridized by either (b) DNA or (c) RNA by Southern blotting 
method. Source: Photograph courtesy of J. M. Mac Pherson. 
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in the parents. In the early 1860s the Austrian monk 
Gregor Mendel not only experimentally confirmed this in 
pea plants, but also established the principal rules govern- 
ing the appearance of specific traits, that is, the parental 
factors (subsequently these became known as genes) and 
their assortment into individual progeny. He also made the 
distinction between the external appearance of such traits 
(later named phenotypes) and those that are reflections of 
the composition (later named genotypes). Mendel also ad- 
vanced the idea of the expression of traits when they 
were in single copies from those that required two copies 
(later named dominant and recessive genes). The advent 
of microscopy and the discovery of dyes that could differ- 
entially stain cellular parts permitted the examination of 
the anatomical features of cells including the nucleus. 
The hereditary material, housed in distinct and organized 
structures, were named chromosomes. The number of 
chromosomes per cell are constant in any species. In most. 
cells, the chromosomes are found in pairs of homologous 
structures, varying in number from a few two to three 
dozen. The concept of ploidy was developed to reflect the 
presence of haploid (N) and diploid (2N) cells, such as those 
found in bacteria and gametes or sex cells and in nonso- 
matic or fertilized cells, respectively. The N was defined to 
be the number of nonhomologous chromosomes found in a 
cell. 


Analysis of Hereditary Materials and Exchanges 


In the 1940 to 1950s the nature of DNA was elucidated by 
the use of quantitative genetic experiments, application of 
radioisotopes to analytical biochemistry, and the discovery 
of the electron microscope. These tools permitted the vi- 
sualization of DNA and demonstrated its many activities: 
replication, repair, exchange, and recombination. 

The structures of prokaryotic (eg, bacterial) and eu- 
karyotic (eg, yeasts, fungi, plant, and animal) cells, which 
are both of significance in food science, and their genetic 
apparati have been investigated in great detail (3,4). The 
best-studied prokaryotic cell, the workhorse of many ge- 
netic engineering technologies and a causative of certain 
foodborne illnesses, is that of the bacterium Escherichia 
coli. This bacterial cell is cylindrical in shape, 1 x 0.5 zm 
in size (Fig. 2), and can grow and double in number every 
20 min. The E. coli chromosome is in a covalently closed 
circular (ccc) form about 1 mm long and is made of 
4,600,000 base pairs (4600 kilobase pairs, kb). The chro- 
mosome of this bacterium is mapped and completely se- 
quenced. 

We are beginning to realize that the structure of the 
genome in bacteria is more dynamic and diverse than once 
thought and accepted. Analysis of more than 150 bacterial 
species and isolates for genome size indicates a range, 580 
kbp for Mycoplasma genitalium and 9200 kbp for Myxo- 
coccus xanthus, the smallest and the largest known ge- 
nomes, respectively (3). These two organisms carry a gene 
number of 470 and more than 10,000, respectively, repre- 
senting the lifestyles of an obligate parasite within living 
hosts and a metabolic generalist, undergoing sporulation, 
mycelial growth, and differentiation. The geometry of chro- 
mosomal DNA is found in a double-stranded circular, lin- 
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Figure 2. The simple binary fission of Escherichia coli cells along 
with the production of DNA-less minicells. Source: Ref. 30. 


ear, and folded configuration called the nucleoid or folded 
chromosome. Some bacteria have more than one set of 
chromosomes; for example, Deinococcus radiodurans has 
four chromosomes per cell in its stationary phase, sug- 
gesting that the classification of bacteria as haploid is an 
oversimplification (3). The current view of bacterial chro- 
mosome replication is that the DNA replication machinery 
is held at a relatively fixed position (at inner cell mem- 
brane) through which chromosomal DNA is threaded to 
produce two daughter chromosomes (5). 

Often DNA of extra chromosomal origin, called plas- 
mids, which are autonomously replicating pieces of DNA 
about 1/100 of the chromosome size, are found in the cy- 
toplasm. These plasmids frequently contain genes for an- 
tibiotic resistance, conjugation, and production of proteins 
generally deemed nonessential to normal cell functioning. 
Some bacterial plasmids are nonconjugative, yet others are 
conjugative and permit their and/or other plasmids’ trans- 
fer within the species or a broad range of hosts from dif- 
ferent genera. Certain conjugative plasmids can transfer 
DNA between kingdoms; for example, the Ti plasmids of 
the bacterium Agrobacterium tumefaciens can be trans- 
ferred to dicotyledonous and monocotyledenous plants or 
to the yeast Saccharomyces cerevisiae. In all cases, transfer 
of plasmids requires cell-to-cell contact and presence of 
transfer and mobilizing genes. 

Cells of the yeasts S. cerevisiae and Kluyveromyces 
marxianus (Fig. 3), which are used in fermentation, bread 
making, and food-grade enzyme production, are quasi- 
spherical, 3 to 5 um in diameter, and can double hourly. 
Yeasts may be haploid or diploid, depending on their life- 
cycle stage. All eukaryotic cell chromosomes contain some 
basic proteins or histones, which wrap around the DNA to 
form nucleosomes. S. cerevisiae contains 17 linear chro- 


Figure 3. The yeast Kluyveromyces marxianus showing budding 
of a daughter cell and the location of previous bud scars. 


mosomes ranging from 150 to 2500 kb. The collaboration 
of more than 600 laboratories in the United States, Can- 
ada, Europe, and Japan to sequence 12 billion bases and 
arrange 6000 genes of this yeast has been one of the largest 
decentralized experiments in molecular biology to date. A 
whole issue of the magazine Nature was devoted in 1997 
to the yeast genome. DNA duplication in eukaryotic cells 
occurs during the S-phase of the cell cycle. Here the nu- 
clear DNA will contain more than 100 putative replication 
factories, each with 300 or so replication points (forks) (6). 
Individual chromosomes can be separated by pulsed-field 
gel electrophoresis technique. Eukaryotic cells may also 
contain membrane-bound intracellular organelles such as 
mitochondria (Mtc), endoplasmic reticulum (Er), or chlo- 
roplasts (Chl). In Chl and Mtc (Fig. 4) a ccc DNA is com- 
partmentalized and expressed. mtDNA are believed to 
have been derived from some prokaryotic cell genome. 
During cell division, all DNA, whether organellic, plasmid 
borne, or chromosomal, are divided equally and parti- 
tioned between the two daughter cells. 

Bacterial cells are able to accept DNA from another par- 
ent or donor and undergo in vivo recombination. This was 
studied initially in the 1950s through the 1970s. These 
studies used whole cells and relied on natural exchange 
such as mating, transformation, and recombination occur- 
ring in vivo between donor DNA and recipient cells. During 
the 1960 to 1980s, after many of the requirements of DNA 
metabolism were discovered, it became possible to perform 
in vitro the synthesis, breakage, and joining the DNA from 
homologous or heterologous origins. These discoveries 
gave birth to the science and production of in vitro recom- 
binant DNA (rDNA) molecules (7), which when transferred 
into living cells could express new traits. 


Figure 4. Covalently closed circular DNA molecules from the mi- 
tochondrion of a fungus and E. coli plasmid pBR322. 


The terms transformation, transduction, transfection, 
and conjugation are used to indicate “natural” gene trans- 
fer into a cell (4). Transformation and transfection involve 
transfer of donor DNA into a recipient cell, whereas con- 
jugation and transduction require the presence of a donor 
cell and a bacteriophage, respectively. Both natural and 
CaCly, heat-induced transformation of many microorgan- 
isms by rDNA are now possible. Natural transformation of 
certain bacteria (eg, Bacillus subtilis) by linear duplex 
chromosomal DNA, and induced transformation of others 
(eg, E. coli) using cce-plasmid DNA, has become common 
practice in genetic engineering (4). DNA can also be intro- 
duced into a cell through one of many laboratory-devised 
techniques of gene transfer, such as electroporation, par- 
ticle gun or biolistics, microinjection, microlaser technique, 
and liposome fusion (see later). Transformation of many 
animal and plant cells is also possible, although the un- 
derlying mechanisms are quite different from those in bac- 
teria. Transformation of cells can occur by intergeneric fu- 
sion of two individual cells from, in the order of their 
discovery, plant, microbial, and animal origins (8). Micro- 
bial and plant-cell fusion requires the production of pro- 
toplasts or cells without external surface layer(s). Proto- 
plasts are osmotically unstable; in hypotonic environments 
they lyse, but in the presence of stabilizers (sugars, salts) 
they remain intact. When two protoplasts are brought into 
contact in the presence of a fusogenic substance (eg, Poly- 
ethylene glycol 6000) their membranes fuse, causing cy- 
toplasmic and nuclear mixing events to occur. A transient 
fusant contains chromosomes from both parents; subse- 
quently, karyogamy and recombination of nuclear materi- 
als and chromosomes can take place. With animal cells the 
fusogen could be an animal virus (8). 


Analysis of the DNA as Genetic Code and Its Functions 


The flow of genetic information is in general from DNA 
through transcription to RNA (messenger, transfer, and ri- 
bosomal RNA) and through translation of mRNA to pro- 
teins (Fig. 5). This was known as the central dogma of mo- 
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lecular biology until the discovery of the enzyme reverse 
transcriptase, which could synthesize a complementary 
DNA (cDNA) from an mRNA molecule. DNA and RNA mol- 
ecules contain four bases: two purines, adenine (A) and 
guanine (G); and two pyrimidines, cytosine (C) and thy- 
mine (T) in DNA and uracil (U) in RNA. These bases are 
connected to the sugar deoxyribose (DNA) or ribose (RNA) 
to form a deoxynucleoside or nucleoside and are phosphor- 
ylated to form deoxyribonucleotides (DNA) or ribonucleo- 
tides (RNA), respectively (Fig. 6). The double helical or 
Watson-Crick form of base pairing for A:T and G:C in DNA 
was the first to be discovered (Fig. 7). Other types of 
Watson-Crick base pairing called k and z with a hydrogen 
bonding pattern (9) have increased the genetic alphabet 
from four to six letters. Many of the natural bases can be 
modified by addition of organic groups, for example, meth- 
ylcytosine. Nucleotides are linked through phosphodiester 
linkage, and each polymer of DNA has a 5’ to 3’ polarity. 
The ratio of (G + C){A + T) is known by the designation 
(G + C) content or % (G + C) and reflects taxonomic re- 
latedness and molecular characteristics. The (G + C) con- 
tent of two different DNA molecules determines their sep- 
aration during buoyant density-gradient centrifugation. 
Additionally, double-stranded (ds) DNA of higher %G 
+ C) will have a higher melting temperature (Tm) than 
that with a higher %(A + T). Through melting, dsDNA can 
be dissociated into two single-stranded (ss)DNAs, and 
through cooling down, they will regain the complementary 
ds structure. This process forms the basis for several 
DNA:DNA or DNA:RNA hybridization techniques. In 
vitro, every DNA molecule has a topological feature. The 
open-ended DNA molecule is either in ss or ds form and 
can be in rod shape. DNA molecules can bend; for example, 
asmall polymer of 242 base pairs (bp) or larger can go from 
a linear (open-ended) to a circular (ccc) form by the joining 
of its open ends with ligase. More complex forms of 
dsDNA are also found. DNA molecules can assume many 
forms, including winding or unwinding, depending on their 
physical and enzymatic environments, for example, pres- 
ence of enzymes called topoisomerases (for twisting) and 
endonucleases (for nicking and relaxing the twisted DNA). 
In addition, the sequence of bases within a ssDNA could 
create structures of their own. When a sequence of 
-AAAAAAAGCTTTTTTT- from a DNA duplex is allowed to 
separate into two ss polymers, each can generate a hair- 
pinlike structure through base pairing of all A and T res- 
idues. Such sequences are thought to be recognition seg- 
ments within DNA for its interaction with regulatory 
proteins. RNA structures also have unique organizations 
such as folding on itself and forming of a hairpinlike struc- 
ture (eg, tRNA). 

All DNA synthesis is enzymatic and utilizes the four 
deoxyribonucleotides. The pathways for the biosynthesis 
of deoxyribonucleotide triphosphates and degradation of 
DNA are well known. The enzyme responsible for DNA 
biosynthesis, DNA polymerase, appears in the forms [, II, 
and III in prokaryotic and a, f, and y in eukaryotic cells 
and, along with several ancillary proteins, comprise the 
DNA synthesis machinery (6,10-12). DNA polymerase is 
used either for repair, in a 3’ to 5’ direction (which could 
also be due to exonuclease activity) or replication in a 5’ to 
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Figure 5. Flow of genetic information as perceived in 

molecular biology: (1) DNA replicates through DNA ® 

polymerase system; (2) transcription of DNA into RNA 

occurs via RNA polymerase system; (3) RNA is copied DNA RNA 
into DNA via reverse transcriptase action; (4) RNA as ® 

an enzyme can act on itself; (5) RNA being translated @ @ 

into proteins by the translational system. 
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Figure 7. The base pairing between A:T and G:C in DNA. 


3’ direction. DNA helicases are essential motor proteins 
that function to unwind double-stranded (duplex) DNA by 
an active, rolling mechanism to yield the transient ssDNA 
intermediates for replication, recombination and repair 
(11). During the synthesis of DNA each deoxynucleotide is 
joined to the previous one through a phosphodiester bond. 
DNA polymerization occurs at a maximum speed of 100 
and 1000 nucleotides per second for bacterial and animal 
cells, respectively. The open ends of the DNA at 3'-hydroxyl 


Proteins 


and 5’-phosphoryl position could be joined by DNA ligase 
(12). In certain mammalian cells, there are polynucleotide 
kinases that possess both 5-phosphotransferase and a 3- 
phosphatase activity that can restore DNA strand breaks, 
with 5-hydroxyl termini or 3-phosphate termini, or both, 
to a form that supports the subsequent action of DNA re- 
pair polymerases and DNA ligases, that is, 5'-phosphate 
and 3-hydroxyl termini (13). 

A gene is a segment of DNA or, as in certain viruses, 
RNA made of a stretch of bases that, respectively, code for 
an RNA and a polypeptide molecule. Synthesis of a poly- 
peptide from the transcript of a gene has been visualized 
(Fig. 8). It requires translational machinery to synthesize 
proteins from N-terminal to C-terminal by joining amino 
acids through their carboxy-terminals. In some viruses 
and eukaryotic organisms some genes and hence their 
RNAs are made of translatable and intervening sequences 
(known as exons and introns, respectively). The genetic 
code is read as a codon of three bases at a time. There are 
64 codons, of which 61 code for amino acids and 3 for ter- 
mination. There is some degeneracy in certain codons; for 
example, the amino acid glycine is coded for by the triplets 
GGA, GGG, GGU, and GGC. Different organisms have a 
bias in codon usage; for example, they may prefer to use 
one set of these over the other for the synthesis of poly- 
peptides. Polypeptides in their nascent form are self- 
assembled into functional structures through the physi- 
cochemical properties of the constituent amino acids. 
Other polypeptides require a special class of proteins 
called nucleoplasmins, heat-shock proteins, and chaperon- 


Figure 8. Transcription of bacterial DNA into an mRNA and its 
translation by polysomes into polypeptide. Source: Photograph 
courtesy of B. A. Hamakalo. 


ins for assembly. Chaperonins are multifunctional proteins 
that catalyze the correct folding of other proteins by pre- 
venting side reactions such as aggregation (14). They are 
not themselves components of the final functional proteins. 
Different members of the chaperonin family assist in fold- 
ing in a concerted manner. Some, but not all, molecular 
chaperonins are heat-shock or -stress proteins. Chaperon- 
ins act in the assembly of other proteins where they are 
not components of the final structure (14). Protein struc- 
ture, folding, and enzymatic stability are dictated by co- 
valent, disulfide linkages, and by noncovalent forces and 
interactions (15). Mutational replacement of amino acids 
within certain regions of a protein could affect its confor- 
mation and, hence, function, for example, thermostability 
and reaction rates (15). 


Mutations and Selections 


Most heritable variation of phenotypes is explained by mu- 
tations in genotypes. Improved mutant organisms have 
been used in industrial microbiology and food and fermen- 
tation technology. The initial attempts at strain improve- 
ments for food technology were through selection for spon- 
taneously occurring variants from the original strain (16). 
Subsequently, fundamental studies on the occurrence and 
induction of mutations, enrichment and isolation of mu- 
tants, site-specific mutagenesis, and use of genetic recom- 
bination have made this process more manageable (15,16). 
In vivo mutations in microorganisms can occur spontane- 
ously or with the mediation of mutagens at frequencies in 
the 107‘? or 10> range, respectively. Mutations alter 
DNA base sequences, by adding, deleting, or substituting 
base(s) and often affect the structure, and hence the func- 
tion, of proteins. Mutagenic agents fall into three classes: 
physical (UV and X-ray irradiation), chemical (nitrous acid 
or nitrosoguanidine), and biological (transposons and mu- 
tagenic bacteriophages) (16). 

A special class of genetic elements that are capable of 
insertion into any DNA are known as insertion sequences 
(ISs) and transposons (TNs). Insertion sequences consti- 
tute an important component of most genomes. More than 
500 individual ISs have been described (17). The organi- 
zation of a typical IS includes discrete DNA sequences of 
0.8 to 1.4 kbp with a short DNA sequence at each terminus 
or 30 to 40 bp inverted repeats (IRs). Transposons are a 
class of genetic elements that contain at least one gene 
such as gene(s) for metabolism, antibiotic resistance, or 
synthesis of toxins (class I TNs), and in addition the trans- 
posase (class II TNs) (18). Insertion of a TN into the ge- 
nome of a host requires the presence in the recipient DNA 
of ISs. Two functions are associated with a TN DNA once 
inserted into DNA molecules in a host cell. First, TN 
through its own insertion causes disruption of the se- 
quence of a gene leading to a deletion-type mutation 
(18,19). Second, TN can affect the regulation of the ex- 
pression of genes in the neighborhood of their integration 
site; for example, by inactivation of one gene and increased 
transcription of another adjacent gene (20). Another ex- 
ample is the deactivation of a regulatory phenotype by TN 
insertions in the /acA gene, encoding an endogenous f- 
galactosidase of B. subtilis, leading to inactivation of its 
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negative regulator, JacR (21). The mechanism of such phe- 
notypic change is due to effects involving one or several 
elements internal to the TN. On the other hand, the loss 
and restoration of mutator TN activity in maize has shown 
evidence against dominant-negative regulator associated 
with loss of activity (22). 

As expected the exact removal of a TN DNA should re- 
store the gene’s function. This form of mutagenesis is 
called transposon mutagenesis and has wide application 
in genetic engineering (23). The end result of in vivo mu- 
tagenesis is alterations in DNA sequence(s), which must 
be fixed, replicated, and segregated. The rare mutant clone 
is then screened, enriched, purified, and characterized. 
One problem with in vivo mutagenesis is the difficulty in 
targeting specific genes. Certain industrially useful mu- 
tants are hard to grow or maintain because of the multiple 
or deleterious mutations they acquire during induced, but 
random mutagenesis. These problems can be eliminated 
by using in vitro mutagenesis. Here, a gene sequence is 
isolated, cloned into a suitable vector, and usually treated 
with a chemical mutagen, to specifically alter a base. More 
commonly, an oligonucleotide with a modified sequence is 
synthesized and then inserted into a gene (15,23). Through 
these approaches it is now possible to generate gene- or 
site-specific mutations. Recombination between two mu- 
tants with different characteristics can generate new or- 
ganisms for industrial exploitation (6). 


Elements and Regulation of Gene Expression 


Gene expression requires template DNA, which is divided 
into regulatory and structural regions, and RNA transcrip- 
tion to produce the intermediate RNA (mRNA, rRNA, and 
tRNA). Although the primary function of mRNA is to serve 
as a blueprint for translation of a genetic message into a 
polypeptide (23), certain RNA molecules, called ribozymes, 
can function as self-splicing catalysts (24). The discovery 
of ribozymes has changed our dogmatic views of catalysis 
being solely the domain of protein enzymes. 

To regulate their growth and metabolism, organisms 
must determine when and how much cellular constituents 
are needed. This task is achieved by controlling gene ex- 
pression (3,23). The following elements regulate and con- 
trol prokaryotic gene expression (Fig. 9). The operator is a 
DNA sequence where a repressor protein binds and pre- 


Operator 
Repressor Structural genes 
DNA 
L I I I 1 
Transcription | 
mRNA nA 
Translation | | | 
bad 
Repressor Protein 1 Protein 2 


Figure 9. Gene expression in prokaryotic organisms. 
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vents transcriptional occurrence. Repressor-operator rec- 
ognition involves a complex code of DNA base-pair se- 
quences. Induction refers to expression of a gene 
subsequent to the removal of the repressor, usually by the 
addition of specific compound(s) called inducers. The pro- 
moter is located immediately in front of the gene and is the 
RNA polymerase recognition and transcriptional initiation 
site. Natural promoter efficiency varies, some are stronger 
than others. During the transcription of prokaryotic genes, 
RNA polymerase identifies in the 5’ to 3’ direction of 
the sense strand of the promoter before the initiation co- 
don, a recognition sequence of bases, TTGACA or -35bps 
sequence, and a TATAAT (the Pribnow box) sequence at 
-10bps for its subsequent binding. Mutationally induced 
base changes in these two sequences can have mild or se- 
vere effects on transcription. Through its specificity for 
DNA transcriptional initiation sites, binding of RNA poly- 
merase generates a localized melting and separation of the 
two strands of a small segment of the DNA leading to the 
initiation of RNA synthesis usually starting with GTP or 
ATP. DNA topoisomerases contribute to this process by re- 
laxing DNA tension (25). There is continuous polymeriza- 
tion of ribonucleotides into an RNA transcript until the 
terminus of the gene is reached. At the terminus, either a 
sequence of six uridine residues and a hairpinlike struc- 
ture or a sequence lacking such bases but requiring a ter- 
mination factor, rho, to signal the stoppage of transcrip- 
tion. Some structural genes contain a leader and a trailer 
sequence, respectively, immediately after the promoter 
and before the terminator regions. At the end of transcrip- 
tion, RNA polymerase is freed to repeat the cycle. 

The control of gene expression occur through transcrip- 
tional and translational control. One mechanism of control 
of transcription of genes is through induction of specific 
mRNA synthesis when an inducing substance is present 
(to turn on gene expression) and its repression (or turning 
off) once such inducers are removed. For example, when 
lactose is present in the growth medium of E. coli, the en- 
zyme f-galactosidase is synthesized and, conversely, when 
it is absent, the repression of the enzyme synthesis occurs 
through a repressor protein. This modality of regulation is 
called negative control. In addition, several positive regu- 
lators of RNA polymerase are involved in control. For ex- 
ample, intracellular regulator cyclic AMP (cAMP) through 
its binding to cAMP binding protein (CAP) creates a com- 
plex, cAMP-CAP, which binds to specific promoters to ac- 
tivate certain operons. Finally, through a process called 
attenuation, the biosynthesis of the amino acid tryptophan 
is controlled. In this case, the transcription of the biosyn- 
thetic genes begins in the usual manner. However, instead 
of a complete transcript of the genes, an incomplete tran- 
script of relatively short mRNA (162 bases) responsible for 
the tryptophan leader protein is made. The leader protein 
is tryptophan rich. When intracellular tryptophan supply 
is high, the mRNA makes a structure to block further con- 
tinuation of transcription, by stalling (attenuating) the 
translation. With low tryptophan levels, a different struc- 
ture in the stem-loop region of mRNA develops, which al- 
lows the continuation with transcription to the end of the 
operon. Therefore, in the case of tryptophan operon, the re- 
moval of repressor and attenuation generates a 70-fold (de- 


repression) and another 8- to 10-fold (attenuation) or an 
overall of 600- to 700-fold increase in the expression (23). 
In certain eukaryotic genes and hence their mRNAs 
(Fig. 10) there are some sequences of about 1000 bp in- 
serted (introns) between the coding sequences (exons). 
Transcription begins at the promoter (5') of a gene and 
proceeds through the exons and introns (if present) to the 
3’ terminus, producing a primary mRNA transcript or het- 
erogeneous nuclear RNA. In eukaryotic cells, several pro- 
cessing steps must occur to change the primary mRNA 
transcript into functional mRNA and allow its translation 
into proteins. Any introns present are subsequently re- 
moved or spliced out. The actual ending of the transcrip- 
tion in some cases could be several hundred base pairs be- 
yond the polyadenylation site of the 3' end of amRNA. The 
third step required to change a primary mRNA transcript 
to a functional mRNA is the addition of a 5’ cap. 
Eukaryotic promoters are recognized by specific DNA- 
binding proteins of less than 100 amino acid residues in 
size that bind to DNA and activate or repress gene tran- 
scription. Most bacterial RNA polymerases are large mul- 
timeric proteins; for example, E. coli enzyme contains two 
a, one f, and one f’ subunits. This holoenzyme has addi- 
tional subunits, the 3 70, w, and o subunits, which are in- 
tegral to its functioning. In sporulating bacteria (eg, B. 
subtilis), RNA polymerase subunits are responsible for the 
selection of sporulation promoters. The RNA polymerases 
of eukaryotic organisms differ from the preceding both in 
molecular size and number of enzyme species. As many as 
two to four different types of RNA polymerases can be 
found in eukaryotic cells, and in several cases their f and 
f' subunits have conserved sequences. In higher eukary- 
otes, RNA polymerase I initiates transcription for rRNA 
genes from nucleolus, and RNA polymerases II and III 
transcribe mRNA, tRNA, and 5S rRNA from nuclear ma- 
trix (26). The transcriptional machinery of eukaryotic—as 
compared with the prokaryotic—cells is much more com- 
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Figure 10. Transcription of an eukaryotic gene containing in- 
trons and exons. 


plex (27) and can involve allosteric control by DNA in the 
case of selective gene transcription (28). Functions of RNA 
can be regulated by antisense RNA, which is an RNA com- 
plementary to the sequence in mRNA that through com- 
plementary, stable base pairing, prevents its translation 
(29). Antisense RNA also regulates or even prevents gene 
expression in prokaryotic, plant, and animal cells. 

Whether prokaryotic or eukaryotic, the mRNAs are 
translated into proteins using ribosomes, charged tRNA 
molecules, and auxiliary proteins, beginning with codons 
ATG or GTG (23). The ribosome is a large multifunctional 
complex composed of both RNA and proteins. Accumulat- 
ing evidence suggests that rRNAs play a central role in the 
critical ribosomal functions of tRNA selection, and binding, 
translocation, and peptidyl transferase (30). Usually sev- 
eral ribosomes (or a polysome) are present on a mRNA. 
In prokaryotic cells transcription and translation occur 
concurrently within the cytoplasm; but in eukaryotic 
cells, translation occurs outside the nucleus. Translational 
control includes the ribosome-binding sequence (Shine- 
Delgarno sequences) and attenuation, which is prevention 
of translation of mRNA because of its folding back on itself. 
After its transcription, the mRNA is degraded. Messenger 
stability, among other things, depends on the presence of 
AU-rich sequences at 3’-end, resulting in shorter half-lives 
than those lacking such sequences. If a nonsense codon is 
reached either at the end or through mutations within a 
gene, the translation is halted and a partial polypeptide 
results. Finally, protein stability and half-life depends on 
proteases that degrade not only normal but also for certain 
heterologous and abnormal (mutant) proteins. In eukary- 
otic cells protein stability depends on the small protein 
ubiquitin, which when conjugated to proteins leads to their 
rapid degradation. 


Genetic Exchange and Recombination in Vivo 


Prior to the discovery of genetic engineering in vitro, it 
was known that genetic information can be exchanged 
in vivo among various organisms (3,4). The simplest forms 
of genetic exchange—transformation, transduction, and 
conjugation—are those found among bacteria. Only con- 
jugation requires cell-to-cell contact. Conjugation was ini- 
tially discovered in the common enteric bacterium E. coli, 
but it occurs in many genera of bacteria and between mem- 
bers of two kingdoms, for example, A. tumefaciens and 
many plants species (31), as well as E. coli and S. cerevisiae 
(32). In certain bacteria such as streptococci, mating de- 
pends on the presence of special mating pheromones, 
which are small polypeptides promoting mating aggrega- 
tion. In fungi, mating occurs when two haploid cells of dif- 
ferent mating types fuse to allow genetic exchange to occur. 
In yeasts this requires special mating control locus (MAT) 
and switching loci (HML or HMR), which are silent cas- 
settes that introduce the a and a mating-cell types through 
direct transposition of required genetic cassettes. In the 
absence of sexual cycle, certain fungi use parasexual mat- 
ing events. In transformation, whether natural or induced, 
naked DNA or DNA contained in membranous vesicles 
called transformosomes are transferred into a recipient 
cell (4). In generalized and specialized transduction, DNA 
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packaged into a bacteriophage (Fig. 11) is injected into a 
bacterial cell. The latter two modes of genetic exchange are 
used in recombinant DNA technology for packaging of 
rDNA (eg, bacteriophage 4) or transformation of commer- 
cially available competent E. coli cells. Once inside a cell, 
homologous DNA can undergo recombination using recom- 
binational enzymes to generate hybrid DNA molecules. All 
mechanisms of genetic exchange are currently used in food 
research. 


GENETIC ENGINEERING TECHNOLOGIES 


Instrumentation and Tools 


Central to and fundamental in the process of genetic en- 
gineering is the isolation, manipulation, insertion into, and 
expression of DNA in a host cell (33). The instrumentation 
and tools needed for the technical tasks are shown in Ta- 
ble 1. 


Organisms 

Microorganisms, plants, and animals are used organisms 
in food production and processing technologies. While the 
production of microbial cells through fermentation tech- 
nology has been a long-established art, that of plant cells 
in cultures is rather new. In the 1970s several groups 
studied the ability of plant cells and tissues to grow in liq- 
uid nutritive media. Cultures from diverse origins such as 
(1) organs (roots, flowers, anthers), (2) meristems (shoot, 
leaf), (3) callus (undifferentiated cell mass), (4) cells 
(homogenized tissues), and (5) protoplasts were found to 
grow on defined salts media containing a carbon source, 
vitamins, plant hormones, and various other nitrogenous 
substances. Plant cell biotechnology and economic value- 
added or value-derived products have matured more rap- 
idly with advances in plant cell culture systems, construc- 
tion of transgenic plants, and other applications of 
biotechnology (see later). 


Figure 11. The bacteriophage lambda of E. coli ejecting its DNA. 
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‘Table 1. Basic Steps in a Simple Genetic Cloning 


Step ‘Tools or systems needed 
1, Propagation of Growth chambers, incubators, 
organisms fermenters, greenhouses 
2. DNA extraction French pressure cell, cell lytic 
and purification enzymes, spectrophotometer, 
preparative centrifugation, cesium 
chloride density ultra centrifugation 
3. DNA library Restriction enzymes 
preparation 
4. DNA size Ultracentrifugation or electrophoresis 
separation 
5. Vector and probe Polymerase chain reaction or cDNA, 
DNA preparation technology, DNA 
manipulative enzymes, 
electrophoresis 
6. DNA sequencing Maxam-Gilbert, Sanger’s and/ 
automated sequencing methods 
7. Introduction of Electroporation, bio-bolistics host 
TDNA into a host transformation 
cell 
8. Identification of Selective media, reporter genes, 
transformed cells Southern blots, Northern blots, 
Western blots 
9. Gene location OFAGE, CHEF, various blots 


Isolation and Preparation of DNA 


DNA from most cellular organisms can be isolated through 
the disruption of cell membranes and/or walls by using 
lytic enzymes or other physicochemical forces (osmotic 
pressure, shear forces, and ultrasound). DNA of high (chro- 
mosomal) and low molecular weights (from plasmids, mi- 
tochondria, and chloroplasts) can be extracted. Because 
cellular lysates are rich in DNA-degrading enzymes, such 
reactions are performed in the presence of chelating agents 
or cooler temperature. DNA is then purified from proteins 
and other cellular constituents by extraction with a mix- 
ture of phenol-chloroform and is recovered by ethyl alcohol 
or isopropanol precipitation. To purify further, high-speed 
dye (ethydium bromide or bisbenzimide) buoyant density 
ultracentrifugation is performed and to characterize the 
plasmid or other types of DNA molecules, agarose gel elec- 
trophoresis is employed (Fig. 12). Although DNA isolated 
by this method is of high quality, the procedure is a lengthy 
one requiring expensive equipment. Nowadays, commer- 
cial DNA purification kits that utilize silica-based resins 
and anion exchange have become available. These kits al- 
low for the isolation of DNA in purity equivalent or supe- 
rior to that obtained by two successive rounds of cesium 
chloride gradient centrifugation (34). Such plasmid DNA 
is now routinely used in such applications as transfection, 
microinjection, automated and manual sequencing, re- 
striction analysis and in vitro transcription. 

In electrophoresis, DNA molecules migrate according to 
their molecular weight from the negative to the positive 
electrode; that is, the smaller molecules move further from 
the origin. If such DNAs are cut by any of some 600 re- 
striction endonucleases, enzymes that cleave phosphodies- 
ter linkages at specific sequences within DNA, the resul- 
tant fragments can be separated in an electrophoretic 


Figure 12. Separation of chromosomal and plasmid DNA from 
the bacterium Bacillus thuringiensis HD-1 by agarose gel electro- 
phoresis (a) and chromosomal and mitochondrial DNA from the 
fungus Beauveria bassiana by cesium chloride bisbenzimide gra- 
dient centrifugation (b). 


separation gel, according to their sizes (Fig. 13). DNA frag- 
ments after electrophoresis can be transferred perma- 
nently by blotting onto specific membranes. Often the elec- 
trophoretic separation of DNA followed by the ethidium 
bromide staining is used for visualization of DNA mole- 
cules, although the same can be achieved by electron mi- 
croscopic analysis for size (Figs. 4 and 11) or heteroduplex 
analysis. Table 2 lists most commonly used enzymes for 
cell lysis, DNA extraction, and subsequent rDNA construc- 
tion. While all DNA-sequencing protocols are based on the 
Sanger’s chemical method (Fig. 14), other subsets of meth- 
odology by enzymatic (Klenow polymerase, Taq polymer- 
ase, and polymerase chain reaction, or PCR) systems are 
also used. Sequencing tasks are now automated and com- 
mercially available both for synthesis and sequencing (33). 


Polymerase Chain Reaction 


The PCR developed by Cetus (Emeryville, California) sci- 
entists in 1985 (35) is a powerful in vitro method for am- 
plifying a segment of DNA that lies between two regions 
of known sequence, defined by a set of primers. The basic 
steps of PCR are denaturation of the DNA, annealing the 
primers to complementary sequences, and extension of the 
annealed primer with a thermostable DNA (eg, taq) poly- 
merase. Together these steps represent one cycle of ampli- 
fication. 

As illustrated in Figure 15 the double-stranded DNA 
template is first denatured by heating in the presence of a 
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Figure 13. Restriction endonuclease digestion of bacteriophage 
lambda DNA into fragments. The names of enzymes are indicated 
on the top of each track. 


large molar excess of two specific oligonucleotides and four 
dNTPs. The reaction is then allowed to cool to a tempera- 
ture that allows for the annealing of pairs of oligonucleo- 
tides to their target sequences. Once annealing has oc- 
curred DNA polymerase mediates the 5’ to 3’ extension of 
the primer-template complex. These three steps are re- 
peated several times and the major product of this reaction 


‘Table 2. Enzymological Aspects of (DNA Work 
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Figure 14. Sample autoradiogram of DNA sequencing reaction 
pattern by the Sanger method. Source: Photography courtesy of 
J, M. MacPherson. 


is a significant amplification of the desired segment of 
double-stranded DNA whose termini are defined by the 5’ 
termini of the oligonucleotide primers. 

The first experiments in PCR used the Klenow fragment 
of E. coli DNA polymerase I, which has a temperature op- 
timum of 37°C. However, since the Klenow fragment is in- 
activated at temperatures required to denature DNA, it 
was necessary to add a fresh aliquot of the enzyme to the 
reaction repeatedly. Unfortunately, these reactions tended 
to only work well for the amplification of DNA fragments 
less than 200 bp. For larger fragments it was found that 
the yields were poorer and the products were often hetero- 
geneous in size (36). These problems were solved with the 
discovery of the thermostable tag DNA polymerase, iso- 
lated from the cells of thermophilic bacterium Thermus 
aquaticus. Tag polymerase can survive extended incuba- 
tion at 95°C; therefore, all the components can be added at 
the start of the reaction without any further replenish- 
ment. Also, since annealing and extension can be carried 


Purpose Enzyme Function 
Cell lysis Lysozyme, cellulase, mutanolysin Removes cell walls 
Proteolysis Pronase, protease K Removes proteins 
RNA degradation RNase H Elimination of RNA 
Nick translation E. coli DNA Polymerase I Synthesize DNA 
Klenow fragment 
'T4 DNA polymerase 
cDNA synthesis Reverse transcriptase (cDNA) from mRNA 
Process DNA Nuclease Bal31 
Exonuclease digestion 
Mung-bean nuclease, 
Restriction endonucleases Endonuclease cuts 
DNA methylases Methylated bases 
Phosphatases Remove 5’ phosphate 
Joining of polynucleotides Polynucleotide ligase Join ends of DNA or RNA 
Amplifying DNA Taq polymerase Produce oligonucleotides by polymerase chain reaction 
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Figure 15. PCR the double-stranded { 
DNA template is first denatured by 
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heating in the presence of a large mo- : get more new DNA 
lar excess of two specific oligonucleo- { 2 —— 5 } 
tides and four dNTPs. 


out at elevated temperatures, mispriming is reduced, thus 
resulting in improvements in the specificity and yield of 
the amplification reaction. 

PCR amplification is currently used in a variety of needs 
in molecular cloning and analysis of DNA, for example, 
probes, generation of large amounts of DNA for sequenc- 
ing, chromosome crawling, creation of mutant sequences, 
and the generation of cDNA from small amounts of mRNA. 
PCR is also extensively being used for (1) the specific am- 
plification of cellular protein coding genes by differential 
or global expression, (2) detection of nucleic acid sequences 
of genetic modified plants or plant products, (3) pathogenic 
organisms in food and clinical samples, (4) the diagnosis of 
genetic disorders, and (5) in forensic cases. 

Several modified versions of the PCR method have been 
developed. Compared with the original use of PCR, that is, 
to amplify segments of DNA located between two specific 
primer hybridization sites, a single-sided PCR method has 
been developed that initially requires specification of only 
one primer hybridization side. The second site is then de- 
fined by the ligation-based addition of a unique DNA 
linker. This method, referred to as ligase chain reaction 
(LCR), allows for exponential amplification of any frag- 
ment of DNA. Another modification of the basic PCR has 
led to the development of anchored PCR. By using an- 
chored PCR it is possible to amplify full-length mRNA 
when only a small amount of the sequence information is 
available. PCR-based techniques such as Random Ampli- 


fied Polymorphic DNA (RAPD), Amplified Fragment 
Length Polymorphism (AFLP), DNA Amplification Finger- 
printing (DAF), and microsatellite/PCR have been devel- 
oped and used for identifying DNA markers. 

In many cases it becomes essential to have a PCR de- 
tection system that can identify desired gene sequences 
quickly, with high specificity and in large volumes. The 
best analytical tool available to do this is mass spectrom- 
etry (37). A mass spectrometer works by vaporizing DNA 
and then accelerating the molecules through a vacuum 
chamber with the help of an electric field. Tiny differences 
in the time that it takes the fragments to reach the detec- 
tor reveal small differences in their mass and hence their 
sequence. This technique is known as matrix-assisted la- 
ser desorption ionization time-of-flight mass spectrometry, 
or MALDI-TOF MS, and has the capability to analyze hun- 
dreds of DNA samples for a variety of assays for point mu- 
tations and polymorphism analysis (38). Although origi- 
nally used over a decade ago for protein analysis, it was 
not available for DNA analysis until 1993, when various 
matrices were developed that would work with DNA frag- 
ments as long as 100 base pairs. However, for practical 
sequencing MALDI-TOF would have to work with DNA 
fragments much longer than the current 100 base pair ca- 
pacity. Currently, new matrices are being studied that 
could extend MALDI-TOF reach to 1000 bases, and if this 
works, then this technique would be a major breakthrough 
for high-throughput sequencing. 


Cloned Genes in Vitro 


Gene cloning is the use of experimental techniques that 
generate rDNA molecules in vitro with the desire for its 
incorporation and expression in a cell. With the use of 
rDNA technology one can produce a genomic DNA or cDNA. 
library and hence a fragment containing any gene(s) from 
any source (39). Cloned genes are essential foundations of 
biotechnology. To clone a gene (Fig. 16), the genetic infor- 
mation, whether DNA or RNA, is processed by restriction 
endonucleases or reverse transcriptase or amplified by 
PCR, as the case may be. The steps involved in cloning 
foreign DNA into host cells include: (1) isolating RNA or 
DNA to be cloned; (2) choosing a suitable vector; (3) pro- 
cessing the DNA or RNA by restriction endonucleases or 
reverse transcriptase, respectively; (4) inserting the DNA 
fragments into the vector; (5) transferring of DNA into the 
desired host cell; (6) identifying those cells which have 
taken up the DNA, and (7) confirming that the clones are 
carrying the desired DNA fragment. These are the general 
steps within each of which several options are available. 
Figure 16 depicts the strategies involved in a gene cloning. 

Several criteria are needed in deciding on a choice for 
cloning vector. Depending on fragment size to be cloned, 


ay 


VRRRG, a 


Cellular DNA ————> DNA fragments 


Size separation 
(2-40Kb) 


Joined to <—— Desired size fragment 
phage or plasmid WN 
wa 


| 


Transform the host 


-? ~~ directly 
Recombinant 
vectors ie) h 
| In vitro packaging 
Tested in inADhade 
expression 6) 
systems 


| 


Transduce E. coli 


os 


Figure 16. A summary of the basic gene cloning experiment us- 
ing E. coli as the ultimate host. 
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specific vectors must be employed. Thus, for fragments of 
DNA with sizes of <4 kb, <10 kb, <23 kb, and <46 kb, 
the recommended vectors are phage M13, bacterial plas- 
mids (pEMBL, pBR, etc), 4 phage (Fig. 11), and cosmids 
(33). Cosmids, which are a combination of a plasmid and a 
bacteriophage (lambda) based vector, can be made to con- 
tain large DNA fragments from the genomic library of an 
organism. The number of clones needed for fragments of 
35 kb from E. coli genome would be 340; from S. cerevisiae, 
6000; and from tomato plant cell, 60,000. Often the cloning 
strategies, for example, choice of available restriction sites, 
reporter genes (to indicate the expression of cloned gene), 
presence of one or more selectable phenotypes, autono- 
mous replication in two or more hosts (shuttle vectors), 
nature of the experiment (eg, sequencing, preparation of 
probes, study of gene regulation), and exploitation and 
safety consideration (biohazard consideration, placement 
of nonconjugability functions, suicide vector system) decide 
the particular details of the system. Finally, in deciding 
about the choice for the vector, the question of cloned gene 
copy number (low or high) and ssDNA (used for hetero- 
duplexing and sequence analysis) versus dsDNA phages 
should be made in advance. In recent years more advanced. 
vectors have been produced, for example, expression vec- 
tors and cassette vectors. They contain a promoter, a ter- 
minator, and ribosomal-binding sites, with the additional 
feature of a restriction site where a desired structural gene 
will be inserted. Presence of strong regulatory sequences 
aid significantly in the expression of the inserted gene in 
such a tailor-made expression vector system. This system 
offers great advantages for the production of rDNA-derived 
foreign products from cells. Additional uses of cassette vec- 
tors occur in those cases where partial removal of the read- 
ing frame from a structural gene has been made. After the 
start, the chimeric DNA, containing fragments of two dif- 
ferent organisms, is inserted. The foreign gene product is 
recovered as a single (stand-alone) or fused (chimeric) poly- 
peptides. 

To examine the polypeptide products from rDNA, sev- 
eral in vitro (various transcription and translation sys- 
tems) and in vivo (whole bacterial cell, minicell, and maxi- 
cell systems) can be used (40,41). Minicells are unique in 
that they are polar buds from rod-shaped bacteria (Fig. 2) 
lacking chromosomal DNA and therefore permit the 
screening of only those proteins that have been derived 
from the rDNA. After a recombinant DNA is generated, it 
is introduced into the new host through one of many tech- 
niques of gene transfer, such as electroporation, particle 
gun or biolistics, microinjection, microlaser technique, and 
liposome fusion (33,41,42). The initial choice of a bacterial 
host for rDNA work reflects the specific usage, for example, 
laboratory versus industrial; however, for food usage the 
GRAS (generally regarded as safe) status is important and 
strains of microorganisms with particular genetic mark- 
ings are available. The transformed cell is then identified 
by the expression of the recombinant gene product under 
some selection or growth condition or by using variety of 
DNA, RNA, enzyme function related, fluorescent (eg, the 
green fluorescent protein), and immunological probes for 
colony or plaque hybridization (Fig. 17) and detection (33). 
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Figure 17. Autoradiogram of two halves of plates showing colony 
lift (eft half) and plaque lift (right half). Source: Photograph cour- 
tesy of J. M. MacPherson. 


APPLICATIONS OF GENETIC ENGINEERING 
IN FOOD SCIENCE 


There are numerous applications of genetic engineering in 
food science and technology. The obvious use of this tech- 
nology is in aiding the detection food contaminants or path- 
ogens and safe foods (43). Additionally, however, we can 
change the starting materials in a food and add valuable 
attributes to the ingredients that are or get into the food 
system. In the following paragraphs, selected examples are 
given, more from a generic rather than commodity-specific 
points of view. 

Genetic engineering tools have deciphered the total ge- 
nomic sequences of more than a dozen microorganisms and 
tens of thousands of genes. Many molecular biology data- 
base systems have been established to deposit and acquire 
sequences, for example, EMBL (European Molecular Bi- 
ology Laboratory), GeneBank (Genetic Sequence Data 
Bank), and NBRF (National Biomedical Research Foun- 
dation). These libraries can be accessed and searched 
through software tools and programs such as BLAST and 
FASTA (Lipman-Pearson search algorithms). The avail- 
ability of many gene sequences has permitted inspection 
and identification of gene regulatory element-binding 
sites. One key element is the open reading frame (ORF) 
and the other is unidentified reading frame (URF). ORFs 
can locate ribosome attachment sites and, hence, through 
in vitro mutagenesis, base sequence changes within ORFs 
can be made without much need for formal genetic analysis 
(ie, mutants). Naturally occurring and engineered genes 
could be utilized from such gene banks. 

The main source for the enzymes used in general, and 
the food industry in particular, are those enzymes that in 
terms of quantity of enzymes used come from microbial, 


plant, and animal sources, respectively. Enzymes not only 
transform food ingredients but also play a crucial role in 
restoring the lost flavor and aroma that can occur in cer- 
tain instances of food processing. Various lipolytic, proteo- 
lytic, and multicomponent hydrolytic enzymes are being 
used for the addition of flavors to food. Thus, single-flavor 
compounds such as fatty acids, ketones, diacetyl, acetal- 
dehyde, lactones, esters, pyrazines, and mustard oils and 
flavor enhancers such as nucleotides, amino acids, and 
terpens can all be produced by microbial enzymes for 
aroma and flavoring needs. In addition to the desirable 
flavors, enzymes such as lipoxygenases contribute to the 
off-flavoring of corn oil, while exerting a positive effect on 
the flavor of tomatoes (44,45). Genetic engineering, with- 
out creating a dilemma for the internal functions of a cell, 
could control the undesirable effects of many enzymatic 
reactions that affect postharvest or postprocessed foods. 
Through the knowledge of the DNA and protein sequence 
for many enzymes, the genetic analysis for the physical 
requirements of an enzyme (eg, active, catalytic, and li- 
gand binding sites), and use of computer modeling the 
production of ideal enzymes should be possible (15), Pro- 
duction of a functional enzyme of minimal size or with im- 
proved thermotolerance, whether through solid-state pep- 
tide synthesis or synthetic oligonucleotides and rDNA 
technology, should be possible (15). 

Recent production of transgenic animals and plants by 
such diverse methods as microinjection (plants and animal 
cells), conjugal transfer (microbial and plant cells), electro- 
poration (microbial and plant cells), biolistics or micropro- 
jectile, and other less commonly known techniques has 
confirmed genetic engineering to be a strong and viable 
technology. Currently there are many fruits, vegetables, 
and seeds constructed through the tools of genetic engi- 
neering, which have produced transgenic plants contain- 
ing viral, bacterial, and other eukaryotic genes presenting 
desirable traits such as resistance to disease, insects, her- 
bicides, and tolerance to certain environmental factors (Ta- 
ble 3). Through an extension of this technology it should 
be possible for a majority of edible crops and other com- 
mercial plants to contain various nutritional and health- 
related qualities (45). Through combined knowledge of 
flowering-plant pigment and hormone biosynthesis, it is 
now possible to isolate, manipulate, and transfer genes for 
floral shape, and color. The extension of this knowledge 
toward derivation of food coloring and flavoring substances 
should be an exciting possibility. Use of antisense RNA in 
the area of genetic engineering of flowering plants and rip- 
ening of climacteric fruit and vegetables has been 
achieved. 

Animal embryo transfer technology and production of 
transgenic animals by microinjection of foreign genes into 
eggs (transgenesis) to increase animal productivity and 
product value has become possible. Biotechnologists have 
produced transgenic sheep (“Dolly”) and injected about 1 
million copies of rat growth hormone gene into fish eggs to 
show about 5% of fish hatched were transgenic (with rat. 
growth hormone). In sheep, goats, pigs, and cattle, pres- 
ence of growth hormone produces leaner meat. In Edin- 
burgh, Scotland, researchers have had success in creating 
transgenic sheep that produced milk with human anti- 


Table 3. Examples of Transgenic Food Plants 


Genetic modification Plant 

Amino acids Canola/rapeseed 

Antioxidant enzyme Tomato 

Carbohydrate Soybean 

metabolism 

Development Soybean 

Disease resistance Apple, grapes, pear, potato, rice, wheat 

Fertility Corn 

Fiber strength Cotton 

Flowering time Apple 

Herbicide tolerance Beet, canola/rapeseed, corn, rice, 
soybean 

Insect resistance Alfalfa, corn, potato, rice, soybean, 
sunflower 

Lysine content Soybean 

Male sterility Corn 

Maturity Corn 

Oil profile/quality Canola/rapeseed, corn, soybean 

Pectin esterase ‘Tomato 

Protein quality Barley, corn, soybean, 

Reduced disulfides Barley 

Ripening Melon, cantaloupe 

Seed composition Soybean 

Shelf life Mango, papaya 

Size Pear 

Stalk strength Corn 

Vaccines Bananas 


Virus resistance 


Yield 


Grapes, papaya, plums, potato, soybean, 
tomato 
Corn 


hemophilic substance, factor IX, and have obtained sheep 
B-lactoglobulin from transgenic mice. In Australia through 
an ingenious injection of epidermal growth factor (Bioclip) 
in sheep and fitting of the animal with a net, the fleece 
falls within a week of injection, which is caught in a net. 
The commercial impact of the latter example is in saving 
spring shearing of some 150 million animals every year in 


Australia alone. 


Genetic engineering, as described here, is a subject 
about which courses are given and textbooks are written. 
What is clear from this article is that which was said at 
the beginning: these changes are recent and indeed more 
change is just around the corner. Needless to say, the con- 
sumer education and buy-in position can ultimately deter- 
mine how far this technology can go or stop: the bench top, 
the field, the factor, and the food menu. 
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GRAINS AND PROTECTANTS 


Several insecticides are available for postharvest applica- 
tion to grains in the United States: malathion, chlorpyri- 
fos-methyl (Reldan), pirimiphos-methy] (Actellic), metho- 
prene (Diacon), Bacillus thuringiensis (Dipel), synergized 
pyrethrins, and diatomaceous earth (Table 1). Malathion, 
Reldan, and Actellic are most the commonly used insecti- 
cides; however, Reldan and Actellic can be applied only to 
specific grains. 

Malathion, an organophosphate (OP) insecticide, has 
been labeled for application to grain since 1957. It can be 
applied to all major grain commodities in addition to some 
minor crops (1-4). The labeled rate for application to stored 
grains is 10.4 ppm and the established Environmental Pro- 
tection Agency (EPA) tolerance is 8.0 ppm. In addition to 
its use as a grain protectant, malathion has been widely 
used in control programs for production agriculture and 
disease vector control. However, many companies have vol- 
untarily withdrawn their formulations of malathion that 
were registered on stored grains, and there are doubts as 
to whether this product will be reregistered. Many insect 
pests of stored grain have developed resistance to mala- 
thion (5-13), which is also affecting decisions regarding 
registration. 

In 1985, almost 30 years after the introduction of OPs 
as protectants, Reldan (chlorpyrifos-methyl) received a 
registration for direct application to grain (14). Reldan can 
be applied to barley, oats, sorghum, rice, and wheat, but 
not to corn. In addition, Reldan can be used as a prebin 
spray only if wheat, sorghum, rice, barley, and oats will be 
stored in the bin. Pirimiphos-methy] (Actellic) was regis- 
tered in 1986 (1-4). It is labeled for corn and sorghum only 
and does not have a label for use as a prebin spray. 

Acceptable daily intake (ADI) calculations are used by 
the EPA to regulate nononcogenic compounds. The ADI is 
an estimate of the daily exposure dose that can be con- 
sumed without potential for any harmful effects, and the 
intake of commodities treated with a particular pesticide 
is represented as a percentage of the ADI. Although in fu- 
ture actions by the EPA, ADI will be referred to as refer- 
ence dose (rfd), it was not used at this writing because no 
EPA documents have used this terminology for pesticide 
registrations. The total ADI for all registered uses of an 
active ingredient should not exceed 100%. The calculated 
ADI for malathion is about 507% for the general popula- 
tion (1-4). In addition, in the most susceptible age group 
(nonnursing infants aged one to six years) the ADI exceeds 
1100%. Malathion has broad use patterns and was regis- 
tered prior to the EPA's use of ADI as a regulatory tool. 
Neither Reldan nor Actellic exceed the 100% calculated 
ADI value. 

Synergized pyrethrins have been registered as a pro- 
tectant for many years but have not been used extensively 
due to the limited availability and high cost. Synergized 
pyrethrins have a high acute toxicity to insects but low 
toxicity to mammals and are generally used as preventa- 
tive surface applications instead of treatments to the en- 
tire grain mass. The base pyrethrum compounds are ex- 
tracted from chrysanthemum flowers, and while the 
natural products give quick knockdown, insects often re- 


1212 GRAINS AND PROTECTANTS 


28. J. M. MacPherson and G. G. Khachatourians, “Biotechnology 
and Genetics: Concepts and Applications,” in P. N. Cheremi- 
sinoff and L. M. Ferrante, eds., Biotechnology Current Pro- 
gress, Technomic, Lancaster, Pa., 1991, pp. 21-37. 

29. P, J. Green, O. Pines, and M. Inouye, “The Role of Antisense 
RNA in Gene Regulation,” Annu. Rev. Biochem. 55, 569-597 
(1986). 

30. R. Green, and H. F., Noller, “Ribosomes and Translation,” 
Annu, Rev. Biochem, 66, 5679-5716 (1997). 

31, D. M, Raineri et al., “Agrobacterium-mediated Transforma- 
tion of Rice (Oryza sativa L.),” Bio/Technology 8, 33-37 
(1990). 

32, J, A. Heinemann and G. F. Sprague, Jr., “Bacterial Conjuga- 
tive Plasmid Mobilize DNA Transfer Between Bacteria and 
Yeast,” Nature 340, 205-209 (1989). 

33, T. Maniatis, E. F. Fritsch, and J. Sambrook, Molecular Clon- 
ing: Laboratory Manual, Cold Spring Harbor Laboratory, Cold 
Spring Harbor, N.Y., 1989. 

34, M. Schleef and P. Heimann, “Cesium Chloride or Column 
Preparation? An Electron Microscopical View of Plasmid 
Preparations,” BioTechniques 14, 544 (1993). 

35. K. B. Mullis et al., “Specific Enzymatic Amplification of DNA 
in vitro: The Polymerase Chain Reaction,” Cold Spring Har- 
bor Symposium Quantitative Biology 51, 263-273 (1986). 

36. S.J, Scharf, G. T. Horn, and H. A. Erlich, “Direct Cloning and 
Sequence Analysis of Enzymatically Amplified Genomic Se- 
quences,” Science 233, 1076-1080 (1986). 

87. J. Alper, “Weighing DNA for Fast Genetic Diagnosis,” Science 
279, 2044-2045 (1998). 

38. P. Ross et al., “High Level Multiplex Genotyping by MALDI- 
TOF Mass Spectrometry,” Nature Biotechnology 16, 1347- 
1851 (1998). 

39. E. Jay, J. Rommens, and G. Jay, “Synthesis of Mammalian 
Proteins in Bacteria,” in P, N. Cheremisinoff and R. P. Ouel- 
lete, eds., Biotechnology Handbook, Technomic, Lancaster, 
Pa,, 1985, pp. 388-400. 

40. G. G. Khachatourians and C. M. S. Berezowsky, “Expression 
of Recombinant DNA Functional Products in Escherichia coli 
Anucleate Minicells,” Biotechnology Advances 4, 75-93 
(1986). 

41, G. G, Khachatourians, “The Use of Anucleated Minicells in 
Biotechnology: An Overview,” in P. N. Cheremisinoff and R. P. 
Ouellette, eds., Biotechnology Handbook, Technomic Publish- 
ing, Lancaster, Pa., 1985, pp. 308-318. 

42, G.G. Khachatourians and A. R. McCurdy, “Biotechnology: Ap- 
plications of Genetics to Food Production,” in D. Knorr, ed., 
Impact of Biotechnology on Food Production and Processing,” 
Marcel Dekker, New York, 1987, pp. 1-19. 

43. G. G. Khachatourians and D. K. Arora, “Biochemical Identi- 
fication Techniques—Modern Techniques,” in R. K. Robinson, 
©. A. Batt, and P, Patel, eds., Encyclopedia of Food Microbi- 
ology, Academic Press, San Diego, Calif., 1999. 

44, Y.H, Hui and G. G, Khachatourians, eds. Food Biotechnology: 
Microorganisms, VCH, New York, 1995. 

45. Y. H. Hui et al, eds., The Handbook of Transgenic Food 
Plants, Marcel Dekker, New York, 2000. 


GEORGE G. KHACHATOURIANS 
ADRIENNE E. WoyTOWICH 
University of Saskatchewan 
Saskatoon, Saskatchewan 
Canada 


GRAINS AND PROTECTANTS 


Several insecticides are available for postharvest applica- 
tion to grains in the United States: malathion, chlorpyri- 
fos-methyl (Reldan), pirimiphos-methy] (Actellic), metho- 
prene (Diacon), Bacillus thuringiensis (Dipel), synergized 
pyrethrins, and diatomaceous earth (Table 1). Malathion, 
Reldan, and Actellic are most the commonly used insecti- 
cides; however, Reldan and Actellic can be applied only to 
specific grains. 

Malathion, an organophosphate (OP) insecticide, has 
been labeled for application to grain since 1957. It can be 
applied to all major grain commodities in addition to some 
minor crops (1-4). The labeled rate for application to stored 
grains is 10.4 ppm and the established Environmental Pro- 
tection Agency (EPA) tolerance is 8.0 ppm. In addition to 
its use as a grain protectant, malathion has been widely 
used in control programs for production agriculture and 
disease vector control. However, many companies have vol- 
untarily withdrawn their formulations of malathion that 
were registered on stored grains, and there are doubts as 
to whether this product will be reregistered. Many insect 
pests of stored grain have developed resistance to mala- 
thion (5-13), which is also affecting decisions regarding 
registration. 

In 1985, almost 30 years after the introduction of OPs 
as protectants, Reldan (chlorpyrifos-methyl) received a 
registration for direct application to grain (14). Reldan can 
be applied to barley, oats, sorghum, rice, and wheat, but 
not to corn. In addition, Reldan can be used as a prebin 
spray only if wheat, sorghum, rice, barley, and oats will be 
stored in the bin. Pirimiphos-methy] (Actellic) was regis- 
tered in 1986 (1-4). It is labeled for corn and sorghum only 
and does not have a label for use as a prebin spray. 

Acceptable daily intake (ADI) calculations are used by 
the EPA to regulate nononcogenic compounds. The ADI is 
an estimate of the daily exposure dose that can be con- 
sumed without potential for any harmful effects, and the 
intake of commodities treated with a particular pesticide 
is represented as a percentage of the ADI. Although in fu- 
ture actions by the EPA, ADI will be referred to as refer- 
ence dose (rfd), it was not used at this writing because no 
EPA documents have used this terminology for pesticide 
registrations. The total ADI for all registered uses of an 
active ingredient should not exceed 100%. The calculated 
ADI for malathion is about 507% for the general popula- 
tion (1-4). In addition, in the most susceptible age group 
(nonnursing infants aged one to six years) the ADI exceeds 
1100%. Malathion has broad use patterns and was regis- 
tered prior to the EPA's use of ADI as a regulatory tool. 
Neither Reldan nor Actellic exceed the 100% calculated 
ADI value. 

Synergized pyrethrins have been registered as a pro- 
tectant for many years but have not been used extensively 
due to the limited availability and high cost. Synergized 
pyrethrins have a high acute toxicity to insects but low 
toxicity to mammals and are generally used as preventa- 
tive surface applications instead of treatments to the en- 
tire grain mass. The base pyrethrum compounds are ex- 
tracted from chrysanthemum flowers, and while the 
natural products give quick knockdown, insects often re- 


GRAINS AND PROTECTANTS. 1213 


Table 1. Protectants and Grain Surface Treatments, United States, Rar Agricultural Commodities 


Label rate Tolerance 


Product. Crops (ppm) (ppm) % ADI* 
Malathion Barley, corn, oats, wheat, sorghum, rice, rye, sunflowers, 10.4 8.0 507 
and almonds 
Chlorpyriros-methyl (Reldan) Wheat, milo (sorghum), rice, barley, and oats 6.0 6.0 <100 
Pirimiphos-methyl (Actellic) Corn and sorghum (milo) 6.0-8.0 8.0 <100 
Methoprene (Diacon) Corn, wheat, sorghum (milo), barley, rice, oats, and peanuts 5.0 5.0 <100 
Bacillus thuringiensis (Dipel) Grain, soybean, seed, popcorn, birdseed, herbs and spices 3.17 Exempt N/A 
‘Synergized pyrethrins Wheat, corn, rye, and sorghum (milo) 3-20 3-20 <100 
(pyrethrins + piperonyl butoxide) 
Diatomaceous earth Grains NA N/A N/A 


“ADI, the average daily intake, is an estimate of the daily exposure dose to a pesticide, and the intake of commodities treated with a pesticide is represented 


as a percentage of the ADI. 


cover from this initial knockdown (15). Addition of the syn- 
ergist piperonyl butoxide increases the toxicity of the com- 
pounds, 

Diatomaceous earth is a silicaceous earth composed of 
the cell walls of diatoms. This insecticide kills insects by 
removing the waterproof layer, or exoskeleton, of the in- 
sect, causing a continuous loss of lipids from the exoskel- 
eton (16). It is available in dust formulations, and many 
older products were physically irritating to exposed work- 
ers and were suspected of causing pulmonary fibrosis. 
Many new formulations have been registered in recent 
years that are not as irritating to humans as the older com- 
pounds. 

A biological compound, Dipel (B. thuringiensis), was 
registered for use on grain and other stored commodities 
in 1977. B. thuringiensis is a naturally occurring pathogen 
isolated from insects and is exempt from an EPA tolerance 
and ADI consideration (1-4). The current application rate 
calculates to 3.17 ppm with respect to traditional pesticide 
tolerances, which equals 46.02 billion International Units 
of B. theringiensis per million pounds of grain. The grain 
surface application is for Lepidopteran pests (eg, Indian- 
meal moth, Plodia interpunctella, Angoumois grain moth, 
Sitotroga cerealla, Mediterranean flour moth, Ephestia 
kuehiniella), and almond moth (Cuda cautella) because 
this is the only group of grain pests affected by B. thurin- 
ginensis. Indianmeal moths can develop resistance to B. 
thuringiensis (17). 

Diacon (methoprene) is an insect growth regulator 
(IGR) that was registered in 1988 (1-4). It affects insects 
by interrupting the molting process. Diacon has a low 
mammalian toxicity and a tolerance of 5 ppm on all of the 
major grain crops as well as uses in vector and household 
insect control. As indicated, Diacon affects insect molting 
and egg hatch in some species (Fig. 1). This product does 
not eliminate existing adults, but has a secondary effect 
on the F, generation by limiting population explosions of 
most stored grain insects. The rice weevil, Sitophilus ory- 
zae, granary weevil, Sitophilus granarius, and lesser grain 
borer, Rhyzopertha dominica, are difficult to control with 
methoprene because the larvae develop inside the grain 
kernel. In countries other than the United States, addi- 
tional compounds labeled as grain protectants include res- 
methrin, bromophos, fenitrothion, bioresmethrin, delta- 
methrin, and permethrin (18). 


Figure 1. Effects of insect growth regulators (IGRs) on stored 
product insects (effected stages shown in shaded areas). 


In addition to those protectants and grain surface treat- 
ments labeled in the United States, several chemicals are 
labeled for application to grain storage structures (19). 
Methoxychlor is a chlorinated hydrocarbon that has been 
registered for more than 30 years. As mentioned earlier, 
Reldan can be used as a prebinning treatment if wheat, 
oats, sorghum, rice and barley will be stored in the bin. 
Actellic is not labeled as a prebinning spray. Cyfluthrin 
(Tempo) is a pyrethroid insecticide that can be used as a 
residual spray treatment for all storage structures, includ- 
ing grain bins. 

Currently, protectants formulated for direct application 
to grain are emulsifiable concentrates (EC) or ready to ap- 
ply as dry material. The ECs are diluted in water or FDA- 
approved mineral or soybean oil. Liquid solutions are ap- 
plied through gravity-flow or pressurized systems. In 
commercial facilities pressurized pump systems are used 
to treat from 30 t/h to 60,000 t/h (1,000 to 200,000 bu/h) 
(Fig. 2). The dry formulations are metered into the auger 
with mechanical applicators or dispersed on the grain sur- 
face, or cut into the grain with a scoop before unloading 
from a truck. As the grain is augured to the bin, distribu- 
tion throughout the grain is adequate for intended protec- 
tion. Only one application of a protectant is recommended 
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Figure 2. Suggested points at which chemical should be applied. 


to ensure that residues remain below allowable tolerances, 
Protectants should be applied as the grain is loaded into 
the bin (Fig. 2). Organophosphate insecticides degrade 
more rapidly as temperature and moisture content in- 
crease (20), but evaluations for protectant registrations are 
made at the full application rate, which helps minimize the 
risks of exposure associated with protectant insecticides. 

To illustrate the challenge of maintaining grain quality, 
a study on rice weevils (Fig. 3) shows how 50 adults can 
multiply to more than 13,551 adults in five months (21). 
Low moisture has a negative effect on weevil populations. 
The reproductive potential of several important species is 
shown in Table 2 (22). Studies conducted at the Gustafson 
Seed and Grain Technology Laboratory (Fig. 4) show that 
the percentage of insect-damaged kernels (IDK) is directly 
related to the insect population-to-grain ratio. The per- 
centage of IDK was 18 and 97% with 2 and 50 insects per 
200 g of wheat, respectively. 

In May 1988, revised Federal Grain Inspection Service 
(FGIS) grading standards went into effect (23). These stan- 
dards were more stringent; in wheat, rye, and triticale, one 
live weevil or lesser grain borer and one or more other live 
insects (OLD) injurious to stored grain in a 1-kg sample can 
cause that load of grain to be graded infested (Table 3). In 
corn, barley, oats, sorghum, soybeans, sunflower seed, or 
mixed grain, the infested grade is assigned when two or 
more live weevils or lesser grain borers, or one live weevil 
or lesser grain borer and five or more OLI injurious to 
stored grain, or ten or more OLI injurious to stored grain 
(Table 3). 

An additional FGIS revision established an IDK limit 
of 32 damaged kernels per 100 g of wheat. Prior to the 
FGIS revisions when IDK was not included as part of the 
grade, a load of wheat could have significant damage and 


One pint of wheat + 50 pairs 
of weevils x 150 days = 13,551 weevils 
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Figure 3. Number of offspring five months after 50 pairs of rice 
weevils were placed in wheat. Source; Ref, 21. 


sample (100 g) reveals 32 or more IDK, the load is graded 
U.S. Sample Grade wheat. The grading agency then noti- 
fies the FDA and the load or lot is declared unfit for human 
consumption, forcing it to be marketed as feed grain or for 
alcohol production. This market can be from $0.20 to $1.50 
per bushel less than food-grade wheat. 

Given the reproductive potential of insects, the complex 
life cycles, and the fact that several different species of 
insects are capable of damaging stored grain, management 
plans that utilize multiple control strategies are used for 
stored grains. Many programs include but are not limited 
to the following: 


1, Emphasis on maintaining high grain quality stan- 
dards (recent FGIS changes have increased the 
awareness of the need for better management) 

2. Sanitation and cleaning around storage facilities to 
prevent insects from establishing resident popula- 


still have graded U.S. #1. Under the new standards, if a tions 

Table 2. Stored-Grain Insects—Life Cycles and Characteristics 

Insect Life cycle (days), egg to egg Adult life (days) Number of eggs Penetrate packages Fly 
Confused flour beetle 40 365 450 Yes (weak) No 
Flat grain beetle 45 365 240 Yes (weak) Yes 
Lesser grain borer 30 180 300-500 Yes Yes 
Rice weevil 30 90-185 300-400 Yes (weak) Yes 
Granary weevil 30-50 210-240 30-50 Yes (weak) No 
Sawtoothed grain beetle 20-80 135-300 280 ‘Yes (weak) No 


% IDK 
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Figure 4. Relationship between numbers of rice weevils and per- 
centage of insect-damaged kernels (IDK). 


Table 3. Insect Infestation Tolerance Comparison 
Grain Insect standard 


One live weevil? and one or more 
other live insects* 

‘Two or more live weevils,* or one 
weevil and five or more other 
live insects,’ or ten or more 
other live insects 


Wheat, rye, triticale 


Corn, sorghum, soybeans, 
barley, oats, sunflowers, 
mixed grain 


Note: This table illustrates the number of live insects that, if detected in 
a 1-kg sample, will result in an infested grade under the FGIS insect- 
infestation standards, 

“Weevils are rice, granary, maize, and cowpea weevils, as well as the lesser 
grain borer. 

‘Other live insects include the grain and flour beetles, moths, and vetch 
bruchids. 


3. Application of grain protectants 

4, The use of aeration to cool the grain mass at selected 
times during storage 

5. Regular inspection and monitoring of the grain 

6. Control of insects with fumigants if populations be- 
come excessive 


Insect attractants (pheromones) and new methods of trap- 
ping insects have been developed to detect insects in stored 
grain (24). Traps are more efficient than traditional grain 
trier and sieve monitoring methods because they often can 
detect insects that would otherwise go undetected. There 
has been increased interest in recent years in new pro- 
grams to sample insects with traps and to use this infor- 
mation in control programs. The grain storage industry is 
becoming increasingly more involved in Integrated Pest 
Management (IPM) programs by taking steps to manage 
insect populations, instead of reacting after large popula- 
tions are detected and IDK are present. 
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GUMS 


Food gums are water-soluble or water-dispersable polysac- 
charides (glycans) and their derivatives (1-6) and gelatin 
(8) (see the article CARBOHYDRATES: CLASSIFICATION, 
CHEMISTRY, LABELING). In general, they thicken or gel 
aqueous systems at low concentration. Although starches, 
flours, and modified food starches are polysaccharide ma- 
terials and have similar properties, they are usually con- 
sidered separately as they are in this encyclopedia (see the 
article STARCH). Polysaccharide food gums can be classified 
by source (Table 1) or by structure (Table 2). 

The usefulness of gums is based on their physical prop- 
erties, in particular their capacity to thicken and/or gel 
aqueous systems and otherwise to control water. Because 
all gums modify the flow of aqueous solutions, dispersions, 
and suspensions, the choice of which gum to use for a 
particular application often depends on its other charac- 
teristics, characteristics that are responsible for their util- 
ization as binders, bodying agents, bulking agents, crys- 
tallization inhibitors, clarifying agents, cloud agents, 
emulsifying agents, emulsion stabilizers, encapsulating 
agents, film formers, flocculating agents, foam stabilizers, 
gelling materials, mold release agents, protective colloids, 
suspending agents, suspension stabilizers, swelling 


Table 1. Classification of Polysaccharide Food Gums by 
Source 


Class Examples 
Seed gums 


Guar gum, locust bean gum, tara 
gum, 


‘Tuber and root gums Konjac mannan 

Seawood extracts Algins, carrageenans, agar, 
furcellaran 

Plant extracts Pectins 

Exudate gums Gum arabics, gum tragacanth 

Fermentation/microbial Xanthan gums, gellan gums, 

gums curdlan 

Derived gums CMCs, hydroxypropylcelluloses, 

HPMCs, MCs 


agents, syneresis inhibitors, texturing agents, and whip- 
ping agents, in coatings, and for water absorption and 
binding. Most gums are not true emulsification agents but 
stabilize emulsions and suspensions by increasing the vis- 
cosity and the yield value of the aqueous phase. Some also 
exhibit protective colloid action. 

Food gums are tasteless, odorless, colorless, and non- 
toxic. All (except the starches, starch derivatives, and gel- 
atin) are essentially noncaloric and are classified as soluble 
dietary fiber (see the article FIBER, DIETARY). 

Gums, in general, do not form true solutions because of 
their large molecular size and intermolecular interactions. 
Hence, the term hydrocolloid is often used interchangeably 
with gum. The rheology (flow characteristics and gel prop- 
erties) of gum solutions is a function of the size, shape, 
flexibility, solvation, and ease of deformation of particles, 
and the presence and magnitude of charges on them. Par- 
ticles may be hydrated molecules and/or molecular aggre- 
gates. Many gum solutions exhibit shear thinning; that is, 
they are pseudoplastic, occasionally thixotropic, The vari- 
ables that affect their rheology are polymer structure, mo- 
lecular weight, concentration, shear rate, temperature, 
pH, and the concentration of salts, other solutes, and se- 
questrants. Factors that affect dispersion and dissolution 
are pH, presence of salts, presence of other solutes, gum 
type, particle size, physical form of particles, shear rate, 
and method of dispersion (mixing efficiency). 

Most gums are available in a range of viscosity grades, 
which are produced by depolymerization (reducing the mo- 
lecular weight) of the native polysaccharide. If viscosity is 
the goal, a high-viscosity grade at low solids concentration 
is used; if binding or protective colloid action, for example, 
is the goal, a low-viscosity grade at high solids concentra- 
tion is used. 

In general, gels made with food gums are composed of 
95.0 to 99.5% water and 0.5 to 5.0% gum. Important char- 
acteristics of gels are means of gelation (chemical gelation, 
thermal gelation), reversibility, texture (brittle, elastic, 
plastic), rigidity (rigid or firm, soft or mushy), tendency for 
syneresis, and whether they are cutable or spreadable. 

Gums, excluding native and modified starches, that are 
used in foods in the United States are described later. Not 
included is curdlan, which was only recently introduced in 
the United States, inulin, or the seldom used gum ghatti 
and gum karaya. Uses of curdlan and inulin are being ex- 
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Table 2. Classification of Polysaccharidic Food Gums by Structure 


Classification schemes 


Examples 


By shape 
Linear 
Branched 
Short branches on a linear backbone 
xanthan gums 
Branch-on-branch structures 
By monomeric units* 


Algins, carrageenans, cellulosics, farcellaran, konjac mannan, pectins 
Galactomannans (guar gum, locust bean gum, tara gum, enzymically modified guar gum), 


Gum arabics, gum tragacanth (tragacathin) 


Homoglycans Cellulosics, curdlan 
Diheteroglycans Agarose, algins, carrageenans, furcellaran, galactomannans, konjac mannan, pectins 
Triheteroglucans Gellan gums, xanthan gums 
Tetraheteroglycans Gum arabics 
Pentaheteroglycans Gum tragacanth (tragacanthin) 
By charge 
Neutral Agarose, HPMCs, MCs, galactomannans, konjac mannan 


Anionic (acidic)? 


Algins, CMCs, carrageenan, furcellaran, gellan gums, gum arabics, gum tragacanth 


(tragacanthin), pectins, xanthan gum 


“Considers only the basic monosaccharide units. A derivatized monosaccharide unit, such as p-galactopyranosyl 6-sulfate unit, is not considered as a unit 


separate from a D-galactopyranosyl unit, for example. 


*From the presence of uronic acid, sulfate half-ester, or pyruvyl cyclic acetal groups. 


plored. Also not included are the polysaccharides that oc- 
cur naturally in many foodstuffs, that may be extracted 
during processing, and that impart the same functionali- 
ties as gums added as ingredients; examples of such poly- 
saccharides are the arabinoxylans (pentosans) of cereal 
flours, xyloglucans of many cell walls, arabinogalactans 
and arabinogalactan-proteins of legumes, and psyllium 
seed gum. For f-glucan, which has the properties of a gum, 
but which is not isolated for commercial use, see the article 
FIBER, DIETARY. 


ALGINS 


Algins (alginates) (2,4-6) are extracted from brown algae 
(Phaeophyceae). Alginates are salts (generally sodium) and 
the propylene glycol ester of alginic acid. Alginic acid is a 
generic term for polymers of D-mannuronic acid and L- 
guluronic acid (see the article CARBOHYDRATES: CLASSIFI- 
CATION, CHEMISTRY, LABELING). In alginic acid molecules, 
at least three different types of polymer segments exist: 
poly(#-D-mannopyranosyluronic acid) segments, poly(a-L- 
gulopyranosyluronic acid) segments, and segments with 
alternating sugar units. Ratios of the constituent mono- 
mers and ratios of chain segments vary with the source. 
Alginates are linear polymers. The degree of polymeriza- 
tion (molecular weight) is controlled and varied in com- 
mercial products. 

Specific properties of algins depend on the percentage 
of each type of building block. An important and useful 
property of sodium, potassium, and ammonium alginates 
is their ability to form gels on reaction with calcium ions. 
Different types of gels are formed with alginates from dif- 
ferent sources. Alginates with a higher percentage of 
poly(guluronic acid) segments form gels more readily and 
form the more rigid, more brittle gels that tend to undergo 
syneresis. Alginates with a higher percentage of 
poly(mannuronic acid) segments form the more elastic, 
more deformable gels that have a lesser tendency to un- 
dergo syneresis. 


Algins are most often used as thickeners and are avail- 
able in a range of viscosity grades. Algin solutions are 
pseudoplastic, that is, exhibit shear thinning. Solutions of 
propylene glycol alginate (PGA, a partial propylene glycol 
ester) are somewhat thixotropic and much less sensitive to 
pH and polyvalent cations. The specific properties exhib- 
ited by an algin solution depend on the ratio of monomeric 
units, the concentration and type of cations in solution, the 
temperature, and the degree of polymerization. 

Primary products using sodium alginate are breakfast 
and cereal bars, fruit fillings, dry mixes for reconstitution 
with water or milk, and frozen products. Calcium alginate 
gels are found in structured foods, such as fruit pieces, on- 
ion rings, and pimiento strips for Spanish olives. Primary 
products in which PGA (which can be labeled algin deriv- 
ative) is used are pourable salad dressings, buttered pan- 
cake syrups, sauces, and beverages. It is also used as a beer 
foam stabilizer. Alginic acid, which swells in water, is used 
as a tablet disintegrant. 


CARBOXYMETHYLCELLULOSES 


Carboxymethylcellulose (CMC) (2,4-6) is the sodium salt 
of the carboxymethy] ether of cellulose (see the article Car- 
BOHYDRATES: CLASSIFICATION, CHEMISTRY, LABELING). In. 
an ingredient label, it can be designated cellulose gum, 
CMC, sodium CMC, sodium carboxymethyl cellulose, or 
carboxymethyl cellulose. 

Modified polysaccharides, such as CMC, have a degree 
of substitution (DS). There are, on average, three hydroxyl 
groups per polysaccharide hexopyranosyl (six-carbon-atom. 
sugar) unit. In the case of cellulose, each f-D-glucopyra- 
nosy] unit has three hydroxyl groups (see the article Car- 
BOHYDRATES: CLASSIFICATION, CHEMISTRY, LABELING). The 
average number of hydroxyl groups derivatized (with a 
carboxymethyl ether group in the case of CMCs) per mo- 
nomeric unit is the DS; the maximum DS of a cellulose 
derivative is 3.0. 
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Table 3. Some Properties of Food Gums 


Solubility 
Hot 
RT’ water Surface Emulsion/ 
wateror or tension suspension 
Gum milk milk Thickener® Gel former® reduction stabilizer Interactions and synergisms 
‘Ager $ + LBG, konjac mannan 
Algins 
Na* alginate + + + Ca? Proteins 
PGA + + te + we 
Cellulosics 
CMCs + + + +(certain types) Proteins, guar gum (weak) 
MCs + + Heat + i Xanthan gums 
HPMCs + a Heat Ee + Xanthan gums 
Carrageenans 
x-type Nat only + K*, Ca?*+, LBG Milk proteins, LBG, konjac 
mannan, xanthan gums, 
guar gum (weak) 
type Nat only + Ca?* Milk proteins, LBG, starches 
A-type + + Milk proteins, starches 
(weak) 
Furcellaran + + LBG, guar gum (slight) 
Galactomannans 
Guar gum + + + Xanthan, x-carrageenan, 
furcellaran, CMC (all 
weak) 
LBG Partial + + Xanthan gums, Xanthan gums, 
k-carrageenan x-carrageenan, 
i-earrageenan, agar, 
furcellaran 
Gelatin + + 2 + Agar, algins, carrageenans, 
gum arabics, LM pectins 
Gellan gums + Cations 
Gum arabics + + + + 
Gum tragacanth + + + = + 
Konjac mannan _Partial + + OH-, Agar, x-carrageenan, 
x-carrageenan xanthan gums, starches 
Pectins 
HM + H*, sugar 
LM + Ca?+ 
Amidated LM + Ca?* 
Xanthan gum + + + LBG < LBG, konjac mannan, 


x-carrageenan, MCs, 
HPMCs, guar gum (weak) 


‘Note: Blanks are negative indicators. 
“RT = room temperature 
Commonly used to thicken. 


Used to form gels. Listing of another ingredient or ion signifies a requirement for gelation. 


Solution characteristics of CMCs are primarily deter- 
mined by the DS, the average chain length/degree of poly- 
merization (DP), and the uniformity of substitution. The 
most widely used types have a DS of 0.7 or an average of 
7 carboxymethyl ether groups per 10 f-D-glucopyranosyl 
units (Fig. 1). Many viscosity grades of CMC are manufac- 
tured. 

CMCs hydrate rapidly and form clear, stable solutions. 
Viscosity building is their most important property. Solu- 
tions can be either pseudoplastic or thixotropic, depending 
on the type of product used, but are most often pseudo- 
plastic. Like solutions of hydroxypropylcelluloses, meth- 


CH,OCH,CO,"Na* 
ro) 


OH 


OH 


Figure 1. A representative unit of sodium carboxymethylcellu- 
lose, that is, a representative f-p-glucopyranosyl unit containing 
a carboxymethyl ether group. 


ylcelluloses, and hydroxypropylmethylcelluloses, CMC so- 
lutions are Newtonian at low shear rates and become 
pseudoplastic as the shear rate is increased. The shear rate 
at which solutions change from being Newtonian to being 
pseudoplastic increases with increasing molecular weight 
and decreases with increasing concentration. Also, the 
higher-molecular-weight products are more affected by 
shear. Solutions are stable over a wide pH range (pH 4— 
10). 

CMCs help to solubilize various proteins and to stabilize 
their solutions. They have a synergistic viscosity building 
effect when used with casein and soy protein. 

Examples of CMC use are as a retarder of ice crystal 
growth in ice creams and related products; as a physiolog- 
ically inert and noncaloric thickening and bodying agent 
in dietetic foods; in cake and related mixes to hold mois- 
ture, enhance organoleptic properties, and extend shelf 
life; as an extrusion aid; in batters for viscosity control, 
adhesion, and suspension stabilization; in icings, frostings, 
and glazes to hold moisture and retard sugar crystalliza- 
tion; as a thickener in pancake syrup; as a suspending 
agent and suspension stabilizer in hot cocoa and fruit 
drink mixes; as a water binder in slightly moist pet foods; 
as a casein stabilizer in dips and sour cream; and in frozen 
poultry sticks and nuggets. 


CARRAGEENANS, AGAR, AND FURCELLARAN 


Carrageenan is a generic term applied to polysaccharides 
extracted from a number of closely related species of red 
seaweeds (2,46). Agar and furcellaran are also red sea- 
weed extracts and members of the same larger family. All 
polysaccharides in this family are derivatives of linear 
galactans, and all have alternating monosaccharide units 
and linkages. In agar, the monosaccharide units are 
D-galactopyranosyl and 3,6-anhydro-L-galactopyranosyl 
units. In x-carrageenan and r-carrageenan, they are 
D-galactopyranosyl and 3,6-anhydro-p-galactopyranosyl 
units. 4-Carrageenan contains only p-galactopyranosyl 
units (Fig. 2). Agar contains little or no sulfate half-ester 
groups. Other members of the family are sulfated: in 
increasing order, x-carrageenan (~25%), carrageenan 
(~30%), and j-carrageenan (~35%). Each polymer type is 
heterogeneous; that is, none contains an exact repeating 
unit structure. Agar is the least soluble of this family of 
polysaccharides and j-carrageenan the most soluble. Agar 
forms the strongest gels. 4-Carrageenan does not gel. 

Commercial carrageenans are composed primarily of 
three types of polymer: x-, 1-, and /-carrageenans. The com- 
position of an extract of a carrageenophyte with respect to 
each of the three types of polymers and its properties de- 
pends on the species collected, growth conditions, and 
treatment during production. Products are blended and 
standardized with respect to any of several properties. 

As pH values decrease below 6, carrageenan solutions 
become increasingly unstable when heated. The loss of vis- 
cosity is due to polymer chain cleavage and, hence, is ir- 
reversible. 

Carrageenans form complexes with proteins. Carra- 
geenans are used extensively as gelling, thickening, and 
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suspending agents in milk-based products. Preparations 
are blended to provide products that will form a variety of 
gels: clear gels and turbid gels, rigid gels and elastic gels, 
tough gels and tender gels, heat-stable gels and thermally 
reversible gels, gels that undergo syneresis and gels that 
do not. Carrageenan gels do not require refrigeration be- 
cause they do not melt at room temperature. 

Carrageenans react with milk proteins. The thickening 
effect of a x-type carrageenan in milk is 5 to 10 times 
greater than it is in water; at a concentration of 0.025% in 
milk, a weak thixotropic gel is formed via interaction of x- 
carrageenan with x-casein micelles. This property finds 
use in the preparation of chocolate milk (to keep the cocoa 
suspended) and ice cream (to prevent whey-off). Other (sta- 
bilizing) interactions are important in producing evapo- 
rated milk, infant formulas, and whipped cream required 
to be freeze-thaw stable. 

There is a synergistic effect between x-carrageenan 
and locust bean gum; the two gums together produce a 
much more elastic gel with markedly greater gel strength 
and less syneresis. Such gels find use in canned pet foods, 
fruit gels, and processed meats and seafoods. The x- 
carrageenan-locust bean gum mixture is also used to pro- 
vide body and fruit suspension in yogurt, to stabilize low- 
fat yogurt, and in other dairy products such as cheese 
spreads, cottage and cream cheese, dips, ice creams, other 
frozen desserts and novelties, and whipped toppings. 

1-Type carrageenans form elastic, syneresis-free, ther- 
mally reversible gels that are stable to repeated freeze— 
thaw cycling. They are used in ready-to-eat milk gels. 
Blending is a common practice, and blends of x- and r-type 
carrageenans are used to prepare water dessert gels 
(where refrigeration is unavailable), whipped toppings, in- 
stant whipped desserts, and eggless custards and flans. :- 
‘Type carrageenans exhibit a synergistic interaction with 
starches. 

4-Type carrageenans are nongelling and are used as 
emulsion stabilizers in such products as whipped cream, 
instant breakfast drinks, milkshakes, nondairy coffee 
creamers, and dry mix sauce systems. 

Agar (agar-agar) is the least soluble of this class of poly- 
saccharides. Agar is composed of a gelling polysaccharide, 
agarose, and a nongelling polysaccharide, agaropectin. 
Agar can be dispersed only at temperatures above 100°C 
(212°F). When its dispersions are cooled, strong, brittle, 
turbid gels form. Agar gels remelt when heated, undergo 
syneresis, and are unstable to freeze-thaw cycles. Agar is 
used primarily in bakery icings, glazes, and (in Asia) des- 
sert gels. A form of agar that dissolves at lower tempera- 
ture (about 65°C/150°F) is made by drying agar with 
sugars/or maltodextrins, producing a so-called agglomer- 
ated form. 

Furcellaran (Danish agar) is a less-sulfated x-type car- 
rageenan, placing it between agar and x-carrageenan in 
properties. It is not always considered as a separate entity, 
often being included in the carrageenan family. Furcel- 
laran is used to prepare milk-based puddings, flan and re- 
lated jellies, and low-sugar jams and other fruit preserves 
and elsewhere where x-type carrageenans might also be 
used. 
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Figure 2. Idealized structures of the three types of carrageenan. 
GELATIN a net positive charge and will interact with negatively 


Gelatin is a protein rather than a polysaccharide. It is pro- 
duced by acid (type A) or alkali (type B) treatment of col- 
lagen obtained from pig skin, cattle hides, and bones. 
While gelatin contains 18 different amino acids, about 95% 
of the structure is composed of 7. The amino acid sequence 
of most of the chain is a tripeptide repeating unit of 
(glycine)proline or hydroxyproline){alanine, glutamic 
acid, aspartic acid, or arginine). Gelatin contains no tryp- 
tophan. 

The important functional properties in food applica- 
tions of gelatin (3) are gel strength, gelling temperature, 
setting rate, pH, and isoelectric pH. Typical values for 
some of these properties are as follows: 


‘Type __Gel strength, g Bloom pH Isoelectric pH 
A 75-300 45-6.0 8.0-9.5 
B 15-275 50-15 47-54 


The presence of ash, sulfur dioxide, and peroxides can 
affect product appearance, that is, can cause gel cloudiness 
and/or discoloration, but do not affect functional proper- 
ties. The gelling temperature of gelatin solutions is related 
to concentration. Below pH 5, types A and B gelatins have 


charged polymers such as agar, carrageenans, algins, low- 
methoxyl (LM) pectins, and gum arabic. 

Although gelatin could be used in a variety of food 
products, its use is essentially limited to preparation of 
meltable-in-the-mouth water-dessert gels (gelatin des- 
serts), meat products, and marshmallows and other con- 
fectioneries. It is also used to stabilize emulsions; as a sta- 
bilizer for ice cream and other dairy products; as a 
clarifying agent for wines, vinegar, and juices; and in bak- 
ery fillings and icings. It is not normally used as a thick- 
ener but is used to thicken low-fat spreads where the gel 
structure is broken down by processing and tempered by 
hydrophobic ingredients such as oils and emulsifiers. 


GELLAN GUM 


Gellan, known commercially as gellan gum, is an extra- 
cellular microbial polysaccharide produced by the organ- 
ism Sphingomonas elodea (5). It is composed of a linear 
tetrasaccharide repeating unit of D-glucose—D-glucuronic 
acid—D-glucose-L-rhamnose. Two forms of gellan gum are 
available—the native acylated form and a deacylated form. 
Cooling of hot solutions of the low-acyl gellan (gum) forms 


firm and brittle gels of texture similar to that of agar and 
k-carrageenan gels. 

Gellan gum requires cations for gelation; but unlike 
other ion-sensitive gelling polysaccharides, it gels with a 
wide variety of cations, including hydrogen ions. Divalent 
ions such as Ca?* are, however, much more efficient at 
forming gels than are monovalent ions such as Na* and 
K*. Since divalent cations decrease solubility, sequester- 
ing agents are required if such cations are present initially. 
Like agar gels, gellan gum gels exhibit marked setting and 
melting temperature hysteresis; and by selection of the ion 
and its concentration, both temperatures can be controlled. 

Gellan gum is functional in milk, although a calcium 
ion-sequestering agent is normally required. It can be used 
in confectioneries; structured foods; pie and bakery fillings; 
bakery icings, frostings, and glazes; dairy products; water- 
based gels; and films and coatings. Generally, gellan gum 
is blended with other gums or ingredients to modify its 
performance. 


GUAR AND LOCUST BEAN (CAROB) GUMS 


Commercial guar gum (2,4-6) is the ground endosperm of 
seeds of the guar plant. The guar plant resembles the soy 
plant, and guar seeds are produced much as are soy beans. 
Commercial guar gum usually contains 80 to 85% polysac- 
charide, 10 to 14% moisture, 3 to 5% protein, 1 to 2% fiber, 
0.5 to 1.0% ash, and 0.4 to 1.0% lipid. 

Guaran is the purified polysaccharide from guar gum. 
It is composed of D-galactose and D-mannose and is, there- 
fore, a galactomannan. It has a linear backbone chain of f- 
D-mannopyranosyl units, approximately 56% of which (on 
average) are substituted with an a-D-galactopyranosyl 
unit, giving a comblike structure (Fig. 3). The mannan 
chain is rather evenly substituted with D-galactopyranosyl 
units, but in a somewhat random manner. 

Like guaran and the endosperm polysaccharides of 
other legumes, locust bean (carob) gum (LBG) is also a gal- 
actomannan. Like guaran, it has a linear mannan back- 
bone. However, in locust bean gum, on average only ap- 
proximately 20% of the f-D-mannopyranosyl units are 
substituted with an a-D-galactopyranosyl unit and the 
branched units are clustered. The locust bean gum mole- 
cule contains “smooth” regions that contain no a-D- 
galactopyranosyl side-chain units and “hairy” regions in 
which most main-chain units contain single-unit a-D- 
galactopyranosyl branches. 

Commercial locust bean gum is the ground endosperm 
of the seeds of the locust (carob) tree. The tree, which grows 
primarily in the Mediterranean region, is slow to mature 
and does not begin to bear until it is about 15 years old. 
Hence, the supply of locust bean seeds is limited and is not 
expected to increase. Locust bean gum usually has about 
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the same composition (polysaccharide, moisture, protein, 
fiber, ash, lipid content) as does guar gum. 

Guar gum forms very high viscosity, slightly pseudo- 
plastic solutions at low concentrations. Because commer- 
cial guar gum contains protein, fiber, and lipids, its solu- 
tions are cloudy. Particle size is important in the use of 
guar gums. Coarse granulations are used for rapid, easy 
dispersion; fine granulations give rapid hydration. All 
forms will develop some additional viscosity after their dis- 
persions have been heated. Guar gum is nonionic, so the 
viscosity of its solutions is not greatly affected by pH. It 
hydrates most rapidly at pH 6 to 9. 

Locust bean gum has low cold-water solubility and is 
generally used when delayed viscosity development is de- 
sired. Only when dispersions of locust bean gum are heated 
(eg, to 85°C [185°F]) and cooled is high viscosity obtained. 
The general properties of locust bean gum are similar to 
those of guar gum. A difference is its synergism with k- 
carrageenan, agar, and xanthan gum, with which it forms 
gels. Guar gum has only a weak synergistic effect on the 
viscosity of xanthan gum solutions and an even weaker 
effect on carrageenan and CMC solutions. 

Guar gum is used in foods as a thickener and a binder 
of water. It is often used in combination with other gums, 
for example, with carrageenan and/or xanthan plus locust 
bean gum, particularly in dairy products such as ice 
creams, frozen novelties, whipped toppings, sour cream, 
cottage cheese, and low-fat yogurts. It is used with xan- 
than gum in pickle relish and sauces such as pizza and 
Sloppy Joe sauce to bind and control water. Both guar gum 
and locust bean (carob) gum are used (often in combination. 
with carrageenan or xanthan gum) in stabilizers for ice 
cream. Other applications of these blends are in the man- 
ufacture of canned frostings, dips, cream cheese, cottage 
cheese dressings, and other processed cheese products. 
Guar gum is used in instant hot cereals and dry soup and 
other mixes, egg substitutes, dipping batters, pimiento 
strips for Spanish olives, sauces, condiments, and pet 
foods. 

Two forms of enzymically modified guar gum are pro- 
duced. One is a depolymerized guar gum designed to be a 
noncaloric bulking agent and a less viscous source of die- 
tary fiber. The other is a guar gum that has had some of 
the D-galactosy] units removed to give it properties more 
like those of the more expensive locust bean gum. 

Locust bean gum is almost always used in combination 
with one or more other gums in a variety of dairy products. 
In combination with xanthan gum and starch, it is used 
to make chewy fruit confections. Locust bean gum— 
carrageenan blends are used in pet food gels. 

Tara gum is a galactomannan obtained from seeds of 
the tara shrub, which grows in northern regions of South 
America and Africa. It has a D-galactosyl unit:D-mannosy] 
unit ratio between those of guar gum and locust bean gum, 
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Figure 8. Idealized structure (shorthand) of guaran. 
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giving it properties most like those of a locust bean gum 
with a high D-galactose content. Only relatively small 
amounts of tara gum are currently used. 


GUM ARABICS 


Of the several gums that are dried, gummy exudations col- 
lected by hand from various trees and shrubs, only gum 
arabic, also called gum acacia and acacia gum, is still in 
significant use (2,4-6). 

Gum arabics are collected by hand from various species 
of Acacia, a small tree. Tears of gum exude from wounds 
in trunks and branches. Wounds can be natural, but trees 
often are cut deliberately. Dried tears are sorted into lots 
based on clarity, color, and gross impurities. Representa- 
tive samples of each lot are analyzed for ash content, 
water-insoluble impurities, and viscosity. The lots are then 
cleaned, converted into grains or powders of varying mesh 
sizes, and blended. The best gum comes from the region 
just south of the Sahara Desert. The most highly purified 
grade is produced by spray drying a clarified solution. 

Gum arabic preparations are mixtures of highly 
branched, branch-on-branch, acidic polysaccharides, and 
protein-polysaccharides that occur as mixed salts. Their 
specific compositions and structures can vary with species, 
season, and climate. 

Gum arabic is unique among gums because of its high 
solubility and the low viscosity and Newtonian flow of its 
solutions. While most other gums form highly viscous so- 
lutions at 1 to 2% concentration, 20% solutions of gum ar- 
abic resemble a thin sugar syrup in body and flow prop- 
erties. 

Gum arabic also has the unique property of being an 
effective emulsifier of flavor oils plus an effective stabilizer 
of the resulting emulsions. It is often used in the prepa- 
ration of baker’s emulsions of citrus and other essential 
oils. Another major application is in the preparation of dry 
fixed-flavor powders, which are prepared by adding citrus 
oils and other fruit or imitation flavors to gum arabic so- 
lutions and spray drying the resulting emulsions. Some 
gum arabic is also used in the preparation of confection- 
eries and lozenges. 


GUM TRAGACANTH 


Gum tragacanth (2,4-6), is the dried exudate of Astragalus 
species. It is produced from natural or deliberately made 
wounds in the roots, trunks, and/or branches of the small 
bushes, comes for the most part from Iran and Turkey, and 
is relatively expensive. Its use, therefore, is quite limited. 

Gum tragacanth contains two polysaccharides. One 
(60-70%), termed both tragacanthic acid and bassorin, 
only swells in water, forming a gel. Tragacanthic acid con- 
tains a highly branched, acidic galactan covalently bound 
to protein. The minor polysaccharide is a neutral arabi- 
nogalactan in which L-arabinose is the predominant mono- 
saccharide; it most probably consists of a core galactan 
chain to which highly branched arabinan chains are at- 
tached. 

The most important physical properties of gum traga- 
canth are its relative acid stability, ability to lower surface 


and interfacial tensions, and hydration to a gel. The pri- 
mary use of gum tragacanth is as an emulsifying agent and 
water controller in low pH foods. Gum tragacanth is found 
in some pourable salad dressings and pickle relishes and 
in certain bakery products. 


HYDROXYPROPYLCELLULOSES 


Hydroxypropylcelluloses (HP) (2,4-6) are cellulose ethers 
prepared by reacting cellulose with propylene oxide. The 
products are characterized in terms of moles of substitu- 
tion (MS) rather than DS (see “Carboxymethylcelluloses”). 
MS is used because the reaction of a propylene oxide mol- 
ecule with cellulose leads to the formation of a new hy- 
droxyl group with which another alkylene oxide molecule 
can react to form an oligomeric side chain. Therefore, there 
is no limit to the moles of substituent that can be added to 
each D-glucopyranosyl unit. MS denotes the average num- 
ber of moles of alkylene oxide that has reacted per D- 
glucopyranosyl unit (Fig. 4.) 

In general, the MS controls the solubility of a hydrox- 
ypropylcellulose. Commercially available hydroxypropyl- 
celluloses are insoluble in hot water, soluble in cold water, 
and compatible with several oils. HP is produced in a wide 
range of viscosity grades and forms clear, smooth, uniform 
solutions with pseudoplastic rheology similar to that of 
other cellulosics (see “Carboxymethylcelluloses”), 

Because they are nonionic gums, hydroxypropylcellu- 
loses are unaffected by pH. Because of their ability to re- 
duce surface and interfacial tension, they are used as 
emulsifying agents, emulsion stabilizers, and whipping 
aids. Flexible, nontacky, heat-sealable packaging films and 
sheets can be produced from hydroxypropylcelluloses by 
conventional extrusion techniques. Because hydroxypro- 
pylcelluloses form strong, edible films that provide a bar- 
rier to oxygen and water vapor, they are used to coat nuts 
and confections. 


KONJAC MANNAN, 


Konjac mannan is the principal component of konjac flour, 
the product of commerce. Konjac flour, the powdered tuber 
of Amorphophallus konjac, is used primarily in Japan to 
make a gelled food product, in noodles, and as a fat re- 
placer. 

Konjac mannan is a glucomannan. It is a linear polymer 
of f-D-mannopyranosyl and f-D-glucopyranosyl (ratio 
1.6:1.0) units all linked (1>4). Removal of some of the nat- 
urally occurring acetate ester groups with alkali is re- 
quired for gelation. 

Konjac flour is cold-water swelling but hydrates only 
slowly in room-temperature water, so unlike many other 
gum products, it disperses easily in water. As the particle 
size is reduced, the time required for hydration and dis- 
solution is reduced. When fully hydrated, it forms solutions 
of high viscosity and pseudoplasticity. 

Konjac mannan, by itself, when deacetylated, forms 
elastic gels that are stable in boiling water. In fact, gel 
strength increases reversibly on heating. This accounts for 
its traditional use in the stabilization of noodles that can 
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be cooked in an autoclave. In addition, konjac mannan ex- 
hibits a strong synergism with agar and x-carrageenan, 
forming elastic, thermally reversible gels after heating and 
cooling. It also will form a gel via synergistic interaction 
with xanthan and interacts synergistically with starches 
to increase viscosity and form heat-stable gels. Strong ed- 
ible films can be made with konjac mannan as the base. 


METHYLCELLULOSES AND 
HYDROXYPROPYLMETHYLCELLULOSES 


Methylcelluloses (MCs) contain methoxyl groups in place 
of some of the hydroxyl groups along the cellulose mole- 
cule; hydroxypropylmethylcelluloses (HPMCs) contain, in 
addition to methyl ether groups, hydroxypropyl ether 
groups along the cellulose chain (2,46). The properties of 
MCs and HPMCs are primarily a function of the amount 
of each type of substituent group and the molecular-weight 
distribution. 

MCs are made by reacting cellulose with methyl chlo- 
ride until the DS (see “Carboxymethylcelluloses”) reaches 
1.1 to 2.2. HPMCs are made by using propylene oxide in 
addition to methyl chloride in the reaction; hydroxypropyl 
group MS (see “Hydroxypropylcelluloses”) levels in com- 
mercial products are 0.02 to 0.3. 

Members of this family of gums are cold-water soluble. 
Conversion of some of the hydroxyl groups of cellulose mol- 
ecules into methyl ether groups increases the water solu- 
bility of the polymer and reduces its ability to aggregate 
(ie, reduces intermolecular interactions). Solubility and so- 
lution stability is increased even more when hydroxypro- 
pyl groups are added to MC. 

The most interesting property of these nonionic prod- 
ucts is thermal gelation. Solutions of members of this fam- 
ily of gums decrease in viscosity when heated, as do solu- 
tions of most other polysaccharides. However, unlike 
solutions of other gums, when a certain temperature is 
reached (depending on the specific product), the viscosity 
will increase rapidly and the solution will gel. Gelation can 
occur at various temperatures from 45 to 90°C (115 to 
195°F), depending on the viscosity type, DS/MS, and pro- 
portions of methyl and hydroxypropyl substituent groups. 
The thermal gelation is reversible; that is, the gel will re- 
vert to a fluid upon cooling. 

These gums reduce surface and interfacial tensions and 
can, therefore, be used to stabilize emulsions and make 
foams. They will form high-strength films that are clear, 
water-soluble, and oil- and grease-resistant and have low 
oxygen and moisture vapor transmission rates. They are 
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Figure 4. A representative f-D-glucopyranosyl unit of cellulose 
containing a hydroxypropyl group or a poly(propylene oxide) 
chain (nx = 0, 1, 2, 3, ete). 


used in the preparation of dietetic foods, in baked goods 
for their glutenlike properties, in dipping batters (where 
film formation, low oil migration, moisture retention, ther- 
mal gelation, and tackiness are important properties), in 
whipped toppings, in frozen desserts and novelties, in 
canned fruit juice and fruit drink mixes (as a bodying 
agent, drying aid, emulsion stabilizer, and/or cloud agent), 
and as a binder and lubricator in extrusion processes. 
Their solutions exhibit pseudoplastic rheology similar to 
that of other cellulosics (see “Carboxymethylcellulose”). 


PECTINS 


Pectins are mixtures of polysaccharides that originate 
from plants, contain pectinic acids as major components, 
are water soluble, and whose solutions gel under suitable 
conditions (2,47). Pectinic acids are galacturonoglycans 
[poly(a-p-galactopyranosyluronic acids)] with various, but 
greater than negligible, contents of methyl ester groups. 
Pectinic acids may have varying degrees of neutralization. 
Salts of pectinic acids are pectinates. Pectic acids are gal- 
acturonoglycans without, or with only a negligible content 
of, methyl ester groups. Pectic acids may have varying de- 
grees of neutralization. Salts of pectic acids are pectates. 
The principal and key feature of all these molecules is a 
linear chain of a-D-galactopyranosyluronic acid units. In 
all commercial pectins, some of the carboxyl groups are in 
the methyl ester form; some or all of the remaining car- 
boxylic acid groups may be in a carboxylate salt form 
(Fig. 5). 

Pectins are subdivided according to their degree of es- 
terification (DE), a designation of the percentage of car- 
boxyl groups esterified with methanol. Pectins with DE 
values >50% are high-methoxyl (HM) pectins; those with 
DE values <50% are low-methoxyl (LM) pectins. The DE 
strongly influences the solubility, gel-forming ability, con- 
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Figure 5. Monomer units of pectins. 
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ditions required for gelation, gelling temperature, and gel 
properties of the preparation. In some LM pectins, termed 
amidated pectins, some carboxyl groups have been con- 
verted into carboxamide groups. The degree of amidation 
(DA) indicates the percentage of carboxyl groups in the am- 
ide form. 

Pectins are soluble in hot water. The importance of pec- 
tin is predominately the result of its unique ability to form 
spreadable gels when a hot solution is cooled. HM-pectin 
gels are formed by the addition of sugar (at least 55%, but 
normally ~65%, soluble solids) to a hot, acidic (pH ~3) 
solution of pectin in a fruit juice. LM pectins will gel only 
in the presence of calcium ions and do not require soluble 
solids to gel. Increasing the concentration of calcium ions 
increases the gelling temperature and gel strength. 

Any system containing pectin at potential gelling con- 
ditions (ie, necessary concentration of an appropriate pec- 
tin, pH, concentration of cosolutes, and concentration of 
divalent cations) must be prepared at a temperature above 
the gelling temperature. The temperature at which struc- 
ture is formed upon cooling is the gelling temperature. LM 
pectins, particularly amidated pectins, are sensitive to di- 
valent cations, such as calcium ions, and require use of a 
sequestering agent for dissolution if they are present. 

The primary use of pectins is in the preparation of 
spreadable gels (jams, jellies, marmalades, and preserves, 
including the preserves in fruit yogurt and fillings for choc- 
olates) from fruit juices or whole fruits, with or without 
added sugar. Pectins are also used in preparation of chew- 
able fruit candies, fruit roll ups, canned fruit juices, cheese 
spreads, and icings and frostings. 


XANTHAN GUMS 


Xanthan (2,4-6) (also known as xanthan gum) is widely 
and extensively used as a food gum. It is an extracellular 
microbial polysaccharide produced by fermentation. Its 
characteristics vary somewhat with variations in the 
strain of the organism and the fermentation conditions 
used. 

Xanthan gum hasa linear main chain that has the same 
structure as cellulose (see the article CARBOHYDRATES: 
CLASSIFICATION, CHEMISTRY, LABELING). In xanthan gum, 
every second f-D-glucopyranosyl unit of the cellulosic back- 
bone is substituted with a trisaccharide unit. About half of 
the trisaccharide side-chain units carry a terminal pyruvic 
acid cyclic acetal group. 

Xanthan gum solutions are extremely pseudoplastic 
and have a high at-rest viscosity. These properties make 
xanthan gum almost ideal for the stabilization of aqueous 
dispersions, suspensions, and emulsions. Whereas other 
polysaccharide solutions decrease in viscosity when they 
are heated, xanthan solutions change little in viscosity 
over the temperature range 0 to 95°C (32 to 205°F). Al- 
though xanthan gum is anionic, pH has almost no effect 


on the viscosity of its solutions. A synergistic viscosity in- 
crease results from the interaction of xanthan gum with x- 
type carrageenans, MCs, locust bean gum, and konjac 
mannan. The latter two combinations form thermally re- 
versible gels when hot solutions of these polysaccharides 
are cooled. 

The wide range of properties that make xanthan gum 
so widely and extensively used in foods includes its tem- 
perature stability, pH stability, ability to improve gloss 
(sheen), ability to hold moisture, and bland flavor; the high 
at-rest viscosity, stability to salts, high pseudoplasticity, 
and stable viscosity of its solutions from the freezing tem- 
perature to the boiling temperature of water; the extraor- 
dinary increase in solution viscosity it imparts with in- 
creases in concentration; and its synergistic interactions. 
Xanthan gum is sometimes used in combination with mod- 
ified food starch. It is used in almost all pourable salad 
dressings, very frequently in combination with propylene 
glycol alginate. Among other products in which it is found 
are spoonable dressings, including reduced-calorie may- 
onnaise; bakery products; cereal bars; condiments; dairy 
products; egg substitutes; frozen foods; meat products; 
drink mixes; sauces; spreads; syrups; and toppings. 

Blends of xanthan and locust bean gum and/or guar 
gum are excellent ice cream stabilizers and are often used 
in combination with a CMC and a carrageenan. Other ap- 
plications of these blends are in the preparation of canned 
frostings, dips, cream cheese, cottage cheese dressings, 
other processed cheese products, low or nonfat dairy-based 
systems, sauces such as pizza and Sloppy Joe sauce, and 
starch-based gum candies. 
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HAZARD ANALYSIS AND CRITICAL CONTROL 
POINTS (HACCP). See PosTHARVEST INTEGRATED 
PEST MANAGEMENT in the Supplement section. 


HEAT 


When two bodies are at different temperatures, there is a 
transfer of heat energy from the body having the higher 
temperature ¢, to the body having the lower temperature 
ty. Hence, the state of energy of the colder body is increased 
and that of the warmer body decreased. This situation of 
unsteady-state heat transfer continues with the driving 
force t; — tg, or dt, decreasing until both bodies are at the 
same temperature and there is no unbalanced state to give 
a driving force. Such is the case when a hot or warm food 
is placed in a container of cold water to decrease the tem- 
perature of the food. 

Steady state heat transfer occurs when the temperature 
driving force 4t remains constant and the rate of heat 
transfer between two bodies is constant. An example of 
this type of steady-state transfer is boiling of water on a 
hot element of a stove. The element temperature is kept 
constant by a continuous flow of electrical energy being 
converted to heat and the boiling water stays constant at 
the boiling point of water (100°C at standard atmospheric 
pressure). On the other hand, if the heating element is kept 
constant and a food is being heated below the boiling point, 
there is an unsteady-state heat transfer, which results in 
a temperature rise of the food. 

The last two examples also illustrate that there are 
different types of heat within a substance. Sensible heat 
is the amount of heat that can be added or removed from 
a given mass of product between two temperatures of the 
product (t; to t2) without changing the state of the body 
(eg, heating or cooling a food by cooking or refrigerating). 
Latent heat refers to the amount of heat necessary to 
change a given mass from one state to another (eg, boiling 
water, freezing food products). Sensible heat results in a 
temperature rise within a body, whereas latent heat is the 
heat (at constant temperature) necessary to change the 
state. 

There are numerous systems used in the world to quan- 
tify mass and energy, including the English (Imperial) sys- 
tem and several systems using metric units. This can be 
well demonstrated by the measurement of sensible heat. 
Each food or material requires a different amount of heat, 
called the specific heat (heat capacity), to raise or lower a 
given mass to a given temperature. Through laboratory 
research, specific heats have been determined and given 
in different unit systems. A British thermal unit (English 
system) is defined as the amount of heat required to raise 
the temperature of 1 lb of water 1°F. A kilocalorie in the 
metric system is the amount of heat required to raise 1 kg 
of water 1°C. 

Several international organizations have attempted to 
standardize the unit systems, symbols, and quantities to 
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prevent the confusion that often exists (1,2). The result is 
the Systeme International d’Unites, or the SI system, in 
which base metric units have been defined. Table 1 gives 
the SI system unit definitions along with factors for con- 
verting from the Imperial system to SI units. 

In the SI system, the basic unit of force is the newton 
(N), the force that gives a mass of 1 kg an acceleration of 
1 m/s. The basic unit of energy is the joule (J), the work 
done when the point of application of 1 N is displaced by a 
distance of 1 m. Hence specific heat c is expressed in the 
three principal systems as: 


c = 1 Btulb’F = 1 cal/g’C = 4.1865 J/g K 


The mathematical relationship between heat, tempera- 
ture, and specific heat in a food can be expressed in SI units 
as: 


Q = [" eat 


where Q = heat (heat gained or lost in KJ), M = mass 
(kg), c = specific heat (kJ/kg°C), and dt = temperature 
change (°C). 

If the specific heat is at constant pressure it is desig- 
nated as c,. If the process is carried out at constant volume 
(eg, a container of compressed gas), it is designated as c,. 
For liquid and solid food, the difference between c, and c, 
is negligible. Because over the range of temperatures for 
food processes the c, is essentially constant, heat in a sys- 
tem is normally calculated as: 


Q = (M\c,Xt, — t2) = Me, At 


Thus if 100 kg of apples with a specific heat of 3.6 kJ/kg/ 
K) are cooled from tree temperature of 18°C to 5°C, the 
amount of heat removed would be 


Q = (100 kgX3.6 kJ/kg - K\(18-5 K) = 4,680 kJ 


As a point of reference, 1 Btu equals 1.055 kJ; therefore, 
this would be equal to 4,436 Btu. 

When learning the SI system, which will eventually be 
the world standard, it is useful to remember some basic 
approximate conversion factors to visualize the relation- 
ships between values. This is especially true for the United 
States where the English system has become so well en- 
trenched. It is helpful to remember that 1 ft is approxi- 
mately 0.3 m, 1 Btu is approximately 1 kJ, 1 Ibf is approx- 
imately 4.5 N, 1 Btu/h is approximately equal to 0.3 W, 
and 1 Btu/tb is approximately 2.33 kJ/kg. If the equivalent 
English and SI values are visualized when working a prob- 
lem in SI units, it will become easier to think in both sys- 
tems. 
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Table 1. Base Units of SI System (Metric) and Conversion from Imperial to SI units 


Conversion factor 


Measurable quantity SI base unit SI symbol _Imperial base unit__Imperial base symbol _(imperial x factor = SI) 
Length Meter m Foot ft 0.30480 

Mass Kilogram kg Pound mass lb 0.453592 

Time Second 8 Second 8 1.0 
‘Temperature Degree Kelvin K Degree Rankine R 0.55556 

Electric current Ampere A Ampere A 1.0 

Amount of substance Mole mol Mole mol 1.0 


PROCESSING FOODS BY ADDING OR REMOVING HEAT 


The addition or removal of heat from a food increases shelf 
life and ensures the safety of the product. Heat is added to 
make a food more acceptable (improving sensory charac- 
teristics), to reduce microorganism populations, to lessen 
enzyme activity (pasteurization or cooking), or to kill mi- 
croorganism and completely inactivate the enzymes (ster- 
ilizing). Heat is also added during dehydration processes 
to remove water through vaporization and thus lower the 
water activity a. Heat is removed to slow the growth of 
microorganisms and the action of enzymes (cooling or re- 
frigerating) or to change the state (freezing), which pre- 
vents growth of microorganisms and further reduces en- 
zyme action. 


CHANGING THE STATE OF A FOOD PRODUCT 


There are three states in which a food can exist, namely 
solid, liquid, or vapor. Because most natural foods are in 
some state of equilibrium with water, most of the signifi- 
cant changes of state in food products involve water. Food 
processes involving a change in state include freezing, 
heating to the point of evaporating a component (eg, va- 
porization or dehydration), condensing vapors to liquids 
(eg, solvent extraction), and subliming water directly from 
the frozen state to vapor. 


Freezing Food 


Freezing foods involves removing heat, resulting in the 
changing of liquid water in the food to ice. This has been 
demonstrated in the frozen fish industry where sensible 
heat is removed until the temperature reaches approxi- 
mately —1°C (30°F). It then takes about 45 min during the 
so-called critical period to remove the latent heat of fusion 
from the water. After this period, the temperature drops 
rapidly as sensible heat is again removed (see FisH AND 
SHELLFISH PRODUCTS). It should be noted that foods are not 
pure substances so do not have precise temperatures at 
which there is a change in phase. This is because water 
has dissolved materials that increase or decrease in 
amount as a food is being processed and some of the water 
is bound to components of the food rather than being free 
to flow and act like pure water. 


Vaporization Processes 


The three vaporization processes involve the change in ba- 
sic characteristics of a food or material by applying heat or 


other forms of energy that is converted to heat within the 
product. 


Evaporation. Evaporization is the concentration of a liq- 
uid by supplying sufficient energy to vaporize the more 
volatile component or components. The process is used to 
concentrate solutions for stability or prior to further pro- 
cessing and to recover solvent from an extraction system. 


Drying or Dehydrating. Drying or dehydration involves 
adding energy, usually heat, to vaporize a liquid, usually 
water, from a solid food. Foods are dried by supplying suf- 
ficient heat energy to vaporize water. This (1) preserves 
the product by reducing water activity; (2) reduces the cost 
or difficulty of packaging, handling, storing and shipment; 
and (3) produces convenience items (eg, instant coffee). In 
certain cases energy is supplied through other energy 
forms and then converted to heat in the product. For ex- 
ample, in processing by microwave heating, the energy is 
supplied to the system in the form of hertzian waves that 
are absorbed by the food, the resulting friction between 
vibrating molecules converts the wave energy to heat en- 
ergy. 

There are two distinct periods of drying in which differ- 
ent mechanisms control the rate of drying. During the first 
period, the constant rate period, the heat transfer predom- 
inates; all of the heat added is directly used in evaporating 
water and the rate of drying is independent of the nature 
of the food. In this case the moisture movement near the 
surface is rapid enough to maintain a saturated condition 
at the surface and the temperature of the food remains 
constant. 

Each food has a critical moisture content at which the 
moisture can not migrate to the surface by diffusion rap- 
idly enough to utilize all of the heat for evaporation. At 
this point the second phase, or falling rate period, begins 
and the food begins to absorb heat and rise in temperature. 

A special form of drying involves sublimation of water 
directly from a frozen product to vapor, that is without 
passing through the liquid state. This is accomplished by 
placing a frozen food in a chamber under high vacuum, if 
the partial pressure of water vapor in the chamber is main- 
tained below that of the ice at 0°C or 4.58 mm Hg, the 
water does not thaw prior to becoming a vapor. 


Distillation. Distillation is the separation of two or more 
liquids through vaporizing the more volatile component or 
components. A principal use of this process in the food in- 
dustry is in the recovery of a product after solvent extrac- 


tion. In the case of organic solvent extraction of oilseeds, 
the solvent is recovered for reuse and the oil is retained as 
a pure food product. 

Heat energy is certainly the most important factor in- 
volved in the processing of food products. In dealing with 
the science and engineering aspects of the food industry it 
is necessary to be constantly aware of the units involved 
in measuring the amount of energy being added to or re- 
moved from a food product. Unit equations (those showing 
the units as well as the numerical values) ensure the con- 
sistency of units and dimensions. 


BIBLIOGRAPHY 


1, R. P, Singh and D. R. Heldman, Introduction to Food Engi- 
neering. Academic Press, Inc., Orlando, Fla., 1984. 


2, H. Wolf, Heat Transfer, Harper & Row, New York, 1983. 


GEORGE M. Picorr 
University of Washington 
Seattle, Washington 


HEAT EXCHANGERS 


Heat Exchangers 1227 

Heat Exchangers: Fouling 1231 

Heat Exchangers: Paraflow 1237 

Heat Exchangers: Plate Versus Tubular 1246 
Heat Exchangers: Scraped Surface 1254 


HEAT EXCHANGERS 


Previous discussions on heat and the mechanisms for heat- 
ing or cooling foods have emphasized that virtually every 
food-processing operation depends on transferring heat. 
The operations involving heat transfer use a wide variety 
of heat exchangers for heating or cooling products and for 
operational aspects of auxiliary equipment. Although 
there are many types of heat-exchanger equipment used 
in the food industry, there are relatively few principles that 
govern the heat transfer and operation of the equipment. 
There are two basic classifications of heat exchangers. 
One is the contact type in which there is direct physical 
contact between the food product and the heating or cool- 
ing medium. The other is the noncontact type in which the 
heat is transferred through a body that separates the prod- 
uct from the heating or cooling source. Within these two 
categories there are many proprietary designs and models 
of heat exchangers depending on the specific requirement 
for transferring heat to or from a given type of food product. 
Capital investment, safety, and economics of processing 
are important operational factors to consider when pur- 
chasing or installing exchanger equipment. Of equal value 
in determining the type or model of equipment to install is 
the effect on the physical and chemical properties of the 
end products. Maintaining or improving nutritional value, 
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aesthetics, safety of the products, and sensory attributes 
affect the marketability. 

Paramount to the successful long-term operation of 
heat exchangers in meeting the above goals is the effi- 
ciency and ease of sanitizing the entire equipment. This is 
especially important for closed systems that can not be dis- 
mantled while cleaning. The operation of cleaning in place 
(CEP) requires sanitary design that ensures complete san- 
itation when cleaning liquids are circulated through the 
exchangers. Hence, engineering design is the controlling 
factor in insuring successful heat-transfer operations in- 
volving food processing. 


FOOD-PROCESSING OPERATIONS REQUIRING HEAT 
EXCHANGERS 


It is common to think of all heat exchangers as being com- 
posed of two adjoining compartments through which fluids 
are flowing, each cooling or heating the other. This concept 
is natural because the basic engineering approach to 
studying heat transfer is to discuss each type of heat ex- 
change operation as a specific process (eg, product freezing, 
refrigeration systems, batch heating, nonsteady-state 
operations, etc) with steady-state, liquid-liquid heat ex- 
changers being studied under the subject of heat exchang- 
ers. However, when processing food, it is important to 
think of heat exchangers as being the total range of equip- 
ment that is used for cooking, blanching, pasteurizing, 
sterilizing, cooling, freezing, and cold-storage holding. In 
addition, there are many processes, such as drying and 
extraction, in which the transfer of heat is important to 
accomplish the basic goal of the process. Food products 
that are heated or cooled during processing, including the 
heat transfer medium, cover a wide range of vapors, liq- 
uids, and solids. Table 1 indicates how machinery and 
equipment must be used for the transfer of heat in the 
many different food-processing operations. 

In addition to the type of heat transfer taking place dur- 
ing processing, the physical and chemical condition of the 
food before, during, and after heating or cooling must be 
considered. Products requiring different approaches to 
heat transfer during the food-processing operation include 


1. Dense, hard, solid foods (eg, potatoes) that can stand 
considerable mechanical abuse during processing 
but become somewhat fragile during the final phase 
of heating. 


2. Soft, solid foods (eg, tomatoes) that cannot stand any 
mechanical abuse during or after cooking. 

3. Purées or soft items that flow like a liquid but con- 
geal or gel to a solid when heated (eg, surimi being 
processed into seafood analogues and extruded ce- 
reals). 

4. Liquids that range from heat stable to extremely 
heat labile. 

5. Foods, particularly those high in protein, that con- 
geal with heat and cause baked-on deposits on the 
heat-transfer surfaces. 
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Table 1, The State of a Food Product as Related to Classification of Heat Exchanger 


Food form Heat transfer media Classification Example 
Vapor Liquid Noncontact Condensing vapors 
Liquid Vapor Contact Steam infusion, steam injection 
Noncontact Heating by steam (condensing), refrigerant cooling 
Liquid Noncontact ‘Transfering heat between liquids 
Solid Contact Melting ice 
Noncontact Heating on metal hot plate in a container 
Solid Vapor Noncontact Extrusion (heating by steam jacket) 
Contact Drying, cooking 
Liquid Contact Blanching, immersion freezing, deep-fat frying, poaching, steeping 
Noncontact Extrusion (heating by liquid jacket) 
Solid Contact Dry ice cooling, freezing on plates 
Noncontact Cooking on stove 
Any food None Noncontact Radiant heating, irradiation 


Processing requirements for these types of food range 
from individual batch cooking to large-scale continuous 
sterilizing. Many products must also be heated and then 
cooled to ensure maximum retention of nutrients and de- 
sired product form. 


HEAT-EXCHANGER SYSTEMS AND PRINCIPLES 
OF OPERATION 


Heat is transferred to or from a food in batch and contin- 
uous systems. Batch systems involve unsteady-state heat 
transfer whereby the food being heated or cooled begins at 
a given temperature and increases or decreases until the 
desired temperature is reached. The heat-transfer medium 
can vary in temperature (eg, a hot surface or liquid that 
changes temperature as it gives or receives heat) or can be 
at steady state (eg, condensing steam). 

Batch steady-state systems involve a series of batch sys- 
tems that give the overall effect of steady state processing. 
For example, liquid-filled tanks in series can be stepwise 
heated by batch heating but can be connected so that the 
end result of the overall heating is a steady-state emission 
of constant-temperature liquid continuously flowing at the 
same rate as the cold liquid entering the first tank. 

A true steady-state system is found in flowing liquids 
or viscous solids whereby mass flow rate, temperature, 
pressure, and physical properties of the food and the heat 
transfer medium are constant at any given cross section. 


Heating and Cooling Liquids 


Batch Heating. Typical batch heating of a liquid food 
takes place in a steam-jacketed kettle. While the food is 
being heated, the system is under unsteady-state condi- 
tions. After the food reaches the desired processing tem- 
perature and is heated at a constant temperature, steady- 
state conditions are reached. Assuming that the final 
temperature of the food is to be maintained somewhat be- 
low that of the condensing steam, steady-state conditions 
prevail as the steam flow rate is adjusted to maintain the 
processing conditions. As is the practice for all commercial 
heat-exchanger equipment, the outside of the kettle is 
lagged to minimize heat loss to the surroundings and iso- 
late the environment of the unit operation. 


Large kettles (tanks) being used for heating a liquid of- 
ten have coils in the tank to transfer heat. This greatly 
improves the heat-transfer efficiency by increasing the 
heat-transfer surface above that of the outside wall receiv- 
ing heat from the jacketed heating (or cooling) source. An 
additional improvement of the heat transfer in tanks can 
be realized by installing mechanical stirring equipment, 
which increases heat transfer above that of natural con- 
vection. 


Tubular Heat Exchangers. The simplest continuous heat 
exchange occurs when two fluids of different temperature 
are flowing through concentric pipes or tubes. The flow in 
steady-state heat exchangers can be either cocurrent or 
cocurrent (parallel) flow. During countercurrent flow, one 
stream (liquid or vapor) is introduced at the opposite end 
of the unit. By controlling the flow rates, it is possible to 
heat the cold liquid above the outlet temperature of the 
entering hot stream. Conversely, when the two liquids are 
introduced at the same point, the stream being heated can 
never leave at a temperature above that of the stream be- 
ing cooled. This cocurrent system is normally less efficient 
than a countercurrent system because the temperature 
difference driving force can become quite small as the tem- 
peratures of the two streams meet. However, there are cir- 
cumstances whereby cocurrent flow can be used to ensure 
that a heat-sensitive material does not rise above a certain 
temperature during processing. In the case of using steam 
to heat a flowing liquid, the food is heated while the con- 
densing steam is maintained at the saturation tempera- 
ture of the steam. As in the case of a steam kettle cooker, 
the most common and efficient heating medium is con- 
densing steam. Shell-and-tube heat exchangers are essen- 
tially improved tubular heat exchangers where a few to 
many tubes replace the single concentric inner tube. 

Whereas the heat transfer coefficient is constant under 
these steady-state conditions, the temperature driving 
force (AT) is calculated as the log mean temperature dif- 
ference 


_ (Ts — Tp) — (Ts — T) 
Mg rem) 


Gs ~ 1, 


and the steady-state heat transfer is calculated as 
Q = UASTy (2) 


where T's = temperature of condensing steam, T; = tem- 
perature of liquid food being heated, U = overall heat 
transfer coefficient, and 4Ty = log mean temperature 
driving force. 


Plate Heat Exchangers. Plate heat exchangers solve one 
of the principal processing problems encountered with tu- 
bular and shell-and-tube heat exchangers, that of sanita- 
tion. It is virtually impossible to thoroughly clean and san- 
itize closed system exchangers when a food liquid or slurry 
is passed through the larger diameter or the shell side 
where velocity is low. The basic units of plate exchangers 
are stainless steel (for sanitation and corrosion resistance) 
plates that are pressed, machined, or formed to accomplish 
several special design features. The contour of a stack of 
the plates is such that, when a formed gasket is placed 
between each plate, a heat exchanger allowing two liquid 
streams to flow between plates is formed. In practical 
operation, the plates are suspended from horizontal rails 
or pipes that allow them to be brought together and tightly 
compressed during operation or separated for cleaning and 
maintenance. 

These types of heat exchanger are used extensively in 
the dairy industry. The exchanger is highly efficient due 
to the high turbulence and minimum volume flowing be- 
tween the channels. Capacity can be increased to any flow 
rate desired (eg, 10,000 kg/h) by increasing the number 
of plates in the frame. When operated at the proper flow 
rate, the velocity of liquid through the small channels de- 
creases the tenacious baked-on deposits that are caused 
when colloidal suspended components (eg, proteins in 
milk) contact hot surfaces. Also, the plates can be sepa- 
rated for thorough cleaning and sanitizing during the 
maintenance periods. 

The disadvantages of plate heat exchangers is the high 
initial cost compared to tubular type exchangers and the 
high cleaning and maintenance cost of taking the ex- 
changer apart for each cleaning period. Also, the maximum 
velocity is limited by the small cross-sectional area and the 
pressure limitations of the gasketed plates. The minimum 
velocity is determined by the varying cross section, which 
allows dead spots of low velocity and subsequent bake-on 
of the suspended or dissolved solids. 


Direct Steam Heating. Direct contact between steam 
and a food is the most efficient means of heating by directly 
transferring the latent heat of vaporization to the food. 
However, the product must be able to sustain the dilution 
effect caused by the added water resulting from the con- 
densed steam that remains in the heated product. Fur- 
thermore, special consideration must be given to producing 
steam that is safe for human consumption. 

When steam is added to a product, the process is known 
as steam injection. When the product is sprayed into a 
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chamber of steam, thus adding the product to the steam, 
the process is called steam infusion. 


Falling Film Evaporators. When a film of liquid is allowed 
to flow down a heated wall, the transfer of heat is ex- 
tremely rapid. This type of unit is used for rapid heating 
of a fluid that is being evaporated. However, due to the 
limitation of flow rate as compared to other types of heat. 
exchanger, this method is not often used solely for heating 
a product. 


Heating and Cooling Solids 


Batch Heating. ‘Batch heating of solids is carried out in 
the type of heat-exchange facilities normally associated 
with cooking foods. Broiling, roasting, or baking operations 
are accomplished by a combination of radiant heat, con- 
vection, and conduction, the predominant mechanism of 
heat transfer depending on the specific commercial equip- 
ment. Ovens are heated by elements emitting radiation at 
a wavelength of 5 x 10~° m at a temperature of 250-— 
400°C. A more effective radiant heating occurs in chambers 
heated by an electric bulb infrared source. In this case the 
air is not heated by the source so that little heating of the 
food is due to convection or conduction heating. 

Microwave heating is a specialized form of dielectric ra- 
diant heating that has many advantages over other di- 
electric methods because there is no requirement for criti- 
cal spacing between the food and the capacitor plates. 
Heating is accomplished by the friction of excited mole- 
cules rubbing against each other as the strong alternating 
energy reverses the polarization of the molecules in the 
food many millions of times per second. The advantages of 
microwave heating include extremely rapid heating of the 
food, uniform distribution of the heat throughout the en- 
tire food mass, high efficiency, and good control of the en- 
ergy being added to the food. 

Many products are cooked and heated by convection 
heating when immersed in hot vegetable oil (deep frying) 
or poached in hot or boiling water. Batches of products are 
often heated by placing a container of the product on a hot 
surface (eg, hot plate or element of a stove) or in a steam 
environment. Steam retort canning of foods is a good ex- 
ample of batch heating by steam. Hermetically sealed cans 
are placed in baskets and placed in a steam chamber that 
can be closed and pressurized, normally at about 10 psi 
(117°C or 242°F). Condensing steam transfers energy to 
the outside of the can by conduction and convection, 
whereby the heat is conducted through the can by conduc- 
tion and then to the food. Solid packs with no free liquid 
are heated in the can by conduction while a pack with free 
water transfers heat by both conduction and convection. 
After being held at the required temperature and time to 
accomplish sterilization, the cans are removed and air 
cooled. Sensitive products that tend to scorch or decrease 
in nutritional value during long air cooling periods are of- 
ten pressure cooled with water prior to being removed from 
the retort. 


Continuous Heating. More efficient production control, 
increased product throughput, and improved processed 
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food quality can be accomplished when processes are up- 
graded from batch to continuous. Modern processing of 
solid foods involves large continuous production lines util- 
izing continuous baking ovens (eg, bakery products); deep- 
frying tanks (eg, french-fried potatoes), microwave ovens, 
radiant heat chambers, and steam chambers. 


Batch Cooling or Freezing. Removing heat from foods, 
with the exception of cooling in tubular type exchangers, 
requires considerably different types of facilities than 
heating. This is due to the nature of the recycling refrig- 
erant or the cryogenic liquids used to remove heat from a 
food. An additional factor is the psychrometric properties 
of air that are often recycled near the humidity saturation 
point in refrigeration facilities in which natural or forced 
convection is involved in the process. 

The basic unit involved with refrigeration cooling of 
foods is a heat exchanger in which a refrigerant is intro- 
duced through an expansion valve into the coils that are 
located in the cooling or freezing chamber. Thus the cooling 
or freezing heat exchanger has a cold gaseous refrigerant 
on one side of the coil wall and the food or heat-transfer 
medium on the other. Air or liquid brines are the normal 
mediums used for transferring heat by convection from the 
food to the refrigeration coils. When the food product is in 
direct contact with the refrigeration coils, heat is trans- 
ferred directly by conduction. 

Blast Cooling and Freezing Facilities. Forced-air convec- 
tion is used in blast refrigeration to transfer heat from 
refrigerated coils to the product. A blast freezer or cooler 
is actually a double heat exchanger. One exchange takes 
place between the product and direct contact with air 
flowing past, and the second is the cooling of the recir- 
culating air as it passes over the freezing coils. During 
the first phase of this cycle, cold air is circulated over the 
product and through the freezing chamber, which results 
in an increase in humidity due to the humidity driving 
force H between the product environment and the colder 
refrigerant coil. Thus the air removes water from the 
freezing chamber and deposits it as ice on the refriger- 
ation coils during the second phase when the air is cooled 
below the saturation point. If the product being frozen is 
not completely protected from the air, desiccation will oc- 
cur in the product. Also, if the doors to the chamber are 
not completely sealed when closed, moist warm air will 
enter and further complicate the moisture transfer prob- 
lem. Of course, as the moisture, in the form of ice, builds 
up on the coil it acts as a heat-transfer barrier and greatly 
reduces the efficiency of the system. Hence, the advantage 
of blast refrigeration is the relatively simple facility re- 
quired while the main disadvantage is desiccation of the 
food and buildup of ice deposits that must be removed 
from the refrigeration coils. The ice greatly reduces the 
efficiency of heat transfer and increases the cost of opera- 
tion. 

Contact Plate Freezers. Many solid food products are fro- 
zen by conduction on freezer shelves, called plates, that 
contain circulating refrigerant. Thus plate freezing in- 
volves heat exchange between a solid food and a vapor re- 
frigerant. Efficient plate freezing is limited to foods and 
food packages that have flat surfaces (eg, rectangular 


packages of vegetable) because irregular geometries (eg, 
turkeys) cannot contact the flat freezer plate. The effi- 
ciency of freezing suitable packages is further increased by 
plate freezer systems in which the plates can be adjusted 
after loading to contact both the top and the bottom of the 
package. 

Immersion Freezing in Brine. Saturated brine solutions 
have freezing points well below the freezing point of water 
and can be used efficiently to freeze products, particularly 
irregularly shaped items such as turkeys and fish. The 
product is immersed in a cold brine solution that is 
maintained at the low temperature by freezing coils, As 
in the case of blast freezing, there is a two-phase heat 
transfer. The refrigerant takes heat from the brine and 
the brine removes heat from the food by conduction and 
convection. This heat exchange is between a solid food 
and a liquid. 

Cryogenic Freezing. Immersion of a solid food in a liq- 
uid refrigerant is similar to freezing in a brine except that 
there is a much higher temperature driving force between 
the liquid (eg, liquid ammonia or freon) and the product. 
Thus the freezing is rapid. Batch freezing by this method 
is not ordinarily carried out commercially because the cost. 
is prohibitive. Due to the extremely fast freezing, a cry- 
ogen immersion frozen product must be carefully tem- 
pered before further handling and processing or the in- 
ternal stresses produced will cause cracking of the frozen 
item. 


Continuous Cooling or Freezing. As in the case of heating 
a food, continuous freezing is much more efficient than 
batch freezing. Many modern freezing operations involve 
continuous lines whereby conveyors carry a food through 
a freezing apparatus. This includes blast freezing and cryo- 
genic freezing. One improvement over immersion cryo- 
genic freezing is the continuous freezing in tunnels in 
which a liquid cryogenic is flowed over the product. In this 
operation the liquid expands to a vapor through nozzles 
directed toward the moving product line. This freezing of 
a solid by direct contact with a vapor greatly reduces the 
amount of refrigerant used during processing. However, 
the cost of the liquid cryogens used (ammonia, freon, car- 
bon dioxide, and nitrogen) are such that only continuous 
processing lines operating long hours can be justified eco- 
nomically. 

There are many different types of heat exchanger and 
auxiliary equipment available to the food processor. The 
length of the processing season, the type of food or food 
product, the value of the raw materials, the cost of utilities 
at the processing location, environmental factors, and com- 
mon sense are all factors that must enter into the plans 
for food-processing operations. Judicial selection of the 
equipment and facilities for a given food and a given pro- 
cess are necessary to insure that the highest quality prod- 
uct is produced efficiently and economically. 


GeorcE M. Picorr 
University of Washington 
Seattle, Washington 
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THE FOULING FACTOR 


In view of its complexity and variability and the need to 
carry out experimental work on a long-term basis under 
actual operating conditions, fouling remains a somewhat 
neglected issue among the technical aspects of heat trans- 
fer. Still, the importance of carefully predicting fouling re- 
sistance in both tubular and plate heat-exchanger calcu- 
lations cannot be overstressed. This is well illustrated in 
Tables 1 and 2. 

Note that for a typical water—water duty in a plate heat 
exchanger, it would be necessary to double the size of the 
unit if a fouling factor of 0.0005 were used on each side of 
the plate (ie, a total fouling of 0.001). 

Although fouling is of great importance, there are rela- 
tively little accurate data available and the rather conser- 
vative figures quoted in Kern (Process Heat Transfer) are 
used all too frequently. It also may be said that many of 
the high fouling resistances quoted have been obtained 
from poorly operated plants. If a clean exchanger, for ex- 
ample, is started and run at the designed inlet water tem- 
perature, it will exceed its duty. To overcome this, plant 
personnel tends to turn down the cooling-water flow rate 
and thereby reduce turbulence in the exchanger. This en- 
courages fouling and even though the water flow rate even- 
tually is turned up to design, the damage will have been 
done. It is probable that if the design flow rate had been 
maintained from the onset, the ultimate fouling resistance 
would have been lower. A similar effect can happen if the 
cooling-water inlet temperature falls below the design fig- 
ure and the flow rate is again turned down. 


SIX TYPES OF FOULING 
Generally speaking, the types of fouling experienced in 
most CPI (cleaning in place) operations can be divided into 


Table 1. ‘Typical Water/Water Tubular Design. Clean 
Overall Coefficient 500 Btu/h - ft? - °F 


Fouling resistance Dirty coefficient Extra surface, 
(h - ft? - °F/Btu) (Btwh - ft? - °F) required, % 
0,0002 455 10 
0.0005, 400 25 
0.001 333 50 


0.002 250 100 


Table 2. R405 Paraflow, Water/Water Duty, Overall 
Coefficient 1000 Btu/h - ft? - °F; Single Pass-Pressure Loss 
9 psig 


Fouling Resistance Dirty coefficient Extra surface, 
(h- °F Btu) (Btu/h - 2 - °F) required, % 
0.0002 833 20 
0.0005 666 50 
0.001 500 100 
0.002 333 200 
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six fairly distinct categories. First is crystallization—the 
most common type of fouling that occurs in many process 
streams, particularly cooling-tower water. Frequently su- 
perimposed with crystallization is sedimentation, which 
usually is caused by deposits of particulate matter such as 
clay, sand, or rust. From chemical reaction and polymeri- 
zation often comes a buildup of organic products and poly- 
mers. The surface temperature and presence of reactants, 
particularly oxygen, can have a very significant effect. Cok- 
ing occurs on high-temperature surfaces and is the result 
of hydrocarbon deposits. Organic material growth usually 
is superimposed with crystallization and sedimentation 
and is common to sea water systems. And corrosion of the 
heat-transfer surface itself produces an added thermal re- 
sistance as well as a surface roughness. 

In the design of the plate heat exchanger, fouling due 
to coking is of no significance since the unit cannot be used 
at such high temperatures. Corrosion also is irrelevant 
since the metals used in these units are noncorrosive. The 
other four types of fouling, however, are most important. 
With certain fluids such as cooling-tower water, fouling can 
result from a combination of crystallization, sedimenta- 
tion, and organic material growth. 


A FUNCTION OF TIME 


From Figure 1, it is apparent that the fouling process is 
time-dependant with zero fouling initially. The fouling 
then builds up quite rapidly and in most cases and levels 
off at a certain time to an asymptomatic value as repre- 
sented by curve A. At this point, the rate of deposition is 
equal to that of removal. Not all fouling levels off, however, 
and curve B shows that at a certain time the exchanger 
would have to be taken off line for cleaning. It should be 
noted that a Paraflow is a particularly useful exchanger 
for this type of duty because of the ease of access to the 
plates and the simplicity of cleaning. 

In the case of crystallization and suspended solid foul- 
ing, the process usually is of the type A. However, when 
the fouling is of the crystallization type with a pure com- 
pound crystallizing out, the fouling approaches type B and 


Build up of fouling resistance 


Fouling resistance 


Time 


Figure 1. Buildup of fouling resistance. 
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the equipment must be cleaned at frequent intervals. In 
one particularly severe fouling application, three Series 
HMB Parafiows are on a 4-1/2 hour cycle and the units are 
cleaned in place for 1-1/2 h in each cycle. 

Biological growth can present a potentially hazardous 
fouling since it can provide a more sticky surface with 
which to bond other foulants. In many cases, however, 
treatment of the fluid can reduce the amount of biological 
growth. The use of germicides or poisons to kill bacteria 
can help. 


LOWER RESISTANCE 


It generally is considered that resistance due to fouling is 
lower with Paraflow plate heat exchangers than with tu- 
bular units, This is the result of five Paraflow advantages: 


1. There is a high degree of turbulence, which increases 
the rate of foulant removal and results in a lower 
asymptotic value of fouling resistance. 

2. The velocity profile across a plate is good. There are 
no zones of low velocity compared with certain areas 
on the shell side of tubular exchangers. 

3. Corrosion is maintained at an absolute minimum. 

4. A smooth heat-transfer surface can be obtained. 

5. Incertain cooling duties using water to cool organics, 
the very high water film coefficient maintains a mod- 
erately low metal surface temperature, which helps 
prevent crystallization growth of the inversely solu- 
ble compounds in the cooling water. 


The most important of these is turbulence. HTRI (Heat 
Transfer Research Incorporated) has shown that for tu- 
bular heat exchangers, fouling is a function of flow velocity 
and friction factor. Although flow velocities are low with 
the plate heat exchanger, friction factors are very high and 
this results in lower fouling resistance. The effect of veloc- 
ity and turbulence is plotted in Figure 2. 

Marriot of Alfa Laval has produced a table showing val- 
ues of fouling for a number of plate heat-exchanger duties. 


—— Tubular 
--- PHE 


Fouling resistance 


Time 


Figure 2. Effect of velocity and turbulence. 


Fouling resistance 


Fluid (hr « ft? - °F/Btu) 
Water 

Demineralized or distilled 0.00005 

Soft 0.00010 

Hard 0.00025 
Cooling tower (treated) 0.00020 
Sea (coastal) or estuary 0.00025 
Sea (ocean) 0.00015 
River, canal 0.00025 
Engine jacket 0.00030 
Oils, lubricating 0,00010-0.00025 
Oils, vegetable 0.00010-0.00030 
Solvents, organic 0.00005-0.00015 
Steam 0,00005. 


Process fluid, general 0.00005-0.00030 

These probably represent about one half to one-fifth of 
the figures used for tubulars as quoted in Kern, but it must 
be noted that the Kern figures probably are conservative, 
even for tubular exchangers. 

APV, meanwhile, has carried out test work that tends 
to confirm that fouling varies for different plates with the 
more turbulent type of plate providing the lower fouling 
resistances. In testing an R405 heating a multicomponent 
aqueous solution containing inverse solubility salts (ie, 
salts whose water-solubility decreases with increasing 
temperature), it was learned that the rate of fouling in the 
Paraflow was substantially less than that inside the tubes 
of a tubular exchanger. The tubular unit had to be cleaned 
every 3 or 4 days while the Paraflow required cleaning 
about once a month. 

Additional tests on cooling water fouling were spon- 
sored by APV at Heat Transfer Research, Inc. (HTRI) with 
the test fluid being a typical treated cooling tower water. 
Results of these experiments follow. 


OBJECTIVES 


In many streams, fouling is an unavoidable by-product of 
the heat-transfer process. Fouling deposits can assume nu- 
merous types such as crystallization, sedimentation, cor- 
rosion, and polymerization. Systematic research on fouling 
is relatively recent and extremely limited (1-3) and almost 
exclusively concentrated on water—the most common fluid 
with fouling tendencies. The few research data that exist 
usually are proprietary or obtained from qualitative ob- 
servations in plants. However, it is generally recognized 
that the prime variables affecting fouling buildup are flow 
velocity, surface temperature, and surface material. In the 
case of water, the water quality and treatment must also 
be considered. 

The importance of fouling on the design of heat ex- 
changers can be seen from the rate equation 


+ Ry 


agile 


ay di 
hy” he 


where U is the overall heat transfer coefficient, Btu/h - ft? 
+ °F, hy, hy is the film coefficients of the two heat-transfer- 


ring fluids, Btu/h - ft? - °F, and R,is the fouling resistance, 
h- ft? - °F/Btu. It is obvious from equation 1 that the higher 
the film coefficients, the greater effect the fouling resis- 
tance will have on the overall coefficient and therefore on 
the size of the exchanger. 

In tubular heat exchangers, water-side heat-transfer 
coefficients in the order of magnitude of 1000 Btu/h - ft 
: °F are quite common. In plate exchangers, the coefficients 
are substantially higher, typically around 2000 Btu/h - ft? 
+ °F, Assuming that both types of equipment operate with 
water—water systems, overall clean coefficients of 500 and 
1000 Btu/h - ft? - °F respectively are obtained. Using a 
typical fouling resistance of 0.001 h - ft? - °F/Btu (equal to 
a coefficient of 1000 Btu/h - ft? - °F), the inclusion of the 
fouling will cause the tubular exchanger size to increase 
by a factor of 4, while for the plate exchanger, the corre- 
sponding factor is 7. 

This example clearly demonstrates the crucial impor- 
tance of fouling, especially in plate exchangers. Yet, fouling 
resistances that are unrealistically high often are specified 
and invariably have been based on experiences derived 
from tubular equipment. The common source of water foul- 
ing resistances in TEMA which recommends R; values 
spanning a tremendous range between 0.0015 and 0.005 h 
+ ft? - °F/Btu. 

Flow velocity, as mentioned earlier, is a crucial oper- 
ating parameter that influences the fouling behavior. For 
flow inside the tubes, the definition of flow velocity and 
the velocity profile is straightforward. But in plate ex- 
changers, flow velocity is characterized by constant fluc- 
tuations as the fluid passes over the corrugations. It is 
postulated that this induces turbulence that is superim- 
posed on the flow velocity as a factor that diminishes foul- 
ing tendencies. This has been observed qualitatively in 
practical applications and confirmed by unpublished APV 
research. 


TEST APPARATUS AND CONDITIONS 


The plate heat exchanger (PHE) tested was an APV Model 
405 using APV Type R40 stainless-steel plates 45 in. high 
and 18 in. wide. The plate heat-transfer area was 4 ft? with 
a nominal gap between plates of 0.12 in. with the plate 
corrugations, the maximum gap was 0.24 in. Seven plates 
were used, creating three countercurrent passages each of 
the cooling water and the heating medium. A schematic 
diagram of the installation is shown in Figure 3. 

The PHE was mounted on the HTRI Shellside Fouling 
Research Unit (SFRU) together with two small stainless- 
steel shell-and-tube exchangers. The PHE was heated us- 
ing hot steam condensate, and the fouling was determined 
from the degradation of the overall heat-transfer coeffi- 
cient. Simultaneously, tests also were run on an HTRI Por- 
table Fouling Research Unit (PFRU), which uses electri- 
cally heated rods with the cooling water flowing in an 
annulus. The SFRU and PFRU are described (5) else- 
where. 

The fouling tests were conducted at a major petro- 
chemical plant in the Houston, Texas area. The test units 
were installed near the cooling-tower basin on the plant. 
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The cooling-tower operating characteristics are summa- 
rized in Table 3. The 140,000-gpm system had two 1600- 
gpm sidestream filters. Filter backwash accounted for 
most of the blowdown. The makeup water for the cooling- 
water system came from several sources and was clarified 
with alum outside the plant. The water treatment used is 
as follows: 


* Chromate-zinc-based inhibitor for corrosion contro! 
(20-25 ppm chromate) 

* Organic phosphonate and polymer combination as 

dispersant (2 ppm organic phosphonate) 

Polyphosphate as anodic passivator (5-6 ppm total 

inorganic phosphate) 

* Chlorine for biological control (continuous feeding of 
386 Ib/day) 

* Biocide for biological control (15 ppm biocide once per 
week) 

* Sulfuric acid for pH control (pH 6-6.5) 


TEST PROCEDURE 


The velocity for the PHE is defined by 


Va oR 


where V is the velocity, w is the mass flow rate, p is the 
fluid density, and A, is the cross-sectional flow area. The 
cross-sectional flow area is based on the compressed gasket 
spacing. In other words, the flow are is computed as if there 
were no corrugations but smooth plates instead. The sur- 
face temperature is defined as the fluid—deposit interface 
temperature. Since the PHE was heated by constant tem- 
perature steam condensate, the metal temperature re- 
mained constant and the surface temperature decreased 
as fouling built up. In addition, because of the counterflow 
nature of the PHE, the surface temperature was not con- 
stant from inlet to outlet. The surface temperature re- 
ported here is the initial surface temperature at the mid- 
point of the plate. 

Conditions of operation were selected so that all the 
SFRU test exchangers operated roughly at the same nom- 
inal flow velocity and surface temperature. During the 
operation, weekly water samples were taken for chemical 
analysis. At the end of each test, deposits were photo- 
graphed and sampled for chemical analysis. The exchanger 
plates then were cleaned and the unit reassembled and 
new test conditions established. 


TEST AND RESULT DESCRIPTION 


Five test series were performed testing several velocities 
and surface temperatures (eg, see test 2 in Fig. 4). Typical 
fouling time histories are shown in Figure 5 along with 
the operating conditions. Notice that the PHE fouling re- 
sistances establish a stable asymptotic value after about 
600-900 h of operation. The results of the other tests are 
shown in Figure 6 only as the values of the asymptotic 
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ae 
Cooling water 
Hot water 
Figure 3, APV plate heat exchanger with = »___ 
three parallel countercurrent parallel pas 


sages for both the cooling water and the hot 
water. 


Table 3. Cooling-Water System Characteristics 


Tower and circulation system 


Circulation rate 140,000 gpm 
‘Temperature difference across tower 23.4°F 
Number of sidestream filters 2 


Corrosion rate from carbon steel coupon tests 
<1 mil/yr 


Water description 
‘Treatment 


Cooling-tower water 


10 cycle concentration 
Blowdown from coolers and sidestream filters 


Makeup water 


Unclarified San Jacinto River 1000 gpm 
Clarified San Jacinto River 2400 gpm 
Lissie Sand Well 475 gpm 


Typical composition 


‘Total hardness as CaCO,, ppm 
Calcium as CaCO;, ppm 

Magnesium as CaCOs, ppm 

Methyl Orange alkalinity as CaCO, ppm 
Sulfate as SO,, ppm 

Chloride as Cl, ppm 

Silica as SiO, ppm 

‘Total inorganic phosphate as PO,, ppm 
Orthophosphate as PO,, ppm 

pH 

Specific conductance, micromhos, 18C 
Chromate as CrO,, ppm 

Chromium as Cr, ppm 

Soluble zine as Zn, ppm 

‘Total iron as Fe, ppm 

Suspended solids, ppm 


520 48 
420 40 
120 8 
20 34 
1600 34 
800 48 
150 18 
10 
7 
6 75 
5000 300 
25 
05 
2.5 
0.8 
100 10 


fouling resistances, as these are the data required for de- 
sign. 

The chemical analysis of the fouling deposit was made 
after each test and the results are summarized in Table 4. 
The primary elements found were phosphorus, zinc, and 
chrome from the water treatment and silicon from sus- 
pended solids in the water. 

The photograph of the plates of the PHE shown in Fig- 
ure 4 at the termination of test 2 indicates that fouling 
occurred only in the upper third of the plates. This is the 
region near the hot-water inlet and cold-water outlet, re- 


gion of high surface temperature. Figure 5 shows a surface 
temperature profile for test 2 conditions of 2.8 ft/s and an 
inlet bulk temperature of 90°F. From the water chemistry 
parameters, the saturation temperature for calcium phos- 
phate above which precipitation is expected was calculated 
to be 163°F (6). The shaded region on Figure 7 indicates 
the expected precipitation region and corresponds closely 
to the fouled region seen in Figure 4. 

The surface temperatures during some of the tests were 
higher than those experienced in normal PHE operation. 
This is the result of the setup condition criteria that the 
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Figure 6. Asymptotic fouling resistance versus velocity with sur- 
face temperature as a parameter. 
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Figure 4. Fouled plates, test 2. 


Table 4. Fouling Deposit Analysis, Se 
Series 2 Series 3 Series 4 Series 5 Series 6 


Loss of ignition _- 25 25 17 21 
Phosphorus 19 24 13 12 22 
Aluminum 2 2 8 6 4 
Silicon 1 4 18 16 13 
Calcium 4 8 3 15 9 
Chrome 5 13 15 15 9 
Tron 2 at 4 5 13 
Zine 2 20 12 13 7 
Sodium - 1 1 — 1 
Magnesium - = 1 - 1 
190 
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Figure 7. Surface temperature profile with indicated calcium 
phosphate precipitation. 
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three exchangers on the SFRU operate at the same mid- 
point surface temperature. Since the ratio of flow rate to 
surface area for the shell side of the shell and tube ex- 
changers is twice that for the PHE, the cooling water had 
a longer residence time in the PHE than in the tubular 
exchanger. As a result, the lower flow rate to surface area 
ratio yields a larger temperature rise of the cooling water. 
The result is the steeper surface temperature profile 
shown in Figure 7. Although cocurrent operation was in- 
vestigated as a correction for this problem, the required 
higher hot-water flow rate was not available. Conse- 
quently, the PHE data in some of these tests was slightly 
penalized because part of the surface is above the critical 
temperature for tricalcium phosphate precipitation, a con- 
dition that normally would not be encountered in indus- 
trial operations. 


1. The loss of ignition (LOI) is performed by drying the 
sample to constant weight at 220°F (105°C) and then 
combusting at 1470°F (800°C). LOI represents bound 
water and organics present in the deposit. An or- 
ganic test on samples of test series 5 showed that 
about 1/3 of the LOI was organic. 


2, Aluminum, silicon, and iron come from the sus- 
pended solids. Aluminum comes from operation of 
the clarifier. The silicon is not from magnesium sili- 
cate since little magnesium is in the analyses. 

3. Chrome, zinc, and phosphorus are derived from the 
water treatment. 


4. Low values of calcium indicate little or no tricalcium 
phosphate. Most of the calcium comes from associa- 
tion with zinc and polyphosphates in the treatment. 


Table 5. Effects of Fouling Resistance on PHE Performance 


It is difficult to make meaningful comparisons between 
the fouling tendencies of different types of heat exchang- 
ers. Unless carefully done, the results are misleading. This 
is particularly true when attempting to compare the foul- 
ing experience in the PHE to that of tubeside operation as 
in the PFRU. The geometries, surface area, and opera- 
tional characteristics are very different even though the 
cooling water may be the same. Such comparisons often 
are attempted using TEMA recommended fouling resis- 
tances. 

TEMA recommends a fouling resistance of 0.002 h - ft? 
+ °F/Btu for the water system used. However, the maxi- 
mum fouling resistance measured in the PHE was less 
than 0.0005 h - ft? - °F/Btu-only 25% of the TEMA rec- 
ommendation. This confirms the earlier assumption that 
applying TEMA-recommended fouling resistances for a 
shell and tube exchangers to the PHE seriously handicaps 
the performance ratings. Because of the inherently high 
heat-transfer coefficients, the effects of fouling resistances 
are more pronounced. Consider a PHE operating at 1.5 ft/ 
s. From Table 5, the fouled overall coefficient using a 
TEMA fouling resistance of 0.002 h - ft? - °F/Btu is about 
one half of the overall coefficient using the measured foul- 
ing resistance of this investigation. This example illus- 
trates the need for caution in using TEMA fouling rec- 
ommendations for equipment other than shell-and-tube 
exchangers. 

Figure 8 compares the performance of the PHE with 
typical tube-side data and with the TEMA-recommended 
fouling resistance. 

A direct comparison of the PHE and the shell-side ex- 
changers can be made through the deposit analyses. A 
sample analysis is given in Table 6. The amounts of phos- 
phates, calcium, chrome, and zinc are somewhat higher for 


Overall heat-transfer coefficient 


Fouling coefficient 


TEMA Present study 
0.002 h - ft? - °F/Btu 0.0005 h - ft? - °F/Btu 
Operating velocity (both sides) Clean (0.00035 m*C/W) (0.00009 m®°C/W) 
1.5 ft/s 1078 Btwh - ft? - °F 341 Btu/h - ft? - °F 700 Btu/h - ft? - °F 
0.45 m/s 6121 W/m? - °C 1936 W/m? « °C 3975 W/m? «°C 


a) 
8 8 
— np 
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Asymptotic fouling resistance 
(heft?«°F/Btu) 


Figure 8. Comparison of tube-side 0 600 


and PHE fouling. 
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‘Table 6, Comparison of Deposit Analyses from Plate 
Exchanger and Shell-Side Test Exchanger for Series 5 


Fouling deposit analysis, % 


Plate Shell-si 
Loss on ignition 7 24 
Phosphorus 12 9 
Aluminum 6 Tt 
Silicon 16 33 
Calcium 15 7 
Chrome 15 9 
Iron 5 4 
Zine 13 8 


the PHE. The operation of the PHE at a higher surface 
temperature than the shell-side units resulted in more 
crystallization fouling. However, the amount of silicon for 
the shell-side unit is much higher than for the PHE. The 
high silicon concentration is due to sedimentation in the 
baffle-shell corners of the bundle, while the high turbu- 
lence promoted by the corrugated plates in the PHE min- 
imizes sedimentation fouling. In heavily sediment-laden 
waters, the PHE would be especially superior. 


CONCLUSIONS 


Although the tests were performed on one water system 
only experience with tubular data indicates that the over- 
all trends generally are valid; ie, plate exchangers should 
be designed to substantially lower values of fouling than 
would be used on tubular equipment for the same stream. 
However, the comparison is not always that straightfor- 
ward, as flow velocity itself is not a valid criterion. The wall 
shear stress in a PHE operating at 2.8 ft/s is equivalent to 
that in a tube-side exchanger operating at 8.2 ft/s. On the 
basis of typical industrial velocities, it was found that the 
PHE at 1.5 ft/s fouls about one-half as much as a tube-side 
exchanger operating at 5.9 ft/s, Furthermore, because of 
the high-heat-transfer coefficients typical to the PHE, sur- 
face temperature may differ from those in tubular equip- 
ment and should be carefully watched. 

The turbulence inducing corrugation pattern prevalent 
in heat-exchanger plates produces very high local veloci- 
ties. This results in high friction factors and therefore high 
shearing. This high shear, in turn, results in less fouling 
in plate exchangers than in tubular units. For cooling- 
water duties, Heat Transfer Research Incorporated (HTRI) 
has shown that the plate exchanger fouls at a much lower 
rate than either the tube side or the shell side of tubulars. 
TEMA recommendations for fouling therefore should 
never be used for plate units since they probably are five 
times the value found in practice. In particular, the plate 
exchanger is far less susceptible to fouling with heavy sed- 
imented waters. This is contrary to popular belief. It must 
be noted, however, that all particular matter must be sig- 
nificantly smaller than the plate gap and generally parti- 
cles over 0.1 in. in diameter cannot be handled in any plate 
heat exchanger. 
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It has been shown that quoting a high fouling resistance 
can negate a plate heat exchanger design by adding large 
amounts of surface and thereby overriding the benefits of 
the high coefficients. Fouling design resistance, therefore, 
should be chosen with care, keeping in mind that with a 
Paraflow unit, it always is possible to add or subtract sur- 
face to meet exact fouling conditions. 


DISCLOSURE STATEMENT 

As a general policy, HTRI as the project operator disclaims 
responsibility for any calculations or designs resulting from the 
use of the date presented. 
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PRINCIPLES AND APPLICATIONS 


The Parafiow is the original plate-type heat exchanger de- 
signed by APV to provide maximum efficiency and cost- 
effectiveness in handling thermal duties while minimizing 
maintenance downtime and floor space requirements. 


Frame, Plates, and Gaskets 


The Paraflow plate heat exchanger as shown in Figure 1 
consists of a stationary head and end support connected 


‘Table 6, Comparison of Deposit Analyses from Plate 
Exchanger and Shell-Side Test Exchanger for Series 5 


Fouling deposit analysis, % 


Plate Shell-si 
Loss on ignition 7 24 
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Aluminum 6 Tt 
Silicon 16 33 
Calcium 15 7 
Chrome 15 9 
Iron 5 4 
Zine 13 8 


the PHE. The operation of the PHE at a higher surface 
temperature than the shell-side units resulted in more 
crystallization fouling. However, the amount of silicon for 
the shell-side unit is much higher than for the PHE. The 
high silicon concentration is due to sedimentation in the 
baffle-shell corners of the bundle, while the high turbu- 
lence promoted by the corrugated plates in the PHE min- 
imizes sedimentation fouling. In heavily sediment-laden 
waters, the PHE would be especially superior. 


CONCLUSIONS 


Although the tests were performed on one water system 
only experience with tubular data indicates that the over- 
all trends generally are valid; ie, plate exchangers should 
be designed to substantially lower values of fouling than 
would be used on tubular equipment for the same stream. 
However, the comparison is not always that straightfor- 
ward, as flow velocity itself is not a valid criterion. The wall 
shear stress in a PHE operating at 2.8 ft/s is equivalent to 
that in a tube-side exchanger operating at 8.2 ft/s. On the 
basis of typical industrial velocities, it was found that the 
PHE at 1.5 ft/s fouls about one-half as much as a tube-side 
exchanger operating at 5.9 ft/s, Furthermore, because of 
the high-heat-transfer coefficients typical to the PHE, sur- 
face temperature may differ from those in tubular equip- 
ment and should be carefully watched. 

The turbulence inducing corrugation pattern prevalent 
in heat-exchanger plates produces very high local veloci- 
ties. This results in high friction factors and therefore high 
shearing. This high shear, in turn, results in less fouling 
in plate exchangers than in tubular units. For cooling- 
water duties, Heat Transfer Research Incorporated (HTRI) 
has shown that the plate exchanger fouls at a much lower 
rate than either the tube side or the shell side of tubulars. 
TEMA recommendations for fouling therefore should 
never be used for plate units since they probably are five 
times the value found in practice. In particular, the plate 
exchanger is far less susceptible to fouling with heavy sed- 
imented waters. This is contrary to popular belief. It must 
be noted, however, that all particular matter must be sig- 
nificantly smaller than the plate gap and generally parti- 
cles over 0.1 in. in diameter cannot be handled in any plate 
heat exchanger. 
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PRINCIPLES AND APPLICATIONS 


The Parafiow is the original plate-type heat exchanger de- 
signed by APV to provide maximum efficiency and cost- 
effectiveness in handling thermal duties while minimizing 
maintenance downtime and floor space requirements. 


Frame, Plates, and Gaskets 


The Paraflow plate heat exchanger as shown in Figure 1 
consists of a stationary head and end support connected 


Tie bar 


Figure 1. The APV CREPACO Paraflow plate heat exchanger. 


by a top carrying bar and bottom guide rail. These form a 
rigid frame that supports the plates and moveable follower. 
In most units, plates are securely compressed between the 
head the follower by means of tie bars on either side of the 
exchanger. In a few models, central tightening spindles 
working against a reinforced end support are used for com- 
pression. When Paraflows are opened, the follower moves 
easily along the top bar with the aid of a bearing supported 
roller to allow full access to each individual plate. 

With the exception of some sanitary models that are 
clad with stainless steel, Paraflow frames are fabricated of 
carbon steel and are finished in chemical-resistant epoxy 
paint. Frame ports accept bushings of stainless steel or 


Second stage 
cooling liquid 


Figure 2. Two-section Parafiow with connector plate. 


alternative metals which, with various types of flanged or 
sanitary connections, form the inlet and outlet nozzles. By 
using intermediate connector plates as shown in Figure 2, 
units can be divided into separate sections to accommodate 
multiple duties within a single frame. 

The closely spaced metal heat-transfer plates have 
troughs or corrugations that induce turbulence to the liq- 
uids flowing as a thin stream between the plates (Fig. 3). 

The plates have corner ports which in the complete 
plate pack form a manifold for even fluid distribution to 
the individual plate passages (Fig. 4). 

The seal between the plates is established by a periph- 
eral gasket that also separates the thruport and flow areas 
with a double barrier. The interspace is vented to atmo- 
sphere to prevent cross-contamination in the rare event of 
leakage (Fig. 5). 

Asan exclusive feature, Paraflow heat-exchanger plates 
have interlocking gaskets in which upstanding lugs and 
scallops are sited intermittently around the outside 
edges. These scallops ensure that there are no unsup- 
ported portions of the gaskets and, in combination with the 
patented form of pressed groove, provide mechanical plate- 
to-plate support for the sealing system. The upstanding 
lugs (Fig. 6) maintain plate alignment in the Paraflow dur- 
ing pack closure and operation. The groove form provides 
100% peripheral support of the gasket, leaving none of the 
material exposed to the outside. In addition, the gasket- 
groove design minimizes gasket exposure to the process 
liquid. 


Plate Arrangement 


Comparison of Paraflow plate arrangement to the tube 
and shell-side arrangement in a shell and tube exchanger 
is charted in Fig. 7. Essentially, the number of passes on 
the tube side of a tubular unit can be compared with the 
number of passes on a plate heat exchanger. The number 
of tubes per pass also can be equated with the number 
of passages per pass for the Paraflow. However, the com- 
parison with the shell side usually is more difficult since 
with a Paraflow, the total number of passages available 
for the flow of one fluid must equal those available for 
the other fluid to within +1. The number of cross passes 
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Figure 3. Cutaway of Paraflow plate shows turbulence during 
passage of product and service liquids. 


on a shell, however, can be related to the number of plate 
passes and since the number of passages/pass for a 
plate is an indication of the flow area, this can be 
equated to the shell diameter. This is not a perfect com- 
parison but it does show the relative parameters for each 
exchanger. 

With regard to flow patterns, the Paraflow advantage 
over shell and tube designs is the ability to have equal 
passes on each side in full countercurrent flow, thus ob- 
taining maximum utilization of the temperature differ- 
ence between the two fluids. This feature is particularly 
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important in heat-recovery processes with close tempera- 
ture approaches and even in cases with temperature 
crossovers. 

Whenever the thermal duty permits, it is desirable to 
use single-pass, countercurrent flow for an extremely effi- 
cient performance. Since the flow is pure counterflow, cor- 
rection factors required on the LMTD approach unity. Fur- 
thermore, with all connections located at the head, the 
follower is easily moved and plates are more readily acces- 
sible. 


Plate Construction 


Depending on type, some plates employ diagonal flow 
while others are designed for vertical flow (Fig. 8). Plates 
are pressed in thicknesses between 0.020 and 0.036 in. 
(0.5-0.9 mm) and the degree of mechanical loading is im- 
portant. The most severe case occurs when one process liq- 
uid is operating at the highest working pressure and the 
other at zero pressure. The maximum pressure differential 
is applied across the plate and results in a considerable 
unbalanced load that tends to close the typical 0.1-0.2-in. 
gap. It is essential, therefore, that some form of interplate 
support be provided to maintain the gap and this is done 
by two different plate forms. 

One method is to press pips into a plate with deep wash- 
board corrugations to provide contact points for about 
every 1-3 in.” of heat-transfer surface (Fig. 9). Another is 
the chevron plate of relatively shallow corrugations with 
support maintained by the peak-peak contact (Fig. 10). Al- 
ternate plates are arranged so that corrugations cross to 
provide a contact point for every 0.2-1 in.” of area. The 
plate then can handle a large differential pressure, and the 
cross pattern forms a tortuous path that promotes sub- 
stantial liquid turbulence and thus a very high heat trans- 
fer coefficient. 


Mixing and Variable-Length Plates 


To obtain optimum thermal and pressure drop perfor- 
mance while using a minimum number of heat-exchanger 
plates, mixing and variable-length plates are available for 
several APV Parafiow plate heat-exchanger models. These 


Figure 4. Single-pass countercur- 
rent flow. 
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Figure 5. Gasket showing separation of throughport and flow 
areas. 
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Figure 6. Exclusive interlocking gasket. 


plates are manufactured to the standard widths specified 
for the particular heat exchanger involved but are offered 
in different corrugation patterns and plate lengths. 

Since each type of plate has its own predictable perfor- 
mance characteristics, it is possible to calculate heat- 
transfer surface that more precisely matches the required 


Shell and Tube Plate Equivalent 

Tube 

side No. of passes No. of passes Side 1 
No. of tubes/pass _No. of passages/pass 

Shell No. of cross passes No. of passes Side 2 


side (No. of baffles + 1) 
Shell diameter 


No. of passages/pass 


Figure 7. Pass arrangement comparison: plate versus tubular. 


Figure 8. Diagonal and vertical flow patterns. 


thermal duty without oversizing the exchanger. This re- 
sults in the use of fewer plates and a smaller, less expen- 
sive exchanger frame. 

To achieve mixing, plates that have been pressed with 
different corrugation angles are combined within a single 
heat-exchanger frame. This results in flow passages that 
differ significantly in their flow characteristics and thus 
heat-transfer capability from passages created by using 
plates that have the same corrugation pattern. 

For example, a plate pack (Fig. 11) of standard plates 
that have a typical 50° corrugation angle (to horizontal) 
develops a fixed level of thermal performance (HTU) per 
unit length. As plates of 0° angle (Fig. 12) are substituted 
into the plate pack up to a maximum of 50% of the total 
number of plates, the thermal performance progressively 
increases to a level that typically is twice that of a pack 
containing only 50° angle plates. 


s* 


——— 
— 


fll 


Figure 9. Corrugations pressed into plates are perpendicular to 
the liquid flow. 


Figure 10. Troughs are formed at opposite angles to the center- 
line in adjacent plates. 
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Figure 11. Low HTU passage. 
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Figure 12. High HTU passage. 


Thus, it is possible for a given plate length to fine-tune 
the Paraflow design in a single or even multiple-pass ar- 
rangement exactly to the thermal and pressure drop re- 
quirements of the application. 

Of more recent development are plates of fixed width 
with variable lengths that extend the range of heat- 
transfer performance in terms of HTU. This is proportional 
to the effective length of the plate and typically, provides 
a range of 3-1 from the longest to the shortest plate in the 
series. As shown in Figure 13, mixing also is available in 
plates of varied lengths and further increases the perfor- 
mance range of the variable-length plate by a factor of ap- 
proximately 2. 

This extreme flexibility of combining mixing and vari- 
able-length plates allows more duties to be handled by a 
single-pass design, maintaining all connections on the sta- 
tionary head of the exchanger to simplify piping and unit 
maintenance. 


Plate Size and Frame Capacity 


Paraflow plates are available with effective heat-transfer 
area from 0.28 to 50 ft”, and up to 600 of any one size can 
be contained in a single standard frame. The largest Para- 
flow can provide in excess of 30,000 ft? of surface area. Flow 
ports are sized in proportion to the plate area and control 
the maximum permissible liquid throughput Figure 14. 
Flow capacity of the individual Paraflow, based on a max- 
imum port velocity of 20-ft/s ranges from 15 gpm in the 
“junior” to 11,000 gpm in the Model SR235. This velocity 
is at first sight somewhat high compared to conventional 
pipework practice. However, the high fluid velocity is very 
localized in the exchanger and progressively is reduced as 
distribution into the flow passages occurs from the port 
manifold. If pipe runs are long, it is not uncommon to see 
reducers fitted in the piping at the inlet and exit connec- 
tions of high-throughput machines. 
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Figure 18, Variable-length plates 
with mixing options. 
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Figure 14, Throughput versus port diameter at 14 ft/s. 


Plate Materials 


Paraflow plates may be pressed from 304 or 316 stainless 
steels, Avesta 254SMO or 254SLX, nickel 200, Hastelloy 
B-2, C-276 or G-3, Incoloy 825, Inconel 625, Monel 400, 
titanium or titanium-palladium as required to provide 
suitable corrosion resistance to the streams being handled. 


Gasket Materials 


As detailed in Figure 15, various gasket materials are 
available as standard that have chemical and temperature 


resistance coupled with excellent sealing properties. These 
qualities are achieved by specifically compounding and 
molding the elastomers for long-term performance in the 
APV Parafiow. 

Since the temperatures shown are not absolute, gasket 
material selection must take into consideration the chem- 
ical composition of the streams involved as well as the op- 
erating cycles. 


THERMAL PERFORMANCE 


The Paraflow plate heat exchanger is used most exten- 
sively in liquid—tliquid duties under turbulent flow condi- 
tions. In addition, it is particularly effective for laminar 
flow heat transfer and is used in condensing, gas cooling, 
and evaporating applications. 


Turbulent Flow 


For plate heat transfer in turbulent flow, thermal perfor- 
mance can best be exemplified by a Dittus—Boelter-type 
equation: 


Nu = comrerror(4) 


where Nu is the Nusselt number hD,/k, Re is the Reynolds 
number vD,/u, Pr is the Prandtl number Cpy/k, D, is the 
equivalent diameter (2 average plate gap), (u/u,,.) is 
the Sieder—Tate correction factor, and reported values of 
the constant and exponents are 


Cc 
n = 0.65-0.85, x 


0.30-0.45 
0.05-0.20 


a) 
° 
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Typical velocities in plate heat exchangers for waterlike 
fluids in turbulent flow are 1-3 ft/s (0.3-0.9 m/s), but true 
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Approximate maximum 


Gasket material 


operating temperature 


Application 


Paracril (medium nitrile) 


Paratemp (EPDM) 


Paradur (fluoroelastomer) 


Paraflor (fluoroelastomer) 


275°F (135°C) 


300°F (150°F) 


400°F (205°C) 


400°F (205°C) 


General aqueous service, 
aliphatic hydrocarbons 

High temperature resistance 
for a wide range of chemicals 
and steam 

Mineral oils, fuels, vegetable 
and animal oils 

Steam, sulfuric acids 


Figure 15. Paraflow gasket guide. 


velocities in certain regions will be higher by a factor of 24 
due to the effect of the corrugations. All heat-transfer and 
pressure drop relationships are, however, based on either 
a velocity calculated from the average plate gap or on the 
flow rate per passage. 

Figure 16 illustrates the effect of velocity for water at 
60°F on heat-transfer coefficients. This graph also plots 
pressure drop against velocity under the same conditions. 
The film coefficients are very high and can be obtained for 
a moderate pressure drop. 

One particularly important feature of the Paraflow is 
that the turbulence induced by the troughs reduces the 
Reynolds number at which the flow becomes laminar. If the 
characteristic length dimension in the Reynolds number is 
taken at twice the average gap between plates, the Re 
number at which the flow becomes laminar varies from 
about 100 to 400 according to the type of plate. 

To achieve these high coefficients, it is necessary to ex- 
pend energy. With the plate unit, the friction factors nor- 
mally encountered are in the range of 10-400 times those 
inside a tube for the same Reynolds number, However, 
nominal velocities are low and plate lengths do not exceed 
7.5 ft so that the term (V?)L/(2g) in the pressure drop equa- 
tion is much smaller than one normally would encounter 
in tubulars. In addition, single-pass operation will achieve 
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Figure 16. Performance details: Series HX Paraflow. 


many duties so that the pressure drop is efficiently used 
and not wasted on losses due to flow direction changes. 
The friction factor is correlated with the equations: 


B fl,V? 


f= Rep 4? - Sed 


where y varies from 0.1 to 0.4 according to the plate and B 
is a constant characteristic of the plate. 

If the overall heat-transfer equation Q = UA4T is used 
to calculate the heat duty, it is necessary to know the over- 
all coefficient U, the surface area A, and the mean tem- 
perature difference 4T. 

The overall coefficient U can be calculated from 


Bm mt te the + ran + Me 
The values of rp, and rg (the film resistances for the hot 
and cold fluids, respectively) can be calculated from the 
Dittus—Boelter equations described previously and the 
wall metal resistance r,, can be calculated from the average 
metal thickness and thermal conductivity. The fouling re- 
sistances of the hot and cold fluids rz, and rg, often are 
based on experience. 

The value taken for A is the developed area after press- 
ing. That is the total area available for heat transfer and, 
because of the corrugations, will be greater than the pro- 
jected area of the plate, ie, 1.81 ft? versus 1.45 ft? for an 
HX plate. 

The value of 4T is calculated from the logarithmic mean 
temperature difference multiplied by a correction factor. 
With single pass operation, this factor is about 1 except for 
plate packs of less than 20 when the end effect has a sig- 
nificant bearing on the calculation. This is due to the fact 
that the passage at either end of the plate pack only trans- 
fers heat from one side and therefore the heat load is re- 
duced. 

When the plate unit is arranged for multiple-pass use, 
a further correction factor must be applied. Even when two 
passes are countercurrent to two other passes, at least one 
of them must experience cocurrent flow. This correction 
factor is shown in Figure 17 against a number of heat 
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LMTD correction factor 


Figure 17. LMTD correction factor. 


transfer units (HTU = temperature rise of the process 
fluid divided by the mean temperature difference). As in- 
dicated, whenever unequal passes are used, the correction 
factor calls for a considerable increase in area. This is par- 
ticularly important when unequal flow conditions are han- 
dled. If high and low flow rates are to be handled, the nec- 
essary velocities must be maintained with the low fluid 
flow rate by using an increased number of passes. Al- 
though the plate unit is most efficient when the flow ratio 
between two fluids is in the range of 0.7~1.4, other ratios 
can be handled with unequal passes. This is done, however, 
at the expense of the LMTD factor. 

The issue of how to specify a fouling resistance for a 
plate heat exchanger is difficult to resolve. Manufacturers 
generally specify 5% excess HTU for low fouling duties, 
10% for moderate fouling, and 15~20% excess for high foul- 
ing. The allowed excess surface almost always is sufficient 
even though in many cases, it represents a low absolute 
value of fouling in terms of (Btu/h - ft? - °F)~*. If a high 
fouling resistance is specified, extra plates have to be 
added, usually in parallel. This results in lower velocities, 
more extreme temperatures during startup, and the prob- 
ability of higher fouling rates. Because of the narrow plate 
gaps and, in particular, because of the small entrance and 
exit flow areas, fouling in a plate usually causes more prob- 
lems by the increase in pressure drop and/or the lowering 
of flow rates than by causing large reductions in heat- 
transfer performance. Increasing the number of plates 
does not increase the gap or throat area, and a plate unit 
sometimes can foul more quickly when oversurfaced. 

The customer who does not have considerable experi- 
ence with both the process and the plate heat exchanger 
should allow the equipment manufacturer to advise on 
fouling and the minimum velocity at which the exchanger 
should operate. 


Laminar Flow 


The other area suitable for the plate heat exchanger is that 
of laminar flow heat transfer. It has been pointed out al- 
ready that the Paraflow can save surface by handling fairly 
viscous fluids in turbulent flow because the critical Rey- 
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nolds number is low. Once the viscosity exceeds 20-50 cP, 
however, most plate heat exchanger designs fall into the 
viscous flow range. Considering only Newtonian fluids 
since most chemical duties fall into this category, in lami- 
nar ducted flow the flow can be said to be one of three types: 
(1) fully developed velocity and temperature profiles (ie, 
the limiting Nusselt case), (2) fully developed velocity pro- 
file with developing temperature profile (ie, the thermal 
entrance region), or (3) the simultaneous development of 
the velocity and temperature profiles. 

The first type is of interest only when considering fluids 
of low Prandtl number, and this seldom exists with normal 
plate heat-exchanger applications. The third is relevant 
only for fluids such as gases that have a Prandtl number 
of about 1. Therefore, consider type 2. 

As a rough guide for plate heat exchangers, the ratio of 
the hydrodynamic entrance length to the corresponding 
thermal entrance length is given by 


fe 21.7 Pr 


Tyya 


Plate the heat transfer for laminar flow follows the 
Dittus—Boelter equation in this form: 


Nu = fesse eye 


where L is the nominal plate length, c is the constant for 
each plate (usually in the range 1.86-4.50), and x is the 
exponent varying from 0.1 to 0.2 depending on plate type. 
For pressure loss, the friction factor can be taken as f 
= a/Re where a is a constant characteristic of the plate. 
It can be seen that for heat transfer, the plate heat ex- 
changer is ideal because the value of d is small and the 
film coefficients are proportional to d~?*. Unfortunately, 
however, the pressure loss is proportional to d~* and the 
pressure drop is sacrificed to achieve the heat transfer. 
From these correlations, it is possible to calculate the 
film heat-transfer coefficient and the pressure loss for lam- 
inar flow. This coefficient combined with the metal coeffi- 


cient and the calculated coefficient for the service fluid to- 
gether with the fouling resistance then are used to produce 
the overall coefficient. As with turbulent flow, an allowance 
has to be made to use the LMTD to allow for either end 
effect correction for small plate packs and/or concurrency 
caused by having concurrent flow in some passages. This 
is particularly important for laminar flow since these ex- 
changers usually have more than one pass. 


Beyond Liquid-Liquid 


Over many years, APV has built up considerable experi- 
ence in the design and use of Paraflow plate heat exchang- 
ers for process applications that fall outside the normal 
turbulent flow that is common in chemical operations. The 
Paraflow, for example, can be used in laminar flow duties, 
for the evaporation of fluids with relatively high viscosi- 
ties, for cooling various gases, and for condensing appli- 
cations where pressure drop parameters are not overly re- 
strictive. 


Condensing 


One of the most important heat-transfer processes if pos- 
sible, is the condensation of vapors—a duty that often is 
carried out on the shell side of a tubular exchanger but is 
entirely feasible in the plate-type unit. Generally speak- 
ing, the determining factor is pressure drop. 

For those condensing duties where permissible pres- 
sure loss is less than one pound per square inch, there is 
no doubt but that the tubular unit is most efficient. Under 
such pressure drop conditions, only a portion of the length 
of a Paraflow plate would be used and substantial surface 
area would be wasted. However, when less restrictive pres- 
sure drops are available the plate heat exchanger becomes 
an excellent condenser since very high heat-transfer coef- 
ficients are obtained and the condensation can be carried 
out in a single pass across the plate. 

The pressure drop of condensing steam in the passages 
of plate heat exchangers has been investigated experimen- 
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Figure 18. Steam-side pressure drop for R5. 
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tally for a series of different Paraflow plates. As indicated 
in Figure 18, which provides data for a typical unit, the 
drop obtained is plotted against steam flow rate per pas- 
sage for a number of inlet steam pressures. 

It is interesting to note that for a set steam flow rate 
and a given duty, the steam pressure drop is higher when 
the liquid and steam are in countercurrent rather than 
cocurrent flow. This is due to differences in temperature 
profile. 

Figure 19 shows that for equal duties and flows, the 
temperature difference for countercurrent flow is lower at 
the steam inlet than at the outlet with most of the steam 
condensation taking place in the lower half of the plate. 
The reverse holds true for cocurrent flow. In this case, most 
of the steam condenses in the top half of the plate, the 
mean vapor velocity is lower, and a reduction in pressure 
drop of 10-40% occurs. This difference in pressure drop 
becomes lower for duties where the final approach tem- 
perature between the steam and process fluid becomes 
larger. 

The pressure drop of condensing steam therefore is a 
function of steam flow rate, pressure, and temperature dif- 
ference. Since the steam pressure drop affects the satura- 
tion temperature of the steam, the mean temperature dif- 
ference in turn becomes a function of steam pressure drop. 
This is particularly important when vacuum steam is be- 
ing used since small changes in steam pressure can give 
significant changes in the temperature at which the steam 
condenses. 

By using an APV computer program and a Martinelli— 
Lockhart-type approach to the problem, it has been pos- 
sible to correlate the pressure loss to a high degree of ac- 
curacy. Figure 20 cites a typical performance of a steam 
heated Series R4 Paraflow. From this experimental run 
during which the exchanger was equipped with only a 
small number of plates, it can be seen that for a 4—-5-psi 
pressure drop and above, the plate is completely used. Be- 
low that figure, however, there is insufficient pressure drop 
available to fully use the entire plate and part of the sur- 
face therefore is flooded to reduce the pressure loss. At only 
one psi allowable pressure drop, only 60% of the plate is 
used for heat transfer, which is not particularly economic. 
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Figure 19. Temperature profile during condensation of steam. 
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Available pressure loss, psi a 2 3 4 
Total duty, Btu/h 207,000 256,000 320,000 333,000 
Fraction of plate flooded 40 30 4 ie} 
Effective overall heat-transfer coefficient, clean 445 520 725 770 
Pressure loss, psi iL 2 4 4.5 


Figure 20. Steam heating in an R4 Paraflow (water flow rate 16,000 Ib/h, inlet water temperature 
216°F, inlet steam temperature 250°F, total number of plates 7). 


This example, however, well illustrates the application 
of a plate heat exchanger to condensing duties. If sufficient 
pressure loss is available, then the plate type unit is a good 
condenser. The overall coefficient of 770 Btu/h - ft - °F for 
4-5-psi pressure loss is much higher than a coefficient of 
450-500 Btu/h - ft? - °F, which could be expected in a tu- 
bular exchanger for this type of duty. However, the tubular 
design would, for shell-side condensation, be less depen- 
dent on available pressure loss and for a 1-psi drop, a 450- 
500 Btu overall coefficient still could be obtained. With the 
plate, the calculated coefficient at this pressure is 746 Btu 
but the effective coefficient based on total area is only 60% 
of that figure or 445 Btu/h - ft? - °F. 


Gas Cooling 


Plate heat exchangers also are used for gas cooling with 
units in service for cooling moist air, hydrogen, and chlo- 
rine. The problems are similar to those of steam heating 
since the gas velocity changes along the length of the plate 
due either to condensation or pressure fluctuations. De- 
signs usually are restricted by pressure drop, so machines 
with low pressure drop plates are recommended. A typical 
allowable pressure loss would be 0.5 psi with rather low 
gas velocities giving overall heat transfer coefficients in the 
region of 50 Btu/h - ft? - °F. 


Evaporation 


The plate heat exchanger also can be used for evaporation 
of highly viscous fluids when as a Paravap the evaporation 
occurs in the plate or as a Paraflash the liquid flashes after 
leaving the plate. Applications generally have been re- 
stricted to the soap and food industries. The advantage of 
these units is their ability to concentrate viscous fluids of 
up to 5000 cP. 


CONCLUSION 


It has been shown that the plate heat exchanger is a rela- 
tively simple machine on which to carry out a thermal de- 
sign. Unlike the shell side of a tubular exchanger where 
predicting performance depends on baffle—shell leakage, 
baffle—tube leakage, and leakage around the bundle, it is 
not possible to have bypass streams on a Paraflow. The 
only major problem is that the pressure loss through the 
ports can cause unequal distribution in the plate pack. 
This is overcome by limiting the port velocity and by using 
a port pressure loss correlation in the design to allow for 
the effect of unequal distribution. 


The flow in a plate also is far more uniform than on the 
shell side. Furthermore, there are no problems in calcu- 
lation of heat transfer in the window, across the bundle, or 
allowing for dead spots as is the case with tubular exchang- 
ers. As a result, the prediction of performance is simple 
and very reliable once the initial correlations have been 
established. 
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SELECTION 


In forming a comparison between plate and tubular heat 
exchangers, there are a number of guidelines that will gen- 
erally assist in the selection of the optimum exchanger for 
any application. In summary, these are 


1. For liquid—liquid duties, the plate heat exchanger 
usually has a higher overall heat-transfer coeffi- 
cient and often the required pressure loss will be 
no higher. 

2. The effective mean temperature difference will usu- 
ally be higher with the plate heat exchanger. 

3. Although the tube is the best shape of flow conduit 
for withstanding pressure, it is entirely the wrong 
shape for optimum heat-transfer performance since 
it has the smallest surface area per unit of cross 
sectional flow area. 

4. Because of the restrictions in the flow area of the 
ports on plate units, it is usually difficult, unless a 
moderate pressure loss is available, to produce eco- 
nomic designs when it is necessary to handle large 
quantities of low density fluids such as vapors and 
gases. 

5. A plate heat exchanger will usually occupy consid- 
erably less floor space than a tubular for the same 


duty. 


6. From a mechanical viewpoint, the plate passage is 
not the optimum and gasketed plate units are not 
made for operating pressures much in excess of 300 
psig. 

7. For most materials of construction, sheet metal for 
plates is less expensive per unit area than tube of 
the same thickness. 

8. When materials other than mild steel are required, 
the plate will usually be more economical than the 
tube for the application. 

9. When mild steel construction is acceptable and 
when a close temperature approach is not required, 
the tubular heat exchanger will often be the most 
economic solution since the plate heat exchanger is 
rarely made in mild steel. 

10. Plate heat exchangers are limited by the necessity 
that the gasket be elastomeric. Even compressed 
asbestos fiber gaskets contain about 6% rubber. The 
maximum operating temperature therefore is usu- 
ally limited to 500°F. 


Heat-Transfer Coefficients 


Higher overall heat-transfer coefficients are obtained with 
the plate heat exchanger compared with a tubular for a 
similar loss of pressure because the shell side of a tubular 
exchanger is basically a poor design from a thermal point 
of view. Considerable pressure drop is used without much 
benefit in heat transfer because of the turbulence in the 
separated region at the rear of the tube. Additionally, large 
areas of tubes even in a well designed tubular unit are 
partially bypassed by liquid and low heat-transfer areas 
thus are created. 

Bypassing in a plate-type exchanger is less ofa problem, 
and more use is made of the flow separation that occurs 
over the plate troughs since the reattachment point on the 
plate gives rise to an area of very high heat transfer. 

For most duties, the fluids have to make fewer passes 
across the plates than would be required through tubes or 
in passes across the shell. Since a plate unit can carry out 
the duty with one pass for both fluids in many cases, the 
reduction in the number of required passes means less 
pressure lost due to entrance and exit losses and conse- 
quently, more effective use of the pressure. 


HEAT EXCHANGERS: PLATE VERSUS TUBULAR 1247 


Mean Temperature Difference 


A further advantage of the plate heat exchanger is that the 
effective mean temperature difference is usually higher 
than with the tubular unit. Since the tubular is always a 
mixture of cross and contraflow in multipass arrange- 
ments, substantial correction factors have to be applied to 
the log mean temperature difference. In the plate heat ex- 
changer where both fluids take the same number of passes 
through the unit the LMTD correction factor is usually in 
excess of 0.95. As is illustrated in Figure 1, this factor is 
particularly important when a close or relatively close tem- 
perature approach is required. 

In practice, it is probable that the sea water flow rate 
would have been increased to reduce the number of shells 
in series if a tubular had to be designed for this duty. While 
this would reduce the cost of the tubular unit, it would 
result in increased operating costs. 


Design Case Studies 


Figure 2 covering a number of case studies on plate versus 
tubular design demonstrates the remarkable heat-transfer 
performance that can be obtained from Paraflow units. 
Even for low to moderate available pressure loss, the plate 
heat exchanger usually will be smaller than a correspond- 
ing tubular. 

Because of the high heat-transfer rates, the controlling 
resistance usually is fouling, so an allowance of 20-50% 
extra surface has been made based on APV experience. 

One limitation of the plate heat exchanger is that it is 
rarely made in mild steel; the most inexpensive material 
of construction is stainless. Therefore, even when the plate 
surface requirement is much lower than the tubular on 
some heat-transfer duties, the tubular will be less expen- 
sive when mild steel construction is acceptable. If a close 
temperature approach is required, however, the plate unit 
always will cost less and where stainless steel or more ex- 
otic materials are required for process reasons, the plate 
unit usually will cost less. 


Physical Size 


One important advantage of the plate over a tubular unit, 
is that for a particular duty, the plate heat exchanger will 
be physically smaller and require far less floor space. This 


Tubular Plate 


Size 3 shells in series: 20-ft 
tubes, 1 shell-side 
pass, 4 tube passes, 
2238 tubes, 12,100- 
ft2 area 


Overall 270 Btu/h : ft2 + °F 
coefficient 
MTD 7.72°F 9.0°F 
Pressure 10-19 psi 10.8-8.8 psi 
loss 


R10 Paraflow with 313 
plates arranged for 3 
process passes and 3 
service passes, 3630 
ft2 of area 

700 Btu/h : ft2 + °F 


Figure 1. Duty: demineralized water/seawater. To cool 
864,000 Ib/h of water from 107°F to 82.4°F using 773,000 


Ib/h of 72°F sea water. 
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Tubular design Plate design 
pressure loss Pressure loss 
Case Fluid A Fluid B Duty 
study (Ib/h) (Ib/h) (°F) B ft2 A B ft2 type 
A 13,380 53,383 320 A120 3.05 301 0.3 2.2 92 HX 
hydrocarbon water 120 B 92 
B 864,000 77,300 107 A 82.4 19 19 12,100 10.8 8.8 3,630 R10 
water sea water 99.1B 71.6 
c 17,500 194,000 140 A 104 45 1,830 3.0 3.7 445 R5 
solvent water 95B79 
D 148,650 472,500 222 A100 10.8 8.0 1,500 45 10 380 R4 
desalter salt water 106 B 68 
effluent 


Figure 2. Case studies of plate heat exchangers and tubular designs. All tubular designs were 


carried out with the aid of the HTRI program ST3. 


is shown most graphically in Figure 3, where a Series R405 
Paraflow is being installed next to tubular units that need 
twice the amount of space for the identical duty. It is fur- 
ther illustrated in the volumetric comparisons of Figure 4. 

If the tightened plate pack of a Paraflow is regarded as 
a rectangular box, each cubic foot contains 50-100 ft? of 
heat-transfer area according to the type of plate used. Al- 
lowing for metal thickness, the contained liquid is some 
80% of this volume. Thus, the total of both heating and 
cooling media is about 5 gal. Expressed in another way, 
the liquid hold up per square foot for each stream varies 
according to plate type from about 0.06 gal down to 0.03 
gal. 

By comparison, one cubic foot of tubular exchanger of 
equilateral triangular pitch with a tube pitch-tube diam- 
eter ratio of 1.5 has a surface area of 10 ft? for 2-in.-OD 
tubes or 40 ft? for 1/2-in.-OD tubes. The average contained 
liquid is proportionately 0.27 gal/ft? down to 0.07 gal/ft? of 
heat-exchanger area with no allowance for the headers. If 


Figure 3. At the Glidden Durkee Baltimore plant, a Series R405 
Paraflow is being readied to cool 1000 gpm of deionized water. This 
unit requires only half the space of a tubular exchanger for the 
same duty. 


the heat-transfer coefficient ratio between plate and tu- 
bular is conservatively taken as 2, the plate exchanger vol- 
ume to meet a given duty varies from 1/10 to 1/3 of that of 
the tubular. For a lower tube pitch-tube diameter ratio of 
1.25, the comparison becomes 1/7 to 1/5. These facts dem- 
onstrate why the Paraflow plate heat exchanger is referred 
to as “compact.” 

Thermal Limitations 

While it would appear offhand that the plate heat ex- 
changer always provides a better performance at usually 
a lower price than the tubular exchanger, consideration 
must be given to the thermal as well as mechanical limi- 
tations of the plate-type machine. These usually are based 
on allowable pressure loss. 

For single-phase liquid—liquid duties, the plate heat 
exchanger can be designed for moderately low pressure 
loss. However, if the pressure loss across any plate passage 
that has liquid flowing downward is lower than the avail- 
able liquid static head, the plate will not run full and per- 
formance therefore will be reduced. This is termed low 
plate rate. Use of a plate below the minimum plate rate is 
inadvisable since it causes a wastage of surface area and 
results in unreliable operation. It is, however, possible to 
function below the minimum plate rate in a single-pass 
arrangement by making sure that the low plate rate is op- 
erated with a climbing liquid flow. 

These problems are not quite so severe with a tubular 
exchanger and therefore, operation at a moderately lower 
available pressure loss is possible. 


Conclusion 


To summarize, the gasketed plate heat exchanger gener- 
ally will be the most economical heat exchanger for liq- 
uid—liquid duties provided the material of construction is 
not mild steel and provided the operating temperatures 
and pressures are below 500°F and 300 psig respectively. 
For other types of duty such as gas cooling, condensation 
or boiling, the plate heat exchanger can be a very econom- 
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Plate Tube 
Liquid containment 
per ft? of 
Plate Heat-transfer Liquid contained Ratio Heat-transfer heat-transfer 
pitch area per ft3 of per ft? of heat- Tube tube pitch area per ft? area (average of 
(in.) exchanger (ft2) transfer area (gal) diameter (in.) tube diameter of exchanger (ft2) _ both sides) (gal) 
Yq 50 0.06 2 1.5 10 0.32 
Ve 100 0.03 Y2 1.5 40 0.085 


Figure 4. Volumetric comparison, plate versus tube. 


ical type of unit if the pressure loss allowed is sufficient to 
utilize the very high heat-transfer performance character- 
istics of the plate. 


RECOVERY OF PROCESS HEAT 


Since it is quite clear that never again will energy be as 
inexpensive as in the past, it therefore is necessary to con- 
serve this natural resource—to recover more of the process 
heat that currently is dissipated to waterways and atmo- 
sphere. Some of this heat can be recovered with the aid of 
high-efficiency heat exchangers, which can operate eco- 
nomically with a close temperature approach at relatively 
low pumping powers. One type of unit that is particularly 
suited for this duty is the APV Paraflow plate heat ex- 
changer. For many applications, this equipment can trans- 
fer heat with almost true countercurrent flow coupled with 
high coefficients to provide efficient and inexpensive heat 
transfer. 

Unfortunately, the plate heat exchanger has been con- 
sidered by many chemical engineers to be suitable only for 
hygienic heat-transfer duties. This, of course, is not so. 
Nowadays, many more plate type units are sold for chem- 
ical and industrial use than are sold for hygienic applica- 
tions. A further mistake is the claim that the plate heat 
exchanger can be used only for duties when the volumetric 
flows of the two fluids are similar. Again, this is not true, 
although it must be stated that the plate heat exchanger 
is at its most efficient when flows are similar. 


Basic Considerations 


Since plate and tubular heat exchangers are the most 
widely used types of heat-transfer equipment, it is well to 
draw a brief comparison of their respective heat-recovery 
capabilities for the energy-conscious plant manager. 
While the plate heat exchanger does have mechanical 
limitations with regard to withstanding high operating 
pressures above 300 psig, it is more efficient thermally 
than shell and tube units, especially for liquid—liquid du- 
ties. In many waste heat recovery applications, however, 
both pressure and temperature generally are moderate 
and the plate-type unit is an excellent choice since its ther- 
mal performance advantage becomes very significant for 
low-temperature approach duties. Higher overall-heat 


transfer coefficients are obtained with the plate unit for a 
similar loss of pressure because the shell side of a tubular 
basically is a poor design from a thermal point of view. 
Pressure drop is used without much benefit in heat trans- 
fer on the shell side due to the flow reversing direction after 
each cross pass. In addition, even in a well-designed tu- 
bular heat exchanger, large areas of tubes are partially 
bypassed by liquid and areas of low heat transfer thus are 
created. Conversely, bypassing of the heat transfer area is 
far less of a problem in a plate unit. The pressure loss is 
used more efficiently in producing heat transfer since the 
fluid flows at low velocity but with high turbulence in thin 
streams between the plates. 

For most duties, the fluids also have to make fewer 
passes across the plates than would be required either 
through tubes or in passes across the shell. In many cases, 
the plate heat exchanger can carry out the duty with one 
pass for both fluids. Since there are fewer passes, less pres- 
sure is lost as a result of entrance and exit losses and the 
pressure is used more effectively. 

A further advantage of the plate heat exchanger is that. 
the effective mean temperature difference usually is 
higher than with the tubular. Since in multipass arrange- 
ments the tubular is always a mixture of cross and con- 
traflow, substantial correction factors have to be applied to 
the log mean temperature difference. In the plate unit for 
applications where both fluids take the same number of 
passes through the exchanger, the LMTD correction factor 
approaches unity. This is particularly important when a 
close or even relatively close temperature approach is re- 
quired. 


Thermal Performance Data 


Although the plate heat exchanger now is widely used 
throughout industry, precise thermal performance char- 
acteristics are proprietary and thus unavailable. It is pos- 
sible, however, to size a unit approximately for turbulent 
flow liquid—liquid duties by use of generalized correla- 
tions that apply to a typical plate heat exchanger. The ba- 
sis of this method is to calculate the heat-exchanger area 
required for a given duty by assuming that all the available 
pressure loss is consumed and that any size unit is avail- 
able to provide this surface area. 

Fora typical plate heat exchanger, the heat transfer can 
be predicted in turbulent flow by the following equation 
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The pressure loss can be predicted from equations 2 and 3. 

Obviously, equation 1 cannot represent accurately the 
performance of the many different types of plate heat ex- 
changers that are manufactured. However, plates that 
have higher or lower heat-transfer performance than given 
in equation 1 usually will give correspondingly higher or 
lower friction factors in equation 2. Experience indicates 
that the relationship for pressure loss and heat transfer is 
reasonably consistent for well-designed plates. In the Ap- 
pendix, equations Al—A3 are further developed to show 
that it is possible for a given duty and allowable pressure 
loss to predict the required surface area. This technique 
has been used for a number of years to provide an approx- 
imate starting point for design purposes and has given an- 
swers to +20%. For accurate designs, however, it is nec- 
essary to consult the manufacturer. 


Heat-Recovery Duties 


In any heat-recovery application, it always is necessary to 
consider the savings in the cost of heat against the cost of 
the heat exchanger and the pumping of fluids. Each case 
must be treated individually since costs for heat, electric- 
ity, pumps, etc will vary from location to location. 

One point is obvious. Any increase in heat recovery, and 
thus heat load, results in a decrease in LMTD and consid- 
ering a constant heat-transfer coefficient, subsequently in 
the cost of the exchanger. This effect is tabulated in Figure 
5. Because the cost of an exchanger increases considerably 
for relatively small gains in recovered heat above the 90% 
level, such applications, even with the plate heat ex- 
changer, must be studied closely to verify economic gain. 


The economic break-even point is far lower for a tubular 
exchanger. Situations where it is advantageous to go above 
90% recovery usually involve duties where higher heat re- 
covery reduces subsequent heating or cooling of the process 
stream. High steam or refrigeration costs therefore justify 
these higher heat recoveries. 

As shown in Figure 5, the cost of increasing heat recov- 
ery from 85 to 90% at a constant pressure loss of 12 Ib/in.? 
is $2600. From a practical standpoint, going from 90 to 
95% requires a significantly higher pressure loss and 
nearly doubles the exchanger cost. However, even with this 
95% heat recovery and assuming steam costs at $6.00/ 
1000#, payback on the plate heat exchanger would take 
530 hs. 

The plate heat exchanger thus provides a most eco- 
Xnomic solution for recovering heat (Fig. 6). This degree 
of heat recovery cannot be achieved economically in a tu- 
bular exchanger since the presence of cross flow and mul- 
tipass on the tube side causes the LMTD correction factors 
to become very small or, alternately, requires more than 
one shell in series. This is shown in the Figure 7 compar- 
ison. 

As detailed, this example illustrates that the plate heat 
exchanger has considerable thermal and therefore price 
advantage over the tubular exchanger for a heat recovery 
of 70%. Since the overall heat-transfer coefficient and the 
effective mean temperature difference both are much 
higher for the plate unit, reduced surface area is needed. 
Furthermore, because of cross-flow temperature difference 
problems in the tubular, three shells in series were needed 
to handle the duty within the surface area quoted. Using 
only two shells would have resulted in a further 40% in- 
crease in surface area. 

The small size of the plate heat exchanger also results 
in a saving of space and a lower liquid holdup. For this 
type of heat recovery duty, a stainless-steel plate heat ex- 
changer almost always will be less expensive than a mild 
steel tubular unit. Although the tubular exchanger physi- 
cally will be capable of withstanding higher temperatures 
and pressures, there is a considerable and for the most part 


12 Ib/in.2 Pressure loss 


25 Ib/in.2 Pressure loss 


Heat 

recovered Temperature Actual Area __ Relative Actual Area, Relative 

(Btu/h) % CF) LMTD Factor MTD (ft2) price($) © LMTD Factor MTD  (ft2) _ price ($) 

3,600,000 60 200 > 140 40 0.985 394 85 5,500 40 0.985 39.4 74 5,400 
160 « 100 

4,500,000 75 200 > 125 25 0.975 244 197 6,450 25 0,980 24.5 172 6,250 
175 © 100 

5,100,000 85 200 + 115 15 0.965 144 425 98,400 15 0.965 144 362 7,850 
185 < 100 

5,400,000 90 200 > 110 10 095 95 739 11,000 10 0.92 9.2 629 10,100 
190 « 100 

5,700,000 95 200 > 105 5 5 0.83 4.16 1580 18,100 
195 < 100 


Hot liquid 60,000 Ib/h of water at 200°F; cold liquid 60,000 Ib/h of water at 60°F. 


Figure 5. Effect of percentage heat recovery on PHE cost. 
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Figure 6. Two shrouded Paraflow 
units provide an optimum return on 
investment with energy and cost 
saving regeneration of 88 and 81%, 


Duty: To heat 1,300,000 Ib/h of water from 73 to 97°F using 1,300,000 Ib/h of water at 107°F. 


Available pressure loss 15 Ib/in.2 for both streams. 


Heat recovery = 70.5% 
Number of heat-transfer units (HTU) = 2.4 


Plate Tubular 
Heat-transfer area 4820 13,100 ft2 
Heat-transfer coefficient (clean) 734 386 Btu/h - ft2 - °F 
Heat-transfer coefficient (dirty) 641 271 Btu/h « ft2-°R 
Effective mean temperature difference 10.0 8.7 ar 
Pressure drop: hot fluid/cold fluid 4.6/4.7 15/15 Ibfin2 
Fouling resistance: hot fluid/cold fluid 0.0001/0.0001 0.0005/0.0005 (Btu/h + ft2 » °F) -1 
Pass arrangement il 4 tube side baffled 

3 shells in series 

Approximate price $95,000 $135,000 

Stainless steel Mild steel 


This example demonstrates that quite high heat-transfer coefficients can be obtained from a PHE with only a 


moderate pressure loss. 


Figure 7. Heat recovery—comparison between plate and tubular heat exchangers. 


unnecessary penalty to pay for these features both in price 
and size. 

For heat recovery duties in excess of 70%, the plate heat 
exchanger will become increasingly more economical than 
the tubular. 


Typical Applications 


One of the more common uses of regeneration is found in 
many of the nation’s breweries, where it is necessary to 
cool huge amounts of hot wort before it is discharged to 
fermentation tanks. Typical in scope is an operation where 


850 barrels per hour of wort (220,000 lb/h) are cooled from 
200 to 50°F by means of 242,000 Ib/h (R = 1.1:1) of water 
entering at 35°F and being heated to 165°F. As a result; 
approximately 33,000,000 Btu/h are saved, there is an ex- 
cellent water balance for use throughout the brewery, and 
no water is discharged to the sewer. 

For a dairy, regeneration usually involves the transfer 
of heat from pasteurized milk to cooler raw milk entering 
the system. After initially heating 100,000 lb/hr of milk 
from 40 to 170°F by high temperature, short time pasteur- 
ization, 90% regeneration permits cooling of the milk back 
down to 40°F with a savings of 11,700,000 Btu/h. Only 10% 
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of the total heat or cooling must be supplied, and no cooling 
medium such as city water is used and discarded. 

Chemically, there are many and varied regenerative ap- 
plications. For desalination, APV has supplied a number 
of Paraflows, which are virtually perpetual motion ma- 
chines. These units achieve 95% regeneration in heating 
87,000 Ib/h (175 gpm) from 70 to 197°F while cooling a 
secondary stream flowing at 78,000 lb/h from 214 to 73°F. 
Savings in the Btu load in this case are 11,050,000 per 
hour. 

While flow rates in hot oil applications are quite low in 
comparison, temperatures are very high. It is possible to 
cool 400 gph of vegetable oil from 446 to 226°F while heat- 
ing 400 GPH of oil from 200 to 400°F with 80% regenera- 
tion. 

In the production of caustic soda, where very corrosive 
product streams are encountered, Paraflows with nickel 
plates are being used to cool 10,000 Ib/h of 72% NaOH from 
292 to 210°F while heating 14,000 Ib/h of 50% NaOH from 
120 to 169°F. 


Cost and Efficiency 


To examine a hypothetical case of Paraflow regeneration 
from the viewpoint of efficiency and dollar savings, con- 
sider the following process duty: 


Duty Heat 100 GPM of fluid 1 from 50°F to 200°F while 
cooling 100 gpm of fluid 2 from 200 to 50°F (see Tables 
1-3) 


Under ordinary conditions, steam required to heat fluid 
1 would be in the nature of 7500 lb/h with an equivalent 


Table 1. Energy Needs, Fluid 1 


cooling requirement for the second stream of 625 tons of 
refrigeration. Using 85% regeneration, however, the en- 
ergy needs are drastically reduced. 

At this point in the process, fluid 2 in a conventional 
system has been cooled to only 90°F by means of 85°F city 
water and will require supplemental refrigeration for final 
cooling to 50°F. At the same time, fluid 2 in an APV regen- 
erative system has been cooled to 72.5°F by means of 85% 
regeneration and must be cooled further to 50°F. 


Cool from Cool from 
Duty 90 to 50°F 72.5 to 50°F 
Supplemental 50,000 x 40 93.5 tons 
refrigeration 12,000 
required = 166.5 tons 
Assuming average 166.5 x 3.5 93.5 x 3.5 
electrical cost = 583.8 kWh = 827.25 kWh 
of 4¢/kWh 
Annual 4 4 
supplemental 799 * 583.8% 24 gop X 827.25 x 24 
refrigeration X 365 = $204,571 x 365 = $114,669 
cost 
Definition 


The number of heat-transfer units is defined as the tem- 
perature rise of fluid one divided by the mean temperature 
difference. A further term for the HTU is the temperature 
ratio (TR), ie, 


t — te 


BTU = “erp 


where MTD = mean temperature difference. 


Conventional 


85% Regeneration 


Heat 100 GPM 50 — 200°F 


Steam required 50,000 x 150 


103 


Assuming average steam cost: 
$6,00 per 1000# 

Steam cost/h 

Annual steam cost 


7.5 X $6.00 = $45.00/h 


$45.00 x 24 x 365 = $394,200 


Heat 100 GPM 50 ~* 177.5°F by cooling fluid 2 from 
200 to 72.5°F 
50,000 x 22.5 _ 


= 7500 Ib/h to heat to 200°9F_ ~=9§ ———-,——~ = 1125 Ib/h suppemental heat to 


10 
raise temperature to 200°F 


1,125 x $6.00 = $6.75/h 
$6.75 x 24 x 365 = $59,130 


Table 2, Energy Needs, Fluid 2 


Conventional 85% Regeneration 
Cool 100 GPM Cool 100 GPM 
200+ 50°F 200 + 72.5°F by heating fluid 1 from 50 to 177.5°F 
Equivalent refrigeration required 7,500,000 .15 X 625 = 93.5 tons supplemental cooling to lower 
“a0 ~ 625 tons to cool to 50°F temperature to 50°F 
Using available 85°F 200 gpm to cool 200 + 90°F None 
cooling-tower water 
200 x 60 = 12,000 GPH None 
Assuming average water cost 
of $0.05 per 1000 gal 
Water cost/h 12 x .05 = $.60/h None 
Annual water cost $.60 x 24 x 365 = $5250 None 


Table 3. Cost Comparison 
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Original Cost, $ Regenerative System Cost, $ Regenerative Savings, $ 
Steam 394,200 59,130 335,070 annually 
‘Tower cooling water 5,250 0 5,250 annually 
Refrigeration 204,571 114,669 89,902 annually 
604,021 173,799 430,222 


Note: Capital cost of a Parafiow plate heat exchanger for the above duty would be approximately $17,000. 


APPENDIX 


For heat transfer in a typical PHE with turbulent flow one 
can write the heat transfer performance in terms of a di- 
mensionless Dittus—Boelter equation 


= of)" (2)" an 


k 


For applications in turbulent flow it is usually sufficiently 
accurate to omit the Sieder—Tate viscosity ratio and there- 
fore the equation reduces to 


cD, ‘* (co a 
HL k 


AD, 


k 


0.28( (A2) 


The pressure drop can be predicted in a similar exchanger 
by equations A3 and A4. 


ar 

i aa(@2) (A3) 
2; 

aP ae (a4) 


To solve these equations for a particular duty it is neces- 
sary to know G, L, and D,, and it is shown below how these 
can be eliminated to produce a general equation. 

For any plate, 


m 


Ge= r (A5) 


where m is the total mass flow rate and A; the total flow 
area. 

D, is defined by APV as four times the flow area in a 
plate divided by the wetted perimeter. Since the plate gap 
is small compared with the width, then: 


4xA, 


wetted perimeter 8) 


but since A, = L x wetted perimeter where A, is the total 
surface area: 


ee D. (a7) 
f 


and it is possible to eliminate L from equation A4. 
Similarly, by substituting G using equation A5 in equa- 
tions A2, A3, and A4 and then by rearranging the equa- 


tions to eliminate Ay, it is possible to arrive at equation A8 
for the film heat-transfer coefficient. 


(A8) 


where 


and 


That is, the film heat-transfer coefficient is expressed only 
in terms of the surface area and equivalent diameter. A 
computer program solves equation A8 using a constant 
value of D, and using an empirical factor Z to account for 
port pressure loss and other deviations from equations A2— 
A4. The equation is solved using the HTU approach where 


TU (t; — te) UA, 
~ “MTD ~ my; 
That is, the number of heat-transfer units is the tempera- 
ture rise of fluid 1 divided by the mean temperature dif- 
ference. 
U is defined as 


1 z 
+ >= + metal resistance 
1 he 


where h, and hg are calculated from an empirical modifi- 
cation of the constants in equation A8. The powers in equa- 
tion A8 are not modified. 
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HEAT EXCHANGERS: SCRAPED SURFACE 


BASIC CONSIDERATIONS 


The scraped-surface heat exchanger (SSHE) is a special- 
ized piece of heat-transfer equipment that was patented 
around 1926 by Clarence Vogt in an effort to develop a 
more efficient freezer for making ice cream. The design in- 
corporated a scraping action to prevent buildup of frozen 
ice cream on heat-transfer surfaces. The concept was suc- 
cessful. Thermal efficiency was improved and production 
capacity greatly increased. 

Since that time, the SSHE has become essential for nu- 
merous processes in the dairy and food industries. Many 
of these applications are similar to the ice cream problem 
in that, as the product is heated or cooled, it fouls heat- 
transfer surfaces and reduces efficiency. Such applications, 
for example, include cooling peanut butter or plasticizing 
shortening and margarine. In each instance, fat crystals 
that form are like the ice crystals found in ice cream. With- 
out the scraping of the heat exchanger sweeping the solid- 
ified fats away from the surface, heat-exchange efficiency 
would fall off very rapidly. Conversely, in heating applica- 
tions where a product tends to “burn on,” the scraping ac- 
tion removes product from the surface before fouling can 
occur. Typical heating examples are aseptic cheese sauces 
and aseptic puddings where processing temperatures ap- 
proach 300°F (150°C). 

The modern SSHE also is capable of processing prod- 
ucts containing particulates. Currently, standard units can 
handle 1/2-in. (13-mm) particles without excessive break- 
age while special designs are available to accommodate 
1-in. (26-mm) particulates. 

While more expensive than other types of heat ex- 
changer, the SSHE is the best and only thermal approach 
in hundreds of applications where high viscosity, large par- 
ticulates, crystallization, and burn-on are problems that 
must be considered. 

A scraped-surface heat exchanger (Fig. 1) basically con- 
sists of a jacketed cylinder fitted with a rotating shaft on 
which scraper blades are mounted. Product is pumped 
through the cylinder while a heating or cooling medium is 
circulated in the annular space between the cylinder and 
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Figure 1. Cutaway of horizontal SSHE. 


the jacket. The blades are fixed to pins that allow them to 
swing freely. No springs are necessary since centrifugal 
force holds the blades in position against the inside of the 
cylinder wall as product constantly is swept away from the 
heat-transfer surface and new product exposed to treat- 
ment. 

The standard horizontal exchanger generally has from 
one to three independently functioning jacketed cylinders 
mounted on a heavy steel base (Fig. 2, 3). A stainless-steel 
casing covers the cylinders, base and drives to form a com- 
pletely enclosed system. Vertical units also are available 
for use when floor space is at a premium (Fig. 4). 

Many processes require more than one unit, and in such 
cases where multiple cylinders are used, product always 
should be piped in series. Heat transfer will be higher be- 
cause of the higher flow through each cylinder. Parallel 
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Figure 2. Model 2HD-648 SSHE with water flush seals. 


Figure 8. A pair of scraped—surface heat exchangers provide an 
added dimension to an aseptic system by permitting the process- 
ing of fluids containing particulates. 


li 


ei 
a) 
‘ 


Figure 4. Vertical Model VExHD-884 SSHE. 


flow arrangements fail because there is no way to ensure 
equal flow to each cylinder unless individual pumps are 
used for each circuit. It should be noted that a scraped 
surface heat exchanger does not do any pumping. A pump 
is required to move product through the unit. 


Dashers 


The shaft which carries the scraper blades is called a 
dasher by some manufacturers and a mutator by others— 
the “dasher” terminology being derived from early days 
when the exchanger initially was used as an ice cream 
freezer. 

Dashers are engineered to achieve high heat-transfer 
coefficients with minimum power consumption and are 
supported by heavy-duty bearings located outside the 
product contact zone. Three standard designs (Fig. 5a, b, 
6) provide product flow spaces of different sizes to accom- 
modate different product viscosities, dwell time, level of 
blending, and size of particulates. For margarine or plas- 
ticizing applications, dashers with internal water circula- 
tion reduce adhesion of product to the dasher surface. 
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a 


Figure 5. Dasher—blade assemblies cutaway. (a) Series 55; 
(b) Series 45. 


Typical dasher speeds vary from 60 to 420 rpm with 
standard motors providing a choice of three drive meth- 
ods—direct-driven hydraulic, belt-driven electric, or di- 
rect-driven gearhead. 


Scraper Blades 


Designed to promote the rapid removal of product from 
cylinder walls while enhancing product agitation and mix- 
ing, scraper blades are available in a selection of materials 
and configurations. Most common materials are stainless 
steel and plastics since the blade is the wearing part and 
as such, must be softer than the cylinder wall or lining. 

Blade selection generally is determined by product tem- 
perature, pressure, and formulation as well as by the cyl- 
inder material and service media being used. 


Heat-Exchange Cylinders 


To provide optimum performance and economy of opera- 
tion, heat-exchange cylinders are available in a selection 
of sizes and materials of construction. 
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Figure 6. Series 30 dasher for viscous products or particulates. 


The most common diameter for the scraped SSHE cyl- 
inder is 6 in. (152 mm) with lengths established at 48 in. 
(1220 mm) and 72 in. (1830 mm). There are, however, other 
sizes available. Some are 4 in. (102 mm) in diameter with 
lengths of 60 in, (1520 mm) (Fig. 7) and 120 in. (305 mm) 
while others are of 8 in. (203-mm) diameter and lengths to 
84 in. (2130 mm). 

The most common materials of construction are stain- 
less steel, nickel with or without chrome plating, and, more 
recently, a bimetallic combination. 

Since the cost per square foot of heat-transfer surface 
is higher for a SSHE than other types of heat exchangers, 
it is essential that cylinder material with the highest fea- 
sible heat-transfer coefficient be selected. This selection, 
however, must be tempered by consideration of the com- 
patibility between cylinder and scraper blade materials 
and the susceptibility of these materials to acid attack and 
corrosion. 

As charted in Table 1, nickel exhibits the best thermal 
conductivity while stainless steel is the least conductive. 
Even so, nickel is not suitable for all applications. It is 
relatively soft when compared to typical metal scraper 
blade materials and would wear rapidly if this combination 
were to be used. Since SSHE always are designed to make 
the blades rather than the more expensive cylinders the 
wearing part, plastic blades must be used with nickel cyl- 
inders if only for reasons of economics and reduced down- 
time. For the same reasons, only plastic blades are run on 
stainless-steel cylinders. 

To retain the superior heat-transfer characteristics of 
nickel while benefiting from the extended durability of 
steel blades, nickel cylinders may be chrome-plated. The 


Figure 7. Four-barrel vertical scraped-surface heat exchanger is 
designed to cool meat gravies from 190 to 70°F. Unit capacity is 
5000 Ib/h. 


Table 1. Heat Transfer Coefficients of SSHE 
Cylinder Metals 


Material K, Btu/h - °F - in. 
Nickel 52 
Chrome nickel 52 
Bimetallic 31 
Stainless steel 94 


scraping surface then becomes the hardest material in use 
and can accommodate any of the common blade materials. 
The sole drawback is that the chrome is sensitive to salt 
and acid attack. 

Bimetallic cylinders offer some advantages over those 
of any other material, whether nickel, chromed nickel, or 
stainless. Produced from two different materials, the bi- 
metallic cylinder usually is made by centrifugally casting 
ahard, corrosion-resistant alloy inside a tube that has high 
tensile strength and thermal conductivity approaching 
nickel. While the lining is not quite as hard as chrome, it 
is hard enough to withstand abrasion from both stainless- 
steel and plastic blades. One disadvantage other than a 


slight loss in heat transfer is that the inner alloy coating 
is susceptible to strong acid corrosion. 

The selection of a cylinder with a compatible blade ma- 
terial is compounded by the products to be processed and 
the cleaning procedures used. For example, on slush freez- 
ing applications or where media temperature is below 
freezing, plastic blades can be abraded within hours as 
hard ice is scraped away. And as already noted, despite 
being the hardest cylinder material in use, chrome plated 
nickel is subject to attack by common acid CIP solutions 
and does not stand up well to salty products over extended 
periods of time. Table 2 shows the difference in corrosion 
for various materials and acids, and it is worth noting that 
it is the cleaning regimen rather than the product that 
causes problems in some cases. A change in CIP proce- 
dures may well extend the life or allow the use of nickel or 
chrome nickel cylinder material. In effect, much thought 
and experience must go into selecting the best cylinder and 
blade combinations—a selection best left up to the equip- 
ment manufacturer. 


Cylinder Jackets—Media 


The three common media used in a SSHE are water, 
steam, and refrigerants such as ammonia and Freon. Each 
requires a slightly different cylinder jacket design for op- 
timum performance. 

The water jacket is designed with a small spacing be- 
tween the jacket and heat exchange cylinder. This induces 
high liquid media velocities that cause turbulence, which 
in turn, improves heat-transfer efficiency. It also mini- 
mizes fouling on the media side. Normally, countercurrent 
flow is recommended between product and media. In many 
cases, however, because of the high flow rate of media over 
product and the high temperature differences between me- 
dia and product, the difference in performance between 
countercurrent and cocurrent flow is small. 

On steam units, media enters the jacket via a header 
that distributes the steam over the entire length of the 
cylinder. Condensate runs to the bottom of the jacket, 
where it is collected and removed by a steam trap. Direc- 
tion of product flow is immaterial. 

When ammonia or Freon is used, the refrigerant is han- 
dled differentially by various manufacturers. Most ex- 
changer designs are of the flooded type with media being 
fed at the bottom of the jacket and boiling occurring within 
the jacket. Since the key to efficient heat transfer is to 


Table 2. Corrosion of SSHE Cylinder Metals 


Material corrosion at 140°F 
(maximum in./yr) 


Common 

Acid use/source Nickel Chrome 316 SS 
Nitric Cleaning 0.050 a 0.002 
Citrie Product 0.020 nr 0.002 
Acetic Product 0.020 or 0.002 
Phosphoric Cleaning 0.050 or 0.002 
Malic Product 0.020 nr 0.020 
NaCl Product 0.020 nr 0.020 


“nr = not recommended. 
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maintain a wetted surface on the cylinder, not all of the 
refrigerant is allowed to evaporate. The combination of gas 
and liquid is carried over into a surge tank, where the 
phases are separated and the liquid recycled to the bottom 
of the jacket. Liquid level is maintained by a valve that 
allows more liquid to enter the surge tank to replace that 
which has been evaporated. 

One advantage of the flooded arrangement as illus- 
trated in Figure 8 is the incorporation of a quick shutoff 
valve for instant stop/instant start. Although the valve is 
open during normal operation, it may be closed when a 
freeze-up is imminent or the operator want to stop cooling. 
Since the vapor cannot go up and out, it expands and rap- 
idly pushes the liquid refrigerant down and away from the 
cylinder. When liquid no longer touches the cylinder and 
the surface no longer is wetted, all freezing stops. To re- 
start the process, the valve is opened and with liquid 
quickly filling the jacket area, freezing begins again. 

The primary advantage of the SSHE over other types of 
heat-transfer equipment is its ability to accommodate 
product viscosities of 500,000 cP and higher and to handle 
particulates up to 1 inch (26 mm) in size provided that they 
are not shear-sensitive. Where the product undergoes a 
major change of state, ie, liquid to gel, or of viscosity as 
occurs during cooling, the SSHE often is used as a finisher 
for either the heating or cooling mode in conjunction with 
other methods of heat transfer. 


THEORY AND CALCULATIONS 


The operating principle of scraped-surface heat exchange 
is based on the constant movement of a product away from 
the heat-exchange surface in order to minimize the for- 
mation of films that resist heat transfer. 

In considering the scraped-surface heat exchanger, four 
types of thermal exchange are taken into account: 


Sensible Heat. The heat produced by the increase or 
decrease in temperature ofa product (without change 
of state). 

Latent Heat. Heat exchange associated with a physi- 
cal change in the material being processed. 

Heat of Reaction. The heat given off (exothermic) or 
taken up (endothermic) when two or more chemicals 
react. 

Mechanical Heat. Power is consumed in turning the 
dasher of a SSHE. Most of this energy is absorbed as 
heat energy into the product within the heat ex- 
changer. 


The ideal form of heat transfer occurs when one product at 
an elevated temperature is brought into direct contact with 
another material at a lower temperature. The warmer 
product gives up its heat without loss of energy and at a 
rate equivalent to the ability to mix or disperse the two 
materials. 

In practice, however, it is rare that two materials may 
be brought into direct contact. As a general rule, there is 
an intervening heat-transfer surface such as a tank or tube 
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Figure 8. Full flooded SSHE refrigeration sys- 
tem (a) shown in operation, (b) shown shut 
down. 


wall. This surface presents problems to heat transfer be- 
cause it resists the passage of heat. It further induces re- 
sistances related to hydraulic drag and the buildup of de- 
posits or other films that further retard the passage of 
heat. Figure 9 illustrates the various resistances that may 
be encountered. 

Since these resistances are in series, they are additive. 
The adverse effect, however, may be reduced by agitating 
the fluids on both sides of the wall. Since the SSHE elim- 
inates buildup of deposits on the product side of the tube 
wall, the resistance to heat transfer is minimized. 

The total resistance to heat transfer then is 


R= R, + Ro + Ry 


The difference in temperatures between the product and 
the media is the driving force to push across this resis- 
tance, Therefore, the equation for heat transfer is 


heat-transfer rate, Btu/h - ft? = temperature, "E 
resistance 

This equation can be developed into a useful form by let- 

ting the temperature difference be AT and resistance be R. 

Therefore 


changer consist of three parts as shown in this formula: 


where h, is the heat-transfer coefficient for the product and 


to determine theoretically and, because h, tends to influ- 
ence the overall U value much more than h,, and t/k, man- rates at any given dasher rpm. When supplying 
ufacturers size the heat exchangers using a U that is de- 


Attempts have been made to predetermine the expected U 
value, but many factors influence the heat-transfer rate: 
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Figure 9. Comparison of scraped surface and shell and tube heat transfer profiles. 
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heat-transfer rate = AT/R the smaller the annular space in which the product 
travels. A small annular spacing will improve heat 


Furthermore, by taking the inverse of resistance, which is transfer. 
conductance, 1/R = U. The heat-transfer equation now is 


heat-transfer rate = UAT. grea iacoat 
Heat-exchange U values in a scraped-surface heat ex- SD 165 9 DOU, DUO EHTS pelleieabibecen 


greatly at different temperatures; eg, peanut butter 


1 1 produce lower U values. This is due to mass rotation 


Viscosity: SSHE units normally can handle viscosities 


the 


lower the U value. Products with viscosities that vary 


and 


cooking—cooling starch for salad dressings, usually 


mn. Tt 


Ry, +R: +R, Uh, + th + Thy normally is encountered in cooling applications where 
the low-viscosity warm product short-circuits through 


the heat-exchange cylinder while the cooler, thicker 


are 


ranges from 200 to 800 Btu/h - ft? - °F, t/k is the heat- 5 

transfer coefficient through the cylinder wall (¢ usually is Tecan nee rote ne Sa 

between 1/4 and 1/8 in. and k varies depending on the ma- Dasher speed: high dasher speeds improve heat trans- 
terial, and h,, is the heat-transfer coefficient for the media fer but heat generated by high rpm is counter-produc- 
and ranges from 800 (water media) to 2000 (steam or am- tive in cooling applications. 

monia) Btu/h - fi? - °F. The overall U value then varies from Number of scraper blades: dashers typically 


150 to 420 Btu/h - ft? - °F. Unfortunately, the h, is difficult 


termined from lab test data or from production runs. creasing the dasher speed. 


U values. 


equipped with two or four rows of scraper blades. Units 
with four rows of blades provide higher heat-transfer 


two 


rows of blades, many manufacturers compensate by in- 


Specific heat: the lower the specific heat, the lower the 


SSHE geometry: an SSHE can be equipped with differ- Thermal conductivity: the lower the thermal conductiv- 


ent diameter dashers. The larger the dasher diameter, ity, the lower the U value. 
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Flow rate: the higher the product flow rate, the higher 
the U value. Flow rates below 5 gpm are considered low. 
See Figure 10. 

Applications: heating applications produce higher U 
values than do cooling applications. 

Cylinder materials: the cylinder materials, as men- 
tioned previously, can be nickel, stainless steel or bi- 
metallic. Figure 11 charts the differences in overall U 
values when cylinder thickness or materials are 
changed. Nickel is the most efficient and is used as the 
basis to compare the other materials commonly avail- 
able. 


Once a U value for an application has been determined, a 
calculation to size the heat exchanger can be made. 
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Figure 10. Comparison of nickel and other materials. 
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Figure 11. Curves represent a 6-ft? SSHE margarine cooler with 
4-1/2-in.-diameter dasher. Discharge temperature 49-50°F flow 
rate increased from 2400 to 6200 Ib/h; U value increases with flow 


rate and eventually levels off. Ammonia temperature is lowered 
to maintain proper exit temperature. 


A Practical Formula 


Deriving the practical scraped-surface heat exchange for- 
mula is achieved as follows: 


heat-transfer rate = UAT 


Product heat load @ (heat load being transferred from the 
product to the media) will be equal to the heat-transfer 
rate times the heat transfer area A. Thus 


Q = UAT 
where A is the area, ft”, The product heat load is equated 


Q = (product) Ib/h x temperature change x SpHt 
+ latent heat + heat of reaction 
+ mechanical heat 


In the majority of applications, heat of reaction does not 
occur. Therefore, by eliminating this factor and combining 
equations, the generally accepted formula for calculating 
scraped-surface heat exchangers is 


area = [product flow x (Tin — Tout) X SpHt 
+ latent heat + hp x 2545 Btu/h/hp] 
+ U x LMTD 


tap = Fn 


For steam, ammonia, and Freon units, 


Tredin in = Tmedin out 


Area: square feet of surface required 

Flow: pounds per hour of product. 

Tj: temperature of product in (°F) 

Tout: temperature of product out (°F) 

Tmedia in: temperature of media in (°F) 

T media out: temperature of media out (°F) 

Latent heat: heat removed from ice formation or fat 
crystallization Btu/h 

hp: dasher drive horsepower. Use only on cooling ap- 
plications; disregard on heating. Note that horsepower 
is converted to Btu by the conversion factor 2545 Btu/ 
h/HP 

U: U value Btu/h - ft? x °F 

LMTD: log mean temperature difference 


Sample Calculation 


Product: gravy 

Specific heat: 0.8 

Application: cool from 200 to 60°F using 5°F ammonia 
U value: 280 

Flow rate: 5000 Ib/h 


Assume 15 hp is required. 


eq — 3000 Ib/h x (200 ~ 60°) x 0.8 + 15 hp x 2545 
~ 110 x 280 


SELECTION OF COMPONENTS 


The scraped-surface heat exchanger is used on a wide 
range of diverse applications, many requiring different 
materials of construction and component design. Choices 
are based on a number of criteria involving both the com- 
patibility of materials with the product to be processed and 
compatibility between various heat-exchanger components 
and materials. To better understand the reasoning behind 
component and material selection, it is necessary to know 
the equipment options available, the properties of the 
product, and the process temperatures. The four major 
areas of concern are cylinder materials, blade materials, 
seal selection, and dasher sizing. 


Selecting Cylinder Materials 


Since the per square foot cost of SSHE heat-transfer sur- 
face is relatively expensive, it is desirable to select heat- 
transfer cylinder material that provides the highest heat 
transfer coefficient. This will maximize the overall thermal 
performance for any given application. The commonly used 
materials are stainless steel, nickel with or without 
chrome plating, and bimetallic combinations. Nickel offers 
the highest HTC with a coefficient five times that of stain- 
less steel. 

To contain internal product pressures and prevent 
implosion by media pressure, cylinders generally are de- 
signed with a quarter inch wall thickness. For lower- 
pressure applications, however, an 1/8-in. wall occasion- 
ally is used to improve the performance of stainless-steel 
cylinders. 

Since nickel has such a high heat-transfer coefficient, it 
might be expected that this material would have universal 
application. Unfortunately, however, nickel is susceptible 
to acid corrosion, so stainless-steel cylinders must be used 
with high acid type products. Furthermore, nickel is rela- 
tively soft and wears rapidly if subjected to constant ab- 
rasion by metal blades. Since simple economics dictate 
that the blades rather than the more expensive cylinders 
accept the wear, plastic blades must be used with nickel 
cylinders. Also, because most metal blades are of a stain- 
less alloy and there is not enough difference in hardness 
between blade and cylinder, plastic blades are used with 
stainless steel cylinders. 

To benefit from both the heat transfer characteristics of 
nickel and the durability of steel blades, nickel cylinders 
may be chrome-plated. This provides a scraping surface 
harder than any of the common blade materials but still 
cannot be used for all applications since the chrome also is 
subject to salt and acid attack. 
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An alternative to nickel, chromed nickel or stainless is 
the bimetallic cylinder (Fig. 12). With a hard corrosion- 
resistant alloy centrifugally cast within a tube having high 
tensile strength and thermal conductivity higher than 
stainless and approaching that of nickel, the bimetallic cyl- 
inder provides an acceptable compromise. While slightly 
softer than chrome, the inner liner is hard enough for use 
with any blade material. One limitation on a bimetallic 
cylinder is that it can be damaged by strong CIP acids, 
especially nitric acid. 


Selecting Blade Materials 


While scraper blades are available in plastic or metal (Fig. 
13), the determination of which blade will provide opti- 
mum service is influenced by the cylinder material, by the 
media being used, and by product temperature and for- 
mulation. 

Generally speaking, plastic scraper blades can be used 
in conjunction with all types of cylinder materials while 
metal blades are run only against chrome plated surfaces 


Corrosion 
resistant 


alloy 


Figure 12, Bimetal cylinder cutaway. 


Figure 13. Available scraper blades. 
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or bimetallic cylinders. Limitations on plastic blades are 
wear life, temperature, and certain solvents. Metal blades, 
on the other hand, provide a longer wear life, can be sharp- 
ened to extend their use, and are not affected by tempera- 
ture and solvents. 


Plastic Blades 


While the most common material for plastic blades is fiber 
reinforced phenolic resin, new proprietary injected molded 
plastic materials also are available. 

As may be seen from the curves plotted in Fig. 14, in- 
jected molded plastic blades can withstand higher tem- 
peratures than can those of phenolic resin. Note, however, 
that there is a break point at about 180°F where tempera- 
ture becomes the important factor to wear. Below 180°F, 
abrasion caused by the rubbing of plastic on metal is the 
prime wear related factor. Since the plastic blade is a wear- 
ing part regardless of the application, it must be replaced 
periodically to preclude breakage and possible product con- 
tamination by plastic fragments. 

As stated previously, metal blades are not affected by 
processing temperatures. They are made of any number of 
tempered stainless alloys such as 17-4 PH or 410 stainless 
steel, and this hardening improves the wear life of the 
blades. 

This is especially important for slush freezing applica- 
tions where there is an added abrasive action caused by 
the scraping of ice from the heat-transfer surface. Since ice 
impacts the scraping edge as the blade sweeps the surface, 
it is important that the blade be maintained with a sharp 
edge (Fig. 15). For ice cream freezing applications, re- 
sharpening normally is done on a monthly basis to ensure 
optimum performance and the blades are replaced every 
one or two years. In other applications, metal blades 
may be sharpened every 3-12 months and replaced every 
1-3 yr. 


Selecting Seals and Materials 


Shaft seals tend to be the most troublesome maintenance 
area on a scraped-surface heat exchanger. SSHE applica- 
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Figure 14, Temperature—wear relationship. 


tions differ widely, and no one seal can handle the variety 
of temperatures, pressures, and product characteristics 
constantly encountered. 

Most manufacturers offer a number of shaft seals, each 
designed to satisfy the demands of certain applications. 
The simplest and least expensive seal to maintain is the 
O-ring seal (Fig. 16a). This type of seal is recommended 
for use with products having high lubricity, eg, margarine, 
lard, shortening, ice cream mix, certain meat products, 
oils, and fats. Normally these products are not processed 
at temperatures above 140°F. High temperatures above 
180°F shorten the effective life of an O-ring by causing it 
to lose elasticity. The sealing action of an O-ring seal de- 
pends on its ability to be sufficiently flexible to fill the gap 
between the rotating shafts and the static O-ring groove. 

While the advantage of the O-ring is that it is inexpen- 
sive to replace when worn, the disadvantage is that it 
wears rapidly. Although daily replacement is not uncom- 
mon, this is not a problem when frequent equipment in- 
spection is scheduled. The material of the O-ring depends 
on the fats or oils in the product to be processed. Typical 
materials are Buna N, Viton, and EPDM. 

Rotary face seals are for all other applications (Fig. 
16b). These can handle high temperatures and abrasive 
products, and offer longer wear life than O-rings. Rotary 
seals can be broken down into two groups—those with and 
without a seal water chamber. 

The seal water chamber allows water or steam to flow 
around the edges of the seal faces and is recommended for 
use when handling products that tend to crystallize or dry 
out in the sealing area. Examples would be liquid sugars, 
tomato products, candies, fondants, and processed cheese. 
Water flushing increases the useful life of the seal. Steam 
is injected into the chamber for aseptic applications since 
FDA standards require a sterile barrier media on all ro- 
tating shaft seals in low acid aseptic processes. The steam, 
a sterial medium, prevents sterilized products from being 
contaminated should there be a seal leak. Many manufac- 
turers build an integral water chamber into their equip- 
ment with the chamber to be used only as required. 

Critical to the life of a seal is the materials used for the 
seal faces. The typical seal material is hardened stainless 
steel on carbon. Alternates for the carbon can be phenolic 
resins, plastics, silica carbide, or ceramics. Other more 
exotic seal materials to replace the hardened stainless in- 
clude tungsten carbide and chrome oxide. Each has advan- 
tages and disadvantages, such as wear life, and cost. Nor- 
mally, the manufacturer recommends the seal type and 
seal materials based on test work and field experience. 


Selecting Dashers 


Dashers or shafts that carry the scraper blades are avail- 
able in diameters from 1-1/2 to 6-1/2 in. and are mounted 
within heat-exchanger cylinders that, in turn, are manu- 
factured in diameters from 4 to 8 in. Since the most widely 
used cylinder has an ID of 6 in., the following is based on 
that model. 

The best heat-transfer efficiency is provided when the 
annular space between a dasher and a cylinder is small. 
For example (Fig. 17), a 5-1/2-in. dasher within a 6-in. cyl- 


Heel results from 
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Figure 16. Shaft seals: (a) simple O-ring seal; (b) rotary me- 
chanical seal with water flush or stream aseptic outer chamber. 


inder provides a quarter inch annular product flow space, 
which causes a high axial flow velocity, induces turbulence, 
and offers a short product residence time. This is particu- 
larly useful in crystallizing applications such as for pro- 
cessing shortening and margarine since these products es- 
sentially are subcooled and allowed to crystallize after 
leaving the heat exchanger. Dashers for these products are 
water circulated. 

The disadvantages of the 5-1/2-in. dasher are that it 
cannot handle viscous products because of high product 
pressure drop and cannot accommodate products contain- 
ing particulates over a 1/4 in. in size. In such cases, the 4- 
1/2-in. dasher with its 3/4-in. annular product flow space 
is recommended. The smaller the dasher diameter, the 
larger the annular space, and the larger the particulates 
that can be processed. As the dasher diameter decreases, 
so does the effective U value for a given dasher speed. 

Dasher speed is another design consideration. Typical 
dasher speeds vary from 60 to 420 rpm, and, in general, 
the higher the dasher speed, the higher the U value (Fig. 
18). While this is desirable, increased dasher speed also 
increases the motor load, which can cause problems in cool- 
ing applications. Recalling the heat-transfer formula given 
previously, heat removed when cooling comes from both 
the product and the motor load required to turn the dasher. 
In some applications, the motor load actually can equal the 
product heat load. Therefore, in some cases a slower 
dasher speed nets a more beneficial end result. 

The graph in Figure 19 compares horsepower and rpm. 
involving various products. All are cooling applications 
performed on a 6-in. diameter by 72-in.-length unit. Note 
how small changes in dasher speed on marshmallow 
change the horsepower requirement significantly while the 
power requirements vary little while cooling cheese sauces 
at different speeds. It should be pointed out that horse- 
power requirements do not necessarily follow viscosity of 
the product. Rather, the term tenacity would best describe 
the measurement that would equate to the horsepower— 
rpm relationship. A good example is corn syrup versus a 
cooked starch slurry base for salad dressings. At the same 
viscosity, the corn syrup has much more tenacity in re- 
tarding dasher rotation than does the cooked starch. 

To reduce motor loads while processing tenacious prod- 
ucts, slow dasher speeds are required but the dasher can- 
not be run so slowly that the U value is reduced signifi- 
cantly. The properties of such products normally generate 
a low U value at any dasher speed, usually in the range of 
120-180 Btwhh - ft°F. At very slow speeds, the U value is 
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Figure 18, U value versus dasher speed and product flow. 
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Figure 19. Dasher horsepower versus rpm. 


20. Three-cylinder SSHE uses ammonia to cool 6000 
Ib/h of MDM turkey from 50 to 35°F. 


further reduced from these already low levels and an eco- 
nomic sizing is not possible. It also should be noted that a 
certain minimum dasher speed is required to centrifugally 
“throw” and hold the scraper blades against the heat trans- 
fer cylinder. Therefore, there is a definite optimum dasher 
rpm that maximizes the net capacity of the heat exchanger 
for tenacious-type products in cooling applications. 
Another reason for using low dasher speeds is retention 
of product identity. When large particulates are being pro- 
cessed with a sauce or gravy, fast-turning dashers tend to 
cause breakage of the particulates. The dasher speed 
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Figure 21. Margarine manufacture. 


Table 3. SFI Values for Typical Shortenings 


Melting SFI value 
a 10°C 21.1°C 26.7°C 33.3°C 37.8°C 
Shortening Plastic range § °F 50°F 10°F 80°F 92°F 100°F 
High stability’ Narrow 43 109 44 28 22 11 5 
All-purpose" Wide 51 124 28 23 22 18 13 
14% hardfat in cottonseed oil® Wide 51 124 16 14 4 12 11 


Source: “Ref. 1 and *Ref. 2. 


Figure 22. 10,000 lb/h system. Control panel, SSHE with water 
circulated dashers, pinworker, pumping unit with surge tank. 


therefore is not always determined by the desired net heat- 
transfer efficiency but by limitations of the product. 

In both the tenacious and particulate-type products, 
field measurements and/or lab test data are required to 
determine optimum dasher speeds. 


SYSTEMS APPLICATIONS 


As new products emerge from development labs across the 
country, many processors have determined that the 
scraped-surface heat exchanger is essential to effective, 
cost-efficient operations. In some cases, this type of heat 
exchanger is used for continuous and uniform heating and 
cooling of highly viscous pastes, fillings that contain up to 
80% total solids, or products carrying discrete particles of 
up to 1 in. in size. In others, the SSHE has been selected 
for texturizing, gelling, whipping, plasticizing, and crys- 
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~ tallizing duties. A few of the more interesting applications 
are detailed on the following pages. 


Mechanical Deboning 

In the mechanical deboning of turkey, chicken, and red 
meats, the heat that is generated in the deboning process 
must be dissipated to prevent product spoilage. This is 
done best by means of a scraped-surface heat exchanger. 

The mechanical deboning machine (MDM) works on the 
principle of separating hard material such as bone, gristle, 
sinew, and cartilage from soft, whole meat. Following pre- 
baking or grinding to reduce large bones to 3/8-in. size, the 
. meat and bones are compressed by an auger inside the 
° deboner and are forced under high pressure into a perfo- 
rated tube. The soft meat passes through the many small 
holes, thus separating it from the bones. The meat is emul- 
sionlike in consistency and drops into a hoppered pump. 
This deboning action requires considerable mechanical 
m | working of the meat and, in doing so, increases product 
temperature by 10-20°F. A scraped-surface heat ex- 
changer (Fig. 20) is used to cool the meat from 55 to 35°F 
"= = ts since a temperature of 40°F or less is required to prevent 
rapid bacterial growth and subsequent spoilage. 

When used as a meat emulsion chiller, the SSHE op- 
erates on ammonia and is equipped with chrome nickel 
cylinders and a dasher and blade assembly specifically de- 
signed for viscous or particulate products. The typical flow 
rate of product through the chiller ranges from 2500 to 
6000 Ib/h. Since turkey and red meat are lower in moisture 
than MDM chicken, they are more viscous. A chiller for 
these products, in general, operates at two-thirds the ca- 
pacity of a unit processing chicken and requires a larger 
dasher drive motor. 


Figure 23. Pinworker with cover removed to expose shaft and 
pins, 


Margarine 

While a typical system generally consists of a series of stor- 
age and blending tanks combined with a crystallizer, high- 
pressure pumps, and both plate and scraped-surface heat 
exchangers, the latter is the key to the production of high- 


quality margarine. 
Figure 24. Plasticizer with combination scraped-surface heat ex- As indicated by the schematic, (Fig. 21) basic oils and 
changer and pinworker. fats are drawn from storage and blended with water, salts, 
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Figure 25. Marshmallow production system. 
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Figure 28. Three-cylinder SSHE aseptically heats and cools fill- 
ing with 1/4-1/2 pieces of fruit. 
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Figure 26, Scraped-surface heat 
exchanger cooks and cools ground 
beef for frozen food entrees. Ground 
beef is pumped into the rear of the 
left hand cylinder, Steam is used to 
head from 45 to 185°F. Cooked prod- 
uct flows out the front, through a 
holder tube, and into the rear of the 
right hand cylinder where ammonia 
at —40°F cools it to below 50°F. 
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Figure 27. Ground beef cooking 
and cooling. 


emulsifiers, coloring, preservatives, and flavorings for con- 
tainment in surge tanks at temperatures ranging from 110 
to 130°F. If milk ingredients are involved, a Paraflow plate 
heat exchanger is used for legal pasteurization and cooling 
before the blending phase. The final mixture then is 
pumped through an SSHE unit for cooling to approxi- 
mately 45°F. 

While the scraped surface exchanger generally operates 
on ammonia and is equipped with chromed nickel cylinders 
and metal blades, the special feature for margarine pro- 
duction is the water-circulated dasher. Since margarine is 
a crystallizing application, product crystals would tend to 
stick and collect on the surface of a standard dasher. Such 
a buildup would increase not only product pressure drop 
through the exchanger but also the motor load and accel- 
erate overall wear on seals and bearing components. By 
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Figure 29, To minimize product damage, clearance between the 
blade and the dasher shaft should be equal or greater than the 
size of the particle that is being processed. 
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Figure 30. Dasher speed versus heat transfer (meat gravy). 


passing water at about 100°F through the hollow dasher, 
enough heat is provided to prevent crystal formation while 
still not contributing significantly to the overall heat load. 

Following the cooling cycle, the viscous product is 
pumped from the scraped-surface chiller through a static 
crystallizer for table-grade, stick-type margarine or to a 
pinworker crystallizer for tub, soft table, or bakery prod- 
uct. When an acceptable crystal structure has been 
achieved, the product is formed and packaged and allowed 
to gain its final viscosity during a quiescent period. 


Plasticizing Shortenings 


In the manufacture of solid shortening, one primary objec- 
tive is to make a product that remains plastic and work- 


Table 4. Partial List of Products Processed 


Product Heat 


Candies, frostings, and fillings 


Dairy products 
Concentrated milk 
Cottage cheese curd 
Cream cheese 
Tce cream mix 
Melting butter 


cal 


Hy 
PSE PS 


Fats and oils 
Margarine x 
Shortening 
Plasticizing Bulk 
In-house 
Vegetable oil x 


Fruit: Concentrates, juices, and fillings 
Aseptic applesauce 
Aseptic bananas 
Aseptic fruit fillings 
Aseptic fruit purees 
Citrus pulp 

Jelly and jam preserves 
Juice concentrate 
Pumpkin and squash 
Pumpkin pie filling 


MR 


Meat products 


Cooking bacon x 
Gelatin concentration 
Lard 
Low-temperature rendered meat 
Meat pie fillings x 
Mechanically deboned 
Chicken 
Red meat 
Turkey 
Sausage and hamburger x 


Sauces, starches, gravies and puddings 


Aseptic cheese sauce x 
Aseptic puddings x 
Chili x 
Enchilada filling 

Gravies and sauces 

Salad dressing starch x 


dal Pd Pd Pd Pt 


PERS PE Pd Pd Ot Ot DS De Dd PS Pe PS Dd Dd Ot MoM PSPS Pd 
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Table 4. Partial List of Products Processed (continued) 
Product Heat Cool 
Slush freezing for freeze concentration 


Coffee or tea extract 
Grape juice 

Orange juice 

Various aroma extracts 
Vinegar 

Wine 


Pd DS Pd bd bt Pd 


Tomato products 


Barbecue sauce 
Tomato paste 

Tomato sauces 

1/A-in, diced tomatoes 


PS DS OS Pt 
Pt Pd Ot 


Miscellaneous products 


Acetone—deep cooling 
Adhesives and glues 
Aseptic diced peppers 
Autolyzed yeast 

Baby foods 

Candle wax 


adel 


Lipstick 

Liquid antacid 
Lithium grease 
Paints 

Peanut butter 
Photographic gelatin 
Pickle relish 

Poi 

Resins 

Shampoo 

Shaving cream 
Soup x 
Synthetic polymers x 
Toothpaste 

Vanilla wafer batter 

‘Wallpaper paste x 


Lad 


OS bd Ot 
DS De Dd Dd Pd PS Pe Dd Dd DM Dd Dd Dd Dd Dd Pd Dd Pd Pd Bd Dd 


able over a wide temperature range, specifically between 
60 and 90°F. To do this, hydrogenated or hard fats are 
added to formulations to extend the plastic range. Solid 
shortening actually is a suspension of high-melting-point 
fats in liquid fat or oil. Different fats will melt or solidify 
as is shown in the solid fats index (SFI) charted in Table 
3. At room temperatures of 68°F (20°C), the typical short- 
ening is only about 30% solid. 

Two methods commonly are used to achieve desired 
crystal structure, size, and dispersion when producing 
plasticized shortening. One is for full-scale production (Fig. 
22); the other, for limited “in house” applications. 

For normal production, an A or scraped-surface heat ex- 
changer is used to cool oil from 140°F (60°C) (no solids) to 
60-70°F (16-21°C). This subcooling is done rapidly, and 
only about 5% of the fats are crystallized. The shortening 
then enters a B or pinworker unit (Fig. 23), which acts as 
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an agitated holding tube of about 3-min duration. During 
this time, the remaining crystals form with the latent heat. 
of crystallization causing the shortening to heat up. Typi- 
cally, if the shortening enters at 65°F (18°C), it will exit at 
80°F (27°C). The now plasticized shortening is ready for 
filling into 50-Ib cubes. Most plasticizing systems usually 
include a shell-and-tube exchanger to precool product from 
140°F (60°C) to 120°F (49°C) and reduce the heat load on 
the SSHE. Nitrogen also is usually added before the SSHE 
to give the final product a white color. 

For bakeries that plasticize shortening for in-house use, 
a single unit combining the features of A and B machines 
commonly is used. As shown in Figure 24, this involves an 
open type dasher shaft. The dasher is hollow and has wide 
slots at regular intervals. A set of beater bars acts as the 
pinworker, holding and working the shortening to a high 
degree in order to produce a soft, readily flowable texture 
that can be handled in pump lines and tanks downstream. 


Marshmallow 


Marshmallow is an aerated food product typically formu- 
lated from 45% sucrose, 27% corn syrup, 23% water, gela- 
tin, invert sugar, and flavoring. (See Fig. 25.) 

As shown in the flow schematic, a production system 
generally employs multiple tanks, an aerating mixer, and 
a scraped-surface heat exchanger. A premix tank first is 
used to blend and heat sugars to 245°F before the solution 
is transferred to another blending tank for cooling to 155°F. 
Gelatin and 150°F tempered water, meanwhile, are thor- 
oughly mixed by means of a high shear agitator and 
blended with the sugar solution. The resulting syrup is 
charged to a surge tank and pumped as required to a high 
shear aerating mixer where it is beaten to a weight of be- 
tween 35 and 48 oz/gal (specific gravity of 0.26~0.36). The 
155°F marshmallow mix then flows to an SSHE for chilled 
water cooling to 90°F. 

Marshmallow is a difficult duty for a scraped-surface 
heat exchanger because of the extremely high viscosity and 
the low heat-transfer properties of the product. Operating 
pressures in the mixer and heat-exchanger range from 150 
to 300 psi to handle product viscosity and to force the 
marshmallow through an extrusion head to a belt where 
it is shaped and dusted with starch. The low product den- 
sity results in a low U value and because of viscosity, a 
high torque is required to turn the dasher. Note in the Fig- 
ure 19 dasher horsepower—rpm chart how dramatically 
the dasher hp changes relative speed. Too high an rpm 
results in excessive motor load that makes cooling more 
difficult because the motor heat has to be removed by the 
heat exchanger. Since even the optimum dasher speed re- 
sults in about one half of the cooling load coming from the 
motor input, selecting the proper dasher speed for this ap- 
plication is very important. Care also must be given to the 
selection of shaft seals. Since marshmallow is mostly 
sugar, seals with abrasive resistant, high hardness quali- 
ties should be used and the seals should be water flushed 
to prevent crystals from building up on the seal faces. 


Cooking-Cooling Ground Meat 


While ground beef generally is cooked in steam-jacketed 
kettles for moderate size production runs, the tendency is 
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to install scraped-surface heat exchangers for both cooking 
and cooling duties when production requirements exceed 
10,000 Ib/day (Fig. 26). Not only does the SSHE provide 
faster cooking; it also improves product yield since mois- 
ture and fat loss is far less than the 15-20% decline in 
product volume that occurs with the open-kettle method 
(See Fig. 27.) 

The typical meat cooking system consists of a single au- 
ger feed hopper with a leveling ribbon followed in line by 
a two-cylinder SSHE, one cylinder with 275°F steam and 
the other with 0°F ammonia. Both the auger feeder and 
SSHE are hydraulically driven from a central power 
source. After meat is ground, spiced, and blended, it is fed 
to the heat exchanger by means ofa single-discharge auger 
designed specifically to move viscous, sticky products di- 
rectly into a rotary pump. The auger maintains a constant 
stuffing pressure at the rotary pump inlet by varying the 
operating speed while a leveling ribbon maintains a uni- 
form meat level in the feed hopper. The scraped surface 
blade and dasher design promote rapid removal of product 
from the cylinder walls and enhance agitation and mixing 
during both cooking and cooling phases. Assembly and dis- 
assembly for blade inspection and/or replacement is quick 
and easy. Meat remaining in the auger feed pump, pipe- 
lines, or the scraped surface heat exchanger is easily re- 
covered and, once clear of product, the closed system and 
piping are easily cleaned with a pump circulation loop. 


Products with Particulates 


When processing sauces, gravies, or juices containing 
pieces of meat, vegetables, or fruit, one of the key elements 
is maintaining product identity by reducing or eliminating 
particulate breakage. This becomes more of a concern if 
the particulates exceed 1/4 in. in size and the carrier is a 
thin liquid such as broth or soup. Thick sauces, on the 
other hand, seem to have a cushioning effect with less 
product damage occurring during passage through the sys- 
tem. 

While the dominant type of heat exchanger used for 
particulate-type products is the scraped-surface unit (Fig. 
28), each case still must be considered individually. Many 
processes require multiple SSHE cylinders that should be 
piped in series rather than in parallel. This eliminates the 
need for individual product pumps while ensuring higher 
heat-transfer rates and an equal flow to each cylinder. 

To reduce particle breakage, three design areas must be 
considered—the gap between the dasher and scraper 
blade, the sizing of SSHE inlets and outlets, and the 
dasher operating speed. 

The distance between the underside of the blade and 
the dasher shaft (Fig. 29) should be equal or greater than 
the largest particle to be processed. This allows passage 
without particle damage as the blade sweeps by. The dis- 
advantage of a wide annular space between the dasher and 
the cylinder wall is a longer product retention period and 
a reduction in exchanger efficiency. The faster the product 
travels through the cylinder, the higher the U value at- 
tained. This results in improved exchanger performance 
with lower residence time and less product damage. 

The sizing of inlets and outlets is directly related to 
product quality. Using the largest possible ports reduces 


not only pressure drop through the system but also shear- 
ing effect. Furthermore, passage of product is eased and 
the possibility of contact with inlet walls is minimized. 

Finally, there is the matter of dasher speed. As shown. 
by the curve in Figure 30, while higher dasher speed re- 
sults in a higher U value, it also can cause increased par- 
ticulate damage. Therefore, higher dasher rpm and the 
corresponding high heat-transfer efficiency will apply only 
to products with small particulates. When products con- 
tain delicate particulates of 1/2-3/4 in., a variable-speed 
drive is used to reduce dasher revolutions to about 120 
rpm. While this protects product quality, it also lowers ex- 
changer efficiency. Consequently, striking a balance be- 
tween performance and quality should be determined by 
lab runs so that optimum operation at full scale becomes 
a matter of a proper dasher speed setting. 


Peanut Butter 


For the production of creamy or chunky peanut butter, a 
process system will consist of surge tanks, a deaerator, 
scraped-surface heat exchanger, ingredient feeder with in- 
line blender, and transfer pumps. 

After mixing roasted nuts with a stabilizer, salt, and 
sugar to the desired formula, the product is ground and 
discharged at a temperature of about 150-200°F. Deaera- 
tion follows to eliminate air pockets, which initiate oil sep- 
aration. During cooling from an SSHE inlet temperature 
of 140-190°F to a discharge temperature of 85-95° - F, the 
stabilizer is solidified in finely divided crystalline form and 
uniformly distributed throughout the mixture. At the 
proper temperature, the peanut butter becomes a viscous, 
extrudable mass. Crystal change continues and further so- 
lidification occurs after filling. For chunky style, a chunk 
feeder is located between the SSHE and filler or the trans- 
fer pump and deaerator. 

Table 4 gives a listing of other products routinely pro- 
cessed using SSHEs. 
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HEAT TRANSFER 
BACKGROUND 


Almost all food processes depend on or are affected by heat 
being added or removed at some stage in the operation. 
The efficient and effective utilization of heat results in eco- 
nomic savings, minimum adverse affects on nutrient com- 
ponents, higher quality consumer-ready products, and 
minimum effect on the many environmental factors asso- 
ciated with food processing. This efficient and effective use 
of heat depends on knowledge and subsequent application 
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to install scraped-surface heat exchangers for both cooking 
and cooling duties when production requirements exceed 
10,000 Ib/day (Fig. 26). Not only does the SSHE provide 
faster cooking; it also improves product yield since mois- 
ture and fat loss is far less than the 15-20% decline in 
product volume that occurs with the open-kettle method 
(See Fig. 27.) 

The typical meat cooking system consists of a single au- 
ger feed hopper with a leveling ribbon followed in line by 
a two-cylinder SSHE, one cylinder with 275°F steam and 
the other with 0°F ammonia. Both the auger feeder and 
SSHE are hydraulically driven from a central power 
source. After meat is ground, spiced, and blended, it is fed 
to the heat exchanger by means ofa single-discharge auger 
designed specifically to move viscous, sticky products di- 
rectly into a rotary pump. The auger maintains a constant 
stuffing pressure at the rotary pump inlet by varying the 
operating speed while a leveling ribbon maintains a uni- 
form meat level in the feed hopper. The scraped surface 
blade and dasher design promote rapid removal of product 
from the cylinder walls and enhance agitation and mixing 
during both cooking and cooling phases. Assembly and dis- 
assembly for blade inspection and/or replacement is quick 
and easy. Meat remaining in the auger feed pump, pipe- 
lines, or the scraped surface heat exchanger is easily re- 
covered and, once clear of product, the closed system and 
piping are easily cleaned with a pump circulation loop. 


Products with Particulates 


When processing sauces, gravies, or juices containing 
pieces of meat, vegetables, or fruit, one of the key elements 
is maintaining product identity by reducing or eliminating 
particulate breakage. This becomes more of a concern if 
the particulates exceed 1/4 in. in size and the carrier is a 
thin liquid such as broth or soup. Thick sauces, on the 
other hand, seem to have a cushioning effect with less 
product damage occurring during passage through the sys- 
tem. 

While the dominant type of heat exchanger used for 
particulate-type products is the scraped-surface unit (Fig. 
28), each case still must be considered individually. Many 
processes require multiple SSHE cylinders that should be 
piped in series rather than in parallel. This eliminates the 
need for individual product pumps while ensuring higher 
heat-transfer rates and an equal flow to each cylinder. 

To reduce particle breakage, three design areas must be 
considered—the gap between the dasher and scraper 
blade, the sizing of SSHE inlets and outlets, and the 
dasher operating speed. 

The distance between the underside of the blade and 
the dasher shaft (Fig. 29) should be equal or greater than 
the largest particle to be processed. This allows passage 
without particle damage as the blade sweeps by. The dis- 
advantage of a wide annular space between the dasher and 
the cylinder wall is a longer product retention period and 
a reduction in exchanger efficiency. The faster the product 
travels through the cylinder, the higher the U value at- 
tained. This results in improved exchanger performance 
with lower residence time and less product damage. 

The sizing of inlets and outlets is directly related to 
product quality. Using the largest possible ports reduces 


not only pressure drop through the system but also shear- 
ing effect. Furthermore, passage of product is eased and 
the possibility of contact with inlet walls is minimized. 

Finally, there is the matter of dasher speed. As shown. 
by the curve in Figure 30, while higher dasher speed re- 
sults in a higher U value, it also can cause increased par- 
ticulate damage. Therefore, higher dasher rpm and the 
corresponding high heat-transfer efficiency will apply only 
to products with small particulates. When products con- 
tain delicate particulates of 1/2-3/4 in., a variable-speed 
drive is used to reduce dasher revolutions to about 120 
rpm. While this protects product quality, it also lowers ex- 
changer efficiency. Consequently, striking a balance be- 
tween performance and quality should be determined by 
lab runs so that optimum operation at full scale becomes 
a matter of a proper dasher speed setting. 


Peanut Butter 


For the production of creamy or chunky peanut butter, a 
process system will consist of surge tanks, a deaerator, 
scraped-surface heat exchanger, ingredient feeder with in- 
line blender, and transfer pumps. 

After mixing roasted nuts with a stabilizer, salt, and 
sugar to the desired formula, the product is ground and 
discharged at a temperature of about 150-200°F. Deaera- 
tion follows to eliminate air pockets, which initiate oil sep- 
aration. During cooling from an SSHE inlet temperature 
of 140-190°F to a discharge temperature of 85-95° - F, the 
stabilizer is solidified in finely divided crystalline form and 
uniformly distributed throughout the mixture. At the 
proper temperature, the peanut butter becomes a viscous, 
extrudable mass. Crystal change continues and further so- 
lidification occurs after filling. For chunky style, a chunk 
feeder is located between the SSHE and filler or the trans- 
fer pump and deaerator. 
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HEAT TRANSFER 
BACKGROUND 


Almost all food processes depend on or are affected by heat 
being added or removed at some stage in the operation. 
The efficient and effective utilization of heat results in eco- 
nomic savings, minimum adverse affects on nutrient com- 
ponents, higher quality consumer-ready products, and 
minimum effect on the many environmental factors asso- 
ciated with food processing. This efficient and effective use 
of heat depends on knowledge and subsequent application 


of the heat transfer mechanisms involved in heating, cool- 
ing, and changing the state of foods and food products. The 
rate at which heat is transferred depends on the type of 
product, the condition of the product, and the type of heat 
transfer by which heat enters or is removed from the 
product. 

Other than maintaining a food under handling and stor- 
age conditions that ensure the highest quality product, the 
only option involving heat transfer is the control of pro- 
cessing conditions to give the desired rate of heat transfer. 
This means considering the three basic mechanisms that 
control the rate of heat transfer and selecting processing 
conditions and facilities that optimize the process. Hence 
a thorough knowledge of heat transfer mechanisms and 
the relationship between heat transfer rates and other 
physical and chemical factors is probably the most impor- 
tant consideration involved in the processing of foods. This 
is further emphasized by the fact that the control of mass 
and energy balances and fluid flow mechanics, the basics 
for designing, constructing, and operating the machinery, 
equipment, and facilities involved in food handling, stor- 
ing, and processing, is dependent on considerations involv- 
ing the mechanisms and rate of heat transfer. 

Heat is transferred from one body to another by three 
different mechanisms, namely conduction, convection, and 
radiation. In fact, most processing facilities utilize two or 
all three of these means of transferring heat from or to a 
product. Before considering the mathematical relation- 
ships that describe heat transfer and allow the control of 
the amount and rate of transfer, it is well to have a visual 
understanding of how each functions. 

Conduction heat transfer takes place when two bodies 
at different temperatures are in contact with each other. 
Through this direct contact, heat energy is transferred 
from particle to particle between the solid bodies with no 
bulk movement of material. When one places a hand on an 
object having a temperature different from body tempera- 
ture there is a flow of heat. Hence, when the object is a 
blackboard in the classroom at room temperature, there is 
a sensation of the blackboard being cold. Conversely, if one 
touches a warm element on a stove, there is an immediate 
sensation of heat being transferred to the hand. The dif- 
ference in temperatures between the two objects, as well 
as the characteristics of the conducting body, determines 
the rate of transfer. In the case of the blackboard, the tem- 
perature driving force was probably not more than 20°F 
(11°C), while the driving force between a warm stove- 
element and the hand is considerably higher. Hence the 
sensation of heat will be detected and create considerably 
more reaction than placing a hand on the blackboard. 
Other things to consider include the nature of the material 
to which heat is being transferred. This determines how 
fast the heat will penetrate as well as the temperature 
gradient within the material. In general, conduction is 
highly desired for food being frozen, especially those forms 
having flat surfaces that can insure maximum contact with 
plate freezers. In most other cases of freezing irregularly 
shaped items and heating, cooking, or sterilizing, a com- 
bination of conduction and other transfer mechanisms is 
more efficient and controllable. 
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Convection heat transfer depends on the bulk move- 
ment and mixing of liquids that are initially at different 
mass temperatures, or on the contact of a solid with a mov- 
ing liquid stream of a different temperature. These two 
basic types of convection must be considered together in 
most heat transfer involved with processing food products. 
Regardless of whether hot liquids are being mixed in a 
batch or continuous basis, the temperature of the final 
combined liquid mixture reaches an equilibrium tempera- 
ture somewhere between the original temperatures of the 
two liquids. If a solid is involved, the temperature equilib- 
rium occurs between the bulk of the liquid and the surface 
of the solid. The velocity of a liquid flowing past a solid 
affects the rate of transfer between the two materials. Nat- 
ural or free convection is caused by density gradients (ther- 
mal expansion) formed when a liquid is changing in tem- 
perature. These can not be controlled and are often a 
detriment to processing since the rate of transfer is at the 
mercy of the naturally rising or mixing streams. Forced 
convection, the pumping or blowing of a liquid or gas over 
a surface, can be controlled and the heat transfer rates can 
be predicted. Hence most food processes utilizing convec- 
tion heat transfer depend on facilities and equipment that 
use forced convection. This can be demonstrated by consid- 
ering the wind chill factor, by which a wind causes a person 
to feel colder than expected at a given outside temperature. 
For example, in the winter one might bear a weather re- 
port in which the outside temperature is given as 0°C and 
the wind chill factor makes it feel as if the temperature 
were —15°C. This is because the wind is a forced convec- 
tion whereas the 0°C temperature is measured under 
shielded or still conditions. 

Many food processing operations include a combination 
of conduction and convection heat transfer. This is dem- 
onstrated in cooling and freezing curves in which blast 
freezing or convection is the method of heat transfer (see 
Figure 9 in FisH AND SHELLFISH PRODUCTS) and a plate or 
conduction heat transfer is combined with blast freezing 
or convection (see Figure 9 in FISH AND SHELLFISH PROD- 
ucts). The critical period during which heat of fusion is 
being removed between about 30 to 22°F (—2 to -6°C) is 
220 min in Figure 10 of FisH AND SHELLFISH PRODUCTS. 
The total time for cooling, freezing, and dropping from 50 
to 0°F (10 to — 18°C) is 472 min in Figure 10 and 93 min 
in Figure 9. As has been discussed in FisH AND SHELLFISH 
PRODUCTS, the more rapid freezing as shown in Figure 9 
resulted in high quality frozen fish, similar to the fresh 
product. Conversely, the slower freezing in Figure 10 re- 
sulted in considerable cell degradation that greatly re- 
duced the quality of the end product. 

The third type of heat transfer used for heat processing 
of foods is radiation, the transmission of electromagnetic 
energy through space. Whereas conduction and convection 
are dependent on a physical medium through which to 
transfer heat energy, radiation requires no carrier to trans- 
fer wave energy from a surface of one body to another. The 
amount of energy transmitted is dependent on area and 
the nature of the exposed surface and the temperature of 
the body. The amount of radiation absorbed or deflected 
also depends on the nature of the absorbing body and the 
body temperature. Hence each body receives radiation 
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from every other body, the amount depending on how much 
the bodies can “see” of each other and the ability of the 
body to radiate or deflect and absorb radiation (emissivity 
or absorptivity). 

There are several different types of radiation used in 
the food industry, each used for a specific reason. The ra- 
diation heating from a warm or hot body to a food is akin 
to that of a person standing in the shade or the sun on a 
hot day. The ambient air temperature may be the same in 
both positions; however, a person becomes much warmer 
in the sun where the direct radiation is being added to the 
body in addition to the convection heating occurring from 
the surrounding air. The radiating body for heating a food 
by radiation can be the hot element in an oven or grill 
(roasting, baking, broiling). In this case the surface re- 
ceives energy so rapidly that it can not be conducted into 
the food fast enough to prevent the desired browning (ac- 
tually scorching and/or Maillard browning reaction) of the 
surface. 

Other types of radiant energy are used in processing 
food. Some of these are becoming as prevalent as the con- 
ventional concept of cooking or processing by exposure to 
a hot element or heat source. When an alternating current 
is passed through a conductor, energy is emitted in the 
form of waves having a specific wavelength and frequency. 
Microwave heating is a good example of this process, 
whereby the energy absorbed by a food is converted into 
heat due to the friction of moving molecules or atoms. 

Ionizing radiation from x rays and gamma rays, while 
not heating a food during a normal exposure time, can de- 
stroy microorganisms and thus accomplish the aim of pas- 
teurizing or sterilizing a food. 


PROCESSING FOODS BY CONDUCTION HEAT TRANSFER 


The relationship between the factors involving heat trans- 
fer by conduction can be intuitively realized by considering 
the flow of heat energy. One would reason that heat flow 
(q) perpendicular to the direction of flow would be propor- 
tional to the area (A) of contact or flow and the temperature 
difference (dt) along the path of flow. Likewise, the thick- 
ness of the food or path through which the heat is flowing 
(dx) would be inversely proportional to this flow. Although 
modern mathematics allow one to derive such relation- 
ships, the basic conductive heat transfer relationship, 
known as Fourier’s law, was derived empirically and con- 
firmed by experimentation. 

In addition to the factors, discussed above, the physical 
and chemical properties of a material have a significant 
effect on heat flow and can be represented by an experi- 
mentally determined proportionality constant called the 
thermal conductivity (k). The thermal conductivity is re- 
lated to the number of free electrons in a material, varying 
from being high in metals to low in gases. It can be consid- 
ered the flow of heat per unit time (watts or Btu per hour) 
through a given area (square meters or square feet) per 
unit thickness (meters or feet). The mathematical relation- 
ships involving conduction heat transfer can be repre- 
sented by Fourier’s law: 


q = —kAdtidx @ 


The units of each item in SI and English units are shown 
in Table 1. It is conventional to place a negative sign in 
front of the equation to signify a positive heat flow from 
the higher to the lower temperature. 

Although the complete mathematical analysis of heat 
transfer can become extremely complicated when it comes 
to considering complex three-dimensional flow and inte- 
grations over total volumes, most problems involving con- 
duction in food processing systems can be greatly simpli- 
fied. In most steady-state cases, considering the relatively 
short range of temperature changes, the uniformity in area 
over the distance of heat conduction, and the uniformity in 
thermal conductivity over these temperature ranges, equa- 
tion 1 can be simplified to 


At 
q = ~RA(, ~ tilde — AS (2) 


Equation 2 is typical of many problems in nature that 
involve a driving force analogy. In the case of heat transfer, 
the rate of transferring some discrete quantity of energy 
is equal to the driving force DF that makes the movement 
happen divided by the resistance R to this movement, or 


q = DF/R (3) 

Acommon use of this relationship is in the transfer of elec- 

trical energy, where the current flowing (J, amperes) is 

equal to the driving force (E, volts) divided by the resis- 

tance (R, ohms), or 

I=E/R (4) 

The resistance in the heat transfer equation (2) equals 

the thickness (4x), which is directly proportional to resis- 

tance to heat transfer divided by the area and thermal con- 
ductivity, both of which decrease the resistance, 

R= AxlkA (5) 


The reciprocal of the resistance is the conductance (C), 
where 


C = UR = kA/Ax (6) 
Since the total heat being transferred through each of 


a series of materials in contact is the same for each ma- 
terial, 


Table 1. Selected Coefficients of Thermal Conductivity 


Property SI units English units 
q is the heat flow watts (W) Btu heat flow Btu/h 
his the thermal 

conductivity 


(Wy(m)/(K\m?) Btu/h of ft?/ft 
Ais the area m? #2 
dt is the temperature 
difference *c °F 
dx is the thickness m ft 


KyAydt __krpAgdty 


eS I ee os 
k,A,At, 
= bt: @ 
Xe 
and considering that 
At At 
Ge RA (8) 
then 
— & = ay abies Bi Sa aee 
T=h=h=% x RA, zlkyAs (9) 
= t-te 
xk, A, 


Combining to obtain the overall resistance 
R = (x,/kyAy) + (Xp/kg Ag) + (x/k AY) (10) 
and the overall driving force 
a=t-t, 
the overall heat transfer equation becomes 


_ 4 ty - t 
1° "R * “TGA + Gilly + eA OD 


When, as is often the case, Ay = Az = A,, the equation 
reduces to 


otf oe ae (12) 
& R (ANG 7ky) + Galka) + & RDI 


EXAMPLE 1 

Using the conductance heat transfer equation, calculate the 
amount of heat lost through 2 m? (21.528 ft”) of a cold storage wall 
that is composed of three layers of material. The wall consists of 
4-in. (0.1016-m) thick concrete block (x) on the outside, 6-in. 
(0.1524-m) thick polystyrene insulation (xp), and 2-in, (0.0508-m) 
thick fir wood (x,) on the inside. The inside wall of the cold room 
is — 40°F (—40°C) and the outside wall is 68°F 20°C). From Table 
2, the thermal conductivities are 


k, = 0.76 W- m/m? - K = 5.27 (BtuXin.)/®2Xh)CF) 
ky = 0.038 W- m/m?- K = 0.263 (Btu)(in.)(f2\h)CF) 
ky = 0.11 W- m/m? - K = 0.76 (BtuXin.)AA2\n)CF) 


Using equation 12 where the area is constant (Fig. 1), 


ti - to 


9 = “TANG + Gelky) + Gl 


In SI units: 
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Table 2. Thermal Conductivity of Selected Foods and 


Processing Facility Materials 
Thermal 
conductivity, k* 
Temperature, (Wm)  (BtuXin.) 
Product c KH) RHF) 
Apple 2-36 0.393 2.72 
Aluminum 0 230 1594 
Beef, lean 7 0.476 3,20 
perpendicular to fiber 62 0.485 3.36 
parallel to 8 0.431 2.99 
fiber 61 0.447 3.10 
Butter 46 0.197 1.37 
Concrete, cinder 23 0.78 5.27 
Fish muscle 0-10 0.557 3.86 
Toe 0 2.3 15.9 
Milk 37 0.530 3.67 
Olive oil 15 0.189 131 
100 0.163 1.13 
Polystyrene 24 0.038 0,263 
Potato, raw 1-32 0.554 3.84 
White fir 23 0.11 0.76 
White pine 15 0.15 1.04 


Source: Refs. 1 and 2. 
°1 (BtuXin.Xft.2(hX°F) = 0.144228 (WXm\m7\XK). 


Concrete block Polystyrene foam insulation 


tow = 68°F hy Fir wood wall 


tiy = 40°F 


2 in. 


Figure 1. Temperature profile of wall in cold storage room. 


é (40) - (20) 
(1/2)[0.1016/0.76 + 0.1524/0.038 + 0.0508/0.11] 


q= 


carrying the unit with the numerical equation 


°C or K 
© (m)f@m/Wm/m?K) + (m/Wm/m?K) + (m/Wm/m*K) 
= watts 


q = 26.05 W lost through 2 m? of the wall 


if 


Likewise, in English units: 


. (=40) — (68) 
(1/21.528)[4/5.27 + 6/0.263 + 2/0.76] 


4 


carrying the unit with the numerical equation 
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°F 
1 * TRSGn Bain ACE) 
q = 88.74 Btwh lost through 2 m? of the wall 


Btu/h 


Checking units by converting English to SI: 


q = (88.74 Btu/hX0.29307 W-h/Btu) = 26 W 


PROCESSING FOODS BY CONVECTION HEAT TRANSFER 


Convection heat transfer is concerned with the mixing of 
fluids or the transfer of heat from a fluid to a surface. 
Therefore there is no solid-body thickness through which 
heat must be transferred, as in conduction. In normal food 
processing operations the concern is usually to transfer 
heat between a liquid and the surface of a solid or a fluid. 
Newton's law of cooling, which also applies to heating, de- 
fines the driving force as the temperature difference be- 
tween the surface temperature (¢,) and the bulk tempera- 
ture (t,) of the fluid medium: 


q = —hAt, - t) (13) 


In this case the temperature of the surface is higher than 
the bulk temperature of the liquid and h is the convective 
heat transfer coefficient (commonly called the film coeffi- 
cient), the experimentally determined proportionality con- 
stant that takes into consideration the flowing character- 
istics and liquid—solid interface effects. The units are 
W/m? - K or Btu/(h)(ft?\°F). Note that there is no dx or 
thickness factor so that the resistance R corresponding to 
conduction heat transfer is 


R= WJhA (14) 


Figure 2 depicts the type of temperature profile that 
occurs when a hot fluid is transferring heat to a solid (or 
liquid) surface. The equilibrium is between the bulk tem- 
perature of the liquid (t;) and the surface of the solid (¢,). 
Note that the temperature drops in a nonlinear manner. 
This is caused by the very thin layer of fluid that is almost 
stagnant because of the friction of the moving fluid, often 
referred to as the edge effect. This layer is flowing in the 
streamlined region and, since there is essentially no mix- 


Hot fluid stream Solid food 


Stagnant film 


Figure 2. Temperature profile of hot flowing liquid near the sur- 
face of solid being heated. 


ing with the main liquid stream, the heat transfer through 
this layer is actually by conduction but without a thickness 
(dx) to consider. The magnitude of the edge or fictitious film. 
effect varies widely depending on the solid surface and ex- 
plains why this coefficient must be experimentally deter- 
mined for any given condition. Some select convection film 
coefficients are given in Table 3. The wide range of film 
coefficient values is due to the surface and geometry over 
which the fluid is passing and the turbulence (Reynolds 
number) of the flowing fluid. 

Over a period of time, scale deposits build up on the 
walls of vessels and pipes. The effects of these films or de- 
posits are determined experimentally and expressed in 
units of the film coefficient h. Therefore films and scale- 
deposit film coefficients can be handled in the same man- 
ner as the thermal conductance of a flowing liquid. 

Steady-state heat transfer processes occur in the opera- 
tions that involve continuous heating or cooling of foods. 
These include continuous freezing tunnels, deep frying, 
and pasteurizing and sterilizing liquids. Many processing 
procedures in which a solid is being heated in a continuous 
moving system (eg, freezing or cooking a product on a mov- 
ing belt) can be treated as a total steady-state system by 
using specific locations on the belt as base points for heat 
balances. In most of these cases steam, hot water or oil, or 
a refrigerant is the source for adding or removing heat, so 
that convection heat transfer is an important factor in 
these processes. 

The only procedures that must be handled as batch, un- 
steady-state systems are those in which a product is being 
heated or cooled in place by a steady-state or non-steady- 
state source (eg, cooking in an oven, retorting canned 
foods, and freezing a product on a freezer plate). Normally 
the information required to calculate heat transfer in these 
situations is collected experimentally and then applied. 
For example, the thermal death time to ensure the steril- 
ization of canned food is experimentally determined for 
each size of container and product and then applied to the 
commercial facilities. The actual retorting time is then in- 
creased by a sufficient time to insure that there is no error 
in obtaining sterilization. In the case of sterilizing prod- 
ucts, the National Food Processors Association (in coordi- 
nation with the Food and Drug Administration) provides 


Table 3. Approximate Range of Convection Heat Transfer 
Coefficients 


Conduction heat transfer film 


coefficient, h 

Medium Wim? :K Btu/(ft?)(hyF)” 
Gases 

natural convection 2.8-28 0.9-9 

forced convection 11-110 3.5-35 
Viscous liquids, 

forced convection 56-560 17-178 
Water, forced convection 560-5600 180-1,800 
Boiling water 1,700-28,400 540-9,000 
Condensing steam 5,600-1.1 x 10 1,800-3.5 x 10 


Source: Refs. 1 and 2. 
1 Btu/(Ft?Xhy°F) = 3.15459 W/m? - K. 


sterilizing time requirements to the processors. The pro- 
cessors must then record and maintain the records of re- 
tort time and temperature for each batch processed to in- 
sure compliance with the retorting requirements. These 
records are available in legal cases involving undercook- 
ing. 


COMBINED CONVECTION AND CONDUCTION 
HEAT TRANSFER 


Conduction and convection have been discussed separately 
in order to emphasize the different mechanisms that con- 
trol the heating and cooling of food products. However, sel- 
dom is a food processing operation carried out in which the 
heat transfer is not a combination of conduction and con- 
vection. Although radiation is also present in most of these 
operations, the effect is usually quite insignificant unless 
the process is specifically a radiation process. 

Figure 3 extends the transfer of heat from a liquid toa 
solid surface, through the solid, and then to another liquid. 
This could be the situation occurring in a heat exchanger 
where a hot liquid is being used to warm another liquid, 
with the solid being the wall of the heat exchanger. The 
resistances to heat flow through the hot fluid (R,), solid 
pipe wall (R,,), and fluid being heated (R,) can be summed 
to give a total resistance 


R=R, +R, +R (15) 


Although only three media are used in the example, there 
is no limit to the number of resistances that can be 
summed for a given problem. 

An overall heat transfer coefficient U combining con- 
duction and convection heat transfer coefficients now can 
be defined from equation 15, where, although only three 
media are used in the example, there is no limit to the 
summing of as many resistances as are necessary in a 
given situation 


Heat exchanger 


Hot fluid stream wall (k,,) 


Inside wall scale 
|<— deposit (h;,) 


Cold fluid stream 
toy Ay 


Figure 3. Temperature profile of hot liquid (¢,) transferring heat 
through heat exchanger wall to another colder liquid (¢,). 
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LUA = UhpAy + Xy/RwAy + Wh. Ae (16) 


or 


q. 
UA= ThA, + =k, + A, 1? 
Thus the overall heat transfer equation becomes 
q = —UAAt (18) 


As noted, U and A are not independent since, if the 
areas of the heat transfer surfaces vary (eg, a pipe heat 
exchanger), A must be based on a mean area (A,,). For 
example, in the process of transferring heat through a pipe 
that has an inside scale deposit with a determined h,,, the 
overall conductance can be calculated as 


1 
UA ThA +ahAn + 1m,A, + IA, 9° 


where 


Aiw = Au = 2DL 
Aww = Acs = 2DL 
Am = (Aow — Aiw)/An(Agw/Aiw) 


multiplying the denominator by A,,/A,, gives 


UA = 
1 


AWA MligAgy + iglhy + Agi Ay * Agi Ael 


and rearranging gives an expression for UA in a circular 
cross section where heat is being transferred: 


= Am 
© AyMhAaw + Xl + Am/Aiwlig + Am/Aiy Rive 
(21) 


UA 


In this example, the effect of the scale deposit, hi, is on 
the inside wall of the pipe. There are commonly five resis- 
tances to heat transfer caused by the (1) heat transfer wall 
and (2) inside (i) and (3) outside (0) of the heat transfer 
wall, (4) 2 fluids (h, and h,), and (5) 2 fouling scales (h;, and 
hg). Often there is a fouling scale on the surface of a trans- 
fer surface caused by oxidation or burn-on during opera- 
tion. Protein foods are particularly bad in that the heat 
causes denaturation and subsequent adherence to the sur- 
face. When gas comes into contact with heat transfer sur- 
faces (eg, a fire tube boiler) heavy scales can be formed. In 
fact, the maintenance and cleaning of heat exchanger sur- 
faces is a continuous chore, usually accomplished by chem- 
ical cleaners. However, in extreme cases (especially in 
boiler tubes), a periodic rodding out is necessary to main- 
tain the efficiency of the heat transfer. 

Boilers are particularly important to the food process- 
ing industry since they are the source of steam for many 
heat transfer systems. The boiler is a heat exchanger that 
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converts a liquid to a vapor. The vapor, after being con- 
densed in a food processing heat exchanger, is normally 
collected and recycled. Often there are fouling scales or 
film deposits on both sides of a pipe or plate heat ex- 
changer. This must be recognized in the calculation of the 
overall heat transfer coefficient. 


EXAMPLE 2 

In determining the heat transfer characteristics of a heat ex- 
changer, it is important to have a clear picture of the physical 
exchanger prior to calculations. For example, in a pipe heat ex- 
changer, it is common to determine the UA for a unit length of 
pipe. An exchanger can then be sized to meet the heat transfer 
requirements. Consider a heat exchanger of stainless steel tubes 
with the cross section shown in Figure 4. Each tube is 1-in. OD 
with the following dimensions: 


D, = inside diameter = 0.782 in. (0.0199 m) 


D, = outside diameter = 1.000 in. (0.0254 m) 
x, = wall thickness = 0.109 in. (0.00277) 


The heat transfer coefficients are 


inside: hi = 120 Btu/(h)(ft?\°F) or 681 W/m? - K 

inside fouling: h,, = 660 Btu/(h)(ft?\°F) or 3748 W/m? - K 
outside fouling: ho, = 1000 Btu/(hXft2)CF) or 5678 W/m? - K 
outside: h, = 1500 Btu/(h\ft?)CF) or 8517 W/m? - K 


and the conductivity of the stainless steel tube is 
hk = 9.4 (Btu)(ft)/(hXf?)CF) or 16.3 W-m/m?-K 
Determine UA for the tubes in this heat exchanger. Basis: 


1. Consider a 1-ft length (L) of tube. 
2. Consider a 1-m length (L) of tube. 


Since the area of the tube cross section is expanding perpen- 
dicularly to the heat transfer, a mean area (A,,) value must be 
sued in determining UA, and the basic equation becomes 


Outside fluid film (h,) 
Outside scale (h,,) 


pens Exchanger wall (k,,) 


Inside scale (h;,) 


a Inside fluid film (h;) 


Figure 4. Temperature profile for heat exchanger in which heat 
transfer area is not constant. 


UA= 
An 
Aj/hAgw) + (Ag/RosAow) + uly) + Am/RisAiw) + AnMhiAiw) 


Calculation of areas in English units: 


= ADL = n(1X(1)/12 = 0.262 fi? 
= Aj, = aDL = 2(0.782\(1)/12 = 0.205 ft? 


_ Aow — Aiw _ 0.262 — 0.205 
© TnAga/Aiw) — In(0.262/0.205) 


A = 0,232 fi? 


Calculation of areas in SI units: 


Aow = Acs = 2DL = 7(0.0254\(1) = 0.0798 m? 


Aig = Aig = 2DL = 7(0.0199)(1) = 0.0625 m? 
Aow — Aiw _ 0.0798 — 0.0625 ; 
A = Ti(Ase/Ay,) ~ 1n(0.079870.0635) ~ 0708 ™ 


UA in English units: 


An 
UA = aia + Tl 
= isia /| 0.232 0.282 0.109 
(1500\0.262) * T000K0.262) * T2xo.4) 
0.232 0.232 
(660x0.205) * (120\0.206) 
= 17.1 Btu(hyF (ft length) 
UA in SI units: 
0.0708 0.0708 0.00277 
ei he! (gemnara (5678)0.0798) * ~a6.3) 
0.0708 0.0708 ) 
(B748\0.0625) * (681K0.0625) 
= 29.55 Wi(KXm length) 


RADIATION HEAT TRANSFER 


Since all bodies continuously emit thermal radiation and 
absorb radiation from other bodies around them, both the 
received and emitted energy (combining emitted, received, 
and reflected energies) must be considered when deter- 
mining the temperature state of a body. This total energy 
interchange between bodies is significantly affected by the 
nature of the bodies and the conditions in which these bod- 
ies exist. The ability of a body to absorb and emit energy 
is measured by its emissivity, the fraction absorbed or 
emitted compared to an ideal perfect radiator or so-called 
blackbody that has an emissivity (€) of 1.0. It has been 
determined that the amount of energy emission from a 
body is proportional to the fourth power of the absolute 
temperature. A heat transfer equation can be balanced by 
the experimentally determined proportionality constant 
known as the Stefan-Boltzmann constant (a), hence, for a 
blackbody 


q =o" (22) 


where 


q = W/m? or Btu/(h\ft?) = 5.6697 x 10~§ W/m?-K* 
= 0.173 x 107® Btu/(h)(ft?)CR)* 


T = Kor 


In reality, there is no such thing as a blackbody that has 
an emissivity of 1.0, so the practical equation must take 
into account the experimentally determined emissivity 
(fraction of 1.0), resulting in the usable equation for radi- 
ation 


q=c0ET (23) 


EXAMPLE 3 

A person wearing a white shirt and pants (€ = 0.9) at room 
temperature will radiate energy. 

Tn SI units: 


q = (5.6697)(10~ °0.9X W/m? K* (293 (KY 
= 376 W/m? 


In English units: 


q = (0.1713X10"®X0.9)[Btu/(hXf?)CR)*\(528)*CR)* 
= 119.8 Btu(h\(f) 
Checking units: 


q = (119,83.1546) = 377 W/m? 
where 
1 Btu/(h\(f?) = 3.1546 W/m? 


Since there is an interchange between two bodies, the net 
amount of radiation received from a source is the radiation re- 
ceived minus the radiation returned or emitted. The combination 
of the heat being absorbed by a food and the amount being emitted 
gives an equation or the net heat transfer to a food from a radia- 
tion source: 


q = alllesapF's p(Ts)} — [epasFp.sXTR))) (24) 


where o is the Stefan-Botzmann constant, és is the source emis- 
sivity, ap is the receiver absorptivity, Fs.p is the view factor, source 
to receiver, Ts is the temperature of source, ég is the receiver em- 
issivity, as is the source absorptivity, Fp.s is the view factor, re- 
ceiver to source, and Tp is the temperature of receiver. 

‘The amount of energy absorbed from a body depends on how 
much of the radiating body can be “seen” by the receiver, In most 
situations involving the processing of food by radiant heat trans- 
fer, the view factor is equal to unity since the source is directly 
below or adjacent to the receiver. Also, the emissivity is essentially 
the same as the absorptivity in a food processing operation. The 
emissivities for many surfaces have been determined experimen- 
tally and are available in standard data tables. The emissivity of 
many foods is approximately 0.9, while hot metal (as in the case 
of oven heating units) has a wide range emissivity values, from as 
low as 0.1 to 0.6 or higher. 


HEAT TRANSFER 1277 


EXAMPLE 4 

Bread is being baked on a stainless steel sheet. The top is cook- 
ing nicely but the bottom is not getting done. The oven (ceiling, 
wall, and floor) temperature is 400°F (204.4°C) and the emissivity 
and absorptivity are 0.90 


1. The bottom of the stainless steel sheet has emissivity ab- 
sorptivity of 0.25, Assuming a view factor of 1.0, what is the 
net rate of radiant heat transferred to the bottom of the 
sheet? Assume that the surface of the bread while cooking 
and vaporizing water is 212°F (100°C) and that the condue- 
tion heat transfer to the stainless steel sheet is to a surface 
at the same temperature. 

2. What is the net rate of heat transfer to the top of the bread, 
which has emissivity—absorptivity equal to 0.90? 


Solution. (1) By substituting the values in equation 22, the 
net heat that is being transferred to the bottom of the sheet is: 


In English units: 


(0.1713X10)~ °[(0.9X0.25\1.0(860}' — (0.25)0.9)(1.0(672)'] 
132 Btu/(h\f?) 


In SI units: 


q = (6.6697 10)" *[(0.90.25)(1.0%478)' — (0.25X0.9)(1.0)(373)'] 
= 417 W/m? 


Checking units: 


(132) x (3.1546) = 417 W/m? 


Btu (Whi) _ WW )n2 
OX?) Gm )Btu 


(2) By substituting the values in equation 22, the net heat that 
is being transferred to the top of the bread is: 


In English units: 
g = (0.1713 10)" *[(0.9X0.91.0X860)' — (0.9X0.9\(1.01672)'] 
= 476 Btu/(hyf?) 
In SI units: 
g = (5.6697) 10) §[(0.9X0.9 1.0478) — (0.9X0.9)(1.0)(373)*] 


1508 W/m? 


It is clear that the top portion of the bread is receiving more 
than 3.5 times the amount of heat being received on the bottom 
where it is in contact with the stainless steel sheet. This explains 
why the top, the portion receiving the most heat, is baking at a 
faster rate than the bottom. It should be noted that often cookies 
or items being baked in an oven burn on the bottom and are ob- 
viously being heated at a faster rate than the top of the item. This 
is due to the fact that often the metal container is in contact with 
a hot shelf and is thus receiving heat by conduction. 


TRANSFERRING HEAT IN FOODS 


Heat transfer was introduced as being an important unit 
operation in almost every food process. In fact, the transfer 
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of heat to and from a food is certainly the most important 
factor to consider during processing, whether it occurs in 
a food processing operation or through natural tempera- 
ture changes during holding and storage. The type of heat 
transfer and the rate at which the transfer occurs affect 
the nutritional value, product safety, and sensory proper- 
ties of every food that is consumed by humans and ani- 
mals. 

The processes of canning, pasteurizing, and cooking de- 
pend on transferring heat into a product to elevate the 
temperature to a level that will destroy microorganisms. 
Heat sterilization of a product (eg, pouch packaging and 
canning) under anaerobic conditions requires closely con- 
trolled time and temperature process conditions to ensure 
that spores resistant to heat (eg, Clostridium botulinum) 
do not survive. Pasteurization temperature and time are 
just as important to ensure that food-borne diseases are 
not spread by the food. Cooking a food not only improves 
sensory acceptance but reduces the microbial content. 

Combined heating and cooling operations are commonly 
carried out during processing or handling of foods. The 
cooling normally follows the required heating time and 
temperature period to minimize damage to nutritional and 
sensory attributes after the heat has accomplished the in- 
tended purpose. For example, some fruits and vegetables 
are blanched prior to freezing to inactivate enzymes that 
cause degradation and greatly reduced shelf life. Pasteur- 
ization to kill microorganisms that might cause public 
health problems leaves many other microorganisms that 
will continue to grow. Therefore, pasteurized products (eg, 
milk) must be held at refrigeration temperatures to ensure 
areasonable shelf life. Cooked foods that are not consumed 
immediately after cooking must be stored in the refriger- 
ation for the same reason. 

Many food processes require that heat be added to a 
food for a purpose other than reducing microorganism con- 
tamination or enzyme activity. Vaporization processes 
such as evaporation, dehydration, and distillation utilize 
heat energy to vaporize a component, usually water, to 
change the characteristics of the food. Hence a concen- 
trated juice or a dried cereal product may be subjected to 
an elevated temperature during the processing. 

Often during food processing mechanical energy is con- 
verted to heat energy by friction from the particles of food 
as they rub together. The resulting energy release from 
such operations as cutting, grinding, screening, and ex- 
truding can significantly increase the temperature of a 
product. 

Nature is responsible for adding the heat that is nec- 
essary for drying grains in the field to the extent that they 
can be harvested and stored for long periods of time before 
being finally processed and consumed. During extremely 
hot harvest times many fruits and vegetables can be se- 
verely damaged during the time it takes to harvest and 
transport them to a processing plant. 

In all cases, whether the heat be intentionally added for 
safety and to improve texture or unavoidably added as a 
result of handling or processing conditions, a certain 
amount of nutritional damage occurs during the heat pro- 
cessing of a food. Depending on the food water content, pH, 
and oxygen exposure, heat can severely degrade many vi- 


tamins, denature proteins, cause free radicals to form, and 
adversely affect quality attributes such as texture and 
flavor. 

In summary, the transfer of heat directly or indirectly 
effects the acceptance, quality, and safety ofa food. A major 
responsibility of the food scientist and engineer working 
with food processes is to optimize the time and tempera- 
ture conditions of processing and minimize the adverse 
side affects of heat and other processing conditions to in- 
sure that the consumer receives the highest quality food 
at the minimum cost. 
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HIGH-PRESSURE PROCESSING 


Consumers are shifting their food purchases from heat- 
processed to fresh-tasting, minimally processed foods since 
excessive heat treatment can reduce the perceived fresh- 
ness of foods. Salads, fruits, vegetables, nuts, spices, oys- 
ters, and selected cheeses are traditionally consumed with- 
out heat treatment. However, the incidence of pathogenic 
microbes is increasing in minimally processed and in raw 
foods previously considered safe. Escherichia coli 0157:H7 
has been found in fresh apple and orange juice. This has 
caused the U.S. Food and Drug Administration (FDA) to 
recommend pasteurization. High-pressure processing 
(HPP) is one alternative to heat to achieve the pasteuri- 
zation or commercial sterility of many fresh and freshlike 
processed foods. An advantage of HPP is that the treat- 
ment does not break covalent bonds. As a result, HPP does 
not change the flavor, color, or nutrient content of the food. 
Heat and ionizing radiation break covalent bonds as a 
function of dose and thus have the potential for changing 
the chemistry of a treated food. An additional advantage 
of HPP over other food preservation methods is that the 
effect of HPP is instantaneous and uniform throughout the 
mass of food being treated. The process is completely in- 
dependent of the volume, geometry, chemical composition, 
and physical structure of the food. The capabilities of HPP 
to yield a pathogen-free, minimally processed food, with an 
extended shelf life due to inactivation of vegetative forms 
of spoilage microbes (but not spores or viruses), have at- 
tracted the attention of food processors. HPP-treated foods 


are appearing in the marketplace in Japan, North Amer- 
ica, and Europe. 


TECHNOLOGY OF FOOD PRESERVATION 
BY HIGH PRESSURE 


Mechanism of Action 


Research during the past 100 years has demonstrated that 
pressures above 100 MPa (15,000 psi) can affect the activ- 
ity of enzymes and the structure of proteins. The unfolding 
of a protein polymer and subsequent irreversible denatur- 
ation of a protein at pressures above 300 to 400 MPa 
(45,000 to 60,000 psi) can affect the ability of living cells 
to control the flux of water and ions across their cellular 
membranes. Electron micrographs of pressure-treated mi- 
crobes indicate a loss of cell turgor and collapse of cell 
structures, indicating damage to the cell membranes. It is 
believed that this is the mechanism that allows high pres- 
sure to inactivate pathogenic and spoilage vegetative 
forms of microbes in foods. Bacteria, yeast, and molds are 
primarily single-cell plants. Cell membrane damage can be 
fatal to their survival. Similarly, parasites, insects, and in- 
sect eggs can be inactivated by high pressures in the range 
of 200 to 680 MPa (30,000 to 100,000 psi). Food products 
generally consist of large integrated masses of cells. Al- 
though high pressure does denature cell membranes and 
can cause the gelation of starches, many foods—including 
cooked meats, raw and cooked vegetables, firm fruits such 
as peaches, and cooked pasta and rice—show little change 
in structure and texture after treatment at pressures in 
the range of 680 MPa (100,000 psi). High-pressure inacti- 
vation rates of vegetative microbes have been observed to 
be a function of pressure and time at any given tempera- 
ture, Experimental data have shown that the rate of in- 
activation and the shape of the inactivation curve may be 
influenced by the media in which the microbes are sus- 
pended. Generally a lowering of the pH will decrease pres- 
sure resistance of a given strain of microbe. By contrast, 
as the water activity of the suspending media is reduced, 
the vegetative microbes in the media become more pres- 
sure resistant. Also, the strains of any given species of mi- 
crobe can display a wide range of pressure resistance, and 
food materials can increase the pressure resistance of a 
microbe when compared with its rate of inactivation in a 
phosphate buffer of the same pH. Classic inactivation ki- 
netics based on a first-order reaction may not be followed. 
The rate of inactivation of a microbe as a function of pres- 
sure and time may not be proportional to the remaining 
concentration of viable microbes. An induction period may 
be observed, and tailing may also be observed as low num- 
bers of survivors are reached. These findings require that 
any proposed HPP food-preservation treatment must be 
challenged with pathogens and spoilage microbes normally 
associated with the product. Recommended levels of chal- 
lenge are 10° pathogenic microbes and up to 10° spoilage 
microbes per gram of product. 

Shelf-stable (commercially sterile) acidic foods may be 
produced by high-pressure treatment. A pH below 4.5 will 
block the germination of spore-forming pathogens such as 
proteolytic and nonproteolytic Clostridium botulinum. 
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High pressure may be used to produce pressure-pasteur- 
ized, extended-shelf-life, low-acid, refrigerated foods. A 
water activity above about 0.98 is essential for high- 
pressure treatment to be effective in the inactivation of 
vegetative microbial cells. High-pressure treatments have 
limited applications in the pasteurization of dry foods such 
as spices, dry fruits, vegetables, and meat products. Be- 
cause parasites in animal tissue can be inactivated at pres- 
sures (200 MPa, 30,000 psi) that have little effect on fresh 
food quality factors (such as protein denaturation), pres- 
sure may be useful in treating fresh animal foods normally 
infected with parasites. Insect and insect egg inactivation 
is another possible application of HPP. 


Processing Systems for Food Preservation by High Pressure 


High-pressure food treatment systems are available for 
semicontinuous processing of liquid foods and batch pro- 
cessing of packaged foods. Liquid foods processed in semi- 
continuous systems may be packaged in aseptic or clean- 
fill packaging equipment after pressure treatment. The 
semicontinuous treatment of liquid foods requires the fol- 
lowing steps. A conventional pump is used to transfer liq- 
uid food from a hold tank through an inlet port into a stain- 
less steel high-pressure vessel treatment chamber. The 
chamber is fitted with a free piston that is displaced from 
the filling port end toward the opposite end of the chamber 
where high-pressure water is introduced to pressurize the 
chamber when the filling step is complete. The filling port 
is closed at the end of the filling step, and high-pressure 
water is pumped into the chamber to drive the piston 
against the food. Because water is compressed to 85% of 
its original volume at 680 MPa (100,000 psi), the piston is 
displaced up to 15% of the distance down the chamber. Af- 
ter an appropriate hold time at the desired process pres- 
sure, usually in the range of 30 s to 5 min, the pressure is 
released, and a sterile discharge port is opened. The pres- 
sure treated liquid is pushed out of the pressure vessel into 
a sterile hold tank by low-pressure water moving the free 
piston to the product inlet end of the vessel. The cycle is 
repeated under the direction of an automated control sys- 
tem that can monitor and record pressures, times, piston 
positions, product levels in tanks, process temperatures, 
and the status of critical seals and valves. A single high- 
pressure water pump may be used to pressurize several 
pressure vessels under the direction of the automated con- 
trol system. A semicontinuous system is manufactured by 
Flow International (Kent, Washington). 

The high-pressure treatment of packaged food is similar 
to a batch steam retort process. The food is vacuum packed 
in packages capable of withstanding compression of up to 
15% of their volume. The packaged products may be loaded 
into a carrier that is placed in the pressure vessel. The 
vessel is sealed, and water is pumped into the vessel until 
the desired treatment pressure is reached. After the ap- 
propriate hold time, the pressure is released, the vessel 
opened, and the carrier removed. The treated product is 
then ready for distribution. The batch process may be au- 
tomated using a control system similar to that used in a 
semicontinuous system. A single high-pressure pump may 
be used to pressurize several pressure vessels. 


1280 HIGH-PRESSURE PROCESSING 


Research on the effect of temperature on the rate of mi- 
crobial inactivation has demonstrated that temperatures 
in the range of 50°C (122°F) can increase the rate of mi- 
crobial inactivation during pressure treatment. The use of 
controlled temperature conditions during semicontinuous 
or batch pressure treatment requires that all product must 
be at the desired process temperature for the time and 
pressure of the treatment. High-pressure treatment raises 
the temperature of high-water-content foods about 3°C 
(5.4°F) per 100 MPa (15,000 psi) of imposed pressure. This 
temperature increase is lost upon decompression. The 
specification of a food process temperature in conjunction 
with a high-pressure treatment could subject the proposed 
process to FDA regulation. 

Systems for the high-pressure treatment of foods re- 
quire four components. These are a pressure vessel and 
closure system, a low-pressure pump, an intensifier to de- 
liver high-pressure water, and a control system. Safe, re- 
liable, pressure vessels and closures are now available 
commercially with capacities of 25 to 250 L (0.88 to 8.8 
cubic ft), These vessels are capable of operating at pres- 
sures of 680 MPa (100,000 psi) for more than 100,000 cy- 
cles. The extreme operating pressures and rapid cycling 
required for food processing applications has favored wire 
wound pressure vessels (Flow International, Kent, Wash- 
ington) and other approaches to ensure safe, “leak before 
break,” designs. Each time a pressure vessel is cycled, the 
inner wall is subjected to potential crack formation. Suc- 
cessful pressure vessel designs require that the inner wall 
be under some compression even when the vessel is at full 
pressure so that potential cracks cannot propagate. Pres- 
sure vessels are made from high-tensile-strength steels 
with several concentric cylinders assembled to ensure com- 
pression of the inner wall of the vessel. Wire winding, in 
which miles of steel wire are wound around a cylindrical 
liner to ensure compression, can be used as an alternative 
technology to obtain cycle lives well in excess of 100,000 
cycles. The reader is referred to the general references for 
detailed descriptions of vessel construction technologies. 
High pressures are achieved by pumping oil, at pressures 
up to 34 MPa (5000 psi), to an intensifier. The oil works 
against a piston in the intensifier with an area perhaps 20 
times larger than the piston delivering the high-pressure 
water. Thus the water pressure in this case is exactly 20 
times greater than the oil pressure. Pressure vessels are 
available with built-in intensifiers, and systems can be 
built with external single-stroke intensifiers. The advan- 
tage of a single-stroke intensifier is reduction in system 
wear and ease of decompression. The control system use 
in the HPP treatment of foods must be able to deliver a 
record of the pressure and time of each cycle. A record of 
the food temperature is needed if temperature is a speci- 
fied component of the process. 


PACKAGING FOODS FOR HIGH-PRESSURE TREATMENT 


A major consideration in the packaging of foods for pres- 
sure treatment is the effect of compression on the structure 
and barrier properties of the package. If rigid structures 
are used, means must be incorporated to allow for up to 


15% reduction in volume of the product during pressure 
treatment at 680 MPa (100,000 psi). Otherwise, flexible 
packages such as pouches or semiridged structures, such 
as trays or bowls with easy open peel-seals, can be used. 
Foods packaged for high-pressure treatment must be 
vacuum treated to remove as much dissolved and occluded 
gas as possible. They must be packaged without a head- 
space because any gas will be forced into the food during 
compression. Compression of gas represents extra com- 
pression work and the presence of dissolved oxygen in the 
food may lead to accelerated development of oxidized fla- 
vors. Ultimately the product-package system must be 
treated, stored, and evaluated for product quality after the 
desired storage time at expected storage temperatures. As 
with all packaging, the food must be held in the proposed 
package to determine if undesirable flavors transfer from 
the package to the food. 


PRODUCT SAFETY AND REGULATORY ISSUES 


Regulations covering the manufacturing and sale of pres- 
sure-treated foods are under development at this date. 
Pressure-treated foods distributed as products labeled “re- 
quires refrigeration” are on the market in the United 
States. These types of products must be free of pathogens, 
must be manufactured under good manufacturing prac- 
tices (GMP), and must remain free of spoilage microbes 
until their “use by” date. Naturally acidic and directly acid- 
ified products are covered by existing regulations for these 
products. Their safety requirements are the same as for 
refrigerated foods. Currently product safety and regula- 
tory requirements for shelf-stable, low-acid foods, pre- 
served by high pressure, and packed in hermetically sealed 
containers have not been developed in the United States. 
Good manufacturing practices (GMP) can be expected to 
be similar to those for heat-processed foods. It is expected 
that an HPP process will be required to provide the equiv- 
alent of a 12-fold decimal reduction of a pressure-resistant 
strain of C. botulinum. 

Because spores are pressure resistant, all commercially 
sterile high-pressure preserved foods to date have been 
acidic products with a water activity very close to 1.0. Ex- 
amples are yogurt, fruit preserves, fruit juices, and pour- 
able salad dressings. Viable microbial counts may be ob- 
tained when commercially sterile pressure-treated acidic 
foods are plated on neutral pH media. For this reason all 
pressure-preserved products should be stored at an appro- 
priate storage temperature for twice their proposed shelf 
life to assay for possible regeneration of microbes. 


ECONOMIC CONSIDERATIONS 


Although high-pressure treatment systems are inherently 
expensive to build and maintain, construction and main- 
tenance costs are expected to decrease as commercial use 
expands. For any installed high-pressure treatment sys- 
tem, the cost per unit of food treated is a function of the 
amount of product treated per cycle (batch or semicontin- 
uous operation) and the number of cycles run per year. The 
shape of the package is an important factor in determining 


the amount of product that can be treated each cycle. Cy- 
lindrical containers may occupy 30% of a pressure vessel 
while product packed in bags for food service may occupy 
up to 90% of the available vessel volume. Cycle time is a 
function of the required treatment time at pressure and 
the time needed to move the food in and out of the pressure 
vessel, pressurize, and decompress the vessel. Semicontin- 
uous systems processing liquids with a 3-min hold time at 
680 MPa (100,000 psi) can cycle up to 15 times per hour 
and utilize 100% of the available process vessel volume. A 
batch system treating packaged foods may require 5 min 
to load, close and seal, pressurize, decompress, open and 
unload, in addition to the 3-min process time. This will 
result in seven to eight cycles per hour. Another major cost 
factor is system availability; that is, the percentage of time 
the unit is not down for maintenance and repairs and is 
available for production. System availability is related to 
the reliability of the pressure vessel closures, valves, pip- 
ing, pumps, intensifier, control systems, and material han- 
dling equipment. The food industry will need a system re- 
liability in excess of 95% exclusive of programmed 
maintenance. 
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HISTORY OF FOODS 


Writing a history of food is a formidable task that involves 
identifying, describing, and discussing what people ate 
where and at what time, where it came from, and how it 
was obtained. This article attempts to sketch a broad pic- 
ture of the human quest for food through time and, pri- 
marily, will be an archaeological odyssey for reasons dis- 
cussed below. It treats the history of food as the general 
history of the human subsistence economy. 

Food is an integral part of the human experience, and 
because the human experience is long, so must be the story 
of food. The greater part of the human experience occurred 
long before the domestication of plants and animals. The 
invention of writing came considerably after the develop- 
ment of agriculture. For some two million years humanity 
wrote nothing that would aid us in reconstructing its sub- 
sistence. Even after writing was invented some 5500 yrs 
ago, very little was written about food for a long time. 
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Therefore the history of food is for the most part based on 
archaeological materials. 

A history of food must have a beginning. An anthropol- 
ogist would choose to begin the story in the dim, distant 
ages of human prehistory some two million years ago with 
the earliest fossils human paleontologists place in the ge- 
nus Homo. From the two-million-year point, our evolving 
ancestors and their food quests and habits will be traced 
to the present time. Important aspects of their lifestyles 
that bear on the evolution of their diets and general sub- 
sistence economies will also be briefly sketched. This ap- 
proach takes us first, into the realms of physical anthro- 
pology and archaeology (paleoanthropology); second, into 
ancient history; and third, into history. We move from the 
earliest foraging and scavanging subsistence economies 
through gathering and hunting to the invention of agri- 
culture and beyond. Finally, some modern cuisines will be 
briefly addressed in order to demonstrate the varied world 
origins of ingredients in given dishes and meals. 

The earliest known writing appeared in the Near East 
about 5500 yr ago. All human experience before that, there 
and in the rest of the world, falls under prehistory. Prehis- 
tory is the province of the prehistorian. Most prehistorians 
are archaeologists. All research is archaeological and 
based on the few imperishable remains left to us. For ex- 
ample, for early times we must rely on stone, bone and 
antler tools, bones from animals that were consumed, 
charcoal and ash from campfires, traces of camps, and so 
on. Much of what people did and ate was not recorded or 
preserved (see below). Because our data are limited, there 
are massive holes in our story. Consequently, caution is 
necessary when presenting it. 

For roughly two million years, humans foraged, gath- 
ered, and hunted for wild food. As time passed, we grew 
more efficient in exploiting our planet’s wild resources. 
This was accomplished through the gradual development 
of more efficient and sophisticated tool technology based 
on stone, bone, wood, antler, and such and through devel- 
opments in social and political organization and probably 
ideology, which allowed greater cooperation within social 
groups. These developments were accompanied by increas- 
ing brain size and intelligence. This long episode in human 
history is called the Paleolithic or Old Stone Age. The chro- 
nological subdivisions of the Paleolithic are used below for 
ease of presentation of the history of food (Fig. 1). 

About 10,000 or 11,000 years ago in various areas of the 
Old World, strides were taken that resulted in the domes- 
tication of some plants and animals. The “agricultural rev- 
olution” had begun. By 9000 yr ago, the revolution was in 
full swing. There was still no writing. Neither were there 
cities and states, only small farming villages. Some groups 
in many world areas still hunted and gathered for their 
livelihood. The so-called invention of agriculture is prehis- 
toric. In the Near East (sometimes called the Fertile Cres- 
cent and including southern Turkey, western Iran, Iraq, 
Syria, Jordan, Lebanon, and Israel), this earliest agricul- 
tural period is called the Neolithic (Fig. 1), and was truly 
revolutionary for much of humanity. While the invention 
of agriculture was not simultaneous in all Old World areas, 
developments in India and the Far East (Southeast Asia 
and China) were roughly concordant. For none of these 


the amount of product that can be treated each cycle. Cy- 
lindrical containers may occupy 30% of a pressure vessel 
while product packed in bags for food service may occupy 
up to 90% of the available vessel volume. Cycle time is a 
function of the required treatment time at pressure and 
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uous systems processing liquids with a 3-min hold time at 
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to load, close and seal, pressurize, decompress, open and 
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factor is system availability; that is, the percentage of time 
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the reliability of the pressure vessel closures, valves, pip- 
ing, pumps, intensifier, control systems, and material han- 
dling equipment. The food industry will need a system re- 
liability in excess of 95% exclusive of programmed 
maintenance. 
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Therefore the history of food is for the most part based on 
archaeological materials. 

A history of food must have a beginning. An anthropol- 
ogist would choose to begin the story in the dim, distant 
ages of human prehistory some two million years ago with 
the earliest fossils human paleontologists place in the ge- 
nus Homo. From the two-million-year point, our evolving 
ancestors and their food quests and habits will be traced 
to the present time. Important aspects of their lifestyles 
that bear on the evolution of their diets and general sub- 
sistence economies will also be briefly sketched. This ap- 
proach takes us first, into the realms of physical anthro- 
pology and archaeology (paleoanthropology); second, into 
ancient history; and third, into history. We move from the 
earliest foraging and scavanging subsistence economies 
through gathering and hunting to the invention of agri- 
culture and beyond. Finally, some modern cuisines will be 
briefly addressed in order to demonstrate the varied world 
origins of ingredients in given dishes and meals. 

The earliest known writing appeared in the Near East 
about 5500 yr ago. All human experience before that, there 
and in the rest of the world, falls under prehistory. Prehis- 
tory is the province of the prehistorian. Most prehistorians 
are archaeologists. All research is archaeological and 
based on the few imperishable remains left to us. For ex- 
ample, for early times we must rely on stone, bone and 
antler tools, bones from animals that were consumed, 
charcoal and ash from campfires, traces of camps, and so 
on. Much of what people did and ate was not recorded or 
preserved (see below). Because our data are limited, there 
are massive holes in our story. Consequently, caution is 
necessary when presenting it. 

For roughly two million years, humans foraged, gath- 
ered, and hunted for wild food. As time passed, we grew 
more efficient in exploiting our planet’s wild resources. 
This was accomplished through the gradual development 
of more efficient and sophisticated tool technology based 
on stone, bone, wood, antler, and such and through devel- 
opments in social and political organization and probably 
ideology, which allowed greater cooperation within social 
groups. These developments were accompanied by increas- 
ing brain size and intelligence. This long episode in human 
history is called the Paleolithic or Old Stone Age. The chro- 
nological subdivisions of the Paleolithic are used below for 
ease of presentation of the history of food (Fig. 1). 

About 10,000 or 11,000 years ago in various areas of the 
Old World, strides were taken that resulted in the domes- 
tication of some plants and animals. The “agricultural rev- 
olution” had begun. By 9000 yr ago, the revolution was in 
full swing. There was still no writing. Neither were there 
cities and states, only small farming villages. Some groups 
in many world areas still hunted and gathered for their 
livelihood. The so-called invention of agriculture is prehis- 
toric. In the Near East (sometimes called the Fertile Cres- 
cent and including southern Turkey, western Iran, Iraq, 
Syria, Jordan, Lebanon, and Israel), this earliest agricul- 
tural period is called the Neolithic (Fig. 1), and was truly 
revolutionary for much of humanity. While the invention 
of agriculture was not simultaneous in all Old World areas, 
developments in India and the Far East (Southeast Asia 
and China) were roughly concordant. For none of these 
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Period Years before present Subsistence economics 
Neolithic Agricultural subsistence economy 
in the Near East 
9,000 
Mesolithic Incipient agriculture in some world 
areas: beginning domestication 
of some plants and animals 
12,000 
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Figure 1. Simplified chronological chart not to scavenges carnivore kills 
scale. 
areas do we have a complete picture of the development of BACKGROUND 


agriculture. 

In the New World, agriculture began independently a 
few thousand years later than it did in the Near East. 
There were dramatic developments in Mexico, tropical 
Central and South America, and in the South American 
Andes Mountain region. Like those of the Old World, New 
World domesticates were to have worldwide consequences. 
Also like that of the Old World, the picture is frustratingly 
incomplete. 

The development of agriculture was revolutionary in 
several senses: (1) it eliminated dependence on wild re- 
sources; (2) in its areas of origin and in areas that ulti- 
mately adopted it, it permitted population growth well be- 
yond what wild resources could support; and (3) it laid the 
economic foundation for the eventual development of civi- 
lization. Without agriculture, there would be no cities and 
nation-states with their centralized government bureau- 
cracies, monumental public works, social class systems 
and inequities, exact and predictive sciences, and all other 
civilizational characteristics such as taxes, welfare sys- 
tems, and terrorists. Humanity could not afford them. 

As indicated earlier, the major part of this presentation 
is based on archaeological research. It is essentially an ar- 
chaeological odyssey through time and around the globe; 
thus, and because the reader is most likely not an archae- 
ologist, it is necessary to present a brief discussion of the 
problems and methods involved in reconstructing the pre- 
history and history of food. A glossary of technical terms 
may be found at the end of the article. 


Reconstructing the history of food is fraught with dangers 
and difficulties. Much of what is written, especially that 
for prehistoric times, is based on a number of assumptions, 
some warranted, and some not. Those based on human bio- 
logical necessities probably have some validity. Those 
based on archaeological research are subject to two major 
problems. First, not everything preserves. Second, archae- 
ological interpretation of what does remain is difficult and 
has itself been based on assumptions. We are all familiar 
with the image of “man the hunter” and the portrayal of 
Stone Age humans as mighty, intrepid hunters of massive, 
dangerous, and cunning game like mammoths and cave 
bears. This image comes to us through the magnificent, 
Late Stone Age paintings of western Europe, from food 
bones found in caves and other living sites and from kill 
and butchery sites found throughout the Stone Age world. 
Because plant foods rarely preserve and are even more 
rarely portrayed, incautious interpretation by some has 
left the impression that prehistoric humans ate mostly 
meat. Except for environments like the arctic and the sub- 
arctic, where edible plants are rare, this is unlikely to be 
the case for a variety of reasons. 

Humans are primates. Most primates are herbivorous 
and only accidentally omnivorous, and some are omnivo- 
rous (1,2). Higher primates tend to be plant eaters, al- 
though a few, such as chimpanzees, will deliberately hunt 
and eat meat (2). Humans are omnivorous today, and it is 
likely that our hominid ancestors, as primates, were also 


omnivorous. Early hominid teeth, like those of modern hu- 
mans, are those of omnivores (2). The greater majority of 
modern humans cannot extract sufficient vitamins and 
minerals from meat alone to survive. Eskimos are an ex- 
ception, but even they eat the stomach contents of the her- 
bivorous animals they kill and take advantage of plant 
foods during the short growing season (1). Nor can we live 
on plants alone without bringing together the right com- 
bination of plants to supply us with complete proteins. Nu- 
tritionists tell us that humans need a diet balanced so that 
we receive all the vitamins and minerals the body demands 
for efficient functioning. This means a combination of plant 
and animal foods with heavy emphasis on plants as op- 
posed to animal protein. 

Anthropological study of historic and modern gatherer- 
hunters shows that, with the exception of the Siberian and 
North American Eskimos of the subarctic, the ratio of wild 
plant food gathered is almost always greater than that of 
hunted or fished animal protein. The actual ratio depends 
on both available environmental resources and cultural 
factors and differs between groups. An additional factor 
affecting the ratio is the seasonality of resources. In some 
seasons plant foods are more available than in others, such 
as winter in the temperate northern hemisphere, when, in 
the absence of plant preservation techniques or even with 
them, more meat will be eaten—or perhaps, less food will 
be consumed in general. 

In a given environment various small animals are for- 
aged, such as rodents, birds, reptiles, and insects. While 
larger game may be preferred, it is not always present or 
present in sufficient quantity to appease human appetites 
for animal protein. 

In short, gatherer-hunters adapt to the environment in 
which they live and the ratio of plant to animal foods will 
reflect that adaptation. It will also reflect cultural factors 
such as religious taboos and the cultural definition of what 
is and is not food. We also recognize that hunting is high 
risk and not always successful. Gathering provides an en- 
sured food supply. 

Archaeologically, little trace of the plants consumed by 
recent gatherer-hunters will remain. Without the ethno- 
graphic documentation of these living people, we would 
never have complete knowledge of their subsistence econ- 
omies. This is because plant material is notoriously per- 
ishable and subject to selective preservation. In some dry 
desert areas, plant remains do preserve. So do human cop- 
rolites. Ancient coprolites contain seeds, pollens, and 
husks or shell parts that aid in reconstructing paleodiet. 
But human coprolites are rarely found. In wet areas, such 
as bogs, plants often preserve, as do human bodies. Per- 
haps one of the most famous and scientifically valuable 
examples of preservation is Tollund Man, in whose pre- 
served stomach were found the remains of his last meal, a 
porridge prepared from a wide variety of seeds of domes- 
ticated and wild plants (3). A very recent technique of ex- 
tracting collagen from human bone and conducting trace- 
element and isotopic analysis enables us to determine 
whether and what kinds of cereal grasses were being con- 
sumed, for example, maize. But, of course, the bone itself 
must be preserved and unfossilized (4). Fossilized bone is 
completely mineralized and contains no organic material. 
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Animal bone is also subject to selective preservation. 
Large bones survive better than do small bones, and not 
all bone fossilizes. Acid soil destroys bone. Insect parts 
rarely preserve. In sum, little of what was originally de- 
posited at a site by human subsistence activity preserves. 
There is no real way of reconstructing the ratio of plant to 
animal food consumed by our remote ancestors or even 
those closest to us in time. 

We are left on shaky ground. Our assumptions are: 
(1) both presapiens and sapiens hominids were omnivo- 
rous; (2) they adapted to the varied environments in which 
they lived and exploited their edible resources using the 
then current technology and sociopolitical organization; 
(3) gathering plants and foraging small animals provided 
them with a more reliable food supply than did hunting 
large game; and (4) by the Late Stone Age, fully human 
cultural factors surfaced that led to food selection among 
the edibles when people could afford it. 

Figure 1 is provided as a convenient guide through the 
time periods discussed below. The chart is highly simplified 
and applies only to Europe, northern Africa, and the Near 
East. Although data from other world areas are discussed 
within the time divisions, it is fully acknowledged that the 
terms Paleolithic (Old Stone Age), Mesolithic (Middle 
Stone Age), and Neolithic (New Stone Age) do not apply 
well to Subsaharan Africa, the Far East and North and 
South America. With this in mind, the periods used and 
their finer subdivisions are briefly defined below. 

The Paleolithic or Old Stone Age began about 2,500,000 
years ago (2.5 mya) and is subdivided into three major 
chronological stages on the basis of advances in stone tool 
technology: Lower or Early Paleolithic (2.5 mya-100,000 
yr ago), Middle Paleolithic (100,000-40,000 yr ago), and 
Upper or Late Paleolithic (40,000-12,000 yr ago) (Fig. 1). 
The Paleolithic ended with the end of the last ice age, 
called the Wurm or Weichsel in the Old World and the Wis- 
consin in the New World. 

The Mesolithic or Middle Stone Age was a short period 
that began with the final retreat of the last glacier about 
12,000 years ago (Fig. 1). No definitive end date that ap- 
plies to the planet can be given because the proper end of 
the period is with the beginning of agriculture. Agriculture 
began at different times in different parts of the globe. In 
the Near East, the period fades into what is sometimes 
called the Proto-Neolithic. The Proto-Neolithic (about 
11,000-9000 yr ago) is called such because it was the era 
of incipient agriculture. Various animals and plants were 
brought under domestication, but wild animals and plants 
still constituted an important part of subsistence. There 
appear to have been some similar developments in Thai- 
land dating to this period. 

The Neolithic began in the Near East about 9000 years 
ago, when human subsistence was based fully on agricul- 
ture (Fig. 1). Fully agricultural economies were later in 
Europe, the Far East, and the New World. 


PALEOLITHIC 


Lower Paleolithic (Early Stone Age): 2.5 mya-100,000 
Years Ago 

East Africa; Olduval Gorge, Tanzania between 1.85 and 1.5 
mya; Hominid Form: Homo habilis. A fully bipedal form 
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with a manipulative hand and a complex brain, the upper 
range of which was more than half the size of the present 
human brain, H. habilis was probably an omnivore. Al- 
though no primate is a carnivore, H. habilis looks like one 
because of the nature of what has been found on its habi- 
tation sites (living floors). Isolated and fragmentary re- 
mains of almost every conceivable available animal from 
mice and turtles to gazelles and saber-toothed tigers have 
been found. Although some paleoanthropologists argue 
about just how these bones got there, the consensus is that 
H. habilis was a scavanger of carnivore kills who brought 
pieces back to eat raw. In some cases, as at Olduvai Gorge, 
Tanzania, and Koobi Fora, Kenya, it camped at large ani- 
mal carcasses such as elephant and hippopotamus and ate 
them on the spot, bringing fragments of other scavanged 
animals to the same place (5). Although there is no way of 
knowing, it is possible that the meat was not always fresh. 
The smaller animals could have been hunted and/or for- 
aged, but given the hominid’s size (about 4 ft) and rudi- 
mentary stone tool technology, it is doubtful the large and 
more dangerous animals were hunted (2,5). Like historic 
Australian aborigines and Amazonian Tukanoan Indians, 
they may also have consumed grubs and insects (6,7). One 
assumes they would have eaten any eggs they found. 

It seems obvious that H. habilis sought meat. Did it also 
eat plants? There are no remains, but the likelihood is that 
it did and probably in a higher proportion than meat. Its 
primate physiology would have demanded this. Seeds, 
nuts, edible leaves and twigs, and fruits were available. 


Europe, Africa, China, and the General Far East; 1.5 mya— 
300,000-200,000 years ago. Homo erectus, the presumed 
descendant of Homo habilis, took the stage around 1.5 mil- 
lion years ago. Although the size of the H. erectus brain 
was not yet equal to that of the H. sapiens sapiens brain, 
Hz. erectus was otherwise fully human physically. Taller, 
heavier, more muscular, and with a brain the upper range 
of which was within the lower range of ours, H. erectus was 
more intrepid than H. habilis and accomplished more, such 
as controlling fire. H. erectus preferred warm to temperate 
cold climates. The latter would be characterized by season- 
ality of resources and in some cases, seasonal low avail- 
ability of plant foods. It is likely that in the colder climates 
a high degree of nomadism was required in pursuit of plant 
foods. Of course, in the colder environments, more meat 
could and would have been eaten. 

True to form, H. erectus ate everything that was avail- 
able and edible, including it seems, itself (8). Homo erectus 
more than likely continued the practice of scavanging car- 
nivore kills and foraging for small animals. However, we 
know that large game was hunted. Abundant evidence 
from Spain (elephant and horse) (9), France (10), and the 
Zhoukoudien Caves in northern China indicate this (5,8). 
No stone spear points are yet known, but wooden spears 
with fire-hardened tips would have served well. Evidence 
from China indicates that at least some meat was cooked, 
including H. erectus (8). 

Evidence from France (10), East Africa (11), and China 
(8), although scarce, indicates that plants were eaten. 


Middle Paleolithic (Middle Stone Age): 100,000-40,000 
Years Ago 


When this period began depends on what is being empha- 
sized. For present purposes the discussion here begins at 
100,000 yr ago and ends 40,000 yr ago. This period is char- 
acterized by the emergence of Homo sapiens. The form 
most commonly known is Neanderthal, but there were 
other varieties who are given other taxonomic names. 

Homo sapiens lived in a variety of environments from 
the Ice Age northern European subarctic tundra to tropical 
forests and therefore evolved a variety of environmental 
adaptations specific to each. The ratio of plant to animal 
consumption probably reflected differential environmental 
adaptations. In cold and temperate climates mobility was 
the main pattern owing to the seasonality of resources. 
Hunting emerged as an important pattern around the then 
inhabited world and stone spear points are known. Mas- 
sive game such as woolly mammoth and woolly rhinoceros 
were taken in cold climates, but smaller game including 
such large cold-climate animals as reindeer and warm- 
climate camel and gazelle and small game such as birds 
and rabbits were also hunted. Harpoon heads and fish 
bones indicate that some fishing was done on the tundra 
of northern Europe (9). Opportunistic scavanging probably 
continued. The diet appears to have been broad-spectrum 
and unspecialized. Meat was probably roasted. 

While no plant food remains have been found except for 
Kalambo Falls, Zambia (11), digging stick tips from north- 
ern Europe (9) and tooth wear patterns indicate plant food 
consumption. How plant foods were prepared and whether 
they were cooked remains a mystery, as does the existence 
of methods of storing them for winter. The proportion of 
plant to animal foods would have depended on the envi- 
ronment. 


Upper Paleolithic (Late Stone Age): 40,000-12,000 
Years Ago 


The modern human form called Homo sapiens sapiens 
characterizes this period. During these 30,000 years of the 
latter part of the last Ice Age, humans expanded into all 
inhabitable environments from the tropical forests of Af- 
rica to the subarctic tundra of Siberia and into Australia 
and North and South America. A wide variety of macroen- 
vironmental and microenvironmental adaptations were 
necessary. Humanity—through its flexible mode of adap- 
tation anthropology refers to as culture and society— 
adapted. The result was the emergence of a great deal of 
cultural diversity. If we were to emphasize the diversity, a 
discussion of the history of food would become immediately 
unmanageable. Therefore, only the broadest picture will 
be drawn. 

Northern peoples made cold climate adaptations that 
led them to specialize in hunting certain large game. That 
is not to say they did not take smaller game. It seems, 
however, that the habits of the animals on which they de- 
pended dictated their basic lifestyle. The degree of nomad- 
ism a people pursued depended on the migratory patterns 
of the main animal. Large game ranged from woolly mam- 
moth and woolly rhinoceros to bison, horse, and reindeer 
(9). The decimation and extinction of horse and bison herds 


in Europe suggest that meat was stored for the winter. 
Fishing was carried out, especially of salmon. In southern 
coastal areas people not only fished for salmon but also 
gathered large quantities of mollusks and shellfish (12). 
There are no plant food remains or indisputable evidence 
for the storage of plants for winter (13). It is possible that 
more meat was consumed during the ferocious winters. 
The ratio of plant to animal food is impossible to deter- 
mine, but at least in some areas, a wide variety of berries 
and other fruits, roots, tubers, and nuts would have been 
available in summer and autumn. Given the intelligence, 
knowledge, and experience of these people, one would as- 
sume they had a variety of preservation and storage tech- 
niques for at least some plant foods. 

Of course, one can never say anything about the con- 
sumption of eggs and honey, or even insects, since these 
have no way of preserving, but their consumption is likely 
throughout these time periods. 

During the last Ice Age, northern Africa and the Middle 
East enjoyed more temperate climates. The massive cold 
climate game did not exist. Although temperate cold, tem- 
peratures were warmer and seasons more varied than in 
northern Europe. As a consequence, the ratios of plant to 
animal food probably reflected that difference. But little 
can be stated with certainty. Further south, one would ex- 
pect a high ratio of plant to animal food and in desert 
regions, the highest. Today, large game is almost absent in 
most desert regions and, when present, is sparse. Small 
game such as rodents, birds, and reptiles and a variety of 
insects are characteristic fauna. The ratio of plant to ani- 
mal consumption is very heavily in favor of plants. 

For late Ice Age North and South America, depending 
on latitude and altitude, the same picture may be painted. 
There is a dearth of information on plant food consumption 
and a great deal bearing on the hunting of massive, large 
and small game. 


Mesolit 


12,000 Yr Ago to a Regionally Variable End Date 


The Mesolithic or Middle Stone Age (sometimes called the 
Epipaleolithic) began with the final retreat of the last gla- 
cier about 12,000 yr ago. The period’s end date is variable 
depending on when agriculture came into being in a given 
area. 

With the end of the last glaciation, the climatic and veg- 
etational picture characteristic of the modern world took 
over. Consequently, and especially in northern latitudes, 
there was considerable environmental change. Humanity 
had to respond and did. The emerging cultural adaptations 
were more complex than before and an even greater 
amount of cultural diversity based on, among other things, 
microenvironmental adaptations came into being. Again, 
only the broadest picture will be given. 

Throughout the world, the Ice Age megafauna disap- 
peared. Mammoths, cave bears, giant sloths, gigantic deer, 
and their like became extinct. Smaller game, fish and other 
seafood became the focus of humanity’s search for protein. 
People adapted to forest, grassland, desert, lake, riverine, 
and seacoast niches (9). Most people exploited several ad- 
jacent niches, such as forest and lake, and in most areas, 
because of the seasonality of resources, were nomadic in 
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their lifestyles. The ratio of plant to animal food would 
have varied considerably depending on the adaptive strat- 
egy in a given set of niches. 

One of the consequences of environmental change was 
the establishment of vast stands of wild wheat and barley 
extending in appropriate niches from east of the Caspian 
Sea west and south into the Near East (14). Concurrent 
with this was the spread of herds of wild sheep and goats 
in the same region (15). 

During what is sometimes called the Proto-Neolithic of 
the Near East, gatherer-hunters took full advantage of 
these abundant wild resources. Some even settled down 
into small, permanent communities and built permanent 
houses. They were able to gather sufficient wild wheat to 
do so. Jack Harlan conducted an experiment in the same 
area (the ancestral wild wheat still grows there) and esti- 
mates that in 3 weeks a quantity sufficient to last a full 
year could be gathered (16). It is likely that it is this that 
permitted sedentary living. People supplemented these 
plant resources with hunting sheep, goats, deer, pigs, cat- 
tle, and so forth. At some point, perhaps 11000 yr ago, they 
began managing herds of wild sheep and/or goats and ani- 
mal husbandry was born (17,18). Somewhere around 9000 
yr ago, wheat and barley were domesticated. Shortly there- 
after, peas and lentils, the wild varieties of which grow in 
the same area, were added to the list of domesticates. So 
were pigs. Agriculture was born in the Near East around 
9000 yr ago (7000 Bc) (see Tables 1 and 2). 


ic (New Stone Age): 7000 Bc to an End-Date Variable 
Depending on Other Cultural Developments 


In the Near East, the plant/animal food ratio appears to 
have been greatly in favor of plants. Sickles, grinding 
stones, storage pits, and ovens are highly characteristic 
artifacts of the period. Impressions of wheat and barley 
kernels appear in mud bricks, hearth materials, and pot- 
tery. Bread and porridge probably formed the main part of 
meals. Sheep and goat herds seem to have been husbanded 
mainly for wool, hides, and milk. Cheese may have been 
invented and added to the diet. Animal slaughter was se- 
lective by age and sex. Meat, therefore, was not consumed. 
as a daily ration. As in ancient historic times, domesticated 
sheep and perhaps goats may have been religious feast 
foods. 

True to form, humans remained omnivorous, but in the 
Near East, at least, dairy foods in the form of milk and 
perhaps, cheese took the place of meat as a daily food. For 
a while, some hunting was done that would have placed 
meat on at least some tables. People may also have traded 


Table 1. Origins of Major Domesticated Food Animals 
Animal 


Region of Original Domestication 


Cattle Near East 
Chicken India 
Goat Near East 
Pig Near East 
Sheep Near East 
Turkey Mexico 
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Table 2. Origins of Selected Domesticated Food Plants 


Plant Region of Original Domestication 
Grains 
Amaranth Mexico 
Barley Near East 
Maize (corn) Mexico 
Millet Asia 
Oats Europe 
Quinoa South American Andes 
Rice China and Southeast Asia 
Rye Turkey 
Sorghum India 
Wheat Near East 
Legumes 
Common beans Mexico and South America depending 
‘on species 
Lentils Near East 
Peas Near East 
Peanuts Bolivia 
Soybeans Far East 
Sugar 
Sugarcane Indonesia or New Guinea 
Sugarbeet Europe 
Root crops 
Beet Europe 
Potato South America 
Sweet Potato South America 
Vegetables 
Avocado Mexico 
Cabbage (cole) family Mediterranean 
Chives Near East 
Eggplant India 
Garlic Near East 
Leeks Near East 
Olive Mediterranean 
Onion Near East 
Peppers Mexico 
Squash Mexico 
Tomato Mexico 
Fruits* 
Apple Western Europe and Asia depending 
on variety 
Banana Southeast Asia 
Grape Near East 
Kiwi China 
Lemon Southeast Asia 
Lime Southeast Asia 
Mango India 
Orange Southeast Asia 
Pear Western Europe and Asia depending 
on species 
Pineapple Brazil 


Table 2. Origins of Selected Domesticated Food Plants 
(continued) 


Plant Region of Original Domestication 

Nuts and edible seeds 
Almond Mediterranean 
Brazil nut Brazil 
Cashew Brazil 
Hazelnut Europe 
Pecan United States 
Pistachio Mediterranean 
Sunflower United States 
Walnut Tran 

Spices 
Black pepper India 
Chili pepper Mexico 
Mustard seed Mediterranean 
Nutmeg Malay Peninsula 
Vanilla Tropical America 
Beverages 

Chocolate Mexico 
Coffee Ethiopia 
Tea India and China 


“Common, not botanical classificaton. 


for meat with nonagriculturalists such as hunters and pas- 
toralists, but it is likely, as mentioned above, that it was 
primarily a feast-day item. 

Since meat would have been scarce, salt would have be- 
come necessary. Without the salt naturally present in 
meat, humans cannot survive. A substitution is necessary. 
Salt production and trade became important. 

Ultimately, certain fruits such as figs, dates, and grapes 
came out of the Near East (see Table 2). 

Let us look at the development of agriculture elsewhere. 
Many Near Eastern crops and animals made their ways 
into Europe and together with native plants (eg, perhaps 
cherry and plums) ended gathering and hunting there as 
the major subsistence mode about 6000 Bc (19). Northern 
China domesticated millet, which eventually was adopted 
by eastern Africa. Rice was domesticated in Southeast Asia 
and has made its way all over the world. South America 
gave the world the potato, peanuts, manioc for tapioca, and 
the sweet potato, among other crops. Regarding animals, 
southern Europe and/or Turkey gave us cattle, the jungles 
of India the chicken, and Mexico the turkey (20) (see Tables 
1 and 2). Charles Heiser’s book, Seed to Civilization: The 
Story of Food (20), is a valuable source for the geographic 
origins of domesticated plants and animals. 

Mexico has given much to the world. It was one of the 
planet’s primary centers of domestication. It took approx- 
imately four thousand years for Mexico to domesticate the 
wealth of foods it has given (21). Some 21 domesticated 
plants have their origins in Mexico (22). Maize—corn, as 
we call it—is the result of 4000 yr of painfully slow selec- 
tion and hybridization that began around 6000 Bc. Corn is 
a staple food in parts of Africa and South America as well 
as in Middle America. Mexico has also given us a large 


variety of beans, chili peppers, and squashes, to say noth- 
ing of a variety of tree and cactus fruits. It also gave us the 
tomato, avocado, and chocolate. With the limitations of 
space here, it is impossible to list its valuable and varied 
contributions to the world’s diet (see Table 2). 

The development of agriculture in Mexico lasted from 
at least 6000 to 2000 Bc, and there were several centers of 
domestication, some humid tropical, and some semiarid 
desert. Throughout most of its prehistory and history, 
plant foods have superseded animal foods in dietary im- 
portance. In the desert areas of the southern part of the 
state of Tamaulipas and in the Tehuacan Valley we have 
the plant preservation to prove this (21). We also have the 
historical records from conquest times. Some people rarely, 
if ever, saw meat prior to the arrival of the Spaniards, and 
this is true even now in the most poverty-stricken rural 
areas. Traditionally in Mexico and over much of Middle 
America, meat is a fiesta food, a special-occasion food eaten 
only a few times a year. (This has changed among the more 
affluent populace.) How, then, eating plant foods almost 
exclusively, did these people survive? 

The fortuitous congruence of maize and beans, provided 
they are eaten together, provides complete protein. There- 
fore, a meal of tortillas and beans, in terms of protein, is 
healthful. The lime water in which the dried maize is 
soaked prior to grinding into flour for tortillas provides cal- 
cium. A few chilis and other vegetables or fruits added to 
the meal provides additional vitamins and minerals. The 
use of salt provides sodium. Adults do well on such a diet. 
Small children, however, are often malnourished because 
they need more animal protein. Infants who are weaned 
too soon die. Infant mortality is still very high in rural 
areas of Mexico and Guatemala. 

Of course, before the arrival of the Spaniards, the popu- 
lation was not completely without sources of animal pro- 
tein. Turkey eggs, ant larvae, other insects, and grubs were 
eaten. Eggs of other birds were probably gathered. In the 
coastal areas marine resources, including iguana, turtle 
and turtle eggs, fish, crustaceans, and mollusks were con- 
sumed, although perhaps some were not allowed to every- 
one in these socially stratified societies. In the tropical 
rainforests reptiles, monkeys, deer, wild pig, and other ani- 
mals existed and were hunted. But again, the consumption 
of some of these was probably strictly controlled. Deer, wild 
pig, and small game such as badger, squirrels of various 
kinds, rabbit, and hare abounded in the central Mexican 
highlands, and it is probable that the consumption of the 
small game was not regulated. Throughout the Middle 
American region, the common people probably made do 
with beans and corn as their main source of protein and 
supplemented these with small game, insects, and eggs 
and in the region around modern Mexico City, with fish 
and larvae from lakes now drained. 

It is of interest to note that the beginnings of agriculture 
in the Near East, Far East, and Middle and South America 
appear to have been roughly concurrent. This is not likely 
to have been due to any communication of ideas. Why ag- 
riculture began is subject to much debate, and there are 
no clear answers. Environmental change, population pres- 
sure, religion, and the human propensity to experiment 


HISTORY OF FOODS 1287 


have all been invoked (1,16,17,20). It is beyond the scope 
of this article to discuss these debates. 

Another interesting fact is that in the probably unin- 
tentional search for complete protein in the virtual absence 
of meat consumption, humanity in various parts of the 
globe domesticated plants that, when consumed together, 
provide complete protein. The case for Middle America has 
been briefly discussed. Rice and beans and other combi- 
nations also provide complete proteins (1). 

A final fact that should be added is that in all world 
areas, the development of agriculture was a long, slow pro- 
cess. In a given area, not all plants were domesticated and 
brought under cultivation at the same time. Nor were all 
animals domesticated simultaneously. It took centuries 
and, in some cases, millennia to bring together the agri- 
cultural complexes that are prehistorically and historically 
known. 


CONCLUSION 


It would appear that for most of humanity’s history, we 
were omnivores like many other primates and that, like 
other primates, we consumed more plant food than animal. 
Under special circumstances the ratio might swing in favor 
of animal over plant, but this is rare and due to special 
environmental circumstances. Even then, plant food is 
consumed, even if this means consuming the stomach con- 
tents of dead herbivores. Also rare is the society that does 
not seek some form of animal protein even if it means eat- 
ing insects, grubs, or raw bird eggs. 

The ratio of plant to animal food consumption is prob- 
ably still in favor of plants around the planet, even for 
those of us who like our meat so much that we jokingly call 
ourselves carnivores. If we look at the modern Western 
diet, we find that even fast foods like hamburgers and 
pizza are heavy on the plant end. The hamburger comes 
on a bun made from flour and is accompanied by french 
fried potatoes, potato chips, or potato salad, is relished by 
plant products such as tomato catsup, mustard (seed, vin- 
egar), pickles or pickle relish, onions, tomatoes, lettuce, 
and sometimes mushrooms. The basic pizza is, of course, 
made from flour and tomato sauce, regardless of the top- 
ping on the pizza. If we look at the Far Eastern diets of 
China, Southeast Asia, and Japan, we find that while meat 
or seafood may form part of the meal, the major constituent 
is vegetables and other plan foods like rice or noodles. 

We have reached a point in the world where the history 
of any given dish or meal is utterly fascinating. The ancient 
northern Chinese somehow received wheat and the idea of 
flour from the Near East and ultimately invented the noo- 
dle. In the thirteenth century, Marco Polo went to China 
and allegedly, inter alia, encountered the noodle and found 
it to taste good. He took it back to Italy, where, ultimately, 
a variety of pastas were developed, including spaghetti. A 
moderately well-off Mexican sits down to a several-course 
meal. The first dish is arroz 4 la mexicana (Mexican-style 
rice). It consists of rice (Southeast Asia) toasted raw in lard 
(a pork product originating from the Near East) or vege- 
table oil (an eastern Mediterranean idea) seasoned with a 
sauce made from tomatoes (Mexico), onion, and garlic 
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(both Near East) and cooked in chicken broth (ultimately 
India). It is served with corn tortillas (Mexico) or perhaps, 
flour tortillas (made from wheat flour which has its ulti- 
mate origins in the Near East). The next course is carne 
de cerdo con salsa verde (pork in green sauce). The pork is 
ultimately Near Eastern. The green sauce is made from 
tomates (tomatillos or green husk tomatoes) and chilis 
(Mexico), onion (Near East), and cilantro (Near East). The 
final course is frijoles, which, if done right, are cooked with 
lard or oil and also, perhaps, a little onion. Without the 
fats and onion, the frijoles are thoroughly Mexican. All may 
be accompanied by beer (a thoroughly European idea in- 
corporating many Near Eastern ingredients) or carbonated 
soft drinks (a U.S. invention). Many of the “foreign” ingre- 
dients in the Mexican cuisine can, of course, be attributed 
to the sixteenth-century Spanish conquest, one of the re- 
sults of which was a revolution in cooking. A glance at the 
history of Spain would illuminate how some of these in- 
gredients got into its cuisine! 

The cross-fertilization in our various cuisines is enor- 
mous and universal, A simple plate of bacon and hen’s eggs 
served with orange juice, coffee, toast, and jam has its ul- 
timate origins in the Near East, India, Southeast Asia, 
Ethiopia, and Europe or North America (if the jam is rasp- 
berry). If you add hashbrowns or grits, you must acknowl- 
edge South America or Mexico. A bowl of vegetable beef 
soup or chicken and vegetable soup contains ingredients 
from around the world. A vegan’s vegetarian plate is a ver- 
itable travelog of time and space. 

The history of food and cuisine is, among other needs 
and things, very much a product of trial and error experi- 
mentation and the human propensity to travel, trade, and 
even conquer and to bring home new and delightful prod- 
ucts and ideas and to modify and invent new products, new 
combinations, and new dishes. Humans are indeed omni- 
vores in every sense of the word. 


GLOSSARY 


Anthropology. The field that studies humans as bio- 
logical and cultural beings. Such study includes human 
culture, biology, language, and history. See also Culture. 

Archaeology. The subfield of anthropology that stud- 
ies and reconstructs past cultures and societies. 

Coprolites. Naturally dried fecal matter. 

Culture. The patterned thought and behavior—such as 
social, political, economic, and religious—that individuals 
learn and are taught as members of social groups and that 
is transmitted from one generation to the next. 

Ethnography. The anthropological study and descrip- 
tion of the cultures of living groups: their social, political, 
economic, and ideological systems and all the behavior 
that relates to these. 

Food bones. The bones of animals consumed by hu- 
mans. 

Foraging. The collection of edible wild plants and 
small animals, such as birds, rodents, reptiles, and insects. 

Hominid. The common name for those primates re- 
ferred to in the taxonomic family Hominidae: modern hu- 
mans and their nearest evolutionary ancestors. 


Homo. The genus to which modern humans and their 
nearest evolutionary ancestors belong: Homo habilis 
(handy human), Homo erectus (upright human), Homo sap- 
iens (knowing human), and Homo sapiens sapiens (modern 
human). 

Kill and butchery sites. Locations where an animal 
or animals were killed by humans and butchered on the 
same spot. 

Living floors. Locations where concentrations of living 
debris are found. Such debris may be tools, debris from tool 
manufacture, food bones, and other evidence for human 
occupation. 

Lower Paleolithic. Dating from 2.5 mya to about 
100,000 yr ago. The beginning of the period is marked by 
the presence of the earliest known stone tools and proba- 
bly, the first appearance of the Homo genus. The period is 
characterized by increasing human brain size, and capac- 
ity, intelligence, and the evolution toward greater com- 
plexity of human technology and culture. 

Middle America. Mexico and Central America. 

Mesolithic. A term that designates immediately pre- 
agricultural societies in the Old World. A diagnostic tech- 
nological characteristic is the presence of microliths, small 
stone blades set into bone or wood. In the Near East, sick- 
els used for the harvesting of wild grains were made using 
this technique. 

Middle Paleolithic. Dating from about 100,000 to 
40,000 yr ago. The period is marked by increased sophis- 
tication in stone tool technology, such as the making of 
tools from prepared cores, and by the presence of Homo 
sapiens. Human culture became more complex, particu- 
larly with regard to the ideological system. Religious rit- 
ual, as manifested archaeologically in the burial of the 
dead with grave goods, came into being. 

mya. Million years ago. 

Neolithic. A stage in cultural evolution generally 
marked by the appearance of ground stone tool technology 
(bowls, adzes, axes, etc) and frequently by domesticated 
plants and animals and permanent villages. 

Paleoanthropology. The multidisciplinary approach 
to the study of human biological and cultural evolution. It 
includes physical anthropology, archaeology, geology, ecol- 
ogy, and many other fields. 

Paleolithic. Dating from about 2.5 mya to 10,000 Bc. 
The period during which stone tools were produced by per- 
cussion flaking (chipping). This period is characterized by 
the origin and evolution of modern humans and culture. 

Physical anthropology. The subfield of anthropology 
that studies human biology and evolution. 

Presapiens. Members of the genus Homo who lived be- 
fore the appearance of the sapiens species: Homo habilis 
and Homo erectus. 

Primates. The order of mammals that includes prosim- 
ians, Old and New World monkeys, apes, and humans. 

Sapiens. The species to which Middle and Upper Pa- 
leolithic and modern humans belong. 

Scavanging. The procurement of meat from animals 
killed by carnivores. 


Site. A confined geographic area or location of interest 
to archaeologists in which the remains of earlier human 
activity are concentrated. 

Subsistence economy. A term referring to food re- 
sources and their modes of procurement: foraging, gath- 
ering, and hunting for wild plants and animals, agricul- 
ture, marketing, etc. 

Upper Paleolithic. Dating from about 40,000 to 
12,000 yr ago. The final stage of the Paleolithic. It is char- 
acterized by the prevalence of modern humans with more 
sophisticated culture. Characteristic remains in western 
Europe are polychrome cave paintings, sculpture, engrav- 
ing, and stone tools made from blades. 
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HOMOGENIZERS 


The homogenizer, which is used today in many food and 
dairy applications, was invented in the 1890s. Although 
many changes and modifications have been made to the 
machine over the years, the basic components of the ho- 
mogenizer are the same as those early machines. Before 
describing the homogenizer in detail, it is important to dis- 
tinguish the type of homogenizer used in food and dairy 
processing from the more generic term homogenizer. To- 
day, the term homogenizer is often applied to any piece of 
equipment that disperses or emulsifies. This equipment 
may include a turbine blade mixer, an ultrasonic probe, a 
high shear mixer, a colloid mill, a blender, or even a mortar 
and pestle. The more precise definition of a homogenizer 
is a machine consisting of a positive displacement pump 
and a homogenizing valve that forms a restricted orifice 
through which product flows. 


EARLY HISTORY 


The first homogenizers were invented at the turn of the 
century and were used for making artificial butter (1). 
Gaulin invented and patented his homogenizer for the pro- 
cessing of milk and first showed his machine to the public 
at the 1900 World’s Fair in Paris (2,3). The early literature 
attributes the term homogenizing, or homogenization, to 
Gaulin (1). The homogenization of milk, that is, reducing 
the milk fat globules in size to retard separation and the 
resulting cream layer, was at least 26 years ahead of its 
time, because the pasteurization of milk had not been per- 
fected and public acceptance of this product was yet to be 
realized. Although very little homogenized milk was pro- 
duced in the early years, homogenizers were sold for ice 
cream and evaporated milk. Few changes were made to 
the homogenizer design from 1900 to 1930, but after that, 
improvements were made to make machines more clean- 
able and sanitary (1). Homogenized milk became more pop- 
ular in the 1940s. Some of the benefits of homogenized milk 
that helped to sell it were reduction of curd tension (which 
made milk more digestible, especially for infants), unifor- 
mity of fat throughout the product, and improvement in 
the appearance and palatability of the milk (4,5). Today, of 
course, homogenized milk is universally accepted. The 
dairy industry is one of the largest users of homogenizers, 
but homogenizers are also used for other food products. 
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DESCRIPTION 


Figure 1 shows a modern dairy homogenizer. As previously 
mentioned, the homogenizer consists of a pump and ho- 
mogenizing valve. The pump is usually a reciprocating 
positive-displacement pump, which delivers a relatively 
constant flow rate despite the pressure or restriction to 
flow made by the homogenizing valve. The positive dis- 
placement pump has a power end and a liquid end. The 
power, or drive, end converts rotating motion to recipro- 
cating motion. In most machines, an electric motor is con- 
nected to a drive shaft by V-belts and sheaves. The drive 
shaft turns an eccentric shaft by means of gears. In other 
cases, the motor is connected directly to the eccentric shaft 
by V-belts and sheaves. 

The eccentric shaft has cams that drive the plungers or 
pistons by means of connecting rods and crossheads. The 
crosshead couples the connecting rod to the plungers or 
pistons. A piston and a plunger are both solid cylinders 
that displace fluid; however, for a piston the sealing ele- 
ments are moving with the piston, and for a plunger the 
sealing elements are stationary. The sealing elements are 
called plunger packing (6). 

The liquid end includes the pump chamber, or block, 
and all its components. Figure 2 shows a typical pumping 
chamber. The plungers move back and forth in the cham- 
ber. The eccentric shaft cams that drive the plungers are 
offset to provide a steady flow. Ifthe pump has three plung- 


Figure 1. Modern dairy homogenizer. 
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Figure 2. Pumping chamber of a dairy homogenizer. 


ers, they would be offset by 120 degrees. This means that 
the flow profile is represented by the summation of three 
overlapping sine curves producing some peaks and valleys, 
but, in general, a continuous flow will be produced. Some 
homogenizers have five, six, or seven plungers depending 
on the model. 

In addition to the reciprocating plungers, the pumping 
chamber has suction and discharge valves. On the rear- 
ward motion of the plunger, the suction valve opens and 
liquid is drawn in while the discharge valve closes. On the 
forward discharge stroke the suction valve closes and the 
discharge valve opens. The plunger then displaces or 
pushes the liquid out of the chamber and through the dis- 
charge valve. These pump valves can be simply a ball sit- 
ting on a seat or a guided valve with a pilot aligning the 
valve to the seat. The piloted valve is called a poppet valve 
and the other a ball valve. The liquid end of the pump, 
especially components in contact with the liquid, is usually 
made of ceramics, stainless steel, or special alloys. These 
materials include 17-4, 15-5, 304, and 316. 

Homogenizers can cover a wide range of flow rates and 
pressures. The range of flow rates for different machine 
sizes can go from 7.6 L (2 gal) per hour for a laboratory 
machine up to 52,996 L (14,000 gal) per hour for a large 
production machine. The maximum operating pressure 
can be 6.90 MPa (1,000 psi) up to 150 MPa (21,756 psi), 
but the higher the pressure rating, the lower the capacity 
for a given size machine. This is due to the limitation of 
force allowed on the drive end of the machine. For a given 
size machine, increasing capacity usually requires larger 
diameter plungers or pistons with a corresponding de- 
crease in operating pressure due to the limiting thrust 
loading. Because the operating pressure is exerting force 
against the face of the plunger or piston, the larger diam- 
eter means that the power stroke requires greater force. 
Therefore, the size of the plunger or piston is limited by 


the maximum tolerable force on the drive end. Of course, 
as the pressure and capacity increase, the motor power 
needed also increases because the required motor power is 
directly proportional to the flow rate times the operating 
pressure. 


HOMOGENIZING VALVE 


The positive-displacement pump delivers fluid to the ho- 
mogenizing valve that is contained in a valve body at- 
tached to the pumping chamber of the machine. Figure 3 
shows a simple homogenizing valve assembly and its des- 
ignated parts. The fluid to be processed flows into the ho- 
mogenizing valve seat and pushes against the face of the 
homogenizing valve. After flowing out through the re- 
stricted orifice between the valve and seat, the liquid im- 
pinges on the impact or wear ring. Without the impact ring 
the fluid would cut into the body of the homogenizing valve 
assembly, eventually requiring replacement of this expen- 
sive part. When an impact ring is used, the worn ring can 
be replaced at a low cost. Figure 4 shows a two-stage ho- 
mogenizing valve assembly. The actuation of the valve re- 
quires applying force on the valve to counteract the force 
pushing the valve open due to the pressure of the fluid. 
This pressure is caused by the reduction of flow area when 
the valve is pushed toward the seat, while the pump is 
delivering a constant flow rate. The force exerted by the 
liquid is equal to the area of the valve in contact with the 
liquid times the pressure generated. For example, a valve 
with a contact diameter of 6.35 mm (0.25 in) at 68.95 MPa 
(10,000 psi) needs a counteracting force of 2184 N (491 Ib). 
A valve with a contact diameter of 25.4 mm (1 in) at 68.95 
MPa requires 34,936 N (7,854 Ib) of counteracting force. 

If the counteracting forces are large, then a spring- 
loaded handwheel (manual operation) will not deliver 
enough mechanical advantage to achieve high pressures 
and some other means of actuation such as a hydraulic or 
pneumatic system must be used. For some products, a two- 
stage homogenizing valve consisting of two valves in series 
is used, and the valves can be manual, hydraulic, or pneu- 
matic depending on the valve size and pressure. The ho- 
mogenizing valve, seat, and impact ring are usually made 
of special wear-resistant materials because of the high 
fluid velocities in the valve assembly and because some 
products contain suspended solids. 

As previously described, Figure 3 shows the flow 
through the homogenizing valve. Although this flow profile 
may look simple, the fluid dynamics occurring are pro- 
found. Intense energy changes occur in the homogenizing 
valve as the liquid goes from high pressure and low velocity 
to low pressure and high velocity. The best way to under- 
stand these changes is to consider an example. A homog- 
enizer operating at 13.8 MPa (2,000 psi) and 11,356 L 
(3,000 gal) per hour with a conventional homogenizing 
valve would, typically, have a calculated gap of about 0.152 
mm (0.006 in) between the valve and seat. The pressure 
before the homogenizing valve seat is 13.8 MPa (2,000 psi) 
and the velocity is about 6.1 m (20 ft) per second. As the 
fluid enters the gap, the pressure drops and the velocity 
increases to 122 m (400 ft) per second. In this case 2.1 L 
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Figure 4, Two-stage manually actuated homogenizing valve as- 
sembly. 


(0.56 gal) per second are flowing through an opening of 25.2 
mm? (0.039 in?) in one second. These hydrodynamic 
changes occur over distances less than 0.254 mm (0.1 in) 
in less than 0.000002 s (7-9). Homogenization is completed 
shortly after the liquid leaves the gap area between the 
valve and seat. Therefore, the potential energy of the liquid 
stored in the pump chamber is rapidly converted to kinetic 
energy producing the homogenization effect. Walstra sug- 
gests that the energy density in the fluid during homoge- 
nization is as high as 10 W/m* (10). Only a portion of this 
energy is used for emulsification, but these intense flow 
conditions are necessary to trigger homogenization. 
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THEORIES OF HOMOGENIZATION 


Because of the dynamic forces occurring in the homogeniz- 
ing valve, there has been some interest in determining the 
mechanism of homogenization. Many researchers have 
suggested theories to account for homogenization by relat- 
ing the presumed flow condition in the homogenizing valve 
to known concepts of fluid dynamics. Homogenization in- 
cludes the formation of emulsions (one immiscible liquid 
uniformly distributed into another) or dispersions (solid 
particles dispersed throughout a liquid), but most theories 
of homogenization only consider the formation of emul- 
sions. Therefore, these theories usually relate to the mech- 
anism by which dispersed oil droplets are disrupted into 
smaller droplets and distributed throughout a continuous 
water phase. This approach is a consequence of the fact 
that most researchers were investigating the homogeni- 
zation of milk when they developed their theories. 

Theories of homogenization include shear, impact, wire 
drawing, acceleration and deceleration, homogenizing 
valve vibration, turbulence, and cavitation (1,11-13). 
Many of these theories have been discounted over the 
years. For example, impact of the dispersed droplets on the 
impact ring is not the cause of homogenization because 
the required velocities at impact are not large enough to 
disrupt the droplet, and increasing the distance from the 
valve seat to the impact ring does not significantly affect 
homogenization of an emulsion. Wire drawing is the elon- 
gation and subsequent disruption of the thinned droplet, 
but this is unlikely to occur due to the flow conditions in 
the valve. Shear is commonly mentioned as a mechanism, 
but the velocity gradients in the valve gap boundary layer 
do not appear to be adequate for emulsification. Also, the 
successful homogenization of oils with viscosities greater 
than that allowed for shearing action to occur indicate a 
mechanism other than shear (14). 

‘Two other prominent mechanisms of homogenization 
involve turbulence and cavitation (15,16). The intense tur- 
bulent eddies generated in the liquid at the instant of en- 
ergy conversion (potential to kinetic energy) produce sig- 
nificant local velocity gradients that disrupt the droplets. 
Cavitation theory suggests that the extreme pressure drop 
in the homogenizing valve generates cavitation bubbles, 
and when these bubbles collapse, the shock waves in the 
fluid cause the droplets to break apart. Actual measure- 
ments of cavitation noise in the homogenizing valve have 
suggested that the greater the intensity of cavitation, the 
greater is the homogenizing effect (16). However, the fact 
that cavitation is present does not prove that it is the ac- 
tual mechanism for homogenization. Published research 
has shown that if cavitation is dampened or suppressed, 
homogenization still occurs, suggesting that turbulence 
may be the predominant mechanism (17). Actual visuali- 
zation of the emulsification process in a homogenizing 
valve using a Nd:YAG laser with a pulse duration of 10 ns 
has shown that homogenization occurs after discharge 
from the gap of the valve and that emulsification is pro- 
duced by the intense turbulent mixing zone in the exit re- 
gion. No homogenization occurs in the region between the 
valve and the seat (18). 


HOMOGENIZING VALVE DESIGN 


One consequence of understanding the mechanism of ho- 
mogenization is the ability to improve the efficiency of ho- 
mogenization. The geometry of the homogenizing valve is 
important in regard to the quality of the finished product. 
Gaulin realized this, and he experimented with different 
valve designs at the turn of the century (1). The objective 
of changing valve designs is to find one that gives the best 
product possible at the lowest pressure (19). Some basic 
designs include the plug valve (Fig. 3), the piloted valve, 
and a grooved valve. The piloted valve has a guide on the 
valve that fits into the seat to align the two. The grooved 
valve has concentric grooves on the valve and seat. These 
grooves are machined so that the peaks on the valve fit 
into the grooves on the seat. Different configurations of 
these grooves have been tried over the years. Variations of 
the plug and piloted valve include a knife edge on the seat 
having a short land or travel distance, replaceable screens 
on the faces of the valve and seat, and a cone-shaped valve 
fitting into a hollowed seat. There is even a valve consist- 
ing of a tightly compressed wire bundle through which the 
product flows. For large flow rates, the Micro-Gap® valve 
is used, and this valve consists of stacked valve plates that 
split the flow into equal parts for optimization of homoge- 
nization (19,20). These designs seek to make efficient use 
of the available homogenization energy. Along with the ge- 
ometry of the valves it is important to consider the size of 
the valves, because as the flow rate increases, valve size 
also increases to maintain efficient homogenization. A lab- 
oratory homogenizer operating at 114 L (30 gal) per hour 
may have a valve diameter of 9.53 mm (0.375 in), while a 
production-size homogenizer operating at 15,142 L (4,000 
gal) per hour might have a valve diameter of 76.2 mm 
(3 in). A homogenizer at 37,854 L (10,000 gal) per hour 
with a Micro-Gap® valve would have the equivalent di- 
ameter (by summing the stacked valves) of a valve 787.4 
mm (31 in) across. Of course, as the size of the homogeniz- 
ing valve increases, the required actuating force becomes 
larger and this must be considered when homogenizing 
valves are designed. 


APPLICATIONS 


The homogenizer is used in the processing of many food 
and dairy products. Figure 5 illustrates how homogeniza- 
tion of milk reduces the droplet size of fat globules. The 
particle size distribution was measured with an AccuSizer 
770 (Particle Sizing Systems, Santa Barbara, California) 
on samples of unhomogenized and homogenized milk 
(equivalent to a Micro-Gap® valve at 12 MPa) demonstrat- 
ing the change in mean diameter and size distribution 
achieved by homogenization. The reduction in size distri- 
bution produces an increase in total surface area for the 
emulsion illustrating the importance of surface stabiliza- 
tion for fine emulsions. For example, from the size distri- 
bution curves the unhomogenized sample has a calculated 
surface area of 1.73 m? per gram of fat and the homoge- 
nized sample has a surface area of 7.30 m? per gram of fat. 
Therefore, the surface area has increased by a factor of 
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Figure 5. Particle size distribution for unhomogenized and ho- 
mogenized milk. 


4,22 because of homogenization. For milk, the increased 
surface area means that the original milk fat globule mem- 
brane is insufficient to cover the newly formed fat surfaces, 
and plasma proteins are adsorbed from the milk serum to 
compensate for this extended surface area (21). 

Figure 6 shows typical globule size reduction for milk 
homogenized with a standard homogenizing valve (curve 
1) and a Micro-Gap® homogenizing valve (curve 2) illus- 
trating the reduction in fat globule size with increasing 
homogenizing pressure. 

Table 1 lists some common applications of the homog- 
enizer. The pressure ranges given are for conventional ho- 
mogenizing valves, but the actual pressures can vary de- 
pending on the product formulation, the required shelflife, 
and the product specifications of each processor. Also, some 
of these applications might require more than one pass 
through the homogenizer or the use of a two-stage homog- 
enizing valve. When using the two-stage valve, it has been 
determined that the second stage pressure should be in the 
range of 10 to 15% of the total homogenizing pressure 
(12,19). The second stage valve eliminates cavitation in the 
first stage valve. This improves homogenization efficiency 
for an emulsion while maintaining the same total homog- 
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Figure 6. Mean fat globule diameter versus homogenizing pres- 
sure. Curve 1 is typical for a standard homogenizing valve at 
23,000 liters per hour, Curve 2 is typical for a Micro-Gap® 
homogenizing valve at all flow rates. Mean diameters are mea- 
sured using the spectroturbidity method. Source: Data from APV 
Americas-Homogenizers. 


Table 1. Common Applications of the Homogenizer 


Pressure range Pressure range 
Product (MPa) (psi) 
Dairy 
Evaporated milk 16.55-20.68 2400-3000 
Half-and-half 12.41-13.79 1800-2000 
Ice cream mix 18.79-17.24 2000-2500 
Ice milk 12.41-15.17 1800-2200 
Light cream 10.34-13.79 1500-2000 
Pasteurized milk 12.41-15.17 1800-2200 
Soft cheese 6.89-20.68 1000-3000 
Sour cream 13.79-17,24 2000-2500 
UHT milk 20.68-27.57 3000-4000 
‘Yogurt base 17.24-20.68 2500-3000 
Food 
Baby foods 18.79-34.47 2000-5000 
Coffee whiteners 13,79-34.47 2000-5000 
Cream-base cocktails 20.68-27.58 3000-4000 
Cream soup base 13.79-20.68 2000-3000 
Flavor emulsions 20.68-34.47 3000-5000 
Frozen whipped toppings 34.47-55.16 5000-8000 
Fruit nectar 20.68-34.47 3000-5000 
Infant formula 20.68-34.47 3000-5000 
Liquid egg 6.89-20.68 1000-3000 
Orange juice concentrate —20.68-34.47 3000-5000 
Peanut butter 34.47-68.95 5000-10000 
Puddings 13.79-34.47 2000-5000 
Salad dressings 6.89-20.68 1000-3000 
Soy 20.68-34.47 3000-5000 
Tomato ketchup 20.68-31.03 3000-4500 
Tomato juice 3.45-6.89 500-1000 
Tomato sauce 20.68-27.58 3000-4000 
‘Toppings (hot fudge, etc) 20.68-34.47 3000-5000 
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enizing pressure of single stage operation. However, in 
some applications a single stage valve produces acceptable 
product, and two stages are not used. 


OPERATION 


Certain requirements must be met for successful operation 
of the homogenizer. The first of these is adequate in-feed 
pressure. A positive-displacement pump must have a posi- 
tive in-feed pressure so the pump is not starved. If it is 
starved, transient high-pressure shock loading can occur, 
eventually resulting in severe damage to the pump (6). The 
required in-feed pressure will depend on the characteris- 
tics of the product and the size of the pump. Excessive 
amounts of entrained air in a product will cause a similar 
type of shock loading, and some products require deaera- 
tion to eliminate large amounts of entrained air. The cor- 
rect type of pump valves should be used depending on the 
nature of the product. Viscous products may require ball 
valves. Abrasive products may require ball valves and spe- 
cial wear-resistant materials for the pump-valve seats and 
homogenizing valve. The homogenizer should be sanitary. 
Parts should be easily removable for cleaning or replace- 
ment, and the machine should have no flow areas where 
product can be trapped. Of course, the homogenizer must 
be rugged and reliable; for example, some dairies may re- 
quire the homogenizer to operate more than 16 ha day, six 
days a week, 


TESTING 


Many methods are used to test a product for homogeniza- 
tion quality. These methods vary with the type of product 
and quality control requirements. A homogenized sub- 
stance might be checked for viscosity change, either an in- 
crease or a decrease. The appearance of a product may be 
important; for example, texture, color, smoothness, grain- 
iness, or pulpiness. A dispersion might be checked micro- 
scopically for changes in the size of dispersed solids. An 
emulsion, such as milk, can be examined microscopically 
for the size of the milk fat globules, or more-sophisticated 
spectroturbidimetric methods may be used to determine 
the average diameter and size distribution of the fat glob- 
ules (22). 


SUMMARY 


The homogenizer is a unique piece of equipment that was 
invented at the turn of the century for the processing of 
artificial butter and for milk but now is used for many ap- 
plications in the food and dairy industries. The homoge- 
nizer consists of a pump and homogenizing valve. The 
pump is a positive displacement pump, and the homoge- 
nizing valve can be made in different sizes and configura- 
tions. Even after more than 90 years, the mechanism of 
homogenization is not completely understood, but homog- 
enization has improved many consumer products. 
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HUNGER, FOOD DEPRIVATION, 
AND NUTRITIONAL DISORDERS 


Hunger, food deprivation, and nutritional disorders re- 
main devastating problems facing many millions, espe- 
cially the poor and disadvantaged (1,2). The word hunger 
has two customary meanings. The first is the “strong de- 
sire or need for food,” and the second describes the “dis- 
comfort, weakness, or pain caused by a prolonged lack of 
food.” However, to suffer hunger is not necessarily to be 
hungry. Estimates by various authorities over the last 
three decades for the numbers of the hungry or under- 
nourished have ranged from about 12% to more than 50% 
of the populations of developing countries. More recent es- 
timates approximate to 20% (1). 


ASSESSMENT OF NUTRITIONAL STATUS 


Major methods (Table 1) for nutritional assessment can be 
divided into two categories: those that are food related and 
those that are people related. For monitoring world food 
security, food supply data are used (3) in the form of food 
balance sheets (FBSs). FBSs show estimates of per capita 
food availability derived from national production, import, 
and export data. These data can then be aggregated into 
economic or geographic groups. Such data do not show ac- 
tual consumption, nor do they consider uneven distribu- 
tion of the available supplies. 


GLOBAL NUTRITION SITUATION 


Food Energy Availability 


For developing countries, in general, there was good pro- 
gress in food energy availability until the mid-1980s (Table 
2). However, several countries, especially many in Africa, 
failed to make progress. The average food energy avail- 
ability for developing countries as a group is projected to 
increase from the 1990-1992 value of 2520 kcal to 2770 
kcal per person per day by the year 2010. Many of the 
poorest countries, however, are likely to show only minimal 
gains. 

In addition to the quantity of food, the quality of the 
diet changes as countries become richer (Table 3). With 
increasing wealth (gross national product [GNP]), total 
protein and animal protein availability increase while the 
dependence on cereals as a source of protein declines. Ce- 
reals are a poor source of the essential amino acid lysine, 
whereas animal foods are a good source of lysine. An in- 
dicator, therefore, of the overall value of the diet can be 


Table 1. Major Methods for Assessment of Nutritional Status 
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mean daily lysine availability (4). Intake of lysine ranges 
from 2400 mg/day in countries with a GNP less than $500 
per capita per year up to 6500 mg/day for those with a GNP 
greater than $10,000 per capita per year. At the same time, 
there are also large differences in average mortality rates 
for children less than 5 years of age. This mortality rate is 
only 9 per thousand in the wealthy countries but reaches 
171 per thousand live births in the poorest. 


Food Production 


Many scientific innovations to increase food productivity 
have been proposed and practiced, most especially the 
green revolution. More attention is now paid to environ- 
mental issues and problems such as water distribution, 
energy photosynthesis, land limitations and degradation, 
salinity and drought resistance, reduced postharvest 
losses, and the role of biotechnology (5,6). Nevertheless, 
improved nutrition for many is probably more related to 
uneven distribution of people’s rights to land and to water; 
unequal access to labor, credit, and tools; and inequalities 
in the control over the results of food production (7). Pov- 
erty remains the major determinant of food insecurity and 
poor health (2). Thus agriculture can have a twofold role 
for improving nutrition; the first is obvious and follows 
from the production of food of the desired quality and quan- 
tity. The second role, highly significant in low-income coun- 
tries, is in providing employment and income for the poor. 


Developed and Developing Country Profiles 


International agencies have grouped countries by their 
economies into developing and developed (industrialized) 
nations. The majority of the world’s population lives in the 
developing countries. The least developed countries 
(LDCs) are the poorest of the developing countries. The 
developing countries and especially the LDCs have high 
child mortality rates, but the situation improved between 
1960 and 1996. The 1996 rate for the LDCs (Table 4) is, 
however, still twice the rate for the world as a whole and 
is nearly five times that occurring in the industrialized 
countries in 1960. The maternal mortality rate is also 
much higher in the LDCs, some 85 times that of the in- 
dustrialized countries. This enormous difference reflects 
the lack of basic infrastructure and medical services. Safe 
drinking water and sanitation are also both almost uni- 
versal in industrialized nations but are far less available 
in poorer countries. 


The Undernourished 


With the exception of sub-Saharan Africa, the percentages 
defined as undernourished in the developing countries 


Food-related data Health and people-related data 
Country Individual Country Individual 
Method Food balance sheets Diet surveys Vital and health statistics Anthropometry (biochemical, clinical) 
Outcome Average food and Approximate nutrient + Morbidity and mortality _—Effect of nutrition on development 
nutrient availability intakes compared data (risk in function, and clinical 
with requirements community) abnormalities 
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Table 2. Per Capita Food Supplies for Direct Human Consumption, Historical and Projected 


kcal/capita/day 

1961-1963 1969-1971 1979-1981 1990-1992 2010° 
Developing countries* 1960 2130 2320 2520 2770 
Sub-Saharan Africa 2100 2140 2080 2040 2280 
Near East and North Africa 2220 2380 2840 2960 3010 
Eastern Asia 1750 2050 2360 2670 3030 
Southern Asia 2030 2060 2070 2290 2520 
Latin America and the Caribbean 2360 2510 2720 2740 3090 
Developed countries 3020 3190 3280 3350 3390 
Former CPEs? 3130 3330 3400 3230 3380 
Others 2980 3120 3220 3410 3400 
World 2300 2440 2580 2720 2900 
Source: Ref. 1. 


“Ninety three developing countries accounting for 98.5% of the total population of the developing countries 


“CPEs, centrally planned economies 


«Projections of aggregate food availabilities for direct human consumption divided by population projections 


Table 3. Total Population, Nutrient Availability, Mortality Rate, and Life Expectancy for World Economic Classes (Data 


from 122 Countries) 


Total Food Total Animal Cereal Life 
GNP class Countries population energy _—protein protein-protein — Lysine —- Under-5_— expectancy 
(USS. $/capita/year) W) (millions) (keal/day) (g/day) (%) (%) —— (mg/day)” =~ MRP (years) 
<500 37 2990 2070 51 20 53 2405 171 52 
500-2000 41 862 2570 65 31 50 3270 76 64 
2000-10,000 21 548 2913 73 45 39 4484 39 69 
>10,000 23 806 3335 101 61 24 6555 9 17 


“Lysine values calculated from protein availability data. 
'Under-5 mortality rate: deaths at less than 5 years of age per 1000 live births. 
Source: Ref. 3. 


declined between 1969-1971 and 1990-1992 (1). Because 
of population growth, however, there were increases in the 
absolute numbers of the undernourished in both sub- 
Saharan Africa and in southern Asia. For 1990-1992 these 
numbered 215 (43%) and 255 million (22%), respectively. 
Proportions are lower in eastern Asia (16%), Latin America 
and the Caribbean (15%), and the Middle East and North 
Africa (12%). When viewed on an agroecological basis, food 
deprivation has tended to be highest in the arid regions of 
the world. Poverty is a central characteristic of the food 
insecure. Although the numbers of undernourished are 
likely to decline, only slowly and insufficiently, from the 
current 839 million to possibly 680 million (1) by 2010, this 
would represent a significant decline from 21% to 12% of 
the total population of the developing countries. 


MALNUTRITION AND NUTRITIONAL DISORDERS 


Causation of Malnutrition 


A complex set of factors determines the prevalence of hun- 
ger and malnutrition. The lack of food and/or nutrients 
acts in combination with other environmental factors, in 
particular with infectious diseases, to produce a spectrum 
of health problems with a whole range of intensities and 
outcomes. Determinants of malnutrition exist at three key 
levels of causation (8,9): the immediate, the underlying, 


and the basic (Table 5). Although many food and nutrition 
activities continue to operate at the immediate level, basic 
level changes are essential to any significant global pro- 
gress in eliminating malnutrition. 

Diet and disease interact in a mutually reinforcing way 
so that it is usually impossible to distinguish either as the 
primary cause of malnutrition (10). Infection can result in 
a loss of appetite and hence initiate food deficiency; it can 
also result in the depletion of body stores of specific nutri- 
ents and thus cause malnutrition. Through effects on the 
immune system, malnutrition can make infection more 
likely and increase its severity. Because poverty influences 
both the availability of food and the quality of public 
health, these interactions are of major worldwide signifi- 
cance. 


Consequences of Malnutrition 


Malnutrition results in a variety of conditions such as 
weight loss, growth failure, anemia, learning disabilities, 
lower activity levels and work capacity, increased suscep- 
tibility to other diseases, blindness, and various chronic 
conditions. These conditions translate into social and eco- 
nomic costs that no country can afford (1). Malnutrition is 
both a symptom of broader poverty and underdevelopment 
problems and a cause of these same problems (2). Recently 
the United Nations (UN) has explicitly stated that wide- 
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Table 4. Profile of the Industrialized, Developing, and Least Developed Countries (Data for 1995) 


Variable Industrialized countries Developing countries LDCs? World 
Number of countries 23 110 37 150 
‘Total population (millions) 830 4526 586 5696 
Population growth (%) 0.6 2.0 2.6 17 
Total fertility rate® Le 3.4 5.6 3.1 
Population <18 years (%) 23 40 50 37 
Population <5 years (%) 6 12 7 11 
GNP per capital (U.S.$) 24,300 1023 233 4498 
Health (%)" 12 4 5 10 
Education (%)* 4 1 12 6 
Defenses (%)" 10 13 19 10 
GNP growth (%) 19 29 01 19 
Life expectancy (years 7 62 52 64 
U5MR’ 

1960 37 216 283 191 

1980 15 137 221 122 

1995 8 99 173 90 
IMR? 7 67 109 61 
LBW (%)* 6 19 23 18 
Maternal MR’ 13 477 1052 428 
Births attended’ 99 53 29 57 
Contraceptive prevalence* 72 54 18 57 
Urban population (% 17 37 22 45 
Safe water access (%) a 7 55 m1 
Sanitation (%) = 40 35 40 
Primary school enrollment, males (%) - 86 56 88 
Primary school enrollment, females (%) - 81 45 84 
Adult literacy rate, males” - 79 59 81 
Adult literacy rate, females" - 62 38 66 


“Developing countries include the LDCs. 

"LDCs, Least developed countries. 

“Total fertility rate: The number of children that would be born per woman if she were to live to the end of her childbearing years and bear the children at 
each age in accordance with prevailing age-specific fertility rates. 

“Percentages of government expenditure. 

‘Life expectancy at birth: 'The number of years newborns would live if subject to the mortality risks prevailing for the cross section of population at the time 
of their birth, 

/Under-5 mortality rate: Probability of dying between birth and exactly 5 years expressed per 1000 live births. 

“Infant mortality rate: Probability of dying between birth and exactly 1 year of age expressed per 1000 live births. 

Low birth weight: Weight of less than 2500 g. 

‘Maternal mortality rate: Annual number of deaths of women from pregnancy-related causes per 100,000 live births. 

JBirths attended: Percentage of births attended by physicians, nurses, midwives, or primary health care workers trained in midwifery skills. 

“Contraceptive prevalence: Percentage of married women aged 15-49 years currently using contraception. 

‘Urban population: Percentage of population living in urban areas as defined according to the national definition used in the most recent population census. 
Adult literacy rate: Percentage of persons aged 15 and over who can read or write. 

Source: Ref, 2. 


spread malnutrition is a clear violation of human rights in 
general and children’s rights in particular (2,11). 


People-Related Nutritional Assessment 


Table 5. Levels of Determinants of Malnutrition Health- and people-related assessment tools include clini- 


Immediate causes cal-biochemical determinations and anthropometry (Table 

Food intake and health 1). Clinical assessment involves direct observations on cri- 
teria such as changes in the body (eg, the skin, eyes, bones, 

Underlying causes and hair). Biochemical indicators are mainly measure- 


ments in blood and urine for the levels of components such 
as hemoglobin, specific enzymes, and metabolites. The val- 
ues are compared with standards based on well-fed, 
Basietaiees healthy individuals. 

Anthropometry uses objective measurements of body di- 
mensions as a proxy indicator of nutritional status. The 
Source: Ref. 9. most commonly used measurements assess growth and de- 


Income, land, education, water, fuel, and health service 
availability 


Resources, economics, politics 
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velopment in children and body composition of adults (12). 
Child and adult nutritional status is presented in terms of 
ratios of weight and height (eg, weight for height and, in 
the case of children, weight for age and height for age), 
and these indicators are compared with age- and gender- 
specific points of reference (13). In this approach, deficits 
in the ratio of height to age measure chronic malnutrition 
(stunting), whereas deficits in weight to height indicate 
acute malnutrition (wasting). Finally, weight for age, a 
composite indicator, can signify the degree of undernutri- 
tion. Stunting may be a better cumulative indicator of well- 
being for children than underweight (2,14). For adults, 
body mass index (BMI; weight/height”) is the most suitable 
anthropometric indicator of under- or overnutrition. 
Adults with low BMI (<18.5) generally have reduced work 
capacity and limited social activity (15). They also have 
lower incomes, more sickness, and, for females, more low- 
birth-weight (LBW) babies. In contrast, those with high 
BMIs (>30.0) are considered to be at greatly increased risk 
for several chronic diseases including diabetes and coro- 
nary vascular disease, 


Malnourished Children. The numbers of wasted, 
stunted, and underweight children under 5 years of age in 
developing countries are shown in Table 6. Southern Asia 
and sub-Saharan Africa have the highest percentages of 
undernourished children in all three categories. By far the 
greatest numbers of undernourished children are in south- 
ern Asia because the total population there is so large. 
Globally some 180 million children are underweight, 215 
million children are chronically malnourished (stunted), 
and nearly 50 million children are acutely malnourished 
(wasted). For all categories, not unexpectedly, the problem 
is far more severe in low-income countries than in middle- 
to high-income developing countries. 


Low Birth Weight. LBW, a major health problem in de- 
veloping countries, is defined internationally as birth 
weight less than 2500 g and includes both premature in- 
fants and those of small size at full term. Globally, about 
18% of newborn babies are of low birth weight (see Table 
4). In industrialized countries only some 6% are of low 
birth weight, and nearly all of these infants are premature. 
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As many as 23% may be affected in the LDCs. In contrast, 
these are mostly full term. If LBW infants survive, they 
are likely to become malnourished children and under- 
weight adults. Poor maternal health and inadequate nu- 
trition, both associated with poverty, are key causative fac- 
tors. 


Protein-Energy Malnutrition 


The term protein-energy malnutrition (PEM) has been 
used to describe a range of disorders, primarily character- 
ized by growth failure or retardation of growth in children. 
Mild forms are assessed by anthropometry. Extreme clini- 
cal forms of PEM associated with large weight deficits are 
called marasmus and kwashiorkor. Marasmus describes a 
wasted and emaciated child, whereas kwashiorkor is char- 
acterized by water accumulation (edema) in the body, an 
enlarged belly, and often severe hair and skin changes to- 
gether with reduced levels of serum protein. The major 
cause of nutritional marasmus is inadequate food intake 
often induced by infection. A common hypothesis for the 
causation of kwashiorkor combines a deficit of protein in 
the diet with an adequate intake of food energy. The dis- 
ease is then precipitated by an infective episode. Infants 
and young children are the most severely affected by PEM 
because of their high energy and protein needs relative to 
body weight and their particular vulnerability to infection. 


Adaptation to Undernutrition 


When food energy intake is consistently below require- 
ments, activity and/or body size is reduced. A new balance 
may be established because a body that is smaller and less 
active needs less food. The concept of adaptation has gen- 
erated passionate dispute between different schools of 
thought in the field of nutrition, especially concerning chil- 
dren who are apparently healthy but are small for their 
age. Some have considered such adaptations to be benign 
(16), but others believe that they are of major long-term 
health significance (17,18). 


Micronutrient Deficiency Disorders 


Globally, the most widespread of the micronutrient defi- 
ciencies are lack of iron, with more than 2 billion affected; 


Table 6, Estimated of the Number of Wasted, Stunted, and Underweight Children under 5 Years of Age in Developing 


Countries, 1990 


Wasted Stunted Underweight 
Region or economic class (%) (millions) (%) (millions) (%) (millions) 
Region 
Sub-Saharan Africa 7.0 6.1 38.8 33.7 30.2 26.2 
Near East and North Africa 8.8 44 32.4 16.0 25.3 12.5 
Southern Asia 171 26.6 59.5 92.7 58.3 90.7 
Eastern and Southeast Asia 5.2 9.4 33.3 59.8 23.6 42.5 
Latin America 26 15 22.7 12.7 12.0 6.7 
Economic class 
Low-income countries 10.3 45.2 45.2 174.4 38.2 147.6 
Middle- to high-income countries 5.6 8.0 28.7 40.8 22.0 312 
‘Total 9.1 479 40.7 215.2 33.9 178.8 


Source: Ref. 1. 
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iodine, with more than 1 billion at risk; and vitamin A, 
with 40 million affected. Many millions are also affected 
by the dietary lack of zinc, selenium, and other trace ele- 
ments (19,20). Zine deficiency is most common in areas 
where the diet consists mainly of unprocessed cereals and 
must now be considered a potentially major public health 
problem (2,20). 


Vitamin A. Vitamin A is present as retinol in animal 
foods and as carotenoids, especially beta-carotene, in plant 
foods. Beta-carotene is less efficiently absorbed than reti- 
nol but is the primary source of vitamin A in the diets of 
most in the developing world (20). The major dietary 
sources and the major features of vitamin A deficiency are 
listed in Table 7. Deficiency of vitamin A is the most com- 
mon cause of preventable childhood blindness. It occurs 
primarily in areas where animal foods are rarely available 
and fruit and vegetable consumption is low (20,21). Defi- 
ciency is caused not only by the low content in the food 
supply but also by poor absorption and utilization (21). Vi- 
tamin A deficient children exhibit decreased resistance to 
infections, decreased physical growth (22), and increased 
morbidity and mortality due to diarrhea, respiratory con- 
ditions, and measles (23). 

At least 190 million children live in areas where vitamin 
A intake is low. Of these, 13 million demonstrate clinical 
signs of deficiency, and each year 250,000 to 500,000 chil- 
dren become partially or totally blind as a result (12). Two- 
thirds of these children die within a few months of becom- 
ing blind. Programs of vitamin A supplementation have 


Table 7. Deficiency Disorders of Vitamin A 


Dietary sources 


Retinol or vitamin A: foods of animal origin, liver, butter, milk, 
and egg yolks; beta-carotene: dark green leafy vegetables, 
yellow and orange fruits and vegetables 

Causation 


Inadequate sources of retinol or beta-carotene in diet 


Most at risk 
Preschool children in developing areas with insufficient intake 
of fruits and vegetables 
Major features 
Inflammation of squamous cells; softening, desiccation, and 
ulceration of cornea; depressed immunity; poor night vision; 
severe eye lesions; Bitot’s spots 
Consequences 


Night blindness or even permanent blindness 


Areas of incidence 
India, Bangladesh, Indonesia, and Brazil 


Measures to eliminate 


Provision of diet rich in fruits, vegetables, and animal foods and 
fortification of dairy products or providing supplements 


been highly successful in reducing blindness and overall 
mortality rates (2,20). 


Iron. Iron deficiency anemia is widespread worldwide, 
especially in women and children. Iron in the diet is pres- 
ent as either heme (ie, associated with the hemoglobin of 
blood) or nonheme. Heme iron absorption is high and 
ranges between 20 and 30%, whereas that for nonheme 
iron can be as low as 2% (24). In the diets of individuals in 
developing countries heme iron constitutes only a small 
proportion of intake because only animal foods, especially 
meat products, provide heme iron. The main dietary 
sources of iron are shown in Table 8. Additional factors 
such as the amount of vitamin C in the diet further influ- 
ence iron status because such reducing agents can enhance 
the utilization of nonheme iron. Iron nutritional status is 
thus a function of the amount of dietary iron and the bio- 
availability of that iron (20,24). In adults the most common 
causes of iron deficiency are defective absorption of the 
mineral or blood losses from various causes including par- 
asites. 

Anemia in children and infants may retard physical and 
cognitive development (25). In adults it can cause fatigue, 
reduced work capacity, and impair reproductive functions 
(Table 8). In pregnancy anemia is associated with retarded 


Table 8. Iron Deficiency Disorder 


Dietary sources 


Red meats, whole and enriched grain products, and dark green 
leafy vegetables 
Deficiency name 


Iron deficiency anemia 


Causation 
Inadequate diet, impaired absorption, blood loss, and repeated 
pregnancies 
Most at risk 
Infants, women of childbearing age, adolescent girls, and 
premature infants 
Major features 
Weakness, fatigue, pallor, difficulty in breathing on exertion, 
palpitation, and vague gastrointestinal complaints 
Consequences 
Impaired work tolerance, impaired body temperature regulation, 
growth retardation, impairment in behavioral and intellectual 
performance, immunity and resistance to infections, and 
adverse pregnancy outcomes 
Areas of incidence 
Worldwide, especially in areas with high risk of infections, 
poverty, and occurrence of multiparity and premature infants 
Measures to eliminate 


Oral iron supplementation therapy 
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fetal growth, LBW, and greater perinatal mortality, 20% of 
maternal deaths may be associated with anemia because 
it predisposes mothers to hemorrhage and infections (12). 


Zinc, Human deficiency of zinc was described nearly 
three decades ago among the poor of the Middle East (25). 
Major features are shown in Table 9. Deficiency symptoms 
include severe growth retardation, with delayed sexual 
maturation, and pregnancy complications. Other manifes- 
tations include suppressed immunity, poor healing, der- 
matitis, and impairments in neuropsychological functions 
(20,25,26). Zinc deficiency is found to be associated with 
high-phytate, high-fiber, and low-protein diets, which are 
common in poorer regions of the Middle East. Conditions 
such as hookworm and schistosomiasis, which lead to blood 
loss, increase the incidence of both iron and zinc deficiency 
(26). Animal foods are major sources of zinc. Cereals are 
high in fiber and phytate, which makes much of the zinc 
poorly available. Dietary zinc supplementation often im- 
proves growth, especially for those recovering from mal- 
nutrition and diarrhea (20,22). 


Table 9. Zinc Deficiency Disorder 


Dietary sources 


Shellfish, red meats, and whole grain cereals (low availability) 


Deficiency name 


No specific name 


Causation 


Insufficient intake with poor digestibility and absorption caused 
by the effects of malnutrition on gastrointestinal function 


Most at risk 


Growing infants and children, pregnant and lactating women in 
developing countries, patients fed total parenteral nutrition 
solutions lacking in zinc 


Major features 


Reduced growth; disturbance in nucleic acid metabolism and 
protein synthesis; reduction in circulating proteins, growth 
hormones, gonadotropins, sex hormones, prolactin, and 
thyroid hormones, corneal lesions; skin lesions; changes in 
hair; delayed wound and burn healing; and diarrhea in 
patients fed via total parenteral nutrition 


Consequences 


Growth retardation, delayed sexual maturation and impotence, 
hypogonadism and hypospermia, immune dysfunction, patchy 
loss of hair and decreased pigmentation, behavioral 
disturbances, night blindness, impaired taste, and lack of 
adaptation to darkness 


Areas of incidence 


Areas with high consumption of cereals in the diet, such as the 
Middle East 


Measures to eliminate 


Zine supplementation or increased consumption of animal foods 


lodine. Iodine deficiency is endemic in regions of the 
world where the surface soil has been leached of iodine due 
to glaciation, snow, and rain (Table 10). It is the most com- 
mon cause of preventable mental defects (2,20). More than 
200 million people have goiters, 26 million have mental 
defects, and 6 million have the condition termed cretinism 
(characterized by mental retardation and stunted growth), 
all of which are associated with iodine deficiency. Fetal io- 
dine deficiency is associated with increased incidence of 
stillbirths, spontaneous abortions, and congenital abnor- 
malities (25). Iodine deficiency increases the risk of LBW 
and early death; in older children and adults it is charac- 
terized by goiter and its complications (27,28). Linear 
growth retardation is a common feature in the iodine de- 
ficient child. Fetal iodine deficiency has been hypothesized 
as exacerbating later growth retardation (22). 


Other Micronutrient Deficiencies. The vitamin defi- 
ciency disease pellagra (niacin deficiency) occurred widely 
in the American South in the 1800s and beriberi (thiamine 
deficiency) was common until recently in Asia. These de- 
ficiencies are now rare (23,25), but they may still occur 
together with scurvy (vitamin C deficiency) in refugee 
camps and other deprived populations (12). Rickets, asso- 
ciated with lack of vitamin D and poor calcification of the 


Table 10. Iodine Deficiency Disorders 
Dietary sources 


Seafood and plants grown in iodine-rich soil 


Deficiency name 
Iodine deficiency disorders 


Causation 
Low-iodine soils lead to lack of iodine in diet 


Most at risk 
Fetuses, neonates, children, adolescents, and adults with low- 
iodine diets 
Major features 


Reduced growth and development at all ages, especially in the 
fetal, neonatal, and infancy stages; impaired thyroid function; 
impaired mental function; goiter is the primary feature 


Consequences 


Spontaneous abortions, stillbirths and congenital anomalies; 
increased perinatal and infant mortality rates; increased 
neurological cretinism; and higher rates of neonatal, juvenile, 
and adult hypothyroidism 


Areas of incidence 


‘The Himalayas, the Andes, and the European Alps; elevated 
regions subject to glaciation, higher rainfall, and runoff into 
rivers; flooded river valleys such as the Ganges 


Measures to eliminate 


Administration of iodized salt; iodized oil (oral or injection) is 
used for moderate and severe deficiency cases 
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bones, continues to affect many children (23,25). Scurvy 
has great historical significance not only because it influ- 
enced geographical exploration but also because its even- 
tual cure and prevention followed one of the first controlled 
nutrition experiments (29). Deficiencies of folic acid and 
vitamin By, are still important and affect the formation of 
red blood cells. Folic acid deficiency is of special signifi- 
cance in pregnancy (20). Pyridoxine, biotin, and panto- 
thenic acid deficiencies have all been described but are 
rare. 

Osteoporosis (bone mineral loss) is a major problem for 
postmenopausal women in developed countries. In devel- 
oping countries, despite apparently lower calcium intakes, 
osteoporosis is much less common (20). High protein in- 
takes and low levels of physical activity may increase risk. 
Copper, selenium, chromium, and fluoride deficiencies 
have all been described (23,25). Fluoride excess, causing 
fluorosis, may also be a problem in certain oasis areas. Al- 
though deficiencies of a number of other minerals such as 
boron, manganese, molybdenum, and vanadium can be 
demonstrated in specialized animal experimentation, they 
are either extremely rare or nonexistent in human popu- 
lations. 


Prevention of Micronutrient Deficiencies 


Because of the severe social consequences of many micro- 
nutrient deficiencies, prevention is of major international 
significance (20). The Food and Agriculture Organization 
(FAO) of the United Nations and the World Health Orga- 
nization (WHO) (1,12) and United Nations Administrative 
Committee on Coordination, Sub Committee on Nutrition 
(ACC-SCN) (20) have outlined a number of approaches to- 
ward tackling these issues. Strategies include improving 
dietary diversity, food fortification, and nutrient supple- 
mentation. 

Vitamin A deficiency can be treated or prevented by 
supplementing with high-dose capsules and also by injec- 
tion (2,20). Iodine deficiency disorders can be prevented or 
treated by the administration of iodized oil (given orally or 
by injection). Oral iron supplementation programs are the 
most common public health intervention against iron de- 
ficiency. Food fortification involves the addition of micro- 
nutrients, particularly potassium iodate, vitamin A, and 
iron, to common foods (30). 

The growth retardation seen in many children in de- 
veloping countries may be a consequence of multiple defi- 
ciencies rather than the lack of a single nutrient (22; P. L. 
Pellett and S. Ghosh, unpublished data). When diets high 
in cereal products are consumed there may also be defi- 
ciencies of the key amino acid lysine. Dietary diversity can 
often improve micronutrient status. Animal foods contain 
high levels of both lysine and bioavailable micronutrients, 
and even small quantities can transform poor cereal-based 
diets (4). Finally, public health measures to address critical 
environmental factors such as water quality, sanitation, 
and food hygiene are also essential. 


Other Nutritional Disorders 


The problems of undernutrition are paralleled by extensive 
and growing chronic disease problems with obesity and the 


associated conditions of diabetes, coronary vascular dis- 
eases, and certain cancers. These conditions are occurring 
not only in rich industrialized countries but also in low- 
and middle-income countries, especially in urban areas. 
The nutritional relationships of these diseases are dis- 
cussed in the article entitled AFFLUENCE, FOOD EXCESS, 
AND NUTRITIONAL DISORDERS. Anorexia nervosa, with per- 
sistent intentional weight loss, is generally classified along 
with bulimia among the psychogenic eating disorders (25). 


THE FUTURE 


The green revolution, which began in the 1960s, was a 
global technological achievement. The introduction of im- 
proved varieties, irrigation, pesticides, and mineral fertil- 
izers for key commodity crops, accompanied by investment 
in institutional infrastructure and ongoing research pro- 
grams, raised food production and productivity on a wide 
scale. The productivity gains in rice and wheat in Asia 
were especially significant. With population growth and a 
diminishing land area to produce food, further increases in 
productivity are still needed in the poorer, food-insecure 
countries (1,5). 

Science and technology have provided tools for increas- 
ing food production. More varied crops and animals, plant 
breeding for nutritional enhancement, improved cropping 
systems, and greater emphasis on integrated pest man- 
agement and plant nutrition are increasingly being used. 
In addition, ecoregional approaches to research are being 
adopted to reflect prevailing biological and physical con- 
straints such as low labor productivity, dysfunctional mar- 
kets, and limited access to mechanization and energy 
sources. The role of biotechnology remains the subject of 
intense international debate concerning ethics, safety, and 
intellectual property rights. Despite major developments 
in the technologically advanced countries, it may be an- 
other 10 to 20 years before significant benefits are realized 
by farmers in developing countries (1). 

In many countries collaboration between governments, 
nongovernmental organizations, and UN agencies has pro- 
duced highly significant gains in the field of child survival. 
The well-tried paths of the GOBI strategy (growth moni- 
toring, oral rehydration, breast feeding, and immunization 
programs) have been mainly responsible. More widespread 
recognition that malnutrition is an abuse of children’s 
rights (2,11) and greater awareness of the importance of 
nutritional care are other major signs of progress. A more 
equitable distribution of benefits and resources to the 
lower-income, food-insecure groups is urgently required. 
Experience has shown that science and technology are es- 
sential (1,5) but cannot by themselves solve the health and 
food security problems of developing countries. Appropri- 
ate political, social, economic, and institutional reforms are 
needed not only to make advances but also to maintain 
what has been accomplished so far. 
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HURDLE TECHNOLOGY 


The microbial stability and safety as well as the sensory 
and nutritive quality of most preserved foods are based on 
a combination of several empirically applied preservative 
factors (called hurdles), and more recently on knowingly 
employed hurdle technology. Deliberate and intelligent ap- 
plication of hurdle technology allows a gentle but efficient 
preservation of foods and is advancing worldwide. Various 
expressions are used for the same concept in different lan- 
guages: Hiirden-Technologie in German, hurdle technology 
in English, technologie des barriéres in French, barjernaja 
technologija in Russian, technologia degli ostacoli in Ital- 
ian, technologia de obstaculos in Spanish, shogai gijutsu in 
Japanese, and zanglangishu in Chinese. The most impor- 
tant hurdles for the preservation of foods are temperature 
(high or low), water activity (a,,), acidity (pH), redox poten- 
tial (Eh), preservatives (nitrite, sorbate, sulfite, etc), and 
competitive microorganisms (eg, lactic acid bacteria). How- 
ever, more than 60 hurdles that influence the preservation 
and/or the quality of foods have been already described, 
and the list of possible hurdles is by no means complete. 
In this contribution the principles of hurdle technology, ba- 
sic aspects, and the applications of hurdle technology for 
food preservation in industrialized as well as developing 
countries are discussed. 


PRINCIPLES OF HURDLE TECHNOLOGY 


The microorganisms present in a food should not be able 
to overcome (ie, leap over) the hurdles inherent in this 


food. This is illustrated by the so-called hurdle effect (1), 
which is of fundamental importance for the preservation 
of intermediate-moisture foods (2) and high-moisture foods 
(3), since the hurdles in a stable product control microbial 
spoilage and food poisoning as well as desired fermenta- 
tion processes. Leistner and coworkers acknowledged that 
the hurdle effect illustrates only the well-known fact that 
complex interactions of temperature, water activity, acid- 
ity, redox potential, preservatives, and so on are significant 
for the microbial stability and safety of most foods (3). 
From an understanding of the hurdle effect, hurdle tech- 
nology has been derived (4), which allows improvements of 
the microbial stability and safety of foods by deliberate and 
intentional combinations of hurdles. However, the sensory 
quality of a food also is determined by positive and nega- 
tive hurdles. To secure the total quality of a food, the safety 
and the quality hurdles in a food must be kept in the op- 
timal range (5). By an intelligent combination of hurdles, 
the microbial stability and safety as well as the sensory, 
nutritive, and economic properties of a food are secured. 
For the economy of a food item, it is for example, important 
how much water in a product is compatible with the mi- 
crobial stability of this food. 

Some examples will facilitate the understanding of the 
hurdle effect and the application of hurdle technology in 
food preservation. Figure 1 gives eight examples. 

Example 1 represents a food that contains six hurdles: 
high temperature during processing (F value), low tem- 
perature during storage (t value), water activity (a,,), aci 
ity (pH), redox potential (Eh), and preservatives (pres.). 
The microorganisms present cannot overcome these hur- 
dies, and thus the food is microbiologically stable and safe. 
However, example 1 is only a theoretical case, because all 
hurdles are of the same height, that is, have the same in- 
tensity, and this rarely occurs. 

Amore likely situation is presented in example 2, since 
the microbial stability of this product is based on hurdles 
of different intensity. In this particular product the main 
hurdles are a,, and preservatives, whereas other less im- 
portant hurdles are storage temperature, pH, and redox 
potential. These five hurdles are sufficient to inhibit the 
usual types and numbers of microorganisms associated 
with such a product. 

If there are only a few microorganisms present (“at the 
start”), then a few or low hurdles are sufficient for the sta- 
bility of the product (example 3). The superclean or aseptic 
packaging of perishable foods is based on this principle. 
On the other hand, as in example 4 if, due to bad hygienic 
conditions, too many undesirable microorganisms are ini- 
tially present, even the usual hurdles inherent to a product 
may be unable to prevent spoilage or food poisoning. Ex- 
ample 5 is a food rich in nutrients and vitamins, which 
might foster the growth of microorganisms (this is called 
the booster effect or trampoline effect), and thus the hur- 
dles in such a product must be enhanced, otherwise they 
will be overcome. 

Example 6 illustrates the behavior of sublethally dam- 
aged organisms in food. If, for instance, bacterial spores in 
a food are damaged sublethally by heat, then vegetative 
cells derived from such spores lack “vitality” and therefore 
are inhibited by fewer or lower hurdles. In some foods the 
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stability is achieved during processing by a sequence of 
hurdles, which are important in different stages of a fer- 
mentation or ripening process and lead to a stable final 
product. A sequence of hurdles operates in fermented sau- 
sages (example 7), and probably also in ripened cheeses or 
fermented vegetables, and so on. Finally, example 8 illus- 
trates the possible synergistic effect of hurdles, which 
probably relates to a multitarget disturbance of the ho- 
meostasis of the microorganisms in foods, which will be 
discussed subsequently. 


BASIC ASPECTS 


Food preservation implies putting microorganisms in a 
hostile environment, to inhibit their growth, shorten their 
survival, or cause their death. The feasible response of mi- 
croorganisms to such a hostile environment determines 
whether they may grow or die. In view of these responses 
more research is needed; however, recent advances have 
been made by considering the homeostasis, metabolic ex- 
haustion, and stress reactions of microorganisms in rela- 
tion to hurdle technology, as well as by introducing the 
concept of multitarget preservation for a gentle but effec- 
tive preservation of foods (6,7). 


Homeostasis 


Homeostasis is the tendency to uniformity and stability in 
the internal status (internal environment) of organisms, 
For instance, the maintenance of a defined pH in narrow 
limits is a prerequisite and feature of all living cells, and 
this applies to higher organisms as well as microorganisms 
(8). In food preservation the homeostasis of microorgan- 
isms is a key phenomenon that deserves much attention, 
because if the homeostasis of these organisms is disturbed 
by preservative factors (hurdles) in foods, they will not 
multiply; that is, they remain in the lag phase or even die, 
before their homeostasis is reestablished (“repaired”). 
Thus, food preservation is achieved by disturbing the ho- 
meostasis of microorganisms in a food temporarily or per- 
manently. Gentle food preservation means using an intel- 
ligent mix of hurdles that secures the safety and stability 
as well as the quality of foods (6). Gould drew attention to 
the interference by the food with the homeostasis of 
the microorganisms present in this food (9). During their 
evolution, a wide range of more or less rapidly acting mech- 
anisms (eg, osmoregulation to counterbalance a hostile wa- 
ter activity of foods) has developed in microorganisms, that 
act to keep important physiological systems operating, in 
balance and unperturbed even when the environment 
around them is greatly perturbed (10). In most foods the 
microorganisms are operating homeostatically, in order 
to react to the environmental stresses imposed by the 
preservation procedures applied, and the most useful pro- 
cedures employed to preserve foods are effective in over- 
coming the various homeostatic mechanisms that micro- 
organisms have evolved to survive extreme environmental 
stresses (10). The repair of a disturbed homeostasis de- 
mands much energy of the microorganisms, and thus re- 
striction of energy supply inhibits repair mechanisms of 
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Figure 1. Eight examples of the hurdle effect that facilitate understanding of the application of 
hurdle technology in food preservation, See text for details. Symbols have the following meaning: 
F, heating; t, chilling; a,,, water activity; pH, acidification; Eh, redox potential; pres., preservatives; 


K-F, competitive flora; V, vitamins; N, nutrients. 


the microbial cells and leads to a synergistic effect of 
preservative factors (hurdles). Energy restrictions for mi- 
croorganisms are caused, for example, by anaerobic con- 
ditions, such as in modified atmosphere or vacuum pack- 
aging of foods (10). The interference with the homeostasis 
of microorganisms or entire microbial populations forms 
an attractive and logical focus for further improvements in 
food preservation techniques (10). 


Metabolic Exhaustion 


Another phenomenon of certainly practical importance is 
the metabolic exhaustion of microorganisms, which could 
lead to an “autosterilization” of foods. This was first ob- 
served in experiments with mildly heated (95°C core tem- 
perature) liver sausage adjusted to different water activi- 
ties, inoculated with Clostridium sporogenes, and stored at 


37°C. Clostridial spores that survived the heat treatment 
vanished in the product during storage (11). The most 
likely explanation is that bacterial spores that survive the 
heat treatment are able to germinate in these foods under 
less favorable conditions than those under which vegeta- 
tive bacteria are able to multiply (12). Therefore, the spore 
counts in stable hurdle-technology foods actually decrease 
during storage, especially in unrefrigerated foods. A simi- 
lar behavior has been observed with vegetative microor- 
ganisms in studies with high-moisture fruit products 
(HMFPs) (13,14), The counts of a variety of bacteria, 
yeasts, and molds that survived the mild heat treatment 
decreased quite fast in these products during unrefriger- 
ated storage, since the hurdles applied (pH, a,,, sorbate, 
sulfite) did not allow growth. A general explanation for this 
behavior might be that vegetative microorganisms that 
cannot grow will die, and they die more quickly if the sta- 
bility is close to the threshold for growth, storage tempera- 
ture is elevated, antimicrobial substances are present, and 
the organisms are sublethally injured (eg, by heat). Ap- 
parently, microorganisms in stable hurdle-technology 
foods strain every possible repair mechanism to overcome 
the hostile environment. By doing this they completely use 
up their energy and die, if they become metabolically ex- 
hausted, which leads to an autosterilization of such foods. 
Thus, due to autosterilization the hurdle-technology foods, 
which are microbiologically stable, become even more safe 
during storage, especially at ambient temperatures (6). 


Stress Reactions 


A limitation to the success of hurdle technology could be 
stress reactions of microorganisms, because some bacteria 
become more resistant (eg, toward heat) or even more vir- 
ulent under stress, since they generate stress shock pro- 
teins. Synthesis of these protective proteins is induced by 
heat, pH, a,,, ethanol, and so on, as well as by starvation. 
This response of microorganisms under stress might ham- 
per food preservation and could turn out to be problematic 
for the application of hurdle technology. On the other hand, 
the switch on of genes for the synthesis of stress shock 
proteins, which help the organisms to cope with stress 
situations, should become more difficult if various stresses 
are received at the same time. This is because countering 
different stresses simultaneously will demand energy- 
consuming synthesis of several or at least much more pro- 
tective stress shock proteins, which the microorganisms 
cannot deliver since they become metabolically exhausted. 
Therefore, multitarget preservation of foods could be the 
answer to avoid synthesis of stress shock proteins, which 
would make microorganisms in hurdle-technology foods 
more resistant (7). 


Multitarget Preservation 


The multitarget preservation of foods should be the ulti- 
mate goal for a gentle but most effective preservation of 
foods. For foods preserved by hurdle technology, it has been 
suspected for some time that different hurdles in a food 
could not just have an additive effect on microbial stability, 
but could act synergistically (1). Example 8 in Figure 1 
illustrates this phenomenon. A synergistic effect could be- 
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come true if the hurdles in a food hit, at the same time, 
different targets (eg, cell membrane, DNA, enzyme sys- 
tems, pH, a,,, Eh) within the microbial cell, because then 
the repair of the homeostasis of the microorganisms as well 
as the switch on of stress shock proteins become more dif- 
ficult. Therefore, employing different hurdles in the pres- 
ervation of a particular food should have advantages, be- 
cause optimal microbial stability could be achieved with 
an intelligent mix of gentle hurdles. In practical terms, this 
could mean that it is, for example, more effective to use 
different preservatives in small amounts in a food than 
only one preservative in larger amounts, because different 
preservatives might hit different targets within the micro- 
bial cell, and thus act synergistically (6). It is anticipated 
that the targets in microorganisms of different preserva- 
tive factors (hurdles) for foods will be elucidated, and then 
the hurdles could be grouped in classes according to their 
targets within the microbial cells. A mild and effective 
preservation of foods, that is, a synergistic effect of hur- 
dies, is likely if the preservation measures are based on an 
intelligent selection and combination of hurdles taken 
from different “target classes.” The “multiple-drug attack” 
has proved successful in the medical field to fight bacterial 
infections (eg, tuberculosis) as well as viral infections (eg, 
AIDS), and thus a multitarget attack of microorganisms 
should be a promising approach in food microbiology, 
too (7). 


APPLICATIONS OF HURDLE TECHNOLOGY 


The intelligent application of hurdle technology for a mild 
but efficient food preservation is advancing worldwide in 
industrialized as well as in developing countries. Some ex- 
amples and trends are presented next. 


Industrialized Countries 


Deliberate and intelligent hurdle technology for food pres- 
ervation started about 20 years ago in Germany with meat 
products. First it was used for the gentle preservation of 
mildly heated, freshlike meats storable without refrigera- 
tion (4). In the meantime, several categories of these shelf- 
stable meat products have evolved, which are in large 
quantities on the German market and have caused no 
problems related to spoilage or food poisoning. In the 
manufacturing plants, processing these shelf-stable meats 
requires no microbiological tests to be carried out; however, 
other process parameters have to be strictly controlled; 
these are time, temperature, pH, and a,, (15). Further- 
more, a better understanding of the sequence of hurdles 
that leads to microbial stability of fermented sausages (sa- 
lami) has improved the safety and quality of these products 
(16). In fermented sausages, the microstructure of the 
products, which was studied by electron microscopy, also 
turned out to be an important hurdle related to the behav- 
ior of pathogens as well as starter cultures in salami (17). 

More recent is the application of hurdle technology for 
microbial stabilization of novel healthful foods derived 
from meat, poultry, or fish, which contain less fat and/or 
salt and therefore are more prone to spoil or cause food 
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poisoning. The reduction of salt and fat as well as the sub- 
stitutes and replacers of these traditional ingredients for 
muscle foods diminish the microbial stability, since several 
hurdles (a,,, pH, preservatives, and possibly Eh and mi- 
crostructure) will change. Compensation could be achieved 
by an intelligent application of hurdle technology (18). The 
advantages of hurdle technology are most obvious in high- 
moisture foods, which are shelf stable at ambient tem- 
perature due to an intelligent application of combined 
methods for preservation. However, the use of hurdle tech- 
nology is appropriate for chilled foods, too, because in the 
case of temperature abuse, which can easily happen during 
food distribution, the stability and safety of chilled foods 
could break down, especially if low-temperature storage is 
the only hurdle. Therefore, it is advisable to incorporate 
into chilled foods (eg, sous vide dishes, salads, fresh-cut 
vegetables) some additional hurdles (eg, modified atmo- 
sphere packaging) that will act as a backup in case of tem- 
perature abuse. This type of safety precaution for chilled 
foods is called invisible technology, implying that addi- 
tional hurdles act as safeguards in chilled foods, ensuring 
that they remain microbiologically stable and safe during 
storage in retail outlets as well as in the home (19). 

Packaging is an important hurdle for most foods, since 
it supports the microbial stability and safety as well as the 
sensory quality of food products. Industrialized countries 
have the tendency to overpackage foods. This is especially 
true for Japan, where “active” packaging (using scaven- 
gers, absorbers, emmiters, antimicrobial or antioxidative 
packaging materials, etc.) has been developed to perfec- 
tion. These “smart” packaging systems are very sophisti- 
cated, but wasteful, too. Therefore, Japanese experts are 
aiming now for less packaging of foods (20). Future pack- 
aging shall provide only necessary information and some 
convenience to the consumer; however, the required shelf 
life of the products should not come from the packaging 
but should be based (1) on superclean packaging combined 
with just-in-time delivery or (2) on the development of 
hurdle-technology foods that are stable and safe in spite of 
minimal packaging. 

Finally, it also should be mentioned that novel emerging 
technologies for food preservation, that is, nonthermal 
preservation methods (high hydrostatic pressure, pulsed 
electric fields, oscillating magnetic fields, light pulses, etc), 
are often most efficient in combination with traditional 
food preservation methods. Thus, even for the application 
of futuristic food preservation methods, hurdle technology 
is essential (21). 


Developing Countries 


Most of the food in developing countries, which preferably 
must be storable without refrigeration since electricity is 
expensive and not continuously available, are based on em- 
piric use of hurdle technology. However, recently such foods 
have been optimized by the intentional application of hur- 
dles. Relevant examples are optimized meat products of 
China and Taiwan as well as dairy and meat products of 
India. Moreover, in several countries of Latin America (ie, 
Argentina, Mexico, Venezuela), by the application of hur- 
dle technology, high-moisture fruit products (HMFPs) have 


been developed. In spite of a high water activity (a,, 0.98 
to 0.93), HMFPs are storable in freshlike condition for sev- 
eral months at ambient temperatures and even become 
sterile during storage due to metabolic exhaustion of the 
bacteria, yeasts, and molds originally present in these 
products. There is a general trend in developing countries 
to move gradually away from the traditional intermediate- 
moisture foods because they are often too salty or too sweet 
and have a less appealing texture and appearance than 
high-moisture foods; this goal is achieved by the applica- 
tion of intentional hurdle technology. The progress made 
in the application of intelligent hurdle technology in de- 
veloping countries of Latin America, China, India, and Af- 
rica has recently been reviewed (22). 


FOOD DESIGN 


Hurdle technology as a concept has proved useful in the 
optimization of traditional foods as well as in the devel- 
opment of novel products. However, it is beneficial to com- 
bine hurdle technology in food design with Hazard Anal- 
ysis Critical Control Point (HACCP) and predictive 
microbiology. For the proper design of hurdle-technology 
foods a 10-step procedure has been suggested, which com- 
prises hurdle technology, predictive microbiology, and 
HACCP (or GMP guidelines). This procedure has proved 
suitable for solving real development tasks in the food in- 
dustry (15). 
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HYDROGEN-ION ACTIVITY (pH) 
The effective concentration of hydrogen ion in solution is 
expressed in terms of pH, which is the negative logarithm 
of the hydrogen-ion activity: 

pH = —logiau+ () 


The relationship between activity and concentration is 


a 


ye (2) 


where the activity coefficient » is a function of the ionic 
strength of the solution and approaches unity as the ionic 
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strength decreases; that is, the difference between the ac- 
tivity and the concentration of hydrogen ion diminishes as 
the solution becomes more dilute. The pH of a solution may 
have little relationship to the titratable acidity of a solu- 
tion that contains weak acids or buffering substances; the 
pH of a solution indicates only the activity of unassociated 
hydrogen ions. If total acid concentration is to be deter- 
mined, an acid-base titration must be performed. 

Thermodynamically, the activity ofa single ionic species 
is an inexact quantity, and a conventional pH scale has 
been adopted that is defined by reference solutions with 
assigned pH values. These reference solutions, in conjunc- 
tion with equation 3, define the pH. 


(E, — E,)F 
pH(X) = puis) - 2 — %) 


2.303RT &) 


Es is the electromotive force (emf) of the cell: 
reference electrode | KCl(=3.5M)|| solution S!1H,(g), Pt 


and E, is the emf of the same cell when the reference buffer 
solution S is replaced by the sample solution X. The quan- 
tities R, T, and F are the gas constant, the thermodynamic 
temperature, and the Faraday constant, respectively. For 
routine pH measurements, the hydrogen gas electrode 
(H,(g), Pt] usually is replaced by a glass membrane elec- 
trode. 

The availability of multiple pH reference solutions 
makes possible an alternative definition of pH: 


(Ea — En) 


pH(X) = pH(S,) + (pH(S,) — pH(S,)] Ga Ey) 


(4) 


where E,, and E,. are the measured cell potentials when 
the sample solution X is replaced in the cell by the two 
reference solutions S, and S2 such that the values £,, and 
E,2 are on either side of, and as near as possible to, Ex. 
Equation 4 assumes linearity of the pH versus E response 
between the two reference solutions, whereas equation 3 
assumes both linearity and ideal Nernstian response of the 
PH electrode. The two-point calibration procedure is rec- 
ommended if a pH electrode, other than the hydrogen gas 
electrode, is used for the measurements. 


pH DETERMINATION 


Two methods are used to measure pH: electrometric and 
chemical indicator (1-6). The most common is electro- 
metric and uses the commercial pH meter with a glass elec- 
trode. This procedure is based on the measurement of the 
difference between the pH of an unknown or test solution 
and that of a standard solution. The instrument measures 
the emf developed between the glass electrode and a ref- 
erence electrode of constant potential. The difference in 
emf when the electrodes are removed from the standard 
solution and placed in the test solution is converted to a 
difference in pH. Electrodes based on metal-metal oxides 
(eg, antimony—antimony oxide) have also found use as pH 
sensors, especially for industrial applications where their 
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superior mechanical stability is needed. However, because 
of the presence of the metallic element, these electrodes 
suffer from interferences by reduction-oxidation (redox) 
systems in the test solution. Nonglass pH electrodes have 
also been described in which synthetic organic ionophores, 
selective for hydrogen ions, entrapped in plasticized poly- 
meric membranes have shown excellent pH-response be- 
havior. More recently, the pH ion-sensitive field-effect tran- 
sistor (ISFET) has shown utility for pH measurements, 
especially where solid-state ruggedness is desired (7). 
These devices are based on replacing the metal gate of an 
ordinary field-effect transistor by a pH-sensitive layer such 
as silicon nitride. These sensors exhibit ideal Nernstian 
response over pH ranges comparable to conventional glass 
pH electrodes. 

The second method, which has more limited applica- 
tions, is the indicator method. The success of this proce- 
dure depends on matching the color that is produced by 
the addition of a suitable pH-sensitive indicator dye to a 
portion of the unknown solution with the color produced 
by adding the same quantity of the same dye to a series of 
standard solutions of known pH. Alternatively, the color is 
matched against a color comparison chart for the particu- 
lar dye. Because of the limited color resolution, the results 
obtained by the indicator method are less accurate relative 
to those obtained using a pH meter and also suffer from 
errors when used in highly colored solutions or those con- 
taining reactive substances such as bleaches. The indicator 
method, however, is simple to apply and inexpensive. In 
addition to being used by direct addition to the test solu- 
tion, indicator dyes can be immobilized onto paper strips 
(eg, litmus paper) or, more recently, onto the distal end of 
fiber-optic probes that, when combined with spectropho- 
tometric readout, provide more quantitative indicator-dye 
pH determinations. 


Reference Buffer Solutions 


The uncertainties introduced by the reference electrode 
liquid junction that exist in conventional electrochemical 
cells can be avoided by using a cell without transference, 
for example, 


Ag, AgClIKCl(m), solution $1H,(g), Pt 


Potassium chloride, KCl, of molality m is added to each 
reference solution. If the standard potential, E°, of the cell 
and the molality of the chloride ion, mq are known, emf 
measurements yield values of the acidity function p(ayyq), 
as shown by the following equation: 


(EB? — EF 
Puyo) = —logtmuyare) = Sa5g5Rq- + loema (5) 


To eliminate the effect of the added KCl on the acidity of 
the buffer solution, p(ay,7¢)) is determined for three or more 
portions of the buffer solution that contain different 
amounts of added chloride. The limiting value of the acid- 
ity function is obtained by extrapolation to zero molality of 
chloride ion. If the single-ion activity coefficient of chloride 


ion in the buffer solution could be obtained, the activity of 
hydrogen ion would be readily accessible. 


Pay = — logimuyy) = playyc)) + logya (6) 


To establish a conventional scale of hydrogen-ion activ- 
ity, it has been suggested (8) that the activity coefficient of 
chloride ion in selected reference buffer solutions having 
ionic strengths of 0.1 be defined as 


AJI ; 
1+ 15/0 Se 


where A is a constant of the Debye-Huckel theory and J is 
the ionic strength. The pay for these selected reference so- 
lutions is identified with pH(S) in the operational defini- 
tion: 


—logy, = 


Pay = pH(S) (8) 


The pH(S) values at 25°C of the primary and secondary 
reference buffer solutions certified by the U.S. National 
Institute of Standards and Technology (NIST) are listed in 
Table 1 (2). Of particular note, the pH 6.86 and 7.41 phos- 
phate buffers have long been accepted as the primary ref- 
erence standards for blood pH measurements, with the 
knowledge that the ionic strength of these buffers is sig- 
nificantly different from that of blood, thus biasing (how- 
ever reproducibly) the pH measurement in blood due to the 
residual liquid-junction potential. Recently, NIST certified 
two concentrations each of two zwitterionic buffer systems 
(HEPES/HEPESate and MOPSO/MOPSOate) as pH buf- 
fers. These secondary standards have been certified at 
ionic strengths comparable to that of blood and conse- 


Table 1. pH Standards, Molality Scale 


pH(S) 

Solution composition at 25°C 
Primary standards 
Potassium hydrogen tartrate (saturated at 25°C) 3.557 
0.05 m Potassium dihydrogen citrate 3.776 
0.05 m Potassium hydrogen phthalate 4.006 
0.025 m KH,PO, + 0.025 m Na,HPO, 6.863 
0.008695 m KH,PO, + 0.03043 m Na;HPO, 7.410 
0.01 m NazB,O; - 10H,0 9.180 
0.025 m NaHCO, + 0.025 m Na;CO3 10.011 
Secondary standards 

0.05 m Potassium tetroxalate - 2H,O 1.681 
0.05 m HEPES* + 0.05 m NaHEPESate 7.503 
0.08 m HEPES + 0.08 m NaHEPESate 7.516 
0.05 m MOPSO® + 0.05 m NaMOPSOate 6.867 
0.08 m MOPSO + 0.08 m NaMOPSOate 6.865 
0.01667 m TRIS* + 0.05 m TRIS - HCl 7.699 
Ca(OH), (saturated at 25°C) 12.454 


*HEPES = N-2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid. 
*MOPSO = 3-(N-morpholino)-2-hydroxypropanesulfonic acid. 
‘TRIS = tris(hydroxymethyl)aminomethane. 

Source: Ref. 2, and NIST, private communication. 


quently should minimize the residual liquid-junction po- 
tential. The International Union of Pure and Applied 
Chemistry recommends the NIST primary standards plus 
a series of operational standards, measured versus the 
phthalate reference value standard in a cell with a well- 
defined liquid junction, for the definition of the pH scale 
(9). However, this recommendation is currently under re- 
view, although significant change in the present scale is 
not anticipated other than its extension to higher ionic 
strength solutions. 


Accuracy and Interpretation of Measured pH Values 


The acidity function p(ayyq), which is the experimental 
basis for the assignment of pH(S), is reproducible within 
about 0.003 pH unit from 10 to 40°C. If the ionic strength 
is known and 0.1, the assignment of numerical values to 
the activity coefficient of chloride ion does not add to the 
uncertainty. However, errors in the standard potential of 
the cell, in the composition of the buffer materials, and in 
the preparation of the solutions may raise the uncertainty 
to 0.005 pH unit. 

The reproducibility of the practical scale that has been 
defined using the seven primary standards includes the 
possible inconsistencies introduced in the standardization 
of the instrument with seven different standards of differ- 
ent composition and concentration. These inconsistencies 
are the result of variations in the liquid-junction potential 
when one solution is replaced by another and are unavoid- 
able. The accuracy of the practical scale from 10 to 40°C 
therefore appears to be in the range from 0.008 to 0.01 pH 
unit. 

Variations in the liquid-junction potential may be in- 
creased when the standard solutions are replaced by test 
solutions that do not closely match the standards with re- 
spect to the composition and concentrations of solutes, or 
to the solvent composition, for example, nonaqueous and 
mixed solvents. Under these circumstances, the pH re- 
mains a reproducible number, but it may have little or no 
meaning in terms of the conventional hydrogen-ion activity 
of the medium. The use of experimental pH numbers as a 
measure of the extent of acid-base reactions or to obtain 
thermodynamic equilibrium constants is justified only 
when the pH of the medium is between 2.5 and 11.5 and 
when the mixture is an aqueous solution of simple solutes 
in total concentration of approximately $0.2 M. 


Sources of Error 


Although subject to fewer interferences and other types of 
error than most potentiometric ionic-activity sensors, that 
is, ion-selective electrodes (qv), pH electrodes must be used 
with an awareness of their particular response character- 
istics as well as the potential sources of error that may 
affect the other components of the measurement system, 
especially the reference electrode (see also “pH Measure- 
ment System Electrodes”). Several common causes of mea- 
surement problems are electrode interferences and/or foul- 
ing of the pH sensor, sample matrix effects, reference 
electrode instability, and improper calibration of the mea- 
surement system (10). 
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In general, the potential of an electrochemical cell, Een, 
is the sum of three potential terms: 

Eon = Epa — Eret + Ey (9) 
where E,, and E,.¢ are the potentials of the pH and ref- 
erence electrodes, respectively, and Ey is the ubiquitous 
liquid-junction potential. After substitution of the Nernst 
equation for the pH electrode potential term in equation 9, 


RT 
Eo = Ejay ~ 5p nay ~ Eye + By (20) 


it can be calculated that a 1 mV error in any of the po- 
tential terms corresponds to an error of about 4% in the 
hydrogen-ion activity. Under carefully controlled experi- 
mental conditions, the potential of a pH cell can be mea- 
sured with an uncertainty as small as 0.3 mV, which cor- 
responds to a + 0.005 pH unit uncertainty. 

The measurement of pH using the operational cell as- 
sumes that no residual liquid-junction potential is present 
when a standard buffer is compared with a solution of 
unknown pH. Although this may never strictly be true, 
especially with complex matrices, the residual liquid- 
junction potential can be minimized by the appropriate 
choice of a salt-bridge solution and calibration buffer so- 
lutions. 


pH MEASUREMENT SYSTEM ELECTRODES 


Glass Electrodes 


The glass electrode is the hydrogen-ion sensor in most pH- 
measurement systems. The pH-responsive surface of the 
glass electrode consists of a thin membrane formed from a 
special glass that, after suitable conditioning, develops a 
surface potential that is an accurate index of the acidity of 
the solution in which the electrode is immersed. To permit 
changes in the potential of the active surface of the glass 
membrane to be measured, an inner reference electrode of 
constant potential is placed in the internal compartment 
of the glass membrane. The inner reference compartment 
contains a solution that has a stable hydrogen-ion concen- 
tration and counter ions to which the inner electrode is 
reversible. The choice of the inner cell components has a 
bearing on the temperature coefficient of the emf of the pH 
assembly. The inner cell commonly consists of a silver— 
silver chloride electrode or calomel electrode in a buffered 
chloride solution. 

Immersion electrodes are the most common glass elec- 
trodes. These are roughly cylindrical and consist ofa barrel 
or stem of inert glass that is sealed at the lower end to a 
tip, which is often hemispherical, of special pH-responsive 
glass. The tip is completely immersed in the solution dur- 
ing measurements. Miniature and microelectrodes are also 
commercially available and used widely, particularly in 
physiological studies. Capillary electrodes permit the use 
of small samples and provide protection from exposure to 
air during the measurements, for example, for the deter- 
mination of blood pH. This type of electrode may be pro- 
vided with a water jacket for temperature control. 
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The membrane of pH-responsive glass usually is made 
as thin as is consistent with adequate mechanical 
strength; nevertheless, its electrical resistance is high, for 
example, 10 to 250 MQ. Therefore, an electronic amplifier 
must be used to obtain adequate accuracy in the measure- 
ment of the surface potential of a glass electrode. The ver- 
satility of the glass electrode results from its mechanism 
of operation, which is one of proton exchange rather than 
electron transfer; hence, oxidizing and reducing agents in 
the solution do not affect the pH response. 

Most modern electrode glasses contain mixtures of sil- 
icon dioxide, either sodium or lithium oxide, and either cal- 
cium, barium, cesium, or lanthanum oxide. The latter ox- 
ides are added to reduce spurious response to alkali metal 
ions in high pH solutions. The composition of the glass has 
a profound effect on the electrical resistance, the chemical 
durability of the pH-sensitive surface, and the accuracy of 
the pH response in alkaline solutions. Both the electrical 
and the chemical resistance of the electrode glasses de- 
crease rapidly with a rise in temperature. Therefore, it is 
difficult to design an electrode that is sufficiently durable 
for extended use at high temperatures and yet, when used 
at room temperature, free from the sluggish response often 
characteristic of pH cells of excessively high resistance. 
Most manufacturers use different glass compositions for 
electrodes, depending on their intended use. 

The mechanism of the glass electrode response is not 
entirely understood. It is clear, however, that when a 
freshly blown membrane of pH-responsive glass is first 
conditioned in water, the sodium or lithium ions that oc- 
cupy the interstices of the silicon—oxygen network in the 
glass surface are exchanged for protons from the water. 
The protons find stable sites in the conditioned gel layer of 
the glass surface. Exchange of the labile protons between 
these sites and the solution phase appears to be the mech- 
anism by which the surface potential reflects changes in 
the hydrogen ion activity of the external solution. When 
the glass electrode and the hydrogen gas electrode are im- 
mersed in the same solution, their potentials usually differ 
by a constant amount, even though the pH of the medium 
is raised from 1 to 10 or greater. In this range, the potential 
E, of a glass electrode may be written 


RT 


E,= Eg +> 


In ayy eb}) 
where E; is the “standard” (or formal) potential of that 
particular glass electrode on the hydrogen scale. 

Departures from the ideal behavior expressed by equa- 
tion 11 usually are found in alkaline solutions containing 
alkali metal ions in appreciable concentration, and often 
in solutions of strong acids. The supposition that the al- 
kaline error is associated with the development of an im- 
perfect response to alkali metal ions is substantiated by 
the successful design of cation-sensitive glass electrodes 
that are used to determine sodium, silver, and other mono- 
valent cations (3). 

The advantage of the lithium glasses over the sodium 
glasses in the reduction of alkaline error is attributed to 
the smaller size of the proton sites remaining after elution 
of the lithium ions from the glass surface. This interpre- 


tation is consistent with the relative magnitudes of the al- 
kaline errors for various cations. These errors decrease 
rapidly as the diameter of the cation becomes larger. The 
error observed in concentrated solutions of the strong acids 
is characterized by a marked drift of potential with time, 
which is thought to result from the penetration of acid an- 
ions, as well as protons, into the glass surface (11). 

The immersion of glass electrodes in strongly dehy- 
drating media should be avoided. If the electrode is used 
in solvents of low water activity, frequent conditioning in 
water is advisable, as dehydration of the gel layer of the 
surface causes a progressive alteration in the electrode po- 
tential with a consequent drift of the measured pH. Slow 
dissolution of the pH-sensitive membrane is unavoidable, 
and it eventually leads to mechanical failure. Standardi- 
zation of the electrode with two buffer solutions is the best 
means of early detection of incipient electrode failure. 

Fouling of the pH sensor may occur in solutions con- 
taining surface-active constituents that coat the electrode 
surface and may result in sluggish response and drift of 
the pH reading. Prolonged measurements in blood, 
sludges, and various industrial process materials and 
wastes can cause such drift; therefore, it is necessary to 
clean the membrane mechanically or chemically at inter- 
vals that are consistent with the magnitude of the effect 
and the precision of the results required. 


Reference Electrodes and Liquid Junctions 


The electrical circuit of the pH cell is completed through a 
salt bridge that usually consists of a concentrated solution 
of potassium chloride. The solution makes contact at one 
end with the test solution and at the other with a reference 
electrode of constant potential. The liquid junction is 
formed at the area of contact between the salt bridge and 
test solutions. The mercury—mercurous chloride elec- 
trode—the calomel electrode—provides a highly reproduc- 
ible potential in the potassium chloride bridge solution and 
is the most widely used reference electrode. However, mer- 
curous chloride is converted readily into mercuric ion and 
mercury when in contact with concentrated potassium 
chloride solutions above 80°C. This disproportionation re- 
action causes an unstable potential with calomel elec- 
trodes. Therefore, the silver-silver chloride electrode and 
the thallium amalgam-thallous chloride electrode often 
are preferred for measurements above 80°C. However, be- 
cause silver chloride is relatively soluble in concentrated 
solutions of potassium chloride, the solution in the elec- 
trode chamber must be saturated with silver chloride to 
avoid dissolution of the electrode coating. 

The commercially used reference electrode-salt bridge 
combination usually is of the immersion type. The salt— 
bridge chamber usually surrounds the electrode element. 
Some provision is made to allow a slow leakage of the 
bridge solution out of the tip of the electrode to establish 
a stable liquid junction with the standard solution or test 
solution in the pH cell. An opening is usually provided 
through which the electrode chamber may be refilled with 
the salt-bridge solution. Various devices are used to con- 
strain the outflow of bridge solution, for example, fibers, 
porous ceramics, capillaries, ground-glass joints, and con- 


trolled cracks. Such commercial electrodes normally give 
very satisfactory results, but there is some evidence that 
the type and structure of the junction may affect the ref- 
erence potential when measurements are made at very low 
pH and, possibly, at high alkalinities. 

Combination electrodes have increased in use and are 
a consolidation of the glass and reference electrodes in a 
single probe, usually in a concentric arrangement, with the 
reference electrode compartment surrounding the pH sen- 
sor. The advantages of combination electrodes include the 
convenience of using a single probe and the ability to mea- 
sure small volumes of sample solution or in restricted- 
access containers, for example, test tubes and narrow-neck 
flasks, A disadvantage of this arrangement is that if one 
of the electrodes becomes defective, the entire combination 
assembly must be discarded. 

Theoretical considerations favor liquid junctions in 
which cylindrical symmetry and a steady state of ionic dif- 
fusion are achieved. Special cells in which a stable junction 
can be achieved are not difficult to construct and are avail- 
able commercially. 

A solution of potassium chloride that is saturated at 
room temperature usually is used for the salt bridge. It has 
been shown that the higher the concentration of the po- 
tassium chloride solution, the more effective the bridge so- 
lution is in reducing the liquid-junction potential (12). 
Also, the saturated potassium chloride calomel and silver— 
silver chloride reference electrodes are stable, reproduci- 
ble, and easy to prepare. However, after long periods and 
with temperature lowering, the salt-bridge chamber may 
become filled with large crystals of potassium chloride that 
block the flow of bridge solution and thereby impair the 
reproducibility of the junction potential and raise the re- 
sistance of the cell. A slightly undersaturated (eg, 3.5 M) 
solution of potassium chloride is preferred. The calomel 
electrode has the added disadvantage that it shows a 
marked potential hysteresis with changes of temperature. 

Samples that contain suspended matter are among the 
most difficult types from which to obtain accurate pH read- 
ings because of the so-called suspension effect, that is, the 
suspended particles produce abnormal liquid-junction po- 
tentials at the reference electrode (13). This effect is es- 
pecially noticeable with soil slurries, pastes, and other 
types of colloidal suspensions. In the case of a slurry that 
separates into two layers, pH differences of several units 
may result, depending on the placement of the electrodes 
in the layers. Internal consistency is achieved by pH mea- 
surement using carefully prescribed measurement proto- 
cols, as has been used in the determination of soil pH (14). 

Another problem that may result in spurious pH read- 
ings is caused by streaming potentials. Presumably, these 
are attributable to changes in the reference electrode liq- 
uid junction that are caused by variations in the flow rate 
of the sample solution. Factors that affect the observed pH 
include the magnitude of the flow-rate changes, the ge- 
ometry of the electrode system, and the concentration of 
the salt-bridge electrolyte; therefore, this problem may be 
avoided by maintaining constant flow and geometry char- 
acteristics and calibrating the system under operating con- 
ditions that are identical to those of the sample measure- 
ment. 
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pH INSTRUMENTATION 


The pH meter is an electronic voltmeter that provides a 
direct conversion of voltage differences to differences of pH 
at the measurement temperature (15). One class of instru- 
ments is the direct-reading analogue, which has a deflec- 
tion meter with a large scale calibrated in mV and pH 
units. Most modern direct-reading meters have digital dis- 
plays of the emf or pH. The types range from very inex- 
pensive meters that read to the nearest 0.1 pH unit to the 
research models capable of measuring pH with a precision 
of 0.001 pH unit and drifting less than 0.003 pH unit over 
24 h; however, it should be noted that the fundamental 
meaning of these measured values is considerably less cer- 
tain than the precision of the measurement. 

Because of the very large resistance of the glass mem- 
brane in a conventional pH electrode, an input amplifier of 
high impedance (usually 10'-10"* @) is required to avoid 
errors in the pH (or mV) readings. Most pH meters have 
field-effect transistor amplifiers that typically exhibit bias 
currents of only a picoampere (107! ampere), which, for 
an electrode resistance of 100 MQ, results in an emf error 
of only 0.1 mV (0.002 pH unit). 

In addition, most of these devices provide operator con- 
trol of settings for temperature and/or response slope, iso- 
potential point, zero or standardization, and function (pH, 
mV, or monovalent/divalent cation/anion). Microproces- 
sors are incorporated in advanced-design meters to facili- 
tate calibration, calculation of measurement parameters, 
and automatic temperature compensation. Furthermore, 
pH meters are provided with output connectors for contin- 
uous readout via a strip-chart recorder and often with 
binary-coded decimal output for computer interconnec- 
tions or connection to a printer. Although the accuracy of 
the measurement is not increased by the use of a recorder, 
the readability of the displayed pH (on analogue models) 
can be expanded, and recording provides a permanent rec- 
ord with information on response and equilibration times 
during measurement (5). 


TEMPERATURE EFFECTS 
The emf, E, of a pH cell may be written 
E = Eg — kpH (12) 


where k is the Nernst factor (2.303RT)/F, and E¢’ includes 
the liquid-junction potential and the half-cell emf on the 
reference side of the glass membrane. Changes of tem- 
perature alter the scale slope because & is proportional to 
T. The scale position also is changed because the “stan- 
dard” potential is temperature dependent: EZ’ is usually a 
quadratic function of the temperature. 

The objective of temperature compensation in a pH me- 
ter is to nullify changes in emf from any source except 
changes in the true pH of the test solution. Nearly all pH 
meters provide automatic or manual adjustment for the 
change of & with T. If correction is not made for the change 
of standard potential, however, the instrument must al- 
ways be standardized at the temperature at which the pH 
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is to be determined. In industrial pH control, standardi- 
zation of the assembly at the temperature of the measure- 
ments is not always possible, and compensation for shift 
of the scale position, though imperfect, is useful. If the 
value of E?’ were a linear function of T, it would be easy 
to show that the straight lines representing the variation 
of E and pH at different temperatures would intersect at 
a point, the isopotential point or pH;. Even though E¢’ does 
not usually vary linearly with T, these plots intersect at 
about pH; when the range of temperatures is narrow. By 
providing a temperature-dependent bias potential of kpHj, 
an approximate correction for the change of the standard 
potential with temperature can be applied automatically 
(1,5). 


NONAQUEOUS SOLVENTS 


The activity of the hydrogen ion is affected by the proper- 
ties of the solvent in which it is measured. Scales of pH 
only apply to the medium (single solvent or mixed solvents, 
eg, water-alcohol) for which they are developed. The com- 
parison of the pH values of a buffer in aqueous solution to 
one in a nonaqueous solvent has neither direct quantita- 
tive nor thermodynamic significance. Consequently, oper- 
ational pH scales must be developed for the individual sol- 
vent systems. In certain cases, correlation to the aqueous 
pH scale can be made but, in others, pH values are used 
only as relative indicators of the hydrogen-ion activity. 

Other difficulties of measuring pH in nonaqueous sol- 
vents are the complications that result from dehydration 
of the glass pH membrane, increased sample resistance 
and large liquid-junction potentials. These effects are com- 
plex and are highly dependent on the type of solvent or 
mixture used (1,5). 


INDICATOR pH MEASUREMENTS 


The indicator method is especially convenient when the pH 
of a well-buffered colorless solution must be measured at 
room temperature with an accuracy no greater than 0.5 
pH unit. Under optimum conditions an accuracy of 0.2 pH 
unit may be obtainable. A list of representative acid-base 
indicators is given in Table 2 with their corresponding 
transformation ranges. A more complete listing, including 
the theory of the indicator color change and of the salt ef- 
fect, is given in Reference 1. 

Because they are weak acids or bases, the indicators 
may affect the pH of the sample, especially in the case of 
a poorly buffered solution. Variations in the ionic strength 
or solvent composition, or both, also can produce large un- 
certainties in pH measurements, presumably caused by 
changes in the equilibria of the indicator species. Specific 
chemical reactions also may occur between solutes in the 
sample and the indicator species to produce appreciable 
pH measurement errors. Examples of such interferences 
include binding of the indicator species by proteins and 
colloidal substances and direct reaction with sample com- 
ponents, for example, oxidizing agents and heavy metal 
ions. 


Table 2. Acid-Base Indicators 


Indicator pHrange Acidcolor__ Base color 
Acid cresol red 0.2-18 red yellow 
Methyl violet 05-15 yellow blue 
Acid thymol blue 1.2-2.8 red yellow 
Bromophenol blue 3.0-4.6 yellow blue 
Methyl orange 32-44 red yellow 
Bromocresol green 38-54 yellow blue 
Methyl red 4.4-6.2 red yellow 
Bromocresol purple -5.2-6.8 yellow purple 
Bromothymol blue 6.0-7.6 yellow blue 
Phenol red 6.6-8.2 yellow red 
Cresol red 72-88 yellow red 
Thymol blue 8.0-9.6 yellow blue 
Phenolphthalein 8.2-9.8 colorless red 
Tolyl red 10.0-11.6 red yellow 
Parazo orange 11.0-126 yellow orange 
Acyl blue 12.0-13.6 red blue 


INDUSTRIAL PROCESS CONTROL 


Specialized equipment for industrial measurements and 
automatic control have been developed (16) (see “pH In- 
strumentation”). In general, the pH of an industrial pro- 
cess need not be controlled with great accuracy. Conse- 
quently, frequent standardization of the cell assembly may 
be unnecessary. On the other hand, the ambient condi- 
tions, for example, temperature and humidity, under 
which the industrial control measurements are made may 
be such that the pH meter must be much more robust than 
those intended for laboratory use. To avoid costly down- 
time for repairs, pH instruments may be constructed of 
modular units, permitting rapid removal and replacement. 
of a defective subassembly, 

The pH meter usually is coupled to a data recording 
device and often to a pneumatic or electric controller. The 
controller governs the addition of reagent so that the pH 
of the process stream is maintained at the desired level. 

Immersion-cell assemblies are designed for continuous 
pH measurement in tanks, troughs, or other vessels con- 
taining process solutions at different levels under various 
conditions of agitation and pressure. The electrodes are 
protected from mechanical damage and sometimes are 
provided with devices to remove surface deposits as 
they accumulate. Process flow chambers are designed to 
introduce the pH electrodes directly into piped sample 
streams or into bypass sample loops that may be pres- 
surized. Electrode chambers of both types usually con- 
tain a temperature-sensing element that controls the 
temperature-compensating circuits of the measuring in- 
strument. 

Glass electrodes for process control do not differ mate- 
rially from those used for pH measurements in the labo- 
ratory, but the emphasis in industrial application is on rug- 
ged construction to withstand both mechanical stresses 
and high pressures. Pressurized salt bridges, which ensure 
slow leakage of bridge solution into the process stream 
even under very high ambient pressures, have been devel- 
oped. For less-severe process-monitoring conditions, ref- 
erence electrodes are available with no-flow polymeric or 


gel-filled junctions that can be used without external pres- 
surization. 
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HYDROGENATION 


Hydrogenation is unique among the unit processes used in 
edible oils and fats processing in that it alters the molec- 
ular structure and composition of the glycerol esters com- 
prising the naturally occurring triglycerides of vegetable, 
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meat, and marine origin. It is a chemical reaction in which 
hydrogen is added to the ethylenic linkages (double bonds). 
It requires the presence of a catalyst—historically almost 
always nickel. It normally is performed batchwise in a 
hydrogen-pressurized stirred reactor. Agitation is neces- 
sary to suspend the catalyst and to effect solubilization of 
the hydrogen, thus enabling it to react on the surface of 
the catalyst with a double bond in the oil. 

Hydrogenation is employed worldwide on a vast scale 
in the edible oils and fats industry. Its principal objectives 
are to convert liquid oils into plastic fats usable in a wide 
variety of cooking and baking applications, and to improve 
flavor stability by retarding deterioration through oxida- 
tion. Hydrogenation has also made a major contribution to 
the present high degree of interchangeability among a 
wide variety of oils and fats. 


REACTION MECHANISM 


The basic chemical equation for hydrogenation of an un- 
saturated carbon-carbon double bond is shown in equation 
1(1). 


catalyst 
-CH=CH- + H, + -CH, - CH,- (1) 


As the equation indicates, and as alluded to earlier, hydro- 
genation takes place when the carbon to carbon double 
bonds in the liquid oil, the solid catalyst, and the gaseous 
hydrogen have been brought together—usually in a heated 
stirred reactor. The hydrogen must be dissolved in the oil 
since only dissolved hydrogen is available for reaction. 

Although the hydrogenation reaction may appear 
straightforward, it is in actuality very complicated. The 
esters may contain one, two, three, or more unsaturated 
bonds, and each double bond may be hydrogenated at a 
different rate, depending on its position in the molecule. 
There may also be simultaneous isomerization of the un- 
saturated bonds. Isomerization is principally geometrical, 
but some positional isomerization can also occur. In addi- 
tion, the position of the ester on the glycerol also has some 
effect in determining the physical properties of the mole- 
cule. 

The complexity of the reaction is further illustrated by 
noting that the partial hydrogenation of soybean oil results 
in the production of a minimum of 30 different linolenic, 
linoleic, and oleic esters whose cis and trans forms could 
produce more than 4000 different triglycerides. The mar- 
vel is that producers have learned to not only control the 
reaction but actually utilize its many-faceted complexity to 
produce a great variety of oils, shortenings and marga- 
rines, each designed to have physical properties (func- 
tional characteristics) making them specifically desirable 
for a particular application. In recent years there has been 
an additional strong impetus to also make the final prod- 
ucts nutritionally desirable. 


SELECTIVITY 


The term selectivity, as commonly used in the edible oils 
and fats industry, relates to equation 2 (2). 


gel-filled junctions that can be used without external pres- 
surization. 
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meat, and marine origin. It is a chemical reaction in which 
hydrogen is added to the ethylenic linkages (double bonds). 
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always nickel. It normally is performed batchwise in a 
hydrogen-pressurized stirred reactor. Agitation is neces- 
sary to suspend the catalyst and to effect solubilization of 
the hydrogen, thus enabling it to react on the surface of 
the catalyst with a double bond in the oil. 
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variety of cooking and baking applications, and to improve 
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tion. Hydrogenation has also made a major contribution to 
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The basic chemical equation for hydrogenation of an un- 
saturated carbon-carbon double bond is shown in equation 
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hydrogen have been brought together—usually in a heated 
stirred reactor. The hydrogen must be dissolved in the oil 
since only dissolved hydrogen is available for reaction. 
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different rate, depending on its position in the molecule. 
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saturated bonds. Isomerization is principally geometrical, 
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tion, the position of the ester on the glycerol also has some 
effect in determining the physical properties of the mole- 
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noting that the partial hydrogenation of soybean oil results 
in the production of a minimum of 30 different linolenic, 
linoleic, and oleic esters whose cis and trans forms could 
produce more than 4000 different triglycerides. The mar- 
vel is that producers have learned to not only control the 
reaction but actually utilize its many-faceted complexity to 
produce a great variety of oils, shortenings and marga- 
rines, each designed to have physical properties (func- 
tional characteristics) making them specifically desirable 
for a particular application. In recent years there has been 
an additional strong impetus to also make the final prod- 
ucts nutritionally desirable. 


SELECTIVITY 


The term selectivity, as commonly used in the edible oils 
and fats industry, relates to equation 2 (2). 
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RK Ke Ke 
Linolenic — linoleic > oleic > stearic (2) 


With some simplification, linolenic selectivity is defined as 
the ratio (Ln SR) of the rate of reaction of K, to K2. With 
the same simplification, linoleic selectivity is defined as the 
ratio (Lo SR) of the rate of reaction of Kz to K3. Because of 
its much greater utility and its ability to be manipulated, 
when the term selectivity is used in the edible oil industry, 
the speaker or writer is referring to linoleic selectivity un- 
less explicitly indicated otherwise. Another way of defining 
linoleic selectivity is as the degree of preferential conver- 
sion of dienes to monoenes compared with the conversion 
of monoenes to saturates. 

Although few trans isomers occur in nature, during par- 
tial hydrogenation of oils the double bond may be either 
saturated or isomerized while it is being adsorbed on the 
catalyst surface. Some positional and many geometric iso- 
mers are formed, basically by way of the Horiute-Polanyi 
mechanism. Elaidic, the trans form of octadecanoic (oleic) 
acid, is the most common trans isomer. Its historic utility 
in margarine formulation is based on its having a signifi- 
cantly higher melting point (43.7°C) than the cis form 
(16.3°C), while still being considerably lower melting than 
the completely saturated stearic (69.6°C). Since the solids 
content of a fat at any given temperature depends on the 
distribution of all the esters of a triglyceride, the ratio of 
trans to cis is the principal determinant of the slope of the 
melting curve in the important refrigerator to body tem- 
perature range. 

The preferential selectivity of nickel catalysts for the 
hydrogenation of a linolenic ester in a triglyceride com- 
pared with a linoleic (Ln SR) has been shown to be about 
1.8 to 2.3. Since changes in process conditions do not sig- 
nificantly change this ratio, evidently the diene and the 
triene are hydrogenated by the same mechanism. Al- 
though it would seem the presence of the third double bond 
should double the chance of hydrogenation of one of the 
double bonds in the triene compared with the diene, this 
has not been shown to be the case. However, when copper 
catalysts are used to hydrogenate soybean oil, as will be 
discussed later, linolenic selectivity ratios of 8 to 12 are 
found. Copper catalyst obviously operates somewhat dif- 
ferently from nickel. It is surmised that copper catalyst 
causes conjugation of the linolenate triene on the catalyst 
surface. Since conjugated trienes have been shown to react 
about 200 times faster than nonconjugated ones, they do 
not accumulate in the product—evidently hydrogenating 
to a conjugated diene before desorbing from the catalyst 
surface, The conjugated dienes are then further reduced to 
monoenes. The monoenes are not reduced to saturates by 
the catalyst since hydrogenation with copper catalyst must 
involve two or more double bonds. 


EFFECTS OF PROCESS CONDITIONS 


When hydrogenating a specific oil with a chosen catalyst, 
the reaction parameters are temperature, pressure, cata- 
lyst concentration, and agitation (mixing). Because each 
parameter influences both reaction rate and selectivity, 
and because all are interrelated, it is not possible to spe- 


cifically predict what their combined effect will be in a par- 
ticular instance. Therefore, each of the parameters will be 
discussed separately, as they affect reaction rate and as 
they affect selectivity. 


Effects of Temperature 


Hydrogenation, like other chemical reactions, is acceler- 
ated by increasing temperature. Both preferential selectiv- 
ity and isomerization are also greater with increasing tem- 
perature. Since there is an increasing tendency toward 
hydrolysis above 400°F (204°C), processors limit their up- 
per temperature accordingly, with 450°F (232°C) being a 
maximum. Since some investigators claim that nutrition- 
ally undesirable positional isomers are also formed at high 
temperatures, a limitation as low as 400°F (204°C) is some- 
times observed. 


Effects of Pressure 


Again, as with most chemical reactions, increasing pres- 
sure increases reaction rate. Commercial hydrogenation of 
edible triglyceride oils is usually performed under hydro- 
gen pressure of 7 to 50 psig (0.5-3.5 atm)—at the lower 
end for partial hardening, which constitutes most of the 
commercial hydrogenation of edible oils such as soybean, 
canola, and so on. Within this lower range, even modest 
change in pressure has a significant effect on the in- 
verse relationship of increasing reaction rate/decreasing 
selectivity—both preferential and trans isomer. 


Effects of Catalyst Concentration 


Increasing the catalyst concentration in a given system in- 
creases reaction rate up to the point where hydrogen avail- 
ability becomes the limiting parameter. It has a minor ef- 
fect on selectivity. The catalyst concentration employed in 
commercial partial hydrogenation of edible oils is chosen 
so that the converter reaction time fits into the other batch 
cycle steps of heat exchange and filtration for catalyst re- 
moval. 


Effects of Agitation 


Agitation (mixing) is of great importance in determining 
both the rate and selectivities (preferential and trans- 
isomeric) of edible oil hydrogenation. In general, better 
mixing increases activity and decreases selectivity. Agita- 
tion must accomplish the following: (1) distribute heat or 
cooling for temperature control; (2) keep the solid catalyst 
suspended; (3) solubilize and maintain the solution of hy- 
drogen in the oil. 

Whereas (1) and (2) are straightforward and quite eas- 
ily achieved, (3) is complex. In conventional batch-operated 
tank-type hydrogenation reactors (Fig. 1), hydrogen is bub- 
bled into the liquid through a spider-type gas distributor 
at the bottom of the converter. While the hydrogen to be 
solubilized comes principally from bubbles absorbed dur- 
ing their passage up through the oil from the spider, it 
partially comes from gas in the headspace that is contin- 
ually being stirred back into the oil. Mixing in such a con- 
verter as shown in Figure 1 is provided by two or more 
turbine blades attached to a central shaft. Individual 
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Figure 1. Conventional hydrogenation reactor. Source: Ref. 1. 


blades may be flat/perpendicular, flat/canted, or foil 
shaped, depending on whether their purpose is to break 
the hydrogen into small bubbles, retard the flow of the bub- 
bles upward, or create a vortex to reincorporate headspace 
hydrogen into the oil. Positioning of the blades on the shaft 
is very important. The rotation speed of the agitators, de- 
sign and location of baffles on the side of the tank, and 
placement of heating/cooling coils also affect the flow of 
hydrogen bubbles passing through the oil and, conse- 
quently, the absorption of hydrogen into the oil. Mixers 
specially designed to better reincorporate hydrogen from 
the headspace into the body of the oil are gaining accep- 
tance. They provide a more constant supply of hydrogen at 
the catalyst site, thus increasing the rate of reaction and 
also making it less variable. This is a significant aid in 
achieving uniform selectivity, which results in greater 
product uniformity. Three agitation systems designed to 
achieve this are depicted in Figures 2, 3, and 4. 

The activity and selectivity effects of varying hydrogen- 
ation process conditions are summarized in Table 1. 


CATALYSIS 
According to the classic definition of Ostwald, a catalyst is 


a substance that alters the rate of a chemical reaction 


Table 1. Activity and Selectivity Effects of Varying 
Hydrogenation Process Conditions 


Increase in Rate Lo SR* Isomerization 
‘Temperature +et+ +444 reyes 
Pressure +t —— 
Agitation debt —m ees 
Catalyst concentration ++ ~ = 


*Lo SR, linoleic selectivity ratio. 
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without affecting the energy factors of the reaction or being 
consumed in the reaction. Thus, the catalyst enters into 
the reaction over and over again, and a relatively small 
amount may be capable of transforming very large 
amounts of feedstock into reacted product. In the hydro- 
genation of vegetable oils, the concentration of nickel em- 
ployed as a catalyst does not exceed a few hundredths of a 
percent. Furthermore, one catalyst may differ from an- 
other in its relative effect on alternate reaction rates. The 
hydrogenation of fats and oils furnishes examples of such 
specificity of catalyst action. Thus, the addition of 1 mol of 
hydrogen to a linoleic acid chain in a glyceride molecule 
may yield either a normal oleic ester or isomeric forms of 
it. Some nickel catalysts are more inclined than others to 
produce the isomeric forms. 

Heterogeneous catalysts are the most important in in- 
dustry generally. In edible oil hydrogenation they are used 
exclusively. In heterogeneous catalysis it is assumed the 
reaction proceeds through the formation of unstable inter- 
mediate compounds or adsorption complexes, in which the 
catalyst is temporarily combined with one or more of the 
reactants. If such compounds do exist, it is probable that 
in most cases they are not definite chemical combinations 
but consist merely of strongly bound molecules of the re- 
actant held to the catalyst surface by secondary valence 
forces, or by complexing. In any event, it is essential that 
they be unstable. That is, capable of being either decom- 
posed or desorbed, to permit reaction to proceed according 
to the scheme shown in equation 3. 


adsorption 
catalyst + reactants — 
desorption 
~ reaction products + regenerated catalyst (3) 


catalyst-reactant complex 


Although homogeneous catalysts for fats and oils hy- 
drogenation have been studied, there is no current com- 
mercial interest in pursuing them. This is principally be- 
cause of legal/environmental reasons, For homogeneous 
catalysts to be legally permitted in edible oil hydrogena- 
tion, they would need to achieve generally regarded as safe 
(GRAS) status. This would require either proof of their 
complete removal after use, or long-term human feeding 
tests demonstrating their harmlessness. In either case, the 
cost is too high and the potential liability too great to be 
considered seriously by either oil processors or catalyst 
manufacturers. Since enzyme catalysts might have the 
possibility of more easily being recognized as GRAS, they 
could be a future possibility. 

Commercial hydrogenation catalysts are made by first 
combining nickel with other elements, such as in nickel 
oxide, nickel hydroxide, nickel carbonate, nickel formate, 
or nickel-aluminum alloy, and then reducing the compound 
to regain a portion of the nickel (now in a catalytic state) 
in metallic form. Considerable evidence indicates that the 
hydrogenation of an ethylenic compound must be preceded 
by two-point adsorption of the carbon atoms on either side 
of the double bond. This requirement imposes certain di- 
mensional limitations on the space lattice of any catalyti- 
cally active metal. Actually, the metals that are at all ef- 
fective in the hydrogenation of double bonds, such as 
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Figure 2. Helical screw mixer. Source: Ref. 1. 


Figure 3. Loop Venturi reactor. Source: Ref. 1. 


nickel, cobalt, iron, copper, platinum, and palladium, all 
have interatomic spacings close to that (2.73 A) calculated 
as optimum for such two-point adsorption. 

Catalysts are quite sensitive to heat and may be inac- 
tivated by temperatures considerably below the fusion 
point of massive nickel. This inactivation is apparently the 
result of a sintering process, which causes the active pro- 
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jecting nickel atoms to assume more stable positions on the 
catalyst surface. This sensitivity to heat makes their re- 
duction to metallic form critical with respect to tempera- 
ture since there is sometimes only a small interval between 
the temperature at which reduction becomes rapid and 
that at which sintering begins. Precipitated nickel cata- 
lysts are usually reduced at temperatures between about 


Cy 


Figure 4. A340 Hydrofoil Mixer. Source: Courtesy of Lightnin. 


800°F (425°C) and 900°F (480°C), well below nickel’s sin- 
tering temperature, which begins at about 1000°F (540°C). 

Freshly reduced catalysts are highly pyrophoric be- 
cause of the reactive nature of their zero valence nickel 
atoms and their retention of hydrogen adsorbed during re- 
duction. If exposed to air (oxygen) at this stage, they be- 
come inactivated as the atoms revert to their oxide form. 
Their pyrophoric properties and tendency to become inac- 
tivated through oxidation can be essentially eliminated by 
coating (protecting) the catalyst surface with an essen- 
tially inert material, usually a highly saturated fat. An al- 
ternate method of stabilization is by a slight back oxidation 
after reduction. Although this takes the “edge” off the cat- 
alyst’s activity, it readily reactivates in situ under the re- 
ducing conditions of hydrogenation. It is a common and 
necessary practice to use reduced and stabilized catalysts 
for the hydrogenation of feedstocks to produce products in 
which even the small amount of protecting oil would be a 
serious contaminant. The conversion of fatty nitriles to 
amines is an example. 


CATALYST POISONS 


General 


Since the activity of a catalyst depends on the presence of 
arelatively few metallic atoms of an unusually high degree 
of reactivity, it is to be expected that these atoms will dis- 
play a marked avidity for many substances, in addition to 
hydrogen, if such substances are present as impurities in 
the reacting system. Substances that are thus able to cause 
catalysts to become inactive are generically termed cata- 
lyst poisons. They may be troublesome when present, even 
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in traces, since the amount of catalyst is always small in 
relation to the amount of reactants, and the active portion 
of the catalyst is small in comparison with the total cata- 
lyst. 

Impurities that have a negative effect on catalysts can 
be more specifically broken down into poisons, inhibitors, 
and deactivators, with each group acting according to a 
different mechanism. True poisons, such as sulfur and bro- 
mine, chemically react with the nickel in an irreversible 
manner. Inhibitors, such as phosphorous and alkali soaps, 
prevent hydrogenation from occurring by blocking the en- 
trances to the catalyst pores. Deactivators, such as water 
and carbon dioxide, do not necessarily permanently affect 
the reaction since they can be removed under vacuum at. 
elevated temperature. 

Among the worst poisons for nickel catalysts are the 
gaseous sulfur compounds: hydrogen sulfide, carbon disul- 
fide, sulfur dioxide, carbon oxysulfide, and so on. Histori- 
cally, these compounds were of considerable concern be- 
cause they may occur as impurities in hydrogen prepared 
by the steam-iron, water gas-catalytic, or hydrocarbon re- 
forming processes. They are rapidly adsorbed by nickel 
catalysts and poison the catalyst irreversibly. The virtual 
disappearance of plants producing hydrogen by the steam— 
iron and water gas—catalytic processes, and the addition of 
purification steps to hydrocarbon reforming plants, have 
essentially eliminated gaseous sulfur compounds as being 
of significance in present-day edible oil hydrogenation. 

Besides the sulfur compounds just mentioned, the gas- 
eous catalyst poison that historically has been most likely 
to cause trouble in the hydrogenation of fats and oils is 
carbon monoxide. As with gaseous sulfur, the discontinu- 
ance of some methods of manufacture and the addition of 
purifiers, principally pressure swing adsorbers (PSAs), 
have also essentially eliminated carbon monoxide as a cat- 
alyst poison found in hydrogen. 

Other gaseous impurities that can occur in hydrogen 
include carbon dioxide, nitrogen, and methane. Although 
these gases are not catalyst poisons per se, in a converter 
of the “dead-end” type they accumulate in the headspace 
as the reaction proceeds. By dilution, this reduces the hy- 
drogen partial pressure and the reaction slows. Histori- 
cally, this was a significant problem, particularly after the 
oil’s iodine value had been lowered considerably. It was 
dealt with by venting, either occasionally or continuously. 
However, as with the other gaseous impurities, PSA sys- 
tems have eliminated the problem. Small amounts of wa- 
ter vapor in the hydrogen (or the feedstock) have negligible 
poisoning effect on the catalyst but do cause formation of 
free fatty acids by hydrolysis of the triglyceride. These ac- 
ids, in turn, react with the catalytic nickel to form non- 
catalytic nickel soaps. This phenomenon not only inacti- 
vates a portion of the catalyst but the resulting soaps slow 
posthydrogenation filtration. 

Hydrogen produced by electrolysis contains a small 
amount of oxygen. Although oxygen is not a catalyst poi- 
son, its potential to cause oil oxidation makes it suspect as 
deleterious to product quality. It can also be readily re- 
duced to a negligible level by a purification step. 
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Feedstock Poisons 


All naturally occurring oils and fats contain constituents 
that can inhibit hydrogenation. They vary greatly, depend- 
ing on the source—whether vegetable, meat, or marine. 
They also vary widely within those categories. For in- 
stance, in the case of vegetable oils, soybean and rapeseed 
contain considerable phosphorus, whereas palm has vir- 
tually none. Rapeseed oils contain sufficient sulfur to have 
a significant effect on hydrogenation; soybean has essen- 
tially none. Even a specific oil, such as rapeseed, can vary 
greatly in its content of sulfur, phosphorous, and chloro- 
phyll. This variation may be caused by seed variety, 
weather, or handling. Whatever the cause or source of the 
hydrogenation-inhibiting substance, a principal function of 
the processing steps prior to hydrogenation is its reduction 
or elimination. This is successful to a greater or lesser de- 
gree depending on the crude material and on the effort 
expended. 

Very significant progress has been made in oil purifi- 
cation. A principal impetus has been the realization by pro- 
cessors that the costs of purification are usually less than 
the downstream cost of larger catalyst usage, lower yield, 
and inferior product quality. The availability of improved 
processing controls and better analytical instruments have 
contributed substantially to this effort. For instance, in- 
struments such as the inductively coupled plasma spectro- 
photometer have enabled processors to rapidly and accu- 
rately measure and control phosphorous and other metals. 


CATALYSTS 


Nickel Catalysts 


Nickel alloy and wet-reduced nickel formate catalysts were 
historically used for edible oil hydrogenation, but they 
have been completely replaced by dry-reduced precipitated 
nickel catalysts. Catalysts of this type are prepared by pre- 
cipitating a nickel salt, usually sulfate or chloride, on an 
inert support, such as silica or alumina or a combination 
thereof. The precipitate is filtered, washed, and dried. The 
resulting powder is reduced with hydrogen at 800 to 900°F 
(480-540°C). It is then coated (protected) with a triglyc- 
eride fat, chilled, and formed into a particle (pastule or 
flake) for packaging and shipment. 

The performance characteristics (activity, selectivity, 
and filterability) of dry-reduced precipitated catalysts de- 
pend to a very great extent on the precipitation step. Such 
operating variables as the strengths of the solutions, the 
temperature at which precipitation takes place, the agi- 
tation of the solutions, their pH, the temperature to which 
the suspended precipitate is subjected, and so on, are all 
important and are rigidly controlled by the catalyst pro- 
ducer. 

To a significant degree, the manufacture of dry-reduced 
precipitated nickel catalysts can be manipulated to pro- 
duce products having various combinations of activity, se- 
lectivity, and filterability. This can be important and use- 
ful, depending on the feedstocks and the finished products 
to be manufactured. 


Promoted Catalysts 


A catalyst promoter is classically defined as a metal or 
other substance that enhances performance (usually activ- 
ity) without actually being a catalyst for the reaction. The 
promotion of catalysts is much practiced in industries 
other than the hydrogenation of fats. In these cases, the 
employment of catalysts having two, three, four, or even 
more components is not unusual. In such complex systems 
the action of some of the components may more accurately 
be called synergistic rather than promotive, since more 
than one of the components may possess catalytic activity 
by itself. 

Anumber of mechanisms have been proposed to explain 
the phenomenon of promotion. It has been supposed that 
the promoter acts as a secondary catalyst, accelerating the 
formation or decomposition of intermediate compounds, 
assisting in the adsorption of the reactants, or protecting 
the catalyst from poisons. With catalysts for the hydrogen- 
ation of fats, however, it appears more reasonable to as- 
sume that the function of a promoter would be simply 
structural, that is, to permit development of larger num- 
bers of active centers on the catalyst surface. 

Metals referred to in the patent literature as useful pro- 
moters for nickel catalysts used in the hydrogenation of 
edible oils, either as such or in the form of oxides, include 
chromium, cobalt, thorium, zirconium, copper, titanium, 
and silver. Practical use of some of them (eg, chromium) 
can be ruled out based on current environmental and/or 
nutritional laws and regulations. Most have not shown any 
cost-benefit performance advantage. Copper will be dis- 
cussed separately, not as a promoter but as an alternate to 
nickel. 


Nickel Sulfur Catalysts 


The addition of sulfur to a nickel catalyst formulation has 
two effects. One is the diminishing of the nickel’s hydro- 
genation activity and the second is an increase in trans- 
isomer formation. The increase in trans-isomer formation 
has spawned a widespread use of nickel sulfur catalysts to 
convert vegetable oils into products acceptable as cocoa 
butter substitutes useful in the manufacture of confection- 
ery/coating fats. 


Other Metal Catalysts 


Although precious metals have not been used for commer- 
cial hydrogenation of fats and oils, they have been inves- 
tigated quite extensively. They have several characteris- 
tics that make them attractive. These include satisfactory 
reactivity at about 60°C and an activity so powerful that. 
only a few parts per million are required. However, be- 
cause of the high price of the metal, to be cost-effective the 
metal in the spent catalyst would need to be at least 98% 
captured and reclaimed. Although that is feasible using 
current techniques, it would require considerable change 
in practice by both the hydrogenator and the catalyst 
manufacturer. Since neither has perceived any appreciable 
advantage in making such a change, it has not received 
serious attention. However, in the case of some unantici- 
pated future development, such as the outlawing of nickel 


for edible oil hydrogenation, platinum or palladium would 
be viable substitutes. 

Copper catalyst, because of its high linolenic selectivity 
(Ln SR), has been used to a limited extent for the hydro- 
genation of the linolenic ester in soybean oil. Soybean oil 
“brush” hydrogenated with copper catalyst, although much 
more linolenic preferential than nickel, still requires win- 
terization to pass a cold test. The deleterious effect of even 
traces of residual copper on oxidative stability of the prod- 
uct is also a negative aspect. While copper is not currently 
used commercially, 1960s research on the possibility of do- 
ing so added considerably to understanding the selectivity 
of polyunsaturated ester hydrogenation. 


HYDROGENATION IN PRACTICE 


Batch Hydrogenation 


Figure 5 is a flowsheet sketch depicting the unit operations 
of an industrial vegetable oil hydrogenation facility, com- 
monly referred to as a hardening plant. The feedstock oil 
from upstream purification operations is brought to reac- 
tion temperature in a heat exchange with hydrogenated oil 
coming from the converter by way of the converter’s drop 
tank. It is held in a hot oi] measuring tank awaiting trans- 
fer to the converter. The cooled hydrogenated oil passes 
through a filter press where the catalyst is removed. 

With state-of-the-art instrumentation and properly 
sized valves, pumps, and so on, the converter can easily be 
cycled 12 to 15 times per 24 h with even greater turnover 
if needed. 

Hydrogen is supplied under pressure to the converter, 
either from on-site generation or as purchased from com- 


Measuring tank 


Oil 


Heat exchanger 


HYDROGENATION 1319 


mercial suppliers. Catalyst is purchased from one of the 
three or four commercial manufacturers who supply it 
worldwide. It is added to the converter either as a liquid 
by pumping or by dry aspiration utilizing the converter’s 
vacuum system. 

A single-stage steam ejector system produces sufficient 
vacuum for the converter operations of evacuating air from 
the headspace, assisting in maintaining low-moisture feed- 
stock, and aspirating catalyst. The converter is serviced by 
electricity for motors that drive the agitator and turn the 
centrifugal pumps that move the feedstock and hydrogen- 
ated product through the system, Although low-pressure 
heating steam is ordinarily available, except for startup, it 
is not needed in energy-efficient plants. Rather, most of the 
heat generated by the hydrogenation reaction exotherm is 
exchanged with the incoming feedstock, as already dis- 
cussed, to bring it to reaction temperature. The excess cal- 
ories, in the form of steam generated from the vaporization 
of converter cooling water, are used as a heat source for 
other plant operations. 

Meter measurement of hydrogen usage can be a good 
method of determining how far the reaction has proceeded. 
It requires knowledge of the iodine value of a known quan- 
tity of the specific oil being hydrogenated in a reactor of 
known volume. Assuming no venting, the system, though 
indirect, is quite accurate. 

An alternate method of determining the degree of hy- 
drogenation is by measuring the refractive index of the oil 
and converting it to iodine value using the known relation- 
ship between them. Instruments are available to do this 
on-line and in situ. They utilize probes positioned closely 
together within the converter. One measures the oil’s re- 
fractive index and the other measures its temperature. 
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Figure 5. The hardening plant. Source: Ref. 1. 
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The probes are tied together in an external computer 
where software converts their measurements to iodine 
value at a specific reference temperature—usually 60°C. 


Continuous Systems 


Slurry. Employing a continuous system for hydrogen- 
ating edible oils has a number of operational advantages. 
A principal advantage is elimination of the numerous op- 
portunities for equipment malfunction and human error 
that are inevitable in cycling operations. Since the tem- 
perature profile of the reaction is essentially constant in a 
continuous system, there is significantly more uniform se- 
lectivity of the hydrogenation reaction. In spite of these 
advantages, continuous slurry hydrogenation has achieved 
only very limited success in edible oil hydrogenation. The 
reason usually cited for its lack of acceptance is the con- 
tamination that inevitably occurs when switching from one 
product to another. Maintaining only a few base stocks can 
minimize the seriousness of this problem. Utilization of an 
on-line instrument to monitor refractive index (iodine 
value), as described previously, could also be helpful. 


Fixed Bed. The fixed-bed mode may have a long-term 
future in continuous partial hydrogenation of triglycerides. 
With it, a relatively small amount of feedstock makes a 
single pass through a comparatively large quantity of 
formed catalyst. A filtration step is not needed to remove 
the catalyst. This simplifies the operation and enhances 
used catalyst disposition, since the spent will usually have 
a relatively high nickel content. The major disadvantage 
of fixed-bed systems is the gradual poisoning and/or inac- 
tivation of the catalyst caused by impurities in the feed- 
stock accumulating on the catalyst. This affects the selec- 
tivity characteristics of the reaction and is reflected in a 
gradually changing melting profile of the hydrogenated 
product. Activity of the catalyst declines similarly. The cat- 
alyst is replaced when its activity and/or selectivity has 
declined to the point where either throughput or product 
quality becomes unacceptable. Some change in selectivity 
characteristics can be accommodated by manipulating the 
operational variables. 

Impurity levels in feedstocks, and to some extent in hy- 
drogen, have historically made the use of fixed-bed cata- 
lysts economically unattractive. More recently, perceiving 
the positive cost effect of lower catalyst usage, refiners 
have significantly reduced impurity levels in hydrogena- 
tion feedstocks. The availability of better and faster ana- 
lytical techniques has been of help in this regard. Likewise, 
hydrogen purity has improved to the extent where it is no 
longer a factor in catalyst efficiency. 

Based on significant lessening of the historical reasons 
for limited catalyst life in a fixed-bed mode, as just out- 
lined, there may be a resurgence of interest in this ap- 
proach. If nutritional advantages for the use of precious 
metal catalysts are verified, it would be a significant im- 
petus for their use becoming attractive. If so, it would most 
likely be in a fixed-bed mode because of the much greater 
feasibility of precious metal reclamation from formed cat- 
alysts. 


Catalyst Usage 


The only correct manner for measuring catalyst usage ef- 
ficiency is to relate it to quantity of catalyst consumed per 
quantity of feedstock hydrogenated. For accounting pur- 
poses it is translated into monetary units, for example, dol- 
lars per ton. 

Although the price of catalyst has increased substan- 
tially over time, its usage efficiency cost has remained rela- 
tively constant. There have been two principal reasons for 
this: (1) a continual improvement in commercial catalyst 
performance, both in activity and uniformity, and (2) a con- 
tinual improvement in feedstock purity. Purity improve- 
ments have resulted from better processing practices, from 
the farmers’ field through oil separation, refining, and 
bleaching. Better and faster analytical techniques have en- 
abled it to happen. 

Some processors prefer to use catalyst once and then 
discard it. The principal reason they cite for this practice 
is catalytic performance predictability, both in activity and 
selectivity. Others have extensive reuse procedures. Gen- 
erally, these break down into one of three alternate prac- 
tices. The first is simple reuse; that is, employing the same 
catalyst over and over until its selectivity characteristics 
preclude making product specifications, or its activity ex- 
tends reaction time to an unacceptable point. The second 
practice is to program catalyst reuse according to the type 
of hardening needed. This approach endeavors to take ad- 
vantage of the phenomenon of preferential and trans- 
isomeric selectivities changing through use. These changes 
reflect the effect of feedstock poisons accumulating on the 
catalyst. Such a usage sequence might be a progression 
from brush hydrogenation for salad oil, through shortening 
base stock, through margarine base stock and finally, to 
complete hydrogenation to low iodine value stearine. A 
third reuse option of continually removing a portion of the 
catalyst and replacing it with an equal portion of fresh also 
has its advocates. While this option is uncomplicated, its 
downside is the acceptance of performance characteristics 
less than attainable with the other two approaches. 

As referred to earlier, catalyst is often added to the con- 
verter by dissolving it in feedstock in a small side tank and 
then pumping into the reaction vessel. When adding new 
(dry) catalyst, a better way is to aspirate a weighed amount 
into the headspace of the converter, by utilizing the reac- 
tor’s vacuum system. 

Employing reused catalyst requires quite elaborate 
tank and measuring systems plus extensive record keeping 
and close monitoring. Over the years there has been a 
trend toward single use, particularly in the large new re- 
fineries where operations are computer controlled. A mod- 
ified approach is to employ single use for all partial hard- 
ening and simple reuse for complete hydrogenation, where 
selectivity is not a consideration. 


Filtration and Spent Catalyst Disposition 


Utilizing plate and frame filter presses for removing cat- 
alyst from hydrogenated oil was standard for many years, 
and they are still sometimes used. They do an excellent 
job. Their shortcomings are high worker cost of operation 


and employee aversion to the hot and disagreeable job of 
cleaning them. 

Metal screen pressure leaf filters have become stan- 
dard. They are usually of the vertical plate type for ease of 
cleaning and used catalyst retrieval. Cleaning is by vibra- 
tion. Filter aid is employed to precoat the screens to 
achieve rapid filtration with essentially complete removal 
of the catalyst. Through proper choice of filter aid and its 
minimal use, a level approaching 15% nickel can be 
achieved in the filter cake. This facilitates catalyst reuse, 
if desired. It also minimizes product loss from wetting of 
the filter aid. In addition, and most important, the high 
nickel content obtains the highest price for spent catalyst 
disposition. Because of potential liability, based on envi- 
ronmental concerns, less and less catalyst is being dis- 
posed of by landfill. 
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HYDROPHOBICITY IN FOOD 
PROTEIN SYSTEMS 


BACKGROUND 
Definition 


The term “lyophobic” is used to describe a solute that has 
little or no affinity for the solvent medium in which it is 
placed. When the medium is composed of water or an aque- 
ous solution, the more specific term “hydrophobic” is used 
as the descriptor. Similarly, the terms “lyophilic” and “hy- 
drophilic” are used to describe affinity of a solute for sol- 
vent or water. In the case of proteins, the widely varying 
hydrophobicities of amino acid side chains has led to the 
use of a more neutral term, “hydropathy,” to describe their 
relative preferences for aqueous and nonpolar environ- 
ments (1). 

The association of nonpolar solutes or moieties of a mac- 
romolecule is referred to as the hydrophobic effect, or hy- 
drophobic interactions, rather than hydrophobic bonding. 
This association of nonpolar groups arises from en- 
thalpically favorable interactions (mainly London forces 
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between polarizable groups) in conjunction with the en- 
tropically driven tendency to minimize contact of the non- 
polar groups with water. Furthermore, it is difficult to 
assign an absolute value of hydrophobicity to a solute or 
functional group. Commonly, hydrophobicity is described 
by an empirically measured or calculated parameter, 
which is related to the strength of hydrophobic interaction 
compared with a standard or with respect to an arbitrary 
scale. 


Importance of Hydrophobic Interactions in Food 
Protein Systems 


Almost all biological systems are composed of molecules 
that involve at least some nonpolar groups. Because water 
is a common constituent in these systems, it has been sug- 
gested that hydrophobic interactions must be ubiquitous 
in nature, playing a key role in both equilibrium and ki- 
netic phenomena. Originally, interest in the hydrophobic 
effect was focused on its contribution to the stabilization 
of the structure of native protein molecules and on the 
mechanisms of protein folding. Although it was originally 
presumed that nonpolar or hydrophobic groups should 
be restricted to the interior of folded protein molecules, 
where they would be buried (ie, not exposed to the solvent 
water molecules), crystallographic analysis of the three- 
dimensional structures of many proteins has indicated 
that many hydrophobic groups are at least partly exposed 
on the surface of the protein molecules. The resulting 
hydrophobic patches play a key role in intermolecular 
interactions, such as the binding of small ligands or the 
association with other macromolecules, including protein— 
protein or protein-lipid interactions in biological mem- 
branes and micellar systems. A model has been proposed 
for elucidating quantitative structure-activity relation- 
ships by the correlation of biological properties with three 
structural parameters, namely, hydrophobic or lipophilic, 
electronic, and steric parameters (2). 

In food systems, the role of the hydrophobic effect in 
stabilizing native protein molecules and structural net- 
works is exemplified by the existence of stable casein mi- 
celles in milk. However, processing of foods leads to a va- 
riety of changes in both intramolecular and intermolecular 
interactions. The transformation of milk into cheese by en- 
zymatic treatment and heating is one example of the dra- 
matic effect of processing. Hydrophobic, electronic, and 
steric effects must all be taken into consideration to ex- 
plain not only the biological properties of the native protein 
molecules in foods, such as enzymatic activity, but also the 
functional properties that give the food its characteristic 
texture and form. These properties include solubility, vis- 
cosity, gellability or coagulability, emulsifying, and foam- 
ing properties. For example, food products such as me- 
ringue and angel food cake rely on the unique properties 
of egg white proteins, including their excellent foaming 
properties and ability to form thermostable foams, as well 
as their capability to yield strong yet elastic gels on heat- 
ing. The understanding of the basic molecular mechanisms 
responsible for these properties is essential to control the 
various aspects of food processing and ingredient selection. 
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THEORY AND MEASUREMENT OF PROTEIN 
HYDROPHOBICITY 


Theory 


The existence of hydrophobic interactions between solutes 
in an aqueous medium may be explained by two hypothe- 
ses. One approach is to explain the hydrophobic effect as 
simply arising from the attractive forces between nonpolar 
moieties and the phobia experienced by those groups when 
placed in a medium of water molecules (3). The other ap- 
proach emphasizes the effect of nonpolar solutes on the 
structure of water molecules (4). 

It is generally well recognized that water molecules ex- 
hibit strong attractive interactions with each other 
through hydrogen bonding to produce a continuous yet dy- 
namic network. The entropy-driven hypothesis for hydro- 
phobic interactions proposes that when nonpolar solutes 
are introduced into water, the hydrophobic effect results 
from disruption of the dynamic water structure, rather 
than an actual repulsion or phobia of the nonpolar groups 
by the water molecules. The ordering of water molecules 
around the nonpolar solutes is reflected in a large negative 
partial molar entropy change, that is, a decrease in entropy 
or randomness. To minimize this unfavorable change, non- 
polar solutes or moieties associate to reduce their total sur- 
face area of contact with the water molecules. However, 
this hypothesis emphasizes only the disruption of water 
structure and does not explain the observation that the 
enthalpy and free energy of transfer of solutes such as phe- 
nol from an organic solvent to water differs considerably 
depending on the solvent, for example, octane versus tol- 
uene, Thus the contribution of favorable attractive forces 
between nonpolar groups to the net changes in enthalpy 
cannot be neglected. 

In summary, hydrophobic interactions result from the 
tendency of nonpolar groups to interact with each other 
rather than with water. The hydrophobic effect is weak- 
ened by decreasing temperature, due to the loss of entropy 
resulting from increased ordering of water molecules into 
clathratelike structures around the nonpolar groups. Con- 
versely at higher temperatures, the water-ordering effect 
is minimized and the hydrophobic interactions are maxi- 
mized. The hydrophobic effect thus culminates from both 
the tendency to reduce the entropically unfavorable con- 
tact between nonpolar groups with water, as well as the 
need to form enthalpically favorable noncovalent associa- 
tions, including those interactions broadly classified as van 
der Waals forces, which are the net effect of attractive Lon- 
don interactions, repulsive electron cloud overlap, and in- 
ducible dipole orientation and induction effects. 

The attractive forces between nonpolar solutes can be 
calculated if the solutes are assumed to be approximately 
spherical bodies (5). Repulsion arising from the interaction 
of the diffuse double layers surrounding these molecules 
can also be explained by the Derjaguin—Landau—Verwey— 
Overbeek (DLVO) theory (6). The overall attraction or re- 
pulsion potential resulting from the net effect of these 
forces can thus be assessed using these theories. The un- 
derlying assumptions, principles, and mathematics for this 
calculation have been clearly explained in standard text- 


books and will not be elaborated here. However, it must be 
noted that in real food protein systems, much of the theory 
no longer holds true because ideal dilute solutions of spher- 
ical and uniform molecules are rarely encountered. Thus 
while the theory enables us to understand the phenome- 
non of attraction or repulsion between solute and solvent 
molecules, it is not useful for quantitative assessment of 
the strength of interaction of protein molecules in food. 


Empirical Assessment of Hydrophobicity 


Hydrophobicity Scales. Numerous scales have been pro- 
posed to assess the relative hydrophobicities of the amino 
acids that constitute proteins. Broadly speaking, these 
scales can be classified into two categories: (1) those that 
are based on the solubility behavior in solvents of different 
polarity, and (2) those that are calculated using crystallo- 
graphic or other data showing the location of amino acid 
residues in the molecular structure, assuming that hydro- 
phobic residues will locate in the interior of the molecule, 
The former scales include those based on the free energy 
of transfer (4Gyransfer) of the amino acid residues or their 
derivatives from water to an organic solvent or vapor, or 
the partition coefficients measured as a solubility ratio be- 
tween water and a nonpolar immiscible organic solvent 
(1,7,8), as well as those based on relative retention times 
of amino acids and peptides during reverse-phase liquid 
chromatography (9). The latter scales include those based 
on the accessible or buried area of the residues (10,11), or 
on the location of amino acid residues in proteins assessed 
either in terms of the distance from the protein center of 
mass and average orientation of the side chain (12) or in 
terms of the average surroundings of residue types (13). A 
hydropathy scale has been reported based on both the av- 
erage extent of buriedness and the 4G,ansfer from water to 
vapor (14). Calculation of hydrophobicity values based on 
the hydrophobic fragmental constant of constituent frag- 
ments has also been proposed (15). Table 1 shows some of 
the values of hydrophobicity for the 20 amino acids that 
have been reported in the literature; the different scales 
have been compared (16-18). 

Using the hydrophobicity scales of the constituent 
amino acids, various approaches have been taken to cal- 
culate values for proteins. Based on Tanford’s scale for 
AG yransfer Of amino acid side chains from an organic to an 
aqueous environment, Bigelow’s average hydrophobicity 
(H@,,,) values are calculated using only information on the 
amino acid composition of the protein (19). In contrast, 
most other values require knowledge of the amino acid 
sequence or primary structure of the proteins as well. Com- 
puter programs are commonly used to calculate histo- 
grams or plots showing hydrophobicity profiles or hy- 
dropathy profiles (16,20) or amphipathic helix patterns 
(21). 

A significant drawback to the use of hydrophobicity 
scales of amino acid residues to calculate the correspond- 
ing hydrophobicity values or profiles for proteins is the lack 
of consideration of the effect of the three-dimensional 
structure of each protein on the extent of exposure of the 
residues. The inadequacy of this approach is especially 
true for calculations using scales developed based on the 
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Table 1. Scales of Hydrophobicity for Amino Acid Residues in Proteins 
AG transtor® Keal/mol 
water Molar Average Average 
cyclohexane —_octanol 2f fraction surrounding —_ Hydrophobicity Rekker’s area 
side-chain — water from buried,” hydrophobicity,’ index,* Hydropathy fragmental buried’ 
analogues _ calculated RP-HPLC? percent Keal Keal index constant! Ae 
Ala —0.87 —0,39 -0.3 11.2 12.97 0.87 18 0.53 86.6 
Arg 15.86 3.95 0.5 11.72 0.85 -45 —0.82 162.2 
Asn 7.58 1.91 29 11.42 0.09 -3.5 —1.05 103.3 
Asp 9.66 3.81 29 10.85, 0.66 -3.5 —0.02 97.8 
Cys/2 -0.34 —0.25 25 0.93 - 
Cys — - 41 14.63 1.52 - 111 132.3 
Gin 1.30 16 11.76 0.00 -3.5 ~1.09 119.2 
Glu 2.91 18 11.89 0.67 -3.5 ~0.07 113.9 
Gly 0 118 12.43 0.10 -0.4 0.00 62.9 
His 0.64 2.0 12.16 0.87 -3.2 ~0.23 155.8 
lle —1.82 8.6 15.67 3.15 45 1.99 158.0 
Leu ~1.82 17 14.90 2.17 3.8 1.99 164.1 
Lys 2.77 0.5 11.36 1.64 -3.9 0.52 115.5 
Met -0.96 19 14.39 1.67 19 1.08 172.9 
Phe ~2.27 5.1 14.00 2.87 28 2.24 194.1 
Pro — -0.99 27 11.37 2.77 -16 1.01 92.9 
Ser 4.34 1.24 8.0 11.23 0.07 -0.8 -0.56 85.6 
‘Thr 3.51 1.00 49 11.69 0.07 -0.7 —0.26 106.5, 
‘Trp -1.39 -2.13 22 13.93 3.77 -09 231 224.6 
‘Tyr 1.08 -1.47 2.6 13.42 2.67 -13 1,70 177.7 
Val -3.10 -1.30 12.9 15.71 1.87 4.2 1.46 141.0 
Source: “Ref. 1 (normalized to zero for glycine). 
"Ref. 9. 
“Ref. 10. 
“Ref. 13. 
‘Ref. 14. 
‘Ref. 15. 
Ref. 16. 


behavior of amino acids or small peptides. Scales that were 
formulated on the basis of location or buriedness of resi- 
dues measured in different proteins attempt to address 
this problem but are still limited in universality of appli- 
cation, due to the need to extrapolate the behavior of res- 
idues to proteins other than those for which data are avail- 
able. Some researchers (18) have proposed that different 
hydrophobicity coefficients should be computed for each of 
four structural classes of proteins (aa, BB, a + B, and a/f). 
In the case of food systems, the problem is even more com- 
plex, due to the simultaneous occurrence of many different 
proteins. Determination of a net or average hydrophobicity 
value for complex systems requires not only the calculation 
of a hydrophobicity value for each protein, but also some 
knowledge of how these might be changed through possible 
interactions between the proteins. Furthermore, calcu- 
lated values fail to take into account the effects of process- 
ing on buriedness or surface exposure of the residues. For 
these reasons, various methods of measuring parameters 
that may relate to the hydrophobicity of complex food pro- 
tein systems are usually favored over calculation of aver- 
age values or profiles based on the constituent amino acids. 
Examples of such methods are illustrated in the following 
sections. 


Partition in Aqueous Two-Phase Systems. An indication 
of the relative hydrophobicity of proteins may be given by 


their partition coefficients measured as the solubility ratio 
between a polar and an immiscible nonpolar solvent. Due 
to the virtual insolubility of most proteins in organic sol- 
vents, two-phase aqueous systems containing dextran and 
poly(ethylene glycol), or PEG, are used (22,23). Esterifi- 
cation of PEG with a fatty acid such as palmitate is used 
to alter nonpolarity of the system. The difference in par- 
tition of proteins in phase systems with and without the 
fatty acyl hydrocarbon group bound to PEG is taken as a 
measure of hydrophobic interaction. Length of the hydro- 
carbon chain may be varied to investigate the effects on 
the partition behavior of different proteins. The method 
has been shown to yield useful data (22-24) but suffers 
from the tedious nature of the procedure and difficulties in 
solubilizing certain proteins. 


Reverse-Phase and Hydrophobic Interaction Chromatog- 
raphy. The relative retention times of solutes during chro- 
matography indicate their relative solubility in or affinity 
for a nonpolar stationary phase versus a mobile phase of 
differing polarity. According to the solvophobic effect the- 
ory (25), the retention time of peptides depends mainly on 
their nonpolar and polar surfaces, and thus may be a good. 
measure of hydrophobicity. In fact, this hypothesis has 
proved true for small peptides (9). However, chromato- 
graphic behavior of proteins is not as straightforward. Pos- 
sible denaturation of proteins under the harsh solvent con- 
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ditions often required in reverse-phase chromatography 
has led to recommendations to use the milder conditions 
of hydrophobic-interaction chromatography, but the rele- 
vance of these retention data to hydrophobicity of native 
protein molecules has still come under question. The hy- 
drophobicity of the stationary phase is an important pa- 
rameter in maintaining native structure of the proteins 
upon elution (26), Nevertheless, differences in chromato- 
graphic retention between proteins have been demon- 
strated, and it has been suggested that the differences in 
binding to aliphatic versus aromatic types of adsorbent 
(27) may confirm the need to differentiate between these 
types of interactions in the hydrophobic effect (28-31). 


Binding Methods. Various methods have been proposed 
for quantitating the binding of a nonpolar or hydrophobic 
ligand to proteins as a measure of the protein hydropho- 
bicity, The ligands used have included aliphatic and aro- 
matic hydrocarbons (32,33), sodium dodecylsulfate (34), 
‘Tween 80 (35), simple triglycerides (36), and corn oil (37). 
Commonly, the mixture of protein solution and ligand are 
incubated for a specified time to allow interaction, followed 
by removal of unbound or free ligand by dialysis, extrac- 
tion, microfiltration, or other such techniques. The protein- 
bound ligand may then be quantitated by various methods, 
including gas chromatographic (32,33,36) or radioactive 
count (36) analysis, colorimetric reaction (34), or by a fluo- 
rescence probe method (37). Although the procedures are 
time-consuming, these binding methods can be useful in 
determining empirical parameters that may be relevant in 
assessing interaction of proteins with various nonpolar 
components of foods, such as flavor compounds, vitamins, 
pigments, fatty acids, or triglycerides. 


Contact Angle Measurement. The quantitative deter- 
mination of the Lifshitz—van der Waals (LW) and electron 
donor-acceptor or Lewis acid-base (AB) interactions that 
contribute to surface tension has been extended to the case 
of proteins. The method is based on Young’s equation de- 
scribing the relationship of the advancing contact angle of 
drops of a liquid on a flat solid surface (38). The solid sur- 
face in this case consists of protein sample prepared as flat 
layers. The advancing contact angles of droplets of three 
different well-characterized liquids (eg, water, glycerol, 
and a-bromonaphthalene) on the protein surface are mea- 
sured. Based on Young’s equation and the known surface 
tensions of the three liquids, the contact angles are then 
used to calculate the contributions of LW and AB interac- 
tions to the surface tension of the liquids on the layered 
protein. This approach has been used to obtain values for 
native hydrated proteins using only one liquid, namely 
drops of saline water. These values are correlated with the 
hydrophobicity of proteins measured as relative retention 
on hydrophobic chromatography (39,40). However, much 
higher surface tension values are obtained by contact angle 
measurement of a drop of protein solution on a solid poly- 
mer surface, compared with the values obtained by mea- 
suring the angle for the air-dried protein layer, or by other 
measurements for surface tension at an air—liquid inter- 
face such as platinum ring tensiometry, Wilhelmy plate, 
and pendant drop shape (39,40). This suggests that protein 


exposed at an interface may reorient to a much more hy- 
drophobic configuration than found in its native hydrated 
state. 


SPECTROSCOPIC METHODS: INTRINSIC FLUORESCENCE. 


The intrinsic fluorescence spectra of proteins is primarily 
attributed to the aromatic amino acid residues of trypto- 
phan, tyrosine, and phenylalanine. In practice, fluores- 
cence from tryptophan is the most commonly studied as- 
pect of the spectrum, because phenylalanine has a low 
quantum yield while tyrosine fluorescence is frequently 
weakened due to quenching by tryptophan residues and 
the protein backbone itself (41). The fluorescence of both 
tryptophan and tyrosine residues depends substantially on 
their environment, with the magnitude of fluorescence in- 
tensity as well as the wavelength of maximum fluorescence 
emission being sensitive to the polarity of the environ- 
ment. Three spectral classes of protein tryptophan resi- 
dues have been reported: the residues that are completely 
buried in nonpolar regions of the molecule, those that are 
completely exposed to the surrounding water, and those 
that have limited contact with water and are probably im- 
mobilized at the protein surface. The typical wavelengths 
of maximum emission for these three groups of tryptophan 
residues are 330 to 332 nm, 350 to 353 nm and 340 to 342 
nm, respectively (42). More detailed information may be 
obtained by recording intrinsic emission spectra at differ- 
ent excitation wavelengths (43). Measurements of intrinsic 
fluorescence can give information on buriedness of aro- 
matic residues and on the effect of interactions with other 
molecules (44). However, it is often difficult to directly re- 
late this information to hydrophobic interactions as the 
fluorescence characteristics may also be altered by general 
changes in conformation. 


Spectroscopic Methods: Derivative Spectroscopy. The ul- 
traviolet absorption spectrum of proteins depends on the 
chromophoric properties of the constituent aromatic amino 
acids. Solvent perturbation and folded-unfolded difference 
spectra can be used to monitor the number of exposed ty- 
rosine and tryptophan residues (41). Although the spectra 
of the individual chromophores are different, it is difficult 
to resolve quantitatively their contributions in the result- 
ing broad absorption spectrum. Derivative spectroscopy, 
particularly of the second order (d?A/d/?) and fourth order 
(d*A/d2*), has the ability to resolve overlapping bands in 
the original spectrum (45-47). Moderately turbid samples 
can be analyzed by derivative spectroscopy since a hori- 
zontal baseline is obtained even with appreciable non- 
selective light scattering (45). In addition to quantitative 
determination of the aromatic amino acid contents, deriv- 
ative spectroscopy has been proposed as a means to deter- 
mine changes in polarity of the microenvironment around 
the chromophores. The maximum spectral shift observed 
in near ultraviolet second derivative spectra between 
solvent-exposed model compounds and side chains com- 
pletely buried in an apolar protein core was found to be 5, 
4, and 2 nm for tyrosine, tryptophan, and phenylalanine, 
respectively (46). However, for all three aromatic residues 


in proteins, there was nc consistent correlation between 
absolute spectral band positions and average solvent ac- 
cessibility, implying the influence of other local effects such 
as electrostatic interactions on the near ultraviolet spectra 
of proteins. 


Spectroscopic Methods: Fluorescence Probes. Com- 
pounds whose quantum yields of fluorescence and wave- 
length of maximum emission depend on the polarity of 
their environment have been used to probe the hydropho- 
bic or nonpolar nature of proteins. Figure 1 shows the 
chemical structures of several such fluorescence probes. 
The most popular types used include anionic probes of 
the aromatic sulfonic class, such as the amphiphilic 1- 
anilinonaphthalene-8-sulfonate (ANS), or its dimeric form, 
bis-ANS. These probes have high quantum yields of fluo- 
rescence in organic solvents but not in water; they thus 
fluoresce when bound to membranes or hydrophobic cavi- 
ties in proteins (48,49). However, ANS fluorescence cannot 
always be directly correlated with hydrophobicity, as en- 
hancement of fluorescence and a blue shift of the emission 
maximum have been observed in strong aqueous MgCl, 
solutions (50). It has been suggested that solvents or en- 
vironments that are not necessarily nonpolar but that fa- 
vor the rigid, planar configuration of the ANS molecule 
may influence fluorescence (51). 

Another category of anionic fluorescence probes is the 
fatty acid analogue type, including cis-parinaric acid 
(CPA), which has been used as a probe for proteins and 
biological membranes (52-54). The parinaric acids are 
among the few nonaromatic fluorophores known. Their 
similarity to natural fatty acids, nonfluorescence in water, 
and good Stokes shift characteristics are among the ad- 
vantages of their use as probes for hydrophobic regions 
that may be relevant to protein-lipid interactions in food 
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systems. Good correlation was obtained between the rela- 
tive hydrophobicity values of proteins determined by CPA 
fluorescence, and properties related to protein—lipid inter- 
actions such as interfacial tension and emulsifying activity 
(55). 

Titration of protein solutions with increasing concentra- 
tions of the fluorescence probe can provide information on 
both the number and binding constants of the hydrophobic 
sites (56,57). Alternatively, proteins may be compared by 
calculation of an index of surface hydrophobicity S, based 
on the initial slope of the measured relative fluorescence 
intensity of excess fluorescence probe as a function of in- 
creasing concentrations of protein (55). Transfer efficiency 
of the excitation energy from aromatic chromophores to 
bound probe at an adjacent hydrophobic site has also been 
proposed as an index of surface hydrophobicity (55). 

Limitations in using anionic probes such as ANS and 
CPA include the possibility that electrostatic as well as 
hydrophobic interactions may contribute to the binding of 
the probes. The use of neutral or uncharged probes such 
as diphenylhexatriene (37), 6-propionyl-2-(dimethyl- 
amino)naphthalene or PRODAN (58) and Nile Red (59) 
may circumvent this problem. 


Other Spectroscopic Methods. Most of the spectroscopic 
methods outlined previously provide information on the 
contribution to hydrophobic interactions from aromatic 
amino acids. Only a few methods have been proposed that 
can assess the involvement of aliphatic amino acids in hy- 
drophobic interactions, including the CPA probe assay or 
ligand binding involving aliphatic hydrocarbons. A num- 
ber of other spectroscopic methods can be used to investi- 
gate protein structure and environment of constituent 
amino acid residues in general. Each of these methods has 
particular advantages and limitations. However, consid- 
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cence probes that may be used for determination of 
protein hydrophobicity. ANS = 1-anilinonaphthal- 
ene-8-sulfonic acid; CPA = cis-parinaric acid; DPH 
= diphenylhexatriene; PRODAN = 6-propionyl-2- 
(dimethylamino)naphthalene. The two anionic 
probes (ANS and CPA) are shown in the dissociated 
acid form. Source: Courtesy of Dr. C. A. Haskard. 
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ering the need to study proteins that are typically more 
than 20 kilodaltons in molecular weight and in a turbid 
solution or solid phase, the most promising techniques to 
study hydrophobicity in food protein systems are nuclear 
magnetic resonance (60), infrared (60), and Raman spec- 
troscopy (60,61). The reader is referred to more specialized 
volumes on these techniques. 


HYDROPHOBICITY OF FOOD PROTEINS 


Table 2 is a compilation of the relative hydrophobicity val- 
ues reported for some proteins of relevance in food sys- 
tems. The hydrophobicity values were either calculated 
from the amino acid composition of the proteins or mea- 
sured by some of the empirical methods outlined earlier. 
Unfortunately, there is still no consensus on a standard 
method for quantitative measurement of hydrophobicity. 
In comparing the values shown in Table 2, one should bear 
in mind that the methodologies differ in whether they are 
measuring average, total, or surface-exposed hydrophobic- 
ity. Furthermore, variability in published data may arise 
from differences in sources or purity of protein, as well as 
in the conditions during measurement, including the tem- 
perature, pH, ionic strength, or buffer composition. 
Simple methods such as those based on fluorescence 
probes are the most widely used for the study of food pro- 
tein systems, since these methods are based on monitoring 
the probe-accessible groups in nonpolar environments, 
which may correlate to the hydrophobic sites that are ac- 
tually available for participation in functionality. The fluo- 
rescence probe methods are relatively simple and rapid to 


perform. Furthermore, empirical methods can be applied 
to study heterogeneous protein systems and to monitor the 
effects of processing. Typical hydrophobicity values mea- 
sured using an aromatic (ANS) and an aliphatic (CPA) 
probe are listed in Table 3 for some food proteins, including 
complex systems composed of several molecular species. 


IMPORTANCE OF HYDROPHOBICITY IN 
FUNCTIONALITY OF FOOD PROTEINS 


Functional properties of food proteins have been defined 
as those characteristics, other than nutritional ones, that 
affect their utilization. This includes a diverse range of 
functionality, such as solubility, viscosity, water- and fat- 
binding properties, emulsification, foaming, film forma- 
tion, gellability or coagulability, elasticity, and flavor. 
Functionality depends on the interaction of the protein 
molecules with other components in the food system, in- 
cluding water; macromolecules such as other proteins, 
complex carbohydrates, and lipids; and small molecules 
such as salts, simple sugars, and flavor compounds, These 
interactions may take place in the bulk phase, or at a sur- 
face or interface. The interplay of electrostatic, hydropho- 
bic, and steric parameters, important in predicting bio- 
logical activity of molecules (2), also holds true for the 
elucidation of the relationship between structure and func- 
tionality of food proteins (17,62). Computer-assisted stud- 
ies for quantitative analysis of the structure-activity re- 
lationship (QSAR) of small molecules are widely applied 
(63), but progress in QSAR for functionality of food protein 
analyses has been much slower (62). Although the quali- 


Table 2. Relative Hydrophobicity Values of Some Proteins Measured by Different Methods 


Fluorescence probes DPH probe Chromatography Binding Bartion 
Proteins HO S,ANS  S,CPA  S,CPA  TGbinding —_Rpe Hic Heptane SDS TG — dlogk 
Albumin, bovine 1120 1000 100 100 100 100 100 100 100 100 100 
Albumin, chicken 1110 7 2 96 15 0 = 9-86 2 “3 1.25 
Casein, a- 1200 57> 6-30 - 150 400 160 

Casein, p- 1320 60° 50 107 = 315 

Casein, «- 1210 83 13-93 89 = 340 _ - 300 - 
Chymotrypsin, a- 1030 0 3 = 41 — 67-189 9 - 3 9-88 
Globulin, soy 7S 1090 47 277 _ 50 165 21 

Globulin, soy 11S 950 27 2-17 - 25 150 

Lactalbumin, a- 1150 33 9-54 _ 98 225 10 _ ~ — ma 
Lactoglobulin, p- 1230 13 54-146 80 49 0 67-102 100 62 130 41-78 
Lysozyme 970 0.7 7 = = — 42-118 0 9 1 0 
Ovomucoid, chicken 920 = 0 22 = = = 24 18 108 _ 
Pepsin 1063 07 2 87 32 - 92 — — 9% - 
Ribonuclease A 870 = 1 24 = = 471 7 18 2 = 
Transferrin, chicken 1080 _- 4 108 - _ 16-31 29 20 118 9-20 
‘Trypsin 940 8 3 34 13 9-27 
‘Trypsin inhibitor 1040 0 0 = 1 0 - = - = = 


Note: Data were compiled from Refs. 17, 18, 65, references cited therein, and unpublished data. With the exception of Hq. and S, ANS, the data are expressed 
relative to 100 for bovine albumin to facilitate comparison of values. Where varying values were reported by investigators using essentially the same method, 


a range of values is presented. 
“Abbreviations: Hoan. 


= average hydrophobicity calculated by Bigelow's method (19), S, = initial slope of relative fluorescence intensity versus protein 


concentration plot, using native protein; S, = S, measured for protein solutions after treatment with 1.5% SDS at 100°C for 10 min; ANS = 1-anilino-8- 
naphthalene sulfonic acid; CPA = cis-parinaric acid; DPH = 1,6-diphenyl-1,3,5-hexatriene; TG = triglyceride; Rpc = reverse-phase chromatography; Hic = 


hydrophobic-interaction chromatography; SDS = sodium dodecyl sulfate. 
At the isoelectric pH, 530 and 800 for a- and f-casein, respectively. 


Table 3. Hydrophobicity Values of Some Food Proteins 
Measured by Fluorescence Probe Method 


Protein® ‘S.ANS S,CPA 
Albumin, bovine seram 1600 2750 
Canola isolate 110 370 
Casein, bovine 150 400 
Egg albumen 40 135 
Gelatin 0 0 
Lactalbumen 145 1700 
Lactalbumin, «- 90 280 
Lactoglobulin, p- 40 7000 
Lysozyme, hen 1 15 
Muscle, chicken breast 5 350 
Myosin, chicken breast 100 = 

Ovalbumin, hen 10 40 
Pea protein isolate 280 825 
Soy protein isolate 250 1000 
Sunflower protein isolate 155 910 
Whey protein concentrate 70 3600 
Zein 410 390 


Note: See Table 2 for abbreviations. 

“Measurements for S, determination were carried out for protein solutions 
in 0.01 M sodium phosphate buffer, pH 7.0-7.4; 0.6 M NaCl and 0.3 M NaCl 
were included in the buffer for salt extracts of chicken breast muscle and 
for isolated chicken myosin, respectively. 


tative importance of the physicochemical properties in 
functionality is well recognized, quantitative prediction 
based on QSAR analysis of food proteins is still not a facile 
task, being limited by the need to measure relevant param- 
eters, including hydrophobic interactions, which can take 
into account the effects of processing for incorporation into 
structure-functionality models. The following highlight 
the role of hydrophobic interactions in explaining some of 
the important functional properties of food proteins. 


Solubility 


Solubility has long been considered a critical property be- 
cause of its effect on many other functional properties, 
such as emulsifying, foaming, and gelling properties. 
Charge frequency and hydrophobicity have been proposed 
to be the two major factors affecting protein solubility (17). 
Generally speaking, proteins are soluble in aqueous media 
when electrostatic repulsive forces between protein mole- 
cules are greater than the driving forces for hydrophobic 
interactions. Insolubility is more likely when the repulsive 
forces are at a minimum, near the isoelectric pH of the 
protein. However, proteins with relatively few exposed hy- 
drophobic regions on the molecular surface may remain 
soluble even at pH near their isoelectric point. For exam- 
ple, the isoelectric precipitation of casein proteins during 
acidification of milk is attributed to their high surface hy- 
drophobicity. On the other hand, the globular proteins in 
the whey fraction remain soluble. Denaturation of whey 
proteins, such as may occur by heat treatment, leads to 
exposure of previously buried hydrophobic groups and con- 
sequently to insolubilization upon acidification. 

Aromatic amino acids have been suggested to play a 
greater role than aliphatic amino acids in contributing to 
the hydrophobic interactions affecting insolubilization 
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(28). At pH values where charge effects are minimized 
(zero zeta potential), the insolubility of some food proteins 
has been correlated to hydrophobicity parameters mea- 
sured using the aromatic fluorescence probe ANS or by re- 
verse phase chromatographic behavior on phenyl Sephar- 
ose (PSC), but not to hydrophobicity measured using the 
aliphatic probe CPA. At other pH values, charge frequency 
measured as zeta potential and hydrophobicity measured 
by ANS or PSC are both significant parameters to explain 
the insolubility of proteins. Although calculations of hy- 
drophobicity scale values based on free energy of transfer 
from organic solvent to water indicate that aromatic amino 
acids are more hydrophobic than aliphatic amino acids, 
statistical scales based on frequency of location of amino 
acid residues at the surface versus the interior of protein 
molecules indicate that aromatic amino acids are often 
considered less hydrophobic than aliphatic ones. While in- 
herently more hydrophobic, the bulky nature of the aro- 
matic residues may discourage their effective burial in the 
protein interior (29). These surface-exposed residues de- 
termine the strength of hydrophobic interactions that af- 
fect properties such as solubility. 

The effects of various compounds on protein solubility 
can be explained on the basis of their opposite effects on 
electrostatic and hydrophobic interactions of the proteins. 
Salts may be ranked in terms of a lyotropic series describ- 
ing their water structure-making or -breaking effects 
based on molal surface tension values (25). At high ionic 
strength, ammonium sulfate and sodium chloride increase 
the surface tension of water, whereas tetraethylammon- 
ium chloride and guanidinium chloride reduce it. The 
salting-in or salting-out of proteins by different salts can 
thus be explained theoretically by the lyotropic series. The 
salting-out constant of a protein is a function of its surface 
hydrophobicity, calculated as the hydrophobic contribution 
of each amino acid (7) and the fraction of exposed hydro- 
phobic residues (10). Similarly, the stabilizing effects of 
sugars and polyols such as glycerol may be related to their 
water structure-enhancing effects, which intensifies the 
intramolecular hydrophobic interactions that stabilize pro- 
tein structure. The effect of urea in solubilizing proteins 
has been explained by solvation of the hydrophobic moie- 
ties in urea, as well as by water structure-breaking effects. 
Precipitation by trichloroacetic or sulfosalicylic acid has 
been postulated to arise from an increase of accessible hy- 
drophobicity of peptide moieties (64). 


Emulsifying and Foaming Properties 


Emulsion and foam-related properties depend on interac- 
tions of protein molecules at the oil—water interface and 
air—water surface, respectively. Although protein solubility 
is a key determinant in these functionalities, additional 
important considerations are molecular flexibility and hy- 
drophobic interactions of the protein at the surface or in- 
terface, which result in formation and stabilization of the 
emulsion or foam. It has been reported that the decrease 
in interfacial tension and improvement in emulsifying ac- 
tivity are not related to hydrophobicity values calculated 
from the total content of hydrophobic amino acids, but 
rather to the effective or surface hydrophobicity of proteins 
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measured by hydrophobic partition, hydrophobic interac- 
tion chromatography, or fluorescence probes (24,55). The 
extent of unfolding to expose areas for hydrophobic inter- 
actions is expected to be greater for foaming than emulsi- 
fying properties, which may be related to the higher ten- 
sion at an air—water surface than an oil—water interface. 
The values of exposed hydrophobicity, measured by fluo- 
rescence probe assay after denaturation of protein mole- 
cules by heating in the presence of sodium dodecyl sulfate, 
were found to be correlated with foaming capacity (65). An 
example of the industrial relevance of hydrophobic inter- 
actions in surface properties is demonstrated in the posi- 
tive correlation between the content of hydrophobic protein 
fractions separated from beer by hydrophobic interaction 
chromatography and beer foam stability (66). 

In analogy to the hydrophile-lipophile balance (HLB) 
concept originally developed for nonprotein, synthetic 
emulsifiers, the amphiphilic nature of proteins is vital to 
their function as surface active agents. A balance in acces- 
sible hydrophobic and hydrophilic areas is required for op- 
timal functionality. Solubility of the protein molecules fa- 
cilitates diffusion to the surface or interface. However, once 
there, the ability of the protein to interact with oil or other 
protein molecules to form an interfacial layer depends on 
the flexibility and accessibility of surface groups, especially 
through hydrophobic interactions. The importance of hy- 
drophobic interactions is illustrated in the observation 
that functionality can often be improved by mild denatur- 
ing treatments that increase surface hydrophobicity with- 
out impairing solubility (55,67,68). When solubility is a 
constant parameter, emulsifying properties are improved 
by increasing surface hydrophobicity, up to some critical 
point. However, as predicted by the HLB concept, excessive 
hydrophobicity is detrimental to functionality, and emul- 
sifying properties are poor when proteins have excessively 
high values of hydrophobicity (17,62). 


Thermal Functional Properties 


The importance of intramolecular hydrophobic interac- 
tions in the stability of proteins to thermally induced de- 
naturation has been assumed, due to the increasing 
strength of these interactions with increasing temperature 
up to 60 to 70°C. However, extensive comparison of hydro- 
phobic indices in thermophilic versus mesophilic proteins 
has not demonstrated any definitive relationship between 
hydrophobicity and thermal stability. Stabilization is pro- 
moted by greater internal or intramolecular hydrophobic 
interactions and lower external or surface hydrophobicity. 
Because aliphatic residues have a greater tendency to be 
located in the protein interior than bulky aromatic side 
chains, it has been suggested that an aliphatic index may 
be more relevant to protein stability than a general hydro- 
phobicity index (29). 

Thermally induced gelation or coagulation are impor- 
tant in affecting textural characteristics of foods. Coagu- 
lation-type (concentration-dependent) and gelation-type 
(concentration-independent) proteins have been differen- 
tiated depending on molecular weight and relative content 
of hydrophobic amino acid residues. One hypothesis pro- 
poses that proteins having over 31.5 mol % of hydrophobic 


(Val, Pro, Leu, Ile, Phe, and Trp) residues would be of the 
coagulation type, whereas those with less mol % of those 
residues would form translucent-type gels (69). However, 
such generalizations assume that denaturing treatments 
prior to gelation result in total exposure of the hydrophobic 
residues. The balance of electrostatic repulsive forces and 
hydrophobic attractive forces on the molecular surface de- 
termine the formation of particulate, fine-stranded, or 
mixed structure gels, with distinctive textural character- 
istics and appearance (70,71). A striking example of the 
involvement of hydrophobic interactions is the setting phe- 
nomenon observed in particular fish species, wherein an 
elastic gel forms at relatively mild heating temperatures. 
Introduction of aromatic or aliphatic hydrophobic groups 
through chemical modification can induce nonsetting spe- 
cies to behave like easily setting fish species, exhibiting 
characteristics of increased viscosity and gelling on low 
temperature heating (72,73). 

Hydrophobic interactions may be involved in the initial 
intramolecular stage of unfolding as well as the later stage 
of network or aggregate formation through intermolecular 
interactions. Both surface and exposed hydrophobicity 
may be important in the nature of the resulting product. 
It has been suggested that a low value of surface hydro- 
phobicity of the native protein, coupled with a high 
value of exposed hydrophobicity after thermal denatura- 
tion, may lead to the formation of strong gels (74). The 
ability to unfold, or molecular flexibility, may be hindered 
by intramolecular stabilization through noncovalent 
interactions as well as covalent bonds, particularly of 
the disulfide type. The involvement of intermolecular 
sulfhydryl-disulfide reactions usually appears in later 
stages of these thermally induced phenomena and may be 
concentration dependent. At temperatures below 70°C, 
sulfhydryl reactivity is not typically involved and hydro- 
phobic interactions may be the major driving force in net- 
work formation, with hydrogen bond formation during the 
cooling phase contributing to strengthening of the final gel 
structure (17). 


Flavor 


Although most proteins do not have a strong intrinsic fla- 
vor, they do influence flavor due to their ability to bind 
flavor compounds. This property can play an important 
role in the transmission of undesirable off-flavors, for ex- 
ample, in some foods containing soy proteins; conversely, 
binding of some flavor components may lead to a reduction 
in the perceived desirable flavor (75). The nonpolar nature 
of many flavor components such as aldehydes and ketones 
promotes hydrophobic interactions that may be critical in 
their binding to proteins. The binding affinity of aliphatic 
ketones with f-lactoglobulin increases proportionally with 
chain length of the ketone, suggesting that the association 
is primarily hydrophobic in nature (75). Influences of pro- 
cessing such as heat denaturation may be expected by con- 
sideration of their impact on the hydrophobicity of the pro- 
tein and consequently, the flavor binding sites. Oddly, very 
little interest appears to have been devoted to the study of 
flavor retention and release, compared with the bulk of 
work on molecular interactions (76). Systematic study in 


this area should allow optimal design of flavors for new 
formulated foods, elimination of transmitted off-flavors 
and development of efficient flavor carrier systems (75). 

Hydrolysis of proteins to form peptides also has a great 
influence on flavor. Formation of bitter peptides from ca- 
sein and soy proteins, for example, is detrimental to the 
flavor acceptability of hydrolysates. Bitterness appears to 
be related to the average hydrophobicity (HQ) of the pep- 
tides, with those peptides having HQ values above 1400 
cal/mol residue being bitter. However, the extent of expo- 
sure of hydrophobic residues and their incorporation into 
peptides in contrast to their existence as free amino acids 
also affects bitterness. Thus bitterness depends not only 
on the content of hydrophobic amino acids in the original 
protein, but also on the degree of hydrolysis and the loca- 
tion of the hydrophobic residue on the peptide sequence 
(77). 


FUTURE TRENDS 


Long-term, systematic research is required to establish 
quantitative, empirical rules to understand the role of hy- 
drophobicity in functionality of food protein systems. This 
basic research is required to explain at the molecular basis, 
various well-known but not clearly understood phenomena 
such as the thermostability of egg white foams, elasticity 
of egg white gels, coagulation of casein to form cheese, 
binding and texture formation of muscle proteins, elastic- 
ity and extensibility of wheat gluten dough, and so on. 
Although only one of the physicochemical parameters 
involved in elucidation of structure-function relationships, 
hydrophobic interactions often play a key role. Improve- 
ment of functionality including whipping and emulsifying 
properties by modifying the hydrophobic—hydrophilic bal- 
ance of proteins is exemplified in the preparation of pro- 
teinaceous surfactants with different HLB values by at- 
tachment of hydrophobic amino acid alkyl esters to various 
food proteins (78). Development of novel functionality such 
as antifreeze or cryoprotectant properties has also been 
described using this approach (78). Another rapidly devel- 
oping area is the enhancement of hydrophobic nature of 
enzymes through attachment of amphiphilic groups such 
as poly(ethylene glycol), coupled with selection of organic 
solvent media to alter the hydrophobic environment. This 
area has interesting applications such as the possible res- 
olution of alcohols and acids by lipase-catalyzed esterifi- 
cation, protease-catalyzed synthesis of proteins, and 
lipase-catalyzed interesterification of fats and oils (79). 
The potential of “ultrahydrophobic sequences” and beta- 
sheet structures of corn, wheat, and other proteins in film- 
forming preparations and adhesives (80) may be of value 
in the development of edible films. The growing market for 
reduced- and low-fat foods, which often have high protein 
content, suggests that more research should be under- 
taken to study the role of hydrophobic interactions in the 
binding and release of flavor compounds by food proteins. 
Site-specific modifications of proteins can now be real- 
ized through molecular biology and genetic engineering 
techniques. By establishing the relationship between food 
protein structure and function, systematic and predictable 
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enzyme and protein engineering for tailoring of specific 
biological and functional properties should become a real- 
ity. 
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ICE CREAM AND FROZEN DESSERT 


BACKGROUND AND DEFINITIONS 


Ice cream and frozen desserts, which include sherbets, ices 
(sorbets), frozen yogurt, dynamically and quiescently fro- 
zen novelties, and mellorine, play very important nutri- 
tional and social roles in our daily diet. Although debate 
exists as to whether ice cream originated in ancient China 
or Rome, there is little doubt that ice cream is America’s 
favorite dessert. In 1996 the total retail sales of ice cream 
and other frozen related products reached a high of $10.8 
billion (1). Ice cream eating occasions are frequently as- 
sociated with fond memories of childhood, lazy summer 
days, and family get-togethers. In addition to its role in 
complementing various social occasions, ice cream pro- 
vides important nutrients, particularly to infants and ad- 
olescents who consume large quantities of ice cream and 
frozen desserts. A 4-fl-oz (1/2 cup) serving of a typical ice 
cream provides 8% of U.S. RDA calcium and 5% of U.S. 
RDA protein as well as other key nutrients (eg, vitamin A, 
thiamine, riboflavin) in significant quantities. 

Although overall ice cream consumption growth has de- 
creased in recent years owing to changing demographic 
and dietary patterns, a substantial growth in dollar sales 
has been achieved through products that satisfy the con- 
sumers’ craving for high-quality, indulgent, convenient, 
and healthy alternatives for different occasions. The pre- 
mium and superpremium ice cream category, which sat- 
isfies consumers’ craving for quality and indulgence, was 
pioneered in the early 1960s by Reuben Mattus who cre- 
ated Haagen-Dazs ice cream, using all top-quality natural 
ingredients. The wide popularity of this type of rich, clean- 
tasting ice cream with no artificial stabilizers or other ad- 
ditives is proven over the years by the success of the pre- 
mium and superpremium ice creams in the United States 
as well as overseas. The success enjoyed by Haagen-Dazs 
and others in Japan and Europe demonstrates that people 
across different cultures have equal appreciation for ice 
cream. 

Smooth, creamy ice cream as we know it today was de- 
veloped in the United States during the early part of this 
century. Two significant technological breakthroughs con- 
tributed to this development (1). First, homogenization to 
reduce fat particle size and to create a smooth texture was 
developed by August Gaulin. Second, continuous freezing 
was made commercially feasible by Clarence Vogt to pro- 
duce consistent ice crystal structure with adequate 
throughput. Following these initial technical break- 
throughs, most of the advances in ice cream technology 
have consisted of refinements in formulation, stabilizer 
systems, and process systems. 

Ice cream and frozen desserts are governed under Food 
and Drug Administration (FDA) and state health depart- 
ment regulations. Most states have adopted standards de- 
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fined in the FDA Code of Federal Regulations, as presented 
in Ref. 2. 

Ice cream is a food produced by dynamically freezing a 
pasteurized mixture of milk, cream, nonfat milk solids, 
sugars, and stabilizers combined with flavorings that may 
be added before or after pasteurization. Fruits, nuts, can- 
dies, syrups, and fudges are often added to semifrozen ice 
cream to create different flavors and taste impacts. Ice 
cream containing more than 1.4% egg yolk solids is called 
French ice cream or frozen custard. Ice cream contains at 
least 1.6 lb solids per gallon and weighs at least 4.5 Ib per 
gallon. The minimum butterfat content for ice cream and 
French ice cream is 10% with a minimum of 20% total milk 
solids. 

Sherbet is a frozen dessert containing small amounts of 
dairy solids (1-2% milkfat, 2~5% dairy solids) and not less 
than 0.35% titratable acidity (calculated as lactic acid) for 
fruit flavors. Sherbets may be flavored with fruit or other 
flavors, such as chocolate. 

Water ices (sorbets) contain fruits, fruit flavors, or fla- 
vors other than fruit. Typically, these products are quies- 
cently frozen and weigh at least 6 lb/gal. These products 
contain no dairy or egg ingredients, other than egg white. 

Frozen yogurt is a frozen dessert with the same ingre- 
dients as ice cream that also contains yogurt bacteria of 
the species Lactobacillus bulgaricus and Streptococcus 
thermophilus. It contains at least 3.25% milkfat and 8.25% 
nonfat milk solids (NMS). Frozen yogurt weighs not less 
than 5 lb/gal. At this time, there are no federal standards 
for this product; however, states may regulate. 

Quiescently frozen dairy confections (eg, stick novelties) 
are made much like water ices except that these products 
contain at least 13% by weight of milk solids and 33% by 
weight of total solids. Quiescently frozen confections may 
or may not contain milk solids. 

Mellorine is made in much the same way as ice cream 
except that butterfat is partially or totally replaced with 
vegetable fat. The product should contain at least 6% vege- 
table fat and 2.7% protein. The addition of vitamin A must 
be such that 40 I.U. are available per gram of vegetable 
fat. 

As of 1993, the National Labeling and Education Act 
(NLEA) created four new labels for ice cream and related 
products: reduced fat, light, lowfat, and nonfat ice creams 
(3). Reduced fat is made with 25% less fat than the refer- 
ence product. Light or Lite products are made with 50% 
less fat or one-third fewer calories than the reference prod- 
uct (as long as <50% of the calories come from fat). Low- 
fat ice cream contains not more than 3 g milkfat/serving. 
Nonfat ice creams contain less than 0.5 g of fat per serving. 
With the creation of the NLEA, the FDA in 1995 revoked 
the standard of identity for ice milk. 


ICE CREAM COMPOSITION AND PHYSICAL PROPERTIES 


Ice cream mix contains a minimum of 10% milkfat and 20% 
total milk solids, except when fruit, nuts, chocolate, or 
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other bulky flavors are added. If bulky flavors are added, 
the minimum milkfat is 8.8% and 16.6% milk solids. Ac- 
cording to U.S. Federal Standards, ice cream must weigh 
at least 4.5 lb/gal. The minimum gallon weight permits the 
incorporation of air sufficient to roughly double the volume 
(or 100% overrun), Percent overrun is defined as: 


weight of 1 gal mix — weight of 1 gal ice cream 


weight of 1 gal ice cream % 190 


Superpremium ice creams typically have a range of 10 to 
40% overrun (premium, 60-75%; economy, 75-90%). 

Ice cream mix normally contains 10 to 15% sucrose, 5 
to 7% corn sweetener, 0.2 to 0.3% stabilizer, 0.1% emulsi- 
fier, and natural or artificial flavors and colors. According 
to U.S. Federal Standards, ice cream may not contain more 
than 0.5% stabilizer or 0.3% emulsifier. 

Physically, ice cream is an emulsion, a dispersion of ice 
crystals and a partly frozen foam. The ice cream mix is an 
emulsion in which the aqueous phases contain solutions of 
soluble proteins, lactose, mineral salts, and added sugars. 
The nonaqueous phases consist of dispersed solids such as 
stabilizers, proteins, and fat globules. During the freezing 
process and foam formation, the emulsion is partially de- 
stabilized. This emulsion destabilization allows the air 
cells to be stabilized by clusters of intact fat globules, 
which agglomerate by free oil or protein/protein interac- 
tions (4-7). The percentage of water changed into ice is 
dependent on the production temperature and concentra- 
tions of sugars and milk salts in solution. 


Butterfat 


Butterfat contributes to the rich and creamy flavor and 
texture of ice cream. Fat particles, which impart a smooth 
mouth-feel, are dispersed throughout the ice cream mix. 
Ice cream with high fat content tends to have smaller ice 
crystals and a slower rate of air incorporation. Butterfat 
can be obtained from a variety of sources, but fresh sweet 
cream is by far the most popular and desirable source. 
Sweet cream is about 40% butterfat. Because of its perish- 
ability, for best flavor, cream must be refrigerated and 
promptly used. Cream can be frozen to preserve the qual- 
ity; however, extra care must be taken during handling to 
protect the flavors. Another source of butterfat is unsalted 
butter, which is about 82.5% fat and can replace 50 to 75% 
of the sweet cream fat. Other special fat sources sometimes 
used in ice cream are plastic cream (80% fat), anhydrous 
butter oil (99% fat), concentrated sweetened cream, and 
dried cream (65% fat) (3). 


Milk Proteins 


Milk proteins are important to the formation of ice cream. 
Their role in the overall structure is to help stabilize the 
foam or air cells and to contribute to emulsification of the 
fat. This is due to hydration during mixing, destabilization 
and complexing during heating, and attraction to the fat 
globules surface after homogenization. As a result, the fin- 
ished ice cream is more stable and smooth. 

Two main types of milk proteins are found in ice cream. 
These are whey proteins and caseins. Casein comprises ap- 


proximately 80% of the proteins found in milk. Numerous 
sources of milk proteins are available for use in ice cream. 
Condensed skim milk at about 25 to 35% solids is widely 
used throughout the industry. However, it is perishable 
and must be used fresh. Dried skim milk, or nonfat dried 
milk, is also widely used and has a much longer storage 
life. Many types of powders (low, medium, and high heat- 
treated) are available, each with specific functional prop- 
erties (3). Superheated condensed skim milk is sometimes 
used as a protein source. Heating the condensed skim milk 
denatures more protein, thereby imparting increased sta- 
bility and whipping ability when used in ice cream. How- 
ever, cooked off-flavors may result. Lactose reduced (LR) 
skim milk may be used to decrease the lactose concentra- 
tion in ice cream to discourage the formation of lactose 
crystals that impart an undesirable grainy, gritty, or sandy 
ice cream texture. 

Specialty products are also available as additional pro- 
tein sources. These include sodium caseinate and dry 
whey, which both improve mix-whipping properties by in- 
creasing overrun and dryness. Dry whey contains high por- 
tions of both lactose and mineral salts and can replace up 
to 25% of the milk solids nonfat (MSNF). At higher levels, 
saltiness and sandiness may result. Milk protein concen- 
trate (ultrafiltered skim milk, MPC) has potential use in 
the ice cream industry, having a higher protein concentra- 
tion and lower lactose and soluble mineral content than 
NFDM. MPC is most beneficial due to its clean, milklike 
flavor (8). 


Stabilizers and Emulsifiers 


Although excellent ice cream products can be made with 
only the natural stabilizing and emulsifying materials 
present in milk (milk protein and phosphates), additional 
stabilizers and emulsifiers also have potential benefits. 

Fluctuations in temperature during normal distribu- 
tion cause ice crystals to melt and refreeze into larger ice 
crystals, resulting in negative textural changes in the ice 
cream. This phenomenon, exposure to either large tem- 
perature swings or high temperature for a period of time, 
is referred to as heat shock. Hydrocolloidal stabilizers 
function to physically bind the water formed by melting 
and, therefore, to help prevent the formation of large ice 
crystals. The amount and type of stabilizer needed is gov- 
erned by the composition of the ice cream mix, processing 
condition, processing temperatures, storage times and con- 
ditions, and other factors (3,9-11). Most ice cream mixes 
are made with 0.2 to 0.5% added stabilizer. A stabilizer is 
capable of binding a large amount of water. A small 
amount is effective in producing a product with good tex- 
ture and more resistance to temperature abuse (heat 
shock). Too much stabilizer will result in product that is 
gummy. 

Many stabilizers used in ice cream are natural. Sodium 
alginates are widely used as ice cream stabilizers. Algins 
improve whipping qualities of the ice cream, help prevent 
heat shock, and give the product good eating qualities. Gel- 
atins, which are derived from animal sources, are also used. 
to stabilize ice cream products. Their structure and affinity 
for water help prevent the formation of large ice crystals 


and contribute to texture. Locust bean gum (carob) is nor- 
mally used in conjunction with carrageenan (Irish moss) 
as a stabilizer. Locust bean gum has excellent water- 
binding properties and imparts superior heat shock resis- 
tance. Its tendency to cause wheying off, curdling of milk 
proteins, is prevented when it is used in combination with 
carrageenan. Guar gum is a complex carbohydrate that 
functions as a stabilizer and is usually used in conjunction 
with carrageenan. Guar has water-binding properties 
similar to that of locust bean gum and imparts similar 
heat-shock resistance. It solubilizes easily in cold mix, 
making it a good choice for mixes undergoing high- 
temperature short-time (HTST) pasteurization. A newer 
gum, similar to guar and locust bean, is tara gum, which 
is cold water soluble and protective to heat shock. Tara 
gum imparts a buttery mouthfeel and can be used at levels 
20 to 25% less than locust bean gum. Sodium carboxy- 
methyl cellulose (CMC) is also used as a stabilizer. It has 
excellent water-holding properties and dissolves easily in 
mix. It possesses some emulsifying properties. CMC pro- 
vides the best results when used in conjunction with an- 
other stabilizer (4). Milk proteins also have stabilizing 
properties, depending on the heat treatment they have re- 
ceived, 

The primary effect of emulsifiers in ice cream is related 
to their ability to de-emulsify the fat globule membrane 
formed during homogenization. This de-emulsification, 
arising from the disruption of the fat globule membranes 
during freezing, facilitates the agglomeration and coales- 
cence of the fat globules, leading to partial churning out of 
the fat phase. The agglomerated fat globules stabilize air 
cells (3). Thus, emulsifiers are used to improve the whip- 
ping qualities of ice cream mix by producing smaller ice 
crystals and smaller air cells, resulting in a smoother ice 
cream texture and a drier, stiffer ice cream. Generally, a 
mixture of high and low hydrophile-lipophile balance 
(HLB) emulsifiers, such as mono- and diglycerides, and 
polysorbate 80 is used. Milk contains some naturally emul- 
sifying compounds that aid in the manufacturing of ice 
cream. These include milk proteins, phosphates, and cit- 
rates. Egg yolks may also be used as an emulsifier as they 
are high in lecithin. 


Fat Reduction 


To achieve fat reduction in frozen desserts, one needs to 
replace both the functionality of the fat and the actual 
quantity of fat removed (formula percentage). Reducing fat 
in a frozen dairy product generally requires multiple ap- 
proaches. Solids replacement is critical for stability (ice 
crystal growth) and the perception of warmth/coldness in 
the mouth. For example, in nonfat products there is pro- 
portionally more ice that must melt at least partially in 
the mouth so the product will seem “colder” than a high 
fat ice cream when both products are served at the same 
temperature. Various fat substitutes may be chosen to pro- 
vide “body” or a mouth-feel that simulates the lubricity of 
fat. Flavor levels or flavor character may be changed to 
modify the flavor impact and release. 

Dairy processors worldwide are continuing to adjust 
their fat-reduced ice cream formulas to duplicate the qual- 
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ities of full-fat products. Ingredient suppliers are broad- 
ening the range and quality of fat substitutes, which sig- 
nificantly help ice cream manufacturers in their quest for 
the perfect low-fat and nonfat desserts. A recent market 
survey of low-fat and fat-free frozen desserts in the United 
States showed that 38% contained microcrystalline cellu- 
lose, 31% contained polydextrose, 31% contained malto- 
dextrin, 25% contained modified food starch, and 50% con- 
tained added protein, for example, whey protein or egg 
white. 

Fat substitutes can be classified as proteins, carbohy- 
drates, or lipids. In addition to fat substitutes, a low-fat or 
nonfat frozen dessert may require flavor addition to com- 
pensate for the lack of fat and its effect on flavor release. 
When butterfat is reduced in a product with a standard of 
identity such as ice cream (“low-fat ice cream”), a lost nu- 
trient, such as fat-soluble vitamin A, must also be replaced. 


Protein-Based Fat Substitutes. Most of the protein-based 
fat mimetics function by emulating fat globules. Sim- 
plesse® is a microparticulated egg white and/or milk pro- 
tein from The NutraSweet Kelco Company, which is said 
to mimic fat by simulating the particle size of fat globules. 
Dairy-Lo® or Dairy-Lite®, a heat-treated whey protein con- 
centrate from Cultor Food Science, is another available 
protein-based fat substitute. 


Carbohydrate-Based Fat Substitutes, Carbohydrates are 
generally used in ice creams to replace fat solids. Higher 
molecular weight carbohydrates with low sweetness are 
usually chosen since they will be used in addition to the 
carbohydrates (sweeteners) already included in the for- 
mula. One such carbohydrate is Oatrim®, a fat substitute 
that is produced by partially hydrolyzing the starch in oat 
bran or oat flour into maltodextrins. Modified starches, 
polydextrose, polyfructose, and pectin, such as Slendid 
from Hercules, are also commonly used as fat replacers. 
Microcrystalline cellulose is used to enhance the mouth- 
feel of frozen dairy products. Gelled carbohydrate solutions 
or suspensions provide some viscosity and lubricity but do 
not have the globular mouth-feel characteristics of fat. 
Carbohydrate usage levels may be limited by increased 
mix viscosity. 


Lipid-Based Fat Substitutes. Lipid-based fat substitutes 
are the so-called designer fats that can fully replace but- 
terfat functionality at a lower calorie level because they 
are only partially digested. They generally don’t require 
other formulation changes, while protein and carbohy- 
drates behave as fat mimetics and require formulation 
changes. These fat “substitutes” are chemically fats, but 
rendering the fat partially indigestible reduces the caloric 
content. Several lower-calorie fats are commercially avail- 
able. Caprennin® from Procter & Gamble is an interester- 
ified triglyceride with long-chain fatty acids, which con- 
tribute to its lower degree of digestibility. Salatrim®, a 5 
calories per gram triglyceride from Cultor Food Science 
marketed as Benefat®, is another interesterification prod- 
uct between glycerol esters of acetic, propionic, and butyric 
acids and regular fats. FDA has approved Olestra®, a su- 
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crose polyester with very low HLB from Procter & Gamble, 
for salty snacks, but not yet for frozen desserts. Emulsifiers 
can augment the functionality of fat. 


Flavor Delivery Systems. There are two potential flavor 
issues associated with low-fat products: the fat replacer 
itself might have an off-flavor, and the loss of fat and re- 
placement by the fat substitute might result in an unbal- 
anced flavor release. Flavor delivery issues exist because 
fat replacers do not dissolve flavor compounds in the same 
way as fat. When fat melts, flavors are released in a char- 
acteristic sequence. In low-fat and fat-free formulations 
the flavor release can be faster, stronger, and less pleasur- 
able. Some advances have been made by flavor encapsu- 
lation and controlled-release mechanisms. One example is 
Singer’s (12) patented method for the delivery of fat- 
soluble flavor compounds into nonfat and low-fat food prod- 
ucts in which fat components have been replaced by non- 
lipid fat substitutes. Hatchwell (13) discussed a flavor 
delivery system composed of fat globules into which ele- 
vated levels of fat-soluble flavor compounds have been 
loaded or incorporated into nonfat and low-fat food prod- 
ucts, so that fat-soluble flavor compounds will be released 
in a more natural and familiar sequence. 


Cholesterol Reduction. As consumer demand for low-fat 
cholesterol-free products has increased innovative tech- 
nologies to remove cholesterol from butterfat or egg yolk 
have been developed to different scales of commercializa- 
tion. The techniques include vacuum steam distillation, 
short path distillation, melt crystallization, supercritical 
fluid extraction, and chelation with -cyclodextrin or quil- 
laja saponins (14,15). 


Sugars and Sweeteners 


Sugars contribute to the sweet flavor of ice cream. The con- 
centration of sugars in the mix will also determine the 
freezing point of ice cream, The greater the amount of 
sweetener contained in an ice cream mix, the lower the 
freezing point. Many kinds of sweeteners can be used in 
ice cream. They include cane and beet sugar, corn sweet- 
eners, honey, invert sugar, lactose, fructose, and refiner’s 
syrup. 

Sucrose, the most widely used sugar, is processed from 
cane sugar and beet sugar. Most ice creams are made with 
a combination of corn syrup and sucrose. Corn syrup solids 
are made from a hydrolysis of cornstarch. Corn syrups are 
classified by dextrose equivalence (DE), which indicates its 
degree of hydrolysis. The higher the DE, the sweeter the 
corn syrup will be. The intermediate range (48-68 DE) and 
high conversion (58-68 DE) corn syrups are used to pro- 
duce a product that will be very close in texture to that of 
a product made entirely with sucrose. Corn syrup imparts 
a denser body to the finished product and may improve its 
shelf life (3,9,11). Honey is used in ice cream primarily to 
make honey-flavored ice cream. Honey usually does not 
blend well with other ice cream flavors and therefore is 
rarely used as a sweetener. 

A significant part of the MSNF is lactose, which also 
imparts sweetness. Lactose is a sugar found only in milk. 


It is less sweet and less soluble than sucrose. The concen- 
tration of lactose in mix is limited because it may separate 
out of solution in large crystals and produce an undesirable 
sandy feeling in the mouth. The maximum amount of lac- 
tose to avoid sandiness may vary depending on the freezing 
and storage conditions of the product. 


Sucrose Reduction 


For some diabetics, no-sugar-added products provide 
opportunities to consume frozen dairy desserts. However, 
it is the total amount of carbohydrate, not just the simple 
sugars, that affects the blood glucose response. The tech- 
nologies for sucrose replacement have been reviewed 
by Deis (16). Traditionally, polyols such as glycerol, xylitol, 
sorbitol, lactitol, maltitol, palatinit, and hydrogenated 
starch hydrolysates are used. Polydextrose, with 1 calorie 
per gram, is another commonly used bulking agent with 
high intensity artificial sweeteners. Buzzanell et al. 
(17) reviewed the status and application of various high- 
intensity sweeteners including aspartame, saccharin, 
Acesulfame-K, cyclamate, sucralose, and Alitame®. Sucra- 
lose® has recently been approved in the United States in 
April of 1998. A current U.S. market survey of no-sugar- 
added products shows that the majority contain malto- 
dextrin, polydextrose, sorbitol, and a combination of 
Acesulfame-K and aspartame. 

A novel process for a no-sugar-added product uses lac- 
tase to hydrolyze the lactose in condensed skim to increase 
the mix sweetness and permit use of a higher concentra- 
tion of milk without risking lactose recrystallization (sand- 
iness) (18). This allows the complete replacement of sugar 
with a high potency sweetener (aspartame) without the 
use of bulking agents. 


Flavorings 


Hundreds of varieties of flavoring substances are used to 
flavor ice creams. There are two main characteristics to 
each flavoring, type and intensity. Both influence how well 
consumers like the finished products. Serving temperature 
and overrun also influence flavor. 

The U.S. Federal standards of identity place flavors into 
the following three categories (2): 


Category I. Pure extracts (no artificial flavor) 

Category II. Pure extracts with synthetic or artificial 
components (natural flavor dominates) 

Category III. Artificial flavors (or natural and artificial 
with artificial flavor predominate) 


U.S. Federal laws also regulate how these various flavor- 
ing categories are to be labeled on the cartons. The major- 
ity of the ice creams are made with category II flavors, 
whereas most premium and superpremium brands use 
category I or pure flavors. 

Vanilla is by far the most widely used flavor. Vanilla 
flavors are available from each of the three categories I, II, 
or III; pure vanilla flavor is a product of vanilla bean fer- 
mentation. Most vanilla flavors used are of the category II, 
pure vanilla plus some artificial components. Chocolate 


products are the second most popular flavorings. They 
come in many forms; cocoa powders, chocolate syrups, and 
chocolate liquor are the most predominant. Flavor inten- 
sity, color, and texture can be manipulated by using differ- 
ent types of cocoa products. Fruits and fruit extracts are 
also very popular as flavorings. They can be added fresh, 
dried, candied, as concentrated juices, or as fruit essences. 
Nuts, spices, candies, cookies, and sugars such as honey 
are also added to ice cream to provide a wide variety of 
flavors. Other substances are swirled throughout the ice 
cream to produce a rippled effect, or a variegated product. 
These include flavors such as fudge, butterscotch, marsh- 
mallow, caramel, and fruits. Liqueur flavorings such as 
fruit brandy distillates or fruit liqueurs are also used in 
some ice creams. 


Other Ingredients 


Any FDA-certified natural and artificial coloring may be 
added to ice cream. These must be declared on the label. 
Annatto is a very popular yellow vegetable color used to 
color ice cream and to add visual richness. 

Egg yolk solids are an optional ingredient. They are 
added for their emulsifying properties. They also impart a 
characteristic subtle flavor. Custard-type ice creams, by 
definition, must include egg yolks. 


ICE CREAM PROCESSING—MIX MAKING, FREEZING, 
AND HARDENING 


After the processor has selected the formula, the ingredi- 
ents are blended together to produce the ice cream mix. 
The basic steps inherent in almost all processing of this 
mix into a frozen product are blending ingredients, pas- 
teurization, homogenization, cooling, mix storage, flavor- 
ing, freezing, packaging, hardening, and finished product 
storage and distribution. 


Mix Blending 


To begin mix processing, the fluid ingredients are pumped 
from their storage vessel into a blending vat. The amount 
of these ingredients, as determined by the formula, may 
be either metered or weighed into the blending vat with 
the use of load cells. Some blend systems contain both me- 
ters and load cells to use one to check against the other in 
an effort to improve the accuracy of ingredient addition. 

Dry ingredients such as cocoa powders, nonfat dry milk, 
corn syrup solids, and stabilizers are added into a blend 
vat, using a high-shear mixer. A portion of the bulk fluid 
ingredients is circulated through by the mixer to aid in- 
corporation into the blend vat. 


Pasteurization 


Pasteurization is the process of heating the ice cream 
mix to a required time and temperature for the primary 
purpose of destroying pathogenic microorganisms. Two 
primary methods are recognized for achieving the time 
and temperature pasteurization requirements, batch also 
known as low-temperature long-time (LTLT) or continu- 
ous. Continuous pasteurization can be accomplished at 
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different combinations of temperature and time: high- 
temperature short-time (HTST), higher-heat shorter-time 
(HHST), and ultra high temperature (UHT) methods. The 
U.S. Public Health Service (USPHS) standards for the pas- 
teurization of mix are (19): 


LTILT: 155°F for 30 min 

HTST: 175°F for 25 s 

HUST: 191° for 1.0 s or 212°F for 0.01 s 
UHT: 280°F for a minimum of 2 s 


To achieve a higher rate of microbe destruction and to 
impart the characteristic flavors, most processors will pas- 
teurize at slightly higher temperatures and/or longer 
times. 

Today, the most popular method is the continuous HTST 
procedure using plate heat exchangers. Using HTST, 
the processor benefits from (1) improved process control, 
(2) less stabilizer requirements, (3) savings of time and 
space, and (4) increased capacity. Other continuous heat 
exchanger designs include steam injection and infusion, 
tubular, and swept surface types. 

Batch pasteurization may be accomplished by two 
methods. The classic method is when the batch pasteurizer 
vessel also acts as the blending vat. After the required in- 
gredients per formulation have been added to the blending 
vat, hot water is circulated through the jacket of the vat. 
Depending on the temperature of the hot water and the 
flow rate through the jacket, the mix arrives at the re- 
quired batch pasteurization temperature. After the legal 
hold period, cool water is circulated through the jacket and, 
when sufficiently cooled, is pumped to a cooling system 
similar to that for the HTST system. The second method 
used for batch pasteurization is a modified system employ- 
ing the regeneration section and the heater section of the 
HTST system; however, the temperature is raised only to 
the required batch pasteurization temperatures. The mix 
is then held in holding tanks for 30 min and then conse- 
quently pumped to the regenerator and cooling system. 


Homogenization 


The purpose of homogenization is to reduce the size of the 
fat globules so that 90% of the globules are less than 2 um. 
Decreasing the fat globule size to smaller globules in- 
creases the surface area. This allows for a more uniform 
and consistent product, smoother in texture, which resists 
churn out in the freezer. 

Acceptable regulatory placements of homogenizers are 
(1) in front of the heater section, (2) after the heater section 
and in front of the holding tube, and (3) after the flow di- 
version device and before the regeneration section. The ho- 
mogenizer is a positive displacement pump that may act 
as the timing pump in many HTST systems. 


Cooling 


After pasteurization and homogenization, the mix is 
passed through a cooling unit. The cooling medium may be 
a refrigerated glycol solution or brine solution (a concen- 
trated food-grade salt solution). The method employed for 
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cooling is a plate heat exchange system similar to the 
HTST or a surface cooler. The heat exchange system is suf- 
ficiently sized to decrease the temperature of the mix to 
45°F or less. The cold mix then flows to mix holding tanks 
for storage. 


Mix Storage 


Although legal standards only require cooling mix to 45°F 
or less, it is advantageous for product safety and quality 
to cool the mix to 34 to 36°F. With respect to aging of the 
mix, it was believed that 24 h was necessary for the physi- 
cal changes in protein structure and fat crystallization to 
create more consistent mix that can be processed. How- 
ever, recent studies do indicate that as little as 4 h accom- 
plish this goal. 


Freezing 


During the freezing process, refrigerated ice cream mix is 
introduced into the ice cream barrel. The barrel is a cylin- 
drical scraped-surface heat exchanger. Ammonia or freon 
is used as the cooling medium. Part of the water content 
of the mix is frozen into small ice crystals. At the same 
time, air is incorporated into the emulsion with agitation. 
The mix is transformed into a 20 to 25°F flowable mixture 
that can be filled/shaped into its final form. In commercial 
freezers, stainless-steel blades attached to the dasher (or 
mutator) scrape the crystals as they are being formed on 
the wall surface. The dasher controls the flow dynamics of 
the mix. Dashers come in many designs that determine the 
texture of the product. Closed or partial open dashers are 
used for ice creams. Many freezer manufacturers have spe- 
cially designed their own dashers to meet their customers 
needs (20-22). 

There are two main types of freezers, batch freezers and 
continuous freezers. Originally all freezing was done with 
batch freezers. In the batch process, a certain volume of 
mix is placed into the freezing barrel. The mix is frozen as 
the dasher is whipping in air. Batch freezing relies heavily 
on operator experience. 

Currently, most manufacturing plants use continuous 
freezers. Continuous freezers provide greater process effi- 
ciency and product consistency. In continuous freezing, ice 
cream mix is metered into the freezing barrel at a constant 
rate. As the mix passes through the cylinder, air is whipped 
in by the dasher. Particulates (fruits, nuts, cookies) are 
added through a fruit and ingredient feeder after freezing. 
Continuous freezers are now available fully automated. 
Computers check the main control points of the operation. 
These control points may include overrun, dasher speed, 
flow rates, viscosity, pressure, and temperature control. 
These freezers also include automatic start-up, CIP 
pumps, and freeze-up prevention. 

Soft-serve freezers are a scaled-down version of the 
batch and continuous freezers (23). Mix is added to a re- 
frigerated hopper and flows by gravity into the freezing 
barrel. Mix is frozen, and air is incorporated in the barrel. 
The finished product is drawn out at 18 to 20°F onto a cup 
or cone. Because the product may have to stay in the freez- 
ing barrel for hours, the compressor and dasher are cycled 
on/off to maintain a consistent texture (20-22). 


Modern ice cream plants include as much CIP cleaning as 
possible. CIP refers to the cleaning and sanitizing of pro- 
cess equipment in its assembled condition. The detergent 
solutions and sanitizers are recirculated through the pro- 
cess pipelines (pasteurizing system, mix tanks, freezer, 
etc). For effective soil removal, the detergent solution must 
have sufficient concentration, temperature, velocity (5 
ft/s), and time. Manual or clean-out-of-place (COP) clean- 
ing is significantly more time-consuming, more expensive, 
and generally less effective. 

The four primary steps of an effective cleaning and san- 
itizing program for the CIP circuit are: 


1. Prerinse: Flushing with water until the water runs 
clear. 

2. Recirculation of detergent solution at 150 to 180°F 
for 15 to 30 min, depending on the type of equipment 
to be cleaned. 

3. Postrinse for 10 to 18 min to remove all traces of 
detergent and soil. 

4. Recirculation of sanitizers using chlorine or acid san- 
itizing agents, or heat sanitization. Heat sanitization 
is the circulating of hot water, 180°F minimum, for 
15 min. 


Ice Cream Hardening and Storage 


Most ice creams, with the exception of quiescently frozen 
novelties, must be passed through a final freezing process 
after packaging called hardening. Hardening completes 
the ice crystallization that began in the continuous or 
batch ice cream freezer, enables the ice cream to withstand 
storage and transportation, and aids in final textural de- 
velopment. 

Ice cream hardening must be accomplished through the 
rapid extraction of heat to ensure that the small ice crys- 
tals previously formed in the ice cream freezers are kept 
intact, giving the ice cream its familiar cool and creamy 
mouth-feel. Formation of large ice crystals would lead to 
an undesirable defect of iciness or a coarse mouth-feel. Ef- 
ficient heat extraction is achieved through the use of hard- 
ening tunnels (insulated cold boxes in which the product 
is continuously conveyed through an extremely cold envi- 
ronment). 

The actual heat transfer occurs either by a cold air blast 
(—30°F or lower) circulated around the ice cream packages 
or through hollow stainless steel plates that act as both 
the conveyor and the heat transfer medium. Brine, am- 
monia, or glycol chilled to — 20°F flows in the inside of the 
hollow plates, discharging the heat gained from the ice 
cream to the plant refrigeration system. 

Hardening tunnels are designed to bring the center of 
a package down to 0°F. The tunnel conveyor system has 
adjustable speeds to accommodate the various packages 
that a normal plant will produce. Hardening times for a 
—40°F blast tunnel are typically 90 min for pint packages 
to 4h or more for 2-1/2-ga bulk packages. 

Automatic or manual unloading of the hardening tunnel 
into a palletizing area completes the plants responsibilities 


for the product. The product will typically be warehoused 
at —20°F. It is then distributed to the retailers where the 
product should be held at 0°F or colder to survive its trip 
to the consumer’s home. 


ICE CREAM DEFECTS 


High-quality ingredients are a requirement in the produc- 
tion of a high-quality ice cream product. Adherence to for- 
mulation, industry processing standards, and proper stor- 
age requirements also is critical. Incorporation of inferior 
dairy ingredients, sweeteners, or bulky ingredients always 
will result in a sub-standard product. Table 1 summarizes 
the characteristics and causes of predominant flavor and 
texture defects found in poor-quality ice cream (3,4). 


Cryostabilization 


Cryostabilization is a new approach to stabilizing a frozen 
product over its shelf life (23-26). It is an applied technol- 
ogy developed from the concept of food polymer science 
(FPS), the application to foods of the concept of polymer 
science. Since the late 1980s this field has been actively 
researched and applied to food product and technology de- 
velopment. Cryostabilization is based on fundamental un- 
derstanding of the critical physicochemical and thermo- 
mechanical structure-property relationships that underlie 
the behavior of water in all nonequilibrium food systems 
at subzero temperatures (27,28). 

A food structure can be in different states (liquid, 
rubber, or glass) depending on composition and tempera- 
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ture. The state of a material has enormous effects on the 
rate of change (eg, deformation, diffusion, or chemical re- 
action) within the material. Since ice cream defects such 
as iciness and sandiness are diffusion-controlled proper- 
ties, cryostabilization can be an important tool for improv- 
ing product quality. An ideally stable product will not 
change significantly during shelf life, so factors affecting 
the rate of change are critical to understanding and con- 
trolling product stability. 

When ice cream is frozen, ice separates out from the 
system and the concentration of the unfrozen matrix (un- 
frozen water plus solutes such as sweeteners, electrolytes, 
proteins, and gums) between the ice crystals increases. As 
the temperature decreases further, more ice crystallizes 
until the viscosity of the unfrozen matrix is so high that 
there will be no more observable ice recrystallization in the 
time frame of the measurement. That temperature is 
called Tg’, the glass transition of the maximally concen- 
trated unfrozen matrix (23-28). The Tg’ of a typical ice 
cream, as measured by DSC (differential scanning calorim- 
etry), is approximately — 32°C. It was agreed during the 
ISOPOW 6 meeting that “there was a lower temperature 
glass transition and a mobility transformation at Tg’ 
which coincided with the onset of ice dissolution into so- 
lution phase and correlated well with product stability” 
(29). 

The Tg’ of a product will predict its stability. In distri- 
bution and in consumers’ home freezers ice cream will not 
be held at temperatures below —32°C. However, the 
smaller the differential is between the temperature at 
which a product is stored and Tg’, the greater the stability 


Table 1. Characteristics and Causes of Ice Cream Flavor and Texture Defects 


Defect. 


Characteristics 


Cause 


Acid, sour 
Cooked, eggy, custard 


Tingly taste sensation 


flavor 
Lacks freshness, stale 


Oxidized, cardboardy, metallic 
tallowy 


A cooked milk, condensed milk, caramel-like 


Lacks clean, delicate, balanced flavor 


Astringent, metallic, papery, painty, fishy, 


Uncontrolled bacterial activity 

Excessive heat treatment. 

Use of “cooked” cream 

General flavor deterioration of mix during 
storage 

Marginal quality dairy ingredients 

Absorption of odors from equipment 

Old product 

Poor storage conditions 

Marginal quality dairy ingredients 


Coarse, icy, grainy 


Sandy, gritty 


Crumbly, fluffy, brittle 


Gummy, pasty, elastic 


Buttery, churned, greasy 


Large ice particles distributed throughout the 
product or localized layerlike ice crystals 

Slow-melting crystals that remain on tongue or 
stick in throat after ice cream melts 


Tendency of ice cream to fall apart when 
scooped 


Opposite of crumbly 

Ice cream at consumption temperature is like 
taffy 

Butter particles or greasy mouth-feel after ice 
cream has melted 


Slow, inadequate freezing; insufficient stabilizer 
‘Temperature fluctuations during storage 

High milk solids nonfat (lactose concentration) 
High total solids 

‘Temperature fluctuations during storage 
Added particulates such as nuts 

Excessive overrun 

Low total solids 

Inadequate stabilization 

Excessive stabilization 

Excessive corn syrup 

High sugar solids 

Inadequate homogenization 

Excessive fat destabilization 

High milkfat content 

Overemulsification of mix 
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of the product as it is closer to the stable glassy state. This 
temperature differential can be reduced by increasing the 
Tg’ or lowering the storage temperature. One patented ex- 
ample of cryostabilization uses 20 to 33% 2-6DE malto- 
dextrin to raise the Tg’ of frozen novelties to — 13°C., re- 
ducing shrinkage and deformation (30). For the greatest 
product stability it is important to control the product’s 
storage temperature as well as to formulate the product to 
create a higher Tg’, resulting in a reduced molecular dif- 
fusion rate. 


NOVELTIES 


Unlike packaged ice cream that normally is scooped or soft- 
served, novelties are unique ice cream products that are 
produced in a variety of shapes and sizes. Packaged in 
multi-pack or popular individual servings, early novelties 
included ice pops, Fudgesicles®, and ice cream sandwiches. 
Original marketing efforts were targeted toward children. 
Recently, new novelties have emerged and are capturing a 
more mature, sophisticated consumer niche. This resur- 
gence has opened another exciting avenue for the ice cream 
industry. 

Novelties can be made by two different processes, dy- 
namically frozen and extruded or statically (quiescently 
frozen) hardened in brine. The dynamically frozen and ex- 
truded process involves freezing ice cream to as low a tem- 
perature as possible so that it retains its shape after ex- 
trusion through the nozzle. The product is wire cut, 
dropped onto a plate conveyor, and transferred into a hard- 
ening tunnel. For stick novelties, sticks are inserted before 
the hardening tunnel. After the hardener, the product is 
released from the plate and may be enrobed or dipped in 
coating and then packaged. Shapes are easy to alter by 
changing the nozzle configuration. 

Quiescently frozen novelties are formed by hardening 
mix in metal molds. The molds travel through a two- 
section refrigerated brine tank. In the first section, mix is 
filled, sticks are inserted, and product is hardened. The 
molds then pass through a defrost section where the prod- 
uct is extracted from the molds, coated, and packaged. 


SHERBETS AND SORBETS (ICES) 


Sherbets, as defined by the Code of Federal Regulations 
(2), contain 1 to 2% butterfat and 2 to 5% total milk-derived 
solids by weight of the finished product. Because of their 
typically low total solid contents, sherbets rely on hydro- 
colloidal stabilizers to physically bind water and add vis- 
cosity. This aids in distribution stability and quality. Sher- 
bets can be flavored by both fruit and nonfruit flavors. 
Fruit-flavored sherbets should have a titratable acidity of 
at least 0.85 (calculated as lactic acid). Formulas for sher- 
bets are comparable to ice cream and ice milk. 

Sorbets (ices) contain neither milk-derived ingredients 
nor egg ingredients other than egg white. Unlike ice 
creams and sherbets, ices can be made from unpasteurized 
mix owing to their typically high acidity formulation. Ices 
may be either dynamically or statically frozen. Water ices 
have enjoyed a tremendous resurgence in recent years as 
premium sorbets in single-serve novelties. 


OTHER FROZEN DESSERTS 


Frozen Yogurt 


Frozen yogurt is a cultured dairy product produced using 
cultures of bacteria: S. thermophilus and/or L. bulgaricus. 
Generally accepted industry standards indicate that the 
finished product cannot be less than 8.25% nonfat milk 
solids and not less than 0.5% titratable acidity (expressed 
as lactic acid), and finished product has to weigh at least 
5 lb/gal (3). Frozen yogurt butterfat content is similar to 
whole milk (3.25%). Frozen yogurt can be classified as low- 
fat or nonfat yogurt. Low fat contains no less than 0.5% 
and no more than 2% butterfat, whereas nonfat contains 
no more than 0.5% butterfat. 

An acceptable frozen yogurt should be smooth in texture 
and have a pleasant flavor. It will handle and freeze much 
the same as sherbet or reduced or low-fat ice cream. The 
amounts and types of milk solids and sugars present will 
affect the body and texture of the finished product. Not 
all ice cream stabilizers can be used for frozen yogurt be- 
cause stabilizers used in frozen yogurts must be acid sta- 
ble. Gelatin-based stabilizers perform best with cultured 
products. Emulsifiers may be used to improve overrun, but 
can also react negatively in the culturing process. They 
may reduce the activity of the starter cultures, resulting 
in longer fermentation. 

Fruit flavors will work well with the acid flavor profile 
of yogurt. Vanilla and chocolate have also been successful. 
When using chocolate as a flavoring ingredient, the yogurt 
should not be fully fermented to ensure a better flavor bal- 
ance. 


Mellorine 


Mellorine products are similar in composition to ice cream 
except that the butterfat has been replaced by a combi- 
nation of vegetable and animal fat. The types of vegetable 
fats used may include coconut, soybean, cottonseed, and 
other plant fats. Hydrogenated vegetable fats will improve 
flavor stability and texture because they closely resemble 
the melting properties of milk fat. Standards of identity 
require that all mellorine-type products must contain not 
less than 6% fat, and not less than 3.5% protein (the bio- 
logical value of the protein in the product must be at least 
equivalent to that of whole milk protein). Finished product 
must weigh no less than 4.5 Ib/gal and contain no less than 
1.6 lb of total solids/gal (2). The processing, handling, and 
freezing of mellorine are similar to that of ice cream. More 
emulsifier may need to be used in mellorine products. The 
maximum stabilizer allowed is 1%. 


Parevine 


Parevine is a nondairy frozen dessert. It is consumed 
mainly by those who, for religious reasons, need to avoid 
mixing meat and dairy products. Parevine is made from a 
combination of fats, water, one or more protein or carbo- 
hydrate food ingredient (from other than milk or meat 
sources), and nutritive sweetening ingredients other than 
lactose. It may also contain eggs or egg products, flavoring, 
coloring, and added vegetable stabilizer or vegetable emul- 


sifier. Standards of identity require that the finished prod- 
uct must contain at least 10% fat and total solids not less 
than 1.3 lb/gal of finished product. When bulky ingredients 
(such as nuts, cocoa, or chocolate) are added, the fat con- 
tent can be reduced to, but to no less than 8% (2). 

Parevine can only be sold in properly labeled factory- 
filled containers that cannot be larger than 1 gal. When 
parevine is sold on the premises, a sign must be conspic- 
uously displayed stating “Parevine Sold Here” in letters 
that can be easily read by the consumer. 


Other Nondairy Frozen Desserts 


Other options exist for vegetarians, those who simply pre- 
fer to avoid dairy products, or lactose intolerant persons. 
These options include rice- and soy-based frozen desserts 
and novelties. These desserts rely on added stabilizers and 
emulsifiers to produce a creamy, smooth product similar to 
dairy counterparts. 


FUTURE TRENDS 


The frozen dessert segment is an approximately $10 billion 
per year industry. Nearly 100% of the U.S. population en- 
joys frozen desserts as part of their diet. Current trends 
suggest a modest industry growth rate. 

The Nutrition Label Education Act (NLEA) signifi- 
cantly reshaped the landscape of frozen dessert standards. 
One result of the NLEA is that “ice milk” is no longer a 
legally recognized product in the United States. Along with 
the NLEA, consumer health concerns related to fat and 
calorie intake have driven the growth of new segments for 
Reduced Fat, Low-Fat, and Fat-Free ice creams, as well as 
No Sugar Added products. After initial explosive growth 
when good-quality low-fat products were no longer stig- 
matized with the “ice milk” label, these product segments 
shifted to more niche segments. 

Historically, fat reduction has been a key driver in this 
segment’s development. In response to increasing con- 
sumer awareness of health and wellness issues, efforts to 
reduce caloric content are expected to be a new motivator 
in the development of healthier products. Sorbet and water 
ices have enjoyed a significant growth in popularity. Other 
segments that will emerge include organic ice cream and 
nutritionally-fortified frozen desserts. 

Fat replacers such as certain proteins or starches as 
well as fat mimetics (eg, Olestra) will create new oppor- 
tunities for high-quality “Better for You” products. 

Starch technology advances will continue to create 
greater opportunities for fat replacement and specific prod- 
uct textures. 

Milk protein concentrates, lactose-reduced skim milk, 
and the lactase enzyme will be keys to developing ice 
creams that are free of the sandy texture caused by lactose 
crystal formation. 

Antifreeze proteins (ice crystal growth-controlling pro- 
teins found in cold climate plants and animals) have the 
potential to revolutionize the frozen dessert industry. They 
can dramatically reduce the effects of heat-shock. Their 
future use is dependent on the development of a protein 
that is both economical and label-friendly. 
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In the 1980s Listeria monocytogenes was a major food 
safety concern in ice cream and frozen dessert manufac- 
ture. While contamination by pathogens such as Listeria 
continues to be an industry concern, Good Manufacturing 
Practices (GMPs), the application of hazard analysis and 
critical control points (HACCP), and improved equipment. 
design have kept this potential issue in check. Control of 
food allergens in frozen desserts and in other foods has 
emerged as a critical food safety concern. The industry will 
again need to rely on HACCP in both ice cream manufac- 
turing plants and suppliers’ ingredient plants. 

New forms of ice cream and ice cream novelties continue 
to be developed to meet specific consumer needs. The trend 
toward targeting specific consumer segments, as well as 
specific product use occasions, will be a key driver of future 
new products. 
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IMMOBILIZED ENZYMES 


In the processing of foods, enzymes have distinct advan- 
tages over chemical catalysts of which most notable are 
substrate specificity and activity under mild conditions of 
temperature and pH. However, the cost of using soluble 
enzymes is a drawback so there is much interest in the use 
of immobilized enzymes and cells. Immobilized enzymes 
have been defined as “enzymes that are physically confined 
or localized in a certain defined region of space with reten- 
tion of their catalytic activities, and that can be used re- 
peatedly and continuously” (1). Immobilization often re- 
sults in the enzyme becoming water insoluble. 

Compared with processing with soluble, unconstrained 
enzymes, immobilization offers several advantages, in- 
cluding: 


¢ Reuse or continuous use of the catalyst, thereby re- 
ducing both capital and recurrent process costs 
Absence of the enzyme from the product, thus poten- 
tially allowing for a wider range of enzymes than 
those normally permitted in foods 

Ease of terminating the reaction without drastic 
measures such as heat denaturation or extreme pH 
Greater (sometimes) thermal and pH stability and 
prevention of self-digestion by proteases 

Less product inhibition, and more substrate deple- 
tion with continuous processes, giving faster conver- 
sion 


The main disadvantages are the cost of producing the 
immobilized enzyme, including the cost of the support, and 
altered reaction kinetics, which often result from diffu- 
sional restrictions. 


METHODS FOR IMMOBILIZATION 


General methods for immobilization of enzymyes and cells 
can be classified as follows: (1) adsorption onto a solid car- 
rier, (2) covalent attachment to a solid carrier, (3) cross- 
linking to form insoluble aggregates (4) adsorption fol- 
lowed by cross-linking, and (5) entrapment in gels or 
encapsulation by membranes. 

Adsorption onto a support surface is the simplest 
method of immobilization. Binding of the enzyme to the 
substrate is typically through electrostatic binding, hydro- 
gen bonding, hydrophobic interactions, or van der Waals 
forces. Biospecific interactions between enzyme and li- 
gand, or enzyme and antibody, are also possible. Binding 
forces (except for biospecific interactions) are rather weak 
and usually readily reversible. This makes adsorption an 
attractive process commercially since loading, desorption 
following decay of activity, and reloading are relatively 
simple. The main problems are leakage of enzyme from the 
support and changed activity characteristics caused by in- 
timate association of the enzyme with the support matrix. 

Covalent attachment provides the most secure method 
of immobilizing enzymes. Since enzymes are proteins, the 
amino acid side chains contain several functional groups 
that can be used for coupling to a support. The amino group 
of lysine is widely used, but the sulfhydryl of cysteine, hy- 
droxyl of tyrosine or serine, and carboxyl groups of glu- 
tamic and aspartic acids are also used for coupling. How- 
ever, the attachment must be via some nonessential group 
in the protein surface or activity will be lost. Prior to cou- 
pling, the support matrix is treated with a reagent that 
activates some functional groups on its surface; then the 
enzyme is mixed with the activated support and coupling 
takes place. Although many chemical reagents can be used 
for coupling, safety restrictions on food processes mean 
that only glutaraldehyde is used in commercial applica- 
tions at the present time. 

Cross-linking involves formation of covalent bonds be- 
tween enzyme molecules, by bifunctional reagents, to pro- 
duce large insoluble aggregates. Glutaraldehyde is a typ- 
ical cross-linking reagent. Cross-linking may lead to large 
increases in stability, however, the reaction is difficult to 


control and the gelatinous physical nature of the products 
is a major impediment in many applications. Cross-linking 
is a very useful technique to minimize leakage of enzymes 
already immobilized by adsorption. 

Entrapment involves placing the enzyme within a poly- 
mer matrix (eg, a gel) or behind a membrane to allow pen- 
etration of substrate and products but to prevent release 
of the enzyme protein. This restricts the application to pro- 
cesses that involve small substrates and products. Specific 
techniques include: entrapment in gels such as polyacryl- 
amide and calcium alginate, entrapment in hollow fibers 
or within the microcavities of synthetic fibers, and mi- 
croencapsulation of the enzyme within tiny spheres having 
semipermeable membranes. Entrapment has the advan- 
tage of minimal alteration of enzyme properties since there 
is no significant interaction with the “support.” Drawbacks 
of the method include: enzyme leakage, mass transfer/ 
diffusional limitations due to passage of substrates and 
products across a barrier, and the lack of stabilizing effects 
often associated with a solid support. 

An extraordinary variety of supports have been used for 
enzyme immobilization, ranging from feathers to stainless 
steel spheres. For most food processes, the best supports 
are physically strong, chemically inert except for those 
groups involved in linkage, and not subject to microbial 
attack. A good example is glass beads. Once immobilized, 
the enzyme can be used in a variety of batch or continuous 
reactor systems, including stirred-tank, plugged-flow, and 
fluidized-bed systems. 

Immobilization can cause substantial alterations in the 
activity of enzymes. There are many reasons for this, but 
three major influences have been identified: mass transfer/ 
diffusion, pH shifts, and partitioning. 

When an enzyme is bound to a solid surface, mass- 
transfer limitations often occur due to the stagnant liquid 
film close to the surface through which the substrates and 
products diffuse. This can lead to concentration differences 
between the bulk phase and the microenvironment of the 
enzyme. Diffusional restrictions are also noticeable for en- 
zymes entrapped in gels or particles. 

Shifts in pH optimum are noted when enzymes are im- 
mobilized to charged supports. A negatively charged sup- 
port abstracts protons leading to a more acidic microenvi- 
ronment and a shift to a higher optimum pH in bulk 
solution. The opposite effect is observed with positively 
charged supports, leading to a lower pH optimum. 

Partitioning of substrates and products between the 
bulk liquid and the immobilized enzyme system also 
leads to differences in concentrations. This partitioning 
can be caused by charge interactions or by hydrophobic/ 
hydrophilic interactions between the substrate/product 
and the enzyme support system. The kinetic consequences 
of these influences have been carefully explored (2,3). 


Immobilized Cells 


An alternative to extracting enzymes is to use immobilized 
cells. These can be readily entrapped in gel media such as 
carrageenan or calcium alginate. The major advantages of 
such preparations compared with immobilized enzymes in- 
clude: avoidance of expensive enzyme isolation procedures, 
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enhanced catalyst stability due to protection by the cell 
membrane and the local microenvironment, and the ability 
to catalyze multistep enzymatic reactions, particularly 
those using cofactors that are otherwise difficult to regen- 
erate. Disadvantages include the following: the possibility 
of side reactions and hence less pure products; and both 
substrate and product must be small enough to pass 
through the gel particles. Currently, immobilized cells are 
used either to catalyze simple conversions such as iso- 
merization or as growing immobilized cells to produce pri- 
mary metabolites, for example, amino acids. Immobilized 
living cells can also be used to detoxify waste materials, 
for example, to remove nitrates from drinking water and 
to remove phenols from industrial wastewater (4). 


Limitations 

Despite the advantages cited, the current use of immobi- 
lized enzymes in industrial-scale food processing is quite 
limited. In some cases the reasons are purely economic— 
the soluble enzyme is so cheap that there is no cost advan- 
tage in an immobilized enzyme process. Other limitations 
are directly related to processing in the reactor. A major 
constraint is that applications are restricted to liquid 
systems. Even then, in complex liquid foods such as milk, 
enzyme particles are subject to fouling by components such 
as proteins. Another problem with foods is to prevent mi- 
crobial buildup in the reactor. Accordingly, reactors may 
need to be periodically sanitized by compounds such as 
H,O2 or quaternary ammonium compounds. Chlorine- 
based compounds and iodophors are effective sanitizers 
but can lead to rapid loss of activity with some en- 
zymes (5). 


CURRENT APPLICATIONS IN FOOD PROCESSING 


Glucose Isomerization 


In terms of throughput, isomerization of glucose to the 
sweeter sugar fructose represents the largest application 
of immobilized enzyme technology. The glucose substrate 
is generated from hydrolysis of starch, and the product— 
high-fructose corn syrup—contains about 42% fructose, 
where it is isosweet with sucrose on a solids basis. The 
product is used extensively in the soft drinks industry. The 
enzyme used—glucose isomerase—is actually a xylose 
isomerase. It can be obtained from several microbial 
sources (notably Streptomyces spp.) and immobilized by 
most of the methods already described. Some processes use 
enzyme adsorbed onto DEAE-cellulose. However, since the 
enzyme is intracellular and extraction is inefficient, sev- 
eral preparations use whole cells. These are usually heated 
prior to immobilization both to prevent enzyme release af- 
ter cell lysis and to inactivate other enzymes that could 
cause undesirable side reactions. Generally, higher activity 
per unit volume is obtained using enzyme adsorbed onto 
supports, but this is offset by the cost of the support and, 
if necessary, its recovery. 


Lactose Hydrolysis 


Hydrolyzing lactose has two major benefits: (1) milk be- 
comes easier to digest for those who are lactose intolerant 
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and (2) sweet syrups can be produced from whey/whey per- 
meate, thereby enhancing its value and increasing utili- 
zation. Treatment of milk requires a neutral pH enzyme. 
Immobilization of neutral lactases has been largely unsuc- 
cessful with one notable exception: yeast lactase has been 
entrapped in cellulose acetate fibers and used in Italy to 
process sterilized skim milk in a batch reactor at 5°C. 
Immobilization of acid-pH lactase for processing acid 
whey is easier, and two preparations have been used on a 
major scale. The enzyme from Aspergillus niger has been 
covalently linked to glass beads and has been employed in 
pilot-scale plants by Corning Glass. Demineralized, depro- 
teinized whey was used as a substrate at 35 to 50°C, the 
temperature slowly increasing to compensate for activity 
losses. In Finland, acid lactase has been immobilized by 
adsorption onto a phenol formaldehyde resin and used on 
a commercial scale by the Valio Dairy to process acid whey. 


Sugar Refining 


Raffinose, an a-galactoside present in sugar beet interferes 
with crystallization of sucrose from the molasses and de- 
presses the yield. a-Galactosidase hydrolyzes raffinose into 
sucrose and galactose and is produced by several fungi— 
notably Mortierella vinaceae. Since extraction of the en- 
zyme is costly, mycelial pellets of M. vinaceae containing 
a-galactosidase but lacking invertase are used in a contin- 
uous process. Molasses is pumped through chambers of 
suspended pellets and about 65% of the raffinose is con- 
verted to sucrose. The results of processing are better su- 
crose yields and a reduction in waste molasses. 


Aspartic Acid Production 


L-aspartic acid can be enzymically synthesized by aspar- 
tase-catalyzed addition of ammonia to fumaric acid. This 
has been done commercially in Japan since 1973 using the 
aspartase in Escherichia coli cells immobilized in acryl- 
amide or carrageenan. Before entrapment, the cells are 
heat shocked to inactivate fumarase and other unwanted 
enzymes. About 95% conversion is obtained using 1M 
ammonium fumarate. The immobilized cells have better 
operational stability than either immobilized enzyme or 
free cells that were previously used in batch processes. 
Production costs are about half of those using the earlier 
methods. 


Resolution of and p Amino Acids 


Chemical synthesis of amino acids results in a racemic 
mixture of D and L forms; however, only the L form is bio- 
logically available and used for amino acid supplementa- 
tion of foods. Resolution of the mixture can be achieved by 
acetylation followed by deacetylation with amino acylase, 
which acts only on the L form. The L-amino acid can then 
be crystallized out of the mixture. A commercial process 
has been developed in Japan using amino acylase immo- 
bilized on DEAE-Sephadex in a packed column reactor. 
This process has been in operation since 1969 and repre- 
sents the first commercial-scale use of immobilized enzyme 
technology. Operating cost savings are about 40% com- 
pared with using the soluble enzyme. 


Glucose Syrup Production 


In the conversion of starch to glucose, glucoamylase is used 
to hydrolyze dextrins formed by e-amylase action. Tradi- 
tionally the enzyme is used in the soluble form. Although 
it is readily immobilized, it has proven difficult to achieve 
satisfactory yields of glucose due to formation of side prod- 
ucts, such as isomaltose. However, Tate and Lyle (London) 
has developed a satisfactory preparation in which the en- 
zyme is immobilized in a gel surrounding bone char as an 
inert support. This preparation is beginning to be used in 
commercial operations. 


Production of Aspartame 


Aspartame (a-L-aspartic acid-L-phenylalanine-methyl es- 
ter) is a dipeptide sweetner widely used in diet soft drinks. 
It is about 180 times as sweet as sucrose. It can be syn- 
thesized chemically from its constituent amino acids or en- 
zymatically using the protease thermolysin working in re- 
verse to synthesize the peptide bond. The enzyme can be 
immobilized by adsorption to Celite or cross-linked poly- 
acrylic ester, followed by cross-linking with glutaralde- 
hyde. The synthesis reaction is then carried out in buffer 
saturated with ethyl acetate. The reaction takes place in 
the aqueous phase, but the product is effectively parti- 
tioned into the organic phase, thereby disturbing the equi- 
librium to favor synthesis. 


Isomaltulose Production 


The disaccharide isomaltulose is a novel sugar with non- 
cariogenic properties that make it useful in confectionery. 
It is produced by the enzyme isomaltulose synthetase, 
which is immobilized as a constituent of whole cells of or- 
ganisms such as Erwinia rhapontici, Protaminobacter rub- 
rum, or Serratia plymuthica. 


FOOD ANALYSIS 


Enzymes are ideal for quantitative analysis of foods be- 
cause of their specificity and sensitivity. The advantages of 
using immobilized enzymes for analysis include: reuse of 
the catalyst, stability, and predictable decay rates. There 
are two major approaches. The enzyme can be used in a 
reactor that produces a product that can be readily de- 
tected, for example, colorimetrically. Alternatively, the en- 
zyme can be immobilized onto a sensing device capable of 
giving a continuous output, such as an electrode. The re- 
sulting enzyme electrode can then be inserted into foods to 
measure substrate depletion or product accumulation or 
some associated change such as pH. Enzyme electrodes 
have been developed that are capable of detecting a wide 
range of food components, including sugars, alcohols, 
amino acids, organic acids, and even cholesterol. They are 
particularly useful in automatic closed-system flow anal- 
ysis, for example, as in-line monitors. 

Where the enthalpy change of the reaction is sufficient, 
substrates can be assayed calorimetrically with enzyme 
thermistors. The heat of the reaction in a small column of 
immobilized enzyme is measured as a temperature change 
by a thermistor in the column eluent and indicates the 


amount of substrate converted. Enzyme thermistors can 
be used for continuous monitoring and control of biocon- 
versions, for example, to sense changes in glucose concen- 
tration and control the flow of whey pumped to an immo- 
bilized lactase reactor (6). 


POTENTIAL APPLICATIONS AND FUTURE 
DEVELOPMENTS 


Application of immobilized enzymes seems promising in 
several areas. These include the following: use of sulfhy- 
dryl oxidase to remove the cooked flavor in UHT milk, use 
of trypsin to control the development of an oxidized flavor 
in stored milk, and the dibittering of citrus juices by en- 
zymes that alter the bitter component limonene. Immobi- 
lized proteases could be used for chill-proofing beer, for lim- 
ited hydrolysis of soy proteins to improve functionality, and 
for continuous production of curd for cheese making. Im- 
mobilized yeasts could be used for brewing beer and im- 
mobilized bacteria for production of vinegar. 

One area that is especially promising is the use of im- 
mobilized lipases for the chemical modification of fats. In- 
teresterification with free fatty acids or with other triglyc- 
erides using regiospecific lipases allows upgrading of 
cheap fats into more valuable fats such as cocoa butter 
substitutes. The immobilized enzyme could also be used to 
replace conventional chemical catalysts used in random in- 
teresterification. These processes have been well devel- 
oped on the pilot scale, but the extent of commercial pro- 
duction is uncertain. 

Primary obstacles to implementation of these applica- 
tions are process economics and unfavorable enzyme char- 
acteristics such as inadequate stability. However, devel- 
opments in molecular biology coupled with protein 
engineering promise to provide a second generation of en- 
zymes whose properties will be designed with a particular 
process in mind. Greater stability toward heat, pH, and 
chemical denaturants is likely, as is altered specificity. The 
ability of enzymes to work in organic solvents will un- 
doubtedly be exploited for further transformation of lipids 
and synthesis of food additives. Use of multienzyme sys- 
tems and of enzymes that require cofactor regeneration 
should also expand the list of potential applications. At the 
reactor level, a major breakthrough would result from the 
discovery of general methods for regenerating activity of 
immobilized enzymes. 
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IMMUNOLOGICAL METHODOLOGY 


Since the late 1970s, application of immunoassays (IAs) 
has moved from the clinical field into the areas of agricul- 
tural residue and food analysis. Development of these im- 
munoassays, and enzyme-linked immunosorbent assays 
(ELISAs) in particular, began when the attractive features 
of the assays used in the clinical diagnostic field were iden- 
tified. These assays are capable of being more rapid, more 
sensitive, less expensive, and less laborious than many of 
the classical methods used for detecting compounds of im- 
portance in agriculture and the food industry. These com- 
pounds may be naturally occurring compounds such as my- 
cotoxins, natural toxicants, or microbial contaminants. 
They may also be substances added to animal feeds (eg, 
antimicrobial agents) or applied to crops (eg, pesticides), 
which occur as potentially harmful residues in raw mate- 
rials and finished food products. The ability to identify food 
constituents is also important to ensure that adulteration 
has not occurred. 

Because of the explosion of research and development 
of ias in this area and the limited scope and length of this 
article, it is impossible to list and describe every compound 
of interest, whether it is a food component or a contami- 
nant. This article will provide a fairly detailed summary 
of ias used in analysis of food proteins (meat and nonmeat 
proteins), beginning with the older classical methods (eg, 
agglutination and precipitin techniques), and then focus on 
the development of the newer, more innovative immuno- 
assays (eg, ELISAs). The later sections, whether they de- 
scribe ias designed for detecting naturally occurring sub- 
stances or those designed for detecting residues resulting 
from application or administration of drugs and other 
chemicals, will focus on ELISAs. 
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the classical methods used for detecting compounds of im- 
portance in agriculture and the food industry. These com- 
pounds may be naturally occurring compounds such as my- 
cotoxins, natural toxicants, or microbial contaminants. 
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antimicrobial agents) or applied to crops (eg, pesticides), 
which occur as potentially harmful residues in raw mate- 
rials and finished food products. The ability to identify food 
constituents is also important to ensure that adulteration 
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of ias in this area and the limited scope and length of this 
article, it is impossible to list and describe every compound 
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nant. This article will provide a fairly detailed summary 
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chemicals, will focus on ELISAs. 
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BACKGROUND 


Chromatographic methods such as thin layer chromatog- 
raphy (TLC), high-performance liquid chromatography 
(HPLC), and gas chromatography (GC) are commonly used 
to determine levels of many agricultural residues (1-10). 
They are limited because chromatography is only a method 
of separation, not identification. Spectral identification is 
necessary if structural confirmation is desired (11). 

Microbiological assay methods have traditionally been 
used to detect a wide variety of antibiotics, regardless of 
the structures and sample matrix involved. The basic pro- 
tocols were established in 1945 (12) and serve as the basis 
for the analysis involved both for inhibition and diffusion 
methods (13). The overall drawback to either the turbidi- 
metric or diffusion procedures is that they are nonspecific 
(14). The routine procedures only achieve purification by 
dilution before analysis. Second, the organisms used in the 
assays respond to more than one antibiotic family in ad- 
dition to other nonspecific materials. Therefore, sources of 
analytical bias and inaccurate results are inherent in the 
microbiological assay systems. The sensitivity of the or- 
ganisms to the antibiotic being detected is usually suffi- 
cient enough to minimize some of these problems. How- 
ever, the lack of specificity remains the key flaw to these 
assays. Fairly elaborate separations are required to sepa- 
rate the various antibiotic families prior to analysis. When 
the formulation being analyzed is known this is not a prob- 
lem. However, when unknown samples or materials of un- 
certain origin are to be analyzed, this can pose a serious 
problem (14). 

Detection of food-borne pathogens in foods has relied on 
culture procedures that allow growth, selection, isolation, 
and identification of isolated organisms. The major disad- 
vantages of these procedures is the time required to obtain 
a negative reading. The laborious, time-consuming cul- 
tural procedures hinder prompt therapy for patients suf- 
fering from food poisoning and prompt removal of any con- 
taminated food product from the marketplace. 

Due to the drawbacks mentioned with conventional 
chemical and microbiological methods attention turned to 
employing antibody-based assays for detection of residues 
and organisms. Immunobased assays use antibodies that 
are developed to recognize a particular compound (or look- 
alike). Antibodies are developed using a number of domes- 
tic animals including mice, rabbits, guinea pigs, sheep, and 
goats. Antibody production currently takes two forms; ei- 
ther polyclonal or monoclonal antibodies are produced for 
immunoassay development. 

These different types of antibody have been used to de- 
velop isotopic immunoassays such as radioimmunoassay 
(RIA), nonisotopic immunoassays that use a labeled anti- 
gen or antibody such as fluoroimmunoassay (FIA) and en- 
zyme immunoassay (EIA). Agglutination, immunodiffu- 
sion, and quantitative precipitin techniques have also been 
used as well as affinity columns for separation and detec- 
tion of haptens (such as pesticides, drugs, mycotoxins, and 
other potentially harmful chemicals) and food-borne path- 
ogens and food proteins (meat and nonmeat protein addi- 
tives). 


Definitions 


Before proceeding with a further discussion, it is necessary 
to provide definitions of frequently used terms and proce- 
dures. 


Antigen. Antigens are any substance that when intro- 
duced into an animal’s body, are recognized as foreign and 
elicit an immune response. The ability of an antigen to 
stimulate an immune response is called its immunogenic- 
ity, whereas its ability to combine specifically with an an- 
tibody is called its antigenicity. 


Hapten. Hapten is a small molecule with molecular 
weight of less than 1,000. It is nonimmunogenic in its own 
right and must be chemically linked to proteins (in vivo or 
in vitro) to produce antibodies. It reacts with antibodies of 
appropriate specificity. Many of the compounds that re- 
quire testing in the food industry and agriculture are small 
molecules. Bovine serum albumin (BSA), keyhole limpet 
hemocyanin (KLH), and bovine thyroglobulin (BTG) are 
commonly used proteins. These antigens, composed of a 
large protein with attached haptenic groups, are called 
conjugate antigens. 


Antibodies. Proteins that are formed in response to an 
antigen and react specifically with the antigen are anti- 
bodies. All antibodies belong to a family of proteins called 
immunoglobulins. Although the definition states that an- 
tibodies are formed only in response to an antigen, anti- 
sera may contain immunoglobulins that recognize and 
bind to certain antigens regardless of known exposure. 
These immunoglobulins are called natural antibodies (14). 

Polyclonal Antibodies. To produce antibodies, a properly 
selected conjugate antigen, or large protein is injected into 
the host animal. The host’s immune system will respond 
to the antigen because it is recognized as being a foreign 
substance. The resulting antibodies are a mixture. If the 
antigen is a large protein or a particulate antigen, with a 
number of repeating antigenic determinants or with one 
repeating determinant, some of the antibodies will bind to 
parts of the protein. If the antigen is a conjugate antigen, 
some antibodies will bind to parts of the carrier protein, 
while others will bind to the small molecule. Therefore, 
there are a number of different antigenic determinants to 
which the immune cells respond, resulting in a mixture of 
antibodies to those determinants. If a successful prepara- 
tion is made, this mixed population will contain some an- 
tibodies that are very strong, that is their affinity and avid- 
ity for the foreign protein will be great. 

Monoclonal Antibodies. These antibodies comprise a ho- 
mogeneous population, all with the same specificity. They 
are produced and secreted by hybridomas, which are cells 
created by fusing hyperimmune spleen cells to myeloma 
cells. Mice are commonly used for the spleen cell donors as 
well as the species of origin of the myeloma cells. The 
spleen cells become immortalized (do not have a finite life 
span in culture) by fusion with the myeloma cells and can 
live forever if treated properly. (15) All of the cells in a 
population have originated from one cell separated and 
identified during cloning so that they all produce a homo- 
geneous population of antibodies. 


Immunoassay. A test format that employs antibodies 
that are specific for a certain antigen is called an immu- 
noassay. They are used for detection of either antigens or 
antibodies. Where an assay is designed for detection of an 
antibody in a serum sample, another antibody is produced 
using the antibody of interest as the immunogen. In this 
case, the antibody that is to be detected is the antigen. 

Isotopic Immunoassays. An assay in which hapten or an- 
tigen can be measured is an isotopic immunoassay. The 
assay is based on competition for antibody between a ra- 
dioactive indicator antigen and its unlabeled counterpart 
in the test sample. As the amount of unlabeled antigen in 
the test sample increases, less labeled antigen is bound. 
The concentration of antigen in the test sample can be de- 
termined from comparison with a standard calibration 
curve prepared with known concentrations of the purified 
antigen (16). 

The sensitivity of RIA assay is primarily limited by the 
amount of radioactivity that can be introduced into the ra- 
diolabeled antigen (17). Levels as low as 1 ng can be de- 
tected when carrier-free radioactive iodine '°I is used as 
an extrinsic label. Precipitates are usually not evident, be- 
cause extremely low concentrations are used. There are 
several procedures that can be used to separate free and 
bound indicator antigen. In the general method complexes 
of antibody bound to radiolabeled antigen are precipitated 
with antiserum prepared against the antibody moiety. 

There are also a number of solid-phase assays that elim- 
inate the requirement for the second antispecies antibody. 
In one method antibodies to the antigen are absorbed to 
the walls of plastic (eg, polystyrene) tubes. Radiolabeled 
antigen binds specifically to the adsorbed antigens and can 
be counted. When competing unlabeled antigen is also 
present, less radiolabeled antigen is proportionally bound. 
The remaining unbound fraction can be decanted. The 
method is inexpensive, rapid, and highly sensitive. For ex- 
ample, it is possible to detect less than 0.01 ug of antigen 
when a tube is coated with 1 ug of antibody (17). 

Nonisotopic Immunoassays. These assays differ from 
isotopic immunoassays in terms of the type of label used, 
the means of end-point detection, and the possibility of by- 
passing a separation step. Fluoroimmunoassays and en- 
zyme immunoassays are the two types of nonisotopic im- 
munoassay. 

Fluorescein and rhodamine are commonly used for la- 
beling molecules. There are nonseparation fluoroimmu- 
noassays that require no separation step of bound from 
unbound product. There are polarization fluoroimmunoas- 
says that depend on antibody binding to enhance the sig- 
nal, and quenching fluoroimmunoassays that depend on a 
decrease in signal from the bound fraction, which is attrib- 
uted to the antibody’s ability to impair the excitation, or 
the emission from the labeled hapten (18). A method has 
been developed for several aminoglycosides that enables 
the use of a simple fluorimeter (19). 

Eias use enzyme labels and are grouped into two cate- 
gories: homogeneous and heterogeneous. The difference 
between these two types of eias is that homogeneous as- 
says requires no separation of unreacted reagents because 
the immune reaction affects the enzyme activity. Hetero- 
geneous assays have separation steps; ELISA, a type of 
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heterogeneous assay, requires washing between each step 
to remove unbound reagents (20). Commonly used enzyme 
labels include alkaline phosphatase (21), glucose oxidase 
(22), and horseradish peroxidase (23). These enzymes cat- 
alyze reactions that cause substrates to degrade and form 
a colored product that can be read spectrophotometrically 
or visually by eye. Depending on format, either antibody 
or antigen is adsorbed onto a solid phase, which can be 
polystyrene tubes, polystyrene microtiter wells, or mem- 
branes (ie, nitrocellulose and nylon). 

Competitive Direct ELISA. This is an enzyme immuno- 
assay where free hapten competes with an enzyme-labeled 
hapten for a number of limited antibody sites attached 
onto a solid phase. Unbound reactants are washed before 
substrate is added. Following substrate addition the color 
produced is indirectly related to the amount of hapten in 
the test sample. 

Sandwich ELISA. This is an ELISA that is suitable for 
detecting large antigens (bacterial, viral, and other large 
proteins). Two preparations of antibodies are used, one to 
coat the solid phase and one onto which the enzyme is at- 
tached. These antibodies can have the same specificity or 
can be directed against separate antigenic determinants. 
The color development is directly related to the amount of 
antigen present. The assay derives its name from the po- 
sition the antigen occupies in the test. It is sandwiched 
between the unlabeled antibody attached to the solid 
phase and the enzyme-labeled antibody, which is added 
following addition of the antigen. A washing is done be- 
tween each step to remove unbound reactants. An indirect 
double sandwich elisa may also be developed. In this 
method the solid phase is coated with antibodies specific 
to the large protein produced in species A (eg, rabbit). Se- 
rial dilutions of standards and sample(s) are added and 
incubated for a specified time. Unbound antigen is re- 
moved by washing and a fixed amount of specific antibody 
from species (eg, mouse) is added. Following incubation 
and washing an antispecies antibody labeled with an en- 
zyme (eg, goat antimouse IgG labeled with horseradish 
peroxidase) is added. The labeled antibody is incubated for 
a specified time and then the excess is removed by wash- 
ing. Substrate is added and color development is directly 
related to the amount of antigen present (24). 


Agglutination. The principle of the passive hemagglu- 
tination test is based on the least amount of soluble anti- 
gen required to inhibit agglutination of red blood cells. This 
is the amount of antigen in the last tube that will give a 
wide ring agglutination pattern (known as a mat). This 
concentration is the amount in the last tube that will still 
cause a mat to be formed (25). 

Methods based on the agglutination are semiquantita- 
tive procedures. It is typical to use a twofold dilution 
scheme. Therefore, the procedures can only yield results 
that reflect the dilution sequence. If the interval between 
antigen concentration were greater, then the inherence er- 
ror would be greater. On the other hand, the narrower the 
range, the more accurate the assay (14). 

Hemagglutination assays are easy to use and possess 
the desired sensitivity. However, they require large quan- 
tities of antiserum and some antibody preparations do not 
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react with red blood cells. The biggest potential drawback 
to their use is there may be nonspecific interactions due 
to other proteins that are capable of causing agglutination 
(24). Latex particles are also used for agglutination as- 
says. 


Affinity Column. Columns are packed with gel that has 
antibodies attached to the beads. These antibodies are of- 
ten monoclonal antibodies. An extract is poured over the 
column and the substance that the antibodies are prepared 
against binds to the antibodies. The desired substance is 
then eluted from the column and analyzed. If the com- 
pound is fluorescent, such as the mycotoxin aflatoxin B,, 
the solution can be placed into a cuvette and the fluores- 
cence measured in a fluorometer. The sample eluted may 
also be analyzed by HPLC. 


Immunodiffusion 

Single Radial Immunodiffusion. The polyclonal antise- 
rum prepared against the desired antigen is uniformly dis- 
pensed in an agar gel (26). Standards of known concentra- 
tion of the antigen and sample extracts are placed in wells 
cut into the agar. Diffusion of the standards and samples 
into the agar cause formation of precipitin rings. At any 
given time the diameter of the rings is proportional to the 
initial antigen concentrations in the wells. Microgram 
quantities of antigen may be detected but the method re- 
quires large quantities of antiserum. The assay does not 
lend itself for analysis of sparingly soluble antigens. How- 
ever, gels that contain urea do enable analysis of such pro- 
teins (eg, gluten). 

Double Diffusion. Although double diffusion (27) meth- 
ods are not quantitative, they provide the ability to gain 
information about the immunochemical relationships of 
several antigens, An extract may be screened against sev- 
eral different antisera by placing the extract in the center 
well and the antisera in peripheral wells. 

Immunoelectrophoresis. In this procedure the antigen 
is electrophoretically separated, to provide resolution of 
different antigenic components in the mixture, prior to im- 
munodiffusion against the antiserum (28). The antigen is 
electrophoresed in a gel, then a trough is cut parallel to 
the direction of the separation. The antiserum is placed in 
the trough and the separated antigens diffuse toward one 
another, which results in formation of precipitates. 

Rocket Immunoelectrophoresis. In this method (29) the 
antiserum is dispersed into the agarose gel. The antigen 
standards and sample extracts are added to the small 
wells cut into one end of the gel. The antigens are then 
electrophoresed onto the antibody containing gel. The as- 
say is set up so that the antigen migrates with little or no 
antibody migration. The rocket-shaped precipitates that 
form in the gel have heights that are dependent on antigen 
concentration. 


Quantitative Precipitin Techniques. For quantitative pre- 
cipitin techniques (30) an insoluble complex forms follow- 
ing interaction between a soluble antigen and specific an- 
tibodies in solution. The amount of precipitate is then 
analyzed by protein assay. The method is fairly sensitive 
but the assay requires long times to obtain maximal pre- 


cipitate formation. Biphasic antigen concentration versus 
precipitate curves also may occur. 


Nonimmunoassay 


Bacterial Receptor Assay. Bacteria have surface recep- 
tors that will bind various antimicrobial agents. An assay 
can be designed in which a hapten (eg, sulfonamides or 
aminoglycosides) radiolabeled with “C or °H (tritiated 
thymidine) competes with the unlabeled counterpart in a 
sample for the bacterial receptors. The assay provides the 
desired sensitivity for detection of low levels of the hap- 
tens. However, the test lacks the ability to detect specific 
drugs within a particular family. For example, presence of 
any one or all of the family of f-lactams will be detected 
(penicillin G, ampicillin, cloxacillin, and cephalopsorins). 
Aconfirmatory test would have to be performed to identify 
which specific drug or which combination is involved in the 
reaction. Furthermore, the test employs radiolabeled re- 
agents, which may present a health hazard. This is not an 
immunoassay format. 


FOOD CONSTITUENTS 


Nonmeat Protein Additives 


A variety of nonmeat proteins can be added to processed 
meats and other foods. The most commonly used include 
soy, milk, and egg proteins. The proteins are called binders 
when they are added up to 3.5% of the total protein weight 
and extenders when they are added up to 10%. Fillers, 
emulsifiers, and stabilizers are other terms used in the lit- 
erature. 

Nonmeat proteins may be added to foods for any of the 
following reasons: (1) to reduce product costs by adding 
extenders; (2) to prevent water or fat loss thereby improv- 
ing cooking yield, (3) to act as a binder and improve meat 
slicing, (4) to enhance flavor (egg and milk proteins are 
commonly added for this use); (5) to improve water or oil 
binding as well as to improve the stability of water soil 
emulsions, and (6) to increase or maintain the protein con- 
tent of a meat product, while adding water or salt to it (31). 

Since the late 1970s use of extenders has significantly 
increased, but the amount of meat substitutes that would 
be consumed is not nearly as high as the amount predicted. 
This is probably due to consumers’ lack of desire to pur- 
chase artificial foods as well as a lack of cost advantage of 
product on these meat substitutes in numerous countries. 

Development of immunoassays for detection and quan- 
tification of nonmeat proteins in foods is necessary both for 
routine surveillance of food products for adherence to gov- 
ernment regulations and for control of diets of individuals 
suffering from food allergies and intolerance. For example, 
in the United States, vegetable and milk proteins are not 
permitted in traditionally named products. However, in 
foods with proper labeling they are allowed. For example, 
milk and vegetable proteins are permitted up to 3.5%. 
Products containing greater than this amount must be 
classified as imitation. Use of nonmeat proteins has gained 
acceptance in the U.S. diet with up to 30% hydrated vege- 
table protein being added to the meats for school lunch 


programs and the military. Soy ground beef patties are sold 
in supermarkets (31,32). 

Rapid detection methods for nonmeat proteins can find 
widespread use for testing by individuals who suffer from 
food allergies and food intolerance who must avoid the of 
fending food(s). Symptoms of food allergy may be mani- 
fested in the skin, gastrointestinal tract, and cardiovas- 
cular system. IgE antibodies that are specific to food 
proteins are found in the blood serum and on the surface 
of mast cells. Following binding of the protein allergen to 
the mast cells, allergic mediators are released that cause 
the allergy symptoms (33). 

Grain and legumes such as soy, milk, and eggs can cause 
both food allergies and intolerance (34). Gastrointestinal 
disturbances are common to both food intolerance and hy- 
persensitivity. Other symptoms include anemia, behav- 
ioral changes, and protein-losing enteropathy. Gluten- 
sensitive enteropathy is the symptom of food intolerance 
suffered by celiacs. 

Nonimmunological methods for detection of nonmeat 
protein additives include microscopic and histological 
methods (32) and electrophoretic and chemical methods, 
based on amino acid analyses of peptides or analyses of 
nonprotein components characteristic of particular vege- 
table sources (35). These methods require expensive equip- 
ment and extensive sample preparation, so that immuno- 
logical methods have been developed for detection of 
nonmeat protein additives. 

Immunological methods other than RIA and EJA have 
been developed for detection of food proteins (Table 1). Ag- 
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glutination assays exist for detection of food antigens. He- 
magglutination inhibition assays are used for analysis of 
meat extracts and nonmeat proteins (36-38). These tests 
are quick and fairly sensitive but are only semiquantita- 
tive and may have nonspecific interactions due to nonpro- 
tein components in the food extracts. 

Hemagglutination methods have been developed for de- 
tection of soy in meat products (39~42). The major problem 
with applying this methodology is that the need exists for 
establishing complex calibration curves to quantitate soy 
proteins in meat products. For example, good results were 
obtained with this method when meat products were 
heated only to 75°C but not when products were heated to 
temperatures exceeding 100°C (39). One group was able to 
quantify soy protein in meats cooked at 15°C (41) and an- 
other used indirect hemagglutination to detect <1% soy 
protein present in cooked sausages (42). 

Hemagglutination methods have been used for quanti- 
fying milk protein in meat products. The method was only 
qualitative when autoclaved meats were tested (43). A 
similar method was developed with antigen-coated latex 
particles instead of red blood cells (44). 

Milk proteins are considered easier to extract than 
other proteins (ie, gluten). However, some harsh solutions 
have been used for extraction prior to analysis using an 
immunochemical technique. Some of these extractants are 
7 m urea (45) urea—mercaptoethanol (46,47) formic acid- 
methanol (48), and performic acid (49). Urea, TRIS, tricine, 
and performic acid treatment have been found to reduce 
the artifacts attributed to liver constituents in sausages 


Table 1. Agglutination Gel Immunodiffusion Assays for Detection of Food Proteins 


Assay Food protein References 
I. Agglutination 
Hemagglutination inhibition Soy protein 40 
Soy protein in meat products 39,41 
Soy protein in cooked sausages 42 
Hemagglutination Milk protein in autoclaved meats 43 
Latex agglutination Milk protein in autoclaved meats 44 
Hemagglutination inhibition Milk protein in liver sausages 50 
Indirect hemagglutination Egg proteins in meats 43 
II. Quantitative 
Precipitin technique Wheat seed protein 54 
Whey proteins in nonfat dry milk and buttermilk 55 
Casein and whey in foods 53 
IIL. Immunodiffusion 
Single radial immunodiffusion Soy, casein egg white 56,57 
Soy in meat products 58,59 
Double diffusion Soy in 56,60-64 
Soy and wheat protein in meat 65 
Soy in meats, grits, flours, concentrates, isolates, and extrudates 66 
Milk proteins 59,64,67 
Whole egg or egg whites in meat 41,59,68 
Gliadins 68-71 
Immunoelectrophoresis Soy in meat products 63,72,73 
Milk protein in meat samples 4,15 
Origin of milk in 16 
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when hemagglutination is used for determining milk pro- 
tein in liver sausages (50). 

Another immunological method used for food analysis 
is the quantitative precipitin technique. An insoluble com- 
plex forms when soluble food antigens react with specific 
antibodies in solution. The precipitate is further analyzed 
by protein assay (30). Methods based on the turbidimetric 
or nephelometric analysis of suspended antigen—antibody 
complexes have become more popular (51-55). These 
methods are also automated for clinical use (31). 

A large number of immunodiffusion assays have been 
developed for analysis of nonmeat proteins. A detailed list 
of references is provided in Table 1. It should be noted that 
although these methods have found widespread use for soy 
analysis there are a number of disadvantages encountered 
(77). (1) The diffusion in gel method is slow and is only 
suitable for limited numbers of samples. (2) Low recoveries 
of protein antigens are common because mild sample ex- 
traction conditions are used to decrease loss of protein an- 
tigenicity, (3) None of the antisera developed are able to 
recognize all of the soy protein derivatives. In addition, due 
to the low aqueous solubility and low molecular charge of 
gluten proteins, rocket immunoelectrophoretic methods 
have not found wide application in gluten detection. One 
qualitative method has been described (78). The classical 
methods based on antigen diffusion in gels are designed 
for optimal use with water-soluble proteins. Gluten and 
related cereal storage proteins are insoluble in aqueous 
buffers. Acidic buffer conditions have been used to analyze 
gluten extracts by double immunodiffusion (79) and 3 M 
urea containing gels have been used for gluten analysis by 
immunoelectrophoresis (80). Isotopic and nonisotopic ias 
have been described for nonmeat protein additives (Ta- 
ble 2). 

An immunofluorescent method was described for de- 
tecting soy protein in meats. It was labor intensive with 
respect to sample preparation drying and fixing (81). The 
first RIA and EIA for soy protein determination were elu- 
cidated in the early 1980s (82,83). Another RIA was de- 
veloped that detected native and formaldehyde-treated soy 
protein (83). There have been a number of EIAs developed 
for soy detection (Table 2). For example, a two-step antigen 
competition immunoassay was developed (83). The same 
investigators then analyzed a set of model beef burgers 
that contained known quantities of particular soy isolate 
(86). The effectiveness of the method has been tested in 
two collaborative studies (116,117). When compared to 


Table 2. Isotopic and Nonisotopic Immunoassays for 
Detection of Nonmeat Proteins 


Assay Sample Ref. 
Fluoroimmunoassay Soy in cooked meats 81 
Radioimmunoassay Soy, gliadins 82-84 
Enzymoimmunoassay _Soy in meat products 85-93 
Casein 94 
Hydrolyzed milk proteins 95,96 
in sausages 
Ovalbumin 97 
Gliadins 98-115 


SDS-polyacrylamide gel electrophoresis (SDS-PAGE), 
neither method gave any false positives and similar inter- 
laboratory variations were observed. More accurate deter- 
minations were obtained with the EJA with a range of 
flours, concentrates, isolates, and textured products, while 
the electrophoretic method showed less intralaboratory 
variation. 

A great deal of information about the advantages of us- 
ing ELISA for soy analysis can be gathered from reading 
the various references listed in Table 2. These articles de- 
scribe the time saved when using ELISA over other meth- 
ods, the extraction methods devised to overcome poor re- 
coveries and immunoreactivity differences observed with 
different forms of soy proteins, attempts to develop a sim- 
pler ELISA than the two-step antigen competition immu- 
noassay, assays designed on nitrocellulose solid phase, and 
the details of collaborative studies. 

EIAs have been successfully developed for whole ca- 
seins (94) as well as those for detection of hydrolyzed milk 
protein in cooked meat products (95,96). Detection of oval- 
bumin in canned mushrooms was achieved by indirect ELA 
and SDS-PAGE immunoblotting techniques (97). The pro- 
tein is widely used in canned mushrooms because it en- 
hances water retention and drained weight of the product. 

Wheat gluten is one of the least expensive sources of 
edible protein. It is also able to bind meat fragments in 
processed meats and is used as an extender in foods. Due 
to the large number of individuals who cannot tolerate 
wheat gluten and related proteins from rye and barley a 
great deal of effort has been spent on developing ELISA 
for rapid detection of gluten and related cereal proteins. 
Application of elisa to gluten analysis has become exten- 
sive. Gluten is the protein-rich mass left after a wheat flour 
dough is washed to remove starch, water, salt, and soluble 
proteins. It is composed of several dozen protein compo- 
nents that total over 80% of the flour protein. There are 
two major fractions, gliadin (mol wt 30,000-75,000) and 
glutenin (mol wt 20,000-100,000). The rhelogical proper- 
ties in wheaten dough come from gluten (118). Much of the 
immunological work has been carried out on gliadin due to 
its greater extractability and solubility than gluten (Ta- 
ble 2). 

Because gluten exhibits low aqueous solubility and low 
molecular charge, electroimmunodiffusion techniques 
have not found wide applicability. There have been nu- 
merous descriptions of RIAs and EIAs for gliadin detection 
(Table 2). A major problem with the EIA and immunodif- 
fusion tests is their unsuitability for analysis of cooked or 
processed foods (31). The high-mobility gliadin compo- 
nents, a- and #-gliadin, are probably the most toxic glia- 
dins in gluten intolerance, and their extractability and im- 
munoreactivity is decreased with heating (105). However, 
cooked foods containing gluten retain their toxicity (31). 
Monoclonal antibodies have been produced to Q-gliadins 
(101). These antibodies enabled detection of gliadin in 
foods after cooking (100°C for 100 min). 

The need for improved extraction methods has been ad- 
dressed. Seventy percent ethanol has been used to extract 
gluten from uncooked foods (106,109,110). This solvent is 
fairly selective for gliadin and may help to reduce matrix 
affects from other food proteins. Extraction of protein with 


urea has been found to provide more sensitive gliadin de- 
tection than aqueous alcohols (101). The appropriate sol- 
vent for each test format must be determined at the time 
of assay development. 

With the trend toward governmental regulations and 
industry controls on food components and quality, it is pos- 
sible that the amount of growth observed in antibody- 
based medical diagnostics that has taken place within the 
last decade will be equaled in the next decade in antibody- 
based food analysis. Food analysis has traditionally been 
viewed as a discipline derived from analytical chemistry. 
Now with the capabilities presented by EIA, food analysis 
will use commercially available kits for routine testing of 
large samples (31). 


Meat Protein Additives 


There have been JA developed for detection of meat pro- 
teins. Meat is the portion of animal flesh ingested as a food 
source. Biochemical and biophysical changes occur in the 
muscles following the death of the animal. These edible 
tissues are composed primarily of proteins that are also 
the most important constituents of meat. The major meat 
proteins are the myofibrillar, sarcoplasmic, and connective 
tissue proteins (24). There are similar proteins in all the 
muscles of all species with the interspecies differences be- 
ing extremely small. Therefore, the ability to differentiate 
meat from different species by visual, histological, and em- 
pirical chemical analyses is nearly impossible to do (24). 

At slaughterhouses and meat-cutting plants it is stan- 
dard procedure to do hot deboning on the carcasses; which 
are then packaged as primal joints, chilled, aged, and pos- 
sibly frozen prior to shipment to retail outlets. This process 
has been touted as a major cost-saving measure with re- 
spect to energy costs, chiller space, and weight loss result- 
ing from the evaporation. These savings produce greater 
yields of salable meat (119). Using these practices the an- 
atomical differences in the skeletons do not permit iden- 
tification of the species of origin of the meat (24). 

The need exists for reliable analytical methods to moni- 
tor meat speciation to insure fair trading and for consumer 
protection. It is a well-known fact that eating habits differ 
from one society to the next largely due to cultural and 
religious practices. A food item considered a delicacy in one 
culture may be viewed as a taboo by another. Therefore, it 
is possible that low-cost meats may be added as substitutes 
to frozen meat that are not considered food by some soci- 
eties. The methods must be able to identify both fresh and 
heat-treated meat and meat products. Immunoassays sat- 
isfy these requirements (24). 

Anumber of immunoassays have been developed for de- 
tection of meat proteins in fresh meats (Table 3). Immu- 
noelectrophoresis has been used to identify the presence of 
beef and pork in fresh meat products (120). Different spe- 
cies of fish have also been identified using this electropho- 
retic method (121). This technique provides excellent res- 
olution of antigenic components due to their differential 
migration in an electric field. 

Immunodiffusion (139) methods have found wide appli- 
cation in analysis of fresh meat (122-128). Hemagglutin- 
ation inhibition tests were developed for detection of adul- 
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Table 3. Immunoassays for Detection of Free-Meat 
Proteins 


Assay Sample Ref. 
I. Gel Immunodiffusion 
Immunoelectrophoresis Beef, pork, fish 120,121 
Double immunodiffusion Meat (cow, pig, sheep, 122-128 

horse) 
II. Agglutination 

Hemagglutination Meats, insect blood 129-131 

inhibition meals 

II, Labeled Immunoassays 

Radioimmunoassay Cattle meat 132 
Enzymoimmunoassay 

Indirect competitive Horse meat 133 

Indirect noncompetitive Horse meat, beef 134-136 

Sandwich elisa Meat specification 137,138 


terants in meat (129,130). This method was also used to 
test insect blood meats and identify the species of animals 
that these hematophagous insects had fed on (131). 

Rias have not been extensively used for meat protein 
detection due to the short shelf life of the reagents, 
expensive equipment required for analysis, potential 
health hazards of exposure to radioisotopes, and govern- 
mental regulations pertaining to radioisotope use. A RIA 
was developed that could distinguish cattle meat from 
sheep, donkey, pig, horse, and kangaroo meats. Contami- 
nation as low as 5% could be determined (132). 

Anumber of different eias have been developed for fresh 
meat speciation. Current slaughter methods leave residual 
blood, as much as 1.5-2.0% in the muscle tissue (140). 
Some of the blood proteins, namely the albumins and im- 
munoglobulins, have served as immunogens for producing 
antibody-based meat species testing kits (133,141). An in- 
direct competitive ELISA for meat speciation that enabled 
detection of 0-40% horse meat in beef has been developed 
(133). 

Competitive ELISAs have been employed for quantita- 
tive determinations, whereas qualitative species identifi- 
cation of fresh meats have been obtained with indirect non- 
competitive ELISAs (133—136,142,143). Horse meat was 
differentiated from beef and mutton with an indirect 
ELISA in which an antibody raised against horse serum 
albumin was used. Adulteration of beef with goat and kan- 
garoo was also elucidated with an indirect ELISA. 

The ELISA variants are not applied for quantification 
because they have relied on the presence of serum antigens 
that can vary greatly in meat and are not indicative of the 
meat content (24). Stunning and bleeding methods greatly 
affect the content of serum proteins in the muscles (142), 
The stability of the antigen with time is also a factor (143). 
Therefore, antigens that are genuine muscle components 
that are indicative of the meat content must be developed 
(124). 

Sandwich ELISAs also permit speciation of meat 
(137,138). Adulteration of raw meat mixtures with pig 
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meat was identified (129), and improved speciation of raw 
meat was achieved using this ELISA format. Levels as low 
as 0.5% (137) and 17% adulteration have been detected 
(138). 

The task of identifying the species of origin of cooked or 
heat-processed meats becomes more difficult than specia- 
tion of fresh meat. Heating denatures or changes the 
species-specific epitopes that are used for identifying the 
species of fresh meat (24). When meat is heated at 45°C 
denaturation of myofibrillar and sarcoplasmic proteins oc- 
curs (144), and at 60°C collagen shortens and changes into 
a more soluble form (145). As the temperature is raised 
from 60 to 90°C, the percentage of collagen solubilized in- 
creases gradually (146). Therefore, to develop an immu- 
noassay that permits identification of heat-treated meat, 
antigens must be isolated that will retain their species 
specificity following the heating process. They must not be 
lost in cooking juices and must be antigenic and immuno- 
genic. 

The first EIA developed (147) enabled detection of origin 
of heat-treated meats. Kangaroo meat was detected in 
frankfurter-type sausages and dry sausages. Antisera pro- 
duced against thermostable muscle antigens (TMAs) were 
used to develop an indirect ELISA that enabled the detec- 
tion of origin of heat-treated meats from closely related 
species (148). Immunodiffusion tests have demonstrated 
that TMAs are species, organ, and tissue specific (149- 
151). 

Monoclonal antibodies were used to achieve speciation 
of heat-treated meats because cross-reactions could be 
eliminated. Monoclonal antibodies were produced against 
heat-treated kangaroo and cattle meats, which differenti- 
ated the two kinds of meat in an elisa (152). Use of mono- 
clonal antibodies has the advantage of being specific with- 
out requiring absorptions needed when polyclonal antisera 
are used; therefore, the future trend would be to make use 
of monoclonal antibodies for speciation of meats from 
closely related species. 


NATURAL CONTAMINANTS 


Natural Toxicants 


There are natural components of food that can potentially 
be toxic to consumers; however, attention has been largely 
focused on detecting food additives and contaminants and 
not these natural toxicants. It is true that many of the 
plant and animal portions that might cause toxic effects 
have over time been avoided by humans or are deemed safe 
for consumption when they are prepared in a certain man- 
ner. When normal practices are followed the naturally oc- 
curring toxins do not present acute problems to the con- 
sumer, It is when these normal practices are changed that 
problems can arise (153). 

Until recently a dearth of information existed concern- 
ing toxin occurrence, toxicology, and metabolism following 
ingestion of foodstuffs containing natural toxins. One of 
the biggest problems has been the dilemma presented by 
analysis. Chemical methods (HPLC and mass spectros- 
copy) have helped improve toxin analysis. Immunoassays 
have greatly furthered this effort. They can be highly spe- 


cific, which is desirable, because compounds with very 
similar structures will exhibit widely different toxicity po- 
tential. The high specificity will eliminate chances of mis- 
classification of compounds. Immunoassays can also be 
very sensitive, which would permit detection of toxin me- 
tabolism following ingestion. The ability to quickly test 
large numbers of samples is also desirable. It is common 
for natural toxicants to exhibit nonhomogeneous patterns 
of distributions so that multiple subsamples must be 
tested to obtain data about overall concentrations. The 
multiple samples can also be tested at low cost (153). 

A microtiter-well elisa for quinine detection in soft 
drinks has been developed (154). It is, of course, added as 
a bittering agent. Although the risk from consumption of 
soft drinks containing it is low, quality-control procedures 
for its analysis are important to the soft drink industry. 
The ability to test easily for the compound permits the in- 
dustry to provide greater control on a potentially danger- 
ous substance, which will boost consumer confidence in the 
product containing the substance. 

Anumber of immunoassays have been described for caf- 
feine which is found in a variety of food products, namely 
those containing teas, coffee, and chocolate. A radioim- 
munoassay and a substrate-labeled fluoroimmunoassay 
for caffeine detection have been described (155,156). As- 
says have been developed for analysis of naringin and li- 
monin, which are bitter substances isolated from citrus 
fruits. The ria for naringin (157) and the elisa for limonin 
(158) permit the analysis of the distribution and metabo- 
lism of the compounds in the fruit. Assays of this nature 
may also be of use to citrus growers for quality-control test- 
ing of both raw materials and finished products. 

Many toxic compounds are found in the potato, So- 
lanum tuberosum. One group is collectively known as the 
potato glycoalkaloids. Ninety-five percent or more of the 
tuber is normally composed of a-chaconine, a-solanine, and 
derivatives of solanidine (159). 

Aria, the first immunoassay described for glycoalkaloid 
analysis (160), employed an antiserum that did not rec- 
ognize a-chaconine and a-solanine. A more useful elisa was 
developed (161) that enabled detection of all three com- 
pounds. It has been shown to have good correlation with 
conventional chemical methods (162,163). Immunoassays 
have been developed for testing glycoalkaloid concentra- 
tions in body fluids. Solanidine can be detected in serum 
(164,165) and saliva using a RIA. 

Immunoassays that permit lycoalkaloid detection can 
be used by plant breeders to screen tubers of all potential 
new varieties. Testing can be performed on the retail level 
as well to prevent glycoalkaloid concentrations from ex- 
ceeding 20 mg/1.0 g (166). 


Mycotoxins 


Mycotoxins are a chemically diverse group of secondary 
fungal metabolites that are toxic following ingestion or en- 
vironmental exposure (167). Mycotoxins are haptens with 
molecular weights of 300~400. Many of these molecules are 
nonpolar and exhibit low solubility in water. The fungi that 
produce the mycotoxins are ubiquitous. They can grow and 
elaborate the toxins in numerous agriculture commodities 


either in the field or following harvest during storage and 
processing. The factors that influence toxin elaboration are 
temperature, relative humidity, and moisture content of 
the substrate. As a result of their toxicity, mycotoxins can 
cause severe economic losses to farmers and livestock pro- 
ducers as well as pose a threat to humans consuming con- 
taminated foods. Affected agricultural commodities in- 
clude corn, wheat, peanuts, cottonseed, rice, sorghum, 
almonds, walnuts, and milk (168). 

The target tissues that can be affected by mycotoxins 
are the liver, kidney, spleen, gastrointestinal tract, lym- 
phoid tissue, reproductive organs, skin, and nervous sys- 
tem. In the United States the most important toxins are 
the aflatoxins, zearalenone, the trichothecenes and to a 
lesser extent ochratoxin. These toxins are produced by spe- 
cies of Aspergillus and Fusarium and cause a variety of 
health problems to livestock and humans (Table 4). 

Classical methods of analysis of mycotoxins include 
TLC, HPLC, GC, and mass spectroscopy (MS). TLC meth- 
ods have found wide use because they are easy to perform, 
are inexpensive, and are relatively sensitive. Many of the 
mycotoxins naturally, fluoresce and absorb in the UV re- 
gion, so that TLC methods (169-171) while TLC determi- 
nation of mycotoxins are frequently only semiquantitative 
and require elaborate sample cleanup. GC and HPLC 
methods offer sensitive quantitative determinations of my- 
cotoxins (172-174). Sample cleanup is also extensive and 
labor intensive prior to analysis by these methods. Due to 
these drawbacks, development of immunochemical meth- 
ods for mycotoxin detection have become popular. 


The Aflatoxins. The majority of work on mycotoxins has 
focused on the aflatoxins, the family of difurancoumarins, 
which act as hepatotoxins and hepatocarcinogens (175). Af- 
latoxin B, (AFB,) is reported to be the most prevalent and 
most potent carcinogen. Results from the modified salmo- 
nella mutagenesis test show that AFB, is about 30 times 
more mutagenic than AFG, or AFM, which are more mu- 
tagenic than AFB,, AFG», or AFM, (Fig. 1) (176). Similar 
patterns exist for hepatotoxicity and carcinogenicity. The 
biological effects of the toxin are attributed to the difuran 
ring with 8:9 vinyl ether, while the coumarin ring absorbs 
at 360 nm and fluoresces. The Food and Drug Administra- 
tion (FDA) has set an action level of 20 ppb total aflatoxins 
in foods or feeds. 

AFB, can be metabolized by hepatic enzymes (in vivo 
or in vitro) to different metabolite (173,174). The carcino- 
genicity results from the reaction of the 8,9 epoxide with 
cellular nucleophiles (RNA, DNA, and proteins). Other de- 
toxification pathways involve reduction or hydroxylation, 
which form more polar compounds that are then removed 
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from the animal. One hydroxylated metabolite, AFM,, is 
also hepatocarcinogenic and will be found in milk of lac- 
tating animals that have ingested AFB, contaminated feed 
(177). The action set by the FDA for AFM, in dairy prod- 
ucts is 0.5 ppb. 


The Trichothecenes. Many of the mycotoxins produced 
by Fusarium species and other fungi (Cephalosporium, 
Verticimonosporium, Myrothecium, and Stachybotrys) are 
called trichothecenes (178). These mycotoxins are tetra- 
cyclic sesquiterpenoid molecules, all possessing an epoxy 
group. T-2 toxin and deoxynivalenol (DOH), also known as 
vomitoxin (Fig. 2), are frequently identified in Fusarium 
culture filtrates. The toxins cause a strong dermatitis re- 
action when applied to the skin of shaved guinea pigs, 
characterized by severe local irritation, inflammation, des- 
quamation, and necrosis (175). 

There have been more than 148 trichothecenes identi- 
fied, but only four have been unambiguously identified in 
naturally contaminated food samples. Trichothecenes are 
difficult to analyze especially because, unlike the aflatox- 
ins, they do not possess any useful spectroscopic charac- 
teristics. Analysis of the trichothecenes have been accom- 
plished using TLC (179), HPLC (180,181), GC (182), and 
MS (183,184). 

The trichothecenes are believed to function as protein 
synthesis inhibitors. The initiation or elongation termi- 
nation steps of protein synthesis are believed to be af- 
fected. 


The Zearalenones. Fusarium species, primarily F. Sra- 
minearium, produce zearalenones which are resorcylic lac- 
tones (Fig. 3). The parent compound is zearalenone, which 
does not exhibit acute toxicity. However, high levels of 
zearalenone can interrupt normal estrus in sows and cause 
vulvar prolapse and enlargement of the uterus. In young 
males, the toxin causes testicular atrophy and mammary 
gland hyperplasia. Physiological response in swine occur 
when the zearalenone level in corn used for feeds exceeds 
about 1 ppm (185). Rats, mice, sheep, monkeys, and hu- 
mans can be affected by zearalenone (168). 


The Ochratoxins. Ochratoxin contamination of grains 
and food products is less of a concern in the United States 
than contamination of products with aflatoxins, zearale- 
nones, and trichothecenes. It is frequently detected in 
Scandinavian and Balkan countries and occasionally in the 
United States in barley, corn, wheat, oats, rye, peanuts, 
hay, and green coffee beans (186). Ochratoxins are a group 
of structurally related metabolites produced by Aspergillus 
ochraceus and related species as well as Penicillium viri- 


Table 4. Abbreviated List of Major Mycotoxins and the Potential Health Hazards Following Exposure 


Mycotoxin Fungi Potential Health Risk 

Aflatoxin Aspergillus flavus, A. parasiticus Mutagenic, teratogenic, hepatotoxic, and carcinogenic 

Trichothecenes Fusarium sp. Feed refusal, emesis, immunotoxicity, gastrointestinal tract 
hemorrhaging, alimentary toxic aleukia 

Zearalenones Fusarium roseum and other Fusarium sp. _ Estrogenic, infertility, and reproductive problems in cattle, swine, and 
poultry 

Ochratoxins Aspergillus sp. and Penicillium sp. Nephrotoxic, teratogenic, and immunotoxic 
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Aflatoxin G; 


Figure 1. Structures of important aflatoxins. 


dicatum and other Penicillium species. Ochratoxin A (OA) 
is the major mycotoxin in this group (Fig. 4). Ithas believed 
to cause endemic kidney disease in swine and poultry in 
Denmark and Sweden. When the hogs were fed diets con- 
taining 200 ppb OA, their kidneys became pale and swol- 
len. The proximal tubules and interstitial cortical fibrils 
were observed to undergo atrophy (187). The toxin has 
been implicated in causing the human disease known as 
Balkan endemic nephropathy (187,188). Occurrence and 
toxicology of the toxin were recently reviewed (179,189). 


Mycotoxin Occurrence in the Food Supply. It is possible 
for feeds and foods to become contaminated with mycotox- 
ins prior to harvest, during the interval between harvest 
and drying and during storage. There are some mycotoxins 
that are only produced in the field (ie, ergot). Mycotoxins 
can, therefore, be considered to occur naturally in raw ag- 
ricultural products, processed foods and imported products 
(190). 

There are a number of documented occurrences of my- 
cotoxins in raw products (190-194), processed foods (195— 
202) and imported products (191,192,199). Most of the 
information available is for the aflatoxins with less infor- 


Aflatoxin My 


mation available for ochratoxin A, trichothecenes, and 
zearalenone. An extensive review was published that de- 
scribed the effects of food processing on selected toxins 
(200). The stability of the mycotoxins during food process- 
ing is affected by a number of factors such as the type of 
food, the type of processing used, the additives, moisture 
content, and the amount and type of contamination (189). 
The mycotoxins display different degrees of variability in 
foods under processing conditions. It has been demon- 
strated that the aflatoxins are stable to moderately stable 
in the majority of processes. However, they are unstable 
when alkaline conditions and oxidizing steps are used. 
DON is stable during bread baking, while ergot alkaloids 
have been shown to be partially destroyed (190). 
Although a number of mycotoxins could be identified in 
imported foods and feeds, the FDA only routinely tests for 
aflatoxins. Under the FDA compliance programs, the FDA 
tests about 300 samples of imported foods (eg, almonds, 
brazil nuts, peanuts and peanut products, sesame seeds, 
sunflower seeds, nutmeg, coffee beans, marzipan, corn- 
meal and flour, cocoa products) and about 200 feed samples 
(eg, corn, mixed feeds, cottonseed meal, copra pellets, and 
sorghum). Summaries of analyses from 1982 to 1996 are 


Figure 2. Structures of three trichothecanes. 
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provided (198), and information is also available on world- 
wide occurrence of mycotoxins. The data were collected 
from the FAO/WHO/UNMEP food contamination monitor- 
ing program in addition to other sources (198). 


Regulatory Control of Mycotoxins. Although a wide 
range of mycotoxins have been found in the environment 
associated with human food and animal feeds, there is only 
formal regulation of aflatoxins by the FDA. The FDA does 
not regulate the other known mycotoxins based on the ob- 
served levels, incidence, estimated consumption, and tox- 
icological profiles (190). The aflatoxins are regulated under 
the Food, Drug and Cosmetic Act Section 402(a)(1). In fact, 
in the United States when good manufacturing practices 
(GMPs) are followed, aflatoxins are regarded as unavoid- 
able contaminants in food and feeds (191). When food is 
slated for human consumption, the action level of 20 ppb 
total aflatoxins is enforced, while for milk the level is much 
lower, 0.5 ppb AFM,. The action level for aflatoxins in feeds 
is also 20 ppb. However, levels of 100 ppb are permitted in 
feeds slated for consumption by breeding cattle and swine 
and mature poultry. Levels of 200 ppb are allowed in food 
corn destined for finishing swine (=100 Ib) and 300 ppb are 
allowed for aflatoxins in cottonseed meal incorporated in 
feeds and also for corn fed to feedlot beef cattle (190). 

In Europe, regulatory control of mycotoxins is governed 
by the European Economic Communities (EEC) a body 
composed of 12 countries (Belgium, France, Germany, 
Italy, Luxembourg, the Netherlands, Denmark, the UK, 
Ireland, Spain, Portugal, and Greece). The formation of the 
EEC began with the Treaty of Rome in 1957. In 1987 the 
treaty was modified due to the establishment of the Singie 
European Act. It described the stepwise establishment of 
the Common European Market by the end of 1992. Har- 
monization of food laws must be accomplished by the EEC 
to achieve this objective. The control of contaminants is one 
issue that must be addressed (203-207). 

There have been increasing numbers of publications of 
immunochemical methods for detection of the various my- 
cotoxins. It is now common practice to use ELISA to screen 
commodities for presence of mycotoxins (208), RIAs are de- 
scribed in some of the earlier publications. The majority of 
tests have been developed for aflatoxin detection (Table 5). 
The most attention has been focused on the aflatoxins due 
to their strict regulation by governmental agencies in the 
U.S. and other countries. There is a wealth of information 
provided in the references listed in Table 5. There are pa- 
pers that describe assays that employ monoclonal antibod- 
ies (211,216,221) as well as those that employ polyclonal 
antibodies (209,210,212,215,217-220). There are descrip- 
tions of the chemistry involved in conjugate antigen pro- 
duction (208-224). The way in which the aflatoxin was de- 
rivatized and coupled to the large carrier molecule 
influences the specificity of the antibody (the antibody’s 
ability to recognize and bind to only aflatoxin B, if other 
metabolites are bound as well). There are papers that pro- 
vide comparisons of ELISAs and chemical methods when 
certain commodities are analyzed for aflatoxins (228) as 
well as comparisons of various commercial kits (229). 
There are also reports from different collaborative studies 
(225-227). 
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Table 5. List of Selected Immunochemical Methods for 
Mycotoxin Detection 


To: Method References 
‘Aflatoxin By RIA 209-212 
ELISA 212-233 
Affinity column 231,234 
Aflatoxin M, RIA 235,236 
ELISA 221,237-240 
Affinity column 241,242 
Zearalenone RIA 243 
ELISA 219,244-249 
Affinity column 249 
T.2 toxin RIA 250,251 
ELISA 230,252-258 
Deoxynivalenol RIA 259 
ELISA 260,261 
Ochratoxin A RIA 262,263 
ELISA 264-268 


Both monoclonal (211,237) and polyclonal antibodies 
were produced against aflatoxin M-1. RIAs (235,236), 
ELISAs (221,237-240), and an affinity column cleanup us- 
ing monoclonal antibodies (234,242) followed by direct 
fluorescence measurement of aflatoxin M-1 in raw milk 
(240) have been described. In some cases milk could be 
tested without any cleanup (221,235), whereas, some 
methods required extraction of the samples prior to anal- 
ysis (235,238-242), 

Zearalenone can be detected by RIA and ELISA 
(243,249) (Table 5). An affinity column was developed with 
a monoclonal antibody (247,249) and used to clean up milk 
samples prior to analysis by ELISA. The monoclonal and 
polyclonal antibodies described in these references 
(243,249) exhibit varying degrees of cross-reactivity to a- 
and f#-Zearalenol. Zearalenone is metabolized to these an- 
alogues and they have been detected in trace levels in bo- 
vine milk after cows were fed feed containing high levels 
of zearalenone (269,270). Detection of these analogue us- 
ing the antibodies is an attractive feature. 

There have been immunoassays published for detection 
of various trichothecenes (Table 5). Both RIA and ELISA 
have been described for T-2, some of which employ mono- 
clonal antibodies (230,252-255) and some employ poly- 
clonal antibodies (256-258). A recent report was made of 
an immunochromatographic method (271) for isolation of 
group A trichothecenes of which T-2 is a member. These 
various antibodies exhibit differing degrees of cross- 
reactivity to 3'-OHT-2 and other metabolites. Detection of 
these metabolites in biological systems would be useful, 
because they are found in significant amounts when T-2 
toxicosis occurs (272-274). 

To date there have been few reports of antibodies pro- 
duced to DON and their application to RIA or ELISA (Ta- 
ble 5). Two investigators have demonstrated repeated suc- 
cess at developing IAs for mycotoxin detection. Chu 
(University of Wisconsin at Madison, Food Institute) is re- 
garded as one pioneer in mycotoxin analysis with empha- 
sis in the area of immunoassay development. Another is 
Pestka (Michigan State University, Department of Food 
Science and Human Nutrition) a former postdoctoral as- 


sociate in Chu’s laboratory. The successes in developing 
antibodies to DON have been reported from their labora- 
tories. Successful immunogens were prepared for immu- 
nization of mice (261) and rabbits (259,260) which enabled 
detection of DON by RIA and ELISA. Table 6 also provides 
a list of IAs developed for ochratoxin A detection. Ochra- 
toxin A can be detected in barley (265) and wheat (266). 
A number of companies sell kits that enable detection 
of various mycotoxins. The majority of commercial kits sold 
are for aflatoxin testing. The different companies claim dif- 
fering cross-reactivities of their antibodies employed in 
their aflatoxin B, detection kits. Aflatoxin G,, Gz, and By 
are also detected in many of the kits. Aflatoxin B, detection 
ELISA kits are sold by the following companies: Neogen 
Corp. (Lansing, Mich.), International Diagnostics (St. Jo- 
seph, Mich.), Idexx (Portland, Maine), Environmental Di- 
agnostics Corp. (Burlington, N.C.), and Transia (Lyon, 
France). Affinity columns are sold by VICAM (Somerville, 
Mass.) and Oxoid (Columbia, Md.). Neogen and Idexx sell 
AFM-1 ELISAs. Aflatoxin M, affinity columns are sold by 
VICAM and Oxoid. Environmental Diagnostics Corp. and 
Ube (distributor for the Japanese company is Wako Chem- 
icals, Dallas, Tex.) market ELISA kits for ochratoxin A de- 
tection. Neogen Corp. and Environmental Diagnostics 
market elisa for zearalenone and T-2 toxin testing. Neogen 
Corp. the only company that markets an elisa kit that en- 
ables the user to test for the presence of DON in samples. 


MICROBIAL CONTAMINANTS 


Consumer in recent years have expressed considerable 
concern over the safety of the food supply. Concern has 
been aimed at the presence of hormones and drugs in 
meats, preservatives found in food, pesticides, microbial 
contaminants, and food additives. Reports last year of cy- 
anide in grapes and Alar in apples have fueled the level of 
concern. This issue of the public’s concern over the quality 
of food was addressed at a conference (the International 
Conference on Issues in Food Safety and Toxicology) held 
in the spring of 1990 at Michigan State University (MSU) 
East Lansing, Mich. The conference was sponsored by the 
U.S. Department of Agriculture (USDA) and MSU’s Center 
for Environmental Toxicology. From various presentations 
it became apparent that the consumers’ perceptions of 
risks from chemical agents in food differs drastically from 
the experts’ opinions. The experts rank the risk from chem- 
icals below microbial risk or nutritional considerations. 
The general public perceives the risks to be greatest from 
the chemical agents. It would be a gross omission to pre- 
pare a publication of this nature without providing a list 
of references for those individuals interested in reading 
more about IAs developed for detection of pathogenic mi- 
crobes, particularly bacterial pathogens found in food. De- 
tection of Staphylococcus aureus enterotoxins, Clostridium 
perfringens type A toxin, Clostridium botulinum toxins, 
Bacillus cereus enterotoxins, Yersinia enterocolitica toxin, 
Escherichia coli toxins, Campylbacter jejuni, Aeromonas 
toxin, and some streptococcol toxins would be desirable 
with IAs. Salmonella and Listeria monocytogenes can also 
be detected in foods using IA. Table 6 provides a list of 
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Table 5. List of Selected Immunochemical Methods for 
Mycotoxin Detection 


To: Method References 
‘Aflatoxin By RIA 209-212 
ELISA 212-233 
Affinity column 231,234 
Aflatoxin M, RIA 235,236 
ELISA 221,237-240 
Affinity column 241,242 
Zearalenone RIA 243 
ELISA 219,244-249 
Affinity column 249 
T.2 toxin RIA 250,251 
ELISA 230,252-258 
Deoxynivalenol RIA 259 
ELISA 260,261 
Ochratoxin A RIA 262,263 
ELISA 264-268 


Both monoclonal (211,237) and polyclonal antibodies 
were produced against aflatoxin M-1. RIAs (235,236), 
ELISAs (221,237-240), and an affinity column cleanup us- 
ing monoclonal antibodies (234,242) followed by direct 
fluorescence measurement of aflatoxin M-1 in raw milk 
(240) have been described. In some cases milk could be 
tested without any cleanup (221,235), whereas, some 
methods required extraction of the samples prior to anal- 
ysis (235,238-242), 

Zearalenone can be detected by RIA and ELISA 
(243,249) (Table 5). An affinity column was developed with 
a monoclonal antibody (247,249) and used to clean up milk 
samples prior to analysis by ELISA. The monoclonal and 
polyclonal antibodies described in these references 
(243,249) exhibit varying degrees of cross-reactivity to a- 
and f#-Zearalenol. Zearalenone is metabolized to these an- 
alogues and they have been detected in trace levels in bo- 
vine milk after cows were fed feed containing high levels 
of zearalenone (269,270). Detection of these analogue us- 
ing the antibodies is an attractive feature. 

There have been immunoassays published for detection 
of various trichothecenes (Table 5). Both RIA and ELISA 
have been described for T-2, some of which employ mono- 
clonal antibodies (230,252-255) and some employ poly- 
clonal antibodies (256-258). A recent report was made of 
an immunochromatographic method (271) for isolation of 
group A trichothecenes of which T-2 is a member. These 
various antibodies exhibit differing degrees of cross- 
reactivity to 3'-OHT-2 and other metabolites. Detection of 
these metabolites in biological systems would be useful, 
because they are found in significant amounts when T-2 
toxicosis occurs (272-274). 

To date there have been few reports of antibodies pro- 
duced to DON and their application to RIA or ELISA (Ta- 
ble 5). Two investigators have demonstrated repeated suc- 
cess at developing IAs for mycotoxin detection. Chu 
(University of Wisconsin at Madison, Food Institute) is re- 
garded as one pioneer in mycotoxin analysis with empha- 
sis in the area of immunoassay development. Another is 
Pestka (Michigan State University, Department of Food 
Science and Human Nutrition) a former postdoctoral as- 


sociate in Chu’s laboratory. The successes in developing 
antibodies to DON have been reported from their labora- 
tories. Successful immunogens were prepared for immu- 
nization of mice (261) and rabbits (259,260) which enabled 
detection of DON by RIA and ELISA. Table 6 also provides 
a list of IAs developed for ochratoxin A detection. Ochra- 
toxin A can be detected in barley (265) and wheat (266). 
A number of companies sel] kits that enable detection 
of various mycotoxins. The majority of commercial kits sold 
are for aflatoxin testing. The different companies claim dif- 
fering cross-reactivities of their antibodies employed in 
their aflatoxin B, detection kits. Aflatoxin G,, Gz, and By 
are also detected in many of the kits. Aflatoxin B, detection 
ELISA kits are sold by the following companies: Neogen 
Corp. (Lansing, Mich.), International Diagnostics (St. Jo- 
seph, Mich.), Idexx (Portland, Maine), Environmental Di- 
agnostics Corp. (Burlington, N.C.), and Transia (Lyon, 
France). Affinity columns are sold by VICAM (Somerville, 
Mass.) and Oxoid (Columbia, Md.). Neogen and Idexx sell 
AFM-1 ELISAs. Aflatoxin M, affinity columns are sold by 
VICAM and Oxoid. Environmental Diagnostics Corp. and 
Ube (distributor for the Japanese company is Wako Chem- 
icals, Dallas, Tex.) market ELISA kits for ochratoxin A de- 
tection. Neogen Corp. and Environmental Diagnostics 
market elisa for zearalenone and T-2 toxin testing. Neogen 
Corp. the only company that markets an elisa kit that en- 
ables the user to test for the presence of DON in samples. 


MICROBIAL CONTAMINANTS 


Consumer in recent years have expressed considerable 
concern over the safety of the food supply. Concern has 
been aimed at the presence of hormones and drugs in 
meats, preservatives found in food, pesticides, microbial 
contaminants, and food additives. Reports last year of cy- 
anide in grapes and Alar in apples have fueled the level of 
concern. This issue of the public’s concern over the quality 
of food was addressed at a conference (the International 
Conference on Issues in Food Safety and Toxicology) held 
in the spring of 1990 at Michigan State University (MSU) 
East Lansing, Mich. The conference was sponsored by the 
U.S. Department of Agriculture (USDA) and MSU’s Center 
for Environmental Toxicology. From various presentations 
it became apparent that the consumers’ perceptions of 
risks from chemical agents in food differs drastically from 
the experts’ opinions. The experts rank the risk from chem- 
icals below microbial risk or nutritional considerations. 
The general public perceives the risks to be greatest from 
the chemical agents. It would be a gross omission to pre- 
pare a publication of this nature without providing a list 
of references for those individuals interested in reading 
more about IAs developed for detection of pathogenic mi- 
crobes, particularly bacterial pathogens found in food. De- 
tection of Staphylococcus aureus enterotoxins, Clostridium 
perfringens type A toxin, Clostridium botulinum toxins, 
Bacillus cereus enterotoxins, Yersinia enterocolitica toxin, 
Escherichia coli toxins, Campylbacter jejuni, Aeromonas 
toxin, and some streptococcol toxins would be desirable 
with IAs. Salmonella and Listeria monocytogenes can also 
be detected in foods using IA. Table 6 provides a list of 
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Table 6. Selected Immunoassays for Toxin Detection 
‘Toxin References 
Immunodiffusion 
Single-gel diffusion Staphylococcus aureus 275,276 
Clostridium perfringens 277 
Clostridium botulinum 278 
Single-radial immunodiffusion ‘S. aureus 279 
Double-gel diffusion S. aureus 275,277,280-283 
Electroimmuno diffusion 
S. aureus 284 
Agglutination 
Hemagglutination inhibition S. aureus 285-287 
Reverse passive hemagglutination C. bolutinum 288 
Latex agglutination ‘S. aureus 289 
C. perfingens 290 
Radioimmunoassay 
S. aureus 291-305 
Escherichia coli 306,307 
C. botulinum 308,309 
C. perfingens 310 
ELISA 
‘S. aureus 311-327 
C. botulinum 328-338 
C. perfringen 339-344 
E. coli 345-350 


selected publications of IAs for detection of bacterial tox- 
ins. The table lists the type of assay, the species of bacte- 
rium that the assay was developed to detect, and refer- 
ences. It does not describe which S. aureus toxin or toxins 
are detected in the assays. Some assays only detect en- 
terotoxin B, while others detect A and B or A, B, C, and D. 
To provide information on other agents that are considered 
to be endangering the food supply only a general list of 
sources has been provided. Information on risks associated 
with vehicles of food-borne pathogens and toxins is avail- 
able (353). 

To detect Salmonella in foods, investigators have relied 
on culture procedures that enable growth, selection, iso- 
lation, and identification of isolated organisms (354). The 
length of time needed to obtain a negative reading has al- 
ways posed a problem. To overcome this disadvantage, nu- 
merous rapid testing methods have been proposed. They 
have not found wide acceptance due to problems with sen- 
sitivity and specificity (355). Two reports indicated the po- 
tential for use of EIA for screening for Salmonella 
(356,357) in foods. Since then there have been other re- 
ports of Salmonella detection using EIAs (358-363). 

Listeria detection using an immunobased test requires 
highly specific antibodies because Listeria species have 
been shown to be antigenically related to other gram- 
positive organisms, namely Staphylococcus, Streptococcus, 
Erisipelothrix, and Bacillus species (364-368). Several 
groups have been successful at producing monoclonal an- 
tibodies to a genus-specific antigen (369-371). 


There are several commercial kits available for toxin 
and pathogen detection. Oxoid Ltd. (Hampshire, UK) sells 
revised passive latex agglutination assays for detection of 
'S. aureus toxins A, B, C, and D; Clostridium perfringens 
enterotoxin; Vibrio chlorae and E. coli heat-labile entero- 
toxin; and S. aureus toxic shock syndrome toxin. Organon 
Teknika Corp. (Durham, N.C.) sells Salmonella-Tek and 
Listeria-Tek which are ELISAs. 


CHEMICAL AGENTS 


Pesticides 


Pesticides are used to produce high-quality, inexpensive 
food. With the use of pesticides, agricultural residues can 
be expected to occur in foods. Regulation of pesticides is 
shared by three federal agencies. The U.S. Environmental 
protection Agency (EPA) is responsible for registering or 
approving the use of pesticides and to setting tolerance, if 
residues will occur in food. The USDA is responsible for 
pesticides used on meat and poultry, and the FDA is re- 
sponsible for enforcing tolerances for foods shipped in in- 
terstate commerce (372). Many states, including Califor- 
nia, Florida, and Michigan, have pesticide analytical 
programs. 

The FDA carries out a large-scale monitoring program, 
the objective of which is to prevent foods that contain il- 
legal residues from entering interstate commerce. Testing 
of raw agricultural commodities is the focus of the moni- 
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toring. To date about 15,000 samples, 8,000 imported and 
7,000 domestic (372), are collected and analyzed by the 21 
field offices. 

There are 300 pesticides and active ingredients with tol- 
erances in or on foods in addition to other pesticides and 
related chemicals that can exist as residues (373). The EPA 
has supplied data showing that 53 of these pesticides have 
active ingredients that have been shown to be oncogenic or 
potentially oncogenic (351). 

Gas chromatography has been used for analysis of pes- 
ticides (352,374-376). These methods were developed by 
the early 1960s. The use of immunoassays has spread into 
the area of pesticide analysis. A brief summary of chemi- 
cals that control weeds or pests in agricultural crops will 
be provided. There have been IAs described in the litera- 
ture since the mid-1970s (Table 7). Prior to 1982 the ma- 
jority of LAs described for pesticide analysis were rias and 
since that date there have been reports of EIAs. Much less 
attention has been given to development of fluoroimmu- 
noassays for pesticide analysis. 

With a few exceptions, the majority of tests developed 
for pesticide analysis employ polyclonal antibodies raised 
in rabbits. There have been some monoclonal antibodies 
produced against pentachlorophenol (406), surflan (407), 
malic hydrazide (399), paraquat (403), and paraoxon (401). 


Table 7. Immunochemical Methods for Detection of 
Pesticides 


Assay Pesticide Ref. 
Radioimmunoassay Aldrin 377 
Dieldrin 377 
Benomyl 378 
S-Bioallethrin 379 
2,4-D 380 
2,4,5T 381 
Diffubenzuron 382 
Parathion 383 
Paraquat 384,385 
Fluoroimmunoassay Benomyl 386 
Diclofop-methyl 386 
Enzyme immunoassay 34D 387 
Alachlor 388 
Aldicarb 389 
Atrazine 390 
S-Bioallethrin 391 
Blasticidin S 392 
Chiorsulfuron 393 
Cyanazine 394 
Dichlofopmethyl 395 
Diftubenzuron 396 
Fenpropimorph 397 
Irpodione 398 
Malic hydrazide 399 
Metalaxyl 400 
Paraoxon 401 
Paraquat 402-405 
Pentachlorophenol 406 
Surflan 407 
Terbutryn 408 
Triadimefon 409 
Triazines 410 
Affinity chromatography Kepone 411 


For the majority of tests listed in Table 7 the limit of 
detection is 1 ng of pesticide, which corresponds to 1-10 
ppb in a sample solution. RIA and EIA offer comparable 
sensitivity. The detection limit of RIA is more readily var- 
ied because it depends largely on the specific activity of the 
radioisotope label (17). Use of RIA is restricted to sophis- 
ticated laboratories with substantial investment in the 
equipment. EIA, with ELISA in particular, offers more ver- 
satility in analysis than RIA. 

There are a number of pesticide detection kits sold com- 
mercially. Immuno Systems, Inc. (Biddeford, Maine) sells 
ELISA kits for triazine (atrazine, simazine, etc) detection 
as well as one for the cyclodiene insecticides (chlordane, 
heptachlor, etc). ELISAs for parathion and paraquat are 
available from Environmental Diagnostics, Inc. (Burling- 
ton, N.C.). An assay for pentachlorophenol detection is 
available from Westinghouse Bio-Analytical Systems 
(Rockville, Md.). Ohmicron Corp. (Newtown, Pa.) markets 
pesticide detection kits for aldicarb, atrazine, benomyl, 
alachlor, captan-captofol, and carbafuran that employ 
magnetic particle technology. 

There are factors that make applications of immuno- 
assays to pesticide analysis complex. It is often difficult to 
obtain representative samples of agricultural commodi- 
ties. Commodities are localized temporally and geograph- 
ically. Local practices can vary leading to complicated re- 
search efforts toward assay development. Agricultural 
commodities are often composed of mixtures of the pesti- 
cide and its metabolites at harvest. The high specificity of 
antibodies used in assays may be disadvantageous because 
metabolites may not be detected. Also there is fragmen- 
tation within the potential pesticide market, potential c 
tomers or users could be farmers, consumers, pesticide 
manufacturers, regulatory agency personnel, food proces- 
sors, wholesalers, and retailers. The requirement for assay 
features can vary drastically among these users. There- 
fore, it is not easy for companies to identify customer needs 
and project the economic potential of the kits (373). 

Officials at regulatory agencies have expressed concern 
about adopting these qualitative or quantitative immu- 
nochemical assays for routine screening of samples. Con- 
cern stems first from the need for familiarization and ex- 
perience with the technology involved in the test systems. 
Once the testers feel confident that public health protec- 
tion is not jeopardized by implementing this technology, 
they must address other concerns. It must be demon- 
strated for each method, presented in kit form, that there 
is no appreciable variability from lot to lot production 
(373). 

Many of these immunochemical methods are more sen- 
sitive than the confirmatory tests and traditional methods. 
Therefore, qualitative screening results using IAs cannot 
be confirmed without effort given to increase the sensitiv- 
ity of the confirmatory methods (373). As the concerns are 
addressed, the technology will continue to develop and 
practical applications of IAs for routine pesticide analysis 
will occur. 


Drug Residues 


There is an increasing number of publications that de- 
scribe the development of ELISAs for drug residue analy- 


sis. One antimicrobial agent, sulfamethazine, has received 
a great deal of attention in the scientific literature as well 
as the media. There have been numerous reports of the 
use, or perhaps the abuse, of sulfamethazine in the live- 
stock industry. It will be used as an example of how 
ELISAs have been developed for detection of the drug in 
place of the classical chemical methods. 

Sulfonamides, namely sulfamethazine, have been in- 
corporated into animal feeds since the 1950s. They are 
added as growth promotants and for control of certain dis- 
eases (412,413). The drugs are retained in the tissues of 
the animals eating medicated feeds. Some individuals who 
ingest the contaminated tissues will experience hypersen- 
sitivity allergic reactions. Furthermore, there will be pref- 
erential selection of bacterial mutants that are resistant 
to the drugs, which are also used in treatment of human 
diseases (414). 

The residues are cleared from the tissues if the proper 
15 day withdrawal period is followed by the producer (415). 
If it is not adhered to there will be a good chance for the 
carcasses to contain violative levels of the drug at the time 
of slaughter (>0.1 ppm). 

Sulfonamide residues can also occur in milk due to a 
number of reasons, including use of the drugs in mastitis 
therapy, deliberate feeding, inadvertent feeding, or use of 
sulfamethazine-containing boluses to prevent infection in 
cows that have calved. One study (416) showed the 64% of 
milk sampled in the New York City area, central New Jer- 
sey, and eastern Pennsylvania contained one or more 
antibiotic—antimicrobial residues. Sulfonamide residues 
appeared in 42% of the samples. Other studies showed 
similar frequencies of the residues in milk (417,418). The 
FDA maintains a zero-effect tolerance. However, because 
approved methods cannot accurately measure extremely 
low levels of the sulfonamides, the tolerance level is set at 
10 ppb. 

The concern over the presence of sulfamethazine in 
meat, namely pork, and dairy products heightened when 
the drug was found to cause neoplasms in mice and rats 
(419). The need for a rapid screening method became ap- 
parent. Current methods for sulfonamide analysis include 
gas chromatography (1,3,420,421), gas chromatography— 
mass spectrophotometric (419), liquid chromatography 
(1,421~423), colorimetry based on the Bratton—Marshall 
reaction, and thin-layer chromatography (421,425-427) as 
well as tandem mass spectroscopy-mass spectroscopy 
(428,429). These methods are labor intensive. They require 
extensive sample cleanup or preparation and they often 
measure at the tolerance level. They do not lend them- 
selves to screening samples in the field. A bacterial recep- 
tor assay (430) has been developed for detection of numer- 
ous sulfonamides. It can be used for screening samples; 
however, it lacks the specificity that an antibody-based test 
provides. The Charm Assay is marketed by Penicillin As- 
says, Inc. (Malden, Mass.). 

The Food Safety and Inspection Service (FSIS) branch 
of the USDA began a residue avoidance program (RAP) 
designed to check animals before they are slaughtered 
(431). Sulfamethazine has been shown to cause the most 
violations in swine tissue, approximately 95% of the sul- 
fonamide tissue violations (432). A correlation has been 
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established for the concentrations of sulfamethazine pres- 
ent in the liver and edible tissues as well as how much is 
present in the urine and serum (432-435). Noninvasive 
samples can be collected and tested prior to or at the time 
of slaughter and tested to determine the concentration of 
the drug in the liver and edible tissues. 

The early ELISA developed for detection of sulfameth- 
azine in swine blood (436) required extraction of the drug 
from the sample and required fairly long times to perform 
the assay. They were not suitable for use at slaughter- 
houses. More recent publications describe assays with 
shorter times and serum or plasma samples can be used 
directly without extraction (437,438). Assays have also 
been described for detection of sulfamethazine in milk 
(439), feed, and tissue (440). A recent paper describes the 
use of high-performance immunoaffinity chromatography 
for drug residue analysis (441). 

A number of biotechnology companies market inmuno- 
diagnostics for sulfamethazine detection in dairy products 
(Neogen Corp., Lansing, Mich.; Idetek, San Bruno, Calif.; 
and Idexx, Portland, Maine), feed (Neogen Corp., Idetek, 
and Environmental Diagnostics, Inc., Burlington, N.C.), 
and urine and tissue (Idetek and Environmental Diagnos- 
tics). 


CONCLUSION 


This article has only begun to scratch the surface of all the 
research concerning immunoassay development for topics 
of interest in agriculture and the food industry. This is a 
day and age where consumers express concern over the 
quality of the food. With an ever-increasing awareness of 
the importance of a balanced diet and perceived dangers 
from additives and contaminants, as well as increased leg- 
islation, the need for the ability to test large numbers of 
samples routinely for the presence of potentially danger- 
ous or offending substances becomes highly apparent. The 
selectivity and sensitivity of immunoassays make them ex- 
cellent candidates as tools for routine analysis. ELISAs are 
highly appropriate assays for analyzing food and agricul- 
tural residues because they can be developed to qualita- 
tively screen for the desired substance or they may be 
semiquantitative or quantitative. These assays can be cost 
effective, require little or no expensive equipment, permit 
rapid throughput of many samples, and can be performed 
by relatively unskilled personnel. These tests provide ex- 
cellent accuracy and reproducibility, as well as sensitivity 
and specificity. 

Over the next decade advances in immunoassays will 
benefit food analysts. It appears that those test formats 
that are the most user friendly for the end user will gain 
a great deal of ground. The less complex a test is to perform 
the more attractive it will be to nonlaboratory personnel 
(farmer, grain inspector, etc). Over the next decade it is 
likely that ELISAs will be routinely used for screening 
foods and feeds at governmental agencies as well as by 
quality-control chemists in the private sector. It is truly an 
exciting time to work in an area where so much evolution 
in analytical technology is occurring. 
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INFANT FOODS 


INFANT NUTRITION 


Infants are defined, somewhat arbitrarily, as less than 1 
year of age. Infant foods and feeding practices have been 
adapted to encompass infants and young children to allow 
for feeding during the first 2 to 3 years. 

The infant has unique nutritional needs, substantially 
different from those of an adult. Energy, protein, iron, and 
other needs are greater than at any other period in life. 
Food must be relatively concentrated, and with a con- 
trolled consistency, because the volume capability, chew- 
ing, and manipulation of food are limited. At no other point 
in life is the growth rate of infancy duplicated. Infants typ- 
ically double their birth weight in 3 to 4 months and triple 
it by 1 year, and the rapid growth rate places nutritional 
demands on the food supply. To accompany the rapid 
growth rate, infants have a very high basal metabolic rate. 
Complicating this is a limited stomach capacity, requiring 
an appropriate concentration of nutrients. The limited re- 
nal capability must be considered to ensure that electro- 
lytes and protein are not present in deleterious quantities. 
In addition, the digestive system is immature, which re- 
quires that foods be selected that are relatively easy to 
digest. The most obvious of the characteristics is the lim- 
ited ability to chew foods; therefore the foods must be ap- 
propriate in consistency and texture. 

Breast feeding is recognized as the preferred method for 
feeding very young infants, and breast milk should be the 
exclusive food for the first 4 to 6 months unless circum- 
stances (mother unable to breast-feed, breast milk inade- 
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INFANT NUTRITION 


Infants are defined, somewhat arbitrarily, as less than 1 
year of age. Infant foods and feeding practices have been 
adapted to encompass infants and young children to allow 
for feeding during the first 2 to 3 years. 

The infant has unique nutritional needs, substantially 
different from those of an adult. Energy, protein, iron, and 
other needs are greater than at any other period in life. 
Food must be relatively concentrated, and with a con- 
trolled consistency, because the volume capability, chew- 
ing, and manipulation of food are limited. At no other point 
in life is the growth rate of infancy duplicated. Infants typ- 
ically double their birth weight in 3 to 4 months and triple 
it by 1 year, and the rapid growth rate places nutritional 
demands on the food supply. To accompany the rapid 
growth rate, infants have a very high basal metabolic rate. 
Complicating this is a limited stomach capacity, requiring 
an appropriate concentration of nutrients. The limited re- 
nal capability must be considered to ensure that electro- 
lytes and protein are not present in deleterious quantities. 
In addition, the digestive system is immature, which re- 
quires that foods be selected that are relatively easy to 
digest. The most obvious of the characteristics is the lim- 
ited ability to chew foods; therefore the foods must be ap- 
propriate in consistency and texture. 

Breast feeding is recognized as the preferred method for 
feeding very young infants, and breast milk should be the 
exclusive food for the first 4 to 6 months unless circum- 
stances (mother unable to breast-feed, breast milk inade- 


quate, etc) do not allow exclusive breast feeding. Any food 
other than breast milk that is introduced should supple- 
ment rather than replace breast feeding. 

For these reasons, a specific and well-defined set of 
foods have been developed for infants and young children. 
Infant feeding practices vary considerably in different 
parts of the world depending on the availability of food and 
custom. Definitions and standards have been developed by 
Codex Alimentarius but are, for the most part, utilized as 
guidelines. 


HISTORY OF FOODS AND FEEDING PRACTICE 


Infant foods have evolved largely parallel to the develop- 
ment of food science and technology, and the implementa- 
tion of food safety and food processing practices has dra- 
matically influenced the availability of safe foods. Before 
1800 about two-thirds of children died before 5 years of 
age, and that statistic has dramatically changed. Wet 
nurses (women hired to suckle others’ children) were 
widely used when breast feeding was impossible. Other- 
wise, supplementary foods were of poor quality and un- 
clean; as a result, food was the most frequent cause of se- 
rious illness. A first major step was heat treatment of milk; 
pasturization was first, followed by the development of 
sweetened condensed milk, which provided a much safer 
source of milk for infants than the raw or certified milk 
available previously. Early efforts to prepare foods specif- 
ically for infants and young children included meat juices 
and cereal gruels (Mellon’s Food), malted milk (Horlick’s 
Malted Milk), and sweetened condensed milk (Borden). 
The milk-based foods combined with hydrolyzed complex 
carbohydrates (dextrins and maltodextrins) evolved to 
what is now considered infant formula, and foods derived 
from other sources have been termed baby foods and infant 
cereal. 


INFANT FORMULA 


Human milk serves as the nutritional model for infant for- 
mula. The original infant formula was derived from cow 
milk; however, the concentration and nutrient distribution 
of cow milk are not appropriate for infants. The protein 
content is too high, the casein is not well digested, the elec- 
trolyte concentration is too great, the fat is largely satu- 
rated and poorly absorbed, and the carbohydrate concen- 
tration is too low. Adjustments have been made using cow 
milk as a base, and other components have been formu- 
lated to simulate or “humanize” milk. Later in the evolu- 
tion of infant formula, alternate protein sources were used; 
initially meat and later, during the 1960s, soy-based for- 
mulas were refined. Currently, approximately one-fourth 
of infant formula utilized in the United States is soy pro- 
tein based. 


Regulatory Aspects 


Infant formula is unique in food regulation because it is 
regulated by specific legislative mandate in the United 
States. The Infant Formula Act of 1980 and subsequent 
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amendments in 1986 specify nutrient requirements, 
manufacturing practices, and quality control. This speci- 
ficity is considered essential because infant formula may 
provide the sole source of nutrition for an infant for an 
extended period during critical rapid growth and devel- 
opment. 


Functionality 


Infant formula has evolved as a nutritional entity to pro- 
vide all the requirements for an infant during the first 6 
months. After 6 months infant formula, like human milk, 
continues to provide a significant contribution to the nu- 
trition of infants. The adequacy of infant formula to sup- 
port growth and development is established by clinically 
controlled feeding trials. 


Technologies 


Several technologies have been utilized to ensure the 
safety and nutritional quality of infant formula. Concen- 
tration and controlled processing techniques ensure the 
sterility, keeping quality, and nutrient retention for undi- 
luted infant formula. Drying techniques have been 
adapted to provide powdered infant formula with quality 
equivalent to liquid forms. Alternate protein sources pre- 
dominately soy protein, have been refined to provide ade- 
quate protein quality for the normal growth and develop- 
ment of infants. Cow milk protein has been modified to 
imitate the casein to whey protein distribution of human 
milk. The carbohydrate and fat components have been ad- 
justed to effectively imitate those of human milk. Clinical 
trials are used to confirm the nutritional adequacy of in- 
fant formula. Formulas based on extensively hydrolyzed 
protein are effectively used for infants with food protein 
allergies. 


BABY FOODS 


Over 300 varieties of baby foods are available in North 
America to fulfill specific needs during the development of 
the infant. Recommendations by the American Academy of 
Pediatrics and other involved organizations are that baby 
foods be introduced at 4 to 6 months to supplement human. 
milk or infant formula. 

Several terms are used, somewhat interchangeably, to 
define baby foods: supplementary foods, biekost, and solid 
food. Other accurate classifications include strained fruit 
juices, infant cereal, fruits, vegetables, and numerous com- 
bination foods with fanciful names. 

The first foods introduced are generally infant cereals. 
Infant cereal is a specific food: precooked, partially hydro- 
lyzed, dried cereal-based food. In North America, infant 
cereal is fortified with iron, vitamins, and minerals. Infant 
cereal is fed in a diluted form with water, human milk, or 
infant formula used as a diluent. Ready-to-use cereal is 
also available, diluted and mixed with fruit for convenient 
and safe feeding. 

Fruits and vegetables are essentially the pureed version 
of the food sterilized in a container to provide an appro- 
priate serving size. Their container (serving) sizes range 
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from approximately 70 to 135 g (2.54.5 oz) for subsequent 
forms. Fruit juices are strained, single-ingredient and com- 
bination juices provided in appropriate-sized containers, 
fortified with vitamin C at a uniform level. 

Meat and poultry are provided in pureed form and ster- 
ilized in small containers. Numerous combination foods 
are prepared, largely for consumer convenience. The ter- 
minology used for combination foods is manufacturer spe- 
cific and intended to be descriptive for the consumer. 


Functionality 


The functionality of infant foods generally refers to the con- 
sistency (as either a puree, liquid, or slurry). Consistency 
relates to the physical limitations of the infant and young 
child, but other characteristics are equally important to 
establish the appropriateness of baby foods for consump- 
tion. Among these are nutritional adequacy, particularly 
calories and protein, and concentration. If the concentra- 
tion is too high, the food may stress the infant’s developing 
renal system. If too dilute, the food may satisfy the volume 
requirements for the infant digestive system without pro- 
vision of adequate nutrients. 


Technologies 


The technologies for baby foods have been adapted from 
food processing techniques, with specific modifications that 
allow the foods to fulfill the specific requirements for the 
intended purpose. The processes have evolved, and specific 
improvements in food science and food processing have 
been applied. Baby foods, as presently recognized, were 
developed between 1920 and 1930 by numerous manufac- 
turers. Originally, the distribution for baby foods was en- 
tirely through pharmacies; after 1933 convenience was en- 
hanced by distribution through food outlets, first grocery 
stores and then supermarkets. The technology originated 
in North America and did not expand to other parts of the 
world until after World War II. 

Infant cereal was developed in 1933 as a partially hy- 
drolyzed, sterilized food prepared from flour and dried in 
a flake form to facilitate rapid dispersion. Pablum was the 
first widespread product and was the generic reference for 
infant cereal for many years. Supplemented with iron and 
water-soluble vitamins, it is a well-tolerated food used to 
supplement milk-based foods. 

Canned baby foods are based on fruits, vegetables, and 
meats finely divided, or pureed. Baby foods were originally 
sterilized in 4- to 4.5-oz metal cans; conversion to glass 
containers was made in the period between 1955 and 1960. 
Combinations of fruit, vegetables, cereal, and meat have 
been made to provide convenience to the consumer. 


CONTROVERSIES 


Numerous controversies surrounded preparation and use 
of baby foods, and many were paralleled by similar discus- 
sions concerning the safety and suitability of the entire 
food supply. Discussions were initiated during a White 
House conference on nutrition in 1969, with allegations 
and questions that had not been comprehensively treated 


in earlier scientific and safety testing. Since 1969 most of 
the controversies have been resolved. Thorough evalua- 
tion, more extensive knowledge, and effective communi- 
cations have provided consumers and scientists with as- 
surance of the safety and suitability of the foods and 
ingredients used. 


Salt 


The intake of salt by older infants has been of interest and 
concern to nutrition scientists for the past 25 years. The 
concern was initiated based on the possibility that con- 
sumption of salt in infancy could influence the salt intake 
in later life, possibly contributing to the development of 
hypertension. The subject has been reviewed by the Na- 
tional Academy of Sciences and the American Academy of 
Pediatrics, which concluded that no advantage could be 
served by addition of salt to infant foods. Salt has not been 
an ingredient in infant foods since 1977. 


Sugar 


Sugar has been criticized as an ingredient in baby foods 
for two basic reasons: it adds calories without other nutri- 
ents and it may, if improperly used, cause tooth decay (in- 
fant dental caries). Both of the allegations or hypotheses 
were only partially substantiated, but most baby foods are 
prepared without added sugar. 


Monosodium Glutamate 


Monosodium glutamate (MSG) was used as a flavor en- 
hancer in some meat-containing foods before 1969. As a 
result of safety questions and lack of clinical safety infor- 
mation, MSG is not used as an ingredient in baby foods. 


Modified Food Starch 


Modified food starch (MFS) has been used extensively 
in many foods as a digestible stabilizing system. Baby 
foods are an ideal use, because small amounts of MFS (1- 
2%) effectively suspend the particles and prevent age- 
associated separation. The safety, at levels of use, has been 
established by the National Academy of Sciences and the 
American Academy of Pediatrics. The use remains a source 
of controversy because critics of MFS consider it an ex- 
tender rather than a stabilizer. 


Artificial Colors and Flavors 


Artificial colors, flavors, and preservatives are not used in 
baby foods primarily because they are not required and 
many consumers have an aversion to their use. 


CONSUMPTION PATTERNS 


Changes in Usage 

From the time of their development in the 1950s and 1960s 
until 1972, the use of infant formulas increased substan- 
tially to a point that approximately 70% of infants were 
fed formula. As a result of concerted efforts by feeding ad- 
visers, primarily pediatricians, the practice of breast feed- 
ing significantly increased in both incidence and duration. 


By the late 1980s the ratio had changed to a point that 
more than 70% of infants were breast-fed, and that ratio 
prevails to the present. 

The consumption of baby foods increased considerably 
from the time of initiation in the 1920s until a maximum 
level of usage was reached, almost 800 jars per baby, in 
1972. The advantages and the role were recognized: to pro- 
vide a supplementary quantity of energy, a variety of foods, 
and valuable nutrients, particularly protein. Several rec- 
ommendations were made during this period by the Amer- 
ican Academy of Pediatrics in 1958, 1976, 1980, and 1986. 
During the decade after 1972, the usage decreased by ap- 
proximately 20% as a result of a number of factors. Con- 
sumption of supplementary foods was perceived to inter- 
fere with breast feeding, questions arose concerning 
overfeeding, which resulted in infant obesity, and alter- 
natives became available. Consumption has been stable 
during the past decade. 


ALTERNATIVES 


Numerous alternative foods and feeding practices were in- 
volved in the reduced consumption of baby foods. Foods 
were often prepared from family foods—home prepara- 
tion—or were specifically prepared from selected ingredi- 
ents. The use of milk-based foods, sometimes referred to 
as follow-on foods, was more extensive. In some instances 
breast feeding or infant formula was continued for a more 
extensive period. Consumer concerns, economics, and 
availability of foods were all contributing factors to the 
changes and use of alternatives. 
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GrorcE Purvis 
Purvis Consulting, Inc. 
Fremont, Michigan 


INSTITUTE OF FOOD TECHNOLOGISTS (IFT) 


The Institute of Food Technologists (IFT) was founded July 
1, 1939, by unanimous vote of attendees at the closing ses- 
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sion at the Second Food Technology Conference held at the 
Massachusetts Institute of Technology (MIT), Cambridge, 
Massachusetts. The first conference had been organized by 
MIT and was chaired by Samuel Cate Prescott, Dean of 
Science and head of the biology department at MIT. The 
concept of the Institute of Food Technologists had been de- 
scribed at meetings at the New York State Agricultural 
Experiment Station in Geneva, New York, and G. J. 
Hucker was asked to seek opinion of scientists working in 
the food field, regarding the need for an organization ded- 
icated to the use of sound science in the business of food. 

The purpose of that early form of IFT was “to facilitate 
interchange of ideas among its members; to stimulate sci- 
entific investigations into technical problems dealing with 
the manufacture and distribution of foods; to promulgate 
the results of research in food technology; to offer a me- 
dium for the discussion of these results; and to plan, or- 
ganize, and administer such projects for the advancement 
and application of science insofar as it is fundamental to 
wider knowledge of foods.” 

An early suggestion regarding a name for the Institute 
was “the Society of Food Engineers.” The name “Institute 
of Food Technologists” was favored because it permitted a 
broader base of professionals. Various other names have 
been suggested from time to time, but the name has not 
been changed since the inception of the organization. 

Samuel Cate Prescott was IFT’s first president. He 
predicted, in 1941, that IFT would eventually have 1000 
members. He would have been surprised at the present 
membership—approaching 29,000. Currently, the average 
member is male, about 42, and working for a food or bev- 
erage manufacturer. About 20% of members are employed 
by academic institutions, and a significant number of gov- 
ernmental agency employees are members. About 8% of 
total members are from countries outside the United 
States. 

IFT operates with a paid staff of about 50 professionals, 
from its headquarters at 221 N. LaSalle Street, Chicago, 
IL 60601. The Institute uses a comprehensive committee 
system to coordinate its 24 divisions (which serve as cen- 
ters of excellence), 55-plus regional sections, affiliate or- 
ganizations, and student associations. The Executive Com- 
mittee, made up of the current president, past president, 
president elect, treasurer, assistant treasurer, and execu- 
tive director plus membership representatives, councilor 
representatives, and a student representative, receives 
recommendations for action from various standing com- 
mittees and acts on many of them. Certain recommenda- 
tions are made to the Council, elected by members on a 
yearly ballot, for action. The “three presidents” model has 
been developed to provide for easy transition from year to 
year. 

The Institute has an annual meeting, during which 
the business of the Institute is conducted at the council 
meeting, and subsequent executive committee meeting 
and some 3000 technical presentations are given. At the 
same time as the annual meeting, Food Expo, the largest 
exposition of new ingredients, instruments, equipment, 
and services in the world is held, with about 1800 exhibi- 
tors covering several thousand square feet of floor space. 
Recently, IFT has added a virtual trade show, called 
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WorldFoodNet, which includes all exhibitors in the expo- 
sition, available for those who didn’t attend and those who 
forgot what they might have seen. 

The Institute is a professional society, and as such, does 
not lobby. The emphasis on all interaction with govern- 
ment is the dissemination of science-based information. 
The Science Communication department of IFT is devoted 
to the development of solid science for use by the industry, 
to consumers, and to the media. A project that is relatively 
recent is the support of a congressional fellow, who acts as 
a science adviser to members of Congress. This activity is 
supported by the IFT Foundation, which raises money to 
be used in important new directions for the Institute, as 
well as to support a number of scholarships for young peo- 
ple at the university level. 

There is a strong educational component to IFT, both 
with food science departments that meet standards that 
have been developed by IFT, and in continuing education. 
Each year, 20-plus programs are given under the guidance 
of the Continuing Education department, to help food tech- 
nologists keep up to date with new science and changing 
regulatory and nutritional emphasis. 

Publications from IFT include Food Technology, a 
monthly magazine that includes news about Institute 
members and the associated academic, industrial, and reg- 
ulatory components. The Journal of Food Science pub- 
lishes technical papers, six issues per year. There is a 
membership directory, and Expo-associated publications. 
The Institute hosts a popular website at www.ift.org where 
more information is available. 


FRANCES Katz 
Tnstitute of Food Technologists 
Chicago, Illinois 


INSTITUTE OF FOOD TECHNOLOGISTS: 
AWARDS. 


The Institute of Food Technologists (IFT) Committee on 
Awards seeks your nominations for IFT Achievement 
Awards described in the following. A single nomination 
form is provided. Election as an IFT Fellow requires a dif- 
ferent form, which may be requested from IFT headquar- 
ters, by using the IFT E-XPRESS fax-on-demand service 
by dialing 800-234-0270 in the United States and Canada 
(elsewhere by dialing 913-495-2551) and requesting docu- 
ment number 3510, or by visiting the IFT Web site at 
www.ift.org. The Marcel Loncin Research Prize is given in 
even-numbered years, and instructions for applying for it 
are available on the IFT Web site or by using IFT-Express 
(request document 3530). 


Rules for All IFT Achievement Awards 

1. The nominee must not have received another IFT 
Achievement Award or the Marcel Loncin Research 
Prize (but may have been elected an IFT Fellow) 
within the previous 5 years. A list of prior award 
recipients appears in the IFT Membership Directory. 

2. Any nonstudent IFT member can make a nomina- 
tion with four exceptions: (1) nominations or letters 


may not come from a juror serving on the same jury, 
(2) a person cannot self-nominate, (3) a person may 
nominate his or her own company for the Industrial 
Achievement Award, and (4) student members can 
nominate for the Cruess Award. 

3. The nomination must be received by IFT by Decem- 
ber 1. 

4. The nomination is handled in confidence. The iden- 
tity of the awards jury members is confidential. 

5. Unsuccessful nominations will be returned and may 
be resubmitted in subsequent years. 

6. All material in excess of specified page limits will not 
be given to the jury. Letters of support from sections 
and divisions are included in these limits and should 
be addressed to the Awards Committee. 

7. In any year in which none of the nominees meet the 
criteria, an award may not be presented. 

8. When two or more people nominate the same person 
for the same award, the nominators will be contacted 
and asked to combine their nominations and submit 
a single nomination to the jury. If there is not enough 
time to do this, the first nomination received will be 
sent to the jury for consideration. 


NICHOLAS APPERT AWARD 


Award. $5,000 honorarium from IFT and a bronze 
medal from the Chicago Section of IFT. 

Purpose. To honor an IFT member or nonmember for 
preeminence in and contributions to the field of food 
technology. 

Eligibility. The nominee must have made consistent— 
and essentially lifetime—contributions to food science 
and technology. Factors of personality or achievement 
outside the field of food technology cannot be consid- 
ered. For a detailed description and history of the award 
and the accomplishments of past winners, see the arti- 
cle “The Nicholas Appert Medalists—A Reflection of the 
Growth of Food Science and Technology,” by Alina Sur- 
macka Szcezesniak, Food Technology, September 1992, 
pp. 144-152. 

Special instructions. The nomination statement must 
not be more than four typed pages. Do not include a 
curriculum vitae or lists of publications and patents. 


BABCOCK-HART AWARD 


Award. $3,000 honorarium from the International Life 
Sciences Institute North America and a plaque from 
IFT. 

Purpose. To honor an IFT member who has attained dis- 
tinction by contributions to food technology that result 
in improved public health through nutrition or more nu- 
tritious food. 

Eligibility. The nominee must have made practical tech- 
nological contributions resulting in improved public 
health, as distinguished from contributions to clinical 
nutrition or purely scientific research, unless it has led 
directly to technological developments. The technologi- 


cal contributions, or the technological development re- 
sulting from scientific research, must be in actual, 
large-scale production leading to better consumer nu- 
trition. Such contribution could be made in the area of 
food production, food processing, or food packaging, 
storage, or distribution. An example ofa contribution in 
processing might be the development of equipment that 
would process food in a way to conserve nutrients or 
prevent wastage; another might be the development of 
a process that would inhibit or prevent bacterial spoil- 
age, oxidation, desiccation, or enzymatic deterioration 
of food, providing such contribution eventually influ- 
ences the nutritive well-being of the consumer. An ex- 
ample of a contribution in food production might be ge- 
netic studies to develop improved strains of cereal, 
fruits, or vegetables that would provide greater yield or 
increased nutritive content; another might be studies 
on animal nutrition that improve efficiency of produc- 
tion or studies on animal diseases that result in de- 
creased losses. Contributions could also be made in 
packaging, storage, or distribution conditions that 
would eventually affect nutritive value. 

Special instructions. The nomination statement must 
not be more than four typed pages. Do not include a 
curriculum vitae or lists of publications and patents. 


SAMUEL CATE PRESCOTT AWARD 


Award. $3,000 honorarium and a plaque from IFT. 
Purpose. To honor an IFT member who has shown out- 
standing ability in research in some area of food science 
and technology. 

Eligibility. The nominee must, by July 1 of the year of 
the presentation, (7) be younger than 36 years of age or 
(2) have received his or her highest degree within the 
previous 10 years. Special attention is given to contri- 
butions in methodology, competence shown, and effects 
of the research on advances in food science. 

Special instructions. The nomination statement must 
not be more than four typed pages. Attach a numbered 
list of nominee’s publications and patents and, to save 
space, refer to them in the nomination statement using 
these numbers. 


INTERNATIONAL AWARD 


Award. $3,000 honorarium and a plaque from IFT. 
Purpose. To honor an IFT member or an institution 
whose outstanding efforts result in one or more of the 
following: (1) international exchange of ideas in the field 
of food technology, (2) better international understand- 
ing in the field of food technology, and/or (3) practical 
successful transfer of food technology to an economically 
depressed area in a developing or developed nation. 
Eligibility. A balance between technology transfer and 
international exchange of ideas is desirable. Interna- 
tional exchange of ideas may be defined as one-on-one 
interactions, including sustained consulting or advising 
in several countries. This may include educating and 
training students, researchers, plant workers, and oth- 
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ers who return to foreign lands. Better international un- 
derstanding may be defined as continued interaction 
through international seminars, symposia, or working 
groups. Organizing responsibility is an important com- 
ponent. Technology transfer is a hands-on operation in- 
volving successful one-to-one transfer of food technology 
from those who have the knowledge to those who need 
and use it. The result must be a new, commercially vi- 
able process, packaging system, postharvest preserva- 
tion system, or other application of food science and 
technology of direct benefit to the local economy. Al- 
though such work could start with joint assessment of 
the need and potential market and involve training in 
the donor’s laboratories or pilot plant, emphasis is on 
on-site training and development of sufficient duration 
(probably at least 6 months) so the process continues to 
function and benefit consumers long after the donor has 
returned home. 

Special instructions. The nomination statement must 
not be more than four typed pages. Do not include a 
curriculum vitae or lists of publications and patents. 


WILLIAM V. CRUESS AWARD 


Award. $3,000 honorarium from IFT and a bronze 
medal from the Northern California Section of IFT. 
Purpose. To honor an IFT member who has achieved 
excellence in teaching food science and technology. 
Eligibility. Any IFT member who has at least 5 years of 
experience in university teaching in a department of- 
fering a bachelor’s degree in food science, food technol- 
ogy, or the equivalent is eligible. Courses taught by the 
nominee must deal directly with some aspect of food 
science or food technology. 

Special instructions. Members of the IFT Student As- 
sociation may nominate individuals for this award. A 
nomination statement is not required but, if provided, 
must not be more than one typed page. The nomination 
should be accompanied by up to eight letters signed by 
students, former students, or groups of students who 
have taken courses taught by the nominee. These let- 
ters should discuss one or more of the following criteria: 
(1) mastery of subject matter, (2) ability to communicate 
effectively the principles and practices of food process- 
ing and preservation, (3) enthusiasm for the field of food 
science and technology as a profession, (4) ability to 
stimulate students to select a professional career in food 
science and technology, and (5) ability to counsel effec- 
tively. Letters from up to four professional colleagues 
and administrators may also be offered but will not be 
used as primary evidence. 


CARL R. FELLERS AWARD 


Award. $3,000 honorarium from Phi Tau Sigma and a 
plaque from IFT. 

Purpose. To honor a member of IFT and Phi Tau Sigma 
who has brought honor and recognition to the profession 
of food science and technology through a distinguished 
career in that profession displaying exemplary leader- 
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ship, service, and communication skills that enhance 
the effectiveness of all food scientists in serving society. 
Eligibility. Nominee must have been a professional 
member of IFT for at least 15 years before the nomi- 
nation deadline of December 1. Nominees who are not 
members of Phi Tau Sigma shall be simultaneously 
elected to Phi Tau Sigma membership by that organi- 
zation upon selection as recipient of the Carl R. Fellers 
Award. In considering the further qualifications of nom- 
inees, priority shall be given to a record of achievement 
in communicating to the profession, to governmental 
and international agencies, and/or to the public scien- 
tific information relative to the quality, wholesomeness, 
safety, nutritive value, and other aspects of food and the 
food supply; in bringing individuals into the profession; 
and/or in propagating knowledge of the importance of 
the profession to the public, governmental agencies, and 
scientific and academic communities. 

Special instructions. The nomination statement must 
not be more than four typed pages. Do not include a 
curriculum vitae or lists of publications and patents. 


FOOD TECHNOLOGY INDUSTRIAL ACHIEVEMENT 
AWARD 


Award. A bronze plaque from IFT. 

Purpose. To honor a company or organization for devel- 
oping an outstanding food process and/or food product 
that represents a significant advance in the application 
of food science and technology to food production. 
Eligibility. The process or product must have been suc- 
cessfully applied in actual commercial operation at least 
6 months but no more than 7 years before December 1 
of the year in which the nomination is submitted. 
Special instructions. The nomination statement should 
describe, as much as possible, the development itself 
and its public health, scientific, technological, and eco- 
nomic importance and must not be more than four typed 
pages. To assist in judging the nomination, you may in- 
clude 10 copies of each of the following: reprints describ- 
ing the product or process, sample of the product, and 
videotape not to exceed 5 minutes. Reprints should be 
limited to a maximum of 4 different articles, or a total 
of 20 pages. 


CALVERT L. WILLEY DISTINGUISHED SERVICE AWARD 


Award. $3,000 honorarium a plaque from IFT. 
Purpose. To honor an individual who has provided con- 
tinuing, meritorious, and imaginative service to IFT. 
The award was first presented to Calvert L. Willey, then 
executive director of IFT, in 1987 and initiated on the 
fiftieth anniversary of IFT in 1989. 

Eligibility. The nominee must have been a professional 
member of IFT for 15 years or more, a member of IFT 
for 25 years or more, or on the IFT staff for 25 years or 
more. The nominee must not have received any other 
IFT Achievement Award. This does not include election 
as an IFT Fellow or the Marcel Loncin Research Prize. 
The primary consideration is continuing service to the 


institute rather than specific contributions to research, 
education, or development. Qualification is based on 
dedication, unique service, and supreme effort on behalf 
of IFT. 

Special instructions. The nomination statement must 
not be more than four typed pages. Do not include a 
curriculum vitae or lists of publications and patents. 


STEPHEN S. CHANG AWARD FOR LIPID OR 
FLAVOR SCIENCE 


Award. $3,000 honorarium and a Steuben crystal sculp- 
ture. 

Purpose. To honor an IFT member food scientist or tech- 
nologist who has made significant contributions to lipid 
or flavor science. 

Eligibility. The contributions can be on any aspect of 
lipid or flavor science, ranging from basic chemistry to 
applied technology, but must have had some impact on 
commercial operations. The award applies to all disci- 
plines involved in lipid or flavor science. For example, 
the nominee (1) studies the basic chemistry and mech- 
anism of autoxidation of lipids and the knowledge is 
used by one or more companies to improve the stability 
of their products; (2) publishes papers concerning the 
chemistry and processes for the removal, from fats and 
oils, of impurities that might be harmful to health, and 
the knowledge is used by one or more companies to im- 
prove the wholesomeness of their products; (3) studies 
basic chemistry and the process of deep-fat frying, and 
this information is used by one or more companies to 
improve their deep-fat-fried foods; (4) significantly con- 
tributes to the understanding of the chemical synthetic 
or biosynthetic process for the optimization of produc- 
tion of new, or nature-alike, flavor chemicals; (5) iden- 
tifies the chemical profiles of potential flavor sources 
and pinpoints the importance of key flavor chemicals by 
correlating them with physiological flavor response; or 
(6) makes significant advances in the development of 
analytical methodology in flavor chemistry. 

Special instructions. The nomination statement must 
not be more than four typed pages. Do not include a 
curriculum vitae or lists of publications and patents. 


INDUSTRIAL SCIENTIST AWARD 


Award. $3,000 honorarium and a plaque from IFT (if a 
team wins, each member of the team will receive a 
plaque and an equal share of the $3,000). 

Purpose. To honor an IFT member industrial scientist 
or team of industrial scientists who have made a major 
technical contribution to the advancement of the food 
industry. 

Eligibility. All team members must be IFT members. 
Team nominations should identify those persons pri- 
marily responsible for the achievement. Team size is 
limited to a maximum of five persons. Team nomina- 
tions should identify the role of each team member in 
accomplishment. Once a nomination is submitted, no 
additional team members may be added. 
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The nominees must have made one or more major tech- 
nical contributions to the advancement of the food in- 
dustry while a member of an industrial food organiza- 
tion. The nominees’ contribution must have had a 
significant, measurable impact in areas such as produc- 
tion; development of new products, processes, or pack- 
aging systems; improvement of food safety and nutri- 
tion; and so forth. Food research in industry is generally 
a team approach, making it difficult to assign credit for 
an outstanding technical accomplishment to one person 
or a small group. Nevertheless, the nomination should 
identify the person(s) most responsible for making the 
project(s) a success. Part of this success is the direct 
benefit of the scientists’ contribution to consumers and 
to the profession of food science and technology. 
Special instructions. The nomination statement must 
not be more than four typed pages. Do not include a 
curriculum vitze or lists of publications and patents. 


RESEARCH AND DEVELOPMENT AWARD 


Award. $3,000 honorarium and a plaque from IFT (if a 
team wins, each member of the team will receive a 
plaque and an equal share of the $3,000). 

Purpose. To honor an IFT member or team of members 
who have made a recent, significant research and de- 
velopment contribution to the understanding of food sci- 
ence, food technology, or nutrition. 

Eligibility. All team members must be IFT members. 
Team nominations should identify those persons pri- 
marily responsible for the achievement. Team size is 
limited to a maximum of five persons. Team nomina- 
tions should identify the role of each team member in 
accomplishment. Once a nomination is submitted, no 
additional team members may be added. 

The nominees must be primarily responsible for an 
achievement within the past 5 years in a research and 
development program. The achievement must signifi- 
cantly advance the discipline of food science, food tech- 
nology, or nutrition. The contribution may be basic or 
applied in nature and must advance science or improve 
the human condition. The nominees may have worked 
in any field (including academic, industrial, govern- 
ment, consulting, self-employment, or other endeavors). 
Special instructions. The nomination statement must 
not be more than four typed pages. Do not include a 
curriculum vitae or lists of publications but cite relevant. 
papers, patents, or articles that show the significance of 
the work. 


ELIZABETH FLEMING STIER AWARD 


Award. $3,000 honorarium from the New York Section 
of IFT and a plaque from IFT. 

Purpose. To honor an IFT member for pursuit of hu- 
manitarian ideals and unselfish dedication that have 
resulted in significant contributions to the well-being of 
the food industry, academia, students, or the general 
public. 

Eligibility. The nominee must have been an IFT mem- 
ber for the past 10 years and active in IFT at both the 


section and national levels. In instances where there is 
no IFT section level, activity in other food industry— 
related organizations may be considered. The nominee 
must not have received any other IFT Achievement 
Award but may have been elected an IFT Fellow. 

The nominee must have made measurable contribu- 
tions to the well-being of the food industry, academia, 
students in food science or closely related disciplines, 
and/or the general public. Such contributions must 
have demonstrated compassion and unselfish caring for 
the world and its people, measured not necessarily in 
terms of published papers or grants received but rather 
in terms of the number of lives enhanced by contact with 
the nominee or by the achievements of individuals as a 
result of such contact. 

Examples include but are not limited to outstanding ac- 
tivities in (1) academic advising or mentoring; (2) ser- 
vice to IFT or the industry, institutions, governments, 
or publics it serves; or (3) service to groups or individ- 
uals in need (such as work in hunger programs or in the 
delivery of education to persons without other means of 
acquiring it). 

Special instructions. The nomination statement must 
not be more than four typed pages. Do not include a 
curriculum vitae or lists of publications and patents. 


BERNARD L. OSER FOOD INGREDIENT SAFETY AWARD 


Award. $3,000 honorarium and plaque from the Ber- 
nard L. Oser Endowment Fund. 

Purpose. To honor an IFT member for his or her contri- 
bution to the scientific knowledge of food ingredient 
safety or for leadership in establishing principles for 
food ingredient safety evaluation or regulation. 
Eligibility. The nominee must have been a professional 
in the area of food additive or GRAS ingredient safety 
in an academic, industrial, and/or government setting 
for at least 10 years. The area of professional involve- 
ment for this award can include toxicological research, 
analytical research, safety/regulatory involvement, and 
associated scientific work in support of food additive 
and GRAS ingredient safety evaluation and policy de- 
velopment. Publications and examples of leadership 
qualities in the area of safety evaluation will be the cri- 
teria for final selection. 

Special Instructions. Must not be more than four typed 
pages. Attach a numbered list of nominee’s publica- 
tions, and, to save space, refer to them in the nomina- 
tion statement using these numbers. 


Patti PAGLIUcO 
Institute of Food Technologists 
Chicago, Hlinois 


INSTITUTE OF FOOD TECHNOLOGISTS: 
HISTORY AND PERSPECTIVES 


The Institute of Food Technologists (IFT) is one of the pre- 
mier societies for food science and technology in the world. 
Indeed it may be the premier society. Founded in 1939, IFT 
has grown to a membership of approximately 29,000 (1). 
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It has 56 regional sections, some of which have subsections 
in adjoining geographical areas where a number of IFT 
members live but distance is too great for them to attend 
regularly meetings of the regional section. There are 24 
discipline or commodity divisions such as Carbohydrate, 
Food Chemistry, Food Engineering, Fruit and Vegetable 
Products, and Sensory and a very strong student associa- 
tion. The latter has recently petitioned to be designated as 
a division. That change would be more a matter of title 
than of increased stature, for there are already provisions 
for a student to be a voting member of the IFT’s Executive 
Committee, its Finance Subcommittee, and several other 
committees. 


FORMATION OF THE INSTITUTE 


The formation of the Institute in 1939 was the result of the 
efforts of several food technologists and engineers who felt 
that there should be a discipline for a subject as important 
as the production, nutrition, and safety of foods. In 1937 a 
food technology conference was held at the Massachusetts 
Institute of Technology (MIT). The conference was chaired 
by Dr. Samuel C. Prescott, Dean of Biology at MIT. At the 
conclusion of the conference, Dr. Bernard E. Proctor, also 
of the MIT faculty, expressed the hope that similar gath- 
erings would be held to function as clearinghouses of in- 
formation for the scientific and industrial communities. 
Concurrently at the New York Agricultural Experiment 
Station in Geneva, New York, George J. Hucker was fos- 
tering the idea of an organization of food-related societies. 


BEYOND BROACHING AN IDEA 


In January 1939 representatives of the two groups met in 
New York City to discuss the details of such an organiza- 
tion. Lawrence V. Burton, then the editor of Food Indus- 
tries, came prepared with a proposed draft for such an or- 
ganization, suggested a definition of food technology, and 
proposed that the organization be called the Society of 
Food Engineers. The group selected instead the name In- 
stitute of Food Technologists, because several individuals 
realized that the organization should not restrict itself to 
engineers. 

The purpose of the organization was specified as fol- 
lows: 


To facilitate interchange of ideas among its members 
To stimulate scientific investigations into technical 
problems dealing with the manufacture and distribu- 
tion of foods 

To promulgate the results of research in food technology 
To offer a medium for the discussion of those results 
To plan, organize, and administer such projects for the 
advancement and application of science insofar as it is 
fundamental to wider knowledge of foods 


The Second Food Technology Conference was held at 
MIT, June 29 to July 1, 1939, under the direction of Dr. 
Proctor. At that meeting it was formally decided to 
establish the IFT. Prescott was elected president, Roy C. 
Newton of Swift & Co. vice president, and Hucker, 
secretary-treasurer. (Eventually, Burton, Hucker, and 


Proctor all were elected presidents of the IFT.) The first 
team of officials is the only one that served for a second 
year. (However, today the president does serve one year as 
president-elect and one year as immediate past president, 
having several official duties as president-elect and some 
as immediate past president.) There were 600+ scientists 
and engineers in attendance at the meeting in 1939. 


ANNUAL MEETING THEREAFTER 


In Pittsburgh in October 1940, the Council (ie, the govern- 
ing body of the Institute) held its first meeting, elected 
members, and scheduled the first IFT conference to be held 
in Chicago the following June. There were 839 founder and 
charter members. (In 1997 there were 9031 professional 
members, 14,855 members, 1709 emeritus members, and 
2642 student members.) The Institute has had an annual 
meeting and food exposition every year since 1941 with the 
exception of 1945 when the meeting was not convened in 
order to aid the war effort by avoiding unnecessary travel. 


EARLY-CURRENT OFFICERS 


The Institute was served for five years by Hucker as its 
voluntary secretary-treasurer, then for five years by Carl 
R. Fellers. In 1949 Charles S. Lawrence, former comman- 
dant of the Quartermaster Food and Container Institute 
for the armed services was appointed secretary-treasurer 
on a one-half time basis. Lawrence set the IFT office up in 
Chicago where it still is though the Food and Container 
Institute was later moved to Natick, Massachusetts, and 
is now a part of the U.S. Army Natick RD&E Center. 
Lawrence served as secretary-treasurer until 1961. Cal- 
vert L. Willey was hired as a full-time executive secretary; 
the title was later changed to executive director. He retired 
in 1987. That year Howard W. Mattson, who had been di- 
rector of public affairs, became the executive director. He 
resigned for health reasons in 1991. Daniel E. Weber, who 
had been director of meetings and expositions for several 
years, became executive director upon the resignation of 
Howard Mattson. In 1999, his title was changed to exec- 
utive vice president. 


IFT ORGANIZATIONAL STRUCTURE 


The Council of the IFT is the policymaking body of the 
organization. Aside from policy, any changes in the Con- 
stitution must be acted upon by the Council. The Council 
is composed of one or more councillors elected by each of 
the regional sections and one councillor from each of the 
divisions. The number of councillors a regional section has 
is determined by the number of IFT members within its 
region. In essence, the Council represents the members, 
for each councillor is elected by the members of his or her 
regional section. 

The executive committee is the administrative body for 
the members. It is composed of six members elected from 
among the councillors; six elected from among the mem- 
bers at large; the president-elect, the president, and the 
immediate past president; plus, as ex officio members 
without a vote, the treasurer of the Institute, the assistant 
treasurer, and the executive vice president of the Institute. 
The Finance subcommittee of the executive committee pre- 
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pares the budget, but approval or disapproval rests in the 
hands of the executive committee. The executive commit- 
tee is the agency that provides direction to the staff and 
assignment of committee responsibilities, and other mat- 
ters relating to running the organization. The executive 
committee answers to the Council on matters relating to 
policy; for matters such as establishing the budget, it 
merely informs the Council of its decision. 

By far the bulk of members’ input is by way of the com- 
mittee structure. There are 25 committees, plus some of 
the committees have subcommittees. The executive com- 
mittee has four subcommittees: finance, publications, sci- 
entific editor, and information systems. The IFT has 
representatives on five other organizations such as Inter- 
national Union of Food Science and Technology (IUFoST) 
and Codex Alimentarius, and it has liaisons with 11 other 
organizations such as the American Association for the Ad- 
vancement of Science, American Oil Chemists’ Society, So- 
ciety of Toxicology, and the American Dietetic Association. 
Committee members are appointed by the president-elect 
for a three-year term with one-third of the committee 
members rotating off the committee each year. 

The staff of the IFT consists of the executive vice pres- 
ident and six other directors of such functions as finance 
and administrative services, science communications, in- 
formation services and field services, and continuing edu- 
cation. In all, the staff consists of approximately 58 em- 
ployees. 


MEMBERSHIP CLASSES 


The four membership classes have already been referred 
to briefly. To become a professional member, one must first 
have been a member for five years. Members must have a 
bachelor’s degree or higher degree in food science or a 
branch of science or engineering associated with food tech- 
nology. Two-thirds of the members hold degrees in food sci- 
ence itself or a related basic or applied science such as 
nutrition. Approximately 35% of the members hold a doc- 
torate. Those not qualified to become professional mem- 
bers are individuals who are active in the food field, have 
substantial experience in it, and, generally, have a degree, 
but in some field other than science or engineering. 


PROGRAMS OF THE INSTITUTE 


The IFT has had a strong, active awards program since 
1942, when the first of the Nicholas Appert Awards was 
given, and a scholarship/fellowship program since 1954 
(1). In 1946 the Marcel Loncin Research Price carrying an 
award of $10,000 was initiated (2). Aside from the Nicholas 
Appert Award, considered the most prestigious of the 
awards, there are 11 other major awards for such things 
as excellence in teaching, significant contributions made to 
improved public health through nutrition, significant con- 
tributions to lipid or flavor science, international award for 
transfer of knowledge, and an award for technical contri- 
butions toward advancement of the food industry. Carrying 
no monetary award but considered a signal honor is elec- 
tion as a Fellow of the Institute. 

In 1997-1998, the IFT awarded 17 freshman scholar- 
ships varying from $1000 to $1500, 15 sophomore schol- 


arships in the same award range, 63 scholarships to jun- 
iors or seniors with the range of $1000 to $2000 each, and 
38 fellowships to graduate students with the range of 
$1000 to $2500. 


SCIENCE COMMUNICATION PROGRAM 


In 1985 the IFT established its Office of Scientific Public 
Affairs (OSPA) (1). Under the direction of the director of 
OSPA, regional communicators were appointed in nearly 
all the states in the United States. The responsibility of 
these regional communicators was to serve as resource 
personnel whenever a food editor or anyone else wanted 
objective information on some aspect of public health, food 
additives, nutrition, or any other query having some rela- 
tion to foods and the food industry. A few years later the 
name of the function was changed to science communica- 
tors. That program still functions by way of science com- 
municators, but their roles have been expanded. By E- 
mail, fax, and other means the science communicators are 
given advance information of impending changes or 
thought, especially that coming from federal agencies or 
Congress, so that they can be well prepared not only to 
answer questions but also to take the lead by disseminat- 
ing information without having to wait for someone seek- 
ing information to approach them. The Science Commu- 
nication office is also responsible for coordinating the 
writing of Scientific Status Summaries. The staff does not 
do all the writing—that is mostly done by an expert in the 
particular subject-matter being written about—but either 
the Science Communications Office or the editor of Food 
Technology provides input to make the Status Summary 
as readable as complex subject-matter permits. The idea 
is to provide objective, factual information for all types of 
people—those in related science fields, media specialists of 
various types, and consumers themselves. 


THE IFT FOUNDATION 


The newest of the IFT’s endeavors was the establishment 
of a foundation to provide financial support for IFT pro- 
grams such as scholarships and the Science Communica- 
tions Program, to augment funds going into the Career 
Guidance Program, and, most recently, to underwrite the 
expenses of the IFT funding a Science Congressional Fel- 
low. So far, the Congressional Science Fellows have spent 
one year each as an assistant to a senator or a represen- 
tative. The foundation supports jointly with the IFT 129 
scholarships/fellowships and recently provided most of the 
funding to distribute 5312 career videos to schools. During 
the past year the science communicators responded to 
more than 1000 inquiries from the media. More than 20 
continuing education courses were given, and a food sci- 
ence course has been established on the World Wide Web. 
The foundation was first chartered in 1985. In 1993 the 
foundation initiated a fund drive that brought in approxi- 
mately $2.7 million, which has permitted it to expand its 
activities greatly. The foundation was not dormant from 
1985 to 1993. It just took time to work out the means to be 
able to fund IFT programs while ensuring sufficient finan- 
cial support to be able to pay for the costs of a fund drive. 
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The foundation was chartered to serve as a fund-raising 
arm for the IFT with the objective of acquiring resources to 
reach the highest level of achievement in the food science 
profession. The foundation board elects six individuals to 
serve on the board. All need not be IFT members. The IFT 
executive committee appoints six members. Members are 
appointed for three-year terms, The treasurer of the IFT, 
the IFT’s executive vice president, and the president of the 
IFT are ex offico members of the Board. In 1997 the board 
hired a director of development for the foundation. 


IFT PUBLICATIONS 


The IFT publishes two journals. One is the Journal of Food 
Science. Approximately 50% of the articles it publishes 
come from outside the United States, which attests to the 
journal’s high repute. In 1950 the IFT purchased thejournal 
Food Research from Garrard Press and changed its name 
to the Journal of Food Science (JFS). The first issue of Food 
Technology was published in January 1947. JFS of course 
is peer-reviewed; so too are many of the articles in Food 
Technology. The latter contributes to the reputation of the 
IFT, for approximately 17.6% of IFT members reside 
abroad, and all members and professional members receive 
Food Technology as a part of their dues. Food Technology 
features some of the outstanding papers given at the annual 
meeting, various didactic or expository articles, and each 
Scientific Status Summary. Illustration of the last are “As- 
sessing, Managing, and Communicating Chemical Food 
Risks” (3), “Foodborne Disease Significance of Escherichia 
coli 0157:H7” (4), “Irradiation of Food” (5), and “Glass Tran- 
sition in Low Moisture and Frozen Foods” (6). 


PERSPECTIVES 


The preceding subjects demonstrate that the IFT is active 
on several fronts in bringing food science to a high state of 
development. For a long time it has had an international 
presence too, Reference was made above to the number of 
articles published inJFS by othersin the global community. 
For many years, the IFT has had four regional sections out- 
side the country: England, British Columbia (Canada), Ja- 
pan, and Mexico. Some years ago the IFT decided not to 
charter any more regional sections abroad. It did so to avoid 
any possible conflict with existing food science societies in 
other countries or with the formation of societies in coun- 
tries presenting lacking such an organization. The IFT has, 
however, maintained affiliation with several societies 
abroad. At present there are 22 “affiliates” of the IFT. Some 
countries, such as Spain, have more than one affiliate. 
There currently is a recommendation that the IFT change 
the name of the relation from “affiliate” to “allied” to be sure 
that the relation is understood to be between equals. 


IFT AND IUFOST 


Within the past three years the IFT has turned toward 
instituting a greater international presence. The number 
of international companies exhibiting products, equip- 
ment, and services at the annual meeting of the IFT as 
well as the number of attendees and papers given by those 
from outside the United States attests to its strong inter- 


national presence. In 1998 the Canadian Institute of Food 
Science and Technology, the Mexican Association for Food 
Science and Technology, and the IFT held their annual 
meetings or conferences at the same time in Atlanta. 
Within the past five years, the IFT has stepped up its sup- 
porting role in IUFoST. 

IUFoST is an organization made up of member coun- 
tries, each of which has official delegates to IUFoST, the 
number being different according to the dues paid to 
IUFoST. No country, however, can have more than six del- 
egates, The United States, for example, has six accredited 
delegates. At four-year intervals IUFoST hosts a meeting. 
The last one was held in 1995 in Hungary, and the next 
one is to be held in Australia in 1999. Currently, the United 
States, actually the IFT, pays its yearly dues of $6000, but 
it also underwrites some of the administrative expenses of 
IUFoST by providing services to it. During 1996-1997, the 
IFT and IUFoST developed a plan, called the International 
Action Plan, to strengthen formally each other’s endeavors 
to facilitate cooperation among the member bodies. The 
IFT and IUFoST envision that there are many areas where 
exhibitions, short courses, other types of training courses, 
and various forms of cooperation could be carried on more 
effectively and expeditiously, by joint efforts, without com- 
promising in any way the interests of national bodies in 
other countries, if the IFT and IUFoST were to take the 
lead in funding and supporting such endeavors. At the 
present time, the IFT will do most of the funding, for 
TUFoST has always been handicapped by the limited re- 
sources it has been able to generate. Many of its member 
countries are among the poorest in the world. 

Based on its record to date, the perspectives for the IFT 
are that it will become even more the knowledgeable and 
influential organization that it is in the United States. Be- 
cause of its current commitment to bring its organizational 
skill and willingness to share its knowledge and resources 
with food science organizations elsewhere, the prospects 
are that the IFT will assume in the years ahead interna- 
tional roles even more beneficial to food science and tech- 
nology and thus to the world’s food supply and the well- 
being of humans. 
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INTERNATIONAL DEVELOPMENT: AUSTRALIA 


Australia is an island continent similar in area to main- 
land United States, but with a much smaller population 
(16.3 million). Because it lies between latitudes 10° and 
43.5° south, spanning temperate and tropical zones and 
corresponding to a climatic range in the Americas from 
northern California to Costa Rica, Australia is able to pro- 
duce a wide range of food crops. 

However, food production in Australia is greatly con- 
strained by the limits of arable land and rainfall. Intensive 
agriculture is possible only on the eastern seaboard, in the 
southwestern corner, and in some inland irrigation dis- 
tricts. Progressively inland from the coast there is a band 
of country suitable for dryland farming of cereal crops and 
then large areas fit only for open grazing of cattle and 
sheep; half of the continent is desert. 

Nevertheless, Australia has exportable surpluses of 
many foods, notably meat, wheat, rice, cane sugar, dairy 
products, fruits, and seafoods. Australia is second in world 
ranking, after the European Community, in exports of beef 
and veal, second after New Zealand in exports of mutton 
and lamb, third after the United States and Canada in 
exports of wheat and third after Cuba and Europe in ex- 
ports of sugar. The major export markets for Australian 
food commodities are Japan (25%), other Asian countries 
(23%) and the United States (12%) (1). 

Although the Australian aborigines lived off the land, 
the only indigenous plant product that has achieved com- 
mercial production is the macadamia nut. Of the native 
animals, only the kangaroo is used for meat, mainly for pet 
food, but the introduced and now-feral rabbit and buffalo 
are also used for human food. 
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THE FOOD INDUSTRY 


Among the manufacturing industries in Australia the food 
industry stands first and accounts for about 20% of em- 
ployment, turnover, and value added. The larger enter- 
prises are mostly owned completely or partially by multi- 
national corporations. However only 7.5% of the turnover 
is exported and, as for the primary commodities, the 
major markets for Australian processed foods are Japan 
(30%), other Asian countries (25%), and the United States 
(12%) (2). 


Meat 


Meat is the most important food commodity produced in 
Australia in terms of value, with a total production mostly 
beef, around 1.5 million tons per year of which about one- 
half is exported. Australia has a large population of sheep 
(150 million), but production of sheep meat (0.5 million t) 
is secondary to wool production. 

Because cattle are raised mainly on the open range, the 
beef produced tends to be low in fat and high in protein 
and is most suitable for manufactured meat products such 
as hamburgers and sausages. Thus Australia has devel- 
oped valuable export markets, notably in the United 
States and Japan, for frozen boneless beef and mutton and 
chilled vacuum-packed boneless beef. Consumption of 
meat in Australia is around 236 lb per head per year, which 
may be the highest in the world, and is made up of 94 Ib 
beef, 50 Ib lamb and mutton, 40 lb pork, and 52 lb poultry. 

Innovative techniques developed in the Australian 
meat industry for converting live cattle into beef save man- 
power and eliminate many of the physically demanding 
and unpleasant tasks on the slaughter floor. Electric 
stimulation of beef carcases is widely applied to increase 
tenderness especially in conjunction with hot boning. 
Spraying carcases with hot water around 80°C for 10s re- 
moves 90-99% of contaminating bacteria including food 
poisoning organisms. Packaging of meat cuts under 
vacuum or in modified atmospheres in plastic films of the 
right barrier properties is now widely practiced to extend 
the storage life in chilled storage and distribution (3). 

The poultry industry has moved from frozen whole 
chickens to marketing 85% of its production (approaching 
0.5 million tons) in the chilled fresh form. The range of cut- 
up chicken products in raw, semiprocessed, and cooked 
forms has greatly increased. Modern plants with comput- 
erized control typically process 8,000 birds per hour (4). 


Cereals 


Wheat is the major cereal crop in Australia with annual 
production ranging up to 13 million t of which 80% is ex- 
ported. Domestic usage of wheat is about 1 million t mainly 
for bread. A few large companies dominate the cereals in- 
dustry with integrated operations embracing flour milling, 
computerized feed formulation for stock and poultry, and 
bread manufacture (5). 

Australia is pioneering a modern application of an an- 
cient technique for control of insect infestation in stored 
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grains by creating an atmosphere of carbon dioxide, which 
effectively asphyxiates the insects but leaves no chemical 
residue. This technique is being applied on a large scale to 
the storage and transport of wheat, rice, and cocoa beans 
in silos, storage sheds, and intermodal containers. 

Most Australian bread is made by an activated dough 
process developed by the Bread Research Institute. Con- 
sumer interest in dietary fiber has encouraged production 
of whole meal and multigrain breads and breakfast foods 
of the muesli type and those containing wheat, oat, and 
rice brans. Small speciality bakeries produce croissants, 
French pastries, rye breads, and Arabic breads. 

An Australian company is third in the world in yeast 
manufacture and pioneered distribution of bulk cream 
yeast in refrigerated tankers. Some 20% of the flour milled 
in Australia is used for the manufacture of starch and glu- 
ten. Australia is one of the few countries in the world with 
a starch industry based on wheat rather than on maize or 
potatoes, 

Rice growing under irrigation is a highly developed in- 
dustry, which claims to achieve the highest yields of rice 
anywhere in the world. Of the annual production of 0.5 
million t, 85% is exported. One feature of technology in this 
industry is the drying of rice in silos by the circulation of 
large volumes of ambient air. 

A new grain legume crop, developed and commercially 
pioneered in Australia, is the sweet lupin, Lupinus angus- 
tifolius, which is extremely well adapted to the infertile 
sandy soils of Western Australia. Annual production is now 
around 1 million t of lupin seed, of which half is exported. 
Seeds of the sweet lupin are low in alkaloids and contain 
about 30% protein but very little starch. They are particu- 
larly useful for stock feeding and are beginning to be ex- 
ploited for human food as sprouts, in fermented oriental 
foods, and in bread (6,7). 


Dairy Products 


Milk production in Australia amounts to 6 million t per 
year of which 29% is consumed directly, 20% go to butter 
manufacture, 22% is used in cheese manufacture, and the 
remainder goes to production of dried milks and casein. 
Most of the dried milks produced are exported. 

Pasteurized milk is distributed in 1- and 2-L cartons 
and plastic bottles, but pressure from the green move- 
ment is encouraging a return to returnable and recyclable 
glass bottles. A range of modified milks is available: low 
fat, calcium fortified, and low lactose produced by hydro- 
lysis of lactose by immobilized enzyme technology. Long- 
life milks are produced by aseptic processing and the 
same lines are used for shelf-stable cream and custards. 
Cultured dairy products, especially yogurt, have become 
popular items (8). 

Cheese manufacture is largely mechanized and the in- 
auguration of a continuous curd-making plant for Cheddar 
cheese in 1987 was a world first for Australia. Many small 
companies are making specialty cheeses in French. Swiss, 
and Italian styles. With an ice cream consumption of 18 L 
per head per year, Australia is second only to the United 
States. 


Australia has been a leader in the application of mem- 
brane processes in the dairy industry. Ultrafiltration is be- 
ing used to produce protein concentrates from whey and 
cheese base concentrates for cheese manufacture. Milk 
concentrated by reverse osmosis to twice the solids content 
is being exported in frozen form to Southeast Asian coun- 
tries (9). 


Fruits and Vegetables 


Because of its wide climatic range, Australia is able to pro- 
duce a great variety of fruits and vegetables. Grapes, ap- 
ples, citrus fruits, peaches, pears, apricots, pineapples, and 
bananas are the principal fruit crops. Minor crops include 
other stone fruits, berry fruits, and tropical fruits such as 
mango, avocado, and passion fruit as well as coffee and tea. 
These fruits provide the raw materials for the fruit can- 
ning, fruit juice, sun drying, and wine industries all of 
which export substantial proportions of their production. 
A recent development is the canning of fruits with no 
added sugar, using a fruit juice, particularly pineapple or 
pear juice, as the packing medium. 

The annual crop of grapes in Australia approaches 0.8 
million t, of which 62% are used for wine making; 33%, for 
drying into raisins, sultanas, and currants; and 5%, for ta- 
ble fruit. The Granny Smith apple, which originated in 
Australia as a chance seedling, is reputed to be the best of 
all apple varieties in keeping quality, keeping for a year or 
longer in controlled-atmosphere storage with reduced ox- 
ygen and increased carbon dioxide contents. 

Among vegetables, potatoes, tomatoes, and green peas 
are grown in greatest amounts and, with many other vege- 
tables, are distributed in fresh, frozen, and canned forms. 
Australia led the world in the introduction of free-flowing 
frozen peas packed in polyethylene film bags (10). 


Fats and Oils 


For the manufacture of margarines and edible oils, Aus- 
tralia uses 100,000 t/yr of locally produced oils (mainly 
sunflower, safflower, cottonseed, groundnut and maize oils) 
together with a similar quantity of imported oils (mainly 
palm oil with some canola, coconut, and soybean oils) and 
70,000 t of edible tallow. A recent achievement by plant 
breeders is a linseed variety yielding an edible oil that has 
been called linola. Polyunsaturated margarines are widely 
consumed with polyunsaturated to saturated ratios 2:1 or 
3:1 (ratios of cis-methylene-interrupted polyunsaturated 
fatty acids to saturated fatty acids). 


Seafoods 


In relation to the length of the coastline of the continent, 
the Australian fishing industry is small, but there are sig- 
nificant exports of several high-value seafoods, notably 
rock lobsters, prawns, and abalone. Australia is the largest 
producer of abalone in the world. Commercial aquaculture 
of Atlantic salmon and rainbow trout is being successfully 
practiced in Tasmania (11). 


Sugar 


The cane sugar industry in Australia produces 3 million 
t/yr of which 2 million tons are exported. Australian con- 


sumption of sugar directly and in manufactured foods and 
beverages is consistently ca 112 lb per head per year. Con- 
fectionery consumption averages 20 lb per head per year, 
which is considerably less than Switzerland and the UK 
but similar to consumption in the United States. 


Beverages 


Beer is the most popular alcoholic beverage in Australia 
with an annual consumption of 115 L per head; wine con- 
sumption is 20 L. Two companies dominate the brewing 
industry but there are many boutique brewers producing 
specialty brews. The major products are of the lager type 
with ales as the minor segment. Low-alcohol beers claim a 
significant share of the market, typically with 2.2% alcohol 
by direct brewing or 0.9% alcohol with alcohol removed by 
vacuum distillation; excise is related to alcohol content 
(12). 

There are more than 500 wineries in Australia, but 80% 
of the wine is produced by 12 companies. Recent advances 
in wine technology include partial or complete clarification 
of grape juice for white wine before fermentation, tem- 
perature control and oxidation control with inert gas blan- 
keting in tank storage, more rational use of sulfur dioxide 
and other antioxidants, and centrifugation and membrane 
filtration technology. There has been a large increase in 
wine sales in 5-L collapsible bag-in-box packages (13). 

A wide variety of fruit juices is available in several pro- 
cessed forms: chilled (49%) and aseptically processed (28%) 
in gable-top paperboard containers or high-density poly- 
ethylene bottles, pasteurized (14%) in 2-L plastic bottles, 
and canned (9%). The cost of metal cans is currently about 
six times that of equivalent packs in polyethylene. 

An Australian company has pioneered the development 
of cross-flow microfiltration technology with self-cleaning 
by gas back-flushing. This technology finds application in 
the wine and fruit juice industries for sterilization of grape 
juice prior to fermentation, for sterile filtration of wines 
prior to bottling, and for production of sterile, bright fruit 
juices; extension to the beer industry to replace diatoma- 
ceous earth filtration is envisaged. A further application is 
for replacement of conventional water-treatment technol- 
ogy in the soft drinks industry (14). Other recent devel- 
opments are a countercurrent extractor for fruit juices 
with intermittent reversal of the screw, which greatly im- 
proves efficiency, and a spinning cone distillation column 
for recovery of fruit flavors and removal of alcohol to pro- 
duce nonalcoholic wines (15). 


EDUCATION 


Degree courses in food science and technology requiring 
three or four years of postsecondary study to attain the 
bachelor’s degree and one or two years in addition to the 
master’s degree, are offered in a number of tertiary edu- 
cational institutions in Australia: University of New South 
Wales, Sydney; University of Western Sydney, Hawkes- 
bury, New South Wales; University of Queensland, Gatton; 
Deakin University, Geelong, Victoria; Royal Melbourne In- 
stitute of Technology, Victoria; Western Institute, St. Al- 
bans, Victoria; Ballarat College of Advanced Education, 
Victoria; and Bendigo College of Advanced Education, Vic- 
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toria. The University of New South Wales offers a master’s 
course in food engineering, and the Curtin University of 
Technology, Perth, Western Australia, a course in nutrition 
and food science. 

Degree courses are also offered in a number of areas 
peripheral to food science and technology: biotechnology at 
the universities of New South Wales and Western Sydney; 
food microbiology at the South Australian Institute of 
Technology, Adelaide; wine science at Charles Sturt Uni- 
versity, Wagga Wagga, New South Wales, and Roseworthy 
Agricultural College, South Australia; home economics at 
the University of Western Sydney, Brisbane College of Ad- 
vanced Education, Queensland and Western Australian 
College of Advanced Education, Perth; hospitality studies 
at the University of Queensland, Gatton, Footscray Insti- 
tute of Technology, Victoria and Wodonga Institute of Ter- 
tiary Education, Victoria; and applied toxicology at Royal 
Melbourne Institute of Technology. Graduate diploma 
courses are offered in food and drug analysis at the Uni- 
versity of New South Wales, in food packaging at the Uni- 
versity of Queensland, Gatton, and in human nutrition at 
Deakin University. Three universities (University of New 
South Wales, University of Western Sydney, and Univer- 
sity of Queensland) accept candidates for the doctor of phi- 
losophy degree in food science and technology, which re- 
quires at least three years of study and research beyond 
the bachelor’s degree. The annual output of graduates from 
all the Australian courses is around 100, and the job op- 
portunities in the food industry are such that these people 
are readily absorbed. 

In all the Australian states, in the capital cities, and in 
many regional centers, there are colleges of technical and 
further education which offer diploma courses in most of 
the areas already listed and also certificate or trade 
courses in baking, bread making, butchery, small goods 
manufacture, meat inspection, dairy products manufac- 
ture, food processing, food laboratory techniques, packag- 
ing, hospitality, and catering and commercial cookery. 


RESEARCH AND DEVELOPMENT 


Expenditure on food research and development in the food 
industry amounts to only 0.1-0.2% of turnover (16). Most 
of this work is development work related directly to the 
production and marketing plans of the particular company. 
The companies that have overseas affiliations share the 
benefits of research and development in their parent com- 
panies but it is seldom possible for the results of overseas 
research and development to be applied directly in Austra- 
lia. Additional development steps are generally necessary 
because Australian raw materials and food regulations are 
different and Australian consumers make different de- 
mands. 

The Commonwealth (Federal) government makes a ma- 
jor contribution to food research and development through 
the Commonwealth Scientific and Industrial Research Or- 
ganization (CSIRO). Among the 40 divisions of CSIRO, 
those that engage in some research related to food science 
and technology are the divisions of Food Processing, Plant 
Industry, Human Nutrition, Horticulture, and Entomol- 
ogy. The Division of Food Processing has a staff of 120 pro- 
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fessional scientists and 150 support staff and an annual 
budget of $15 million (Australian). Its headquarters are at 
the CSIRO Food Research Laboratory, North Ryde, New 
South Wales, which conducts research on food microbiol- 
ogy, food engineering, food packaging and transport, food 
acceptance, and the functional properties of food constit- 
uents. The division also embraces the CSIRO Meat Re- 
search Laboratory, Cannon Hill, Queensland which con- 
ducts research on meat quality, storage, and processing 
and the CSIRO Dairy Research Laboratory, Highett, Vic- 
toria, which works on the separation and utilization of 
milk components and the microbiology and technology of 
dairy products, 

The Division of Plant Industry maintains the CSIRO 
Wheat Research Unit at North Ryde, New South Wales, 
which has projects on the proteins of wheat and the utili- 
zation of gluten. The research program of the Division of 
Human Nutrition includes investigations on the role of di- 
etary fiber. The Division of Horticulture works on the 
postharvest handling and storage of fruits and vegetables, 
and the Division of Entomology has a project on the control 
of insect pests in stored grains. The Commonwealth De- 
partment of Community Services and Health is responsi- 
ble for the collection of data on the composition of Austra- 
lian foods and has recently published revised composition 
tables and a related computer data base (17). The Depart- 
ment of Defence Materials Research Laboratory at Scotts- 
dale, Tasmania, undertakes food research and develop- 
ment to meet specific needs of the armed forces. 

Some state governments support food-related research, 
notably the Victorian Department of Agriculture and Rural 
Affairs, which maintains the Food Research Institute at 
Werribee, Victoria, and the Queensland Department of Pri- 
mary Industries, which has the International Food Insti- 
tute of Queensland at Hamilton, Queensland. Most of the 
universities with food science and technology programs un- 
dertake contract research and development for the food in- 
dustry and the University of New South Wales has the 
Food Industry Development Centre. 

Commodity research trust funds in which the federal 
government matches amounts raised by compulsory levies 
have been set up for the meat, pig meat, poultry, egg, dairy, 
wheat, grain legume, dried fruit, fisheries, honey, and oil- 
seed industries. These funds are used in part to support 
competitive grants for food research and development pro- 
jects. 

Three branches of the food industry have created re- 
search associations for carrying out cooperative research 
and development the Bread Research Institute of Austra- 
lia, North Ryde, New South Wales; the Australian Wine 
Research Institute, Adelaide, South Australia; and the 
Australian Sugar Research Institute, Mackay, Queens- 
land. 


ORGANIZATIONS 


The professional organization representing food science 
and technology in Australia is the Australian Institute of 
Food Science and Technology (AIFST), which began in 
1950 as a regional section of the Institute of Food Tech- 
nologists, the first regional section to be commissioned out- 


side of the United States. In 1967, AIFST became an in- 
dependent organization and now has 1,850 members in 
several grades: Fellows, Associates, graduate members, 
student members, licentiates, and affiliates, according to 
defined requirements of professional qualification and food 
industry experience. AIFST is the Australian representa- 
tive body in the International Union of Food Science and 
Technology. AIFST has six state branches which come to- 
gether in an annual convention; there are also technical 
interest groups in the areas of food microbiology, food pro- 
cessing and engineering, food service, seafood technology, 
and nutrition. The technical journal Food Australia is the 
joint official organ of AIFST and the Council of Australian 
Food Technology Associations (CAFTA). 

CAFTA is an organization of companies in the food in- 
dustry and its membership of 233 companies embraces the 
majority of food and beverage manufacturers, food ingre- 
dient suppliers, and some retailers. Its principal function 
is to represent the food industry on government commit- 
tees concerned with food standards and regulations. 
CAFTA also conducts, in conjunction with AIFST, the Food 
Information Service, which seeks to inform the media, ed- 
ucators, and consumers about food safety, quality, and nu- 
trition. 

Other technical organizations serving the general area 
of food science and technology are the Cereal Chemistry 
Group of the Royal Australian Chemical Institute, the Aus- 
tralian Society for Viticulture and Oenology, the Dairy In- 
dustry Association of Australia, the Australian Society of 
Sugar Cane Technologists, and the Australian and New 
Zealand Branch of the Institute of Brewing (UK). 


REGULATION 


Regulatory control of the food industry in Australia is in 
the hands of the six states and two territories, each of 
which has a pure food act or an equivalent and accompa- 
nying regulations. Substantial uniformity in these regu- 
lations has been achieved through the Australian Food 
Standards Committee administered by the Bureau of Con- 
sumer Affairs in the federal attorney-general’s department 
(18). The Food Standards Committee recognizes a com- 
mitment to harmonize Australian standards as far as pos- 
sible with the international standards of the Codex Ali- 
mentarius Commission. 


BIBLIOGRAPHY 


1. S. W. Gunner, “Food Technology for the Export Market,” Food 
Australia 41, 946-951 (1989). 

2. W.N. Goff, “Food Export Strategy,” Food Australia 41, 827- 
828 (1989). 

3. D. J. Walker, “Trends in the Australian Meat Industry,” Food 
Australia 40, 418-421 (1988). 

4. J.G. Fairbrother, “The Poultry Industry,” Food Australia 40, 
456-462 (1988). 

5. A.J. Meers, “Trends in the Cereal Industry,” Food Australia 
40, 356-358 (1988). 

6. J. S. Gladstones, “Development of Lupins as a New Crop Leg- 
ume,” Food Australia 42, 270-272 (1990). 

7. D.S. Petterson and G. B. Crosbie, “Potential of Lupins as Food 
for Humans,” Food Australia 42, 266-268 (1990). 


8. L. L. Muller, “Advances in Dairy Processing,” Food Australia 
40, 414-416 (1988). 

9. J. G. Zadow, “Extending the Shelf Life of Dairy Products,” 
Food Australia 41, 935-937 (1989). 

10. P.C. Thompson, “Refrigerated Food Industry,” Food Australia 
40, 361-367 (1988). 

11. P. G. Taylor, “Australian Seafoods,” Food Australia 40, 505— 
507 (1988). 

12. D.C. O'Donnell, “Brewing in Australia 1970-1988,” Food Aus- 
tralia 41 (Suppl.), 1-5 (1989). 

13. B. Rankine, “The Australian Wine Industry,” Food Australia 
40, 449-451 (1988). 

14. S. Paterson and R. Wale, “New Developments in Membranes 
for Beverage Processing,” Food Australia 41, 852 (1989). 

15. D. J. Casimir, “Food Process Engineering Over the Last 
Twenty-One Years,” Food Australia 40, 521-523 (1988). 

16. J.R. Vickery, Food Science and Technology in Australia, Com- 
monwealth Scientific and Industrial Research Organisation, 
Canberra, 1990. 

17. K. Cashel, J. Lewis, and R. English, Composition of Foods, 
Australia, Australian Government Publishing Service, Can- 
berra, 1989; NUTTAB 89, Nutrient Data Base, Australian 
Government Publishing Service, Canberra, 1989. 

18. R. A. Edwards, “Food Legislation in Australia,” Food Austra- 
lia 40, 369-375 (1988). 


J. F. Kerrorp 
North Ryde, New South Wales 
Australia 


INTERNATIONAL DEVELOPMENT: CANADA 


SIGNIFICANCE 


The food and beverage processing sector is a major con- 
tributor to the Canadian economy as a supplier of food, a 
market for agricultural production, and a source of eco- 
nomic growth. Since the 1960s the sector experienced sub- 
stantial growth due to rising population and income levels, 
and lifestyle changes that emphasized convenience. How- 
ever, increasing global economic integration since the mid- 
1980s, particularly in North America, compelled the sector 
to shift its focus from the domestic market and develop a 
more international, export orientation. This sector has sig- 
nificantly contributed to the provision of reasonably priced 
food to consumers, a remarkable achievement given the 
geographic distances, the diversity of markets and the cli- 
matic hurdles in Canada. In fact, relative to other devel- 
oped nations, Canadian spending on food as a share of per- 
sonal disposable income ranked second lowest after the 
United States. 

Canada’s food and beverage processing sector, in terms 
of its relative size, trade, and processing intensity, is simi- 
lar to those in other large industrial countries. Domesti- 
cally, food and beverage processing is the third largest 
manufacturing sector, accounting for 11.8% of manufac- 
turing gross domestic product (GDP) and about 2% of total 
GDP in 1996 (Figure 1). The sector produced shipments 
valued at $52 billion in 1996 and provided 234,000 jobs 
(Table 1). The statistics used to describe the size and sig- 
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Figure 1. Share of GDP for manufacturing sectors and for the 
food and beverage processing sector by subsector and by region, 
1996. Source: Ref. 1. 


nificance of the Canadian food and beverage processing 
sector are derived from Statistics Canada, the only source 
of information that could provide consistent and compa- 
rable data across Canada. The data presented may vary 
from provincial sources of information primarily because 
of differences in how food and beverage processing firms 
are defined. 
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oped nations, Canadian spending on food as a share of per- 
sonal disposable income ranked second lowest after the 
United States. 

Canada’s food and beverage processing sector, in terms 
of its relative size, trade, and processing intensity, is simi- 
lar to those in other large industrial countries. Domesti- 
cally, food and beverage processing is the third largest 
manufacturing sector, accounting for 11.8% of manufac- 
turing gross domestic product (GDP) and about 2% of total 
GDP in 1996 (Figure 1). The sector produced shipments 
valued at $52 billion in 1996 and provided 234,000 jobs 
(Table 1). The statistics used to describe the size and sig- 
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1996. Source: Ref. 1. 


nificance of the Canadian food and beverage processing 
sector are derived from Statistics Canada, the only source 
of information that could provide consistent and compa- 
rable data across Canada. The data presented may vary 
from provincial sources of information primarily because 
of differences in how food and beverage processing firms 
are defined. 
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Table 1. Principal and Trade Statistics for the Food and Beverage Processing Sector (excluding fish), 1988-97 


1988 1991 1995 19964 19974 
Principal statistics 
GDP ($millions 1988) 11,108 10,924 11,952 12,225 _ 
Share of manufacturing GDP (%) 118 12.7 1L7 118 _ 
Establishments 3,147 2,976 2,790 = a 
Shipments ($millions) 40,196 41,418 48,791 51,793 - 
Employment’ (000) 235 223, 232 234 - 
Tnvestment ($millions) = 
Buildings and construction 260 285 196 371 - 
Machinery and equipment 1,083 1,182 1,207 1,450 _ 
Value added? ($millions) 14,309 16,301 17,698 _ - 
Net profit margin’ (%) 3.93 2.45 2.26 2.76 - 
Return on assets® (%) 6.60 3.64 3.23 4.13 - 
Return on equity” (%) 14.42 8.45 8.20 11.07 = 
Trade statistics 

Exports ($million) 3,523 3,838 7,129 8,454 9,557 
Imports ($million) 4,205 5,274 7,861 8,423 9,526 
Balance of trade ($million) (682) (1,435) (731) 31 31 


“Labour Force Survey. 


*Value added in the value of the product sold by a firm or industry less the value of the materials purchased and used by the firm or industry to manufacture 


the products. 

“Includes fish, 

“Preliminary for 1996 principal statistics and 1997 trade statistics. 
Source: Ref. 1. 


About 40% of agricultural production is exported in raw 
form, and 12% is either sold directly to consumers or sold 
for nonfood uses. The remaining 45% is marketed as pro- 
cessed food through the food and beverage processing sec- 
tor, which supplies more than 80% of the food consumed in 
Canada (Fig. 2). The sector accounted for 44% of agricul- 
tural and agrifood product exports in 1996, up from only 
32% in 1988. Increasingly, international and domestic 
markets are characterized by trade in higher-valued prod- 
ucts. 

As a result of increased market globalization and freer 
trade, Canadian food and beverage processing firms, which 
were characterized as being big in a small market in the 
1980s, are now rather small in a global market. 


STRUCTURE 


The food and beverage processing sector remains oriented 
to the domestic market. However, the share of production 
that Canada exports has increased from about 9% to about 
16% between 1988 and 1996. Imports have also increased 
from about 10% of the domestic market in 1988 to about 
16% in 1996. In 1997, based on preliminary data, Cana- 
dian processed food exports reached $9.6 billion, while im- 
ports increased to $9.5 billion. Because exports have in- 
creased at a faster rate than imports, Canada has enjoyed 
a positive trade balance of $31 million in both 1996 and 
1997. The trade relationship with the United States con- 
tinues to strengthen, accounting for about 73% of exports 
and 62% of imports in 1997, up from 60% and 47%, re- 
spectively, in 1988. 


Although the bulk of food and beverage processing sec- 
tor activity occurs in Ontario and Quebec, the economic 
significance in terms of the share of regional manufactur- 
ing activity is greatest in the Atlantic and Prairie proy- 
inces (Table 2). The influence of world trade in processed 
food and beverage products varies significantly by region. 
Export orientation is greatest for the Prairie provinces and 
lowest in Quebec. Plant locations also vary; red meat and 
fruit and vegetable processing plants tend to be located 
near sources of farm production, while fluid milk and bak- 
ery product plants tend to be clustered near large centers 
of population. Activity in the major subsectors occurs in 
every region. Meat processing is generally the most im- 
portant activity in each region, particularly in the Prairie 
provinces. Dairy and meat products are the major products 
in Quebec, with the share of total shipments of dairy prod- 
ucts being significantly higher than in most other regions. 

The food and beverage processing sector is fragmented 
and diverse and is dominated by 67 large and very large 
firms. The two largest subsectors, meat and dairy prod- 
ucts, account for about one-third of the total value of ship- 
ments in 1996. Import penetration and export orientation 
vary widely among the subsectors. For example, export ori- 
entation ranges from less than 10% in the supply-managed 
subsectors, canned and preserved fruits and vegetables, 
sugar, snack food, soft drink, and brewery subsectors, to 
more than 60% in the distillery products subsector. 

The food and beverage processing sector is composed of 
relatively large Canadian-owned multinational enter- 
prises (MNEs), foreign-owned MNEs, large and small co- 
operatives, and small and medium-sized enterprises 
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Figure 2. Value of transactions between various components of the Agri-food system, 1996. 
Source: Ref. 1. 


‘Table 2, Food and Beverage Processing Sector by Region, 1996 


Atlantic Provinces Quebec Ontario Prairie Provinces BC 
Shipments ($million) 2,838 12,332 22,951 9,933 3,740 
Share of Canadian shipments 5.5% 23.8% 44.3% 19.2% 7.2% 
Share of provincial manufacturing 17.5% 12.8% 10.9% 22.1% 11.4% 
Imports ($millions) 248 1,321 4,875 797 1,161 
Exports ($millions) 415 1,488 3,720 2,316 515 
Trade balance ($millions) 167 167 -1,155 1,519 ~ 666 
Export Orientation* 14.6% 12.1% 16.2% 23.3% 13.8% 
“Exports divided by shipments. 
Source: Ref. 1 
(SMEs), both Canadian and foreign owned. Although some of less than $10 million annually. Based on other 
Canadian food sector firms are relatively large, in general, sources of information, this number is underesti- 
Canadian firms are smaller and less diversified than many mated and could reach an estimated 4000 SMEs. 


of their major U.S. competitors. 
In 1996, the food and beverage processing sector was 


structured as follows: A number of the large and medium-sized firms are pub- 


licly listed companies, while the small enterprises tend to 
be privately owned. Most foreign-owned firms are privately 
* Acore of 12 very large firms (annual sales of over $1 hold by their parent corporations. Cooperatives, which ac- 
billion) represent about 35% of shipments; 8 of them count for about 20% of the value of shipments, play an 
are Canadian owned: important role in the Canadian food and beverage pro- 


* Fifty-five large firms (annual sales between $100 mil- cessing sector. Aside from their core role in marketing and 
lion and $1 billion) produce about 25% of shipments; providing inputs and services to farmers, cooperatives op- 
about 44% of them are foreign owned. erate mostly in the dairy and poultry subsectors. 

* Approximately 2000 SMEs (annual sales under $100 The market share of foreign-controlled firms has in- 
million) account for the remaining 40% of ship- creased since 1989, to about 40%. These firms tend to be 


ments—about three-quarters of these firms had sales significantly larger and produce higher value-added prod- 
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ucts than domestic firms. MNE-dominated subsectors in- 
clude beef, fruits and vegetables, prepared flour mixes and 
breakfast cereals, biscuits, confectionery, and breweries. 
Subsectors dominated largely by domestically controlled 
firms include pork, poultry, and bakery. 

To strengthen and maintain competitiveness in the in- 
ternational market, industrialized nations have placed 
technological capacity high on their political and industrial 
agendas. Scientific research increasingly underpins the 
economic vitality of nations by providing the foundation for 
industrial renewal and growth. 


FOOD RESEARCH AND DEVELOPMENT 


Research and development is the ultimate source of tech- 
nological improvements. Food research in Canada is con- 
ducted in several types of organizations and institutions 
distributed across the country; involves several hundred 
scientific/technical personnel; is highly variable in nature; 
is planned and coordinated to varying degrees; is funded 
federally, provincially, and privately; and is influenced in 
several ways by the characteristics of the Canadian econ- 
omy, society, and infrastructure. Three basic kinds of or- 
ganizations are responsible for food research in Canada: 
government establishments, universities, and private sec- 
tor laboratories. 


Private Sector 


The private sector laboratories engage mainly in applied 
research because they are obliged to show results to share- 
holders and because they must be able to maintain a po- 
sition in the marketplace where demands shift rapidly. The 
proprietary nature of most industrial research limits the 
information available in this area. In many cases industry 
implements the results of research and development con- 
ducted by the publicly funded organizations. 

Canadian industry food research organizations range 
from a relatively few, fairly large and comprehensive pro- 
grams consisting of several professionals, to a fairly large 
number of small programs with less than a full person-year 
committed to the activity. Many of the latter are integrated 
with the companies’ quality assurance programs. 

Canada’s effort in private sector food research appears 
much smaller in comparison to other industrial nations. 
This may be partly due to Canada’s branch-plant economy 
with its reliance on technology developed elsewhere. Re- 
search and development by multinational firms is central- 
ized in the parent company and then the technology is 
adapted as seems necessary for branch-plant operations. 


Government 


Federal government food research is conducted by several 
departments. Agriculture and AgriFood Canada (AAFC) 
concentrates its research on agricultural products. Fish- 
eries and Oceans Canada focuses on fish quality issues, 
and Health Canada is involved in the area of food safety 
and nutrition. 

AAFC plays a major role of in Canadian agrifood re- 
search and development, maintaining a critical mass of 


fundamental, long-term, high-risk research activity, focus- 
ing on areas that the industry is unable to conduct on 
its own and to develop and maintain a communications/ 
coordination/information infrastructure involving univer- 
sity, private sector, and provincial food research agencies. 
The Research Branch mission is “to improve the on-going 
competitiveness of the Canadian agrifood sector through 
the development and transfer of innovative technologies.” 
The food research program contributes toward this by fo- 
cusing on increasing the market value (quality and value- 
added processing) and the utilization (new uses and value- 
added processing) of agricultural products. In the Research 
Branch of Agriculture Canada, food research is conducted 
at six establishments across the country (Table 3). 

The Health Protection Branch of Health and Welfare 
Canada also maintains a research program primarily at 
its central Ottawa laboratory, but with some regional ac- 
tivity. Its efforts relate to the Branch’s mandate for ensur- 
ing food safety and preventing consumer fraud. 

Several provinces have or are developing technology 
transfer facilities to work with food processing firms in 
their provinces (Table 4). Provincial food research endeav- 
ors are frequently oriented to enhancing industrial pro- 
ductivity in trade. They generally do not undertake fun- 
damental research but work with industry in application 
and development work. The provincial facilities support 
the food processing sector through: 

Development of food products and processing technolo- 
gies incorporated the following: 


* Value-added opportunities 
* Unexploited or underused raw materials 


Table 3. Agriculture and Agrifood Canada Food Research 
Establishments 


Kentville Research Station, Kentville, Nova Scotia 

Food Research and Development Centre, Saint Hyacinthe, 
Quebec 

Southern Crop Protection and Food Research Program, London, 
Ontario 

Saskatoon Research Centre, Saskatoon, Saskatchewan 

Lacombe Research Centre, Lacombe, Alberta 

Pacific Agri-Food Research Centre, Summerland, British 
Columbia 


Table 4. Provincial Food R&D Establishments 


Alberta Special Crops & Horticulture Research, Brooks, Alberta 

Food Process Development Centre, Leduc, Alberta 

POS Pilot Plant Corporation, Saskatoon, Saskatchewan 

Canadian Food Products Development Centre, Portage La 
Prairie, Manitoba 

Geulph Food Technology Centre, Guelph, Ontario 

Service de Recherche sur les Aliments, MAPAQ St. Hyacinthe, 
Québec 

Centre de Recherche sur les Aliments, Moncton, New Brunswick 

New Brunswick Research and Productivity Council, Fredericton, 
New Brunswick 

PELL. Food Technology Centre, Charlottetown, Prince Edward 
Island 

The Marine Institute, St. John’s, Newfoundland 


* By-products of agriculture 

* Provision of analytic and technical services for food 

products and food-processing systems 

Identification of domestic and foreign technologies 

appropriate to local regions 

* Provision of technical information directed to im- 
provement and development of food products and 
processes 


. 


One unique organization, representing a coalition of in- 
dustry (49 companies) and government (federal and pro- 
vincial) interests, is the Protein, Oilseeds and Starch 
(POS) Pilot Plant located in Saskatoon. This organization 
was established in 1976 to facilitate grain and oilseed tech- 
nology transfer from the laboratory bench to commercial 
production. 


Universities 


Several universities across the country have food science 
programs (Table 5), some as freestanding departments, 
others in association with nutrition and home economics 
programs, The trend toward integration is increasing as 
universities seek to reduce administrative costs and min- 
imize overhead. 

The Canadian Council of University Food Science Ad- 
ministrators (CCUFSA) ensures that there is academic 
consistency in the food science programs across the coun- 
try. The programs at the various universities follow guide- 
lines established by the Education Committee of the Ca- 
nadian Institute of Food Science and Technology. 

Although the primary role of universities is education, 
a considerable amount of research is being conducted. As 
resources at universities become more scarce, future re- 
search will require close collaboration among disciplines 
and among sectors, Research collaboration between uni- 
versities and the private sector, is an important facet of 
the Canadian food research and development scene. Sci- 
entific collaboration between the universities and the in- 
dustry is encouraged through the AAFC/Natural Sciences 
and Engineering Research Council (NSERC) Partnerships 
Program. 


Table 5. Universities with Food-Related Programs 


University of British Columbia, Vancouver, British Columbia 

University of Alberta, Edmonton, Alberta 

University of Saskatchewan, Saskatoon, Saskatchewan 

University of Manitoba, Winnipeg, Manitoba 

University of Guelph, Guelph, Ontario 

University of Toronto, Toronto, Ontario 

Macdonald College of McGill University, Montreal, Quebec 

Université Laval, Laval, Quebec 

Acadia University (undergraduate program only), Wolfeville, 
Nova Scotia 

Daltech Dalhousie University (graduate program only), Halifax, 
Nova Scotia 
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COORDINATION OF FOOD RESEARCH 


Government, university, and private sector establishments 
have fundamentally different mandates and responsibili- 
ties. However, for at least the past two decades there has 
been a general realization of the value of coordination and 
cooperation in many areas of research. Linkages have been 
fostered in a number of ways. 

In 1932 a major national provincial network of agricul- 
tural services personnel was established. This network in- 
cluded research scientists and other technical personnel 
from federal and provincial governments and universities. 
The organization, now known as the Canadian Agri-Food 
Research Council, has evolved into a complex, diversified 
organization with its membership drawn from industry, 
government, and academia as well as representation from 
the consumers’ association. Within the network are pro- 
vincial and federal food science committees, which provide 
a meeting ground for members to discuss food research 
needs and to develop and recommend strategies to meet 
these needs. 

A second avenue that assists in achieving a coordinated 
and efficient approach to food research is the annual 
publication of the Inventory of Canadian Agri-Food Re- 
search. This provides a project-by-project compilation of 
food research being undertaken in the reporting establish- 
ments. This information is reasonably current and com- 
prehensive, and therefore valuable for planning by re- 
search directors, coordinators, and individual scientists. 

Perhaps the most effective mechanism for coordination 
is individual contact. An annual opportunity for this is pro- 
vided by the national conference of the Canadian Institute 
of Food Science and Technology (CIFST), the membership 
of which includes people from all areas of food research and 
development. CIFST also publishes a bimonthly scientific 
journal as a means of communicating among scientists. 


SCIENTIFIC AND TECHNICAL ACHIEVEMENTS 


Many Canadian scientists in industry, universities, and 
government have made major contributions in the area of 
food science. The results of many of the early commercial 
successes are still having positive effects on the Canadian 
economy. William Heeney made a tremendous contribution 
with regard to the commercialization of frozen foods. His 
early work in frozen food technology is still as current to- 
day as he foresaw it before World War II. Joe Yarem, with 
the assistance of Percy Gittelman, commercialized the pro- 
cessing of mechanically deboned poultry meat in the late 
1960s and early 1970s. This technical development cur- 
rently generates in excess of $60 million in sales world- 
wide, in addition to several international joint ventures. 
The development work done at Labatt’s by Dr. Norman 
Singer with regard to synthetic low-calorie artificial fat 
substitutes during the 1970s was a major breakthrough in 
reduced-calorie foods. Dr. René Riel made a great contri- 
bution in the area of aseptic packaging, and Dr. Doug 
Emmons is credited for his work in acid coagulation for 
continuous production of cottage cheese. Dr. Wayne Modler 
developed a process and the equipment for continuous 
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production of ricotta-type cheeses that is now a commercial 
reality. Subsequent development of this equipment has 
seen its application to continuous tofu manufacture. 

The early engineering development work of Dr. Gordon 
Timbers and Dr. Moustafa Aref led to the freezing of liquid 
and semiliquid foods known as Cryogran in the late 1960s 
and early 1970s. This process as developed received sev- 
eral international awards and is now an international com- 
mercial success. In addition, Dr. Timbers, along with Dr. 
Robert Stark and Dr. Daniel Cumming, made a significant 
contribution during the 1970s and 1980s to the world’s 
most energy-efficient ABCO vegetable-blanching system. 
These energy-efficient blanching systems are now installed 
and are used in commercial production worldwide. 

dim Squires and David Kennedy developed the first 
shelf-stable nonfrozen french fry, one of the first successful 
modified gas-packaged vegetable products. The evolution 
of this process took more than 10 years to bring to com- 
mercial reality in the early 1980s. 

The commercial development and process engineering 
in Canada of the Sous Vide cooking method was under- 
taken by Ron White and Ray Mitchell. Although initially 
developed in France, it was their engineering and devel- 
opment work during the mid 1980s that made it commer- 
cially viable for large-scale products. 

MDS Nordion has gained a worldwide reputation for its 
work in the development of food irradiation technology and 
manufactures and ships equipment meeting the highest 
standards for the application of this very important tech- 
nology. 

Percy Gitelman and his team comprised of Nora Martin, 
Dr. Paul Fedee, and Dr. John D. Jones made a commercial 
breakthrough in deheated ground mustard in the mid- 
1970s. This continues to be a commercial success with 
sales around the world. Donald Grier and Jeff Dyson dur- 
ing the mid- to late 1970s developed an energy-efficient 
impulse combustion-drying system that received world- 
wide patent protection and commercial installation. This 
system has one of the widest ranges of application in the 
drying of food, from liquids to solids. 

Engineering developments applied to the food industry 
continue to make their mark. Recent installations of ro- 
botic systems for the separation of ribs from the meat of 
pork sides illustrate the high technology trends within the 
industry. This unit, and the associated computer algo- 
rithms, were developed by the Conseil de recherche Indus- 
trielle de Québec and have the capability to handle 1400 
sides per hour. Also in the meat industry, a carcass pas- 
teurizer developed by Dr. Colin Gill and associates pro- 
vides an increased margin of safety for consumers. A pro- 
cess for the fractionation of oats developed by Drs. 
Burrows, Paton, Collins and Woods has renewed interest 
in this traditional crop with diverse applications in health 
(f-glucans), cosmetics, anti-irritants and other food and 
nonfood products. A primary focus is now toward the frac- 
tionation of various crops for the production of nutraceut- 
icals and functional foods with their potential for impact 
on the health status of the population. 

Biotechnology will play an increasing role in future of 
the Canadian agrifood industry as developments from the 
R&D community are adopted. Examples include enzymes 


for accelerated ripening of cheese (Dr. Byong Lee) and 
bioingredients (Dr. Frangois Cormier). Biotechnology is 
taking its place beside conventional plant breeding as vari- 
ous plants, including the Canadian Cinderella crop, 
Canola, are being further tailored to meet food industry 
requirements. Of the highest priority in any national food 
supply is its safety. Canada is well regulated as to sanitary 
and safe food processing, handling, and distribution; new 
hazards arise from the evolution of knowledge, organisms, 
practices, and regulations. Examples include investiga- 
tions concerning the effects of ionizing radiation on foods 
and microorganisms, as well as on food packaging mate- 
rials and the development of handling and processing pro- 
tocols for newly identified pathogens implicated in food- 
poisoning cases. 

The demand for convenience features in foods continues 
to grow as discretionary family income grows, as an in- 
creasing proportion of families have more than a single 
breadwinner, and as society becomes more leisure- 
oriented. Much research is therefore focused on quality re- 
tention, sensory properties, product uniformity, and con- 
venience features. This, in turn, has led to the need for a 
Sophisticated understanding of the molecular level 
changes in food undergoing various processes and the de- 
velopment of highly controlled processes. 
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INTERNATIONAL DEVELOPMENT: FINLAND 


Finland became a member of the European Union (EU) in 
1995, which has contributed to the national economy and 
food industry over the past few years. By the EU member- 
ship, the Finnish companies now operate in the Common 
Market. As a consequence, the share of food in the final 
consumption expenditure per household decreased from 16 
to 13% during one and a half years. A significant reduction 
in prices was observed for pork, eggs, and oil plants. To 
hasten the adaptation to the new situation, large struc- 
tural changes in the food industry have been undertaken. 
Food industry has grown slowly. Food companies from 
other EU countries have invaded the Finnish market by 
increasing their ownership of Finnish companies and ex- 
tending their product selection. Finland became a member 
of the European Monetary Union and among the first coun- 
tries to accept European currency in 1999. 

The predicted gross national product per capita has in- 
creased from $17,000 to $21,000 between 1991 and 1997 
with the population growth from 5.0 to 5.1 million. The 


gross value of all Finnish industry in 1997 was $80 billion; 
the share of food industry was 10% (Fig. 1). Since 1992 the 
Finnish food industry has employed more than 40,000 peo- 
ple. The most significant branches in the Finnish food in- 
dustry include slaughter and meat production, dairy pro- 
duction, and beverages. A proportion of 3.5% ($280 million) 
of gross value in food industry was allocated to research 
and development. 

The export and import values of food industry were 
$1,020 million and $1,900 million, respectively, in 1997. 
Most export was directed to the Eastern European coun- 
tries (Fig. 2). As a result of the difficult economie situation 
in Russia, the export from Finland to Russia has markedly 
decreased in 1997-1998, while export to other Eastern Eu- 
ropean countries has increased. The share of the Common 
Market was 30%. Most imports came from the Common 
Market (Fig. 3). The most important Finnish export and 
import products are presented in Table 1. 


CHARACTERISTICS OF FINNISH FOOD CONSUMPTION 


The food expenditure per household was $3,000 in 1997. 
Meat and meat products (26%), milk, cheese and eggs 
(19%), bread and cereals (17%), and fruits and vegetables 
(15%) formed the major food expenditures per capita. Con- 
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Figure 1. Gross value of production by branch of industry in 
1997. Total gross value of production was $80 billion. 
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Figure 2. Food export by sales area in 1997. 
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Figure 3. Food import by sales area in 1997. 


Table 1. Finnish Export and Import in 1997 


Export value Import value 

Product $million % $million  % 
Industrial products 
Cheese 99 9.7 67 3.5 
Chocolate 78 7.6 38 2.0 
Butter and other milk fats 57 5.6 me -_ 
Alcoholic beverages 52 5.1 125 6.6 
Margarine 50 49 = = 
Sucrochemical products 49 48 _ - 
Pork 38 3.7 29 15 
Coffee 36 3.5 a aad 
Malt 31 3.0 =_ _- 
Milk powder 30 35: = 
Confectionery 29 28 = & 
Beer 21 2.1 _ ad 
Starch derivatives _ - 70 3.7 
Canned fish - - 46 2.4 
Juices - - 40 21 
Canned fruits _ _ 36 19 
Other 304 29.8 547 28.8 
Total 872 85.5 1036 54.5 
Primary products 
Oats 47 46 =- = 
Barley 27 2.6 a = 
Edible fats and oils 13 13 42 2.2 
Eggs u 11 on = 
Raw coffee _ = 220 11.6 
Fruits - - 194 10.2 
Vegetables oe = 87 46 
Oil seeds = _ 72 3.8 
Raw sugar ae mast 23 «12 
Other 27 2.6 108 5.7 
Total 124 12.2 747 39.3 
Animal feed 

Total 23 2.3 118 6.2 
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sumption of milk and fermented milk (199 L/year/per cap- 
ita) was highest, followed by fruits and vegetables (85 kg 
per capita), beer (84 L per capita), and vegetables (70 kg 
per capita). A total of 66 kg of meat (one-half of pork, one- 
third of beef, and one-sixth of poultry), and 60 kg of pota- 
toes were consumed per capita. Consumption of coffee was 
among the highest in the world (9 kg per capita). 

During the past few years the consumption of ready-to- 
eat and frozen foods has increased, whereas consumption 
of canned foods has slightly decreased. Organically farmed 
products have gained their own segment of consumption. 
Nearly 3% of cultivated area is under organic farming in 
Finland, while the European mean is 1%. 


PUBLIC HEALTH AND FUNCTIONAL FOODS 


Health aspect is considered one of the main selection cri- 
teria of foods. Cardiovascular diseases form a significant 
public health hazard in Finland. High sodium chloride 
level in the diet is considered one of the most important 
risk factors. Therefore, a marked reduction in salt intake 
has become a desirable trend. The level of dietary salt has 
been decreased by lowering the sodium chloride concentra- 
tion in food products and by replacing sodium with mag- 
nesium and potassium. One such product is the Finnish 
innovation Pansalt, which is showing beneficial health ef- 
fects (1,2). This product has been patented in 22 countries. 
A similar trend has been observed in consumption of fat. 
Food industry has reacted to the recommendations of 
health authorities by launching various low-fat and nonfat 
products into the market. Consumption of nonfat milk was 
one-fourth of total milk consumption in 1998. 

In addition to lowering the salt and fat content of dif- 
ferent foods, much research has been done on foods that 
promote human health or prevent diseases. Technological 
use of applications of medicine and biosciences has become 
a trend in food production. New products and processes are 
developed using enzymes and the natural bioactivity of 
plants. Probiotic lactic acid bacteria are studied as a means 
of influencing intestinal microecology, infection resistance, 
and gut barrier mechanisms. 


FOOD SAFETY 


High hygienic quality in primary production and effective 
food control guarantee the food safety in Finland. Signifi- 
cant infectious diseases in animals do not occur, and the 
rate of zoonoses is very low. 

A lot of emphasis has been given to prevention of Sal- 
monella. One reason for the low prevalence of Salmonella 
in poultry is competitive exclusion, a widely used method 
invented by Nurmi and coworkers in the 1970s (3). On the 
basis of the very low rate of salmonelloses in Finland, the 
EU commission accepted the National Salmonella Control 
Programme in Finland in 1994. The purpose of the pro- 
gramme is to ensure the safety of foods of animal origin by 
limiting the number of salmonelloses in Finnish food ani- 
mals and in foods of animal origin to internationally low 
levels. Cattle, pigs, and poultry, as well as meat and eggs, 
are being controlled according to the program. The preva- 


lence of Salmonella in food animals and foods of animal 
origin is expected to be below 5% in each slaughterhouse 
and cutting plant, whereas the total prevalence in Finland 
may not exceed 1%. Furthermore, imported beef, pork, and 
poultry meat, as well as living poultry and eggs, are ex- 
pected to be completely free from Salmonella. A total of 
0.1% of lymph node samples and surface swap samples in 
beef and pork were positive for Salmonella, while in living 
poultry the proportion of positive samples was 0.3% ac- 
cording to the results of the National Veterinary and Food 
Research Institute. The share of Salmonella positive cattle 
and pig herds was below 0.3% and 0.04%, respectively. Al- 
together 29,255 samples were investigated. 

Finnish foodstuffs are generally considered pure. The 
use of drugs and pesticides is widely controlled in Finland. 
The National Veterinary and Food Research Institute is 
responsible for testing residues and contaminants in meat, 
milk, egg, and fish samples. According to the national 
residue-monitoring program, no prohibited growth pro- 
moters in meat production were detected. Residues of an- 
timicrobial drugs over the maximum residue level were 
found from pork (0.05%) and milk (0.81%). The content of 
pesticides, heavy metal, and other contaminants was low. 
The number of investigated samples was 26,110. Cold win- 
ters and strict hygienic control obviously cause the rela- 
tively low rate of environmental contamination in foods 
compared with several other industrial countries. There- 
fore, Finnish food meets well the consumers’ expectations 
of foods with low environmental contamination levels. 

There is an extensive surveillance system for food poi- 
soning outbreaks in Finland. The average rate of reported 
food poisoning outbreaks has been 0.7 outbreaks/100,000 
inhabitants in the 1990s. The average number of cases in 
these outbreaks has been 32 cases/100,000 inhabitants. 
The surveillance system yields valuable information about 
the infectious agents and other factors leading to the epi- 
demics. This information is used in the controlling of epi- 
demics by the food control authorities that in cooperation 
with health authorities, veterinarians, and medical doc- 
tors are responsible for the investigations of food poisoning 
epidemics. 

A lot of research on the entire production chain has been 
done in Finland to improve the safety of foods. Molecular 
biological methods have been applied in tracing the origin 
of epidemics (4) and outlining the controlling measures (5). 


FOOD CONTROL 


The organization of food control in Finland is presented in 
Figure 4. The division of labor at each administrative level 
is distinct, although the structure of central administra- 
tion may seem complex. At the municipal level the food 
control authorities act under the direction of the pertinent 
ministry, which makes the municipal administration in 
Finland effective. In each of 452 municipalities in Finland 
an effective food control system is usually run by municipal 
veterinary officers. In the 1990s, the in-house control sys- 
tem based on Hazard Analysis of Critical Control Points 
(HACCP) has become a common practice in the food in- 


dustry. 
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FOOD INDUSTRY IN FINLAND 


Dairy Industry 


The share of dairy industries in total value-added produc- 
tion was 16% in 1997. The dominating dairy processors are 
Valio Ltd. and Ingman Foods Oy Ab. Emmental cheese is 
the most important export product of the Finnish dairy 
industry. Due to the strict control and high hygienic quality 
of primary production, the quality of milk is high. Of raw 
milk, almost 91% was ranked as class E in 1998, which 
means that the geometric means of bacterial and cell 
counts were below 250,000/mL and 50,000/mL, respec- 
tively. 

Milk and milk products are the main source of calcium 
in the diet of most Finnish people. In addition to normal 
milk, Valio Ltd. produces milk with 50% higher calcium 
content than in normal milk. HYLA products contain less 
than 1 g/100 g lactose. 

The probiotic effect of lactic acid bacteria on the human 
gastrointestinal tract has been intensively studied in Fin- 
land. Lactobacillus rhamnosus GG is one of the most in- 
vestigated probiotic strains in the world. The latest studies 
on L. rhamnosus GG have shown its stabilizing effect on 
gut permeability and suppression of allergic reactions in 
food hypersensitivity (6). Products containing L. rhamno- 
sus GG include milk, sour milk, juices, yogurts, whey 
drinks, and capsules. Valio Ltd. has the worldwide com- 
mercial rights for the strain and is sublicensing the exclu- 
sive rights for its use to other countries. Products contain- 
ing L. rhamnosus GG are on the market in 23 countries, 
and one of these products was officially accepted as the first 
probiotic food (Food for Specific Health Use) in Japan. 


Meat Industry 


The meat industry is the largest branch of the food indus- 
try in Finland. The gross value of the meat industry was 
$2,140 million in 1997, with the total value-added produc- 
tion being $440 million. A total of 31 kg of meat products 
were consumed per capita. The majority of these products 
were cooked sausages. The largest Finnish meat compa- 
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nies are Atria Oyj, HK Ruokatalo Oyj, and Saarioinen Oy. 
Finnish meat research includes food safety, development 
of process technology, and studies on product shelf lives. 
As a Finnish speciality, elk and reindeer meat are pro- 
duced on a small scale. Elks are wild animals found in all 
parts of Finland, whereas semidomesticated reindeer are 
kept in North Finland. 


Bakery 


The baking industry is one of the largest branches of the 
food industry in Finland. A typical feature in the baking 
industry is a high demand of labor compared with other 
branches of the food industry; the bakery branch is the 
biggest employer in the food industry. The largest baking 
companies in Finland are Fazer Bakeries Ltd. and Vaasan 
& Vaasan Oy. In addition to these major bread producers, 
there are more than 1,000 small and medium-sized bak- 
eries in Finland. Traditionally, freshness of the product has 
been considered the most important quality factor in bak- 
ery products. To fulfill consumer demand for fresh, taste- 
ful, and easy-to-use bread products, production and use of 
frozen and prebaked products has increased heavily during 
the last years. 

In addition, the nutritional value of whole-meal breads 
has obtained a growing interest. For example, commonly 
consumed rye bread is an excellent source of dietary fiber, 
vitamins, and minerals. Recent studies indicate the posi- 
tive influences of rye on colon fermentation and suggest 
that the lignans located in the bran may play a role in 
preventing certain types of cancer. 


Beverages 


The inland sale of beers and soft drinks in 1997 was 725 
million liters. More than half of the volume consisted of 
beer, and soft drinks and mineral water formed the rest. 
The volume of annual export was 53 million liters and im- 
port 11 million liters. Hartwall Ple and Oy Sinebrychoff Ab 
are the dominating beer and soft drink producers in Fin- 
land. Of the strong liquors, the most famous export article 
is Finlandia Vodka, whose production was initiated by Pri- 
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malco Ltd. in 1970. By the late 1970s it had propagated 
worldwide. 

The latest research on brewing and malting technology 
includes the entire production chain from barley to beer. 
Research in close cooperation between VTT Biotechnology 
and Research and industry has aimed at improvement of 
fermentation process of yeast, using immobilized yeast for 
fermentation, starter technology in malting, endogenous 
enzymes in malt, rapid microbiological control methods, 
and hygiene of dispensing systems. Novel investigations 
on transgenic barley producing f-glucanase have been ini- 
tiated. 


Margarine Industry 


High concentration of LDL cholesterol in the diet has been 
considered as the main risk factor for atherosclerotic vas- 
cular disease. The incidence has been relatively high in 
Finnish people. Therefore, there is a tendency to introduce 
low-fat, low-salt, and low-cholesterol diets to consumers in 
order to minimize the risk of atherosclerotic vascular dis- 
ease. According to recent research (7), margarine enriched 
with fat-soluble sitostanol, when substituting part of the 
daily fat intake in individuals with mild hypercholestere- 
mia, was effective in lowering serum total cholesterol and 
LDL cholesterol. One of the most noteworthy innovations 
in the Finnish food industry has been the application of 
the aforementioned plant stanol ester into food products 
known as Benecol® (8). The first Benecol® product, a full- 
fat margarine, was launched into the market in 1995 by 
Raisio Group Ple, followed by a low-fat margarine. Both 
Benecol® products have been reported to effectively reduce 
the serum total cholesterol, especially the LDL cholesterol, 
as a part of a low-fat, low-cholesterol diet. 


Candy Industry 


The Finnish innovation xylitol, added to chewing gum, has 
been reported to prevent caries by inhibiting the growth of 
Streptococcus mutans (9,10). Moreover, the repairing effect 
of xylitol on primary damage in the dental enamel has been 
proved. The Finnish company Huhtamaki Leaf Oy 
launched a xylitol-containing chewing gum; thereafter, 
many other products with xylitol as a sweetener have come 
to the market. Since 1988 the Finnish Dental Association 
has thus recommended the use of xylitol to improve the 
dental quality of Finnish people. According to the recent 
research, daily use of xylitol has also been shown to inhibit 
adhesion of otopathogenic bacteria, therefore decreasing 
the incidence of acute otitis media in small children by 40% 
(11). 

Oy Karl Fazer Ab is the market leader of confectionery 
in Scandinavia. The share of import of the whole turnover 
of Oy Karl Fazer Ab is 60%. Two-thirds of the sales of Fazer 
Confectionery Ltd. is generated abroad. The most impor- 
tant brand is Karl Fazer Milk Chocolate. 


FOOD PROCESSING AND PACKAGING 


New technologies, effectiveness, and preparedness to 
quickly react to consumers’ demands are essential in the 
harsh competition of modern food processing. Purity and 


nutritive and sensory quality of foods, as well as lack of 
preservatives, have become important selection criteria for 
consumers. VTT Biotechnology and Food Research has in- 
tensively studied minimal processing techniques for im- 
proving the sensory quality and nutritional value of foods. 
Minimal processing, vacuum packaging, and extended 
chilled storage of such food products, however, possess cer- 
tain microbiological risks that are currently being studied 
by VTT Biotechnology and Food Research and in the De- 
partment of Food and Environmental Hygiene, Faculty of 
Veterinary Medicine, University of Helsinki. 

New processing techniques and the yield of food prod- 
ucts with extended shelf lives are reflected through the 
increasing need of vacuum packaging and modified atmo- 
sphere packaging (MAP). Research on smart and active 
packaging such as quality and leak indicators, edible films, 
oxygen removers, and biodegradable materials is currently 
being done by VIT Biotechnology and Food Research 
(12,13). Such packaging technologies seem promising with 
respect to sensory quality and product safety. 

Of the traditional packaging material producers, Stora- 
Enso Oyj is one of the world’s leading companies in the 
production of carton packages for liquid foods. Other sig- 
nificant cardboard and carton producers are Metsa-Serla 
Corporation and UPM Kymmene Corporation. The largest 
packaging film producers are Wihuri Wipak Oy and UPM 
Kymmene Corporation. 


EDUCATION AND RESEARCH 


Food sciences education is shared among four universities. 
The Faculty of Agriculture and Forestry at the University 
of Helsinki is concentrated on food technology, food chem- 
istry, microbiology, and nutrition; the Department of Food 
and Environmental Hygiene in the Faculty of Veterinary 
Medicine, the University of Helsinki, focuses on food hy- 
giene. Other branches are food chemistry in the University 
of Turku, nutrition in the University of Kuopio, and food 
technology and chemistry in the Helsinki University of 
Technology. Research on food science and technology is car- 
ried out in the preceding universities as well as in four 
governmental research institutes and two private insti- 
tutes. The governmental institutes include the Agricul- 
tural Research Centre of Finland (MTT), National Public 
Health Institute (KTL), National Veterinary and Food Re- 
search Institute (EELA), and VTT Biotechnology and Food 
Research. The private institutes are the Meat Research 
Institute and Potato Research Institute. Universities and 
governmental institutes have organized postgraduate edu- 
cation, and in 1994 the Finnish Graduate School on Ap- 
plied Bioscience: Bioengineering, Food & Nutrition, Envi- 
ronment (ABS) was founded. A total of 154 graduate 
students registered in the ABS Graduate School in 1998. 
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INTERNATIONAL DEVELOPMENT: GERMANY 


The Federal Republic of Germany (FRG), since the reuni- 
fication on October 3, 1990, consists of 16 federal states 
(Bundeslander) covering an area of 357,030 square kilo- 
meters. The population density varies of almost 4000 
persons/km? in the city state of Berlin and around 80 
persons/km” in the northeastern states of Brandenburg 
and Mecklenburg-Vorpommern. 

Germany is situated in the center of Europe at the 
point of intersection of many cultural regions. People in 
Germany—their culture, social behavior, and, last but not 
least, their eating habits (food production, processing, and 
preparation)—therefore have been formed by a great many 
influences. The broad spectrum of food and beverages was 
influenced in south Germany to some extent by southern 
Europe, but traces of influences of the adjoining countries 
also may be found in the west, north, and east of Germany. 
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This can be exemplified by viticulture, which the Romans 
introduced into the regions north of the Alps 2000 years 
ago; by the pasta dishes, typical for parts of southern Ger- 
many, that came from Italy; and by many desserts from 
eastern Europe. Varieties of bread found in Scandinavia 
are also found in northern Germany. This development has 
been continuing; the food supply of today contains many 
products foreign workers brought into Germany. 

In the many local regions of Germany different nutri- 
tional behaviors developed over the centuries. The great 
variety of sausages and meat dishes, the high number of 
bread varieties (mostly based on rye), and many kinds of 
beer have been known all over the world. Important cereal 
products have been unripe spelt grain and oat flakes. In 
the mountains, milk production and dairying have been 
the basis of income and nutrition. Fruit and vegetable pro- 
cessing also go back to the Middle Ages. Important prod- 
ucts are sauerkraut, dried fruit, and cider. 

In the Middle Ages, the qualities of food products such 
as bread, meat, and beer, produced in small craftsmen’s 
establishments, were protected by guild laws and rules of 
the sovereign. One of these was the so-called pureness rule 
of 1516, governing the production of beer. Water, malt, and 
hops were the only ingredients allowed for beer. Similar, 
usually local, rules existed for other food items like sau- 
sages and flour. These rules and regulations may be re- 
garded as the precursors of today’s food laws. Due to the 
long tradition of crafts in Germany, food still is produced 
today mostly in small-sized plants. 

The essential impetus for the industrialization of food 
production in central Europe, and thus in Germany, orig- 
inated from the continental blockade Napoleon I imposed 
in 1806. Blocked off from the world market, Europe had to 
substitute for several essential foods or start food produc- 
tion by itself. Thus, industrial production of sugar was de- 
veloped. Because coffee was no longer available, substi- 
tutes had to be developed, and industrial production soon 
started in Germany. At the end of the nineteenth century, 
the first industrially produced convenience food followed 
Liebig’s invention of meat concentrate. Such production in- 
cluded dry soups and vegetable protein hydrolysates, 
which were processed into so-called seasonings for soups. 

There was a need for preserved food in the French- 
German War of 1870/1871, which led to the development 
of condensed soups. Typical food manufacturing companies 
were founded in the late nineteenth century, and when sur- 
viving the intensified competition, today they partly exist 
as affiliates of large international food producing compa- 
nies. 

In the following sections, the demographic structure of 
the German population will be addressed, and determining 
data of the food industry in Germany will be presented. 
Subsequent sections will be devoted to the education of 
persons working in the food industry and to research in- 
stitutions and developments in the field of food industry. 


STRUCTURE OF THE POPULATION AND DEMOGRAPHIC 
DEVELOPMENT OF RELEVANCE FOR FOOD 
PRODUCTION AND PROCESSING 


Important for determining the quantities of food produc- 
tion is the number of people to be supplied, whereas the 
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age structure, size of private households, and kinds of jobs 
are essential for determining the kind of product spectrum. 
Another important factor influencing the product spec- 
trum is available income. The population statistics of all 
European countries show a stagnation or a slight decrease 
of population numbers. This is true for the German popu- 
lation within the new Bundeslander and also for the for- 
mer Federal Republic, but foreign people applying for the 
German citizenship exceed the decreasing number (Table 
1), In 1995, 7.2 million foreigners in Germany accounted 
for 8.8% of the total population, the percentage in the new 
Bundeslander was 1.7% at the same time. 

The low birth rate and the further extended life expec- 
tancy (1995: boys, 72.8; girls, 79.3) led to an increased pro- 
portion of older people, and to a lowered percentage of 
younger people (Table 2). 


FOOD CONSUMPTION 


The consumption behavior of people may, besides the dis- 
tribution according to age and country of origin, also be 
influenced by the fact that the number of small households 
and households without children is continuously increas- 
ing (status of 1995 shown in Table 3). Despite the increas- 
ing number of unemployed (especially in the new Bundes- 
lander, Table 4) the average consumption per household 
still increases (Table 5). The development after 1994 
slowed down but kept the trend. 

Total quantities of food sold in Germany will remain on 
an almost constant level. But demand will develop to more 
convenient products to serve older people or fulfill the 
needs of small households. Special food items are created 


Table 1. Development of the German Population from 
1950 to 1995 in Millions of People 


Former Federal New Bundeslinder 
Year Germany Republic and East Berlin 
1950 68,724 50,336 18.388 

1960 72,937 55,785 17.188 

1970 78,069 61,001 17.068 

1980 78,397 61.651 16,740 

1990 79,753 63,726 16.028, 

1995 81,817 66,342 15.476 


Source: Ref. 1. 


Table 2. Development of Age Structure in Germany from 
1955 to 1995 


Age 

Population Below 20 20-59 Above 60 
Year (millions) (%) (9%) (%) 
1955. 70.945, 30.2 54.2 15.6 
1965, 75.591 28.6 52.7 18.6 
1975, 78.882 29.1 50.4 20.5 
1985, 77.709 24.2 55.9 19.9 
1995, 31.539 21.5 57.8 20.7 
Source: Ref. 1. 


to attract health-conscious consumers, and the exotic and 
ethnic products supply follows the needs of foreigners and 
experiences made on vacations all over the world. A new 
dimension arises, when extrinsic properties like environ- 
mentally friendly production and sustainable farming as 
well as social responsibility of companies become quality 
criteria. A consumer-oriented food development is growing 
in Germany, relatively new in the branches of fresh pro- 
duce. Sensory science and consumer research assess the 
known and unknown desires of the consumer and replace 
the sole view on a product's properties (3-6). 


AGRICULTURAL AND COMMERCIAL PRODUCTION 


Agricultural and commercial food production are impor- 
tant economic factors in Germany. The net production 
value of agriculture and food industry was 34.3 and 48.8 
billion DM respectively, compared with 2,759.6 billion of 
the German economy. General structural and economic 
data of Germany, the German food industry, and its com- 
parison to other industry branches are presented in Tables 
6 and 7. 


Agricultural Production 


In 1997, 522,000 enterprises cultivated 117,000 km? in the 
former Federal Republic, and only 33,145 enterprises pro- 
duced on 56,000 km? within the new Bundeslander; to- 
gether they covered 54.1% of the total area of Germany. 

The number of employees and the total area is decreas- 
ing year by year, but production and turnover have been 
fairly stable within the last years. The most important pro- 
duce, in terms of quantity, are cereals, sugar beets, pota- 
toes, and meat (Table 8). Self-sufficiency depends on the 
crop (Table 8), only 18% in case of fruits and 41% in case 
of vegetables. Of the main agricultural crops, the self- 
supply is above 100%. 


Commercial Food Production 


Commercial food producing enterprises in Germany 
largely comprise small- to medium-sized companies. Of the 
companies in the German food industry, 72% employ less 
than 100 people, and only 3% of all enterprises employ 
more than 500 people (Tables 9 and 10). In addition to the 
producing food industry with a total number of 20 or more 
employees per enterprise, in 1995 there were 44,464 small 
craftsmen’s shops with 1 to 19 employees per enterprise; 
19,610 bakery shops; and 20,210 butcher shops producing 
and selling their products. In 1994 they employed 314,472 
people (baker; 145,632; butcher: 138,019) and had a turn- 
over of 31,204 million DM (baker: 11,241; butcher: 16,612). 

In the food industry most of the employees work in the 
baking sector, slaughterhouse and meat processing indus- 
try, brewing industry, and dairy, and confectionery indus- 
tries. These are the branches with the highest turnover 
and a low number of employees per enterprise, both indi- 
cating the traditional importance of the produced food 
items. 

The total turnover, number of employees, and total pay- 
roll in the food industry is typical for the producing indus- 
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‘Table 3. Number of Households With and Without Children in 1995 
Households 
Household, no. of members (millions) (%) Without children (%) With children (%) 
Former Federal Republic 
1 10.800 36.0 100 = 
2 9.612 31.9 88.4 116 
3 4.571 15.2 45 95.5 
4 3.618 12.0 06 99.4 
5 or more 1.518 5.0 0.3 99.7 
Total 30.119 100 64.8 35.2 
New Bundeslénder and East Berlin 

1 2.065 30.4 100 = 
2 2.246 33.1 85.4 14.7 
3 1.276 18.8 3.4 96.6 
4 0.979 44 0.3 99.7 
5 or more 0.227 3.3 0.0 100 
Total 6.793 100 59.3 40.7 
Source: Ref. 1. 
Table 4, Population, Potential Working and Unemployment 

Potentially working Working Unemployed 
Year (millions) Percentage of total population (millions) (millions) 

Former Federal Republic 
1991 30,662 479 28.973 1.689 
1994 30.872 46.9 28.316 2.556 
1997 30.512 45.8 27.491 3.021 
New Bundesléinder and East Berlin 
1991 8.503 53.4 7.590 0.913 
1994 7.798 50.1 6.656 1.142 
1997 7.748 50.4 6.385 1.363 
Source: Ref. 2. 
Table 5. Structure of Consumption of Private Households in 1991, 1994, and 1997 
New Bundeslinder 
Former Federal Republic and East Berlin Germany 

Private consumption 1991 1994 1991 1994 1997 
Million DM 1,446,940 1,647,070 183,390 255,790 2,086,200 
Food, beverages, tobacco (%) 213 20.1 30.4 27.6 18.0 
Clothing, shoes 17 71 73 55 65 
Housing 15.9 18.3 42 12.7 19.9 
Energy (no fuel) 4.1 3.6 5.0 44 3.6 
Furniture, appliances 88 8.7 10.8 10.3 8.2 
Health and body care 59 6.2 43 58 5.6 
Mobility and communication 17.3 16.4 20.8 16.0 16.7 
Education, entertainment, leisure 112 11.0 119 11.4 9.5 
Personal goods 78 8.6 5.2 63 8.1 


Source: Refs. 1 and 2. 


try in Germany: slowly increasing turnover, slowly de- 
creasing number of employees, and almost constant total 
payroll. The export share (foreign turnover divided by total 
turnover, Table 10) has steadily increased from 8.9% in 
1993 to 11.1% in 1997. This is a small figure compared to 
33.2% export share of the total producing industry, but 
there is considerable variation among the different sectors 


of food industry (Table 10). The value of imports was 
71,534 million DM in 1996; the value of exports was in the 
same year 41,939 million DM. Over the last five years im- 
ports and exports slowly grew at the same rate. 

The percentage of payroll in the total turnover of food 
industry (1996) was low (10.9%) compared with the pro- 
ducing industry of other branches (18.5%), whereas the 
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Table 6. General Structural and Economic Data of Germany, 1995 and 1997 


Germany 1995 Germany 1997 
Population 81,700,000 82,100,000 
Persons employed 34,800,000 33,900,000 
agriculture and forestry 1,001,000 903,000 
food industry 524,500 502,700 
Private households 36,900,000 37,457,000 
Gross national product (in present prices) 3,448 billion DM 3,624 billion DM 
Private consumption 1,979 billion DM 2,096 billion DM 
Expenditures for food, beverages, and tobacco 372 billion DM 376 billion DM 
Net income per employed person and month 2,610 DM 2,710 DM 
‘Total cost-of-living index (1993 = 100) 104.5 108.0 
Food price index (1993 = 100) 102.4 104.7 
Gross salary (wage) index (1993 = 100) 106.1 109.7 
Net salary (wage) index (1993 = 100) 101.4 105.2 
Foreign trade 
‘Total imports 664 billion DM 756 billion DM 
Food imports 68 billion DM 72 billion DM 
Total exports 750 billion DM 887 billion DM 
Food exports 38 billion DM 42 billion DM 
Source: Refs. 1 and 2. 
Table 7. Comparative Structural Data, 1995 
Industry Number of enterprises Number of employed Turnover (billion DM) Export (%) 
Total producing industry 46,398 6,593,000 2,033 28.8 
Food industry 5,085 525,000 221 98 
Petrochemical industry 86 27,000 111 28 
Chemical industry 1,717 536,000 219 416 
Metallurgy 1,128 295,000 102 32.8 
Metal products 6,498 1,044,000 251 42.7 
Equipment for power plants 2,341 495,000 123 32.0 
Vehicles and parts 1,047 689,000 262 41.6 
Source: Ref. 1. 


‘Table 8. Agricultural Production, 1997 


Quantity Self-sufficiency 

Produce (million tons) (%) 
Cereals (wheat, rye) feed 

and industry excluded 23.2 120 
Sugar (as white sugar) 4.0 150 
Potatoes 125 102 
Fruit 0.948 18 
Vegetables 2.561 41 
Wine (million hL) 8.311 46 
Meat (slaughter weight) 6.2 85. 
Beef 15 127 
Pork 3.5 80 
Cow’s milk 28.7 
Eges 13,890 million 72 
Source: Ref. 2. 


material value was high (50.8% compared with 39.2%). 
This indicates the high degree of automation that is sup- 
ported by the above average investments made in the food 
industry. In 1994, 10,305 million DM were invested by the 
food industry, 86,321 million DM of the total producing in- 
dustry of Germany. The energy consumption increased 


from 1996 to 1997 by 2.18% to 26,558 million kWh in the 
case of gas and by 1.24% to 12,378 million kWh in the case 
of electric current. Consumption of coals and fuel oils re- 
duced in the same period by 9.8% to 17,424.2 million kWh. 


EDUCATION AND RESEARCH 


Education 


Cultural and educational policies are within the competen- 
cies of the federal states of Germany. However, the federal 
government exerts coordinating functions providing for 
framework and financing laws. The German educational 
system therefore varies to some extent from state to state. 
The mandatory education period is 9 (in several states, 10) 


years of school attendance. 

In 1999, 935,000 pupils finished school education, with 
the following breakdown (7): 
With no qualification 8% 
After successful elementary school 25% 
Realschule (intermediate level) 40% 


With admission to university or technical college (Ing.) 27% 
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‘Table 9. Branches of Food Industry, Number of Companies and Persons Employed, 1995 
Number of companies employing een Total 
119 20-49 50-99 100-499 500-999 1000+ of employed 
persons persons persons persons peresons persons companies _ persons 
Commercial food production 505 «1,988 1,148 1,281 120 35 5,077 534,000 
Slaughterhouse and meat processing industry 85 520 248 215 18 5 1,151 105,900 
Fish processing industry 28 32 16 28 4 1 109 12,100 
Fruit and vegetable industry 56 95 65 70 5 2 293 28,600 
Potato products 8 16 ul 14 2 = 84 6,400 
Fat and oil industries 2 5 10 19 2 1 39 8,500 
Dairies, cheese producing plants 
(fresh and keeping) 34 85 83 109 12 4 324 49,600 
Spices and sauces 9 26 10 24 4 3 16 15,400 
Mills and starch 12 42 31 19 3 3 107 9,300 
Baking products 71 650 334 325 24 3 1418 129,200 
Sugar industry 1 2 5 37 iT as 46 8,800 
Confectionery 8 28 45 59 “4 oI 161 37,900 
Coffee and tea producing industry 3 9 15 20 3 - 50 7,900 
Mineral water, soft drinks 31 73 50 86 4 - 244 24,900 
Breweries and malting plants 46 206 17 107 1 4 491 49,300 
Wineries _ 13 12 7 1 - 33 3,100 
Spirits 29 51 21 16 2 as 119 7,600 
Source: Ref. 2. 
Table 10. Branches of Food Industry, Index of Net Production, Turnover, Total Payroll, and Export Share, 1997 
Index of net production 
(1995 = 100) ‘Turnover Total payroll Export share 
Branch of industry 1993 1994 1996 1997 (millionDM)" —_(% of turnover) (%) 
Commercial food production 94.1 95.8 1019 102.7 225,981 10.9 M1 
Slaughterhouse and meat processing industry 97.5 99.0 102.7. 104.9 39,839 10.3 5.0 
Fish processing industry 96.0 976 1023 97.2 3,604 13.3 15.5 
Fruit and vegetable industry 822 865 1004 1024 12,285 10.5 12.6 
Potato products 1,691 15.6 9.1 
Fat and oil industries 1104 104.5 «95.2 = 99.4 8,541 47 29.1 
Dairies, cheese producing plants 
(fresh and keeping) 901 900 997 97.1 39,396 64 16.5 
Spices and sauces 6,612 16.3 19 
Mills and starch 828 804 1064 1124 6,345 9.6 22.4 
Baking products 76.1 77.9 1038 1058 18,533 27.7 28 
Sugar industry 6,383 15 15.9 
Confectionary 105.5 108.3 1031 © 99.3 14,893 11.0 18.2 
Coffee and tea producing industry 9,472 48 12.8 
Mineral water, soft drinks 914 97.7 100.5 108.1 11,770 12.1 18 
Breweries and malting plants 101.8 103.5 97.7 968 19,972 15.0° 6.0° 
Wineries 2,675 58 
Spirits 1106 107.7 «972 = 89.4 6,668 5.0 3.3 
*Without tax. 
‘Only breweries. 
Source: Ref. 2. 


Professional qualification can be performed in multiple 
ways; the main levels of professional qualification are 
listed in Table 11. 

After the successful attendance of 9 (or 10) years of the 
elementary school, a professional education of 2 to 3 years 
may follow. In addition to the training within the company, 
there is parttime school education. In some cases the com- 
plete education is conducted in specialized schools. It can 
be a choice between an industry and a smaller craftsman 


shop’s environment education. Further qualification after 
several years of job experience can lead to a master or tech- 
nician certificate. The first enables education of pupils 
within the industry’s own branch. 

Universities are institutions of the dual system of teach- 
ing and research. In 1998/99, 1,824,000 students were reg- 
istered at German universities, 271,575 persons, 48.4% 
women, in the first semester. In 1996 the student numbers 
were lower, for the first time, than in the year before. In 
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Table 11. Levels of Professional Qualifications in Germany 


Course of Number of educated 
School Professional education qualification persons in 1996 Skills 
12-18 years 4-5 years university Agriculture 7,260° Work scientifically 
secondary school academic Food Sciences 4,870° —_Self-responsible 
or gymnasium Management duties 
12-13 years 4 years technical college Agriculture 2,692° Self-employed, transfer of 
secondary school Ing. graduate Food Sciences 3,144° _ scientific knowledge into 
or gymnasium practical problem solving, 
technical management 
10 years 2 years school technical Implementation of 
Realschule assistant technical work 
independently 
9-10 years 3 years dual education Master additional school Performing specific work 
elementary school within an enterprise and/ —_or courses experience without instruction, 
or school education instructing other 


9-10 years 
elementary school 


3 years dual education 
within an enterprise and/ 
or school education 


9-10 years 
elementary school 


3 years dual education 
within an enterprise and/ 
or school education 


9-10 years 
elementary school 


On-job training 


2 years school 
technician experience 


workers, educating 

Planning of investment and 
operation of machinery, 
managing supply and 
labor requirements 


Several professions Technical skills, capable of 
thereof: performing difficult 
Baker 17,642 specific work 
Butcher 9,086 
Specific work 


“Horticulture collage and university: 2871 students. 
Source: Refs. 1, 2, and 8. 


the food sector, students specialize in food technology 
(Universities: Berlin, Bonn, Hohenheim, Munich), food 
chemistry (Berlin, Bonn, Braunschweig, Dresden, 
Erlangen-Niimberg, Frankfurt/M, Hamburg, Hohenheim, 
Kaiserslautern, Karlsruhe, Munich, Minster, Stuttgart, 
Wuppertal, Wiirzburg), and nutrition science and nutrition 
economy (Bonn, GieSen, Hohenheim, Jena, Kiel, Munich, 
Potsdam). Horticultural universities are located in Berlin, 
Hannover, and Munich; agricultural branches are in Ber- 
lin, Bonn, Giefen, Géttingen, Halle-Wittenberg, Hohen- 
heim, Kassel, Kiel, Munich, and Rostock. Additional 
disciplines taught at German universities are wine pro- 
duction, beverage technology, dairy economy, packaging 
technology, production technology, and automation and 
process technology. The German food industry also en- 
gages graduates from other disciplines, such as chemistry, 
physics, and pharmacy, thus providing transfer of knowl- 
edge and encouraging interdisciplinary concepts. It should 
be noted here that there are no restrictions or specific edu- 
cational requirements to a position in the food industry. 
One exception is the official inspection of foods, where food 
chemists or veterinarians are required. 


Research 


Total expenditures for research and development in Ger- 
many amounted in 1996 to 88,600 million DM. Industry 
and trade spent 67% of research funds, 18% were spent by 
universities, and 15% by noncommercial governmental or 
private institutions. 


Research at Universities. The dual system of research 
and teaching is traditionally practiced at German univer- 


sities and technical universities. They are exclusively af- 
filiated with the federal states. Scientists (professors) ap- 
pointed to a chair for an unlimited period may conduct 
self-responsible research within their working field. The 
budget is financed by the federal government concerned. 
Additional money sources are industry, private founda- 
tions, the Deutsche Forschungsgemeinschaft (mainly fun- 
damental research), or “Innovationskompetenz mittel- 
standischer Unternehmen” by the Federal Ministry for 
Education and Research (applied research, development). 
Other sources of funding are the research projects sup- 
ported by the EU in the FAIR, FLAIR-FLOW, and COST 
projects. More details can be found at the Web sites 
www.exp.ie / flairhtml or www.kowi.de. Information on the 
fields of the German universities and addresses can be 
found at the Web sites www.hochschulkompass.hrk.de, 
www.bmbf.de, or www.studienwahl.de. 


Federal Ministry for Nutrition and Agriculture. The Fed- 
eral Ministry for Nutrition and Agriculture spends 500 
million DM annually on research (9). The most important 
institutions are the 10 federal research centers, the Cen- 
tral Institution for Agricultural Documentation and Infor- 
mation (www.dainet.de (/zadi)) and 7 institutions (blue 
list), which are cofinanced with federal states. The topics 
of investigation are sustainable use of ecosystems and re- 
sources, protection of the natural environment and quality 
production, enhancement of food quality, further develop- 
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mation and documentation. The knowledge produced 
serves governmental decisions in the field of nutrition, ag- 
riculture and forestry, and consumer policy. It also is 
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HISTORIC PERSPECTIVE 


Given the large fertile land area relative to population, an 
abundance of temperate foodstuffs have been exported 
since the Viking age. Hides, wool, grain, butter, and fish 
were exported through the trading towns, such as Dublin, 
Cork, and Galway, to Britain and Europe (1). 

In 1700 Ireland was similar to other western European 
countries; her population was about 4 million and most of 
them worked on the land. From the middle of the eigh- 
teenth century, the demand for agricultural products grew 
sharply. In a century, beef exports had quadrupled, pork 
increased eightfold, and the carefully supervised butter 
trade doubled. This supply of low-cost foods was critical in 
releasing British agricultural labor for factory work, thus 
contributing to the British industrial revolution. Ireland’s 
population, supported by increased potato cultivation, 
reached 8 million by 1800, when the Act of Union joined 
Ireland’s Parliament to that of the UK (2). 

Much of this population lived in poverty as farm tenants 
and agricultural laborers, with most of the fertile land 
owned by the Anglo-Irish gentry in great estates. The 
Great Famine, 1845 to 1849, was a calamity in which 
about 1 million died and a further million emigrated (3). 
It arose from the devastation of the staple food, the potato, 
through blight. Land tenure was transformed in subse- 
quent decades to family-owned and -operated farms, which 
now predominate (4). 


MODERN ECONOMY 


Treland’s joining of the European Union (EU) in 1973 ac- 
celerated economic development in both agriculture and 
industry. Economic prosperity has followed, with Ireland’s 
gross national product (GNP) per head rising from 62% of 
the EU average in 1980 to 85% in 1998, with some projec- 
tions suggesting equality by 2003 (5). Factors involved are 
external, such as trade access to the single EU market and 
EU structural fund transfers, and internal, such as consis- 
tent macroeconomic policy, major investment in education, 
and industrial strategy. The latter has involved concentra- 
tion on selected industrial sectors, such as information 
technology, financial services, chemicals, pharmaceuticals, 
and food. 

With economic development, primary agriculture has 
been a declining sector, with its share of gross domestic 
product (GDP) falling to 5.2% in 1998. The overall agrifood 
sector is still of major importance in the economy, however, 
accounting for nearly 13% of GDP in 1998 (6). Further- 
more, the low import content of food exports means that 
the share of the agrifood sector in net foreign earnings is 
nearly 33% (ie, foreign earnings adjusted for imports of 
materials and repatriation of profits by foreign-owned com- 
panies). Agricultural employment has correspondingly 
fallen to about 9% of the total. Although the food industry 
is still dominated by meat and dairy products, advanced 
food ingredients and consumer products sectors have also 
emerged. The drinks sector is also very strong with global 
brands such as Guinness and Bailey’s. The food industry 
is strongly export oriented with about half of all food man- 


ufacture being exported. Food industry structure has also 
changed rapidly, being dominated by about 10 leading com- 
panies that have expanded rapidly through merger and 
foreign direct investment, primarily in the UK, the EU, 
and the United States. 


THE COOPERATIVE MOVEMENT 


In 1889 Sir Horace Plunkett started the producer co- 
operative movement. The Co-op Societies grew rapidly in 
numbers and prospered, especially in the dairy and pig- 
meat sectors (7). Today the cooperative movement contin- 
ues to flourish, with some of the larger cooperatives, par- 
ticularly in dairying, being very successful international 
food business organizations. Since the mid-1980s a few of 
these larger cooperatives have adopted a rather unique 
cooperative-public company joint ownership structure. 
The linkage by the cooperatives to a public company struc- 
ture has provided finance for international growth. Coop- 
erative types involve both primary cooperatives, in which 
membership consists of farmer suppliers, and secondary 
cooperatives, in which particular functions are performed 
on behalf of the primary cooperatives that constitute the 
membership. The Irish Dairy Board, which markets dairy 
products internationally on behalf of primary dairy coop- 
eratives under the brand name Kerrygold, is a good ex- 
ample of a successful secondary cooperative. The Irish Co- 
operative Organisation Society (1.C.0.S.) is the national 
representative and promotional agency for cooperatives in 
Treland, while the Centre for Co-operative Studies in Uni- 
versity College Cork conducts research and provides edu- 
cation on all aspects of cooperatives. 


GOVERNMENT AND AGRIFOOD 


The Department of Agriculture and Food is responsible 
for all aspects of supervision and development of the 
agrifood industry. For food, its goals include the fuither 
development of high-quality international markets and 
the fostering of added-value food exports rather than ba- 
sic commodity trading. Related activities include the 
operation and implementation of EU schemes and regu- 
lations, the provision of grants for farm improvements, 
the operation of measures to improve livestock and hor- 
ticultural production, the control and elimination of ani- 
mal disease, ensuring quality control in food processing 
and marketing, and the formulation and operation of 
land policy (8). 

The Department of the Marine and Natural Resources 
is a comparatively new government department, being 
first established as a Department of Fisheries, separate 
from Agriculture, in 1977, with subsequent functional 
and title changes. Ireland as an island has great scope 
for sea fisheries development and also is famous for 
freshwater fishing, both game and coarse. The Depart- 
ment has responsibility for all aspects of regulation, pro- 
tection, and development of the marine resources. The 
Department is also responsible for all aspects of forest 
policy (8). 


IMPORTANT STATE AGENCIES 


Teagasc—the Agriculture and Food Development Author- 
ity—is the national body providing advisory, research, edu- 
cation, and training services to the agricultural and food 
industry. It was established in September 1988 and re- 
placed ACOT, the agricultural advisory and training body, 
and An Foras Taluntais, the agriculture and food research 
organization. Of particular importance to Teagasc is the 
education and training for young farmers, research in the 
food industry, together with farm management, economics, 
marketing of agricultural products, and rural development 
(8). Teagasc has two major food research centers, the Dairy 
Products Research Center in Cork and the National Food 
Center in Dublin. 

Bord Bia, the Irish Food Board, is the market develop- 
ment and promotional body established by the government 
to assist the Irish food and drink industry. Its role is to 
work in partnership with Irish companies, bringing them 
together with prospective buyers to build sales of Irish 
food and drink in export markets. It provides a range of 
services, including market information support, product 
promotion, inward buyer programs, quality assurance ini- 
tiatives, and marketing enhancement programs for indi- 
vidual companies. It has a network of international offices, 
in Dusseldorf, London, Madrid, Milan, Moscow, New York, 
and Paris. 

An Bord Glas, the Horticulture Development Board, 
was established in March 1990 as a statutory semistate 
body. The primary function of the board is to assist and 
encourage all aspects of horticulture so as to increase out- 
put, improve the domestic market, and thereby create em- 
ployment and contribute more significantly to GNP. BIM/ 
Irish Sea Fisheries Board is the state agency with primary 
responsibility for the sustainable development of the Irish 
seafish and aquaculture industry both at sea and ashore 
and the diversification of the coastal economy so as to en- 
hance the employment, income, and welfare of people in 
coastal regions and their contribution to the national econ- 
omy. It provides a wide range of financial, technical, edu- 
cational, marketing, resource development, and ice supply 
services for the production sector through to the processing 
and marketing sectors. 


UNIVERSITIES AND COLLEGES 


Ireland has many universities, institutes of technology, 
and regional technical colleges that offer undergraduate 
and postgraduate food science and technology programs of 
relevance to the agrifood sector. 

University College Cork has a faculty dedicated to food 
science and technology and is internationally recognized 
for the excellence of its education, research, and training 
programs. It is unique in Ireland for its commitment to 
food science and technology, food business, and food bio- 
technology. The Faculty of Food Science and Technology 
offers five undergraduate degree programs: B.S. in Food 
Business (offered jointly with the Commerce faculty), B.S. 
in Food Science, B.S. in Food Technology, B.S. in Nutri- 
tional Sciences, and B.E. in Food Process Engineering (of- 
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fered jointly with the Engineering faculty). The faculty 
also offers a range of postgraduate opportunities, which 
include M.S. and Ph.D. by research, M.S. by a combina- 
tion of research and coursework, and also higher diplo- 
mas. The Faculty occupies a dedicated Food Science and 
Technology Complex, including an extensive Food Pro- 
cessing Hall and specialized laboratory facilities where 
the National Food Biotechnology Center is incorporated. 
University College Dublin offers a B.S. in Food Science 
within the Faculty of Agriculture and provides both full- 
time and parttime taught master’s programs in Food Sci- 
ence. In addition, graduates may be admitted for research 
programs leading either to master’s or Ph.D. qualifica- 
tions in Food Science. 

The University of Limerick offers a B.S. in Food Tech- 
nology associated with the Biological Sciences Department 
and also provides postgraduate programs. Trinity College 
Dublin offers undergraduate and postgraduate courses in 
nutrition and dietetics. The Dublin Institute of Technology 
offers a B.S. in Human Nutrition and Dietetics. In addi- 
tion, a range of certificate and diploma courses is offered 
by the Institutes of Technology in Carlow, Cork, Dundalk, 
Letterkenny, Sligo, Tralee, and Waterford. 

In Northern Ireland, the University of Ulster at Coler- 
aine provides a B.S. in Human Nutrition, as well as post- 
graduate opportunities in the area. Loughry College also 
offers a B.S. in Food Technology, as well as postgraduate 
courses. 

Extensive research programs in the food science and 
technology area are under way in most of the universities 
just listed. Funding comes from the European Commis- 
sion, government agencies, and national and international 
industry. 
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INTERNATIONAL DEVELOPMENT: 
NEW ZEALAND 


The characteristics of New Zealand and its economy, with 
special reference to food production and processing, will be 
discussed. The new science structures and funding are 
mentioned, and then some detail of food science and re- 
search providers is given. 

New Zealand, with its nearest neighbor the continent 
of Australia, is located in the southwest Pacific Ocean. New 
Zealand consists of two main islands and is similar in size 
to Japan and to the UK. It is a diverse land, changing from 
subtropical in the far north to cool temperate in the south. 
The population of New Zealand is approximately 3.7 mil- 
lion (1996 census). 

Seasons are opposite to the Northern Hemisphere, with 
January and February being the warmest months and 
July the coldest. The climate is temperate with averages 
from 8°C (46.4°F) in July to 17°C (62.6°F) in January, but 
summer temperatures occasionally reach the low 30s (mid 
80s°F to low 90s°F) in many inland and eastern regions. 

The mean average rainfall varies widely, from less than 
400 mm (15.7 in.) in the lower central part of the South 
Island to over 12,000 mm (470 in.) in the Southern Alps— 
which form the backbone of the South Island. For most of 
the North Island and the northern South Island, the driest 
season is summer. However, for the west coast of the South 
Island and much of inland Canterbury, Otago, and South- 
land, winter is the driest season. 

New Zealand is a food producing and exporting nation 
with food and beverage products comprising 48% of New 
Zealand’s exports in 1998. Over the past 10 years there 
has been a decline in the earnings from unprocessed pri- 
mary produce (particularly wool) and an increase in the 
earnings from processed products. The New Zealand econ- 
omy is heavily dependent on overseas trade. Until the late 
1980s New Zealand had an almost complete dependence 
on dairy, meat, and wool exports, but since that time in- 
creases in value of exports from forestry, fishing, horticul- 
ture, and the manufacturing industries have been very sig- 
nificant. Tourism has become a very important earner for 
the country. 

The major trading partners that together account for 
about 70% of the country’s exports are Australia, Japan, 
EC, the United States, Korea, and China (including Hong 
Kong). The EU has been the major market for food and 
beverage products, accounting for 28% of the value, but the 
patterns for different food items are very varied. North 
America is the primary market for beef, but Europe is the 
primary market for sheepmeat products. Milk powder is 
primarily targeted at Southeast Asia; butter and cheese at 
Europe, although North Asia is also a high importer of 
cheese; and more than half of the casein production is ex- 
ported to North American markets. Fish and fish prepa- 
rations markets tend to be in North Asia, although there 
are also significant markets in the North Americas. 

Kiwifruit are the major earner in the horticultural sec- 
tor, followed reasonably closely by apples and pears with 
vegetables third. The major markets for exported fruit are 
in Europe (58% of the value), whereas North Asia is more 
important for vegetables, accounting for some 35% of the 


export value. Australia is the largest market for fruit and 
vegetable preparations. 

The value of totally processed primary produce is al- 
most three times that of the unprocessed primary produce. 
Since the major contributors to the unprocessed primary 
produce are wood pulp and wool, it is obvious that most 
food products are in the processed primary products cate- 
gory. 


NEW ZEALAND SCIENCE STRUCTURES 


The government science agencies were completely reor- 
ganized in 1992. The activities of the Department of Sci- 
entific and Industrial Research (DSIR), the Ministry of 
Agriculture and Fisheries (MAF), the Forest Research In- 
stitute (FRI), and other government research organiza- 
tions were reorganized into new business enterprises 
called Crown Research Institutes (CRIs). The CRI struc- 
ture was established to provide an open and flexible frame- 
work for the management of science with the expectation 
that it would create better collaboration between the pub- 
lic and private sectors in areas of research and develop- 
ment (R&D) and technology transfer. Each institute is 
based around a productive sector of the economy or a 
grouping of natural resources and in general provides a 
vertical integration from production through to market. 
The CRIs are as follows: 


New Zealand Pastoral Agriculture Research Institute 
Ltd. (AgResearch) 

The New Zealand Institute for Crop and Food Research 
Ltd. (Crop & Food) 

Horticulture and Food Research Institute of NZ 
(HortResearch). 

Industrial Research Ltd. (IRL) 

Institute of Environmental Science & Research Limited 
(ESR) 

Forest Research (FRI) 

Institute of Geological & Nuclear Sciences Ltd. (IGNS) 
Manaaki Whenua-Landcare Research (Landcare) 
National Institute of Water & Atmospheric Research 
(NIWA) 


The first three on the list have a significant focus on food; 
the fourth, IRL, contributes significantly to processing of 
biological materials and in equipment development for the 
food industry and the others can have some involvement 
providing specific skills for food projects. 


RESEARCH FUNDING 


The New Zealand government, via the Foundation for Re- 
search Science and Technology, makes available just under 
$NZ300 million for public good science each year. Research 
organizations bid for these funds, which are distributed 
across 17 output areas that embrace everything from ani- 
mal industries (production and processing) to research on 
Antarctica. There is no specific output for food and food 


science and technology; instead, it is an integral part of 
many of the outputs, especially those focused on animal 
industries, dairy industries, horticulture, arable and other 
food and beverage industries, manufacturing, and indus- 
trial technologies. Funding for these output classes collec- 
tively account for about half of the public good science 
funding. Since the funding is focused on the production 
aspects of the raw material as well as the food and other 
products related to the sector, it is difficult to get ameasure 
of the government funding for food science and technology 
programs. Government funding provides the most obvious 
research funding source, but individual sector businesses 
and industries also fund universities and research insti- 
tutes for R&D projects to adapt generic science or to un- 
dertake specific development projects. The dairy and meat 
industries support, to some degree, dedicated research in- 
stitutes, but there is no overall food research institute. 


FOOD SCIENCE 


New Zealand has a number of significant providers of food 
science research: New Zealand Dairy Research Institute, 
MIRINZ Food Technology and Research Ltd., three of the 
CRIs (AgResearch, HortResearch, and Crop & Food), and 
two of the universities (Massey University and Otago Uni- 
versity). Other CRIs and two other universities play some 
role in food science research. 


New Zealand Dairy Research Institute 


The New Zealand Dairy Research Institute (NZDRI) is the 
key provider of strategic product and process research and 
development to New Zealand’s cooperative dairy industry. 
NZDRI has close links with AgResearch and the Dairy Re- 
search Corporation (a joint venture between the NZ Dairy 
Board and AgResearch) for production research and with 
Massey University for production, processing, and product 
research. Since R&D is integrated with marketing and 
manufacturing strategies, NZDRI works closely with the 
New Zealand Dairy Board’s development laboratories 
around the world and with individual companies. 
Research carried out by NZDRI primarily focuses on 
new milk products and processes for the export markets, 
with emphasis on recombined products and longer-life con- 
sumer products rather than fresh liquid milk products. 
Fundamental studies on the properties of milk components 
and how these can be influenced by production and manip- 
ulated during processing feeds research to provide prod- 
ucts with specific attributes for defined-ingredient market 
niches. The research draws on specialized knowledge on 
separation and evaporation as well as basic protein and fat 
chemistry. The research on milk proteins has led to a wide 
range of milk powder products designed for specific bakery 
applications as well as some for meat products. The re- 
search on milkfats and how they can be manipulated has 
led to the development of butters that are spreadable at 
refrigeration temperatures. Considerable effort is also di- 
rected at cheese production so that the New Zealand in- 
dustry can meet the demand for continuous supplies of 
high-quality cheese products with consistent flavor, the de- 
velopment of which is a slow, complex biological process. 
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The two concerns are loss of starter strains (and of product) 
due to bacteriophage infection, and achievement of the cor- 
rect balance of microflora for the development of required 
flavors. NZDRI aims to provide the strategic science to de- 
velop starter strains with improved resistance to bacterio- 
phage infection. Knowledge of the physiological and en- 
zymological systems of lactic acid bacteria that contribute 
to critical flavor compound development from the break- 
down of protein and fat will provide the critical science 
necessary to predict and control flavor development in 
cheese. 

Flavor is another critical component of milk-based prod- 
ucts, and the research program aims to enable the industry 
to provide products with consistent and desired flavor at- 
tributes. The investigations focus on the relationships be- 
tween the sensory characteristics of dairy products, and 
the concentrations of critical flavor compounds that differ- 
entiate the flavor of New Zealand products from that of 
competitors. Sensory characteristics are being defined us- 
ing both consumer acceptability and descriptive analysis 
techniques and related to the concentrations of critical 
compounds accurately measured using stable isotope di- 
lution assays. Concentrations of critical compounds in 
products will be related to processing procedures in the 
factory and to seasonal, dietary, and breed factors affecting 
milk characteristics on the farm. This information will be 
used to develop integrated flavor management strategies 
to meet market requirements for specific dairy flavors. 

Much of NZDRI’s R&D is confidential, providing prod- 
ucts for specific end uses meeting specific applications re- 
quirements, but information can be obtained on research 
undertaken with public good science funding. 


MIRINZ Food Technology and Research 


Formerly known around the world as the Meat Industry 
Research Institute of New Zealand (Inc), (MIRINZ), insti- 
tute has been regarded as the independent central R&D 
agency servicing the New Zealand meat processing indus- 
try. Established in 1955 to study all aspects of meat pro- 
cessing from farm gate to the consumer, the organization 
has been the primary driver for many of the technological 
innovations in the world meat industry. The organization 
was recently restructured with AgResearch taking a 30% 
shareholding in the new MIRINZ Food Technology and Re- 
search Limited while the other 70% remains with MIRINZ 
(Inc). At the same time the scope of activities was broad- 
ened so that MIRINZ Food Technology and Research can 
apply its skills to other foods. 

MIRINZ has been at the forefront of research into meat 
science, methods, and systems to ensure eating quality; 
humane electrical stunning systems for sheep, cattle, and 
deer; packaging developments to maintain product safety 
over longer periods; and predictive microbiology tech- 
niques to alert processors to potential risks. Research con- 
tinues in these areas to reduce costs, reduce variability, 
and integrate processes and procedures into pasture-to- 
plate management systems. 

Modeling of biological processes responsible for the con- 
version of muscle to meat continues to play an important 
role in the improvement of methods to maintain quality of 
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meat. As a consequence of the predictive models, new chill- 
ing and freezing processes have been developed to reduce 
energy wastage while improving potential product quali- 
ties. Mechanization of the dressing and boning processes 
have been significant areas of endeavor and continue to be 
important with machines and ergonomic tools being de- 
veloped that simplify and improve processing of high value 
products. 

Product development, especially of products with nutri- 
tional and health benefits, is a crucial area of research to 
increase the profitability of the industry. The minimization 
and treatment of wastes from animal and meat processing 
remains an important area of R&D, since the protection of 
the environment is crucial to maintenance of a sustainable 
industry. 

MIRINZ Food Technology and Research provides a wide 
range of research and development activities—with its 
skills in meat science, physiology, biochemistry, microbi- 
ology, measurement technologies, electronics, environmen- 
tal science, and engineering—to address the needs of the 
meat industry and, increasingly, the broader food industry 
(MIRINZ was absorbed into AgResearch in August 1999). 
The drive is to move the meat industry from being a com- 
modity supplier to a supplier of specific tailored products. 


New Zealand Pastoral Agriculture Research Institute Ltd. 
(AgResearch) 


AgResearch rightly sees itself as providing “the bridge be- 
tween the food, fiber and biotechnology products of New 
Zealand’s pastoral industries and the consumer trends of 
the 21st century.” Although largely focused on production 
there are three streams of food-related research at Ag- 
Research. First, there is the research aimed at new foods 
or improving product quality; second, that aimed at allay- 
ing customer fears on food safety; and, finally, that aimed 
at ensuring food is grown in a healthy environment. Re- 
search in the first category includes attempts to tailor 
meat-based products to market specification; alter milkfat 
composition and casein production; enhance milk flavor; 
and provide velvet antler products with proven nutritional 
and health properties. Much of the product research is con- 
ducted by association with other groups such as NZDRI, 
MIRINZ, and Massey University so that the production- 
modified products can be processed to utilize the improved 
characteristics. Research to allay consumer fears of food 
safety has focused on animal disease control, residue elim- 
ination or reduction, and detection of natural toxins. The 
assurance that food is grown in a healthy environment is 
supported by the programs on animal welfare and devel- 
opment of sustainable production systems from soil man- 
agement to the final product. 

AgResearch has recently established the Agresearch 
Centre for Pastoral Food Research in Palmerston North as 
a joint venture with Massey University to develop inno- 
vative and differentiated food products with added value 
derived from forage and forage-fed animals. AgResearch 
has research capabilities in physiology, genetics, reproduc- 
tion, nutrition, and management of grazed livestock, bio- 
technology, and environmental impacts on agriculture. 


The New Zealand Institute for Crop and Food Research Ltd. 
(Crop & Food) 


Crop & Food undertakes vertically integrated research 
and technology development programs to support the de- 
velopment of commercially successful products from the 
cereal, vegetable, flower, forestry, and seafood industries. 
For the vegetable and cereal products, there is a strong 
focus on safe and environmentally sustainable production, 
but there is also a link with the companies processing the 
products. Increasingly, Crop & Food supplies information 
on ways to grow, process, and use foods and their nutri- 
tional value for a better lifestyle. One area of nutritional 
research where Crop & Food has been involved is the 
relationship between dietary lipids and cardiovascular dis- 
ease. Animal models are being developed that enable ap- 
propriate end points reflecting thrombosis and atheroscle- 
rosis to be developed. 

Crop & Food is the primary provider of seafood product 
research. The group has considerable expertise in preser- 
vation of the quality of fish from catching to the market- 
place, both as “live” fish and as processed product. Crop & 
Food seafood focus is development of technologies that en- 
hance the consistency of product and product safety, 
thereby increasing its market value. 

Crop & Food has recently established the Food Industry 
Science Centre (FISC) to link its activities with those of 
researchers at Massey University, NZDRI, and food com- 
panies operating in the North Island with the aim of de- 
veloping a center of excellence for food, nutrition, and 
health. Research projects include increasing the storage 
life of vegetables, expanding the use of maize and oats in 
food products and the use of vegetables and fruits to pro- 
mote healthy eating, as well as exploring consumer per- 
ceptions of food. The skills of the Institute’s staff include 
expertise in plant breeding and biotechnology, food tech- 
nology, nutrition, biochemistry, postharvest technology, 
agronomy, plant physiology, and pest and disease control. 


Horticulture and Food Research Institute of NZ 
(HortResearch) 


HortResearch is effectively the primary research arm of 
the horticulture industry working in partnership with 
horticulture and food operations. HortResearch is involved 
in research to assist growers of fruit, some vegetable crops, 
and flowers in developing new varieties, new environ- 
mentally friendly methods of crop production and protec- 
tion, as well as novel harvesting and processing technolo- 
gies underpinned by fundamental research. HortResearch 
has relaunched its food science capabilities under a 
Food + Innovation banner, to create food research solutions 
for business built on three key strengths: sensory and con- 
sumer science, food technology, and industry foresight with 
a strong commercial focus. 

HortResearch provides research, development, and 
technology to help bring new and improved products and 
processes to the marketplace. New varieties of kiwifruit 
and apples tailored to meet the consumer requirements 
have resulted from HortResearch’s efforts. Noninvasive 
measurement methods are being developed by Hort- 
Research to enable consistent quality product to be deliv- 


ered to the marketplace. Changing consumer trends to- 
ward convenience and “healthier” foods means that 
demand for ready-to-eat or use foods is increasing. Such 
items as peeled apples, sliced rock melon, and kiwifruit 
and prepared raw vegetables that stay fresh in the refrig- 
erator for up to six months are the possibilities being con- 
templated by the latest research. Enzyme-peeled fruit 
technology does away with labor-intensive hand-peeling 
methods. HortResearch has already developed safe, high- 
quality clarified juice concentrates, with extended shelf 
life, that have the flavor and appearance of fresh juices. 
HortResearch pioneered the technology behind kiwifruit 
wine, clarified kiwifruit juices and concentrates, fruit nec- 
tars, and tamarillo juice products. It has also been involved 
with enzyme peeling of fruit, heat pump technology, and 
improved processing of kiwifruit. Processed kiwifruit is 
naturally tangy but no longer irritates the throat, thanks 
to new processing methods. 

New preservation methods are being developed that re- 
duce the use of artificial preservatives. The use of heat 
pump drying means manufacturers can reduce the use of 
preservatives. An example is a new vanilla drying process 
that improved product quality, increased vanilla content 
by up to four times, and reduced processing time from 
three months to a matter of weeks. 

HortResearch’s interests encompass forestry, environ- 
ment, forage, animal & biomedical products, pipfruit, sum- 
merfruit, viticulture and ornamentals, kiwifruit, berry- 
fruit, citrus, and exotic products as well as the food 
manufactured from them. Its skill base spans molecular 
biology, plant and tree breeding, crop production, food pro- 
cessing, fruit storage and transport, and the evaluation of 
consumer preferences. HortResearch also has a strong 
technology development unit supplying engineering solu- 
tions to assist the biological science developments. 


Industrial Research Limited 


Industrial Research Limited (IRL), although primarily in- 
volved with the manufacturing industries, services natural 
products processing industries and therefore has a signifi- 
cant role in food research in New Zealand. IRL is heavily 
involved in process equipment development and biotech- 
nological processing. Key science disciplines are biochem- 
istry, chemical and biological engineering, physics, organic 
and inorganic chemistry, mathematics, electrical and elec- 
tronic engineering, mechanical engineering, and informa- 
tion science and technology. 


New Zealand Universities 


Two of New Zealand’s universities have significant pro- 
grams with a food focus and two others have small food 
science interests. 


Massey University. At Massey University, food science, 
technology, and engineering can be part of undergraduate 
degrees in Applied Science, Science, Technology, and Vet- 
erinary Science and part of postgraduate degrees and di- 
plomas. Although research into food is primarily conducted 
within the Institute for Food, Nutrition and Human 
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Health (IFNHH), which is one of eight institutes within 
the College of Science, there is significant food product and 
food process research undertaken by other institutes 
within the College of Science. The IFNHH’s scope includes 
food engineering, food science, food technology, agribusi- 
ness, and human and animal nutrition, as well as physi- 
ology and biochemistry, as they all relate to lifestyle sci- 
ence. Food science is an integral part of the degree in Food 
Technology, focusing on the application of sciences and en- 
gineering to food processing and food presentation. The 
emphasis is technological, with a major input in areas of 
food engineering, biochemistry, biophysics, food microbi- 
ology, product and process development, and quality as- 
surance. 

Research areas are as varied as the types of food and 
processes in the industry. Dairy technology research in- 
cludes studies on casein, cheese manufacture, ultrafiltra- 
tion and membrane processing, dairy fat characteristics, 
and uses of whey proteins. Separation technologies are key 
to many new food product developments. Food rheology is 
important research not only in terms of dairy products but 
also in terms of other products and the linkage of rheolog- 
ical characteristics with sensory attributes. Product and 
process development research involves the total process 
from product idea generation to product launching using a 
systematic method for product development, including lin- 
ear programming, experimental designs, multidimen- 
sional scaling, and analysis and profile testing. 

Research into food processing and packaging includes 
wine and fruit juice processing as well as investigation of 
the changes that occur during processing and storage. Re- 
search programs in food microbiology, nonenzymatic 
browning, and nutritional composition are also under- 
taken. There is also an increasing emphasis on nutrition 
and its role in sports and general health. 

Within the IFNHH are two research centers with spe- 
cial roles in food research, the Milk and Health Research 
Centre and the Food Technology Research Centre. The for- 
mer is a joint venture with the New Zealand Dairy Re- 
search Institute and the New Zealand Dairy Board under- 
taking research into the health-promoting properties of 
dairy products. The Food Technology Research Centre is a 
commercial center funded by grants and private research. 
Its research areas are new cereal and horticultural prod- 
ucts, texture, shelf-life extension, consumer research, and 
product management. 

Although there is food-related research undertaken by 
groups other than the IFNHH, generally it is undertaken 
by multidisciplinary teams. Examples are research on re- 
frigeration processes from both an energetic efficiency view 
as well as from a product quality viewpoint and research 
on packaging technology, which encompasses the technol- 
ogy of the package and its component materials and per- 
formance and work on performance of packaging in rela- 
tion to the product. The research on impacts of processing 
on quality will use food science and technology expertise 
often from the IFNHH. The multidisciplinary teams pro- 
vide a strong resource to tackle almost any food processing 
problem: functional foods, supply chain management, food 
safety, food preservation, food formulation, consumer sci- 
ence, and sensory evaluation. 
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Otago University. At Otago University, a degree in food 
science is undertaken in the Faculty of Applied and Con- 
sumer Sciences. Food science is studied in relation to the 
chemistry of food, food processing sciences, food rheology, 
market acceptance, and sensory evaluation. Research is 
carried out on horticultural crops, especially concerning 
the composition, performance, and postharvest changes. 
Flavor research focuses on the impact of processing on fla- 
vor precursors. Some research has been conducted on ven- 
ison. Some of the flavor studies are undertaken in a Plant 
Extracts Unit, which is a joint venture with Crop & Food. 
This group examines extracts from a wide range of natural 
products for uses as flavorings and as health products. 

Otago University has two commercial research centers. 
The Food Product Development Research Centre under- 
takes development work of both a problem-solving and 
strategic nature. The center offers a complete service for 
the development and refinement of new and existing food 
products. It undertakes comprehensive applied research 
programs to improve the commercial profitability of food 
products and assists with in-house food product develop- 
ment programs. 

The Sensory Science Research Centre undertakes fun- 
damental and applied research on sensory perceptions and 
preferences. It investigates the senses that are important 
in the perception of consumer products such as foods and 
personal care products and provides training at both un- 
dergraduate and postgraduate levels; it also runs short 
courses on sensory science for industry. 

Otago University has a strong nutritional science pro- 
gram that relates the chemistry department with health 
sciences in examining not only the food but also its impacts 
on human health and well-being. 

Some food research is undertaken at Lincoln University 
through the Animal and Food Sciences Division and at 
Auckland University through the Chemistry Department. 


FUTURE DIRECTIONS 


The future role of food science and technology in New Zea- 
land remains to deliver products that compete in terms of 
quality, service, and innovation against all others in the 
world market. Sustainable safe production supported by 
innovative processing to give long-life natural products 
that are free from residues and toxins but with character- 
istics demanded by the high-value customers and consum- 
ers is the key focus of the New Zealand food industry and 
its researchers. Because of the distance from markets, new 
and improved preservation methods will continually be 
sought so that New Zealand can satisfy the growing em- 
phasis for convenience and health products. Innovative 
food products will be required to satisfy the potential de- 
mand for home meal replacements as well as the func- 
tional food interests. 

Biotechnology will have an increasing influence on the 
direction of the New Zealand food industry leading to new 
products and new processes. Not only will researchers 
need to understand the molecular biological means of ma- 
nipulating foods, they will also need to prove to a skeptical 
consumer that products are safe. 


FURTHER INFORMATION 


Further information on the food science and technology re- 
search providers and access to current information is avail- 
able on the Internet from the following Web addresses or 
the E-mail address for NZDRI: 


New Zealand Pastoral Agriculture Research Institute 
Ltd.: Attp: / /www.agresearch.cri.nz 

The New Zealand Institute for Crop and Food Research 
Ltd.: Attp:/ /www.crop.cri.nz 

Horticulture and Food Research Institute of NZ Ltd.: 
http: | /www.hort.cri.nz 


Industrial Research Ltd.: http: / /www.irl.cri.nz 


New Zealand Dairy Research Institute: 
Anne.Podd@nzdri.org.nz 


Massey University: http: / /www.massey.ac.nz 
Otago University: http: / /www.otago.ac.nz 
Lincoln University: http: / /www.lincoln.ac.nz /anse 


B. B. CHRYSTALL 
Massey University-Albany 
Auckland, New Zealand 


INTERNATIONAL DEVELOPMENT: 
SOUTH AFRICA 


The economy of South Africa has the distinct features of 
both a First World and a Third World sector. Since 1994 
the annual growth rate has fallen short of the annual popu- 
lation increase; the population increased from 29 million 
in 1988 to 41 million in 1998. The result has been increas- 
ing unemployment, which has been aggravated by dereg- 
ulation and globalization of the economy since 1994. From 
a food supply point of view South Africa nevertheless re- 
mains self-sufficient and a net exporter of agricultural pro- 
duce. 

The agricultural achievements may be regarded as re- 
markable, because the country is not endowed with high 
rainfall or good arable land. Annual precipitation is 465 
mm, compared with the world average of 857 mm. Only 
12% of the 86 million ha utilized by agriculture is arable, 
the vast majority being rangeland used for livestock pro- 
duction. Climatic regions vary from semidesert, with only 
125 mm rainfall annually, on the Atlantic Coast to more 
than 1000 mm annually on the eastern escarpment. About 
86% of the area receives almost exclusively summer rains, 
the exception being the southwestern Cape area, which 
has a Mediterranean climate and winter rains. The vege- 
tation can be divided into five biomes: desert and semi- 
desert, Mediterranean plants and shrubs, forests, sa- 
vanna, and open grasslands. 

The principal cropping and mixed farming regions are 
the 1500-m plateau of the Mpumalanga, Gauteng, and 
Free State area, as well as the northern and midlands of 
KwaZulu-Natal and the southwestern Cape. The summer 


rainfall regions constitute mixed farming, with production 
of corn, sorghum, groundnuts, and potatoes together with 
dairying and sheep, cow, pig, and poultry production. 
Sheep farming includes both wool and mutton production, 
although the major wool and also mohair production is 
found to the south in the vast expanse of the arid and semi- 
arid Karoo and adjacent regions. The southwestern Cape, 
with its winter rainfall, is the primary region for the pro- 
duction of winter cereals, deciduous fruit, and wine. Since 
1995, wine and grape production for the export market has 
increased dramatically, the bulk of the increase being pro- 
duced in the Orange River irrigation scheme. The subtrop- 
ical low-lying savanna area of Mpumalanga bordering the 
escarpment is an important region for citrus, subtropical 
fruit, and vegetables. These commodities also extend to- 
ward the frost-free coastal belt of KwaZulu-Natal and the 
eastern Cape, with additional crops being sugar and pine- 
apples. The far northern and northwestern savanna, the 
open grasslands, and the area bordering the Kalahari Des- 
ert north of the Orange River are major beef producing 
areas. 


AGRICULTURAL PRODUCTION AND EXPORT 


The relative importance of agriculture is illustrated by the 
sectoral analysis of the gross domestic product (Table 1). 
Agriculture has declined since 1970 but has become more 
stable since 1990. Real growth rates in agricultural pro- 
duce have increased by 1.7% per annum since 1960, with 
the respective sectors being livestock, 1.9%; field crops, 
1.0%; and horticulture, 2.9%. In terms of gross value, ani- 
mal products constitute 42%, field crops 33%, and horti- 
cultural products 25% of agricultural produce. As an ex- 
port commodity, agricultural produce increased from 3.76 
billion rand in 1988 to 11.983 billion rand in 1996, which 
represents a share of the total export of 7.6% and 9.5%, 
respectively. Animal products constitute a declining share 
of agricultural produce export, from 34% in 1988 to 11.4% 
in 1996. In contrast, field crops and horticulture, the major 
contribution being the latter, increased from 66% in 1988 
to 89% in 1996. 


Field and Horticultural Crops 


Field crops are mostly produced without irrigation. Quan- 
titatively, corn and wheat are the major crops, but signifi- 
cant quantities of sunflower seed, grain sorghum, ground- 
nuts, and barley are also produced. South African corn is 
recognized worldwide for its quality and stringent control 
tests. Cultivars are established for yield under dryer con- 
ditions, disease resistance, persistence under poor climatic 


Table 1. Gross Domestic Product 
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conditions, and lysine and methionine content. In the case 
of wheat, breeding lines are screened for baking qualities. 
Specific efforts to eliminate the Russian aphid have been 
successful. In total, 10 to 15 million t of field crops are 
produced annually. 

The horticultural crop consists of some 30 types of de- 
ciduous and subtropical fruit, together with citrus and a 
number of vegetable species. Grapes are the most impor- 
tant fruit crop, with more than 80% finding their way into 
wine production. Wine is largely exported. Significant 
quantities of oranges, apples, pears, peaches, bananas, and 
other subtropical fruits are also exported. Fruit accounts 
for about 60% of the gross value of all horticultural prod- 
ucts, vegetables and potatoes some 30%, and flowers, tea, 
and other products the remainder. 


Animal Products 


The gross value of white meat in 1997 was 5.651 billion 
rand compared with 4.907 billion rand for red meat and 
4.699 billion rand for corn, the most important field crop. 
Due to the intensive nature and relative efficiency of poul- 
try (white) meat production, the industry has made rapid 
strides in capturing a substantial share of the meat mar- 
ket. This share is further boosted by meat demand, be- 
cause South Africa is a net importer of meat. The percent- 
age composition of the different animal products produced 
is shown in Table 2. 

A salient feature in Table 2 is the proportional decline 
in the market of red meat and fiber (mainly wool) produc- 
tion. Although South Africa still produces of the best- 
quality fine wool and mohair in the world, the decline in 
market share, as well as export, is noteworthy, 

By far the majority of dairy produce is fresh milk, fol- 
lowed by ice cream, condensed milk, cheese, butter, and 
fermented products such as yogurt and fruit-based drinks. 
Dairy produce has lost share of the market (Table 2) since 
1980, whereas egg production and ostrich products have 
shown a steady increase. 


Food Consumption Patterns 


The per capita consumption of food commodities comprises 
about 120 kg grain, 65 kg vegetables, 55 kg dairy produce, 
35 kg sugar, and 30 kg red meat. Because of price, 30% of 
the food budget is spent on meat, 20% on bread and grain 
products, 18% on vegetables and fruit, 9% on dairy prod- 
ucts, and the remainder on miscellaneous commodities in- 
cluding sugar, preserved products, and jam. The demo- 
graphic character of South Africa has a major influence on 
food consumption patterns, as does urbanization. These 


Year Agriculture (%) Mining (%) Manufacturing (%) Commerce (%) Other (%) GDT" (xR10°) 
1970 8.1 10.0 23.3 151 44 12,037 
1980 7.0 22.0 21.6 116 38 58,056 
1990 5.0 92 24.0 215 40 247,315 
1997 52 8.0 23.2 21.8 42 268,142 


“Values in nominal terms (average inflation 10%); R, rand, GDT, gross domestic total. 
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factors present exciting, innovative challenges to the food 
manufacturers. 


MANUFACTURED FOOD PRODUCTS 


The food and beverage industry is one of the largest in- 
dustries in the country—in fact, the major manufacturing 
industry—and a major employment multiplier. The em- 
ployment multiplier indicates the number of jobs gener- 
ated in the economy for each new job generated in a specific 
sector. Table 3 shows the multiplier effect in the animal 
product and processing sectors. Generally, the multiplier 
for the primary livestock sectors is small, whereas the pro- 
cessing sectors have the highest multipliers. This indicates 
that the driving force behind employment creation in the 
livestock industry, as in the other agricultural sectors, lies 
within the processing sectors and not within the primary 
production sectors. 

Foods and beverages are produced in fruit and vegeta- 
ble factories, grain mills, bakeries, breakfast cereal plants, 
dairy factories, meat and fish plants, sweet and cold drink 
producers, food oil companies, and many others. The total 
production of manufactured food products in 1995 ex- 
ceeded 40 million t, with the proportional contribution be- 
ing about 81% grain and bakery products, 5.7% sugar and 
candy, 3.3% fat and oils, 0.6% fish products, 2.0% fruit and 
vegetable products, and 0.9% meat, dairy, coffee, and tea 
products (Table 4). The industry is modern, well organized, 
and growing to comply with the needs and demands of di- 
verse local consumers as well as with those of countries 
that import manufactured foods and beverages. 


Grain Products 


The milling industry in South Africa processed 2.5 million 
t of wheat in 1995. Brown and whole wheat bread produc- 


Table 2. Gross Value of Animal Products Produced, % 


Product 1980 1990 1997 
Meat 

Red 46.0 39.9 29.0 

White 15.5 22.3 33.4 
Dairy products 18.7 16.6 16.6 
Eggs 6.5 8.1 12.2 
Fiber 119 98 41 
Ostriches 05 09 18 
Other 0.9 2.4 29 


Table 3. Employment Multipliers of the 
Animal Industry for the Total Workforce, 


1985 
Sector Multiplier 
Meat products 1.7 
Animal feeds 10.0 
Dairy products 8.24 
Meat animals 1.92 
Milk 151 
Poultry 1.48 
Animal fiber =117 


Table 4. Manufactured Foods and Beverages, 1995 


Tons Percentage 

Product. (thousands) of total 
Canned and prepared meats 121 03 
Dairy products 206 05 
Canned fruit and vegetables 804 2.0 
Fish products and similar foods 234 0.6 
Vegetable and animal oils and fats* 1,343 3.3 
Grain mill products® 6,117 15 
Bakery products 26,807 66 
Sugar 2,183 5.4 
Chocolates, sugar confectionery, 

and cocoa 136 0.3 
Roasted peanuts and other nuts 351 0.9 
Coffee roasting, tea blending, 

and packing 50 0.1 
Other food products 113 0.3 
Balanced animal feeds 4,261 
Alcoholic and nonalcoholic 

beverages 2,256 kiloliters 5.5 


“Include by-products used in animal feeds, 


tion amounted to 575,000 t and white bread 622,000 t. A 
unique feature of the grain products industry is the fact 
that corn products produced from white corn make up such 
a high proportion. This is because corn porridge is a pop- 
ular food among the majority of the population. Yellow corn 
is primarily used in the animal feed industry, as is grain 
sorghum, although a substantial portion is also utilized to 
brew traditional sorghum beer. 


Sugar Products 


In 1995, 2.2 million t of sugar was produced, of which 60% 
was refined, 3.5% was golden brown, and 13.5% was ex- 
ported as raw sugar. In the same year chocolates, sugar 
confectionery, and cocoa amounted to 136,000 t (Table 4). 


Oils, Fats, and Fish Products 


The production of oils and fats in 1995 amounted to 1.34 
million t (Table 4), of which 10%was manufactured into 
margarine and 20% into edible oils and fats. Fish products 
for human consumption equaled 234,000 t, of which 25% 
were canned fish, 28% frozen fish, and 2.5% frozen cray- 
fish. In contrast to many countries, the per capita con- 
sumption of fish compared with that of red and white meat 
is low (<15%). 


Fruit and Vegetable Products 


The total production of fruit and vegetable products in 
1995 was 804,000 t (Table 4). Of this, jams amounted to 
30,700 t, canned fruit and fruit salad 183,785 t, fruit juices 
and drinks 418,400 kL, and canned and frozen vegetables 
150,185 t. The industry is expanding rapidly, with a 
growth rate of 5% per year. 


Dairy and Meat Products 


The combined production of manufactured products in 
1995 amounted to 327,000 t (Table 4). Dairy products con- 


sisted of 9.5% butter, 24% cheeses, 25% condensed and 
powdered milk, and 36% ice cream and related products. 
Centralization in the dairy industry resulted in the virtual 
control of the market by four companies. Meat products 
consisted of 8% bacon, 4.5% ham, 8% patties, 29% polony, 
and 28% sausage types. As with the dairy industry, the 
largest proportion of the manufactured meat industry is 
controlled by three companies. From a consumption point 
of view, South Africans eat much more fresh meat than 
meat products. 


QUALITY CONTROL AND GRADING 


The Department of Agriculture is responsible for compiling 
specifications for the sorting and classification of most of 
the processed and unprocessed agricultural products. In 
the metropolitan areas, vegetables and fruit must comply 
with certain packaging, grading, and marketing condi- 
tions. Local and export regulations apply for canned vege- 
tables and fruit, dehydrated vegetables, dried fruit, and 
frozen vegetables and fruit. Red meat carcasses are graded 
according to fatness, lean yield, and meat tenderness. 
Grading is compulsory for all carcasses auctioned in urban 
areas. The grading and classification of eggs in specific 
weight and quality groups apply to eggs for local consump- 
tion as well as for export. Poultry carcasses are graded in 
four classes according to their appearance, fleshing, mar- 
ket readiness, and moisture content in the case of frozen 
carcasses. 

A parastate institution, the South African Bureau of 
Standards (SABS), operates an extensive testing service 
for a range of food products with regard to compulsory 
specifications for canned meat, frozen rock lobster, canned 
fish, other fish, mollusks, and frozen prawns and crab. It 
also voluntarily tests for certain canned meat products, 
carbonated soft drinks, grain sorghum beer, frozen fish, 
and edible gelatin. The SABS mark of approval guarantees 
the quality of the product, which is to the advantage of both 
the manufacturer and the consumer. 


AGRICULTURE AND FOOD SCIENCE AND 
TECHNOLOGY RESEARCH 


Research and development needs in a country with both 
First and Third World sectors are diversified and an enor- 
mous challenge. Research activities have to comply with 
the needs of both the resource poor rural communities, as 
well as the standards set by countries importing primary 
and secondary food products from South Africa. 

Several universities, government institutions, semi- 
state organizations, and private sector companies are in- 
volved in research and technology development in the ag- 
riculture and food and beverage industries. In agricultural 
research the Agricultural Research Council (ARC) of South 
Africa, a parastate organization, contributes about 65% of 
the agricultural research capacity, the remainder being 
from university departments and government stations in 
the provinces. The ARC, with 13 institutes appropriately 
situated across the country, caters to the needs of all ag- 
ricultural commodity research, including in some in- 
stances food product and processing technology develop- 
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ment. Other institutions with food and beverage research 
capacities include the Division of Food Science and Tech- 
nology (Foodtek) of the Council for Scientific and Industrial 
Research (CSIR) and a number of food science and tech- 
nology departments at universities and technicons. In 
addition, many multinational companies in the food and 
beverage industry operating in South Africa, as well as 
local meat, dairy, fruit, vegetable, bakery, and beverage 
manufacturers, have sufficient infrastructure to support 
product-oriented research, development, and quality con- 
trol programs. These companies and the government- 
supported institutions employ food scientists and technol- 
ogists with both generic and specific training. 

To effectively operate as scientists and specialists, they 
found common ground in the South African Association for 
Food Science and Technology (SAAFoST). Different scien- 
tific societies also promote their sciences and professions 
and publish research results in disciplinary journals such 
as the South African Food Review and Food Industries of 
South Africa, to name only two of the major ones. 

It would be impossible in a contribution of this scope 
to give an overview of research programs or achievements. 
Suffice it to mention that new cultivars of fruit with 
consumer-specific attributes and longer shelf life are intro- 
duced to the export market virtually every year, that the 
potentially problematic product cheese whey is reutilized 
to the extent of 70% in various dairy products, that South 
Africa is a world leader in irradiated food technology and 
nutritive enrichment, that an internationally recognized 
breakthrough was made with the isolation of fungi and 
mycotoxin on cereal grains and oilseeds, that a guava 
puree treated with pectolytic enzymes to remove stone 
cells has captured the world market, that South African 
wines compete successfully on the international market 
with leading wine producing countries, that a controlled- 
atmosphere packaging technique was perfected to facili- 
tate marketing of deciduous fruit throughout the year, that 
tender lean beef with less than 15% fat is high in demand 
with tourists, and that various molecules and substances 
isolated from indigenous and other plants find their way 
into international pharmaceutical products. These exam- 
ples show that the food and beverage industry and its re- 
search support are on par with those of the developed 
world. 
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AGRICULTURE AND FISHERIES 


Agriculture 


Spain, with an area of 505,990 km? and a population of 
39.8 million in 1999, is one of five large countries of the 
European Union (EU) Geographic and climatic differences 
between regions of continental Spain, with mean annual 
rainfall ranging from 200 to 1600 mm and annual mean 
temperatures ranging from 9 to 18°C, are responsible for 
a great variety in the agricultural production. The partic- 
ular characteristics of the Balearic and, especially, the Ca- 
nary Islands contribute to the diversity of Spanish agri- 
cultural systems. 

Vegetables, with a production of 10.62 million t, citrus 
fruits, with 4.89 million t, and noncitrus fruits, with 3.08 
million t, are among the most characteristic agricultural 
Spanish productions. Annual grape production raised to 
3.35 million t, out of which 12% was table grapes. Olive 
production in 1996 reached 4.47 million t, table olives rep- 
resenting approximately 4% of total production. The pro- 
duction of grain cereals and pulses was 11.57 and 0.19 mil- 
lion t, respectively, and that of sugar beet and potatoes 7.63 
and 4.18 million t, respectively (1). 

Meat produced in Spain raised to 4.13 million t in 1996, 
with pork (56.1%), poultry (21.3%), and beef (13.7%) stand- 
ing out as the major productions. Cows’ milk production, 
mainly in northern Spain, was 5.56 million t, and signifi- 
cant amounts of ewes’ milk and goats’ milk (0.23 and 0.30 
million t, respectively) were also produced, mainly in cen- 
tral and southern Spain. Egg production reached 0.75 mil- 
lion t per year (1). 

The importance of agriculture and food industry for the 
Spanish economy is shown by the fact that agricultural 
exports contributed to 15.3% of total exported goods in 
1997, for a value of 14,034 million euros (ME), out of which 
50.5% were products from the food industry. The value of 
final agricultural production was 26,772 ME, and that of 
agricultural imports 11,704 ME. Other countries forming 
part of the EU constitute the major market (67.5% of the 
total value) for Spanish agricultural exports, and Spain, 
on its turn, receives 66.7% of total agricultural and food 
imports from its EU partners (1,2). 

Population active in agriculture was 1.254 million in 
1997, which added to 0.437 million active in the food in- 
dustry sector accounted for 10.5% of total active popula- 
tion, 

Fisheries 

Fisheries and aquaculture are economic activities of a ma- 
jor importance for Spain, the second country in the world 
in per capita consumption of fish (more than 35 kg per 
year). Catches and production of fish and seafood raised to 
a total amount of 1.21 million t in 1995 (Secretaria de 
Pesca, unpublished data, 1999). Catches of fish species of 
marine origin accounted for 75.9% of the total tonnage and 
were marketed as fresh, frozen, or salted fish (77, 22, and 
1%, respectively), with commercial values of 1203 ME, 230 


ME, and 20 ME, respectively. Catches of crustaceans rep- 
resented 2.1% of the total tonnage, with a commercial 
value of 191 ME, whereas catches of mollusks accounted 
for 10.9% of the total tonnage, with a commercial value of 
218 ME per year. 

Fish farming has increased exponentially during the 
present decade, both in marine and continental waters, to 
a production with an estimated value of 210 ME per year. 
Marine aquaculture yielded 0.11 million t in 1995, equiv- 
alent to 9.2% of the total tonnage of fish and seafood (Se- 
cretaria de Pesca, unpublished data, 1999). Mussels are 
the product with the highest tonnage. However, fish spe- 
cies such as sea bass, sole, bream, and turbot and seafood 
species such as oyster, clam, cockle, and prawn are gaining 
importance. Continental aquaculture produced 0.02 mil- 
lion t in 1995, equivalent to 1.8% of the total tonnage, with 
trout, tench, and eel as the main freshwater species. 


THE FOOD INDUSTRY 


The food industry is the most important manufacturing 
sector in Spain in terms of value of the final production 
(20% of total industrial production), contributing to 15% of 
added value and employing 17% of the workforce (3). The 
Spanish food sector ranks fifth within the EU, accounting 
for 9.9% of the total value. Total sales of the food industry 
in 1996 raised to 49,555 ME and total consumption of raw 
materials to 29,415 ME (2). 

The high number of companies (37,857) and of manu- 
facturing plants (42,264) is a characteristic of the Spanish 
food industry. The reduced volume of production of many 
small to medium companies results in 40% of the market 
being shared by a few large companies. Companies of a 
large size are especially found in the beer and sugar sec- 
tors. Bakery (39.9%), meat products (11.3%), and winery 
(9.6%) are the food industry sectors with the highest num- 
ber of companies. Because of the considerable differences 
between company size of the various sectors, the highest 
total sales corresponded to meat products (19.8%), dairy 
products (10.8%), oils and fats (9.9%), and bakery (€.4%). 
Sales of the main Spanish food industry sectors in 1996 
are shown in Table 1. 

Andalusia (17.6%), Catalonia (13.9%), and Valencia 
(10.3%) are the Spanish autonomous regions (Comunida- 
des Auténomas) with the highest number of food industry 
companies (2). Autonomous regions with the highest sales 
were Catalonia, Andalusia, Castilla-Leon, Madrid, and Va- 
lencia, with 22.0, 18.1, 9.1, 8.0, and 6.7%, respectively, of 
total sales of the Spanish food industry. 

Sixty-four associations of different sectors of the food 
industry are grouped under the Spanish Federation of 
Food and Beverages Industries (FIAB). The FIAB is the 
representative organization of the food industry in com- 
mittees for regulatory affairs and also offers different 
services to associates such as commercial and technical in- 
formation, technology transfer, links between private com- 
panies with public research organisms, and so on. 


FOOD CONSUMPTION 


Food habits have changed considerably during the last 
three decades in Spain, with a higher proportion of meals 


Table 1. Total Sales of the Main Sectors of the Spanish 
Food Industry, 1996 
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Table 2. Expenditure per Capita for Selected Groups of 
Foods in Spain, 1998 


Food sector Sales (ME) % Group of foods Euros per capita % 
Meat and meat products 9802 19.78 Meat and meat products 238.2 25.3 
Milk and dairy products 5347 10.79 ‘Fish and fish products 118.3 12.6 
Oils and fats 4881 9.85 Bread 712 76 
Bakery 4153 838 Fresh fruits 66.6 Ta 
Canned vegetables 3469 7.00 Dairy products 64.2 68 
Wines 3365 6.79 Fresh vegetables 56.1 59 
Nonalcoholic drinks 2879 581 Milk 50.1 53 
Milling 1962 3.96 Bakery 33,2 35 
Chocolate and cocoa 1794 3.62 Oils 26.4 2.8 
Beer and malt 1710 3.45 Processed fruits and vegetables 20.4 2.2 
Fish and fish products 1630 3.29 Nonalcoholic drinks 19.0 2.0 
Sugar 976 197 Eggs 15.0 16 
Spirits 738 1.49 Chocolate and cocoa 12.2 13 
Total foods 939.2 100 


out of homes and a decrease in the time employed for cook- 
ing at home. A significant increase in the consumption of 
products manufactured by the food industry with respect 
to unprocessed foods has occurred. The pattern of food con- 
sumption has also suffered from changes in lifestyle, al- 
though in general terms it still remains close to the Med- 
iterranean diet. Consumption per capita of some selected 
groups of foods and beverages were 143.4 kg for fresh fruits 
and vegetables, 20.6 kg for processed fruits and vegetables, 
116.8 L for milk, 28.5 kg for dairy products, 65.5 kg for 
meat and meat products, 28.4 kg for fish and fish products, 
68.6 kg for bread and bakery products, 11.6 kg for rice and 
pasta, 34.8 L for wine, and 53.4 liters for beer (2). 

A long-term tendency to the increase in the consump- 
tion of fresh and processed fruits, milk and dairy products, 
meat, and fish has been recorded during the last three de- 
cades, whereas the consumption of bread, pasta, potatoes, 
fresh and processed vegetables, eggs, and oil decreased 
during the same period. In the short term, the consump- 
tion of fish, olive oil, fruits, vegetables, and wine has in- 
creased; that of bread and eggs tends to keep constant; and 
that of sugar, potatoes, beer, and spirits decreases, indi- 
cating the good acceptance of the Mediterranean diet by 
the Spanish consumer. 

Expenditure in foods by Spanish consumers in 1997 
reached the total amount of 50,162 ME, out of which 73% 
was consumed at homes, 25% at public premises, and only 
2% at collective facilities. Food consumption at homes was 
influenced by variables such as town size, age and working 
status of housewife, social class, and, very strongly, by the 
number of persons at home. Some data on per capita ex- 
penditure for selected groups of foods in 1998 (4) are pre- 
sented in Table 2. 

Food policy in Spain is oriented both to the safety and 
the quality of products. Food safety is under the compe- 
tency of the Ministry of Health and the governments of the 
autonomous regions. Regulations concerning food safety 
are gradually being implemented at European level by EU 
directives, although some national regulations are still 
valid for particular products. Harmonization of national 
and international standards for different food products is 
under way. 


Food quality programs, under the competency of the 
Ministry of Agriculture, Fisheries and Food and the gov- 
ernments of autonomous regions, have especially focused 
on the promotion and protection of high-quality traditional 
products under European regulations for Appellation d’ 
Origine or Geographic Indication products. Agricultural 
and food industry products nowadays under these regula- 
tions are 111, with a total sales value of 2,799 ME in 1997 
(2). The most important products are wines, with 53 Ap- 
pellations d’ Origine and 69% of total value, followed by 
spirits, with 10 Appellations d’ Origine and 19% of total 
value, and cheeses, with 12 Appellations d’ Origine and 2% 
of total value. 

Products from ecological agriculture have considerably 
increased during the last decade, gaining market both in 
Spain and for export. Oppositely, the introduction of ge- 
netically modified foods in the marketplace is suffering 
from the rejection of a growing sector of Spanish consum- 
ers. 


EDUCATION 


University studies on food science and technology are rela- 
tively new in Spain. Those studies were comprised in other 
careers, mainly veterinary, pharmacy, and agricultural en- 
gineering, and have been redesigned as a second-cycle de- 
gree during the present decade. In the new plan of studies, 
the first cycle consists of the three first academic years of 
a disciplinary career such as chemistry, biology, biochem- 
istry, and so on or of a more technical career such as vet- 
erinary, pharmacy, or agricultural engineering, after which 
the university graduate degree is attained. Afterward, food 
science and technology studies, the second cycle, consists 
of two academic years, although in some cases, depending 
on previous studies, some complementary subjects may be 
needed to obtain a five-university-years degree of licen- 
ciado. The third cycle to attain the philosophy doctor de- 
gree usually takes four years, one year of Ph.D. courses, 
and three years of research work. Twenty faculties all over 
Spain offer now the second cycle of food science and tech- 
nology studies, with 50 to 75 new admissions per year in 
each faculty. 
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Technical and further education oriented to the differ- 
ent sectors of the food industry are also found in all auton- 
omous regions of Spain, generally focused on the areas of 
the greatest importance for each particular region. 


RESEARCH AND DEVELOPMENT 


The Organization of Research 


Spain has a complex public research and development sys- 
tem, under the competency of various ministries. Organ- 
isms funding research projects on food science and tech- 
nology are the Inter-ministerial Commission for Science 
and Technology (CICYT); the Ministry of Agriculture, 
Fisheries and Food; the Ministry of Industry; and the gov- 
ernments of the autonomous regions. A Science and Tech- 
nology Bureau (OCYT), reporting directly to the presi- 
dency of the government, was created in 1998 to plan, 
coordinate, and evaluate the research carried out in Spain 
under public funding. 

The CICYT, working closely with the Ministry of Edu- 
cation, is the organism responsible for the National Plan 
of Science and Technology. Within the National Plan there 
is a National Program of Food Technology (which has re- 
cently changed its name to Agro-Food Resources and Tech- 
nologies). During the period 1995 to 1998, the National 
Program of Food Technology distributed 61% of its budget 
for funding public research projects, 24% for projects in 
collaboration with private companies, 11% for scientific 
equipment, and 5% for special actions (CICYT, unpub- 
lished data, 1999). 

Projects funded by the National Program of Food Tech- 
nology, oriented both to basic knowledge on food science 
and to the development of products and technologies, were 
mostly carried out at university departments (53% of the 
National Program budget for projects) and at public re- 
search organisms such as the CSIC (National Council for 
Scientific Research), with several institutes actively work- 
ing on food science and technology (38% of the National 
Program budget for projects). 

The main objectives of the current National Program 
of Food Technology are (1) study of the modification of 
food components and functional properties of foods by 
physiological and industrial processes; (2) biotechnological 
processes occurring in or applied to fermented foods; 
(3) development of industrial equipment, processes, and 
products; (4) food safety, with particular reference to toxi- 
cological aspects and detection of alergenic compounds in 
foods; (5) nutrition, in particular methodology for the eval- 
uation of the real nutritive value of foods; (6) evaluation of 
food quality, by means of the development of new analyti- 
cal techniques for sensory grading and equipment for on- 
line determinations; and (7) improvement of raw materials 
for the food industry. 

Three strategic actions within the area of food science 
and technology will be launched in the near future, on the 
following subjects: new species in aquaculture, control of 
food quality and safety, and improvement of wine quality 
and competitiveness. Strategic actions are oriented to in- 
crease the research effort carried out by private companies 
in dynamic sectors of the economy. Participation in a pro- 


ject of one or more private companies, generally together 
with a public research organism, is wished, with funding 
of the project from both public and private sources. 

The Ministry of Agriculture, Fisheries and Food runs 
its own Sectorial Research Program, managed by the INIA 
(National Institute for Agricultural and Food Research 
and Technology), which funds projects on food science and 
technology, as well as on agriculture and forestry. These 
projects are mostly carried out at research centers depen- 
dent on the regional governments, where a more product- 
oriented research is done, although universities and other 
organisms may also compete for this type of funding. Cur- 
rent priorities of this Sectorial Research Program related 
to food science and technology are (1) development of raw 
materials for the agroindustry, (2) postharvest physiology 
and storage of raw materials, (3) applications of biotech- 
nology to the improvement of agroindustry processes, 
(4) improvement of quality and safety of food, (5) improve- 
ment of artisanal food products, and (6) consumer accep- 
tance and market tendency studies. 

Particular types of research projects are integrated pro- 
jects, such as the one already under way on olive oil. In 
these projects, with a vertical design, all steps from the 
production of the raw material, including genetics, irriga- 
tion, plant protection, and so on to technological processes, 
final product characteristics, consumer acceptance, mar- 
keting, and so on are covered. Multidisciplinary teams of 
a large size are thus intended to achieve a more global 
approach to the problems of a sector and to the most prom- 
ising trends in research and innovation. 

The Ministry of Industry, through its Center for Tech- 
nological and Industrial Development (CDTI), funds con- 
certed projects, jointly carried out by private companies 
and public research organisms, and development projects, 
carried out by private companies on themselves. Funding 
of projects by CDTI consists in no-interest or low-interest 
loans to private companies involved in the projects. There 
are no scientific priorities with regard to the subject of the 
projects funded by CDTI, technological innovation being 
the main criterion for the selection of projects. During the 
last three years, the meat, dairy, fruit, and wine industries 
have shown to be the most innovative sectors, taking into 
consideration the number of funded projects. 

Participation of Spanish researchers in food science and 
technology projects funded by the EU has gradually in- 
creased throughout the successive European Commission 
Framework Programs, under ECLAIR, FLAIR, AAIR, and 
FAIR Programs. Research topics in which Spanish groups 
are involved in the area of Nutrition and Consumer Well- 
Being of FAIR projects are quality policy and consumer 
behavior, mealiness in fruits, impact of dietary fat reduc- 
tion, foodborne glucosinolates, wine and cardiovascular 
disease, conjugated linoleic acid, food allergens of plant or- 
igin, and bioactive constituents in new food plant varieties. 
In the area of New and Optimized Food Materials, Spanish 
groups participate in projects on topics such as N-3 poly- 
unsaturated fatty acids, molecular markers for olives, pro- 
duction of oral vaccines in plants, genetic manipulation of 
melon ripening, molecular improvement of strawberry 
quality, and genetic manipulation of vegetable shelf life. In 
the area of Advanced Technologies and Processes, current 


projects deal with the evaluation of fruits’ and vegetables’ 
internal quality, physical and biochemical markers of meat 
quality, high-pressure treatment of liquid foods, osmotic 
treatment of foods, sourdough starters, frozen food quality, 
onion wastes, dry sausages ripening, olives’ texture, robot- 
ics technology, active and intelligent packaging concepts, 
and improvement of natural resistance of fruit. Finally, in 
the area of Generic Food Science the research of Spanish 
groups is focused on natural antimicrobial systems, quality 
of thermally processed foods, detection of pesticide resi- 
dues in foods, whey proteins, risk assessment of patho- 
genic spore formers, and prevention of mold spoilage in 
bakery products (5). 


The Development of New Products 


As in any other European country, a considerable variety 
of new products appears in the Spanish food marketplace 
every year. Because of the increasing circulation of prod- 
ucts within the EU, and also due to the fact that most large 
Spanish food production plants belong to multinational 
companies, part of these new products enter simulta- 
neously in the global European market. Low fat content, 
high fiber content, vitamin enriched, calcium fortified, 
omega-3 fatty acids enriched, and so on form part of the 
labeling culture of the new products, which in most cases 
are compositional modifications of existing products ori- 
ented to a growing healthy-food market. Probiotics added 
to fluid milk, milk powder, fermented milks, and cheese 
have been extensively introduced in Spain in the last five 
years, being accepted as a nutritional benefit by consumers 
of these dairy products. Yogurt cannot be labeled as such 
if it has been heat treated, but dairy products based on 
heat-treated fermented milks are more and more common. 

Prepared dishes, generally under frozen form, some of 
recent development but many others following traditional 
Spanish cuisine recipes, appear continuously in Spanish 
supermarkets, Traditional Spanish desserts under new 
commercial presentations are also gaining place in the su- 
permarkets. More original is refrigerated pasteurized gaz- 
pacho, a new food industry product that eliminates time- 
consuming preparation at home of the cold vegetable soup 
abundantly consumed in hot summer months. The fish 
products industry has shown to be particularly innovative, 
with different fish block products, caviarlike products, and 
especially baby eel-like products (baby eel is a very appre- 
ciated, scarce, and expensive fish) developed by means of 
a sophisticated surimi technology. 

The wine industry has considerably enlarged the sce- 
nario of Spanish wines, based on the conjunction of new 
wine-making technologies with the introduction of foreign 
grape varieties (Chardonnay, Cabernet Sauvignon, Merlot, 
Syrah) and the revalorization of local grape varieties. A 
strong promotional effort of moderate wine consumption 
on the basis of its beneficial health effects is being carried 
out, regaining market with respect to beer. Olive oil, an- 
other characteristic Spanish product, is also regaining 
market share against other oils and fats in spite of its 
higher price, on the basis of its nutritional advantages and 
favored by new attractive commercial presentations, es- 
pecially of extra-virgin (cold-pressed) olive oil. 
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INTERNATIONAL DEVELOPMENT: 
SWITZERLAND 


COMMERCIAL FOOD PROCESSING 
Environment and Structure 


Switzerland is a country with an area of 41,293 km; its 
population was 7.08 million in 1996. It is entirely sur- 
rounded by land, has no natural resources, and, except for 
agricultural and forestry products, does not produce any 
raw material. 

Currently, domestic agricultural production is provid- 
ing 50 to 55% of the total energy that is consumed as food. 
Thus a considerable share of raw material for food pro- 
cessing and of processed foods is imported. The self- 
subsistence of Swiss agriculture varies from food group to 
food group. Consumption of Swiss products is reaching 
100% for dairy products and is around 90% for potatoes; 
80% for bread wheat, meat, and pome and stone fruits; 
40% for eggs and crystal sugar; and 20% for vegetable oils. 

In spite of the high dependence on food imports, the 
Swiss food and beverage industry has been able to develop 
into one of the most important industrial sectors of the 
national economy (see Table 1). Part of this success has 
been due to the strong presence of Switzerland on the ex- 
port market (see Table 2) not only with traditional prod- 
ucts such as chocolate and cheese but also with food ad- 
ditives (eg, flavors and vitamins) and other auxiliary 


Table 1. Total Expenditure for Food and 
Beverages in Switzerland 


Year Swiss francs (billions) 
1990 33.15 
1995 36.33 
1996 36.25 
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Table 2. Exports by Swiss Commercial Food Processing 
Companies (1997) 


Percentage of 
Product Metric tons _ total production 
Hard cheese 61,400 60 
Chocolate and confectionery 66,782 49 
Soups, sauces, and seasonings 39,036 65 
Sweets 12,610 59 
Process cheese 10,274 50 
Canned foods 12,900 15 
Pasta products 8,349 4 
Baby foods 14,588 85 


chemicals, food machinery, and licenses for individual food 
products and for whole food process operations. Several 
renowned food machinery companies are exporting more 
than 90% of their production. Today some Swiss food pro- 
cessing companies belong to the largest ones operating in 
Europe or the world. 

Therefore, the ties of the Swiss food processing industry 
to other industrial sectors, particularly to the mechanical 
and chemical industries, have become as important as its 
traditional relation to agriculture. Nevertheless, agricul- 
tural cooperatives are still involved in some commercial 
food processing (eg, for dairy products, meat products, fruit 
juices, and wine). A substantial part of the food and bev- 
erage production lies in the hands of entrepreneurs with 
small tradelike operations. These entrepreneurs are pro- 
fessionally trained and federally licensed food specialists. 
A large proportion of cheese, bakery goods, and meat prod- 
ucts are manufactured in this way. 

In Switzerland, commercial food processing and retail 
markets are integrated to a considerable degree. This in- 
tegration is particularly due to the existence of two large 
consumers’ cooperative organizations that operate their 
own food processing plants or use plants as copackers. 
Their combined share on the retail food market is reaching 
almost 40%. Other parts of the tertiary food sector (eg, ca- 
tering and restaurants) are mostly independent of the food 
processing companies. 

On the retail market, a high living standard and a high 
purchasing power maintain the demand for quality and 
diversity of domestically produced and imported foods. 
Quality standards are met by an equally high standard of 
professional training on all levels of education. Diversity 
is enhanced by the cultural variety based on the four na- 
tional languages of Switzerland (German, French, Italian, 
and Rhaeto-Romanic). In turn, the high standards for do- 
mestic food quality ensure a lead in quality on the export 
market, where Switzerland as a small nation would be un- 
able to compete with low-priced bulk products. 


Statistical Information 


The number of persons involved in commercial food pro- 
cessing (estimated in 1995) is 10% of all persons involved 
in industrial production. 

The number and size of commercial food processing 
operations was estimated in 1997. There are approxi- 


mately 9000 small-scale tradelike operations, half of which 
have fewer than 10 employees. There are 1400 cheese 
plants, 4000 bakeries, and 2900 butcheries. Switzerland 
has 134 industrial food processing companies with approx- 
imately 190 production sites and approximately 22,000 
employees. Of the 134 companies, 13 employ more than 
500 people, 39 employ between 100 and 499, and 82 employ 
fewer than 100. There are 300 plants for beverage produc- 
tion (mineral water, soft drinks, beer, wine, and distilled 
beverages) with approximately 6800 employees. (Small 
wine farms with their own vinification and sales are not 
included in this estimate.) 


EDUCATION IN FOOD SCIENCE AND TECHNOLOGY 


University Level 


University education is preceded by high school education 
and the Swiss Federal Maturity Examination (baccalau- 
reate). 


Swiss Federal Institute of Technology (Eidgenoessische 
Technische Hochschule, ETH), Zurich. Courses in food sci- 
ence and technology include food engineering, introductory 
nutrition, and biotechnology. The M.Sc. degree (diploma) 
is a nine-semester curriculum with 24 months of practical 
industrial training. It takes 3 to 4 years of graduate re- 
search work to earn the D.Sc. or Ph.D. degree. There is a 
1-year postgraduate curriculum in nutrition as well. 


Universities of Basel, Bern, Lausanne, and Zurich. Se- 
lected courses at the undergraduate and graduate levels 
in food chemistry (particularly food analysis), food micro- 
biology, and food technology are part of the curricula in 
chemistry and veterinary medicine. 


Swiss Federal Office of Public Health. The Swiss Federal 
Office of Public Health is responsible for licensing official 
state chemists after postgraduate study courses taught at 
the Swiss Federal Institute of Technology, Zurich, or the 
University of Basel, Bern, Lausanne, or Zurich. 


College Level (Fachhochschulen) 


Education on the college level is usually preceded by for- 
mal vocational training in the food industry (see “Voca- 
tional Training Level”). All colleges award a 4-year curric- 
ulum (1 year of general and 3 years of professional 
education) and a degree equivalent to a B.Eng. or a B.Sc. 
(Ingenieur FH). 


Hochschule Waedenswil. There are two separate curric- 
ula in food technology and biotechnology. 


Hochschule Sion. The curriculum in food technology in- 
cludes courses in general biotechnology. 


Education in Special Areas: Commodities. Additional 
college-level curricula are available in beverage technology 
(Changins), dairy technology (Zollikofen), and biotechnol- 
ogy (Winterthur). 


Vocational Training Level 


Education under the Swiss Federal Legislation on Profes- 
sional Training. Programs include 3- and 4-year vocational 
training courses that are a combination of on-the-job learn- 
ing at the production site and theoretical education in the 
classroom (1 to 2 days per week). The courses lead to fed- 
erally recognized licenses for food technologists (in the 
areas of bakery technology, chocolate and confectionery 
technology, and soup and sauce manufacturing), bakers, 
baker-confiseurs, brewers, butchers, chemical and micro- 
biological laboratory technicians, cheese processors, dairy 
technologists, fruit and wine processors, and milling tech- 
nologists. 

Further education of graduates from vocation training 
is possible at the Swiss School of Food Technology, Posieux 
(1-year course), and for milling technologists at the Swiss 
School of Milling, St. Gallen (2-year course). There are also 
advanced extension courses leading to the professional 
masters diploma in some of these fields. They are orga- 
nized by the different Swiss associations of professional 
masters. For food technologists, there is also the possibility 
of advanced training in food technology and management. 


RESEARCH AND DEVELOPMENT 


Expenditure for Food Research and Development (1996) 


Swiss Food Processing Industry. The Swiss food process- 
ing industry spends 0.5% of the total turnover, or approx- 
imately 150 million Swiss francs, for research and devel- 
opment. This amount is primarily used for in-company 
research (93%); the rest is split for contract research at 
universities (2.5%), joint ventures between industrial and 
public research (2.5%), and private research institutions 
(2%). 

In addition, corporate research of several worldwide 
food companies is carried out in Switzerland. Expenditures 
by chemical industry for research on flavors and vitamins 
and by machinery industry on process and packaging 
equipment are also substantial. 


Federal Government. The federal government spends 
170 million Swiss francs for agricultural research and ex- 
tension service, approximately 20% of which is allocated 
for food processing research. Therefore, public funding for 
food research amounts to approximately 20 million Swiss 
francs. Some aspects of the research projects are operated 
on a joint venture basis with industry. 


Public International Research Projects. Switzerland is ac- 
tively collaborating in public international research pro- 
jects. Examples of these projects are the European Coop- 
eration in Scientific and Technical Research (COST) 
projects and the Framework Programs of the European 
Union. 


Public Establishments for Food Research 


Public establishments for food research include the follow- 
ing: 
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Swiss Federal Institute of Technology (ETH) Zurich: In- 
stitute of Food Science (basic and applied research in 
food chemistry, technology, engineering, microbiology, 
biotechnology, and nutrition) 

Hochschulen Waedenswil and Sion (applied research in 
food technology and biotechnology) 

Swiss Agricultural Research Stations, Bern (dairy tech- 
nology), Changins (plant products including wine), Po- 
sieux (meat products), Reckenhoz (plant products), and 
Waedenswil (fruits, vegetables, and wine) 

Swiss Federal Office of Public Health, Bern 

University of Berne (section for food chemistry), Uni- 
versity of Lausanne (group for food chemistry), and Uni- 
versity of Zurich (Institute of Veterinary Hygiene) 


ORGANIZATIONS 


Industrial Level 


Industrial-level organizations include the following: 


Federation of Swiss Food Industries (Federation des In- 
dustries Alimentaires Suisse, FIAL), Berne (comprising 
subgroups for various food products) 

Federation of Swiss Machinery Industry (Verein 
Schweizerischer Maschinenindustrien, VSM), Zurich 
Swiss Society of Chemical Industries (Schweizerische 
Gesellschaft der Chemischen Industrie, SGCI), Zurich 
Several commodity-oriented organizations 


Professional and Scientific Level 


Professional- and scientific-level organizations include the 
following: 


Swiss Society of Food and Environmental Chemistry 
Swiss Society of Food Hygiene 

Swiss Society of Food Science and Technology 

Swiss Society of Nutrition Research 

Swiss Association of Agricultural and Food Engineers 
and Scientists 


The first four professional- and scientific-level organi- 
zations listed are represented in the Swiss National Com- 
mittee to the International Union of Food Science and 
Technology (IUFoST) and to the European Federation of 
Food Science and Technology (EFFoST). Switzerland also 
has delegations in the International Union of Food Science 
and Technology (UNS), the Division of Food Chemistry of 
the Federation of European Chemical Societies, in the 
Food Working Party of the European Federation of Chem- 
ical Engineering, in the International Association of En- 
gineering and Food, and in several commodity-oriented 
food research organizations. 
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Taiwan is a tobacco-leaf-shaped island located due east of 
Fu-Jian Province of China across the Taiwan Strait. It has 
a surface area of 36,000 km’, or about the size of the Neth- 
erlands, but almost three-fourths of the Island is covered 
by a steep mountain range running from the north to the 
south, in which more than 100 peaks are higher than 3000 
m. The eastern end of the monsoon belt reaches the island, 
and the Tropic of Cancer dissects the middle. Thus the cli- 
mate is subtropic in the plain area but cool temperate up 
in the hills, and the entire Island has abundance of rain- 
fall. Rather broad and very narrow alluvial plain belts suit- 
able for agricultural exploitation are found on the western 
and eastern coastal zones, respectively. Rivers originate at 
the central mountain range and run westward or eastward 
reaching the Taiwan Strait or the Pacific Ocean, respec- 
tively. They are short in length and rapid in flow, so the 
water is little retained before being discharged into the 
sea. Nevertheless, intensive and extensive tropical to sub- 
tropical agriculture is practiced on coastal plains. Some 
temporal agricultural activities are also found at the scat- 
tered mountain farms where mainly temporal fruits and 
vegetables are grown. Although forests are dense in moun- 
tains, lumbering is almost prohibited for land conservation 
reasons. Because of the prevalence of the wide range of 
tropical, subtropical, and temporal climatic conditions, a 
very rich fauna is found on the island. Similarly, in addi- 
tion to the main cash crops such as rice, sugar cane, sweet 
potato, tea, pineapple, banana, and so on, diverse agricul- 
tural crops are produced in Taiwan. 

Although Taiwan is rich in rainfall and favorable in 
temperature for agricultural operation, it often suffers 
from the visits of typhoons and the torrential rainfalls that 
accompany them. Damages caused by severe wind and ex- 
cessive rainfall are not limited to agriculture but also ex- 
tend to many social functions. The development and im- 
plementation of technologies for food processing, storage, 
transportation, and so on are needed for not only enhanc- 
ing the usefulness and value of food materials but also 
meeting emergencies caused by natural disasters. 

Among 21 million inhabitants, currently Taiwan’s ag- 
ricultural population is stabilized at about 18% of the total 
in about 800,000 households. The number fluctuates more 
or less within 5% according to changes in economic situa- 


tions, because the agricultural economy serves as the buf- 
fering domain for accommodating fluctuation in the non- 
agricultural employment. The size of an average farm is 
1.1 ha. The low economic efficiency of ordinary farming is 
attributed to the small farm size and has provided an in- 
centive to establish containment facilities for the produc- 
tion of higher-value-added products such as medicinal 
plants, ornamental flowers, off-season fruits and vegeta- 
bles, and so on, in recent years. The income of farming 
families is the lowest among all categories of households 
as seen from the fact that agricultural productions earn 
only 2.78% of total domestic productions in terms of the 
dollars. 

Up to early sixties, the export of rice and bananas and 
some processed agricultural products such as refined cane 
sugar, canned pineapple, mushrooms and asparagus, and 
frozen fisheries products had played a significant role in 
earning foreign exchanges needed for industrial develop- 
ment. In 1968 rice and cane sugar alone still represented 
11% of total national exports. Although the share of raw 
and processed food and feed products dropped from 31.6% 
of total export value in 1968 to 5.5% in 1988 and then 2.8% 
in 1996, the value increased from $250 million to $3.32 
billion and then to $4.08 billion in the same periods. Up to 
1996, the total export value of food and feed-related prod- 
ucts exceeded that of imports, meaning that the agricul- 
tural productivity and capacity of the food industry of Tai- 
wan had been more than self-sustaining in feeding the 
population in terms of commodity exchange values until 
recently (Table 1). This situation is now reversed; Taiwan 
is a net importer of agricultural products by continuously 
expanding imports and diminishing exports simulta- 
neously. The affluence of the society has caused significant 
changes in food consumption habits, such as shifting from 
the rice-based diet to the wheat-based one, and the con- 
sumption of more expensive formerly exported and now 
imported foods and beverages, such as fisheries products, 
dairy products, beef, and wines and liquors. 


DOMESTIC FOOD CONSUMPTION AND ITS EFFECTS 
ON TRENDS OF THE FOOD INDUSTRY AND 
INTERNATIONAL TRADE 


The per capita food intakes in recent years are shown in 
Table 2. Besides keeping a constant intake level of carbo- 
hydrate, intakes of the other two main dietary ingredients, 
protein and fat, are increasing steadily, contributing to in- 
creases in calorie intake. In particular, the consumption of 
animal protein has almost quadrupled in 40 years. Daily 
intakes of fat and carbohydrate were 40 g and 432 g, re- 


Table 1. International Trades of Foods ($ million) 
Year Export %of Total Export Import _% of Total Import 


1993 3484 40 2502 3.28 
1994 3808 3.7 2906 3.37 
1995 4284 3.4 3196 3.18 
1996 4083 3.1 3372 3.29 
1997 2551 18 2931 2.92 
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Table 2. Per Capita Food Intake 
Year 1991 1992 1993 1994 1995 1996 1997 
Calories 2857 2875 2930 2979 2971 2972 3045 
Protein 91.45 93.64 96.89 96.06 97.72 97.85 101.14 
Fat (g) 114.04 114.93 120.38 124.72 125.94 126.80 181.07 
Carbohydrate (g) 373.80 373.24 372.51 375.23 369.47 367.45 372.97 


spectively, in 1957. We may see a significant degree of sub- 
stitution of carbohydrate-derived energy by that derived 
from fat during the past 40 years. 

The overintake of food calories is now making obesity a 
national epidemic. The data in Table 3 illustrate the popu- 
lation’s current trend of food habits. These data again il- 
lustrate the increase of protein and fat intake in the forms 
of meat, dairy products, eggs, and cooking oils and also the 
need for very active international trade of food commodi- 
ties to satisfy the national appetite. 

Among food ingredients, about one-half of cereals and 
almost all of cooking oils are derived from imported wheat 
and soybean, respectively. The little availability of arable 
land, the diversion of land for industrial use, and the 
growth of the population from about 6 million in 1945 to 
21 million in 1997 have made it impossible to produce even 
a self-sustainable amount of staple food. In 1997 the im- 
ports of cereals and their products, mainly wheat and 
maize, and those of oil seeds and their flours, mainly soy- 
bean, were 7.202 million t (metric tons) and 2.818 million 
t, respectively, Wheat supplements rice as the staple food. 
Besides being used as the source of cooking oil, soybean is 
used for the manufacturing of various forms of soy protein 
foods, such as tofu, various forms of vegetarian meat, and 
seasoning agents such as miso paste, soy sauce, and so on. 
Maize, wheat bran, and oil seed flours are used as feeds in 
swine and poultry productions. 

Summarizing the preceding section, we may say that 
agricultural production in Taiwan is aimed at a self- 
sustainable supply of foods, yet the former trend of ex- 
porting some specialized items for earning foreign ex- 
changes still remains. Formerly such items needed rather 
low technology for production. Now the trend shifts to the 
development and manufacturing of high-value-added pro- 
cessed foods. They are for domestic use as well as for export 
to exchange raw materials that need large land areas for 


Table 3. Per Capita Intake of Food Items (g) 


production, and also high-quality and even exotic foods for 
satisfying increasingly sophisticated social demands. 


Food Industry 


Most food industrial operations in Taiwan are located in 
rural villages for the convenience of collection and trans- 
portation of raw materials from farms. Production of 
canned, frozen, and salted foods is closely related to the 
rural economy and farmers’ income. The total number of 
registered food processing plants in Taiwan has dimin- 
ished from 6805 in 1987 to 6023 in 1997. The total number 
of employees is more than 110,000. Several large incorpo- 
rated companies that have overseas manufacturing 
branches in mainland China and southeast Asia produce 
a full range of products such as cooking oils, seasonings, 
frozen foods, pickles, instant foods, candies, crackers, bis- 
cuits and other types of snacks, vegetable and fruit juices, 
soft drinks, and health foods, However, most factories are 
small or family businesses specializing in the production 
of one type of food, and 95% of them have a combined cap- 
ital of less than $200,000 per operation. The frozen food 
industry is the largest, with a capital of $0.3 to 2 million 
and a workforce of 100 to 200 people for each operation. 
The canned food industry comes to the second, with a cap- 
ital around $0.3 to $1 million and 50 to 150 employees per 
plant; the salted food industry is the third, with an ap- 
proximate capital of $60,000 to $300,000 and 20 to 50 em- 
ployees per plant. The other industries are worth $30,000 
to $60,000 each, and each one employs only 5 to 20 people. 
The total production value of the food industry was $1.57 
billion in 1988, which grew to $14.15 billion in 1997, show- 
ing a formidable ninefold increase in nine years. During 
the same period, per capita national income doubled from 
$5,829 to $12,019 at current prices, and the percentage of 
the consumption of food, beverages, and tobacco to the 


Year 1991 1992 1993 1994 1995 1996 1997 

Cereals 273.42 275.05 272.91 279.50 275.78 266.18 263.56 
Tubers 58.03 60.08 59.42 58.00 49.49 53.93 64.11 
Sugar and honey 72.03 7117 69.42 68.83 67.18 68.14 66.98 
Kernels and oil seeds 80.41 70.41 80.09 82.87 6.89 86.99 86.71 
Vegetables 259.53 266.28 268.73 255.70 278.08 297.41 296.63 
Fruits 379.97 354.70 396.11 374.08 378.98 379.32 411,17 
Meats 176.73 183.51 192.68 198.33 199.34 205.03 211.80 
Eggs 36.58 37.49 38.93 40.79 44.47 48.01 53.23 
Fisheries products 108.82 120.08 130.02 105.12 105.08 104.91 116.03 
Dairy products 46.91 50.04 55.29 58.25 63.10 62.92 64.20 
Cooking oil 64.97 64.35 68.25 71.02 71.32 71.34 73.27 
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household expenditure decreased from about 35 to 25%. 
These trends show clearly that the demands for processed 
and prepared foods, although at prices much higher than 
the raw food materials available at markets, have in- 
creased in recent years. The main reasons for the shift in 
food habits may be listed as follows: More women are mov- 
ing into the job market; more modern home appliances are 
available; the younger generation has become less inter- 
ested to learn cooking; more outdoor activities are accepted 
as the lifestyle, and so on. Instant noodles (made from 
wheat or rice) are one of the fastest-growing products in 
this category. A wide range of baked goods, frozen foods, 
packaged dairy products and fruit and vegetable juice 
drinks, soft drinks, snack foods, and so on have a large 
share of food consumed in Taiwan. Besides using much of 
imported cereals, oil seeds, starches, fruits, and so on, the 
food industry depends largely on the domestic agricultural 
industry for raw materials. Thus, the food industry is con- 
sidered to be a great booster to the rural economy. 

The government policy of market liberalization and im- 
port tariff reduction, together with appreciation of the New 
Taiwan dollar in recent years, has also boosted dramati- 
cally the increase of importation of processed foods. The 
value increased from $679 million in 1987 to $2.40 billion 
in 1997. The flourishing economy and rising national in- 
come have led to a big change in consumer habits for foods 
and drinks. The trend of consumer taste is toward high- 
quality, semiprepared and flavored, or prepared and fla- 
vored foods because such products are much more conven- 
ient. The partial lifting of the monopoly policy over 
production and trade of alcoholic beverage has witnessed 
asharp increase in the import of beers, grape wines, cereal 
and fruit liquors, and so on. 


Cereal and Soybean Products 


The import of wheat from the United States to Taiwan 
started in the fifties. Wheat products such as bread and 
noodles have replaced a large part of the traditional staple 
food rice, and bread and noodles in various forms have a 
big share of the domestic staple food market now. The in- 
stant noodle alone had a sales value of $26 million in 1977, 
which quadrupled to $110 million in 1987, and further in- 
creased to $346 million in 1997, all along with a propor- 
tionate increase in volume. As wheat products have in- 
creasingly supplanted the traditional staple food rice, 
although the brown rice production decreased from the 
peak value of 2.713 million t in 1976 to 1.663 million t in 
1997, and the population increased from 16.508 millions 
to 21.683 millions in the same period, the domestic rice 
supply has been suffering from a surplus. The development 
and manufacturing of rice products, such as rice crackers 
and instant rice foods, are encouraged by the government 
to alleviate this situation. Rice crackers are popular; some 
are imported from Japan, and some are produced locally 
in collaboration with Japanese firms. However, they use 
mainly glutinous rice, which is not common for daily use, 
as the raw material. Imports of breakfast cereals and bis- 
cuits from Western countries are increasing. These facts 
also contribute to the deepening of the grave situation of 
rice surplus. 


Besides producing some vegetable soybean that is con- 
sumed domestically and also exported to Japan, the supply 
of soybean in Taiwan depends almost exclusively on the 
import from the United States. As mentioned before, im- 
ported soybean is used mainly for oil extraction and the 
residual flour for feed formulation, and for manufacturing 
of various forms of vegetarian meats, including tofu and 
tofu products; it is also important in the soy sauce industry. 
In 1997 the production of soy sauce amounted to 1.034 mil- 
lion t and was valued at $95 million. Most soy sauce is 
consumed domestically, because it is not generally used in 
Western cuisine. 


Meat and Poultry 


Pork is the major meat consumed in Taiwan. Annual per 
capita pork consumption increased from 20.6 kg in 1967 to 
33.86 kg in 1987 and then stabilized at around 39 to 40 kg 
since 1993. However, the ratio of pork consumption to total 
meat consumption has declined in recent years due to the 
rise in poultry and beef consumption, 

Poultry ranks second as the preferred meat. The poultry 
industry, similar to the swine industry, has shown a tre- 
mendous growth, largely because of technological improve- 
ments, a high degree of specialization of the industry, and 
an ample supply of feeds through the very active interna- 
tional trade and development of the food industry, which 
yielded many by-products suitable for feed use. The per 
capita poultry consumption increased steadily from 5,12 
kg in 1967 to 20.12 kg in 1988 and 33.49 kg in 1997, with 
its share in total meat consumption increased from 19.5 to 
35.4 and 43.3%. Poultry consumption is expected to grow 
more. 

Meat imports, including beef and mutton, rapidly grew 
with the quick development of the fast-food industry in re- 
cent years. Domestic production of cattle is limited, and 
the number raised is decreasing. The population of sheep 
is almost nonexisting. Frozen meats are imported from 
Australia, New Zealand, and the United States. There was 
38,349 t of beef imported in 1988, which increased to 
56,785 t in 1997, valued at $129 million and $169 million, 
respectively. The imported beef satisfied nearly 80% of the 
consumption. The import volume of mutton is about one- 
third that of beef. The per capita consumption of mutton 
was 0.86 kg in 1993 and 1.30 kg in 1997, or equivalent to 
17,200 t and 27,300 t of annual import, respectively. We 
may expect that more imported beef and mutton will sup- 
plement the consumption of domestic pork. 

Pork is the main item of meat Taiwan exports. The mar- 
ket is Japan. Annually nearly $500 million worth of pork 
had been exported, but, due to the outbreak of the foot and 
mouth disease in 1997, it has been halted since then. 


Dairy Products 


Taiwan launched the Dairy Farmer Support Program in 
1958. Dairy farmers got reasonable profits from their milk 
production, and the program was further extended with 
the result that dairy farms increased from 804 in 1978 to 
1,322 in 1988. Milk production increased from 44,615 to 
144,390 t during the same period. Most milk produced is 
consumed fresh (eg, 105,703 t of the 1988 production was 


consumed fresh), but due to the variations in milk supply 
and market demand, surplus milk in winter is processed 
into dry milk and sweetened condensed milk. Fresh milk 
consumption and milk powder production reached the 
peak values of 215,799 t in 1995 and 9,603 t in 1992, re- 
spectively, but both declined to 179,567 t and 6,907 t in 
1997. Although the self-supply ratio of dairy products in- 
creased and imports decreased, dairy products are still 
leading in imports. The main forms of imported dairy prod- 
ucts are milk solids and butter with cheese and curd shar- 
ing about 10% of the total. The import value increased from 
$144 million in 1983 to $363 million in 1997. The average 
yearly milk consumption per capita comprises both locally 
produced milk and imported products. When converting 
their food values into full-cream milk equivalent, the total 
milk consumption per capita was 1.50 kg in 1957, which 
increased to about 50 kg in 1987. Because local production 
of fresh milk now meets only about 20% of the market de- 
mand, there is much room for the domestic dairy industry 
to develop. 


Beverages 


Besides the local brands of various types of soft drinks, 
either carbonated or noncarbonated, various kinds of soft 
drinks bearing international brands, such as Coca-Cola 
and Pepsi-Cola, are bottled in Taiwan. 

Fruit juices and vegetable juices, either single or mixed, 
produced from local raw materials are abundant. But fruit 
juices, such as orange, grapefruit, peach, and so on, recon- 
stituted from imported concentrates are also having a 
large market share. A very interesting feature of Taiwan’s 
fruit and vegetable juice industry is its highly diversified 
products. You may find juices and juice drinks bearing the 
names of asparagus, guava, carambora, coconut, winter 
melon, plum, sugar cane, mango, pomelo, tangerine, litchi, 
water melon, passion fruit, honey dew, lotus root, and kiwi- 
fruit in addition to the names ordinary found in Western 
markets. Sport drinks aimed at replenishing blood salt bal- 
ance and providing a quick energy supply grew fast at the 
initial phase of their introduction from 1985 to 1990 but 
are now stabilized. Because most people consume soft 
drinks and juices for quenching thirst, the seasonal vari- 
ation in consumption is large. 

Owing to the monopoly policy over alcoholic beverages, 
local products dominated the market until recently. Now, 
imports are taking a share of about 25% of the total con- 
sumption of $1.92 billion. 

Locally produced beverages consumed in Taiwan in 
1997 are (in kiloliters and $ million, respectively) alcoholic, 
excluding beer, 241,365 and 791; beer, 365,406 and 637; 
fruit and vegetable juices, 260,194 and 195; carbonated 
soft drinks, 456,620 and 311; sports drinks, 171 and 773. 
Other types of nonalcoholic beverages, including coffee and 
tea drinks, mineral water, traditional beverages, and so on, 
had a total sales value of $593 million. 


Fruits and Vegetables 


The consumption of fruits and vegetables is still increas- 
ing, although at a slow pace, as shown in Table 3. Most are 
consumed fresh. Canned, frozen, dehydrated, or preserved 
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fruits and vegetables are not as important in the domestic 
market as in the foreign market. But manufacturers are 
paying more attention to them in the domestic market, be- 
cause these items are now less competitive in the inter- 
national market, and changes in the social situation have 
enhanced their domestic consumption. 

The frozen food items for domestic consumption, except 
ice cream, include frozen vegetables (mainly mixed vege- 
tables), pork dumplings, hamburger patties, pork balls, 
and fish balls. Frozen poultry and seafood have not yet 
received a welcome from consumers in Taiwan, but the 
government had launched a sales promotion campaign. To 
help consumers identify excellent frozen food, and to help 
producers enhance quality and sanitation in their prod- 
ucts, the Council of Agriculture implemented an “Excellent 
Frozen Food Mark” system in 1988. Establishment of 
wholesale-type chain stores and supermarket facilities is- 
landwide has overcome the difficulties experienced in the 
early stage of the promotion campaign, which were due 
mainly to the lack of cold chain facilities. 

Canned pineapple, mushroom, and asparagus played 
an important role as the foreign exchange earner in the 
development of the Taiwan economy. The canned pineap- 
ple industry was initiated during the colonial era. It hada 
systematic operation from cultivation, harvesting, and 
processing to exports handled by a big company. The other 
two items, the cultivation of which was started in the fifties 
on small farms, were processed by small-scale factories by 
using raw materials collected locally. Exports of pineapple 
and asparagus have declined to almost nil, but supplies 
such as fresh fruit and vegetables are still available in the 
domestic market. Various kinds of canned mushrooms still 
have foreign markets, the export of which amounted to 
$283 million in 1996. Bamboo shoots have found a niche 
in the international market in the meantime, and the ex- 
port of canned products amount to $531 million in 1996. 
Tomatoes have been grown in Taiwan as far back as the 
nineteenth century. Originally, they were treated as fruit, 
to be eaten raw. It was not until 1967 that local farmers 
began growing tomatoes specially for canning. At the peak 
time, Taiwan’s canned tomato products, ranging from 2 
million to 3 million standard cases a year, accounted for 
2% of the world’s canned tomato production. It is now rap- 
idly declining, with the annual export values of $71.4 mil- 
lion in 1995, $12.9 million in 1996, and $3.5 million in 
1997. 


Frozen Food 


The frozen food industry has been rapidly developing dur- 
ing the past two decades. Frozen food became a leading 
export item among the processed products in the early 
1980s. Export value reached more than $2.25 billion in 
1996. In spite of the appreciation of the New Taiwan dollar 
and keen competitions in the international market, frozen 
food processors in Taiwan have enjoyed a steady growth of 
exports in recent years. And yet they have been able to 
maintain outstanding quality, achieve significant reduc- 
tion in production costs, and enhance production efficiency. 
Among the factors contributing to such an excellent per- 
formance are the advancement in quality control technol- 
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ogy, the installation of modern production facilities, and 
the assistance provided by the related government orga- 
nizations. The major frozen food items and their produc- 
tion values in 1996 (in metric tons and $ million) are vege- 
tables, 32,326 and 59.05; fruits, 1461 and 2.52; seafood, 
359,303 and 838.93; meat and offal, 163,227 and 4016.4; 
prepared foods, 16,541 and 199.2; and eggs and egg prod- 
ucts, 13 and 0.70. The majority of frozen food factories are 
located close to their raw material supplying areas in cen- 
tral and southern Taiwan. However, frozen seafood pro- 
ducers choose their plant sites in areas close to the two 
main seaports, Keelung and Kaohsiung, located on the 
northern and southern tips of Taiwan, respectively. About 
98% of Taiwan's frozen foods are exported to Japan, the 
Federal Republic of Germany, the United States, Hong 
Kong, and Canada. The three biggest items are pork, grass 
shrimp, and eel. The most important frozen vegetables are 
soybeans, pea pods, and string beans. Prepared foods in 
frozen form, including roasted eel and Chinese-style con- 
venience foods, now enjoy a booming market in Japan. 


Dehydrated and Preserved Foods 


The dehydrated and preserved food industries are impor- 
tant sources of income for farmers who grow fruits and 
vegetables on slope land. The main items are ginger, 
prunes, eggplant, mustard, cucumber, mushrooms, and 
bulbous onions. The total export values for dehydrated and 
salted foods in 1996 were $60.6 million and $74.4 million, 
respectively; Japan imports 80% of Taiwan’s salted foods. 
Because most products are in semifinished form, the profit 
is limited. 


Others 


Among the great changes in international trade that Tai- 
wan has witnessed during the past half-century, we should 
mention the disappearance of cane sugar from the list of 
top export items, and the emergence of seasoning agents, 
mainly monosodium glutamate, a more-advanced product 
of fermentation technology, which enjoy a significant po- 
sition continuously in the list of total productions and ex- 
ports. In 1996 sugar and seasoning agents had total export 
values of $14.8 million and 144.9 million, respectively. 
These figures again signify that the era of agricultural de- 
velopment to support industrial takeoff has already be- 
come a part of Taiwan’s history. 


RESEARCH AND DEVELOPMENT AND FUTURE TRENDS 


Taiwan has identified food science and technology as one 
of the major fields of national research and development 
(R&D) programs in the midseventies. The policy was for- 
mulated primarily not to enhance the international trade 
values of agricultural products, but to improve the nutri- 
tion and safety of foods as well as to enhance the economic 
values of agricultural resources so as to improve the rural 
economy. Since then the R&D capabilities at academic and 
commercial institutions have been strengthened along 
with the establishment of the Institute of Food Science and 
Technology (IFoST), an academic society supported by all 


related institutions and private scholars and technologists, 
to promote and coordinate all food-related activities. The 
number of students enrolled at both undergraduate and 
graduate levels in teaching institutions, the number of 
teaching and research staffs, the investment in R&D fa- 
cilities and research program funding, and the number of 
R&D personnel holding advanced academic degrees have 
greatly expanded. We can see the outcomes of these efforts, 
first, in the continually growing food industry and, second, 
from the fact that the annual meeting of the IFoST is at- 
tended by more than 1000 participants. At the annual 
meeting, several hundred original research papers are pre- 
sented and a rather large-scale food show is staged. 

For practical on-the-job training, the Food Industry Re- 
search and Development Institute (FIRDI) located at Hsin- 
chu (northern Taiwan), which was originally established 
under the sponsorship of the Canned Food Exporters’ As- 
sociation in the early sixties but is now a government- 
funded foundation, plays a major role. In addition, FIRDI 
provides contractual services on research and training for 
satisfying both government and industry needs. The Food 
and Drug Inspection Bureau of the Ministry of Health lo- 
cated in Taipei mainly researches food safety inspection 
technology. One of the major material bases for biotech- 
nological R&D, the Type Culture Collection (microbial, ani- 
mal, and plant cell lines), is also operated by FIRDI. Gene 
banks for supporting agricultural research are located at 
the Provincial Agricultural Research Institute in Taichung 
(central Taiwan) and the Asian Vegetable Research Insti- 
tute in Shanhua, Tainan (southern Taiwan). These estab- 
lishments started as rather modest operations but now 
have been greatly expanded to serve the international 
community as well. 

The era of the development of specific type of foods at 
academic institutions is almost gone. Their research is now 
more concentrated on the basic aspects of food science and 
the development of modern biotechnology. So besides the 
Council of Agriculture-supported, mission-oriented prac- 
tical aspects of technology development at government as 
well as private institutions, funding from the National Sci- 
ence Council is approved on a competitive basis and based 
on the scientific merits for future advancement rather than 
the prospect of immediate benefits. 

We may see changes in the trends by citing the policy 
promulgated by the relevant government agencies as fol- 
lows. The policy on the development of food technology in- 
cludes: 


1. Securing the sources of food supply and strengthen- 
ing the production and marketing systems 


2. Leveling-up the technology and improving the infra- 
structure of the industry 


3. Leveling-up the food quality and safety 


4, Enhancing competitiveness to promote domestic and 
international sales 


5. Improving the environment for investment 

6. Promoting an international cooperation mechanism 
in which the root remains in Taiwan 

7. Streamlining of policy formulation and implemen- 
tation 


The strategy for development includes: 


1. Streamlining a collaboration mechanism among gov- 
ernment agencies related to food research, produc- 
tion, marketing, safety regulation, environmental 
concerns, and so on 

. Totally upgrading products 

3. Strengthening research activities aimed at new 

products development 

4. Rationalizing and enhancing productivity 

5. Strengthening training 

6. Modernizing production management and market- 

ing systems 

7. Promoting the interchange and cooperation between 

food industries on both sides of the Taiwan Strait 


i) 
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INTERNATIONAL DEVELOPMENT: 
UNITED KINGDOM 


Services and industry are the major employers in the UK, 
and agriculture employs a relatively small workforce of 
half a million. This is equivalent to ~2% of the total civil- 
ian workforce, which is low by comparison with all other 
European countries (1). The food industry, on the other 
hand, employs more than 2.5 million. Agriculture and the 
food industry make a considerable contribution to UK ex- 
ports. There is a high level of trade in food commodities: 
in 1997, food, beverage, and tobacco accounted for 6.5% of 
gross domestic product (GDP) as exports and 8.8% of GDP 
as imports (1). 


THE REGULATORY ENVIRONMENT 


The main piece of primary food legislation in Britain is the 
Food Safety Act (1990). Northern Ireland has equivalent 
legislation: the Food Safety (Northern Ireland) Order 
(1991). A feature of the Food Safety Act is that in addition 
to enabling legal rule-making, it also provides for defenses 
in law, including due diligence defense. Thus, manufactur- 
ers, importers, retailers, or individuals can use due dili- 
gence as a defense, if it can be shown that all reasonable 
precautions and due diligence were used to avoid the com- 
mission of an offense. 
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Central responsibility for the food supply in the UK is 
shared between the Ministry of Agriculture, Fisheries and 
Food (MAFF) and the Department of Health (DoH). Some 
responsibility in Wales, Northern Ireland, and Scotland is 
delegated to, for example, the Welsh Office, the Scottish 
Office Agriculture and Fisheries Department, the Depart- 
ment of Health and Social Services for Northern Ireland, 
and the Department of Agriculture for Northern Ireland. 
MAFF also maintains an executive agency, the Central Sci- 
ence Laboratory (CSL), at sites in Norwich and York. The 
CSL is responsible for the protection of consumers, food 
supplies, and the environment by means of food surveil- 
lance and research programs. Other executive agencies of 
MAFF include the Pesticides Safety Directorate (PSD, re- 
sponsible for licensing and monitoring pesticides with re- 
spect to safety, effectiveness, and use) and the Veterinary 
Medicines Directorate (VMD; responsible for licensing and 
control of veterinary medicines and surveillance of resi- 
dues in foods). The executive agency responsible for advis- 
ing MAFF on land management, food production, waste 
disposal, and some aspects of food processing and retail, 
the Agricultural Development Advisory Service (ADAS), 
was privatized in 1997. 

A number of independent advisory committees are es- 
tablished to advise government departments on aspects of 
food policy and safety. The main task of the Food Advisory 
Committee (FAC) is to advise on the safety of chemicals in 
foods, food additives, and food surveillance. However, pol- 
icy on food labeling, including nutritional and health 
claims, is also determined to a large extent by the work of 
FAC. The assessment of novel foods, including genetically 
modified foods, is conducted by the Advisory Committee on 
Novel Foods and Processes (ACNFP). More specific toxi- 
cological expertise is available on the Committee on Tox- 
icity of Chemicals in Foods, Consumer Products and the 
Environment (COT), to which specific questions may be 
referred by the FAC or the ACNFP. Similarly, the govern- 
ment has access to expert nutrition advice on the Com- 
mittee on Medical Aspects of Food and Nutrition Policy 
(COMA). In the case of genetically modified organisms, two 
additional committees are involved in the research and de- 
velopment stages: the Advisory Committee on Genetic 
Modification (ACGM) and the Advisory Committee on Re- 
leases to the Environment (ACRE). The Health and Safety 
Executive, as advised by ACRE, is responsible for enfore- 
ing legislation concerned with occupational safety and the 
safety of members of the public exposed to agents in the 
environment. The Advisory Committee on the Microbiolog- 
ical Safety of Foods (ACMSF) advises the government on 
the risks to humans of microorganisms used or occurring 
as contaminants in foods. Other advisory committees that 
deal with the food supply include the Advisory Committee 
on Pesticides (ACP), the Consumer Panel, the Spongiform 
Encephalopathy Advisory Committee (SEAC), and the Vet- 
erinary Products Committee (VPC). 

Enforcement of food legislation in the UK is largely de- 
centralized. At a local level, food control is the responsi- 
bility of environmental health officers (EHOs) and trading 
standards officers (TSOs) employed by local authorities (of 
which there are 589 in the UK). The former deal with is- 
sues of safety and hygiene, the latter with food quality, 
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which there are 589 in the UK). The former deal with is- 
sues of safety and hygiene, the latter with food quality, 


1422 INTERNATIONAL DEVELOPMENT: UNITED KINGDOM 


composition, labeling, and claims. There is some overlap 
between the activities of EHOs and TSOs and, in some 
cases (eg, contaminants), either or both may be involved 
in an action. Local authority food inspectors are responsi- 
ble for enforcing the Food Safety Act. Public analysts sup- 
port the activities of Environmental Health and Trading 
Standards departments. In addition, samples may be re- 
ferred to other laboratories, such as the Public Health Lab- 
oratory Service (PHLS) or the Central Science Laboratory. 
Coordination of the activities of individual EHOs and 
TSOs is provided by the Local Authorities Coordinating 
Body on Food and Trading Standards (LACOTS), the 
PHLS, DoH, and MAFF. 

Medicinal claims are only permitted for products li- 
censed under the Medicines Act (1968). The FAC recently 
published draft guidelines on health claims on foodstuffs, 
which is the basis for a code of practice proposed by a work- 
ing group drawn from industry, local authority represen- 
tatives, and consumer representatives: the Joint Health 
Claims Initiative. The voluntary code of practice proposes 
two main types of health claims associated with all foods 
marketed (including supplements): generic health claims 
based on well-established knowledge, and innovative 
health claims where substantiation is required in accor- 
dance with proposed criteria. The market for organic foods 
in the UK is small compared with Germany, Austria, or 
Denmark but is growing rapidly. Most certification of or- 
ganic foods in the UK is conducted by the Soil Association, 
which was established in 1946 and contributed to the for- 
mulation of the first EC organic food regulations in 1974. 

The government published a white paper in 1998 con- 
taining proposals for the establishment of an independent 
Food Standards Agency for the UK (2). This has been the 
subject of much discussion among the interested parties, 
including food industry, professional societies, and the 
relevant government departments. The starting point for 
such an agency would no doubt be the current Joint Food 
Safety and Standards Group set up by MAFF and DoH. 
Various templates have been proposed for such an agency, 
including the current Health and Safety Commission and 
Health and Safety Executive (HSE). The overall mission of 
the proposed agency would be to provide objective advice 
to government on the food supply and to protect public 
health. More specifically, the following activities have been 
proposed (2): policy formulation; drafting secondary legis- 
lation; representing the UK internationally (eg, at EU, 
WTO, and Codex Alimentarius Commission); providing in- 
formation and education, food research, and surveillance, 
and food law enforcement; and issuing licenses and ap- 
provals. It is proposed that some of the funding for the 
agency will come from a levy imposed on all food premises 
in the UK (~600,000 manufacturing plants, shops, and ca- 
tering facilities). This controversial proposal has provoked 
much debate. 


THE INDUSTRIAL ENVIRONMENT 


Mergers and acquisitions have had an impact on UK food 
companies as elsewhere. The most notable of such mergers 
was between Grand Metropolitan (parent of Pillsbury and 


Burger King) and Guinness at the end of 1997, creating 
Diageo, the world’s biggest alcoholic drinks company and 
the UK’s ninth biggest company. Following Diageo, the 
other major UK food companies are Albert Fisher Group 
Plc, Associated British Foods, Booker Ple, CPC (UK) Ltd, 
Cadbury Schweppes Plc, Nestle Plc, Northern Foods Ple, 
RHM Ltd, Unigate Plc, Unilever Plc, and United Biscuits 
(Holdings) Ltd. 


RECENT ISSUES AFFECTING THE UK FOOD CHAIN 


In recent years, the UK food system has been character- 
ized by a series of high-profile events concerned with food 
safety and the acceptability of new products by consumers: 
the bovine spongiform encephalopathy (BSE) crisis, out- 
breaks of food poisoning, and the introduction of geneti- 
cally modified plant foods. 

BSE was first recognized in cattle in the UK in 1986, 
although there are suggestions that it existed earlier, The 
disease resembles other transmissible spongiform enceph- 
alopathies (TSEs) such as Creutzfeldt-Jakob disease (CJD) 
and scrapie. The disease was attributed to the use of in- 
fected meat and bonemeal in cattle feed, although mater- 
nal transmission was suspected in some cases (3). The ban 
on such feeding practices led to a dramatic reduction in the 
incidence of the disease. However, the discovery of a vari- 
ant form of CJD in British patients in 1996 (4) led to the 
suspicion that eating infected beef was responsible. The 
ensuing crisis resulted in a ban on exports of British beef 
and the slaughter and destruction of thousands of cattle. 
The immunological detection of the prion protein in the 
tonsils and appendices of patients with variant CJD may 
offer the potential to better assess the number of people 
likely to develop the disease (5,6). To date, all cases of the 
variant form of CJD have been in the UK, with only one 
exception, and all those affected have been homozygous for 
methionine at codon 129 of the PrP gene, which opens the 
possibility that there may be a genetic predisposition to 
the disease (4,6). 

The incidence of the variant form of CJD is now being 
monitored by the National Creutzfeld-Jacob Disease Sur- 
veillance Unit in Edinburgh. Some evidence, based on 
postmortem data collected since 1995, indicates that the 
incidence may be increasing (7). However, an unusually 
high number of deaths from the disease in the last quarter 
of 1998 is currently complicating statistical analysis. Con- 
tinued data collection over several years will be necessary 
before any firm conclusions are drawn about the etiology 
of the disease. 

Several outbreaks of microbiological food poisoning 
have led to illness and death in the UK in the past 10 years. 
These events and the publicity surrounding them, in ad- 
dition to the BSE crisis, have been major driving forces in 
the UK government's plans to establish a Food Standards 
Agency with executive responsibility for the food system. 
An infectious disease surveillance system is operated by 
the Communicable Disease Surveillance Centre (CDSC) of 
the Public Health Laboratory Service (PHLS). The most 
notorious outbreak occurred in Lanarkshire, Scotland, in 
November and December 1996 due to cooked meat contam- 


inated with Escherichia coli 0157. Almost 500 people were 
affected and 18 died, the second highest number of deaths 
associated with an outbreak of E. coli 0157 in the world: 
The age range of those who died was 69 to 93 years. The 
outbreak was traced to a single butcher’s shop, the owner 
of which was subsequently successfully prosecuted in a 
criminal trial. The butcher’s shop was closed at the peak 
of the outbreak, but efforts to prevent infection were com- 
plicated by the diverse distribution chain from the shop at 
the source of the outbreak: a total of 85 outlets throughout 
central Scotland were eventually identified. An expert 
group was set up to investigate the outbreak under the 
chairmanship of Professor Hugh Pennington, University of 
Aberdeen. Some of the recommendations of the Penning- 
ton Group can be summarized as follows (8): 


1. Better education and training of farm workers, 
slaughterhouse staff, and food handlers. 

2. Hazard Analysis and Critical Control Point 
(HACCP) principles should be enshrined in legisla- 
tion governing slaughter houses and meat transpor- 
tation; accelerated implementation and enforcement 
of HACCP contained in existing legislation. 

3. Licensing should make provision for HACCP imple- 
mentation and record keeping, including tempera- 
ture control and monitoring. 


4, Inclusion of food hygiene on school curricula. 


Although the consequences of the Lanarkshire outbreak 
were serious, verocytotoxin-producing E£. coli is a relatively 
minor cause of food poisoning outbreaks in the UK. In 1997 
and 1998, the main contributor to foodborne disease out- 
breaks was Salmonella enteritidis (9), which is closely as- 
sociated with eggs and poultry. Camplyobacter infections 
are the major cause of laboratory-confirmed enteric infec- 
tions (outbreaks plus sporadic) (9). The parasitic protozoan 
Cryptosporidium has been associated with waterborne en- 
teric infections in the south of England. The most notable 
outbreak had 345 confirmed cases in the North Thames 
area in 1997 (10). The multi-drug-resistant strain, S. ty- 
phimurium DT 104 is increasing in importance as a cause 
of food poisoning (more than 4000 cases in 1996). Most out- 
breaks of enteric infections in the UK in recent years have 
been associated with hospitals and residential institutions. 

Some preliminary evidence indicates that some cases of 
Crohn's disease may be linked to infection with Mycobac- 
terium paratuberculosis, which is present in some dairy 
cows (11). The organism has been the subject of several 
studies in the UK because of the possibility of some cells 
surviving conventional pasteurization when levels of con- 
tamination are high. MAFF has commissioned a survey of 
raw and pasteurized cow’s milk to determine the incidence 
of contamination with viable M. paratuberculosis cells. 

One of the most significant scientific events in the UK 
in recent years was the world’s first cloning of a sheep at 
the Roslin Institute near Edinburgh. The lamb, named 
Dolly, was cloned from an udder cell derived from an adult 
sheep (12,13). The same group has reported success in the 
use of transgenic sheep for the manufacture of human pro- 
teins such as the clotting Factor IX (14), which opens up 
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the possibility of so-called pharming for the manufacture 
of pharmaceutical products. 


RESEARCH INFRASTRUCTURE 


Much UK research is supported through a series of auton- 
omous research councils, funded by government through 
the Office of Science and Technology/Department of Trade 
and Industry. Those principally involved in food and nu- 
trition research include the Biotechnology and Biological 
Sciences Research Council (BBSRC) and the Medical Re- 
search Council (MRC); the Engineering and Physical Sci- 
ences Research Council (EPSRC) and the Natural Envi- 
ronment Research Council (NERC) have a smaller impact 
on the food and agricultural sciences. The past decade has 
seen a major restructuring of the research infrastructure 
in the UK, changing the way in which food research is con- 
ducted and funded. The former Agricultural and Food Re- 
search Council (AFRC) was merged with the biological sci- 
ences program of the former Science and Engineering 
Research Council (SERC) in 1994 to establish the BBSRC. 
The BBSRC supports several institutes that contribute to 
food research, the most important of which is the Institute 
of Food Research (IFR) based at Norwich. Other BBSRC 
institutes that contribute to food research include the In- 
stitute of Arable Crops Research (Rothamsted, Long Ash- 
ton, and Broom’s Barn), Institute of Animal Health (New- 
bury and Pirbright), John Innes Centre (Norwich), Roslin 
Institute (Edinburgh), and the Silsoe Research Institute 
(Bedford). On average, about half of the income of such 
institutes is derived from the BBSRC, usually a significant 
amount from MAFF, with the balance coming from re- 
search grants and industrial contracts. 

Research associations are a major source of support for 
industry in the UK and also contribute to training and re- 
search output. In recent years, all of the UK associations 
concerned with food research have had considerable suc- 
cess in developing international markets. The three main 
associations are Leatherhead Food Research Association 
(Leatherhead, Surrey), Campden and Chorleywood Food 
Research Association (Chipping Campden, Gloucester- 
shire), and the British Industrial Biological Research As- 
sociation (Carshalton, Surrey; now more commonly known 
as BIBRA International). 


GOVERNMENT-FUNDED RESEARCH PROGRAMS 


MAFF funds food research to support its mission that is 
largely concerned with protecting the public and stimulat- 
ing improved economic performance. The 1997/1998 
budget was ~£130 million. Collaborative research is en- 
couraged. The LINK program is a collaborative research 
program, encouraging applied research initiatives in a va- 
riety of areas in which 50% of the funding is provided by 
government and 50% by industry. The MAFF-led programs 
in the LINK scheme are concerned with food processing 
sciences, agrofood quality, and advanced and hygienic food 
manufacturing. As mentioned, the UK research councils 
(in particular the BBSRC) are major sources of funding for 
food research in the UK, through a variety of schemes. 
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The Foresight Programme was launched in 1994 by the 
Office of Science and Technology of the Department of 
Trade and Industry. The activities of the Programme are 
broad and are concerned with the identification of future 
challenges and opportunities for UK companies. For ex- 
ample, thematic panels address, inter alia, food chain and 
crops for industry; health care; education, and energy. Pan- 
els draw together relevant contributions to the knowledge 
pool from industry, government, academe, and professional 
societies. The output of the Foresight Programme influ- 
ences government policy, spending decisions, and research 
programs and initiatives. 


EDUCATION 


The number of universities in the UK has grown consid- 
erably in recent years as a consequence of the award of 
charters to many former polytechnics, which were inter- 
mediate between universities and colleges of further edu- 
cation. Historically, the major centers of food science edu- 
cation in the UK were the University of Reading (also 
home to the National College of Food Technology, formerly 
based at Weybridge, Surrey), University of Nottingham, 
University of Leeds, and The Queen’s University, Belfast. 
Currently, these universities offer both BSc and thought 
postgraduate courses (certificate, diploma, or MSc level) in 
food-related subjects. Primary degrees are also offered by 
Bournemouth University; Glasgow Caledonian University; 
Loughborough University of Technology; Manchester Met- 
ropolitan University; Oxford Brookes University; Queen 
Margaret University, Edinburgh; Robert Gordon Univer- 
sity, Aberdeen; Scottish Agricultural College; Sheffield 
Hallam University; South Bank University; University of 
Huddersfield; University of Lincolnshire and Humberside; 
University of Newcastle; University of North London; Uni- 
versity of Plymouth; University of Strathclyde; University 
of Surrey; University of Teeside; University of Ulster; and 
University of Wales Institute Cardiff. Postgraduate 
courses in food-related subjects are offered by the Glasgow 
College of Food Technology; Manchester Metropolitan Uni- 
versity; Oxford Brooks University; Queen’s University Bel- 
fast; Robert Gordon University; South Bank University; 
and the Universities of Birmingham, Bristol, Hudders- 
field, Lincolnshire and Humberside, Leeds, London (Wye 
College), Reading, Strathclyde, and Wales Institute Car- 
diff. Many of the preceding institutions also award Ph.D. 
degrees in food research. Nutrition degrees are offered by 
the Universities of London, Newcastle, Sheffield, South- 
ampton, Surrey, and Ulster. A number of UK universities, 
such as Surrey, now offer modular degrees that enable stu- 
dents to chose from a selection of courses shared with other 
degree programs, such as toxicology, nutrition, physiology, 
and molecular biology. A number of UK colleges of further 
education offer courses in food science to Higher National 
Certificate (HNC) and Higher National Diploma (HND) 
level. Some of the UK professional societies are also in- 
volved in educational initiatives. For example, the Insti- 
tute of Food Science and Technology (IFST) is an examin- 
ing body for the Higher Certificate in Food Premises 
Inspection. The European Commission is considering 


plans that may lead to the accreditation of courses in food 
science throughout Europe. 


PROFESSIONAL SOCIETIES 


Most UK food scientists are members of the Institute of 
Food Science and Technology. The London-based society 
was established in 1959 and currently has more than 3000 
members of which almost 600 are fellows of the institute. 
The IFST also acts as a professional qualifying body for 
food science in the UK, the grade of membership reflecting 
the professional competence of the individual. The Insti- 
tute publishes a newsletter for members (Keynote) and two 
journals for members and subscribers (Food Science & 
Technology Today and the International Journal of Food 
Science & Technology). The activities of the institute 
broadly reflect the activities of members and the needs of 
UK consumers, regulators, and industry. A number of sub- 
ject interest groups address areas of specific interest in- 
cluding food control, food law enforcement, and the Inter- 
net. The IFST publishes regular position statements on 
topical issues and in 1994 formed the Professional Food 
Microbiology Group reflecting interest in this area. 

The Nutrition Society was established in 1941 and 
maintains registers of accredited nutritionists and public 
health nutritionists. In addition to a newsletter for mem- 
bers, the society publishes four journals: Proceedings of the 
Nutrition Society, Nutrition Research Reviews, Public 
Health Nutrition, and the British Journal of Nutrition. 
Special interest groups meet to discuss specific aspects of 
nutrition such as clinical nutrition and metabolism, micro- 
nutrients, animal nutrition and metabolism, and nutrition 
and behavior. The society hosts several conferences each 
year; the proceedings are published in paper or in the form 
of abstracts in the Proceedings of the Nutrition Society. 

The Royal Society of Chemistry (RSC) is the profes- 
sional body for chemists in the UK with 46,000 members, 
including food chemists and technologists. The RSC serves 
the needs of food scientists mainly through the Food Chem- 
istry Group, which has more than 800 members. The So- 
ciety is a major publisher and publishes many books in the 
field of food chemistry and nutrition. Most of the society's 
journals are devoted to chemistry, although the monthly 
magazine, Chemistry in Britain, covers general develop- 
ments including news of developments in food science. The 
Society of Chemical Industry serves members in the chem- 
ical, pharmaceutical, and food industries. The Society has 
20 subject groups, including Agriculture and Environment, 
Biotechnology, Crop Protection, Food Commodities and In- 
gredients, Food Engineering, Oils and Fats, and Consumer 
and Sensory Research. The Society publishes the Journal 
of the Science of Food and Agriculture, the fortnightly mag- 
azine Chemistry and Industry, and a range of books on food 
science. 

Some UK food scientists are also members of several 
other professional societies such as the Biochemical Soci- 
ety, Institute of Biology, British Dietetic Association, In- 
stitute of Physics, Society of Dairy Technology, Society for 
General Microbiology, Association of Public Analysts, In- 
stitution of Chemical Engineers, Royal Society of Health, 
and the British Toxicology Society. 


The Royal Society (London) is perhaps the most pres- 
tigious scientific academy in the UK, promoting both the 
basic and applied sciences. Founded in 1660, the Society 
comprises more than 1000 eiected fellows. Previous fellows 
include Sir Isaac Newton, Sir Humphry Davy, Lord Lister, 
and Lord Kelvin. The activities of the Society are broad, 
including a program to support the public understanding 
of science, awarding of small research grants, hosting of 
conferences and meetings (including subjects relevant to 
food research), publishing reports, and acting as a forum 
for independent expert discussions on issues affecting Brit- 
ish society. 
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INTERNATIONAL FOOD INFORMATION 
SERVICE (IFIS) 


STRUCTURE AND AIMS 


The International Food Information Service (IFIS) is a not- 
for-profit organization that provides information products 
and services and commissions research and provides edu- 
cation in information science for the international food sci- 
ence, food technology, and human nutrition community. It 
comprises two companies, IFIS Publishing in the UK and 
IFIS GmbH in Germany. Specifically, IFIS Publishing 
(Charity No. 1068176, Limited Company No. 3507902) is 
concerned with providing information products and ser- 
vices; IFIS GmbH is concerned with commissioning basic 
and applied research and providing education and training 
programs in information science. IFIS Publishing houses 
the headquarters of the organization at Shinfield near 
Reading (some 40 mi west of London). IFIS Publishing has 
36 staff members (three are based at the British Library 
at Boston Spa in West Yorkshire) and its primarily con- 
cerned with producing and marketing the database Food 
Science & Technology Abstracts (FSTA). IFIS GmbH is 
based in Frankfurt and has one part-time staff member 
who holds the title of managing director of IFIS GmbH. 
IFIS also has a Japanese representative based in Tokyo. 
Funding for IFIS is derived solely from product sales; the 
organization is fully self-supporting. 

IFIS is governed by a board of governors, comprising 
two members each from CAB International in the UK; the 
Bundesministerium fir Landwirtschaft, Ernéhrung, und 
Forsten (BML) (represented by Deutsche Landwirtschaft- 
Gesellschaft e.V. [DLG]) in Germany; the Institute for Food 
Technologists (IFT) in the United States; and PUDOC 
(Centrum voor Landbouwpublikaties en Landbouwdocu- 
mentatie) in the Netherlands. The governing organiza- 
tions constitute a unique consortium of one intergovern- 
mental organization, two government ministries, and one 
professional association; they represent the four organi- 
zations (or their direct descendants) that were responsible 
for establishing IFIS in 1968. The board of governors meets 
twice yearly. Day-to-day responsibility is delegated to the 
general manager, who is based at Shinfield; the general 
manager also has the title managing director to describe 
his role within IFIS Publishing. 


DATABASES AND COVERAGE 


Information in FSTA is provided in the form of abstracts, 
irrespective of the mechanism of access. Abstracts are 
faithful descriptions of the original work. All abstracts are 
written in English but are prepared from source material 
written in more than 40 languages. Detailed author and 
subject indexes are provided to facilitate searching the 
database. FSTA is available in printed form, on-line, on 
magnetic tape, on compact disk (CD-ROM) and via the In- 
ternet (Food Science Alerts, fsa); it has been available in 
both electronic and printed formats since its launch in 
1969. FSTA has always been available in the state-of-the- 


1426 INTERNATIONAL UNION OF FOOD SCIENCE AND TECHNOLOGY 


art formats, and the appearance of the database on the 
Internet further demonstrates the commitment of IFIS in 
this direction. The database can be accessed via seven 
hosts (DataStar, Dialog, DIMDI, EINS, Orbit, Questel, and 
STN). The database contains approximately 530,000 rec- 
ords covering the period 1969-1999 inclusive and is up- 
dated monthly (except for the CD-ROM, which has quar- 
terly updates). FSTA is growing at a rate of approximately 
20,000 records per year. Approximately 1800 different pri- 
mary journals are scanned regularly for articles of rele- 
vance to FSTA. Several hundred other journals and rele- 
vant literature are also scanned on an intermittent basis. 
FSTA contains records on basic sciences relevant to food 
(eg, chemistry, biochemistry, physics, microbiology, bio- 
technology, hygiene, and toxicology) as well as food pro- 
cessing, food products, packaging, economics, and legisla- 
tion. Of the 18 different sections into which the database 
is subdivided, 12 contain records on specific foods or food 
groups as follows: speciality and multicomponent foods; al- 
coholic and nonalcoholic beverages; fruits, vegetables, and 
nuts; cocoa, chocolate, and sugar confectionery products; 
sugars, syrups, and starches; cereals and bakery products; 
fats, oils, and margarine; milk and dairy products (includ- 
ing butter); eggs and egg products; fish and marine prod- 
ucts; meat, poultry, and game; and additives, spices, and 
condiments. There is an ongoing policy to review coverage 
to reflect developments in food science, food technology, 
and human nutrition as they occur. This policy is evident 
following increased coverage of biotechnology and related 
disciplines since the beginning of the 1989 volume of 
FSTA. 


ADDITIONAL PRODUCTS AND SERVICES 


A compact disk (POLTOX) has been produced in associa- 
tion with Cambridge Scientific Abstracts (CSA) and the 
U.S. National Library of Medicine. POLTOX contains rele- 
vant abstracts taken from FSTA relating to food safety. A 
second compact disk (Human Nutrition on CD-ROM) has 
also been produced in association with CSA and the U.S. 
National Library of Medicine; this disk gives one source 
access to 14 international databases including FSTA. The 
disk gives comprehensive coverage of research on human 
nutrition and its direct impact on human health. 

An additional service to FSTA users is provided by food 
science profiles (FSP); these consist of sets of records spe- 
cially selected from FSTA’s current input and cover any 
food-related subject from aseptic packaging to viscosity. 
FSPs give monthly updates in print or electronic format; 
30 standard titles covering “hot topics” are routinely pro- 
duced, but personalized searches are available on request. 
Current awareness services and retrospective database 
searches are also available to complement the FSP service. 

In June 1998 a new service, the Food and Nutrition In- 
ternet Index (FNID, was launched by IFIS. FNII is a fully 
searchable Web site describing and indexing food and nu- 
trition resources available on the Internet. The main focus 
is on food science, food technology, and human nutrition, 
although there is also coverage of food business and com- 
pany information. 


The 2000 edition of the FSTA companion thesaurus will 
soon be available; it is an invaluable user aid and is avail- 
able in conjunction with the CD-ROM, with fsa, and from 
some on-line hosts. It is also available separately as a prod- 
uct in its own right in both print and electronic formats. 


S. HILL 
International Food Information Service 
Reading, United Kingdom 


INTERNATIONAL UNION OF FOOD SCIENCE 
AND TECHNOLOGY 


The International Union of Food Science and Technology 
(IUFoST) is a voluntary, nonprofit organization that pro- 
motes worldwide exchange of ideas and experience in those 
scientific disciplines and technologies relating to the ex- 
pansion, improvement, distribution, and conservation of 
the world’s food supply. Its members, “adhering bodies” in 
the terminology of international scientific organizations, 
consist of one representative food science and technology 
organization or committee from each country. IUFoST also 
has associate members, who are individuals, and who re- 
ceive the Union newsletter, but have no vote. IUFoST is a 
scientific member of the International Council of Scientific 
Unions (ICSU). 


OBJECTIVES 


The chief aims of IUFoST are the encouragement and fos- 
tering of 


* international cooperation and exchange of knowledge 
and ideas among food scientists and technologists; 

* further development of and support for food research; 

* progress in the fields of theoretical and applied food 
science for improvements in the processing, manu- 
facturing, preservation, and distribution of food; 

* the education and training of food scientists and tech- 
nologists; and 

* development of both individual professionalism and 
professional organization among food scientists and 
technologists. 


Increasingly, IUFoST sees its role as that of providing ser- 
vices that implement the preceding objectives to its various 
constituencies, including its adhering bodies, international 
organizations, national governments, and individual food 
scientists. Currently, IUFoST pursues its objectives pri- 
marily through stimulation and sponsorship of interna- 
tional and regional congresses, conferences, short courses, 
and symposia. 

In these activities IUFoST subscribes to the principles 
of ICSU, which promote the participation by all bona fide 
scientists without regard to race, religion, political philos- 
ophy, ethnic origin, citizenship, language, or sex. 

The Union establishes such committees, commissions, 
and working parties as are required to cope with interna- 
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tional issues concerning the food supply. Its activities are 
coordinated to supplement the efforts of other similarly in- 
terested international scientific and technological groups. 
A number of these activities are carried out jointly with 
the International Union of Nutritional Sciences (IUNS), a 
closely related organization. It develops projects with the 
World Health Organization (WHO), and has official Non- 
Governmental Organization (NGO) status with the Food 
and Agriculture Organization (FAO). 


ADHERING BODIES TO IUFOST 


There are currently 54 adhering bodies in the Union; sev- 
eral countries have membership on a nonfee-paying basis. 
The complete current list is as follows: Albania, Argentina, 
Australia, Austria, Belgium, Brazil, Canada, Chile, China 
(Beijing), China (Taipei), Czech Republic, Denmark, 
Egypt, Finland, France, Germany, Greece, Hungary, In- 
donesia, Ireland, Italy, Japan, Kazakhstan, Korea, Ku- 
wait, Lesotho, Lithuania, Macedonia, Malawi, Malaysia, 
Mexico, Mozambique, Netherlands, New Zealand, Nigeria, 
Norway, Philippines, Poland, Portugal, Qatar, Russia, Sa- 
udi Arabia, Singapore, Slovenia, South Africa, Spain, Swe- 
den, Switzerland, Thailand, Uganda, United Kingdom, 
USA, Zambia, Zimbabwe. 


HISTORY 


Discussion of the need to establish an international orga- 
nization of food science and technology to advance food 
availability, food safety, and nutrition began in Britain and 
North America in 1959-1960. These early conversations 
resulted in the First International Congress of Food Sci- 
ence and Technology held in London, England, in 1962. At 
that time an International Committee of Food Science and 
Technology was formed to plan further congresses and a 
more formal international union. Four years later, in 1966, 
the Second Congress was held in Warsaw. 

The IUFoST was formally inaugurated during the 
Third Congress held in Washington, D.C., USA, in 1970. 
Subsequent congresses, their dates, and venues were Ma- 
drid, Spain, 1974; Kyoto, Japan, 1978; Dublin, Ireland, 
1983; Singapore, 1987; Toronto, Canada, 1991; and Buda- 
pest, Hungary, 1995. The Tenth International Congress 
will be held in Sidney, Australia, in 1999. IUFoST decided 
that, beginning with the Eleventh Congress in Seoul, Ko- 
rea, in 2001, it will hold International Congresses every 
two years. The Twelfth Congress will be held in Chicago, 
Illinois, USA, in 2003. 


ORGANIZATION 


General Assembly 


The Union is governed by a General Assembly, which 
meets at the international congresses of the Union, and by 
an Executive Committee, which exercises the authority of 
the General Assembly between congresses. 

The General Assembly develops and controls IUFoST 
policy and action. Its responsibilities include: the consid- 


eration of proposals involving international cooperative 
scientific programs and activities, the approval of methods 
to finance Union activities and reports of expenditures, the 
development of rules and procedures governing Union ac- 
tivities and the election of officers, and the Executive and 
Finance Committees. 

Each member nation is allocated a number of voting 
delegates to the General Assembly according to its annual 
fee assessment; the maximum number of delegates that a 
country can have is five. The Executive Committee has the 
power to admit temporarily an adhering body to nonvoting 
membership without fee. 

At the Ninth Congress in Budapest, the General Assem- 
bly of the Union unanimously adopted the Budapest Dec- 
laration in response to the 1992 International Conference 
on Nutrition in Rome. The Declaration gave special atten- 
tion to those areas in which food science and technology 
can make a major contribution to the quality and avail- 
ability of food, including reduction in postharvest losses, 
improvements in food quality and safety, and adaptation 
and improvement of traditional foods and food processing. 


Fees 


There is an initial entrance fee of US$100, payable on ac- 
ceptance into membership. An annual assessment is made 
on each adhering body according to the number of votes it 
has in the General Assembly, with one vote per delegate, 
as shown in Table 1. 


Union Officers 


The president, secretary general, and treasurer, and three 
vice-presidents are elected to four-year terms by the Gen- 
eral Assembly. Not more than two officers may be citizens 
of the same country. The mailing address of the secretary 
general is the official headquarters of the Union. The pres- 
ident is the principal executive officer, and the secretary 
general/treasurer the principal administrative officer of 
the Union. The vice-presidents act for the president in his 
absence, lead major activities of the Union as determined 
by the Executive Committee, and represent the Union as 
determined by the president. 

The Union plans to establish a permanent secretariat 
in order to expand its activities and further develop the 
services it can offer. The Swiss journal Lebensmittel Wis- 
senschaft und Technologie (LWT, or Food Science and Tech- 
nology) is the official journal of the Union. The Union pub- 
lishes its own newsletter, Newsline, circulated three times 
yearly to adhering bodies, associate members, and sub- 
scribing libraries. 


Table 1. Schedule of Assessment 


U.S. dollars (US$) 


No. of Delegates 1998 1999 
1 310 310 
2 1,240 1,280 
3 2,480 2,560 
4 3,720 3,840 
5 6,200 6,400 
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Regional Groupings 


IUFOoST has several regional groupings whose constitu- 
tions and purposes are consistent with those of the Un- 
ion, and whose programs are specifically oriented to the 
interests of their regions. These include: The European 
Federation of Food Science and Technology (EFFoST); 
The Federation of Food Science and Technology in 
ASEAN (FIFSTA—southeast Asia); the Eastern, Central, 
and Southern Africa Association of Food Science and 
Technology (ECSAFoST); and the Latin American and 
Caribbean Association of Food Science and Technology 
(ALACCTA). 


Union Committees 


The Executive Committee is comprised of the IUFoST of- 
ficers, including the immediate past president, as ex officio 
members, and seven members elected by delegates to the 
General Assembly from among their number. The Execu- 
tive Committee is empowered to execute the policies of the 
General Assembly, and to act for it in conducting the affairs 
of the Union between Assembly meetings. It approves 
budgets and major activities, selects the time and place of 
international congresses and meetings, and acts on appli- 
cations from new adhering bodies. Insofar as possible, the 
Executive Committee meets in developing countries timed 
to coincide with locally organized scientific events. This al- 
lows for a broader international participation and provides 
speakers without incurring additional costs to the confer- 
ence organizers. 

The Finance Committee provides advice on financial 
matters and appropriate control procedures and recom- 
mends the selection of outside auditors. 

The Congress Advisory Committee serves as consultant 
to the organizing committee of the country sponsoring an 
international congress. 

The Scientific Activities Committee plans, organizes, 
and sponsors symposia, conferences, and other scientific 
programs in keeping with IUFoST objectives, often in as- 
sociation with other interested organizations. [UFoST 
symposia, typically three or four per year, have been held 
on a wide variety of topics including food safety, sensory 
evaluation, food biotechnology, food composition, nutri- 
tional quality, and preservation technology. 

The International Liaison Committee works for coop- 
eration between IUFoST and other international organi- 
zations. It has been active in helping to meet the needs of 
developing countries, especially in Africa where it has suc- 
cessfully promoted the establishment of ECSAFoST, men- 
tioned earlier. 

In 1995 the General Assembly established the Inter- 
national Academy of Food Science and Technology. Elec- 
tion as a Fellow of the Academy honors those throughout 
the world who have made outstanding contributions to the 
field. 


D. E. Hoop 
Dublin, Ireland 


R. L. HALL 
Baltimore, Maryland 
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THE EVOLVING NATURE OF FOOD PROCESSING 
TECHNOLOGY 


Food is one of the basic needs of humanity. Its production 
and processing constitute one of the major economic pillars 
of all societies. And the ways in which that production and 
processing are done reflect the general level of technolog- 
ical advancement within society at any given point in time. 
Current food processing techniques constitute a snapshot 
of a dynamic system in continuous, expansive change. 
Driven by ever more demanding requirements of consum- 
ers, food processors continually seek ways to improve their 
way of doing things. Even casual reflection allows identi- 
fication of several relatively recent additions to the arsenal 
of food processing technologies. Familiar examples of such 
additions include microwave cooking, ultrafilteration, 
ohmic heating, modified atmosphere packaging, freeze 
drying, high pressure processing, blast freezing, supercrit- 
ical fluid extraction, reduced-fat and -calorie formulations, 
myriad flavor extracts and enhancers, enzymic processing, 
and a host of functionality modifiers. Thus, technological 
change and innovation is no stranger to the food industry. 
It is in this context of continuous change, driven by chang- 
ing needs, that radiation processing of food is emerging to 
join the food processors’ arsenal. 


THE CONCEPT OF FOOD IRRADIATION HAS A 
LONG HISTORY 


The concept of using ionizing energy to process food has a 
long history. Soon after the discovery of roentgen rays in 
1895, a number of visionaries suggested that this new form 
of energy could be of benefit to food preservation. Indeed, 
one of the first patents based on this idea dates back to the 
early years of this century (1). However, as history subse- 
quently showed, practical limitations precluded early in- 
dustrial and commercial development and application of 
these concepts. It is only much more recently that progress 
has advanced to the stage where significant industrial util- 
ization of food irradiation is becoming widespread. This 
follows several decades of research and development, in 
government, university, military, and industrial laborato- 
ries around the world, which put in place the technical and 
scientific foundation for the safe and effective utilization 
of radiation for the processing of food. 


CURRENT APPLICATIONS OF RADIATION TECHNOLOGY 
IN AGRICULTURE 


There are a number of ways, other than food processing, 
in which radiation and related technology are utilized in 
the service of food and agriculture. Examples include the 
following: sterile male technique for insect pest control, 
mutation induction for plant breeding purposes, radiotrac- 
ers for studies on agrichemical pathways in the environ- 
ment, studies on utilization of fertilizers and other plant 
nutrients by plants cultivated as human food crops, radio- 


immunoassays for animal physiology studies, animal hus- 
bandry research, and vaccine production to protect ani- 
mals against parasites. Collectively, these techniques 
constitute an important component of the toolbox available 
to agricultural scientists in their never-ending quest for 
improvements to the world’s food production system(s). 


GROWING INTEREST IN FOOD IRRADIATION 


Acceptance of any new technology by society depends on 
there being a genuine need for the benefits offered by that 
technology. In recent years there has been a veritable ex- 
plosion of consumer interest in, and concern with, food- 
borne illness. There is a growing realization that such ill- 
ness constitutes a very real problem around the world, 
with significant costs inflicted on the personal as well as 
national levels. Food irradiation is increasingly viewed as 
a technology that has much to offer in the ongoing battle 
against foodborne illness. Responsible public health agen- 
cies are urging adoption of irradiation as an additional 
means of protecting the safety of our food supply. The net 
effect of all these developments is that there now is an 
unprecedented level of interest in food irradiation. 


TECHNICAL ASPECTS 


Definition of Food Irradiation 


Food irradiation is a process involving the exposure of food 
to a field of ionizing energy (radiation) for the purpose of 
effecting some desired benefit. Hence, in respect to purpose, 
radiation processing of food is similar to the processing of 
food by more conventional methods. 


Energy Considerations. Food processing of any type in- 
volves energy transfer into, or out of, the food substance 
being treated. The form of energy involved can differ and 
can include thermal, chemical, mechanical, microwave, 
pressure, or ionizing energy (synonymous with radiation). 
Thus, at this basic level, food irradiation differs from more 
conventional forms of food processing in the form of energy 
involved. However, it should be noted that at this level, the 
conventional forms of food processing differ from one an- 
other as well. 

Types of lonizing Energy. Ionizing energy is any form of 
energy whose individual quanta (discrete packets of en- 
ergy) are energetic enough to create ions by ejecting elec- 
trons from the atoms within a material absorbing that en- 
ergy. Such energy can be photonic (pure electromagnetic 
energy, with no physical particles involved) or particulate 
(real particles involved). Examples of the former type in- 
clude y-rays, spontaneously given off by certain radioactive 
elements (like cobalt-60 or cesium-137) and X rays (pro- 
duced by X-ray generating machines). Beams of high- 
energy electrons, generated by special machines called 
electron accelerators, constitute the most common form of 
particulate radiation. Any of these types of ionizing energy 
can be used for processing materials. However, to avoid 
potential induction of radioactivity in the treated material, 
electron energies must be kept below 10 MeV, while pho- 
tons must not exceed 5 MeV. 
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Radiation as Processing Energy. Ionizing energy, in its 
various forms, possesses several characteristics that make 
it extremely useful as a form of processing energy (2). 
These include its versatility in effecting a variety of tech- 
nical end points in a wide variety of materials, its ability 
to penetrate through the bulk of the product being treated, 
its ability to effect treatment without significantly increas- 
ing the temperature of the material being treated, its con- 
trollability, its flexibility, its convenience, its low cost, its 
environmental friendliness and its lack of residues in the 
treated product. Figure 1 illustrates the general concept of 
radiation processing. As shown in Figure 1, radiation pro- 
cessing of any material gives rise to change(s) in the 
physical, chemical, and biological properties of the treated 
substance. One or more of these changes in material prop- 
erties constitute the purpose of the treatment. It is worth 
noting that radiation processing is no stranger to our daily 
lives. Although most consumers are generally not aware of 
it, there already is widespread use of consumer products 
whose manufacture is associated with radiation processing 
in one way or another, reflecting the great utility and ver- 
satility of this type of industrial processing. Some familiar 
examples of such products include electrical insulation, 
automobile tires, personal hygiene products, bandages, 
cosmetics, plastic films and coatings, baby soothers, pack- 
aging materials for juices and other liquids, advanced com- 
posites used in aircraft manufacture, cellulosic products 
(eg, fabrics) derived from plant biomass, medical devices, 
and even jewelry. 


Process of Food Irradiation 


Conceptually, the process of food irradiation is very simple. 
The essential elements include a shielded chamber con- 
taining a field of ionizing energy, and appropriate equip- 
ment for conveying foodstuffs through the facility. In 
operation, the food material is transported into the irra- 
diation chamber, kept there for an appropriate length of 
time during which the desired amount of ionizing energy 
is absorbed, and then removed from the chamber. Upon 
removal from the chamber, the food material is ready for 
immediate utilization, which could involve consumption, 
further processing, or storage, as appropriate. In actual 
practice, the irradiation facility operator must pay atten- 
tion to a lot of detail to ensure that the process is carried 
out properly, but that detail is invisible to both the facility 
client and the end user of the treated product. 


X-rays 
Electrons 


‘4 1Aaye Processed 
riod |} al 
Commodity commodity 


Initial set of physical, 
chemical, and biological 
properties 


Altered set of physical, 
chemical, and biological 
properties 


Figure 1. Illustration of principle of radiation processing. Prior 
to irradiation, the commodity has an initial set of properties. Fol- 
lowing treatment, the processed commodity has an altered set of 
properties. 
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Figure 2. Cutaway view of typical 
y-radiation facility, such as could be 
used for processing food. 


Loading area 


Figure 2 illustrates a typical industrial irradiation 
plant, which can be used for treating food. The illustration 
shows the essential elements of such a facility, including 
the warehouse area, the biological shield, the maze (re- 
quired to allow transfer of product through the shield while 
not permitting escape of radiation to the outside), the prod- 
uct carriers, the cobalt-60 source assembly, and the storage 
pool (needed for safe storage of the cobalt-60 when product 
is not being treated). It should be noted that, unlike the 
case with microwave cooking, food irradiation is an indus- 
trial process and cannot be miniaturized for use in home 
kitchens. 


Mechanism of Action 


Exposure of the food product to the field of ionizing energy 
within the radiation chamber results in a specified, desired 
amount of energy being absorbed by the food material. The 
amount of energy absorbed per unit mass of the absorbing 
material is termed the absorbed dose of radiation and is 
measured in units called grays. The practical unit for mea- 
suring radiation dose used in food processing is called the 
hkilogray. It is the absorbed energy that gives rise to the 
effects ascribed to the treatment. Energy that passes 
through the product without being absorbed does not affect 
the exposed material. A central question is how the ab- 
sorbed energy leads to the observed effects, which consti- 
tute the benefits and detriments of the process. 


Thermal Effects Are Negligible. Table 1 presents data on 
the theoretical maximum temperature rise associated with 
irradiation of food products treated to effect the specified 
technical end points. This illustrates that, for all practical 
purposes, the maximum temperature rise is generally neg- 
ligible. From this it follows that the benefits of the treat- 
ment are effected by nonthermal mechanisms. 


Action Cascade as Mechanism. Food is a biological sys- 
tem, and the effects of irradiation on food constitute a par- 
ticular subset of the more general effects of irradiation on 
any such system. Biological effects of irradiation result 
from a complex sequence of reactions (3) that are well de- 
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scribed by the term action cascade. Figure 3 illustrates the 
essential features of this sequence. The action cascade con- 
sists of a series of stages, beginning with energy absorption 
(a physical, discrete process that occurs at random 
throughout the irradiated material). Through ionization 
and excitation pathways the absorbed energy generates a 
variety of primary reactive species (free radicals, ions, ex- 
cited molecules) that serve to propagate the effects through 
the subsequent chemical, biochemical, physiological, and 
biological stages. The final result consists of physiological 
and biological effects that constitute the observable bene- 
fits and detriments deriving from the treatment. Note that 
each successive stage operates on a longer time scale than 
the preceding one. 


Basis for Beneficial Effects. Given that the initiating 
event (energy absorption) of the action cascade is unavoid- 
ably random in its occurrence within the treated material, 
it is instructive to examine the basis for beneficial efrects 
of food irradiation. Intuitively, it is not obvious how ran- 
dom acts of molecular damage can give rise to a net benefit. 
The secret lies in the fact that different functional entities 
within biological systems exhibit large intrinsic differences 
with respect to their sensitivity to inactivation by ionizing 
radiation. Empirical characterization of the individual 
dose response curves for inactivation of specific biological 
functions of interest allows exploitation of these differen- 
tial dose responses for our benefit, in favorable cases. Thus, 
differential dose response underlies the benefits of the pro- 
cess. This is illustrated schematically in Figure 4. With ref- 
erence to Figure 4, it can be seen that, because the indi- 
vidual dose response curves are separated along the dose 
axis, it is generally possible to select a treatment dose suit- 
able for effecting a desired technical end point (such as 
insect killing) without at the same time inducing signifi- 
cant detriment to the nutritional value, taste, or texture of 
the treated food. 


Benefits 


Technical End Points of Irradiation. Empirical obser- 
vation has demonstrated a variety of possible technical 


Table 1. Temperature Rise Associated with Food Irradiation 
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Dose (kGy) Typical application Energy Absorbed (J/kg) ‘Temperature rise (°C.; water) 
0.1 Sprout inhibition 1x 10? 0.024 
0.3 Insect disinfection 3x 10? 0.072 
1 Ripening delay 1x 10° 0.239 
3 Meat and poultry pasteurization 3 x 10° 0.716 
10 JECFI limit* 1x 10¢ 2.390 
50 Sterilization 5 x 104 11.94 


“The Joint Expert Committee on Food Irradiation (JECFI) in 1981 set an upper limit of 10 kGy on the permitted dose for food irradiation, pending further 
evaluation of the data on safety and wholesomeness at higher doses. That limit has since been removed. 


Source: Ref. 8. 
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Figure 8, Schematic representation of the action cascade that 
underlies the biological effects of irradiation. 
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Figure 4. Schematic representation of dose response curves for 
inactivation of viability or other functionality in various biological 
systems. Differential dose response underlies the benefits of food 
irradiation. 


benefits (4). These include microbial inactivation, insect 
disinfestation, sprout inhibition, maturation delay, and 
functional modification (eg, viscosity reduction, acceler- 
ated rehydration of dried preparations, reduced cooking 
time). Particular beneficial effects are associated with par- 
ticular foods, and their achievement requires that an ap- 
propriate treatment protocol be followed. Only certain 
foods can be treated beneficially for any particular desired 
technical end point. It is generally not possible to elicit 
arbitrarily specified benefits in arbitrarily chosen foods, al- 
though some technical end points (eg, microbial inactiva- 


tion) are less restrictive in this regard than others (eg, mat- 
uration delay). 


Tangible Benefits for the Consumer. To the consumer, ir- 
radiation offers the benefits of food that is safer, fresher, 
more convenient, and therefore of higher value than the 
unirradiated counterpart. Of course these tangible con- 
sumer benefits derive from the specific technical end points 
just listed. 


Limitations 


As is the case with any food processing method, there can 
be detriments as well as benefits arising from irradiation. 
Negative effects of the radiation processing of food can in- 
clude undesirable alteration of sensory properties (color, 
odor, taste, texture), loss of desired functional properties, 
and loss of some nutrient value. These negative effects 
tend to increase with increasing dose. To have a successful 
treatment, it is essential that unacceptable levels of det- 
riment be avoided. 


Avoidance of Detrimental Effects. To ensure a favorable 
result, irradiation must be carried out according to a 
proper treatment protocol, which has been validated by 
empirical testing. As with any processing method, im- 
proper application of the process will generally lead to un- 
acceptable results. A treatment protocol is simply a ‘recipe’ 
wherein the process variables affecting the outcome are 
controlled within an appropriate range. Every product re- 
quires its own treatment protocol. In this sense irradiation 
is no different than conventional baking or cooking, which 
is done according to a proven recipe. There are many 
proven treatment protocols available, but there is ample 
opportunity for further development in this area. 


SAFETY AND WHOLESOMENESS 


Confidence in the safety and wholesomeness of irradiated 
food is critical for consumer acceptance of such products. 
It is instructive to examine the scientific approaches that 
have led to the current understanding in this vital area. 


Approaches Used to Evaluate Safety and Wholesomeness 


Two principal approaches are used to determine the safety 
and wholesomeness of food treated in any manner, includ- 
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ing by irradiation. The first is based on chemical analysis 
and involves the identification and toxicological character- 
ization of any new chemicals generated by the treatment 
in question. The second approach is one based on biological 
function and involves feeding the treated food to test ani- 
mals, which are subsequently carefully observed for any 
manifestations of harm resulting from ingestion of that 
food. These two approaches are complementary, and to- 
gether they constitute an extremely powerful paradigm for 
evaluating the overall safety and wholesomeness of irra- 
diated food. 


Summary of Findings from Chemical Approach 


Chemical analysis of irradiated foods has led to the detec- 
tion and identification of something in excess of 100 com- 
pounds referred to as radiolytic products (5). Evaluation of 
the toxicological significance of these identified compounds 
can be done by reference to available toxicological data for 
the compounds in question, or by comparisons with the 
same and similar compounds present in various foods ei- 
ther naturally or as the result of conventional processing. 
For the vast majority of identified radiolytic products the 
data reveal that the same compounds are present in vari- 
ous foods, either naturally or after conventional process- 
ing, and generally at much higher concentrations than are 
generated by irradiation. The results of these evaluations 
overwhelmingly support the conclusion that there is no in- 
dication of harm from consumption of irradiated foods (6). 


Summary of Findings from Feeding Tests 


There is a very large body of published literature describ- 
ing toxicological studies on various animals fed a variety 
of irradiated foods (7). These tests have ranged from short 
term to long term, multigenerational in duration. In the 
various studies, the state of health of the test animals has 
been evaluated by a multiplicity of tests, examining many 
critical aspects of their function, including life span, repro- 
ductive ability, cancer incidence, birth defects, blood chem- 
istry, physiology, chromosome aberrations, and even feed 
conversion efficiency. The vast body of literature describing 
these studies has been examined by several groups of ex- 
perts (8,9,10). Results of these expert evaluations indicate 
that there are no reproducible findings of harm to humans 
and other mammalian species resulting from consumption 
of irradiated foods, in respect to dose, biological function 
monitored, test species, or variety of test foods. 


Public Health Institutions Endorse the Safety and 
Wholesomeness of Irradiated Food 


The available information on safety and wholesomeness of 
irradiated foods has been examined by many of the most 
prestigious and respected public health institutions 
around the world. Without exception these evaluations 
have led to unconditional reaffirmation of the absence of 
hazard attributable to irradiation. Such endorsements 
have been extended by the World Health Organization, 
American Medical Association, U.S. Food and Drug Ad- 
ministration, American Dietetic Association, American 
Gastroenterological Association, Mayo Clinic Health Let- 


ter, the UK Advisory Commission on Irradiated and Novel 
Foods, plus many others. 


OVERVIEW OF IMPLEMENTATION PROGRESS 


The Needs Driving Implementation 


Several unmet needs are driving implementation of food 
irradiation. The two major ones include food safety con- 
cerns arising from foodborne pathogens and parasites, and 
the need for effective quarantine security treatment of ag- 
ricultural commodities in interregional trade. Of lesser im- 
pact are the desire for extended shelf life of foods, reduction 
of food losses due to spoilage, and particular functional 
modifications. 


Food Safety Concerns 

Foodborne IIIness Is Increasing. Most experts agree that 
foodborne illness is on a long-term upward trend in coun- 
tries around the globe. This is in contrast to the dramatic 
decline of infectious disease overall (not foodborne), re- 
sulting from improvements in health care and in particular 
the advent of modern antibiotics and vaccines. The rise in 
foodborne illness has occurred in parallel to widespread, 
extensive changes in the structure of our food system, sug- 
gesting a cause-and-effect relationship. Over the last sev- 
eral decades, this system has evolved into its present form, 
markedly different from that which existed previously. In 
particular it has acquired new attributes that are essential 
for provision of a plentiful supply of affordable food to a 
largely urban population. These essential features include 
mass production of farm animals reared for food, central 
processing, widespread distribution of products, a diver- 
sity of sources of both raw and finished products, increas- 
ing trade between previously isolated regions, and recy- 
cling of nonedible portions of animals. These features 
make the system very efficient, but unfortunately they also 
make it very vulnerable to dissemination of infectious 
agents. Given that the social changes (principally urbani- 
zation) driving this evolution are effectively irreversible, it 
follows that the essential features of our current food sys- 
tem will not change. Thus, the negative effects will also 
persist, unless some intervention can be introduced to re- 
duce or eliminate them without affecting the desired fea- 
tures. 

Social Costs of Foodborne Illness. Estimates of the im- 
pact of foodborne illness on society are indirect and are 
based on incomplete data and imperfect methodology. Nev- 
ertheless, available data indicate that annually the finan- 
cial cost in the United States alone is in the billions of 
dollars, with millions of cases of illness, and some thou- 
sands of deaths (11). There may be some disagreement on 
the exact values for these three categories of cost, but there 
is agreement that the magnitudes are reasonably accurate. 
From this it is evident that foodborne illness constitutes a 
serious burden on society, even in the developed countries. 
It can be expected that the problem is much worse in de- 
veloping countries that lack the developed food system in- 
frastructure central to the provision of safe and affordable 
food for large concentrations of people. 


Irradiation and HACCP. Recent times have seen the in- 
troduction of new and more effective measures to protect 
the safety of our food supply. The Hazard Analysis and 
Critical Control Point (HACCP) approach represents the 
most advanced and comprehensive attempt in this regard. 
HACCP constitutes a rational plan for ensuring food safety 
by first identifying all possible hazards (biological, chemi- 
cal, physical) associated with the production of any given 
food, and then introducing appropriate barriers or critical 
control points (CCPs) to prevent those hazards from reach- 
ing the consumer. For foods derived from animals (red 
meat, poultry, seafood) the microbial hazards (salmonella, 
Escherichia coli 0157:H7, campylobacter, listeria, vibrio, 
toxoplasma, other) are of greatest concern. HACCP plans 
for such foods require one or more CCPs of proven effec- 
tiveness against microbial pathogens to reduce these haz- 
ards. Irradiation is a true kill step and can reliably achieve 
several logs of kill (12,13) of all the common microbial 
pathogens responsible for the majority of foodborne illness 
in the United States and other countries. Inclusion of ir- 
radiation as a CCP against microbial hazards greatly en- 
hances the effectiveness of any HACCP plan. Conversely, 
irradiation works best as part of an overall HACCP pro- 
gram. In this sense, irradiation and HACCP are natural 
partners in protecting the safety of our food. 


Quarantine Security The need for effective quarantine 
security treatment constitutes the second major driver be- 
hind implemention of food irradiation. 

Role in International Trade. An extremely important con- 
sideration in the trading of agricultural commodities be- 
tween different regions involves protecting the importing 
region against the introduction of pests from the exporting 
region. Unwitting introduction of pests into a region where 
they are not yet present poses substantial risk of damage 
to the ecology and economy of the receiving region. For this 
reason such trade is contingent on the availability and use 
of effective quarantine treatment against pests of concern. 
In general, every importing jurisdiction has a system in 
place to enforce this requirement and prevent entry of 
products that have not been adequately treated. Histori- 
cally, such treatment has involved the use of poison gas, 
such as methyl bromide, to fumigate the shipments of 
product. The need for treatment is pervasive, and essen- 
tially every traded product of agricultural origin is fumi- 
gated at least once, and in some cases several times, before 
reaching its final destination. Without availability of an 
approved and effective quarantine security treatment, in- 
ternational trade in agricultural products would be dra- 
matically curtailed. 

Loss of Methyl Bromide. For decades methyl bromide 
has served as the universal fumigant for quarantine se- 
curity treatment of agricultural products. Unfortunately, 
methyl bromide is an ozone-depleting chemical and as such 
has been designated by international agreement (14) to be 
removed from service. The current phaseout schedule calls 
for this fumigant to be taken out of use in the United States 
early in the first decade of the twenty-first century. Loss of 
methyl bromide is expected to create a major disruption in 
trade of the affected commodities. Irradiation is a good al- 
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ternative to methyl bromide for disinfestation of agricul- 
tural commodities for quarantine security purposes and 
may well be the only treatment available for many prod- 
ucts when fumigation is no longer an option. 


Costs of Food Irradiation 


Cost considerations are critical in the determination of 
whether a particular process will be adopted by industry. 
Radiation processing is a capital-intensive technology and 
as such requires outlay of considerable funds before there 
can be any incoming flow of revenue. 


Capital Costs. Capital costs for irradiation facilities de- 
pend on a number of variables, which will have different 
values for different enterprises. Main components common. 
to all facilities include the biological shield, material con- 
veyance system, source of ionizing energy, ventilation sys- 
tem, computer and operating software for the facility, and 
ancillary equipment (water purification and cooling). De- 
pending on the required throughput capacity, type of plant, 
and degree of plant sophistication desired, capital cost for 
the irradiator could range between a low of perhaps $2 
million (US) to possibly as high as $10 million with a me- 
dian value of about $5 million. In addition, there will be a 
cost for land and warehouse requirements, which are site 
specific. 


Operating Costs. The cost model for operating a food 
irradiation facility involves a large number of financial 
variables, including capital amortization and depreciation, 
labor, utilities, administration, taxes, insurance, radiation 
safety officer, license and permits, supplies, radioisotope 
replenishment (for a gamma plant), repair and mainte- 
nance, as well as process-related ones like dose, product 
density, radiation utilization efficiency, actual annual 
throughput, and plant utilization (% of maximum design 
capacity). Values for each of these variables will differ be- 
tween individual operations, but in general the unit pro- 
cessing cost for a typical plant will be a few cents a pound, 
ranging from perhaps 2 cents to possibly 10 cents a pound, 
depending on the particular situation. The lower end of the 
cost range would apply to large capacity plants operated 
near maximum capacity, processing in excess of about 100 
million Ib per year. 


Service Options 


Radiation processing of food represents a fledgling indus- 
try, where the commercial infrastructure is not yet well 
developed. Thus, the delivery of service to potential users 
of this technology faces obstacles such as availability and 
accessibility of processing capacity, and additional costs 
arising from transport to and from existing facilities, 
which may be at some distance from the food manufactur- 
ing plant. It can be expected that as significant demand 
for service develops, the marketplace will implement so- 
lutions to these shortcomings. The ultimate structure of 
the industry will undoubtedly include a variety of irradi- 
ator business configurations, tailored to respond to differ- 
ent business needs. 
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Type of Facility. Irradiators can differ in regard to the 
type of source providing the required processing energy. 
This can either be radioisotope based, using cobalt-60 or, 
to a lesser extent, Cs-137 (both of which emit )-rays), or it 
could be machine source based, utilizing electrons or X- 
rays. Each source option has particular advantages and 
disadvantages, and selection of the best choice for a par- 
ticular application requires careful technical and economic 
evaluation in relation to the particular needs of that ap- 
plication. 

Facilities can also differ in respect to their processing 
flexibility and relationship to the primary manufacturing 
location for the product requiring irradiation. Dedicated 
plants can be optimized for the particular product to be 
treated, providing both economic and product quality ad- 
vantages. This type of plant would be integrated into the 
overall manufacturing process, both physically and oper- 
ationally. It would be suitable for large processors who pro- 
duce enough product to utilize the entire capacity of the 
irradiator. This option would not be suitable for the many 
smaller manufacturers whose requirements do not justify 
a dedicated facility. To service these smaller users, contract 
service providers using multipurpose facilities are the log- 
ical answer. Contract service facilities require greater pro- 
cessing flexibility than is present in the dedicated type and 
would be stand-alone enterprises, separate from the 
manufacturing site. Business considerations will ensure 
that such contract service facilities are optimally located 
and configured to provide access to efficient and economical 
radiation processing on a regional basis. 

Since the existing irradiation facilities were mostly de- 
signed to treat nonfood items, their suitability for treating 
food, which has some very stringent processing require- 
ments, is less than optimal. Several companies have ini- 
tiated new designs intended to rectify the shortcomings of 
the existing facilities. 


Business Arrangements. Needs relating to facility own- 
ership, financing, location, and operation will be met by 
particular arrangements that reflect the unique circum- 
stances of each business enterprise. The marketplace will 
ultimately decide on the most advantageous arrange- 
ments. 


Regulations 


Food irradiation can only be carried out in accordance with 
appropriate regulations in the country of use. 


Philosophy of Regulatory Approach. In the majority of 
countries around the world, food irradiation is regulated 
by means of a blanket prohibition, with provision for ex- 
emptions, or clearances, which are granted for specific food 
items, for a specified purpose. Thus, only those food items 
that are explicitly named within the law as being exempt 
from the prohibition can legally be processed by irradia- 
tion. Origins of this regulatory approach date back to the 
early days of development of food irradiation technology 
when information about the safety and wholesomeness of 
irradiated foods was lacking. This prudent approach re- 
flected the novelty of the process at that time, and the de- 


sire to ensure to the maximum extent possible the safety 
of a nation’s food supply while leaving an avenue for in- 
dustry to introduce useful new technology. 


Clearances. The first clearance for irradiation of a food 
item was that for grain, granted in the former USSR in 
1959 for insect disinfestation purposes. Currently there 
are some 227 specific clearances, in 39 countries (15), and 
the list continues to grow. South Africa leads the way, with 
82 specific clearances. The effective list of clearances is 
much larger than the 227 items just noted, because many 
of the clearances are for categories, such as cereal grains, 
fish, seafood, fruits and vegetables, dehydrated mixtures 
and condiments, which are composed of a large number of 
individual food items within the category. At present there 
is a clear need to harmonize clearances internationally, es- 
pecially between countries that are trading partners, to 
avoid development of nontariff trading barriers. This latter 
requirement is a special concern of the International Con- 
sultative Group on Food Irradiation (ICGFI), which is a 
United Nations-based organization mandated to coordi- 
nate food irradiation initiatives around the world. 


Labeling Requirements. Current regulations governing 
food irradiation specify that irradiated product must be 
clearly labeled as having been treated in this manner. The 
exact wording of the label can vary somewhat from country 
to country, but in most cases it must include both the rad- 
ura logo (shown in Figure 5) and text explicitly stating that 
the product has been irradiated. Most jurisdictions permit 
the inclusion of an additional message of an educational 
nature, conveying to the consumer the benefit effected by 
the process. Acceptable text on labels could be “Treated by 
irradiation to control harmful bacteria” or “Treated with 
radiation to control harmful bacteria.” The phrase describ- 
ing the benefit can be adjusted to accurately describe the 
purpose and benefit, as long as it is not misleading. The 
intent of these labeling requirements is to ensure that the 
individual consumer has the opportunity to make an in- 
formed choice in regard to selecting irradiated product. In 
the United States the prominence of the label text must be 
similar to that of the ingredient list. 


Logistical Considerations 
Implementation of food irradiation poses some difficult lo- 
gistical challenges, stemming from the requirement to 


match scarce processing resources with the emerging 
needs in a regionally disseminated food industry. These 
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Figure 5. Radura symbol. This is the internationally designated 
symbol to identify food that has been treated by irradiation. 


difficulties are most pronounced during the early stages of 
the implementation process and will diminish as new fa- 
cilities are brought into service. 


Limited Availability of Processing Capacity. At present 
few irradiation facilities are dedicated to food irradiation, 
anywhere in the world. Where food processing is being 
done, it generally utilizes surplus capacity in plants de- 
signed primarily to serve the sterilization needs of the 
medical device industry. Thus, aside from a few exceptions, 
little unused capacity is available for treating food. In the 
United States at present, one commercial irradiator, the 
Food Technology Services Incorporated plant in Florida, is 
dedicated exclusively to processing food, and at least two 
facilities have the capability for treating food along with 
other products. There is some spare capacity in existing 
contract irradiation plants, but far short of what would be 
required to handle even a small fraction of the country’s 
potential food processing requirements. The same situa- 
tion holds for most other regions of the world. 

Geographic Distribution and Access to Facilities. The 
general lack of availability of radiation processing capacity 
for food is compounded by the fact that the location of the 
available capacity does not match with the location of the 
meat and poultry processors, which constitute the main 
base of potential clients for the technology in the United 
States. This reflects the fact that the existing irradiation 
facilities were located to serve needs unrelated to the needs 
of the food industry, and this lack of correspondence can 
only be resolved by building new facilities in more suitable 
locations. Such new facilities will be located by reference 
to both food manufacturing plants and existing geographic 
flow patterns of product. In general, irradiation plants are 
most efficient if located at node points (such as ware- 
houses, distribution centers, manufacturing plants) in the 
product flow patterns, since such points are natural sites 
for product concentration. High throughput of product is 
essential for achieving favorable processing economics. 

Time to Build. Experience has shown that from concept 
to commissioning of a new plant requires approximately 
15 to 24 months. This time frame could be significantly 
shortened if a standardized design were adopted. In ad- 
dition, several projects could be developed concurrently, so 
that after an initial lag period, new capacity could be com- 
ing on stream very rapidly. 

Seasonality of Some Products. An additional complica- 
tion arises from the fact that many agricultural products 
requiring treatment are seasonal. This is especially true 
for produce (fruits and vegetables). Thus, for part of the 
year there would be unused capacity, unless some second- 
ary product(s) could fill in the low usage periods. This sea- 
sonal variation in availability of product for treatment im- 
pacts negatively on the processing economics. 


CURRENT STATUS 


State of Public Readiness to Accept Food Irradiation 


Indications are that in North America there is an unprec- 
edented willingness to accept irradiated food. This positive 
attitude cuts across a broad cross section of society, includ- 
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ing regulators, politicians, public health professionals, ac- 
ademics, food processors, food industry associations, and 
the majority of consumers. Also, mass media has become 
more supportive. This favorable environment has devel- 
oped relatively recently, and in a rather short time. The 
driving force behind these latest developments has been 
the explosive growth in public awareness of foodborne ill- 
ness. This was unleashed by an outbreak of foodborne ill- 
ness in the Pacific Northwest region of the United States 
in 1993, when several children died as a result of eating 
contaminated hamburgers. in a fast-food chain outlet. 
Since that time there have been a continuing series of ad- 
ditional, highly publicized recalls of contaminated prod- 
ucts, in some cases accompanied by plant closures and 
business failures. The net result is that consumers have 
become highly sensitized to the issue of foodborne patho- 
gens like E. coli 0157:H7, listeria, salmonella, campylo- 
bacter, vibrio, and the like. The heightened level of con- 
sumer awareness and demand for safer food has led to 
implementation of new, more stringent food safety regu- 
lations in the United States, with specific pathogen reduc- 
tion standards, increased testing and mandatory HACCP 
plans. 

Along with the consumer awareness factor, there is a 
growing realization among food manufacturers of the lim- 
itations of end-product testing to combat foodborne dis- 
ease, and of the need for an effective kill step to eliminate 
pathogens from their product. Radiation pasteurization of 
those foods that are at high risk of being contaminated is 
increasingly recognized as a safe and effective intervention 
technology to help solve this problem (16,17). The 1998 
consumer survey conducted by the Food Marketing Insti- 
tute in the United States clearly reveals that the majority 
of consumers are willing to purchase irradiated foods (18). 
This survey finding confirms the positive results obtained 
with real, albeit limited (but growing), market experience 
in the United States in the last few years. In addition, it 
is becoming more evident that as consumers learn more 
about the process, their willingness to accept it increases. 


FUTURE OUTLOOK 


From numerous indications, it is clear that there is a rising 
ground swell of support for implementation of food irradi- 
ation in the United States. It appears increasingly likely 
that a major breakthrough in terms of significant com- 
mercial and industrial use may happen relatively soon. 
When that comes to pass consumers will at long last have 
the opportunity to choose and pass judgment on the prom- 
ise of this technology. 

In summary, the current status is perhaps best de- 
scribed by a quotation from the late Adlai Stevenson: 


That which seems the height of absurdity in one generation 
. . . often becomes the height of wisdom in another. 


Perhaps the age of wisdom in respect to food irradiation 
has finally arrived. The next few months and years will be 
critical. 
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181 
957 
1445 
2109 
2039 
1667 


2675 
1445 
2104 

501 


1452 
1683 
2443 
2468 
1534 
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Bivalves (Continued) 
processing 
raw consumption 
Bixin 
Black Americans, ethnic foods of 
Blackberries 
Black chokeberries 
Blackfin longtail tuna 
Black olives 
Black pepper 
Blackstrap molasses 
Black tea 
beverage 
manufacture 
Blanching 
energy usage 
mushrooms 


vegetables 


Blast cooling, heat exchangers 
Blast freezing 
heat exchangers 
Blast room 
Bleaching 
canola oil 
flour 
starch 
Bleaching agents 
Blended applejack 
Blended whisky 
Bleu cheese 
See also Blue cheese 
Bliming 
Blood, animal by-product processing 
Blood alcohol level 
Blood char 
Blood glucose 
Blood lipids, carbohydrates and 
Blood pudding 


2295 
2299 
2297 
190 
629 
1679 
190 
2409 
1230 
791 
1230 
1119 
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246 


656 
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Index terms Links 
Blueberries 1158 1179 1922 
Blue cheese 300 302 305 307 

309 458 917 

Blue crab 440 765 767 
Bluefin tuna 831 
Blue king crab 438 
Blue mezcal 528 
Blue whiting 818 
Bluing, of crab 441 
Bobwhite quail 1955 
Body and texture, in butter 223 
Boiler water additive 848 
Bologna, poultry bologna 466 = 1972 
Bond dryers. 550 
Bones 

composition 1791 

development 1789 

osteoporosis 1789 
Boning 

hot boning 1557 

mechanical deboning 1265 

part carcass boning 1609 

sheep and lamb 1608 
Bonito 831 
Borneol 71 
Boston bluefish 817 
Bottled water 178 179 
Botulism 1079 
Bourbon whisky 525 529 531 536 
Bovine somatotropin (bST) 52 
Bovine spongiform encephalopathy (BSE) 42 198 
Box dryers 560 
Bracken fern 2341 
Brain, and eating, control of 83 89 
Brandy 523 526 538 920 
Brassylic acid, alkyl esters of 258 
Brazil nuts 2682 
Bread crumbs, agglomeration 17 
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Bread fruit 
Breadings, extrusion 
Breads 

Australia 

fermentation 

leavening agents 

lecithin in 

shortening in 

specialty products 

spoilage 
Breakfast cereals 

additives 

extrusion cooking 

Standard Industrial Classification 
Breast of turkey 
Breeding, aquaculture 
Brevetoxins 
Brevibacterium 
Brewing (of beer) 

fermentation 

filtration 

finishing 

history 

kettle 

lautering 

light beer 

mashing 

milling 

packaging 

plant operations 

problems 

quality control 

raw materials 


yeast 
Brewing (of coffee) 
Brewing (tea) 


Brick cheese 


Brick margarine 


1163 
705 


1380 
921 
133 

1464 
742 
139 

1027 
204 
853 
204 
992 
467 
108 

1534 

1731 


154 
161 
163 
164 
159 
161 
167 
159 
159 
166 
168 
166 
168 
154 
159 
171 
358 
2299 
299 
306 
1521 
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165 


161 


160 


162 


163 
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Brie cheese 

Brines, corrosion by 
Broadbill 

Broad fish tapeworm 
Broken heating 
Bromine, as disinfectant 
2-Bromo-a-ergocryptine 
Brown extract algae 
Brownies 


Browning reaction 


Brown king crab 


Brown sugar 


Brunau 
Bubble-cap tray 
Buffer s 


Bulgari 


Bulimia nervosa 
Bullet tuna 
Bullocks 
Bushel 
Butanol, production 
Butter 
composition 
consumption 
decholesterolized butter 
as emulsion 
energy usage 
flavor 
ghee 
grades 
history 
modification of milk fat 
processing 
rancidity 
reduced-fat butter 
spoilage 
spreadable butter 


standards for 


immett-Teller (BET) equation 


301 
430 
832 

1850 

2316 

502 

30 
403 
186 
208 

2219 
438 
184 
482 
513 

1309 
916 
9 
831 
4B 
539 

2170 
218 
220 
218 
228 
602 
627 
456 
228 
219 
218 
221 
223 
456 
227 

1026 
225 


219 
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458 
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660 


2745 


1878 
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Index terms 


Butter (Continued) 
whipped butter 
Butterfat 
Butter flavors 
Butterfly shrimp 
Buttermilk 
Butter oil 
“Butter oil case" 
Butter products 
Butter-vegetable oil blends 
Butylated hydroxyanisole (BHA) 
Butylated hydroxytoluene (BHT) 
Butylhydroquinone 


Cc 
Cabbage 
pickling 
sauerkraut 
Cabinet drying 
Cacao, colorants from 
Cachexia, enteral feeding for 
Caciocavallo cheese 
Cadmium, corrosion resistance 
Caffeic acid 
Caffeine 
analysis 
biogenesis 
carcinogenicity 
in chocolate and cocoa 
as drug 
in human diet 
metabolism 
mutagenicity 
occurrence 
pharmacology 
physical dependence on 
production 
properties 


in tea 


2428 
920 
488 
400 
635 
304 
417 

72 
31 
232 
232 
237 
350 
236 
232 
234 
237 
232 
234 
236 
233 
231 
2293 
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2610 


489 


309 


2342 
33 


233 


235 


236 


1144 


2344 
231 


2401 


2747 


Index terms Links 

Caffeine (Continued) 

teratogenicity 237 

toxicity 236 
Cages, aquaculture 114 
Caimito 1167 
Cake doughnuts 142 
Cake flour 2649 = 2651 
Cakes 

emulsifiers in 607 

leavening agents 133 

lecithin in 1464 

shortening in 741 
Caking 13 
Calamondin 1154 
Calandria vacuum pans 666 668 
Calcitonin 1793 
Calcium, osteoporosis and 1792 
Calcium alginate 580-1217 
Calcium carbonate, as colorant 402 403 
Calico scallops 2152 
California buckeye, honeybees and 150 
California olives 1759 1768 =—«:1771_—:1773 
Calorie-dense rations 1650 
Calvert L. Willey Distinguished Service Award (IFT) 1374 
Camelliin B 2289 
Camembert cheese 301 305 917 
Camphene 71 
Camphor 71 
Camptothecine 30 
Campylobacter 3441958 
Campylobacter jejuni 1084 
Canada, food industry 508 1383 
Canada Dry pale dry ginger ale 174 
Canadian whisky 522 526 538 
Canadine 28 
Canavanine 2336 
Cancer ss} 

ascorbic acid 1897 
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Cancer (Continued) 
carbohydrates and 
carotenoids and 
dietary fats and oils 
enteral feeding for 
nitrosamines and 
phenolic compounds and 
phytochemicals and 
risk and diet 
tocopherols and 
wine and 

Candy 
additives 
Finland 
freezing 
lecithin in 
licorice 

Canned foods 
beets 
Clostridium botulinum 
corn 
fish 
green beans 
green peas 
low-acid and acidified foods 
meat products 
oysters 
shrimp 
spoilage 

Canning 
energy use 
level of carotenes 
microbiology 
mushrooms 
process 
process design 
recalls 
regulatory controls 
safeguards 
safety concerns 


271 
1897 
744 
635 
1715 
1898 
1896 
239 
1898 
1931 


853 
1391 
1130 
1464 
1466 


2411 
244 
2413 
467 
2412 
2414 
1503 
1580 
2151 
2153 
1027 
243 
630 
278 
244 
1678 
245 
245 
248 
243 
247 
244 
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970 


1633 


Index terms 


Canning (Continued) 
Standard Industrial Classification 
vegetables 
Canola 
breeding 
comparison with other oil seeds 
cultivars 
edible by-products 
harvest and storage 
non-edible by-products 
origin 
processing 
Canola meal 
Canola oil 
production 
rapeseed 
Canonical analysis, sensory analysis 
Canonical discriminant analysis, sensory analysis 
Canthaxanin 
Canthaxanthin 
Cantleyine 
Cape jasmine 
Capillary electrophoresis (CE) 
Caprenin 
Capsaicin 
Capsanthin 
Capsicum peppers 
Capsorubin 
Carambolas 
Caramel 
Caramel color 
Caramel malt 
Carapine 
Caraway seed 
Carbanilides, as disinfectant 
Carbohydrases, enzyme assay 
Carbohydrate-based fat substitutes, in ice cream and frozen dessert 
Carbohydrates 


analysis for 


990 
2409 
248 
251 
253 
249 
257 
250 
258 
249 
254 
253 
251 
253 
248 
2144 
2145 
280 
277 
30 
883 
1689 
750 
31 
280 
2199 
280 
1164 
273 
184 
156 
31 
2199 
506 
648 
1335 
262 
870 
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383 


268 


1747 


389 


387 


2749 


1752 


2750 
Index terms 


Carbohydrates (Continued) 
cancer risk and 
citric acid cycle 
dietary 
digestion and absorption 


energy formation and storage 


food functionality 
gluconeogenesis 
glycogenesis 
glycogenolysis 
glycolysis 

health maintenance 
in human diet 
labeling 

livestock nutrition 
Maillard reaction 
metabolism 


monosaccharides 


oligosaccharides 
physiological effects 
polysaccharides 
respiratory chain 
Carbon adsorption 
Carbonated beverages 
acidulants 
additives 
bottler associations 
defined 
history 
ingredients 
marketing 
nutritional value 
production 
Carbon black, as colorants 
Carbon dioxide 
antimicrobial effects 
as fumigant 


photosynthesis 


short-term controlled atmosphere 


in soft drink processing 


265 
269 
267 
1064 
509 
171 
=f 
853 
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268 


878 
1066 


1063 


1069 


839 
1069 


269 


877 


Index terms 


Carbon dioxide freezer 


Carboxymethylcelluloses (CMC) 


Carboxypeptidase 

Carcass 

Carcinogens, risk assessment 

Cardamom. 

Cardiovascular disease 
ascorbic acid and 
carotenoids and 
omega oils and 
phenolics and 
phytochemicals and 
tocopherols and 

Cardiovascular system 
alcohol, effect on 
offish 

Carinates 

Carl R. Fellers Award (IFT) 

Carmine 

Carminic acid 

Carnosoie acid 

Carob 


Carotenes 


Carotenoid extracts 
Carotenoids 
agricultural practices and 
analysis 
annato 
bioavailability 
biosynthesis. 
cancer and 
cardiovascular disease and 
chemical synthesis 
as colorants 
conversion to vitamin A. 
as food colors 
food processing and 
in foods 
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2751 


278 
1523 


2546 


2752 
Index terms 


Carotenoids (Continued) 
function 
history 
lycopene 


nomenclature 
nutrition 
occurrence in nature 
paprika 
saffron 
singlet oxygen and 
structure 
synthetic 
tagetes 
in tea 

Carpaine 


Carrageenan 


Carrier freezer 
Carrots, dehydration 
Carthamic acid 
Carthamin 
Carthemone 
Carvacrol 
Caryophyllene 
CASBA II/IIL 
Casein 

Casemates 

Casein protein 
Cashew apple 
Cashew nut 
Cashew nut oil 
Casing, frozen foods 
Casings, sausage 
Castings, corrosion. 
Catalase 
Catalasemeter 
Catalase test 


Catalysis, hydrogenation 


1910 


2294 


58 
1219 
1120 
2405 
390 
390 
390 
val 
158 
2038 
580 

46 
476 
1164 
1164 
1164 
2049 
36 
427 
78 
1091 
2040 
1315 


This page has been reformatted by Knovel to provide easier navigation. 


Links 


274 
274 
386 
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388 


1911 


750 
2213 


1060 
473 


2681 


42 


650 


276 


879 


1659 


579 


659 


279 


1218 


2070 


Index terms 


Catalyst poisons, hydrogenation 
Catalysts, hydrogenation and 
Catechins 
Catechol 
Catechol oxidase 
Catfish, aquaculture 
Catharanthus alkaloids 
Cationic emulsifiers 
Cattle 
animal nutrition and feeding 
Australia 
bovine spongiform encephalopathy (BSE) 
breeds 
digestive process in 
drug residues 
genetic engineering 
livestock feed 
livestock production 
milk production 
red meat production 
reproduction 
slaughtering process 
Caulerpicin 
Cayenne pepper 
Celery, dehydration 
Celery seed 
Celiac disease 
Cell-mediated food allergies 
Cellobiase 
Cellulase 
Cellulase assay 
Cellulose 
Cellulose derivatives 
Centers for Disease Control and Prevention (CDC) 
Central nervous system 
alcohol and 
caffeine and 
Centrifugal atomization 


Centrifugal extrusion 


1317 
1314 
1873 
71 
210 
108 
30 
619 


46 
1379 
42 
45 
47 
1359 
2674 
1490 
4B 
48 
47 
45 
47 
31 
385 
2405 
2199 
287 
865 
659 
659 
649 
754 
581 
2030 


23 
234 
559 
622 


This page has been reformatted by Knovel to provide easier navigation. 


2753 
Links 


1318 1320 
2295 


198 


52 


1614 


2199 


865 


236 


2754 
Index terms 


Centrifugal fluidized-bed drying (CFBD), military food 
Centrifuges 
Centri-term evaporator 
Cephaeline 
Cephalotaxine 
Cephalotaxus alkaloids 
Cereal-based foods, texture 
Cereal fortification 
Cereal grains 
barley 


classification 
composition 


corn 


for distilled beverage spirits 


functional foods 


insecticides, postharvest application 
in livestock feed 

malt 

millet 

mycotoxins 

oats 

physical properties 

postharvest deterioration 
production statistics 


rice 


rye 

sorghum 
South Africa 
spoilage 
standards 
structure 
texture 


wheat 


Cereal proteins, as edible films 
Cereals 


additives 


1645 
282 
670 

28 
29 
29 

2622 
206 
179 
288 
297 
297 
287 
287 
297 
529 

1178 

1212 

1491 

1517 
292 

1699 
288 
292 
902 
286 
288 
297 
288 
288 

1408 

1026 
297 
292 

2620 
287 
297 
580 


853 
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Index terms 


Cereals (Continued) 

Australia 

beer brewing 

breakfast. See Breakfast cereals 

extrusion cooking 

fermented 

functional foods 

lipoxygenase in 

nitrosamines in 

Taiwan 

ultrafiltration and reverse osmosis 
Ceriman 
Cetyltrimethylammonium bromide (CTAB) 
Chaconine 
Chaffy parts 
Chain-breaking antioxidants 
Chaksine 
Chalkbrood di 


Champagne 
Chanoclavine-1 
Chardonnay 
Charm test 
Chavicine 


Cheddar cheese 


Cheese 
Australia 
characteristics of specific cheeses 
cheese analogues 
classification 
composition. 


cottage cheese 


cultures for 
defects 
enzymes and 
fermentation 
Finland 


1379 
153 


704 
921 
1178 
654 
1713 
1418 
2361 
1164 
619 
2341 
292 
16 
30 
150 
919 
29 
2666 
56 
31 
299 
307 
328 
457 
453 
1380 
303 
311 
299 
471 
301 
309 
302 
307 
655 
916 
1391 
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Index terms 


Cheese (Continued) 

flavor 

foodborne disease 

history 

as ingredient in foods 

nitrosamines in 

process cheese 

production 

rheology 

ripening 

sales statistics 

salt content 

spoilage 

types 

variation with age 

whey cheese 
Cheese analogues 
Cheesemaking 
Chelates 
Chelators, as antioxidants 
Chemical agents, immunological analysis 
Chemical insecticides 
Chemical intoxication 
Chemical leavening 
Chemically sensitive field effect transistor (CHEMFET) 
Chemical preservation 
Chemical reactions, kinetics 
Chemical residues 
Chemical sensors 
Cherimoya 
Cherries 
Cherry-Burrel Gold'n Flow and Creamery process 
Cheshire cheese 
Chewing gum, lecithin in 
Chicken 
Chicken nuggets 
Chicken patties 
Chick-Martin test 


Chicory 


456 
1087 
298 
474 
1713 
308 
299 
315 
303 
310 
457 
1026 
457 
333 
2655 
311 
299 
858 
16 
1357 
2693 
1078 
133 
2105 
857 
980 
1052 
2104 
1164 
1158 
224 
324 
1464 
1943 
467 
467 
507 
358 
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Index terms 
Chiku 
Child Nutrition Act 
Children 
enteral feeding for 
malnourished 
Chili peppers 
Chilled foods 
distribution 
European market 
Japanese market 
legislation 
microbiology 
packaging 
processing 
quality control 
shelf life 
storage temperature 
in United States 


Chilled Foods Association 


Chilling, techniques 
Chilling injury 

food spoilage 

fruits and vegetables 
Chi 


Chinook salmon 


, ethnic foods of 


Chironjas 

Chitin, films of 

Chitosan, films of 
Chitosan-lauric acid films 
Chloramines, as disinfectant 
Chlorhexidine, as disinfectant 


Chlorine, as disinfectant 


Chlorine dioxide, as disinfectant 


Chlorogenic acid 
Chlorophyll 
Chlorophyllide 
Chloroplasts 
Chocolate 
alkaloids in 


1167 
1100 


636 
1299 
2198 

337 

342 

337 

337 

346 

344 

341 

339 

345 

346 

343 

337 

347 

341 


1030 
902 
446 
826 

1154 
591 
S81 
582 
502 
405 
502 
502 

2342 
391 
391 

1886 
348 
350 
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Index terms 


Chocolate (Continued) 
economic aspects 
emulsifiers in 
lecithin in 
nutritional properties 
spoilage 
Chocolate liquor 
Chocolate malt 
Chokeberries 
Cholecystokinin (CCK), satiety agent 
Cholera 
Cholesterol 
cardiovascular disease and 
fats 
in fats and oils 
ice cream and frozen deserts 
meat 
metabolism 
Cholesterol esterase 
Choline 
Chopping, meat 
Chromatography 
Chronic bee paralysis 
Chronic obstructive pulmonary disease (COPD), enteral feeding for 
Chronic wasting disease 
Chum salmon 
Chymotrypsin 
Ciguatera 
Ciguatoxin 
Cilantro 
Cinchona alkaloids 
Cinnamaldehyde 
Cinnamic acid 
Cinnamic aldehyde, antimicrobial activity 
Cinnamon 
Circular dichroism (CD), protein structure 
Circular raceways 


Citrates 


350 
609 
1464 
350 
1027 
348 
156 
1158 
89 
770 
BI 
8 
1600 
744 
1336 
1600 
1077 
1061 
31 
1967 
869 
150 
634 
199 
827 
1060 
1088 
1051 
2199 
30 
834 
72 
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216 
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66 


Index terms 
Citric acid 
as acidulant 
as antimicrobial in foods 
production 
properties 
Citric acid cycle 
Citrus fruits 
Citrus juice 
limonin 
production plant 
Citrus oils 
Clams, food borne disease 
Claviceps purpurea 
Clavine alkaloids 
Cleaning 
detergents 
freezing machinery 
sanitation program 
Cleaning-in-place (CIP) 


disinfection 


food surface sanitation 
ice cream plants 
milk processing plants 
Climbing-film evaporator 
Cloning 
Closed-cycle drying 
Clostridium, in food 
Clostridium botulinum 
canned foods 
chilled foods 


low-acid and acidified foods 


seafood 
toxins 
Clostridium perfringens 
Cloves 
Club mosses 
CLUES (software) 


Clupeotoxin 


Cluster analysis (CA), sensory analysis 


1537 
2136 
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1631 


789 
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Index terms 


Coacervation 
Coalfish 
Coated papers 
Coatings, edible. See Edible films and coatings 
Cobnuts 
Coca-Cola 
Coca-Cola Co. 
Cocaine 
Cochineal 
Cocoa beans 
Cocoa butter 
Cocoa powder 
Coconut oil 
Codeine 
Codex Alimentarius 
Cod (fish) 
Codfish, dried 
Coenzymes, food utilization 
Coffee 
brewing 
caffeine 
decaffeinated 
economic statistics 
flavor 
history 
instant coffee 
packaging 
processing 
roasting 
Standard Industrial Classification 
Coffee substitutes 
Coffi 
Cognac 
Cohesiveness, powders 
Coho salmon 
Cohumulone 


Colby cheese 


Colchicine 


623 
817 
968 


2682 
174 
175 
27 
378 
348 
349 
349 
1746 
28 
1006 
815 
180 
1059 
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358 
31 
237 
354 
837 
354 
359 
358 
354 
355 
997 
358 
579 
528 
2624 
827 
72 
299 
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158 
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Index terms 


Cold shortening 
Cold smoking 
Cold storage 
fish and seafood 
fruits and vegetables 
Cold water-swellable starches 
Coliform bacteria. See Escherichia coli 
Collagen 
Collagenase 
Collagen casings 
Colley still 
Colloid mills 
Colony hybridization 
Color 
blanching and 
butter 
drying 
fermented sausage 
of food 
gelatin 
licorice 
marketing implications 
measurement of 
meat 
in oil 
poultry meat 
preserves and jellies 
sensory perceptions, effect on 
theory of 
Color Additive Amendment of 1960 (U.S.) 
Colorants 
anthocyanins 
anthraquinones 
betalains 
caramel 
carotenoids 
carthamin 
chlorophylls 


food, drug and cosmetic colorants 


1549 


279 
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Index terms 


Colorants (Continued) 
haems 
history 
inorganic 
iridoids 
margarine 
monascus 
organic 
phycobilins 
poly phenols 
regulation 
safety 
turmeric 
Coloring adjunct 
Coltsfoot 
Column chromatography 
Column shells 
Colupulone 
Comfrey 


Comminuting, sai 


sage 
Common swordfish 
Commonwealth Scientific and Industrial Research Organization (CSIRO) 
Composite films 
Compressors, in freezers 
Computer modeling, functional properties 
Computers. See also Automation 
artificial intelligence 
food industry applications 
livestock feeds and 
Computer simulation, thermal processing 
Conalbumin 
Concentrated juice 
Conchocelis, cultivation 
Condensation, freeze drying 
Condensed milk products 
Condensers 
distillation system 
evaporators 


Conditioned hunger 


396 
372 
402 
397 
1524 
398 
403 
399 
400 
373 
393 
401 
848 
2340 
869 
511 
72 
2341 
2070 
832 
1381 
582 
1135 
1666 


119 
404 
1488 
2317 
70 
628 
2103 
1110 
1659 


S15 
673 
90 
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Conduction freezing 
Conduction heating 
Conduction heat transfer 
Cone-bottom dryer 
Confectionery 

lecithin in 

licorice 

peanuts in 

texture 
Confectionery fats 
Congeners 
Coniine 
Conjugated linoleic acid (CLA) 
Conserves 
Consistency, butter 
Constitutive immunity 
Consumer education, food safety 
Consumer promotion 
Contact freezers 
Containers, See also Packaging 

low-acid and acidified foods 
Contaminants 

blanching and 

marine toxins 

microbial 

mites 

natural, immunological analysis 

pesticide residues 

toxicology 
Contamination 

freezers 

marine toxins 

of poultry 
Continuous conveyor dryers 
Continuous cooling 
Continuous distillation 
Continuous dryers 
Continuous freeze driers 


Continuous freezing 


793 
2316 
1273 

561 


1464 
1466 
2680 
2626 
742 
539 
33 
240 
1149 
222 
2674 
1014 
936 
1118 


1507 


193 
1534 
1356 
2031 
1352 
1868 
1051 

757 
1131 
1536 
1957 
2401 
1230 

511 
544 
1110 
1230 
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2764 
Index terms 


Continuous heating 
Continuous hydrogenation 
Continuous retort systems 
Continuous rotary cookers 
Controlled-atmosphere (CA) storage 
Controlled-atmosphere fumigation. 
Controlled atmosphere packaging (CAP) 
Control point principles 
Control systems 

cleaning-in-place (CIP) 

distillation 
Convection blast freezing 
Convection freezing 
Convection heating 
Convection heat transfer 
Conveyor band dryer 
Conveyor dryers. 
Convicine 
Cookies 

additives 

lecithin in 

synthetic sweeteners 
Cooking oil 

See also Fats and oils 
Cook room 
Coolers, distillation system 
Cooling 

aseptic processing 

canning 

ice cream and frozen desserts 

potatoes 

vegetables 
Cooling agent 
Cooling brines, corrosion by 
Cooling effect 
Copper, corrosion 
Cordials 


Coriander seed 


1229 
1320 
2308 
2308 

408 
1175 
1561 

798 


353 
514 
791 
792 
2316 
1275 
552 
488 
31 
183 
853 
1464 
185 
740 


246 
515 


125 
247 
1337 
1935 
2410 
848 
430 
836 
417 
523 
2199 
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Index terms Links 
Corn 291 
canning 2413 
classification 297 
composition 287 
hot breakfast cereals 206 
mashing 531 
milling 287 
mycotoxins 1700 
nutrient composition 287 
nutritional analysis 296 
physical properties 292 
production statistics 290 291 1942 
structure 293 295 
texture 2622 
Corn chips 2160 
Corn endosperm oil, as colorant 403 
Corn oil 1746 (1747 
Cornstarch 2208 
Corn syrup 265 2242 2277 
analysis 2278 
biscuits and crackers 184 
economic aspects 2278 
manufacture 2277 
properties 2277 
in soft drinks 172 
uses 2278 
Corn syrup solids 2243 
Corn whisky 525 
Correspondence analysis, sensory analysis 2145 
Corrosion 
by detergents 431 
by gelatin 1186 
by insulating materials 433 
by mildly corrosive foodstuffs 429 
by noncorrosive foodstuffs 428 
by rubber 436 
by sanitizing agents 432 
by service fluids 430 
food processing and 414 
of rubbers 435 
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Corrosion (Continued) 

types 
Corrosion fatigue 
Corrosion resistance 
Corydaline 
Corynebacterium 
Corynebacterium diphtheriae 


Corynebacterium poinsettiae 


Cosmetic industry, colloid mill 


Cottage cheese 


Cottonseed oil 
Cottonseed products 
Coulometric methods 
p-Coumaric acid 


Coumarin 


Council for Agriculture and Science Technology (CAST) 


Council of Australian Food Technology Associations (CAFTA) 


Country gooseberry 
See Cattle 


Coxsackievirus 


Cows. 


Crabs and crab processing 
Crackers 

Cranberries 

Cranberry juice 
Cranberry sauce 

Crateless retorts 
Crawfish, microbiology 
Crayfish 


Cream 


Cream cheese 


Cream of tartar 
Creatine, metabolism 
Creatine phosphate 
Creatinine, metabolism 


Crepes, prepared 
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1749 
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458 
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Index terms 


Cretinism 
Creutzfeldt-Jakob disease (CJD), bovine spongiform encephalopathy (BSE) and 
Crevice corrosion 
Critical control point systems 
Crocetin 
Crocin 
Croissants. 
Crop & Food (New Zealand Institute for Crop and Food Research Ltd.) 
Crops 
fumigants 
grain protectants 
grapes 
integrated pest management (IPM) 
maturation 
mycotoxins 
nondestructive quality evaluation 
organic farming 
peanuts 
postharvest deterioration 
storage 
vanilla 
varietal differences 
vegetables 
Crossbreeding, livestock production 


Cross-linked stabilized starches 


Cross-linked starch 


Cross-linking agents, in surimi 
Croutons, extrusion 
Cruciferous vegetables 
Crullers 

Crushability index 
Crustaceans, microbiology 


Cryogenic freezers 


Cryoprotectants 
Cryostabilization 
Cryptoxanthin 
Crystal Lean 
Crystallization, butter 


1301 
199 
420 

2032 
387 
277 
143 

1404 


1172 
1212 
2662 
2690 
909 
1699 
897 
2425 
2679 
902 
179 
2383 
908 
2421 
46 
2207 
2206 
2238 
705 
1179 
143 
2619 
765 
793 
1230 
2045 
1339 
277 
750 
223 
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2768 
Index terms 


Crystal malt 
Cucumbers 
fermentation 
pickling 
Cultural nutrition 
Cultured dairy products 
buttermilk 
fermentation 
flavor 
as ingredient in foods 
kefir 
sour cream 
yogurt 
Cultured milk, therapeutic value 
Cultures 
cheese making 
cultured milk products 
dry-cured sausages 
fermented meat products 
pickling vegetables 
Culture systems, aquaculture 
Cumin 
Curdled milk products. See Cultured dairy products 
Cured fish 
Curing 
accelerators 
acidulants and 
coffee 
fish 
meat 
nitrites 
sausage 
vanilla 
Curing agent 
Curing salts, in sausage 
Currants 
Curry alkaloids 
Custard apple 


Cutting machines, in biscuits and crackers 


156 


921 
2428 
442 
449 
542 
916 
455 
474 
916 
916 
455 
916 


302 
450 
1617 
1614 
2433 
100 
2199 
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112 


796 
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997 
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Index terms 


Cyanobilins 
Cyanogenic glycosides 


Cyclamates 


Cycloamyloses 
Cyclodextrins 
Cysteins, oxidation 
Cysticercosis 
Cystisine 

Cytisine 


Cytotoxicity, mycotoxins 


D 
Dairy cattle 
livestock feed 
livestock production 
milk production 
Dairy flavors 
Dairy ingredients 
in meat products 
Dairy-Lite 
Dairy-Lo 
Dairy products 
See also Milk 
acidophilus milk 
acidulants 
additives 
Australia 
bulgaricus milk 
butter and butter products. 
buttermilk 
cheese 
composition 
cultured milk products 
dry milk 
enzymes and 
evaporated milk 
fermentations 
Finland 


399 
2337 


860 
2255 


266 
266 
1797 
1848 
31 
27 
1692 


1489 


1391 
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2250 


2770 
Index terms 


Dairy products (Continued) 
flavor 
food borne disease 
freezing 
functional foods 
heated-milk defects 
kefir 
koumiss 
membrane technology 
milk 


nitrosamines in 

packaging 

phosphates 

sour cream 

South Africa 

Standard Industrial Classification 
sweet acidophilus milk 

T 


ultrafiltration and reverse osmosis 


an 


‘waste management 

whey 

yogurt 
Danish agar 
Danish pastry 
Dark beer 
Dasheen 
Dates 
Dawadawa 
Death camas, honeybees and 
5-Deazariboflavin 
Decaffeinated coffee 
Decaffeinated tea 
Decaffeination 
Decanter centrifuge 
Decarbomethoxydihydrovobasine 
2-Decarboxybetanidin 
Decholesterolized butter 


Decision making, food processing 


453 
1087 
1129 
1179 

345 

916 

916 
1628 

48 

453 
1713 
1656 
1883 

916 
1408 

988 

916 
1418 
2361 
2601 
2652 

455 
1219 

144 

156 
1164 
1147 
2182 

150 
2524 
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382 


841 


303 


627 


449 


916 


Index terms 


Decoction brewing 

Deep-bed dryers 

Deficiency disorders 

Defoaming agents 

Deformatin, nondestructive testing 

DEFT (direct epifluorescent filter technique) 
Degumming, canola 

Dehydrated food, Taiwan 

Dehydration 


See also Drying 
defined 

effects on foods. 
equipment 

fish 

fish and shellfish 
food spoilage 


fruits 


meat 

methods 

military food 

mushrooms 

packaging 

postdrying 

potatoes 

predrying 

principles 

rehydration 

theory 

vegetables 
Dehydrofreezing 
Dehydrogenase, in marine animals 
Delaney Clause 
Delivery systems, tube feeding 
Delvo test 
Denaturation, proteins 
Dental caries, carbohydrates and 


Deodorization 
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Index terms 


Deoxynivalenol (DEN) 
Deoxyribonuclease 
Deposit machines, cookie and cracker dough 
Dermatex 
Desaturated milk fat 
Desiccants, dehydrated vegetables 
Desiccation, freezing 
Design 

aquaculture systems 

distillation column 

food plants 
Dessert mixes, additives 
Detergents 

components 

corrosion by 

disposal 

food safety and 

properties 

types 

worker safety and 
Developed countries, nutritional status 
Developing countries 

hurdle technology 

nutritional status 
Deviled eggs 
Dew point hygrometer 
Dextrinase 
Dextrose 
Dextrose equivalence (DE) 
Dextrose equivalent (DE) 
Diabetes, enteral feeding for 
Diabetes management, carbohydrates and 
Diabetes mellitus 
2,3:4,6-Diacetone-L-sorbose (DAS) 
Diacetyltartrate ester of monoglyceride (DATEM) 
Diacon 
Diarrhetic shellfish poisoning 
Diatomaceous earth, as grain protectant 


Diced egg products 
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Index terms Links 
Diet 
calcium intake 1792 
cancer risk and 9 239 
cardiovascular disease and 8 
fats and oils in 744 
guidelines for Americans 7 
high-fiber diets 756 «1178 
Mediterranean Diet Plan 10 2688 
nitrosamines 1714 
nutrition-related diseases 6 
vegetarian 2434 
Dietary fats 1484 
Dietary fiber 241 754 «1178 
Dietary laws 
kosher 1449 
Muslim 1682 
Dietary proteins 1066 
Dietary Supplement Health and Education Act (DSHEA) 1053 
Dietary supplements, toxicology 1053 
Dieting 92 756 «1178 
Diffusion, in foods 1538 
1543 
Digester tankage 41 
Digestion 
carbohydrates 1059-1061 
in cattle 47 
fats 1073 
proteins 1060 = 1066 
starch 1060 = 2208 
triglycerides 1074 
Digestive system 
alcohol, effect on 23 
fish 800 
humans 1058 
Dihydrochalcones 1873 
Dihydroergotoxine 30 
3,4-Dihydroxy-L-phenylalanine (DOPA) 31 
Dill 2199 
Dimagnesium diphosphate 135 136 
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Dimethylallylpyrophosphate (DMAPP) 
Dimethyl dicarbonate (DMDC), as antimicrobial in foods 
Dimethyl trisulfide 

Dioscorine 

Dipel 

Dipeptidase 

Diphenylamine (DPA) 

Direct epifluorescent filter technique (DEFT) 
Direct heating, aseptic processing 

Direct microscopic count (DMC) 

Direct steam heating 

Disaccharidases 

Discriminant analysis (DA), sensory analysis 
Disc stack centrifuge 

Disease. See Foodborne disease 

Disease control, aquaculture 

Diseases, of honeybees 


Disinfectants 


chemical agents 

evaluation 

food surface sanitation 

legislation 

modular systems 

physical agents 
Disinfection 

effectiveness of 

food surface sanitation 
Disk away procedure 
Dispersions, colloid mills 
Distillation 

batch distribution 

column design 

components 

defined 

distilled beverage spirits 

history 

packaged systems 

terminology 
Distillation trays 


109 
150 
501 
502 
506 
1040 
507 
507 
506 


1044 
1040 
56 
361 
509 
Sil 
516 
Si 
1226 
532 
509 
515 
509 
sil 


This page has been reformatted by Knovel to provide easier navigation. 


Links 


1622 


516 


Index terms 


Distilled beverage spirits 
analysis 
export of 
fermentation 
glossary 
history 
manufacturing process 
maturation 
packaging 
production and consumption. 
regulation 
standards of identity 
Diterpene alkaloids 
Dittus-Boelter equation 
DNA 
genetic engineering 
isolation and preparation 
structure 
DNA probes 
Docosahexaenoic acid (DHA) 
Dog salmon 
"Dolly" 
Domoic acid 
Dopamine 
Dose-response assessment 
Double-cone vacuum dryer 
Double diffusion 
Double drains, aquaculture 
Double Gloucester cheese 
Dough-conditioning agents 
Doughnuts 
Dough strengthener 
Dover sole 
Dressings, additives 
Dried algal meal, as colorant 
Dried codfish 
Dried fish 
Drones (bees) 


Dr. Pepper formula 


519 


522 
521 
522 
30 
1244 


1199 
1206 
1720 
1094 
723 
827 
1210 
1534 
31 
1054 
544 
1348 
113 
324 
625 
142 
848 
821 
853 
403 
180 
766 
149 
174 
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2776 
Index terms 


Drug residues, immunological analysis 


Drugs, caffeine as additive 


Drum dryers 


Dry beer 
Dry buttermilk 
Dry-cured ham 
Dry-cured sausages 
Dryers 
batch dryers 
bond dryers 
box dryers 
cone-bottom dryer 
continuous dryers 
energy utilization 
feed rate 
flat-bottom dryer 
fluidized-bed dryers 
heat-recovery equipment 
multiple-stage dryers 


pneumatic dryers 


pollution-control devices. 
rotary dryers 

selecting 

single-stage dryers 

spin flash dryers 
spray-bed dryer 

spray dryers 


tall-form dryers 
three-stage dryers 
tunnel dryers 
two-stage dryers 
wide-body dryers 
Dry film 
Drying 
See also Dehydration 
closed-cycle drying 
coffee 


560 
561 


561 
489 
563 
561 


2401 
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Index terms 


Drying (Continued) 
defined 
energy utilization 
krill 
methods 
microwave processing 
nitrosamines 
operation economics 
sausage 
Shiitake mushrooms 
vegetables 
Drying agent 
Drying processes, for agglomeration 
Drying rate, calculation 
Drying time 
Dry milk 
Dry rendering 
Dry wine 
Dual emulsions 
Dual-flow tray 
Dublin Bay prawn. 
Ducks 
Dungeness crab 
Dur-Em 
Durians 
Dur-Lo 
Durum semolina 
Durum wheat 
Dye reductions 
Dyer's saffron 
Dynamic light scattering (DLS) 


E 
Eating. See also Appetite; Diet; Hunger 
appetizer effects 
binge eating 
brain systems controlling 
cognitive factors 


emotional factors 


1491 
553 
1455 
1143 
1639 
1710 
556 
2070 
1681 
2399 
848 
15 
485 
1109 
540 
37 
919 
602 
513 
1496 
1949 
440 
750 
1164 
750 
287 
2642 
1090 
390 
943 
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Index terms 


Eating (Continued) 
obesity and 
perceptual salience 
satiety 
social factors 
vegetarian diet 

ECHO virus 

Eclairs 


Edam cheese 


Edible by-products 

Edible films and coatings 

Edible tallow 

Eels 

Eel skin 

Egg albumin proteins, denaturation 


Egg processing, waste management 


Egg products 


composition 

egg industry 

egg-rich convenience food 

fertile eggs 

nutrition 

pharmaceutical products from 

production 

production statistics 

shell egg processing 

spoilage 

structure 
Egg white 

films from 

processing 
Egg white meringue, biscuits and crackers 
EIA (enzyme immunoassay) 
Eicosapentaenoic acid (EPA) 
Elastase 


Elastins 


91 
91 
88 
93 
2434 
1088 
143 
303 
332 
35 
579 
41 
584 
591 
2009 
2603 
596 
593 
185 
594 
593 
597 
599 
596 
599 
594 
593 
595 
763 
593 


580 
596 
185 
ST: 
723 
1060 
599 


This page has been reformatted by Knovel to provide easier navigation. 


Links 


91 


306 
917 


592 


598 


1026 


1094 


749 


307 


1347 


308 


Index terms 


Electrical conductivity, of particulate food products 
Electrical stimulation, meat 

Electric hygrometer 

Electroconductive blanching 

Electrodialysis (ED) 

Electroimmunodiffusion 

Electromagnetic radiation, nondestructive quality evaluation with 
Electron microscopy 

Electrophoresis 

ELFA (enzyme-linked fluorescent immunoassay) 
ELISA (enzyme-linked immunoabsorbent assay) 


Elizabeth Fleming Stier Award (IFT) 
Ellipticine 

Elvers 

Elymoclavine 

Embryo transfer 

Embryo transplantation, livestock production 
Emetine 


Emmentaler cheese 


Employee safety. See Worker safety 
Emu 
Emulsifiable concentrates (EC) 
Emulsifiers 

amphoteric 

anionic 

cationic 

gelatin 

government regulation 

ice cream 

lecithin 

Muslim dietary laws 

nonionic 

process cheese 

quality defects 

uses 
Emulsifier salt 


Emulsifying properties, hydrophobicity and 


129 
1549 
2639 

192 
1627 
1357 

897 

941 

869 
2042 

57 
1690 
1375 

29 

S86 

29 
1210 

53 

28 

303 

333 


1952 
1213 
602 
618 
617 
619 
1185 
618 
1334 
1463 
1683 
614 
1980 
1982 
619 
848 
1327 
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Index terms 


Emulsions 
Encapsulation 
Endemic 
Endocellulases 
Endocrine system, offish 
Endogenous enzymatic degradation 
Endothelium-derived relaxation factor (EDRF) 
Endotoxins 
Energy, cancer risk and 
ENFET (enzymatically sensitive field effect transistor) 
Engineering 
aquaculture 
artificial intelligence 
English muffins 
English sole 
Enhansol 
Enteral formulas 
Enteral nutrition 
condition-specific 
delivery systems 
nutrient solution 
processing technology 
pumps 
regulation 
Enteroaggregative E. coli (EAggEC) 


Enterococcus 


Enterohemorthagic ‘oli (EHEC) 


Enteroinvasive E. coli (EIEC) 


Enterotoxigenic E. coli (EPEC) 
Enteroviruses 
Environmental contaminants 
Environmental Protection Agency (EPA) 
cancer risk assessment 
chemical residues 
pesticides 
Enzymatically sensitive field effect transistor (ENFET) 
Enzymatic browning reaction 


Enzyme assays 


361 
620 
1079 
659 
808 
1031 
1898 
1081 
240 
2107 


110 
119 
141 
821 
1191 
633 


634 
636 
633 
638 
637 
639 
1085 
1631 
1084 
1085 
1085 
1088 
1051 


1056 
1052 
1357 
2107 
208 
643 
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Index terms Links 
Enzyme-catalyzed oxidation 1798 
Enzyme electrode 1344 
Enzyme immunoassay (ELA) 57 1094-1347 
Enzyme labeled antibody (ELA) method 1625 
Enzyme-linked fluorescent immunoassay (ELFA) 2042 
Enzyme-linked immunoabsorbent assay (ELISA) 57 1094 1347 1689 
1690 = 2042 
Enzymes 658 848 = 2612 
blanching and 194 
browning reaction 208 657 660 1798 
defined 171 
endogenous enzymes 656 
flavor and 733 840-1189 
as food additives 854 
food deterioration and 954 
in food production 652 
food utilization 1059 
immobilized 1342 
inhibitors 645 
marine enzymes 1525 
Muslim dietary laws 1683 
production 2170 
specificity 643 
spoilage 1028 =: 1031 
in tea 2295 
Enzymology 658 
Ephedrine 27 
Ephemeron 28 
Epicatechin 77 
Epidemic 1079 
Epidemiology 1079 
Eptatretin 31 
Equine leucoencephalomalacia (ELEM) 1701 2348 
Ergonovine 29 
Ergosterol 2564 
Ergot alkaloids 29 31 1703 2349 
Ergotamine 29 2350 
Ergotoxine 30 
Erucamide 258 
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Erucic acid derivatives 
Erythorbic acid 
Erythritol 
Erythrodiol, in olive oil 
Escherichia 
Escherichia coli 

in chilled foods 

detection 

in fermented meat products 

foodborne disease 
Eskimos, ethnic foods of 
Essential oils 
Esterase, enzyme assay 
Ester hydrolases, assay for 
Esters, as antimicrobial in foods 
Estimate of daily intake (EDI) 
Estragole 
Estrogen replacement therapy (ERT), osteoporosis 
Estrous cycle, livestock 
Ethanol 

See also Alcohol 
Ethnic foods 

cultured milk 

cultured milk products 

eels 

fermented 

kefir 

kimchi 

koumiss 

lempuk 

peanuts and nuts 

roe 

sauerkraut 

seasonings 

seaweed 

soy-based. See Soy foods 

surimi, See Surimi 
Ethoxylated monoglyceride (EMG) 
Ethyl carbamate 


258 
216 
2212 
1765 
1632 


344 
1623 
1618 
1084 

448 

835 

640 

649 

64 
1054 
2338 
1792 
45 
19 


442 
916 
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590 
920 
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921 
916 
2628 
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614 
1932 
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Ethyl cellulose (EC) 
Ethylenediaminetetraacetic acid (EDTA) 
Ethylene vinyl alcohol copolymer (EVOH), as packaging material 
Etiologic agent 
Eugenol, antimicrobial activity 
Eulachon 
Europe 
chilled food regulation 
chilled foods market 
ethnic foods of 
food legislation 
mycotoxin control 
European eel 
European Suspension Test (EST) 
European Union 
bovine spongiform encephalopathy (BSE) 
food additives 
Evaporated milk 
Evaporation 
defined 
equipment 
foods, effect on 
theory 
Evaporators 
batch pan evaporator 
energy efficiency 
engineering conversion 
film evaporation 
forced circulation evaporators 
heat-transfer coefficient 
multiple-effect system 
natural circulation evaporators 
plate evaporators 
refrigerant cycle evaporators 
selecting 
theory 
tubular evaporators 
vapor recompression 


Excel 


581 
858 
1829 
1079 
71 
830 


347 
338 
442 
508 
1355 
585 
1045 


202 
851 
661 
663 
1226 
665 
674 
663 
628 
676 
670 
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670 
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672 
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663 
676 
671 
750 
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Index terms 


Exocellulases 
Exotoxins 
Expert systems 
Exposure assessment 
Externality theory of obesity 
Extractable color of paprika 
Extraction 
crude palm oil 
mycotoxins 
olive oil 
Extractive distillation 
Extracts of tea 
Extraneous matter, in foods 
Extra virgin olive oil 
Extruded snacks 


Extruders 


Extrusi 


on 
breakfast cereals 
centrifugal extrusion 
encapsulation by 
theology 

texture and 


Extrusion cooking 


F 


Factor analysis (FA), sensory analysis 


Fagaronine 


Falling film evaporators 


False saffron 
Fantail shrimp 


Fasting phase, of metabolism 


Fatal familial insomnia 
Fat-coated salt 

Fatigue (of metals) 

Fat replacers 


Fats. See also Fats and oils; Lipids 


animal by-product processing 


cancer risk and 


659 
1081 
120 
1054 
91 
2198 
696 
1840 
1685 
1760 
510 
401 
757 
1763 
2162 
187 
699 
204 
622 
622 
710 
707 
702 


2145 
28 
668 
686 
390 
2154 
88 
199 
626 
426 
730 


39 
240 
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Fats (Continued) 
cholesterol 
degradation 
dietary 
digestion and absorption 
health affected by intake of 
metabolism 
milk fat 


synthesis 

Fats and oils 
additives 
applications 
Australia 
autoxidation 
biscuits and crackers 
color 
consumption statistics 
cooking oil 
emulsions 
fat replacers 
fatty acids 
flavor 
frying oil 
functionality 
glycerides 
hydrogenation 
lard 
in margarine 
novel fats and oils 
nutrition 
oxidation 
phospholipids 
physical processing 
processing 


South Africa 
spoilage 


Standard Industrial Classification 


substitutes for 


supercritical fluid technology (SCF) 
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2785 


476 


739: 


2786 
Index terms 


Fats and oils (Continued) 

unsaponifiable components 

vegetable oils 
Fat substitutes, See Fat replacers 
Fatty acid esters, as antimicrobial in foods 
Fatty acids 

dietary 

in olive oil 

oxidation 

supercritical fluid technology (SCF) 
FD&C colorants 
Feasibility study, food plant design 
Feather meal 
Febrifugine 
Fecal coliform. See Escherichia coli 
Federal Grain Inspection Service (FGIS) 
Federal Insecticide, Fungicide and Rodenticide Act (FIFRA) 
Federal Republic of Germany (FG), See Germany 
Feeder cattle 
Feeding 

aquaculture 


livestock feeds 


livestock production 
Feeding tankage 
Feeding tubes 
Feedlots 
Feijoa 
Feints 
Fennel seed 
Fenugreek 
Fermentation 
See also Yeast 
alcoholic beverages 
amino acid production 
baked goods 
beer 
black tea 
breadmaking 


cheese 


724 


722 


66 
721 
1484 
1764 
1076 
2225 
393 
946 
41 
27 


1214 
850 


43 


106 
1485 
46 
41 
636 
43 
1165 
539 
2199 
2200 
913 


918 
1997 
137 
154 
2298 
921 
916 
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Fermentation (Continued) 
chemical reactions 
dairy products 
distilled beverage spirits 
genetic engineering 
history 
of meats 
microbial interactions 
microorganisms for 
mixed-culture 
mold-modified foods 
nucleosides and nucleotides 
pickling vegetables 
as preservative 
processed meat products 
sausage 
single-culture 
solid-state fermentation 
soy foods 
spoilage 
of vegetables 
vinegar 
whey 
wine 


Fermented meat products 


Fermented milk products. See Cultured dairy products 


Fermented sausage, color 
Fermenting aid 


Fertile eggs 


Fertilizer, by solid-state fermentation 


Ferulic acid 
Fetal alcohol syndrome 
Fiber 
cancer and 
dietary 
Fiber-optic biosensors 
Fibruline 
Fick's first law 
Field crops 


915 
916 
531 
922 
914 
921 
914 
914 
914 
922 
1729 
2430 
957 
1614 
2070 
914 
2165 
2175 
1028 
920 
921 
2658 
918 
1614 


1616 


2168 
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Figs 

Filament hygrometer 

Filberts 

Filipinos, ethnic foods of 

Filled cheese 

Filling, food plant design 

Filling operations, canning 

Film evaporators 

Films 
edible. See Edible films and coatings 
gelatin 
metallized 

Filtermat spray drier 

Filth 
in foods 
in spices 

Filtration 
beer brewing 
membrane filtration 

Fine chemicals, animal by-product processing 

Finely comminuted meat products 

Finland 
food industry 
licorice 

Firming agents 

First law of thermodynamics 

First-order rate processes. 

Fish, See also Fish and shellfish products 
anatomy and physiology 
aquaculture 
canned 
cured 
dried 
dried codfish 
economically important species 
foodborne disease 
freezing 
functional foods 


genetic engineering 


1147 
2639 
2682 
448 
311 
947 
246 
686 
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1825 
16 
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161 
1622 
42 
460 
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2331 
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1128 
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Fish (Continued) 
handling 
international fish block 
livestock feed 
marine enzymes 
marine toxins 


microbiology 


modified atmosphere packaging (MAP) 


muscle 
nitrosamines in 
parasites 

processing 

protein denaturation 
rancidity 

smoked 

Spain 

species of 


spoilage 


Standard Industrial Classification 


surimi 
total utilization 

Fishing vessels 

Fish meal 

Fish oils 

Fish poison 

Fish and shellfish products 
antioxidants in 
consumption statistics 
fishery landings 
flavor 
foodborne disease 
harvesting gear 
imports and exports 
irradiation 
microbiology 
processing 
quality of the catch 
refrigeration and freezing 
safety 
South Africa 


197 
1408 
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Fish and shellfish products (Continued) 


spoilage 763 
Fish skin gelatin 1186 
Fixed-bed hydrogenation 1320 
Fixed-tube rotary dryer 550 
Flaked cereals 205 
Flaking, meat 1967 
Flameless ration heater (FHR) 1651 
Flash dryers 551 
Flat-bottom dryer S61 
Flat breads 139 
Flatfishes 818 
Flavanol, biosynthesis 2285 
Flavanones 1873 
Flavones 1874 
Flavonoids 72 273° «1179-1878 
1928 
Flavonols 72 «1874 = 2292 
Flavor 834 884 
acidulants 3 
Amadori and Heyns rearrangement products (AHRP) 840 
appetite and 90 
bioflavors 1196 
blanching and 194 
of breakfast cereals 207 
butter 222 
butter and cream 456 458 
cheeses 305 456 
coffee and tea 837 
cultured dairy products 455 458 
dairy flavors 453 
dairy products 453 838 841 
defined 884-2071 
drying 495 
encapsulation 624 
enzymes and 733 840-1189 
fats and oils 731 
fermented sausage 1616 
flavor compounds 836 842 
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Flavor (Continued) 
fruits 
genetic engineering 
hydrophobicity and 
ice cream 
licorice 
Maillard reaction 
meat 
milk 
nucleotides 
poultry 
seafood 
sensory basis 
sensory evaluation 
Shiitake mushrooms 
shrimp 
of soft drinks 
umami 
vanilla 
vegetables 
wine 
yogurt 
Flavor enhancers 
Flavoring agent 
Flavor profile method (FPM) 
Flavor-Tex 
Flaxseed, functional foods 
Flounder 
Flour 
biscuits and crackers 
bleaching 
gums in 
licorice 
milling 
treatment agents 
types 
Flour treating agent 
Flow, liquid foods 


Flow control, aseptic processing system 


838 
1188 
1328 

456 
1467 

839 

837 

454 
1717 
1937 
2071 

835 
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172 
1717 
2390 


This page has been reformatted by Knovel to provide easier navigation. 


Links 


841 


1336 


1598 
458 
1720 


1720 


840 
2664 
458 
835 
855 


838 


848 


2791 


841 
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Index terms 


Flow diversion, aseptic processing 
Fluid balance, alcohol, effect on 
Fluid-bed agglomeration 

Fluid-bed encapsulation 

Fluid foods, rheology 

Fluidized-bed agglomerators 
Fluidized-bed dryers 

Fluidized-bed freezers 

Fluorescein 

Fluorescence polarization immunoassay (FPIA) 
Fluorescence probes 

Fluorescent antibody 

Fluoride, bone and 

Fluoride excess 

Fluorine, as disinfectant 
Fluoroimmunoassay 

Fluorosis 

Foamed products, freeze drying 
Foaming agents, in soft drinks 

Foaming properties, hydrophobicity and 


Foams, in food proc 


Foam stabilizers 
Folk acid 
Folic acid deficiency 
Folicanthine 
Food Act of 1990 (United Kingdom) 
Food additives 
antifoaming agents 
antimicrobial compounds 
caffeine 
colorants 
emulsifiers 
foam stabilizers 
food preservation 
functionality 
government regulations 
livestock feed 
nitrate and nitrite 


in sausage 


126 
22 
567 
622 
2063 
14 
489 
1121 
1347 
57 
1325 
1092 
1793 
1302 
502 
1347 
1302 
1110 
173 
1327 
844 
613 
2443 
1302 


849 
1492 
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Food additives (Continued) 


stabilizers 612 
thickeners 613 
toxicology 1053-1055 
types 848 852 
Food Additives Amendment (1958) 961 
Food allergy 863 
kosher food 1453 
nuts 2689 
peptides 1866 
Food analysis 866 = 1344 
Food animals, antibiotics in 54 
Foodborne disease 10511078 
anchovies 1537 
bacterial infection 1081 
bacterial and microbial intoxication 1079 
chemical intoxication 1078 = 1079 
clams 1534 
consumer education 1016 
denned 1079 
definitions 1078 
emerging 2031 
fish 1534 
food irradiation 1432 
herring 1537 
marine toxins 1534 
microbiology 1089 1346-1631 
mollusks 787 
mussels 1534 
oysters 1083 «1088-1534 
parasitic organisms 1844 
pathogens 1346 1958 
poultry 1958 
scallops 1534 
seafood 769 1083-1087 
shellfish 771 1087 1534-1535 
statistics 2030 
U.S. Department of Agriculture 2367 
viruses 771 1088 = 1844 
Foodborne Diseases Active Surveillance Network (FoodNet) 2031 
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Foodborne outbreak 

Food chemistry 
books 
carbohydrates 
colorants 
education 
flavors 
lipids 
proteins 
toxicants, natural 

Food colorants. See Colorants 

Food consumption surveys, USDA 

Food crops 
fumigants 
Germany 
grain protectants 
integrated pest management (IPM) 
maturation 
mycotoxins 
nondestructive quality evaluation 
organic farming 
postharvest deterioration 
South Africa 
Spain 
storage 
varietal differences 
vegetables 

Food and Drug Acts (U.S.) 

Food and Drug Administration (FDA) 
adverse reaction monitoring system (ARMS) 
enteral nutrition 
labeling 
livestock production 
low-acid and acidified foods 
pesticides 

Food, Drug, and Cosmetic Act (FDCA) 

Food, drug, and cosmetic colorants 

Food engineering 


Food engineers 


1079 
874 
874 


889 


1172 
1394 
1212 
2690 
909 
1699 
897 
2425 
902 
1407 
1410 
179 
908 
2421 
373 
1023 
1053 
639 
1736 
48 
1505 
1357 
961 
393 
911 
911 
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Food excess, nutrition-related diseases 
Food fermentation. See Fermentation 
Food freezing. See Freezing 
Food gums. See Gums. 
Food handling, consumer education 
Food industry 

Australia 

Canada 

Finland 

Germany 

Ireland 

New Zealand 

seasonings 

South Africa 

Spain 

Switzerland 

Taiwan 

United Kingdom 

United States Food Marketing System 
Food infection 
Food intoxication 


Food irradiation 


benefits 

costs 

defined 

disinfection with 

fish and shellfish 

food safety 

fruits and vegetables 

meat products 

mode of action 

process 

of proteins 

regulation 

seafood 

spices 
Food labeling. See Labeling 
Food marketing. See Marketing 
Food and Nutrition Science Alliance (FANSA) 


1016 


1379 
1383 
1388 
1393 
1399 
1402 
2201 
1406 
1410 
1413 
1416 
1421 
2701 
1078 
1078 

956 
1428 
1430 
1433 
1429 

506 

768 
1431 

904 
1581 
1430 
1429 
2007 

964 

768 
2198 


872 
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Food plant. See Processing plants 
Food poisoning 
Food powders, agglomeration 
Food preservation 
biological preservation 
chemical preservation 
high-pressure processing (HPP) 
history 
hurdle technology 
of living tissue 
meat products. 
military food 
multitarget preservation 
nitrosamines 
of nonliving tissue 
physical preservation 
Food processing 
acidified food 
Australia 
Canada 


chemi 


il food preservation 
corrosion and 

decision making 

dehydration. See Dehydration 
electrical stimulation of meat 
filth and extraneous matter 
Finland 

flour 

foams 

food composition 

food laws 

food quality 

freeze concentration 

freeze drying 

freezing. See Freezing 
Germany 

heat exchangers. See Heat exchangers 
heat transfer 

heat treatment 

high-pressure processing (HPP) 


1303 
961 
1580 
1644 
1306 
1710 
962 
955 
950 
1508 
1379 
1383 
967 
414 
1001 


1549 
758 
1388 
2645 
844 
959 
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Food processing (Continued) 
immobilized enzymes 
Ireland 
irradiation 
kosher foods 
low-acid canned foods 
management 
mechanical food preservation 
membrane technology 
microbial deactivation 
military food 
milk 
mushrooms 
Muslim dietary laws 
New Zealand 
nutritional quality, effect on 
olives 
ozone and 
packaging. See Packaging 
palm oil 
particulate food products 
phenolic compounds 
phosphates 
pickling vegetables 
poultry 


preservation. See Food preservation 


preserves and jellies 
processing plants 


protein reactions in 


protein structure, changes during processing 


pulsed light processing 
retorting 

scallops 

seafood 

sensors 

shrimp 

silicone antifoams 
South Africa 

soybeans 


Spain 


1342 
1399 

964 
1449 
1507 
1001 

966 
1628 

964 
1644 
1654 
1678 
1682 
1402 

969 
1768 
1801 


1840 
1270 
1876 
1881 
2428 

629 


1151 
968 
881 

2021 

2025 

2059 

2152 
786 

2104 

2155 
845 

1406 

2187 

1410 
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Food processing (Continued) 
Standard Industrial Classification (SIC) 
surimi 
Switzerland 
Taiwan 
thermal processing 
thermodynamics in 
toxicology 
United Kingdom 
vegetables 
wheat 

Food protein, immunological analysis 

Food quality 
See also Quality assurance 
aseptic processing 
meat 
potatoes 

Food Quality Protection Act (FQPA) 

Food regulation 
Australia 
Canada 
carotenoids 
chilled food regulation 
Codex Alimentarius 
colorants 
disinfection 
distilled beverage spirits 
emulsifiers 
enteral nutrition 
Europe 
European Union 
fat replacers 
filth and extraneous matter 
Finland 
food additives 
food irradiation 
frying oil 
Germany 
high-pressure processing (HPP) 


infant food 


986 
2229 
1413 
1416 

964 
2331 

967 
1421 
2406 
2645 
1348 

999 


130 
1588 
1935 
1052 


1382 
508 
1914 
347 
1006 
373 
507 
521 
611 
639 
508 
851 
751 
757 
1390 
850 
964 
1171 
1398 
1281 
1369 


This page has been reformatted by Knovel to provide easier navigation. 


Links 


2238 


970 


2029 


525 


1434 


1434 


Index terms 


Food regulation (Continued) 
international 
Ireland 
Japan 
kosher foods 
licorice 
livestock feed 
low-acid and acidified foods 
margarine 
meat products 
mycotoxin control 
nutritional labeling 
packaging 
patents 
peanuts 
pesticide residues 
phosphates 
postharvest integrated pest management 
risk management 
spices 
Standard Industrial Classification (OMB) 
United Kingdom 
United States 
vanilla extract 
wine 

Foods 
acidified foods 
allergies 
amino acids used in 
analysis 
antibiotics in 
antimicrobial compounds in 
antioxidants in 
bovine spongiform encephalopathy (BSE) 
browning reaction 
carotenoids in 
changing state of 
chemical composition 
chilled. See Chilled foods 
color of 


1014 
1400 

851 
1452 
1468 
1493 
1504 
1522 
1582 
1355 
1732 
1810 
1852 
2678 
1357 
1884 
2692 
1013 
2194 

986 

347 

347 
2388 
2662 


1501 
863 
1993 
866 
54 
63 
73 
202 
208 
278 
1226 
959 


363 
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Foods (Continued) 
corrosion by 
cultural nutrition 
dairy ingredients for 
dehydration 
deterioration 
diffusion in 
drying 
emulsifiers 
encapsulation 
enteral formulas and feeding systems 
enzyme assays 
enzymes in 
ethnic foods 
evaporation 
extrusion 
fermentation. See Fermentation 
fiber sources 
filth and extraneous matter in 
food surface sanitation 
functional foods 


fungal contamination of 


by highly corrosive foodstuffs 
history of 

infant foods 

labeling. See Labeling 
livestock feeds 

low-acid foods 

marketing 

mass transfer and diffusion 
microbiology. See Microbiology 
microorganisms in 
microstructure 

microwave properties 
military foods 

moisture content 

natural foods 

nitrosamines in 

organic farming 


organic foods 
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602 
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442 
662 
699 


756 
757 
1035 
1176 
1711 
429 
1282 
1368 
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1629 
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1708 
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Foods (Continued) 
pH 


quality assurance 


sensory components 
soils 


sulfites in 


thermal processing. See Thermal processing 


toxicology 
transferring heat in 
utilization 
vegetarian diet 
water activity in 

Food safety 
Codex Alimentarius 
consumer education 
detergents 
dry-cured sausages 
filth and extraneous matter 
Finland 
fish and shellfish products 


foodborne disease. See Foodborne disease 


freezers 
gelatin 
high-pressure processing (HPP) 
irradiation 
low-acid and acidified foods 
microbiological contamination 
military food 
nonnutritive sweeteners 
pickling vegetables 
postharvest integrated pest management 
processed food 
risk communication 
risk management 
soy foods 
taste 
US. food safety program 
Food Safety and Inspection Service (FSIS) 


Food Science & Technology Abstracts (FSTA) 


1501 
405 
1649 
81 
1036 
2218 


1050 
1278 
1057 
2434 

482 


1006 
1014 
500 
1618 
757 
1390 
797 


1131 
1184 
1281 
1431 
1503 
763 
1649 
2246 
2432 
2692 
967 
1009 
1012 
2178 
2246 
1016 
47 
1425 
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Food science and technology 
Australia 
Canada 
Finland 
genetic engineering 
Germany 
Treland 
modeling of functional properties 
New Zealand 
optimization methods 
South Africa 
Spain 
Switzerland 
United Kingdom 
Foodservice systems 
Food spoilage. See Spoilage 
Food storage. See Storage 


Food surface sanitation 


cleaning-in-place (CIP) 

evaluation 

methods 
Food systems 
Food Technology Industrial Achievement Award (IFT) 
Food texture, See Texture 
Food toxicology. See Toxicology 
Food utilization 

carbohydrates 

digestive system 

enzymes 

fats 

food path 

minerals 

nucleic acids 

proteins 

vitamins 

water 
Forced circulation evaporator 
Foreshots 


Forming, meat processing 


1017 
1381 
1387 
1392 
1210 
1398 
1401 
1666 
1402 
1779 
1409 
1411 
1414 
1423 
1098 


1035 
1043 
1043 
1041 
1465 
1374 
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Index terms Links 

Forming equipment, cookie and cracker dough 187 
Formulation aid 848 
Fortified wine 919 
FO sweetener 2258 ©2259 
Fractionation, butterfat 223 
France, licorice 1468 
Frankfurters, from poultry 1972 
Free fatty acids (FFAs) 

absorption 1074 

frying oil 1170 
Free flow agent 847 
Free-machining stainless steels 428 
Freeze concentration 628 1103 2048 
Freeze-dried foods, texture 2626 
Freeze driers 1110 
Freeze drying 1S 1106) =«:1142,) 1145 

1633 

advantages and disadvantages 1107 

condensation 1110 

drying time 1109 

foamed products 1110 

heat transfer 1108 

instant coffee 360 

military food 1644 

mushrooms 1680 

particulate products 1109 

process 1108 

sublimation temperature 1108 

system components 1107 

vegetables 2402 2408 
Freezers 11s 1117s 81130 
Freezing 923 955 964-1034 


1112 2045-2047 
See also Frozen foods 


changes during 1113 
defined 1116 
desiccation during 1115 
economics of 1137 
equipment 1118 
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Freezing (Continued) 
fish and shellfish products 
heat exchangers 
holding time 
ice cream and frozen desserts 
ice crystallization 
meat 
microbiology 
mushrooms 
precooling 
process 
refrigeration basics 
refrigeration history 
refrigeration systems 
specific foods (chart) 
surimi 
thermodynamics 
vegetables 
Freezing agent 
Freezing injury, fruits and vegetables 


Free 


‘ing point depression 


‘ing time 
French crullers 
French olives 
Fresh cheeses 
Fresh Wax 
Fried pies 
Frigate tuna 
FRIGOBELT 
Fritz continuous butter-making process 
Frozen concentrated orange juice (FCOJ) 
Frozen desserts 
See also Ice cream 
Frozen foods 
See also Freezing 
fish 
fruit and fruit juice 
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1230 
1126 
1338 
1113 
1129 
1114 
1680 
1118 

929 

923 
1112 
1134 
1127 
2233 
1126 
2407 

848 

906 
1103 
1117 
1117 
1117 

143 
1759 

299 

625 

144 

831 
1121 

224 

628 
1333 


182 


766 
2048 
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Frozen foods (Continued) 
green peas 
handling 
history 
in-home storage 
meat 
packaging 
potatoes 
scallops 
seafood 
shrimp 
Standard Industrial Classification 
surimi 
Taiwan 
thawing 
transport 
vegetables 
Frozen yogurt 


Fructofuranosidase 


Fructooligosaccharide sweetener (FO sweetener) 


Fructose 
See also High-fructose corn syrup 
Fructose-glucose syrup 
Fruitafit 
Fruit bars 
Fruit butter 
Fruit flavors, acidulants: 
Fruit juices 
Australia 
clarifying 
enzymes and 
freeze concentration 
freezing 
Taiwan 
Fruit processing, waste management 
Fruits 
ammonia injury 
Australia 


browning reactions 
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2805 
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Index terms 


Fruits (Continued) 
cancer risk and 
carotenoids in 
chilling injury 
controlled atmospheres 
dehydration 
enzymes and 
flavor 
freezing 
freezing injury 
functional foods 
maturation 
modified atmosphere packaging (MAP) 
ozone and 
polyphenols in 
postharvest deterioration 
preserves and jellies 
processing wastes 
ripening 
scald 
semi-tropical 
senescence 
South Africa 
spoilage 
storage 
sulfited 
Taiwan 
temperate 
transport 
tropical 
varietal differences 
washing 
wax coating 

Fryers 

Frying 

Frying oil 
See also Fats and oils 

Frying oil substitutes 

Fucoxanthin 


Fumagillin 
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Index terms 


Fumarates, as antimicrobial in foods 
Fumaric acid 
Fumigant 
Fumigants 
Fumonisins 
Functional foods 
Functional properties, molecular modeling 
Fungal diseases, of honeybees 
Fungi. See also Molds; Mycotoxins 
genetic engineering 
mushrooms 
Furaneol 
Furans, in foods 


Furcellaran 


Furocoumarin 
Fusarium, cereal grain mycotoxins 
F 


oil 


Fuzzy logic 


G 
Galactose, carbohydrate digestion 
Galanthamine 
Gallic acid 
Galvanic corrosion 
Game birds 
Garden crops 
Gardenoside 
Gardoside 
Garlic 
Gas barrier protection 
Gas chromatography 
antibiotics in foods 
flavor evaluation 
Gas chromatography (GC), mycotoxins 
Gas chromatography, pesticide detection 
Gas chromatography-mass spectrometry 
antibiotics in foods 


flavor chemistry 


848 
1172 
1701 
1176 
1666 

150 


1193 
1673 
1191 
838 
1218 
72 
1699 
539 
121 


269 
28 
76 

418 

1954 

902 

397 

397 
71 

1807 


59. 
734 
1688 
1358 


60 
843 


This page has been reformatted by Knovel to provide easier navigation. 


2807 


1219 
2342 
2347 2348 


2144 


2458 


1179 2404 
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Index terms 


Gas chromatography-olfactometry (GC), flavor chemistry 


Gases, diffusion in 


843 
1547 


Gas packaging. See Controlled atmosphere packaging (CAP); Modified atmosphere packaging (MAP) 


Gastric lipase 


Gastrointestinal infection, foodborne 


Gastrointestinal system, anatomy 


Gatorade 
Geese 


Gelatin 


chemistry 

gums 

in licorice 
manufacture 
Muslim dietary laws 
properties 

safety 


testing methods 


Gelatin desserts 
acidulants 
agglomeration of 

Gelation 
preserves and jellies 
surimi 

Gellan gum 

Gels, with food gums 

Gelsemine 

Gene cloning 


Gene expression 


General Agreement of Tariffs and Trade (GATT) 


General attack 
General Foods 


General Foods Corp., nonnutritive sweeteners 


Generalized Procrustes analysis (GPA), sensory analysis 


Genes, PPO genes 
Genetic engineering 


amino acid production 


1060 
1084 
1058 

178 
1950 

579 
2213 
1183 
1218 
1467 
1184 
1683 
1185 
1184 
1186 
1183 
1185 
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Genetic engineering (Continued) 


animals 
applications 

food fermentation 
food flavors 


food science and 


modeling of functional properties 


oilseed plants 

principles 

proteins 
Genetic exchange, in vivo 
Genetics 

aquaculture 

principles 


Genetic tes 


Genipingentiobioside 
Geniposide 
Geniposidic acid 
Gentianine 
Geosmin 
Germany 

food industry 


licorice 


microbiological analysis, rapid 


Gerstmann-Straussler-Scheinker syndrome 


Ghee 

Gibberella ear rot 

Gin 

Ginger 

Ginger ale 

Glass, as packaging material 
Glass electrodes 
Glaucine 

Glazing agents 
Glaziovine 
GLAZoFREEZE 
Glucagon, satiety agent 
B-Glucanase 

Glucitol 


Gluconeogenesis 


2671 
1205 

922 
1188 
1210 
1666 

730 
1198 
2023 
1205 


108 
1198 
2041 

397 

397 

397 

30 
1192 


1393 
1470 
199 
228 
1699 
523 
2200 
174 
1824 
1310 
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Glucono-delta-lactone (GDL) 
Glucose 


digestion 
isomerization 
Glucose isomerase 
Glucose oxidase 
Glucose syrup 
B-Glucosidase 
Glucosinolates 
Glutamate dehydrogenase, in marine animals 
Glutathione 
Glutathione peroxidase 
Glutathione-S-transferases, in marine animals 


Gluter 


sensitive enteropathy 
Glycerides 

Glyceryl monostearate, as emulsifier 
Glycinin 

Glycoalkaloids 

Glycogen, digestion 
Glycogenesis 
Glycogenolysis 

Glycogen phosphorylase, in marine animals 
Glycolysis 

Glycosidase assay 
Glycosidases, flavors and 
Glycosides, cyanogenic 
Glycyrrhyzin 

Goats, livestock feed 

Goiter 

Goitrin 

Gold, as colorant 

Golden king crab 

Goose 

Gooseberries 


Gorgonzola cheese 


w 


263 
2266 
269 
1343 
659 
72 
1344 
659 
886 
1526 
17: 
7B 
1527 
865 
723 
608 
2185 
2341 
1059 
1064 
1064 
1527 
1062 
649 
1189 
2337 
2245 
1490 
1301 
32 
403 
438 
1950 
1159 
303 
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2242 


2340 


308 


2258 


309 


2811 


Index terms Links 
Gouda cheese 302 303 306 307 
309 329 332 333 
457 917 
Gracilaria, cultivation 2100 2101 
Grading 
livestock feed 1492 
mushrooms 1679 
poultry meat 1967 
South Africa 1409 
Grain protectants. 1212 


Grains. See Cereal grains 


Grain whisky 539 
Gramine 32 
Grapefruit 1154 
Grapefruit juice, limonin 1470 
Grape juice 182 
Grapes 375-1159 
Australia 1380 
dehydration 1149 
growing 2662 
Gravimetric Diluter 2037 
Greek olives 1759-1771 1774 
Green beans, canning 2412 
Green cod 817 
Green coffee 354 355 
Green crab 439 
Greenland halibut 819 
Green olives 1766-1767 
Green peas 
canning 2414 
frozen 2415 
Green tea 2300 2303 
Grewe diamine 2532 
Grinding 
coffee 358 
meat 1568 
poultry meat 1967 
sausage 2070 
Ground beef, cooking-cooling 1267 1269 
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Gruyere cheese 303 305 309 
Guanabana 1167 
5'-Guanylic acid 1728 2080 
Guaran 1221 
Guar gum. 1218 = 1221 
Guavas 1165 
Guinea fowl 1955 1964 
Gum acacia 1222 
Gum arabic 1218 =1222 2213 
Gums 860 1216 = 2213 

agar 1218 = 1219 
algins 1217 1218 
carboxymethylcelluloses (CMC) S81 582-1217 
carrageenans 581 750 879 1218 
1219 2213 
furcellaran 1218 1219 
gelatin 1218 1220 = 2213 
gellan gum. 1218 1220 
guar gum 1218 1221 
gum arabic 1218 1222 = 2213 
gum tragacanth 1218 = 1222 
hydroxypropylcellulose 581 = 1222 
hydroxypropylmethyl cellulose 581 = 1223 
konjac mannan 1218 = 1222 
locust bean gum (LEG) 1218 1221 
methylcellulose S81 1223 
pectin 581 879 1149-1218 
pectins 1218 1223 
properties 1218 
theology 1216 
in surimi 2238 
tara gum. 1221 
xanthan gum 1218 1224 2213 
Gum tragacanth 1218 = 1222 
Gun puffing, cereals 204 
GYROCOMPACT 1122 
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H 
Haddock 
Haemoglobin 
Haems 
Hake 
Halibut 
Hallucinogenic mullet 
Halogens, as disinfectants 
Ham, dry-cured 
Hamanatto 
Hammer mill 
Handling 
chilled foods 
food plant design 
fresh fish and seafood 
postharvest 
vegetables 
Hangover 
Hatpin 
Hard cheese 
Hard-cooked eggs 
Hardening, ice cream 
Hard red wheat 
Hard wheat flour 
Harmala alkaloids 
Harmaline 
Harmine 
Harringtonine 
Harvey W. Wiley Award (AOAC) 
Hazard analysis 
Hazard Analysis and Critical Control Points (HACCP) 


Hazard identification, toxicology 
Hazelnuts 

Heads 

Heart disease 

Heat 

Heated-surface dryers 
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Heat exchangers 

aseptic processing 

fouling 

paraflow 

plate vs. tubular 

principles 

scraped surface 
Heath trays 
Heating. See also Thermal processing 

aseptic processing system 

ohmic heating 
Heat penetration, in thermal processing 
Heat processing. See Thermal processing 
Heat-recovery equipment, dryers 
Heat resistance, thermal processing 
Heat transfer 

blanching 

freeze drying 

in thermal processing 

in thermal sterilization 
Heat-transfer coefficient, evaporators 
Heat treatment. See Thermal processing 
Heavy filth 
Helminths, foodborne disease 
Hemagglutination assay 
Hemanatto 
Hemicelluloses, 
Hemlock 
Hemolytic uremic syndrome (HUS) 
Hemorrhagic colitis (HC) 
Hepatitis, shellfish consumption 
Herbal teas 
Herbs. See Spices 
Hermodactyl 
Herrings 
Heterocyclic amines 
Hexachlorophene, as disinfectant 
HGMEF (hydrophobic grid membrane filter) 
High blood pressure 


1227 

124 
1231 
1237 
1246 
1228 
1254 

108 


123 
128 
2316 


563 
2314 
1271 

195 
1108 
2315 
2323 

680 


1844 
1347 
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Index terms 
High erucic acid oil 
High-fiber diets 
High-fructose corn syrup (HFCS) 
High-intensity sweeteners 
Highly corrosive foodstuffs 
High-methoxyl (HM) pectins 
High-performance liquid chromatography (HPLC) 
amino acid analysis 
mycotoxins 
High-potency sweeteners 
High-pressure processing (HPP) 
High-temperature preservation 
High wines 
Hiproly 
Hires root beer 
Histamine 
H 


Histidine-derived alkaloids 


mine poisoning 


HM pectin 
Hogs, livestock production 
Holding time 
Hold tube, aseptic processing 
Homoaporphines 
Homogenization 
ice cream and frozen desserts 
milk 
theories of 
Homogenizers 
applications 
description 
history 
homogenizing valve 
operation 
testing 
Homogenizing valve 
Homoharringtonine 
Honey 


Honeybees 
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Index terms 


Hop extraction, supercritical fh 
Hops 
Hordenine 


Hormone replacement therapy 


juid technology (SCF) 


(HRT), osteoporosis 


Horticulture and Food Research Institute of New Zealand (HortResearch) 


Hot-air dryers 
Hot boning, meat 
Hot breakfast cereals 
Hot-gas blanching 
HPLC heat units 
HTST extrusion cookers 
Huckleberries 
Humectant 
Humidity, product storage and 
Humulene 
Humulones 
Hunger 
See also Appetite 
conditioned 
global nutritional status 
malnutrition 
satiety 
Hurdle technology 
Hydrastine 
Hydrazii 


es 


Hydrocolloids 


Hydrogenated starch hydrolysates (HSHs) 


Hydrogenation 
applications 
canola oil 
catalysis 
catalyst poisons 
mechanism 
of oils 
process conditions 
selectivity 

Hydrogen-ion activity (pH) 

Hydrogen peroxide 
control of 


90 
1296 
1297 

88 
1303 

28 
2338 

860. 
2209 
1313 
1319 

256 
1315 
1317 
1313 

721 
1314 
1313 
1308 


78 
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Index terms Links 


Hydrogen peroxide (Continued) 


as disinfectants 504 
Hydrogen phosphide 1174 
Hydrolases 

flavor and 1189 

in marine animals 1527 
Hydrophobic grid membrane filter (HGMF) 1091 1622 
Hydrophobicity, in food protein systems 1321 
Hydrostatic sterilizers 2309 
Hydroxyanisole, butylated 77 
Hydroxycinnamic acids 72 = 1872 
#-Hydroxy-f-methyl-glutaryl CoA. 274 
Hydroxy-polycarboxylic acids 6 
Hydroxypropylcellulose (HPC) 581 1222 
Hydroxypropylmethyl cellulose (HPMC) 581 582 1223 
6-Hydroxyriboflavin 2524 
Hydroxytoluene, butylated 77 
Hygiene, freezers 1132 
Hygrometer 2639 
Hyoscyamine 27 
Hyperfiltration, milk 1655 
Hypermetabolic stress, enteral feeding for 634 
Hypertension 7 
Hypobaric storage 408 
Hypochloride, as disinfectant 506 
Hypochlorous acid, as disinfectant 502 
Hypothalamus, eating and 89 
1 
IBCV method 225 
Ibotenic acid 34 
Ice beer 920 
Ice cream 1333, 1657 

composition 1333 

defects 1339 

denned 1333 

emulsifier in 608 

flavor 456 
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Ice cream (Continued) 
processing 
transport 
Ice crystallization, during freezing 
Iced tea 
Ices 
Icing 
IgE-mediated food allergies 
Hama. 
Illness. See Foodbome disease 
Image analysis, microstructure 
Imaging 
Imli 
Immersion electrodes 
Immersion freezing 
Immobilized enzymes 
Immune system, offish 
Immunoaffinity column (IAC), mycotoxins 
Immunoassay 
Immunodiffusion 
Immunoelectrophoresis 
Immunological methods 
agglutination 
bacterial receptor assay 
chemical agents 
immunoassay 
immunodiffusion 
immunomagnetic capture 
meat protein additives 
microbial contaminants 
microbiological analysis, rapid 
mycotoxins 
natural contaminants 
nonmeat protein additives 
quantitative precipitin technique 
Immunomagnetic capture 
Impact response 
In-can sterilization 


Inclusion complexation 


1337 
2051 
1113 
178 
1333 
741 
863 
1165 


944 
899 
1167 
1310 
1123 
1342 
812 
1690 
57 
1348 
1348 
1345 
1347 
1348 
1357 
57 
1348 
2042 
1351 
1356 
2041 
1689 
1352 
1348 
1348 
2042 
899 
2307 
623 
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Index terms 


Indicators 
Indicaxanthin 
Indirect-contact freezers 
Indirect heating, aseptic processing 
Individually quick-frozen (IQF) foods 
fruits 
krill 
Individual Quick Blanch (IQB) system 
Indole-3-acetic acid 
Indole alkaloids 
Indoles 
Industrialized countries 
hurdle technology 
nutritional status 
Industrial Research Limited (IRL) 
Industrial Scientist Award (IFT) 
Inert atmosphere generators 
Infant foods 
Infant formula 
Infection. See Foodborne disease 
Information technology, packaging and 
Infrared heating 
Infrared spectroscopy 
Inhibitors, enzymes 
Injection, meat processing 
Inosine 5'-monophosphoric acid (IMP) 
Inosinic acid 
Insecticides 
fumigants 
grains, postharvest application 
grain protectants 
integrated pest management (IPM) 
pesticides 
Insect pests, mites 
Inside Laboratory Management 
Inspection 
machine vision systems (MVS) 


seafood 


1313 
382 
1123 
124 


2048 
1454 
191 
29 
29 
1708 


1306 
1296 
1405 
1374 
1175 
1368 
1369 


1810 
1969 

868 

645 
1567 
1727 
1727 


1172 
1212 
1212 
2690 
885 
2031 
81 


1511 
2151 
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Instant beverage powders, agglomeration 
Instant coffee 

Instant farina cereal 

Instant foods 

"Instantized" 

Instant powders, spray drying 

Instant tea 

Institute of Food Technologists (IFT) 
Insulating materials, corrosion by 
Integrated pest management (IPM) 
Interesterification 

Interfacial tension 

Intergranular corrosion 

Intermediate moisture food (IMF) 
International Award (IFT) 

International Committee on Microbiological Specifications for Foods (ICMSF) 


International development 


Canada 
Finland 


Germany 


Ireland 

New Zealand 

South Africa 

Spain 

Switzerland 

Taiwan 

United Kingdom 
International fish block 
International Food Information Council (IFIC) Foundation 
International Food Information Service (IFIS) 
International Office of Epizootics (OLE) 
International Olive Oil Council (IOOC) 
International Plant Protection Convention (IPPC) 
International Society of Soft Drink Technologists 
International Union of Food Science and Technology (IUFoST) 
Intrinsic fluorescence 


Tnulin-based fructose 


17 
359 
206 

13 

13 
567 

2301 
1015 
433 
2690 
272 
2226 
423 
957 
1373 
771 


1379 
1383 
1388 
1393 
1399 
1402 
1406 
1410 
1413 
1416 
1421 
2047 
1015 
1425 
1007 
1775 
1007 

175 
1378 
1324 
2265 
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Index terms Links 

Inventory control, frozen foods 2049 
Invertase 659 
Invert sugar 2243 
Todine, as disinfectant 502 
Iodine deficiency 1301 1302 
lodophors, as disinfectants 503 506 
#lonone 280 
Jon-selective electrodes (ISEs) 2104 = 2107 
lon-selective field effect transistor (ISFET) 2105 = 2107 
Ipecac 28 
Ireland 

food industry 1399 

licorice 1470 
Iridoids 397 
Irish whisky 522 523 524 526 

538 

Iron-binding proteins 70 
Iron deficiency 1300 
Iron oxides, as colorants 402 
Iron supplementation programs 1302 
Irradiation of food. See Food irradiation 
ISFET (ion-selective field effect transistor) 2105 = 2107 
Islanditoxin 32 
Isoamylase 660 
Isobetanidin 381 382 
ISOGRID system 2038 
Tsohumulones 157 158 171 
Isomalt 2210 2258 «= 2259 
Tsomaltase 1061 
Isomaltulose, production 1344 
Isopentenyl pyrophosphate (IPP) 274 
Isoquinoline 28 
Isosafrole 2338 
Isothiocyanates, as antimicrobial 71 
Isotopic immunoassays 1347 
Italian olives 1759 
Italy 

ethnic foods of 442 
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Italy (Continued) 
licorice 


IUFOoST (International Union of Food Science and Technology) 


J 
Jaboticas 
Jackfruit 
Jamaican rum 
Jams and jellies 
Japan 
chilled foods market 
ethnic foods of 
food additives 
Japanese eel 
Japanese medlar 
Japanese plum 
Japanese quail 
Java plums 
Jellied cels 
Jelly fungus 
Jerky 
Jet agglomeration 
Jewish dietary laws 
Jews 
ethnic food of 
kosher foods 
Journal of AOAC International 
Juice blends 
Juices 
concentrated juice 
frozen concentrated 
labeling 
production plant 
Jujubes 


K 
Kamaboko 
Kamloops trout 


“Kazunoko" 


1470 
1378 


851 


1155 
1155 
1954 
1165 
590 
1677 
2163 
14 
1449 


444 
1449 
80 
178 
177 
628 
628 
1821 
666 
1165 


1119 
828 
821 
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K-Blazer 
Kecap 
Kefir 
Kelcogel 
Kellogg Co. 
Keltrol 
Kenima 
Kermes 
Kernel Extension Rapid New Evolution Level (KERNEL) 
Ketone bodies 
Ketopantolatone 
Kettle chips 
Kidney disease, enteral feeding for 
Kidneys, fish 
Kiln drying 
Kimchi 
Kinetics 
biological reactors 
bioreactors 
energy inputs. 
enzyme action 
enzyme- and cell-catalyzed reactions 
first-order rate processes 
food systems 
mass transfer and diffusion 
principles 
shelf life 
starch conversion 
King crab 
Kirschwasser brandy 
Kiwi 
Knock-out mice 
Kocuria spp., fermented meat product starter culture 
Kofi 
Koji 
Konjac mannan 
Kosher foods 
allergies 


biotechnology and 


750 
2177 
916 
750 
204 
750 
2182 
379 
1514 
1076 
2499 
2160 
635 
802 
489 
921 
1437 
1445 
1445 
1443 
658 
1439 
981 
979 
1538 
980 
1447 
1442 
438 
527 
1160 
2672 
1617 
920 
1192 
1218 
444 
1453 
1452 
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Kosher foods (Continued) 
equipment koshering 
gelatin 
ice cream 
industrial cooking 
Jewish dietary laws 
kosher supervision 
meat 
Passover 
regulation 

Koumiss 

Krausen 

Krill 

Krill protein processing 

Kubelka-Munk equation 

Kumquats 

Kuru 


L 

Labeling 
claims-related statements 
history 
information panel 
ingredient list 
manufacturer identity 
net quantity of contents. 
nutritional labeling 
nutrition facts 
optional information 
other requirements 
percent-juice declaration 
principal display panel 
product identity statement 
vegetables 
vegetarian products 
warning statements 
wine 

Lab-lab 


Laboratory automation systems (LAS) 


1450 
1452 
1340 
1451 
1449 
1451 
47 
1450 
1452 
916 
171 
1453 
1453 
369 
1154 
199 


1811 
1739 
1733 
1820 
1735 
1735 
1734 
1732 
1735 
1736 
1822 
1821 
1813 
1734 
2411 
2438 
1735 
2666 
106 
405 
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Index terms Links 
Laboratory information management systems (LIMS) 405 
Laboratory robotics and automation 119 1457 
Lac 380 
Laceaic acid 380 
Laccase 209 210 
Lactase 659 1061 
Lactates, as antimicrobial in foods 65 
Lactic acid, as antimicrobial in foods 65 
Lactic acid bacteria 1391 1624-1631. 
Lactitol 1461 2210 2244-2258 
Lactobacillus, in food 1631 
Lactococcus 1631 
Lactoferricin B 70 
Lactoferrin 70 
Lactones, butter and cream 456 
Lactoperoxidase system (LPS) 70 
Lactose 269 475 476 1460. 
1659-2244 
digestion 1460 
hydrolysis 1343 
in meat products 460 464 
products from 1461 2658 
properties 1460 1461 
sources 1460 
uses 1461 
Lactose intolerance 1460 
Lactulose 1461 
Lager beer 154 
Lake colorants 396 
Lamb 
cuts of 48 51 
freezing 1129 
slaughtering process 47 
Laminators, cookie and cracker dough 187 
Laminine 32 
Lancashire cheese 332 
Langouste 1496 
Lard 41 1683 
Laser Raman spectroscopy, protein structure 2018 
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Lateral hypothalamus, eating and 
Latex-agglutination inhibition immunoassay (LAIA) 
Laurel leaves 

Lautering, beer brewing 

Laws of thermodynamics 

Layered dough products 

LDSO. 

Leaching 

Lead, corrosion resistance 

Least developed countries (LDG), nutritional status 
Leavening acids 


Leavening agents 


Lecithin 
in chocolate 
as emulsifier 
in margarine 
Lecithinase 
Leechee 
Legumes 
Australia 
functional foods. 
spoilage 


Leicester cheese 


Lemma 

Lemons 

Lempuk 

Leoconostoc 

Leurocristine 

Leurosine 

Levulose 

Licorice 

Light 
color, theory of 
food deterioration and 
nondestructive quality evaluation with 
pulsed light processing 
PureBright light 

Light beer 


607 
618 
1463 
1061 
1155 


1380 
1178 
1026 

324 


2025 
2025 
167 
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Light Butter 

Light filth 

Light or Life products 
Light microscopy 
Light whisky 


Limburger cheese 


Limes 
Limonene 
Limonin 
Limulus amoebocyte lysate (LAL) test 
Linear discriminant analysis (LDA), sensory analysis 
Linear raceways. 
Linoleic acid, cancer and 
Lipase 
enzyme assay 
food spoilage 
solid-state fermentation 
Lipemia 
Lipid-based fat substitutes, in ice cream and frozen dessert 
Lipid films 
Lipid oxidation catalysts, inhibiting 
Lipids. See also Fats and oils 
analysis for 
livestock nutrition 
in military food 
in milk 
nutrition 
oxidation 
physical chemistry 
in wheat flour 
Lipoic acid 
Lipoxygenase 
in cereals 
enzyme assay 
in marine animals 
Lipoxygenase-catalyzed peroxidation 
Liqueurs 


Liquid chromatography, antibiotics in foods 


227 
758 
1333 
939 
526 
301 
309 
1165 
2340 
1470 
1093 
2139 
101 
240 
659 
649 
1029 
2171 
1074 
1335 
581 
76 
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308 


1073 


1796 


2828 
Index terms 


Liquid chromatography-mass spectroscopy, antibiotics in foods 
Liquid food concentration 
Liquid foods 
theology 
thermal sterilization 
Liquid junctions 
Liquid-liquid extraction 
Liquids 
agitated batch (in-container) heating 
diffusion in 
difrusivity in 
nonagitated batch (in-container) heating 
rheology 
Liquid-solid extraction 
Liquid sweeteners 
Listeria 
Listeria monocytogenes 
Listeriosis 
Litchis 
Litesse 
Livestock feeds 
amino acids in 
by solid-state fermentation 
carotenoids in 
computers and 
ingredients 
manufacture 
nutrient requirements 
processing 
regulation 
soy protein in 
Livestock production 
animal nutrition and feeding 
animal reproduction 
antibiotics in 
artificial insemination 
breeds 
business aspects of 


crossbreeding 


60 
628 


2063 
2321 
1311 

698 


2324 
1547 
1545 
2327 
2324 

697 
2240 

344 
1087 
1087 
1155 

750 
1485 
1998 
2169 
1913 
1488 
1491 
1488 
1487 
1493 
1493 
2189 


46 
44 
54 
33 
45 
B 
46 


This page has been reformatted by Knovel to provide easier navigation. 


Links 


1357 
1619 


1494 


1958 
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Livestock production (Continued) 
embryo transplantation 
feeds 
recombinant DNA technology 
transgenic animals 
LM pectin 
Lobeline 
Lobster 
Locoweed, honeybees and 
Locust bean gum (LBG) 
Loganberries 
Lo Han Kuo sweetener 
Longans 
Lonza synthesis 
Loquats 
Lorelite 
Low-acid foods 
Low birth weight infants 
Low-erucic acid rapeseed oil (LEAR) 
Low-ethylene controlled atmosphere (CA) 
Low-fat ice cream 
Low-methoxyl (LM) pectins 
Low-oxygen controlled atmosphere (CA) 
Low-pressure storage 
Low-temperature preservation 
Low-temperature-rendering (LTR) systems 
Low wines 
Lubricant 
Lumac 
Lupinine 
Lupulone 
Lutein 
Lycadex 
Lychee 


Lycopene 


Lycopodine 
Lysergic acid 


53 
1485 
52 
53 
1150 
27 
1496 
150 
1218 
1160 
2245 
1155 
2472 
1155 
750 
1501 
1299 
729 
408 
1333 
581 
408 
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279 


2830 

Index terms 
Lysine 
Lysine-derived alkaloids 
Lysozyme 


M 

Macadamia nuts 

Mace 

Machine vision 

Machine vision systems (MVS) 
Mackerel 

Mad cow disease 

Magnesium phosphide 
Magnetic resonance, nondestructive quality evaluation with 
Mahe 

Ma Huang 


Maillard reaction 


Maitotoxin 
Maize. See Com 
Malathion 
Malaxation 
Malic acid 
Malnutrition 
Malonga 

Malt 

Maltase 

Malted barley 
Malthus system 
Malting 
Malting aid 
Maltitol 

Malt liquors, alcohol content 
Maltodextrins 
Maltooligosaccharides 
Maltose 

Maltrin. 

Malt whisky 
Malvidin 
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Index terms Links 
Mamey 1165 
Management issues, decision making 1001 
Mandarin oranges 1155 
Mandarins 1155 
Mangos 1165 
Mangosteens 1166 
Mannitol 2211 2244 
Manufacturing execution systems (MES) 406 
Maple syrup 2265 = 2278 
Maraschino cherries 181 1158 
Margarine 4561521 

additives in 853 

as emulsion 602 

fats in 754 1522 

Finland 1391 

history 1521 

ingredients 1522 

lecithin in 1463 1523 

manufacture 1265 1524 

monodiglycerides in 607 

quality assurance 1524 

regulation 1522 
Margetine 28 
Marine enzymes 1525 
Marine oils 722 723 
Marjoram 2200 
Marketing 

carbonated beverages 176 

Muslim dietary laws and 1683 

United States Food Marketing System 2701 
Marketing research 938 
Marmalade 1149 
Marshmallow, manufacture 1266 = 1268 
Mash filter 161 
Mashing 

beer brewing 159 

for distilled beverage spirits 529 
Massaging, meat processing 1567 
Mass transfer 195 1538 1543 
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Masticatory substance 


Materials handling, food plant design 


Mating. See Reproduction. 


Matrix solid-phase dispersion (mspd) techniques, antibiotics in foods 


Maturing agents 
Matzoh 


Maximum tolerated dose (MTD) 


Mayonnaise 
Maytansine 
Mead 


Meals, animal by-product processing 


Meat. See also Meat processing; Meat products; Meat science; Processed meat products 


aging 

Australia 

canning of 

cholesterol in 

color 

connective tissue 
cooking and tenderness 
curing 

electrical stimulation 
fermented products from 
Finland 

flavor 

freezing 

functional foods 

hot boning 

mechanical deboning 


modified atmosphere packaging (MAP) 


muscle 

nutrition 

odor 

phosphates 

protein denaturation 
quality 

sausages 
slaughtering process 
smoking 

South Africa 


848 
948 


56 
852 
133 

1056 
362 

34 

19 

41 
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1600 
369 
1585 
1592 
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Index terms 


Meat (Continued) 
Spain 
spoilage 
storage 
structure 
Taiwan 
tenderness 
texture 
USDA quality grades 
Meat analogues, agglomeration of 
Meat-based snacks 
Meat emulsions 
Meat Industry Research Institute of New Zealand (MIRINZ) 
Meat ligaments 
Meat-meal tankage 
Meat processing 
chopping and emulsifying 
grinding 
injecting 
massaging and tumbling 
mixing 
packaging 
sausage 
smoking 
stuffing 
‘waste management 
Meat products. See also Processed meat products 
acidification 
antioxidants in 
by-products 
cooking-cooling 
curing 
dairy ingredients in 
home meal replacement 
nitrosamines in 
preservation. 
restructured meat products 
seasonings 
smoking 
Standard Industrial Classification 
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2834 
Index terms 


Meat protein 
classification 
immunological analysis 
interaction with milk proteins 
Meat science 
See also Meat processing; Meat products; Processed meat products 
connective tissue 
cooking of meat 
defined 
meat aging 
meat color 
meat quality 
meat storage 
meat tenderness 
muscle structure and function 
muscle to meat 
principles 
Mechanical deboning 
Mechanical refrigeration, in freezers 
Mechanical vapor recompression (MVR) evaporators 
Mechanized freezing tunnels 
“Mechanofusion" 
Medications. See Drugs 
Mediterranean Diet Plan 
Mediterranean-type diet 
Medium-chain triglycerides (MCTs) 
Medlars 
Meitauza 
Meju 
Melanins 
Melatonin 
Meleshin process 
Mellorine 
Membrane filtration 
Membrane separation, milk 
Membrane spread technique 
Membrane technology 
membrane filtration 


reverse osmosis (RO) 
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Index terms 
Membrane technology (Contin 
ultrafiltration 
Menhaden 


Mescaline 


ued) 


Metabolic exhaustion, microorganisms 


Metabolism 

carbohydrates 

cholesterol 

creatine 

creatinine 

fats 

nucleic acids 

proteins 
Metal catalysts, hydrogenation 
Metallized films. 
Metalloporphyrins 
Metal oxide gas sensors 
Metal phosphides 
Metals, as packaging material 
Methionine 
Methocel 
Methoprene 
10-Methoxyibogamine 
Methoxypsoralen 
Methoxysalen 
Methyl bromide 
Methyl cellulose (MC) 
Methylcobalamin 
Methyldeacetylasperuloside 
2-Methylfuran 
Methyl pyrazine 
Methyl pyrroline 
Methylxanthines 


Mevalonic acid 


Mexican-Americans, ethnic food of 


Mexican oregano 
Mezcal 


Mezcal azul 
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Index terms 


Microbacterium 
Microbial contaminants 
Microbial inactivation, nonthermal processes 
Microbial populations, estimation 
Microbial receptor assay (mra) 
Microbiological assay, mycotoxins 
Microbiology 

chilled foods 

dairy products 

dry-cured ham 

of fermentation 

fermented meat products 

fish and shellfish 

foodborne disease 

of foods 

freezing 

gelatin 

hurdle technology 

low-acid and acidified foods 

military food 

modified atmosphere package (MAP) 

pickling vegetables 

poultry 


pulsed light processi 


ig 
rapid methods of analysis 
spices 
spoilage 
thermal processing 
Microcalorimetry 
Micrococcus 
Microcolony direct epifluorescent filter technique (Microcolony-DEFT) 
Microcrystalline cellulose 
Microencapsulation, gelatin 
Microfiltration (MF) 
Micromineral deficiency 
Microminerals 
Micronutrient deficiency disorders 


Micronutrients, minerals 


1361 
1356 
964 
2039 
56 
1691 


344 
1656 
1619 

914 
1617 

763 
1089 
1629 
14 
1187 
1303 
1501 
1649 
1563 
2431 
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Index terms 


Microorganisms 
in fermentation 
foodborne disease 
food deterioration 
in foods 
genetic engineering 
heat resistance 
homeostasis 
metabolic exhaustion 
osmotic stress and osmoregulation in 
solid-state fermentation 
soy food manufacture 
stress reactions 
sulfites and 
water activity and 
wine 
Microscopy, food microstructure 
Microstructure 
atomic force microscopy (AMF) 
dynamic light scattering (DLS) 
electron microscopy 
image analysis 
light microscopy 


Microwave blanching 


Microwave freeze drying (MWFD), military food 


Microwave heating 
Microwave popcorn 
Microwave science 
Middle Eastern ethnic foods 
Mildly corrosive foodstuffs 
Military food 

retort pouch 

U.S. Armed Forces food R&D 
Milk 


See also Dairy products; Milk products 


acidophilus milk 
analysis and testing 
Australia 


biscuits and crackers 


914 
1079 

953 
1629 
1205 
2314 
1304 
1305 
2637 
2166 
2178 
1306 
2219 
2637 
2663 

939 


942 
943 
941 
944 
939 
192 
1645 
1229 
2162 
1635 
446 
429 
1641 
2055 
2363 
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Index terms 


Milk (Continued) 
bulgaricus milk 
buttermilk 
by-products from 
casein digestion 
cheese making 
composition 
cultured milk, therapeutic value 
cultured milk products 
drug residues 
dry milk 
as emulsion 
evaporated milk 
fat. See Milk fat 
Finland 
flavor 
flavor defects 
foodborne disease 


gen 
heated-milk defects 


engineering for 


homogenization 
kefir 
koumiss 
Maillard reaction 
modified 
packaging 
pasteurization 
powder 
processing 
production 
properties 
protein. See Milk protein 
spoilage 
sweet acidophilus milk 
Milk chocolate 
Milk fat 
in butter 
composition. 
desaturated 
functional properties 


916 
542 
1659 
1060 
303 
471 
916 
449 
1359 
540 
602 
661 


1391 
454 
454 

1087 

2673 
345 

1654 
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916 
454 
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Index terms 


Milk fat globule membrane (MFGM) 
Milking machine 
Milking parlor 
Milk powder 
Milk products 
See also Dairy products 
agglomeration 
Finland 
flavor 
whey 
Milk protein 
denaturation 
films from 
functionality 
ice cream 
immunological analysis 
interaction with meat proteins 
in meat products 
Millet 
Milling 
barley 
beer brewing 
com 
for distilled beverage spirits 
rye 
sorghum 
Standard Industrial Classification 
wheat 
Mimosine 
Minerals 
absorption. 
analysis for 
bioavailability 
cancer risk and 
encapsulated 
food utilization and 
functions 
gene expression and 
in livestock feed 


micromineral deficiency 


227 
48 
48 

477 

453 


17 
1391 
454 
2652 
472 
2008 
580 
467 
1334 
1349 
464 
461 
292 


288 
159 
287 
529 
288 
288 
992 
287 
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1663 

871 
1663 

242 

625 
1077 
1664 
1665 
1491 
1662 
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Index terms 


Minerals (Continued) 
as micronutrients 
in tea 
toxicity 
uptake and transport 
Miniaturization, microbiological techniques 
Miracle fruit 
MIRINZ low-temperature-rendering (MLTR) system 
Miso 
Mites, allergenic 
MIU value 
Mixed natural culture fermentation 
Mixed pure culture fermentation 
Mixers, cookie and cracker dough 
Mixing 
hydrogenation and 
meat processing 
Modeling 
functional properties 
thermal processing 
Modified atmosphere (MA) storage 
Modified atmosphere packaging (MAP) 
advantages and disadvantages 
baked goods 
fish 
meat 
microbiological safety of foods 
passive MAP 
pasta 
plant products 
poultry 
Modified food starch 
Modified milk 
Mogroside 
Moist agglomeration 
Moisture 
analysis for 
food deterioration and 


Moisture content 


1660 
2295 
1661 
1663 
2040 
1166 
39 
922 
2031 
40 
914 
914 
187 


1314 
1569 


1666 
2317 
408 
342 
1838 
1837 
1735 
1561 
1838 
1140 
1837 
1837 
1735 
1370 
471 
2245 
14 
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954 
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Index terms Links 
Molasses 184 2243 = 2279 
Mold-modified foods 922 
Mold-ripened cheeses 305 
Molds 

aflatoxins 1080 

defined 1630 

detection 1624 

fermented meat products 1618 

in food 1632 

foodborne disease 1080 

mycotoxins. See Mycotoxins 

preserves and jellies 1152 

spoilage 1028 
Molecular dynamics simulations, biopolymers 1668 
Molecular kinetics, mass transfer and diffusion 1538 
Molecular modeling, functional properties 1666 
Mollusks, foodborne diseases 787 
Monascin 399 
Monascorubramine 398 
Mona: 398 
Monellin 884 
Monitoring 

chilled foods 343 

pesticide residues 1870 2698 
Monoammonium glycyrrhizinate (MAG) 2256 
Monoclonal antibodies 1346 
Monoglycerides 614 1523 
Monosaccharides 262 = 1059 
Monosodium glutamate (MSG) 1370 1864 2080 
Monoterpenoid alkaloids 30 
Monounsaturated fatty acids 9 737 744 «1481 
Monster plant 1164 
Monterey Jack cheese 299 308 309 
Moroccan olives 1759 
Morphine 28 
Most probable numbers (MPN) 1090 
Mozzarella cheese 299 300 301 303 

306 308 309 382) 
333 
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Muenster cheese 


Mulberries 

Mullet 

Multidimensional scaling (MDS), sensory analysis 

Multiple regression analysis (MRA), sensory analysis 
Multiple-stage dryers 

Multistage band dryer 

Multitier freezer 

Multivariate analysis (MVA) 

Multivariate analysis of variance (MANOVA), sensory analysis 


Murexine 


Muscaridine 


Muscarine 


Muscimol 


Muscle 
biochemical character of 
cell structure 
energy supply 
fish 
glycolysis in 
meat 
modified atmosphere packaging (MAP) 
scavenging of oxygen 
Mushrooms 
cultivation 
dehydration 
nucleotides in 
processing 
solid-state fermentation and 
toxicants in 
Muslim dietary laws 
Mussels, foodborne disease 
Must 
Mustard oil 
Mustard seed 


1584 
1724 
1585 
1587 
1724 
1588 
1585 
1564 
1562 


1673 
2404 
1725 
1678 
2169 
2338 
1682 
1534 
2663 

723 
2200 


This page has been reformatted by Knovel to provide easier navigation. 


2078 


1671 


1726 


1725 


Index terms 


Mycotoxins 


analysis 
in food supply 
natural 
regulatory control 
Myoglobin 
Myrcene 
Myristicin 
Mysost 


N 
Nanofiltration (NF) 
Narciclasine 
Narciprimine 
Naringin 
Naseberry 
Nasogastric tube feeding, enteral formulas and feeding systems 
Natamycin 
National Research Council (NRC) 
National Shellfish Sanitation Program (NSSP) 
National Soft Drink Association (NSDA) 
Native Americans, ethnic foods of 
Native flat breads 
Natto 
Natural casings 
Natural circulation evaporators 
Natural contaminants, immunological analysis 
Natural extractives, spices 
Natural foods 
Natural language processing 
Natural sweetener 
Natural toxicants 
See also Mycotoxins 
Nectarines, dehydration 
Nematodes 
Neobetanidin 
Neohesperidin dihydrochalcone (DHC) 
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1167 
633 
69 
1010 
797 
175 
443 
139 
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579 
666 
1352 
2191 
2439 
120 


This page has been reformatted by Knovel to provide easier navigation. 


2843 


Links 
1028 1051 1352 
1698 2343 
1616 
159 
1628 1656 
21752181 


1051 1352 2336 


2245 2254 «=2256 


2844 
Index terms 


Neoxanthin 
Nervous system, offish 
Net-pens, aquaculture 
Neural networks 
Neurosporene 
Neurotoxic shellfish poisoning 
Neurotransmitters, eating and 
New Age products 
New England boiled dinner 
New Zealand 
electrical stimulation of meat 
food industry 
New Zealand Dairy Research Institute (NZDRI) 
New Zealand Institute for Crop and Food Research Ltd. (Crop & Food) 
New Zealand Pastoral Agriculture Research Institute Ltd. (AgResearch) 
Niacin 
Niacin deficiency 
Nicholas Appert Award (IFT) 
Nickel alloys 
Nickel catalysts, hydrogenation 
Nickel sulfur catalysts, hydrogenation 
Nicotinamide 
Nicotine 
Nicotinic acid 
Nicotinyl alcohol 
Nisin 
Nitidine 
Nitrites, as antimicrobial in foods 
Nitrogen, as fumigant 
Nitrosamines 
Nitrosation 
NIZO method 
Nonagitated batch (in-container) heating 
Noncarbonated beverages 
Noncorrosive foodstuffs 
Nondairy frozen desserts 
Nondestructive quality evaluation, food crops 


Nonfat ice cream 
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Index terms Links 
Non-insulin-dependent diabetes (NIDDM) 8 
Nonionic emulsifiers 614 
Nonmeat protein additives, immunological analysis 1348 
Nonnutritive sweeteners 848 859 2245 
acesulfame-K 859 2245 2248 = 2252 
2255 
alitame 860 2245 2248 2254 
2255 
aspartame 836 850 860 = 1344 
2245 2248 2251 2255 
cost 2247 
cyclamates 860 2245 2248 2250 
2255 
erythritol 2212 ©2244 «= 2260 
fructooligosaccharide sweetener (FO sweetener) 2258 2259 
glycyrrhizin 2245 =. 2256 
isomalt 2210 2258 +=. 2259 
lactitol 1461 2210 2244 «82258 
Lo Han Kuo sweetener 2245 2257 
maltitol 2257 
neohesperidin dihydrochalcone (DHC) 860 2245 2254 2256 
new developments in 2260 
saccharin 860 2245 2248 2249 
2255 
safety 2246 
solubility 2247 
stability 2247 
stevia sweeteners 860 2245 2255 
sucralose 860 2245 2248 = 2253 
2255 
taste 2245 
thaumatin 860 884 2245 = 2256 
2257 
Nonthermal preservation 126 
No observed adverse effect level (NOAEL) 1049 
No observed effect level (NOEL) 1049 
Norbixin, 385 387 
Norepinephrine 32 
8-Nor-8-hydroxyriboflavin 2524 
Nori 2102 
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Northern anchovy 
Northern Ireland 
Norwalk virus 
Norway lobster 
Nosema disease 
Nuclear magnetic resonance (NMR) 
Nucleic acid polymers, structure 
Nucleic acids 
metabolism 
optical properties 
properties 
structure 
Nucleosidase 
Nucleotidase 
Nucleotides 
Numerical models, thermal processing 
Nutmeg 
Nutraceuticals 
Nutra-Sweet” 
Nutrient depletion, appetite and 
Nutrients 
aquaculture 
blanching and 
of breakfast cereals 
cancer risk and 
cereal grains 
livestock production 
Nutrient supplement 
Nutrition 
alcohol, effect on 
breakfast cereals 
butter 
carotenoids 
cultured milk products 
dietary fiber 
drying 
ethnic foods 
fat replacers 


fats and oils 


814 
1399 
1088 
1496 

150 

869 
1720 


1077 
1722 
1726 
1720 
1061 
1061 
1717 
2317 
2200 
178 
2251 
90 
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193 
207 
240 
287 

46 
848 


23 
206 
221 

1910 
451 
755 
496 
442 
748 
744 
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Nutrition (Continued) 
food processing and 
frying oil 
gelatin 
hazelnuts 
infant foods 
lecithin 
lipids 
livestock feeds 
meat 
military food 
milk 
nuts and peanuts 
olives 
palm oil 
peptides. 
pickling vegetables 


quality assurance 


spic 
surimi 
U.S. Department of Agriculture 
Vaccinium spp., berries 
wheat 
whey 
Nutritional labeling 
Nutritional status, global 
Nutrition Labeling and Education Act of 1990 (NLEA) 
Nutrition-related diseases 
Nutritive sweeteners 
Nuts 
almonds 
Brazil nuts 
cashews 
diet 
freezing 
hazelnuts 
health and 
macadamia nuts 
nutrition 


peanuts 


969 
1171 
1186 
2683 
1368 
1465 
1479 
1485 
1599 
1647 
1653 
2678 
1757 
1843 
1864 
2431 
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Index terms 


Nuts (Continued) 
pecans 
pine nuts 
pistachio nuts 
as snack foods 
spoilage 
walnuts 


Oo 
Oatrim 
Oats 
composition 
hot breakfast cereals 
nutrient composition 
nutritional analysis 
physical properties 
processing 
production statistics 
rancidity 
structure 
Obesity 
Ocean perch 
Ochratoxins 
Octopus ink, as colorant 
Ocumo 
Odors 
aromatherapy 
blanching and 
meat 
sexual arousal and 
Offals 
Official Methods of Analysis of AOAC International 
Ohmic heating 
Oil extraction, canola 
Oil-in-water emulsion 
Oils. See Fats and oils 
Oil of sassafras 
Oilseed proteins, films from 
Oilseeds 


2685 
2687 
2687 
2163 
1027 
2626 


750 


287 
205 


296 


290 
656 
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291 


91 


1702 


979 


1745 


271 


2349 


1746 


2350 
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Index terms 


Okadaic acids 
Olean 
Oleomargarine 

See also Margarine 
Oleoresin paprika 
Oleoresins 
Oleo stock 
Olestra 
Oleuropein 
Olfactory function, sexual arousal and 
Olfactory synesthesia 
Oligosaccharides 


Olive oil 


Olives 

Olive tree 

Omega-3 fatty acids 
Omega-6 fatty acids 
Omelets, prepared 

Omnispec 

Onions 

On-line computer control 
Oolong tea 

Opium 

Opium alkaloids 

Optical rotatory dispersion (ORD), protein structure 
Optimization methods 
Optimizing decision maker 
Orange juice, color 

Oranges 

Order of reaction 

Oregano 

Organic acids, as antimicrobial in foods 
Organic farming 

Organic foods 
Organophosphate insecticides 
Original gravity 


Omnithine-derived alkaloids 


1534 
750 


1522 


280 
2192 
41 
730 
R 
81 
81 
265 
10 
1751 
1755 
1756 
744 
1482 
598 
2040 
7 
2319 
2300 


2425 
2439 
1212 
171 
26 


This page has been reformatted by Knovel to provide easier navigation. 


Links 


2201 


850 


269 
734 
1759 
1757 
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1335 


1746 


1765 


2849 


1341 


1747 


2850 


Index terms Links 
Orthophosphates, cheese processing with 309 
Osmoregulation, microorganisms 2637 
Osmotic stress, microorganisms 2637 
Osteoporosis 1789 
Ostrich 1952 1953 
Ovens, cookie and cracker dough 188 
Oven spring 137 
Ovotransferrin, 70 
Oxidases, enzyme assay 640 
Oxidation 1796 
catechin 2295 
dairy products 222 
enzyme-catalyzed 1798 
fats and oils 5 728 731 
fatty acids 1076 
fruits and vegetables 212 
lipids 880 1030 15981796 
1796 
1797 
vitamins 1799 
Oxi ng agent 848 
Oxidoreductase, in marine animals 1526 
Oxoaporphines 28 
Oxygen 
aquaculture 105 115 116 
food deterioration and 954 956 
Oxyrase 2042 
Oysters 
foodborne disease 1083, 10881534 
food processing 2150 
Ozone 103 1801 
P 
Pacific cod 816 
Pacific halibut 819 
Pacific herring 822 
Pacific ocean perch 824 
Pacific salmon, 826 
Pacific tomcod 818 
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Packaged distillation systems 

Packaging 
acidified food 
almonds 
aseptic 
beer 
biscuits and crackers 
of breakfast cereals 
chilled foods 
coffee 
controlled atmosphere packaging (CAP) 
dairy products 
dehydrated vegetables 
dehydration 
distilled beverage spirits 
enteral products 
Finland 
fish and shellfish products 
food-package interactions 
food plant design 
frozen foods 
functions 
for high-pressure treatment 
information technology and 
instant coffee 
labeling. See Labeling 
low-acid and acidified foods 
materials. See Packaging materials 
meat 
milk 
modified atmosphere packaging (MAP) 
mushrooms 
Muslim dietary laws and 
noncarbonated beverages 
potatoes 
poultry 
pulsed light processing 
regulations 
retort pouch 


sausage 


515 
966 
1508 
2682 
126 
166 
189 
207 
341 
358 
1561 
1656 
2402 
1146 
519 
639 
1392 
797 
1809 
947 
2046 
1807 
1281 
1810 
360 


1507 


1573 
1656 

342 
1680 
1683 

179 
1935 
1960 
2026 
1810 
2055 
2071 
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Packaging (Continued) 
snack foods 
vegetables 
vitamin C and 
waste disposal and 
Packaging materials 
dehydrated vegetables 
modified atmosphere packaging (MAP) 
retort pouch 
Packings, distillation column 
Paddy straw mushrooms 
Pahutoxin 
Palatibility, appetite and 
Palea 
Palletizing, frozen foods 
Palm kernel oil 
Palm oil 
Pancakes, prepared 
Pandemic 
Pantolatone 
Pantothenic acid 
Pantothenic acid deficiency 
Papaverine 
Papayas 
Paper, as packaging material 
Paperboard, as packaging material 
Paprika 
Paprika oleoresin 
Paraflash 
Paraflow 
Parahydroxybenzoic acid esters (parabens), as antimicrobial in foods 
Paralytic shellfish poisoning 
Parasitic organisms 
Paravap 
Paraventricular nucleus, eating and 
Parevine 


Parmesan cheese 


2164 
2411 
2456 
1810 
1824 
2402 
1561 
2056 
514 
1677 
32 
91 
292 
2040 
1746 
1746 
598 
1079 
2498 
2443 
2502 
28 
1166 
1825 
1825 
385 
385 
680 
1237 
66 
1051 
150 
679 
89 
1340 
300 
332 
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303 
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1751 
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306 
917 


1839 


2200 


309 


2853 


Index terms Links 
Parsley 2200 
Partial least squares regression (PLS), sensory analysis 2142 
Particle-concentration immunoassay (PCIA) 57 
Particulate food products 129 1109-1270 
Partridge 1955 
Paselli D-Lite 750 
Passion fruit 1166 
Passive modified atmosphere packaging 1140 
Passover, kosher foods 1450 1453 
Pasta 705 998 1837 
Pasteurization 955 970 1633 2305 
butter 627 
canned meat 1580 
chilled foods 339 
energy usage 627 
ice cream and frozen desserts 1337 
liquid eggs 596 
low-acid and acidified foods 1506 
microwave processing 1640 
milk 454 656 1655 
processes 2312 
soy foods 2177 
Pasteurized blended cheese 308 
Pasteurized in-pack (IPP) 339 
Pasteurized process cheese 308 
Pasteurized process cheese food 308 
Pasteurized process cheese spread 308 
Pastries 143 
Paté de choux 143 
Patents 1852 
Pathogens. See Foodbome disease 
Peaches 1147 1160 
Peanut butter 1271 2680 
Peanut flour 2680 
Peanut oil 1746 «1747 1751 ~—- 2680 
Peanuts 2677 
Pears 1147 1161 
Pecans 2685 
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Pectate 
Pectic acid 
Pectic substances 
Pectin 
binding properties 
films of 
food applications 
preserves and jellies 
structure 
Pectinase 
Pectinate 
Pectin gel, pH 
Pectinic acid 
Pediatrics, enteral feeding 
Pediococcus 
Pehtze 
Pellagra 
Pelletierine 
Pemmican 
Penetrometer, for cheese studies 
Penicillium expansum 
Penicillium verrucosum 
2-Pentanone 
Pepper 
Pepperoni, fermented 
Peppers 
dehydration 
Scoville heat units 
Pepsi-Cola 
Pepsi-Cola Co. 
Pepsin, in marine animals 
Peptidase, enzyme assay 
Peptides 
Perceptual salience 
Peroxidase 
blanching and 
enzyme assay 
in marine animals 


385 
319 
1702 
1702 
837 
2200 
921 


2404 
2198 
174 
175 
1527 
648 
1862 
91 
7 
194 
650 
1526 
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Index terms 


Peroxidation, lipoxygenase-catalyzed 
Peroxides 
Peroxyacetic acid, as disinfectant 
Persimmons 
Pervaporation 
Pesticides 
classification 
in foods 
immunological analysis 
postharvest integrated pest management 
regulation 
residues 
use 
Pests 
food deterioration and 
in foods 
food spoilage 
fumigants 
grain protectants 
integrated pest management (IPM) 
mites 
Petasitenine 
Pet food 
Petrale sole 
Petrifilm system 
Peyote 
Pfizer Pharmaceutical Co., nonnutritive sweeteners 
pH 
control 
determination 
food deterioration 
of foods 
gelatin 
indicators 
in nonaqueous solvents 
process control and 
temperature effects 
Phallotoxins 


Pharmaceuticals, amino acids 


1798 
78 
505 
1161 
1627 
885 
1868 
1868 
1357 
2690 
1869 
1870 
1868 


954 
757 
1032 
1172 
1212 
2690 
2031 
2340 
42 
820 
2038 
28 
2260 
1308 
34 
1308 
957 
1501 
1187 
1313 
1313 
1313 
1312 
32 
1991 
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Pheasant 
Phenolic compounds 
analysis 
as antimicrobial 
as antioxidants 
biological and chemical activities 
biosynthesis 
cancer and 
cardiovascular disease and 
commercial applications 
food processing 
in fruits and vegetables 
oligomeric 
phytochemicals 
structure 
in wine 
Phenols, as disinfectants 
Phenylalanine-derived alkaloids 
#-Phenylethylamine 
Phenylphenols, as disinfectants 
Pheophorbide 
Pheophytin 
Pheromones 
Philippines, ethnic foods of 
pH meter 
Phosphatase 
Phosphates 
Phosphatides 
Phosphocreatine 
Phosphofructokinase (PFK), in marine animals 
Phospholipids. 
Phosphostigmine 
Photobacterium 
Photosensitized oxidation 
Photosynthesis 
Photosynthetic bacteria, carotenoids and 
Phototaxis 
Phototropism 
Phthalideisoquinolines 


1955 
1872 
1874 
71 
67 
1878 
1874 
1898 
1899 
1879 
1876 
1875 
1923 
1901 
1872 
1927 
502 
27 
32 
505 
391 
391 
82 
448 
1312 
640 
68 
737 
1062 
1527 
724 
29 
1632 
1796 
1886 
280 
281 
281 
28 
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1878 
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505 


392 
392 


1313 
1061 
1881 


1462 


1929 


1189 


Index terms 


Phycobilins 
Phycocyanins 
Phycocyanobilin 
Phycoerythrins 
Phycoerythrobilin 
Physical preservation 
Phytic acid 
Phytochemicals 
antioxidants 
cancer and 
cardiovascular disease and 
carotenoids 
lipoic acid 
melatonin 
phenolic 
plant toxins in foods 
Vaccinium spp. 
in wine 
Phytoene 
Phytofluene 
Phytol 
Phytolaccatoxin 


Phytoplankton, oxygen production by 


Pickling agent 

Pickling vegetables 
cabbage 
cucumbers 
fermentation 
kimehi 
microbiology 
nitrosamines, 
nutrition 
safety 
sauerkraut 
shelf life 
starter culture 
storage 

Pie crust 


Pies 
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2427 
2428 
2429 


2430 


2610 


742 


1909 


2430 


2857 


2858 
Index terms 


Pigeons 

Pigments, carotenoids 

Pigs 
breeds 
livestock production 
reproduction. 
slaughtering process 

Pilocarpine 

Pimaricin 

Pineapple 

Pineapple guava 

Pinene 

Pine nuts 

Pink salmon 

Pipeline 

Pisco brandy 

Pistachio nuts 

Pita bread 

Pitting corrosion 

Pizza dough 

Plantains 

Plant assays, mycotoxins 

Plants 
anthocyanins in 
aquaculture 
chlorophylls 
flavor catalysts 
functional foods 
history of foods 


International Plant Protection Convention (IPPC) 


photosynthesis 


phytochemicals. See Phytochemicals 


plant toxins in foods 
protein denaturation 
toxic compounds 
transgenic 

Plasma lipids 

Plastic, as packaging material 


Plate evaporators 


1951 


1194 
1177 
1282 
1007 
1886 


2236 
2009 
1051 
1211 

270 
1826 

679 
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1009 


686 


2339 


Index terms 


Plate film evaporators 

Plate freezers 

Plate heat exchangers 
aseptic processing 
Paraflow 

Plauson mill 

Plesiomonas shigelloides 

Plums 


Pneumatic dryers 


Pneumatic nozzles 
Pocket bread 
Pokeberries 
Pokeweed 
Polio virus 
Polishing agents 
Pollen 
Pollen trap 
Pollination, honeybees. 
Pollock 
Pollution-control devices, dryers 
Polstyrene, as packaging material 
POLTOX 
Polyelonal antibodies 
Polycyclic alkaloids 
Polycyclic aromatic hydrocarbons 
Polydextrose 
Polyesters 
Polyethylene, as packaging material 
Polyethylene terephthalate (PET), as packaging material 
Polyglycerol esters 
Polyhydric compounds, esters of 
Polymerase chain reaction (PCR) 
Polymeric phenols 
Polyols 
Polyphenol oxidase (PPO) 
blanching and 
browning of fruits and vegetables 
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1798 


550 


2859 


555 
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Index terms 


Polyphenol oxidase (PPO) (Continued) 
enzyme assay 
Polyphenols 
fruits and vegetables 
in tea 
Polyphosphates, as antimicrobials 
Polypropylene, as packaging material 
Polysaccharide films 
Polysaccharide gums 
Polysaccharides 
Polysorbate 
Polyunsaturated fatty acids 
Polyvinyl chloride (PVC), as packaging material 
Polyvinylidene chloride (PVDC), as packaging material 
Pomegranates 
Pomelos 
Ponds 
aquaculture 
eel culture 
seaweed aquaculture 
Pop 
See also Carbonated beverages 
Popcorn 
Popped pork skins 
Porcinesomatotropin (PST) 
Pork 
cuts of 
freezing 
hot boning 
slaughtering process 
Taiwan 
Porphyra, aquaculture 
Porphyria, vitamin A and 
Portuguese brandy 
Postdrying 
Postharvest integrated pest management 
Postum Cereal Company 
Potassium acid tartrate 


Potassium bicarbonate, as leavening agent 
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Index terms Links 
Potassium bisulfite, as antimicrobial in foods 67 
Potassium metabisulfite, as antimicrobial in foods 67 
Potassium nitrite, as antimicrobial in foods 66 
Potassium sulfite, as antimicrobial in foods 67 
Potato chips 2159 = 2164 
Potatoes 1933 

dehydration 2403 
elite basil for postharvest preservation 1907 
freezing 2048 
poisoning by 2342 
processing 1934 
spoilage 1027 
Potato granules, agglomeration 17 
Potentiometric biosensors 2107 
Pouches 968 
Poultry 1941 
Australia 1379 
chicken 1943 1964 
consumption 466 
consumption statistics 1942 
contamination 1957 
ducks 1949 1964 
flavor 1937 
freezing 1130 
game birds 1955 1964 
genetic engineering 2674 
goose 1950 
history 1941 
livestock feed 1488 
microbiology 1957 
modified atmosphere packaging (MAP) 1735 
packaging 1960 
pathogens in 1958 
processing 629-1963 
ratites 1952 
slaughtering process 1613 1965 
squab 1951 
Taiwan 1418 
turkey 1946 1964 
Poultry bologna 466 
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Poultry meal 
Poultry processing, waste management 
Poultry products 
Poultry rolls 
Powdered cellulose 
Powders 

cohesiveness 

enteral feeding formula 
Powdery scale disease 
PPP factors 
Practical freezing time 
Prawns 

See also Shrimp 


Precious mete 


‘atalysts, hydrogenation 
Precipitin techniques 
Precooling, fruits and vegetables 
Predrying 
Prefreezing 
Pregelatinized starch 
Preheaters 
Prehumulone 
Prepared foods, egg products 
Preservatives 

See also Food preservation 

in poultry 

in soft drinks 
Preserved food, Taiwan. 
Preserves and jellies 
Pressure, hydrogenation and 
Pressure agglomeration 
Pressure nozzles 
Presterilization 
Pretzels 
Prickly pears 
Primafresh 
Principal component analysis (PCA) 
Printing ink, canola oil-based 


Prions 


41 
2606 
1959 
466 
2214 


2624 
638 
150 

2045 

1117 

2154 


1318 
1348 
905 
1145 
1116 
2206 
51S 
158 
597 
857 
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1125 
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957 


1149 


129 
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Index terms Links 
Proanthocyanidins 72-2285 
Proaporphines 28 
Process cheese 308 332 917 1973 
Process cheese analogue 311 1985 
Process cheese food 308 918 
Process cheese spread 308 918 
Process control 

computers in 405 
expert system for 121 
machine vision systems (MVS) 1511 
pH and 1313 
Process design, canning 245 
Process development, computers in 404 


Processed cheese. See Process cheese 


Processed cheese analogues 1981 
Processed food, food safety 967 
Processed meat products 460 


See also Meat products 


additives 853 
fermentation 1614 
restructured meat products 1577 
sausage 921 2069 
technology 1567 
Process engineering, optimization methods 1779 =-.2319 
Processing aid 848 
Processing plants 968 
cleaning-in-place (CIP) 351 
design and construction 946 
energy usage in 627 


Processing waste 


solid-state fermentation 2168 

‘waste management 2601 
Process lethality 2315 
Process optimization 1779-2319 
Process piping, food plant design 949 
Procrustes analysis, sensory analysis 2142 
Proctor & Gamble Co., nonnutritive sweeteners 2260 
Procyanidin B 1923 


Produce. See Fruits; Vegetables 
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Product development 
Product-to-product heat exchangers, aseptic processing 
Pro-long 

Promoted catalysts, hydrogenation 
Promotion 

Prontosil red 

Proof gallon 

Propellant 

Propionates, as antimicrobial in foods 
Propionibacterium 

Propionibacterium shermanii 

Propionic acid, as antimicrobial in foods 
ProPlus 

Propolis 

Propylene glycol alginate (PGA) 

Propyl gallate 

Proteases 

Protectants, grain 

Protein-based fat substitutes, in ice cream and frozen dessert 
Protein-energy malnutrition (PEM) 
Protein feed, in livestock feed 

Protein films 

Protein paste, krill 


Prote: 


absorption 

amino acids 

analysis for 

cancer risk and 
degradation 
denaturation 

dietary 

digestion 

folding 

fortification of 
functionality 

genetic engineering 
hydrophobicity in food protein systems 
lipids, interaction with 


livestock nutrition 
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Proteins (Continued) 
metabolism 
in military food 
in milk 


oxidation in 

in processing 

stabilization 

structure 

structure-function relationship 

in surimi 

synthesis 

tannin, interaction with 

texturization 

water, interaction with 

in wheat flour 
Protoalkaloids 
Protoberberines 
Protocatechuic acid 
Protopectin 
Protopines 
Protoplast fusion 
Protoveratrine 
Protozoa, foodborne disease 
Provitamin 


Provolone cheese 


Prunes 

Pseudoalkaloids 
Pseudomonas 
Pseudomonas putrefaciens 
Pseudopelletierine 
Psilocybine 

Psoralens 

Psychrometrics 

Ptyalin 

Puerto Rican rum 

Puerto Rico, ethnic food of 
Puffed cereals 


1070 
1647 
461 
1653 
1797 
881 
2010 
882 
2022 
2237 
1070 
2288 
708 
2021 
2643 
26 
28 
1 
1861 
28 
1192 
30 
1088 
2564 
301 
309 
1148 
26 
345 
764 
27 
29 
nR 
480 
1059 
528 
445 
204 
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2014 
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Pufferfish poisoning 
Puff pastry 
Pulasans 
Pullulanase 
Pulmonary disease, enteral feeding for 
Pulque 
Pulsed electric field (PEF) 
Pulsed light processing 
Pummelos 
Pumps 

distillation system 

enteral feeding 
Puncture test, for cheese studies 
Pungency 
PureBright light 


Purge and trap apparatu 
alkaloids 


flavor chemistry 


Purins 
Purines 
Purple larve 
Purpurinidin fructo-glucoside 
Pyacyanase 
Pyrazines, in foods 
Pyrethrins 
Pyridoxine 

See also Vitamin B6 
Pyrroles, in foods 
Pyrrolizidine alkaloids 


Q 

Quail 

Quality assurance 
foodservice systems 
food transport 
margarine 
military food 
preserves and jellies 

Quality control 
beer brewing 
chilled foods 


2025 
1154 


515 


836 
2025 


2102 
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Index terms Links 


Quality control (Continued) 


computers in 405 
dehydrated vegetables 2403 
machine vision systems (MVS) 1511 
South Africa 1409 
Quality management 2033 
Quantitative descriptive analysis (QDA) 2133 
Quantitative precipitin techniques 1348 
Quantitative sensory profiling (QSP) 2133 
Quarg cheese 302 
Quaternary ammonium compounds (QACs) 
as disinfectants 503 506 
as emulsifiers 619 
Queen bees 149 
Quenching fluoroimmunoassay (FIA) 57 
Quercetin 1928 
Queso fresco 301 
Quiescently frozen dairy confections 1333 1340 
Quik Pik 767 
Quinces 1154 1161 
30 
Quinine 30 
Quinones 209 
R 
RABIT (Rapid Automated Bacterial Impedance Technique) 2040 
Raceways, aquaculture 101 113 
Radiation. See Food irradiation 
Radiation heat transfer 1277 
Radioimmunoassay (RIA) 57. 1093. 1347-1357 
1689 = 1690 
Radiometry 1091 
Raffinose 1344 
Raftiline 751 
Rainbow smelt 830 
Rainbow trout 828 
Raisins 1148-1162 
Raloxifene 1793 
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Rambutans 
Rancidity 

butter 

fish 

oats 
Rapeseed 
Rapeseed oil 


Rapid controlled atmosphere (CA) 


Rapid methods of microbiological analysis 


Ratites 
Rauwolfia alkaloids 
Reaction mechanism 


Reaction rate 


Reactive oxygen species, control of 


Ready-to-drink (RTD) tea 


Ready-to-eat (RTE) breakfast cereals 


Real extract 
Rebaudioside A 


Reboiler, distillation system 


Recombinant DNA technology 


Reconditioning 
Rectification 

Red claw crayfish 
Red extract algae 
Redfish 

Red hake 

Redigel system 

Red king crab 

Red mold poisoning 
Red mullet 

Red pepper 

Red surimi 

Red swamp crayfish 
Reduced-fat butter 
Reduced fat products 
Reducing agents 


Redundancy, aquaculture 
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Red wine 
Reference buffer solutions 
Reference dose (RfD) 
Reference electrodes 
Refined olive oil 
Refined sugar 
Refining, canola 
Refrigerant cycle evaporators 
Refrigerated transport 
Refrigeration 
absorption refrigeration cycle 
fish and shellfish products 
in freezers 
history 
meat 
principles 
vapor compression cycle 
Rehydration 
Relaxation, in cheese 
Reldan 
Release agents 
Renal disease, enteral feeding for 
Renal system, fish 
Rendering 
Rennet 
Rennet cheeses 
Rennin 
Reproduction 
aquaculture 
fish 
honeybees 
livestock production 
Republic of Ireland 
Research and Development (IFT) 
Reserpine 
Resin films 
Resins 


Respiratory chain 
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Respiratory system, of fish 
Response surface methodology (RSM), sensory analysis 
Restructured meat products 
Retinal 
Retinol 
Retort pouch 
Retort processing 
Retrogradation 
Reuse systems, aquaculture 
Reverse osmosis (RO) 
Reversible compression, military food 
Rhamnosidase 
Rhea 
Rheology 

of cheese 

extrusion 

fluid foods 

gums 

liquids 

solid foods 
Rhodamine 
Riboflavin 

See also Vitamin B2 
Riboflavin-5'-adenosine diphosphate 
Riboflavin-5'-phosphate 
Ribonuclease 
RiboPrinter characterization system 
Rice 

Australia 

classification 

composition 

milling 

nutritional analysis 

physical properties 

production statistics 

structure 

texture 
Rice wine 
Rickets 


805 
2142 
1577 

279 

277 
2055 
2307 
2206 

102 
1627 
1644 
1190 
1952 
2062 

315 

710 
2063 
1216 
2324 
2065 
1347 

403 


2524 
2522 
1061 
2041 
291 
1380 
297 
287 
288 
296 
292 
290 
293 
2620 
920 
1301 
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Index terms 


Ricotta cheese 
Rideal-Walker method 
Ripened cheeses 
Ripening 
cheeses 
fruits and vegetables 
Rising-falling film plate evaporator 
Rising-falling film tube evaporator 
Rising film evaporators 
Risk analysis, quality assurance 
Risk assessment 
chilled foods 
toxicology 
Risk characterization 
Risk management, food safety 
RNA, structure 
Roasted eels 
Roasting, coffee 
Robotics 
Robusta coffee 
Roche synthesis 
Rocket immunoelectrophoresis 
Rockfish 
Rock sole 
Roe 
Roller dryers 
Romano cheese 
Root beer 
Root cellars 


Roquefort cheese 


Rosanthin 

Rose apples 

Rosehips 

Rosemary 
Roseoflavin 
Rosmarinic acid (RA) 
Rotary dryers 


2655 
506 
299 


303 
652 
679 
677 
676 
2032 


346 
1053 
1055 
1012 
1721 

591 

355 

119 

354 

280 
1348 

824 

821 

821 

493 

303 

173 

179 

305 

918 

280 
1167 
1162 
2200 
2524 
1903 

489 
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2353 
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1723 
357 357 


1457 
355 


306 308 309 
174 


309 458 917 


491 543 548 


2872 
Index terms 


Rotary molders, cookie and cracker dough 187 
Rout presses, cookie and cracker dough 188 
Royal jelly 151 
Rubber, corrosion 435 
Rubropunctamine 398 
Rubropunctatin 398 
Ruh 171 
Rum 523 
Rumen 47 
Runner peanuts 2678 
Russian cheese 329 
Rye 292 
composition 287 
mashing 529 
milling 288 
nutritional analysis 296 
physical properties 292 
production statistics 290 
Rye whisky 525 
Ss 
SA2 750 
Saccharin 860 
2255 
Saccharomyces carlsbergensis 159 
Saccharomyces cerevisiae 159 
Safety. See Food safety; Worker safety 
Safflor red 390 
Safflor Yellow 391 
Safflower oil, flavor 734 
Saffron 388 
Safrole 2338 
Sage 71 
Saito effect 390 
Sake 920 
Salad dressing 363 
Salad dressings, additives 853 
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163 
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2200 


2200 


602 


538 


2248 


531 


920 


2249 


Index terms 


Salad oil 
See also Fats and oils 
Salami 
Salatrim 
Salicilanilides, as disinfectant 
Salivary amylase 
Salmon 
Salmonella 
chilled foods 
detection 
in fermented meat products 
in food 
foodborne disease 
in poultry 
Salmonella 1-2 test 
Salmonella enteritidis 
Salmonella typhimurium 
Salt 
bi 
in infant food 


its and crackers 


as preservative 
in sausage 
Salted fish 


Saltines 


Salt-preserved vegetables, nitrosamines 


Salty taste 
Sample preparation 
Sampling 


Samuel Gate Prescott Award (IFT) 


Sandwich ELISA 


Sanguinarine 


Sanitary Code for Bottling Plants 


Sanitation 
See also Disinfection 
food surfaces 
in poultry processing plant 
product storage and 
scallops 


shrimp 
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Index terms 


Sanitizing agents. See also Disinfectants 


corrosion by 
Santols 
Sapodillas 
Sapote agrio 
Sarcocystis 
Sardines 
Satiety 
Satsuma orange 
Saturated fats, in meat 


Saturated fatty acids 


Sauerkraut 


Sausage 


Sausage casings 
Savory 


Saxitoxin 


Scald 

Scallops 

Scampi 

Scandoside methylester 
School lunch 
"SCHUGI" mixer 
Scombroid poisoning 
Scombrotoxin 
Scopolamine 

Scotch eggs 

Scotch whisky 


Scoville heat units 


Scrambled eggs, prepared foods 
Scraped-surface heat exchangers (SSHE) 


Scrapie 
Scurvy 
Seafood 


See also Crabs and crab processing; Lobster; Scallops; Shellfish; Shrimp 


Australia 


1155 
1600 


9 
1481 


920 
921 
2069 
36 
2200 
30 
1536 


409 
1534 
1496 

397 
1100 

14 
1051 
1534 
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1614 
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1534 


Index terms 


Seafood (Continued) 
classifying by flavor and texture 
cured and dried 
dairy ingredients in 
flavors 
foodborne disease 
food poisoning 
freezing 
freshness 
irradiation 
microbiology 


nitrosamines in 


processing 
sensory analysis 
spoilage 
Standard Industrial Classification 
total utilization 
Sea scallops 
Seasonings 
Seaweed aquaculture 
Secologanin 
Second law of thermodynamics 
Second-order reaction 
Sectioned and formed meat products 
Securinine 
Seed oils 
Seerfish 
Selective corrosion 
Selectivity, hydrogenation 
Self-heating rations 
Self-pollution 
Self-rising flour 
Semirigid containers 
Semisoft ripened cheese 
Semi-tropical fruits 
Semolina 
Semolina flour 
Semperfresh 
Senecio alkaloids 


2083 
794 
467 

2071 
769 
770 

1129 

2095 
768 
763 

1713 
786 
786 
763 
997 
788 

2152 

2201 

2100 

30 

2331 
982 
464 

29 
723 
831 
427 

1313 

1651 

99 

2649 
968 
917 

1154 
287 

2651 
582 

2h 
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2875 


2095 


2876 
Index terms 


Senecionine 


Senescence, fruits and vegetables 


Sensor fusion 

Sensory analysis 
evaluation 
experimental design 
hedonics. 


of military food 


perceived intensity, measurement 


principles 


product optimization. 


seafood 


standardization and instrumentation 


statistics 


Separation, milk 


Separators, evaporators. 


Sequesterant 
Sequestering agents 
Serotinine 
Serotonin 

Sexual arousal 
Shaddock 


Sham-feeding 


Shanghai Institute of Organic Chemistry, nonnutritive sweeteners 


Shanzhiside 
Shark liver poison 
Sharp freezer 
Shear (theology) 


Shear viscosity, extrusion 


Sheep 
breeds 
"Dolly" 


electrical stimulation of meat 


livestock feed 
livestock production 
reproduction 
slaughtering process 


transgenic 


1154 


2260 


1537 
1119 
316 
711 


46 
1210 
1550 
1490 
44 
45 
47 
1210 
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2095 


Index terms 


Shelf life 
enteral products 
freezing and 
kinetics 
MAP fresh-cut produce 
military food 
moisture-sensitive packaged foods 
oxygen-sensitive foods 
pickling vegetables 
water activity as indicator 
Shelf-life dating, frozen foods 
Shelf-life testing, chilled foods 
Shellac, as colorant 
Shellac coatings 
Shellac resin 
Shellfish 
See also Fish and shellfish produ 
foodborne disease 
freezing 
marine enzymes 
marine toxins 
microbiology 
spoilage 
Standard Industrial Classification 
viral diseases and 
Sherbet 
Sherry wine 
Shi 
Shigella 
Shiitake mushrooms 
cultivation 
drying 
flavor and aroma 
toxicants in 
Shionogi process 
Shortenings. See also Fats and oils 
biscuits and crackers 
plasticizing 


Short-term controlled atmosphere 


639 
1116 
1447 
1141 
1649 
1809 
1808 
2432 
2635 
2049 
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Index terms 


Shredded breakfast cereals 
Shrimp 

flavor 

microbiology 

processing 
Shucked oysters 
Sieve tray 
Signal crayfish 
Silicon dioxide, as colorant 
Silicone antifoams 
Silver, as colorant 
Simplesse 
Simple sugars 
Simulation, thermal processing 
Sinapic acids 
Single-cell protein 
Single-culture fermentation 
Single radial immunodiffusion 
Single-stage dryers 
Singlet oxygen 
Single whisky 
Skipjack tuna 
#Skytanthine 
Slaughter. See Animal slaughter 
Slender tuna 
Slendid 
Slivovitz 
Smell 

aromatherapy 

sexual arousal and 
Smelt 
Smoked eels 
Smoked fish 
Smoked turkey breast 
Smoking (of foods) 

meat 

poultry 

sausage 


205 
2153 
2155 

765 

787 
2150 

513 
1498 

403 

845 

403 

750 

262 
2317 

72 
2612 

915 
1348 

560 

78 
539 
831 

30 


831 
750 
527 


118 
81 
829 
590 
766 
1971 
72 
1570 
1969 
2071 
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Snack foods 

additives 

extrusion cooking 

from egg 

packaging 

peanuts 

seasonings 
Snow crab 
Society of Soft Drink Technologists 
Sockeye salmon 
Soda 

See also Carbonated beverages 
Sodium acid pyrophosphate (SAPP), as antimicrobial 
Sodium alginate 
Sodium aluminum sulfate 
Sodium benzoate, as antimicrobial in foods 
Sodium bicarbonate 
Sodium bisulfite, as antimicrobial in foods 
Sodium chloride 

as antimicrobial in foods 

encapsulated 
Sodium dodecyl sulfate (SDS) 
Sodium hypochlorite, as disinfectant 
Sodium lactate, as antimicrobial in foods 


Sodium metabisulfite, as antimicrobial in foods 


Sodium nitrite, as antimicrobial in foods 
Sodium sulfite, as antimicrobial in foods 
Sodium tripolyphosphate (SHMP), as antimicrobial 
Soft cheese 
Soft drink industry 
See also Carbonated beverages 
Soft drinks 
See also Carbonated beverages 
Soft margarine 
Soft pretzels 
Soft red winter wheat 
Soft ripened cheese 
Soft wheat flour 


2159 
853 
704 
598 

2164 

2680 

2202 
439 
185 
828 
173 


68 
1217 
135 
65 
134 
67 


64 
626 
617 
502 

65 

67 

66 

67 

68 
917 
174 


173 


1522 
141 
2642 
917 
287 
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Index terms 


Solanidine 
Solanine 
Solanum alkaloids 
Solar drying 
Soldier Science Directorate 
Sole (fish) 
Solid-phase microextraction (SPME) 
Solids 
diffusion in 
diffusivity in 
theology 
Solid-state fermentation 
Solka-Floc 
Solubility, hydrophobicity 
Solvent 
Solvent dehydration 
Solvent extraction 
Solvent recovery 
Sorbates, as antimicrobial in foods 
Sorbets 
Sorbic acid, as antimicrobial in foods 
Sorbitan derivatives 
Sorbitan monostearate 
Sorbitol 
Sorghum 
composition 
milling 
nutrient composition 
nutritional analysis 
physical properties 
production statistics 
structure 
Sorghum syrup 
Sorgo 
Sorption isotherms 
Sotolone 
Soul food 


Sour cream 


288 


291 
293 
2280 
2265 
2615 
1192 
443 
916 
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Index terms 


Sour mash whisky 
Soursops 

Sour taste 

South Africa, food industry 
Soybean flakes 

Soybean meal 


Soybean oil 


Soybean oil margarine 
Soybean protein isolates 
Soybeans 
composition 
enzyme treatment 
harvesting and storage 
processing 
production statistics 
properties 
Taiwan 
Soy foods 
fermented 
koji 
meitauza 
meju 
miso 
natto 
pehtze 
soybean flakes 
soybean meal 
soybean protein isolates 
soy milk 
soy protein 


soy sauce 


sufu 
taosi 
tempeh 


tofu 
Soy milk 
Soy protein 


532 
1167 

835 
1406 
2189 
2187 

733 
2187 
1522 
2189 
2185 
2185 

657 
2187 
2187 
1942 
2185 
1418 


922 
1192 
2175 
2175 

922 

922 
2181 
2189 
2187 
2189 
2189 

708 

922 
2190 

922 
2175 

922 
2190 
2180 
2189 

708 
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2190 


2175 


2182 


2882 


Index terms Links 
Soy protein-lipid films 580 
Soy sauce 922 1192 2166 2175 
2190 
Spain 
food industry 1410 
licorice 1470 
Spanish brandy 527 
Spanish olives 1758 1768 = 1770 
Spanish peanuts 2679 
Spanish saffron, 390 
Sparging 161 
Sparkling wine 919 = 2664 
Sparteine 27 
Specialty baked goods 139 
Spectrophotometry, color measurement 366 
Spectroscopy 868 1324 
Spices 
analysis 2194 
as antimicrobials 71 
denned 2195 
economic factors 2196 
essential oils 835 856 2191 2201 
forms and applications 2193 
manufacture 2191 2192 2196 
natural extractives 2191 2201 
nutrition 2194 
oleoresins 2192 2201 
quality 2196 
regulation 2194 
whole spices 2199 
Spin flash dryers 571 
Spiny lobster 1496 
Spiral freezer 1122 
Spiral plating method 1090-2038 
Spirits 539 
Splendid 751 
Spoilage 1025 
biochemical degradation 1030 
canned foods 1027-1508 
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Spoilage (Continued) 
chilled foods 
chilling injury 
description 
detecting 
endogenous enzymatic degradation 
enzymes and 
fish and shellfish 
high-pressure processing (HPP) 
indicators 
lipid oxidation 
mechanisms 
microbiological degradation 
modified atmosphere packaging (MAP) 
physical degradation 
predicting 
preventing 
sensory evaluation 


vegetabl 


water activity as indicator 
wines 

Sponge-and-dough 

Sports drinks 

Spray-bed dryer 

Spray chilling 

Spray dryers 


Spray drying 
atomization 
coffee 
encapsulation by 
heat-recovery equipment 
multiple-stage drying 
pollution-control devices 
principles 
single-stage drying 
spray-bed dryer 
vegetables 

Spreadable butter 


Squalene, in olive oil 


345 
1030 
1025 
1032 
1031 
1028 

763 
1281 
1026 
1030 
1027 
1027 
1563 
1032 
1033 
1034 
1032 
2406 
2635 

919 

186 

178 

563 

623 

489 

558 

16 

559 

359 

621 

563 

561 

563 

558 

560 

563 
2402 

225 
1764 
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545 
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628 


2883 


547 
1144 


2884 
Index terms 


Stability, breakfast cereals 
Stabilized starch 
Stabilizers 
gelatin 
ice cream 
Stainless steels 
corrosion 
free-machining stainless steels 
Sta-Lite 
Stamping machines, cookie and cracker dough 
Standard freezing time (SFT) 
Standard Industrial Classification (OMB) 
Staphylococcus 
Staphylococcus aureus 
Star apples 
Starch 
acid-modified starches 
beer brewing 
bleaching 
conversion, kinetics 
cross-linked starch 
digestion 
extrusion cooking 
films of 
metabolism 
modified food starch 
molecular components 
properties 
retrogradation 
stabilized starch 
in surimi 
uses 
in wheat flour 
Starch derivatives, films of 
Starch-related products 
Star-Dri 
Starter cultures, cheese making 
Statistical quality control (SQC), charts 


Statistics, sensory analysis 


207 
2207 
612 
1186 
1334 
423 
414 
428 
750 
188 
117 
986 
1617 
1080 
1167 
269 
2207 
156 
2208 
1442 
2206 
1060 
709 
581 
1059 
1370 
2203 
2205 
2206 
2207 
2237 
2208 
2643 
581 
2209 
730 
302 
405 
2119 
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Index terms 


Steam 
corrosion by 
as leavening agent 
Steam blanching 
Steamed bone meal 
Steam fusion/steam jet agglomeration 
Steam injection 
Steapsin 
Stearic acid 
Steatorrhea 
Steel cans 
Steelhead trout 
Stephen S. Chang Award for Lipid or Flavor Science (IFT) 
Sterility, aseptic processing 
Sterilization 
aseptic packaging 
equipment 
in-can sterilization 
ohmic heater 
preproduction 
quantitative measure of 
thermal sterilization of liquid foods 
Sterilization agents, aseptic packaging 
Sterilizers 
Sternback-Goldberg synthesis 
Steroidal alkaloids 
Steroidal glycoalkaloids 
Sterols 
Stevia sweeteners 
Stevioside 
Stick margarine 
Stigmastadiene, in olive oil 
Still wines 
Stilton cheese 
Stimulants, sexual 
Stocker cattle 
Stocking, of ponds 


Stokes’ law, centrifuges 


286 
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2663 


2886 
Index terms 


Stomacher 
Storage. See also Freezing; Refrigeration 
canning 
chilled foods 
controlled-atmosphere (CA) storage 
filth and extraneous matter in food 
fish and shellfish products 
food crops 
kinetics 
meat 
modified-atmosphere (MA) storage 
nuts 
ozone and 
pickling vegetables 
temperature of 
vegetables 
Storage life 
fruits and vegetables 
for living-tissue foods 
Straight whisky 
Strain (rheology) 
Straining, beer brewing 
Strainmaster 
Strawberries 
Streptococcus 
Stress (rheology) 
Stress corrosion cracking (SCC) 
Striped bass 
Striped mullet 
Stripping 
Strychnine 
Stuffing, meat processing 
Stunning, animal slaughter 
Sublimation temperature 
Succinic acid 
Succinyl monoglyceride (SMG) 


Sucralose 


Sucrase 


2037 
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Index terms 


Sucrose 


biscuits and crackers 
forms 
properties 
sources 
structure 
sweetness 
uses 
Sufi 
Sugar 
See also Sucrose; Sweeteners 
Australia 
forms 
in ice cream and frozen deserts 
in infant food 
invert sugar 
in licorice 
moisture content 
polyols 
in preserves and jellies 
refined sugar 
in sausage 
in soft drinks 
South Africa 
sweetness 
Sugar alcohols. 
Sugar apple 
Sugar cane 
Sugar refining 
Sugar wafers 
Sulfamethazine, as contaminant 
Sulfa on site (SOS) TLC 
Sulfited fruits 
Sulfites 
Sulfonamides 
Sulforaphane, cancer and 
Sulfur dioxide 


Sumitomo synthesis 
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2241 
184 
2215 
2216 
2214 
836 
2215 
2216 
922 
269 


1380 
2215 
1336 
1370 
2243 
1467 
2625 
2209 
1150 
2215 
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172 
1408 
2215 
2244 
1156 
2214 
1344 
188 
1359 
58 
180 
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Index terms 


Summer sausage 

Sun drying 

Sunette 

Sunflower oil 

Supercritical extraction 
Supercritical fluid chromatography (SFC), mycotoxins 
Supercritical fluid extraction (SFE) 
Supercritical fluid technology (SCF) 
Superoxide anion, control of 
Superoxide dismutase 

Super stainless steel 

Supro 

Supro Plus 

Surface-active agents 

Surface finishing agents 

Surface removal agent 

Surface tension 


Surfactants. 


as emulsifiers in foods 

in fying oil 
Surfactive active agents, as disinfectants 
Surge tanks, aseptic 
Surimi 

defined 

manufacture 

texture 
Surimi-based products 
Surinjan 
Surugatoxin 
Swarming, honeybees 
Swat test on premises (stop) 
Sweet acidophilus milk 
Sweet bell pepper 
Sweet chocolate 
Sweeteners 

See also Sugar 


biscuits and crackers 


2226 


503 
603 
1170 
503 
126 
1455 
2229 
2229 
2237 
767 
28 
34 
149 
56 
916 
2199 
350 
858 


184 
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Index terms 


Sweeteners (Continued) 
ice cream and frozen deserts 
liquid 
nonnutritive 
nutritive 
polyols 
preserves and jellies 
in soft drinks 
syrups 

Sweet lupin 

Sweetness 

Sweetsop 

Sweet taste 

Sweet wine 

Swine 


livestock feed 


livestock production 


Switzerland 


food industry 

licorice 
Swordfish 
Synergist 
Synesthesi 


Synthetic sweeteners 
Syrups 
biscuits and crackers 


corn syrup 
dextrose 


high-fructose corn syrups (HFCS) 


inulin-based fructose 
maltodextrins 

maple syrup 
molasses 


sorghum syrup 
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Index terms 

T 
‘T-2 toxin 
Tabasco sauce 
Taenia saginata 
Tagetes 
Tails 
Tainting flavors 
Taiwan 

food industry 

seaweed aquaculture 


Takasago Corp., nonnutritive sweeteners 


Talc, as colorants 
Talin® 
Tall-form dryers 
Tallow 
Tamari miso 
‘Tamarinds 
Tang 
‘Tangerines 
Tankage 
‘Tanks, aquaculture 
Tanner crab 
Tannia 
Tannine 
Tannins 
Taosi 
Taotjo 
Tapeworms 
Tara gum 
Taro 
Tarragon 
Tartaric acid 
Tartness, acidulants and 
Taste 
nonnutritive sweeteners 
peptides and 
Tea 
agriculture 
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Tea (Continued) 
black tea 
colorants from. 
decaffeination 
flavonols 
flavor 
fresh leaf composition 
green tea 
herbal teas 
instant tea 
manufacture 
physiological effects 
ready-to-drink (RTD) tea 
world production 
“Tear-down" examinations, cans 


Tempeh 


‘Temperate fruits 
‘Temperature 
chemical reaction rate and 
flow and 
food deterioration and 
hydrogenation and 
storage 
Temperature control, chilled foods 
Tempering, microwave processing 
Tenderness, meat 
Tenderometer 
Tequila 
Terpenes 
Terpenoid alkaloids 
Terpenoids 


Tertiary butylhydroxyquinone (TBHQ), as antimicrobial 


Tetrahydroisoquinolines 
Tetramine 
Tetrandrine 


Tetrasodium pyrophosphate (TSPP), as antimicrobial 


Tetrodotoxin 


922 
2190 
1156 
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Texture 

apples 

beef 

blanching and 

breakfast cereals 

butter 

cereal grains 

confectionery 

drying, effect on 

enzymes and 

extrusion and 

freeze-dried foods 

gelatin 

surimi 

water activity and 
Texture profile analysis 
Texturization, of proteins 
‘Texturized protein products, extrusion cooking 
‘Texturizer 
Thalicarpine 


‘Thaumatin 


‘Theaflavins, in tea 
Thearubigins 
Thebaine 
Theflavic acids 
Theobromine 
Theophylline 
Thermal death time 
Thermal functional properties, hydrophobicity and 
Thermal oxidation, of fats and oils 
‘Thermal processing 
aseptic. See Aseptic processing 
blanching. See Blanching 
canning. See Canning 
computer simulation 
heat penetration 
low-acid and acidified foods 


microbiology 
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Thermal processing (Continued) 
mushrooms 
pasteurization. See Pasteurization 
retort processing 
seafood 
sterilization. See Sterilization 
to disinfect 
to preserve 
vegetables 
Thermal sterilization, liquid foods 
Thermobacteriology 
Thermocouple psychrometer 
Thermodynamics 
freezing 
heat 
heat transfer 
supercritical fluid technology (SCF) 
‘Thermostable nuclease (TNase) 
Thiamine 
See also Vitamin B1 
Thiamine deficiency 
Thiazoles, in foods 
Thickeners 
‘Thin-film evaporator 
Thin-layer chromatography (TLC) 
Thiophenes, in foods 
Thiopropanal-S-oxide 
Third law of thermodynamics 
Thirst 
Thistle saffron 
Three-stage dryers 
Threobromine 
Thrombotic thrombocytogenesis purpura (TTP) 
Thruflo dryer 
Thua-mao 
Thujone 
Thylakoid complexes 
Thyme 
Thymol 
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1094 
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Tiger puffer 
Tilsiter cheese 
Time-temperature indicators (TTIs), military food 
Time-temperature integrators (TTIs) 
Tin, corrosion resistance 
Tinned copper, corrosion 
Tissue culture, mycotoxins 
Titanium, corrosion 
Titanium dioxide, as colorants 
Tocopherols 
cancer and 
cardiovascular disease and 
in olive oil 
oxidation 
Tofu 
Tomatidine 
‘Tomatine 
Tomato, flavor 
Tomato products, as biologically stable intermediates 
Tonic 
See also Carbonated beverages 
Tortilla chips 
Tortillas 
Torularhodin 
Total freezing time (TFT) 
Toushih 
Toxicants, natural. See Natural toxicants 
Toxicity 
See also Toxicology 
Toxicology 
chemical residues. 
dietary supplements 
dose-response assessment 
environmental contaminants 
exposure assessment 
food additives 
foodborne disease 
foods 
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Toxicology (Continued) 

hazard identification 1053 

methyl bromide 1175 

natural toxicants 885 1051 

pesticides 1869 

phosphide fumigants 1174 

principles 1048 

processed food 967 

reaction products 1052 

risk assessment 1053-2353 

risk characterization 1055 

toxicity 2352 
Toxins, marine toxins 1534 
Toxoflavin 33 
Toxoplasma gondii 1845 
Toxoplasmosis 1845 
Tracer 849 
‘Trade promotion 937 
‘Traditional medicine 2341 
‘Transcobalamin II 2554 
‘Transesterification 740 
Trans fatty acids 9 738 = 1481 
‘Transfection 1201 
Transferases, in marine animals 1526 
‘Transformation 1201 
‘Transgenesis 1210 
Transgenic animals 53. 2672 
Transition metals, antioxidants to control 76 78 
Transmissible mink encephalopathy 199 
Transmissible spongiform encephalopathies 198 199 
‘Transport, frozen foods 2051 
Trappist cheese 306 
Tray dryers 488 
Tree tomatoes 1167 
Trehalose 266 2244 
Trematodes 1088 
Triacylglycerols, in olive oil 1764 
Trichinellosis 1847 
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3,4,4'-Trichlorocarbanilide (TTC), as disinfectant 
Trichothecenes 
Triglycerides 

digestion 

of milk fat 

physical properties 
Trigonelline 
TrimChoice 
Trimethylamine (TMA) 
Trimethylamine oxide (TMAO) 
TRIOFREEZE 
Trisodium phosphate (TSP), as antimicrobial 
Tristimulus colorimetry 
‘Triterpene aklaloids 
Trolox 
‘Tropane alkaloids 
Tropical fruits 
Trough dryers 
‘Trout, aquaculture 
‘Trypsin 
‘Tryptamine 
Tryptophan-derived alkaloids 
Tsu-tsai 
Tube feeding, enteral formulas and feeding systems 
Tubular centrifuge 
Tubular evaporators 
Tubular film evaporators 
Tubular heat exchangers 
Tumbling, meat processing 
Tuna 
Tunnel dryers 
Tunnel freezers 


Turkey 


Turkey bologna 
Turkey breast 
Turkey ham 
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Turmeric 

Turmeric oleoresins 
Turndown ratio 
Turrén, texture 
Two-fluid nozzles 
Two-stage dryers 
Type A gelatin 
TVramine 


Tyrosine-derived alkaloids 


U 
Ultrafiltration (UF) 
cheesemaking 
milk 
Ultrahigh hydrostatic pressure (UHP) 
Ultramarine blue, as colorants 
Ultrasound 
Ultraviolet light 
aquaculture 
to disinfect 
Ultraviolet processing, aseptic processing 


Umami taste 


Undernutrition 
Unfortified wine 
Uniform attack 
UNIQUE system 
United Kingdom 
bovine spongiform encephalopathy (BSE) 
chilled food regulation 
food industry 
food legislation 
food regulation 
licorice 
United States. See also under U.S. 
bovine spongiform encephalopathy (BSE) 
chilled food regulation 
chilled foods market 


fat consumption 
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33 
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United States (Continued) 
fish consumption. 
food additive regulations 
food legislation. See Food regulation 
food safety program 
licorice 
U.S. Armed Forces food R&D 
United States Food Marketing System 
Université Claude Bernard, nonnutritive sweeteners 
University of California at San Diego, nonnutritive sweeteners 
Unsaponifiable matter 
Unsaturated fatty acids. 
Unsteady-state mass transfer 
Urea, in livestock feed 


Urease, in marine animals 


Urethane 
U.S. Armed Forces, food research and development 
U.S. Bottlers Protective Association 
U.S. Department of Agriculture 
consumer education 


food consumption surveys 


grades and grading 
hot line 
labeling 


meat quality grades 


pesticides 


U.S. Food and Drug Administration. See Food and Drug Administration 


Uvaol, in olive oil 


v 
Vaccinium spp. 
‘Vacuum band dryers 
‘Vacuum drying 
‘Vacuum shelf dryers 
Valencia peanuts 
Valve tray 
Vanilla 

curing 


economics 
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Vanilla (Continued) 

flavor 

history 

horticulture 

ice cream and frozen deserts 
Vanilla extract 

food regulation 

manufacture 
Vanillin 
‘Vapor compression refrigeration cycle 
‘Vaporization 
Vapor pressure, measurement 
‘Vapor recompression 
"Variety meats" 
Varroa mite, of honeybees 
Veal, slaughtering process 
Vegetable fats, for cheese analogues 
Vegetable oils 

See also Fats and oils 
Vegetable proteins, for cheese analogues 
Vegetables 


acidulants in processing 


aseptic processing 
Australia 


blanching 


browning reactions 
cancer risk and 
carotenoids in 

chilling injury 
classification 
consumption statistics 
controlled atmospheres 
defined 

dehydration 

enzymes and 
fermented products from 
flavor 
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Vegetables (Continued) 
freeze drying 
freezing 
freezing injury 
functional foods 
growth requirements 
handling 
hybridization 
maturation 
modified atmosphere packaging (MAP) 
nitrosamines in 
nucleotides in 
ozone and 
packaging 
pickled 
polyphenols in 


postharvest deterioration 


production statistics 
propagation 
ripening 
senescence 
South Africa 
Spain 
spoilage 
storage 
Taiwan 
transport 
varietal differences 
washing 
wax coating 
Vegetarian eating 
Vehicle 
‘Venison 
Vent condenser, distillation system 
Ventromedial hypothalamic nucleus, eating and 
Veratrum alkaloids 
Vemors ginger ale 


‘Verotoxin 
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1713 
1725 
1803 
2411 
1710 
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2168 
2417 
2423 
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179 
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‘Verrucarin 
Viable cell count procedure 
‘Viandas 
Vibration, nondestructive testing 
Vibrio cholerae 
Vibrio fetus 
Vibrio parahemolyticus 
Vibrio vulnificus 
Vicine 
‘Vinca alkaloids 
Vincaleukoblastine 
Vincamine 
Vincaminol 
Vinegar, production 
Violaxanthin 
Viral diseases, of honeybees 
Virginia peanuts 
Virgin olive oil 
Virus, defined 
Viruses 

foodborne disease 

in seafood 
Viscoelasticity, solid foods 
Viscosity, gelatin 
Vitamers 
Vitamin A 


Vitamin A deficiency 


Vitamin A palmitate 

‘Vitamin A precursors 
Vitamin A toxicosis 

Vitamin B1 

Vitamin B2 

‘Vitamin B3. See Nicotinamide 
Vitamin B6 

Vitamin B12 


Vitamin B12 deficiency 
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Vitamin C 

See also Ascorbic acid 
Vitamin C deficiency 
Vitamin D 
Vitamin D deficiency 
Vitamin deficiency 


‘Vitamin E 


Vitamin K 
Vitamins, See also individual vitamins 
analysis 
in beer 
butter 
cardiovascular disease and 
drying, effect on 
economic aspects 
encapsulated 
as food additives 
food utilization and 
history 
in livestock feed 
livestock nutrition 
in military food 
oxidation of 
physiological function 
production 
properties 
stability 
structure 
in wheat flour 
Vitek ImmunoDiagnostic Assay System (VIDAS) 
Vitek system 
Viticulture 
Vodka 
Voice recognition systems 
Volatile oils 
‘Vomeronasal organ (VNO) 
‘Vomitoxin 


‘Vulgaxanthin 
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WwW 
Waffles, prepared 598 
Walleye pollock 817 
Walnuts 2626 = 2688 
Warehouse and distribution 406 935 
Warfarin 2343-2344 
Wash 539 
Washing, to preserve 966 
Washing agent 849 
Waste management 
animal processing 2601 
dairy products 2601 
egg processing 2603 
fruits and vegetables 2609 
meat processing 2606 
Water 
for aquaculture 104 115 
biscuits and crackers 185 
bottled water 178 179 
for brewing beer 154 
corrosion by 430 
food surface sanitation 1038 
food utilization and 1077 
nitrosamines in 1714 
pulsed light processing 2026 
in sausage 2070 
in soft drink processing 172 
Water activity 795 1143 
defined 2614 2630 = 2635 
food texture and 2614 
good manufacturing practice 2630 
measurement 2633 2638 
microbiology 2631 2635 
prediction 2640 
sorption isotherms 2615 
Water blanchers 192 
Water blanching 190 
Water content, reduction of 956 
Water-correcting agents 862 
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Water ices 
Water-in-oil emulsion 
Water-soluble polymers 
Wax apples 
Wax coatings. 
Waxes, in olive oil 
Waxy corn 
West Indian cherry 
Wet-rendered tankage 
Wet rendering 
Wheat 
Australia 
classification 
composition 
enzymes and 
gross composition 
history 
hot breakfast cereals 
malting 
milling 
nutrient composition 
nutrition 
physical properties 
production 
production statistics 
structure 
texture 
varieties 
Wheat bran 
Wheat gluten films 
Whey 
by-products 
composition 
disposal 
fermentation products 
industrial processing 
on-farm utilization 
properties 
types 
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Whey (Continued) 
uses 
Whey beverages 
Whey cheese 
Whey products, industrial 
Whey protein products 
Whey proteins, films from 
Whipped butter 
Whisky 
White chocolate 
Whitefish, volatile compounds 
White hake 
White pepper 
White surimi 
White wheat flour 
White wine 
Whither sensory-instrumental correlation 
Whiting 
Whole wheat flour 
Whole whey products 
Wide-body dryers 
William V. Cruess Award (IFT) 
Wine 
appellations 
aroma 
cancer and 
classification 
consumption 
fermentation 
flavonoids in 
flavor 
grape growing 
health and 
history 
labeling 
phenolic compounds in 
phytochemicals in 
production statistics 
regulations 
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Wine (Continued) 
sensory properties 
spoilage 
vinification 
viticulture 
wine making 

Wine aroma wheel 

Wine gallon 

Wine making 

Wibped film evaporator 

Wire-cut machines, cookie and cracker dough 

Worker bees 

Worker safety 
detergents 
freezers 


Wort 


x 

Xanthan gum 

Xanthines, in tea 

Xanthohumol 

Xanthophylls 

Xanthosine monophosphate (XMP) 
Xixona turrén, texture 

X-rays, nondestructive quality evaluation with 
Xylanase assay 

Xylitol 

Xylopinine 


Y 
Yeast. See also Fermentation 
baked goods. 


beer brewing 


biscuits and crackers 
defined 
detection 


distilled beverage spirits 
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Yeast (Continued) 
fermented meat products 
in food 
food spoilage 
genetics of 
mash 

‘Yeast-raised doughnuts 

Yellow chili peppers 

Yelloweye rockfish 

Yellowfin tuna 

Yellowtail flounder 


Yersinia enterocolitica 


Ylang-ylang 
Yogurt 


Yohimbine 


Z 

Zapotle 
Zeacarotene 
Zearalenone (ZEN) 
Zeaxanthin 

Zein, coatings from 


Zero-order reaction 


Zeroth law of thermodynamics 


Zetacarotene 
Zine deficiency 
Zine oxide, as colorants 


Z-Trim 
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KINETICS 


The engineering of food materials, that is, the industrial 
production and processing of food materials, requires the 
knowledge of an engineer and a good understanding of the 
food system in terms of its chemical, physical, and biologi- 
cal properties. In other words, it requires the knowledge of 
an engineering and scientific nature. Among the said 
knowledge, one subject stands out that most closely links 
a scientist and an engineer; that is the topic of kinetics. 
Generally speaking, kinetics is the study of motion. Be- 
cause motions are time dependent, kinetics is the study of 
rates of changes. Traditionally, scientists have been inter- 
ested in knowing the nature or the mechanism of reaction, 
and engineers have been interested in the efficiency of the 
reactions and that of reactors. These two subject matters 
can be rephrased as molecular (chemical) kinetics and re- 
actor (chemical engineering) kinetics, respectively. Both 
subjects are important in enabling a food engineer to arrive 
at an optimal design for a food process. 


MATHEMATIZATION OF KINETIC BEHAVIOR 


The ultimate goal of science is the formulation of laws, 
principles, or models, through which the behavior of a sys- 
tem can be deduced without the necessity of experimenting 
with and constructing the system. The extent to which this 
goal is reached is an objective measure of the scientific suc- 
cess achieved by the scientist or engineer. Economically, 
such achievement can help cut a great deal of the cost due 
to system construction from trial-and-error experimenta- 
tion. Practically, such achievement is reflected in the pre- 
dictability of the system derived from the use of the model. 
Several prerequisites are important in striving for pre- 
dictability. The first is mathematization. This involves 
more than just fitting numbers into an equation. With the 
advent of computers, mathematical modeling has become 
a more powerful tool than in the past. A successful math- 
ematization of a system, and predictability exerted by the 
model, depends on the understanding of the mechanistic 
aspect of the system involved and the identification of the 
pertinent variables of the system. Experimental design 
and statistical analysis are two powerful tools for gather- 
ing such information in the analytical approach to the 
system. 

The mathematician in the scientist or engineer can say 
whether a given model is adequate or not, and if such and 
such conditions are met, a certain behavior will follow. 
However, it is the scientist or engineer in the mathemati- 
cian who must judge the adequacy or appraise the pre- 
dictability of the behavior. Mathematization is a necessity 
in forming models and making use of their predictability; 
sound experiments and good judgment are equally neces- 
sary in the formulation of foul proof models. Not to take 
any credit from the usefulness of a pure stochastic, statis- 
tical, or synthetic approach to rather unanalyzable prob- 
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lems, the subject matter in this article calls for the ana- 
lytical, deterministic approach to problem solving. 

Chemical kinetics is the study of rate, changes occurred 
per unit time, and mechanism by which one chemical spe- 
cies is converted to another. Mechanism is the elemental 
process of motion, that is, collisions among the molecules, 
atoms, radicals, or ions that take place simultaneously or 
consecutively in producing the observed overall rate. Over- 
all rate depends on the nature of the participants and the 
environment surrounding them. The overall rate, in some 
cases, is controlled by the slowest step of the simultaneous 
or consecutive reactions. If the overall reaction involves a 
heterogeneous environment, where, for example, concen- 
tration is not uniform, the rate of the transport of the ma- 
terials involved in the reaction can also control the overall 
rate of the reaction. In such a case, it is usually considered 
to be an overall rate controlled by transport (mass trans- 
fer), a physical change, not a chemical reaction. Similar 
arguments can be said for reaction systems with tempera- 
ture variations. Overall rates can be controlled by heat- 
transfer rate in some situations. 

The changes food materials undergo during processing, 
preparation, or storage are the results of complex physical 
changes, chemical reactions, and biological activities. Mi- 
croscopically or macroscopically biological materials rep- 
resent systems of heterogeneous natures in terms of the 
chemicals and biochemicals involved and in terms of the 
physical separations of these molecules into compartments 
in the system. Again, the overall rate of a change can be 
controlled either by the slowest step of a chemical reaction 
or by a physical change such as mass transfer of an essen- 
tial substrate. Such a step is called the rate-limiting step 
or the rate-controlling step. The identification of the said 
step is necessary for the formulation of the correct math- 
ematical model, which is useful for the design of efficient 
processes. 


BASIC CHEMICAL KINETICS 


General Considerations 


The kinetics of chemical reactions are usually studied 
within a deterministic framework; that is, the considera- 
tions of reacting chemical species are assumed to be single- 
valued, continuous functions of time and position, uniquely 
determined by their initial values and a complete knowl- 
edge of the temperature, pressure, and so on throughout 
the system. The rate of homogeneous simple reaction (one 
corresponding to the actual molecular event) is assumed 
to follow the law of mass action (ie, to be proportional to 
the product of the concentrations of the reacting species). 

For example, the rate of the unimolecular reactions A 
to P and bimolecular reaction A + B to P are expressed as 
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d 
$ = ha — k_yp (en) 
dp _ - 

F = hab — hap (2) 


respectively, where k; and kz are the rate constants for 
forward reaction and k_, and k_» are those for backward 
reactions; a, b, andp are the molar concentrations of chem- 
ical species A, B, and P, respectively. Most chemical reac- 
tions are reversible, to a certain extent. It is customary to 
write a chemical reaction left to right with the forward 
reaction rate constants (k; and ky) larger than those of 
backward reactions (k_, and k _2). In measuring the initial 
rate of reaction (dp /dt)initial, that is, in the early stage of a 
reaction, because product concentration p is rather small, 
equations 1 and 2 are reduced to equations 3 and 4: 


ab) 
dp) a 3 
¢ eat ” 
@) 

= hyab 4 
¢ init 2 


Order of Reaction 


Equation 3 states that the initial rate of product formation, 
(dp /dt),nitia is proportional to the concentration of the sub- 
strate A, namely a, to the first power. Hence, this reaction 
is called a first-order reaction. By the same token, equation 
4 represents a second-order reaction. Experimentally, the 
order of a reaction can be determined by fitting experi- 
mental data to the following general equation: 


dp _ yon 
G7 he 6) 


The value of n found could be fractions or whole numbers. 
Order is strictly an empirical concept. When the stoichio- 
metric equation truly represents the mechanism of the re- 
action, the order and the molecularity both have the same 
value. In other words, on a molecular scale the reaction 
occurs exactly as written. These reactions are called ele- 
mentary reactions. Many problems in food processing in- 
volve the studies of nonelementary reactions. Overall rates 
are usually measured without knowing the mechanism of 
the changes, including the steps of chemical reactions and 
physical changes such as mass and heat transfer. 


FIRST-ORDER RATE PROCESSES 


Macroscopic changes in the concentration (or other exten- 
sive quantity) of a substance tend to be exponential kinet- 
ically; in other words, first order in rate expression. This 
is exemplified by the phenomena of bacterial growth, ra- 
dioactive decay, enzyme decay, pharmacokinetics (ie, ki- 
netics of drug, absorption, etc), and many other chemical 
reactions and food processes. This is simply because the 
behavior of any one bacterium (atom, pair of reactive mol- 
ecules) is governed by the law of chance. For any one bac- 
terium and such there is a well-defined probability that it 


will change during a given period of observation. Or more 
simply, not one changing atom knows whether any one of 
the other unstable atoms in the sample population has de- 
cayed or not. The following example will illustrate how this 
condition leads to exponential decay. Consider a classroom 
containing 100 students; each one of them tosses a coin 
once a minute. Suppose that anyone who obtains a head is 
asked to leave the room. After the first toss, there will be 
approximately 50 people leaving; after two tosses, about 
25 people leaving; and the number of people remaining in 
the room will decrease exponentially with time. Mathe- 
matically, the number of people, N, in the room, varies with 
time, according to the following equation (the negative sign 
recognizes the number is decreasing): 


aN. aN 6) 


dt 


Separating the variables and integrating: 


D = [feats mn No = tein 
” N 

The rate of decrease of people in the room (decay of ra- 
dioactivity, enzyme activity, or food quality, and microbial 
death rate in sterilization process), that is, —dN/dt, is de- 
pendent on the number of people at that time. The rate 
constant k, though, is independent of both time and the 
number of people (or other quantity such as enzyme con- 
centration, radioactivity, etc). The half-life (¢).) of an ex- 
ponential decay function is the time required for the popu- 
lation to become half of its original number; namely, 


In me = In 2 = htyp} th = 0.693/k 


Instead of decay, for growth such as cell culture after 
the lag phase, the rate is increasing (positive instead of 
negative in equation 6), and so the population doubling 
time is 


in = in 2 = Rtyn; ty = 0.693/ 
fi 


the same expression as that for half-life. It is worth noting 
that k, the first-order rate constant, or the exponential 
growth (or decay) constant, has a dimension of reciprocal 
of time. 

Microbial cell growth rate at exponential phase and cell 
death rate in a thermal sterilization process are both first 
order. The specific growth rate and death rate are custom- 
arily denoted by u and D (the decimal reduction time), re- 
spectively. They are shown in the following equations. For 
cell growth rate, x being cell concentration: 


dx or ine 
ar oe dt 


=n (8) 


For cell death rate: 


ENZYME- AND CELL-CATALYZED REACTIONS 


Mechanistic mathematization of a biological phenomenon 
is the first step toward quantifying, solving, and control- 
ling (quantitatively) it. The difficulty faced is not that it 
cannot be solved, but rather that the result is of such al- 
gebraic complexity as to render little conceptual under- 
standing of the process involved. Not to condemn the 
total empirical approach (which is usually limited in its 
applicability) to the analysis of data (such as curve fitting), 
a rigorous mechanistic approach yielding monumental 
amounts of mathematical expressions fail, usually, just 
as badly in terms of its usefulness in actual process opera- 
tion. In such cases, a midway approach seems to be bene- 
ficial. The development of simplified kinetics of enzyme- 
catalyzed reactions provides one of the best examples of 
the judicious use of approximations to render a compli- 
cated system-equation intuitively understandable and 
practically useful. As discussed in the following, the 
steady-state and equilibrium assumptions in enzyme ki- 
netics achieve exactly that. 

Most biological reactions, those catalyzed by enzymes, 
follow Michaelis-Menten kinetics (equation 10), which rep- 
resents mixed-order reactions. Enzyme-catalyzed reac- 
tions follow a first-order kinetic at low value of substrate 
to enzyme concentration ratio, and they become zero order 
when values of the said ratios are high (in that case, en- 
zyme molecules are saturated with substrates). The reac- 
tion rate in this region (zero order) is then independent of 
substrate concentration. Enzymes play important roles in 
the growth and maintenance of cells. The design of such 
enzyme-catalyzed reactions as the functioning unit of the 
metabolic machinery in biological systems is of primary 
importance to the economy of the cell. The growth and 
maintenance of the cell require a highly integrated inter- 
play of anabolism and catabolism. The subtle and precise 
metabolic controls are achieved through the regulations of 
the rate of enzyme formation (induction) and of enzyme 
activities (activation or inhibition). 

Cell growth involves concurrent and serial reactions us- 
ing enzyme as catalysts. The overall specific growth rate 
of cells, in either microbial, animal, or plant cell culture, 
has been modeled by using Monod equation (equation 11), 
where S denotes the limiting substrate concentration. 


2 = v0 = VinaxS(Ky + S) where 
Vinax = geo 
Ky = (he + kg)/ky (10) 
1\ dx _HmaxS 
QG-.- 25 GD 


Ky and Kg are saturation constants. When S/E is small, 
or Ky, > S, equation 10 can be reduced to 
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= VmaxS _ pg. Vinax _ 
i Kar SRS where =k 


(a first-order reaction) 


At the other extreme, S < Kj, equation 10 becomes 


= Vas = Vi 


where the reaction is going at maximum velocity and is 
independent of substrate concentration (a zero-order re- 
action). In measuring the total activity of an enzyme prep- 
aration, the substrate concentration used should be large 
enough to saturate all the active sites of the enzyme mol- 
ecules during the course of measurements (to follow the 
zero-order kinetics); whereas if a standard enzyme prepa- 
ration is used to titrate the concentration of a substrate, 
substrate concentration should be diluted to make sure 
that first-order kinetic is followed (v = kS, velocity is a 
measure of substrate concentration). 

Many food materials are composed of live cells (fresh 
food), many others are made by using the activities of live 
cells (such as fermentation processes) or by using enzymes 
(such as glucose from starch), and all food materials are 
affected by foreign live cells (food spoilage). From a food 
processing application point of view, two types of enzyme 
are currently important. These are hydrolytic enzymes (no 
cofactor required) and oxidoreductases (cofactors re- 
quired). 

The kinetic behavior of an enzyme system is not unique 
to the system. Other chemical kinetic analyses have found 
similar phenomena. For example, the concept of station- 
arity or a steady state is common in enzyme kinetics, in 
kinetic studies involving free-radical intermediates, and in 
those involving a stationary activated complex concentra- 
tion. 

The first satisfactory mathematical analysis of the di- 
phasic activity curve was carried out by Michaelis and 
Menten in 1913. They assumed that the intermediate com- 
plex ES was reversibly formed according to the mass action 
law: 


A ky 
E+S#ES-E+P (12) 
ha 


and that the rate of breakdown of ES to form product P 
was small in relation to the rate of establishment of the 
equilibrium described by k, and ka. The constant that they 
derived is, therefore, the dissociation constant of ES com- 
plex. Twelve years later, the concept of steady-state ap- 
proximation to enzyme kinetics was introduced (1). It was 
believed that the catalyzed reaction may deplete ES com- 
plex at a substantial rate and that the Michaelis constant 
Ky measured experimentally from kinetic curves is in fact 
(Ra + ks)/ky, which can be derived from the steady-state 
solution (equation 10) to the rate equations for mecha- 
nisms describable by equation 12. In addition to the 
steady-state assumption, it should be noted that equation 
10 has been derived for negligible P, the product concen- 
tration. In other words, in using equation 10, initial rate 
of reaction should be used. A practical definition of the Mi- 
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chaelis constant is that it is the substrate concentration at 
half maximum velocity. Under carefully defined conditions 
of temperature, pH, ionic strength of buffer, and so on, for 
an enzyme-substrate pair, Ky, is a constant. It approxi- 
mates the affinity of an enzyme for its substrate. In gen- 
eral, the affinities of respiratory enzymes (oxidoreduc- 
tases) for their substrates are higher than those of 
hydrolytic enzymes for their substrates. As shown in Table 
1, the Ky values for respiratory enzymes are lower than 
that of hydrolases, There are a few reports on the Ky, val- 
ues of immobilized enzymes (3,4). Because of the possible 
complications of external and internal diffusional resis- 
tance, the true values of Ky, for immobilized enzymes 
are difficult to obtain. Experimentally, a high substrate- 
to-enzyme concentration ratio (zero-order region of 
Michaelis-Menten kinetics) in a batch reactor with high 
velocity of flow (high agitation rate in stirred reactor) 
would minimize the external mass-transfer effect; the use 
of ultrafine particles (or ultrathin membrane) as enzyme 
carriers would minimize the internal mass-transfer effect. 

The activities of enzymes are affected by temperature 
and pH. Because of the protein nature of an enzyme, ther- 
mal denaturation of the enzyme protein is evident in the 
high end of the temperature range. Generally speaking, up 
to perhaps 45°C, the predominant effect will be an increase 
in reaction rate and have a temperature dependence of the 
Arrhenius form. Above 45°C, the opposing factor, namely 
thermal denaturation, becomes increasingly important. 
Around 55°C, rapid denaturation usually destroys the cat- 
alytic function of the enzyme protein. 

The effect of pH, as that of temperature, on enzymatic 
activity is typified by a bell-shaped curve with a relatively 
narrow plateau. The plateau is usually called the optimal 
pH, or optimal temperature point. These optimal points 
are to be maintained if maximum enzymatic activities are 
desired. After an enzyme is immobilized on a carrier, the 
pH and temperature optimal points may be different from 
that of the free-enzyme counterpart. In addition to pH and 
temperature stabilities, operational stability and storage 
stability of immobilized enzymes are also important from 
practical points of view. Storage stability of 50 immobilized 
enzyme systems were reviewed (5). Of these, 30 exhibited 
greater storage stability, 8 exhibited less than the free- 
enzyme counterparts. Operational stability of immobilized 
enzymes depends on the enzyme itself, method of immo- 
bilization, operational conditions, and so on. Table 2 illus- 
trates the half-life of various immobilized-enzyme sys- 
tems, which range from a few days to more than a year. 

The kinetic behavior of enzymes may be modified by the 
following factors when they are immobilized: (1) change in 


Table 1. Michaelis-Menten Constants Ky, for Various 
Enzymes 


Enzyme Substrate Ky,M 
Maltase Maltose 21x 107" 
Invertase Sucrose 2.8 x 107? 
Lactase (yeast) Lactose 4.0 x 107? 
Lactic dehydrogenase Pyruvate 3.5 x 107? 
Source: Ref. 2. 


enzyme conformation, (2) steric effects, (3) microenviron- 
mental effects, and (4) external and internal diffusional 
effects. Theoretically, the change in enzyme conformation 
would cause a change in innate activity of the enzyme, that 
is, the Ky, value. Factors 2 to 4 are ineffective in modifying 
the true catalytic reaction per se, but nevertheless, obscure 
the kinetics of the reaction. If enzymes are bound to non- 
porous systems, the reaction rate can be controlled by one 
of the following steps: (1) diffusion of substrate from the 
bulk solution to the surface of the immobilized enzyme, 
(2) enzymatic reaction at the surface, or (3) diffusion of the 
reaction products back into the bulk solution. Assuming a 
linear gradient of substrate concentration across a Nernst 
diffusion layer, a near-stagnant layer of fluid around the 
immobilized enzyme particle surface, it has been sug- 
gested that the approximate behavior of such systems can 
be represented by: 


Ng = a = _—_VwSp (18) 


a Sp + Ky + (Pe) ae 
‘s. 


where Ng is the molar flux of substrate at the boundary 
layer, Vy is the maximum activity of the enzyme, Sz is the 
bulk concentration of substrate, 4x is the thickness of the 
Nernst layer, and Dg is the substrate diffusivity (12). 

The values of Ky and Vj, from a Lineweaver-Burk plot 
(1/v vs 1/s) of data obtained using immobilized enzymes 
are usually dependent on flow conditions and particle size 
(or membrane thickness) of the immobilized enzyme used. 
If existing mass-transfer resistances are neglected in im- 
mobilized enzymes experiments, the apparent Ky, obtained 
is usually higher in value than that of the free enzyme 
counterpart, unless the enzyme carriers have high affinity 
for the substrate. Because the thickness of the diffusion 
layer is inversely proportional to agitation rate, the ap- 
parent Ky, value can be expected to decrease with in- 
creased substrate flow over the solid catalysts, provided 
bulk diffusional resistance is the principal factor affecting 
the kinetics of the process. As indicated before, an appar- 
ent Ky, value close to the true Ky of the immobilized en- 
zyme can be obtained by experiments where possible bulk 
diffusional effect is limited by using a high substrate-to- 
enzyme concentration ratio and by maintaining high sub- 
strate flow over the catalyst surface, and internal diffu- 
sional effect is minimized by using fine particles or thin 
membranes. True Ky, values of immobilized enzymes are 
important parameters for the purpose of reactor scale-up 
and control for commercial purposes. On the other hand, 
because apparent Ky, is dependent on mass-transfer effects 
and thus on reactor size, throughput and configuration, it 
is of little use in this connection. Thus the determination 
of true Ky, is an important task. Basically there are three 
groups of experimental methods for evaluating the intrin- 
sic kinetic parameters, such as Ky, and Vy, in heteroge- 
neous catalysis. These are as follows (13,14): 


1. Acertain type of immobilized-enzyme reactor config- 
uration of a single size and a single loading of en- 
zymes are used; the variable is substrate-surface 
concentration. 
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Table 2. Operational Stability of Some Immobilized Enzymes 
Operation temperature Operation time Estimated half-life 

Enzyme-carrier eC) (days) (days? Reference 
Glucoamylase-porous glass (zirconium-coated) 45 21 645 6 
Glucoamylase-porous glass 60 15 4.2 6 
Invertase-porous glass 2B 28 42.5, 7 
Invertase-cellulose 23 16 3.7 7 
Invertase-collagen 30 15 200 8 
Glucose isomerase-porous glass 60 46 144 9 
Glucose isomerase in cells—collagen 70 55 50 10 
Acylase-DEAE-sephadex 50 35 65 u 


“Half-lives are estimated as the time required for the loss of 50% of the initial activity during operation, assuming an unimolecular decay kinetics. 


2, The variable is the loading of the enzyme or differ- 
ent-size enzyme particles. 

3. An enzymatic membrane is inserted between two 
reservoirs with different substrate concentrations. 


To understand the effects and the control of the live 
cells, kinetics studies of the enzyme-catalyzed reaction, 
namely, the functioning unit of metabolic machinery, are 
necessary as starters. Such studies are usually performed 
in vitro. The extrapolations of the results of in vitro 
studies to the in vivo situations are sometimes useful, yet 
are limited in most cases. Structural factors bearing on the 
relation of the organization of the cell to enzymatic action 
should be considered if such extrapolations are to be on the 
safe side. Most enzymes are quite soluble in water. The in 
vitro studies on such enzymes can be considered to be ina 
homogeneous catalytic environment. However, within 
cells, enzymes are not totally free to move, especially the 
so-called membrane-bound enzymes. Due to such consid- 
erations, sometimes the actual effect of an enzyme- 
catalyzed reaction in a cell cannot be explained by the 
chemical reaction studied in vitro alone. The coupling of 
mass-transfer effect to chemical reaction is necessary to 
explain the global effect of a reaction on a system with 
heterogeneous nature. While the advantages of immobi- 
lized enzymes in food manufacturing (eg, high fructose 
syrup production) are evident from an economical point of 
view, the research on immobilized enzymes will also help 
the food manufacturers in general, through better under- 
standing of the regulatory machinery in the cells. 

A typical microbial growth curve involves a lag phase, 
an exponential phase, a stationary phase, and a decline 
phase. In most industrial microbial processes, cells or 
products accumulated by cells are harvested in the late 
exponential phase or early stationary phase. During the 
exponential phase of growth for unicellular organisms un- 
dergoing binary fission, the growth rate dx/dt can be ex- 
pressed in terms of a growth rate constant (or specific 
growth rate) (and the cell concentration x [equation 11]). 

Most microorganisms, if grown properly, follow this 
first-order, exponential growth. There are exceptions. A 
linear growth model, namely, dx/dt = constant, was found 
in some hydrocarbon cultures where limitation is caused 
by the rate of diffusion of substrate from the surface of oil 
droplets that have essentially a constant surface area dur- 
ing cultivation. The growth of yeast and filamentous or- 


ganisms do not follow the first-order kinetics of growth in 
some cases. In these organisms, growth occurs from the 
tip, but nutrients diffuse throughout the cellular tissue; 
sometimes fractional reaction orders are obtained in ki- 
netic analyses. 

The specific growth rate « is essentially a first-order re- 
action rate constant with a dimension of reciprocal of time, 
that is, h~'. The constancy of i is limited. It is a constant 
under specified conditions of temperature, pH, type of sub- 
strate, substrate concentration, and so on. When different 
# values are obtained by changing substrate concentration 
in the experiments, an expression for 1, the so-called Mo- 
nod equation, is obtained (equation 11). 

The form of this equation is exactly the same as that of 
the Michaelis-Menten equation for enzyme-catalyzed re- 
actions. However, this equation is entirely empirical, 
whereas that of Michaelis-Menten is mechanistic. This 
equation usually fits experimental data when cell growth 
is limited only by a single limiting substrate in a pure cul- 
ture situation. When there are inhibitors or mixed sub- 
strates in the medium, a modified Monod equation can be 
used to fit the data. 

In addition to cell tissue, there are three types of prod- 
uct that can be produced by industrial fermentation pro- 
cesses, These are primary metabolites (eg, monosodium 
glutamate and food acidulants such as citric acid), second- 
ary metabolites (eg, antibiotics), and enzymes. For pri- 
mary metabolites and some enzymes, the rate of product 
formation is proportional to the rate of cell growth. The 
following equation has been proposed for organic acid fer- 
mentations (15): 


dp _ i) 
a” Nae} t 


or 
(14) 


The production model expressed by equation 14 is called 
a growth-associated model. The kinetics for the production 
of secondary metabolites and enzymes (when gratuitous 
inducer is used) are such that they are accumulated or in- 
duced after the cells have advanced into late exponential 
phase or early stationary phase of growth where cell 
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growth rate has started to decline. A nongrowth-associated 
model is appropriate in these cases: 


$= 
l\dp_ 
()2= » =a (15) 


The following growth-associated model has been pro- 
posed for the kinetics of enzyme induction (16): 


aie 
8 
WW 


qu — kE (16) 


where the term kE on the right-hand side of equation 16 
represents the monomolecular (first-order) decay of the en- 
zyme synthesized in vivo. A more complete model on the 
kinetics of enzyme induction includes the effects of inducer 
and repressor concentrations on the kinetics, and the 
mechanism of protein synthesis can be used as basis for 
the construction of the model. 


STARCH CONVERSION 


When the starch granule is heated in the presence of an 
adequate or excess amount of water, gelatinization of 
starch takes place. Several steps are associated with ge- 
latinization, such as hydration and swelling of granules, 
heat absorption, and the loss of crystallinity as judged by 
the disappearance of both optical birefringence and X-ray 
diffraction pattern. In the extrusion cooking of starch con- 
taining materials, starch is heated under high pressure, 
shear force, and a limited amount of water, to say less than 
40%. At a high enough temperature and low moisture con- 
tent (17,18), starch granules undergo both gelatinization 
and melting processes. Thus, starch conversion during food 
processing is not an elementary reaction as discussed be- 
fore. The conversion itself is a complex phenomenon that 
is further complicated by heat, mass, and momentum 
transfer in a reactor like an extruder. The kinetics studies 
on starch conversion, and other similar processes, take the 
advantage of an overall rate approach and use the param- 
eter percent conversion instead of concentration for the for- 
mulation of kinetics equations. Starch conversion is an en- 
dothermic reaction. The degree of conversion of starch 
during processing due to heat or shear can be evaluated by 
the decrease of the differential scanning calorimeter (DSC) 
endotherm area. This area is directly proportional to the 
mass of unconverted starch in the sample. The degree of 
conversion X can be defined as follows: 


(17) 


where 4H, is the enthalpy change of the DSC endotherm 
without conversion, and 4H; that with conversion. Thus X 
is equivalent to the degree of conversion and is defined as 


M, — M, 


sailed rea 2 


(1g) 


where M, is the initial amount of unconverted starch; M;, 
the final amount of unconverted starch; and M,, the 
amount of unconverted starch at time ¢. Thus the rate of 
the disappearance of native (unconverted) starch during a 
process can be written in the following form: 


Gd = BM)! gaa: ey 
ae RQ — Xy (19) 

There are two general approaches to analyzing kinetics 
data, namely, the differential and integral methods. In the 
differential method of test, the differential at each specific 
time is calculated, and after taking the logarithm, the data 
are plotted. The reaction order is the slope of a plot of log 
(d{1 — X1/dt) versus log (1 — X), and the reaction-rate 
constant can be obtained from the intercept. In the integral 
method, a particular form of rate expression is assumed. 
After appropriate integration and mathematical manipu- 
lation, a certain concentration function versus time is plot- 
ted. Ifa reasonably good fit is obtained, then the rate equa- 
tion is adopted to describe the reaction under study. There 
are advantages and disadvantages to each method. The 
advantages of the differential method are the ease of ob- 
taining the appropriate reaction order and reaction rate, 
and the disadvantage is the magnification of experimental 
errors. The advantage of the integral method is that ex- 
perimental data can be used directly, while the disadvan- 
tage is that a trial-and-error procedure must be followed. 
In general, it is suggested that the differential analysis be 
attempted first, then the integral analysis is performed to 
check if the obtained rate expression is appropriate or not. 
Most investigators apply the integral approach to the stud- 
ies of starch gelatinization with an excess amount of water. 
The kinetics of starch gelatinization in the cooking of rice 
grains with 94% moisture content has been studied (19). 
The kinetics of the water diffusion and starch gelatiniza- 
tion at 91.4% moisture content has been reported (20). The 
kinetics of cooking of rice starch also in an excess amount 
of water has been studied (21). The gelation kinetics of 
barley starch in a diluted system (1% solid) has been in- 
vestigated (22). A first-order kinetics equation has been 
employed by these investigators to describe the gelatini- 
zation of starch in an excess amount of water. The kinetics 
of starch conversion in a limited amount of water (40% or 
less) has not been as well studied, and that reaction order 
has been reported to be zero order (18,23). 

In the presence of an excess amount of water (ie, >60% 
water for Amioca), different sources of starch gelatinize at 
different temperatures. The range of temperature is be- 
tween 50 and 80°C. If a limited amount of water is used, 
the temperature at which gelatinization and melting (as 
detected in DSC thermogram) happen is elevated. Figure 
1 shows the dependence of peak temperature T;, of the DSC 
thermogram on the water content of the Amioca samples. 
At water content higher than 60%, T, stays constant, 
whereas at water content lower than 60%, there are two 
peaks in the thermogram. The second peak temperature, 


T,, increases with decreasing water content according to 
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T = 227.92 - 2.674W 
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Figure 1. Peak temperatures from DSC endotherms for amioca 
with various moisture contents, 


the linear equation J, = 227.92 — 2.674 W, where W is 
the water content in wet wt %. To consider the combined 
effects of heat, moisture content, and the source of starch 
on the conversion of starch, a dimensionless temperature 
parameter T/T, was developed (18). This parameter cor- 
related well with the rates of conversion of starch. Figure 
2 shows the plot of k, the zero-order rate of starch conver- 
sion versus T/T,, T is the operating temperature and T,, 
the second endotherm peak temperature, is a constant for 
a specific starch at a specified water content. In Figure 2, 
data from different studies are presented (18,19,24). Ex- 
cluding data from Reference 19, which show obvious mass- 
transfer resistance (diffusion controlling), the rest of the 
data can be represented by the following equation: 


x 
* = a9 — Tei dix + 95.58 20) 


where x = T/T, and the limit for x is 0.63 < x < 1.06, for 
the equation to be meaningful. 


1 


3.0 
k = XK74.97X? — 167.21X 
2.4- + 93.38) where X= T/T, 
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T/T, 
Figure 2. A general correlation between starch conversion rate 
constant k, and T/T,, a dimensionless temperature parameter. T,, 
is peak temperature of DSC thermogram. Source: O, Ref. 18; L, 
Ref. 24; A, Ref. 21; 0, Ref. 19. 
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This equation is useful for calculating reaction rates of 
various starch conversion at various water contents and 
various temperatures. The source of starch and water con- 
tent determines the value of T,, which is measured by us- 
ing DSC endotherms. 


EFFECTS OF ENERGY INPUTS 


It is generally correct to say that some form of energy input 
is required to cause a reaction to happen. A classic way of 
supplying the said energy is by heating up the system. As 
a rule of thumb, for every increment of 10°C, the reaction 
rate will double. That is the Q,9 principle. The temperature 
effect can be visualized by looking at the increased kinetic 
energy of the molecules that makes the molecules move 
faster and so increases the probability of colliding with 
other molecules in the system. Such reasoning is good for 
explaining temperature effects in gaseous and solution 
chemistry. For food systems that are solid or semisolid, the 
resistances of heat and mass transfer and the fact that the 
mobility of macromolecules are relatively small cause the 
temperature effect to deviate from the simple Qj princi- 
ple. Another idiosyncrasy of biological reactions is that 
many of them are catalyzed by enzymes that are unstable 
at high temperatures. This causes nonlinearity of Arrhe- 
nius plot for biological and biochemical reactions. Arrhe- 
nius derived the following equation to fit experimental 
data obtained from studying the effect of temperature on 
the kinetics of sucrose inversion: 


k= ae HRT (21) 


The logarithmic form of the preceding equation is 
shown as follows: 


Ink = Ina ~ 2 (22) 


Equation 22 states that the natural log of reaction rate 
constant In & varies linearly with the reciprocal of absolute 
temperature 1/7’ with a constant negative slope, — 4E/R. 
The evaluated value of the said slope provides a way to 
calculate 4E, the activation energy of the reaction for the 
temperature range that the said slope was evaluated on. 
If 1.987 is used for the value of R, the gas constant in cal- 
culating 4E, the dimension for the calculated value of 4E 
is cal/g mol. For some reactions involved in food process- 
ing, different temperature ranges may result in different 
calculated activation energy. As shown in Table 3, the ther- 
mal activation energy for the conversion of several 
starches at different temperature ranges varies from about 
10 to 230 kcal/mol. These differences can be rationalized 
by looking at the different granular sizes of the native 
starches from rice, corn, and potato; the different moisture 
contents in the samples; and possibly different mecha- 
nisms of conversion at different temperature ranges. In 
dealing with biological or biochemical reactions where ac- 
tivities of the catalysts (enzyme or cells) involved are also 
affected by temperature, a composite Arrhenius plot can 
be obtained. The study of the effect of temperature on the 
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Table 3. Activation Energy for Starch Conversion Due to 
Thermal Effect 


Materials Temperature (°C) E, (kcal/mol) Reference 

Amoica, 75% 145-160 44.25 18 

Amoica, 80% 150-170 33.78 18 

White rice 75-100 19.8 19 
(65% water) 100-150 88 

Brown rice 50-85 18.5 28 
(>45% water) 85-120 10.5 

Rough rice 50-85 24.7 28 
(>45% water) 85-120 9.6 

Rice starch 70-85 24.7 29 
(90% water) 

Potato starch <65 230 29 
(90% water) 

Potato starch <67.5 196 24 
(82% water) <67.5 58.2 


catalytic breakdown of hydrogen peroxide by beef liver cat- 
alase uncovered the nonlinearity in an Arrhenium plot (In 
k vs 1/T) as shown in Figure 3 (25). The effect of tempera- 
ture on the rate of production of penicillin with Penicillium 
chrysogenum was reported to show a similar effect (Fig. 4). 
(26), The data points on these two figures fall into two 
groups, one of which is related to the activation of the sub- 
strate(s) and the enzyme molecules (catalase, or other en- 
zymes in the cell of P. chrysogenum), while the other is 
indicative of the inactivation of the enzyme or the cell at 
higher temperature range. The maximum of the roughly 
bell-shaped curve of Figure 3 and the intercept of the two 
lines in Figure 4 are corresponding to the critical tempera- 
tures causing the denaturation of the enzyme (53°C for cat- 
alase) and the inactivation of the cell activity. In studying 
activation energies for biological or biochemical reactions, 
care must be taken to avoid such high temperatures. It has 
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Figure 3. Nonlinearity of Arrhenius plot for breakdown rate of 
hydrogen peroxide in the presence of catalase. Source: Ref. 25. 
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Figure 4. Nonlinearity of Arrhenius plot for penicillin production 
rate with Penicillium chrysogenum. Source: Ref. 26. 


been shown that the activation energy for cell growth is 
sufficiently different from that for penicillin production. 
This difference suggests that the enzymes involved in each 
sequence are different. (Penicillin, being a secondary me- 
tabolite, is produced by mature culture of the Penicillium.) 
Studies such as these are helpful in elucidating the kinetic 
mechanisms of reactions. To determine whether a biologi- 
cal or a biochemical reaction is kinetically controlled or 
mass-transfer controlled, the Arrhenius plot and the cal- 
culation of activation energy can be used. The activation 
energy of a catalyzed biological or biochemical conversion 
is in the range of 8 to 10 kcal/mol or higher, whereas that 
of diffusion is smaller than that (27). 

The activation energy calculation according to Arrhe- 
nius only deals with one type of energy source: heat or ther- 
mal. It is known that there are reactions that can be acti- 
vated by other types of energy source, such as photoenergy, 
electrical energy, shear energy, and pressure-related en- 
ergy. The process of photosynthesis is initiated by photo- 
energy. The mechanism of the transduction of light energy 
into chemical energy has been a challenge to the scientific 
community. Electrochemical reactions are initiated by 
electrical energy. Manufacturing of chlorine and sodium 
hydroxide are examples. Shear energy has been shown to 
initiate free-radical formation. What is the efficiency of 
these different energy source in causing the reactions to 
happen? Activation energy can be looked on as the energy 
barrier to the initiation of a reaction. What are the acti- 
vation energy requirements for photochemical, electrical, 
or shear energy induced reactions? It is possible to look at 
the activation energy as an index for the efficiency of a 
particular energy source. The smaller the value, the higher 
the efficiency. Using starch conversion as an example, 
starch can be converted (based on DSC thermogram) by 
supplying thermal energy or shear energy in an extruder. 
It is known that starch can also be converted (based on 
DSC thermogram) by shear energy alone (30-32) that is 


without external heating or dissipated heat. The efficiency 
of shear energy in causing this conversion is two to three 
orders of magnitude higher than that by thermal energy. 
The thermal activation energies shown in Table 3 are in 
the range of kilocalories per mole, whereas those of shear, 
as shown in Table 4, are in the range of calories per mole. 
This is an important reason why extruders, due to their 
capability of providing high shear, are efficient reactors in 
which to carry out starch conversion for food processors. 


BIOREACTOR 


This section deals with the selection of the best types of 
reactor and operation for a particular biochemical or bio- 
logical process. When faced with a design problem such as 
this, there are two previously fixed factors that must be 
considered to make a proper selection. These are, first, the 
scale of operation (production rate) and, second, the kinet- 
ics of the reaction involved. Invariably the criterion that is 
used to make the selection is a monetary one. Design and 
economics are two sides of the same coin. To be responsible 
to society as a whole, industries must also pay attention 
to safety and environmental and ethical problems in mak- 
ing decisions on the overall design of a process. This is 
much easier said than done. Engineering design and eco- 
nomics are quantitative, whereas social benefits and val- 
ues are difficult to access. At the present time, the subject 
matter dealt here is limited to the scientific aspect of the 
problem that can be expressed clearly in quantities. 


BIOLOGICAL REACTOR 


In general, reactors have been classified in two ways, one 
according to the type of operation and the other according 
to design features. Based on the types of operation, there 
are batch, continuous, and semicontinuous reactors. Due 
to the relatively high productivity of a continuous process 
as compared with a batch one, when a process is reaction 
cost intensive, it is advisable to use the former rather than 
the latter. On the other hand, ifthe process is recovery cost 
intensive, high concentration of product instead of high 
productivity is desirable, and a batch process is usually 
preferred. Whether the process is a batch or a continuous 
one, the reactor is the heart of the process. The efficiency 


Table 4. Activation Energy for Shear Effect on 65% 
Amioca at Different Temperatures 


Activation Energy Preexponent 
‘Temperature (°C) (cal/mol) Fo) 

21 108.01 6.99 x 107 
25 91.77 8.60 x 10° 
36 71.60 4.29 x 104 
40 37.32 4.79 x 10° 
50 24.42 7.45 x 10? 
70 20.52 9.77 

80 12.97 8.10 

90 10.44 9.48 
Source: Ref. 30. 
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of the reactor frequently, if not always, determines the eco- 
nomics and, hence, the commercial feasibility of the pro- 
cess. To achieve high efficiency of the reactor, it must be 
designed according to the specific reaction system con- 
cerned, namely, the kinetics of the reaction. 

Chemical reactors have also been classified according to 
the design features. There are tank reactors, tubular re- 
actors, tower reactors, and fluidized reactors. Most of these 
reactors have found their uses in biological and biochemi- 
cal processes. The most popular reactor used in biological 
and biochemical processes has been the tank reactor. The 
majority of the industrial fermentation process, waste 
products—treatment processes, and food-cooking processes 
use tank reactors. For factories making a repertoire of hun- 
dreds of products each at a small scale, the tanks are ver- 
satile and flexible, and batch operation is the one of choice. 
However, a batch process is inherently harder to control 
than a continuous one, even with the advent of computer- 
coupled control systems. The right decision between batch 
and continuous operation depends on the relative magni- 
tude of labor and capital costs. What is best for a developed 
country is not necessarily good for a developing one. 

In the following, the performances of distinctive reac- 
tors in continuous operation are discussed. For the sake of 
simplicity in mathematical analyses of the reactor perfor- 
mances, these reactors can be categorized into two ideal 
reactors: well-mixed (back-mixed or stirred tank) and plug- 
flow reactors, according to the flow patterns in the reactors. 
In a well-mixed reactor, it is assumed that there is no con- 
centration distribution in the reactor; if the process is con- 
tinuous, there is no distribution of residence time among 
the elements of fluid (or substrate) leaving the reactor 
tank. Under such a condition (complete mixing), the rate 
is constant throughout the reactor, and there is no need 
for a differential equation describing the change in concen- 
tration or conversion between the inlet and outlet streams. 
A simple material balance is sufficient. In a plug-flow re- 
actor (wherein no longitudinal mixing but complete radial 
mixing is assumed), the concentration of the substrate var- 
ies longitudinally and so does the rate of the reaction 
(unless the reaction is of zero order with respect to the 
substrate concentration). In such a case, a differential 
equation is needed to express the performance of the re- 
actor, and the performance of the reactor can be obtained 
by integrating the equation. Due to such differences in re- 
actor features for well-mixed and plug-flow reactors, other 
things being equal, when a reaction is substrate inhibitory, 
it is desirable to use a well-mixed reactor. On the other 
hand, if the reaction is product inhibitory, it is desirable to 
use a plug-flow reactor. In most occasions, the selection of 
either a well-mixed or a plug-flow reactor depends mainly 
on the kinetics of the reaction concerned. In general, if a 
first-order enzymatic reaction is free of substrate and prod- 
uct inhibition, the amount of enzyme required for 99% con- 
version in a well-mixed reactor is 21 times that required 
for a plug-fiow reactor. The ratio of the amount of the en- 
zyme required (ECSTR/EPFR) becomes four to one when 
90% conversion is desired. Consequently, other things be- 
ing equal, for a first-order enzymatic reaction, it is advis- 
able to use a plug-flow reactor rather than a well-mixed 
reactor. 
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The growth of cells is a self-catalytic process. The plot 
of cell growth rate versus cell concentration follows a bell- 
shaped curve with an optimum. In such processes, if the 
reaction rate in the reactor never reaches the maximum 
rate, theoretically the use of one single well-mixed reactor 
is superior to the use of a plug-flow reactor. This is based 
on the comparison of the efficiency of the reactors in car- 
rying out a specific conversion under identical environ- 
mental conditions. If the cultivation of cell tissue is the 
purpose of a fermentation process, either in a batch or con- 
tinuous process, the rate of cell growth in the fermenter 
usually does not exceed the maximum rate during the pro- 
cess. This is one of the reasons why a mechanically stirred- 
tank reactor with air dispersed into liquid medium by 
sparging is the most typical industrial fermenter, although 
the production of secondary metabolites and enzymes from 
fermentation processes usually includes the growth of mi- 
croorganisms beyond the exponential phase. This type of 
process usually warrants a two-stage process, and theo- 
retically the use of a stirred-tank reactor followed by a 
plug-flow reactor is most desirable (33). The most obvious 
difficulty of using a plug-flow reactor is the maintenance 
of the flow pattern, especially under aeration require- 
ments. 

Another aspect of the discussion of reactor kinetics is 
the use of immobilized enzymes in various reactor types 
for biocatalytic conversions. Free enzymes can be used in 
these reactors, except that a rather large amount of energy 
will have to be spent on the retention of enzymes usually 
through the use of ultrafilters. Basically, enzymes are ex- 
pensive materials; because they are catalysts, their reus- 
ability is logical, provided it is economical to do so. Im- 
mobilization of enzymes seems to be the answer to this 
question. Although some of the immobilization processes 
are quite elaborate and potentially expensive, many are 
quite simple and effective (8,10). 

The efficiency of a reactor used for immobilized enzymes 
depends on the following factors: mass-transfer resis- 
tances (external and internal), enzyme-loading factor, en- 
zyme stability, substrate contact efficiency, and so on. In 
selecting reactors to house immobilized enzymes, these 
factors must be considered. As an example, the selection 
of a reactor for glucose isomerase is discussed. There are 
three types of immobilized glucose isomerase: immobilized 
cell-free glucose isomerase (8,9,34,35), immobilized cells 
with intracellular glucose isomerase (10), and free cells 
with intracellular glucose isomerase (36,37). As has been 
pointed out for immobilized glucose isomerase reactors 
(35) and as a general rule, for higher-order reactions or 
Michaelis-Menten kinetics with a high value of Ky, when 
high conversion is desired, much more enzyme is required 
in the continuous stirred-tank reactor than in the plug- 
flow reactor. The choice of a plug-flow reactor is also partly 
due to the fact that the intrinsic reaction kinetics there are 
equilibrium controlled. The Keg value of the isomerization 
reaction is close to the value of one at most operating 
temperatures. The concentration of product cannot be 
neglected in the rate expression. Applying reversible 
Michaelis-Menten kinetics to glucose-fructose conversion, 
the resulting rate expression is 


VidS — P/K) 


~ Ky + S + ByPiKp) 8) 


v 


where K is equilibrium constant (PIS at equilibrium), S is 
the glucose concentration, P is the fructose concentration, 
Ky and Kp are constants, v is the reaction rate, and Vy is 
equal to (E);cta) times k, the maximum reaction rate. This 
rate expression can be looked upon as one derived from the 
product-inhibition model, and, as discussed before, the use 
of a plug-flow reactor is more efficient for this type of re- 
action. In published data on immobilized glucose isomer- 
ase, mass-transfer resistances were not found to be limit- 
ing factors. Both internal and external resistances were 
found to be negligible. In accordance with this, it has been 
found that the activation energy of immobilized and solu- 
ble glucose isomerase are close, 15.7 and 14.5 kcal/g ~ mol, 
respectively (35). Due to the lack of mass-transfer resis- 
tances in this case, it is advisable to use an immobilized 
whole-cell system instead of an immobilized enzyme sys- 
tem, provided that the cells are fully induced and are high 
in glucose isomerase concentration (8). 

In batch reactors, concentrations of reactant(s) and 
product(s) are a function of time. So batch processes are 
transient processes. Continuous processes, on the other 
hand, can be in either transient or steady state. There are 
two types of steady state in continuous operations: volu- 
metric steady state and concentration steady state. Other 
things being equal, a volumetric steady state is a prereq- 
uisite for reaching a concentration steady state. Mathe- 
matically, steady state means that the variable (volume or 
concentration) is not changing with respect to time, dV/dt 
or dC/dt = 0. In operation, volume invariance can be 
achieved mechanically; for biological systems, concentra- 
tion steady state, such as constant cell concentration, is 
difficult to achieve. In reality, dC/dt = + or — 10% of the 
mean is a good criterion for reaching the steady state of 
cell cultures (38). 

Deviations from ideal reactors are common in practice. 
Many real reactors behave in between a well-mixed and a 
plug-flow reactor. A column reactor is closer to a plug-flow 
reactor, a tank reactor to a well-mixed reactor, and a 
fluidized-bed reactor is a hybrid of the two ideal reactors. 
A series of well-mixed reactors can be operated to perform 
like a plug-flow reactor. An extruder is closer to a plug-flow 
than a well-mixed reactor. These arguments can be eval- 
uated by looking at the residence time distributions of vari- 
ous reactors. 

An extruder is like a pump. It is a versatile reactor, 
capable of performing other operations in concert with its 
pumping function. For instance, extruders can be used as 
a mixer and as reactors to make pasta, pet foods, instants, 
confectioneries, and snacks and can be used to determine 
spices. Extrusion is a typical continuous process that has 
the potential of steady-state operation with high produc- 
tivities. The engineering analysis of an extrusion process 
is a difficult task. Chemical and physical changes of ma- 
terials that occur in extruders are the results of solid (pow- 
dery) or semisolid interactions under limited-moisture con- 
tents. The initiation, or activation, of such changes can be 
done by thermal energy input or mechanical energy input. 
In addition to changes at the molecular level, extruders 


are also most effective in rendering size reductions to affect 
changes at the particle level. All these changes are im- 
portant in determining the product quality, especially in 
texture-related features. The kinetics of chemical and 
physical changes of starch and other food ingredients in 
extrusion process are difficult to study because of the 
highly nonideal environment, as opposed to gas or dilute 
solution, and the complication of transport processes (heat, 
mass, and momentum transfers) coupling with reaction ki- 
netics. The idea of predicting the performance of an extru- 
der by using transport coupled kinetic models is a desir- 
able one. The task of correlating product qualities, such as 
specific texture, flavor, or color, to the performance of an 
extruder is a difficult one. Certainly innovative ideas are 
needed to achieve such a goal. 


FOOD STORAGE AND PREDICTION OF SHELF LIFE 


Quality deterioration in the form of decrease of nutritional 
value, color change, development of off-flavor, and textural 
change may occur in foods during storage. The purpose of 
food preservation is to minimize such quality deteriora- 
tion. To provide adequate but not excess protection, the 
studies of environmental factors affecting quality deterio- 
ration are of prime importance. To predict quality changes, 
or to predict shelf life of foods, kinetics studies of essen- 
tial parameters, such as product characteristics, storage 
environment, and container protection are necessary. 
Computer-aided simulation of models derived from such 
kinetics studies can provide information for adequate de- 
sign of a preservation scheme for foods and also for pre- 
diction of the shelf life of foods (39-43). The success of such 
design and prediction depends mainly on the understand- 
ing of the nature of the chemical and physical changes of 
the food system involved and the subsequent derivation of 
a correct kinetics model from such understanding. A direct 
mathematization of an overall change without mechanistic 
understanding of such changes may result in an inade- 
quate kinetics model that has limited application. Earlier 
studies on the quality deterioration of foods (44,45) mostly 
depend on such technique. The effects of storage tempera- 
ture and time on the retention of thiamin and ascorbic acid 
in canned foods has been studied (44). Nomographs for 
ascorbic acid and thiamin retention based on first-order 
decay kinetics of these vitamins were constructed. By ex- 
trapolation, these homographs permit prediction of reten- 
tion values beyond the conditions of the actual experi- 
ments. Similar techniques, were used in another study 
that went further to calculate activation energy and fre- 
quency factors (4E and a of equation 21) by studying the 
first-order decay reaction at different temperatures. By us- 
ing these constants (4E and a), it would be also possible to 
calculate the effect of fluctuating temperature on the stor- 
age stability of the foods studied. Although both these 
studies found first-order decay of ascorbic acid in frozen 
spinach and various canned foods, respectively, another 
study (43) reported that the rate of oxidation of ascorbic 
acid is not only dependent on ascorbic acid concentration, 
but also on dissolved oxygen (DO) concentration if it is be- 
low a critical value, such as 8.71 ppm in that study. Unless 
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there is a continuous supply of oxygen to the packaged food 
system, the DO value will decrease from an initial satu- 
ration value (solubility of oxygen in water is about 7-8 ppm 
at 25°C) to a limiting value during storage. The consider- 
ation of DO concentration in the rate expression of ascorbic 
acid degradation seems to be logical under such circum- 
stances. As proposed, the following bimolecular kinetics 
equation is appropriate in describing the rates of ascorbic 
acid oxidation in infant foods (43). 


- = WA\B) (24) 


where (A) and (B) are concentrations of ascorbic acid and 
DO, respectively. It was also found that the rate constant 
k increases linearly with light intensity up to 1756 (trans- 
mitted) lux. 

Shelf life, or storage stability of foods, depends on a 
large number of factors such as those of environmental 
origin—temperature, equilibrium relative humidity, oxy- 
gen partial pressure, light, intensity, and so on—and those 
of container characteristics—package permeabilities, 
package configurations, and so on. Studies of the effect of 
the critical factor or factors among those listed on the sta- 
bility of food make it possible to derive kinetics equations 
suitable for modeling the changes and predicting the shelf 
life of foods. However, for the purpose of package design 
and optimization (overprotection is expensive), it is nec- 
essary to consider the deteriorative reactions that depend 
on the characteristics of the package. In other words, the 
kinetics model or the formulas derived from it will be use- 
ful for package design and optimization if the packing pa- 
rameters are explicitly included in the formulas (42). 

As an example of optimization of package design, the 
results of one study (40) are summarized here. Two critical 
factors affecting the shelf life of potato chips were identi- 
fied as (1) transfer of moisture into the package, causing a 
textural change, and (2) the initial presence and continued 
transfer of oxygen, which causes oxidative rancidity. If 
shelf life is defined as the time to reach maximum allow- 
able moisture content or the maximum allowable extent of 
oxidation, the optimized design of packaged potato chips 
is that in which these two limits are reached simulta- 
neously. This requirement determines the selection of suit- 
able film for packaging. A lamination of two films with one 
high in oxygen permeability but low in water permeability 
and the other high in water permeability but low in oxygen 
permeability would be the choice for such a case. 

Kinetics models are useful in describing the rates of 
changes related to food quality, including spoilage. A more 
important aspect of kinetics model development is its abil- 
ity to be used for predicting the spoilage before the foods 
are consumed. The traditional microbiological approach to 
determining the stability and safety of foods is retrospec- 
tive. Information is obtained several days after the sam- 
ples are collected and analyzed in the laboratories. The use 
of predictive microbiology, within which the growth rates 
of the microbes of concern in foods would be modeled with 
respect to critical environmental factors, such as tempera- 
ture, pH, and water activity, has been proposed (46). Mod- 
els relevant to broad categories of foods can be used to pre- 


1448 KINETICS 

dict the spoilage rates of foods. More studies are needed to 
learn how much information is required to produce such a 
workable model. Nevertheless, modeling by using relevant 
kinetics equations offers the most cost-effective approach 
to the understanding and control of microbial growth in 
foods (46). 


BIBLIOGRAPHY 


1. G. E. Briggs and J, B. S. Haldane, “A Note on the Kinetics of 
Enzyme Action,” Biochem. J. 19, 338-339 (1925). 

2. J. B. Neilands and P. K. Stumpf, Outlines of Enzyme Chem- 
istry, John Wiley & Sons, New York, 1958. 

3. G. B. Borglum and M. Z. Sternberg, “Properties of a Fungal 
Lactase,” J. Food Sci. 37, 619-623 (1972). 

4, H. H. Weetall, “The Preparation of Immobilized Lactase and 
Its Use in the Enzymatic Hydrolysis of Acid Whey,” Biotech- 
nol. Bioeng. 16, 295-313 (1974). 

5. G. J. H. Melrose, “Insolubilized Enzymes: Biochemical Appli- 
cations of Synthetic Polymers,” Rev. Pure Appl. Chem. 21,83— 
119 (197). 

6. H. H, Weetal and N. B. Havewala, “Continuous Production of 
Dextrose From Corn Starch: Reactor Parameters Necessary 
for Commercial Application,” Biotechnol. Bioeng. Symposium 
3, 241-256 (1972). 

7. R. D. Mason and H. H. Weetall, “Invertase Covalently Cou- 
pled to Porous Glass: Preparation and Characterization,” Bio- 
technol. Bioeng. 14, 637-645 (1972). 

8. S.S. Wang and W. R. Vieth, “Collagen-Enzyme Complex Mem- 
branes and Their Performance in Biocatalytic Modules,” Bio- 
technol. Bioeng, 14, 93-101 (1972). 

9. G. W, Strandberg and K. L. Smiley, “Glucose Isomerase Co- 
valently Bound to Porous Glass Beads,” Biotechnol. Bioeng. 
14, 509-513 (1972). 

10. S. S. Wang, W. R. Vieth, and A. Constantinedes, “Complexa- 

tion of Enzymes or Whole Cells With Collagen,” in E. K. Pye 

and L. B, J. Wingard, eds., Enzyme Engineering, Vol. 2, Ple- 

num Press, New York, 1974, pp. 123-129. 

I. Chibata et al., Fermentation Technology Today, Society of 

Fermentation Technology, Osaka, Japan, 1972. 

12, M.D, Lilly and A. K. Sharp, Chem. Eng. (London) CE12 (Jan./ 
Feb. 1968). 

13, J. Engasser and C. Howath, “Effect of Internal Diffusion in 
Heterogeneous Enzyme Systems: Evaluation of True Kinetic 
Parameters and Substrate Diffusivity,” J. Theor. Biol. 42, 
137-155 (1973). 

14, Y, Kobayashi and K. J. Laidler, “Kinetic Analysis for Solid 
Supported Enzymes,” Biochim. Biophys. Acta 302, 1-12 
(1973). 

15. R. Leuedeking and E. L. Piret, J. Biochem. Microbiol. Technol. 
Eng. 1, 393-405 (1959). 

16. A. Shinmyo, M. Okagaki, and G. Terui, “Kinetic Studies on 
Enzyme Production by Microbes. III: Process Kinetics of Glu- 
coamylase Production by Aspergillus niger,” in D. Perlman, 
ed., Fermentation Advances, Academic Press, Orlando, Fla., 
1969, pp. 337-367. 

17. J. W. Donovan, “Phase-Transition of the Starch-Water Sys- 
tem,” Biopolymers 18, 263-275 (1979). 

18. S.S, Wang, W. C. Chiang, A. I. Yeh, B. L. Zhao, and I. H. Kim, 
“Kinetics of Phase-Transition of Waxy Corn Starch under Ex- 


11. 


19. 


20. 


23. 


25. 


26. 


27. 


trusion Temperature and Moisture Content,” J. Food Sci. 64, 
1298-1301 (1989). 

K. Suruki et al., “Kinetic Studies on Cooking Rice,” J. Food 
Sci. 41, 1180-1183 (1976). 

K. Kubota et al., “Studies of the Gelatinization Rate of Rice 
and Potato Starches,” J. Food Sci. 44, 1394-1397 (1979). 


. D. B. Lund and M. Wirakartakusumah, “A Model for Starch 


Gelatinization Phenomena,” in B. M. McKenna, ed., Engi- 
neering and Food, Vol. 1: Engineering Sciences in the Food 
Industry, 1984, pp. 425~432. 


. C. Mok et al., “Kinetic Study on the Gelatinization of Barley 


Starch,” Korean Journal of Food Science Technology 17, 409- 
414 (1985). 

M. Bhattacharya and M. A. Hannai, “Kinetics of Starch Ge- 
latinization During Extrusion Cooking,” J. Food Sci. 52, 764— 
766 (1987). 

C. I. Pravisani, A. N, Califano, and A. Calvilo, “Kinetics of 
Starch Gelatinization in Potato,” J. Food Sci. 50, 657-660 
(1985). 

I, W. Sizer, “Temperature Activation and Inactivation of the 
Crystalline Catalase-Hydrogen Peroxide System,” J. Biol. 
Chem. 154, 461-473 (1944). 

C. T. Calam, N. Driver, and R. H, Bowers, “Studies in the 
Production of Penicillin, Respiration and Growth of Penicil- 
lium chrysogenum in Submerged Culture, in Relation to Ag- 
itation and Oxygen Transfer,” J. Appl. Chem. 1, 209-216 
(1951). 

P. Schneider and J. M. Smith, “Chromatographic Study of 
Surface Diffusion,” AIChE J. 14, 886 (1968). 

A. S, Bakchi and R. P. Singh, “Kinetics of Water Diffusion and 
Starch Gelatinization During Rice Parboiling,” J. Food Sci. 
45, 1387-1392 (1980). 


29. Kubota et al., “Studies of the Gelatinization Rate of Rice and 


37. 


38. 


39. 


Potato Starches,” J. Food Sci. 44, 1394-1397 (1979). 


. SS. Wang et al., “Development of an Energy-Equivalent Con- 


cept for the Formulation of Extrusion-Kinetic Equations,” Fif- 
tieth IFT Annual Meeting, Chicago, Ill, June, 1989. 


. X. Zheng and S. S. Wang, “Shear Induced Starch Conversion 


During Extrusion” J. Food Sci. 59, 1137-1142 (1994), 


. S. S. Wang, and X. Zheng, “Tribological Shear Conversion of 


Starch,” J. Food Sci. 60, 520-522 (1995). 


. K. B. Bischoff, “Optimal Continuous Fermentation Reactor 


Design,” Can. J. Chem. Eng. 44, 281-284 (1966). 


. Ger. Pat, 2,303,872 (1973), D. Dinelli, F. Morisi, S. Giovenco, 


and P. Pansolli. 


. N. B. Havewala and W. H. Pitcher, “Immobilized Glucose 


Isomerase for the Production of High Fructose Syrup,” in E. K, 
Pye and L. B. J. Wingard, eds., Enzyme Engineering, Vol. 2, 
Plenum Press, New York, 1974, pp. 315-328. 


. U.S. Pat. 3,623,953 (November 30, 1971), W. P. Cotter, N. E. 


Lloyd, and C. W. Hinman (to Standard Brands, Inc.). 

USS. Pat. 3,694,314 (September 26, 1972), N. E. Lloyd, L. 'T. 
Lewis, R. M. Logan, and D. N. Patel (to Standard Brands, 
Inc.). 

C. K. Jin and S. S. Wang. “Steady State Analysis of the En- 
hancement in Productivity of a Continuous Fermentation Pro- 
cess Employing Protein Phospholipid Complex as a Protecting 
Agent,” Enzyme Microb. Technol. 3, 249-257 (1981). 

T. P, Labuza, S. Mizrahi, and M. Karel, “Mathematical Models 
for Optimization of Flexible Film Packaging of Foods for Stor- 
age,” Trans. Am. Soc. Agricultural Eng. 1G, 150-155 (1972). 


40. D. G. Quast and M. Karel, “Computer Simulation of Storage 
Life of Foods Undergoing Spoilage by Two Interacting Mech- 
anisms,” J. Food Sci. 37, 679-683 (1972). 

41. ¥.S, Henig and S. G. Gilbert, “Computer Analysis of the Vari- 
ables Affecting Respiration and Quality of Produce Packaged 
in Polymeric Films,” J. Food Sci. 40, 1033-1035 (1975). 

42. K. 1. Hayakaw, Y. S. Henig, and S. G, Gilbert, “Formulas for 
Predicting Gas Exchange of Fresh Produce in Polymeric Film 
Package,” J. Food Sci. 40, 186-191 (1975). 

43, R. P, Singh, D. R. Heldman, and J. R. Kirk, “Kinetics of Qual- 
ity Degradation: Ascorbic Acid Oxidation in Infant Formula 
During Storage,” J. Food Sci. 41, 304-308 (1976). 

44, M, Freed, S. Brenner, and V, 0. Wodicka, “Prediction of Thi- 
amine and Ascorbic Acid Stability in Stored Canned Foods,” 
Food Technol. 8, 148-151 (1949). 

45, A. L, Brody, K. Bedrosian, and C. O. Ball, “Low Temperature 
Handling of Sterilized Foods, V: Biochemical Changes in Stor- 
age,” Food Technol. 14, 852-556 (1960). 

46. T. A. Roberts, “Combinations of Antimicrobials and Process- 
ing Methods,” Food Technol. 43, 156-163 (1989). 


SHAw WANG 
Rutgers University 
Piscatawav, New Jersey 


KOSHER FOODS AND FOOD PROCESSING 


The kosher dietary laws determine which foods are “fit or 
proper” for consumption by Jewish consumers who observe 
these laws. The laws are biblical in origin, coming mainly 
from the original five books of the Holy Scriptures. Over 
the years, the details have been interpreted and extended 
by rabbis around the world to protect the Jewish people 
from violating any of the fundamental laws and to address 
new issues and technologies. For example, the rabbis are 
currently dealing with issues related to biotechnology (see 
later section). 

Why do Jews follow the kosher dietary laws? Many ex- 
planations have been given. The following by Rabbi Grun- 
feld is possibly the best written explanation and probably 
summarizes the most widely held ideas about the sub- 
ject (1): 


“And ye shall be men of a holy calling unto Me, and ye shall 
not eat any meat that is torn in the field” (Exodus XXII:30). 
Holiness or self-sanctification is a moral term; it is identical 
with . .. moral freedom or moral autonomy. Its aim is the com- 
plete self-mastery of man. 

‘To the superficial observer it seems that men who do not obey 
the law are freer than law-abiding men, because they can fol- 
low their own inclinations. In reality, however, such men are 
subject to the most cruel bondage; they are slaves of their own 
instincts, impulses and desires. The first step towards eman- 
cipation from the tyranny of animal inclinations in man is, 
therefore, a voluntary submission to the moral law. The con- 
straint of law is the beginning of human freedom. .. . Thus the 
fundamental idea of Jewish ethics, holiness, is inseparably 
connected with the idea of Law; and the dietary laws occupy a 
central position in that system of moral discipline which is the 
basis of all Jewish laws. 

The three strongest natural instincts in man are the impulses 
of food, sex, and acquisition. Judaism does not aim at the de- 
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struction of these impulses, but at their control and indeed 
their sanctification. It is the law which spiritualizes these in- 
stincts and transfigures them into legitimate joys of life. 


These laws are not health laws. For a more complete 
discussion, see Ref. 2. 


THE KOSHER MARKET 


The kosher market covers more than 30,000 products in 
the United States. In dollar value, about $35 billion worth 
of products have a kosher marking on them. The actual 
consumers of kosher food, that is, those who specifically 
look for the kosher mark, are estimated to be about 6 to 8 
million Americans, and they are purchasing almost $2 bil- 
lion worth of kosher product each year. Only about one- 
third of the kosher consumers are Jewish; other consumers 
include Muslims, Seventh Day Adventists, vegetarians, 
people with various types of allergy—particularly dairy, 
grain, and legume—and other consumers who value the 
quality of kosher products. “We report to a higher author- 
ity” was the ad claim for Hebrew National hot dogs. 
Ad Week Magazine has called kosher “the Good Housekeep- 
ing Seal for the 90s.” By undertaking kosher certification, 
food companies can incrementally expand their market by 
opening up new markets. 

Although limited market data are available, the most 
dramatic data about the impact of kosher have been pro- 
vided by Coors when they went kosher. According to their 
market analysis, their share of the Philadelphia market 
went up 18% on going kosher. Somewhat less dramatic in- 
creases were observed in other cities in the Northeast. 


THE KOSHER DIETARY LAWS 


The kosher dietary laws predominantly deal with three is- 
sues, all in the animal kingdom: 


1, Allowed Animals 
2. Prohibition of Blood 
3. Prohibition of Mixing of Milk and Meat 


However, for the week of Passover (in late March or early 
April), restrictions on “chometz,” the prohibited grains and 
the rabbinical extensions of this prohibition, lead to a 
whole new set of regulations, focused in this case on the 
plant kingdom. 

In addition, a separate set of laws deals with grape 
juice, wine, and alcohol derived from grape products, which 
must be handled by sabbath-observing Jews. However, if 
the juice is pasteurized (heated or “mevushal” in Hebrew), 
then this juice can be handled like any other kosher ingre- 
dient. 


ALLOWED ANIMALS AND PROHIBITION OF BLOOD 


Ruminants with a cloven hoof, most domestic birds, and 
fish with fins and removable scales are generally permit- 
ted. Pigs, wild birds, sharks, dogfish, catfish, monkfish and 
similar species along with all crustacean and molluscan 
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KOSHER FOODS AND FOOD PROCESSING 


The kosher dietary laws determine which foods are “fit or 
proper” for consumption by Jewish consumers who observe 
these laws. The laws are biblical in origin, coming mainly 
from the original five books of the Holy Scriptures. Over 
the years, the details have been interpreted and extended 
by rabbis around the world to protect the Jewish people 
from violating any of the fundamental laws and to address 
new issues and technologies. For example, the rabbis are 
currently dealing with issues related to biotechnology (see 
later section). 

Why do Jews follow the kosher dietary laws? Many ex- 
planations have been given. The following by Rabbi Grun- 
feld is possibly the best written explanation and probably 
summarizes the most widely held ideas about the sub- 
ject (1): 


“And ye shall be men of a holy calling unto Me, and ye shall 
not eat any meat that is torn in the field” (Exodus XXII:30). 
Holiness or self-sanctification is a moral term; it is identical 
with . .. moral freedom or moral autonomy. Its aim is the com- 
plete self-mastery of man. 

‘To the superficial observer it seems that men who do not obey 
the law are freer than law-abiding men, because they can fol- 
low their own inclinations. In reality, however, such men are 
subject to the most cruel bondage; they are slaves of their own 
instincts, impulses and desires. The first step towards eman- 
cipation from the tyranny of animal inclinations in man is, 
therefore, a voluntary submission to the moral law. The con- 
straint of law is the beginning of human freedom. .. . Thus the 
fundamental idea of Jewish ethics, holiness, is inseparably 
connected with the idea of Law; and the dietary laws occupy a 
central position in that system of moral discipline which is the 
basis of all Jewish laws. 

The three strongest natural instincts in man are the impulses 
of food, sex, and acquisition. Judaism does not aim at the de- 
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struction of these impulses, but at their control and indeed 
their sanctification. It is the law which spiritualizes these in- 
stincts and transfigures them into legitimate joys of life. 


These laws are not health laws. For a more complete 
discussion, see Ref. 2. 


THE KOSHER MARKET 


The kosher market covers more than 30,000 products in 
the United States. In dollar value, about $35 billion worth 
of products have a kosher marking on them. The actual 
consumers of kosher food, that is, those who specifically 
look for the kosher mark, are estimated to be about 6 to 8 
million Americans, and they are purchasing almost $2 bil- 
lion worth of kosher product each year. Only about one- 
third of the kosher consumers are Jewish; other consumers 
include Muslims, Seventh Day Adventists, vegetarians, 
people with various types of allergy—particularly dairy, 
grain, and legume—and other consumers who value the 
quality of kosher products. “We report to a higher author- 
ity” was the ad claim for Hebrew National hot dogs. 
Ad Week Magazine has called kosher “the Good Housekeep- 
ing Seal for the 90s.” By undertaking kosher certification, 
food companies can incrementally expand their market by 
opening up new markets. 

Although limited market data are available, the most 
dramatic data about the impact of kosher have been pro- 
vided by Coors when they went kosher. According to their 
market analysis, their share of the Philadelphia market 
went up 18% on going kosher. Somewhat less dramatic in- 
creases were observed in other cities in the Northeast. 


THE KOSHER DIETARY LAWS 


The kosher dietary laws predominantly deal with three is- 
sues, all in the animal kingdom: 


1, Allowed Animals 
2. Prohibition of Blood 
3. Prohibition of Mixing of Milk and Meat 


However, for the week of Passover (in late March or early 
April), restrictions on “chometz,” the prohibited grains and 
the rabbinical extensions of this prohibition, lead to a 
whole new set of regulations, focused in this case on the 
plant kingdom. 

In addition, a separate set of laws deals with grape 
juice, wine, and alcohol derived from grape products, which 
must be handled by sabbath-observing Jews. However, if 
the juice is pasteurized (heated or “mevushal” in Hebrew), 
then this juice can be handled like any other kosher ingre- 
dient. 


ALLOWED ANIMALS AND PROHIBITION OF BLOOD 


Ruminants with a cloven hoof, most domestic birds, and 
fish with fins and removable scales are generally permit- 
ted. Pigs, wild birds, sharks, dogfish, catfish, monkfish and 
similar species along with all crustacean and molluscan 
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shellfish are prohibited. Insects are also prohibited so that 
carmine and cochineal (natural red pigments) are not used 
in kosher products. Civet, ambergesis, and castoreum are 
the major flavors that are automatically not kosher. 

Furthermore, ruminants and fowl must be slaughtered 
according to Jewish law by a specially trained religious 
slaughterer. These animals are also subsequently in- 
spected by the rabbis for various defects. In the United 
States, the desire for more stringent meat inspection re- 
quirements has led to the development of a kosher meat 
conforming to a stricter inspection requirement, referred 
to as “glatt kosher.” The term “glatt,” or smooth, refers to 
the condition of the lung. The highest standard requires 
that no adhesions be present; that is, the lung is totally 
smooth. Most glatt kosher meat is limited to a few such 
adhesions. For regular kosher meat, the religious meat in- 
spectors remove all of the adhesions, and if the lung can 
still be inflated, the meat is kosher. 

The meat and poultry must be further prepared by 
properly removing certain veins, arteries, prohibited fats, 
blood, and the sciatic nerve. In practical terms this means 
that only the front quarter cuts of meat are generally used 
because of the difficulty in removing the sciatic nerve. To 
remove the blood, the meat is soaked and salted within a 
specified time period. Furthermore, any materials that 
might be derived from animal sources are generally pro- 
hibited because they are difficult to obtain from strictly 
kosher animals. Thus, many products that might be used 
in the food industry, such as emulsifiers, stabilizers, and 
surfactants, particularly those that are fat-derived, need 
careful rabbinical supervision to ensure that no animal- 
derived ingredients are used. Almost all such materials are 
also available in a kosher form derived from plant oils. 


PROHIBITION OF MIXING OF MILK AND MEAT 


“Thou shalt not seeth the kid in its mother’s milk.” This 
passage appears three times in the Torah (the first five 
books of the Holy Scriptures) and is thus taken religiously 
as a very serious admonition. The meat side of the equation 
has been extended to include poultry. The dairy side in- 
cludes all milk derivatives. 

To keep meat and milk separate requires that the pro- 
cessing and handling of all products that are kosher will 
fall into one of three categories: 


1. Meat products 
2. Dairy products 
3. Pareve (Parve) or neutral products 


The last includes all products that are not classified as 
meat or dairy. All plant products as well as eggs, fish, 
honey, and lac resin (shellac)—which is used as a coating 
for some confections and fruits—are pareve. These pareve 
foods can be used with either meat products or dairy prod- 
ucts, except that fish cannot be mixed directly with meat. 
Once a pareve product is mixed with either meat or dairy 
products, it takes on the status of meat or dairy, respec- 
tively. 


Some kosher-observant Jews are concerned about the 
possible adulteration of kosher milk with the milk of other 
animals (eg, mare’s milk) and as such require that the milk 
be watched from the time of milking. This “Cholev Yisroel” 
milk and products derived from milk are required by some 
of the stricter kosher supervisory agencies for all dairy in- 
gredients, so that dairy products would have to meet these 
requirements. 

To ensure the complete separation of milk and meat, all 
equipment, utensils, and so on must be of the proper cate- 
gory. Thus, if plant materials (eg, a fruit juice) is run 
through a dairy plant, it would become a dairy product 
religiously. Some kosher supervisory agencies do permit 
such a product to be listed as “dairy equipment (D.E.)” 
rather than “dairy.” The D.E. tells the consumer that it 
does not contain dairy but was made on dairy equipment 
(see allergy discussion). With the D.E. listing, the con- 
sumer can use the product immediately after a meat meal 
(on dairy dishes); ordinarily a significant wait would be 
required to consume a dairy product. In either case, the 
dishes would be switched from meat dishes to dairy dishes. 

Kosher-observant Jews must wait a fixed time between 
meat and dairy consumption. Customs vary, but the wait 
after meat before consuming dairy is generally much 
longer (three to six hours) than the wait from dairy to meat 
(zero to one hour). However, when a hard cheese (defined 
as a cheese that has been aged for more than six months) 
is eaten, the wait is the same as that for meat. Thus, most 
companies producing cheese for the kosher market age 
their cheese for less than six months. 

Ifone wants to make the product truly pareve, the dairy 
plant can usually be made pareve by the process of equip- 
ment kosherization (see later section). 


PASSOVER 


During this holiday, which occurs in the spring, all prod- 
ucts made from the five prohibited grains (Hebrew: 
chometz)—wheat, rye, oats, barley, and spelt—cannot be 
used except for the specially supervised production of un- 
leavened bread (Hebrew: matzos) that is prepared espe- 
cially for the holiday. Special care is taken to ensure that 
the matzos do not have any time to “rise.” In addition, 
products derived from corn, rice, legumes, sesame seeds, 
mustard seed, buckwheat, and some other plants (Hebrew: 
kitnyos) are prohibited for Jews whose origins are from 
central Europe. Thus, items like corn meal, corn syrup, 
corn starch, would be prohibited. Many rabbis permit kit- 
nyos oils. Some rabbis permit liquid derivatives of kitnyos 
such as corn syrup. The major source of sweeteners and 
starches generally used for Passover production of “sweet” 
items is either real sugar or potato-derived products. Some 
potato syrup is also used. Passover is a time of large family 
gatherings. Overall, 40% of kosher sales for the traditional 
“kosher” companies occurs during the week of Passover. 


EQUIPMENT KOSHERING 


There are three ways to make equipment kosher and/or to 
change its status, depending on the equipment’s prior pro- 


duction history. Note: After a plant (or a line) has been used 
to produce kosher pareve products, it can be switched to 
either kosher dairy or kosher meat without a special equip- 
ment kosherization step. 

The simplest equipment kosherization occurs with 
equipment made of materials that can be koshered and 
that have only been handled cold. These require a good 
caustic/soap cleaning. However, materials such as ceram- 
ies, rubber, earthenware, and porcelain cannot be ko- 
shered. If these materials are found in a processing plant, 
new materials may be required for production; switching 
between different status conditions will be difficult. 

Most food processing involves a heat treatment, gener- 
ally above 115 to 120°F, which is defined rabbinically as 
“cooking.” However, the exact temperature for “cooking” 
depends on the rabbi. To kosher these items, the equip- 
ment must be thoroughly cleaned with caustic/soap. The 
equipment must be left idle for 24 h and then the equip- 
ment must be flooded with boiling water (defined between 
190 and 212°F) in the presence of a kosher supervisor. 

In the case of ovens or equipment that use “fire,” ko- 
sherization involves heating the metal until it glows. 
Again, the rabbi will generally be present while this pro- 
cess is taking place. 

The procedures that must be followed for equipment 
kosherization can be quite extensive, so the fewer status 
conversions, the better. Careful formulating of products 
and good production planning can minimize the inconven- 
ience and cost. 


INDUSTRIAL JEWISH COOKING 


Depending on what is being cooked, it may be necessary 
for the rabbi to “do” the cooking. In practical terms this is 
often accomplished by having a rabbi light the pilot light, 
which is then left on continuously. 

Tn the case of cheese making, a similar concept usually 
requires the rabbi to add the coagulating agent into the 
vat. If the ingredients used during cheese making are all 
kosher but a rabbi has not added the coagulant, then the 
whey derived from such cheese would be considered kosher 
as long as the curds and whey have not been heated above 
about 120°F before the whey is drained off. As a result, 
there is much more kosher whey available than kosher 
cheese. 


DEALING WITH KOSHER SUPERVISION AGENCIES 


Kosher supervision is taken on by a company to expand its 
market opportunities. It is a business investment that, like 
any other investment, should be examined critically. It is 
appropriate for companies to look carefully at how they 
select a kosher supervisory agency. The agency’s name rec- 
ognition is only one important consideration. Other ques- 
tions to be raised include: (1) How responsive is the 
agency? (2) How willing are the rabbis to work with the 
company on problem solving? (3) How willing are they to 
explain their kosher standards and their fee structure? 
(4) Is the “personal” chemistry right? and finally (5) What 
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are the agency's religious standards and do they meet the 
company’s needs in the marketplace? 

One of the hardest issues for the food industry is the 
existence of so many different kosher supervisory agencies 
and standards. The trend in the mainstream kosher com- 
munity today is toward a more stringent standard. 

One can generally divide the kosher supervisory agen- 
cies into three broad categories. First there are the large 
organizations that dominate the supervision of larger food 
companies: the OU (Union of Orthodox Jewish Congrega- 
tions), the OK (Organized Kashruth Laboratories), the 
Star-K, and the Kof-K—all of which are nationwide and 
“mainstream.” Two of these, the OU and the Star-K are 
communal organizations: that is, they are part of a larger 
community religious organization. This provides them 
with a wide base of support but also means that the or- 
ganizations are potentially subject to the other priorities 
and needs of the organization. The Kof-K and the OK are 
private companies whose only function is to provide kosher 
supervision. In addition to these national companies, there 
are smaller private organizations and many local com- 
munity organizations that provide equivalent religious 
standards of supervision on a smaller scale. As such, prod- 
ucts accepted by any of these mainstream organizations 
will generally be accepted by all other mainstream orga- 
nizations. Local organizations may have a bigger stake in 
the local community; they may be more accessible and 
easier to work with. Although they often have less tech- 
nical expertise, the smaller agencies are often backed up 
by one of the national organizations. For a company that 
nationally markets, a limitation of using a local kosher cer- 
tifying agency may be name recognition of their kosher 
symbol elsewhere in the United States. With the advent of 
KASHRUS magazine, and its yearly review of symbols, 
this has become somewhat less of a problem. KASHRUS 
magazine (Box 204, Brooklyn, NY 11204) does not try to 
“evaluate” the standards of the various kosher supervisory 
agencies, but simply “reports” their existence. It is the re- 
sponsibility of the local congregational rabbi to define his 
or her standards for the congregation. A remote and lesser- 
known certification organization may be difficult to rec- 
ommend. 

The second category of kosher supervision includes in- 
dividual rabbis, generally associated with the “Hassidic” 
communities. These are often affiliated with the ultra- 
orthodox communities of Williamsburg and Borough Park 
in Brooklyn, Monsey, New York, and Lakewood, New 
Jersey. There are special food brands that cater to these 
communities, oftentimes providing continuous rabbinical 
supervision rather than the occasional supervision used by 
the mainstream organizations. The symbols of the kosher 
supervisory agencies representing these consumers are not 
as widely recognized beyond these communities as those 
of the major mainstream agencies in the kosher market. 
The rabbis will often do special supervisions of products 
using a facility that is normally under mainstream 
supervision—often without any changes, but sometimes 
with special needs for custom production. 

The third level of supervision is done by individual rab- 
bis who are more “lenient” than the mainstream standard. 
Many of these rabbis are Orthodox; some may be Conser- 
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vative. Their standards are based on their interpretation 
of the kosher laws. More lenient standards may cut out 
some of the “mainstream” and stricter markets. Each com- 
pany must weigh such issues when deciding about kosher 
supervision. 

Ingredient companies are very much encouraged to use 
a “mainstream” kosher supervisory agency so that they 
can sell to as many customers as possible. Unless an in- 
gredient is acceptable to the mainstream, it is almost im- 
possible to gain the benefit of kosher certification. 

With respect to interchangeability between kosher su- 
pervisory agencies: a system of certification letters is used 
to provide information among certifying rabbis about prod- 
ucts they have approved. A supervising rabbi certifies that 
a particular plant produces kosher products, or that only 
products with certain labels or certain codes are kosher 
under his supervision. Such letters should be renewed each 
year and should be dated with both a starting and ending 
date. These letters are the mainstay of how companies es- 
tablish the kosher status of ingredients as these ingredi- 
ents move in commerce. Obviously a kosher supervisory 
agency will only “accept” letters from agencies they con- 
sider acceptable. Consumers may also ask to see such let- 
ters. 

In addition, the kosher symbol of the certifying agency 
or rabbi usually appears on the packaging. (In some in- 
dustrial situations, where kosher and nonkosher products 
are similar, some sort of color coding of products may also 
be used.) Most of these symbols are “trademarks” that are 
duly registered. In a few cases, the trademark is not reg- 
istered, and more than one rabbi has been known to use 
the same kosher symbol. 

With respect to kosher markings on products, two is- 
sues need to be highlighted: 


1. It is the responsibility of the food company to show 
its labels to its kosher certifying agency prior to 
printing to ensure that the labels are marked cor- 
rectly. This responsibility includes both the agency 
symbol and the documentation establishing its ko- 
sher status (eg, meat, dairy, or pareve). Many agen- 
cies currently do not require that “pareve” be marked 
on products; others do not use the “dairy” marking. 

2. The labels for private label products marked with 
specific agency symbols cannot be moved easily be- 
tween plants. This is why some companies—both 
private label and others—use the generic “K,” which 
can continue to be used even if the kosher supervi- 
sory agency changes. Increasingly, sophisticated ko- 
sher consumers are questioning the use of this ge- 
neric symbol. 


GELATIN 


Gelatin is probably the most controversial of all modern 
kosher ingredients. Gelatin can be derived from pork skin, 
beef bones, or beef skin. In recent years, some fish gelatins 
have also appeared. As a food ingredient, fish gelatin has 
many similarities to beef and pork gelatin. Depending on 
the species from which the fish, skins are obtained, its 


melting point can vary over a much wider range of melting 
points than beef or pork gelatin. This may offer some 
unique opportunities. 

Currently available gelatins—even if called “kosher’— 
are not acceptable to the mainstream kosher supervisory 
organizations. A recent production of gelatin from the 
hides of kosher-slaughtered cattle has been available in 
limited supply at great expense and is accepted by the 
mainstream kosher supervisory agencies and some of the 
stricter ones. 

Attitudes about gelatin certification vary greatly among 
the lenient kosher supervisory agencies. The most liberal 
view holds that gelatin, being made from bones and skin, 
is not being made from a food (flesh). Further, the process 
used to make the product goes through a stage where the 
product is so “unfit” for consumption that it is not edible 
by man or dog, thus becoming a new entity, (Rabbis holding 
this view may accept pork gelatin.) Most gelatin desserts 
with a generic “K” follow this ruling. 

Other rabbis only permit gelatin from beef bones and 
hides but not pork. Other rabbis will only accept “India dry 
bones” as a source of beef gelatin. These bones, found nat- 
urally in India (because of the Hindu custom of not using 
cattle) are aged for over a year and are “dry as wood”; ad- 
ditional religious laws exist for permitting these materials. 
Again, none of these products is accepted by the “main- 
stream” kosher supervisions, rendering them unaccept- 
able to a significant portion of the kosher community. 


BIOTECHNOLOGY 


Rabbis currently accept products like chymosin (rennin) 
that are made by simple genetic engineering. The produc- 
tion conditions in the fermentors must still be kosher; that 
is, the ingredients and the fermentors and any subsequent 
processing must use kosher equipment and ingredients of 
the appropriate status. A product produced in a dairy me- 
dium would be dairy; any product produced by cattle by 
excretion in the milk is defined as dairy. The rabbis con- 
tinue to consider the status of more complex genetic ma- 
nipulations. Note: A natural rennin extracted from the 
dried stomach of a kosher-killed and inspected calf is ko- 
sher and is pareve. 


FEDERAL AND STATE REGULATIONS 


Making a claim of kosher on a product is a “legal” claim. 
Federal regulation 21CFR101.29 has a paragraph indicat- 
ing that such a claim must be appropriate. Approximately 
20 states and a number of counties and cities have laws 
specifically regulating the claim of “kosher.” Many of these 
laws refer to “Orthodox Hebrew Practice” or some variant 
of this term, and their legality in the 1990s is subject to 
further court interpretation. 

New York State probably has the most extensive set of 
kosher laws, including a requirement to register kosher 
products with the Kosher Enforcement Bureau of the De- 
partment of Agriculture and Markets (55 Hanson PI., 
Brooklyn, NY 11217). However, the laws in New Jersey— 
having been written after the state’s original laws were 


declared unconstitutional by the state supreme court— 
probably have the clearest focus and, to date, no Consti- 
tutional issue. The regulations focus specifically on “con- 
sumer right to know” and “truth in labeling” issues. They 
avoid having the state of New Jersey define kosher. Rather, 
the rabbis providing supervision declare the information— 
adhered to by the food manufacturers—that consumers 
need to make an informed decision. 


ALLERGIES 


Many consumers use the kosher markings as a guideline 
for determining whether products might meet their special 
health needs. There are also limitations that the particu- 
larly sensitive consumer must consider. 

With respect to all kosher products, two important lim- 
itations need to be recognized: 


1. A process of equipment kosherization is used to con- 
vert equipment from one status to another. This is a 
well-defined religious procedure but may not lead to 
100% removal of previous materials run on the 
equipment. 

2. Religious law does permit certain ex post facto (after 
the fact) errors to be negated. Thus, trace amounts 
(less than 1/60 by volume under very specific condi- 
tions) can be nullified. In deference to a company’s 
desire to minimize negative publicity, a kosher su- 
pervisory agencies may not announce when it has 
used this procedure to make a product acceptable. 


Products that one might surmise to be made in a dairy 
plant—for example, pareve substitutes for dairy products 
and some other liquids like teas and fruit juices—may be 
produced in plants that have been kosherized, but they 
may not meet a very critical allergy standard. Another 
product that can be problematic is chocolate: many plants 
make both milk chocolate and pareve chocolate. Getting 
every last trace of dairy out of the pareve chocolate can be 
difficult. 

Dairy and meat equipment: A pareve product may be 
produced on a dairy or meat line without any equipment 
kosherization. Again, religiously insignificant traces of 
dairy may remain that cannot be tolerated by a very aller- 
gic consumer. (The product can be used in a kosher home 
without the normal waiting period.) 

Fish: In a few instances where pareve or dairy products 
contain small amounts of fish (eg, anchovies in Worcester- 
shire sauce), this ingredient may be marked as part of the 
kosher supervision symbol. Many certifications, however, 
do not specifically mark this. 

For Passover, there is some dispute about “derivatives” 
of both chometz and kitnyos materials. A few rabbis permit 
items like corn syrup, soybean oil, peanut oil, and similarly 
derived materials from these extensions. More generally, 
“proteinaeous” parts of these materials are not used. Thus, 
people with allergies to these items should purchase these 
special Passover products from supervisory agencies that 
do not permit kitnyos derivatives. With respect to “equip- 
ment kosherization”, supervising rabbis tend to be very 
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strict about the clean-up of the prohibited grains (wheat, 
rye, oats, barley, and spelt) but may not be as critical with 
respect to the extended prohibition of kitnyos. 

Consumers should not assume that kosher markings 
ensure the absence of trace amounts of the ingvedient to 
which they are allergic. 


BIBLIOGRAPHY 


1. I Grunfeld, The Jewish Dietary Laws, The Soncino Press, Lon- 
don, United Kingdom, 1972. 

2. J. M. Regenstein, “Health Aspects of Kosher Foods,” Activities 
Report and Minutes of Work Groups & Sub-Work Groups of the 
R & D Associates 46, 77-83 (1994). 


GENERAL REFERENCES 


M. M. Chaudry and J. M. Regenstein, “Implications of Biotech- 
nology and Genetic Engineering for Kosher and Halal Foods,” 
Trends Food Sci. Technol. 5, 165-168 (1994). 

J. M. Regenstein and C. E. Regenstein, “An Introduction to the 
Kosher (Dietary) Laws for Food Scientists and Food Proces- 
sors,” Food Technol. 33, 89-99 (1979). 

J, M. Regenstein and C. E. Regenstein, “The Kosher Dietary Laws 
and Their Implementation in the Food Industry,” Food Tech- 
nol. 42, 86, 88-94 (1988). 


Jor M. REGENSTEIN 
Cornell University 
Ithaca, New York 
Carrie E. REGENSTEIN 
University of Rochester 
Rochester, New York 


KRILL PROTEIN PROCESSING 


Krill belongs to the order Euphausiacea. There are 2 fam- 
ilies, 11 genera, and 84 species. It is distributed in both 
shallow and deep seawaters. The appearance of krill is 
much like that of small shrimp. Among them the Antarctic 
krill (Euphausia superba) is most important and most 
abundant. It is distributed south of 60°S around the South 
Pole. The stock of krill is estimated at 360-1,400 million 
tons (1). Krill receives much attention because of its poten- 
tial use as a protein resource for human foods. The use of 
Antarctic krill for human food is outlined here. More de- 
tailed reports concerning krill use are given in Refs. 2 and 
3. Figure 1 shows Antarctic krill. 


CHEMICAL COMPOSITION 


The chemical composition of Antarctic krill varies slightly 
because of differences in the size, age, and sex of the sam- 
ple and the fishing season. Average values of general com- 
position of whole body of krill are as follows: moisture, 
77.9-83.1%; crude protein, 11.9-15.4%; chitin and glucide, 
2%; crude fat, 0.5-3.6%, and crude ash, as 3% (4,5). The 
composition of the muscle after removing the shell is more 
protein and less ash compared to the whole body of krill. 
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s He H I 


Figure 1. Antarctic krill. G, gill; S, stomach; He, hepatopancreas; 
H, heart; I, intestine. 


Table 1 shows the chemical composition of whole krill body 
taken in the period December through February. It can be 
seen that the chemical composition of krill is well balanced 
in foodstuff. The lipids of krill have a high iodine value of 
110-190. About 70% of the whole lipids of krill is unsatu- 
rated fatty acid. Concentration of oleic acid, eicosapentae- 
noic acid, and docosahexaenoic acid are high. Krill lipids 
are, however, not easily oxidized, which may be due to their 
high concentration of vitamin E in the oil as antioxidant. 
Cholesterol levels of shellfish are higher than that of fish; 
krill is not an exception. Krill tissue contains 62.4-71.6 
mg/100 g cholesterol. Krill contains large amounts of vi- 
tamin A, D, and the B group complex. Most of the vitamin 
A is astaxanthin in the whole body, which is highly con- 
centrated in the eyes. 

About 80% of the nitrogen compounds in krill meat is 
protein-nitrogen. Myofibrillar protein makes up 60-70% of 
the total protein (average 9.4% in muscle) (6). The value is 
similar to fish meats. Krill myofibrillar protein is mainly 
composed of myosin, actin, and paramyosin, making of 
similar to that of other invertebrate meats. The protein 
composition of krill meat is given in Table 2. Amino acid 
composition of krill protein is similar to that of common 


Table 1. Chemical Composition of Krill (% in Whole Body) 


Chitine 
Date of Crude and 
fishing Moisture protein Crudefat Crudeash  glucide 
Dee. 12 83.7 11.8 0.48 3.24 1.15 
Dec. 26 818 13.8 0.60 3.19 1.19 
Jan. 5 80.4 14.2 1.48 3.00 1.05 
Jan, 15 80.8 13.5 1.90 3.07 1.08 
Jan. 25 79.7 14.2 2.50 3.07 1.03 
Feb. 5 78.8 14.2 3.61 3.08 1.09 
Feb. 15 80.0 13.4 3.37 2.60 1.09 


Table 2. Protein Contents in Krill Meat 


Satie’ NonpiotelaN Protein-N % in total protein-N 
no. (mg Nig) Sp Mf AS Stroma 
1 472 142 70.0 14.1 1.6 
2 458 84.0 147 15 


Note: Sp. sarcoplasmic protein; Mf, myofibrillar protein; A-S, alkali-soluble 
protein. 


crustaceans, such as prawn or shrimp. Sulfur-containing 
amino acids are low compared to those in whole-egg pro- 
tein; on the other hand, lysine and threonine are relatively 
abundant in krill (7). The amino acid score for krill protein 
ranges from 85 and 100. The discrepancy of the values ob- 
tained by different scientists are probably because of dif- 
ferent analytical methods. Nutritive values of krill protein 
are lower than those of whole-egg protein but are similar 
to or higher than those of casein (8). 


PROCESSING 


Raw Material Properties 


Because of the characteristics of krill, processing into the 
final products must be accomplished as soon as possible 
after catch on board. The body of krill is so small (average 
body weight is 0.68 g) that its muscle is located close to its 
digestive organs containing protease, and muscle protein 
is easily affected by protease (9). Also the level of autopro- 
teolysis varies considerably among different season 
catches from the same area (11). The speed of denaturation 
of myofibrillar protein of krill is much faster than it is for 
other fish and shellfish. Deterioration starts taking place 
immediately after death of krill. As krill fishing is not done 
continuously, harvested krill is stored in a pool until pro- 
cessing starts. The main proteases responsible for the au- 
tolysis are trypsinlike proteases at neutral pH and cathep- 
sins (B, H, and L types) at acidic pH (10). Rolling and 
pitching of the ship causes damage to the bodies. 


Fresh-Frozen Products 


Fresh-frozen products of krill are made by quick freezing 
immediately after catch by means of a contact freezer at 
—40°C or individual quick freezing (IQF). The key point of 
this procedure is to freeze and store the material below 
—20°C while it is still fresh. Temperature control of krill 
on board is important; if the temperature is insufficient, 
blacking of krill bodies takes place. The cause of such de- 
terioration has been found to be the enzyme (tyrosinase) 
contained in the hepatopancreas. Myofibrillar protein in 
krill muscle aggregates and its molecular size enlarges 
during freezing-storage. The freeze-denaturation of krill 
protein occurs more quickly than for other fish and shell- 
fish (6). Frozen krill should be stored at — 30°C; otherwise, 
unpalatable texture due to protein denaturation occurs. 
The specific odor of frozen krill is found to be caused by 
dimethylsulfide (DMS) (12). DMS evokes a flavor specific 
to crustacea when its concentration is low. If the concen- 
tration becomes over 1 ng/g tissue, the aroma becomes un- 
pleasant. Storage at —30°C is desirable to prevent for- 
mation of DMS. 


Peeled Meat 


As krill has many unpalatable appendages, peeled meat is 
more palatable. There are two kinds of peeled krill prod- 
ucts, boiled peeled meat and raw peeled meat. 

To make boiled peeled meat, whole krill body is cooked 
in water at 90°C for 5 min, then excess water is removed 
by centrifugation, then the krill is quickly frozen. The fro- 


zen material is used for removing unpalatable parts, such 
as appendages and shells A shot-blast, vibration, screw- 
grinding, or air-blast method is employed for the removing 
process (2). The peeled meat is stored at — 20°C. 

To make raw peeled meat, the muscle of the tail of the 
krill is collected mechanically by a peeler (Fig. 2) (18,14). 
A pair of rollers, parallel to each other, rolls inward and 
then turns back. During this process, the shell of the krill 
is torn and the meat is pushed on the rollers and picked 
up by a jet stream of brine. This seawater is absorbed and 
makes the water content of the collected meat as high as 
80-90%. The raw peeled meat is stored at —30°C. The 
yield of the raw peeled meat is very low, about 10-15% by 
weight of whole krill body. Improvements of the peeler de- 
sign are needed to increase productivity per hour and yield 
rate of meat from raw material. The raw peeled krill is 
produced in Japan to be used as an ingredient in many 
kinds of processed foods. 


Dried Products 


Drying is an easy way of processing krill on board. Half- 
dried and full-dried krill have been produced. The half- 
dried krill is better tasting than the full-dried krill because 
the fully dried krill are more fragile and have an unpal- 
atable texture. The water content of full-dried krill is 5- 
25%; half-dried is 40-50%. Half-dried krill must be refrig- 
erated. 


Protein Paste 


Krill paste has been developed and commercial produced 
mostly in the former USSR. Fresh krill is pressed and a 
juice containing protein is collected. The coagulated pro- 
tein is obtained by heating and pressing. The obtained co- 
agulated protein is kneeded to make paste and then frozen. 
Akrill paste-manufacturing machine for use on board ship 


Figure 2. Roller-type peeling machine. A, B, roller; C, seawater; 
D, shell; E, krill meat in the getter of the peeler; F, krill meat; G, 
whole krill; H, knife. 
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has been developed in the former USSR (15). The krill 
paste-manufacturing machine consists of parts for peeling, 
heating, protein-separating, and kneeding. The krill paste 
is pink in color and has the appearance of soft cheese. It is 
used as an ingredient in cheese and butter and various 
other foods, such as sausage, clroquette, and priozhki (15). 


Frozen Surimi 


Frozen surimi from krill meat have been developed in pro- 
cessing on board. There are two types of krill surimi red 
surimi and white surimi. The method for preparing red 
surimi is to remove the internal organs by a centrifuge and 
collect the meat by a drum-type bone separater. The red 
surimi is contaminated red pigments from krill eyes. The 
starting material of white surimi is raw, peeled krill meat. 
Water-washing, which is always used in making surimi 
from other fish, is not used in either type of krill surimi 
processing because of difficulties in removing excess water 
after water-washing, owing to the strong water-holding 
ability of krill protein and also due to the fact that myo- 
fibrillar protein is quite soluble, and some is lost during 
washing (16). Five to 10% sorbitol and 0.3% polyphosphate 
are mixed to prevent protein denaturation of red and white 
surimi. Also, denaturated soybean protein, beef blood 
plasma, or egg white is added to diminish the effect of the 
residual protease; these nonmuscle proteins act as coen- 
hancers of gelation. The gel-forming ability of red surimi 
is weaker than that of white surimi. Red surimi is rich in 
vitamin A and red pigment. White surimi is rich in taste 
compound and strong gel-forming ability similar to surimi 
made from fish meat. The Japan Fisheries Agency was en- 
gaged in a project beginning in 1977 to develop the use of 
Antarctic krill as food for humans. Krill surimi developed 
by this project is not yet commercially successful (17). 


Various Processed Krill 


Development of highly processed food with added value 
has received attention. For example, in Japan prepared 


Table 3. Yield of Krill Products 


Product Yield (%*) References 
On the market 
Frozen raw whole 100 2 
Frozen raw peeled 10-28 3 
Frozen boiled whole 105 4,18 
Frozen boiled peeled 80-90 4,18 
Frozen tail meat 20-30 4,18 
Dried whole (15% M”) 25 3 
Dried whole (40% M*) 35 3 
Paste 10-40 2,15 
Being developed 
Red surimi 20-50 3 
White surimi 10-20 3 
Meat-textured fish protein concentrate 15 3,19 
Imitation crabmeat 20 20 
Isolated protein 10-15, 2 


*Yield, % = product weight/whole krill body. 
'M = moisture. 
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foods sold at delicatessens are made by mixing krill with 
vegetables and hamburger meat. Peeled, raw krill that has 
been boiled and canned has been officially adopted in the 
school lunch program in Japan. Because krill is rich with 
free amino acids and with shrimplike flavor, a method is 
being developed to produce a natural seasoning by lique- 
fying krill with enzymes in a bioreactor, filtering the liquid 
to remove fragments of shell, and concentrating the result 
by vacuum or spray-drying. Table 3 lists the many kinds 
of krill products developed as human foods. 
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LABORATORY ROBOTICS AND AUTOMATION 


Robotics is not new to the general public but is a recent 
addition to the analytical laboratory. The history of robot- 
ics spans more than a half century, with the first use of the 
term in a 1921 play Rossums Universal Robots. The term 
robot is derived from the Czechoslovakian word “robota,” 
which can be defined as one who performs compulsory la- 
bor much like an automaton (1). Science fiction literature 
and films are full of robots in various forms, ranging from 
humanoid such as Maria in the movie Metropolis to R2D2 
and C3PO in Star Wars and a cerebral HAL in 2001, A 
Space Odyssey. Probably the first exposure of many per- 
sons in the written literature came in the form of Robbie 
in I, Robot by Isaac Asimov (2). This volume also intro- 
duced the Three Laws of Robotics and the first robot psy- 
chometrician; (1) A robot may not injure a human being or 
through inaction allow a human being to come to harm; 
(2) A robot must obey orders given by human beings except 
where such would conflict with the First Law; (3) A robot 
must protect its own existence as long as the protection 
does not conflict with the First and Second Law. 

Commercial laboratory robotics was introduced to the 
scientific community in 1982 in the form of Zymark Cor- 
poration’s Zymate 1. Although there was a substantial 
number of organizations doing robotic research for the lab- 
oratory, this introduction allowed those who were inter- 
ested in the technology to purchase it off the shelf. Labo- 
ratory automation before robotics was divided into two 
general categories: high performance liquid chromatogra- 
phy (HPLC)/gas chromatographic (GC) autosamplers and 
data capture and analysis units. The category of autosam- 
plers is self-explanatory. The second category included 
units that ranged from instruments as simple as an inte- 
grator to as complex as in integrated laboratory informa- 
tion management system (LIMS). At that time, inefficient 
sample preparation was a substantial bottleneck to labo- 
ratory operations, so it was sensible and prudent that the 
early robots concentrated on sample preparation. Robotics 
was billed as filling the missing link in the laboratory. This 
article cannot hope to cover laboratory robotics in its en- 
tirety, but it provides an introduction to its uses in the 
laboratory and some additional references for further 
study. 


ROBOT TYPES 


Three general types of robots are used in the laboratory. 
They are the Cartesian or cylindrical, articulating arm or 
revolute, and X, Y, Z. Each has advantages and disad- 
vantages. The most widely used and first to be commer- 
cially available is the Zymate series (Fig. 1), which is a 
cylindrical type. It has an established user base of about 
1,500. Forbes dubbed this unit the “One Armed Chemist” 
(8). Other cylindrical robots are being marketed for the 
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Figure 1. The Zymate series is a cylindrical type of robot and the 
first to be commercially available. 


laboratory market, but they tend to resemble a reverse- 
engineered Zymate. 

The articulating arm or revolute robot is exemplified by 
a number of units, including the second commercial addi- 
tions to the technology from Perkin Elmer and Fisher Sci- 
entific. These units were based on the Mitsubishi RM501 
Movemaster and were available for only a limited time. A 
number of additional ventures, based on the CRS-Plus/ 
CRS-One series of robots, use this type of robot. 

The final of the three types is the X, Y, Z robot, named 
so because it moves along three axes. Examples of this type 
include the MilliLab, the Biomek, and an offering by 
Source for Automation. Figures 2 through 4 illustrate sev- 
eral of these units. It is not within the scope of this article 
to discuss robotics in general or examine all the various 
robot types in detail, but these examples illustrate the di- 
versity in the area of laboratory robotics. Finally, with the 
new and additional offerings from a variety of vendors, 
there will be a blurring of the distinctions among the robot 
types and probably a loss of distinction among robots and 
robotic and automated workstations. 


ROBOT PROGRAMMING 


Because robots are a computer-based system, they have a 
unique language that is used to program them and allows 
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Figure 2. Window-based systems such as the MilliLab make 
X,Y,Z robots more user-friendly. 


Figure 3. The Biomek, and X,¥,Z robot, communicates with pe- 
ripheral devices. 


them to communicate with other instruments or periph- 
eral devices. The early generation of robots was difficult to 
program, not owing to a difficult robot language but largely 
to the fact that in some instances each robot movement 
had to be taught and then stored in the robot memory. The 
current generation of robots has eliminated this bottleneck 
with many systems being able to run samples within hours 
after their installation. This is due to a number of factors, 
including the introduction of PyTechnology by Zymark, 
where certain common laboratory operations had the nec- 


Figure 4. An X,Y,Z robot by Source for Automation. 


essary movements preprogrammed, Additional and also 
very important factors allowed for the use of standard 
MS-DOS computers with various window-based systems 
such as the MilliLab or icon-based system to make the 
units more user-friendly. 


APPLICATIONS 


Early robots were purchased for a variety of reasons, in- 
cluding what could be called an evaluation of the tech- 
nology, which was a very acceptable justification, This 
could be called the era of gee-whiz robotics. Because lab- 
oratory robotics is well established, the gee-whiz era has 
passed and users are more interested in an application- 
based system. These types of systems can be divided into 
two broad categories: (1) task based and (2) assay based. 
‘The task-based robot is configured to accomplish a partic- 
ular laboratory operation or discrete series of laboratory 
operations. Laboratory unit operations are (4): weighing, 
grinding, manipulation, liquid handling, conditioning, 
measurement, control, data reduction, and documenta- 
tion. 

These various operations are common to laboratories 
and not particular to any specific segment. Examples of 
this might be liquid-liquid extraction, centrifugation, 
weighing, or solid-phase extraction, A laboratory might do 
enough of these operations to use a robot or robotic work- 
station. Additionally, a unit might be procured to accom- 
plish a number of these operations, such as solid phase 
extraction (SPE) and HPLC injection. As one of the major 
uses of robotics is HPLC sample preparation, it is reason- 
able to assume that commercial units have been developed 
to concentrate in this area. The ASPEC and ASTED by 
Gilson and the Benchmate by Zymark are examples of 
these units that will accomplish several of the laboratory 
unit operations. Figures 5 and 6 illustrate two of these 
units. One could of course use a robotic system to accom- 
plish operations, but it would not be used to the fullest 
capacity. 

A second group of task-based units could be classified 
as robotic autosamplers for HPLC. A substantial number 
of vendors have this type of unit. In addition to acting 
as an HPLC autosampler, these types of units also have 


Figure 5. One of the major uses of robotics is HPLC sample prep- 
aration. 


Figure 6. The Benchmate by Zymark accomplishes several of the 
laboratory unit operations. 


the capability of making dilutions of samples and do au- 
tomated derivative formation. One of the largest uses of 
this capability is the ability to form amino acid deriva- 
tives in a serial fashion. For example, the opa derivative 
for amino acids is subject to decay immediately after it is 
formed, so these cannot be made in a batch fashion. Using 
one of the robotic autosamplers, it is now possible to do 
the derivatization in a serial fashion so each derivative is 
injected onto the HPLC immediately after it is formed. 
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This eliminates the data variability due to derivative for- 
mation and derivative decay. A final type of task-based 
instrument is typified by the AASP by Varian, which al- 
lows on-line solid-phase extraction and subsequent HPLC 
injection using a prepacked Solid Phase Extraction cas- 
sette. This unit has seen limited success in the food in- 
dustry but has loyal following in a number of life sciences 
laboratories. 

The other general category of robots that are in use 
could be classified as assay based. A prime example that 
is in use and likely one of the largest uses of robotics is in 
pharmaceutical organizations accomplishing drug disso- 
lution testing. This particular assay is labor intensive and 
repetitive, making it very suitable for robotic implemen- 
tation. A similar assay that is in use in the food industry 
is the Mojonnier assay. This assay is used for the deter- 
mination of percentage fat content and is also labor inten- 
sive and repetitive. An organization can presently pur- 
chase a turnkey system through a partnership between a 
major robot vendor, Zymark, and a custom programming 
and device manufacturer, Forcoven Products. A number of 
these systems are in place throughout the world producing 
data that are equivalent or superior to that obtained by 
manual techniques (4). 

Another type of assay-based system that is more generic 
in nature is a system capable of sample preparation for 
HPLC, injection onto the HPLC, and the transmission of 
the data to an external computer for subsequent analysis. 
Other examples of the use of robotics in the food industry 
include: Karl Fischer titration, particle size analysis, vi- 
tamin analysis, pesticide residue analysis, flavor com- 
pounding, pH analysis, and total dietary fiber. 

This information provides some selected uses of the 
various forms of robotics in food industry laboratories. 
There is, of course, substantial overlap among many ap- 
plication areas, so it is not easy to segment them as an 
application used in the food industry, such as HPLC sam- 
ple preparation, could easily apply to the petrochemical 
industry or a life sciences laboratory. 

Sometimes a laboratory might have a custom applica- 
tion for robotics that does not fit easily into either the task- 
based or assay-based unit, so a custom robot is the obvious 
choice. When a custom application is needed, a user then 
has two ways to implement this procedure. This can be 
accomplished either through the use of internal resources 
or through the use of a system house. Each has its series 
of attributes, which will not be outlined in this article. 


IMPLEMENTATION 


When a robotic or other such automated system is chosen 
for a certain assay or procedure, the next logical phase in- 
volves the implementation. This phase starts with the in- 
stallation and is completed when the system is integrated 
into the daily laboratory operations. In many of these com- 
ponents such an installation is straightforward. Likely an 
often encountered roadblock does not revolve around the 
hardware or the software; it involves a series of manage- 
ment issues such as personnel, management, and organi- 
zational support. Key questions to answer are 
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Do I have proven chemistry? 

Do I have the correct person? 

Do I have the correct application? 

Do I have organizational commitment? 
Do I have the right vendor? 


Laboratory robotics presents an exciting opportunity to 
persons interested in laboratory automation. The technol- 
ogy is continuing to develop through evolution in labora- 
tory and equipment design. Additionally, several organi- 
zations are actively involved in intelligent robots with 
feedback, knowledge engineering, and data-based sys- 
tems. This article has provided an introduction to labora- 
tory robotics and has overviewed the technology. Devel- 
opments are occurring at a rapid pace; the adage “science 
is a moving target” certainly applies. 


BIBLIOGRAPHY 


1. I, Asimov and K. A, Frenkel, Robots-Machines In Man’s Image, 
Harmony Books, New York, 1985. 


2. I. Asimov, J, Robot, Ballantine Books, New York, 1950. 
3. “The One-Armed Chemist,” Forbes 135, 116, 1985. 


4, Zymark Corporation, Laboratory Unit Operations, Hopkinton, 
Mass., 1984. 


5, R. Bradley, Laboratory Robotics and Automation 1, 17, 1989. 


GENERAL REFERENCES 


G. L. Hawk and J. Strimaitus, eds., Advances in Laboratory 
Automation-Robotics 1984-1988. Zymark Corp, Hopkinton, 
Mass. 

‘These volumes are the Proceedings of The International Sympo- 
sium on Laboratory Robotics and are an excellent compilation 
of applications and advances in the technology. 

W. J. Hurst, and J. W. Mortimer, Laboratory Robotics, A Guide to 
the Planning, Programming and Application. VCH Publishers, 
New York, 1986. 

‘This book provides an introduction in the technology. 


W. Jerrrey Hurst 

Rosert A. MARTIN 

Hershey Foods Technical Center 
Hershey, Pennsylvania 


LACTOSE 


Lactose (4-O-f-D-galactopyranosyl-D-glucose), formerly 
called milk sugar, is a disaccharide in which a f-D-galac- 
topyranosyl unit is attached to D-glucose by a (1 > 4) gly- 
cosidic linkage (1-6) (see the article CARBOHYDRATES: 
CLASSIFICATION, CHEMISTRY, LABELING). 


CH,OH 
0. 
CH,OH OH 
HO 0. ce) OH 
OH OH 
a-Lactose 


OH 


SOURCE 


Lactose is the major carbohydrate present in the milk of 
most mammals. The amount varies from species to species, 
Cow and goat milks contain approximately 4.5% lactose; 
human milk contains approximately 7%. 

Lactose is produced commercially from cow’s milk that 
has had the casein coagulated (the first step in the man- 
ufacture of cheese) by adjustment of the pH of the milk to 
the isoelectric pH of casein (4.5—4.7) and heating or by use 
of rennin. The resulting sweet whey, the solids of which 
are approximately 70% lactose, is subjected to ultrafiltra- 
tion to remove remaining proteins (7). Then minerals are 
removed by ion exchange, and the solution is concentrated 
to 50 to 65% solids so that the lactose can be crystallized 
or precipitated. The recovered lactose is redissolved, de- 
colorized with carbon, and recrystallized as a-lactose 
monohydrate (see the article CARBOHYDRATES: CLASSIFI- 
CATION, CHEMISTRY, LABELING), the most commonly pre- 
pared form of lactose and the one that crystallizes from 
supersaturated solutions at temperatures below 93.5°C (1- 
6). For every kilogram (2.2 lb) of cheese produced, approx- 
imately 9 kg (19 Ib) of whey is recovered (3). Because whey 
contains about 4.7% lactose, about 450 g (1 Ib) is poten- 
tially available as a by-product of the manufacture of each 
kilogram of cheese. However, little commercial use is made 
of lactose. 

Milk also contains 0.3 to 0.6% lactose-containing oligo- 
saccharides, many of which are important as energy 
sources for growth of a specific variant of Lactobacillus bi- 
fidus, which as a result is the predominant microorganism 
of the intestinal flora of breast-fed infants. 


PROPERTIES 


a-Lactose monohydrate dissolves slowly, which means that 
it cannot be used in instant food products. Three forms of 
anhydrous a-lactose are known (1-6). A stable anhydrous 
form is prepared by heating a-lactose monohydrate in air 
at 130°C. f-Lactose is more soluble than a-lactose. It is 
prepared by heating a-lactose - H,O in an alcohol in the 
presence of a base. a-Lactose is also sweeter than is a- 
lactose, but each anomer will form the same equilibrium 
anomeric mixture in solution. The equilibrated solution is 
15 to 30% as sweet as a sucrose solution of the same con- 
centration. 


LACTOSE DIGESTION AND LACTOSE INTOLERANCE 


The enzyme lactase, located in the small intestine, cata- 
lyzes the hydrolysis of lactose into its monosaccharide con- 


stituents, D-glucose and D-galactose. Both are rapidly ab- 
sorbed and enter the bloodstream. 


lactase 
lactose — D-glucose + D-galactose 


Only monosaccharides can be absorbed from the small 
intestine. Therefore, if for any reason, ingested lactose is 
only partially hydrolyzed (digested) or is not hydrolyzed at 
all, a clinical syndrome results (8-10). Its symptoms are 
abdominal distention, cramps, flatulence (gas), and diar- 
rhea. When there is an insufficient amount of lactase, some 
lactose is not absorbed from the small intestine and re- 
mains in the lumen. The presence of lactose draws fluid 
into the intestinal lumen by osmosis. It is this fluid that 
leads to the abdominal distention, cramps, and diarrhea. 
From the small intestine, the lactose passes into the large 
intestine (colon) where bacteria effect its anaerobic fer- 
mentation to short-chain fatty acids. Production of more 
molecules results in still greater retention of fluid. The 
acidic products of fermentation lower the pH and irritate 
the lining of the colon, leading to an increased movement 
of the contents. Diarrhea is caused by the retention of fluid 
and the increased movement of the intestinal contents. 
The gaseous products of fermentation (carbon dioxide, hy- 
drogen, methane, and oxygen) cause bloating. 

This syndrome resulting from an absence or deficiency 
of lactase is called lactose intolerance. Lactose intolerance 
is not usually seen in children until after about 6 years of 
age. At this point, the incidence of lactose-intolerant indi- 
viduals begins to rise. There are varying degree of lactose 
intolerance. The difference in incidence among populations 
of different genetic backgrounds can be large. By 12 years 
of age, 45% of blacks develop the symptoms of lactose in- 
tolerance; among teenage blacks, the incidence climbs to 
70% and by adulthood, 90% of the black population in the 
United States shows symptoms of lactose intolerance. Lac- 
tose intolerance is also high among Orientals. Among the 
whites of western European ancestry, the peak incidence 
in adulthood is about 15%. 

Humans consume lactose in milk and other nonfer- 
mented dairy products. Cheese, cottage cheese, and most 
yogurts contain less lactose because some lactose is con- 
verted into lactic acid during fermentation and/or removed 
with the whey. Milk from which much of the lactose has 
been removed is available. 


USES 


Because of its low solubility and the common occurrence of 
lactose intolerance in adults, food uses of crystalline lac- 
tose are limited; but it must be kept in mind that lactose 
constitutes about 70% of the solids of sweet whey, so where 
whole liquid or dried whey is used as an ingredient, some 
functionality of lactose is realized. Crystalline lactose is 
used to a small extent in toppings, icings, pie fillings, con- 
fections, and ice creams to provide body and texture while 
contributing less sweetness than the same amount of su- 
crose would (3). It is used as a carrier for flavors, because 
enhancement of flavor and colors is one of its attributes 
(11-15). Lactose provides bulk and rapid disintegration 
and dissolution of pharmaceutical tablets. It is present in 


LACTOSE 1461 


about 20% of tableted prescription drugs and in about 6% 
of over-the-counter drugs. 


PRODUCTS FROM LACTOSE 


Lactose isa reducing disaccharide with the aldose D-glucose 
at its reducing end. Reduction (hydrogenation) yields the 
disaccharide alditol (polyol), lactitol (1,4) (see the article 
CARBOHYDRATES: CLASSIFICATION, CHEMISTRY, LABELING). 
Lactitol can be crystallized as either a monohydrate or a 
dihydrate, both of which are nonhygroscopic. Therefore, it 
can be used in the manufacture of products such as choco- 
late that require that there be no moisture pickup during 
processing and bakery products that should remain crisp. 
Lactitol provides a clean, sweet taste (30-40% of that of 
sucrose) and provides foods with a bulk and texture similar 
to that provided by sucrose. Its solubility is slightly less 
than that of sucrose. Its heat of solution is slightly higher 
than that of sucrose and much below that of sorbitol. Lac- 
titol is not acted on by human digestive enzymes, so it does 
not effect an increase in blood glucose or insulin levels and, 
thus, is safe for diabetics. Neither is it cariogenic. It is, how- 
ever, fermented by colonic microorganisms, being converted 
into carbon dioxide and volatile fatty acids. There is, there- 
fore, a limit to tolerance and daily consumption as with lac- 
tose in lactose-intolerant individuals. 

Lactulose, 4-O-f-D-galactopyranosyl-D-fructose, is. 
made by alkali isomerization of lactose, which converts the 
reducing end to the corresponding ketose, D-fructose (1,4) 
(see the article CARBOHYDRATES: CLASSIFICATION, CHEM- 
ISTRY, LABELING). Lactose is quite soluble; a 77% solution 
can be made at 30°C (86°F). Its sweetness is 48 to 62% that 
of sucrose, depending on concentration. Lactulose is not 
acted on by human digestive enzymes, but is readily fer- 
mented by colonic microorganisms, which accounts for its 
major use for and treatment of chronic constipation. Lac- 
tulose is a bifidus factor; in other words, it is effective in 
promoting the proliferation of bifidobacteria in the intes- 
tine, increasing the level of the organism in the feces of 
bottle-fed infants to that in breast-fed infants. 


PROPERTIES 


Many physical properties of lactose have been determined 
(6). These include solubility in water over a wide tempera- 
ture range, solubility in salt solutions and organic solvents, 
heat of combustion, heat of solution, heat of dilution, heat 
capacity, and specific heat. Also determined have been the 
density, viscosity, refractive index, osmotic pressure, vapor 
pressure, freezing-point depression, and interfacial ten- 
sion with organic liquids of lactose solutions and the rate 
of crystallization of lactose from solution. 

Crystalline lactose has adsorptive properties and can be 
used as a carrier for aromas and flavors (11-15). The chem- 
istry of lactose has been rather extensively examined (1,3), 
in part because of an interest in converting the rather 
abundantly available lactose into a more useful product. 


ANALYSIS 


Methods for the determination of lactose have been re- 
viewed (4,16). 
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See also CARBOHYDRATES: CLASSIFICATION, CHEMISTRY, 
LABELING; CARBOHYDRATES: FUNCTIONALITY AND 
PHYSIOLOGICAL SIGNIFICANCE. 


LECITHINS 


Lecithin is a tan to amber viscous liquid or solid primarily 
derived from the soybean (Fig. 1). It is a complex mixture 
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Figure 1. Processing of soybeans by solvent extraction. Source: 
Courtesy of Central Soya Company, Inc. 


of phospholipids combined with triglycerides, fatty acids, 
phytoglycolipids, sterols, and minor neutral lipid compo- 
nents (1). Fourcray presented evidence of its existence in 
1793, and Gobley first identified it from egg yolk lipids in 
1846 (2). The applications and uses have expanded for this 
natural surfactant since its discovery, with more than 300 
million pounds now available for commercial application. 

Lecithin is present from animal and vegetable sources. 
The classic definition of lecithin referred to phosphatidyl- 
choline and not the complex mixture commercially avail- 
able today. Chemical phosphatidylcholine is known as 1,2- 
diacyl-sn-glycero-3-phosphorylcholine according to IUPAC 
nomenclature (3). The archaic term Lecithin is no longer 
used for phosphatidylcholine. 


COMMERCIAL LECITHIN: 


Commercial lecithin is a complex mixture of phospholipids, 
primarily phosphatidylcholine, phosphatidylethanol- 
amine, phosphatidylinositol, and sometimes phosphatidyl- 
serine (Fig. 2). Various amounts of triglycerides and fatty 
acids are present, depending on consistency and end use. 


Composition 
Phospholipids are the major components in commercial 
lecithin. The phospholipids can range from 50 to 95%, de- 
pending on the neutral lipid content (Table 1). Triglycer- 
ides are the second major component and have fatty acids 
similar to the source oil. Fatty acids are natural compo- 
nents found in the lecithin manufacturing process, al- 
though additional fatty acids may be added as fluidizing 
agents. Again, the fatty acids resemble the source oil. 
Phospholipid fatty acids are peculiar to their source. Each 
vegetable or animal source can change the resulting fatty 
acid composition. 

Phytoglycolipids are present in vegetable lecithins 
whereas animal lecithins may contain sphingomyelin, car- 
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Figure 2. Three principal components of soybean lecithin. Source: Ref. 2. 


diolipids, and other minor phospholipids. Minor amounts 
of sterols and sugars are carried through the manufactur- 
ing process. Sitosterol and stigmasterol are found in vege- 
table lecithin; cholesterol is found in animal sources. 


Sources 


Vegetable and Animal. The primary source of lecithin is 
from the plant kingdom, with the highest concentrations 
in seeds from soy, corn, rapeseed, and sunflower (4). Egg 
and brain are the major sources from the animal king- 
dom (5). 


Microbial and Synthetic. Phospholipids are available 
from the extraction of microbes (6), and chemically derived 
and semisynthetic products (7) are available for medical 
research and cosmetics. 


Manufacture 


Production. Vegetable lecithins are prepared simply 
from the hydration of the crude oil source with centrifuging 
and drying (Fig. 3). Additives for viscosity and function 
may be added in the process (9). Animal products are usu- 
ally prepared by solvent extraction of the tissue. Synthetic 
products usually are recovered from the reaction mixture 
by solvent extraction. 


Analysis. Product composition and quality usually are 
determined by the methods established in the American 
Oil Chemists’ Society Official Handbook of Methods, Sec- 
tion J (10). Tests include acetone insolubles (AI), acid value 
(AV), hexane insoluble matter (HIM), peroxide value (PV), 
phosphorus (P), composition by HPLC, viscosity, and mois- 
ture (Table 2). 


Functional Uses 
Lecithins are multifunctional products that have a wide 


range of applications at low use levels of 0.5-3.0% (2). 


Emulsification. As surface-active agents they have wide 
usage in foods as emulsifiers. Their ability to bring two 
dissimilar liquids together make them important in water/ 


oil (W/O) and oil/water (O/W) surfactants. These ampho- 
teric surfactant properties make them ideal in food sys- 
tems. The estimated HLB values for lecithin products 
range from 2-12 when compared to nonionic surfactants. 


Release. Lecithins are good release or parting agents. 
Their polar groups tend to bind to metallic surfaces, and 
the nonpolar fatty acids act as slipping agents. 


Instantizing. Most problems with dispersion deal with 
the rapid hydration of the dispersing item. Lecithin will 
reduce the solution rate and allow for easy dispersion. It 
also helps to disperse fat in high fat systems. 


Anti-Spatter. In fat systems that contain water as an 
ingredient, lecithin keeps the moisture dispersed for slow 
evaporation under heat processing. Moisture will foam off 
rather than spatter. 


Lubrication. The fatty acids present in the nonpolar 
part of lecithin give the added lubricity to prevent sticking 
in food-processing equipment. Because of its hydratability, 
the product is easier to wash off surfaces and it is com- 
pletely edible. 


Multifunctional. Lecithin users usually find that it is the 
combination of functional properties that make it a bene- 
ficial ingredient. Rarely do the functions counteract in a 
finished food system. Emulsification and release go well in 
baking systems. Anti-spatter and release are perfect frying 
systems. Instantizing and emulsification work together in 
beverage mixes. 


Applications 
The following are from Ref. 11. 


Margarine. One of the first uses for lecithin was in reg- 
ular margarine around 1940. The emulsifying properties 
were combined with anti-spatter properties to make mar- 
garines more stable and better for sauteing. Diet marga- 
rines with the high water content use special lecithins to 
retain the tight emulsion and hold the moisture. 
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Table 1. Lecithin Nutritional Profile/Typical Analysis 


Granular lecithin Typical liquid lecithin 
Nutritional summary” 
Phosphatides, acetone insoluble % 95% min 60% min 
Natural soybean oil 23% 39% 
Moisture 1% 0.7% 
Fat, per 100 g product 9g 93g 
Monounsaturated (oleic) 9.2% 17.9% 
Polyunsaturated (linoleic, linolenic) 65.9% 60.7% 
Saturated (palmitic, stearic) 24.9% 20.3% 
Calories, per 100 g product 700 790 
Carbohydrates, per 100 g product 8g 5g 
Cholesterol, per 100 g product Og Og 
Approximate composition 
Fatty acid content, g/100 g product 60g 66 g 
Fatty acid content, relative composition 
Linoleic 58.9% 54.0% 
Linolenic 7.0% 6.7% 
Oleic 9.2% 17.9% 
Palmitic 20.3% 15.6% 
Stearic 4.6% 4.7% 
Other fatty acids 0.0% 1.1% 
‘Total 100.0% 100.0% 
Primary acetone insolubles 
Phosphatidylcholine, g/100 g product Bg 15g 
Phosphatidylethanolamine g/100 g product 20g 12g 
Phosphatidylinositol, g/100 g product 14g 9g 
Elemental analysis, mg / 100 g product 
Calcium 
Without flow agent 65 mg 40 mg 
With flow agent (tricalcium phosphate) 745 mg 
Iron 2mg 1mg 
Magnesium 90 mg 60 mg 
Phosphorus 
Without flow agent 3,000 mg 2000 mg 
With flow agent (tricalcium phosphate) 3,400 mg 
Potassium 800 mg 440 mg 
Sodium 30 mg 10 mg 


‘Source: Courtesy of Central Soya Company, Inc. 


The nutritional profile of lecithin depends, in part, on the amount and type of oil used. The breakdown shows a deoiled, granular lecithin and liquid lecithin 


containing a typical level of natural soybean oil. 


Confections. Chocolate is also one of the oldest uses for 
lecithin. It was found that lecithin could reduce the 
amount of cocoa butter needed for chocolate handling and 
also retarded the chocolate bloom from cocoa butter crys- 
tallization. Lecithin helps to reduce the viscosity of choco- 
late manufacturing and gives better flow-coating proper- 
ties. 

In chewing gum it prevents the drying out and cracking 
of the sticks on shelf storage. It also provides softness to 
the chicle gum base for better bite. 

Caramel-coated products will not stick together when 
lecithin is added to the sugar. This gives the consumer a 
better-handling product with less staling. 


Baking. Commercial lecithins use many of their func- 
tional properties in baking areas. 


Breads. Lecithin distributes other emulsifiers in dough, 
gives less sticking in proofing, and retards bread staling 
on the shelf. 


Cakes. The distribution of the cake and added moisture 
give quick hydrating and less lump formation in the batter 
for creamy smooth consistent cakes. 


Cookies. Similar to cakes, lecithin provides better mix- 
ing of the batter and soft, smooth consistency. Lecithin can 
give-good chewiness for freshlike texture. It can also re- 
duce dry-out. 


Icings. Smooth creamy texture is needed for icing per- 
formance. Lecithin, when added to the fat system, will al- 
low for better mouthfeel and good spreading qualities. 
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Table 2. Food Grade Soybean Lecithin Specifications 


Acetone-insoluble matter Not less than 50.0% 
Acid value Not more than 36 

Hexane-insoluble matter Not more than 0.3% 
Water Not more than 1.5% 


Peroxide value Not more than 100 
Limits of impurities 
Arsenic (as As) Not more than 3 parts per million 


(0.0003%) 


Heavy metals (as Pb) Not more than 40 parts per 
million (0.004%) 
Lead Not more than 10 parts per 
million (0.001%) 
Source: Ref. 10. 


Beverages. Instant beverages are prepared by the care- 
ful application of lecithin to the powdered surface. Lecithin 
prevents the rapid hydration of the sugar or hydrophylic 
components and gives better dispersion. 


Food Systems. Food systems are combinations of several 
ingredients that are used for covering food entrees such as 
meat or pastas or vegetable products in salads. Lecithin is 
a fine emulsifier for sauces and gravies that brings fat 
sources in contact with water. Lecithin keeps the oil-in- 
water systems intact even under heated conditions. In 
dressings, lecithin is a good emulsifier for high-stress sys- 
tems where acidity and salt can be a problem. It provides 
a method of stabilizing the emulsion with a natural food 
amphoteric surfactant. 


Health and Nutrition 


Commercial lecithin and phosphatidylcholine have been 
extensively evaluated in health and disease areas (12). 


Figure 3. Flow sheet for degumming 
soybean oil and crude lecithin produc- 
tion, Source: Ref. 8. 


Lecithin may be effective in treating certain neurologic dis- 
orders such as tardive dyskinesia and some types of Alz- 
heimer’s disease. Most likely, lecithin plays an important 
role in health and nutrition as a precursor for choline (13) 
and may effect membrane fluidity as it effects membrane 
emulsion systems in food applications. 
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LICORICE CONFECTIONERY 


Licorice (also liquorice) is the name given to both the flavor 
extracted from the root of the plant Glycyrrhiza glabra and 
to a popular confection whose flavor is derived from the 
extract. The word licorice comes from the Greek words 
“glykys” (meaning sweet) and “rhiz” (meaning root). In an- 
cient times the root was valued not only for its sweet taste, 
but also for its perceived medicinal value, both as a treat- 
ment for illness and as a substance for preserving youth 
and beauty. 

The licorice plant is native to an extensive region, which 
includes the Mediterranean, Asia Minor, and southern 
Asia (see Fig. 1). It has also been grown in Pontefract, En- 
gland, and Bamberg, Germany. The prime sources of sup- 
ply of licorice root currently are Iran, Turkey, China, Af- 
ghanistan, Syria, and Pakistan. Extracts from Spain and 
Italy are also available in limited quantities but at higher 
prices because they are less bitter in flavor. 

The licorice plant takes about 4 years to grow toa height 
of 2-4 feet. At this age the root can be as thick as 1 inch 
but averages about a half inch. The lateral roots can be as 
long as 25 feet. The roots are harvested in autumn and 
spring and transported to baling stations where they are 
inspected, dried, and baled. The bales are shipped to ex- 
traction plants where the root is shredded and immersed 


Figure 1. This curious old map 
shows the ancient lands in which lic- 
orice flourished thousands of years 
ago. This area, the Cradle of Civili- 
zation, is the principal source of lico- 


in hot water. The extraction process can take place under 
pressure or atmospherically. The resulting liquor is then 
transferred to evaporators where it is concentrated into 
three basic forms: 


1. Syrup containing up to 30% moisture 

2. Paste or block licorice with moisture content between 
14 and 22% 

3. Powder with moisture content around 4.5%. 


The different processes result in slightly different flavor 
profiles. 
Licorice extract is used in the following industries: 


Tobacco as flavor, to increase the mildness and as a 
moisture retainer. 

Pharmaceutical, to mask the bitter flavor of some drugs 
and as a flavor enhancer. 

Food and beverage as flavor, sweetness enhancer and 
foaming agent. 


BY-PRODUCTS 


As in most industries, the desire to maximize productivity 
and find uses for by-products has led to useful materials: 


1. A foaming agent to put out fires, created via a second 
extraction process. 

2. An insulation made from the fibers of the root results 
in a product with high structural strength. 


CANDY 


Commercial licorice candy as known today started in En- 
gland in the second half of the 18th century and in the 
United States in the 19th century. Y&S Candies (the cur- 
rent market leader in sales of licorice candies) was founded 
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in Brooklyn in 1845 by J. S. Young and C. A. Smylie. In 
1902 they changed the name of the company to National 
Licorice and in 1968 changed the name back to Y&S Can- 
dies. Other well-known companies, such as Switzer and 
American Licorice, were founded early in the 20th century. 


TYPES OF LICORICE 


Licorice extract is added to gums, lozenges, and hard can- 
dies as a flavor and a demulcent for cough relief, but the 
most common form of candy is where the extract is added 
to a paste or dough and extruded into 


1. Sheets, when combined with sheets of cream paste 
in sandwich form provide the main component pieces 
for licorice allsorts. 

2. Strips of different shapes to form whips, braids, 
twists, shoelaces, reels, ribbons, etc. 

3. Tubes, both hollow and filled. 

. Novelties, such as pipes and cigars. 

5. Centers, for coating with a hard sugar shell and 
known as torpedoes, comfits, Good and Plenty®, and 
Goodies®. 


» 


INGREDIENTS 


Licorice paste is made of wheat flour, crude sugars, molas- 
ses, gelatin, flavoring (which includes licorice extract), and 
color (see Table 1). 


Flour 


Wheat flour is normally used at levels between 25 and 
40%. A strong flour, rich in elastic gluten, used to be rec- 
ommended for licorice. Today, flour of low gluten content, 
which is less water absorbent, is preferred. More emphasis 
is placed on the starch content of the flour (approximately 


Table 1. Typical Formulas 


Ingredient Short texture Long texture Red color 
Wheat flour 26.0 26.0 19.0 
White sugar 18.0 
Brown sugar 23.0 13.0 

Molasses 10.0 

Caramel color 4.0 13.0 

Dextrose 3.0 3.0 
Corn syrup 7.0 12.0 
Block licorice 3.0 4.0 

Salt 0.5 0.1 
Gelatin (low bloom) 0.3 4.0 

Red color 0.3 
Black color 0.1 

Glyceryl] monostearate O.1 

Fruit flavor qs? 
Anise oil as. qs. 

Citric acid 0.6 
Water 30.0 33.0 47.0 


*q.s., quantity sufficient. 
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69%), which contains 25% amylose and 75% amylopectin. 
Achange in this percentage can regulate the gelatinization 
temperature and the degree of gelatinization (viscosity) be- 
fore, during, and after cooking. Such changes in proportion 
can be obtained by the replacement of certain quantities 
of flour by native or modified maize, wheat, potato, rice, or 
other starches. The starch industry has made such ad- 
vances in the last few years that it is possible to obtain a 
tailor-made product for each individual requirement. A 
hard wheat flour has a high protein content and is strong 
in gluten. Soft wheat flour is low in protein with little glu- 
ten. The gluten in soft flours is of a different character than 
that in hard flours and is more elastic. These variations in 
content and type of gluten give rise to differences in the 
texture of the licorice paste. 


Sugar 


Sugars used in licorice paste can be low grade provided 
that they meet food safety standards. Reducing sugars 
(present in low-grade sugars) are beneficial in retaining 
gloss and moisture of the paste. Low-grade or crude sugars 
also contribute to flavor. Molasses are used for the same 
reasons. Corn syrups are used in red licorice to replace the 
molasses; they have the same function, ie, that of inhibit- 
ing sugar crystallization, which in turn results in a loss of 
gloss. High dextrose or high fructose corn syrups are gen- 
erally preferred. 


Gelatin 


Gelatin is sometimes necessary as a binder and also re- 
tards moisture loss. It contributes to gloss and inhibits 
cracking. Low-bloom quality is used at levels between 0 
and 5%. 


Flavor and Color 


Flavors include (for black licorice) licorice extract, salt, mo- 
lasses, and oil of anise, and (for red product) fruit flavors 
and acids. Color is contributed by licorice extract, molas- 
ses, caramel, and black (or red) dyes. 


BATCH PROCESS MANUFACTURE 


Premix 


With the exception of flavors and acid, most of the ingre- 
dients mentioned in the above formulas are mixed in a 
slurry premixer. The practice of preparing a thick paste of 
flour with a little water in the cooker and then converting 
the paste into a creamlike slurry by gradually adding more 
water is not very satisfactory. It is slow, and small lumps 
of dry or damp flour often remain in the slurry. These not 
only spoil the finished paste, but also provide a lot of trou- 
ble in the extrusion process by blocking nozzles. An emul- 
sifier or slurry mixer will prevent these shortcomings and 
produce a smooth, homogenous slurry. The correct quan- 
tity of water in relationship to flour and sugars is of para- 
mount importance and is often neglected. Short textured 
licorice requires less water (30-32%) than long texture, 
which can go as high as 47%. 
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Sugars inhibit the swelling of starch in a water system 
and thus retard the gelatinization of starch. This factor can 
be used to advantage by adding all or part of the sugars at 
the premix stage and by adding the balance at some later 
stage of the cooking process. 


Cook 


Conventionally, licorice paste is manufactured in 1/2 to 1 
ton batches in open steam-jacketed kettles. The mixing 
paddles must efficiently sweep the heated paste from the 
kettle walls as the paste has poor heat-transfer properties. 
Cooking times can vary from 60 to 220 minutes. Steam 
pressures around 60 psi are adequate. 

Licorice paste has many unusual rheologic properties 
resulting in large variations in observed elasticity. These 
largely occur through variations in starch gelatinization. 
Factors that influence the degree of gelatinization are 
quantity of flour, quality of flour, batch boiling time, con- 
centration of sugars, and available water. 

The progress of gelatinization in the batch can be fol- 
lowed microscopically by alteration in appearance of starch 
granules. As boiling continues, the granules swell and 
eventually rupture. (This change can also be clearly seen 
under polarized light when the characteristic cross on the 
surface of the granules disappears when the granule rup- 
ture occurs.) Count lines, shoelaces, reels, etc (long tex- 
tured product), will show starch that is fully swollen or 
ruptured whereas sandwich paste and centers for Good & 
Plenty® (short texture) should show only partial gelatini- 
zation of starch. 

The gloss of licorice is dependent primarily on moisture 
content which typically in the final product is 16-20%. Too 
high moisture can lead to mold growth, so sometimes pre- 
servatives are added. At the end of the cooking process, 
moisture is reduced to 23-32%. After cooking, the licorice 
paste is partially cooled then extruded or stamped into its 
final shape and placed on trays in racks, after which it goes 
into a warm, dry room known as a stove where more mois- 
ture is removed down to its final moisture content. The 
time of stoving will vary depending on the thickness and 
shape of the final piece and the amount of moisture to be 
removed. If this process is rushed, a hard crust will form 
on the surface of the licorice, which inhibits the moisture 
loss from the center of the product. When the product is 
dried in this manner, the moisture from the center will 
ultimately migrate to the surface and cause it to be sticky. 
Good air circulation within the stove is essential. Stove 
temperatures should be 100-125°F, with relative humidi- 
ties of 50-60%. 

Figure 2 outlines the various steps in both the batch 
and continuous processes, along with an indication of the 
relative process times. A semicontinuous final moisture 
process is also included for comparative purposes. 


CONTINUOUS PROCESS MANUFACTURE 


Slurry to be cooked in a continuous mode, whether heated 
by steam injection or steam jacketing, must contain less 
flour and consequently more sugars than normally used for 
the batch process. This formula change offsets the higher 


cooking temperatures and tends to repress gelatinization. 
Because little or no evaporation takes place, the moisture 
content before and after cooking is substantially the same; 
therefore, the water used in the slurry must be reduced. 

As is seen from Figure 2, the advantages of the semi- 
continuous and continuous processes are shorter process 
time, less floor space, reduced labor, and reduced amount 
of material in process. One negative is that it is difficult to 
get the same texture from a continuous process compared 
to the batch. 


DOMESTIC AND FOREIGN STANDARDS AND 
REGULATIONS 


* Standards and regulations given here are as of April 
1989 as reported by the British Food Manufacturing 
Industries Research Association. 

United States. The standard for licorice as an ingre- 

dient for foodstuffs is covered by Title 21, part 

184.1408, of the Code of Federal Regulations. Specific 

limitations (based on glycyrrhizin content) for the use 

of licorice in certain foodstuffs are laid down. 

* Argentina. The Food Code lays down standards for 
licorice confectionery, namely licorice pastilles. These 
are pastilles (containing sugar, glucose, flavored dis- 
tilled water, permitted natural or synthetic essences 
and colors, edible gums, and gelatin with or without 
maximum 5% starch or dextrin) to which at least 4% 
licorice extract or juice has been added. Modified or 
unmodified starches may be used in necessary pro- 
portions when gums or gelatin have not been used. 

* Austria. Regulations on sugar products state that lic- 
orice is manufactured from a mixture of at least 5% 
sweet licorice extract or a corresponding quantity of 
dry extract with sugar, flour, and also the use of au- 
thorized gelling agents (as given in the 1988 Emul- 
sifiers Regulations). The use of colors in licorice con- 
fectionery is prohibited. 

* Belgium, Denmark, Finland, Greece, Norway, and 
Sweden. These countries have no standards of com- 
position for licorice confectionery, although the use of 
additives in confectionery is controlled by the na- 
tional regulations of each of the countries. Licorice 
confectionery should be of a safe and suitable com- 
position such that it is not harmful to the consumer, 
and the label should not mislead the consumer as to 
the nature of the product. 

* Bolivia, and Dominican Republic. Licorice is permit- 
ted as a color for foodstuffs unless otherwise re- 
stricted or prohibited by regulations for a specific 
type of food. 

* France. The French standards are a little confusing, 
but appear to be broken down into three categories: 
pure licorice, licorice, and starched licorice. (1) The 
name licorice, with or without the name pure, is re- 
served for the product obtained by extraction of all or 
part of the soluble substances contained in the lico- 
rice root and containing no more than 15% water. 
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This product can be qualified as pure. (2) It is per- 
missible for the addition of edible sweetened matter 
or gum, as long as the product still contains 6% gly- 
cyrrhizin; however, this product cannot be labeled 
pure. (3) Starched licorice (the most common classi- 
fication) permits the addition of edible sweetened 
matter, gum, starch matter, and dextrin. This cate- 
gory must contain at least 1.5% glycyrrhizin. 
* Italy. There is no standard of composition laid down 
for licorice. However, the use of additives in confec- 
tionery products (which one assumes includes lico- 
rice) is covered by the additives list. 
Netherlands, Ireland, and United Kingdom. There 
are no standards of composition on licorice confec- 
tionery. Products that are made to a standard recipe 
and fulfill consumer expectation of licorice should be 
acceptable. 
Peru. Substances based on licorice root are permitted 
as foaming agents for food use. 


* Spain, Spain has no specific regulation or composi- 
tional standards on licorice as such; however, the list 
of additives permitted for confectionery products cov- 
ers licorice. 

Switzerland. There is no standard of composition laid 
down for licorice, but there are regulations on confec- 
tionery and bakery products. The use of additives in 
licorice and confectionery are covered by the addi- 
tives list. 

Germany. The guidelines are quite lengthy but can 
be simply stated as any product labeled as licorice 
must contain a minimum of 5% licorice juice in the 
dried form as customarily traded. Interpretation of 
the dried form probably means the powder form; 
however, if one takes the as customarily traded state- 
ment into consideration it could include block licorice. 
Although the guidelines do not have the force of law, 
they are an indication of trade and consumer expec- 
tation and should be complied with. 


Although this article has described the black-colored 
licorice-flavored candy product, a similar textured product 
containing fruit flavors and pastel colors is made and sold 
throughout the world. In the United States, this particular 
type of product (red-colored and strawberry or cherry fla- 
vored) outsells the black variety by about 10 to 1. 


J. FRANK SMULLEN 
Hershey Foods Corporation 
Hershey, Pennsylvania 


LIMONIN 


One of the most characteristic flavor attributes associated 
with grapefruit (Citrus paradisi Macf) juice is bitterness. 
This is a quality factor that, present in a moderate degree, 
is responsible for much of the bite or zestiness of the juice. 
This bite or zestiness is expected and appreciated by many 


grapefruit juice consumers. However, if present at too high 
a level, excess bitterness will result in low approval ratings 
from even people who like grapefruit juice. Bitterness is 
also one of the chief reasons why most consumers dislike 
the overall flavor of grapefruit juice (1-6), with only about 
29% of all U.S. households purchasing grapefruit juice in 
1983 (7). The two major constituents in grapefruit juice 
responsible for bitterness are limonin and naringin. Of the 
two, limonin is considered to be the more significant con- 
tributor. This may be because bitterness due to limonin is 
perceived sooner and lingers longer than bitterness from 
naringin (8). 


HISTORY OF LIMONIN IN CITRUS JUICES AND 
ITS DETERMINATION 


Limonin was first reported (9) in 1938 as the cause of bit- 
terness in Washington navel orange juice. It was not until 
1961 that the complex chemical structure of limonin was 
finally worked out (10) and 1965 when Maier and Dryer 
(11) first reported the presence of limonin in commercial 
grapefruit juice. Limonin is a highly oxygenated triterpene 
derivative whose structural features include a furan ring, 
two lactone rings, a five-member ether ring, and an epox- 
ide (Figure 1). Freshly squeezed citrus juices do not contain 
limonin. After extraction, limonin forms slowly over a pe- 
riod of several hours from a nonbitter precursor present in 
the fruit due to enzyme activity (12), Limonin forms rap- 
idly if the juice is heated. The limonin precursor is limonoic 
acid A-ring lactone; being formed by closure of the D-ring 
as shown in Figure 1. An in-depth review of limonin and 
related structures has been presented by Maier et al. (13). 

When Maier and Dryer (11) first discovered the pres- 
ence of limonin in commercial grapefruit juice, thin-layer 
chromatography (TLC) was used. In 1970 Maier and Grant 
(14) developed a specific TLC assay for limonin. Scott (15), 
using an adaptation of their assay, reported limonin in 
many Florida citrus cultivars, including grapefruit. Tatum 
and Berry (16) in 1973 developed a quicker TLC method, 
which was adopted commercially. 

Limonin today is generally assayed by high-perfor- 
mance liquid chromatography (HPLC), and a number of 
methods have been published. The real challenge with li- 
monin determination by HPLC is one of detection. Al- 
though limonin is a major contributor to bitterness in cit- 
rus juices, it is only present at the low part per million 
level. Limonin does not contain a good UV absorbing chro- 
mophore, does not fluoresce, and is not easily reduced or 
oxidized using electrochemical detection. This limits LC 
methods to refractive index or UV detection at the lower 
wavelengths unless limonin is derivatized to enhance UV 
absorbance or fluorescence. 

One of the first HPLC methods was developed by Fisher 
(17) and utilized refractive index detection. Subsequent 
HPLC methods (18-21) have utilized the more sensitive 
detection method of UV absorbance at lower wavelengths 
of 205 to 215 nm. Because limonin occurs in citrus juices 
in the low part per million range and most substances ab- 
sorb in the UV below 220 nm, preparation of the sample 


to obtain an extract free of interferences upon analysis is 
demanding. Rouseff and Fisher (18) developed an accurate 
method using chloroform extraction to isolate limonin. 
Analysis with a cyano column by normal phase chroma- 
tography with hexane:isopropanol as the mobile phase and 
UV detection at 214 nm produced excellent results. Anal- 
ysis of the same chloroform extracts under reversed phase 
conditions with acetonitrile:water on a cyano column re- 
sulted in a good separation but short analytical column 
life. 

A number of reversed phase chromotography methods 
that utilize the more robust octyl (C8) and octydecyl (C18) 
analytical columns have also been published. Sample 
cleanup to remove interfering components was accom- 
plished by solid phase extraction (19-21). Solid phase ex- 
traction (SPE) offers several advantages over solvent ex- 
traction. It is less time and labor intensive. Less solvent 
is required for preparation of each sample. Reversed 
phase chromatography is also generally preferred over 
normal phase chromatography as water comprises most 
of the mobile phase solvent and can be produced relatively 
inexpensively. For limonin analysis, one problem with 
methods that utilize C8 and C18 reversed phase columns 
is that the mobile phase conditions must be changed de- 
pending on the type of citrus juice being analyzed. Some 
grapefruit juice samples require different analysis condi- 
tions than those that provide a good separation of orange 
juice extracts. The mobile phases required also generally 
consist of mixtures of methanol:acetonitrile:water or 
methanol:tetrahydrofuran:water. Mobile phases contain- 
ing methanol:acetonitrile:water give low broad peaks re- 
ducing detectability. Tetrahydrofuran tends to form epox- 
ides that absorb strongly in the low UV requiring diligent 
use of fresh solvents. 

In 1991 Widmer (22) developed a general citrus juice 
analysis method with sample preparation by SPE, analysis 
on a cyano column under reversed phase conditions using 
acetonitrile:water, and detection by UV at 214 nm. Unlike 
chloroform extracts of citrus juices, the SPE extract prep- 
aration was optimized so integrity of the cyano analytical 
column under reverse phase conditions was maintained, 
resulting in less cost per sample analysis. Limonin recov- 
ery using SPE from spiked grapefruit and model juices 
ranged from 95 to 108%. Results from 25 samples analyzed 
by the new method and the method of Rouseff and Fisher 
(18) also showed good agreement between the two methods 
with differences in the range of 5 to 13%. The method has 
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Figure 1. Structures of limonin and limonoic acid 
A-ring lactone, the precursor to limonin. 


since been modified for analysis of citrus juices and citrus 
peel extracts by direct injection with an in-line automated 
sample cleanup (23). Both limonin and naringin are deter- 
mined simultaneously with an analysis time of 20 min. 
Sample preparation for citrus juice requires only heating 
and (1:1) dilution with 40% aqueous acetonitrile. Prepa- 
ration of peel extracts is accomplished by sonication of the 
peel in aqueous acidified acetonitrile. 

Other novel methods for limonin analysis that have 
been developed include the rapid radioimmunoassay (RIA) 
developed by Mansell and Weiler (24) and the enzyme 
linked immunoassay (EIA) developed by Jourdan et al. 
(25). The EIA method was commercialized and available 
as a rapid test kit (26) for a number of years. Carter and 
coworkers (27) in 1985 compared the RIA and EIA methods 
to HPLC methods available at the time. Samples analyzed 
by EIA tended to have limonin values slightly higher than 
those analyzed by HPLC. Widmer and Rouseff (28) re- 
ported on a collaborative study done to assess the com- 
mercial EIA method. Problems with reproducibility in cit- 
rus quality assurance labs (private communications), 
sample analysis costs that were higher than anticipated, 
and subsequent development of rapid and reliable HPLC 
methods likely resulted in the loss of interest by the citrus 
industry for the commercial EIA method. 


TASTE THRESHOLD LEVELS 


Guadagni et al. (29) reported a threshold of 1 yg limonin/ 
mL distilled water, while for naringin the threshold was 
20 ug/mL. In orange juice they found the limonin threshold 
was dependent on juice pH. At a juice pH of 3.2 to 3.5 the 
limonin threshold was approximately 3.5 ug/g. The thresh- 
old increased to 6.5 ug/g at pH 3.8 and then decreased to 
about 4 to 4.5 ug/g at a juice pH greater than 4. This sug- 
gests natural orange juice components are effective in neu- 
tralizing or masking limonin bitterness to a certain degree 
and are pH dependent. Among the 27 tasters used in the 
study, the most sensitive was able to detect limonin at 0.5 


ug/g in orange juice and the least sensitive required 32 ug/ 


g. This range illustrates the wide variation in individual 
palates to limonin bitterness. Similar results were found 
by Widmer (unpublished data) in panel tests for limonin 
bitterness using model juice solutions containing 8% su- 
crose and 0.7% citric acid. Sensitivity to limonin ranged 
from 1 g/g to greater than 16 yg/g limonin between indi- 
viduals. 
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Limonin sensitivity in grapefruit juice is difficult to 
measure due to the presence of naringin and other bitter 
components. Work by Guadagni et al. (30), however, has 
shown that the relative bitterness contributions of limonin 
and naringin are additive. 


REGULATORY ASPECTS FOR LIMONIN IN 
GRAPEFRUIT JUICE 


Until recently there were no federal regulations for li- 
monin content of grapefruit juice. Regulations issued by 
the state of Florida Department of Citrus (31) were in ef- 
fect for many years to ensure the quality of juice produced 
in Florida. Recent changes in federal regulations, however, 
prohibit regulations at the state level more strict than fed- 
eral regulations. Both grapefruit juice not from concen- 
trate and grapefruit juice from concentrate products are 
covered under a federal standard of identity (32) with no 
mention of a maximum amount of limonin that may be 
present. Therefore, these may not be regulated at the state 
level for limonin content. Grapefruit juice concentrate does 
not have a federal standard of identity and therefore may 
still be regulated at the state level for limonin and naringin 
content. The Florida regulations (31) regarding limonin 
content in frozen concentrated grapefruit juice specify: 


For the period August 1 to December 1 of each season: 
(a) Grade “A” finished product shall meet at least one of the 
following requirements: (1) contains less than 5.0 ppm [5.0 ug/ 
mL] limonin, measured by high pressure liquid chromatogra- 
phy, or (2) contains less than 600 ppm [600 g/mL] naringin, 
measured by the Davis Test. (b) Grade “B” finished products 
shall meet at least one of the following requirements: (1) con- 
tains less than 7.0 ppm [7.0 ug/mL] limonin, measured by high 
pressure liquid chromatography, or (2) contains less than 750 
ppm [750 g/mL] naringin, measured by the Davis Test. (c) All 
products failing to meet the permissible limits of subsection 
(b) for Grade “B” product, shall be labeled Substandard Frozen 
Concentrated Grapefruit Juice, and may be held in appropri- 
ately marked bulk containers for subsequent blending into 
Frozen Concentrated Grapefruit Juice for Manufacturing only. 
(a) Maximum naringin and limonin requirements set forth in 
subsections (a) and (b) shall not apply: (1) to finished product 
produced solely from concentrate processed between December 
2and July 31, or (2) to finished product produced from concen- 
trate or bulk single strength juice processed between Decem- 
ber 2 and July 31, provided any raw juice blended therewith 
meets the permissible limits of naringin or limonin for Grade 
“A” product respectively. 


LIMONIN CONTENT OF GRAPEFRUIT JUICE 


Results of studies in which limonin levels in fresh grape- 
fruit juice are reported follow. In an early study, Scott (15) 
found from 1 to 5 g/mL limonin in juice from Marsh and 
Duncan grapefruit harvested in Florida at maturity during 
the 1967, 1969, and 1970 seasons; a TLC method was used. 
Mansell and McIntosh (33), using the RIA method, re- 
ported limonin contents of fresh grapefruit juice samples 
derived from Marsh, Duncan, and Ruby Red cultivars har- 
vested from mid-December 1979 to early March 1980 and 
juiced at three state test houses in Florida. A mean limonin 


content of 6.76 wg/mL was found for 1058 samples ana- 
lyzed, with a range of 1.35 to 13.8. 

Ting and McAllister (4), using HPLC, determined the 
limonin contents for 156 samples of Florida-packed, 
canned grapefruit juice obtained from U.S. supermarkets. 
The overall mean was 5.6 zg/mL with a range of 1.5 to 10.9. 
Dougherty and Fisher (34) reported limonin contents 
(HPLC) for canned single-strength grapefruit juices ob- 
tained from surveys of Florida production during two sea- 
sons. For the 1975-1976 season the overall mean for 117 
samples was 3.0 ug/mL, range 0.3 to 7.4. For the 1976- 
1977 season the overall mean for 99 samples was 4.7 ug/ 
mL, range 0.6 to 12.8. Results by EIA for the 1985-1986 
(87 samples) and 1986-1987 (61 samples) seasons showed 
means and ranges of 9.4 ug/mL, 2.8 to 18.9 and 9.4 ug/mL, 
2.8 to 16.6, respectively (Barros, unpublished data). Grape- 
fruit juice values in more recent years have shown this 
same type of variation for limonin content. 


EFFECT OF SEVERAL FACTORS ON LIMONIN CONTENT 
OF GRAPEFRUIT JUICE 


Mansell and McIntosh (33) reported limonin contents 
(EIA) for a large number of samples of the major Florida 
grapefruit cultivars. Samples from three Florida state test 
houses collected from mid-December 1979 through early 
March 1980 revealed the following limonin concentrations 
in the cultivars (mean and range in vg/mL): Duncan—394 
samples, 6.03, 1.35 to 12.10; Marsh—537 samples, 7.15, 
1.78 to 13.80; pink seedless—127 samples, 7.47, 2.41 to 
12.00. The mean limonin content for Duncan was signifi- 
cantly lower (P < 0.05) than that for the Marsh or pink 
seedless. 

In the same study, limonin contents were also reported 
for the three different test houses utilized (overall mean 
and range in wg/mL): test house 1—344 samples, 7.52, 2.38 
to 12.30; test house 2—488 samples, 6.09, 1.35 to 12.30; 
test house 3—272 samples, 7.05, 1.78 to 13.80. The means 
for the three test houses differed significantly at the 95% 
confidence level. 


Maturity 


Generally, as grapefruit mature through the season the li- 
monin content decreases. Tatum et al. (35) used a TLC 
method to analyze samples at about weekly intervals from 
two Florida plants from late November 1971, when the li- 
monin level was 10 g/mL, through May 1972, when the 
level had decreased to 2 ug/mL. The decline in limonin was 
gradual over the study period. Dougherty et al. (36), work- 
ing with Marsh grapefruit from Florida packinghouse 
eliminations (fruit that was not suitable for marketing 
fresh, primarily because of skin blemishes, but was of pro- 
cessing quality), reported limonin contents by HPLC of 
juice from five separate batches of fruit harvested between 
September 12 and December 17, 1974, at irregular inter- 
vals. Using the mean limonin levels for the juice obtained 
with soft and hard extractor settings (to produce soft and 
hard squeezes) for each batch of fruit, the limonin content 
was found to decline gradually from 7.5 ug/mL in the first 


juice extracted to 2.5 ug/mL in the last. A gradual decrease 
in limonin content was again noted over the time period. 

Until late 1989 it was generally believed that decreas- 
ing limonin as fruit matured was the result of transport of 
limonin from the fruit to developing seeds. Grapefruit 
seeds contain very high concentrations of limonin (37). 
However, Hasagawa et al. (38) discovered an enzyme that 
bound the limonin as a nonbitter glucoside as the fruit ma- 
tured. Early season grapefruit contain few limonoid glu- 
cosides while mature grapefruit contain approximately 
240 ug/g limonoid glucosides on average. 


Extractor Pressure and Extractor Types 


Dougherty et al. (36) also showed that there was an aver- 
age 65% increase (range, 17-167%) in limonin content of 
juice obtained using a soft versus hard squeeze using an 
FMC Corp. (Lakeland, Fla.) extractor. This was based on 
values obtained from five batches of Marsh grapefruit har- 
vested between September 12-17, 1974, and processed at 
both soft and hard squeeze settings. Similar results were 
obtained, but not presented, for the Duncan cultivar. In the 
1975-1976 season, the same authors used FMC Corp. and 
Automatic Machinery Corp. (Winter Haven, Fla.) extrac- 
tors to produce juice from three batches with each machine 
of Florida grapefruit at about monthly intervals beginning 
in October for both Marsh and Duncan cultivars. The data 
again showed more limonin extracted with the hard 
squeeze than with the soft squeeze and for both extractor 
types. In addition, one extractor produced an overall av- 
erage of 34% (ranging from 6 to 63%) more limonin than 
did the other extractor for the same batches of fruit. 

These results are not surprising as limonin is most 
prevalent in the seeds at levels in excess of 0.5% wet 
weight (37). Limonoic A-ring lactone, the nonbitter pre- 
cursor to limonin occurs at highest concentrations in the 
fruit core, followed by the segment membranes, and peel 
(39). Any process that tends to crack the seeds or cause 
more peel and pulp constituents to be incorporated into the 
juice product will result in higher limonin values. Grape- 
fruit core and segment membranes contain 500 to 1500 
ug/g limonin; and the peel, 12 to 234 ug/g (39). 


Season 


Dougherty and Fisher (34) presented data showing season- 
to-season variation in limonin contents (HPLC) for 
Florida-canned, single-strength grapefruit juice. The mean 
of 117 samples from the 1975-1976 season with 3.9 ug/mL 
limonin while that for 99 samples from the 1976-1977 sea- 
son was 4.7 ug/mL. During the latter season there was a 
freeze during mid-January, and the authors speculated 
that the freeze caused the peel of the fruit to break down, 
making limonin in the peel more available for extraction. 


EFFECT OF LIMONIN IN GRAPEFRUIT JUICE ON SENSORY 
FLAVOR QUALITY 
Studies with Small Experienced Taste Panels 


Between September 12 and December 17, 1974, five 
batches of Florida Marsh grapefruit were harvested on an 
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irregular basis (36). From each batch of fruit, packing- 
house eliminations were obtained for quality evaluation. 
Juices were extracted using FMC equipment set for soft, 
medium, hard, and state test house pressure squeezes. 
Values for the four extraction pressures were averaged for 
limonin (HPLC) and flavor (nine-category hedonic scale as 
judged by 10-12 experienced panelists). During the period 
of the study, flavor increased from 5.0 (neither like nor dis- 
like) to 5.9 (like slightly) while limonin decreased from 7.0 
to 2.3 ug/mL. Naringin (by the Davis test) remained about 
the same, ranging from 600 to 700 ug/mL. The correlation 
between flavor and limonin was significant at the 99.9% 
confidence level (r = —0.91). 

Flavor and several physical and chemical quality char- 
acteristics, including limonin content, have been deter- 
mined in commercial Florida-produced canned and chilled 
single-strength grapefruit juices in a survey by the Citrus 
Research and Education Center, Lake Alfred, Florida, dur- 
ing each citrus season starting with 1973-1974. Samples 
were collected twice monthly from processing plants (14 
initially; 7 during the 1986-1987 season). The number of 
samples collected annually varied between 61 and 168. 
Flavor was determined using 10 to 12 panelists judging 
samples on a nine-point hedonic scale. Details of the study 
and results covering two seasons’ data were presented by 
Dougherty and Fisher (34). Over the first 10 seasons 
(1973-1974 to 1982-1983) in which the study was under 
way, limonin concentration (HPLC) in the juice was highly 
correlated with flavor at the 95% or better confidence level 
in 8 of the seasons (Barros and Dougherty, unpublished 
data). The best correlation coefficient was achieved for the 
1978-1979 season for 113 samples from 11 plants (r = 
—0.53), explaining almost 28% of the variation in flavor 
due to limonin. Four individual plants that season showed 
significant correlations (P < 0.05) between flavor and li- 
monin. The two seasons showing no significant correla- 
tions were the 1974-1975 and 1976-1977 seasons. 

EIA and RIA procedures were used at the Citrus Re- 
search and Education Center to measure limonin concen- 
tration in juices for the 1983-1984 and 1984~1985 seasons 
(Barros, unpublished data). There were low but significant 
correlation coefficients (P < 0.05) for limonin content (both 
EIA and RIA) and flavor score for 1983-1984. For the 
1984-1985 season, r = —0.01 for EIA limonin versus fla- 
vor was not significant (P > 0.05), while r = —0.27 for RIA 
limonin versus flavor was at the 99% level. It would have 
been interesting to have information to calculate r for 
HPLC limonin versus flavor. One plant showed significant 
correlation (P < 0.05) between limonin concentration and 
flavor for no fewer than 7 of the 12 study seasons (1973- 
1974 through 1984-1985); 5 seasons had limonin analysis 
by HPLC, 1 season with EJA and RIA, and 1 season with 
RIA methodology. On the other hand, another plant 
showed no significant correlation (P > 0.05) between li- 
monin (HPLC) and flavor for the 10 years the plant was 
included in the study. Every other plant showed significant 
correlation (P < 0.05) between limonin (HPLC from 1973— 
1974 to 1982-1983; EIA and RIA the last 2 seasons) and 
flavor for 1 or more years. However, no significant corre- 
lations (P > 0.05) were noted between limonin (HPLC) and 
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flavor for any of the 12 plants surveyed during the 1974— 
1975 season. 

The two most recent years of the study, using only EIA 
methodology, showed highly significant correlations (P < 
0.01) between limonin and flavor: for 135 samples during 
1985-1986, r = —0.28; for 61 samples during 1986-1987, 
r= —0.40. 

Fellers and Ting (unpublished data) surveyed the U.S. 
retail market to determine quality of three types of Florida 
grapefruit juice. There were 10 frozen concentrated grape- 
fruit juices, 11 grapefruit juices from concentrates (the 
USDA term for grapefruit juices reconstituted from con- 
centrates) and 14 canned (direct) grapefruit juices. Flavor 
was determined by 12-member experienced panels grading 
samples on a nine-point hedonic scale. Among the several 
chemical and physical analyses run on the juices was li- 
monin by HPLC. No significant correlation (P > 0.05) was 
found between flavor score and limonin for any of the prod- 
uct types or for all samples combined (r = —0.18). The 
correlation coefficients were negative for the canned and 
reconstituted products, but positive for the concentrate. As 
has already been discussed, it is well established that one 
of the reasons grapefruit juice users like grapefruit juice 
is because of its zestiness due at least in part to bitterness. 
The limonin contents of the 10 concentrates were quite low 
with a mean of 3.0 ug/mL (range 1.3-7.5), apparently a 
concentration viewed more or less favorably by the taste 
panelists. The mean limonin contents for the canned and 
reconstituted products, respectively, were 4.2 yug/mL 
(range 1.3-7.5) and 5.2 ug/mL (range 2.5— 10.0). The mean 
for the reconstituted products was significantly higher (P 
< 0.05) than the mean for the concentrates but not for the 
canned juices. It should also be pointed out that concen- 
trate also has a higher Brix:acid ratio requirement than 
does the canned or reconstituted products. The degree Brix 
refers to the weight percent of soluble solids (which is 
mostly sugar) that are present in the juice. The Brix:acid 
ratio is a measure of the ratio of soluble solids to total acid- 
ity present and is an indicator of fruit maturity. Generally 
juice with a higher Brix:acid ratio will be perceived as 
sweeter and is produced from fruit that is more mature. 


Study Utilizing a Small Consumer Panel 


Ting and McAllister (4) reported on flavor and several 
other quality factors, including limonin content of 156 
Florida-processed canned single-strength grapefruit juice 
samples obtained from the U.S. retail market. Juices were 
judged by 12 to 14 consumers (mostly housewives) from 
the Winter Haven, Florida area. Samples were graded on 
a nine-point hedonic scale. Limonin content (HPLC) cor- 
related negatively and significantly with flavor (r = 
—0.166; P < 0.05). The mean limonin content for all sam- 
ples was 5.6 ug/mL. Panelist’s comments of bitterness were 
significantly correlated with limonin content (r = 0.233; P 
< 0.01) and with flavor (r = —0.434; P < 0.01). The av- 
erage number of bitterness comments by the panel per 
sample was 2.19, the largest number for any unfavorable 
type of comment. Age of the sample from the date of pack- 
ing also correlated significantly with limonin content (r = 
— 0.233; P < 0.01). 


Large Consumer Panel Studies 


Inastudy by Fellers et al. (40), 30 Florida-processed grape- 
fruit juices were obtained from the U.S. retail market dur- 
ing 1983 for flavor and chemical and physical analyses of 
quality factors, including limonin by the EIA method. Six 
juices of each of five types were used: frozen concentrated, 
grapefruit juice from concentrate packed in glass, cartons, 
and cans and grapefruit juice (canned directly from freshly 
harvested fruit). Ten products were evaluated by grape- 
fruit juice users at each of three metropolitan test locations 
in the United States. Two of the five juice types were tested 
at each location. Each sample was tested by 108 consumers 
with each testing no more than two samples. Consumers 
evaluated samples on a nine-point hedonic scale (1 = dis- 
like extremely, 9 = like extremely) for overall flavor and 
on a five-point scale (—2 = not at all enough; 0 = just 
right; +2 = much too much) for the attributes of sweet- 
ness, tartness, bitterness, aroma, and color. 

Correlation analysis revealed no significant association 
(P > 0.05) between overall flavor and limonin content 
(EIA). However, the bitterness attributed, overall and for 
each product type, was somewhat too much (P < 0.05) and 
correlated significantly (P < 0.01) with limonin concentra- 
tion. 

A serious problem apparently arose from the inability 
of consumers to differentiate bitterness from tartness. 
There was a significant positive correlation between tart- 
ness and bitterness (r = — 0.66; P < 0.01) as judged by the 
consumers and negative correlation between sweetness 
and bitterness (r = 0.55; P < 0.01); in addition, tartness 
correlated directly (P < 0.05) with both limonin and narin- 
gin content. However, bitterness, as measured by the con- 
sumer, also correlated directly at the 99% confidence level 
with limonin and naringin content. 

In another study (6), the effect on flavor of limonin ad- 
dition to grapefruit juice was determined. Using a single 
commercial Florida frozen concentrate, limonin levels 
(HPLC) of 2.3, 7.1, 8.8, 9.2, and 11.0 ug/mL were obtained 
in the respective reconstituted juices at 10.0° Brix with a 
Brix:acid ratio of 8.5. The target limonin levels were 2, 5, 
7, 10, and 15 wg/mL. A stock solution of limonin in distilled 
water (obtained by slow addition of limonin to boiling wa- 
ter) was used to spike the juice. Both grapefruit juice users 
and nonusers at shopping malls in three large U.S. cities 
participated in the large consumer study. An overall flavor 
score was obtained on each product using a nine-point he- 
donic scale (1 = dislike extremely; 9 = like extremely); a 
five-point scale (—2 = not at all enough; 0 = just right; 
+2 = much too much) was used to rate bitterness, sweet- 
ness, tartness, aroma, and color; finally, after each panelist 
had finished rating their two samples, they were asked 
which of the two samples was preferred. P < 0.05 was cho- 
sen as the level for significance. 

Overall flavor means for all panelists (users and non- 
users) varied within an acceptable range from the low end 
of the like moderately flavor category to the top end of the 
like slightly category (Table 1). The product having the 
highest limonin level (11.0 ng/mL) was assessed as having 
a flavor significantly inferior to the two products having 
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Table 1. Mean Flavor Score Values and Preference Ratings by Consumer Panels for Grapefruit Juice with Varying 


Limonin Contents 
Limonin Concentration (g/mL by HPLC) 
Consumers 23 71 88 9.2 11.0 
Overall flavor score* 
Nonuser® 649° 6.33°¢ 6.26% 6.21°4 6.087 
Users? 7.074 7.20° 6.97% 7.0464 6.914 
All Panelists? 6.77° 6.76 6.62°4 6.62°4 6.494 
Preference ration (%) 
Nonusers? 58° 50° 52 44? 32 
Users? 51° 46° 5I° 44° 367 
All Panelists? 55° 48¢ 51° 44¢ 34° 
Source: Ref. 6. 


“Based on a nine-point hedonic scale: 1 = dislike extremely; 9 


ike extremely. 


Means in the same row sharing the same letter ¢, d, e, are not significantly different at the 95% confidence level. 


the smallest amounts of limonin, but not inferior to the 
products with 9.2 or 8.8 ug/mL. There was no significant 
difference between the four products having the lowest li- 
monin levels. 

Significant flavor differences existed between users and 
nonusers for every product, the users in each case rating 
the product higher. Within the nonuser group there was a 
steady downward trend in flavor scores with increasing li- 
monin concentration. Significant differences existed be- 
tween the products having the lowest and highest limonin 
levels, with no significant difference noted between the 
products having from 7.1 to 9.2 ug/mL limonin. Among 
users, the highest rated product (7.2 flavor score) was the 
sample with the second lowest limonin levels (7.1 ug/mL). 
The only significant difference in flavor scores among users 
was between this highest rated product having 7.1 ug/mL 
limonin and the product having the most limonin (11.0 ug/ 
mL) and the lowest score (6.91). 

The data in Table 1 also show the panelists’ preference 
measurements. For all panelists the sample with the least 
limonin (2.3 ug/mL) was significantly preferred over sam- 
ples having 7.1, 9.2, and 11.0 ug/mL, but not the sample 
with 8.8 g/mL limonin. The sample with the most limonin 
(11.0 ug/mL) was significantly least preferred of all. 

When preference measurements by users were com- 
pared with those by nonusers, there was no difference in 
their preference for each product. Within the nonuser 
group the most highly preferred product had the least li- 
monin and was significantly preferred to the products hav- 
ing the two highest limonin levels. The least preferred 
product had the highest limonin level and had only a 32% 
preference, 45% less than the most preferred product (Ta- 
ble 1). Among users, the product with the highest amount 
of limonin was again rated significantly lower than all 
other products. No significant difference in preference was 
noted among users between the samples having the lowest 
limonin contents. Apparently, a clear-cut consensus ex- 
isted among both users and nonusers of grapefruit juice 
that grapefruit juice having ~11.0 ug/mL limonin (HPLC) 
was less preferred to grapefruit juice containing less li- 
monin. 


For those specific attributes of sweetness, tartness, and 
bitterness that were also rated (Table 2), there was a gen- 
eral tendency for the level of sweetness perceived by con- 
sumers to decrease with increasing limonin concentration 
in the juice. Simultaneously, the perception of tartness and 
bitterness intensity increased with increasing limonin con- 
tent. Because the only differences between the five sam- 
ples was limonin content, bitterness was perceived as tart- 
ness or reduced sweetness to a measurable degree, a 
phenomenon also noted in a study described earlier (40), 
All five samples were judged by consumers as being some- 
what not sweet enough and somewhat too bitter and tart. 

Correlation analysis revealed a significant negative cor- 
relation (r = —0.973; P < 0.01) between overall flavor 
score and limonin level. Differences in limonin levels ex- 
plained over 94% of the variation in flavor. In addition, 
overall flavor score correlated significantly with two of the 
quality attributes judged by the consumers: directly with 
sweetness (r = 0.852; P < 0.01) and negatively with bit- 
terness (r = —0.962; P < 0.01). Tartness did not quite 
make the 95% confidence level. 


INTERACTION BETWEEN BRIX:ACID RATIO. 
AND LIMONIN CONTENT IN AFFECTING SENSORY 
FLAVOR OF GRAPEFRUIT JUICE 


There have been two studies showing that the Brix:acid 
ratio affects the perception of bitterness caused chiefly by 
limonin and naringin in grapefruit juice. Tatum et al. (35) 
studied seasonal effects on the flavor perception of limonin 
and naringin in grapefruit juice. Results from paired com- 
parison taste panels led the authors to observe “when both 
naringin and limonin were higher and Brix:acid was 
higher, it was always judged least bitter.” They concluded 
that the results suggest that “in many cases the Brix:acid 
ratio may be more important than naringin and limonin 
content in determining quality of grapefruit juice.” 

In the second study (Fellers and Carter, unpublished 
data), an experiment was done to determine the effect of 
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‘Table 2. Means and Comparison of Means for Selected Quality Attributes, as Evaluated by Consumers, of Grapefruit 


Juice Having Varying Limonin Contents 


Limonin Concentration (ug/mL by HPLC) 


Attributes 23 71 88 9.2 11.0 
Sweetness — 0.28" -0.41%° -037%* —0.36%" ~0.47° 
Tartness 0.19% 0.307° 0.29%" 0.19" 0.42° 
Bitterness 0.32" 0.38%" 0.39%? 0.41%" 0.515 
Source: Ref. 6. 


Note: Each mean value based on about 300 judgments by consumers using a five-point scale: - 2 = not at all enough of the attribute; 0 = just right; +2 = 


much too much of the attribute. 


Mean values in the same row sharing the same letter are not significantly different at the 95% confidence level. 


Brix:acid ratio on the flavor of grapefruit juice varying in 
the amount of added grapefruit pulpwash containing high 
levels of limonin and naringin. The three Brix:acid ratios 
were 8.0, 9.5, and 11.0. Approximate limonin (HPLC) and 
naringin (Davis test) contents were, respectively, for each 
of the pulpwash levels: 0% pulpwash, 2.5, 660 ug/mL; 7% 
pulpwash, 10.0, 1010 ug/mL; 14% pulpwash, 14.4, 1280 yg/ 
mL. For each pulpwash level, 72 panelists drawn from 
USDA personnel in Washington, D.C., judged samples 
having each of the three ratios. The mean hedonic scores 
for the three Brix:acid ratios, when averaged across the 
three pulpwash levers, were, respectively, 6.04, 6.20, and 
6.69, Analysis of variance indicated that the Brix:acid ratio 
had a significant effect on taste preferences. The effect of 
Brix:acid ratio at 11.0 was found to be significantly differ- 
ent from the effect at both 9.5 and 8.0 at the 99.9% confi- 
dence level; the effects at 8.0 and 9.5 did not significantly 
differ from one another (P < 0.05). 

That the Brix:acid ratio had an effect on limonin (bit- 
terness perception in grapefruit juice) was not totally un- 
expected. Guadagni et al. (29), using model systems con- 
taining sucrose, citric acid, and combinations of these 
constituents, increased the thresholds of limonin (and na- 
ringin) severalfold. In an orange juice, these workers were 
able to increase the limonin threshold from about 6.2 to 
8.5 ug/g by increasing the Brix:acid ratio from 10 to 16, 
while keeping the pH at a constant 3.65. No tests were 
done using grapefruit juices. 


METHODS FOR REDUCING THE LIMONIN CONTENT 
OF GRAPEFRUIT JUICE 


To meet government regulations and customer quality 
specifications, juices are often blended. Orange juices are 
blended to produce the desired color, flavor, Brix, and 
Brix:acid ratio in the final product. Processed Florida 
grapefruit juice products are also blended to produce the 
desired aspects listed above and to control the level of bit- 
terness (limonin and naringin) in the juice. 

Although a great deal of research has been done in de- 
veloping methods for bitterness reduction in citrus juices 
for more than 40 years, control of juice extraction condi- 
tions and juice blending were the only ways permissible 
for controlling bitterness until 1990. In response to a pe- 
tition filed to allow commercial debittering of citrus juices, 
the Food and Drug Administration Department of Health 


and Human Services (FDA) sent a letter to the State of 
Florida Department of Citrus. In this letter the FDA with- 
drew previous objections to using treatments for reducing 
the levels of limonin and naringin in citrus juices using 
food-grade polymeric adsorption resins. This was provided 
the resin used conformed to food additive regulations, nu- 
tritional content of the juice was not altered, other organ- 
oleptic properties were not altered, and the limonin and 
naringin content were not lowered below those ordinarily 
found in a good-quality juice. There are now processors in 
the United States and throughout the world who utilize 
adsorption resins commercially to control the bitterness 
content in citrus juices that meet these requirements. 

Early research was focused on reducing the limonin con- 
tent of navel orange juice because delayed bitterness 
caused by excessive limonin was a real problem. Bitterness 
reduction really consists of two processes. Particulates 
must first be removed so adsorption materials are not 
fouled. Second is the process of bitter component adsorp- 
tion or their conversion to nonbitter components. The de- 
bittering systems now commercially in use (41) for both 
orange and grapefruit consist of an ultrafiltration step to 
remove particulates, and a debittering chamber containing 
nonfunctionalized cross-linked hydrophobic styrene divi- 
nylbenzene polymer resin (SDVB) to adsorb limonin and 
naringin from the clarified serum. The oil content of the 
juice must also be low to prevent premature fouling of the 
system. After debittering, the clear serum and removed 
pulp and cloud particulates (or retentate) are recombined 
to obtain a juice with reduced bitterness. Some bitter com- 
ponents are still present in the final juice because the re- 
tentate portion, which comprises 10 to 20% of the whole 
juice, has not been treated. Natural flavor components may 
also be added to the treated juice, or it may then be blended 
with nontreated juice to obtain product with the desired 
levels of bitterness and other flavor characteristics. 

The first commercial system in the United States was 
installed at Sunkist Growers, Inc., in California for the 
treatment of navel orange juice in 1990. Commercial sys- 
tems for debittering citrus juices in Florida were available 
soon after (41). These systems were available through a 
partnership between Mitco Water Laboratories, Inc. (Win- 
ter Haven, FL), and Romicon (now owned by Koch Mem- 
brane Systems, Inc., Wilmington, MA). The two companies 
have since become independent. Most recently, Sepragen, 
Ine. (Haywood, CA), has introduced a commercial system 
for citrus juice debittering that utilizes a novel radial flow 


chamber for holding the debittering adsorption resin al- 
lowing for improved juice flow during the debittering step 
(42). How advantageous this novel design will be remains 
to be seen as the method for citrus juice processing is still 
being evaluated. 

The ability of SDVB adsorbent resins for debittering cit- 
rus juices was first demonstrated by Puri who received a 
patent in 1984 for the process (43). Limonin and naringin 
levels could be reduced by 90 and 80%, respectively, in 
grapefruit juice. In navel orange juice, limonin reduction 
was 85%. Vitamin C losses were negligible. Norman (44) 
received a patent utilizing SDVB resins that were uniquely 
modified with hydrophillic amine groups. These resins 
acted as ion-exchange resins and were considered to not 
meet the restrictions specified by the FDA for adsorption 
resins and debittering. The most recent patent for debit- 
tering citrus juices awarded in 1998 to Sepragen Corp, 
Inc., utilizes SDVB resins with a smaller particle size for 
increased efficiency (42). 

The earliest attempts at debittering were conducted in 
the late 1950s by Pritchett (45) and Swisher (46), who used 
lengthy selective extraction techniques. Years later in 
1968, Chandler et al. (47) successfully used polyamides to 
adsorb significant quantities of limonin from Washington 
navel orange juice. Johnson and Chandler also tried cel- 
lulose acetate gels for limonin removal in orange juice (48), 
and cellulose acetate, various nylon-based materials, po- 
rous polymers, and ion-exchange resins to reduce bitter- 
ness and acidity in grapefruit juice (49). Variable success 
was achieved with each material and with certain combi- 
nations of materials. Cellulose acetate and two of the po- 
rous polymers were found to have powerful affinity for li- 
monin. They were not as efficient as the styrene-divinyl 
benzene resins now being used, however. A comprehensive 
article by Johnson and Chandler (50) discusses the results 
of the Australian program from 1968 to 1988 in the field 
of adsorptive removal of bitter principals (limonin and na- 
ringin) from citrus juices. 

Konno et al. (51,52) used a soluble f-cyclodextrin mono- 
mer to reduce the bitter taste of limonin and naringin in 
the juices of grapefruit, Iyo orange, and Citrus natsudai- 
dai. Using this information, Shaw et al. (53) were able to 
utilize insoluble f-cyclodextrin polymer to remove limonin 
and naringin from aqueous solution and from filtered 
orange and grapefruit juices, employing both batch and 
continuous-flow column treatments. The commercial pos- 
sibilities were enhanced with the successful use of /- 
cyclodextrin polymer in pilot-scale experiments (54). 

Barmore et al. (55) showed that Florisil (activated mag- 
nesium silicate) added to grapefruit juice acts to signifi- 
cantly reduce limonin, naringin, narirutin, and total acid 
without reducing vitamin C, sugars, or flavor. In organo- 
leptic testing, the flavor of Florisil-treated (30-60 
g/L) juice was improved significantly (P < 0.01). 

Utilizing a different approach, Hasegawa et al. (56) util- 
ized an enzyme, limonoate dehydrogenase (no EC number 
assigned) of Arthrobacter globiformis, to prevent the de- 
velopment of, or removal of, limonin bitterness in citrus 
juice. They went on to develop a process using immobilized 
A. globiformis cells (57) and Corynebacterium fascians (58) 
where the enzyme system in the immobilized cells actively 
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converted 80 to 85% of the limonin to nonbitter products. 
Maier et al. (59) used brief treatments of fruits for 3 h with 
20 ug/mL ethylene to accelerate limonoid metabolism in 
navel oranges, lemons, and grapefruit to reduce bitterness 
in the juice expressed from the fruit. 

Kimball (60) successfully removed an average of 25% of 
the limonin from California Washington navel orange juice 
using carbon dioxide at pressures between 21 and 41 MPa 
and temperatures between 30 and 60°C for 1 h. A 60% re- 
duction in limonin was effected using 4-h runs. Unfortu- 
nately no mention was made of the effect of the process on 
flavor, and apparently no other citrus juices, such as grape- 
fruit juices, were studied. Tamaki et al. (61) demonstrated 
that pressure treatments alone at 195 MPa for 10 m could 
reduce limonin content by 35 to 55% in orange and grape- 
fruit juices. Acidity, brix, and vitamin C content were not 
affected. High-pressure treatments are expensive, how- 
ever. 

A recent process by Van Eikeren et al. (62) utilizes 
liquid/iquid/liquid extraction with a thin liquid mem- 
brane film immobilized and supported by a hydrophobic 
polymer membrane. Limonin and naringin in citrus juice 
are extracted by the thin immobilized liquid, diffuse across 
the liquid film and into a basic stripping liquid (pH 12-13) 
where the limonin and naringin are ionized and cannot 
diffuse back across the membrane into the citrus juice. Li- 
monin reduction was demonstrated to be 85% in orange 
juice with no efficiency listed for naringin. Development of 
this new process on a commercial scale has not yet been 
accomplished. 


SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 


Limonin has proved to be a consistent quality factor in 
grapefruit juice acceptance. Apparently, for grapefruit 
juice users its presence in moderate amounts contributes 
to the overall zesty flavor that characterizes this juice and 
is liked by this consumer group. However, even for users, 
excessive amounts of limonin results in reduced accep- 
tance. For nonusers of grapefruit juice, limonin, with its 
perceived bitterness-tartness, is a key factor in grapefruit 
juice flavor leading to low acceptance scores. Research ef- 
forts should be continued to improve ways to modulate the 
negative effect of bitter limonin on consumer acceptance of 
grapefruit juice. 

Limonin levels currently are only regulated in pro- 
cessed Florida grapefruit concentrate by the State of Flor- 
ida Department of Citrus (21) for early season fruit pro- 
cessed harvested prior to December 1. Limonin levels can 
still be rather high in December and January, thus an ex- 
tension of limonin caps for one or preferably two months 
would help ensure against products with excessive limonin 
(bitterness) being packed. There would also be another ad- 
vantage in that juice having other flavor problems associ- 
ated with maturity in the early season and high limonin 
values, such as green, immature flavor that are only mea- 
sured subjectively, would also be reduced. 

It is likely that the public would be very receptive to an 
alternative to current regular grapefruit juices; namely, a 
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natural grapefruit juice low in limonin (<3 g/mL by 
HPLC) and naringin (300-350 by Davis Test), and having 
a natural Brix:acid ratio > 9.5. This would likely increase 
the market to individuals who find moderate levels of bit- 
terness in grapefruit unacceptable. With the availability of 
commercial debittering capability, there is no reason why 
such a product could not be offered along with regular 
grapefruit juice. The product could carry special identifi- 
cation and likely a premium price. But it should serve to 
satisfy the taste preferences of a significant number of peo- 
ple who currently are nonusers of grapefruit juice. It is also 
likely to satisfy some established grapefruit juice users 
who prefer lower bitterness levels in the grapefruit juice 
that is available later in the season when fruit is more 
mature, less tart, and less bitter. 
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LIPIDS: NUTRITION 


Fat, carbohydrate, and protein are the three macronutri- 
ents found in the diet that provide energy to sustain life. 
Each macronutrient class is comprised of many diverse 
types of constituents that have important biological func- 
tions. With respect to fat, there are many compounds that 
vary widely in structure and function. This chemical het- 
erogeneity is important for numerous biological processes 
and contributes to sensory and functional characteristics 
of foods. Fats, commonly referred to as lipids, are found in 
animals or plants and are generally insoluble in water and 
soluble in organic solvents. There are three major classes 
of lipids: the neutral lipids, the glycerophosphatides, and 
the sphingolipids. The neutral lipids, referred to as tri- 
glycerides, are comprised of glycerol (a 3-carbon molecule) 
and three fatty acids. There are short-chain (=6-carbon 
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LIPIDS: NUTRITION 


Fat, carbohydrate, and protein are the three macronutri- 
ents found in the diet that provide energy to sustain life. 
Each macronutrient class is comprised of many diverse 
types of constituents that have important biological func- 
tions. With respect to fat, there are many compounds that 
vary widely in structure and function. This chemical het- 
erogeneity is important for numerous biological processes 
and contributes to sensory and functional characteristics 
of foods. Fats, commonly referred to as lipids, are found in 
animals or plants and are generally insoluble in water and 
soluble in organic solvents. There are three major classes 
of lipids: the neutral lipids, the glycerophosphatides, and 
the sphingolipids. The neutral lipids, referred to as tri- 
glycerides, are comprised of glycerol (a 3-carbon molecule) 
and three fatty acids. There are short-chain (=6-carbon 
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atoms), medium-chain (8- to 12-carbon atoms), and long- 
chain (>12- to 22-carbon atoms) fatty acids. The long-chain 
fatty acids predominate in the diet. Two or three different 
fatty acids are typically present in a triglyceride molecule. 
Because of the diversity of fatty acids found in nature, fats 
are a mixture of different triglycerides. 

Chemically, fatty acids are categorized as either satu- 
rated or unsaturated. Saturated fatty acids (SFA) contain 
no double bonds, whereas the unsaturated fatty acids con- 
tain one or more double bonds varying in isomeric config- 
uration. Fatty acids with one double bond are referred to 
as monounsaturated fatty acids (MUFA) and those with 
two or more double bonds are called polyunsaturated fatty 
acids (PUFA). With regard to MUFA and PUFA, further 
distinctions are made on the basis of the position of the 
first double bond from the CH; terminus (yielding the des- 
ignations omega-9, omega-6, or omega-3) and the confir- 
mation of the double bond (yielding the designations cis or 
trans). In cis fatty acids the hydrogen atoms are located on 
the same side of the double bond, whereas in trans fatty 
acids the hydrogen atoms are located on opposite sides of 
the double bond. The chain length of a fatty acid as well 
as the number and type (ie, cis or trans) of double bonds 
in the molecule determine its physical, chemical, and bio- 
chemical properties. 

Fat is an essential nutrient in the diet as are protein 
and carbohydrate. A unique characteristic of fat is its en- 
ergy density. Fat supplies more than twice as much energy 
as protein or carbohydrate on a mass basis (9 keal/g versus 
4 keal/g) and provides approximately one-third of dietary 
energy. In addition, fat provides essential fatty acids that 
are required for normal growth and development. Fat also 
promotes absorption of important fat-soluble vitamins 
such as vitamins A, D, E, and K. Moreover, fat contributes 
to satiety after consumption of food and delays the onset 
of hunger after a meal due to slowing of gastric emptying. 
Fat also contributes importantly to sensory attributes of 
foods. For example, it contributes to the unique textures 
of certain foods (ie, flakiness of pastries, creamy mouth- 
feel of desserts and salad dressings, crunchy texture of 
snack foods and cookies) and imparts distinctive flavors to 
foods. 

Fat has numerous biological, physical, and chemical 
properties. With respect to its biological effects, much 
work has been done to elucidate how they affect various 
physiological processes that affect risk of the major chronic 
diseases observed in developed countries. The ensuing dis- 
cussion reviews our present understanding of the benefi- 
cial and adverse effects that total fat, fat classes, and in- 
dividual fatty acids have on risk and incidence of obesity, 
cardiovascular disease (CVD), and cancer. 


FAT EFFECTS ON HEALTH 


Impressive strides have been made in increasing the un- 
derstanding of how total fat, fat classes, and individual 
fatty acids influence risk of chronic diseases. The diversity 
of effects of total fat, fat class, and individual fatty acids 
on risk of chronic disease is remarkable. Because of this, 
when discussing the role of fat in chronic disease, both fat 


quantity and quality must be considered. Importantly, the 
type and amount of fat can affect risk of chronic diseases 
in different ways. 


Total Fat 


Several issues are being debated about the ideal quantity 
of total fat in the diet. The first relates to the amount of 
total fat that most favorably affects risk of CVD. Second, 
there is still uncertainty about the relationship between 
the quantity of fat in the diet and weight control. In ad- 
dition, there are questions about the relationship between 
fat intake and risk of certain cancers. 

Inherent to the discussion about how much total fat 
should be in the diet is that saturated fat and cholesterol 
are low (ie, <10% of calories and <300 mg/day, respec- 
tively). The key question that follows is whether MUFA or 
carbohydrate should replace SFA calories. Scientists who 
favor a high MUFA diet (1) contend that replacing SFA 
with carbohydrate leads to a decrease in high-density li- 
poprotein (HDL) cholesterol and an increase in plasma tri- 
glyceride levels, both of which increase risk of CVD. In con- 
trast, when MUFA replaces SFA, plasma triglyceride 
levels are not increased and HDL cholesterol is not de- 
creased compared with a high-carbohydrate diet. Thus, ad- 
vocates of a high-MUFA, low-SFA diet believe that it re- 
sults in a more favorable overall CVD risk profile than a 
low-SFA, high-carbohydrate diet. Advocates of a high- 
carbohydrate, low SFA diet, however, argue that this diet 
will result in weight loss because fewer calories are con- 
sumed and, hence, elicit a beneficial effect on HDL choles- 
terol and plasma triglyceride levels (2). Intertwined in the 
debate is the question of whether a high-MUFA, low-SFA 
diet (a higher-fat diet) leads to an increase in energy con- 
sumption, thereby leading to weight gain resulting in 
overweight/obesity. Scientists who favor the position that 
increasing dietary fat leads to weight gain because of the 
higher caloric value of fat (3) maintain that calorie control 
is not regulated sufficiently, leading to overconsumption of 
energy. On the other hand, well-respected scientists oppose 
this conclusion and cite epidemiologic evidence that shows 
little association between total fat intake and the incidence 
of overweight/obesity (4). Furthermore, fat may play an 
important role in satiety and, thus, help control calorie in- 
take and body weight. Irrespective of the ongoing discus- 
sion, the fact remains that control of energy intake, re- 
gardless of macronutrient source, will result in achieving 
and maintaining a healthy body weight (5). 

Some epidemiologic evidence supports a relationship 
between dietary fat and the incidence of breast, prostate, 
colon, and lung cancers (6). However, because of the diffi- 
culties in evaluating this association due to limitations in 
assessment methodologies and confounding variables such 
as total energy and micronutrient intake as well as phys- 
iological and environmental factors (such as age at men- 
arche and level of physical activity) the results are dis- 
crepant. Thus, with respect to total fat it is not possible to 
reach any meaningful conclusion about the relationship 
between total fat intake and risk of certain cancers. It is 
important to note, however, that there is a larger database 
for individual fatty acids and risk of certain cancers (dis- 
cussed in the following). 


As discussed, total fat is a mixture of individual fatty 
acids. Likewise, different food sources of fat differ mark- 
edly in their fatty acid profile. For example, canola oil, a 
fat that is very low in saturated fat, is comprised of more 
than 90% unsaturated fat, whereas coconut oil contains 
more than 95% saturated fat! The other fats in our food 
supply contain, in general, a prominent fatty acid class but 
also contain varying amounts of the other fatty acid 
classes. For instance, soybean oil contains about 60% 
PUFA and about 18% SFA and 22% MUFA. In contrast, 
lard contains approximately 42% SFA, 44% MUFA, and the 
remainder is other fatty acids including PUFA. Because of 
the considerable variation in fatty acid composition of fats 
found in the diet, scientists have begun to investigate how 
individual fatty acids affect risk factors for chronic dis- 
eases. 


Saturated Fatty Acids 


The Seven Countries Study (7) was a landmark epidemi- 
ologic investigation that played a seminal role in estab- 
lishing a relationship between diet and the incidence of 
coronary heart disease (CHD). Moreover, this study also 
provided evidence that diet affected serum cholesterol lev- 
els and that an elevation in cholesterol increased risk of 
coronary disease. This marked the beginning of the diet- 
heart hypothesis era, a time during which numerous stud- 
ies were conducted to examine the effects of different die- 
tary factors on risk factors for coronary disease. Many of 
these studies evaluated the relationship between the type 
of fat in the diet and serum cholesterol levels. 

An important finding of the Seven Countries Study was 
that saturated fat intake (as a percentage of calories) was 
significantly correlated with serum cholesterol levels; 80% 
of the variability was due to differences in dietary SFA 
among the populations. Moreover, SFA intake was also cor- 
related with five-year incidence of CHD. This finding has 
been confirmed in numerous subsequent studies. This 
epidemiologic evidence provided the impetus for an era in 
which carefully controlled clinical studies were conducted 
initially to evaluate the effects of fat classes and then to 
assess the impact of individual fatty acids on plasma lipids 
and lipoproteins. The results from many of the well- 
controlled clinical studies were used to develop blood cho- 
lesterol predictive equations for estimating the changes in 
total cholesterol (TC) in response to changes in type of fat 
and amount of dietary cholesterol. The original equations 
developed by Keys et al. (8) and Hegsted et al. (9) demon- 
strated that saturated fat was markedly hypercholestero- 
lemic, whereas PUFA lowered blood cholesterol levels. Sat- 
urated fat was found to be twice as potent in raising blood 
cholesterol levels as PUFA were in lowering them. Both 
groups of investigators reported that MUFA had a neutral 
effect and that dietary cholesterol raised the blood choles- 
terol level but less so than saturated fat. More recently, 
predictive equations have been developed for low-density 
lipoprotein (LDL) and HDL cholesterol. The LDL choles- 
terol response mimics that for total cholesterol. All fatty 
acid classes and dietary cholesterol increase HDL choles- 
terol. 

These studies have been followed by investigations that 
evaluated the effects of individual fatty acids on plasma 
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lipids and lipoproteins. A recent summary of the literature 
evaluating the effects of individual fatty acids is shown in 
Figure 1 (10). It is evident that the effects observed are 
quite divergent when comparisons are made among the 
different fatty acids and even within a fatty acid class. For 
example, when comparisons are made among the long- 
chain SFAs, it is apparent that there are pronounced dif 
ferences in potency. Specifically, myristic acid (C14:0) is 
twice as potent as lauric acid (C12:0) in raising total and 
LDL cholesterol. However, stearic acid (C18:0) is uniquely 
different; it has either a neutral or slight cholesterol- 
lowering effect. The most potent cholesterol-lowering fatty 
acid is linoleic acid (C18:2). Oleic acid has effects that are 
intermediate to those of linoleic acid and the cholesterol- 
raising SFA. The trans isomer of oleic acid has effects that 
are quite different from the cis isomer; trans 18:1 raises 
serum total and LDL cholesterol and may decrease HDL 
cholesterol. 

In contrast to the extensive literature on fat classes and 
individual fatty acids on blood lipid/lipoprotein responses, 
much less is known about the effects of dietary fat on 
thrombosis. Some epidemiologic evidence from the Athero- 
sclerosis Risk in Communities (ARIC) Study indicates that 
a high intake of total fat, SFA, and cholesterol is associated 
with higher levels of Factor VII and fibrinogen, two he- 
mostatic factors that play a role in blood clot formation. 
Likewise, in the Dietary Effects on Lipoproteins and 
Thrombogenic Activity (DELTA) Study, a well-controlled 
multicenter feeding study, a reduction in saturated fat de- 
creased Factor VII. However, a reduction in total fat in- 
creased fibrinogen levels. It is important to note that the 
magnitude of response for both was modest (ie, 2-3%). 

There has been great debate about the association be- 
tween fat intake and breast cancer. However, a pooled 
analysis of seven major cohort studies from four countries 
did not find any association between total fat intake and 
incidence of breast cancer (11). Population studies have 
shown a relationship between SFA intake, especially from 
animal products, and risk of colorectal adenomas. In ad- 
dition, there is some evidence that SFA increases risk of 
ovarian cancer (12) and prostate cancer (13). 


Unsaturated Fatty Acids 


Monounsaturated Fatty Acids. MUFAs are a unique class 
of fatty acids that provides great flexibility in diet plan- 
ning. They can be used to replace SFAs or carbohydrate 
calories or both. Depending on the substitution made, 
there can be a variable change in the total fat content of 
the diet, varying from essentially no or little change to an 
approximate twofold increase. The impact of these scenar- 
ios has already been discussed. In brief, however, diets 
high in MUFA (that are low in SFA and cholesterol) will 
lower total and LDL cholesterol and plasma triglycerides 
and minimize any potential decrease in HDL cholesterol 
levels (14). In individuals with diabetes, MUFAs improve 
the glycemic profile (plasma glucose and insulin levels) 
(15). There is some evidence that MUFAs may decrease 
susceptibility of LDL particles to oxidative modification 
(which is an important initiating event in the development 
of atherosclerosis), thereby reducing their atherogenic po- 
tential (16). 
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Figure 1. The effects of individual fatty acids compared with oleic acid. TC, plasma total choles- 
terol; LDL-C, low-density lipoprotein cholesterol; and HDL-C, high-density lipoprotein cholesterol. 
The results reported for oleic acid are based on comparisons with carbohydrate. The results re- 


ported for the other fatty acids are compared with oleic acid and carbohydrate. 


Trans Fatty Acids. Several epidemiologic studies have 
examined the relationship between trans fatty acid intake 
and both incidence of coronary disease and risk factors for 
CHD, notably lipids and lipoproteins (reviewed in Ref. 17). 
Evidence from some of these studies, but not all, has sug- 
gested a positive relationship. There are a number of lim- 
itations, however, of epidemiologic studies that prevent 
making cause-and-effect conclusions. These include the 
challenges associated with accurately assessing trans fatty 
acid intake due to limitations in diet assessment method- 
ologies and an incomplete nutrient database for trans fatty 
acids. Moreover, there is a question of how accurately mea- 
sures of recent food intake approximate long-term food in- 
take, the latter of which is important relative to the chronic 
nature of the CHD. Despite the limitations of the epide- 
miologic studies conducted to date, enough have reported 
a positive association between trans fatty acid intake and 
CVD risk to warrant further evaluation in controlled clini- 
cal studies. 

From a historical perspective, numerous early con- 
trolled feeding studies demonstrated that hydrogenated 
fats elicited a blood cholesterol response that was inter- 
mediate to that observed for unhydrogenated oils and 
saturated fats (reviewed in Ref. 18). More recently, stud- 
ies have been conducted to evaluate the plasma lipid and 
lipoprotein effects of trans fatty acids. These studies have 
consistently shown that trans fatty acids increase plasma 
total and LDL cholesterol relative to unsaturated fatty 
acids (reviewed in Ref. 18). Compared with SFAs trans 
fatty acids elicit a similar or slightly lower cholesterol- 
raising effect (reviewed in Ref. 18). In addition, trans 
fatty acids lower HDL cholesterol, resulting in a wors- 


ening of the LDL:HDL ratio, which in turn increases 
CHD risk. 


Polyunsaturated Fatty Acids Omega-6 Fatty Acids. The 
evidence that certain SFAs raise blood cholesterol levels 
whereas PUFAs lower them was a justification for several 
major diet trials designed to lower CHD risk by feeding a 
high-fat diet (about 40% of calories) that was low in SFA 
and very high in PUFA (16 to 20% of calories; Oslo Diet 
Heart Study, 19; VA Diet Heart Study, 20; Finnish Mental 
Hospital Study, 21). These studies all showed that this diet 
lowered CHD risk by 24 to 53% concomitant with a reduc- 
tion in serum cholesterol of 13 to 15%. Because of the per- 
ception that these diets might be associated with a higher 
incidence of cancer and also because this diet is not con- 
sumed by population groups worldwide to meaningfully as- 
sess its safety, it has not widely been recommended for the 
prevention and treatment of CHD. 

Recent studies have reported that while PUFA has a 
greater total and LDL cholesterol-lowering effect versus 
MUFA, the differences are not as great as once believed. 
Thus, for practical purposes, MUFA or PUFA will elicit ef- 
fects that are quite similar when incorporated in a diet 
that meets current recommendations for total fat (=30% 
of calories) and PUFA (<10% of calories). Some experts 
advocate, however, that PUFA not exceed approximately 
7% of total energy (22). Collectively, the results of many 
studies indicate that while high levels of dietary PUFA 
seem to beneficially affect CHD, within the range of rec- 
ommended intake, PUFA and MUFA have effects on 
plasma lipids and lipoproteins that are quite similar. Thus, 
either can be incorporated into the diet resulting in com- 
parable effects. 


Although some of the early studies suggested that high 
intakes of PUFA were associated with an increased risk of 
certain cancers, a recent meta-analysis of the literature 
concluded that a high intake of PUFA did not increase the 
risk of various cancers (23). This analysis did not rule out 
the possibility of a small increase in risk, however. 

Omega-3 Fatty Acids. The early 1970s marked the be- 
ginning of a new era of investigation into the role of 
omega-3 fatty acids in the development of CVD. The sem- 
inal studies of Dyerberg et al. (24) showed that serum 
cholesterol and f-lipoprotein levels were lower in Green- 
land Eskimos compared with Danish subjects who con- 
sumed a high SFA diet. Interestingly, coronary athero- 
sclerotic disease was rare in the Eskimos and prevalent 
in the Danes. These scientists attributed this difference 
in the incidence of CHD to the high intake of marine oils 
and in particular, two predominant constituent highly un- 
saturated fatty acids, eicosapentaenoic acid (EPA, C20:5) 
and docosahexaenoic acid (DHA, C22:6). During the past 
30 years numerous studies have demonstrated that these 
fatty acids have diverse biological effects. Collectively, 
they confer impressive cardioprotective effects via multi- 
ple mechanisms that involve antiarrhythmic actions, sud- 
den death, thrombosis, growth of atherosclerotic plaques, 
lipids, and lipoproteins. 

Restenosis is the disproportionate activation of one or 
several normal wound-healing responses that occur as the 
result of coronary artery bypass surgery or other invasive 
procedures. The clinical significance of this is that while 
angioplasty may initially increase lumen size by 20 to 40% 
and restore blood flow, a significant number of individuals 
(approximately 30 to 40%) undergoing the procedure will 
experience restenosis leading to luminal narrowing within 
3 to 6 months, which requires another intervention pro- 
cedure. Meta-analyses established that overall, restenosis 
was reduced by 14 to 29% by supplemental fish oils (25). 
Interestingly, when angiography was used to define coro- 
nary restenosis, there was a direct relationship between 
dose of omega-3 fatty acids and the reduction in restenosis. 
A recent large clinical trial, however, failed to find a ben- 
eficial effect of fish oil on restenosis after coronary angio- 
plasty (26). 

Impressive evidence indicates that omega-3 fatty acids 
reduce sudden death (27,28). In the initial report of the 
Lyon Diet Heart Trial (27), patients who had suffered a 
myocardial infarction (MI) followed an American Heart As- 
sociation (AHA) Step 1 “Mediterranean-type” diet rich in 
linolenic acid versus a prudent Western-type diet. There 
was a striking reduction in coronary events and, in partic- 
ular, no sudden deaths in the treatment group (versus 8 in 
the control group) despite no improvement in lipids, lipo- 
proteins, and body mass index (BMI). These results have 
been corroborated in a population-based case-control study 
(28). In this study, as little as one fatty fish meal per week 
(ie, 1.4 g of omega-3 fatty acids per week) decreased the 
risk of primary cardiac arrest by 50%. More recently, the 
final report from the Lyon Diet Heart Trial (29) found that 
a Mediterranean dietary pattern (high in linolenic acid) 
reduced all cardiac death and nonfatal MI by approxi- 
mately 70% and all coronary events measured by about 
50%. 
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Fatty fish consumption has been shown to prevent 
cardiac arrest from ventricular fibrillation (28). In addi- 
tion, omega-3 fatty acids have been shown to favorably 
affect susceptibility to premature ventricular contrac- 
tions (30). These data are significant because they sug- 
gest that fish intake affects risk of CHD via events that 
are distinct from the effects of fish consumption on 
plasma lipids. 

There is convincing evidence that a major beneficial ef- 
fect of omega-3 fatty acids is on the prevention of throm- 
bosis (31). Omega-3 fatty acids reduce platelet aggregation 
(including reactivity and adhesion) and vasoconstriction. 
In addition, omega-3 fatty acids favorably affect hemosta- 
sis. These effects are the result of enhanced fibrinolysis 
and reduced blood clot formation. 

Fish oil has a marked hypotriglyceridemic effect in both 
normotriglyceridemic and hypertriglyceridemic (=2 mmol/ 
L) individuals. The addition of approximately 9 to 13 g/day 
of fish oil (eg, 1.1 to 7 g/day of omega-3 fatty acids) resulted 
in a plasma triglyceride decrease of about 20 to 25% in 
normotriglyceridemic individuals and a decrease of about 
26 to 33% in hypertriglyceridemic individuals. These levels 
of fish oil have a modest LDL cholesterol-raising effect (eg, 
4 to 5%) in normotriglyceridemic individuals. In compari- 
son, LDL cholesterol is elevated approximately 5 to 11% 
in hypertriglyceridemic individuals, and even more so 
(30%) in some individuals with familial hyperlipidemia 
(Type IV/V) (32). Thus, fish oil supplements can be an ef- 
fective treatment for some patients with hypertriglycer- 
idemia, although close monitoring by a physician is essen- 
tial to ensure that there is not a concurrent significant 
increase in LDL cholesterol. 

Conjugated Linoleic Acid. Conjugated linoleic acid 
(CLA) is a collective term given to a group of linoleic acid 
isomers in which the double bonds are conjugated instead 
of being in the typical methylene interrupted configura- 
tion. CLA levels are higher in animal products than in 
plant products and, in general, CLA levels are higher in 
ruminant than nonruminant tissues. CLA has attracted 
great interest recently because of the evidence that it fa- 
vorably affects several major chronic diseases, most nota- 
bly cancer, obesity/overweight, and CVD. The evidence 
about the biological effects of CLA to date has originated 
from cell culture and experimental animal studies. Provid- 
ing 0.1 to 1% CLA in the diet has been reported to suppress 
tumor incidence in models using carcinogens that require 
or do not require metabolic activation, suggesting that 
more than one metabolic mechanism may account for the 
anticarcinogenic properties of CLAs. At least one study has 
shown that CLA supplementation to normal human mam- 
mary cells or to MCF-7 human mammary tumor cells did 
not lead to increased intracellular lipid peroxidation, 
whereas linoleic acid did (33). Thus, it is possible that the 
effect of CLA relates to differences in the ability to enhance 
free radical formation. 

With respect to CVD there is limited but interesting 
evidence that CLA may beneficially affect plasma lipids 
and lipoproteins as well as atherosclerosis in rabbits (34) 
and hamsters (35). In both studies, the CLA treatment 
groups had markedly lower (~20%) total and LDL choles- 
terol levels and triglyceride levels. HDL cholesterol levels 
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were unaffected by CLA. Based on the study of Nicolosi 
et al. (35), CLA had more potent effects than linoleic acid. 
Collectively, these studies are highly suggestive that CLA 
may have a more potent cardioprotective effect beyond 
that of the predominant fatty acids in the diet. In addi- 
tion, while CLA has antioxidant effects, little is known 
about whether CLA protects against oxidative modifica- 
tion of LDL. 


FAT AND FATTY ACID INTAKE 


Data from the 1995 USDA Continuing Survey of Food In- 
take of Individuals (CSFII) indicates that total fat con- 
sumption is 32 to 33% of calories for males and females 19 
years of age and greater. Saturated fat intake is approxi- 
mately 11%, MUFA is 12 to 18% and PUFA is 6 to 7% of 
calories. As shown in Table 1, palmitic acid is the most 
predominant SFA in the diet, accounting for 5 to 6% of 
calories. Likewise, oleic acid is the major MUFA, and lin- 
oleic acid is the most abundant PUFA in the diet. Trans 
fatty acids comprise approximately 2.6% of total energy 
intake. The intake of omega-3 fatty acids in the United 
States is approximately 1.6 g/day (about 0.7% of energy 
intake). a-Linoleic acid is the predominant omega-3 fatty 
acid in the diet, accounting for 1.4 g/day. Intake of EPA 
and DHA is quite low (only 0.1 to 0.2 g/day). Otherwise, 
intake of CLA is estimated to be approximately 0.2 g/day 
in participants of the Nationwide Food Consumption 
Survey. 

Total fat intake has declined from approximately 36 to 
37% of calories in 1987-1988 to 32 to 33% of calories in 
1995, which represents an approximate 10% reduction. 
Likewise, SFA intake has decreased from 13% of calories 
to 11% of calories during this same period of time (36). 
Present intake of total and saturated fat is approaching 
current dietary recommendations (30% of calories from to- 
tal fat and <10% of calories from SFA). 


Table 1. Fat and Fatty Acid Intake in Adult U.S, 


Population (=19 Years of Age) 

Fat/fatty acid® Men Women 

Total fat 33.3 32.4 

Total SFA 11.2 10.7 
12:0 0.3 0.3 
C140 0.9 0.9 
C16:0 5.2 5.9 
C18:0 29 2.8 

Total MUFA 12.9 12.2 
C18:1 cis 11.9 14 

Total trans 2.6 

Total PUFA 66 6.8 
C18:2 5.9 6.0 
C18:3 06 0.6 
EPA + DHA od bg 

« % of energy. 


* Value of less than 0.05 but greater than 0. 


SUMMARY 


Impressive progress has been made in understanding 
the role of the amount and type of fat in the diet on 
health. There is general agreement that certain SFAs in 
the diet be reduced to lower risk of CVD. However, 
debate continues about what nutrient source should re- 
place SFA calories in the diet. Some scientists advocate 
that SFA be replaced with carbohydrate, resulting in a 
high-carbohydrate, low-SFA diet. Others believe that 
MUFA is the preferable replacement for SFA calories, re- 
sulting in a diet higher in total fat. There is an increasing 
consensus that trans fatty acids be reduced in the diet to 
decrease CVD risk. In contrast, compelling emerging evi- 
dence suggests that omega-3 fatty acids elicit cardiopro- 
tective effects and that CLA may confer a protective effect 
against certain cancers. There is a growing sense that in- 
take of omega-3 fatty acids needs to be increased. The 
small database for CLAs is exciting; however, further stud- 
ies are needed to define their health benefits. 

The evidence we have about the effects of the amount 
and type of fats on chronic disease risk has enabled us to 
develop contemporary dietary recommendations that re- 
duce risk of these diseases. As additional evidence is ac- 
cumulated it is not unreasonable to speculate that further 
changes in the amount and type of fat in the diet can be 
made that will further enhance health. 
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LIVESTOCK FEEDS 


Animals have been part of the human food chain since Ne- 
anderthals hunted them about 50,000 B.c. (1). Today, in 
those countries with a high standard of living, foods from 
animals (eg, meat, milk, and eggs) provide about 25 to 30% 
of the total caloric intake, whereas in developing countries 
it is a much lower proportion. High-quality protein is the 
primary nutrient supplied by animal products. In coun- 
tries with adequate diets, half or more of the total protein 
intake comes from animal products, whereas in countries 
with inadequate diets, animal protein intake is 6 to 35% 
of the total protein intake. Protein in animal foods is high 
quality; the essential amino acids are present in high and 
well-balanced quantities. Thus, the consumption of animal 
foods supplements and complements the lower-quality pro- 
tein found in many plant foods (eg, grains, vegetables, and 
fruits). A deficiency of animal protein in small children re- 
sults in the disease kwashiorkor, a well-known problem in. 
developing countries. Table 1 shows the edible protein con- 
sumed from different animal products on a worldwide ba- 
sis (2). 


Animal products are rich sources of required minerals 


(especially calcium, phosphorus, magnesium, potassium, 
iron, zinc) and vitamins (especially vitamin A, thiamin, ri- 
boflavin, niacin, vitamins B, and B,2) as shown in Table 2 
(3). Because animal products contain protein, minerals, 
and vitamins in higher amounts relative to their caloric 
content in comparison to human dietary requirements, 
their consumption facilitates a balanced diet (4). 


The efficiency with which animals convert feed re- 


sources into human food varies depending on the type of 
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Table 1, Edible Protein from Animal Sources Consumed 
Annually by the World Population 


Table 3. Gross Efficiency of Converting Animal Feed into 
Edible Products for Humans 


Protein, 
Source 1000 metric tons 
Milk and milk products 18,550 
Eggs 2,849 
Meat 
Cattle 7,591 
Buffalo 198 
Sheep 979 
Goat 282 
Horse 70 
Pork 5,859 
Poultry 4,464 
Other* 2,916 
Edible offal 1,381 
Fish 7,589 
Total 52,728 


“Includes camelidae, yak, deer, elk, reindeer, antelope, kangaroo, rabbit, 
and other small animals, 


Table 2. Contribution of Animal-Derived Foods to the 
Nutrient Availability in the United States (1994) 


% of total nutrient intake 


Nutrient Meat* Dairy products’ Eggs ‘Total 
Calories 14 9 1 5 
Protein 39 19 4 62 
Calcium 3 73 2 73 
Phosphorus 25 33 4 62 
Magnesium 13 16 1 30 
Potassium 17 18 1 36 
Tron 16 2 2 20 
Zine 42 19 3 64 
Vitamin A 21 17 4 42 
Thiamin 19 6 1 26 
Riboflavin 18 31 6 55 
Niacin 38 1 39 
Folate 7 7 5 19 
Vitamin By 36 10 2 48 
Vitamin By2 73 21 4 98 


“Beef, pork, poultry, and fish. 
"Bxcluding butter. 


feed consumed by a particular class of livestock. Table 3 
shows the percentage of energy and protein in the feed of 
animals that is recovered as edible animal products in the 
United States (5). These gross conversion efficiencies do 
not consider that livestock consume feeds of no value to 
humans (eg, range grass, pastures, hays, silage, straw, sto- 
ver, stubble) or are not readily consumed by humans, such 
as feed grains (sorghum, barley, oats, millet, triticale) and 
by-products from the food industry (bran, gluten feeds, 
hulls, oilseed meals, tankage, meat and bone meal, feather 
meal, blood meal, whey, brewers and distillers grains, cit- 
rus and sugar-beet pulp, inedible fats). Table 4 shows the 
consumption of concentrates and forages, and the percent- 
age of each used in the diets of U.S. livestock (5). China 


Percentage recovered 


Animal products Calories Protein 
Monogastric animals 
Broilers (meat) 11 23 
Turkeys (meat) 9 22 
Hens (eggs) 18 26 
‘Swine (meat) 4 14 
Ruminant animals 
Cattle (milk) 7 25 
Cattle (meat) 3 4 
Sheep (meat) 3 4 


Note: See text for discussion of net efficiency. 


has the world’s largest population of swine (33% of the to- 
tal number of pigs), which is fed largely on forages, by- 
products, and wastes. Of the total land in the world, 11% 
is arable (suitable for crop production); 22% is range, pas- 
ture, and meadow; and 66% is not suitable for agricultural 
use. If animal efficiency is based on the calories that can 
be utilized directly by humans, their net efficiencies are 
nearly equal (6). Considering only the feed protein con- 
sumed by animals that could be utilized directly by hu- 
mans, edible protein from animal products is produced 
with an efficiency of 60 to over 100% (7). Until all available 
land that can be used for photosynthesis yields food com- 
pletely consumed directly by humans without any loss of 
plant material, including the supporting portions of the 
plant and by-products from the processing of plant mate- 
rials for human consumption, animals will make a positive 
contribution to the supply of human food (8). Because the 
relationships between ruminants (cattle, sheep, goats) and 
human needs are complex and interdependent (Fig. 1), 
quantitative efficiency measurements are difficult (9). 

The use of grains for food animals varies greatly 
throughout the world. In advanced countries, approxi- 
mately 70% is used for animal feed and 30% for human 
food, whereas in developing countries, only about 8% is 
used as animal feed. Except for wheat, the principal end 
use of grains in the United States is for livestock feed. The 
current interest in oats as a source of dietary fiber in the 
human diet and corn for the production of fructose sweet- 
eners and fuel alcohol has changed somewhat the usage 
for these two grains as well as the quantity of by-products 
available from these food industries. 

Animals constitute a tremendous reservoir of human 
food, thereby reducing humankind’s vulnerability to pe- 
riods of crop shortages due to droughts, disease, and po- 
litical events (2). Animals are found throughout the world, 
whereas grain reserves are found only in certain areas. 

Animals also provide a host of other human needs. Wool 
is used for clothing and hides are used for shoes and other 
leather products. Many pharmaceutical products are iso- 
lated from animal glands. Fats and other lipids are used 
to manufacture soap and other products. Animals are used 
in many parts of the world for transportation and draft 
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Table 4. Consumption of Feed from Various Sources by Different Classes of Livestock in the United States 


Grains and high-protein concentrates Forage 
Class of livestock 1000 Metric tons % of Diet x 1,000 Metric tons % of Diet 
Dairy cattle 25,602 37 43,739 63 
Beef cattle 56,963 27 152,168 3 
Sheep and goats 974 n 7,610 89 
Hogs 51,396 86 8,178 14 
Hens and pullets 20,499 97 734 3 
Broilers 12,104 100 0 
Turkeys 5,091 95 272 5 
All livestock 185,105 46 218,879 54 


Grain and 
oilseed crops 


Forage crops’ 
(hay, silage) 


Pasture, range* 


U 


Industrial by-products* 
(sugar beet pulp, 
cannery wastes) 


Stalks, leaves* 


Dow: 


Seeds ————___> Ruminants 


(cattle, a eee deer) 
a Wastes, manure 
= milk M by-products 
Humans <——__—_____] 


power, especially in agricultural production. Animal 
wastes are valuable fertilizer, and animal manure is used 
as a source of heating fuel and building material. 


FARMING UNCONVENTIONAL ANIMALS 


Although small in magnitude, the commercial production 
of unconventional animals is increasing. Aquaculture for 
the production of fish and crustaceans is definitely on the 
increase. There is a small commercial rabbit industry. 
Farmers and ranchers are increasingly interested in the 
propagation of deer, other wild ruminants, and game birds 
for private hunting and for exotic meats. Proper nutrition 
and feeding of these new farm animals is of interest (10). 


COMPANION ANIMALS 


In addition to food-producing animals, feeds are used to 
support a large number and array of companion animals 
(horses, dogs, cats, and other pets). Horse owners in the 
United States use about 4.3 million metric tons (t) of mixed 
feed each year (11) to feed about 5.25 million horses (12). 
In addition, approximately this same amount is also fed as 
hay and pasture. 

The dog and cat population in the United States is es- 
timated to be 52 and.56 million, respectively (13); 60% of 
the households in the United States have pets. These pets 


Nonprotein nitrogen* 
(urea, ammonia) 


Figure 1. The Role of ruminants in human 
nutrition. Items marked with an asterisk 
are converted by ruminants but are not con- 
sumed directly as food by humans. 


consume about 5,133,500 t of food each year (about 73% by 
dogs and 26% by cats) resulting in $9.9 billion in pet food 
sales (14), Six companies account for 87% of the dog food, 
and five companies account for 87% of the cat food mar- 
keted through major food stores. Additionally, pet foods are 
sold as private label products through pet specialty stores, 
veterinarians, feed stores, and direct distribution. The 
trend has been toward more dry food products (88% of the 
total), less canned foods, and more specialty products (eg, 
high energy, high protein to reduce defecation and life- 
cycle products for growing and aging pets). 

Other specialty feeds for rabbits, fur-bearing animals, 
birds, laboratory, and other animals total about 20% of 
that produced for dogs and cats. Feeding wild animals in 
captivity (zoos and game parks) is of increasing interest. 
Diet monotony is a problem in feeding zoo animals; adapt- 
ing wild animals to diets and supplements formulated by 
humans is a challenge. 


NUTRIENT REQUIREMENTS 


Research continues on the nutrient requirements and in- 
teractions in all classes of livestock, companion animals, 
fish, and laboratory animals. These are summarized in a 
publication series Nutrient Requirements of Domestic Ani- 
mals by the National Academy of Science—National Re- 
search Council (NAS-NRC) that are revised periodically 
(15). This series incorporates computer models to predict 
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nutrient requirements based on genetic variance, environ- 
mental conditions, and the use of various production tech- 
nologies. These are used by feed companies, animal prac- 
titioners, consultants, producers, and teachers as guides to 
formulating diets that will meet the nutritional require- 
ments of animals, generally with some safety margin, from 
feeds typically consumed and therefore palatable to a par- 
ticular animal. Many animal feeding guides are also avail- 
able from state extension offices, animal associations, feed 
companies, and veterinarians. 


COMPUTERS 


During the past 35 years, the feed business has been rev- 
olutionized by computers. Diet formulation, least-cost diet 
formulas, process and inventory control, and accounting 
have been impacted by the introduction of computers. Nu- 
tritionists can not only formulate diets from palatable 
feeds that meet the nutritional requirements of animals, 
they can also formulate diets from ingredients that mini- 
mize the total cost of the formula. Data describing the 
physical characteristics of each ingredient, restrictions on 
the amount of a given ingredient, and current prices can 
now all be handled in great detail using linear program- 
ming and least-cost formulation (16). 

Computers are also being used to simulate livestock 
production systems to study inputs and their impact on 
production output and net returns. These programs are 
more sophisticated than older measures of profit potential 
(17). 


THE FEED MANUFACTURING INDUSTRY 


Feed manufacturing is one of the 25 leading industries in 
the United States (18); it employs about 97,000 people (11). 
Feed purchases historically have been the largest U.S. 
farm expenditure, surpassing rent, interest, fertilizer, and 
energy; in 1984, feed purchases totaled $18.3 billion (11). 
Feed cost in the production of meat, milk, and eggs ac- 
counts for 50 to 75% of the total cost of production. The 
early development of this industry and the later applica- 
tion of science, engineering, and merchandising to feed 
manufacturing provides an interesting success story inthe 
development of U.S. agriculture (19). The challenge facing 
the industry is to formulate, manufacture, and distribute 
feeds that will enable livestock, poultry, and fish farmers 
to produce quality products at the lowest possible cost (16). 

Many feeds used in feed manufacturing were once con- 
sidered waste materials from the food industry that were 
disposed of in ways that would be considered environmen- 
tally unacceptable by today’s standards. In 1947, it was 
noted: “Sixty years or more ago, the flour mills in Minne- 
apolis dumped wheat bran into the river because nobody 
wanted to buy it” (20). Feed mixing moved from the scoop 
shovel to a mechanized operation, and many companies 
entered the feed manufacturing business between 1895 
and 1930. During this time, feeds were sold more for their 
mystical qualities than for demonstrated production and 
health responses in animals. 


Many feed companies founded during this early period 
are still in business today. The Ralston Purina Company 
(now Purina Mills, Inc.) was founded in 1894; the Check- 
erboard trademark was copyrighted in 1900. A recent sur- 
vey provides a listing of more than 800 existing feed com- 
panies, and poultry and livestock integrators (21). Of these 
companies, 95% produce complete feeds, 66% produce feed 
supplements, and 39% produce premixes. Most manufac- 
ture feed for hogs (76%) and beef cattle (73%), followed by 
feed for dairy cattle (68%) and laying hens (51%). Approx- 
imately 4% of the companies produce more than 227,000 t 
of feed annually, 30% produce between 18,000 and 227,000 
ta year, and 66% produce less than 18,000 t. Farmer co- 
operatives account for about 22% of the formula feed ton- 
nage. About 6700 feed mills were in operation in 1984 (11). 
In 1988, the U.S. feed manufacturing industry produced 
an estimated 94 million t of primary feed (feed mixed from 
individual ingredients). Secondary feed (feed mixed with 
one or more ingredients and a supplement) totaled 9 mil- 
lion t. Table 5 lists the livestock uses of the primary feed 
total (12). 

Today’s feed-manufacturing industry is a highly com- 
plex, scientifically based, quality-controlled, and heavily 
regulated industry (Fig. 2). It combines a variety of fields 
ranging from chemistry, nutrition, computer program- 
ming, engineering, materials handling, and transportation 
to personnel, inventory control, economic analysis, adver- 
tising, and law. Patents related to manufacturing pro- 
cesses, ingredients, nutrient forms, and drugs are many. It 
is a progressive and competitive industry that contributes 
advanced technology to the U.S. animal industry and en- 
hances the supply, quality, and nutritional value of food for 
humans. 

Several trade and related associations service the in- 
dustry, including the American Feed Industry Association 
(AFIA; Arlington, VA), Association of American Feed Con- 
trol Officials (AAFCO; West Lafayette, IN), Animal Health 
Institute (Alexandria, VA), American Association of Feed 
Microscopists (Sacramento, CA), National Grain and Feed 
Association (Washington, DC), several state grain and feed 
associations, and allied industry associations (22). 


FEEDING SYSTEMS USED IN LIVESTOCK PRODUCTION 


Poultry 


For the most part, poultry (chickens, turkeys, ducks, geese) 
are fed in houses on complete mixed diets. Chickens are 


Table 5. Livestock Use of Manufactured Feed in the 
United States (1997) 


ivestock Percentage of total 
Starter, grower, layer, and breeder hens 12.7 
Broilers 311 
Turkeys 1 
Dairy cattle 13,2 
Beef cattle and sheep 15.4 
Hogs 13.1 
Other 68 


Note: Primary feed mixed from individual ingredients as complete feed, 
supplement, or concentrate. 


fed either for meat (broilers) or eggs (laying hens). Breeds 
and strains of chickens differ for these two purposes. Tur- 
keys are also produced primarily in houses, although some 
range or pasture is still used. The poultry industry is very 
different from that of 40 years ago (23). Many broiler pro- 
duction units are vertically integrated (24) from hatching, 
production, and feed preparation through shipment of pro- 
cessed broilers to grocery stores (Fig. 3). Nearly all (98%) 
of the broiler feed is fed to the manufacturer’s own chick- 
ens (11). The eight largest companies produce 55% of the 
total U.S. broiler production. Modern poultry production 
firms are well capitalized, take advantage of the economies 
of large-scale operations, and rapidly adopt new biological 
and technological advances. As a result, the relative price 
of poultry products has steadily decreased, which has 
greatly increased the demand and therefore the production 
of broilers and turkeys. 


Feed 
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Figure 2. Feed Manufacturing 
plant with ingredient storage, feed 
elevators, warehouse, delivery 
trucks, and office. Source: Courtesy 
of Ezell-Key Grain Co., Inc., Snyder, 
Texas. 


Swine 


Swine are also largely produced in houses on complete 
mixed diets. The swine industry is becoming more verti- 
cally integrated (11). Many independent swine producers, 
large (>5000 head) and small (<100 head), purchase feeds 
and other inputs and sell finished pigs to meat-processing 
companies for final distribution of pork products. Many 
swine producers are farrow-to-finish, meaning they breed, 
produce, and market finished pigs. A few producers sell 
feeder pigs to others for finishing. Swine producers effec- 
tively use new technology in nutrition, feeding, and other 
management practices (Fig. 4). 


Dairy Cattle 


Milk production and the production of dairy cattle is still 
largely by individual producers, although many of these 


Ready-to-cook 
broilers and parts 


Offal and 


ingredients 


Rendering plant 


waste 


Broiler feed and flock service 


Hatching-egg farms. Broiler grow-out 
(1) Contract (1) Contract growers 
(2) Company (2) Company farms 

Breeders 
Hatchery = - 
Eggs Broiler chicks 


Processing plant 


Slaughter, 
eviscerating, 
Live and cutup 
broilers 


Further processing plant 


ies 


Further-processed 
products 


Figure 3. Many modern broiler firms control production from chick to consumer product. 
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Figure 4. Swine production; sow and her baby pigs. Source: Cour- 
tesy of National Food Review. 


producers are quite large (eg, 300 to 3500 cows). Some have 
integrated into producer-processor operations. Most pro- 
ducers also farm and produce a major portion of their own 
feed, especially roughage (eg, hay, silage, and pasture) and 
purchase a commercial concentrate feed. Large dairy units 
may purchase all of the required feed. With continuing in- 
creases in milk production per cow, due largely to genetic, 
feeding, and reproductive technology, the number of dairy 
producers continues to decrease but milk production per 
cow steadily increases (Fig. 5). 


Beef Cattle 


The beef cattle industry is made up of two distinct seg- 
ments. The cow-calf industry is land based, largely in the 
western and southeastern areas of the United States, re- 
lying on range and pasture as the major feed input. Be- 
cause it is land based, requiring a major capital invest- 
ment, most cow-calf producers are small in size (eg, 50 
cows), although a few are very large (eg, 20,000 cows). The 
feedlot industry, on the other hand, is made up of large 
feedlots (5000 to 200,000 head onetime capacity) located 
primarily in seven states (Texas, Nebraska, Kansas, Col- 
orado, Iowa, California, and Arizona). These feedlots are 
often integrated with grain or feed companies (24). Some 


are integrated feedlot and meat-processing companies, and 
a few are integrated feed, feedlot, and meat-processing 
companies. Many feedlots custom-feed cattle on contract 
for absentee owners and investors. A third, less important, 
segment backgrounds cattle between weaning and a year- 
ling age on pasture, crop stubble, and aftermath (eg, corn 
and sorghum stalks) and on various by-product feeds. Be- 
cause of the diversified nature of the beef cattle industry 
and because many cow-calf producers derive a significant 
portion of their income from other farming enterprises or 
off-farm income, genetic and other new technologies are 
slow in becoming established. On the other hand, nutri- 
tion, health, and other technologies are rapidly applied 
by the feedlot industry, similar to the poultry industry 
(Fig. 6). 


Sheep 


Much of what characterizes the beef cattle industry is also 
true for the sheep industry, but on a smaller scale. Many 
of the producers are relatively small. Feedlot production of 
lambs is limited. In addition to meat, wool is an important 
source of income to a sheep producer (25). Sheep produc- 
tion in the United States has steadily declined over a long 
period of time. 


Goats 


The production of goats is similar to that described for beef 
cattle and sheep (25) but is a relatively small industry. Mo- 
hair from Angora goats and milk are the major products, 
although there is some consumption of goat meat. The 
Boer goat has been introduced into the United States pri- 
marily for meat production. Roughage (range, pasture, 
hay) is the primary feed input for goat production. 


Fish 


Fish and other aquatic animals are produced in commer- 
cial ponds and tanks or separated areas of lakes and sea- 
coasts. For the most part, they are fed commercially pre- 
pared diets, although they also obtain food material from 
plankton in these waters. Catfish, trout, and salmon are 
the major fish, and shrimp and crawfish are the major 
crustaceans commercially produced in the United States 


Figure 5. Dairy farm: dairy cows, milking parlor, barn, silo, and 
granary. Source: Courtesy of National Food Review. 


Figure 6. Cattle feedlot: cattle on feed and feed mill. Source: 
Courtesy of Texas Cattle Feeders Assoc., Amarillo, Texas. 


(26). Catfish production increased 330% between 1980 and 
1987. The catfish industry is largely vertically integrated. 
Because of its rapid growth, aquaculture will use increas- 
ing amounts of feed and improved technology to produce 
aquatic animals. 


FEED INGREDIENTS 


Basic Feed Ingredients 


Roughages (range, pasture, hay, and silage) are character- 
ized as high-fiber feeds (usually more than 18% crude, 30% 
acid detergent, or 45% neutral detergent fiber). They are 
important feeds for ruminant animals. In the rumen, an- 
aerobic microorganisms degrade a large portion of the fiber 
and other organic constituents, thereby making the fiber 
available as an energy source. A minimum amount of 
roughage in the diet of ruminants is desirable for main- 
taining normal rumen function. 


Range and Pasture. As mentioned earlier, 22% of the 
world’s land surface is range, pasture, and meadow, two- 
thirds of which is not suitable for crop production. To util- 
ize this land for the production of human food requires ru- 
minant animals (cattle, sheep, goats, and wild ruminants). 
Rangeland is permanent pasture, in that it is not seeded 
periodically, although interseeding is sometimes practiced 
as an improvement method. Desirable native species of 
grasses and forbes are maintained and sustained largely 
through range management practices that include stock- 
ing rate, rotation of animals on range areas, complemen- 
tarity between grazing animals, location of animal water 
supplies, fertilization, and the use of supplemental feeds. 
The major determinant of range production is the amount 
of precipitation. 

Pasture is largely improved pasture because land is pe- 
riodically reseeded to improve pasture varieties, often with 
the use of fertilizer and irrigation. Grazing of small grain 
crops, especially wheat, during the vegetative stage is an 
important source of pasture. Improved pastures are often 
part of a crop rotation system to improve soil fertility and 
humus and to enhance soil conservation practices. Genetic 
programs provide varieties and strains of plants for im- 
proved pastures. These pastures are used in the produc- 
tion of all ruminants but are especially important in dairy 
production. 

Meadows are water drainage areas that are permanent 
grasslands between arable land areas and in stream val- 
leys. These are grazed periodically, primarily by beef cattle 
and sheep, and are sometimes used for hay. 


Harvested Roughages. There are many kinds of har- 
vested roughages. Hays are forages that are cut and dried 
in the field and gathered relatively dry (85-90% dry mat- 
ter) as baled or chopped hay. Both grass (eg, timothy, 
bromegrass, orchard grass) and legumes (alfalfa, clover) 
are used for hay. Approximately 136 million t of hay are 
fed to U.S, livestock each year, 57% of which is alfalfa (27). 
Alfalfa meal, often dehydrated, is an important specialty 
feed (1.76 million t; 11) in several diet formulas. 


LIVESTOCK FEEDS 1491 


Crops can also be harvested as relatively high-moisture 
material (25-45% dry matter) and stored in oxygen- 
limiting structures (upright and bunker silos) where the 
bacteria present on the harvested material or added inten- 
tionally at the time of ensiling convert part of the carbo- 
hydrate in the crop to various organic acids (especially lac- 
tic acid), utilizing the oxygen present, thereby preserving 
the acidified product as silage. Corn, small grains (barley, 
oats), alfalfa, and other crops can be harvested as the en- 
tire plant for silage. 


Grains. All grains can be used to feed all classes of live- 
stock. The major feed grains in the United States are corn, 
sorghum grain (milo), barley, and oats. Small quantities of 
millet, rye, and triticale are also fed, and wheat is used 
when the price makes it competitive. Because grain is pro- 
duced in the United States in excess of that required for 
human food, feeding grain to livestock is an important fac- 
tor in maintaining the price of grain. About 114 million t 
of corn, 14 million t of sorghum grain, 7.6 million t of wheat 
and rye, 5.2 million t of barley, and 3.1 million t of oats are 
fed to U.S. livestock (12). 


Protein Feeds. These feeds are largely by-products of the 
food-processing industry; most are the result of vegetable 
oil production, Soybean meal is the major protein feed 
(18.1 million t) followed by cottonseed meal (1.5 million t), 
canola meal (0.25 million t), sunflower meal (0.22 million 
t), peanut meal (0.15 million t), and linseed meal (0.10 mil- 
lion t). Corn gluten feed and meal (1.32 million t) are by- 
products of the corn starch and sweetener industries. Pro- 
tein feeds derived from the processing of animals for food 
include tankage and meat meal (3.1 million t), fish meal 
and solubles (0.74 million t), milk products such as whey 
(0.36 million t), hydrolyzed feather meal (0.24 t), and 
smaller quantities of blood meal (11,12). 


By-product Feeds. By-products used as livestock feeds 
are too numerous to list here; a table of by-product and 
unusual feed composition (28) lists 355 feeds. Those avail- 
able in greatest quantities include wheat mill feeds (5.79 
million t), molasses (1.66 million t), distillers grains (0.97 
million t), fats and oils (0.86 million t), beet pulp (0.60 mil- 
lion t), rice mill feeds (0.58 million t), hominy feed (0.48 
million t), brewers grains (0.34 million t), and miscellane- 
ous by-product feeds (0.80 million t) (11,12). Other by- 
product feeds include almond hulls, apple pomace, bakery 
waste, citrus pulp, cannery waste, cottonseed hulls, cotton- 
gin trash, grape pomace, oat hulls, cull peas, potato 
wastes, soybean hulls, and many others. 


Supplements 


Minerals. Mineral additions to livestock diets are com- 
mon practice, either to complete diets and supplements or 
as free-choice ingredients. Salt (NaCl) has been used for a 
long time; early pioneers sought out salt licks where horses 
and cattle obtained salt and other minerals. Commonly 
supplemented are calcium and phosphorus as limestone, 
calcium carbonate, bone meal, various calcium phos- 
phates, sodium and ammonium phosphates, and phos- 
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phoric acid. Many of these sources are mined products from 
natural deposits, where fluorine is often present and must 
be reduced (defluorinated phosphate) to acceptable limits 
to prevent toxicity to livestock. 

Other major minerals required by livestock include po- 
tassium, magnesium, and sulfur, which are supplemented 
as potassium chloride and potassium ammonium sulfate, 
magnesium oxide, flowers of sulfur, sulfate salts, and or- 
ganic sulfur (methionine). 

Livestock require eight trace minerals (cobalt, copper, 
iron, iodine, manganese, molybdenum, selenium, zinc) and 
perhaps several others (chromium, fluorine, silicon, nickel, 
vanadium). The required trace minerals are commonly 
added to complete diets, trace mineral supplements, and 
trace mineralized salt. Most are added as inorganic salts. 
There is increasing interest in the bioavailability of vari- 
ous organic forms of these trace minerals (eg, ethylenedi- 
amine dihydroiodide; zinc methionine, selenium methio- 
nine, and other mineral-amino acid complexes; iron and 
copper gluconate; and various chelated trace minerals). 
Some of these trace minerals have wide toxicity to require- 
ment ratios (zinc) whereas others have very narrow ratios 
(selenium). As a result, trace minerals are seldom added 
as single ingredients to complete diets or supplements; 
they are formulated into multimineral premixes and then 
added as dry or liquid premixes. 


Vitamins. All the required vitamins can be supple- 
mented in livestock diets. These vitamins are chemically 
synthesized and are relatively inexpensive. Vitamin A is 
commonly added to all diets. The other fat-soluble vita- 
mins—D, E, and K—are used in special situations (vitamin 
D for animals housed indoors, vitamin E to enhance the 
immunological competence, and vitamin K where bacterial 
synthesis in the intestine may be limited). 

Water-soluble vitamins are commonly added to the 
diets of monogastric animals (swine, poultry, dogs, cats). 
Although these vitamins are synthesized by bacteria in the 
gastrointestinal tract, only in the case of ruminants where 
synthesis takes place at the beginning of the tract (rumen) 
is there opportunity for absorption eliminating the need 
for supplementation except in special situations. Thiamin, 
riboflavin, niacin, pyridoxine, pantothenic acid, choline, 
and B,2 are commonly added to diets for monogastric ani- 
mals; biotin and folic acid (folate) are added in some cases. 
Vitamin C is required by fish but not required by livestock, 
although it may be useful in heat stress, especially in lay- 
ing hens for maintaining egg shell strength. 


Amino Acids. Methionine and methionine hydroxy an- 
alogue (MHA) have been used for S-amino acid supple- 
mentation for several years. Fermentive synthesis of ly- 
sine has made this often limiting amino acid an economical 
addition to many monogastric diets. Arginine, threonine, 
and tryptophan are also available. 


Urea. Ruminant animals can make use of nonprotein 
nitrogen (NPN) through conversion to microbial protein in 
the rumen and subsequent digestion in the lower gastro- 
intestinal tract. This conversion results in high-quality 
animal protein (milk and meat) for human consumption 


from an inexpensive, nonprotein source. Urea is the major 
source of NPN used in ruminant diets (355,500 t in 1984; 
11). Biuret and various ammoniated feed products are also 
sources of NPN. Use of urea in ruminant diets is limited 
to about 1% of the total diet (one-third of the total required 
protein) for effective conversion to microbial protein. An 
excess of NPN can result in acute ammonia toxicity due to 
more rapid microbial conversion to ammonia in the rumen, 
compared with its incorporation into microbial protein. 


Additives. Various other compounds are added to live- 
stock diets for purposes other than nutritional supple- 
ments. Sales of animal health products totaled $3.6 billion 
in 1997 (29). Several antibiotics are added for growth pro- 
motion, improved feed utilization, and disease prevention 
and treatment. Chlortetracycline (aureomycin), oxytetra- 
cycline (terramycin), penicillin, virginiamycin, monensin, 
and lasalocid are the primary antibiotics used in livestock 
diets. Sulfa drugs are also used as bacteriostats. Coc- 
cidiostats, anthelmentics, and mold inhibitors are also 
used. These additives result in healthier animals. Use of 
these compounds is highly regulated by the U.S. Food and 
Drug Administration (FDA) both in terms of efficacy for a 
stated claim as well as safety for the target animal and for 
humans consuming foods from animals. Research costs can 
total $8 to $15 million to achieve final approval for one of 
these additives. The U.S. Food Safety and Inspection Ser- 
vice (FSIS) constantly monitors animal food products for 
the absence of residues. Use of additives constantly 
changes; the most current reference source on their ap- 
proved use is the Feed Additive Compendium (30), which 
is updated annually plus monthly supplements. 


Grading and Definitions 


Many feeds, especially grains, are graded for quality fac- 
tors (moisture, broken kernels, damage, foreign material) 
that are used in the trade as purchasing specifications (31). 
Many of these visual standards are defect-type factors that 
may or may not relate to the nutritional value of the feed. 
End-user factors such as moisture, protein, oil, starch, fi- 
ber, hardness, and amino acid ratios are important eco- 
nomically to the needs of specific grain users (32). Hay 
grading standards have also been proposed, but their use 
is limited. 

Official processing and composition definitions for vari- 
ous feed ingredients have been established and are con- 
stantly updated by the Association of American Feed Con- 
trol Officials (AAFCO) (33). These definitions are used by 
state and national feed control officials in regulatory as- 
pects of the feed industry. Also listed are the names and 
addresses of state feed control officials, state feed registra- 
tion requirements, the uniform state feed bill, related as- 
sociations, and other useful information on livestock feeds. 


Analyses 

The National Research Council (NRC) has published an 
atlas of feed composition (34) and a more recent table of 
feed composition (35) tabulating the composition of feeds. 
There are also many other tables of feed composition 
(28,36,37). Feed composition tables, along with actual feed 


analyses, are the basis for formulating nutritionally com- 
plete diets for livestock. 

Feeds can be analyzed for many constituents. It is con- 
venient to divide these into chemical and biological con- 
stituents (37). Chemical analyses for nutrients, antinutri- 
tional factors, toxicants, contaminants, and residues can 
be performed, but these results do not necessarily indicate 
the bioavailability of these constituents when consumed by 
animals. Thus, biological constituents are measured using 
a biological response such as digestibility, absorption, met- 
abolic efficiency, or some biochemical response. Gross en- 
ergy (GE or heat of combustion) indicates the total energy 
value of a feed but only a portion is digestible (digestible 
energy, DE), less is available for metabolism (ME), and the 
net energy (NE) value of a feed is the energy available for 
maintenance of body tissues and growth (meat), wool, 
milk, and egg production. Similar bioavailability consid- 
erations apply to protein, amino acids, minerals, vitamins, 
and other constituents. Feeds are commonly analyzed for 
moisture, crude protein, ash, fiber (crude, acid detergent, 
neutral detergent fiber), and crude fat. Additional analyses 
for individual amino acids, minerals, and vitamins can be 
performed, 


Regulations 


Many agencies and regulations impact the feeding of live- 
stock and the manufacture of feeds, including state feed 
regulations, the FDA, the Environmental Protection 
Agency, and the Occupational Safety and Health Agency 
(19,38,39). In 1909, AAFCO was organized; its objective is 
“.., to promote uniformity in legislation, definitions, and 
rulings, and the enforcement of laws relating to the man- 
ufacture, sale, and distribution of feeds and livestock rem- 
edies in the continent of North America.” Good Manufac- 
turing Practice Regulations for Medicated Feeds (30) were 
published by the FDA in 1976 and revised in 1986. 


FEED PROCESSING 


Most feeds must be processed before consumption by live- 
stock. Only the free-grazing animal consumes feed that 
has not been processed. 


Roughages 
Hay is cut, field-dried, and generally baled into rectangu- 
lar or round bales that weigh 25 to 300 kg each. The mois- 
ture content of baled material must be below 14% for 
proper storage. Hay can also be field chopped and hauled 
to storage structures or chopped and pressed into cubes 
(approximately 3 cm*) either in the field or at hay storage 
sites. Dehydrated alfalfa is cut fresh, sometimes partially 
dried in the field, chopped, hauled to dehydrating facilities, 
and pelleted (0.6—1.3 cm). Forages can be cut and chopped 
in the field, hauled, and fed fresh to livestock (green chop). 
Forages and other plant materials can be chopped and 
ensiled in oxygen-limiting structures and fed as silage. 
Roughages can also be treated with various chemicals 
to enhance their digestibility. Treatment with alkali 
(NaOH) has been practiced for a long time, especially in 
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northern Europe. Use of anhydrous ammonia for enhanc- 
ing the digestibility of straws and silage is a more recent 
practice. The use of alkaline peroxide appears especially 
promising for high-fiber roughages (40). Pressure treat- 
ment of acidified roughage material also enhances digest- 
ibility but is generally not cost effective. Treatment with 
ozone also increases the digestibility of roughages (41). 

Roughages that are finely chopped (screen size less than 
1.3 cm) and/or pelleted are generally consumed in greater 
amounts by ruminants and have a faster passage rate 
through the rumen, resulting in a lower digestibility of the 
fiber fraction. Because of greater intake, however, greater 
animal productivity generally occurs. Lactating dairy cows 
fed large amounts of concentrate feed should also be fed a 
minimum quantity of unchopped roughage (3 kg) to pre- 
vent abnormally low milkfat due to insufficient acetic acid 
production by rumen microorganisms. 


Grains 


Grains and other seeds can be dehulled, ground, cracked, 
rolled, steamed, steam-flaked, micronized, popped, ex- 
truded, roasted, and pelleted before feeding. In some cases, 
grains (corn) and other seeds (cotton and soybeans) are fed 
unprocessed (whole) to livestock. The need for processing 
depends on the grain, animal to be fed, feed mixture, po- 
tential improvement in utilization, and processing cost. 

Swine, sheep, and goats chew their feed more thor- 
oughly than do cattle; therefore, improvements in feed util- 
ization through processing are comparatively small. Sor- 
ghum grain (milo), because of the small seed, must be 
processed for all livestock. Corn grain, on the other hand, 
can be fed whole to most classes of livestock except poultry, 
although improvements in utilization may be obtained 
with steam-flaking, owing to partial gelatinization of the 
starch granule. Concentrate ingredients may require pro- 
cessing to achieve a somewhat uniform particle size in 
complete mixed diets to prevent sorting and separation by 
animals. This is especially true for poultry and swine diets, 
and dairy and other concentrate mixes. 

Grains can also be stored and fed as high-moisture or 
reconstituted grain. High moisture refers to grain that is 
harvested while the moisture content is still 20 to 30% and 
stored in oxygen-limiting structures. Reconstitution refers 
to grain that is relatively dry to which water is added to 
bring the moisture content to about 27% and then stored 
in oxygen-limiting structures. The stored grains are gen- 
erally rolled when removed from the storage structures be- 
fore feeding. 


Complete Diets and Supplements 


Common forms of formula feeds are meal or mash, pellets, 
crumbles and cubes, blocks, and liquids (11). Complete di- 
ets are sometimes pelleted before feeding to keep the diet 
from separating, to facilitate mechanical handling, and to 
decrease feed wastage by livestock. The pelleting process 
involves grinding the feed to a relatively small particle 
size; adding moisture, often as steam; and forcing the feed 
through metal dies with openings that vary from 0.3 to 1.6 
em in diameter, which generates considerable heat. The 
compressed feed is cut or broken into various lengths. As 
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the compressed feed cools, it tends to set as pellets, with 
reasonable durability for mechanical handling. The starch 
content of grains enhances the pelleting process through 
partial gelatinization, and various pellet binders can be 
added (eg, lignosulfonates) to enhance the pelleting pro- 
cess and improve pellet durability. 

Feeding pelleted diets to swine and poultry is relatively 
common. Larger-size pellets (cubes) are used to provide 
supplemental feed to grazing ruminants. Large blocks (ca 
25-30 cm*) of supplemental feeds are used for pasture and 
range livestock where the animals chew off portions of 
these blocks over time, enabling infrequent supplemental 
feeding of these animals. Tubs with solidified molasses 
plus supplemental nutrients are also convenient, allowing 
animals to consume the supplement over time by licking. 


DIET FORMULATION AND EXAMPLE DIETS 


Nutritionally complete diets for livestock can be formu- 
lated using calculators or elaborate computer programs. 
The NRC nutrient requirement series (15) give example 
methods for calculating complete diets. Because ruminant 
animals have fewer dietary requirements than monogas- 
tric animals, it is easier to formulate complete diets for 
these animals. A complex poultry diet may require balanc- 
ing for 25 or more nutritional attributes. 

The science of animal nutrition allows the formulation 
of complete diets from a multitude of feed ingredients. 
Therefore, there is not a best or ideal diet for any animal. 
Table 6 shows intakes per animal and example diets sim- 
ply to illustrate what could be fed to these livestock. 


FUTURE DEVELOPMENTS 


The potential is great for improving our knowledge to op- 
timize the nutrition of livestock, understanding the inter- 
actions between nutrients, quantitating the productive re- 
sponses to varying nutrient inputs, and improving the 
economic return from the feeding of livestock. With genetic 
changes in livestock and the use of additives, the potential 
exists to produce livestock with improved efficiency that 
are better suited to consumer desires. Progress has already 
been made in increasing the leanness of animals with less 
waste fat (42). Through better understanding of metabolic 
processes, it may be possible to produce foods of animal 
origin with enhanced nutritional value. The potential im- 
pact of advanced technologies on animal productivity has 
been estimated (43). 

Better and faster analysis of feed ingredients will en- 
able more accurate formulation of livestock diets. Near- 
infrared reflectance spectroscopy is a promising technique 
in this regard. Enzyme assay may give rapid estimates of 
nutrient bioavailability in feeds. New and improved meth- 
ods of processing feeds will improve their utilization, re- 
sulting in less animal waste. Through plant breeding, in- 
troduction of new strains, and biotechnology (44), feed 
materials will be improved to better meet the nutritional 
needs of livestock or lower the content of natural toxicants. 
High-lysine corn and canola meal are examples of what can 
be accomplished in this regard. 


Table 6. Intakes per Animal and Example Diets 


Ingredient g/kg Diet 
Growing chickens, 20-160 g/d 
Corn, ground 580 
Soybean meal 350 
Methionine, DL 2 
Animal/vegetable fat 30 
NaCl 5 
CaCO; 10 
CaHPO,-2H,0 20 
Vitamin premix 1 
Trace mineral premix 1 
Antimicrobial premix 1 
Growing swine, 1-3 kg /d 
Corn, ground 810 
Soybean meal 140 
Meat and bone meal 40 
NaCl 3 
CaCO, 3 
CaHPO,-2H,0 1 
Vitamin premix 1 
‘Trace mineral premix 1 
Antimicrobial premix 1 
Lactating dairy cattle, 15-28 kg /d 
Alfalfa hay 180 
Corn silage 500 
Brewers grains, dried 100 
Corn and cob meal 209 
Urea 5 
NaCl 3 
CaHPO,-2H,O 2 
Trace mineral premix 1 
Feedlot cattle, 5-14 kg/d 
Corn, whole or steam-flaked 637 
Wheat middlings 80 
Corn silage 120 
Cottonseed hulls 70 
Cottonseed meal 10 
Corn gluten meal 10 
Urea 5 
Molasses, cane 40 
Animal/vegetable fat 10 
KCl 2 
NaCl 3 
CaCO, 10 
‘Trace mineral premix 1 
Vitamin premix 1 
Antimicrobial premix 1 


New strains of livestock will have different nutritional 
requirements that must be determined to maximize ge- 
netic improvements. The use of production- and efficiency- 
enhancing compounds will also result in altered nutri- 
tional requirements. An increased lysine concentration in 
the diet of swine whose growth rate and leanness has been 
improved through the use of recombinant porcine growth 
hormone or other repartitioning agents is but one example. 


Genetically engineered microorganisms that will pre- 


digest feed materials, better preserve ensiled crops, or en- 
hance feed utilization in the rumen or large intestine of 
animals could have a major impact in livestock feeding. 
Genetically engineered organisms may also be effective in 
decreasing gastrointestinal problems and diseases. 


The science of feeding livestock has an exciting future, 


but acceptance of scientific findings by producers and con- 
sumers will depend on a better understanding and appre- 
ciation of science in general. The current public backlash 
to the introduction of scientific improvements in general 
poses a major threat to the competitive position of the 
United States and to the competitive position of livestock 
in the human food chain. 
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LOBSTER: BIOLOGY AND TECHNOLOGY 


The animals referred to as lobsters are representative of a 
number of families of the decopod crustacea. The colors of 
lobsters are due to carotenoid pigments bound to proteins 
and deposited in the exoskeleton. These pigments are re- 
leased from the proteins when the proteins are heat de- 
natured during cooking, thus giving cooked lobster the 
characteristic reddish color (1). 

There are more than 30 commercially exploited species 
of spiny lobsters alone. Description of distinguishing char- 
acteristics of species is beyond the scope of this article; re- 
fer to a review for guidance in lobster identification and 
world description (2). The families Galatheidae (squat lob- 
ster) and Scyllaridae (slipper or flat lobster) are minor con- 
tributors to world lobster catch (11 and 1%, respectively). 
On the other hand, the family Nephropinae (clawed lob- 
sters) accounts for 71% of world commercial catch of lob- 
ster. 


HOMARUS AMERICANUS 


The American lobster has a carapace length of up to 210 
mm (3) and is dark green with dark spotting above and 
yellowish color on the underside. These lobsters inhabit 
the shallow water of the Atlantic Coast of North America 
from shore to a depth of 480 m. Most commonly, they are 
found at depths of 4 to 5 m (4,5). These lobsters typically 
inhabit rocky areas but also make burrows under solid ob- 
jects or in clay banks (4). They range from the Strait of 
Belle Isle, Newfoundland, to Cape Hatteras, North Caro- 
lina (4,6). References 3 and 7 give a thorough treatment of 
the biology of the species. This species accounts for 36% of 
the world lobster catch. H. gammarus (the European lob- 
ster) is biologically similar to H. americanus in all respects 
except distribution. It is a minor contributor in the world 
fishery, accounting for only 2% of the catch. 


NEPHROPS NORVEGICUS 


The Norway lobster (also known as scampi or Dublin Bay 
prawn) has an average carapace length of 30 mm for males 
and 20 mm for females at maturity; individuals grow as 


large as 70 mm (8). They live in burrows in muddy bottoms 
at depths of 15 to 820 m (9). Their range is from Iceland to 
the coast of Norway and from the Adriatic Sea south to the 
coast of Morocco. They are also found in the western Med- 
iterranean (4). There are related species on the Brazilian 
coast and in the Indo-Pacific areas (10). In total, these spe- 
cies account for 34% of the world catch. 


PALINURIDAE 


The family Palinuridae (langouste or spiny lobster) is char- 
acterized by strong spines on the carapace and/or on the 
abdominal segments. Pincers, when present on the front 
legs, are small. European species belong to the genera Pan- 
ulirus and Jasus (9,10). They are distributed throughout 
tropical and subtropical oceans (see Reference 1 for a map). 
For a discussion of geographic and vertical distribution of 
Palinurid lobsters, see Reference 11. Phyllosoma larvae 
hatch from eggs carried by females. These larvae are ex- 
tremely flat, with long divided legs and delicate mouth- 
parts. After about 12 molts while drifting in the ocean, the 
juveniles become puerile larvae; they swim actively and 
approach the coast. These larvae subsequently molt into 
the juvenile form of the adult at about 12 months of age 
(12). For biological details on one species (P. argus) see Ref- 
erence 5. Palinuridae account for 17% of the world catch. 
The annual catch is about 80,000 t, mostly in Australia 
(12,000 t), Cuba (11,000 t), and Brazil (9000 t) (13). 


CATCHING METHODS 


American lobsters (H. americanus), European lobsters (H. 
gammarus), and spiny lobsters (P. argus) are primarily 
caught by traps (also called pots or creels) (14-17), but 
trawling of lobsters is legal in U.S. waters, except for in 
Maine (18). The recently observed practice of displaced 
New England cod fishermen turning to trawling for lobster 
is causing a great concern for the future state of the lobster 
resource (18,19). Some spiny lobsters are also caught by 
trawl or by diving (13). Norway lobsters (N. norvegicus) are 
primarily caught by trawl (20). 

Traditionally, in both Europe and North America, half- 
round (semicylindrical) traps, made with wooden laths, 
were the common type of lobster traps used (15,17,21,22). 
Regardless of its shape, each trap contains one or more 
funneled entrances made of wood or netting (21,22), with 
the spacing of the laths set to allow undersized lobsters to 
escape (23). Because European lobstermen have learned 
that the traditional North American parlor pot is much 
more productive than their traditional single-chamber 
pots, they have introduced parlor pots into the European 
lobster fishery (13,24); some of these parlor pots are ex- 
tremely large and made of galvanized metal (25). Simi- 
larly, in addition to the traditional wooden traps, metal 
traps are now also used by North American lobstermen 
(15,26). 

A lobster trap made of wood with synthetic twine, metal 
and wire, or plastic does not biodegrade after the trap be- 
comes lost on the fishing grounds. Therefore, these traps 
ghost fish much longer than the conventional wooden lob- 
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CATCHING METHODS 


American lobsters (H. americanus), European lobsters (H. 
gammarus), and spiny lobsters (P. argus) are primarily 
caught by traps (also called pots or creels) (14-17), but 
trawling of lobsters is legal in U.S. waters, except for in 
Maine (18). The recently observed practice of displaced 
New England cod fishermen turning to trawling for lobster 
is causing a great concern for the future state of the lobster 
resource (18,19). Some spiny lobsters are also caught by 
trawl or by diving (13). Norway lobsters (N. norvegicus) are 
primarily caught by trawl (20). 

Traditionally, in both Europe and North America, half- 
round (semicylindrical) traps, made with wooden laths, 
were the common type of lobster traps used (15,17,21,22). 
Regardless of its shape, each trap contains one or more 
funneled entrances made of wood or netting (21,22), with 
the spacing of the laths set to allow undersized lobsters to 
escape (23). Because European lobstermen have learned 
that the traditional North American parlor pot is much 
more productive than their traditional single-chamber 
pots, they have introduced parlor pots into the European 
lobster fishery (13,24); some of these parlor pots are ex- 
tremely large and made of galvanized metal (25). Simi- 
larly, in addition to the traditional wooden traps, metal 
traps are now also used by North American lobstermen 
(15,26). 

A lobster trap made of wood with synthetic twine, metal 
and wire, or plastic does not biodegrade after the trap be- 
comes lost on the fishing grounds. Therefore, these traps 
ghost fish much longer than the conventional wooden lob- 


ster traps with cotton netting at the ends (15,27). Use of 
nonbiodegradable traps has led to state regulations re- 
garding both biodegradable panels and escape vents 
(14,23). 

Before being lowered to the bottom, each lobster trap is 
weighted with a flat stone or concrete and baited with fish 
such as herring, mackerel (28), or flatfish (29). At least 
with spiny lobsters, traps with live sublegal-sized lobsters 
used as decoys caught three times as many lobsters as did 
traps without lobster decoys (16). All lowered traps are at- 
tached to brightly painted wooden or plastic floats on the 
surface. The length of time the traps are left on the bottom 
depends on the location, the number of traps a fisherman 
has, the rate of deterioration of the bait, and weather (21). 
Maximum productivity is obtained from daily lifting of 
traps (14), and mechanical hauling is often a necessity (30). 

In addition to being caught by standard baited wooden 
or plastic traps lowered to the bottom (31), by trawls, or by 
divers using spears (13), spiny lobsters are also caught 
commercially by Caribbean fishermen using concrete slabs 
kept a few inches off the bottom (32). Seeking shelter, the 
lobsters go underneath the concrete slabs. The fisherman 
dives to the bottom, taps the concrete slab with a gaff, and 
grabs the lobsters as fast as they crawl out from under- 
neath the concrete (32). 

With Norway lobsters, which live mainly in or on muddy 
bottoms (20), the spread of the trawl is a more important 
catching factor than the trawl’s headline height (33). Con- 
sequently, the towing of two trawls simultaneously from a 
single stern trawler has proved to be a very efficient 
method of catching Norway lobsters (33). 

As soon as lobsters are caught, the length of the cara- 
pace is measured (15,23,34) and the sublegal-sized lobsters 
are returned to the ocean. With lobsters that have large 
claws, the claws are immobilized using twine, string, or 
rubber bands, not wooden pegs (35,36). 

On small boats on which live holding is not practical, 
North American (or European) lobsters are kept as cool 
and damp as possible so that the lobsters are all alive when 
the fishermen return to port (36) a few hours later. Larger 
North American lobster boats often have tanks of seawater 
that will keep the lobsters alive until they return to port 
(37). Similarly, a large proportion of spiny lobsters (P. ar- 
gus) are also kept onboard in wells of seawater and landed 
alive when the vessels return to port (38). Large Norway 
lobsters (=30 lobster/kg) are often landed alive and sold 
whole, whereas those that are too small or damaged to be 
sold whole are tailed onboard the vessel and then washed 
and stored in ice (39). 


LIVE HOLDING 


North American lobsters, European lobsters, spiny lob- 
sters, and large Norway lobsters may be held live onboard 
commercial fishing vessels (37-39). Spiny lobsters and 
some Norway lobsters are usually frozen before distribu- 
tion (13,19,40,41). However, the vast majority of North 
American and European lobsters are sold live (at the retail 
level) (13,41). Several systems may be used to hold live 
lobsters (19,41,42). For example, at the first tier of distri- 
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bution, the systems range from inexpensive tidal ponds 
with little control over the conditions to Clearwater Fine 
Food’s $13.5 million facility at Arachat, Nova Scotia, which 
holds 1.5 million lb of lobsters, with each lobster in its own 
environmentally controlled compartment (26). Individual 
compartments prevent disease and cannibalism, while 
controlled environmental systems promote hibernation 
and reduce the need for food (26). Apart from storing the 
animals, live holding also allows for the depuration of taint 
from lobster meat (43). 

Regardless of the system used to hold North American. 
and European lobsters live, one should always (1) check 
animals daily and remove weak or damaged lobsters; 
(2) turn over stock on a rotating system; (3) avoid toxic 
material in construction and operation; (4) band or tie 
claws securely; (5) check salinity and temperature regu- 
larly; (6) keep water temperature at 4.5 to 10°C; (7) change 
water frequently or use an efficient filter system; (8) keep 
tanks shaded and away from bright lights; (9) when pre- 
paring artificial seawater, use correct weight and chemical 
composition; and (10) where possible, keep lobsters in a 
single layer (41). In contrast, regardless of the system used 
to hold North American and European lobsters live, one 
should never (1) attempt to store soft, weak, or damaged 
lobsters; (2) handle lobsters roughly; (3) feed lobsters in 
tanks, which creates more problems than it solves; (4) cut 
or peg claws to prevent fighting; (5) cause sudden changes 
in temperature or salinity; (6) expose lobsters to extremes. 
of temperatures; (7) overload storage systems; or (8) 
overfill tanks with water, because shallow water is ade- 
quate (41). 


SHIPPING 


Spiny lobsters and some Norway lobsters are usually 
shipped frozen (13,19,44) and should be kept at or below 
— 18°C during primary (wholesale) distribution and at or 
below —15°C during final distribution to smaller retail 
stores (45). Norway lobsters shipped fresh should be ade- 
quately chilled before being shipped and surrounded with 
ice inside open plastic boxes or inside covered insulated 
boxes (45,46). The distribution of high-quality fresh or fro- 
zen lobsters requires an integrated system of chilled or cold 
storage distribution centers, refrigerated vehicles, and, at 
the retail level, refrigerated cabinets (47). 

During the 1980s, the shipment of live lobsters (Amer- 
ican, European, and some Norway) great distances in- 
creased dramatically (47-49). This shipment is accom- 
plished either by consumers, at their point of departure, 
purchasing a live lobster that is packed with seaweed and 
dry ice in a styrofoam container, protected by a double cor- 
rugated box, and transported live by the consumer to its 
final destination (48), or commercially when live lobsters 
are bought and transported live via commercial passenger 
or freight airlines to their final destination, where they are 
sold live commercially (47,49). For live lobsters to be of 
good quality when sold at their final destination, it is nec- 
essary to get lobsters from a fisherman; keep the lobsters 
in a holding tank for at least 24 h; separate the weak and 
injured lobsters; shortly before shipment, store the strong 
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and healthy lobsters in an insulated, leakproof, light- 
weight, but strong container along with gel ice (a frozen 
chemical solution in plastic bags) and Kem-Pak (a crepe 
cellulose fiber blanket) or wooden shavings; store the un- 
sealed container in a cold storage room for at least 1 h; 
insulate, seal, and secure the container with double strap- 
ping; ship the container; and, on reaching the final desti- 
nation, remove dead or weak lobsters and place the lob- 
sters that are in good condition in tanks of recirculating 
seawater (47,49). Critical factors in the distribution of live 
lobsters are the condition of the lobsters before shipment, 
maintenance of a low storage temperature of 1 to 7°C, 
maintenance of at least 70% relative humidity, and pre- 
vention of injury to lobsters (49). The assurance of high 
quality standards within the commercial lobster industry 
involves the utilization of production plans based on haz- 
ard analysis critical control point (HACCP) (50,51,52). 


PROCESSING 


American and European lobsters are primarily sold live, 
with some sold frozen, a few sold fresh, and a very small 
number canned (19), but the production of lobster product 
frozen with or without brine has been increasing dramat- 
ically (18,53). The quality of frozen lobster has been re- 
ported to be good for at least 9 months of frozen storage 
(54). Spiny lobsters are often marketed in the United 
States as frozen raw tails and in Asia as live or fresh whole 
cooked spiny lobster (13,55). In the United Kingdom, Nor- 
way lobsters are almost always sold as frozen peeled tails, 
whereas in the rest of Europe, they are sold whole (live, 
freshly cooked, or cooked and frozen) (44). 

Because live lobster is normally cooked well immedi- 
ately before it is eaten, it does not cause any health prob- 
lems. Canned lobster products that are thermally pro- 
cessed inside hermetically sealed containers are also safe. 
However, any lobster products that are not normally 
cooked before being consumed present a potential health 
problem because of postprocessing contamination with 
bacteria, particularly Listeria monocytogenes (56,57). Con- 
sequently, the Canadian Inspection Services Branch has 
published Good Manufacturing Practices (58) for frozen 
ready-to-eat lobster products, which will help ensure the 
acceptability of such products (59). Anyone who produces 
any ready-to-eat lobster products should follow these or 
similar good manufacturing practices. References 50 
through 52 provide more detailed information concerning 
the safety of seafood and utilization of HACCP principles. 

International codes of practice regarding the handling 
of lobsters at sea and onshore have been published (60), as 
have international standards for quick-frozen lobster (61) 
and general processing procedures for Norway lobster (62). 

More than 12 alternatives to live lobster (such as fillets, 
medallions, tails, cocktail claws, whole frozen, and whole 
cooked) are offered by producers in Maine and Canada 
(19). In addition, lobster paté or bites have been developed 
from extracted lobster meat (63), lobster Mornay is being 
commercially produced in Australia (64), and a lobster 
bisque has been developed in Denmark (65). 


AQUACULTURE 


Juvenile and adult Palinuridae exhibit little aggression or 
cannibalism even under high densities. However, at the 
early stage (phyllosoma), they are difficult to rear. Scien- 
tists in New Zealand have recently succeeded in rearing 
one species of rock lobster (J. edwardsii) to the puerile 
stage in the laboratory (66), thus increasing hopes of aqua- 
culture of the species. Western rock lobsters have been 
reared from puerile to commercial size, and optimum con- 
ditions for growth have been established (67). The pond 
culture of juvenile rock lobsters caught in the wild has been 
reported (68). 

Homarid lobster larvae are easily cultured, have a short 
development time, and can be hatched at any time of the 
year. They are, however, cannibalistic and must be segre- 
gated, thereby raising the costs. Nutrition is also a major 
problem. Lobsters normally eat a varied diet of seaweed, 
small mollusks, and crustacea. Such a diet is too expensive 
and impractical to provide on a commercial basis (69). For 
techniques of homarid lobster culture, see References 12, 
70, 71, and 72. 


CRAYFISH 


Members of the crayfish group are all freshwater species 
distributed worldwide but are most abundant in temperate 
climates (73,74). More than 500 species and subspecies are 
recognized to belong to three families (Ascidae, Parasta- 
cidae, and Cambaridae). They range in size from 2 to 50 
cm total length (73). More than 300 species are found in 
North America. In Europe, native crayfish were decimated 
by a fungal disease introduced around 1880. Subsequently, 
disease-resistant North American species were success- 
fully introduced into affected areas (74). 

The signal crayfish (Pacifastacus leniusculus), which 
originated in California, is believed to have the most po- 
tential for farming in temperate climates (74), but other 
crayfish, such as the red claw crayfish (Cherax quadricar- 
inutus), are reported to have good potential for aquacul- 
ture (75-77). However, presently, the single most commer- 
cially exploited species is the red swamp crayfish, 
Procambarus clarkii. This species accounts for about 85% 
of world production (78). Most commercial crayfish are pro- 
duced in Louisiana in culture ponds and natural habitats 
(79). Procrambarus spp. burrow in the mud of pond or 
swamp banks during the summer as water levels recede. 
Females lay their eggs and attach them to their pleopods, 
where they remain until hatching in 2 to 3 weeks. In the 
fall, when water levels rise, adults and the young of the 
year emerge from the burrows and into the water. The 
young of the year grow rapidly and can attain marketable 
size (65 mm total length) in 2 to 3 months (80). More than 
60,000 ha of culture ponds are estimated to be in produc- 
tion in the United States, mostly in Louisiana. The annual 
natural and cultivated production in the United States is 
about 66,000 t, and an additional 10 t are produced in Can- 
ada. This combined total is about 80% of total world pro- 
duction (78). 

Both farmed crayfish (November to June) and wild cray- 
fish (March to June) are caught (usually 4 to 6 days per 


week) using stand-up pillow, pyramid, or barrel traps 
baited with natural (fish) bait or formulated artificial bait 
(81-83). Once harvested, 40 to 50 Ib of crayfish are tightly 
packed inside onion sacks, protected against both excess 
heat and dehydration, and then transported to the pro- 
cessing plant, where they are processed immediately or 
stored live in coolers (82). The main crayfish products are 
live crayfish (unwashed, washed, or purged by being 
starved for 12 to 48 h to rid them of waste), fresh whole 
boiled crayfish, fresh crayfish tail meat (fat-on or washed 
tail meat), frozen whole boiled crayfish, frozen fat-on or 
washed tail meat, and frozen soft-shell crayfish (84). In- 
formation on harvesting and processing crayfish, including 
soft-shell crayfish, is found in References 82 through 85. 
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LOW-ACID AND ACIDIFIED FOODS 


A low-acid food is a food that has a pH value greater than 
4.6; an acid food is a food with a natural pH of 4.6 or below; 
and an acidified food is a low-acid food that has been 
treated to reduce the pH to 4.6 or below. The pH of a food 
is one of the most important parameters in determining 
the types of microorganisms that are capable of growing in 
the product. This in turn determines the types of processes 
that are appropriate to preserve that food. Although the 
terms low-acid food and acidified food do not in the strict- 
est sense refer to canned foods, the terms are most fre- 
quently applied by the food industry to canned food prod- 
ucts, and this will be the focus here. It should be noted that 
pH is not the only factor involved in preservation of canned 
foods. Reduced water activity, preservatives, and other fac- 
tors may also be used in combination with heat to preserve 
foods; for some foods a heat treatment is not required be- 
cause of the combinations of preservation. However, this 
article focuses on traditional low-acid and acidified canned 
foods. 


PH OF VARIOUS FOODS 


The pH of selected fresh, fermented, and commercially 
canned foods is shown in Table 1. In general, the pH of 
most fruits falls in the acid range (notable exceptions in- 
clude bananas and cantaloupes), whereas the pH of meat, 
poultry, fish, and vegetables falls in the low-acid range. 
Fermentation may be used to reduce the pH of a low-acid 
food, as is done with sauerkraut, pickles, and yogurt. For 
other foods the pH is lowered by direct addition of acid 
(marinated vegetables such as mushrooms or three-bean 
salad). A variety of foods are formulated with low-acid and 
acid components. In such cases the acid component may be 
used to acidify the low-acid component. An example of this 
might be a spaghetti sauce in which the tomato component 
(tomatoes, tomato paste, and/or tomato sauce) acidifies the 
low-acid components (meat, onions, peppers). 


MICROBIOLOGY OF LOW-ACID AND ACIDIFIED FOODS 


All raw foods contain microorganisms. These organisms 
will grow and spoil foods unless the organisms are properly 
controlled. Even more important, among the microorgan- 
isms that can be found on raw foods are pathogens. Thus, 
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Table 1. pH Range of Selected Fresh, Fermented, and 


Commercially Canned Foods 
Food. Approximate pH range 
Apples 2.9-3.5 
Apple juice 3.3-3.5 
Apple sauce 3.4-3.5 
Apricots 3.54.0 
Asparagus 5.0-6.1 
Bananas 4.5-5.2 
Beans 

Baked 48-55 

Green 4.9-5.5 

Lima 5.4-6.5 

Soy 6.0-6.6 
Beans, with pork 5.1-5.8 
Beef 5.3-6.2 
Beef, corned, hash 5.5-6.0 
Beers 4.0-5.0 
Beets, whole 49-5.8 
Blackberries 3.0-4.2 
Blueberries 3.2-3.6 
Boysenberries 3.0-3.3 
Bread 

White 5.0-6.0 

Date and nut 5.1-5.6 
Broccoli 5.2-6.0 
Brussel sprouts 6.3-6.6 
Butter 6.1-6.4 
Cabbage 5.2-6.3 
Cantaloupe 6.2-6.5 
Carrots 49-6.3 
Catfish 6.6-7.0 
Cauliflower 6.0-6.7 
Celery 5.7-6.0 
Cheese (most) 5.0-6.1 

Camembert 6.1-7.0 

Cottage 41-54 

Parmesan 5.2-5.3 

Roquefort 4.7-48 
Cherries 3.2-4.7 
Chicken 5.5-6.4 
Chicken with noodles 6.2-6.7 
Chop Suey 54-56 
Cider 2.9-3.3 
Clams 5.9-7.1 
Codfish (Canned) 6.0-6.1 
Corn 

On the cob 5.9-6.8 

Cream style 5.9-6.5 

Whole grain 

Brine packed 5.8-6.5 
Vacuum packed 6.0-6.4 

Crab 6.8-8.0 
Crab apples—spiced 3.3-3.7 
Cranberry 

Juice 2.5-2.7 

Sauce 23 
Currant juice 3.0 
Dates 6.2-6.4 
Duck 6.0-6.1 
Dry sausages 44-56 
Egg white 16-95 
Egg yolk 6.0-6.3 
Fermented vegetables 3.9-5.1 
Figs 4.9-5.0 
Frankfurters 6.2 
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Table 1. pH Range of Selected Fresh, Fermented, and 


Commercially Canned Foods (continued) 


Table 1. pH Range of Selected Fresh, Fermented, and 
Commercially Canned Foods (continued) 


Food Approximate pH range Food Approximate pH range 
Fruit cocktail 3.64.0 Soda crackers 6.5-8.5 
Ginger ale 2.0-4.0 Soups 
Gooseberries 2.8-3.1 Bean 5.7-5.8 
Grapefruit Beef broth 6.0-6.2 
Juice 2.9-3.4 Chicken noodle 5.5-6.5 
Pulp 3.4 Clam chowder 5.6-5.9 
Sections 3.0-3.5 Duck 5.0-5.7 
Grapes 3.34.5 Mushroom 6.3-6.7 
Haddock 6.2-6.7 Noodle 5.6-5.8 
Halibut 5.5-5.8 Oyster 6.5-6.9 
Ham, spiced 6.0-6.3 Pea 5.7-6.2 
Hominey, lye 6.9-7.9 ‘Tomato 4.2-5.2 
Honey 6.0-6.8 Turtle 5.2-5.3 
Huckleberries 2.8-2.9 Vegetable 4.7-5.6 
Jam, fruit 3.54.0 Spinach 48-68 
Jellies, fruit 3.0-3.5 Squash 5.0-5.3 
Lemons 2.2-2.4 Strawberries 3.0-4.2 
Juice 2.2-2.6 Tomatoes 3.7-4.7 
Lettuce 6.0-6.4 Juice 3.9-4.7 
Limes 1.8-2.0 Tuna 5.9-6.1 
Juice 2.2-2.4 Turkey 5.6-6.0 
Loganberries 2.7-3.5 Turnips 5.2-5.6 
Mackerel 5.9-6.2 ‘Turnip greens 5.4-5.6 
Maple syrup 6.5-7.0 Vegetable 
Mayonnaise 3.84.0 Juice 3.9-4.3, 
Milk Mixed 5.4-5.6 
Cow, whole 6.0-6.8 Vinegar 2.4-3.4 
Evaporated 5.9-6.3 Walnuts 5.4-6.5 
Molasses 5.0-5.4 Water 
Mushrooms 6.0-6.5 Distilled, CO, 6.8-7.0 
Olives, ripe 5.9-7.3 Mineral 6.2-9.4 
Onions 5.3-5.8 Sea 8.0-8.4 
Oranges 2.8-4.0 Whiting 6.2-7.1 
Juice 3.0-4.0 Wines 2.3-3.8 
Oysters 5.9-6.7 Yogurt 3.8-4.2 
a me Source: Reprinted from Ref. 1 with permission from Dairy, Food and En- 
iar vironmental Sanitation. Copyright held by the International Association of 
Peas 56-68 Milk, Food and Environmental Sanitarians, Ine. Gravani is with Cornell 
Pickles University. 
Dill 2.6-3.8 
Sour 3.0-3.5 
Sweet 2.5-3.0 
Pimentos 43-52 to ensure foods are safe, these pathogens must be de- 
Pineapple stroyed or reduced to levels at which they pose no hazard 
aces ae to public health. In some instances, controlling the growth 
I es Sea of pathogens that may be present will render the food safe 
juice 3.43.7 . A 
Plums 28-46 to eat. The thermal processes designed for low-acid foods, 
Pork 53-64 and the pH along with a heat treatment for acid and acid- 
Potatoes ified foods, destroy pathogens and spoilage organisms ca- 
White, whole 5.4-6.3 pable of growing in the product under normal distribution 
Sweet 5.3-5.6 conditions. The can or jar prevents recontamination of the 
Potato salad 3.9-4.6 food after it has been heat treated. Thus these products 
Prune juice 3.743 are rendered shelf stable, and they are considered com- 
Pumpkin 5.2-5.5 mercially sterile. They cannot be called sterile because 
pesos aes some of these products may contain viable microorganisms 
Salmon 6165 that cannot grow under normal conditions. For example, 
Sardines 57-66 low-acid canned vegetables may contain spores of ther- 
Sauerkraut 3.13.7 mophilic bacteria that cannot grow unless temperatures 
Juice 3.3-3.4 exceed 100°F for several days. Canned fruits may contain 
Scallops 68-7.1 the spores of Bacillus or Clostridium species that cannot 


Shrimp 


6.8-8.2 


grow because the pH of the product is too low. Knowledge 


of the microorganisms that may be present on a product 
and their characteristics is necessary to establish an ap- 
propriate process to prevent health hazards and spoilage 
of canned foods. 

It is not possible to cover the field of food microbiology 
here. Readers should consult additional texts for detailed 
information on this subject (2-4). This article briefly cov- 
ers, in general terms, those organisms of concern in low- 
acid and acidified foods. 


Low-Acid Canned Food Microbiology 


While low-acid foods may be contaminated with viruses, 
yeast, molds, parasites, and bacteria, it is the spore- 
forming bacteria that are of greatest concern from the 
standpoint of sterilization. The bacterium most important 
for low-acid canned foods is Clostridium botulinum, which 
produces spores that survive boiling. When the vegetative 
cells of C. botulinum grow, they produce potent neurotox- 
ins (Types A, B, and E are of greatest significance) that can 
cause death if consumed. C. botulinum Type A and proteo- 
lytic strains of Type B have decimal reduction (D) values 
at 250°F (121°C) of 0.10 to 0.20 minutes (5), the D value 
being the time in minutes at the specified temperature to 
destroy 1 log, or 90%, of the population. Thus, thermal pro- 
cesses for low-acid canned foods must be designed to de- 
stroy the spores of this organism. By convention, a process 
equivalent to 12D is considered adequate to protect the 
public health. However, there are other clostridia impor- 
tant in food spoilage that produce more heat-resistant 
spores. To produce shelf-stable products, processes are 
therefore designed to destroy the spores of organisms such 
as PA 3679, an organism similar to Clostridium sporo- 
genes, that has a Dosop value of 0.50 to 1.50 minutes (5). 
The heat treatments required to render low-acid foods 
commercially sterile will destroy viruses, yeast, molds, 
parasites, and bacterial pathogens such as Salmonella and 
Escherichia coli 0157:H7. 


Acid and Acidified Food Microbiology 


Since C. botulinum spores cannot germinate and grow in 
foods at pH values below approximately 4.8 (regulations 
setting pH 4.6 as the cutoff between low-acid and acid/ 
acidified include a safety factor), heat treatments for acid 
and acidified foods need not destroy the spores of this or- 
ganism. Heat treatments for products with pH values <4.0 
are designed to inactivate yeast, molds, and lactic acid bac- 
teria that can cause spoilage. The most resistant of these 
organisms have D,50-~ values on the order of 1.0 min. A 
notable exception are the ascospores of the heat-resistant 
molds such as Byssochlamys, Neosartorya, and Talaro- 
myces (6-8). These organisms may have D,94-p values of 1 
to 12 min, which allow them to survive commercial pro- 
cesses; fortunately, such spoilage is rare. 

For products with pH values between 4.0 and 4.6, there 
are spore-forming bacteria that can be important in spoil- 
age. Of greatest importance are Bacillus coagulans and the 
butyric anaerobes such as Clostridium pasteurianum and 
C. butyricum. Products in this pH range are usually given 
more severe heat treatments to prevent spoilage from 
these organisms. Recently, spoilage in fruit juices has been 
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caused by spore formers of the newly recognized genus Ali- 
cyclobacillus (9). These organisms can grow and spoil prod- 
ucts at pH 3.5, and they can survive the commercial pro- 
cesses for juice products. Studies to characterize and 
control these organisms are under way; as with heat- 
resistant molds, spoilage of this type is not common. 
Although the ability of pathogens such as Salmonella 
and E. coli 0157:H7 to grow in acid and acidified foods 
depends on the food, the pH, the acidulent, and other fac- 
tors, it is not always necessary for these pathogens to grow 
to make someone sick. Thus it is important that these or- 
ganisms be destroyed by a heat treatment. The pasteuri- 
zation treatments given acid and acidified foods are more 
than adequate to kill these pathogens, as well as organ- 
isms such as the enteric protozoan parasite Cryptospori- 
dium. In recent years, all three of these pathogens have 
caused outbreaks of foodborne illness as the result of con- 
sumption of contaminated, unpasteurized fruit juices (10). 


THERMOBACTERIOLOGY 


To properly design a thermal process for a product, one 
must know the heat resistance of the organisms of concern; 
these organisms were just discussed. Procedures for deter- 
mining the heat resistance of a microorganism are similar, 
regardless of whether the organism is a spore former or a 
vegetative cell. 


Heating Medium 


The heat resistance of a microorganism is frequently de- 
termined in a buffer such as phosphate buffer because it 
is a homogeneous, easily reproducible liquid. Moreover, 
when the heat resistances of microorganisms are deter- 
mined in the same buffer, they can be compared. However, 
it is well known that foods may affect microbial heat re- 
sistance; heat resistance may be either higher or lower in 
a food compared with phosphate buffer. For example, fat 
may be protective of organisms, resulting in increases in 
resistance. Heat resistance can increase with reduced wa- 
ter activity, and it will be affected by the pH of the heating 
medium. Thus, determining the heat resistance of a mi- 
croorganism in a food more accurately predicts the thermal 
process requirements. However, food products are more 
difficult to work with than buffer. 


Heating Methods 


A variety of methods have been used for determining the 
heat resistance of a microorganism: 


1. For liquids being heated at 100°C or below, a three- 
neck flask can be used. A thermometer is included 
in one neck of the flask, a stirrer in another, and the 
third is used to add microorganisms and to remove 
samples. This is a convenient, rapid method for de- 
termining the heat resistance of vegetative cells. 
Heating lag times are minimized because small vol- 
umes of inoculum are added to a large volume of pre- 
heated liquid, but splashing or flocculation may give 
erroneous results. 
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2. One of the most common methods uses thermal 
death time (TDT) tubes to which a given volume 
(usually 1-2 mL) of product containing the microor- 
ganism is added, and the tube is sealed and heated 
in an oil or water bath (depending on the heating 
temperatures). The procedure is useful for liquids 
and liquefied food homogenates. There are heating 
and cooling lag times (since heat must penetrate into 
the tube and heat the product) that must be consid- 
ered, but a thermocouple in a replicate sample can 
be used to measure the temperature during heating 
and cooling to account for these lags in the TDT cal- 
culations. It is easy to heat many replicates at one 
time. Usually 10 tubes per time interval and five or 
six time intervals are heated at the same time at a 
single temperature, and the procedure is repeated at 
additional temperatures. In general, the TDT tubes 
will need to be opened and the contents subcultured 
in an appropriate growth medium or the food prod- 
uct. The procedure is suitable for vegetative cells and 
spores. 


3. A similar method uses capillary tubes, which are 
much smaller versions of TDT tubes. Because of the 
small diameter and thickness of capillary tubes, 
heating and cooling lags are negligible. This proce- 
dure is limited to liquids, and the contents must be 
subcultured. The external surface of the tube must 
be sterilized prior to subculturing the contents, be- 
cause the tube is generally crushed to release its con- 
tents. The procedure is suitable for vegetative cells 
and spores. 


4. A specialized piece of equipment known as a 
thermoresistometer has been used to determine the 
heat resistance of microorganisms at very high tem- 
peratures (121-138°C in saturated steam and 121— 
260°C in superheated steam) for very short time in- 
tervals (seconds). The procedure is suitable for 
liquids or diluted food homogenates. Heating and 
cooling lag times are negligible, and the system al- 
lows for very precise timing, which is critical with 
high temperature—short time studies. There is a high 
initial cost for the equipment, and product must be 
subcultured for survivors. This procedure is suitable 
for spores. 


5. Another specialized piece of equipment for TDT 
studies is the thermal death time retort. These re- 
torts are used to heat either TDT tubes (containing 
liquid or food homogenates) or TDT cans (containing 
ground or homogenized foods) at temperatures of 
100 to 121°C. Use of TDT cans closely simulates can- 
ning practices, and the cans can be incubated di- 
rectly. Spoilage by gas producers is detected by swell- 
ing of the can. Heating and cooling lag times are 
substantial, and it is essential to account for the le- 
thality that occurs by measuring the temperatures 
with a thermocouple inserted in replicate cans. The 
incubation time can be lengthy—several months to 
ensure all injured organisms are recovered. This pro- 
cedure is suitable for spores. 


Recovery of Survivors 


The apparent heat resistance of an organism depends on 
the recovery medium, as well as the substrate in which it 
is heated. When testing the heat resistance of a microor- 
ganism in a particular food, recovery in the product is pre- 
ferred, as this will reflect the environment the injured or- 
ganisms would see after processing. This procedure 
measures whether or not there are organisms that can 
grow in the product after the heat treatment, not how 
many there are. Alternatively, the heated product can be 
subcultured to determine survivors. This may be either a 
qualitative procedure, where the heated product is trans- 
ferred to a broth medium to determine if there are organ- 
isms that can grow, or a quantitative procedure, where the 
survivors in the heated product are enumerated. Use of a 
culture medium has several advantages. The media used 
generally allow better recovery of survivors, as the medium. 
can be formulated to favor growth of the specific organism 
being tested, and components that enhance the recovery of 
injured organisms can be added. Also, organisms generally 
recover more quickly in the more favorable environment, 


Thermal Death Time Calculations 


An in-depth discussion of TDT calculations is not possible 
here. Readers are referred to works such as Ref. 5. The 
following formula is used to calculate the D value: 


t 
Bee log A — log B 
where ¢ is the heating time (corrected for the come up time) 
at temperature T, A is the initial number of organisms, and 
B is the number of survivors. Alternatively, the D value 
can be determined by plotting the number of survivors at 
several time intervals against time on semilogarithm pa- 
per. (The D value is calculated from the slope of the best- 
fit line.) D values determined at several temperatures are 
plotted on semilogarithm paper against temperature 
(called a phantom TDT curve), and the z value (the change 
in the thermal death rate with temperature) is calculated 
from the slope of the line. Knowing the D and z values for 
an organism allows the calculation of the D value at any 
other temperature. The F value, or the number of minutes 
to destroy a given number of organisms at a specific tem- 
perature, can also be calculated. The minimum health 
sterilizing value for a low-acid food is generally a 12D 
value for C. botulinum (12 times the D value determined 
for C. botulinum spores in the specific food); the commer- 
cial sterility value is generally 5D for C. sporogenes 
(PA3679) spores. 


REGULATIONS GOVERNING LOW-ACID 
AND ACIDIFIED FOODS 


The U.S. Department of Agriculture’s (USDA) Food Safety 
and Inspection Service (FSIS) has responsibility for meat, 
poultry, and egg products. The Food and Drug Administra- 
tion (FDA) has responsibility for all other foods, including 
seafood and shell eggs. For details on the regulations, see 


the article titled CANNING: REGULATORY AND SAFETY CON- 
SIDERATIONS. 


FDA Regulations 


The FDA’s general regulatory requirements for foods 
(“Current Good Manufacturing Practice in Manufacturing, 
Packing, or Holding Human Food”) are found in Title 21 of 
the Code of Federal Regulations (CFR) Part 110. Require- 
ments for “Thermally Processed Low-Acid Foods Packaged 
in Hermetically Sealed Containers” are found in 21 CFR 
118, and requirements for “Acidified Foods” in 21 CFR 114. 
Foods that have a water activity of 0.85 or less and those 
that are refrigerated or frozen are exempt from the low- 
acid and acidified food regulations, as are carbonated and 
alcoholic beverages, jams, jellies, preserves, dressings, and 
condiments. The FDA has recently mandated Hazard 
Analysis and Critical Control Point (HACCP) regulations 
for seafood and seafood products (21 CFR 123), although 
canned foods complying with 21 CFR 113 or 114 do not 
have to include critical control points for microbiological 
hazards. In addition, 21 CFR 108 describes the emergency 
permit system that can be imposed on processors who fail 
to comply with the regulations. 

The regulations in 21 CFR 113 define low-acid foods and 
commercial sterility. They specify the proper design, con- 
trols, and instrumentation for all the common retorting 
systems and the practices necessary in the operation of 
these systems to ensure safety. The regulations require 
that records be kept of all coding, processing, and container 
closure inspections and that these be reviewed prior to 
shipment of product. The regulations also describe the ac- 
tions to take when a process deviation has occurred. They 
require that the heat process be designed by qualified per- 
sons having expert knowledge of thermal processing re- 
quirements (processing authority). The term processing 
authority is not explicitly defined in the regulations, there 
are no specific criteria for qualifications, nor does FDA (or 
USDA) maintain a list of processing authorities. However, 
certain organizations, such as the National Food Proces- 
sors Association (NFPA), are widely recognized by govern- 
ment agencies and the food industry as having the expe- 
rience and expertise to serve in this capacity (11). Some 
food processing firms have individuals on staff who can 
serve as the processing authority, and a number of consul- 
tants are recognized as processing authorities. Another re- 
quirement is that all thermal processing operations be con- 
ducted under the supervision of an individual who has 
satisfactorily completed an FDA-approved course of in- 
struction; these Better Process Control Schools, sponsored 
jointly by the FDA, the Food Processors Institute (FPI) 
(12), and key universities, are held around the country 
every year. Occasionally such courses are given to specific 
companies or overseas. 

The regulations in 21 CFR 114 define acidified foods 
and describe procedures for acidification (described in the 
next section). The regulations require that the process be 
established by a processing authority, and they define the 
procedures to be followed in the event of a deviation from 
the scheduled process or the pH exceeds 4.6. They describe 
the methods to determine pH or acidity for acidified foods 
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and the records that must be kept. Supervisors with re- 
sponsibility for pH control and other critical factors must 
receive instruction through an FDA-approved course. 


USDA FSIS Canning Regulations 


In general, foods containing more than 2% cooked (3% raw) 
meat or poultry fall under the jurisdiction of the USDA. 
The regulations for canned meat products are found in 9 
CFR 318.300 and for canned poultry products in 9 CFR 
381.300; they are essentially identical. Requirements are 
very similar to those for FDA products. As with the FDA, 
the USDA has also mandated HACCP regulations for meat 
and poultry products (9 CFR 417), although canned foods 
complying with 9 CFR 318.300 or 381.300 do not have to 
include critical control points for microbiological hazards. 


ESTABLISHING A PROCESS 


Acidified Foods 


Processes for acidified foods are based on a relationship 
between the pH of the product and temperature. Such pro- 
cesses are to be established by a qualified person having 
expert knowledge in acidification and processing of acidi- 
fied foods. 


Acidification Procedures. Five methods are used in the 
industry to acidify a low-acid product (21 CFR 114.80): 


1. Blanching of the food ingredients in acidified aque- 
ous solutions. An effective way to acidify large par- 
ticles, this method will require control of the time 
and temperature of the blanch, as well as the type 
and concentration of the acid. 

2. Immersion of blanched food in acid solution. This 
two-step acidification process requires blanching the 
low-acid product in a normal steam or water 
blancher, followed by dipping the blanched product 
into an acid solution. The product is removed from 
the acid solution prior to filling into the containers. 
The blanch procedure, concentration of the acid so- 
lution, and length of time the product is in the acid 
solution need to be controlled to ensure proper acid- 
ification. 

3. Direct batch acidification. This method is used for 
liquid products or other products mixed in batch ket- 
tles. Acid is added to the batch in predetermined lev- 
els that will achieve the desired lowering of pH. The 
pH level is confirmed prior to releasing the batch for 
filling. 

4. Direct addition of predetermined amount of acid in 
individual containers. Liquid acid solutions or acid 
pellets are added to each container of product. Dili- 
gent control is necessary to ensure that each individ- 
ual container receives the proper addition of acid. 
Control is also necessary to ensure that the proper 
solid-to-liquid ratio is obtained to achieve adequate 
acidification of the low-acid components. 

5. Addition of acid foods to low-acid foods. Proper at- 
tention to formulation is necessary for this final 
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method of acidification that relies on the acid from 
the acid food to acidify the low-acid component. The 
proportion of acid and low-acid components will be 
critical to ensure a proper final equilibrium pH. 


These five methods of acidification are all acceptable; each 
requires a certain degree of control for proper acidification. 
Some products may require more than one method to guar- 
antee consistent acidification. 


Pasteurization Process. Pasteurization processes for 
acidified foods are designed to destroy any vegetative path- 
ogens and spoilage organisms that could grow in the re- 
duced pH environment. The processes are established to 
either deliver a final product temperature at the end of 
heating or a specific F value for the microorganism of con- 
cern. The heating rate of the product needs to be deter- 
mined for processes established to deliver a specific F 
value. Product heating rates for acidified foods are deter- 
mined with heat penetration studies. These studies will be 
discussed in detail in the following section on low-acid 
foods. Processes that rely on a final product temperature 
may be monitored with maximum reading thermometers 
or by actual temperature measurements from containers 
periodically sampled at the end of the final heating section. 


Low-Acid Foods 


Establishing a thermal process for low-acid foods requires 
knowledge of both the heat resistance of microorganisms, 
which has been discussed previously, and the heating rate 
of the products. The heating rate of a product is deter- 
mined by conducting heat penetration studies, which mea- 
sure the changes in product temperature during process- 
ing. In addition to establishing a thermal process, the 
thermal process system must be operated in an appropri- 
ate manner to ensure the production of a commercially 
sterile product. Temperature distribution studies are con- 
ducted to establish the operating procedures for the ther- 
mal processing systems. The regulations previously dis- 
cussed require that thermal processes and thermal 
processing system operating procedures be established by 
a processing authority. 


Heat Penetration. Heat penetration studies involve 
measuring the product temperature inside test containers 
by placing one temperature sensor in each container. A se- 
ries of tests are conducted to locate the slowest heating 
zone within the container and then to confirm the heating 
rate in the slowest heating zone. A processing authority 
will analyze the data from all of the heat penetration tests 
to determine the heating rate of the product and calculate 
thermal processes. The heat penetration tests should be 
designed to collect data under the “worst case” conditions 
that could be reasonably encountered in commercial pro- 
duction. Test design should consider product preparation, 
temperature sensor location, container fill procedures, con- 
tainer geometry and orientation, product initial tempera- 
ture, retort temperature, and other possible critical fac- 
tors. 

Products typically heat by conduction, convection, or a 
combination of both. Conduction heating involves particle- 


to-particle heat transfer with no gross particle movement. 
Products that heat by conduction are typically viscous, 
with little free liquid—pumpkin, stews, corned beef hash, 
and condensed soups are examples. Convection heating in- 
volves particle-to-particle heat transfer with particle 
movement. Products that heat by convection are typically 
thin or contain free liquid—brine-packed products such as 
mushrooms and green beans are examples. 

Copper-constantan (Type T) thermocouples are usually 
the temperature sensor of choice for heat penetration test- 
ing. The time- and temperature-recording equipment used 
for heat penetration tests normally consists of a multi- 
channel recording potentiometer or computer modified for 
data collection. The thermocouples should be connected to 
the recording equipment with copper-constantan thermo- 
couple wires. The test containers may be processed in a 
commercial retort or in a pilot retort simulator. The ther- 
mocouple wires are normally installed through the retort 
wall using a stuffing box or packing gland to seal the open- 
ing into the retort. 

The data must be analyzed by a processing authority, 
The time-temperature data from all heat penetration con- 
tainers should be analyzed unless there is a problem noted 
with a specific temperature sensor. The slowest heating 
thermocouple located at the cold zone is used to define the 
product heating rate for process establishment. The pro- 
cessing authority will use this information, along with the 
thermal resistance data, to calculate a thermal process. 
Several mathematical methods have been developed to cal- 
culate a thermal process, but the scope of this chapter does 
not allow further discussion. 


Temperature Distribution. Thermal processing systems 
(retorts) must be operated in such a way that the process 
timing does not start until the temperature-indicating de- 
vice (mercury-in-glass thermometer [MIG] or equivalent) 
reaches the process temperature and uniform tempera- 
tures are achieved throughout the retort. Processing au- 
thorities conduct temperature distribution tests to develop 
the operating procedures that are necessary to establish 
uniform temperatures throughout the retort. For steam re- 
torts, the operating procedure is commonly referred to as 
the venting procedure or vent schedule. Venting proce- 
dures are designed to remove the air present in the retort 
and replace it with saturated steam. Vent schedules have 
at least two critical components: time and temperature. 

The timing of the retort process cannot begin until the 
scheduled process temperature has been achieved and the 
prescribed operating procedures have been completed. 
Properly designed operating procedures will ensure that 
the retort temperature, as indicated by the temperature- 
indicating device, is uniform in the retort environment. 

The processing authority needs to be aware of the many 
variables that may affect the development of an adequate 
operating procedure. A few examples of these variables in- 
clude container loading configuration, percent open area of 
the baskets and divider plates, vent pipe sizes, or pump 
speed. 

The distribution temperature sensors (typically a con- 
tinuous Type T thermocouple wire with the copper and 
constantan wire tips connected to form the temperature 


sensor) are distributed among the containers to monitor 
the temperatures throughout the retort load. In addition, 
at least one sensor is typically located next to the 
temperature-indicating device to serve as a reference 
against which all the other sensors can be compared. The 
temperature-recording equipment used for distribution 
tests is similar to that used for heat penetration tests. 

The temperature distribution data are analyzed by the 
processing authority to establish the operating procedure, 
which will provide a reproducible relationship between the 
temperature-indicating device and the thermocouples lo- 
cated throughout the load of containers. Once established, 
the operating procedure needs to be followed each time the 
retort is operated to ensure adequate delivery of the sched- 
uled process. 


TYPES OF CONTAINERS 


The types of containers used for low-acid and acidified 
foods have expanded quite a bit in the past 20 years. The 
metal can has proven to be a versatile and well-established 
container, but the industry is also producing low-acid and 
acidified products in glass, semirigid, and flexible con- 
tainers. 

The metal can commonly used is either a three-piece 
steel can or two-piece steel or aluminum can. The can des- 
ignation is determined by the number of metal pieces 
needed to form the can. Three-piece cans are formed from 
three pieces of metal: top, bottom, and body. The cylindrical 
body is formed from one piece of metal rolled and joined by 
welding a side seam. Two-piece cans are formed from two 
pieces of metal: a top-end and can body that includes the 
bottom. The body and bottom are formed from one flat, 
circular piece of metal by either a drawing and ironing pro- 
cess or a drawing and redrawing process. The can tops (and 
bottoms for three-piece cans) are attached to the can bodies 
in a complex, double-seaming operation. In addition to the 
familiar cylindrical can, the industry also uses oblong, rec- 
tangular, and half steam table tray metal cans. 

Glass packages (jars or bottles) are another common. 
container and are probably more readily used for acid and 
acidified food than the metal can. The glass container is 
sealed with a metal closure to ensure the integrity of the 
package. The closure may be one of several different de- 
signs. The lug or twist cap and the PT (Press-on Twist-off) 
cap are commonly used for low-acid food products and will 
withstand the retort pressure process. The plastisol-lined, 
continuous thread cap is often used for acidified foods. 

Semirigid and flexible containers are gaining wider ac- 
ceptance in the marketplace. Some semirigid and flexible 
containers, such as the retort pouch, plastic containers 
with double seamed metal ends, and some semirigid con- 
tainers with heat-sealed lids, will withstand the pressures 
of a retort process and are suitable for low-acid foods. 
Other containers (paperboard, flexible pouches, and semi- 
rigid containers with heat-sealed lids) will not withstand 
retort processing, but low-acid foods can be packaged ac- 
ceptably into them with aseptic processing and packaging 
techniques. All of these semirigid and flexible containers 
have been adapted for use with acidified and acid products 
that do not require a severe heat process. 
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DEVIATION MANAGEMENT 


A thermal process deviation is defined as a thermal process 
that is less than scheduled and/or in which one or more of 
the critical factors has not been satisfied. The corrective 
action taken and the specific procedures required to handle 
the deviation will depend on the regulatory agency in- 
volved. The FDA regulations concerning the handling of 
low-acid deviations are located in 21 CFR part 113.89. The 
corresponding regulations for the USDA are found in 9 
CFR 318.308 and 381.308. 

Deviations that are discovered prior to or during the 
thermal process may be corrected, thus eliminating the 
need to handle the thermal process as a deviation. All de- 
viations must be completely documented on the thermal 
processing records. If it is not possible to correct a problem 
on the spot, or if the deviation is discovered after the fact, 
all product involved with the deviation must be placed on 
hold with one of the following options undertaken: 


1. The deviant product may be reprocessed if a suitable 
reprocess is available from a processing authority. 

2. The deviant process could be evaluated by a process- 
ing authority. 

3. The deviant product could be destroyed. Records 
must be kept that delineate the disposition of the 
destroyed product. 


All thermal processing, product disposition, and deviation 
evaluation records pertaining to a specific deviation need 
to be kept in a separate file. Alternatively a log may be 
kept that identifies all deviations. 

The best way to manage deviations is to prevent them 
from occurring. This may be accomplished by training the 
retort operators and employees assigned to monitor critical 
factors to recognize the potential for the occurrence of a 
deviation and be familiar with corrective action. 


PROCESSING SYSTEMS FOR LOW-ACID CANNED FOODS 


There are many systems for the thermal processing of low- 
acid canned foods. Traditional thermal processing methods 
utilize retorts (pressure vessels) for processing products. 
The food is filled into containers, the containers are sealed, 
and then containers are placed into the retort for process- 
ing. Many styles of retorts have been developed for use in 
the low-acid canned foods industry. The retorts can be cate- 
gorized by container handling methods, type of processing 
medium, the use of overpressure, and the use of agitation. 


Container Handling Methods 


Retorts may be designed to use discontinuous (batch) con- 
tainer handling or continuous container handling. Gener- 
ally, batch container handling systems require the proces- 
sor to place the containers into metal crates or baskets to 
facilitate loading the retort. In a few systems, referred to 
as crateless, the cans are loaded directly into the retort. 
Batch retorts require an operator to close and tighten a 
door or lid to seal the pressure vessel prior to introducing 
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the heating medium and/or bringing the retort up to the 
required temperature and pressure. 

Continuous container handling systems have two self- 
sealing openings, which allow the retort to be constantly 
at the required temperature and pressure and still allow 
the introduction and discharge of containers. The self- 
sealing openings are either mechanical valves or columns 
of water depending on the system. The containers travel 
through the retort during the thermal process by either a 
rotating reel or a carrier chain. 


Type of Processing Medium 


The first retorts used steam at high temperatures and 
pressures as the processing medium for processing low- 
acid canned foods. Circulating water, steam/air mixtures 
and steam/water/air mixtures have also been used suc- 
cessfully as the processing medium. All of the processing 
media mentioned provide an efficient means of heat trans- 
fer to the containers. Regardless of the type of processing 
medium utilized, a system must be in place to circulate the 
medium to allow for uniform temperatures within the re- 
tort. 


Use of Overpressure 


Overpressure is a term used to describe the additional pres- 
sure supplied to the retort that exceeds that supplied by 
steam at a given temperature. Depending on the retort sys- 
tem, overpressure may be supplied in the form of air or 
steam. Overpressure is used to maintain the integrity of 
containers that have limited resistance to internal pres- 
sures (ie, glass jars, semirigid plastic containers, and flex- 
ible pouches). 


Use of Agitation 


Agitating the contents of the containers during processing 
may allow for a faster heating rate, thus resulting in a 
shorter process time for some products. The agitation 
of the containers acts to “stir” the contents during 
heating, allowing for faster and more uniform heat trans- 
fer. Several systems provide agitation—either intermit- 
tent or continuous—of the containers during processing. 


PROCESSING ACIDIFIED FOODS 


Because high temperatures and pressures are not required 
for processing acidified foods, the methods for thermal pro- 
cessing may be less complex. Processing acidified foods is 
often referred to as pasteurization. Pasteurization tem- 
peratures are generally at or lower than boiling water tem- 
peratures at atmospheric pressures. Pasteurizers, in the 
form of water baths, atmospheric cookers, or retorts, may 
be used for processing acidified foods. When a pasteurizer 
is used, hot or cold product is filled into the containers that 
are then sealed. The sealed containers are heated in the 
pasteurizer for a given period of time or until a specific 
temperature is achieved. Pasteurizers may be batch sys- 
tems (such as a water bath) or continuous systems. Con- 
tinuous pasteurizers may use steam, hot water, or cascad- 
ing hot water as the processing medium. A moving belt or 


other mechanism is used to move the containers through 
the processing medium for heating and through cold water 
or sprays for cooling. The speed of the belt will determine 
how long the containers are in the pasteurizer. It is essen- 
tial to operate pasteurizers properly to ensure that all con- 
tainers achieve the same degree of heating. Improper 
speed or temperature settings or overloaded belts may 
have a negative impact on product heating. 

Hot-fill-hold procedures are another method of process- 
ing commonly used for acidified foods. Hot-fill-hold proce- 
dures involve heating the product to a specified tempera- 
ture, filling hot product into the containers, and holding 
the filled and sealed container at a minimum temperature 
for a period of time prior to cooling. Generally the contain- 
ers will be inverted or tipped after sealing and prior to 
cooling to allow the hot product to contact and sterilize the 
inside surface of the lid. 


ASEPTIC PROCESSING AND PACKAGING 


Low-acid and acidified foods can also be aseptically pro- 
cessed and packaged. For details on how products are pro- 
cessed aseptically, see the article titled ASEPTIC PROCESS- 
ING: OHMIC HEATING, 


SPOILAGE OF CANNED FOODS—DETERMINATION 
OF CAUSE 


There are two major causes of spoilage of canned foods: 
postprocess contamination (leakage) and insufficient ther- 
mal processing. Postprocessing contamination usually re- 
sults in a mixed microbial flora of vegetative cells and 
spore formers, generally with little heat resistance. There 
is very little risk that such contamination will present a 
public health hazard. Underprocessing of low-acid foods 
usually is characterized by pure cultures of spore-forming 
bacteria; there is the risk that C. botulinum and its toxins 
may be present. In addition, foods may spoil if stored at 
temperatures above 43°C (109°F) because of growth of 
thermophilic spore formers, which present no health haz- 
ard. In acid and acidified foods, underprocessing results in 
the growth of organisms that are not a health hazard; how- 
ever, improper acidification can result in the potential for 
spores of C. botulinum to germinate and grow. 

Detailed procedures for evaluating the cause of spoilage 
can be found in Ref. 13, along with methods for the micro- 
biological examination of a variety of other foods, including 
meat and poultry products, milk and milk products, eggs, 
seafood, and fruits and vegetables. There are also proce- 
dures for isolating and identifying indicator organisms and 
foodborne pathogens. Cultural methods are being supple- 
mented or replaced by techniques to identify specific pro- 
teins or DNA sequences, such as ELISA (enzyme-linked 
immunosorbent assay) methods, PCR (polymerase chain 
reaction) technology, and fingerprinting methods such as 
ribotyping and pulsed field gel electrophoresis. Such tech- 
niques are being used to determine not only what organ- 
isms caused the problem but also where the organism 
came from. 


CONCLUSION 


The pH of foods is one of the key factors in determining 
what microorganisms can grow in the food, which in turn 
defines how the product must be processed to ensure safety 
and prevent spoilage. An understanding of food microbi- 
ology, coupled with knowledge of the parameters critical to 
delivery of a thermal process, is essential for establishing 
an adequate thermal process. This expertise forms the ba- 
sis for a processing authority, who will also be knowledge- 
able in the applicable regulations that apply to these prod- 
ucts. Assistance in assessing the microbial inactivation 
requirements and how to deliver a process can be found 
through trade associations and universities, as well as con- 
tract laboratories. 
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MACHINE VISION SYSTEMS: 
PROCESS AND QUALITY CONTROL 


Many processes and inspection systems in manufacturing 
operations were done manually until the early 1980s, 
when the normalized grayscale correlation (NGC) was 
adapted to vision systems. With the introduction of new 
technologies, increased emphasis on improved production 
quotas, labor costs and shortages, and the introduction of 
new products such as computer chips, the need to develop 
the machine vision system (MVS) for processing and 
quality/inspection of components or whole products was 
necessary. Machine vision has an additional advantage in 
that it can provide 100% inspection. 

This powerful system can be compared to the human 
vision system (Fig, 1) in that it uses a lens (eye) with proper 
illumination that sends a signal (optic nerve) toa computer 
(brain) that analyzes the image and sends information to 
a controller (arm) that then proceeds with a programmed 
task. 

MVS offers many advantages over manual and mechan- 
ical systems: 


1. Accuracy and precision 
2. Automation 

3. Better quality 

4. Improved production. 
5. Higher throughput 


Machine vision may be defined as “the mechanism of gath- 
ering information optically, quickly and nondestructively 
to control machines or processes” (1). Others define it as 
“the automatic acquisition of images by noncontact means 
and their automatic analysis to extract needed data for 
controlling a process or activity” (2). 


Vision system 


Controller 


Figure 1. Analogy between human and machine vision. 
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To understand MVS, we have to look at its components 
and how they work; applications; and functions and types 
of MVS, including descriptions of hardware, software, and 
future developments. 


THE SYSTEM AND ITS COMPONENTS 


A machine vision system is designed to obtain, automati- 
cally, an electronic or digital image of an object through a 
camera lens. The object through a camera lens. The object 
is illuminated with a set light (light source) at a set angle 
such that the image can be recognized and processed by 
the system (image formation) (3). The camera extracts 
from the object the feature to analyze, and a board cap- 
tures the image, digitizes it, and divides it into small sec- 
tions called pixels or picture elements. A number is given 
to each pixel based on a binary scale, a gray scale, or a 
color scale. In binary images, the number represents either 
dark or light. Color processing uses information from the 
red, blue, and green color spectra to detect and differenti- 
ate shades of color (4). The gray scale number is propor- 
tional to the level of light intensity of the corresponding 
area represented by the pixel. The digitized image is 
placed into the vision-processor memory where a decision 
using vision algorithms is used to decide the output. The 
output is used to make a decision about the object in terms 
of processing or rejection (Fig. 2). 

The MVS (Fig. 3) consists of an image-sensing device, 
an illuminator (not shown), an image-processing device, 
a control device, an operating interface, and an output 
device. 


Image-Sensing Device 

This part of the system is able to locate the object and 
positions itself so as to capture or acquire the measured 
feature in the orientation it was originally programmed to 
find (5). The image-sensing device captures a light inten- 
sity and changes this to an electrical signal, which is sent 
to the processor. Image-sensing devices are usually video 
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Figure 2. Flowchart for a machine vision system. 
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Digital 1/0 


Figure 3. Components of a machine vision 
system. 


cameras or solid-state cameras (charge-couple devices 
[CCD] or charge-injection devices [CID]); infrared [IR], ul- 
traviolet (UV) or X rays; laser scanners, and ultrasonic 
sensing devices. These devices can be very small and 
sealed in housings, have low or high resolution, and be 
monochrome or color. The small, high-resolution and/or 
color cameras are suitable where detail is needed but are 
more costly and take longer to process the image. 


Mluminator 


Lighting is critical to an MVS in that it allows for accurate 
image capture. Broadband sources, fiberoptic illuminators, 
or lasers can be used as light sources. The wavelength can 
be from the IR to the UV to the X-ray regions. Light can 
be provided in the shape of a ring, a line, a point, or mul- 
tiple points, or it can cover an area (1) and can be contin- 
uous or pulsed (flashes). The latter is used for rapidly mov- 
ing objects. There are three basic lighting configurations, 
depending on the features to be highlighted (4,6): 


1. Front lighting (front light), in which objects are lit 
from the top or front of the object but possibly at an 
angle. This is used for extracting surface features. 

2. Back lighting (backlight), in which the light is placed 
below or behind the object, providing an outline of it. 
This is suitable for nontransparent objects where 
high contrast is needed and is usually coupled with 
a binary-image sensor device. 

3. Structural or multidimensional lighting, in which 
light is directed at various angles so as to extract a 
two- or three-dimensional image. These may be used 
to measure a dimension or find shape defects in an 
object. 


Image-Processing Device 


This device processes the image depending on the appli- 
cation. An analogic-to-digital transform module changes 
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Master 
computer 


the captured analogic image and transforms it to a digital 
image for processing in the computer or for display. The 
image-storage module stores the digitized image for fur- 
ther processing and analysis. An image pretreatment mod- 
ule filters the captured image for enhancement of it or its 
features. The image analysis module calculates the gray- 
level distribution of the image and counts the area for gray 
level. 


Operating Device 
This device simply translates the captured image to usable 
bits. Speed is necessary here so that a response is given 
quickly. The speed will depend on the capacity of the com- 
puter, the complexity of the image, and the type and quan- 
tity of information desired from it. The system and soft- 
ware should be optimized for the specific application so 
that the necessary frame grabber programs, algorithms, 
accelerators that interface with the CPU, and application 
software are adequate. Among the software available are 
NeuroCheck, a general-purpose image-processing system 
for industrial quality control; Eurosys, suitable for indus- 
trial machine vision; HACCON, which is flexible and gives 
high performance for research and education; and WiT, for 
image-processing development (2). WiT, along with VPE, 
ProtoPIPE, VPM, and Concept Vi, allow the user to pick 
the image-processing icon, drag it to the workspace canvas, 
connect I/Os using links, and define operator-specific pa- 
rameters (7). 

Choosing specifications for an MVS requires answers to 
the following questions (4): 


1. How many parts must be processed or inspected per 
unit time? 

2. Which and how many distinguishable features are 
there? 

3. What environmental factors are present? 

4. What level of technical knowledge is available on the 
floor? 
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5. Who will install, program, maintain, and integrate 
the system? 

6. Will any other machines or components be interfaced. 
with the vision system? 

7. What are the upgrade and flexibility requirements? 

8. What is the budget? 


On the other hand, lack of need for precision of part ap- 
pearance, poor visual access, or poor visibility due to the 
environment are key factors in not choosing an MVS (8). 


Control Device 


The control device, a board or, more commonly, a computer, 
is the heart of the system. It controls the imaging device 
and stores the digitized image, does image analysis and 
pattern recognition, and transmits the results or command 
to a controller. The size of this device will determine the 
speed of the process and the precision of the measurement 
or task(s). 


Output Device 


This device obtains the translated information and acts on 
it accordingly. In a manual system, the information (dis- 
play) is passed to an operator who will make a decision 
and proceed accordingly. In an automated system, the pro- 
cessor makes a decision based on the data evaluated and 
sends a signal to some part of the process to act accord- 
ingly. This signal could trigger an alarm, stop a line, reject 
or accept the product, or send a signal to a robot to perform 
a task. In a closed-loop system, the feedback from the sta- 
tistics process is provided to the controller to reduce pro- 
cess deviations. 

Image recognition and inspection is done via image 
comparison (sample image vs. standard image) or feature 
extraction (sample image features vs. standard image 
features). These are named “something-somewhere” 
inspections, which are usually quantitative. A more flexi- 
ble, qualitative image-inspection system based on the 
“anything-anywhere” principle works on the principle of 
example parts or illustrations. An example of the 
“anything-anywhere” principle is the system named 
Mentor®, which uses a filter generated from a neural net- 
work that creates and refines the filter during the set-up 
process and creates different algorithms to analyze differ- 
ent area parts (9). 


APPLICATIONS FOR MVS 


There are eight general categories for MVS applications 
(2): 


. Machine monitoring 

. Material handling 

Process control 

. Quality control/assurance and inspection 
Robot guidance 

Safety 

. Sorting and grading 

. Test and calibration 


Senankwone 


Quality control/assurance and inspection has the func- 
tion of removing defective products from the manufactur- 
ing process. This can be coupled with statistical process 
control (SPC) to increase information and efficiency. It is 
the single largest application because it requires repetitive 
tasks and constant attention. It may also be an important 
tool in the monitoring of critical control points (CCP) in 
hazard analysis and critical control points (HACCP) sys- 
tems. One such application is the detection of metal par- 
ticles. Bottling lines, poultry and fish processing lines, and 
confectionery lines are candidates for this system (Fig. 4). 

Sorting or grading is a process whereby objects can be 
classified by size, dimension, color, or other physical at- 
tributes. Roasted nuts could be classified according to de- 
gree of browning and size for specific applications. Fresh 
shrimp are graded by size (count) to be able to be processed. 
correctly and into the right category. 


Food Industry Applications 

Many repetitive, measured processes or quality/inspec- 
tion-control functions could be performed by MVS. These 
applications range from sorting and inspection of raw prod- 
uct to product reduction or grading to inspection of final 
product, package, or both. Some of these applications are: 


1. Process control 
a. Monitoring and controlling cooking operations 
b. Monitoring color of foods 
c. Detecting abnormal conditions 
d. Monitoring product fill 
e. Monitoring product size and shape for size reduc- 
tion 


To IPD 


Light source 


Figure 4. The frontlight (top) illumination method. 
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f. Monitoring fermentation process through color 
development 
2. Quality control/assurance 


a. Recognition of product size and variety 

. Sorting of vegetables 

. Egg inspection 

|. Inspection of food containers 

. Inspection of packaging label and codes 

. Detection of missing or different products placed 
in trays 

g. Detection of faulty or missing seal 

h. Detection and classification of defective product 

i. Detection of abnormal conditions 


pears 


Process Control Applications 


Color machine vision (CMV) can be used to monitor color 
of incoming and final products, extent of cooking process, 
and pigment concentration. Strong correlations were found 
between a colorimeter and CMV systems (CMVS) and col- 
ors as perceived by humans (10). Among the applications 
ofa CMVS are the monitoring and measurement of product 
color, extent of retort, and other thermal processes through 
chemical markers. One such application is the monitoring 
of baked and roasted materials as an indication of quality 
or degree of cooking (11). Baked muffins (doneness), 
roasted peanuts, and pizzas (mapping) are some of the spe- 
cific products (Fig. 5). Minimum description analysis is 
used when the quantity of irrelevant colors (e.g., blueber- 
ries in muffins, raisins with peanuts, etc.) vary between 
samples (12). 

A system to predict crawfish molting based on color 
ratio was used to produce soft-shelled crawfish (13). The 
system used an IBM PC/AT to control a Versa Module Eu- 
rocard (VME) image-processing system. A Pulmix CCD 
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Figure 5. Color measurement using an MVS. 


color camera with a polarizing filter was used to acquire 
the image. A system consisting of an optical scanner, a 
computer and image-processing system, and a robot water 
jet cutter was designed to produce fat-free steaks (14). The 
system uses a 3D laser scanner to obtain the image profile 
with up to 0.1 pixel. A digital signal processor (DSP) pro- 
gram enables the image-processing system to receive the 
product’s volume and thus its mass. Another similar sys- 
tem using rotating blades instead of water jets combines 
image processing with a scale to define the shape, orien- 
tation, and mass of product to be cut into portions (Fig. 6). 
This process allows for maximum efficiency and minimum 
waste. These systems not only save on labor and add effi- 
ciency but also are more effective in controlling hazards 
from handlers and cutting utensils. 


Quality Control/Assurance Applications 

The Kernel Extension Rapid New Evolution Level 
(KERNEL) was developed to grade morphological features 
and color defects in turkey carcasses (15). The turkey car- 
casses suspended on a chain are appraised for pin feathers, 
visceras, and filets/cuts yield. Different appearance (color) 
characteristics were extracted using color segmentation 
methods. A CMVS was developed to identify the reddish 
comb of each chicken and thus be able to count the chickens 
before placing them in the crate automatically. Another 
system was developed to measure count, uniformity ratio, 
color, and melanosis and to detect foreign objects in pro- 
cessing white shrimp (16). Shrimp area was used to esti- 
mate weight and calculate count and uniformity ratio. 
Color and melanosis were quantified by correlating with a 
trained inspector. 

A CMVS was developed to inspect frozen dinners for 
proper food amount and ratio in each compartment (17). 
The image captured is analyzed by color-connectivity anal- 
ysis where it is compared against predetermined tolerance 
limits and proximity of one food to another to check for 
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spills. A method to characterize the color of fruits and vege- 
tables at different ripening states, describe color changes 
during storage of mushrooms, distinguish varieties by 
shape, and recognize shape defects was developed calcu- 
lating the average red, green, and blue (RGB) color com- 
ponents of the pixels belonging to each product (18). Util- 
izing hue, saturation, and intensity, an (HSI) MVS was 
trained to distinguish between good and greened potatoes 
and yellow and green apples (19). The CMVS used multi- 
variate discriminate techniques to hue histograms of rep- 
resenting features and increased accuracy by reducing the 
number of hue bins by selecting significant features or 
summing groups of hue bins. X-ray technology has been 
developed to detect motals, glass, minerals, stone, polyvi- 
nyl chloride (PVC), dense rubber, and other materials 
within a package or in a conveyor belt (20). The system 
consists of an X-ray generator, a detector, and a processor. 
Differences in density are detected, and the sensor con- 
verts the X-ray signal into light, then into an electrical 
signal before it is converted into a video signal. It can also 
be used for morphology processing and for detection of un- 
derfilled or broken packages. 


FUNCTIONS OF MACHINE VISION SYSTEMS 


MVS is capable of performing many functions, depending 
on the type of information extracted during image analy- 
sis. Functions are gauging, verification, flow detection, 
identification, recognition, finding position, and tracking 
(Fig. 7). 

Gauging refers to the process of making measurements. 
These measurements can be made on-line and off-line. On- 
line inspects or sorts parts, provides adjustment to ma- 
chines, calibrates, or gathers SPC information. An off-line 
system could be used to adjust or coordinate various ma- 
chines or machine parts in a process. 

Verification refers to the process whereby an activity is 
assured to happen correctly. This could be the correct po- 
sitioning of a label or of an object prior to packaging. Flaw 
detection is the most common function of an MVS. It refers 
to the detection of any defect in an object, such as a cracked 
bottle, a defective can, an underfilled container, or a defec- 


Figure 6. Product cutting/portioning using an 
MVS, a scale, and a cutting tool. 


tive seal. Identification is usually accomplished by optical 
character recognition and bar coding. This is used where 
multiple products are packaged in the same container but 
the code reveals their identity, such as in warehouses to 
move the oldest manufactured product first (first-in, first- 
out [FIFO)), and for inventory (21). 

Recognition, as compared to identification, utilizes 
characteristic features of the image to determine the ob- 
ject’s identity. This is usually used in combination with ro- 
botics to identify an object or its position. 

Finding position refers to the determination of the lo- 
cation and orientation of an object or objects. This allows 
for rapid and precise working of the object while reducing 
waste. Tracking usually precedes a position-finding func- 
tion in an MVS, since the part position needs to be known 
before the tracking function begins (22). 


CONFIGURATION AND TYPES OF MVS 


Three configurations of MVS are available, depending on 
environment and requirements. Stand-alone systems are 
well suited for factory automation. They use application 
specific integrated circuits (AISCs) that deliver accelerated 
processing power. They are compatible with other factory 
automation devices [programmatic language controllers 
(PLCs), photoelectric sensors, and radio frequency identi- 
fication (RF/ID) systems] and withstand adverse environ- 
ments (temperature, vibration, electrical interference). 
The second type are PC-based systems, which consist of a 
computer and a motherboard or CPU with dedicated-vision 
ASICs. These are lower in price than stand-alone systems 
and take advantage of microprocessor technology, but they 
are not as resistant to environmental and other pressures 
as stand-alone systems. The third type are VME systems, 
which are robust yet flexible. The VME is an Institute of 
Electrical and Electronic Engineers (IEEE) bus standard, 
where system components are connected via pin-and- 
socket connections to the bus. These systems are more 
complex and costly than the others (23). 

Machine vision systems can be classified into eight cate- 
gories. Each has advantages and disadvantages (Table 1) 
and can be suitable to a particular operation. Turnkey 
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Figure 7. Typical machine vision system and its processes. 


Table 1. Advantages‘? and Disadvantages‘ of Machine Vision System Types 


MVS type 
Turnkey Turnkey General Vision Board 

Characteristic standard Embedded custom purpose engines level Modular Custom 
Low engineering cost of ed +/- - - - + + 
Long-term support + + +/— + + +/- + +/- 
“Customer-friendly” + + +/- - - - +/- = 
‘Low project risk + + +/- +/- +/- +/- + - 
Lead time (short) +/- +/- - - - - + = 
Low cost - +/— +/- +/- f= + + - 
Maximum flexibility = es A + + + = € 
Source: Ref. 2. 


standard MVS is designed as a complete package for a spe- 
cific application but with a broad market basis. Embedded 
MVS is similar to the turnkey standard MVS except that 
the system is part of a larger machine. Turnkey custom 
integrated MVS is customized to the client’s requirements. 
The general-purpose MVS is flexible in that it is designed 
for the end user as well as the system integrator. It is noted 
for its easy-to-use controls. Vision engines are designed for 
the original equipment manufacturer (OEM) or sophisti- 
cated system integrator and are noted for their high per- 
formance. Board-level MVS is designed as peripheral 
boards plugged onto a computer. Modular MVS integrates 
the camera and the processor into one piece. Custom MVS 
is characterized by uniquely engineered components, of- 
fering the highest flexibility but also the highest cost and 
risk, 
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MALTS AND MALTING 


Malts are cereal grains that have been germinated to a 
limited extent to alter their physical and biochemical 
states. Usually they are dried and partially cooked (cured), 
and the rootlets are removed before use (1-10). There are 
many types of malt. Barley malts vary in color from a pale 
straw-yellow to nearly black. The darker malts have char- 
acteristic colors and aromas and they give particular fla- 
vors to products made from them, but in contrast to pale 
malts, they contain few or no enzymes. Most malts are pre- 
pared from barley, but smaller amounts are made from 
wheat, rye, possibly triticale, oats, sorghum, and millet. 
Barley is often preferred for malting because the adherent 
husk protects the grain during handling and malting 
whereas naked grains, like wheat and sorghum, are read- 
ily damaged and crushed. Barley can be induced to ger- 
minate evenly and generate useful levels of hydrolytic en- 
zymes (including cytases, proteases, and amylases), and 
varieties are available for making many kinds of malts. 
Also, the relatively low gelatinization temperature of large 
barley starch granules (about 60-65°C [140-149°F]) ren- 
ders them easily converted when the malt is mashed. 
Malts are used in making beers, African-style opaque 
beers, whiskeys, malt vinegars, and syrupy extracts and 
in some bakery products, confectionery, breakfast cereals, 
baby foods, malt coffee, and malted-milk beverages (1-10). 

Small amounts of malt flours are used in baking. How- 
ever, for most purposes malts must be mashed, sometimes 
after they are mixed with other starch-containing materi- 
als, to produce a sugary solution or extract (1,3,4). In 
mashing, ground malt is mixed in a chosen ratio with 
warm water and the mixture is heated, in a controlled way, 
to progressively higher temperatures. After a time the liq- 
uid or sweet wort, which contains the extract materials 
dissolved from the malt, is separated from the residual un- 
dissolved solids, known as spent grains or draff. The latter 
is usually used to feed animals, but other uses are being 
sought. The sweet wort is processed further to produce 
beer, whiskey, vinegar, extract, diastase, and so on (1-10). 
However, mashing to prepare opaque beers is somewhat 
different (1,3). If ground malt is extracted with cold, 
slightly alkaline water to prevent enzyme activity, then 
about 18 to 21% of the malt solids (the cold-water extract) 
dissolve. If the malt is mashed with hot water (e.g., 65°C; 
149 °F) then the hot-water extract is about 77 to 83% of 
the dry matter of the malt, depending on the quality of the 
malt and the mashing procedure used. Mashing processes 
vary in the degree of grinding of the malt, the liquid-to- 
solids ratio, the temperatures used, and the durations of 
the different stages. The hot-water extract is much larger 
than the cold-water extract because during the hot mash, 
enzymes act to hydrolyze insoluble materials to give solu- 
ble products (1,2,4,9,10). Some degradation of proteins and 
cell-wall polysaccharides occurs, but the main change is 
the conversion of insoluble starch into a complex mixture 
of soluble sugars and dextrins. The increase in the density 
of wort above that of water is a measure of the amount of 
extract in solution (1,4). For most purposes the yield of hot- 
water extract and its quality (color, level of fermentable 
sugars, contents of amino acids and proteins, etc.) are the 
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major measures of malt quality. In making beers, malt vin- 
egars, and whiskeys it is the simple sugars that yeasts 
convert to ethanol and carbon dioxide (1,2,3,5,9). Malts are 
usually analyzed by one of three internationally recognized 
systems (1,4). 


CHANGES OCCURRING IN MALTING GRAINS 


Carefully selected grain, usually barley, is first hydrated, 
or steeped (1-4,6-11). Usually this is achieved by immer- 
sion in water, but sometimes water is sprayed onto the 
grain, At intervals the grain-water mixture is aerated by 
blowing compressed air in at the base. At the end of each 
immersion the water is drained to waste, and air (which 
may, to advantage, be cooled and saturated with water va- 
por) is sucked down through the grain. During each air- 
rest period the downward ventilation, or carbon dioxide 
extraction, cools the grain, provides oxygen, removes car- 
bon dioxide, and accelerates germination. Typically the 
grain may be successively immersed in three batches of 
clean water. Later, water is sometimes sprayed on to ad- 
just the moisture content. 

After steeping, the grain, which has started to germi- 
nate, continues to grow surrounded by humid air (1-4,6- 
10). Rootlets (culms, sprouts) grow from one end of each 
grain and the embryonic coleoptile, also known as the 
shoot or acrospire, grows beneath the husk. The grain re- 
spires, using oxygen and producing carbon dioxide and 
heat. Hydrolytic enzymes are formed in the scutellum and 
later, partly in response to gibberellin hormones from the 
embryo, in the aleurone layer. These enzymes are released 
into the starchy endosperm, where they degrade the cell 
walls, some of the reserve proteins, and some of the starch. 
At the same time some sugars and simple nitrogenous sub- 
stances accumulate. Collectively these changes are termed 
modification. When modification is sufficiently advanced, 
usually when the acrospire is about 0.8-0.9 the length of 
the grain (and certainly before it has grown out from be- 
neath the husk) and endosperm cell-wall degradation is 
nearly complete, the malt is ready to be dried. This green 
malt (green means undried; it is not green in color) is now 
kilned or sometimes it is cooked and dried in a drum. Ina 
very few cases the green malt is used directly (it cannot be 
stored), such as in grain distilleries where large amounts 
of starchy materials must be broken down in mashes and 
therefore maximum enzyme survival is needed (1,2). In 
kilning, the malt is dried and cooked, or cured, to a limited 
extent in a stream of heated air. This stops germination, 
produces a stable product, removes undesirable flavors, 
and gives the malt character (desirable color, flavor, and 
aroma). When pale malts are being made, the initial air- 
flow is rapid and the air temperature is low to maximize 
enzyme survival and minimize color formation. As the 
malt dries, the air temperature is raised and the airflow is 
reduced without major effects on the enzymes, which are 
more stable in drier grain. When colored malts are being 
prepared, the temperatures used are higher and the air- 
flows are less. At first the grain is held warm and moist, 
conditions that encourage first enzyme formation and 
then, as the temperature rises, enzyme inactivation, but 
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that also favor the accumulation of sugars and amino acids 
(1,3,4,8). Later, as the temperature is raised, the sugars 
and amino acids interact to form colored melanoidins and 
flavorful, aromatic substances. Because darker malts con- 
tain lower levels of enzymes, they must be mashed with 
pale malts, which provide the enzymes to hydrolyze the 
starch. 

After kilning the cooled malts are dressed, that is, 
sieved to remove the rootlets, which are sold for animal 
feed, sieved to remove malt and grain dust and thin grains 
(1-4,6-10). Barley malts lose only rootlets, but malts from 
naked (huskless) grains, such as wheat, rye, triticale, and 
sorghum, also lose shoots, because they are not protected 
by adherent husks (1). After kilning, pale malts are often 
stored for about 6 weeks when, for reasons that are not 
understood, their performance in mashing improves. In 
contrast, darker malts should be used soon after prepara- 
tion, so that they do not lose their special flavors and 
aromas, 

Roasted and caramel malts are prepared in roasting 
drums (1,3,4,8), which fall into two classes: (1) those in 
which kilned malts are roasted (brown, chocolate, and 
black malts, which are friable) and (2) those in which 
green, undried malts are processed (caramel malts in 
which the endosperms are replaced by hard, barley sugar— 
like masses). 

Thus malting converts tough, raw-tasting, enzyme-poor 
grain into (usually) readily crushed, flavorful, and, at least 
in the case of pale malts, enzyme-rich materials that can 
easily be stored and transported and that when mashed 
give worts that are suitable for a range of uses, such as the 
manufacture of beer. However, matter is lost during this 
process, During the preparation of pale malts, made with- 
out additives, the total loss (dry weight) is about 10%, 1% 
in steeping, 4% as rootlets, and 5% as respiratory losses) 
(1-4,6-10). The losses incurred in making colored malts 
can be much greater. Losses may appear to be greater until 
it is realized that the initial moisture content of the barley 
going into steep may be 8 to 16%, and the moisture of the 
finished malt 1.5 to 6%. 


MALTING TECHNOLOGIES 


Barley or other grain may be delivered to a malting factory, 
or maltings, by road, rail, or barge (1-4,6-10). Before a 
load is accepted, each batch of grain will be checked, usu- 
ally for viability, varietal purity, freedom from insect pests, 
moldy grains (which may lead to poorly flavored malt and 
carry mycotoxins and agents that cause beers to gush, or 
overfoam) (1,5), freedom from physical damage and pre- 
mature sprouting, the appropriate protein (N x 6.25) con- 
tent, moisture content, and screenings (thin grains). If the 
load is substandard it may be rejected or accepted at a 
reduced price. The grain may be moved pneumatically, by 
drag-flight or helical screw conveyors, or by bucket eleva- 
tors. The grain will quickly be precleaned, by sieving and 
aspiration, to remove most of the coarse and fine impuri- 
ties and will be passed over magnets to remove fragments 
of iron and steel. If necessary the grain will later be dried 
to less than 12% moisture for prolonged storage. It will also 
be thoroughly cleaned to remove grains of other cereals, 


dust, weed seeds, small stones, and broken grains. The 
grain may also be graded, by sieving, to separate it into 
width classes, which may be malted separately. Usually 
the thinnest grains, or screenings, will be rejected and 
used for animal feed, but occasionally they are made into 
low-extract, enzyme-rich malt. The grain will be stored, at 
least until any dormancy has declined, under conditions 
that prevent its deterioration and the development of pest 
infestations. 

The malting process itself may be carried out in many 
different sorts of plants. Old-fashioned floor maltings are 
still in limited use for making small quantities of specialist 
malts. Most malt is made in pneumatic maltings, which 
may operate in batch, continuous, or semicontinuous fash- 
ions. Most malting is carried out in batches, and steeping, 
germination, and kilning operations are carried out in dif- 
ferent vessels. However, vessels are in use that combine 
steeping and germination (SGV), germination, kilning, 
and steeping (SGKV), and germination and kilning (GKV). 
Modern steeps are either cylindrical with conical bottoms 
or circular with flat bases. The latter have perforated false 
floors on which the grain rests, and they have mechanical 
leveling and unloading devices. Each is equipped to add 
and remove water, to blow compressed air into the base of 
the steep when the grain is underwater, and to suck air 
down through the vessel for CO,-extraction between im- 
mersions. Sometimes provision is made to wash the grain 
as it is conveyed to the steep. When the grain is sufficiently 
moist (e.g. 44-46% fresh weight for many barley brewing 
malts and up to 50% for some distilling malts) it is drained 
and transferred to a germination compartment. Where 
their use is allowed, additives such as gibberellic acid and 
(though rarely) a bromate salt may be applied to the grain 
during the transfer by spraying on a solution (1,4). Gib- 
berellic acid supplements the grains’ own gibberellins and 
accelerates the formation of many enzymes, thus speeding 
the rate of modification. Bromates reduce rootlet growth, 
respiration, and therefore total malting losses (e.g., to 6% 
dry basis) and the levels of soluble protein released when 
the treated malt is mashed. Treated malts contain traces 
of bromide ions. 

Traditionally, barley is germinated cool (10-14°C; 50- 
57°F) on smooth tiled or concrete floors. It used to be raked 
or turned by workers with shovels to control the tempera- 
ture and prevent the rootlets from matting together. These 
processes are now partly mechanized (1,4). If the batch of 
barley (piece) becomes too warm, it is spread more thinly, 
for example, to 3 in., to allow it to cool. Conversely, if it is 
too cool, it is piled thicker, to 6 in. or more, to retain the 
heat. In modern plants grain temperatures and ventilation 
are achieved pneumatically, that is, by passing a variable 
flow of temperature-controlled and water-saturated air 
through a comparatively thick bed of grain (2 ft in the older 
plants, up to 8 ft in modern plants; about 4 ft is the present 
average). Maximum airflow rates may be 0.14 to 0.2 m°/ 
ton of barley steeped/s (11). Mechanical devices are used, 
about three times per day, to lighten the bed, to turn it, 
and to prevent the rootlets from matting. Various tem- 
perature regimes are used depending on the grain and the 
type of malt being produced, usually in the range of 13 to 
18°C (54.4-64.0°F). In drums, horizontal metal cylinders, 


turning is achieved by intermittent rotation about the long 
axis. For most purposes drum batch sizes (average about 
50 tons) are uneconomically small. Most malt is germi- 
nated in compartment vessels, usually of up to 300 tons 
capacity (of original barley). However, one Scottish com- 
bination steeping, germination, and kilning unit has a 
batch size of 520 tons of barley. Most compartments, like 
the early Saladin boxes, are rectangular, but newer plants 
are usually circular. In compartments grain is supported 
on a perforated deck through which the fan-driven stream 
of cooled and humidified air passes. Turning is achieved by 
a row of vertical, rotating helical screws, or augers, that 
move slowly through the grain mass, lifting it and sepa- 
rating the roots. In rectangular boxes the turners are sup- 
ported from a carriage that moves slowly over the bed of 
grain. With circular compartments the set of turners, 
mounted below their support, may rotate around the cen- 
ter of the static bed of grain, or the bed of grain may be 
rotated and thus moved through a static row of turners. 
When it is ready the green malt is usually transferred 
to a kiln, where it will be dried and slightly cooked in a 
stream of warm air. The temperatures used depend on the 
type of malt being made (1-4,6-11). For pale malts the 
initial air-on temperature may be 50 to 60°C (122-140°F), 
rising to 80 to 105°C (176-221°F). The temperatures of the 
grain and the air leaving the grain bed are less as the air 
is cooled by evaporating moisture from the malt. The grain 
is supported on a perforated deck, and the air moves 
through it from below. Kilns may be rectangular or circular 
in cross-section and may be of single-, double-, or, rarely, 
triple-deck construction. In modern kilns the grain beds 
may be 2 to 6 ft deep, and outside North America they are 
not turned. In double kilns the wetter batch, on the top 
deck, receives some air from the earlier, drier batch of malt 
below. This arrangement saves heat, and a similar effect 
is achieved by linking kilns with air ducts (1,4). Usually 
air-to-air heat exchangers or other devices are used to ab- 
stract heat from the warm and wet outgoing kiln air and 
convey it to the dry-air inlet, saving heat and reducing fuel 
usage. Sometimes, toward the end of the curing period 
when the malt is nearly dry, a large proportion of the hot 
air is recirculated, also to save heat. Kilns may be directly 
fired, that is, furnace gasses pass directly through the bed 
of malt. Alternatively, the furnace heats a heat exchanger 
that in turn heats the air. With such indirect heating the 
furnace gasses do not come into contact with the malt. 
Sometimes sulphur dioxide is added to the kiln airstream 
to reduce the color of the malt, to make the malt more acid 
so that the pH of the mashed malt is reduced, to increase 
the levels of soluble nitrogenous substances in the wort, 
and to prevent the formation of carcinogenic nitrosamines 
on the surfaces of the malt grains. The quantities of oxides 
of nitrogen that reach the malt during kilning are also lim- 
ited, to minimize the formation of nitrosamines. Malt for 
making Scotch whiskey is flavored with peat smoke, ap- 
plied during kilning, and rauchmalz, used in the making 
of some special German beers, is flavored with hardwood 
smoke (1-3,8,9). At the end of kilning the malt is cooled 
and dressed—that is, the sprouts or rootlets, which are 
now brittle, are broken by agitation, and they and dust are 
removed by sieving and aspiration. These, together with 
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thin grains and grain dust, are used for animal feed, often 
after being pelletized. Some special malts are finished in 
roasting drums, commonly of 0.5-5 tons capacity (1,8). 
Brown, chocolate, amber, and black malts are made from. 
plump, lightly kilned pale malts. In the United Kingdom 
roasted barley is regarded as a special malt, It imparts a 
sharper, drier flavor than true roasted malts. The malt is 
loaded into a horizontal metal cylinder that rotates around 
its long axis and, for this purpose, is heated from the out- 
side. The temperature is carefully raised until the correct 
coloration is achieved. For making black malts, when the 
highest temperatures are used, heating begins at about 
75°C (167°F) and the temperature is raised to about 225°C 
(437°F). The products are quickly cooled, to fix their com- 
position and reduce the risk of fire. They should not be 
charred. Any substantial amount of charcoal in these prod- 
ucts makes them worthless. They deteriorate on storage 
and therefore are used as soon as possible. During roasting 
objectionable fumes are formed, and these must be de- 
stroyed, for example, by being consumed in an afterburner. 

Crystal and caramel malts are prepared differently. Wet 
malt, either green malt or a pale malt that has been re- 
wetted, is warmed in a closed cylinder, with no drying al- 
lowed, to 65 to 70°C (149-158°F). At this temperature the 
endosperms of the grains are mashed and the contents liq- 
uefy to a sugary mass. When all the grains have liquid 
contents, hot air is passed through the drums to dry the 
grains and to develop the desired color. At lower tempera- 
tures pale, luscious-flavored products are made, whereas 
at higher temperatures progressively darker and more 
strongly flavored materials are produced. When the malts 
are cooled the endosperm contents set solid and become 
hard, with a brittle, barley sugar-like texture. These are 
the only dry malts that should not be friable. 

When malts are stored, care is taken to ensure that they 
are not mixed with unmalted grain; do not become damp; 
and do not become infested with insects, rodents, or other 
pests. Normally malt is transported in bulk, but for some 
purposes it is stored and moved in laminated, moisture- 
proof sacks of up to a 1-ton capacity. 


MALT TYPES 


The number of malt types in use is very large (1,4,7,8,10). 
Analyses of seven examples are given in Table 1. Malts 
vary with the cereal used, the quality and variety of the 
grain, the detail of the malting process, and the kilning 
and/or the drum heating process. It follows that the poten- 
tial number of malt types is almost infinite. Undoubtedly 
the most common malts are pale with moderate enzyme 
levels (as in Pilsner and pale-ale brewing malts), with 
higher enzyme levels (as in North American brewing malts 
used with high levels of starch-rich adjuncts in mashes), 
or with exceptionally high enzyme levels (as in some dis- 
tilling malts that must convert very large amounts of ad- 
juncts during mashing). Usually the more enzyme-rich 
malts are made from protein-rich barleys that yield less 
extract than samples of the same variety that contain less 
protein. German kilned malts form a series of increasingly 
dark colors: (approximate; °EBC) Pilsner lager, 3.0; light 
lager, 3.5; Vienna-style malt, 7; and Munich-style malt, 17 
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Table 1. Analyses of Some Examples of Different Malts 


Paleale Brewers Graindistillers | Lactic | Caramel Chocolateand Pale wheat 
malt malt malt malt malts black malts malts 

‘Type of malt (UK) _(N. America) (Europe) (Europey* (Europe) (UK) (Europe) 
Barley type (2- or 6-row) 2 2or 6 2 or 6° 2 3 2 n/at 
Hot-water Extract (% d.b)* 79-83 77-81 78-80 17 76-78 66-72 82-85 
Protein (N x 6.25; % d.b) 8.8-10.3 10,5-13.5 12-13 11 11,0-12.5 9.4-10.6 11.6-13.6 
Soluble/Total protein ratio (%) 38-42 38-48 50-55 50 31-34 _ 36-50 
Color 

CEBO) 46 = 34 45 2-300 500-1,600 48 

(Lovibond) - 1.5-2.0 - = = ~ — 
Diastatic power 

(‘Institute of Brewing) 30-45 80-130 180 65. 0 0 100 

(Lintner) 35-50 90-145 200-250 70 0 0 110 

(W-K) 100-140. 230-360 430-600 190 0 0 280 
Amylase (DU) 30-55 33-49 105 25 0 0 41-56 
Moisture (% fr. wt) 24 3.643 65 5-6 5-8 2 6-8 


Note: Many types of malts are prepared to meet different specifications. Because malts are analyzed by different methods and often there are no true conversion 
factors, the example values given are approximate, Data mostly from reference 1. d.b-dry basis; fr. wt.-wet weight basis. I thank 8, M. Sole of the Crisp 


Malting Group for much help. 
“Lactic acid content 2-4%, 


"In general malts from 6-row barleys tend to have higher enzyme and protein contents and lower extracts than malts from 2-row barleys. Wheats, being 
husk-free, tend to give malts with higher extracts than barley, because the husk yields no extract. 


‘n/a = not applicable. 


“Hot-water extracts determined on finely ground samples, Different laboratory mashing methods are used. 


(1,8). There is also a series of caramel malts: carapils, 2- 
5; carahell, 20-33; and caramuench, 50-300. Common 
British malts usually have colors of about:- lager, 3; pale 
ale, 4-6; mild ale, 7-8, amber, 40-85; brown, 100-200; 
chocolate, 500-1,100; and black, 1,200-1,600 (1,4). A full 
range of caramel malts is also available. These color ranges 
are not legally defined, and malt may be made to any rea- 
sonable specification. In addition to color, these malts im- 
part special characteristics to beers and some other prod- 
ucts. They are of no value in making distilled products. 
Colored and special malts, lacking enzymes, are used in 
small proportions in mashes mixed with paler malts that 
do contain enzymes. Less usual barley malts include un- 
dergrown or chit, malts that have the advantages of raw 
grain adjuncts in mashes, are less costly to make than nor- 
mal malts, and can be used legally where the use of un- 
malted grains is illegal. Proteolytic, enzymic, and lactic 
malts contain a proportion (e.g., 2-4%) of lactic acid. These 
malts are used to adjust mash pH values where other 
methods are not permitted (1,4,8). Mashes made with a 
proportion of these malts yield a good extract, and the wort 
is enriched with N-containing yeast nutrients. Wheat 
beers are made from mashes prepared mainly with wheat 
malts (1,8). These malts are sometimes used in small pro- 
portions in mashes making barley beers, to improve the 
beer foam. Smoked, caramel, and roasted wheat malts are 
also used to a small extent. Sorghum malts are increas- 
ingly being used in Africa to make lager-type beers as well 
as traditional opaque beers (1). Distillery malts are of two 
main classes. Those in which the malt is the main or only 
component of the mash must have high extract yields and 
need only moderate enzyme contents, but those used to 
convert large amounts of starchy adjuncts in the mash 
must be rich in enzymes, although their extract yield is not 
so critical. These may be green (undried) malts (1,2). 
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MARGARINE 


Margarine is a fatty food emulsion manufactured in sem- 
blance of butter. The appearance, color, texture, flavor, and 
nutritional content are equivalent to those of butter. The 
primary difference between margarines and butter is that 
the fat in margarine is not primarily milkfat. In turn, 
many lower-fat spread products have been invented and 
marketed in semblance of margarine. Margarines and 
lower-fat spreads share common attributes that are de- 
signed to resemble those of butter: product color is typi- 
cally yellow; flavor is reminiscent of, although not identical 
to, that of butter; salt and acidity are comparable; func- 
tional utility is similar except for some cooking operations; 
and vitamin content is usually equivalent. The manufac- 
turing processes are different, however, and shelf life 
length favors margarine over butter. 


HISTORICAL MILESTONES 


Margarine was invented in 1869 in France by Hippolyte 
Mege-Mouries in response to a need for a satisfactory but- 
ter substitute for military personnel. The original inven- 
tion was prepared from beef fat, artificial gastric juice, salt, 
and milk. The resultant product was described as having 
a pearl-like luster, so Mege-Mouries named the material 
margarine, after the Greek margarite, or pearl|-like. The 
inventor further described the product as a variety of true 
butter and later as artificial butter, butterine, or marga- 
rine. 

The manufacture and sale of margarine was permitted 
by 12 April 1872 by action of the Council of Hygiene of 
Paris, which authorized its sale if not described as butter. 
Margarine manufacture expanded throughout Europe 
from 1872 to 1874. The first U.S. patent for margarine was 
granted in December 1873. 

In the United States, the first Oleomargarine Act was 
passed in 1886. Amendments followed in 1902 and 1930. 
These actions placed a tax of $0.02/lb on margarine and 
required licensure of manufacturers and distributors to 
prevent adulteration of butter. The first definition of mar- 
garine was prescribed in 1941, and the 1950 Margarine Act 
removed the special taxation. The last state tax on mar- 
garine, in Minnesota, was abolished in 1975. 

The history of margarine formulation in the United 
States is a series of incremental changes in processes and 
composition, all directed at attaining more favorable eco- 
nomics. 


1890 Cultured milk used as a flavorant. 

1917 Coconut oil used as a substitute for animal fat, 
most likely as a reaction to shortages of animal 
fat caused by World War I. 

1923 Vitamin A fortification popularized. Butter 


contains about 15,000 TU/b of this vitamin. 
Most margarines and spreads in the United 
States today are fortified to 16,000 IU/Ib to 
permit labeling claims of 10% daily reference 


value intake per serving. 
1934 Hydrogenated vegetable oils replaced coconut oil. 
1941 US. federal Standard of Identity for margarine 


adopted. 
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1947 Beta-carotene (provitamin A) replaced coal tar 
colorants. 

1950 Margarine Act passed by U.S. Congress, 
abolishing federal taxes on the product. 

1952 First soft margarine in tub form appeared. One 


product was marketed as “Emde,” at a price of 
over $3.00/Ib and available only by 
prescription of a physician. 


1956 Blended vegetable oil and butterfat products 
appeared. 

1957 U.S. per capita consumption of margarine 
exceeded that of butter for the first time. 

1957 Whipped sticks (6 per pound) first appeared. 

1964 Soft tub margarine distributed nationally as 
mainstream grocery item. 

1966 Diet margarine (40% fat) introduced. 

1967 Fluid, pourable margarine developed and 
introduced. 

1975 Lower-fat spreads (typically 60% fat) introduced. 

1981 Butter/margarine blends introduced to national 
market. 

1981-1997 Lower-fat spreads proliferated. 

1991 US. Nutritional Labeling and Education Act 
passed by U.S. Congress. 

1991 No-fat margarines appeared. 

TYPES OF PRODUCTS 


The products within the margarine and yellow fat spread 
category may be classified in any of several groups. Most 
relevant is grouping by physical form, which follows func- 
tion. 


Solid 


Solid products are bulk cubes of 50 Ib or 25 kg (55 Ib), 
packed for institutional food processing or food service con- 
sumption. These products are typically formulated specif- 
ically for the intended use and generally are of firmer 
structure and higher solid fat content than retail marga- 
rine. Typical use is in general baking, with additional us- 
age in layered pastries. Other types of solid margarine are 
brick and stick. 

Brick margarine is typically of 1 Ib net weight, wrapped 
in paper or foil laminate, and packed 24 to 35 lb per case. 
Customary uses are in general cooking, shallow pan frying, 
basting, and the like. The products are similar to retail 
formulations in texture, flavor, and consistency. 

Stick margarines are made for household kitchen and 
table use and are typically packaged four sticks to the 
pound. These products are packaged first in paper or lam- 
inated foil, then in a carton of paperboard. Cases contain 
12 to 36 lb. The lower-weight cases are recent develop- 
ments to address inventory-management programs among 
grocers, who count case turnover in lieu of actual pound- 
age. In the United States, two styles of stick margarine are 
found. The eastern stick is sold east of the Rocky Moun- 
tains and is packed either in flat units or in two-over-two 
cartons. The western-style product is shorter in length but 
larger in width and breadth. The two styles arose from 
availability of packaging equipment in the respective mar- 
ket areas. Solid margarine is also packaged in individual 
servings of 5 to 14 g, distributed via food service operators. 
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Soft 


Soft products are generally intended for direct use, as for 
spreading on breads. Retail products are packed in twin 
cups of 8 oz net weight, sleeved two per pound, or in 16-0z 
tubs. Margarine that conforms to the U.S. Standard of 
Identity may not be sold in packages greater than 1 lb at 
retail. Many lower-fat spreads are packaged for retail sale 
in units of 2 or 3 Ib or more. Soft products for food service 
use include portion-control cups of 5, 7, 10, or 14 g. Soft 
product is occasionally seen in single-serving pouches. 

Whipped products are soft or stick products to which 
nitrogen is injected at manufacture, with the primary in- 
tent being expansion in volume for economy of serving. 
Typical volume expansion is about 50%, yielding 6 sticks 
per pound, or 24 fluid ounces at net weight of 16 oz. 

Liquid margarines are typically formulated to be resis- 
tant to solidification at refrigerated temperatures while 
maintaining structure of the emulsion. Typical uses are as 
a topping for hot vegetables, waffles, pancakes, and pop- 
corn. 


THE REGULATORY IDENTITY OF MARGARINE 


In the United States, margarine and butter are two foods 
that are defined by action of the U.S. Congress. Other foods 
are defined by regulations promulgated by the U.S. Food 
and Drug Administration, the U.S. Department of Agri- 
culture, or other regulatory agencies. 

Title 21, Section 166 of the Code of Federal Regulations 
(21 CFR 166) defines margarine labeling and composition. 
The labeling provision requires that the word “margarine” 
or “oleomargarine” appear on the principal display panel 
in type or size at least as large as any other type or letter- 
ing. Other regulations require a listing of ingredients in 
the product, with the sole exception that proprietary fla- 
vorant substances need only be identified as “artificial 
flavor.” 

The composition provision requires that the product 
contain at least 80% fat and be made from edible fats, oils, 
or mixtures thereof whose origins are vegetable, rendered 
animal carcass fats, or any form of oil from a marine spe- 
cies that has been affirmed as generally recognized as safe 
(GRAS) or listed as a food additive. 

The product must also contain one or more of the fol- 
lowing: 


* Water and/or milk and/or milk products 

* Suitable edible protein, including whey, lactose- 
reduced whey, non-lactose-containing whey compo- 
nents, albumin, casein, caseinate, vegetable proteins, 
or soy protein isolate, in amounts not greater than 
that reasonably required to accomplish the desired 
effect. 

* Any mixture of 1 and 2. This must be pasteurized. 
Any mixture of this may be subjected to the action of 
harmless bacterial starters. 

* Vitamin A of at least 15,000 IU/b concentration. 


Margarine may contain any of these optional ingredi- 
ents: 


Vitamin D. If added, product must contain no less 
than 1,500 IU/b. 

Salt, which typically ranges from about 1.25% to 
2.0% by weight. 

* Nutritive carbohydrate sweeteners 

Emulsifiers 

Preservatives, including but not limited to the follow- 
ing: 

Sorbic acid, benzoic acid, and their sodium, potas- 
sium, and calcium salts, individually 0.1% or in 
combination, 0.2% 


Calcium disodium EDTA, 0.0075% 


Gallates, BHT, BHA, ascorbyl palmitate, and as- 
corbyl stearate, individually or in combination, 
0.02% 


Steary] citrate, 0.15%; isopropyl citrate mixture, 
0.02% 


Color additives (Beta-carotene or annatto or annatto/ 
turmeric extracts) 


Flavoring substances 
Acidulants and/or alkalizers 


. 


MARGARINE FATS 


Margarine is a water-in-oil emulsion, which is a semistable 
suspension of dispersed aqueous materials within a con- 
tinuous matrix of fat. The fat typically is refined, mixed 
triglycerides of vegetable or animal carcass origin. The pre- 
dominant vegetable oil in the United States is soybean oil, 
which is a by-product of soybeans. The soybean is grown 
to produce proteins for animal and human foodstuffs; soy- 
bean oil is about 18% of the soybean. Additional vegetable 
oils used in margarines are corn, safflower, sunflower, and 
palm. Lauric oils are seldom seen. Marine-origin oils that 
are GRAS are also permitted. Lower-priced margarines, 
especially in private-label segments, may contain lard, 
beef tallow, or combinations of these with soybean oil. 

The structure of the fat or blend of fats is the most sig- 
nificant factor in margarine formulation. The triglycerides 
present in the oils are reaction products of 1 molecule of 
glycerol with 3 molecules of fatty acids, with mixed tri- 
glycerides predominant in nature. The triglycerides pro- 
vide structure, lubricity, caloric density, and a satiety to 
the product. 

Physical properties of margarines and spreads, espe- 
cially texture, spreadability, color, appearance, and melt- 
ing profile, are functions of the structure of the fat and the 
processing conditions used in manufacture. Margarines 
and spreads are composed of liquid oil, fat crystals, and 
the aqueous phase. The crystals give margarine the re- 
quired consistency and stabilize the water droplets. The 
fat crystals are in effect frozen oil. Hydrogenation of the 
liquid fat is used to raise the melting point of the fat to 
provide the structure needed. Hydrogenation is the addi- 
tion of hydrogen across the unsaturated carbon-carbon 
double bond. 

Soybean oil margarine and/or spread is typically a 
blend of two or more partially hydrogenated components 


mixed in appropriate proportions for functional effect. The 
functional effect can be predicted from the measurement 
of solid fat index (SFI), which is the ratio of solid fat to 
liquid fat at specified temperatures. Measurement of SFI 
is done by dilatometry. A similar measurement, solid fat 
content, may be performed instrumentally via nuclear 
magnetic resonance. Table 1 demonstrates the differences 
in SFI among different types of margarines and spreads, 
with reference to butter. 

The significance of the temperatures used in the test 
protocol are that 50°F is a typical temperature of process- 
ing, 70°F may describe the stability of the product outside 
the cold-storage area or refrigerator, 80°F is a typical tem- 
perature found in a commercial bakery or kitchen, 92°F is 
reflective of mouth temperatures, and 104°F is a typical 
bakery proofing chamber temperature. The relevance of 
the SFI temperatures is usage specific. 

The process temperature of 50°F is typically the tem- 
perature at which product is packaged. For solids, bricks, 
and sticks, the product itself provides structure to the 
package. SFI content of about 25% is required for efficient 
packing of such product. For soft margarine, the solids con- 
tent of only about 11% assures the product is still fluid and 
pourable when the containers are filled. The soft product 
will become dramatically firmer after resting in the pack- 
age for as few as 5 min. Liquid margarine SFI of about 
3% at 50°F indicates the product will remain fluid at 
refrigeration/cold-store temperatures. 

At 70°F, the SFI indicates resistance to ambient tem- 
perature slump or partial melt. In the United States, stick 
margarines are occasionally offered for sale in supermar- 
ket aisles rather than from the refrigerated dairy case. 
This practice is caused in part by the economic phenome- 
non of slotting allowances that retailers require manufac- 
turers to pay. Space in the dairy case is premium compared 
to dry shelf display, which is premium compared to aisle 
display. The practice of offering margarines for sale in non- 
refrigerated areas is not condoned by the manufacturers, 
however. 

The 92°F temperature in SFI is significant in that it is 
a quantitative measure of waxiness in the mouth. If the 
value is greater than about 3%, the product will melt 
slowly in the mouth and impart a slight coating or waxlike 
aftertaste. Significance of 80°F and 104°F were described 
previously. 

Margarine fats are generally blends of oils. Hydrogen- 
ation is energy intensive and also produces trans fat iso- 
mers. Its use in margarine is generally minimized for eco- 
nomic as well as functional effect. For example, stick 


‘Table 1. Typical Solid Fat Indices 
Margarine type 
Soft Liquid Bakery Butter 


Percent Solid fat at Solid 


50°F = 10°C 25-29 9-13 24 28-32 29-32 
70°F = 21.1°C 13-17 6-8 13 16-20 11-14 
80°F = 26.7°C 811 46 1-3 11-15 6-8 
92°F = 33.3°C 13 2.5 13 6-10 1-25 
104°F = 40°C 0 0 1 246 0 


MARGARINE 1523 


margarine fat may be a blend of 50% of partially hydro- 
genated soybean oil of iodine value 68 and 50% of refined, 
bleached, and deodorized liquid soy oil of iodine value 135. 
Tub margarine may be a blend of the same components, 
with the sole difference being the ratio of liquid oil to hard 
fat at 2:1 rather than 1:1 as for stick product. The liquid 
product may be a blend of about 98% of liquid soy oil and 
2% of fully hydrogenated soybean oil. Bakery products typ- 
ically combine partially hydrogenated oil and liquid oil 
with fully hydrogenated fat to maintain structure in warm 
bakeries. 


OTHER FATTY TYPE INGREDIENTS 


Fat-soluble margarine ingredients include soy lecithin, 
monoglycerides, derivatives of monoglycerides, vitamin A, 
beta-carotene, flavorants, and some preservatives. 

Lecithin is phosphatidylcholine, a by-product of refining 
soybean oil. The addition of lecithin to margarine is to pro- 
mote the frying performance of the margarine. Addition of 
about 0.2% of lecithin will dramatically reduce the ten- 
dency of margarines to “spatter” in frying. Lecithin pre- 
vents the coalescence of large droplets of water that would 
become steam at frying temperatures. 

Monoglycerides and distilled monoglycerides are emul- 
sifiers, or surface active agents that promote stability of 
the oil and water mixture by linking the naturally immis- 
cible fats and water-laden ingredients at the fat-water in- 
terface. Use of 0.10 to 0.25% of monoglycerides also pro- 
motes creaminess in mouth-feel. 

Derivatives of monoglycerides include polyglycerol 
esters, propylene glycol monoesters, and other such ma- 
terials. Primary use of these materials is as whipping/ 
creaming agents for expanding volume of the margarine or 
spread by incorporation of nitrogen, creating a three-phase 
foam of gas in water-in-oil. 

Vitamin A palmitate is the palmitic acid ester of retinoic 
acid. Regulations require addition to total fortification of 
15,000 IU/b, or about 4,500 ug per pound, which equates 
to about 10 ppm. Vitamin A palmitate is the fat-soluble 
market form of vitamin A, as opposed to vitamin A citrate, 
a water-soluble form typically found in multivitamin tab- 
lets. Although no regulation requires spreads (nonstan- 
dard products) to be fortified, market forces have caused 
all nonmargarine spreads in the United States to be for- 
tified with vitamin A at the same concentrations as those 
of margarine. 

Vitamin D (calciferol) is an optional ingredient that may 
be added to margarine and spreads at 1,500 IU/b. 

Beta-carotene is a double molecule of retinoic acid and 
is used as the colorant of choice in the majority of marga- 
rines marketed in the United States. It is also called pro- 
vitamin A because it is metabolized within the liver to be- 
come vitamin A. In practice, margarine is fortified with 
about 5 ppm of beta-carotene for optimal coloring. This 
permits the manufacturer to reduce the amount of vitamin 
A palmitate added, as both vitamin A palmitate and beta- 
carotene contribute to the total vitamin A activity in the 
product. 
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Annatto or annatto-turmeric extracts are also used as 
margarine colorants, typically at concentrations of about 
10 to 20 ppm. These are vegetable extracts. 

Preservatives may be added to protect the oil from ox- 
idative rancidity or to retard the growth of microorgan- 
isms. 

Flavorants typically added to margarine and/or spreads 
are generally mixtures of synthesized or extracted chemi- 
cals. Principal flavorant substances are 2,3 butadione (di- 
acetyl); lactic acid; short-chain fatty acids such as butyric, 
caproic, or capryllic; lactones; keto acids; some aldehydes; 
indole; methyl indole; or similar materials. Typical usage 
is about 5.0 to about 300 ppm, depending on desired 
strength of flavor. 


AQUEOUS COMPONENTS 


The dispersed phase typically contains droplets of 1 to 20 
xm in size. The primary aqueous material is water, to 
which may be added skim milk, salt, and water-soluble 
preservatives and/or flavorants. Lightly salted margarine 
is preferred in the United States. Typical salt concentra- 
tion is about 1.5%. 

Skim milk, whey, or other edible proteins are added to 
enhance the release of the flavor profiles and to permit the 
margarine or spread to perform in semblance of butter in 
shallow pan frying. The milk solids and protein will brown 
in the pan, leaving a golden color for frying. Water-based 
margarines that contain no milk products simply overheat 
and blacken in the pan. The flavor profiles are often de- 
scribed as deficient or not well rounded. 

Lactic acid, if added, is both a flavorant and an acidu- 
lant. Addition of about 0.05% to 0.1% of lactic acid will 
reduce the typical serum phase pH to less then 5.5, which 
increases the effect of the preservatives. 

The typical margarine and spread preservative system 
is a mix of potassium sorbate and sodium benzoate, each 
added at about 0.10% by weight. These preservatives are 
added to sustain the resistance to microbial spoilage after 
the package has been opened in the home. 


MANUFACTURING PROCESS 


The margarine manufacturing process is a series of unit 
operations that transform a blend of ingredients into the 
product. The five unit operations are emulsification, cool- 
ing, working, resting, and packaging. 

Margarine is mixed either in batches or by continuous 
methods. In batching, discrete amounts of the ingredients 
are measured, either by weight or by volume; blended; and 
transferred to processing steps. Batching is the procedure 
of choice when the products are of a variety of recipes. Con- 
tinuous mix simultaneously measures all ingredients and 
mixes them in a continuous output stream. One method of 
continuous mix uses a multiple-headed adjustable calibra- 
tion pump operated from a common drive shaft. This 
method is useful if the type of product is constant. 

Emulsification is achieved by measuring appropriate 
amounts of oils, emulsifiers, vitamin A, coloring, and oil- 


soluble flavorings. Aqueous-phase ingredients are blended 
separately, then combined with the oil phase at a tem- 
perature slightly above the melting point of the oil. Agi- 
tation of the mix is required to promote the formation of 
the emulsion. 

Mixed emulsion at a temperature slightly higher than 
the melting point of the mixed fat (typically about 100- 
105°F) is pumped through a filter to a scraped surface heat 
exchanger cooling system such that the output tempera- 
ture of the chilled margarine or spread is about 50 to 55°F, 
which is well below the melting point of the oils. This at- 
tribute of supercooling by rapid chilling is employed to re- 
duce the size of fat crystals to a fine dispersion. If the emul- 
sion were cooled via simple refrigeration, the fat crystals 
would be excessively large. Large crystals promote grainy 
texture and instability of emulsion, which are both unde- 
sirable. Nitrogen gas is injected either before or after 
scraped surface heat exchange but prior to pinworker (see 
next paragraph). Chilling and crystallizing of molten prod- 
uct yields an increase in production line pressure to as 
much as 250 to 300 psig, depending on the specific com- 
position of product and equipment configuration. The 
scraped surface heat exchange equipment is designed to 
tolerate pressure slightly in excess of this. Contact the 
manufacturer for specifics. 

The chilled product is agitated by pinworker units that 
reduce the size of the fat crystals by mechanical working. 
This further softens the texture of the product and fully 
disperses the injected nitrogen gas. Working also length- 
ens the time for the product to fully set. 

Supercooled fluid product is allowed to rest in crystal- 
lizing chambers before packaging. Stick and brick product 
can be packed by either of two processes: (1) form the stick, 
then apply wrap, collect, and carton; or (2) insert cut wrap- 
ping material into a mold, then inject the fluid product into 
the mold cavity, wrap, collect, and carton. Soft product is 
dispensed into preformed and printed cups or tubs, capped, 
then sleeved. Many soft products are packaged with a plas- 
tic shrink-wrap band for package surety. 

Packed units are collected into cases, stacked on pallets, 
and then moved to cold storage temporarily until quality 
testing is completed. 


QUALITY TESTING 


Ingredients are tested for conformance to requirements. 
The increasing tendency is for suppliers to test and vali- 
date requirements by providing certified testing results 
with delivery of the ingredient. Primary testing of the oils 
is conducted at the plant. Significant attributes in routine 
testing include flavor, aroma, color, peroxide value, free 
fatty acids, moisture, refractive index or iodine value, and 
SFI, when applicable. Other ingredients are tested for mi- 
crobiological quality as appropriate. 

Manufacture processes are monitored by recording in- 
struments, visual observation, and analysis of production 
efficiencies for conformance to requirements. Typical pro- 
cess temperatures are product specific, but general ap- 
proximations are: 


10 min 
As mixed _exSSHE ex pinworker As packed _postpack 
105°F 53°F 56°F 58°F 64°F 


Product quality includes nominal chemical character- 
istics of moisture %, salt %, curd/milk solids %, with fat % 
determined by difference. Other characteristics of product 
that are determined at time of production include pH of 
the aqueous phase, color, flavor, appearance, and net 
weight. Several package characteristics, including com- 
pleteness of wrap, presence of lids, and legibility of code 
dating are checked also. Microbiological assays for stan- 
dard plate count (SPC), yeasts, molds, and coliforms are 
determined routinely. 

Typical limits are SPC 3,000/g, yeasts, molds, and co- 
liforms negative by analysis. Periodic sampling for addi- 
tional quality characteristics is also required, including vi- 
tamin A assay and selected pathogens. Quality begins with 
clearly stated product requirements and is built into the 
product via instructions for formulation and manufacture. 
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See also FATS AND OILS: PROPERTIES, PROCESSING 
TECHNOLOGY, AND COMMERCIAL SHORTENINGS. 


MARINE ENZYMES 


Marine animals possess the same functional classes of en- 
zymes as other living organisms, which enable them carry 
out virtually the same metabolic activities. These enzymes 
are present in the digestive glands and the muscle tissues 
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of the animals and may be recovered in active and stable 
forms for commercial use. There is considerable demand 
for enzymes throughout the world for food, biomedical, and 
other commercial applications. Worldwide sales of com- 
mercial enzymes were estimated at $1.5 billion for 1997 
(D. Traditional enzymes such as pepsins, rennets, tryp- 
sins, and lipases are derived from animal tissues, whereas 
bromelain, ficin, papain, lipoxygenase, and amylases are 
derived from plants. Plant and animal enzymes represent 
a small fraction of commercial enzymes, with the greatest 
diversity of commercial enzymes coming from microorgan- 
isms that have been stringently evaluated and certified as 
safe. Examples of microbial enzymes are glucose oxidase, 
pectinesterases, cellulase, and glucose isomerase. Micro- 
bial enzymes are used as replacements or substitutes for 
homologous enzymes from animals or plants because they 
are relatively easier and cheaper to produce. Other con- 
tributory factors to the decline in the use of plant and ani- 
mal enzymes are related to political as well as agricultural 
and economic policies of various governments that regu- 
late food and agricultural practices. The marine environ- 
ment presents an excellent opportunity for supplying com- 
mercial enzymes to help meet the demands for these 
compounds. In several of the major fish-producing coun- 
tries, the by-products of seafood harvesting comprise about 
50% of the entire harvest. These materials are largely un- 
derutilized and discarded as waste. However, this abun- 
dant material also includes the enzyme-rich digestive or- 
gans, and the enzymes may be recovered in various forms 
to suit a range of commercial applications. It is estimated 
that less than half of the fish offal generated in fish plants 
is converted into value-added products such as pet food, 
fish meal, and compost, while the remainder poses prob- 
lems related to disposal and environmental pollution. This 
discussion focuses on enzymes from fish and shellfish tis- 
sues that either have the potential for commercial appli- 
cation or constitute a source of concern for food-processing 
operations, especially extracellular enzymes produced by 
digestive organs and intracellular enzymes from fish mus- 
cle tissues. Enzymes from digestive organs have the great- 
est potential for commercial application because of their 
high tissue concentration. However, the recovery of en- 
zymes present at low concentration, such as intracellular 
enzymes, is also of interest, because recent advances in 
biotechnology will facilitate the cloning of the genes for 
those enzymes and their subsequent production by fer- 
mentation. The use of immobilized forms of these enzymes 
will also allow use of expensive enzymes in clinical or bio- 
chemical applications. 


ENZYME TYPES, DEFINITIONS, SOURCES, 
AND SOME PROPERTIES 


Marine animals carry out essentially the same types of me- 
tabolism as land animals. Thus, it is to be expected that 
marine animals will contain all six functional classes of 
enzymes (i.e., oxidoreductases, transferases, hydrolases, 
lyases, isomerases, and ligases). The scope of this article 
will be limited to those enzymes from fish and shellfish 
that either have the potential for commercial application 


10 min 
As mixed _exSSHE ex pinworker As packed _postpack 
105°F 53°F 56°F 58°F 64°F 


Product quality includes nominal chemical character- 
istics of moisture %, salt %, curd/milk solids %, with fat % 
determined by difference. Other characteristics of product 
that are determined at time of production include pH of 
the aqueous phase, color, flavor, appearance, and net 
weight. Several package characteristics, including com- 
pleteness of wrap, presence of lids, and legibility of code 
dating are checked also. Microbiological assays for stan- 
dard plate count (SPC), yeasts, molds, and coliforms are 
determined routinely. 

Typical limits are SPC 3,000/g, yeasts, molds, and co- 
liforms negative by analysis. Periodic sampling for addi- 
tional quality characteristics is also required, including vi- 
tamin A assay and selected pathogens. Quality begins with 
clearly stated product requirements and is built into the 
product via instructions for formulation and manufacture. 
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of the animals and may be recovered in active and stable 
forms for commercial use. There is considerable demand 
for enzymes throughout the world for food, biomedical, and 
other commercial applications. Worldwide sales of com- 
mercial enzymes were estimated at $1.5 billion for 1997 
(D. Traditional enzymes such as pepsins, rennets, tryp- 
sins, and lipases are derived from animal tissues, whereas 
bromelain, ficin, papain, lipoxygenase, and amylases are 
derived from plants. Plant and animal enzymes represent 
a small fraction of commercial enzymes, with the greatest 
diversity of commercial enzymes coming from microorgan- 
isms that have been stringently evaluated and certified as 
safe. Examples of microbial enzymes are glucose oxidase, 
pectinesterases, cellulase, and glucose isomerase. Micro- 
bial enzymes are used as replacements or substitutes for 
homologous enzymes from animals or plants because they 
are relatively easier and cheaper to produce. Other con- 
tributory factors to the decline in the use of plant and ani- 
mal enzymes are related to political as well as agricultural 
and economic policies of various governments that regu- 
late food and agricultural practices. The marine environ- 
ment presents an excellent opportunity for supplying com- 
mercial enzymes to help meet the demands for these 
compounds. In several of the major fish-producing coun- 
tries, the by-products of seafood harvesting comprise about 
50% of the entire harvest. These materials are largely un- 
derutilized and discarded as waste. However, this abun- 
dant material also includes the enzyme-rich digestive or- 
gans, and the enzymes may be recovered in various forms 
to suit a range of commercial applications. It is estimated 
that less than half of the fish offal generated in fish plants 
is converted into value-added products such as pet food, 
fish meal, and compost, while the remainder poses prob- 
lems related to disposal and environmental pollution. This 
discussion focuses on enzymes from fish and shellfish tis- 
sues that either have the potential for commercial appli- 
cation or constitute a source of concern for food-processing 
operations, especially extracellular enzymes produced by 
digestive organs and intracellular enzymes from fish mus- 
cle tissues. Enzymes from digestive organs have the great- 
est potential for commercial application because of their 
high tissue concentration. However, the recovery of en- 
zymes present at low concentration, such as intracellular 
enzymes, is also of interest, because recent advances in 
biotechnology will facilitate the cloning of the genes for 
those enzymes and their subsequent production by fer- 
mentation. The use of immobilized forms of these enzymes 
will also allow use of expensive enzymes in clinical or bio- 
chemical applications. 


ENZYME TYPES, DEFINITIONS, SOURCES, 
AND SOME PROPERTIES 


Marine animals carry out essentially the same types of me- 
tabolism as land animals. Thus, it is to be expected that 
marine animals will contain all six functional classes of 
enzymes (i.e., oxidoreductases, transferases, hydrolases, 
lyases, isomerases, and ligases). The scope of this article 
will be limited to those enzymes from fish and shellfish 
that either have the potential for commercial application 
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or constitute a source of concern for food processing opera- 
tions. They include representatives from the oxidoreduc- 
tases, transferases, and hydrolases. 


Oxidoreductases 


Oxidoreductases are the group of enzymes that catalyze 
oxidation-reduction reactions. Examples include _poly- 
phenol oxidases, peroxidases, and the dehydrogenases. 
Polyphenol oxidases (PPO) catalyze the oxidation of phe- 
nolic compounds in the presence of molecular oxygen to 
form dark-colored melanins. These enzymes are found in 
the particulate and in the soluble fraction of skin homog- 
enates of fish and shellfish. Examples of marine animals 
from which PPOs have been isolated are lobster (2,3), 
shrimp (4,5), crab (6), the common mussel (Mytilus edulis) 
(7), goldfish (8) and otopus (9). PPOs are metalloenzymes 
and have copper ions in their catalytic sites. They lose ac- 
tivity when the copper ions are removed or replaced by 
other metal ions. PPOs are active over a broad pH range 
from 5.0 to 8.5, and they are most stable within a weakly 
acidic to alkaline pH range of 6 to 10 (4,7,8). The enzymes 
also have different molecular weights such as 30 to 40 kDa 
for shrimp PPOs, 64 kDa for the lobster enzyme, 120 kDa 
for the enzyme from Mytilus edulis, and 125 kDa to 205 
kDa for cephalopods (2-4,7,9). The enzymes are inhibited 
by p-amino benzoic acid, oxygen competitors like cyanide 
and N2, and metal chelators like diethyldithiocarbamate 
and EDTA. 

Another group of oxidoreductases found in fish tissue is 
the lipoxygenases. These enzymes are of considerable eco- 
nomic importance to the fishing industry because of the 
adverse effects it causes with regard to fish texture, odor, 
and color during storage. These enzymes have been iso- 
lated from microsomal fractions of various fish species in- 
cluding herring (10), trout (11,12), flounder (13), Pacific 
rockfish (14), mackerel (14), gurnard, grouper, and tilefish 
(14). Lipoxygenases from marine animals catalyze the ox- 
idation of polyunsaturated fatty acids, similar to plant li- 
poxygenases. These enzymes are most active between pH 
6 and 7 and remain active at subzero temperatures (10). 
Microsomal lipid oxidation enzymes have been implicated 
in fish quality deterioration during iced or frozen storage. 
For example, lipoxygenases associated with fish skin pro- 
mote postharvest bleaching of carotenoid pigments in fish 
skin and/or flesh (15). 

Peroxidases are also oxidoreductases. Peroxidases with 
molecular weights of 35.5 kDa, 76.5 kDa, and 147 kDa 
have been isolated from the hepatopancreas of crayfish 
(16). These enzymes catalyze the incorporation of halogens 
into organic molecules, for example, halogenation of tyro- 
sine to thyroxine, the thyroid hormone responsible for the 
prevention of goiter in humans. 

The glycolytic pathway includes a number of dehydro- 
genases that participate in the removal of hydrogen atoms 
from various substrate molecules. The glycolytic enzymes 
remain active and catalyze their respective reactions in 
the postmortem animal. The degree to which glycolysis 
proceeds in the postmortem animal has important ramifi- 
cations concerning the postharvest quality of fish and 
shellfish. Several of the glycolytic e:.zymos have been char- 


acterized from muscles of fish and shellfish such as lobster 
and cod (17), tuna and halibut (18), shrimp (19), and trout 
(20). Examples of the enzymes are lactate dehydrogenase 
(LDH), an oxidoreductase that catalyzes the interconver- 
sion between pyruvate and lactate under limited supply of 
oxygen. Lactate dehydrogenases from marine species exist 
as tetramers with subunits of 36 kDa and are inhibited in 
a noncompetitive fashion by 3-acetyl-pyridine NAD. The 
muscle of some invertebrates like squid does not contain 
lactate dehydrogenase, and pyruvate is metabolized by a 
different mechanism during anoxia. 

Glutamate dehydrogenases have been isolated from 
various shellfish, for example, Mytilus edulis (21), mol- 
lusks (22), and Modiolus demissus (23). The enzymes cat- 
alyze the oxidative deamination of glutamate to a-ketoglu- 
tarate, thereby serving to increase concentration of TCA 
cycle intermediates (so-called anaplerotic reactions) to al- 
low an increase in rate of oxidation of two-carbon units: 


glutamate + NAD* + H20 + a-ketoglutarate 
+ NH; + NADH + H* 


The same reaction may run in reverse, draining off TCA 
cycle intermediates for biosynthetic purposes. Glutamate 
dehydrogenases from marine animal tissues were shown 
to be most active from pH 7.4 to 9.5. 

Another dehydrogenase of the glycolytic pathway that 
has been isolated from marine animal tissues is muscle- 
type glyceraldehyde-3-phosphate dehydrogenase. The en- 
zyme catalyzes the substrate level oxidative phosphor- 
ylation of glyceraldehyde-3-phosphate (G3P) to the 
high-energy compound glyceraldehyde-1,3-diphosphate 
(1,3-DPG), whose high-energy group transfer potential is 
subsequently used to synthesize ATP. The same enzyme 
drives the reverse reaction, that is, the formation of glyc- 
eraldehyde-3-phosphate from 1,3-diphosphoglycerate dur- 
ing gluconeogenesis. Glyceraldehyde-3-phosphate dehy- 
drogenase has been isolated from lobster and cod muscle 
and shown to exhibit maximum activity within pH range 
8.5 to 9.0. 

Uricase, also known as urate oxidase, is an oxidoreduc- 
tase and catalyzes the oxidation of uric acid to allantoin 
prior to further degradation and excretion. The enzyme is 
usually located in peroxisomes and is used as a marker 
enzyme for this organelle and has a potential commercial 
value as a diagnostic enzyme. Uricase has been isolated 
from the livers of a number of fish, such as trout, mackerel, 
catfish, shark, and tilapia (24). Uricases from various ma- 
rine animals are active over a broad pH range, from pH 
7.0 to 9.5 with a maximum at 8.8. Uricase is an oligomeric 
enzyme containing subunits of 32.5 kDa. It is also a me- 
talloenzyme, requires Cu2* for activity, and is inhibited by 
chelating agents. 


Transferases 


The transferases are a group of enzymes that remove 
groups (other than H) from various substrates and then 
transfer them to acceptor molecules. Examples of the 
transferases are transglutaminases and the kinases. 
Transglutaminases (TGases) catalyze the Ca?*-dependent 


acyl-transfer reactions between the )-carboxyamide groups 
of protein-bound glutamine residues and the primary 
amino groups in a variety of compounds (including «NH, 
of lysine). TGases have the unique ability to modify the 
functional properties of protein molecules via covalent 
cross-linking. TGase activity has been described in the tis- 
sues of various marine animals such as carp (25), rainbow 
trout (26), mackerel (26), lobster (27), scallop, shrimp, and 
squid (26), The TGases have molecular weights ranging 
from 80 to 200 kDa and temperature optima ranging from 
40 to 50°C. They are active over a broad pH range of 6.0 to 
9.5. The kinases catalyze the phosphorylation of sub- 
strates in reactions that invariably require ATP as phos- 
phate donor. Pyruvate kinase (PK) is an important regu- 
latory enzyme in the glycolytic pathway. It catalyzes the 
reaction that prepares pyruvate for subsequent utilization 
in the TCA cycle, that is, the irreversible conversion of py- 
ruvate to acetyl CoA. PK has been purified from various 
shellfish including Mytilus edulis (28), Crassostrea gigas 
(29), and Cardium tuberculatum (30). It is a tetrameric 
protein molecule with 70 kDa subunits (30) that requires 
monovalent and divalent cations for activity. It is activated 
by fructose-1,6-bisphosphate and inhibited by L-alanine, 
ATP, D-lactate, and citrate. 

Phosphofructokinase (PFK) is another transferase, and 
it catalyzes the conversion of fructose-6-phosphate (F6P) 
to fructose-1,6-diphosphate (F1,6DP) in the glycolytic 
pathway. PFK is allosterically activated by F6P and AMP 
but is inhibited by ATP and citrate. The enzyme has been 
isolated from trout muscle (31). 

Glycogen phosphorylase is a transferase and catalyzes 
the first step in the utilization of glycogen. The enzyme has 
been isolated from lobster muscle and shown to exist as a 
dimer with a molecular weight of 170 kDa. Lobster glyco- 
gen phosphorylase is similar to its mammalian counter- 
part in having two forms: the inactive dephosphorylated 
form known as phosphorylase b, and the phosphorylated 
active form known as phosphorylase a. 

Glutathione-S-transferases are a group of multifunc- 
tional proteins that are involved in the detoxification of 
xenobiotics in animals. The enzyme has been isolated from. 
the liver, kidney, and gills of rainbow trout and shown to 
exist as a dimer whose subunits have molecular weights 
ranging from 23.9 to 25 kDa (32). The enzyme is inhibited 
by 1-chloro-2,4-dinitrobenzene. 

Aspartate transcarbamylase, also known as aspartate 
carbamoyltransferase, catalyzes the first committed reac- 
tion in the biosynthesis of pyrimidine bases. This involves 
the transfer of a carbamoyl group directly to L-aspartate 
without the formation of any intermediate products. The 
enzyme has been isolated from the mantle of Mytilus edulis 
(33) and is most active within pH range of 8.5 to 8.9. It is 
strongly inhibited by p-hydroxymercuribenzoate and Cu?* 
but is strongly stimulated by organic solvents like dimeth- 
ylsulfoxide and dimethylformamide. 


Hydrolases 


Hydrolases are the group of enzymes that catalyze the 
cleavage of covalent bonds in substrates with the parti- 
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cipation of water molecules as reactants. The hydrolytic 
enzymes of importance in this regard include the prote- 
ases that catalyze hydrolytic cleavage of peptide bonds in 
proteins and polypeptides to produce low-molecular- 
weight peptides and/or amino acids, and lipolytic enzymes 
that catalyze the hydrolysis of ester bonds of triglycerides 
and phospholipids to produce fatty acids and other prod- 
ucts. Proteolytic enzymes include those found in fish mus- 
cle as lysosomal proteases and those from digestive glands 
or fluids, namely, digestive proteases. Lysosomal prote- 
ases, known as cathepsins, have been detected in various 
species of fish such as carp (34), albacore (35), cod (36), 
salmon (37), Pacific sole (38), squid (39,40), and tilapia 
(41). Cathepsins from marine animals occur as single 
polypeptide chains with different molecular weights, for 
example, 13.6 kDa for squid cathepsin B (40) and 25 kDa 
for cathepsin C from squid hepatopancreas (39). Some ca- 
thepsins exhibit maximum activity within pH 3.5 to 7.0, 
whereas others are most active at alkaline pH (8.0). They 
are activated by Cl~ ions and usually require thiol re- 
agents as well as chelating agents for activity and are 
believed to play an important role in postmortem deteri- 
orative changes in fish texture prior to processing or stor- 
age (42). According to Siebert and Schmitt (43), fish mus- 
cle contains about 10 times more catheptic enzyme 
activity than mammalian muscle. 

The most studied digestive proteases from marine ani- 
mals are the pepsin(ogen)s, trypsin(ogen)s, and chymo- 
trypsin(ogen)s. Pepsin(ogen)s are acidic proteases secreted 
by the gastric mucosal glands, whereas trypsin(ogen)s and 
chymotrypsin(ogen)s are secreted by pancreatic tissue and 
pyloric ceca. A number of exopeptidases are also secreted 
in the gut, where they act to degrade peptides into free 
amino acids. Pepsin(ogen)s have been isolated from several 
fish species, including tuna (44,45), salmon (46), dogfish 
(47), bonito (48), trout (49,50), sardine (51), hake (52), 
capelin (53), cod (54-56), and smelt (57). The carnivorous 
fish have been shown to have the highest levels of pepsins 
in their stomachs (58,59). Pepsin activity has not been de- 
tected in digestive tracts of stomachless fish (60,61). The 
PH optima of fish pepsins range from 2.5 to 3.0, which is 
slightly more alkaline than pH optima for mammalian 
pepsins (51). The molecular weights of pepsins isolated 
from various fish species range between 36 and 41 kDa. 
Gastricsin(ogen)s are acidic proteases present in the gas- 
tric mucosa of fish. Gastricsin(ogen)s have been purified 
from Merluccius gayi with molecular weights of 27 to 28 
kDa (36). They exhibit maximum proteolytic activity at pH 
3.0 and are generally stable up to pH 10.0, the point be- 
yond which they rapidly lose activity. Marine gastricsins 
catalyze the clotting of milk similar to fish and mammalian 
pepsins but differ from pepsins by showing activation with 
sodium chloride (56). Trypsin(ogen)s and chymotryp- 
sin(ogen)s have also been recovered from the digestive 
tracts of several fish species such as sardine (62), goldfish 
(61), capelin (63), catfish (64), rainbow trout (65), salmon 
(66), green chromide (67), cod (68-71), cunner (72), crayfish 
(73), shrimp (74), and starfish (75-78). They are generally 
most active within pH range 7 to 8.5 and are also most 
stable at alkaline pH, unlike trypsin(ogen)s from mam- 
mals (69). They are single polypeptide chains with rela- 
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tively lower molecular weights, ranging from 21 kDa to 
26 kDa. 

Chymotrypsins have been isolated and characterized 
from marine species such as anchovy (79), Atlantic cod (79— 
80), capelin (81), herring (81), rainbow trout (82), and spiny 
dogfish (83,84). In general, these enzymes are single poly- 
peptide molecules with molecular weights ranging be- 
tween 25 and 28 kDa. They are most active within pH 
range 7.5 to 8.5 and are most stable at around pH 9.0 (82). 
Chymotrypsins from marine animals have a higher cata- 
lytic activity and hydrolyzed more peptide bonds in various 
protein substrates (casein, collagen, and bovine serum al- 
bumin) at subdenaturation temperatures than mamma- 
lian chymotrypsins. In general, the marine chymotrypsins 
were more Feat-labile than mammalian chymotrypsins 
(80). Dogfish chymotrypsin was more active toward soy 
protein isola‘e from 5°C to 35°C than bovine chymotrypsin 
(84) and could also clot milk. Chymotrypsins from herring 
and capelin exhibited greater hydrolytic activities toward 
the synthetic substrate BTEE than the bovine enzyme 
(8). 

Collagenases are capable of degrading the polypeptide 
backbone of native collagen under conditions that do not 
denature the protein. Collagenolytic enzymes have been 
isolated and characterized from the digestive glands of a 
variety of teleost fish (85) and crab (86-89). Marine collage- 
nases resemble their mammalian counterparts in their 
mode of action, that is, they act on native collagen in solu- 
tion and cleave the helical structure at loci 75%, 70%, and 
67% from the NH,-terminal of the molecule. However, they 
differ from mammalian collagenases in exhibiting trypsin- 
and chymotrypsin-like specificities toward synthetic sub- 
strates for these enzymes. They are also subject to inhibi- 
tion by serine protease inhibitors such as PMSF and DIPF. 
Inthis regard they are described as serine proteases, unlike 
mammalian collagenases, which are mostly metallopro- 
teinases. Marine collagenases show optimum activity 
within a pH range of 6.5 to 8.0 and are inactivated at pH 
values below 6.0. They are also inhibited by well-known ser- 
ine protease inhibitors like diisopropylfiuorophosphate, 
phenyl methyl sulfonyl fluoride, soybean trypsin inhibitor, 
and chicken ovomucoid. A collagenase purified from crab 
was shown to be a single polypeptide molecule with a mo- 
lecular weight of ~25 kDa. Collagenases from hepatopan- 
creas tissue have been implicated in postharvest texture 
deterioration in prawns during ice storage (90). Although 
true collagenases have not been isolated from the muscle of 
fish, there is evidence that they contribute to flesh softening 
in postharvest Pacific rockfish (91). 

Alkaline proteases is the general term used to describe 
proteolytic enzymes present in fish muscle that show max- 
imum activity as well as stability within the alkaline pH 
range. These enzymes have been isolated from muscles of 
various fish species such as filefish, croaker, anchovy, rock- 
fish, yellowtail, shrimp, and garfish (92). They show opti- 
mum activity within pH range 7.9 to 8.1, are stable within 
abroad pH range (from 4.5 to 10.0), and generally are high- 
molecular proteins with molecular weights ranging from 
780 kDa to 920 kDa (92). These enzymes require relatively 
high temperatures for activity; however, they show differ- 
ences in their thermostabilities. For example, incubation 


of white croaker alkaline protease for 10 min at 60°C de- 
stroyed about 95% of original enzyme activity, whereas 
carp alkaline protease lost less than 5% of its original ac- 
tivity when subjected to the same time and temperature 
treatment (92). Alkaline proteases have been implicated in 
postmortem textural deteriorations in fish and fish prod- 
ucts, 

The enzyme urease catalyzes the breakdown of urea to 
ammonia and carbon dioxide during excretion in most fish 
species. The flesh of elasmobranchs contains much more 
nonprotein nitrogen of ureic origin than teleost fish, and 
this imparts a peculiar odor and sour-bitter taste to these 
fish species. During ice storage of meats from elasmo- 
branchs like shark, a large amount of ammonia is gener- 
ated due to the high content of urea. Some of the predom- 
inant microflora associated with skins of freshly caught 
sharks (i.e., Pseudomonas, Micrococcaceae, and Moraxella) 
produce urease that promotes ammonia formation from 
urea during storage, which is detrimental to the quality 
and acceptability of shark meats. This undesirable devel- 
opment in the product can be minimized by improved san- 
itary conditions during handling; soaking meat in water, 
lactic acid, salt, or urease solution prior to storage; blanch- 
ing; or heat sterilization. 

Lipolytic enzymes that have been characterized from 
fish include lipases from digestive organs or juices from 
both vertebrate and invertebrate fish, and phospholipases 
from microsomal fraction from muscle tissues of various 
fish such as skate (93), cod (94,95), trout (96,97), crayfish 
(98), pollock (99), and lobster (100). These lipolytic en- 
zymes are single polypeptide chains with a broad pH- 
activity range (from 6 to 10) and are generally very heat 
labile. They are inhibited by thiol reagents, surface active 
agents, heavy metals, and oxygen. In general, the activi- 
ties of lipolytic enzymes from marine species are lower 
than those from mammals. However, this is probably due 
to lower levels of enzymes present rather than the lower 
specific activities of the enzymic proteins. 

Acid phosphatases are a group of heterogenous sialic 
acid-containing glycoenzymes that catalyze removal of 
phosphate groups from their substrates, and this reaction 
is important in the formation of triglycerides from phos- 
phatidates. An acid phosphatase with molecular weight of 
123 kDa has been isolated from liver of carp (101). The 
enzyme is stable over a broad pH range, between 3.5 and 
5.5, and is most active between pH 4.5 and 5.0. It is 
strongly inhibited by L-(+) tartrate, molybdate, fluoride, 
urea, and mercuric ions. 

In addition to the enzymes described previously, all the 
enzymes of the TCA cycle, with the exception of succinyl 
CoA synthetase, have been detected in the liver of rainbow 
trout (102). Citrate synthetase, a-ketoglutarate dehydro- 
genase, and succinate dehydrogenase were detected in the 
mitochondrial fraction, whereas the rest of the enzymes 
were detected in the cytosolic fraction. The intracellular 
distribution of TCA enzymes in trout was similar to that 
of mammalian species. 


Comparative Biochemistry 


Marine enzymes are similar to their mammalian counter- 
parts in several of their characteristics. Generally, their 


pH-activity profiles, substrate specificities, molecular 
weights, and response to inhibitors or activators resemble 
those of their mammalian counterparts (44,56,70,84). 
However, they may differ from mammalian enzymes in a 
number of ways. For example, digestive proteases from 
marine organisms have been shown to be generally less 
stable under acid conditions, have higher catalytic activity, 
digest undenatured protein substrates more efficiently, 
and are heat labile but more stable at cold temperatures 
(44,69,70,84,103). Some of these distinctive properties of 
marine enzymes could be exploited successfully in various 
commercial operations. 


APPLICATIONS, CURRENT USE, AND IMPACT 
OF BIOTECHNOLOGY 


Biotechnology as it pertains to food production has been 
practiced for several years and has been or area of prolific 
growth in science and engineering within the past two de- 
cades. In the food and allied industries, major importance 
is now being attached to the use of enzymes for enhancing 
product quality, by-product utilization, increasing yields of 
extractive processes, product stabilization, and flavor. For 
example, fresh seafoods exhibit delicate aromas and fla- 
vors that are quite distinct from those usually evident in 
“commercially fresh” seafood. A group of enzymatically de- 
rived aldehydes, ketones, and alcohols has been found to 
be responsible for the characteristic aroma of very fresh 
seafood (104), and these compounds are similar to the C-6, 
C-8, and C-9 compounds produced by lipoxygenases. Chen 
and Li (105) isolated proteolytic enzymes from the cepha- 
lothorax of grass shrimp and demonstrated that enzymes 
like carboxypeptidase A and B, trypsin, chymotrypsin, 
cathepsin, and collagenase are important in seafood flavor 
production. They further demonstrated that these proteo- 
lytic enzymes from grass shrimp heads could tenderize 
meats just as well as papain or bromelain. 

The use of enzymes in food processing and their poten- 
tial for future applications have been extensively covered 
in publications by Godfrey and Reichelt (106), Schwimmer 
(107), and Reed (108). Studies carried out by various re- 
searchers have also demonstrated potential applications of 
certain marine enzymes as processing aids, based on some 
of their unique properties described earlier in this article. 
For example, pepsins from cold temperature—adapted fish 
have been used as a rennet substitute in preparation of 
cheddar cheese (55), while fish and shellfish trypsins and 
cathepsins have been applied to facilitate fermentation of 
capelin, squid, and herring (109-111). Cathepsins have 
also been shown to play an important role in patis fermen- 
tation (112). Enzyme preparations from digestive organs 
of herring, mackerel, sardine, and sprats have been used 
to refine the taste of mackerel preserves and to accelerate 
ripening of herring fillets (57). Similarly, trypsins from cod 
and cunner fish have been successfully applied to recover 
carotenoprotein from crustacean waste for incorporation 
into fish feeds and as flavorants, colorants, or both in 
surimi-based seafood analogs (72,113). Digestive proteo- 
lytic enzymes from stomachless marine species like cun- 
ner, crayfish, and mullet appear to be better suited to di- 
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gestion and/or inactivation of native proteins than their 
counterparts derived from species with a functional stom- 
ach like mammals (73,114-116). These enzymes are cur- 
rently being investigated with regard to their ability to in- 
activate PPOs, pectinesterases, or both in fruit juices. For 
example, apple juice develops a brown color very rapidly 
due to the presence of PPOs. To overcome the browning 
process, the substrates responsible for this phenomenon 
may be chemically altered to render them resistant to ox- 
idation by PPOs. Another approach is to use a hot clarifi- 
cation process to inactivate the enzymes responsible for 
the discolorations, which adds to the energy cost as well 
as destroys some desirable heat-labile volatile components 
in fruit juices. An alternative approach that could offer an 
even greater appeal to consumers eager for “natural” food 
products may be to use digestive proteases from stomach- 
less marine species described previously to inactivate both 
PPOs and pectinesterases in fruit juices. The successful 
application of such enzymes to inactive PPO could have a 
major impact on the shrimp-processing industry, which is 
facing the problem of finding effective alternative(s) to sul- 
fiting agents used in some countries like the United States 
to control dark discolorations in these economically impor- 
tant marine species. Also, a potential interesting use of 
marine enzymes is the immobilization of lipolytic enzymes 
for catalyzing interesterification of fish oils to produce glyc- 
erides enriched with @-3 polyunsaturated fatty acids 
(PUFAs). The consumption of -3 PUFAs from fish have 
been associated with a number of beneficial health effects 
(117). The use of marine enzymes for the interesterification 
reactions is suggested because the intended substrates are 
more natural to these enzymes than microbial or plant li- 
pases. There are few instances where marine enzymes are 
applied on a commercial scale. For example, the Icelandic 
Fisheries Laboratory (IFL) has developed a process for 
utilizing trypsin-like enzymes from cod viscera for removal 
of skins, membranes, and scales from fish. The fish skins, 
membranes, and scales thus produced are used to prepare 
fish gelatin, which differs from mammalian gelatin in that 
it has a relatively low gelling temperature due to its lower 
proline and hydroxyproline content (118). At the present 
time, fish frames are hydrolyzed in Norway with cold- 
adapted pepsins from cod viscera to produce marine pep- 
tones for subsequent use as media for commercial culti- 
vation of microorganisms for production of microbial 
proteins or fertilizer (119). Marine enzymes are also used 
in fish feed and for the production of immune stimulants 
for fish reared in captivity (118). For more information on 
the current and potential uses of marine enzymes in in- 
dustry, there are excellent reviews on the subject by Haard 
(120) and Raa (118). 

The major obstacles to using marine by-products as 
sources of industrial enzymes include their limited avail- 
ability due to seasonal harvest; variability in levels and/or 
activity of enzymes due to nutritional status, seasonal 
variation, and spawning: and the highly perishable nature 
of the raw material. However, attitudes toward the use of 
marine enzymes in industry are slowly changing, and the 
potential profits to be derived from their commercial pro- 
duction may be enhanced by the use of recombinant DNA 
techniques for cloning enzyme protein genes from the ma- 
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rine animals into suitable bacteria or yeasts to facilitate 
production of the recombinant enzymes by fermentation. 
Several intracellular enzymes from fish and shellfish 
have been studied, as shown earlier in the text. In general, 
large-scale production of intracellular enzymes from ma- 
rine animals is limited to only a few enzymes, and sales 
from these enzymes represent only a small fraction of the 
total volume and value of commercial enzyme production 
and sales. However, with the rapid advances in enzyme 
technology in recent years, production of intracellular en- 
zymes is very feasible for a number of reasons. For exam- 
ple, intracellular enzymes are widely used in clinical re- 
search, and their production is crucial to the furtherance 
of much biochemical research—for example, uricase is 
used as a diagnostic enzyme; however, the pH sensitivity 
of uricase presents a problem in clinical use for the quan- 
tification of serum uric acid, which is conducted around pH 
7.1. The observation that trout uricase retains stability 
and activity at pH 7.0 may indicate its usefulness for this 
clinical application. Different kinds of fish enzymes have 
been cloned and expressed by microorganisms. Examples 
of such fish enzymes include tissue-type TGase from sea 
bream, which was successfully cloned and expressed in E. 
coli (121). In fish, TGases have been studied in relation to 
the elucidation of the molecular mechanisms for gel for- 
mation in fish mince products. It has been suggested that 
endogenous tissue-type TGases catalyze the setting reac- 
tion that involves the cross-linking of myosin heavy chains 
in fish paste during processing. This setting reaction is 
thought to be important with respect to the viscoelastic 
properties of fish paste (122). Another interesting fish en- 
zyme that has been cloned is the cytochrome P450c17, 
which is a key enzyme in determining the synthesis of sex 
steroids (androgens and estrogens) and progestins. The en- 
zyme is responsible for the sequential 17 a-hydroxylase 
and C17,29-lyase reactions in the synthesis of the aforemen- 
tioned compounds. The expression of an active form of 
shark P450 was achieved by Trant (123) using a Pichia 
pastoris GS115 yeast expression system and the expres- 
sion vector pHiL-D2. Male et al. (124) described the nucle- 
otide sequences and the structural models of five trypsins 
variants from Atlantic salmon, whereas Klein et al. (125) 
studied the trypsin gene expression in shrimp (Penaeus 
vannamei) and detected the cDNAs encoding five isoforms 
of trypsin. Gudmunsdottir et al. (126) also isolated cDNAs 
encoding two different forms of trypsinogen from Atlantic 
cod. LeBoulay et al. (127) reported the cloning and expres- 
sion of cathepsin L from shrimp hepatopancreas, whereas 
Van Wormhoudt and Sellos (128) cloned and sequenced 
three cDNAs for amylase in P. vannamei, and Su et al. 
(181) constructed a cDNA library of the phospholipase 
from Artemia and expressed it in E. coli BL21(DE3). As 
more basic information on the distinctive properties of ma- 
rine enzymes becomes available through research, it is ex- 
pected that those marine enzymes with potential for in- 
dustrial use would be produced in commercial quantities 
by gene cloning technology. 
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MARINE TOXINS 


A very wide variety of biotoxins occur with varying fre- 
quencies in fish, shellfish, mammals, reptiles, algae, and 
other animals and plants existing in the marine environ- 
ment (1). Toxic organisms have been collected from most 
regions of the world, and many of them have caused illness 
in humans following ingestion. Ciguatera and scombroid 
poisoning together account for more than 80% of all sea- 
food outbreaks and more than 50% of all outbreaks caused 
by the consumption of muscle protein with confirmed eti- 
ologies reported to the US Centers for Disease Control (2). 
This article emphasizes the similarities among the most 
frequently encountered or potentially encountered biotox- 
ins in United States commercial fisheries, including im- 
ports. Significant differences between toxins or illnesses 
are also presented. Information is presented to assist in 
identifying major disorders and their circumstances. There 
are seven common and well characterized disorders— 
paralytic, neurotoxic, amnesic, and diarrhetic shellfish poi- 
sonings, ciguatera, scombroid poisoning, and pufferfish 
poisoning (poisonings or disorders refer to illnesses 
whereas toxins refer to specific chemical complexes) and 
these are summarized in Table 1. Three additional disor- 
ders that may increase in occurrence as international com- 
merce of fishery products increases are briefly described at 
the end of the article: clupeotoxicity, hallucinogenic mullet 
poisoning, and shark liver poisoning. 


BIOTOXINS 


Intoxications are caused by a variety of biotoxins or fami- 
lies of biotoxins. Those common toxins that are chemically 
characterized are often grouped according to their chemi- 
cal solubility. Brevetoxins (neurotoxic shellfish poisoning), 
okadaic acids (diarrhetic shellfish poisoning), and cigua- 
toxin (ciguatera) are lipid soluble, whereas, saxitoxins 
(paralytic shellfish poisoning), domoic acid (amnesic shell- 
fish poisoning), maitotoxin (ciguatera), scombrotoxin 
(scombroid poisoning), and tetrodotoxin (pufferfish poison- 
ing) are water soluble. All are low molecular weight (111— 
3425 D) containing no known sulfur or phosphorus groups. 
All but scombrotoxin and tetrodotoxin are produced by 
marine algae. Both scombrotoxin and tetrodotoxin are pro- 


Table 1. Marine Biotoxins 


Disorder 
Paralytic 
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1,3,4,13,16, 


Controls 
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Mouse, bioassay HPLC 
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ether soluble, 1111 MW 


18,19 


remove organs 


bioassays, EIA, RIA 


snapper, 


toxicus 


amberjeck 
Surgeonfish 


1,3,10,16,17, 


18,19 
1,3,11,14,16, 


Avoid endemic areas, 


Mouse bioassay 


?, water soluble, 3425 MW 


G. toxicus 


Maltoxin 


remove organs 


Refrigeration lot 


Ouines pig bioassay 


Tuna, skipjack, 


CzHNs, water soluble, 111 


Bacteria species 


Histamine 


Scombroid 


17,18,19 


rejection 


fluorometry, HPLC 


mackerel, mahi- 
mahi 


Pufferfish 


MW 


poison 


1,3,12,15,16, 


Fugu dealers and chefs 


Mouse bioassay, HPLC 


C1,Hy,0,Nz, water soluble, 


Vibrio alginolyticus 


Tetrodotoxin 


Pufferfish 


17,18,19 


319 MW 


poison 


duced by bacteria. These groups of toxins cause very simi- 
lar symptoms (neurologic and/or gastrointestinal) charac- 
terized by rapid onset. Four of these groups of toxins are 
found in molluscan shellfish consumed in the United 
States: saxitoxins, brevetoxins, domoic acid, and okadaic 
acids; and four in finfish: ciguatoxin, maitotoxin, scombro- 
toxin, and tetrodotoxin (3). 


OCCURRENCE 


Shellfish Poisoning 


Shellfish toxins fall into three specific groups; paralytic, 
amnesic, and diarrhetic (20). None of these toxins are pro- 
duced by shellfish themselves but are obtained from mi- 
croalgae such as phytoplankton naturally present in the 
oceans. 


Paralytic. Of the molluscan shellfish-associated disor- 
ders, three are found in temperate areas and one in semi- 
tropical. Paralytic shellfish poisoning (saxitoxins) is found 
in shellfish such as mussels, clams, oysters, and scallops 
that have fed on the toxic dinoflagellates (21), including 
several species of the genus Alexandrium, previously Pro- 
togonylauax catenella and P. tamarensis (4). The toxins 
produced by these dinoflagellates tend to persist in shell- 
fish for varying periods of time, depending on shellfish spe- 
cies and tissues involved. Paralytic shellfish poisoning is 
reported from all temperate oceans of the world; P. cate- 
nella on the west coast of North America and P. tamarensis 
on the east coast. In most cases the water temperature 
must be 5-8°C. The three families of toxins involved (sax- 
itoxins, neosaxitoxins, and gonyautoxins) are all water sol- 
uble and heat stable. The first European case was docu- 
mented in Norway in 1962 (22). Between 1977 and 1981, 
the United States had 126 cases reported from nine out- 
breaks. 


Amnesic. Amnesic shellfish poisoning (domoic acid) has 
been reported in blue mussels from Canada and the United 
States (Maine). The source of the toxin is the marine dia- 
tom Pseudonitzschia (formerly Nitzschia) (7,23). In 1987, 
more than 100 illnesses and three deaths were reported 
from the Prince Edwards Island area of Canada. 


Diarrhetic. Diarrhetic shellfish poisoning (okadaic acid 
and derivatives) is found in shellfish, especially mussels, 
that have fed on toxic marine dinoflagellates and then con- 
centrated the lipid soluble toxins in their hepatopancreas. 
It appears that the edible muscle tissues remain free of 
toxin. The causative dinoflagellates (Dinophysis fortii and 
Dinophysis acuminata) are widespread in occurrence (8). 
Europe (Netherlands, Spain, France, Sweden), Southeast 
Asia (Japan, Thailand), and South America (Chile) have 
all reported outbreaks of diarrhetic shellfish poisoning. As 
many as 1,300 cases were reported in Japan from 1976 to 
1982; and during 1981, 5,000 cases were reported in Spain 
(9,24). 


Neurotoxic. Neurotoxic shellfish poisoning (brevetox- 
ins) is found throughout the Gulf of Mexico, the Atlantic 
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coast of the southern United States, and the Carribbean 
Sea. The causative organism is the dinoflagellate Ptych- 
odiscus brevis (5). It is most frequently found on the west- 
ern coast of Florida but has been confirmed from Texas to 
North Carolina. Eleven people in three episodes were in- 
toxicated in Florida in 1973-1974 (6). Cases continue to be 
reported. Oysters, clams, and coquina are primary trans- 
vectors for the toxins to humans. 


Ciguatera Poisoning 


About 50,000 cases of ciguatera poisoning are reported an- 
nually worldwide; more than 2,000 cases in the United 
States (mostly Hawaii, Puerto Rico, and Florida). The tox- 
ins occur throughout the tropical regions of the world (be- 
tween 35°N and 34°S) in shallow reef areas, mostly around 
islands (3). The apparent causative organism is the dino- 
flagellate Gambierdiscus toxicus (10). Fish that cause hu- 
man illnesses include mostly barracuda, grouper, snapper, 
and amberjack. Other affected fishes include mackerel and 
surgeonfish. 


Scombroid Poisoning 


Many species of time-temperature abused fresh, canned, 
salted, or dried fish have been associated with scombroid 
poisoning (11). Scombroid fish include tuna, skipjack, 
mackerel, bonito, albacore, bluefish, saury, butterfly king- 
fish, and seerfish. Nonscombroid fish include mahi-mahi, 
sardines, pilchards, anchovies, herring, black marlin, and 
kahawai. These fish normally contain high levels of free 
histidine that is converted to histamine by a variety of bac- 
teria species, Optimum decarboxylation occurs at 20-25°C, 
pH 2.5-6.5. Chemical potentiators that are also present in 
flesh, ie, putrescine and cadaverine, enhance the oral tox- 
icity. There were 78 outbreaks of scombroid poisoning re- 
ported to the US Centers for Disease Control between 1983 
and 1987 (2). 


Puffer Poisoning 


Tetrodotoxin is found in the flesh of pufferfish (Tetraodon- 
tidae). Not all species of puffer are equally toxic. The most 
notoriously toxic species, Fugu rubripes (tiger puffer), is 
also said to be the tastiest. Toxin concentration, principally 
in the ovaries and to a lesser extent in the liver and intes- 
tines, is highest during the winter months before spawn- 
ing. Representatives of the tetraodontids are found 
throughout a broad circumglobal belt extending from lat- 
itudes of 47°N to 47°S. Recently, the primary source of the 
toxin has been determined to be several marine bacteria 
including Vibrio alginolyticus (12). In Japan, the only ma- 
jor country where pufferfish (fugu) are a delicacy, tetrodo- 
toxin caused an average of 84 deaths a year between 1886 
and 1963; having a fatality rate of 59% of all reported in- 
toxications (1). 


HEALTH EFFECTS 


All but one of these disorders (diarrhetic shellfish poison- 
ing) are characterized by similar neurologic symptoms 
(particularly tingling of the extremities). Some also elicit 
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gastrointestinal (nausea, diarrhea, abdominable pain) 
and/or cardiovascular (pulse rate and blood pressure 
changes) symptomology. All biotoxin disorders are char- 
acterized by rapid onset—within a few hours. The disor- 
ders associated with mulluscan shellfish—paralytic shell- 
fish poisoning, neurotoxic shellfish poisoning, amnesic 
shellfish poisoning, and diarrhetic shellfish poisoning—all 
elicit nausea, diarrhea and abdominal pain. All but diar- 
rhetic shellfish poisoning cause tingling in the extremities 
of consumers. 

For paralytic shellfish poisoning, the toxins contain a 
tetrahydropurine skeleton with around 20 forms of basic, 
water-soluble saxitoxins identified (25). The saxitoxins act 
by binding to the sodium channels in nerve cell membranes 
and blocking nerve transmission. Symptoms occur within 
1 hour, initially with a tingling sensation of the lips, gums, 
tongue, and face. Death occurs as a result of respiratory 
paralysis, usually within a period of 12 hours. 

Symptoms of neurotoxic shellfish poisoning include re- 
verse sensation of hot and cold temperatures, muscular 
incoordination and pain, and lowered pulse rate. Neuro- 
toxic shellfish poisoning is caused by a family of about six 
chemically related toxins known as brevetoxins. Symp- 
toms begin within about 3 hours and stop in 2-3 days. No 
deaths have been reported. 

Amnesic shellfish poisoning is due to the potent neu- 
rotoxin domoic acid, which causes gastroentiritis and men- 
tal confusion (1,26). Diarrhetic shellfish poisoning symp- 
toms occur from 30 minutes to 12 hours following ingestion 
of shellfish. The symptoms usually disappear within 1-3 
days and produce no long-term effects. Diarrhetic shellfish 
poisoning can be distinguished from paralytic shellfish poi- 
soning by the absence of neurologic symptoms. 

The disorders associated with finfish: ciguatera, scom- 
broid poisoning and pufferfish poisoning; all elicit nausea, 
diarrhea, abdominal pain, and tingling of the extremities 
(1). Other ciguatera symptoms include reversed sensation 
of hot and cold temperatures, headache, itching skin, mus- 
cle and joint pain, metallic taste, malais, anxiety, chills, 
convulsions, paralysis, hallucinations, lost equilibrium, 
changes in pulse rate, dilated eyes, and reduced blood pres- 
sure, Onset occurs in 2~12 hours. Severe itching, tempera- 
ture reversal, and tingling of the extremities are the most 
distinctive symptoms, which may last many months. Mor- 
bidity in the Pacific region averages five per thousand (3). 

Scombroid poisoning symptoms include rash, flushing, 
burning of the mouth and throat, and heart palpitation, in 
addition to nausea, diarrhea, abdominal pain, and tingling 
of the extremities. Onset occurs in a few minutes to a few 
hours and the duration is 4-12 hours (11,14,27). 

Pufferfish poison is a potent vasodepressor that selec- 
tively blocks the sodium channel in excitable membranes 
(15). The symptoms of intoxication start with almost im- 
mediate tingling sensations (usually within minutes but 
up to 3 hours). In severe cases, respiratory failure and 
death occur. Because pufferfish poison is found in the high- 
est concentration in the gonads, liver, and intestine, the 
fish are most dangerous to eat immediately before and dur- 
ing the reproductive season. 


DETECTION 


All of the more common biotoxins can be measured by bio- 
assay, immunologic, or chemical techniques (16,17). It is 
generally more cost-effective to survey or monitor with 
relatively nonspecific bioassay methods and confirm with 
more specific methods. However, specific, rapid, low-cost, 
field methods are under development and will greatly im- 
prove controls of illness in the future. All the common tox- 
ins (except scombroid poison) can be detected by mouse 
bioassay, differing in sample preparation and extraction. 
Mouse bioassay is the most common regulatory method in 
use. Ciguatera is also measured by cat, mongoose, various 
aquatic invertebrates, and guinea pig ileum bioassay tech- 
niques. A method of measuring diarrhetic shellfish poison 
in common use in the Netherlands is the rat fecal consis- 
tency assay. The toxins of paralytic, neurotoxic, amnesic, 
and diarrhetic shellfish poisonings, scombroid poisoning 
and pufferfish poisoning are measured by relatively so- 
phisticated analytic high-performance liquid chromatog- 
raphy (HPLC) methods. The toxins of ciguatera are not yet 
measured using HPLC. It is reported that ciguatoxin can 
be detected using a radioimmunoassay or an enzyme im- 
munoassay. 

Scombroid poison is detected by measurement of his- 
tamine using guinea pig ileum bioassay, fluorometry, col- 
orimetry, enzyme isotopic assays, or thin-layer chromatog- 
raphy. Toxic samples contain 100—4,000 mg histamine per 
100 g fish. The toxic threshold is affected by levels and 
types of potentiators and microflora present, spoilage con- 
ditions, and fish species. 

Immunoassay methods have considerable potential for 
detecting marine toxins. The sensitivity and specificity of 
this method would quickly eliminate the negative samples 
so that only the positive sample will require further test- 
ing. A number of immunoassay-based kits are available for 
okadaic acid (28), saxitoxins (29), cigautoxins, brevetoxins, 
and diarrhetic shellfish toxins (30). 


CONTROLS 


Foods contaminated with marine toxins cannot be identi- 
fied without exhaustive analyses. Cooking will not inacti- 
vate these toxins. Controls are largely dependent on re- 
strictions on harvests and prompt recognition of illnesses 
(18,19). Harvests of all contaminated shellfish are usually 
restricted based on toxin levels in edible tissues. System- 
atic processes to screen fish and shellfish are not in place 
except for monitoring of paralytic and neurotoxic shellfish 
poisons in shellfish-growing waters under the National 
Shellfish Sanitation Program. The National Shellfish San- 
itation Program is described in greater detail in another 
article. Harvests are prohibited when concentrations of 
saxitoxins exceed 80 g/100 g tissue for paralytic shellfish 
poison and 20 mouse units of brevetoxins per 100 g tissue 
for neurotoxic shellfish poison. Because neurotoxic shell- 
fish poison correlates with levels of causative dinoflagel- 
lates in the water column, many states prohibit harvesting 
shellfish when concentrations exceed 5,000 cells P. brevis 
per liter of seawater (31). These areas are kept closed until 


edible tissue levels of toxin fall below FDA tolerances spec- 
ified above. 

Harvests of amnesic shellfish poison-contaminated 
shellfish can be controlled by monitoring of the causative 
organism in the growing area, but this is not done rou- 
tinely. Cell monitoring is not effective in controlling para- 
lytic and diarrhetic shellfish poisonings. Ciguatera is con- 
trolled, in part, by avoiding harvests from reefs implicated 
in frequent intoxications. It is controlled by avoiding large 
specimens of frequently toxic species from suspect areas 
because the toxin is bioaccumulated as fish prey on small 
herbivores. 

Scombroid poisoning can be completely controlled by 
rapid and constant refrigeration of susceptible species im- 
mediately following harvest and throughout all processing 
and handling steps. Lots suspected of time—temperature 
abuse can be analyzed for the presence of histamine and 
rejected when levels exceed 50 mg/100 g. 

Some of the toxins can be controlled during processing, 
handling, and meal preparation. Removal of certain inter- 
nal and reproductive organs of some fish and shellfish 
(scallops) will remove a majority of paralytic and diarrhetic 
shellfish poisons, ciguatera, and pufferfish poison. Puffer- 
fish poisoning is largely controlled, however, by proper 
meal preparation by trained fugu dealers and cooks. 


OTHER DISORDERS 


Some other seafood toxins such as clupeotoxin, hallucino- 
genic mullet, or fish poison and shark liver poison occur 
infrequently but may have severe consequences (1,11). 
Clupeotoxin poisoning, which is caused by contaminated 
herrings (Clupeidae) and anchovies (Engraulidae), is found 
sporadically in the tropical Atlantic Ocean, Pacific Ocean, 
and Caribbean Sea. The ingestion of certain types of reef 
fish, five families including Acanthuridae (tang) and Mu- 
gilidae (mullet), that occur in the tropical Pacific and 
Indian oceans, sometimes cause hallucinogenic mullet poi- 
soning. The causative agents for clupeotoxicity and hallu- 
cinogenic mullet poisoning are unknown but thought to be 
dinoflagellates or bluegreen algae. 

The symptoms of clupeotoxicity are both gastrointesti- 
nal and neurologic, occur quickly, and are usually violent 
in nature. Mortality rates as high as 45% have been re- 
ported. Hallucinogenic mullet poisoning symptoms include 
those of the nervous system such as dizziness, loss of equi- 
librium, and hallucinations. The symptoms appear quickly 
(within 2 hours) and can persist for up to 24 hours. How- 
ever, hallucinogenic mullet poisoning is relatively mild 
with no long-term effects. 

Several species of fish have been reported to have toxic 
livers, especially some of the sharks. Shark liver poisoning 
is thought to be vitamin A toxicosis. Symptoms begin 
within 30 minutes of ingestion and include nausea, diar- 
rhea, abdominable pain, headache, rapid pulse, cold 
sweats, and tingling and burning of the tongue, throat, and 
esophagus. Recovery occurs in 1 day to 2 weeks. Mortality 
is high. 

Natural marine toxins are low molecular weight com- 
pounds usually produced by dinoflagellates that ascend the 
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food chain. Fish and shellfish that contain the toxins can- 
not be identified by casual inspection. Generally, handling, 
processing, and cooking do not affect levels of toxins in tis- 
sues. The disorders are characterized by rapid onset and 
usually cause gastrointestinal and/or neurologic symp- 
toms. Control of illnesses usually requires harvest restric- 
tions and prompt recognition of symptoms. Bioassays are 
most often used to detect the presence of toxins in fish. 
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MASS TRANSFER AND DIFFUSION IN FOODS 


Mass transfer occurs in a number of food-processing op- 
erations such as dehydration, evaporation, concentration, 
distillation, solvent extraction, packaging, peeling, and 
leaching. Mass transfer is a common and important phe- 
nomenon in food processing and preservation. During os- 
motic drying of fruits, for example, sugar from a concen- 
trated solution moves into the fruit while water leaves the 
fruit and migrates into the surrounding solution. By defi- 


nition, mass transfer is the migration of matter from one 
location to another due to concentration or partial pressure 
gradient. According to this definition, the motion of air due 
to wind or the transport of water through a pipe by a pump 
is not mass transfer, because these motions occur due to 
either the presence of a total pressure difference (wind) or 
the application of mechanical work (pump). 

Mass transfer subdivides into molecular mass transfer 
and convective mass transfer. For the former, the term dif- 
fusion is often used. Diffusion deals with the random mo- 
lecular migration of matter through a medium, whereas 
convective mass transfer involves the migration of matter 
from a surface into a moving fluid or a stream of gas. Dif- 
fusion further subdivides into molecular diffusion, transi- 
tional diffusion, Knudsen diffusion, and Eddy diffusion. 
Among these, molecular diffusion is the most important 
phenomenon. It exists in most processes of mass transfer 
and often has a major influence when other kinds of dif- 
fusion are also present. 

From the theory of molecular kinetics, it is known that 
when a randomly moving molecule diffuses through a cap- 
illary tube, it can move freely for some distance before 
a collision with another molecule or with the wall of the 
capillary tube occurs. If a molecule would collide with other 
molecules more often than it would with the wall, molec- 
ular diffusion occurs. If molecule-wall collisions are pre- 
dominant, it is Knudsen diffusion. If both molecule- 
molecule and molecule-wall collisions are important, it is 
transition-type diffusion. The specific state can be deter- 
mined by evaluating Knudsen’s number (1), When bulk 
fluid motion is involved, the term Eddy diffusion applies. 

Diffusion of a substance may occur in gases, liquids, or 
solids. Within the range of validity of the ideal gas law, the 
rate of diffusion in gases is affected primarily by tempera- 
ture and pressure. When diffusion in liquids is considered, 
however, the effect of pressure is usually negligible be- 
cause liquids are incompressible. Diffusion in solids is far 
more complex than diffusion in gases or liquids, because 
(1) the substance diffusing through a solid may actually be 
diffusing through a liquid or gas contained within the 
pores of the solid; and (2) many solids, such as crystals, 
polymeric films, and solids with capillaries, are aniso- 
tropic, in which case the molecules have a preferential di- 
rection of movement. 

The general equation for all types of mass transfer is 


driving force 


mass transfer rate = = 
resistance 


where the driving force is the partial pressure difference 
or the concentration gradient (depending on the trans- 
ferred matter); and the resistance is a function of the prop- 
erties of the medium through which the matter is trans- 
ferred. 

Mass transfer can occur with steady-state or unsteady- 
state conditions. In a steady state the concentration or par- 
tial pressure, the resistance, and the transfer rate are con- 
stant over time. In an unsteady state, all these properties 
vary with time. Obviously, the mathematical treatment 
of steady-state problems is simpler than that involving 
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MASS TRANSFER AND DIFFUSION IN FOODS 


Mass transfer occurs in a number of food-processing op- 
erations such as dehydration, evaporation, concentration, 
distillation, solvent extraction, packaging, peeling, and 
leaching. Mass transfer is a common and important phe- 
nomenon in food processing and preservation. During os- 
motic drying of fruits, for example, sugar from a concen- 
trated solution moves into the fruit while water leaves the 
fruit and migrates into the surrounding solution. By defi- 


nition, mass transfer is the migration of matter from one 
location to another due to concentration or partial pressure 
gradient. According to this definition, the motion of air due 
to wind or the transport of water through a pipe by a pump 
is not mass transfer, because these motions occur due to 
either the presence of a total pressure difference (wind) or 
the application of mechanical work (pump). 

Mass transfer subdivides into molecular mass transfer 
and convective mass transfer. For the former, the term dif- 
fusion is often used. Diffusion deals with the random mo- 
lecular migration of matter through a medium, whereas 
convective mass transfer involves the migration of matter 
from a surface into a moving fluid or a stream of gas. Dif- 
fusion further subdivides into molecular diffusion, transi- 
tional diffusion, Knudsen diffusion, and Eddy diffusion. 
Among these, molecular diffusion is the most important 
phenomenon. It exists in most processes of mass transfer 
and often has a major influence when other kinds of dif- 
fusion are also present. 

From the theory of molecular kinetics, it is known that 
when a randomly moving molecule diffuses through a cap- 
illary tube, it can move freely for some distance before 
a collision with another molecule or with the wall of the 
capillary tube occurs. If a molecule would collide with other 
molecules more often than it would with the wall, molec- 
ular diffusion occurs. If molecule-wall collisions are pre- 
dominant, it is Knudsen diffusion. If both molecule- 
molecule and molecule-wall collisions are important, it is 
transition-type diffusion. The specific state can be deter- 
mined by evaluating Knudsen’s number (1), When bulk 
fluid motion is involved, the term Eddy diffusion applies. 

Diffusion of a substance may occur in gases, liquids, or 
solids. Within the range of validity of the ideal gas law, the 
rate of diffusion in gases is affected primarily by tempera- 
ture and pressure. When diffusion in liquids is considered, 
however, the effect of pressure is usually negligible be- 
cause liquids are incompressible. Diffusion in solids is far 
more complex than diffusion in gases or liquids, because 
(1) the substance diffusing through a solid may actually be 
diffusing through a liquid or gas contained within the 
pores of the solid; and (2) many solids, such as crystals, 
polymeric films, and solids with capillaries, are aniso- 
tropic, in which case the molecules have a preferential di- 
rection of movement. 

The general equation for all types of mass transfer is 


driving force 


mass transfer rate = = 
resistance 


where the driving force is the partial pressure difference 
or the concentration gradient (depending on the trans- 
ferred matter); and the resistance is a function of the prop- 
erties of the medium through which the matter is trans- 
ferred. 

Mass transfer can occur with steady-state or unsteady- 
state conditions. In a steady state the concentration or par- 
tial pressure, the resistance, and the transfer rate are con- 
stant over time. In an unsteady state, all these properties 
vary with time. Obviously, the mathematical treatment 
of steady-state problems is simpler than that involving 


unsteady-state conditions. For this reason, the following 
sections shall first deal with the simple steady-state cases. 
It is important to remember, however, that in reality every 
process begins with unsteady-state conditions, which over 
time change to steady state. 


MOLECULAR DIFFUSION 


Molecular diffusion of matter is analogous to the conduc- 
tive transfer of heat. In heat conduction, energy moves 
from a region of high temperature to a region of low tem- 
perature due to the random motion of gas or liquid mole- 
cules or the vibration of solid molecules. Similarly, in mo- 
lecular diffusion, matter moves from a region of high 
concentration to a region of low concentration due to the 
random motion of the molecules of that substance. There- 
fore, molecular diffusion can be defined as the net trans- 
port of matter on a molecular scale due to a concentration 
or partial pressure gradient through a medium, which is 
either stagnant or has a laminar flow with a direction per- 
pendicular to that of the concentration gradient. For ex- 
ample, water will evaporate from an open surface into still 
surrounding air, and a piece of sugar will dissolve in a cup 
of coffee and spread without stirring. 


Fick's First Law 


Fick first recognized the analogy between heat conduction 
and mass diffusion in 1855. Following Fourier’s equation 
for heat conduction, Fick quantitatively expressed the rate 
of diffusion of a substance, through an isotropic medium 
with a unit surface area, as being proportional to the con- 
centration gradient measured as a vector normal to the 
surface: 


j= -D>= eh) 


where j is the diffusion rate, C is the concentration of the 
substance being transferred, y is the distance, and D is a 
measure of the resistance against the diffusion of matter, 
usually called the diffusivity or diffusion coefficient. The 
rate j is usually expressed in mol/m? - s; C, in mol/m’; y, 
in m; and D, in m?/s, The negative sign in Fick’s law in- 
dicates that the flow of matter is in the direction of de- 
creasing concentration. It should be noted that equation 1 
applies equally well to diffusion in gases, liquids, and sol- 
ids (assuming isotropic properties). 


Diffusion in Gases 


From the standpoint of molecular kinetics, gas molecules 
contain energy and are in a state of continuous random 
motion. During such movement, the molecules bounce 
against each other or against other surfaces, continuously 
changing their direction. Consequently, in a region of con- 
stant concentration, the probability of an individual mol- 
ecule moving in any direction is the same. This phenome- 
non is called the random walk. When considering a 
homogeneous mixture of two gases, for example, and im- 
aging a certain number of molecules traveling in one di- 
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rection, there must be an equal number of molecules trav- 
eling in the opposite direction and no net mass transfer is 
taking place. If a concentration gradient present were, 
however, then the number of molecules traveling from the 
high to the low concentration region would be larger than 
that traveling in the opposite direction. Therefore, net 
mass transfer would take place from the high to the low 
concentration region. 

Assuming that a gas A follows the ideal gas law, the 
concentration term in Fick’s law can be expressed as: 


ng Pa 
== 4 2 
cA V "RP (2) 
where na is the amount of gas A in moles, V is the total 
volume, P, is the partial pressure of A, R is the gas con- 
stant, and T is the absolute temperature. Thus, Fick’s law 
becomes 


. _ _D dP, 
Ja “REG (3) 
In a more general case, the medium is moving in a laminar 
flow with a bulk speed v, while the component is diffusing 
through the medium. N,, the total flux of component A, is 
the sum of diffusion and bulk flow of the mixture 


Na = Cava + Cavs (4) 


where v, is the velocity of A due to true diffusion and Cavy 
is the number of molecules being diffused. The term C4vg 
can be expressed by Fick’s law and is equivalent to j,. 
Hence the total flux of A is 


Na = ja + Cave (5) 


For a binary mixture of gases A and B, the total mass flux 
is the sum of the fluxes of the two gases 


N = Na + Nz = Cun (6) 
and solving for v, gives 


Na + Na 

= 408 7 

vy C (1) 

where C is the total concentration of the mixture (A + B). 

By substituting equation 7 into equation 5, and using C4 
= P,/RT, and C = P/RT, gives 


ce) 
Na = Ja + a Na + Np) (8) 


For ideal gases where C,4/C = P,/P, Fick’s law gives the 
following general equation for diffusion in gases 


Daz dPa , Pa 


Na = RT dy + P (Na + Np) (9) 


Applications of equation 9 in two specific cases will be dis- 
cussed in the following section. 
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Equimolecular Gas Counterdiffusion. Consider two gases 
A and B in two jars connected by a tube as shown in Figure 
1. When the total pressure in each jar is the same, a mo- 
lecular diffusion through a stationary medium will occur 
due to the presence of partial pressure difference between 
each individual component. Thus 


Na = ja and Np = jp 


As long as the partial pressure P4; > Pao and Pg > Pp, 
diffusion will continue to occur. The number of molecules 
of A diffusing from jar 1 to jar 2 is equal to the number of 
molecules of B diffusing in the opposite direction (to main- 
tain the equal total pressure in both jars) 


Na = —Np orja = —Jp 


Setting N4 = Nz in equation 9, we have 
«apps SDB MBE wc, -(~Pas as) 
Na = ja = RT dy JB RT ay (10) 


For steady-state conditions, integration of equation 10 
gives 


D, 
Na = pry Pa — Pras (1) 
and 
D, 
Np, = RY (Pp, — Ppa) (12) 


where Y is the total distance of diffusion. Because P = P, 
+ Px, = constant, it follows that dP = dP, + dPg = 0 and 
therefore dP, = —dP,. Substituting this expression into 
equation 10 gives 


Dap = Doa (13) 


In other words, in the case of diffusion of ideal gases, the 
diffusivities of each individual component are identical. 


Diffusion of Gas A Through a Stagnant Layer of Gas B. 
Consider water evaporating from an open flask into the air, 


bd 
Na 
Py Fae 
P, P, 
BL — B2 
Gas B 
Jarl Jar2 


Figure 1. Equimolecular counterdiffusion. 


as shown in Figure 2. In this case, water vapor A is diffus- 
ing through a stagnant layer of air B at the top of the water 
surface. We know that air is only slightly absorbed by wa- 
ter, whereas water vapor does escape from the water’s sur- 
face through the still air layer and into the bulk stream 
outside the flask. Therefore 


Np =0 


and the general equation 9 becomes (by rearranging) 


Dap _ aP, 
Nady = a 5 (14) 
it 
P 


When dealing with a dilute system at constant tempera- 
ture T and pressure P, D4, can be considered constant, and 
thus integration of equation 14 gives 


P, 
ar nf Eas a2) (15) 
Par 


By introducing the concept of logarithmic mean value 


Pes (P= Paz) — (P = Par) _ Par — Pao (16) 
inf = P22) 1 of — Fe Pas) 
P— Pay Par 
we can rewrite equation 15 as 
D, P 
Na = arp Ba Par ~ Pas) (a7) 


When the difference between P,; and Py: is small, say P 
— P4,/P ~ Py) < 1.5, using an arithmetic mean P,, in- 
stead of a logarithmic mean introduces an error of less 
than 1.5%, and equation 16 becomes 


(P_~ Pay) + (P — Pao) 


Prin = Pm = 5 


(18) 


Furthermore, when the partial pressure of the diffusing 
matter is low compared to the total pressure, then P — Pa; 
~ P — P42 ~ P and P,, ~ P, and equation 17 becomes 


Bulk air B 
— 


Pa2 if 


Stagnant 
air B Y 
N, | 
PS “ 1 
Water 
A 


Figure 2. Diffusion of water vapor through stagnant air. 


Dap 


Na = pry Pa — Py2) (19) 


Diffusion in Liquids 
Diffusion in liquids can be observed when a drop of food 
color, for example, is put into a cup of water. The color 
diffuses into the surrounding water due to the concentra- 
tion difference until a homogeneous solution is formed. The 
mechanism of diffusion in liquids is similar to that of dif- 
fusion in gases. However, because liquids are denser than 
gases, the resistance to diffusion in a liquid is much greater 
and the diffusion rates are lower. Because liquids are in- 
compressible, the total pressure has very little influence 
on the diffusion. In addition, because concentration in lig- 
uids is considerably higher and some chemical changes of 
the solute may occur, diffusion is often concentration de- 
pendent. 

The general equation 8, derived for diffusion in gases, 
can be directly adopted here. Substituting j, from equation 
1 gives 


Ny = —Dap a SA wn, + Np) (20) 


This is the general equation for diffusion in liquids. 


Equimolecular Liquid Counterdiffusion. Similar to the 
situation in gases, equimolecular diffusion in liquids has 


the feature of Ny = —Nz. Thus equation 20 can be sim- 
plified as 
dC, (Car — Cao) 
Na = —Dap a = Dap a a (21) 


When the difference in the concentration between two 
points is small, an average concentration (C4) can be de- 
fined as 


a + Cao 


Zz (22) 


If we set Cay ~ C,Xa, and Cag ~ C4X 42, equation 22 be- 
comes 


DawCa 


Na = y 


(Xa. — Xaa) (23) 


where X4; and X42 are the molecular fractions of A at point 
1 and point 2, respectively. Similarly, for liquid B, we have 


(Xp, — Xpo) (24) 


Because the diffusivity D4, is usually concentration de- 
pendent, an average concentration C, should be used when 
calculating the value of D,p. 


Diffusion of Liquid A through a Stagnant Layer of Liquid B. 
In this case, Ng = 0, and equation 17 can be rewritten 
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by substituting C4, = CaXar = Pas/RT, Cag = CaXao 
= Pa/RT, and Xmin = Pmin/P 80 that 


Dap DasCa 
Na = (Car — Caz) = 
ie ene 2 OT 


(Xa — Xa2) (25) 


where X,,;, is the logarithmic mean of the molecular frac- 
tions. For a small difference between X4, and X49, the 
arithmetic mean (X,,) can be used. For a dilute solution, 1 
— Xq,~ 1 — Xz and X,, = 1.0, giving 


Dap 


Na = (Car ~ Caz) (26) 


Diffusion in Solids 


Diffusion of gases and liquids in solids are phenomena oc- 
curring in many processes such as drying, packaging, cat- 
alytic reactions, leaching, and membrane separations. The 
two classifications of diffusion in solids are structure in- 
dependent and structure dependent. In the former, the dif- 
fusing substance is dissolved in the solid to form a homo- 
geneous solution, and thus Fick’s law can be directly 
applied. In the latter, pores, capillaries, and other inter- 
connected voids in the solid allow some flow of the diffusing 
substance. Because this porous solid is anisotropic, the dif- 
fusion path of molecules will be different than that de- 
scribed by Fick’s law and an overall, apparent, or effective 
diffusivity coefficient may be used. 


Structure-Independent Diffusion in Solids. A homoge- 
neous solution in the solid is assumed here; therefore, dif- 
fusion is independent of the actual structure of the solid. 
The solute concentration gradient is the actual driving 
force, and the general equation 20 for binary diffusion can 
be applied directly. Usually the concentration C, is small 
compared to the total concentration C, and C,/C can be 
neglected. By further assuming that D4, is constant, we 
can integrate to get 


Das 


Na = yy (Car — Caz) (27) 


When dealing with diffusion of gases in a solid, the solu- 
bility S of a gas solute A is usually expressed as (vol of A 
at 0°C and 1 atm)/(vol of solid - pressure of A). To convert 
this into concentration C4 (kmol of A/vol of solid), the fol- 
lowing equation can be used. 


SPs 


= b0414 (28) 


Ca 


where 22.414 is the volume (in m’) of 1 kmol of an ideal 
gas at 0°C and 1 atm. 

In the case of diffusion through a solid cylinder in the 
radial direction, the total diffusing area is not constant. 
For a cylinder with an inner radius r,, outer radius rz, and 
length 1, we have 
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A 


dCs 


Aa r 


= -Das (29) 


Because A = 2zrl for the cylinder, substituting this ex- 
pression into equation 29, rearranging, and integrating 
gives 


Car — Cra 
wf?) 
Ty 


where N, is the total flux in mol/s. It should be noted that 
in diffusion in solids, D,g # Dga and both D4, and Dg, are 
independent of the partial pressure of the gas or liquid 
outside the solid. However, the solubility in the solid is 
directly proportional to the partial pressure. 


Ng = Dap + 2al (30) 


Structure-Dependent Diffusion in Solids. The presence of 
interconnected pores and capillaries in porous solids does 
not allow direct application of Fick’s law, because the dif- 
fusing substance follows a tortuous path, which is not 
equal to the distance between two points. To correct for 
that tortuous path, it is necessary to define a factor z, 
called the tortuosity, and rewrite the diffusion equation 27 
as 


(Car — Caz) (31) 


where ¢ is the porous fraction of the solid. Usually the po- 
rous fraction and tortuosity factor are combined into an 
effective diffusivity as 


Dabo = £ Das (32) 


When equation 31 is used to describe diffusion of gases in 
solids, and because C, = P,/RT, 


2D, 
Na = arp Pa — Paz) (33) 


If the pores of the solid are very small compared to the 
mean free path of the gas, other types of diffusion may 
oceur (2,3). 


Diffusion in Nonideal Systems 


Nonideal systems play an important role in food, biologi- 
cal, and life processes of humans, animals, plants, and mi- 
croorganisms. In the presence of macromolecules in the 
system, interactions may occur between them and smaller 
molecules. Such phenomena cause the system to deviate 
from its ideal behavior, even though a true solution (e.g., 
colloids) might be formed. As a result, the mobility of the 
diffusing molecule changes unpredictably, even in dilute 
solutions. Diffusion in nonideal systems is complex and dif- 
ficult to describe by theoretical models. Generally, it is as- 
sumed that the differential form of Fick’s law applies 


aD (84) 
where D is concentration dependent. Solution of this equa- 
tion requires knowledge of the actual function of D and the 
corresponding boundary conditions. Later, D will be ex- 
pressed as a function of concentration, temperature, vis- 
cosity of solution, and the properties of the medium. 


DIFFUSION WITH BULK FLOW AND CHEMICAL 
REACTIONS 


In some practical diffusion problems involving the pres- 
ence of catalysts, enzymes, or other reagents, the diffusing 
substance A may undergo a chemical reaction. In such a 
case, the general equation 8 is still valid. To solve this 
equation, the relationship between N, and Ng, which de- 
pends on the type of chemical reaction, must be known. In 
the following sections it is demonstrated how equation 8 
can be solved for some chemical reactions commonly ob- 
served in food systems. 


Reactions A + Z>B 


In this case, if 1 mol of A is diffusing toward the reacting 
surface, there must be 1 mol of B diffusing away in the 
opposite direction (as long as Z is adequate on that sur- 


face). Substituting N, = —Ng into equation 8 and observ- 
ing that 
dC, aX, 
Ja = ~Dap a ~CDap zz 


the following equation is obtained. 
dX, 
Na = —CDap = (35) 


Equation 36 is identical to equation 21 for equimolecular 
counterdiffusion. Solving equation 35 gives 


Ng = D8 kas — Ka (36) 


Ifthe reaction is instantaneous, no A exists on the reacting 
surface and X42 = 0. Equation 36 then becomes 


_ CKXar 
4 ~ (Dap) 


(37) 


If the reaction is first order, N4 in the reacting surface can 
be expressed as 


Naiger = HCa2 = HCXa2 (38) 


where is the first-order reaction rate constant in mol/m? 
s. Solving equation 38 for X42 gives 


Xaq = Aber (39) 


By substituting equation 39 into equation 36 and assum- 
ing steady-state conditions (V4 = N4,,_,), the following is 
finally obtained. 


CXay 
(=) ai 
Das! 


In equations 37 and 40, the terms Y/D,4, and Y/Dap 
+ 1/u provide a measurement of the resistance to diffusion 
in systems with instantaneous or first-order chemical re- 
action of the form A + Z — B, respectively. 


Na = (40) 


Reaction A + Z— 2B 


In this case, 1 mol of A produces 2 mol of B if Z is adequate 
on the reacting surface. Substituting Nz = —2Nq into 
equation 8, noting that C4/C = X, and rearranging, gives 


aX, 
Nady = -CDap om™E (4) 


For constant C, Daz, and N,, it is possible to integrate both 
sides of equation 41 so that 


Yy Xa dX, 
Na) dy = ~CDas [* - 42 
mn {dy ne be TK (42) 


which, after solving for Na, gives 


CDap ( + 3s) 
Ng = Y In| T+ Xu (43) 
For an instantaneous reaction with X42 = 0 equation 43 
can be simplified to 
M = se In(l + Xq) (44) 


For a first-order reaction, substituting equation 39 into 
equation 43 gives 


(45) 


Equation 45 can be solved by trial and error, but it is ap- 
propriate to point out that the reaction rate in equation 45 
is lower than that in equation 44, because (1 + Na/uC) 
od, 


UNSTEADY-STATE MASS TRANSFER 


In the previous sections, only steady-state mass transfer 
phenomena were dealt with. In practice, mass transfer al- 
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ways begins with an unsteady-state condition. Steady- 
state conditions may be established only after some time 
has elapsed. In unsteady-state mass transfer, the concen- 
trations or partial pressures and consequently the mass 
transfer rate are functions of time and position. Fick’s sec- 
ond law can be used to describe the concentration changes 
with time and position. For one dimension, Fick’s second 
law can be written as 


ac #C 
aOR (46) 


To solve equation 46, a set of initial and boundary condi- 
tions must be given. A simple example is the diffusion 
through a membrane with known initial and boundary 
conditions (4,5), stated as 


att = 0,C = Cy, for0<y<¥ 
aty = 0,C = Cy, fort >0 
aty = Y,C = 0, fort >0 (47) 


The solution of equation 46 is then 


a(t - 2\+2 ee 2 sin  exp( - n?y? Ps) 


z n=l in 
(48) 
The total amount of substance diffused through the mem- 
brane in time t, Q,, is 


c 


When ¢ approaches infinity, the exponential terms vanish 
and equation 49 simplifies to a linear form 


Q. = 


a 
Pee (e a a) (50) 


Y 6D, 


A plot of Q, versus ¢ gives an intercept L on the t-axis 
(where Q, = 0) as 


2 
L= a (51) 


where L is the so-called time lag. Equation 50 can be used 
to determine D from experimental data. With more com- 
plex initial and boundary conditions, analytical solutions 
of equation 46 become more difficult and sometimes even 
impossible. In practice, numerical methods are often used 
(1,6). 


MASS TRANSFER IN TWO-PHASE SYSTEMS 


In the previous discussion, the mass transfer of one phase 
was considered. The concentration gradient of the other 
phase was assumed to be zero (the system was assumed 
either well stirred or very dilute). In most practical prob- 
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lems, however, concentration gradients may exist on both 
sides of the interface of the system. For example, consider 
that solute A is being transferred from a gas to a liquid 
phase. In such a case, A must travel from the bulk volume 
into the boundary layer of the gas phase, through the in- 
terface, into the boundary layer, and finally into the bulk 
volume of the liquid phase. The concentration profile of A 
is shown in Figure 3. Defining P, as the partial pressure 
of A in the gas phase, C,, as the concentration in the liquid 
phase, P,; as the partial pressure of A in the gas boundary 
layer, and C,; as the concentration in the liquid boundary 
layer, the rate of transfer of A from the gas phase to the 
interface is 


Nag = kPa, — Par) (52) 


The rate of transfer of A away from the interface and into 
the liquid phase is 


Na = k&{Cai — Ca) (53) 


where k, and k, are transfer coefficients for the gas and 
liquid boundary layer, respectively. At steady state, the 
rate of transfer to the interface must be equal to the rate 
of transfer away, so that 


ky _ (Pa — Pai) 
ke Cu = Ga) to) 
If ky > ky, then (C4; — C4) > (P4 — Pa;) and the mass 
transfer is controlled by the liquid boundary layer. Increas- 
ing k;, increases the overall transfer rate. If k; > k,, the 
process is controlled by the gas boundary layer, and the 
overall rate is greatly affected by k,. 

For equimolecular counterdiffusion, comparing equa- 
tion 11 with equation 52, and equation 21 with equation 
53 obtains the following. 


Bulk gas phase Bulk liquid phase 


CuO; + Xai 


Boundary layer_ me Boundary layer 
in gas side in liquid side 
Interface 


Na 


Ps Cs 


Figure 3. Concentration profile of a solute in a two-phase system. 


_ Dap 

ke = BTY, 6) 
_ Dap 

ky = y, (56) 


For a substance A diffusing through a stagnant layer of B, 
comparing equation 17 with equation 52, and equation 25 
with equation 53 gives 


he = BY, Pex (57) 
and 
Dag 1 
k= (58) 
OY Xn 


where Y, and Y, are the thicknesses of the gas and liquid 
boundary layers, respectively, and P,,,,, and Xj,1, are given 
by 


Prin = (59) 


and 


(60) 


The measurement of the boundary layer thicknesses, Y, 
and Y,, is difficult. For that reason, it is convenient at times 
to use the boundary layer coefficients for calculations. 


DETERMINATION OF DIFFUSIVITY AND OVERALL MASS 
TRANSFER COEFFICIENT 


So far, it has been assumed that the transfer coefficients 
are known constants. In reality transfer coefficients in food 
systems are unknown and not constant. Constant transfer 
coefficients can be used only in special situations and un- 
der restricted conditions. A number of experimental meth- 
ods (7) and several empirical equations (1) have been de- 
veloped to determine and predict the mass transfer 
coefficients. In the following subsections the theory that 
underlines some of the simpler experimental methods used 
is presented. 

Diffusivity in Gases 

One of the simplest methods for determining the diffusiv- 
ity of a vapor or gas into another gas is to evaporate pure 
liquid A using a graduated cylinder with small diameter, 
as shown in Figure 4. The vapor A diffuses through an 
inert gas B, which is gently passed over the opening of the 
cylinder. The gas B moves slowly so that the layer at the 
top of liquid A (in the cylinder) can be assumed stagnant. 
The whole apparatus should be maintained at constant 


Figure 4. Evaporation of a liquid. 


temperature and pressure. The drop of the liquid’s level is 
measured over time and used to determine the diffusivity. 
The amount of liquid A evaporated in a small time interval 
is 


= Pady 
= Medi (61) 
Substitution of equation 61 into equation 17 gives 
Gh D, P 
Pad = AB — (Par — Par) (62) 


Madt — RTY Pry, 


Rearranging and observing that only y and ¢ are variables 
under steady-state conditions gives 


© RTP napa f" 
Pas [a= pps | ty 6) 


and solving for Daz 


— RTP minbaly?_— ya) 


Dap = sepwminPalye = Yo! 
48 DPM atP ar — Pra) 


(64) 


where P,, is the partial pressure of A at the liquid surface, 
Pp is the partial pressure of A in the gas B, P, is the 
density, and M, is the molecular weight of the liquid. 
Diffusivity in Liquids 

When measuring diffusivity in liquids, it is important to 
be aware that D4, depends on the concentration of the dif- 
fusing substance in solution. Constant D4, is only an ap- 
proximation and may be used in cases of very dilute solu- 
tions where only small changes in the concentration occur. 
It should also be noted that D4, indicates the diffusivity of 
A through B, and it is different from Daa (diffusivity of B 
through A). For gases, D4z = Dgs. A simple method to 
determine D4, when A diffuses through B is shown in Fig- 
ure 5. Two large containers, 1 and 2, are connected by a 
long capillary tube with diameter 2r and length Y. A dilute 
solution (of A in B) in container 2 has an initial concentra- 
tion C42, and is slightly more concentrated than C,,, in 
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Figure 5. Arrangement for determination of diffusivity in liq- 
vids. 


container 1. Both ends of the tube are gently stirred to gain 
uniform concentration. Diffusion takes place in the capil- 
lary tube and after a certain time, quasi-steady state is 
established. The total mass diffused can be calculated as 


_— 1 AC, _ 1 CalXao — Xa) 
Mane ae ae) 


where 4C, = C,4(X42 ~ Xi) is the concentration increase 

of the diffusing substance A in the upper container 1 dur- 

ing time 4t. Substituting equation 65 into equation 25 
gives 

1 (Xa2 ~ Xai) _ Daz ( a 3) 

-_— 66) 

wr dt Y Gn Xa (66) 


Solving for D4, and accounting for the logarithmic mean 
of the molecular fractions gives 


— YXs2 — Xa) in( se Xs) = 
At T= 


YXnin 


“aa 8 


Dap 


Thus the diffusivity D,, depends on the diffusion tube con- 
stant Y/zr? and the logarithmic mean X,,),, of the molecular 
fraction in solution. 

Diffusivity in Solids 

When a solid slab with some initial moisture content is 
brought into an airstream, the moisture inside the solid 
slab will diffuse through the bulk of the solid and evapo- 
rate from its surfaces. Assuming that the slab has a thick- 
ness much smaller than its length and width, the one- 
dimensional Fick’s second law (equation 46) can be 
applied. If the system is maintained at equilibrium and 
both surface moisture contents are equal, the initial and 
boundary conditions for the system can be written as 
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att = 0,C = Cy, forO<y<Y 
aty = 0,C =C,, fort >0 
aty = Y,C =C,, fort >0 (68) 


Equation 46 can be solved for the conditions of equation 68 
(A) to give 


c-c 8S 1 : , Da 
rt Get Wnt 


(69) 


For approximation purposes, equation 69 can be simplified 
by keeping only the first term (n = 0) on the right-hand 
side. Taking the logarithm of both sides will give 


c-c.\_, (8 we 
mee) = ma) - yePae 0 


where Cy is the initial concentration, C, is the surface con- 
centration at equilibrium, C is the average concentration 
in the solid at time ¢, Y is the thickness of the slab, and 
Dug is the effective diffusivity of A in the solid. A plot of 
In(C — C,/Cy — C,) versus t will produce a line with A = 
—(7?/¥*)D og. Thus 


Deg = -=r (71) 


For structure-dependent diffusion, it should also be re- 
called that Dog = f(Dag). Therefore, the diffusivity of a 
substance in solids is a function of concentration, struc- 
tural parameters, and other system characteristics. 


Diffusivity in Nonideal Systems 


An experimental apparatus for measuring the diffusivity 
in nonideal systems is shown in Figure 6. Two chambers 
of equal volume, 1 and 2, are separated by a porous mem- 
brane and contain a true solution of a food system, whose 
concentration is slightly higher in 1. Both bulk concentra- 


Rotating magnet bar 
SSS 


Figure 6. Diagram of a diffusion cell for determination of diffu- 
sivity in nonideal systems. 


tions are maintained uniform by agitation (rotating mag- 
net), and diffusion takes place only through the membrane. 
Under quasi-steady-state conditions, the amount of A dif- 
fusing through the membrane in a small time interval can 
be found by taking the mass balance in chambers 1 and 2 
separately. For chamber 1: 


VaCa, + DA (Cyr - Cyoktte = 9 (72) 
For chamber 2: 
VaCre + PA (Cay - Corde = 0 18) 


Combining equations 72 and 73, rearranging, and inte- 
grating gives 


1o('Car = Cees) 2D, 
(Car — Caado YV 


t = —BDgt (74) 


where V is the volume of each chamber; (C4; — C42)p and 
(C4, — Caz); are the concentration differences between the 
two chambers at the initial and subsequent times, respec- 
tively; ¢ is time; Y is the thickness of the membrane; ¢ is 
the effective porous fraction of the membrane; and f is a 
cell constant (f = 2¢/YV) that can be determined by ex- 
perimenting with a substance of known diffusivity. 

The diffusivity of a nonideal system D, is different from 
that of an ideal system D,,. The relationship between D, 
and D4, is unpredictable and can be determined only by 
experiment. Furthermore, when binding reactions are 
present, the diffusivity (denoted by D,) is different from D, 
and D,g. A semitheoretical equation has been presented 
(8) to estimate the diffusivity D, of a globular-type protein 
in solution without binding action between the protein and 
the solute A as 


Dg = Dal — 1.81 x 107°C,) (75) 


where C, is the protein concentration in kg of protein/m’. 
An equation that relates D4, D4z, and D, during diffusion 
of sodium caprylate in bovine serum albumin solution was 
reported (9) as 


ce 


et) (76) 


Dg = Dag(1 - ag, {1 - 2) + pil 


where a is the so-called diffusivity reduction shape factor 
for the protein, g, is the volume fraction of protein in so- 
lution, C, is the concentration of protein-bound solute A in 
g/m, and C is the total concentration of solute A in g/m*. 


Overall Mass Transfer Coefficient 

In a two-phase system, the mass transfer rate can be writ- 

ten in terms of the overall mass transfer coefficient and 

the bulk concentrations or partial pressures of both phases 
Na = KP, — Ph) (77) 


and 


Na = K{CK — Ca) (78) 


where K, and K; are the overall mass transfer coefficients 
for the gas and liquid phases, respectively; P¥ is the partial 
pressure of A at equilibrium with the bulk concentration 
of the liquid; and C¥ is the concentration of A at equilib- 
rium with the bulk partial pressure of the gas phase, as 
shown in Figure 3. For dilute solutions, Henry’s law 


P=HC (79) 


can be employed, where H is Henry’s constant. It is also 
possible to write 


(Pa — PH = Pa — Pai + (Pai — PR (80) 
Using equations 79 and 80, equation 77 becomes 

Nag = KPa — Pai) + KgH(Cai — Ca) (81) 
If these terms are rearranged, the following is obtained 


1 _ Pa Pa, HCxi ~ Ca) 


KG Na Na (82) 


By combining equations 52, 53, and 82, the final expression 
is obtained 


1 
K, 


‘e 


=r+ (83) 


pi 5 
ke ky 
Hence, the overall mass transfer coefficient can be evalu- 
ated from the film coefficients. In a similar manner, an 
expression for K; can be derived 


ee + : (84) 
Ki * Hk 
Using equation 78 and noting that Py = Hf, and P¥ = 
Hea gives 


Ng = K,H(CK — Ca) (85) 
Comparison of equation 78 with equation 85 gives 
K, = KH (86) 


so that the overall mass transfer coefficient of the liquid 
phase can be related to that of the gas phase by Henry’s 
constant. 


APPLICATIONS OF DIFFUSION AND MASS TRANSFER IN 
FOOD PROCESSING 


Absorption, distillation, evaporation, concentration, ex- 
traction, leaching, dehydration, and food packaging are 
some food-processing operations that involve diffusion or 
mass transfer. Among these, concentration deals with the 
removal of water from liquid foods and is normally domi- 
nated by heat transfer. Food packaging involves the dif- 
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fusion of gases (O2, CO2, C2H,, ete.), water vapor, and vol- 
atile aroma components through one or more layers of 
polymeric films. The complex physical structure and chem- 
ical composition of foods, which may vary even within the 
same food and may change during processing or storage 
(10), makes the direct application of mass transfer and dif- 
fusion principles to food processing difficult. In this section 
some applications of mass transfer and diffusion principles 
are presented. 


Diffusion in Gases 


There are few cases of direct application of this principle 
to food processing, because convection effects are usually 
dominant. Corrections to the diffusivity are often neces- 
sary to account for such effects. The bulk flow of gases (con- 
vection) is caused by differences in total pressure and tem- 
perature created during processing. In many cases, 
mechanical equipment such as agitators, fans, or blowers 
are used to increase convection and, therefore, the transfer 
rate. Typical examples of diffusion in gases are (1) the 
evaporation of liquids from containers (e.g., benzene dur- 
ing cleaning of glass containers or hydrogen peroxide dur- 
ing sterilization of plastic containers for use in aseptic pro- 
cessing and packaging); (2) the escape of volatile-aroma 
food components from open storage tanks, mixing equip- 
ment, or concentration vessels; and (3) the loss of carbon 
dioxide from carbonated beverages. 


Diffusion in Liquids 


The phenomenon of diffusion in liquids is common in food 
processing, and its applications are extensive. A typical ex- 
ample is the extraction of sucrose from sugarcane or sugar 
beets (11), whereas other examples include the extraction 
of caffeine from coffee beans and edible oil from soybeans. 
Distillation, another application of diffusion in liquids, is 
used to remove or recover volatile components from foods 
(12), to produce ethanol and alcoholic beverages from fer- 
mentation liquids, and to purify solvents (10). 


Diffusion in Solids and Nonideal Systems 


The principle of diffusion in solids is used widely in food 
processing. Moisture diffusing through the porous skeleton 
of low-moisture foods during dehydration, gases or vapors 
diffusing through polymeric packaging films, small solutes 
diffusing through biomembranes during chemical peeling 
of fruits and vegetables (13), and oil leaching through the 
capillary pores of soybeans are some typical examples. The 
mechanism of diffusion in solids is more complicated than 
that in gases and liquids because solids usually have a het- 
erogeneous structure. The concept of effective diffusivity is 
often employed to simplify the calculations. In some cases, 
interactions and binding actions of macromolecules affect 
the diffusion and movement of small molecules through 
food and other biological systems. Some examples include 
the diffusion of glucose in an agar gel and sucrose in gelatin 
()), sorbic acid in agar (14), sodium chloride in meat muscle 
(15), and nitrite in beef (16). 
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NOMENCLATURE 


A Area 

c Concentration 

C* — Concentration at equilibrium with the bulk partial 
pressure 

Average concentration 

Diffusivity 

Henry’s constant 

Diffusion rate 

Film coefficient 

Overall mass transfer coefficient 
Length of a solid cylinder 

Time lag for unsteady-state mass transfer 
Molecular weight 

Mole number 

Mass flux per unit area 

Total mass flux 

Pressure 

Pressure at equilibrium with the bulk 
concentration 

Total amount of substance being diffused in time t 
Radius 

Mean capillary radius 

Gas constant 

Solubility 

Time 

Temperature 

Velocity 

Volume 

Molecular fraction 

Small distance of transfer 

Total distance of transfer 
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Subscripts 


0 Properties at initial time 

1,2 Properties at positions 1 and 2, respectively 
Properties of matter A 

AB Properties of A when transferred through B 

Ai Properties of A at the boundary layer 

6 Properties of bulk, or when binding effect is 
present 

B Properties of matter B 

BA Properties of B when transferred through A 

d Properties due to diffusion 

e Properties at equilibrium 

g Properties in the gas phase 

i Properties at the interface 

l Properties in the liquid phase 

m Arithmetic mean value 

min Logarithmic mean value 


Pp Properties of protein 
t Properties at time ¢ 


Greek 

a Diffusivity reduction factor 

B Diffusion cell constant 

6 Thickness 

€ Porous fraction of solid or membrane 
K Knudsen’s constant 

A Molecular mean free path 

a Slope of equation (70) 

BH First-order chemical reaction constant 
p Density 

t Tortuosity of solid 

9 Volume fraction 
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MEAT AND ELECTRICAL STIMULATION 


Electrical stimulation of muscle from slaughtered animals 
hastens the process of rigor mortis. It does this through an 
initial pH fall that is then followed by a change in the rate 
of pH fall. The combined effect is that the muscles enter 
rigor mortis before the temperature falls sufficiently to re- 
sult in cold shortening and toughening as a result of rapid 
chilling that may occur in present-day commercial situa- 
tions. Electrical stimulation can be applied early post- 
slaughter, in which cases relatively low voltages are effec- 
tive as they operate via the nervous system. However, as 
the delay increases before stimulation, high voltages are 
then required. The applied electrical parameters generally 
used must consider the appropriate waveform and pulse 
frequency, duration, the prestimulation delay, the chilling 
rate, and the type of species involved. While electrical 
stimulation ensures that cold shortening is avoided, aging 
also starts at a high temperatures and is consequently 
more rapid. However, evidence suggests that other mech- 
anism for tenderization are also taking place. Electrical 
stimulation must be considered as part of a total process 
from slaughter through chilling to final sale, considering 
electrical inputs and rates of pH fall and temperature fall 
to optimize tenderness and juiciness. Electrical stimula- 
tion has particular advantages for hot boning where the 
shortening and hence toughening conditions for unstimu- 
lated muscles are normally exacerbated by the improved 
chilling. When the stimulation conditions and chilling 
rates are tuned, hot boned meat is as tender as normal cold 
boned meat, and there can be significant improvements in 
other meat quality attributes such as drip and color. 
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HISTORY 


The association between meat and electricity dates back 
to some of the earliest muscle physiology experiments (1). 
From Galvani’s time, the use of electricity to study muscle 
function increased. The earliest reported use of electricity 
for meat improvement is its purported use by Benjamin 
Franklin in 1749 to electrocute turkeys with the result that 
they were “uncommonly tender” (2). In the 1950s the use 
of electrical stimulation as a means of improving tender- 
ness of meat was investigated, but no commercial appli- 
cation of the process occurred then (3,4). 

Electrical stimulation has been extensively used since 
the 1950s to hasten rigor mortis and to modify steps of the 
glycolytic pathway, Stimulation of horse muscle was used 
to facilitate a trial of microbial growth on prerigor and 
rigor muscles from the same animal (5). Others since have 
used it to modify and study steps of the glycolytic pathway 
(6). Landrace pigs were used to demonstrate that electrical 
stimulation accelerated the postmortem pH fall in nor- 
mally slow glycolyzing muscles but produced no change in 
faster glycolyzing muscles (7). The principle was also used 
to predict the time course of rigor mortis (8). 

The revived interest in electrical stimulation as an ele- 
ment of meat processing stems from the facts that it 
hastens development of rigor mortis (9-11), increases the 
rate of tenderization by postmortem aging (12,13), im- 
proves meat color (14), and provides an increased stiffness 
to muscles that can be of value for early boning. 


DESCRIPTION 


Electrical stimulation is a process that involves passing an 
electric current through the body or carcass of freshly 
slaughtered animals. This current causes the muscles to 
contract, increasing the utilization of muscle energy re- 
serves, and leads to acceleration of glycolysis and subse- 
quent rigor development. Electrical stimulation as a 
means of attempting to increase tenderness has been used 
experimentally on pigs, deer, goats, sheep, cattle, and vari- 
ous poultry species and, until recently, used commercially 
on all of these except pigs. This has changed as it has been 
shown that if stimulation is applied at 20 min postslaugh- 
ter and the chilling rate is sufficiently fast (eg, deep leg to 
10°C in 5-10 h), then the meat in those animals susceptible 
to pale, soft, and exudative (PSE) does not show it, and the 
remaining meat avoids cold shortening (15). 

There are numerous physical methods by which elec- 
trical stimulation could be applied many different possible 
electrical specifications, and in reality many different per- 
ceptions of the response. Regardless of species, stimulation 
can be applied immediately after slaughter or at any point 
in time thereafter until the muscles become unresponsive. 
The time until] muscles fail to respond is related to the 
natural rate of glycolysis and the voltage being applied, the 
duration of stimulation, and the type of response expected. 

Most commercially used electrical stimulation systems 
employ the conveying rail as ground, and a live electrode 
contacts some other point of the body, carcass, or side. In 
the most basic systems, the live electrode contact is a clip 
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the 1950s to hasten rigor mortis and to modify steps of the 
glycolytic pathway, Stimulation of horse muscle was used 
to facilitate a trial of microbial growth on prerigor and 
rigor muscles from the same animal (5). Others since have 
used it to modify and study steps of the glycolytic pathway 
(6). Landrace pigs were used to demonstrate that electrical 
stimulation accelerated the postmortem pH fall in nor- 
mally slow glycolyzing muscles but produced no change in 
faster glycolyzing muscles (7). The principle was also used 
to predict the time course of rigor mortis (8). 

The revived interest in electrical stimulation as an ele- 
ment of meat processing stems from the facts that it 
hastens development of rigor mortis (9-11), increases the 
rate of tenderization by postmortem aging (12,13), im- 
proves meat color (14), and provides an increased stiffness 
to muscles that can be of value for early boning. 


DESCRIPTION 


Electrical stimulation is a process that involves passing an 
electric current through the body or carcass of freshly 
slaughtered animals. This current causes the muscles to 
contract, increasing the utilization of muscle energy re- 
serves, and leads to acceleration of glycolysis and subse- 
quent rigor development. Electrical stimulation as a 
means of attempting to increase tenderness has been used 
experimentally on pigs, deer, goats, sheep, cattle, and vari- 
ous poultry species and, until recently, used commercially 
on all of these except pigs. This has changed as it has been 
shown that if stimulation is applied at 20 min postslaugh- 
ter and the chilling rate is sufficiently fast (eg, deep leg to 
10°C in 5-10 h), then the meat in those animals susceptible 
to pale, soft, and exudative (PSE) does not show it, and the 
remaining meat avoids cold shortening (15). 

There are numerous physical methods by which elec- 
trical stimulation could be applied many different possible 
electrical specifications, and in reality many different per- 
ceptions of the response. Regardless of species, stimulation 
can be applied immediately after slaughter or at any point 
in time thereafter until the muscles become unresponsive. 
The time until] muscles fail to respond is related to the 
natural rate of glycolysis and the voltage being applied, the 
duration of stimulation, and the type of response expected. 

Most commercially used electrical stimulation systems 
employ the conveying rail as ground, and a live electrode 
contacts some other point of the body, carcass, or side. In 
the most basic systems, the live electrode contact is a clip 
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manually applied to the head end of the animal body that 
is suspended by one or both hind legs, resulting in a cur- 
rent flow to the grounded rail support. More sophistication 
and protection is required as voltages increase and as ap- 
plication of the electrode becomes automated. 

Procedures range from stimulating stunned but not 
bled animals, whole bodies, skinned bodies, carcasses, or 
sides. The electrical characteristics of the waveforms used 
are often poorly described, defying anyone to reproduce the 
results. Voltages used vary from 32 to 3,600 V and may be 
described in various ways. The value specified might be 
that of the peak or the rms (root mean square) voltage or 
in some cases the average over the total time. The rms 
voltage is the effective value or heating capacity of a 
waveform. For a sine wave, the rms value is the peak volt- 
age divided by V2 (ie, 1130 V peak 50 Hz is 800 V rms), 
but for derived waveforms it may be quite different. For 
the MIRINZ waveform, which uses every seventh half-sine 
wave of a 50 Hz sine wave, the rms voltage is the peak 
voltage divided by V14. 

Figure 1 sets out to illustrate the meaning of the differ- 
ent terms used to describe voltages and waveforms. Defin- 
ing a waveform with a frequency (Hz) is likely to lead to 
confusion unless the waveform is defined in terms of shape, 
duration, and pulse spacing. Figure 2 shows some different 
waveforms. The applied waveforms may be unipolar or bi- 
polar and applied as discrete pulses or as pulse trains. 
Again, their description has often defied interpretation. 
Some of the waveforms and pulse shapes used have been 
well researched and described, whereas others seem to 
have been determined merely by extending the use of 
available equipment, for example, electric stunning tongs. 

Safety has been of utmost importance during experi- 
mentation and implementation of electrical stimulation in 
New Zealand, Australia, the UK, and France, to the point 
that in some instances safety concerns have effectively pre- 
vented commercial adoption of the process. Although not 
considered of overriding importance in some countries, 
safety of personnel can always be assured if the normal 
electrical safeguards are applied. 

In New Zealand, practical on-line sheep operations 
stimulating up to 56 carcasses/min are a common opera- 
tion. Less than 30 min after slaughter, dressed carcasses 
are suspended by metal skids and gambrels from a 
grounded rail and moved through a stimulation tunnel to 
make contact, at shoulder level, with an electrode supplied 
with high voltage pulses (16,17). 

Similar systems can be applied for stimulation of beef 
bodies and sides of carcasses, and a novel system has been 
developed whereby sides contact a moving chain electrode 
curtain that maintains contact as the side curls (18) (Fig. 
3). A range of other systems has also been developed for 
beef stimulation (19) covering both batch and continuous 
operations. The batch systems may involve manually in- 
serted electrodes or electrode bars that move out to make 
contact with the body or carcass. In these systems the car- 
cass or carcasses are enclosed within a shielded cabinet 
during stimulation. Continuous systems consist of station- 
ary rubbing electrodes, or, where the stimulation is applied 
to carcasses prior to inspection, the electrode system con- 
sists of a moving series of electrodes that are sterilized 
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Figure 1. Terminology used to describe pulses and waveforms 
illustrated by sinusoidal (a) and (c) and derived waveforms (b). It 
is important to give the peak height in terms of either current or 
voltage while a carcass is being stimulated. The pulse shape must 
be specified either by description of the shape (eg, sinusoidal or 
square) or by specification of rise and fall times, The pulse width 
(mark) and space between pulses are also needed. The mark-to- 
space ratio helps specify a single cycle, which is the period from 
start to finish of the repetitive unit. The polarity of pulses is also 
necessary. The number of cycles per second then completes the 
description. The waveforms (b) and (c) both have the same period 
(inverse of wavelength) and peak but have different shape char- 
acteristics. The mark-to-space ratio for (b) is 1:7, whereas for (c) 
is 1:0. The time scale is given as an example only. The same- 
shaped waveforms could be given with different time scales. 


between carcasses. In most instances electrical stimula- 
tion is applied with the aim of ultimately improving ten- 
derness, but in the United States considerable attention 
has been devoted to color changes that improve grading of 
carcasses (20). 

High or low voltages can be used for stimulation. Low 
voltages (less than 80 V peak) are commonly used within 
5 min of slaughter in small operations where electrodes are 
manually applied and removed. There is often an overlap 
in use of electrical currents to immobilize carcasses and 
the use of electrical currents to accelerate glycolysis—the 
name is different but the process is the same. Although, in 
general, plants stimulate with an electrode on the nose or 
stick wound and ground via the rail from which the carcass 
is suspended, the resistance of the hind leg can be very 
high, due to the high bone and tendon but low muscle 
content of the lower narrow portion of the leg. This high 
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Figure 2. Common electrical waveforms that have been used for 
carcass electrical stimulation. All are shown at the same peak 
amplitude. (In the United States, a 60-Hz waveform is the basic 
supply.) (a) 50-Hz alternating current waveform (100 pulses/s). (b) 
MIRINZ waveform, derived by selecting every seventh pulse to 
give 14.28 pulses/s. (c) Square wave pulse train (14.28 pulses of 
5-ms duration per second). (d) Bursts of the 50-Hz waveform. 
Common on-off times are 2 s on; 2 off. (e). Spike pulses (com- 
monly with base widths of 0.2-0.3 ms). 


resistance can severely limit current flow. To solve this 
problem, there has been considerable effort to develop al- 
ternative procedures. The Australians (21) have used an 
anal electrode to provide good contact near the hind quar- 
ter and using this system have achieved effective low- 
voltage stimulation. 

High voltages (greater than 200 V peak) are usually 
used for automated and high throughput systems to obtain 
maximum effect in the shortest period of time and to over- 
come variability of stimulation response that exists with 
low-voltage systems (22). Because high voltages are poten- 
tially lethal, considerable attention is paid to safety when 
they are being used. 


MEAT TENDERNESS-TOUGHNESS 


Meat tenderness has been regarded by many (23) as the 
prime determinant of consumer satisfaction with meat 
purchases, Although the ultimate measure of tenderness 
(or its converse, toughness) lies with the consumer, objec- 
tive assessments can be made with a wide variety of me- 
chanical devices, because these devices can reliably indi- 
cate differences attributable to animal and processing 
factors. Tenderness is the term used to describe the as- 
sessment by consumers (high scores being desirable), and 
the force to shear the meat, that is, shear force, gives an 
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indication of the toughness (low values being desirable). 
The factors influencing meat quality, in particular tender- 
ness, are covered the article MEAT SCIENCE. 

Meat tenderness-toughness depends on both the myo- 
fibrillar strength and the connective tissue strength. Elec- 
trical stimulation seems mainly to modify the myofibrillar 
strength, although some work (24) suggests that electrical 
stimulation could also have an impact on the connective 
tissue component of meat tenderness. Most studies of elec- 
trical stimulation have been concerned with myofibrillar 
toughness as affected by cold shortening as muscle goes 
into rigor (termed conditioning). The basic tenets of much 
of meat science come from work that relates the degree of 
muscle shortening during the early postmortem period to 
the tenderness of cooked meat (25). The force required to 
shear a sample of cooked muscle across the grain rises 
steeply as the degree of muscle shortening exceeds 20%, 
reaching a peak at 40% shortening (see MEAT SCIENCE). 
The shear force of a sample shortened by 40% may be up 
to four times that of the nonshortened muscles. 

If rigor (ie, conditioned) muscle is subsequently aged 
before cooking, it usually becomes appreciably more 
tender; however, the degree of tenderization is drastically 
reduced if the muscle has shortened during the condition- 
ing (prerigor) phase (see MEAT SCIENCE). Even with exten- 
sive aging, there seems to be a limit beyond which any 
given muscle cannot be tenderized without loss of all struc- 
ture. This background toughness is largely a result of the 
structure and composition of the connective tissues within 
the muscle. Aging reduces the myofibrillar strength (26,27) 
but is generally considered to have little effect on connec- 
tive tissue, although some work questions this view (24). 

Meat aging refers primarily to the tenderness improve- 
ment that takes place while postmortem muscle is held 
above freezing temperatures. Although there is no clear 
evidence as to when aging commences, much past evidence 
suggests that most of the aging commences with comple- 
tion of rigor mortis (28). Other work (29) suggests that ag- 
ing changes may commence prior to rigor completion, but 
they are relatively small. The changes in intramuscular 
connective tissue that have been noted (24) can be consid- 
ered as aging changes. 

The ultrastructural changes that occur during aging 
consist of a disappearance of Z disks and a disruption of 
the myofibrils at the junction of the I bands and Z disks. 
The ultrastructural changes are accompanied by parallel 
biochemical changes revealed by changes in the extracta- 
bility of myofibrillar protein (30), changes to myofibrillar 
ATPase activity, and breakdown of myofibrillar proteins, 
for example, loss of troponin T (31,32). Proteinases termed 
calpains, with the inhibitor calpastatin, are considered to 
have a role (33). The ability of electrical stimulation to in- 
fluence aging is disputed. However, it has been recently 
shown that rigor temperature affects tenderization with 
the optimum being 15°C (34), and this needs to be consid- 
ered for optimum tenderization (Fig. 4) (36). Low level ex- 
ercise affects nitric oxide (NO) in muscle (37), and recent 
work has shown that NO affects meat tenderizing, sug- 
gesting that electrical stimulation can have a similar role 
(38). Further work is still required to establish the effect 
of electrical stimulation on aging. The accelerated devel- 


1552 MEAT AND ELECTRICAL STIMULATION 


Figure 3. Diagrams showing electrode configu- 
ration used for high-voltage stimulation of sheep 
carcasses (only one is shown) and a novel chain 
electrode arrangement for beef sides. Stimulation 
area is enclosed in both situations and personnel 
entry controlled by floor switches and light 
beams. Source: Drawings by P. Hanara. 


opment of rigor mortis means that even if aging does not 
start until after rigor is achieved, aging will commence at 
higher temperatures and, therefore, be more rapid (39). 


SCIENTIFIC BASIS 


When muscles of freshly slaughtered animals are electri- 
cally stimulated, they contract. There is a concomitant in- 
crease in biochemical reactions in the muscle cells leading 
to an accumulation of lactate and resulting in an imme- 
diate drop in the muscle pH (4pH). After stimulation, the 
rate of pH fall (dpH/dt) as the muscles go into rigor is in- 
creased (Fig. 5) (40). If a muscle is free, it will contract 
during stimulation. When stimulation ceases, the muscle 
will partially relax but unless the muscle is subjected to 
some force, either restrained or tensioned, it will remain 
in a shortened state. Stimulation of suspended bodies or 
sides with a balanced arrangement of opposing muscle sys- 
tems ensures that there is sufficient physical force to pull 
most muscles back to rest length. If muscles have been 
freed from their natural attachments soon after stimula- 
tion, however, as occurs with hot boning, there may be no 
restraining force to return stimulated muscles to their nat- 
ural length. The same situation applies to stimulation of 
isolated muscles. Electrical stimulation of muscle influ- 
ences the binding of many enzymes associated with the 
glycolytic pathway, and this is exhibited in the accelerated 
rate of pH fall and of ATP disappearance and the extremely 
rapid loss of creatine phosphate (41) after stimulation. 


Live electrode 


Live rail 


/j 
y 


ZIT S 


Chain electrode 


Although there are various theories as to the mecha- 
nism of how electrical stimulation promotes meat tender- 
ness, most meat scientists tend to favor the view that 
stimulation accelerates glycolysis so that the time when 
muscles will contract on exposure to cold is reduced, 
thereby avoiding cold shortening. 

There is also strong support for stimulation increasing 
meat tenderness by accelerating postmortem aging, be- 
cause rigor is being achieved while temperatures are still 
high, It has been claimed (42) that much of the effect of 
electrical stimulation, under conditions where cold short- 
ening is unlikely, results from mechanical damage and is 
not due to rapid aging at high temperatures. Interestingly, 
it has been found (43) that supercontracture bands occur 
in both stimulated and nonstimulated muscles. 

Cold shortening occurs when muscles of freshly slaugh- 
tered beef and sheep are subjected to temperatures below 
8°C while there is sufficient energy supply for contraction 
to occur. Cold shortening will occur in pigs and poultry, but 
the critical temperatures are lower. In normal beef and 
sheep muscles, this equates to a tissue pH of about 6.0. A 
rule of thumb in prevention of cold shortening is to main- 
tain temperature above 10°C until muscle pH falls below 
6.0 (44). For a discussion on cold shortening, see the article 
MEAT SCIENCE. Electrical stimulation, therefore, can have 
an immediate benefit under commercial conditions by 
causing the pH to fall and thereby shortening the time be- 
fore carcasses can be chilled without causing toughness. 
Although many meat processors use electrical stimulation 
to reduce the time when muscles are susceptible to cold 
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Figure 4. The advantage of stimulation can be seen in the following series of commercial situations. 
Distribution of force score values (kg F) from a MIRINZ pneumatic tenderometer with a wedge- 
shaped tooth, for loins from nonstimulated and electrically stimulated lamb carcasses. The early 
frozen product entered the freezer 40 min after slaughter, the conditioned carcasses were held at 
10°C for 24 h before freezing, and the conditioned and aged product was held for 48 h at 10°C before 
freezing. The accelerated conditioned product was electrically stimulated at 30 min postmortem, 
then frozen 90 min later; the accelerated conditioned and aged product was electrically stimulated 
and held for 8 h at 7°C before freezing. All carcasses were frozen to a deep-leg temperature of — 4°C 
over a 12-h period, then reduced to — 12°C (66). Source: Ref. 35, used with permission. 
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Figure 5. Postmortem pH fall in muscles after electrical stimu- 
lation. During stimulation the muscle pH falls (4pH). After stimu- 
lation the rate of pH fall (dpH/dt) is increased. At 35°C, unstim- 
ulated beef muscle dpH/dt = 0.18 pH units/h. With 120-s 
stimulation duration, the dpH/dt = 0.3 pH units/h. 


shortening and get muscles into rigor so that aging com- 
mences while muscles are still warm, others have used 
electrical stimulation to produce color changes that can in- 
fluence grading and even have used it for carcass immo- 
bilization. Electrical stimulation tends not to be used for 
pigs because early work (45) suggested that acceleration of 
rigor mortis through electrical stimulation increased the 
incidence of pale, soft, and exudative pork. However, no 
effect was found in the shoulders, but there was an in- 
creased paleness in the legs, unless rapid chilling was used 
(46), it is possible to use electrical stimulation if chilling is 
rapid enough (15). 

Although remote from the actual changes produced by 
electrical stimulation, muscle pH has been used exten- 
sively as an indicator of progress into rigor. Muscle pH falls 
after stimulation provides a reasonable guide in normal 
muscles but is misleading in abnormal situations such as 
in the muscles from stressed animals. This is one case 
where muscle pH does not give a true indication of the 
stage of rigor development, because although the pH re- 
mains high, the ATP level may be zero and the muscle in 
rigor. The time to reach pH 6.0, or time to full rigor mortis, 
will be influenced by the magnitude of the 4pH and the 
dpH/dt (Fig. 5) and provides a useful measure with which 
to evaluate the effectiveness of electrical stimulation sys- 
tems in inducing early rigor. It does not provide an exact 
relationship with tenderness changes. Temperature will 
exert a substantial influence on both 4pH and the dpH/dt. 


FACTORS AFFECTING 4PH 


The magnitude of 4pH is governed by the muscle fiber 
type, initial glycogen stores within the muscle, the electri- 
cal characteristics (current, frequency, pulse shape, and 
stimulation duration), the temperature of muscle, and the 
time after death that stimulation was applied. 


Delay Postmortem 


Postmortem delay before stimulation can have a threefold 
effect: muscle temperature can fall, greatly reducing the 
magnitude of 4pH; glycolysis can have progressed so that 
muscle pH has fallen, reducing the 4pH that can be 
achieved; and the nervous system can decay and become 
unresponsive so that its stimulation cannot elicit any mus- 
cle response. It has been shown that the 4pH produced by 
any given stimulation decreases as prestimulation pH de- 
creases (40,47). The 4pH is 0 with a prestimulation pH of 
about 6.3. 

The influence of temperature on the rate of pH fall has 
been considered in many reports (48-50) (Fig. 6). Since the 
advent of stimulation as a tool for meat science, the tem- 
perature dependence of the pH drop during stimulation 
and of the subsequent pH fall has been determined. When 
the muscle temperature falls, the magnitude of 4pH is re- 
duced. For example, in beef m. sternomandibularis, 4pH 
ranges from 0.6 pH units at 35° to 0.018 units at 15°C. The 
energy of activation of 4pH in stimulated beef m. sterno- 
mandibularis is calculated to be 97 kJ/mol (51), or very 
similar to that for calcium-activated actomyosin ATPase 
(44,50,52). 


Muscle Type 


Muscle type can influence 4pH, for example, the fast- 
twitch beef m. cutaneous trunci, largely composed of white 
muscle fibers; and gives high values for 4pH (and dpH/dt), 
whereas in the slow-twitch m. masseter, composed of red 
fibers, there is neither a distinct 4pH nor an acceleration 
of dpH/dt, which is naturally rapid (0.4 pH units/h) (53). 
It has also been shown that 4pH is minimal in predomi- 
nantly slow-twitch muscles of beef (54). The greatest 4pH 
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Figure 6. The various postmortem dpH/dt values for stimulated 
and nonstimulated muscle are plotted to show that the differences 
exist at all temperatures and illustrates how important it is to 
stimulate at high temperatures for full effectiveness. These re- 
sults were obtained from beef m. sternomandibularis stimulated 
and held at the temperatures indicated. 


values have been shown in beef triceps brachii and the 
least in the m. semimembranosus (55). It was reported (56) 
that within the m. sternomandibularis, fast fibers with 
strong ATPase and weak succinic dehydrogenase (SDH) 
reactions showed most glycogenolysis in response to elec- 
trical stimulation, while slow fibers with weak ATPase and 
strong SDH reactions showed the least. 

Muscles also differ in their optimum response fre- 
quency. Beef m. longissimus is more responsive to 14.28 
pulses/s than to 40 pulses/s (40). The converse has been 
shown for the beef m. semimembranous (57). Rat muscles 
have a much shorter twitch time than beef muscles, with 
optimum responses to stimulation with a waveform of 33 
pulses/s (58). 


Electrical Characteristics 


For any given muscle, the pH response will be governed by 
the electrical characteristics of voltage (current), and pulse 
frequency, shape, and polarity. In general, the higher the 
current (at a constant resistance, current increases with 
increased voltage), the greater will be the effect. This re- 
sponse will be asymptotic to some maximal value, however, 
so continually increasing the current will not lead to a con- 
tinuing increase in effect (40,55). If the current level be- 
comes too high, the muscle can cook due to resistive heat- 
ing, this is especially true for high-frequency input. A 
practical consequence of this was the melting, within 45 s 
of the tendons of the m. gastrocnemius when used to sus- 
pend lamb carcasses during stimulation with 800 Vrms at 
50 Hz in some early studies. 

For all of the species tested, the pulse shape does not 
seem to be acritical factor, with equivalent responses being 
achieved with 10 ms duration half-sine wave pulses and 5 
ms duration square-wave pulses at the same frequency 
(40). The pulse frequency, however, can exert a profound 
effect, because of the interaction with muscle type and 
response frequency. If a single muscle is considered, for 
example, beef m. sternomandibularis, the magnitude of 
4pH is maximal with a pulse rate of between 9 and 16/s. 
At frequencies between 10 and 20 pulses/s, 4pH values 
are, respectively, 40 and 75% greater than at 50 and 100 
pulses/s (40). Pulse polarity has not received much atten- 
tion, although it was indicated (35) that for low-voltage 
stimulation the polarity of pulses influenced the magni- 
tude of 4pH and the movement of the carcass during 
stimulation. The greatest responses were obtained when 
the cranial end of the animal was positive relative to the 
rest of the body. The physical response to low-voltage al- 
ternating polarity waveforms used for stimulation of beef 
cattle can be movement at half the waveform frequency, 
which disappears as the voltage is raised. 

Many different voltages, frequencies, and pulse shapes 
have been used, and these are sometimes inaccurately de- 
scribed in scientific publications. In the United States, 
many groups have pulsed the 60 Hz AC waveform with 
1- or 2-s periods of current flow, then a similar period of 
rest (19,46,59), whereas groups in Australia, the UK, Swe- 
den, and New Zealand have used discrete pulses. An un- 
usual, but apparently effective, combination of high- and 
low-voltage pulses has been used by the Dutch (60). In 
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many instances the reasons for the chosen frequency do 
not appear to have a scientific basis. 


FACTORS AFFECTING DPH/DT 


Almost any stimulation can affect the dpH/dt. Rates of pH 
fall in curarized muscles are much slower than those in 
muscles of animals slaughtered without curarization (61). 
Vigorous muscle movement during slaughter of normal 
animals can induce the apparent maximal twofold increase 
in dpH/dt (61). Sometimes there can be unexpected elec- 
trical stimulation arising from the stunning (62) and im- 
mobilization of carcasses and even effects from current ap- 
plication from downward hide pulling (63). 

Attempts have been made to relate increases in dpH/dt 
to phosphorylase a and myofibrillar ATPase stimulation 
(47). The muscle temperature has a major effect on dpH/ 
dt (Fig. 6). In nonstimulated beef m. sternomandibularis, 
the energy of activation is 40-45 kJ/mol, whereas that of 
stimulated muscle approaches 70 kJ/mol (51). This high 
energy of activation means that any cooling of the muscles 
will have a marked effect on the time for rigor to be 
achieved. Because the achievement of ultimate pH is as- 
ymptotic, any reduction in maximum rate can greatly pro- 
long the period when muscle is above the ultimate pH and 
still has a measurable level of ATP. The rate of pH fall and 
ATP loss is affected not only by the temperature during 
stimulation, but also by the temperature history of the 
muscle after stimulation during the period of study (64). 


PRACTICAL RESULTS OF STIMULATION 


The most dramatic practical result of stimulation is the 
tenderness difference between nonstimulated and stimu- 
lated early frozen lamb carcasses (10). Loins and legs from 
nonstimulated lamb carcasses put into a blast freezer 
(— 25°C) within 2 h of slaughter and later cooked from the 
frozen state are exceedingly tough, with only about 1% of 
shear force determinations on loins being below a level con- 
sidered to be the maximum for acceptably tender meat. In 
contrast, loins from similarly processed but high-voltage 
stimulated lamb carcasses give about 75% of shear force 
values in the acceptable range (65) (Fig. 4). Lamb car- 
casses, because of their small size, can be chilled or frozen 
rapidly and, therefore, the muscles are more liable to cold 
shortening than are those of larger nonstimulated ani- 
mals. However, there is a considerable body of evidence 
that electrical stimulation of beef under conditions where 
the carcasses are rapidly chilled also results in protection 
of tenderness (11,66). 

Under slower cooling conditions, the differences are 
much less pronounced, and, in fact, if the evaluation is 
made after three weeks of aging, nonstimulated product 
not subjected to rapid chilling may not differ in tenderness 
from rapidly chilled stimulated product. Under these con- 
ditions, stimulation merely facilitates rapid processing. 
Rapidly chilled, nonstimulated product will, however, be 
significantly tougher than that from stimulated bodies (Ta- 
ble 1), as cold-shortened muscles have a decreased aging 
potential. Clearly it is more costly to hold nonstimulated 
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‘Table 1. Mean Shear Force Results (kg F) from Rapidly 
and Slowly Chilled Beef after Three Weeks of Holding 
Under Vacuum at 1°C 


Stimulation TC chiller 2C chiller 
High-voltage stimulated 4.58 4.66 
Low-voltage stimulated 5.99 82 
Nonstimulated 8.1 12.2 


Note: One side of each animal was chilled in 2°C air at 0.3 m/s, the other 
in 7°C air at 0.3 m/s, The lower the shear force valuee, the more tender the 
meat. Values above 11 kg F indicate unacceptable toughness. These results 
are for a MIRINZ tenderometer and correspond to a Warner Bratzler ten- 
derometer if multiplied by 0.7 (67). 


carcasses in a chiller for long durations to age to achieve 
the same desired tenderness of stimulated carcasses that 
occurs much earlier; thus, stimulation can be a cost- 
effective process. 

The degree of tenderness improvement that researchers 
attribute to stimulation varies because of the widely dif- 
ferent methods of assessing tenderness and the innumer- 
able processing variations; comparison of results is, there- 
fore, difficult. 

Stimulation does not always result in tenderization, but 
neither does it in itself toughen meat. Studies showed that 
electrical stimulation of stressed animals caused a slight 
toughening of the m. longissimus in beef and sheep (68,69), 
although it was hypothesized (68,69) that the toughening 
was a consequence of muscles going into rigor during 
stimulation and remaining contracted. It has been sug- 
gested (70) that under the conditions present, the rapid 
reduction of the time that muscle pH is high reduces the 
aging that occurs, but additionally the lower tenderizing 
rate of intermediate pH meat may be important (71). 

Electrical stimulation is also claimed to improve the 
color of lean and influence beef grading under the U.S. sys- 
tem (20,67,72). One study found no effect of low-voltage 
electrical stimulation on meat color as measured by reflec- 
tance but did find that postmortem aging significantly re- 
duced reflectance values (73). 

Comparisons of low- and high-voltage stimulation un- 
der comparable conditions have shown that if environmen- 
tal conditions are such that cold shortening is unlikely, 
low- and high-voltage stimulation both result in an in- 
crease in tenderness (74), and both processes improve the 
youthful appearance and marbling scores of beef (75). Un- 
der conditions where chilling rates are more rapid, low- 
voltage stimulation does not give the same degree of pro- 
tection against cold shortening as high-voltage stimulation 
(67). The interaction between three moderate chilling con- 
ditions and two electrical stimulation treatments were ex- 
amined (76); it was shown that the temperature regime to 
which the muscles were exposed became more critical 
when low-voltage stimulation was used. When all things 
are considered, the use of electrical stimulation must be 
seen as part of a total process. The tuning of the amount 
of stimulation with chilling rate to reach rigor at 15°C re- 
sults in optimum tenderization (Fig. 7) (36). 

Not all muscles of a carcass are equally affected by 
stimulation. One study (11) showed that although the beef 


striploin and rump improved in tenderness, there was no 
change in the topside. Similarly a dramatic improvement 
in the tenderness of beef m. longissimus and m. semimem- 
branosus was shown but not of the m. triceps brachii and 
serrates ventralis after high- or low-voltage stimulation. 
Some of the difference has been attributed to uneven dis- 
tribution of the current during stimulation (59), but obvi- 
ously some of the difference must be biochemically and 
physiologically based. 

Because of the rapid fall in pH of pork and the tendency 
for PSE conditions of high temperatures and low pH values 
to be present, it was considered that there would be no 
advantage in stimulation. However, it has been shown that. 
if electrical stimulation is applied at 20 min postslaughter 
and the chilling rate is sufficiently fast under ideal com- 
mercial conditions (eg, deep leg to 10°C in 5-10 h), then 
the meat in those animals susceptible to PSE does not 
show it and the remaining meat avoids cold shortening 
(15). There is an improvement in tenderness and drip loss 
with pelvic suspension (77). Further work has shown that 
there appears to be no advantages with electrical stimu- 
lation and slow chilling (77). 

Cold shortening in poultry does not seem to cause the 
same toughness problems as in other species, as the max- 
imum shortening occurs around 2°C (79), which is gener- 
ally lower than the temperatures the birds reach following 
chilling by ice water and air chilling. However, rapid pro- 
cessing would be advantageous because the toughness that 
arises from portioning the birds early and removing the 
breast muscles in particular could be avoided. A stimula- 
tion system, part of the minimum time process system, was 
developed and patented by Campbell Institute for Re- 
search and Technology (80). The process proved ideal for 
further process applications with the meat at 3 h being the 
same as that of normal processing at 24 h, although meat 
was slightly tougher mainly because longer aging still 
would be beneficial. There are problems if the birds are 
either not chilled rapidly enough (81,82), or chilled rapidly 
and held at low temperatures (83), when it appears that 
there is no advantage in stimulation. If early boning is de- 
sirable, then stimulation is necessary. In a system devel- 
oped and now in use in New Zealand with spin-chilling, 
when rigor is achieved at approximately 6°C, the breast 
muscles of such birds were able to be boned out in just over 
an hour poststun without any loss of tenderness (84). 
(D. J. C. Wild, C. E. Devine, and H. Reed, unpublished 
observations, 1988). 

It is important to consider all aspects of stimulation and 
processing comparing results. It is almost impossible to 
compare results from one laboratory with those from an- 
other, because of the many variables introduced during 
processing. Not only are stimulation parameters different 
but also the processing conditions and the methods of eval- 
uation can sometimes introduce artifacts; for example, 
freeing a normally restrained muscle can allow shortening, 
which can mask any other changes. Various stimulation 
treatments cause different degrees of internal heating and 
will produce different degrees of mechanical damage; for 
example, 2 Hz is claimed to cause no internal damage (42), 
whereas 60 Hz causes much more damage (12). Muscle 
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Figure 7. These two graphs show how the tenderness is affected by rigor temperature in a prac- 
tical situation achieved through two different stimulation applications (37). The graph on the left- 
hand side shows the falls in pH. The fastest fall in pH arises from stimulation within 2 min of 
slaughter, the next fastest fall in pH arises from stimulation at 30 min postslaughter, and the 
slowest rate of pH fall arises from no stimulation at all. When the tenderness is measured at three 
days, the meat with the medium rate of pH fall is the most tender, the meat stimulated within 2 
min is next, and the unstimulated meat is the toughest. In time, after aging, the meat all becomes 
tender, but the meat stimulated at 30 min is still the most tender. Temperature records showed 
that the meat stimulated at 30 min attained rigor close to 15°C. This study suggests that meat 
attaining rigor close to 15°C will be more tender than rigor at other temperatures, and future 
studies will determine the precise processing situations to achieve this. 


damage seems unlikely to be the explanation for many of 
the effects of electrical stimulation. 


ROLE OF ELECTRICAL STIMULATION IN HOT BONING 


Hot boning, widely practiced in the past and common in 
many underdeveloped countries, is now experiencing re- 
vival in industrialized countries because of its economic 
advantages (savings in energy, space, labor, and time). The 
major constraints to the use of hot boning have been the 
contraction of prerigor excised muscles, the slippage of one 
muscle relative to another, and the extra shortening of ex- 
cised muscles subjected to rapid chilling and in the interest 
of microbiological control. It has been suggested (84) that 
hot-boned beef should be chilled below 8°C within 4 h if 
boned at 37°C. However, it has been noted (85) that a re- 
duction to below 21°C within 9 h would be acceptable. 
When muscle shortens by approximately 20%, it can still 
age and be tender (86), so hot boning is feasible if tem- 
peratures are controlled (see the article MEAT SCIENCE). 
The contraction and consequent toughening of most 
prerigor excised muscles can be minimized by adequate 
holding at above 10°C (conditioning). In an early study 
(87), conditioned muscles were boned at 2 h postmortem, 
and then the vacuum-packaged primals were aged at 15°C. 
This gave a product that was as tender as, or more tender, 
than control samples from normally chilled and boned 


sides. However, boning at 2 h postmortem does not readily 
fit with a continuous operation; therefore, commercial pro- 
cessors bone earlier. These processors must use controlled 
chilling and tight packaging to minimize contraction and 
toughening; thus, there is interest in being able to reduce 
processing time and restraints without influencing product 
quality. 

One study considered the physics of rapid chilling and 
cold shortening and concluded that cold shortening in rap- 
idly chilled beef cannot be prevented without electrical 
stimulation (88). The situation was even more critical with 
hot boning because of the more rapid chilling of isolated 
product. 

Electrical stimulation has been used to minimize or 
eliminate potential tenderness problems in hot-boned beef. 
The tenderness of product boned from stimulated car- 
casses at 1 h postmortem has been compared with product 
boned after 24 h of chilling (89). It was found that the stim- 
ulated hot-boned meat, even though chilled rapidly to 7°C, 
was as tender as that from sides conventionally chilled and 
boned at 24 h. If the electrically stimulated sides were 
held for 5 h so that they had entered rigor before boning, 
the product was also tender (90). Vacuum-packaged pri- 
mals were prepared for studies of hot boning with and 
without electrical stimulation (91). It was found that cold- 
shortening toughness was avoided by either a delayed and 
slow chilling (21 h to 7°C) or by electrical stimulation of 
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the carcass before boning followed by rapid chilling (17 h 
to 7°C). 

Some attempts have been made to use high-tempera- 
ture conditioning (eg, holding for 3 h at 37°C) as a means 
of ensuring that hot-boned beef does not toughen. It was 
shown that this high-temperature conditioning of hot- 
boned cuts gave the same results as did prior electrical 
stimulation of the carcass (92). The effects differed be- 
tween the three muscles tested, with improvement noted 
in the m. longissimus, no change in the m. semimembra- 
nosus, and a decrease in tenderness of the m. semitendi- 
nosus compared with nonstimulated controls. It was theo- 
rized that the high-temperature conditioning caused 
increased proteolysis in the m. longissimus but connective 
tissue shrinkage in the m. semitendinosus. This theory 
does not seem to be completely substantiated by the re- 
sults, 

In general, hot boning has resulted in an increase in the 
toughness of beef m. psoas major muscles, which are nor- 
mally stretched when carcasses are supported by the 
Achilles tendon; but if the product was aged for a day at 
20°C, the differences between hot and cold boning were 
removed (93). The sarcomere length of cold-boned product 
was 3.3 «um (stretched), whereas that of the hot-boned 
product was 1.95 um, close to that of rest length of most 
muscles in the body. Other cuts showed a lesser difference. 
High-temperature conditioning is not necessary to ensure 
tenderness if an effective electrical stimulation system was 
employed (92,93). It should be noted that the effect of a 
small degree of passive shortening can be overcome by ad- 
ditional aging. The observation that rigor at 15°C produces 
the most tender meat whether hot boned or restrained 
(34), suggests that further temperature controls will result 
in significant tenderness improvements. 

Hot boning of pork for whole-hog sausage gives lower 
cooking losses and increased juiciness scores than does 
postrigor processed pork (94). For primal cuts, hot boning 
is reputed to give poorer initial color and appearance, but 
the differences from cold-boned product disappear over the 
following 120 h (95). Some studies have considered the use 
of electrical stimulation to aid hot processing of pork, but 
the results are conflicting due to the PSE condition, which 
is increased in susceptible pigs (46,96). Electrically stim- 
ulated pork hot boned at 1h postmortem and then rapidly 
chilled produces cuts that give less purge and are more 
juicy than slowly chilled product (15,97). If the chilling is 
slower in the case of hot-boned pork, stimulation resulted 
in no tenderness advantage and increased drip and was 
not be desirable (98). 

The role of electrical stimulation in hot-boning appli- 
cations is clearly to hasten the onset of rigor mortis, so that 
cold shortening is minimized in cuts that will cool more 
rapidly than the corresponding cuts on the carcass. Rapid 
cooling, with its greater control of microbial proliferation 
can then be used without irrevocably toughening the prod- 
uct, The sooner and more rapid the chilling, the more ef- 
ficient the electrical stimulation must be to be effective. 
Very early boning and rapid chilling, even after electrical 
stimulation, will result in cold shortening and toughness. 
Ifa little stimulation is good, a lot is not necessarily better. 
Future work will refine the temperature conditions to pro- 


duce the most tender meat enabled by precisely controlled 
stimulation for each carcass. Future work should be aimed 
at refining the whole process to increase the uniformity of 
tenderness across muscles and animals. 
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MEAT, MODIFIED ATMOSPHERE PACKAGING 


Chilled meat is packaged under modified atmospheres to 
preserve it against both microbial spoilage and nonmicro- 
bial deterioration. Fresh meat is always contaminated by 
a variety of bacteria, which may include both spoilage and 
pathogenic strains. Meat is an ideal growth medium for 
many microorganisms, which have potential for growth to 
numbers that result in spoilage. Thus meat is a highly per- 
ishable food. However, altering the atmosphere can pre- 
vent the growth of some organisms and slow the growth of 
others, thus extending the time before microbial spoilage 
becomes evident or other microbial problems occur. 

An important consideration for packaging and market- 
ing is the retention of an attractive, fresh, salable appear- 
ance of meat in display. This includes most importantly 
muscle color, but also color of fat, bones, and purge in the 
package and includes prevention of excessive purge. Dur- 
ing storage or display of meat, undesirable appearance 
gradually to rapidly occurs because of dulling, darkening, 
browning (even to tan or green) (1), and this color deteri- 
oration usually becomes a problem more rapidly than mi- 
crobial spoilage. Dehydration of meat surfaces can also add 
to the appearance problem. Modified atmosphere packag- 
ing (MAP) packages are sealed and composed of films that 
are excellent barriers to water vapor transmission. MAP 
packages for red meats must maintain an atmosphere that 
prevents early deterioration of meat color. Nonmicrobial 
deterioration of meat flavor or texture will generally be 
significant only when microbial spoilage can be delayed for 
very long periods, These could include off-odors, flavors, or 
both caused by oxidative rancidity. 


TYPES OF MAP PACKAGES, 


Three types of MAP packages include high oxygen, low ox- 
ygen, and ultra-low oxygen. Ultra-low oxygen is a more 
appropriate name for what some identify as controlled- 
atmosphere packaging (CAP). CAP implies control of in- 
package gas composition, which may not happen, but some 
systems definitely limit oxygen within the package and 
could fit into the ultra-low-oxygen category. Another rele- 
vant term is dynamic modified atmosphere packaging (2), 
sometimes called active packaging, and these systems may 
include a system to influence gas composition other than 
the influence of muscle metabolism. 

Producing the initial gas atmosphere may involve an 
evacuation of air from the package followed by fill with the 
desired gas mix or, less likely, a displacement of air in the 
package with the gas mix. Gas mixes may be preformu- 
lated by the supplier or proper proportions from supply 
tanks of each desired gas mixed and controlled by a gas 
controller (mixer). Gas-mixture composition may be af- 
fected by the relative flow rates of the component gases 
during package filling. Given some variations in gas flows 
and variation in the amount of air removed by evacuation 
or displaced, the concentrations of the component gases of 
the modified atmosphere can be expected to vary by as 
much as 5% at the time packages are sealed. 

High-oxygen MAP uses up to 80% Oz, 20 to 30% COz, 
and 0 to 20% N»2. Complete air evacuation is not as critical 
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here as for low and ultra-low MAP. High-oxygen packaging 
machines may be dangerous, and a spark can result in an 
explosion. Absolutely complete insulation of electrical 
wires and a choice of safe lubricants (not petroleum-based) 
is essential. 

Low and ultra-low-oxygen MAP packages are gassed 
with CO, or a CON; mixture (3,4). The composition of the 
package atmosphere at the time of closure will depend on 
the extent to which air was removed from the package. 
With simple gas-displacement systems, the level of resid- 
ual oxygen may be up to 10%. With chamber evacuation 
systems, oxygen levels of 0.1 to 1.0% could be achieved, 
depending on time of each cycle. The push in industry to- 
ward high production rate pushes this figure toward the 
higher percentage. If pouches are evacuated through snor- 
kels while subject to atmospheric pressure, or to a system 
to put outside pressure on packages, this may result in a 
within-package oxygen level as low as 0.1% (1,000 ppm). 
However, package collapse closer to the seal end before 
complete package evacuation can trap pockets of air in the 
package. These distribute themselves into the in-package 
environment and result in higher-than-desired levels of ox- 
ygen. 

CAP implies that an atmosphere of a known, desired 
composition is established within a pack and remains un- 
changed during the life of the package. The only type of 
packaging in current use that comes close to this descrip- 
tion is a gas-impermeable pouch filled with an atmosphere 
of unmixed CO, (5). Attainment of reasonably stable gas 
composition depends on rapid placement of cuts in the 
package after cutting and low holding temperatures to 
minimize muscle and microbial metabolism. Packages of 
that type can be prepared using snorkel systems but with- 
out high assurance that residual oxygen is always reduced 
to very low concentrations at the time of package closure. 
CAP packages are preferably prepared using a system in 
which pouches are evacuated and gassed by snorkel within 
a chamber that is simultaneously evacuated, to prevent 
locking off of air-filled regions, then partially pressurized 
before the pouch is gassed to gently collapse the pouch and 
thus expel much of the remaining atmosphere. When such 
a system incorporates a high-volume pump to produce a 
high vacuum (=2 torr, 29.90 in. of vacuum, a 99.7% 
vacuum), residual oxygen at package closure of less than 
0.05% (500 ppm) can be attained providing the CO, gas 
contains 0.03% or less oxygen. 


Packaging Materials 


To adequately maintain modified atmospheres during stor- 
age, MAP packages must be constructed of materials that 
offer a high barrier to transmission of gases and water va- 
por. However, packages are constructed largely of materi- 
als that inevitably permit some degree of gas permeation. 
The amount of any gas actually transmitted by a film will 
depend on the film material, thickness of the materials, 
temperature of the film, and the difference between the 
partial pressure of the gas within and outside the pack. 
Most barrier packages are made of three layers of film. The 
outside layer must be scuff- and abrasive-resistant, the 
middle layer provides the gas barrier, and the inner layer 
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is a sealant layer (6). Some barrier layers lose the barrier 
properties when wet and therefore must be protected from 
moisture on both sides (7,8). The rates at which different 
gases are transmitted through different films also vary 
widely, partially dependent on the chemical nature of the 
film polymer. 

Gases that contribute to product life in MAP are CO. 
and Oz, and their relative rates of transmission depend on 
the film. As well as appropriately low gas transmission 
characteristics, films used for MAP packaging should have 
good sealing qualities. Although clipping or crimping is 
used in some systems for closing MAP packs, such closures 
are unreliable in that channels allowing excessive gas 
exchange may traverse the seals. To maintain a modified 
atmosphere, packaging materials that can be reliably 
sealed by heating are required. Tray and package design 
must consider film thickness at the thinnest points. An 
accordion-fold design meant to improve physical strength 
of a tray could result in thinning of gas barrier walls if the 
quantity of film material is limited. 

Important physical characteristics needed include re- 
sistance to abrasion, as handling and transport are likely 
to impose abrasive stress; puncture resistance, particu- 
larly for bone-in products; appropriate thermoforming 
characteristics when tray forming is part of a packaging 
system; and, for display top-film layers particularly, good 
clarity and antifogging characteristics. 

The critical gas-transmission characteristics are not 
well defined for many MAP purposes. In general, films 
with oxygen permeabilities of <100 cm*/m?/24 h at stan- 
dard atmosphere, measured for the film at a specified tem- 
perature and exposed to a specified humidity (commonly, 
25°C and 75% RH), are considered possible materials for 
constructing MAP packages for low-oxygen MAP (9). How- 
ever, such data give only an approximate indication of the 
oxygen transmission in actual use conditions and not areal 
indication of the CO, transmission that could occur. Con- 
sequently, trials are necessary to establish the utility of 
films for particular MAP purposes. 

For high-oxygen MAP display, appearance of the pack- 
age is a major commercial concern. That aspect of the pack- 
age may therefore be optimized in practice, even at the cost 
of some reduction in the preservative capabilities of the 
packaging. 

The atmosphere of a high-oxygen MAP display pack is 
dynamic. The contained meat respires, converting O2 to 
CO,; O2 and CO, are transmitted at different rates 
through the film, at least through the lid, which must have 
good optical qualities; and the highly soluble CO; will dis- 
solve in the meat to an amount determined by the meat 
mass, area of exposed meat surface, the muscle tissue pH, 
the ratio of fat to muscle tissue, the temperature, and the 
partial pressure of the gas in the within-package atmo- 
sphere (10). To maintain an atmosphere of adequate com- 
position against the meat-related factors tending to change 
it requires a gas-volume-to-meat weight ratio of about 3. 
When free space within the package is inadequate, an ex- 
cessive change in the O2 concentration may occur during 
storage. Package collapse can also occur because a rising 
CO, concentration leads to a reduction in the atmosphere 
volume as a result of CO, dissolving in the meat. To guard 


against collapse upon initial or progressing dissolution of 
CO,, it is common practice to include some nitrogen, which 
is physiologically inert, as ballast in the package atmo- 
sphere. Even when the package is properly constructed 
and filled to an appropriate gas-volume-to-meat weight ra- 
tio, changes in the atmosphere composition occur during 
storage. 

The inevitable economic (cost) pressures lead to reduc- 
ing the in-package headspace-to-meat ratio, especially 
when transportation for a long distance is involved. In the 
high-oxygen package, the concentrations of both O2 and 
CO, will decline and that of N2 will increase proportionally 
with decreasing concentrations of the other gases (11). 

Pouches for low-oxygen MAP packages are usually com- 
posed of either a high or very high gas-barrier laminate 
(<100 or <2 cm? O2/m?/24 h/atm). The pouch is evacuated 
and refilled with either CO2 or a CO2-N2 mixture. Depend- 
ing on the evacuation system used, residual oxygen may 
range from 10 to 0.1% (1,000 ppm) and sometimes as low 
as 300 ppm, although the latter, low level is not attained 
consistently. 

After package closure, CO, will dissolve in the meat. 
When only CO, is added, if the quantity of CO, is insuffi- 
cient to both saturate the meat at atmospheric pressure 
and fill the inevitable voids between meat pieces, the pack 
will collapse tightly on the product, compacting and de- 
forming it. The partial pressure of CO. within the package 
will then be less than atmospheric, and the film may be 
prone to puncture by the contents, if bone-in cuts are used. 
Levels of CO, may also fall below the most effective anti- 
microbial levels. About 1.5 L of COa/kg of meat is generally 
required to avoid pack collapse (10). 

Residual oxygen levels in low and ultra-low MAP pack- 
ages may increase above initial levels for approximately 3 
days, from an initial 2% to about 7% for a five-pork loin 
gas pack, then will decrease (12). The increase is partly 
due to oxygen that has diffused into the meat during ex- 
posure to air after cutting and before packaging. Some of 
this oxygen apparently diffuses out, increasing oxygen con- 
centration of the in-package gas. Oxygen concentrations 
also rise because CO, dissolves into the meat. A shorter 
interval between cutting and packaging should decrease 
this short-term oxygen increase. After this initial increase, 
the concentration of residual oxygen within the MAP pack- 
ages will tend to fall, because of reaction of the gas with 
the meat. However, the rate of such reactions will decline 
with the oxygen concentration and an equilibrium will ul- 
timately be established between oxygen ingress through 
the film and scavenging of the gas from the package at- 
mosphere. The equilibrium O, concentrations may reach 
about 1% in packs composed of high gas-barrier film but 
will be lower in packs composed of very high gas-barrier 
film (13). The subsequent lowering of oxygen concentration 
is affected by muscle metabolism (mitochondrial consump- 
tion and reaction with heme pigment), absorption by tissue 
fluids, and microbial metabolism. 


MUSCLE SCAVENGING OF OXYGEN 


Muscle metabolism can serve to scavenge oxygen within a 
MAP package, but such scavenging is slow at chilled meat 


temperatures and also slowed by lower concentrations of 
oxygen in the MAP headspace. Muscles differ in their abil- 
ity to scavenge oxygen, with redder (more red fibers) mus- 
cle being more active. Scavenging rate may be influenced 
by pH. 

Continued scavenging by muscle reduces its later abil- 
ity to bloom (oxygenate) when exposed to air. Rapid reduc- 
tion of in-package oxygen of ultra-low MAP packages 
seems important to retain substantial ability to bloom. 


DYNAMIC MAP SYSTEMS 


These systems (2) include active packaging, VSP (vacuum 
skin packaging) & MAP, CAPTECH, 2-phase MAP, static 
gas exchange, and dynamic gas exchange. VSP & MAP in- 
cludes an inside vacuum skin of an oxygen-permeable film 
enclosed in a barrier bag into which a high-oxygen atmo- 
sphere (80% O», 20% CO,) has been injected. The inner 
oxygen-permeable film allows oxygen at the meat surface 
while carbon dioxide controls microbial growth. The 
CAPTECH system has an inner oxygen-permeable film 
and the outer foil plus biaxially oriented nylon film that 
encloses a metered amount of carbon dioxide. The 2-phase 
MAP combines use of solid and gaseous carbon dioxide to 
avoid the package collapse that can result from CO. ab- 
sorption by the meat. 

Static gas exchange implies an inner package of oxygen- 
permeable film with an outer dome or master pack filled 
with a CO,/N, mix. The outer dome or film is gas imper- 
meable, and this system is dependent on a very good oxy- 
gen evacuation. This system may be vulnerable to oxygen 
that has diffused into meat after cutting and before pack- 
aging and later may partially diffuse out of the meat into 
the in-package atmosphere. Therefore the time interval be- 
tween cutting and packaging should be very short. 

Dynamic gas exchange implies mechanically replacing 
the original CO,/N2 gas mix with an 80% O2/20% CO, or 
similar mix at the retail establishment. The original gas 
mix enables a longer storage and distribution product life 
of up to 3 weeks, and the gas exchange enables rapid bloom 
(oxygenation) of the myoglobin. 


ACTIVE PACKAGING 


Active packaging can use oxygen scavengers, carbon di- 
oxide scavengers or emitters, chemically treated films, 
temperature-controlled packages, or time-and-tempera- 
ture controlled packages (14). To insure early attainment 
and maintenance of continuous zero-oxygen concentra- 
tions in MAP, oxygen absorbers or scavengers can be added 
to the package to actively remove residual oxygen and ox- 
ygen that permeates the packaging film. The most common, 
oxygen scavengers are reduced-iron powders mixed with 
acids, salts, or both to oxidize in the presence of oxygen. 
Most scavengers need to be activated by some wetted hu- 
mectant (13). When a wetted humectant was added to the 
scavenger and placed in an aerobic atmosphere, oxygen 
scavenging occurred at near maximum rate (15). A scav- 
enger used in an ultra-low-oxygen system can quickly 
lower oxygen levels below limits of detection. 
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Ageless® (Mitsubishi, Japan), a scavenger widely used 
by the food industry, has iron powder in a small packet that 
is highly permeable to oxygen. According to Nakamura and 
Hoshino (16), 1 g of iron can react with 0.0136 mol of ox- 
ygen, producing ferrous oxide. One gram or about 0.7 L of 
oxygen reacts with about 300 cm® of oxygen scavenger at 
standard pressure and temperature. Packets are available 
in sizes ranging from 20 to 2,000 cm* in oxygen-scavenging 
capacity. To remain within the scavenging ability of an ox- 
ygen scavenger, the barrier film permeability must be <20 
cm*/cm?/24 hours, and the advantage of minimal oxygen 
to be scavenged is important. 

An active packaging system (Cryovac OS 1000) released 
in 1998 (17) uses a polymeric oxygen-scavenging system 
that absorbs oxygen within the MAP package, and the 
polymer also serves as an oxygen barrier. The proprietary 
oxygen-scavenging layer consists of three primary compo- 
nents: an oxidizable polymer, a photoinitiator (PI), and a 
catalyst. The oxidizable polymer is the component respon- 
sible for binding the oxygen molecules. The PI absorbs the 
UV light and provides the energy to start the reaction. The 
catalyst helps to increase the rate of the scavenging reac- 
tion. The advantage of this system is that it is activated 
by UV light quickly after the package is sealed and does 
not require injection of an activating fluid. 

An earlier stumbling block of sachet-type scavengers 
was a desire, especially by marketing people, not to have 
this “foreign material” in the final retail package. Some 
newer applications avoid this problem by attaching the 
iron-filled sachet to the outer barrier dome or bag, so it 
is disposed of and never appears with the final retail 
package. Most scavengers work more slowly at the low 
temperature required for chilled meat. This presents a 
problem as rapid scavenging of oxygen is a must for ultra- 
low-oxygen applications if rapid blooming is anticipated 
upon later exposure to air. 


THE REACTIONS OF SPOILAGE FLORAS AND 
PATHOGENIC BACTERIA TO MODIFIED ATMOSPHERES 


When lack of oxygen is not a factor, meat spoilage floras 
are inevitably dominated by strictly aerobic pseudomo- 
nads, at least at temperatures of 20°C or below. Those or- 
ganisms will ultimately cause putrid spoilage of the meat. 
The presence of CO; in the atmosphere slows the rates of 
growth of both pseudomonads and competing species so 
that the pseudomonads retain the growth rate advantage 
that insures their predominance in the spoilage flora. Con- 
sequently, CO, in an aerobic atmosphere extends the time 
required for the spoilage flora to reach spoilage numbers 
but does not significantly alter the flora composition or the 
type of spoilage that finally occurs. 

The inhibition of pseudomonads by CO, increases with 
decreasing temperature and with increasing CO, concen- 
tration. However, the increased inhibition is small for CO, 
levels >20%. Thus, provided the CQ, concentration does 
not fall below that level, changes in CO, concentration will 
have an insignificant effect on the storage life of meat pack- 
aged in a high-oxygen MAP pack (18). At chiller tempera- 
tures, the growth rate of pseudomonads is approximately 
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halved by 20% CO, in the atmosphere. Therefore, high- 
oxygen MAP packaging will at best double the time before 
microbial spoilage of meat develops. Microaerobic or an- 
aerobic conditions severely inhibit or suppress the growth 
of pseudomonads. Under essentially anaerobic conditions, 
low-pH (<5.8) meat will develop a flora composed solely of 
anaerobic but aerotolerant lactobacilli. Lactobacilli pro- 
duce acid or dairy spoilage flavors in meat, but only sub- 
stantially after the bacteria have achieved their maximum 
numbers (19). 

Under the same conditions, high-pH muscle tissue and 
meat with extensive fat cover, which is of neutral pH, will 
develop a flora containing facultatively anaerobic organ- 
isms in addition to the lactobacilli. Species of Enterobac- 
teriaceae will inevitably be present and cause putrid spoil- 
age as they approach their maximum numbers. Two other 
species, Brochothrix thermosphacta and Alteromonas pu- 
trefaciens, may also be present when processing hygiene is 
poor. When those organisms are present in a spoilage flora, 
they can cause early spoilage when their numbers are rela- 
tively low; B. thermosphacta produces sour-aromatic odors 
and flavors, and A. putrefaciens causes putrid spoilage 
with much H,S. 

High concentrations of CO, impose significant lags on 
the lactobacilli and B. thermosphacta before they can com- 
mence growth and thus halve the growth rates of these 
organisms. In addition, the minimum temperature for 
growth of B. thermosphacta is increased from about —3°C 
to above 0°C., The effect of high CO, concentrations on the 
enterobacteria is even more pronounced, because their lag 
phase is extended to very long times, and they finally com- 
mence only very slow growth. The effect of high CO, con- 
centrations of A. putrefaciens is less certain, but available 
evidence suggests that its growth is effectively suppressed 
(20). 

Increasing concentrations of O, in a nominally anaero- 
bic CO, atmosphere will tend to accelerate the weak 
growth of the facultative anaerobes. When the O, concen- 
tration is sufficiently high, slow growth of pseudomonads 
will occur. Thus low-oxygen MAP atmospheres, with a 
range of O, concentrations that usually increase during 
storage, tend to allow growth of mixed spoilage flora in 
which facultative anaerobes are a substantial fraction and 
in which even pseudomonads may occur. In contrast, ultra- 
low-oxygen-packaged meat will develop a flora of lactoba- 
cilli, irrespective of the meat pH. Poor microbiological con- 
dition before packaging has minimal effect on the type of 
flora that develops when the product is stored at 0°C or 
below. However, at higher storage temperatures, B. ther- 
mosphacta will grow on ultra-low-oxygen-packaged meat 
that was heavily contaminated with that organism during 
processing, at a rate similar to that of the lactobacilli. The 
presence of B. thermosphacta in the flora will cause early 
spoilage of the product. On ultra-low-oxygen-packaged 
meat, the ubiquitous enterobacteria will finally initiate 
growth to cause putrid spoilage when they approach the 
relatively low numbers of 10°/cm?. Such putrid spoilage 
may, however, be preempted by acid-dairy spoilage due to 
the lactobacilli that attain maximum numbers of about 
10°/cm? well before the enterobacteria start to grow. 


In addition to spoilage organisms, cold-tolerant patho- 
genic species may grow on chilled meat, and mesophilic 
pathogens may grow when the chilled meat experiences 
temperature abuse. As with the spoilage organism, path- 
ogen growth is generally slowed by substantial concen- 
trations of CO2. However, the response of bacteria to CO. 
is highly varied, and under some circumstances, a CO.- 
containing atmosphere may confer a growth-rate advan- 
tage on an individual pathogen over competing spoilage 
types. In that situation, the pathogen might reach hazard- 
ous numbers before the meat is rejected because of spoil- 
age. Such a condition can develop with vacuum-packaged 
meat and might be expected in high- and low-oxygen MAP 
packs. However, in ultra-low-oxygen-packs, the combina- 
tion of anoxia and high CO, concentration tends to raise 
the minimum growth temperature and extend the lag 
phase of pathogens so that their growth is disadvantaged 
relative to that of spoilage organisms (21). 


MUSCLE PIGMENT REACTIONS IN MODIFIED 
ATMOSPHERE 


When purchasing fresh meat, consumers judge the accept- 
ability of the product largely on the appearance, mostly 
color, of the exposed muscle tissue. Dull and/or discolored 
fat and darkened cut bone surfaces can detract from meat 
cut appearance when the muscle tissue appears attractive, 
but good appearances of fat and bone cannot compensate 
for a degraded appearance of the muscle tissue (22). 

Muscle tissue appearance is determined by the chemi- 
cal state of the muscle pigment, myoglobin, as shown in 
Figure 1. In the absence of oxygen, the pigment is in the 
deoxymyoglobin state, which has a dark, purplish-red color 
(23). On exposure to air, the pigment is rapidly oxygenated 
to form oxymyoglobin, the bright red that consumers have 
been taught to expect and find attractive. Deoxymyoglobin 
and oxymyoglobin, which are both in the reduced state, can 
oxidize to metmyoglobin, which has a dull brown color as- 
sociated with deterioration of quality. Oxidation of deoxy- 
myoglobin can be more rapid than oxidation of oxymyoglo- 
bin. That results in the faster oxidation of myoglobin at 
low (highest at 4 mm partial oxygen pressure) than at 
higher concentrations of oxygen (24). 

Myoglobin oxygenation is rapid, and the fraction of the 
pigment in the oxygenated form increases with increasing 
oxygen concentration. Metmyoglobin is more stable and is 
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Figure 1. Fresh meat color triangle. 


slowly converted to deoxymyoglobin by enzyme-mediated 
reactions termed metmyoglobin-reduction activity (25). 
Muscle tissue that is deficient in the enzymes that mediate 
metmyoglobin reduction or in the reduced cofactors nec- 
essary for the reduction reaction will be unable to recon- 
vert metmyoglobin, which will persist once it is formed. 
Muscles vary widely in metmyoglobin-reduction activity. 
Those that tend to have a high activity, such as the longis- 
simus dorsi, are more color-stable in air, their red color 
persisting for 3 or 4 times as long as color of unstable mus- 
cles of low metmyoglobin-reduction activity, such as the 
psoas. Metmyoglobin-reduction activity dissipates during 
storage of muscle. After lengthy storage, the color stability 
of initially color-stable muscles is similar to that of those 
muscles that were initially of relatively poor color stability 
(26). 

Maintaining meat at as low a temperature as possible 
without freezing will slow pigment oxidation and increase 
the depth of the oxygenated surface layer. Two obvious 
means of preserving muscle color are to increase the pro- 
portion of oxidation-resistant oxymyoglobin by high-oxy- 
gen MAP or to largely exclude oxygen using ultra-low- 
oxygen MAP. 

High-oxygen MAP is used mainly for retail product. If 
used for poultry, high-oxygen atmosphere may be inappro- 
priate because of the meats’ limited myoglobin level. The 
product may be packaged in gas barrier trays that contain 
the preservative atmosphere and are sealed with a lidding 
film of low gas permeability. Alternatively, several trays of 
product overwrapped with a film of high gas permeability 
may be master packaged in a bag of low gas permeability. 
The gas with which packs are filled may have a composi- 
tion of about 65% O,, 25% CO., and 10% N2. The CO, is 
required to retard the growth of aerobic spoilage bacteria. 
Nitrogen has no preservative function for the meat and 
may be omitted, but it is often included to guard against 
the collapse of sealed trays that may result from the dis- 
solution of CO, into the muscle. 

The deoxymyoglobin chemical state predominates in 
normal muscle before cutting. Upon exposure to oxygen, 
usually in air, the oxygen diffuses further into the muscle 
with time, creating an oxymyoglobin layer on the meat sur- 
face. Diffusion into the muscle is more rapid in lower-pH 
muscle due to a more open muscle structure (27) and less 
scavenging of oxygen by muscle enzyme systems. Higher- 
oxygen tension at the meat surface, such as in high-oxygen 
MAP or by hyperbaric oxygen pressures, will drive the ox- 
ymyoglobin layer more deeply into the muscle, with the 
remaining muscle in the deoxymyoglobin state because of 
very low partial oxygen pressures in the meat-cut interior. 
At some variable time in display, metmyoglobin-reduction 
activity at the interface of the oxydeoxymyoglobin inter- 
face will be exhausted, so a layer of brown metmyoglobin 
begins to form, then becomes broader and begins to move 
toward the meat surface, diminishing the depth of the ox- 
ymyoglobin layer. At some point the brown metmyoglobin 
is close enough to the meat surface at some locations to 
contribute brown to the visual color as viewed on the meat 
surface, or as detected by a reflectance spectrophotometer. 
Because both the oxidative-reductive state and partial ox- 
ygen pressure may vary at different meat locations, the 
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brownness is frequently spotty and not uniform, especially 
in ground meat where variable amounts of oxygen have 
been incorporated into the meat. 

High-oxygen MAP systems often have atmospheres of 
20% carbon dioxide and up to 80% oxygen and can produce 
and maintain a desirable red color in beef for up to 9 days 
and depress the formation of metmyoglobin by driving ox- 
ygen deep within the surface of the meat. Beef loin eye 
steaks in high-oxygen (70%) packages with 30% carbon di- 
oxide had brighter, more desirable visual color scores and 
higher CIE a* (redness) values than vacuum controls (28) 
but with undesirable color beginning at 10 days of storage. 
Another study found that beef loin eye steaks were stable 
in high oxygen (70%) up to 14 days (29). Ground beef in a 
similar treatment was stable for only 6 days (30). Color life 
varies between species as well as muscle type. Pork loin 
chops in high oxygen had acceptable saturation indices and 
display color for 8 to 12 days with off-odor, not color, in beef 
steaks and pork the limiting factor to shelf life (31). High- 
oxygen-packaged beef loin eye steaks from loins in vacuum 
less than 7 days postmortem had much better display color 
stability than steaks packaged from loins vacuum aged for 
14 or 28 days. 

Carbon monoxide has been used in beef MAP systems 
to maintain a bright cherry-red color. Carbon monoxide 
binds strongly to myoglobin and hemoglobin, forming car- 
boxymyoglobin and carboxyhemoglobin, respectively, pig- 
ments that are stable bright-red compounds (1). Round 
steak (pieces) stored at 0, 5, and 10°C in carbon monoxide 
from 0.5 to 1.0%, with the balance as nitrogen, had in- 
creased color and odor shelf life up to 20 days over that 
stored in air. Beef loin eye steaks at 4°C in a 0.4% carbon 
monoxide, 60% carbon dioxide, and 40% nitrogen system, 
compared with a high-oxygen (80%) system or vacuum 
packaging, were brighter red than the other two treat- 
ments and had better display color stability (28). Carbon 
monoxide at 0.4 to 0.5% is currently utilized safely in some 
domestic European fresh-meat markets. Low-oxygen pack- 
aging systems lack the benefit of high oxygen to cause ox- 
ymyoglobin to be formed more deeply into the meat. Low- 
oxygen systems often have too much oxygen for the meat 
to naturally scavenge and therefore may not discourage 
the formation of metmyoglobin. 

In MAP systems with no oxygen in the gas mixture 
(ultra-low oxygen), a slight amount of residual oxygen fre- 
quently occurs due to small pockets of air not removed ini- 
tially by the evacuation or flushing process. These small 
concentrations of oxygen frequently cause major discolor- 
ation, reduced color stability, or blooming ability problems. 
Initial oxygen concentrations >0.15% (1,500 ppm) seri- 
ously compromised the color stability of beef and lamb. 
Pork was affected by residual oxygen concentrations 
>1.0%. At low oxygen partial pressure, oxidation of oxy- 
myoglobin to metmyoglobin is highly favored. Oxygen con- 
centrations between 0.5% and 2% most rapidly revert myo- 
globin to metmyoglobin (24). Beef or lamb stored in such 
atmospheres may be initially discolored by the residual ox- 
ygen, but fresh red meat retains a limited reducing capac- 
ity by which it can recover from this initial discoloration. 
Compared to pork, beef and lamb were more sensitive to 
residual oxygen. Provided the amount of oxygen did not 
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exceed 0.5%, fresh meat will naturally scavenge most re- 
sidual oxygen, but more muscle scavenging will reduce 
later ability to bloom (oxygenate). Constant exposure to 
low concentrations of oxygen will have detrimental effects 
‘on reblooming ability and color stability. Therefore, if the 
residual oxygen could be removed earlier, the meat would 
have less discoloration, better rebloom, and improved color 
stability. 

Rapid scavenging of oxygen in an ultra-low-oxygen 
package is important if the meat is expected to bloom with 
acceptable speed and completeness upon later exposure to 
oxygen. Muscle oxygen scavenging may not be fast enough, 
and added chemical scavengers may be necessary. 


SUMMARY 


Storage life of MAP-packaged meat may be limited by mi- 
crobial deterioration; loss of salable appearance; or, in lim- 
ited circumstances, by development of oxidized odors, 
tastes, or both. 

The meat industry is rapidly moving toward prepara- 
tion of case-ready retail cuts at the slaughter-fabrication 
plants, and MAP is essential to make such a system viable. 

The essential keys to success are: 


. Clean, high-quality product into the package 

. Rapid completion of packaging after fabrication 

. Cold temperature and good temperature control 

. Complete evacuation and fill with MAP gases 
Sound package, good seal, and minimum of leakers 


. Final retail package not very different from what 
customers are used to 


7. Package remains sealed until consumer opens it 


earonre 
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MEAT PROCESSING: TECHNOLOGY 
AND ENGINEERING 


The major processed meats consumed in the United States 
are made from beef, pork, turkey, or a combination of these. 
The term all-meat product usually refers to a mixture of 
beef and pork or beef, pork, and turkey. According to the 
type of process equipment used, the processed meats can 
be grouped into one of three categories: (1) muscle prod- 
ucts, (2) coarse-ground products, and (3) emulsified prod- 
ucts. Products in each group often share common process 
equipment. The process flowchart is illustrated in Figure 
1. The goal of muscle product processing is to keep an origi- 
nal intact tissue appearance in the finished product. The 
products, such as ham, roast beef, and turkey breast, are 
produced from whole muscles or sectioned muscles. For 
coarse-ground products, the meat particles are substan- 
tially reduced and are then restructured back to a different 
physical form. The finished products, such as dry sausage 
and smoked sausage, still present the recognizable meat 
particles. Emulsified products are made from meats that 
are completely chopped and further reduced to a pastelike 
batter. The finished products are a smooth, homogeneous 
mass. The meat fibers are beyond recognition. Bologna and 
hot dogs belong to this category. 

In the processed-meat industry, raw meats, either 
whole muscles or altered meat particles, are restructured 
to the predetermined product characteristics. The major 
processing equipment includes injectors and massagers for 
muscle products, grinders and mixers for coarse-ground 
products, and choppers and emulsifiers for emulsified 
products. Injecting and massaging processes facilitate 
brine distribution and protein extraction. Grinding re- 
duces meat particle size, and mixing assures uniformity of 
chemical composition as well as protein extraction. The 
chopping process also reduces particle size and obtains 
salt-soluble protein. The emulsifying process forms a ma- 
trix in which the fat particle is encapsulated with the pro- 
tein membrane (1). 

Raw meats, after these preparation processes, are 
stuffed into casings or molds to form a defined geometric 
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shape and size. During these processes, rheological prop- 
erties are critical to equipment performance and final 
product quality (2-4). Regardless of the product category, 
the most important missions of process equipment are to 
extract salt-soluble protein for binding meats together and 
to hold moisture and fat inside the finished product. 


INJECTING 


Curing with a high concentration of salt was the sole 
method used for meat preservation in ancient times. With 
the availability of refrigeration today, mild curing is em- 
ployed to improve eating quality more than for preserva- 
tion. The common ingredients used in a pickle solution, or 
brine, are salt, nitrite, phosphates, sodium erythorbate, 
sugar, and starch. Because of the different solubility of 
each ingredient, the hard-to-dissolve ingredients should be 
mixed and dissolved first, and then the other ingredients 
should be added. The following preparation procedure is 
recommended (5). 


1. Dissolve the sodium phosphates in cold water (40°F). 
2. Add the sodium erythorbate and dissolve. 


8. Add the remaining ingredients (salt, nitrite, sugar, 
etc). 


Agitation in the brine tank is usually needed to prevent 
precipitation. 

Accurate pumping and uniform brine distribution in 
meat muscle are two major process control points. The 
amount of pumping determines the profitability and legal- 
ity of products. Uneven distribution of pickle can cause 
color, flavor, and texture problems. Small-diameter nee- 
dles, closely spaced, provide more uniform injecting and 
less muscle damage. Because small-diameter needles are 
used for pickle injection, a filter system to prevent particles 
from plugging up the hole of the needles is vital for accu- 
racy and uniformity. The pickle solution must be kept free 
of meat particles or other nondissolved ingredients before 
coming into the needle manifold. The injection needle can 
be single-hole or multihole. The former can create a large 
brine pouch inside the meat muscle and cause a leakage 
problem when the needle pulls out. The multihole needle 
is preferred for better distribution and less leakage. The 
amount of pumping is usually controlled by pressure, belt 
speed, and stitch sequence. 


MASSAGING AND TUMBLING 


After pickle injection, muscle products require a massag- 
ing or tumbling process to facilitate the salt-soluble protein 
extraction and pickle diffusion (6-8). The desired result is 
to produce a product with an original intact tissue appear- 
ance after heat processing. Before the massaging process, 
mechanical tenderization or maceration is often used to 
increase the surface available for protein extraction and to 
improve binding during cooking and pliability during stuff- 
ing. However, this step is not absolutely necessary. Ten- 
derization or maceration has a tendency to disturb the 
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Figure 1. Meat processing flow chart. 


original tissue appearance. The excessive pickle carried 
over from the injecting process is usually massaged into 
the product in order to attain a desirable brine level. 

A massager is comprised of a stationary vat having one 
or two shafts extending therein with a plurality of paddles. 
The meats in the vat are kneaded by a slow-rotation mix- 
ing of paddles, which forces the meats to rub against one 
another. A tumbler is a rotating drum with blades built 
longitudinally on the inner surface. As the drum rotates, 
the meats inside the drum are lifted by the blades and fall 
on top of one another. If the blades have an angle with 
rotation direction, they force the meats to move against 
themselves. 

A tumbler provides not only meat-on-meat friction but 
also falling-impact action. The most advanced tumbler has 
been improved to produce a gentle effect, similar to a mas- 
sage machine. It consists of a rotating drum with two in- 
tegral helical flights. The flights do not rotate indepen- 
dently from the drum and hence do not cause tearing and 
shearing effects as does a mixer. In addition, the flights are 
in a helical arrangement; they do not lift and drop meat 
like straight blades. There is no falling impact. As the 
drum rotates, the helical flights force the product into an 
elliptic motion and produce meat-on-meat massaging ac- 
tion. In industry, the massager and the tumbler are used 
equally because they provide the same function. 

From a scanning electron micrograph study, fiber de- 
struction was evident after a few hours of massaging (8). 


Further massaging resulted in longitudinal disruption. In- 
termittent tumbling resulted in more alteration in the cell 
structure than did continuous tumbling based on the con- 
stant tumbling time (9). Because the destruction of the 
cells on the surface and also deep inside the muscle pro- 
vides more available salt-soluble protein, the massaging or 
tumbling process produces a better colored, more tender, 
and higher yield product. The application of a vacuum dur- 
ing massaging can further improve the product color, co- 
hesion, and sliceability. Applying a vacuum during the 
massaging also gives a 2-3% higher yield. The optimum 
massaging temperature is suggested to be 43—-46°F (10). 


GRINDING 


The grinder is the most commonly used piece of equipment 
in the meat industry for reducing particle size. The size of 
the meat particle is determined by the diameter of the hole 
in the plate and the revolutions per minute of the cutting 
knife. The grinding temperature is critical for obtaining 
clear particle definition and is found to be at or near the 
freezing point of meat, 28°F. The sharpness of cutting 
knives and the grinding plate is also vital to produce a 
product with a less smeared appearance. Products with 
high fat content can usually be ground at a colder tem- 
perature than can lean products. A double-plate grinding 
system can often be adapted to the regular grinder with 


adequate horsepower to reduce the capital and operation 
costs as well as to maximize use of space. 

One quality concern of coarse-ground products is bone 
chips and gristle in the finished products. An automatic 
bone elimination system is often built into a grinder to re- 
move bone, gristle, and any other hard-to-grind materials. 
There are two general types of removal systems: central 
removal and peripheral removal. The latter system passes 
the least amount of bone to the finished product and also 
has less of a plug-up problem for a prolonged period of use 
(11). 

In poultry plants, a low-pressure grinding system has 
been used increasingly to separate meat from bone and 
sinew. Raw meat is fed into a precrusher, which consists of 
dual crushing rollers. The crushed meat is then carried 
and forced against a perforated drum by a flexible con- 
veyor. Meat is pressed through the perforations into the 
inside of the drum. The deboned meat inside the drum is 
then discharged at the drum opening by a static product 
scraper. The bones, sinew, ete are carried around the out- 
side surface of the drum and are then removed by a scraper 
knife. The low-pressure grinder functions very effectively 
for poultry products, but ineffectively for red meats, owing 
to the toughness of the muscle. 


CHOPPING AND EMULSIFYING 


A chopper is the other piece of equipment commonly used 
to reduce meat particle size. The major function of a 
grinder is solely to reduce particle size with clear particle 
definition. However, a chopper is employed to reduce par- 
ticle size, to extract salt-soluble protein, to disperse fat, 
and to mix meats and spices uniformly. Products that go 
through a chopping process do not possess a particle defi- 
nition as clear or as uniform as that for ground products. 
The chopper is usually used as the first phase of size re- 
duction before the emulsifying process. Chopping is one of 
the most important processes to control emulsified product 
quality (12,13). The chopping process determines the 
amount of available protein and the size of fat particles. If 
the meats are not adequately chopped, there is a lack of 
soluble protein to coat the fat particles. If the meats are 
overchopped, the fat particle size is reduced and the sur- 
face area increases enormously. Eventually, the fat surface 
becomes so large that the protein solution cannot coat all 
the fat particles. In both cases, fat will render from emul- 
sion during heat processing. To determine the optimum 
chopping condition, emulsion temperature is generally 
used as the process control criterion. An emulsion tem- 
perature of 55°F after chopping was found to be most stable 
(14). The variables that can effect emulsion stability in a 
chopper are chopping time, bow] speed, knife speed, bow] 
size, knife size, number of knives, and the mass of emul- 
sion inside a chopper (2). 

The emulsifier used in the meat industry is similar toa 
grinder. Because products that require an emulsifying pro- 
cess are usually prechopped or preground to a very fluid 
mass, an emulsifier normally does not have a feed screw 
to deliver product to the emulsifying plate. The cutting 
knives of the emulsifier function as impellers to suck meats 
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from the hopper and to force them through the emulsifying 
plate simultaneously. The hole in the emulsifying plate 
ranges from 1 to 3 mm. The meat temperature out of the 
emulsifier should be kept below 70°F to assure emulsion 
stability. 

In recent developments, one single piece of equipment 
combining chopping and emulsifying has been developed. 
The ground product is loaded in a bow] where a vacuum 
can be created and is chopped by two counter-rotating 
knives. Cutting time, temperature, and vacuum can be 
controlled by a microprocessor. A vertical augur turns 
clockwise gently while an agitator stirring arm lifts the 
product off the wall of the bowl. When the chopping cycle 
ends, the augur reverses and begins feeding the chopped 
meat into the emulsifier. The emulsifier consists of double 
plates. The product is forced through the plates by the im- 
peller. The other new development is to eliminate chopping 
by combining chopping and emulsifying operations in one 
emulsion mill. The finely ground meat in a storage hopper 
is transferred to a deaerator. The deaerator plays dual 
functions; it removes air and accumulates meat temporar- 
ily. At the bottom of the deaerator, a positive pump forces 
meat through cutting knives and an emulsifying plate. The 
particle size and emulsion temperature are controlled by 
flow rate. Both systems can keep the whole process under 
vacuum conditions and also can save on unit operation 
cost. 

Some physical and chemical properties of comminuted 
meats have been studied. The research on protein-protein 
interaction shows that the reaction among proteins results 
in molecular aggregation that is reversible between 39 and 
86°F (15). A study on structural change during chopping 
and cooking has indicated that muscle fibers were reduced 
in size but some remain intact; fat particles were reduced 
in size with only a portion of them being surrounded by a 
protein interface, and collagen fibers were somewhat dis- 
persed but otherwise unaltered (16). The application of a 
vacuum during the chopping process does promote cured 
color development (17). 


MIXING 


The mixing process is a necessary procedure for coarse- 
ground products. The only purpose of grinding is to reduce 
particle size. Lean and fat meat extruded through the 
grinder must be thoroughly mixed in order to assure the 
uniformity of chemical composition and to extract salt- 
soluble protein for fat-holding and water binding (18). A 
mixer consists of a hopper and a pair of agitators. Ribbon, 
paddle, or solid flight agitators are commonly used for mix- 
ing meat products. Agitators are designed to tumble and 
to circulate meat slowly inside the mixer. The agitators 
usually rotate in opposite directions to perform overlap- 
ping action. The optimum mixing temperature is sug- 
gested to be below 40°F to prevent smear problems. 
Oxygen, which exists in meat products, accelerates the 
spoilage of finished product. A vacuum is often applied dur- 
ing the mixing process to evacuate air. To keep product 
temperature cold during the mixing operation, ice, chilled 
water, or liquid gas are added into the mixer. Meat is an 
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excellent carbon dioxide (CO,) absorbant. If dry ice is used 
for chilling, a vacuum should be applied to remove dis- 
solved CO, at the end of the mixing cycle. Otherwise, the 
dissolved CO, will be released in heat processing or 
vacuum packaging and cause quality and shelf life prob- 
lems. 


STUFFING 


Meat product is usually stuffed into natural casings, cel- 
lulose casings, collagen casings, cook-in-bags, or molds to 
form the final geometric shape. Several types of pumps are 
used in stuffers, such as piston, gear, vane, or worm gear 
types. For small link products, a continuous stuffing, link- 
ing, and looping machine is most commonly employed. 
The machine can produce 3,000-4,000 Ib/h. For a large- 
diameter product, such as bologna, the meat dough is 
stuffed into the casing with a casing sizer to ensure a uni- 
form diameter from one end to the other. A metal mold is 
often used in producing large-diameter products to replace 
expensive casing. 

Sausage manufacturers spend about 5 percent of the 
cost on casing to form product and then peel it off and 
throw it away. To save the cost, a highly automatic coex- 
trusion system has been developed. The system consists of 
two meat ingredients; one is sausage meat and the other 
a collagen paste that is derived from hide. Two meat in- 
gredients are fed through a co-extrusion nozzle simulta- 
neously, The nozzle consists of a central tube surrounded 
by two cone-shaped elements between which there is a nar- 
row gap ending in an orifice circling the tube. The cones 
spin in opposite directions. The collagen is forced through 
the gap and spun onto an endless rope of sausage meat. 
This rope is then passed through a brine bath to coagulate 
the collagen and then through a crimper that separates 
and forms the individual links. The diameter of sausage is 
determined by the size of the nozzle. The co-extruded prod- 
ucts are then transferred onto a conveyor to the drying 
tower, The co-extruded product has bite characteristics 
similar to those of the natural-casing product. 


HEAT PROCESSING 


Meat products, after being restructured from raw materi- 
als, are stuffed into casings, bags, or molds and are sub- 
jected to heat processing—except for the fresh-product 
category. The basic functions of smoking and heating pro- 
cesses are to inhibit bacterial growth, to provide desirable 
color, and to impart specific flavor and texture. Heat pro- 
cessing in the meat industry covers smoking, drying, cook- 
ing, cooling, and freezing (19). The smokehouse is the ma- 
jor heat-processing equipment. When meat products are 
subjected to heat processing in a smokehouse, not only 
does simultaneous heat and mass transfer occur, but also 
microbial and biochemical reactions are induced. The theo- 
retical approach to process and engineering design is lim- 
ited. According to material handling criteria, there are two 
types of smokehouses available. One is a batch-type 
smokehouse and the other is a continuous smokehouse. 
Batch-type smokehouses provide a cold-water shower for 


precooling. The final chilling is conducted at the separate 
blast-air chilling or brine chilling room. For a continuous 
smokehouse, the product is loaded on a conveyor and au- 
tomatically carried through smoking, drying, cooking, and 
chilling processes. Products, after leaving the continuous 
oven, are ready for peeling, slicing, and packaging. De- 
tailed heat-processing flowcharts for both batch and con- 
tinuous smokehouses are shown in Figure 2. 


Smoking 


The smoking of meat is an ancient practice to preserve 
meat products in addition to developing color and flavor. 
The role of smoke as a meat preservative has declined ow- 
ing to the availability of refrigeration. Today, the smoking 
process is used to enhance flavor and surface color. Several 
hundred chemical compound have been isolated from wood 
smoke. The most important compounds are acids, phenols, 
and carbonyls. Phenols and carbonyls are major contribu- 
tors of smoke flavor and color, respectively. The acidic sub- 
stances accelerate the curing reaction and contribute tothe 
pink color of cured meats. For processing convenience, nat- 
ural smoke is, for some uses, condensed to liquid form. It 
can be added directly to a product or applied on a product 
surface by dipping, spraying, atomizing, or regenerating. 


Natural Smoke Generation 


Natural smoke is produced from thermal decomposition of 
wood and is known as pyrolysis. The major constituents of 
wood are cellulose, hemicellulose, and liqnin. During ther- 
mal decomposition, a temperature gradient exists between 
the outer and inner core of wood chip or sawdust. The outer 
surface is being oxidized, and the inner surface is being 
dehydrated before it can be oxidized. During the dehydra- 
tion process, the outer surface is at about water boiling 
temperature. Carbon monoxide, carbon dioxide, and some 
volatile short-change organic acids are released during the 
dehydration process. When the internal moisture is dried 
out, the temperature rapidly rises to 300-400°C (570- 
750°F). As long as the internal temperature reaches this 
range, the decomposition occurs and smoke is given off. 
The hemicellulose fraction is the first to undergo degra- 
dation. Cellulose and liqnin degradation follow accord- 
ingly. 

Under normal smoking conditions, the smoking tem- 
perature ranges from 100 to 400°C (212-750°F) or higher. 
This results in the generation of more than 400 smoke 
compounds. Smoke composition can vary substantially 
with smoke generation temperature as well as with differ- 
ent varieties of wood. The effective smoke compounds— 
phenols, acids, and carbonyls—change with generation 
temperature, as shown in Table 1 (20); wood used here is 
maple sawdust. 

Thermal decomposition of wood is induced by high tem- 
perature. Heat sources can be hot plate, self-burning, or 
friction. Sawdust is normally used in a smoke generator 
with hot plates. Sawdust is loaded in a hopper, and the 
feeding rate is controlled by the rotation speed of the feed 
plate. Under the feed plate there are three hot plates with 
electric heaters under each plate. On top of each hot plate 
there is a wiper to sweep sawdust across the hot-plate sur- 
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Figure 2. Heat processing flow chart. 


‘Table 1. Smoke Composition Change Subjected to Smoke 
Generator Temperature 


Generator Temperature Acids Phenols Carbonyls 
(°F) (wt%) (wt%) (wt%) 
575 41 2.3 57 
600 40 17 59 
650 32 17 66 
725 27 16 72 
780 24 15 84 


face. The final ash is discharged into a cold-water stream 
and carried to an ash collector. 

In the smoldering smoke generator, smoking materi- 
als—sawdust or wood chips—are ignited by an electric 
heating element. The ignition time can be preset. When 
the set time is expired, the ignition automatically switches 
off. Air is injected at the bottom by a blower and is heated 
by the burning sawdusts or wood chips. The heated air is 
moving upward, and sawdust is supplied from the top, 
functioning as a countercurrent flow. Because of the heat 
of the burning sawdust beneath, smoke is generated as 
fresh sawdust travels from top to bottom. Smoke produced 
with the smoldering principle often has high air velocity, 
leading to excessively high smoldering temperature. The 
smoke-generation temperature can be lowered by reducing 


the air supply and slightly moistening the sawdust or wood 
chips to a moisture content of 30%. 

The friction smoke generator produces smoke by press- 
ing a piece of wood log tightly against a spinning disc. Heat 
is produced by fierce friction. This results in pyrolysis of 
the wood. Friction smoke generators produce less amounts 
of smoke than does the sawdust burning type of smoke 
generator. Another method used for smoke generation is 
the superheated steam method. The low-pressure steam is 
mixed with air and conducted to the superheater. The tem- 
perature of the steam/air mixture can be adjusted within 
the prescribed range of 243-400°C (470-750°F). The 
amount of air can be varied as required and can thus have 
a varying effect on smoke production. A screw conveyor 
brings sawdust and superheated steam/air mixture into a 
smoke-generating chamber to induce pyrolysis. Among 
these smoke-generation methods, the hot-plate smoke gen- 
erator and the smoldering smoke generators are most pop- 
ular in the United States. 


Smoke Deposition 


Smoke deposition on a product involves several physical 
and chemical processes linked closely with one another. An 
important chemical process is the carbonyl-amino reac- 
tion, which produces a desired golden brown color. As for 
the physical process, the dominant mechanism of the 
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smoking process has been identified as vapor absorption. 
During the normal smoking process, vapor smoke and the 
liquified smoke particulates coexist in an equilibrium con- 
dition. The smoke particulates function as a reservoir of 
smoke constituents. When the equilibrium between smoke 
vapor and particulates is changed by dilution of air be- 
cause of absorption from the product or as a result of in- 
creased smoke temperature, the reservoir releases a part 
of its contents to maintain the new equilibrium condition. 
Because the smoking process is an absorption, the major 
physical parameters effecting the rate of smoking deposi- 
tion are smoke density, air velocity, relative humidity, and 
the surface condition of products. It is clear that a wet sur- 
face absorbs smoke faster than a dry surface and that 
smoke absorption should follow the first order of kinetics. 
The higher the concentration gradient between the ambi- 
ent and surface, the faster the absorption rate. The rate of 
smoke deposition is also faster at high air velocities, al- 
though it is difficult to maintain high smoke density and 
high air velocity simultaneously. Smoke density and air 
velocity should be optimized according to smoke-house 
pressure as well as the exhaust system. 

The smoking process based on air temperature can be 
classified as cold smoking, warm smoking, and hot smok- 
ing. The temperature ranges are below 27°C (80°F), be- 
tween 22 and 54°C (80-130°F), and above 54°C (130°F), 
respectively. The relative humidity during cold smoking is 
not as critical as during hot smoking because of the low 
drying rate. In the hot-smoking process, the relative hu- 
midity should be precisely controlled to keep the product 
surface damp. The optimum relative humidity (RH) in a 
smokehouse for hot smoking is 60% RH and 71.1°C (160°F) 
(21). 

Smoking of meat products results in altering the protein 
composition, such as lowering myofibrillar and sarcoplas- 
mic protein nitrogens while increasing stromal protein ni- 
trogen. These protein changes result in a cross-linking of 
surface protein or tough skin (22). 


Liquid Smoke 


‘To find a way of better controlling smoke reaction, decrease 
the chance of carcinogenesis, reduce smoke effluent, and 
make the application easier, liquid smoke has emerged. 
Liquid smoke is generally produced from natural smoke by 
condensation or water scrubbing. The most prevalent 
method used in the United States is the water-scrubbing 
method. This method includes the smoldering of sawdust, 
controlling oxidation condition, and absorption of smoke in 
water, In this process, the smoke solution is recycled until 
a given concentration is developed. The other method is 
the pyrolysis of hardwood sawdust, where the generated 
smoke is condensed to a liquid-form solution through a se- 
ries of condensers. Liquid smoke can be applied directly 
into raw products, thereby producing smoke flavor and 
color simultaneously. Liquid smoke is often applied to a 
product surface. The application technique can be classi- 
fied as dipping, spraying, atomization, and regeneration. 
Dipping or spraying is implemented immediately after 
stuffing or before thermal processing. Atomization is using 
high liquid pressure to form a cloud of liquid smoke to 


which products are then exposed. Atomization can be ap- 
plied either before or during heat processing. Regeneration 
of liquid smoke is converting the liquid smoke from a liquid 
phase to a gas phase by heat. The regenerated smoke can 
have the same application as for natural smoke. 

Liquid smoke has been available for a while. However, 
it cannot replace natural smoking because of an unsatis- 
factory flavor profile. In order to impact sufficient smoke 
color on the product surface, liquid-smoked products often 
develop bitter smoke flavor. Recently, liquid smoke flavor 
has been improved by adjusting the phenol and carbonyl 
ratio. 


Pollution Control 


The natural wood smoke that can cause irritation and 
odors is discharged to the atmosphere with the exhausted 
air that is necessary for humidity control inside the smoke- 
house. To eliminate or reduce air pollution, afterburners, 
closed-system smokehouses, water-scrubbing systems, or 
electrostatic precipitators have been employed. The after- 
burner uses heat, above 1,000°F, to burn the contaminants. 
It is a high-efficiency air-pollution control unit. High en- 
ergy cost has prohibited its application. The basic principle 
of the closed-system smokehouse is to circulate humid air 
through a dehumidifier for humidity control without dis- 
charging the contaminated air into the atmosphere. How- 
ever, a substantial amount of smoke must be carried into 
the smokehouse. Some air must be released in order to 
attain the material and pressure balance. Therefore, a 
complete closed-system house cannot be achieved for a nat- 
ural smoke system (23). For a water-scrubbing system, air 
with smoke contaminants passes through a venturi. In the 
venturi, air with contaminants come in close contact with 
the scrubbing water. The collection of particulates on 
scrubbing is accomplished by inertia impaction, intercep- 
tion, and diffusion. The water droplets are collected from 
the stream by a baffle and a mist eliminator before the 
scrubbed air is discharged to the atmosphere. The water 
scrubber can achieve up to 80% efficiency. The electrostatic 
precipitator draws the contaminated air through prefilters 
that collect the larger particles and then the air passes 
through ionizers that electrically charge all the particles 
in the airstream. Ionized particles enter the collecting 
cells, where ground plates remove the particles. The elec- 
trostatic precipitator can effectively remove the particu- 
late material in the air-stream but cannot eliminate smoke 
odors in the gas phase. To improve efficiency, a chemical 
absorption tower is installed after the electrostatic filter. 
The alkaline solution is circulated inside the tower to dis- 
solve smoke odors as well as to keep the tower clean. The 
new system can provide up to 97% efficiency at a flow rate 
of 1,500 ft®/min. 


Drying and Heating 


The smokehouse is the major heat-processing equipment 
for producing processed meats. The modern smokehouse is 
equipped with instruments for programming air tempera- 
ture and humidity during the process cycle. The air can be 
heated with direct gas-firing, steam coil, or electric heating 
elements. The humidity of air in a smokehouse is con- 


trolled by the amount of air intake and exhaust and the 
injection of steam when necessary. The conditions of re- 
turned air (dry-bulb and wet-bulb temperatures) are usu- 
ally used as the process control references. The conditioned 
air is then introduced into the smokehouse by a blower. 
The air circulation rate is normally greater than 10 air 
changes a minute. One air change is equivalent to one 
smokehouse volume in cubic feet. The airflow coming into 
the smokehouse is alternated from one side to the other to 
provide more uniform heat processing. Heat-processing 
schedules are specifically designed according to product 
quality requirement as well as microbial kill. Because 
there are many different products and quality specifica- 
tions, heat-processing schedules also differ substantially. 
In designing a smokehouse, the production rate, product 
drying rate, and product heating rate with a specific set of 
heat-processing schedules should be predetermined. By 
setting up material and energy balance, the equipment ca- 
pacity for air-handling, heating, and cooling can be deter- 
mined. 

The quality of processed meats is significantly affected 
by the heat-processing schedule (24-26). High humidity in 
a smokehouse can cause surface grease and poor color 
problems, These problems are common for batch-type 
smokehouses. The batch-type smokehouse usually starts 
at low temperatures because the cold-water shower of the 
previous lot. A wet-bulb temperature setting higher than 
the house temperature at the beginning of heat processing 
often calls an excessive amount of steam into the smoke- 
house. It is common practice to set the wet bulb at zero 
degrees in order to prevent the excessive humidity. Be- 
cause the wet-bulb temperature is set at zero position, 
which is way below smokehouse temperature, the intake 
and exhaust dampers are controlled at a wide-open posi- 
tion, disregarding the humidity condition in the smoke- 
house. There is substantial variation in year-round 
weather conditions. If the exhaust capacity is determined 
under hot, humid summer conditions and a good quality 
product is produced, it is not necessary to run the exhaust 
at maximum capacity in cold, dry winter weather. There- 
fore, the exhaust dampers should be controlled according 
to the dryness of intake air (23). Microprocessors have in- 
creasingly been used to control the smokehouse system. 
The exhaust and intake air, steam injection, and exhaust 
fan can be controlled and operated independently without 
interlocking problem as are seen in current control sys- 
tems. Microprocessor control provides much more flexibil- 
ity for heat-processing optimization and energy conserva- 
tion. 


Cooling 


From microbiological research, it has been illustrated that 
product shelf life strongly depends on product tempera- 
ture. By lowering product temperature, the onset of micro- 
bial growth can be substantially delayed. To reduce prod- 
uct temperature after smoking and cooking, air cooling 
and liquid chilling are two of the more commonly used 
methods in the meat industry. Salt brine and propylene 
glycol are two common cooling mediums. However, glycol 
solution can only be used for products with impermeable 
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casing. There are several disadvantages with air cooling 
such as slow cooling rate, nonuniform cooling, and mois- 
ture loss. Air cooling is normally used to chill products in 
impermeable casing or metal molds. Because a continuous- 
processing system requires more rapid cooling, liquid cool- 
ing is used in almost every system. In addition, to compen- 
sate for the disadvantages of air cooling, liquid cooling with 
high chemical concentration can also retard the microbial 
growth. In general practice, the economical way to apply 
liquid cooling can be achieved by two steps: 


1. Precool products with regular water. 


2. Further cool the product with a refrigerated cooling 
medium such as brine. 


Qualities that can be affected by brine chilling are 
shrink, flavor, and color. When moisture is extracted by 
brine, product weight loss and darker color occur. As long 
as brine concentration is higher than the salt concentra- 
tions in the product, salt migrates into the product and 
develops a salty flavor. Therefore, salt concentrations is 
the most critical condition in the brine-chilling process. 
The optimum salt concentration should be determined for 
each product. The best operation conditions should be at 
the equilibrium conditions of salt migration. 

For the last decade, poultry products have taken a sig- 
nificant market share of processed meats. According to 
USDA regulation, frozen whole turkey must be chilled 
down to 0°F core temperature before it can be shipped. 
Freezing whole-bird turkey is a time-consuming process. 
The poultry industry is looking for a rapid-chilling method 
to increase productivity. Cryogenic-freezing can provide a 
fast freezing rate. However, it is a high-cost operation. 
Blast-air chilling is an economical process but takes a long 
time to achieve 0°F core temperature. Liquid freezing is an 
effective and also economical method. The common chem- 
icals used to depress the freezing point below 0°F are cal- 
cium chloride, ethanol, and propylene glycol. However, cal- 
cium chloride contributes to bitterness at as low as 1% of 
concentration and ethanol causes medicinal aftertaste 
(27). Propylene glycol usually does not develop objection- 
able flavor. The high concentration of glycol at low tem- 
perature causes excessive viscosity of fluid and develops a 
pumping problem. Hence, the glycol solution is limited in 
the immersion system. Because of flavor and viscosity 
problems, liquid freezing has not been widely accepted. 
The most common practice in the poultry industry is blast- 
air freezing or salt brine prechilling followed by blast-air 
freezing. It usually takes 24-48 hours to reach 0°F core 
temperature. 


PACKAGING 


Products after cooking and cooling are usually stored in a 
holding cooler before packaging. Sometimes holding or 
tempering is a necessary process for sliced or cellulose- 
casing products. Rapid cooling can cause slicing problems 
due to fat crystallization. Blast-air chilling enhances the 
cohesion of meat and casing. It is difficult to separate cas- 
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ing right after blast-air chilling. The tempering process can 
improve product sliceability as well as peelability. 

The packaging area is normally under refrigeration and 
kept around 40°F. General packaging procedures are illus- 
trated in Fig. 3. 


Peeling and Slicing 


Products must have the casing peeled off or be ejected from 
a mold; except for natural casing, edible collagen casing, 
or cook-in-bag products. The mold products are ejected 
with compressed air or mechanical plungers. For casing 
products, there are various types of machinery to remove 
cellulose casing. The most commonly used peeling machine 
for link products is that the casing is first moistened with 
steam and is then slit longitudinally by a sharp razor 
blade. When the slit casing is moved forward, an air jet 
aims at the knife cut location to blow casing off the product. 
Afterward, the casing is stripped away with a vacuum suc- 
tion drum. The peeled products are randomly collected in 
a hopper. A collating machine is needed to rearrange the 
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Figure 3. Packaging flow chart. 


link products in an orderly form for automatically loading 
into the packaging packet. The sliced products can be ar- 
ranged in shingled or stacked configuration. A slicer with 
a rotating blade is the most commonly used slicing ma- 
chine. Emulsion products require slower rotation speeds 
for clean and smooth appearance. Muscle products need 
more spinning action to protect product integrity and pro- 
duce uniform slices. The sliced products are often manu- 
ally loaded into a packaging cavity because of stacking or 
shingling characteristics. The slicing temperature should 
be kept below 32°F. 


Packaging Machine 


The most widely used packaging machine is a form-fill-seal 
machine. This machine requires two different types of film; 
a forming film and a nonforming film. The forming film is 
preheated and moved forward to the forming die where the 
desired shape and size can be formed by vacuum suction, 
forming plug, or both simultaneously. The formed cavity is 
indexed to the loading station. Products that come from a 
collator or slicer are automatically or manually placed into 
the formed cavity. After product loading, the nonforming 
film is brought in place over the formed film containing the 
product as the package moves to the final seal station. At 
the sealing station, air is evacuated from the cavity at a 
vacuum level higher than 27 in. and then both forming film 
and nonforming film are hermetically sealed together by 
heat-seal bars that melt the two sealant layers and weld 
them together under pressure. For some applications, such 
as a control atmosphere package, an inert gas or gas mix- 
ture is backflushed after the vacuumization before final 
sealing. The sealed packages are then trimmed and boxed. 
Oxygen causes processed meat to spoil and must be evac- 
uated during mixing, chopping, emulsifying, and stuffing 
processes. Packaging film and a packaging machine alone 
cannot eliminate the residual oxygen inside the package. 
The performance of the packaging machine is extremely 
important. It can become out of adjustment easily, owing 
to its extreme high operating speed. A strict maintenance 
program is needed. 
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MEAT PRODUCTS 


Meat has been processed into various products for thou- 
sands of years. The purposes of processing have included 
preservation for future use, increased palatability and va- 
riety, enhanced convenience and complete utilization of the 
carcass and organs. Generally, people in warmer parts of 
the world processed meat to preserve it by salting and dry- 
ing, and populations in the colder parts of the world pro- 


cessed meat to increase the quantity and variety to eat by 
adding such nonmeat ingredients as oatmeal or potatoes. 
Obviously, all the historic reasons for processing meat still 
remain today, but flavor, convenience, safety, and variety 
are key to the continued growth of processed meat sales in 
modern societies. 

In 1997, Meat Marketing & Technology trade magazine 
published a report of a study sponsored by the National 
Pork Producers Council and the National Cattlemens Beef 
Association entitled Consumer Purchase Behavior of Pro- 
cessed Meats at Retail (1). The material collected in 1995 
reported that 4.25 billion pounds of processed meats were 
purchased for $9.83 billion at retail stores. The major types 
of processed meats purchased are shown in Table 1. Lunch 
meat refers to a wide variety of products that are usually 
sliced to be utilized in making sandwiches. The penetra- 
tion of lunch-meat-type products is shown in Table 2. A 
growing category of processed meats is dinner sausages, 
which provide a variety of flavors and convenience of prep- 
aration. The leading dinner sausage types are shown in 
Table 3. 


Table 1, Processed Meats Purchase at Retail 


Product $ Billion Billion pounds 
Lunch meat 5.32 1.73 
Hot dogs 1.14 0.75 
Bacon 1.23 0.73 
Dinner sausage 1,09 0.56 
Breakfast sausage 0.55 0.29 


Table 2. Penetration of Lunch Meat Types 


Percent of households 
Product purchasing per month 
Ham 30 
Turkey 21 
Bologna 18 
Sliced beef n 
Dry salami 5 
Loaves 5 
Chicken breast 3 
Pepperoni 3 
All other salamis 3 
Liver sausage 3 
Variety packs 3 
Cotto/cooked salami 2 


Table 3. Top Dinner Sausage Types 
Percent of total dinner sausage 


Product pounds purchased 
Smoked 28 
Polish 23 
Italian 19 
Bratwurst 10 
Hot 9 
Mild 5 
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FORMULATIONS 


The quality of meat products is a reflection of the materials 
that have gone into making those products. Meat, water, 
salt, spices, casings, packaging materials and other com- 
ponents all have an impact on the quality of the final prod- 
uct. Since meat is a biological material that varies natu- 
rally in composition, it is difficult to ensure that the 
composition of the meat source used for further processing 
is similar from batch to batch. Establishing a program to 
monitor the selection and quality of raw materials is im- 
portant to obtain a consistently made, quality product. 
Jones (2) and Rust and Olson (3) described the significance 
of raw material quality for processed meat products. 

It is important to define purchase specifications for raw 
materials, Specific criteria representing the type or kind of 
product needed from a supplier should be established. It is 
up to the processor to determine how detailed the purchase 
description should be. The amount of detail specified and 
the level of monitoring that is applied contribute to the 
quality of the finished product. For example, specifications 
could be as rigid as stipulating the acceptable range of vol- 
atile oil content of garlic in a spice blend or merely stating 
the amount of garlic a spice blend must contain. 

It is generally not recommended to base raw material 
purchases solely on price. A working relationship with sup- 
pliers should be developed to become familiar with their 
capabilities and reliability. In addition, suppliers need to 
be able to provide materials that meet purchase specifi- 
cations at an agreed-upon price. To control raw material 
quality, the following steps are recommended: (1) establish 
well-defined purchase specifications, (2) set up testing 
procedures to verify that purchase specifications are met, 
(3) determine sampling frequency for testing procedures, 
and (4) accept or reject raw materials based on meeting 
purchase specifications. 

The characteristics of processed meat products depend 
not only on the quality of the raw material used to for- 
mulate the product but also on the type of meat used. Be- 
fore purchase specifications are developed, the type of 
meat used in processed meat products should be selected. 
Meat cuts vary in moisture, fat, and protein content; in the 
amount of pigmentation (redness); and in the ability to 
bind fat and water. These values can be obtained from ta- 
bles; however, to more accurately determine the composi- 
tion of a meat source, an analytical method should be used. 

Knowing the moisture/protein ratio of a meat source 
can provide a guide to predict a meat product’s final 
composition. In general, meat with lower moisture protein 
ratios perform better in sausage formulations. Fat contrib- 
utes to palatability, tenderness, and juiciness of a pro- 
cessed meat product. Knowledge of the fat and moisture 
content is important in order to comply with meat inspec- 
tion regulations that place limitations on their use. 

Meat color is related to the concentration of myoglobin, 
a pigment found in muscle. Meat becomes redder as myo- 
globin concentration increases. The concentration of myo- 
globin in meat is dependent on several factors. An older 
animal has more myoglobin than a younger animal. Beef 
contains more myoglobin than lamb, and lamb contains 
more myoglobin than pork. Muscles used for locomotion 


MEAT PRODUCTS 1577 


have more myoglobin than support muscles such as the 
ribeye (longissimus dorsi). Genetics, nutrition, and envi- 
ronment also play a role in influencing myoglobin concen- 
tration in meat. To help maintain a consistence appearance 
from batch to batch, a color value ranking should be used 
in the formulation of meat products. This is particularly 
useful if a least-cost formulation program is used. 

In the meat processing industry, the term bind has sev- 
eral meanings. It generally refers to (1) the ability of con- 
tractile protein to entrap water and fat such as in a sau- 
sage batter or (2) the surface cohesion of meat chunks to 
each other. Raw meat materials vary in their binding abil- 
ity. Meats that have a high contractile protein content and 
low collagen content have high binding ability and are used 
to form stable batters. Beef skeletal muscle is an example 
of meat with high binding ability. Meats that have a high 
collagen and fat content and low contractile protein con- 
tent have low binding ability. Heart and pork jowls are 
examples of meats with low binding ability. Bind value ta- 
bles are available for a variety of meat sources. Tables pro- 
viding proximate composition, color, and bind values for 
many raw meat sources, as well as an excellent overview 
of least-cost formulations, can be found in Pearson and Gil- 
lett (4). 

Given the natural variation of raw materials, producing 
a quality product is both an art and a science. To succeed, 
it is extremely important to use meat that has been han- 
dled properly. Meat provides an excellent environment for 
bacterial growth. Since the meat used for processed meat 
products undergoes considerable handling during process- 
ing procedures, there are many opportunities for meat to 
become contaminated with bacteria. It is essential that all 
equipment be clean and sanitized prior to processing, and 
the meat must be kept cold at all times. 

The development of off-odors and off-flavors in fat is 
known as rancidity. Over time, meat becomes rancid even 
if stored in a freezer. To produce quality products, meat 
that has become rancid should not be used. The rancid fla- 
vor and odor cannot be diluted out by combining rancid 
meat with fresh meat. If raw materials have become ran- 
cid, they should not be used as a base for processed meat 
products. 

Purchase specifications are written descriptions de- 
scribing raw materials. Each raw material should have a 
purchase description. When purchasing meat, in addition 
to species and portion cut, the description may specify 
grade (quality and/or yield), state of refrigeration for de- 
livery of product (chilled or frozen), fat thickness (maxi- 
mum average thickness and maximum at any one point), 
weight and thickness tolerances, muscling, trimming, net- 
ting or tying, cutting, or other material requirements. The 
Meat Buyers Guide (5) is a good resource for developing 
purchase specifications for meat cuts. 


RESTRUCTURED MEAT PRODUCTS 


The term restructured has the general meaning of binding 
smaller pieces of meat together to generally give the im- 
pression that a larger meat cut has been created that can 
produce slices of desired size for sandwiches or steak for 
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plating at dinner. Processors have used various technolo- 
gies to restructure ham since the 1950s. Mixing pieces of 
meat with ingredients, but especially appropriate levels of 
salt and alkaline phosphates, results in the osmotic move- 
ment of the ingredients throughout the meat particles and 
the extraction of myofibrillar proteins. The extracted myo- 
fibrillar proteins within the particles and on the surfaces 
of the particles form a heat set gel when the products are 
cooked. This gel is a very effective binder of water and fat 
and results in the binding of the meat pieces together and 
the retention of water and fat during cooking. This basic 
reaction is the primary system for the production of the 
very popular lunch meat types such as ham, turkey, and 
sliced beef. These products may be prepared from whole 
muscles or pieces of muscles or combinations of the two. 
The essential ingredients of salt and alkaline phosphates 
are added in a pickle that is usually injected into the meat 
pieces with large multineedle injectors. Sometimes the 
particles are slashed at frequent intervals to increase the 
surface area for protein extraction. This is called macera- 
tion or tenderizing. To further enhance protein extraction, 
the injected meat pieces are subjected to mechanical action 
in mixers, blenders, massagers, or tumblers. Portions of 
the mixture are then placed in appropriate casings or 
forms to create the final product shape and size. Often the 
shape of the final product is devised to mimic the whole 
muscle counterpart such as a ham, a beef roast, or a turkey 
breast. Cooking sets the protein gel, and the product can 
be uniformly sliced to create slices free of visible fat and 
connective tissue. Key references in this area are Pearson 
and Dutson (6) and Franklin and Cross (7). 

Although the salt/phosphate-based binding system has 
obtained very widespread application, it has several limi- 
tations. Products must be marketed either precooked or 
frozen as the material will not cohere in the uncooked re- 
frigerated state. Salt discolors the raw meat and acceler- 
ates oxidative rancidity. In recent years, several systems 
have been developed to bind meat without cooking to make 
products that look like whole tissue meats. The products 
can be marketed raw and have enhanced flavor and color 
stability. The five cold binding systems to be discussed are 
based on alginate/calcium, fibrinogen/thrombin, surimi, 
transglutaminase, or egg/milk/soy proteins. Although re- 
structuring systems make comminuted meat appear to be 
an intact cut of meat, the restructured steak or roast has 
bacteria distributed throughout the interior of the product 
that is different from an unprocessed intact steak or roast. 
Therefore, it is imperative the restructured product be 
stored and, especially, cooked properly. Otherwise, food 
safety concerns for restructured products are the same as 
for any other comminuted meat. 

Alginate forms a chemical bond with calcium ions to 
form a cold-set but heat-stable gel. High guluronic acid al- 
ginate is mixed with meat, and then a moderately slow 
release calcium source such as calcium carbonate or en- 
capsulated calcium lactate is added along with an acidu- 
lant such as glucono-d-lactone. After the ingredients are 
mixed with the meat pieces, the product is formed and 
chilled for a day to permit the chemical binding to continue 
to form (8). 


Fibrinogen/thrombin binding system is based on the 
mechanism used to clot blood (9). The materials are usu- 
ally prepared from beef blood collected in a sanitary man- 
ner. Approximately 5% of a fibrinogen/thrombin mixture 
is added to meat pieces to be bound together, mixed, and 
formed into the final desired shape. Once all the materials 
are mixed, it is important to quickly form the product and 
let it set for about 12 h. The time to gel is fairly rapid, and 
the process must be done in relatively small batches to 
avoid forming delays. In addition, the materials are nat- 
ural, biological materials obtained from beef cattle during 
the slaughtering process. Special care must be taken to 
minimize microbial contamination and growth during 
binder preparation, storage, and utilization. 

Surimi is a wet concentrate of the proteins of fish mus- 
cle produced by water washing of minced fish. Cryoprotec- 
tants such as 4% sucrose and 4% sorbitol permit surimi to 
be stored frozen for more than a year with little loss of gel 
forming ability (10). Research has shown surimi can be 
used in red meats as a cold binding system. There has been 
no commercial application of this process, probably due to 
flavor effects. 

Transglutaminase is an enzyme that catalyzes the for- 
mation of a chemical cross-link between peptides contain- 
ing glutamine and lysine. Transglutaminase can be used 
to increase the gelation capacity, physical strength, viscos- 
ity, thermal stability, and binding capacity of protein foods. 
A commercial binder based on this enzyme is used at the 
1% level to bind meat, poultry, and fish pieces. This is a 
fast gelling binder and must be used in a batch system to 
mix and form in 30 min or less and sit for at least 2 h to 
gel. It is used in conjunction with sodium caseinate, sugar 
fatty acid ester, and dextrin or with sodium polyphosphate, 
sodium pyrophosphate, sodium ascorbate, and lactose (Aji- 
nomoto U.S.A., Inc. Teaneck, NJ). 

A commercial blend of proteins is sold as a cold-setting 
meat binder. The blend called PEARL MEAT contains egg 
white, casein, lactalbumin, gelatin, hydrolytic egg white 
extractive, hydrolytic casein extractive, soybean protein, 
and hydrolytic flour protein extractive. The meat is coated 
with the powder and quickly pressed and formed as the 
binding will be completed in 30 min (Chiba Flour Milling 
Company, LTD. Japan). 

All of the binding systems require that the particles of 
meat being bound together be naturally tender, lean, have 
good color and flavor, and react well during subsequent 
cooking. Also, as mentioned earlier, the surfaces of the 
meat pieces that are subsequently bound on the inside of 
a restructured roast or steak must be assumed to contain 
some pathogenic bacteria such as Salmonella. Thus, re- 
structured meats must be cooked sufficiently to kill these 
bacteria present in the center of the restructured cut. 
Thus, many of the cold binding systems are limited by the 
quality and cost of the raw materials and the need for more 
extensive cooking than intact cuts. 


CURING 


Historically, meat was preserved using salt. Early sausage 
makers recognized that using certain salts produced a dis- 


tinct color and flavor in meat products. It is believed that 
these salts contained an impurity called potassium nitrate, 
better known as saltpeter. It wasn’t until the late 1800s 
that scientists began to understand the role that saltpeter 
played in meat curing. In 1891, it was identified that the 
nitrate in saltpeter was chemically changed to nitrite by 
the action of bacteria found normally on meat. At the turn 
of the century, it was established that the reddish-pink 
color of cured meat was due to nitrite and not nitrate. 
These and other discoveries led to the use of nitrite as a 
meat curing ingredient. 

Typical meat curing ingredients include salt, sodium ni- 
trite, ascorbates, phosphates, and seasonings. Salt is used 
as a seasoning and a preservative, and it functions by ex- 
tracting myofibrillar proteins to bind a product together. 
Nitrite imparts several important qualities to cured meat. 
The most visible characteristic is the pink color of cured 
meat. This color results from nitrite reacting with myoglo- 
bin, which, when denatured by heat, forms a stable pink 
color. Nitrite also provides a characteristic flavor and acts 
as a potent antioxidant to prevent the development of off- 
flavors in cured meat during storage. One of the most im- 
portant reasons nitrite is used in cured meats is to inhibit 
the growth of food poisoning and spoilage microorganisms, 
especially Clostridium botulinum, the bacteria that causes 
botulism. Ascorbates, including sodium ascorbate and er- 
ythorbic acid, are used to improve and maintain the color 
of processed meats. Phosphates are used to enhance juic- 
iness and texture and to help prevent fat from becoming 
rancid in products such as ham, bacon, and cooked sau- 
sages. The amount of phosphate that can be used in meat 
products is limited to a maximum of 0.5%. 

There has been concern over potential health risks from 
nitrosamines in cured meat products. Nitrosamines are 
compounds that can form when nitrites combine with 
amines, a natural component resulting from the break- 
down of proteins. Most cured meat products contain ap- 
proximately 10 ppm residual nitrite (11). This is an 80% 
reduction in residual nitrite content in cured meats com- 
pared to mid-1970s levels. As a result, a very limited 
amount of nitrite is available in cured meats to react with 
amines to form nitrosamines. Previously, traces of nitro- 
samines had been detected in bacon fried at high tempera- 
tures until it was crisp and very well done. To minimize 
the risk of nitrosamine formation in fried bacon, the 
amount of nitrite that may be used to cure bacon has since 
been reduced. Cassens (11) concluded that health risks 
from nitrosamine formation in cured meat should be re- 
evaluated. 

Meats can be cured by directly mixing cure ingredients 
into comminuted products, or by using a pickle or applying 
a dry rub to primal or subprimal cuts of meat. To make a 
pickle, cure ingredients are dissolved into water. The re- 
sulting pickle can be incorporated into meat by injection, 
tumbling or immersion, or a combination of these tech- 
niques. The most widely used method by the industry is 
injection curing (12). Multineedle injection machines, 
handheld stitch devices, and artery pumping are mecha- 
nisms for injection curing. Alternatively, meat may be im- 
mersed in a container or mechanically manipulated in a 
tumbler containing pickle, or meat may be injected, then 
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immersed, tumbled, or massaged to enhance pickle pickup 
and promote myofibrillar extraction. Application of salt, 
sodium nitrate, and possibly sodium nitrite directly onto 
the surface of raw meat, then holding under controlled con- 
ditions for defined time periods is used for dry curing 
meats. This technique is most often used to produce re- 
gional specialty products. 


ACIDIFICATION 


Fermented sausages are acidified by the deliberate or nat- 
ural inoculation with specific microorganisms, incubated 
to ferment a sugar source to lactic acid, and subjected to 
heating and/or drying to alter pH and the moisture protein 
ratio, and to prolong shelf life. An update of the technology 
of meat fermentation with a list of key references on the 
topic is provided by Prochaska, Ricke, and Keeton (13). 
Fermented sausages have been produced for centuries. 
Salamis, mettwurst, thuringer, cervelat, teewurst, Leba- 
non bologna, and some summer sausages are produced by 
fermentation and drying without any cooking step. Others 
such as cooked salami, cooked summer sausage, and mor- 
tadella are cooked. Traditionally, fermentation, drying, 
and smoking of these products are done at 12 to 25°C (54— 
129°F) during times ranging from weeks to several 
months. Fermentation is done at 20 to 25°C (68-129°F) 
with a relative humidity of 92 to 95%. The subsequent 
smoking and drying are done at less than 20°C (68°F) and 
gradually decreasing relative humidity to about 78% (14). 
In the United States, fermented sausages are often pro- 
duced by the addition of pediococcal starter cultures, fer- 
mented at 24 to 43°C (75-108°F) and greater than 85% 
relative humidity to a pH of approximately 4.8 and then 
dried at about 13°C (55°F) and 65% relative humidity to a 
moisture protein ratio of 1.6:1. However, emerging patho- 
genic bacteria such as Escherichia coli 0157:H7 are not 
destroyed by this treatment (15). Acidification can be ac- 
complished in meat via direct addition of acids. Citric acid 
is used at 0.001 to 0.01% together with antioxidants to 
prevent oxidative rancidity in dry sausage, fresh pork sau- 
sage, and dried meats. Citric and lactic acids are also en- 
capsulated in coatings of lipids for direct addition to sau- 
sage products to lower the pH and mimic the flavor and 
preservation effects of natural fermentation. Glucono-d- 
lactone, a neutral ester of gluconic acid crystallized 
through dehydration, is a mild acidulant and is used for 
the same effect. Direct acidification is most widely used on 
the less expensive snack sticks, which are also cooked and 
are shelf stable. 


SMOKING 


Meat is smoked to produce a desirable color, flavor, and 
aroma. Of the more than 390 individual chemical com- 
pounds that have been detected in wood smoke, more than 
70 of these compounds have been found in smoked foods. 
The type of wood used to generate smoke, the moisture 
content of the wood, and the temperature and method of 
producing smoke all influence what types of compounds 
will be generated from smoke. 
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Phenols, carbonyls, and acids form the three basic cate- 
gories of compounds important to smoked meat. Smoked 
meat color is primarily formed by carbonyls in wood smoke 
reacting with components of meat proteins to produce the 
characteristic reddish-brown appearance. Phenols contrib- 
ute to smoked color development and are largely respon- 
sible for the smoky flavor imparted to meat. On the surface 
of smoked meats, phenols have a preservative effect by re- 
tarding rancidity and inhibiting bacterial growth. Acids 
play an important role in coagulating proteins on the sur- 
face of smoked meats, which is essential to achieving good 
skin formation. 

Smoke may be generated using a variety of fuels in- 
cluding cord wood, corn cobs, wood shavings, or sawdust 
or may be applied in the form of liquid smoke. Hardwoods 
such as oak and hickory are commonly used to generate 
smoke because of their low resin content. Although soft- 
woods can be used, they can produce a strong, bitter flavor. 

Commonly, smoke is applied during the initial phases 
of cooking or even before a product is cooked. The deposi- 
tion of smoke on a meat product is affected by the smoke 
density, the humidity and air movement in a smoker, and 
the surface conditions of the meat to be smoked. Damp- 
ened fuel is heated to generate smoke. High humidities 
during smoking will increase smoke deposition but may 
cause a muddy brown appearance on the meat surface. If 
the meat surface is wet when smoke is applied, streaking 
can occur, Too little humidity during smoking can cause a 
meat surface to become very dry, leading to poor smoke 
adherence and a pale color. It is recommended to apply 
smoke while the meat surface is tacky to the touch. 

Liquid smoke, derived from wood using a series of ex- 
traction and refinement procedures, contains the same 
functional compounds that are found in vaporous smoke. 
Meat products can be dipped or sprayed in liquid smoke, 
the smoke can be added directly into pickles or sausage 
batters, or liquid smoke can be atomized onto meat sur- 
faces during thermal processing. 

The theory of smoking and its application to meat prod- 
ucts was described by Hanson (16). Recommendations for 
optimizing processing variables and reducing process vari- 
ation in the cooking and smoking process also are dis- 
cussed by Hanson (17). 


PRESERVATION METHODS. 


Meat is preserved to extend product shelf life. This is ac- 
complished by applying techniques to delay or prevent mi- 
crobial, enzymatic, chemical, and/or physical changes from 
occurring that would render a product unacceptable. His- 
torically, meat was preserved for future consumption by 
curing, smoking, and drying. Chilling, freezing, thermal 
processing, dehydration, and irradiation are preservation 
methods currently employed by the meat industry. van 
Laack (18) presented an overview of spoilage mechanisms 
and techniques for preservation of muscle foods. 
Refrigeration and freezing are the most common meth- 
ods used to prolong the shelf life of meat. Refrigerated 
meats are stored between —2 and 5°C (28-41°F). Chilling 
meat typically begins immediately after slaughter. Car- 


casses are placed into coolers with forced-air movement to 
facilitate carcass cooling, while poultry and fish are chilled 
by immersion in ice water. Following fabrication, refrig- 
erated shelf life of meats is dependent on the initial micro- 
bial load, temperature, and humidity conditions during 
storage, packaging, species, and type of product stored. Al- 
though the freezing point of muscle is approximately — 2°C 
(28°F), it is not until —30°C (—22°F) that nearly 100% of 
the water in meat is frozen. The quality of frozen meat 
depends on freezing rate conditions and subsequent frozen 
storage, length of frozen storage, packaging, lighting, and 
type of product frozen. The rate of freezing impacts the size 
of ice crystals formed within a product. If meat is rapidly 
frozen, many small ice crystals form resulting in minimal 
muscle fiber shrinkage and distortion, and less drip loss 
upon thawing. Improperly packaged meat is susceptible to 
freezer burn, which is caused by a loss of moisture on the 
surface of meat. Freezer-burned meat will have a dry, dis- 
colored surface that, when cooked, will be tough and taste 
bland or rancid. 

Canned meat products may be pasteurized or commer- 
cially sterile. Pasteurized products are heated to 58 to 75°C 
(136-167°F), which results in the destruction of all patho- 
genic bacteria; however, spores and some thermoresistant 
spoilage organisms may survive. Canned, pasteurized 
products must be stored under refrigeration. Pasteurized 
canned hams and picnics are examples of this type of prod- 
uct. Commercially sterile products generally are heated to 
an internal temperature of at least 107°C (225°F) to render 
the product free of microorganisms capable of growing at 
nonrefrigerated conditions (above 10°C/50°F). Canned, 
commercially sterile products may contain spores of ther- 
mophilic bacteria that do not germinate below 43°C 
(109°F). Meats are canned using a steel tank, called a re- 
tort, in which metal crates or baskets containing filled, 
sealed cans are placed for cooking and subsequent cooling. 
The amount of heat, time, and temperature required for a 
given degree of sterility depends on the nature of the prod- 
uct, pH, ingredients such as salt and nitrite, shape and size 
of the can, and the type of retort used. Footitt and Lewis 
(19) and Pearson and Gillett (6) provide considerable in- 
formation on canning meat products. 

The preservative effects of dehydration are due to re- 
duction of water activity (a,). The lean portion of freshly 
cut meat has an a,, of 0.99. When meat is dehydrated, the 
a, is reduced to a level that inhibits microbial growth, al- 
lowing products to be shelf stable without refrigeration. 
According to Leistner and Rodel (20), factors most impor- 
tant in influencing a, in processed meat products are the 
addition or removal of water, the addition of salts, and the 
amount of fat. Nieto and Toledo (21) demonstrated that 
both soluble and insoluble components affected a,, in pro- 
cessed fish products. The fat content of meat products has 
an indirect effect on a,, due to its low water-binding prop- 
erties. In general, a,, increases with increasing fat content 
in a meat product because fat has little effect in depressing 
ay (22). 

Meat is dehydrated by using hot air drying or freeze 
drying. Jerky is commonly dried using hot air drying. 
Freeze drying involves the removal of water from meat by 
sublimation where water, in the form of ice, is directly 


transformed into water vapor without going through a liq- 
uid phase. In a conventional freeze drying process, meat is 
frozen, then dried under vacuum with pressures of 1.0 to 
1.5 mm of mercury while it is in a frozen state to a residual 
moisture content of less than 2%. Because freeze-dried 
meat products are susceptible to enzymatic changes, ran- 
cidity development, nonenzymatic browning, and protein 
denaturation, oxygen and moisture impermeable packag- 
ing is necessary. 

Irradiation involves treating a food item with energy 
from electrons or y-rays to prevent foodborne illnesses, 
spoilage, and insect infestations. Food does not become ra- 
dioactive when treated with irradiation. This process is not 
a substitute for good sanitary practices, and it will not 
make a “dirty” food clean. Food irradiation makes meat 
and food of good quality safer, plus increases the length of 
time food can be stored before it becomes spoiled. Organi- 
zations such as the American Medical Association and 
World Health Organization have endorsed the safety of ir- 
radiation for food. The Food and Drug Administration 
(FDA) has approved irradiation of wheat and wheat flour 
to control insects; of white potatoes to control sprouting; of 
spices to kill insects and control bacteria; of pork to control 
trichinosis; of fruits, vegetables, and grains to control in- 
sects and growth and ripening; and of uncooked poultry to 
control bacteria, particularly Salmonella. In 1997, the 
FDA approved irradiation for fresh or frozen red meats. A 
list of materials approved by the FDA that can be used to 
package foods before irradiation is found in 21 CFR 179.45. 
A scientific status summary on irradiation, particularly 
muscle foods, was prepared by Olson (23). 


HOME MEAL REPLACEMENT 


Ready-to-cook, partially cooked, or ready-to-eat food prod- 
ucts prepared and sold at a wide range of establishments, 
then consumed at home, are commonly referred to as home 
meal replacements (HMR), or meal solutions. Sociocul- 
tural and socioeconomic changes have driven the demand 
for convenient, fresh (preferably not frozen), appealing, 
high-quality food products that require minimal prepara- 
tion by the consumer. This trend was described by Hoo- 
genkamp (24) and Farquhar (25). 

HMRs commonly include chilled or hot meals marketed 
through supermarkets, restaurants, and nontraditional 
retail outlets. These products are prepared and packaged 
at U.S. Department of Agriculture Food Safety and In- 
spection Service (USDA FSIS) or FDA inspected plants, by 
in-house supermarket or restaurant chefs, or prepared as 
made-to-order meals on-site at retail establishments. 
Johnson (26) summarized food safety hazards and risks 
associated with production and handling of HMRs. 


BY-PRODUCTS 


Two excellent references on the topics of edible and in- 
edible meat by-products are Pearson and Dutson (27,28). 
Although values may vary considerably due to such factors 
as international trade and changing consumer patterns of 
preferences, by-products account for about 10% of the 
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value of products from the slaughter of domestic animals 
(29). 

Edible meat by-products that are consumed directly or 
used in processed products are parts such as tongues, 
livers, hearts, tails, and brains. Other materials that are 
classified as by-products are meat trimmings from the car- 
cass, head, neck, and viscera. These materials include 
cheek meat, weasand meat, giblet meat, head meat, sali- 
vary glands, and diaphragm meat. A list of these by- 
products, their potential uses and world production figures 
are given by Goldstrand (29). More recent export values of 
meat and meat by-products are shown in Table 4. 

Mechanically separated meat is a continuously chang- 
ing edible meat by-product. Engineering developments 
and regulatory requirements greatly affect the production 
methods, quality, and utilization of these products. There 
are no up-to-date comprehensive reviews of these products, 
because much of the methodology of processing and engi- 
neering is proprietary. The USDA FSIS regulates the com- 
position and labeling of meat produced by advanced meat/ 
bone separation machinery and recovery systems (30). The 
development of meat/bone separators have advanced such 
that bones no longer need to be ground or crushed by the 
separating machine. Rather, the bones emerge from the 
process in a manner consistent with hand-deboning opera- 
tions that use knives. The modern systems produce dis- 
tinct whole pieces of skeletal muscle tissue with a well- 
defined particulate size consistent with ground meat. 
There is no powdered bone or bone marrow in the product. 
Systems for producing these products use compression, 
heavy-duty sieve cylinders, warming, and centrifugation to 
separate meat from bone and fat. These materials are 
widely used in comminuted meat products, with separated 
beef being used in ground beef patties and mechanically 
separated poultry being widely used in sausage products. 
The mechanically separated tissue is usually sold at a 
lower price than hand-deboned tissue. As it is often finely 
comminuted, it is especially prone to oxidation and must 
be kept frozen or refrigerated for a minimum time before 
being incorporated into processed products. 

Edible tallow and lard are still produced in abundance 
as by-products of the slaughter, fabrication, and retail cut- 
ting and processing of cattle and hogs. The 1986 production 
of these two materials was 2.4 billion pounds in the United 
States alone (31). 

Inedible by-products are produced in abundance by the 
meat industry. The market forces that cause changes in 
the demand for inedible by-products are the supply of live- 


Table 4. U.S. Export Values for Selected Animal Products 
for Calendar Year 1997 


Product Export values ($ million) 
Animal fats 531 
Hides and skins 1618 
Red meats, fresh, chilled, frozen 4090 
Red meats, prepared or preserved 401 
Pet foods, dog and cat food 735 
Poultry meat 2423 


Source: USDA Foreign Agricultural Service Statistics. 
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stock, feed supplies, substitute products, product safety 
and health concerns, trade barriers, and politics (32). The 
raw materials processed into inedible by-products are 
hides, skins, pelts, hair, feathers, hooves, horns, feet, 
heads, bones, toenails, blood organs, glands, intestines, 
and fatty tissues. By recycling these inedible products, not 
only are very useful materials created for human use and 
animal feeds, but the material from a meatpacking plant 
that is classified as waste is greatly reduced. Two major 
recent developments that affect by-product values were 
the outbreak of bovine spongiform encephalopathy (BSE) 
and the growth of the biotechnology industry for synthe- 
sizing substitutes for natural gland extracts. The BSE out- 
break in the United Kingdom resulted in the prohibition 
of feeding ruminant meat and bone meal to other rumi- 
nants and may eliminate the feeding of much meat and 
bone meal to meat animals (33). 

Pet food literature is limited, and much of the work is 
proprietary. As shown in Table 4, pet food is a large volume 
and value export from the United States. According to a 
1998 survey by the American Pet Products Association, 
59% of U.S. households own a pet and Americans spent 
more than $21 billion on their pets in 1997 (34). Acomplete 
discussion of the use of meat products in pet foods is pre- 
sented by Corbin (35). 


REGULATIONS AND STANDARDS 


Meat inspection is regulated by the government to ensure 
that meat is wholesome and safe to eat. Hale (36) reviewed 
major meat inspection laws and events that have impacted 
meat and poultry inspection. All meat that is sold must, 
by law, be inspected. Regulations for the meat industry are 
administered by the USDA FSIS. Currently, it is estimated 
that meat inspection costs each consumer 13 cents per 
month. 

In 1906, the Federal Meat Inspection Act mandated in- 
spection of all meat sold for interstate and foreign com- 
merce. Prior to 1967, inspection of meat produced for in- 
trastate commerce varied depending on the city and state 
where the plant was located. To standardize inspection 
programs, the Wholesome Meat Act of 1967 was passed. 
Individual states were given the opportunity to develop 
inspection programs that met or exceeded regulations es- 
tablished by the federal government. If a state chose not 
to set up an inspection program, the USDA FSIS assumed 
all meat inspection responsibilities within the state. 

More recently, USDA FSIS (37) mandated implemen- 
tation of Hazard Analysis and Critical Control Point 
(HACCP) programs for all inspected meat and poultry es- 
tablishments. HACCP is a systematic, science-based pro- 
cess control system for food safety. This concept forms the 
basic structure for a preventative system for the safe pro- 
duction of meat products. Note that the key to this system 
is that it is a preventative approach to producing the safest 
possible meat products for human consumption. This 
means that potential biological, physical, or chemical food 
safety hazards—whether they naturally occur in food, are 
contributed by the environment, or are generated by a de- 
viation in the production process—are prevented, elimi- 
nated, or reduced to produce safe meat products. 


HACCP began in 1959 when the Pillsbury Company co- 
operated with the U.S. Army Natick Laboratories, the Na- 
tional Aeronautics and Space Administration (NASA), and 
the U.S. Air Force Space Laboratory Project Group to en- 
sure the safety of food to be used for the space program. 
They used a system of analysis that had been developed 
by Natick called the “Modes of Failure,” which was adapted 
and has since evolved into the concept now understood as 
HACCP. In 1971, HACCP was first presented to the public 
at the National Conference of Food Protection. Following 
the publication of a report in 1985 by the National Acad- 
emy of Sciences, An Evaluation of the Role of Microbiolog- 
ical Criteria for Foods and Food Ingredients, HACCP re- 
ceived more recognition by the industry as a food safety 
concept. The seven principles of HACCP, as defined by the 
National Advisory Committee on Microbiological Criteria 
for Foods (38) are as follows: 


. Conduct a hazard analysis. 

Determine the critical control points (CCPs). 
. Establish critical limits. 

. Establish monitoring procedures. 

. Establish corrective actions 

. Establish verification procedures. 


. Establish record-keeping and documentation proce- 
dures. 


NOApene 


The USDA FSIS Final Rule on pathogen reduction man- 
dated requirements in efforts to reduce the occurrence and 
numbers of pathogens on meat and poultry products, re- 
duce the incidence of foodborne illness associated with con- 
suming these products, and provide a framework for mod- 
ernization of the meat and poultry inspection system. The 
new regulations mandated establishment of four new pro- 
grams. The first program required that each establishment 
develop and implement written sanitation standard oper- 
ating procedures (Sanitation SOPs). Second, regular mi- 
crobial testing was required for slaughter establishments 
to verify the adequacy of a plant’s process controls for the 
prevention and removal of fecal contamination and asso- 
ciated bacteria. All slaughter plants and plants producing 
raw ground products were required to meet pathogen re- 
duction performance standards for Salmonella for the 
third program. Last, all meat and poultry plants were re- 
quired to develop and implement HACCP programs. Pear- 
son and Dutson (39) is a resource describing the applica- 
tion of HACCP principles to meat, poultry, and fish 
processing. 

Animals are inspected for signs of disease before and 
after slaughter. The inspector relies on a veterinarian’s 
judgment in those instances where there is a health or 
wholesomeness question. Extreme attention is paid to pro- 
duce a carcass free of contamination. To ensure the sani- 
tary handling of meat and meat products, the sanitation 
of equipment, buildings, and grounds are also inspected. 
An inspector has the authority to have condemned prod- 
ucts destroyed to prevent their use for human food. 

An inspection stamp is put on large cuts of meat or meat 
products to assure consumers that the product was whole- 
some when it was shipped from the plant where the meat 


was inspected. Every plant that is inspected has a unique, 
individual identification number. This number can be 
found as part of the round inspection stamp on meat labels. 
An edible ink is used to apply inspection stamps on fresh 
meat. USDA also regulates labeling of meat and poultry 
products. 

Standards of identity have been established for some 
meat and poultry products that describe the use of certain 
meat and nonmeat ingredients and/or the amount of fat, 
moisture, and protein a product must contain. Standards 
of preparation have also been defined for some products. 
These regulations can be found in the Code of Federal Reg- 
ulations. Additional regulatory information can be found 
in USDA FSIS policy memos and directives, and the Stan- 
dards and Labeling Policy Book. 
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MEAT SCIENCE 


‘WHAT IS MEAT SCIENCE? 


Meat is a food prepared from skeletal muscle. The quality 
of the meat is affected by various live animal factors as 
well as the processing conditions. Meat science is a disci- 
pline that has evolved to understand the changes that oc- 
cur from the live animal until the meat is ready for con- 
sumption. It should be distinguished from animal science, 
where meat yield and growth characteristics are consid- 
ered to be the main aim rather than meat quality itself. 
This chapter considers all those factors that affect the 
main meat quality attributes—its tenderness, juiciness, 
flavor, color, and storage life—considering mainly meat 
from cattle, sheep, and pigs, with minor references to deer 


and poultry. Neither processed meats, in which meat and 
fat tissue are used as a raw material for derived foods, nor 
meat hygiene or meat packaging are considered. The freez- 
ing of meat will be considered, however, as this process 
effectively locks up the characteristics of the tissue that 
exist immediately before freezing. Therefore, the resultant 
product depends on the time postmortem when the meat 
was frozen, the rate of freezing, and frozen storage condi- 
tions. 


PRINCIPLES OF MEAT SCIENCE 


The major principle of meat science discussed in this chap- 
ter is that shortened muscle will be tough when cooked. 
Meat can age and become more tender, with the aging fac- 
tors being affected by the amount of shortening and con- 
ditions at rigor. This gives rise to a second principle that, 
since shortening and degree of aging cannot be determined 
visually, the appearance of a piece of fresh meat cannot 
predict how tender or tasty it will be. The consequence of 
these two principles is that the consumer has to have faith 
that the meat has been processed properly. Such faith is 
often misplaced. The ultimate aim of meat science is to 
develop and encourage procedures in the production and 
processing of animals so that the full potential of tender- 
ness, juiciness, and flavor, as well as good hygiene, can be 
achieved, 


MUSCLE STRUCTURE AND FUNCTION 


Definition of Meat and Muscle 


Meat comes from the striated muscle of vertebrates. Some 
of the characteristics of the live muscle underlying meat 
quality, such as energy stores, connective tissue, and fat, 
are present at the time of death (see “Animal Factors Af- 
fecting Meat Quality,” later in this article) and will affect 
the final meat quality. Other aspects of meat quality, par- 
ticularly toughness, are affected by processing conditions 
that interact with some preslaughter attributes. 

The muscles of a carcass, whatever the species, perform 
different functions while the animal is alive and are re- 
flected in differences in physiology, structure, and biochem- 
istry. The variation in these components underlies the dif- 
ferences between the various meat cuts, the use to which 
they are put, and the way they are cooked. The two major 
contributors of the muscle that have a bearing on meat 
quality and underpin meat science are the myofibrillar and 
the connective tissue proteins. To understand what hap- 
pens when muscle changes into meat, including differences 
between the various meat cuts, it is necessary to consider 
the structure, biochemistry, and physiology of these pro- 
teins in detail. 

Muscle tissue contracts in the living animal and can 
also contract after slaughter. The amount of shortening ei- 
ther before or after death is governed by skeletal restraint 
and the effect of antagonistic muscles. Figures 1 and 2 (1) 
show a muscle with its attachment to bones and a sequence 
of pictures of increasing magnification to show the struc- 
ture of a single muscle fibril, 50 to 100 um in diameter, at 
the electron microscope level. 
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‘WHAT IS MEAT SCIENCE? 


Meat is a food prepared from skeletal muscle. The quality 
of the meat is affected by various live animal factors as 
well as the processing conditions. Meat science is a disci- 
pline that has evolved to understand the changes that oc- 
cur from the live animal until the meat is ready for con- 
sumption. It should be distinguished from animal science, 
where meat yield and growth characteristics are consid- 
ered to be the main aim rather than meat quality itself. 
This chapter considers all those factors that affect the 
main meat quality attributes—its tenderness, juiciness, 
flavor, color, and storage life—considering mainly meat 
from cattle, sheep, and pigs, with minor references to deer 


and poultry. Neither processed meats, in which meat and 
fat tissue are used as a raw material for derived foods, nor 
meat hygiene or meat packaging are considered. The freez- 
ing of meat will be considered, however, as this process 
effectively locks up the characteristics of the tissue that 
exist immediately before freezing. Therefore, the resultant 
product depends on the time postmortem when the meat 
was frozen, the rate of freezing, and frozen storage condi- 
tions. 


PRINCIPLES OF MEAT SCIENCE 


The major principle of meat science discussed in this chap- 
ter is that shortened muscle will be tough when cooked. 
Meat can age and become more tender, with the aging fac- 
tors being affected by the amount of shortening and con- 
ditions at rigor. This gives rise to a second principle that, 
since shortening and degree of aging cannot be determined 
visually, the appearance of a piece of fresh meat cannot 
predict how tender or tasty it will be. The consequence of 
these two principles is that the consumer has to have faith 
that the meat has been processed properly. Such faith is 
often misplaced. The ultimate aim of meat science is to 
develop and encourage procedures in the production and 
processing of animals so that the full potential of tender- 
ness, juiciness, and flavor, as well as good hygiene, can be 
achieved, 


MUSCLE STRUCTURE AND FUNCTION 


Definition of Meat and Muscle 


Meat comes from the striated muscle of vertebrates. Some 
of the characteristics of the live muscle underlying meat 
quality, such as energy stores, connective tissue, and fat, 
are present at the time of death (see “Animal Factors Af- 
fecting Meat Quality,” later in this article) and will affect 
the final meat quality. Other aspects of meat quality, par- 
ticularly toughness, are affected by processing conditions 
that interact with some preslaughter attributes. 

The muscles of a carcass, whatever the species, perform 
different functions while the animal is alive and are re- 
flected in differences in physiology, structure, and biochem- 
istry. The variation in these components underlies the dif- 
ferences between the various meat cuts, the use to which 
they are put, and the way they are cooked. The two major 
contributors of the muscle that have a bearing on meat 
quality and underpin meat science are the myofibrillar and 
the connective tissue proteins. To understand what hap- 
pens when muscle changes into meat, including differences 
between the various meat cuts, it is necessary to consider 
the structure, biochemistry, and physiology of these pro- 
teins in detail. 

Muscle tissue contracts in the living animal and can 
also contract after slaughter. The amount of shortening ei- 
ther before or after death is governed by skeletal restraint 
and the effect of antagonistic muscles. Figures 1 and 2 (1) 
show a muscle with its attachment to bones and a sequence 
of pictures of increasing magnification to show the struc- 
ture of a single muscle fibril, 50 to 100 um in diameter, at 
the electron microscope level. 
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Muscle Connective Tissue and Collagen Types 


Each bundle of muscle fibers is surrounded by a connective 
tissue sheath, the epimysium, which makes the body of the 
muscle look like it is made up of strands. Smaller units of 
connective tissue associated with blood vessels and nerves 
within the epimysium are termed perimysium, and the 
feltlike connective tissue sheath around a single fiber (the 
muscle cell) is termed the endomysium. The types of col- 
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Figure 1. Gross and ultrastructural anatomy of the sheep semi- 
tendinosus muscle. (a) The semitendinosus muscle lies caudally 
in the thigh region. (b) Seen grossly in transverse section, peri- 
mysial strands course through the muscle and enclose muscle fi- 
ber bundles. (e) Within a bundle, an endomysial connective tissue 
network is revealed by light microscopy to surround individual 
muscle fibers. (d) Electronmicroscopic examination shows a net- 
work of sarcoplasmic reticulum enclosing myofibrils within the 
fibers. The two complete fibers drawn sectioned here are smaller 
in scale than actual fibers in the sheep semitendinosus muscle. 
(e) At a still higher magnification, a pattern of thick filaments is 
visible within each myofibril. Source: Ref. 1, used with permission. 


lagen and their arrangement around muscle fibers have 
been described (2), and the different arrangement under- 
lies the differences in the various meat cuts. Collagen is 
discussed later in this article. 


Muscle Cell Structure 


The single muscle fiber consists of a sarcolemma (termed 
cell membrane or plasmalemma in nonmuscle cells), mi- 
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Figure 2, Fibrillar and molecular structure of the contractile ele- 
ments of muscle. The skeletal muscle fiber in longitudinal section 
(a), as visualized by the light microscope; (b) and (c), by the elec- 
tron microscope; and (d), as reconstructed from X-ray crystallo- 
graphic evidence. Source: Ref. 1, used with permission. 


tochondria, and the normal complement of cell organelles 
(Fig. 2). In particular, the cell is dominated by a unique 
arrangement of filamentous proteins, sarcoplasmic retic- 
ulum (termed endoplasmic reticulum in nonmuscle cells), 
and glycogen particles. In an electron micrograph, longi- 
tudinal sections show that the filaments consist of both 
thick (17 nm wide) and thin (8 nm wide) filaments corre- 
sponding mainly to the proteins myosin and actin, respec- 
tively. The thin filaments are attached to densely staining 
structures termed Z-lines, whereas the myosin filaments 
lie between the actin filaments and are joined to each other 
at the middle portion by an M-line. These structures, 
which together form a repeating unit from Z-line to Z-line 
termed a sarcomere, can be seen together with a further 
explanation in Figure 2. The part of the sarcomere con- 
taining myosin filaments is termed the A-band, and the 
part containing actin filaments is termed the I-band. Other 
filament structures, including filaments found in the gap 
of overstretched muscle (3,4), which have been now termed 
titin filaments, and proteins such as desmin and nebulin, 
are found with certain isolation, extraction, and staining 
procedures (see “Muscle to Meat” as follows). In transverse 
sections, the filaments appear as various size dots, and the 
Z-lines appear as smudges. When tissue is prepared from 
muscle at various stages of contraction, longitudinal sec- 
tions show various degrees of interdigitation and overlap 
of thick and thin filaments. Transverse sections made at 
various levels of the sarcomere show corresponding pat- 
terns of dots associated with the overlap of the thick and 
thin filaments. Muscle and meat biochemistry have been 
reviewed (5). 


Lying at the edge of the actin and myosin filament over- 
lap, there is a system of tubules, termed T-tubules, derived 
from invaginations of the sarcolemma. The other tubular 
system, that is, the sarcoplasmic reticulum, lies within the 
cytoplasm of the muscle cell. The sarcoplasmic reticulum 
stores calcium ions. It is the controlled release of the cal- 
cium from the sarcoplasmic reticulum, raising the cyto- 
plasmic calcium levels from 10~* to 10~* M, that causes a 
contraction (a shortening) in living muscle. The calcium 
ions are then retaken up into the sarcoplasmic reticulum 
and the muscle cell relaxes. The release of calcium from 
the sarcoplasmic reticulum is triggered by a wave of de- 
polarisation via the T-tubules. Contraction occurs by the 
actin and myosin filaments sliding with respect to each 
other by attachment, release, and reattachment of portions 
of the myosin molecules (namely, myosin heads, also 
termed crossbridges), with specific regions of the actin fil- 
aments. This contractile activity, initiated via release of 
calcium from the sarcoplasmic reticulum, is activated and 
sustained by adenosine triphosphate (ATP). In the pres- 
ence of calcium and absence of ATP (<1 ymol/g [6]), the 
muscles are in rigor, usually as a consequence of death. 
Eventually, ATP is completely transformed to inosine 
monophosphate, one of the flavor compounds of meat. 


Muscle Fiber Types and Their Physiological Role 


Although all striated muscles contract, the time course of 
contraction in the living animal varies with the muscle fi- 
ber type (fast twitch, slow twitch), substrate (ATP, creatine 
phosphate, protein, fatty acid, or glycogen), and the 
amount of oxygen available. Slow-twitch fibers (Type I fi- 
bers or red fibers) are mainly postural and are dominant 
in aerobic or endurance activity, whereas fast-twitch fibers 
(Type IIA and IIB fibers) are mainly fast acting and are 
involved in anaerobic activity. Type ITB muscles can take 
on a greater aerobic role than Type IIA muscles. Most body 
muscles consist of different proportions of all types, al- 
though instances of pure Type IIA (m. cutaneous trunci) 
or Type I (m. masseter) do exist in various parts of the 
body (7). 


MUSCLE TO MEAT 


The changes that occur when muscle in a living animal 
becomes meat are initiated from the moment the circula- 
tion stops, that is, slaughter. This stoppage of the circula- 
tion generally is preceded by preslaughter stunning and 
sticking. These events can affect meat quality in many dif- 
ferent ways because they are extraordinarily variable. 
Slaughter by throat cutting can occur without a prior stun, 
can take place after a shooting with a penetrative captive 
bolt or nonpenetrative percussion head, or can take place 
after electrical stunning and be followed by electrical im- 
mobilization with important implications that are covered 
later. From the moment the blood supply stops, nutrients 
and oxygen are no longer available to the muscle from out- 
side sources, so the energy stores present within the mus- 
cle start to be used up. Glycogen particles (see following) 
lying between the myofilaments and at various locations 
beneath the cell membrane are slowly depleted as the mus- 


cle’s energy requirements are maintained, which may con- 
tinue for a considerable period after slaughter. The deple- 
tion of muscle energy stores leads eventually to rigor 
mortis and a change in status; that is, the muscle is now 
meat. The pattern and extent of these changes are not the 
same for every muscle or species of animal and are influ- 
enced by a variety of physiological and physical interven- 
tions that have a major bearing on the ultimate quality of 
the meat. 

The sliding of the myofilaments relative to each other 
can occur in muscle from living animals with the contrac- 
tion initiated by the nervous system, as well as in muscle 
from animals that have been slaughtered, with the con- 
traction initiated by physical and chemical changes. For 
example, if the carcasses of freshly slaughtered animals, 
particularly cattle and sheep, are exposed to cold, and as 
the normal metabolic arrangements fall down, the leakage 
of calcium into the cytoplasm (from mitochondria and 
sarcoplasmic reticulum) can cause irreversible cold 
contracture (a shortening with no relaxation). This ability 
to contract can last for many hours after death, depending 
on postslaughter conditions such as temperature and 
whether processes such as postmortem electrical stimula- 
tion were used. 

The theory of muscle contraction based on a sliding of 
filaments with respect to each other is pivotal to the un- 
derstanding of changes in muscle and the resulting effects 
on meat quality. Not only are the contractile filaments im- 
portant, so too are a recently discovered set of filaments, 
originally termed gap filaments. These filaments, which 
contain a protein initially named connectin but now called 
titin, appear to contribute to the integrity of the myofibril 
(4,5,8-10) as well as play an important part in the post- 
mortem changes that increase meat tenderness. Other mi- 
nor proteins such as nebulin have an as-yet-unknown ef- 
fect on meat tenderness, although desmin is susceptible to 
proteolysis and is likely to be involved in meat tenderness. 


Muscle Energy Supply and Changes During Rigor 


In a living muscle, or a muscle just at animal death, the 
immediate source of energy for contraction comes from 
ATP. Muscle ATP is quickly used up in two to five contrac- 
tions, whereupon creatine phosphate immediately be- 
comes dominant. Upon depletion of this source, glycogen 
takes over. Depending on the intensity and duration of 
muscle activity, and on the presence of blood circulation, 
either anaerobic or aerobic glycolysis occurs to sustain ac- 
tivity. Although protein or fat can be useful energy sources 
in sustained aerobic activity, glycogen is the only fuel that 
can be used for anaerobic activity. Therefore, glycogen is 
the only available energy source in postmortem muscle. It 
is metabolized when the muscle is triggered to contract via 
physical effects such as cold, and it is also metabolized 
slowly in noncontracting muscle. Without an intact circu- 
Jation, lactic acid, a by-product of anaerobic glycolysis, ac- 
cumulates in the tissue, causing the pH to fall (for reviews, 
see Ref. 6). At death, muscle tissue from rested, unstressed 
well-fed animals tends to contain 80 to 90 umol of glycogen 
per gram of muscle tissue, but this is highly variable de- 
pending on muscle type and animal species. This glycogen 
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allows the muscle to “survive” and contract until the pH 
falls from around 7.1 to below 6.0 to 6.2 (depending on 
animal species) and will still provide energy until the mus- 
cle goes into rigor at a pH of about 5.5 (Fig. 3) (11). 

Immediately after slaughter, the muscle has an initial 
pH of 7.1 and is floppy and extensible. Upon attainment of 
rigor, the muscle is inextensible, and the pH has fallen to 
approximately 5.5. These changes have been explored in 
detail elsewhere (6,12). If the glycogen stores are less than 
optimum, the muscle pH cannot fall to the same degree. 
The consequences of this on meat quality are discussed in 
the section “Animal Factors Affecting Meat Quality.” 


Effect of pH on Myofibrillar Proteins and Water-Holding 
Capacity 

Myosin, a highly charged molecule, undergoes some 
changes related to the pH of the muscle. At the pH of living 
tissue (approximately pH 7.1), the negative charges dom- 
inate, but at a pH of 5.5, which is closer to the muscle 
protein’s isoelectric point, there is a similar number of neg- 
ative and positive charges, and the capacity to bind water 
is least. When the muscle is in rigor, the bond between 
actin and myosin also causes the myofilament lattice to 
shrink, expelling water (13-15). Thus, for muscle in rigor 
that has a higher than normal ultimate pH, the lattice will 
not shrink so much, and the meat will bind water better 
than at a lower pH. Such meat with a pH greater than 6.0 
is termed DFD (dark, firm, and dry). It has been suggested 
that changes involving the myosin heads by the tempera- 
ture and pH conditions that exist (namely, rapid fall to pH 
6.0 and below, when muscle temperature is still about 
35°C) triggered by animal factors, result in pale, soft, ex- 
udative (PSE) meat that is caused by an even greater lat- 
tice contraction and greater water exudation than normal 
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Figure 3. Fall in pH of unstimulated and stimulated beef ster- 
nomandibularis (neck muscle) held at 35°C. Unstimulated muscle 
reaches rigor and ultimate pH (approximately 5.5-5.6) in eight 
hours. Electrical stimulation for 120 s results in a concurrent fall 
in pH (4pH) to about 6.5. After stimulation, muscle pH falls at an 
increased rate. The combined effect of these pH falls is a decreased 
time for the muscle to enter rigor (approximately three to four 
hours). Source: Ref. 11, used with permission. 
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(15). Both DFD and PSE meat are discussed in more detail 
in the section “Animal Factors Affecting Meat Quality.” 

The water content of meat (approximately 70%) is im- 
portant because it affects consumer acceptability as well 
as affecting the functional properties of meat and subse- 
quent processed meat products (13). When meat pieces are 
treated with salt solutions, sometimes with added phos- 
phate, weight gains of up to 40% may occur. Salting muscle 
before rigor can increase the water-holding capacity over 
that of meat salted postrigor (13). In salt solutions the fi- 
bers swell transversely, and with the addition of pyrophos- 
phate, swelling occurs at lower salt concentrations. Recent 
work (16) has shown that the presence of the sarcolemma 
inhibits swelling, and this may cause considerable varia- 
tion in the ability of different muscles to swell. 


Muscle Glycolysis, pH Fall, and Temperature 


The rate of production of lactic acid from glycogen in an- 
aerobic muscle, which causes the postmortem fall in pH 
depends on muscle temperature (17). The rate in beef ster- 
nomandibularis muscle is 0.6 pH units per hour at 40°C 
and 0.15 pH units per hour at 15°C. As the temperature 
falls below 15°C, the rate increases; this can be attributed 
to the increased rate of glycogen used during cold short- 
ening. The rate of muscle glycogen depletion can also be 
accelerated by preslaughter stunning (18), struggle (19), 
electrical stimulation by a factor of approximately two (20) 
(Fig. 3) (these effects are important and are covered by the 
article MEAT AND ELECTRICAL STIMULATION), and mincing 
(21). Under practical conditions, the rate of glycolysis 
slowly decreases due to the fall in muscle temperature in 
the cooling environments usually employed in chilling of 
carcasses. The rate of glycolysis also varies with muscle 
fiber type, being faster in beef m. masseter (0.4 pH units 
per hour at 35°C), which contains slow-twitch fibers, com- 
pared with the fast-twitch m. cutaneous trunci (0.2 pH 
units per hour at 35°C) (22). After electrical stimulation, 
the rates do not increase proportionately for particular 
muscles; the m. cutaneous trunci increases by a factor of 
two, but there is little change in the m. masseter (22). Dif- 
ferences in rates of glycolysis exist between species, with 
pigs having considerably faster rates than cattle. The rates 
of glycolysis are related to the basic metabolic rate of the 
animal, being very fast in small animals such as rats (23) 
and poultry. Chicken carcasses go into rigor in approxi- 
mately four hours even when a fast chilling regime is used 
during processing (24). Cold shortening in poultry does not 
seem to cause the same toughness problems as in other 
species, as the maximum shortening occurs around 2°C 
(25), which is generally lower than the temperatures the 
birds reach following chilling by ice water and air chilling. 
However, rapid processing would be advantageous, be- 
cause the toughness that arises from portioning the birds 
early and removing the breast muscles in particular could 
be eliminated. Electrical stimulation followed by rapid 
chilling of the birds to 2 to 6°C has been used to achieve 
rapid processing (see the article MEAT AND ELECTRICAL 
STIMULATION.) 

The process whereby muscle goes into rigor is termed 
conditioning by New Zealand workers, and subsequent 


holding periods are termed aging. These terms are used 
throughout this article. Other countries use the term con- 
ditioning, or alternatively aging, for the whole process of 
going into rigor together with further postmortem holding. 
In general, the difference in terminology is unimportant, 
except when processes, such as electrical stimulation, are 
used that profoundly affect the conditioning stage. In this 
article, electrical stimulation is considered to produce its 
effects merely through acceleration of glycolysis to ensure 
that cold shortening is avoided and aging will start at high 
temperatures. This is not necessarily true in every in- 
stance, see the article MEAT AND ELECTRICAL STIMULATION. 


MYOFIBRILLAR ASPECTS OF MEAT QUALITY 


Muscle Shortening and Meat Quality 


During normal conditioning procedures, as the muscle 
goes into rigor there is shortening, which depends on the 
temperature of the muscle, being greatest at high and low 
temperatures in unrestrained muscle, and differs with spe- 
cies. Early classical studies (26) showed that the minimum 
shortening for beef occurred at about 15°C (Fig. 4), and 
other studies showed that the greater the amount of short- 
ening, the greater the toughening of the cooked meat (27) 
(Fig. 5). Increases in shortening at rigor temperatures 
above 15°C are as expected, as such contractures would 
increase with temperature in a normal way. Increases in 
shortening with temperature falls below 15° to 0°C are un- 
expected and are likely to arise from a combination of re- 
duced calcium binding by cell organelles with the fall in 
temperature, causing an increase in intracellular calcium. 
The increased contracture by the muscle through in- 
creased calcium levels is more than offset by the concom- 
itant falloff in muscle responses at the lowered tempera- 
ture. A more quantitative analysis of the effect of 
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Figure 4. Mean ultimate shortenings of excised beef m. sterno- 
mandibularis stored at various temperatures during rigor devel- 
opment. A curve of best fit has been included. Source: Ref. 26, used 
with permission. 


, 


- 4 
Unaged meat gee t6 


Shear force (kg F) 
NO 
oO 
T 


on Pea . 
10+ © * 
2 or 
BE Aged meat 
fe) pes i l 1 l 1 1 
-100 -80 -60 -40 -20 0 20 40 60 
Stretch Shortening 


Percentage shortening 


Figure 5. Influence of prerigor muscle shortening on the force 
score values of unaged and aged beef m. sternomandibularis. @, 
rigor muscle; O, muscle aged for three days at 15°C after setting 
in rigor at different degrees of shortening.’ At shortenings close 
to rest, lengths the meat can tenderize, but as the shortenings 
increase, tenderization becomes less. The tenderization that oc- 
curs after the peak is as a result of shortenings being so large, the 
muscle tears itself apart. Source: Ref. 27, used with permission. 


temperature on shortening and ATP utilization has been 
made (28). 

Although shortening at temperatures higher than 15°C 
occurs, it is not strong and can be counteracted at these 
temperatures by postural alteration (29). With processing 
temperatures normally experienced, extreme toughness 
of the cooked muscle does not seem to be a problem 
except in poultry. Therefore, for most meat species, it 
seems likely that enzymes involved in postrigor proteolytic 
breakdown are more effective at higher temperatures and 
counteract any toughness due to shortening, although 
there are some problems with rigor at high temperatures 
where tenderizing enzymes are reduced (see “Variability 
in Tenderness”). The apparent anomalous shortening at 
temperatures below 15°C, which increases with colder 
temperatures, applies to most muscles and is termed cold 
shortening. Cold shortening is not a theoretical issue; it is 
a practical problem that results in tough meat, especially 
when carcasses are subjected to the rapid rates of chilling 
or freezing that currently take place in meat processing 
operations. When carcasses are treated in this way, and 
muscle temperatures fall below 10°C before the pH falls 
below pH 6.0, the muscles can shorten markedly. With ex- 
tremes of shortening (arising from cold shortening, thaw 
shortening, or heat from prerigor cooking) the muscle fi- 
bers will supercontract in some regions with a consequent 
disruption in adjacent regions, leading to a tenderization 
(30) that corresponds to the tenderness beyond the peak of 
toughness in Figure 5. 

Shortening can be partially prevented by hanging car- 
casses by the aitch bone (31), termed tenderstretch, or by 
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other maneuvers of the carcass (29), or by electrical stimu- 
lation to accelerate rigor and to shorten possible exposure 
times to low temperatures while shortening can occur. If 
meat is frozen before rigor mortis is complete, the energy 
stores ensure that contraction will take place as the meat 
thaws, that is, thaw shortening (6,32). There are likely to 
be other as-yet-unknown effects that take place as muscles 
go into rigor. For example, even cold-shortened muscle be- 
comes somewhat tender after being held at 37°C (33), and 
meat subjected to extremes of pressure will become tender 
(34). Even explosives will cause this (35). 

The effects of cold shortening are greater when the low 
temperatures are attained soon after slaughter and seem 
to progressively disappear at a muscle pH between 6.2 and 
6.0. Animals with a high ultimate pH generally reach rigor 
before shortening is manifest. 

Cold shortening does not occur in all muscles of all spe- 
cies under the same conditions of temperature, and per- 
haps this is the underlying reason for its relatively late 
discovery. With the masseter, which consists of red (slow- 
twitch Type I) fibers, cold shortening readily occurs, yet in 
the cutaneous trunci (fast-twitch Type II A) cold shorten- 
ing does not occur until muscle temperature reaches 0°C 
(22). Cold shortening is a problem with sheep and cattle 
carcasses, but not so much with pigs and poultry. With pig 
muscle, the rate of rigor is sufficiently fast and the ten- 
dency to shortening appears to be less in any event, so cold 
shortening does not appear to be a problem unless ex- 
tremely high rates of cooling are involved. With poultry, 
cold shortening is also not a problem, as maximum short- 
ening occurs at around 0°C and rigor occurs in approxi- 
mately five hours. However, heat shortening at tempera- 
tures above 20°C can occur (25), and meat toughening 
occurs with stressed birds going into rigor early at high 
temperatures. 

Prerigor muscle excised from the bone is free to shorten 
large amounts, the amount depending on the restraint of 
adjoining muscle and connective tissue and its tempera- 
ture, and electrical stimulation is beneficial. If there is 
enough shortening, the meat will become tough. The prac- 
tice of hot boning, therefore, has to be examined with re- 
spect to the end use of the meat. If the end use is for manu- 
facturing processed meats, muscle shortening may not be 
a problem. Cold shortening does not cause changes in 
water-holding capacity (13), but thaw shortening changes 
the water-holding capacity, with some disadvantages in 
further processing. Muscle shortening, and hence tough- 
ening of the meat, cannot be predicted by meat appear- 
ance. Electrical stimulation can reduce the toughening of 
meat associated with hot boning for certain cuts (36). 


Aging of Meat 


Unshortened muscle at rigor has a basal level of tender- 
ness that is enhanced by subsequent aging of the muscle. 
Severely cold-shortened meat does not age to any degree 
(Fig. 5) (27). Aging involves the breakdown of the muscle 
proteins (eg, troponin T, troponin I, tropomyosin, C- 
protein, and M-protein and cytoskeletal proteins, titin, 
nebulin, and desmin), by endogenous enzymes, termed cal- 
pains (37-39), although minimally involving the major 
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proteins actin and myosin. Calpains are members of the 
cysteine class of proteases and are inhibited by calpasta- 
tins, They exert their effect by altering structural integrity 
at the junction of the A-I band, as well as fragmentation 
of the Z-lines. Calpains exist in two forms, y- and m- 
calpains, that differ in their calcium requirements. - 
Calpain requires 1-30 umol of calcium, and m-calpain re- 
quires 270 to 750 umol of calcium for half-maximal activity. 
Binding of calcium also induces the autolysis of the cal- 
pains that results in loss of activity. In the presence of cal- 
cium sufficient to activate calpains, calpastatin complexes 
with calpains to inhibit activity; thus, the way calpain ex- 
erts its effects is still unclear. Even so, among the enzymes 
involved, the calpains seem to be the best candidates to 
tenderize meat, and the inhibitor calpastatin prevents 
their activity in normal tissues (40-43). Indeed there is 
more than enough calpastatin in any muscle to inactivate 
the calpains, A synergistic contribution by lysosomal (ca- 
thepsins) and calcium-dependent proteinases (calpains) 
has been proposed (44), with no direct relationship be- 
tween aging rate and protease content of muscles found. 
The aging rate of meat increases dramatically as the tem- 
perature rises and has a temperature coefficient of 2.4, and 
aging even takes place during cooking but ceases dramat- 
ically at a temperature of 66°C (Fig. 6) (45). 

As aging is temperature dependent and carcasses are 
in a cooling environment, processes such as electrical 
stimulation that produce an early rigor while the carcasses 
are still relatively warm ensure maximum aging in the 
shortest possible time (apart from also avoiding the effects 
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Figure 6. This diagram illustrates how the rate of tenderization 
of meat, through aging, increases with holding temperature. The 
rate of tenderization at temperatures of 0°C is relatively slow, and 
long holding periods are required at this temperature. As the tem- 
perature is raised during cooking, the rate of aging has an impor- 
tant part to play in the final tenderness. However, at temperatures 
above approximately 60°C, aging ceases. Source: Ref. 45, used 
with permission. 


of cold shortening). High temperature tends to suggest 
that conditions are present to allow increased bacterial 
growth as well as meat aging, but in practical terms, sur- 
face drying prevents microbial growth on the meat sur- 
faces. Rapid aging is not required when there is sufficient 
time available between slaughter and retail for aging to 
occur. Vacuum packaging or modified atmosphere pack- 
aging can ensure that bacterial growth is low under these 
circumstances. Aging also occurs when frozen meat is 
thawed and continues during subsequent holding. In cer- 
tain species such as venison and other game animals, ex- 
treme aging is often regarded as desirable. 


Variability in Tenderness 


The initial tenderness of meat is not a constant and the 
tenderness of unaged meat and the extent of aging depends 
on muscle shortening (27). When one considers the varia- 
tions of early tenderness of unaged meat, it is clear that 
there are large shortening-related changes in tenderness 
in the range close to rest length, and these changes will 
be influenced mainly by processing conditions, that effec- 
tively vary across a carcass. The sarcomere length is sig- 
nificantly changed when the carcass is hung from the pel- 
vis rather than the Achilles tendon, and there are dramatic 
changes in tenderness with the increased sarcomere 
lengths (46-49). 

Injections of various salts such as calcium (50) and 
phosphate (51) will increase tenderness and can overcome 
some effects of shortening. Marination of meat with acids 
does not dramatically improve tenderness (52), although 
the flavors added can enhance consumer appreciation. 
Making the meat alkaline (eg, sprinkling with bicarbon- 
ate) does increase tenderness, but with concomitant tex- 
ture and small flavor changes that make it more useful in 
various ethnic dishes. 

The endogenous enzymes responsible for tenderization 
are active throughout life in other roles, and by implication 
their action continues throughout the rigor process. With 
all inhibiting mechanisms in place effectively until rigor 
changes in tenderness are small; thus, aging effectively 
starts at rigor mortis (53). 

Tenderization of meat is influenced by shortening, and 
in particular Locker and Wild (54) showed that proteolysis 
occurs in both cold-shortened and unshortened meat, but 
the cold-shortened meat was persistently tough. This sug- 
gests that myofibrillar fragmentation length, widely re- 
garded as a measure of proteolysis, also must be consid- 
ered with regard to processing conditions (53). 

Dransfield et al. (56) suggested that there was some in- 
hibition of aging at high rigor temperatures, which was 
shown by Devine et al. (53) to be greatest at 35°C and least 
at 15°C, and the mechanism was shown to involve an in- 
activation of calpains (56). Furthermore, it was found that. 
by tuning electrical stimulation and obtaining the appro- 
priate chilling rate, the greatest tenderness of meat could 
be achieved rapidly, when rigor occurs at at 15°C (57). Such 
mechanisms may also explain some aspects of tenderiza- 
tion of slow glycolyzing muscles. 

Rapid chilling during hot-boning processing, when meat 
is removed prerigor, would exacerbate shortening; cold 


shortening in particular needs to be avoided. However, at 
15°C, shortening is minimized and aging is maximized 
(58), thus making hot boning an effective option under 
such conditions (see the article MEAT AND ELECTRICAL 
STIMULATION). Because compounds such as endogenous ni- 
tric oxide affect the rate of tenderization (59), tenderness 
may be influenced by factors such as exercise that affect 
nitric oxide levels (60). 

With so many factors affecting both the initial and ul- 
timate tenderness of meat—animal factors such as breed, 
genetics, and sex—finishing regimes on meat tenderness 
must be considered only when rigorously controlling pro- 
cessing conditions (ie, rigor temperature and shortening). 


ROLE OF CONNECTIVE TISSUE IN MEAT QUALITY 


Closely associated with the contractile myofibrils in muscle 
tissue are connective tissue components, which form a 
three-dimensional network to support the muscle cells. 
The net of connective tissue encompasses complete muscle 
fiber bundles and even single muscle cells. Embedded in 
the connective tissue are also intramuscular fat, blood ves- 
sels, and nerves. The connective tissue elements contrib- 
ute in a large way to meat texture as well as modifying 
meat tenderness. 


Composition of Collagen 


The major component of connective tissue is the protein 
collagen, with minor components elastin, glycoproteins, 
and proteoglycans (61). Connective tissue comprises less 
than 2% of most skeletal muscles (2). Such a small amount 
of protein, however, has a major impact on the tenderness 
of the meat (when other factors such as cold shortening are 
avoided). 

Extensive studies have shown that it is not only the 
amount of collagen but also the degree to which cross-links 
in collagen are solubilized during cooking that determine 
tenderness. Collagen has a high mechanical strength, 
brought about through the formation within the collagen 
fibers of intramolecular cross-links (2,61), which are co- 
valent in nature and result from a precise organization in 
the fiber. Two particular types of cross-links—an aldimine- 
type bond and a ketoimine-type bond—are replaced by 
more stable, nonreducible structures with increasing age. 
As the collagen molecules possess an extremely long bio- 
logical half-life compared with most other proteins, 
changes in the numbers and type of cross-links tend to in- 
crease, causing the properties of the collagen to change 
with animal age. Thus, the fibers become progressively 
stronger and more rigid and less susceptible to enzymatic 
degradation and swelling by acids as the animals grow 
older. This maturation is achieved partly by further reac- 
tions to form multivalent cross-links that link several col- 
lagen molecules laterally, thus dramatically increasing the 
fiber stability. 


Collagen Turnover 


Collagen turnover varies considerably between tissues, 
and the relative growth rates of different muscles result in 
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different levels of maturity of the collagen in a given ani- 
mal (2). Similarly, differences in growth rates of bulls, 
steers, and double-muscled animals result in differences in 
both the amount of collagen and its maturity in terms of 
stable cross-links (2). Although the faster growth rate of 
bulls compared with steers would suggest that bull meat 
should be more tender, the rate of collagen turnover may 
well be different in bulls and allow earlier maturation of 
the bull collagen. On the other hand, the reported tough- 
ness of bull meat may arise from other factors, such as 
absence of intramuscular fat, which changes perceptions 
of tenderness during actual chewing, and sex effects such 
as an increased stress susceptibility and consequent ele- 
vation of muscle pH (see the section “Animal Factors Af- 
fecting Meat Quality”), Rapid finishing of animals appears 
to increase tenderness, which could be accounted for by a 
higher proportion of newly synthesized and consequently 
immature collagen being laid down. Possibly, larger 
amounts of intramuscular fat may also modify taste panel 
perceptions, by causing a smaller cross-sectional area of 
myofibrillar and collagen protein in any given bite. 


Collagen Solubility 


Animal age, due to a progressive increase in interfiber 
cross-links, has the most significant effect on meat texture, 
even with decreasing proportions of collagen, as the myo- 
fibrillar proteins increase in quantity during growth. The 
increase in toughness in cattle due to animal age was most 
clearly demonstrated (62) where some cuts had a fivefold 
increase in toughness in 5-year-old animals. The study also 
showed that the tenderness of grilling cuts was least influ- 
enced by animal age. Presumably this is because the 
amount of collagen is constant and low and any adverse 
effects of cross-linking cannot be expressed, as solubiliza- 
tion does not have time to occur during the brief cooking. 
This result has been confirmed in a study, using a sensory 
panel and instrumentally, which showed that toughness in 
m. longissimus did not increase and in m. semitendinosus 
increased in cows aged from 2 to 9 years (63). 

For sheep m. semimembranosus, collagen concentration 
is highest in newborn animals, but decreases and becomes 
constant from 40 to 365 days. Collagen solubility was 
shown to be greatest in newborns, and as a consequence 
the meat is more tender (64). While the collagen solubility 
decreases with age, from approximately 50% in newborns 
to 31% at 42 days, down to 12% at one year (64), the de- 
creases from then on clearly are not important in terms of 
tenderness. So although it is true that very young animals 
are tender from this component, it is not relevant in terms 
of the age at which animals are normally slaughtered. The 
studies also showed that high or low values for collagen 
levels and solubility in the m. semimembranosus were also 
true for the m. biceps femoris (64). 

Studies on groups of steers and bulls slaughtered at 
various ages through to maturity also failed to show any 
major differences in terms of collagen solubility (65) and 
masculinity traits of bulls in meat quality (66). 

Postmortem effects on collagen solubility are not fully 
explored. Researchers (67) showed that some proteolytic 
cleavage does occur but with little detectable change in 
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solubility. More recently, it was shown that significant 
changes occur in the immediate postslaughter period (68), 
and it may be these early changes that are most important 
in any investigation of collagen solubility and its effect on 
tenderness. The effect of electrical stimulation on collagen 
solubility is unexplored, and the high rates of pH fall and 
consequent activation of various proteases that occur with 
electrical stimulation could profoundly affect the collagen 
molecules. Other connective tissue contributors to tough- 
ness may arise from changes in the collagen lattice, which 
alters significantly with muscle shortening and thus could 
affect texture (69). 


COOKING AND MEAT TENDERNESS 


Meat Tenderness/Texture 


For consumers, the most important eating quality for meat 
is tenderness, which is generally rated on a consumer scale 
where high values are good. If the meat is evaluated by an 
instrument, the concept of tenderness is reflected in shear 
force values, where the lower it is, the better the meat. The 
word tenderness, however, does not completely describe the 
quality attribute, because various processed meats such as 
frankfurters are tender, yet do not have the texture asso- 
ciated with whole tissue meats. The tenderness/texture 
quality, a rather individual characteristic, is governed by 
a complex relationship between the myofibrillar structure 
and connective tissue structure, the response to which in 
turn is probably modified by associated juiciness parame- 
ters arising from fat and retained water. As a broad gen- 
eralization, tenderness is more closely allied to myofibril- 
lar factors, and texture is related to the connective tissue 
components. Texture is often noticed as the wad of tissue 
that remains after chewing. Ideally, to make a proper ap- 
praisal of meat, trained taste panels should always be 
used, but this is generally not feasible. An objective mea- 
suring device such as a tenderometer to measure the shear 
force is therefore desirable. It should be remembered, how- 
ever, that many tenderometers measure only myofibrillar 
tenderness components to any degree of accuracy, although 
the measurements are influenced by extreme connective 
tissue variations. To some extent, texture issues are of 
lesser importance in cuts used for grillings, as only low 
connective tissue cuts are used. 


Tenderometers 


When meat is sheared in a tenderometer, the toothlike de- 
vice or blade deforms the meat, essentially producing yield 
data for the cooked myofibrillar proteins with some con- 
tribution from the collagen. For all practical purposes, 
changes in the tenderness of meat from the same muscle 
correspond to changes in myofibrillar tenderness. A wide 
range of tenderometer devices have been developed and all 
have faults, but they yield useful information even though 
not accounting for all possible contributions to tenderness. 
The devices have been reviewed (70,71). 

Only a few major basic designs of tenderometers are in 
current use (72). In the Warner Bratzler device, cylindrical 
or rectangular samples are placed in a triangular hole in 


a shear blade (some modifications use square-sectioned 
material in a square hole). There are a variety of tooth- 
shaped biting devices [Volodkevitch type toothed jaws, and 
a pneumatic tenderometer with toothlike jaws (MIRINZ 
tenderometer)] that are very similar in concept. In an Allo- 
Kramer shear press, there is a compression cell with an 
array of blades to penetrate the meat. Other measure- 
ments can also be made that indicate the contribution of 
connective tissue to toughness, such as the measurement 
of adhesion between fibers (72). 

One difficulty of comparing tenderometer data is that 
no one has standardized the readings from the various 
types of tenderometers; thus, at present, each research 
group is unique in its presentation of data, although some 
attempt has been made to standardize them (73). All ten- 
derometers work on cooked meat, and no group has yet 
devised a completely successful instrument for measuring 
raw meat characteristics that can be extrapolated to pre- 
dict cooked meat values. There is potential in the use of 
near infrared spectroscopy where there is a correlation be- 
tween measured tenderness values (74) and connective tis- 
sue solubility and concentration (75), from raw meat and 
predicted instrumental values, but such measurements 
only will estimate the tenderness at the time of measure- 
ment. From the preceding comments on meat conditioning, 
aging, and connective tissue changes during cooking, such 
correlations related to tenderness would need to consider 
time delays before consumption, as meat tenderness de- 
pends on various unpredictable aging treatments once 
product has left the meat plant. Any control of product is 
ultimately lost due to unpredictable handling by the con- 
sumer, but it should be acceptable at purchase, A nonin- 
vasive device applied to raw meat would be extremely 
valuable at this point. 


Cooking of Meat 


Tenderness/shear force and cooking have a complex inter- 
relationship and are best discussed together. Cooking is 
the preferred method of preparing meat for serving. Cook- 
ing not only safeguards health by destroying bacteria and 
parasites, but the heat also coagulates the proteins, trans- 
forming a bland, chewy product to a juicy, flavorsome, and 
beautifully textured food. 

The final outcome of cooking depends on factors such as 
the rate of heat transfer. Grilled products have a flavor 
development on the surface and a variable texture from 
the seared surface to the softer juicy, bland interior, 
whereas casserolling gives a complex effect arising from 
browned surfaces, which cause even deepening of the fla- 
vor throughout the whole meat. Roasting allows a slow 
heat transfer and aging of the meat during cooking. 

The juiciness of the product and the contribution of the 
connective tissue influence the final outcome. Thus, prod- 
ucts to be grilled must have low amounts of connective tis- 
sue (however, readily hydrolyzable cross-links will not be 
affected rapidly enough), otherwise they will be tough. The 
long, slow cooking of a casserole (or a roast) allows aging 
to take place and also breaks the collagen cross-links. This 
allows consumption of certain cuts that would be relatively 
unsatisfactory for grilling. In essence, the tenderness of a 


piece of meat is a function of the postslaughter handling, 
including conditioning and aging procedures, the rate of 
heat transfer with the various denatured muscle cooking 
methods, and the amount and type of connective tissue 
present. 

The choice of cooking procedure depends first on the 
amount of connective tissue present and the age of the ani- 
mal and, second, on whether the meat will benefit from 
aging by prolonged cooking procedures. Clearly, microwave 
cooking of meat has few advantages, other than conven- 
ience, as the temperature rises too fast in an uncontrolla- 
ble manner. There is not enough time to break down con- 
nective tissue, and the myofibrillar proteins also will not 
age significantly above 66°C (45) (Fig. 6). If meat has se- 
verely cold shortened prior to any cooking procedure, it will 
never become tender, even with slow cooking. Such meat 
often is fed to pets, after the consumer finds it almost in- 
edibly tough. 


Cooking and Tenderometer Measurements 


For tenderness or shear force measurements, and many 
meat quality assessments, the meat must be cooked under 
a specified set of conditions, so that either only meat pro- 
cessing or animal-related factors are compared. Meat is 
cooked by subjecting it to heat before it is either eaten or 
assessed in other ways. Cooking denatures the myofibrillar 
proteins as well as the connective tissue proteins. There is 
a complex interplay between the myofibrillar and connec- 
tive tissue proteins in the meat as the temperature is pro- 
gressively raised, including aging of the meat, which is in- 
hibited at temperatures above 66°C (45). Only meat that 
has not been cold shortened will be discussed. 


Changes of Myofibrillar and Connective Tissue Proteins Due 
to Temperature 


The following description (2) of the processes occurring 
during cooking emphasizes the relationship between the 
myofibrillar and connective tissue proteins (neglecting ag- 
ing effects during cooking). As the temperature of a piece 
of meat is raised, the myofibrillar and connective tissue 
proteins denature at different rates, and it is the properties 
of the denatured proteins that determine the texture of the 
meat. At temperatures between 40 and 65°C there is an 
increase in toughness (Fig. 7) (76) as determined by shear 
value, which is caused by aggregation of the denatured 
myofibrillar proteins. At this stage, there is a loss of fluid 
and shrinkage of the muscle fibers within the endomysial 
sheath. The collagen in this sheath is not affected at this 
temperature. However, because the endomysial sheath 
was under tension in the raw meat, the shrinking of the 
myofibrillar proteins releases the tension, which forces 
fluid out of the meat. As the temperature continues to rise 
from 63 to 80°C, the shear values increase further due to 
additional shrinkage as the collagen in the endomysium 
and perimysium denatures and the water is squeezed out. 
Complete shrinkage of the sheath is prevented by the pres- 
ence of the myofibrillar proteins. With further increases in 
temperature above 80°C, there is a reduction in shear val- 
ues (increase in tenderness), possibly due to peptide bond 
cleavage and/or cross-link rupture of denatured collagen 
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and breakdown of myofibrillar proteins. The increased ten- 
derness on prolonged heating is almost certainly primarily 
due to degradation of the denatured collagen. 

During cooking, meat collagen is denatured and, be- 
cause of its partially crystalline nature, it shrinks at about 
65°C (depending on animal age and species) to form insol- 
uble gelatin. The thermally stable cross-links modify the 
shrinkage characteristics so that when some residual ten- 
sion is maintained after denaturation, there is consider- 
able remaining strength. The tension generated during 
cooking varies considerably depending on the heat stabil- 
ity of the perimysium, which in turn is determined by the 
nature and extent of the cross-linking. Thus, the older the 
animal, the higher the proportion of heat-stable cross-links 
and the greater the tension generated on shrinkage. The 
total amount of collagen in itself is no indicator of strength 
or texture in the cooked meat. Instead, the solubility of 
collagen is important, as that changes with animal age and 
thus affects the consequent cross-linking in a complex way. 
It is the heat stability of the cross-links that affects the 
strength/texture components of tenderness. The changes 
in collagen can cause noticeable effects during normal 
cooking, as they are responsible for the extensive curling 
of chops or steaks that occurs during grilling and the 
amount of cook loss. 

The end point of cooking is of interest to the consumer. 
A rare steak is very pink and has an internal temperature 
less than 60°C, and a well-done steak is grey to brown at 
internal temperatures greater than 75°C. Dissatisfaction 
often arises if the color and “degree of doneness” do not 
match (77). Meat proteins, especially myoglobin, are more 
stable to temperature as the ultimate pH rises, and the 
degree of doneness at the same internal temperature often 
appears to be insufficient (ie, redder). For institutional 
cooking, variable ultimate pH values give a variable ap- 
pearance to the steaks. 


Moisture Loss in Cooking 


The moisture loss upon cooking is predictable. Whereas 
frozen meat initially loses moisture on thawing, and drip 
exudes in vacuum-packaged meat, the total water loss is 
an inevitable consequence of the cooking process and de- 
pends on the degree of cooking (and amounts of connective 
tissue) as previously described, being least in a very rare 
steak. 


Consumer Aspects of Meat Texture and Tenderness 


The overall tenderness of meat to the palate involves three 
aspects: (1) the initial ease of penetration of meat by the 
teeth (tenderness), (2) the ease with which the meat breaks 
into fragments (tenderness and texture), and (3) the 
amount of residue remaining after chewing (texture). 
Clearly, some of these attributes are modified by the 
amount of fat and the temperature at which the meat is 
served as well as the cooking conditions used. Because con- 
sumers clearly reserve tougher cuts of meat for casseroles, 
there is a perception that certain levels of tenderness are 
desirable. The less desirable cuts increase dramatically in 
toughness with animal age due to connective tissue 
changes (62) leaving more mouth residue, but frying cuts 
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Figure 7. Diagrammatic representation of the changes in the muscle fibers and connective tissue 
during cooking in a cross section of muscle related to the change in shear value. The lower the 
shear values, the more tender the meat. The shear force units in this figure are on a different scale 
and are approximately four times those in other figures. The cooking temperatures for meat are 
very rare (55°C), rare (60°C), medium rare (65°C), medium (70°C), medium well done (75°C), well 
done (80°C) and very well done (85°C). Source: Ref. 2, used with permission. 


are virtually unaffected by animal age if cooked to a com- 
paratively rare state. The amount of subcutaneous fat ap- 
pears to affect tenderness mainly by reducing the chilling 
rate, and fat within the muscle (ie, marbling) is a poor pre- 
dictor of tenderness and palatability once there is a mini- 
mum amount. It requires large increases in marbling to 
produce detectable changes in palatability (78,79). Tender- 
ness increases (ie, shear force reduction) and palatability 
improvement of the cooked meat with excessive marbling 
are likely because there is less meat, but there is often 
consumer resistance if they see the meat raw first! 


ANIMAL FACTORS AFFECTING MEAT QUALITY 


Preslaughter and Slaughter Components 


This section in general considers the meat quality changes 
from the live animal through slaughter, but only considers 


briefly factors such as breed (ie, genetics), growth, and sex. 
Apart from stress factors that may be breed or sex related 
(such as in the case of bulls where pH effects occur—see 
later) and animal age (which has an obvious influence only 
at extremes—discussed earlier) and fat cover, which af- 
fects chilling rates, the influence of these is minor. This is 
not to suggest that the preceding factors do not affect meat 
quality, but rather the effects are minor in comparison with 
processing effects and are perhaps overemphasized. Cold- 
shortening capacity appears to be greater in older animals, 
where the tension generated and shortenings are greater 
by a factor of three (80). There was shown to be a reduced 
tenderness in old bulls compared with young ox (81). The 
muscle used was beef m. sternomandibularis, which has a 
higher connective tissue content than other muscles. We 
may merely be considering the expected age-related 
changes in the connective tissue net in a relatively atypical 
muscle (see age-related toughness changes covered earlier 


100 


1594 MEAT SCIENCE 
a5 T T oe 
60 
aye 
i 
50 . 
® if 
= e 
8 40 ra 
2 ree 
5 ae 
£ i 
5 30 ¥ 
2 ba 
a i 
20 |- T 
I 1 { L i 1 
30, 40 50 60 70 80 90 
Cooking temperature (°C) 
Muscle 
fiber Perimysium fibers Denatured muscle fiber 


hase Endomysium 


Denatured perimysium 
and epimysium 


Figure 7. Diagrammatic representation of the changes in the muscle fibers and connective tissue 
during cooking in a cross section of muscle related to the change in shear value. The lower the 
shear values, the more tender the meat. The shear force units in this figure are on a different scale 
and are approximately four times those in other figures. The cooking temperatures for meat are 
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are virtually unaffected by animal age if cooked to a com- 
paratively rare state. The amount of subcutaneous fat ap- 
pears to affect tenderness mainly by reducing the chilling 
rate, and fat within the muscle (ie, marbling) is a poor pre- 
dictor of tenderness and palatability once there is a mini- 
mum amount. It requires large increases in marbling to 
produce detectable changes in palatability (78,79). Tender- 
ness increases (ie, shear force reduction) and palatability 
improvement of the cooked meat with excessive marbling 
are likely because there is less meat, but there is often 
consumer resistance if they see the meat raw first! 


ANIMAL FACTORS AFFECTING MEAT QUALITY 


Preslaughter and Slaughter Components 


This section in general considers the meat quality changes 
from the live animal through slaughter, but only considers 


briefly factors such as breed (ie, genetics), growth, and sex. 
Apart from stress factors that may be breed or sex related 
(such as in the case of bulls where pH effects occur—see 
later) and animal age (which has an obvious influence only 
at extremes—discussed earlier) and fat cover, which af- 
fects chilling rates, the influence of these is minor. This is 
not to suggest that the preceding factors do not affect meat 
quality, but rather the effects are minor in comparison with 
processing effects and are perhaps overemphasized. Cold- 
shortening capacity appears to be greater in older animals, 
where the tension generated and shortenings are greater 
by a factor of three (80). There was shown to be a reduced 
tenderness in old bulls compared with young ox (81). The 
muscle used was beef m. sternomandibularis, which has a 
higher connective tissue content than other muscles. We 
may merely be considering the expected age-related 
changes in the connective tissue net in a relatively atypical 
muscle (see age-related toughness changes covered earlier 


{62}). Similar studies have not been made on other mus- 
cles. Much work in other studies has merely revealed ei- 
ther no statistical difference or a minor difference between 
breeds and tends to focus on differences between Bos tau- 
rus and B. indicus (82). For pigs, genetic effects on meat 
quality exemplified by different breeds seem to be more 
important than for ruminants (83). In general, breed ef- 
fects would pale into insignificance compared with the 
processing-related effects on meat quality. 

Animal welfare issues for all meat species are not only 
consumer issues but also need to be addressed for optimum 
product quality and production efficiency. The effect on 
meat quality is subtle and is of particular important for 
pigs, fish, and poultry (84). Preslaughter effects commence 
on the farm and may arise from simple factors such as 
insufficient feed. From this point, mustering or rounding 
up, transport, and moving through races to the slaughter 
area contribute to bruising and stress, much of which is 
unnecessary. Different problems arise for pig raising fa- 
cilities or feedlots for cattle than for range-fed animals. 
Careful design of pens, races, trucks, ramps, and other ani- 
mal handling facilities can reduce many of the problems 
(85), but further research is needed. Washing may reduce 
stress in the case of pigs or can be stressful in the case of 
swim washing for sheep. 

Slaughter procedures depend on the type of animal in- 
volved (84,86). For sheep and cattle, two types of electrical 
stunning can be used: head-only stunning, which allows 
the heart to continue beating; and head-back stunning, 
which causes cardiac arrest. Bleeding out and meat quality 
are the same with either stunning technique for lambs (87) 
or with delayed bleeding for beef (88), As head-only elec- 
trically stunned animals will recover within a few minutes 
if they are not slaughtered, the animals actually die 
through loss of blood initiated by the slaughterman. This 
type of preslaughter stunning is therefore acceptable for 
halal slaughter of sheep or cattle. Cattle are generally 
captive-bolt stunned, although percussion stunning and ei- 
ther type of electrical stunning can be used with no dele- 
terious effects on bleeding out. Carbon dioxide stunning 
and electrical stunning are used for pigs. Carbon dioxide 
stunning appears to be associated with a reduced incidence 
of both blood splash (hemorrhages in muscle) and pale, 
soft, exudative meat (89), but it also seems likely that this 
relationship is partially a result of animal selection. Re- 
cent studies indicate that there are no welfare or issues of 
humaneness with current slaughter if properly applied 
(84,90). 


High Ultimate pH (DFD Condition) 


The process of anaerobic conversion of muscle glycogen to 
lactic acid after slaughter reaches an end point when the 
muscle pH falls to about pH 5.5, at which point complete 
inhibition of the enzymes responsible occurs even if gly- 
cogen is still present. The pH reached when glycolysis 
ceases is termed the ultimate pH. The ultimate pH will be 
higher if the initial (preslaughter) stores of muscle glyco- 
gen are low. In the worst instances of extreme stress, the 
muscle ultimate pH does not change from immediate 
postslaughter values. Such high pH values have important 
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consequences for meat quality. The meat is darker in color, 
firmer in texture, and dry (DFD) and does not keep as well 
as normal pH meat in vacuum packaging (91). 


Depletion of Muscle Glycogen 


The levels of muscle glycogen at slaughter are a result of 
the cumulative stressors that occur from the farm or feed- 
lot, through transport and lairage to the point of slaughter. 
Stressors can be classified as psychological if the levels of 
glycogen are affected by increased levels of adrenaline, pro- 
ducing a concomitant increase of corticosteroids, or physi- 
cal if they involve physical exercise, sickness, or inade- 
quate nutrition. In the case of physical exercise such as 
rounding up sheep and cattle, mounting behavior in cattle, 
or swim washing for sheep, the muscle glycogen is quickly 
converted to lactic acid, which is transported away from 
the muscles by the circulation. This lactic acid ultimately 
can be resynthesized to muscle glycogen, given sufficient 
time. Feeding immediately preslaughter helps some spe- 
cies, such as pigs, to replenish their muscle glycogen, as 
the ingested high energy carbohydrate can rapidly be rein- 
corporated into muscle glycogen. In ruminants, however, 
the process is much slower, because the rumen organisms 
convert carbohydrates into short-chain acids such as pro- 
pionic, butyric, and acetic acids, which in turn have to be 
synthesized into glycogen. Even in conditions of complete 
rest, for sheep it takes 17 h for muscle glycogen to be re- 
synthesized (92), and in stressful slaughter conditions this 
is slowed (93). Long-term malnutrition also has the effect 
of reducing initial muscle glycogen, but this in itself is usu- 
ally not enough to cause meat with an excessively high 
ultimate pH, unless it is combined with other factors (94). 
It is the cumulative effect of many stressors that is impor- 
tant, and malnutrition may merely be the first in the series 
(95). Psychological stressors, mediated through adrenaline 
and cortisol release, are related to factors such as trans- 
port, contact with dogs in the case of sheep, and interaction 
with unfamiliar peers in a strange environment for cattle 
and pigs. 

There is probably never a single cause of high-pH meat. 
It is this multiplicity of causes—many of which are not 
recognized—that makes identification of causes of high-pH 
meat in most circumstances difficult. In addition, the re- 
sponse to individual stressors is also different for each spe- 
cies. For example, dogs are identified as a predator by 
sheep, but they are a mere annoyance to cattle; swim 
washing for sheep is inordinately stressful because it in- 
volves severe physical exercise (96), but washing of pigs 
and cattle before slaughter can relieve stress. Mixing of 
cattle (97,98) and mixing of pigs is stressful but does not 
appear to affect sheep. Mounting behavior in cattle is also 
stressful (but can be reduced by an overhead electrified 
grid). Thus, elimination of high-pH animals requires a co- 
ordinated effort from the producer right through to the pro- 
cessor. 


PSE Condition 


Pale, soft, and exudative (PSE) meat appears to be re- 
stricted to pigs for all practical purposes and is a conse- 
quence of a particular muscle response to animal stress. 
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The outcome is a very rapid fall in postmortem pH while 
the meat is hot, which denatures muscle proteins in such 
a way that water binding is reduced, and the muscle drips 
and is soft to the touch (14), The denatured proteins scatter 
light, giving a pale appearance. Rapid chilling postslaugh- 
ter reduces the incidence of PSE; although the meat is ini- 
tially tough, it tenderizes with aging (99). Animal agitation 
and electrical stimulation increase the occurrence of PSE 
in certain circumstances (100). However, if electrical 
stimulation is applied at 20 min postslaughter and the 
chilling rate is sufficiently fast (eg, deep leg to 10°C in 5— 
10 h), then the meat in those animals susceptible to PSE 
does not show it and the remaining meat avoids cold short- 
ening (101). The situation is further improved by pelvic 
suspension (102). Hot boning of pork can allow sufficient 
cooling to prevent PSE (103). Pale, wet muscle can occur 
in muscles from very large cattle when chilling is subop- 
timal and is not a result of stress susceptibility as in the 
case of pork, but rather of high temperatures and low pH. 
It is never as severe as it is in pigs. 


Interrelationship of DFD and PSE in Pigs 


Not only do certain handling situations tend to trigger 
PSE, but the genetic makeup of a pig may predispose the 
animal to PSE, and some European breeds are especially 
susceptible (83,84). In some particularly stress-susceptible 
animals, there is sudden death, especially during mating. 
Animals may be tested using exposure to the gaseous an- 
esthetic halothane. Susceptible animals respond by a rise 
in temperature, which, if not checked, can lead to death 
(malignant hyperthermia) (see Ref. 104). 

In Europe, studies have shown that for pigs there is a 
complex relationship between PSE and DFD (89). These 
studies indicated that feeding prior to short transport 
gives high PSE and low DFD. Fighting lowers the PSE 
incidence but raises DFD. Short transport times gives high 
PSE and reduced DFD, but as the transport distance 
lengthens, the PSE becomes less and the DFD becomes 
greater. The contribution of the nervous system to PSE is 
very significant, and even though the effects can be con- 
trolled by drugs (105), such treatment is not accepted for 
food animals. Under ideal conditions, the two extremes in 
meat appearance, PSE and DFD, can be measured by vari- 
ous electronic grading probes. 


Effect of Muscle Ultimate pH on Meat Tenderness 


It was shown (106) that mutton with a very high ultimate 
pH—greater than 6.5—was more tender than mutton of a 
normal low ultimate pH, and that meat with a moderately 
elevated ultimate pH was tougher than normal. The latter 
observation has also been consistently found with bulls 
and steers (107). Studies using lamb that had been elec- 
trically stimulated showed a similar pattern of toughness 
in moderate-pH animals (Fig. 8) (108). In the range pH 5.5 
to pH 5.9, toughness increases sharply. Therefore, small 
differences in ultimate pH can easily result in “rogue” ten- 
derness results in any experimental situation. 

As ultimate pH values are rarely measured routinely 
during meat processing, and then only with the aim of ex- 
cluding those animals with pH values over 6.0, the signif- 


icance of factors that increase the ultimate pH even 
slightly has not been generally considered. It was sug- 
gested (107) that short sarcomere lengths as a consequence 
of moderate-pH effects were related to increasing tough- 
ness. When aging of meat was prevented by injections of 
zinc salts, the initial toughness of high medium and low 
pH meat was the same (109). The rate of tenderization of 
(non-zinc-injected) intermediate pH meat was slowest, 
suggesting that aging rate rather than toughness is an in- 
trinsic property of high-pH meat (108). This observation is 
supported by the reduced disappearance of nebulin and ti- 
tin at these intermediate-pH values (110). This suggests 
that high-pH meat can tenderize if aging is long enough, 
but there were still some outliers. It appears that other 
factors still influence tenderness, and the enzymes respon- 
sible for tenderization may be affected by rigor tempera- 
ture and pH in some way (53). 


MEAT COLOR 


The appearance of raw meat gives no indication of its ten- 
derness and little indication of its flavor. Nevertheless, 
consumers often use meat color at point of purchase to as- 
sure themselves that the meat is not spoiled and will be of 
good eating quality. This approach raises color to a position 
far beyond its real value. It is true that color does indicate 
something about the meat, but only in terms of prior ex- 
posure to oxygen or drying conditions; and in extreme in- 
stances, it may be a guide to flavor changes. Consumers 
expect poultry to be white, veal and pork to be a pale pink, 
lamb and beef to be cherry red. The darkest meat comes 
from bulls, deer, and horses, even under normal ultimate 
pH conditions, since these meats have high concentrations 
of the pigment myoglobin, which gives rise to their dark 
color. 


Color Changes During Processing 


In cattle and sheep, the normal color of living muscle tissue 
is purplish. This is a consequence of both the pigment myo- 
globin being at a high pH and any oxygen present carried 
by the blood being rapidly used up by the living tissues, 
effectively ensuring an anoxic state. Immediately after 
slaughter, the situation continues, so that for prerigor 
meat in an unoxidized anoxic state, the myoglobin is dark 
purple. It changes to a paler, bright red when at rigor with 
oxygen present. From this point, the color is determined. 
by the proteins myoglobin and hemoglobin, which are af- 
fected by muscle temperature and pH postslaughter (111— 
113). Changes in muscle proteins during rigor develop- 
ment change the light scattering properties of the muscle 
tissue, so that it becomes paler as the muscle pH falls to 
pH 5.5, that is, as the pH approaches the isoelectric point 
of the proteins (114). Translucent meat, which appears 
dark, occurs when the pH is greater than pH 6.0 and light 
scattering diminishes (111,114). Thus, antemortem deple- 
tion of muscle glycogen results in meat of high ultimate pH 
and hence darkening in color—so-called dark, firm, and 
dry (DFD) meat. With high-pH meat as well, there is a 
closer packing of the myofibrils, with a resultant greater 
translucency, so the meat is darker in color (14). The as- 
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Figure 8. These results, at two aging times, were obtained from an experiment where the aging 
of some samples was inhibited by injection of zinc before rigor mortis. The shear forces of these 
muscles were high, were of similar values, and did not change with ultimate pH (©). There is a 
clear influence of ultimate pH on meat tenderness, where both high and low ultimate pH values 
result in tender meat, but meat with a moderate ultimate pH is tougher (@). After six days aging 
at 10°C, the meat with aging inhibited did not change, and all meat reached approximately the 
same levels of tenderness. The tenderness changes resulting from ultimate pH appear to relate to 
differences in aging rate, although there are still outliers arising from other factors. In the range 
of ultimate pH from 5.5 to 5.9, a small increase in pH results in large increases in toughness. 


Source: Ref. 108, used with permission. 


sociated physical conditions of firmness and dryness are 
also associated with closer spacing of the myofibrillar lat- 
tice. 

With normal ultimate pH values of around pH 5.5, the 
rate of cooling will also affect the muscle proteins. Portions 
cooled quickly scatter less light than those cooled slowly, 
such as regions in the muscle center (eg, beef hind quar- 
ter). In addition, aging of the meat also lightens meat color 
(111). The appearance of the meat is modified by electrical 
stimulation, as the rapid pH fall results in a more youthful 
appearance of the muscle, which improves the quality 
grade in the United States (115). 

The most dramatic effect on meat color occurs in pork 
from stress-susceptible pigs (116). When these animals are 
stressed before slaughter, there is an extremely rapid fall 
in pH to pH 5.4 while the muscle is hot. The end result is 
extreme light scattering via denaturation of myofibrillar 
and sarcoplasmic proteins, to produce PSE meat. 


Color Changes During Storage and Packaging 


Red meats vacuum-wrapped in oxygen-impermeable films 
maintain a dark purple color. Consumer education has not 
reached the stage whereby this supposedly unattractive 
color is associated with the inherent advantages of either 
vacuum or anaerobic packaging for chilled meat, and gas- 
impermeable packaging for frozen meat. When vacuum or 
anaerobically packaged meats are removed from their 
package and exposed to air, the myoglobin oxygenates and 
the meat color changes from purple to bright red. When 
this color change occurs, the meat is said to bloom. 


When fresh meat is exposed to high concentrations of 
oxygen—for example, as occurs in air, in a high oxygen 
modified atmosphere pack, or in a pack with an oxygen 
permeable wrapping—the myoglobin is converted to the 
bright red oxymyoglobin, which is resistant to further ox- 
idation. However, with packaging in materials of low, but 
measurable, oxygen permeability, the low partial pressure 
of oxygen facilitates the formation of another more stable 
oxidized compound, metmyoglobin. Metmyoglobin is 
brown, giving the meat an unattractive color. In effect, the 
myoglobin of meat exposed to either high oxygen or no ox- 
ygen remains in a satisfactory state. 

Even with exposure to high oxygen levels, the meat will 
finally turn brown. Metmyoglobin is slowly formed first in 
the deeper tissues where the critical low levels of oxygen 
occur. Eventually enough browning is produced that it can 
no longer be masked by the bright red oxymyoglobin lying 
above. Presumably, consumer experience with long storage 
of chilled meats, with eventual browning, has led to the 
association of dark meat color with “old meat” and spoil- 
age. 


Color Stability During Display 


The important factors affecting the color stability of fresh 
meat are temperature, the packaging environment, and 
ultimate pH, the oxygen consumption and the reducing ca- 
pacity of the meat. Thus, different muscles exhibit differ- 
ent rates of metmyoglobin formation, a change of tempera- 
ture from 3 to 5°C in display will double the discoloration 
rate, and exposure to light also results in a decrease in 
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display life (111-113). Exposure to light also accelerates 
rancidity development. 

Aged meat can have a brighter color after blooming 
than unaged meat, not only because of increased light scat- 
ter and deeper penetration of the light, but also because of 
decreased catalytic oxidative capacity. However, aged meat 
has a poorer color stability (111-113). 

Under certain conditions, microbial spoilage can affect 
meat color. Meat can turn green when sulfmyoglobin is 
formed. This occurs when certain spoilage organisms cause 
sulfur components to be released. Sulfmyoglobin formation 
is generally restricted to high-pH meat in vacuum pack- 
aging, where the environment is more conducive to sulfur- 
reducing bacteria (91). The addition of vitamin E to the 
diet improves the color stability at retail by reducing the 
metmyoglobin formation (117). This is more important in 
animals fed in a feedlot than for pasture-fed animals, 
which, in general, obtain sufficient from their daily food 
intake. 


Frozen Meat Color 


The freshly cut surfaces of frozen red meats are a dark 
purple but are lighter than the surfaces of chilled anaero- 
bic meat because light transmission is inhibited and re- 
flected light is scattered. In addition, only surface pig- 
ments can reoxygenate and affect frozen meat appearance, 
providing a redness overlying greyer myoglobin. Meat that 
has been frozen slowly is darker than meat that was rap- 
idly frozen, for example, under liquid nitrogen; the differ- 
ence being due to the smaller size of the ice crystals with 
rapid freezing. 

Because of the low temperature of frozen meat, the del- 
eterious effects of oxidation at the surface occur more 
slowly. However, various physical effects such as recrys- 
tallization occur at the meat surface. These reduce display 
life by affecting consumer acceptance. For this reason, it is 
much better to cut frozen meat into cuts immediately prior 
to display rather than to cut, package, and store the frozen 
cuts ready for retail display (118). As spoilage or flavor 
changes are minimal during frozen storage, cutting im- 
mediately prior to display is merely for consumer appeal 
and bears no relationship to actual product quality. 


MEAT STORAGE AND FLAVOR CHANGES 


Meat Odor and Flavor 


Depending on species, meat has a characteristic odor/ 
flavor, but this can be modified in various ways and sig- 
nificantly influences palatability (119). For nonruminants 
such as pigs and poultry, the type of food eaten (eg, fish 
meal) can influence the flavor of the meat more than in 
ruminants, where many flavor compounds are modified by 
the ruminant organisms. Even so, there are still some 
quality attributes that are different in pasture-finished 
and grain-finished animals that depend on the type of food 
eaten. For example, there are more desirable antioxidants 
and carotene in pasture-finished ruminant animals, but 
the flavor profile is different from the grain-finished ani- 
mal, which has a higher glycogen content that could affect 


ultimate pH, a different fatty acid profile, and whiter fat. 
Preference of one over the other is mainly cultural. Ani- 
mals with a high ultimate pH, via differences in the chem- 
ical reactions involving proteins and carbohydrates that 
take place during the cooking, may have a slightly differ- 
ent flavor than normal-pH animals. 


Lipid Oxidation 


When fresh meat is held in conditions free from bacterial 
spoilage, the meat will age and become more tender. In the 
presence of even small amounts of oxygen, oxidation will 
also take place at the double bond of the polyunsaturated 
fatty acids, leading to formation of peroxides that react 
chemically to produce secondary reaction products (120). 
These at first have a bland flavor but later result in a typ- 
ical rancid flavor reminiscent of “old socks.” The fats con- 
cerned are mainly the phospholipids associated with the 
cell membrane rather than the depot fatty tissues. 

The lipids of raw meat are initially protected from oxi- 
dation by endogenous antioxidants, but eventually these 
antioxidants are inactivated and the rancidity process 
starts. Exposure to light and heavy metals promotes the 
onset of rancidity. Rancidity, being initiated by a free- 
radical reaction, continues even in the absence of addi- 
tional oxygen, so conditions to minimize its initiation are 
most important. Vacuum packaging is one option; freezing 
is another. As all chemical reactions proceed more slowly 
at lower temperatures, meat should be stored at as low a 
temperature as practical. 

One study on lamb (121) showed that at — 5°C, rancidity 
was initiated, and it continued to progress even when the 
meat temperature was reduced to — 35°C; rancidity did not 
appear to be initiated at the — 35°C temperature, however. 
This study illustrates that, when considering rancidity de- 
velopment, the entire history of the meat should be con- 
sidered, rather than mere storage duration at various tem- 
peratures. 

Although oxidative rancidity changes occur slowly in 
frozen meat, they occur extremely rapidly in meat after 
cooking and produce a characteristic “warmed-over flavor.” 
Although the development of warmed-over flavor is re- 
duced if cooked meat is chilled rapidly, this flavor devel- 
opment makes commercial storage of cooked meat for more 
than a few days a practical impossibility, unless oxygen is 
prevented from reaching the meat by storing and cooking 
meat in its own oxygen-impermeable package. The stabil- 
ity of meat lipids to oxidation is lowest in pork and poultry, 
intermediate in beef, and highest in lamb. 


Frozen Storage 


Freezing slows down any deterioration of the meat, but 
changes still occur. Color change (see earlier) and the onset 
of rancidity are slowed by low temperatures, although ran- 
cidity will continue once initiated. When meat freezes, it 
does so in such a way that extracellular ice crystals first 
form so that water moves out of the cells. Over time in 
frozen storage, recrystallization of ice occurs, and the ice 
so formed can cause structural damage. Fast freezing re- 
sults in smaller ice crystals and less damage (122). In fro- 
zen storage, meat surfaces will sublime water unless pro- 


Table 1. Composition of Lean Cooked Meat 


Beef Lamb Mutton Pork Chicken 
Cut Rump steak Fillet steak ‘Topside roast —_Loin chops. Leg Loin Loin chops Legshank Whole bird Legs Breast 
Cooking method 
grill grill roast grill roast roast grill roast roast broil broil 
Cooked lean (% raw cut) 
60.3 64.0 61.7 36.0 45.4 25.2 28.9 42.6 37.9 31.0 39.2 
Composition of cooked lean tissue 
Energy (kcal) 165.0 210.0 169.0 216.0 206.0 211.0 236.0 174.0 179.0 197.0 166.0 
Proximates 
Fat (%) 5.9 10.7 49 12.7 11.1 10.8 11.7 71 9.4 11 4.6 
Moisture (%) 64.0 59.0 61.9 60.7 60.7 59.8 52.5 63.6 65.9 63.1 61.8 
Protein (%) 27.8 28.3 31.2 25.5 26.5 28.4 32.7 27.5 23.7 24.2 31.2 
Minerals 
Calcium 6.0 5.6 4.2 9.8 5.4 10.4 22.6 8.5 6.9 25.0 13.6 
Copper 0.12 0.10 0.06 0.04 0.10 0.12 0.06 0.08 0.02 0.04 0.02 
Tron 3.6 4.4 3.6 3.6 46 4.0 27 2.2 3.0 2.6 19 
Magnesium 20.5 23.0 23.5 20.5 20.5 218 22.5 19.5 18.0 15.0 22.5 
Phospherous 230.0 260.0 260.0 220.0 240.0 190.0 270.0 240.0 210.0 200.0 260.0 
Potassium 400.0 440.0 450.0 380.0 350.0 247.0 440.0 400.0 310.0 270.0 390.0 
Sodium 60.0 66.0 59.0 109.0 78.0 50.0 89.0 82.0 71.0 93.0 65.0 
Zine 5.7 45 59 41 5.1 34 35 3.6 14 2.5 1.0 
Vitamins 
BL 0.14 0.15 0.09 0.20 0.11 0.14 1.01 0.69 0.09 0.11 0.10 
B2 0.14 0.14 0.06 0.08 0.13 0.07 0.06 0.10 0.09 0.17 0.04 
Niacin 49 5.1 6.0 6.0 58 5.5 48 41 3.8 3.5 8.1 
Be 1.04 0.73 0.93 0.52 1.63 09 0.41 0.45, 0.61 0.70 0.59 
Bi2 3.4 3.9 23 13 21 14 0.6 05 0.5 13 0.6 
Cholesterol 
84.0 106.0 81.0 115.0 109.0 101.0 118.0 100.0 109.0 148.0 112.0 


Source: These results were obtained from unpublished studies by MIRINZ for the New Zealand Beef and Lamb Marketing Bureau, Inc., and from Ref. 125. 
Note: Units are mg/100 g lean tissue unless otherwise indicated. 
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tected, and the effect on such surfaces is termed freezer 
burn. Sites of freezer burn allow rancidity to penetrate 
deeper into the meat. When frozen meat is thawed, the 
reverse of freezing takes place so that extracellular water 
is produced, but this can be resorbed during postthawing 
storage if this is possible by the nature of its packaging. 
The complex aspects of freezing and thawing meat and its 
effect on quality have been reviewed (122,123). 


NUTRITIONAL ASPECTS OF MEAT 


The major nutritional components of the meat of all species 
from fish through poultry to pork and so-called red meats 
are protein and iron. Although the protein contribution is 
obvious, the iron contribution is often underrated. Iron de- 
ficiency is the most common nutrition disorder, and non- 
anemic iron deficiency is far more insidious in its effects 
than normally considered. Even contributes to an impair- 
ment of cognitive function (124). Meat is one of the main 
natural sources of iron (Table 1). The fat component of 
meat provides desirable energy in certain malnourished 
communities, but it is possibly erroneously becoming in- 
creasingly regarded as a useless by-product in our overfed 
Western societies. Meat should be regarded as a valuable 
component of a balanced diet, rather than as a food item 
providing unwanted calories. The fat component may be 
either nonseparable fat, as is usually found in the lean of 
meat, or separable fat that is visible and can be trimmed 
off. As separable fat can be removed, it comes into the same 
food category as the skin of vegetables like potatoes or car- 
rots, and therefore the consumer has a choice as to whether 
to consume it. Diets of meat animals with a high energy 
content result in the animals having extensive fat deposits; 
this even extends to the lean in substantial amounts, to 
give marbling. The contribution of meat to health has been 
reviewed (126,127). 


Nutrient Content of Typical Servings 


The nutrient content of some typical cooked 100-g servings 
of lean from several meat species is shown in Table 1 (125) 
and would provide approximately 50% of the recommended 
adult daily requirement for protein, zinc, niacin, and vi- 
tamin B,, and 15% or more of the requirement for iron, 
riboflavin, and vitamin Bg. In particular, the iron in meat 
is important because it is heme iron, which is more bio- 
available than inorganic iron, and meat itself enhances the 
absorption of iron from other sources. Some meats, such as 
fish and poultry, have less iron than others. Cooked meats 
lose water, resulting in a proportional increase in protein, 
fat, and other nutrients per unit weight. The presentation 
of cooked meat data, therefore, gives a much more realistic 
indication of the actual food value of meat. 


Cholesterol and Fats 


Of particular topical interest is the amount of cholesterol 
in meat, ranging from 80 to 150 mg/100 g of cooked lean 
meat (Table 1), Phospholipids containing cholesterol are a 
necessary and expected component of animal cell mem- 
branes, with the greatest amounts being found in the 


brain. In fatty tissues from ruminants, the amount of cho- 
lesterol increases above that of the lean by approximately 
50%, but even so, values are less than that present in the 
lean of some fish and poultry. Even considerable detailed 
research does not show conclusively that cholesterol in 
meat has adverse effects on health, and the studies giving 
a bad image to cholesterol have been under attack from 
many quarters with considerable justification (128). The 
dietary intakes of cholesterol only supplement cholesterol 
produced naturally by the body, and extremes of reduction 
of dietary cholesterol are required to lower serum choles- 
terol. Hypercholestemic people are at risk, however, but it 
is unclear whether the high cholesterol levels arise only 
from diet or from endogenous cholesterol production. Low 
blood cholesterol levels are implicated in another set of dis- 
orders, including cancer. There is increasing evidence that 
lipid oxidation products rather than cholesterol per se is 
one of the initiators of arterial injury and the train of 
events leading to coronary heart disease (129). This would 
suggest that absolute levels of cholesterol are not as im- 
portant as other factors. 

The saturated fats in meat from ruminants are mainly 
straight-chain C16:0 and C18:0 compounds, but in poultry 
and pork, saturated fats contain an increased proportion 
of branched chains, depending on the diet. Very lean meats 
such as venison are very low in both depot fats and sepa- 
rable fat. In effect, the fats in venison are primarily those 
concerned with cell structure and integrity. The lean of 
most species contains substantial amounts of monounsat- 
urated or monoenoic (C18:1) fatty acids, which are impli- 
cated in reductions of low-density lipoprotein cholesterol 
in the blood, thus having potentially favorable effects on 
controlling heart disease (130). Sheep and cattle lean also 
contain over 3% of polyunsaturated or polyenoic C18 and 
C24 fatty acids, which are predominantly w3 and w6 fatty 
acids. Fish are often promoted as beneficial due to their 
being a rich source of the w3 fatty acids (131), whereas 
meat is erroneously regarded as a poor source of these com- 
pounds, despite the fact that meat has been shown to have 
considerable proportions of both w6 and «3 fatty acids 
(132,133). Because of the relatively greater proportions of 
meat eaten than fish in many societies, the daily require- 
ments of 3 fatty acids can easily be met, and, in addition, 
the nutritionally necessary «6 fatty acids, virtually absent 
in fish, can be supplied. 

These comments on nutritional aspects are not exhaus- 
tive and clearly show a field in flux, as new information is 
sought to establish further the place of meat in the diet. 
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MEAT SLAUGHTERING 
AND PROCESSING EQUIPMENT 


Mechanization and automation of animal stunning, 
slaughter, dressing, and boning operations can offer many 
benefits, including improved carcass hygiene through re- 
duced hand-hide cross-contamination, better hide and pelt 
quality, better quality of the deboned product, improved 
worker safety, and reduced labor costs. The degree to 
which these operations have become mechanized or auto- 
mated varies, depending on the species of animal. 

Before animals can be appropriately dressed, they have 
to be presented to the processing slaughter equipment and 
personnel in a reproducible way. Thus the most effective 
method of stunning will be different for each species. Table 
1 gives an overview of the stunning techniques currently 
being used. 


OVINES 


The Need for Mechanization 


As a major producer of sheep meat for export, the New 
Zealand meat industry has over the last decade invested 


heavily in the development of slaughter, dressing, and bon- 
ing equipment for sheep and lambs. This equipment was 
developed with inputs from meat processing companies, 
farmer producer boards, government research agencies, 
commercial engineering companies, and the Meat Industry 
Research Institute of New Zealand (MIRINZ). The pro- 
gram was initiated in response to increased labor costs and 
the need to meet more stringent hygiene regulations that 
had decreased slaughter and dressing productivity. 

Table 2 illustrates the effect of carcass size and of mech- 
anization on the labor requirements for processing various 
meat species from stunning to evisceration. The first col- 
umn gives the number of worker-hours required to dress 
10,000 kg of carcass weight. In the second column these 
data are adjusted to take into account the fact that mutton, 
lamb, and beef processing produces two salable products 
(the carcass and the skin or pelt), whereas for chicken and 
pork, the feathers and hair are of little economic value. 
With traditional manual dressing systems, even when the 
worker-hours are adjusted to take pelt value into account, 
the labor input for sheep and lambs is two to four times 
that for the other species. Therefore, for sheep meats to be 
competitive with other meats, the labor requirement of tra- 
ditional sheep and lamb slaughter and dressing had to be 
reduced through mechanization. 

Beef and pork have a high average carcass weight, 
which reduces the labor requirement to produce 10,000 kg 
of carcasses, because the manning for many operations (ie, 
hock removal, evisceration) is not affected by carcass size. 
On the other hand, although chickens have a very small 
carcass size, the labor requirement is relatively low pri- 
marily because chicken processing is heavily mechanized. 


Stunning 


Two types of electrical stunning, the preferred method for 
sheep, have been developed: head only and head to body. 
Head-only stunning, which meets halal slaughter require- 
ments, results in an initially still animal that starts to pro- 
duce a paddling or running movement even after the 
throat has been cut. Such movement can be reduced by 
passing an electric current through the carcass, preferably 
by using rubbing electrodes after shackling. A head-to- 
body stun results in cardiac arrest, and the current 
through the body reduces subsequent movement. Both 
types of stunning have been easily adapted for automation. 

All automatic sheep stunners developed to date have 
used a “V” restrainer system for controlling the location of 
the animal throughout the operation. The first automatic 
stunner for sheep and lambs evolved from a unit developed 
in Europe for pigs. This unit was then modified for sheep 
by New Zealand researchers. MIRINZ developed an auto- 
matic stunner that used a single “V” restrainer. With this 
system, each sheep is brought to a position where its head 
is adjacent to two grids of nozzle electrodes. Once the ani- 
mal is in place, the two grids move inward until they con- 
tact each side of the animal’s head. The nozzle electrodes 
then simultaneously administer electrical current to the 
head and emit water, which assists passage of current (Fig. 
1). The design of this stunning system was improved by 
New Zealand’s Alliance Freezing Company to cope with 


1604 MEAT SLAUGHTERING AND PROCESSING EQUIPMENT 


124, A.B, Brunner et al., “Randomized Study of Cognitive Effects 
of Iron Supplementation in Non-Anaemic Iron Deficient Ad- 
olescent Girls,” Lancet 348, 992-996 (1996). 

125, J, West and B, B, Chrystal, “Composition of Cooked Tissues 
from Selected Lamb, Beef, Pork, and Chicken Cuts,” Food 
Technology in New Zealand 24, 23-39 (1989). 

126, A. M, Pearson, “Meat and Health,” in R. A. Lawrie, ed., De- 
velopments in Meat Science—2, Applied Science, London, 
1981, pp. 241-292. 

127, KR. Franklin and P. N. Davis, eds., “Meat in Nutrition and 
Health,” Proc. Int. Symp. National Livestock and Meat 
Board, Colorado Spring, Colo., September 2, 1981. 

128, TT. J. Moore, Heart Failure, Random House, New York, 1989. 

129, P. B. Addis, “Coronary Heart Disease: An Update with Em- 
phasis on Dietary Lipid Oxidation Products,” Food Nutrition 
News 62, 7-10 (1990). 

130, S. M, Grundy, “Monounsaturated Fatty Acids and Choles- 
terol Metabolism: Implication for Dietary Recommenda- 
tions,” J. Nutr. 119, 529-533 (1988). 

181, M. S. Feder, “Fatty Acids of Current Interest, Omega 3,” 
Food Eng. 59, 64-66 (1987). 

182, A.J. Sinclair and K. O’Dea, “The Lipid Levels and Fatty Acid 
Composition of the Lean Portions of Australian Beef and 
Lamb,” Food Technol. Australia 39, 228-231 (1987). 

133, J, West and B, B, Chrystall, “Intramuscular Polyunsatu- 
rated Fatty Acids in New Zealand Meats,” Technical Report 
No, 861, Meat Industry Research Institute of New Zealand, 
Hamilton, New Zealand, 1989, 


C. E. DEVINE 

‘Technology Development Group, HortResearch 
Hamilton, New Zealand 

B. B. CHRYSTALL 

Massey University, Albany Campus 

Auckland, New Zealand 


MEAT SLAUGHTERING 
AND PROCESSING EQUIPMENT 


Mechanization and automation of animal stunning, 
slaughter, dressing, and boning operations can offer many 
benefits, including improved carcass hygiene through re- 
duced hand-hide cross-contamination, better hide and pelt 
quality, better quality of the deboned product, improved 
worker safety, and reduced labor costs. The degree to 
which these operations have become mechanized or auto- 
mated varies, depending on the species of animal. 

Before animals can be appropriately dressed, they have 
to be presented to the processing slaughter equipment and 
personnel in a reproducible way. Thus the most effective 
method of stunning will be different for each species. Table 
1 gives an overview of the stunning techniques currently 
being used. 
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As a major producer of sheep meat for export, the New 
Zealand meat industry has over the last decade invested 
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ing equipment for sheep and lambs. This equipment was 
developed with inputs from meat processing companies, 
farmer producer boards, government research agencies, 
commercial engineering companies, and the Meat Industry 
Research Institute of New Zealand (MIRINZ). The pro- 
gram was initiated in response to increased labor costs and 
the need to meet more stringent hygiene regulations that 
had decreased slaughter and dressing productivity. 

Table 2 illustrates the effect of carcass size and of mech- 
anization on the labor requirements for processing various 
meat species from stunning to evisceration. The first col- 
umn gives the number of worker-hours required to dress 
10,000 kg of carcass weight. In the second column these 
data are adjusted to take into account the fact that mutton, 
lamb, and beef processing produces two salable products 
(the carcass and the skin or pelt), whereas for chicken and 
pork, the feathers and hair are of little economic value. 
With traditional manual dressing systems, even when the 
worker-hours are adjusted to take pelt value into account, 
the labor input for sheep and lambs is two to four times 
that for the other species. Therefore, for sheep meats to be 
competitive with other meats, the labor requirement of tra- 
ditional sheep and lamb slaughter and dressing had to be 
reduced through mechanization. 

Beef and pork have a high average carcass weight, 
which reduces the labor requirement to produce 10,000 kg 
of carcasses, because the manning for many operations (ie, 
hock removal, evisceration) is not affected by carcass size. 
On the other hand, although chickens have a very small 
carcass size, the labor requirement is relatively low pri- 
marily because chicken processing is heavily mechanized. 


Stunning 


Two types of electrical stunning, the preferred method for 
sheep, have been developed: head only and head to body. 
Head-only stunning, which meets halal slaughter require- 
ments, results in an initially still animal that starts to pro- 
duce a paddling or running movement even after the 
throat has been cut. Such movement can be reduced by 
passing an electric current through the carcass, preferably 
by using rubbing electrodes after shackling. A head-to- 
body stun results in cardiac arrest, and the current 
through the body reduces subsequent movement. Both 
types of stunning have been easily adapted for automation. 

All automatic sheep stunners developed to date have 
used a “V” restrainer system for controlling the location of 
the animal throughout the operation. The first automatic 
stunner for sheep and lambs evolved from a unit developed 
in Europe for pigs. This unit was then modified for sheep 
by New Zealand researchers. MIRINZ developed an auto- 
matic stunner that used a single “V” restrainer. With this 
system, each sheep is brought to a position where its head 
is adjacent to two grids of nozzle electrodes. Once the ani- 
mal is in place, the two grids move inward until they con- 
tact each side of the animal’s head. The nozzle electrodes 
then simultaneously administer electrical current to the 
head and emit water, which assists passage of current (Fig. 
1). The design of this stunning system was improved by 
New Zealand’s Alliance Freezing Company to cope with 


Table 1. Stunning Methods 
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Method 


Uses and limitations 


Captive Bolt 


Involves the controlled penetration of a steel bolt (8-mm dia.) 
into the brain. Energy is transmitted by a shockwave. 
Projection of the bolt is powered by blank cartridges or air. 


Used for calves, cattle, deer, sheep; could be used for most other 


species; not reliable for pigs. There is a limited effect with animals 
having large bony skulls. The method is considered reliable and 
humane, but the bolt must be accurately shot into the head. 
Brains are not edible. 


Percussion 


Percussion stunning is similar to captive bolt in principle but 
the projectile ends in a large flat or mushroom-shaped head. 
Energy is transmitted by a shockwave, but because the skull 
is not penetrated, there is variable dissipation of the energy, 
and stunning is therefore not controlled. 


Used for calves, cattle, deer, sheep; could be used for most other 


species; not reliable for pigs. With percussion stunning there is a 
fine line between a reversible stun and irreversible brain damage, 
leading to doubts about humaneness in every situation. Brains can 
be recovered. Fulfills halal requirements. 


Head-Only Electrical Stunning 


Electric current (50-60 Hz) is passed only through the brain, 
producing immediate unconsciousness. The animal will 
recover from the stun if left unslaughtered. Slaughter is by 
throat cutting or sticking. Electrodes can be in the form of 
two steel pins spread 5 cm apart with a pistol grip, or in the 
form of scissorlike tongs for small animals. Restraint and 
semiautomatic electrode placement is required for large 
animals such as adult cattle. 


Used for sheep, calves, cattle, pigs; could be used for deer. Head-only 


stunning is humane if sticking quickly follows the stun. Poststun 
animal movement can be overcome by passing a current through 
the carcass shortly after slaughter (electrical immobilization). 
Automatic versions are available. Blood splash and petechial 
hemorrhages may occur. Brains can be recovered, Fulfills halal 
requirements. 


Head-to-Body Electrical Stunning 


Electric current (50-60 Hz) is passed through the brain with 
electrodes as above, but current is also passed through the 
body to stop the heart (causing death) and to produce carcass 
stillness. Electrodes for the body can be sited on the back, 
forelegs, or brisket. 


Used for sheep, calves, cattle, pigs, and poultry; could be used for 


deer, rabbits. The method gives animal stillness, and humaneness 
is guaranteed by the heart being stopped. Sticking need not 
quickly follow the stun. Automatic versions are available. 
Petechial hemorrhages may occur. Brains can be recovered. 
Nonhalal. 


Carbon Dioxide Stunning 


CO, stunning involves anesthetizing the animal in an 
atmosphere of 60-70% CO, in air or oxygen. Animals are 
lowered into a chamber. Apparatuses for high or low 
throughputs are available. 


Used only for pigs at present. CO, stunning reduces petechial 


hemorrhages and is claimed to reduce pale, soft, exudative meat. 


horned stock. This improved stunning system uses a dual 
V restrainer system, in which one conveyor feeds the other. 
The use of two conveyors allows controlled spacing of the 
animals. The success rate of the machine was also im- 
proved by minor changes to the way the grids of electrodes 
operated. The machine has also been adapted for head-to- 
body stunning. 


Pelting 


Most of the effort devoted to mechanized sheep slaughter 
and dressing has been in the area of pelt removal. Many 
research organizations, engineering companies, and other 
groups have developed and refined various concepts de- 
signed to reduce the manpower needed for pelting. 

In the late 1970s, the New Zealand meat industry ini- 
tiated and funded a project to mechanize the pelt removal 
operation. People began to recognize the hygiene and labor 
benefits of depelting sheep from the shoulders to the hind 
legs, a process more easily done by suspending the animal 


from the front legs; traditionally sheep were depelted while 
hanging from their hind legs. Systems using this new car- 
cass orientation became known as inverted dressing sys- 
tems. A six-head rotary pelt removal machine, developed 
for the inverted orientation, removed the pelt from the 
belly, lower back, and hind legs by driving a ring between 
the pelt and the carcass, removing the pelt as a “sock” (Fig. 
2). The machine was completed and released in 1982. 

MIRINZ took over the project in 1983 and developed a 
simpler two-stage pelting system as an alternative. This 
system consists of a shoulder puller (Fig. 3), which removes 
the pelt from the shoulder and back regions, and a final 
puller (Fig. 4), which pulls the pelt off the rear legs. 
MIRINZ has refined the manual input of the inverted 
dressing system by introducing new butchering techniques 
to enhance the advantages that the inverted dressing sys- 
tem has over the traditional system, that is, less labor re- 
quired, lower levels of microbial contamination particu- 
larly in the most valuable hind quarter area, reduced skills 
level required, and lower worker injury risk. 
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Table 2. Worker-Hours Needed for Producing 10,000 kg 
Dressed Carcass Weight 


Data adjusted for pelt 

and hide value ieasie 

Hours per Mechanized carcass 

10,000kg ‘Traditional ~—ssheep-—weightt, 
carcass weight systems chain® kg 

Chicken 25 25 15 

Lamb 83 66 32 14 
Mutton 60 48 23 20 
Pork 15 15 65 
Beef 22 18 250 


“Incorporating all of the automated operations listed in Table 3. 


Figure 1. Automatic stunner for sheep. 


The MIRINZ inverted dressing system, combined with 
the pelt removal machines developed by MIRINZ, yields 
pelts of a quality at least as good as those from traditional 
manual systems. Over the years, various types of hand 
tools have been developed to aid the removal of the pelt 
from the sternum or brisket. Recently, MIRINZ has devel- 
oped a brisket clearing machine (Fig. 5) that simplifies 
brisket processing, particularly with inverted dressing sys- 
tems. 

MIRINZ has also developed machines to automatically 
remove the front and rear hocks from carcasses (Figs. 6 


Figure 2. Rotary pelter. 


and 7). For transferring the forelegs from the wide 
spreader to the narrow hock holder, a special wide-to- 
narrow transfer machine was also produced (Fig. 8). The 
narrow hock holder grips both the radius and ulna bones 
of the forelegs. Therefore, the front hocks (or trotters) can 
be removed without losing carcass support. If the front 
trotters are removed before removing the pelt, the poten- 
tial for the front trotters to contaminate the carcass is 
eliminated. 


Evisceration 


Evisceration and offal (viscera) handling has the next 
greatest manpower requirement, after pelt removal. The 
Mechanical Dressing Project has undertaken several de- 
velopments to partially mechanize evisceration and offal 
handling. Brisket cutting and belly opening was the first 
area studied. An early machine mechanically cut the bris- 
ket of inverted carcasses. A new machine has since been 
developed that not only cuts the brisket but also opens up 
the belly area. This machine is now awaiting production 
trials in a meat plant. Work is continuing on improved and 
mechanized methods of ovine viscera removal and han- 
dling. 


Head Processing 


In 1975 head skinning became necessary for sheep meats 
destined for export to the EEC. As part of carcass inspec- 
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Figure 3. Shoulder puller. 


Figure 4. Final puller. 


tion, the head, in a totally skinned state, had to be pre- 
sented with the carcass for examination. In response to 
this requirement, several head-skinning machines were 
developed. The most successful was a machine that incor- 
porated a small shaft that gripped a flap of skin near the 


nose and removed the skin by a rolling action. This ma- 
chine was used in most meat plants throughout New Zea- 
land and Australia. 

The EEC regulation requiring heads to be presented 
with the carcass was partially relaxed in 1987, so that in- 
spection was required only for those heads from which ed- 
ible brains and tongues were to be saved. Therefore, the 
focus of developments in head processing (skinning and 
brain and tongue removal) has changed. 

The Mechanical Dressing Project has recently devel- 
oped several machines, including one that automatically 
severs the atlas joint at the base of the skull (Fig. 9), and 
one that automatically splits the head, followed by auto- 
matic extraction of the brain (Fig. 10). 


Performance of a Mechanized Sheep-Dressing System 


The potential manning levels for a mechanized sheep 
slaughter and dressing system in New Zealand, based on 
commercial developments so far and processing eight 
lambs per minute, are given in Table 3. This manning con- 
trasts with that of the traditional manual system of 45 plus 
15 assistants for the same throughput. 


Carcass Hygiene 


In 1988 a New Zealand meat plant replaced its traditional 
dressing system with an inverted system, along with four 
machines: wide-to-narrow transfer, front hock remover, 
shoulder puller, and final puller. This system processed 
3500 lambs per day (one dressing chain). The plant, as part 
of its quality control program, regularly swabbed set places 
(flap, leg, brisket) on the surface of randomly selected car- 
casses, to give aerobic plate counts. These data reflect the 
hygienic condition of the carcasses processed in the old and 
new dressing systems. 

With the new system, only 1% of the counts were above 
10*/cm”, whereas with the old system 11% were above that 
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Figure 5. Brisket clearing machine. 


level. The new system also gave a lower mean count than 
did the old manual system (Fig. 11). 


Sheep and Lamb Boning and Cutting 


Recent developments at MIRINZ in the mechanization and 
automation of sheep and lamb boning and cutting are 
showing a number of benefits, including the production of 
structurally intact whole-tissue meat, consistent and im- 
proved meat quality, greater meat recovery (higher yield), 
greater operator productivity, and reduced labor costs. Two 
developments are described here; one for whole mutton 
carcass boning, the other for boning short loins on both 
sheep (mutton) and lamb. 


Whole Carcass Boning—The Frame Boner. The frame 
boner removes the two soft sides from mutton carcasses. 
Each soft side includes an intact form: the shoulder and 
foreleg bones (scapula, humerus, ulna, and radius), the leg 
bones (femur, tibia, patella, and fibula), and the muscle, 
connective tissue, and fat on the shoulders and legs, on the 
top and both sides of the neck bones (cervical vertebrae), 
and external to the backbone (thoracic and lumbar verte- 
brae), rib bones and aitch bones. A fully automated ma- 
chine configuration is used, to minimize labor input, max- 
imize yields, maximize processing rate, produce a product 


Figure 6. Front hock remover. 


of consistent high quality, and accommodate and adjust to 
a range of carcass sizes. 

The frame boner consists of four main components: the 
load station, the pedestal and carcass support, the linear 
drive and boning head, and the control cabinet. The physi- 
cal relationship of each component to the machine as a 
whole is shown in Figure 12. The boning process performed 
by the frame boner consists of a sequence of five operations: 


1. Lifting a carcass off the rail, removing the gambrel, 
loading onto the carcass support, and making car- 
cass length measurements; performed at the load 
station. 


2. Rotating the carcass support about the horizontal 
axis to present the carcass to the boning head; per- 
formed on the pedestal. 

3. Clearing the pelvis on the upward travel of the bon- 
ing head by grasping and pulling the rear legs; per- 
formed at the linear drive. 

4. Boning off the soft sides on the downward travel of 
the boning head using front leg tensioners together 
with a combination of rotating knives, flexible discs, 
ploughs, and moving wires to do the cutting; per- 
formed at the linear drive. 

5. Ejecting the skeletal frame during carcass support 
rotation; performed on the pedestal. 


Figure 7, Automatic rear hock remover. 


Figure 12 shows the machine with a single carcass sup- 
port. A production machine would have two carcass sup- 
ports fitted. With twin carcass supports, operation 1 would 
take place simultaneously with operations 3 and 4. 

The boning process is controlled by programmable logic 
controllers (PLCs) interfaced to the human operator 
through a control panel. In this PLC-based system, indi- 
vidual components can be either cycled independently for 
checking and adjustment purposes or cycled together to 
perform the automated boning process. The machine can 
process over 200 thawed or chilled carcasses per hour(with 
twin carcass supports), and extra-heavy carcasses do not 
slow down the boning process. The yield is between 71 and 
75% of the carcass weight for bone-in, untrimmed soft sides 
and is greater than 63% of the carcass weight for boneless, 
untrimmed soft sides. (These yields are based on average 
carcass weights of between 19 and 23 kg and assume that 
the shoulder and leg bones are 8% of carcass weight.) 

Product quality is consistent within carcass grades, and 
the surface of backstraps (longissimus dorsi muscle) is 
smooth and even, with a complete absence of knife cuts. 
The machine gives significant labor savings. A production 
rate of 200 carcasses per hour is approximately equivalent 
to the work of five boners performing manually the equiv- 
alent breaking-down operation. Some workup on the car- 
casses prior to boning on the machine is necessary; for ex- 
ample, fillet removal, a V cut over the tail, and neck and 
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pelvis underside clearing. This, together with machine su- 
pervision duties, is expected to require two people; thus 
giving a worker saving of three people. 


Part Carcass Boning—The Loin Boner. The loin boner is 
designed to remove the two loin eye muscles (longissimus 
dorsi) from lamb and mutton short loins (short saddles) 
that contain the lumbar vertebrae. This machine, which is 
designed to fit existing boning rooms, is compact and ro- 
bust and allows either one or two person operation. The 
loin boner consists of a horizontally moving carriage on 
which the loin support and clamp are mounted, a vertically 
moving assembly on which the knives and ploughs are lo- 
cated, a control system consisting of a PLC, pneumatic 
valves, motor speed controller and operator’s console, a 
frame, and covers to provide hygienic machine protection. 

In the boning process, a short loin is placed on the sup- 
port and clamped manually. When the boning cycle is ini- 
tiated by the operator, the support with the short loin sad- 
dle proceeds along the machine. Simultaneously, the 
knives and ploughs move downward to land on the support 
just prior to the loin passing under them. Boning is 
achieved during the passing of the loin under the knives 
and ploughs, the knives cutting either side of the vertical 
bones closely followed by the ploughs, which clear from the 
chine and horizontal bones. Thus, the muscles are sepa- 
rated from the bones. The knives and ploughs are then 
raised to allow the support to return to the operator for 
muscle and bone removal. 

The machine can process up to six loins per minute with 
one operator and eight loins per minute with two opera- 
tors. Compared with existing manual boning methods, 
there is a greater than 10% increase in muscle removed. 
At a production rate of three loins per minute, two fewer 
people are required than for the equivalent manual boning 
process. Product quality is excellent, as the boned loin has 
a consistent size and shape, and a smooth surface finish 
with a complete absence of knife cuts. This boning process 
is being extended to long saddles (6-8 thoracic vertebrae 
plus the lumbar vertebrae). Figure 13 shows the loin boner 
machine layout with a dual-purpose loin and long saddle 
support. 


PIGS 


Although the basic steps of the pig slaughter process have 
not changed in the last 50 years, considerable development 
has taken place to improve and optimize each of these 
steps. These steps include lairage, stunning, scalding, de- 
hairing, singeing, and evisceration. To maintain the best 
possible hygiene level within the slaughter process, much 
attention has also been given to product flow, to ensure 
that material for human consumption, material for pet 
food, and waste material are kept appropriately separated. 


Lairage and Handling 


The conditions existing for the animal prior to stunning 
have been a subject of concern for the last 10 to 15 years. 
Preslaughter holding conditions and animal handling have 
been recognized as areas that can greatly contribute to the 
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Figure 8, Wide-to-narrow transfer 
machine. 


Figure 9. Automatic atlas joint 
severing machine. 


stress level of pigs, which can affect meat quality. Here, tra- 
ditionally, the animals have been forced into single file, a 
positioning that behavioral studies have shown is unnatu- 
ral for these animals. Modern systems have been developed 
that use parallel single-file transport arrangements, which 
have greatly reduced the stress levels of the pig. 


Stunning 


The most common stunning method for pigs in the United 
States and Europe, particularly in larger plants, is elec- 
trical high-voltage stunning. The head-to-body version, 


Ya located by 


ee: 


3. Anvil arm rotates 
140° dislocates 
atlas & axis bones. 


2. Neck 
grabbed 


back sensor. 


causing cardiac arrest and reduction in poststunning 
movement, is preferred. More recently, studies in meat 
quality have shown that the occurrence of blood splash 
(small, visible hemorrhages within the muscle tissue) and 
breakage of the back bone and blade bone are attributable 
to electrical stunning methods. The incidence of these 
problems has been reduced by careful control of stun cur- 
rent and electrode position and by keeping the stun-to- 
stick time of the animal to a minimum. 

CO, stunning is also very popular. Here the pig is low- 
ered by a cradle into a pit containing a high concentration 
of CO. gas. The pigs are then raised out of the gas and 


Figure 10. Automatic head splitting and brain extraction ma- 
chine. 


‘Table 3. Potential Chain Manning for Mechanized Lamb 
Slaughter and Dressing, Processing Eight Animals per 
Minute 


Task Workers 


Auto stun 

Shackle, open, bleed 

Auto neck break 

Head cheek, remove 

Y cut, push flap 

Clear neck, lift shanks 

Auto wide to narrow transfer 
Auto front hock remover 

Load brisket clearer 

Pull brisket piece, Y-cut rear legs 
Load shoulder puller 

Clear breaks, punch tunnels 
Auto final puller 

Trim anus 

Auto rear hock remover 

Auto wash 

Auto brisket cut 

Gambrel 

Evisceration. 

Total 25 + 11 assistants 
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Figure 11. Aerobic plate counts (colony forming units/em?) for 
carcasses processed by a traditional dressing system and by an 
inverted dressing system in the same meat plant (n = 105 for 
each system). 


discharged in a stunned state ready for sticking and fur- 
ther processing. There has been some criticism of CO, 
stunning of pigs, and this has been directed mainly toward 
the excitation phase that occurs after approximately 10 s 
exposure to the gas. In this phase, pigs tend to throw their 
heads and legs about with violent movements. It seems 
that no stunning method meets all the demands regarding 
meat quality, animal welfare, and worker safety. CO. stun- 
ning seems, however, to be one method that has potential 
for further development. Other stunning methods, such as 
the use of microwave energy, are also being assessed. 


Scalding 


Scalding is the most important part of the dehairing pro- 

cess. If the temperature of the scald is too high, there can 

be mechanical damage from the dehairing machinery due 

to skin softening. Also, too hot a scalding temperature and/ 

or too long a time in the scalding tank has been associated 

with a higher level of PSE (pale, soft, exudative) meat. 
Three type of scalding methods are used: 


1. Sealding in a tank of water 

2. Sealding by recirculating water sprinkled over the 
pigs 

3. Individual scalding with temperate steam 


There has been some debate as to whether water scalding 
is a clean operation or a contaminating one. That is, can 
water scalding cause contamination of the meat, or does 
meat contamination arise primarily by the sticking of the 
animal? Investigations have proved that neither shelf life 
nor flavor is affected negatively by the fact that the carcass 
has been scalded by either water or steam. The debate con- 
tinues, however, and seems to suggest that scalding with 
steam will be the preferred option of the future. The prob- 
lem with steam scalding is that heat transfer can be non- 
uniform. After scalding, the carcass is dehaired by means 
of a large number of rotating brushes. 
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Figure 12. Frame boner layout. 
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Figure 13. Loin boner machine. 


Singeing 

Carcasses are singed in cabinets, which are fired by either 
oil or gas, depending on the production setup. A newly de- 
veloped ceramic material, coated on the inside of the fur- 
nace, reflects the energy of the flame and reduces the en- 
ergy consumption. An exhaust gas heat exchanger retains 
half the energy that passes through the system. After 
singeing, the scraping treatment follows. Modern scraping 
machines use PLC technology. Scraper positions are hy- 
draulically adjusted to an optimum position by sensing the 
height of the front legs. Hence, each pig receives optimal 
treatment from the scraper blades. 


Carriage 


Control system cabinet 


Dehiding 

The method of dehairing just discussed consumes large 
quantities of energy and water. One alternative to dehair- 
ing is to dehide the pig. Dehiding pigs has the following 
advantages: 


1. Longer shelf life for the meat (up to three days longer 
because of more hygienic slaughtering) 

2. Less PSE because the hog carcass is not heated up 
by scalding and singeing 

3. Lower energy and water costs 


4. Reduced production area 
5. An economic return from the hides 


Disadvantages include: 


1. Dehiding involves more work. 
2. Grading circumstances are different. 
3. Carcass stamping is more difficult. 


Machinery Developments 


A number of machines have been developed to assist the 
processing and slaughtering of pigs. One example is the fat 
end loosener, which drills out the fat end with the help of 
a vacuum. This machine was developed in Denmark and 
is now used in a large number of plants in that country. 
Prime quality fat ends have been increased from 75 to 95%. 
Another machine used in a number of abattoirs throughout 
Europe is an automatic pig carcass splitting machine. This 
machine replaces one operator and automatically splits the 
pig carcass into two halves. For hygienic operation, the 
cleaver mechanism that is used to split the carcass is ster- 
ilized between each pig. Considerable developmental re- 
sources are now being used in both Denmark and Holland 
to reduce the manpower involved in pig slaughtering. 
Some difficulties are being experienced with some of these 
machines when pigs are of an odd shape. Clearly, as robots 
become less expensive, there is a greater chance that these 
machines will succeed. 


Automatic Grading 


One of the great technical achievements in pig processing 
is the automatic carcass classification center, developed in 
Denmark. The center grades and stamps pigs automati- 
cally. These centers are now installed in anumber of plants 
in Denmark. The system can cope with at least 400 pigs 
per hour, The main element of the center consists of an 
automatic measurement system. This system correctly po- 
sitions 17 optical probes that measure the meat and fat 
thickness. The optical probes continuously measure the 
light reflectance value as they pierce the meat and fat. 

Information from the probes is fed into a computer, 
which determines the fat and meat thickness. Subse- 
quently, the carcasses are stamped automatically, with 
grading figures applied to each individual primal cut. The 
computer also transfers this information to a data sheet 
from which the farmer or supplier is paid. 


POULTRY 


The success of the poultry industry worldwide has been 
largely due to the automation of the slaughtering and 
dressing process. The development of this automation has 
taken place over the last 10 to 15 years. 


Stunning, Slaughter, Dressing, Evisceration 


The incorporation of mechanization into poultry process- 
ing lines has allowed the poultry meat industry to be cost 
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competitive compared with other species. This mechani- 
zation started with the introduction of an automatic evis- 
cerating machine. This machine started a revolution in 
methods of dressing chickens. 

Today we have systems that involve overhead conveyors 
and a large number of machines—each capable of a line 
speed of around 4000 birds per hour. At present, the major 
manual effort into poultry processing lines occurs only 
where the birds are loaded into the processing conveyors. 
Once on these conveyors, the birds are transported 
through an electrical stunning area, a killing machine, a 
scalder, and a defeathering machine. Stunning generally 
occurs when the heads are immersed in a saline water 
bath, which causes cardiac arrest and also reduces post- 
stun movement. Problems reported to be associated with 
stunning can be eliminated. All machines on the killing 
line can be adjusted to suit the various sized birds being 
processed. 

As with pig processing, the scalding process largely de- 
termines the defeathering result. Much work has been 
done to improve the temperature regulation of the water 
in the scalding tanks and to develop new systems for im- 
proved heat transfer from the water to the feathers. 

The defeathering machine uses large rubber fingers 
which, when rotated in close proximity to the birds, remove 
the feathers. A number of other jobs are also carried out 
mechanically following this defeathering operation. The 
gullet is removed by machine, then a rotating knife re- 
moves the feet. In both cases, the design of the machine 
can cope satisfactorily with birds of various sizes. 

After 10 years of effort, automation experts have suc- 
ceeded in producing a fully automatic evisceration line for 
chicken. As with the killing lines, the principle of the evis- 
ceration line is to transport the birds on overhead convey- 
ors, through a number of processing stations. These pro- 
cessing stations or machines include a vent cutter, an 
opener, an evisceration cut opener, and viscera removal. 
Machines are also being developed and manufactured for 
the automatic evisceration of other species, such as tur- 
keys and ducks. Following evisceration, the birds are 
chilled, weighed, and packed. Much of this work has now 
been automated. For example, the birds are weighed on 
the conveyor and a trip system is used to grade the animals 
into certain precise weight ranges. 


Cutting 


During the last five years, the automated cutting of poultry 
into portions has attracted enormous interest, particularly 
in Western Europe. A number of manufacturers now pro- 
duce automatic chicken portioning machines. Here again, 
these systems consist of an overhead conveyor, which 
transports the carcass through a number of cutting sta- 
tions. Chickens can be cut into virtually any number of 
portions as desired, by switching cutting units off or on. 
Depending on the precision of the cutting, a throughput of 
around 2500 to a maximum of 3000 birds per hour is now 
achievable. The boning of chicken breasts is also now very 
popular. A number of machines are available to automat- 
ically fillet the breast. These machines operate at a rate of 
about 1500 birds per hour. 
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BEEF 


Stunning and Slaughter 
Cattle are normally stunned using a captive bolt or a 
percussion-type stunner and bled by a thoracic stick, but 
electrical stunning has been developed and used success- 
fully. A head restraint system, which involves head capture 
and a chin lifter, is essential to allow reliable electrode 
placement. There are also advantages in using the same 
system for captive bolt or percussion stunning. If the cur- 
rent passes only through the head, the system is halal, 
although it is desirable to suppress poststun movement by 
electrical immobilization. If an additional set of electrodes 
makes contact with the brisket or other parts of the body 
of the animal, cardiac arrest occurs and poststun move- 
ment is reduced as well. A typical electrical stunning sys- 
tem is shown in Figure 14. 

With electrical stunning systems, the stillness of the 
animal allows convenient typing off of the esophagus, pre- 
venting release of ingesta. 


Dressing 


After stunning, the carcasses are shackled and hoisted. 
The carcasses, suspended by their hind legs from overhead 


electrode 
raised and 
contacting 

animal ~| | 


Electrodes 
contacting the 
animal behind 
the ears (head 
bail closed) 


Figure 14. Electrode and head restraint for electrical stunning 
of cattle. 


conveyors, pass along a number of platforms and units 
where the carcasses are dehided by means of hand tools 
and machines. On the first two platforms, both rear legs 
are dehided using knives and handheld dehiding tools. In 
this legging process, the hocks are removed by manually 
operated hock removers. 

This preliminary dehiding is carried out in preparation 
for entry into the downward hide pulling machine. The de- 
hiding machine consists of two operator platforms on ei- 
ther side of a powered rotating drum. The platforms and 
drum form an integrated assembly that moves up and 
down. Part of the hide that was removed during prelimi- 
nary dehiding is fixed to the drum. As the platform-drum 
assembly is lowered, the hide is pulled off and rolled onto 
the drum. The two operators standing on each side of the 
carcass can assist the hide removal with handheld dehid- 
ing tools. 

After complete removal of the hide, the drum is reversed 
and the pelt drops into a chute behind the machine. About 
80 cattle per hour can be dehided with this system. After 
dehiding, the animal is eviscerated and all of the compo- 
nents of the viscera plus the carcass are inspected. 

One machine development that has taken place in beef 
processing over the last 10 years has been automatic car- 
cass splitting. This machine was developed in Europe and 
machines have been installed in the United States and 
Australia. The machine consists of a large circular saw 
that is controlled by a guiding system. The saw plus the 
guiding system is sterilized with hot water between each 
carcass. A large development program for automated beef 
dressing is nearing completion at the Commonwealth Sci- 
entific and Industrial Research Organization (CSIRO) 
Meat Research Laboratory in Queensland, Australia. This 
technology could have a significant impact on beef dressing 
in the future. 


G. R. LoNGDILL 
Meat Industry Research Institute of New Zealand 
Hamilton, New Zealand 


MEAT STARTER CULTURES AND MEAT 
PRODUCT MANUFACTURING 


The origin of fermented meat products remains unknown, 
although the history of fermented sausages probably can 
be dated back more than 2000 years to the Mediterranean 
(1). Traditionally, the chopped meat was either presalted 
to promote development of lactic acid bacteria, or the 
“back-slopping” method was used. Today, large-scale in- 
dustrial productions require consistent and accelerated 
processing, which has led to the present general use of 
meat starter cultures. Around 1920, pioneering work was 
done in this field, but it was not until the 1950s that starter 
cultures for sausage fermentation were introduced on a 
commercial scale. In the United States, pure cultures of 
pediococci were introduced in 1957 (2), while pure cultures 
of micrococci were introduced in 1961 in Europe (3). The 
usage of starter cultures in the manufacture of dry-cured 
sausages became common in the 1980s. Apart from the 
United States, where pure pediococci are still preferred 
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due to manufacturing conditions, the trend is now increas- 
ing toward the use of mixed cultures composed of staphy- 
lococci strains and strains of lactic acid bacteria. Starter 
cultures contribute to appearance, texture, flavor, and 
aroma. The usage of starter cultures for fermented meat 
products is largely confined to dry-cured sausages. Only a 
minor portion is employed for dry-cured ham production. 


FERMENTED SAUSAGE MANUFACTURE 


Fermented sausages are manufactured by chopping to- 
gether a mixture of raw meat (usually a beef-pork combi- 
nation), pork back fat, salt, fermentable carbohydrate, fill- 
ers (eg, caseinate, starch, or other carbohydrates), spices, 
nitrate or nitrite, and an acidifying agent such as starter 
culture, glucono--lactone (GdL), or fermented meat. 
Briefly, the procedure is as follows: The meat, including the 
pork back fat, is usually chopped frozen to avoid smearing 
during the cutting process. Pork back fat is used due to its 
high melting point and low content of unsaturated fatty 
acids as opposed to beef fat, which tends to impart a char- 
acteristic tallowlike taste. In some cases, sausage manu- 
facturers use chilled meat, which has been pretreated by 
salting it to the required level prior to cutting the meat in 
the bowl chopper. This addition of salt brings about an ac- 
celerated acidification process as the resulting reduction in 
water activity promotes the growth of the indigenous lactic 
acid bacteria. Prior to cutting, the presalted meat is usu- 
ally held for two to three days at a temperature not to 
exceed 5°C, To ensure proper mixing, all nonmeat ingre- 
dients, including the starter culture, are added during 
chopping of the lean meat. To achieve as low a water- 
binding effect as possible, salt and pork back fat are the 
last ingredients to be added. The mixing stops when the 
particle size of the mixture is reduced to the required size. 
Following these operations, the mixture is stuffed into cas- 
ings, which can be either natural or of synthetic material. 
At the point of stuffing, the temperature of the mixture 
should not exceed —2 to 0°C so as to avoid smearing of the 
fat during the stuffing process. Appropriate steps must be 
taken to ensure that all air is removed from the mixture. 
This is most often achieved by using a vacuum stuffer. 
Once stuffed, the sausages undergo a conditioning period. 
During this period, the temperature of the sausage equil- 
ibrates to ambient and the sausage surface is allowed to 
dry in order to remove condensate before the product is 
placed in the climate chamber. If the condensate is not en- 
tirely removed prior to this step, the sausages may appear 
streaked as a result of uneven coloration arising from 
smoke components that have deposited on the surface. 

In Europe, initial fermentation conditions are tempera- 
tures between 20 and 24°C anda relative humidity of 95%. 
The humidity is lowered along with the temperature, and 
this parameter should always be adjusted to a value 2 to 
4% lower than in the sausages. This ensures a proper dry- 
ing out and minimizes the risk of dry rim, which may block 
water diffusion from the sausage core. The total drying 
time will usually be determined by the time a required 
water loss is reached. Sausages manufactured in Northern 
and Central Europe are often smoked. As well as impart- 


ing smoke color and flavor, compounds in the smoke have 
inhibitory properties that retard mold growth on the cas- 
ing surface during fermentation and drying periods. If con- 
sidered undesirable, mold growth on the surface of salami 
casings can be inhibited by resmoking during the drying 
period. With some sausages, such as traditional Hungar- 
ian types and southern European types, it is considered 
desirable, and in some markets essential, that the product 
is covered with white mold, and in these cases the product 
is often inoculated with mold cultures. North American 
type of sausages are fermented at temperatures between 
40 and 43°C and a relative humidity of 95%. The fermen- 
tation time is short, usually between 12 and 20 hours, and 
is followed by a heating process and/or a drying period. The 
heating process is dictated for unfrozen pork meat not 
guaranteed free of trichiniae. Final products can be 
grouped in dry sausages (eg, pepperoni) with a moisture to 
protein ratio in the range of 0.75 to 2.3:1.0 and semidry 
sausages (eg, summer sausage) with a moisture to protein 
ratio of 2.5 to 3.7:1.0 (4). 


THE INFLUENCE OF STARTER CULTURES IN 
FERMENTED SAUSAGES 


The purpose of using meat starter cultures for dry-cured 
sausages can be summarized by the terms product quality 
product safety, and technological advantages (Table 1). 


Acidification 


A sufficient reduction in pH can only be obtained if car- 
bohydrate is included in the sausage recipe, as the concen- 
tration of glucose and phosphorylated glycolytic interme- 
diates in raw meat is low, usually <0.1% (5). Fermentable 
carbohydrate, most often glucose, is added at a level of ap- 
proximately 0.5% or higher. Sucrose might substitute glu- 
cose, and more slowly metabolized carbohydrates such as 
lactose or dextrin may be added as an extra carbohydrate 
source or as fillers. Efficient fermentation is achieved by 
homofermentation, where the carbohydrate added is me- 
tabolized via glycolysis, with lactic acid virtually being the 
only end product. Lactic acid bacteria for sausage fermen- 
tation are facultatively heterofermentative (6). This means 
that under certain conditions (eg, carbohydrate depletion), 
the lactic acid bacteria may switch to heterofermentation, 
resulting in formation of acetic acid and carbon dioxide in 
addition to lactic acid. Such compounds lead to defects in 
dry-cured sausages because acetic acid imparts a bitter, 
vinegarlike taste and excessive carbon dioxide may result 
in gas pockets. The speed of lactate formation determines 
the course of the fall in pH, which again controls gel for- 
mation and texture. Initial pH of the sausage mixture is 
typically within the range from 5.8 to 6.0, and drying will, 
in practice, be initiated around pH 5.3. The degree of dry- 
ing out has a significant influence on the final texture, 
whereas the type and the degree of acid formation deter- 
mines whether the taste of the sausage is mild, acidic, or 
tangy. A rapid acid formation will, in conjunction with the 
salt concentration, ensure that pathogenic as well as spoil- 
age bacteria are significantly inhibited. Acidification can, 
as mentioned, also be obtained chemically by usage by 
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Table 1. The Influence of Meat Starter Cultures on Dry-cured Sausage Manufacturing 


Mode of action 


Lactobacillus / Pediococcus 


Staphylococcus /Kocuria 


Product quality 


Reduction in pH 
Texture 

Color formation 
Color stabilization 
Flavor formation 


Product safety 

Inhibition of pathogenic bacteria 
Inhibition of spoilage bacteria 
Technological advantages 


Shortened processing time 
Consistent production 


* 


GdL, added at a concentration around 0.5%. In the pres- 
ence of water, Gd is instantly hydrolyzed to gluconic acid, 
thereby lowering the pH. Once hydrolyzed to gluconic acid, 
GdL can be further metabolized by lactic acid bacteria to 
form acetic acid and carbon dioxide (7), which may have a 
negative influence on the sensory properties. 


Color Formation 


The color of meat is directly related to the content of myo- 
globin, and the meat will thus appear more red at high 
myoglobin levels. Myoglobin is unstable and reacts easily 
with oxygen either under formation of the cherry red, and 
also unstable, oxymyoglobin or under formation of the sta- 
ble, but brown, metmyoglobin. The red color in dry-cured 
meat products comes from the pigment nitrosylmyoglobin, 
which is formed in reactions between nitric oxide and myo- 
globin or metmyoglobin. The main nitric oxide source is 
the very reactive nitrite. Quantitatively, the reaction of ni- 
trite with ascorbate is the most important with respect to 
formation of nitric oxide (8). Ascorbate or erythorbate 
(isoascorbate) is for this reason a typical ingredient in dry- 
cured sausage recipes. Nitric oxide is also formed via ni- 
trous acid, the conjugated acid of nitrite, with a pK, of 3.22. 
Nitrous acid is unstable and dissociates into nitric oxide 
and nitrate, The more acidic the environment becomes, a 
condition promoted by the activity of lactic acid bacteria, 
the more the equilibrium is shifted in direction of nitric 
oxide and nitrate. 

Nitrite is the most common curing agent and is added 
as nitrite salt, in the form of sodium chloride containing 
0.4 to 0.5% sodium nitrite (9). Although 30 to 50 ppm ni- 
trite is enough for proper color formation (9), EU regula- 
tion instructs addition of 150 ppm sodium nitrite and per- 
mits 50 ppm sodium nitrite in ready-to-sale dry-cured 
fermented meat products (10). However, nitrate can be 
added instead of nitrite. The corresponding values for ni- 
trate are 300 ppm and 250 ppm sodium nitrate, respec- 
tively. U.S. regulation instructs 150 ppm sodium nitrite 
and 1700 ppm sodium nitrate and permits a maximum 
level of 200 ppm sodium nitrite in the finished product (11). 


Nitrate has no curing capability (9), and microbial reduc- 
tion to nitrite is necessary to obtain curing effect. The re- 
action requires the nonendogenous enzyme nitrate reduc- 
tase. The enzyme is produced by Staphylococcus / Kocuria, 
but even when nitrite is the only curing agent, Staphylo- 
coccus /Kocuria is reported to accelerate color formation 
(12), The reactions behind this formation are not known. 
It is hypothesized that because Staphylococcus /Kocuria 
utilizes nitrate as terminal electron acceptor for growth 
under anaerobic conditions, the reaction equilibria are 
shifted toward right, whereby the necessary nitric oxide 
for color formation is formed more rapidly. 


Color Stabilization 


Hydrogen peroxide is produced by the indigenous bacterial 
flora and can also be produced by lactic acid bacteria when 
oxygen is available. Even the more stable meat pigments 
are subject to oxidation and therefore also to reactions with 
hydrogen peroxide, which results in undesirable color pig- 
ments such as the green verdoheme and the yellow bili- 
verdin (13). In combination with the red and brown meat 
pigments, the human eye will perceive this conglomerate 
of pigments as grey spots or even grey cores may be per- 
ceived to appear in the sausages (14). Both are typical de- 
fects associated with dry-cured sausages. Hydrogen per- 
oxide is decomposed in presence of catalase, an enzyme 
produced by Staphylococcus /Kocuria (15). 


Flavor Formation 


The flavor and taste of cured meat products are to some 
extent defined by ingredients such as salt, nitrite/nitrate, 
and spices. The overall sensory quality is influenced by the 
choice of process (eg, smoking), as well as by microbial ac- 
tivity (16,17). The aroma of fermented meat products can 
be divided into the volatile compounds influencing flavor 
and the nonvolatile compounds determining the taste of 
the product. In both groups can be found a number of 
chemical compounds such as alkanes, alkenes, aldehydes, 
ketones, esters, organic acids, alcohols, phenols, furanes, 
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terpenes, aromatic compounds, and compounds containing 
nitrogen, sulfur, or chloride (17,18). The aroma compounds 
derived from decomposition of carbohydrates, lipids, and 
proteins can be either of endogenous or microbial origin. 
Microbial activity transforms carbohydrate into lactic acid 
via glycolysis and provides dry-cured sausages with the 
characteristic tangy taste. If a part of the carbohydrate is 
metabolized via heterofermentation, the taste and the fla- 
vor is affected by the formation of compounds such as 
acetic acid, formic acid, and ethanol. The initial steps in 
protein breakdown are primarily facilitated by the endog- 
enous enzymes (17). The degree of proteolysis is pH- 
dependent. Cathepsins as well as endopeptidases, active 
in protein degradation, have highest activity at low pH. As 
regional differences in processing technologies result in 
sausage types varying in final pH, the aroma will differ 
accordingly. Bacteria are involved in the later stages of pro- 
tein degradation. Breakdown of peptides is partly caused 
by bacteria and they are also involved in amino acid ca- 
tabolism (17,19). Aminopeptidase activity has been dem- 
onstrated in staphylococci and lactic acid bacteria. It is, 
however, remarkable that lactic acid bacteria apparently 
have not only a higher but also a more diverse aminopep- 
tidase activity than staphylococci (20). The main bacterial 
impact on aroma lies probably in amino acid catabolism. 
The aldehydes 2-methylbutanal, 3-methylbutanal and 2- 
methylpropanal derived from branched-chained amino ac- 
ids are important flavor components in dry-cured sausages 
(21). They can be of bacterial origin, and among starter 
culture strains, staphylococci seem to play a more impor- 
tant role than lactic acid bacteria (22). The lipids are de- 
composed via lipolysis and lipidoxidation. Lipolysis is 
caused by lipases and esterases, primarily of endogenous 
origin, and liberates free fatty acids of which particularly 
the short-chain acids affect taste. Staphylococcal lipases 
are reported but the activity may be limited at the condi- 
tions prevailing during fermentation and drying (23). Ox- 
idation of fatty acids happens by chemical autoxidation or 
by microbial f-oxidation. There is evidence that the latter, 
resulting in methylketones and methylaldehydes as well 
as secondary alcohols, has a significant impact on the fla- 
vor generation in dry-cured sausages (19,24). Vice versa, 
synthesis catalyzed by lipases should also be considered. 
Fragrant esters, for example, are important flavor com- 
pounds in dry-cured sausages (25). The mechanism of their 
formation is not known; however, their presence and sig- 
nificance have been connected to sausages fermented with 
Staphylococcus xylosus (21). 


Starter Cultures for Dry-Cured Sausages 


Commercial starter cultures either consist of single-strain 
cultures or a mix of up to four or five strains. Single-strain 
cultures are most common in the United States with Pe- 
diococcus acidilactici being the typical species employed 
for high temperature fermentations (40—43°C). Under 
these conditions the decrease in pH will be so rapid that 
Staphylococcus /Kocuria are significantly inhibited. Mixed 
cultures consisting of lactic acid bacteria and Staphylococ- 
cus /Kocuria are normally chosen for fermentation at tem- 
peratures ranging from 18 to 24°C. To enhance aroma de- 


velopment, the cultures may also contain flavor-generating 
organisms such as yeast and Streptomyces. For surface 
treatment, single strain mold cultures or cultures com- 
posed of mold and yeast are available. 


Lactic Acid Bacteria 


The lactic acid bacteria, traditionally used for acidification 
of dry-cured sausages, are mesophilic species such as Lac- 
tobacillus plantarum and Pediococcus pentosaceus, and for 
American-type sausages, P. acidilactici. In recent years, 
psychrotrophic species such as L. sakei and L. curvatus 
have become more and more common in countries outside 
the United States. The lactic acid bacteria are added at a 
level of 5 to 10 x 10° cells/g meat mixture and reach ap- 
proximately 10° cells/g in the final product. As described, 
lactic acid bacteria are responsible for acidification, for de- 
velopment of the acidic taste, and for development of tex- 
ture. It has, however, also been demonstrated that some 
lactic acid bacteria possess enzymes normally attributed 
to Staphylococcus /Kocuria. It is reported that nitrate and 
nitrite reductases can be found in L. plantarum and L. pen- 
tosus, and a heme-dependent nitrite reductase has been 
demonstrated in P. pentosaceus (26), The heme-dependent 
nitrite reductase transforms nitrite into ammonia, 
whereas the end product from the heme-independent ni- 
trite reductase is nitrous oxide, a precursor for the for- 
mation of nitric oxide. Results from practical experiments 
have, however, revealed that color formation, solely based 
on Lactobacillus strains possessing heme-independent ni- 
trite reductase, was insufficient and caused color defects 
(26). Some lactic acid bacteria may have a color-stabilizing 
effect as they produce pseudocatalase, a peroxidase, which 
by nature is a flavoprotein, active under aerobic conditions 
(26). 


Staphyloccous/Kocuria 


A great part of meat starter culture preparations contain 
strains from the genera Staphylococcus /Kocuria. The ge- 
nus Staphylococcus is more widely used than Kocuria due 
to their difference in oxygen requirement. The predomi- 
nant species are S. carnosus and S. xylosus, whereas Ko- 
curia varians is included only in a few preparations, K. 
varians, previously known as Micrococcus varians, was re- 
cently replaced with respect to genus (27). Staphylococcus 
is best suited for the sausage environment as they are fac- 
ultatively anaerobic, whereas Kocuria by nature are aer- 
obic. Staphylococcus /Kocuria are usually added at a level 
of approximately 5 x 10° cells/g meat mixture. They sel- 
dom increase in number during fermentation; however, 
they maintain a metabolic activity sufficient to ensure that 
the desired effects are achieved over a prolonged ripening 
period. Staphylococcus /Kocuria are, due to their nitrate 
and peroxidase reducing activity, involved in color devel- 
opment and color stabilization. Under anaerobic condi- 
tions, Staphylococcus /Kocuria utilize nitrate as an alter- 
native electron acceptor in the respiration chain; that is, 
they gain metabolic energy via anaerobic respiration (28). 
K. varians does not reduce nitrite, but isolates among S. 
carnosus possess a dissimilatory nitrite reductase that re- 
sults in increased growth under anaerobic conditions 


1618 MEAT STARTER CULTURES AND MEAT PRODUCT MANUFACTURING 


(29,30). Acetate is the end product of anaerobic respiration, 
whereas lactate is the end product of fermentation. As de- 
scribed, Staphylococcus /Kocuria are also involved in fla- 
vor generation. 


Molds 


Raw ham and some fermented sausages are stil] being pro- 
duced according to traditional methods, that is, inoculation 
with the in-house mold flora. However, by this inoculation 
method, toxinogenic strains may be among those coloniz- 
ing the surface. Many of the mycotoxins that can be de- 
tected in culture media can also be detected when the same 
mold species grows on sausages or raw ham (31). Molded 
ham is generally regarded as more hazardous than molded 
sausages because the casing functions as a protecting bar- 
rier for the sausages. It is, however, not yet common to 
employ mold starter cultures for control of surface flora 
on dry-cured ham. In spite of this, there are multiple rea- 
sons to employ mold starter cultures. First, the starter 
culture provides the sausage surface with a white covering 
of a desirable shade, and, second, the starter culture dom- 
inates the flora and minimizes the risk for growth of 
mycotoxin-producing strains. In addition, the mold culture 
supplies the sausages with a characteristic flavor. Positive 
side effects such as reduced moisture loss due to mycelial 
covering, antioxidative effects because of catalase activity, 
oxygen consumption, and reduced oxygen penetration 
through the mycelium are factors mentioned among other 
advantages of a mold culture (32). Today, all mold strains 
used for surface treatment of dried sausages belong to the 
genus Penicillium. The most frequently used strain is P. 
nalgiovense, but also P. chrysogenum and P. camembertii 
are used (16,33,34). The preference of P. nalgiovense is 
linked to its growth ability on dry-cured meats as well as 
its toxicological safety. It should nonetheless be stressed 
that not all P. nalgiovense strains are nontoxic (35). 


Yeasts 


Commercial starter culture preparations contain only one 
type of yeast species, Debaryomyces hansenii or as the im- 
perfect form Candida famata. Strains within this species 
are characterized by a high salt tolerance, no nitrate con- 
sumption, and high oxygen demands. The yeast is added 
directly to the meat at an inoculation level of 10° to 107 
cells/g meat mixture. The activity is primarily in the pe- 
riphery where the oxygen consumption accelerates the ex- 
terior color formation. The addition results in a character- 
istic flavor particularly desirable for Italian types of 
sausages (36). 


PUBLIC HEALTH ASPECTS OF DRY-CURED SAUSAGES 


Dry-cured sausages receive no heat-treatment prior to di- 
gestion, but they have a number of built-in microbiological 
hurdles such as low pH, low water activity, low redox po- 
tential, and nitrite. Despite these hurdles, there has been 
cases where severe illness could be associated to dry-cured 
sausages and outbreaks caused by bacteria have been re- 
ported. Mold-fermented sausages may encounter the risk 


of mycotoxin development, and chemical hazards comprise 
unacceptable levels of biogenic amines and nitrosamines. 


Escherichia coli O157:H7 


E. coli 0157:H7 emerged as a food pathogen in 1982, and 
an outbreak was for the first time linked to dry-cured sau- 
sages in 1994. E. coli O157:H7 is more acid tolerant than 
other E. coli. It survives better at refrigeration tempera- 
ture than at abuse temperature, and it has a low infectious 
dose, that is, <50 organisms (37). As a result of the out- 
break, the U.S. Food Safety and Inspection Service issued 
guidelines for sausage manufacturers to validate processes 
to ensure a 5D-log unit reduction in counts of E. coli 
0157:H7 (38). In traditional processes for dry and semidry 
sausages, E. coli 0157:H7 is reduced by 1 to 2 log units, 
and investigations have shown that the recommended 
5D-log unit reduction can only be obtained by introducing 
a heating step following the fermentation (39,40). In 
European-type sausage manufacturing, similar results 
have been obtained. Thus, depending on inoculum, E. coli 
0157:H7 is reduced by 1 to 2 log units during normal pro- 
cessing (41). Subsequent storage results in further reduc- 
tion, the reduction being more pronounced at ambient than 
at chill storage temperatures. 


Salmonella 


Nontyphoidal salmonellosis is described as a leading cause 
of foodborne illness in the United States (42), and in the 
mid-1990s, dry-cured sausages also caused outbreaks, In 
1995, illness could be associated to consumption of Leba- 
non bologna, a semidry sausage, contaminated with S. ty- 
phimurium. In recent years, focus is more and more on 
phage type 104 strains of Salmonella, as they display a 
multiple resistance to antibiotics leading to increased hos- 
pitalization and increased mortality rate (43). To minimize 
the health hazard of S. typhimurium DT104 in dry-cured 
sausages in the United States, a more frequent sampling 
plan has been implemented for manufacturing plants not 
complying to the 5D-log reduction processes, described for 
E. coli 0157:H7. S. typhimurium DT104 is more sensitive 
to manufacturing and storage conditions than E. coli 
0157:H7, but it is noteworthy that manufacturing of pep- 
peroni is reported to result only in a 3D-log reduction (43). 
The survival is better in chill rooms than at ambient tem- 
perature. 


Staphylococcus 


Apathogenic strains of Staphylococcus are used as starter 
cultures, and, thus, the environmental conditions in dry 
and semidry sausages also allow S. aureus to compete suc- 
cessfully and grow. This organism is resistant to nitrite 
and salt and is capable of growing under anaerobic condi- 
tions. It has a minimum water activity for growth of 0.86, 
and the high fermentation temperatures used in the U.S. 
manufacturing process favor its rapid multiplication. At 
fermentation temperatures of 24 to 26°C, it has been dem- 
onstrated that the risk of food poisoning, resulting from 
the ingestion of enterotoxin produced by S. aureus, ap- 
pears to be minor, provided the initial staphylococci count 
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is low and provided an acidifying agent is used to ensure 
proper fermentation (44). Recent reports discuss patho- 
genicity of coagulase negative staphylococci, to which 
group the meat starter cultures belong (45). Hemolysins 
are demonstrated in strains of S. carnosus and S. xylosus, 
for example. In addition, enterotoxin production has been 
demonstrated in S. xylosus. Currently, there is no infor- 
mation available on the biological effect of hemolysins and 
enterotoxins. Neither is information available on param- 
eters and factors affecting or controlling enterotoxin pro- 
duction (45). 


Listeria monocytogenes 


Studies have shown that L. monocytogenes may survive 
the combination of low pH, low water activity, and nitrite, 
which are the built-in hurdles in dry-cured sausages (46). 
Consequently, listeriosis should be regarded a potential 
health hazard in fermented meats, although no outbreaks 
so far have been associated with meat (47). L. monocyto- 
genes has been shown to survive well in European as well 
as American-type sausages (41,48), the decrease in initial 
numbers being only one log unit. The survival of L. mono- 
eytogenes in stored, dry-cured sausages is better at chill 
than at ambient temperature. In situ produced pediocin, a 
bacteriocin effective against L. monocytogenes is, however, 
able to control the development of this pathogen in fer- 
mented sausages (48). Recently, a bacteriocin-producing 
starter culture, capable of controlling L. monocytogenes, 
has been launched for fermented sausages (49). 


Yersinia enterocolitica 


Y. enterocolitica is associated with pork and, as such should 
be regarded a potential health hazard in dry-cured meat 
products, No outbreaks or recalls have been associated 
with the organism. A reason for this could be that the ni- 
trite level typically employed inhibits Y. enterocolitica, par- 
ticularly in conjunction with a rapid decrease in pH. For 
example, Y. enterocolitica was eliminated in dry-cured sau- 
sages with added 80 ppm nitrite and fermented with a fast- 
acidifying starter culture (50). 


Biogenic Amines 


Biogenic amines in dry-cured sausages are of microbial or- 
igin. They are formed via decarboxylation of amines, by 
amination or transamination of aldehydes and ketones, or 
by hydrolysis of N-containing compounds. Due to their va- 
soactive properties, biogenic amines represent a health 
hazard. In retail dry-cured sausages, they are detected in 
varying levels and some of the biogenic amines are present 
in concentrations representing a risk for sensitive consum- 
ers (51). Many of the traditional starter cultures, such as 
L. pentosus and L. plantarum, are assumed not to form 
biogenic amines (52). Among the more recent meat starter 
cultures, L. curvatus has been shown to form biogenic 
amines, whereas the necessary decarboxylytic activity has 
yet to be demonstrated in L. sakei (53). High levels of bio- 
genic amines in dry-cured sausages probably reflect usage 
of inferior raw materials, problems in recipe formulation 
or processing program, or choice of wrong starter culture 
(51). 


N-Nitrosamines 


The reaction of secondary or tertiary amines with nitric 
trioxide results in carcinogenic N-nitrosamines. The 
amount found in cured meat products is generally low (54), 
even though it has been demonstrated that GdL and 
starter cultures support the formation of N-nitrosamines, 
a phenomenon related to the fall in pH, which accelerates 
the reduction of nitrite to nitrous acid, the precursor for 
nitric trioxide. Ascorbate counteracts the reaction; how- 
ever, it is claimed that more than 1000 ppm is needed to 
substantially limit the N-nitrosamine formation (55). 


RAW HAM MANUFACTURE 


Traditional dry-cured ham may be produced bone-in or 
boneless, the latter meaning that the aitchbone and shank 
is removed prior to salting. The next step is to rub a mix- 
ture of curing ingredients (sodium chloride and maybe ni- 
trite and/or nitrate) onto the lean muscle surface of the 
ham. The ham is stored at temperatures below 5°C until 
the curing agents are evenly distributed throughout the 
ham. This period lasts from a few weeks to a few months. 
In between, the ham may be washed and resalted if nec- 
essary. The ham is then moved to the drying rooms and 
ripened at temperatures between 15 and 20°C and a rela- 
tive humidity decreasing from 90 to 70%. In the last part 
of the ripening period, the ham may be covered with lard 
or pork fat to prevent excessive drying out. An in-house 
mold flora will usually grow on the ham surface. Some ham 
types, for example, country-style ham and German West- 
phalia ham, are smoked prior to the drying step. The raw 
material and the length of the ripening period characterize 
the type of ham. Thus the processing period of Serrano 
ham is 9 to 12 months, whereas it can be as long as 18 to 
24 months for Iberian ham (56). Other important types of 
dry-cured ham are the Italian Parma ham and the French 
Bayonne ham. 


Microbiology of Dry-Cured Ham 


It can be debated whether dry-cured ham is a fermented 
product. The reason is that the microbial flora is seldom 
higher than approximately 10* cells/g meat, although the 
concentration can be as high as 10° cells/g on the surface 
(57,58). Growth is limited due to the initial low tempera- 
ture and due to the low water activity throughout process- 
ing. The natural microflora, in the core as well as on the 
surface, consists of Staphylococcus / Kocuria. Initially, lac- 
tic acid bacteria, yeast, and the Gram-negative Vibrio may 
also be demonstrated, but the predominant organisms 
throughout processing are Staphylococcus, although their 
importance in the biochemistry of ham products is un- 
known (59). The characteristics of dry-cured ham are de- 
termined by type of raw material, processing conditions, 
and the biochemical changes taking place during manu- 
facture. These are largely the result of muscle proteases 
and lipases (17,56). A recent study, however, suggests 
that microbial amino acid catabolism resulting in, among 
others, methyl-branched aldehydes, methylketones, and 
ethyl esters influences the flavor of dry-cured ham (58). 
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Particularly, staphylococci are capable of such reactions 
(22). Accelerated production processes have been devel- 
oped, in which the dry-salting step is replaced by brine 
salting or brine injection pumping. The total processing 
time of such ham products is approximately one month as 
the drying and ripening period is significantly reduced, re- 
sulting in the final ham to deviate from the traditional type 
in texture and flavor. The application of starter cultures is 
an advantage for this production method. The starter cul- 
tures, most often pure cultures of staphylococci, but also 
occasionally mixed cultures of staphylococci (S. carnosus, 
S. xylosus) and lactic acid bacteria (L. plantarum), are 
added to the brine and support flavor development as well 
as color development and color stabilization. 


MANUFACTURE OF MEAT STARTER CULTURES 


Meat starter cultures are marketed as frozen or freeze- 
dried products, the latter being standardized with a carrier 
that is most often a carbohydrate. Meat starter cultures 
are produced as single-strain cultures that are mixed after 
fermentation and concentration (33). Starter cultures 
should be looked on as any other food additive; that is, they 
should be GRAS (Generally Recognized As Safe) approved. 
The legislation is not standardized and no official standard 
has been issued. However, requirements for meat starter 
cultures have been discussed in publications (33,60), and 
the following should be regarded as minimum require- 
ments for a standard: 


1. From a health perspective, only nontoxic and non- 
pathogenic strains should be used and the starter 
culture should be free of any impurity that could 
cause health risks. 

2. Use of starter cultures should result in fermenta- 
tions controlled with respect to acidification, texture, 
color, and aroma as well as microbiological stability 
of the meat product. Starter cultures should consist 
of phenotypically and genotypically stable as well as 
phage-resistant strains. 


FUTURE PROSPECTS 


In the future, lactic acid bacteria may play a more signifi- 
cant role as protective organisms in meat products, includ- 
ing those currently not treated with starter cultures. The 
mode of action comprises several activities, among which 
the production of bacteriocins is already in use for inhibi- 
tion of L. monocytogenes in the manufacture of dry-cured 
sausages (49). The effect of a weak acid production com- 
bined with nutrient competition is utilized for control of 
the microflora of meat products packaged in vacuum or in 
modified atmosphere (61). The starter culture strain for 
this purpose is L. alimentarius. Probiotic bacteria such as 
L. acidophilus, L. casei, and Bifidobacterium bifidum are 
marketed for meat products to improve health (62). The 
idea is obviously adopted from dairy products but it is 
questionable whether the consumers will eat dry-cured 
sausages in such amounts that the probiotic effect is 
achieved. Finally, the use of genetically modified organ- 
isms (GMO) constructed by genetic engineering is another 


subject for the future. Legal approval may be difficult in 
certain regions, particularly in Europe, and consumer ac- 
ceptance also remains to be obtained. It is, nonetheless, 
the most reliable way to develop strains contributing spe- 
cific properties to the final products. 


BIBLIOGRAPHY 


1. C.S. Pederson, “Fermented Sausage,” in Microbiology of Food 
Fermentations, 2nd ed., AVI, Westport, Conn. 1979, pp. 210- 
234. 

2. U.S. Pat. 2,907, 661 (June 6, 1959), C. F. Niven, R. H. Deibel, 
and G. D. Wilson. 

3. F. P. Niinivaara, M. S. Pohja, and S. E. Komulainen, “Some 
Aspects about Using Bacterial Pure Cultures in the Manufac- 
ture of Fermented Sausages,” Food Technol. 18, 147-153 
(1964). 

4, J. Bacus, Utilization of Microorganisms in Meat Processing: 
A Handbook for Meat Plant Operators, Wiley, New York, 1984. 

5. R. A. Lawrie, Meat Science, 5th ed., Pergamon, New York, 
1991. 

6. O. Kandler and N. Weiss, “Lactobacillus,” in P. H. A. Sneath 
et al., eds., Bergey's Manual of Systematic Bacteriology, Vol. 
2, Wil is & Wilkins, Baltimore, Md., 1986, pp. 1209-1234. 

7. A. Kneissler et al., “Die wechselweise Beeinflussung von 
Glucono-delta-Lacton (GdL) und Starterkulturen bei der Roh- 
wurstreifung,” Chem. Mikrobiol. Technol. Lebensm. 10, 82-85 
(1986). 

8. L. H. Skibsted, “Cured Meat Products and Their Oxidative 
Stability,” in D. E. Johnston, M. K. Knight, and D, A. Ledward, 
eds., The Chemistry of Muscle-Based Foods, Royal Society of 
Chemistry, Cambridge, UK, 1992, pp. 266-286. 

9. F. Wirth, “Restricting and Dispensing with Curing Agents in 
Meat Products,” Fleischwirtsch, 71, 1051-1054 (1991). 

10. European Parliament and Counsils, Directive 95/2/EC, (on 
food additives other than colours and sweeteners), Luxem- 
bourg, 1995. 

11. U.S. Department of Agriculture, Food Safety and Inspection 
Service, Meat and Poultry Inspection Regulations, Washing- 
ton D.C., 1986. 

12. G. Mogensen, “Starter Cultures,” in J. Smith, ed., Technology 
of Reduced-Additive Foods, Blackie Academic and Profes- 
sional, London, 1995, pp. 1-25. 

13. E. Slinde, “The Color of Meat” (in Norwegian), in B. Underdal, 
ed., Kjottteknologi, Landbruksforlaget, Oslo, Norway, 1984, 
71-78. 

14. K. Coretti, Rohwurstreifung und Fehlerzeugnisse bei der Roh- 
wurstherstellung, Rheinhessischen Druckwerkstitte, Alzey, 
Germany, 1971. 

15. W. E. Kloos and K. H. Schleifer, “Staphylococcus,” in P. H. A. 
Sneath et al., eds., Bergey's Manual of Systematic Bacteriol- 
ogy, Vol. 2, Williams & Wilkins, Baltimore, Md., 1986, pp. 
1013-1035. 

16. F.-K. Liicke, “Fermented Sausages,” in B. J. B. Wood, ed., Mi- 
crobiology of Fermented Foods, Vol. 2, 2nd ed., Elsevier Ap- 
plied Science, London, 1997, pp. 441-483. 

17. A. Verplaetse, “Influence of Raw Meat Properties and Pro- 
cessing Technology on Aroma Quality of Raw Fermented Meat 
Products,” Proc. 40th Int. Congr. Meat Sci. Technol., The 
Hague, The Netherlands, August 28-September 2, 1994. 

18. R. Dainty and H. Blom, “Flavour Chemistry of Fermented 
Sausages,” in G. Campbell-Platt and P. E. Cook, eds., Fer- 
mented Meats, Chapman & Hall, London, 1995, pp. 176-193. 


19. 


20. 


21, 


22. 


23, 


24. 


25, 


26. 


27. 


29, 


30. 


31. 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


MEAT STARTER CULTURES AND MEAT PRODUCT MANUFACTURING 


. M. C. Montel, F. Masson, and R. Talon, “Bacterial Role in Fla- 
vour Development,” Proc. 44th Int. Congr. Meat Sci. Technol, 
Barcelona, Spain, August 30-September 4, 1998. 

M.C. Montel et al., “Peptidasic Activities of Starter Cultures,” 
Proc. 38th Int. Congr. Meat Sci. Technol., Clermont-Ferrand, 
France, August 23-28, 1992. 

L. Stahnke, “Dried Sausages Fermented with Staphylococcus 
xylosus at Different Temperatures and with Different Ingre- 
dient Levels: Part III, Sensory Evaluation,” Meat Science 41, 
211-223 (1995). 

J. L. Berdagué et al., “Effects of Starter Cultures on the For- 
mation of Flavour Compounds in Dry Sausage,” Meat Science 
35, 275-287 (1993). 

B. B. Sorensen and H. Samuelsen, “The Combined Effects of 
Environmental Conditions on Lipolysis of Pork Fat by Lipases 
of the Meat Starter Culture Organisms Staphylococcus xylo- 
sus and Debaryomyces hansenii,” International Journal of 
Food Microbiology 32, 59-71 (1996). 

R. G. Berger et al., “Isolation and Identification of Dry Salami 
Volatiles,” J. Food Sci. 55, 1239-1242 (1990). 

L. Stahnke, “Aroma Components from Dried Sausages Fer- 
mented with Staphylococcus xylosus,” Meat Science 38, 39-53 
(1994). 

W. P. Hammes, A. Bantleon, and S. Min, “Lactic Acid Bacteria 
in Meat Fermentation,” FEMS Microbiology Rev. 87, 165-174 
(1990). 

E. Stackebrandt et al., “Taxonomic Dissection of the Genus 
Micrococcus: Kocuria gen. nov., Nesterenkonia gen. nov., Ky- 
tococeus gen. nov., Dermacoccus gen. nov., and Microccus Cohn 
1872 gen. emend.,” Int. J. Systematic Bacteriol. 45, 682-692 
(1995). 

C. Meisel, “Mikrobiologische Aspekte der Entwicklung von ni- 
tratreduzierende Starter-Kulturen fiir die Herstellung von 
Rohwurst und Rohschinken,” Ph.D. Dissertation, Hohenheim 
University, Stuttgart, Germany, 1988. 

S, Hartmann, G. Wolf, and W. P. Hammes, “Reduction of Ni- 
trite by Staphylococcus carnosus and Staphylococcus piscifer- 
mentans,” System. Appl. Microbiol. 18, 323-328 (1995). 

H. Neubauer and F. Gétz, “Physiology and Interaction of Ni- 
trate and Nitrite Reduction in Staphylococcus carnosus,” J. 
Bacteriol. 178, 2005-2009 (1996). 

L. Leistner, “Toxinogenic Penicillia Occurring in Feeds and 
Foods: A Review,” Food Technol. Aust. 36, 404-406, 413 
(1984). 

F-K. Liicke, “Microbiological Processes in the Manufacture of 
Dry Sausages and Raw Ham,” Fleischwirtsch. 66, 1505-1509 
(1986). 

B. Jessen, “Starter Cultures for Meat Fermentations,” in G. 
Campbell-Platt and P. E. Cook, eds., Fermented Meats, Chap- 
man & Hall, London, 1995, pp. 130-159. 

F-K. Liicke and H. Hechelmann, “Starter Cultures for Dry 
Sausages and Raw Ham: Composition and Effect,” Fleisch- 
wirtsch. 67, 307-314 (1987). 

J. Fink-Gremmels, A. A. El-Banna, and L. Leistner, “Devel- 
oping Mould Starter Cultures for Meat Products,” Fleisch- 
wirtsch. 68, 1292-1294 (1988). 

L. Leistner and Z. Bem, “Vorkommen und Bedeutung von He- 
fen bei Pkelfleischwaren,” Fleischwirtsch. 50, 350-351 
(1970). 

D.C. R. Riordan et al., “Survival of Escherichia coli 0157:H7 
during the Manufacture of Pepperoni,” J. Food Prot. 61, 146- 
151 (1998). 

C. A. Reed, “Approaches for Ensuring Safety of Dry and Semi- 
Dry Fermented Sausage Products,” August 21, 1995, letter to 


39. 


40. 


41, 


47. 


49. 


51. 


52. 


53. 


54. 


55. 


56. 


57. 


1621 


plant managers, U.S. Department of Agriculture, Food Safety 
and Inspection Service, Washington, D.C., 1995. 

J. C. Hinkens et al., “Validation of Pepperoni Processes for 
Control of Escherichia coli 0157:H7,” J. Food Prot, 59, 1260- 
1266 (1996). 

M. Calicioglu et al., “Viability of Escherichia coli 0157:H7 in 
Fermented Semidry Low-Temperature-Cooked Beef Summer 
Sausage,” J. Food Prot. 60, 1158-1162 (1997). 

H. Nissen and A. Holck, “Survival of Escherichia coli 
0157:H7, Listeria monocytogenes and Salmonella kentucky in 
Norwegian Fermented, Dry Sausage,” Food Microbiology 15, 
273-279 (1998). 


. C. J. Sauer et al., “Foodborne Illness Outbreak Associated 


with a Semi-Dry Fermented Sausage Product,” J. Food Prot. 
60, 1612-1617 (1997). 


. A. M. Ihnot et al., “Behavior of Salmonella typhimurium 


DT104 during the Manufacture and Storage of Pepperoni,” 
International Journal of Food Microbiology 40, 117-121 
(1998). 


. J. Metaxopoulos et al., “Production of Italian Dry Salami: Ef- 


fect of Starter Culture and Chemical Acidulation on Staphy- 
lococcal Growth in Salami under Commercial Manufacturing 
Conditions,” Appl. Environ. Microbiol. 42, 863-871 (1981). 


. S.A. A. Jassim and S. P. Denyer, “Coagulase-Negative Staph- 


ylococci: Useful Organism or Potential Problem for Food Pro- 
cessing?” Food Quality 3, 31-35 (1997). 


. J. Junttila et al., “Effect of Different Levels of Nitrite and 


Nitrate on the Survival of Listeria monocytogenes during the 
Manufacture of Fermented Sausage,” J. Food Prot. 52, 158— 
161 (1989). 

P. M. Foegeding et al., “Enhanced Control of Listeria mono- 
cytogenes by In Situ-Produced Pediocin during Dry Fer- 
mented Sausage Production,” Appl. Environ, Microbiol. 58, 
884-890 (1992). 


. J. L. Johnson et al., “Fate of Listeria monocytogenes in Tissues 


of Experimentally Infected Cattle and in Hard Salami,” Appl. 
Environ, Microbiol. 54, 497-501 (1988). 

B, Jessen, L, Andersen, and B. Jelle, “Bioprotection of Meat 
and Dairy Products” (in Danish), Alimenta 19, 9-11 (1996). 


). K. Asplund et al., “Survival of Yersinia enterocolitica in Fer- 


mented Sausages Manufactured with Different Levels of Ni- 
trite and Different Starter Cultures,” J. Food Prot. 56, 710~ 
712 (1993). 

R. Maijala, “Formation of Biogenic Amines in Dry Sausages 
with Special Reference to Raw Materials, Lactic Acid Bacte- 
ria, pH Decrease, Temperature, and Time,” Ph.D. disserta- 
tion, National Veterinary and Food Research Institute, Hel- 
sinki, Finland 1994. 

R. Maijala and S, Eerola, “Contaminant Lactic Acid Bacteria 
of Dry Sausages Produce Histamine and Tyramine,” Meat Sci- 
ence 35, 387-395 (1993). 

W. P. Hammes and H. Knauf, “Starters in the Processing of 
Meat Products,” Meat Science 36, 155-168 (1994). 

H. Schmidt et al., “Einfluss von Bakterien sowie Natriumas- 
corbat und Glucono-delta-Lacton auf den Ab-, Um-, und Auf- 
bau von Nitrosaminen,” Fleischwirtsch. 65, 1487-1489 (1985). 
M.-L. Liao and P, A. Seib, “Selected Reactions of L-Ascorbic 
Acid Related to Foods,” Food Technol. 41, 104-107, 111 (1987). 
F, Toldra, “The Enzymology of Dry-Curing of Meat Products,” 
in F. J. M. Smulders et al., eds., New Technologies for Meat 
and Meat Products, ECCEAMST, Audet Tijdschriften by, Nij- 
megen, The Netherlands 1992, pp. 209-231. 

H. Silla et al., “A Study of the Microbial Flora of Dry-Cured 
Ham: 1, Isolation and Growth,” Fleischwirtsch. 69, 1128-1131 
(1989). 


1622 MEMBRANE FILTRATION SYSTEMS 


58. L. Hinrichsen and S. B. Pedersen, “Relationship among Fla- 
vour, Volatile Compounds, Chemical Changes, and Microflora 
in Italian-Type Dry-Cured Ham during Processing,” J. Agric. 
Food Chem. 43, 2932-2940 (1995). 

59. I. Molina et al., “Study of the Microbial Flora in Dry-Cured 
Ham: 2, Micrococcaceae,” Fleischwirtsch. 69, 1433-1434 
(1989), 

60, L. Leistner et al., Anforderungen an Starterkulturen: Absch- 
lussbericht zu einem Forschungsvorhaben, Bundesanstalt 
Fleischforschung, Kulmbach, Germany, 1979. 

61. L. Andersen, “Biopreservation with FloraCarn L-2,” Fleisch- 
wirtsch, 75, 1327-1329 (1995). 

62. W. P. Hammes and C. Hertel, “New Developments in Meat 
Starter Cultures,” Proc. 44th Int. Congr. Meat Sci. Technol, 
Barcelona, Spain, August 30-September 4, 1998. 


B. JESSEN 
Danish Meat Research Institute 
Roskilde, Denmark 


MEMBRANE FILTRATION SYSTEMS 


Membrane filtration has long been the method of choice for 
quantitative tests in water microbiology (1,2). Principally, 
this has been due to the ability to concentrate and detect 
low levels of indicator microorganisms by filtering large 
volumes of water. For this same reason, membrane filtra- 
tion has been used to enumerate indicator organisms in 
beverages, including beer and wine. However, application 
of this tool in the beverage industry has been limited to 
those beverages that are low in particulate matter and 
that can easily pass through a membrane filter. 

These same restrictions deterred food microbiologists 
from using membrane filtration as an analytical tool for 
many years. Early attempts to render food samples filter- 
able met with limited success (3,4). In addition, the rela- 
tively narrow counting range of the standard 47-mm- 
diameter membrane filter (5) required a large number of 
sample dilutions to be filtered to ensure at least one count- 
able filter. Despite these limitations, three very different 
approaches—membrane spread, direct epifluorescence, 
and hydrophobic grid membrane filter—have been used to 
adapt membrane filter techniques to food microbiology. 


MEMBRANE SPREAD TECHNIQUE 


A “membrane-spread” technique for enumerating Esche- 
richia coli, first described in 1975, used a 90-mm-diameter 
membrane filter, laid on the surface of an agar plate (6). 
The sample aliquot was deposited on the membrane filter 
and spread over the entire surface with a bent glass rod. 
This 24-hour method, which used bile salts and a 44.5°C 
incubation temperature for selectivity and an indole reac- 
tion as the differential test, was highly specific for E. coli 
biotype 1. This method, later modified to include a nonse- 
lective repair step (7), is recognized as a valid method by 
the International Commission on Microbiological Specifi- 
cations for Foods (8). 


DIRECT EPIFLUORESCENT TECHNIQUE 


A-second membrane filter method, known as direct epiflu- 
orescent microscopy technique (DEFT), made use of fluo- 
rescent staining of cells trapped on the surface of a mem- 
brane filter followed by examination of the filter using a 
fluorescent microscope (9). This procedure overcame the 
limited counting range of standard membrane filtration by 
eliminating colony development. However, differentiation 
of viable and dead cells was not fully reliable, and reading 
the filters was tedious. Introduction of automated DEFT 
instruments addressed the latter problem (10,11). How- 
ever, according to the developer of the technique, DEFT 
could not be applied to highly particulate food suspensions, 
nor could it be adapted to differential or selective enumer- 
ations (12). 

Several researchers have improved on the original 
DEFT procedures by using prefiltration and enzyme diges- 
tion steps to reduce particle interference (13,14); adding 
short enrichment steps to enhance sensitivity (15); incu- 
bating the filters for a few hours after filtration to allow 
development of microcolonies, thus ensuring a true viable 
cell count and allowing for differential enumeration based 
on the culture media used (16,17); and using fluorescent 
antibody labeling in conjunction with DEFT to detect or 
enumerate specific target populations (18,19). 

DEFT methods that do not incorporate enrichment or 
microcolony development steps offer the advantage of very 
fast results, with as little as 20 min required between anal- 
ysis initiation and completion (14). Reliability of DEFT 
procedures has been evaluated for a variety of foods in- 
cluding raw minced meat (20), raw ham, ground beef and 
raw fish (21), raw lamb (22), and raw milk (14). 


HYDROPHOBIC GRID MEMBRANE FILTRATION 


The most widely adapted approach to membrane filtration 
of foods is the hydrophobic grid membrane filter (HGMF). 
The HGMF is a membrane filter on the surface of which a 
hydrophobic material is applied in a grid pattern. The hy- 
drophobic material used to form the grid is a physical bar- 
rier to colony spread, largely restricting bacterial colonies 
to the confines of the individual grid squares in which they 
were first formed (see Fig. 1). Using this technique, the 
counting range of a single filter was extended to as high as 
10‘ colony-forming units (23,24), 

Initially, the HGMF was seen as a water microbiology 
and research tool. Beginning in 1978, its potential appli- 
cability to food microbiology was established when a series 
of studies on the filtering characteristics of a wide variety 
of food homogenates was published. It was reported that 
most food homogenates, if blended using a “Stomacher” 
and, where appropriate, if treated with a surfactant and/ 
or an enzyme digestion, could be filtered (25). In a later 
study (26), a finely woven stainless steel cloth prefilter was 
used to remove particulate material from food homoge- 
nates immediately prior to filtration. The apparatus used 
to carry out this two-stage filtration is illustrated in Figure 
2. This study established that neither prefiltration, nor 
surfactant treatment, nor enzyme digestions altered the 
bacterial counts obtained from food samples. 
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Membrane filtration has long been the method of choice for 
quantitative tests in water microbiology (1,2). Principally, 
this has been due to the ability to concentrate and detect 
low levels of indicator microorganisms by filtering large 
volumes of water. For this same reason, membrane filtra- 
tion has been used to enumerate indicator organisms in 
beverages, including beer and wine. However, application 
of this tool in the beverage industry has been limited to 
those beverages that are low in particulate matter and 
that can easily pass through a membrane filter. 

These same restrictions deterred food microbiologists 
from using membrane filtration as an analytical tool for 
many years. Early attempts to render food samples filter- 
able met with limited success (3,4). In addition, the rela- 
tively narrow counting range of the standard 47-mm- 
diameter membrane filter (5) required a large number of 
sample dilutions to be filtered to ensure at least one count- 
able filter. Despite these limitations, three very different 
approaches—membrane spread, direct epifluorescence, 
and hydrophobic grid membrane filter—have been used to 
adapt membrane filter techniques to food microbiology. 


MEMBRANE SPREAD TECHNIQUE 


A “membrane-spread” technique for enumerating Esche- 
richia coli, first described in 1975, used a 90-mm-diameter 
membrane filter, laid on the surface of an agar plate (6). 
The sample aliquot was deposited on the membrane filter 
and spread over the entire surface with a bent glass rod. 
This 24-hour method, which used bile salts and a 44.5°C 
incubation temperature for selectivity and an indole reac- 
tion as the differential test, was highly specific for E. coli 
biotype 1. This method, later modified to include a nonse- 
lective repair step (7), is recognized as a valid method by 
the International Commission on Microbiological Specifi- 
cations for Foods (8). 


DIRECT EPIFLUORESCENT TECHNIQUE 


A-second membrane filter method, known as direct epiflu- 
orescent microscopy technique (DEFT), made use of fluo- 
rescent staining of cells trapped on the surface of a mem- 
brane filter followed by examination of the filter using a 
fluorescent microscope (9). This procedure overcame the 
limited counting range of standard membrane filtration by 
eliminating colony development. However, differentiation 
of viable and dead cells was not fully reliable, and reading 
the filters was tedious. Introduction of automated DEFT 
instruments addressed the latter problem (10,11). How- 
ever, according to the developer of the technique, DEFT 
could not be applied to highly particulate food suspensions, 
nor could it be adapted to differential or selective enumer- 
ations (12). 

Several researchers have improved on the original 
DEFT procedures by using prefiltration and enzyme diges- 
tion steps to reduce particle interference (13,14); adding 
short enrichment steps to enhance sensitivity (15); incu- 
bating the filters for a few hours after filtration to allow 
development of microcolonies, thus ensuring a true viable 
cell count and allowing for differential enumeration based 
on the culture media used (16,17); and using fluorescent 
antibody labeling in conjunction with DEFT to detect or 
enumerate specific target populations (18,19). 

DEFT methods that do not incorporate enrichment or 
microcolony development steps offer the advantage of very 
fast results, with as little as 20 min required between anal- 
ysis initiation and completion (14). Reliability of DEFT 
procedures has been evaluated for a variety of foods in- 
cluding raw minced meat (20), raw ham, ground beef and 
raw fish (21), raw lamb (22), and raw milk (14). 


HYDROPHOBIC GRID MEMBRANE FILTRATION 


The most widely adapted approach to membrane filtration 
of foods is the hydrophobic grid membrane filter (HGMF). 
The HGMF is a membrane filter on the surface of which a 
hydrophobic material is applied in a grid pattern. The hy- 
drophobic material used to form the grid is a physical bar- 
rier to colony spread, largely restricting bacterial colonies 
to the confines of the individual grid squares in which they 
were first formed (see Fig. 1). Using this technique, the 
counting range of a single filter was extended to as high as 
10‘ colony-forming units (23,24), 

Initially, the HGMF was seen as a water microbiology 
and research tool. Beginning in 1978, its potential appli- 
cability to food microbiology was established when a series 
of studies on the filtering characteristics of a wide variety 
of food homogenates was published. It was reported that 
most food homogenates, if blended using a “Stomacher” 
and, where appropriate, if treated with a surfactant and/ 
or an enzyme digestion, could be filtered (25). In a later 
study (26), a finely woven stainless steel cloth prefilter was 
used to remove particulate material from food homoge- 
nates immediately prior to filtration. The apparatus used 
to carry out this two-stage filtration is illustrated in Figure 
2. This study established that neither prefiltration, nor 
surfactant treatment, nor enzyme digestions altered the 
bacterial counts obtained from food samples. 


Figure 1. Coliform colonies growing on a hydrophobic grid mem- 
brane filter. The hydrophobic grid lines serve to confine colonies 
within the boundaries of the individual squares. 


Figure 2. Filtration apparatus incorporating 5, stainless steel 
prefilter used to inoculate hydrophobic grid membrane filters with 
food sample homogenates. 


Since then numerous specific applications of the hydro- 
phobic grid membrane filter to food microbiology have been 
introduced. These applications are listed in Table 1, and 
several of them are discussed in the following sections. 


Table 1. Applications of Hydrophobic Grid Membrane 


Filter to Food Microbiology 

Analysis References 
Aerobic plate count 2741-43 
Coliforms/Escherichia coli 28-31,54 
E. coli 0157:H7 32-36 
Yeast and mold count 44-46,54 
Staphylococcus aureus 54 

Lactic acid bacteria 47,48,56 
Fluorescent pseudomonads 57 
Salmonella 37-40 
Vibrio parahaemolyticus 49,50 
Listeria monocytogenes 53 
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Coliforms, Escherichia coli, and E. coliO157:H7 


The first HGMF method for total and fecal coliforms was 
an adaptation of the water microbiology fecal coliform test 
(27). Both counts were carried out using mFC Agar without 
rosolic acid. The total coliform test was incubated at 35°C; 
the fecal coliform test consisted of a preliminary resusci- 
tation step followed by incubation of mFC Agar at 44.5°C. 
The companion test for E. coli was a direct adaptation of 
the Anderson and Baird-Parker membrane-spread method 
previously mentioned. These methods were subjected to 
validation studies in 1983 and were recognized as Official 
Methods by the Association of Official Analytical Chemists 
(now AOAC International) (28). 

Developments in E. coli differential test procedures, 
notably the introduction of 4-methylumbelliferyl-/-p- 
glucuronide (MUG) as a differential reagent, prompted a 
redesign of the coliform and E. coli methods. In the newer 
method, a single HGMF was used for both the coliform and 
E. coli enumerations, eliminating the need for a 4-h resus- 
citation step. The entire analysis is complete in 24 h. This 
improved coliform/E. coli procedure was subjected to ex- 
tensive in-house validation, followed by an AOAC- 
sponsored collaborative study (29,30). These studies dem- 
onstrated that the redesigned HGMF method produced 
quantitative total coliform and E. coli results that were not 
significantly different from the three-tube MPN method re- 
sults over a wide range of food products. Furthermore, the 
confirmation rate of E. coli colonies on the HGMF method 
was in excess of 98% in the precollaborative study and 
more than 99% in the collaborative study. Based on com- 
bined results of both studies, the AOAC accorded “Official 
Action” status to the new procedure in 1990 (31). 

The presence of E. coli 0157:H7 in the food supply has 
become increasingly of concern. This E. coli serotype pro- 
duces a negative MUG reaction and, therefore, is not de- 
tected by any E. coli enumeration procedures based on f- 
glucuronidase activity. It will also not grow in some culture 
media at elevated temperatures, making it more difficult 
to detect using the conventional three-tube MPN E. coli 
method. Several researchers have developed HGMF meth- 
ods for E. coli 0157:H7. The earliest of these described the 
development of HC Agar, a selective and differential cul- 
ture medium for presumptive enumeration of E. coli 
0157:H7 (32). HC Agar relied on three differential reac- 
tions—MUG, indole, and sorbitol—to differentiate E. coli 
0157:H7 from other Enterobacteriaceae, including other E. 
coli. Two other methods employed enzyme-labeled anti- 
body procedures to detect or enumerate E. coli 0157:H7 
(33,34). 

Recently, SD-39 Agar was developed for use in conjunc- 
tion with the HGMF to detect and enumerate presumptive 
E. coli 0157:H7. The medium is based on three bio- 
chemical reactions that are read simultaneously: lysine de- 
carboxylase, sorbitol fermentation, and f-glucuronidase 
production. Selectivity is provided by the presence of mo- 
nensin and novobiocin and by incubation at 44 to 44.5°C. 
E. coli 0157:H7 tolerates the elevated temperature be- 
cause of the presence of NaCl in the culture medium. Con- 
firmation is accomplished by subculturing presumptive 
positive colonies and carrying out 0157 and H7 serological 
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tests. This method was validated in a comprehensive pre- 
collaborative study and then in an AOAC-sponsored col- 
laborative study (35,36). Results obtained by the HGMF 
method were either significantly higher than the reference 
method or not significantly different from the reference 
method, depending on the food product. The serological 
confirmation rates of presumptive positive E. coli 0157:H7 
were 99% in the precollaborative study and 94% in the 
collaborative study. Based on the combined results of both 
studies, the method was accorded First Action in 1997 (36). 


Salmonella 


In 1982 a rapid Salmonella detection procedure based on 
the HGMF was described (37). The method was subjected 
to collaborative study in 1984 and was granted official rec- 
ognition by AOAC in that same year (38). Over time, it 
became evident that the plating media used in the original 
HGMF method—namely, Hektoen Enteric Agar and Selec- 
tive Lysine Agar (SLA)}—were not adequately specific to 
Salmonella. As a result, SLA was redesigned to increase 
its selective and differential properties. The improved me- 
dium, EF-18 Agar, relied on a dual biochemical differential 
reaction: lysine decarboxylation and sucrose fermentation. 
Alkaline colonies (ie, lysine positive and sucrose negative) 
were considered to be presumptive positive Salmonella 
and were subcultured for confirmation. Acid colonies (ie, 
lysine negative or sucrose positive organisms) were dis- 
carded. 

EF-18 Agar was incorporated into the HGMF Salmo- 
nella method together with some relatively minor proce- 
dural changes. The improved method was subjected to ex- 
tensive in-house validation against the conventional 
AOAC Salmonella method in a study comprising nearly 
1000 naturally contaminated and inoculated food and feed 
samples (39). Overall, the HGMF method produced a false 
negative rate of 2.0% versus 1.9% for the reference method. 
The presumptive false-positive rate for the HGMF method 
was 0.3%, as compared with 8% for the reference method. 

Following this successful validation, an AOAC-spon- 
sored collaborative study of the method was organized. 
Thirty laboratories based in the United States and Canada 
took part, including both government and industry labs. 
The AOAC determined that the HGMF Salmonella 
method performance was statistically equivalent to that of 
the conventional AOAC Salmonella method, and awarded 
approval to the HGMF procedure (40). 


Aerobic Plate Count 


The HGMF aerobic plate count procedure has been an of- 
ficial method of the AOAC since 1985 (41) and is also a 
standard method of the American Public Health Associa- 
tion (42). The method consists of filtering a portion of sam- 
ple homogenate through the HGMF and incubating on 
Tryptone Soy Agar supplemented with fast green dye at 
35 to 37°C for 48 h. The method was subjected to extensive 
in-house validation (43), followed by an interlaboratory col- 
laborative study (41). Results obtained by the HGMF 
method were at least statistically equivalent to the con- 
ventional pour plate method counts in both the in-house 
and collaborative validation studies while the colony- 


retaining properties of the hydrophobic grid allow the an- 
alyst to forgo duplicate plating and testing several serial 
dilutions without sacrificing accuracy or reproducibility. 


Yeast and Mold Count 


Historically, yeast and mold enumeration, with its require- 
ment for a five-day incubation period, has been one of the 
slowest of the routine microbiology analyses to perform. 
Several attempts have been made over the years to shorten 
the incubation period by taking advantage of the ability of 
the HGMF to separate microorganisms from the food ma- 
trix and to confine the surface spread of colonies. 

The first effort, reported in 1982, consisted of incubating 
the HGMF on Potato Dextrose Agar and staining the filter 
with safranin solution at the end of the incubation period 
to provide contrast between the colonies and the surface of 
the membrane filter (27). The method was refined by Lin 
et al. (44), who incorporated trypan blue dye into the Po- 
tato Dextrose Agar. The trypan blue was taken up by both 
yeasts and molds, producing blue colonies against the 
white background of the membrane filter. After determin- 
ing that some molds would not develop visible colonies re- 
liably within 48 h on Potato Dextrose Trypan Blue Agar, 
Entis and Lerner developed a new culture medium, YM-11 
Agar, to optimize recovery of both yeasts and molds on the 
HGMF (45). YM-11 Agar enabled the enumeration of even 
slower growing yeasts and molds within a 50 + 2h incu- 
bation period at 25 + 1°C. The performance of YM-11 Agar 
was evaluated in a precollaborative study and then further 
validated in an AOAC-sponsored collaborative study. The 
two-day HGMF method using YM-11 Agar performed 
equivalently to the five-day Potato Dextrose Agar pour 
plate method in both studies. As a result, AOAC recognized 
this HGMF method in 1995 (46). 


Lactic Acid Bacteria 


In 1988 a rapid method for differential enumeration of Lac- 
tobacillus and Pediococcus from meat starter cultures was 
described (47). An improved selective-differential culture 
medium was used together with the HGMF to achieve a 
differential count even when one genus was present in 
fairly large excess relative to the other. This method en- 
abled confirmed enumeration of both genera in 48 h, as 
compared with a minimum of 72 h with the previous best 
method. 

More recently, the development of an analogous proce- 
dure for enumerating Lactobacillus bulgaricus and Strep- 
tococcus thermophilus in yogurt was reported (48). Once 
again, the colony-separating properties of the grid, to- 
gether with another newly designed culture medium, en- 
abled direct differential enumeration of the two different 
bacterial species on a single filter even at cocci-to-rod ratios 
from 20:1 to 1:5. 


Vibrio parahaemolyticus 


An overnight HGMF enumeration method for Vibrio para- 
haemolyticus was first reported in 1983 (49) and later 
refined (50). The improved method consisted of first incu- 
bating the HGMF on a sucrose-containing selective differ- 


ential agar for 16 to 18 h at 42°C. Sucrose-negative colonies 
(presumptive V. parahaemolyticus) were confirmed by re- 
moving the HGMF from the presumptive medium and 
placing it onto a secondary differential medium. Those 
squares producing typical reactions on both the primary 
and secondary media were counted as V. parahaemo- 
lyticus. 


Enzyme Labeled Antibody and Colony 
Hybridization Methods 


A number of researchers have taken advantage of the or- 
derly positioning of colonies on the HGMF to develop either 
research or analytical tools based on either enzyme labeled 
antibody (ELA) or colony hybridization. ELA-based meth- 
ods developed by Todd et al. (34) and by Doyle and Schoeni 
(33) for detecting or enumerating E. coli 0157:H7 have al- 
ready been mentioned. Peterkin et al. (51) developed a pro- 
cess for screening large numbers of DNA probes using 
HGMF. In addition, Kaysner et al. (52) reported on a DNA- 
DNA colony hybridization method to enumerate and dif- 
ferentiate V. parahaemolyticus and V. vulnificus, and Pe- 
terkin et al. (53) used a chromogen-labeled DNA probe to 
detect and confirm Listeria monocytogenes colonies on 
HGMF using a colony hybridization process. 

Several characteristics of the HGMF contribute to its 
excellent performance. Principal among these are the 
colony-retaining and separating properties of the hydro- 
phobic grid (23,27). The filter also serves as a passive sup- 
port, enabling bacterial colonies to be transported undis- 
turbed from one culture medium to another (32,54). 
Filtration often improves sensitivity of detection both by 
concentrating low levels of target organisms and by sepa- 
rating the organisms from any inhibitory materials (eg, 
preservatives, spice components) that might be present in 
the sample homogenate (27,54). The orderly grid array fa- 
cilitates colony counting, thus reducing a significant source 
of between-analyst variation (23,27,55). 

Numerous researchers have taken advantage of one or 
more of these HGMF characteristics to develop completely 
new procedures or to improve existing ones. It is inevitable 
that more uses will continue to be found for this highly 
versatile microbiological tool. 
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MEMBRANE PROCESSING 


Membrane technology was originally developed in 1960 for 
production of potable water from seawater and brackish 
water. The food industry has especially benefited from this 
technology because it is a gentle and efficient way of frac- 
tionating, concentrating, and clarifying components in liq- 
uid and gaseous streams. It is based on the use of semi- 
permeable membranes (membranes that are permeable to 
some components but not to others) to separate molecules 
primarily on the basis of size and, to a certain extent, on 
shape and chemical composition. For example, as shown 
in Figure 1, reverse osmosis (RO) can be used to concen- 
trate the solids in a liquid food, whereas nanofiltration 
(NF) membranes are designed to separate salts (primarily 
monovalent ions) from multivalent salts, sugars, and 
larger compounds. NF can also separate organic com- 
pounds by its degree of dissociation. Ultrafiltration (UF) 
can be used to fractionate components in the feed solution, 
whereas microfiltration (MF) is used to clarify slurries or 
remove suspended matter. 

In addition, pervaporation (PV) separates liquid 
mixtures by partial vaporization through a membrane 
(Fig. 2). It is an enrichment technique similar to distilla- 
tion, but it uses a membrane that is permeable either to 
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Figure 1. Definition of pressure-driven membrane processes. 
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water or selected organic compounds in vapor form. The 
driving force is maximized by application of low pressure 
to the permeate side of the membrane (eg, a vacuum), com- 
bined with immediate condensation of permeated vapors. 

Electrodialysis (ED) is the transport of ions through the 
membranes as a result of the application of direct electric 
current (Fig. 2). Only ionic species are transferred directly; 
thus ED can separate ionic species from nonionic compo- 
nents, so that both concentration and purification are pos- 
sible. It is used mainly as a desalting technique. 

Membrane technology requires less energy than many 
other dewatering techniques. Whereas open-pan evapora- 
tion may need over 600 kW h/ 1000 kg water removed and 
a five-effect evaporator requires 37-53 kW h/1000 kg, re- 
verse osmosis for desalination requires 5-20 kW h/1000 kg 
water removed (1,2). In addition, no extremes of tempera- 
ture are required as with evaporation and freeze concen- 
tration, thus preventing damage to heat-sensitive food 
components. 

The technology is very simple. The membrane is assem- 
bled in a module, and the feed stream is pumped through 
the module over the membrane surface in a cross-flow 
mode (Fig. 3). The pressure gradient across the membrane 
forces solvent and solute molecules smaller than the pores 
on the membrane surface through the membrane into the 
permeate stream, while larger solutes are retained in the 
retentate stream. 


IMPORTANT FACTORS 


Several factors must be taken into account when consid- 
ering a membrane process for a particular application: 
membrane material, membrane properties, module de- 
sign, engineering factors, fouling and cleaning, and process 
design (1). Membranes have been made from more than 
150 different polymers or inorganic materials, although 
fewer than 30 have achieved widespread commercial use. 
The majority of materials have been used for MF mem- 
branes and much fewer have worked successfully for RO, 
PV, and ED. Cellulose acetate and derivatives are still 
widely used for pressure-driven processes, despite their 
limitations of pH (generally usable only at pH 2-8) and 
temperature (not higher than 30°C). Thin-film composite 
membranes, containing a polyamide separating barrier on 
a polysulfone or polyethylene supporting layer, generally 
give better performance for RO and NF applications. Poly- 
sulfone, polyethersulfone, polyvinylidine fluoride, and 
polyacrylonitrile membranes are most common in UF and 
MF. MF membranes are also available in inorganic mate- 
rials (alumina, zirconia/carbon composites, carbon/carbon 
composites, and stainless steel). Inorganic membranes 
have considerably widened the range of membrane appli- 
cations, particularly in waste treatment, recovery and re- 
use of chemicals, and biotechnology applications where 
high temperature, acid and alkali stability, steam steril- 
izability, and cleanability are important. 

Pore size is the most important property of a mem- 
brane. In reality, there is a distribution of pore sizes, which 
makes it difficult to get sharp or clean separations of mol- 
ecules with membrane technology. Other factors affecting 
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Figure 2. Schematic of electrodialysis and perva- 
poration. 


Feed Retentate 


Permeate 


Figure 3, Typical flow diagram of a membrane process. 


separation are the shape of the molecule; the presence of 
other solutes of similar size; operating parameters such as 
pressure, cross-flow rate, and temperature, and the micro- 
environment (1). 

There are six different basic designs of membrane mod- 
ules: tubular (with channel diameters >3 mm), hollow fi- 
ber or capillaries (self-supporting tubes, usually <2 mm 
id.), plates, spiral-wound, pleated sheets, and moving 
modules (1). The selection of a particular design depends 
on (1) the physical properties of the feed stream and reten- 
tate, especially viscosity and osmotic pressure; (2) particle 
size of suspended matter in the feed; (3) fouling potential 
of the feed stream, and (4) sanitary design, cleanability, 
and sterilizability. 


FOOD APPLICATIONS 


On a worldwide basis, the dairy industry is probably the 
largest user of membrane technology in food processing. 
RO is used as a preconcentration step prior to evaporation, 
NF is used for desalting cheese whey, ED is used for de- 
salting milk and whey, and UF is used for purifying whey 
proteins from cheese whey to produce whey protein con- 
centrates. UF is also used in the manufacture of cheese by 
preconcentrating the protein and fat to a level close to that 
normally found in the finished cheese. This precheese is 
then converted to cheese by conventional cheesemaking 
methods with appropriate modifications. The advantages 
of the UF method are that higher yields are obtained (10- 
30% in some cases) due to retention of whey proteins in 
the final cheese; the amount of enzyme required may be 
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lower; and volume of milk to handle in the cheese vats is 
reduced and less whey is produced (although the milk per- 
meate still needs to be disposed of). The UF method has 
been especially useful with soft cheeses. 

MF is used for defatting and clarifying whey prior to 
ultrafiltration. MF is also used to reduce the microbial load 
of milk to extend the shelf life of pasteurized milk and the 
quality of cheeses. 

The second-biggest use of membrane technology is for 
fruit juices, where UF and MF have been used in the man- 
ufacture of clear juices such as apple, pear, pineapple, kiwi, 
grape, lemon, lime, and cranberry. The goal is to replace 
the conventional holding, filtration, and decanting steps 
and perhaps the final pasteurization step. This has re- 
sulted in higher yields; improved juice quality due to re- 
moval of pectins, polyphenol oxidase, and tannin-protein 
complexes; elimination of filter-aid and fining agents; and 
much lower processing costs. Concentration of fruit juices 
by reverse osmosis to high levels (>42 Brix) using a com- 
bination of high-rejection and low-rejection RO mem- 
branes has been commercialized but is not widespread. 

Other food applications include production of vegetable 
protein concentrates and isolates (eg, from soybeans), con- 
centration of eggs prior to dehydration, processing of ani- 
mal products such as blood and gelatin, refining of sugars 
and syrups, removal of yeast from beer and wine, and de- 
gumming vegetable oils. It is increasingly being used in 
waste treatment and recovery and reuse of chemicals such 
as acid and alkaline cleaners that are used for cleaning 
food equipment. 
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MICROBIOLOGY OF FOODS 


Food microbiology is the study of all aspects of microbial 
actions on food and food products, both directly and indi- 
rectly related to the welfare of mankind. Topics included 
in food microbiology are history of food microbiology, num- 
ber and kinds of microbes in foods, intrinsic and extrinsic 
parameters of foods, methodologies, food spoilage, food 
preservation, and food-borne pathogens. 

All living things smaller than 0.1 mm in diameter are 
classified as microorganisms because they are too small to 
be seen by the naked eye. Although human beings sus- 
pected the existence of these microbes for a long time, the 
real beginning of the field of study of microorganisms 
started when Antonie van Leeuwenhoek (1632-1723), a 
Dutch amateur lens grinder, reported the observation us- 
ing his lens of many animalcules. He reported his obser- 
vations to the Royal Society of London and described the 
microbes accurately, including bacteria (rod, sphere, and 
spiral), protozoa, and yeasts. Because he did not train any 
students to follow his work, no one really mastered his 
technique of lens grinding for the observation of microbes. 
His work was confirmed by Robert Hooke in 1678 using a 
compound microscope. No noticeable advancement in mi- 
crobiology occurred until the middle of the 1800s. 

The first major development in microbiology centered 
around the controversy over the theory of spontaneous 
generation. In Greek mythology humans were able to cre- 
ate life. People believed that animals could originate from 
the soil, maggots could be produced by exposing meat to 
warm air, and so on. Francesco Redi (1626-1697) showed 
that when gauze was placed over a jar containing meat, no 
maggots formed because flies were not allowed to contact 
the meat. Gradually the idea of life being generated from 
nonliving things was discarded by those performing exper- 
iments on the subject. However, this topic still lingered in 
the minds of many. 

With the discovery of microbes the controversy rekin- 
dled. People questioned where these microbes came from. 
One camp believed that microbes occurred spontaneously, 
and the other camp believed that microbes were developed 
from other microbes and that life cannot come from non- 
living matter. In the process of proving or disproving the 
theory of spontaneous generation, several important is- 
sues concerning microorganisms were raised and some ex- 
perimental procedures were developed. John Needham in 
1749 observed microorganisms in putrefying meat and ex- 
plained this as evidence of spontaneous generation. Laz- 
zaro Spallanzani boiled beef broth, sealed the flasks, and 
observed that no microorganisms developed in the broth. 
The pro-spontaneous generation camp proposed that ex- 
clusion of air prevented spontaneous generation. The con- 
spontaneous generation camp indicated that microorgan- 
isms in the air were the source of contamination in faulty 
experiments. By heating the air or trapping the microor- 
ganisms with heat-treated cotton, no microorganism would 
develop in heated broth even if the air was allowed to come 
in contact with the broth. The pro-spontaneous generation 
camp insisted that heat destroyed some vital force that 
prevented the development of life forms. Finally Louis Pas- 
teur, using his famous goosenecked flask, showed thateven 
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unheated air, when allowed to contact heated broth, will 
not result in the development of microorganisms as long 
as the particles in air were allowed to settle at the bottom 
of the U-shaped neck of the flask. Disproving the theory of 
spontaneous generation was essential for the development 
of microbiology because this allowed scientists to observe 
microbiological events in sterile media with known inocu- 
lated cultures free from the uncertainties of some un- 
known living agent that might spontaneously develop in 
the media. 

With his disproving of the theory of spontaneous gen- 
eration, Pasteur introduced the field of fermentations and 
food microbiology. Since ancient times people have pro- 
duced wine, beer, bread, and other fermented products 
without knowing the exact reason for the development of 
such foods. Pasteur was involved with fermentation be- 
cause of the occurrence of spoilage in wine at that time in 
France. He started the project by first proving that alco- 
holic fermentation of grapes, fruits, and grains was the 
result of organisms he called ferments. He showed that 
good wine batches had certain types of ferment and bad 
batches had other types of ferment. By heating juice at 
63°C for 30 min he could kill the bad ferments, and after 
cooling the juice he could consistently produce satisfactory 
wine by inoculating ferments from good wine batches into 
the juice. Not only did he solve the problem of wine disease, 
but he also developed the process of pasteurization of food 
and drink. In the process of these studies he discovered 
that some organisms can grow in the absence of air. His 
work resulted in the scientific understanding of food fer- 
mentation and thus greatly improved the quality of fer- 
mented food products. The value of his study was that he 
showed the direct relationship between activities of a spe- 
cific microorganism in the development of a specific prod- 
uct (i.e., good yeasts acting on pasteurized grape juice un- 
der proper conditions will result in wine). 

The precise time at which humans started to realize the 
role of microbes in food products cannot be determined. 
However, it is safe to assert that humans noticed the re- 
sults of microbial action such as spoilage of food and food 
poisoning early in the history of food-gathering and food- 
producing periods. Humans experienced and noticed the 
changes occurring in foods without knowing the reasons 
behind such activities until the development of the science 
of microbiology. The real beginning of food microbiology co- 
incided with the development of microbiology, especially 
Pasteur’s work on food fermentation processes. Early stud- 
ies in food microbiology centered on dairy bacteriology. 
Only about 20 years ago did the field of food microbiology 
become a recognized field. Today it has a great impact on 
issues such as food safety, genetic engineering of new food 
products, methodologies in applied microbiology, food tech- 
nology, and preservation technologies. 


NUMBERS AND KINDS OF MICROBES IN FOODS 


The number and kinds of microbes in foods depend greatly 
on the food products and the conditions under which they 
are stored or processed. The microbial profiles of raw food 
products and processed products are completely different 
and pose different sets of problems in terms of food- 
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spoilage potential and food-safety issues. In general, raw 
food products tend to have a heterogeneous population, 
whereas processed food usually contains those organisms 
that can survive the processes and subsequent storage con- 
ditions. Microorganisms are very small, and when they oc- 
cur in foods they may be in the millions per gram, milliliter, 
or square centimeter. A convenient guide for categorizing 
microbial loads on meat surfaces is as follows: microbial 
load on meat surface is considered low when the count is 
0-2 log colony-forming units (cfu)/cem?; intermediate, 3-4 
log cfu/em?; high, 5-6 log cfu/em”; and very high, 7 log cfu/ 
cm? (1). Using this guide, samples with 0-4 log cfu/em? 
would be considered as acceptable; samples with 5-6 log 
cfu/em® would be considered questionable; and samples 
with 7 log cfu/em? and above would be considered unac- 
ceptable from a food-spoilage standpoint. Generally, 7 log 
cfu/g, mL, or cm? is considered the index of spoilage, be- 
cause food will exhibit odor, slime, or both at counts above 
7.5 log cfu/g, mL, or cm. This guide does not include iden- 
tification of potential pathogens in foods such as Salmo- 
nella, Staphylococcus aureus, or Clostridium perfringens. 
The number of microorganisms in food is usually moni- 
tored by putting a known volume of liquid, weight of solid, 
or surface area sample into a sterile liquid diluent (usually 
a buffered liquid) and then appropriately diluting the sam- 
ple such that when the sample is placed in a petri dish the 
number of organisms in the petri dish is in the range be- 
tween 25 and 250. The agar medium used to grow com- 
monly occurring microorganisms is called the standard 
plate count agar. A count is always converted to per mil- 
liliter, gram, or cubic centimeter for ease of comparison of 
data from laboratory to laboratory. The result provides 
only a count of all organisms that can grow in this agar 
under the time and incubation temperature (usually 48 h 
at 32°C), A differential count can also be made. By using 
different agars specifically designed for specific organisms, 
one can make a specific count, such as a coliform count by 
using a violet-red bile agar. This agar contains inhibitory 
compounds such that other organisms cannot grow, and 
when coliform organisms grow they will exhibit a charac- 
teristic color, shape, and size in the agar. By developing a 
variety of differential agars, scientists can monitor the oc- 
currence of different types of organisms in food products 
and can make a Staphylococcus aureus count, a lactobacil- 
lus count, a Clostridium perfringens count, and so on. 
These types of differential counts give the food microbiol- 
ogist a clearer picture of the specific population of microbes 
in certain food products. One of the concerns of food micro- 
biologists is the recovery of injured cells by heat, cold, acid, 
base, radiation, and the like. On a nonselective agar the 
injured cells can grow due to rich nutrients. On a selective 
agar, however, many injured cells cannot grow due to 
added stress of the selective agents. Recently in the au- 
thor’s laboratory D. H. Kang and D. Y. C. Fung developed 
a procedure called thin agar layer method where a layer of 
nonselective agar was placed on top of a solidified selective 
agar. When injured cells are plated on top of the nonselec- 
tive agar, they can repair and later will not be affected by 
the selective agents of the selective agar. With this method 
injured Salmonella, Escherichia coli 0157:H7, and Listeria 
monocytogenes were recovered efficiently using special se- 


lective agar, while other nontarget organisms, such as 
Pseudomonas, could be differentiated on the same plate. 

To pinpoint the exact organism in a food product, a food 
microbiologist must take a colony and purify it, then per- 
form a variety of morphologic, biochemical, and physiologic 
tests to ascertain the genus and species of the microorgan- 
ism in question. The identification scheme would include 
morphology (rod, sphere, spiral, fruiting bodies), gram re- 
action (gram-positive or gram-negative), biochemical tests 
(carbohydrate fermentation, enzyme production), pigment 
production (yellow, red, blue, black, gray, green, etc.), nu- 
tritional requirements (organic, inorganic, complex, sim- 
ple), temperature requirements (psychrophiles, 0-10°C; 
mesophiles, 10-45°C; thermophiles 45-75°C; and psychro- 
trophs, 0-30°C), pH requirements, fermentation products 
(acid, alcohols, etc.); antibiotic sensitivity, gas requirement 
(aerobic, anaerobic, facultative); pathogenicity, and serol- 
ogy (serotyping with specific antibodies). 

After these tests are made, the food microbiologist can 
determine the exact nature of the organism in terms of 
genus and species. In many instances the number of spe- 
cific pathogens in food is quite small. For example, there 
may be only 10 Salmonella among hundreds and thou- 
sands of other organisms in a food product, yet the food 
microbiologist must be able to detect them. To achieve this, 
food microbiologists have developed many elaborate preen- 
richment, enrichment, and selective-enrichment proce- 
dures so that target organisms (eg, Salmonella) will grow 
while other organisms are suppressed. For each target or- 
ganism a separate scheme is developed. Consult the “Gen- 
eral References” section at the end of this article for de- 
tailed information on methodologies in food microbiology. 

The kind of microorganisms in food depend on the food 
and the conditions under which the food was made, pro- 
cessed, or stored. Microorganisms in food can be classified 
as: 


Bacteria. Bacteria are unicellular organisms ranging in 
size from 0.1 to 2.0 um and occurring in rod, spherical, 
or curved shapes. They divide asexually by binary fis- 
sion. Although no sexual stage occurs, bacteria can ex- 
change genetic information from one to another. 
Yeasts. Yeasts are unicellular fungi occurring singularly 
with round or oval shape. Asexual reproduction is by 
budding, and sexual reproduction is by sexual spores. 
Molds. Molds are multicellular filamentous fungi, 
highly structured and organized in morphology. Repro- 
duction is by sexual and asexual stages. They usually 
grow so profusely that humans can see them on foods 
(fuzzy masses) without magnification. 

Viruses. Viruses are submicroscopic entities that cannot 
reproduce without a living host. They occur with a pro- 
tein coat enclosing a coil of DNA or RNA material. They 
can infect bacteria, plants, and animals. The shapes and 
sizes vary greatly among different groups of viruses. 


BACTERIA 


Bacteria of interest in food microbiology can be divided into 
the groupings discussed next. 


Lactic Acid Bacteria 


These are gram-positive, non-spore-forming bacteria pro- 
ducing lactic acid as the major or sole product of fermen- 
tation. As a group they are important in food spoilage be- 
cause they cause souring and discoloration. However, they 
are also very important in pickling, cheese making, fer- 
mented dairy products, and silage technologies. The major 
genera of lactic acid bacteria include Streptococcus, Lac- 
tococcus, Enterococcus, Pediococcus, Leuconostoc, and Lac- 
tobacillus. 

Streptococcus species such as S. lactis, S. cremoris, S. 
thermophilus, and S. diacetilactis are important starter 
cultures in the dairy industry. Some Streptococcus are 
pathogenic, such as S. pyogenes and S. faecalis. The dairy 
Streptococcus cultures are named Lactococcus and fecal 
Streptococcus cultures are named Enterococcus. 

Pediococcus produces large quantities of lactic acid and 
is very important as a starter culture in the curing of meat. 

Leuconostoc produces gas as well as slime in the pres- 
ence of sugar. Although they are important spoilage organ- 
isms, they are also important producers of flavor com- 
pounds in dairy products. 

Lactobacillus is a heterogeneous group of organisms 
consisting of slender, gram-positive rods. One group is 
homofermentative (producing large quantities of lactic 
acid) and another group is heterofermentative (producing 
acid and gas). Lactobacillus species are important in 
dairy, meat, and silage fermentation but are undesirable 
as spoilage organisms because of the production of large 
quantities of lactic acid in a variety of food products dur- 
ing storage. 


Aerobic, Gram-Positive Catalase-Positive Cocci 


Aerobic, gram-positive catalase-positive cocci occur in 
pairs, short chains, or clusters. They produce catalase (a 
very active enzyme) and form acid from carbohydrate. 
Some of them are quite heat resistant and salt tolerant and 
produce a variety of colors in food and culture media. 
Among them are important food pathogens and spoilage 
organisms. 

Micrococcus species are aerobic, gram-positive cocci oc- 
curring widely in nature. Many species can grow under 
refrigeration and on inadequately sanitized equipment. 

Staphylococcus is an important genus of gram-positive 
cocci. This is a facultative anaerobic organism that occurs 
widely in nature and on human skin. These bacteria pro- 
duce a variety of extracellular enzymes and metabolites. 
The most important metabolite they produce is a group of 
heat-stable toxins called enterotoxins, which are the 
agents of staphylococcal intoxications. Once formed in 
food, these toxins are very difficult to destroy. Boiling for 
1h will not destroy the toxins but will kill the pathogens 
easily. The organism is salt tolerant and can spoil a variety 
of foods besides being an important food pathogen. 


Spore-Forming Bacteria 


The two important spore-forming bacteria in food micro- 
biology are Bacillus and Clostridium. 
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Bacillus is a gram-positive, aerobic spore-forming bac- 
teria. It occurs widely in nature and in soil. It forms large 
spores. Bacterial spores are highly resistant to all forms of 
food-processing techniques that usually kill vegetative 
cells. Bacillus possesses a wide range of physiologic activ- 
ities, including fermentation of sugar, peptonization of pro- 
tein, hydrolysis of starch, and rennin coagulation of milk. 
Bacillus anthracis is an important animal pathogen. Many 
Bacillus species are environmental contaminants and en- 
ter the food chain through air, water, and surface contacts. 
Some important Bacillus species are B. subtilis, B. cereus, 
and B. stearothermophilus. B. cereus has been implicated 
as a foodborne pathogen that produces an emetic toxin 
causing vomiting and a diarrheal toxin causing diarrhea 
in susceptible persons who consume contaminated food. 

Clostridium species are gram-positive, anaerobic spore 
formers. Some are highly anaerobic and can be killed in 
the presence of molecular oxygen, whereas others are aero- 
tolerant. Important species in food spoilage include C. bu- 
tyricum, C. putrefaciens, and C. sporogenes. From the 
standpoint of food safety, C, botulinum is the most impor- 
tant because it produces a group of highly toxic protein 
toxins called botulin. These toxins are responsible for the 
often fata] disease called botulism. The canning industry 
has spent millions of dollars designing time and tempera- 
ture treatments aimed specifically at killing the spores of 
this organism in canned goods. Fortunately, the toxin is 
heat sensitive. Boiling the toxin for 10 min will render it 
inactive. 

Another species of Clostridium important in food micro- 
biology is C. perfringens. Although this organism is less 
toxic than C. botulinum, C. perfringens accounts for about 
one-fifth of all food-poisoning cases in the United States 
annually. It produces a toxin that causes a mild diarrhea 
in human intestines after consumption of a large number 
(in the millions) of C. perfringens in foods such as meat and 
gravy. 


Gram-Positive irregularly Shaped Bacteria 


Among the group of bacteria that have irregular shapes 
and are gram-positive is Propionibacterium, which is a 
small, anaerobic, pleomorphic rod (cell with irregular 
shapes). P. shermanii is the organism responsible in form- 
ing the eyes in Swiss-type cheeses. It also imparts desir- 
able flavor in cheese fermentation. Corynebacterium is a 
pleomorphic rod arranged in Chinese letter morphology 
when observed under the microscope. Most of the species 
are environmental contaminants. C. diphtheriae is the 
agent responsible for diphtheria in humans. Microbacter- 
ium is a small, aerobic, heat-resistant rod. It can with- 
stand 80°C for 10 min and is important in the spoilage of 
vacuum-packaged meat products. 


Gram-Negative Polarly Flagellated Bacteria 


From the standpoint of food spoilage, Pseudomonas is 
considered one of the most important organisms. This 
gram-negative organism is a prolific metabolizer of organic 
compounds. The organism can grow in refrigerated tem- 
peratures (psychrotrophic) and form slime, fluorescent 
compounds, and pigments in cold-stored foods. It is re- 
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sponsible for the spoilage of chicken, meat, fish, vegetables, 
and all kinds of foods kept in cold storage. Because it is 
aerobic it usually is not responsible for the spoilage of 
canned or vacuum-packaged foods. 

Acetobacter is also a member of this group of gram- 
negative bacteria. This organism oxidizes alcohol to acetic 
acid. In making vinegar it is desirable; however, in making 
wine it is the most important organism causing souring. 
Photobacterium can cause phosphorescence of meat and 
fish when incubated in suitable conditions. Halobacterium 
can grow in salt concentrations as high as 30%. It can pro- 
duce pigments and spoil salty fish. 


Gram-Negative Short Rods 


The heterogeneous group of organisms consisting of gram- 
negative small rods, when motile, possess peritrichous (all- 
over-the-cell) flagella. They are facultative anaerobes 
that are found in water, soil, human and animal environ- 
ments, and the food chain. Some of the organisms are 
exceedingly important in food microbiology. Many of 
them are food pathogens and food-spoilage organisms. The 
most important family in this group is the Enterobacteri- 
aceae. According to the newest classification there are 14 
genera in this family: Escherichia, Shigella, Salmonella, 
Citrobacter, Klebsiella, Enterobacter, Erwinia, Serratia, 
Hafnia, Edwardsiella, Proteus, Providencia, Morganella, 
and Yersinia. 

Escherichia is a true fecal coliform; the type species is 
the well-known E. coli. This organism has been used as an 
indicator of fecal contamination. Its presence indicates the 
potential presence of other, more pathogenic enteric organ- 
isms and is highly undesirable. Recently the serotype, E. 
coli 0157:H7, has been the source of many major out- 
breaks involving hundreds of people and resulting in 
deaths. Major recalls of foods (up to 25 million lb of ground 
beef) were also made because of contamination by this or- 
ganism. £. coli 0157:H7 is now considered a food adulter- 
ant and is the cause of many food-safety regulations. E. 
coli is the most monitored organism in food and water mi- 
crobiology. 

Salmonella is an organism of great concern to the food 
industry. It is ubiquitous in the animal population and es- 
pecially in poultry flocks. Some raw poultry products har- 
bor Salmonella; thus all poultry products should be well 
cooked before consumption. The organism, when con- 
sumed in large number (1 million), can cause a disease 
called salmonellosis, which includes vomiting, nausea, di- 
arrhea, chills, and fever. Mortality can occur in the very 
old, the very young, or the immunocompromised. More 
than 2,000 serotypes of Salmonella are reported. Many 
new rapid methods are now being developed to detect this 
organism in about 1 day. The conventional method takes 
about 5 to 7 days. 

All members of the Enterobacteriaceae are potentially 
pathogenic, A more thorough discussion of bacterial path- 
ogens is recorded in a different section of this volume (see 
the articles FOODBORNE DISEASES and RAPID METHODS OF 
MICROBIOLOGICAL ANALYSIS). It is important to note that 
occurrence of members of the Enterobacteriaceae in food 
is generally undesirable. Proper food handling will prevent 


or retard their growth and keep food safer for the consum- 
ers. 
It should be noted that the naming of bacteria is a dy- 
namic process in a constant state of revision and updating 
as new research demands. Consult Bergey’s Manual of De- 
terminative Bacteriology, 9th edition (2) for the current ge- 
nus and species names of bacteria of interest. 


YEASTS AND MOLDS 


In general, yeasts and molds are considered spoilage or- 
ganisms in food microbiology. When conditions are not fa- 
vorable for the growth of bacteria, yeasts and molds will 
take over and spoil the food items. For example, in citrus 
foods the pH is too low for bacterial growth, so yeasts and 
molds are more active in spoiling those foods. Another ex- 
ample is dry goods. Bread is spoiled by mold more easily 
than by bacteria because molds can grow with much less 
water than can bacteria. 

The only real food-poisoning concern of molds is the pos- 
sible production of mycotoxins and aflatoxins by some 
molds such as Aspergillus flavus and A. paraciticus. Some 
of these compounds are carcinogenic and thus are of con- 
cern to regulatory agencies. In the area of food fermenta- 
tion, yeasts and molds are of great importance because a 
large variety of fermented foods are produced by direct or 
indirect activities of yeasts and molds (see the article Foop 
FERMENTATION). 


INTRINSIC AND EXTRINSIC PARAMETERS OF FOODS 


All foods possess a set of conditions called intrinsic param- 
eters. These parameters can be influenced by another set 
of conditions called extrinsic parameters. Together, these 
two groups of parameters have great influence on the num- 
ber and kinds of microorganisms occurring in and on a food 
and their physiologic activities. Intrinsic parameters of 
food include pH, moisture, oxidation-reduction potential 
(presence or absence of oxygen), nutrient content, occur- 
rence of antimicrobial constituents, and biologic struc- 
tures. 

All microorganisms have a minimum, maximum, and 
optimal pH tolerance; a moisture requirement; an oxygen- 
tension requirement; and a nutrient requirement. By 
knowing these parameters, one can predict the presence 
and growth potential of specific microorganisms in certain 
types of foods. A pH of 4.5 is considered the demarcation 
line between acidic foods (<pH 4.5) and basic foods (>pH 
4.5). Yeast and molds can grow down to pH 1 whereas bac- 
teria cannot grow below pH 3. Thus acidic foods such as 
citrus fruits and carbonated soft drinks will be spoiled 
more by yeasts and molds than by bacteria. On the other 
hand, in a more basic food (>pH 4.5) bacteria will outgrow 
yeasts and molds owing to their higher metabolic rates in 
a favorable growth environment. Moisture content is an- 
other important parameter. This is usually expressed as 
water activity (A,,). Most moist foods are in the range of 
0.95 to 1.00 A,,). When the A,, drops to 0.9, most spoilage 
bacteria reach their minimum level. Most spoilage yeasts 
have their minimum at 0.88, and molds have theirs at 0.80. 


Thus in dry food products yeasts and molds grow much 
better than bacteria, and in moist food bacteria will out- 
grow yeasts and molds. The role of oxygen tension in and 
around food also has a great impact on the type of organ- 
isms growing there. Bacteria can be aerobic, anaerobic, or 
facultative anaerobic, so they can grow in a variety of ox- 
ygen levels (although different types will grow in different 
oxygen-tension environments). Yeast can grow both aero- 
bically and anaerobically. Most molds, however, cannot 
grow anaerobically. In a properly vacuum-packaged 
food, for example, one should not find mold growing. 
The amount of oxygen measured in terms of oxidation- 
reduction potential also dictates the types of bacteria that 
can grow in the food. Disrupting the oxygen tension of a 
food (e.g., grinding a piece of meat to make ground beef 
from a steak) makes it easier for aerobic organisms to spoil 
the food. 

Nutrient content (water; source of energy for metabo- 
lism; source of nitrogen, vitamins, and growth factors; and 
minerals) of different foods will support different types of 
microbes. In general, a food nutritious for human con- 
sumption is also a good source of nutrients for microbes. 
Some foods have natural antimicrobial compounds, such 
as eugenol in cloves, allicin in garlic, and lysozyme in egg, 
that can suppress the growth of some microbes. Biologic 
structures of some foods are also important for the preven- 
tion of microbial invasion. An example is the skin of an 
apple. When the apple is bruised, microbes can easily enter 
the fruit and spoil it. 

Extrinsic parameters of food also play an important role 
in the activities of microbes. Temperature of storage 
greatly influences the growth of different classes of mi- 
crobes. The amount of moisture in the environment (rela- 
tive humidity) also influences the absorption of moisture 
or the dehydration of the food during storage and thus also 
influences the growth of different organisms. Varying the 
gaseous environment in storage will also change the types 
and growth rates of different organisms during storage of 
the food items. And last, the length of time of food storage 
also influences the spoilage potential by microbes in the 
food. 

Thus intrinsic and extrinsic parameters of food are of 
great concern to food microbiologists. Skillful manipula- 
tion of these parameters by food microbiologists will result 
in more stable, more nutritious, fresher, and safer foods for 
the consumer. 


FOOD-PRESERVATION TECHNIQUES 


Food-preservation techniques can be grouped under dry- 
ing, low-temperature freeze-drying, high-temperature, ra- 
diation, and chemical treatments. The technologies of 
these processes are recorded in other articles in this en- 
cyclopedia. In this article only their effects on microorgan- 
isms are discussed. 

Drying is the most widely used method of food preser- 
vation in the world. Meat, fish, cereals, fruits, and vege- 
tables are dried and preserved for a long time. Controlled 
dehydration and sun drying of foods removes water from 
foods so that microorganisms cannot grow. This process 
does not sterilize the food, so when water is reintroduced 
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(rehydration), microbial growth may resume and may re- 
sult in spoilage of food. Spores of bacteria and mold are 
known to survive for long periods (months and years) in 
dried foods. 

Low-temperature preservation of food is based on re- 
tardation of enzymatic activity of microbes. As tempera- 
ture decreases, the enzymatic activity of microbes also 
decreases and eventually stops at around freezing tem- 
perature and below. Freezing will kill approximately 10% 
of the initial microbial population, but the remaining popu- 
lation can survive for a long time (years). Refrigeration 
temperature (0-10°C) will retard growth of most organ- 
isms; however, a group of organisms called psychrotrophs 
will grow slowly under refrigeration temperature and may 
eventually spoil the cold-stored food. Psychrotrophic bac- 
teria (Pseudomonas, Micrococcus, etc.), yeasts (Candida, 
Debaryomyces, etc.), and molds (Penicillium, Mucor, etc.) 
can spoil foods under prolonged storage. Although most 
psychrotrophs are nonpathogenic, some pathogens such as 
C. botulinum and Listeria monocytogenes have been found 
to grow at or around 4 to 6°C. Freeze drying or lyophili- 
zation of foods depends on the unique property of water— 
the triple point of water. Food is first frozen and then a 
vacuum is applied to sublime the water out of the food 
mass. Freeze-dried foods need not be refrigerated because 
microorganisms cannot grow without water. However, re- 
hydrated food will have the same spoilage potential as the 
original food. Freeze drying does not kill microorganisms 
effectively. In fact, freeze drying is the best method to pre- 
serve bacterial cultures. 

High-temperature preservation depends on heat coag- 
ulation of proteins and enzymes, thus killing microorgan- 
isms. Pasteurization, a form of high-temperature preser- 
vation, usually refers to treatment of food at 63°C for 30 
min or 72°C for 15 s. These time and temperature combi- 
nations are designed to kill most vegetative cells in milk, 
especially Mycobacterium tuberculosis and Coxiella bur- 
netti. Thermoduric organisms are those that can survive 
pasteurization and later grow and spoil the pasteurized 
food. To reach sterilization temperature, food must be 
cooked under pressure in sealed containers using 121°C 
for 1 min as 1 sterilization unit. This is the practice used 
in commercial canning. The purpose is to achieve time and 
temperature combinations such that the most heat- 
resistant spores of C. botulinum are destroyed in the spe- 
cific food item being canned. Commercial canning has an 
excellent record of safety. Improper home canning is the 
major source of botulism due to toxins produced by C. bot- 
ulinum that survive the improper heating and sealing pro- 
cedures in canning. 

Radiation treatment of food is of two types: ionizing ra- 
diation and nonionizing radiation. Ionizing radiation such 
as a, f, y, and X ray kill microorganisms by breaking 
chemical bonds of essential macromolecules such as DNA 
(target theory) or by the ionization of water, which results 
in the formation of highly reactive free radicals such as 
HO or H,0~ capable of splitting chemical bonds in the 
microorganisms. Ionizing radiation destroys microorgan- 
isms without generation of heat, and thus it is called cold 
sterilization. Interest in radiation preservation of food has 
been fluctuating in the past 30 years. Recently interest has 
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resurged on an international scale in the use of radiation 
for food preservation. In 1999, U.S. approved levels of ra- 
diation in foods are 1.5 to 3.0 kGy for poultry (fresh or 
frozen) and 4.5 kGy max for fresh red meat and 7.0 kGy 
max for frozen red meat (1 Gy = 100 rad; 1 kGy = 
1000 Gy). 

Nonionizing radiation includes UV treatment and mi- 
crowave treatment. UV has poor penetration and thus is 
used only for surface decontamination. Microwave treat- 
ment of food has gained great popularity. It is estimated 
that 75% of the homes in the United States have a micro- 
wave oven. The waves at 2540 MHz when applied to foods 
bound back and forth and create vibration of asymmetric, 
dielectric molecules (such as water), which generates heat. 
This heat cooks food as well as kills microorganisms. There 
may exist some as yet unexplained mechanism of micro- 
wave destruction of microorganisms besides purely the ef- 
fect of heat (3). Microwave cooking will continue to be an 
important method for homes and institutions, and it is an 
effective means of destroying microorganisms in foods as 
long as the food is given enough microwave exposure time. 

Chemicals are used to kill organisms (bactericidal) or to 
prevent them from growing (bacteriostatic). Many chemi- 
cals are used to treat equipment and the environment such 
as sanitizers, disinfectants, strong acids and bases, and 
halogens. In terms of food science, the subject of food 
additives is of great interest. Food additives are com- 
pounds added to foods for purposes such as improvement 
or modification of flavor, texture, rheology, color, pH 
change, water-holding capacity, and emulsification. Some 
of these compounds (lactic acid, acetic acid, propionic acid, 
sorbate, etc.) are used as preservatives because they can 
kill microorganisms in foods. Compounds approved for use 
in foods are controlled by the Food and Drug Administra- 
tion and are listed on the generally recognized as safe 
(GRAS) list and periodically updated (4). 

There are many recent developments in methodologies 
pertaining to food microbiology. Rapid methods and auto- 
mation in microbiology have been the subject of many na- 
tional and international symposia. The four major devel- 
opments are miniaturization of conventional procedures 
and development of diagnostic kits, such as Fung’s mini 
systems, API, Enterotube, Spectrum 10, IDS, Minitek, 
MicroID, and Biolog; modification of viable cell count pro- 
cedures, such as 3M Petrifilm, Redigel, Isogrid, Spiral Sys- 
tem, and DEFT test; development of alternative ap- 
proaches for the estimation of microbial populations, such 
as the use of adenosine triphosphate, electrical impedance 
or conductance, microcalorimetry, or radiometry to indi- 
rectly measure biomass (bacteria, yeasts, and molds) in 
food products; and identification of microbes by novel and 
sophisticated instruments and procedures, such as Vitek 
system, DNA Probe (Genetrak), polymerase chain reaction 
(POR), ribotyping, ELISA (Organon Teknika, Tecra), mo- 
tility enrichment (BioControl), protein profiles, and fatty 
acid analysis. 

The field of food microbiology is very important for food 
science and technology. It is one of the central disciplines 
in food science. Food microbiologists are called on to solve 
microbiologic problems related to other branches of food 
science and technology. The future of food microbiology is 


very bright indeed. See the article RAPID METHODS OF MI- 
CROBIOLOGICAL ANALYSIS for more details. 
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MICROWAVE SCIENCE AND TECHNOLOGY 


Interest in microwave processing began shortly after 
World War II with the introduction of the first microwave 
oven by the Raytheon Co. (Waltham, Mass.) a manufac- 
turer of magnetrons for radar. The first U.S. patent 
granted to Raytheon Co., which claimed the novelty of mi- 
crowave cooking, was illustrated with a food product mov- 
ing on a conveyor belt past a microwave source (1). Many 
other patents followed, research was carried out on the ef- 
fects of microwave energy on food materials, microwave 
cooking technology was developed, and eventually a con- 
sumer microwave oven sales boom occurred so that today 
this appliance is commonplace in most homes in the 
United States and a similar trend is taking place in most 
of the developed countries of the world. Microwave energy 
use in food processing is showing a similar growth trend, 
although at a much more modest rate. 
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FUNDAMENTALS OF MICROWAVE HEATING 


Microwaves are electromagnetic (EM) waves of very short 
wavelength. In the EM spectrum, microwaves lie between 
the television frequencies and infrared. In terms of wave- 
length, radio waves are measured in kilometers, television 
frequencies in meters, microwaves in centimeters, and in- 
frared in microns. The wavelength and frequency are re- 
lated by the expression: 


_ speed of light (c) 
wavelength (i9) = “Frequency (f) 

Thus for a typical microwave oven frequency of 2,450 
MHz, the wavelength (A) is 


3 x 10” cm/s 


FAS Xx 10" cyclesss ~ 12-25 emieycle 


Microwaves, as with other wave energy, radiate from a 
source in all directions. These waves carry energy and the 
amount of energy they carry depends on the amount of 
energy imparted to them. The energy of microwaves comes 
from electrical energy that is converted by a power supply 
to high voltages that in turn are applied to the microwave 
power tube or generator. The most common power tube 
used in microwave ovens is the magnetron and it broad- 
casts its energy into the applicator, which may be an oven, 
a waveguide, or some other device containing the material 
to be heated. 

Microwaves, like infrared and visible light, are re- 
flected, transmitted, and absorbed. They are reflected from 
metal surfaces: the microwave oven is basically a metal 
box in which the waves reflect from the walls and create a 
resonant system. Microwaves are transmitted, that is, 
they pass through many materials including glass, ceram- 
ics, plastics and paper. Some materials are only partially 
transparent to microwaves; that is, they absorb some en- 
ergy. When microwaves are absorbed their energy is con- 
verted to heat. 


How Microwaves Produce Heat 


Microwaves in themselves are not heat. The materials that 
absorb microwaves convert the energy to heat. In foods, it 
is the polar molecules that for the most part interact with 
microwaves to produce heat. Water is the most common 
polar molecule and is a component of most foods. In the 
presence of a microwave electric field, water molecules at- 
tempt to line up with the field in much the same manner 
iron filings line up with the field of a magnet. Because the 
microwave field is reversing its polarity billions of times 
each second, the water molecule, because it is constrained 
by the nature of the food of which it is a part only begins 
to move in one direction when it must reverse itself and 
move in the opposite direction. In doing so, considerable 
kinetic energy is extracted from the microwave field and 
heating occurs. The phenomenon is similar to the heating 
of the human body when exposed to the sun or any other 
heat source. Energy in the form of infrared rays from the 
sun, is not heat until it is absorbed by the body and the 
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polar molecules in the surface layers of the body convert it 
into heat. 

Space charge polarization is an equally important mi- 
crowave heating mechanism. Ions, are caused by the mi- 
crowave field to flow first in one direction then in the op- 
posite direction as the field is reversed. The effect of ionic 
conduction can be observed in the microwave heating of 
salted water in that higher temperatures are found at the 
surface. Ionic conduction has a negative effect on micro- 
wave energy penetration, thus foods with a high salt con- 
tent show greater surface heating. 


Microwave Properties of Foods 


The amount of energy that can be absorbed by a substance 
is expressed by the relationship: 


P = o'E? (Wiem’) e5) 


where P is the the power absorbed in watts/cm*, a’ is the 
equivalent dielectric conductivity, and E is the voltage gra- 
dient in V/cm. The dielectric conductivity, 


of = Qneoe"f (2) 


where f is the frequency of the energy source, é is the di- 
electric constant of vacuum (8.85 x 10~* F/cm), and é” is 
the dielectric loss factor of the substance. Substituting 
equation 2 into equation 1 gives 


P = 55.61 x 107 “fe"E? (3) 


Dielectric Loss Factor 


Because the field strength (£) and the frequency are es- 
sentially constant for the microwave oven being used, the 
loss factor (e") is the only variable. The term loss originated 
from the discovery that energy loss occurred when the elec- 
trical energy through a capacitor was cycled on and off. The 
term today, in microwave heating technology, is represen- 
tative of a desirable condition, whereas it once was consid- 
ered undesirable. In the context being used, the loss factor 
represents a property of the material being processed, and 
a lossy material is one that heats well, while a low loss 
material is one that heats poorly and is, therefore, more 
transparent to microwave energy. The loss factor is a mea- 
surable quantity and a considerable volume of dielectric 
loss data have been accumulated (2-6). 

The loss factor is the product of two measurable prop- 
erties: the dielectric constant (e') and the loss tangent (tan 
6). The loss factor varies with temperature and frequency 
as shown in Table 1 and indicates that the penetration of 
microwave energy decreases with increasing dielectric 
loss. 


Penetration 


The penetration depth is that depth in a material at which 
the energy level is 37% (or 1/e) of the surface value. The 
term half-power depth is also used and is that depth ina 
material at which the power level is one-half that at the 


Table 1. Dielectric Loss of Raw Turkey Roll as a Function 
of Temperature and Microwave Frequency 


Frequency, MHz 
Temperature, °C 2,450 915 300 
-40 0.13 0.17 0.29 
—20 0.61 0.73, 1,21 
5 216 26.4 58.1 
25 215 33.2 86.2 
45 23.8 42.8 118 
65 26.8 53.1 159 
80 25.0 69.0 179 
100 27.1 78.7 205 
110 29.2 83.4 218 
115 29.9 85.8 224 
120 30.3 88,2 231 


Source: Ref. 7. 


surface. The equation for converting dielectric property 
data into penetration depth (d) is 


d = 1/2a 
for 1/e, and for half-power depth it is 
d = 1/2.886a 


where a is the attenuation constant, which is calculated 
as: 


a= 


Qn [g 
4o 


‘ 12 
z (1 + tan’ - »| 

Thus the main difference between microwave heating 
and other heating methods is that microwave energy pen- 
etrates deeply into food materials and is converted to heat 
as it penetrates. The temperature profile shown in Figure 
1 illustrates the effect of microwave heating on a large food 
mass and the effect of time after the energy is no longer 
being applied. It is clear in this case that conduction heat- 
ing will always play a role in any microwave heating pro- 
cess where a temperature gradient exists. 


EFFECT OF VARIOUS PHYSICAL FACTORS 


In addition to the dielectric properties of foods there are 
a number of other factors that affect microwave heating 
performance. Among these factors are geometry (shape), 
surface-to-volume ratio, specific heat, density, thermal con- 
ductivity, and evaporative cooling. These are important 
factors in food processing as well as cooking and heating 
in consumer and institutional microwave ovens. 


Geometry 


The shape of food items is critical to good microwave heat- 
ing results. The sphere is the ideal shape as energy tends 
to be focused to give heating at the center of the sphere. 
Obviously as the diameter is increased it may be impos- 
sible for center heating to occur except by conduction. 
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Figure 1. The effect of thermal conduction on the temperature 
profile of a large roast beef after 45 min standing out of a micro- 
wave oven. 


Heating can be concentrated in the center of spheres with 
diameters (8) that measure between 20 and 60 mm. Such 
concentrated heating can be a disadvantage in that con- 
duction heating may not be able to dissipate the tempera- 
ture gradient and the mass would erupt, as in the heating 
of an egg in its shell. At lower microwave heating rates, 
more time is provided for conduction heating to take place. 
In the example of beef roasting the postmicrowave heating 
time could have been reduced if a lower heating rate were 
used, as the temperature gradients would not have been 
as great. 

Computer simulation studies as well as actual heating 
of spheres and cylinders of various diameters have been 
carried out (8). A phantom food mixture with dielectric 
properties similar to food materials was used in these stud- 
ies and temperature patterns were obtained by color ther- 
mography. For cylinders, thermography indicated maxi- 
mum core heating occurred at diameters of 35 mm. At 50 
mm, the core and surface heating occurred, while at 75 mm 
only surface heating was observed. Calculations support 
maximum center heating for diameters of 20 to 35 mm, 
while surface heating was more prominent at 40 to 50 mm 
and was dominant for larger cylinders. 

While spherically shaped foods are commonplace 
among many natural foods eg, beets, onions, potatoes and 
some prepared foods (meatballs), the majority of foods are 
not spherical in shape. The cylinder is the next best shape 
in terms of heating performance. 

For many foods it is the food container or dish that de- 
termines the shape and, therefore, affects the heating per- 
formance. A rectangular shape is common, but it is clear 
that food in the corners of a rectangular container will be 
overcooked before the remainder of the food. Overcooking 
in the corners also occurs when using a conventional oven, 
but because conduction cooking is much slower the tem- 
perature differences are not as pronounced. Where this 
shape is unavoidable, the corners can be shielded with alu- 
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minum foil to reduce the heating rate in these areas. Even 
when corners are unavoidable they should have generous 
radii to minimize the overheating effect. Also vertical or 
near vertical sides are preferable to sloping sides. Exces- 
sive sloping gives shallow areas where dehydration can 
occur. 


Shielding and Shadowing 


Shielding is the use of metal to reflect microwave energy 
and thereby reduce the heating rate in selected areas. Alu- 
minum foil is usually used because of its availability, but 
also because it can be wrapped around the specific parts 
to be shielded. Shadowing can be described as a shielding 
effect by a food product that results in a reduced heating 
rate where the products are in contact. Thus it is a mutual 
effect with products shadowing each other. Food masses 
should always be spaced apart for best cooking or heating 
results. 


Surface-to-Volume Ratio 


As with conventional heating, the greater the surface area, 
the faster that cooking occurs. Thus potatoes and carrots 
can be cooked faster if they are diced. Vegetables such as 
corn and peas have a high surface-to-volume ratio and cook 
rapidly. This same condition also means that foods will cool 
more rapidly. This is an important consideration when de- 
veloping new products, and means to reduce the cooling 
rate should be provided where possible, for example, by 
using insulated containers or preheated serving dishes. 


Specific Heat 


The specific heat of a material is the ratio of its thermal 
capacity to that of water. It is a measure of the energy 
required to raise product temperature by a specific 
amount. The specific heat of a food is closely related to its 
moisture content. 


Density 

Usually there is a clear relationship between density and 
moisture content. Thus bread, which has a low moisture 
content (about 35%) is not as dense as beef (65%); for ex- 
ample, 1 Ib of bread requires about two-thirds as much 
energy as 1 lb of beef to heat to the same temperature. 
Thermal conductivity also comes into play in that the di- 
mensions involved could mean substantial overheating of 
the surface of beef because of its density, while the more 


open structure of bread would not rely on thermal conduc- 
tivity to the same extent. 


Thermal Conductivity 


Thermal conductivity is a measure of a material’s ability 
to transfer heat in response to a temperature difference. 
Even in microwave cooking it plays an important role in 
spite of the penetrating nature of microwave energy. With- 
out heat conduction unacceptable temperature differences 
would occur in most microwave heated or cooked foods. 
Such differences can be minimized by reducing the rate of 
microwave heating. 
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Starting and Final Temperature 


Heating time depends not only on the power level but also 
on the temperature range that must be bridged to accom- 
plish the desired result. Thus frozen foods take longer than 
refrigerated foods, which in turn take longer than shelf- 
stable food heated from room temperature assuming all 
were heated to the same final temperature. An additional 
quantity of heat is required to heat from the frozen state, 
ie, the heat of fusion. 


Evaporative Cooling 


This is a phenomenon that is much more evident when 
cooking with microwave energy. This effect is responsible 
for the lower surface temperature of some foods cooked in 
microwave ovens and, therefore, is responsible for the 
myth that microwaves cook from the inside out. It is not 
noticeable in a conventional oven because of heat radiation 
to the surface of foods. 


FOOD-PROCESSING APPLICATIONS 


A number of food-processing applications representative 
of current activity are listed in Table 2. Some are well- 
established commercial operations. Others have been dem- 
onstrated on a pilot scale. Still other have been discontin- 
ued for one reason or another. 


ADVANTAGES OF MICROWAVE PROCESSING 


Speed 

Because microwave heating occurs within the material be- 
ing processed and not just at the surface the process can 
be greatly accelerated. This is particularly true for mate- 
rials that are poor thermal conductors and for drying pro- 
cesses where the high dielectric loss properties of water 
result in selective heating of moist areas and rapid diffu- 
sion of water vapor to the surface. 


Energy Savings 


Microwave energy is not expended in heating the walls of 
the equipment or the environment. Heat is developed 
where it is needed, ie, in the material being processed. In 
drying processes, microwave energy is applied after con- 


‘Table 2. Microwave Food-Processing Applications 


Process Food products 

‘Tempering Frozen foods 

Drying Pasta, snack foods, onions, rice cakes, 
seaweed, fruit juices 

Cooking Bacon, meat patties, potatoes, poultry 

Pasteurization Fresh pasta, bread, meals 

Sterilization Meals 

Rendering Tallow 

Roasting Coffee, cocoa beans 

Denaturation Sausage emulsion 

Baking Bread 


ventional drying has reached the critical point where the 
drying rate falls off, thus the bulk of the heat of vapori- 
zation can be supplied by cheaper forms of energy. 


Space Savings 


The increase in processing rate makes it possible to design 
more compact equipment. In many cases plant capacity 
can be increased severalfold without the need for addi- 
tional building space. 


Fast Start-Up and Shutdown 


There is practically no thermal lag with microwave pro- 
cessing so that the system can be operational almost im- 
mediately, adding in some cases extra hours of productive 
operation. Cleanup after shutdown can begin sooner in 
most cases because the equipment is cooler and can be 
worked on sooner. In a hybrid system, where conventional 
heat is used processing can be carried out at lower tem- 
peratures. 


Precise Process Control 


Heating adjustments are immediately effective and the 
operation can be fine-tuned easily. Systems respond in- 
stantaneously to feedback from sensors. 


Improved Working Conditions 


Because only the material being processed is heated there 
are negligible heat losses to the working environment. 
Worker productivity is enhanced and the requirement for 
ventilation and air-conditioning is reduced. 


EXAMPLES OF MICROWAVE PROCESSING APPLICATIONS 


Tempering 


Conventional frozen food thawing methods are extremely 
inefficient taking many hours to several days depending 
on the product. The reason for this is that the thermal con- 
ductivity of the frozen product is about three times that of 
the thawed product. Thus as the surface thaws, heat is 
more slowly conducted toward the center. 

Complete thawing of frozen foods by means of micro- 
wave energy also has its problems. It has been pointed out 
that as the frozen products approached 0°C, microwave 
penetration decreases rapidly and care has to be taken to 
prevent runaway heating (9). Furthermore, if frozen ma- 
terials are held at ambient temperature too long before 
being exposed to microwave energy most of the energy will 
be absorbed at the surface and thawing to the core will not 
be possible. 

Fortunately it is not necessary in most cases to com- 
pletely thaw frozen materials. The tempering process stops 
short of thawing by several degrees; thus tempering has 
come to mean “raising the temperature of frozen food to a 
higher temperature that is still below the freezing point, 
but at which temperature the product is firm but no longer 
hard.” Properly tempered frozen food is easily sliced, diced, 
separated, or otherwise handled for further processing. 


Some data on the energy required to freeze foods are 
also pertinent to thawing foods and clearly illustrate the 
benefits of stopping the process prior to complete thawing 
(10). From Table 3 it can be seen that the energy required 
to raise the temperature of frozen beef from —17.7 to 
—4.4°C is about one-half that required to raise the tem- 
perature to —2.2°C. Thus, where possible, tempering 
should be terminated at the lowest acceptable tempera- 
ture. It should also be noted that microwave tempering is 
uniform throughout the frozen mass being tempered. 

Microwave tempering is one of the more economical pro- 
cesses in terms of energy consumption. The cost of tem- 
pering in terms of energy and magnetron replacement 
costs is less than $0.01/b. Other factors that contribute to 
the return on investment include improved yield and qual- 
ity, space and labor savings, simplified production sched- 
uling, and increased plant productivity. 

Most microwave tempering equipment today is oper- 
ated at 915 MHz at power levels varying from 25 to at least 
150 kW and are continuous. Batch units are available for 
smaller food-processing operations and usually operate 
with 40 kW of power at 915 MHz. Continuous equipment 
also is available at 2,450 MHz and varies in power from 33 
to 132 kW. The microwave penetration at this frequency is 
less than at 915 MHz and requires the use of a refrigerated 
air circulation system to prevent surface thawing so that 
internal tempering can be accomplished. There are ap- 
proximately three hundred microwave tempering systems 
in operation worldwide, with about one hundred eighty 
systems in the United States. These systems average 100 
kW of microwave power. Annual tonnage of products tem- 
pered in such equipment is on the order of 5 billion Ib. 


Drying 


Pasta drying is an excellent example of a process in which 
a relatively small amount of microwave energy is needed 
to generate maximum benefits. This process is accom- 
plished in three stages: conventional hot air drying of the 
freshly extruded pasta followed by a microwave-hot air 
stage and a temperature equalization stage. The fresh 
pasta enters the first stage at about 30% moisture where 
it is exposed to hot air at 71-82°C. Rapid moisture loss to 
about 23% occurs in minutes and drying is continued for a 
total of about 35 min to reduce the moisture to about 18%. 
The product then falls by gravity into one end of the mi- 
crowave thermal dryer where the combination of micro- 
wave energy at 915 MHz and hot air (82-93°C, 15-20% 
RH, 30.5 mpm) lowers the moisture level to 13-13.5% in 
about 12 min. The product finally falls once again by grav- 


‘Table 3. Energy Requirement to 


Thaw Frozen Beef 
Jig °C 
0 —40 
50 -117 
112.8 44 
173.3 
Source: Ref. 10. 
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ity to the final stage where it is conveyed slowly through 
a 70-80% RH zone to cool to temperatures low enough to 
prevent thermal stress cracking. About 1 h is required. An 
additional 0.5-1.0% moisture loss occurs in this stage. The 
major advantages of this process are time, space, and labor 
savings. 

Another drying process of interest is a system for the 
production of bread crumbs from bread dough. The fresh 
dough is extruded into one end of an 80 kW, 2450 MHz 
microwave-hot air tunnel where it is baked and dried so 
that the finished product can be cooled and ground into 
bread crumbs. 

Some snack food items are being produced in a 240 kW, 
915 MHz baking-drying unit. The dough is extruded as 
parallel strands onto a 5-ft-wide belt that passes through 
12 independent sections, each with 25 kW of microwave 
power and an independent air system, where it is puffed, 
baked, and partially dried. 

Microwave vacuum drying of fruit juice concentrates 
has been successfully demonstrated. In this process the 
concentrate is pumped into the vacuum chamber onto a 
conveyor belt where it foams under the effect of microwave 
energy and reduced pressure to a thickness of 80-100 mm. 
The product dries to a meringuelike condition, is crushed, 
scraped, and brushed from the belt into a receiver that is 
isolated from the vacuum chamber. A 48 kW, 2,450 MHz 
system will dry concentrate to 2% moisture in about 40 min 
at a rate of 50 kghh. 


Cooking Processes 


A pair of microwave conveyor units has been used in the 
cooking of poultry parts. They operated at a frequency of 
2,450 MHz: one with 80 kW of microwave power, the other 
with 50 kW of power. Cut-up breasts and thighs were pro- 
cessed in the 80 kW unit, while wings and legs were pro- 
cessed in the 50 kW unit. Saturated steam was introduced 
from a manifold of nozzles along the back walls of the mi- 
crowave tunnels. As the cooked parts passed out of the 
ovens they were conveyed through several water chillers 
to lower their temperature. After the batter and breading 
operations the parts were blast frozen and packaged for 
the commercial food service trade. The processing rate was 
2,500 Ib/h. 

Although in use for more than a decade in supplying 
precooked bacon to the institutional food service trade, 
there was a major escalation a few years ago in the re- 
quirement for precooked bacon by the fast-food business 
that now absorbs almost the entire production of this prod- 
uct. The major systems in use today are microwave-only 
systems, which operate at power levels up to 400 kW, and 
hybrid systems, which combine microwave energy (150 
kW) and hot air. 

An advantage of the microwave process is in the even- 
ness of cooking such that the difference between micro- 
wave-cooked bacon 22-24 slices/Ib and 16-18 slices/Ib can- 
not be discerned. The microwave product is more tender 
and shrinks much less than the conventionally cooked 
product. To one fast-food firm, the greater number of slices 
per pound translates into substantial savings in shipping 
costs because 38% less raw bacon is required to meet their 
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needs. Based on a monthly consumption of 600,000 Ib of 
raw bacon, a 38% reduction amounts to a savings of almost 
$164,000 in raw bacon costs. In addition, the high quality 
of the rendered fat by-product commands a good price. 

There are approximately fifty systems installed world- 
wide with an annual production of 8 billion slices of pre- 
cooked bacon. Systems average 500 kW; however, some 
systems are 600 kW and at least one is 1,000 kW. Micro- 
wave cooking has the advantage over other methods in 
that nitrosamines are essentially absent. 

A process was developed in Sweden for the cooking of 
meat patties; 30-45 kW, 2,450 MHz systems are typical. 
In practice, meat patties are formed by automated patty- 
making equipment at a rate of 1,000 kg/h (16,000 patties/ 
h) and deposited on a conveyor belt. A few grams of mar- 
garine are deposited on each patty to improve heat transfer 
and surface browning as the patties are carried between 
Teflon belts that move between heated aluminum platens. 
The browned patties then pass through the microwave 
unit where in little more than a minute they are cooked to 
the proper degree. Typically, the temperature is raised 
from 40 to 70°C. 


Pasteurization 


Fresh pasta is a product that by its very nature is not eas- 
ily pasteurized by conventional thermal methods. The 
loose condition of the product in the package makes con- 
duction heat transfer impractical. Until recently the prod- 
uct was being marketed in modified atmosphere packaging 
that provides about 30 days of refrigerated shelf life. The 
combination of modified atmosphere packaging and micro- 
wave pasteurization extends the shelf life to 90-120 days. 

The process is carried out by filling the fresh product 
into plastic trays, gas flushing, lidding, and passing the 
trays through a microwave tunnel oven to raise its tem- 
perature to 80°C, then cooling. Processing time is 3-5 min 
followed by a holding time at 80°C that varies with the 
product but is typically about 7 min. Cooling may take an 
additional 45 min. Thus far, this process has been carried 
out only at 2,450 MHz. A typical plant producing fresh 
gnocchi processes 3,000 Ib/h. The microwave process is ef- 
fective against molds, yeasts, and thermolabile microor- 
ganisms. 

There are a number of full-scale systems in operation 
today for the microwave pasteurization of sliced packaged 
bread. The purpose of this process is twofold: (1) to increase 
the shelf life so that specialty breads, in particular, do not 
have to be baked as frequently and (2) to eliminate the 
need for chemical preservatives. 

The most recently installed systems carry out pasteur- 
ization by conveying baskets of prepackaged bread through 
a microwave tunnel. The density of the product is suffi- 
ciently low that heating occurs deep within the product. As 
the baskets exit from the tunnel they are stacked to allow 
the temperatures to equilibrate. This may take 1-2 h. This 
practice appears to have no harmful effect on product qual- 
ity and shelf life is substantially increased. 

A wide variety of prepared foods are being pasteurized 
in package by two different microwave processes and sold 
at retail from refrigerated cabinets. One process involves 


hot filling the product in microwavable plastic dishes, 
lidding them, followed by a series of passes through a 
controlled-temperature tunnel and a microwave-hot air 
tunnel before being cooled. A refrigerated shelf life of six 
weeks at 4°C is claimed. The microwave system is operated 
at 2,450 MHz using 48—-1.2 kW magnetrons. The other pro- 
cess involves microwave heating the products while they 
are immersed in a shallow, controlled-temperature water 
bath. This technique claims to provide more uniform con- 
trol of product temperature. 


FUTURE DEVELOPMENT 


Food manufacturers are well aware of the acceptance of 
microwave cooking and heating by consumers because of 
the microwave oven sales boom over the last 20 years in 
the United States and in recent years in other nations 
throughout the world. There is already a large market for 
foods designed and packaged for microwave oven use. A 
substantial increase in this market can be expected if mi- 
crowave pasteurization and sterilization of portion packed 
foods is successful. These two processes could account for 
a dominant share of the microwave equipment business 
and in the case of sterilization possibly cut deeply into the 
conventional equipment market for these processes. 

Although practically all of the microwave sterilization 
of food has been carried out at 2,450 MHz and the first 
production installations have also been at this frequency, 
eventually major installations will shift to 915 MHz simply 
because of the power demand (i.e., hundreds of kilowatts 
of power). Experiments at this lower frequency indicate 
more uniform temperature distribution. All of the results 
are not yet in, but this has been the case with other major 
processes, including tempering and cooking bacon. 

The first installations of microwave sterilization of 
ready-meals went on stream a few years ago. Total in- 
stalled power is only a few hundred kilowatts, at 240 MHz. 
Process time is about 30 min, including cooling time. In- 
teresting progress at the U.S. Army Natick Research and 
Development Laboratories (Natick, Mass.) has been made 
in development of a chemical method to assess process ad- 
equacy. Several chemical markers have been identified 
that are produced during normal processing of foods and 
correlate well with microbiological lethality. Thus, it is pos- 
sible with a rapid analytical technique to determine the 
effectiveness of a process in minutes instead of the several 
days required for microbiological methods. 

Microwaves may also find use in aseptic processing of 
flowable materials containing particulates, a process that 
has proven elusive because of the difficulty in ensuring 
that the fastest-moving particulates have received an ad- 
equate sterilization. 

The adoption of microwave-based processes could influ- 
ence the design of food plants of the future. Not only is 
space savings made possible by a reduced process time, but 
the reduced space requirements could have a powerful ef- 
fect on process economics when one considers the cost of 
real estate. The labor requirement may also be reduced. A 
microwave tempering operation could be automated from 
freezer storage at least through the tempering stage. Pasta 


dryers already have reduced the space requirement three 
to four times with no reduction in production. Microwave 
bread baking could mean smaller bakeries located closer 
to their markets and have a significant impact on trans- 
portation costs. Microwave-assisted baking is another pro- 
cess that could find a niche in the supermarket bakeries to 
provide just-in-time baked products and thereby eliminate 
the daily loss of excess product to ensure latecoming shop- 
pers of the same choice available to early shoppers. 

Existing processes may be improved by including a mi- 
crowave capability. Depending on the process, microwave 
heating could be applied as a preheating step, be built into 
existing equipment for simultaneous application of two or 
more forms of heating, or added on at the end of conven- 
tional equipment to increase the production rate. 

Tools are available to evaluate new microwave pro- 
cesses without resorting to empirical methods alone. Mi- 
crowave-compatible temperature-measuring systems are 
being used today. Infrared detectors are being used to fol- 
low surface temperature changes that can be translated 
into meaningful feedback data to control subsequent mi- 
crowave input. Microwave radiometry, which has been 
demonstrated in measurement of temperature in human 
muscle tissue undergoing diathermy, could conceivably be 
used to noninvasively monitor product temperature during 
microwave pasteurization and sterilization to provide data 
for FDA approval. Continuous weighing systems have 
been used to monitor weight changes during microwave 
processing. There also is a large body of dielectric property 
data in the literature that can be useful in mathematical 
modeling and computer simulation in process develop- 
ment. All in all microwave processing has a promising fu- 
ture. 
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MILITARY SUBSISTENCE PROGRAM 
Historical Background 


To sustain troops under the operational demands and lo- 
gistical constraints of modern warfare, military subsis- 
tence must possess characteristics markedly distinct from 
those of food products successful in the commercial mar- 
ketplace. No program of research and development to di- 
agnose and meet peculiarly military subsistence problems 
existed, or was even envisioned, until the then Office of the 
Quartermaster General (OQMG) established the Subsis- 
tence Research Laboratory at the Chicago Quartermaster 
Depot on July 24, 1936—less than six years before Pear! 
Harbor. 

The World War I experience, without people knowl- 
edgeable in subsistence and unaided by systematic scien- 
tific investigation of military requirements, left procure- 
ment officials often dependent on almost miraculous 
improvisations by individuals within the food industry and 
the army. The troops were fed and the war won but the 
food margin was frequently so narrow that OQMG feared 
it could easily go the other way in the future if not ad- 
dressed in time. The OQMG established the QM Subsis- 
tence School in 1919 toward generating a cadre of military 
experts in subsistence procurement, inspection, process- 
ing, transportation, and storage. Partly because of budget- 
ary problems, the school was deactivated on June 30, 1936. 

The new laboratory became heir to the school’s research 
equipment, primarily a reasonably adequate kitchen, and 
was authorized $300 for supplies and equipment. It began 
operations with a staff of three: an officer-in-charge and 
two civilians who had worked at the school. Its official ob- 
jectives were “to test foods and new style packaging of 
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foods; prepare drafts of proposed specifications or reedit 
those which have become obsolete; to conduct studies of 
various reserve and emergency rations or components 
thereof; to prepare information bulletins and maintain li- 
aison with other Government agencies.” Its resources dur- 
ing the prewar period increased less rapidly than did its 
activities. By late 1941 its staff numbered 13. It had de- 
veloped, field tested, and standardized the original C Ra- 
tion, completed development of the D Ration, started work 
on the K Ration, essentially completed development of 
three-way frozen boneless beef, resumed the school’s in- 
structional functions, revised existing and prepared new 
specifications, and examined a melange of commercial 
products for potential military usefulness. This was done 
with no real advance knowledge, except possibly intuition, 
of the characteristics required for military suitability in 
the kind of conflict World War II proved to be. The type of 
food analyses the laboratory could then perform—mainly 
cooking tests, taste tests, and visual examination—was at 
best rough. It made a beginning in storage testing; labo- 
ratory members believed rations should be sufficiently pal- 
atable, as well as nutritional, to be eaten after long and 
adverse storage, but the implications of that belief were 
yet to be realized. 

When World War II began there was virtually no ex- 
perience in designing food or food packages for the condi- 
tions soon to be encountered overseas. A few separate 
agencies and individuals had done some research but with- 
out any attempt to translate results into food products 
meeting still-unknown military requirements. The food in- 
dustry was concentrating on inexpensive and palatable 
foods that were stable enough to meet domestic distribu- 
tion conditions. The small, poorly equipped, understaffed 
Subsistence Research Laboratory began its task of con- 
verting the immense industry to producing foods of a com- 
pletely different type, despite labor and material short- 
ages, as quickly as possible. Having no means of knowing 
precisely what was needed overseas, the laboratory began 
to formulate functional requirements as specifically as pos- 
sible in the light of the best information it could obtain and 
to develop standard tests. Improvisation and trial and er- 
ror were frequent in the evolution of products and rations. 
In general, the laboratory began to act as the hitherto 
missing military link between research groups and pro- 
duction groups—with a high degree of cooperation from 
both. That its work became effective was due largely to the 
notable cooperation it received from the industry. 

For nearly three and a half years of the war, the labo- 
ratory concentrated on incorporating the most modern pro- 
duction procedures into specifications, enabling them to be 
put into operation in plants throughout the country. In 
1944 it began to emphasize and accomplish development 
of new and better products and more acceptable rations. 
With the experience it had already gained, some overseas 
reports, increased facilities and additional technical per- 
sonnel, it had a far clearer idea of what was needed and 
the means of obtaining it. Industry had also acquired ex- 
perience and cooperation became more effective. With abil- 
ity to define the broad types of military operation in terms 
of the subsistence problems distinguishing them, the lab- 
oratory could give clearer direction to its work by recog- 


nizing its goal as the development of food products and 
rations possessing the nutrition, stability, acceptability 
and utility properties required under the different opera- 
tional conditions. By the end of the war it was recognized 
that science and technology would have to be expanded to 
meet known requirements more efficiently and to effec- 
tively respond to new demands. 

Besides dealing directly with hundreds of food and food- 
packaging concerns and academic research groups, the lab- 
oratory had both formal and informal relationships with 
many government agencies, among them the U.S. Depart- 
ment of Agriculture, the Federal Food and Drug Admin- 
istration, the Fish and Wildlife Service of the Department 
of the Interior, the other military services, and the Office 
of the Army Surgeon General. In recognition of its actual 
accomplishments and operations, it was redesignated the 
Quartermaster Food and Container Institute for the 
Armed Forces in 1946, and its mission, previously con- 
ducted without a specific charter, formalized. The new mis- 
sion statement expanded relationships with other govern- 
ment agencies and added other military, federal, national, 
and international technical organizations. In 1950, as a 
result of Department of Defense (DOD) assignment to the 
army of primary responsibility for research and develop- 
ment of food, the institute was designated as the imple- 
menting agency for all DOD components, Following relo- 
cation of the institute to Natick, 1962-1963, DOD updated 
and expanded this responsibility in 1968 and added food 
service equipment. 


LOGISTICS 


Our national posture is defensive, requiring readiness to 
counter aggression wherever and whenever it occurs. The 
logistical demands inherent in this policy include need to 
stockpile enough food to ensure initial readiness for con- 
tingencies on a worldwide basis, transportability by any 
available means to and within operational areas, even 
when supply lines are threatened or cut by hostile action, 
and an economical production base to achieve mobilization 
objectives and to resupply troops once initial reserves are 
exhausted. 

These demands present major and continuing chal- 
lenges to our national food and packaging technical capa- 
bility. They also impact the principles of nutritional ade- 
quacy, acceptability, stability, and military utility that the 
laboratory had formulated for operational subsistence dur- 
ing World War II. 


Nutritional Adequacy 


The primary purpose of military subsistence is to maintain 
the health and effectiveness of the persons subsisted. Mili- 
tary nutritional standards are based on the National Acad- 
emy of Sciences Recommended Dietary Allowances (RDAs) 
as modified by military experience. As some of the known 
essential nutrients suffer loss in processing and prepara- 
tion, raw, perishable foods would appear to be the best nu- 
tritional option, but the need for stockpiling, conservation 
of space and weight in storage and transport, and potential 
for worldwide distribution of the stored items obviously 


precludes reliance on the freezer facilities this would en- 
tail. In addition, availability of freezer and food service fa- 
cilities and personnel on a worldwide basis during early 
days of emergencies is unlikely. To compensate for nutri- 
ents lost during processing and storage, it is necessary to 
fortify selected ration components that are stable carriers 
for the respective nutrients. 


Acceptability 


Nutrients are of no value unless consumed, and military 
experience has shown that troops will not necessarily eat 
“enough of anything” if they are hungry enough. At the 
least, unpalatable food is not a morale booster and can add 
to combat stress. The properties that make food desirable 
to eat—flavor, texture, odor, color and appearance—are 
sensory. Preservation to retain food wholesomeness over 
extended periods cannot be expected to improve these 
characteristics. A goal of food processing and preservation 
technology is to provide efficient, practicable preservation 
techniques that do minimal damage to initial food prop- 
erties. 

Consumer attitudes complicate acceptability problems. 
The people in the military services have generally formed 
their food habits, including likes and dislikes, before in- 
duction. Individual differences, changing food preferences, 
need to appeal to persons under extreme physical and emo- 
tional stress, for whom food may be the only break from 
the unpleasantness, discomfort, and monotony of fighting, 
are also part of the problem. So is the inherent American 
habit of griping about institutional foods. 

Acceptability presents a major challenge to operational 
ration design. Capability of achieving it continues to chal- 
lenge food science and technology. 


Military Utility 


A ration that cannot be used for the purpose intended will 
at best hamper the operation and the persons trying to 
conduct it. The criterion of utility affects the other attrib- 
utes and ultimately dictates the form in which they appear. 
In general, all rations should be economical of weight and 
space in transport and storage, of facilities and labor in 
unloading, handling, and preparation, easy for the con- 
sumer to carry and eat, and should retain their configu- 
rations despite rough handling throughout the supply and 
distribution system. 


Stability 


Past experience has shown that operational rations must 
travel long distances, be exposed to wide temperature and 
humidity ranges, be handled roughly, and be stored where 
facilities are inadequate or none exist. Unless they retain 
the properties making them suitable and desirable for con- 
sumption, they are useless. Past emergencies have dem- 
onstrated both the economic waste and threat to prepared- 
ness of deteriorated, unserviceable supplies. Fielding of a 
ration entails capability of predicting its keeping quality 
under given time and temperature conditions, including 
prediction of the first date after manufacture at which 
stored rations must be opened to determine whether they 
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should be issued, destroyed, or extended to another in- 
spection period, along with the criteria for making these 
serviceability judgments. 

Thus operational subsistence presents a continuing and 
open-ended demand on the nation’s technical resources, 
but its demand on economic resources clearly cannot be 
open ended. Scale-up to volume production and continuing 
procurement on a competitive basis, within economic re- 
sources and without sacrificing a ration’s essential char- 
acteristics, are major recurring hurdles. Unless they are 
overcome, the ration will be at best an academic curiosity 
with, perhaps, some aspects of knowledge or art it reflects 
applied to another, more workable item. There is irony in 
the recognition that products developed initially for spe- 
cific military exigencies generally cannot be obtained for 
these unless they also prove to have some application in 
the civilian marketplace. Operational rations thus reflect 
compromises throughout their life cycle, but their essential 
characteristics cannot be compromised if the nation is to 
remain prepared. 


CURRENT RATIONS 


Military personnel located in fixed facilities are fed in din- 
ing halls not unlike those used for institutional feeding in 
the civilian sector. Because these situations are not 
unique, our focus in this article will be on foods used in 
field feeding situations that have no direct civilian coun- 
terpart. 

Group feeding, where semifixed food preparation and 
serving facilities are possible, rations may be A Rations, B 
Rations, or T Rations, depending on the degree of sophis- 
tication of facilities, combat situation, availability of re- 
frigeration, etc. A Rations are meals prepared from 
scratch, using primarily fresh or frozen ingredients, as well 
as many canned components. Although generally regarded 
as the most desirable, A Ration preparation requires fa- 
cilities frequently unavailable in the field. In addition, 
trained cooks are needed to prepare and serve the food. 

B Rations, prepared from shelf-stable ingredients such 
as canned foods, dehydrated foods, and packaged mixes 
also require trained cooks and equipment for frying, bak- 
ing, broiling, etc, which may not be available, particularly 
in early stages of a conflict. T Rations consist of prepared 
foods thermally processed in tray packs, rectangular metal 
cans approximately the size of half-size steam table trays 
(10-1/16 x 12-3/8 x 2 in.). Sufficient tray pack entrées, 
starches, vegetables, and desserts have been developed to 
provide good menu variety for lunch/dinner meals, and im- 
provements in breakfast item variety is currently a prior- 
ity area of interest at Natick RD&E Center. T Rations offer 
the major advantage of requiring only heating, minimizing 
the need for equipment and trained food service personnel. 
Additionally, the tray can configuration allows processing 
of many popular foods such as lasagna, stuffed peppers and 
chicken breasts, which could not be thermally processed in 
conventional cylindrical cans. 

For field-feeding situations where no preparation facili- 
ties are available and individuals must be self-sufficient, 
the basic ration is the Meal, Ready-to-Eat, Individual 
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(MRE). In addition, a number of special-purpose rations 
are stocked to meet specific, unique military needs, some 
of which will be described in this section. 

The Meal, Ready-to-Eat, Individual has been in use 
since the early 1980s and has undergone major revision 
since first introduced. Based on retort pouch technology 
described in detail elsewhere, the MRE is a flexibly 
packaged, shelf-stable ration consisting generally of a 
casserole-type entrée or a meat/starch combination; fruit; 
crackers and spread; a cookie, cake, or brownie dessert 
item; as well as accessory items, condiments, candy, and 
beverage mixes. All MRE menus meet or exceed the rec- 
ommended daily levels of vitamins, minerals, and calories 
prescribed for operational rations by the Office of the Sur- 
geon General. Recent development of a highly acceptable 
packaged bread having a projected shelf life in excess of 
three years has enhanced the MRE acceptability and the 
technology developed for the bread is currently being ap- 
plied to numerous other highly popular items such as shelf- 
stable packaged pizza, burritos, and a variety of new cake 
and snack items. Addition of these items as MRE compo- 
nents will add variety to the menu and further improve 
acceptability as a result of incorporation of more contem- 
porary food items desired by today’s service personnel. 

To meet the unique needs of military personnel oper- 
ating in the field during extremely cold weather where con- 
ventional hot meals cannot be provided, the Ration, Cold 
Weather (RCW) has been developed and is currently being 
procured. This ration, the first ever designed specifically 
for arctic/extreme cold conditions, is composed of dehy- 
drated items that will not freeze. Salt and protein levels 
are adjusted to minimize water requirements, and several 
soup and hot drink mixes are included to help encourage 
adequate water intake because dehydration is a major 
problem in cold weather. A 4,500-calorie RCW weighs 2.7 
Jb. and has a volume of 225 in.’ for a man-day supply of 
food. For comparison purposes, it would be necessary to 
carry four MREs to provide the 4,500 calories required for 
cold weather feeding. One RCW furnishes the total calorie 
requirement and saves 55% of the weight and approxi- 
mately 40% of the cube when compared to the MRE. 

The military inventory also contains survival subsis- 
tence items, generally in the form of small food packets. 
These are intended for use only for short periods of time 
in emergency situations. Since the space available for their 
storage aboard lifeboats and aircraft or in other survival 
gear is extremely limited, high-caloric-density foods are re- 
quired. Also, because of the likelihood of little or no potable 
water available to personnel in such emergencies, foods 
low in protein and high in carbohydrate are required to 
provide the necessary calories while minimizing water re- 
quirements. Through the application of new technologies, 
a new survival ration is under development. This ration 
consists primarily of an assortment of high carbohydrate 
food bars including cornflake, shortbread, glucose, granola, 
and chocolate chip. The familiar flavor and texture of the 
new food bars will greatly increase acceptability, in com- 
parison to current survival packet components. 


TECHNOLOGY AND SCIENCE 


Preservation Processes 


The objective in processing or handling foods for military 
distribution is to retard or eliminate deteriorative pro- 


cesses that undermine food quality. Various biological 
and physicochemical processes, if uncontrolled, lead to 
spoiled and unsafe foods. Because microbiological contam- 
ination is the main concern, preservation technologies are 
used that retard microbial metabolism or destroy specific 
disease-causing or spoilage-inducing microbes. 

One common strategy in retarding microbial growth is 
to limit the availability of water for utilization by the mi- 
croorganism. It is particularly effective when combined 
with temperature lowering. Water can be made unavail- 
able by freezing the food, by adding ingredients that tightly 
bind it, or by dehydrating the food either partially or com- 
pletely. 

The basic strategy in eliminating microbial growth is to 
destroy the microbes outright or to render them incapable 
of replication. When thermal energy or ionizing radiation 
energy is absorbed, cell rupture occurs, cellular processes 
are disrupted, or the DNA is irreversibly damaged. Ther- 
moprocessing is very generally applied in stabilizing moist 
products for storage at ambient temperatures. 


Dehydration 


Freeze Drying. The primary dehydration technology 
used for certain ration components is freeze drying (1,2). 
By maintaining the product frozen well below 32°F and by 
removing the water through sublimation, highly desirable 
features are retained in the dried product. Freeze-dried 
components include fruits, vegetables, meat patties, and 
entrée items. All are blanched or precooked prior to pro- 
cessing. 

Large-scale freeze drying by industry is done on a batch 
process basis following procedures that optimize the dry- 
ing rate without compromising product quality. Pre-frozen 
products spread out on trays placed on radiant heating 
platens within a vacuum chamber are slowly processed to 
sublime away the moisture. Typically, the product tem- 
perature is maintained around 0-— 40°F and the chamber 
pressure is controlled to about 0.1-1.0 torr. As the process 
proceeds, the outer surface layer dries and the frozen ice 
core recedes. The energy for sublimation must transfer 
through the dried layer to the ice and the water vapor must 
migrate through the dry, porous layer to the surface. The 
transfer of this heat energy is driven by the difference be- 
tween surface temperature and ice temperature and is af- 
fected by thermal conductivity of the porous layer. The mi- 
gration of the moisture is driven by the difference between 
vapor pressure of the ice and the chamber pressure and is 
affected by the permeability of the porous layer. Typically, 
processors limit the slab thickness, adjust the platen tem- 
perature to maintain product surface temperature at or 
below 150°F, and try to achieve a suitable porosity in the 
product. Drying times are in the range of 10-15 h. The final 
product is packaged under vacuum or nitrogen in a water 
and oxygen impermeable material. 


Reversible Compression. Because certain military ra- 
tions must be compact, many freeze-dried components are 
reversibly compressed (3). A product that is “plastic” before 
compression recovers its original volume and textural 
properties upon rehydration. Such plasticity is achieved by 


spraying the freeze-dried material with enough moisture 
so that it has a uniform moisture content of about 12%. 
After compression, the product is redried and packaged in 
a protective container. Compression reduces the volume 
effectively, a ratio of 16:1 being achievable for green beans. 


Microwave Freeze Drying. Microwave-assisted, freeze 
drying (MWFD) has been explored for producing products 
equivalent in quality to conventionally freeze dried prod- 
ucts, but at lower cost. It has the advantage that the en- 
ergy for sublimation is directly absorbed by the ice and 
that the remaining moisture can be continually redistrib- 
uted throughout the sample. Control of microwave power 
and sample temperature is crucial, because the ice must 
not melt and the ice temperature must not be so low as to 
decrease the efficiency with which frozen water absorbs 
microwave radiation at 2,450 MHz. This advantage is evi- 
dent in the decrease in drying time down to 5.5 h for green 
peas. Another advantage is the ability to dry the sample 
toa relatively uniform moisture level of 12%, which makes 
it directly compressible. 


Centrifugal Fluidized-Bed Drying. Centrifugal fluidized- 
bed drying (CF BD) is another rapid drying technology. The 
fluidization is achieved by counterbalancing the centrifu- 
gal force exerted on diced or spherical samples contained 
in a rapidly rotating drum against the force of hot air 
streaming through small perforations in the drum wall. 
Air temperatures between 175-212°F are used. In 15 min, 
50% of the moisture in green peas can be removed. Further 
drying would be inefficient and detrimental to quality. A 
combination of CFBD with MWFD could be used to opti- 
mize the dehydration process. 


Thermoprocessing 


Conventional Retorting. The primary thermoprocessing 
technology used in producing shelf stable tray-packed and 
pouch-packed ration components is retorting (4). By sub- 
jecting foods in these containers to high temperatures for 
specified times in steam-charged retort vessels, any con- 
taminating disease-causing or spoilage-inducing microor- 
ganisms that might otherwise multiply during storage are 
destroyed. The minimum temperature-time requirement 
for the slowest heating point in a geometrically distinct 
container depends on the acidity of the product and on the 
heat resistance of the target microorganism. For most of 
the tray-packed and flexible pouch-packed components, 
the pH exceeds 4.5 and the targets are mesophilic spore- 
forming bacteria, which could grow between 50 and 105°F. 
It suffices then to ensure that the integrated temperature— 
time exposure is equivalent to 6 min at 250°F, which would 
reduce the population of the reference putrefying anaer- 
obe, PA 3679, by 6 D (ie, six orders of magnitude) and 
which provides a large margin of safety for reducing Clos- 
tridium botulinum by about 24 D. For these products, the 
retorting temperature is set between 230 and 250°F, and 
the integrated lethality (ie, Fy) of the process takes into 
account the change in thermal resistance of PA 3679 as the 
product goes through the heat-up, cook, and cool-down cy- 
cles. 
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Industrial thermoprocessing of such different items as 
potatoes in butter sauce, frankfurters in brine, beef slices 
in barbecue sauce, lasagna with meat sauce, and spice cake 
is currently done in batch mode using either a still or ro- 
tating retort. The heating medium could be pressurized 
steam or water heated with steam. Tray packs or flexible 
pouches, after being either vacuum sealed or hot filled and 
purged with steam and then sealed, are loaded into the 
retort vessel. Once the process is begun, the heat is trans- 
ferred from the surface of the container into the food. The 
flat shape of the 2-in.-deep tray-pack container and the 0.5- 
in.-thick profile of the pouch, in principle, allow the heat 
to penetrate quickly and uniformly, which should produce 
a high-quality product. If the food has a significant fluidity, 
the heat penetration is aided by natural convection; if it is 
solid, the penetration is exclusively conductive. In a rotat- 
ing retort, the agitation introduced further facilitates con- 
vective heat transfer and would lead to a faster, more uni- 
form heat treatment. 

Before the process for a particular product in a specific 
retort is filed with the USDA or FDA, verification must be 
obtained that the cycle to be used ensures attainment of 
commercial sterility at the slowest heating point in the 
slowest heating container. For this purpose, thermocouples 
are used to obtain heat penetration data and calculations 
are made to specify the cycle time and temperatures 
needed to achieve the minimum Fy. Processors typically 
will add a safety factor to ensure that the processing is in 
excess of the requirement for microbial lethality. If an en- 
tirely new product or container has been developed, inoc- 
ulation studies may be required. 

Ration components so processed are not only safe, but 
show high retention of nutrients and score high in ratings 
of color, flavor, and textural attributes. However, some 
products might be overprocessed due to wide variation in 
treatment from container to container. Techniques are now 
being investigated to validate, noninvasively, that each 
container received a treatment that is greater than the 
minimum requirement and less than the maximum set as 
a high-quality limit. One promising technique uses a op- 
tically read, bar-coded label with a patch that becomes 
darker in color as the integrated temperature-time expo- 
sure increases. 


Aseptic Processing. Another thermoprocessing technol- 
ogy that is receiving attention for possible future use is 
aseptic processing. It is a high-temperature, short-time ex- 
posure process that sterilizes the food product before it 
goes into a container. In this process, a fluid product with 
relatively large particulates, such as a stew with chicken 
cubes, potato dices, and carrot dices, is pumped through a 
scraped surface heat exchanger, then through a holding 
tube maintained at the specified high temperature, then 
through a rapid cool down system, and finally into a sterile 
filler unit utilizing surface-sterilized packaging material. 
‘Temperatures of 260—-280°F can be used, and residence 
times of about 3 min in the holding tube are all that is 
needed to ensure that the center of the particulate has re- 
ceived an adequate lethal treatment. This technology has 
several inherent advantages including high quality and 
nutrient retention, lower overall energy input, continuous 
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processing, and the option to package the product in any 
size container without the need for changing and verifying 
process parameters. 


SENSORY ANALYSIS OF RATIONS 


As described in preceeding sections, the development of 
today’s rations is driven by the logistical requirements of 
light weight, low volume, minimal preparation, and long- 
term stability under climatic extremes. These require- 
ments have forced dramatic changes in the ingredients and 
processing technologies for rations and have resulted in 
significant changes to the familiar appearance, flavor, and 
texture of the foods and beverages served to the soldier. 
These changes have the potential to dramatically affect the 
acceptability of the rations and, in turn, the soldier’s nu- 
tritional status, because rations that are not acceptable 
will not be consumed. 

To ensure that military rations retain high standards 
for quality and consumer acceptability, all rations are en- 
gineered to specific sensory criteria and levels of consumer 
acceptability. The process of evaluation used to insure 
these criteria includes a wide variety of sensory and psy- 
chophysical techniques. Many of these methods and their 
applications in military ration development have been 
published over the years (4-10). 

Primary among the methods are those known as affec- 
tive, ie, those that address the criteria of consumer liking 
for the product. In one of the largest in-house laboratory 
consumer-testing programs in the world, all military ra- 
tions undergo extensive testing in the computerized sen- 
sory analytic laboratories at Natick, where they are eval- 
uated by a volunteer panel of over 500 civilian and military 
personnel. The most commonly used rating scale in these 
tests is the nine-point hedonic scale developed in the 1950s 
at the Quartermaster Food and Container Institute in Chi- 
cago, Natick’s predecessor laboratory. This simple scale 
with points labeled from “dislike extremely” to “like ex- 
tremely,” has been shown to be both a valid and reliable 
measure of consumer acceptability and is now employed 
throughout the food industry to assess likes and dislikes 
for foods and beverages. 

In addition to hedonic testing, which can be conducted 
either in the laboratory or in the field, extensive atti- 
tudinal testing is conducted on rations and ration concepts. 
These tests frequently take the form of written surveys 
administered to subjects to assess their beliefs, feelings 
and attitudes toward foods, beverages, meal items/ 
concepts, methods of packaging and preparation, food 
names, labels, condiment usage, etc. These data provide 
useful quantitative information for product and package 
developers to best meet the needs of the soldier in the field. 

During the past few years greater emphasis has been 
placed on qualitative methods of consumer research, eg, 
focus group testing, for the assessment of consumer per- 
ceptions of ration and ration concepts. These qualitative 
procedures now supplement the quantitative survey and 
interview approaches. In addition, the concept of market- 
ing military rations has been emphasized through closer 
examination of the importance of food names, packaging 


designs, and the role of consumer expectations in military 
feeding. 

In contrast to the affective methods of ration assess- 
ment are the analytic methods, or those that use special- 
ists with training in the lexicon and evaluation of the sen- 
sory characteristics of food. These methods include such 
approaches as flavor and/or texture profiling and food 
quality scoring. They are frequently used when (1) design- 
ing a ration item to meet an ideal or “target” sensory pro- 
file, (2) developing instrumental tests to correlate with spe- 
cific sensory attributes, or (3) assessing the degradation of 
flavor or texture with time in storage. 

Last, but no less important, are the wide variety of uni- 
variate and multivariate psychophysical methods that are 
applied to rations. These methods are most often used to 
analyze the combined effects on the soldier—consumer of 
the multiple sensory attributes of each ration item, and/or 
to determine the levels of each attribute required to 
achieve maximal acceptability of the item. These methods 
of analysis, coupled with the traditional methods described 
previously, have enabled military ration developers to 
more quickly achieve a desired target product than has 
previously been possible. Moreover, this sensory technol- 
ogy has been used to assist numerous other government 
agencies, such as the U.S. Departments of Commerce and 
Agriculture, who frequently engage Natick to help solve 
problems of national concern and attention. Such technol- 
ogy transfer from the military feeding program to the pub- 
lic sector is a spin-off of a military program designed to 
solve problems on the cutting edge of food technology. 

In summary, the engineering of today’s military rations 
is keyed on the criteria of sensory quality and soldier ac- 
ceptability. Through detailed consumer and sensory ana- 
lytic testing in the laboratory and subsequent field testing, 
it can be insured that fielded rations will be well liked and 
consumed with minimum waste, so that all of the available 
nutrient content will be used by the soldier to optimize 
performance and maintain readiness for combat. 


RATION TESTING AND EVALUATION 


The evaluation of military rations has traditionally fo- 
cused on the sensory and hedonic responses to the food 
items that make up the ration (see above). In a typical 
sequence the food item is first tested under controlled con- 
ditions in a laboratory setting with civilian panelists. If the 
product is satisfactory, it is incorporated into the ration 
and subsequently tested for its acceptability to military 
consumers in a field-feeding context. If the ration is ac- 
ceptable under field conditions, it is purchased and incor- 
porated into the military feeding system. 

Several converging lines of evidence have led to a re- 
appraisal of this methodology. First a series of recent ra- 
tion field tests that employed measures such as body 
weight, food consumption, water consumption, hydration 
status and consumer perceptions of the ration as well as 
the more traditional acceptance measures revealed that 
this more comprehensive profile is needed to adequately 
assess the effectiveness of operational rations for long- 
term use (11,12). These studies also revealed that, al- 


though the rations received high acceptance scores in the 
field, they were not consumed in sufficient quantity to meet 
the surgeon general's recommended daily allowance for 
calories. A decision to feed these rations over an extended 
time period based solely on acceptance measures would 
have been a mistake. A second shortcoming of relying 
solely on acceptance measures was revealed in a series of 
laboratory and field studies (13,14). This research showed 
that social and situational variables, can influence food ac- 
ceptance and consumption as much as the intrinsic prop- 
erties of the food. The third consideration that prompted a 
review of the way military rations are tested is that rations 
of the future are likely to emerge as unfamiliar and uncon- 
ventional products in order to meet ever more stringent 
weight and volume requirements. Based on these factors, 
the U.S, Army Natick Research, Development and Engi- 
neering Center has developed a comprehensive seven- 
phase ration testing program. 


Phase |—Consumer Marketing 


The purpose of this initial step in the ration-development 
process is to identify potential items or ration concepts that 
match customer interests and requirements. It uses focus 
group testing, product profiling, marketing analyses, and 
food-preference surveys to define for the product developer 
what the military user would like in the ration. This phase 
of the testing program emphasizes that the military con- 
sumer is a customer who cannot be treated as a passive 
recipient if rations are to be successful products. 


Phase Il—Iindividual Item Sensory Testing 


This phase is initiated when the product developer has fab- 
ricated prototype items and serves to insure that people 
find the food item acceptable. 


Phase IllI—Consumer Meal Testing, Laboratory 


Food items that passed through Phase II would be tested 
to determine their suitability as components of meals 
where item compatibility was evaluated. This work would 
be conducted in the laboratory in the context of a meal 
using civilian and military consumers where selection rate, 
item and meal acceptance, and consumption would be mea- 
sured. 


Phase I1V—Meal Testing, Field 


Phase IV would be identical to phase III except testing 
would occur with military consumers in a field environ- 
ment. 


Phase V—Prototype Ration Testing 


When a sufficient number of food items have successfully 
passed through the preceding phases of testing, a new pro- 
totype ration would be assembled and compared to the ra- 
tion it was meant to replace in a field test. The measures 
taken during this field test would include selection rate 
and consumption of all items, daily nutrient and fluid in- 
take, body weight, hydration status, food acceptance, and 
consumer satisfaction with the utility of the ration. The 
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testing would occur in all appropriate environments (hot, 
cold, temperate, and altitude) during field-training exer- 
cises. The data from these tests would serve as the basis 
for a precurement decision for rations that did not pose 
unusual nutritional problems or were designed for ex- 
tended periods of use. Rations that fell into these latter 
categories would be more completely tested in Phase VI. 


Phase VI—Extended Ration Use Validation 


Some rations are designed to be used for extended time 
periods or are for special missions and do not provide ad- 
equate nutrition. Rations of this nature would be tested by 
the Military Nutrition Division of the U.S. Army Institute 
of Environmental Medicine to fully assess the ration’s im- 
pact on health and performance. In addition to the mea- 
sures employed in Phase V they would also monitor nutri- 
tional status, physical symptoms, as well as physical and 
mental performance. 


Phase ViI—Quality-Control Testing 


This phase of the ration testing program is included to in- 
sure that the quality of rations that are part of the military 
feeding system are being maintained at their original, high 
level by the manufacturers. The sensory testing methods 
employed in Phase II would be used to answer this ques- 
tion. 

At the present time this ration testing program is being 
introduced. Phases I, II and V and VI have been in opera- 
tion for several years and have led to improvements in the 
operational rations (12). The program will be evaluated 
and modifications made as experience is obtained. 


NUTRIENT STABILITY 


As indicated above, nutritional adequacy of foods provided 
to military personnel is paramount. Because of the neces- 
sity to use processed foods with long storage lives, nutrient 
and microbiological stability are essential to insure that 
nutritional content is adequate and that foods are whole- 
some at time of consumption. An area of major emphasis, 
therefore, is focused on nutrient losses during processing 
and subsequent storage. Space constraints preclude a de- 
tailed discussion of all work ongoing in these areas. Fol- 
lowing is a summary of several recent or current studies 
at Natick RD&E Center in the areas of nutrient and mi- 
crobiological stability. 


Proteins 


Among the various degradative reactions that take place 
in foods, the most difficult to arrest are those between pro- 
teins and reducing carbohydrates. This situation is even 
more aggravated when foods, such as combat rations are 
stored for extended periods without refrigeration. Even 
when reducing carbohydrates are not part of product for- 
mulations, hydrolysis of the polysaccharides and oligosac- 
charides may occur during processing or during prolonged 
storage, and then protein quality loss will follow. 
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Maillard Reaction. Although it is generally recognized 
that protein quality losses occur during processing and 
storage through the Maillard reaction, the quantitative as- 
pects of the protein-reducing sugar reaction, which leads 
to a decline in lysine availability, are subject to interpre- 
tation depending on the methodology employed (15). In the 
initial phase of the reaction, the free epsilon amino groups 
of lysine and N-terminal amino groups in the protein react 
with the reducing sugar to form a Schiff base, which cy- 
clizes then rearranges to form a ketose sugar derivative, 
commonly referred to as the Amadori compound. This com- 
pound is not digested by mammalian proteolytic enzymes 
and, therefore, becomes biologically unavailable. Further- 
more, the amino acids adjacent to the blocked lysine in food 
proteins may also be unavailable due to steric hindrance 
to enzymatic action. Acid hydrolysis of foods that have suf- 
fered quality loss due to Maillard reaction leads to the for- 
mation of a cyclic compound, furosine, in 20% yield, which 
may serve as an indicator of unavailable lysine (16). It has 
been used in Natick as a marker to determine protein qual- 
ity losses in stored dairy bars. 


Aminocarbonyl Interactions in Model Systems. Investi- 
gations focused on interactions in mode] systems between 
lysine, acetyllysine or albumin, and glucose at 40, 50, and 
60°C and a low water activity, a,, = 0.20. The reaction was 
monitored by measurement of color, fluorescence, reducing 
capacity, furosine, glucose, and lysine. There was poor cor- 
relation of fluorescence and color increase with lysine loss. 
Both furosine and reducing capacity correlated highly with 
lysine loss (17). 


Bioavailability of Essential Amino Acids in Food Products. 
The enzymatic availability of essential amino acids in beef 
stew processed using three technologies (retort pouch, re- 
tort can, and freeze-dehydration) were determined using 
three proteolytic enzymes (pronase, carboxypeptidase, and 
amino peptidase), followed by derivatization of amino acids 
with pheny] isothiocyanate and analysis by HPLC. As ex- 
pected, because of less total heat input required to attain 
a comparable sterilization value in the retort pouch, lysine 
and methionine losses were slightly less in pouches than 
in # 21/2 cans. Accelerated storage at 125°F for 28 days 
did not further decrease available lysine. 


Lipids 

Autoxidation and Antioxidants. The central problem has 
been the radically different course of lipid autoxidation and 
its prevention by antioxidants in dispersed versus bulk 
systems. This was addressed by two systems: lipids coated 
as a monolayer on silica powder and lipids freeze dried onto 
carboxymethylcellulose. Oxygen uptake measurement was 
by gas partition chromatography. Among the findings from 
the monolayer work was the ordering of the relative effec- 
tiveness of antioxidants for lipids coated as monolayers on 
surfaces (18). The carboxymethylcellulose work revealed 
the relative effectiveness of many known and some previ- 
ously unknown natural antioxidants. Their synergism 


with food-grade synthetic antioxidants was also proved 
(19). 


Fluorescent Detection of Lipid Oxidation Products by 
Polyamide Surfaces. It was discovered that the volatiles 
from oxidizing lipids produce surface fluorescence on 
polyamide powder coated on glass or plastic (20). This en- 
abled rapid vapor phase monitoring of oxidation either in 
tests of antioxidant effectiveness or in in-package quality 
monitoring. 


Relative Effectiveness in Bulk Lipids vs Dispersed Lipids. 
Using cobalt-accelerated soy lecithin sonicated emulsions 
(liposomes) and dispersed and freeze-dried whole milk, a 
rationale to predict the effectiveness of polar versus non- 
polar antioxidants in bulk versus dispersed systems has 
been formulated (21). In general, this rationale predicts 
that nonpolar antioxidants, eg, butylated hydroxytoluene 
(BHT), function best in polar lipid emulsions and mem- 
branes, while polar antioxidants, eg, gallic acid, are rela- 
tively more effective in nonpolar lipids and in bulk sys- 
tems. 


Rapid, Front-Face Fluorometric Methods of Quality Loss 
Assay on Comminuted Whole Tissue Foods. Experience with 
front-face, solid-surface fluorescence measurement ex- 
tended the method to comminuted slurries of whole tissue 
foods. Rapid assays of the state of lipid oxidation, Maillard 
sugar-amine, and ascorbic acid-amine browning are pos- 
sible with good discrimination between the types of quality 
loss. Dried whole milk and retorted wet-pack fruit and 
freeze-dried fruit have been studied (22). 


Vitamins 


Vitamins can be lost from foods during processing, storage, 
and preparation for consumption. Certain vitamins such 
as thiamin and ascorbic acid are more sensitive to pro- 
cessing conditions than are others such as riboflavin. How- 
ever, riboflavin can be lost through exposure to light, so 
packaging becomes important in determining storage sta- 
bility. 


Ration Processing Effects. Studies on tray packs have 
concentrated on the effects of processing and preparation 
for serving on the vitamins thiamin, riboflavin, pyridoxine, 
and ascorbic acid (23-25). The products studied were beef 
stew (fortified at a level of two times the RDA per meal), 
sliced pork, and peas and carrots. It was found that ribo- 
flavin was stable to processing while thiamin content de- 
creased by 53%, 68%, and 57%, respectively. Vitamin Bg 
also showed losses due to processing. Ascorbic acid loss 
from peas and carrots due to processing was 72%, whereas 
the fortified beef stew showed only a 20% loss of this vi- 
tamin. 


Ration Storage Studies. Both the Meal, Ready-to-Eat 
(MRE) (based on retort pouch technology) and the Long 
Range Patrol (LRP) (based on freeze drying technology) 
have been subjected to short- and long-term storage at 4°C, 
21°C, and 38°C (26). The 1973 prototype MRE was nutri- 
tionally adequate after storage at 38°C for six months and 
at 4 and 21°C for four years. Losses of thiamin, riboflavin, 
pyridoxine, vitamin A, and ascorbic acid occurred at 21 and 


38°C. Niacin and carotene were stable. In the 1980 pro- 
curement MRE storage study, the indicator vitamins thi- 
amin and ascorbic acid were followed in individual meals 
and/or in composites of cases containing 12 meals. Case 
composites showed a loss of thiamin, but after 24 mo at 
38°C this loss was only 12%. Ascorbic acid showed a 50% 
loss from cases after 24 mo at 38°C, but no loss after 60 mo 
at 4°C. As with the MRE, the LRP showed good stability 
of thiamin at 4°C. At 21°C losses did occur, being greatest 
for chicken stew (39%) and beef stew (46%) over 13 years 
of the study. 


MICROBIOLOGICAL STABILITY 


‘The role of microbiology in military subsistence systems is 
to ensure the safety and microbiological integrity of food- 
delivery systems and rations. This responsibility must re- 
spond to conventional feeding systems as well as those, 
present and future, that are considerably less conven- 
tional. These rations are prepared and delivered to their 
customers in a wide variety of facilities (dining halls, hos- 
pitals, submarines, ships, airplanes, in the field, etc) at 
widely scattered geographical locations and are either per- 
ishable or microbiologically stabilized rations produced 
commercially or under contract. 

The methods currently used to stabilize military rations 
from microbiological deterioration and to render them safe 
are thermal processing, water activity control (dehydra- 
tion, lowering osmotic pressure with humectant, salts, 
freezing, etc), low pH, microbial growth inhibitors (nitrites, 
benzoate, acids, etc), and refrigeration. 

Inoculated pack studies on complex military rations 
that have been developed in-house are conducted to deter- 
mine their thermal processing requirements. For these 
studies a simple, biphasic technique, which yields ex- 
tremely heat resistant and clean spores of Clostridium spo- 
rogenes strain PA 3679, has been developed. 

The problem of thermophiles, which are highly heat re- 
sistant organisms that grow above 45°C, is significant in 
military rations due to the increased chance of tempera- 
ture abuse of rations during distribution and storage. 
Therefore, commercial sterility, based on minimum heat 
input necessary to provide stability and an acceptable 
safety margin for foods handled in a carefully controlled 
distribution environment, may be inadequate for military 
rations. 

Experience has shown that to control or destroy micro- 
bial populations in a ration system of diverse foods, it is 
necessary to study each food group. For example, beef 
snacks, which are low-moisture foods designed for use in 
the field, must be processed so as to attain a water activity 
that will ensure that the organism of main concern for 
safety, in this case Staphylococcus aureus, will not grow. 
Water activity is the ratio of the water vapor pressure of 
the product to the vapor pressure of pure water equili- 
brated at a given temperature and is a measure of biologi- 
cal moisture available for microbial growth. Similarly, the 
minimum water activities for cakes, formulated for the 
tray pack container configuration, were also determined. 
The organism of concern in this case being Clostridium 
botulinum. 
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It is often necessary to use combinations of microbial 
inhibitory agents and environmental conditions to achieve 
microbial stability. The three-year shelf life required for 
canned bread is attainable by the combined use of a suffi- 
ciently low water activity to prevent the growth of Clos- 
tridium botulinum and the inclusion in the package of an 
oxygen absorber to prevent spoilage by fungal growth. 

The military is also concerned with being able to predict 
and monitor the shelf life of perishable rations. This effort 
has resulted in the issuance of a guide designed to prevent 
the unnecessary discarding of temperature abused, al- 
though still safe and edible, perishable rations in commis- 
saries. 

To further ensure the safety of perishable foods a me- 
dium for quantitating Listeria organisms was developed 
which is particularly efficient in recovering heat-injured 
cells. This was accompanied by the development of a tech- 
nique that can identify pathogenic Listeria in less than 
eight hours. 

A program to evaluate microbial inactivation kinetics 
for the aseptic processing of particulates for application for 
future ration design is being actively pursued. For this pur- 
pose extremely thermoresistant Bacillus stearothermophi- 
lus spores have been produced. The application of modified 
atmospheres (carbon dioxide, nitrogen, oxygen removal, 
etc) to inhibit microbial growth and extend the shelf life of 
perishable foods is also being studied. 


QUALITY MONITORING OF STORED FOODS 


Rations formulated and processed to retain their nutritive 
value, to prevent microbial growth, and to appeal to the 
military man or women must be able to maintain such 
quality attributes throughout storage and distribution. 
Unfortunately, food cannot be preserved indefinitely and 
will slowly show some degradation. Several degradative 
processes take place, even in canned products, that are due 
to chemical, biochemical, or physical reactions. Browning 
in cream sauces and in fruits reflects the chemical reaction 
between sugars and proteins; decomposition of proteins 
or fats, which could affect texture or flavor, reflects an 
enzyme-catalyzed biochemical reaction; and the crystalli- 
zation of starch in breads, which contributes to the percep- 
tion of staling, reflects a physical process. All of these pro- 
cesses are influenced by the temperatures encountered in 
transportation to and from storage facilities and by the 
fluctuation in temperature during storage. Rapid, simple 
ways of accounting for or monitoring such degradation are 
needed to simplify the logistical burden of rotating prod- 
ucts out of storage and into the hands of users before the 
quality of these products becomes significantly compro- 
mised. 


Shelf Life Dating 


Based on years of experience and extensive research by 
academia, industry, and government, the basic shelf lives 
of fresh or processed products stored at specified tempera- 
tures are known (27) and are used in establishing Pull 
Date, Sell by Date, or Best if Used by Date. These desig- 
nations represent the dates at which a time that roughly 
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corresponds to the product's shelf life has elapsed since the 
Date of Pack. One or another of these dates printed either 
explicitly or in coded form can be seen on many products 
intended for refrigerated, frozen, or room temperature 
storage. Although normally adequate for situations where 
temperature is relatively well controlled, this approach is 
inadequate to ensure quality if the storage equipment fails 
or if high average temperature is unavoidable. 


Temperature Effects 


The influence of the combined temperature-time effect 
can be illustrated with results on the acceptance of Meal, 
Ready-to-Eat components stored at different tempera- 
tures (28). Based on shelf life defined as the time it takes 
for an acceptance rating to decrease to 5 on a 1 to 9 he- 
donic scale, researchers found a wide variation in shelf 
lives among different components at any single tempera- 
ture and in the sensitivity of shelf lives to temperature 
changes. At 80°F, the average shelf life for all entree items 
was found to be 140 mo, whereas pastry items last for 
only 40 mo. Most important, the pastry items are insen- 
sitive to changes in temperature, the shelf life dropping 
slightly to 32 mo as the temperature increases to 110°F, 
while in contrast, the fruits are extremely sensitive, their 
average shelf life dropping from 180 mo at 90°F to 20 mo 
at 100°F. The combined effect of temperature and time is 
such that, in terms of quality degradation, exposure for 
short times at high temperature is equivalent to long 
times at lower temperatures. 


Time-Temperature Indicators (TTIs) 


Research into several different time-temperature indica- 
tors that integrate this exposure and reflect the cumulative 
history of such stress has been undertaken. One promising 
indicator label made by I-Point Technologies is based on 
the enzymatic decomposition of fats, which produces an 
acid and causes a color change in the label from green to 
yellow to red. Another promising indicator made by 
LifeLines Technologies contains, in addition to the bar 
code, a patch with a substituted diacetylene monomer that 
is initially white and eventually becomes bluish and pur- 
plish as it polymerizes. Both can be made with different 
formulations to alter the sensitivity to temperature. The 
LifeLines TTI can be scanned with an optical reader to 
obtain product information and the percent reflectance of 
light from the patch. In studies of products with such labels 
and exposed purposely to different temperatures, data 
have been obtained indicating that the change in color re- 
flectance correlates with changes in product quality. From 
such correlations, a scale can be developed from which an 
individual responsible for managing stock rotation could 
determine, from the percent reflectance of the patch, the 
time remaining at a given temperature before the shelf life 
limit is reached. 

The suitability of such labels for stock management ul- 
timately depends on how well the label temperature sen- 
sitivity matches the product’s temperature sensitivity. If 
the label is more sensitive, it will overstate the loss in 


quality; conversely, if it is less sensitive, it will understate 
the loss. Moreover, the particular quality attribute in a 
product that most affects acceptance must be identified 
and the temperature sensitivity of this attribute should 
serve as the basis for selecting a TTI label. Current re- 
search indicates that sufficient flexibility exists in adjust- 
ing label temperature sensitivity to achieve the desired 
match. 


Automated Stock Management 


Other investigations are in process to establish an auto- 
mated system for monitoring the integrated temperature 
stress on stored rations and for deciding on when to rotate 
the stock. In principle, it is possible to read such label 
with a handheld optical scanning wand, to store the data 
in a handheld computer system, and then to transmit the 
data over the phone lines to a central data collection and 
decision-making facility. Using the concept of Least 
Fresh—First Out, any product that experiences a high 
temperature stress would be stored for a shorter period 
than originally planned to ensure good acceptance when 
it is eventually delivered for use. The actual quality of the 
product becomes the determining factor instead of an as- 
sumed quality based on shelf life and date of pack. 


FUTURE CONCEPTS 


Calorie-Dense Rations 


The need to reduce the size and weight of supplies sol- 
diers must carry and to provide them with an eat-on-the- 
move capability has motivated research on calorie- and 
nutrient-dense rations. Provided that these rations are 
well accepted, their compactness and convenient shape of- 
fer significant benefits with respect to soldier performance 
and to ration storage and distribution. Consequently, 
some new concepts for ration design and tailoring are be- 
ing explored. 


Dehydration, Infusion, Compression, and Extrusion, Cer- 
tain conventional and novel technologies, alone or in com- 
bination, can be considered for making calorie-dense ration 
components (29). Caloric density is defined as kilocalories 
per cubic centimeter (keal/cc). One conventional approach 
involves dehydrating the product, which leads to a porous 
food, and then compressing it, which removes most of the 
air space. Caloric densities of about 1.1 kcal/cc can be 
obtained this way. One novel approach now being explored, 
even for civilian products, involves infusing a porous food 
with energy-rich ingredients, filling all of the air spaces 
with stable and nutritious constituents. Caloric densities 
between 5 and 6 kcal/ce are achievable. The technologies 
for producing the porous food could be either conventional 
dehydration or the more recently exploited cooking- 
extrusion process. Extrusion involves processing a flour 
and water mixture under high shear and high temperature 
within a confining extruder barrel so that, when the 
doughy mass is forced through a die opening, the super- 
heated moisture rapidly vaporizes, blowing holes in the 


extrudate and forming a honey-combed structure. Com- 
mercial corn curls illustrate this type of product. Another 
way to achieve high density that does not require a struc- 
tured, porous material is to directly compress dried pow- 
ders. 


Caloric Densities and Compactness. The volume reduc- 
tion achievable through use of these technologies can be 
put into perspective by comparing some of the past and 
current rations. The Meal, Combat, Individual (MCD), with 
its moisture-laden food packed in metal cans, had a caloric 
density of 0.8 kcal/cc; the Meal, Ready-to-Eat (MRE), with 
similar foods packed in flexible pouches, weighs less but 
has a similar caloric density. The Long Range Patrol (LRP), 
with its dehydrated but noncompressed components, 
weighed less but had only a slightly higher density of 1.1 
kcal/cc, The Food Packet Assault (FPA), with dry and com- 
pressed components, reached 1.5 keal/cc, and the new Ra- 
tion, Lightweight 30 Day (RLW30), with carefully selected 
and optimally processed dry and compressed components, 
reaches a high of 3.7 kcal/cc. Several experimental rations 
have reached as high as 7.1 kcal/cc. Assuming that the 
goals for acceptance, compactness, and cost are optimized, 
it should be possible to produce a ration with a caloric den- 
sity of 4.8 kcal/cc. This sixfold greater density compared to 
the MRE means that, for an equivalent amount of calories, 
the proposed new ration would take up only one-sixth the 
space. 


Current Thrusts. Research in this area is concentrating 
on refining the technologies so a ration can be produced 
with any prescribed nutritional or physical characteristics. 
The texture and infusibility of an extruded matrix are de- 
termined by the size and number of the air spaces as well 
as by the thickness and fragility of the walls defining those 
spaces. The nutritive value, the physical stability, and the 
textural attributes of the liquid with suspended particles 
that are infused into the extrudates are very much influ- 
enced by the size and shape of these particles and by their 
ability to penetrate the extrudate (30). Industry is cur- 
rently infusing certain dried fruits with sugar solutions to 
increase their stability and appeal. Because one of the ul- 
timate goals is to be able to tailor the ration composition 
to satisfy particular nutritional requirements for different 
climatic or tactical situations, the research should lead to 
an ability to produce the prescribed components by speci- 
fying the formulation and by adjusting the process param- 
eters. 


Self-Heating Rations 


There has always been a need to heat certain foods to pal- 
ate temperature to improve the taste, which in turn en- 
hances the morale of the soldier in the field. Currently, the 
heating is done by burning a fuel tab under a canteen cup 
filled with water into which the soldier places a pouch- 
packed entrée item, such as beef in barbecue sauce. Heat- 
ing food this way is relatively inefficient, limits the soldier 
to a fixed location, and, because of the open flame, sends 
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out a visible signal. Newer developments aim for chemical 
methods of flamelessly heating the food within its pack- 
aging and while the soldier is on-the-move. 


Chemical Heating Pad. A new product has been devel- 
oped, through joint military—civilian cooperation, that 
uses a water-activated chemical system for efficiently gen- 
erating and transferring heat (31). It contains a supercor- 
rosive magnesium-iron alloy powder blended with sodium 
chloride and imbedded in a porous polymeric matrix. It is 
produced as a thin, rectangularly shaped pad enclosed in 
a perforated paperboard package and weighs 20 g. The 
exothermic reactions that take place with 2 oz of added 
water include the oxidation of magnesium, reduction of ox- 
ygen, and formation of gaseous hydrogen. Approximately 
33 keal of energy are released. The high ratio of energy 
released to the weight of the pad and the action of the 
streaming gas and steam in heating the packaged ration 
component make this product attractive. 


Flameless Ration Heater (FRH). The initial application 
for this chemical heating pad will be as a flameless heater 
for MRE entrées. Whether packed with the MRE or issued 
separately, the FRH includes a heater pad in a polyethyl- 
ene bag that is sized to accept the MRE pouch and is 
marked with a line to indicate a level of added water equiv- 
alent to 2 oz. It is capable of raising the temperature of an 
8 oz entrée from 40 to 140°F. In practice, the entree is 
placed in the bag, the water added, the top of the bag folded 
over to avoid spillage, and the whole system placed back 
in the small carton originally used to protect the pouch. 
The carton is then set aside or carried (perhaps in the 
pocket of the soldier’s uniform) for about 10 min while the 
heating takes place. If left in the carton, the entrée will 
stay warm for an hour. 


Self-Heating Individual Meal Module. Another applica- 
tion of this chemical heating pad will be for use in an in- 
dividual meal module designed as a laptop serving tray 
package containing al] ration components, including uten- 
sils. The heater pad would be located in recessed sections 
of the tray just under the components to be heated. Water 
could be included in a puncturable reservoir or added when 
needed. In either case, channels would be included in the 
package to direct the water to the pads and to focus the 
hot gases around the compartments with the heatable 
components. Entrées, starchy items such as noodles, and 
vegetables such as carrots would be heated to the desired 
temperatures by judicious choice of the pad size and 
weight. This same general concept could be used to cool 
dessert items by choosing reagents whose reactions with 
water are endothermic. 


Future Heating Concepts. Because this chemical heater 
concept is not practical for boiling water, other flameless 
heating concepts are being considered for supplementary 
use. A small device in which organic fuel could be catalyt- 
ically combined with oxygen, without the propogation of a 
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flame, would be especially attractive. Simple ways to ini- 
tiate the catalytic combustion and to transfer the heat to 
a canteen would have to be included. Prospects for meeting 
these requirements are good. 
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MILK AND MILK PRODUCTS 


By definition as mammals, humans are milk-drinking ani- 
mals. Since at least from the beginning of recorded history, 
humans have used the milk of other mammals as a food 
source. Before urbanization, each family depended on its 
own animals for milk. Later, dairy farms were developed 
close to cities. The milk industry became a commercial en- 
terprise when methods for the preservation of fluid milk 
were introduced. Like many other early industries—made 
up of many small producers and associated with a local 
production area—the dairy industry developed into large 
production units and large processing plants often located 
far from the production areas. The successful evolution of 
the dairy industry from small to large units of production, 
that is, from farm to dairy plant, depended on sanitation 
of product and equipment, cooking facilities, health stan- 
dards for animals and workers, transportation systems, 
construction materials for process machinery and product 
containers, pasteurization methods, containers for distri- 
bution, and refrigeration for products in stores and in 
homes. 


COMPOSITION AND PROPERTIES 


Cow’s milk consists of about 87% water and 13% total sol- 
ids (Table 1). The latter are composed of solids-not-fat 
(SNF) and fat. Milk with higher fat content also has higher 
solids-not-fat content, with an increase of SNF of 0.4% for 
each 1% fat increase. The principal components of solids- 
not-fat are protein, lactose, and minerals (ash). Fat content 
and other constituents of milk vary with species, and, for 
the milk cow, vary with breed. Likewise, composition of 
milk may be influenced by many factors such as feed, stage 
of lactation, health and age of animal, and seasonal and 
environmental conditions. The SNF and moisture relation- 
ships are well established and can be used as a basis for 
detecting adulteration with water. The physical properties 
of milk are given in Table 2. 


Table 1. Gross Composition of Milks from Various Mammals 
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Fat 


Milkfat is considered the most complex of all common fats. 
It is composed of triglycerides (96%) and contains more 
types of fatty acids than vegetable oils. Milkfat is mainly 
saturated (65%) but also contains monounsaturated 
(32%) and polyunsaturated (3%) fatty acids. Milkfat typi- 
cally contains 7% short-chain fatty acids (C.-C), 15-20% 
medium-chain fatty acids (Cy)—C,,), and 73-78% long- 
chain fatty acids (=C,,). The fat is a carrier of numerous 
lipids (cerebrosides, sterols, and phospholipids) and the 
fat-soluble vitamins A, D, E, and K. Whole milk (3.3% fat) 
contains 14 mg cholesterol per 100 g milk, whereas milk 
of 0.18% fat contains 2 mg cholesterol per 100 g milk. Milk 
is an emulsion of fat in water (serum). The emulsion is 
stabilized by phospholipids that are absorbed on the fat 
globules. The emulsion is broken during treatments such 
as homogenization and churning. Current U.S. legal stan- 
dards now allow skim milk (<0.5% fat) to use the terms 
fat free or nonfat, 1% milk can use light or lowfat, 2% milk 
can use reduced fat, and whole milk (3.25% minimum fat) 
remains unchanged. 


Protein 


Milk protein is composed of two major fractions, caseins 
and whey proteins. Milk proteins are important in human 
nutrition. They are also of more value today to dairy pro- 
ducers because they may be included in milk pricing struc- 
tures, thus adding extra value to milk. 


Nutritional Content 


Milk is an excellent source of calcium, phosphorous, and 
riboflavin. Because raw milk is a poor source of vitamin D, 
vitamin D-fortified milk has been sold since the 1920s to 
prevent rickets in children. Originally milk was fortified 
with vitamin D by irradiation or by feeding irradiated 
yeast to the cows. Ergosterol is converted to vitamin D by 
ultraviolet irradiation. Currently, vitamin D is added di- 
rectly to whole milk to provide 400 IU or 10 yg per quart. 


Composition (g/100 g) 
Species Water Fat Casein Whey protein Lactose Ash Energy (keal/100 g) 
Human 87.1 45 0.4 05 te 0.2 72 
Rabbit 67.2 15.3 93 46 21 18 202 
Rat 79.0 103 64 2.0 26 13 137 
Guinea pig 83.6 3.9 66 15 3.0 08 80 
Horse 88.8 19 13 12 62 05 52 
Donkey 88.3 14 1.0 1.0 74 0.5 44 
Pig 81.2 68 2.8 2.0 55 1.0 102 
Camel 86.5, 4.0 27 09 5.0 0.8 70 
Reindeer 66.7 18.0 86 15 2.8 15 214 
Cow 873 39 26 06 46 07 66 
Zebu 86.5, 47 26 06 47 07 4 
Yak 82.7 65 58 46 09 100 
Water buffalo 82.8 14 3.2 06 48 08 101 
Goat 86.7 45 26 06 43 08 70 
Sheep 82.0 72 3.9 07 48 0.9 102 
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Table 2. Physical Properties of Milk 


Property Value 
Density at 20°C of milk with 3-5% fat, 1.032 
average, g/cm? 
Weight at 20°C, kg/L* 1.03 
Density at 20°C of milk serum, 0.025% fat, 1.035, 
g/cm? 
Weight at 20°C of milk serum, 0.025% fat, 1.03 
kg/L* 
Freezing point, °H° —0.540 
Boiling point, °C 100.17 
Maximum density at °C -5.2 
Electrical conductivity, S (=~?) (45-48) x 107* 
Specific heat at 15°C, kJ/kg - Ky° 
Skim milk 3.94 
Whole milk 3.92 
40% cream 3.22 
Fat 1.95 
Relative volume 4% milk at 20°C = 1, volume 1.002 
at 25°C 
40% cream 20°C = 1.0010 at 25°C 1.0065 
Viscosity at 20°C, mPa - s (=cP) 
Skim milk 15 
Whole milk 2.0 
Whey 12 
Surface tension of whole milk at 20°C, mN/m 50 
(= dyn/em) 
Acidity, pH 63-69 
Titratable acid, % 0.12-0.15 
Refractive index at 20°C 1.3440-1.3485 
“To convert kg/L to tb/gal, multiply by 8.34. 
Degrees Hortvet. 


“To convert kJ/kg » K) to Btu/(Ib - °F), divided by 4.183. 


Vitamin A must be added to lower-fat milk to provide 2,000 
IU per quart. Multivitamin, mineral-fortified milk is avail- 
able to meet recommended dietary requirements. The 
daily nutritional needs for an adult and the constituents 
of milk are given in Table 3. Average composition of se- 
lected dairy products is given in Table 4. 


PROCESSING 


Commercial dairy farm operations usually consist of a 
milking machine, a pipeline to convey the milk directly to 
the tank, and a refrigerated bulk milk tank in which the 
milk is cooled and stored. Milk at approximately 34°C from 
the cow is cooled rapidly to 4.4°C or below to maintain 
quality. 

Processing operations for fluid milk or manufactured 
milk products include centrifugal sediment removal; 
cream separation; pasteurization; sterilization; homoge- 
nization; membrane separation; and packaging, handling, 
and storing. 


Separation 


Continuous-flow centrifugal cream separators using cone 
disks in a bowl were introduced in 1890. Originally, the 
cream separators were the basic plant equipment, and 
dairy plants were then known as creameries. Today's sep- 
arators are pressure- or forced-fed, sealed airtight units. 
Separators develop 5,000 to 10,000 times the force of grav- 
ity to separate the fat (cream) from the milk. Cold incoming 
raw milk is generally filtered, clarified, or both in the plant 
to remove sediment. A clarifier is a special type of sepa- 
rator in which sediment is continuously removed from milk 
before further processing. Bactofugation is a specialized 
process of clarification in which high-speed centrifugal de- 
vices are used to remove most of the bacteria from milk. 
This process is used for sterile milk or cheese. 

In today’s large, automated fluid milk plants, milk is 
standardized automatically. A continuous separator splits 
the milk stream into fat-free milk and cream, the latter of 
which is added back to the milk stream to yield the desired 
fat content. Automatic (on-line) sampling and testing 
equipment along with air valves control the final tests of 
the desired product. 


Homogenization 


Homogenization is the process by which a mixture of com- 
ponents is treated mechanically to give a uniform product 


Table 3. Reference Daily Intake* and Nutritional Content of Whole Milk 


Nutrient Reference daily intake Supplied by 100 g Supplied by 1 quart 
Energy, kd (kcal)? 257 (61) 2,510 (600) 
Protein, g (daily reference value) 50 3.29 32.11 
Calcium, g 10 0.119 1.165 
Phosphorus, g 1.0 0.93 0.912 
Magnesium, mg 400 13 131 

Zinc, mg 15 0.38 3.71 
Vitamin A, IU 5,000 31 303 
Thiamine, mg 15 0.038 0.371 
Riboflavin, mg 17 0.162 1.581 
Niacin, mg 20 0.084 0.82 
Ascorbic acid, mg 60 0.94 9.17 
Vitamin D, IU 400 41 400° 
Source: Ref. 2. 


*U.S. Food and Drug Regulations. 
To convert kJ to keal, divide by 4.184; food calorie = 1 kcal. 
‘Fortified milk. 
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Table 4, Average Composition of Selected Dairy Products, % 


Product Moisture Protein Total fat Totalcarbohydrate Ash Calcium Phosphorous Sodium 
Fat-free milk 90.8 34 02 49 08 0.12 0.10 0.05 
Whole milk 88.0 3.3 3.3 47 0.7 0.12 0.09 0.05 
Half-and-half 80.6 3.0 115 43 07 © 0.10 0.09 0.04 
Heavy whipping cream 57.7 2.0 37.0 2.8 04 0.06 0.06 0.04 
Evaporated whole milk 74.0 68 16 10.0 15 (0.26 0.20 0.10 
Plain yogurt 87.9 3.5 33 4.7 07 0.12 0.10 0.05 
Cultured low-fat buttermilk 90.1 3.3 09 48 09 © 0.12 0.09 0.10 
Ice cream (economy) 60.8 3.6 10.8 23.8 10 © 0.13 0.10 0.09 
Ice cream (premium) 58.9 28 16.0 216 O72 0.10 0.08 0.07 
Sherbet (orange) 66.1 11 2.0 30.4 0.4 0.05 0.04 0.05 
Dried whole milk 2.5 26.3 26.7 38.4 61 0.91 0.80 0.40 
Nonfat dry milk 3.2 36.2 08 52.0 79-126 0.97 0.53 
Dried sweet whey 3.2 12.9 11 74.5 8.3 0.80 0.93 1.08 
Dried acid whey 35 117 05 73.4 10.8 2.05 1.35 0.97 
Creamed cottage cheese 79.0 12.5 45 27 14 0.06 0.13 0.40 
Cheddar cheese 36.7 24.9 33.1 13 3.9 0.72 0.51 0.62 
Swiss cheese 37.2 28.4 27.4 3.4 3.5 0.96 0.60 0.26 
Mozzarella 54.1 19.4 21.6 2.2 26 0.52 0.37 0.37 
Butter 15.9 0.9 81.1 01 21 

Butter oil 0.2 0.3 99.5 0.0 0.0 

Source: Ref. 1. 


that does not separate. In milk, the fat globules are broken 
up into small particles that form a stable emulsion in the 
milk, that is, the fat globules do not rise by gravity to form 
a cream line. Today, most fluid milk products are homog- 
enized. 

A homogenizer is a high-pressure positive pump in 
which milk is forced through small passages under pres- 
sure of 14-17 MPa (2000-2500 psi) at velocities of approx- 
imately 183-244 m/s. The fat globules are broken up as a 
result of a combination of factors, namely shearing, im- 
pingement, distention, and cavitation. Fat globules in raw 
milk (1-15 ym in diameter) are reduced to 1 to 2 um by 
homogenization. 


Pasteurization 


Pasteurization is the process of heating milk to kill yeasts, 
molds, and pathogenic and most other bacteria and to in- 
activate certain enzymes without greatly altering the fla- 
vor. The principles were developed by and named after 
Louis Pasteur and his work on wine in 1860 to 1864 in 
France. The basic regulations are included in the Pasteur- 
ized Milk Ordinance (3), which has been adapted by most 
local and state jurisdictions in the United States. 

Pasteurization may be carried out by batch or continu- 
ous-flow processes. In the batch process, each particle of 
milk must be heated to at least 62.8°C and held continu- 
ously at or above this temperature for at least 30 min. In 
the continuous process, the milk is heated to at least 
71.7°C for at least 15 s. This is known as high-temperature 
short-time (HTST) pasteurization. 

Other continuous pasteurization processes using higher 
temperatures and shorter times called ultra-high- 
temperature (UHT) are commercially employed (Table 5). 
For milk products with a fat content above that of milk or 
with added sweeteners, additional time and temperature 


are required (see Table 5). Following pasteurization, the 
product should be cooled quickly to 7.2°C or less. 


Membrane Separation 


The separation of components of liquid milk products can 
be accomplished using semipermeable membranes by ei- 
ther ultrafiltration (UF), reverse osmosis or hyperfiltration 
(RO), microfiltration (MF), or nanofiltration (NF). The ma- 
terials from which the membranes are made is similar for 
all processes and include cellulose acetate, polyvinyl chlo- 
ride, nylon, polysulfone, and polyamide. Ceramic and min- 
era] membranes are also widely used. 


Ultrafiltration. Membranes capable of selectively pass- 
ing molecules (molecular weights <10,000) are used. Pres- 
sures of 0.1 to 1.4 MPa (up to 200 psi) are exerted over the 
solution to overcome the osmotic pressure while still pro- 
viding an adequate flow through the membrane for use. 
UF separates protein from lactose and mineral salts, the 
protein being the concentrate. Also, UF is used with skim 
milk to obtain a protein-rich concentrate from which 
cheese is made. The whey protein obtained by UF can be 
spray dried. UF is also used for removing minerals from 
whey and buttermilk. 


Reverse Osmosis (Hyperfiltration). Membranes are used 
for separation of smaller components (molecular weights 
<500). They have smaller pore size than those used for UF. 
High-pressure pumps, usually of the positive-piston type 
or multistage centrifugal type, provide pressures up to 4.14 
MPa (600 psi). 

RO is used to remove only water from milk or whey; 
hence a concentrate similar to condensed milk is produced. 
RO has numerous applications in the dairy and food in- 
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Table 5. Pasteurization Times and Temperatures for Dairy Products 


Vat HIST UHT 
Product/Process ‘Time Temp? Time Temp Time ‘Temp? 
Fluid milk 30 min 145°F 15s 161°F 2.08 280°F 
Milk products Increase viscosity and added 158 166°F 2.08 280°F 
sweetener, stabilizers, ete. 
30 min 150°F 
Eggnog 30 min 155°F 25 s 115°F 2.08 280°F 
Tce cream mix Strictly on viscosity 158 180°F 2.08 280°F 


Source: Ref. 3. 
“To convert °C to °F, °C = (°F — 32) x 5/9. 


dustries, among which are concentration of milk before 
cheese making and concentration of whey before drying. 


Microfiltration. Membranes are used to selectively 
separate particles with molecular weights >200,000. This 
allows for the separation of proteins and bacteria. This 
technology has been used for the cold pasteurization of 
milk. 


Nanofiltration. Nanofiltration falls between ultrafiltra- 
tion and reverse osmosis. It removes particles with molec- 
ular weights of 300 to 1,000. It can therefore be used for 
demineralization as well as concentration of whey. It can 
also be used for the removal of salt from salty whey. 


(CLEANING SYSTEMS 


In most plants today, the equipment surfaces are cleaned 
in place (CIP) by mechanical-chemical action. The results 
of CIP are influenced by equipment surfaces and time of 
exposure, mechanical action, and the temperature and 
concentration of the solution being circulated. 

In the CIP procedure, a cold or tempered aqueous pre- 
rinse is followed by circulation of a cleaning solution for 10 
min to 1 h at 54 to 82°C. A wide variety of cleaning solu- 
tions may be used, depending on the food product, the 
hardness of the water, and the equipment. Alkali or chlo- 
rinated alkaline cleaners are preferred. A chlorinated al- 
kaline cleaner may be used separately or in combination 
with an acid detergent. The best combination of chemical, 
timing, and temperature is determined experimentally. 

The CIP system is highly automated with valves, con- 
trols, and timers. The programmer controls the timing and 
airflow to the valves so that cleaning solutions are directed 
to the proper locations for a specific time, followed by a 
rinse and draining or air blow to clear the lines. 


PACKAGING 


Following pasteurization, milk and milk products are 
packaged for consumer use in a variety of package sizes 
and materials. The filling operation must be carried out 
without contamination of the product and as soon after 
pasteurization as possible. Following filling and closing, 
the packages are placed in a case. The containers are 
stacked on pallets and moved to a refrigerated area (2- 


4°C). These operations are mechanized, with continuous 
operator supervision. 

Aseptic packaging has developed in conjunction with 
high-temperature processing and has continued to make 
sterile milk and milk products a commercial reality world- 
wide. In the United States, aseptic or UHT milk has been 
much slower to emerge, owing to well-developed refriger- 
ation systems to handle dairy and other food products. As 
a result, most UHT systems are currently processing fruit 
juices and some cream and ice cream mixes. 


ANALYSIS AND TESTING 


Milk and milk products are subjected to a variety of tests 
to assure public safety and to meet composition standards 
(4). 


Microbial Quality 


The microbial quality of dairy products is related to the 
number of viable organisms present. A high number of mi- 
croorganisms in raw milk suggests it was produced under 
unsanitary conditions or that it was not adequately cooled 
after removal from the cow. If noncultured dairy products 
contain excessive numbers of bacteria, in all likelihood 
postpasteurization contamination occurred, or the product 
was held at a temperature permitting substantial growth. 
Raw-milk and pasteurized-milk products are examined for 
the concentration of microorganisms by the agar plate 
method or the direct microscopic method. 

The agar plate method consists of adding a known quan- 
tity of sample (usually =1.0 mL, depending on the concen- 
tration of bacteria) to a sterile petri plate and then mixing 
the sample with a sterile nutrient medium. After the agar 
medium solidifies, the petri plate is incubated at 32°C for 
48 h, after which the bacterial colonies are counted and 
the number expressed in terms of standard plate count or 
colony-forming units per 1 mL or g of sample. This proce- 
dure measures the number of viable organisms present 
and able to grow under test conditions. An alternative 
method to the agar plate method is the Petrifilm™ aerobic 
count (PAC) method. This method uses a cold-water solu- 
ble gelling agent instead of agar in the nutrient medium. 
The methodology is similar to the agar plate count, but the 
Petrifilm® plates require less labor in preparation and less 
incubator space. 


The direct microscopic count determines the number of 
viable and dead microorganisms in a milk sample. The 
small amount (0.01 mL) of milk is spread over a 1.0 cm? 
area on a microscope slide and allowed to dry. After stain- 
ing with an appropriate dye (usually methylene blue), 
the slide is examined with the aid of a microscope (oil- 
immersion lens). The number of bacteria cells and clumps 
of cells per microscopic field is determined and by proper 
calculations is expressed as the number of organisms per 
1 mL of sample. 

The keeping quality of milk and milk products is deter- 
mined by several variations of the agar plate method. Co- 
liform bacteria are detected by using the agar plate method 
and a selective culture media (violet-red bile agar). Be- 
cause coliform bacteria do not survive pasteurization, they 
are an indication of recontamination or improper process- 
ing. Psychrotrophic bacteria are capable of growing at re- 
frigerator temperatures, 2 to 10°C. They are responsible 
for fruity, putrid off-flavors in milk. These bacteria are 
measured by the agar plate method and incubation at 7°C 
for 10 days. Additional tests for milk quality can be found 
in Ref. 4, 


Somatic Cells 


Mastitis is an inflammation of the cow's udder that results 
in high levels of somatic cells in the milk. A level of somatic 
cells >750,000/mL is considered abnormal, and such milk 
must not be offered for human consumption. Treatment for 
mastitis with antibiotics may result in such compounds 
getting into the milk supply. When this occurs, starter cul- 
ture growth and hence cheese making may be inhibited, or 
persons consuming such milk may have allergic reactions 
to these compounds. The presence of such chemicals is de- 
termined by a variety of very sensitive and rapid test pro- 
cedures (4). 


Other Tests 


The phosphatase test (4) is a chemical method for measur- 
ing the efficiency of pasteurization. All raw milk contains 
phosphatase, and the thermal resistance of this enzyme is 
greater than that of pathogens over the range of time and 
temperature of heat treatments recognized for proper pas- 
teurization. Underpasteurization as well as contamination 
of a properly pasteurized product with raw product can be 
detected by this test. Pesticides are often found in feed or 
water consumed by cows; subsequently, they may appear 
in the milk. At present, low-level residues of some of these 
chemicals are permitted in milk, and hence milk and its 
products must sometimes be tested for chlorinated hydro- 
carbon pesticides (4). 


Milk Composition: Fat and Protein 


Milk and milk products are purchased from the farmer and 
sold in stores based on content of fat, protein, or both for 
raw milk and according to federal and state standards. 
Milk was first analyzed for fat content by the Babcock test 
developed in 1890. Today, the Babcock test is used primar- 
ily to standardize newer, indirect fat-testing equipment 
such as the turbidimetric method, mid-infrared spectro- 
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scopic methods, and near infrared reflectance methods. 
Mid-infrared methods measure fat at specific wavelengths 
(3.48 and 5.723 um) and are automated, capable of testing 
hundreds of samples per hour. 

The protein content of milk can be determined by a va- 
riety of methods, including dye-binding, Kjeldahl, and col- 
orimetric. Recently, procedures using infrared analyses 
have been adapted to the same equipment that measures 
fat, so that fat and protein can be measured at the same 
time using different wavelengths of light. Currently, much 
of the raw milk is being purchased based on fat and protein 
or fat and SNF contents. These fat and protein tests are 
described in detail in Ref. 5. 


MANUFACTURED PRODUCTS 


Cheese 


Cheese making is based on the coagulation of casein from 
milk or, to a minor extent, of the proteins of whey. Casein 
is precipitated by acidification, which can be accomplished 
by adding bacteria that will produce lactic acid from lac- 
tose in milk. The procedures for making cheese vary 
greatly, and cheese products are countless, 

Considerable art is involved in making the 400-plus ex- 
isting cheese varieties. The composition and handling of 
the original milk, bacterial flora, and starter culture are 
the basic variables that along with heat treatments, fla- 
voring, salting, and forming of the final product affect the 
final product. The composition of various cheeses is given 
in Table 4. Low-fat varieties can have higher moisture lev- 
els. 


Cheddar Cheese. Pasteurized milk is inoculated with a 
lactic acid culture and rennet to coagulate casein, The co- 
agulated milk is cut into cubes and cooked to remove whey. 
Whey is drained out, and the curd cubes are allowed to 
knit closely together by the cheddaring process. At the end 
of the cheddaring process, the curd is milled into smaller 
cubes and salted. The salted cheese is pressed overnight 
for further whey removal and aged up to a year for flavor 
development. 


Cottage Cheese. Cottage cheese is made from skim 
milk. Compared to most other cheeses, cottage cheese has 
ashort shelf life and must be refrigerated usually at 4.4°C 
or below to maintain quality and to provide a shelf life of 
3 to 4 weeks. Cottage cheese is a soft, uncured cheese that 
contains not more than 80% moisture. 

Cottage cheese is made by several procedures. In gen- 
eral, pasteurized skim milk is inoculated with lactic acid 
culture to coagulate the protein. A small amount of rennet 
may be added to firm the curd. The coagulated material is 
divided or cut, and the resulting curd is cooked to remove 
the whey. The whey is drained, and the curd is washed 
with water. Washed curd is mixed with cream. Mechanized 
operations are used for large-scale production. 


Frozen Desserts 


Ice cream is the principal frozen dessert produced in the 
United States. Known as the American dessert, it was first 
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sold in New York City in 1777. The composition of various 
frozen desserts is given in Table 4. 


Ice Cream. Ice cream is a frozen dessert prepared from 
a mixture of dairy ingredients (16-35%), sweeteners (13— 
20%), stabilizers, emulsifiers, flavoring, and fruits and 
nuts. Ice cream has 8 to 20% milkfat and 8 to 15% SNF 
with a total of 38.3% (36-43%) total solids. These ingre- 
dients can be varied. U.S. regulations also allow for 
reduced-fat ice cream (25% less fat than the reference ice 
cream), light ice cream (50% less fat or 1/3 fewer calories 
than the reference ice cream, as long as in the case of cal- 
orie reduction less than 50% of the calories are derived 
from fat), low-fat ice cream (not more than 3 g of fat per 
1/2 cup serving), and nonfat ice cream (less than 0.5 g of 
fat per 1/2 cup serving). The dairy ingredients are milk or 
cream; milkfat, which is supplied by milk, cream, butter, 
or butter oil; as well as SNF, which is supplied by con- 
densed whole, nonfat, or dry milk. The quantities of these 
products are specified by standards. Milkfat provides the 
characteristic texture and body in ice cream. Sweeteners 
are a blend of cane or beet sugar and corn syrup solids. 
Quantities of these vary, depending on the sweetness de- 
sired, cost, and effect on body and texture. 

Stabilizers that improve the body of ice cream include 
gelatin, sodium alginate, sodium carboxymethyl cellulose, 
pectin, and guar gum. Emulsifiers such as lecithin, mono- 
glycerides, diglycerides, and polysorbates assist in the in- 
corporation of air and improve the whipping properties. 
Commercial ice cream stabilizers and emulsifiers are usu- 
ally available as a blend. Use of stabilizers and emulsifiers 
is optional, and it is possible to produce good-quality ice 
cream without them. The liquid mixture of components for 
making ice cream is called ice cream mix. 

Preceded by a blending operation, the ingredients are 
mixed in a freezer that whips the mix to incorporate air 
and freezes a portion of the water. Freezers may be of a 
batch type for a small operation or continuous type, in 
which most commercial ice cream is produced. 

Incorporation of air decreases the density and improves 
the consistency of ice cream. If one-half of the final volume 
is occupied by air, the ice cream has 100% overrun and 
weighs 0.53 kg/L. The ice cream from the freezer is at 
about —5.5°C, with one-half of the water frozen, preferably 
in small crystals. 

Packaged ice cream is hardened on plate-contact hard- 
eners or by convection air blast as the product is carried 
on a conveyor or through a tunnel. Air temperatures for 
hardening are — 40 to — 50°C. The temperature at the cen- 
ter of the container as well as the storage temperature 
should be — 23°C or below. Approximately one-half of the 
heat is removed in the freezer and the remainder in the 
hardening process. Although ice cream is by far the most 
important frozen dessert, other frozen desserts such as ice 
milk, frozen yogurt, sherbet, and mellorine-type products 
are also popular. 


Frozen Yogurts. Frozen yogurts have become popular 
with health-conscious consumers. Product formulations 
vary widely. Frozen yogurt usually consists of 80% ice milk 
mix and 20% yogurt. 


Sherbets. Sherbets have a low fat content (1-2%), low 
milk solids (2-5%), and a sweet (25-35% sugar) but tart 
flavor. Ice cream mix and water ice can be mixed to obtain 
a sherbet. The overrun in making sherbets is about 25 to 
40%. 


Mellorine. Mellorine is similar to ice cream except that 
the milkfat is replaced with a vegetable fat (6% minimum). 
It contains 10 to 12% milk solids. 


Nondairy Frozen Dessert. Nondairy frozen dessert is a 
frozen product containing no dairy ingredients. It may con- 
tain vegetable fat, vegetable protein, sugar, eggs, and sta- 
bilizers. 


Other Frozen Desserts. Other frozen desserts include 
parfaits, ice cream puddings, novelties, and water ice prod- 
ucts. New low-fat and nonfat products and products con- 
taining high-intensity sweeteners and fat replacers are be- 
ing introduced to the market. 


Yogurt 


Yogurt is a fermented milk product that is rapidly increas- 
ing in consumption in the United States. Milk is fermented 
with Lactobacillus delbrueckii spp. bulgaricus and Strep- 
tococcus thermophilus organisms that produce lactic acid 
and the characteristic yogurt flavor. Usually some cream 
or nonfat dried milk is added to the milk to obtain a heavy- 
bodied yogurt. 

Yogurt is manufactured similarly to cultured butter- 
milk. Milk with a fat content of 1 to 5% and SNF content 
of 11 to 14% is heated to about 82°C and held for 30 min. 
After homogenization, the milk is cooled to 43 to 46°C and 
inoculated with 2% culture. The product is incubated at 
43°C for 3 h in a vat or in the final container. The yogurt 
is cooled and held at =4.4°C. The cooled product should 
have a titratable acidity of 0.9 to 1.2% and a pH of 4.3 to 
4.4. The titratable acidity is expressed in terms of per- 
centage of lactic acid, which is determined by the amount 
of 0.1 N NaOH/9 grams required to neutralize the sub- 
stance. Thus, 10 mL of 0.1 N NaOH represent 1% acidity. 
Yogurts with <2% fat are popular. Fruit-flavored yogurts 
are also common; 30 to 50 g of fruit is placed in the bottom 
of the carton (sundae style) or mixed with the yogurt (swiss 
style). 


Cream 


Cream is a high-fat product that is obtained by mechanical 
separation through differential density of the fat and the 
skim. Fat content may range from 10 to 40%, depending 
on use and federal and state laws. The U.S. Code of Federal 
Regulations (6) defines creams as products that contain not 
less than 18% milkfat. Whipping cream has a fat content 
of 36 to 40%; table, coffee, or light cream has a fat content 
of 18 to 30%. Half-and-half, a mixture of cream and milk, 
has not less than 10.5% milkfat and in some states up to 
12%. 

The sale of fresh cream for home use has decreased 
greatly over the past 20 years, primarily as a result of 
changing customer demand based on dietary concerns. A 


variety of cream and fat substitutes are available for 
spreads, toppings, whiteners, and cooking. 


Dry Milk 

Drying generally follows concentration in an evaporator. 
Clarification and homogenization precede evaporating and 
drying. Homogenization of whole milk at 63 to 74°C with 
pressures of 17 to 24 MPa (2500-3500 psi) is particularly 
desirable for reconstitution and the preservation of quality. 

Dry milk is generally made by the drum-drying or 
spray-drying method. The spray process uses less heat 
than the drum process; hence the powder produced by the 
spray process is more soluble in water. Solubility of the 
powder can be further improved by coupling the agglom- 
eration (or instantization) process with the spray process. 
In the agglomeration process, powder particles are agglom- 
erated into larger particles that dissolve more easily than 
smaller particles. 

Dry whole milk should be vacuum- or gas-packed to 
maintain quality under storage. Products containing milk- 
fats deteriorate in the presence of oxygen, giving oxidation 
off-flavor. Antioxidants of many kinds have been used with 
various degrees of success, but a universally acceptable an- 
tioxidant that meets the requirements for food additives 
has not yet been found. 

Dry milk reduces transportation costs, provides long- 
term storage, and supplies a product that can be used for 
food-manufacturing operations. It has been used primarily 
for manufactured products but is now used to a much 
greater extent for beverage products. The moisture content 
for nonfat dry milk, the principal dry milk product, is 
=6.0% for standard grade and =4.0% for extra grade. Dry 
whole milk contains =3.0% moisture. 


Butter 


Butter is defined as a product that contains 80% milkfat 
with not more than 16% moisture. It is made from cream 
containing 25 to 40% milkfat. The process of making butter 
is primarily a mechanical one in which the cream, an emul- 
sion of fat in serum, is changed to butter, an emulsion of 
serum in fat. The process is accomplished by churning or, 
in recent years, by a continuous operation with automatic 
controls. Per capita annual sales of butter have remained 
steady at approximately 4.5 to 5.5 lb for the past 20 years. 


Anhydrous Milkfat; Butter Oil 


Butter oil is a high-milkfat material that is 99.7% milkfat. 
It is called anhydrous milkfat or anhydrous butter oil if 
<0.2% moisture is present. Although the terms are used 
interchangeably, anhydrous butter oil is made from butter 
and anhydrous milkfat is made from whole milk. For milk 
and cream there is an emulsion of fat in serum. For butter 
oil and anhydrous milkfat there is an emulsion of serum 
in fat, such as with butter. It is easier to remove moisture 
in the final stages to make anhydrous milkfat with the 
serum-in-fat emulsion. 


Condensed Milk Products 


Evaporated milk is produced by condensing milk to halfits 
volume in a vacuum evaporator. The final product must 
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have at least 6.5% milkfat and 23% total milk solids in- 
cluding fat. The process for evaporated fat-free milk is 
similar to that for whole milk except that the final product 
contains much less fat and total solids. The final product 
is packaged in cans and sterilized at 116 to 118°C for 15 to 
20 min. It is subsequently cooled to room temperature 
within 15 min. Vitamins A and D and stabilizing salts such 
as sodium citrate and disodium phosphate may be added. 

Condensed product made without sterilization is called 
condensed milk. Additionally, sugar may be added to the 
final product so that the final product contains 43 to 45% 
sugar, at least 8.5% milkfat, and 28% total milk solids. 
This product is called sweetened condensed milk. Owing 
to the high sucrose content, defects such as age thinning 
and age thickening may occur. These defects can be pre- 
vented by careful control of the manufacturing procedure. 
Condensed milk products are widely used in the manufac- 
ture of ice cream as well as bakery, confectionery, and other 
food products. 


By-Products from Milk 


Milk is a source for numerous by-products resulting from 
separation or alteration of the components. These compo- 
nents may be used in other nondairy manufactured foods, 
dietary foods, pharmaceuticals, animal feeds, and indus- 
trial products. 


Lactose. Lactose or milk sugar makes up about 5% of 
cow’s milk. Compared to sucrose, lactose has about one- 
sixth the sweetening strength. Because of its low solubility, 
lactose is limited in its application. However, it is soluble 
in milk serums and can be removed from the whey. Lactose 
is used in processed foods and pharmaceutical products. 


Casein. Casein is the principal protein of milk, account- 
ing for 2.5 to 4% of the weight. It possesses unique func- 
tional properties that enable its use as an ingredient in 
many food products. It can be separated from milk by acid- 
ification and removing the whey that is formed. The pre- 
cipitate left behind, casein, is dried into a powder. 

Casein is used to fortify flour, bread, and cereals. Casein 
also is used for glues and microbiological media. Calcium 
caseinate is made from pressed casein by rinsing, treating 
with calcium hydroxide, heating, and mixing followed by 
spray drying. A product of 2.5 to 3% moisture is obtained. 
Casein hydrolyzates are produced from dried casein. With 
appropriate heat treatment and addition of alkalies and 
enzymes, digestion proceeds. Following pasteurization, 
evaporation, and spray drying a dried product of 2 to 4% 
moisture is obtained. 

Many nondairy products such as coffee creamers, top- 
pings, and icings utilize caseinates. In addition to fulfilling 
a nutritional role, the caseinates impart creaminess, firm- 
ness, smoothness, and consistency to products. Imitation 
meats, soups, and the like use caseinates as an extender 
and to improve moistness and smoothness. 
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MINERALS: MICRONUTRIENTS 


The minerals as nutrients are divided into two groups. Cal- 
cium, phosphorus, sodium, chloride, and magnesium com- 
prise the macromineral group. The micromineral group is 
subdivided into a trace mineral group and an ultra trace 
mineral group. Iron, copper, and zinc comprise the former 
group and chromium, manganese, fluoride, iodide, cobalt, 
selenium, silicon, arsenic, boron, vanadium, nickel, cad- 
mium, lithium, lead, and molybdenum comprise the latter. 
The basis for this subdivision lies with the magnitude of 
need. Whereas the human body needs the trace minerals 
in milligram amounts, the ultra trace minerals are needed 
in microgram (or less) amounts. For many of the micro- 
minerals the evidence of their essentiality is meager for 
humans, and yet reports exist on their essentiality to other 
species. Of the 18 microminerals thought to be essential, 
only four have been studied sufficiently such that a data- 
base exists to support a recommendation for a daily rec- 
ommended dietary allowance (RDA). Table 1 gives the 
RDAs for these minerals (1). An additional five minerals 
have been studied sufficiently such that an intake recom- 
mendation that is generally recognized as safe and ade- 


Table 1. Recommended Dietary Allowances (RDAs) for 
Tron, Zinc, Iodine, and Selenium 


RDA 
Tron Zine Iodine Selenium 
Age (mg) (mg) (mg) (ug) 
Infants 
0-6 months 6 5 40 10 
7-12 months 10 5 50 15 
Children 
1-3 years 10 10 70 20 
4-7 years 10 10 90 20 
8-11 years 10 10 120 30 
Males 
12-14 years 12 15 150 40 
15-18 years 12 15 150 50 
19-24 years 10 15 150 70 
25-50 years 10 15 150 70 
51+ years 10 15 150 70 
Females 
12-14 years 15 12 150 45 
15-18 years 15 12 150 50 
19-24 years 6 12 150 55 
25-50 years 15 12 150 55 
51+ years 10 12 150 55 
Pregnancy 
30 15 175 65 
Lactation 

0-6 months 15 19 200 15 
7-12 months 15 16 200 15 


quate has been made. These are listed in Table 2. This 
figure is based on data extrapolated from animal studies 
and on data collected from human population studies. 
These studies of healthy humans may have included anal- 
ysis of the food consumed as part of a regular diet and, 
where possible, tissue analysis. Blood values, especially 
those indicators of anemia; hair values; urine analysis; and 
fecal analysis may have been included as items in an epi- 
demiological study. Although hair and blood analysis can 
reveal mineral nutrition status, these analyses are not 
without problems. The difficulty in using these analyses is 
that the mineral content can be transient—that is, blood 
levels of trace minerals represent the immediate mineral 
intake rather than long-term exposure, and hair mineral 
content can represent not only food or drink minerals but 
also airborne minerals. Hair minerals can be contaminated 
by shampoos and hair treatments such as coloring, bleach- 
ing, curling agents, and conditioning agents. 


MICROMINERAL TOXICITY 


Many of the microminerals are toxic when consumed in 
large amounts (2). Inadvertent exposure to a variety of 
minerals, whether via inhalation, absorption through the 
skin, or ingestion through food or drink, can elicit a toxic 
response. The gastrointestinal system offers the first line 
of defense against ingested excess mineral: vomiting and 
diarrhea. Through vomiting, contaminated food is ex- 
pelled. Through diarrhea, excretion of excess consumed 
mineral is facilitated. This reduces the time that the in- 
testinal tract is exposed to the mineral and thus reduces 
its subsequent uptake. The defense against excess expo- 
sure also involves the kidneys and the bone as well as the 
bilary tract. The kidney tubules will attempt to reduce the 
body load by increasing urinary excretion. Some minerals, 
however, namely, copper, iron, zinc, and lead, are not as 
subject to renal filtration as are other minerals, namely, 
magnesium, selenium, sodium, potassium, iodine, calcium, 
and molybdenum. Those minerals subject to renal filtra- 
tion will appear in the urine; those that are not filtered out 
are excreted via the bile into the intestinal tract. When 
coupled with diarrhea, this provides a stimulated loss 
pathway. Last, reduction of the circulating toxic load of a 
micromineral is accomplished via deposit of the excess 
mineral in the bones. Bone mineral content has been used 
to document cases of suspected toxicity. Accidental or in- 
tentional poisoning can sometimes be masked by other 
nonspecific symptoms, but bone analysis can provide the 


Table 2, Generally Recognized Safe and 
Adequate Intakes for Selected Minerals 


Mineral Intake 

Copper 1.5-3.0 mg/day 
Fluoride 1.4-4.0 mg/day 
Manganese 2.0-5.0 mg/day 
Chromium 50-200 ug/day 
Molybdenum 75-250 ug/day 


Note: These ranges are not age or gender specific. 


MINERALS: MICRONUTRIENTS 1661 


documentation needed to support or deny a supposition of 
toxicity. 

The adverse effects of excess micromineral exposure are 
as diverse as the minerals themselves. Table 3 lists the 
characteristic signs and symptoms of micromineral toxic- 
ity as well as deficiency. Each mineral has its preferred 
target in the body. For some, the target is DNA (3). Certain 
minerals (copper, arsenic, nickel, chromium) bind to DNA 
in a cross-link fashion. The binding is covalent and is in- 
dependent of a DNA binding protein. In this setting the 
excess mineral produces either a nonfunctional DNA or a 
DNA that cannot repair itself. Evidence of this cross- 
linking has been demonstrated in vitro using a variety of 
cell types. Chinese hamster cells have been used to show 
copper-induced, chromium-induced, and nickel-induced 
DNA cross-linking, and human fibroblasts and epithelial 
cells have been used to show arsenic-induced cross-linking. 

The concept of chemically induced cross-linkage of DNA 
as a factor in carcinogenesis has been proposed to explain 
the role of asbestos and the development of mesothelioma 
(4). Mesothelioma is a malignant growth of the pleural and 
peritoneal cavities and develops as a response to the in- 
halation of asbestos fibers (pleural growth) or inadvertent 
ingestion (peritoneal growth) of the fibers. Asbestosis, an- 
other symptom of asbestos inhalation, results in impaired 
pulmonary function. This is due in part to iron-catalyzed 
free-radical damage to the lung tissue because asbestos 
contains iron as a contaminant. However, cytokines, 
growth factors, and proteases as well as effects of asbestos 
on gene expression are also involved. Malignant tumors 
are stimulated to grow by the presence of asbestos fibers 
that act as artificial linkers of DNA, resulting in mutations 
within the pleural and peritoneal cells (4). Changes in the 
CDKN2 gene that encodes protein 16 seem to be involved. 
This gene is either lost or mutated. Its gene product is a 
regulator of the phosphorylation of protein 105, a tumor 
suppressor. Unphosphorylated protein 105 can inhibit pas- 
sage from the G1 to the S phase of the cell cycle, whereas 
phosphorylated protein 105 permits this passage. Passage 
inhibition is a common feature of cancer cell initiation. Any 
substance that interferes with this passage could be re- 
garded as a carcinogen. Minerals in excess quantities can 
have this effect, and excess intakes of some have been 
linked with certain forms of cancer. 

Excess exposure to certain minerals can invoke the 
stimulation of free-radical generation. Free radicals can 
damage membranes, altering their function, and can tar- 
get numerous intracellular constituents (DNA, enzymes, 
transporters, signaling systems). Free-radical generation 
may be one of the responses to excess iron exposure and 
this in turn may link this mineral to cancer development 
(5). The mechanism whereby excess iron has its effect is 
far from clear. It may induce DNA cross-linking as de- 
scribed previously, but it may also act to stimulate free- 
radical formation. Free radicals can damage cell mem- 
branes and cell constituents as well as DNA. Free-radical 
attack of DNA could cause mutations and could explain an 
association between excess iron intake and cancer (6). At 
this time, more data are needed to support or deny such 
associations. Excess mineral intake either as a single min- 
eral or as a mixture can have effects on metabolism as well 
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Table 3. Characteristic Signs of Micromineral Deficiency and Toxicity 


Mineral Deficiency Toxicity 
Tron Anemia, | amounts of hemoglobin, ferritin Bloody diarrhea, vomiting occasionally, liver failure, 
hemorrhage, metabolic acidosis, shock 
Zine Poor growth and sexual maturation, anemia, enlarged liver Nausea, vomiting, epigastric pain, abdominal cramps, 
and spleen, rough skin, lethargy diarrhea; central nervous system deficits, copper 
deficiency 
Fluoride Excess tooth decay Fluorosis; mottling of teeth 
Copper Rare; anemia, poor wound healing, muscle weakness; Rare 
lethargy, depressed collagen synthesis 
Todine Goiter (underproduction of thyroxine) None 
Manganese Abnormal bone and connective tissue growth, decreased Mn Rare 
superoxide dismutase 
Molybdenum —_No clear-cut symptoms Rare; interferes with copper use 
Selenium Decreased glutathione peroxidase activity, fragile red cells; Neuromuscular defects, trace mineral imbalance, liver 


enlarged heart, skeletal muscle degeneration 


and muscle damage 


as on cellular respiration. Where the mineral is divalent 
(2*), it can interfere with the actions of other similarly 
charged ions. Within the normal range of intakes, 
mineral—mineral interactions are common. However, when 
these ranges are exceeded, specific metabolic processes will 
be inhibited. 


MICROMINERAL DEFICIENCY 


Rarely are humans deficient in only one mineral. Usually 
the deficiency involves more than one, and these combined 
deficiencies have cumulative effects on health. As noted in 
Tables 3 and 4, micromineral interactions are common. 
Anemia usually due to iron deficiency can also be due to 
intake deficiency of zinc, copper, or both. Poor growth is 
typical of micromineral deficiency, either singly or collec- 
tively. Humans consuming a wide variety of foods therefore 
run scant risk of micronutrient deficiency. The inclusion of 
red meat, dairy foods, seafoods, and fresh fruits and vege- 
tables should provide sufficient supplies of the micro- 
minerals to the average healthy adult. Of course, special 
health considerations, such as growth, pregnancy, excess 
blood loss, and the like, may call for adjustments in mi- 


Table 4, Micronutrient Interactions 


cromineral intake, and these adjustments might call for an 
oral supplement. 


ANTAGONISMS AND INTERACTIONS AMONG 
TRACE MINERALS 


No general discussion of trace minerals would be complete 
without mention of mineral interactions. Numerous antag- 
onisms and synergisms have been reported. This should be 
expected, because many of the trace minerals have more 
than one charged state and living cells have preferences 
with respect to these states. For example, the uptake of 
iron is much greater when the iron is in the ferrous (2*) 
state than when in the ferric (3*) state. Minerals that 
keep iron in the ferric state will interfere with its absorp- 
tion and use. Minerals that do the reverse will enhance 
iron uptake. Such is the beneficial action of copper on iron. 
The copper ion (Cu**) keeps the ferrous ion from losing 
electrons. Thus, copper prevents the conversion of the fer- 
rous to ferric ion. The interactions of essential minerals 
are best illustrated in Figure 1 and listed in Table 4. Some 
of these interactions have important therapeutic value in 


Calcium Phosphorus Potassium Sodium Magnesium Zinc ‘Iron Copper ‘Iodine Fluorine 
Calcium x ta ta tatm tmla 

Phosphorus ta x tm tm ta 

Potassium thn ta x ta da, tm 

Sodium tm ta x Ja,tm 

Magnesium fa tm Ja,tm x tm 

Zine xi ta, tm 

Tron tm da da x ta, tm 

Copper ja ta,tm x 

Iodine x 

Fluorine fa x 
Cobalt ta 

Chromium fa 

Manganese fa ta 

Molybdenum tm Ja 

Selenium tm 


Note: t = increase; | = decrease; a = absroption; m = metabolism. 


ats 
a 


Figure 1. Toxicity and trace mineral interactions, Minerals that 
are important environmental toxins are in boxes. Abbreviations 
used: S, sulfur; Se, selenium; I, iodide; Ag, mercury; Mg, magne- 
sium; Zn, zine; Cu, copper; Pb, lead; Co, cobalt; Fe, iron; Mn, man- 
ganese; Cd, cadmium; Mo, molybdenum. 


the treatment of inadvertent and toxic exposure to a single 
mineral. For example, lead toxicity can be minimized by 
consumption of a diet rich in calcium and phosphorus. The 
transport proteins of the enterocytes prefer calcium to 
lead. If the enterocytes are saturated with calcium, the 
lead will not be absorbed and will pass out of the body in 
the feces. A similar situation exists with iron and lead. 
Mineral interactions need to be recognized in the manu- 
facture of special diets. Sometimes, so-called purified in- 
gredients contain mineral contaminants. This is especially 
a problem in the protein portion of the diet. Proteins can 
bind minerals, and these minerals can be found in the food 
proteins. Soybean protein can contain phytate-bound phos- 
phorus and magnesium; casein and lactalbumin, depend- 
ing on origin, contain variable amounts of calcium, mag- 
nesium, and selenium. Unless the investigator determines 
the mineral content of the diet ingredients, an unexpected 
mineral imbalance could potentially occur, and this imbal- 
ance could affect the nutritional value of the product. 


MINERAL ABSORPTION 


Of all the elements mammals need, few enter the absorp- 
tive cell by passive diffusion. Several are carried into the 
body by proteins to which the minerals are loosely at- 
tached. Iron, zinc, and copper are imported via these trans- 
porters. Iodide and fluoride enter by way of an anion— 
cation exchange mechanism. Few of the minerals are 100% 
absorbable. For the others, the absorption process is de- 
pendent on a number of factors: the binding capacity of the 
transport protein (if needed); solubility; the composition of 
the diet; the mixture of elements present in the gut con- 
tents; and the presence of materials such as phytate and 
ethylenediaminetetraacetic acid (EDTA), which bind spe- 
cific elements, thus changing the mineral mixture pre- 
sented to the enterocyte. All of these factors contribute to 
the bioavailability of the essential micronutrients. In ad- 
dition, physiological factors (eg, age, hormonal status, and 
health status) also influence absorption and subsequent 
use. Those minerals that are variable in terms of their ab- 
sorption are those that are either divalent or multivalent 
ions (ie, ions with more than one charged state). Iron and 
chromium are multivalent ions whereas selenium, man- 
ganese, zinc, and molybdenum are divalent. 
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BIOAVAILABILITY 


One concept that nutritionists have developed relates not 
only to absorption efficiency but also to mineral interac- 
tions at the site for absorption and the site of use. This 
concept is that of bioavailability (5). Bioavailability is de- 
fined as the percentage of the consumed mineral that en- 
ters via the intestinal absorptive cell, the enterocyte, and 
is used for its intended purpose. Thus, bioavailability in- 
cludes not only how much of a consumed mineral enters 
the body but also how much is retained and available for 
use. An example might be the comparison of iron from red 
meat to the same amount of iron from spinach. Iron from 
red meat has a greater bioavailability than iron from spin- 
ach because it is an integral component of the protein 
heme. It is this form (heme iron) that is efficiently absorbed 
and used. The iron in the spinach is bound to an oxalate, 
and even though some of this iron can be released from the 
oxalate, it is in the ferric state and poorly absorbed. 


APPARENT ABSORPTION 


Another term referring to absorption is frequently used: 
apparent absorption. This term refers to the difference be- 
tween the amount of mineral consumed and the amount 
that appears in the feces. Some minerals are recirculated 
via the bile whereas others are not. This recirculation, es- 
pecially in a poorly absorbed mineral, can contribute to the 
mineral content of the feces, but there is no correction for 
the bilary contribution to the fecal mineral content. The 
term apparent absorption refers only to the difference be- 
tween intake and fecal excretion. 


MINERAL UPTAKE AND TRANSPORT 


Because of their ionic nature, minerals can form electro- 
valent bonds to a variety of substances. Although ingested 
as salts, minerals ionize to their component parts, and it 
is the resultant ions that are absorbed, used, stored, or 
excreted. If absorbed, many of the microminerals are re- 
tained because there is little excretion. As ions, minerals 
react with charged amino acid residues of intact proteins 
and peptides. Table 5 provides a list of minerals and the 
amino acids with which they react. Depending on their va- 
lence state, these mineral-amino acid bonds can be very 
strong, moderate, or very weak associations. 

Many minerals are carried in the blood by specific trans- 
port proteins. The reasons for this are not fully known. 
However, we do know that there are preferred ligand bond- 
ing groups as shown in Table 6. Other features of these 


Table 5. Mineral-Amino Acid Interactions 


Minerals Amino acid 
Copper Histidine 

Selenium Methionine, cysteine 
Zine Cysteine, histidine 
Iron Histidine 
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Table 6. Preferred Ligand Binding Groups for the 
Microminerals 


Metal Ligand groups 

Mn?* Carboxylase; phosphate and nitrogen donors 

Fe?* -SH, NH? > carboxylates 

Fe’* Carboxylate, tyrosine, -NHz, porphyrin (a nitrogen 
donor) 

Co** Similar to Fe** but is usually chelated by the NH 
groups as in vitamin By» 

Cu* -SH (cysteine) 

Cu?+ Amines > carboxylates 

Zn?* Imidazole, cysteine 

Mo?* -SH 

Cd?* -SH 


transport proteins (eg, size, shape, amino acid sequence, 
tertiary and quatenary structures) may also determine 
specificity. As yet we lack this information for each of the 
specific proteins that bind the microminerals. In some in- 
stances a transport protein will carry more than one ion. 
An example is metallothionein, which will carry both zinc 
and copper. It will also carry some of the heavy metals, but 
its affinity for zinc and copper is greater than its affinity 
for heavy metals such as lead. 

Many of the microminerals can be chelated by organic 
materials. Chelation is a common phenomenon in biologi- 
cal systems, and this process has many clinical applica- 
tions. For example, EDTA is a potent chelator and is used 
to remove lead or other heavy metals from the body. It will 
also chelate calcium and magnesium, so the clinician using 
EDTA to treat lead overload will have to be aware of this 
feature as well. Penicillamine is another chelator of im- 
portance. It is used to remove excess copper, for example, 
in patients with genetically inherited Wilson’s disease. 2,3- 
D-Dimercaptopropanol-1 is a chelator of lead, mercury, ar- 
senic, copper, cadmium, tin, and other toxic metals. It sol- 
ubilizes these metals and chelates them, allowing for their 
excretion in the urine. Chelation is important to the bio- 
logical function of several minerals. Examples are the che- 
lation of cobalt within the structure of vitamin B,2 and the 
chelation of iron within the structure of hemoglobin, as 
shown in Figure 2. In the B,2 structure, chelation is a func- 
tion of the many nitrogen molecules within this very large 
molecule. 


FUNCTIONS OF MICROMINERALS 


The microminerals are widely dispersed in the living body. 
They serve a variety of functions, as summarized in Table 
7, and most of these minerals can be found in trace 
amounts in the skeletal system. The bones and teeth are 
primarily calcium phosphate salts, yet within the bone ma- 
trix other minerals can be found as well. Some of the mi- 
crominerals have only one function, for example, cobalt in 
vitamin B,. and iodide in thyroxine, but others serve at 
multiple levels, from influencing gene expression to serv- 
ing as cofactors in enzymatic reactions to contributing to 
the stability and hardness of bone. 


M P 


Figure 2. Heme as a chelator of iron. Abbreviations used: A, ac- 
etate (CH,-COO,H); M, methyl (-CH,); P, proprionate (-CH,-CH,- 
COOH); V, vinyl (-R-CH=CH,). These are the residues of the 
amino acids that project out from the heme protein structure. 


Table 7. rominerals and Their Functions 

Mineral* Function 

Iron Essential component of iron—sufur centers that 
function in redox reactions as well as in the 
cytochromes and hemoglobin; serves in the 
expression of the genes for the 
metallothioneins, ferritin and the transferrin 
receptor (7-9). 

Zine Cofactor in more than 100 enzymatic 
reactions. Essential component of the zinc 
fingers that characterize many of the 
nuclear DNA-binding proteins. Serves in the 
expression of genes for metallothionein; has 
a vital role in apoptosis (7, 10-13). 

Copper Essential cofactor in several reactions 
concerning iron use, collagen synthesis, and 
free-radical suppression. Serves in the 
expression of the genes for metallothionein 
superoxide dismutase, and several 
mitochondrial enzymes (14-17). 

Cobalt Essential to the structure of vitamin By». 


Todine Essential for thyroid hormone synthesis (18). 

Manganese _ Essential cofactor in many enzymatic 
reactions, especially those using ATP or 
UTP. 

Activates adenylate cyclase; cofactor in sulfite 
oxidase and xanthine oxidase (19). 

Essential to glutathione peroxidase and 
thyroxine deiodinase. Serves in the 
expression of the gene for glutathione 
peroxidase (20,21)° 

Increases hardness of teeth 


Molybdenum 


Selenium 


Fluorine 


“Arsenic, chromium, nickel, silicon, and vanadium appear to be essential 
for optimal growth and metabolism of several animal species, but their es- 
sentiality and function in humans has yet to be documented. 
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MINERALS AND GENE EXPRESSION 


As noted in Table 7, several of the microminerals influence 
the expression of genes encoding one or more important 
proteins (7-21). Doubtless we will discover many more of 
these gene products that require one or more of the mi- 
crominerals as part of the regulation of the transcription 
and translation of their cognate genes. Perhaps the min- 
eral that has been studied the most is zinc because it is 
part of a group of DNA-binding proteins called transcrip- 
tion factors. In this role, zinc is bound by the histidine and 
cysteine residues of these binding proteins, giving these 
regions fingerlike projections that in turn bind to DNA at 
specific regions. These are illustrated in Figure 3. These 
proteins are called zinc finger proteins and the zinc-bound 
regions, zinc fingers. A number of nutrients, namely, vi- 
tamin A and vitamin D, and hormones, namely, steroids, 
insulinlike growth factor I, growth hormone, and others, 
have their effects on the expression of specific genes be- 
cause they can bind to very specific proteins that contain 
zine fingers that in turn bind to very specific DNA se- 
quences. 

If there is a mutation in the genes that encode these 
DNA-binding proteins such that they lack the requisite 
two residues each of histidine and cysteine in the linear 
part of their structure, then the functional attributes of 
vitamins and hormones requiring these proteins at the ge- 
netic level will be ablated. Instances of such mutations 
have been published, as have instances where these zinc 
fingers have been purposefully modified as a therapeutic 
approach to disease control. As an example, a zinc- 
containing transcription factor, Zif268, has been modified 
such that its sequence-specific recognition by viral DNA 
results in an ablation of the viral invasion and takeover of 
specific target cells (22). Although this modification was 
done in vitro and not tested in whole animals, this ap- 
proach has a potential use in battling viral infections. 

Copper, zinc, and iron are all involved in the expression 
of genes for the metal-binding proteins, the metallo- 
thionines. These cysteine-rich proteins transport these di- 
valent ions through the intestinal absorptive cells. Several 
genes are involved. Each has a metal response element 
that is specific for each of the minerals. In the case of cop- 


Figure 3. Zinc bound to cysteine 
and histidine residues from finger- 
like projections that bind to DNA at 
specific regions. 


per, a copper-containing DNA-binding protein attaches to 
a specific DNA sequence called the CUP1 element. A zinc- 
containing DNA-binding protein is also required, and to- 
gether these proteins stimulate the transcription of the 
metallothionine genes. The binding sites for these mineral- 
containing proteins are upstream from the promoter re- 
gion of the genes, and the minerals by themselves (not in- 
corporated into the DNA-binding proteins) do not directly 
stimulate transcription. In addition to the metallothionine 
genes, copper has been found to influence the expression 
of at least 10 other genes, all of which have a copper re- 
sponse element in their DNA sequence (17). Five of these 
are mitochondrial sequences, suggesting that copper has a 
function in mitochondrial gene expression as well as in nu- 
clear gene expression. 

Just as zine, copper, and iron play multiple roles in 
gene expression, so too does selenium (20,21). Selenium is 
an essential cofactor to the activity of glutathione peroxi- 
dase in multiple forms. Selenium is also essential to the 
expression of the genes that encode these enzymes. In 
selenium-deficient animals, glutathione peroxidase mes- 
senger RNA falls to undetectable levels, indicating that 
this mineral functions in the transcription of this messen- 
ger RNA. How this occurs has not yet been elucidated, but 
likely the mechanism of action will be similar to that de- 
scribed earlier for copper. 


Table 8. Genetic Diseases in Micromineral Metabolism 


Disorder 


Characteristics 


Hemochromatosis Excess iron absorption, resulting in damage 
to pancreas, liver, heart 

Defective intestinal copper absorption 

Excessive copper accumulation due to 
impaired incorporation of copper into 
ceruloplasmin and decreased bilary 
excretion 

Autoimmune disease characterized by 
impaired thyroid gland function. Goiter 
(underproduction of thyroxine) or 
hyperthyroidism (overproduction of 
thyroxine) due to thyroid stimulating 
hormone receptor autoantibodies 


Menkes disease 
Wilson's disease 


Graves’ disease 
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Last, genetic errors or mutations in genes that encode 
specific proteins involved in micromineral metabolism 
have been described. These are listed in Table 8. These 
diseases are uncommon, yet their presence has allowed sci- 
entists to understand aspects of mineral metabolism pre- 
viously unapproachable. Through the study of humans 
with Wilson’s disease and Menkes disease, for example, an 
understanding of copper absorption and turnover was 
gained. Similar insights into the role of iron in the heme 
structure as well as iron-sulfur centers were gained 
through the study of hemochromatosis. 
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MOLECULAR MODELING: COMPUTER 
MODELING OF FUNCTIONAL PROPERTIES 


One of the principal goals of food science and technology is 
to be able to modify the measurable functional properties 
of a food by specific changes to the structures of the com- 
ponent molecules. Examples of this type of manipulation 
of molecular properties include direct chemical modifica- 
tion of polymers, as in modified starches, and the prepa- 
ration of mutant proteins through site-directed mutagen- 
esis (1). Although this goal of control of functional 
properties can be occasionally achieved as the serendipi- 
tous result of random experimentation, in principle, suc- 
cessful design of novel functional properties requires an 
understanding of the way in which these functional prop- 
erties depend on molecular structure. 

In general, such an understanding involves a detailed 
knowledge of the atomic and molecular-level interactions 
responsible for macroscopic bulk properties. Unfortu- 
nately, this knowledge is often unavailable, because few 
experimental techniques can directly probe chemical pro- 
cesses in the necessary detail. Even in those cases where 
experiment can directly examine molecular structure, such 
as X-ray diffraction experiments, it generally remains un- 
clear how the molecular architecture functions or how it 
might be modified to successfully alter its workings. For- 
tunately, recent developments in theoretical chemistry 
now allow molecular events to be directly simulated on fast 
computers. These developments not only permit us to learn 
how biopolymer systems function but also present the pos- 
sibility of modeling numerically the effects of changes in a 
polymer structure, such as a series of active site mutations 
in a protein, without the time and expense of actually pro- 
ducing each of these mutants in the laboratory. Experi- 
mental studies can thus be made more efficient by only 
making those mutants that the simulations suggest might 
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actually possess the desired functional properties. This ar- 
ticle provides an introduction to these theoretical simula- 
tion methods and their application to biopolymers of the 
types important in the physical properties of foods. 


COMPUTER MODELING OF BIOPOLYMERS 


The observable physical properties of any molecule are ul- 
timately the result of the physical laws that determine the 
behavior of individual molecules and atoms. At the most 
fundamental level, of course, the properties of molecules 
are governed by quantum mechanics, and modeling the be- 
havior of molecules numerically requires the direct solu- 
tion of Schrédinger’s equation for all of the nuclear and 
electronic degrees of freedom for all molecules in the sys- 
tem. Unfortunately, it is not practical to solve this time- 
dependent equation at the necessary level of accuracy for 
molecules containing more than a few heavy (nonhydro- 
gen) atoms. It is thus not possible to make a direct quan- 
tum mechanical simulation of large and complex systems 
such as the mixtures of proteins, fats, water, salts, and 
other components that make up a typical food. However, 
in many cases, part of the solution of the quantum me- 
chanical problem is known by other means. Typically, 
important features of the molecular structure, such as 
equilibrium bond lengths and angles, are known approxi- 
mately from studies of less complicated molecules, and the 
primary challenge is to understand the conformational be- 
havior of polymers, how different molecules interact, and 
the connection between basic structure and macroscopic 
properties. The link between basic structure and bulk 
properties is statistical mechanics, and the most common 
theoretical studies of biopolymer physical properties are 
various attempts to model this statistical mechanical con- 
nection. 

Theoretical calculations that exploit a knowledge of mo- 
lecular energies as a function of nuclear coordinates are 
called molecular mechanics calculations (2-4). Because it 
is impossible to accurately solve Schrédinger’s equation for 
large polymer systems, it is common in theoretical simu- 
lations to approximate the quantum mechanical energy 
with continuous energy functions that have approximately 
the same behavior. By invoking the Born-Oppenheimer ap- 
proximation (3), which says that the electronic motions of 
a molecule are far faster than the nuclear motions, it is 
possible to separate the inherently quantal problem of the 
electronic motions from the much more classical problem 
of the motions of the nuclei, by treating the electronic en- 
ergy for each value of the nuclear coordinates as a potential 
energy function that governs the motion of the nuclei. It is 
then possible to use continuous, analytic functions to ap- 
proximate this nuclear potential energy function. These 
semiempirical energy equations have theoretically reason- 
able functional forms that are parameterized to the results 
of various experiments and theoretical calculations such 
that properties calculated using these functions are those 
found in the experiments. Energy functions of this type 
usually contain terms to represent bond stretching, bond 
angle bending, hindered torsional rotations about chemical 
bonds, and nonbonded and electrostatic interactions. A 


typical example of such a function of the internal coordi- 
nates q might be 
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where the 6’s are the various bond lengths, which have 
equilibrium values bo, the @’s are the bond angles with 
equilibrium values 6p, the g’s are the torsional angles about 
each bond, and q; and q; are the partial atomic charges of 
each atom, separated by a distance r;;. This equation treats 
bond stretching and bending as harmonic oscillator terms 
with force constants k, and ky, and also includes a periodic 
hindered torsional energy term in the angle y with the 
force constant k,, periodicity n, and phase 6. van der Waals 
interactions are treated as a typical 10-12 Lennard-Jones- 
type interaction, and the electrostatic interactions are rep- 
resented by Coulomb’s law. The various adjustable con- 
stants that appear in such equations (kp, ko, ky, Ay, By, qi) 
must be selected with great care in order for the results to 
be physically reasonable. This parameterization is accom- 
plished by matching experimental properties of small mol- 
ecules (equilibrium bond lengths and angles, IR and Ra- 
man spectral frequencies, etc) to the values calculated 
using the energy equation as a function of the adjustable 
parameters (2-4). 


Energy Minimization 


The most common types of molecular mechanics calcula- 
tion are conformational energy studies (2~4), Conforma- 
tional energy calculations involve the search for the mo- 
lecular geometry with the lowest potential energy, on the 
assumption that the structure with the lowest mechanical 
energy (as calculated from the semiempirical energy func- 
tions) will be the form primarily found in nature. This 
search is accomplished using automatic energy minimi- 
zation algorithms, which minimize the gradient (deriva- 
tive) of the potential energy. Predictions of the structure- 
dependent physical properties of the biopolymer system 
are then based on those calculated from the lowest energy 
conformation. Unfortunately, the major problem with this 
approach is that due to the enormous complexity of large 
systems, it is difficult to identify the lowest energy struc- 
ture. The problem arises because for large systems, there 
will, in general, be many local minimum energy geometries 
that are locally stable, with a zero gradient of the potential 
energy, but that are higher in energy than the structure 
with the lowest energy, which is called the global energy 
minimum. There is no general mathematical procedure for 
finding this global energy minimum. Most minimization 
techniques will simply locate the nearest local stable ge- 
ometry for which the gradient is zero and then be unable 
to proceed over any energy barriers that separate this local 
minimum from any lower energy structures. This multiple- 
minimum problem (5) is the reason that it is not yet pos- 
sible to predict the tertiary conformation of a protein given 
its primary sequence, even though in principle the se- 
quence for most proteins contains all of the information 
necessary for correct folding (see later). Even if the global 
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minimum-energy structure is identified, there are other 
possible problems with this type of approach. Polymers 
such as proteins are not static, but actually fluctuate con- 
siderably, sampling a number of nearby thermally acces- 
sible conformations (6) (which are usually quite similar to 
the lowest energy structure), and the experimental, or 
physical, structure is actually an appropriately weighted 
average of all these structures. Energy minimization stud- 
ies, however, generally cannot include such conformational 
averaging, or its entropic effects (7). Perhaps most impor- 
tant, energy minimization calculations cannot directly in- 
clude the effects of solvation, which can be quite crucial in 
many biological systems. 

In spite of their limitations, energy minimization cal- 
culations can be of great utility in studying certain limited 
questions, such as predicting the preferred binding geom- 
etries of substrates in enzyme active sites or the local ef- 
fects of a single point mutation in a protein. This type of 
calculation can be especially useful when combined with 
computer graphics representations of molecular struc- 
tures, as is now frequently done in the pharmaceutical (8) 
and food industries in binding studies. Visual inspection of 
computer-generated three-dimensional color images of in- 
teracting molecules such as a target protein and a drug 
molecule allow researchers to use their chemical intuition 
and experience to identify promising approximate binding 
configurations, which can subsequently be refined by the 
application of energy minimization calculations. In this 
way, the human-guided input can avoid calculations for 
many of the unpromising minima that blind energy mini- 
mizations would have wasted much computer time explor- 
ing needlessly. 


Molecular Dynamics Simulations 


More theoretically realistic models of the behavior of mo- 
lecular systems can be generated by recognizing that mac- 
roscopic properties are averages over large numbers of 
fluctuations of the system. Statistical mechanical calcula- 
tions that explicitly average over these different states will 
thus give a more physical picture of the behavior of such 
systems. Among these types of calculations are Monte 
Carlo calculations (9) and molecular dynamics simulations 
(3,4,10). Molecular dynamics studies are a type of molec- 
ular mechanics calculation in which atomic motions are 
simulated numerically using a large digital computer. In 
this type of calculation, the classical Newton’s equations of 
motion are solved numerically for every atom in the system 
as they respond to the forces arising from the empirical 
force field. Because the negative gradient, or derivative, of 
the potential energy function V with respect to the atomic 
coordinates is equal to the force F; along that coordinate 
acting on the particle, 


F, = -V.V 


the derivatives of this analytic function can be used to nu- 
merically integrate the coupled Newton's equations of mo- 
tion (11) 


F, = ma; 


to give a complete description of the motion of every atom 
in the molecule as a function of time, given the initial con- 
ditions (initial positions and velocities for each atom). For 
those molecules for which some plausible structure is 
known, either from reasonable chemical conjecture or from 
experiments such as X-ray diffraction from crystals, a ran- 
dom selection of initial atomic velocities from a Boltzmann 
distribution allows the researcher to produce a theoretical 
trajectory describing the way in which this molecule would 
move if it were possible to view it at the atomic level in 
such detail. Within the limitations imposed by the approx- 
imations (such as the use of empirical energy functions), 
this trajectory contains everything that can be known 
about the system, and all of its properties can be calculated 
as the appropriate time average over the trajectory, if it is 
of sufficient length. This absolute knowledge is the source 
of the great power of molecular dynamics simulations. 

Unfortunately, the main limitation of this method is 
contained in the caveat that the trajectory must be of suf- 
ficient length. The statistical nature of the macroscopic 
properties requires averaging over either a very large 
number of systems identical in al] respects except starting 
conditions or averaging over a single trajectory of very 
great duration. The numerical integration techniques used 
to solve the classical equations of motion require very 
small time steps, on the order of a femtosecond, to main- 
tain an acceptable level of accuracy. Each time step in the 
integration is costly, requiring the evaluation of the forces 
arising from the extremely large number of nonbonded in- 
teractions, which varies roughly as N*, where N is the 
number of atoms in the system. As a result, practical con- 
siderations concerning the amount of computer time avail- 
able limit the trajectory time that can actually be simu- 
lated. The calculation of thermodynamically converged 
properties can thus be frustrated by large statistical in- 
accuracies. Nonetheless, such simulations have become 
routine in recent years and have been of great value in 
understanding a variety of physical systems. For example, 
much knowledge of the details of aqueous solutions has 
been based on such simulations (12). Calculations have 
now been reported for a variety of small molecules; for wa- 
ter and aqueous solutions (12,13), including those contain- 
ing ions (14); and for proteins (15-18), carbohydrates (19- 
23), lipids, and nucleic acids (24,25). 

A major advantage of this type of calculation over sim- 
ple energy minimization calculations is that the trajecto- 
ries contain entropic effects automatically “built in” to 
their behavior. Furthermore, systems do not necessarily 
become trapped in higher-energy local minimum geome- 
tries, because the momentum of the moving atoms can 
carry them over energy barriers and down the opposite 
side into other local minima. Thus, in principle, a trajec- 
tory of sufficient length would not suffer from the multiple 
minimum problem. Another important advantage of mo- 
lecular dynamics simulations is that this type of calcula- 
tion easily allows the modeling of solutions or crystal sys- 
tems through the explicit inclusion of solvent water 
molecules or crystal neighbors in the calculations. Because 
solvation can play a critical role in determining the con- 
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formational behavior of polymers, and particularly pro- 
teins, the inclusion of water molecules directly in theoreti- 
cal simulations can significantly increase their ability to 
model nature. Quite recently, a successful simulation of the 
complete folding of a very small globular protein in aque- 
ous solution was reported (26). This goal, the prediction of 
a protein tertiary conformation from sequence alone, is the 
“holy grail” of protein modeling, and although the present 
simulation, which required more than two CPU months on 
one of the world’s largest computers, is not necessarily the 
full realization of that goal, it offers renewed hope that 
such predictions might actually be possible in the future. 


APPLICATION OF MOLECULAR MECHANICS 
CALCULATIONS TO FOOD SYSTEMS 


Although molecular mechanics calculations have been 
widely used to study all major types of biological polymers, 
such calculations have only recently been attempted for 
typical food molecules. However, the potential for future 
use is great. This section simply indicates a few of the types 
of problems where such simulations have been profitably 
employed. Many other types of problems exist that could 
be usefully studied with theoretical calculations, however, 
and calculations of this type on food systems will probably 
become commonplace in the near future. 

Because techniques already exist to modify the se- 
quence of a protein almost at will by site-directed muta- 
genesis, perhaps the area with the greatest potential for 
practical applications for molecular mechanics is in study- 
ing possible protein mutants with the objective of modify- 
ing or improving their functionality. Such studies are al- 
ready common in the biotechnology industry (8). However, 
because of the extreme difficulty or practical impossibility 
of making a prediction of protein conformation based solely 
on sequence information (see earlier), it is currently nec- 
essary to study those proteins whose tertiary structures 
have been previously determined by X-ray diffraction ex- 
periments. Fortunately, such diffraction studies are be- 
coming more common for important food proteins. 

One food protein whose tertiary conformation is known 
is the whey protein f-lactoglobulin (27). The structure of 
this 162-residue protein has been reported at 2.8-A reso- 
lution. From this work it was determined that f-lactoglob- 
ulin has approximately the same tertiary structure as its 
sequential homologue, retinol-binding protein (28). Both 
proteins exist as a f-barrel in a calyx-shaped structure that 
contains an inner binding pocket that strongly binds reti- 
nol (f-lactoglobulin in fact binds retinol even more tightly 
than does retinol-binding protein). $-Lactoglobulin has al- 
ready been used in food formulations as a carrier for ad- 
ditives immiscible in water. Among the modifications to 
the f-lactoglobulin molecule that could potentially be use- 
ful would be to increase its thermal stability, because this 
molecule denatures at a relatively low temperature, ex- 
posing a buried free cysteine to cross-linking with other 
proteins, including the free cysteine of x-casein. Confor- 
mational energy calculations are currently being used to 
identify which mutants are possible that would allow the 
formation of an additional, third disulfide bond by includ- 


ing the free Cys-121 residue and another residue mutated 
into cysteine. Several such mutants identified by this pro- 
cedure have been modeled by molecular dynamics simu- 
lations to determine whether the third disulfide bond does 
in fact introduce greater stability (29). Conformational en- 
ergy calculations and docking studies are being used to 
model alternate substrates into the binding pocket of vari- 
ous additional mutants with substitutions on the inner 
surface of this pocket in an attempt to identify mutants 
that would have a high binding constant for these alter- 
nate substrates and that would be specific for these mole- 
cules, In this way, novel commercial molecular carriers for 
various substances might be developed that could function 
in somewhat the same way as the cyclodextrins, but with 
greater specificity. Such proteins could also potentially be 
designed to function as molecular scavengers for undesir- 
able substances such as off-flavor compounds. 

Other food-related proteins that have been modeled in- 
clude the collagen of gelatin (30-32); various caseins (33); 
the enzyme xylose (glucose) isomerase (34), which is po- 
tentially of great commercial value in the corn syrup in- 
dustry; and various cellulases (35). Because these enzymes 
are slow acting, and their mechanisms are still a matter 
of debate (36,37), simulations are being used not only to 
investigate the actual enzymatic mechanisms but also to 
suggest mutants that might have increased activity or 
specificity for other substrates. Similar studies could in 
principle be performed for any protein of interest whose 
tertiary conformation is known. The rate at which protein 
conformational determinations are reported continues to 
increase, and the list of known food proteins is growing. 
Notable recent examples include turkey troponin and the 
intensely sweet proteins monellin and thaumatin (38,39), 

Proteins, of course, are not the only molecules to which 
molecular modeling calculations can be applied. Simula- 
tions of food lipids have in the past been rare, but there 
have been a number of molecular dynamics studies of 
membranelike phospholipid bilayers (40), and of a few 
milkfat triglycerides (41,42). The example of the sweet 
proteins mentioned in the previous paragraph serves to 
introduce another broad area of potential application of 
theoretical techniques to food molecules, which is the de- 
velopment of sweeteners. Theoretical studies might help 
not only to elucidate what makes these proteins sweet but 
also to identify the important functional characteristics of 
other sweeteners (or any other flavorant) as well. In gen- 
eral, the interaction of a flavorant molecule with its recep- 
tor is the same problem as in drug binding. Currently such 
studies are hampered by a nearly complete lack of infor- 
mation about the receptor proteins. This situation also ex- 
ists for many medical problems, and theoretical studies 
under such circumstances employ techniques called quan- 
titative structure-activity relationship (QSAR) studies (43) 
to identify structural features in the drug or flavorant that 
might give rise to the desired functional property. 

Perhaps the most extensive use has been made of vari- 
ous types of modeling in the study of carbohydrates. Mo- 
lecular mechanics conformational energy studies have long 
been used to assist in the interpretation of X-ray fiber dif- 
fraction patterns of polysaccharides (44,45). These poly- 
mers do not form a single crystal as do proteins, and the 
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limited information provided by fiber diffraction experi- 
ments must be augmented by energy calculations to iden- 
tify possible structures. Recently molecular dynamics 
studies of carbohydrates have begun to appear, including 
studies of carbohydrate solvation (20-23,46). Simulations 
have been used to understand the solution conformation of 
table sugar (47), and whether or not it is different from the 
known crystal structure, and to simulate the solution prop- 
erties of the components of carrageenans (48-50). A recent 
simulation of the putative double-helical structure of car- 
rageenan in water found the individual strands remained 
in the helical conformation proposed from fiber diffraction, 
but the double helix unraveled, indicating that the junc- 
ture zone in carrageenan gels may not be a double helix as 
previously thought (50). Simulations of water structuring 
around sugars (51) have not only explained the anomeric 
preference in sugars such as glucose and xylose (23,52), but 
have more generally revealed how these solutes affect 
their solvent water by imposing new structural arrange- 
ments on it and how this structuring depends on the ste- 
reochemistry of the sugars. Such information could be 
most useful in guiding the design of polymers with specific 
viscosities, gelation capacities, freezing points, and so on. 


CONCLUSIONS 


The growth of genetic engineering in the biotechnology in- 
dustry offers the promise of the next industrial revolution 
in the coming decades as artificial proteins are designed 
for a host of applications and as the properties of wild-type 
proteins are altered through recombinant experiments. 
However, the ability to create improved protein products 
will require considerable guidance from chemical theory to 
select those mutants most likely to possess the desired 
functional properties. Molecular mechanics studies of pos- 
sible mutant proteins will thus become increasingly com- 
mon in biotechnology. Theoretical molecular design stud- 
ies, particularly of molecular binding, have already become 
the principal methods of drug design in the pharmaceutical 
industry, and they will undoubtedly be widely used in the 
design of flavorants in the food industry. Other more com- 
plicated systems that might be susceptible to molecular 
design calculations as computers become larger and faster 
are gelation and textural properties. Computer simula- 
tions cannot currently be applied to every practical prob- 
lem of interest, so care must be exercised in selecting for 
study those problems for which a well-defined objective 
might reasonably be accomplished with the resources 
available. Nevertheless, for those systems for which they 
are appropriate, theoretical calculations can provide infor- 
mation that is not available by any other technique and 
can be quite valuable in making the production of func- 
tional mutants more efficient. 
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MONOSODIUM GLUTAMATE (MSG). See FLavor 
CHEMISTRY. 


MUSCLE AS FOOD 


There are four types of biological tissue—epithelial, con- 
nective, muscular, and nervous. Muscle tissue is a major 
component of the animal and is valued as a food because 
of the nutritional value afforded as well as satiety. Skeletal 
muscle is voluntarily controlled and identified: histologi- 
cally because it is striated and multinucleated. In mature 
muscle the nuclei are located peripherally in the cell, and 
they do not divide. Cardiac muscle cells are also striated, 
but they are mononucleated and have, in addition, a dis- 
tinguishing feature called the intercalated disc. The inter- 
calated discs are found at opposing ends of the cardiac 
muscle cells and help to maintain cohesion of one cell with 
another. Smooth muscle cells are spindle shaped, invol- 
untary, nonstriated, and mononucleated. Smooth muscle 
is located in such places as blood vessels, the digestive 
tract, and ducts of glands. Smooth muscle controls the in- 
ternal environment of an organism by moving or control- 
ling movement of substances through various routes by 
peristaltic movement. Cardiac muscle is responsible for 
pumping blood around, and striated muscle moves the or- 
ganism or parts of it. 
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COMPOSITION OF MUSCLE TISSUE 


Proteins are the important constituents that allow for the 
physiological functioning of meat animals. Meat provides 
a major source of high-quality proteins for the human diet. 
The proteins in muscle are categorized as sarcoplasmic, 
myofibrillar, and connective tissue proteins. Numerous 
other proteins are found in other parts of the animal, such 
as in the organs, bones, and skin. 

Sarcoplasmic proteins, at a concentration of about 55 
mg/mL, are found in the sarcoplasm or fluidlike substance 
that surrounds and bathes the contractile apparatus and 
other organelles of the muscle cell. The sarcoplasmic pro- 
teins are primarily metabolic enzymes, and the protein re- 
sponsible for the color of meat is known as myoglobin. 
The function of myoglobin is to bind oxygen; it has a mo- 
lecular weight of 17,500 and occurs in muscle at a concen- 
tration of 0.1 to 20 mg/g muscle, depending on function of 
the muscle and specie and age of the animal. The heme 
portion of myoglobin binds the oxygen, which is trans- 
ported to the muscle cell via the circulatory system and 
bound in blood to a similar protein, hemoglobin. Other sar- 
coplasmic proteins include nucleoproteins, which are a 
complex of proteins and nucleic acids and function in pro- 
tein synthesis, and lyosomal proteins, which are hydrolytic 
enzymes. 

The contractile apparatus of muscle consists of thick 
and thin filaments that interdigitate and slide past each 
other as muscle shortens; these filaments are composed of 
myofibrillar proteins. The major protein of the thick fila- 
ments is myosin, and for thin filaments it is actin. Myosin 
has a molecular weight of 480,000 and consists of two 
heavy subunits and four light subunits. Two fragments are 
formed when myosin is subjected to digestion with trypsin. 
The larger fragment has a molecular weight of 350,000 and 
is called heavy meromyosin. It is soluble at low ionic 
strength and contains both actin binding and ATPase ac- 
tivity. The smaller fragment has a molecular weight of 
150,000 and is called light meromyosin. Heavy meromyo- 
sin can be further digested into S-1 and S-2 fragments. The 
monomeric form of actin is called G actin and has a molec- 
ular weight of 42,000. G actin polymerizes to form the fil- 
ament form of F actin. Tropomyosin and troponin are other 
muscle proteins that bind to actin and are responsible for 
regulation of contraction. 

Connective tissue consists of a variety of cell types and 
proteins filaments that are secreted by them. It is the lat- 
ter that are of interest in meat, since they not only hold 
the cells together and in place but are responsible for 
toughness. Muscle has three layers of connective tissue— 
one surrounding the entire muscle, known as the epimys- 
ium; another layer that segments the muscle into bundles 
of fibers, known as the perimysium; and a layer surround- 
ing each individual cell or myofiber, known as the endo- 
mysium. Collagen and elastin are the two connective tis- 
sue proteins. Collagen is an abundant protein in muscle 
and is unique because it has a high complement of the 
amino acids hydroxyproline and hydroxylysine. It is con- 
verted to soluble gelatin at the usual cooking tempera- 
tures of meat. Elastin is, in fact, a minor component of 
connective tissue, contains the unique amino acids des- 
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mosine and isodesmosne, and does not solubilize upon 
heating, nor does it swell by acid or alkaline treat- 
ment. 

Fats comprise 10 to 30% of the carcass weight of meat 
animals and are primarily triglyceride. The majority of fat 
is located in fat cells, but lipid also occurs in cellular mem- 
branes. The fat cells within muscle are located in the peri- 
mysial connective tissue, and their accumulation depends 
on genetics and nutrition. Also, species is important, as, 
for example, when beef or pork is compared with chicken 
or fish, with the latter having a much lower fat content. 
The composition of fat varies likewise. Softer or more 
unsaturated fat is more prone to autooxidation and the 
associated “off” or rancid odors or flavors. Other lipid com- 
ponents, although occurring in small amounts, are phos- 
pholipids, sterols, and free fatty acids. 

Glycogen is the major carbohydrate in muscle and is 
normally present at a concentration of 0.5 to 1.0%. Ash is 
normally 1% or less and results from minerals such as iron, 
zinc, and calcium. 


CONVERSION OF MUSCLE TO MEAT 


When an animal is stunned and exsanguinated, oxygen 
supply to the muscle ceases and a series of biochemical 
changes commences. The end result depends on the con- 
dition of the animal and preslaughter handling. The main 
metabolic events are a depletion of the ATP energy store 
and a degradation of the glycogen, which is converted an- 
aerobically to lactic acid. Accumulation of lactic acid re- 
sults in a decline of pH from near 7.0 to the range of 5.5 to 
5.9; this is a postmortem condition easily monitored to es- 
tablish rate and status of changes in the muscle as it is 
converted to meat. Rigor mortis also occurs as the muscle 
is converted from a soft, pliable, and extensible condition 
to one of rigidity. This is explained by a locking together of 
the myosin to actin filaments as ATP depletes. The time 
for rigor mortis differs with species, with beef and lamb 
being longer than pork and poultry. Some shortening of 
muscle occurs during the onset of rigor mortis. There are 
also two other shortening conditions of interest to meat 
science. Cold shortening results when muscle is exposed to 
a low temperature prior to ordinary development of rigor 
mortis, and it may result in considerable toughening. If 
meat is frozen prior to the onset of rigor mortis, it may 
then shorten greatly when thawed. This is known as thaw 
rigor and results in severe toughening. The postmortem 
changes also influence color and water-holding capacity of 
the resulting meat. This is quite important in pork, where 
a rapid pH decline results in so-called pale, soft, and exu- 
dative (PSE) meat. In beef, a dark, firm, and dry (DFD) 
condition may result if the pH remains high. These unde- 
sirable conditions are due largely to the genetic predispo- 
sition of the animal. However, proper handling both pre- 
and postmortem is important. Preslaughter stress to the 
animal can greatly influence postmortem events. Likewise, 
postmortem handling, such as proper temperature control 
during the chilling process, influences the final outcome. 
Other procedures, such as electrical stimulation, employed 


during postmortem time can be used to control tenderness 
and quality of meat. 


PROCESSING AND FABRICATION 


Two types of meat are made available to consumers. 
These are fresh and processed, which are also known as 
not-ready-to-eat and ready-to-eat, respectively. With fresh 
meat, the carcass is normally broken down to smaller por- 
tions and then shipped to retailers for final cutting and 
packaging. Interest is strong in being able to send retail 
ready packages directly from the processing plants. Only 
a small amount of meat is sold in frozen form, although 
freezing is an excellent means of preservation. Vacuum 
packing of fresh meat during transfer to the retailer is 
routinely practiced, and more interest is being shown in 
other controlled atmosphere packaging. Numerous forms 
of processed meats are made, including canned products. 
The majority, however, are cured, which means they have 
been treated with nitrite, heated, and then vacuum pack- 
aged. The shelf life of these products is normally in weeks 
as compared with fresh meats, which last only a few days. 

Nitrite and heating require special mention. Nitrite cur- 
ing results in typical cured color and also imparts specific 
preservation qualities to the meat. The heating associated 
with curing not only gives desirable palatability changes 
but also essentially pasteurizes the product so that it is 
ready to eat and, if packaged properly, will have a very long 
shelf life. 

Processed meat is often equated with sausage. Sau- 
sages have had a very long history and are often named 
after origins, as, for example, frankfurters from Frankfort. 
They are usually ground or chopped and made into specific 
shapes with characteristic flavor. They may be fresh or 
cured, and there are unique variations such as fermented 
sausages. Another variation of processed meats is restruc- 
tured meat, in which smaller pieces of meat are formed 
into larger portions by bonding them together with ex- 
tracted meat proteins. During the past 10 years, a new 
generation of processed meats has appeared that are low 
or no fat. In general, these are made by lowering fat con- 
tent and adding water, which is held within the product by 
gums, carbohydrates, or other substances. 
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MUSHROOMS: CULTIVATION 


DESCRIPTION 


The golden rule for testing edible mushrooms is never to 
experiment with fungi that you have not identified with 
certainty as harmless. It is only fair to point out that there 
are many fungi that are both edible and excellent, and in 
many countries they have formed part of the human diet 
for centuries (1,2). They are highly valued as a food source 
worldwide, and more than 30 species are sold commer- 
cially. Edible mushrooms contain more protein than any 
vegetable and are rich in vitamin B (3). The most delicious 
mushrooms include Boletus edulis, Clitopilus prunulus, 
Macrolepiota procera, Cantharellus cibarius, and Tricho- 
loma matsutake. All edible fungi should be picked when 
young and fresh and cooked as soon as possible. The com- 
mercially grown products are much safer because growers 
have been aware over the years of the problems that exist. 
Also, the strains marketed today are those with a long his- 
tory of reliability as edible species (3,4). 

The observation that certain edible mushrooms grow 
naturally on certain decomposing organic matter and the 
desire to produce a tasty source of food have led to the 
development of various techniques for the cultivation of 
mushrooms, and in some cases they have been fairly prof- 
itable. The cultivated species, however, have never been 
the most prized by gourmets. The favorite types are still 
the boletes, specific species of Amanita, and truffles; all of 
them are mycorrhizal fungi, and their carpophores cannot 
be developed without the right symbiotic plant (1). To date, 
the only successes have been with the saprophytic species, 
that is, those that feed on dead organic matter. Among 
these the best known is undoubtedly the champion, Agar- 
icus bisporus, which has given rise to a thriving agricul- 
tural industry. Each year millions of tons of these mush- 
rooms are produced for direct consumption, for the canning 
industry, and for the preparation of soups and sauces. 

In recent decades the microbiological industry has been 
enormously improved, and the production of mushrooms 
in a controlled environment has become an example of 
highly advanced technology. Today horse dung still consti- 
tutes the basis of the culture soil (5). With a given quantity 
of straw and droppings, the dung initially undergoes a pro- 
cess of natural though controlled fermentation, first out of 
doors and then in an enclosed area where it is enriched 
with nitrogenous sugar substances and vitamins required 
for the development of the field mushroom. After a variable 
period of time, depending on the composition of the sub- 
strate, now called compost, sowing takes place, using ce- 
real seeds covered with Agaricus bisporus mold. Two main 
varieties of field mushrooms are used: white and brown. 
The white are better suited to canning, whereas the brown, 
with their hazel-colored cap and small brown scales, are 
more widely used in Europe for direct consumption be- 
cause the flesh is firmer and tastier. The American pref- 
erence for the white variety is an expression of the same 
prejudice reflected in the choice of white eggs, bread, and 
sugar (4). 

The cultivation of the oyster mushroom, Pleurotus os- 
treatus, and closely related species is also highly devel- 
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oped, especially in the Orient. They are also found in west- 
ern markets in various varieties. Volvariella volvacea 
(paddy straw mushroom) (6) and Lentinula edodes (shii- 
take mushroom) (5), common in Oriental cuisine, can now 
be obtained in speciality shops in North America. For other 
species, such as the morels, production techniques had 
been developed (5,7). Production lines are being launched 
for Stropharia rugosoannulata and Agrocybe aegerita. 

All the saprophytic species, especially those growing on 
wood, can easily be cultivated, even though in many in- 
stances they do not command a large market because of 
their meager amount of flesh. However, they can be culti- 
vated on a small scale or at home by infecting unhealthy 
plants or dead stumps with fragments of the cap. The spe- 
cies that lend themselves best to this practice are Flam- 
mulina velutipes and Pleurotus ostreatus. 

The cultivation of mycorrhizal fungi, which need to live 
with a host plant in order to produce their fruiting bodies, 
is a demanding undertaking. This is known as indirect cul- 
tivation. The mycorrhizal symbiotic type that is cultivated 
quite extensively in France is the legendary French or Per- 
igord truffle, the high quality and price of which amply 
justify the cost of installing artificial truffle beds and the 
long years of waiting before the carpophores can be picked. 
In centers of modern truffle cultivation, production is fol- 
lowed extremely closely and nothing is left to chance. The 
acorns are sterilized on the outside in a chemical bath or 
dip and are then put in direct contact exclusively with truf- 
fle spores. The seedings, which develop in small bags filled 
with sterilized earth, will have the truffle as the only sym- 
biotic organism with which to associate. Once planted out 
in soil with the right characteristics and due care, they will 
start to produce their first truffles after about 10 years. 


CONSERVATION OF CULTURE 


Most mushroom growers have to rely entirely on commer- 
cial spawn producers and the spawn plants of larger mush- 
room farms to provide reliable products. Successful mush- 
room production depends on the proper maintenance of 
pure culture and spawn that is capable of producing fruit- 
ing bodies of high productivity, excellent flavor, texture, 
color, and resistance to pests, disease, or both (5). There is 
no satisfactory way to check and evaluate the qualities of 
spawn by any rapid on-the-spot examination. A method of 
preserving selected strains that have been thoroughly 
tested and proved desirable is of primary importance. 
Stock cultures are often maintained in an actively grow- 
ing state under optimum laboratory conditions on a suit- 
able solid substrate, using a system of periodic transfers 
at reasonable intervals of time. Alternatively, spawn cul- 
tures are reestablished under field cultivation by using sin- 
gle or mass basidiospore isolation or tissue culture tech- 
niques from freshly harvested fruiting bodies. At present, 
the most effective methods for preservation of edible mush- 
rooms are freezing and storing in liquid nitrogen (8-10). 
Both sporulating and nonsporulating fungi can be pre- 
served by freezing with liquid nitrogen. If sporulation or 
production of aerial mycelia is abundant, fungi are cul- 
tured on agar slants or millet that mycelia had grown on. 
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If sporulation is sparse, or if the culture is nonsporulating 
and the production of aerial mycelium is sparse, cultures 
are grown in broth and fragmented in a sterile Waring 
blender (5). Some strains must be concentrated by centri- 
fugation to obtain sufficient material for freezing. Strains 
such as the yeastlike Tremella fuciformis yield colonies in 
liquid culture small enough to be pipetted and are grown 
in flasks containing a suitable broth, either stationary or 
on a shaker. Survival of nonsporulating cultures or frag- 
ments of mycelium by freezing at subzero temperatures 
has been reported at — 196°C (11). The cryogenic storage 
temperatures now commonly used are those of liquid ni- 
trogen (— 196°C) and liquid nitrogen vapor (— 150°C and 
below). With the commercial availability of cryogenic ma- 
terials and equipment, this process has been extensively 
used throughout the world on a routine basis by various 
laboratories with widely differing objectives. The advan- 
tages of liquid nitrogen for conservation of microorganisms 
have been emphasized. 

The experimental results and experience with edible 
mushrooms of the Culture Collection and Research Center 
(CCRC) at the Food Industry Research Development Cen- 
ter in Taiwan have proved that storage of mushroom 
spawn cultures in the frozen state at liquid nitrogen tem- 
peratures has great value for the spawn-making and 
mushroom industries. In addition, the production perfor- 
mance of CCRC cultures of cultivated mushrooms of Agar- 
icus bitorquis (Quélet) Saccardo and Pleurotus cystidiosus 
O.K. Miller, which have been frozen in liquid nitrogen at 
CCRC, has been tested in the Mushroom Research Labo- 
ratory at the Taiwan Agricultural Research Institute (12). 
Pleurotus cystidiosus has recently been brought into cul- 
tivation on a commercial scale in Taiwan for more than 20 
years. 

Three agar discs containing the hyphal tips or six to 
eight spawn grains are placed in polyvinyl vials of 1.5-mL 
capacity, and 0.8 mL of 10% (vol/vol) glycerol or 5% (vol/ 
vol) dimethyl sulfoxide (DMSO)-water menstruum as a 
cryoprotective agent is added. The vials are precooled to 
5°C to prevent overheating during the operation and at- 
tached to prelabeled canes and placed in the freezing 
chamber of a controlled-rate freezer. The initial cooling is 
carried out at a rate of 1°C/min from room temperature to 
— 70°C; subsequent cooling to — 120°C is rapid and uncon- 
trolled. The vials are then immediately transferred to a 
liquid nitrogen refrigerator and stored in the liquid phase 
at — 150°C and below. 

Freezing injury to biological systems is very compli- 
cated and may occur physically, chemically, or both, de- 
pending on the cryoprotective agents and the cooling rate 
(18). Changes include ice crystal formation, pressure, sol- 
ute concentrations, availability of water temperature, pH, 
and other factors. Best results for the survival and recov- 
ery of fungi from the frozen state generally have been 
achieved by slow cooling at approximately 1°C/min. Good 
recoveries can be expected with most fungi following freez- 
ing by either rapid or slow cooling if the frozen material is 
thawed rapidly in a 37°C water bath until the last trace of 
ice is dissipated (14,15). 

Spawn maintenance by cryogenic freezing rather than 
periodic transfers of cultures eliminates degeneration and 


mutation, prevents losses due to contamination, and re- 
duces the necessity for repeated production tests. Mush- 
room growers should now be assured of the ready avail- 
ability of reliable, high-quality spawn. 


CULTIVATION 


Cultivation of the Common White Mushroom 


The methods used for the cultivation of Agaricus bisporus 
are essentially similar to those pioneered by French hor- 
ticulturists (9), but the old practices have been gradually 
refined and modified to the point where mushroom pro- 
duction is a closely controlled and scientific process. Mush- 
room spawn for each cultivation was simply transferred to 
an existing mushroom bed. A problem with this straight- 
forward approach was the tendency for the spawn to grad- 
ually lose its vigor with repeated transfers from one bed to 
the next. Other improvements in the process have mainly 
concerned the development of specialized mushroom 
houses in which ventilation, temperature, and humidity 
can be carefully controlled to provide the best conditions 
for fruiting. In fairly deep caves the temperature remains 
remarkably stable, and for certain stages of mushroom de- 
velopment this advantage is obvious. Specially built mush- 
room houses are, however, more efficient, especially when 
it comes to preparing the mushroom beds or harvesting the 
crop. 

The first stage in cultivating Agaricus bisporus is the 
germination of spores (5). This is carried out by taking 
spores or fragments from a mature fruiting body selected 
for desirable qualities such as color, taste, and vigor. The 
spores or fragments are then germinated on sterile nutri- 
ent medium to give a master culture. The master culture 
is used to prepare the spawn, which is then distributed to 
growers. This spawn was produced by inoculating a suit- 
able sterile medium, such as horse-manure medium, but 
today a variety of spawn types are available, including 
grain spawn. Grain spawn is now almost universally used 
in houses; the grain may be wheat, rye, sorghum, or millet, 
in decreasing order of size. Whatever the medium, spawn 
production is merely a process of bulking up the initial my- 
celium to the point where it can be conveniently introduced 
into the culture beds themselves (Fig. 1, Fig. 2). 

The fermentation process removes most of the simple 
sugars from the medium and leaves insoluble substances 
such as cellulose and lignin, which are readily utilized by 
Agaricus bisporus. The point of the composting step is to 
create a medium that both favors the mushroom mycelium 
and discourages its natural rivals. The composting process 
is usually carried out in the open, with the piles being reg- 
ularly turned to ensure an even fermentation that results 
in the whole pile becoming hot. The length of time required 
to get the compost into the right condition varies, depend- 
ing on the age of the manure, but normally it is at least 2 
weeks. Composts for growing in mushroom houses vary 
according to the nature of the locally available materials 
and the type of pasteurization employed. Most trays now 
in use have short legs, which require the addition of spac- 
ing blocks for cropping. However, some farms use longer 
legs, so that the trays are always stacked at the full dis- 


Figure 1. Gram spawn of Agaricus bisporus, with the fungus 
growing on sterilized wheat grains. 


Figure 2. Agaricus bisporus growing in a commercial bed. 


tance apart, as for cropping. Although the principle in- 
volved is the same in all cases, different growers often have 
their own minor modifications designed to improve the end 
product because their different ingredients and prepara- 
tions require adjustments to the control of temperature 
and aeration. Correct timing is all-important. Undercom- 
posted manure tends to overheat in the beds and leads to 
poor mycelial growth. On the other hand, overcomposting 
will remove many of the nutrients essential for production 
of a good crop. Once the compost has reached the correct 
stage of fermentation, the beds themselves can be pre- 
pared. 

It has been known since mushrooms were first culti- 
vated that the beds must be covered with a casting of soil 
or other suitable material to induce the change from veg- 
etative growth of mycelium to fruiting. The virtues of dif- 
ferent types of soil as casing materials are frequent sub- 
jects of argument among growers. Clay soils are reputedly 
better than sandy ones, but interest has also been ex- 
tended to artificial substitutes, such as mixtures of peat 
and vermiculite (an artificial potting medium). 

For many years the reason for casing was completely 
unknown. Recently research has revealed some of the ef- 
fects produced by the soil. The change in growth conditions 
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accompanying the addition of soil induces the formation of 
tiny primordia, which subsequently mature into mush- 
rooms, but the exact action by which casing stimulates 
fruiting is stil] unknown. 

The final stages in mushroom cultivation are cropping 
and packing. Following the first crop of mushrooms, sev- 
eral additional periods of fruiting usually occur at intervals 
of 2 or 3 weeks. The time at which the mushrooms are 
picked is important. It is agreed that commercial growers 
usually harvest their mushrooms before the veil has bro- 
ken. The major consideration is the longer life of slightly 
immature mushrooms once they have reached the shop. In 
common with many other food items, the prevalent belief 
that a clean, uniform product is somehow superior to a 
more varied and possibly tattered product has no doubt 
contributed to the monopoly of the button mushroom. Once 
the beds are finished, the composting is removed and sold 
as manure for various horticultural activities. 

Mushrooms are picked by gripping the cap and bending 
or twisting to break off the stem at the base. This is easily 
done with closed mushrooms; open ones are fragile, and 
more care is needed to ensure that the stem breaks at the 
bottom, not at the top. 

The stage of growth at which mushrooms are picked is 
important. All open mushrooms, whatever their size, are 
picked. In many countries open mushrooms are considered 
extremely low grade, and in most they are cheaper in the 
market than closed cups or buttons. After opening, the 
stem grows but the weight of the cap does not increase 
appreciably, so that even disregarding quality and price, 
there is no further increase in yield. Up to the point of 
opening, the weight of the mushroom increases very rap- 
idly, doubling in 24 h at its peak rate, so leaving closed 
mushrooms to grow as long as possible raises their picked 
weight. With tight picking, the more frequent flushes com- 
pensate for the loss of weight on the individual mush- 
rooms. Closed mushrooms also have a better shelf life in 
the shop, particularly in warm weather. 

Picking mushrooms has always been a major factor in 
wage costs. With closely packed trays or shelves, picking 
is carried out under cramped conditions, usually with poor 
lighting, so that selection and grading of mushrooms are 
difficult (5). 

‘Two recent developments have promised to improve and 
accelerate the picking operation. One is development pick- 
ing lines, in which the trays are transported to the pickers, 
where mushrooms can be picked under ideal conditions. 
The other is carrying of trays by forklift truck from the 
cropping room to a destacker at the input end of the line. 
They are automatically destacked and passed along by a 
conveyor system at a controlled speed that can be adjusted 
to run fast if there are not many mushrooms and slower 
for a heavy flush. Pickers stand on both sides of the line 
with baskets handy and pick as the trays pass in front of 
them. The speed of the conveyor is adjusted so that the 
trays are cleared just before they reach the end of the line. 
There may be conveyor belts for stumps and the like and 
another conveyor for filled baskets of mushrooms. There is 
also an overhead spray line at the end of the conveyor so 
that trays can be automatically watered as they pass 
along. 
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Figure 3. Cultivated Pleurotus eryngii growing 
in reused plastic bottles. 


The other development is mechanical harvesting. With 
pickers’ wages becoming an increasingly important factor 
in production costs, the possibility of harvesting mush- 
rooms by machine has interested many growers. A ma- 
chine that travels over the bed, cuts mushrooms with a 
reciprocating blade just over the casing, draws the cut 
mushrooms back over the blade, and delivers them to one 
side behind the machine has been described. Patents have 
also been filed for a machine that locates mushrooms by a 
number of sensor units, grips them on the top of the cap 
by suction, and plucks them off the bed (5). Mushrooms on 
a bed must all, or nearly all, be at the same stage of de- 
velopment, because they must all be cut at once. Any 
mushrooms that are higher or lower in the bed will be cut 
with too much stalk or through the cap,and any that are 
crooked will also suffer. Harvesting machines already in 
existence can pick from shelves or could be mounted over 
picking lines. It is necessary to provide for the machine to 
run on the beds or side boards or to be fitted with sensors 
that control its height above the casing. This may require 


Figure 4. New developed and cultivated mush- 
room: Tricholoma eystidiosus. 


the provision of bare strips of bed at each side of the strip 
to be harvested. A harvesting machine produces ungraded 
mushrooms. Postharvest grading for size is most easily 
done in the water flumes used in canneries so that the first 
application of these machines may be postharvest. 


Cultivation of the Shiitake Mushroom 


The shiitake grows naturally on logs of deciduous trees, in 
particular, beech, chestnut, hornbeam, and oak. Cultiva- 
tion is therefore carried out on specially cut large branches 
from suitable trees, more substantial logs being in demand 
for construction purposes. Today a more scientific system 
is used (16), The logs are soaked in water and pounded to 
break the bark, or holes are made with a broad drill or a 
specially designed hammer. The logs are then inoculated 
with a spore emulsion prepared from mature fruiting bod- 
ies. Alternatively, a spawn consisting of mycelium grown 
on wood chips or sawdust is introduced into the holes. Then 
the infected logs are placed in a carefully selected site in 


Figure 5, Mushroom primordium of fruiting body, Fistulina he- 
patica, of mycelia growing on potato dextrose agar (PDA) medium. 


Figure 6. A fruiting body of cultivated Fistulina hepatica. 


the forest, known as the laying yard. Choice of site is very 
important; if it is too moist, the natural wood-decaying 
competitors are favored and the crop is reduced or even 
lost altogether. The best laying yards are usually in well- 
ventilated clearings or positions at the edge of the forest. 
The logs themselves are placed crosswise at a slight angle 
to the ground. 

Another method is cultivation in a polypropylene bag or 
space bag containing sterilized sawdust and rice bran (9:1 
vol/vol) with a moisture of ca. 65%. The primordia are pro- 
duced after one week when the plastic bags are opened and 
the humidity is kept at ca. 80 to 90%. This method is effi- 
cient for commercial cultivation and is now the major 
method in Taiwan and Japan (5). 


Cultivation of Other Mushrooms 


In addition to the aforementioned species, certain other 
fungi have been or still are subject to some form of primi- 
tive cultivation. The method used to grow cultivated paddy 
straw mushrooms (Volvariella volvacea) is similar to that 
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Figure 7. A longitudinal section of Fistulina hepatica. Its com- 
mon names are beefsteak fungus, ox-tongue, and poor man’s beef- 
steak. 


used for the common white mushroom (17-21). Both meth- 
ods are based on the preparation of special beds and the 
introduction of mushroom spawn, but the paddy straw 
mushroom is mainly cultivated on a small scale using tra- 
ditional, much less scientifically refined methods. 

The jelly fungus (Auricularia polytricha) is quite popu- 
lar in the Far East and is produced in large quantities in 
China. A proportion of this crop is grown on logs or poly- 
propylene bags set up with the specific intention of en- 
couraging the fungus. A similarly haphazard process has 
been used to cultivate Pleurotus ostreatus, the oyster 
mushroom. Several other fungi have been grown deliber- 
ately on a small or experimental scale. These include Pho- 
liota nameko, Pleurotus eryngii (Fig. 3), Stropharia rugo- 
soannulata, Auricularia spp., Tremella fuciformis, Tuber 
spp., Tricholoma matsutake, Tricholoma titans (Fig. 4), 
Flammutlina velutipes, Morchella esculenta (7), Fistulina 
hepatica (Fig. 5-7), Agrocybe aegerita, Armillaria mellea, 
and Dictyophora indusiata. Though some sort of system- 
atic cultivation is probably feasible for many fungi, the ma- 
jor obstacle to large-scale production is the difficulty of ob- 
taining economically worthwhile yields. 
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PROCESSING 


Canning 


The mushroom processed in large quantities by canning, 
either in cans or in glass jars, is Agaricus spp. It is the 
common mushroom and called champignons in French. 
This is the most common edible mushroom cultivated and 


processed in the United States and in France. It is the only 
mushroom used for processing and more than two-thirds 
of the crop goes to processors in the United States (1), 


Raw Material. Mushrooms which are destined to be sold 
canned in brine must be picked at the tight-cap stage of 
maturity, ie, the veil of the mushroom is closed and the 
gills are not visible, while more mature specimens may be 
utilized in other types of pack, such as chopped or sliced 
mushrooms, in soup, or in butter sauce. Mushrooms of 
large strain are cultivated and flat mushrooms with the 
cap fully opened are used for sliced mushrooms in butter 
sauce in Australia. 

Mushrooms are sent to the cannery with the soil or bot- 
tom end of the stem either cut or uncut in the United 
States. It is believed that a mushroom with the soil end of 
its stem uncut is protected from dehydrating or losing its 
moisture. To obtain maximum quality, freshly harvested 
mushrooms to be packed in brine must be processed as 
quickly as possible. Otherwise, they must be cold stored 
until they are ready to be processed. 


Washing and Sorting. Mushrooms with the soil end at- 
tached must be trimmed mechanically at the cannery. 
Workers place the mushrooms in the V-shaped grooves of 
the machine, which revolves and cuts the soil end from the 
stem and then cuts the stem from the cap if the mushrooms 
are to be packed as buttons or sliced buttons. For button 
mushrooms not more than 1/8 in. of the stem stub should 
be attached to the cap. 

Generally, the trimmed mushrooms are dumped into a 
large vat filled with water and allowed to soak in water for 
a while to losen the adhering dirt. They are then moved 
through a spray washer. Cull mushrooms are removed ei- 
ther before or after spray washing. To permit more uniform 
blanching, size grading of the washed mushrooms before 
passing them to the blancher is recommended. 


Post-Harvest Treatments. Mushrooms lose weight and 
shrink during blanching and thermal processing, mostly 
during blanching. This loss of canned product weight 
ranges between 30 and 40% (2). Since mushrooms are an 
expensive commodity and the canned product is sold on the 
drained weight basis, excessive shrinkage will result in 
considerable economic loss to the processor. A 5% reduction 
in the shrinkage could increase the revenue of mushroom 
processors by as much as 20% (3). 

Postharvest storage and soaking of mushrooms in water 
prior to blanching could increase the yield of canned mush- 
rooms. The PSU-3S process has been recommended (4). 
The process is a combined soaking and storage process, ie, 
fresh mushrooms are soaked in water [50-60°F (10-16°C)] 
for 20 min, followed by 18 h of cold storage at 35°F (2°C) 
and a 2-h second soaking prior to blanching. Soaking in 
water for 2 h prior to blanching could increase the yield of 
canned product by about 2%, and the increase could reach 
2.9-4.4% when mushrooms are held at 35°F (2°C) for 24- 
48 h prior to processing (2). However, the PSU-3S process 
demonstrated yield increases as high as 9.4%. This process 
was made more feasible for the canning industry by re- 
placement of the second soaking by vacuum soaking, in 
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sauce in Australia. 

Mushrooms are sent to the cannery with the soil or bot- 
tom end of the stem either cut or uncut in the United 
States. It is believed that a mushroom with the soil end of 
its stem uncut is protected from dehydrating or losing its 
moisture. To obtain maximum quality, freshly harvested 
mushrooms to be packed in brine must be processed as 
quickly as possible. Otherwise, they must be cold stored 
until they are ready to be processed. 


Washing and Sorting. Mushrooms with the soil end at- 
tached must be trimmed mechanically at the cannery. 
Workers place the mushrooms in the V-shaped grooves of 
the machine, which revolves and cuts the soil end from the 
stem and then cuts the stem from the cap if the mushrooms 
are to be packed as buttons or sliced buttons. For button 
mushrooms not more than 1/8 in. of the stem stub should 
be attached to the cap. 

Generally, the trimmed mushrooms are dumped into a 
large vat filled with water and allowed to soak in water for 
a while to losen the adhering dirt. They are then moved 
through a spray washer. Cull mushrooms are removed ei- 
ther before or after spray washing. To permit more uniform 
blanching, size grading of the washed mushrooms before 
passing them to the blancher is recommended. 


Post-Harvest Treatments. Mushrooms lose weight and 
shrink during blanching and thermal processing, mostly 
during blanching. This loss of canned product weight 
ranges between 30 and 40% (2). Since mushrooms are an 
expensive commodity and the canned product is sold on the 
drained weight basis, excessive shrinkage will result in 
considerable economic loss to the processor. A 5% reduction 
in the shrinkage could increase the revenue of mushroom 
processors by as much as 20% (3). 

Postharvest storage and soaking of mushrooms in water 
prior to blanching could increase the yield of canned mush- 
rooms. The PSU-3S process has been recommended (4). 
The process is a combined soaking and storage process, ie, 
fresh mushrooms are soaked in water [50-60°F (10-16°C)] 
for 20 min, followed by 18 h of cold storage at 35°F (2°C) 
and a 2-h second soaking prior to blanching. Soaking in 
water for 2 h prior to blanching could increase the yield of 
canned product by about 2%, and the increase could reach 
2.9-4.4% when mushrooms are held at 35°F (2°C) for 24- 
48 h prior to processing (2). However, the PSU-3S process 
demonstrated yield increases as high as 9.4%. This process 
was made more feasible for the canning industry by re- 
placement of the second soaking by vacuum soaking, in 


which mushrooms were held at 2-mmHg pressure for 5 min 
and kept in water for another 10 min after vacuum release. 
Vacuum soaking alone would result in a yield increase of 
5%, but when it is combined with storage treatment the 
yields would be greater than those obtained with the 
PSU-3S process. The yield increases were the same (12%) 
regardless of the order in which the vacuum soaking and 
storage were carried out. The vacuum soaking also offers 
a significant advantage to commercial processors by re- 
ducing the time required for optimum water absorption by 
the product from 2 h to 10 min (5,6). 

Mushrooms stored following harvest for 18 h at 35°F 
(2°C), 53°F (12°C), and 72°F (22°C) increased in yield, com- 
pared to the control, by as much as 3.6%, 7.5%, and 9.5%, 
respectively (5). Although the higher temperature and 
longer storage time resulted in a higher canned product 
yield, it also was accompanied by quality deterioration. 
The optimum process involved soaking mushrooms in wa- 
ter for 20 min, storing at 53°F (12°C) for 18 h, and applying 
vacuum soaking prior to blanching. The yield increase, 
compared to the control, was 15.3% and the quality was 
comparable to those processed after 18-h storage at 35°F 
(2°C) (6). When mushrooms were stored at 53°F (12°C) 
with 95% RH for 72 h, canned product yield increased up 
to 19% and the free amino acid content of the tissues in- 
creased proportionately. It has been confirmed that the in- 
crease of canned product yield caused by postharvest stor- 
age was due to qualitative protein changes that alter the 
water binding capacity and water holding capacity of the 
proteins (7). 

The Food Industry Research and Development Institute 
of Hsinchu recommended an enzyme vacuum soaking pro- 
cess to the industry in Taiwan. In this process fresh mush- 
rooms are soaked in water containing papain (0.02%) for 3 
min at 50 mmHg pressure, followed by storage at room 
temperature for 2 h prior to blanching. The enzyme 
vacuum soaking process alone could result in an increase 
of the canned product yield by 5.2%, but when the process 
and 2-h storage at room temperature were combined, the 
yield increase was 10.1%. When an enzyme activator (such 
as L-cysteine) was added to the vacuum soaking water con- 
taining papain, the yield increase was even more signifi- 
cant (8). 


Blanching. The precooking of fresh material is referred 
to as blanching in canning, freezing, or dehydration pro- 
cesses. Boiling water or steam may be used in the blanch- 
ing of mushrooms, and the blanching times are adjusted 
accordingly to bring the center temperature of mushrooms 
to about 180°F (82°C). The blanching process removes the 
gases in the mushroom tissue, inactivates the polyphe- 
noloxidase enzyme, improves the texture for slicing, and 
reduces the bacterial loads. Blanched mushrooms should 
be immediately cooled by potable water spray and soaking 
in running water unless the containers can be filled and 
thermal processed in a short time after blanching, as in 
the cases of chopped or sliced mushrooms in butter sauce 
or soup packs. 


Size Grading and Filling. The blanched and cooled mush- 
rooms next go through a size-grading machine, which is de- 
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signed so that certain sizes of mushrooms will drop 
through holes of a particular size as the machine revolves. 
The mushrooms which do not drop through the holes will 
then be passed on to the next larger holes in succession. 
The machine sorts mushrooms so that uniformly sized 
mushrooms can be put into cans. Mushrooms may be 
placed in cans by hand or by machine. Before being put 
into cans, mushrooms are reinspected and defective ones 
removed. For sauce-type pack, mushrooms are chopped or 
sliced immediately after blanching and then cooked with 
other ingredients before being packed into cans. For mush- 
rooms packed in brine, the cans filled with mushrooms are 
filled up with hot brine or hot water and a salt tablet. The 
salt concentration in the finished product is preferably 
about 1%. Ascorbic acid may be used up to 37.5 mg for each 
ounce of drained weight of mushrooms, and must be la- 
beled. The filled cans, if not sufficiently hot, must be ex- 
hausted before being closed. 


Thermal Processing. Since mushrooms are a low-acid 
food, they must be thermal-processed under pressure, ei- 
ther in a continuous processing machine or in a batch-type 
retort. In 1973 the Food and Drug Administration (FDA) 
published its findings on the presence of botulinum toxin 
in some cans of United States and foreign origin (but not 
from Taiwan). Many mushroom canneries in the United 
States were investigated and intensive studies on heat 
penetration rate were conducted. From the studies it is 
evident that a relatively wide variety of process times and 
temperatures were in use for canned mushroom products. 
This is a result of new styles of pack and new filling and 
processing methods used in the industry. The heat resis- 
tance of the spores from Clostridium botulinum isolates 
obtained from commercially canned mushrooms was de- 
termined and the D values for all of the C. botulinum spore 
crops overall were reported to be slightly higher in the buf- 
fer than in mushroom puree. The mean D-value (240°F) in 
buffer for the 10 spore crops was 0.24 min compared to a 
value of 0.19 min for spores in mushroom puree (9). 

Good manufacturing practices for thermally processed 
low-acid foods packaged in hermetically sealed containers 
and an emergency permit control were promulgated in 
1973 and in 1974. The processors must list their establish- 
ments and the scheduled processes required and used in 
their plants for their particular styles of pack with the 
FDA. Critical factors associated with each process must be 
specified in the scheduled process. Initial temperature is 
one of the critical factors for most of the processes. Other 
critical factors for still retort processing include slice thick- 
ness and the size of chopped or diced pieces, the proportion 
of small chips or fine pieces, the fill weight, the method of 
filling and brining, and the can position during the process 
(eg, horizontal or vertical). Other control factors deter- 
mined for individual packing operations include the mush- 
room size and maturity as indicated by veil condition, the 
duration and temperature of storage before canning, the 
uniformity and degree of shrinkage during the blanching, 
and any condition or operation affecting the degree of com- 
pactness of the product within the can. Production and 
quality control records must also be kept on file to provide 
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confirmation that the critical factors are under satisfactory 
control. 

Sulfide spoilage of canned mushrooms was once a big 
problem encountered in the canneries located in the south- 
ern part of Taiwan. This has resulted in more severe ther- 
mal processing practices for the canned product since 1965. 
Later, however, the processors began to apply a higher 
temperature, shorter time, process to compensate for the 
deterioration in the quality of the product caused by the 
prolonged thermal processing (10,11). The yield, color, and 
texture decrease with increasing process time at all tem- 
peratures. Recently, activation energies and Z values dur- 
ing thermal processing were reported (12). The processed 
products must be cooled rapidly and not be allowed to 
stand at the higher temperatures. 


Canning of Other Mushrooms. To a much lesser extent 
other mushrooms, such as Volvaricella volvacea, straw 
mushrooms; Pleurotus ostreatus, abalone mushrooms and 
Flammulina velutipes, called Enokitake in Japan are 
canned and consumed in the Orient. The canning processes 
for these are similar to those applied to Agaricus, described 
above. Tremella fuciformis, a white jelly fungus, is mainly 
utilized for cooking and for medical purposes by the Chi- 
nese. It is usually canned with sugar syrup and the net 
drained weight is always very light compared to the net 
weight. The consumption of Tremella fuciformis seems to 
be limited to the Chinese. The canned form is much as 
popular than the dried form. 


Freezing and Freeze-Drying 


Only a small portion of common (Agaricus) mushrooms 
produced are frozen or freeze-dried, and a large part of the 
frozen mushrooms are sold to reprocessors, such as freeze- 
dryers, or used in specialized frozen food products. 


Washing and Blanching. Lower microbial loads are the 
basic requirements for these products, and vigorous wash- 
ing and utilization of some disinfectants have been found 
effective for this purpose. High levels of chlorine, up to 50 
ppm in the wash water, have been found beneficial for re- 
ducing the microbial load. 

Mushrooms contain a highly potent polyphenoloxidase. 
It is this enzyme which causes the undesirable discolora- 
tion that appears in bruised or cut mushrooms. During the 
washing operation, soluble oxidized phenolic compounds 
resulting from the enzymatic action are washed off, and in 
some cases the washing water may turn a distinct red. 
Blanching adequate to destroy the enzyme also produces 
an undesirable gray color. Therefore, mushrooms for freez- 
ing are usually given a short blanching in hot water, pri- 
marily to help reduce microbial contamination rather than 
for enzyme inactivation. It is necessary to follow such a 
blanching immediately with a cold-water quench. A short- 
time dip in sodium bisulfite solution containing 200 ppm 
SO, or in 1% salt and 0.09% sodium bisulfite solution is an 
effective alternative for prevention of this enzyme discol- 
oration. 


Freezing and Freeze-Drying. A rapid freezing rate is es- 
sential for mushroom freezing. It is desirable to freeze 


mushrooms to a center temperature of — 10°F (— 23°C) in 
3 to 5 min for diced or sliced mushrooms and in about 20 
min for button or whole mushrooms. I.Q.F. (individually 
quick frozen) freezing and refrigerant dip freezing are rec- 
ommended. 

Freeze-drying is carried out in a high-vacuum chamber 
in which the ice on or in the mushroom tissue disappears 
by sublimation. Uniform loading is essential, otherwise 
burning or incomplete drying of a part of the product may 
occur. When the ice on the surface of the mushrooms dis- 
appears, application of heat can be started. The end point 
of the freeze-drying is the point at which the moisture con- 
tent of the product reaches about 3%. From 12 kg of raw 
mushrooms, 1 kg of freeze-dried product is obtained. After 
reconstitution, 1 kg of the freeze-dried product will yield 8 
kg of reconstituted product. 


Packaging. Vacuum packaging inhibits oxidative discol- 
oration (13) and a sauce coating may also serve the same 
purpose. The freeze-dried product is usually packed in air- 
tight and moistureproof containers under nitrogen gas. 


Dehydration 


Among the cultivated mushrooms, the common mushroom 
(Agaricus) and Shiitake mushroom (Lentinus edodes) have 
enjoyed a good reputation internationally. While Agaricus 
is mainly canned and consumed by Western people, Len- 
tinus edodes, of which the common name is Shiitake in 
Japanese, is mainly dried and consumed by Orientals. It 
is interesting to note that Japanese consumption of SI 
take per capita is about the same as that of Agaricus in 
European or North American countries. Japan is by far the 
world’s largest producer of this mushroom. In Japan con- 
sumption of dried Shiitake is always higher than that of 
fresh Shiitake by about 20%. 


Flavor and Aroma of Shiitake Mushrooms, The 5'- 
ribonucleotides have been shown to enhance the flavor of 
foods. As with L-glutamate (MSG), 5'-guanylate and 5'- 
inosinate are flavor potentiators, which are the compounds 
that amplify the effects of other flavor agents. While vege- 
tables are generally low in 5’-nucleotides, ranging 1 to 10 
umol per 100 g fresh weight, mushrooms contain large 
amounts of these nucleotides. Common mushroom (Agar- 
icus) contains about 50 «mol and fresh Shiitake mushroom 
from 182 to 235 mol of 5’-nucleotides per 100 g fresh 
weight. Its content in the extract of dried Shiitake mush- 
rooms is twice that in the extract from fresh ones. The 
process of drying not only makes it possible to preserve 
Shiitake for a long time but also enhances the flavor with 
a unique taste. Guanylic acid has been identified as the 
main constituent of the particular good taste of Shiitake 
extract. An extract containing 1-2 mg of guanylic acid can 
be obtained from 1 g of dried Shiitake, but a little free 
guanylic acid can be detected in fresh or dried Shiitake. 
The increase of guanylic acid content is due to the decom- 
position of ribonucleic acids by ribonuclease during cooking 
at 140°F (60°C)-158°F (70°C). Lenthionine (C2H,S;) has 
been identified in the aroma from Shiitake mushrooms 
(14). 


The Chinese believe that Shiitake is effective in the pre- 
vention of cerebral hemorrhage. Recently the medical ef- 
fects of the Shiitake mushroom have been studied by many 
Japanese researchers, and its remarkable ability to re- 
move serum cholesterol and its antiviral or antitumor ac- 
tivities have been shown through biological tests (15,16). 


Drying of Shiitake. Nowadays harvested Shiitake are 
dried by artificial heating to maintain good flavor and the 
luster of the cap. Cabinet dryers are generally used for 
artificial heating. Revolving dryers are suitable for mass 
production. The mushrooms are dehydrated starting at 
86°F (30°C) and the temperature is then increased 2°F 
(1°C)-4°F (2°C) per hour until a temperature of about 
122°F (50°C) is reached (usually in 12-13 h). Finally they 
are heated to 140°F (60°C) and held there for 1h toenhance 
the flavor and bring out the luster of the cap. 


Drying of Other Mushrooms. In Europe and South 
America the most important dried mushroom is Boletus 
edulis (or B, luteus), a wild mushroom. In Chile, B. luteus 
is predried in the sun to about 15-20% moisture, held for 
a short time in temporary warehouses, and then taken to 
acentral drying plant. Here the mushrooms are fumigated, 
cleaned, and sorted to remove dirt and foreign matter. The 
mushrooms are then sliced, spread on trays, and tunnel- 
dried. The drying cycle in Chile is reported to begin with 
a relatively low air temperature of about 120°F (49°C) 
which is gradually increased to a final drying temperature 
of 160°F (71°C). The final moisture content is approxi- 
mately 10%. 

Auricularia auricula-judae, which is referred to as 
Mu-Erh in Chinese and as Jew’s-ear in English, is easy to 
grow and is preserved mostly in the dried form. The fruit- 
ing body can be dried under sunlight or with artificial heat- 
ing systems. Since the water content is about 90% of a 
fresh fruiting body, but only 9-15% in the dried state, the 
weight of the dried Auricularia is only 10-12% of the fresh 
one. The duration of sun drying depends on the sunlight 
intensity and usually takes one to several days. If the fruit- 
ing bodies are dried in drying sheds with an artificial heat- 
ing system, such as an electric heater or stove, the duration 
can be shortened to less than 24 h. 

Tremella fusiformis, the white jelly fungus, is also called 
silver ear by the Chinese. They not only use this mushroom. 
as a drug but consume it as a precious food as well. Because 
of its high cost it was considered a luxury only for the ta- 
bles of the rich. The canned form is much less popular than 
the dried form. It is not necessary to avoid premature open- 
ing or discoloration of the fruiting bodies since they do not 
turn dark. The drying is usually done only by the sun or 
by an artificial heat source. Drying under the sun alone 
would not give good results in tropical and subtropical cli- 
mates. Modern management calls for specially constructed 
drying sheds with a variety of arrangements, like those 
used for drying Shiitake. The drying process takes up to 8 
h and the temperature is first held at 122°F (50°C), then 
gradually decreased until it reaches 104°F (40°C). During 
drying, a strong air flow should be maintained to supply 
hot air and to maintain an optimal temperature. Weak air 
circulation and high temperatures will affect product qual- 
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ity. Generally the dried white jelly mushrooms weigh only 
about 6-8% as much as fresh ones. Some instant-dried sil- 
ver ear products have been produced recently. The fungus 
is cooked with sugar syrup prior to drying. This product 
can be rehydrated with hot water. The best of the dried 
fruiting bodies are packed in plastic bags and kept in air- 
tight containers for storage. Otherwise there is always a 
danger of deterioration caused by insects or molds. 
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MUSLIM DIETARY LAWS: FOOD PROCESSING 
AND MARKETING 


Muslim dietary laws are a set of rules and requirements 
governing the lives of Muslims, or followers of the Islam 
religion. The food industry, like any industry, responds to 
the needs and requirements of consumers. Today’s consum- 
ers are not only concerned with health and nutrition, they 
are also conscious of what goes into their bodies as food. 
Some of these restrictions by consumers are self-imposed 
philosophical or nutritional choices, whereas others are 
mandated by their religious beliefs. Muslim dietary laws 
are based on the Muslim scriptures, the Quran and the 
Hadith. 

Muslims constitute almost 20% of the world population 
(1). With 1.2 billion adherents, Islam is the world’s second- 
largest religion, after Christianity (2). In a area extending 
from the Atlantic Coast of Africa to Pakistan and from 
Central Asia to the Sahara, Islam is the religion of 90% of 
the population (2), as it is also in Bangladesh and Indo- 
nesia. Although the Muslims are concentrated in Asia and 
North Africa, they are also present as minorities through- 
out Europe (32 million), North America (5.5 million), Latin 
America (1.4 million), and even Oceania (0.4 million) (1). 
The basic tenets of Islam or the primary duties of Muslims 
are the belief in the oneness of God (Allah) and His mes- 
senger (Muhammad); performing the prayers, five times a 
day; almsgiving, or contributing to the welfare of the poor; 
fasting (abstaining from eating, drinking, having sex) from 
dawn to dusk during the 30 days of the month of Ramadan; 
and a pilgrimage to Makka in Saudi Arabia once in a life- 
time, if physically and financially capable (3). 


MUSLIM DIETARY LAWS 


In addition to the basic duties, a set of guidelines direct 
the daily life of a Muslim, and these include dietary laws. 
The dietary laws are composed of the concepts of Halal, 
Haram, Mashbooh, and Makrooh (4). 


What Is Halal? 


Halal means lawful or permitted for the Muslims. Accord- 
ing to the Quran, all good and clean foods are Halal. Con- 
sequently almost all foods from the sea, plants, and ani- 
mals are considered Halal except those that have been 
specifically prohibited. 


What Is Haram? 


Haram means unlawful or prohibited for consumption. The 
prohibited categories mentioned in the Quran include the 
following: 


* Carrion, or the meat of dead (unslaughtered) animals 

* Blood 

* Swine 

* Animals blessed to others than God (Allah) (ie, to 
idols) 

* Intoxicants, including alcoholic drinks 


Additionally, carnivorous animals, birds of prey, and 
land animals without external ears are prohibited to the 
Muslims (5). Any products contaminated with Haram 
items also become Haram. 


What Is Mashbooh? 


Mashbooh means suspect, in doubt, or questionable. If the 
origin of a certain food item is in doubt, or there is uncer- 
tainty about its permission or prohibition under Islamic 
laws, then the product is considered Mashbooh. A wide 
range of products in today’s marketplace fall under this 
category, which forms the gray area between what is per- 
mitted and what is prohibited (5). 


What Is Makrooh? 


Makrooh means detested or discouraged. Products that are 
discouraged by God or His messenger, Muhammad; are of- 
fensive to one’s psyche; or may be otherwise harmful fall 
under this category, including stimulants and smoking (4). 

Although the range of Haram and Makrooh foods in Is- 
lam is quite narrow, emphasis on observing the prohibi- 
tions is very strong. Islam is not oblivious to the exigencies 
of life, however. Islam permits a Muslim, under the com- 
pulsion of necessity, to eat a prohibited food in sufficient 
quantities to survive (4). 


HALAL FOOD PROCESSING 


There are in excess of 8,500 grocery items on the shelves 
of even a small supermarket in North America and Europe, 
and many new products are being added daily (6). Due to 
the complexity of food-product development and food pro- 
cessing, an uncertainty exists about the nature and kinds 
of ingredients present in a particular food. Muslims may 
either abstain from purchasing such foods or may end up 
eating what is prohibited. Food processors would need to 
use the following key points in the production of Halal 
products (77): 


* Products must be from naturally Halal animals, such 
as cattle, goats, chicken, and the like. 

¢ The animals must have been slaughtered properly, 
as described later. 

© Products must be processed and packed using uten- 
sils, equipment, and machinery that has been prop- 
erly cleaned. 
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* Products must be free from ingredients that are 
Haram, Makrooh, or Mashbooh. 

* All raw materials used must be Halal. 

* Products must be free from cross-contamination and 
must not come in contact with Haram substances. 


Proper Method of Slaughter 


There are strict requirements for slaughtering animals: 
the animal must be a Halal species; the animal must be 
slaughtered by a Muslim of proper age; the name of Allah 
must be pronounced at the time of slaughter; and the 
slaughter must be done by cutting the throat of the animal 
in a manner that induces rapid, complete bleeding and re- 
sults in the quickest death (5). Slaughtering should be 
done with a sharp knife in one swift cut. Certain other 
conditions should also be observed to ensure humane treat- 
ment of animals before and during slaughter. It is required 
that land animals be slaughtered according to the preced- 
ing method. There is no such requirement to slaughter fish 
or other sea creatures. The meat of animals thus slaugh- 
tered is called Zabiha. The term Zabiha, or Dhabiha, im- 
plies that the animal has been slaughtered by a Muslim. 


Ingredients 


For the formulation and manufacture of Halal products, 
special consideration should be given to the following in- 
gredients (6): 


Alcohol: Ethyl alcohol is an intoxicant and is prohibited 
as such. Many liquid flavors, such as natural vanilla, 
contain alcohol to satisfy U.S. legal requirements. Use 
of alcohol in the food and flavor industries is quite com- 
mon for a number of technical reasons, such as flavor 
extraction and standardization, ingredient precipita- 
tion, or use as a solvent. Although Halal production per- 
mits the use of synthetic or grain alcohol in their man- 
ufacture, it would be prudent for manufacturers to 
minimize the levels of alcohol present in the final prod- 
ucts through evaporation or other methods. Though 
there is a small allowance for industrial alcohol, the tol- 
erance is zero for grape wine and other liquors, both in 
manufacturing and the food-service industries. Many 
Muslim countries have set up quite elaborate analytical 
laboratories to test for alcohol in products at their 
points of entry. 

Gelatin: Gelatin is generally made from pork skins, cat- 
tle bones, calf or cattle skins, or fish skins. Generally 
product labels make no mention of the source of gelatin. 
For Halal products, gelatin must not be porcine. Fish 
gelatin is Halal, and gelatin from cattle and calves is 
considered Halal when the animals are slaughtered by 
Muslims. 

Lard: Lard is pork fat and is prohibited to Muslims. 
Products for Muslim markets must not be formulated 
with lard. 

Enzymes: Enzymes can be from animals, plants, or mi- 
crobes or produced through biotechnology. The use of 
enzymes is common in the manufacture of cheese and 
other foods. Use of porcine enzymes is not permitted in 


the manufacture of Halal foods. The use of enzymes ex- 
tracted from animals that are not slaughtered by Mus- 
lims is also discouraged by most Muslim countries. En- 
zymes from plants, microbial sources, and biotech 
sources are generally considered Halal (see “Ingredi- 
ents from Biotechnology”). 

Emulsifiers: Emulsifiers such as mono- and di-glycer- 
ides are made from vegetable oils, beef fat, or lard. Since 
vegetable mono- and di-glycerides are readily available, 
emulsifiers from beef fat which are Mashbooh and from. 
lard which are Haram can easily be avoided by the food 
manufacturers. 


Ingredients from Biotechnology 


Biotechnology covers a wide range of activities and there- 
fore leads to a large number of different applications in the 
food industry. For Muslims these new technologies open 
up opportunities for expanding their food supply. At the 
same time, these new technologies may create some diffi- 
culties in making Halal determinations for food ingredi- 
ents, food products, food materials, and even modified spe- 
cies of animal and plants. Information should be made 
available to Muslim leaders on concepts and practices in 
food biotechnology and genetic engineering so they can 
properly evaluate their Halal implication for foods. In gen- 
eral, biotechnology ingredients and enzyme cultures are 
accepted by Muslims, with some reservations about cer- 
tain products (eg, a porcine-derived biotech-produced en- 
zyme) that need to be reviewed on a case-by-case basis (8). 


Packaging 


The Halal status of packaging materials is also question- 
able. Though a plastic container may appear acceptable, 
the source of some of the ingredients used to create the 
plastic may be of concern. In many cases, stearates from 
animal sources are used in the production of plastic con- 
tainers. The formation and cutting of metal cans may re- 
quire the use of oils, which may be derived from animals 
(9). Steel drums could have been used to carry foods con- 
taining pork or pork fat, and despite rigorous cleaning, 
these could retain small amounts and contaminate other- 
wise Halal products. 


Marketing 


With the global emphasis on food marketing, both food ser- 
vice and retail, people are becoming more accustomed to 
buying prepared or partially prepared meal items. Pres- 
ently, two of the strongest import markets for Halal food 
products are Southeast Asia and the Middle East, account- 
ing for more than 400 million Muslim consumers. A strong 
emphasis on Halal certification of products in Malaysia, 
Singapore, Indonesia, Thailand, and the Middle East is 
shaping the ways in which the exporting countries of Eu- 
rope, North America, Australia, and New Zealand are 
modifying their production and marketing practices. 
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MYCOTOXIN ANALYSIS. 


Mycotoxins are a heterogeneous class of fungal toxins that 
contaminate virtually all agricultural commodities. They 
play an important role in foodborne disease in humans 
and animals, with toxic effects as variable as their com- 
position. Although it is difficult to prevent mycotoxin con- 
tamination in food and feed, it may be possible to reduce 
exposure through rigorous monitoring programs that re- 
quire accurate and precise analytical methods. In addition 
to monitoring and surveying, analytical methods are 
needed to determine compliance with tolerances and 
guidelines and for research purposes. A great deal of re- 
search has been devoted to developing sensitive, specific, 
and accurate methods for quantifying mycotoxins in food 
and feed. The progress of such efforts can be seen in the 
numerous recent reviews on mycotoxin analysis (1-9) and 
in the General Referee Report on Mycotoxins that ap- 
peared in the January/February issues of the Journal of 
the Association of Official Analytical Chemists (AOAC) In- 
ternational (10-14). Several excellent reference books have 
been written on mycotoxin analysis (15,16). 


GENERAL ANALYTICAL PROCEDURES 


Analysis of mycotoxins in foods and feeds requires trace 
analytical techniques because the mycotoxins are typically 
present in agricultural commodities at levels ranging from 
ng/g to ug/g. Mycotoxins vary greatly in their structural 
properties, and thus also their physical properties. Con- 
sequently, it is impossible to develop methods that are ap- 
plicable to all mycotoxins. In addition, analytical difficul- 


ties exist since mycotoxins are not evenly distributed in 
food, and food matrices contribute interferences to sample 
extracts. 

The procedure used to estimate the concentration of my- 
cotoxins in food and feed consists of three steps. First, a 
random sample is taken from the lot. Second, the entire 
test sample is ground in a mill or grinder, and a subsample 
is removed from the ground sample. Finally, mycotoxins in 
the subsample are extracted with solvent and quantified. 
An accurate and precise estimate of the true concentration 
of a mycotoxin in a food depends on all three parts of the 
analysis (17). Of the three steps, initial sampling is the 
most critical because it contributes the most to variability 
in the analytical result. The analytical aspects will usually 
contribute the least error while sample preparation will 
usually have an error in between the two (18). 


SAMPLING AND SUBSAMPLING 


Much literature has been published on procedures for sam- 
pling agricultural commodities for contaminants in gen- 
eral (19) and for mycotoxins specifically (20-27), since sam- 
pling is one of the most critical aspects of contaminant 
analysis. Van Egmond (28) tabulated official sampling 
plans that are used by regulatory agencies throughout the 
world for monitoring mycotoxin levels in food and feed. 
Special sampling procedures for aflatoxins have been 
worked out by the Food and Agriculture Organization (29) 
and are under preparation by the Codex Alimentarius 
Commission (30) for contro] purposes (7). 

The major goal of sampling is to obtain a portion that 
accurately represents the concentrations of individual my- 
cotoxins in a given lot of food or feed. Traditional sampling 
methods for agricultural crops are usually not adequate for 
mycotoxin analyses because mycotoxins are rarely evenly 
distributed within lots of food and feed. Pockets of contam- 
ination may be found in bulk storage of grains, oilseeds, 
oilseed cakes, flours, or ground mixed feeds. These “hot 
spots” may be due to mold contamination and proliferation 
in a small portion of the field where the commodity was 
grown. It also may occur when smal} containers of contam- 
inated material are added to loads of uncontaminated food. 
Pockets of contamination can form in stored commodities, 
especially in areas of high moisture (18). 

It is important to design a sampling procedure that will 
allow the lowest variability that resources will allow. In 
general, increasing the sample size will result in more re- 
liable analytical results. However, the amount of material 
collected should be cost effective and manageable for sam- 
ple analysis. Success at obtaining representative samples 
of food or feed for analysis depends on several factors: 
(1) the physical characteristics of the product sampled, 
(2) the distribution of the contaminant, and (3) the sam- 
pling procedure (17). In general, it is easier to obtain rep- 
resentative samples of commodities that are liquids (ie, 
milk) or can be made into pastes or powders by grinding 
(ie, peanut butter, flour) than particulate foods such as 
grains, whole nuts, and mixed feeds (17). Liquids and sam- 
ples with small particle sizes require little sample prepa- 
ration because they can be readily made homogeneous by 


1684 MYCOTOXIN ANALYSIS 


2. C. I. Waslien, “Muslim Dietary Laws, Nutrition, and Food Pro- 
cessing,” in Y. H. Hui, ed., Encyclopedia of Food Science and 
Technology, Vol. 2, John Wiley and Sons, Inc., New York, 1992, 
pp. 1848-1850. 

3, S. Twaigery and D. Spillman, “An Introduction to Moslem Di- 
etary Law,” Food Technol. 7, 88-90 (1987). 

4, M. M. Hussaini, The Islamic Dietary Concepts and Practices, 
Islamic Food and Nutrition Council of America, Chicago, Ill., 
1993, 

5. M. M. Chaudry, “Islamic Food Laws: Philosophical Bases and 
Practical Implications,” Food Technol. 12, 92-104 (1992). 

6. M. N, Riaz, “Halal Food—An Insight into a Growing Food In- 
dustry Segment,” Int. Food Marketing and Technol. 12, 6-9 
(1998), 

7. M.M, Chaudry et al., Halal Industrial Production Standards, 
My Own Meals, Inc., Deerfield, Ill, 1996. 

8, M. M, Chaudry and J. M. Regenstein, “Implications of Biotech- 
nology and Genetic Engineering for Kosher and Halal Foods,” 
Trends Food Sci, Technol. 5, 165-168 (1994). 

9. M.M, Chaudry, “Islamic Foods Move Slowly Into Marketplace,” 
Meat Processing 86, 34-38 (1997). 


MUHAMMAD MUNIR CHAUDRY 

Islamic Food and Nutrition Council of America 
Chicago, Ilinois 

JOE M. REGENSTEIN 

Cornell University 

Ithaca, New York 


MYCOTOXIN ANALYSIS. 
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contaminate virtually all agricultural commodities. They 
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Analysis of mycotoxins in foods and feeds requires trace 
analytical techniques because the mycotoxins are typically 
present in agricultural commodities at levels ranging from 
ng/g to ug/g. Mycotoxins vary greatly in their structural 
properties, and thus also their physical properties. Con- 
sequently, it is impossible to develop methods that are ap- 
plicable to all mycotoxins. In addition, analytical difficul- 


ties exist since mycotoxins are not evenly distributed in 
food, and food matrices contribute interferences to sample 
extracts. 

The procedure used to estimate the concentration of my- 
cotoxins in food and feed consists of three steps. First, a 
random sample is taken from the lot. Second, the entire 
test sample is ground in a mill or grinder, and a subsample 
is removed from the ground sample. Finally, mycotoxins in 
the subsample are extracted with solvent and quantified. 
An accurate and precise estimate of the true concentration 
of a mycotoxin in a food depends on all three parts of the 
analysis (17). Of the three steps, initial sampling is the 
most critical because it contributes the most to variability 
in the analytical result. The analytical aspects will usually 
contribute the least error while sample preparation will 
usually have an error in between the two (18). 


SAMPLING AND SUBSAMPLING 


Much literature has been published on procedures for sam- 
pling agricultural commodities for contaminants in gen- 
eral (19) and for mycotoxins specifically (20-27), since sam- 
pling is one of the most critical aspects of contaminant 
analysis. Van Egmond (28) tabulated official sampling 
plans that are used by regulatory agencies throughout the 
world for monitoring mycotoxin levels in food and feed. 
Special sampling procedures for aflatoxins have been 
worked out by the Food and Agriculture Organization (29) 
and are under preparation by the Codex Alimentarius 
Commission (30) for contro] purposes (7). 

The major goal of sampling is to obtain a portion that 
accurately represents the concentrations of individual my- 
cotoxins in a given lot of food or feed. Traditional sampling 
methods for agricultural crops are usually not adequate for 
mycotoxin analyses because mycotoxins are rarely evenly 
distributed within lots of food and feed. Pockets of contam- 
ination may be found in bulk storage of grains, oilseeds, 
oilseed cakes, flours, or ground mixed feeds. These “hot 
spots” may be due to mold contamination and proliferation 
in a small portion of the field where the commodity was 
grown. It also may occur when smal} containers of contam- 
inated material are added to loads of uncontaminated food. 
Pockets of contamination can form in stored commodities, 
especially in areas of high moisture (18). 

It is important to design a sampling procedure that will 
allow the lowest variability that resources will allow. In 
general, increasing the sample size will result in more re- 
liable analytical results. However, the amount of material 
collected should be cost effective and manageable for sam- 
ple analysis. Success at obtaining representative samples 
of food or feed for analysis depends on several factors: 
(1) the physical characteristics of the product sampled, 
(2) the distribution of the contaminant, and (3) the sam- 
pling procedure (17). In general, it is easier to obtain rep- 
resentative samples of commodities that are liquids (ie, 
milk) or can be made into pastes or powders by grinding 
(ie, peanut butter, flour) than particulate foods such as 
grains, whole nuts, and mixed feeds (17). Liquids and sam- 
ples with small particle sizes require little sample prepa- 
ration because they can be readily made homogeneous by 


stirring before the sample is removed for analysis. In gen- 
eral, more heterogeneous samples with large particle sizes 
require a larger sample size (eg, peanuts) than samples 
with small particle size (grains). The nature and distri- 
bution of the mycotoxin is another important factor in ob- 
taining representative samples (17). Several mycotoxins 
are very heterogeneously distributed in foods, making 
sampling difficult. For example, aflatoxin has been shown 
to contaminate only several kernels in an ear of corn or in 
a batch of peanuts (21). 

Samples may be taken from crops in the field, during 
handling, during storage, and at other points in the pro- 
duction and processing system (31). The most effective 
sampling plans involve gathering equal portions at ran- 
dom points throughout a lot of material (17). Of the two 
methods that exist for collecting samples of contaminated 
food, the best sampling method is continuous stream sam- 
pling. Portions are collected at specific time intervals from 
acontinuous stream of material and combined into a single 
sample. Often it is necessary to sample commodities held 
in bins, sacks, rail cars, barges, trucks, or other large con- 
tainers. Portions are taken from these static populations 
using hand-operated or mechanical probes (18), then com- 
bined to obtain a representative sample of the entire bin 
of material. 

Once a sample has been drawn from a lot, it is often too 
large to be analyzed. A smaller subsample must be taken 
from which the mycotoxin is extracted. The same hetero- 
geneity that existed in the lot also occurs in the sample. 
Therefore, the samples should be ground to proper size and 
blended before mycotoxins are extracted (22). Ideally, anal- 
yses should be completed immediately after sampling. If 
this is not possible, samples must be stored properly to 
prevent further fungal growth and formation of mycotoxin. 
Warm, moist conditions should be avoided. Samples should 
be frozen or refrigerated in a dry state. 


EXTRACTION 


After sampling, the next phase of mycotoxin detection in- 
volves extraction of the toxin from the food matrix. Offi- 
cially recognized extraction methods for foods are pre- 
scribed by the AOAC INTERNATIONAL Official Methods 
of Analysis (32) and for feeds by the International Stan- 
dards of Organization (ISO) publication or the European 
Economic Community (EEC) directives (5,33-35). The 
main purposes of extraction are to transfer toxin from the 
sample to a solvent and to remove unwanted contaminants 
and interferences (2). The efficiency of extraction of my- 
cotoxins depends on the physiochemical properties of the 
food matrix as well as those of the toxin. 

Mycotoxins are often extracted from food or agricultural 
products by blending or shaking the sample with appro- 
priate amounts of solvent (6). High-speed blending has the 
advantage of reducing the sample particle size, which may 
lead to better extraction (5). The selection of solvent type 
and ratio of sample to solvent volume depends on the my- 
cotoxin of interest and the source material. The solvent-to- 
sample ratio is usually 2-5 mL:1 g sample. Most mycotox- 
ins are readily soluble in organic solvents but sparingly 
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soluble in water (5). Typical extraction solvents include 
chloroform, ethyl acetate, methanol, acetone, acetonitrile, 
and mixtures of these organic solvents and water. The wa- 
ter wets the substrate and increases penetration of the sol- 
vent mixture into the hydrophilic matrix (16). The aqueous 
phase can be acidified to release the toxin from interactions 
with proteins in the food. Sodium chloride or other inor- 
ganic salts are often added to the aqueous phase to reduce 
emulsion formation. In addition to liquid solvents, super- 
critical fluids (eg, CO. with methanol or acetonitrile as 
modifiers) have been successfully used to extract aflatoxin 
(36) and trichothecenes (37,38) from grain and feed. Non- 
polar solvents such as hexane or 2,2,4-trimethylpentane 
can be used to defat samples of high-lipid content before 
extraction. 

After extraction, filtration is often necessary to remove 
unwanted solids. When using highly nonpolar solvents, a 
common practice is to add a diatomaceous earth filter aid 
to assist in filtration. Centrifuging extracts prior to 
cleanup is a common practice when filtration difficulties 
arise (5). 


CLEANUP METHODS 


Some analytical methodologies, that is, immunoassays, re- 
quire minimum sample cleanup for quantitation of myco- 
toxins. However, in most cases, extensive cleanup of agri- 
cultural commodities is needed before the final analysis is 
feasible. Removal of interfering substances is a key ele- 
ment in obtaining accurate quantitative results and is nor- 
mally the most time-consuming stage in the analysis of 
mycotoxins. The choice of sample cleanup method depends 
on the type of mycotoxin and matrix, the expected concen- 
tration of the mycotoxin, and the available final analytical 
method used for detection and quantitation (5,6). Four va- 
rieties of cleanup methods have been used: dialysis, an- 
ionic precipitation, liquid-liquid partitioning, and column 
chromatography. For some samples one cleanup step is 
enough, but others may require a combination of two or 
more cleanup procedures before quantitation. 

Dialysis cleanup procedures in combination with liq- 
uid—liquid partitioning have been developed for a variety 
of mycotoxins (39,40). The aqueous anionic precipitation 
method of cleanup is used mainly for extracts in polar or- 
ganic solvents containing more than 55% water (5). An- 
ionic precipitation involves coprecipitating plant pigments 
and proteinaceous substances with various reagents; lead, 
zinc and ammonium salts, phosphotungstic acid, iron, and 
copper compounds. Liquid-liquid partitioning in conjunc- 
tion with column cleanup has been used to separate com- 
plex mixtures of mycotoxins having different physiochem- 
ical properties. Acids or bases can be added to the aqueous 
phase to facilitate separation of mycotoxins possessing 
strong functional groups such as the phenolic zearalenone 
and zearalenol (41), or acidic mycotoxins penicillic acid and 
ochratoxin (5). Use of liquid-liquid partitioning is declin- 
ing because it requires large sample sizes and large vol- 
umes of potentially hazardous solvents. 

Column chromatographic methods are the most widely 
used cleanup procedure. These methods include classical 
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open column chromatography and chromatography using 
small disposable prepacked columns, also known as solid- 
phase extraction columns. In both types of column chro- 
matography, packing materials can be normal or reverse- 
phase silica, alumina, polyamide, XAD-2, ion exchange, 
Sephadex®, charcoal, Florisil® and immunoaffinity. Avail- 
able bonded phases for reverse-phase columns include 
ethyl, octyl, octadecyl, cyclohexyl, and phenyl. 

Classical column chromatography has been used for pu- 
rifying mycotoxins present in food and feed. Different 
modes of chromatography such as adsorption, partition, 
ion exchange, size exclusion, and affinity chromatography 
have been used (42). Due to the large amounts of solvent 
needed and the cost of waste solvent disposal, classical col- 
umn chromatography is not commonly used today. One of 
the most widely used screening methods for mycotoxins 
(aflatoxins, ochratoxin A, zearalenone) uses prepacked car- 
tridges containing one or more layers of different adsor- 
bents to purify toxins before analysis (32,43-46). Pre- 
packed, disposable solid-phase extraction (SPE) columns 
(cartridges) are increasingly being used for sample 
cleanup. The use of these cartridges saves time, uses less 
solvent than traditional liquid-liquid extraction or classi- 
cal column chromatography, and is ideally suited to the 
analysis of large numbers of samples. The prepacked car- 
tridges are reported to be more consistent than laboratory- 
packed columns, although batch-to-batch variations can 
occur. Consequently, recovery trials should be carried out 
on all batches of columns (5). SPE cleanup procedures have 
been developed for ochratoxin (47), trichothecenes (48,49), 
aflatoxins (50,51), fumonisins (52,53), and other mycotox- 
ins. Recently, SPE disks requiring even less solvent than 
SPE cartridges have been developed (54) and were used 
for isolating zearalenol and zearalenone from corn extracts 
(55). 

An important new cleanup technique is the use of 
antibody-based immunoaffinity columns (IAC). Advan- 
tages of IAC over other cleanup methods include specific- 
ity, speed, low solvent use, possibility of automation, and 
possibility of column reuse (56). Specific antibodies to a 
number of mycotoxins (aflatoxins B,, B, G;, Bz, M,; fu- 
monisins B, and B.; ochratoxin A; deoxynivalenol; and 
zearalenone) have been developed (56) and are the basis of 
commercially available IAC. Among the commercial IAC, 
the Aflatest P is finding widespread use in the analysis of 
corn, peanuts, and complex foods and feeds (56). The Af- 
latest P test kit, which includes a fluorometer for quanti- 
tation, has been certified by the AOAC as an official 
method (32,57). Mycotoxins are extracted from a sample 
with aqueous methanol or acetonitrile. The extract is di- 
luted further with water or buffer, and a portion of the 
diluted sample is passed through the column. The column 
is then washed with water to remove interferences. The 
purified mycotoxin is then eluted using methanol] or 
acetonitrile.‘ Quantification of the toxin can be accom- 
plished using fluorometry or a variety of chromatographic 
methods. 

Several studies have shown that IAC could be reused 
without loss of efficiency (58-60). Currently, multiple an- 
tibody IAC are under development to allow simultaneous 
separation of chemically diverse toxins from the same ex- 


tract (56). Scudamore et al. (61) linked IAC in series to 
determine aflatoxin and ochratoxin levels in a variety of 
dry cereal-based pet foods. Maragos et al. (62) developed 
an IAC that isolated fumonisins B,, Bz and hydrolyzed 
forms of these toxins. 

After cleanup procedures are complete, mycotoxins are 
present at low concentrations in large volumes of solvent. 
Therefore, concentration is required before analysis. This 
is usually done by heating at low temperatures in a water 
bath, temperature-controlled heating block, or a rotary 
evaporator (5). Evaporation under nitrogen is recom- 
mended for six mycotoxins listed in the AOAC Interna- 
tional Official Methods of Analysis book (32), and exposure 
to light should be minimized. 


ANALYSIS: SEPARATION, DETECTION, QUANTITATION 


General Considerations 


Choice of Analytical Method. The choice of analytical 
method used to separate, detect, and quantify mycotoxins 
depends on the physiochemical properties of the myco- 
toxin, concentration of the mycotoxin in the food or feed, 
cost and time constraints, and availability of analytical 
methodology and instrumentation. Early studies used bio- 
logical methods, for example, animal toxicity assays, to de- 
tect the presence of mycotoxins in food and feed. With the 
development of sophisticated instrumentation, chemical 
methods became the method of choice for mycotoxin anal- 
ysis. For mycotoxins that contain a chromophore having 
high molar absorptivity and/or high fluorescent properties, 
such as aflatoxin, zearalenone, patulin and ochratoxin, 
sample extracts are usually subjected to either thin-layer 
chromatography (TLC) or high-performance liquid chro- 
matography (HPLC). For both methods, the compound of 
interest is identified by comparing the R; (a measure of 
migration distance) or retention time to that of an analyt- 
ically pure standard of the compound. Quantitation is ac- 
complished by determining the fluorescence intensity or 
UV absorbance of an elution spot or an HPLC peak. My- 
cotoxins that do not contain a distinctive chromophore, 
for example, fumonisin and some of the trichothecenes, can 
be derivatized and analyzed by HPLC or gas chromatog- 
raphy (GC). Alternatively, these compounds can be ana- 
lyzed directly by gas chromatography—mass spectrometry 
(GC/MS) or liquid chromatography—mass spectrometry 
(LC/MS). 


Analytical Standards. Essential to mycotoxin analysis is 
obtaining pure analytical standards for the compound of 
interest. While standards for the most common mycotoxins 
are commercially available, newly discovered or uncom- 
mon toxins are often available only from the researchers 
who originally purified and identified the compounds. An- 
alytical criteria of important mycotoxins were published by 
the Food Chemistry Commission of the International Un- 
ion of Pure and Applied Chemistry (63). In addition, sev- 
eral extensive tabulations of chemical, physical and spec- 
tra characteristics of mycotoxins have been published by 
Cole and Cox (64) and Savard and Blackwell (65). Purity 
of primary standards should be determined by at least two 


analytical methods. If possible, concentration of standards 
in solution should be determined spectrophotometrically 
rather than gravimetrically. Some mycotoxins can be 
chemically labile, consequently, stability of the pure stan- 
dard in solvent should be determined. Proper storage of 
the standard is essential, and periodic check of stability 
during storage should be determined. Since all mycotoxins 
are potentially hazardous, care should be taken while 
working with the pure compounds, and all manipulations 
should be performed in a hood or glove box (5,32). 


Confirmation Methods. Interfering compounds can be 
present in sample extract even after exhaustive cleanup 
procedures are employed. Consequently, confirmation 
methods are needed to establish the true identity of the 
analyte. There are two main techniques for confirmation 
of identity: chemical derivitization and mass spectrometric 
analysis. Pre- and postcolumn derivatization of mycotoxins 
can be used to confirm the identity of mycotoxins analyzed 
by HPLC. For example, fumonisin previously analyzed by 
derivitizing with o-phthaldialdehyde (OPA) can be ana- 
lyzed using another derivitizing agent, for example, naph- 
thalene dicarboxaldehyde (NDA). Diode array detectors 
are commonly available HPLC detectors that can be used 
to confirm the identity of mycotoxins having characteristic 
UV spectra. Using several detectors in tandem is another 
excellent confirmatory method (5). Numerous chemical 
methods for confirming the identity of aflatoxins and other 
mycotoxins exist with TLC. Various reagents can be 
sprayed onto developed chromatograms, and the reactions 
can be compared to those with pure standards (66,67). 

The most powerful method for confirming the identity 
of mycotoxins is by mass spectrometry (MS), and numer- 
ous methods exist for the identification of mycotoxins by 
GC/MS (68-71) or LC/MS (72-77). The mass spectra of 
compounds eluting from a GC or HPLC column can be used 
to aid in the structural determination of unknowns or 
provide unequivocal identification of peaks (6). Selectivity 
can be increased by using select ion monitoring (SIM) 
that is unique to the analyte of interest. The affordability 
of GC/MS and LC/MS systems allows most modern labo- 
ratories to be equipped with this powerful analytical tool. 


CHEMICAL METHODS 


Chromatography 


Introduction. In the past ten years, chromatography 
has been the most studied technique for detection, analy- 
sis, and characterization of mycotoxins. Chromatographic 
methods employed for these purposes include TLC, GC, 
HPLC, and supercritical fluid chromatography (SFC). A 
book by Betina (16) and reviews by Shephard (78) and Dor- 
ner (6) are excellent references on the use of chromatog- 
raphy for mycotoxin analysis. 


Thin-Layer Chromatography. Despite the fact that many 
other techniques have been increasingly applied in the de- 
termination of mycotoxins in food and feed, TLC is still one 
of the most popular because of its relative simplicity and 
low operating cost. Other advantages are that it allows 
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simultaneous analysis of many extracts, offers great selec- 
tivity, and makes multitoxin analysis possible (6). As with 
other chromatographic techniques, TLC requires extensive 
sample cleanup to remove interferences. Several excellent 
reviews have been published on TLC methods used for my- 
cotoxin screening and quantitation (67,79-83). 

The choice of type of TLC plate adsorbent and mobile 
phase depends on the chemical characteristics of the ana- 
lyte as well the matrix from which it was extracted. Ad- 
sorbents used for normal-phase TLC include silica gel, alu- 
minum oxide, and cellulose, whereas reverse-phase TLC 
plates have a layer of silica gel bonded to various nonpolar 
functional groups including ethyl, octyl, octadecyl, and 
phenyl. The majority of TLC plates used for mycotoxin 
analyses are glass or plastic supports coated with silica 
gel. Other substances, such as oxalic acid, sulfuric acid, 
or glycolic acid, can be incorporated into the silica gel 
layer to aid in the separation of acidic mycotoxins (citrinin, 
ceyclopiazonic acid) (8). TLC plates can be prepared in the 
laboratory, but most frequently, they are purchased as pre- 
coated plates since they are more uniform and repro- 
ducible. 

Sample extracts are applied to the TLC plate with a 
micropipet or syringe, and the plates are then placed in a 
mobile phase for chromatographic development. During 
development, components of the extract partition between 
the stationary and mobile phases. Mobile phases depend 
on the mycotoxins to be separated, the type of adsorbent, 
and the presence of compounds in the extracts that inter- 
fere with the analyte (6). In normal-phase TLC, the major 
component of the mobile phase is usually a relatively non- 
polar solvent (chloroform, ethyl ether, or ethyl acetate). Po- 
lar solvents (acetone, alcohols, water, or organic acids) are 
usually added to achieve the desired separation of the an- 
alytes. With reverse-phase TLC, the mobile phase is usu- 
ally composed of water in combination with methanol or 
acetonitrile. Development of plates is usually carried out 
with one mobile phase. However, use of more than one sol- 
vent can be used to improve resolving power (6). 

When sample extracts contain few interfering sub- 
stances, one-dimensional TLC is sufficient for separation 
and quantitation of analytes. Using this method, many 
sample extracts can be simultaneously analyzed (81). 
When cleanup is insufficient to remove interferences, the 
use of two-dimensional TLC (2D-TLC) can improve resolv- 
ing power. In 2D-TLC, the plate is dried after developing 
in the first mobile phase, then it is rotated 90° and devel- 
oped in a different solvent. 2D-TLC has been applied to the 
analysis of aflatoxins, ochratoxin A, and citrinin (81). 

To visualize the mycotoxin spots on TLC plates, the 
plates are either examined under UV light for fluorescent 
mycotoxins such as aflatoxins, zearalenone, sterigmato- 
cystin, penicillic acid, citrinin, and ochratoxin A, or they 
are sprayed with a chemical reagent that reacts with the 
mycotoxins to produce a colored or fluorescent derivative 
(83). Under long-wave UV light (365 nm), aflatoxins ap- 
pear as blue, while zearalenone, citrinin, sterigmatocystin, 
and penicillic acid appear as blue-green, yellow, red, and 
purple spots, respectively (81). Aluminum chloride has 
been used to make fluorescent derivatives of deoxyniva- 
lenol (84) and sterigmatocystin (85), while ammonia was 
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used to increase the fluorescence of ochratoxins (86) and 
patulin (87). Nonfluorescent mycotoxins are detected by 
chemical derivatization. For example, T-2 toxin can be de- 
tected by spraying plates with a mixture of sulfuric acid 
and methanol, then heating the plate for several minutes 
at 110°C (81). Mycotoxins are quantified by comparing the 
intensity of the fluorescence of the sample spot with that 
of a series of standards. Visual comparison has been widely 
employed for mycotoxin screening. More accurate quanti- 
tation is achieved instrumentally with a densitometer. De- 
tection limits for TLC are in the range of pg/g to ng/g de- 
pending on the analyte, source of contamination, and 
cleanup method (83). 

The development of high-performance TLC (HPTLC) in 
recent years has kept TLC competitive with other more 
sophisticated techniques. Plates are smaller than conven- 
tional TLC plates, and they are uniformly coated with a 
0.1- to 0.3-mm layer of small particle size (2-10 ym) ad- 
sorbents (82). The small particle size results in rapid sep- 
aration of analytes. HPTLC uses automatic sample appli- 
cation equipment for spotting small volumes of test sample 
on plates and a densitometer to quantify analytes. Detec- 
tion limits for aflatoxins using HPTLC have been reported 
in the low picogram range (82). 


High-Performance Liquid Chromatography. One of the 
first publications describing the use of HPLC to analyze 
mycotoxins in food was written by Seiber and Hseih (88). 
Since then HPLC has become the method of choice for 
quantifying mycotoxins in food and feed. HPLC is similar 
to TLC in principle, but it offers the analyst greater reso- 
lution, sensitivity, accuracy, and precision (25). HPLC al- 
lows ultratrace analysis of mycotoxins; some analytes can 
be determined at the nanogram or even picogram level. 
Other advantages of HPLC are its ability to analyze ther- 
mally labile, poorly volatile, polar, and ionic compounds. 
The introduction of autosamplers, computerized data re- 
trieval systems and a variety of sensitive detectors make 
HPLC very useful for large-scale analyses. Important lim- 
itations of HPLC include the high cost of instrumentation 
and the lack of a sensitive universal detector. Like most of 
the other chromatographic methods, rigorous cleanup is 
usually required to achieve accurate, reproducible results. 
Reviews on the use of HPLC to analyze mycotoxins have 
been written by Shephard (78), Coker and Jones (89), Fris- 
vad and Thrane (90), Shepherd et al. (91) and Kuronen 
(92). 

The versatility of HPLC makes it ideal to analyze chem- 
ically diverse compounds such as the mycotoxins. This is 
mainly due to the advances made in the past decade in the 
chemistry of adsorption materials for column packings. Al- 
though use of normal-phase silica columns was initially 
favored for analysis of some of the mycotoxins, reverse- 
phase chromatography is currently being used most often 
for aflatoxins (93-97), zearalenone (41,98,99), nivalenol 
and deoxynivalenol (100), citrinin (101), ochratoxin (102), 
fumonisins (52,53), Alternaria toxins (103-105), patulin 
(106,107), and sterigmatocystins (108). There have been 
some reported use of ion-exchange chromatography (IEC) 
in the determination of moniliformin (109). 


Several detectors are available for use with HPLC, 
which provides for great selectivity and sensitivity. Unlike 
GC, there is no truly effective universal detector for HPLC. 
Refractive index (RI) detectors lack sensitivity, which lim- 
its their use in mycotoxin analysis. An evaporative light- 
scattering detector (ELSD) is another universal detector 
that can be used for the detection of low-volatility compo- 
nents in purified extracts. As with RI detectors, ELSDs 
lack the sensitivity needed for detection of most mycotox- 
ins. A literature search found only one published method 
for fumonisins (110). 

As most mycotoxins absorb UV light, UV detectors are 
commonly used detectors for mycotoxin analysis. The pho- 
todiode array (PDA) detector has proven to be a powerful 
HPLC detector for detecting and quantifying mycotoxins. 
The advantage of PDA detectors is that they provide both 
multiwavelength and spectra information in a single chro- 
matographic run (42). In combination with computer 
searching capabilities, it is possible to monitor the spectra 
of eluting components, allowing further identification of 
mycotoxins. 

The fluorescence detector is commonly used to detect 
mycotoxins that fluoresce or fluoresce when derivitized. 
Fumonisins, a recently discovered group of mycotoxins, 
contain an amino group and several carboxylic acid groups 
that can be derivitized with fluorogenic reagents such as 
o-phthaldialdehyde (OPA) (52), naphthalene dicarboxal- 
dehyde (111), or N-hydroxysuccinimidylcarbamate (112). 
The trichothecenes and sterigmatocystin are other exam- 
ples of mycotoxins that are derivatized with fluorescent 
compounds (113,114). Fluorescence detectors, which are 
highly selective and more sensitive than UV detectors, are 
the detectors of choice for aflatoxin and fumonisin analy- 
ses. In addition to UV and fluorometry, electrochemical de- 
tectors have been used for the detection of several myco- 
toxins (115-117). 

Development of LC/MS techniques has been the subject 
of considerable study since its development in the late 
1960s (118). Since that initial work LC/MS interfaces have 
undergone considerable development and improvement. 
First (direct liquid introduction, moving belt, particle 
beam) and second generation (thermospray, electrospray) 
interfaces have led the way to the generation of so-called 
atmospheric-pressure ionization (API) interfaces. The API 
techniques that comprise chemical ionization and other 
ionization techniques (electrospray and ionspray), have 
opened a new window in LC/MS, allowing analysis of ei- 
ther slightly polar analytes of low to medium molecular 
mass or more polar analytes and ions in solutions of me- 
dium to high molecular mass (75). Instruments have be- 
come smaller (benchtop size), less expensive, more rugged, 
and compatible with commonly used HPLC mobile phases 
and flow rates (75). Reports exist on the use of LC/MS for 
determination of such mycotoxins as aflatoxins (72), tri- 
chothecenes (73,74), zearalenone (75), ochratoxin (76), and 
fumonisins (77,119). 


Gas Chromatography. GC is the method of choice for 
some mycotoxins that exhibit little or no UV absorption or 
fluorescence. GC methods have been published for virtu- 
ally all mycotoxins, although their greatest utility lies in 


the analysis of the trichothecenes (6,119). With GC, ex- 
tracts containing the analytes are first subjected to vigor- 
ous cleanup procedures. The next phase involves volatil- 
izing the analytes. Most mycotoxins are not volatile at GC 
temperatures (30-350°C), and must be derivatized to a vol- 
atile form. The functional group in mycotoxins allowing 
derivatization is in most cases a hydroxyl group, and the 
derivatives formed are usually trimethylsilyl (TMS) ethers 
or heptafluorobutyry! (HFB), pentafluoropropionyl (PFP), 
or trifluoroacety] (TFA) esters (120). Onji et al. (121) have 
described a method for analyzing several Fusarium my- 
cotoxins including deoxynivalenol, 3-acetyldeoxynivalenol, 
fusarenon-X, diacetoxyscirpenol, 15-monoacetylscirpenol, 
T-2 toxin, scirpentriol and zearalenone without derivati- 
zation. 

Packed and capillary GC columns are used for the sep- 
aration of analytes. Packed columns are usually borosili- 
cate glass tubes that are packed with an inert support that 
is coated with the polymer to be used as the stationary 
phase. With capillary columns, fused silica tubing is coated 
with thin films of stationary phase. Capillary columns offer 
great efficiency, which explains why the majority of meth- 
ods published for the determination of trichothecenes used 
capillary columns (6). 

Several types of detectors are available for GC, but for 
mycotoxin analysis, the flame ionization detector (FID), 
the electron capture detector (ECD), and the mass spec- 
trometer (MS) are the most common. The FID detector is 
considered the universal GC detector because it detects all 
organic compounds. Although rugged and sensitive, FID 
detectors are not at all selective and require rigorous 
cleanup of extracts to obtain reliable results (6). The ECD 
is a more selective detector than the FID, but it is not 
necessarily more sensitive. ECD gives strong signals for 
halogenated compounds but not for hydrocarbons (6). MS 
is the ultimate detector for use with GC; it is sensitive, 
selective, and enables confirmation of the identity of elut- 
ing compounds. Selectivity can be enhanced by selecting 
SIM mode to monitor a single ion mass. GC/MS is a pow- 
erful tool especially for the analysis of trichothecene my- 
cotoxins (69-71). Several recent publications (70,122) de- 
scribe the use of GC/fourier transform infrared (FTIR) 
spectroscopy to aid in the characterization and identifica- 
tion of Fusarium mycotoxins. The use of GC/FTIR together 
with GC/MS provides a very powerful combination for the 
identification of a variety of mycotoxins that represent di- 
verse structure types in food or feed extracts. 


Supercritical Fluid Chromatography. Supercritical fluid 
chromatography (SFC) uses a mobile phase with the sol- 
vating power of a liquid and the diffusivity and viscosity 
of a gas to separate nonvolatile or thermally labile com- 
pounds (123). The combination of SFC with MS allows the 
analysis of compounds which require derivatization prior 
to GC/MS. Young and Games (124) used SFC on packed 
HPLC columns combined with UV and a moving belt MS 
to separate and identify some Fusarium mycotoxins (de- 
oxynivalenol, isodeoxynivalenol, 3-acetyldeoxynivalenol, 
3,15-diacetyldeoxynivalenol, calonectrin) in liquid culture 
extracts. The SFC separations were rapid, and detection 
limits for a variety of mycotoxin standards analyzed by MS 
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were from 10 to 250 mg. Roach et al. (123) described a 
method for analyzing trichothecenes by SFC-negative ion 
chemical ionization MS. A disadvantage of SFC/MS is that 
the sensitivity is lower than GC/MS or LC/MS. In all, SFC 
is in its infancy due to high instrument costs compared 
with other analytical equipment. 


CAPILLARY ELECTROPHORESIS 


Capillary electrophoresis (CE) is capable of separating 
several charged and water-soluble molecules in a single 
analysis. The method often has similar cleanup require- 
ments as available HPLC methods. An advantage of CE 
over HPLC is the elimination of organic solvents for the 
determinative step (125). Using a wide range of methods, 
CE has been used to separate and quantify aflatoxin, fu- 
monisins, ochratoxin A and B, zearalenone, moniliformin, 
and a-cyclopiazonic acid with varying success (125-128). 
Maragos (127) and Maragos and Greer (125) described 
procedures for analyzing aflatoxin B, and fluorescein 
isothiocyanate-labeled fumonisin in corn using CE with 
laser-induced fluorescence detection. They reported that 
the limits of detection for these two toxins obtained by CE 
were as good as if not better than, the detection limits 
obtained by HPLC. 


IMMUNOCHEMICAL METHODS 


General Aspects 


Within the past decade numerous reports have been pub- 
lished concerning the use of immunoassays (IAs) for my- 
cotoxin analysis. [As are rapid, simple, specific, sensitive, 
and portable and require little analyst training or skill 
(129). Because IAs are extremely sensitive, often in the 
picogram/milliliter range, simple dilution of the sample 
can often remove the need for extensive sample cleanup. 
However, with most food matrices, some form of extraction 
of the sample is needed. Three IAs that have been devel- 
oped for mycotoxin analysis include the radioimmunoas- 
say (RIA), the enzyme-linked immunosorbent assay 
(ELISA), and the IAC assay. The RIA and ELISA analyses 
are based on the competition of binding between unlabeled 
mycotoxin in the sample and labeled mycotoxin in the as- 
say for the specific binding sites of antibody molecules 
(130). The IAC assay involves the use of antibody columns 
that specifically trap the mycotoxins in a sample. Trapped 
mycotoxin can then be eluted and quantified. Some IAs 
require specialized equipment, such as ELISA readers, 
tube readers, scanners, or fluorometers for quantitation, 
while others rely on visual quantitation (129). 

Chu (131) listed four main criteria that need to be con- 
sidered when choosing an IA for mycotoxin analysis. First, 
a well-labeled mycotoxin (as a marker) is needed in the 
assay system in addition to a specific antibody. Second, a 
good method for the separation of free and bound forms of 
mycotoxin is needed. Third, the degree of specificity of the 
antibody in the assay should be known. Finally, the sample 
matrix should be tested before the assay to determine if 
structurally related compounds in the sample react with 
the antibody. 
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Various commercial kits using immunochemical tech- 
niques such as ELISA and IAC assays are now available 
for several mycotoxins including aflatoxins, deoxyniva- 
lenol, fumonisins, ochratoxin A, and zearalenone (129). 
Such commercial tests will find universal acceptance if of- 
ficially listed to be at least comparable with present ana- 
lytical methods. Such assessment is currently under way 
with the AOAC International in the United States and the 
Ministry of Agricultural, Food and Fisheries (MAFF) in the 
United Kingdom (132). Several quantitative IA methods 
have been adopted as AOAC International Official meth- 
ods for mycotoxins (10,129,130,133). 

The development of recombinant antibodies and the 
making of reusable IAC should reduce the cost of [A and 
make it one of the more important techniques in the anal- 
ysis of mycotoxins. In addition, recently published methods 
(134,135) have indicated that the possibility exists for 
quantifying several mycotoxins in the same IA. Several ex- 
cellent reviews have been written on IA in general 
(132,136) and on the use of IA in the analysis of mycotoxins 
(56,58,129,137-140). 


Radioimmunoassay (RIA) 


Although the RIA is not used routinely for mycotoxin anal- 
ysis, it is currently used by some laboratories for research 
purposes. RIA has been used to detect aflatoxins (140), ni- 
valenol (141) deoxynivalenol (142), ochratoxin A (143), and 
‘T-2 toxin (144,145) in food. 

In RIA, sufficient radiolabeled analyte (1°, '*C or 3H) 
is added to an antibody such that 50% of the label becomes 
antibody bound. A proportion of this label is then displaced 
when a known concentration of standard analyte or an un- 
known amount of sample analyte is added. Activated char- 
coal is then used to remove the antibody-free fraction. The 
amount of analyte can be calculated by comparing the con- 
centration of isotope in either the supernant fluid or the 
residue to a standard curve (146). Detection limits for pu- 
rified mycotoxin are 0.25 to 0.5 ng when tritiated mycotox- 
ins are used as markers (131). The sensitivity of the 
method can be improved by using radioactive markers of 
high specific activity or using a simple cleanup step after 
extraction. RIA has several drawbacks, including the in- 
stability and expense of some radioisotopes as well as the 
hazards in handling isotopes (146). 


Competitive Enzyme Linked Immunosorbent Assay (ELISA) 


Of the several available IA techniques, the most popular 
is the ELISA. Two different ELISA formats have been used 
for the analysis of mycotoxins, both of which involve the 
separation of free toxin in one phase from the bound toxin 
in another phase (130). In direct competitive (DC) ELISA, 
the mycotoxin-specific antibody is immobilized in the wells 
of a microassay plate or on the wall of an assay tube. Sam- 
ple extracts and mycotoxin standard solutions are pipetted 
into the antibody-coated wells or tubes with a fixed amount 
of enzyme-labeled mycotoxin. The plates or tubes are in- 
cubated between five minutes and more than an hour, 
which allows the labeled and unlabeled mycotoxin to com- 
pete for binding sites on the antibodies. The unreacted ma- 
terial is then washed away and the amount of labeled an- 


alyte bound by the immobilized antibody is quantified by 
addition of an enzyme substrate that forms a colored prod- 
uct. The amount of color formed is inversely proportional 
to the amount of unlabeled mycotoxin in the sample (136). 
To avoid sample matrix interferences that can occur with 
DC ELISA, the sample can either be diluted or subjected 
to a cleanup step. 

In indirect competitive (IDC) ELISA the mycotoxin is 
coupled to a carrier protein such as bovine serum albumin 
and bound to the wells of a microtiter plate or assay tube 
(136). The sample extract is added to the microassay well 
followed by addition of a fixed amount of mycotoxin specific 
antibody. The antibody in solution partitions between the 
free mycotoxin in the sample and the toxin bound by the 
microassay plate. The antibody not bound to the microas- 
say plate is washed away and quantified by addition of a 
second antibody that specifically binds the first antibody. 
An enzyme substrate is added, and the amount of color 
formed is proportional to the amount of analyte in the sam- 
ple extract. A major advantage of IDC ELISA is that it 
requires much less antibody than DC ELISA (130). One 
drawback of IDC ELISA is that it requires a longer anal- 
ysis time than DC ELISA (131). 

Several studies have investigated the accuracy and pre- 
cision of ELISA by comparing the technique with other an- 
alytical methods. In general, excellent correlations have 
been found between results obtained by ELISA and TLC, 
HPLC, or GC for aflatoxins (147,148), deoxynivalenol 
(149), and fumonisins (150,151). However, fumonisin re- 
sults obtained by ELISA can be higher than those deter- 
mined by chromatographic methods (151-153). This phe- 
nomenon is due to the presence of structurally related 
compounds that cross-react with the antibodies. Use of an- 
tibodies of higher affinity to the analyte may prevent this 
problem (131). 

In recent years, ELISA kits have been made available 
from commercial sources for quantitative and semiquan- 
titative analysis of aflatoxins, deoxynivalenol, fumonisins, 
ochratoxin, and zearalenone in food and feed (129). The 
kits usually are self-contained and include all the re- 
agents: standards, controls, buffers, and substrates, Sev- 
eral commercial ELISA kits have been approved as AOAC 
official methods for aflatoxin and zearalenone (32,129). A 
membrane-based visual dipstick enzyme immunoassay 
was developed for analyzing up to five mycotoxins simul- 
taneously (134). 


Immunoaffinity Columns 


IACs are prepared by adsorbing immunospecific antibodies 
onto a gel support contained in a plastic column or car- 
tridge (131). The sample extract is loaded onto the column, 
and as the extract is forced through, the analyte is cap- 
tured by the antibodies. Impurities not bound to the anti- 
bodies are washed from the cartridge. Mycotoxins are then 
desorbed with methanol and quantitated by HPLC or by 
fluorometry with derivitization, if needed. Advantages of 
TAC over ELISA methods include selectivity, the ability to 
trap toxins from large volumes of sample extract, and the 
ability to combine with different analytical techniques. 
The cost of columns can be high (>$10.00 each), which can 


make analysis of many samples expensive (129). However, 
several reports have indicated that IAC could be reused, 
in some cases more than 100 times (58-60,129). Several 
investigators used IAC for analyzing several toxins simul- 
taneously. Maragos et al. (62) developed a single IAC that 
simultaneously isolated fumonisin B, and B, and hydro- 
lyzed forms of these toxins. In contrast, Scudamore et al. 
(61) linked two IACs in series to purify aflatoxins and 
ochratoxin A. 

IACs are available from commercial sources for cleanup 
of aflatoxins B,, Bz, G,, Gz and Mj, deoxynivalenol, fumon- 
isins B, and By, ochratoxin A, and zearalenone. Antibodies 
against other mycotoxins (citrinin, patulin, cyclopiazonic 
acid, kojic acid, sterigmatocystin, and several others) have 
been produced. However, no reports have indicated the use 
of IAC for purification of these mycotoxins (129). IAC pu- 
rification and SPE gave generally similar results for afla- 
toxins (154) in milk, corn, and sorghum, but higher recov- 
eries were obtained when IACs were used to isolate 
fumonisin B, from canned and frozen corn (155). 


BIOLOGICAL METHODS 


General Concepts 


Historically, biological assays have played a vital role in 
the detection and isolation of unidentified fungal metabo- 
lites in food and feed. In the classic studies of the early 
1960s (156), a duckling bioassay was an instrumental tool 
in the isolation and purification of aflatoxin from ground- 
nut meal. Since then biological assays have aided in the 
characterization of most mycotoxins. In general, chemical 
assays are preferred over biological assays for mycotoxin 
analysis because they are more rapid, reproducible, and 
specific. However, chemical analysis cannot be used until 
the toxin has been chemically characterized, standards pu- 
rified, and appropriate methodology developed (157). 

Before using a bioassay as a routine procedure for moni- 
toring mycotoxins, several factors should be considered 
(157). First, the bioassay should be able to respond to a 
diverse range of mycotoxins. Second, the sensitivity and 
repeatability of the assay must be acceptable. Third, the 
cost of the assay should be relatively low. Fourth, the re- 
sults should be obtained in a short time (preferably less 
than 24 h). Fifth, blanks should be included to determine 
if toxic effects occur with solvents or carrier reagents. Fi- 
nally, the occurrence and frequency of false positives 
should be minimal to none (157). Bioassays can be classi- 
fied by the organism used—microorganisms, animals, and 
plants. Vertebrate animals are the most dependable for de- 
tection of vertebrate toxins and they include intact ani- 
mals, skin tests, and chick embryo assays. Bioassays can 
be highly specific or general, and the choice of type depends 
on the application. Excellent reviews on the use of biologi- 
cal assays for screening mycotoxins were written by Yates 
(158) and Cole et al. (157). 


Microbiological Assays 


The discovery that mycotoxins have antimicrobial prop- 
erties has led to the development of mycotoxin screen as- 
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says using microorganisms (bacteria, fungi, and yeast). 
Surveys were carried out on numerous microorganisms to 
demonstrate which were sensitive to mycotoxins. Of those 
microorganisms tested, Bacillus spp. have been shown to 
be well suited for the detection of aflatoxin B, (159,160), 
patulin (161), penicillic acid (162), ochratoxin (163), and 
roquefortin (164). One of the most extensive testings of my- 
cotoxins on a bacterial species was carried out by Bouti- 
bonnes et al. (165) on B. thuringiensis. Virtually all of the 
mycotoxins tested induced some toxic effect, indicating 
that the organism may be a good candidate for mycotoxin 
screening. Mycotoxin screening methods for mycotoxins 
were developed using B. megaterium (166), B. cereus (163), 
B. stearothermophilus (164,167), and B. subtilis (161). 
Yeasts such as Kluyveromyces fragilis and Rhodotorula 
rubra have been used to assay trichothecene mycotoxins 
(168,169). 

Many of the mycotoxins have been subjected to the 
Ames mutagenicity assay (170) of which the aflatoxins, fu- 
sarin C, and some Alternaria toxins are reported to be mu- 
tagenic to at least one strain of Salmonella typhimurium 
(171). Other organisms that have been used to screen my- 
cotoxins for mutagenicity include B. subtilis mutants, Sac- 
charomyces cerevisiae, DNA polymerase deficient Esche- 
richia coli and Neospora crassa (158). Advantages of 
mutagenicity assays include their ability to yield semi- 
quantitative data and their sensitivity and simplicity. 


Animal Assays 


Vertebrates. Laboratory animals, especially mice and 
rats, have been successfully used for the detection and iso- 
lation of mycotoxins including aflatoxins, zearalenone, 
rubratoxins, and aflatrem (157). Advantages of using mice 
are that they are small, commercially available, and rela- 
tively inexpensive. Ducklings and chickens have been used 
successfully to detect ochratoxin A (172), a-cyclopiazonic 
acid (173), tremorgenic mycotoxins (174-176), monilifor- 
min (177), and some trichothecenes (178). One of the most 
sensitive bioassays for aflatoxin is the production of liver 
carcinoma in rainbow trout (179). However, the test is dif- 
ficult to run and is impractical as a screening method be- 
cause it takes more than four months to complete (157). 

Several specific animal tests exist for the trichothecene 
mycotoxins. In the skin assay, a test solution is applied to 
the back skin of an experimental animal such as a rabbit, 
rat, or guinea pig, and the area is monitored for skin le- 
sions. Sensitivities for this bioassay have been reported to 
be 0.1 wg using T-2 toxin (180). Another trichothecene bio- 
assay involves the rejection or acceptance of drinking wa- 
ter by mice (181). The test sample is dissolved in distilled 
water that is presented to mice. The volume of the contam- 
inated water consumed by the animals is compared with 
the volume of control water consumed. A positive test oc- 
curs when the mice refuse to drink, indicating the presence 
of trichothecene. 

A specific bioassay for zearalenone is based on the hy- 
perestrogenic effects of the mycotoxin (157). Swine are the 
most sensitive animals, although dairy cattle, lambs, 
chickens, turkeys, and laboratory animals (rats, mice, 
guinea pigs, and monkeys) are also affected. The rat uter- 
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otopic bioassay has been used as an assay for zearalenone 
if other analytical methods are unavailable (182). 

The only vertebrate bioassay adopted by the AOAC is 
the chick embryo assay also known as the CHEST (chick 
embryo toxicity screening test) assay (157). The assay in- 
volves injecting test solutions into the air cell of fertile 
chicken eggs. Toxicity of the test solution is determined by 
comparing the mortality of the embryos injected with the 
test substance with that of the undosed controls. The 
CHEST assay has been used to determine toxic effects of 
individual mycotoxins (183,184) as well as combinations of 
several toxins (185). Overall, the method is simple, inex- 
pensive, and sensitive, but it is nonspecific and prone to 
false positives (157). The reproducibility of the CHEST as- 
say depends on the type and volume of carrier solvent, the 
site of injection, and the observation period (186). The sen- 
sitivity of the CHEST assay is in the 0.1- to 100-yg range 
(158). 

Factors that must be considered when using whole ani- 
mal bioassays include the method of administration and 
the vehicle for administration (157). Oral routes of admin- 
istration are the most valid since they simulate the pro- 
cesses that occur during ingestion, digestion, and absorp- 
tion of the mycotoxins. Ideally, the test material is 
administered by feeding ad libitum in an inert carrier. Be- 
cause of solubility problems, some toxins cannot be readily 
formulated in inert carriers. In addition, carriers can be 
toxic themselves or affect the absorption process (157). 


Invertebrates. Several invertebrates (brine shrimp, pro- 
tozoa, planaria, mollusks, and insects) have been screened 
for their ability to detect mycotoxins. The brine shrimp (Ar- 
temia salina) bioassay is one of the first and most widely 
used biological screening methods for mycotoxins and has 
been used to screen aflatoxin (187), trichothecenes (188), 
ochratoxin A (189), and fumonsin (184). The sensitivity 
range of the assay for 10 trichothecenes ranged from 0.04 
to 0.4 ug/mL, with T-2 toxin being the most toxic (188). 
Attractive features of the assay include its sensitivity, sim- 
plicity, rapidity, and low cost. A disadvantage of the brine 
shrimp assay is that this organism is sensitive to many 
compounds present in normal foods and feeds, resulting in 
a high percentage of false-positive bioassay results (157). 


Tissue Cultures and Cytotoxicity. Numerous vertebrate 
tissue and organ cultures have been used for bioassays for 
mycotoxins, including calf kidney cells; embryonic lung 
cells; rabbit reticulocytes; HeLa cells; human fibroblasts; 
and rat kidney, liver, and muscle cells (157). Cytotoxicity 
studies involve incubating the test substance with cell cul- 
tures for various periods of time. Cytological, morphologi- 
cal, and biochemical methods are used to evaluate toxicity 
(157). A mutagenicity/carcinogenicity assay using primary 
rat hepatocytes has been useful for determining if myco- 
toxins and other compounds induce chromosomal aberra- 
tions and micronuclei (190). Advantages of tissue culture 
and cytotoxicity tests are that they are sensitive, relatively 
inexpensive, and readily available. Several drawbacks in- 
clude a lack of specificity and the fact that they do not take 
into account ingestion, digestion, and absorption of the 
toxin (157). 


Plant Assays 


Use of plants (whole, tissues) to detect mycotoxins has had 
limited application. However, there are several cases 
where plants have been excellent sensors for mycotoxins. 
Plant bioassays have an advantage over whole animal 
studies in that they are easier and less expensive to con- 
duct. Plant bioassays have been used in the past to detect 
and isolate plant growth regulators. Since some mycotox- 
ins also affect plant growth, whole plants and plant tissues 
are also used for mycotoxin screening. Malformin A, mon- 
iliformin, diacetoxyscirpenol, fusaric acid, and Alternaria 
alternata toxins are examples of mycotoxins that have 
been screened using bean, corn, rice, wheat, jimsonweed, 
and tobacco plants (191-193). The wheat coleoptile bioas- 
say has been a useful tool for detecting chaetoglobosin K 
(194) and is especially sensitive to the 12,13-epoxytricho- 
thecenes (157). 


RAPID SCREENING METHODS 


One of the simplest and most rapid mycotoxin screening 
methods uses black or long-wave UV light (365 nm) to ex- 
amine cracked or coarsely ground corn. The characteristic 
bright greenish yellow fluorescence (BGYF) observed 
against a dark background is used to identify specific lots 
of corn contaminated with aflatoxin (133). When one BGYF 
glower is observed in 1 kg of ground corn, the corn must 
be analyzed by more quantitative methods (ie, TLC or 
HPLC). The main disadvantage of this test is that it gives 
a high rate of both false-positive and -negative results 
(133). Visual tests are also used in the United States to 
inspect peanuts for Aspergillus flavus conidial heads, and 
if present, suspected lots are not allowed into commerce 
for human consumption (95). 

TLC has been an effective and fairly rapid method for 
qualitative/quantitative analysis of agricultural commod- 
ities for aflatoxin. The only supplies that are needed in- 
clude aflatoxin standards, solvent, silica-coated TLC 
plates, a developing tank, and UV light. Samples are 
ground in a mill, extracted with chloroform:water, then 
spotted on a silica gel—coated plate. Plates are developed 
in tanks containing anhydrous diethyl ether and then ex- 
amined under long-wave UV light. Identity and quantita- 
tion are accomplished by comparing unknown spots to 
those made by pure standards. This method can detect as 
low as 20-ng aflatoxin/g (133). 

Minicolumn chromatography is a rapid screening 
method for aflatoxin, ochratoxin A, and zearalenone in 
foods before examination by other analytical techniques. 
Minicolumn screening methods include the following 
steps: extraction, purification, concentration, and devel- 
opment on a minicolumn for detection under UV light. The 
methods are simple, require little experience and no so- 
phisticated equipment, and are useful for field analyses. 
The minicolumn method of Romer (44) has been approved 
by the AOAC as an official method for the detection of af- 
latoxin in mixed feeds, corn, peanuts, and cottonseed. 
Similar methods have been developed for ochratoxin A (45) 
and zearalenone (46). Detection limits for these methods 
range from 5 to 20 ng/g. 


Widely used rapid screening methods use commercially 
available IA kits. By shortening the incubation time and 
adjusting antibody and enzyme concentration, microtiter 
ELISA screening kits can rapidly detect aflatoxin, de- 
oxynivalenol, and zearalenone levels as low as 20 ng/g, 
1 ug/g and 100 ng/g, respectively (32). Rather than use 
microtiter plates, some commercial kits have antibody 
mounted to a paper disk or membrane, a plastic cup, or 
polystyrene beads (130). Generally, these tests indicate 
mycotoxin levels above or below certain target levels. 
When no color develops, the test sample is above the target 
level. These tests, which are well suited for field analysis, 
can provide results in less than 10 min. All samples giving 
a positive response by the ELISA screening test must be 
analyzed by another procedure to verify the ELISA results. 
The ELISA procedure can reduce the laborious chemical 
testing of the majority of samples, which are negative for 
mycotoxin, thus saving time and expense (3). Rapid screen- 
ing methods have been developed using IAC to clean up 
sample extracts containing fluorescent mycotoxins (afla- 
toxin, ochratoxin) followed by detection and quantitation 
using a fluorometer (2). Thompson and Maragos (195) de- 
signed a fiber-optic immunosensor that has the potential 
for screening corn for fumonisins in 6 min. 


FUTURE DEVELOPMENT 


Much research has been devoted in recent years to devel- 
oping sensitive, accurate, and precise methods for measur- 
ing mycotoxin levels in food and feed. The efforts are con- 
tinuing and keeping in pace with progresses in analytical 
chemistry. Considerable work needs to be done in reducing 
the time and expense required for the analysis of mycotox- 
ins. In addition, research is needed to develop methods for 
analyzing several mycotoxins in the same assay. With the 
rapid development of new immunochemical methodolo- 
gies, these needs may be fulfilled in the near future. 
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MYCOTOXINS 


Mycotoxins are chemicals that are produced by filamen- 
tous fungi that affect human or animal health. By conven- 
tion, this excludes mushroom poisons. These fungi are 
called toxigenic fungi. All of these species are deuteromy- 
cetes (asexual) some of which have a known ascomycetous 
(sexual) stage. All of the mycotoxins discussed here are 
secondary metabolites of the fungi concerned, that is, com- 
pounds that are produced after one or more nutrients be- 
come limiting (1-3). The occurrence of mycotoxins is en- 
tirely governed by the existence of conditions that favor the 
growth of the fungi concerned. Under environmental con- 
ditions, different fungal species are favored as diseases of 
crop plants or as saprophytes on stored crops and some- 
times other materials. When the conditions favor the 
growth of toxigenic species, it is an invariable and unfor- 
tunate rule that one or more of the compounds for which 
the fungus has the genetic potential are produced. Modern 
methods of agriculture appear to be selecting for increased 
prevalence of toxigenic strains (4). 

With modern studies of toxigenic fungi, it has been ap- 
preciated that they can produce many compounds, often 
from different biosynthetic families. The ecological signif- 
icance of the occurrence of these mixtures has been a fertile 
area of study in recent years. As it relates to human and 
animal toxicology, the potency of the contaminated mate- 
rial is due to the mixtures present (5,6). At the time of the 
discovery of penicillin and the first wave of fungal-derived 
antibiotics, the researchers believed that these compounds 
were active in nature. In the postwar period, secondary 
metabolites were characterized as everything from waste 
products to the consequences of “displacement activities” 
of the fungi. The current view is that these compounds are 
important as virulence factors and as mediators of inter- 
ference competition; that is, they exclude competing mi- 
crobes and animals from the food source (4,7,8). 

Mycotoxins have affected human populations since the 
beginning of organized crop production. Ergotism is dis- 
cussed in the Old Testament of the Bible. Some claim that 
the ancient Chinese used ergot for obstetrical purposes 
5000 years ago. Many epidemics of ergotism were reported 
in western Europe from about A.D. 800. The screams of the 
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MYCOTOXINS 


Mycotoxins are chemicals that are produced by filamen- 
tous fungi that affect human or animal health. By conven- 
tion, this excludes mushroom poisons. These fungi are 
called toxigenic fungi. All of these species are deuteromy- 
cetes (asexual) some of which have a known ascomycetous 
(sexual) stage. All of the mycotoxins discussed here are 
secondary metabolites of the fungi concerned, that is, com- 
pounds that are produced after one or more nutrients be- 
come limiting (1-3). The occurrence of mycotoxins is en- 
tirely governed by the existence of conditions that favor the 
growth of the fungi concerned. Under environmental con- 
ditions, different fungal species are favored as diseases of 
crop plants or as saprophytes on stored crops and some- 
times other materials. When the conditions favor the 
growth of toxigenic species, it is an invariable and unfor- 
tunate rule that one or more of the compounds for which 
the fungus has the genetic potential are produced. Modern 
methods of agriculture appear to be selecting for increased 
prevalence of toxigenic strains (4). 

With modern studies of toxigenic fungi, it has been ap- 
preciated that they can produce many compounds, often 
from different biosynthetic families. The ecological signif- 
icance of the occurrence of these mixtures has been a fertile 
area of study in recent years. As it relates to human and 
animal toxicology, the potency of the contaminated mate- 
rial is due to the mixtures present (5,6). At the time of the 
discovery of penicillin and the first wave of fungal-derived 
antibiotics, the researchers believed that these compounds 
were active in nature. In the postwar period, secondary 
metabolites were characterized as everything from waste 
products to the consequences of “displacement activities” 
of the fungi. The current view is that these compounds are 
important as virulence factors and as mediators of inter- 
ference competition; that is, they exclude competing mi- 
crobes and animals from the food source (4,7,8). 

Mycotoxins have affected human populations since the 
beginning of organized crop production. Ergotism is dis- 
cussed in the Old Testament of the Bible. Some claim that 
the ancient Chinese used ergot for obstetrical purposes 
5000 years ago. Many epidemics of ergotism were reported 
in western Europe from about A.D. 800. The screams of the 


victims, the stench of rotting flesh, extremities falling off, 
and death all feature in the descriptions of the disease. 
Large-scale mortalities persisted into the eighteenth cen- 
tury, when governments and the church promoted methods 
for the removal of sclerotia (9). 

Outbreaks of ergotism have been reported in developing 
countries in modern times. However, because the cause of 
the problem—the consumption of ergot-infested grain—is 
something easily seen by the naked eye, ergotism is now 
uncommon. During the thirteenth century, rye was re- 
placed by wheat in western Europe. The former species is 
resistant to Fusarium diseases and, as noted, the latter 
typically susceptible, leading to the accumulation of tri- 
chothecene mycotoxins. These compounds are prevalent in 
small grains in western Europe (10). In her book Poisons 
of the Past (11), the American historian Mary Matossian 
has analyzed the effect of weather and food consumption 
patterns during the plague epidemics in Europe. She found 
that plague epidemics took place when there were sur- 
pluses of small grains, the favourite food of rats. The oc- 
currence of plague in the Middle Ages is very strongly as- 
sociated with rainy and humid crop years. She found that 
the two years prior to the pandemic in Europe in 1378, the 
weather was extraordinarily rainy. 

Although there are hundreds of fungal metabolites that 
are toxic in experimental systems, only five are of major 
agricultural importance: deoxynivalenol, aflatoxin, fumon- 
isin, zearalenone, and ochratoxin (5). In grains, the toxins 
are concentrated into bran fractions during milling (12). 
All these toxins are stable in the processes typical of food 
and feed processing (12-15). Animal products can be a mi- 
nor dietary source of ochratoxin and fumonisin; for the re- 
maining three toxins, animal sources are not important 
under normal circumstances (16). Milk can contain afla- 
toxin M1 a derivative of aflatoxin B1 with much lower tox- 
icity (17). 

A recent report by the U.S. National Academy of Sci- 
ences notes that even with the high-quality food system in 
the United States, the carcinogenic mycotoxins in Ameri- 
can diets may increase cancer rates. This is absolutely the 
case in many developing countries, where mycotoxins are 
a major population health problem (18,19). Information on 
regulations and guidelines for mycotoxins can be found in 
Van Egmond (20) and Kuiper-Goodman (21), and was dis- 
cussed at the 1999 FAO Conference on Mycotoxins, in Tu- 
nis (http: / /www.fao.org). 

Anumber of mycotoxins that occur from time to time in 
food in certain parts of the world will be considered. Hu- 
man diseases associated with uncommon mycotoxins on 
rice and other crops are described in Pitt (22) and Beardall 
and Miller (23). There are also fungal toxins that occur in 
pastures that are not considered in this treatment. Inha- 
lation exposure to mycotoxins is also not covered in this 
treatment but is a problem in farming and grain handling 
and in buildings with appreciable mold growth (24-27). 


DEOXYNIVALENOL AND ZEARALENONE 


These toxins occur when wheat, barley, corn, and some- 
times oats and rye are infected by Fusarium graminearum 
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and F. culmorum. These species cause Fusarium head 
blight in small grains, a major agricultural problem world- 
wide. These species cause a similar disease in corn called 
Gibberella ear rot. Disease incidence is most affected by 
moisture at flowering, and most cultivars and hybrids used 
today lack genetic resistance to the disease. F. grami- 
nearum is common in wheat from North America and 
China. F. culmorum is the dominant species in cooler 
wheat growing areas such as Finland, France, Poland, and 
The Netherlands (28). Oats, rye, and triticale have also 
been reported to contain deoxynivalenol (10,17,29-31). 
Wheat, corn, and barley comprise two-thirds of the world 
production of cereals; hence, deoxynivalenol is the myco- 
toxin to which the greatest number of humans are exposed. 

A third species, F. crookwellense can also cause head 
blight or corn ear rot and produces nivalenol and zearale- 
none and many of the same families of minor metabolites 
as the related species (32). Nivalenol was first isolated 
from grains contaminated by F. sporotrichioides and mis- 
identified as “Fusarium nivale Fn2B” (33,34). The toxic 
profile of nivalenol is thought to be similar to that of deox- 
ynivalenol, although nivalenol is more potent in assays for 
some acute effects. 

Different populations of F. graminearum and F. culmo- 
rum produce different toxins. In 1983, it was recognized 
that Japanese strains produce deoxynivalenol via 3-ace- 
tyldeoxynivalenol, but Canadian strains produced the 15- 
acetate. This has implications for consumers of grain con- 
taminated with one or other of the populations because the 
toxicities of the two acetates are different (24), and there 
is always some of the acetate present. North and South 
American strains of these two species produce the 15- 
acetate, and most strains from Asia and Europe produce 
the 3-acetate (32,35,36). Authentic strains of F. grami- 
nearum have been shown to produce nivalenol instead of 
deoxynivalenol in Japan, New Zealand, Australia, and It- 
aly (37-39). This has not been shown in North American 
isolates to date (the nivalenol in North American grains is 
presumed to come from F. crookwellense). F. graminearum 
and F. culmorin produce a wide variety of metabolites from 
several biosynthetic families (31). This includes trichothe- 
cenes, apotrichothecenes (40), zearalenone, calonectrins 
(41,42), sambucinol and sambucoin (42), culmorins (43), 
and butenolide. 

Red mold poisoning was reported in rural Japan 
throughout the 1950s (44). Eventually, Japanese research- 
ers discovered deoxynivalenol in grain that had made hu- 
mans ill (45). The same chemical was subsequently re- 
reported as vomitoxin from F. graminearum-—contaminated 
corn in 1973 (46). Deoxynivalenol was a widespread con- 
taminant of wheat in the northeast of the United States 
and in eastern Canada in 1979 to 1981 and then again in 
1993 to 1996 in the Great Lakes area and Red River Valley. 
Much of wheat crop of Ontario and several states could not 
be used in 1996 because of deoxynivalenol contamination. 
Large-scale acute human toxicoses from deoxynivalenol 
have occurred in modern times in India (47), China, and 
Korea, among other countries (23,48). 

Trichothecenes are potent low-molecular-weight inhib- 
itors of protein synthesis (49). In addition, they cause 
physical damage to membranes resulting in cell lysis. Red 
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blood cells are a compartment for trichothecene metabo- 
lism and these cells will lyse in the presence of excess cir- 
culating toxin. The amount of toxin required to lyse red 
blood cells varies according to animal species (50). 

Swine are the domestic animal species most sensitive 
to the effects of trichothecenes (6). Experiments feeding 
pure deoxynivalenol to swine suggested that the diets 
containing <2 mg/kg deoxynivalenol would have little im- 
pact on growth. However, many experiments using natu- 
rally contaminated grains often demonstrated that such 
grain was more toxic than indicated from the deoxyniva- 
lenol content (51,52). Several of the minor toxins from F. 
graminearum were present in such grain, sometimes at 
concentrations similar to deoxynivalenol (53). These co- 
occurring toxins were shown to increase the toxicity of 
deoxynivalenol when fed in combination to insects (54). 
This might be also true in swine (55). Toxicological inter- 
actions between trichothecenes were also discovered in 
yeasts (56) and in animals (57,58). The metabolism of deox- 
ynivalenol and other trichothecenes at subacute doses re- 
sults in rapid elimination in swine, other domestic ani- 
mals, and rodents (16,17,25). 

The basis for the feed refusal is the impressive neuro- 
toxicity of dexoynivalenol. Experiments involving the dos- 
ing of the toxin by a continuous exposure osmotic pump 
implanted intraperitoneally resolved that the effects could 
not be due to taste or learned responses (52). A single dose 
of 0.25 mg/kg (IV) changed neurotransmitter concentra- 
tions in the hypothalamus, frontal cortex, and cerebellum 
up to 8 days postdosing (59). A very low dose (10 ug/kg) IV 
resulted in changes in cerebral spinal fluid neurotrans- 
mitters (60). Based on acute human exposure-emesis data, 
humans are not less, and are probably more, sensitive to 
deoxynivalenol than swine (21). Feed refusal also occurs in 
mice and in lifetime studies; this reduced the incidence of 
spontaneous liver tumors due to calorie restriction (61). 

Because deoxynivalenol is less acutely toxic than the 
potent trichothecenes, the immunotoxic and neurotoxic 
properties of trichothecenes were recognized. Changes in 
immune system function in male mice occur at dietary con- 
centrations often encountered by humans (62). As with 
other trichothecenes, high exposures increase susceptibil- 
ity to facultative pathogens such as Listeria. Deoxyniva- 
lenol exposure produces prolonged elevations in serum IgA 
and mesangial IgA leading to hematuria (63). The calo- 
nectrins produced by F. graminearum also affect immune 
functions in vitro (64). Human IgA disregulation (Berger’s 
disease) is common, and the only agents so far demon- 
strated to reproduce this condition in experimental ani- 
mals are trichothecenes (63). 

Cattle and cows are tolerant to deoxynivalenol, and 
milk production is not affected at typical field concentra- 
tions of deoxynivalenol (ie, dietary concentrations less 
than 5 mg/kg). Trichothecenes are detoxified by rumen 
bacteria. Poultry species are also tolerant to typical field 
concentrations of deoxynivalenol (6). Deoxynivalenol is not 
a carcinogen (17). The occurrence of deoxynivalenol in diets 
affects uptake of sugars and minerals (65). A review of the 
toxicology of deoxynivalenol is found in Rotter et al. (66). 


As noted, crops that are contaminated by deoxyniva- 
lenol can often contain zearalenone, albeit at a lower fre- 
quency. Zearalenone is more common in maize than small 
grains (17). Zearalenone is an estrogen analogue and 
causes hyperestrocism in female pigs at low levels; the di- 
etary no-effect level is less than 1 mg/kg. Cows and sheep 
are also sensitive to the estrogenic effects of this toxin with 
depressed ovulation and lower lambing percentages. The 
no-effect dietary levels are not clearly known (6). Nonhu- 
man primates are also very sensitive to the estrogenic ef- 
fects of zearalenone (20). Zearalenone has been implicated 
in several incidents of precocious pubertal changes in girls 
in Europe and South America (67,68); thus, this is a true 
environmental estrogen (69). There is limited evidence for 
its rodent carcinogenicity (17). A detailed description of the 
toxicology of zearalenone is found in Kuiper-Goodman et 
al. (70). 


AFLATOXIN 


Aspergillus flavus and A. parasiticus (Aflatoxins) 


Aflatoxin is a problem in many commodities; however, as 
far as grains are concerned, it is primarily a problem in 
maize. This is because maize is colonized in the field de- 
pending on environmental conditions, whereas other 
grains are not. Of the other grains, rice is an important 
dietary source of aflatoxin in circumstances of poor storage 
in tropical and subtropical areas. The character of the 
problem varies by region. In the United States, storage 
systems are very good (71) and the problem is preharvest 
contamination of maize and peanuts (4,72). In tropical 
countries, such as Thailand and the Philippines, crop stor- 
age is a substantial problem (73). Aflatoxin contamination 
is managed by the development of systems to detect and 
segregate contaminated kernels and better storage sys- 
tems. For corn and peanuts, all manner of efforts have 
been made to prevent aflatoxin contamination, including 
plant breeding and biological control to little effect (74). 

In the United States, Mexico, and South America, A. 
flavus and A. parasiticus infect corn, although A. parasit- 
icus is relatively uncommon (72). In the environmental cir- 
cumstances prevalent in the corn belt of the United States, 
A. flavus contamination of corn occurs in two basic ways: 
(1) airborne or insect-transmitted conidia contaminate the 
silks and grow into the ear when the maize is under high 
temperature stress, or (more commonly) (2) insect- or bird- 
damaged kernels become colonized with the fungus and 
accumulate aflatoxin. In either case, drought-, nutrient-, 
or temperature-stressed plants are more susceptible to col- 
onization by A. flavus (75). This is also the case for peanuts, 
which are mainly colonized by A. parasiticus. Aflatoxin 
contamination can be limited by preventing late season 
drought by irrigation where this is possible (74). 

Insects and arthropods readily become contaminated 
with A. flavus. Soil-inhabiting mites feed on the germi- 
nated sclerotia and hence acquire conidia. Nitidulid bee- 
tles feed on moldy ears of maize, perhaps preferentially. 
Nitidulids are attracted to damaged ears, including those 
caused by corn ear worms and the European corn borer 
spreading the fungus into damaged kernels (4,76). In 


drought years, insects are attracted to peanuts and both 
wound the plant and bring the fungus. 

The ecology of A. flavus in corn in subtropical regions of 
Asia appears to be different from that already described. 
In subtropical Asia there is a rapid rise in aflatoxin con- 
centrations immediately postharvest. American studies 
have shown that, typically, A. flavus—infested kernels are 
randomly distributed in ears after wound inoculation (77). 
The kernels that were the sites of initial infection have 
very high aflatoxin contents. In studies done in Thailand, 
approximately 19% of kernels from 130 samples of maize 
collected from farmers fields throughout Thailand con- 
tained A, flavus (73). 

There are many detailed reviews of the toxicology of af- 
latoxin, including that of the International Agency for Re- 
search on Cancer (IARC) (17). Aflatoxin B1, the most toxic 
of the aflatoxins, causes a variety of adverse effects in dif- 
ferent animal species, especially chickens. In poultry, these 
include liver damage, impaired productivity and reproduc- 
tive efficiency, decreased egg production in hens, inferior 
eggshell quality, inferior carcass quality, and increased 
susceptibility to disease (78). Swine are somewhat less 
sensitive than poultry species, with the LDs, being per- 
haps half of that of chickens. Aflatoxin is hepatotoxic, and 
its acute and chronic effects in swine are largely attribut- 
able to liver damage (79). In cattle, the primary symptom 
is reduced weight gain as well as liver and kidney damage. 
Milk production is reduced (80). Aflatoxin is also immu- 
notoxic in domestic and laboratory animals with oral ex- 
posures in the ppm range. Cell-mediated immunity (lym- 
phocytes, phagocytes, mast cells, and basophils) is more 
affected than humeral immunity (antibodies and comple- 
ment) (63). The effects of aflatoxin on laboratory animals 
has been exhaustively reviewed by IARC (17). 

Naturally occurring mixtures of aflatoxins were classi- 
fied as class 1 human carcinogens, and aflatoxin B, is also 
a class 1 human carcinogen. There was inadequate evi- 
dence of the human carcinogenicity of aflatoxin M,, the 
metabolite of aflatoxin B, found in human and animal milk 
(17). Many people in developing countries are seropositive 
for hepatitis B and C, which are also liver carcinogens. 
Although aflatoxin is a potent chemical carcinogen, its 
ability to alter response to the hepatocarcinogenic viruses 
is perhaps of greater importance. The relative rates of liver 
cancer in hepatitis B—positive populations are an order of 
magnitude greater (60X) when exposed to aflatoxin. This 
is because the toxin interferes with the processing of the 
virus (81,82). 

The immunotoxicity of aflatoxin is also being increas- 
ingly studied; some think that it would have to be regu- 
lated for this toxicity regardless of its carcinogenicity. In 
one study, serum aflatoxin-lysine adducts were higher in 
protein energy malnourished (PEM) children compared 
with control children. Aflatoxin metabolism was affected, 
with relatively higher serum concentrations in PEM chil- 
dren. A second study compared PEM children with high 
and low serum aflatoxin concentrations. The serum afla- 
toxin positive group of PEM children showed a signifi- 
cantly lower hemoglobin level (p = 0.02), longer duration 
of edema (p = 0.05), an increased number of infections (p 
= 0.03), and a longer duration of hospital stay (p = 0.008). 
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This finding was echoed in another study, which suggested 
that malaria infections in children were increased in chil- 
dren exposed to aflatoxin (18). 


FUMONISINS, 


Fumonsisins are produced by F. verticilloides (formerly 
moniliforme), F. proliferatum, and several uncommon fu- 
saria (83,84). Fumonisins were discovered in 1988 by two 
groups working independently. One was investigating the 
cause of human esophageal cancer in parts of southern Af- 
rica (85). The other was attempting to find the cause of a 
disease of horses known since 1850, equine leucoence- 
phalomalacia (ELEM) (86). There are at least three natu- 
rally occurring fumonisins—B,, Bs, and B;; FB, occurs at 
highest concentration followed by B, and B3. Fumonisins 
have been found as a very common contaminant of corn- 
based food and feed in the United States, China, Europe, 
southern Africa, South America, and Southeast Asia 
(5,17,87). In addition, there are a number of minor fumo- 
nonisins. F. verticilloides also produces fusarin C, heat- 
and light-unstable compounds, and fusaric acid. F. pro- 
liferatum produces fumonisins, fusarins, fusaric acid, and 
moniliformin (88,89). Moniliformin is toxic to poultry spe- 
cies (6) and can occur in food (90). 

F. verticilloides and F. proliferatum are the most com- 
mon fungi associated with corn. For many years, F. moni- 
liforme has been known to occur systematically in leaves, 
stems, roots, and kernels (91). These fungi can be recov- 
ered from virtually all corn kernels including those that 
are healthy, which suggests that it may be an endopyte 
that is, a mutualistic relationship (28). F. verticillioides 
and F. proliferatum cause a “disease” called fusarium ker- 
nel rot. In parts of the United States and lowland tropics, 
this is one of the most important ear diseases and is as- 
sociated with warm, dry years and insect damage and fu- 
monisin (92,93). Corn plant disease-stress also promotes 
the growth of F. verticillioides and fumonisin formation 
(94). 

Fumonisins are toxic in all types of cells (yeast, plant, 
animal, human) due to their effects on sphinglolipid syn- 
thesis (95). Alteration in sphingolipid base ratios occurs 
almost immediately after exposure because fumonisin in- 
hibits ceraminde synthetase. There are also many changes 
in the amounts and ratios of complex ceramides. In addi- 
tion, fumonisins induce apoptosis leading to cell prolifer- 
ation, which may explain their carcinogenic properties 
(96,97). Fumonisins B, and Bz have similar toxic proper- 
ties to B, but are less potent (98). 

Pure fumonisin was demonstrated to cause equine leu- 
cocencephalomalia (ELEM) in 1988 (99). ELEM involves a 
massive liquefactive necrosis of the cerebral hemispheres; 
hence, the disease involves neurological manifestations in- 
cluding abnormal movements, aimless circling, lameness, 
and so on. At high exposures, death can occur within hours 
after the onset of visible symptoms. Damage to liver and 
kidneys in horses, features of fumonisins exposure in other 
animals, is poorly characterized in horses (6). 

As in equine species, alterations of sphingolipid base 
ratios are indicative of fumononisin exposure in swine 
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(95). At high exposures, porcine pulmonary edema (PPE) 
has been shown to be caused by both pure fumonosin and 
F. moniliforme culture material and maize containing fu- 
monisin (6). This is thought to be caused by fumonisin- 
induced heart failure (100). At lower exposures, both liver 
and kidney damage has been reported in swine (101). Fu- 
monisin causes feed refusal and changes in carcass qual- 
ity at dietary concentrations in the low mg/kg range 
(102,103). Feeder calves were reported to be unaffected by 
fumonisin (6). 

Exposure to F. verticilloides-contaminated maize has 
been linked to the elevated rates of esophageal cancer in 
the Transkei for 25 years, and this has since been directly 
linked to fumonisin exposure (17,87,104). Fumonisin B, 
has been demonstrated to exhibit cancer-promoting activ- 
ity in diethylnitrosamine-initiated rats (105). Fumonisin 
B, has been also shown to be hepatotoxic and hepatocar- 
cinogenic in rats fed 50 mg/kg (90% purity) (106). Very 
pure fumonisin produced tumors in male and female mice 
and rats in the U.S. National Toxicology two-year bioassay 
(NTP TR 496; http: / /www.ntp.gov). In Fisher 344 rats, 
fumonisin B, exposure resulted in tumors at doses about 
10 times less than aflatoxin. [ARC (17) examined the hu- 
man carcinogenicity of grain contaminated with F. verti- 
cillioides containing fumonisins and fusarin C and found 
them to be possible human carcinogens. There is an enor- 
mous amount known about the rodent toxicities of fu- 
monisins from the just-noted NTP assay. An exhaustive 
treatment of the toxicology of fumonisins can be found in 
WHO (87). 


OCHRATOXIN 


Despite many contrary reports, ochratoxin is known to be 
produced by only one species of Penicillium, verrucosum. 
Aspergillus ochraceous and several related species also 
produce ochratoxin on grapes and coffee (17,107,108; M. 
Frank, unpublished data, 1999). A small percentage of 
surface-disinfected wheat and barley kernels collected at 
harvest in the UK and Denmark were contaminated by P. 
aurantiogriseum and P. verrucosum; this was similar in 
studies done in western Canada over many years. Infes- 
tation of some kernels by the ochratoxin-producing fungus 
P. verrucosum occurs from anthesis, and surface contami- 
nation is common at harvest. The absolute level of prehar- 
vest infestation varies according to site and season (5). 
Ochratoxin is a potent nephratoxin in swine and causes 
kidney cancer in male Fisher 344 rats. Pigs are affected at 
low exposures in terms of kidney damage, but typically 
there are no overt signs of biochemical /hematological 
changes. At higher concentrations (>2 ug/g), decreased 
weight grains occur (6). Poultry are similarly affected, with 
reduced growth rate and egg production at low ochratoxin 
concentrations > 2 ug/g. Higher dietary ochratoxin con- 
centrations are often fatal. Cattle are resistant to ochra- 
toxin concentrations found in naturally contaminated 
grain (6). Ochratoxin is often found with other toxins such 
as citrinin and the naphthaquinone mycotoxins from P. au- 
rantiogriseum (17,109). Citrinin mimics the effects of 
ochratoxin, although it is less potent (109). The naphtha- 


quinones xanthomegnin and viomellein from P. aurantio- 
griseum are nephrotoxic(110). Interactions between ochra- 
toxin and citrinin have been demonstrated in some 
experiments (6). 

Ochratoxin is suspected as the cause of urinary tract 
cancers and kidney damage in areas of chronic exposure 
in parts of eastern Europe (17,111; M. Frank unpublished 
data, 1999). Human exposure to ochratoxin primarily oc- 
curs from whole-grain breads. Some exposure comes from 
the consumption of animal products, especially pork and 
pig-blood-based products (14). There is a great deal known 
about human serum ochratoxin concentrations in Europe 
(111,112). Despite considerable effort, no satisfactory con- 
clusion has been reached regarding the linkage of ochra- 
toxin with urinary tract cancers in humans (19,82,113). 
The last IARC evaluation of ochratoxin determined it to be 
a possible human carcinogen (17). As of 1999, The Joint 
Expert Committee for Food Additives & Contaminants of 
the WHO/FAO has a tolerable human daily intake for this 
toxin based on its renal toxicity. Ochratoxin exposure in 
the United States and Canada are considered to be low 
based on testing by Health Canada and the Food & Drug 
Administration. 


OTHER MYCOTOXINS THAT CAN OCCUR IN FOOD 


'T-2 toxin was isolated from “strain T-2” of F. sporotrichio- 
ides misidentified as F. tricinctum isolated from corn as- 
sociated with cow mortalities (33,114). This compound has 
been the subject of considerable toxicological study (17) be- 
cause it is easy to isolate and purify. During World War II, 
there were large-scale poisoning of the rural population in 
the former Soviet Union caused by the consumption of 
grains left in the field over winter (estimates range to 
1,000,000 victims). The disease was called alimentary toxic 
aleukia. Samples of extracts made at the time have been 
shown to contain the trichothecenes T-2 and HT-2 toxin. 
Shortly after consuming food prepared with contaminated 
grain, people reported a burning sensation in their 
mouths, vomiting, weakness, fatigue, and tachycardia. Af- 
ter a period of time, affected individuals felt better, but 
there was a progressive leucopenia, anemia, and decreased 
platelet count, lowering “the resistance of the body to bac- 
terial infection.” As consumption of toxic grains continued, 
petechial hemorrhages on the upper part of the body ap- 
peared together with necrotic lesions in the mouth and 
face. Bacterial infections were common. Patients who 
reached this stage almost always died (115). The toxicology 
of T-2 toxin is similar in character to that previously de- 
scribed for deoxynivalenol and is reviewed extensively in 
Ref. 17. 

Patulin (116) is primarily found in apple and grape 
juices where is occurs from the growth of Penicillium ex- 
pansum. Many other species of molds produce patulin. The 
presence of this toxin in juice is a sign that damaged fruit 
was present. The sparse toxicological data on this com- 
pound have been reviewed by the California Environmen- 
tal Protection Agency in 1998 (http: / /www.oehha.org). 
This compound has low acute toxicity, and there is insuf- 
ficient evidence to conclude that it is carcinogenic in ro- 


dents (IARC category 3). Human exposure in some coun- 
tries has been high, and industry-government efforts have 
been made in North America and Europe to reduce the 
occurrence of patulin in juice. 

Ergot alkaloids seldom appear in meaningful concen- 
trations in food samples in the North America or Europe 
because the presence of Claviceps sclerotia in grains is a 
grading factor. However, infections by ergot alkaloid- 
producing fungi remain common in the sense that plants 
on the edges of rye, barley, and wheat fields are often in- 
fected. Thus the majority of products made from wheat or 
rye contain traces of ergot alkaloids (117). Grains down- 
graded to animal feed can contain ergot. Cattle are more 
sensitive than mice, sheep, or swine and sclerotial contents 
of about 0.1% appear to be tolerable. In cattle, the symp- 
toms include lameness, and in other domestic animals re- 
duced weight gain can be expected (6). Ergotism in humans 
has been reported in India and parts of Africa in modern 
times (29). 
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NITROSAMINES 


The chemistry of nitrosation of amines in foods is a com- 
plex process in which oxides of nitrogen (in oxidation states 
+3 and +4) formed during food processing, preservation, 
and preparation can react with amino compounds and 
other nucleophiles to produce N-, C-, O-, and S-nitrosocom- 
pounds. The two major sources of oxides of nitrogen (nitro- 
sating agents) result from (1) the addition of nitrate and/ 
or nitrite to foods and (2) the heating and/or drying of foods 
in combustion gases in which molecular nitrogen can be 
oxidized to oxides of nitrogen. The only common feature of 
all N-nitroso compounds is the presence of the N-N=O 
functional group. Consequently, a wide range of chemical 
and physical properties exist for N-nitroso compounds, de- 
pending on the substitution on the amine/amide nitrogen. 

The occurrence of N-nitroso compounds in foodstuffs 
probably represents the most comprehensively researched 
exposure situation for any class of genotoxic carcinogenic 
compounds in the human diet due to the possible link be- 
tween various human cancers and exposure to N-nitroso 
compounds (1). Almost 80% of all N-nitroso compounds 
tested induce cancer in experimental animals, and some 
representative compounds of this class induce cancer in at 
least 40 different animal species including higher primates 
(2), Tumors induced in experimental animals resemble 
their human counterparts with respect to both morpholog- 
ical and biochemical properties. Extensive experimental 
and some epidemiological data suggest that humans are 
susceptible to carcinogenesis by N-nitroso compounds 
(1,3). 


CHEMISTRY OF NITROSATION 


The classic method for producing a nitrosating agent is the 
reaction between nitrite ions (NOz) with protons (H* or 
H,0*) to give nitrous acid (HONO). Neither nitrite or ni- 
trous acid per se are nitrosating agents, but are interme- 
diates in the formation of the nitrosating agents dinitrogen 
trioxide (N.O,), dinitrogen tetraoxide (N.O,) and the ni- 
trous acidium ion (H,0*NO) as shown in Figure 1. The 
acidity of the aqueous medium determines the relative pro- 


_ _-Ht 
NO}3 
+H* 
NO* + ‘NO, === N,03 + HO 
NO, N204 


Figure 1. Equilibrium reactions of nitrite in aqueous media. 
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portions of the nitrosating species. Under moderately 
acidic conditions (pH 2-5) all three nitrosating species are 
present. At moderate pH (ca 3.0), NO; is the predominant 
nitrosating agent active in the nitrosation of secondary 
amines. At low pH (<2.0), H,O*NO is the predominant 
agent for nitrosation reactions involving weakly basic 
amines and amides. 

Primary amines are generally not considered to be pre- 
cursors of N-nitrosamines, as nitrosation reactions gener- 
ally proceed via diazotization and nucleophilic replace- 
ment of the amino group. However, nitrosation of the 
simplest aliphatic amine, methylamine, results in a com- 
plex mixture of products that include N-nitrosodimethy]- 
amine (NDMA). Nitrosation of higher primary aliphatic 
amines does not result in the formation of N-nitroso com- 
pounds. 

Nitrosation of secondary amines is second order in 
terms of the concentration of nitrous acid and first order 
in terms of the amine concentration in which only the un- 
protonated amine reacts. Therefore, the reaction is 
strongly pH dependent. Strongly basic amines (eg, mor- 
pholine) are nitrosated to the full extent at ca pH 3.4, In- 
troduction of ionizable groups near to the nitrosatable 
amino moiety reduces the basicity of the amine and the pH 
maxima for nitrosation is reduced to ca pH 2.5, as in the 
case of amino acids such as proline, sarcosine and hydroxy- 
proline. For weakly basic amines (eg, N-alkylaromatic 
amines), nitrosation by N20, is very slow but proceeds 
more rapidly with the more reactive nitrosating species 
H,0*NO and NO‘at low pH. 

Tertiary amines present a rather complex situation in 
which simple trialkylamines react slowly with nitrous 
acid; more complex tertiary amines with substituents 
other than simple alkyl groups are readily nitrosated (eg, 
gramine and hordenine in malt). In most cases there ap- 
pears to be no clear systematic approach in predicting 
which alkyl substituent will be replaced by the nitroso 
group. 

In amides, the presence of the carbonyl group next to 
the nitrogen considerably reduces the basicity of the nitro- 
gen. Nitrosation appears to involve an electrostatic inter- 
action between the positively charged nitrosating species 
(eg, H,O*NO and NO*) and the carbony] oxygen, followed 
by rearrangement of the nitroso group onto nitrogen. The 
initial step (O-nitrosation) is readily reversible, but for re- 
arrangement to the N-nitroso product, relatively strong 
acidic conditions are required, making this process unfa- 
vorable in food matrices. 

Nitrosation reactions can be either catalyzed or inhib- 
ited by many factors. Nucleophilic anions such as I~, Br~, 
Cl-, CNS, acetate, phthalate, weak acids, and some car- 
bonyl compounds can exert a catalytic effect. The catalytic 
role of carbonyl compounds is related to their structure; 
acetone is inactive while formaldehyde and chloral are ef- 
fective catalysts for the nitrosation of dialkylamines even 
under alkaline conditions. Other carbonyl catalysts in- 
clude benzaldehyde and pyridoxal. Essentially any chem- 


1708 NITROSAMINES 


ical that reacts with nitrite can inhibit the formation of N- 
nitroso compounds. Examples of such compounds include 
primary amines, sulfhydryl compounds, and certain aro- 
matic compounds (eg, phenols). Several naturally occur- 
ring compounds in foods (eg, tannins in milk) can inhibit 
nitrosation via the formation of C-nitroso and S-nitroso 
compounds. In plant-based foods, phenolic compounds can 
catalyze and inhibit nitrosation, depending on their struc- 
ture, the relative concentrations of the phenolic compound 
and the nitrosating agent, and the pH. High nitrite-to- 
phenol ratios favor catalysis while low ratios favor inhibi- 
tion; 1,3-dihydroxyphenol (and related natural deriva- 
tives) are catalytic while 1,2- and 1,4-dihydroxyphenols 
inhibit nitrosation. Nitrosation can also result from the di- 
rect or indirect transfer of a nitric oxide radical (NO-) from 
N-, S-, O-, and C-nitroso compounds to a second nitrosat- 
able precursor. The most important inhibitors of nitrosa- 
tion reactions in food systems are redox compounds such 
as ascorbate and vitamin E. Ascorbate inhibits the for- 
mation of nitrosamines by competing with nitrosatable 
precursor compounds for the available nitrosating agent. 
On reaction with dinitrogen, tri- and tetraoxides nitric ox- 
ide is formed, which is not a nitrosating agent. However, 
this inhibition is not complete as oxidation of nitric oxide 
by molecular oxygen regenerates the nitrosating species. 
Complete inhibition is only effective in the presence of a 
large excess of ascorbate and/or under anaerobic condi- 
tions, 


FORMATION OF NITROSAMINES IN FOODS 


N-Nitroso compounds can be divided into either N-nitro- 
samines or N-nitrosamides. N-Nitrosamines can be sub- 
divided into two groups depending on their physical prop- 
erties: (1) Volatile N-nitrosamines (VNA), which are 
N-nitrosated analogues of simple low molecular weight 
dialkylamines and cyclic compounds such as NDMA, N- 
nitrosodibutylamine (NDBA), N-nitrosopiperidine (NPIP), 
N-nitrosopyrrolidine © (NPYR), _N-nitrosothiazolidine 
(NTHZ), and N-nitrosomorpholine (NMOR), as shown in 
Figure 2; and (2) nonvolatile N-nitrosamines (NVNA), 
which include a wide range of N-nitrosated hydroxylated 
or polyfunctional compounds, as shown in Figure 3. The 
most commonly encountered NVNA are the N-nitrosated 
amino acids N-nitrosoproline (NPRO), N-nitrososarcosine 
(NSAR), N-nitrosohydroxyproline (NHPRO), and a wide 
range of N-nitrosated heterocyclic carboxylic acids formed 
by nitrosation of the condensation products of the amino 
acids cysteine, serine, threonine, and tryptophan with sim- 
ple aldehydes such as formaldehyde and acetaldehyde. The 
condensation of cysteine and formaldehyde to yield thia- 
zolidine-4-carboxylic acid produces the amine precursor to 
N-nitrosothiazolidine-4-carboxylic acid (NTCA), which is 
the most frequently encountered N-nitrosated heterocyclic 
carboxylic acid formed by this type of reaction. Other 
examples of N-nitrosated heterocyclic carboxylic acids 
are N-nitroso-2-(hydroxymethy])thiazolidine-4-carboxylic 
acid (NHMTCA) formed by condensation of cysteine with 
glycolaldehyde and the oxazolidines N-nitrosooxazolidine- 
4-carboxylic acid (NOCA) and N-nitroso-5-methyloxazoli- 
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Figure 2. Chemical structures of volatile nitrosamines (VNA) oc- 
curring in foods: (1) NDMA, N-nitrosodimethylamine; (2) NDBA, 
N-nitrosodibutylamine; (8) NPYR, N-nitrosopyrrolidine; (4) NPIP, 
N-nitrosopiperidine; (5) NTHZ, N-nitrosothiazolidine; and 
(6) NMOR, N-nitrosomorpholine. 


dine-4-carboxylic acid (NMOCA) formed by the conden- 
sation of formaldehyde with serine and threonine, 
respectively. 

Several other nonvolatile N-nitroso compounds are 
probably present in certain foods and beverages; however, 
their presence remains uncertain (4). Examples of such 
compounds include N-nitrosated dipeptides or poly- 
peptides with N-terminal proline or hydroxyproline resi- 
dues, N-nitrosated 3-substituted indoles, N-nitrosated de- 
rivatives of certain pesticides (eg, N-nitrosocarbaryl, 
N-nitrosoatrazine, and N-nitrosoglyphosate), nonvolatile 
hydroxylated nitrosamines formed by the nitrosation of 
spermine and similar compounds, N-nitrosated glycosy}- 
amines and Amadori compounds. 

Nitrosation of peptides and polypeptides to form stable 
N-nitroso compounds has been considered as a major po- 
tential source of NVNA in cured meats. The amide linkage 
is relatively unreactive towards nitrosation by nitrite in 
aqueous solution. However, nitrosation of dipeptides N- 
terminal in proline produces stable N-nitrosoprolyl dipep- 
tides while higher peptides with N-terminal proline or hy- 
droxyproline form stable derivatives under identical 
conditions. 

Indoles occur in several plant species, particularly in 
the Brassica family, and are biosynthesized during the 
germination of grains. Naturally occurring indoles can be 
readily nitrosated under mild conditions; when carbon-3 
is unsubstituted, C-3 nitrosation occurs in the first in- 
stance, where C-3 is already substituted, then nitrosa- 
tion occurs preferentially at nitrogen unless the C-3 sub- 
stituent is a powerful electron donor, in which case C-2 
nitrosation results. Gramine, an indole alkaloid in barley 
malt acts as a precursor to NDMA found in beer during 
direct-drying of malt with hot flue gases containing ni- 
trogen oxides. Nitrosation of gramine under aqueous 
acidic conditions yields NDMA and several nonvolatile 
reaction products, the major one of which is N-nitroso-3- 
nitromethylindole (5). Other indoles found in foods that 


NITROSAMINES 1709 
oe 
CFs cooH ‘2 ee N’ ~COOH 
i | | 
NO NO NO 
@ (2) (3) 
es 2 
- COOH a COOH sotee COOH 
| { | 
No NO NO 
)) 6) 6) 
CHs 
a oe 
be COOH ts COOH 
i tS Figure 3. Chemical structures of nonvolatile 
nitrosamines (NVNA) occurring in foods: (1) 
(7 (8) NSAR, N-nitrososarcosine; (2) NPRO, N-nitro- 
sopoline; (8) NHPRO, N-nitrosohydroxyproline; 
(4) NTCA. N-nitrosothiazolidine-4-carboxylic 
HO, acid: (5) NMTCA, N-nitroso-2-methylthiazoli- 
Ss dine-4-carboxylic acid: (6) NHMTCA, N-nitroso- 
wh 2-hydroxymethylthiazolidine-4-carboxylic acid; 
N HOCHy N (7) NOCA, N-nitrosooxazolidine-4-carboxylic 
i I acid; (8) NMOCA, N-nitroso-5-methyloxazoli- 
NO NO dine-4-carboxylic acid; (9) NHPYR, N-nitroso- 
tay tio) hydroxypyrrolidine; and (10) NHMTHZ. N-ni- 


react with nitrite under acidic aqueous conditions include 
indole-3-acetonitrile, 4-methoxyindole-3-acetonitrile and 
4-methoxyindole-3-acetaldehyde found in Chinese cab- 
bage and 4-chloro-6-methoxyindole in fava beans (Vicia 
faba) All of which produce powerful direct-acting bacte- 
rial mutagens after nitrosation. The presence of nitro- 
sated indoles have not yet been reported in foods or bev- 
erages. 

During the cooking and baking of foods, nonenzymic 
browning (Maillard) reactions between aldoses or ketoses 
with amine compounds can result in low molecular weight 
volatile compounds (pyrazines, furans, etc) and high mo- 
lecular weight compounds (melanoidines) such as glyco- 
sylamines and Amadori compounds. D-Fructose-L-amino 
acids formed by the Maillard reaction are readily nitrosat- 
able under mild conditions, and a range of N-nitroso gly- 
cosylamines and Amadori compounds have been synthe- 
sized and shown to be direct-acting bacterial mutagens. 
Suitable methods for their analysis are still not available. 

N-Nitrosamide precursors in foods and beverages in- 
clude N-alkylureas, N-alkyl, carbamates, simple N-alky- 
lamides, cyanamides, guanidines, amidines, hydroxyl- 
amines, hydrazones and hydrazides. At present, their is no 
direct evidence available to support the presence of N- 
nitrosamides in foodstuffs. 


troso-2-hydroxymethylthiazolidine. 


N-NITROSAMINES IN FOOD 


Over the last decade, more than 500 publications on the 
occurrence of N-nitroso compounds in foodstuffs have been 
published, and several reviews have recently been pub- 
lished (4,6,7). The chemical stability of volatile nitrosa- 
mines, and the simplicity of their determination by distil- 
lation techniques followed by gas chromatography has 
resulted in the analysis of this group of N-nitroso com- 
pounds in almost all Western foods. In the first compre- 
hensive dietary survey (8), 2,826 food samples on the Ger- 
man market were analyzed, revealing that only three 
volatile nitrosamines, namely NDMA, NPYR, and NPIP, 
were regularly present in foods; all other volatile nitrosa- 
mines were present only in rare cases. NDMA was detected 
in 30% of all samples, 6% of which contained concentra- 
tions above 5 ug/kg. NPYR and NPIP at concentrations 
above 0.5 ug/kg (ppb) were found in only 3 and 2% of all 
foods, respectively. Over the last decade, several major food 
surveys have been made in more than 10 different coun- 
tries from which it is possible to evaluate basic trends in 
VNA contamination. The results from these surveys show 
that foodstuffs most commonly contaminated with N- 
nitroso compounds can be classified into several broad 
groups: 
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Foodstuffs preserved by either addition of nitrate and/ 
or nitrite. 

Foodstuffs preserved by smoking. 

Foodstuffs subject to drying by combustion gases. 
Pickled and salt-preserved vegetables. 

Foodstufis stored under humid conditions favoring fun- 
gal contamination, particularly the growth of Fusarium 
moniliforme. 

Foodstuffs contaminated by food contact materials. 


Foodstuffs with Added Nitrate and Nitrite 


The addition of nitrite and/or nitrate salts to meat, poultry, 
fish, and to a lesser extent cheese at low concentrations 
(up to a few 100 ppm) has been a common method of pres- 
ervation for centuries. Nitrite addition to meat products 
results in the formation of characteristic pink-red colora- 
tions in cured meats, prevents rancidity occurring under 
normal storage conditions, and inhibits Clostridium botu- 
linum growth. As an alternative to direct nitrite addition, 
nitrate addition is used in several products as a continuous 
direct source of nitrite by reduction involving microbial en- 
zymes. 

The chemistry of interactions involving nitrite in food 
products is complex, owing to the highly reactive nature of 
nitrite. In cured meat products, a rapid decrease to about 
50% of the initially added nitrite concentration occurs dur- 
ing processing, and a steady further decline occurs during 
storage. The decline in nitrite may result through several 
different mechanisms, of which reduction by ascorbic acid 
to nitric oxide and the formation of an equilibrium state 
between nitrite, nitrous acid, and oxides of nitrogen such 
as dinitrogen trioxide are the most important (refer to Fig. 
1). Dinitrogen trioxide, which is a chemically active nitro- 
sating species, reacts with several constituents present in 
meat. The fate of nitrite can be roughly summarized as 
follows: 1-5% is lost as nitric oxide gas or becomes bound 
to lipids, 1-10% is oxidized to nitrate, 5-10% remains as 
free nitrite, 5-15% reacts with sulfhydryl compounds or 
myoglobin, and 20-30% becomes bound to proteins. In ad- 
dition, nitrosation of amino compounds (nitrosamine for- 
mation) may occur as well as the formation of organic ni- 
trites and nitrates. To prevent the formation of N-nitroso 
compounds, nitrite cured meats are required to be formu- 
lated with 500 mg/kg sodium ascorbate in the United 
States and in most other countries. 


Foodstuffs Preserved by Smoking 


Smoking under traditional smokehouse conditions results 
in prolonged direct contact of foodstuffs with elevated con- 
centrations of oxides of nitrogen present in wood smoke. 
Consequently, smoked meat products, fish, and cheese nor- 
mally contain N-nitroso compounds. In cured meat prod- 
ucts, several nonvolatile heterocyclic N-nitroso compounds 
have been identified that are not usually present in un- 
smoked products (4,9). Wood smoke contains several car- 
bonyl compounds including formaldehyde, acetaldehyde, 
propionaldehyde, glyoxal, methylglyoxal, and glycolalde- 
hyde. Formaldehyde and acetaldehyde readily condense 
with bifunctional food components containing thiol, hy- 


droxyl, and free amino groups to form heterocyclic com- 
pounds that are subject to rapid nitrosation by oxides of 
nitrogen present in wood smoke. In smoked meats, poultry, 
and fish it is generally accepted that the condensation of 
formaldehyde with cysteamine and cysteine to form thia- 
zolidine and thiazolidine-4-carboxylic acid, followed by ni- 
trosation, results in the formation of NTHZ and NTCA 
(10). The potential routes of NTHZ and NTCA formation 
are summarized in Figure 4. Other simple carbonyl com- 
pounds in wood smoke may also undergo condensation re- 
actions with amino acids such as cysteine, lysine, serine, 
threonine, and tryptophan to yield a wide range of nitro- 
satable heterocyclic amino acid derivatives. The corre- 
sponding N-nitroso derivatives, of which several examples 
are known, are commonly found in smoked meats and toa 
lesser extent in poultry and fish (reviewed in Ref. 4), 


Foodstuffs Dried by Combustion Gases 


By an analogus process, food-processing operations envolv- 
ing the drying of foodstuffs in combustion gases (hot flue 
gases) containing oxides of nitrogen (NOx) can result in the 
formation of N-nitroso compounds. The kilning (drying 
process) used in preparing malt for the brewing industry 
is directly responsible for the levels of NDMA in beer (11). 
Furthermore, specific types of malt produced by character- 
istic drying methods contain varying concentrations of 
NDMA as well as NPRO and NSAR. Amine precursors of 
NDMA in malt include dimethylamine, trimethylamine, 
and the alkaloids gramine and hordenine, which are bio- 
synthesized in green malt during germination. In model 
experiments, both gramine and hordenine undergo nitro- 
sation to yield 76 and 11% NDMA, respectively, at pH 4.4. 
In addition, gramine also yields the nonvolatile N-nitroso 
compound N-nitroso-3-nitromethylindole (5); the latter 
has not yet been detected in beer or malts. The identified 
nitrosation products from the alkaloid gramine are shown 
in Figure 5. Modification of kilning methods, in particular 
the introduction of indirect heating or low-temperature gas 
burners, produces lower NOx concentrations and hence re- 
sults in reduced levels of nitrosamines in malts. Malts 
treated with sulfur dioxide during the kilning process, ei- 
ther by burning sulfur or sulfur-containing compounds in 
the combustion flame, or by direct addition of sulfur diox- 
ide gas into the combustion gas flow of direct drying kilns, 
generally contain lower VNA concentrations but have little 
or no effect on the reduction of NPRO in malt (12). 

Foodstuffs produced by drying processes include dried 
soup mixes, tea, spices, coffee, soy protein isolates, cereal 
products, infant formulations, and dairy products such as 
cheese and nonfat dried milk powder. All these products 
have at one time been shown to be regularly contaminated 
with traces of VNA (mainly NDMA) whose formation was 
attributed to the drying process. However, with the excep- 
tion of brewing malt, the occurrence of specific NVNA has 
not been demonstrated to occur in products dried with 
combustion gases. 


Pickled and Salt-Preserved Vegetables 


Nitrate, and to a lesser extent nitrite, are natural compo- 
nents of several plant species and vegetables. Fermen- 
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tation by microorganisms (and surface bacteria) with 
nitrate-reductase activity can result in a large increase in 
nitrite content. On prolonged storage, nitrosamine forma- 
tion may occur. 


Fungal Contamination of Foods 


The catalysis of nitrosamine synthesis from secondary 
amines and nitrate by several microorganisms and fungal 


products 


Figure 5. Nitrosation products of the alka- 
loid gramine. 


biosynthesis of nitrosamines from primary amines and ni- 
trite occurs under certain conditions in a limited range of 
foods. In certain areas in China where widespread contam- 
ination of foods by Fusaria occurs, low concentrations (<2 
ug/kg) of N-nitroso-N-methylacetonyl-N-2-methylpropyl- 
amine (NMAMPA) and N-nitroso-N-methylacetony]-N-3- 
methylbutylamine (NMAMBA) have been identified in 
moldy millet and wheat flour contaminated by Fusaria 
(13). A nonenzymic reductive condensation of isoamylam- 
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ine, a decarboxylation product of leucine, and 3-hydroxy- 
2-butanone (acetoin) preset in cereal grains have been sug- 
gested as a possible route to the formation of the amine 
precursor to NMAMBA. The structures of NMAMBA and 
NMAMPA are shown in Figure 6. 


Contact Materials 


The contamination of amines by their corresponding N- 
nitroso analogues and the use of dialkylamine-derived 
accelerators and stabilizers in the production of rubber 
results in inadvertant N-nitrosamine contamination of 
rubber products. As a result, direct contact of foodstuffs 
with nitrosamine-contaminated food-packaging materials, 
in particular rubber, can result in nitrosamine contami- 
nation. Rubber nettings for the packaging of cured meats 
results in contamination of meat products with NDEA, N- 
nitrosodibutylamine (NDBA), and N-nitrosodibenzylam- 
ine (NDBzA), three N-nitroso compounds not generally en- 
countered in foods (14), due to both active migration of the 
preformed nitrosamine into the food matrix and the inter- 
action of nitrite in cured meats with amine additives (eg, 
zine dialkyl or diaryldithiocarbamates) used as accelera- 
tors during rubber vulcanization. The use of rubber baby 
bottle nipples and pacifiers presents a more serious prob- 
lem in which both nitrosatable amines and nitrosamines 
migrate from the rubber matrix into baby formulations. 
Government regulations in most countries have limited 
the permissible levels of VNA to 10 ug/kg and nitrosatable 
amines following extraction to 200 ug/kg (expressed in 
terms of nipple weight). Monitoring programs in most 
countries currently show negligible nitrosamine concen- 
trations in rubber nipples and pacifiers produced after 
1984. In most cases, nitrosamine free products are avail- 
able. 

Commercial wax preparations used for coating food- 
packaging materials, and liquid waxes used for coating 
apples and citrus fruit present a potential source of N- 
nitrosomorpholine (NMOR) contamination (15). Morpho- 
line (which normally contains NMOR as an impurity) is 
used as a boiler additive for steam used in the manufacture 
of paper. Both morpholine and morpholineoleate are used 
as solvents for waxes used to treat paper for water resis- 
tance and to coat fresh fruits. NMOR contamination of 
milk packed in waxed cartons and dairy products in waxed 
paper wrappers was reported in several countries about a 
decade ago. However, this is not a current problem because 
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Figure 6, Nitrosamines produced from fungal metabolites in 
Fusarium-contaminated foods. Nonvolatile nitrosamines abbre- 
viated as NMAMPA, N-nitroso-N-methylacetonyl-N-2-methylpro- 
pylamine, and NMAMBA, N-nitroso-N-methylacetonyl-N-3-meth- 
ylbutylamine. 


waxed packaging has been replaced with plastic-coated 
surfaces. 


TRENDS 


Over the last decade, nitrosamine contamination trends in 
most Western food products have drastically decreased as 
a result of improved production technology, reduction in 
the use of nitrates and/or nitrites for curing, and changing 
from direct to indirect drying methods. Theses changes 
have resulted in a mean ten-fold reduction in the levels of 
VNA in cured meats and almost a 100-fold reduction in the 
level of NDMA in beer. The following data are represen- 
tative of the current nitrosamine situation in food com- 
modities in which a nitrosamine problem still exists. 


Meat Products 


Only nitrite- and nitrate-preserved meat products are con- 
taminated with N-nitrosamines, the concentration and 
range of different N-nitroso compounds is increased follow- 
ing smoking. Early studies in the late 1970s in several 
countries showed that almost a third of all cured meat 
products contain VNA. In Germany (8), 32% of all cured 
meat samples analyzed contained VNA: <5 ug/kg NDMA 
was detected in 30% of all samples, with concentrations 
above 5 ug/kg in 2.1% of the samples analyzed; 6.8% con- 
tained <5 w/kg NPYR (6.8% containing above 5 ug/kg 
NPYR); and 4% contained up to 6.4 ug/kg NPIP. N-Nitroso- 
8-hydroxypyrrolidine (NHPYR), a carcinogenic NVNA, 
was reported at about the same concentration levels. Simi- 
lar trends were reported in the United States, Canada, and 
the United Kingdom. Fried bacon was identified as consis- 
tently having the highest concentrations of nitrosamines. 
NTHZ, a new nitrosamine, was identified in 1983 at con- 
centrations under 5 g/kg in fried bacon and at concentra- 
tions between 1.6-31.9 ug/kg in other cured meat products 
(16). Since these earlier reports, changes in production 
technologies, reduction in the levels of nitrate and nitrite 
added during curing, and the inclusion of nitrosation in- 
hibitors such as ascorbic acid and a-tocopherol to the cur- 
ing mixture have resulted in significant reductions in the 
levels of volatile nitrosamines, particularly for NPYR in 
bacon. During cooking and frying of cured meat products, 
the concentration of NDMA usually remains constant 
while the concentration of NPYR increases considerably. 
The volatility of NDMA causes losses during heating that 
are partially balanced by thermally induced synthesis. The 
lower volatility of NPYR decreases its losses during heat- 
ing while at the same time synthesis of NPYR occurs from 
both reactions of pyrrolidine with residual nitrite and the 
thermal decarboxylation of NPRO and N-terminal N- 
nitrosoproline containing peptides. NPYR formation is in- 
creased during high-temperature frying for short periods 
as compared to low-temperature frying for prolonged pe- 
riods. VNA exposure from consumer bought and cooked at 
home fried bacon has been calculated (ng/person/d) to be 
18 ng NDMA, 6.6 ng NPIP, 76 ng NPYR, and 40 ng/person/ 
d NTHZ. Microwave cooking produces almost undetectable 
(<0.1 ug/kg) levels of VNA. The thermal decarboxylation 
of NTCA during cooking appears to be the most important 


factor involved in the formation of NTHZ in fried bacon. 
Thiazolidine, the amine precursor to NTHZ, has not been 
reported in foods but may be formed by the condensation 
of cysteamine and formaldehyde or in cysteamine/glucose 
browning systems. The use of elastic rubber nettings for 
cured meat packaging provides an additional source of 
mainly NDEA, NDBA, NDBzA, and, to a lesser extent, 
NMOR in cured meat products (14). 

Considerably higher concentrations of NVNA occur in 
nitrite cured and/or smoked meat products: Concentration 
ranges of < 410 g/kg NSAR, 20-360 ug/kg NPRO, and 
10-560 g/kg NHPRO occur in unsmoked meat products 
while condensation reactions between carbonyl compounds 
(aldehydes) and amino acids during smoking produces con- 
centration ranges of up to 1620 ug/kg NTCA and 2,100 
ug/kg NHMTCA (4,9). Some traditional smoked foods, eg, 
Icelandic smoked mutton (a Christmas delicacy that is first 
cured and then smoked over sheep dung) contain 40-70 
ug/kg NOCA and 30-120 yg/kg of its 5-methyl derivative 
(NMOCA). Thermal decarboxylation of N-nitrosated 
amino acids during cooking yields the corresponding vol- 
atile N-nitrosamines; NPRO, NHPRO, NSAR and NTCA 
decarboxylate to NPYR, NHPYR, NDMA, and NTHZ, re- 
spectively. No evidence has been found for the presence of 
the decarboxylated analogues of NOCA and NMOCA in 
foods. 


Fish and Sea Foods 


Fresh fish and seafoods that are naturally rich in amines 
do not contain N-nitroso compounds; however, nitrosa- 
mines are occasionally found after processing. Early re- 
ports from England, the United States, and Canada 
showed 1-10 g/kg NDMA concentrations in almost 80% 
of processed fish products. Today, NDMA is still present in 
very rare cases, but at levels seldom above 2 ug/kg. Pro- 
cessed products based on shrimp are nearly always con- 
taminated with 5-30 ug/kg NDMA and in exceptional 
cases with several hundred zg/kg NDMA in shrimp sauces. 
The use of sea salt for fish drying can lead to nitrate con- 
tamination of fish and provides a potential source of nitrite 
for nitrosamine formation. Salt-dried fish in Japan con- 
tains about 1.0-34 ug/kg NDMA. Coalgas broiling, the tra- 
ditional way of cooking fish in Japan, can increase the con- 
centrations of NDMA in salted fish to 300 ug/kg and the 
concentration of NDMA in dried squid from 15-84 to 24— 
310 ug/kg. The formation of 2.4-13 wg/kg NPYR and up to 
94 g/kg NPRO on broiling squid has also been reported. 
Chinese and Cantonese salt-preserved fish often contains 
concentrations up to 130 ug/kg NDMA while dried fish 
from Greenland also contains up to 38 ug/kg NDMA. 

Smoked fish and seafood contain high concentrations of 
NTHZ and NTCA: Smoked oyster has been reported to con- 
tain 109 g/kg NTHZ and 167 zg/kg NTCA, while concen- 
trations of 5-10 ug/kg NTHZ and 10-350 g/kg NTCA in 
commercially smoked fish are not uncommon. Other N- 
nitrosamines including NPYR (<2 g/kg) and NPRO (<10 
ug/kg) are occasionally found in smoked fish. 

Limited data show that most sun-dried fish, which 
forms a large part of the staple diet in several developing 
countries, is also subject to widespread NDMA contami- 


NITROSAMINES: 1713, 


nation. The effect of traditional cooking methods such as 
smoking fish wrapped in grass or leaves on the concentra- 
tion of N-nitroso compounds has not been investigated. 


Cheese and Dairy Products 


Current evidence shows that cheese is only a very minor 
dietary source of NDMA. No correlation exists between ni- 
trate addition (used to prevent microbiological defects) and 
nitrosamine contamination. Concentrations of 5 yug/kg 
NDMA in cheese reported a decade ago are now reduced 
to <1 yg/kg in the limited number of samples still found 
to contain NDMA. A nationwide American survey (carried 
out in 1981) of non-fat dried milk powders produced by 
directly heated combustion gas driers showed 0.1-3.7 
ugikg (average 0.6 ug/kg) NDMA in 48 out of 57 dried-milk 
samples, with occasional traces of NPYR (0-0.8 ug/kg, 
average 0.1 yg/kg) and NPIP (0-0.5 ug/kg, average 0.1 
ug/kg). Similar studies on dried-milk products produced in 
Europe and New Zealand using indirectly heated driers 
gave negative results, emphasizing the role of production 
technology on the formation of N-nitroso compounds. 
Changes in drying methods have since been introduced in 
the United States and contamination of dried-milk prod- 
ucts is not a current problem. 


Vegetables and Cereal Products 


Volatile N-nitroso compounds have been detected rarely at 
trace levels in grain crops stored under humid conditions. 
The reported contamination of cereal products in New 
Zealand with levels of up to 1.2 ug/kg NDMA in grain, 
2.8 ug/kg NDMA in maize meal, and 4.2 ug/kg NDMA 
in wheaten cornstarch is not representative of the gen- 
eral situation in cereal products where good agricultural 
practice (avoidance of wet harvesting and storage under 
humid conditions) does not favor mold growth and the sub- 
sequent possibility of nitrosamine contamination. Japa- 
nese fermented vegetables have been reported to contain 
<5 ug/kg NDMA and NPYR. Widespread contamination 
of homepickled vegetables with 1-15 ug/kg NDMA, 1-3 
ughkg N-nitrosoethylmethylamine (NEMA), 1-5 ughkg 
NDEA, and <100 yg/kg NPYR have often been reported 
from China, Japan, and several Asian countries. Commer- 
cial products contain far lower concentrations. In some ar- 
eas of China, contamination at levels of less than 2 ug/kg 
NMAMBA and NMAMPA in millet and wheat flour con- 
taining molds, particularly Fusarium moniliforme, is not 
uncommon (13). Indian and Tunisian foods containing red 
and black peppers, paprika, and spices contain various lev- 
els of VNA. Touklia, a stewing base that is the main ingre- 
dient of Tunisian food, contains relatively high concentra- 
tions of 12 ug/kg NDMA, 43 yg/kg NPIP, and 5.8 ughkg 
NPYR. Contamination of most dried spices with NDMA 
and dried chillies with NPYR is a fairly widespread prob- 
lem. However, the amounts of spices used in most Western 
cooking practices are not likely to lead to a significant ex- 
posure to the compounds. 


Beer and Alcoholic Beverages 


In the late 1970s, NDMA contamination of beer was re- 
ported in the former West Germany showing that almost 
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60% of bottled, canned, and draft beers contained a mean 
concentration of 2 4g/L NDMA with a maximum value of 
68 ug/L NDMA. Similar concentrations were also reported 
in the United States, Canada, and most other European 
countries. Modifications in malt drying and kilning tech- 
niques, shown to be the stages involving the formation of 
NDMA, have resulted in considerable reductions in the 
levels of NDMA in beer. The current mean levels of NDMA 
reported in beer are 0.07 ug/L in the United States, 0.10 
ug/L in Canada and West Germany, with most other Eu- 
ropean beers containing less than 0.3 ug/L. The mean con- 
centration of NPRO, the only NVNA identified in beer, is 
Jess than 2 ug/L in most European, Australian, and Amer- 
ican beers produced from indirectly kilned malt. Although 
NSAR and NPYR have been reported in malts, no evidence 
is available to show their presence in beer. 

The only other commercially produced alcoholic bever- 
age that contains nitrosamines is whiskey, in which cur- 
rent levels are generally below 0.3 ug/L. NDMA formation 
occurs during malt production, and no other N-nitroso 
compounds have been reported in whiskey. Contrary to 
earlier reports, N-nitrosamines are not present in wine, 
sherry, port, apple brandy, liqueurs, or fortified and dis- 
tilled spirits such as rum, gin, and vodka. There is some 
evidence to support the presence of VNA, mainly NDMA 
and NDEA, in some African fermented beverages and both 
African and Indian illicitly distilled spirits. 


Drinking Water 


Early reports on the possible presence of nitrosamines in 
drinking water drawn from wells containing high nitrate 
concentrations have never been substantiated. Although 
industrial waste water and sewage sludge occasionally 
contain traces of NDMA, NDEA, and possibly other VNA 
at total concentrations of less than 5 ug/L, their incorpo- 
ration into domestic water supplies has never been con- 
firmed. 


Table 1, Food Surveys and Daily NDMA Intake 


Other Food Products 


In systematic studies carried out in several countries, only 
sporadic contamination of trace quantities of individual 
NA have been found in other foods and beverages. In 
most cases, contamination occurred in single samples and 
could not be verified in other countries, or at a later date. 
Food contamination by direct contact materials has nearly 
always been assumed in unexplained nitrosamine contam- 
ination cases such as NMOR contamination of margarine 
packed in waxed paper wrappers. 


DIETARY EXPOSURE TO N-NITROSO COMPOUNDS 


The dietary exposure to NDMA (the most commonly oc- 
curring VNA in the diet) has been calculated in a number 
of food surveys and is summarized in Table 1. It should be 
taken into consideration that exposure estimates of this 
kind suffer from uncertainties in food consumption trends 
averaged over a population. Over the last decade, reduc- 
tions in the use of nitrates and nitrites used for curing 
meats to the minimum amount required to inhibit bacte- 
rial growth, and modification of malting techniques in the 
brewing industry have resulted in significant reductions in 
the levels of NDMA. In most dietary surveys, cured meats 
and beer have been implicated as the major dietary sources 
of NDMA. As a direct consequence, NDMA exposure over 
the last decade has probably decreased from about 1 yg/d 
to ca 0.3 g/d NDMA in most Western countries. An ex- 
posure estimate of between 10-100 g/d for currently iden- 
tified NVNA would not seem unreasonable. In developing 
countries, particularly China and other Asia countries, the 
occurrence and concentrations of VNA in common dietary 
items are considerably higher than in Western foods and 
a far higher dietary exposure to nitrosamines would be ex- 
pected. 


Country ‘Year NDMA intake (ug/d) Major NDMA source 
UK 1978 0.53 Cured meats (81%) 
UK 1987 0.60 Beer, cured meats 
Holland 1980 0.38 Beer (71%) 
Holland* 1990 0.10 Not evaluated 
The former FRG 1980 1.02 (men) Beer (65%), cured meats (10%) 
0.57 (women) 
‘The former FRG 1983 0.53 (men) Beer (40%), cured meats (18%) 
0.35 (women) 
Japan 1980 1.80 Dried fish (91%) 
Japan 1984 0.50 Fish products (88%) 
Sweden 1988 0.12 Cured meats (61%), beer (32%) 
Finland’ 1990 0.08 (adult) Beer (75%), smoked fish (25%) for adults 
0.02 (child) Smoked fish 
China 1988 No data Marine foods 
Italy 1988 No data Cured meats 
The former USSR 1990 No data Meat and fish 
Source: Ref. 3. 


Note: Beer not included in the survey. 
“Determined by 24-h duplicate diet analysis. 
"Based on limited data. 


NITROSAMINE EXPOSURE AND HUMAN CANCER 


Experimental studies provide evidence that the biological 
activity of N-nitroso compounds in humans is not substan- 
tially different from that in experimental animals (1). In 
contrast to animal experiments, in which exposure (nor- 
mally at high concentrations) to single N-nitroso com- 
pounds may induce cancer (2), human exposure (3,6,7,17) 
results via several different sources (eg, diet, occupational 
exposure, and tobacco consumption) at a wide range of 
different concentrations. Dose-response studies using 
experimental animals show that NDEA, NMOR, and 
NPYR continuously administered in drinking water at 
exposure levels of 0.075 mg/L (0.075 ppm), 0.07 mg/L, and 
0.01 mg/kg body weight/d, respectively, are sufficient to 
induce a significant incidence of tumors. In animal carcin- 
ogenicity experiments, the absence of a lower no-effect 
threshold and the syncarcinogenic activity of low concen- 
tration combinations of N-nitroso compounds at concentra- 
tions at which individual N-nitrosamine concentrations 
alone would not be expected to induce carcinogenesis sug- 
gest that multiexposure to several different N-nitroso com- 
pounds in the diet may present a potential carcinogenic 
risk to humans (1,3,18). 

Furthermore, micronutrient deficiencies may modify 
nitrosamine-induced carcinogenesis with respect to both 
organotropism and cancer incidence (2). These confound- 
ing factors are partially responsible for the failure of epi- 
demiologic studies in identifying exposures to individual 
compounds and foodstuffs as potential risk factors for hu- 
man carcinogenesis despite the fact that there is sufficient 
evidence to support the hypothesis that humans are sus- 
ceptible to N-nitroso compound induced carcinogenesis 
(1,3,18). Thus, continuous exposure to low concentrations 
of several different N-nitroso compounds in the diet would 
be expected to be an etiologic risk factor for certain human 
cancers. Epidemiologic case-control studies indicate that 
dietary nitrosamine exposure is an important risk factor 
for cancers of the esophagus, stomach, and nasopharynx 
(18). 
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NUCLEOTIDES 


Proteins and nucleic acids function as the key components 
to maintain life for plants and animals in terms of genetic 
heritage, self-duplication of genetic information, and regu- 
lation of metabolites for growth. It is, moreover, interesting 
that the components of these proteins and nucleic acids— 
such as L-glutamate in amino acids and 5’-ribonucleotides 
in nucleic acids—play a key role in making meals, which 
are indispensable for human life, very tasteful and joyful. 

In the long history of humankind, umami was only first 
added to the restricted idea of four “basic” or primary 
tastes by Ikeda (1), He extracted monosodium L-glutamic 
acid from seaweed and identified the taste-active ingredi- 
ent obtained as umami. 

Not only must we consider the unique taste of L- 
glutamate, but also the remarkable effect of certain 5’- 
ribonucleotides in causing a synergistic taste effects in 
combination with L-glutamate. The culinary practices of 
Japanese cuisine have long taken advantage of the taste 
effects of certain combinations of natural products used as 
condiments, especially the seaweed sea tangle (Lami- 
naria), in combination with either black mushroom (shii- 
take) or dried bonito (katsuo-bushi). The taste-active in- 
gredients of black mushroom and bonito were identified as 
inosine 5’-monophosphate by Kodama (2) and guanosine 
5’-monophosphate by Kuninaka (3), respectively. Kuni- 
naka (4) discovered that monosodium glutamate (MSG) 
and certain 5’-ribonucleotides added together to foods have 
a synergistic effect in enhancing food flavor. 

Nucleotides are now used not only as umami flavor en- 
hances but also as the raw material of pharmaceuticals. 
Industrial production of nucleotides started in Japan in 
1961, using the RNA degradation method. Nowadays, nu- 
cleotides are mostly produced by a fermentation method 
using microorganisms, which was developed mostly in Ja- 
pan. The main purposes are to produce two umami flavor 
enhancers inosine 5’-monophosphate (5’-IMP) and guan- 
osine 5'-monophosphate (5’-GMP). 


SYNERGISM OF 5'-NUCLEOTIDES FOR UMAMI TASTE 


When glutamic acid and 5’-nucleotides (free forms or salts) 
coexist, umami is dramatically enhanced. This phenome- 
non, well known as the synergistic effect of umami sub- 
stances, has already been investigated and reported (5) 
mainly with regard to human taste sensations. 

Ikeda (6) confirmed the synergistic effect in actual food. 
He conducted a discrimination test of MSG and IMP in a 
large variety of stocks or broth and compared the results 
with those of MSG and IMP in simple aqueous solutions. 
The thresholds of MSG and IMP were reported to be 0.03 
and 0.025%, respectively. The nucleotide and glutamic acid 
contents in some of the stocks used are popular and com- 
monly used in cooking to enhance the palatability of foods. 
Although the contents of umami substances are surpris- 
ingly low, these stocks are effective in foods apparently be- 
cause of the synergism among the umami substances they 
contain. 

The detection thresholds for five taste substances in sin- 
gle aqueous solutions and in 5 mM MSG (0.094%) or IMP 
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(0.26%) solution are shown in Table 1. The presence of 
MSG or IMP did not lower the thresholds of the four basic 
tastes, although IMP raised that of quinine sulfate, and 
MSG and IMP raised that of tartaric acid. This means that 
umami does not improve sensitivity toward the four basic 
tastes. Only IMP remarkably lowered the threshold of 
MSG by more than 50-fold. This result suggests that 
umami neither enhances the four tastes nor is itself en- 
hanced by the basic tastes. Only the synergistic effect be- 
tween the two kinds of umami substances enhances the 
umami taste. Electrophysiological studies on the syner- 
gism have been carried out using the cat, rat, and hamster 
(7,8). In these studies, the synergism was examined under 
conditions in which both L-glutamate and 5'-ribonucleo- 
tides induced the taste responses. Hence, quantitative 
analysis of the data obtained was rather difficult, and it 
was not known by what mechanism the synergism occurs. 

The recording in Figure 1 shows the responses of the 
rat chorda tympani nerve to 20 mM MSG in the absence 
and the presence of 0.1 mM 5’-GMP. As seen from the base- 
line of the recording, the response to 0.1 mM GMP itself is 
very small. The response to MSG is so greatly enhanced 
by the presence of 5’-nucleotides that it may derive mostly 
from the synergism between two substances. 

The effect of various species of nucleotides on the re- 
sponse to L-glutamate is shown in Table 2. 5’-Nucleotides 
with a purine base, such as GMP, deoxy-GMP, guanosine 
diphosphate (GDP), guanosine triphosphate (GTP), aden- 
osine 5'-monophosphate (AMP), and IMP, have the ability 
to enhance the response to L-glutamate, whereas prymi- 
dine nucleotides carrying the pyrimidine base, such as uri- 
dine 5'-monophosphate (UMP) and cytidine 5'-monophos- 
phate (CMP), have only a small or no enhancing effect. 
Cyclic GMP, guanosine, and sodium phosphate also have 
only a small or no enhancing effect. 

The preceding results demonstrate that only the nucle- 
otides having a specific structure exhibit a synergistic ef- 
fect on the responses to L-glutamate. Whether the mono- 
phosphate, diphosphate, or triphosphate is used does not 
affect the synergistic effect. Moreover, the nucleotides with 
a deoxy sugar have a small amount of synergistic effect. 

Behavioral and electrophysiological studies on several 
mammalian species indicated that L-glutamate is a taste 
stimulus and that the synergism with 5’-ribonucleotides 
occurs in several species of mammals (9). Feeding studies 
have shown that weanling calves respond to L-glutamate 
positively, as indicated by their higher consumption of the 
diet with 0.2% MSG. Torii and Cagan (10) demonstrated 
that in the presence of low levels of certain 5’-ribonucleo- 
tides, the binding activity of the taste receptor prepared 
from bovine circumvallea papillae (containing approxi- 
mately 90% of the tastebuds) for L-glutamate increased by 
severalfold, as shown in Figure 2. There was no effect on 
the low level of binding to the control epithelium. This was 
the first demonstration that the taste synergism of gluta- 
mate and 5’-ribonucleotide is a peripheral biochemical 
event, occurring at the level of the taste receptor mem- 
brane, and does not require neural integration. The spec- 
ificity of the effect with respect to the nucleotide was simi- 
lar, though not identical, with that for humans. Inhumans, 
the order of effectiveness is GMP > IMP > XMP, and AMP 
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Table 1. Detection Thresholds of Five Taste Substances 


Sucrose NaCl Tartaric acid Quinine MSG 
Water 0,086 0.0037 0.00094 0.000049 0.012 
5 mM MSG solution 0.086 0.0037 0.0019 0.000049 — 
5 mM IMP solution 0.086 0.0037 0.03 0.0002 0.00019 
Note: Expressed in percent (w/v). 
6.0 


Wad 


Figure 1. The summated responses of the rat chorda tympani 
nerve to 20 mM MSG in the absence and the presence of 0.1 mM 
5/-GMP. The bars at the base of the recordings represent the du- 
ration of the application of the chemical stimuli. 


20 mM MSG 
0.1 mM 5'-GMP 


‘Table 2. Relative Effect of Various Nucleotides, 
Guanosine, and Sodium Phosphate on Rat Taste Nerve 
Response to 10 mM of Glutamate (taken as 100) 


Nucleotide ‘Magnitude of responses 
GMP 232 + 13 
aGMP 260 + 24 
GDP 192+6 
GTP 188 + 22 
cGMP 126 + 31 
Guanosine 109 +9 
AMP 255 + 27 
IMP 171 + 26 
UMP 125 + 25 
CMP 124 + 16 
Sodium phosphate 108 +9 


Note: Concentration, 10 mM; and pH 6.0. 


is ineffective (11). The pyrimidine nucleotides are report- 
edly not effective (3). With the bovine system, the order of 
effectiveness was GMP = IMP > UMP, and XMP, CMP, 
and AMP were effective (Fig. 2). Additional structure— 
activity considerations were studied by examining the ef- 
fects of the free bases, the nucleoside, and the di- and tri- 
phosphates of GMP and AMP. The data in Figure 3 show 
that only 5'-GMP was effective in increasing binding of L- 
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Figure 2. Effects of 5’-ribonucleotides on binding of L-glutamate 
to bovine taste receptors. 


glutamate. The regions of the molecule that appear to be 
critical in the interaction with the regulatory site are 
shown in Figure 4. The keto function on the aromatic ring 
appears critical. With an amino group at this position, 
there is no synergistic activity. The data from human stud- 
ies show that 5’-GMP and 5’-IMP are potent synergisti- 
cally, 5'-XMP is less effective, but 5'-UMP is not effective. 
The binding studies agree with the earlier human psycho- 
physical results showing the importance of the 4- or 6-po- 
sition on the ring, the 2-position on the ring, and the 5’- 
monophosphate group on the ribose. There are two points 
of difference in the bovine and human data: (1) XMP did 
not enhance binding but is synergistic in humans, and 
(2) UMP increased binding but is not effective in humans. 

The characteristics of the chemical structure of nucle- 
otides attributed to the taste of umami for humans are 
summarized as follows: (1) a purine base on which the OH- 
bond is located at the 6-position carbon, and (2) a pentose 
on which the phosphate bond locates at 5'-position of the 
OH-bond. 

When the total concentration of L-glutamate and IMP 
is kept constant (0.015 g/dL), the intensity of umami in- 
creases with the increasing ratio of IMP and goes to max- 
imum when the ratio of IMP is 50%; it then decreases with 
the increasing ratio of IMP, which is shown in Figure 5. 
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Figure 3. Effect of 5’-ribonucleotides, nucleosides, 
and free bases on binding of L-glutamate to bovine 


taste receptors. 
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Figure 4. Structure of 5’-ribonucleotides investigated for synergistic biochemical effect with L- 


glutamate. 


1720 NUCLEOTIDES 


MSG + IMP: 0.05 g/dL 


wr aon n wo 


Subjective taste intensity 


orN 


Aes Ae a ee 
0 10 20 30 40 50 60 70 80 90 100 
Ratio of 5'-IMP to MSG (%) 


Figure 5. The synergistic effect shown as the relative intensity 
of umami taste to MSG, changing the ratio of 5’-IMP to MSG while 
the total concentration of MSG + 5'-IMP remained constant as 
0.05 g/dL. 


This intensity of umami of L-glutamate when IMP coexists 
is expressed by the following relation (5): 


y =u + 1,200u v 


where y is the concentration of L-glutamate (%) that shows 
the same intensity of umami as that shown by the mix- 
ture of L-glutamate and IMP; u is the concentration of L- 
glutamate in mixture (%); and v is the concentration of 
IMP in mixture (%), respectively. 

When using 5’-guanylic acid (GMP) in place of IMP in 
the mixture, the relation of intensity of umami was sum- 
marized as follows: 


y =u + 2,800u v' 


where v’ is the concentration of GMP in mixture (%). 

The concentration-response relationship for L-gluta- 
mate does not follow the simple taste equation obtained 
under the assumption that there exists only one type of 
receptor site for L-glutamate. Assuming that two types of 
receptor sites exist—with different dissociation constants 
for L-glutamate—in rat taste cell membrane we used the 
following equation (12): 


R = Ry/Ky/S + 1 + RK /S + 1 


Here, R is the magnitude of the response; Ry and R, are 
the magnitudes of the maximal responses brought about 
by occupation of high- and low-affinity sites, respectively; 
and S is the concentration. The best-fitted curves for the 
data were obtained with a computer utilizing a program 
for the linear square iterative fitting of the preceding equa- 
tion. The parameters for the curves were determined as 
follows: 


Lglutamate alone _t-glutamate + 0.1 mM GMP 


Ky (mole) 0.01 0.0015 
K, (mole) 0.32 0.17 


The values of Ry = 1.18, and R, = 15.59 were unchanged 
by the presence of 0.1 mM GMP. 

There seem to be specific binding sites for purine-based 
5'-nucleotides in the taste receptor membranes, because 
only the specific nucleotides have the ability to show the 
synergism. The binding sites for the nucleotides seem to 
be part of or closely associated with L-glutamate receptors. 


STRUCTURE OF NUCLEIC ACIDS 


The intrinsic parts of nucleic acids are more complex, being 
threefold aggregates of purine and pyrimidine bases, 
sugar, and phosphoric acid. The number of “building 
blocks,” however, is much smaller, being six altogether, and 
in the great majority of cases, only four. Depending on the 
characteristic of the sugar and on the presence of uracil in 
place of thymine, two kinds of nucleic acid—ribonucleic 
acid (RNA) and deoxynucleic acid (DNA)—are defined. 

The component unit, which can be thought of as anal- 
ogous to an amino acid in a peptide chain, is 


base—sugar—phosphate 


and the linkage is by the phosphate to two sugars in a 
stepwise pattern, as follows: 


sugar—phosphate—sugar—phosphate- 
i} 1 
base base 


A combination between a base and a sugar (ribose or de- 
oxyribose) is called a nucleoside. When this is combined 
with a phosphate, it becomes a nucleotide. The important 
separate bases, six in number, are listed in Table 3, with 
their structural formulas. These, together with their sugar 
and phosphate complements, are linked into enormous 
molecules having molecular weights in the millions. The 
structure of nucleic acids is becoming understood and 
bringing with it an advance in molecular biology. The ac- 
tual coupling among base sugar, and phosphate is shown 
in terms of the structural formula in Figure 6. This cou- 
pling permits the formation of a simplified double helix. 


THE STRUCTURE OF NUCLEIC ACID POLYMERS 


DNA 


A firm knowledge of the structure of DNA is of crucial im- 
portance. The gross dimensions of DNA were found by 
light-scattering or viscosity measurements, which indicate 
that DNA is a long, thin, relatively rigid structure whose 
molecular weight is ~6 x 10° and density is 1.6 to 1.75 
g/em®. Chemical evidence indicates that the phosphate 
(PO; ) groups are very reactive, but the amino (— NH.) and 
CO groups are not readily titratable. The analysis of Wyatt 
and Chargaff (13) indicated that the ratio of thymine to 
adenine is unity, and the ratio of cytosine or its derivatives 
to guanine is also about unity. The absorption of polarized 
infrared light indicates that the -NH, and -C =O groups of 
the bases are oriented perpendicular to the molecular axis. 


Table 3. Bases Involved in Nucleic Acids 
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of ~55° to the axis. X-ray diagrams indicated that the 
planes of the bases were separated by a distance of 3.4 A. 
Impressive advances in knowledge have come from the rec- 
ognition by Watson and Crick (14,15) of the specific base 
pairing in DNA. Helical DNA has a pitch of 34 A with 10 
repeat units per turn, and its fundamental structure is not 
one helix but two right-handed helices of radius about 8.5 
A, spaced about one-half the pitch apart. The: pairs of 
purines and pyrimidines that occur in equal amounts in 
DNA, namely, thymine—-adenine and cytosine-guanine, 
have complementary structures that easily form hydrogen 
bonds. Watson and Crick found that the bases would be in 
a proper position for strong hydrogen bonds if the two hel- 
ical chains had sequences of atoms in opposite directions. 
The helical chains are the phosphate-sugar backbones. 
The bases extend toward the center of the helix and hy- 
drogen bond across the axis of the double helix. Thus the 
DNA spirals are held together by interchain bonding, 
whereas protein helices keep their configuration by means 
of intrachain hydrogen bonds. 

The double spiral for the structure of DNA has very 
practical properties concerned with information storage 
and the duplication of genetic material. 


The primary structure of RNA is similar to that of DNA, 
but with a few notable exceptions. First, in RNA, in- 
stead of thymine, the pyrimidine base uracil occurs, form- 
ing a complementary base pair with adenine in regions of 
double-stranded RNA. Also, a wide variety of ribonucleo- 
tides having modified or minor bases are found in natu- 
rally occurring RNA, one of the commonest of which is 
pseudouridine. In human tRNAs, as many as 25% of the 
bases are nonstandard. Although the role of base modifi- 
cation is not clear, it may be important for biological rec- 
ognition. The other important feature of the primary struc- 
ture of RNA is the presence of the 2'-hydroxyl group in 
ribose. Although this hydroxy] group is never involved in 
phosphodiester linkages, it does impose restriction on the 
helical conformations accessible to double-stranded RNA. 

RNAs are usually single-stranded molecules that are 
stable allowing different regions of the ribonucleotide to 
form distinct secondary structural elements. When self- 
complementary regions of the RNA strand are aligned, du- 
plex regions, which may have Watson-Crick base pairs, 
are formed. 

RNA has a variety of functions within a cell; for each 
function, a specific type of RNA is required. Messenger 
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Figure 6. The detail of coupling between base, sugar, and phos- 
phate in deoxyribonucleic acid. 


RNA (mRNA) serves as an intermediary for carrying ge- 
netic messengers from the DNA to the ribosome where pro- 
tein synthesis takes place. Ribosomal RNA (rRNA) serves 
both structural and functional roles in the ribosome; it is 
diverse, both in terms of its size and structure. Transfer 
RNA (tRNA) is a group of small molecules that have a cen- 
tral role in protein synthesis. The multifunctional char- 
acter of RNA, particularly the involvement of RNA in en- 
zymatic processes, had led to the hypothesis that life on 
earth evolved from RNA, and that RNA had both the ge- 
netic and catalytic functions commonly associated with 
DNA and protein, respectively. 

The functional diversity of RNA is directly related to its 
structural diversity. In contrast to DNA, RNA molecules 
are synthesized as single-stranded polynucleotides that 
fold to give complex tertiary structures. These structures, 
which incorporate hairpins, loops, bulges, and junctions 
between single-stranded and double-stranded regions, ex- 
hibit long-range interactions within the folded tertiary 
structure. 


OPTICAL PROPERTIES OF NUCLEIC ACID 


Ultraviolet Absorption 


Figure 7 shows the absorption spectra of some bases of 
nucleic acids. From this figure one can see that the ab- 
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Figure 7. Absorption UV spectra of nucleoside that constitutes 
DNA at neutral pH in the dry state. 


sorption spectra for nucleic acids would have a maximum 
at 260 um. The optical densities shown in the figure were 
calculated from data obtained from thinner and more di- 
lute solutions on the assumption that the Beer-Lambert 
law holds. At the longer ultraviolet wavelengths, nucleic 
acids will have about 20 times the optical density of an 
equal mass concentration of protein. Most of the amino ac- 
ids are nonaromatic and contribute practically nothing to 
the protein absorption spectrum at wavelengths greater 
than 210 um. The high and characteristic absorption by 
nucleic acids makes it relatively simple to detect them 
by ultraviolet spectroscopy and to localize them in cells by 
ultraviolet microscopes. 

In Table 4, the wavelengths of maximum absorbency 
and the intensity (¢) for various bases, nucleosides, and 
nucleotides are summarized, which are tentative values 
compiled by the National Academy of Science. 


Infrared Absorption Spectra 


Infrared (IR) absorption methods are used mainly for two 
different purposes: one is as a “fingerprint” to identify a 
particular compound and to detect it in the mixture, the 
other is for structural studies. The logical approach to a 
spectroscopic study of the nucleic acids is to examine sep- 
arately the base, sugar, and phosphate moieties; their com- 
bination in nucleosides and nucleotides; and their compar- 
ison with nucleic acids. The approximate vibrational 
frequency ranges for the components of functional groups 
related to nucleic acids are shown in Table 5. 


Bases and Nucleosides 


The fundamental modes associated with base residues oc- 
cur throughout the IR spectrum and thus overlap bands 
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Table 4. The Maximum Absorbance Intensity (¢) for Various Nucleic Acids 


Ratio of observance 


The maximum absorbance between two wavelengths 
Nucleic acid Intensity (e x 10°) Wavelength (mj) 250/260 280/260 
‘Adenine 13,1 262 0.1NHCI 0.76 0.38 
Adenosine 15.4 259 pH7 0.98 0.15 
5'-AMP 15.4 259 pH7 0.80 0.15 
Cytosine 10.4 275 0.1N HCI 0.48 1.50 
Cytidine 13.0 280 0.1N HCI 0.45 2.10 
5'-CMP 13.0 280 pH2 0.45, 2.10 
Guanine 14.4 248 0.1N HCI 1.37 0.84 
Guanosine 13.6 252.5 pH7 1.15 0.67 
5'-GMP 13.7 252 pH7 1.16 0.66 
Hypoxanthine 10.6 250 pH7 1.32 0.09 
Tnosine 12.2 248.5 pH6 1,73 0.24 
Uracil 8.2 260 pH7 0.83 0.20 
Uridine 10.1 262 pH7 0.74 0.36 
5'-UMP 10.0 262 pH7 0.74 0.38 
‘Thymine 7.89 264.5 pH7 0.67 0.58 
Xanthosine 114 248.5 pH8 1.31 1.13 


Table 5. Approximate Frequency Ranges for 
Characteristic Vibrations of Nucleic Acids and Related 
Compounds (infrared) 


Frequency (m~") Mode Origin of vibration 
2800-3500 vOH Water, sugar 
vNH Base residue 
vCH Sugar and base residue 
1800-1500 vC=0 
vC=N 5 ; ‘ 
Base residues, mixed bodies 
vC=C 
6NH 
5 HOH Water 
1250-950 vPOz Antisymmetric stretch 
wPOz Symmetric stretch 
Exere) Sugar 
1000-700 »PO Phosphate 
»CO Sugar 
1NH Base residue 


Note: Modes: », stretching; 4, in-plane bending; t, out-of-plane bending. 


from the other entities in nucleic acids. Between 1500 and 
1750 cm™! several strong bands occur that are free from 
interference by phosphate and sugar groups and are re- 
lated to the structure of the purine and pyrimidine rings 
in nucleosides and nucleotides, and nucleic acids. These 
bands also arise from strongly coupled vibration of the 
C=0 (1725 cm~' stretch), C=N (1600 cm~" stretch), and 
C=C types with in-plane NH (1680 cm~* bend) deforma- 
tion. 

On the basis of protonation studies of the base-sugar, 
the following are concluded (16): 


1. The acidic form of adenosine has a proton attached 
to one of the ring nitrogens, not to - NH3. 

2. Guanosine exists in acidic, neutral, and alkali forms, 
with two possible neutral forms. Each form has a 


different IR spectrum. The alkali form is deproton- 
ated in position 1, and the acidic form in position 7. 
3. Deprotonation of inosine also causes z-electron de- 
localization with concomitant decrease in C=O 
stretching frequency from 1675 cm~! to 1595 cm~}, 


Phosphate Group 


Linking the sugars in the nucleotide backbone, the phos- 
phate diester linkage can exist in two different states, pro- 
tonated and charged: 


OR’ OR’ 
( ( 
RO—P—OH + | RO—P—O 
i | 
fo} oO 


+ H+ 


In the IR spectrum the P-O modes are considerably 
stronger than those for the P-O-R linkage: 1230 cm~' for 
POZ asymmetric stretch, 1080 cm~! for PO,-symmetric 
stretch, and 980 cm~? for PO3~. 


Sugar Moiety 


The most characteristic group of bands occurs in a broad 
distribution in the range of 1000 to 1100 cm~? and arises 
from C-O-C and C-C(OH)-C modes. The deoxy derivatives 
exhibit a sharp band at 975 cm~*, which is absent in the 
ridonucleosides. There is some evidence that DNAs and 
RNAs may be distinguished in this manner. 


DNA and RNA 


As expected, the spectra of DNA and RNA show features 
in common with their simpler analogs. In the 1500 to 1750 
cm! region there are broad, poorly resolved bands corre- 
sponding to the complex ring modes. The strong phosphate 
(asymmetric) mode is in the 1240 cm~* region, and the 
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broad and complex band is in the 1000 to 1100 cm“! region 
for the sugar vibrations. The strong band in the 3400 cm~* 
region, which contains the NH stretching mode, is influ- 
enced by the presence of water. One of the major difficulties 
of studying even solid-state nucleotides is that water al- 
most inevitably crystallizes with the nucleotides. 


Dichroic Ratios 


The measurement of dichroic ratios of biological systems 
to determine their structure requires polarized light and 
oriented structures. Polarized IR light may be produced by 
reflection from or transmission through films of selenium 
4 um thick, set at the polarizing angle to the incident light. 
This technique has been applied to the analysis of nucleic 
acid structure (DNA). The position of the N-H and O-H 
frequencies indicates that these groups participate in hy- 
drogen bonds. The dichroism of the N-H, O-H, and C=O 
groups indicates that the hydrogen bonds are preferen- 
tially oriented perpendicular to the molecular axis, and so 
they probably represent intermolecular regions of attrac- 
tion. The P-O-C groups also have a component perpendic- 
ular to the molecular axis, but the absence of any dichro- 
ism in the P = O absorption band at 1250 cm~' implies that 
they are oriented at angles of 55° to the molecular axis, 
which is in good agreement with the structural model of 
DNA discussed previously. 


CONTENTS OF NUCLEOTIDES IN THE INGREDIENTS 
OF FOODS 


Biochemical Character of Muscles 


The greater part of muscle fiber is made up of a set of spe- 
cialized protein molecules that are in some way concerned 
with the process of muscular action. There is far less nu- 
cleic acid and very little ribonucleic acid in muscle tissue. 
The specialized molecules constitute about two-thirds of 
the protein, while the remaining one-third is concerned 
with the enzymatic use of the substances brought in by 
the blood capillaries that surround the fiber in the whole 
muscle, 

In 1939 Engelhaldt and Ljubimowa discovered that my- 
osin is an enzyme that catalyzes the conversion of ATP to 
the diphosphate ADP, with consequent release, or transfer, 
of configuration energy. More thorough studies by Banga 
and Szent-Gyorgyi (17) showed that two proteins were in- 
volved in myosin, namely, actin and myosin, which form a 
combination known as actomyosin, a combination capable 
of changing shape in a manner very reminiscent of the be- 
havior of muscle itself. Additional studies have brought out 
that its molecular weight is 450,000, with an axial ratio of 
about 50 and a total length of 1600 A. That of actin is 
60,000, with an axial ratio of 12 and a length of 290 A. 

In the biochemistry of muscle, ATP, whose general 
structure is a triphosphate of adenine and ribose, is char- 
acterized by a phosphate grouping that, on hydrolysis, can 
yield a diphosphate and orthophosphoric acid, resulting in 
a more stable total configuration of the same atoms. This 
increase in stability means that energy is released when 
the process takes place. 


Fish Muscle 


In the muscle of fish, nucleotides such as adenosine ATP, 
ADP, AMP, and IMP have been detected. The changes in 
these nucleotides in muscle between the conditions of at 
rest and in fatigue are shown in Table 6, which summarizes 
the analysis of the codfish (18). In the condition of at rest, 
a large amount of ATP and quite a bit of adenosine and 
inosinic acid were found. When in fatigue, conversely, con- 
tents of inosinic acid increased. As already mentioned, the 
muscle released energy in the active state by the release 
of phosphate bonds from ATP, converting it into ADP, then 
AMP. This AMP is then changed to IMP by the aid of the 
enzyme deaminase. The procedure is as follows: 


ATP + ADP + Pi by ATPase 
ADP ~ AMP + Pi by myokinase 
AMP ~ IMP + NHS by deaminase 


The autodigestion process occurs even after the death of 
animals; the change of ATP to AMP proceeds, and finally 
IMP is accumulated in the muscles. Therefore, meats in 
fatigue contain a high level of ATP in muscles so that, even 
after death, no conversion to IMP, yet occurred the taste of 
this supposed to be short of umami. 

Fish meat after death contains mainly IMP, followed by 
inosine, which is decomposed to inosinic acid by the release 
of phosphoric acid; quite a bit of ADP and AMP remain. 
But Crustacea and Mollusca such as robster, crab, octopus, 
oysters, and cuttlefish kept in good condition for use as 
fresh meat have, on the contrary, a large amount of ADP 
or AMP and a trace of IMP because of a lack of the enzyme 
adenylic acid deaminase. Hence, there are two pathways 
of decomposition of adenylic acid in fish, shown as follows: 


AMP deaminase IMP phosphatase 
ATP— ADP ~ Adenylic acid ~ Inosinic acid + Inosine + Hypoxanthine + Ribose 
4 AMP phosphatase 
Adenosine 


1 Adenosine deaminase 


For Crustacea and Mollusca, adenylic acid is converted by 
AMP phosphatase in place of AMP daminase into adeno- 


Table 6. Nucleotide Contents of Rested and Exhausted 
Codfish Muscle 


Content in muscle (umoles/g) 


Nucleotide Rested Exhausted 
DPN 0.107 0.338 
TPN 0.0008 0.0005 
AMP 0.69 0.57 
ADP 0.576 0.426 
ATP 5.32 0.26 
IMP 1.26 5.86 
GTP 0.0025 0 

UTP 0.0036 0 


Note: Values are mean determinations on six fish. DNP, diphosphopyridine 
nucleotoide; TPN, triphosphopyridine nucleotide; UTP; uridine 5’-triphos- 
phate. 


sine and then converted by adenosine deaminase into in- 
osine. So far, in the Mollusca, AMP deaminase is not found; 
therefore, no inosinic acid is produced. Some kinds of Crus- 
tacea retain AMP deaminase in muscles; after killing, ina 
smal] amount of inosinic acid is detected in Crustacea. 

As shown in Table 7, the IMP in fish meat is in the range 
of 100 to 200 mg%, and is regarded as the prime ingredient 
for taste of umami with L-glutamate. Base components 
constituted of nucleotides such as hypoxanthine, adenine, 
and guanine are found in the muscles of aquatic animals; 
in particular, a large amount of hypoxanthine is sometimes 
detected in many fish meals. 


Meat 


The contents of 5’-nucleotides in the meat of animals are 
summarized in Table 8. 5'-Inosinic acid is a prime ingre- 
dient in 5’-nucleotide for every animal and is found at a 
level of 100 mg% or so. The changes in the 5’-nucleotides 
during the maturing process have been investigated. 
Chicken (Fig. 8) has an active adenylic acid deaminase; in 
the case of storage in a refrigerator at 4°C, the concentra- 
tion of inosinic acid in meat reached a maximum of 200 to 
280 mg% in 4 to 10 h after killing, through the process of 
ATP ~ ADP ~ adenylic acid > inosinic acid conversion. 
Then after further storage in a refrigerator, inosinic acid 


Table 7. Nucleotide Contents of Fish Meat 


Fish 5'-AMP 5'-IMP 
Saurel 64 212.6 
Ayufish 72 189.0 
Sea bass 8.4 124.9 
Sardine 0.7 188.7 
Sea bream 110 277.1 
Saury 6.7 149.5 
Mackerel 5.7 188.1 
Salmon 6.9 154.5 
‘Tuna 52 188.0 
Swellfish 5.6 188.7 
Eel 176 108.6 
Sagittated calamari 163.2 0) 
Octopus 23.3 ) 
Lobster 72.5 ) 
Crab 10.1 ) 
Squilla 32.6 114 
Ormer 1.7 ) 
‘Traugh shell 86.5 0) 
Scallop 102.3 o 
Short-necked clam 10.8 0 
Note: Content, mg %. 

Table 8. Nucleotide Contents of Meat 

Meat 5'-AMP 5'-IMP 5'-GMP_5'-UMP__5’-CMP 
Beef 66 106.9 22 1.6 10 
Pork 76 122.2 2.5 16 19 
Chicken 11.5 15.6 15 13 26 


Whale 2.1 214.5 3.6 19 _ 
Note: Content, mg %. 
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Figure 8. Change in the concentration of nucleic acid-related 
substances in chicken muscle after slaughter when kept at 4°C. 


began to decompose gradually to hypoxanthine, through 
inosine, and decreased to a half the original amount after 
5 to 6 days. For pork, 3 days after slaughter the contents 
of inosinic acid reached a maximum, 100 to 170 mg%, and 
then gradually decomposed to hypoxanthine; after 10 days 
kept in a refrigerator, the contents of inosinic acid re- 
mained at 60 mg%, which proceeded through the conver- 
sion process inosinic acid ~ inosine > hypoxanthine, as 
well. In storage, no other 5’-nucleotides such as GMP and 
CMP were detected. 


Vegetables and Mushrooms 


In vegetables, a small amount of 5’-adenylic acid (10.4 
mg% for tomato; 8.4 mg% for green soybeans; 6.5 mg% for 
corn), 5'-uridylic acid, and 5'-cytidylic acid were detected, 
while 5’-inosinic acid and 5’-guanylic acid were below the 
limit of measurement, as shown in Table 9. The taste of 
umami of vegetables mainly derives from the combination 
of L-glutamate and 5'-adenylic acid, which shows a weak 
synergistic effect with L-glutamate. 

In mushrooms, as shown in Table 10, the order of qual- 
itative amounts of nucleotides are as follows: 5'-adenylic 
acid > 5’-guanylic acid > 5’-uridylic acid, and 5’-inosinic 
acid was not detected. The 5’-guanylic acid with L-gluta- 
mate is regarded as the main umami component in mush- 
rooms. 


Table 9. Nucleotide Contents of Vegetables 


Vegetable 5'-AMP 5'-IMP 5'-GMP 5’-UMP 5’-CMP 
Asparagus 3800 + 19 19 
Welsh onion oo — = 0.4 - 
Lettuce 09 + + 05 - 
Tomato 10400 — = 2.2 05 
Field pea 190 = - 13 * 
Cucumber oo — - 0.6 £ 
Japanese radish 1.3 + = 14 + 
Onion 08 + = 0.5 + 
Bamboo shoot dt = = 13 05 


Note: Content, mg %. 
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Table 10. Nucleotide Contents of Mushrooms 


Mushroom 5'-AMP 5'-IMP 5/-GMP 5'-UMP 5'-CMP 
Shiitake, Cortinellus shiitake 154.9 0 70.1 37.6 29.4 
Dried shiitake 106.9 0 146.7 111.2 55.6 
Mushuroom 113 ) ~ 64 - 
Dried mushroom 167.7 0 a 59.7 J 
Matsutake, Armillarid matsutake 99.3 0 64.6 65.2 35.6 
Truffle 13.9 Oy) 58 68 4.2 
Hatsutake, Latarius hatsutake 514 0) 58.1 41.5 1A 
Fly agaric, Amanitamuscavia 0.2 0) 0 16 03 


Note: Content: mg %. 


PROPERTIES OF NUCLEIC ACIDS 


Chemical Properties 


Deamination Reaction. This reaction is the most impor- 
tant one with regard to production of the seasoning; it con- 
verts the amino bond to a hydroxyl bond on the purine base 
via nitrous acid, which may occur at any stage in nucleo- 
tides, nucleosides, and bases. Inosinic acid is produced by 
this process from adenylic acid (19). 


Acylation Reaction. The hydroxyl bond on the sugar site 
of nucleosides has the ability of acylation. The order of the 
reaction ability is as follows: 5’-site > 3’-site > 2'-site. 

When reacted with POCI; a product containing a mix- 
ture of three kinds of monophosphate esters was obtained; 
although the ratio of these products changes with the mole- 
ratio of water, no selective condition for 5’-phosphate was 
found. 


Hydrolysis by Acid or Alkali. Both pyrimidine bases and 
purine bases are relatively resistant to the attack of acid 
or alkali under ordinary conditions, except that those with 
an amino group have a tendency to convert into a hydroxyl 
group when reacted with acid. Any N-glycoside bond of a 
nucleoside is relatively stable under alkali conditions, but 
not under acid conditions. The N-glycoside of pyrimidine- 
riboside is, contrarily, stable under acid conditions, which 
is related to the existence of the double bond between the 
4- and 5-positions of the pyrimidine, for when this double 
bond is cleaved by an addition of hydrogen or bromide, N- 
glycoside is easily hydrolyzed with acid. The N-glycoside of 
a purine-riboside is easily hydrolyzed by acid as in the case 
of ordinary N-glycoside, but in the case of reaction of ni- 
trous acid to adenosine or guanosine, no change in the site 
of the N-glycoside bond occurs, these two are converted to 
inosine or xanthosine, respectively. On the other hand, the 
N-glycoside of purine-deoxyriboside is extremely unstable 
under the reaction of nitrous acid. 

In acid or alkali, the phosphate bond, conversely to the 
N-glycoside bond, is easily hydrolyzed by alkali and com- 
paratively resistant to acid. Hence, when nucleotide was 
treated with alkali, both nucleoside and phosphoric acid 
were produced; with acid, on the other hand, base and pen- 
tose phosphoric acid ester were produced. But under con- 
ditions in the vicinity of pH 4, it is reported that the cleav- 
age of a P=O bond occurred by a quite different 
mechanism. 


DNA is stable with alkali but is unstable with acid, as 
mentioned earlier; the purine base is released by a cleav- 
age of the N-glycoside bond of purine-nucleotide sites. RNA 
is easily hydrolyzed both with alkali and with acid; when 
in 1 N alkali solution for one day at room temperature, 
RNA decomposed to the mixture of mononucleotide and 2’- 
and 3'-nucleotide. When in 1 N HCI for 1 h at 100°C, RNA 
decomposed qualitatively into base, phosphoric acid, and 
ribose. Nevertheless, it is impossible to obtain 5’-nucleo- 
tides by using a reaction of the acid or alkali. For this pur- 
pose, an enzymatic hydrolysis method is utilized to obtain 
5’-nucleotide from RNA. 


Physical Properties 


Tautomerism of the Bases. The pyrimidine base has two 
OH bonds that exist tautomerically (20), in the enol and 
lactam forms, respectively. Both in the solid state and in 
solution, pyrimidine is found to exist in the lactam form, 
as found from the IR spectrum (solid state) and the UV 
absorption spectrum (in solution) compared with relative 
compounds. Hydrogen in the NH= bond, which is located 
at the 3-position of pyrimidine, reacted with pentose, 
which constitutes a nucleoside. The ionic form of these py- 
rimidine bases changes with changing pH or solvent as 
cationic form (NH”* at the 3-position of the ring), anionic 
form (=O at the 4-position, changeable to an -OH™ bond), 
which shows the same amphoteric substance as amino ac- 
ids. A purine base has both OH” = and NH: = bonds in 
the ring and shows the same both tautomerism and am- 
photeric character that a pyrimidine base does—lactam 
form for oxypurine (inosine, guanine) and amino form for 
aminopurine (adenine). 

Nucleoside is also an amphoteric substance. No sub- 
stantial change of physical properties is observed, except 
for the optical rotation caused by the induction of pentose, 
which changes with changes in pH in solution. 


Localization of the Attachment and Detachment of Protons 
in Nucleosides and Nucleotides. It is natural to expect that 
a proton would be attached to those atoms in the molecule 
on which the highest net negative charge due to z electrons 
is concentrated, to the nitrogen atoms forming the two 
bonds. The possible sites of protonation (shown inside the 
circle in Fig. 9) in the predominant tautomeric forms of the 
bases are N3 in cytosine; N1, N3, and N7 in adenine; N3 
and N7 in guanine and hypoxanthine; and N7 in xanthine. 
From the theoretical calculation, which takes into account 
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Figure 9. Chemical structure of various nucleosides; R denotes a hydrogen atom or various rad- 


icals. 


the lone pair electrons, the position of the attachment of 
the proton is predicted to be the N1 position of adenine and 
the N7 of guanine and hypoxanthine. The results of X-ray 
structural analysis confirm the correctness of these conclu- 
sions regarding the site of proton attachment to the basis 
moieties of crystalline protonated bases, nucleosides, and 
nucleotides. On the basis of the UV spectra of bases, the 
location of protons in the ionized compounds can be estab- 
lished precisely. 

Arguments in favor of protonation of adenosine at N1 
and of guanosine at N7, as well as evidence of the proton- 
ation of cytidine at N3, at least in nonaqueous solvents, 
are given by the results of NMR spectroscopy (21). 


lonization Constants of the Bases of Nucleic Acids. Ioni- 
zation constants are expressed in the form pK, = —log K,. 

Some of the bases of nucleic acids possess strong basic 
properties and are protonated in a weakly acidic medium 
but are deprotonated only in a strongly alkaline medium; 
other bases are weak acids and, although they form anions 
in a weakly alkaline medium, they are protonated only in 
a strongly acid medium. The first group includes cytosine 
and adenine; the values of pK, are associated with 


BH* +B + H* 

K = (B)(H*)(BH*) ( 
The second group includes thymine and uracil; the values 
of pK, are 


BH+B™ + H* 
K = (B-)(H*)ABH) (2) 
Hypoxanthine, xanthine, and guanine show an interme- 
diate position; they are protonated at comparatively high 
pH values for these compounds in accordance with equa- 
tion 1 and are deprotonated in accordance with equation 2 
at fairly low pH values in the alkaline region. Accordingly, 
their acid-base properties are described by two values of 
pK,. Phosphate groups in nucleotides exert an appreciable 
influence on the pK, value of the base. Values of the cor- 
responding ionization constants pK, for base, nucleosides, 
and nucleotides are given in Table 11. 

The reason for the increase in pK, in series observed— 
nucleoside < nucleoside-2’, and 3'-phosphates < nucleo- 


side-5’-phosphate—is evidently interaction of the ionized 
base with the phosphate group of the nucleotide. 

It can be concluded from the conformation of ribose and 
deoxyribose that the possibility of such interaction is par- 
ticularly great in the case of nucleoside-5'-phosphates, the 
phosphates groups of which may be in spatial proximity to 
the ring of the base. On dissociation of uracil derivatives, 
interaction between the negative charge on the ionized 
base and the negative charges of the phosphate group must 
lead to a decrease in the stability of the ionized form of the 
base and the shift of equilibrium toward the neutral form; 
pK, must increase in this case (22). These pK, values are 
utilized for the separation of these bases by ion exchange 
chromatography or electrophoresis. 


Characteristics of Inosinic Acid and Guanylic Acid 


Regarding 5'-nucleotides, both inosinic acid and guanylic 
acid are used as umami seasoning. The characteristics of 
these substances are summarized here (23). 


Inosinic Acid. The common forms are 5'-inosinic acid, 
inosine 5'-phosphate, and inosine 5’-monophosphoric acid 
(5'-IMP). Molecular formula: C,oH,30sN4P; molecular 
weight 348.2; C: 34.9 (%), H: 3.76 (%), O: 36.76 (%), N: 
16.09 (%), P: 8.90 (%). 

5’-IMP, which was the first nucleotide discovered by von 
Liebig in 1847, was isolated from the broth extracted from 
muscle as a salt of barium. It is said that von Liebig rec- 
ognized that this inosinic acid related to the taste of the 
meat extract broth. In 1913, 5'-inosinic acid histidine salt 
was isolated from the extract of dried bonito as a umami 
component by Kodama. Later, the contribution of histidine 
to the umami taste was denied. 

Inosinic acid, which is produced by a conversion of 5'- 
AMP through enzymatic deamination reaction, is found in 
the muscle of any kind of animals. In the metabolic path- 
way of nucleotides of microorganisms, 5'-IMP is produced 
first and then is converted to 5’-AMP by an amination re- 
action, and then proceed to 5’-XMP by oxidation with the 
aid of NAD; it then goes to 5’-GMP by a second amination 
reaction. Hence, 5'-IMP in microorganisms was observed 
when any enzymatic reactions in the pathway were 
blocked. 
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Table 11. pK, Values for Bases, Deoxyribonucleosides, and Ribonucleosides 


Nucleotides 
2',3'-Cyclic 
Derivatives Base Deoxyribonucleosides Ribonucleosides 2'-Phosphate 2'(3")-Phosphate 3'-Phosphate 5'-Phosphate phosphate 
Uracil 9.5 9.3 9.25 9.96 10.06 9.47 
Cytosine 4.46 43 41 443 4.54 4.12 
Thymime 99 98 9.68 _- _- 10.47 _- 
Guanine = 9.33 9.22 9.87 9.84 10.00 = 
Hypoxanthine 8.94 = 8.75 = = 9.62 = 
Xanthine 7.53 = 5.50 
Adenine 41 3.8 3.6 3.81 3.70 3.88 = 


Note: Values determined spectrotometrically at 20°C. 


For base and deoxyribonucleosides and ribonucleoside of guanine and adnine in solution of ionic strength = 1; in other cases in 0.1 M glysine or 0.025 M 
acetate buffers, For nucleotides: at zero ionic strength when pK, for deoxyguanosine was 9.50, pK, for deoxyguanosine 5'-phosphate was 10.0. 


5’-IMP Characteristics 

When condensed to the 5’-IMP solution, transparent 
syrup was obtained; this syrup, dried with 98% H,SO,, 
changed to a glassy solid. 

Easily soluble in water; amorphous sediment was ob- 
tained with alcohol; sparingly soluble in organic sol- 
vent. 

pK, = 1.54, pKa = 6.04, pK3 = 8.88, acidic in solution; 
several kinds of metallic salts are formed; metallic salts 
with NH,, Na, and K are transparent crystals. 

Specific rotation in neutral or acidic solution; [a] = 18.5 
(0.1 N HCl solution). UV absorption spectrum changes 
with pH in solution; maximum wavelength is 248.5 nm 
at pH 6.0; molar absorbency coefficient: € = 12.2 x 10°. 
In acidic solution, when heated it is hydrolyzed to 
ribose-5'-phosphoric acid and hypoxanthine; in alkali 
solution, when heated, phosphoric acid is released and 
inosine is produced. 


Sodium Salt of Inosinic Acid 

5’-IMP, when neutralized with 2 moles of NaOH and 
then crystallized, produces Na,-5’-IMP-7.5H,0. 

These crystals are usually used as umami seasoning 
with L-glutamate. 

Crystal group: orthorhombic. 

Chemical formula: CyoH,;N,OgPNag - 7.5H,0; molecu- 
lar weight 527.32; C = 22.4 (%), H = 2.07 (%), N = 
10.45 (%), O = 23.87 (%), P = 5.79 (%), Na = 8.58 (%). 
From X-ray diffraction analysis: orthorhombic; space 
group P2, 2; 2;,a = 11.63 A, b = 21.84 A, and c = 
8.704 A; Crystal density: 1.6063 g/em®; Z = 4. 

Limited humidity at 20°C is more than 90% (less hy- 
groscopy). 

Easily soluble in water; about 24 g/p 100 mL in water; 
in acid (such as vinegar) about 30 g/100 mL. 


Threshold value of umami is 0.025% in solution; thermal 
stability with a change of pH is summarized as follows and 
shows that Na, 5'-IMP salts are stable for thermal and pH 
conditions in the range of ordinary cuisine conditions. 


Thermal stability Residual ratio (%) 


pH ‘Temp. Initial con.(g/L) After 1h 2h 
2.0 100 2.5 55.5 43.2 
56 100 2.5 94.9 92.8 
7.0 110 21 97.0 92.8 
93 100 2.5 96.3 94.3 


K and Ni, salts of Inosinic Acid 
Two moles ion are combined with 5'-IMP, similar to Na 
salt. 


5’-Guanylic Acid. Guanosine 5'-monophosphate (GMP); 
chemical formula Cy9H),OsN5P; molecular weight 362.5; 
C: 33.06 (%), H: 3.88 (%), O: 35.24 (%), N: 19.28 (%), P: 8.53 
(%). 

Contrary to 5'-IMP, almost no distribution of 5’-GMP is 
reported in meats. Shiitake mushrooms contain 0.1 to 0.2% 
of 5'-GMP (as in dry base). In 1961 Kuninaka found that 
5'-GMP was the third umami ingredient extracted from 
shiitake mushrooms. 


Characteristics 

Fine transparent needle crystals and no hydrate at- 
tached, decomposed at 190 to 200°C. 

Sparingly soluble in cold water; comparatively strong 
acidic compound. Dissociation constants as follows: pK; 
= 0.8 (phosphoric acid), pK, = 2.4 (amino bond), pK 
= 6.1 (phosphoric acid), pK, = 9.4 (enol). 

Specific rotation is levo in solution. 

UV spectrum changes with pH; at pH 2, maximum ab- 
sorbency wavelength is 256 nm (e = 12.3 x 103), and 
minimum absorbency wavelength is 228 nm (e = 2.5 x 
103), 261 nm is an isobestic point (e = 11.6 x 103). 


Sodium Salt of Guanylic Acid 

With 2 moles of Na, 5'-GMP results in Na,-5’-GMP 
- 8H,0. This salt is difficult to obtain as a crystal form 
from aqueous solution and tends to white powder. 
From the X-ray analysis: orthorhombic; space group 
P2,2,2,; a = 21.33 A, b = 21.18 A, and c = 9.05 A; 
Crystal density: 1.643 g/em®; Z = 8. 


A little bit of hygroscopy (to the extent of 20 ~ 30% of 
water adsorbed), but no deliquescence observed. 

Easily soluble in water (about 25 g/100 mL in water at 
20°C); sparingly soluble in alcohol and acetone. 
Threshold value for umami: 0.0125%, two- to threefold 
the synergistic effect of Na2IMP with L-glutamate re- 
ported. 


Industrial Production 


The industrial production of IMP and GMP was started in 
1961 by the enzymatic method; the cleavage of RNA by 5'- 
nuclease was produced by Penicillium crysogenum (24)and 
Streptomyces aureus (25). 


Enzymatic Degradation of RNA. RNA distributed mainly 
in the cytoplasm of cells accounted for about 5 to 10% of 
the total in plants and animals, with only a limited amount 
in the nucleus. Yeast, especially, contains abundant, 
RNA—more than 10% on a dry basis—and a limited 
amount of DNA. 

The separation of yeast is performed by centrifugation 
after the fermentation using cane molasses or pulp waste 
liquor as a carbon source. RNA can be extracted from yeast 
with hot sodium chloride solution and precipitated by acid- 
ifying the extract. The precipitate is neutralized and used 
for preparing 5'-nucleotides. An aqueous solution of yeast 
RNA is incubated with the heat-treated crude enzyme 5’- 
nuclease P1 (26). After incubation, the four 5'-nucleotides 
formed are separated by means of anion exchange resin 
column chromatography and purified. AMP is converted to 
IMP with Aspergillus adenyl deaminase. 


Fermentation Method. Following the successful indus- 
trial production of amino acids by fermentation, extensive 
research was performed to establish the fermentation 
method for nucleosides and nucleotides. However, several 
different characteristics of amino acid fermentation are as 
follows: (1) in the metabolic pathway of nucleotides, there 
are both de novo synthesis and salvage synthesis, and 
moreover, mutual transformations are involved in purine 
nucleotide biosynthesis; (2) enzymes capable of degrading 
nucleotides to nucleosides, and to base and phosphoric 
acid, are widely distributed in microorganisms; and (3) nu- 
cleotides produced in a cell have less permeability through 
the cell membrane and do not easily secrete across the per- 
meability barrier into broth. 

For IMP, several methods are reported to overcome the 
preceding problems: (1) a direct fermentation method us- 
ing a mutant; (2) a semifermentation method in which in- 
osine, which accumulates more easily in broth, than IMP, 
was fermented by the fermentation method, to which phos- 
phoric acid was added with a chemical or enzymatic 
method; (3) hypoxanthine added as a precursor was trans- 
formed into IMP by the ability of salvage synthesis of the 
microorganism; and (4) adenine (adenosine obtained by a 
chemical or fermentation method) was transformed by a 
chemical or enzymatic method into IMP. Methods (1) and 
(2) are regarded as more economical and were adopted in 
industrial production in line with enzymatic degradation 
of RNA. 
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Metabolic Pathway. The metabolic pathway of the nu- 
cleotide is shown in Figure 10 (27). 

Regulation of Enzymatic Activity. PRPP-amidotransfer- 
ase is an important initial enzyme for AMP, and GMP syn- 
thesis is specifically completely inhibited by AMP and 
ADP, but not by ATP, IMP, and GDP. SAMP (succino AMP)- 
lyase, which also takes part in the synthesis of AMP, and 
GMP are strongly inhibited by AMP and antagonistically 
inhibited by the substrate SAMP. IMP-dehydrogenase, the 
enzyme related to the IMP-to-GMP pathway, is strongly 
inhibited by the final product, GMP, and especially 
strongly by intermediate XMP as well. The enzyme SAMP- 
synthetase, related to the pathway from IMP to AMP, is 
strongly inhibited by AMP, followed by ADP and then GDP, 
but not by ATP and GMP (28,29). 

Regulation of Enzyme Production. PRP-amidotransfer- 
ase, IMP-trasformylase, and SAMP-lyase are released 
from repression under the conditions of deficiency of 
purinenucleotides and show high levels of enzyme activity 
but are repressed completely by addition of either adenine 
derivatives or guanine derivatives (see Fig. 11). IMP- 
dehydrogenase, which is important for the synthesis of 
GMP, is repressed completely by guanine derivatives, but 
not by adenine derivatives (30). 

Bacillus subtilis (31) which has a characteristic high ac- 
tivity both of phosphatase and of 5’-nucleotidase, seems to 
be appropriate for the production of nucleoside; on the 
other hand, Brevibacterium ammoniagenes (32), having a 
phosphatase with low enzymatic activity is appropriate for 
the production of nucleotide. 

Production of Nucleoside. For effective secretion of nu- 
cleoside through the cell membrane, the following proper- 
ties seem to be necessary (33): (1) the activity of 5’- 
nucleotidase or phosphatase that catalyzes the cleavage of 
nucleotide should be absent or be at a very low level; (2) the 
regulation of enzyme involved in nucleotide formation, 
such as PRPP amidotransferase, by AMP and related nu- 
cleotides should be released, and (3) both SAMP and GMP 
reductase of IMP dehydrogenase should be lacking or pres- 
ent at a very low level. 

Inosine. The appropriate strains for the accumulation 
of inosine are B. subtilis and B. ammoniagenes. 

The adenine-requiring strain of B. subtilis was used as 
a parent strain and mutated by UV treatment to be defi- 
cient in the activity of both AMP deaminase and GMP re- 
ductase; moreover, from this strain an 8-azaguanine- 
resistant mutant was derived, one of the xanthine 
auxotrophic mutants that strengthens the ability of PRPP 
amidotransferase, and shows the result of accumulation of 
inosine at 16 to 18 g/L in broth (34). 

Furuya et al. (35) derived 6-mercaptoguanine-resistant 
mutants from an adenine-leaky, IMP-producing strain of 
B. ammoniagenes. Furthermore, they induced the mutant 
that is devoid of IMP dehydrogenase and requires guanine 
for growth. Addition of the guanine-requiring character 
was most effective for accumulation of inosine. Under op- 
timal conditions, this strain shows high accumulation of 
inosine: about 30 g/L from 17% of inverted cane molasses, 
which is equivalent to more than a 17% yield of inosine 
based on the consumed sugar. 
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Guanosine. From B. subtilis, which is capable of pro- 
ducing inosine, in which PRPP amidotransferase IMP 
dehydrogenase (IMP + XMP), and GMP synthetase (KMP 
~ GMP) are inhibited or repressed by GMP and guanine, 
methionine sulfoxide-, psicofuranine-, and decoyinine- 
resistant mutants were derived (36). The key to increasing 
guanosine is the loss of repression and feedback inhibition 
of IMP dehydrogenase, GMP synthetase, SAMP lyase, and 
PRPP amidotransferase. This strain showed the accumu- 


activity 


lation of 16 g/L of guanine and both hypoxanthine and 
inosine in the culture, glucose 80 g/L and L-histidine 0.3 
g/L (72 h at 34°C). 

Phosphorylation by the Chemical Method. For nucleo- 
sides, direct reaction with POCI; resulted in phosphory- 
lation of not only a 5'-OH bond but also 2’- and 3’ OH 
bonds, simultaneously. So it is difficult to selectively obtain 
5’-nucleotide. Obtaining 5’-nucleotide, 2’- and 3’-OH in the 
ribose of nucleosides was protected previously by acetone 


or benzaldehyde to form an isopropiridene bond or benzir- 
idene bond; the product was then reacted with POCI, to 
substitute the phosphate bond for 5’-OH on the riboside, 
at lower temperature (0 to 5 °C), and then a removal re- 
action of protected groups for the 2'- and 3’-bonds on the 
riboside was performed. The improved process is reported 
as follows: in the appropriate solvent with a small amount 
of water, POCl, was added directly to nucleoside; the pro- 
tection of 2’- and 3'-OH bonds and 5'-phosphorylation oc- 
curred, simultaneously, and a highly pure 5’-nucleotide so- 
lution was obtained. To this solution, a large amount of 
water was added to stop the excess phosphorylation reac- 
tion, and then sodium hydroxide was added to crystallized 
the disodium 5’-nucleotide, producing, for example, 
Na,GMP and NaIMP crystals. 


Direct Fermentation 

5'-Inosinic Acid. The adenine-leaky auxotrophic strain 
of B, ammoniagenes showed the ability to accumulate IMP; 
12.8 g/L in broth was obtained (37), which is the first report 
exhibiting the possibility of direct fermentation of IMP. 
This strain showed a high sensitivity for Mn?* ions and 
optimum concentration; an extremely low and narrow 
range of value (10 to 20 g/L; and a change in cell shape 
and a decrease in vital cell number when it contained 
Mn?* at a concentration suitable for IMP accumulation 
during cultivation. By adding the nitrosoguanizine-resis- 
tance ability, this strain mutated to Mn**-nonsensitive, 
and no change in cell shape was observed during cultiva- 
tion, which accompanied the change in the mechanism of 
leakage of IMP, due to the improvement of the permeabil- 
ity of IMP through cell membrane associated with inhibi- 
tion of the conjugated decomposition system (IMP > Hx) 
by glucose in the cell membrane. 

These results lead to the conclusion that the leakage of 
IMP through the cell membrane attributes to the energy- 
dependent reaction. 

5'-Guanylic Acid. So far GMP is not successfully pro- 
duced by the direct fermentation method, mainly because 
of the intrinsic problem concerning the metabolic pathway; 
that is, no base corresponding to GMP for salvage synthe- 
sis exists, such as hypoxanthine, xanthine for IMP, or gua- 
nine for XMP (xanthosine monophosphate). Therefore, it 
is impossible to obtain the mutant-blocked pathway to 
GMP, and GMP itself is a cell-constituted component, dif- 
ferent from IMP and XMP; then there exists a strict barrier 
in the cell membrane that inhibits GMP from passing 
through (38). 

From the industrial viewpoint, the following three-step 
fermentation method is employed. First, XMP was pro- 
duced by using the mutant of B. ammoniagenes, and then 
it was transformed into GMP by the enzymatic method 
using the other mutant of B. ammoniagenes (39). 


1. XMP fermentation. In the case of XMP, B. ammo- 
niagenes mutated to have both an adenine require- 
ment (leakage type) and a guanine requirement. 
Nucleotide activity weakened, showing high produc- 
tivity of XMP; also, no cell membrane barrier existed 
for XMP, which is different from IMP. 

2. Enzyme for conversion of XMP to GMP. The nucleo- 
tide weakened B. ammoniagenes with docoynine re- 
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sistance, which strengthens the activity of the GMP 
synthetase that was obtained. This strain showed an 
increased ability to convert XMP to GMP, with no 
cleavage of GMP and XMP. The cell membrane per- 
meability of XMP and GMP was improved by adding 
a cationic surface-active agent, polyethylene stearyl- 
amine (40). 

3. Conjugated reaction with ATP energy system. The 
XMP aminase reaction is a one-step reaction for 
conversion of XMP to GMP, conjugated with energy 
regenerated by the conversion of ATP to AMP and 
pyrophosphoric acid (PPi), which required an indis- 
pensable cofactor, the Mg* ion: 


XMP + NH; + ATP> GMP + AMP 
+ Ppi XMP aminase (Mg”*) 


Brevibacterium sp. treated with an active surfactant 
have an increased ability to synthesize ATP through the 
Krebs cycle from glucose. By using this process, in place of 
ATP, glucose was used as an energy supply source; conju- 
gated with this process, the conversion of XMP to GMP was 
achieved economically. The enzymatic process was as fol- 
lows: 


PPi > 2Pi (pyrophosphatase) 
AMP + ATP > 2ADP (AMP kinase) 


ADP + Pi + Glucose + ATP 
(ATP-generating enzyme system) 


These enzymes, contained in a cell, are must be regu- 
lated appropriately to prevent the subreaction from occur- 
ring. Controlling the temperature to repress the activity of 
nucleotide monophosphate kinase and the concentration of 
phosphate ion (PO*~*) increases the ability of the ATP- 
generating system. If Mg”* and PPi form insoluble mag- 
nesium pyrophosphate (Mg,PPi), the preceding reactions 
cannot proceed smoothly. Phytic acid, a chelating agent, 
was able to prevent the formation of this Mg2PPi. 

When using purified XMP as raw material, overall con- 
version to GMP was more than 80% after 22 h (41). 

Increasing the activity of XMP aminase is expected to 
reduce the number of cells required for conversion when 
whole cells are used as the enzyme sources, while reducing 
to a minimum the degradation of products and by-products 
GDP and GTP. The proliferation of the XMP aminase 
strain of Escherichia coli using genetic engineering tech- 
niques was attempted, which involved the subcloning of 
the guaA gene for XMP aminase into pBR322, followed by 
the construction of a plasmid utilizing the trp promoter. 
The amount of XMP aminase produced by the strain car- 
rying the gauA gene accounted for 10% of total cellular 
protein, and the E. coli K294/XAR33 strain showed an in- 
crease in activity of about 80 times compared with E. coli 
K294. The conversion ratio from XMP to GMP was more 
than 90% after 7 h (42). 
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NUTRITIONAL LABELING 


Americans love their food. Their interest in all aspects of 
food has been steadily growing since the 1950s. Public de- 
mand for more and more information on food-product la- 
bels has been growing right along with this interest. Today, 
labels on food packages provide a wealth of facts about the 
products inside. It wasn’t always this way, however. This 
chapter summarizes the development of food labeling in 
the United States and covers key elements of current la- 
beling requirements. Emphasis is on the requirements of 
the U.S. Food and Drug Administration (FDA), which reg- 
ulates the labeling of most packaged foods, except for meat. 
and poultry products. These are the responsibility of the 
U.S. Department of Agriculture (USDA). Differences be- 
tween what FDA and USDA require on product labels are 
minor. 


SOME KEY MILESTONES IN FOOD LABELING 


Before 1906, there were no requirements to include any 
information at all on food labels. In that year, the Federal 
Food and Drugs Act and the Federal Meat Inspection Act 
were first enacted. These groundbreaking laws formed the 
base for regular additions and refinements, right up to to- 
day’s detailed labeling requirements. 

The two 1906 acts authorized the federal government 
to regulate the safety and quality of food and assigned the 
responsibility for doing so to the U.S. Department of Ag- 
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NUTRITIONAL LABELING 


Americans love their food. Their interest in all aspects of 
food has been steadily growing since the 1950s. Public de- 
mand for more and more information on food-product la- 
bels has been growing right along with this interest. Today, 
labels on food packages provide a wealth of facts about the 
products inside. It wasn’t always this way, however. This 
chapter summarizes the development of food labeling in 
the United States and covers key elements of current la- 
beling requirements. Emphasis is on the requirements of 
the U.S. Food and Drug Administration (FDA), which reg- 
ulates the labeling of most packaged foods, except for meat. 
and poultry products. These are the responsibility of the 
U.S. Department of Agriculture (USDA). Differences be- 
tween what FDA and USDA require on product labels are 
minor. 


SOME KEY MILESTONES IN FOOD LABELING 


Before 1906, there were no requirements to include any 
information at all on food labels. In that year, the Federal 
Food and Drugs Act and the Federal Meat Inspection Act 
were first enacted. These groundbreaking laws formed the 
base for regular additions and refinements, right up to to- 
day’s detailed labeling requirements. 

The two 1906 acts authorized the federal government 
to regulate the safety and quality of food and assigned the 
responsibility for doing so to the U.S. Department of Ag- 


riculture and its Bureau of Chemistry. They became sepa- 
rate agencies when the Bureau of Chemistry was spun off 
in 1927, eventually to become the Food and Drug Admin- 
istration. The USDA retained the responsibility for regu- 
lating meat and poultry products. 

The 1906 acts set no detailed labeling requirements. At 
the time, it was expected these would be worked out based 
on enforcement actions taken against goods considered 
mislabeled. In 1913, an amendment to the 1906 acts es- 
tablished the first specifics by requiring labels to state the 
net quantity of contents in each food package. In 1938, the 
Federal Food, Drug and Cosmetic Act replaced the 1906 
Food and Drugs Act and added the requirement that each 
package label state the name and address of the manufac- 
turer or distributor. This act also required that labels list 
ingredients, including artificial colors, flavors, and preser- 
vatives, for most products and forbade false or misleading 
statements on the label. The amounts of vitamins and min- 
erals were required only for products intended for special 
dietary uses. 

The Fair Packaging and Labeling Act, passed in 1966, 
authorized and directed FDA to require more complete in- 
formation on food product labels. Under this Act, FDA reg- 
ulations specifically defined several key food label ele- 
ments, for example, “label,” “package,” and “principal 
display panel.” The regulations also established specific 
details as to the way the statement of identity of the food; 
the name and address of the manufacturer, packer, or dis- 
tributor; and the net quantity of contents should be shown, 
such as location on the label and type style and size. 

Another major milestone came in 1973 when FDA is- 
sued the first nutrition information labeling regulations, 
which became effective in 1975. These rules required nu- 
trition information on the labels of only those products for 
which nutrition claims were made or to which nutrients 
were added. Many food companies took the opportunity to 
add nutrition information voluntarily to the labels of many 
products for which no claims were made, and as a result 
nutrition information became relatively common. 

As interest in nutrition grew, especially in reducing cal- 
orie intake, FDA proposed regulations in 1978 that defined 
claims such as “low calorie” and “reduced calorie.” They 
became final in 1980 after some debate. Low-calorie foods 
could contain only 40 cal per gram of food, whereas the 
calories in a serving of a reduced-calorie food had to be at 
least one-third lower than in a serving of the regular food. 
Products that met the qualifications for reduced-calorie 
were sold without being labeled as “imitation.” Unfortu- 
nately, a loophole soon became obvious. Because the reg- 
ulations did not define other terms that implied calorie re- 
duction, a number of products that could not meet the 
requirements for reduced-calorie without a perceived sac- 
rifice in taste were marketed as “light” or “lite,” with rela- 
tively smaller reductions in calories. In 1984, a regulation 
was proposed to add sodium to the list of nutrients re- 
quired to be included in the nutrition information. The rule 
was made final in 1985 and also defined claims such as 
“low sodium” (<140 mg per serving) and “sodium free” (<5 
mg per serving). 

A comparable regulation that defined claims about cho- 
lesterol in food products was proposed in November 1986. 
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“Low cholesterol” was defined as <20 mg per serving, and 
“cholesterol free” was set at <2 mg per serving. Although 
this proposal was never made final, a number of food- 
product labels made claims based on the requirements, 
with FDA's official approval. Closely related claims for fat 
and fatty acid content were also discussed during this pe- 
riod but never formally proposed. Food-product labeling 
was about to undergo its next major revision. 


THE NUTRITION LABELING AND EDUCATION ACT 
OF 1990 


Several forces led Congress to pass the Nutrition Labeling 
and Education Act of 1990 (NLEA). As public interest in 
foods and nutrition, especially the relationship between 
diet and health, continued to grow, a number of food man- 
ufacturers had begun in the mid 1980s to make health and 
nutrition claims on certain product labels. Probably the 
best known of these was the claim that fiber in the diet 
was believed to reduce the risk of cancer. Because govern- 
ment regulations did not provide for this and other claims, 
questions and controversies arose that led to pressure on 
both Congress and FDA for labeling reform. In 1990, in 
what amounted to a race with Congress, FDA was the first 
to propose extensive labeling revisions. These were all su- 
perseded when, on its own, Congress passed the NLEA in 
October. The president signed NLEA in November 1990. 
The key provisions of the NLEA, prescribing exactly 
what Congress wanted on food labels, are as follows: 


Nutrition Labeling Required 


All food products had to provide nutritional labeling, with 
very few exceptions. Exceptions included foods served in 
restaurants and food-service operations, foods containing 
insignificant levels of nutrients, and products from small 
manufacturers. Produce sold at retail, including fresh 
fruits, vegetables, and seafood, was expected to provide nu- 
trition information voluntarily. Requirements would be- 
come mandatory if there was not “substantial compliance,” 
as defined by FDA, by 30 months after the signing of the 
NLEA. 


Government to Establish Serving Sizes 


Serving sizes were to be established by government regu- 
lation, derived from amounts that were “commonly con- 
sumed” by the public. This provision was based on a per- 
ception that manufacturers often set unrealistically small 
serving sizes for high-fat/high-calorie products, or, con- 
versely, unrealistically large serving sizes for foods with 
low levels of nutrients. 


Specific Nutrient Requirements 


The nutrition information had to include specific nutrients 
that were considered to represent major public concerns 
and interest. These were calories, calories from fat, total 
fat, saturated fat, cholesterol, sodium, total carbohydrates, 
sugar, dietary fiber, and protein. The door was left open for 
FDA to require additional nutrients on labels. 
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Prescribed Label Format 


The information was to be presented in a form the public 
could easily understand. In effect, this provision required 
the government to establish a clear and consistent format 
for the nutrition information. 


Government to Define Which Health and Nutrition Claims 
Would Be Permitted 


The government was required to set detailed and specific 
requirements for any health or nutrition claims on labels. 
No claim could be made that was not government- 
approved. NLEA further required FDA to define terms 
such as “free,” “low,” “light” or “lite,” “reduced,” “less,” and 
“high.” 


Preemption of State Labeling Regulations 


Federal labeling regulations preempted any state or local 
regulations with respect to nutritional labeling but not 
with respect to safety. This added to clarify and ease of 
understanding label information across the country. It also 
prevented individual states from setting different labeling 
requirements, which might result in manufacturers hav- 
ing a different label for each state. This provision did not 
apply to specific warning statements, which states could 
still require individually. 


Expanded Ingredient Labeling 


Labels had to provide more details on certain ingredients, 
such as listing all certified Food, Drug and Cosmetic 
(FD&C) artificial food colors by name. NLEA also required 
declaration of the amount of juice in products that contain 
fruit juice. 


“Hammer” Deadline 


NLEA set a deadline of November 8, 1992, for all regula- 
tions based on the requirements of the act to become final. 
Any proposals not formally finalized would automatically 
become final on that date. This hammer provision was de- 
signed to make sure that the responsible government 
agencies published the detailed rules that would be re- 
quired without undue delay. 


Action by FDA and USDA 


NLEA officially amended the federal Food, Drug and Cos- 
metic Act. Technically this required only FDA to develop 
new regulations for packaged foods under its authority. 
USDA, however, also developed NLEA-based regulations 
for meat and poultry products that are essentially the 
same as those of FDA. 

FDA and USDA began to harmonize the earlier pro- 
posals with NLEA requirements. Both agencies issued the 
first new proposals in late November 1991, a little over a 
year after the signing. In July 1992, FDA followed up by 
publishing several different format designs. USDA pro- 
posed its own slightly different formal in August. Allowing 
time for review of public comments, final rules were sched- 
uled for publication early in November to meet the ham- 
mer deadline. This was delayed at the last minute due to 


differences of opinion between the two agencies over sev- 
eral issues. Agreement was reached in December, and the 
final rules were formally published in the Federal Register 
of January 6, 1993. But this was not quite the end. On 
April 2, 1993, FDA published corrections to the final rules. 
These were followed on August 18 by additional technical 
revisions based on comments from the public. At this point, 
the major labeling provisions based on NLEA were finally 
complete. 

The original target date for compliance was May 1993. 
Because of the delays, however, FDA extended the dead- 
line to apply to all foods labeled on or after May 8, 1994. 
Exceptions were meat and poultry products, for which 
USDA extended the compliance date to July 6, 1994. 


CURRENT U.S. FOOD-PRODUCT LABELING 
REQUIREMENTS 


Today's food-product labels in the United States incorpo- 
rate the requirements of the NLEA along with those es- 
tablished by the earlier laws and regulations. The provi- 
sions are many and very detailed, so only key elements are 
covered here. The discussion focuses mainly on FDA re- 
quirements, but those of the USDA are essentially similar. 
There is one major difference between the two agencies. 
USDA must review and approve labels before they go on 
the package. FDA does not have the authority for prior 
approval. 


Labeling Panels on Food Packages 


Labeling regulations define two key panels that carry re- 
quired information: 


1. The front label panel, known as the principal display 
panel (PDP) 

2. The information panel, usually the panel just to the 
right of the PDP 


The location of the information panel may vary depending 
on the size and shape of the package, but the PDP must 
always be the panel that is seen by the consumer at the 
point of purchase, almost always the front of the package. 


Required Label Information 


All food-product labels are required to carry the following 
information: 


Statement of Identity (Product Name) This is a “common 
or usual” name that accurately describes the product. If 
the product is one that is regulated by a standard of iden- 
tity, such as ice cream, the name established by the stan- 
dard is the common or usual name. A brand name by itself 
is usually not enough. Although percentage labeling is not 
a general requirement, certain foods that contain charac- 
terizing ingredients, for example, apples in applesauce, 
may be required to include the percentage of that ingre- 
dient as part of the name. 


Net Quantity Statement (Net Contents) Usually, solid 
foods are declared by weight, whereas liquid foods are de- 


clared by volume, but there are many exceptions. The 
United States still uses the avoirdupois system—pounds, 
ounces, pints, quarts, and so on. Use of metric units is op- 
tional for the time being; however, most package labels do 
carry metric equivalents. 

Both the statement of identity and the net quantity 
statement must appear on the PDP. 


Name and Address of the Manufacturer, Packer, or Dis- 
tributor Ifthe product is not actually made by the company 
whose name is on the label, the company name must be 
qualified by terms such as “manufactured for” or “sold by.” 


List of Ingredients All ingredients in a food product must 
be listed by name in descending order of predominance by 
weight: 


* Type of oil, such as corn, soy, or canola, must be 
stated. 

Flavor enhancers such as monosodium glutamate 
and disodium inosinate, yeast extract, and certain 
vegetables that are commonly used as seasonings— 
garlic and onion, for example—must be listed by 
name. They may not legally be included in a general 
term such as “natural flavors” or “flavorings.” 
Sulfiting agents such as sulfur dioxide and potassium 
metabisulfite that may be used as preservatives must 
be listed. 

Ingredients that are contained in other ingredients 
must be listed individually, For example, if cheese is 
an ingredient in a food, it is not enough to simply 
declare “cheese.” All the ingredients in the cheese 
must be listed, for example, “cheese (milk, cheese cul- 
tures, enzymes, salt).” 

It is especially important that the most common al- 
lergens be listed in the ingredient statement, 
whether they are added separately or as a component 
of another ingredient. These are peanuts, tree nuts, 
soy, milk and dairy products, eggs, wheat, fish, and 
shellfish (crustacea and mollusks). 


The NLEA and associated new FDA regulations added 
several more specific ingredient-labeling requirements: 


* All packaged food products must carry a complete list 
of ingredients. Exemptions from full ingredient la- 
beling for a few products covered by standards of 
identity, such as macaroni products, were removed. 
All artificial colors subject to certification, FD&C col- 
ors must be listed by name, for example, Blue 2 or 
Red 3. 

Hydrolyzed proteins, often used to enhance savory 
flavors, must now be listed by source, for example, 
“hydrolyzed soy protein” rather than “hydrolyzed 
vegetable protein.” This is required to inform those 
with allergies to specific foods. Like monosodium glu- 
tamate, hydrolyzed proteins may not be listed simply 
as “natural flavors.” 

Labels of drinks that contain fruit juice must now 
state the percentage of juice. 
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A few types of ingredients may still be declared by gen- 
eral rather than specific terms: 


* Spices, except those that add color such as paprika, 
turmeric, and saffron. They may be declared either 
by name or as “spice and coloring.” 

* Flavors may be declared simply as “natural flavor(s)” 
or “artificial flavor(s)” without naming each individ- 
ual flavoring material. Some countries recognize a 
“nature-identical” category of flavorings, which are 
made synthetically but are chemically identical to 
the natural flavoring, but FDA considers these arti- 
ficial. 

* Colorings that do not require certification may be de- 
clared simply as “artificial color” or “color added.” 
Many companies voluntarily declare these by name 
and function, for example, “beta-carotene for color,” 
“caramel color,” and “colored with beet juice.” 


Warning Statements Warnings are required in only a 
very limited number of instances, such as cautions against 
overheating aerosol containers, saccharine and cancer, and 
so on. 


Nutrition Facts Nutrition labeling is required by the 
NLEA for nearly all packaged foods sold at retail in the 
United States. The Nutrition Facts box is the most notice- 
able addition to food labels. The format and contents of the 
Nutrition Facts box and related nutritional labeling re- 
quirements are discussed in detail in a separate section. 

The NLEA regulations did provide for a few exemptions 
from the requirements for nutritional labeling: 


Foods sold by businesses with less than $500,000 in 
gross annual sales 

Foods served in restaurants and other establish- 
ments for immediate consumption; ready-to-eat foods 
Products sold exclusively for food service or other in- 
stitutional use rather than directly to consumers. 
Any of these products that may end up in warehouse 
or club stores must carry nutrition labeling. 

Foods with insignificant amounts of nutrients, such 
as spices, coffee, and tea 

Fresh produce and fish, meat, and poultry 

Products in very small packages with <12 in.” of total 
surface area available to bear labeling. These prod- 
ucts must list an address or phone number where 
consumers can obtain nutrition information. 

It is very important to note the requirement that any 
products that make any nutrition or health claims 
lose their exemption and must carry nutritional la- 
beling. 

Medical foods, infant formulas, and dietary supple- 
ments have specific labeling requirements that are 
different from those for foods and are not discussed 
here. 


The company name and address, ingredient list, nutri- 
tional labeling, and any warning statements may appear 
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on either the PDP or the information panel, but the infor- 
mation panel is the most common location. There must be 
no intervening material, such as directions, recipes, logos, 
or the like, between these required items. 

Figure 1, adapted from FDA’s A Food Labeling Guide, 
shows a typical food label for a box of cereal, with the lo- 
cation of the required information on the PDP and the in- 
formation panel. 


Optional Label Information 


Food-product labels carry much information in addition to 
that required by FDA or USDA. This can include pictures 
of the product; preparation directions; serving suggestions; 
recipes; sell-before, buy-before, or use-before dates; and 
claims for the product. Some of this optional information— 
health or nutrition claims, for example—may in fact trig- 
ger additional requirements. 

The Universal Product Code (UPC) is an optional ele- 
ment that has become essential. The UPC is the familiar 
series of bars that stores scan at the checkout register. It 
is used to keep track of information such as prices and 
inventory. Although it is not officially required by any gov- 
ernment agency, it is required for practical purposes on any 
product that is sold in today’s market. 

Food labels must contain all the required information 
in the correct places as well as all the optional information 
that makes a label attractive and helpful to consumers. 
Developing a new food label can thus present a real chal- 
lenge. 


NUTRITION INFORMATION BASED ON NLEA 


NLEA focused on two key areas of food-product labels in 
the area of nutrition: how the nutrition information should 
be presented, and how claims should be regulated. Al- 
though nutrition information is required for most food la- 
bels, claims are optional, but making them may trigger 
additional requirements. Claims must be only those de- 
fined by NLEA regulations. 


Nutrition Facts 


According to the regulations, the nutritional values in the 
Nutrition Facts box are to be for the food “as packaged,” 
that is, the product that is in the package. The regulations 


Figure 1. Typical placement of required label in- 
formation on a package. Source: Ref. 1. 


Any Brand 
CEREAL ~—-+~——+ Statement of identity 


allow for providing nutritional values “as prepared,” but 
this is optional. 

FDA considered several approaches to how food-product 
labels should provide nutrition information. The final reg- 
ulations followed NLEA requirements to establish what 
information must appear and prescribed the Nutrition 
Facts box as the exact format. 

Figure 2 shows the Nutrition Facts box for the food label 
as it appears in FDA’s regulations, with all the required 
details. This is known as the standard format. 

Figure 3 is from a presentation by FDA and explains 
some of the considerations used to develop the Nutrition 
Facts box. The features were designed to help consumers 
apply the label information to their own diets. 

Figures 2 and 3 show the conversion guide for calories 
per gram of fat, protein, and carbohydrate at the bottom 
of the Nutrition Facts box. The August 1993 amendments 
to the original rules made this optional, so few labels in 
the market actually carry it. 

‘The serving size for each food product must be based on 
the established reference amounts using methods specified 
in the regulations. The purpose is to have consistent serv- 
ing sizes for similar products, making it easier for consum- 
ers to make comparisons. Serving sizes must be expressed 
both in common household measures, such as teaspoons 
and cups, and in metric amounts, such as grams or milli- 
liters. The exact amounts of each household measure are 
specified, for example, 1 teaspoon = 5 mL, 1 tablespoon = 
15 mL, and 1 cup = 240 mL. The regulations list reference 
amounts for more than 120 foods and food categories, typ- 
ically expressed both as common household measures and 
as metric amounts that are considered appropriate. It was 
hoped that providing the information in both forms would 
be another way to help make serving sizes easier for con- 
sumers to understand and use. 

Servings per container seems straightforward at first, 
but it can get complicated in some situations. For example, 
the reference amount for carbonated beverages is 8 fluid 
ounces, but 12-oz cans are common. The rules require a 
container that contains up to twice the reference amount 
to be considered 1 serving. It can get even more compli- 
cated for products sold in large discrete units, such as pies 
or cakes of different sizes, in which the size of a common 
fraction of the unit—a slice, for example—may not match 
the official reference amount exactly. In such cases, serv- 
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Nutrition Facts 


Serving Size 1 cup (228g) 
Servings Per Container 2 


‘Amount Per Serving 
Calories 260 Calories from Fat 120 
—— 


Total Fat 13g 
Saturated Fat 5g 

Cholesterol 30mg 

Sodium 660mg 


Vitamin A 4% 
Calcium 15% é 
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Calories 2,000 __ 2.500 
Less than 659 80g 
Less than 209 25g 
Cholesterol Less than 300mg 300mg 
Less than 2,400mg  2,400mg 
Total Carbohydrate 300g (975g 
a i ar 
Calories per gram 
Fat9_- Carbohydrate 4_- Protein 4 


ings per container must be expressed in approximate 
terms—“about 6,” for instance. 

The nutrients shown in Figures 2 and 3 are those re- 
quired by the regulations. For labeling purposes, they are 
divided into two groups: macronutrients, calories through 
protein (those between the two heaviest lines in the box), 
and micronutrients, the vitamins and minerals below the 
lower heavy line. 

The regulations define each component and prescribe 
exactly how the numerical values shown in the nutrition 
facts box are to be expressed and rounded: 


Serving size (common household measure and metric 
units): Metric units (grams or milliliters) must be 
rounded to the nearest 0.2 up to 2.0, the nearest 0.5 up 
to 5.0, and to the nearest whole unit thereafter 
Calories and calories from fat: 5-cal increments up to 
50 cal; 5-cal increments thereafter 

‘Total fat and saturated fat: 0.5-g increments up to 5 g; 
1-g increments thereafter 

Cholesterol: 5-mg increments 

Sodium: 5-mg increments up to 140 mg; 10-mg incre- 
ments thereafter 

Total carbohydrate, dietary fiber, sugars, and protein: 
nearest whole gram 

Sugars: For labeling purposes, sugars are defined as the 
sum of monosaccharides (e.g., dextrose and fructose) 
and disaccharides (e.g., sucrose, or table sugar). 
Percent daily value (DV) is rounded to the nearest 1% 
DV for total fat, saturated fat, cholesterol, sodium, total 


6 point with 1 point of 
leading 


Figure 2. The new food label (graphic en- 
hancements by FDA), Source: Ref. 1. 


carbohydrate, and dietary fiber. There is no DV for sug- 
ars. The % DV for protein is optional and is usually not 
shown. 


Vitamins and minerals: The % DV are rounded to the 
nearest 2% DV up to 10% DV, the nearest 5% DV from 
10 to 50% DV, and the nearest 10% DV thereafter. 


FDA expects the label values to be correct within the 
limits specified in the regulations. Nutrients that occur 
naturally in foods may vary by as much as 20% from the 
label value and still be within compliance limits. On the 
other hand, the amounts of any nutrients that are added 
must be at least 100% of the value stated on the label. 

For example, suppose the label for a flavored milk drink 
declares “Protein 7 g” for a serving. If the protein is derived 
only from the milk ingredient, it would be “naturally oc- 
curring.” The actual amount could be slightly less than 6 
g in some individual products, and they would still be in 
compliance. However, if the product contains any added 
protein, such as that from soy or sodium caseinate and the 
label declares “Protein 9 g,” the product would be required 
to contain no less than 9 g per serving. 

A food product typically contains significant amounts of 
a few or several nutrients and smaller or even insignificant 
amounts of others. The regulations established levels that 
are considered “nutritionally insignificant” for each nutri- 
ent. If a serving of a food product contains less than 
this nutritionally insignificant amount, it may be declared 
as 0. 

The specific nutritionally insignificant amounts are: 
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Serving sizes are 


now more 
consistent across 
product lines, are 
stated in both 
household and 
metric measures, 
and reflect the 
amounts people 
actually eat. 


The list of 
nutrients 

cover those 

most important to 
the health of 
today's consum- 
ers, most of 
whom need to 
worry about 
getting too much 
of certain nutri- 
ents (fat, for 
example), rather 
than too few 
vitamins or 
minerals, as in 
the past. 


Information on 


Nutrition Facts 


Serving Size 1 cup (228g) 
Servings Per Container 2 


Amount Per Serving 
Calories 260 Calories from Fat 120 
~~ 8 Dally Value 
Total Fat 13g 20% 
Saturated Fat 59 25% 
Cholesterol 30mg 10% 
Sodium 660mg 28% 
Total Carbohydrate 31g 10% 
Dietary Fiber 0g 0% 
Sugas§9 
Protein 5g 
Ga Ty 
Vitamin A 4% : Vitamin C 2% 
Calcium 15% : lron 4% 


* Percent Daily Values are based on a 2,000 
calorie diet. Your daily values may be higher 
or lower depending on your calorie needs: 

Calories _2,000__2,500 


Total Fat Less than 65g 809 
Sat Fat Less than 20g 25g 
Cholesterol Less than 300mg 300mg 
Sodium Less than 2,400mg —2,400mg 
Total Carbohydrate 300g 375g 
Dietary Fiber 25g 309 


Calories per gram 
Fat9 - Carbohydrate 4 - Protein 4 


h— 


calories per 

gram of fat, 

carbohydrate, 
Figure 3, The new food label at a Nd protein 
glance. Source: Ref. 2. is optional. 


Calories and calories from fat: 5 
Total fat, saturated fat: 0.5 g 


Cholesterol: 2 mg (between 2 and 5 mg may be ex- 


pressed as less than 5 mg) 
Sodium: 5 mg 


Total carbohydrate, dietary fiber, sugars, and protein: 


New title signals 
that the label 
contains the newly 
required informa- 
tion. 


Calories from fat 
are now shown on 
the label to help 
consumers meet 
dietary guidelines 
that recommend 
people get no more 
than 30 percent of 
the calories in their 
overall diet from 
fat. 


% Daily Value 
shows how a 
food fits into the 
overall daily diet. 


Daily Values are 
also something 
new. Some are 
maximums, as with 
fat (65 grams or 
less); others are 
minimums, as with 
carbohydrate (300 
grams or more), 
The daily values for 
a 2,000-and 2,500- 
calorie diet must be 
listed on the label 
of larger packages. 


Serving Size 1 can 


0.5 g (values between 0.5 and 1 g may be expressed as Amount Per Serving 


“less than 1 g”) 
Vitamins and minerals: less than 2% DV 


Nutrition Facts 


Calories 140 


If a serving of a food contains insignificant amounts of Total Fat 0g 
7 or more of the required 13 (total fat and calories from fat Sodium 20mg 


count as 1), several of the nutrients may be left off the 
label, and the Nutrition Facts may be in a simplified for- 


Total Carbohydrate 36g 


mat (Fig. 4). The regulations set five “core nutrients”— Sugars 36g 
total calories, total fat, sodium, total carbohydrate, and Protein 0g 


protein—that must be shown even if the amount present 


is 0. 


The regulations list a number of nutrients that are op- calorie diet. 
tional. These include polyunsaturated fat, monounsatu- 


rated fat, potassium, soluble fiber, insoluble fiber, sugar 


* Percent Daily Values are based on a 2,000 


Figure 4. Simplified format (example: soft drink). Source: Ref. 1. 


alcohols (such as xylitol or sorbitol), and other carbohy- 
drates (including starches). 

Claims may result in some of the optional nutrients be- 
ing required. For example, a “cholesterol free” claim re- 
quires monounsaturates and polyunsaturates to be shown 
in the nutrition facts box in addition to saturates. 

In addition to the four required micronutrients, the reg- 
ulations list 21 more vitamins and minerals, for a total of 
25. Any of those listed that are present at levels of 2% DV 
or more may also be included in the Nutrition Facts. Any 
that are added by the manufacturer to foods such as break- 
fast cereals or fortified drinks must be included. Also, 
claims related to a vitamin or mineral, such as “high in 
niacin,” requires the particular nutrient to be included in 
the nutrition facts. No vitamin or mineral that is not on 
the list in the regulations may be shown. 

The information below the vitamins and minerals that 
shows the DV is called the footnote. The DV are based on 
recommendations agreed to by several well-known health 
groups, such as the American Medical Association and the 
American Heart Association. The amounts for total fat, 
saturated fat, and total carbohydrate were set to approxi- 
mate the amounts of these nutrients in an ideal diet with 
about 30% of calories from total fat, 10% of calories from 
saturated fat, and 50 to 60% of calories from total carbo- 
hydrate. The amounts for the 2,000-calorie diet are used 
to calculate the “% Daily Values” in the macronutrient por- 
tion of the Nutrition Facts box. 

The % DV for the vitamins and minerals are based on 
the Recommended Daily Intakes (RDIs) set by FDA reg- 
ulations. These in turn are derived from the Recom- 
mended Dietary Allowances (RDAs) established by the 
National Academy of Sciences and the National Research 
Council (NAS/NRC). 

The agency clearly wants the Nutrition Facts box to 
have a consistent look on all products. A few variations in 
the format of the Nutrition Facts box may be permitted 
under certain conditions, especially for packages that are 
small or have a shape that might restrict the area for la- 
beling. (The simplified format mentioned earlier is based 
on nutrient content, not labeling area.) For example, some 
packages that are horizontal rather than upright may dis- 
play the footnote to the side of the nutritional values in- 
stead of directly under them. Packages that have an area 
available for labeling of less than 40 in.” may leave off the 
footnote or use a tabular display. Very small packages with 
labeling areas of less than 12 in.” may use a linear display. 
Figure 5 shows examples of the tabular and linear dis- 
plays. 

Other format variations that are allowed include one for 
bilingual labeling, large Nutrition Facts boxes that show 
nutritional values for each different food in a multiproduct 
pack, and a format for showing products “as prepared” as 
well as “as packaged.” Details of all formats must be ex- 
actly as prescribed in the regulations. 


Claims 


There are two categories of nutrition-related claims: nu- 
trient content claims and health claims. The regulations 
define the claims that are permitted and the required qual- 
ifications quite strictly; they also provide for the review 
and possible approval of new claims. 
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Nutrient Content Claims/Descriptors Nutrient content 
claims and descriptors refer to elements of the composi- 
tion of a food. “Reduced in calories” is one example. The 
new regulations officially expanded the earlier rules for 
reduced-calorie foods. Nutrient content claims are now 
permitted in the areas of sodium, fat and cholesterol, and 
light/lite. 

The regulations set very detailed and specific require- 
ments for each claim. For example, a “fat free” food must 
contain <0.5 g of fat per serving. “Cholesterol-free” means 
<5 mg of cholesterol per serving. A “low fat” food may con- 
tain no more than 3 g of fat in a serving, or, if the serving 
<2 tablespoons, no more than 3 g of fat in 50 g. This, to- 
gether with established serving sizes, is supposed to help 
prevent manufacturers from reducing serving sizes to un- 
realistically small amounts just to make a claim. 

The requirement for a “reduced calorie” food was 
changed from the earlier 33% (1/3) minimum reduction in 
calories to a 25% (1/4) reduction compared to the regular 
food. This was to make it easier for manufacturers to pro- 
vide foods with reductions in calorie content. Higher re- 
ductions were applied to “light” or “lite” products, which 
must be reduced in calories by at least 33%, or reduced in 
fat by at least 50% compared to the regular food. 

The new rules further extended the previous regula- 
tions for reduced-calorie foods to provide important incen- 
tives for manufacturers to develop foods with improved nu- 
trition. Under old regulations, a food that was formulated 
to contain less fat or fewer calories might need to be labeled 
as “imitation.” The specific provisions of the new rules 
make it clear that most foods that qualify for a “reduced 
calorie” claim, for example, but are nutritionally equiva- 
lent to the regular food in all other aspects, need not be 
called “imitation.” Thus, we now see “reduced calorie” in- 
stead of “imitation” on products with at least 25% fewer 
calories. 

The regulations also define the requirements for claims 
about vitamins and minerals. A food that is a “good source” 
of vitamin C, for example, must have at least 10% DV ina 
serving. To be “high” or “rich in” a nutrient, a serving of a 
food must have at least 20% DV. “More” means 10% or 
more of the DV, so that a drink that has “more calcium 
than milk” must contain at least 40% of the daily value of 
calcium compared to the 30% in a glass of whole milk. 

Nutrient content claims are summarized in Table 1. The 
NLEA regulations list several synonyms for each claim. 
Examples are “zero,” “no,” and “without” for “free”; “little” 
or “contains a small amount of” for “low;” and “lower” or 
“fewer (calories)” for “reduced.” No nutrient content claims 
or synonyms are allowed other than those that are specif- 
ically permitted, defined, and listed. 

The regulations also define “healthy.” A “healthy” food 
must at least meet the requirements for a food that is low 
in fat and saturated fat and must contain at least 10% DV, 
without fortification, of one or more of vitamin A, vitamin 
D, calcium, iron, dietary fiber, or protein. The 10% DV re- 
quirement in the original proposal might have prevented 
calling some fresh fruits and vegetables “healthy” because 
of their high moisture content. The final rules, however, 
specifically exempted fresh fruits and vegetables from this 
requirement, permitting them to be described as “healthy.” 
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Figure 5. Examples of permitted 


Tabular Display 


N utrition Amount/serving % DV" Amount/serving % DV" 
EEE 0 EEE 

FE ‘acts Total Fat ig 2% Total Carb. 0g 0% 

Serv. Size 1/3 cup (56g) _ Sat. Fat 0g 0% Fiber 0g 0% 

Servings about 3 Cholest. 10g 3% — Sugars 0g 

Calories 80 


Fat Cal. 10 Sodium 200mg 8% Protein 17mg 
* Percent Daily Values (OV) ro AT ETE! 
based on a 2,000 calorie diet. __ Vitamin A 0% - Vitamin C 0% - Calcium 0% - Iron 6%| 


May be used when the area available for labeling is less than 40 square inches. 


Linear Display 


NUtritiOM Fatt seu cise: + package, amount Per 


Serving: Calories 45, Fat Cal. 10, Total Fat 1g (2% DV), Sat. Fat 1g (5% DV), 
Cholest. Omg (0% DV), Sodium 50mg (2% DV), Total carb. 8g (3% DV), Fiber 1g 
(4% DV), Sugars 4g, Protein 1g, Vitamin A (8% DV), Vitamin C (8% DV), Calcium 
(0% DV), Iron (2% DV). Percent Daily Values (DV) are based on a 2,000 calorie diet. 


format variations. Source: Ref. 1. May be used when the area available for labeling is less than 12 square inches, 


Table 1, Summary of Nutrient Content Claims and Descriptors that May Be Used on Food Labels 


Descriptor’ Definition? 
Free A serving contains no or a physiologically inconsequential amount: <5 cal, <5 mg of sodium, <0.5 g of fat, <0.5 g of 
saturated fat, <2 mg of cholesterol, or <0.5 g of sugar 
Low A serving (and 50 g of food if the serving size is small) contains no more than 40 calories, 140 mg of sodium, 3 g of fat, 
1 g of saturated fat and 15% of calories from saturated fat, or 20 mg of cholesterol; not defined for sugar; for “very 
low sodium,” no more than 35 mg of sodium 
Lean A serving (and 100 g) of meat, poultry, seafood, and game meats contains <10 g of fat, <4 g of saturated fat, and <95 
mg of cholesterol 
Extra lean A serving (and 100 g) of meat, poultry, seafood, and game meats contains <5 g of fat, <2 g of saturated fat, and <95 
mg of cholesterol 
High A serving contains 20% of more of the daily value (DV) for a particular nutrient 
Good source _A serving contains 10-19% of the DV for the nutrient 
Reduced A nutritionally altered product contains 25% less of a nutrient or 25% fewer calories than a reference food; cannot be 
used if the reference food already meets the requirement for a “low” claim 
Less A food contains 25% less of a nutrient or 25% fewer calories than a reference food 
Light 1. An altered product contains one-third fewer calories or 50% of the fat in a reference food; if 50% or more of the 
calories come from fat, the reduction must be 50% of the fat); or 
2. The sodium content of a low-calorie, low-fat food has been reduced by 50% (the claim “light in sodium” may be 
used); or 
3. The term describes such properties as texture and color, as long as the label explains the intent (e.g., “light brown 
sugar,” “light and fluffy”) 
More A serving contains at least 10% of the DV of a nutrient more than a reference food. Also applies to fortified, enriched, 
and added claims for altered foods 
% Fat Free A product must be low-fat or fat-free, and the percentage must accurately reflect the amount of fat in 100 g of food. 
Thus, 2.5 g of fat in 50 g of food results in a “95% fat-free” claim 
Healthy A food is low in fat and saturated fat, and a serving contains no more than 480 mg of sodium and no more than 60 mg 
of cholesterol 
Fresh 1. A food is raw, has never been frozen or heated, and contains no preservatives (irradiation at low levels is allowed); 
or 
2. The term accurately describes the product (e.g., “fresh milk” or “freshly baked bread”) 
Fresh frozen _The food has been quickly frozen while still fresh; blanching is allowed before freezing to prevent nutrient breakdown 


“See the regulations for acceptable synonyms. 
These definitions have been simplified for this table; see the regulations for specific restrictions and additional requirements. 


Source: Ref. 3. 


Similar exemptions are expected for canned and frozen 
fruits and vegetables, as well as for bread and other grain 
products that have been fortified to meet the requirements 
of a standard of identity. 


Health Claims Health claims refer to the possible effects 
of a food or the diet on health. The regulations as published 
in 1993 permitted health claims in only seven specific 
areas: 


* Calcium and osteoporosis 

* Dietary fats and cancer 

* Sodium and high blood pressure 

* Saturated fat, cholesterol, and heart disease 

* Fruits, vegetables, and grain products that contain 
dietary fiber and cancer 

* Fruits, vegetables, and grain products that contain 
dietary fiber and heart disease 


¢ Fruits and vegetables (components other than fiber) 
and cancer) 


Other permitted areas have since been added: 


* Folic acid and neural tube defects in infants 

* Sugar alcohols (such as xylitol) and dental caries 
(cavities) 

* Soluble oat fiber in oats (oat bran) and heart disease 


Direct claims for dietary fiber and cancer are not allowed 
at this time. This is ironic because the fiber versus cancer 
claims were among the first to appear on foods in the mid 
1980s and helped reinforce the current interest in nutri- 
tion. Claims must be carefully worded to indicate that dis- 
ease is the result of many factors and to position the food 
and its beneficial component within a healthy diet and life- 
style, 

Several products on the market have taken advantage 
of the ability to make health claims. For example, consum- 
ers are familiar with product claims that link the fiber in 
oats with lessening the risk of heart disease, the calcium 
in dairy products with preventing osteoporosis, and the xy- 
litol in chewing gum with cavity prevention. 


Other Label Claims Labels may make other claims that 
are not considered related to nutrient content or health. 
“Fresh” and “fresh frozen” (see Table 1) are not nutrient 
content claims but were defined because of ongoing, exist- 
ing prior differences in opinion as to their exact meaning 
as applied to specific foods. 

FDA also considers statements such as “milk free” (re- 
lated to allergy or religious concerns), “contains no preser- 
vatives” (no nutritive function), and “oat bran muffins” 
(statement of identity) not to be nutrient content claims. 
On the other hand, the statement “high in oat bran” is 
considered an implied nutrient content claim such that the 
product would have to meet all the necessary require- 
ments, such as a minimum soluble fiber content of 0.75g/ 
serving. 
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The Influence of Claims on Other Labeling Requirements 
Nutrient content or health claims typically lead to addi- 
tional labeling requirements. For example, originally the 
label of any food that carried a nutrient content claim such 
as “low-fat” also had to carry a referral statement that di- 
rected consumers to the nutrition facts box. The line “See 
back panel for nutrition information” was typical. This re- 
quirement was made optional in 1998 in the belief that 
consumers are now familiar with the presence and location 
of the Nutrition Facts box. 

The regulations also set disclosure levels, or levels that 
were considered high, for fat (13 g), saturated fat (4 g), 
cholesterol (60 mg), and sodium (480 mg). If a serving of a 
“reduced calorie” food, for example, contains more than the 
disclosure level of 480 mg of sodium, the label must carry 
a disclosure statement. The typical line “See nutrition in- 
formation for sodium content” meets that requirement. 

For some foods, the level of one nutrient may exclude a 
claim based on another. For example, peanut butter is nat- 
urally cholesterol free, but a serving also contains about 3 
g of saturated fat. The regulations prohibit cholesterol-free 
claims for foods that contain more than 2 g of saturated fat 
in a serving, so the peanut butter label may not claim that 
the product is cholesterol free, although it may list “Cho- 
lesterol 0 mg” in the Nutrition Facts box. 

Foods that exceed the same disclosure levels that trig- 
ger the disclosure statement for nutrient content claims 
may not make health claims at all. 


FUTURE ISSUES AND CONCERNS 


The public's interest in what is in their foods continues to 
be high, and the pressure to provide more information will 
surely continue. A few matters are left over from NLEA 
issues. 

For the present, FDA considers the voluntary nutrition- 
labeling programs for fresh produce and fish to be ade- 
quate and has not proposed rules making nutrition label- 
ing mandatory for these products. 

Pressure continues from some quarters for the agency 
to require higher-profile nutrition labeling for all foods 
served in restaurants, not just those that make claims. 
This question is of particular concern to the operators of 
individual restaurants because of the difficulty involved in 
trying to make sure menu items that are prepared and 
served individually are consistent enough in composition 
for nutritional values to be meaningful. 

Trans fats are unsaturated fats that form during partial 
hydrogenation of oils. They are different in structure from 
the cis forms that occur naturally. Products that contain 
significant amounts of partially hydrogenated fats or oils, 
such as shortenings and stick margarines, may be high in 
trans fats. Some recent research reports have suggested 
that trans fats may raise cholesterol levels in the body; 
however, whether the research findings have any signifi- 
cance in actual diets is not yet fully understood. The ques- 
tions of whether and how to declare trans fats must even- 
tually be decided. 

The number of nutrient content claims and health 
claims that will be allowed will increase as more knowl- 


1742 NUTRITIONAL LABELING 


edge becomes available. The current interest in dietary 
supplements and functional foods will likely lead to the 
development of new products. Labeling will be complicated 
by questions of which products are foods and which are 
supplements. 

In other areas, labels of foods that have been irradiated 
must disclose that fact. FDA has published guidelines for 
label statements on foods that require refrigeration and 
may eventually determine that detailed instructions for 
storage, preparation, and handling of certain foods should 
be required rather than optional. Labeling that calls spe- 
cific attention to the presence of common allergens is be- 
ginning to appear. Standards for organic foods are being 
developed, and appropriate labeling will undoubtedly be 
required. 

Within the public’s interest in foods, a strong right-to- 
know element has been growing. Several consumer inter- 
est groups have asked the FDA to require percentage dec- 
laration of the major ingredients in foods. Specific groups 
have petitioned the agency to require the quantitative dec- 
laration of food components such as monosodium gluta- 
mate and caffeine. Groups have demanded that foods pro- 
duced using biotechnology be labeled accordingly. 

All this leads to the basic question of what kind of in- 
formation should go on the label. Because label space is 
finite, a prevailing position has been that food-product la- 
bels should be required to carry only significant informa- 
tion about the composition and safety of the product in the 
package. It may be time for FDA and USDA to take posi- 
tive steps to help avoid too much label clutter. It is worth 
remembering and realizing that there are many different 
ways to provide information to satisfy the public’s right to 
know that do not necessarily involve the label itself. 


ADDITIONAL INFORMATION 


The FDA's A Food Labeling Guide provides detailed, prac- 
tical information on food labeling in a question-and-answer 
format. It is available from the following: 


Center for Safety and Applied Nutrition 
Food and Drug Administration 

5600 Fisher’s Lane 

Rockville, Maryland 20847 


Several publications that describe the new food labels 
and are designed to help consumers use the information in 
planning their diets are available at this address as well. 

The Food Labeling Guide and the other publications are 
also available on-line at http: / /www.fda.gov /. A wealth 
of additional information on labeling, nutrition, food 
safety, and related regulatory issues, including many of the 
materials used as references for this chapter, can be found 
at this site. 

Nutrition and labeling information from the U.S. De- 
partment of Agriculture is available on-line at http: // 
www.usda.gov /. 

The magazine FDA Consumer is an excellent source of 
accurate and readable information on not only foods and 


labeling, but also other regulatory, health, and safety is- 
sues. FDA publishes it six times a year. Subscriptions are 
available from the following: 


Superintendent of Documents 
P.O. Box 371954 
Pittsburgh, PA 15250-7954 
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OILSEEDS AND VEGETABLE OILS 


Most oils of vegetable origin are derived from plant seeds, 
hence the term oilseed. However, some vegetable oils, such 
as olive and palm oil, come from the plant’s mesocarp, the 
fleshy pulp covering the seed. This article will discuss only 
the more economically significant vegetable oils. The ter- 
minology is reviewed and then the processing of oilseeds 
to make various products is discussed. Information about 
specific oils is also presented. Tables 1-3 show the makeup 
of the oilseeds, the fatty acid composition of the oils, and 
the amino acid composition of the proteins. Figure 1 shows 
the worldwide production for the last 10 yr of the most 
economically important vegetable oils. Although the rela- 
tionship between various human diseases and fats and oils 
in the human diet is of great concern, space limitations 
prevent a discussion of this topic and a variety of sources 
are available (14). 

A vegetable oil is made up of monoglycerides, diglycer- 
ides and triglycerides with the latter predominating. A tri- 
glyceride is composed of a glycerol molecule backbone with 
three fatty acid groups branched off it. Technically the 
term fatty acid applies to the series of compounds referred 
to as Cnn’, where n is the number of carbon atoms and n’ 
is the number of double bonds. The simplest fatty acid is 
formic acid (C1:0). However, fatty acids that occur in vege- 
table oils start with caproic (C6:0) and go up to behenic 
(C22:0) and erucic (C22:1). A saturated fatty acid has no 
double bonds between any of the carbon atoms. An unsat- 
urated fatty acid has one (monounsaturated) or more (poly- 
unsaturated) double bonds between the carbons. Oils hav- 
ing a higher percentage of saturated fatty acids have 
higher melting points. For example, shortening and mar- 
garine have a higher proportion of saturated fatty acids 
than salad or cooking oils. Occasionally the terms fat and 
oil are used interchangeably. However, in common usage, 
a fat refers to a triglyceride mixture that is solid at room 
temperature, whereas an oil is liquid at room temperature. 
Different degrees of solidification or plasticity can be 
achieved by mixing a saturated fat, such as palm or coco- 
nut, with an unsaturated oil such as soybean. An unsatu- 
rated oil can also be made solid through a reaction called 
hydrogenation. In this process, hydrogen gas, in the pres- 
ence of a catalyst, attaches to the double bonds of the un- 
saturated fatty acids and transforms them into saturated 
fatty acids. This large-scale industrial process is used ex- 
tensively to manufacture margarine and shortening. 

When iodine monobromide or monochloride reacts with 
an unsaturated fatty acid, the bromine or chlorine add to 
the double bonds. This reaction forms the basis of an oil 
characteristic known as iodine number. This quantity, de- 
fined as the number of grams of iodine absorbed under 
standard conditions by 100 g of oil, is a measure of the 
unsaturation of the oil, ie, higher numbers denote greater 
unsaturation. Saponification is the reaction of a fat or oil 
and an alkali to yield glycerol and a salt of the alkali metal. 
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This process is used in the manufacture of soap. The sa- 
ponification number is defined as the number of milligrams 
of potassium hydroxide required to saponify 1 g of oil. Once 
the composition of a pure oil is known its saponification 
number can be calculated. This number can be compared 
with the experimentally determined saponification num- 
ber of an oil of unknown purity to determine the amount 
of unsaponifiable, ie, nonoil, material in the latter oil. The 
refractive index is a measure of the degree that incidental 
light is bent in the oil. Because this index is a function of 
the oil’s molecular structure and impurities, it provides an 
easy and quick method to identify an oil and determine its 
purity. 


PROCESSING OILSEEDS 


Once harvested, oilseeds must be transported to process- 
ing plants and may be stored before being processed. Pre- 
venting a reduction in oilseed quality during transporta- 
tion and storage is a major problem. Although weather 
conditions throughout the growing season affect the qual- 
ity of oilseeds, rain at harvesting causes particular prob- 
lems. Wet seed must be dried and cooled before storage to 
prevent mold growth and free fatty acid formation; the lat- 
ter is caused by enzymatic hydrolysis of the triglycerides. 
Wet seed is typically dried and cooled by passing air 
through the seed piles in the storage houses. Oil is removed 
in two ways: mechanically pressing it from the seeds and 
soaking the seeds in a solvent, usually hexane, that dis- 
solves the oil. Because of its efficiency, this latter process, 
called solvent extraction, is used in almost all commercial 
operations (15). A combination of these two processes, pre- 
press solvent extraction, is sometimes used for high oil con- 
tent oilseeds. 

Figure 2 is a simplified schematic of the oilseed solvent 
extraction operation. First the dried seeds are cleaned, to 
remove stones, metals, and other objects that would dam- 
age the processing equipment. They are then dehulled and 
flaked. The flakes, typically about 0.025 cm thick, provide 
a more efficient extraction medium. The flakes are either 
prepressed or sent directly to the extractor. Extracted 
flakes are heated in a desolventizer to vaporize the solvent, 
which is recycled to the extractor. The meal from the de- 
solventizer can be used as is or processed further. The oil- 
solvent mixture coming from the extractor, called miscella, 
is sent to an evaporator, where the solvent is driven off and 
recycled. The crude oil is sent to refining to be treated with 
caustic to remove most of the nontriglyceride components. 
The oil is then bleached and deodorized to give it a light 
color and bland odor. If it is to be used as a salad oil, it is 
also winterized. In the winterization process the oil is 
cooled to a low temperature and any crystallized material 
is removed from the liquid oil, which is now a suitable 
salad oil. 


Table 1. Composition of Various Oilseeds and Characteristics of Their Oils 
Palm 
Coconut* Corn? Cottonseed® Olive Palm? Kernel Peanut Rape Soybean Sunflower 
Seed composition 
Oil, % 34 3.6 36 7 70 40 49 40 20 AT 
Protein, % 3.3 8.0 33 0.9 84 26 23 36 23 
Crude fiber, % 43 2.5 2.0 5.8 49 6.7 5.0 42 
Moisture, % 47 16 47 44 8.4 6.5 15 8.5 5.4 
Ash, % 10 12 46 2.2 18 23 45 49 
Number of seeds g 0.0005 3 9 0.5 0.03 0.3 04 180 6 aa 
Oil 
Saponification number 250-284 187-193 189-198 185-200 195-206 242-255 188-195 170-180 189-195 188-194 
190° 
Iodine number 7.5-10.5 103-128 99-115 71-94 51-58 10-23 82-106 97-108 120-141 125-136 
112-131° 
Refractive index 1448-1450 1470-1474 1.468-1472 1469-1470 1453-1456 1449-1452 1.470-1.472 1470-1474 1.470-1.476 —_1.466-1.684 
Specific gravity 0.91-0.919 0.915-0.920  0.916-0.918 0.912-0.913_0.857-0.860 0.856-0.8740.910-0.915 _0.906-0.914_0.917-0.921 _0.894-0.899 
0.916-0.917" 
References 13 23 13 3,4 5 5 6,7 8 36 19 
*Coprs. 


Corn contains more than 60% starch. 


“Delinted seed. 
Does not include the kernel. 


“The second value is for canola (low-erucic-acid rapeseed). 
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Table 2. Fatty Acid Content of Various Oilseed Oils in Weight Percent 
Palm 
Canola Coconut Corn Cottonseed Olive Palm kernel Peanut Rape Soybean Sunflower 
Saturates 
Caproic C6:0° 02 
Caprylic C8:0 WW 4.0 0.1 
Capric C10:0 7.3 05 3.9 0.1 
Lauric C12:0 54.0 04 50.4 0.6 0.1 
Myristic C14:0 0.1 174 08 2.5 17.3 0.3 01 0.3 
Palmitic C16:0 57 61 11.0 19.9 11.0 40.8 19 13.3 29 10.8 6.0 
Stearic C18:0 21 16 18 3.1 22 3.6 23 21 14 3.2 4.0 
Arachidic C20:0 0.2 0.2 1.2 0.1 
Behenic C22:0 0.2 2.9 0.5 01 
Total saturates 83 93.5 13.0 24.7 132 469 86.0 20.6 49 14.6 10.0 
Unsaturates 
Oleic C18:1 57.7 5.0 25.3 25.7 72.5 45.2 118 47.8 33.0 24.0 18.0 
Linoleic C18:2 24.6 13 60.1 48.5 19 19 21 29.2 © 15.4 54.4 70.0 
Linolenic C18:3 19 LL 0.1 0.6 6.2 6.8 
Gadoleic C20:1 10 0.3 12 12.2 
Erucic C22:1 0.2 0.1 25.5 
Total unsaturates 91.4 63 86.5 74.3 813 531 13.9 783 92.3 85.2 88.0 
References 10 u 12 1 13 3 3 i 10 nu 9 


°C6;0 means fatty acid has 6 carbons and 0 double bonds, (18:3 means fatty acid has 18 carbons and 3 double bonds, ete. 


‘SPECIFIC OILS 


Coconut 


Description. There is one species of coconut palm, Cocos 
nucifera L., but there are several geographical varieties. 
These are divided into two groups: the tall typica and the 
dwarf nana: The tall coconut palms can live longer than 80 
yr. After an initial flowering period of 5-8 yr, they contin- 
uously produce from 80 to 150 nuts per year. The coconuts 
from this variety have high oil yields and good-quality fiber 
and copra (dried coconut meat). The dwarf varieties live 
for about 40 yr, producing fruit after their third year. These 
colorful palms produce coconuts with a tough copra un- 
suitable for commercial purposes and so are planted 
mainly as an ornamental. Coconuts consist of an outer 
husk covering a thin, hard shell that in turn covers the 
copra. The inner cavity of the copra contains a watery sub- 
stance called milk. A ripe nut weighs 2-3 kg and is about 
25 cm long. 


Origin and Cultivation. Records indicate that the coco- 
nut palm has existed for more than 3,000 yr. Although 
some theories place its origin in Central or South America, 
it most likely originated in Southeast Asia (16). The coco- 
nut palm grows in tropical areas throughout the world; in 
the western hemisphere, it is found as far north as Florida 
and as far south as Brazil. India, Indonesia, and the Phil- 
ippines are the main coconut-producing countries. Africa, 
Latin America, and Oceania also are significant producers. 


Composition and Uses. The husk consists of fibers that 
have a variety of uses and comprise more than 50% of the 
nut’s mass. The shell and the milk each make up about 
12% of the mass and the copra accounts for about 18%. 


More than 60% of the copra is a highly saturated oil. Be- 
cause a large percentage of the oil’s fatty acids is lauric 
(C12:0), coconut oil is known as a lauric acid oil. Although 
the oil has the greatest economic value, all parts of the 
coconut are used (16). The fibers from the husk, called coir, 
are used to make mats, nets, bags, ropes, and similar 
items. The shells are used to make activated carbon. The 
oil, extracted from the copra by crushing, is used in baking 
and in a variety of prepared foods. Of all the edible oils, 
coconut oil has the most nonedible uses. It is used in cos- 
metics, toiletries, and in the manufacture of soap by sa- 
ponification. The glycerol by-product from soap manufac- 
ture is used in pharmaceuticals and in the manufacture of 
explosives. Coconut oil is used in the production of plasti- 
cizers, resins, detergents, and as a lubricant and fuel. 


Corn 


Description. Zea mays L. is a tall annual plant belong- 
ing to the grass family Graminese. Although it is com- 
monly called maize throughout most of the world, it is re- 
ferred to as corn in the United States and Canada. The 
female inflorescence, the ear, is where corn kernels are pro- 
duced. Typically an ear of corn has about 800 kernels at- 
tached to its inner cylinder, called the cob (17). Kernels at. 
either end of the ear are rounded whereas those at the 
center are flattened by pressure from adjacent kernels. An 
average kernel from the center of the ear is about 0.4 x 
0.8 cm thick and about 1.2 cm long. Dent and sweet are 
two types of corn grown extensively in the United States. 
When drying, the center part of the dent corn kernel col- 
lapses making a distinct indentation. The sweet variety 
has mutant genes that retard the conversion of sugar to 
starch in the kernel. 
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Table 3. Amino Acid Composition of the Protein in the Various Oilseed Meals in Weight Percent 


Coconut Corn Cottonseed Peanut Rape Soybean Sunflower 
Ala 0.2 08 15 10 7 1 cee 
Arg 0.6 0.4 44 3.1 23 28 24 
Asp 0.3 0.7 3.5 3.2 3.1 46 2.5 
Cys 0.1 0.2 0.9 0.3 0.4 0.6 0.5 
Glu 08 18 8.2 BA 63 71 5.6 
Gly 0.2 0.4 16 16 19 17 15 
His* 0.1 0.3 1.0 0.7 1 1.0 0.6 
Tle 0.1 12 0.9 15 18 al 
Leu® 0.3 11 22 7 2.7 3.0 L7 
Lys* 0.2 0.2 L7 09 2.3 2.4 0.9 
Met* 0.1 0.2 0.5 03 0.7 0.5 0.5 
Phe 0.2 04 2.0 13 15 19 12 
Pro 0.1 0.8 14 11 2.7 21 1.2 
Ser 0.2 0.4 16 13 17 21 ast) 
Thr* 0.1 0.3 12 09 7 16 0.9 
‘Trp* 0.04 01 05 0.3 0.4 0.5 0.4 
‘Tyr 01 0.3 12 11 0.9 14 0.7 
Val? 0.2 0.4 17 1 19 18 13 
References 1 2 1 6 8 6 1 
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European explorers brought it to Europe, from where it 
spread to Africa and Asia (18). Every continent except Ant- 
arctica produces corn. 

Today, the U.S. Corn Belt is the largest area of corn 
cultivation in the world. Through years of managed hy- 
bridization, Corn Belt corn is also the world’s most pro- 
ductive variety. In fact, depending on climatic conditions, 
the per acre yield of corn is greater than any other crop. 
Over the last 60 yr, U.S. corn-growing area has decreased 
by half while production has doubled because of increased 
yields (18). Corn grows in the middle latitudes of both 
hemispheres. The growing season lasts through the freeze- 
free period. Corn grows from seed to a mature plant, 2-4 
m tall, in about four months. Weather changes cause corn 
yield to vary across the Corn Belt by as much as 20% in a 
given year. 


Composition and Uses. Grain makes up more than 40% 
of the dry matter of the corn plant. Stover, the nongrain 
parts of the plant, make up the rest of the dry matter. Be- 
cause of its low oil content, corn is not generally considered 
an oilseed. More than 60% of the kernel is starch; oil com- 
prises less than 4% (Table 1). In the United States, corn is 
primarily an animal feed crop, with less than 15% used for 
human consumption or various industrial purposes. For 
nonfeed purposes, corn is processed in one of two ways. Dry 
milling involves separating the germ from the whole ker- 
nel with an abrading action. The germ is then pressed or 
solvent extracted to remove the oil, which is used primarily 
as a salad and cooking oil. The rest of the kernel is then 
milled to produce grits, cornmeal, and flour. These prod- 
ucts are used in a variety of applications, including snack 
products, breakfast cereals, brewing, pharmaceuticals, 
and building products. In wet milling, the corn is first soft- 
ened by soaking it in a steeping liquor. The softened corn 
is then drained, coarsely ground, and combined with water 
to make a slurry. The slurry is then separated, in either 
hydroclones or floatation tanks, into an oil-bearing germ 
overflow and a starch underflow. The germ is further pro- 
cessed to extract oil. Most of the starch is processed into 
sweeteners and ethyl alcohol. 


Cottonseed 


Description. Four species of cotton are cultivated: Gos- 
sypium arboreum, L. G. herbaceum L., G. hirsutum L., and 
G. barbadense L. These are divided into two groups: the 
Old World (or Asiatic) and the New World. The Asiatic 
group, consisting of G. arboreum L. and G. herbaceum L., 
has short, harsh fibers that limit their use in fabrics. Their 
yield is comparatively low. The New World group consists 
of G. hirsutum L. and G. barbadense L. Their fibers are 
long, from 2 to 4.5 cm, and fine, making them well suited 
for a variety of uses. The seeds of the former are egg shaped 
and about 0.8-1.2 cm in length. They are densely covered 
with short cotton fibers, called linters, which remain after 
the fiber has been removed by ginning. The seed coat, or 
hull, is quite strong. The seeds of G. barbadense are similar 
in shape and size but have no adhering linters after gin- 
ning. 
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Origin and Cultivation. Archaeological evidence sug- 
gests that cotton was used for string and fabric in India 
around 3000 B.c. Although there have been claims that 
cotton fabric was used earlier than this in Egypt and Peru, 
the most reliable information suggests that this earlier 
material was actually linen (flax). The earliest reference to 
cotton in recorded literature appears in a Hindu hymn 
around 800 B.c. Evidence exists that the oil from cotton- 
seed was also used by early Hindus and Chinese (19,20). 
However, throughout much of history, cultivation of the 
cotton plant was for fiber; the seeds were generally left to 
decay and yield fertilizer. In modern history, one of the 
earliest uses of cottonseed as a by-product of the cotton 
plant was in 1665, when inhabitants of the British West 
Indies made oil from the cotton flower to use for medicinal 
purposes. In 1769, a group of Pennsylvanians exhibited oil 
expressed from cottonseed and presented a sample of it to 
the American Philosophical Society to promote its use (21). 
The value of the residue of the seed after removal of the, 
oil, ie, cottonseed cake, soon began to generate interest. 
The Royal Society of Arts of London discussed the value of 
cottonseed cake as cattle feed and the potential of using 
sugar mill equipment for expression of the oil. In 1783, to 
spur the development of this technology, the Society of- 
fered a gold medal to any planter in the British West Indies 
who could produce 1 t of oil and 500 lb of cake within one 
year. Although this offer was renewed annually for six 
years no one ever succeeded; the large quantity required 
was, apparently, too great an obstacle. The difficulty of 
manually separating seed and fiber caused cotton, and con- 
sequently cottonseed, production to be relatively small. 
However, with the invention of the cotton gin in 1793, this 
manual operation became mechanized and production of 
cotton rapidly increased. The problem of disposing the 
large amount of seed being produced soon became appar- 
ent. Although methods did exist for crushing seeds to ex- 
tract oil, cottonseed presented a particular problem. The 
kernel, which contains most of the oil, is surrounded by a 
tough hull making, it difficult to grind. Furthermore, this 
hull is covered with short fibers that absorb the oil being 
expressed, thus reducing yields. This changed in 1829 
when the first cottonseed hulling machine was patented. 
That same year, the first cottonseed oil mill was put into 
production in Petersburg, Va. Because these early hullers 
applied a grinding action to the seed, screening did not 
completely separate the hulls, fibers, and meats. In 1857 
an improved huller was patented that cut the seed open so 
that the kernels could fall cleanly out of the hulls. This 
huller, which uses the same principles as modern hullers, 
was instrumental in the rapid expansion of the cottonseed 
crushing industry following the Civil War. 

During the crushing industry’s early years, oil was not 
much in demand. It was not well suited for illumination, 
lubrication, or drying purposes and was not particularly 
desired as an edible oil in the United States. However, a 
market for edible cottonseed oil did develop in Europe that 
led to a significant export trade with the United States. In 
the early 1870s, 9 million gal were being produced in the 
United States, mostly for export. Later, the discovery that 
an acceptable substitute for lard could be made by mixing 
cottonseed oil with certain animal fats greatly increased 
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the domestic market for the oil. By 1883 yearly production 
of cottonseed oil had reached 15 million gal, most of which 
was consumed domestically. By the turn of the century, 
annual production was 115 million gal. 

The Asiatic group is grown mainly in China, India, and 
Pakistan, although cultivars from the New World group 
are replacing them. G. hirsutum, commonly referred to as 
American Upland Cotton, probably originated in southern 
Mexico and Guatemala and eventually spread to the south- 
eastern United States. American Upland accounts for most 
of the U.S. production and 75% of the cotton produced 
worldwide. Sea Island cotton, the common name for G. bar- 
badense, originated in Peru and spread to the Caribbean 
Islands. It adapted to islands off the coast of Georgia and 
the Carolinas and to nearby coastal areas of the mainland. 
Because of its limited growing regions and eventual dev- 
astation from the boll weevil, its production in the United 
States has been abandoned. A variety of G. barbadense, 
called Pima or Egyptian, is still produced in the United 
States although it accounts for only a small percentage of 
the U.S. production, its demand has increased in recent 
years due to its long, silky fibers. This variety, probably 
developed by crossing G. barbadense with G. hirsutum, 
was transferred from the Americas to Egypt and is the only 
variety of cotton grown in that country. The Egyptian gov- 
ernment is very protective of the seed’s germplasm, pro- 
hibiting export of the seed or import of other varieties. 


Composition and Use. The cottonseed kernel makes up 
about 55% of the seed’s weight. The surrounding hull and 
linters comprise about 32% and 13%, respectively. After 
processing, the seed yields about 16% crude oil, 45% meal, 
9% linters, and 26% hull by weight (22). Most of the oil is 
in the kernel, which contains 35% oil and 39% protein. The 
hull contains less than 1% oil and 4% protein. Figure 3 
shows a cross section of seeds from two varieties of G. hir- 
sutum. The dark specks distributed over the glanded cross 
section (Fig. 3a) are pigment glands, which contain various 
material that impart the characteristic yellow-red color to 
the oil and extracted meal. The major constituent of these 
glands is gossypol, a yellow polyphenolic pigment found in 
all parts of the cotton plant, although it is concentrated 
mostly in the seed. Gossypol is insoluble in water but is 
soluble in oil, which accounts for the dark color of extracted 
crude oil. The amount of gossypol in a moisture-free kernel 
varies for different varieties and growing conditions, gen- 
erally ranging between 0.39 and 1.7% (23). The presence 
of gossypol is a major problem in the use of cottonseed as 
an animal feed. Although cattle, sheep, and other rumi- 
nating animals can consume large quantities of raw cot- 
tonseed with no ill effects, rabbits and swine are very sen- 
sitive and can die from the gossypol’s interference with the 
oxygen-carrying capacity of the blood. Chickens are mod- 
erately sensitive; green egg yolks result when chickens are 
fed too much cottonseed. 

The gossypol in ginned seed before any processing treat- 
ment is said to be free. Once moist heat is applied to the 
seed, as is done in expeller processing or in the cooking 
step before solvent extraction, the gossypol reacts with the 
protein and is largely inactivated. This form of gossypol is 
said to be bound. Once bound, the gossypol’s toxicity to 


Figure 3. Photograph of a cross section of (a) glanded and 
(b) glandless cottonseed. 


nonruminating animals and its ability to discolor hen eggs 
is, for the most part, negated. However, because gossypol 
binds to the lysine, the quality of the protein is reduced. 

In 1953 a variety of G. hirsutum was discovered being 
grown by the Hopi Indians in Arizona that was free of gos- 
sypol glands on the leaves and bolls. The seeds, however, 
were still glanded. When these Hopi strains were crossed 
with cultivated Upland cotton, selections with glandless 
seed were found. After several generations of selecting for 
areduced number of glands a true breeding glandless type 
was produced (24,25) (Fig. 3b). The glandless variety has 
a number of advantages. The crude oil is much lighter in 
color and consequently easier and less costly to refine. The 
meal is completely edible to both ruminants and monogas- 
tric animals. A variety of human food products, such as 
breads and snack items, can be produced from glandless 
cottonseed flour (26). However, despite the advantages, 
glandless varieties have not been a commercial success be- 
cause the glandless varieties increase the potential value 
of only the seed, not the fiber. Because cottonseed repre- 
sents less than 10% of the value of the cotton crop, farmers 
see no reason to shift to new cultivars (with all of the at- 
tendant uncertainties) for only a small potential increase 
in profits. 

Of all the oilseeds, cottonseed probably has the most 
uses. The three major constituents of the seed, ie, kernel, 


hulls, and linters, all have economic value (27). The crude 
oil extracted from the kernel is refined and used in an as- 
sortment of food products. Snack and fast-food frying oil, 
salad and cooking oil, salad dressing, shortening, and mar- 
garine are major uses. One nonfood use for the refined oil 
has been as a carrier for agricultural sprays. By-products 
from the refining process are used in soap manufacture 
and as a source of fatty acids, which in turn have innu- 
merable industrial uses. The meal is used as feed for beef 
and dairy cattle, swine, poultry, and fish and as fertilizer. 
The hulls are used in animal feed, as poultry litter, and as 
a mulch for soil conditioning. The linters are used in the 
preparation of high-quality bond paper and as felts for 
pads, cushions, comforters, and mattresses. They can be 
made into yarns or used as absorbent cotton for medical 
purposes. They can be processed so that the cellulose can 
be used in such diverse products as plastics, food casings, 
x-ray film, and many other industrial uses. 

In recent years, the feeding of whole cottonseed to dairy 
cows has become increasing popular among dairy farmers 
(28). In 1981, 72% of the cottonseed production was 
crushed and 22% was fed as whole seed. In 1988, 64% was 
crushed and 35% was fed as whole seed (29). The whole 
seed is high in fat that, after digestion, increases the fat 
content, and hence the value, of the cow’s milk. 

Although gossypol has not yet been used commercially, 
much work has been done to find economically viable uses 
for it (30). Its antioxidant properties are well known. It also 
has significant antimicrobial properties. Possibly the area 
receiving the most attention is gossypol’s potential use as 
a male contraceptive. In 1957 a Chinese researcher re- 
ported that a particular village had not had a single child- 
birth for a 10-year period between 1930s and 1940s. Before 
and after this time there did not seem to be a birthing 
problem. The researcher found that because of poor eco- 
nomic times, the villagers had switched to crude cotton- 
seed oil for cooking. He postulated that its use might have 
caused female infertility. In the early 1970s researchers 
found it is the male who is actually affected. The gossypol 
initially reduces sperm motility and subsequently blocks 
sperm production (31). Much current research is being con- 
ducted on gossypol’s potential contraceptive uses. 


Olive 


Description. The olive tree, Olea europaea L., is the only 
member of the Oleaceae family (which contains trees such 
as ash and shrubs such as lilacs) that is an important food 
source. The tree is a perennial evergreen, pyramidal in 
shape, that can grow to 20 m, but under cultivation is 
pruned to under 5 m. The fruit is fleshy, oblong or crescent 
in shape, and has a center stone. Olives change in color 
from green to red to black as they ripen. 


Origin and Cultivation. The age of the olive tree is un- 
certain, but olives have been crushed for their oil for more 
than 6,000 years. The tree probably originated in Lebanon 
and Syria. It is believed to have been brought to Italy, 
through Greece, by Phoenician traders before the end of 
the fifth century B.C. (4). Olive trees grow in subtropical 
areas having dry summers and mild winters. For centu- 
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ries, olives and olive oil have been among the most impor- 
tant agricultural products of Italy, Spain, Greece, and 
northern Africa. 


Composition and Uses. The components of the olive are 
the edible pulp, which makes up 65-85% of the ripe fruit; 
the pit which consists of 13-23%; and the seed inside the 
pit, which is about 2-3% of the fruit. Olives have a high oil 
content but little protein. Green table olives are unripe and 
must be soaked in lye to remove oleuropein, a bitter prin- 
ciple, before pickling in brine. Ripe black olives do not need 
caustic treatment. 

Oil is removed from olives by pressing. The oil obtained 
from the first pressing is called virgin. Virgin olive oil, 
which is used with no refining, is considered to be the high- 
est quality salad and cooling oil. A second pressing of the 
olive yields an oil of lesser quality that must be refined, 
bleached, and deodorized. The residue from pressing can 
be solvent extracted to remove the remaining oil. The re- 
maining olive cake has no feed use, because of its low pro- 
tein content, and consequently is used as a soil conditioner. 


Palm and Palm Kernel 


Description. The oil palm, Elaeis guineensis Jacq., has 
a single stem that grows to 35 m in height and is topped 
by leaves typically 7 m in length, About six months after 
pollination, the fruit matures. It consists of a reddish or- 
ange oily pulp surrounding a kernel. The fruit, which is 
oval or pear shaped, about 3 x 5 cm, and weighs up to 30 
g, grows in bunches in the axil of the leaves. These bunches 
can contain 1,500 fruits and weigh 20 kg. An adult palm 
tree is capable of producing 12 bunches per year, The trees 
are commercially useful for about 30 years. 


Origin and Cultivation. E. guineensis Jacq. originated in 
west Africa along the Guinea coast. It was spread to other 
tropical regions by 15th-century Portuguese explorers. 
Palm oil, however, did not enter world trade until the end 
of the 18th century, making it one of the youngest of the 
major vegetable oils. Malaysia and Indonesia are the major 
producers of palm oil. 


Composition and Uses. Both the pulp and kernel yield 
oil; each has a different fatty acid composition (Table 2). 
The pulp makes up 60-90% of the fruit’s weight. On a dry 
weight basis, more than 70% of the pulp and 40% of the 
kernel consists of oil. A fruit bunch will yield about 20% 
palm oil and 2% palm kernel oil. Because palm oil is a 
relatively saturated oil, its food uses are mostly as short- 
ening and frying oil. It is also used in the manufacture of 
soaps and fatty acids. Palm kernel oil is similar in com- 
position and use to coconut oil. 


Peanut 


Description. Arachis hypogaea L., called peanut or 
groundnut, is a member of the family Leguminosae. Many 
varieties exist, but two general types are grown commer- 
cially. One is an upright plant with a single central stem 
reaching 30 cm in height and numerous upright branches. 
The second is a recombinant type, reaching 20 cm in 
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height, with numerous creeping branches. The upright 
plant is better suited to mechanical harvesting. In all va- 
rieties of the peanut plant, small flowers form at the end 
of auxiliary branches called pegs. A few days after fertili- 
zation, the pegs push the flowers into the ground, where 
the peanut pod develops. At maturity, the pod contains one 
to three nuts or kernels. 


Origin and Cultivation. The peanut originated in east- 
ern South America. Evidence exists of its cultivation in 
Peru around 2000~3000 B.c.; it probably has a much longer 
history of domestication (9). By the time of the Columbus 
expedition in 1492 the peanut plant had spread to Central 
America and the Caribbean. Early European explorers 
probably brought the plant from Brazil to West Africa, 
from where it spread to India. Many varieties of peanuts 
now grown in the United States come from stocks devel- 
oped in Africa. The plant requires sunshine and high tem- 
peratures. It can grow as far north as Canada and as far 
south as southern Argentina. 


Composition and Uses. Most of the world production of 
peanuts is processed for recovery of the oil for edible use. 
Peanut oil, typically produced by solvent extraction, has a 
high smoke point, about 227°C, making it a good frying oil. 
However, peanuts are one of the few oil crops that can be 
used directly as food. They are among the highest protein 
content oilseeds (Table 1) and thus are nutritionally desir- 
able. Eaten whole after shelling and oil- or dry-roasting 
(the terms used for deep-fat frying or hot-air cooking, re- 
spectively), they are one of the most popular snack foods 
in the United States. Peanuts are also used in a variety of 
confections, candy bars, and baked goods. About 25% of the 
U.S. supply of peanuts is processed into peanut butter, 
which is recognized as a nutritious, satisfying, and stable 
food and snack item for people in all age groups. 


Rapeseed-Canola 


Description. Rape refers to the oilseed forms of Brasica 
napus L, and Brassica campestris (32), which are in the 
same family as mustard seeds and are closely related to 
cabbage, cauliflower, broccoli, and other cole vegetables. 
The round seeds, about 0.1 cm in diameter, contain ap- 
proximately 40% oil and yield a meal with more than 40% 
protein. The meal is used primarily as a feed supplement 
for livestock and poultry. 


Origin and Cultivation. This family of oilseeds appears 
to have evolved separately in the Himalayan region of Asia 
and in the Mediterranean area of Europe. Sanskrit writ- 
ings of 2000-1500 B.c. specifically mention the use of rape- 
seed oil for cooking and illumination; Greek, Roman, and 
Chinese writings between 500 and 200 B.c. ascribe medic- 
inal value to them. It has been cultivated in Europe since 
about A.D. 1200. The Canadian rapeseed industry, the 
world’s largest, started after World War II. By 1955 rape- 
seed oil was being used in Canada by major processors for 
salad oils (33). 

Because rapeseed can survive at relatively low tem- 
peratures, they are one of the few vegetable oil sources that 


can be successfully cultivated in the colder temperate 
regions. For this reason they have become a major crop in 
Canada and throughout Europe. This characteristic also 
makes it possible for them to be cultivated as a winter crop 
in the subtropics. The winter form of rapeseed, typically 
found in Europe and Asia, is normally sown in August to 
September and is harvested in July. The summer form, 
found in Canada and Europe, is sown in April to May and 
harvested in September. 


Composition and Use. Rapeseed oil differs from other 
vegetable oils because it contains significant quantities of 
eicosenoic and erucic fatty acids (Table 2). Studies since 
1949 showed that erucic acid was poorly metabolized by 
rats and caused much physiological damage. In July 1956 
the Canadian Department of National Health and Welfare 
ruled that rapeseed oil was not approved for edible pur- 
poses in Canada and all sales of oil for edible purposes were 
to cease immediately. In October of that same year the ban 
was rescinded, pending a thorough review, because of lack 
of evidence of harm to humans, Even though the ban was 
never implemented, the perception remained that health 
problems could arise from rapeseed oil consumption. Be- 
cause of this, breeders began work to produce new varieties 
with reduced erucic acid content. In 1968 Oro, a variety of 
B. napus, was the first of several low-erucic-acid rapeseeds 
to be released. Industry began changing to these new rape- 
seed cultivars in the early 1970s. To differentiate the new 
oil composition, the terms low-erucic acid rapeseed (LEAR) 
and Canbra have been used. Sinola is the term used in the 
FGR for rapeseed containing less than 2% erucic acid. Most 
countries currently use the name canola for low-erucic acid 
rapeseed (Table 2). 

Because rapeseed oil is increasing in importance for 
both edible and industrial uses in the United States, the 
U.S. Department of Agriculture is currently formulating 
standards for rapeseed. The proposed standards require 
that rapeseed oil with an erucic acid content of greater 
than 40% be used for industrial purposes only. Rapeseed 
oil with no greater than 2% erucic acid is edible and is 
called canola oil. Rapeseed oil containing between 2 and 
40% erucic acid has little known commercial value. Al- 
though canola is used exclusively as an edible oil, rapeseed 
oil’s high viscosity has traditionally made it a favorable 
lubricant for metal surfaces (34). However, where it was 
once used extensively for lubrication of steam locomotives 
and marine engines, synthetic derivatives are now used. 
Long-chain fatty amides of erucic acid are good plasticizers 
for vinyl chloride resins. 


Soybean 


Description. The cultivated soybean, Glycine max (L.) 
Merr., is an annual legume. It is usually erect, about 75 
em in height, and produces pods throughout its many 
branches. These pods, typically 2-10 cm in length, contain 
three yellow round seeds each about 0.5-1 cm in diameter. 


Origin and Cultivation. G. max probably evolved from 
the wild species Glycine soja Sieb. and Zucc. Soy is some- 
times referred to as one of the oldest cultivated crops. How- 


ever, the earliest written record of it was 11th century B.C., 
long after the domestication of sesame in the Middle East. 
Although soybeans were first domesticated in northeast- 
ern China, the most recent evidence suggests that the 
plant originated in Australia (9). Seeds obtained from 
China were planted in Europe in the 1700s. In the early 
1800s soybeans were introduced to the United States and 
later that century to Brazil. Not until the early 20th cen- 
tury was oil expressed from domestic soybeans in the 
United States, now the world’s largest producer. Soybeans 
have only recently become important in Brazil; that coun- 
try, the United States, and China are the world’s major 
producers. Although soybean is a warm-temperature 
plant, it adapts well to temperate climates. Canada, the 
former USSR, South Africa, and Australia are some of the 
35 countries that commercially produce soybeans. 


Composition and Uses. Soybeans have the highest pro- 
tein content of all the oilseeds. Processing the whole bean 
for food use is particularly popular in Asia. Soymilk, made 
by grinding beans that have been soaked in water, is con- 
sumed directly or used as a base for making tofu. Soy sauce 
is prepared by fermenting soybeans. The oil, obtained by 
solvent extraction, has many uses. Most of the production 
is consumed as salad oil, cooking oil, and margarine. It is 
also used in a variety of prepared foods such as frozen des- 
serts, confections, and coffee whiteners (creamers). Be- 
cause of its high linolenic acid content, soybean oil is con- 
sidered a semidrying oil and has a variety of industrial 
uses. The major nonfood markets for the oil are in paints, 
resins, and plastics. Even though soybean oil is the domi- 
nant vegetable oil worldwide, the major economic value of 
soybean is in the protein. Defatted soybean meal is used 
mostly as animal feed; some, however, is also processed 
into flour, protein concentrate, and protein isolate, used in 
the manufacture of prepared foods. 


Sunflower 


Description. Helianthus annuus L. is the most common 
of the 67 species of sunflower and the only one grown com- 
mercially for oilseed production. A member of the family 
Compositae, the sunflower, is related to daisies, asters, 
marigolds, and dandelions. Although sunflower stems may 
reach heights of 5 m and have heads as large as 0.75 m in 
diameter (34), they typically are 1-3 m high with heads 
0.3 m in diameter. The diameter of the stem is 3-6 cm. The 
head is actually a composite of 1,000-4,000 little flowers 
(florets) and will produce several hundred seeds. The head 
of the sunflower is heliotropic, ie, it turns to face the sun, 
until the majority of the flowers are fertilized, then it re- 
mains facing east. The easterly exposure minimizes the 
plant’s temperature, which helps the seeds to set (9). The 
seed, more properly called an achene, is oblong and flat- 
tish, about 1.0-2.5 cm long, 0.75-1.5 cm wide, and 0.3-0.75 
cm thick. 


Origin and Cultivation. Sunflower seeds have been 
found at several archaeological sites in Mexico and south- 
ern and western United States. Although evidence exists 
of early precontact native Americans gathering wild sun- 
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flowers and making meal from the seeds, there is no evi- 
dence that they cultivated the plant. Even though corn, 
squash, and beans were cultivated, the prolific nature of 
wild sunflowers may have obviated the need to cultivate 
them. Around the 1500s, several native American nations 
were cultivating sunflower, although not nearly as much 
as they were cultivating corn. This is reasonable because 
corn is one of the best food plants known to humans. 

The sunflower, like many other indigenous American 
plants, was taken back to Europe by early explorers. The 
first study of the sunflower, written by a Belgian herbalist 
(35), was published in 1568, and by 1616 sunflowers were 
common in England. Europeans did not at first know the 
uses for sunflower. In 1783 it was reported that not only 
are the seeds an excellent poultry feed but are also easily 
expressed to yield a good-quality oil. When sunflowers 
spread to Russia in the 1800s, the seeds became im- 
mensely popular there as a food source. This was because, 
during the forty days before Easter and the forty days be- 
fore Christmas, the Russian Orthodox Church observed 
strict dietary guidelines. Almost all foods rich in oil were 
not to be eaten during these periods. Because the sun- 
flower had only recently entered the country, it was not 
one of the prohibited foods. The people took advantage of 
this loophole and Russia became the foremost producer of 
sunflowers. 

Although important in Europe, sunflowers were little 
cultivated by early American settlers. American seed com- 
panies did not offer sunflower seeds until Russian varieties 
were introduced in the 1880s. Even then, they never 
achieved great popularity. Only recently has the sunflower 
become an important oil crop in the United States. Ironi- 
cally, even though the sunflower originated in the western 
hemisphere, USSR-cultivated varieties are the ones used 
almost exclusively throughout the world. Sunflower is 
commercially produced in warm to temperate regions. It 
grows well in the 20-28°C range. The former USSR is the 
major producer of sunflowers, although in recent years it 
has gained popularity in many countries. In the United 
States it is grown mainly in Minnesota and North Dakota. 


Composition and Use. The oil content of the seed can 
vary from a low of 24%, caused by adverse growing condi- 
tions, to a high of 65% for experimental strains. The com- 
mercial seed typically contains about 40% oil. Its protein 
content is usually between 15 and 20% (Table 1). Probably 
the oldest use of sunflower seeds is in whole form as human 
food. In the former USSR they are eaten as commonly as 
peanuts are in the United States. In recent years, whole 
sunflower seeds have become increasingly popular in the 
United States because of the general increased interest of 
health food conscious consumers in whole grains and die- 
tary fiber. Most of the commercial production of sunflower 
seeds goes into the manufacture of oil and animal feed. 
Because of its relatively high iodine number (ca 130) sun- 
flower is considered a semidrying oil. As such, it can be 
used in the formulation of paints and for other industrial 
uses. It is, however, much more popular as a food and is 
considered by some as desirable a salad oil as olive. It is 
also used in cooking, frying, and in the manufacture of 
margarine and shortening. The meal left after oil removal 


1754 OILSEEDS AND VEGETABLE OILS 


is usually used as animal feed. In Canada and the former 
USSR the hulls are pressed into logs and used as fuel. The 
hulls are used in the manufacture of ethanol and furfural, 
as plywood filler, and in the production of yeast. 
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The cultivated olive (Olea europaea, Oleaceae) is a long- 
lived evergreen tree native to the Mediterranean basin. It 
is valued for its fruit and oil. The world production of olives 
in 1998 was 12,780,055 t (see Table 1), The Mediterranean 
countries, with ~9,000,000 ha dedicated to this cultivar, 
accounted for 95% of the production. In the Mediterranean, 
90% of the olive trees are grown for oil. World olive oil 
production is currently increasing; the commercial crop 
during 1998 was 2,527,929 t (see Table 2), with the Euro- 
pean Union (EU) producing around 1,876,000 t (Spain 
51%, Italy 24%, and Greece 23%), Tunisia 170,000 t, and 
Turkey 190,000 t of oil. World table-olive production in 


Table 1, World Production of Olives by Country for the 
Year 1998 


Country Production (t) % World production 
Afghanistan 900 0.01 
Albania 40,000 0.31 
Algeria 124,060 0.97 
Argentina 91,940 0.72 
Australia 1,000 0.01 
Azerbaijan 300 <0.01 
Brazil 4 <0.01 
Chile 12,500 0.10 
China 2,890 0.02 
Croatia 10,405 0.08 
Cyprus 9,000 0.07 
Egypt 210,000 1.64 
El Salvador 3,500 0.03 
France 13,500 0.11 
Gaza Strip 3,000 0.02 
Greece 1,879,430 14,71 
Iran 24,782 0.19 
Iraq 13,000 0.10 
Israel 18,700 0.15 
Italy 2,232,000 17.46 
Jordan 75,000 0.59 
Kuwait 18 <0.01 
Lebanon 98,000 0.77 
Libya 58,000 0.45 
Malta 10 <0.01 
Mexico 7,205 0.06 
Morocco 450,000 3.52 
Peru 31,138 0.24 
Portugal 287,000 2.25 
Slovenia 235 <0.01 
Spain 3,800,000 29.73 
Syria 763,186 5.97 
Tunisia 1,000,000 7.82 
Turkey 1,300,000 10.17 
United States 86,180 0.67 
Uruguay 3,000 0.02 
West Bank 130,000 1.02 
Yugoslavia 172 <0.01 
World 12,780,055 100.00 


Source: FAOSTATS, Statistical database, Food and Agriculture Organiza- 
tion of the United Nations, 1998, http: / /apps.fao.org. 
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The cultivated olive (Olea europaea, Oleaceae) is a long- 
lived evergreen tree native to the Mediterranean basin. It 
is valued for its fruit and oil. The world production of olives 
in 1998 was 12,780,055 t (see Table 1), The Mediterranean 
countries, with ~9,000,000 ha dedicated to this cultivar, 
accounted for 95% of the production. In the Mediterranean, 
90% of the olive trees are grown for oil. World olive oil 
production is currently increasing; the commercial crop 
during 1998 was 2,527,929 t (see Table 2), with the Euro- 
pean Union (EU) producing around 1,876,000 t (Spain 
51%, Italy 24%, and Greece 23%), Tunisia 170,000 t, and 
Turkey 190,000 t of oil. World table-olive production in 


Table 1, World Production of Olives by Country for the 
Year 1998 


Country Production (t) % World production 
Afghanistan 900 0.01 
Albania 40,000 0.31 
Algeria 124,060 0.97 
Argentina 91,940 0.72 
Australia 1,000 0.01 
Azerbaijan 300 <0.01 
Brazil 4 <0.01 
Chile 12,500 0.10 
China 2,890 0.02 
Croatia 10,405 0.08 
Cyprus 9,000 0.07 
Egypt 210,000 1.64 
El Salvador 3,500 0.03 
France 13,500 0.11 
Gaza Strip 3,000 0.02 
Greece 1,879,430 14,71 
Iran 24,782 0.19 
Iraq 13,000 0.10 
Israel 18,700 0.15 
Italy 2,232,000 17.46 
Jordan 75,000 0.59 
Kuwait 18 <0.01 
Lebanon 98,000 0.77 
Libya 58,000 0.45 
Malta 10 <0.01 
Mexico 7,205 0.06 
Morocco 450,000 3.52 
Peru 31,138 0.24 
Portugal 287,000 2.25 
Slovenia 235 <0.01 
Spain 3,800,000 29.73 
Syria 763,186 5.97 
Tunisia 1,000,000 7.82 
Turkey 1,300,000 10.17 
United States 86,180 0.67 
Uruguay 3,000 0.02 
West Bank 130,000 1.02 
Yugoslavia 172 <0.01 
World 12,780,055 100.00 


Source: FAOSTATS, Statistical database, Food and Agriculture Organiza- 
tion of the United Nations, 1998, http: / /apps.fao.org. 
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Table 2. World Production of Olive Oil by Country for the 
Year 1998 


Country Production (t) % World production 
Afghanistan 73 <0.01 
Albania 2,500 0.10 
Algeria 46,000 1.82 
Argentina 11,500 0.45 
Australia 90 <0.01 
Chile 1,500 0,06 
Croatia 1,572 0.06 
Cyprus 1,200 0.05, 
El Salvador 525 0.02 
France 2,000 0.08 
Greece 430,000 17.01 
Tran 1,650 0.07 
Israel 23 <0.01 
Ttaly 450,000 17.80 
Jordan 14,100 0.56 
Lebanon 6,500 0.26 
Libya 10,400 0.41 
Malta 2 <0.01 
Mexico 400 0.02 
Morocco 70,000 2.77 
Portugal 44,000 1.74 
Slovenia 470 0.02 
Spain 950,000 37.58 
Syria 110,000 4.35 
Tunisia 170,000 6.72 
Turkey 190,000 7.52 
United States 490 0.02 
West Bank 12,904 0.51 
Yugoslavia 30 <0.01 
World 2,527,929,24 100.00 


Source: FAOSTATS, Statistical database, Food and Agriculture Organiza- 
tion of the United Nations, 1998, http:/ /apps.fao.org. 


1992 was 907,000 t. According to 1992 statistics, Spain is 
the world’s largest producer (25.4%) and exporter of table 
olives, followed by Italy (14.3%), Turkey (12.1%), Morocco 
(9.9%), Greece (9.4%), Syria (5.5%), and the United States 
(5.5%). In Australia, Chile, China, Mexico, New Zealand, 
and South Africa, olives are considered a new crop (see 
Table 3). 

The olive oil and table-olive industries play an impor- 
tant role in the agricultural and processing sectors of the 
major olive-producing countries. Most olive oil is consumed 
within the Mediterranean countries; only 18% of produc- 
tion enters world trade. On average, the world olive oil 
market represents ~6% of the quantity and ~23% of the 
value of the world trade in fluid edible oils. To a large ex- 
tent olive oil does not compete with other vegetable oils 
but occupies a specialty niche market. 


THE OLIVE TREE 


Origin and Historical Evolution 


The olive tree has a wide range of adaptability. It requires 
a mild climate with warm summers and cold winters. The 
tree needs substantial chilling for good fruiting (1) but is 
injured when temperatures fall below — 10°C. Olive is con- 


Table 3. World Production of Table Olives for 1991-1992 


Country Production (thousand t)  % World production 
Spain 230.0 25.4 
Italy 130.0 143 
Turkey 110.0 12.1 
Morocco 90.0 9.9 
Greece 85.0 9.4 
Syria 50.0 5.5 
United States 50.0 5.5 
Argentina 30.0 3.3 
Portugal 16.0 18 
Israel 15.0 7 
Tunisia 140 15 
Jordan 13.0 14 
Algeria 110 12 
Peru 10.0 it 
Egypt 9.0 1.0 
Chile 9.0 10 
Mexico 8.0 0.9 
Cyprus 7.0 0.8 
Other 7.0 0.8 
Lebanon 4.0 0.4 
Libya 3.5 04 
Australia 2.0 0.2 
France 2.0 0.2 
Brazil 10 0.1 
Yugoslavia 0.5 0.1 
‘Total 907.0 100.0 


Source: FAOSTATS, Statistical database, Food and Agriculture Organiza- 
tion of the United Nations, 1998, http: / /apps.fao.org. 


sidered a drought-resistant species because it thrives in 
areas where water stress is frequent, such as Mediterra- 
nean climates. It has been postulated that the minimum 
water requirement for olive is 2,000 m°/ha per year, mainly 
during flowering and fruit setting in late spring and again 
in the summer as the fruit increases in size (2). Olive trees 
will grow on poor soils and rocky hillsides, but deep soils 
produce the best-quality fruit. They tolerate saline or al- 
kaline soils and those with a high lime content. Their root 
system is relatively shallow and will not tolerate water- 
logged soils. 

The first reference to the existence of the olive tree is 
found in the Old Testament Book of Genesis, where the 
flight of the dove with an olive branch announces the end 
of the Flood. The origin of the cultivation of the olive tree 
is known through legends and tradition. It can be situated 
within a wide strip of land in the Mediterranean area (3) 
and adjacent zones comprising Asia Minor and parts of In- 
dia, Africa, and Europe. However, the botanical ancestor 
of the olive tree is not precisely known (4). The two possible 
candidates are the oleaster Olea sylvestris and O. chrisol- 
phylla, both of which might have had a common ancestor 
that covered most of the Sahara desert before the last gla- 
ciation. There also different hypotheses regarding the 
spread of its cultivation in the Mediterranean basin. This 
might have involved originally the Phoenicians and later 
the Greeks and the Romans. At the end of the Roman Em- 
pire, the olive trees were cultivated throughout the Arab 
and Roman worlds (5). 

During the fifteenth and sixteenth centuries, colonizers 
and Spanish Franciscan monks extended the planting of 


the olive tree to various parts of the New World, finally 
reaching California during the eighteenth century. In the 
same manner, Italian and Spanish emigrants and mission- 
aries spread the olive tree to Australia, South Africa, and 
Japan, completing its extension in both hemispheres. It is 
now distributed approximately between lat. 25 and 45° N 
and 15 and 35° S. 


The Fruit 


Composition and Changes during Growth and Maturation. 
The fruit of the olive tree is an edible, fleshy drupe, more 
or less oblong according to the variety, of a green color that 
changes to purple or black when mature and reaches a 
weight range of 1.5 to 12 g. The length of the fruit is gen- 
erally between 2 and 3 cm and its transverse diameter be- 
tween 1 and 2 cm. The specific weight is close to unity. The 
percentage of flesh, intensely bitter mainly when still 
green, varies between 70 and 90% of the fruit. The pit or 
stone represents 10 to 30% of the fruit, according to the 
variety, extent of growth, and maturity. The seed it con- 
tains accounts for less than 10% of the weight of the stone. 

All the physical characteristics mentioned herein as 
well as the chemical composition of the edible flesh depend 
on several factors, among which the predominant are va- 
riety and degree of growth and ripeness when the fruits 
are harvested (6,7). Table 4 gives an overview of the com- 
position of the fruit. 

The main quantitative constituents of the flesh are wa- 
ter and oil, which show an inverse relationship for the 
same degree of maturity. The moderate degree of satura- 
tion of their fatty acids, and specifically, the high content 
of oleic acid, contributes to the fact that olive oil and table 
olives are considered high in biological and nutritive value. 
Water represents the main constituent of the olive fruit, 
accounting for up to 70% of its weight. Water serves as a 


Table 4. Composition of the Fruit of the Olive Tree and of 
the Fresh Pulp 


Weight % 
Fruit 
Epicarp 
Pericarp Pulp 70-90 
Mesocarp 

Stone 9-27 
Endocarp 

Seed 13 

Pulp 

Moisture 50-75 
Lipids (oil) 6-30 
Reducing sugars, soluble 2-6 
Nonreducing sugars, soluble 0.1-0.3 
Crude protein (N X 6.25) 13 
Fiber 14 
‘Ash 06-1 
Organic acids and their salts 05-1 
Phenolic compounds 13 
Pectic substances 0.3-0.6 
Other components 3-7 
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solvent for water-soluble substances, including organic 
acids, tannins, and oleuropein. 

Oil is dispersed within the fruit cells in droplets that 
vary from 40 to 60 zm in diameter. The amount of oil in- 
creases through autumn and winter, reaching its maxi- 
mum between late November and January when the fruit 
displays a reddish-bluish color, an indicator that it has 
reached the optimum-maturity stage. The oil content is 
lower in colder climates. 

Soluble reducing and nonreducing sugars are the most 
important compounds for the fermentation and preserva- 
tion stages of the process involved in the preparation of 
table olives. Glucose as a major component, followed by 
fructose and to a minor extent by sucrose, have been quan- 
tified; small amounts of xylose and rhamnose are also pres- 
ent, as well as mannitol (in the range of 0.5-1%), which is 
a poliol also important as fermentative matter. The evo- 
lution of all these components during the growth and mat- 
uration of the fruits has been studied for different varieties 
by gas-liquid chromatography (8). 

Fiber is the fundamental support for the structure of 
the fruits. Its major components for fresh green fruits, in 
order of decreasing percentage, are cellulose, lignine, and 
hemicelluloses, with cellulose accounting for more than 
50%, depending on the variety. However, when the degree 
of maturity advances, enzymatic degradation may produce 
changes in the relationship of the components. Thus, for 
Hojiblanca variety at different stages of ripeness, cellulose 
percentage goes from 40 to 45% down to 23%; lignine re- 
mains almost steady, between 33 and 38%; and hemicel- 
luloses goes from 22 to 23% up to 41% when fruits are 
completely ripe (9). 

Hemicellulose isolated from fruits of the Gordal and 
Manzanilla varieties have been studied (10,11). Cellulo- 
lytic enzymes were detected in the flesh of the Hojiblanca 
variety (12). These enzymes partially hydrolyze the cellu- 
lose fraction of the fiber to glucose and contribute to the 
softening of the fruits. Different factors influencing their 
action, such as incubation time, presence of sodium chlo- 
ride, temperature, storage time, and degree of maturity 
when fruits are harvested, have been studied (13,14). 
Characterization and partial purification of the enzymatic 
complex cellulases and their inhibitors have been carried 
out (15,16). 

Protein content is relatively low, between 1 and 3%, and 
remains almost constant during growth and ripening of the 
fruits. Hydrolysis shows that all essential amino acids are 
present (17). Ash percentage varies from 0.6 to 1, and the 
ash includes, in order of decreasing importance, K, Ca, P, 
Na, Mg, S, and, to a lesser extent, Fe, Zn, Cu, and Mn. The 
importance of the presence of organic acids and their salts 
in the juice of the fruits must be emphasized because of 
their buffering action during the fermentation stage. They 
range between 0.5 and 1%, based on the weight of the flesh. 

Phenolic compounds, ranging from 1 to 3%, are respon- 
sible for color changes; pectic substances (0.3-0.6%) and 
pectic enzymes are related to texture (18); oleuropein, the 
most abundant phenolic glycoside found in olives (up to 2% 
in immature olives), is responsible for the bitterness of the 
fruit. It diffuses into the aqueous phase during the pro- 
cessing of the olive fruit and is hydrolyzed by alkaline so- 
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lutions. Finally, certain vitamins, such as carotene, thia- 
mine, and riboflavin, complete the known picture of the 
composition of the fresh fruit (19,20). 

The chlorophyll and carotenoid presence in fruits of Ho- 
jiblanca and Manzanilla olive varieties have been studied 
(20,21). The qualitative composition is the same for both 
and does not change with maturation time. However, dur- 
ing the growth and development of the fruit, a gradual, 
homogeneous decrease is observed in the individual con- 
centration of both chlorophylls and carotenoids (22). Hoji- 
blanca variety always shows a greater amount of pigments 
than does Manzanilla. 

As a general rule, water content decreases. Conversely, 
oil percentage, weight, and volume of the fruits, and flesh- 
to-pit ratio increase during growth and maturation. Solu- 
ble reducing and nonreducing sugars also decrease in a 
continuous manner. On the contrary, protein, ash, and to- 
tal fiber remain almost stable, although qualitative 
changes may be produced in the total fiber. 


Main Varieties The chemical composition and physical 
properties of the fruit that are closely related to variety 
and harvesting time are decisive factors in the quality of 
the final product. Varieties of olive trees in different coun- 
tries may be either autochthonous or imported. Autoch- 
thonous varieties, because of their nature, and imported 
varieties, because of changes in climate, soil, and methods 
of cultivation, may yields products with diverse character- 
istics (23-27). Olive tree varieties are not well known in 
many cases, so national or local names rather than botan- 
ical classification are used to identify them. 

Among available varieties, it is necessary to select the 
most suitable for the specific use (olive oil vs. table olives), 
the type of processing, and a definite style. For that selec- 
tion, different factors must be carefully analyzed: (1) geo- 
graphical situation of planting age and distribution on the 
soil; (2) agricultural characteristics, such as productivity 
of the trees, ripening cycle, and pest resistance; (3) type of 
culture (irrigated or nonirrigated system); (4) pruning 
methods; and (5) harvesting procedure (manual or me- 
chanical). All these variables have an important influence 
on composition and hence on parameters to be considered 
in further processing. 

Physical properties of fruits also have a relevant im- 
portance at the time a certain variety is selected for a def- 
inite type of processing. Among them, the most important 
are size, shape, flesh-to-pit ratio, ease of pitting, color, and 
texture. 

Varieties used for oil production have a ratio of flesh to 
pit ranging from 4:1 to 8:1 and a ripe fruit that contains 
15 to 40% of oil, whereas table oil varieties have a ratio of 
7:1 to 10:1 and a lower upper range of oil content. 


Spanish Varieties Among the 22 dominant Spanish va- 
rieties (Seed and Plant Genetic Resources Service BAGPS. 
Olive Germplasm: Cultivars and World-Wide Collections. 
Food and Agriculture Organization of the United Nations), 
the major cultivars used for oil production include Picual, 
Hojiblanca, and Lechin de Sevilla, whereas those for pro- 
cessing table olives are the Gordal (or Sevillana), Manza- 
nilla, Morona, and Cacerefia. 


Picual. Picual has the widest spread of any single cul- 
tivar in Spain and is well suited to oil production. It is the 
main tree for the Jaen area (Andalucia), the largest olive- 
growing region in the world. It grows well in hilly to moun- 
tainous areas and is able to withstand cold winters. The 
fruit is elongated and nearly symmetrical, with a slight 
bend at the apex. At green maturation it has a somewhat 
dark shade. Blackening starts from the apex, and the ripe 
fruit is uniformly dark black. Fruit size varies from 3 to 5g 
according to yield and growing conditions. The mesocarp 
is light colored, smooth, and relatively firm. The oil content 
is medium-high, 21 to 25%, on a fresh-weight basis. The 
flesh-to-pit ratio oscillates between 3.8 and 5.9:1. 

Hojiblanca (O. europaea arolensis). Hojiblanca ripens 
later than Gordal and Manzanilla and has a higher oil con- 
tent, between 23 and 29%. It is the second most common 
Spanish variety with regard to market volume, being the 
most appreciated for processing either as natural black ol- 
ives in brine or as pickled black olives in brine, although 
it is also used as pickled green olives in brine. The shape 
of the fruits is regular, the pit is straight and the olives 
vary greatly in size, from 230 to 700 fruits/kg. Smaller-size 
grades are used for oil extraction. The flesh-to-pit ratio os- 
cillates between 4.9 and 6.6:1. 

Lechin. Lechin has its origin between Cordoba and Se- 
ville and is cultivated in the area of Seville and Granada. 
The fruit is ellipsoidal and slightly bulged on the back. The 
size ranges from 3.58 to 3.80 g, with an oil content between. 
23.5 and 26.8%. The flesh-to-pit ratio ranges between 4.0 
and 6.1:1. 

Gordal or Sevillana (O. europaea Regalis Clemente). Gor- 
dal or Sevillana is a big, ellipsoid hearth-shaped fruit, with 
an average size of 100 to 120 fruits/kg and a relationship 
of flesh to pit of 7.5:1. The form is ellipsoidal with an in- 
cision in the area of the peduncle that gives it a shape 
resembling a heart. It has a fine epicarp, a mesocarp with 
good texture, and a right and regular endocarp. The color 
is deep green that changes to purple-black when the fruit 
is fully mature. Oil content is low, generally below 10%, 
and the sugar content is around 4 to 6%. Early ripeness is 
characteristic. 

Manzanilla (O. europaea pomiformis). Different sub- 
varieties, depending on the region, are known by different 
local names, including Fina, Serrana, and Carrasquefia. 
The fruits are the most appreciated variety in the interna- 
tional market, mainly because of their prominent organo- 
leptic properties. It is the most important variety in Spain 
and together with Gordal and Morona is almost exclusively 
destined for the preparation of Spanish-style pickled green 
olives in brine. Average size is 200 to 280 fruits/kg; the flesh- 
to-pit ratio is 6:1. Manzanillas are apple-shaped, with fine 
skin and flesh with an excellent texture. The color is light 
green with mottled white spots, the fruit turns black-violet 
when fully mature. The pit is right and presents a very 
smooth surface. This variety reaches ripeness later than 
Gordal and shows a higher oil content, sometimes up to 15% 
by weight of the fruit, and a lower sugar content. 

Morona. The Morona variety is very close to Manza- 
nilla, it is perhaps the same variety. Its production is re- 
lativey small and is located around Moron de la Frontera 
(Sevilla province). 


Cacerefia. Although quite close to Manzanilla, Cacer- 
efia generally presents a lower average size and rougher 
texture. It is most suitable for processing pickled black ol- 
ives in brine. 


Greek Varieties. The major cultivars used for oil pro- 
duction include Koroneiki, Megaritiki, and Tsounati. 
Those for processing table olives include Conservolea, Ka- 
lamata, and Halkidiki. 

Megaritiki (O. europaea argentata). Variety with fruits 
of small size (2-5 g) with a curved, cylinder-conic shape. 
About half of the production is dedicated to oil and half to 
dry salt black olives. 

Conservolea (O. europaea media rotunda). Conservolea 
is the most important Greek variety, representing 80 to 
85% of olive production in the country. Fruits, varying in 
shape between round and oval, show certain characteris- 
tics similar to those of Manzanilla and Hojiblanca, al- 
though closer to the latter. Average size is 180 to 200 fruits/ 
kg; flesh-to-pit ratio is around 8:1. The flesh is fine and the 
texture consistent. Oil content varies from 22 to 25%. 

Halkidiki. Some authors consider the not-well-defined 
Halkidiki variety a subvariety of Conservolea. However, its 
shape is more elongated, its pit is slightly curved, and the 
flesh does not present as good a texture as does Conser- 
volea. Average size is 120 to 140 fruits/kg, and flesh-to-pit 
ratio is 10:1. Used mainly for pickled green olives in brine, 
it is the second-most-produced Greek variety on the mar- 
ket. The oil content ranges from 19 to 20%. 

Kalamata (O. europaea ceraticarpa). This excellent va- 
riety, of limited culture, is third in production in Greece. 
Fruits are cylindric-conic shaped and curved, showing a 
prominent tip at the end. Average size is 180 to 360 fruits/ 
kg; the flesh-to-pit ratio is analogous to that of Conservolea 
(8:1). It reaches a nice natural black color on late ripeness, 
and the oil content is high (25.5%). It is used mainly for 
special styles of natural black olives in brine. 


Italian Varieties. Italy is the second-largest producer of 
olive oil, with cultivars such as Leccino and Frantoio, but 
lags behind in table olive varieties. 

Nocellara di Belice. Considered the prime Italian table 
olive. The fruit is medium size, round or oval, and similar 
to Manzanilla or Conservolea. Flesh-to-pit ratio is 6.5:1 to 
8:1. 

Ascolana Tenera. This is the most common variety in 
Italy and is also cultivated in Argentina, California, Israel, 
and Mexico. The average size is 115 fruits/kg, with an el- 
lipsoidal, slightly asymmetric shape. For the production of 
Spanish-style olives, the fruit is harvested when the skin 
color is yellowish green. The flesh is soft and the skin has 
little resistance to alkaline treatment (soaking the olives 
in a strong alkaline solution for several days). Oil content 
varies from 17 to 18%. 

Cucco. A resistant variety exclusive to Italy. The fruit 
maintains the green color for a longer time than other va- 
rieties and changes to a violet black when it reaches full 
maturation. Oil content is about 17%. 

Sant’ Agostino. The fruits are clustered in groups of two 
or three with an oblong ellipsoidal form. The average size 
is 135 fruits/kg with an oil content of 14 to 15%. 
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Santa Caterina. Variety from central Italy with an av- 
erage size of 120 fruits/kg with an asymmetric ellipsoidal 
shape. The oil content is about 17%. 

Bella di Spagna or Cerignola. Variety from central Italy 
with fruit of large size (110 fruits/kg). The shape is oblong 
ellipsoidal and the mature color is black with white spots. 


Moroccan Varieties. The main cultivated variety for 
pickling in Morocco is denominated Picholine. It comes 
from Argelia, although its origin is probably French. Av- 
erage size is around 280 fruits/kg. It is oval shaped, with 
an elongated, slightly curved pit. The flesh-to-pit ratio is 
around 5.1:1. It is a resistant variety, well adapted to dif- 
ferent kinds of soil. The flesh is flavorful. 


Argentinian Varieties. Argentina prepares and exports 
mainly the Arauco variety, also called Criolla, of Spanish 
origin. This olive has flesh-to-pit ratio of 7:1 and high oil 
content (22-24%); the fruits are elongated with a tip at the 
end. Pits are slightly curved. It is used mainly as pickled 
green olives in brine. 


Turkish Varieties. The most appreciated Turkish varie- 
ties are Domat, for pickled green olives in brine, and Gem- 
lik, for natural black olives in brine or in dry salt. Domat 
averages 180 to 190 fruits/kg; Gemlik 270 to 280 fruits/kg. 
Oil content is high for both, oscillating between 22 and 
24%. 


Californian Varieties. The United States is the main im- 
porter of olives, but it also produces a significant amount 
of table olives (see Table 3): 82,000 tons in 1988-1989 and 
86,500 tons in 1991-1992. Five varieties are cultivated in 
California: Manzanilla, Mission, and Gordal or Sevillana, 
of Spanish origin; Ascolana from Italy; and Barouni, from 
Tunisia, the last being the least important in production. 
The Mission variety is the oldest in California. The oil con- 
tent is about 22%; average size, 240 to 260 units/kg; and 
the ratio of flesh to pit is 6.5:1 for processed fruits. This is 
a very tasty variety that shows a nice black color when 
ripes. 

Ascolana variety averages 110 to 120 fruits/kg, with a 
flesh-to-pit ratio of 8. Oil yield is not very high (19%), 
and the flesh is very delicate. It may be used as pickled 
green or black olives in brine. 


French Varieties. France is the smallest European pro- 
ducer, with nearly 40,000 ha planted with olive trees. 
French production during 1993-1994 was 2 million t of 
olive oil. 

Table olives and olive oil from France are products of 
high quality. Olive growing represents an important eco- 
nomic and social factor in the Mediterranean region. The 
major varieties used in France for olive oil are Aglandau, 
Bouteillan, Deayet roux, Cayon, Salonenque, Brun, and Ri- 
bier. For table olives the varieties most commonly used are 
Belgentieroise, Picholine, and Lucque. 


OLIVE OIL 


Atherosclerosis and coronary heart disease (CHD) as its 
main clinical manifestation have a multifactorial origin. 
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An individual’s susceptibility to CHD is determined by 
both genetic and environmental influences. Among the lat- 
ter, diet plays a central role. Dietary factors exert their 
influence largely through their effects on blood lipids and 
lipoproteins, but also through their great influence on 
other established, modifiable risk factors. 

The dietary factors most directly implicated in CHD are 
dietary fats. Numerous comparisons between populations 
have shown a strong correlation between the intake of sat- 
urated fatty acids (SFA) and CHD morbidity and mortality. 
A diet high in SFA, such as is customary in the U.S. and 
Northern European countries, is associated with high lev- 
els of CHD. On the other hand, the Mediterranean coun- 
tries, where the traditional diet derives the majority of its 
fat calories from olive oil, display a low incidence of CHD. 

The Seven Countries study (28) gave scientific proof of 
the association between a diet low in animal products and 
saturated fat and low mean population levels of serum cho- 
lesterol with low incidence and mortality from CHD. It also 
documented a negative correlation between the intake of 
monounsaturated fatty acids (MUFA) and the MUFA-to- 
SFA ratio as well as CHD. All-cause and CHD death rates 
were low in cohorts with MUFA-rich olive oil as the main 
fat, underscoring the favorable role of olive oil in the diet. 
A body of indirect evidence from interventional studies 
shows that the traditional Mediterranean diet with its 
abundance of plant foods, preferential and regular intake 
of olive oil, and low to moderate consumption of animal 
foods efficiently protects against CHD. 

Recent findings indicate that olive oil and the Mediter- 
ranean diet yield their benefits not only through their ef- 
fects on established CHD risk factors such as hyperlip- 
emia, hypertension, diabetes, and obesity, but also through 
directly protective effects, particularly their antioxidative 
properties. In addition, it has been documented that a 
Mediterranean diet adapted from the traditional Cretan 
diet rich in monounsaturated fat, is efficient in the second- 
ary prevention of coronary events and death (29). 


Constituents of Olive Oil 


Olive oil is a complex compound made of fatty acids, vita- 
mins, volatile components, water-soluble components, and 
microscopic bits of olive (26). Primary fatty acids are oleic 
and linoleic acids. Oleic acid is monounsaturated and con- 
stitutes 55 to 85% of the fatty acids in olive oil. Linoleic 
acids is polyunsaturated and represents about 9%. The 
polyunsaturated linolenic acid is present in small amounts 
ranging from 0 to 1.5%. The major vitamins are vitamin E 
and carotene. The specific fatty acid composition, the vi- 
tamin content, and the presence of several other minor 
components such as phenolic compounds may all contrib- 
ute to the multiple health benefits associated with the con- 
sumption of olive oil (30-32). 

The unique organoleptic characteristics of olive oil are 
attributed to a number of volatile components (26,32~35). 
Aldehydes, alcohols, esters, hydrocarbons, ketones, furans, 
and other compounds have been quantitated and identified 
by gas chromatography-mass spectrometry, nuclear mag- 
netic resonance (NMR), and other techniques (6,36). The 
presence of flavor compounds in olive oil is closely related 


to its sensory quality. Hexanal, trans-2-hexenal, 1-hexanol, 
and 3-methylbutan-1-ol are the major volatile compounds 
of olive oil. Volatile flavor compounds are formed in the 
olive fruit through an enzymatic process. Olive cultivar, 
origin, maturity stage, storage conditions, and processing 
(6,26,27,34,37,38) influence the flavor components of olive 
oil and therefore its taste and aroma. The components oc- 
tanal, nonanal, and 2-hexenal, as well as the volatile al- 
cohols propanol, amyl alcohols, 2-hexenol, 2-hexanol, and 
heptanol, characterize the olive cultivar. Some slight 
changes in the flavor components in olive oil are obtained 
from the same cultivar grown in different areas. The high- 
est concentration of volatile components appears at the op- 
timal maturity stage of the fruit. During storage of olive 
fruit, volatile flavor components, such as aldehydes and 
esters, decrease. Phenolic compounds also have a signifi- 
cant effect on olive oil flavor. There is a good correlation 
between aroma and flavor of olive oil and its polyphenol 
content (39). Hydroxytyrosol, tyrosol, caffeic acid, coumaric 
acid, and p-hydroxybenzoic acid influence mostly the sen- 
sory characteristics of olive oil. Hydroxytyrosol is present 
in good-quality olive oil, whereas tyrosol and some phenolic 
acids are found in olive oil of poor quality. Various off-flavor 
compounds are formed by oxidation, which may be initi- 
ated in the olive fruit. Pentanal, hexanal, octanal, and non- 
anal are the major compounds formed in oxidized olive oil, 
but 2-pentenal and 2-heptenal are mainly responsible for 
the off-flavor (26,4042). 


Extraction of Olive Oil 


A good olive oil is obtained from healthy, ripe olives that 
are processed without delay because the fermentation pro- 
cesses begin right after harvest and deteriorate the quality 
of the product, elevating the acidity and affecting the 
aroma and flavor of the oil (7). 

The steps involved in the extraction of olive oil involve 
cleaning, milling, mixing, and the actual extraction, and 
these are described in detail. An scheme showing a tradi- 
tional pressing process is shown in Figure 1. 


Cleaning. The first operations to which the olives are 
subjected before oil extraction are the removal of leaves 
and washing. Leaves are removed using an automated as- 
piration system, and washing takes places using forced 
water that removes leftover leaves, branches, dust, soil, 
pebbles, and pesticides. The removal of the leaves is im- 
portant for the final organoleptic characteristic as leaves 
can give the oil a bitter taste. 


Milling. This operation breaks the flesh cells to induce 
the release of the oil from the vacuoles and their coales- 
cence into larger oil droplets that can be separated from 
the other components. 

A traditional milling machine consists of a bowl in 
which several heavy wheels turn, crushing the olives. Tra- 
ditionally, the bowl and the wheels were made of stone and 
the oil stones, between 2 and 6 per machine, were either 
conical or cylindrical. The average machine could handle 
up to 500 kg of olives, turning at speeds of 15 rpm and 
taking between 15 and 30 min. This procedure has been 
used for several centuries and has many advantages: 
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Figure 1. Scheme showing a typical 
pressing process. The crushing and milling 
Centrifugation can be done with (a) a traditional mill with 
cylindrical stones, or with the most modern 
apparatus, (b) steel hammer, (c) mixer, (d) 
waste Olive oit | oil diaphragms on trolley, or (e) hydraulic 

press. 


* It does not produce emulsions. 
* It does not raise the temperature. 
* There is no contamination from metals. 


* It crushes the pits to the proper size and achieves 
malaxation. 


However, it also has certain disadvantages: 


* High cost 

© Low efficiency 

* Discontinuous processing 

* Need for highly skilled workers 


* Increased oxidation due to lengthy air exposure of the 
paste 


More recently, metal olive-crushing equipment, either 
roller, cylindrical, disc, toothed, or hammer, has been used. 
These work at much higher speeds (3,000 rpm) within a 
chamber that moves in the opposite direction at about 80 
rpm. The advantages of these mechanical systems are: 


* Continuous operation 
© Lower cost 


¢ Higher capacity 
* Smaller size 


Some drawbacks include: 


* The high operating speed may leave a paste that is 
not properly prepared because the crushing is carried 
out quickly and may not be complete. 

¢ Emulsions are created that are difficult to break. 

* Alteration of the organoleptic characteristics of the 
oil induces bitterness. 

¢ Wear and tear of the metallic parts results in contam- 
ination of the product. 


Mixing (Malaxation). The mixing or malaxation of the 
paste resulting from the crushing involves stirring the 
mash slowly (~20 rpm) and continuously for 15 to 60 min. 
This process takes place in hemicylindric or semispheric 
water-heated (<30°C) stainless-steel vats with double 
walls and rotating blades. The mixing time depends on the 
crushing technique. When the traditional stone cones are 
used, 15 min at room temperature are enough, but when 
hammers are used, the mixing needs to be extended up to 
60 min and the temperature increased to ~30°C. This tem- 
perature acts as an antiemulsionant and facilitates the ac- 
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tivity of enzymes in the olives, which disrupt the mem- 
branes that surround small oil droplets and prevent 
self-aggregation. Modern techniques include the addition 
of inert coadjuvants (tale powder) during the mixing step 
to facilitate the emulsion separation and of enzymes to dis- 
rupt the membranes. 

The purpose of this operation is to break the oil-water 
emulsion and promote the fusion of the small oil droplets 
into droplets of a diameter greater than 30 »m, the mini- 
mal dimension required for oil separation in continuous 
phase. Even after optimal crushing, only 40 to 45% of oil 
droplets have a diameter >30 ym. This percentage in- 
creases to 80 to 85% following good malaxation. Therefore, 
this operation is essential to increase the yield of the ex- 
traction regardless of the techniques utilized. Droplets of 
smaller size (<30 zm) remain as emulsion, and they stay 
in the subproducts. 

Temperatures >30°C, lengthy mixing times, or both will 
have a negative effect on the aroma of the oil (43), as well 
as its antioxidant and vitamin content. 


Extraction. The olive oil is separated from the olive 
paste using selective filtration (partial extraction), pres- 
sure (traditional system), or centrifugation (continuous 
system). 

Selective Filtration. Selective filtration is based on the 
lower superficial tension of the oil compared to that of the 
water. Therefore, when both liquids are put in contact with 
the pores of the filtering surface, oil will pass through 
whereas water will be retained. The objective of selective 
filtration is not the total extraction of the oil in the paste, 
but the extraction of the oil naturally separated during the 
mixing step. Therefore, the factors that influence the 
amount of oil extracted by this system depend on: 


¢ The amount of “free” oil in the paste 

¢ Duration of the process, with an optimal time of 
about 30 min 

* The characteristics of the equipment (filtering sur- 
face, rpm of the extractors, oil/water and oil/solids 
ratios) 


The oil obtained by this procedure has a humidity content 
of ~1% and has to be centrifuged immediately. 

Up to 60% of the oil in the paste can be extracted by 
this method. The product obtained from selective filtration 
maintains excellent organoleptic characteristics, low levels 
of acidity, and greater resistance to rancidity. Moreover, it 
has some other operational advantages, including: 


* Low installation cost and maintenance 

* Possibility of inclusion in previously established pro- 
duction lines (traditional or continuous) 

¢ Low requirements in terms of labor and energy 

* Facilitation of subsequent processing of the paste, 
thus improving the final recoveries 


To understand the high cost of this product, is important 
to consider that the production of 1 L of olive oil by this 
process requires 11 to 12 kg of highly select olives, whereas 


only 5 kg are required for the extraction of 1 L of olive oil 
by the pressure processes described next. 

Pressure. Pressure extraction the oldest procedure used 
to obtain olive oil. Originally, oil separation was achieved 
with pressure applied by humans or animals. Today, tra- 
ditional olive oil mills use hydraulic presses. The olive 
paste is placed in thin layers (2-3 cm) over disks of filtra- 
tion material (oil diaphragms). These diaphragm-—paste 
layers are piled on top of each other and placed over a cart 
or trolley fitted with a central shaft to provide even distri- 
bution and support when these turrets are subjected to 
hydraulic pressure. This combination of trolley, shaft, oil 
paste, and diaphragms is subjected to pressure (300-400 
kg/cm?), the oil is extracted, and the apparatus is disas- 
sembled. Therefore this is a discontinuous process. The 
factors affecting the pressure process include: 


© The characteristics of the oil diaphragms, which de- 
pend in part on the olive kernels in the paste and the 
degree of dispersion and concentration of the colloid 
constituents of the olive paste 

* The humidity of the paste, the size and shape of the 
particles, and the physical characteristics of the olive 
(type, variety, ripeness, and temperature) 


It is common to include a second step. Once the maxi- 
mum pressure has been achieved, the pressure is partially 
released, allowing sponging of the paste and the dia- 
phragms and reopening of channels that after pressure is 
reapplied allows the extraction of additional oil. 

This system produces oils of excellent quality due to the 
low temperatures used during the process; however, it has 
elevated costs due to labor, the discontinuity of the process, 
and the use of optimal filtering materials. 

Centrifugation. The use of centrifugation for oil extrac- 
tion is relatively recent and is based on the different den- 
sities of the oil, the water, and the solids (pomace). Some 
of the first practical experiences with this technique were 
carried out with the Corteggiani system, a centrifuge with 
the capacity to process about 100 kg of paste spinning at 
900 rpm. Water was added to facilitate the oil separation, 
and the process had to be stopped for removal of the solids. 

Currently the process is carried out with a horizontal 
centrifuge (decanter). This system allows continuous 
solid-liquid separation and consists of a cylindrical- 
conical bowl that spins at speeds of 3,000 to 4,000 rpm. 
The interior consists of a hollow component of the same 
shape containing helical blades. There is a small difference 
between the speeds at which the bowl spins and the inner 
screw gyrates. The faster speed of the latter results in the 
movement of the pomace to one end of the decanter and 
the olive and water to the other end. The oily must is then 
fed to a vertical centrifuge revolving at 6,000 to 7,000 rpm 
for the final separation of the oil. 

The separation of the solid and liquid phases by centri- 
fugation requires the addition of water to the olive paste. 
The amount of water and the temperature influence the 
oil yield, and it is necessary to adjust both factors for each 
type of equipment. 

Some of the advantages of the centrifugation process 
are: 


Small size of the equipment 

Automated process with semicontinuous cycles 
Reduced need for highly skilled labor 

Lower acidity of the oil 

Similar yields to those obtained using more-tradi- 
tional systems 

Stainless-steel materials decrease the risk of contam- 
ination by other metals 

No diaphragms are used, thus improving the hygiene 
of the process and lowering the risk of contamination 


Some of the disadvantages are: 


¢ The initial capital investment is high. 

¢ The process requires large amounts of water, which 
pollutes the environment and removes a significant 
amount of natural antioxidants. 

* The energy consumption is high. 

* The organoleptic characteristics of the oil may be ad- 
versely affected. 


A variant consisting of a two-phase centrifugal continuous 
system reduces the use of water and eliminates the pro- 
duction of waste water (alpechin) (see Fig. 2). 


Classification of Olive Oil Grades 


Virgin Olive Oil. Oil extracted from olives by mechani- 
cal or other methods that do not modify its basic properties 
is called virgin olive oil. It is a completely natural product 
that maintains the taste as well as the chemical and bio- 
logical characteristics of the olive. Within the virgin grade 
are three recognized quality levels: 

Extra, Oil with the best organoleptic characteristics and 
with an acidity level not exceeding 1% is classified as extra 
virgin. The highest-quality extra virgin olive oils have an 
acidity level of at least 0.4 to 0.5% to maintain the organ- 
oleptic characteristics and lower than 0.7 to 0.8% so as not 
to exceed the maximum legal level. Its production requires 
the greatest care and attention from the cultivation stage 
all the way through to final processing. 

The olives, unaffected by parasites, need to be har- 
vested at the ideal point of maturation. If the fruit is still 
unripe, the extracted oil will be too sour. If the fruit is too 
ripe, the oil will be too sweet. The olives need to be har- 
vested by hand to avoid any damage from mechanical pro- 
cesses. They should not be piled but should be arranged in 
layers of 15 to 30 cm in rigid containers. They should not 
be stored; pressing should take place immediately after re- 
moval of leaves and other detritus. If storage is required, 
it should be done only for the briefest time at low relative 
humidity (50%) and temperature (10-15°C). The use of wa- 
ter needs to be limited, and any rise in temperature should 
be avoided during the extraction process to ensure the 
highest-quality oil. Extra virgin oil is extracted during the 
first phase of pressing and therefore comes directly from 
the pulp of the fruit, whereas any oil that comes out later 
will also contain oil from the pit of the fruit. The oil ex- 
tracted from the press needs to be separated immediately 
from the sludgy dregs and should be stored in a cool place 
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away from direct light. Laboratory analysis is insufficient 
to detect the organoleptic qualities of extra virgin olive oil; 
taste tests are necessary. Olive oil tasters are highly qual- 
ified experts who use strict and sophisticated methods 
(26,44-55). 

The cost of production is higher than that of other vege- 
table oils. This is due to the high amount of manual labor 
required for the cultivation and harvest of the olives. A 
person can pick from 60 to 100 kg of olives in a day, and 
from these about 13 to 20 L of oil can be extracted. The 
high cost is more than compensated, however, by the high 
yield and the oil’s distinctly superior properties. 

Average. Average oil has a good taste and acidity levels 
not exceeding 3.3%. This may be classified as: 


* Superfine virgin olive oil: Obtained by mechanical ex- 
traction from olives and having undergone washing, 
sediment removal, and filtering with no chemical ma- 
nipulations. It should not contain more than 1.5% 
acidity. 

* Fine virgin olive oil: Obtained by mechanical extrac- 
tion from olives and having undergone no chemical 
manipulations but only washing, sediment removal, 
and filtering. It should not contain more than 3.3% 
acidity. 


Strong (Lampante). Strong virgin olive oil has inade- 
quate taste, or acidity levels above 3.3%. 


Refined Olive Oil. Refined olive oil is obtained by refin- 
ing virgin oil whose taste, acidity levels, or both make it 
unsatisfactory for direct consumption. This is a healthy 
and perfectly acceptable food product, but it does not have 
the full taste of virgin olive oil. 

Olive Oil. Olive oil is made by blending both refined 
and virgin olive oil. This type of oil is very much a standard 
in the marketplace; its properties fall somewhere between 
those of its two components. 


Adulteration of Olive Oil 


The high market price and the well-known health benefits 
attributed to olive oil make this product a target for dif- 
ferent types of fraud, such as adulteration and mislabeling. 
This is especially true for extra virgin olive oil, which in 
the international trade market reaches a much higher 
price than any other vegetable oil (see Table 5). 

Several physical, chemical, chromatographic, and spec- 
troscopic tests are in use to detect adulteration of high- 
quality olive oil with low-grade olive oil (56,57), hazelnut 
oil (57), and seed oils (58,59). These have classically in- 
cluded determination of iodine value, saponification value, 
viscosity, density, refractive index, ultraviolet absorbance, 
fluorescence, and colorimetric reactions. More recently, 
FT-Raman spectra (60,61), mid-infrared spectroscopy (62), 
CO, laser infrared optothermal spectroscopy (58), 
reversed-phase liquid chromatography coupled to gas chro- 
matography (63), and NMR (36) have been reported to de- 
tect the presence of <1% of other oils in extra virgin olive 
oil. These tests rely on the detection in the olive oil of un- 
usual amounts of certain fatty acids or other compounds 
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Figure 2. Scheme of three- and two-phase centrifugal processes for olive oil extraction. 


such as fatty acids, triacylglycerols, squalene, sterols, to- 
copherols, alkanes, aliphatic alcohols, waxes, erythrodiol 
and uvaol, and stigmastadiene. 


Fatty Acids. The International Olive Oil Council (IOOC) 
has established the normal ranges for the different fatty 
acids in olive oil. Gas chromatography has been used to 
measure these fatty acids, and this is the most common 
analytical technique for the assessment of the quality of 
olive oil (64). Among the different types of fatty acids, spe- 
cial attention should be paid to trans fatty acids. Trans 
fatty acids are not present in crude olive oils; however, they 
are formed during bleaching and deodorization. In addi- 
tion to gas liquid chromatography, other techniques, such 
as infrared and nuclear magnetic resonance spectroscopy, 
high-performance liquid chromatography (HPLC), and su- 
percritical fluid chromatography, have been applied to the 
detection of trans fatty acids (64). 


Triacylglycerols. The triacylglycerol profile can provide 
information about the origin of the olive oil and its adul- 
teration with other oils. Several methods are available for 
the determination of triacylglycerols, including high- 
temperature capillary gas chromatography and reversed- 
phase HPLC (65,66). 


Squalene. Squalene content is very high in olive oil. 
Adulteration of olive oil decreases its content. Moreover, 
the refinement of olive oil induces squalene isomerization. 
Therefore, adulteration of olive oil with refined oil can be 
detected by the presence of these isomers using gas liquid 
chromatography (67) or HPLC (68). 


Sterols. Large quantities of stigmasterol suggest adul- 
teration with soybean oil. The ratio of beta-sitosterol (high 
in virgin olive oil) to campesterol + stigmasterol has 
been used for the detection of adulteration with seed oils. 


‘Table 5. Price Ranges for Different Edible Vegetable 
Oils 


Oil Price ($/kg) 
Extra virgin olive oil 2.98-3.25 
Refined olive oil 2.10-2.17 
Refined pomace olive oil 1.08-1.11 
Peanut oil 1.08-1.09 
Sunflower oil 0.79-0.80 
Corn oil 1,01-1.02 
Soybean oil 0.75-0.76 
Canola oil 0.75-0.76 


Note: Wholesale prices for edible oils quoted by the Roman Chamber of 
Commerce on September 17, 1998. 


These compounds are analyzed using gas chromatography 
(69-71). 


Tocopherols. Seed oils tend to contain higher quantities 
of beta, gamma, and delta tocopherol (soybean oil) and 
gamma tocopherol (cottonseed oil) than olive oil. These 
compounds can be detected using HPLC (72). 


Alkanes. Olive oil contains primarily alkanes with 
chain lengths of C23, C25, and Cz;, whereas other edible oils 
contain predominantly C27, Cog, and C3; (73). 


Aliphatic Alcohols. Olive oil contains lower levels of long 
chain alcohols and mono- and diunsaturated derivatives 
than does olive-pomace oil. This measurement could be 
used to assess contamination of virgin olive oil with low- 
grade olive oils (63,70). 


Waxes. Extra virgin olive oil does not contain waxes; 
however, these are found in refined and olive-pomace oils. 
Therefore this determination could be used for detecting 
adulteration of extra virgin olive with olive-pomace oil 
(68,74,75). 


Erythrodiol and Uvaol. Both erythrodiol and uvaol are 
increased in solvent-extracted olive oils (54); however, due 
to the variability of these compounds in olive oils obtained 
from different cultivars, these determinations are not com- 
monly accepted as a measure to distinguish between 
pressed and solvent-extracted olive oils. 


Stigmastadiene. Stigmasta-3,5-diene is formed by the 
removal of H,O from beta-sitosterol during the refinement 
of olive oil. The determination of stigmastadiene has been 
proposed to detect refined oils in crude olive oil (68). 


TABLE OLIVES 


Pickled foods, which include table olives, are defined as 
those vegetables in which the preparation and preser- 
vation is carried out by fermentation, acidification, or 
both. This system of processing leads to end products 
with very special and well-defined sensorial characteris- 
tics, largely accepted by a wide consumer market; per- 
mits the preservation of perishable raw materials over a 
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long time until they can be definitively processed; con- 
stitutes a manufacturing method that consumes little en- 
ergy because the product is generally preserved under 
the final conditions of low pH value and relatively high 
acidity, thus not requiring any thermal treatment or re- 
quiring at most a simple pasteurization; and, finally, as 
a consequence of the previous considerations, retains 
more easily the natural nutrients, some of which are 
heat labile, and maintains important physical properties, 
such as color and texture. 

In general, fermentation is carried out by homo- and 
heterofermentative lactic bacteria yeasts, or both. Both 
germ groups, in the natural sequence of events, are pre- 
ceded by gram-negative aerobic bacteria and, if the ambi- 
ent conditions are not adequate in certain moments of the 
sequence, can be accompanied by other genera, such as 
Clostridium, Propionibacterium, Bacillus, oxidative yeasts 
and molds, and other producers of diverse alterations. 

The fundamental role that each microorganism is as- 
signed in nature can be modified or substituted, partially, 
by technologically varying the related ambient conditions. 
These depend on a limited number of factors, including pH 
value, acidity, sodium chloride content, buffering capacity, 
temperature, degree of aerobicity or anaerobicity, and use 
of pure cultures. 

To apply these modified technologies correctly, all in- 
vestigators require the following: (1) knowledge, as wide- 
ranging as possible, of the chemical composition of the 
fruit or vegetable under study as well as the natural se- 
quence, specific for each product, of the developing micro- 
organisms; (2) selection of appropriate varieties as raw 
materials; and (3) determination of the optimum harvest- 
ing time. 

These three points are evidently interdependent, but 
the natural germ sequence, whether maintained or modi- 
fied, is perhaps what best determines the importance of 
the distinct components of the raw material and the physi- 
cal and chemical modifications that are produced and must 
be produced in the composition. In other words, the afore- 
mentioned sequence frequently will mark the steps that 
must be the focus of basic research oriented toward tech- 
nological advances. It is in this form that research on table 
olives has developed, initiated in the 1930s by Cruess (76) 
and continued mainly by the research of Vaughn et al. (77) 
de la Borbolla et al. (78), and Balatsouras (79). 


Definition 


According to the Unified Qualitative Standard Applying to 
Table Olives in International Trade, “Table olives are the 
sound fruit of specific varieties of the cultivated olive tree 
(Olea europaea sativa) harvested at the proper stage of 
ripeness and whose quality is such that, when they are 
suitably processed as specified in this standard, produce 
an edible product and ensure its good preservation as mar- 
ketable goods. Such processing may include the addition 
of various products or spices of good table quality.” The 
main purpose of processing is the removal, at least par- 
tially, of the natural bitterness of the fruit, which makes it 
suitable as either a food or an appetizer. 


‘Table 5. Price Ranges for Different Edible Vegetable 
Oils 


Oil Price ($/kg) 
Extra virgin olive oil 2.98-3.25 
Refined olive oil 2.10-2.17 
Refined pomace olive oil 1.08-1.11 
Peanut oil 1.08-1.09 
Sunflower oil 0.79-0.80 
Corn oil 1,01-1.02 
Soybean oil 0.75-0.76 
Canola oil 0.75-0.76 


Note: Wholesale prices for edible oils quoted by the Roman Chamber of 
Commerce on September 17, 1998. 


These compounds are analyzed using gas chromatography 
(69-71). 


Tocopherols. Seed oils tend to contain higher quantities 
of beta, gamma, and delta tocopherol (soybean oil) and 
gamma tocopherol (cottonseed oil) than olive oil. These 
compounds can be detected using HPLC (72). 


Alkanes. Olive oil contains primarily alkanes with 
chain lengths of C23, C25, and Cz;, whereas other edible oils 
contain predominantly C27, Cog, and C3; (73). 


Aliphatic Alcohols. Olive oil contains lower levels of long 
chain alcohols and mono- and diunsaturated derivatives 
than does olive-pomace oil. This measurement could be 
used to assess contamination of virgin olive oil with low- 
grade olive oils (63,70). 


Waxes. Extra virgin olive oil does not contain waxes; 
however, these are found in refined and olive-pomace oils. 
Therefore this determination could be used for detecting 
adulteration of extra virgin olive with olive-pomace oil 
(68,74,75). 


Erythrodiol and Uvaol. Both erythrodiol and uvaol are 
increased in solvent-extracted olive oils (54); however, due 
to the variability of these compounds in olive oils obtained 
from different cultivars, these determinations are not com- 
monly accepted as a measure to distinguish between 
pressed and solvent-extracted olive oils. 


Stigmastadiene. Stigmasta-3,5-diene is formed by the 
removal of H,O from beta-sitosterol during the refinement 
of olive oil. The determination of stigmastadiene has been 
proposed to detect refined oils in crude olive oil (68). 


TABLE OLIVES 


Pickled foods, which include table olives, are defined as 
those vegetables in which the preparation and preser- 
vation is carried out by fermentation, acidification, or 
both. This system of processing leads to end products 
with very special and well-defined sensorial characteris- 
tics, largely accepted by a wide consumer market; per- 
mits the preservation of perishable raw materials over a 
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long time until they can be definitively processed; con- 
stitutes a manufacturing method that consumes little en- 
ergy because the product is generally preserved under 
the final conditions of low pH value and relatively high 
acidity, thus not requiring any thermal treatment or re- 
quiring at most a simple pasteurization; and, finally, as 
a consequence of the previous considerations, retains 
more easily the natural nutrients, some of which are 
heat labile, and maintains important physical properties, 
such as color and texture. 

In general, fermentation is carried out by homo- and 
heterofermentative lactic bacteria yeasts, or both. Both 
germ groups, in the natural sequence of events, are pre- 
ceded by gram-negative aerobic bacteria and, if the ambi- 
ent conditions are not adequate in certain moments of the 
sequence, can be accompanied by other genera, such as 
Clostridium, Propionibacterium, Bacillus, oxidative yeasts 
and molds, and other producers of diverse alterations. 

The fundamental role that each microorganism is as- 
signed in nature can be modified or substituted, partially, 
by technologically varying the related ambient conditions. 
These depend on a limited number of factors, including pH 
value, acidity, sodium chloride content, buffering capacity, 
temperature, degree of aerobicity or anaerobicity, and use 
of pure cultures. 

To apply these modified technologies correctly, all in- 
vestigators require the following: (1) knowledge, as wide- 
ranging as possible, of the chemical composition of the 
fruit or vegetable under study as well as the natural se- 
quence, specific for each product, of the developing micro- 
organisms; (2) selection of appropriate varieties as raw 
materials; and (3) determination of the optimum harvest- 
ing time. 

These three points are evidently interdependent, but 
the natural germ sequence, whether maintained or modi- 
fied, is perhaps what best determines the importance of 
the distinct components of the raw material and the physi- 
cal and chemical modifications that are produced and must 
be produced in the composition. In other words, the afore- 
mentioned sequence frequently will mark the steps that 
must be the focus of basic research oriented toward tech- 
nological advances. It is in this form that research on table 
olives has developed, initiated in the 1930s by Cruess (76) 
and continued mainly by the research of Vaughn et al. (77) 
de la Borbolla et al. (78), and Balatsouras (79). 


Definition 


According to the Unified Qualitative Standard Applying to 
Table Olives in International Trade, “Table olives are the 
sound fruit of specific varieties of the cultivated olive tree 
(Olea europaea sativa) harvested at the proper stage of 
ripeness and whose quality is such that, when they are 
suitably processed as specified in this standard, produce 
an edible product and ensure its good preservation as mar- 
ketable goods. Such processing may include the addition 
of various products or spices of good table quality.” The 
main purpose of processing is the removal, at least par- 
tially, of the natural bitterness of the fruit, which makes it 
suitable as either a food or an appetizer. 
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Harvesting, Transport, and Quality Evaluation 


Harvest for table olives is fundamentally dependent on the 
type for which the fruits are destined and is influenced by 
distinct factors such as variety, climate, and cultivation 
systems. 

Olives for green type are harvested when fruits have 
reached a green-straw yellow color and when the flesh is 
easily freed from the pit by finger torsion after the fruit is 
cut around the transverse diameter. 

For turning-color type, fruits are harvested when the 
epicarp presents a purple color and the mesocarp is still 
white. For black-olive type, harvesting is at almost the 
same time; however, because fruits are further oxidized 
after lye treatment, the permissible range of color at har- 
vest is wider than for the turning-color type. 

Olives for natural black type must be harvested when 
ripeness is completed. Superficial color is not a good cri- 
terion in this case. It is necessary to cut along and close to 
the pit to obtain a representative sample of fruit and ob- 
serve the flesh color. It is considered to be at a good stage 
of maturity if the purple color reaches at least 2mm from 
the pit. 

Generally, fruits are transported to the factory in holed 
plastic boxes of about 20- to 22-kg capacity. Parallelepi- 
pedic metallic bins with lateral plastic network walls of 
approximately 500-kg capacity are also used for this pur- 
pose. Bulk transportation in trucks is not used so as to 
avoid damaging the olives. 

When the fruits reach the factory, different factors must 
be controlled, at arrival and before processing, to identify 
lots and sublots of the raw material. Among these the most 
important are variety, supplier, origin, cultivation system, 
date of harvesting, data of arrival at the factory, date of 
processing, stage of maturity, moisture content, and net 
weight. 

To fix price and quality, it is necessary to determine, 
through a suitable sampling, the average weight and size 
distribution as well as the percentage of defects. 


World Production and Distribution 


According to recent data from the IOOC, the current world 
production of table olives is about 980,000 t. This figure, 
when compared to the 789,000-t figure for the 1987-1988 
crop and the 450,000 t produced in 1967-1968, represents 
an increase of approximately 120% during the last 30 
years. Spain is the major producer at 320,000 t, with 50% 
of this production consumed internally. Overall the Euro- 
pean Economic Community (EEC) produces and takes to 
the market about 50% of world production. 

About 277,000 t, 28% of world production, are exported 
yearly, with Spain the major exporter (125,000 t). The ma- 
jor importers are the United States and Canada (43.3%), 
the European Union (36.1%), and the Arab countries 
(7.2%). According to market trends during the last three 
decades, an average annual increment of at least 5% in 
production and consumption may be foreseen for the fu- 
ture; the industry could easily increase this figure by up- 
grading quality, preparing new derived items, and devel- 
oping new presentation forms. This represents a challenge 
for food technologists. 


Types of Table Olives 


Differences among types of table olives are based on the 
degree of ripeness when they are harvested and the color 
of the fruit. According to Spanish standards, there are four 
established types. 


Green Olives. Green olives are obtained from fruits har- 
vested during the ripening period, before coloring and 
when they have reached normal size. Such olives must be 
firm, sound, resistant to a slight pressure between the fin- 
gers, and without marks other than the natural pigmen- 
tation, subjected to the tolerances set out in the standards. 
The color of the fruit may vary from green to straw yellow. 


Turning-Color Olives. Turning-color olives are obtained 
from rose, wine-rose, or brown fruits harvested before the 
stage of complete ripeness is attained. They may or may 
not have been subjected to alkaline treatment and are 
ready for consumption. Californian green ripe olives are 
included in this type. 


Black Olives. Black olives are obtained from fruits har- 
vested when not fully ripe that have been blackened by 
oxidation and have lost their bitterness through alkaline 
treatment. These olives must be canned in brine and pre- 
served by heat sterilization. Californian ripe olives are in- 
cluded in this type. 


Natural Black Olives. Natural black olives are obtained 
from fruits harvested when fully ripe or slightly before full 
ripeness is reached. According to production region and 
time of harvesting, they may be reddish black, violet black, 
deep violet, greenish black, or a deep chestnut color. 

IOOC standards consider only three types: green, 
turning-color, and black olives. However, under the title of 
commercial preparation, both the Spanish and IOOC stan- 
dards agree and differentiate clearly between alkali- 
treated (black) and untreated (natural black) olives. 


Commercial Preparation 


The denomination of commercial preparation, or its equiv- 
alent, trade preparation, is used for all products destined 
for consumers. These preparations are diverse and include 
not only traditional methods of processing but also those 
derived from them and improved by new technologies. To 
facilitate better understanding, it is useful to first explain 
some other concepts. 

Removal of the fruit’s natural bitterness due to the pres- 
ence of oleuropein glucoside may be carried out completely 
by alkaline hydrolysis, treating olives with an aqueous so- 
lution of sodium hydroxide before fermentation (80). In 
those cases, denomination in IOOC standards includes the 
word treated. The removal of oleuropein may also be 
achieved, slowly and partially, during the acid fermenta- 
tion of fruits put directly into the brine or kept in dry salt. 
In those cases, the word untreated appears in the name. 

Generally, the complete name for a specific commercial 
preparation includes information on (1) the type of raw 
material (green, turning-color, or black olives); (2) the pro- 
cedure used to eliminate bitterness (treated or untreated); 


and (3) the method of preservation (brine or dry salt). Dif- 
ferent preparations described in the standards mentioned 
previously are as follows. 


Treated Green Olives in Brine. The olives are treated in 
an alkaline lye and then packed in brine in which they 
undergo natural lactic fermentation, that is, either com- 
plete fermentation (Spanish style) or partial fermentation. 
Should the olives not undergo complete natural fermen- 
tation, their subsequent preservation at a pH value within 
the limits specified in the standards may be ensured by 
sterilization or pasteurization, the addition of preserving 
agents, refrigeration, or inert gas without brine. 


Untreated Green Olives in Brine. Untreated green olives 
are placed directly in brine and preserved by natural fer- 
mentation. 


Turning-Color Olives Treated in Brine. Turning-color ol- 
ives are obtained after alkaline treatment and preserved 
by natural fermentation in brine or by heat treatment. 


Untreated Turning-Color Olives in Brine. Directly treated 
in brine, turning-color olives are preserved by natural fer- 
mentation and are ready for consumption. 


Olives Darkened by Oxidation. Olives darkened by oxi- 
dation are obtained from fruits that, when not fully ripe, 
have been darkened by oxidation and whose bitterness has 
been removed by treatment in alkaline lye. They have to 
be packed in brine and preserved by heat sterilization. 
Californian-style ripe olives correspond to this group. 


Treated Black Olives. Treated black olives are obtained 
after alkaline treatment and are preserved by natural fer- 
mentation through one or a combination of the following 
procedures: brine, sterilization or pasteurization, or addi- 
tion of a preserving agent. 


Untreated Black Olives. Untreated black olives are 
placed directly in brine. They have a fruity flavor that is 
more marked than that of the treated black olives, and 
they usually retain a slightly bitter taste. They are pre- 
served by natural fermentation through one or a combi- 
nation of the following methods: brine, sterilization or pas- 
teurization, or addition of a preserving agent. Greek-style 
natural black olives in brine correspond to this group. 


Shriveled Black Olives. Shriveled black olives are har- 
vested just before they are fully ripe and, after a brief im- 
mersion in a weak alkaline solution, are preserved by 
sprinkling salt in wooden casks, which are rotated daily 
until the olives are prepared for sale. 


Untreated Naturally Shriveled Black Olives. Untreated 
naturally shriveled black olives are harvested when fully 
ripe, after they have become shriveled on the tree, and are 
subsequently treated directly in brine. 


Treated Black Olives in Dry Salt. Treated black olives in 
dry salt are obtained from firm, practically ripe fruits that, 
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following slight alkaline treatment, are preserved in alter- 
nating layers of olives and dry salt or by sprinkling dry 
salt over the olives. 


Untreated Black Olives in Dry Salt. Untreated black ol- 
ives in dry salt are obtained from fruits harvested when 
fully ripe and treated immediately or after partial drying 
in alternating layers of olives and dry salt or by sprinkling 
dry salt over the olives. They retain a degree of bitterness 
and a fruity flavor more marked than those of treated ol- 
ives in dry salt. 


Untreated Naturally Shriveled Black Olives in Dry Salt. 
Untreated naturally shriveled black olives in dry salt are 
obtained from fruits harvested when fully ripe that, after 
they have become shriveled on the tree, are preserved in 
alternating layers of olives and dry salt or by sprinkling 
dry salt over the olives. 


Untreated Pierced Black Olives in Dry Salt. Untreated 
pierced black olives in dry salt are obtained from fruits 
harvested when fully ripe that, after the skin has been 
pierced, are preserved in alternating layers of olives and 
dry salt or by sprinkling dry salt over the olives. 


Dehydrated Black Olives. Dehydrated black olives are 
obtained from ripe fruit that, after having been blanched 
and partially dehydrated in salt, undergo very gentle 
heating. 


Bruised Olives. Bruised olives are obtained from whole 
fruit, fresh or previously treated in brine, subjected to a 
process whereby the flesh is opened without breaking the 
stone, which remains whole and intact within the fruit. 
They may be treated in weak lye and are preserved in 
brine, possibly flavored, with or without the addition of 
vinegar. They are prepared from either green or turning- 
color type. 


Split Olives. Split olives are green olives, turning-color 
olives, or black olives split lengthwise by cutting into the 
skin and part of the flesh and then placed in brine, with or 
without vinegar; olive oil and aromatic substances may be 
added. They may be untreated or treated previously with 
alkali. 


Specialties. Olives may be prepared by means distinct 
from those specified in the standards. Such specialties re- 
tain the name “olive” as long as the fruit used complies 
with the general definitions of those standards. The names 
used for these specialties should be sufficiently explicit to 
prevent any confusion as to the origin and nature of the 
products and, in particular, with respect to the designa- 
tions in the standards. 


Presentation Forms 


According to their type and commercial preparation, olives 
may be offered to the consumer in one of the following 
styles, also denominated presentation forms. 
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* Whole olives: Olives that have their natural shape 
and from which the stone or pit has not been removed 
Without stem: Whole olives from which the stem has 
been removed 

With stem: Whole olives retaining the stem 

Pitted olives: Olives from which the pit has been re- 
moved and that basically retain their natural shape 
Stuffed olives: Pitted olives stuffed either with one or 
more suitable products (pimiento, onion, almond, cel- 
ery, anchovy, olive, orange, or lemon peel, caper, etc.) 
or with their prepared natural pastes 

Halved olives: Pitted or stuffed olives sliced into two 
approximately equal parts, perpendicular to the ma- 
jor axis of the fruit 

Quartered olives: Pitted olives split into four approx- 
imately equal parts along the major axis of the fruit 
and perpendicular to the same 

Divided olives: Pitted or stuffed olives cut lengthwise 
into more than four approximately equal parts 
Sliced olives: Pitted or stuffed olives sliced into seg- 
ments of fairly uniform thickness 

Chopped or minced olives: Small pieces of pitted ol- 
ives of no definite shape and practically devoid of 
identifiable stem-insertion units as well as of slice 
fragments 

Olive paste: Exclusively olive flesh, finely crushed. 
Ingredients or additives may be incorporated for its 
preservation. 

Broken olives: Olives accidentally broken while being 
pitted or stuffed. They normally contain pieces of the 
stuffing material. 

Salad olives: Broken or broken-and-pitted olives with 
or without capers, plus stuffing material. The olives 
predominate in the total product marketed in this 
style 

Olives with capers: Whole or pitted olives, usually 
small in size, with capers and with or without pi- 
miento. The olives predominate in the total product 
marketed in this style 


. 


According to the manner in which they are placed in the 
container, the olives may be presented as follows: 


* Place-packed olives: Fruits are placed in transparent, 
rigid packs either in orderly, symmetrical fashion or 
forming geometrical shapes. Whole, pitted, stuffed, 
and halved olives may be exported in this manner. 

* Random (thrown) packed olives: Fruits are not placed 
in an orderly fashion in the packs. All the olive styles 
may be exported in this manner. 


Main Processes 


The three preparations of table olives that represent high 
economic and commercial importance in international 
trade are: 


1. Spanish- (or Sevillan-) style pickled green olives in 
brine 


2. Californian-style pickled black olives in brine 
3. Greek-style natural black olives in brine 


The three preparations are similar in that the final prod- 
ucts are prepared and preserved in diluted water solutions 
of sodium chloride, at different concentrations. For each 
style, fruits are harvested at a different stage of ripeness; 
green, black, and natural black, respectively. In each case, 
the adjective in the style name points out the country or 
state in which the process was first developed and used. In 
the first two styles, bitterness is removed by an alkaline 
treatment; for that reason, the word pickled appears in the 
name. In the case of the Greek-style process, fruits are 
placed directly into the brine, and removal of oleuropein is 
slow and only partial. 

Sensory properties for each preparation are very differ- 
ent, although this variation may also occur even within the 
same preparation when parameters of the final product are 
adapted by technology to consumer preferences, which de- 
pend on the region or country where the product is going 
to be marketed. 

For Spanish-style green olives in brine, a lactic fermen- 
tation constitutes the fundamental process (81). For 
Greek-style natural black olives, the main process respon- 
sible for the spontaneous fermentation are yeasts; lactic 
cocci and bacteria coexist in a smaller proportion. 

Californian-style pickled black olives in brine do not 
necessarily require a fermentation process; they may be 
directly treated with lye and oxidized, then washed, placed 
in brine, canned, and heat sterilized. However, a fraction 
of the crop may be placed directly into brine for a variable 
preservation period and further processed. That process 
produces a kind of fermentation quite similar to that of 
natural black olives in brine. 


Processed Olives 


Regulations. Because of its organoleptic properties and 
its composition, the table olive is identified in many coun- 
tries with a high standard of living. It is widely used as an 
appetizer to accompany all kinds of beverages, and as a 
decorative or nutritional element of various dishes. It also 
constitutes a basic food for the majority of people in some 
countries, mainly those situated in the Mediterranean 
area. 

Table olives, prepared by different processes, are traded 
internationally by both developed and less-developed coun- 
tries. For those transactions the IOOC through a commit- 
tee of experts has evolved the Unified Qualitative Stan- 
dard Applying to Table Olives in International Trade, 
mentioned previously, which is revised periodically. In the 
same manner, the Joint Program Food and Agriculture 
Organization/World Health Organization (FAO/WHO), 
with the cooperation of the IOOC has developed nutri- 
tional standards for table olives. The two sets of standards 
agree quite well in all their content and constitute an 
important aid in commerce and in the protection of con- 
sumers. 

Spain, the main producer of table olives, has developed 
its own standards, which are even more detailed and more 
restrictive in certain aspects than those mentioned previ- 
ously, although they are in agreement with them. In the 


same way, other exporter countries have developed their 
own standards, too. 

Although the IOOC recommends that international 
standards apply to all transactions, it is also necessary to 
consider special regulations of importer countries in each 
particular case. Therefore Spain, the main supplier for the 
United States, regulates its exports of table olives accord- 
ing to U.S. regulations, which are gradually revised and 
published in the Code of Federal Regulations and Federal 
Register, Title 7, Chapters IX (Agricultural Marketing Ser- 
vice) and XXVIII (Agricultural Food Safety and Quality 
Service); and Title 21, Chapter I (Food and Drug). The EEC 
is taking actions to adopt the IOOC standards as official 
for its members. 


Composition and Nutritive Value. Among the different 
factors that may affect the composition of the final product, 
the most important are the treatment of the fruit before 
fermentation or conditioning; the fermentation or conser- 
vation in brine; the storage after processing, bottling, or 
canning; and final conservation until consumption (shelf 
life) (82). 

Table 6 shows the main components for some Spanish 
varieties that were processed by the three methods studied 
in this article. For Spanish-style pickled green olives in 
brine, ranges indicated in the table include four varieties: 
Gordal, Manzanilla, Hojiblanca, and Verdial. For Greek- 
style natural black olives in brine and Californian-style 
pickled black olives in brine, typical values for Hojiblanca 
variety are presented. 

The concentration of moisture and oil in the flesh shows 
an inverse relationship to the concentration in fresh fruit. 
The wide range in the values is influenced by variety, ma- 
turity of the raw material, and processing conditions. The 
concentration of proteins as well as of fiber is slightly re- 
duced, probably due to solubilization during the lye treat- 
ment and fermentation. Fiber is well balanced, showing a 
good digestibility because the ratio of lignin to cellulose is 
generally less than 0.5. 

The percentage of ash increases as a consequence of the 
alkaline treatment, fermentation, and storage in brine. 
The majority of essential amino acids as well as a notice- 
able amount of vitamins and mineral elements are also 
present. 

The caloric value is quite variable, depending mostly on 
the lipid content of different varieties. The quality of the 
oil fraction is good because of its low content of saturated 
fatty acids (12-19%) and the presence of an important frac- 
tion of linoleic acid (5-8%). For all these reasons, it can be 
said that table olives provide good food value (83,84). For 
Spanish-style pickled green olives in brine, soluble sugars 
disappear during fermentation and are absent from the 
final product. The same happens to the primary source of 
bitterness, oleuropein, which is mostly hydrolyzed during 
the alkaline treatment (80). Organic acids and their salts 
represent 1.5% of the weight of the pulp; they consist 
partly of the organic acids present in the fresh fruit and 
partly of those formed during the lye treatment and fur- 
ther fermentation. 

Chlorophyll degradation during the processing of Span- 
ish-style pickled green olives in brine can take place by two 
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Table 6. Composition of Processed Table Olives: 
Concentration Ranges and Typical Values in the Pulp 


Component Spanish style Californian style Greek style 
Major component (weight %) 
Moisture 61.00-80.56 68.98 60.34 
Lipids 9.05-28.19 21.24 23.43 
Protein 1.00-1.45, 1.12 115 
Fiber 1.40-2.06 2.35 2.18 
Ash 4.19-5.46 2.04 6.88 
Vitamins 

Carotene 

(mg/100 g) 0.02-0.23 0.09 
Vitamin C 

(mg/100 g) 1.44-2.87 
Thiamin 

(ug/100 g) 0.40-3.37 0.21 14.50 
Riboflavin 

(ug/100 g) 96.30 91.00 

Essential Amino Acids (mg / 100 g) 
Valine 55-157 119 88 
Isoleucine 43-121 118 37 
Leucine 82-227 147 44 
Threonine 5-64 
Methionine 13-79 32 10 
Phenylalanine 39-111 89 47 
Lysine 5-31 5 
‘Tryptophan 13-18 15 om 
Minerals (mg / 100 g) 

Phosphorus 7-21 15 3 
Potassium 34-109 12 29 
Calcium 35-86 68 28 
Magnesium 6-40 18 8 
Sodium 1,313-1,753 634 3740 
Sulfur 14-38 8 6 
Tron 0.58-1.16 7 0.30 
Manganese 0.06-0.12 0.14 0.02 
Zine 0.25-0.41 0.49 0.25 
Copper 0.42-0.82 0.29 0.06 


Caloric value (cal / 100 g) 
102-280 222 249 


different mechanisms, resulting in a mixture of pheophy- 
tins and pheophorbides in the final product (85). In relation 
to the carotenoid fraction, only f-carotene and lutein are 
resistant. Phytofluene and ¢-carotene disappear, and vio- 
laxanthin, luetoxanthin, and neoxanthin give rise to their 
isomers auroxanthin and neochrome. The degradation tak- 
ing place, however, does not give rise to uncolored final 
products with pigmentation loss, and the total balance of 
pigments remains constant with time. 

In the case of Greek-style natural black olives in brine, 
prepared without a previous lye treatment, the concentra- 
tion of soluble sugars remains relatively high (=0.3%)even 
after long storage in brine. The same happens to oleuro- 
pein and tannins, as a consequence of a very slow fermen- 
tation process. For that reason, sensory properties of this 
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final product are quite different from those of the other two 
types and are also very appreciated by the consumer. 

The main difference between Californian-style pickled 
black olives in brine and those previously described is due 
to the oxidation in an alkaline medium. If storage in brine 
before processing is used, the characteristics of the fruit at 
that stage are similar to those processed as natural black 
olives in brine, with only the difference in color due to the 
stage of maturity at which they are harvested. As a result 
of the processing conditions, tannin and oleuropein con- 
tent, as well as total acidity of the final product, are very 
low, and it must be sterilized by heat as a consequence of 
the relatively high pH value. 

In summary, the changes that occur during processing 
may be divided into three groups: (7) compounds that 
are simply lost during the different stages of the process; 
(2) compounds that are transformed by simple chemical 
reaction or by the action of enzymes originally present in 
the fruit or produced by microorganisms; and (3) com- 
pounds produced during fermentation by different micro- 
organisms. Table 7, Table 8 and Table 9 show the main 
changes produced in the three types of processing men- 
tioned in this article. 


Main Industrial Processes 


Spanish-Style Pickled Green Olives in Brine. Within the 
green-olive type, which accounts for ca. 42% of the world 
production of table olives, the most important commercial 
preparation is that of Spanish- or Sevillan-style, which in 
turn accounts for the highest percentage of the interna- 
tional trade. They generally may be preserved as is; how- 
ever, if the fermentation is only partial, they keep the de- 
nomination pickled green olives in brine but do not enter 


within the Spanish style. In that case, their further pres- 
ervation, at a pH value within the limits specified in that 
standard, may be ensured by (1) sterilization or pasteuri- 
zation, (2) the addition of preserving agents, (3) refriger- 
ation, or (4) inert gas, without brine. 

Other green olives are prepared without a prior alkaline 
treatment and are placed directly into the brine, either to 
undergo a natural fermentation or to be preserved by any 
of the procedures mentioned earlier. In those cases, they 
keep the denomination green olives and the word pickled 
disappears. Their commercial importance is minor, al- 
though final products of excellent quality may be obtained 
by those procedures. Table 7 shows the different phases for 
the processing of Spanish-style pickled green olives in 
brine. 

The fruits are picked when their color is still green or 
yellowish green and are harvested by hand, although nu- 
merous attempts have been made to harvest them me- 
chanically. Tree shakers have not been well accepted yet 
because of the damage they cause to the trees and fruits. 

Fresh fruits are then transported to the factory either 
in crates of perforated plastic material that allow access of 
air, with a 20 to 25-kg capacity, or in bins with perforated 
mesh walls of higher capacity. The fruits remain in their 
containers for a period varying from several hours to 3 or 
4 days, depending on the variety. After sorting and an op- 
tional size grading, the fruits proceed to the lye treatment. 

Fruits are treated with a diluted solution of sodium hy- 
droxide to eliminate the greater part of the bitter glucoside 
oleuropein. In this treatment, the lye penetrates the pulp 
to a depth of two-thirds to three-fourths the distance be- 
tween the skin and the stone. The lye concentration used 
varies generally between 1.3 and 2.6% (wt/vol), depending 
on temperature, variety, and stage of maturity of the fruits, 


Table 7. Spanish-Style Pickled Green Olives in Brine: Scheme of the Process and Compositional Changes 


Phases Operations Flow chart Changes in composition 
Fresh olives 
Harvesting 
Prior phase None ‘Transport to the factory None, under normal conditions 
u 
Sorting (optional size grading) 
u 
Lye treatment 7 : 
Alkaline treatment and Bydeolysisiotoleuripeln: 
B tebe , Loss of sugars and organic acids 
washing with water Washing ‘ oman 
it Formation of organic acids from sugars 
Fundamental 
phase Fermentation in beine, mainly Brining Lactic acid formation from sugars and other 
lactic acid bacteria u fermentable compounds 
Secondary action of other Lactic fermentation Formation of other organic acids 
microorganisms u Degradation of pigments 
Sorting and size grading 
u 
. (optional pitting and stuffing) 
Final phase t 


Conservation in brine 
Bottling 


Packing 


None, under normal conditions 
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Table 8. Californian-Style Pickled Black Olives in Brine: Scheme of the Process and Compositional Changes 


Phases Operations Flow chart Changes in composition 
Fresh olives 
Harvesting 
Ness Gouna u None, under normal conditions (if optional 
rasa tigtsie ‘Transport to the factory fermentation is used: slow loss of sugars, 
x fermentation in ‘ . 
Prior phase A ee y tannins, and oleuropein. 
brine, by lactic acid , ; a pat eal 
acca and yoneks) Sorting Formation of organic acids and possibly ethanol 
(optional size grading) and aromatic compounds) 
4 
(optional storage in brine) 
u 
Lye treatment and air oxidation 
Alkaline treatment W: oo 
Washing with water “y ing 
Oxidation by air ; = 
Fermentation in brine, Color: Heine sad brining : . 
maak Ge aad Hydrolysis of oleuropein 
Fundamental = UD | (Optional pasteurization) Loss of sugars and organic acids 
phase " u Formation of organic acids from sugars 
Secondary action of Bete cnitk ; : 
ane ting and ioe grading Degradation of pigments 
microorganisms ye ciiac itty ae 
Pees az (Optional pitting, slicing splitting, etc.) 
Heat sterilization sate 
Canning and heat sterilization 
u 
Final phase Storage of the sealed Storage None, under normal conditions 
and sterilized 
product 


Table 9. Greek-Style Pickled Black Olives in Brine: Scheme of the Process and Compositional Changes 


Phases Operations Flow chart Changes in composition 
Fresh olives 
Harvesting 
u 
Prior phase None ‘Transport to the factory None, under normal conditions 
u 
Sorting 
(rough size grading) 
y 
Washing 
Washing with water . ha Slow loss of sugars, tannins, and 
Spontaneous fermentation in eae: oleuropein. 
Fundamental ; : i 
Faas brine Pocmentatita’ Formation of organic acids, 
7 Yeast predominate; lactic acid ethanol, acetaldehyde, and ethyl 
bacteria sometimes present Satin and size grading (atrexposure) acetate. 
y 
Final phase —_Storage in brine Packing and storage None, under normal conditions 


Canning 


and it is regulated in such a way that the treatment takes 
a determined number of hours to reach the suitable pen- 
etration for each variety. As a general rule, time for the 
majority of the varieties is 5 to 7h, except for Gordal and 
Ascolano, which require a slower treatment, around 9 to 


10 h, with more diluted lyes because of the texture and 
composition of the skin and flesh. A good control of the 
factors mentioned previously (lye concentration, lye pene- 
tration, and time of the treatment) is essential for the qual- 
ity of the final product. When the fruits are treated with 
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too much of a low-concentration lye and hence over a longer 
time, the further developed color may be only fairly ac- 
ceptable and the fermentation will be poor. Conversely, a 
high-lye concentration may produce texture deficiencies 
and a high loss of fermentable matter, which is important 
to further fermentation. 

After the alkaline treatment, the fruits are washed with 
water to eliminate the major portion of the lye that re- 
mains in the flesh. The duration and number of necessary 
washings are also important factors. An excessive number 
of washings can deplete the fermentable matter and nu- 
trients in such a way that it will be necessary to add more 
of those compounds to complete the fermentation process. 
An excessive amount of organic salts may also be lost, pro- 
ducing as a consequence a lack of buffer capacity of the 
medium. Finally, a long period of washing may lead to se- 
rious bacterial contamination before the fruits are placed 
into the brine. On the contrary, excessively short washings 
produce a high concentration of organic salts (frequently 
called residual lye) in the fruits, which further prevents 
the attainment of suitable pH values during fermentation 
(8D. 

In summary, for each variety, stage of maturity, and 
temperature, a compromise must be found between lye 
treatment and the washing system that permits the fruits, 
when placed in brine, to retain enough fermentable com- 
pounds to reach a suitable degree of free acidity during 
fermentation and a concentration of organic salts (nor- 
mally around 0.1 N) that will maintain the right pH value 
for safe storage of the fruits in brine. If the lye treatment 
is correct, a quick rinse after the alkaline treatment, fol- 
lowed by a first washing of 2 to 3 h and a second washing 
of 10 to 12 h, is the schedule normally used in the factories. 

After washing, fruits are placed into a brine of sodium 
chloride in which lactic acid fermentation takes place. The 
brine, by osmosis of the components of the fruit, is trans- 
formed in a rich culture medium for microorganisms that 
are responsible for fermentation. The speed of that trans- 
formation depends on the variety, lye treatment and wash- 
ings, ratio of fruit to brine, salt concentration, tempera- 
ture, and so on. The order of appearance of growth of 
different microorganisms is dependent on their nutritive 
requirements. 

The concentration of initial brine is quite important. If 
too low, the also low osmotic pressure can lead to spoilage 
by sporulating microorganisms of the Clostridium type 
during the first stage of fermentation, if the pH value re- 
mains too high. On the contrary, if the concentration of salt 
is too high, fruits may become irreversibly wrinkled (86). 
Depending on the variety and the stage of maturity of the 
fruit, initial concentration must be regulated between 9 
and 11 Beaume degree units. 

After the initial decrease in the salt concentration, it 
must be gradually increased to maintain a good texture in 
the fruit and allow good fermentation and storage (86). 
However, the increments of salt must be slow enough to 
permit the right growth of the lactic acid bacteria. 

A good approach is to maintain the salt concentration 
between 5 and 6% during the greater part of the fermen- 
tation phase, rising to 7% at the end of that part of the 
process. Furthermore, it may be increased up to 8% or even 


more during the storage phase to avoid the growth of Pro- 
pionibacteria during the last stage of fermentation, which 
may produce a depletion of lactic acid. 

At present, the containers used for all the fundamental 
phases of the process (treatment with lye, washing, fer- 
mentation, and further storage of the fermented product) 
in the majority of the producer countries are fermentors 
made of polyester and fiberglass. They can be fully closed 
to create anaerobic conditions and exclude the growth of 
yeast films on the surface of the brine. The containers have 
a large opening on the top and valves at the top and the 
bottom that facilitate the unloading of the fruits and the 
circulation of the brine. The most common capacity for 
these is about 10 t of fruit, some even 15 t. The same ma- 
terial is used for underground fermentors. In those cases, 
the opening at the top is used for all operations—loading, 
unloading, and recirculation of the brine—by use of suit- 
able pumps. 

The four phases of spontaneous fermentation of pickled 
green olives in brine have been described in detail, Each 
of them is characterized by a different development of the 
microbial population as well as by changes in the physical 
chemical characteristics of the culture medium, which is 
constituted by the initial brine and the soluble compounds 
of the fruit that pass to it by osmosis. 

The duration of each phase as well as the relative im- 
portance of the growth of certain microorganisms depend 
on a series of factors, among which the following must be 
emphasized. 


Prior treatments of the olives (lye treatment, wash- 
ing operations, and initial concentration of the brine) 


Capacity of the fermentor and, as a consequence, the 
ratio of fruit weight to brine volume 


© Climatic and environmental conditions in the factory 
Variety of the olives 
* Sanitary conditions of the plant and equipment 


In all cases, the natural sequence of appearance, growth, 
and disappearance of microorganisms may be established 
as follows: 


* Gram-negative bacteria, the majority of which belong 
to the Enterobacteriaceae family. They are the first 
to appear and grow, at the relatively high pH values 
of the initial brine. 

Lactic-acid-producing cocci, mainly from the genus 
Pediococcus (homofermentative) and Leuconostoe 
(heterofermentative). Their major or minor growth 
may have, together with other factors and the action 
of gram-negative bacteria, an influence on Lactoba- 
cilli, mainly from the species L. plantarunz, which, 
under normal conditions, become predominant in the 
third phase and are responsible for the typical fer- 
mentation of Spanish-style pickled green olives in 
brine. 

Propionibacterium genus, which, as indicated earlier, 
may grow during the fourth phase with depletion of 
lactic acid if salt concentration in the brine is not suit- 


ably controlled during the storage of the fermented 
fruits. 


A variable and nonabundant fermentative yeast popu- 
lation coexists with Lactobacilli throughout the whole fer- 
mentation period and probably partially contributes to the 
sensory properties of the final product. However, film- 
forming oxidative yeasts must necessarily be avoided with 
a suitable anaerobic closing of the fermentors. Each genus 
and species gradually adapts the characteristics of the me- 
dium to the requirements of the microorganism that suc- 
ceeds it within the natural sequence, until the last one be- 
comes dominant. 

The correct control of a reduced number of factors, such 
as pH value, free and combined acidity, salt concentration, 
temperature, degree of aerobiosis or anaerobiosis, and use 
of a pure culture as starter, permits food technologists to 
vary the duration and relative importance of each of the 
phases and avoid the microorganisms that can have neg- 
ative effects on the quality of the final product. 

Acidification or injection of CO, into the brine during 
the first stage to prevent the development of gram- 
negative bacteria, and a further inoculation with a pure 
culture of L. plantarum or a well-fermented brine with a 
good population of active Lactobacilli, is a very efficient 
method to reduce to a minimum the effect of the first and 
second phases and accelerate the start of the fundamental 
third phase. A well-controlled fermentation process pro- 
duces a final product that, in general, shows pH values of 
3.8 to 4.2 units and a free acidity between 0.8 and 1.2%, 
expressed as lactic acid and mainly composed of that acid. 
The figures for combined acidity, also improperly called re- 
sidual lye, oscillate between 0.09 N and 0.11 N, approxi- 
mately. The final salt concentration should be about 7%, if 
the storage period is expected to be relatively short and 
room temperature is not too high. However, for longer pe- 
riods of preservation or high summer temperatures, it is 
better to raise the sodium chloride concentration to at least 
8%, to avoid the growth of Propionibacterium species. Only 
Lactobacilli in their declining phase and some fermenta- 
tive yeasts constitute the microbial population of the fer- 
mented product. 

Green olives to be sold are bottled or canned in small, 
hermetically sealed containers, which generally present 
the characteristics summarized in Table 10. The right se- 
lection of those parameters, the most important of which 
are fixed by the international standard of the IOOC, per- 
mits the bottled or canned product to be kept safely 
without pasteurization, and no sediment is formed in the 
container (87). According to those standards, salt concen- 


Table 10. Typical Ranges for the Main Physical Chemical 
Parameters of Pickled Olives in Brine 


Spanish-style Californian-style Greek-style 


Parameter green olives black olives _black olives 
pH value 3.6-4.2 58-8.0 43-45 
Free acidity 

(as lactic acid) 1% 0.3-0.5% 
Sodium chloride 28% 15% 6-10% 
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tration may be reduced up to 2% and pH value raised up 
to 4.3 if the containers are pasteurized. 

The conditions for bulk pasteurization of green olives 
and pasteurization of different sizes and shapes of cans 
and bottles filled with different sizes of pickled green olives 
have been studied for Gordal and Manzanilla varieties 
(88). An objective spectrophotometric method by measure- 
ments of reflectance has been developed to follow the color 
evolution of the fruits during fermentation and further 
treatments (89). 


Californian-Style Pickled Black Olives in Brine. Within 
the turning-color type, which represents about 20 to 23% 
of the world production of table olives, the most important 
commercial preparation is that of Californian-style pickled 
black olives in brine (called ripe olives in the United 
States). The main producer countries are the United 
States (46-48% of the world production of these olives) and 
Spain (25-32%). Table 8 shows the different phases for the 
process of this style. The process may be carried out either 
directly with the fresh fruits or after a holding period of 
the olives in brine, which varies from 2 to 6 months. The 
reason for the optional storage in brine is that not all the 
fruit available at the time of the harvest can be directly 
processed, because of the capacity of the processing plants 
and because it is not practical to keep large stocks of 
canned product for a long time. In the first procedure, 
sorted fresh olives are successively treated with sodium 
hydroxide aqueous solutions for varying periods to get a 
gradual penetration of the lye into the flesh. After each lye 
treatment, the fruits are placed in plain water and oxidized 
by air injection under pressure to transform the polyphe- 
nolic compounds and so permit a complete blackening of 
the skin and a uniform color in the flesh. 

The color of the skin of the fruit at the time of harvest 
varies greatly from yellowish green to purple, and the 
taste, color, and texture of the final product will be highly 
dependent on the maturity stage and the variety. Mission 
and Manzanilla in the United States and Hojiblanca and 
Cacerena in Spain are the best varieties for this type of 
processing. 

The number of lye treatments has traditionally been 
between 3 and 5, although at the present time industry 
tends to reduce this number to a minimum. In general, a 
first treatment just to penetrate the skin, a second one to 
penetrate 1 mm of the flesh, and a third one that permits 
the lye to reach the pit constitute a typical industrial 
schedule. The concentration of the lye depends on the ma- 
turity stage of the fruit, the variety, the temperature, and 
the desired penetration. It generally varies between 1 and 
2%, the highest being used to penetrate the skin. Air oxi- 
dation periods, between lyes, are variable, frequently 
around 12 h. 

Tanks for lye treatment, air oxidation, and washings 
have different sizes and shapes and are made of concrete, 
stainless steel, or polyester and fiberglass and must be 
suitably arranged for uniform distribution of pressurized 
air throughout the whole mass of fruits and liquid. 

The number and duration of washings must be regu- 
lated to get the washed olives to reach a final pH value 
around 7 units. Washing water must be changed fre- 
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quently to avoid the growth of spoiling aerobic microor- 
ganisms. 

Generally, 0.1% of ferrous gluconate is added to the last 
washing water to fix the color of the fruits, obtained by 
oxidation. The effects of ferrous gluconate and ferrous lac- 
tate, at the same level of iron content, have been compared, 
and similar results with the two compounds have been re- 
ported (90). In addition, olives are placed and equilibrated 
into a brine containing 3% sodium chloride, canned, and 
heat sterilized. Varnished tinplate is generally used for the 
inside of the containers. The use of a needle board to punc- 
ture the skins of certain varieties of olives before the brin- 
ing to avoid shriveling and a pasteurization before the can- 
ning operation to minimize the action of some aerobic 
bacteria during brining are optional parts of the process. 

The fruits that are not directly treated after harvesting 
and that remain for a variable period in holding brines may 
undergo a spontaneous fermentation process that is simi- 
lar in almost all aspects to the one followed by natural 
black olives in brine (Greek style), which will be described 
next. At the end of this holding period, fruits are processed 
in the same way as indicated previously for fresh fruits. 
However, lye concentration and time for each treatment 
will be influenced by the conditions used during the pre- 
vious storage and must be carefully controlled. 

Although traditionally this previous storage in brine 
has been undertaken under relatively close to anaerobic 
conditions to avoid films of yeasts and molds, which may 
spoil olives, an alternative aerobic procedure has been de- 
veloped, with excellent results in Manzanilla and Hoji- 
blanca varieties (91,92). 

The final product for Californian-style pickled black ol- 
ives in brine shows typical pH values between 5.8 and 7.9 
units and salt concentrations between 1 and 3% sodium 
chloride (wt/vol). However, for certain consumer prefer- 
ences, salt concentrations close to 5% are also used. 


Greek-Style Natural Black Olives in Brine. Within the 
black-olive type, which represents about 33 to 40% of the 
world production of table olives, the most significant com- 
mercial preparation is that of Greek style. The main pro- 
ducing countries are Turkey (24-27% of the world produc- 
tion of this type) and Greece (18-21%). Table 9 shows the 
different phases for the processing of this style. 

Fruits are harvested when fully ripe or slightly before 
full ripeness is reached, and they may, according to pro- 
duction region, variety, and time of harvesting, be reddish 
black, violet black, deep violet, greenish black, or a deep 
chestnut color. The olives are transported to the factory as 
described previously for the Spanish-style pickled green 
olives in brine. After a sorting to separate damaged fruits, 
and occasionally after a rough grading to eliminate small 
sizes, the fruits are quickly washed with water to remove 
superficial dirt and then placed into a brine with a salt 
concentration between 8 and 10 Beaume degree units, or 
slightly lower. 

At present, the polyester and fiberglass fermentors de- 
scribed for green olives are also used for this type of fruit. 
They are generally buried underground to avoid high tem- 
peratures, because of the high degree of ripeness of the 
olives. Traditionally, the processors have tried to maintain 


strict anaerobiosis in the tanks to avoid the growth of film- 
forming yeasts and molds, which affect the texture and 
flavor of the olives. The fermentation process is very slow, 
because diffusion of soluble components of the fruit to the 
brine is slow due to the fact that it has not been treated 
with lye. A complex microflora develops during fermenta- 
tion: gram-negative bacteria, gram-positive cocci of lactic 
acid, yeasts, and occasionally Lactobacilli—the last in the 
case of relatively low concentrations of sodium chloride, 
below 7 to 8%. Yeasts constitute the dominant population, 
and the most representative species are Saccharomyces 
oleaginosus and Hansenula anomala. 

Under those conditions, the final product has pH values 
between 4.5 and 4.8 units, and free acidity ranges from 0.1 
to 0.6%, expressed as lactic acid. For these reasons, there 
is a tendency to gradually raise the salt concentration, 
which frequently is about 10% or even higher at the end of 
the fermentation process. 

Afterward, fermented olives are exposed to air to im- 
prove the skin color, classified by size; and packed with a 
new brine. Containers are either wooden or plastic barrels 
of about 130 to 150 kg of fruit, cans of 10 to 15 kg, or 
smaller plastic bags. During this traditional process, the 
spoilage, called alambrado or fish eyes, frequently pro- 
duces big losses in certain varieties of olives. This effect is 
attributed to different causes, such as the fruit’s metabo- 
lism, influenced by the anaerobic conditions of the medium 
and the maturity stage of the fruit itself, and the action of 
the most representative yeasts previously mentioned. 

A new controlled aerobic fermentative process, which 
avoids spoilage, has been developed (93,94). It injects air 
through the mass of fruits and brine during fermentation. 
The system may be applied in either a continuous or dis- 
continuous manner. The best conditions are volume of air, 
0.1 to 0.5 L/h/L capacity; sodium chloride concentration, 
10%; and pH value of 4.5 units, controlled by the addition 
of food-grade acetic acid. Under these circumstances, a 
population of yeasts of oxidative and facultative metabo- 
lism is responsible for fermentation, with Debaryomyces 
hansenii and Toritlopsis candida the most representative 
species. The system for polyester and fiberglass tanks, 
which are most frequently used in the industry, have been 
further optimized (94). After finishing the phase of active 
fermentation and interrupting the airflow, the investiga- 
tors indicate that the safest method to avoid further spoil- 
age is the addition of the necessary amount of potassium 
sorbate to reach 0.05%, expressed as sorbic acid, in the 
equilibrium (95). 

Further studies indicate that the use of a low concen- 
tration of sodium chloride, around 2% at the beginning of 
the aerobic fermentative process, and a gradual increase 
of salt up to the final value of 9% is satisfactory (96). Some 
other species of representative yeasts have been isolated, 
such as Pichia membranaefaciens, Hansenula mrakii, and 
Candida boldinii. The effect of different levels of aeration 
and its mode, initial concentration of salt, maturity stage 
of the olives, and control of the pH value have been studied 
using a factorial design experiment (97). 

The aerobic procedure is being gradually and success- 
fully adopted by the processors of this style of black olive. 
The best conditions for packing the olives in small contain- 


ers destined for the consumer have been studied (98). Two 
methods are equally effective: a pasteurization at 80°C for 
4 min, and the addition of potassium sorbate 0.05%, ex- 
pressed as sorbic acid, at the equilibrium. Typical values 
for these products, after 11 months of storage, are pH val- 
ues of 4.40 to 4.45 units and sodium chloride between 7.2 
and 7.4%. 


REDUCTION AND REUSE OF WASTES 


Most food industries that transform natural products, of 
either animal or vegetable origin, contribute to ambient 
pollution. So is the case with olive oil mills and olive- 
pickling plants. This situation has constituted an impor- 
tant concern for scientists and technologists in the olive oil 
and table olives industries for the last 35 years (99). 


By-products of Olive Oil Production 


Olive pomace and wastewaters are the major by-products 
resulting from the elaboration of olive oil (100-102). Olive 
pomace is the material remaining after most of the oil is 
removed from the olive paste. It contains fragments of 
skin, pulp, fragments of kernels, and some oil. In chemical 
terms, the major constituents are cellulose, protein, and 
water, The minor components are represented by a com- 
plex mixture of polyphenols (gallic acid, protocatechuic 
acid, p-hydroxybenzoic acid, vanillic acid, and caffeic acid). 
Olive pomace has some commercial value depending upon 
its oil and water content. The olive pomace can be further 
processed to extract the remaining oil. The exhausted pom- 
ace (kernel wood) can be used for several applications: 
(1) Its combustion can generate heating water in the olive 
oil mills; (2) kernel wood, after the removal of the stones, 
can be used as livestock feed; and (3) its ashes can be used 
as fertilizers. 

The wastewater represents the water content of the ol- 
ive fruit plus the water added during the processing of the 
olives in the olive mill. Carbohydrates are the major or- 
ganic substances in wastewater; these are followed by pro- 
teins, organic acids, phenols and polyphenols, and some 
emulsified oil. Among the inorganic components, the most 
abundant are phosphates, sulphates, and chlorides, fol- 
lowed by carbonates and silicates. Sodium, potassium, and 
calcium are also found in large quantities. Wastewater has 
been used to grow yeast, to produce butanol using micro- 
organisms, to isolate anthocyanin compounds for use in the 
food industry, and to produce steam. Efforts are being 
made to reduce wastewater by recycling in the milling pro- 
cess and to decrease its environmental pollution by treat- 
ment with biological or physical processes prior to its dis- 
charge (103-105). 


By-products of Olive Pickling 


Some important progress in solving the problem of olive- 
pickling by-products has been made in two complementary 
ways (102,106): 


1. Reducing the volume of industrial wastes and reus- 
ing them in processing operations 
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2. Regenerating the fermentation brines to be further 
used in packaging the final product 


For the first point, a series of internal-control regulations 
have been adopted, such as reusing lyes for the treatment 
of olives; reducing the lye concentration up toa minimum 
effective value; and reducing, and even completely elimi- 
nating the washing operations by neutralizing the residual 
free lye after the alkaline treatment (99). With regard to 
the regeneration of the fermentation brines, to be used in 
bottling and canning operations, the most successful pro- 
cedures include ultrafiltration and a previous treatment 
with active coal followed by a filtration (107,108). 

At present, it can be said that this is a problem that is 
technically solved, although it requires an economic ad- 
justment to be developed industrially and generally ap- 
plied. 


THE INTERNATIONAL OLIVE OIL COUNCIL 


Establishment and Functions 


The IOOC was established in 1959 to administer the In- 
ternational Agreement on Olive Oil of 1956. This agree- 
ment has evolved over the last 40 years through a series 
of amendments approved at several United Nations con- 
ferences on olive oil. The most comprehensive Interna- 
tional Agreement on Olive Oil and Table Olives was ne- 
gotiated at the U.N. Conference on Olive Oil held in 
Geneva from June 18 to July 1, 1986, and extended with 
amendments until December 31, 1998. The chief objectives 
of the 1986 agreement are to facilitate international co- 
operation on world problems affecting olive products; to 
promote research and development for the modernization 
of olive cultivation and the industries processing its prod- 
ucts by setting up technical and scientific programs to im- 
prove the quality and reduce the prices of the products ob- 
tained; to facilitate the study and application of measures 
devised to expand international trade in olive products; to 
seek to balance production and consumption, especially by 
increasing the latter; to reduce handicaps brought about 
by fluctuating market supplies; to forestall and oppose un- 
fair competition practices and ensure delivery of goods that 
comply with the contracts signed; to foster the coordination 
of policies covering olive products; to enlarge market ac- 
cesses; to ensure reliability of supplies and devise trade 
structures, especially by improving consultations and the 
supply of information; and to continue to develop the tasks 
undertaken within the context of the previous olive oil 
agreements. 

The council undertakes, in conjunction with United 
Nations Development Programme (UNDP), FAO, and 
other international organizations, to collect technical in- 
formation and circulate it to all members; to promote 
action to coordinate technical improvement activities 
among members; to assist national planning relating to 
technical improvements, in particular in the developing 
olive-growing countries; and to encourage the transfer of 
technology to developing olive-growing countries; and to 
encourage the transfer of technology to developing olive- 
growing countries from countries highly advanced in olive 
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cultivation and oil-extraction techniques. The council pro- 
vides a special fund for this purpose and, as part of the 
development of international cooperation, it procures fi- 
nancial and technical assistance from competent interna- 
tional, regional, and national organizations. 

The agreement provides for a joint promotion fund set 
up every year with compulsory contributions from the 
mainly producing members. Mainly importing members 
may contribute to the fund under special agreement. The 
council is entitled to receive, for promotional purposes, vol- 
untary contributions from a governments or other sources. 
The council also gives special attention to any scientific 
research on the biological value of the products obtained 
from the olive that might prove to be of use to consumption 
throughout the world. 


Composition 


The contracting parties to the International Agreement on 
Olive Oil and Table Olives, 1986, as amended and ex- 
tended, are as follows: 


¢ Mainly producing and mainly importing members: 
European Union (Austria, Belgium, Denmark, Fin- 
land, France, Germany, Greece, Ireland, Italy, Lux- 
embourg, the Netherlands, Portugal, Spain, Sweden, 
United Kingdom) 

Mainly producing members: Algeria, Cyprus, Israel, 
Lebanon, Morocco, Syrian Arab Republic, Tunisia, 
Turkey, Yugoslavia 

Mainly importing member: Egypt 

Observers: Argentina, Australia, Brazil, Bulgaria, 
Canada, Chile, China, Colombia, Costa Rica, Croatia, 
Cuba, Dominican Republic, Ecuador, India, Islamic 
Republic of Iran, Iraq, Japan, Jordan, Libya, Mexico, 
New Zealand, Norway, Pakistan, Panama, Peru, Po- 
land, Romania, Russian Federation, Saudi Arabia, 
Slovak Republic, Slovenia, Thailand, United States, 
Uruguay, Venezuela, the Palestinian National Au- 
thority. 


General Publications 


International Olive Oil Council Information Sheet (twice 
monthly); OLIVAE (5 times per year); National Policies for 
Olive Products (annual); various leaflets giving informa- 
tion on the International Agreement on Olive Oil and Table 
Olives, the IOOC, and IO0C activities; market research, 
technical handbooks, recipe books 


SUMMARY 


According to Greek mythology, thousands of years ago, Po- 
seidon, god of the sea, and Athena, goddess of wisdom, 
were arguing over who was to going to control the destiny 
of a newly built city. They decided that the one who would 
present the city with the most valuable gift would be the 
one honored. Poseidon struck a rock with his trident, and 
a spring appeared. As the water started to flow, a horse 
emerged, symbol of strength and power. Athena stuck her 
spear in the ground, and it turned into an olive tree, sym- 


bol of peace, wisdom, and prosperity. Athena’s gift was 
deemed the most valuable, and the city was named Athens 
in her honor. Today, an olive tree stands where the legend 
says Athena placed her spear. It is said that all the olive 
trees in Athens were descended from that first olive tree 
offered by Athena. The reality is that the olive tree and its 
fruits have played an integral part in the history of the 
people of the Mediterranean. Olive oil has been considered 
the cornerstone of the so-called Mediterranean diet. This 
diet has been associated with multiple health benefits, and 
current researchers are investigating the molecular basis 
for these effects. This chapter describes briefly some of the 
more technical aspects of the production of olive oil and 
table olives. Several monographs go into more detail about 
these aspects of olive oil; among the most recent and com- 
prehensive is one published by A. Kiritsakis (109). 
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OPTIMIZATION METHODS IN FOOD 
PROCESSING AND ENGINEERING 


THE BEST 


One primary goal of food process engineering is to find and 
understand the mechanisms and phenomena that under- 
score a given food manufacturing process. Such basic 
knowledge allows the food engineer to grasp how a process 
works and thus operate an existing or design a new pro- 
cessing system. In today’s rapidly changing, highly sophis- 
ticated, and extremely competitive world, however, such 
basic knowledge is not always enough. Often, it is impor- 
tant not only to know how a process works but also how it 
works “best.” The meaning of best changes from system to 
system and depends on the criteria used. For example, if 
the chosen criterion is process yield, then the highest value 
(maximum) is best. On the other hand, if cost is the crite- 
rion, then the lowest value (minimum) is best. The desired 
extreme value (maximum or minimum) is optimum, and 
the values of the adjustable processing variables that pro- 
duce this optimum are called the optimum conditions. The 
theory, methods, and techniques used to attain an opti- 
mum and to locate the optimum operating conditions are 
the subject of optimization. Optimization has been defined 
simply as “getting the best you can out ofa given situation” 
(1). In addition, “it [optimization] opens up the possibility 
of achieving the very best, of reaching perfection, of choos- 
ing the superior course of action among all possible alter- 
natives” (2). 

The scope of this article is to (1) introduce the subject 
of optimization in simple terms; (2) clarify some of the ter- 
minology, theory, and methods used; and (3) cover some of 
the areas in food science and engineering where optimi- 
zation is being applied or potential applications are likely 
to occur. The references provide more explicit and in-depth 
coverage of the subject. 


THE ELEMENTS OF OPTIMIZATION PROBLEMS 


In every case of optimization, the problem must first be 
formulated and then the system to be optimized must be 
defined. This requires specifying the variables that affect 
the system’s behavior. For example, in making a hot cup 
of tea, an obvious variable that affects the quality of the 
tea is the length of time the tea bag stays in the hot water. 
Performing experiments to measure the quality of the tea 
as a function of time generates a curve like the one shown 
in Figure 1. Choosing the maximum quality value and trac- 
ing it back to the corresponding optimum time optimizes 
this oversimplified and trivial system. Accounting for the 
effect of the water temperature on the tea quality compli- 
cates the system. In such a case a series of constant quality 
curves might be obtained (Fig. 2), which produce a set of 
optimum conditions for temperature and time. 
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Figure 1. Quality of tea as a function of time the tea bag stays 
in hot water. 
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Figure 2. Quality of tea as a function of water temperature and 
processing time. 


To make the preceding system more realistic, other 
variables could be included in the optimization problem: 
the amount of stirring, the amount of tea in the tea bag, 
the storage history of the tea leaves (temperature and hu- 
midity), and so on. All these factors will have some effect 
on the quality. Furthermore, it is difficult to measure and 
define quality, because it depends on the taste and pref- 
erence of individuals, among other things. Despite the sim- 
plicity of the preceding example, it illustrates the basic 
problem of optimization and the need to formulate the 
problem, define the system, find a function (or mathemat- 
ical model) that describes the system, and find the system’s 
optimum. 

More explicitly, all optimization problems must con- 
sider several important elements (2,3): 


Selection of Decision Variables. The most critical ele- 
ment in optimization problems is to select all the ap- 
propriate variables that contribute to the decision- 
making process of attaining the optimum. These input, 
or independent variables affect the performance of the 


process or system and can be adjusted, changed, and 
controlled. 

Definition of the Performance Function. Another impor- 
tant element of optimization problems is the process of 
defining which dependent variables require optimiza- 
tion (maximization or minimization). These measured 
variables, called performance or objective functions, de- 
termine and reflect the performance of the system or 
process. 


Identification of Constraints. In most optimization prob- 
lems, certain constraints may limit the values that de- 
pendent or independent variables can take, restricting, 
therefore, the region of allowable solutions. Such con- 
straints may be imposed by physicochemical or other 
impossibilities (in the tea example, the temperature of 
the water cannot be more than 100°C). They may also 
represent restrictions endogenous to the system (eg, 
federal or state requirements on the composition of a 
food product, grading guidelines, and equipment re- 
strictions). Whatever the case might be, such con- 
straints must be taken into account, because they influ- 
ence the solution of a given problem. 


Development of a Mathematical Model to Describe the 
System. Attempts to solve a problem by trial and error 
require painstaking physical experimentation and ap- 
plication of statistical theory. Instead of this, a mathe- 
matical model is used for most cases of optimization. In 
some cases, mathematical models may already exist 
(eg, thermal processing and drying), but in other situ- 
ations models must be developed based on available sci- 
entific and engineering knowledge. It is necessary to be 
aware of how to develop a model (4,5). Sometimes the 
complexity of the system might be such that a model 
cannot be developed or, if developed, cannot be solved. 
This is common in biochemical and biological systems 
such as foods, and usually an approximating (or gradu- 
ating) function is developed, which represents the true 
nature of the system as closely as possible (6). Such 
functions are usually polynomials or transformations 
thereof, and a limited number of experiments are re- 
quired to find their constant coefficients (7,8). Data col- 
lection methods (experimental design) and model fitting 
(linear, nonlinear, and other regression) techniques are 
important elements of finding the appropriate approx- 
imating function (3,7-11). 

Attaining the Optimum. The final element of all opti- 
mization problems is to choose an appropriate method 
to optimize the system. It is imperative to realize that 
the scope of every optimization method is to adjust and 
readjust the values of the decision variables to locate 
the settings that maximize or minimize (optimize) the 
performance function(s), while ensuring that all vari- 
ables (dependent or independent) satisfy the con- 
straints of the system. 


Figure 3 gives typical relationships between the impor- 
tant elements of an optimization problem and their role in 
its solution. The following section discusses the available 
optimization techniques and methods. This information 
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Figure 3. The important elements of an optimization problem and their interactions. 


should be complemented with the more in-depth discus- 
sion given in the references cited therein. 


OPTIMIZATION METHODS 


Basic Theoretical Background 


Among the various optimization techniques, each is best 
suited to operate on a particular type of mathematical 
model. Consequently, when formulating a problem and de- 
veloping a specific model, the strong and weak points of 
the various optimization techniques must be kept in mind. 

The basis for all optimization methods is the classic the- 
ory of maxima and minima. Mathematically, the theory is 
concerned with finding the minimum or maximum (ex- 
treme points) of a function of n variables, f(x, x2,... 5 Xn); 
where n is any integer greater than zero. To simplify the 
concept, assume that fis a function of only one variable x 
(Fig. 4). In this example, point A is located at the boundary 
and it is a local minimum. Point B, where the first deriv- 
ative f’ is discontinuous, is a global maximum. Point C, 
where f’ = zero, is a local minimum, D(f' = 0) and Gare 
local maxima, and E is the global minimum. Points C, D, 
E, and F are stationary points, because their first deriva- 
tive f’ is zero. A stationary point is a maximum (local or 
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Figure 4. A schematic representation of a function f(x) and its 


first derivative f(x). 
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global) if movement away from it causes the function f(x) 
to decrease. A point is a minimum if movement away from 
it causes an increase. Mathematically, a point x* is a local 
maximum of the function f(x) if 


f(x*) = f(x) (69) 
and 
le? —0l <6 (2) 


where 0 is a small positive number. The point x* is termed 
a global maximum when the inequality (Equation 1) holds 
true for all values of x, Definitions of local and global min- 
ima are similar. Point F, however, whose first derivative is 
zero (a stationary point), is neither a maximum nor a min- 
imum, but a mini-max, better known as a saddle point. In 
this case, movement away from point F will result in an 
increase or decrease in f(x) depending on the direction of 
the movement. 

The classic theory of maxima and minima is simply a 
search to find all local maxima or minima and then a com- 
parison of the individual values to determine the global 
(absolute) maximum or minimum. The critical places to 
look for the extreme values are 


1. at the stationary points (where f'(x) = 0), 

2. on the boundaries of the domain of the decision vari- 
ables, and 

3. at points where the first derivatives are discontinu- 
ous. 


When f(x) and f (x) are continuous functions, the extreme 
points will most likely be at the stationary points (except 
for cases involving saddle points). Thus the problem be- 
comes one of locating the points where the partial deriva- 
tives are zero. To accomplish this goal, the following n al- 
gebraic equations 


of = es 
Beg TR ee NO yee ve) (3) 


must be simultaneously solved. Unfortunately, differential 
calculus does not always provide a method for solving such 
equations, particularly when real solutions do not exist. If 
some continuous and real functions z;(x) exist, an approx- 
imate solution to the equation 


z(a)=0 (j= 1,...,”) (4) 


can be obtained by minimizing the sum of squares of the 
residuals defined by 


> Ew? (6) 
c= 


The calculus approach is useful when the equation 3 can 
be solved directly (when they are all linear, eg). It can also 
reduce the dimensionality, the number of variables re- 
quired to solve the problem, in some cases. 


These analytical methods may not always work. Opti- 
mization can still be performed, however, by iterative 
methods using a computer. Iterative methods are useful 
for solving simultaneous equations such as equation 4, but 
cannot guarantee optimization when used to solve equa- 
tion 3, primarily because stationary points are not always 
optima (they may be saddle points). For that, it is usually 
better to apply the iterations directly to the function f(x) 
and try to find the minimum (or maximum) by the follow- 
ing strategy (12): 


1, Take a trial solution, x,. 

2. Find a direction from this trial solution in which f(x) 
decreases (or increases). 

3. Find a point x,, in this direction so that f(x,41) < 
flay) (or Flay 4 1) > Racy). 

4, Repeat the process from this new trial solution. 


Even iterative methods might fail to produce an opti- 
mum, however. This might be due to a number of reasons, 
including the nature or structure of the system, slow con- 
vergence, rounding-off errors, and finding a local instead 
of a global extreme. With the preceding background, re- 
strictions, and limitations in mind some basic optimization 
methods are presented next. 


Unconstrained Optimization 


Unconstrained optimization techniques are applicable 
when searching for a minimum (or maximum) of a function 
f(x) that is not subject to any constraints. Sufficient con- 
ditions must be developed to allow evaluation of the nature 
of the stationary points and determine if they are minima, 
maxima, or other. Once all of the local maxima and minima 
of the function f(x) are located, a comparison among them 
produces the global optimum (maximum or minimum). 

If the function f(x) has only one independent variable, 
a Taylor series expansion about the stationary point x* can 
be performed. 


fle) = fle) + Fe — x) + 5 freetve Sas 
+... + higher order terms (6) 
The first derivative vanishes at the stationary point (f(x*) 
= 0). Also, if x is sufficiently close to x*, the higher-order 


terms are negligible compared with the second-order 
terms, and equation 6 becomes 


fee) ~ fle) +E prerie — 2 ~ 5 pete - ot? 
(7) 
Because (x — x*)? is always positive, the nature of f(«*) 


depends on the value of f"(x*), the second derivative of the 
function at the stationary point: 


If f"(x*) > 0, then f(x*) is a minimum. 
If f"(x*) < 0, then f(x*) is a maximum. 
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In the case of f"(x*) = zero, higher order derivatives must 
be examined. This method can be extended to systems with 
two or more variables by using multidimensional Taylor 
series expansions and Hessian matrices (5,13-15). 

Another popular approach for finding local maxima (or 
minima) is an optimization algorithm known as Newton's 
method. It computes f(x) and f '(x) at an initial pointx; and 
then finds an improved estimate x; by linear extrapola- 
tion (12). Algebraically, this is 


Xen = i — Be (8) 

If the function f(x) is either convex or concave, Newton’s 
method should converge toward a local maximum (or min- 
imum) very rapidly. If f(x) is an S-shaped function, and the 
initia) point x; is poorly chosen, the method may oscillate 
with a continuously increasing amplitude. Newton's 
method can be extended and applied to multidimensional 
optimization (12). Other methods such as conjugate gra- 
dients, quasi-Newton methods, and various Newtonlike 
methods have also been successfully applied (12,16). 

Finally, several other optimization methods work well 
with one-dimensional unconstrained systems. The bisec- 
tion method and its variations, the method of false position 
and its modifications, the golden section search, the Fibo- 
nacci search, and so on (12,13) all have certain advantages 
and disadvantages. 

When searching for a method to optimize a multidimen- 
sional system, the following questions deserve considera- 
tion (12): 


1. Is it easy to calculate the values of the function? 

2. Can the first derivatives be found easily? 

3. Can the second derivatives be found easily? 

4, Can the (n x n) Hessian matrix and its inverse be 
stored affordably? 

5. Are many of the Hessian’s elements zero? Can that 
be capitalized on and the calculation time reduced? 

6. Is there anything special about the particular prob- 
lem that might make the solution easier? 


Because there are no easy answers to most of the pre- 
ceding questions, it is advisable to further study and un- 
derstand the strengths and weaknesses of each optimiza- 
tion method before applying it to solve specific problems. 


Constrained Optimization 


In a number of practical situations, optimization of a func- 
tion occurs over a restricted domain of the independent 
variables. For example, flow rates, concentration, shelflife, 
and so on may never take negative values. Optimization 
techniques still locate the stationary points of the function, 
but this time the solutions for optima must be subject to 
equality or inequality constraints. 


Optimization of Systems with Equality Constraints. For a 
function f(x;, x2, . . . X,) of m independent variables and 
subject to m <n constraint equations 


BAX, Xo, ---,%,) = 0 G@=1, --.,m) (9) 
three basic analytical methods can be used to locate the 
extreme points: direct substitution, solution by con- 
strained variation, and Lagrange multipliers. The first 
method involves a simple substitution of the m constraint 
equation 9 directly into the function to be optimized. This 
results in an equation with (n — m) unknowns subject to 
no constraints. The methods of unconstrained optimization 
may then be applied. Equation 9 is usually complicated, 
and it is not always possible to perform the substitutions. 

Figure 5 illustrates the second method, solution by con- 
strained variation. In this case, there are two independent 
variables x, and x2, and the function f(x;, x2) is subject to 
the constraint g(x;, x9) = 0. Itis obvious that the maximum 
of the constrained system is point B and the maximum of 
the unconstrained system is point A. At point B the curve 
F(x, x2) = constant and the curve g(x;, x2) = 0 have the 
same slope and are tangent. Therefore, infinitesimal 
changes dx, and dix affect the dependent variables f(x, x2) 
and g(x;, x2) in a similar way. In other words 


(i), ~ (2), a 


Because f = constant and g = 0, the total derivatives of 
both functions at point B are 


_af ge 

of =e si ata 0 qa 
_# eo 

dg = a dx, + ea dx, = 0 (12) 


It should be recalled that in this case (constraint optimi- 
zation) af/ax, and af/ax are not zero (as they would have 
been in an unconstraint case). Equations 10 to 12 can be 


xX,— 


Figure 5. A schematic representation of a function f(xy, 22) sub- 
ject to constraint g(x,, x2) = 0, which restricts solutions to the 
shaded area only. 
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solved in combination with g(x,, x2) = 0 to locate the sta- 
tionary point (5). 

The preceding simple two-dimensional case generalizes 
to the case of n independent variables subject to m < n 
constraints. Applying the same reasoning as before pro- 
duces the so-called Jacobian determinants, which in turn 
can be used with the constraint equation 9 to obtain the 
stationary points (5). 

The most commonly used of the three analytical meth- 
ods mentioned is Lagrange multipliers. Its simplest form 
is the two-dimensional case. Multiplying equation 12 by a 
constant 4 and adding the result to equation 11 yields 


of og (£ 1 Elie, = 
(f+.2 +a tae 0 (13) 


Equation 13 transforms to 
Af + igi +f + idm, = 0 © (14) 
ae ey oxy AB VAX. = 


The constant A is the Lagrange multiplier of the system 
and is determined by equating the bracketed terms of 
equation 13 to zero. This produces (see equation 14) the 
augmented function 4 


A=ftig (15) 
which guarantees that the stationary point(s) of the sys- 


tem will be located if 4 is considered to be an independent 
variable and the following system of equations is solved. 


of og _ 

cat is =0 (16) 
of og _ 

sat 1s =0 (7) 
BX, %2) = 0 (18) 


In the general case of n independent variables with m con- 
straint equations, the augmented function takes the form 

A=f + gy +... + Anim (19) 
and a system of (n + m) equations must be solved to locate 
the stationary points. This is usually easier than a solution 
by direct substitution or constraint variation, unless the 
system is very simple. 


Optimization of Systems with Inequality Constraints. Sci- 
entists and engineers understand that a profound differ- 
ence exists between mathematical abstraction and physi- 
cal reality. In the world of mathematics, an equality sign 
represents perfect equality, but in the real world equality 
requirements are physically impossible and unrealistic. 
For example, constraints such as net weight = 425 g or 
room temperature = 20°C are difficult to realize. However, 
targets such as contain no less than 425 g, or room tem- 
perature less than 20°C, are easier to achieve. Thus in- 
equalities are an inherent part of the real world and re- 


quire attention. With respect to optimization, several 
techniques exist to solve problems with inequality con- 
straints. 

If the system under consideration is linear, linear pro- 
gramming can be used to optimize it. The term program- 
ming here does not refer to computer programming, but 
rather to mathematical programming and scheduling. Sev- 
eral explanations of the mathematical relations involved 
in linear programming are available (12,16-21). 

In some cases, it might be interesting to find out how a 
solution to a linear programming problem changes as the 
problem’s data change in systematic and predetermined 
ways. Parametric programming can solve this problem. 
The algorithm for obtaining solutions of parametric pro- 
gramming problems has been published (12). In other 
cases, the objective function might not be linear, but qua- 
dratic instead. In such cases, quadratic programming can 
determine the optima (16). In more general terms, either 
the objective function or some (or all) of the constraints or 
both might be nonlinear in nature. Methods of nonlinear 
programming must then be applied (12,18). Other types of 
mathematical programming include (12,16) integer pro- 
gramming, which deals with optimization problems whose 
variables (some or all) are required to take integer values 
(ie, the number of machines or components required for 
some processing system). There is also geometric program- 
ming, which solves nonlinear programming problems con- 
taining special functions constructed from terms of the 
form 


t, = ¢; TI xv (20) 


where ¢; and c; are positive coefficients and a, are constants 
(16). 


Optimization of Dynamic Systems 


A system is dynamic if it varies with time or distance. Op- 
timization must account for such variation. An example of 
a dynamic system is the time-dependent behavior of batch 
and continuous fermentation vessels. The problem of op- 
timizing dynamic systems can be stated as follows (19): 
given all the performance equations of a system (possibly 
a set of differential equations) and the initial-final values 
of some state variables, find the piecewise continuous de- 
cision control variable(s) that maximizes or minimizes the 
objective function. 

Large dynamic systems with many decision variables 
can be broken down into stages and reduced to a series of 
interrelated systems, each containing only a few variables. 
The stages may be process components or equipment, units 
of time, or any other suitable entity. One of the methods to 
optimize such multistage dynamic systems is the so-called 
dynamic programming. Bellman (22) presented the basic 
theory and developed the principle of optimality. It states 
that an optimal policy has the property that whatever the 
initial state and initial decisions, the remaining decisions 
must constitute an optimal policy with regard to the state 
resulting from the first decision. The principle of optimal- 
ity can be stated mathematically (5). In simple terms, the 
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principle of optimality states that in a multistage serial 
system every component affects every downstream com- 
ponent. Figure 6 shows an example of a multistage process. 
Each stage has an input (J,), an output (J,,_,), a decision 
(d,), and a return (R,,). The output and return are depen- 
dent on the input and decisions. A dynamic programming 
analysis usually begins with the last stage, which affects 
no other stage in the system, and ends with the first stage, 
yielding an optimum for every input. For a multistage pro- 
cess, it is necessary first to find f,(I,). With f,/7,) known, 
then it is possible to find f,(I2), then f(I3), . . . , f,(I,)- 

Several other approaches can also solve dynamic opti- 
mization problems. Among the ones frequently applied are 
Pontyagrin’s maximum principle (19,22-24), and the cal- 
culus of variations (25). 


Experimental Optimization 


Experimental optimization methods incorporate elements 
of statistical thinking into traditional scientific, engineer- 
ing, and mathematical modeling and optimization. When 
the behavior of a system or process is unknown and a suf- 
ficiently simple deterministic (mathematical) model can- 
not be developed for further analysis, experimental opti- 
mization may be used to analyze the system and search 
for optimum conditions. The term experimental indicates 
that physical experimentation is involved. Well-designed 
experiments may produce statistically sound data, which 
in turn may result in reliable empirical models. Such mod- 
els can predict or optimize, and often they provide the 
needed basis (information) for developing either more rug- 
ged or deterministic models. There are three well-known 
and widely used experimental optimization methods. 


Response Surface Optimization. The term response sur- 
face methodology (RSM) refers to a group of mathematical 
and statistical techniques that, through limited physical 
experimentation, provide the means for attaining opti- 
mum operating conditions of complex systems. The theo- 
retical basis of RSM (6) is a powerful tool for experimental 
optimization. 

The basic idea of RSM is that for any given system, 
there must be a functional relationship ¢ that correlates 
the factors x; (decision variables) to the response y (perfor- 
mance function) 
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Figure 6. A multistage dynamic process. 


Y = Pay Xa - +, Zp) (21) 


Ifthe form of gis explicitly known, then any of the methods 
discussed earlier can be used to optimize the system. Ifthe 
function g is unknown or very complex, another mathe- 
matically simpler function f must be found to approximate 
g and describe the system. This new function 


I = fey X2, +++ 5 Xn) (22) 


estimates § rather than the true value y; it is called an 
approximating or graduating function and may take the 
form of practically any mathematical expression. The most 
commonly used expressions are polynomials of first or sec- 
ond order given by equations 23 and 24, respectively 


3 = for % bai +e (23) 


I= Bot D bart D bist + BX Pures + € 
(24) 


where fio, fj, fi; are constant coefficients usually deter- 
mined by least-squares methods and eis the error involved 
in estimating the coefficients f from experimental data. At 
times, polynomials of higher order are used. 

Polynomials are popular approximating functions for 
several reasons. They provide simple curvilinear relation- 
ships that can approximate practically any true continu- 
ous function within a specified range, and they usually pos- 
sess a clearly defined optimum. They can be expanded to 
include any number of decision variables (x,). Finally, a 
number of transformations such as logarithmic, exponen- 
tial, inverse, power, and trigonometric, may be applied to 
the independent (x;) or dependent (y) variables, which add 
some asymmetry and flexibility desirable in many cases of 
biological and biochemical systems. The weakness associ- 
ated with the use of polynomials is that they are “smooth” 
functions without any biological or biochemical justifica- 
tion. Therefore, extrapolation beyond the experimental 
space (the region where data were collected to estimate fs) 
is usually not allowed. 

The first step in a RSM study is to select an appropriate 
experimental design with a limited number of experimen- 
tal runs k (where k > n), which will allow estimation of the 
coefficients £ by minimizing the sum of squares of errors E 


k 
E= >¢ (25) 
a 


Ready-made designs already exist in terms of coded vari- 
ables, which are linear functions of the actual decision 
variables, and minimize the overall error € 


e=6+ 6 (26) 
where ¢, is the variance error, sometimes referred to as the 


experimental error, and is a result of the sampling varia- 
tion, and , is the so-called bias error (26), which refers to 
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the failure of the approximating function (ie, polynomials) 
to exactly represent the true function g(x). Among the most 
commonly used designs for RSM studies are central com- 
posite designs (6,7), three-level designs (27), mixture de- 
signs (28-30), and several other fractional factorials 
(9,31,32). 

After the coefficients fs have been determined (to sat- 
isfy equation 25), the stationary point(s) are determined. 
Taking the first partial derivatives of equation 23 or 24, 
equating them to zero, and solving the system of n equa- 
tions (see equation 3 and related discussion) solves this 
issue. Matrix algebra can accomplish the same objective 
(7,8). 

A canonical transformation of equation 23 or 24 will in- 
dicate the nature of the stationary point (8). If complicated 
ridge systems exist (when the stationary point is faraway 
from the origin, outside the experimental region), they may 
require further ridge analysis (33). 

If the system has only one response (one performance 
function), then following the methods and analyses dis- 
cussed achieves optimization easily. Often more than one 
response is involved, and sometimes the objectives are 
competing with each other. Under these circumstances, 
methods of multiresponse optimization (MRO) will locate 
the optimum operating conditions. The simplest form of 
MRO is the graphical approach. Equation 23 or 24, de- 
pending on the system, creates predictive models and con- 
tour plots. Superimposing contour plots of several re- 
sponses identifies critical (optimum) regions. Examples of 
such graphical optimization approach exist in the litera- 
ture (34-36). 

An improved graphical method has been presented (3) 
that allows three (instead of two) independent variables to 
be represented continuously and simultaneously in a con- 
tour plot for one or more discrete values of the response y. 
It facilitates the process of locating optimum regions in 
multivariable systems, and requires some computer pro- 
gramming. An extended discussion and an application ex- 
ample of the improved graphical method are available 
(3,36). 

Several other MRO techniques exist, such as the gen- 
eralized distance approach (36-39), the extended response 
surface procedure (39), the so-called overall desirability 
function (7,40), and the normalized function approach (41). 
The application of these techniques requires caution, be- 
cause they may lead to unanticipated and practically un- 
desirable conditions (7). 


Evolutionary Operation (EVOP). This is an experimental 
strategy for improving industrial processes on the plant 
floor during operation. The theoretical basis, methodology, 
and some application examples of this method have been 
presented (42,43). The basic idea of EVOP is to change a 
current manufacturing process slowly and methodically 
during production until no further improvement is possi- 
ble. For example, if a process is presently producing an 
output y, at factor settings x,, and x2, (Fig. 7), then ac- 
cording to EVOP, the factor setting should be changed to 
measure Yq, Vs Yes and yq (in that order). These values are 
statistically compared to y,. If significant differences exist, 
the best value becomes the center (the new y,), and the 


Figure 7. An evolutionary operation (EVOP) strategy. 


process repeats until no further improvement occurs. Be- 
cause experimentation takes place during production, it is 
important to avoid large changes in the factor settings, 
which may result in significant product variation or mon- 
etary loss. If applied wisely, EVOP provides a simple and 
straightforward technique for continuous process improve- 
ment. It works best when applied to simple systems with 
up to three independent variables (factors); therefore, its 
use should be limited to such systems. 


Taguchi Methods. A broad spectrum of new ideas on ap- 
plied statistics and engineering characterize this ap- 
proach. Followers of these methods advocate a new philos- 
ophy on fundamental statistical theory, probability, 
experimental design, regression theory for modeling, qual- 
ity and reliability, basic engineering design, and optimi- 
zation. These ideas and philosophy are generally referred 
to as Taguchi methods (44,45). 

To begin with, every quality characteristic (performance 
function or response) y relates to some loss L if the char- 
acteristic is not exactly on target (if it is not an optimum), 
Traditionally, the loss function L(y) was thought of as be- 
ing constant when y lay outside the specified limits (spec- 
ifications, guidelines, or other quality-control require- 
ments) and zero when y lay within those limits (Fig. 8). 
Expressed mathematically, this is 


0 for LL=y = UL 


uy=(? for y < LL or UL <y @n 


where c is a constant and LL and UL are the lower and 
upper specification limits, respectively. The Taguchi loss 
function is a quadratic expression (Fig. 8) 


Ly) = ky - a? (28) 


where a is the target (optimum) value and k is a charac- 
teristic constant of the system. For a known loss value L 
corresponding to a given value of y, k is 


k = Ly - a? (29) 


This loss function may be asymmetric, but it should ap- 
proximate the true loss. By definition, this is the total loss 
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Figure 8. A comparison of Taguchi’s loss function with the tra- 
ditional quality function. 


to society, not the loss to a company or an individual, when 
a product or process deviates from its target (optimum) 
value a. It has been further suggested that effort should 
be made to keep the process-product within a tolerance t 
from the target (a — t Sy Sa + t), For values of y outside 
the tolerance region (Fig. 8), the loss to society is greater 
than the amount of effort required to correct the process. 

Another aspect of the Taguchi methods deals with the 
so-called factor space and states that all systems are af- 
fected (subject to changes) by some controllable and some 
uncontrollable factors. The controllable factors are the de- 
cision variables, which can be measured, controlled, and 
adjusted. The uncontrollable factors are either unknown 
variables or variables over which there is no real control. 
In either case the effect of uncontrollable factors is termed 
noise and should be minimized during optimization. Math- 
ematically, this is 

Y = fy, Xa, . ++, Say Zp Za, ++ 2m) — (80) 
where y is the response (performance function), x1, 2, ..., 
x, are the controllable factors (the normal decision vari- 
ables), and z;, 22, .. . , Zm are the uncontrollable factors 
(noise). To optimize this system, the optimum values xf, 
x¥,..., x must be found such that 

= fet, xB, 6 RR, Za Za, +++ Zm) (BI) 
In this case, y* is the value of y close to the ideal optimum, 
where the variability due to the effect of 21, 22, - . . , 2m is 
minimum. An example application in this area would be 
the formulation of a cake mix that produces consistently 
good cakes under uncontrollable variations in baking tem- 
perature and time. 

The Taguchi methodology goes further and divides the 
uncontrollable factors into outer noise (ambient tempera- 
ture, relative humidity, etc), inner noise (machine or equip- 
ment deterioration, component wear and tear, etc), and be- 
tween product noise (product-to-product variation). 
Fractional factorial designs and orthogonal arrays are 


used to perform experiments and part of the analysis is the 
controversial signal to noise ratio. 

Overall, the Taguchi methodology follows three basic 
design phases: (1) system design, the basic engineering 
design for plants, processes, and equipment; (2) param- 
eter design, optimizing overall processing conditions; and 
(3) tolerance design, refining the system. This minimizes 
noise effects, reduces variation, and produces rugged and 
robust products, processes, and systems. Taguchi methods 
can also characterize and optimize multiresponse pro- 
cesses (46). Further information on this subject is available 
(43-46). 


Artificial Intelligence. The increasing availability of low- 
cost computing power has made computationally intensive 
modeling methods more practical. These include neural 
network modeling (47), genetic algorithms, and fuzzy logic 
(48). These methods can provide models that conform more 
closely to the true response surface than traditional poly- 
nomials, but they require significantly more data to create 
such models. 


APPLICATION AND IMPLEMENTATION 


Several areas in food science and engineering research can 
benefit from the application of optimization methods. This 
is even more so in the broad area of food processing and 
food manufacturing. A general categorization of the types 
of problems that optimization methodology may assist 
solving has been attempted (2). Equipment design, which 
involves the design of individual components of a machine 
or a total system (eg, multiple effect evaporators), is acom- 
mon area for application of optimization methods. Most 
equipment and food manufacturing companies use opti- 
mization techniques to design the best equipment possible. 

Another area of application is plant design and layout, 
where the whole food manufacturing plant is considered 
as one system and may be optimized for overall efficiency, 
total operating cost, yield, total return, quality of output, 
and throughput. This is a far more difficult task than de- 
signing individual equipment, and thus its implementa- 
tion has lagged behind. The optimization of food processing 
plants is more complex than other industrial plants be- 
cause, except for the regular process optimization, changes 
in raw materials (input) and final product properties (out- 
put) must be accounted for (49). Thus, optimization of food 
processing plants is a subset of a much broader system 
called food chain optimization (49). This includes optimi- 
zation of raw materials properties, process optimization, 
and product optimization. It is imperative to stress the im- 
portance of applying optimization methods in all of the pre- 
viously mentioned areas. 

Optimization also improves the management and con- 
trol of processing plants (2). With the increased use of com- 
puters and computer control in food manufacturing, opti- 
mization should be an integral part of every sophisticated 
processing plant. However, routine application of optimi- 
zation methods during operation (on- or off-line) exists in 
only a small fraction of industrial plants (2). This must 
change to increase efficiency, productivity, and quality and 
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reduce energy use, product loss, and environmental pol- 
lution. The stiff competition in the world’s markets will 
force an increased use of optimization on food manufactur- 
ers. Furthermore, population dynamics and changing con- 
sumer attitudes toward food and the environment will ne- 
cessitate the adoption of optimization philosophy, ideas, 
and techniques throughout the food handling system. This 
will extend from the harvesting of raw materials to the 
transportation, processing, packaging, distribution, and 
consumption of the final products. 
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ORANGES. See Frutts, SEMI-TROPICAL. 


OSTEOPOROSIS 


Osteoporosis is a disease characterized by low bone mass 
and increased bone fragility and susceptibility to fracture. 
Adequate calcium, vitamin D, and other nutrients are criti- 
cal to achieving optimal peak bone mass and modify the 
rate of bone loss with aging. After menopause, women ex- 
perience rapid bone loss due to declining estrogen levels. 
Hormone replacement therapy, in conjunction with cal- 
cium, has been shown to be effective in reducing bone loss. 
Although less common in men, prolonged use of medica- 
tions such as glucocorticoids as well as other factors may 
lead to osteoporosis in men. 


DEFINITION 


The National Institutes of Health (NIH) Consensus De- 
velopment Conference defined osteoporosis as “A systemic 
skeletal disease characterized by low bone mass and mi- 
croarchitectural deterioration of bone tissue, with a con- 
sequent increase in bone fragility and susceptibility to 
fracture” (1). 

Osteoporosis affects more than 25 million people in the 
United States and is the major underlying cause of bone 
fractures in postmenopausal women and the elderly (2). 


SYMPTOMS 


Osteoporosis is often referred to as the silent disease be- 
cause it can progress painlessly until a fracture occurs, typ- 
ically in the hip, spine, or wrist. As the disease progresses, 
the vertebrae of the spine can become compressed leading 
to stooped posture and a loss of height. The abnormal cur- 
vature of the spine that results is referred to as kyphosis 
or a Dowager’s hump. 

The World Health Organization categorizes bone mass 
according to how it compares with a young adult reference 
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Table 1. World Health Organization Criteria for 
Osteoporosis in Women 


Normal BMD or BMC < 1 SD below the young adult 
reference range. 
Low bone BMD or BMC 1-2.5 SD below the mean of 


mass young, healthy women. 


Osteoporosis BMD or BMC >2.5 SD below the mean of 
young, healthy women. 
Severe BMD or BMC >2.5 SD below the mean of 
osteoporosis young, healthy women and the presence of 


one or more fragility fractures. 


Note: BMD = bone mineral density; BMC = bone mineral content. 
Source: Ref. 3. 


range (see Table 1). The categories refer to the number of 
standard deviations that the patient’s bone density differs 
from young, healthy women. 


RISK FACTORS 


The typical osteoporosis victim is a white or Asian post- 
menopausal woman with a thin body frame. Early meno- 
pause, either natural or surgical, combined with a diet low 
in calcium, family history of osteoporosis, sedentary life- 
style, smoking, and excessive alcohol intake further in- 
crease the risk. Numerous other factors increase the risk 
for osteoporosis. Table 2 provides a list of risk factors. Ta- 
ble 3 lists the types of osteoporosis. 


BONE DEVELOPMENT OVER A LIFETIME 


Bone is constantly in a state of flux. This state of flux is 
the result of two opposing forces: bone formation and re- 
sorption. Bone formation begins in utero, and the acqui- 
sition and development of bone mass continues throughout 
childhood. During growth and development of the skele- 
ton, the cells lying on the surface of the developing bones, 
called osteoblasts, stimulate bone formation (Fig. 1). At the 
same time, a second group of surface cells, called osteo- 
clasts, are involved in the process of resorption (break- 
down) of bone. Both cell types are affected by physical and 
environmental factors (4,5). 

At puberty, acquisition of bone mass is accelerated. This 
accelerated process is believed to be approximately 95% 
complete by age 18. Beyond this age, the process slows 
with the remaining 5% deposited in the bone matrix into 
the third decade of life (4,6,7). It is during these phases of 
growth and development that adequate intake of bone- 
related nutrients (calcium, vitamin D, magnesium, phos- 
phorus, protein, vitamin K, boron, manganese, copper and 
zinc) is vital to a lifetime of strong and healthy bones (8- 
17). 

During adulthood, from approximately the third decade 
of life to the onset of menopause in women at approxi- 
mately 45 to 55 years of age, bone mass is considered stable 
and at its peak (18). With the onset of menopause, there 
occurs a rapid reversal of bone metabolism from acquisi- 
tion to bone mass reduction. This is in response to declin- 
ing estrogen levels, which initiate the menopausal process 
(4). This reduction process occurs in two phases. The first 
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Table 2. Osteoporosis Risk Factors 


Genetic 
Females 
Asian or Caucasian individuals 
Family history of osteoporosis 
Small bone structure 


Lifestyle 
Inactive lifestyle 
Prolonged bed rest 
Never having been pregnant 
Smoking 

Nutritional 


Excessive use of alcohol 
Chronic low calcium intake 
Vitamin D deficiency 

High protein/phosphate ratio 
High caffeine intake 


Medical 


Premenopausal oophorectomy 
Premenopausal amenorrhea 
Gastrointestinal dysfunction 
Osteogenesis imperfecta 
Parathyroid overactivity 

Low testosterone levels in men 


Medications 


Prolonged glucocorticoid use 
Prolonged use of some anticonvulsants 
Chronic phosphate-binding antacid use 
Diuretics producing calciuria 


Miscellaneous 


Late onset of menstruation 
Early menopause, whether natural or surgical 
Advanced age 


stage lasts approximately 5 to 10 years and results in rapid 
reduction of bone mass, approximately 2 to 5% per year. 
In the second stage, bone loss is more gradual, approxi- 
mately 0.2 to 0.5% per year. This loss continues unabated, 
in the absence of hormone replacement therapy, for the 


Table 3. Types of Osteoporosis 


Bone osteocytes 
growth factors 


a N 


Bone Bone 
formation resorption 
osteoblasts osteoclasts 


BS al 


Genetic and 
environmental 
factors 


Figure 1. Bone turnover and remodeling. 


rest of the woman’s life span, thereby increasing the risk 
of osteoporosis (4,19). 

As men age, the process of bone acquisition also con- 
verts to bone loss, but the process is much more gradual 
without the initial rapid losses created by the estrogen de- 
cline of menopause. The loss is consistent, however, and 
bone is continually lost as the male ages. Although this 
loss can lead to osteoporosis with age, over 75% of male 
osteoporosis is secondary to underlying chronic diseases, 
which accelerate bone loss similar to the effect of meno- 
pause in women (20). Other factors may also include age- 
related decline in testosterone, adrenal androgens, as well 
as other cellular factors (20-22). 

As should be evident from the preceding, two critical 
factors determine the risk for osteoporosis. These are the 
peak bone mass attained and the level of bone loss after 
peak bone is attained (6). Peak bone mass is the total bone 
present in the final skeleton at maturity. Peak bone mass 
is affected by genetic factors, nutrition, hormonal factors, 
and exercise, among others (6,7). 

The reduction in peak bone mass with aging is due to a 
number of interrelated factors. In women, estrogen decline 
after menopause is a major reason. In elderly men and 
women, other factors are important in age-related bone 
loss. With aging, there appears to be a general decline in 
osteoblast activity, as well as a reduction in calcium ab- 
sorption from the GI tract due to a decrease in vitamin D 
intake and conversion to 1,25 (OH),D, the active form of 
vitamin D in the skin, kidney, and liver. In response to, 
and driven by this declining calcium uptake is hyperpara- 
thyroidism, which further drives the balance to resorption 
and bone loss. 


Type I, Postmenopausal ‘Type II, Senile ‘Type III, Secondary 
Typical age 51-75 75-90 Any age 

Gender Female Female: male ratio 2:1 Male or female 

Risk factors Estrogen deficiency Advanced age Certain medications, cancer, 


Bone involvement 


Fracture site 


Increased bone resorption without 
change in bone formation, 
particularly in trabecular bone 

Vertebral, hip, wrist 


Bone formation and resorption are 
decreased, both trabecular and 
cortical bone are affected 

Hip, spine, pelvis, and humerus 


endocrine disorders, 
malnutrition or other conditions. 

Trabecular and cortical bone are 
affected equally 


All types of fractures can occur 


BONE COMPOSITION 


Bone is composed primarily of calcium and phosphorus, in 
the form of hydroxyapatite crystals deposited in a collagen 
matrix (23). Adults have two types of bone: cortical and 
trabecular. Cortical bone provides rigidity and is the major 
component of the long bones of the skeleton. Cortical bone 
accounts for approximately 80 to 85% of the skeletal mass. 
Examples of cortical bone are the dense long bones of the 
hands, arms, and legs and bones of the feet. Trabecular 
bone is spongy in appearance and provides strength and 
elasticity. Trabecular bone makes up only about 15 to 20% 
of the skeletal mass. Examples of trabecular bone are the 
skull, the sternum, ribs, hip and shoulder girdle, and spi- 
nal column. 

It would appear from the distribution of cortical and 
trabecular bone, that the cortical skeleton would be the 
most important area of bone turnover. However, bone turn- 
over is a surface phenomenon, and trabecular bone has the 
greatest surface area. Therefore, 80% of bone turnover oc- 
curs in trabecular bone with only 20% occurring in cortical 
bone (4,5,19), This accounts for the greater fracture rate of 
trabecular bone versus cortical bone. A postmenopausal 
woman may lose 35% of her cortical bone and approxi- 
mately 50% of her trabecular bone. A man of the same age, 
conversely, will lose about 12% of his cortical bone and ap- 
proximately 17% of his trabecular bone (19). 


GENETIC AND ENVIRONMENTAL FACTORS 


Genetic and environmental factors are partners in the de- 
velopment of bone density and bone health over a lifetime 


‘Table 4, Comparison of Bone Mass Measurement Techniques 
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(6). At present, the knowledge about genetic factors that 
are important in this process, and thus about the risk of 
osteoporosis, is meager at best. Genes, gene products, and 
nutrient-gene interactions are currently an evolving sci- 
ence (24,25). Ongoing research to understand the human 
genome, as well as many studies targeted at the environ- 
mental aspects of osteoporosis, will in time improve our 
knowledge. It is known now that hundreds of genes are 
involved in the growth, development, and maintenance of 
the skeletal system (6,26). A complete understanding of 
these genetic factors will help to clarify the underlying 
mechanisms of osteoporosis. 


DIAGNOSIS 


A number of techniques are available for measuring bone 
mass, each with its own advantages and disadvantages 
(see Table 4). Ideally, the technique should be rapid, reli- 
able, accurate, inexpensive, and provide minimal radiation 
exposure. In addition, it should provide a prediction of the 
risk of subsequent fracture and have the ability to measure 
multiple sites (27). 


Recommended Indications for Bone Density 

Studies 

* Patients being treated for osteoporosis, to monitor 
bone mass 

¢ Estrogen deficient women at risk for osteoporosis 

* Patients with vertebral abnormalities, hip fractures, 
wrist fractures, or osteopenia 


‘Technique Advantages 


Disadvantages 


Dual energy absorptiometry 


(DPA, DXA) proximal femur 


Distinguishes between bone and soft tissue 


Multiple sites of measurement 
Low radiation exposure 
Moderate to low cost per test 
Low equipment cost 

Low radiation exposure 
Equipment portable 


Peripheral DXA 


Quantitative Computed 


‘Tomography (QCT) density 


Provides measure of volumetric BMD 


Radioabsorptiometry Low equipment cost 
Equipment portable 
Single energy Useful for regions with low soft tissue (ie, 
absorptiometry forearm) 
(SPA, SXA) Relatively inexpensive 
Equipment portable 
Low radiation exposure 
Ultrasound Low equipment cost 


Equipment portable 
No radiation exposure 


Best precision for measurement of spine or 


Distinguishes trabecular and cortical bone 


Cannot distinguish between cortical and trabecular 
bone 

Limited mobility of equipment 

Moderate equipment cost 


Limited to study of wrist or heel 
Limited correlation to spine or hip 


More difficult to perform than DXA or DPA 

Higher radiation exposure than DXA 

Meticulous performance and calibration necessary 

Most costly of densitometric techniques 

Limited mobility of equipment 

‘Small body regions evaluated 

Accuracy can be severely affected by variations in fat 
content of marrow within the spine or femur 

Limited to study of phalanges 

Limited as a screening test 

Limited correlation to spine or hip 

Cannot measure bone mass near soft tissue (ie, 
vertebrae or femur) 

Limited correlation to spine or hip 

Limited as a screening test 


Limited mesurement sites 
Limited as a screening test 
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¢ Patients receiving long-term glucocorticoid therapy 
* Patients with primary hyperparathyroidism 


PREVENTION OF OSTEOPOROSIS 


Role of Calcium 


Adequate calcium is critical to achieving optimal peak 
bone mass and modifies the rate of bone loss associated 
with aging (2). Numerous studies confirm the bone sparing 
effect of calcium. Reid et al. found that calcium supple- 
mentation significantly slowed axial and appendicular 
bone loss in normal postmenopausal women who received 
1000 mg of calcium supplementation daily in addition to 
diet. The mean rate of loss of total body bone mineral den- 
sity was reduced 43% in the calcium group compared with 
placebo (28). Recker et al. concluded that 1200 mg calcium 
per day reduced the incidence of spine fractures and halted 
measurable bone loss in elderly women with a history of 
spine fractures and self-selected calcium intakes of less 
than 1000 mg per day (29). 


Recommended Calcium Intake 


The NIH Consensus Development Panel on Optimal Cal- 
cium Intake defined optimal daily calcium intake as (2): 


Infants birth to 6 months 400 mg 
Infants 6-12 months 600 mg 
Children 1-5 years 800 mg 
Children 6-10 years 800-1200 mg 
Adolescents and young adults 11-24 years 1200-1500 mg 
Women 25-50 years 1000 mg 
Pregnant or lactating women 1200 mg 
Postmenopausal women on estrogen 

replacement therapy 1000 mg 
Postmenopausal women not on estrogen 

replacement therapy 1500 mg 
Men 25-65 1000 mg 
‘Men and women over 65 years 1500 mg 


The 1997 Dietary Reference Intakes (DRIs) for calcium 
recommend the following (30): 


Males and females 9-18 year 1300 mg 
14-18 years 1300 mg 
19-50 years 1000 mg 
51-70+ 1200 mg 
Pregnancy and lactation <18 years 1300 mg 
19-30 years 1000 mg 
31-50 years 1000 mg 


National Osteoporosis Foundation Recommendations 


The National Osteoporosis Foundation (NOF) advises all 
patients to obtain an adequate intake of dietary calcium 
(at least 1200 mg per day, including supplements if nec- 
essary) and vitamin D (400 to 800 IU per day for individ- 
uals at risk of deficiency). 


Average Calcium Intake by Individuals 


A large percentage of Americans fail to meet currently rec- 
ommended guidelines for optimal calcium intake (2). Ac- 


cording to the Third National Health and Nutrition Ex- 
amination Survey (NHANES IID, the average intake of 
calcium by females is only 744 mg per day. For women 50 
years and older, calcium intake is even lower (626-711 mg 
per day). The average intake for males is considerably 
higher at 976 mg per day, although it is lower for men 70 
and older (721-808 mg) (31). Since adequate calcium in- 
take is critical to achieving optimal peak bone mass and 
modifies the rate of bone loss associated with aging, cal- 
cium supplementation may be indicated in individuals who 
cannot meet their need by ingesting conventional foods (2). 


Sources of Calcium 


Dairy products are the most concentrated food sources of 
calcium. While green, leafy vegetables can help contribute 
to calcium intake, these vegetables also contain oxalic acid 
that can bind with calcium and interfere with absorption. 
The following chart lists the calcium content of some com- 
mon foods. Values listed are approximate. 


Food Calcium content 
Plain lowfat yogurt, 1 cup 400 mg 
Canned sardines (with bones), 3 oz. 400 mg 
Skim, lowfat and buttermilk, 8 02. 300 mg 
Cheese (most hard cheeses), 1 02. 200 mg 
Tofu (processed with calcium), 4 oz. 150 mg 
Broccoli (cooked), 1/2 cup 75 mg 
Almonds, 1 oz. 75 mg 
Cottage cheese, 1/2 cup 50 mg 
Whole wheat bread, 1 slice 20 mg 


Pharmacologic Interventions 


A number of pharmaceutical approaches are currently 
available for the management of osteoporosis. These inter- 
ventions are sometimes classified as either influencing 
bone formation or bone resorption. Major interventions are 
described briefly. 


Hormone Replacement Therapy (ERT and HRT). Of the 
therapies currently available, estrogen replacement ther- 
apy (ERT) is the only one approved for both prevention and 
treatment of osteoporosis. Estrogen acts to reduce bone re- 
sorption and increase bone density. Increases in bone den- 
sity vary from site to site, that is, cortical (1-3%) and tra- 
becular (2-5%). The greatest benefits of ERT and hormone 
replacement therapy (HRT) are observed in the years im- 
mediately following menopause, and rapid bone loss is ob- 
served immediately following discontinuation of estrogen 
replacement therapy. A daily dose of 0.3 to 1.25 mg unop- 
posed estrogen is effective in protecting against bone loss 
(32). 

Epidemiologic data suggest a significant reduction in 
the incidence of all types of osteoporotic fractures in ERT 
users. Retrospective and prospective studies report a 70 to 
80% reduction in vertebral fractures (33,34). 

Combination hormone therapy, estrogen and progestin, 
are commonly prescribed for women with a uterus. A 
three-year, multicenter trial examining the impact of com- 


bination therapy on bone mineral density showed signifi- 
cant increases in the spine and hip while the placebo group 
exhibited a reduction in BMD (35). The optimal duration 
of HRT therapy for bone maintenance is still undefined. 
The ongoing Women’s Health Initiative is expected to clar- 
ify this and other open questions about use of HRT. 

A meta-analysis of the effect of calcium supplementa- 
tion on the efficacy of estrogen and calcitonin on bone mass 
change suggests that a high calcium intake potentiates the 
positive effect of estrogen on bone mass at all skeletal sites 
and perhaps that of calcitonin on bone mass of the spine. 
An open study included in the analysis found that 0.3 mg 
estrogen was equally as effective as the higher standard 
estrogen dose of 0.625 mg when given in conjunction with 
a high calcium intake (1700 mg per day) (36). 

In an accompanying editorial to the meta-analysis, Bess 
Dawson-Hughes indicates the meta-analysis supports the 
notion that the calcium intake requirement of women 
treated with estrogen may not be lower than that of av- 
erage postmenopausal women. In fact, the studies do not 
exclude the possibility that women receiving antiresorp- 
tive treatments may benefit from even higher calcium in- 
take than average women. 


Raloxifene. Raloxifene is the most recent drug therapy 
to gain approval in the United States for prevention of os- 
teoporosis in postmenopausal women and is considered a 
first choice when ERT or HRT is not indicated. Raloxifene 
is classified as a selective estrogen receptor modulator 
(SERM), meaning that it has both estrogen agonistic and 
antagonistic activities that vary by tissue type. A number 
of recent reviews detail the properties of Raloxifene and its 
safety and efficacy. Three large-scale clinical trials were 
conducted to look at Raloxifene’s effect on osteoporosis. 
Delmas et al. (1997) reported that bone mineral density 
increased significantly over baseline in lumbar spine, total 
hip, femoral neck, and total body following 24-month treat- 
ment with 30, 60, or 150 mg Raloxifene per day (37). The 
other trials showed similar results (38-40). A number of 
shorter-term clinical studies, which compared Raloxifene 
to ERT in postmenopausal women, found comparable de- 
creased bone turnover and resorption. To date, no data 
have been gathered on Raloxifene’s effect on fracture rate. 
Other related compounds, that is, Droloxifene, Idoxifene, 
and Levormeloxifene, are currently under development. 


Bisphosphonates. Bisphosphonates are synthetic ana- 
logs of naturally occurring pyrophosphates that are known 
to improve bone mineralization. The mode of action is 
not fully defined. Rogers et al. (1997) have reviewed the 
recent evidence (41). These compounds are viewed as ef- 
fective treatments for osteoporosis. Long-term usage has 
been shown to increase bone density. Although bisphos- 
phonates are effective, poor absorption and esophageal ir- 
ritation limit compliance and effectiveness. Improved 
forms of bisphosphonates are currently being investigated. 
Two forms, etidronate and alendronate, have been shown 
to reduce fracture rate (42-44). 


Calcitonin. Calcitonin is described as an antiresorptive 
peptide that acts by inhibiting osteoclast activity. It must 
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be administered parenterally or nasally to preserve its ac- 
tivity and may be particularly suitable for women who can- 
not take HRT. A number of reviews have been published 
recently (45-47) that detail the pharmacology and clinical 
effectiveness of calcitonin. In a two-year placebo controlled 
trial conducted in early postmenopausal women, spinal 
bone loss was prevented in the group receiving 100 IU cal- 
citonin (48). Calcitonin appears to be effective in increasing 
bone mass for approximately one to two years, and then 
effectiveness plateaus. Intermittent administration may 
enhance effectiveness of the therapy. A maximum of about. 
a 10% increase in bone mass can be achieved under con- 
ditions of optimal use. This agent has been shown to have 
a good safety profile. At present, however, it is approved 
for use in a relatively small number of countries due to the 
limited portfolio of clinical data available. Data are not yet 
available to establish the effect of calcitonin on fracture 
rate. 


Fluoride. Fluoride, an essential element in bone for- 
mation, has been used for decades in Europe in the man- 
agement of osteoporosis. Supplemental fluoride, given in 
milligram quantities (50-75 mg/day), significantly en- 
hances bone mineral density, by stimulating osteoblast ac- 
tivity. Conflicting data are currently available on fluoride’s 
impact on fracture rate. A number of side effects have been 
reported with flouride usage; these include pain in the 
lower extremities and gastric irritation. Administration 
without adequate calcium intake impaired mineralization. 
A number of investigations are under way to evaluate the 
efficacy of other forms of fluoride as well as preferred dos- 
age regimens (49). 


Other Pharmacologic Therapies 


A number of hormones such as PTH, growth hormone, and 
anabolic steroids have been studied in the management of 
osteoporosis. These agents and their utility have been ef- 
fectively reviewed in recent publications by O’Connell. Al- 
though bone formation may be enhanced by a number of 
these agents, various side effects, for example, glucose in- 
tolerance, hypertension, and virulization, diminish their 
potential (49). 


Role of Exercise in Prevention and Treatment 


Exercise plays a pivotal role in building and maintaining 
bone mass throughout life. Bone formation is enhanced by 
mechanical loading and results in modest increases in 
bone mass and improvements in bone structure. The type 
and frequency of exercise appear to significantly influence 
bone health. Strength training and weight-bearing exer- 
cise appear to offer the greatest benefit. The American 
Academy of Sports Medicine recommends 50 to 60 min of 
weight-bearing exercise three times per week (50). 

In the prepubescent and pubescent years, the years of 
greatest bone building, physical activity enhances bone 
mineralization (51). Physical activity at a young age is a 
known determinant of bone mass (52). However, excessive 
exercise leading to amenorrhea is detrimental to building 
bone mass (53). Studies conducted in young and middle- 
aged women indicate that bone mass may be enhanced in 


1794 OSTEOPOROSIS 
those who have undertaken training programs that in- 
clude weight-bearing exercise (54-56). 

A small number of intervention trials have examined 
the benefits of exercise on osteoporosis (57). Collectively, 
these trials indicate that regular exercise is beneficial in 
preventing and treating osteoporosis. The benefits of 
weight-bearing exercise have been reviewed by Reid (1996) 
(58). Exercise conferred benefits such as improved balance, 
strength, coordination, and flexibility, which appear to di- 
minish the risk of falls and fall-related injury (59). Low 
muscle strength and mobility are recognized independent 
risk factors for hip fracture (60). In a meta-analysis of 
seven exercise intervention trials in postmenopausal 
women, a 10% reduction in fall frequency was found among 
exercising subjects (59). 

Several studies have also examined the value of exer- 
cise when combined with other treatments. Prince et al. 
(1995) investigated the combined effects of calcium sup- 
plementation and HRT with exercise and found that con- 
sumption of approximately 1.8 g calcium/day coupled with 
a mild increase in exercise significantly reduced bone loss 
in the hip (61). An earlier study by Prince et al. (1991) 
demonstrated that both exercise plus HRT and exercise 
plus calcium supplementation were effective in slowing or 
stopping bone loss (62). 


RESOURCES FOR MORE INFORMATION 


National Osteoporosis Foundation 
1150 17th Street, NW, Suite 500 
Washington, DC 20036-4603 

Phone: 202-223-2226 

Web site URL: www.nof.org. 
Osteoporosis and Related Bone Diseases—National 
Resource Center 

1150 17th Street, NW, Suite 500 
Washington, DC 20036 

Phone: 202-223-0344 or 800-624-BONE 
TTY: (202)466-4315 

E-mail: orbdnrc@nof.org. 

National Institutes of Health 

9000 Rockville Pike 

Bethesda, MD 20892 

USS. National Library of Medicine 
8600 Rockville Pike 

Bethesda, MD 20894 

Phone: 800-272-4787 or 301-496-6308. 
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OXIDATION 


Oxidation is one of the most important reactions occurring 
in food and food-related systems. The reaction affects not 
only the chemical nature but many interactions among 
food constituents, leading to both desirable and undesir- 
able products. 

Oxidation reactions can be categorized into chemical 
and enzymatic. Both processes can be naturally occurring 
or initiated and enhanced by food handling or processing. 
The former includes, for example, lipid oxidation and 
thermal oxidation, which are the frequent cause affecting 
the acceptability and qualities of many processed food 
products. Oxidation of proteins by radicals and disulfide 
exchange often results in cross-linking and subsequent 
changes in the physical and functional properties. Autox- 
idation of the heme iron in myoglobin is known to be the 
major cause of color change in meat products. Enzyme- 
catalyzed oxidations such as oxygenation of unsaturated 
fatty acids by lipoxygenase, the browning reaction cata- 
lyzed by polyphenol oxidase, and the conversion of glucose 
to lactone by glucose oxidase have been linked to various 
changes and interactions in food systems. The oxidative 
degradation of vitamins can lead to loss in nutrition, and 
similar types of reaction mechanisms are involved in the 
antioxidation effect of certain vitamins. 


Lipid Oxidation 


The reaction of oxygen with unsaturated lipids is one of 
the most extensively studied areas in food chemistry. Two 
different pathways have been identified- autoxidation and 
photosensitized oxidation (1). 


Autoxidation 


Autoxidation is a free-radical chain reaction involving ini- 
tiation, propagation and termination steps (Scheme 1). Ab- 
straction of the hydrogen from an unsaturated lipid is fa- 
vored by resonance stabilization of the conjugated system. 
The initiation step is catalyzed by metal ion chelates or 
reducing agents present in biological systems, such as thiol 
groups in proteins, ascorbate, NADH, and FADH, (2,3). 
Both heme and nonheme irons present in muscle tissues 
are also implicated as initiator (4,5). 

The peroxy radical formed by the reaction between the 
lipid alkyl radical and oxygen can react with another lipid 
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Le +Le 


Le +He 


LOOs 
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Le + LOOe Termination 
LOOe + LOOs 


Scheme 1. 


molecule to form hydroperoxide and free radical. It is now 
well known that the breakdown of hydroperoxides consti- 
tutes the major source of rancid flavors in foods. The first 
step involves decomposition of the hydroperoxide to the 
alkoxy and hydroxy free radicals, followed by a carbon- 
carbon cleavage on either side of the alkoxy radical 
(Scheme 2). The alkoxy radical then reacts with other 
radicals. These reactions account for the formation of car- 
bonyls, alcohols, esters, and hydrocarbons in peroxidizing 
lipid systems. 


Photosensitized Oxidation 


In systems containing a light sensitizer, such as chloro- 
phyll in green vegetables, lipid oxidation proceeds via an 
“ene” reaction, in which the singlet oxygen molecule is 
added onto the double-bond (Scheme 3) (6). As free radicals 
are not involved in this reaction mechanism, the distri- 
bution of hydroperoxide products differs from that of au- 
toxidation (1,7). 

In peroxidized linolenic acid, cyclization of the hydro- 
peroxide can lead to the formation of malonaldehyde, a di- 
aldehyde that is known to cross-link proteins, enzymes, 
and nucleic acids. Malonaldehyde can form a Schiff base 
intermediate with the lysyl-eamino groups of proteins 
causing intermolecular cross-linking (7-9). 

The radicals generated from oxidation of lipids can in- 
teract with some amino acid residues side chains in pro- 
teins to form (1) lipid-protein polymers, or (2) protein free 
radicals (P-), which may react further with other protein 
molecules to form cross-linked products (Scheme 4) (10,11). 
These subsequent polymerization reactions change the 
chemical structure and functionality of food proteins pres- 
ent in oxidized lipid systems. Cross-linked proteins are ex- 
pected to possess very different nutritional properties, in- 
cluding reduced digestibility and loss of some of the most 
sensitive amino acids, such as histidine, methionine, ly- 
sine, and cysteine/cystine. 


Oxidative Thermal Reactions 


Thermal oxidation of saturated fatty acids generally occurs 
at the a, f, or y position to form alkoxy radicals, followed 
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Formation of protein radical 
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by carbon-carbon cleavage producing various carbonyl 
compounds (12). Oxidative decomposition of unsaturated 
fatty acids yields dimers, trimers, and tetramers with po- 
lar groups. Radicals generated in these processes can enter 
into very complex combination reactions. Polymer forma- 
tion causes increasing viscosity of the frying oil. 


OXIDATION IN PROTEINS 


Proteins are subjected to chemical reactions due to many 
reactive side-chain groups of the amino acids. The reactiv- 
ity of these amino acids depends on their chemical nature, 
and very much on the environment in which they are 
placed. The pH of the system has a strong influence on the 
reaction. Depending on the particular pK,, the side-chain 
group may be protonated or nonprotonated, and in general, 
it is the least protonated form that is most nucleophilicand 
reactive. The accessibility of the various groups also deter- 
mines their differences in reactivity under a particular set 
of conditions. 


The Hydroxy Radical 


Proteins are very reactive toward reactive oxygen species 
generated by radiolysis of water in biological and food sys- 
tems (11) (Scheme 5). Aromatic amino acids react with hy- 
droxy radical (OH-), forming substituted cyclohexadienyl 
radicals (13). All sulfur-containing amino acids react at 
diffusion-controlled rates. The radical intermediates have 
been demonstrated to form cross-linked products between 
proteins and DNA (9,14). 
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Photosensitized Oxidation 


In the presence of a suitable sensitizer such as flavin, cys- 
teine is oxidized to cysteic acid and methionine to methi- 
onine sulfoxide (Scheme 6) (11,15). Interestingly, the same 
oxidation products are obtained using chemical agents 
such as hypochlorite or hydrogen peroxide. The treatment 
of soy proteins with 0.5% hydrogen peroxide oxidized half 
of the methionine to sulfoxide (16). 


Oxidation of Cysteine 


The oxidation reaction especially important to the func- 
tions of organized protein systems involves the reduction 
and reoxidation of disulfides. This type of sulfhydryl- 
disulfide reaction plays a major role in dough mixing (17— 
19). There is a direct correlation between the sulfhydryl- 
disulfide content and the rheological quality of doughs 
made from wheat flours of several varieties (20,21). How- 
ever, the exact interpretation of disulfide exchange in the 
molecular model of dough forming remains unclear (22). 
Another example of chemical and physical changes 
caused by reduction and reoxidation is exhibited by the 
whey protein, /-lactoglobulin. The protein is heat sensitive 
and starts to polymerize and aggregate when heated above 
65°C. The primary reaction is believed to be the reduction 
of the two disulfides and reoxidation of the thiols forming 
intermolecular or intramolecular interchange with the free 
cysteine-121 (23). Sulfhydryl-disulfide interchange also oc- 
curs between f-lactoglobulin and x-casein, producing a 
complex that is susceptible to heat-induced calcium phos- 
phate precipitation and resistant to rennin action (24,25). 


2RSH + H,0 25" —~ RSOsH + RS* + HO, 
Scheme 6. 
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The loss in functionality limits the usefulness of this abun- 
dant whey protein as ingredients in food processing. The 
development of recombinant technology provides a novel 
procedure to clone the -lactoglobulin gene, and specifically 
modify the free cysteine, with the ultimate aim of improv- 
ing its thermal stability and functional properties (26-28). 


Autoxidation of Heme fron 


Myoglobin, the protein that determines the color of meat 
products, is known to undergo autoxidation. The bright- 
red exterior color of fresh meat is derived from oxymyoglo- 
bin, which contains a heme iron in the +2 oxidation state 
with an oxygen molecule reversibly bound to the sixth co- 
ordination position. The Fe(II) is readily oxidized to Fe(III) 
to give ferrimyoglobin characteristic of the brown surface 
color of aged meat. The autoxidation of the heme iron has 
been shown not to occur by a simple one-electron transfer 
in which the iron is oxidized from +2 to +3 state and O2 
is reduced to O~ 2 (29,30). Instead, autoxidation in this case 
involves a two-electron reduction of the oxygen to peroxide 
via an iron-dioxygen complex (Scheme 7). 


ENZYME-CATALYZED OXIDATION 


Lipoxygenase-Catalyzed Peroxidation 


The action of the enzyme lipoxygenase (EC1.13.11.12) in 
food and food-related systems leads to the formation of 
hydroperoxides in the aerobic pathway, and dimers and 
oxodienoic acids in the anaerobic reaction (31,32). The en- 
zyme substrate must be unsaturated fatty acids containing 
cis,cis-1,4-pentadiene system, and the reaction is regio- 
specific and stereospecific in contrast to autoxidation. As 
the result of free-radical formation in the intermediate pro- 
cess, proteins present in the same system may be oxidized, 
and subsequent protein-protein polymerization yields 
many compounds similar to those outlined in autoxidation 
(33). Oxidized lipids also cause chemical changes in some 
sensitive amino acids in proteins, and cross-linking reac- 
tion between proteins and aldehydes generated from the 
breakdown of hydroperoxide. 

Soybean lipoxygenase has been utilized to bleach flour 
by incorporating soy flour in wheat flour. The oxidative de- 
struction of pigments in flour by the addition of lipoxygen- 


LH + O2 


Scheme 8. 


ase is believed to be a free-radical mediated reaction in 
which the alkyl or peroxy radicals are involved. Besides 
the bleaching effect, using soy flour in bread making often 
results in an improvement of the dough-forming properties 
(34-36). It has been proposed that in a peroxidizing sys- 
tem, the radicals enter into coupled oxidation of cysteine 
residues in the flour proteins and cause structural changes 
in the dough (Scheme 8). 

The hydroperoxides formed from lipoxygenase-cata- 
lyzed oxidation of unsaturated lipids are converted to fla- 
vor compounds by the enzyme hydroperoxide lyase, which 
has been identified and purified from cucumber and to- 
mato fruits, watermelon seedlings, pear, soybean seedlings 
and leaf tissues. The major flavor compound in cucumber, 
(E,Z)-2,6-nonadienal, is one of the products of this enzy- 
matic rearrangement. Other aldehydes also originate from 
fatty acid through similar pathways. 


Enzymatic Browning Reactions 


Polyphenol oxidase (EC1.10.3.1) is an enzyme of great im- 
portance in that it not only causes the browning of cut or 
bruised fruits and vegetables but also plays a major role 
in the curing of tea, coffee, and tobacco. The enzyme func- 
tions as a monooxygenase in the ortho hydroxylation of 
monophenols to dihydroxyphenols, and a two-electron ox- 
idase in the oxidation of the o-diphenols to o-quinone 
(Scheme 9) (37-39). The enzyme has broad substrate spec- 
ificity. Some of the common substrates include catechol, 4- 
methylcatechol, dopamine, pyrogallol, catechin, caffeic 
acid, chlorogenic acid, p-cresol, tyrosine, and p-hydroxycin- 
namic acid. The product of the oxidation of diphenols is 
o-quinone, which polymerizes to form colored pigments 
(40-42). 

In the oxidation of dopamine, the primary substrate 
found in banana, the dopamine quinone undergoes nonen- 
zymatic rearrangement to indole-5,6-quinone that in turn 
is polymerized to form melanin (43,44). 

The development of flavor (and color as well) in the fer- 
mentation of tea is related to the oxidation of phenolic com- 
pounds. The most important reaction is the oxidation of 
flavanols by polyphenol oxidase. The oxidized flavanols 
condense to form theaflavin, which is one of the major con- 
stituents of tea flavor (45,46). Similar type of desired ac- 
tivity is also evidenced in coffee cocoa, prunes, dates, and 
dark raisin production. 

The oxidized flavanols can also undergo Strecker deg- 
radation with amino acids to form various aldehydes. 
Flavor compounds, such as isobutanal, 2-methylbutanal, 
isovaleraldehyde, and phenyacetaldehyde present in fer- 
mented tea aroma have been suggested to be the products 
of degradation of valine, isoleucine, leucine, and phenyl- 
alanine. The oxidation of flavanols to the o-quinone form 


Lipoxygenase Loos 
P—SH PS* + LOOH 
P—Se+P—Se P-8-—8-9 
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Scheme 9. 


also causes the oxidative degradation of carotene to vola- 
tile products, such as ionone and 5,6-epoxy-f-ionone. 

The polymerization of o-quinone to polyaromatic pig- 
ments requires water in the reaction components. The ef- 
fort to stabilize the quinone for the purpose of regiospecific 
oxidation of the aromatic compounds has been attempted. 
Polyphenol oxidase has been found to function in chloro- 
form whereby phenol substrates can be converted to stable 
quinone, which can be quantitatively reduced to catechols 
(47-49). 

Glucose oxidase (EC1.1.3.4) is a food enzyme used for 
the removal of glucose to prevent the Maillard reaction in 


H,0 O2 
En--FAD En-FADH2 
B-D-Glucose 8-D-Gluconolactone 


R M* D+ 
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egg solids, dried meats, potatoes, and so on. When coupled 
with catalase, it is used for the removal of oxygen from the 
head space of packaged foods. The enzyme is also used in 
the production of gluconic acid, and for the quantitative 
determination of D-glucose in food, agricultural, and phar- 
maceutical products (50-52). The enzyme catalyzes the ir- 
reversible oxidation of a number of sugars to the corre- 
sponding lactones. Common substrates include glucose, 
deoxyglucose, mannose and galactose. 

The enzyme is a dimer containing flavin adenine dinu- 
cleotide (FAD) as cofactor. In the reaction, the substrate is 
oxidized to the lactone while the FAD is reduced to FADH, 
(Scheme 10). In a subsequent step, the lactone is nonen- 
zymatically hydrolyzed to gluconic acid, and the reduced 
enzyme is reoxidized (53). 


OXIDATION OF VITAMINS 


Loss of vitamins during food handling can be due to many 
types of degradations and one of these important reactions 
is oxidation. 


Scheme 10. 
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Ascorbic Acid 


Vitamin C is one of the least stable vitamins mainly due 
to oxidative degradations (54). Ascorbic acid can be oxi- 
dized by metal ions such as Fe(III) and Cu(II) in a two- 
sequential one-electron transfer to yield dehydroascorbic 
acid. Alternatively, metal ions can also catalyze the oxi- 
dation of ascorbic acid via the formation of an ascorbate- 
metal-dioxygen complex immediate (Scheme 11). In this 
reaction, the two-electron transfer occurs between the 
ascorbic and the dioxygen leading to the formation of de- 
hydroascorbic acid and hydrogen peroxide (55). 

Dehydroascorbic acid undergoes further degradation in 
acid medium (56), or reacts with amino acids via Strecker 
degradation. The latter reaction leads to the formation of 
scorbamic acid and, subsequently, polymeric compounds 
(57,58). 


Tocopherol 


Vitamin E also undergoes oxidative degradation via a free- 
radical pathway that accounts for its high efficiency as a 
chain-breaking antioxidant. The first step of the free- 
radical reaction involves the abstraction of two hydrogen 
atoms, forming the quinone methine that undergoes suc- 
cessive rearrangements to the stable quinone (Scheme 12). 
In the reaction, the tocopherol molecule consumes two per- 
oxy radicals (LOO-) to form a nonradical product (59,60). 

From the subject matter covered in the discussion, it 
is obvious that oxidation is a widespread reaction affecting 
every constituent in food and food-related systems. The 
chemistry involves free radical, singlet oxygen, coupled 
reduction-oxidation, oxidizing chemical, metal ion, enzyme 
catalysis, cofactor, and so on. Product interaction often 
leads to new degradation reactions, cross-linking, poly- 
merization, and subsequently alteration in physical and 
chemical properties as well as functionality of the constit- 
uents. These reactions and interactions are complex and 
certainly should deserve more attention from food scien- 
tists and researchers. 
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OZONE AND FOOD PROCESSING 


OZONE BACKGROUND 


Mentioning ozone to most people in the 1990s evokes the 
thought of the ozone hole discovered by NASA's Landsat 
spacecraft over the South Pole or unhealthy air over some 
of our nation’s cities. In both instances, the thoughts ac- 
company a negative connotation of pollution by man-made 
chlorinated fluorocarbons destroying the ozone layer or a 
by-product of the photolysis of automobile exhaust. History 
has been much more favorable recognizing the positive at- 
tributes of ozone, and other countries have embraced the 
application of ozone for its environmentally safe biocidal 
and deodorizing properties for more than a century (1). 
Ozone has been a natural part of our environment well 
before recorded history and indeed has enabled man to live 
today protected from dangerous ultraviolet rays from the 
sun. Ozone is created naturally by lightning and photo- 
chemically by ultraviolet (UV) light. Electrical discharge 
and UV light breaks the naturally occurring oxygen mol- 
ecule, O2, into two unstable atomic atoms, O, that can com- 
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bine with other oxygen molecules and form ozone, O3. 
Ozone produced by lightning is responsible for the fresh 
smell following a storm. If ozone were not formed in the 
upper atmosphere by O2 absorption of the sun’s UV rays, 
the radiation would be able to reach the surface of the 
earth where it can cause skin cancer in humans and other 
negative effects on plants and animals. 

From the early writings of Homer, man has observed 
the smell that accompanied lightning as “full of sulphur” 
odor (2). In 1785 a Dutch physicist, van Marum (3), ob- 
served ozone’s characteristic odor when electrical sparks 
were passed through air. From the electrolysis of water, 
another process to produce ozone, Cruickshank (3) ob- 
served in 1801 the same odor near the anode. However, it 
was Schéenbein who is credited with the discovery of ozone 
(4). In a memoir presented to the Academy of Munich in 
1840, Schéenbein concluded that the odor during electrical 
discharge and electrolysis and after a flash of lightning 
were the same substance. He named the substance ozone 
after the Greek word ozein meaning “to smell.” 

Ozone exists naturally at ground level in low concentra- 
tions, It dissipates rapidly by releasing one of the three 
oxygen atoms and reverting to common molecular oxygen. 
Thus, ozone’s unstable property necessitates that it be 
manufactured on-site where it will be used. Today, for most 
practical applications, electrical discharges, UV radiation, 
and electrolysis are used to produce ozone. Electrical dis- 
charges produce the highest ozone gas concentrations ef- 
ficiently, up to 80 g O3/kWh and up to 20% by weight in 
oxygen. UV radiation produces the lowest efficiencies, 
about 8 g O3/kWh (5). Electrolysis can produce ozone di- 
rectly in water, eliminating the need to dissolve the ozone 
gas water. 


OZONE DISINFECTION PROPERTIES 


Ozone is one of the strongest oxidizing reagents known. Its 
oxidation potential makes ozone effective as a biocide. The- 
ories suggest that ozone attacks the lipid double bonds in 
the cell membrane and results in a change in cell perme- 
ability leading to lysis (6,7). 

A demonstration of ozone’s disinfection capability is its 
sterilization of medical instruments infected with the ger- 
micidal resistant microorganisms (8). Table 1 shows the 


Table 1. Ozone is Effective in Killing Human Pathogens 


20-min 30-min—-90-min 
Microorganism exposure exposure exposure 
Bacillus subtilis 9/20 16/20 0/20 
Bacillus stearothermophilus 4/20 4/20 020 
Clostridium sporogenes 3/20 1/20 0/20 
‘Staphylococcus aureus 0/20 0/20 0/20 
Salmonella choleraesuis 0/20 0/20 0/20 
Pseudomonas aeruginosa 0/20 0/20 0/20 
Mycobacterium phiel 0/20 0/20 0/20 
Aspergillus niger 0/20 0/20 0/20 
Polio 1 o/10 0/10 0/10 
Herpes simplex 1 0/10 ov10 ono 


The number of growers out of the number possible. 


spectrum of microorganisms encountered in the medical 
environment from the most resistant bacterial spores, B. 
subtilis, to the relatively sensitive lipid containing viruses, 
Herpes simplex 1. Ozone exposure conditions in the medi- 
cal sterilizer were 12 to 14% ozone concentrations in oxy- 
gen, ambient temperature, and 85 to 95% relative humid- 
ity. Foodborne human pathogenic bacteria, molds, and 
viruses are represented by the spectrum of microorgan- 
isms listed in the table. In addition, ozone is effective in 
killing foodborne and waterborne parasites, such as Giar- 
dia lamblia and Cyrptosporidum parvum. 

Reduction of the population of a specific microorganism 
by a given fraction depends uniquely on the product of the 
ozone concentration level, C, and exposure time, t. Differ- 
ent microorganisms’ mortalities are easily compared by 
means the “C - t” product for the same reductions (9). For 
example, the C - t for B. subtilis is much greater than for 
Herpes simplex 1 for the same population reduction. Fur- 
thermore, comparison of disinfection in air and water can 
be made on a media mass fraction basis, that is, normali- 
zation of C - t to the mass of the fluid (10). Using the ratio 
of the mass of water to air, for example, indicates that a 
C- t would have to be 500 times greater in air for the same 
disinfection capability in water. For disinfection applica- 
tions to food compared to medical sterilization, not only are 
the specific microorganisms anticipated quite different, the 
reduction objectives are much lower. In food disinfection, 
the objective is to reduce the foodborne microorganism 
populations to level preventing sickness and not to achieve 
clinical sterilization or twice the C : t required to achieve 
a zero population. 

Besides destroying microorganisms, like mycotoxin- 
producing molds, ozone has the potential to destroy the 
mycotoxin itself. For example, patulin found at high levels 
in some natural apple juice and produced by several Pen- 
icillium species can be oxidized and decomposed by ozone 
rendering it harmless. Research in the oxidation of herbi- 
cide and pesticide residue by ozone has also demonstrated 
promise (11). 


GRAS APPROVAL OF OZONE 


In July 1997, a panel of experts concluded that there is 
sufficient scientific evidence to certify that ozone and its 
use is Generally Recognized as Safe (GRAS) when used at 
levels and by methods consistent with good manufacturing 
practices (12). This announcement fulfilled the require- 
ments of a U.S. Food and Drug Administration (FDA) pro- 
cess that permits the use of ozone in those products for 
which it has jurisdiction; namely, fruits, vegetables, and 
seafood. Since then the U.S. Department of Agriculture 
(USDA) has approved the use of ozone on a case-by-case 
basis with submittal of a description of the process using 
ozone for meat and poultry. While the number of ozone 
applications is increasing in the United States, ozone 
seems to be a solution looking for a problem. The status 
quo is the use of chlorine and chlorine dioxide in various 
forms and commercial sanitizers, such as quaternary am- 
monium. The main problem ozone has in gaining accep- 
tance is a lack of a track record and the high up-front cost 


associated with the generating equipment. Fortunately, 
there is continuing improvement on ozone’s track record 
and equipment cost. 


FOOD PROCESSING 


Ozone is an effective biocide in air and oxygen gas and in 
water for applications from food storage to food processing 
and from fruits and vegetables to meat, poultry and sea- 
food. Table 2 summarizes effective points where ozone has 
been introduced in the food supply chain. Like chlorine, 
ozone in water is more effective in disinfecting the water 
and preventing contamination of uninfected product than 
disinfecting the products directly (13). Unlike chlorine, 
ozone decomposes to oxygen and simple by-products, leav- 
ing no residue or buildup of compounds that requires the 
water to be discharged. Furthermore, ozonized water will 
have lower biological and chemical oxygen demand and 
lower fats, oil, and grease characteristics, reducing the en- 
vironmental burden. 

From the field to the grocery store, ozone is playing a 
more significant role in providing safe and environmen- 
tally sound food supply system as part of producers’ Haz- 
ard Analysis and Critical Control Point program (14). 
Ozone plays a role in disinfecting wash water for fruits and 
vegetables before packing and storage. Potable water is 
generally not available for field processing in some areas 
and countries. Ozone is capable of disinfecting the water 
without leaving a chemical residue on the product or con- 
taminating water that will find its way into the environ- 
ment. 

Ozone concentrations of 0.5 to 15 ppm in air applied to 
food storage have the capability to extend shelf life by in- 
hibiting growth to destroying molds, viruses, and bacteria 
on food surfaces. In food processing plants, ozone treat- 
ment of the product transport flumes reduces the bacterial 
content of the final product by controlling the bacteria lev- 
els and cross-contamination. Ozonized water in place of 
chemical sanitizers is used in clean-in-place systems to dis- 
infect process lines in food, dairy, and other beverage pro- 
cessing lines. 

Animal slaughter plants can use ozone to wash down 
carcasses on the kill floor prior to cooldown and storage 
(15). Ozonized water spray and ozone gas applied in beef 
storage facilities controls mold growth. In poultry process- 
ing plants, filtration and ozonation of poultry chill water 
returns the water quality to a state that it can replace po- 


Table 2. Successful Points for Ozone Intervention in the 
Food Supply Chain 


Food Successful ozone applications 

Fruits and vegetables Storage, field processing, plant 
processing 

Grains Storage 

Milk and dairy products Clean-in place, storage 


Meat, poultry, and seafood Postslaughter, poultry chiller, 
storage 


Beverages Clean-in place 
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table processing water (16). Not only is the water saved, 
but the energy cost of lowering the temperature to near 
32°F is saved as well. The fishing industry is using ozone 
to wash freshly caught fish and storing them on ozonized 
ice on board ship to extend the shelf life. 


OZONE APPLICATIONS FOR FOOD STORAGE 


Ozone has found extensive use in extending the storage 
times for fruits, vegetables, eggs, cheese, meats, poultry, 
and fish (17). Many European countries have developed 
the technology and applications. Research began in this 
application in the early part of this century, but today’s 
technology is based on research since World War II. 
Ozone’s application continues to grow as the costs of gen- 
erators, sensors, and control systems have come down. To- 
day in the United States, fruit and vegetable storage and 
ripening rooms and farm storage facilities are using ozone 
gas to control molds and bacteria as well as ripening. 


Fruits 


Ripening rooms first gained popularity in the storage and 
forced ripening of bananas. Today, ripening rooms main- 
tain temperature within 1.5°C and relative humidity to 85 
to 95% with computer-controlled systems (18). Ozone of- 
fers the potential to control fungal spoilage on fruits, con- 
trol or destroy pathogens, destroy ethylene gas produced 
as the fruits ripen, and improve the overall hygiene of the 
ripening room and air-handling equipment. By reducing 
ethylene levels, ripening of the fruit can be delayed until 
the fruit is ready to be shipped to market; then, introduc- 
ing ethylene gas in the room accelerates the ripening. 


Vegetables 


From the relatively small volumes of ripening rooms (180 
m®) to vegetable storage facilities (25,000 m®), ozone con- 
trols fungal spoilage on vegetables, reduces product 
shrinkage, and improves product margins. Most of the ben- 
eficial evidence of ozone in vegetable storage is anecdotal 
and difficult to compare because of the differences in stor- 
age facilities and differences from season to season. The 
owner of an onion storage facility with a Cyclopss ozone 
system reports that while neighboring storage facilities 
have black mold, his facility is mold free. 


OZONE APPLICATIONS FOR FOOD PROCESSING 


There are several points in a food processing plant where 
ozone can be used effectively. Many processing plants use 
water as part of the product washing or transporting 
between process steps. Ozone can effectively replace chlo- 
rine disinfectants by dissolving ozone gas in the water and 
controlling levels by dissolved ozone sensors or standard 
oxidation-reduction potential (ORP) sensors used to moni- 
tor chlorine levels. Ozone can be used to disinfect the water 
subsequently used in the finished product, as in the bev- 
erage industry. The FDA gave GRAS approval for bottled 
water in 1991 and today is used in over 95% of bottle water. 
Products that are processed dry can be treated with ozone 
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Plate count (CFU/mL) 


ir 


Chlorine dioxide 
baseline 


gas. For example, the dietary supplement ginger that has 
been partially dehydrated can be treated in ozone at 8% 
for 30 min to realize a 4-log reduction in total aerobic plate 
counts. 


Vegetables 


Ozone used in flume water for an onion processing line 
produced a 3,8-log reduction of total aerobic and coliform 
plate counts over chlorine dioxide. Ozone was used in the 
flume water between a peeler and a slicer on an onion line 
that processed an average of 6,000 kg/h. Figure 1 shows 
the comparison of chlorine dioxide and ozone with various 
water treatment steps. The first pair of columns represents 
the total aerobic and coliform plate counts with chlorine 
dioxide, The next three sets of columns shows ozone alone, 
ozone with a 100-um filter prior to ozone injection, and 
ozone with the 100-ym filter, a 450-L reaction vessel, and 
a centrifugal gas separator. The quantity of ozone was ad- 
justed to maintain ozone off-gassing below 0.05 ppm at the 
open water tanks for personnel safety. The amount ofozone 
used for each of the three conditions was 550, 330, and 500 
gh. 
Figure 1 illustrates the effect of the organic load on the 
consumption of ozone. Comparison of ozone alone with 
ozone and filtration reduces the ozone required by over 
20% for the same disinfection. To achieve the most efficient 
use of ozone for disinfection, filtration is required to reduce 
the organic load. Finally, one can also observed the benefit 
of increasing the contact time of the ozone with the flume 
water by the last pair of columns in the figure, where the 
plate counts were at their lowest levels. Similar results 
were obtained for potato processing lines where, again, 
ozone was used to replace chlorine dioxide. In the latter 
case, the organic load was from potato pulp, gratings, pro- 
teins, and starch content (as high as 15% by volume) in the 
process water. In both examples, ozone and filtration treat- 
ments lead to the extended reuse of the process water. 


RECOMMENDATIONS 


There are many successful applications of ozone to food 
processing as well as many disappointments. A user se- 


Ozone/filtration Ozone/filtration 


Figure 1. A comparison of ozone with 

[ chlorine dioxide shows ozone’s disinfection 

reaction vessel, —_ capabilities with various application meth- 
degasser ods. 


lecting knowledgeable ozone engineering companies is the 
main characteristic of the successes. Ozone engineering in- 
cludes demonstrating the understanding of the C - t prod- 
uct to achieve a given objective, ozone safety, equipment 
specification, ozone compatible materials selection, instal- 
lation, test, and support service. Ozone has great potential 
to address many of today’s pressing food safety issues. Ap- 
plications require significant investment in capital equip- 
ment up-front as opposed to pay as you go with chemicals. 
Be sure the application is done right by selecting a com- 
petent ozone engineering company so you will reap the re- 
wards of a successful application. 
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PACKAGING: PART I—GENERAL 
CONSIDERATIONS 


MARKETPLACE DEMANDS AND DRIVING FORCES 
Packaging is critica] in providing products that meet the 
consumer needs in a society. Packaging is even more criti- 
cal in providing food products because they are more per- 
ishable and fundamental to the health and progress of the 
society. 

Many driving forces result in increased marketplace de- 
mands for foods that offer quality, convenience, safety, and 
low cost. Some of these driving forces are lifestyle changes, 
demographic changes, and market globalization. The most 
noticeable lifestyle changes are influenced by smaller fam- 
ilies, the increasing number of single-person households, 
and dual-income families. The major demographic change 
was the population spike that occurred after World War IT 
(“Baby Boomers”), which resulted in an increased number 
of older consumers who demand more nutritious and 
healthier foods that are easy to prepare. Market globali- 
zation has resulted in increased importing and exporting 
of foods to and from many different and distant regions, 
creating strong consumer demands for regulations that en- 
sure food safety and better product labeling. Some other 
driving forces are the macroeconomies in Europe and 
North America, the continued consolidation in industry, 
and the public concern over packaging disposal problems. 

To meet the challenges presented by these driving 
forces, the packaging industry has made numerous tech- 
nical innovations. Many innovations have come from the 
area of plastics packaging, because plastics are cost 
effective, lightweight, nonbreakable, heat sealable, micro- 
wavable, easily fabricated, and corrosion resistant. For 
example, significant advancements have been made in 
coextrusion, lamination, and coating technologies, which 
enable the design of plastic packaging materials with 
a wide range of properties (1). Another innovation is 
active packaging, including the technologies of modified 
atmosphere packaging for fresh produce, oxygen scaven- 
gers, time-temperature integrators, and antimicrobial 
films (2). 

New concepts in food packaging technology are needed 
to meet the challenges of the Information Age. One of the 
concepts emerging is a greater emphasis on a systems ap- 
proach in the delivery of better product value; one that 
addresses the integration of the product, the package, and 
the environment as a complete resource cycle, from raw 
material through use and recovery. Another concept is the 
use of information technology to enhance the communica- 
tion role of packaging, allowing packaging to serve as a 
more intelligent messenger for information sharing in this 
resource cycle. 


FUNCTIONS OF A FOOD PACKAGING SYSTEM. 


A major goal of food packaging is in the efficient delivery 
of products to the consumer. To accomplish this goal, the 
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package must serve the important functions of containing 
the food, protecting the food, providing convenience, and 
conveying product information. The package protects the 
food against physical, chemical, and biological damages. It 
also acts as a physical barrier to oxygen, moisture, volatile 
chemical compounds, and microorganisms, which are det- 
rimental to the food. The package provides the consumer 
with convenient features such as microwavability, reseal- 
ability, and ease of use. The package conveys useful infor- 
mation such as product contents, nutritional values, and 
preparation instructions. These functions make food pack- 
aging an essential technology for maintaining the original 
food quality, with fewer chemical additives and less food 
waste. 

The food package can function best when integrated 
into a food packaging system, which involves certain physi- 
cal components and operations. The major physical com- 
ponents are the food, the package, and the environment 
(Fig. 1). It is useful to divide the environment into internal 
and external—the internal environment (referred to here- 
after as the headspace) is inside the package and is in di- 
rect contact with the food, and the external environment 
is outside the package and depends on the storage and dis- 
tribution conditions. The operations are the manufactur- 
ing, distribution, and disposal of the food package. In de- 
signing the food packaging system, these physical 
components and operations must be considered to prevent 
overpackaging and underpackaging, which result in higher 
costs, lower quality, and, in some cases, health risks, 


GAS BARRIER PROTECTION AND SHELF LIFE 


For foods that are sensitive to oxygen or moisture, gas bar- 
rier protection is the major function of the package in pro- 
viding adequate shelf life, the time period during which 
the food maintains acceptable quality. For example, mois- 
ture can move from the external environment through the 
package into the headspace. This increase in relative hu- 
midity in the headspace can cause a moisture-sensitive 
food, such as potato chips, to have less crispness and a 
shorter shelf life. To ensure adequate shelf life, the package 
must help to reduce the moisture movement from the ex- 
ternal environment to the headspace. 


External environment 


Internal environment 
(headspace) 


Figure 1. Physical components of packaging system. 
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Movement of gases between the external environment 
and the headspace through the package can occur by 
means of permeation and leakage. Gas permeation is an 
important consideration in packaging foods with plastics, 
because food packaging plastics are permeable to mois- 
ture, oxygen, carbon dioxide, nitrogen, and other gases. 
The gas-permeation rates of most interest are the oxygen 
transmission rate (OTR) and water vapor transmission 
(WVTR). Gas permeation is not an important considera- 
tion in packaging foods with metal or glass because these 
materials are not permeable. 

Leakage can occur in packages made of plastics, metal, 
glass, or paper. Pinholes are sometimes found in thin metal 
foils and metallized films. Channel leaks are most com- 
monly found in weak seals or contaminated seals. Pinholes 
and channel leaks can shorten the shelf life of a packaged 
food and, in some cases, allow microbial penetration, lead- 
ing to a potential health risk. 

Shelf life is best determined by actual field studies, al- 
though accelerated laboratory studies and computer sim- 
ulations can sometimes provide useful shelf life predictions 
(1,3). The variables that affect the shelf life of packaged 
food are discussed next. 


Shelf Life of Oxygen-Sensitive Foods 


Equation 3 predicts the shelf life of packaged food that is 
oxygen sensitive. The equation assumes the package is 
made of a plastic material with uniform thickness and has 
complete integrity (no pinholes and channel leaks); hence, 
permeation is the only means of oxygen transfer. The equa- 
tion can assist in understanding the relationship between 
the shelf life and the physical components of the food pack- 
aging system—the food, package, headspace, and external 
environment. Two useful terms, permeability (P) and max- 
imum allowable oxygen (O2max), are introduced. 

The OTR of a permeable package (eg, a plastic pouch) 
from the external environment to the headspace can be 
calculated using 


OTR = ” (P, — Pi) ( 


where OTR is the oxygen transmission rate, cc O2/day; A 
is the surface area of package, in.?; L is the thickness of 
package, mil; P is the oxygen permeability, (cc O2 - mil)/ 
(100 in.? - day - atm); P, is the partial oxygen pressure in 
external environment, atm; and P; is the partial oxygen 
pressure in headspace, atm. 

The shelf life (t,) can be estimated using 


t= one (2) 


where t, is the shelf life, day and Ozmax is the maximum 
allowable oxygen, cc O2. Equation 2 assumes that O2 per- 
meation through the package is the major factor in limiting 
shelf life. This is the case for food packages of good oxygen 
barrier, in which the oxidative reaction rate of the food is 
greater than the oxygen transmission rate of the package. 
Substituting equation 1 into equation 2 yields 


— _ Ormaxls 
= pap = Fy @) 


This equation is useful for evaluating many what-if sce- 
narios. For example, if the thickness is decreased by 25% 
and the surface area is increased by 20%, then the equa- 
tion predicts that the shelf life will be decreased by 37.5%. 
Equation 3 also shows that shelf life depends on the vari- 
ables determined by the food, the package, and the envi- 
ronment. 

The variable determined by the food is Ozmax- Oxidation 
(especially lipid oxidation) is an important mode of dete- 
rioration for many foods (4). The incentive for studying 
oxidation is that it provides an objective measure of the 
food stability in addition to the subjective measure of sen- 
sory evaluation. The sensory acceptability of an oxygen- 
sensitive food can then be correlated to the extent of 
oxidation reaction. However, measuring the extent of oxi- 
dation reaction requires a great effort because it depends 
on the concentration and diffusion of oxygen in the food. 

Ovmax is sometimes used as an alternative measure of 
oxygen stability by the food packaging industry. It is the 
maximum amount of additional oxygen the food can absorb 
before becoming unacceptable. It is a simpler but less ac- 
curate measure of oxygen stability than the extent of oxi- 
dation reaction because O3,,,, usually ignores the effects 
of concentration and diffusion of oxygen in the food. Ref- 
erence values for O2,,,, are available in the literature for 
some foods (3); for example, the Oz,,,x for instant coffee is 
reportedly between 1 and 5 ppm. If the upper limit of 5 
ppm is assumed, O>,,,x for a package containing 454 g of 
instant coffee = 454 (5 x 107°) = 2.37 x 10~* g. Never- 
theless, it is often necessary to determine Oomax experi- 
mentally, which involves correlating the food quality with 
the amount of oxygen absorbed in the food. Ooj,.. is the 
difference between the critical oxygen level (at which the 
food is no longer acceptable) and the initial oxygen level 
(which depends on the initial condition of the food). 

The variables determined by the package are L, A, and 
P.L and A are specified by the dimensions of the package. 
The permeability P is a measure of the permeation of the 
gas through the packaging material—the lower the P, the 
better the gas barrier. The values of P depend on the pack- 
aging material, permeant gas, temperature, and some- 
times relative humidity. For example, the O2 permeability 
of polyethylene terephthalate (PET) at 23°C is between 3 
and 6 (cc: mil)/(100 in.? - day - atm). The relative humidity 
is not specified because it has little effect on the perme- 
ability of PET. P and gas permeation are further discussed 
in PACKAGING: PART ITI—MATERIALS. 

The variables determined by the environment are P, 
and P;. P, is the partial O2 pressure in the external envi- 
ronment, which is about 0.21 atm for a normal storage en- 
vironment. P; is the partial O2 pressure in the headspace, 
which is sometimes deliberately reduced using the tech- 
niques of vacuum packaging or modified atmosphere pack- 
aging for shelf life extension. (In vacuum packaging, the 
air in the headspace is removed before sealing. In modified 
atmosphere packaging, the air in the headspace is replaced 
by an inert gas such as nitrogen before sealing.) An im- 
portant environmental variable not explicitly stated in 


equation 3 is temperature. An increase in temperature 
causes increases in the oxidation rate of the food and the 
package permeability. 

The term P, — P; in equation 3 is often called the con- 
centration driving force—the larger the driving force, the 
higher the permeation rate. If the food is packaged in air, 
the external environment and the headspace have the 
same oxygen concentration, the driving force is P, — P; = 
0, and there is no net flow of oxygen. If the food is packaged 
in a reduced oxygen environment, the driving force is P, 
~ P,>0. This causes a net flow of oxygen into the package, 
but at a slower rate as time passes, because P, — P; con- 
tinues to decrease. 


Shelf Life of Moisture-Sensitive Packaged Foods 


A more elaborate approach to predict the shelf life of 
moisture-sensitive packaged foods is described elsewhere 
(5). The approach requires the definition of critical limits 
of a,,, above or below which (depending on whether the food 
gains or loses moisture) the food is no longer considered 
acceptable. The moisture gain or loss through the package 
depends on the H,O permeability and the temperature as 
well as the relative humidities in the headspace and the 
external environment. 

Some foods are both oxygen and moisture sensitive. For 
example, potato chips can lose crispness because of mois- 
ture gain and become rancid because of oxygen absorption. 
In packaging these foods, oxygen and moisture protection 
are required. In packaging foods that are less sensitive to 
oxygen or moisture, physical protection is more important 
than gas barrier protection. 


PHYSICAL PROTECTION 


During distribution, the packages are exposed to physical 
abuses caused by shock, vibration, compression, or han- 
dling. The food packaging system must provide physical 
protection for the food package as well as facilitate safe 
and cost-effective product distribution. The important con- 
siderations in designing for distribution protection are the 
distribution environment and product fragility. 

The distribution environment consists of all the events 
(including handling, storage, and transportation) that the 
food package encounters before consumer usage. The most 
important considerations in defining the distribution en- 
vironment are shock, vibration, and compression (6). Se- 
vere shocks occur most likely when the package is dropped. 
Shock protection is often defined in terms of the most se- 
vere drop height to protect against, and this drop height is 
often selected based on the size and weight of the package 
as well as the probability of being dropped. Vibration oc- 
curs most likely during transportation, and the transpor- 
tation vibration environment is often complex and random 
in nature. To protect the package from vibrational damage, 
the resonant frequencies of the package must be identified 
and protected against. Compression occurs most likely 
during warehousing and shipping. Static compression is 
determined by applying a load very slowly, and dynamic 
compression is determined by applying the load rapidly. 
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Product fragility describes the susceptibility of the 
product (the food and the package) to physical abuses, and 
it can be evaluated by product performance tests and pack- 
aging material tests (7). Product performance tests (such 
as drop test, incline impact test, vibration test, compres- 
sion test, and burst test) are performed with the final pack- 
age to ensure it can survive during distribution. The final 
package may be a food tray or a corrugated box containing 
several food trays. Packaging material tests (such as ten- 
sile test, Izod impact test, and creep test) are performed 
with the packaging materials. The properties of the pack- 
aging materials (such as tensile strength and tensile mod- 
ulus) obtained from these tests are used to extrapolate the 
performance of the final package. 

In addition to distribution, the manufacturing opera- 
tions (such as forming, heat sealing, and retorting) can also 
cause physical stresses to the food package. During form- 
ing, the packaging material may be stretched into another 
shape (such as from a plastic sheet into a multicompart- 
ment tray). During heat sealing, the package is exposed to 
the heat of the sealing bar. During retorting of the pack- 
aged food product, the package is exposed to high tem- 
perature and pressure. These physical stresses may cause 
the package to break, deform, or develop leaks. 


FOOD-PACKAGE INTERACTIONS 


Food-package interactions are chemical and physical in- 
teractions that occur between the food and the package. 
Corrosion of a metal food can is an example of a chemical 
interaction between the food and the inner surface of the 
can. Mass transport between the food and the package is 
an example of a physical interaction—volatile compounds 
can move from the package into the food, a phenomenon 
called migration; conversely, volatile compounds or flavor 
from the food can be absorbed by the package, a phenom- 
enon called scalping. 

The first phenomenon, migration of volatile compounds 
into the food, is a greater concern because of the potential 
health hazard resulting from exposure to toxic migrants. 
The volatile compounds may arise from many sources, 
such as residual monomers and oligomers in the plastic 
packaging materials that cannot be easily eliminated dur- 
ing the polymerization process; residual processing aids 
and additives (lubricants, plasticizers, slip agents, anti- 
oxidants, light stabilizers, antistatic agents, etc.); and re- 
sidual printing ink solvents used on the package. These 
volatile compounds may cause the food to acquire undesir- 
able flavors or, in some cases, toxic components. 

The migration of volatile compounds from microwave 
susceptors has received considerable attention in the past 
decade (8). A microwave susceptor is a metallized plastic 
or paper laminate that can convert the microwave energy 
into heat to rapidly achieve a high surface temperature 
(>400°P). It allows the food in contact with the hot surface 
to brown and crisp. The high temperature can cause deg- 
radation of the plastic layer in the microwave susceptor 
and result in migration of undesirable volatile compounds 
into the food. 
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The second phenomenon, scalping, may lead to dimin- 
ished quality of the food. Flavor scalping is a major con- 
cern for aseptic fruit juice packages (9). Research has 
shown that absorption of flavor compounds may also ad- 
versely affect the barrier characteristics of the packaging 
material. 


PACKAGING AND WASTE DISPOSAL 


The disposal of postconsumer packaging has been a sig- 
nificant issue in the past two decades. The public concern 
about the disposal of food packaging heightened with the 
introduction of PET plastic beverage bottles because of 
their high visibility. The concern broadened to include the 
nonplastics, postconsumer packaging materials, and other 
materials destined for disposal through the traditional 
channels of landfill or incineration. There were numerous 
efforts by public and private groups to establish regula- 
tions for the control of packaging by such means as deposit 
laws, mandatory recycling, bans, and taxation. 

The federal government and various industrial groups 
began to develop a more rational strategy to address the 
packaging disposal concerns. The Environmental Protec- 
tion Agency (EPA) recommended a plan of integrated solid 
waste management, which consists of a prioritized strat- 
egy: source reduction, recycling, incineration, and landfill. 
The strategy provides useful guidelines for designing the 
food package. 


REGULATIONS 


Nearly every package or label is subject to some type of 
legislation that affects packing, shipping, selling, advertis- 
ing, grading, standardizing, or marking. The regulations 
and compliance problems have been growing in number 
and complexity. Therefore, one should seek guidance of a 
law counsel when information on specific legal aspects of 
packaging is needed. 

In general, the packaging-related regulations fall into 
three broad categories: weight and measure, adulteration, 
and public safety. Regulations related to weight and mea- 


sure are designed to ensure that the consumer is not mis- 
led or deceived by the printing or appearance of the pack- 
age. Regulations related to adulteration deal primarily 
with the wholesomeness of the product. These regulations 
prevent the use of any packaging material that might se- 
riously affect the product by direct or indirect addition of 
foreign components. Regulations related to public safety, 
such as tamper-resistant packaging, also exist. 


OTHER CONSIDERATIONS 


In developing a food package, it is necessary to select the 
packaging machinery that is most suitable for the food 
product. The selection depends on the nature of the food 
product to be handled (size, form, flow behavior, moisture 
content, or fragility). The selection also depends on the 
speed and versatility of the packaging machinery. Speed is 
essential for high-volume production, and versatility is es- 
sential for production operations that require frequent 
changes in the package size or product. 

In most cases, economic considerations determine the 
success or failure of the food package. The total cost is de- 
rived from material, processing, distribution, waste dis- 
posal, promotion, and research and development. Market- 
ing research is needed to identify product life cycle, 
establish pricing and distribution policy, and project the 
potential market volume of new products. Good packaging 
graphics are also needed to attract customers, communi- 
cative value, and create the desire to purchase. 


INFORMATION TECHNOLOGY AND PACKAGING 


In the future, the integration of information technology 
and packaging technology is expected to deliver greater 
product value by providing more efficient and reliable de- 
cision making (10). Microwave reheating or cooking of pre- 
pared food has certain technical limitations that can be 
overcome by enabling the food, the package, and the mi- 
crowave oven to share vital information. In the application 
shown in Figure 2, the package carries the vital informa- 


Microprocessor 


Bar code scanner 


Figure 2. An application of information tech- 
nology to packaging. 
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tion about the food and the package in a printed bar code, 
and the microwave oven is equipped with a bar code scan- 
ner and a microprocessor. The microprocessor, which is 
linked to the scanner, contains information about the mi- 
crowave oven characteristics and also contains the logic to 
process the data from the scanner. Information sharing 
takes place when the bar code is scanned, and then the 
scanner transmits the information to the microprocessor, 
which in turn controls the magnetron and turntable (if ap- 
plicable) in the microwave oven. 

This application offers the advantages of convenience, 
accuracy, speed, and quality. The consumer has the con- 
venience of automatic data entry that provides greater ac- 
curacy and speed, and it is particularly helpful with in- 
structions involving multiple sequence cooking. The 
microprocessor allows the use of more sophisticated pro- 
gramming instructions to control the power and time of the 
microwave oven, which can improve the quality of the pre- 
pared food. The microprocessor can also be programmed to 
meet the food preferences of individual consumers. 

The integrated technology can also help to facilitate 
handling, improve traceability, ensure safety, and reduce 
product loss. For example, other information devices can 
be incorporated into the package to enable the package to 
gather and share information on the time-temperature 
history, distribution pathway, and the quality or safety in- 
dex of the product. 
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Regulation of food labeling in the United States falls 
mainly under the jurisdiction of two federal agencies: the 
Food and Drug Administration (FDA) and the United 
States Department of Agriculture (USDA). USDA's Food 
Safety and Inspection Service (FSIS) oversees food labeling 
of products containing meat or poultry, All other food prod- 
ucts, including certain products containing only small 
amounts of meat or poultry and certain products (eg, tra- 
ditional sandwiches) not associated by consumers with the 
meat and poultry industry, fall under the jurisdiction of 
FDA’s Center for Food Safety and Applied Nutrition 
(CFSAN). Although the two regulatory agencies approach 
many aspects of food labeling in a similar manner, occa- 
sionally they differ. 

Other agencies may also have requirements that affect 
food labeling. For example, the U.S. Bureau of Alcohol, To- 
bacco and Firearms of the Treasury Department regulates 
labeling of alcoholic beverages. The Agricultural Market- 
ing Service (AMS) within USDA administers grading of 
agricultural products. 


KEY DIFFERENCES BETWEEN FDA AND USDA 


FDA regulations are governed by the Federal Food, Drug, 
and Cosmetic Act and the Fair Packaging and Labeling Act 
(FPLA). (The Nutrition Labeling and Education Act of 
1990 [NLEA] is an amendment to the Food, Drug and Cos- 
metic Act.) The Federal Meat Inspection and Poultry Prod- 
ucts Inspection Acts define USDA’s regulatory role and re- 
sponsibilities. Because the two agencies are governed by 
separate laws, they have different missions, philosophies, 
and approaches to food labeling, resulting in subtle differ- 
ences throughout the regulations. USDA plays a more 
“hands-on” role (ie, through plant inspections and label 
preapproval) in monitoring food production and packaging 
practices (Table 1). 


Mission and Approach 


FDA’s regulatory history began with the passage in 1906 
of the Pure Food and Drugs Acts, which instituted federal 
oversight of food labeling. The 1906 act was replaced in 
1938 by the current law. In 1973, FDA initiated a volun- 
tary nutrition-labeling program that represented a regu- 
latory turning point—the inclusion of meaningful health 
information on food labels. 

Under the Federal Meat Inspection and Poultry Prod- 
ucts Inspection Acts, USDA's primary regulatory role has 
been to prevent public health hazards resulting from im- 
proper handling of meat and poultry during production 
and packaging. USDA has an extensive network of field 
offices responsible for conducting plant inspections, and 
the national office administers a label preapproval pro- 
gram. 


Regulatory Documents and Guidance 


Both FDA and USDA release regulatory changes in the 
Federal Register (FR), published daily. Each year all fed- 
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Table 1. Key Differences Between FDA and USDA 
FDA USDA 


Mission and approach 


Early emphasis on truth in 
labeling 

Broader span of regulatory 
oversight, limited resources 


Emphasis on prevention of 
public health hazards from 
improper handling 

Extensive network of field 
offices available for 
consulting and monitoring 


Regulatory documents and guidance 


Federal Register Federal Register 
Title 21 of the Code of Federal _ Title 9 of the Code of Federal 
Regulations Regulations 
Compliance policy guides Policy manual and policy 
memos 
Label preapproval 
No label preview or approval Label designs reviewed and 
Mistakes identified through approved 


market surveys, and 
warning letters issued 


Plant inspections monitor 
application of approved 
labels 


Nutrition labeling 


Mandated by NLEA Exempted from NLEA 
Spearheaded nutrition- Followed FDA regulations in 
labeling changes general 


Food categories regulated 


All packaged foods containing 
less than 2% cooked meat or 
poultry, or 3% or less raw 


Food containing 2% or more 
cooked meat or poultry, or 
more than 3% raw meat or 


meat or poultry poultry 
Traditional sandwiches Fresh meats 
Pizzas not containing meat or _ Fresh poultry 

poultry Processed meats and poultry 
Dairy products Soups with meat or poultry 
Eggs Salads with meat or poultry 
Fish and seafood Pizzas with meat or poultry 
Fruits Meat or poultry snacks 
Vegetables Mixed dishes containing meat 
Soups not containing meat or or poultry (eg, chili, lasagna, 

poultry TV dinners, stews) 
Salads not containing meat or 

poultry 


Nuts and legumes 


eral regulations are updated and compiled in the Code of 
Federal Regulations (CFR); FDA labeling regulations ap- 
pear in Title 21 and USDA regulations in Title 9 of the 
CFR. Some USDA regulations cross-reference FDA regu- 
lations. FDA has issued Compliance Policy Guides, which 
reflect the agency’s interpretations of the regulations and 
policies for enforcement. USDA publishes a standards and 
labeling policy manual and periodic labeling policy 
memos, which address similar issues. Both agencies pro- 
vide consultation; however, manufacturers of USDA prod- 
ucts obtain far more agency interaction and guidance 


through the label preapproval program and plant inspec- 
tions. 


Label Preapproval 


USDA administers the label preapproval program in 
which food label designs traditionally have been reviewed 
and approved by the agency before they are printed. If 
manufacturers make mistakes, USDA tells them what is 
wrong so that manufacturers are able to learn the regu- 
lations and rely on the agency’s guidance. Plant inspectors 
examine labels to make sure they correspond to the ap- 
proved design. 

FDA does not preview labels and offers no approval pro- 
cess. It places the responsibility on the manufacturer to 
understand the regulations and correctly apply the rules. 
The agency typically does not find mistakes until labels are 
printed and products are in the marketplace. 


Nutrition Labeling 


In 1990, Congress passed the NLEA, which made nutrition 
labeling mandatory on most packaged food products and 
mandated that FDA initiate extensive changes in the con- 
tent and format of the nutrition label. 

Nutrition labeling of USDA products was not included 
in the congressional mandate, but USDA decided to follow 
FDA to prevent consumer confusion arising from two dif- 
ferent nutrition labels. In most significant aspects of the 
nutrition-labeling regulations, the two agencies have the 
same requirements; however, there are some differences. 


USDA Special Requirements 


USDA product labels are subject to additional require- 
ments, some of which also pertain to select FDA products. 


Handling Instructions. At times, FDA food products are 
required to carry warning statements or handling instruc- 
tions. USDA product labels usually carry special instruc- 
tions to ensure the safety and quality of the product (eg, 
keep refrigerated, keep frozen). In addition, raw meat and 
poultry products must carry safe-handling instructions 
with specified statements and graphics. 


Inspection legends. All USDA products also must bear 
an official inspection legend in accordance with established 
inspection procedures. 


Voluntary Grading Services 


Voluntary grading services are available for certain prod- 
ucts under both FDA and USDA jurisdiction. USDA's Ag- 
ricultural Marketing Service (AMS) performs grading ser- 
vices for certain products (eg, dairy, egg, fruit, vegetable, 
meat, poultry) subject to FDA or USDA regulation. To use 
approved grade designations (eg, U.S. Grade A, U.S. No. 
1, U.S.D.A. Prime, U.S. Fancy), a product must have been 
inspected and determined to comply with grade standards 
established by AMS. 


Principal Display Panel 


A principal display panel (PDP) must be included on all 
food sold in packaged form. The PDP is the part of the label 
that is most likely to be displayed for retail sale. The prod- 
uct identity statement and net quantity of contents dec- 
laration must be included on the PDP. At times, other re- 
quired statements must also be displayed on the PDP. 


Product Identity Statement. The product identity state- 
ment is intended to communicate important information 
to the consumer about the type and form of food contained 
in the product package. It should be incorporated into the 
PDP with sufficient prominence that the consumer can 
readily view it on a retail shelf. The terminology, as well 
as the placement and type size, of the identity statement 
are dictated by the regulations. 


Net Quantity of Contents. The purpose of the net quan- 
tity of contents declaration is to tell the consumer the 
amount of product the package contains. 


Information Panel 


The information panel typically is contiguous to and im- 
mediately to the right of the PDP as viewed by the con- 
sumer. It includes detailed information about a food 
product that helps the consumer make knowledgeable pur- 
chasing decisions, The mandatory information required on 
the information panel consists of (1) the ingredient list, 
(2) the nutrition facts, and (3) the manufacturer identity 
statement. At times, other information may be required, 
such as warning statements, a percent-juice declaration, 
and claims-related statements. Mandatory information 
may be displayed on the PDP instead of on the information 
panel. 


Ingredient List. A list of the ingredients of a multi- 
ingredient product must be included on the food label, typ- 
ically on the information panel. 


Nutrition Facts Information. With the introduction of the 
NLEA, the format of nutrition information has become 
much more strictly defined. A number of nutrition facts 
layouts are available, and specific criteria dictate their use. 


Manufacturer Identity Statement. The manufacturer 
identity statement tells the consumer the name and place 
of business of the manufacturer, packer, or distributor. 
This information usually is placed on the information 
panel or on the PDP if there is no information panel. 


Other Information. At times, additional statements may 
be required on the information panel, the PDP, or both. For 
example, if a PDP bears a comparative claim, such as 
“ight” or “reduced,” quantitative information comparing 
relevant nutrients in the product to those in a reference 
food must be included on the information panel or the PDP. 
Some products may require a warning statement, percent- 
juice declaration, or special handling instructions. 
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Exemptions 


The regulations apply to retail primary packages, and so 
certain containers and wrappings are exempt from the la- 
beling requirements. The regulations define the term 
“package” as any container or wrapping in which a food is 
enclosed for retail sale. Packages used for shipping, dis- 
play, or other functions are exempt. In addition, some very 
small packages are exempt. 


Inner Wrappings. When multiunit packages of food are 
not intended to be sold individually, their inner wrappings 
that bear no information are exempt from labeling require- 
ments. 


Shipping Cartons. Shipping cases for distribution of 
commodities in bulk are exempt from labeling require- 
ments. If the shipping cartons will be sold as retail units 
(eg, in a warehouse club), however, all mandatory require- 
ments apply. 


Small Confections. Small confections (eg, “penny 
candy”) weighing less than 1/2 oz (or 15 g) are exempt from 
all labeling requirements when the shipping container or 
retail package meets the labeling requirements. 


PRINCIPAL DISPLAY PANEL 


All retail food packages must bear a principal display 
panel (PDP) that includes the following mandatory label 
information: a product identity statement and a declara- 
tion of net quantity of contents. If there is no information 
panel, an ingredient list, a nutrition facts panel, and a 
manufacturer identity statement must also appear on the 
PDP. On some products, additional information may be re- 
quired, such as claims-related information, a warning 
statement, or special handling instructions. 


Location 


The PDP is considered the area of the package that is most 
likely to be displayed, presented, or examined by the con- 
sumer at the point of sale. The PDP may be a spot label 
on a package surface, or it may be the whole surface. On 
jars and bottles, a spot label on the lid may be used for the 
PDP. A header strip attached across the top of a transpar- 
ent or opaque pouch that contains no other printed or 
graphic material may serve as the PDP. 

It is acceptable to include more than one PDP ona pack- 
age design, but when this approach is used, all of the man- 
datory information must be duplicated in full. 


Size 


The PDP must be large enough to accommodate all man- 
datory label information with clarity and conspicuousness, 
and without obscuring or crowding by designs or vignettes. 
The size of the PDP determines the minimum letter height 
for some of the mandatory information contained in the 
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PDP. The area of the PDP is the same in similar-size pack- 
ages, regardless of the size of the label. It is not the size of 
the label but the size of the container that determines the 
area of the PDP. For example, if a product carries a spot 
label, it is not the size of the label that determines the area 
of the PDP, but rather the area of the surface displayed to 
the consumer. 


Rectangular Packages. For rectangular packages, one 
entire surface of the package is considered the PDP. Typi- 
cally the PDP appears on the largest surface of the pack- 
age. Multiply the height times the width of that surface. 


Area of PDP = height x width 


Cylindrical Containers, For cylindrical (or nearly cylin- 
drical) containers, such as jars, bottles, and cans, the PDP 
is considered 40% of the height multiplied by the circum- 
ference of the container. If a spot label is used, the area of 
the PDP is still determined by this formula. 


PDp area = (height x circumference) x 0.40 


Cone-Shaped Containers. For cone-shaped containers, 
such as jars, bottles, cans, and tubs, the PDP is considered 
40% of the height multiplied by the circumference of the 
container. To determine the circumference, measure both 
the widest and the narrowest circumferences and average 
the two numbers. 


PDP area = height 
% (widest circumference + narrowest Seeunforenee) 
2 


x 0.40 


Irregularly Shaped Packages. For containers of other 
shapes, 40% of the total surface of the container is consid- 
ered the PDP. If there is an obvious surface to serve as the 
PDP (eg, top of a triangular or circular package of cheese), 
this entire surface should be measured. For extremely ir- 
regular containers, substitute an easily measured con- 
tainer of the same capacity. 


PDP area = total surface area x 0.40 


PRODUCT IDENTITY STATEMENT 


The product identity statement communicates what the 
product is. It includes the name of the food as well as any 
other defining characteristics, such as the form of the food, 
if it is an imitation food, or if it contains certain ingredi- 
ents. 


Terminology 


The product name, typically a standard name or a common 
or usual name of the food, is used for the product identity 
statement (eg, orange juice). Sometimes an appropriately 
descriptive term (eg, taco seasoning) or a fanciful name (eg, 


Coca-Cola®) commonly used by the public for the food is 
allowed. 


Form of Food. Ifa food is marketed in various forms (eg, 
whole, sliced, diced), the form of the food is a necessary 
part of the product identity statement. If the form of the 
food is visible through the container (eg, whole pickles in 
a clear jar) or it is depicted by an appropriate vignette, the 
particular form does not need to be stated. 


Imitation Foods. If a food is an imitation food, the word 
“mitation” must be used as part of the product identity 
statement, immediately preceding the name of the food. 


Juice-Containing Beverages. Special rules affect how 
beverages containing fruit or vegetable juices may be 
named. The following rules highlight some of the issues to 
consider: 


¢ Ifa product contains less than 100% but more than 
0% juice and the product name includes the word 
“juice,” the name must also include a term such as 
“beverage,” “cocktail,” or “drink.” 

If a product name specifically identifies a juice that 
has been reconstituted, the name must also include 
a qualifying term, such as “from concentrate” or “re- 
constituted.” 

On a 100% juice or a diluted juice product, if specific 
juices are identified as part of the product name (or 
elsewhere outside of the ingredient list), either the 
juices must be listed in descending order of predom- 
inance by volume, or their relative predominance 
must be shown by other means. For example, a juice 
name could be combined with “flavored” to indicate a 
nonpredominant juice. 

When a label for a multiple-juice product represents 
that particular juices are present but does not iden- 
tify all juices in the product, the label must reveal 
that other juices are present (eg, “.. . in a blend of 
two other juices”). 


. 


In addition to the product name requirements, beverages 
that contain, or appear to contain, fruit or vegetable juice 
are subject to requirements for percent-juice labeling. 


Characterizing Ingredients. Labels on some products 
may be required to include information about character- 
izing ingredients in the product identity statement. An in- 
gredient is considered a characterizing ingredient when 
the proportion of an ingredient present in a food has an 
influence on the price or consumer acceptance of the prod- 
uct, or when labeling may create an erroneous perception 
(eg, pictorials depicting an ingredient). 

The required information may be: 


* The percentage of a characterizing ingredient 

¢ The presence or absence of a characterizing ingredi- 
ent 

* The need for the consumer to add a characterizing 


ingredient 


For example, foods packaged for use in preparing main 
dishes or dinners (eg, spaghetti dinner kit) require infor- 
mation about the need to add ingredients. 


Characterizing Flavors. If the product labeling, advertis- 
ing, or both make a direct or an indirect representation of 
any recognizable flavors through words or pictorial, the fla- 
vor is considered a characterizing flavor. A characterizing 
flavor must be incorporated into the product identity state- 
ment. For example, depiction of vanilla beans on an ice 
cream carton would trigger the inclusion of “vanilla” in the 
product name (eg, vanilla ice cream). The word “flavored” 
or “artificial” may have to accompany the name of the fla- 
vor in certain circumstances. 


Design Elements 


In addition to dictating the terminology, the regulations 
outline location, placement, and type-size requirements for 
the product identity statement. When other required in- 
formation is incorporated into the product identity state- 
ment (eg, form of food, “imitation,” “reconstituted,” char- 
acterizing ingredients, characterizing flavors), additional 
design requirements apply. 


Product Identity Statement. The product name must be 
in conspicuous type, located prominently on the PDP. The 
type size should be reasonably related to the largest print- 
ing on the PDP. 


Form of Food. When language describing the form of 
the food is required, the letters should be in a type size 
bearing a reasonable relation to the type size of the other 
components of the product identity statement. 


Imitation. If “imitation” is required, it must be in the 
same type size and prominence as the name of the food. 


Reconstituted. When a term such as “reconstituted” or 
“from concentrate” is required as part of a juice beverage 
name, the letters may be no smaller than half the height 
of the letters in the name of the juice. 


Characteri Ingredients. Percent ingredient declara- 
tions must be in an easily legible, prominent type that dis- 
tinctly contrasts with other printed or graphic material. 


Characterizing Flavors. When a characterizing flavor 
must be included in the product name, the letters must be 
no smaller than half the height of the letters in the product 
name. If the word “natural,” “artificial,” or “flavored” is in- 
cluded, it must be no smaller than half the height of the 
letters in the characterizing flavor. 


DECLARATION OF NET QUANTITY OF CONTENTS—FDA 


A declaration of net quantity of contents, which generally 
must appear on all PDPs, provides information about the 
amount of product contained in the package. If there are 
alternate PDPs, this declaration must appear on each PDP. 
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Metric Labeling 


The current regulations are based on the inch-pound sys- 
tem of measures (avoirdupois system) and also metric 
measures (International System of Units (SI}). 


Selecting the Proper Unit. The net quantity of contents 
may be expressed as weight, a fluid or dry measure, or a 
numerical count. Units used in declaring the net quantity 
vary depending on the form of the food. If the food is sold 
in liquid form, a fluid measure must be used. If the food 
is solid, semisolid, viscous, or a mixture of solid and liq- 
uid, a weight measure must be used. Fresh fruits, vege- 
tables, and other dry commodities may be labeled with a 
dry measure. If there is a firmly established consumer 
usage and trade practice for declaring the contents of a 
liquid product by weight—or solid, semisolid, or viscous 
product by fluid measure—it may be used. Similarly, if 
there is a firmly established consumer usage and trade 
practice of declaring net quantity by numerical count, lin- 
ear measure, or area measure, it may be used and pos- 
sibly augmented by a weight or fluid measure. It is never 
acceptable to use any adjective qualifying the unit (eg, 
jumbo quart, full gallon). 


Using the Correct Term. When the net quantity is de- 
clared as a weight measure, the terms “net weight” and 
“net” are used. Net weight is used when the inch-pound 
declaration is first. If a fluid measure is used, then either 
net or net contents is used. 


Converting to Metric. To assure uniformity and preci- 
sion in net quantity declarations, the regulations provide 
conversion factors to use in declaring the inch-pound and 
metric amounts. 


Largest Whole Unit. The net quantity of contents should 
be declared in the largest whole unit, with any remainder 
expressed as a decimal or a common fraction of the unit. 
Alternatively, the remainder may be expressed in terms of 
the next smaller whole unit and any decimal or common 
fraction of that unit. Common fractions are halves, quar- 
ters, eighths, sixteenths, or thirty-seconds. Common frac- 
tions must be reduced to the lowest (simplest) terms. Dec- 
imal fractions should be carried to no more than three 
places. 


Dual Ounce-Pound Declaration. The current net quan- 
tity of contents regulations require a dual ounce-pound 
declaration on packages weighing between 1 and 4 lb or 
containing between 1 pt and 1 gal. This dual declaration 
requirement results in a statement of ounces followed by 
a parenthetical pound-ounce declaration (eg, 18 oz (1 Ib 2 
oz)) or a statement of fluid ounces followed by a paren- 
thetical declaration in largest whole fluid unit with the re- 
mainder in fluid ounces (eg, 36 fl oz [1 qt 4 fl oz]). Under 
the metric labeling regulations, this dual ounce-pound dec- 
laration requirement is eliminated. Including a dual 
ounce-pound declaration would be optional; however, if 
used, it must appear on one line and may precede or follow 
the metric declaration. 
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Abbreviations. The regulations list the only abbrevia- 
tions that may be used in the declaration of net quantity 
of contents (Table 2). Generally, periods and plural forms 
are optional. 


Design Elements 


The regulations specify a number of design requirements 
for the net quantity of contents declaration. It must appear 
as a distinct item in the lower portion of the PDP, be sur- 
rounded by white (ie, blank) space, and meet a minimum 
type-size requirement based on the area of the PDP. 


Location. The net quantity of contents declaration must 
appear within the bottom 30% of the PDP. If the PDP is 5 
square inches or less, any available space on the PDP may 
be used. The net quantity of Contents declaration must be 
placed in lines parallel to the base on which the package 
rests as it is displayed. It may appear on more than one 
line. 


Copy-Free Area. The net quantity of contents declara- 
tion must be separated from other printed matter. Spacing 
requirements do not apply to pictorials or graphics, pro- 
vided they do not render the declaration inconspicuous. 
The declaration may be placed closer to the extreme lower 
border than the space prescribed for below the statement. 


Type Style. The net quantity of contents declaration 
must be in conspicuous type that is prominent and easily 
legible. The declaration must appear in distinct contrast 
(by typography, layout, color, embossing, or molding) to 
other matter on the package, unless it is blown, embossed, 
or molded on a glass or plastic surface, in which case the 
contrast is not mandatory. 


Type Size. To ensure that all packages of the same size 
will have the same size net quantity of contents, the reg- 
ulations define minimum type-size requirements based on 
the area of the PDP. To determine the minimum type size 
for the net quantity of contents, measure the area of the 
PDP (Table 3). 


Table 2. Abbreviations for Net Quantity of 
Contents 


Unit Abbreviation 
Weight wt 

Pint pt 
Ounce oz 

Quart at 
Pound Ib 

Fluid fi 

Gallon gal 
Kilogram kg 

Gram g 
Milligram mg 
Microgram mg 
Cubic Centimeter cm* 
Liter Lorl 
Milliliter mL or ml 


Special Labeling Provisions 


The regulations allow for modification of the net quantity 
of contents declaration in certain circumstances. In some 
cases, a modified declaration is required (eg, multiunit 
packages). In many other cases, the requirements are sim- 
ply relaxed to offer more flexibility in package design. 


Multiunit Packages. Packages containing two or more 
individually packaged, identical units that may also be 
sold individually have special labeling requirements. The 
net quantity of contents declaration must be on the outside 
of the package if the individual labeling is obscured by the 
outer packaging. The net quantity declaration must in- 
clude the number of individual units, the quantity of each 
individual unit, and, in parentheses, the total quantity of 
the multiunit package. The total quantity optionally may 
be preceded by “total” or “total contents.” 


Bulk Foods. Food sold in bulk containers at the retail 
level is exempt from declaring the net quantity of contents, 
provided it is accurately weighed, measured, or counted 
within the purchaser’s view or in accordance with the pur- 
chaser’s order. 


Random-Weight Packages. Packages from one lot or 
shipment of the same commodity with no fixed weight pat- 
tern are random-weight packages (eg, cheese cut from a 
bulk block). If the product label contains the net weight, 
price per pound (or kilogram), and total price, the require- 
ments for type size, metric declaration, location, and copy- 
free area are waived. In addition, the weight may be de- 
clared in decimal fractions of a pound even if the weight is 
less than 1 Ib. 


Individual Servings Not Intended for Retail Sale. Small, 
individual-serving containers for use in restaurants, insti- 
tutions, and passenger carriers that are not intended for 
retail sale are exempt from declaring the net quantity. 
These packages must be less than 1/2 oz or 1/2 fl oz. 


Shell Eggs. Cartons containing 12 shell eggs are exempt 
from placing the net quantity in the bottom 30% of the 
PDP. 


Other Provisions. Special allowances are made for cer- 
tain categories of food packaged in specific containers. 
These exceptions provide flexibility in package design and 
conformity to established trade practices. 


Table 3. Type-Size Requirements for Net Quantity of 
Contents 


Area of more The PDPless than Minimum type size letter 
than or equal to. height not less than 
5 sqin 1/16 inch (1.6 mm) 
5 sqin 25 sq in 1/8 inch (3.2 mm) 
25 sq in 100 sq in 3/16 inch (4.8 mm) 
100 sq in 400 sq in 1/4 inch (6.4 mm) 


400 sq in 1/2 inch (12.7 mm) 


Deviation from Declaration in Largest Whole Unit. Due 
to established trade practices that preceded the regula- 
tions, a variety of products may declare 8-fl-oz and 2-q vol- 
umes as 1/2 p and 1/2 gal, respectively, rather than follow- 
ing the rule for declaring the quantity in the largest whole 
unit. Products to which this deviation applies include bot- 
tled water, fruit juice beverages, ice cream and frozen des- 
serts, and milk and fluid dairy products. 


DECLARATION OF NET QUANTITY OF CONTENTS— 
USDA 


Units and Terminology 


As with FDA, units used in declaring the net quantity of 
USDA foods depend on the form of the food. Because most 
USDA foods are solid, semisolid, viscous, or a mixture of 
solid and liquid, a weight measure must be used. A food 
sold in liquid form requires a fluid measure (eg, chicken 
soup). However, firmly established consumer usage or 
trade practice for declaring the contents of a liquid product 
by weight—or solid, semisolid, or viscous product by fluid 
measure—may be used. 

When the net quantity is declared in a weight measure, 
the term “net weight” or “net wt.” is used. If a fluid unit is 
used, either “net contents” or “contents” should be used. 


Dual Declaration 


On certain-size packages, USDA requires that the net 
quantity be declared in ounces followed in parentheses by 
the quantity in pounds with any remainder expressed in 
ounces of a pound (similar requirements pertain to fluid 
measures). This is referred to as dual declaration. FDA 
eliminated its dual declaration requirement when it intro- 
duced metric labeling. USDA also requires metric decla- 
ration in addition to ounce-pound. 


Abbreviations 


USDA does not designate abbreviations that may be used 
in the net quantity declaration. Therefore, companies may 
use the FDA-defined abbreviations or other abbreviations. 


Special Labeling Provisions 


USDA allows for modification of the net quantity declara- 
tion in specific cases. USDA requires a modified declara- 
tion on multiunit packages. Some USDA requirements are 
relaxed to accommodate certain packaging situations and 
established trade practices. 


Multiunit Packaging. USDA packages that contain two 
or more individually packaged, identical units that may 
also be sold individually have special labeling require- 
ments. The net quantity declaration must be on the outside 
of the package if the individual labeling is obscured by the 
outer packaging. The declaration must include the number 
of individual units, the quantity of each individual unit, 
and, in parentheses, the total quantity of the multiunit 
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package in ounces or fluid ounces. The dual declaration 
requirement is waived. 


Random-Weight Packages. USDA packages from one lot 
or shipment of the same commodity with no fixed-weight 
pattern are considered random-weight packages (eg, 
ground beef). The net quantity declaration must be applied 
to random-weight consumer packages before retail sale; 
however, the declaration is exempt from type-size, dual 
declaration, and placement requirements, provided it ap- 
pears conspicuously on the PDP. 


Small Packages. If the shipping carton of individually 
wrapped, small packages (less than 1/2 oz) carries an ac- 
curate net quantity declaration, the USDA net quantity 
requirements are waived for the individual packages. 
When these small packages bear the net weight, price per 
pound, and total price, they are exempt from type-size, 
dual declaration, and placement requirements, provided 
the net quantity appears conspicuously on the PDP. 


Margarine. Some margarine products contain animal 
fat and fall under USDA jurisdiction. Margarine in 1-lb 
rectangular packages (with the exception of whipped and 
soft margarine, or packages containing more than 4 sticks) 
are exempt from the requirements of placement in the bot- 
tom 30% of the PDP and the dual declaration. The net 
quantity declaration must appear as “1 pound” or “one 
pound” in a conspicuous manner on the PDP. 


Sliced, Shingle-Packed Bacon. USDA exempts certain- 
size packages (ie, 8-0z, 1-Ib, and 2-Ib rectangular packages) 
of sliced, shingle-packed bacon from placement of the net 
quantity in the bottom 30% of the PDP and from dual dec- 
laration. These products are placed on boards that wrap 
around the top and serve as the PDP. Due to the space 
limitations of the PDP, these products have been granted 
more flexibility in incorporating the net quantity declara- 
tion. The declaration must appear conspicuously on the 
PDP. 

In addition, sliced, shingle-packed bacon in any other 
size container (ie, other than 8-oz, 1-lb, and 2-lb) must 
show the net quantity declaration with the same promi- 
nence as the most conspicuous feature on the package. 


(CLAIMS-RELATED STATEMENTS 


When a product includes a claim, a number of elements 
must be incorporated into the package design. The regu- 
lations do not specify where a claim must be placed; how- 
ever, most claims appear on the PDP because it is the most 
conspicuous panel. 


Types of Claims 


The regulations define two categories of claims: nutrient 
content claims (sometimes referred to as “descriptors”) and 
health claims. Nutrient content claims are statements 
about the level of a nutrient in a food (Table 4). Health 
claims, on the other hand, link the nutrient profile of a food 
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to a health or disease condition (Table 5). Nutrient content 
claims are used widely by the food industry. Because the 
regulations governing health claims are more complicated 
and restrictive, health claims are not as common. 


Nutrient Content Claims. Nutrient content claims char- 
acterize the level of a nutrient in a food. Only defined terms 
may be used on the label to describe a food’s nutrient con- 
tent. When these terms are used, a product must meet spe- 
cific criteria. Nutrient content claims may be expressed or 
implied, comparative or absolute. These distinctions are 
important in package design because the type of claim dic- 
tates the information required. 

Expressed Claim. Any direct statement about the level 
or range of a nutrient in a food is considered an expressed 
nutrient content claim. Specific terms are defined by regu- 
lation. 

Implied Claim. An implied claim is any statement that 
leads the consumer to assume that a nutrient is absent or 
present in a certain amount or that the food may be useful 
in achieving dietary recommendations. Implied claims 
must follow the same requirements defined for expressed 
claims. 

Comparative (or Relative) Claim. A claim comparing the 
level of a nutrient in one product to the level of that nu- 
trient in another product or class of foods is considered a 
comparative claim (also called a relative claim). For ex- 
ample, “light,” “reduced,” “less,” and “more” are compara- 
tive claims. 

Absolute Claims. In contrast to comparative claims, ab- 
solute claims make a statement about the nutrient level 
in a food without stating or implying any comparison to 


Table 4. Nutrient Content Claims 


Comparative Absolute 

Light/Lite Free 

Reduced Low 

Less Very Low 

More High 
Source of 
Healthy 
Lean 
Extra Lean 


Table 5. Health Claims 


Calcium and osteoporosis 

Sodium and hypertension 

Dietary saturated fat and cholesterol and risk of coronary heart 
disease 

Dietary fat and cancer 

Fiber-containing grain products, fruits, and vegetables and 
cancer 

Fruits, vegetables, and grain products that contain fiber, 
particularly soluble fiber, and risk of coronary heart disease 

Fruits and vegetables and cancer 

Folic acid and neural tube defects 

Sugar alcohols and dental caries 


another product. “Free,” “low,” “very low,” “high,” and 
“source of” are examples of absolute claims. 


Health Claims. FDA has defined 9 health claims which 
may be used on labels (Table 5), and has created very strict 
criteria for using these claims. No other nutrient/disease 
associations may be made in food labeling. Written state- 
ments, third-party references, use of certain terminology 
in a brand name, symbols, and pictorials may be consid- 
ered a health claim if the context in which they are pre- 
sented either suggests or states a relationship between a 
nutrient and a disease. When a statement, symbol, picto- 
rial, or other form of communication suggests a link be- 
tween a nutrient and a disease, it is considered an implied 
health claim, and it is subject to all the requirements for 
health claims. 


Nutrient Content Claims 


When a product bears a nutrient content claim (whether 
it is expressed or implied), certain information must be 
incorporated into the design of the package. Because many 
claims appear on the PDP, this panel usually is affected. 
When a claim appears elsewhere on a package, however, 
certain information must appear on the panel with the 
claim. 


Required Statement. Depending on the type of claim and 
whether the product is governed by FDA or USDA, the 
requirements for claims-related information vary. FDA 
mandates more extensive information than USDA (ie, the 
inclusion of either a referral or a disclosure statement). 
Both agencies require additional information on products 
bearing comparative claims. 

Claims on FDA Products. All FDA products bearing nu- 
trient content claims require either a referral or a disclo- 
sure statement to be included on each panel where a claim 
appears, except the nutrition facts panel. A referral state- 
ment, appearing next to the largest claim on each panel, 
directs the consumer to the nutrition facts statement. 
When a product contains excessive levels of key nutrients 
that are associated with health risks, the referral state- 
ment is replaced with a disclosure statement that flags the 
nutrient(s) of concern and directs the consumer to the nu- 
trition facts panel. 

Comparative Claims. Both FDA and USDA product la- 
bels that bear a comparative claim must include a nutrient 
claim clarification statement and quantitative informa- 
tion. On FDA products, this information is required in ad- 
dition to a referral or a disclosure statement. 

The nutrient claim clarification statement identifies the 
comparison food and states the percentage (or fractional) 
difference in the subject nutrient(s) between the product 
and its comparison food (eg, 50% less fat than [comparison 
food], 1/3 fewer calories than [comparison food]). 

The quantitative information provides the absolute 
amounts of the subject nutrient(s) in the product and in 
the comparison food. 


Design Elements. USDA and FDA differ slightly in their 
design requirements for claims-related information. USDA 


does not require referral or disclosure statements; FDA ap- 
plies the type-size standards defined for these statements 
to other claims-related statements. 

Claims Statements. Claims may not have undue promi- 
nence because of type style in comparison to the product 
identity statement. A claim may be no longer than two 
times the size of the product identity. 

Referral or Disclosure Statement. On FDA products, a 
referral or a disclosure statement must be immediately ad- 
jacent to the claim. No intervening material may be placed 
between it and the claim, except for other claims-related 
statements, or a standard name that is modified by the 
claim, or both. It must appear on each panel where the 
claim is located, except for the panel that contains the nu- 
trition facts (eg, if the nutrition facts and the claim are 
both on the PDP, the statement is not required). If multiple 
claims appear on a panel, the referral or disclosure state- 
ment must be adjacent to the largest claim. 

It must be in easily legible, boldface type, in distinct 
contrast to other printed or graphic matter. It may be no 
smaller than the net quantity declaration, unless the claim 
is less than two times the size of the net quantity decla- 
ration. 

Nutrient Claim Clarification Statement. The nutrient 
claim clarification statement must be placed in immediate 
proximity to the most prominent comparative claim. It 
must follow the same type-size requirements as the refer- 
ral statement. If different comparative claims appear on 
the same label, the nutrient claim clarification statement 
must be placed in immediate proximity to the most promi- 
nent presentation of each claim. 

Quantitative Information. Clear and concise quantita- 
tive information must appear adjacent to the most promi- 
nent claim or on the Information Panel. 


Health Claims 


When a product bears a health claim, very specific lan- 
guage must be used on the label. The regulations govern- 
ing health claims are very complex; therefore, health claim 
situations should be handled on a case-by-case basis. The 
language associated with a health claim must conform to 
regulatory guidelines, which provide model health claim 
statements. Products bearing health claims must undergo 
careful review by legal experts, regulatory experts, or both 
to be certain the language is accurate and any graphics are 
acceptable. 


Model Statements. The regulations pertaining to each 
health claim outline the assertions that may be made and 
any additional required statements. When a claim is im- 
plied through graphic representations, a complete claim 
statement must be included on the label. 


Design Elements. All information required in a health 
claim must appear in one place, in the same type size, and 
without other intervening material. Because the required 
statements can be quite lengthy, the complete claim may 
appear on a back or side panel. When this approach is 
taken, a reference statement may be placed on the PDP, 
flagging the claim and directing the consumer to the loca- 
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tion of the claim (eg, “See for information about 
the relationship between ______ and ”), The 
first blank contains the location of the health claim (eg, 
back panel, attached pamphlet), the second blank states 
the nutrient, and the third blank names the disease or 
health-related condition. 

When any graphic material implying or expressing a 
health claim is used on the label or in accompanying la- 
beling materials (eg, pamphlet), the entire claim state- 
ment or a reference statement must appear in immediate 
proximity to the graphics. 


ADDITIONAL USDA LABELING REQUIREMENTS 


The USDA has additional labeling requirements: official 
inspection legend and keep frozen/refrigerated state- 
ments. 


Official Inspection Legend 


The PDP of all USDA products must include an official 
inspection legend in accordance with established inspec- 
tion procedures. The number of the official establishment 
(ie, the identity of the plant at which the product was man- 
ufactured) must also be included in one of the following 
manners: 


* Within the official inspection legend 

* Outside the official inspection legend, but elsewhere 
on the label (eg, on the lid of a can). When it is placed 
outside the inspection legend, the prefix “EST.” must 
precede the establishment number. It must be shown. 
in a prominent and legible manner in a size that en- 
sures easy visibility and recognition. 

* Off the exterior of the container (eg, on a metal clip 
used to close casings or bags) or on other packaging 
material in the container (eg, on aluminum pans and 
trays within the container). When it is placed on the 
exterior of the container or on other packaging ma- 
terial, a statement of its location must be printed con- 
tinuous to the official inspection legend. 

* On an insert label placed under a transparent cov- 
ering, if it is clearly visible and legible and accom- 
panied by the prefix “EST”. 


Keep Frozen/Refrigerated Statements 


Many USDA products require special instructions to en- 
sure the safety and quality of the product. These products 
may include either of the following statements: “Keep 
Frozen” or “Keep Refrigerated.” The statement must ap- 
pear on the PDP in a conspicuous manner. There are no 
minimum-size requirements. 


Other Required Information 


On some products, additional information may be required 
on the PDP (Table 6). Products bearing claims have addi- 
tional requirements that usually affect the design of the 
PDP. Other products require warning statements, some of 
which must be placed on the PDP. Certain products require 
special handling instructions to ensure the safety and 
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‘Table 6, Additional Information That May Be Required on the PDP 


Information required on some products FDA location USDA location 
Claims statements 
Disclosure or referral statement Adjacent to largest claim on each panel Not required 


Nutrient claim clarification 
Quantitative information 


Safe-handling instructions for raw meat 
and poultry 

Percent-juice declaration 

Warning statements 


Not required 


Adjacent to most prominent claim 
Adjacent to most prominent claim or on 
information panel 


Information panel and/or PDP 
Requirements vary 


Adjacent to most prominent claim 

Adjacent to most prominent claim or on 
information panel 

Information panel or other panel 


Not required 
Requirements vary 


quality of the product. When these statements are re- 
quired, the regulations dictate the size and placement of 
the information. 


INFORMATION PANEL 


A package may be designed to include an information 
panel where some of the mandatory information may be 
placed (Table 7). If the ingredient list and manufacturer 
identity statement do not appear on the PDP, the package 
must have an information panel that includes these state- 
ments. Whenever practical, the nutrition facts statement 
should appear on the information panel with these state- 
ments. Other label statements required on some products 
(eg, a percent-juice declaration, some warning statements, 
special handling instructions) also may appear on the in- 
formation panel. 

Statements intended for the information panel may al- 
ternatively appear on the PDP if space on the information 
panel is insufficient. Also, it is permissible to omit an in- 
formation panel, incorporating all mandatory statements 
on the PDP. Exemptions from labeling requirements for 
nonretail packages apply to the components of the infor- 
mation panel as well as to the PDP. 


Location 


The information panel generally is considered the part of 
the package immediately contiguous to and to the right of 
the PDP as observed by an individual facing the PDP. For 
situations when this arrangement is not possible, alter- 
native locations are specified. 


NUTRITION FACTS 


Only when the nutrition facts statement (Figure 1) cannot 
be accommodated on the information panel or the PDP 
along with other mandatory information may it be placed 


Table 7. Information Panel 
Mandatory information 


Additional required information 


Nutrition facts Percent-juice declaration 

Ingredient list USDA safe-handling instructions 

Manufacturer identity Special handling instructions 
Warning statements 


Nutrition Facts 


Serving Size 1/2 cup (144g) 


Servings Per Container 4 

Calories from Fat 120 
_____ Daily Vale® 
20% 
Saturated Fat 59 25% 
Cholesterol 30mg ~ 10% 
‘Sodium 660mg 28% 
Total Carbohydrate 31g 10% 
Dietary FiberOg =—«O% 
Sugars 5g —_ “i 
Proteindg 
Be] 
VitaminA4% + Vitamin C 2% 

Calcium 15% > tron 4% 


* Percent 
calorie diet. Your daily values may be higher 
‘or lower depending on your calorie needs: 

Calorios 2,000 _2,500__ 
TotalFat —Lessthan 659 809 
SatFat Less than 209 259 
Cholesterol Less than 300mg 300mg 
Sodium —_Lessthan 2,400mg_2,400mg 


Total Carbohydrate 30093759 
Dietary Fibor 259 309 
Calories per gram 


Fat + Carbohydrate 4 + Protein 4 


Figure 1. Typical nutrition facts label. 


elsewhere on the package. Incorporating it into the infor- 
mation panel (or PDP) should always be explored first. 


INGREDIENT LIST 


All products fabricated from two or more ingredients must 
include an ingredient list on either the PDP or the infor- 
mation panel. 


Terminology 


Ingredients are listed by their common or usual name in 
descending order of predominance by weight. Ingredients 
present in amounts of 2% or less may be listed at the end 
of the ingredient list following an appropriate qualifying 
statement (eg, “Contains percent or less of 
less than percent of. Ms 


Design Elements 


The ingredient list must be conspicuous and in a type size 
no smaller than 1/16 in. 


Standardized Foods 


With the inception of NLEA, standardized foods now typ- 
ically must declare all ingredients. 


Special Provisions for Bulk Foods 


A food received in bulk containers at retail may provide 
the ingredient list by either displaying it on the bulk con- 
tainer or posting a counter card or sign with the required 
information. 


MANUFACTURER IDENTITY 


The manufacturer identity states the name and place of 
business of the manufacturer, packer, or distributor. The 
information panel typically includes this information. 


Terminology 


Ifthe manufacturer is a corporation, the corporation name 
must be used and may be preceded or followed by the name 
of the particular division. If the manufacturer is an indi- 
vidual, a partnership, or an association, the name under 
which the business is conducted must be used. If the food 
is not manufactured by the person whose name is on the 
label, the name must be qualified with “Manufactured for 
,” “Distributed by ,” or other wording that ex- 
presses the relationship. 

The statement must include the street address, city, 
state, and postal code. If the name is in a current telephone 
directory, the street address may be omitted. The principal 
place of business may replace the actual place where the 
food was manufactured, packed, or distributed, assuming 
this would not be misleading. 


PERCENT-JUICE DECLARATION 


With certain exceptions, any beverage that purports or ap- 
pears to contain a fruit or vegetable juice must declare the 
percentage of juice in the product. Any of the following sit- 
uations could trigger this requirement: using the name (or 
variation) of a fruit or vegetable in advertising, labels, 
or labeling; depicting a fruit or vegetable in a vignette or 
other pictorial representation; or formulating a beverage 
to contain the color and flavor of a fruit or vegetable juice. 

Percent-juice labeling (Table 8) is generally required if 
a beverage has the appearance and flavor of containing a 
fruit or vegetable juice, even if the product in fact contains 
no juice. Certain exceptions are made for products contain- 
ing minor amounts of juice (typically less than 2%) that 
are labeled with a fruit or vegetable name and a term such 
as “flavored.” 


Terminology 


The percentage of juice must be declared, and the type of 
juice may be declared. If a product does not contain juice 
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Table 8. Juice Content Information 


If beverage does not 


If beverage contains juice contain juice 


Contains _ percent (or %) juice Contains 0% juice 


Contains _ percent (or %) (type) Contains 0% (type) juice 
juice 
— percent (or %) juice Does not contain (type) 
juice 
_— percent (or %) (type) juice Contains no (type) juice 


Contains no fruit/ 
vegetable juice 


but the labeling or color and flavoring suggest that it does, 
it must be declared as 0% (or a similar phrase). 


USDA SAFE-HANDLING INSTRUCTIONS 


USDA has regulations requiring safe-handling instruc- 
tions (Table 9) on all raw meat and poultry products not 
intended for further processing at another USDA- 
inspected establishment. These safety instructions are in- 
tended to heighten consumer awareness of proper food- 
sanitation procedures and reduce the incidence and 
severity of foodborne illnesses. 


Terminology 


The regulations specify the exact wording that must be 
used. 


Heading. The safe-handling information must be pre- 
sented on the label under the heading “Safe Handling In- 
structions.” 


Rationale Statement. “This produce was prepared from 
inspected and passed meat and/or poultry. Some food prod- 
ucts may contain bacteria that could cause illness if the 
product is mishandled or cooked improperly. For your pro- 
tection, follow these safe handling instructions.” 


Safe Handling Statements. “Keep refrigerated or frozen. 
Thaw in refrigerator or microwave.” Any portion of this 
statement that is in conflict with the product's specific han- 
dling instructions may be omitted (eg, instructions to cook 
without thawing). 

“Keep raw meat and poultry separate from other foods. 
Wash working surfaces (including cutting boards), uten- 
sils, and hands after touching raw meat or poultry.” 


Table 9. Safe-Handling Instructions Model 
Design elements 


Set off by border 

Prominent location, visible at point of purchase 

Graphic illustrations next to safe-handling statements 

Type no smaller than 1/16 in, except heading, which must be 
larger 

One-color printing on single-color, contrasting background 
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“Cook thoroughly.” 
“Keep hot foods hot. Refrigerate leftovers immediately 
or discard. 


OTHER LABELING REQUIREMENTS 


In certain situations, other labeling requirements apply. 
The requirements may be triggered by voluntary declara- 
tion of related information (eg, stating number of servings, 
making a claim) or because a key substance is used in 
the product or packaging (eg, aspartame, saccharin, self- 
pressurized containers). 


Labeling with Number of Servings 


Although it is not required, some packages include a state- 
ment about the number of servings contained in the pack- 
age. When this information is provided, the regulations re- 
quire that the net quantity of each serving be stated 
adjacent to the number-of-servings declaration. The state- 
ment of net quantity must be in the same type size used 
in the declaration of number of servings. This net quantity 
information should be consistent with the serving size dec- 
laration in the nutrition facts statement, unless the prod- 
uct is exempt from nutrition labeling. 


Quantitative Information for Comparative Claims 


Products bearing a nutrient content claim that is consid- 
ered a comparative claim must include quantitative infor- 
mation either adjacent to the most prominent claim or on 
the information panel. 


Warning Statements 


Certain products require warning statements that must be 
placed on the information panel (or the PDP). For example, 
products packaged in self-pressurized containers must 
warn consumers about health and environmental risks. 
Protein products in liquid, powder, tablet, capsule, or simi- 
lar form must warn consumers about the risks of very-low- 
calorie diets. Products containing ingredients that have a 
health or safety concern (eg, aspartame, saccharin) are re- 
quired to display warning statements or other notices. 


Exemptions 


Despite the goal of NLEA that virtually all packaged food 
products carry a nutrition label, some products are exempt 
(Table 10). Manufacturers of exempt products may volun- 
tarily include nutrition labels on their products; however, 
all the requirements for nutrition labeling must be fol- 
lowed on such voluntary labels. Generally, if an otherwise 
exempt product carries a nutrition claim or other nutrition 
information on its label (or in labeling or advertising), nu- 
trition labeling is required. 


Foods Intended for Further Processing. Foods that are 
shipped to food manufacturers, distributors, or retailers 
for further processing, repacking, or labeling are generally 
exempt. The regulations detail the situations that qualify 
for exempt status. FDA and USDA take basically the same 


approach on this point; however, their criteria are outlined 
differently. 


Foods Prepared in Restaurant, Food-Service, and Retail 
Settings. Restaurant and food-service foods are generally 
exempt from nutrition labeling requirements. Ready-to- 
eat foods from bakeries, delicatessens, and retail settings 
where the food is prepared on-site are also exempt. 


Small Businesses. Both agencies exempt products of 
small businesses; however, each agency has its own crite- 
ria for defining a small business. Originally FDA used 
gross sales to define a small business, but due to a con- 
gressional mandate, FDA revised the small-business ex- 
emption, basing it on the number of full-time equivalent 
employees and units of product produced in a year. USDA's 
exemption criteria are based on the number of employees 
and pounds of product produced annually. 


Other Exemptions. FDA exempts foods with no nutri- 
tional significance (eg, teas, coffee, spices); this provision 
is not applicable to USDA foods (ie, foods containing 2% or 
more cooked meat or poultry have significant nutrients). 
Foods intended for export and custom-slaughtered fish and 
game are exempt. 

FDA oversees infant formula, medical foods, and die- 
tary supplements, The labeling of these products is ad- 
dressed under separate regulations; thus, they are exempt 
from the general nutrition-labeling regulations. 


Special Labeling Provisions 


Both FDA and USDA regulations have special labeling 
provisions for certain food categories. These products are 
not exempt from nutrition labeling, but some of the label- 
ing requirements are more relaxed. 


Small Packages. Both agencies allow food packed in 
small packages (less than 12 sq in of space available to 
bear labeling) that do not bear claims to omit the nutrition 
facts, but the label must include an address and/or a phone 
number where the consumer can obtain nutrition infor- 
mation. If nutrition labeling is required, there are special 
layout and design provisions. USDA exempts from nutri- 
tion labeling packages containing less than 0.5 oz, pro- 
vided no nutrition-related claims are made or nutrition in- 
formation is provided. 


Gift Packs. For packages that contain a variety or as- 
sortment of foods intended to be used as a gift, FDA allows 
the nutrition labeling to be enclosed within the package. 
It may be provided on a composite basis for FDA-approved 
reasonable categories of foods that have similar dietary 
uses and nutritional characteristics. USDA also allows nu- 
trition information to be provided by a label insert. 


Raw Products. Raw fruits, vegetables, and fish are ex- 
empt from mandatory nutrition labeling, but FDA has out- 
lined expectations for voluntary nutrition labeling by re- 
tailers at the point of sale. USDA has a similar program. 


Foods for Infants and Children. Foods intended specifi- 
cally for infants and children under 2 and under 4 years of 
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Table 10. Foods Exempt from Mandatory Nutrition Labeling 
Exemption criteria® FDA exempts USDA exempis 
Foods intended for further processing, labeling, or packaging, not ‘Yes, even if bearing claims Yes 

for sale to consumers 
Restaurant and food-service products Yes Yes 
Food prepared at retail site Yes Yes 
Food produced by small businesses” Yes Yes 
Food with no nutritional significance (coffee, tea, spices) Yes N/A 
Donated foods Yes No 


Custom-slaughtered and processed products 
Products intended for export 
Infant formula, medical foods, and dietary supplements 


Yes’, even if bearing claims 
Yes, even if bearing claims 
Yes* 


Yes, even if bearing claims 
Yes, even if bearing claims 
N/A 


“Nutrition-related claims trigger mandatory nutrition labeling, except in a few situations in which the exemption is available regardless of the presence of 


claims. 


“Both FDA and USDA provide for a small-business exemption; however, the agencies have different criteria for defining a small business. 


“FDA oversees game meats, which have provisions for voluntary labeling. 
“Addressed under separate regulations. 


age have special format provisions, and certain nutrients 
are omitted. 


Features of the Nutrition Label 
Title. The label is entitled “Nutrition Facts” (Fig. 2). 


Serving Size Information. Serving sizes are provided in 
common household measures (eg, cups), followed by the 


ttle — Nutrition Facts 


Serving Size 1/2 cup (144g) 
Servings Per Container 4 


Amount Per Serving 
Calories 260 Calories from Fat 120 
eee EEE red 


3 Dally Value” 


Total Fat 13g 
Saturated Fat 5g 
Cholesterol 30mg 


25% 


Mandatory nutrients ciae 
+ Nutrients currently Tom catbohydrate sig: —" <10% 
considered important —) | Dietary Fiber Og 0% 
to health ‘Sugars 5g 2 
+ % daily value tells Protein Sg 
how a food fits into 
a 2,000-calorie diet VitaminA4% + Vitamin C 2% 
Calcium 15% % tron 4% 


+ Four vitamins and pete eee eh ee 
i i * Percent Daily Values are based on a 2,000 
minerals listed calorie diet. Your daily values may be higher 


‘or lower depending on your calorie needs: 
Calorios 


1s. 2,000 2,500 
Toral Fat Less than 659 809 
Sat Fat Lessthan 209 259 
, : Cholesterol Less than 300mg 
Calorie conversions Soom Lowe fen 2,400mq  2,400mg 
‘Total Carbohydt 300g ‘37 
+ Used to calculate Dorey Fiber a 259 eg 
% calories from Caionespergam 
fat, carbohydrate, Fat9 + Carbohydrate 4 - Protein 4 


and protein 
+ Optional feature 


metric equivalent in parentheses. The regulations define 
standardized amounts based on the servings people typi- 
cally consume (eg, 12 oz can of soda is 1 serving, not 2) and 
detail how to derive serving size declarations. 


Nutrient List. Information on the following nutrients is 
mandatory: calories, total fat, saturated fat, cholesterol, 


Serving size 


+ Standardized amounts 
make it easier to 
compare similar 
products 

+ Household measures 
make it easier to 
visualize serving 

+ Metric equivalent 
follows household units 
(except on single-serve 
containers) 

+ Standardized wording 


+ Servings per container 
in specified increments. 
(eg, whole numbers) 


Daily values 
+ Basis for comparison 


+ Based on current 
guidelines 


+ Comparative values at 
two calorie levels 


+ Consistent information 


Figure 2. Nutritional label. 
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sodium, total carbohydrate, dietary fiber, sugars, protein, 
and four vitamins and minerals. In addition, certain non- 
mandatory nutrients may be included. The actual amount 
of each nutrient present in a serving is listed beside the 
nutrient. In the right-hand column, the amount of the nu- 
trient is expressed as “% Daily Value,” which shows how a 
food fits into a 2,000-calorie reference diet. 


Daily Values Footnote. The daily values table at the bot- 
tom of the nutrition label presents the reference numbers 
used to calculate the % daily value. These numbers reflect 
current recommendations for health maintenance and dis- 
ease prevention. They are provided at two calories levels 
and remain the same for all labels. On smaller packages 
and packages qualifying for the simplified format, this in- 
formation may be omitted. 


Calorie Conversion Footnote. Calorie conversions assist 
in calculating the percentage of calories from carbohy- 
drate, protein, and fat. This feature is now optional. 


Mandatory Design Elements 


The regulations dictate a number of mandatory design ele- 
ments that must be followed for all the nutrition facts lay- 
outs. 


Hairline Box. The nutrition facts information must be 
set off from other printed material by a hairline box. The 
regulations are very precise on this point. No other infor- 
mation may be enclosed within the box. The box must be 
in the same color ink used for the type. 


Typesetting. The type must be set in a single, easy-to- 
read type style. Helvetica is the recommended font; 
however, any sans serif type is permissible. Upper- and 
lowercase letters must be used. Minimum type sizes are 
specified for each component of the label. 

The nutrients must be separated by 4 points of leading. 
All other text must be separated by at least 1 point of lead- 
ing. 
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The basic food-packaging materials can be divided into 
glass, metal, paper, and plastic. Each of these materials 
has both advantages and disadvantages (Table 1). The 
proper selection of these materials should be based on 
the functional requirements (see PACKAGING: PART I— 
GENERAL CONSIDERATIONS) and the economics of specific 
applications. To optimize the performance and cost, most 
food packages use more than one type of packaging mate- 
rial. For example, the packaging for a typical box of cereal 
consists of an inner plastic bag for moisture protection and 
an outer paperboard box for strength and rigidity. 


GLASS 


The glass container (bottle or jar) is one of the oldest food 
packages. It is an excellent barrier for protecting food from 
oxygen and moisture. It can provide food with excellent 
visibility and an image of cleanliness, Physically, glass is 
a very high viscosity supercooled liquid. The major con- 
stituents of container glass are silica (SiO,), soda (Na,0), 
and calcia (CaO), along with small amounts of other inor- 
ganic oxides. The properties of glass (such as strength, 
transparency, and moldability) can be modified by minor 
changes in the composition of these constituents. 

Some important considerations in designing the glass 
container are mechanical, thermal, and optical properties. 
Mechanical properties include vertical load strength, in- 
ternal pressure strength, impact strength, scratch resis- 


Table 1 Advantages and Disadvantages of Food- 
Packaging Materials 


Advantages Disadvantages 
Glass 
Excellent barrier against Easily breakable 
oxygen and moisture Relatively heavier 
Chemically inert 
‘Transparent 
Metal 


Excellent barrier against 
oxygen, moisture, and light 


Susceptible to corrosion 
Metal cans are generally more 


Good mechanical strength and _ difficult to open and reseal 
durability 
Good thermal stability 
Paper 


Relatively inexpensive Poor gas and moisture barrier 


Excellent printability Greatly reduced mechanical 
Lightweight strength when wet 
Plastic 
Most versatile packaging More susceptible to migration 
material and flavor-scalping 
Can be formed easily into problems 
many shapes 
Lightweight 
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The basic food-packaging materials can be divided into 
glass, metal, paper, and plastic. Each of these materials 
has both advantages and disadvantages (Table 1). The 
proper selection of these materials should be based on 
the functional requirements (see PACKAGING: PART I— 
GENERAL CONSIDERATIONS) and the economics of specific 
applications. To optimize the performance and cost, most 
food packages use more than one type of packaging mate- 
rial. For example, the packaging for a typical box of cereal 
consists of an inner plastic bag for moisture protection and 
an outer paperboard box for strength and rigidity. 


GLASS 


The glass container (bottle or jar) is one of the oldest food 
packages. It is an excellent barrier for protecting food from 
oxygen and moisture. It can provide food with excellent 
visibility and an image of cleanliness. Physically, glass is 
a very high viscosity supercooled liquid. The major con- 
stituents of container glass are silica (SiO,), soda (Na,O), 
and calcia (CaO), along with small amounts of other inor- 
ganic oxides. The properties of glass (such as strength, 
transparency, and moldability) can be modified by minor 
changes in the composition of these constituents. 

Some important considerations in designing the glass 
container are mechanical, thermal, and optical properties. 
Mechanical properties include vertical load strength, in- 
ternal pressure strength, impact strength, scratch resis- 


Table 1 Advantages and Disadvantages of Food- 
Packaging Materials 


Advantages Disadvantages 
Glass 
Excellent barrier against Easily breakable 
oxygen and moisture Relatively heavier 
Chemically inert 
‘Transparent 
Metal 
Excellent barrier against Susceptible to corrosion 
oxygen, moisture, and light Metal cans are generally more 
Good mechanical strength and difficult to open and reseal 
durability 
Good thermal stability 
Paper 
Relatively inexpensive Poor gas and moisture barrier 
Excellent printability Greatly reduced mechanical 
Lightweight strength when wet 
Plastic 
Most versatile packaging More susceptible to migration 
material and flavor-scalping 
Can be formed easily into problems 
many shapes 
Lightweight 


tance, and abrasion resistance (1). The strength of the 
glass container depends greatly on the condition of its sur- 
face, and the strength can be greatly reduced by a slight 
surface scratch. To reduce scratches and impact breakage, 
various lubricating coatings, such as special waxes and sil- 
icones, are often applied to the outer surfaces. Fairly thick 
glass is often needed to provide sufficient strength to pre- 
vent breakage due to internal pressure (especially for car- 
bonated beverage bottles), impact, or thermal shock. This 
thicker glass, however, adds considerable weight to the 
package. 

Thermal properties include thermal strength, which is 
a measure of the ability to withstand sudden temperature 
change. Stresses from sudden cooling are more damaging 
than those from sudden heating. A simple experiment to 
determine thermal shock resistance is to observe the num- 
ber of breakages that occur when glass containers at a high 
temperature are suddenly transferred to a cold-water 
bath. The temperatures used in the experiment depend on 
the actual process temperatures that the container will 
experience, such as in pasteurization, hot pack, or retort- 
ing (D. 

Optical properties include the degree of transmission to 
light and its effects on the quality of the product. Glass can 
be colored for decoration or light protection. Flint is basic 
clear glass used for most food-packaging applications. Am- 
ber is the familiar brown glass used for beer that can filter 
out ultraviolet light (300-400 nm). Emerald is bright- 
green glass used mostly in the beverage industry. Other 
blue, green, and opaque glasses are also available (2). 

In recent years, thin layers of silica (SiO,) are deposited 
onto films such as polyethylene terephthalate (PET), ori- 
ented polypropylene (OPP), and low-density polyethylene 
(LDPE). These silica-coated (or glass-coated) films have 
good gas barrier (3), and they are clear, recyclable, and 
retortable; however, the commercial applications of these 
films are rather limited because of the high cost and tech- 
nical difficulties in ensuring good silica adhesion to certain 
base polymers (4). 


METAL 


Metal packages provide excellent protection against the in- 
trusion and negative effects of oxygen, moisture, and light. 
Steel (with tin or chromium in trace amounts) and alu- 
minum (with magnesium and manganese in trace 
amounts) are the most commonly used metals for food 
packaging. Cans and trays are the most common forms of 
metal packages. 


Steel Can 


The steel can (also referred to as tin can) is made of a low- 
carbon steel coated with a very thin layer of tin on both 
the inner and outer surfaces. Typically, the steel can is 
made of three pieces: the can body, the top lid, and the 
bottom lid. The can body may be mechanically seamed, 
bonded with adhesive, welded, or soldered (2). 

The tin coating protects the steel from corrosion 
through reactions with water, oxygen, acids, and a host of 
other chemicals or foods. Most often, the inner tin surface 
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is also coated with a nonmetallic lacquer to prevent un- 
desired reactions of the tin with the foods. 


Aluminum Can 


Most beer cans and soft-drink cans are made of aluminum. 
Compared to the steel can, the aluminum can is lighter, 
more corrosion resistant, more formable, lower in struc- 
tural strength, and more costly. 

To a large degree, the lower structural strength has lim- 
ited the use of the aluminum can to the bottling of carbon- 
ated beverages, where the can gains structural support 
from the internal gas pressure. However, the lower 
strength and greater formability also allow the two-piece 
aluminum can (can body plus the top lid) to be formed more 
readily. This is accomplished by forging an aluminum disk 
into a cup so that the bottom and the sides are all in one 
piece. The two-piece can eliminates the side and bottom 
joints, and thus the chance of leakers is also reduced. 

The popularity of the aluminum can is partly attributed 
to its recyclability. The economics incentive for recycling of 
aluminum cans is high, and the aluminum industry has 
established an effective collection and reprocessing sys- 
tem. 


Aluminum Foils and Metallized Films 


Aluminum foil (between 0.0003 and 0.0015 in thick) is 
used in such food-packaging applications as pouches and 
liddings. The foil is usually laminated to one or more layers 
of plastic or paper. An example is the military meal-ready- 
to-eat pouch that uses a laminated structure of PET/ 
adhesive/aluminum/adhesive/polypropylene, from outside 
to inside. The aluminum foil layer provides an excellent 
barrier to moisture and gases, unless pinholes exist. 

The metallized film consists of a very thin layer of alu- 
minum (compared to the foil) that is vapor deposited onto 
the surface of a plastic film, such as polyester or nylon, The 
aluminum improves the gas- and light-barrier properties 
of the film as well as its aesthetic appeal. However, the 
gas-barrier properties of the metallized film are easily re- 
duced due to handling that results in the formation of pin- 
holes. The metallized film is used in such applications as 
bags for potato chips or snacks. It can also be laminated to 
paperboard for such applications as liquid-box juice con- 
tainers. 

Susceptor is a special type of metallized film used in 
microwavable food packages (1). A typical susceptor is a 
laminate consisting of the structure PET/adhesive/alumi- 
num/adhesive/paperboard. The aluminum in the laminate 
is a very thin, discontinuous layer of aluminum particles 
that can convert microwave energy into heat, causing the 
temperature of the susceptor to rise above 200°C rapidly. 
The high temperature is important for applications such 
as microwavable popcorn and pizza. However, the high 
temperature also raises safety concerns about thermal 
degradation of the PET and the migration of undesirable 
compounds from the susceptor to the food. 


PAPER AND PAPERBOARD 


Paper and paperboard are made from wood fibers com- 
posed of cellulose, hemicellulose, and polymeric residues. 


1826 PACKAGING: PART III—MATERIALS 


Although there is no strict distinction between paper and 
paperboard, structures less than 0.012 in thick are gen- 
erally considered to be paper. Because of their good me- 
chanical strength, paper and paperboard are used mostly 
to protect the product from physical damage. However, pa- 
per and paperboard have poor gas-barrier properties, and 
their mechanical strength can decrease greatly in wet or 
humid conditions. 

Many types of paper are used for food-packaging appli- 
cations (1,2). Kraft paper is typically a coarse paper used 
in applications such as bags and wrapping where strength 
is required, Kraft paper is available either in unbleached 
brown form or in bleached form. Greaseproof paper con- 
sists of densely packed fine fibers that provide good oil and 
grease resistance. Greaseproof paper may be further 
treated with fluorochemicals or coated with polyvinylidene 
chloride (PVDC) to improve gas- and moisture-barrier 
properties. Glassine paper is produced by further process- 
ing greaseproof paper through a super-calendering opera- 
tion, making the paper smoother, denser, and translucent. 
Waxed paper consists of a continuous layer of wax on a 
base paper such as greaseproof or glassine paper. The wax 
serves as both a moisture barrier and a heat-sealable layer. 

There are also many types of paperboard used for food- 
packaging applications (5). Corrugated boxes are used 
mostly for shipping food packages. Folding cartons are 
used as outer boxes for packaging cereal products, cookies, 
snacks, frozen foods, and the like. The appearance and 
printing quality of paperboard can be enhanced by coating 
with clay and other minerals. 

Paperboard is often coated or laminated with plastics 
or aluminum for better performance. For example, poly- 
ethylene (PE) is coated onto gable-top paperboard contain- 
ers, which are commonly used to contain milk or juices. 
The coating protects the paperboard against moisture ab- 
sorption, and it also provides the paperboard with heat 
sealability. Another example is the aseptic Tetra Pak juice 
carton, which is made from a paperboard laminate having 
the structure PE/paper/aluminum/PE. In this laminate 
structure, the inner PE layer protects the aluminum from 
the juice, the aluminum layer provides oxygen and a mois- 
ture barrier, the paperboard layer provides strength and 
rigidity, and the outer PE layer provides moisture protec- 
tion for the paperboard. 


PLASTIC 


Plastics, relatively new in packaging materials, are used 
in many of the food-packaging applications that were once 
dominated by the more traditional packaging materials— 
glass, metal, and paper (6). Plastics are polymers or long- 
chain macromolecules that can be molded, extruded, and 
cast into various shapes such as films, sheets, and contain- 
ers. Polymers are derived from petroleum, natural gas, or 
coal by polymerization processes. Most polymers used in 
food-packaging plastics have molecular weights between 
50,000 and 150,000. In addition, most plastics contain 
small amounts of additives (such as plasticizers, lubri- 
cants, antioxidants, antistats, heat stabilizers, and ultra- 
violet stabilizers) that are used to facilitate processing or 


to impart desirable properties to the plastics. These addi- 
tives can sometimes migrate into the food, causing the food 
to acquire undesirable flavors (see PACKAGING: PART I— 
GENERAL CONSIDERATIONS). Most packaging polymers are 
thermoplastics, which are characterized by the absence of 
cross-linking between polymer chains and can be softened 
repeatedly by heat and pressure to form different shapes 
(7-9). 

Polymers can be formulated to provide a wide range of 
performance properties that are dependent on chemical 
structure, crystallinity, side-chain branching, molecular 
weight, molecular weight distribution, orientation, and so 
on (1). The chemical structures of some food-packaging 
polymers are shown in Figure 1. As a general rule, higher 
crystallinity results in greater strength, better gas-barrier 
properties, higher soften point, and lower clarity. The type 
of polymer used in a retail container can often be identified 
by the recycling code and lettering on the bottom. 

The important considerations in selecting plastics for 
food-packaging applications are gas-barrier properties, 
strength, stiffness, chemical resistance, sealability, print- 
ability, formability, appearance, and cost. Plastics are 
unique in that they have a broad range of gas-barrier prop- 
erties (Fig. 2), whereas glass and metal provide a total gas 
barrier, and paper provides virtually none. Thus plastics 
offer the versatility for packaging many different foods, in- 
cluding those that require a high gas barrier (eg, potato 
chips) and those that require a low gas barrier (eg, fresh 
produce). 

The gas-barrier properties of polymers are often ex- 
pressed in terms of permeability: the lower the permeabil- 
ity, the better the gas barrier. Permeability depends on the 
plastic material; permeant gas; temperature; and, some- 
times, relative humidity. The permeabilities of some com- 
monly used food-packaging polymers are listed in Table 2. 

Following are general discussions of some commonly 
used food-packaging polymers. These polymers are used 
mostly as bottles, containers, bags, films, and so on. Be- 
cause these polymers have some overlapping properties, 
more than one polymer can often meet the performance 
requirements of a food-packaging application. The specific 
properties of a polymer film, sheeting, or container are usu- 
ally provided by the manufacturer. 


Polyethylene 


PE is the most frequently used polymer in food-packaging 
applications because of its low cost, easy processing, and 
good mechanical properties. PE also has the simplest 
chemical composition of all polymers, being essentially a 
straight-chain hydrocarbon. The major classifications of 
PE are high-density polyethylene (HDPE), low-density 
polyethylene (LDPE), and linear low density polyethylene 
(LLDPE). These classifications differ in density, chain 
branching, crystallinity, and so on. Within each classifica- 
tion are numerous grades that have different additives, 
molecular weight distributions, and other properties. 
HDPE has a density typically between 0.94 and 0.97 
g/em®. It is a linear polymer with relatively few side-chain 
branches (Fig. 3), and hence the macromolecules can fold 
and pack into an opaque, highly crystalline structure. 
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Figure 1. Chemical structures of some common food-packaging polymers. 
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Figure 2. Gas barrier properties of some common food-packaging 
polymers. 


Compared to LDPE, HPDE has a higher melting point 
(typically 135°C vs 110°C), greater tensile strength and 
hardness, and better chemical resistance. HDPE is used 
mostly to make blow-molded bottles for the packaging of 
products such as milk and water. It is also used for food 
containers, bags, films, extrusion coating, bottle closures, 
and the like. 

LDPE has a density between 0.91 and 0.93 g/cm’. It is 
a polymer with many long side-chain branches. LDPE is 
used mostly as film for packaging fresh produce and baked 
goods, as an adhesive in multilayer structures, and as wa- 
terproof and greaseproof coatings for paperboard packag- 
ing materials. The packaging film made from LDPE is soft, 
flexible, and stretchable. The film also has good clarity and 
heat sealability. 

LLDPE has a density about the same as that of LDPE. 
LLDPE is a copolymer with many short side-chain 
branches. LLDPE has similar clarity and heat sealability 
to that of LDPE, as well as the strength and toughness of 
HDPE. With its superior properties, LLDPE has been re- 
placing LDPE in many food-packaging applications. In re- 
cent years, many development efforts have focused on us- 
ing single-site or metallocene catalyst to produce LLPDE 
films with superior heat seal and hot tack properties, clar- 
ity, abuse resistance, and strength (10,11). 
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Table 2 Barrier Properties of Some Common Packaging 
Plastics 


0, co; 

Plastics permeability® permeability* WVTR’ 
PE 

Low density 300-600 1200-3000 1-2 

High density 100-250 350-600 0.3-0.6 
PP 

Unoriented 150-250 500-800 0.6-0.7 

Oriented 100-160 300-540 0.2-0.5 
PS 250-350 900-1050 7-10 
PET 36 15-25 1-2 
PVC 

Unplasticized 5-15 20-50 2-5 

Plasticized* 50-1500 200-8000 15-40 
PVDC 0.1-2 0.2-0.5 0.02-0.6 
EVOH 

0% RH 0.007-0.1 0.01-0.5 - 

100% RH 0.2-3 4-10 - 
Tonomer 300-450 _ 1.5-2 
Nylon 6 23 10-12 10-20 
PC 180-300 - 10-15 
“Unit in (em* mil) 100 in?/day atm) at 25°C, 


"Unit in (g mil)/(100 in?/day) at 38°C, 90% RH. 
“Values depend greatly on plasticizer content. 
Source: Data are taken from several sources. 
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Figure 3. Molecular arrangements of HDPE, LDPE, and LLDPE. 
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Polypropylene 


Polypropylene (PP) is a linear, crystalline polymer that has 
the lowest density (0.9) among all major plastics. Com- 
pared to PE, PP has higher tensile strength, stiffness, and 
hardness. It also has a higher melting temperature 
(165°C), and hence it is more suitable for hot filling and 
retorting applications. 


A major application for PP is in packaging films. Com- 
mercial PP films are available in oriented and unoriented 
forms. Orientation can be achieved by stretching the film 
either uniaxially or biaxially during the film-forming pro- 
cess. Oriented PP film (OPP) has improved strength, stiff- 
ness, and gas-barrier properties; however, it is not heat 
sealable. Unoriented PP film has excellent clarity, good di- 
mensional stability, and good heat-seal strength. Beside 
films, other major applications for PP are containers and 
closures. 


Polystyrene 


Polystyrene (PS) is an amorphous polymer that has excel- 
lent clarity. Solid PS is a clear, low-gas-barrier, hard, low- 
impact-strength (unless modified) material. It has a rela- 
tively low melting point (88°C) and can be readily 
thermoformed or injection molded into items such as food 
containers, cups, closures, and dishware. Because of its ex- 
cellent clarity, PS film is often used as windows in paper- 
board boxes to display products (such as baked goods) that 
do not require a good gas barrier. 

Expanded PS (EPS) of various bulk densities are man- 
ufactured by adding foaming agents in the extrusion pro- 
cess. EPS is used to make cups, bowls, plates, meat trays, 
clamshell containers, and egg cartons as well as protective 
packaging for shipping. 


Polyethylene Terephthalate 


PET (also abbreviated PETE) is the major polyester used 
for food packaging. The amorphous form of PET (APET) is 
used mostly as injection blow-molded bottles for carbon- 
ated soft drinks, water, edible oil, juices, and similar prod- 
ucts. PET bottles are stronger and clearer and provide a 
better gas barrier than HDPE bottles, although they are 
more expensive. 

APET is also used to produce films that have high 
strength, a high melting point (267°C), high scuff resis- 
tance, good clarity, good printing characteristics, and ex- 
cellent dimensional stability. Because of their poor heat 
sealability, PET films are often laminated or extrusion 
coated with a heat-sealable layer such as PVDC and 
LDPE. 

The crystallized form of PET (CPET) can withstand 
temperatures up to 220°C without deformation. Thus 
CPET food trays are used in microwave/conventional dual 
ovens. PETG is a copolymer of PET and 6% cyclohexane 
dimethanol that is used in thermoforming applications. 


Polyvinyl Chloride 


Polyvinyl chloride (PVC) is a clear, amorphous polymer 
used mostly for films and containers. Most often, plasticiz- 
ers (organic liquids of low volatility) are added to the poly- 
mer to yield widely varying properties, depending on the 
type and amount of plasticizers used. Plasticized PVC 
films are limp, tacky, and stretchable, and the films are 


commonly used for packaging fresh meat and fresh pro- 
duce. Unplasticized PVC sheets are rigid, and the sheets 
are often thermoformed to produce inserts for snacks such 
as chocolate and biscuits. 

PVC bottles have better clarity, oil resistance, and bar- 
rier properties than those of HDPE. However, the use of 
PVC bottles in food packaging is relatively small due to 
poor thermal processing stability and environmental con- 
cerns with chlorine-containing plastics. 


Polyvinylidene Chloride 


PVDC commonly known under the trade name Saran, is a 
copolymer of vinylidene chlorine (85-90%) and vinyl chlo- 
ride. The most notable advantages of PVDC are its excel- 
lent oxygen- and moisture-barrier properties. PVDC films 
have good clarity and grease and oil resistance. 

PVDC is used in films, containers, and coatings. Mono- 
layer PVDC films are used in household wraps. PVDC is 
often coextruded or laminated with other lower-cost poly- 
mers (such as OPP and PET) to form multilayer films or 
sheets. The multilayer films are used to package foods that 
require a good oxygen barrier, and the multilayer sheets 
are often thermoformed into semirigid containers. PVDC 
is also used in the form of latex for coating paper, film, and 
cellophane to achieve a better oxygen and moisture barrier, 
grease resistance, and heat sealability. 

PVDC is more costly than most other commonly used 
food-packaging polymers. Similar to PVC, PVDC has poor 
thermal processing stability, and environmental concerns 
are associated with its use. 


Ethylene Vinyl Alcohol Copolymer 


Ethylene vinyl alcohol copolymer (EVOH) is a crystalline 
copolymer of ethylene (usually between 27 and 48%) and 
vinyl alcohol, and its properties are highly dependent on 
the relative concentrations of these comonomers. EVOH 
is best known for its exceptionally good oxygen-barrier 
properties, even compared to PVDC. The oxygen barrier 
increases with decreasing ethylene concentration and 
decreasing relative humidity. EVOH also has good resis- 
tance to hydrocarbons and organic solvents. EVOH is the 
most expensive of all commonly used food-packaging poly- 
mers (8). 

EVOH is mostly used as an oxygen-barrier layer in mul- 
tilayer structures, either laminated or coextruded. The 
multilayer structures containing EVOH are used as films 
or containers for packaging oxygen-sensitive foods. An ex- 
ample of a multilayer structure is PP/adhesive/EVOH/ 
adhesive/PP, where the PP layers provide strength and a 
moisture barrier and the EVOH layer provides the oxygen 
barrier. This multilayer structure is suitable for hot filling 
and retorting applications. 


Other Food-Packaging Polymers 


Many other food-packaging polymers exist in addition to 
the major ones described previously. Ethylene vinyl ace- 
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tate (EVA) is a low-cost copolymer used as an adhesive in 
coextrusion and as a heat-sealable layer. Compared to 
EVA, ionomers are more expensive adhesives that have 
better hot tack, adhesion to aluminum foil, and ability to 
heat seal through food contaminants (9). Nylon is a poly- 
amide primarily used in applications that require good 
abrasion resistance and toughness; however, nylon has 
poor moisture-barrier properties and heat sealability. 
Polycarbonate (PC) is a relatively expensive polyester 
that has exceptional impact properties, and its food- 
packaging application is presently limited mostly to large 
returnable water bottles. Other packaging polymers in- 
clude edible films (9), biodegradable films (9), oxygen- 
scavenging films (12), and temperature-compensating 
films (4). 
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PACKAGING: PART IV—CONTROLLED/ 
MODIFIED ATMOSPHERE/VACUUM 
FOOD PACKAGING 


The shelf life of foods such as fresh and processed meat, 
eggs, fish, poultry, fresh fruits, fresh vegetables, and soft 
bakery goods is limited in the presence of atmospheric ox- 
ygen due to three important factors: the biochemical effect 
of atmospheric oxygen, the activity of oxidative enzymes, 
and the growth of aerobic spoilage microorganisms. A 
fourth factor of no small importance is attack by insects. 
Each of these factors, alone or in conjunction with one an- 
other, can result in changes in color, flavor, odor, and over- 
all deterioration in food quality, and the hazard of micro- 
biological safety. Technologies employed by food processors 
to retard these deteriorative changes include chilled stor- 
age, freezing, thermal processing, water removal, osmotic 
adjustment, pH change, and the use of chemical additives 
and preservatives. However, increasing energy costs as- 
sociated with freezing and drying, quality changes im- 
posed by the processes themselves, and growing consumer 
concerns about chemical additives has compelled the food 
industry to look for alternative methods of food preserva- 
tion. 

Controlled/modified atmosphere/vacuum packaging is 
a relatively new preservation technology used extensively 
for quality retention. Though these technologies have been 
in commercial use only since the 1960s, the volume of food 
preserved under them exceeds that of canned or frozen 
foods in North America—and is perhaps even proportion- 
ately higher in Europe. 

The normal composition of air is 20.9% oxygen (O.), 78% 
nitrogen (Nz), 0.9% argon, and 0.03% CO,. A controlled- 
atmosphere process involves alteration of the gaseous en- 
vironment in and around a food and its maintenance at a 
specified level throughout the preservation period. A mod- 
ified atmosphere, as the name implies, is one in which the 
normal composition of air is changed or modified within a 
package, but the change is not constant due to continued 
product respiration and permeation of gases through the 
package. Any modification usually, but not always, results 
in a reduction of the O, content of the air in the package 
headspace while increasing the level of CO.. This results 
in the potential for enhanced quality retention for food 
products without the use of covert chemical or physical 
treatments such as preservatives, freezing, and drying. 
Controlled- and modified-atmosphere preservation and 
packaging are almost always enhancements of refrigera- 
tion as a preservation technology. 

Vacuum processing and packaging means the removal 
of oxygen from the foods’ environment by mechanical 
methods. Oxygen removal may also be accomplished by 
displacement with an inert or nearly inert gas such as ni- 
trogen. 

The concept of controlled/modified atmospheres for 
shelf-life extension of food is not new in food preservation. 
During the nineteenth century scientists discovered that 
the elevation of CO, and reduction of O, retarded catabolic 
reactions in respiring foods and slowed the growth of aer- 
obic spoilage microorganisms. Basic research on the use of 
modified atmospheres for shelf-life extension of fruit, vege- 


tables, fish, and meat was performed during the 1920s and 
1930s. By 1938, 26% of chilled-carcass beef shipped from 
Australia and 60% of that shipped from New Zealand was 
being shipped under a CO,-enriched atmosphere. 

In the United States and Europe, successful application 
of controlled-atmosphere storage is extensive for apples 
and pears, which can be stored for up to 9 months using 
the correct CO,/0./H,0 vapor mixture in conjunction with 
temperature, ethylene, and relative humidity control. This 
technology has been commercial for more than 35 years. 

Distribution of food in retail and hotel/restaurant/ 
institutional (HRI) units packaged under modified atmo- 
spheres, that is, modified-atmosphere packaging (MAP), is 
a major application of technology for a variety of fresh and 
minimally processed food products. MAP is defined as the 
packaging of food products in which the gaseous environ- 
ment has been changed to slow respiration rates, reduce 
microbiological growth, retard enzymatic spoilage, and 
slow biochemical changes with the intent of prolonging 
quality retention. The objectives of this article are to re- 
view the reasons for the market growth of MAP technology, 
the roles of gases used in MAP, the methods of atmosphere 
packaging, and the applications of MAP for quality reten- 
tion of specific food groups. The advantages and disadvan- 
tages of MAP technology and the public health concerns of 
this technology are also addressed. 


GROWTH OF MAP TECHNOLOGY 


Despite the paucity of visibility, MAP technology has 
emerged as the premier packaging technology of the last 
years of this century. Currently, the United States leads 
the way in MAP technology, followed by the United King- 
dom, France, and Germany. Thousands of food processors 
around the world use MAP technology for shelf-life exten- 
sion and food distribution. It is estimated that the produc- 
tion of CAP/MAP/vacuum-packaged foods in North Amer- 
ica is well in excess of 30 billion Ib annually. The growth 
of MAP technology, for both medium- and long-term pres- 
ervation of food, is due to a number of interrelated factors: 
consumer desire for higher-quality, more nearly fresh, and 
higher nutritional quality foods; the development of better 
but still imperfect distribution systems; improved pack- 
aging technologies; and energy costs. 


Developments in New Polymeric Barrier Packaging/ 
Materials 


The success of any food-packaging technology as a means 
of extending the shelf life of food is dependent on the char- 
acteristics of the package materials surrounding a product. 
Developments in polymer chemistry have resulted in pro- 
duction of low-gas-permeability package films, such as 
polyvinylidene chloride (PVDC) and ethylene vinyl alcohol 
(EVOH), and high-gas-permeability materials such as sty- 
rene block copolymers. PVDC and EVOH films have ex- 
cellent water vapor-oxygen-, and carbon dioxide—barrier 
characteristics and can be laminated to structural and/or 
water vapor-barrier polymers to impart the desired 
strength, heat sealability, and permeability characteristics 
for quality retention of packaged food products. In addi- 
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tion, developments in high-speed, continuous, vertical, 
horizontal, and thermoforming packaging equipment com- 
patible with the machinability characteristics of these 
films have also promoted the growth of new packaging 
technologies. 


Market Needs and Consumer Demands for Convenience 


Over the past 30 years, many changes have occurred in 
consumers’ lifestyles and food preferences. The fundamen- 
tal change is in relation to the traditional roles of women, 
one of which in the past was meal preparation. With more 
than 60% of women in industrialized countries in the work- 
place, the time previously available for shopping and food 
preparation has decreased very substantially. The result 
is that today, with the need for convenience, many consum- 
ers are prepared to pay with their disposable incomes to 
have shelf-stable convenience foods that require a mini- 
mum of preparation. In fact, the consumer is indirectly 
asking the food industry to take over a part of, or in some 
cases all, of the more time-consuming steps associated 
with food preparation. The food industry has responded to 
these consumer demands by providing a variety of high- 
quality, more nearly fresh, easy-to-prepare, preservative- 
free foods packaged under a modified atmosphere. One 
surprising result has been that the proportion of family 
disposable income spent on food has been decreasing. 


Increasing Energy Costs 


Increasing energy costs associated with traditional meth- 
ods of food preservation/storage, such as freezing, has re- 
sulted in the growth of less energy-intensive and more eco- 
nomical methods of short- and long-term preservation, 
such MAP. It has been estimated that MAP is 18 to 20% 
less energy intensive compared to freezing for shelf-life ex- 
tension of bakery products. Thermal processing to achieve 
ambient temperature shelf stability is energy intensive, 
but not nearly as much as freezing, which requires removal 
of heat of fusion as well as temperature reduction and 
maintenance of low temperature. Further, it has been dem- 
onstrated repeatedly that the 0°F (—18°C) traditionally 
employed for frozen storage is well above the optimum 
temperature. Frozen foods are best stored at below their 
glass transition temperatures, a more costly and energy- 
intensive process being overtly resisted by commercial fro- 
zen food—distribution interests. These groups have failed 
to recognize the quality and hence economic benefits to be 
derived from optimum temperatures. 

These same distribution channel members have also re- 
fused to reduce chill temperatures to their optima and 
have thus generated what might be described as the de- 
velopment of private chilled-food chains operated by food 
processors themselves to maintain safety and quality. 

As a result of these interrelated factors, MAP is rapidly 
emerging as the packaging technology of choice for the 
preservation of minimally processed food products. 


METHODS OF ATMOSPHERE MODIFICATION 


Methods of atmosphere modification within a packaged 
food product may be subdivided into two main categories: 


passive modification and active modification. In com- 
modity-generated or passive modification, the product is 
packaged in a film with the correct gas permeability char- 
acteristics, and the atmosphere within the packaged prod- 
uct is modified as a result of the consumption of O, and 
generation of CO, through respiration of the product, plus 
the permeation of gases through the package materials 
and structure. Passive modification is commonly used to 
modify the gas atmosphere of fresh respiring fruits and 
vegetables. However, to maintain the correct gas mixture 
within the packaged product, the gas permeabilities of the 
packaging films must be selected to allow Oz to enter the 
package at a rate similar to its consumption by the prod- 
uct. Similarly, CO. must be vented from the package to 
offset the production of CO, by the product. Failure to 
achieve this gas balance will result in a depletion of O2 
and a buildup of COs, resulting in adverse changes in 
products. Depletion of oxygen to near 0 leads to anaerobic 
respiration or fermentation and the production of ad- 
versely flavored compounds. Most fresh vegetables and 
fruits are vulnerable to this type of injury under anoxic 
conditions. 

Several methods can be used to actively modify the gas 
atmosphere within the packaged product. These include 
vacuum packaging, vacuum followed by gas, and injection 
of or sweep by gas mixtures. 

Vacuum packaging is used extensively by the meat in- 
dustry to extend the shelf life and the keeping quality of 
primal cut or wholesale cuts of fresh red meat. The product 
is placed in a package structure fabricated from film of low 
oxygen permeability, air is removed under vacuum, and 
the package is heat sealed. Under conditions of a good 
vacuum, headspace O, is reduced to <1%. CO2, produced 
from tissue plus microbiological respiration, may eventu- 
ally increase to 10 to 20% within the package headspace. 
These conditions, that is, low O, and/or elevated CO, lev- 
els, extend the shelf life of meat by inhibiting the growth 
of aerobic meat-spoilage microorganisms, particularly 
Pseudomonas and Alternaria species. 

A novel method of active modification is through the use 
of oxygen absorbents after mechanical oxygen removal. 
These consist of sachets that are placed inside the pack- 
aged product. Alternately, the oxygen scavenger may be 
incorporated into the film. Another method of active mod- 
ification is the use of ethanol vapor generators that modify 
the gas atmosphere by producing ethanol vapor within the 
package headspace to suppress mold growth. Both oxygen 
absorbents and ethanol vapor generators have been used 
for shelf-life extension of food. 

Active modification may also be achieved by gas pack- 
aging. Gas packaging is simply an extension of vacuum 
packaging technology and involves the evacuation of air 
followed by the injection of the appropriate gas mixture. 


GAS-PACKAGING EQUIPMENT 


The gas-packaging technique involves removing air from 
the pack and replacing it with a mixture of gases; the pres- 
sure of gas inside the package usually reaches about 1 atm, 
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that is, equal to the external pressure. This is usually 
achieved by one of three types of packaging equipment: 
horizontal or vertical flexible packaging equipment, ther- 
moform/fill/gas flusk/seal or preformed tray fill/vacuum 
gas flush/seal equipment, and snorkel or related bulk 
packaging equipment. 

In the continuous flow wrap/gas flushing technique, the 
machine creates a tube of flexible material that encloses 
the product either by itself or on a carrier tray. The appro- 
priate gas mixture is introduced in a continuous counter- 
current flow into the package to force the air out, the ends 
of the package are heat sealed, and the packages are cut 
from each other (Fig. 1). 

In either the preformed tray or thermoform/fill/gas 
flush/seal technique, a compensated vacuum method is 
used to introduce the gas mixture. In this method, product 
is placed into a thermoformed tray and a vacuum is drawn 
to remove most of the air. The vacuum is broken by the 
appropriate gas mixture and the package heat sealed with 
a top web of film (Fig. 2). An example of a thermoformed 
gas-packaged product is shown in Figure 3. One advantage 
of the in-line thermoform method of gas packaging is the 
high efficiency of removing oxygen to residual levels of 
<1%. The in-line thermoforming type of equipment may 
also be used for vacuum packaging or vacuum skin pack- 
aging. The advantage of gas flushing versus vacuum plus 
back gas flush is its high production rate, with up to 120 
packages/min being gas packaged. 

The third type of equipment is the snorkel or bulk pack- 
age equipment. The product, whether in the packaged form 
or without a package, is placed inside a large flexible 
pouch. The machine holds the pouch and inserts probes or 
snorkels that remove the air from inside the bag. The 


Figure 1. Horizontal flow wrap/fill/seal gas packaging equip- 
ment. 


Figure 2. Thermoform/fill/vacuum/gas flush/seal_ packaging 
equipment. 1, Sheet; 2, formed cavity; 3, top closure web; 4, gas 
flush. 


Package 


Gas mixture 


Figure 3. Example of a thermoformed gas-packaged meat prod- 
uct. The irregular base keeps the product above the package floor 
in order to have exposure to the modified atmosphere on all sur- 
faces. 


vacuum is broken by the addition of the appropriate gas 
mixture, the probes are removed, and the package is 
sealed. This type of equipment is used for bulk packaging 
and retains the product in the gas-packaged bag through- 
out storage and distribution of the product. Obviously, this 
type of equipment may also be employed for vacuum pack- 
aging, such as for primal cuts of fresh red meat or fresh- 
cut vegetables. 


ROLES OF GASES USED IN MODIFIED 
ATMOSPHERE PACKAGING 


Gases commonly used in gas packaging are nitrogen, ox- 
ygen, and carbon dioxide. Because the gases are those we 
breathe, the gases used in MAP are neither toxic nor dan- 
gerous, nor are they regarded as food additives. 

Each gas plays a distinct and specific role in MAP foods. 
Nitrogen is an inert gas that has no effect on the food and 
has no antimicrobial properties. It is used mainly as a 
sweep gas to remove oxygen and as a filler gas to prevent 
package collapse in products that can absorb CO,, It can 
also be used to replace oxygen in foods to retard biochem- 
ical spoilage of food, such as oxidations. 

Oxygen is generally avoided in gas-packaging mixtures 
unless it is used to fulfill one of three functions: (1) it might 
be used with gas packaging of red meats to retain the de- 
sired oxymyoglobin red color or “bloom,” apparently de- 
sired by many consumers; (2) it is used in low concentra- 
tions in packaging of products that respire, such as 
fresh-cut fruits and vegetables; (3) it may prevent anaer- 
obic conditions and limit the growth of potentially harmful 
anaerobic microorganisms, specifically Clostridium botu- 
linum, although this function has not been clearly dem- 
onstrated. Additionally, beneficial effects of high oxygen 
(above 40%) have been reported in retarding respiration 
rates of lettuce and on slowing microbiological growth on 
fresh nonfatty fish. 

Carbon dioxide (CO,) is both bacteriostatic and fungi- 
static, that is, it inhibits bacterial and mold growth. It can 
also be used to prevent insect growth in packaged and 
stored food products. Carbon dioxide is highly soluble in 
water and fats where it forms carbonic acid. Its high sol- 
ubility may lower the pH, resulting in slight flavor changes 
in the food, and its absorption by the product may also 
cause package collapse. A summary of the salient proper- 
ties of Nz, Oz, and CO, are shown in Table 1. 
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Table 1. Summary of Gas Properties Used in MAP 
Oxygen 


Maintains “bloom” (red color of fresh meat) 
Sustains basic metabolism of respiring foods 
Retards adverse effects of anaerobic respiration 
May prevent anaerobic microbiological growth 


Nitrogen Chemically inert 
Filler gas to occupy volume 
Retards oxidation by replacing oxygen 
Retards oxidative rancidity by replacing oxygen 
Carbon Inhibits bacterial and mold growth 
dioxide Fat and water soluble 


Prevents insect attack 
High concentrations can discolor products (meat) 
or injure produce (fresh fruits, vegetables) 


Other gases that have antimicrobial or other functional 
properties include carbon monoxide, argon, nitrous oxide, 
ozone, sulfur dioxide, ethylene oxide, and ozone. Carbon 
monoxide, SOy, ethylene oxide, and ozone generally are not 
included in MAP systems for a variety of reasons such as 
poor stability of the gas, limited approval for use in foods, 
or the formation of toxic or allergenic residues. Carbon 
monoxide (CO), however, is permitted in trace amounts (1— 
4%) in MAP of lettuce heads to prevent oxidative discol- 
oration. Argon has been demonstrated to enhance MAP, 
perhaps by virtue of its molecular weight and size that may 
assist in removing oxygen more thoroughly than does ni- 
trogen. Argon is being applied in fresh-cut vegetables and 
fish (and also in wine and salty snacks and chips that are 
not MAP applications). 


ANTIMICROBIAL EFFECTS OF CO, 


Although the preservative action of CO, in foods has been 
known for many years, its mechanism of antimicrobial ac- 
tion has not been fully determined. Several theories have 
been postulated, however. One theory was that the dis- 
placement of O2 was the main reason for the antimicrobial 
properties of CO2. This theory was refuted by Coyne, who 
showed that aerobic spoilage organisms of fish grew well 
in 100% Nz but not in 100% COy, indicating that displace- 
ment of O2 was not the only reason for the antimicrobial 
effect of CO,. Valley and Rettger (1) suggested that CO, 
acted by lowering extracellular pH as a result of the dis- 
solution of CO, in the aqueous phase of the product. How- 
ever, several studies have shown that when the pH is low- 
ered by inorganic acid to values equivalent to those 
achieved under CO, atmospheres, bacterial and mold 
growth was less inhibited. Furthermore, CO. will inhibit 
microbial growth in buffered media and in naturally buf- 
fered foods such as meat. In response to these observa- 
tions, Wolfe suggested that the inhibitory effect of CO, may 
be due to intracellular, rather than extracellular, pH 
changes that could interfere with enzymatic activities as- 
sociated with cell metabolism. Several studies have shown 
that CO, inhibits oxaloacetate decarboxylase, succinate 
dehydrogenase, and cytochrome oxidase activity. However, 
King and Nagel (2) observed that CO. did not inhibit ex- 
tracts of these enzymes. They observed that CO. specifi- 
cally inhibited malic and isocitric dehydrogenase activity 


in vitro and concluded that the inhibitory effect of CO. may 
be due to its mass action effect on decarboxylases within 
the cell. Another theory suggests that CO, acts on the cell 
membrane, affecting the permeability characteristic of the 
membrane and its external environment by redistributing 
lipids at the surface. This has been demonstrated using a 
model system by Sears and Eisenberg (3) and has been 
proposed as the mechanism by which CO; may inhibit aer- 
obic spore germination. 

In conclusion, though many studies have been per- 
formed on the effect of CO, on microorganisms, there is 
little conclusive evidence of its mechanism of action. In a 
review on the effects of carbon dioxide on microbial growth 
and food quality by Daniels et al. (4) the following appear 
to be the salient points of investigations: 


* The exclusion of oxygen by replacement with carbon 
dioxide may contribute to its overall antimicrobial ef- 
fect by slowing the growth of aerobic spoilage micro- 
organisms. 

The carbon dioxide/bicarbonate ion has an observed 
effect on the permeability of cell membranes. 
Carbon dioxide is able to produce a rapid acidification 
of the internal pH of the microbial cell with possible 
ramifications relating to metabolic activities. 
Carbon dioxide appears to exert an effect on certain 
enzyme systems. 


Whatever the reason for its antimicrobial effect, CO, is 
effective in extending the shelf life of perishable foods by 
retarding microbiological growth. The overall effect of CO2, 
in conjunction with refrigeration, is to increase both the 
lag phase and the generation time of spoilage microorgan- 
isms. 


FACTORS INFLUENCING THE ANTIMICROBIAL EFFECT 
OF CO, 


Several factors influence the antimicrobial effect of CO2, 
specifically, temperature, types and numbers of microor- 
ganisms, gas concentration, and package material prop- 
erties. Each of these factors will be briefly reviewed. 


Types of Microorganisms 


The numbers and types of microorganisms present in a 
food product influence the antimicrobial effect of CO2. Mi- 
croorganisms differ considerably in their sensitivity to 
COs, and this sensitivity is related to the oxygen require- 
ments of microorganisms (Table 2). It has been shown that 
CO, is most effective against aerobic spoilage microorgan- 
isms. Common aerobic spoilage organisms of meat, fish, 
and poultry (Pseudomonads, Acinetobacter / Moraxella) are 
inhibited by low concentrations of CO, a fact that is ex- 
ploited in the gas packaging of muscle foods. Molds, most 
of which require oxygen for growth, are similarly inhibited 
by CO,. Several studies have shown that low concentra- 
tions of CO, (10%) can be used to suppress mold growth. 
However, as with bacteria, mold species may vary in their 
sensitivity to the inhibitory effects of CO. 


1834 PACKAGING: PART IV—CONTROLLED/MODIFIED ATMOSPHERE/VACUUM FOOD PACKAGING 


Table 2, Oxygen Requirements of Typical Food Spoilage 
Microorganisms 


Aerobes Require Pseudomonads 
atmospheric Acinetobacter / Moraxella 
oxygenfor Micrococcus 
growth Film yeasts 

Molds 

Microaerophiles Require low Campylobacter 
levels of Listeria 
oxygen Lactobacillus 

Facultative Growing in the Staphylococcus 

anaerobic presence or Bacillus species 
microorganisms absence of __Enterobacteriaceae 
oxygen Vibrio 
Fermentative yeasts 

Anaerobes Inhibited (or Clostridium botulinum 
killed) by Clostridium perfringens 
oxygen 


Although CO, is effective against aerobic spoilage mi- 
croorganisms, it has little or no antimicrobial effect against 
other spoilage microorganisms. Several studies have 
shown that CO, has little or no effect on the growth of 
facultative microorganisms in the Enterobacteriaceae or 
microaerophilic lactic acid bacteria. These organisms have 
been reported capable of growth in high concentrations of 
CO, (75-100%). Anaerobic bacteria, such as the food- 
poisoning organisms Clostridium botulinum and C. per- 
fringens, are not affected by the presence of carbon dioxide, 
and the anaerobic conditions inside MAP foods may be con- 
ducive to their growth. There is concern that these organ- 
isms represent a potential public health hazard if present 
in gas-packaged foods, particularly if packaged under com- 
pletely anaerobic conditions and stored under conditions 
of temperature abuse. Thus, although low concentrations 
of CO (20-30%) may suppress the growth of aerobic mi- 
croorganisms, they do little to inhibit the growth of facul- 
tative anaerobes, microaerophiles, and strict anaerobes. 
Under MAP conditions, the microbiological population 
shifts from a predominantly aerobic one to one comprising 
almost entirely CO.-resistant anaerobic bacteria. In effect, 
the MAP suppresses competitive spoilage microorganisms 
and offers conditions conducive to pathogenic anaerobic 
microbiological growth. For this reason, prevention of con- 
tamination of MAP foods with pathogenic microorganisms 
is very important. 

The age of the microbiological population also influ- 
ences the inhibitory effect of CO.. It has been shown that, 
as bacteria move from the lag phase to the log phase, the 
inhibitory effects of CO2 are reduced. Thus, the earlier the 
product is gas packaged, the more effective CO. will be. 


Concentration of CO, 


Early experiments clearly established that success in con- 
trolling aerobic spoilage deterioration of food was not sim- 
ply dependent on the elimination of oxygen; rather, there 
was a definite requirement for CO, in the gas atmosphere. 
Coyne reported that the growth of Achromobacter, Flavo- 
bacterium, Micrococcus, Bacillus, and Pseudomonas was 


markedly inhibited by 25% CO. and completely inhibited 
by 50% COz (5). In a later study, Coyne (6) reported that 
the optimal concentration for inhibition of aerobic spoilage 
microorganisms was 40 to 60% CO.. No additional exten- 
sion of shelf life was obtained by using higher concentra- 
tions of CO2, and bacterial growth was less inhibited below 
these concentrations. Gill and Tan (7) examined the effect 
of various concentrations of CO., equivalent to pressures 
of 100 to 300 mm Hg, that is, 13 to 39% CO, in air, on the 
respiration rates of Pseudomonas species, Acinetobacter, 
Alteromonas putrefaciens, Yersinia enterocolitica, and En- 
terobacter. They reported that the respiration rates of most 
of the common spoilage organisms under investigation, 
with the exception of Enterobacter and Brocothrix ther- 
mosphacta, were affected by elevated levels of CO. in air. 
The level of CO, that resulted in maximum inhibition of 
the common spoilage organisms was approximately 200 
mm Hg, or 26% CO, in air. However, the level of CO, in- 
vestigated in this study had no antimicrobial effect on B. 
thermosphacta, which requires concentrations of 75% or 
more CO, for complete inhibition. 

Several studies have shown that mold growth is also 
inhibited by low concentrations of CO.. For example, many 
Aspergillus, Rhizopus, and Cladosporium species are com- 
pletely inhibited by 5 to 10% CO, at 1°C. Other studies 
have shown that 20 to 30% CO, was sufficient to prevent 
the growth of meat-associated molds whereas 30 to 50% 
CO, was found to completely inhibit all mold species as- 
sociated with the spoilage of bread and cakes. Again, this 
was not simply due to lower partial pressures of O, in the 
gas atmosphere, because it has been shown that many 
molds continue to grow normally when the O, concentra- 
tion is maintained as low as 1%. 

It is evident from these studies that the concentration 
of CO, in the gas mixture is very important in obtaining 
the desired extension of microbiological shelf life of the 
product. For most food products, with the exception of 
fruits and vegetables, a minimum of 20 to 30% CO. by 
volume is required to inhibit the growth of aerobic spoilage 
microorganisms and extend the shelf life of food, whereas 
for maximum shelf-life extension a concentration of 50 to 
60% should be used. Though there is little or no increased 
antimicrobial effect or extension in shelf life at concentra- 
tions of CO, >50 to 60%, slightly higher concentrations are 
sometimes used to compensate for losses of headspace CO 
through packaging films. However, too high a concentra- 
tion of CO. may result in discoloration problems and drip 
loss in muscle foods. For fruits and vegetables, the maxi- 
mum concentration of CO, is approximately 5 to 20% by 
volume because higher concentrations result in carbon di- 
oxide damage. 


Temperature 


Temperature is a key variable in the antimicrobial activity 
of carbon dioxide. It has been shown that CO, is a very 
effective antimicrobial agent at low storage temperatures 
but less effective at higher temperatures. This increased 
inhibitory effect has been attributed to the greater disso- 
lution of CO. in the aqueous phase of products at lower 
storage temperatures and resultant changes in intracel- 
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lular pH and enzymatic activities of microorganisms. 
Therefore, any decrease in inhibition of spoilage and ex- 
tension of shelf life at higher storage temperatures results 
from the lower solubility of CO. in the aqueous phase of 
the product. MAP should not be regarded as a substitute 
for proper storage temperature. Although MAP slows the 
deterioration of a food product, it never totally arrests de- 
terioration. For respiring products, increasing the storage 
temperature also increases the rate of respiration, result- 
ing in a decrease in shelf life. 

The effects of temperature abuse are particularly im- 
portant from the standpoint of safety. Temperature abuse 
of MAP muscle foods may result in the rapid growth of both 
spoilage and pathogenic bacteria. The minimum tempera- 
ture for growth of Salmonella and Escherichia coli inocu- 
lated in ground meat and packaged in low- and high- 
permeability film is 0°C. Of major concern with respect to 
safety of MAP fish is the growth of and toxin production 
by C. botulinum type E, which has been demonstrated to 
be capable of growth at temperatures as low as 3.3°C. 
Proper refrigeration is therefore essential to assure the ef- 
fectiveness of CO, as an antimicrobial agent and to prevent 
potential growth of pathogenic organisms that may not be 
suppressed by CO,. 


Package Material Permeability 


The success or failure of MAP for respiring and nonrespir- 
ing foods depends on both the O2 and CO, permeability of 
package materials to maintain the correct gas mixture in 
the package headspace. In addition, films used in gas pack- 
aging should also have low water vapor-transmission 
rates to prevent moisture loss or moisture gain, that is, to 
maintain the proper water vapor concentration because it 
enters into the MAP reaction. Polymers commonly used for 
MAP of food include polyester, polyamide (nylon), polypro- 
pylene (PP), polyvinylidene chloride (PVDC), ethylene vi- 
nyl alcohol (EVOH), ethylene vinyl acetate (EVA), and 
polyethylene (PE) (Table 3). Because all the desired char- 
acteristics of a package material, namely, structural 
strength, permeability, and heat sealability, are seldom 
found in one polymer, individual polymers may be coex- 
truded or laminated to one another to produce films with 
the desired characteristics for MAP. Examples of lami- 
nated structures, some of which are shown in Table 4, for 


Table 3. Examples of Food-Packaging Materials 


Common name Abbrev. Subspecies 

Polyethylene PE _ LDPE (low-density PE) 
LLDPE (linear LDPE) 
HDPE (high-density PE) 
Metallocene polyethylene 

Polyvinyl chloride PVC UPVC (unplasticized 

PVC) 

Polyvinylidene chloride  PVDC 

Polystyrene PS 

Polyethylene PET 

terephthalate polyester 
Ethyelene vinyl alcohol © EVOH 


Ethylene vinyl acetate EVA 


Table 4. Examples of Laminated Films Used in MAP 
Foods 


Permeability 
(em®/m?/24h/1 atm) 


Laminate Gauge (ym) Oz CO, Np 
PET/PVDC/PE 12/3/50 810 30 8 
UPVC/LDPE 400/75 mb 30 4 
Nylon/PVDC/PE 60/5/10 9 34 25 
PVDC-coated PET/PE 15/60 24 

UPVC/PE 400/75 15 
Nylon/EVAL/Nylon/PE 25/10/25/100 50 


MAP of nonrespiring products include nylon/PE, nylon/ 
PVDC/PE, EVA/EVOH/EVA, and nylon/EVOH/PE, all 
high-gas barrier structures. These composite structures 
have the desired characteristics for gas packaging of non- 
respiring products, specifically strength, provided by the 
layer of gas and moisture-vapor impermeability (EVOH, 
PVDC, or nylon), and heat sealability, usually provided 
by PE. 

For fruits and vegetables, the selection of the correct 
package material has been even more challenging for the 
packaging technologist because of the dynamic nature of 
the product. The ideal package material for gas packaging 
of fruits and vegetables must be able to keep a balance of 
low O, concentration (3-5%) within the package headspace 
and prevent buildup of high CO, concentrations (10-20%). 
Packaging films commonly used to achieve this balance in- 
clude metallocene PE, EVA, and polypropylene. 


APPLICATION OF GAS PACKAGING FOR SHELF-LIFE 
EXTENSION OF FOOD 


The application of MAP using various gas mixtures has 
been used successfully by many food-processing and food- 
packaging companies around the world to extend the shelf 
life and retain quality of a variety of food products. Ex- 
amples of food products currently gas packaged as well as 
the composition of gas mixtures used to extend the shelf 
life of each product are shown in Table 5. The optimum 
blend of gases for a specific product can be determined not 
simply by trial and error but only through a detailed, sys- 
tematic study of the interdependent variables influencing 
product shelf life. These include the physical, chemical, 
and microbiological composition of the food product, the 
expected shelf life of the product under the normal storage 
conditions, and the choice of packaging film of correct gas- 
and moisture vapor—permeability characteristics. The ap- 
plication of MAP involving gas mixtures for shelf life ex- 
tension of selected food groups is briefly reviewed. 


Muscle Foods (Meat, Fish, and Poultry) 


The shelf life of fresh beef, pork, fish, and poultry is limited 
in the presence of atmospheric oxygen by the growth and 
biochemical activities of gram-negative, psychrophilic 
(cold-loving) strains of microorganisms such as Pseudo- 
monas, Achromobacter, Flavobacterium, and Moraxella 
species. Several studies have indicated that these spoilage 
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Table 5. Examples of Gas Mixtures for Selected Food 
Products 


Product Temp(’C) 02(%) CO2(%) Nz (%) 
Meat products 
Fresh red meat 0-2 40-80 20 Balance 
Cured meat 1-3 0 30 70 
Pork 0-2 40-80 20 Balance 
Offal 0-1 40 50 10 
Poultry 0-2 0 20-100 Balance 
Fish 
White fish 0-2 30 40 30 
Oily fish 0-2 0 60 40 
Salmon 0-2 20 60 20 
Scampi 0-2 30 40 30 
Shrimp 0-2 30 40 30 
Plant products 
Apples 0-4 1-3 0-3 Balance 
Broccoli 0-1 3-5 10-15 Balance 
Celery 2-5 35 Balance 
Lettuce <5 2-3 5-6 Balance 
Tomatoes 7-12 4 4 Balance 
Baked products 
Bread RT’ 60 40 
Cakes RT 60 40 
Crampets RT 60 40 
Crepes RT 60 40 
Fruit pies RT 60 40 
Pita bread RT 99 1 
Pasta and ready meals 
Pasta 4 80 20 
Lasagna 24 70 30 
Pizza 5 52 50 
Quiche 5 50 50 
Sausage rolls 4 80 20 


“Room temperature; staling is accelerated at refrigerated temperatures. 


organisms can be inhibited by packaging the product un- 
der a CO,-enriched atmosphere. Under these packaging 
conditions, the growth of common spoilage microorganisms 
is inhibited, and microaerophilic strains of lactic acid bac- 
teria, which are more tolerant of high CO, concentrations, 
become the dominant spoilage microorganisms. As a result 
of bacterial growth being suppressed, levels of chemical 
compounds, such as trimethylamine in fish, and total vol- 
atile nitrogen, which are chemical indicators of microbial 
spoilage of food, are also reduced. 

It is evident from Table 5 that a variety of gas mixtures 
can be used to extend the shelf life of muscle foods. Al- 
though microbial quality is usually the primary concern of 
the processor, biochemical changes can take place over 
time within the food itself that adversely affect color, fla- 
vor, and texture. For example, with red meat, oxygen is 
necessary for the bright red color or “bloom” that many 
consumers associate with good-quality meat. However, ox- 
ygen also promotes microbial growth and oxidative rancid- 
ity. Carbon dioxide is a bacteriostatic agent, that is, it in- 


hibits microbial growth, but in excess quantities it will 
discolor fresh meat. The problem of balancing these two 
separate effects can be overcome by use of a gas mixture 
incorporating CO2, O2, and No. The Nz is needed to prevent 
the package structure from collapsing around the product 
as CO, dissolves in the flesh, the fat, or both. When intact. 
fresh beef and pork are packed in an atmosphere of 40 to 
80% Oz, 20% CO, and the balance N2 and kept under 
chilled conditions, a shelf life of 10 to 12 days can be ex- 
pected, providing the meat was of good microbiological con- 
dition at the time of packaging. Ground meat displays 
shorter microbiological shelf life due to its microbiological 
dispersion. High concentrations of O2 may be favored be- 
cause they have been demonstrated to exert an antimicro- 
bial effect and also ensure that the desired bright red color 
will be maintained. 

For cured meat products containing color-fixing agents, 
where Oz is not necessary and is even detrimental to prod- 
uct color, it is necessary to package in an O.-free vacuum— 
a mixture of CO2:No, or 100% of either gas. 

With fish, enzymatic and/or autooxidative changes lead 
to the formation of low molecular weight aldehydes, ke- 
tones, alcohols, and carboxylic acids. Here, the gas mix em- 
ployed depends on the product’s fat content, which varies 
from 1% to a maximum of 20% for mackerel. Low-fat fish 
can be packaged in 60% CO.:40% O. whereas high-fat fish, 
such as mackerel and herring, should be packaged in an 
oxygen-free environment to prevent rancidity problems. In 
the United States, low-oxygen fish packaging is discour- 
aged because of fear of growth of nonproteolytic anaerobic 
C. botulinum, capable of growth and toxin production at. 
temperatures as low as 3.3°C. 

For meat, fish, and poultry products, the main areas 
affected by packaging of product under a modified gas at- 
mosphere are summarized in Table 6. It is evident that the 
major impact of gas packaging is shelf-life extension of 
product, which, for meat products, can be doubled or tri- 
pled compared to air-packaged products (Table 7). Similar 
extensions in shelf life have been attained for fish and 
poultry. However, these shelf-life extensions can be ob- 
tained only if MAP products are stored under refrigerated- 
temperature distribution conditions. The effect of dis- 
tribution temperature is therefore critical to ensure 


Table 6. Changes in Meat, Fish, and Poultry as Brought 
About by Modified Atmospheres 


Enzymatic aging 
process Unaffected 
Microbial spoilage Increased CO, reduces growth of aerobic 
spoilage pyschrotrophs and 
psychrophiles 
Fat oxiation Reduced O, reduces oxidation of fats, 
although some oxidation can still occur 
at low O, tensions 
Oxidation of Increased CO, promotes metmyoglobin 
myoglobin formation and color darkening 
Enzymatic Can be reduced 
oxidation 
Color Elevated O, can retain oxymyoglobin 
cherry red color 
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Table 7. Shelf-Life Extension of MAP Meat at Chilled 
‘Temperatures 


Shelf life (days) 
Temperature Air-packaged = MAP 


Product CC) products products 
Beef cuts 4 4 10-12 
Pork buts 4 4 69 
Ground beef 4 2 4 
Offals (eg, liver) 4 1-2 6 


maximum benefits of CO,-enriched atmospheres for shelf- 
life extension of muscle foods. 


Plant Products 


MAP, in conjunction with proper temperature control, can 
be used to reduce spoilage and quality losses in fresh fruit 
and vegetables. The objectives of MAP of fresh produce are 
to: 


¢ Inhibit microbiological spoilage, such as mold growth 
on product surface 

* Reduce the respiratory activities of products, thereby 
delaying ripening and senescence 

* Reduce enzymatic browning of plants 


As a result of the biological nature of the stored prod- 
ucts, the packaging of fruits and vegetables under MAP 
conditions is one of the most challenging problems facing 
the packaging industry. The major difference between 
plant products and other fresh foods is that plant products 
continue to respire after being harvested. This results in a 
depletion of O2 and a buildup of CO. However, when O2 
supplies are too low or CO, levels too high, anaerobic res- 
piration (fermentation) occurs, resulting in the production 
of alcohols, aldehydes, and ketones or other volatiles that 
impart undesirable off-odors and off-flavors to the product. 
To avoid oxygen starvation in MAP products, headspace 
oxygen generally should not fall below 2%. Some varieties 
of apples can withstand up to 10% COz, whereas straw- 
berries can withstand 25% CO, for prolonged periods. Ex- 
amples of gas mixtures for shelf-life extension of fruits and 
vegetables are shown in Table 5. Although carbon mon- 
oxide is not permitted in MAP of food, 4% by volume is 
permitted by the FDA in modified atmospheres to retard 
browning of lettuce cores. Currently, this is the only use of 
CO for food preservation permitted by regulatory author- 
ities, although it is used rarely, if ever. 

The key to successful MAP distribution of fresh and 
fresh-cut fruits and vegetables is to ensure the correct bal- 
ance of gases within the package headspace. The challenge 
for the packaging industry in MAP of plant products is to 
develop package materials that allow the transfer of se- 
lected gases and moisture in a controlled fashion to reduce 
biochemical activity without a major reduction in head- 
space oxygen or a buildup of carbon dioxide. This is a very 
complex task, requiring the control of significantly more 
variables than with other products. Common films used 


are PE, PP, EVA, and styrene block copolymer. Microper- 
forated films (eg, P-Plus from Sidlaw), films diluted with 
minerals (eg, FreshHold), and films containing special 
polymers responsive to temperatures (eg, Landec) are all 
commercially available to control oxygen concentrations 
within packages of respiring foods. The use of PE bags with 
silicone rubber windows for controlled permeation of O, 
and CO, have been used in France. These bags were ca- 
pable of maintaining 3 to 5% O, and CO, at 3°C. 

Using MAP in conjunction with temperature control, 
shelf-life extensions of 15 to 30 days are possible for fruits, 
vegetables, and prepared salads. Excellent reviews on 
MAP of fruits and vegetables can be found in the text by 
Brody and the paper by Zagory and Kader (8). 


Bakery Products 


The major problems limiting the shelf life of many bakery 
products are mold spoilage and staling. The bakery indus- 
try can use several methods to control mold spoilage, the 
most common being the use of preservatives, such as sor- 
bates and benzoates. However, preservatives can lead to 
off-odors and off-flavors in certain products. Furthermore, 
with increasing consumer concerns about preservatives, 
the bakery industry has been actively searching for alter- 
native methods to extend the mold-free shelf life of bakery 
products. One such method is MAP. Research on the use of 
CO,-enriched atmospheres for shelf-life extension of bak- 
ery products has been performed by Seiler (9) at the Flour 
Milling and Bakery Research Association in England. He 
reported shelf-life extensions of 300 to 400% for bread and 
cakes stored in concentrations of 60% CO, or more, The 
shelf-life extension obtained was dependent on the water 
activity (a,,) of the product, with the most significant in- 
creases in shelf life occurring in products of lower water 
activities, that is, a,, = 0.85. This effect is due to the types 
of mold present. In low-moisture products, xerophilic 
molds (low moisture tolerant), such as Aspergillus species, 
were the predominant spoilage molds, while Penicillium 
species were more common in products with higher a,, val- 
ues, such as crumpets and fruit pies. Ooraikul reported 
a mold-free shelf-life extension of 1 month or more for 
English-style crumpets packaged under 60% CO,. Though 
slightly longer extensions were possible using higher CO, 
concentrations, the gas was absorbed by the product, cre- 
ating a vacuum-packed effect. Bakery companies in Eu- 
rope commonly use gas packaging for shelf-life extension 
of bread and cakes. In addition to extending the mold-free 
shelf life of products, CO.-enriched atmospheres have also 
been reported to prevent staling in many bakery products. 
Examples of bakery products commonly gas packaged are 
shown in Table 5. Packaging films commonly used with 
these products are barrier films such as nylon/PE and 
PVDC-coated polypropylene laminated or extrusion coated 
with polyethylene or ionomer. 


Fresh Pasta and Other Products 


MAP is widely employed to extend the shelf life and keep- 
ing quality of fresh pasta and snack-food products. Major 
spoilage problems associated with moist (30% H,O) pasta 
products are growth associated with bacteria and molds 
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and rancidity problems from fat oxidation. These spoilage 
problems can be retarded by eliminating headspace oxygen 
in the packaged products by packaging under an appro- 
priate CO2:N. gas mixture or under zero oxygen using an 
oxygen scavenger (Table 5). For other products, such as 
snack foods, which generally have a lower water activity, 
specifically, a,,, <0.6, packaging in as close to 100% N2 as 
possible is sufficient to minimize oxidative rancidity prob- 
lems because these products are not susceptible to micro- 
bial spoilage due to their low a,, and therefore do not need 
CO, in the gas mixture. 


ADVANTAGES AND DISADVANTAGES OF MAP 


The main benefits associated with MAP of food products 
are better quality retention, extended product shelf life 
and associated increase in market area, improved product 
presentation and consumer appeal, and a reduction in en- 
ergy costs associated with freezing and freezer storage 
costs (Table 8). 

Some of the disadvantages of the technique (Table 9) 
include: 


The initial higher cost of packaging equipment 
Higher cost of package materials 

Secondary fermentation problems caused by CO,- 
resistant microorganisms 

Production of acidic-type odors due to dissolution of 
CO,, in certain products such as fish 

A reduction in water binding capacity and an in- 
crease in drip loss of muscle foods due to change in 
product pH 

Slight discoloration problems in muscle foods such as 
meat 

Package collapse in products using a high CO, con- 
centration (100%) 

The potential for generating conditions favorable for 
anaerobic pathogenic microbiological growth 


Table 8, Advantages of MAP of Food 


Incrased shelf life 

Superior quality retention 

Incrased market area 

Reduction in production and distribution costs 
Improved presentation 

Fresh appearance 

Clear view of product when desired 


Table 9. Disadvantages of Gas Packaging of Food 


Initial high cost of packaging equipment, films, etc. 

Discoloration of meat pigments 

Leakage 

Fermentation and swelling 

Potential growth of anaerobic microorganisms of significance to 
public health 


The high CO, problems can be inhibited by reducing the 
proportion of CO, in the gas mixture and replacing it with 
a filler gas (No). 


MICROBIOLOGICAL SAFETY OF MAP FOODS 


A major concern about MAP foods is that they may be a 
public health risk, particularly if subjected to temperature 
abuse during distribution and retail storage. Further, a 
higher risk exists for consumer temperature abuse, mis- 
handling, and overextending the product’s shelf life. 

The major microbiological concern with MAP foods is 
the growth of and toxin production by C. botulinum types 
A, B, and E. These spore-forming microorganisms pose the 
greatest threat to consumer safety due to: 


* The complete or partial reduction of aerobic micro- 
organisms and potential indicators of incipient spoil- 
age by CO.-enriched atmospheres, and 

* The presence of elevated levels of CO. and anaerobic 
packaging conditions conductive to the growth of, and 
toxin production by, C. botulinum. 


Several studies have shown that spores of C. botulinum 
can outgrow and produce toxin in MAP fish and in other 
products such as nitrogen-packed sandwiches and 
vacuum-packaged potatoes, especially if stored under 
temperature-abuse conditions. Though several challenge 
studies have been done with C. botulinum in MAP food, 
there is little conclusive evidence that MAP represents a 
significantly greater hazard than packaging in air, particu- 
larly under conditions of temperature abuse where CO, is 
less effective. Some believe that the inclusion of oxygen in 
the package headspace may prevent the growth of C. bot- 
ulinum in products that may be susceptible to contami- 
nation by this pathogen; however, recent studies have re- 
futed this claim and have shown that the inclusion of O2 
in the package headspace may offer no additional protec- 
tion against C. botulinum. 

Non-spore-forming pathogens in MAP foods include 
Salmonella, Staphylococcus, Listeria, and Yersinia species. 
Several studies have concluded that MAP storage does not 
increase the microbiological hazards from Salmonella spe- 
cies and Staphylococcus aureus. Hintlian and Hotchkiss 
(10) reported that the growth of both S. aureus and Sal- 
monella species is inhibited by high CO, concentrations 
and that the level of inhibition increased as storage tem- 
perature decreased. Other pathogens, such as Y. entero- 
colitica and L. monocytogenes can grow slowly at refriger- 
ated storage temperatures and so should be controlled by 
other means. Little is known about the ability of these or- 
ganisms to grow in MAP foods, however, and further re- 
search is needed in this area. 


CONCLUSION 


MAP involving gas mixtures is not a panacea and should 
not be regarded as a substitute for good manufacturing 
practices, HACCP programs, and proper distribution tem- 
perature conditions for shelf-life extension of food. When 


used in conjunction with these factors, however, substan- 
tial extensions in shelf life and economies in production 
and distribution are possible. Although the concept of MAP 
may appear to be simple, its implementation requires the 
careful evaluation of the chemistry, physiology, and micro- 
biology of the food system in relation to the dynamics of 
the microenvironment and the packaging material. 


BIBLIOGRAPHY 


1. G. Valley and L. F. Rettger, “The Influence of Carbon Dioxide 
on Bacteria,” J. Bacteriol, 14, 101-137 (1927). 

2, A. D, King and C. W. Nagel, “Influence of Carbon Dioxide 
Upon the Metabolism of Pseudomonas aeruginosa,” J. Food 
Sci, 40, 362-366 (1975). 

3, D. F. Sears and D. F. Eisenberg, “A Model Representing a 
Physiological Role of Carbon Dioxide at the Cell Membrane,” 
J. Gen, Physiol. 44, 869-877 (1961). 

4, JA. Daniels, R. Krishnamurthi, and S. H. Rizvi, “A Review 
of the Effects of Carbon Dioxide on Microbial Growth and 
Food Quality,” J. Food Prot. 48, 532-537 (1985). 

5. F. P. Coyne, “The Effect of Carbon Dioxide on Bacterial 
Growth with Special Reference to the Preservation of Fish, 
Part I,” J. Soc. Chem. Ind. (London) 51, 119T-121T (1933). 

6. F. P. Coyne, “The Effect of Carbon Dioxide on Bacterial 
Growth with Special Reference to the Preservation of Fish, 
Part Il,” J. Soc. Chem. Ind. (London) 52, 19-24 (1933). 

7. C. O. Gill and K. H. Tan, “Effect of Carbon Dioxide on Meat 
Spoilage Bacteria,” Appl. Environ. Microbiol. 39, 317-324 
(1980). 

8, D. Zagory and A. A. Kader, “Modified Atmosphere Packaging 
of Fresh Produce,” Food Technol. 42, 70-77 (1988). 

9. D.A.L, Seiler, “The Microbiology of Cake and Its Ingredients,” 
Food Trade Rev. 48, 339-344 (1978). 

10. C. B. Hintlian and J. H. Hotchkiss, “The Safety of Modified 
Atmosphere Packaging: A Review,” Food Technol. 40, 70-76 
(1986). 


GENERAL REFERENCES 


N. Y. Aboagye et al., “Energy Costs in Modified Atmosphere Pack- 
aging and Freezing Processes as Applied to a Baked Product,” 
in M, LeMaguer and P. Jelen, eds., Food Engineering and Pro- 
cess Applications, Vol. 2, Elsevier Applied Science, Amsterdam, 
The Netherlands, 1986, pp. 417-427. 

B, Blakistone, Principles and Applications of Modified Atmosphere 
Packaging of Food, 2nd ed., Blackie, Glasgow, Scotland, 1998. 

A.L. Brody, “Integrating Aseptic and Modified Atmosphere Pack- 
aging to Fulfill a Vision of Tomorrow,” Food Technol. 50, 56-66 
(1996). 

A.L, Brody, Controlled / Modified Atmosphere / Vacuum Packaging 
of Foods, Food and Nutrition Press, Trumbull, Conn., 1990. 

A. L. Brody, “Minimally Processed Foods Demand Maximum Re- 
search and Education,” Food Technol. 52, 62, 64, 66, 204, 206 
(1998). 

A. L. Brody, Modified Atmosphere Food Packaging, Institute of 
Packaging Professionals, Herndon, Va., 1994. 

S.-O. Enfors and G. Molin, “The Influence of High Concentrations 
of Carbon Dioxide on the Germination of Bacterial Spores,” J. 
Appl. Bacteriol. 4, 279-285 (1978). 

J, Farber and K. L. Dodds, Principles of Modified Atmosphere and 
Sous Vide Product Packaging, Technomic Lancaster, Pa., 1995. 


PALM OIL 1839 


G. Fine, “Modified- and Controlled-Atmosphere Storage of Mus- 
cle Food,” Food Technol. 36, 128-133 (1982). 

C. A. Genigeorgis, “Microbial and Safety Implications of the Use 
of Modified Atmospheres to Extend the Storage Life of Fresh 
Meats and Fish,” Int. J. Food Microbiol, 1, 237-251 (1985). 

KE. Goodburn and A. C. Halligan, Modified Atmosphere Pack- 
aging: A Technology Guide, British Food Manufacturing Re- 
search Association, Leatherhead, England, 1988. 

A.D. Lambert, J. P. Smith, and K. L. Dodds, “Combined Effects 
of Modified Atmosphere Packaging and Low-Dose Irradiation 
on Toxin Production by Clostridium botulinum in Fresh Pork,” 
J. Food Prot. 4, 94-101 (1991). 

B, Ooraikul, “Gas Packaging for a Bakery Product,” Can. Inst. 
Food Sci. Technol. J. 15, 313-817 (1982). 

S. A. Palumbo, “Is Refrigeration Enough to Restrain Food Borne 
Pathogens?,” J. Food Prot. 49, 1003-1009 (1986). 

R. T. Parry, Principles and Applications of Modified Atmosphere 
Packaging of Food, Blackie, Glasgow, Scotland, 1993. 

M. L. Rooney, Active Food Packaging, Blackie, Glasgow, Scotland, 
1995. 

J. P, Smith et al., Novel “Approach to Oxygen Control in Modified 
Atmosphere Packaging of Bakery Products,” Food Microbiol. 
8, 315-320 (1986). 

J.P, Smith et al., “Shelf Life Extension of a Bakery Product Using 
Ethanol Vapor,” Food Microbiol. 4, 329-337 (1987). 

J.P, Smith, E, D. Jackson, and B. Ooraikul, “Microbiological Stud- 
ies on Gas Packaged Crumpets,” J. Food Prot. 46, 279-283 
(1983). 

S. K. Wolfe, “Use of CO and CO, Enriched Atmospheres for Meats, 
Fish, and Produce,” Food Technol, 34, 55-58 (1980). 

L. L. Young, R. D. Reviere, and A. B, Cole, “Fresh Red Meats: A 
Place to Apply Modified Atmospheres,” Food Technol. 42, 65~ 
69 (1988). 


AARON BRODY 
Rubbright® Brody, Inc. 
Duluth, Georgia 


See also FRESH-CUT FRUITS AND VEGETABLES: MODIFIED 
ATMOSPHERE PACKAGING; CONTROLLED ATMOSPHERES 
FOR FRESH FRUITS AND VEGETABLES. 


PALM OIL 


Palm oil has now become the second most important vege- 
table oil after soybean oil in the world’s oils and fats mar- 
ket. The dynamic growth of the palm-oil industry in Ma- 
laysia began around 1970. The pace of growth, in fact, has 
been so rapid that palm oil has now overtaken soybean oil 
and rapeseed oil as the growth leader. The oil palm is 
planted commercially in more than a dozen countries 
around the world, in West and Central Africa, Southeast 
Asia, Central and South America, China, and Papua New 
Guinea. However, the Southeast Asian nations of Malaysia 
and Indonesia are the major palm-oil-producing countries 
and between them account for about 80% of the world’s 
palm-oil production. The overwhelming importance of Ma- 
laysia in world palm-oil exports can be seen from the fact 
that in 1989 it exported nearly 6 million tons and produced 
about 58% of the world palm-oil output (1,2). 


used in conjunction with these factors, however, substan- 
tial extensions in shelf life and economies in production 
and distribution are possible. Although the concept of MAP 
may appear to be simple, its implementation requires the 
careful evaluation of the chemistry, physiology, and micro- 
biology of the food system in relation to the dynamics of 
the microenvironment and the packaging material. 
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table oil after soybean oil in the world’s oils and fats mar- 
ket. The dynamic growth of the palm-oil industry in Ma- 
laysia began around 1970. The pace of growth, in fact, has 
been so rapid that palm oil has now overtaken soybean oil 
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around the world, in West and Central Africa, Southeast 
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Guinea. However, the Southeast Asian nations of Malaysia 
and Indonesia are the major palm-oil-producing countries 
and between them account for about 80% of the world’s 
palm-oil production. The overwhelming importance of Ma- 
laysia in world palm-oil exports can be seen from the fact 
that in 1989 it exported nearly 6 million tons and produced 
about 58% of the world palm-oil output (1,2). 
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THE OIL PALM AND ITS FRUITS 


‘The oil palm Elaeis guineensis has its origin in West Africa. 
The world Elaeis is derived from the Greek word elaion, 
meaning oil, while guineensis refers to its origin in Guinea. 
Elaeis guineensis is the highest yielding oil-bearing plant 
and is now planted as a commercial crop throughout oil- 
palm growing countries of the world, thriving best within 
10° of the equator (3,4). 

The Central and South American oil palm, Elaeis olei- 
fera, is another species in the genus, but it is of little eco- 
nomic importance owing to its poor oil yield. However, it is 
an important source of breeding material for oils of greater 
unsaturation. 

Within the species Elaeis guineensis, several strains can 
be identified on the basis of variations of the endocarp of 
the fruits: 


Dura: thick shell, comparatively less oil-bearing meso- 
carp. 

Pisifera: very thin shell to shell-less, high proportion of 
oil-bearing mesocarp. 

Tenera: hybrid of dura and pisifera, thin shell, more 
mesocarp, hence more oil. 


Today, in Malaysia the commercially planted palms are 
mostly tenera. 

The oil palm produces fruits by 2-3 years after planting. 
The mature palm produces 20-25 tons of fruit bunches per 
hectare annually, and the economic life span of the tree is 
about 25-30 years (see Fig. 1). The proportion of oil to 
bunch of tenera palms is around 25%, although the factory 
oil extraction ratio is about 20-22% owing to milling losses. 
The oil yield per hectare annually can average between 4— 
5 tons (3,4). 

The palm fruits are borne on spikelets of the fruit 
bunch. The mature fruit bunch contains from a few hun- 
dred to a few thousand fruits and weighs as much as 40 
kg. The loose or detached palm fruit is avoid in shape and 
varies from 2 to 5 cm in length, weighing 8-20 g. Unripe 
fruits of the tenera are mostly deep violet to black in color, 
ripening to a deep orange to bright red. 

The palm fruit consists of the outer skin, the mesocarp 
(pulp), and the seed containing the endocarp (shell) and 
the kernel (see Fig. 2). Palm oil is extracted from the meso- 
carp and should be distinguished from palm kernel oil de- 
rived from the kernel. 


EXTRACTION OF CRUDE PALM OIL 


Several stages of processing can be identified in the ex- 
traction of palm oil (1,5) from fresh fruit bunches: 


Sterilization 


Freshly harvested fruit bunches are brought to the mill 
and sterilized by high-pressure steam (120-140°C at 40 
psi) with minimal delay so as to inactivate the lipolytic 
enzymes that cause oil hydrolysis and fruit deterioration. 
Sterilization also loosens the fruits from the bunch stalk 


Figure 1. The oil palm bearing fruit bunches. 


Figure 2. Oil palm fruits and sections showing the oil-bearing 
mesocarp and the endocarp (kernel). 


and coagulates the protein and mucilaginous materials 
present in the palm fruit to prevent emulsion formation 
during oil recovery. 

Bunch Stripping 

After sterilization, the fruits are separated from the bunch 


stalks by mechanical stripping. The sterilized fruits go to 
the digester while the empty fruit bunches are incinerated, 


yielding an ash rich in potash that is used as a fertilizer, 
particularly in acid fields. 


Digestion 


The fruits are reheated (digested) by steam to a tempera- 
ture of 80-90°C. The digestion process prepares the fruits 
for oil extraction by rupturing the oil-bearing cells in the 
mesocarp and loosening the mesocarp from the nuts. 


Oil Extraction 


Crude palm oil is extracted from the digested fruit mash 
by the use of the screw press without nut (kernel) break- 
age. Crude palm-oil liquor and fiber and nuts are dis- 
charged from the screw press. 


Clarification and Purification 


Crude palm oil extracted from the digested fruits by press- 
ing contains varying amounts of water, solids, and dis- 
solved impurities that must be removed. Fiber particles 
from the pressed crude oil are first removed by passing the 
oil over a vibrating screen, and sand and dirt are allowed 
to settle. Water is removed by settling or centrifuging and 
finally by vacuum drying. However the clarified crude oil 
still contains 0.1-0.25% of moisture, which helps to main- 
tain oxidative stability and prevent the deposition of smal] 
amounts of soluble solids known as gums. The final oil is 
pumped to storage tanks pending despatch to the refinery. 

The mill fibers (fibers from mesocarp after oil extrac- 
tion) are partly burned to generate energy for mill- 
processing. The nuts are dried and cracked to obtain the 
kernels that can be further processed to yield palm kernel 
oil; the resultant cake left after oil extraction is used as 
animal feed. 


REFINING AND FRACTIONATION 


The minor components of crude palm oil are phospholipids, 
carbohydrates, trace metals, free fatty acids, mono- and 
diglycerides, sterols, carotenoid pigments, tocopherols, to- 
cotrienols, and oxidized and odoriferous materials. Refin- 
ing reduces those impurities of the crude oil that will ad- 
versely affect the quality of the end product, while 
retaining as much as possible of the tocopherols and toco- 
trienols because, as antioxidants, they confer oxidative 
stability to the end product. Crude palm oil is processed by 
two main methods, refining and fractionation (1,6). 


Physical Refining 


In Malaysia, physical refining, which subjects the oil to 
steam distillation under high temperature and vacuum, is 
the most widely adopted method for refining palm oil. The 
refining process consists of two major stages, pretreatment 
and distillation. 


Pretreatment. Pretreatment involves conditioning with 
concentrated phosphoric acid, subsequent adsorption with 
activated bleaching earth under vacuum at a temperature 
of 90-130°C, followed by filtration. Pretreatment reduces 
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the levels of phosphorus, trace metals, peroxides, carote- 
noid pigments, and their condensation products. 


Deodorization and Distillation. The distillation step of 
physical refining involves steam distillation under vacuum 
at a temperature of 250-260°C to produce an oil of bland 
flavor and odor with oxidative stability. The process re- 
moves the volatile free fatty acids, aldehydes, and ketones 
(formed by oxidation of unsaturated fatty acids), degraded 
carotenoid pigments, hydrocarbons, sterols, tocopherols, 
and tocotrienols (vitamin E). However, not all the toco- 
pherols and tocotrienols are lost in the distillate, as up to 
62% of them is retained in the refined oil (7). 


Fractionation 


The triglyceride composition of palm oil is such that its 
major triglycerides include oleodipalmitin with a melting 
point of 37°C and palmitodiolein with a melting point of 
19°C. 

The aim of fractionation is to produce a liquid olein (slip 
melting point 21.6°C and cloud point 8.8°C) and a solid 
stearin. The olein is used mainly as a liquid vegetable oil 
for cooking and frying, while the stearin fraction is used in 
margarine, shortening, and frying fat. 

In Malaysia, fractionation of palm oil into the low melt- 
ing point olein and the high melting point stearin is done 
by two processes, referred to as dry fractionation and de- 
tergent fractionation. 

During dry fractionation, the oil is first heated to 70- 
75°C to melt all crystal nuclei. The heated oil is then 
passed to a crystallizer equipped with a cooling jacket 
where it is cooled to 18-20°C for 4-8 h. The crystallization 
of stearin in liquid olein causes slurry formation. The liq- 
uid olein is separated from the solid stearin by membrane 
filtration of the slurry. 

In detergent fractionation, the separation of olein and 
stearin is made possible by mixing the crystalline slurry 
with a detergent solution (sodium laury] sulfate and mag- 
nesium sulfate). On centrifuging, the lighter olein is sepa- 
rated from the heavier aqueous phase containing the 
stearin. The liquid olein is washed, dried, and sent for stor- 
age while the stearin is recovered from the aqueous phase 
and the detergent is recycled. Special doubly fractionated 
olein (superolein) with a lower cloud point and higher 
iodine value and a softer stearin known as palm midfrac- 
tion (PMF) can be obtained by a second fractionation. 
Crude palm oil can also undergo detergent fractionation, 
first to produce crude olein and crude stearin and there- 
after refined to obtain the edible grades of palm olein and 
palm stearin. 


THE CHEMICAL AND PHYSICAL CHARACTERISTICS 
OF REFINED PALM OIL AND ITS FRACTIONS 


The chemical and physical properties of an oil are impor- 
tant determinants of its applications. Palm oil consists of 
more than 99% glycerides with less than 1% nonglyceridic 
minor components. Table 1 shows the fatty acid composi- 
tion and other characteristics, including the solid fat con- 


1842 PALM OIL 


‘Table 1. Characteristics of Refined Palm Oil and its Fractionated Products 


RBD palm olein 
Characteristic Refined palm oil RBD palmolein (doubly fractionated)  RBD palmstearin _Palm midfraction 
Fatty acid composition, % 
Lauric 12:0 0.2 0.2 0.1 0.3 01 
Myristic 14:0 11 1.0 1.0 15 12 
Palmitic 16:0 44.0 39.8 36.6 52.0 51.0 
Palmitoleic 16:1 01 02 0 
Stearic 18:0 4.5 44 4.0 49 5.6 
Oleic 18:1 39.2 425 448 33.3 34.0 
Linoleic 18:2 10.1 11.2 126 7.6 14 
Linolenic 18:3 0.4 04 0.2 0.1 01 
Arachidic 20:0 04 04 0.7 03 06 
Total saturated 50.2 458 424 59.0 58.5 
Total monounsaturated 39.2 42.5 44.8 33.3 34.0 
‘Total polyunsaturated 10.5 116 128 17 15 
lodine value 53.3 58.0 614 44 42.5 
Slip melting point °C 36.0 21.6 19.0 44-56 
Solid fat content, % 
BC 622 B11 67.2 
10°C 50.3 37.0 16.7 612 76.1 
15°C 35.2 19.2 5.0 53.1 66.2 
20°C 23.2 59 3.1 43.4 52.1 
25°C 13.7 33.9 21.9 
30°C 8.5 27.0 18.3 
35°C 58 22.2 13.4 
40°C 3.5 17.3 7.9 


tent at varying temperatures, of refined, bleached, and de- 
odorized (RBD) palm oil and its fractions (8-10). 

Table 2 shows the content of the principal minor com- 
ponents, namely, the vitamin E and sterols (11-13) in re- 
fined palm oil. 

It is of interest to point out that palm oil is unusually 
rich in the vitamin E tocotrienols (unsaturated analogues 
of tocopherol), with the tocotrienols constituting between 
70-80% of the total vitamin E content as opposed to other 
vegetable oils in which tocopherols are the predominant 
vitamin E species (12). 

The sterols identified in palm oil consist of cholesterol, 
campesterol, stigmasterol, and sitosterol, but their levels 
are considerably reduced after refining. Palm oil, like other 
vegetable oils, is generally regarded as cholesterol-free, al- 
though a level of 2 ppm has been reported in the refined 
oil from the initial levels of 7-13 ppm in the crude oil (9). 


Table 2. Vitamin E and Sterols in Refined Palm Oil 


Mean/range in ppm 
Vitamin E 716 (559-902) 
a-Tocopherol 158 
-Tocotrienol 143 
y-Tocotrienol 329 
6-Tocotrienol 86 
Sterols 
Cholesterol 2 
Campesterol 26-30 
Stigmasterol 12-23 
Sitosterol 68-114 


Crude palm oil is one of the richest natural sources of 
f-carotene (12), containing an average of 700 ppm of ca- 
rotenoids (giving it the red color) mainly in the forms of 
f-carotene (56%) and a-carotene (35%). However the ca- 
rotenoids are absent in the refined oil as they are heat- 
destroyed and removed during the deodorization stage of 
oil refining. 

Palm kernel oil (PKO), as distinct from palm oil, is ex- 
tracted from the kernel of the oil-palm fruit. About 9 tons 
of kernel oil are produced for every 100 tons of palm oil. 
Although derived from the same palm fruit, the physical 
and chemical characteristics of the two oils are quite dif- 
ferent. PKO is grouped in the same class as coconut oil. It 
is particularly rich in the short-chain and medium-chain 
fatty acids, viz, 12:0 lauric acid (48%) and 14:0 myristic 
acid (16%). 

Like palm oil, PKO can also be fractionated into palm 
kernel olein and palm kernel stearin, which greatly ex- 
tends its food applications, particularly in specialty fats 
that require a high solid fat content between 20 and 30°C. 


USES OF PALM OIL AND ITS FRACTIONS 


Refined palm oil, RBD palm olein, and RBD palm stearin 
are the principal forms of processed palm oil that are now 
traded in the world vegetable oils market. Palm oil, palm 
olein, and palm stearin are, respectively, semisolid, liquid, 
and solid at 25°C. Because of their wide plastic range, palm 
oil and its fractions lend themselves to a wide range of food 
uses from liquid oils to the semisolid fats such as short- 
ening, margarine, and vanaspati (vegetable ghee). In tem- 


perate countries, palm olein can also be used as a liquid 
oil by blending with domestic sources of polyunsaturated 
oils up to a level of 30%. Such a blend greatly increases the 
oxidative stability of the polyunsaturates. 

The extreme versatility of palm oil and its products for 
edible and nonedible uses (10,14) are shown as follows: 


Food Uses 
Cooking/frying oil 
Shortening and cooking fats 
Vanaspati 

Margarine 

Cocoa butter substitute 
Ice cream 

Coffee whitener 
Bakery and biscuit fats 
Instant noodles 

Filled milk 

Soup mixes 


Nonfood Uses 
Oleochemicals (fatty acids, fatty alcohols, fatty amines, 
glycerol and methyl esters) 
Detergents and surfactants 
Soap and metal soap 
Candles 

Lubricating grease 
Cosmetics 

Tin plating 

Diesel substitute 
Plasticizer for plastics 


NUTRITIONAL AND HEALTH ASPECTS OF PALM OIL 


Recent years have seen a considerable amount of anti- 
palm-oil publicity, claiming that palm oil is unhealthy be- 
cause of its saturated fat content. The allegation, however, 
has been challenged by recent animal and human feeding 
experiments (15). New findings now indicate that not only 
has palm oil little effect on raising blood cholesterol levels, 
but, in many instances, its consumption has led to a re- 
duction in blood cholesterol levels (Table 3). The rationale 
for palm oil’s lack of a cholesterol-raising effect despite the 
fact that it is classified as a saturated fat may be attributed 
to the following: 


* Its conspicuous lack of the cholesterol-raising 12:0 

lauric acid and 14:0 myristic acid (the two acids ac- 

counting for less than 1.5% of total). 

Its principal saturated fatty acid, the 16:0 palmitic 

acid, is now regarded as neutral and certainly much 

less cholesterolemic than previously thought (19). 

* Moderate abundance of the cholesterol-lowering 
monounsaturated 18:1 oleic acid plus adequate 
amounts of the essential 18:2 linoleic acid. 
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Table 3. Effects of Palm-Oil-Containing/Enriched Diets 


on Blood Cholesterol Levels 
Effect Reference 
Chickens 
Palm oil lowered blood cholesterol compared to 
butter, lard, tallow, and coconut oil 16 
Rats 
Palm oil lowered blood cholesterol compared to 
olive oil 17 
Palm oil comparable to corn oil 18 
Monkeys 


Palm oil lowered blood cholesterol compared to 
coconut oil and comparable to high-oleic safflower 
oil 19 
Humans 


Palm oil lowered blood cholesterol compared to 


coconut oil 20 
Palm oil lowered blood cholesterol compared to 

butterfat and vanaspati 21 
Palm oil comparable to a Dutch Fat blend 22 


* Presence of vitamin E tocotrienols that are known to 
suppress liver cholesterol synthesis, consequently re- 
ducing blood levels of cholesterol (23,24). 


In addition, palm-oil derived tocotrienols have also been 
demonstrated to inhibit platelet aggregation and throm- 
boxane production (24), which may well explain the obser- 
vation of a favorable antithrombotic effect found in palm- 
oil-fed animals (25,26). 
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PARASITIC ORGANISMS 


Although long-recognized as an important public-health 
problem, foodborne diseases are receiving an increasingly 
greater share of the public’s attention. The Centers for Dis- 
ease Control estimates that 6.5-33 million Americans (3— 
14% of the population) contract a foodborne infection an- 
nually, with more than 9,000 associated fatalities. 
Foodborne pathogens also constitute a major cause of mor- 
bidity and mortality worldwide. The World Health Orga- 
nization estimates that more than 1 billion cases of acute 
diarrhea occur annually in children 1-5 years of age in the 
developing countries. The most important microorganisms 
and parasites transmitted by food, particularly meat, are 
listed in Table 1. In the United States, concern over pro- 
tozoan and helminth parasites lies mainly with Toxo- 
plasma gondii (toxoplasmosis), Sarcocystis spp. (sarcocys- 
tosis), Trichinella spiralis (trichnellosis), larval and adult 


Table 1. Foodborne Disease Agents 


Viruses 


Hepatitis A virus 
Norwalk agent 

Other Norwalklike viruses 
Rotaviruses 
Adenoviruses* 
Astroviruses* 

Echoviruses 
Snow-mountain agent 
Cockle agent 

Coxsackie B viruses 
Caliciviruses* 


Bacteria 


Salmonella spp. 
Shigella spp. 
Campylobacter spp. 
Escherichia coli 

Vibrio parahaemolyticus 
Listeria monocytogenes 
Yersinia spp. 


Helminths 


Anaskis spp. 
Eustrongylides spp. 
Pseudoterranova spp. 
Trichinella spiralis 
Angiostrongylus spp. 
Paragonimus spp. 
Diphyllobothrium latum 
Taenia spp. (cysticercus) 


Protozoa 


Amoeba 
Giardia 
Isospora 
Cryptosporidia 
Sarcocystis 
Toxoplasma 


Viruses that cause gastroenteritis and that may be foodborne. 


infections of Taenia saginata and Taenia solium (taeniasis 
and cysticercosis), and the fishborne nematodes (eg, ana- 
sakiasis), The importance of these parasites relates not 
only to their direct clinical effect, but also to the high eco- 
nomic costs associated with prevention of their entrance 
into the domestic food chain and with medical care. Esti- 
mated annual costs for inspection and condemnation at 
animal slaughter are shown in Table 2. Note that losses 
for fascioliasis and ascariasis represent condemnations for 
reasons that are more esthetic than public health ones. 

All these losses have an important indirect conse- 
quence, namely lowering consumer confidence in meat 
safety and quality. Although reliable figures are difficult to 
obtain, some economists and public-health workers believe 
that the cost of foodborne parasites, in terms of public- 
health expenditures and lost wages, is very high. Esti- 
mated annual costs for human taeniasis (from bovine cys- 
ticerocosis) is $100,000; for trichinosis, $1.5-2.2 million; 
and for congenital toxoplasmosis, up to $215-323 million 
in terms of medical care and work loss (1). 

Consumer attitudes, even in the absence of firm facts, 
can also have a severe economic impact on an industry. A 
good example of this is trichinellosis. It is thought that 
public awareness that pork might be infected with Trichi- 
nella spiralis costs pork producers several hundred million 
dollars annually in suppressed consumer demand and loss 
in exports (2). This despite the fact that less than one hog 
per 1,000 might be infected and only about 50 to 100 hu- 
man infections are diagnosed each year in the United 
States. Obviously, the potential consequences of increased 
public concern over pork-transmitted Toxoplasma gondii 
will also be economically important. It should be noted that 
firm facts on the role of meat in human toxoplasmosis are 
still lacking, and research is underway to clarify the ques- 
tion of the importance of pork vis a vis cat feces in trans- 
mission to humans. All this underscores the fact that pro- 
ducers have much at stake in controlling and, in some 
cases, eradicating foodborne parasites, regardless of their 
direct role in animal and human health. 

The rising public concern over food safety presents new 
and difficult challenges for the research community. Many 
current procedures and strategies for ensuring a healthful 
and safe meat supply will require marked improvement in 
order to meet expected demands; this is especially true for 
foodborne parasites (3). For the three most serious meat- 


Table 2, Estimated Losses Due to Slaughterhouse 
Condemnations 


Commodity Annual ($ millions) 
Cattle 
Livers (fascioliasis) 71 
Carcasses (cysticercosis) ra 
Carcasses (sarcocystosis) 2.0 
Swine 
Livers (ascariasis) 50 


“No economic estimates available; however, in 1988 approximately 11,000 
carcasses required refrigeration or cooking before passing inspection. 
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transmitted parasitic diseases, toxoplasmosis, cysticerco- 
sis, and trichinellosis, truly effective or practical control 
strategies or technologies are not yet available in or appli- 
cable for the United States. 

In many countries, strategies for control emphasize de- 
tection of parasites at the abattoir. Of the 74 waterborne 
and foodborne parasites identified in a current review, vir- 
tually all must be diagnosed by tedious gross or micro- 
scopic observation for individual organisms (4). The bio- 
technological revolution, however, is having a significant 
impact on the efforts to develop rapid and more sensitive 
inspection techniques. Hybridoma technology has facili- 
tated identification and isolation of antigens with superior 
immunodiagnostic value. In many instances, however, the 
availability of these antigens for application is limited. Ad- 
vances in recombinant DNA technology, however, may 
solve this problem by permitting large scale in vitro pro- 
duction. 

It is also becoming apparent that for many, if not all, 
foodborne pathogens, the ultimate solution is prevention 
of infection of food at the production or farm level. This 
strategy is dependent, however, on a thorough understand- 
ing of the epidemiology of the parasites. The improvement 
in diagnostic tools through application of hybridoma and 
recombinant DNA technologies will have a great impact 
here, also. Of particular value has been the development 
of molecular probes (DNA, monoclonal antibodies) to iden- 
tify cryptic infections, to characterize parasite strains, and 
to determine transmission dynamics. Prevention of infec- 
tion strategies may, in many instances, also require the use 
of vaccines. Again, recombinant DNA technology is playing 
a vital role in the development of candidate vaccines for 
parasites such as toxoplasmosis and cysticercosis. 

This article identifies the themes common to the control 
strategies for these diseases and highlights the role of bio- 
technology in developing those controls. 


TOXOPLASMOSIS 


General Concepts and Unsolved Problems 


Toxoplasmosis, caused by the protozoan parasite Toxo- 
plasma gondii, is prevalent in humans and animals world- 
wide (5). T. gondii is transmitted by three routes: fecaloral, 
congenital, and carnivorism. Cats, the only definitive 
hosts, are the ultimate source of the infective oocyst stage, 
which is excreted in their feces. After a short period of ex- 
posure to air, oocysts sporulate (form sporozoites), becom- 
ing infectious for virtually all warm-blooded animals, in- 
cluding humans. Oocysts can survive in the environment 
for several months to a year. When oocysts from the envi- 
ronment are ingested the sporozoites, excyst from the 
oocyst in the intestine penetrate the wall then migrate to 
and grow inside st cells of the body. After several multipli- 
cation cycles, the parasite forms cysts in muscles, the liver, 
and the central nervous system (CNS). These tissue cysts 
can persist in humans and other animals virtually for life. 
The parasites within the tissue cysts are infectious to hu- 
mans or animals if eaten with the meat. During pregnancy 
if a woman or animal acquires a primary infection with 
Toxoplasma there is a period when parasites circulate in 


1846 PARASITIC ORGANISMS 


the bloodstream, thereby rendering the fetus vulnerable to 
invasion. If cats ingest either infected meat or oocysts, the 
sexual stages develop in the small intestine. Oocysts even- 
tually are produced and excreted. 

Although 30-40% of adults in the United States have 
serum antibodies to Toxoplasma, most postnatally ac- 
quired T: gondii infections are asymptomatic or are man- 
ifested by mild flulike signs. However, toxoplasmosis can 
cause devastating illness in some adults and children. Loss 
of vision (chorioretinitis) and mental retardation are the 
two most important clinical symptoms in congenitally in- 
fected children. Although the child is infected before birth, 
such symptoms may not appear until adolescence. A ful- 
minating, often fatal, illness may develop in patients with 
acquired immunodeficiency syndrome (AIDS) or in pa- 
tients given immunosuppressive therapy while receiving 
organ transplants or treatment for malignancies. Toxo- 
plasmosis is a widespread and important cause of abortion 
and neonatal death in sheep, goats, and pigs (5). Infection 
by live T: gondii parasites (live vaccine) induces a life-long 
immunity, thus there is optimism for developing a vaccine 
for animals, especially cats (6). 


Control Strategies and Biotechnology 


Strategies to control toxoplasmosis should include preven- 
tion of infection in livestock, identification of infected ani- 
mals in the food chain and their removal or treatment to 
render the meat safe for human consumption, and preven- 
tion and treatment of toxoplasmosis in populations at risk 
(AIDS patients, transplant recipients, pregnant women 
and animals). Biotechnology can play an important role in 
all these strategies, as discussed below. 


Identification and Characterization of Immunogens 


Unlike the complex antigens of helminths (Trichinella, 
Cysticercus), T. gondii has only four major surface antigens 
(48, 30, 22, and 14 kDA); all strains of T: gondii so far 
investigated share these important antigens (6). Thus, 
there appears to be no potential strain-dependent vacci- 
nation or diagnostic problems. At least two proteins (P30 
and P14) have been characterized. P30 is the major dom- 
inant antigen and constitutes 5% of the total surface pro- 
tein (6,7). The gene encoding the P30 protein has been 
cloned, expressed in a vector, and the fusion protein is be- 
ing tested for diagnosis. A preliminary study suggests that 
identification of high levels of specific IgA antibodies 
against P30 antigen is useful for diagnosing congenital 
toxoplasmosis in children (8). 


DNA-Probes and Diagnosis 


Cloned and amplified genes are proving to be a useful 
probe technology for diagnosis of infectious diseases. The 
B-1 gene probe of T. gondii has been cloned and amplified, 
and techniques have been developed to detect with it DNA 
from as little as one Toxoplasma organism. With refine- 
ments leading to mass production, the cost might be low- 
ered so that this DNA probe can be used routinely for di- 
agnosis (9). 


Subunit Vaccines 


Recent studies using mutant strains of T: gondii indicate 
that the persistence of live organisms in the host is not 
necessary for the maintenance of protective immunity (10). 
If the antigens that stimulate the protective response can 
be identified, cloned, and properly expressed in vectors, the 
expressed proteins can be tested as candidates for vacci- 
nation. The genes for two other major proteins, the P14 
surface antigen and the P28 cytoplasmic antigen, have also 
been cloned and expressed in vectors. These fusion pro- 
teins are being tested as immunogens for possible inclu- 
sion in a Toxoplasma vaccine (10,11). 


SARCOCYSTIS 


Public-Health Significance 


Two types of Sarcocystis infection (sarcocystis) are known 
in humans. One type is the intramuscular cyst stage prob- 
ably acquired via feces of a carnivore, and the other type 
includes intestinal stages that develop after ingestion of 
raw infected meat. Because the actual sources of infection 
for the intramuscular cyst stage are unknown and because 
it is unlikely that human flesh is consumed often enough 
by carnivores to maintain a human~carnivore cycle in 
nature, it is hypothesized that such infections are acciden- 
tal zoonoses, possibly existing in nature in a nonhuman 
primate-carnivore cycle (3). Because only about 40 such 
infections have been reported worldwide, most originating 
in tropical areas, this type of sarcocystosis does not rep- 
resent a significant public-health problem. Two sources for 
the human intestinal infection are known: ingestion of raw 
beef and raw pork. However, little documentation exists 
regarding their public-health significance. There are sev- 
eral possible reasons for this lack of information. The life 
cycles and epidemiology of Sarocystis spp. have only re- 
cently been described. The sporocyst stage shed in the feces 
of infected humans is relatively small and often is over- 
looked in examination of feces. Finally, considering the ex- 
cellent sanitation system used for disposal of human sew- 
age in the United States, opportunities for infection are 
probably rare. 


Biology and Life Cycle 


Sarcocystis spp. are obligate two-host parasites, usually 
requiring a herbivorous intermediate host and a carnivo- 
rous final host. The specificity of these parasites is usually 
greater for the intermediate host than for the final host. 
Either host might be infected simultaneously with several 
species of Sarcocystis. 

For Sarcocystis hominis, domestic cattle are the inter- 
mediate hosts; and for Sarcocystis suihominis, domestic 
swine are the intermediate hosts. Human and such non- 
human primates as cynomolgus and rhesus monkeys and 
chimpanzees serve as final hosts, which become infected 
by eating mature cysts containing zoites found in meat. 
The parasite undergoes development to the sexually re- 
producing stage in the lamnia propria of the small intes- 
tine. The offspring of the sexually distinct male and female 
gametes are called sporocysts (containing the infective 


sporozoite stage), which passes out in the feces. Cattle and 
pigs become infected when they ingest the sporocyst- 
containing sporozoites. After a complex migration and a 
sexual reproduction phase, a second-generation stage, 
termed the merozoite, invades the host’s muscles where it 
develops to the cyst stage. 


Diagnosis in Humans and Animals 


In meat animals, the clinical signs of acute sarcocystosis 
provide a presumptive diagnosis. Animals may show ex- 
cessive salivation or runny nose, loss of body hair, abortion, 
reduced milk production, or death. For a short time during 
peak acute illness the serum enzymes may be elevated. 
Serologic tests may be helpful in confirming the diagnosis; 
the indirect hemagglutination test and ELISA have been 
used in the laboratory but are not yet available commer- 
cially, Definitive diagnosis depends on finding parasites 
and lesions in sick animals. Hemorrhage and nonsuppur- 
ative inflammation are often found in tissues from accutely 
infected animals. The finding of large numbers of imma- 
ture cysts in muscle biopsies or after death is indicative of 
a recent clinical infection. 

Diagnosis of sarcocystosis in humans or other carni- 
vores is based on finding sporocysts in the feces. This is 
best accomplished by standard laboratory fecal flotation 
procedures using saturated sugar solution or zinc sulfate 
followed by examination with bright-field microscopy. 


Prevention and Control 


The key to prevention and control of sarcocystosis in meat 
animals is the elimination from the environment of the 
sporocyst stage in carnivore feces. Any control measure de- 
signed to prevent carnivores from becoming infected and 
to prevent fecal contamination of feed and water will break 
the cycle. Such measures are also described for control of 
toxoplasmosis. In addition, every effort should be made to 
bury, incinerate, or otherwise remove dead livestock from 
farms, fields, or grazing areas to prevent domesticated and 
feral carnivores from acquiring infections. 

To prevent human intestinal infection, meat should be 
cooked or frozen before it is eaten. In two studies of beef 
from retail food stores infectious S. cruzi (infectious for 
dogs but not humans) was present in various raw roasts, 
steaks, and hamburger but not in processed meats, such 
as frozen hamburger patties or minute steaks, beef 
bologna, frankfurters, or in hamburger cooked to 60°C 
(140°F) or higher. 


TRICHINELLOSIS 


Public Health Significance 


Trichinellosis in the United States is not considered a ma- 
jor public-health problem in terms of number of human 
infections. But because the inspection of swine for Trichi- 
nella spiralis muscle larvae is not performed, as it is in 
Europe, the potential risk suppresses consumer demand 
for pork, resulting in considerable economic cost to the in- 
dustry (2). 
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Life Cycle and Epidemiology 


The most important features of this helminth’s (nematode) 
life cycle is its obligatory transmission by ingestion of 
meat; there is no free-living stage, as exists in many other 
parasitic nematodes. T: spiralis is cosmopolitan in its dis- 
tribution. Recent research has shown that the concept of 
only one species is wrong and that there are at least six to 
seven genetic types, some with distinct host specificities 
(12-14). The type that is normally associated with domes- 
tic swine is unique and appears to have evolved along with 
the domestication of Sus scrofa (pig) (12). Although there 
is some controversy as to the proper taxonomic status and 
host specificities of various isolates of Trichinella from do- 
mestic and wild animals, all appear to be infective for hu- 
mans. 

After ingestion, the larvae are digested out of the mus- 
cle capsule in gastric fluid and enter the small intestine, 
where within 4-6 days they develop into sexually mature 
males and females. Their offspring (newborn larvae) mi- 
grate via the circulatory system throughout the body, in- 
vade striated muscles, and eventually (17-21 days after 
initial infection) become infective, encapsulated larvae. Al- 
though larvae may invade smooth muscle and other tissue, 
they eventually die in these sites. The encapsulated larvae 
may persist for years in muscle, until they become calcified 
and die. 

The degree of clinical disease in human trichinosis is 
somewhat dependent on the number of muscle larvae in- 
gested. The ingestion of 500 or more larvae can produce 
moderate-to-severe and even life-threatening illness. Dur- 
ing the first few weeks, if large numbers of worms are pres- 
ent, illness may be reflected by gastrointestinal signs such 
as nausea and abdominal pain. Subsequent to the produc- 
tion of the muscle-invading larval offspring, the acute mus- 
cle phase may be seen. This is usually characterized by 
muscular pain, facial edema, fever, and eosinophilia. 

As pointed out above, the major source of 7: spiralis for 
humans is the domestic pig, although game accounts for 
about a third of the annual cases. Periodic prevalence stud- 
ies on swine have revealed a rather marked decline in in- 
fection rates among pigs in the United States during the 
past 85 years, although this varies considerably from one 
region to another. The prevalence in slaughter hogs has 
decreased from about 1.4% around the turn of the century 
to 0.63% in 1952 and 0.13% in 1970 (3). These rates are 
influenced by the preponderance, in the samples, of grain- 
fed Midwestern hogs, which account for the majority of 
production in the United States; prevalence surveys in the 
Midwest indicate only 0.001% of hogs are infected. Recent 
surveys (15) indicate that the rates in swine raised in the 
eastern United States, however, range from 0.5 to 1.0%; in 
this region swine husbandry includes more high-risk man- 
agement practices, such a garbage feeding. 


Control Strategies 


There has been a resurgence of research on the epidemi- 
ology, biology, and control of Trichinella spiralis during the 
recent decade. A major ingredient in this renewed atten- 
tion has been the biotechnological revolution and the new 
tools it has provided. Especially important has been the 
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application of hybridoma technology to the development of 
better immunodiagnostic tests. The techniques of recom- 
binant DNA have also been instrumental for providing a 
potential means to produce antigens and to develop probes 
for use in epidemiological research and systematics. 

Because human infections derive mainly from the in- 
gestion of infected pork, an immunodiagnostic test suitable 
for the abattoir has had high priority for both the Agricul- 
tural Research Service and the Food Safety and Inspection 
Service, USDA. The efforts of these agencies have been 
successful, and a commercial ELISA-type test is now avail- 
able. The critical step in producing this test was the dis- 
covery of a simple parasite-cultivation procedure for ob- 
taining the diagnostic antigen (16). The antigens have 
been purified using a monoclonal antibody in combination 
with immunoaffinity techniques. In field tests, the anti- 
gens proved to be highly specific and sensitive (17,18). Cur- 
rently, research is underway to produce the antigens by 
recombinant methods, and preliminary results indicate 
these efforts will also be successful. This will enhance the 
commercial viability of the test. 

This serological test has been valuable not only for na- 
tional epidemiologic studies but also for the development 
of effective control strategies. An important aspect of the 
epidemiologic investigations has been the assessment of 
the role of the sylvatic trichinellosis in domestic pig infec- 
tions. Considerable concern exists over the threat of wild- 
animal Trichinella infections as a source of infection for 
humans and domestic swine. Although many wild-animal 
isolates of Trichinella are poorly infective for swine, the 
highly infective pig-type strain has been isolated from wild 
animals (12). The high genetic variability among morpho- 
logically indistinguishable isolates of the Trichinella pres- 
ents problems in interpreting epidemiologic data. How- 
ever, these questions are being resolved through the 
application of such techniques as DNA restriction-enzyme 
fragment-length polymorphism analysis (RFLP) and the 
development of hybridization probes by cloning unique 
DNA sequences (12,19). It is clear that human encroach- 
ment on the habitat of wild animals has facilitated the in- 
troduction of the domestic pig type (Zrichinella spiralis 
sensu stricto) into wild-animal populations and, hence, a 
sylvatic reservoir of parasites capable of infecting domestic 
swine has been established (20). Effective control strate- 
gies must take this potential threat into account. 


Vaccines 


A vaccine has been developed for swine trichinellosis (21). 
It will soon be subjected to field trials. However, the vac- 
cine is based on whole, inactivated newborne larvae and 
can only be produced on a limited scale. If, however, the 
field trials are successful, efforts to produce the protective 
antigens by recombinant DNA methods can be anticipated. 


CYSTICERCOSIS 


Public-Health Significance 


Two species of tapeworms may be transmitted to humans 
by ingestion of the larval or cysticercus stage encysted in 


the meat of livestock. These two species are Taenia sagin- 
ata, the beef tapeworm, and T. solium, the pork tapeworm 
(3). The latter is of special significance because humans 
may also serve as an intermediate host for the cysticercus 
(larval) stage, where it often localizes in the brain, causing 
the disease termed neurocysticercosis. Neurocysticercosis 
is a major public-health problem in many areas of the 
world, especially Latin America (22). Neurocysticercosis, 
although an acute life-threatening disease in severe cases, 
is more often a long-lasting infection affecting the quality 
of the patient’s life and social environment. The disease is 
of socioeconomic importance because 75% of patients with 
neurocysticercosis are at productive ages and are fre- 
quently unable to work soon after the onset of symptoms. 
Calculations of costs for medical care, such as hospitali- 
zation, chemotherapy, neurosurgery, and computed tomog- 
raphy, show that US$14.5 million were spent in Mexico 
during 1986 to treat only the 2,700 new hospitalized cases 
of neurocysticercosis. For these reasons, neurocysticercosis 
is recognized as being of major public-health significance. 
Furthermore, swine cysticerosis is considered a significant 
economic problem because of the condemnation of pig car- 
casses. In Mexico, more than US$43 million were lost in 
1980, the equivalent of 68.5% of the total investment in pig 
stock production. In the southwest United States, human 
neurocysticerosis is increasingly encountered. The mag- 
nitude is suggested by the fact that in Los Angeles, fecal 
examinations revealed more than 60 positives out of 
12,000 examined (23). In one neurologic service, 45 cases 
were reported over a 5-year period. High rates are also 
seen in other areas of the world. A 1984 survey in India 
revealed that 4% of humans were infected with adult Tae- 
nia and more than 17% of swine were infected with cysti- 
cerci of T: solium (24). 

The bovine form, T. saginata, although less severe in 
humans because it is confined, as the adult worm stage, to 
the human intestine, does represent a considerable eco- 
nomic cost because inspection of beef carcasses for cysti- 
cerci is mandatory, although the incidence is very low. In 
the United States, the rate of bovine cysticercosis identi- 
fied by carcass inspection has been less than 0.3/1,000 over 
the last 10 years. These rates frequently are higher in cer- 
tain Western states because of sporadic outbreaks. For ex- 
ample, in 1984, the rate for Washington was 1.9/1000 (25). 


Life Cycle and Epidemiology 


The adult stage of Taenia saginata is a flat tapeworm that 
resides in the human small intestine (3). The tapeworm is 
composed of a chain (strobila) of proglottids or segments 
each of which contains male and female reproduction sys- 
tems. As the proglottid matures, it produces a large num- 
ber of eggs. Gavid proglottids detach from the strobila and 
pass out of the intestine through the host’s anus. Gener- 
ally, an infected person harbors one tapeworm, although 
in some regions of the world, such as, Asia Minor, multiple 
infections are frequent. The adult tapeworm normally lo- 
calizes in the jejunum, about 50 cm below the duodenoje- 
junal flexure, and rarely enters the gallbladder, appendix, 
or nasopharynx. The life span of T. saginata in humans 
may be as long as 30-40 years. 


Taenia saginata is capable of producing a very large 
number of eggs, and an individual proglottid may contain 
about 80,000 eggs. Because each strobila can shed 6-9 
gravid proglottids/day, a single infected individual may 
contaminate the pasture, lot, or barn with one-half million 
eggs or more each day. The mature egg contains the larval 
stage termed the onchosphere; immature eggs that are 
passed may complete their development outside the host. 
Ingestion of the egg by cattle is followed by disintegration 
of the outer embryophore and activation of oncosphere ac- 
tivity by gastric juice. Aided by its hooks and penetration 
glands, the onchosphere penetrates the bovine intestinal 
mucosa and within a couple of hours enters the blood or 
lymphatic system. The onchosphere utilizes the host’s cir- 
culatory system to migrate throughout the host’s body; 
however, successful development to the cyst or cysticercus 
stage usually occurs in skeletal muscle or the heart. The 
cysticercus, when fully developed, is composed of an invag- 
inated scolex within a fluid-filled vesicle or bladder. When 
improperly cooked beef is eaten, the larvae are digested 
free in the gut and the scolex evaginates to attach by its 
suckers to the intestinal wall. The development of the sto- 
bila then commences, including proglottids with reproduc- 
tive organs and eventually, eggs. 

The life cycle of T. solium is similar but differs in several 
important respects (3). The gravid proglottids contain 
fewer eggs than do those of T: saginata. Another distinction 
is the lack of motility of T: solium proglottids, which results 
in their being shed in the feces as connected segments. The 
major difference from T. saginata, however, is the suita- 
bility of humans to serve as an intermediate host for T: 
solium cysticerci. As in pigs, the cysticerci are fairly evenly 
distributed throughout the liver, brain, central nervous 
system, skeletal muscle, and myocardium. The cysticercus 
of T: solium is bigger than that of T: saginata (5-20 mm in 
diameter). After 2-3 months of development, the cysticer- 
cus appears as a glistening pearly white cyst, with the sco- 
lex or head deeply invaginated into the fluid-filled bladder; 
the scolex bears four suckers and an apical crown of hook- 
lets. When humans ingest infected pork, the larvae are di- 
gested out of the meat or tissue, the scolex evaginates from 
the bladder, attaches to the wall of the proximal portion of 
the ileum, and develops into a complete worm or strobila 
in about 3 months. The tapeworm begins to excrete pro- 
glottids after about 2 months and may live for many years. 


Clinical Disease 


Clinical disease associated with the intestinal adult form 
of F. solium is mild in humans and is similar to that of T. 
saginata. Far more serious may be infection with the larval 
cysticercus form, especially if the central nervous system 
is involved (3). Cerebral cysticercosis is usually classified 
according to its location: (1) ventricular-cisternal, (2) men- 
ingeal, (3) parenchymal, and (4) mixed. These localizations 
are often accompanied by a myriad of signs and symptoms, 
including seizures, hydrocephalus, headaches, dizziness, 
arterial thrombosis, loss of vision, and nausea. Cerebral 
cysticercosis is, on a worldwide basis, one of the most com- 
mon parasitic diseases of the central nervous system (22). 
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Control Strategies 


Current control strategies for these parasitic diseases are 
dependent on detecting infections in livestock in order to 
remove them from the food chain. However, procedures for 
this task are at present inadequate. For example, in the 
United States, the mandatory inspection of beef for cysti- 
cerci is known to be highly insensitive (26). Most current 
research on cysticercosis is aimed at developing rapid, 
more reliable immunodiagnostic tests for both livestock 
and humans. 

Until recently, the prospects for an immunodiagnostic 
test for bovine cysticercosis were poor because of the low 
specificity of crude worm extracts as antigen reagents. Re- 
cently, biochemical fractionation approaches have greatly 
improved the specificity of these antigens. A genus-specific 
antigen from T. hydatigena (ThFAS) with a high degree of 
sensitivity and specificity for both bovine and porcine cys- 
ticercosis has been recently recovered (27,28). With this 
antigen, low infection levels in cattle could be detected as 
early as 3 weeks after exposure. Currently, efforts are un- 
derway to clone the gene for this antigen so that sufficient 
amounts of antigen for field tests can be made available. 

The immunodiagnosis of human neurocysticercosis has 
also greatly improved. One of the most specific and sen- 
sitive test procedures is that described by Tsang and 
coworkers (29). This test is an enzyme-linked immuno- 
electrotransfer blot assay using glycoprotein antigens pre- 
pared by fractionation of T: solium cysticerci. In an eval- 
uation using a large number of sera and cerebrospinal 
fluids, the test was 98% sensitive and 100% specific. 

Recombinant DNA methods have had, to date, their 
greatest impact in human cysticercosis research in the 
area of taxonomy (30). As pointed out earlier, the syste- 
matics of the taeniid cestode group requires clarification 
because of its importance to understanding the epidemi- 
ology of these foodborne parasites. As various host and geo- 
graphic isolates receive closer scrutiny, it is apparent that 
at least some of the species exist as complexes of intraspe- 
cific variants, frequently with variation in host specificity. 
Recently, a variety of geographic isolates of T: solium, have 
been analyzed with the aid of DNA probes (31). Consider- 
able intraspecific genetic variation has been detected. Us- 
ing a similar approach, distinct DNA differences between 
aT. saginata-like cestode from Taiwan and various other 
isolates of T: saginata have been observed (32). The human 
Taenia from Taiwan (and Korea) is unique in that it is more 
infective for swine than for cattle and has a predilection 
for the swine liver. The difference in DNA characteristics 
supports the interpretation that the Taiwan Taenia is ge- 
netically and biologically unique although closely related 
to T: saginata. It can be anticipated that these powerful 
methods will prove to be decisive in developing a greater 
understanding of the genetic variation and epidemiology 
of these important human parasites. 


FISHBORNE PARASITES 


The rising popularity of raw fish has increased the risk of 
a variety of new diseases, especially those caused by the 
larval stages of helminth parasites of fish. The majority of 
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these seafood diseases occur in regions where seafood con- 
stitutes a major portion of the protein diet. The status of 
seafood zoonoses has recently been reviewed (33). The 
number of annual causes of anisakiasis (caused by Ani- 
sakis spp. and Pseudoterranova spp.) in Japan exceeded 
3,100 in 1984. In the United States, although only about 
50 cases have been reported since 1958, the annual num- 
ber of new cases is increasing. 

The most important freshwater fishborne parasites in 
the United States is the broad fish tapeworm Diphyllo- 
bothrium latum, Humans become infected by ingesting 
raw or inadequately cooked freshwater or andromous fish. 
Most commonly implicated are pike and walleys from the 
Great Lakes, where up to 50-70% may harbor the infective 
larval stage. 

Currently, the control of these fishborne parasites relies 
on recommendations to the consumer for the preparation 
of safe fish meals and, in the case of marine fish, on some 
inspection by mechanical means. However, the pressure on 
government to develop mandatory, comprehensive inspec- 
tion technologies for the inspection of marine and fresh- 
water fish is increasing. Currently, accurate, rapid inspec- 
tion methods do not exist. It can be expected, however, that 
if the need is sufficient, such inspection technology will be 
developed. Biotechnological tools may play an important 
role in this endeavor also. 
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PATENTS 


It is obviously not possible to discuss the complex subject 
of food patents in a few thousand words. It is hoped that 
this article will provide an introduction to the basic pro- 
cedure of obtaining a patent for an invention in the United 
States. However, it must be emphasized that the service of 
a patent attorney is the best assurance for obtaining 
proper protection for an invention. This discussion will use 
the term patent instead of food patent throughout. There 
are obviously scientific differences between a patent for a 
motor and one for a food packaging material. However, the 
principles underlying the applications for both are the 
same. 


THE LAW 


There are four general areas of legal protection available 
for the exploitation of intellectual property. These are (1) 
patents, (2) copyrights, (3) trade secrets, and (4) trade- 
marks. The area or areas available for protecting any par- 
ticular type of intellectual property will depend on the spe- 
cific type under consideration. 

The Constitution of the United States (Article 1, Section 
8) gave Congress the right or power to enact laws concern- 
ing patents and copyrights. In particular Article 1, Section 
8 states the following: 


The Congress shall have the power . . . to promote the progress 
of science and useful arts, by securing for limited times to au- 
thors and inventors the exclusive right to their respective writ- 
ings and discoveries. 


The basic philosophy behind both the patent laws and 
copyright laws is to encourage authors and inventors to 
publicly disclose their respective writings and discoveries. 
This disclosure, in turn, is to add to the total sum of know!- 
edge publicly available. To encourage such disclosures, pat- 
ent and copyright laws were enacted to provide certain 
rights to authors and inventors. The patent laws have been 
codified as Title 35 of the United States Code (USC) and 
are referred to as 35 USC. The laws directed to copyrights 
are codified in Title 17 of the United States Code and are 
referred to as 17 USC. 

Because the entire field of patent law has been pre- 
empted by Congress, individual states are excluded from 
any legal control over patent law. In addition, since Jan- 


uary 1, 1978, Congress has preempted the copyright law 
and, therefore, all rights created from January 1, 1978, 
and thereafter are subject to federal law. 


DEFINITION AND RIGHTS 


AUS. patent is actually a contract between the inventor 
and the people of the United States represented by the 
government and specifically by the U.S. Patent and Trade- 
mark Office. The right conferred on the inventor is the 
right to exclude others from making, using, selling, offer- 
ing for sale, or importing that which is covered in the 
claims of the patent. Such rights are actually negative 
rights in the sense that the patentee is not given the right 
to do anything except exclude others from making, using, 
or selling the invention for a limited period of time. Typi- 
cally, but with certain exceptions, U.S. patents expire 20 
years from the filing date of the application for patent. One 
such exception relates to patents involving drugs or any 
medical device, food additive, or color additive subject to 
regulation under the federal Food, Drug and Cosmetic Act 
or the Virus-Serum-Toxic Act for veterinary biological 
products, where it is possible to recapture that portion of 
the patent term, up to a maximum of 5 years, that was lost 
because of delays resulting from the Food and Drug Ad- 
ministration’s or the Animal and Plant Health Inspection 
Service’s review prior to approving commercial marketing 
or use of the drug, medical device, food additive, color ad- 
ditive, or biological product. 

As in any contract each party is to receive something of 
value and each party is to give up something of value in 
exchange. In exchange for the rights granted by the gov- 
ernment, the inventor is required to provide a disclosure 
of the invention. This is the inventor's “consideration” or 
“value” given up as part of the contractual relationship. 
The disclosure of the invention is made available to the 
public when the patent issues (that is, is granted by the 
government). This disclosure of the invention by the in- 
ventor must be a full description of the invention. 

The general subject matter to which patents are di- 
rected is considered to be the useful arts. In particular 
patents are granted for inventions directed to processes, 
machines, manufactures, compositions of matter, or any 
new and useful improvements thereof. Printed copies of 
granted patents can be purchased from the U.S. Patent 
and Trademark Office for $3.00 per copy. 


JURISDICTION 


The U.S. Patent and Trademark Office is a governmental 
agency within the U.S. Department of Commerce. For ease 
of reference, this office will be referred to as “the office” in 
this article. The head is referred to as the commissioner. 
The office has the responsibility for reviewing patent ap- 
plications and determining whether or not to grant or issue 
a patent thereon. It does not have jurisdiction to determine 
whether a patent is infringed. Moreover, except to the lim- 
ited extent authorized by the patent reexamination pro- 
cedure, it has no jurisdiction over issued patents and can- 
not make determinations of patent validity or invalidity. 
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proper protection for an invention. This discussion will use 
the term patent instead of food patent throughout. There 
are obviously scientific differences between a patent for a 
motor and one for a food packaging material. However, the 
principles underlying the applications for both are the 
same. 


THE LAW 


There are four general areas of legal protection available 
for the exploitation of intellectual property. These are (1) 
patents, (2) copyrights, (3) trade secrets, and (4) trade- 
marks. The area or areas available for protecting any par- 
ticular type of intellectual property will depend on the spe- 
cific type under consideration. 

The Constitution of the United States (Article 1, Section 
8) gave Congress the right or power to enact laws concern- 
ing patents and copyrights. In particular Article 1, Section 
8 states the following: 


The Congress shall have the power . . . to promote the progress 
of science and useful arts, by securing for limited times to au- 
thors and inventors the exclusive right to their respective writ- 
ings and discoveries. 


The basic philosophy behind both the patent laws and 
copyright laws is to encourage authors and inventors to 
publicly disclose their respective writings and discoveries. 
This disclosure, in turn, is to add to the total sum of know!- 
edge publicly available. To encourage such disclosures, pat- 
ent and copyright laws were enacted to provide certain 
rights to authors and inventors. The patent laws have been 
codified as Title 35 of the United States Code (USC) and 
are referred to as 35 USC. The laws directed to copyrights 
are codified in Title 17 of the United States Code and are 
referred to as 17 USC. 

Because the entire field of patent law has been pre- 
empted by Congress, individual states are excluded from 
any legal control over patent law. In addition, since Jan- 


uary 1, 1978, Congress has preempted the copyright law 
and, therefore, all rights created from January 1, 1978, 
and thereafter are subject to federal law. 


DEFINITION AND RIGHTS 


AUS. patent is actually a contract between the inventor 
and the people of the United States represented by the 
government and specifically by the U.S. Patent and Trade- 
mark Office. The right conferred on the inventor is the 
right to exclude others from making, using, selling, offer- 
ing for sale, or importing that which is covered in the 
claims of the patent. Such rights are actually negative 
rights in the sense that the patentee is not given the right 
to do anything except exclude others from making, using, 
or selling the invention for a limited period of time. Typi- 
cally, but with certain exceptions, U.S. patents expire 20 
years from the filing date of the application for patent. One 
such exception relates to patents involving drugs or any 
medical device, food additive, or color additive subject to 
regulation under the federal Food, Drug and Cosmetic Act 
or the Virus-Serum-Toxic Act for veterinary biological 
products, where it is possible to recapture that portion of 
the patent term, up to a maximum of 5 years, that was lost 
because of delays resulting from the Food and Drug Ad- 
ministration’s or the Animal and Plant Health Inspection 
Service’s review prior to approving commercial marketing 
or use of the drug, medical device, food additive, color ad- 
ditive, or biological product. 

As in any contract each party is to receive something of 
value and each party is to give up something of value in 
exchange. In exchange for the rights granted by the gov- 
ernment, the inventor is required to provide a disclosure 
of the invention. This is the inventor's “consideration” or 
“value” given up as part of the contractual relationship. 
The disclosure of the invention is made available to the 
public when the patent issues (that is, is granted by the 
government). This disclosure of the invention by the in- 
ventor must be a full description of the invention. 

The general subject matter to which patents are di- 
rected is considered to be the useful arts. In particular 
patents are granted for inventions directed to processes, 
machines, manufactures, compositions of matter, or any 
new and useful improvements thereof. Printed copies of 
granted patents can be purchased from the U.S. Patent 
and Trademark Office for $3.00 per copy. 


JURISDICTION 


The U.S. Patent and Trademark Office is a governmental 
agency within the U.S. Department of Commerce. For ease 
of reference, this office will be referred to as “the office” in 
this article. The head is referred to as the commissioner. 
The office has the responsibility for reviewing patent ap- 
plications and determining whether or not to grant or issue 
a patent thereon. It does not have jurisdiction to determine 
whether a patent is infringed. Moreover, except to the lim- 
ited extent authorized by the patent reexamination pro- 
cedure, it has no jurisdiction over issued patents and can- 
not make determinations of patent validity or invalidity. 


About 2,000 people with degrees in engineering or sci- 
ence are employed by the office to review and examine pat- 
ent applications; they are referred to as patent examiners. 
Examiners conduct independent searches of the inventions 
described in the applications and then make decisions as 
to whether the invention described and claimed merits the 
granting of a patent. 

The commissioner has the authority to promulgate 
rules and regulations for the purpose of administrating the 
patent and trademark laws so long as such rules are not 
inconsistent with these laws. In addition, the commis- 
sioner has the power to make rules that govern the rec- 
ognition and conduct of those persons who represent ap- 
plicants before the office. To be recognized as a patent 
agent or patent attorney and to advise and assist in the 
preparation or prosecution of applications and other busi- 
ness before the office, a person must comply with certain 
rules and regulations. 

In the event an examiner refuses to allow or permit is- 
suance of a patent for an application, the applicant has the 
opportunity at a particular stage of the proceedings to file 
an appeal from the examiner’s decision to the U.S. Patent 
and Trademark Office Board of Patent Appeals and Inter- 
ferences (hereafter referred to as “the board”). The board 
is composed of senior examiners, who are referred to as 
patent law administrative judges. Cases appealed to the 
board are considered by a three-member panel of the 
board. 

A publication titled Manual of Patent Examining Pro- 
cedure (MPEP) is available from the U.S. Government 
Printing Office. This publication is a guide to how the office 
interprets the laws, rules, and case law and how the patent 
examiners are to apply the same when examining and rul- 
ing on patent applications. Likewise, a similar publication 
available from the U.S. Government Printing Office titled 
Trademark Manual of Examining Procedure (TMEP) is a 
guide for trademark examiners in how to apply the laws, 
rules, and case law when ruling on trademark and service 
mark applications. 

Another important publication available from the U.S. 
Government Printing Office is titled the Official Gazette of 
the United States Patent and Trademark Office (OG). This 
is published each week in two separate sections. One is the 
patent section and the other is the trademark and service 
mark section. The patent section of the OG includes a short 
description of each patent granted during the week of pub- 
lication, an index of the names of the patentees and the 
assignees for that week, notices of rule changes, and vari- 
ous other matters of interest with respect to patents. 

Since 1929, published decisions in patent, trademark, 
and copyright cases have been reported in the United 
States Patent Quarterly (USPQ and USPQ2d). This is pub- 
lished by the Bureau of National Affairs, Washington, 
D.C., which also publishes the weekly newsletter Patent, 
Trademark, and Copyright Journal. The latter contains 
news of matters of current development and interest in the 
patent, trademark, and copyright areas. 

Decisions by the federal courts in trademark, copyright, 
and patent cases can also be found, depending on the par- 
ticular court and the particular year in which the case was 
decided, in the Federal Reporter (F.), the Federal Reporter 
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second series (F.2d), the Federal Reporter third series 
(F.3d), the Federal Supplement (F.Supp.), the Supreme 
Court Reporter (S.Ct.), and The United States Reports 
Us.). 


PATENTABILITY 


Specifications and Claims 


To facilitate an understanding of the concept of patenta- 
bility, some familiarity with the contents of patents and 
particularly with the specification and claims is desirable. 
The specification of a patent contains a detailed technical 
description of the invention involved. In addition, if an un- 
derstanding of the invention would be facilitated by in- 
cluding drawings, the specification will do so and also pro- 
vide an explanation of the drawings. The specification may 
also include a discussion of the background technology of 
the invention, the problems encountered in that technol- 
ogy, the state of the prior art, the objectives of the inven- 
tion, and/or the advantages, if any, achieved by the inven- 
tion. 

The claim or claims of a patent appear at the end of the 
technical description of the patent. The function of the 
claim is particularly to point out and distinctly assert title 
to the subject matter that the applicant considers to be his 
or her contribution or invention for which he or she desires 
a patent grant. It is the claim or claims that are compared 
to the prior art to determine patentability. Likewise, it is 
the claim or claims that are compared to an accused activ- 
ity to determine whether infringement actually exists. 


What Can Be Patented 


As required by 35 USC §101, an invention must be new 
and must be useful to be patentable. (Design patents need 
not be useful, however, to satisfy the requirements for pat- 
entability.) In addition, as required by 35 USC §101, the 
invention must be directed to a process, machine, manu- 
facture, or composition of matter or to any new and useful 
improvement thereof. Patents are concerned with technol- 
ogy or the useful arts as contrasted to the liberal arts. A 
shorthand way to view the subject matter of a patent is 
that it represents the means by which a desired result is 
obtained. 

The term process as used in the patent statute involves 
the treatment or manipulation of some material or mate- 
rials or of information to cause some change to the material 
or information treated or manipulated by the process. 


Novelty. Another requirement that an invention must 
satisfy to be patentable is that it must be new or novel (35 
USC §102). Because patents are creatures of statutes, 
those conditions, referred to as prior art, that defeat the 
novelty of an invention are likewise defined in the patent 
laws. Only the more typically encountered ones are men- 
tioned below. 

The two most common categories of prior art are prob- 
ably printed publications and patents. The publications 
and patents can be from any country and in any language. 
A patent or publication that describes an invention and is 
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prior in time to it defeats the novelty of the invention. In 
the event a printed publication or patent describes an in- 
vention and is more than one year old when the patent 
application is filed in a patent office, such will render the 
invention of that patent application unpatentable no mat- 
ter when the invention was actually made. In fact, the pat- 
ent or publication could even be by the inventor and when 
such is more than one year before the actual filing of the 
patent application, granting of a patent is precluded. This 
situation is referred to as a statutory bar, because no mat- 
ter whose patent or publication and no matter when the 
invention was made, a patent is barred. In essence the 
United States gives the inventor a one-year grace period 
after patenting or publication to file an application pro- 
vided the invention was made prior to the patent or pub- 
lication. However, most other countries do not give any 
grace period. Therefore, the patent application must al- 
ready be on file before the invention is publically disclosed 
to be patentable in most other countries. Often an inventor 
desires to present or publish a paper describing some dis- 
covery. However, to preserve foreign rights, the paper 
should not be published until a patent application has been 
filed. After filing, it could be published without affecting 
rights. 

Public use or public knowledge of an invention in the 
United States prior to the invention renders it unpatent- 
able. Moreover a patent is precluded if the invention was 
in public use or on sale in the United States more than one 
year prior to filing the patent application. The public use 
or on sale activity could even be by the inventor and when 
it is more than one year before the filing of the patent ap- 
plication, such activity will prevent granting of a patent. 
This one-year period is an attempt to balance the desire 
for early disclosure of the invention to the public and the 
need to give the inventor some limited time to determine 
whether pursuing patent protection is justified. 


Nonobviousness. The above-discussed novelty-defeat- 
ing prior art items presuppose that the exact subject mat- 
ter for which a patent is being sought is described by a 
single prior art item. However, even if the invention is not 
fully described by a single prior art item it still may not be 
patentable. In particular, the patent law also requires that 
the invention be nonobvious (35 USC §103). An invention 
is not patentable if the differences between the subject 
matter sought to be patented and the prior art are such 
that the subject matter as a whole would have been obvi- 
ous at the time the invention was made to a person of or- 
dinary skill in the technology of art that is the subject mat- 
ter of the invention. Stated in other terms, the advance or 
difference between the subject matter sought to be pat- 
ented and the prior art must not be so trivial to be readily 
apparent to persons working in that particular technology. 


THE PATENT APPLICATION 


The patent application, being a combination of a legal con- 
tract and a scientific paper, represents a unique written 
document. It is a scientific paper because it describes some 
technical achievement but differs from usual technical pa- 


pers in that it must stand on its own to a greater extent 
than most technical papers. The patent represents a legal 
contract because it is actually a contract between the in- 
ventor and the people of the United States as represented 
by the government and, specifically, by the U.S. Patent and 
Trademark Office. In particular, the government gives the 
inventor the right to exclude others, for a limited period of 
time, from making, using, offering for sale, selling, or im- 
porting the invention as defined by the claims. The consid- 
eration given by the inventor in the contract is publicly 
disclosing information concerning the invention. 

A patent application must include a specification, a 
drawing (in the event that the nature of the invention is 
such as to require a drawing for understanding), and a 
signed oath or declaration. The specification must contain 
both a written description of the invention and at least one 
claim. In addition, a government filing fee must be paid, 
which, of course, changes with time. The legal require- 
ments for an application can be found in 35 USC §111. 
Moreover, by rule, an application must contain an abstract 
of the disclosure. 


Abstract 


The abstract is intended merely as a searching tool and 
should be a concise, informative statement that can give a 
quick and general idea of the nature and essence of an 
invention. The abstract has no legal effect on the interpre- 
tation of the claims of the patent or on the interpretation 
of the remainder of the disclosure of the patent. 


Specification Description 


The requirements for the specification of a patent are con- 
tained in 35 USC §112 and especially in { 1 thereof. In 
particular, the requirements of the descriptive portion of 
the specification include the following: 


1. A written description of the invention. 

2. A written description of the manner and process of 
making and using the invention in such full, clear, 
concise, and exact terms as to enable any person 
skilled in the art to which it pertains or with which 
it is most nearly connected, to make and use the in- 
vention; a requirement usually referred to as the en- 
ablement requirement. 

3. The best mode contemplated by the inventor of car- 
rying out the invention; a requirement usually re- 
ferred to as the best mode requirement. 


This descriptive material is the consideration given by the 
inventor as the inventor’s part of the bargain represented 
by the patent contract. 


Written Description of the Invention 


The requirements for a written description of the invention 
is that this specification must support the claims of the 
application. One way to insure this is to have the specifi- 
cation contain language that corresponds to the language 
employed in any of the claims or language that is its equiv- 
alent. Even if there is no explicit description of a generic 


invention in the specification, however, the mention of a 
representative component or a representative number of 
examples may provide an implicit description on which to 
base generic language. In particular, the specification, in 
addition to what it explicitly states, also implicitly dis- 
closes what would be apparent to those skilled in the art 
from a mere reading of it. It is not always safe to rely on 
what is implicit, however, because the outcome of having 
to convince another of the true import of an implicit dis- 
closure is uncertain. In addition, it can be quite helpful, 
although not necessary, to include in the specification a 
discussion of the prior art or the efforts that have previ- 
ously been made as well as a discussion of the advantages 
achieved by the invention or problems addressed by it. In 
fact, some courts have held that advantages that are not 
disclosed in the application to buttress the evidence of pat- 
entability cannot be relied on. In a sense the specification 
provides an opportunity to sell the patentability of the in- 
vention and, accordingly, can be used to that advantage. 


Enablement 


The specification must also include a written description 
that is sufficient to enable any person skilled in the art to 
make and use the invention. Although this enablement 
need only be addressed to those skilled in the art in ex- 
plaining the technical aspects of the invention, it is desir- 
able that it not be written in such a manner as to be un- 
derstandable only by persons so skilled. This consideration 
may be ultimately important because the validity of a pat- 
ent, if challenged, will initially be determined by a judge 
in a federal court who may have had little or no patent 
background and little or no technical background. 

One way in the specification to teach persons skilled in 
the art how to make and use the invention is to include a 
number of representative examples. This represents only 
one way of teaching, however, and it is not the only means 
by which the requirements of the enablement portion of 
the statute can be satisfied. The specification need not con- 
vince those skilled in the art that its assertions are correct. 
There are instances, however, such as in certain chemical 
inventions where very broad claims are being advanced, 
that additional support may be requested to establish that 
the invention works as claimed. 

A particular problem area involves inventions concern- 
ing biological materials such as microorganisms. Unless 
the biological material in question is known and available 
or can be readily produced by a known procedure without 
undue experimentation, it is usually not possible to explain 
how to obtain it merely by a written discussion. This prob- 
lem of disclosure can be taken care of by depositing the 
material in an approved depository under conditions that 
will make it accessible once the patent issues. Making it 
accessible, however, does not give anyone the right to in- 
fringe the patent. In such a case, it is desirable for the 
biological material to be on deposit at the time the appli- 
cation is filed and for the application to refer to the access 
number given the microorganism by the approved deposi- 
tory. The description should also include any taxonomic 
information. Depositories in the United States include the 
following: 
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1. American Type Culture Collection, 12301 Parklawn 
Drive, Rockville, Md. 20852. Phone: 301-881-2600. 
Telex: 908-768. 


2. National Research Culture Collection, U.S. Depart- 
ment of Agriculture, 1815 North University Street, 
Peoria, Ill. 61604. Phone: 309-685-4011. Fax: 309- 
671-7814. 


A deposit in either of the foregoing depositories can also 
be used for satisfying deposit requirements for certain 
other countries, such as those observing the Budapest 
Treaty. 

For applications involving a computer program, the dis- 
closure should include the program itself or at least a flow 
diagram that sets forth the sequence of operations the pro- 
gram is to perform. Even with a flow chart, the disclosure 
might be questioned by the examiner, particularly if the 
operations stated are very general or very complex. 

A specification must also teach how to use the invention 
it describes. In drug cases, the office refuses to accept 
general statements of utility as satisfying this teaching re- 
quirements. General statements that have been consid- 
ered unacceptable include those purporting pharmacolog- 
ical or therapeutical purposes or biological activities, To 
satisfy the teaching requirements in such cases, it is nec- 
essary to present more specific uses, such as the treatment 
of a particular ailment or disease. It is also desirable to 
disclose precise dosages and treatment methods. 

Besides requiring a statement of utility, the office may 
also require proof depending on the type of utility asserted. 
For instance, the highest degree of proof of utility is usu- 
ally required for those inventions stated to cure or treat 
diseases, such as cancers, that are generally considered, at 
the present time, as being difficult to treat. On the other 
hand, compositions whose properties are usually predict- 
able from a knowledge of their constituents, such as laxa- 
tives, antacids, and certain topical preparations, require 
little or no clinical proof. 


Best Mode 


The specification is required to include the best mode con- 
templated by the inventor for carrying out the invention. 
This does not mean that the best way of carrying out the 
invention in any absolute sense must necessarily be dis- 
closed, but only the best way contemplated by the inventor. 
This requirement also pertains to the point in time when 
the application was filed and need not be updated if a new 
best mode is subsequently contemplated by the inventor. 

This requirement for disclosure of the best mode is to 
prevent inventors from obtaining the benefits of patent 
protection while maintaining for themselves, by concealing 
from the public, the preferred ways in which to carry out 
the invention. The best mode disclosure, as well as the en- 
ablement requirements previously discussed, represents 
the consideration given by the inventor in exchange for the 
benefits of the rights granted by the patent (ie, the right 
to exclude others from making, using, selling, offering for 
sale, or importing the invention). 

In the event a specification does not satisfy the require- 
ments of 35 USC §112, a patent can be held invalid. In 
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addition, if the best mode was deliberately concealed, the 
issue of inequitable conduct against the office may be in- 
volved. 


Drawings 


If the nature of an invention is such as to lend itself to 
illustration, drawings become a required part of the appli- 
cation. Inventions that require drawings are those directed 
to machines, articles of manufacture, and certain pro- 
cesses. Such drawings are not required to be drawn to 
scale, Therefore, if dimensions or spatial relationships are 
important, these should be explicitly stated in the specifi- 
cation or on the drawings themselves. The drawings must 
also be described in the specification. There are some very 
specific rules with respect to the size and type of paper, the 
margins, and the cross-hatching to be used in all such 
drawings. 


Claims 


The claim or claims of a patent represent the metes, or 
bounds, of the property to be protected. In other words, as 
in real property, a patent claim stakes out that territory 
that the patentee considers his or her own, and any en- 
croachment on that particular territory, as in real property, 
constitutes an infringement. The claims of a patent can be 
viewed as the word fence surrounding the invention. It is 
important not to confuse such claims with technical claims 
that state benefits or advantages. 

The second paragraph of 35 USC §112 states the pur- 
poses of claims. Their basic functions are to point out, de- 
fine, and distinctly lay title to the subject matter that the 
applicant regards as his or her invention, but not neces- 
sarily to describe that invention in any great detail. It is 
the descriptive portion of the specification that performs 
this function. In fact, the descriptive portion of the speci- 
fication and of the claims differ chiefly in the degree of 
detail presented by each. In particular, claims usually omit 
mentioning nonessential features and, whenever possible, 
attempt to use generic language to describe the particular 
elements of the claimed invention instead of the far more 
specific language found in specifications. 

It is important to recognize, however, that despite the 
desirability of obtaining the most generic claim coverage 
possible, varying claims of lesser scope are also important 
if the invention is to be adequately protected. A generic 
claim is more difficult for potential infringers to design 
around than a very specific claim is, but the latter is more 
difficult to invalidate in terms of prior art. On the other 
hand, a specific claim is easier to design around, and thus 
avoid literal infringement, than a generic claim. 

It is helpful to make claims of both specific and inter- 
mediate scope to hedge against the possible invalidation of 
the patent’s generic claim or claims. In such cases, the abil- 
ity to establish infringement of valid claims of lesser scope 
may be important because such claims are often the only 
ones of any commercial value. This is why it is recom- 
mended that specific claims recite the best or preferred 
embodiments of the invention that are more fully disclosed 
in the description portion of the specification. 


A claim must be written as a single sentence. In actu- 

ality, the claim is really the predicate noun that completes 
the sentence, “What I(we) claim is...” or “What is claimed 
igs? 
Generally speaking, a claim can be divided into three 
major components. The first may be referred to as the in- 
troductory phrase or preamble, followed by a transitional 
phrase, and then the body of the claim. 


Preamble of the Claim. The introductory phrase, or pre- 
amble, of a claim sets the stage for the remainder of the 
claim. It may merely make a general statement concerning 
the invention, the title of the invention, or the general class 
into which the invention falls. The introductory phrase 
might also include a statement of the intended use, object, 
purpose, or advantages or the invention. Some examples 
of the range of introductory phrases are as follows: 


A process. 
A process for extracting oil from fish. 
A process for extracting omega-3 fatty acids from fish. 


A composition. 
A broth composition. 
A chicken broth composition. 


An apparatus. 
An apparatus for separating grains of different sizes. 
An apparatus for separating corns of different sizes. 


As can be appreciated from these samples, the preamble 
may be as general or as specific as desired, depending on 
the particular invention involved, the prior art, and the 
intent of the preamble. 


Transitional Phrase of the Claim. The degree to which a 
claim is considered open (inclusive) or closed (exclusive) is 
determined by its transitional phrase. This is an important 
distinction because the addition of a constituent or a step 
not explicitly recited in a closed claim can avoid its literal 
infringement. In an open claim, on the other hand, the 
presence of an additional constituent or step not explicitly 
recited in the claim will not necessarily avoid its literal 
infringement. 

Claim terms that are considered to be closed are “con- 
sisting of” and “composed of.” These terms mean that the 
presence or addition of something other than that which is 
explicitly recited in the claim will avoid its literal infringe- 
ment. Claim terms considered open are “comprising,” “in- 
cluding,” and “containing.” When such language is used, 
the inclusion of steps or constituents not explicitly recited 
will not necessarily avoid a literal infringement of the 
claim. 

It is not necessary for a claim to be entirely closed or 
entirely open. In particular, the presence of the phrase, 
“consisting essentially of,” is usually interpreted to mean 
that the claim covers not only the recited constituents of 
the process, composition, article, or apparatus but also any 
additional ones so long as the latter do not significantly 
interfere with the primary function or interrelationship of 


those constituents explicitly recited. If the material or com- 
ponent or step that is added to those recited is of a type 
that is usually employed with the kind of subject matter 
in question, then infringement is usually easy to establish. 


Body of the Claim. The structural elements of the claim 
are presented in what is known as its body. These elements 
include, for instance, the steps of a process, the compo- 
nents of a composition, or the parts of a machine or appa- 
ratus that constitute the prime subject matter of the in- 
vention. The body of the claim specifies the configuration, 
spatial relationship between elements, and relative 
amounts of components that may be important to point out 
the subject matter. 

It is not necessary that the elements of the claim be 
recited in the form of the actual structure, material, or pro- 
cedural acts involved. Alternatively, the words means or 
step may be used followed by a description of the function 
to be performed by the means or step. 

For instance, in a claim directed to a bioreactor, reciting 
“means for supporting the bottom of a bioreactor at a suit- 
able distance from the floor” could be substituted for a de- 
scription of bioreactor legs. 

It is suggested that terms such as “about” and “approx- 
imately” be employed whenever reciting amounts, dis- 
tances, or spatial relationships, because such terms may 
provide a somewhat greater scope in the interpretation of 
the breadth of the claim. 


Types of Claims. The subject matter of claims can take 
the form of a process, an apparatus, an article of manufac- 
ture, or a composition. Moreover, the subject matter of a 
claim often referred to as a hybrid claim can take the form 
of any combination of these. For instance, a process claim 
might include a recitation of a certain apparatus or an ap- 
paratus claim might include recitations concerning mate- 
rials treated by the apparatus. Usually, the patentability 
of such hybrid claims will depend only on those differences 
from the prior art of the principal subject matter of the 
claim rather than on the differences of the secondary rec- 
itations. For instance, the patentability of a process claim 
with apparatus recitations will depend primarily on the 
process steps and not on the apparatus recitations. Like- 
wise, the patentability of an apparatus claim containing 
recitations of the material being worked on will depend on 
the structure of the apparatus rather than the material in 
question. 

A particular type of hybrid claim sometimes found in 
chemical cases is referred to as a product-by-process claim. 
It is used to define a composition of matter or a material 
by referring to the particular process employed to prepare 
the product in question. The patentability of such a claim 
depends on whether the product differs from prior-art 
products, not whether the process steps differ from prior- 
art processes, The product-by-process claim can be impor- 
tant when no other way seems convenient to define a prod- 
uct that differs from prior art products. Because of the 
nature of the product, its differences from the prior art may 
be difficult to define other than by reference to the process 
itself. Also, the product-by-process claim may be important 
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when the possibility exists that the manner in which the 
product has been described is not entirely correct. 

The inventions resulting from the development of a new 
technology need not be restricted to any one of the preced- 
ing categories of inventions; they may, in fact, be claimed 
in any number of different ways. For instance, the devel- 
opment of a new composition of matter may not only result 
in a patentable invention with respect to the composition 
itself, but also to the process for preparing it, the appara- 
tus used to carry out the process of preparing it, the process 
or processes for using it, finished articles containing it, and 
so on. Accordingly, any number of patents may be obtain- 
able for any particular development. In fact, it is desirable 
to attempt to claim a development by making as many dif- 
ferent types of claims as possible. This is important be- 
cause a variety of claims can encompass different classes 
of direct infringers, and it may be more desirable to sue 
one kind of infringer rather than another in view of the 
potential recovery or convenience involved. For instance, 
it would certainly be more desirable to be able to sue the 
manufacturer of a composition rather than the users, par- 
ticularly, if the users are individual consumers or the in- 
ventor’s own customers. Also, certain types of claims may 
be more difficult to invalidate in view of the prior art than 
others, thereby hedging against loss of all of the potential 
protection available. 

Each claim of a patent or patent application is con- 
sidered as a separate invention and is examined inde- 
pendently from the other claims with respect to its pat- 
entability and validity. During the examination of an 
application, it is not uncommon for an examiner to reject 
some claims in an application while allowing others. Like- 
wise, a court can find some claims valid, while finding oth- 
ers invalid. 


Oath or Declaration 


To complete the requirements of the application, it is nec- 
essary to have a declaration or oath signed by the inven- 
tor(s). This declaration need not be filed along with the 
initial application papers but must be filed within one 
month after notice by the office, requiring such filing or 
within two months of the initial filing, whichever is later. 


SUMMARY 


The patent system serves to promote the progress of tech- 
nology by encouraging innovation and by making available 
to the public the information concerning patented inven- 
tions. This article is intended to provide inventors and 
their managers with some basic familiarity and comfort 
level with the patent system. In view of the relative com- 
plexity of this subject matter, this article is not intended 
to teach patent law or how to best protect an individual 
invention. In view of the significant cost of present-day sci- 
entific research and development and the global nature of 
implementing new technology, it is suggested that a patent 
attorney or patent agent be consulted as early as practical 
in order that the fruit of the innovative labors be ade- 
quately protected. 
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PECTIC SUBSTANCES 


Pectic substances are a group of complex polysaccharides 
localized to the middle lamella, intercellular crevices, and 
primary cell walls of most if not all higher plants (1). They 
are significant contributors to the texture of fruits and 
vegetables and their processed products (2). Pectin and/or 
pectin fragments have been reported to possess pharma- 
cological activities that include immunostimulation, anti- 
metastasis, hypoglycemic, and cholesterol-lowering effects 
(8). In addition to the obvious structural role of pectic poly- 
saccharides in plants, pectic fragments act as chemical 
messengers in the development, growth, senescence, and 
biochemical protection of plants (4). 

Because the gel-forming properties of pectin substances 
(pectin is derived from a Greek word meaning to congeal 
or solidify) were discovered before the development of mod- 
ern organic and macromolecular chemistry, common 
rather than structural names were applied to pectic poly- 
saccharides, and these persist (5). 


DISTRIBUTION IN NATURE 


The percentage of pectic substances in plants varies with 
species, variety, anatomy, and maturity. The highest con- 
centrations of pectic substances are found in young tissue 
and in fruit tissue. Typically, whole mature fruit contains 
3 to 7% pectic substances on a dry-weight basis and 0.13 
to 1.1% on a fresh-weight basis. The relative high pectic 
and low caloric content of citrus fruits make them a good 
source of soluble dietary fiber in that pectic substances are 
not digested until they reach the lower gastrointestinal 
tract. Apple pomace (the residue of pressed apples) may 
contain up to 20% pectic substances, and the albedo of or- 
anges (the white, spongy material on the inside of the peel) 
may contain 40% or more pectic substances on a dry- 
weight basis. 


ISOLATION AND PURIFICATION 


The relative ease of the isolation and purification of large 
quantities of food-grade pectic substances account for their 
early discovery. Commercially, apple pomace or citrus peels 
(eg, orange, grapefruit, and primarily lemon or lime) are 
extracted with the goal of producing food-grade pectin for 


gels (6). Typically, pectin is acid extracted at low pH (1.5— 
3) to inhibit degradation by endogenous enzymes, ester sa- 
ponification, and alkaline degradation by beta-elimination 
reactions. Extracts are filtered or centrifuged to remove 
insolubles and precipitated with alcohol or polyvalent salts 
such as those from aluminum or copper. 

To obtain pectins with maximum retention of native 
structure and properties for research purposes, milder 
techniques have been adopted at the expense of product 
yield and with considerable lengthening of the isolation- 
purification process, In these procedures, relatively intact 
cell walls are isolated by macerating plant tissues in aque- 
ous alcohol, washing to remove extraneous debris and de- 
activate endogenous enzymes, then sequentially extract- 
ing with chelating agent and mild alkali. Attempts to 
reduce size heterogeneity by gel filtration chromatography 
and chemical heterogeneity by ion exchange chromatog- 
raphy have been met with limited success. 


CHEMICAL COMPOSITION AND STRUCTURE 


Mildly extracted pectic substance is primarily a helical 
block copolymer of D-galacturonic acid and its methyl ester 
(7). These comonomers are (14) O-linked as poly(a-D- 
galactopyranosyluronic acid) and its methyl ester. Blocks 
are interrupted by (1-2) O-linked a-L-rhamnopyranosy] 
inserts. Some of these features are incorporated in Figure 
1. Neutral sugars associated with pectin other than rham- 
nose include arabinose, galactose, glucose, xylose, and 
mannose. At least three of these neutral sugars, arabinose, 
galactose, and xylose, have been found in pectin as short 
or oligomeric side chains that themselves may be branched 
(8). Some portions of the pectin backbone have a high den- 
sity of side chains and have been designated as hairy 
regions, whereas other portions of the pectin backbone are 
completely devoid of side chains and have been labeled as 
smooth regions. The hairy regions contain most of the neu- 
tral sugars found in pectin, namely rhamnose, arabinose, 
galactose, and xylose. A few sources of pectin (eg, sugar 
beets) contain acetyl and feruloyl esters. Acetyl esters are 
linked to ring hydroxyls in the glacturonate backbone, 
whereas feruloyl esters appear to be linked to neutral 
sugar side chains. Approximately 80 to 90% (by weight) of 
total sugars in commercial citrus pectins are residues of 
galacturonic acid and its methyl ester with the remaining 
sugars being neutral. Degree of methyl esterification (DM) 
in pectic substances will vary with plant source and 
method of extraction. Commercial citrus and apple pectins 
with DM ranging from 80 to 18% are available. X-ray dif- 
fraction patterns of sodium polygalacturonate indicate 
that water molecules are bound to each galacturonate res- 
idue in the backbone (9). Thus, bound water may account 
for about 8% of pectin samples by weight. 


METHODS OF ANALYSIS 


Because of its complex composition, several methods are 
necessary to analyze for pectin (10). A few of the more im- 
portant methods will be discussed here. Of the several col- 
orimetric methods developed to analyze for galacturonic 
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Figure 1. Portion of pectin molecule. 


acid, the reaction of pectin with m-hydroxylbiphenyl in 
heated acids media to form a colored product is employed 
widely. Base titration before and after saponification is 
used for the simultaneous determination of DM and ga- 
lacturonic content. Also, DM is determined by saponifying 
methyl ester groups and analyzing for free methanol by 
gas chromatography or by oxidizing the methanol to for- 
maldehyde, which is determined colorimetrically. Carboxyl 
and methylester groups also may be determined by infra- 
red spectroscopy in deuterated water provided there is a 
prior calibration against known standards. Often, neutral 
sugars are analyzed by gas chromatography after hydro- 
lysis and conversion to volatile derivatives. Various deriv- 
atives and stationary phases have been employed. In one 
method, sugars are converted to their alditol acetates and 
chromatographed on a high-performance capillary column. 
Acetyl esters are analyzed by conversion to acetic acid, sep- 
aration by steam distillation, and titration of the acid. Fer- 
uloyl esters are hydrolyzed to ferulic acid, which is ana- 
lyzed by the Folin-Ciocalteu reagent. 


CHEMICAL AND ENZYMATIC REACTIONS 


The reactions of pectin are those characteristic of polysac- 
charides, esters, and organic acids (7). A select few of the 
more important reactions will be discussed briefly. Pectin 
undergoes acid-, base-, and enzyme-catalyzed depolymer- 
izations. At acidic pH, glycosidic bonds other than those of 
(1-4) self-linked a-D-galacturonic acid are hydrolyzed 
preferentially. Thus commercial pectin is extracted from 
plant matrices by controlled acid hydrolysis. Prolonged 
acid hydrolysis can produce polygalacturonic acid with 
about 25 residues, whereas milder hydrolysis conditions 
have produced homogalacturonans with 70 to 100 galac- 
turonan residues. Base-catalyzed depolymerizations occur 
at neutral and higher pH. These are beta-elimination re- 
actions, which proceed with concurrent endodepolymeri- 
zation, deesterification, and double bond formation (Fig. 
2). The relatively high susceptibility to enzymatic and acid- 
catalyzed hydrolysis of the neutral sugar side chains and 


rhamnoglacturonan glycosidic bonds in the backbone of 
pectin may play an important role in plant metabolic pro- 
cesses. Evidence is accumulating that various pectic frag- 
ments act as biochemical messengers that initiate various 
biochemical reactions in plant development, senescence, 
and the defense of plants against pathogens (4). For ex- 
ample, evidence suggests that fragments from pectin- 
containing galactose may elicit ethylene production, which 
is important in the process of senescence. Endogenous en- 
dopolygalacturonases have been associated with fruits 
that ripen rapidly (eg, pears and freestone peaches), 
whereas those that contain only exopolygalacturonases 
(eg, apples and clingstone peaches) ripen more slowly. 
Polygalacturonases depolymerize deesterified pectins only. 
Most of the common pectin lyases depolymerize pectin in 
a fashion similar to beta-elimination reactions (Fig. 2). 
Commonly, pectin lyases are not found endogenously in 
plant cell walls but are produced by microorganisms. In 
addition to their biological importance, bacterial pectolytic 
enzymes have gained importance as probes to elucidate the 
neutral sugar side chain structure of pectin (11). For ex- 
ample, the action of f-(1,4)-galactanase has shown that ap- 
ple pectin contains arabinogalactan side chains high in 
arabinose. More recently, fungal enzymes have been used 
to investigate the structure of the hairy regions in pectin 
(8). Pectin methyl esterase activity has been found in the 
plant cell wall, but the biological function of this enzyme 
is not clear. Reactions specific to the reducing sugar end 
group are important in that they permit determination of 
the number-average molecular weight and provide a 
method of following the course of depolymerization reac- 
tions. Chlorite oxidation of end groups has been used to 
determine pectin molecular weight, whereas several color 
reactions specific for reducing sugars have been used to 
assay for the galacturonic acid produced in depolymeriza- 
tion reactions (6). Ammonia partially amidates pectin 
through displacement of methyl ester groups. Amidated 
low methoxy pectic substances gel more readily than cor- 
responding nonamidated low methoxy pectic substances 
(7). Pectin from sugar beet pulp has been gelled by inter- 
molecular, oxidative coupling of feruloyl ester groups 
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through their aromatic rings. Coupling was achieved with 
a mixture of hydrogen peroxide and peroxidase (6). This 
reaction provides an opportunity for commercialization of 
beet pectin, because it is a poor gel former without oxida- 
tive coupling. 


MOLECULAR WEIGHT, SIZE, AND SHAPE OF PECTINS 


Over a period spanning more than 50 years of research, 
the molecular parameters of pectins have been measured 
extensively by numerous methods. Nevertheless, signifi- 
cant disagreements prevail concerning these parameters. 
The controversy may arise from the variability of pectin 
with plant source, whether dissolved pectin exists in so- 
lution as individual molecules or as aggregates, and the 
tendency of pectin to fragment. High methoxy (ca DM = 
73) commercial citrus pectins give number-average molec- 
ular weights in the range 4~4.9 x 10* (12). A linear plot 
of reduced osmotic pressure against concentration appears 
to indicate a well-behaved unaggregated polymer. The sec- 
ond virial coefficient calculated from osmometry indicated 
a rodlike shape. Nevertheless, briefly heating pectin re- 
sulted in a slow concentration-dependent disaggregation 
that was also shown by osmometry. High-performance 
size-exclusion chromatography (HPSEC) with on-line vis- 
cometry detection on a series of commercial citrus pectins 
gave results consistent with the aggregated rod model (13). 
HPSEC studies of tomato cell wall pectins with computer- 
aided curve fitting of the chromatograms revealed that all 
pectins investigated were composed of a linear combina- 
tion of five macromolecular subunits (14). The relative 
sizes of these subunits as obtained from their radii of gy- 
ration (R,) were 1:2:4:8:16, with the smallest subunit hav- 
ing an R, of about 25 A. Dissociation of pectin into smaller- 
size fragments by dialysis against 0.05 M NaCl led to the 
conclusion that cell-wall pectin acted as if it were an ag- 
gregated mosaic, held together at least partially through 


HO. fe) 
COOCH; oO 
ce) 
O — Polysaccharide 
HO: 0 
(— 
H COOCH3 ie) 
(b) 


is reducing sugar end group; (b) is unsaturated, 


noncovalent interactions. Superimposed and individual 
circular microgels in the micrometer size range were iso- 
lated from the cell walls of peaches and visualized by elec- 
tron microscopy after rotary shadowing. Dilute NaC] and 
50% aqueous glycerol disaggregated these microgels into 
rods, segmented rods, and kinked rods that collectively 
comprised the internal gel network of the microgels (15). 


BINDING PROPERTIES 


Many of pectin’s unique properties result from its pro- 
pensity to self-aggregate or to interact with cosolutes (6). 
A case in point is the pectin gels, which are three- 
dimensional networks capable of entrapping water. High- 
methoxy! pectins (HMP) with DM in the range 80 to 57% 
are induced to gel by adding sugars, which are thought to 
promote the self-aggregation of pectin by removing bound 
water, reducing ionic repulsions, and stiffening the poly- 
mer chain. These nonspecific interactions with sugars may 
be responsible for pectin’s ability to reduce glucose intol- 
erance in diabetics. For HMP at constant pH, gel strength 
and rate of gelling increase with DM, presumably through 
increased interchain hydrophobic interactions. HMPs of 
decreasing DM can be induced to gel by decreasing the pH, 
possibly through increased interchain hydrogen bonding. 
Low-methoxyl] pectins (LMP), DM below 50%, gel with the 
addition of calcium or other divalent cations through in- 
terchain cross-links. Because decreasing DM increases the 
number of potential cross-links, LMP exhibits increased 
gel strength and higher gelling temperatures with decreas- 
ing DM. For HMP and LMP, gel strength increases with 
increased molecular size, possibly by cooperative self- 
interactions. It appears that all three major mechanisms 
exist for interchain interactions, namely divalent cation 
cross-links, hydrogen bonding, and hydrophobic interac- 
tions. Furthermore, for any mechanism to prevail, a criti- 
cal number of functional groups must be present to pro- 


mote cooperative interactions. Electron spin resonance 
studies support the concept that divalent cation binding to 
pectin in apple cell walls results in interchain bridges be- 
tween adjacent smooth regions of pectin and that binding 
is a sequential cooperative process. Clinical studies sug- 
gest that pectin lowers blood cholesterol. This may be a 
case where the formation of divalent cation bridges is im- 
portant in that calcium may form bridges between nega- 
tively charged pectin and bile acids. It has been suggested 
that binding and excretion of bile acids leads to a decrease 
of cholesterol in the bloodstream. 


FOOD APPLICATIONS 


A major application of pectin is in jams and jellies (16). A 
high-sugar jam contains 30 to 45% of fruit pulp and 0.20 
to 0.4% pectin added as a gelling agent. Jams made with 
HMP must contain at least 60% soluble solids (sugars) to 
gel. Reduced-sugar or dietetic jams are manufactured with 
55% or less soluble solids (even below 30%), by adding low 
methoxyl pectins (eg, in the range 0.75-1.0%). At very low 
soluble solids, a calcium salt often is added to aid gellation. 
Frequently, jellies are made from depectinized fruit con- 
centrates with added pectin, water, and sugar. High- 
quality, tender confectionery jellies with excellent flavor- 
release characteristics contain pectin. Pectin is added to 
jams, fillings, and toppings as a gelling or thickening agent 
in the preparation of baked goods. HMP jams are useful in 
applications requiring resistance to the heat of baking such 
as occurs in producing tarts containing jam. Amidated low 
methoxyl pectins (ALMP) confer thermal reversibility to 
gels. These gels are useful as glazes for pastries or flans. 
Typically, these products are supplied as a paste contain- 
ing ALMP, calcium diphosphate, and 65% sugar solids, 
which when diluted and melted can be reset to a clear, 
shiny glaze on cooling. In recent years, pectin has found 
increased application as an additive to dairy products. Yo- 
gurt containing fruit bases has been growing in popularity. 
Substituting pectin for modified starch as a thickening 
agent in yogurts will maintain a uniform distribution of 
fruit throughout the yogurt without masking delicate fruit 
flavors. Furthermore, unlike starches, pectin will not in- 
troduce a floury texture to yogurts. If the fruit bases con- 
tain 60% sugar, then HMP can be added. If the sugar con- 
tent is lower than 60%, then ALMP is added. HMP 
stabilized casein against aggregation when heated at a pH 
less than 4.3, Thus it is added as a stabilizer in ultra-high- 
temperature-treated yogurt drinks and to milks blended 
with fruit juices. Pectin also stabilizes acidified soy milk 
drinks and whey products against protein precipitation. A 
low level of pectin is often added to low-calorie soft drinks 
to replace mouth-feel lost with the removal of sugar. Pectin 
is added to sorbet and ice pops to control ice crystal size; 
and to ice pops to prevent flavor and color from being 
sucked from the ice structure. Pectin is added to chutney 
and sauces to improve texture and batch-to-batch unifor- 
mity. LMP and ALMP gels can replace gelatin as a base in 
dessert jellies for the purpose of providing good flavor re- 
lease. Pectin gels have higher melting points than gelatin 
gels and thus hold up better in warm weather. 
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Pectin has several applications in the pharmaceutical 
industry. It has been added to mixtures containing kaolin 
or bismuth compounds for the prevention of diarrhea. Pec- 
tin is added to maintain the viscosity of medicinal syrups. 
Recently, pectin has been employed as a filler in self- 
adhesive colostomy flanges and to promote healing by its 
addition to wound dusting powders and ulcer dressings. 


GLOSSARY 


Pectate. Pectate as in calcium or sodium pectate is pec- 
tic acid that is fully or partially neutralized with metal 
ions. Often referred to as polygalacturonate as in calcium 
or sodium polygalacturonate. 

Pectic acid. Pectic acid is pure poly{(1-4)-O-linked 
(alpha-D-galactopyranosyl uronic acid)] and is often re- 
ferred to as polygalacturonic acid. 

Pectin. Pectin, as originally defined, is a water-soluble 
mixture of pectinic acids or partially neutralized pectinic 
acids capable of undergoing gel formation. 

Pectinate. Pectinate as in calcium or sodium pectinate 
is pectinic acid that is partially or fully neutralized with 
metals ions. 

Pectinic acid. Pectinic acid is a mixture of pectic sub- 
stances, a significant portion of which is a copolymer of 
galacturonic acid and its methyl ester. 

Protopectin. Protopectin refers to native, undissolved 
or insoluble plant tissue pectin. 


DISCLOSURE STATEMENT 

Reference to a brand or firm name does not constitute endorse- 
ment by the U.S. Department of Agriculture over others of a simi- 
lar nature not mentioned. 
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PEPTIDES 


Peptides have relevance to food science in various ways. 
Peptides contribute to the physical properties of food 
(physical aspect) and have taste (organoleptic aspect). In- 
testinal absorption of dipeptides or tripeptides is better 
than that of free amino acids (nutritional aspect). Biolog- 
ically active peptides are found in food (physiological as- 
pects). In this article the general aspects of peptides will 
be briefly summarized and various aspects of peptides as 
food constituents will be described. 


GENERAL ASPECTS OF PEPTIDES 


Definition 


Peptide is a substance in which amino acids are bound to- 
gether by peptide bonds, amide bonds between a-amino 
groups, and a-carboxyl groups of neighboring amino acids. 
Peptides containing fewer than 10 amino acids residues 
are called oligopeptides and those containing 10 amino 
acids or more are called polypeptides. Polypeptides con- 
taining more than 50 amino residues are called proteins. 

Most peptides of natural origin are linear molecules 
containing L-amino acids. The structure of, for example, L- 
alanyl-L-threonyl-L-tyrosine is expressed as H-Ala-Thr- 
Tyr-OH or Ala-Thr-Tyr in three-letter abbreviations and 
as A-T-Y in simple one-letter abbreviations. 

Usually, 20 different amino acids are found in proteins 
and peptides. Therefore, the number of possible peptides 
containing n residues of amino acid is 20°. 


Formation 


Peptides are formed in four ways as described next. 


1, Peptides are released by enzymatic digestion of pro- 
teins that have been synthesized on ribosomes ac- 
cording to the information coded in mRNA. This is 
the major route of peptide formation in vivo. Both 
the hydrolysis of food proteins in the digestive tract 
and also release of biologically active peptides in a 
variety of organs are classified in this category. The 
production of peptides by recombinant DNA tech- 
nology essentially follows this route. 

2. In living organisms there are peptide-synthesizing 
systems that are independent of mRNA and ribo- 
somes. A few peptides (glutathione, kyotorphin, and 
cyclic peptide antibiotics) are synthesized in this 
way. 

3. Under special in vitro conditions peptide bonds are 
also formed by protease-catalyzed reactions (1) (con- 
densation and aminolyses of amides or esters). 


4. Peptides are chemically synthesized by a condensa- 
tion of amino acids in the presence of an activating 
reagent for carboxyl groups such as carbodiimides. 
If condensation between the carboxyl group of amino 
acid A and the amino group of amino acid B is to 
occur, the amino group of A and carboxyl group of B 
must be protected. Protection of other functional 
groups in the side chains of amino acids is also nec- 
essary. Stepwise syntheses of peptides are facilitated 
by a solid-phase synthesis (2). In the solid-phase syn- 
thesis developed by Merrifield, t-butyloxy-carbonyl 
(t-Boc) amino acid is coupled to chloromethyl poly- 
styrene resin. After the acid-catalyzed removal of the 
t-Boc group from the resin, the next t-Boc amino acid 
is coupled to the resin in the presence of carbodi- 
imide. Amino acids are thus coupled successively to 
the resin from the carboxyl terminus toward the 
amino terminus. Peptides are released from the 
resin in a strong acid such as anhydrous hydrogen- 
fluoride. Protecting groups for amino acid side chains 
are also removed by this procedure. In a new proce- 
dure, the alkaline labile 9-fluorenyl-methoxycar- 
bonyl (Fmoc) group is used as a blocking group for 
the a-amino group. In this case, recovery of the pep- 
tide from the resin is facilitated by trifluoroacetic 
acid. 


CHEMISTRY AND ANALYSIS 


The amino acid composition of a peptide is analyzed after 
acid- or base-catalyzed hydrolysis by an amino acid ana- 
lyzer. The covalent structure of a linear peptide (primary 
structure) is analyzed by a stepwise chemical cleavage 
from the amino terminus of the peptide using phenyl iso- 
thiocyanate (Edman degradation) (3). This process is au- 
tomatically done by a protein sequencer. The stepwise 
chemical cleavage method from the carboxyl terminus of 
peptide has also been reported (4). The primary structure 


of a peptide can be analyzed to some extent after the en- 
zymatic cleavage by aminopeptidase or carboxypeptidase. 
The primary structure of a peptide can be also analyzed by 
X-ray crystallography. For the analysis of conformation of 
the peptides in solution, circular dichloism or nmr are 
available (5). 


OCCURRENCE IN NATURE 


A number of biologically active peptides occur in nature. 
Most of the biologically active peptides are synthesized as 
inactive precursor proteins and processed to an active form 
by a limited proteolysis. Acid- or base-catalyzed hydrolysis 
of proteins also produces peptides. Among heat-incoagul- 
able peptides released by the digestion of proteins, those 
precipitable by the addition of ammonium sulfate are 
called proteoses and those soluble in saturated ammonium 
sulfate are called peptones. 

Some peptides of microorganisms and plants have a cy- 
clic structure and contain D-amino acid or amino alcohol 
or amino aldehyde. Those containing constituents other 
than amino acids are called depsipeptides; peptidic anti- 
biotics belong to this category. 


PEPTIDES IN PHARMACOLOGICAL USE 


A number of biologically active peptides are used in phar- 
macology. These are classified into hormones, growth 
regulators, immunomodulators, neurotransmitters, sub- 
strates or inhibitors of enzymes, and so forth. Among them, 
some of the growth regulators and immunomodulators 
should be classified as proteins because of their molecular 
weights. The most widely used peptide drug is insulin. Not 
only agonists but also antagonists of these biologically ac- 
tive peptides show interesting pharmacological effects. 
Fragment peptides containing binding sites for receptors 
sometimes exhibit interesting biological effects as well. For 
example, Gly-Arg-Gly-Asp-Ser and Tyr-Ile-Gly-Ser-Arg 
are the fragment peptides of fibronectin and laminin, re- 
spectively. These peptides have been shown to prevent the 
metastasis of tumors. Asp-Ser-Asp-Pro-Arg (Hamburger 
peptide), a fragment peptide of human immunoglobulin E, 
shows an antiallergic effect. Peptide T (Ala-Ser-Thr-Thr- 
Asn-Tyr-Thr), a fragment peptide of the envelope glycopro- 
tein of human immunodeficiency virus, inhibits the 
binding of the viral envelope to the CD-4 receptor of T- 
lymphocytes. 

Inhibitor peptides for proteases show various pharma- 
cological effects. Inhibitors for angiotensin I-converting en- 
zyme or renin show antihypertensive effects, the amino- 
peptidase inhibitor bestatin shows an immunostimulating 
effect, and proryl endopeptidase inhibitor shows an an- 
tiamnesic affect. 

Peptides are also promising as safe vaccines for the pre- 
vention of microbial or viral infections. Because of the dif- 
ficulty of intestinal absorption and inactivation in the di- 
gestive tract, most peptide drugs are administered by 
injection. By suitable chemical modification, such as the 
incorporation of synthetic amino acids or acylation of the 
q-amino group or the amidation of the a-carboxyl group, 
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some biologically active peptides are improved in specific 
activity, half-life, and proteolytic resistance. Some peptides 
become available for use through the oral or nasal route 
after such chemical modification or after physical modifi- 
cation such as emulsification and incorporation into lipo- 
somes. Another pharmacological use of peptide is as a 
solubilizer or emulsifier of insoluble drugs. Hydrolysates 
of gelation and casein have been shown to have such a 
potency (6). 


PEPTIDES IN FOOD SCIENCE 


Physical Aspect 


Peptides contribute to the physical properties of food. For 
example, the smooth texture of cheese is dependent on the 
extent of proteolysis of casein during the maturation. Pro- 
teins and peptides have surface activities and show func- 
tional properties such as emulsifying and foaming. Am- 
phiphatic properties, charge distribution, solubility, and 
the molecular weights of peptides are related to these func- 
tional properties. Usually the functional properties of food 
proteins are modified by proteolysis. In some proteins, like 
gluten, whose solubility is very low, the functional prop- 
erties are improved by limited proteolysis. When a protein 
has good solubility, functional properties of the peptides 
derived from it tend to be lower than those of the parental 
proteins. Enzymatic digests of soybean proteins suppress 
thermal gelation and freezing-induced insolubilization of 
proteins. Soybean peptides protect starch from retrogra- 
dation. 


Antioxidative Peptides 


Amino acids such as tryptophan, tyrosine, histidine, me- 
thionine, proline, and branched-chain amino acids show 
antioxidative activity. Peptides containing these amino 
acids also show antioxidative activity (7,8). Antioxidative 
activities of peptides are sometimes higher than those of 
amino acids. This is partly because peptides have higher 
affinity for lipids than amino acids. 


Taste of Peptides 


Amino acids have taste. The taste of oligopeptides is some- 
times more diverse and intense than that of amino acids. 
Oligopeptides elicit bitter, sweet, sour, umami, and salt (9). 


Bitter Peptides. Hydrophobic acids (phenylalanine, ty- 
rosine, tryptophan, leucine, valine, and isoleucine) of L- 
configulation taste bitter. Generally, oligopeptides consist- 
ing of these amino acids taste bitter. Bitter peptides are 
smaller than decapeptide in size and have two hydrophobic 
groups, or one hydrophobic group and one basic group, 
which are separated by 4.1 A (10). Hydrolysates of pro- 
teins, such as casein, soybean protein, and fish protein, 
sometimes taste bitter. Many bitter peptides have been iso- 
lated from hydrolysates of food proteins and their ana- 
logues have been synthesized. The bitterness of a protein 
hydrolysate is dependent on the types of protease used; 
formation of bitter peptide can be minimized by choosing 
protease (11). Carboxypeptidase W from wheat germ has 
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been shown to be effective in debittering peptides. Oligo- 
peptide rich in Glu is effective in masking a bitter taste. 


Sweet Peptides. A typical sweet peptide (8) is aspartame 
(Asp-Phe-OMe), which is found during the synthesis of gas- 
trin. Special arrangement of three functional groups (the 
basic a-amino group, the acidic f-carboxyl group of aspar- 
tyl residue, and the hydrophobic phenylalanyl residue) is 
required for sweetness. Phenyl-acetyl-glycyllysine and 
benzoyl-f-alanyllysine, which have a reverse arrangement 
of the three functional groups, have a sweetness that is 
one-fourth that of aspartame. Thaumatin, monellin, and 
curculin are sweet-tasting proteins isolated from tropical 
fruits. Curculin modifies sour taste into sweet taste. Mir- 
aculin, isolated from a plant native to western Africa, also 
modifies sour taste into sweet taste, although it is not 
sweet by itself. These proteins interact with the taste buds. 


Sour Peptides. Glutamic acid and aspartic acid taste 
sour when their carboxy! groups are dissociated (8). Some 
oligopeptides containing Asp, Glu, or both also taste sour. 
Dipeptides formed by binding the )-carboxy! group of Glu 
to the amino group of another amino acid have an astrin- 
gent taste in addition to a sour taste. 


Umami Peptides. Monosodium glutamate is a typical 
umami substance. Dipeptides containing Glu at the amino 
terminus elicit the umami taste in an aqueous solution at 
pH 6. The acidic oligopeptide fraction obtained from fish 
protein hydrolysates show an intense umami taste. An oc- 
tapeptide, Lys-Gly-Asp-Glu-Glu-Ser-Leu-Ala, which was 
isolated from papin hydrolysate of beef, has an umami 
taste and has been named a delicious peptide (12). 


Salty Peptides. Hydrochlorides of basic dipeptides, such 
as Orn-f-Ala and Orn-Tau, potentiate the salty taste of 
sodium chloride and therefore may be useful in decreasing 
the amount of salt in foods used for hypertensive patients 
(13). 


Nutritional Aspects of Peptides 


A fairly large part of digested protein is absorbed from the 
intestinal mucosa not as free amino acids but as dipeptides 
and tripeptides. A carrier-mediated transport system for 
dipeptides and tripeptides in the intestinal mucosa is op- 
erated by a proton gradient (14). For example, absorption 
rate of Gly-Gly is higher than that of Gly. Furthermore, 
Gly-Gly-Gly is absorbed more quickly than Gly-Gly (15). 
Ina patient with Hartnup disease, whose ability to absorb 
free aromatic amino acid is defective, Phe-Phe could be ab- 
sorbed well (16). Solubility of hardly soluble amino acids 
is improved by incorporation into peptides. The taste of 
oligopeptide mixtures is milder than that of free amino 
acids. The osmotic pressure of peptides in solution is lower 
than that of an equal amount of free amino acids. For these 
reasons an oligopeptide mixture is better than an amino 
acid mixture for an enteral diet. A low phenylalanine pep- 
tide (LPP) mixture for phenylketonuremic patients is pre- 
pared by the digestion of the protein by protease followed 


by the removal of phenylalanine by the absorption to Seph- 
adex or charcoal (17). 


Biologically Active Peptides 


There are many biologically active peptides in foods. These 
peptides are classified into two groups: peptides found in 
food in active form from the beginning, and those that 
are released from inactive proteins by the limited pro- 
teolysis during food processing, storage, and digestion (see 
Table 1). 


Biologically Active Peptides Found in Foods. Foods of ani- 
mal origin, especially milk, contain large numbers of pep- 
tides belonging to the first group. Today, many biologically 
active peptides such as epidermal growth factor, nerve 
growth factor, insulin, prolactin, somatoatatin, thyroid- 
releasing hormone, thyroid-stimulating hormone, growth 
hormone-releasing factor, luteinizing hormone-releasing 
hormone, adrenocorticotropic hormone, erythropoietin, 
bombesinlike peptides, calcitonin, and delta-sleep- 
inducing peptide are detected in milk by sensitive radio- 
immunoassay. In neonates, the proteolytic activity in the 
gastrointestinal tract is usually low and the intestine 
shows considerable permeability to large peptides. There- 
fore, these biologically active peptides found in milk might 
have a physiological function in the development of the 
gastrointestinal tract and other organs. In fact, epidermal 
growth factor given orally to newborn rats has been shown 
to increase the weight of the intestine, liver, heart, and 
kidney (18). 

Some peptides of plant origin also show biological activ- 
ity for animal cells. Soybean trypsin inhibitor has growth- 
promoting activity for endothelial cells. 


Biologically Active Peptides Released by Limited Proteo- 
lysis of Food Proteins. Many types of biologically active pep- 
tides are released from food proteins. These are classified 
as (1) peptides controlling intestinal absorption, (2) ligands 
for receptors, (3) enzyme inhibitors, (4) antimicrobial pep- 
tides, and (5) others including antioxidative peptides. Bi- 
ologically active peptides are released not only from ani- 
mal proteins but also from plant proteins. 

Peptides Controlling Intestinal Absorption. Casein 
phosphopeptide. The bioavailability of calcium in milk 
is better than that in other foods. This is partly attribut- 
able to lactose. However, in cheese, which is low in lactose, 
the availability of calcium is also good. This is explained 
by the phosphopeptides that are released from ag,- and p- 
casein released by trypsin (19). Similar peptides are found 
in the intestine. Phosphopeptides promote intestinal ab- 
sorption of calcium by solubilizing calcium phosphate. This 
peptide also facilitates absorption of ferric ion by the same 
mechanism. The peptide itself is not absorbed from the 
intestine. 

Cholesterol-lowering peptide. Serum cholesterol— 
lowering peptide was isolated from an enzymatic digest of 
soybean protein (20). Hydrophobic core peptides remaining 
after the digestion of the protein adsorb bile salt and de- 
stabilizes lipid emulsion (21). Consequently, intestinal 
reabsorption of bile salt and absorption of cholesterol are 
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Table 1. Biologically Active Peptides Derived from Food Proteins 


Peptides Structure 
Phosphopeptides that promote calcium absorption 
a-CPP @g,-casein (43-79) 
A-CPP f-casein (1-25) 
Peptide that lowers serum cholesterol 
Fragment peptide of soybean protein Unknown 
Opioid peptides 
B-casomorphin 7 YPFPGPI 
a-casein exorphin RYLGYLE 
Gluten exorphin A GYYPT 
Gluten exorphin B YGGWL 
Gluten exorphin C YPISL 


Opioid antagonists 


Casoxin A YPSYGLNY 
Casoxin B YPYY 


Tleum-contracting peptides 


Oryzatensin GYPMYPLPR 

Casoxin C YIPIQYVLSR 

Casoxin D YVPFPPF 

Albutensin A ALKAWAVAR 

p-lactotensin HIRL 
Vasorelaxing peptide 

Ovokinin FRADHPFL 


Peptides promoting phagocytosis 


p-casein (63-68) PGPIPN 

p-casein (191-193) LLY 

Glycinin Ay, (279-282) QRPR 

Soymetide: f-conglycinin a'(322-334) MITLAIPVNKPGR 
Immunosuppressive peptides 

Proline-rich polypeptide fragment YVPLFP 

Human lactoferin (231-245) CPDNTRKPVDKFKDC 


Caseinomacropeptide 


Peptides that inhibit platelet aggregation 


x-casein (100-105) PHLSF 
x-casein (106-116) MAIPPKKNQDK 
Human lactoferrin (39-42) KRDS 


Inhibitor peptides for Angiotensin I-converting enzyme 


aigy-Casein (23-34) FFVAPFPEVFGK 

ag)-casein (194-199) TTMPLW 

Casein-derived peptide from fermented milk IPP, VPP 

‘Tuna peptide PTHIKWGD 

Bonito peptide LKPNM 
Antimicrobial peptides 


Laetoferricin B FKCRRWQWRMKKLGAPSITCVRRAF 
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inhibited, and the serum cholesterol levels of animals fed 
with plant proteins are lower than those fed with animal 
proteins (22). 

Ligands for Receptors. Biologically active peptides de- 
rived from food proteins bind to receptors for various types 
of endogenous biologically active peptides. Usually, their 
receptor affinities are weaker than those of endogenous 
peptides, However, some of them show physiological effects 
after oral administration because of their resistance to 
peptidase and smallness in molecular size. 

Opioid peptides. Opioid peptides have an affinity for 
opiate receptors. There are more than 20 endogenous 
opioid peptides in the human body. Besides analgesic ac- 
tivity, these peptides have various physiological effects 
such as control of gastrointestinal functions and hormone 
secretion. Many opioid peptides are released from food pro- 
teins by limited proteolysis. f-casomorphin 7 is released 
from f-casein (23) and a-casein exorphin, from bovine a,;- 
casein (24). Gluten exorphins A, B, and C are released from 
wheat gluten (25,26). f-casomorphin exhibits analgesic ac- 
tivity when administered intracerebroventricularly. - 
casomorphin increases postprandial insulin and somato- 
statin levels. It also elevates the heart rate. 

Opioid antagonist peptides are also released from 
milk proteins. Casoxin A and B are derived from x-casein 
(27). Casoxin C is a functional antiopioid peptide of 
which activity is mediated by complement C3a receptor 
(27,28). 

Tleum-contracting peptides. Many endogenous pep- 
tides such as angiotensin II, substance P, bradykinin, and 
neurotensin induce contraction of the ileum. Ileum- 
contracting peptides were isolated from digests of food pro- 
teins. f-lactotensin is released from f-lactoglobulin by chy- 
motryptic digestion (29). Oryzatensin and casoxin C, which 
are released by trypsin from rice albumin and x-casein, 
respectively, induce ileum contraction through receptor for 
complement C3a (28,30). Albutensin A, which is released 
from serum albumin by trypsin, also contracts ileum 
through receptors for both complements C3a and C5a (31). 
Casoxin D also induces contraction of isolated guinea pig 
ileum (32). 

Vasorelaxing peptide. Ovokinin released from oval- 
bumin by the action of pepsin is a typical vasorelaxing pep- 
tide that has antihypotensive activity after oral adminis- 
tration (33). Some peptides isolated as ileum-contracting 
peptides also show vasorelaxing activity. 

Immunostimulating peptides. Phagocytosis-stimu- 
lating peptides are released from various food proteins 
(34-36). Albutensin A stimulates phagocytosis as a com- 
plement C5a agonist. The complement C3a agonists, ory- 
zatensin and casoxin C, also stimulate phagocytosis, but 
to a lesser extent than C5a agonist. 

Immunosuppressive peptides. Proline-rich polypep- 
tide from ovine colostrum and its fragment peptide 
YVPLFP show immunosuppressive activity (37). The hu- 
man lactoferrin[231-425] has a homology to thymopentin 
and suppresses immune response (38). Caseinomacropep- 
tide also has immunosuppressive activities (39). 

Inhibitors for platelet aggregation. Peptides de- 
rived from food proteins inhibiting platelet aggregation 


have been reported (40). Some of them are homologous in 
structure to RGD, which is a recognition sequence for re- 
ceptors of the integrin family. 

Others. Peptides having affinity to calmodulin and in- 
hibiting cyclic nucleotide phosphodiesterase are released 
from a,o-casein (41). A peptide-stimulating proliferation 
of fibroblast and potentiating glucagon is released from 
B-casein (42). Caseinomacropeptide released from x-ca- 
sein by the action of chymosin inhibits gastric secretion 
(43). 

Enzyme Inhibitors. The most typical enzyme inhibitor 
found in enzymatic digests of food protein is that for an- 
giotensin I-converting enzyme; most of the digests show 
apparent inhibitory activity. Inhibitors for prolylendopep- 
tidase derived from food proteins have been also reported. 

Inhibitors for angiotensin I-converting enzyme. 
Angiotensin I-converting enzyme (ACE) is a dipeptidyl car- 
boxypeptidase that catalyzes the conversion of angiotensin 
I to angiotensin II, a strong pressor. Inhibitors for this en- 
zyme lower blood pressure in hypertensive animals. Pep- 
tidic ACE inhibitor was first isolated from snake venom. 
ACE inhibitor peptides were isolated from enzymatic di- 
gest of gelatin (44), casein (45,46), fish protein (47,48), and 
many other proteins. Some of these peptides have an an- 
tihypertensive effect after oral administration. Potentia- 
tion of hypotensive activity was observed when the ACE 
inhibitor peptide fraction from fish meal was orally admin- 
istered as a emulsion in egg yolk (49). 

Antimicrobial Peptides. Because of its iron-binding abil- 
ity, lactoferrin shows bacteriostatic effect. Lactoferricin, 
released from the amino terminus region of lactoforrin by 
the action of pepsin, has bactericidal activity for various 
types of microorganisms (50). Immunostimulating activity 
of lactoferricin may also contribute to its antimicrobial ef- 
fect in vivo. The carbohydrate chain attached to caseino- 
macropeptide is reported to be effective in preventing viral 
and bacterial infections (51). 


Food Allergy 


Many food materials, for example, eggs, milk, soybeans, 
and rice, are allergenic. Some food allergens are attribut- 
able to certain primary structures of the proteins. Aller- 
gens can be destroyed by limited proteolysis. Therefore, an 
oligopeptide mixture prepared by hydrolysis of proteins 
can be used as a low-allergenic food. In some other cases, 
allergenic epitopes are conformational. Allergenic struc- 
tures can be destroyed by physical denaturation in this 
case. 


CURRENT AND FUTURE STATUS 


Bioreactor systems for the continuous production of pep- 
tides by a hydrolysis of proteins have also been developed. 
Release of peptides can be monitored by a peptide sensor, 
which is composed of aminopeptidase and amino acid oxi- 
dase (52). Peptides can be synthesized in a bioreactor sys- 
tem using synthetic reaction of proteases. Aspartame can 
be synthesized by this method. 


Many biologically active peptides of food origin have 
been found by using sensitive in vitro assay systems. Al- 
though it is quite probable that milk-derived peptides 
may have teleological functions for newborns, only a few 
of these peptides have been demonstrated to be effective 
after oral ingestion. For those peptides having truly de- 
sirable functions for human health, methods to increase 
their availability, such as the enhancement of absorbabil- 
ity or half-life, should be explored. Although their specific 
activities are usually lower than those of endogenous bi- 
ologically active peptides, those derived from food proteins 
sometimes show new and unexpected structure-activity 
relationships. 

Recombinant DNA technology has been used to pro- 
duce and improve pharmacologically useful peptides in 
microbial, plant, and animal cells. Production of hetero- 
genous proteins in plants or milk by the transgenic tech- 
nique is an especially promising method for the produc- 
tion of food protein. The amino acid composition and 
physical properties of food proteins can be improved by 
the site-directed mutagenesis technique. Furthermore, it 
will be possible to introduce biologically active peptide se- 
quences into food proteins and to remove allergenic se- 
quences from them. 
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PESTICIDE RESIDUES IN FOOD 


The term pesticide is used to describe any chemical agent 
that controls pests. In the United States, more than 20,000 
pesticide products are registered (1). Traditionally, pesti- 
cides are used in agriculture, but nonagricultural uses are 
also common and include garden and household pest con- 
trol, sanitation, wood preservation, and mosquito abate- 
ment. Pesticides contribute large economic and health 
benefits to society through minimizing crop losses, pro- 
tecting the nutritional integrity of food, ensuring year- 
round storage, and providing appealing foods (2). Since as 
early as 1000 B.C. the Chinese used sulfur as a fungicide 
to control mildew on fruit; today sulfur remains an impor- 
tant fungicide. In the sixteenth century, arsenical com- 
pounds were popular insecticides; and in the seventeenth 
century, nicotine, rotenone, and Chrysanthemum extracts 
were introduced as insecticides and are still in use (3). In 
the United States, widespread utilization of pesticides in 
agriculture occurred after the 1920s with the introduction 
of mechanized power in farms. It has been estimated that 
40% of the world’s food supply would be at risk without 
pesticides (4), 

Of the total amount of pesticides used in the United 
States during 1995 (4.5 billion pounds), less than 21% was 
used in the production of food and fiber products (5). The 
agricultural use of pesticides fluctuates yearly depending 
on climatic conditions, pest outbreaks, and planted acre- 
age of pesticide intensive crops. 

Food safety has been one of the driving forces behind 
pesticide legislation and regulation. Pesticide residues re- 
main a major public concern today; consumer attitude 
surveys indicate that 72 to 82% of Americans consider 
pesticide residues to be a major concern (6). Nevertheless, 
in terms of overall food safety, the U.S. Food and Drug 
Administration (FDA) ranks pesticides as its fifth food 
safety priority and of less concern than (1) microbiological 
contamination of foods, (2) nutritional imbalance, (3) en- 
vironmental contaminants, and (4) naturally occurring 
toxins (7). 

Besides residues in foods, there are other pesticide con- 
cerns, such as potential acute and/or chronic toxicity to 
humans from occupational exposure. Other indirect risks 
include the destruction of susceptible crops and natural 
vegetation, reduction of natural pest enemies, effects on 
fish and wildlife populations, livestock losses, honeybee 
losses, evolved pesticide resistance, and creation of second- 
ary pest problems. 


PESTICIDE USE AND CLASSIFICATION 


A wide variety of the types of pesticides is used in food 
production. Modern pesticides include synthetically pro- 
duced organic chemicals, naturally occurring organic and 
inorganic chemicals, and microbial agents (natural or ob- 
tained through genetic manipulation). Table 1 lists many 
types of pesticides and their targets. Weeds, insects, and 
fungi are the major pests responsible for damage to ag- 
riculture. In terms of pounds applied, herbicides ac- 
counted for 55% of U.S. pesticide use in 1995, followed by 


Table 1. Pesticide Types and Targets 


Pesticide type Pest controlled 
Insecticide Insect 
Herbicide Weeds 
Fungicide Fungi 
Nematicide Nematodes 
Acaricide Mites 
Defoliant Leaves 
Bacteriocide Bacteria 
Rodenticide Rodents 
Molluscicide Snails 
Algacide Algae 


insecticides (32%), fungicides (7%), and other categories 
(6%) (8). 

Insecticides comprise compounds of various chemical 
classes; some of the most common are listed in Table 2. 
Insecticides have a variety of mechanisms of action in in- 
sects, including affecting the insects’ metabolism (nerve 
poisons, muscle poisons, dessicants, and sterilants) or 
through a physical effect such as clogging air passages. The 
most common classes of insecticides are chlorinated hy- 
drocarbons, organophosphates, and carbamates. The chlo- 
rinated hydrocarbons DDT and aldrin, among others (Ta- 
ble 2), were developed in the 1930s and 1940s. Such 
pesticides were very potent (high insect toxicity), but pre- 
sented simultaneously chronic health and environmental 
effects because of their resistance to environmental and 
metabolic breakdown, which led to widespread environ- 
mental contamination and buildup of residues in a variety 


Table 2. Some Pesticide Classes and Examples of Each 
Class 


Pesticide Examples 


Insecticides 


Dicofol, methoxychlor, DDT,* 
aldrin,* dieldrin,* chlordane* 


Chlorinated hydrocarbons 


Organophosphates Parathion, malathion, 
phosdrin, diazinon, 
chlorpyrifos, azinphos- 
methyl 

Carbamates Aldicarb, carbaryl, carbofuran 

Pyrethroids Permethrin, cypermethrin 

Herbicides 

Triazine Atrazine, cyanazine 

Phenoxy 24D 

Quaternary ammonium Paraquat 

Benzoic acids Dicamba 

Acetanilides Alachlor, metolachlor 

Ureas Linuron 

Fungicides 

Inorganic Sulfur 

Ethylenebisdithiocarbamates Maneb, mancozeb 

Chlorinated phenols Pentachlorophenol 

“Banned in the United States. 


of animals, including humans. Most chlorinated hydrocar- 
bons are no longer permitted for use in the United States, 
although a few of the least persistent members of the fam- 
ily are still allowed. Historically, the carbamate and organ- 
ophosphate insecticides served as replacements for many 
of the chlorinated hydrocarbons. These insecticides exert 
their toxicity on both insects and mammals through inhi- 
bition of cholinesterase enzymes that normally function to 
regulate nervous system activity. Although more acutely 
toxic to nontarget organisms, including mammals, the or- 
ganophosphate and carbamate insecticides are less persis- 
tent in the environment. Another class of insecticides, the 
pyrethroids, were introduced in the 1970s. They are con- 
sidered excellent broad-spectrum insecticides; they are ef- 
fective at low doses, exhibit low toxicity to mammals, and 
break down quite rapidly in the environment. Pyrethroids 
continue to be used extensively in agriculture but also have 
the disadvantages of being relatively costly and environ- 
mentally labile, and they commonly lose their effectiveness 
due to the development of insect resistance. 

Herbicides include a variety of chemical compounds 
that act upon weeds through different toxicological mech- 
anisms. In some cases the toxicity results from direct plant 
contact by destroying leaf and stem tissues. Other herbi- 
cides inhibit seed germination or seedling growth; damage 
leaf cells, causing weeds to dry up; or affect the weed’s abil- 
ity to perform photosynthesis (2). 

Fungi can cause damage or stress to food crops, and 
massive infestations can occur during storage of many 
foods, including grains, when storage occurs under condi- 
tions of high temperature and/or moisture. A serious con- 
sequence of fungal attack can be the production of myco- 
toxins, such as aflatoxins and fumonisins, by Aspergillus 
flavus and Fusarium moniliforme, respectively. Some fun- 
gicides can destroy fungi that have already invaded the 
plant while others may prevent fungal infestations. 


PESTICIDE REGULATION 


In the United States, the first legislation concerning pes- 
ticides was passed with the creation of the FDA in 1938, 
through the Federal Food, Drug and Cosmetic Act 
(FFDCA). The FFDCA established the requirement for 
pesticide tolerances when pesticide use could result in res- 
idues on food or feed crops. 

In 1947, Congress passed the Federal Insecticide, Fun- 
gicide, and Rodenticide Act (FIFRA), which grouped all 
pesticide products under one law and mandated labeling 
and registration requirements. The U.S. Department of 
Agriculture (USDA) was given the initial responsibility to 
administer FIFRA. Several amendments to FIFRA were 
passed (1975, 1978, 1980, 1984, 1988, and 1996), which 
included, among others, provisions for use restriction, pes- 
ticide reevaluation and re-registration, and toxicological 
and environmental impact studies. In 1958, the Delaney 
Clause was approved as an amendment to the FFDCA. It 
stipulated that any food additive shown to cause cancer in 
humans or laboratory animals could not be used. In 1972, 
the responsibility for FIFRA administration was trans- 
ferred to the newly created Environmental Protection 
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Agency (EPA). EPA is authorized to grant pesticide regis- 
trations, to establish pesticide tolerances, and to regulate 
pesticide residues in food and feed under FIFRA. 

In 1996, after legal disputes over the Delaney Clause, 
a new act, the Food Quality Protection Act (FQPA) was 
signed into law. The FQPA mandates a single, health- 
based standard for all pesticides, eliminating the Delaney 
paradox that arose due to inconsistencies resulting in dif- 
ferent methods for regulating pesticides in raw commod- 
ities and those found in processed foods (9). The FQPA 
establishes standards that apply to all types of risks, in- 
cluding cancer risks and endocrine disruption, and guides 
the establishment for setting allowable levels (tolerances) 
for all pesticide residues on raw agricultural commodities 
and processed food. Important new provisions of the 
FQPA include additional protection for infants and chil- 
dren, consideration of aggregate risks from food, water, 
and domestic exposure, and consideration of cumulative 
risks from pesticides with common mechanisms of toxic- 
ity. Additionally, FQPA expedites approval of safer pesti- 
cides, requires periodic re-evaluation of pesticide registra- 
tions and tolerances, provides a consumer right-to-know 
provision and creates incentives for the development and 
maintenance of effective crop protection tools for farmers 
(D. 

Three major U.S. regulatory agencies have the primary 
responsibility for regulating pesticides: 


1. EPA, which has developed a series of guidelines for 
the toxicological testing of pesticides, registers pes- 
ticides for use, prescribes labeling, and establishes 
allowable levels (tolerances) of pesticides on food and 
feed crops; 

2. FDA, which monitors domestic and imported foods 
for pesticide residues and enforces tolerances; and 

3. USDA, which enforces tolerances on meat, poultry, 
and some egg products and also conducts the Pesti- 
cide Data Program (PDP) that provides important 
information on pesticide residue levels of fruits and 
vegetables in ready-to-eat form that may be directly 
used by EPA as a risk assessment tool. 


At the international level, the Food and Agriculture 
Organization of the World Health Organization (FAO/ 
WHO) is the regulatory authority on pesticides and de- 
velops, through the Joint FAO/WHO Meeting on Pesticide 
Residues, regulatory standards for maximum residue lev- 
els (MRLs). These standards are used widely throughout 
the world, but their use is not universal; several coun- 
tries, including the United States, adopt their own stan- 
dards for pesticide residue levels and enforce their sov- 
ereign standards on food entering their countries from 
foreign lands. 


TOXICOLOGICAL EVALUATION OF PESTICIDES 


Pesticides used in food production require detailed study 
in a series of toxicological tests. Laboratory animals (often 
rodents, dogs, and nonhuman primates) are used to study 
the acute, subchronic, and chronic toxicity of pesticides. In 
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these studies, the metabolic fate, mutagenicity, carcino- 
genicity, and teratogenicity of pesticides are determined in 
addition to a large number of other toxicological effects. 
Additionally, EPA requires studies on the environmental 
fate of pesticides and their breakdown products, and the 
effects on nontarget organisms. All the collected data is 
reviewed by EPA for evaluation of the risks associated with 
the pesticide. This is a long and costly process, which fre- 
quently involves more than 10 years before a pesticide reg- 
istration may be granted and at a cost in the tens of mil- 
lions of dollars. 

As FIFRA is primarily a risk-balancing statute, the EPA 
registers pesticides under a statutory standard that re- 
quires balancing the benefits of the use of the pesticide in 
question (such as increased crop yield, lower food cost, or 
public health protection) with potential risks such as 
health effects of consumers or agricultural workers and en- 
vironmental damage. Thus the EPA grants a registration 
and specifies the commodity or commodities for which the 
pesticide may be used, as well as appropriate conditions 
for use and disposal. Failure to obey such legal require- 
ments (printed on the pesticide labels) is a federal offense. 
Once federal registration is granted, the pesticide may still 
be subject to restrictions or denied use within individual 
states, More stringent use restrictions are frequently ap- 
plied in some states, such as California. 


Tolerance Setting 


When the use of a pesticide may have the potential to leave 
a residue on a food in the United States, a tolerance, rep- 
resenting the maximum allowable residue permitted, is 
usually established. Tolerances represent the maximum 
expected residues of a pesticide on a specified commodity 
resulting from legal applications of the pesticide under es- 
tablished conditions for its use. When such conditions are 
followed, it is highly unlikely that residues in excess of 
tolerances would be detected. Tolerances are established 
for specific pesticide/commodity combinations; as such, the 
same pesticide may have different tolerance levels estab- 
lished for different commodities, and the tolerances of a 
variety of pesticides on a single commodity frequently vary 
considerably. 

It is important to emphasize that the tolerance level is 
not established based on safety, but rather represents the 
maximum residue anticipated from the legal use of the 
pesticide (10). Nevertheless, before granting a tolerance, 
the EPA makes assessments of potential human exposure 
resulting from all registered (and proposed) uses of the pes- 
ticide to calculate the theoretical maximum residue con- 
tribution (TMRC). The TMRC assumes that the specified 
pesticide is always applied to all acreage planted, that it 
is used on all commodities for which it is registered, that 
residues are always present at the tolerance level, and that 
there is no reduction on pesticide levels from the plant to 
the postharvest stage, up to the table. It is a typical worst- 
case scenario using highly conservative assumptions that 
may overestimate exposures by factors of 100 to 100,000 
times (2). 

The TMRC value is compared with the reference dose 
(RD), which is a daily exposure level not considered to 


represent any appreciable level of risk. A pesticide is con- 
sidered to pose a negligible risk and tolerances are usually 
approved when the TMRC is below the RfD, provided that 
the carcinogenic risk at the TMRC is below the level of 
one excess cancer per million. When the TMRC is found 
to be higher than the RfD, or when exposure at the TMRC 
leads to a cancer risk greater than one excess cancer per 
million, the EPA may adopt a more refined risk assess- 
ment to more accurately calculate exposure estimates. 
Such refinements commonly represent the anticipated 
residue contribution (ARC) and may include adjustments 
of actual pesticide use, more realistic residue data, and 
consideration of potential pesticide levels reduction 
through washing, peeling, cooking, processing, and so on. 
The tolerance is established if the ARC is below the ref- 
erence dose, and the carcinogenic risk at such an exposure 
is below the negligible risk of one excess cancer per mil- 
lion. 

The passage of the FQPA in 1996 has served to make 
the process for establishing tolerances for pesticides more 
complicated. Prior to FQPA, tolerances were established 
on a chemical-by-chemical basis and considered only die- 
tary exposure to the chemical. FQPA stipulates that the 
EPA may establish tolerances only when the EPA assesses 
that the risks posed by pesticides represent a “reasonable 
certainty of no harm” with respect to both carcinogenic and 
noncarcinogenic risks. In determining whether the pesti- 
cides satisfy the reasonable certainty of no harm criteria, 
the EPA considers the aggregate exposure to the chemicals 
from dietary, drinking water, and residential sources as 
well as cumulative exposure from pesticides possessing a 
common mechanism of toxic action (such as the organo- 
phosphates), meaning that determinations may be made 
on entire families of chemicals rather than on a chemical- 
by-chemical basis. In addition, the EPA is required to con- 
sider applying an additional 10-fold uncertainty factor in 
cases where infants and children may be more susceptible 
than adults to specific pesticides; this effectively reduces 
the RfD by a factor of 10. It is clear that the new FQPA 
requirements will require EPA scientists and others to 
develop significantly more robust models for assessing 
human pesticide risks and that the more stringent re- 
registration requirements posed by FQPA may signifi- 
cantly reduce the amounts and types of pesticides that may 
be used on food crops in the near future. 


PESTICIDE RESIDUE MONITORING 


It is the responsibility of the FDA to enforce tolerances in 
domestic and imported foods. Domestic samples are usu- 
ally collected near the source of production or at the whole- 
sale level, whereas imported foods are sampled at the en- 
try point in the United States. The FDA has a regulatory 
monitoring program and a second program, the Total Diet 
Study, which estimates human dietary intakes of pesti- 
cides. 

Regulatory commodity monitoring programs used by 
the FDA comprise both surveillance and compliance moni- 
toring. 


Surveillance Monitoring 


The objective of surveillance monitoring is to identify vio- 
lative residues in foods (11). Most regulatory samples an- 
alyzed by the FDA are taken in the surveillance monitor- 
ing program, and sampling is designed to maximize the 
chances of encountering illegal residues rather than pro- 
viding a statistically representative look at residues in the 
U.S. food supply. 


Compliance Monitoring 


In compliance monitoring the FDA usually obtains follow- 
up samples after illegal residues have already been deter- 
mined. 

Although the FDA analyzes some processed foods, tests 
are primarily performed on raw commodities (prior to 
washing or peeling). The analytical methodologies adopted 
can detect more than 200 possible pesticides, and results 
are known shortly after samples are received by the labo- 
ratories. Clearly, results from the FDA’s surveillance moni- 
toring program indicate that residue levels rarely ap- 
proach the tolerances. Although infrequently found, the 
vast majority of illegal residues represent cases where pes- 
ticides that are legally allowed to be used in the United 
States are detected on commodities for which a tolerance 
is not established (8). It is critical to realize that illegal 
residues should not be construed as “unsafe” residues and 
more properly serve as an indicator of erroneous applica- 
tion practices or the incidental contamination of commod- 
ities on which the pesticides were not directly applied but 
migrated to through the action of drift or uptake from con- 
taminated soil (10). 

Additionally, since 1961 the FDA has been carrying out 
its Total Diet Study annually. In this study, foods are col- 
lected in a “market basket” approach, using four geograph- 
ical regions and three cities in each region each year. A 
total of 261 different food samples are collected to comprise 
each market basket. Each collection of foods is prepared 
for table-ready consumption and then analyzed for pesti- 
cide residues (8). Results from the FDA's Total Diet Study 
commonly indicate that the average human dietary expo- 
sure to pesticides is well below the established RfDs. 

Since 1991 the USDA's Pesticide Data Program (PDP) 
has relied on cooperation with states in all regions of the 
United States to develop residue data that could be more 
useful for risk assessments than that collected by the FDA. 
In its initial years, PDP tested fresh fruits and vegetables, 
which were prepared for analysis simulating practices 
used by consumers such as washing and/or peeling. Since 
1994 PDP monitoring has given more attention to foods 
frequently consumed by infants and children and has in- 
cluded samples of canned and frozen fruits and vegetables, 
wheat, soybeans, whole milk, fruit juices, and corn syrup. 
PDP’s data on pesticides in selected commodities are used 
by the EPA to support its dietary risk assessment and pes- 
ticide registration programs, and by the FDA to refine 
sampling for tolerance enforcement (12). 

At the state level, individual monitoring programs have 
been established by many states. Currently, the largest 
state program is conducted in California. California results 
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from 1995 showed illegal residues in only 1.6% of the sam- 
ples analyzed; from those only about one-quarter repre- 
sented overtolerance violations, while three-quarters re- 
ferred to pesticides detected on commodities for which they 
were not registered. The vast majority of samples analyzed 
revealed no detectable residue, and on samples containing 
detected residues, most were present below 10% of the tol- 
erance level (13). 
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The term “phenolic compounds” embraces a wide range of 
compounds that possess an aromatic ring bearing a hy- 
droxyl substituent, including their functional derivatives. 
Phenolic compounds are present in many plants. They are 
directly related to food characteristics such as taste, pal- 
atability, nutritional value, pharmacological and toxic ef- 
fects, and microbial decomposition. Among the natural 
phenolic compounds, of which approximately 8000 are 
known to occur in plants, the flavonoids and their relatives 
form the largest group with more than 5000 known struc- 
tures (1). This is considered only a fraction of the total 
number that are likely to be present in nature, since only 
a small percentage of plant species has been properly ex- 
amined for their phenolic compounds. Phenolic compounds 
range from structures that are very lipophilic (eg, tanger- 
etin) to those that are very water soluble (eg, quercetin 3- 
sulfate). The size of molecule varies greatly, ranging from 
monomer, catechol with molecular weight of 110, to the 
complex heavenly blue anthocyanin pigment of Ipomaea 
coerulea, which has molecular weight of 1759 (2,3). Con- 
siderable numbers of simple monocyclic phenols, phenolic 
quinones, lignans, and xanthones, as well as polymeric ma- 
terials such as lignins, melanins, and tannins are consid- 
ered to be important phenolic compounds. 

Only a relatively few polyphenols are considered to be 
important to foods and feeds. They are p-coumaric, caffeic, 
ferulic, sinapic, gallic acids and their derivatives, and the 
common flavonoids and their glycosides. Anthocyanins and 
flavonols are important pigments in a variety of fruits and 
vegetables. While many common polyphenols are not pig- 
ments that enhance quality, some are important food 
constituents because they are responsible for off-colors, 
usually browning, that develop during the storage and pro- 
cessing of fruits and vegetables. Many phenolic compounds 
participate in both enzymatic and nonenzymatic browning 
reactions. The retention of fruit and vegetable color has 
become a matter of great importance because color is one 
of the primary factors in consumer acceptance of plant 
foods. In this respect the need to prevent the formation of 
undesirable color during processing has always posed a 
challenge to food technologists. 

In addition to color, polyphenols also contribute to food 
flavor and other qualities. For example, astringency of 
polyphenols and its ratio with sugar and acid are impor- 
tant and useful criteria for determining the overall quality 
of fresh fruits, fruit beverages, and wines. Some polyphe- 
nols, such as chalcones and related compounds found in 
citrus fruits, are exceedingly sweet or bitter. Both bitter- 
ness and astringency of wine are due to phenolic com- 
pounds present in grapes. There have been many claims 
for the adverse effect of polyphenol compounds on dietary 
proteins. Tannins have the potential to affect many aspects 
of digestion due to their affinity for proteins, and the 
tannin-protein complex decreases its digestibility (4). An- 
other important function of polyphenol compounds in 
terms of the human health benefit is the growing evidence 
that suggests that polyphenol compounds in the diet have 
a long-term health benefit and may prevent or reduce the 
risk of some chronic diseases. Certain naturally occurring 


phenolic compounds, often referred to as flavonoids, seem 
to function via one or more biochemical mechanisms to in- 
terfere with, or prevent, carcinogenesis. Due to limited 
space, only those common phenolic compounds found in 
fruits and vegetables and other plant foods reported in re- 
cent years will be discussed here. 


STRUCTURE 


Hydroxycinnamic acids are widely distributed in relatively 
high concentrations in most fruits and vegetables. The im- 
portant acids are p-coumaric, caffeic, ferulic, and sinapic 
acids (Table 1). They rarely occur in free state, but rather 
as simple esters. The most common is quinic acid, espe- 
cially 5-caffeoylquinic or 3-caffeoylquinic acid, which are 
commonly known as chlorogenic acid and neochlorogenic 
acid. Hydroxycinnamic acids often occur in fruits and vege- 
tables as esters of malic acid, tartaric acid, hydroxycitric 
acid, tartronic acid, shikimic acid, galactaric acid, gluconic 
acid, and methoxyaldaric acid (5). 

Flavonoids constitute one of the most distinctive groups 
of higher plant secondary metabolites. The term flavonoid 
embraces all those compounds whose structure is based on 
that of flavone (2-phenylchromone) (Fig. 1). 

It can be seen that flavone consists of two benzene rings 
(A and B) joined together by a three-carbon link that is 
formed into a )-pyrone ring. The various classes of flavo- 
noid compounds differ from each other only by the state of 
oxidation of this 3-C link. Various states of oxidation at the 
link produce a number of different compounds found in 
plants, such as flavan-3-ols (catechins), and 3-hydroxyfla- 
vones (flavonols, such as quercetin). Also included in the 
flavonoids are flavanones and anthocyanidins, chalcones, 
and isoflavones, as shown in Table 1. In the flavanones 
(naringenin), the double bond between C-2 and C-3 is re- 
duced. 

The individual compounds within each class are also 
distinguished by the number of hydroxyl, methoxyl, and 
other groups substituted in the two benzene rings (A and 
B in Fig. 1). Hydroxyl groups of the A ring are substituted 
at either both C-5 and C-7, or only at C-7, while those of 
the B ring are usually substituted by either one, two, or 
three hydroxyl or methoxyl groups. The hydroxylation pat- 
tern of the B ring thus resembles that found in the com- 
monly occurring cinnamic acids and coumarins. Most fla- 
vonoid compounds except catechins occur in the plant as 
glycosides in which some of the phenolic hydroxyl groups 
(usually C-3) are combined with sugar residues such as 
galactose, arabinose, xylose, glucose, and rhamnose. More 
than 720 flavone and flavonol glycosides are known to oc- 
cur in the plant kingdom (6). 

Anthocyanins are the most important group of water- 
soluble plant flavonoid pigments visible to the human eye. 
With a few exceptions, they are universal plant colorants 
and largely responsible for the cyanic colors of flower petals 
and fruits. Most of the approximately 300 anthocyanins 
that have been characterized consist mainly of 17 known 
aglycones (7,8). Of these aglycones, six are important food 
colorants, due to their common occurrence (9). The sugars 
substituted on the aglycone are glucose, rhamnose, xylose, 
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Table 1. Common Phenolic Compounds Found in Fruits and Vegetables 


Hydroxycinnamic acid derivatives 
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Table 1. Common Phenolic Compounds Found in Fruits and Vegetables (continued) 


Common glycosides have the sugar at 
C-7 hydroxyl group 


Flavones 
R 
OH 
HO. 0. G) 
| R=H, Apigenin 
R = OH, Luteolin 
HO O 
Flavones 
Flavonols 


HO O 


RI R2 =H, Kaempferol 
R1 = OH, R2 = H, Quercetin 
R1 R2 = OH, Myricetin 


Figure 1. Flavones: the basic structure of flavonoids. 


galactose, arabinose, and fructose. They occur as mono- 
glycosides, diglycosides, and triglycosides. When the num- 
ber of sugar residues is higher than three, they may attach 
to the basic molecule with alternating sugar and acyl acid 
linkages. The common acyl acids are coumaric, caffeic, fer- 
ulic, hydroxy benzoic, synapic, malonic, acetic, succinic, ox- 
alic, and malic acids (9). 


BIOSYNTHESIS 


The biosynthesis of phenolic compounds occurs via various 
pathways. In recent years, considerable progress has been 
made in elucidating the biosynthesis of these compounds 
due to our rapidly developing knowledge of enzymology, 
and the improved quantification of substrates and prod- 
ucts by high-performance liquid chromatography, mass 
spectrometry, and nuclear magnetic resonance spectros- 
copy. All flavonoids derive their carbon skeleton from two 
basic compounds, malonyl-CoA and the CoA ester of a hy- 


droxycinnamic acid (10). The origins of the direct flavonoid 
precursors, 4-coumaroyl-CoA and malonyl-CoA are de- 
rived from carbohydrates (Fig. 2). Malonyl-CoA is synthe- 
sized from the glycolysis intermediate acetyl-CoA and car- 
bon dioxide, the reaction being catalyzed by acetyl-CoA 
caboxylase. The synthesis of 4-coumaroy!-CoA involves the 
shikimate/arogenate pathway, which is the main route to 
the aromatic amino acids, phenylalanine, tryptophan, and 
tyrosine in higher plants (10,11). The condensation of three 
molecules of malonyl-CoA with 4-coumaroyl-CoA to the C5 
chalcone is catalyzed by chalcone synthase. Transforma- 
tion by chalcone isomerase produces naringenin (flavo- 
none) and other flavonoids via various steps. Dihydroflavo- 
nols formed by direct hydroxylation of flavanones in the 3 
position are biosynthetic intermediates in the formation of 
flavonols, catechins, proanthocyanidins, and anthocyani- 
dins. 

Modification by hydroxylation of the A- and B-ring, 
methylation of hydroxyl groups as well as glycosylation 
and acylation reactions result in the immense diversity of 
flavonoids found in nature (10). The detailed biosynthesis 
steps of various flavonoids have been extensively described 
(12). Recent advances on flavonoid biosynthesis were re- 
stricted to specific steps and filled some of the remaining 
gaps in the metabolic pathway. Yet the key reaction to the 
anthocyanins as well as the formation of epicatechin, the 
proanthocyanidins, and some minor flavonoid-related com- 
pounds, such as aurones and dihydrochalcones, still re- 
mains a matter of debate (12). 


ANALYSIS 


Quantitative analysis of phenolic compounds in biological 
extracts can be carried out in many different ways. The 
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most reliable method for the determination of total phenols 
in food analysis laboratory is based on oxidation with the 
Folin-Ciocalteu reagent, which contains sodium phos- 
phomolybdate and sodium tungstate. The intensity of the 
resulting blue complex can be estimated with a colorimeter 
or with a spectrophotometer (Amax at 725 nm). The col- 
orless procoanthocyanidins can be estimated by heating 
them with acid and converting them to colored anthocyan- 
idins. Individual phenolic compounds have been deter- 
mined qualitatively by paper chromatography and semi- 
quantitatively by densitometric analysis of the colored 
spots obtained by spraying two-dimensional chromato- 
gram with a suitable reagent. Thin layer chromatography 
has been widely employed for polyphenols, because it is a 
highly effective, convenient, and inexpensive technique, 
especially for the separation of anthocyanin. 

‘Today, it is possible to separate and quantify the indi- 
vidual polyphenols of fruits and vegetables by means of 
high-performance liquid chromatography (HPLC) with 
great success (13-15). HPLC has advantages of sensitivity, 
speed, and ease of use compared with other chromato- 
graphic procedures. When coupled with a diode array de- 
tector, HPLC provides an ideal procedure for accurately 
analyzing complex mixtures of polyphenols. Hydroxycin- 
namic acid esters in fruits and vegetables have been suc- 
cessfully separated by using a polyamide column (5). How- 
ever, before using these procedures, the polyphenols must 
first be fractionated into several chemical groups to sepa- 
rate the individual polyphenols effectively (15,16). In ad- 


dition, proton magnetic resonance, *C nuclear magnetic 
resonance (NMR), and mass spectrophotometry have been 
extensively used to determine the structures of polyphe- 
nols. Noteworthy achievements are the electron impact, 
chemical ionization, and fast atom bombardment (FAB) 
mass spectrometry that have been employed for the iden- 
tification of various flavonoids, oligomeric hydrolyzable 
tannins, polyphenolic glycosides, and procyanidins (17). 
Previously, it had been difficult to obtain mass spectra of 
anthocyanins because they are not volatile and often pres- 
ent as salts. FAB mass spectrometry, however, gives mo- 
lecular ions directly as (M)*, and, therefore, its use has 
been extensive. The early use of CCl,-soluble flavonoid tri- 
methylsilyl ether derivatives for 'H NMR spectroscopy and 
the advent of more sophisticated, higher-field spectrome- 
ters that have the capability to run °C as well as 'H NMR. 
spectra have been well reported (18,19). More recently, 
two-dimensional (2-D) homonuclear and heteronuclear 
spectra were produced for various flavonoids and its gly- 
cosides. 


CONTENTS IN FRUITS AND VEGETABLES 
AND ITS PRODUCTS 


The level of polyphenols in fruits and vegetables vary 
widely from species to species, cultivar to cultivar, season 
to season, and location to location. The accumulation of 
phenols in fruits may be higher or lower than in other parts 
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of the plant, such as bark, leaves, or heartwood. The con- 
centration of polyphenols often decreases as a fruit ma- 
tures, but usually the amount per fruit increases. Fruits 
may contain considerable amounts of some types of poly- 
phenols, such as anthocyanins, while other parts of the 
same plants, that is, leaves or bark, have very little or 
none. Concentrations of polyphenol compounds in various 
fruits and vegetables have been well documented (5,20) 
and some of them are presented in Table 2. 

Among phenolic acids found in common fruits, chloro- 
genic acid is the major compound found in apples (62-385 
ppm), pears (64-280 ppm), cherries (11-140 ppm), plums 
(15-142 ppm), peaches (43-282 ppm), and apricot (37-123 
ppm). This is followed by neochlorogenic acid in cherries 
(73-628 ppm), plums (88-771 ppm), peaches (33-142 
ppm), and apricots (26-132 ppm); and 3-p-coumaroylquinic 
acid in cherries (40-450 ppm), and plums (4-40 ppm). 
Among berries, blueberries are reported to contain the 
largest quantity of caffeoylquinic acids (1860-2080 ppm), 
followed by blackberries (45-53 ppm), and black currents 
(45-52 ppm) (5). The major phenolic acids in grapes are 
caffeoyltartaric acid, ranging from 46 to 397 ppm in white 
grapes (21) and from 50 to 435 ppm in the red cultivars 
(22). 

Among vegetables, relatively large amounts of chloro- 
genic acid are found in eggplant (575-632 ppm), artichoke 
(433 ppm), endive (36-124 ppm), potatoes (22-71 ppm), 
carrots (23-121 ppm), lettuce (5-39 ppm), and tomatoes 
(12-71 ppm). The neochlorogenic acid content in Brussels 
sprouts is 70 to 120 ppm; red cabbage, 19 to 110 ppm; kale, 
6 to 107 ppm; and broccoli, 58 ppm. Levels of sinapolyglu- 
cose have been reported in kale (16-273 ppm), red cabbage 
(28-84 ppm), Brussels sprouts (12-28 ppm), and broccoli 
(10 ppm). The levels of caffeoyltartaric acid in lettuce are 
10 to 31 ppm while the dicaffeoyltartaric acid in endive is 
38 to 334 ppm. Tomatoes contain a significant amount of 
caffeic acid-4-o-glucoside (15-48 ppm) and p-coumaric 
acid-o-glucoside (19-68 ppm) (5). 

Among the various flavan-3-ols and their derivatives 
found in fruits and vegetables, apple skins mainly contain 
epicatechin (30-1010 ppm), procyanidins (30-910 ppm), 
phloretin glycosides (60-380 ppm), and quercetin glyco- 
sides (30-570 ppm) (23). A large quantity of epicatechin is 
also found in apricots (67-202 ppm), cherries (4-152 ppm), 
and pears (5-59 ppm) (5). Peaches are reported to contain 
mainly catechins (6-35 ppm) and its dimer, procyanidin B3 
(4-85 ppm) (24). White grapes contain catechin gallates 
(3-105 ppm), epicatechin (7-63 ppm), and catechin (2-58 
ppm) (21). As stated previously, the concentration of phe- 
nolic compounds in fruits and vegetables varies greatly de- 
pending on the tissue, cultivar, maturity, season, growing 
site, and various other factors such as cultivation prac- 
tices. 

Phenolic compounds constitute up to 35% of dry weight 
of tea, with major components such as epicatechin gallate, 
epigallocatechin, epigallocatechin gallate, catechin, quer- 
cetin, kaempferol, gallic acid, chlorogenic acid, and their 
derivatives. Green tea is known to contain more flavonols 
and their glycosides (25). Some fresh tea leaves (assamica 
variety) contain 9 to 13% epigallocatechin gallate, 3 to 6% 
epicatechin gallate, 3 to 6% epigallocatechin, and 1 to 2% 


epicatechin by dry weight as well as other flavonoids and 
their glycosides (26). Thearubigins, highly colored catechin 
oxidation products and their gallate are of major signifi- 
cance in determining the quality and flavor of tea. Black 
tea as consumed by humans contains about 36% thearu- 
bigins, 3% theaflavins, 5% epigallocatechin gallate, and 1% 
gallic acid by dry weight. Due to the large amounts of these 
phenolic compounds in tea, heavy drinkers of tea in Japan 
may consume 1 g of epigallocatechin gallate per day per 
person. Dry whole cocoa beans contain approximately 12 
to 18% phenolic compounds and the major compound is 
epicatechin (27). Phenolic compounds in roasted coffee 
beans are produced during thermal processing from car- 
bohydrates, chlorogenic acid, and lignins. Phenolic com- 
pounds in beer that contribute to bitterness, astringency, 
harshness, and the formation of haze are catechin and epi- 
catechin (approximately 40 mg/L), gallocatechin (less than 
15 mg/L), and hydroxycoumarins and anthocyanidins (less 
than 1 mg/L) (28). Phenolic compounds in wine derived 
from grape phenolics usually include derivatives of hy- 
droxybenzoic and hydroxycinnamic acids, flavonoids such 
as flavan-3-ols, flavan-3, 4-diols, anthocyanins and antho- 
cyanidins, flavonol, flavones, and condensed tannins (29). 
The composition of polyphenol compounds in wine depends 
on the type of grape used for vinification, extraction and 
wine making methods, and the chemical reactions that oc- 
cur during the aging process. Individual phenolic com- 
pounds and their concentration in wine and grape are well 
documented (30). 


EFFECTS OF FOOD PROCESSING 


The phenolic compounds of fruit and vegetable products 
may be changed during storage and processing. From the 
view of the food processor, the tendency of polyphenols to 
undergo discoloration in fruits and vegetables is the main 
reason that they are significant constituents. They readily 
undergo color change because they serve as effective sub- 
strates for oxidation and react with other food components 
such as other polyphenols, thereby reducing sugars, met- 
als and proteins. Phenolic compounds commonly found in 
plant foods are readily available substrates for polyphenol 
oxidase or peroxidase enzymes. Their reactivity lies not 
only in their molecular size and polyphenolic character, but 
also in their ability to complex strongly with protein, car- 
bohydrates, nucleic acids, alkaloids, and minerals. 

The oxidation of polyphenols during processing and 
storage of foods is accentuated by enzyme systems includ- 
ing catechol oxidase, laccase, peroxidases; also by alkali, 
especially in the presence of metal ions. The undesirable 
browning that occurs during processing of fruits and vege- 
tables such as apples, apricots, banana, peaches, pears, 
and potatoes is due mainly to the oxidation of o-dihydrox- 
yphenols by polyphenol oxidases and polymerization of the 
generated o-quinones (see the article BROWNING REAC- 
TION). The browning potential of many apple and peach 
cultivars correlates well with the quantity of certain phe- 
nolic compounds that is present. However, with certain cul- 
tivars, good correlation between browning potential and 
polyphenols is not always evident (31,32), presumably be- 


Table 2. Concentration of Polyphenols in Fruits 


Hydroxybenzoic Hydroxycinnamic 
acid acid Total 
Fruit derivatives derivatives Anthocyanins Flavonols Falvon-3-ols Tannins phenolics 
Apple 61-134 10-2160 (peel) 17.8-40 (peel) 0.2-16.3 40-350 50-1100 
154-285 (peel) 45.8 (peel) 78-120 
790-1160 (peel) 
Avocado 28-46 3300 (peel) 2.8-28.7 
9 (pulp) 110-180 
Banana 06 150 
Blackberry 0.9-3.0 6.2-8.8 82-180 0.85-2.15 7.3-17.7 
234-326 20.7-31.4 
Blackcurrent 1.0-2.1 12.1-14.6 250 76-315 0.9-14 0.21-0.37% 
Cherry 
Sweet 0.05-4.1 28.5-140 350-450 1.1-3.1 2.0-7.0 70 360 
Sour 0.1-0.8 27.0-67.1 28.8 4.2-6.0 15.2-20.2 200 
Citrus 
Grapefruit 12.0-21.7 
Orange 13.6-16.3 
Gooseberry 1,1-2.1 25-148 1.7-3.3 0.06-0.1% 
Grape 
White 0.4 (skin, dw) 1.33-86.5 (skin) 0.81-8.19 1.4-52.7 (skin) 17.2 (skin) 350 (skin) 
Red 24.7 (skin, dw) 10-109 (skin) 8-388 1.85-9.75 22-37 ppm 32.1~78.1 (skin) 900-950 
Kiwi 60-100 35-60 
Peach 8.1-75 04-10 5.3-14.1 28-180 
Pear 170 5-10 (peel) 4-160 (peel) 0.1-6.2 53 123-400 
Persimmon 0.06% (dw) 0-2000 1-12% (dw) 
Pineapple 5.3-14.9 
Plums 0.2-1.2 12,1-94 19-53 252 18-6.1 76-150 167-200 
Raspberry, red 3444 24 23-59 7.2-10.2 32-49 0.10-0.14 
Red currant 09-13 1.26 11.9-18.6 25.1 0.4-3.6 
Strawberry 0.7 1.4-3.1 28-70 2.7-17.4 2.4-9.6 110-150 
Tomato 0.15 7-23.2 45-57 
Source: Ref. 20. 


Note: All values are in mg/100 g fresh weight except where otherwise specified. dw:dry weight. 
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cause of the presence of other substances that can modify 
the reactions. The contributions of different polyphenols to 
the color of grape and apple juices depend on the amounts 
of certain polyphenols in the fruit. 

In general, the significance of phenolic compounds in 
food can be related to ascorbic acid destruction, color for- 
mation with heavy metals, and antioxidant activity. When 
both active polyphenol oxidases and phenolic substrates 
are present in fruits and vegetables, tissue discoloration 
takes place. But this reaction does not begin until all of the 
ascorbic acid has been destroyed. The reason for this is 
that the oxidized polyphenols, in the course of oxidation, 
can reversibly transfer oxygen to ascorbic acid, being itself 
reduced to its original state. 

Flavonoids affect anthocyanin color by copigmentation 
and by copolymerization. Polyphenols contribute most to 
browning when enzymatically oxidized to quinones, and 
the quinones polymerize to form relatively stable poly- 
mers. Phenolic compounds also give characteristic color re- 
actions with a number of heavy metals, such as ferric salts 
and aluminum ions (33). For example, black spotting of 
cashew kernels is caused by iron interaction with catechin, 
and red-brown precipitates in wine are caused by the 
copper-procoanthocyanidin reaction (34). Since copper, 
iron, and other complexing ions catalyze oxidation of poly- 
phenols, they can promote oxidative browning. Quercetin, 
chlorogenic acid, and gallic acid form highly colored com- 
plexes with cyanidin-3-glucoside in the presence of alu- 
minum ions (35). The combination of anthocyanins with 
flavonoids of another types occurs in red wine during aging 
(36). 

One of the discolorations caused by reactions of colorless 
plant polyphenols is the reddening or pinking that occurs 
when colorless anthocyanogens are converted to antho- 
cyanidins. Acidic media and heat are important factors in 
the conversion of proanthocyanidins to anthocyandins; 
these conditions often occur in foods, particularly canned 
fruits. Pink color in canned pears is associated with high 
procoanthocyanidin content and failure to cool the cans 
quickly after thermal processing (37). Pink color develop- 
ment in banana, cabbage, and broad beans is also related 
to polyphenols (38-40). 

Browning and blackening in fruits and vegetables dur- 
ing processing and storage involves the production of many 
overlapping chromophores that have absorbances in the 
visible region. Reactions of polyphenols to given colored 
products are not necessarily oxidative, particularly those 
that involve reaction with the phloroglucinol portion of fla- 
vonoids. Phenol-aldehyde condensations are an example of 
this. Carbonyl-amine reactions can result in browning if 
the carbony] is in a quinone molecule that can be observed 
in the Maillard sugar-amino acid type reaction. 

Certain phenolic compounds are antioxidants that sup- 
press activity of the enzymes, lipoxygenase (41) and f- 
galactosidase (42). Lipoxygenase causes oxidation of carot- 
enoids in certain vegetables and thus lowers the vitamin 
A value of these foods. Among phenolic compounds, flavans 
exhibit a higher inhibitory effect on lipoxygenase than fla- 
vonols and phenolic acids (43). Catechin, chlorogenic acid, 
and quercetin glycosides suppress f-galactosidase in apple 
and retard softening during cold storage (42). 


Another important reaction of polyphenols in foods is 
the complexing with protein. It has long been known that 
the o-dihydroxy phenolic compounds and the carbonyl 
groups of protein interact by hydrogen bonding (44) and 
that quinone-protein reactions also participate in this in- 
teraction (45). This polyphenols-protein interaction affects 
the protein quality of certain foods. The presence of tan- 
nins has been shown to reduce the nutritive value of vari- 
ous grains such as sorghum and fava beans. Vegetable pro- 
teins that have been exposed to o-dihydroxyphenols in 
oxidizing condition would be expected to be less readily 
digested and to have less biologically available lysine and 
cystine (46). When polymerized tannins combine with the 
proteins of food, the complex is less likely to be absorbed. 
Condensed tannins also may pass unchanged through the 
digestive tract. 

Phenolic compounds and proteins reduce apple juice 
quality by the formation of haze and sediment during stor- 
age. Phenolic compounds participate in formation of haze 
during processing of beer and wine. Gelatin treatments 
have been used to remove some of the tannins and thus 
minimize the problem (47). Oxidized polyphenols may also 
react with proteins; the mechanisms of these quinone- 
protein reactions are not completely understood. 

Some beneficial effects of polyphenols in relation to 
color and flavor of food products are associated with tea 
and coffee. In the cultivation of the tea plant, conditions 
are designed to produce tea leaves that are rich in epicat- 
echin, epigallocatechin, and their gallate esters (46). A 
large number of phenolic compounds are produced during 
the roasting process of coffee, while some phenolics such 
as chlorogenic acid (which is known to contain as much as 
4% by weight of coffee beans) is destroyed significantly 
(48). 

Since bound phenolic residues are components of unlig- 
nified cell walls of many plants, some polyphenols may con- 
tribute to the fiber content of the human diet. Both pri- 
mary and secondary cell walls of wheat endosperm, 
spinach, potato, and other vegetables contain polyphenols 
such as ferulic and coumaric residues that are linked to 
hemicelluloses or peptides (49). 


BIOLOGICAL AND CHEMICAL ACTIVITIES 


Phenolic compounds are known to possess several biologi- 
cal and chemical properties, including antioxidant activity, 
the ability to scavenge active oxygen species, the ability to 
scavenge electrophiles, the ability to inhibit nitrosation, 
the ability to chelate metals, the potential for autoxidation, 
producing hydrogen peroxide in the presence of certain 
metals, and the capability to modulate certain cellular en- 
zyme activities. Various phenolic acids and its esters are 
effective in the prevention of microbial growth. Phenolics 
such as gallic acid and p-hydroxybenzoic acid esters 
showed inhibitory effects against the growth and toxin pro- 
duction of Clostridium botulinum types A and B (50). p- 
Coumaric acid (>250 ppm) and ferulic acid (250 ppm) in- 
hibit the growth of Saccharomyces cerevisiae (51). 
Proanthocyanidins, flavonols, and benzoic acid extracted 
from cranberry showed antimicrobial effects on Saccharo- 


myces bayanus and Pseudomonas flurescens (52). Some 
phenolic compounds in red grapes, such as catechin gal- 
late, are known to have antimicrobial activity on aciduric, 
aerobic, and spore-forming bacteria isolated from apple 
juice (53). 

Natural antioxidants occur in all higher plants and in 
all parts of the plant—wood, bark, stems, pods, leaves, 
fruit, root, flowers, pollen, and seeds. These are usually 
polyphenol compounds. Typical compounds that possess 
antioxidant activity include tocopherols, flavonoids, cin- 
namic acid derivatives, and other compounds. The major 
function of flavonoids and cinnamic acids is in their pri- 
mary antioxidant activity as free radical acceptors and as 
chain-breaker. This includes antioxidative activity against 
lipoxygenase catalyzed reactions. Spices and herbs also 
have antioxidant activity that originates mainly from their 
polyphenolic constituents. The antioxidant activity of rose- 
mary depends primarily on the concentration of carnosic 
acid and rosmaric acid, a derivative of caffeic acid (54). 

Several flavonoids have been found to be mutagens in 
vitro test, while other investigators have failed to observe 
any in vivo genetic toxicity of flavonoids. Quercetin and its 
glycosides found in many fruits and vegetables showed an- 
tiviral activities against various viruses (55). A variety of 
dietary flavonoids have been found to inhibit tumor devel- 
opment in experimental animal models. The hydroxylated 
flavonoids have been found to (1) inhibit the metabolic ac- 
tivation of carcinogenes by modulation of cytochrom en- 
zymes; (2) inactivate ultimate carcinogens; (3) inhibit gen- 
eration of active oxygen species and act as scavengers of 
active oxygen species; (4) inhibit arachidonic acid metab- 
olism; (5) inhibit protein kinase C and other kinase activ- 
ity; and (6) reduce the bioavailability of carcinogenes (56). 
Phenolic compounds such as caffeic acid and ferulic acid 
can block the nitrosation of amines by reducing nitrite to 
nitric oxide or by forming C-nitroso compounds. Epigallo- 
catechin-3-gallate, isolated from green tea, was found to 
reduce the incidence of chemically induced tumors in ex- 
perimental animals in the liver, stomach, skin, lungs, and 
esophagus (56). Ellagic and chlorogenic acid also showed 
chemopreventive activity against liver, colon, and tongue 
carcinogens (57). Epidemiological studies in Finland and 
Netherlands indicate an inverse relationship between fla- 
vonoid intake and coronary heart disease (58-60). Quer- 
cetin was reported to be the main flavonoid consumed in 
these studies. Since numerous reports related to the posi- 
tive effects of polyphenol compounds in human health are 
being published, and the topic of polyphenol compounds in 
relation to functional foods has been the major subject 
among many scientific communities in recent years, we ex- 
pect to know more about the bioactivity of polyphenol com- 
pounds soon. 


COMMERCIAL APPLICATIONS 


The most important group of polyphenols for commercial 
application has been anthocyanins. Commercial food col- 
orants have been used for many years, especially in the 
wine trade. To enhance the color of red wine and also as a 
general food colorant, anthocyanin pigments from grape 
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skins have been extensively utilized. Grapes are the larg- 
est single fruit crop grown in the world, and, therefore, the 
major source of phenolic compounds among the different 
fruits and vegetables. Grape pigments have significant 
commercial value; approximately 10,000 tons of grape an- 
thocyanins are utilized annually. Since anthocyanins are 
natural colorants, many processors prefer anthocyanins to 
synthetic red dyes. However, anthocyanins are less stable 
in many foods because light and pH affect them. They are 
also readily bleached by sulfur dioxide, which is often used 
in beverage and food processing as a preservative. This 
instability can be counteracted by reacting anthocyanins 
with carbonyl compounds, such as acetaldehyde, to stabi- 
lize them (9). Also, it is possible to use acylated anthocy- 
anins, which are more stable to light than the simple gly- 
cosides. 

Some phenolic compounds are also valuable as antiox- 
idants, especially the highly hydroxylated types. Butylated 
hydroxyanisole (BHA) and butylated hydroxytoluene 
(BHT) are synthetic phenolic compounds that are widely 
sued as antioxidant food additives, mainly in oils and food 
coating materials. Compounds such as alkyl gallates and 
nordihydroguaiaretic acid are well-known antioxidants. 
New phenolic compounds are currently being isolated and 
their chemical properties will be found. It is likely that 
some will have potent antioxidant properties that can be 
utilized in food processing. 

Certain flavonoids have long been used as drugs in 
Eastern European and Southeastern Asia. The pharma- 
cological activities of these polyphenols have been less spe- 
cific and less pronounced than those of alkaloids or ste- 
roids. Therefore, doubt and controversy have always 
surrounded the therapeutic value of polyphenols. Many 
European countries and Japan have been leaders in the 
commercial production of herb phytomedicinals consisting 
mainly of polyphenol compounds. Germany accounts for 
the largest share of the European Union herbal drug mar- 
ket, with sales of $3 billion of an annual $6 billion total 
(61). Of the 10 best-selling herbs in the United States to- 
day, echinacea, garlic, ginseng, ginkgo, saw palmetto, and 
eleuthero have been popularized. This is primarily the re- 
sult of European research, which takes place under a more 
favorable regulatory climate that permits reasonable evi- 
dence of efficacy. In the United States, demand for excess 
amounts of evidence regarding efficacy has discouraged re- 
search on those products and relegated them to the dietary 
supplement status (61). The Dietary Supplement Health 
and Education Act of 1994 permits manufacturers of sup- 
plements to make claims regarding the health benefits of 
the products, and numerous new products of dietary sup- 
plements that contain polyphenols are being produced. In 
the future, therefore, we expect to find more new health 
beneficial polyphenol compounds and will see the ex- 
panded use of natural phenolic compounds, both for the 
improvement of processed foods and also as new phyto- 
medicines. 
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HISTORICAL DEVELOPMENT AND GENERAL USE 


Phosphates exhibit functional properties in a wide variety 
of foods produced by all segments of the processed food 
industry. The availability of sodium, potassium, ammo- 
nium, calcium, and magnesium phosphates offers food 
technologists and food scientists formulation flexibility to 
control taste, nutritional, and other technical properties. 
The commercial use of food phosphates may be traced 
to 1864 when the first U.S. patent was granted for a 
phosphate-containing baking powder (1). The use of emul- 
sifying salts in Europe for production of process cheese 
products began about 1895 and has been reviewed (2). 
Principal development in the United States began in 1916 
(3). Since World War II new uses have developed in food 
products, including meats, poultry, seafood, beverages, 
dairy products, infant foods, cereals, desserts, produce, 
and nutritional supplements. Various detailed reviews 
have been published (4-6). 

The largest market for food phosphates in the world is 
the United States where processing techniques and ad- 
vanced food technology follow the consumer trends and de- 
mands for high-quality convenient foods. Phosphate use in 
food applications is an important segment of the overall 
industrial phosphate market. The U.S. consumption of 
food phosphates was estimated to be 87,000 t P.O; in 1993, 
excluding phosphates sold into dentifrice applications and 
phosphoric acid sold directly into the food industry (7). The 
second largest market of food phosphates, Western Eu- 
rope, is approximately 37,000 t P.O; (1993), including the 
dentifrice market (7). The growth rate of food phosphates 
in the United States was predicted to be 1.5 to 2.3% an- 
nually (1993-1998, including phosphoric acid) while that 
predicted for Western Europe (1993-1997) was relatively 
flat (7). The bakery market segment represents approxi- 
mately 40% of the food phosphates consumed in the United 
States while the meat, poultry, and seafood applications 
represent an estimated 30% of the phosphate consumed, 
followed by dairy (14%) and other (16%) (7). 


NOMENCLATURE AND STRUCTURE 


Of the phosphoric acids formed by the reaction between 
phosphorus pentoxide and water, orthophosphoric acid 
(HPO,) is the simplest and most commonly encountered 
(8,9). One, two, or all three protons may be replaced by 
metal ions to form the orthophosphate salts. The acid or- 
thophosphate salts can be dehydrated to form linear 
chains (polyphosphates) and rings (metaphosphates) 
wherein phosphate tetrahedrons share oxygen atoms. The 
polyphosphates have the general formula M,, , 2P,O3n41(M 
equals one equivalent of hydrogen or metal ion), which ap- 
proaches the formula of the cyclic metaphosphates as the 
chain length increases (MPOs),. 

Several systems of phosphate nomenclature exist, re- 
flecting the historical changes in the understanding of the 
phosphate structures. Older names such as pyrophosphate 
and tripolyphosphate for the smallest of the polyphosphate 
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anions are generally accepted in North American industry 
and commerce as opposed to the IUPAC names diphos- 
phate and triphosphate, respectively, which are preferred 
in many other areas of the world. Some of the more com- 
mon phosphates used in foods are listed in Table 1 along 
with their formulas. 


MANUFACTURE 


Phosphoric acid for food products can be produced either 
from elemental phosphorus or by the purification of wet- 
process phosphoric acid (9,11). Elemental phosphorus is 
produced by the reduction of phosphate rock with coke in 
the presence of silica in an electric furnace. Thermal (fur- 
nace) phosphoric acid is manufactured by the combustion 
and subsequent hydration of elemental phosphorus. For 
food use, thermal acid is treated with sulfide to remove 
traces of arsenic. 

The North American production of technical- and food- 
grade phosphoric acid has shifted in the 1990s from almost 
exclusively thermal acid to a sizable proportion as purified 
wet-process acid. This shift was a continuation of a trend 
that had already taken place in many other parts of the 
world, In the wet process, phosphoric acid is made by re- 
acting phosphate rock and sulfuric acid. The resultant acid 
contains percent levels of sulfate, fluoride, and metal im- 
purities (Fe, Al, etc) and is therefore not suitable for food 
use. It is purified by a combination of solvent extraction 
and chemical treatment to yield a food-grade phosphoric 
acid. Phosphoric acid made by either the thermal or the 
wet acid purification route is typically available as 75 to 
85% HsPO,. 

The orthophosphate salts are made by neutralizing 
phosphoric acid with the appropriate base (Na,COg, 
NaOH, KOH, NH3, CaCO, Ca(OH)2, Mg(OH)s, etc) and 
separating the product by crystallization or drying. The 
condensed phosphate salts are made by thermal dehydra- 
tion of the orthophosphate (9,11). 


CHEMICAL PROPERTIES 


Phosphates provide important functional properties for 
improving the processing and the final quality of foods. The 
use of a phosphate often improves more than a single prop- 
erty (4,8). The chemical effects of phosphates on foods are 
briefly outlined next. Physical properties of the phosphates 
(eg, particle size and rate of dissolution) are also important 
in many applications. 


Acid-Base Properties 


Various phosphates may provide acidity, alkalinity, or buf- 
fering, depending on the degree of neutralization and the 
structure of the phosphate. Orthophosphates and the 
short-chain polyphosphates have good buffering capacity, 
especially in the pH range of 6 to 8. Phosphoric acid is 
widely used as a beverage acidulant. Acidic phosphates are 
important leavening agents, and the basic phosphates 
such as sodium tripolyphosphate (STP) modify meat and 
dairy protein characteristics by altering their charge. 


Table 1. Phosphates Commonly Used in Food 


Applications 

Name Formula 
Orthophosphates 

Phosphoric acid HPO, 

Monosodium phosphate (MSP) NaH;PO, 

Disodium phosphate (DSP) Na;HPO, 


Disodium phosphate dihydrate 
(DSPD) 

‘Trisodium phosphate (TSP) 

Trisodium phosphate 
dodecahydrate (TSPC) 


Monopotassium phosphate (MKP) 


Dipotassium phosphate (DKP) 

Tripotassium phosphate (TKP) 

Monoammonium phosphate 
(MAP) 


Diammonium phosphate (DAP) 
Monocalcium phosphate (MCPA) 


Monocalcium phosphate 
monohydrate (MCP) 
Dicalcium phosphate (DCP) 
Dicalcium phosphate 
dihydrate(DCPD) 
Tricalcium phosphate (TCP) 
(hydroxyapatite) 


Dimagnesium phosphate (DMP) 


Sodium aluminum phosphates 
(SALP) 


Na,HPO, : 2H,0 
NasPO, 


Na,PO, - 12H,0 - 1/4NaOH 
KH,PO, 

KeHPO, 

KPO, 

NH,H,PO, 

(NH,)HPO, 

Ca(H,PO,), 


Ca(H,PO,), » H,0 
CaHPO, 


CaHPO, : 2H,O 


Cayo(PO,)(OH) 
MgHPO, : 3H,0 


NaAlsH,4(PO,)5 « 4H,0 
NasAl,Hs(PO4)s 


NaysAl(PO4)g 
Polyphosphates 

Sodium acid pyrophosphate 

(SAPP) Na;H,P,07 
‘Tetrasodium pyrophosphate 

(TSPP) Na,P20; 
‘Tetrapotassium pyrophosphate 

(TKPP) K,P,07 
Calcium acid pyrophosphate 

(CAPP) CaH,P,0; 
Calcium pyrophosphate (TCPP) CapP20; 
Sodium tripolyphosphate (STP) NasP;010 
Potassium tripolyphosphate 

(KTP) KsP3010 
Sodium potassium 

tripolyphosphate (SKTP) NajKeP,0,0 


Sodium hexametaphosphate 
(SHMP)* (Graham's salt) 


Insoluble sodium metaphosphate 


(IMP) (Maddrell’s salt) 


Potassium metaphosphate (KMP) 


(Kurrol’s salt) 


Nay,42PpOgn+1 (2 ~ 6-20) 
(NaPO,), (n > 5,000) 


(KPO3), (n = 1,000) 


Metaphosphate 


Sodium trimetaphosphate (STMP) 


(NaPO3)3 


‘Source: Refs. 9 and 10. 


Also known as sodium polyphosphates, glassy in Food Chemicals Codex. 


Sequestration 


Sequestration is the process of inactivating metal ions by 
forming soluble complexes. Polyphosphates chelate metal 
ions, thereby preventing the ions from entering into fur- 
ther (often undesirable) reactions. For example, polyphos- 
phates inhibit the development of rancidity in oils and fats 
caused by iron (Fe®*) catalyzed oxidation. The formation 
of precipitates and haze in beverages is eliminated by the 
addition of polyphosphates. Calcium ion sequestration 
aids in the removal of shells from shellfish and in the ex- 
traction of pectin from fruit. 


Adsorption—tonic Interaction 


Phosphates (especially more basic condensed salts such as 
STP) may adsorb or complex with proteins and starches by 
virtue of their high charge. The charge and the extension 
of the protein is altered, thereby affecting its colloidal prop- 
erties. Phosphates can, therefore, act to modify the pro- 
cessing characteristics or stability of proteins, for example, 
dispersion and peptization in dairy applications, improve- 
ment of water retention in meats, and emulsion stabili- 
zation in sausage and process cheese. 


APPLICATIONS OF FOOD PHOSPHATES 


Baking Industry Applications 


The major function of phosphates in the baking industry 
is as leavening acids. Leavening is the process of making 
baked goods light by expanding or inflating the batter or 
dough during baking. Three general methods of leavening 
are employed: fermentation or yeast leavening, chemical 
decomposition, and chemical neutralization. In chemical 
neutralization, bicarbonate is neutralized by an acid salt 
such as monocalcium phosphate monohydrate (MCP). Al- 
though any acid component can be used to neutralize the 
bicarbonate, phosphate salts are preferred as they are 
manufactured to give controlled rates of reaction. The user 
can select the appropriate phosphate salt(s) so that carbon 
dioxide (CO.) is released at the appropriate point in the 
baking process. Usually, CO, release will be desired during 
both mixing and while baking in the oven. Types of bakery 
product that are chemically leavened are listed in Table 2 
along with typical use levels of sodium bicarbonate (10,12). 
The phosphate is used at a level to neutralize the bicar- 
bonate. Other applications for phosphates in the baking 
industry include yeast food nutrients and dough condi- 
tioners. 


Meat Industry Applications 


The meat industry uses phosphate salts in processed meat, 
poultry, and seafood products to contribute a number of 
functionalities: pH change, buffering, sequestration of 
ions, and protein modification. The beneficial effects in- 
clude an increase in water binding, which improves yield 
and reduces drip loss; emulsification of fats; solubilization 
of fibrous proteins, texture modification; flavor enhance- 
ment; color stabilization; and reduced rates of rancidity 
development. Increased pH and ionic strength modify pro- 
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tein properties to improve water-binding capacity. Appli- 
cations in the meat, poultry, and seafood industries are 
summarized in Table 3. 

Depending on the specific application, phosphates can 
be added to the muscle tissue in a number of ways. For 
most products, the phosphate is added in a pickling or cur- 
ing solution by injection, vacuum tumbling, or through im- 
mersion of the tissue. It is important that the addition of 
the phosphate be followed by techniques to improve dis- 
persion of the solution such as massaging or tumbling. 
This ensures uniformity and maximum yield and avoids 
localized pH effects, such as color change. U.S. Department 
of Agriculture (USDA) regulations do not allow phosphates 
to be added to fresh, uncooked meats or sausages. Phos- 
phates are only permitted in frozen or processed meat 
products. 


Dairy Industry Applications 


In dairy processing, phosphates act as emulsifiers or melt- 
ing salts accomplishing emulsification through protein 
modification. They help disperse ingredients in milk-based 
beverages and serve as acidifying and buffering agents in 
cheese production. Phosphates also prevent protein dena- 
turation in dried and canned milks and coffee whiteners. 
In other applications, such as instant puddings or whey 
protein isolates, the ability of phosphates to promote the 
formation of protein complexes is used. By far the largest 
use of phosphates in the dairy industry is in the production 
of process cheese. In this application the phosphates mod- 
ify proteins by sequestering calcium ions and adjusting 
pH. The modified proteins emulsify fats present in the 
cheese. As a result, the cheese is more uniform in flavor 
and exhibits controlled melt spread, and the fat does not 
separate when the cheese is melted. Some of the major 
applications for phosphates in the dairy industry are de- 
scribed in Table 4. 

The Food and Drug Administration (FDA) standards of 
identity for process cheese, cheese food, and cheese spread 
allow phosphates to be added up to 3.0% by weight of the 
finished product. Phosphates permitted include disodium 
phosphate (anhydrous and dihydrate), trisodium phos- 
phate (anhydrous and dodecahydrate), tetrasodium pyro- 
phosphate, sodium hexametaphosphate, monosodium 
phosphate, and sodium acid pyrophosphate. 


Miscellaneous Applications 


Phosphoric acid and phosphates are useful as acidifying 
and buffering agents in beverages, preserves, and gelatin 
products. Powdered products may benefit from the flow- 
conditioning properties of tricalcium phosphate. Phos- 
phates are used in a number of health-related applications 
where they contribute nutritional supplementation and 
fortification. Calcium and magnesium phosphates are used 
in infant foods for mineral supplementation. Calcium 
phosphates have also been used in several vitamin for- 
mulations. Both dicalcium phosphate (DCP) and trical- 
cium phosphate (TCP) have been used as excipients for 
tablets. In isotonic drinks, potassium orthophosphates are 
used to reestablish electrolyte balance. A summary of mis- 
cellaneous applications is listed in Table 5. 
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Table 2. Leavening Applications of Phosphates 


Typical NaHCO, 
Product level (%) Leavening acid® 

Baking powders 30-40 MCP, SAPP-28, SALP, DMP, MCPA 

Biscuit doughs, frozen 15-2.0 SALP, SAPP-28, DMP 

Biscuit and muffin mixes 1.5-2.0 SALP, DMP, MCPA, SAPP-28 

Breading batter mixes 0.0-2.0 SAPP-40, SALP, MCP, DMP, SAPP-28, SAPP-RD 

Cake mixes and bakery cakes 0.6-1.0 SALP, DMP, MCP, SAPP-28, DCPD, MCPA 

Cookie mixes 0.0-2.0 SALP, MCPA, SAPP-28, SAPP RD. 

Doughnut mixes 0.5-1.0 SAPP-28, SAPP-40, SAPP-37, SALP, MCPA, SAPP-26, SAPP-43, MCP 
Doughs, refrigerated 2.0-2.5° SAPP RD, SAPP-26, SALP, DMP 

Hush puppy mixes 1.5-2.0 SAPP-28, SAPP-40 MCPA, SALP 

Pancake batters, frozen and refrigerated 17-22 SALP, DMP, MCP, DCPD, SAPP-28 

Pancake and waffle mix 1.5-2.0 SALP, DMP, MCP, MCPA, SAPP-28, SAPP-40 

Phosphated flour MCP, MCPA 

Pizza mixes 03-12 SALP, DMP, MCP, SAPP-28, DCPD 

Self-rising cornmeal 1.5-2.0 MCPA, SALP 

Self-rising flour 12-15 SALP, MCPA, SAPP 

Tortilla 0.2-1.0 SAPP, SALP, MCP 

Source: Ref. 10, 


“Refer to Table 1 for abbreviations; note that several grades of SAPP are produced as designated by the suffix -RD, -28, etc, which indicate different rates of 


CO, release. 
Percent of solids. 


Table 3. Phosphates for Meat, Poultry, and Seafood 


Food type Phosphate® Level (%) 
Cooked sausages and other emulsion products Sodium polyphosphate blends, TSPP 0.15-0.35 
Ham STP, sodium polyphosphate blends 0.4-0.5 
Bacon Sodium polyphosphate blends 0.4-0.5 
Hamburger patties and ground beef patties (cooked or frozen) Sodium polyphosphate blends, TSPP 0.25-0.4 
Poultry, processed or frozen STP, sodium polyphosphate blends <0.5 
Restructured poultry patties, rolls, nuggets STP, sodium polyphosphate blends 0.15-0.35 
Frozen shrimp sTP <0.5 
Frozen fish fillets sTP <0.5 
Surimi STP, TSPP 0.1-0.5 
Source: Ref. 10. 


“refer to Table 1 for abbreviations 


REGULATORY STATUS IN THE UNITED STATES 
AND OTHER COUNTRIES 


The various food phosphates are classified as generally rec- 
ognized as safe (GRAS) in the United States, with use lim- 
its set for foods not controlled by a Standard of Identity as 
that required for good manufacturing practice. Purity spec- 
ifications have been defined (13). Regulations in all uses 
are defined by the FDA (14). Regulation of meats and poul- 
try are administered by the USDA, which allows up to 
0.5% of phosphate in all processed or frozen meats and 
poultry unless they are otherwise regulated (14). There are 
no regulated limits in seafood applications provided good 
manufacturing practices are followed. Process cheese prod- 
ucts, phosphated flour, phosphated starch, and self-rising 
wheat and corn flours are foods with a Standard of Identity 
that defines and limits phosphate usage. 

Many countries have regulations that are similar to 
those in the United States. There appears to be interest in 
standardized foods with regulatory limits for specific ap- 
plications. Efforts are currently under way to harmonize 


the various national listings. This is being sponsored by 
the Food and Agricultural and World Health Organiza- 
tions under UN sponsorship and is part of a broader pro- 
gram directed toward food phosphates in general. Similar 
efforts are under way in the European Economic Council. 


TRENDS 


The dynamics of the processed-food industry will continue 
to affect the need for food phosphates as consumers de- 
mand more convenient, nutritious, and healthy foods. In- 
dustry response to an aging population, more working par- 
ents, increased eating out, and other factors resulted in the 
introduction of 3400 new food products in the United 
States in 1988. Among these were many consumer prod- 
ucts benefiting from the functionality of food phosphates, 
including frozen, microwaveable meat, poultry, and sea- 
food entrees; dairy products and analogues; pet foods; in- 
stant desserts; and biscuits and other baked goods. Con- 
tinued growth of fast foods and convenience foods should 
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Table 4. Phosphates for Dairy Applications 


Application Phosphate* Level (%) 
Evaporated or condensed milk or cream DSP, DKP 0.02~0.10 
Flavored milk powders TSPP, TKPP 0.1-0.3 
Nondairy coffee creamers DKP, DSP 1.0-2.0 (dry) 
0.1-1.0 (liquid) 
Buttermilk TSPP,TKPP, phosphoric acid 0.01-1.0 
UHT concentrated milk SHMP 0.1-1.0 
Dried milk-drink products DSP 2.0° 
Sterile concentrated milk or cream SHMP 0.1-1.0 
Instant pudding or no-bake cheesecake TSPP, DSP, DKP, MCP, SAPP, STP, TKPP 2-7 
Milk foams TSPP, TKPP, SHMP 1.5-2.0° 
Imitation sour cream or chip dips sTP 0.05-0.2° 
Spray-dried cheese DSP, DKP, SHMP 1-3 
Canned cream and cheese soups DSP, DKP 0.2 
Whipped toppings TSPP, TKPP, DSP, DKP 0.025-1.0 
Process cheese DSP or TSP blends with IMP, MSP, DSP, TSP, MKP, DKP, SAPP, 0.5-3.0 
TSPP, SHMP, TKPP 
Cheese sauce DSP, TSP, DKP, SHMP 0.5-3.0 
Starter cultures DSP, MAP, DAP, MKP, DKP 23 
Frozen desserts and ice cream DSP, TSPP, SHMP, DKP, TKPP 0.1-0.2 
Direct-set cottage cheese MCP, Phosphoric acid 0.03 
Source: Ref. 10, 


“Refer to Table 1 for abbreviations. 


°Milk solids basis. 
“Oil basis. 
4Of liquid base. 


‘Table 5. Miscellaneous Applications of Phosphates 


Application Phosphate* 
Beverages 

Carbonated soft drinks Phosphoric acid 

Noncarbonated soft drinks MCP 

Fruit punch TCP 

Fruit juice MKP 
Produce 

Potatoes SAPP, TSPP 

Fruit MCP, phosphoric acid, SHMP 
Canned frozen vegetables SHMP, TSPP, STP 
Egg products 

(yolks, whole eggs, albumin, 

dried eggs) STP, SHMP, MSP, MKP 

Fats and oils Phosphoric acid, TCP 
Gelatin desserts MSP, DSP 
Salad dressings Phosphoric acid 
Jams and jellies Phosphoric acid 


Refer to Table 1 for abbreviations. 


result in growing demand for processed foods, many of 
which will benefit from the use of phosphates. 
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PHOTOSYNTHESIS 


Photosynthesis is a process by which radiant energy in the 
form of visible light is captured by photosynthetic organ- 
isms (including plants, algae, cyanobacteria, and bacteria) 
and converted to stable chemical energy. Photosynthetic 
organisms harvest and use light energy to make carbohy- 
drate (sugars) by fixing carbon dioxide. Animals must ob- 
tain photosynthetically generated chemical energy by in- 
gesting plants or by consuming other animals that feed on 
plants. Photosynthetic efficiency places a ceiling on the 
amount of energy that can be stored in our food reserves, 
and thus, the properties of photosynthesis are important 
to the scientist working in food technology and production. 
This review deals mostly with the fundamentals of the pro- 
cess of photosynthesis as they occur in higher plants. De- 
tailed reviews on other aspects of photosynthesis have 
been published elsewhere (1-5). 

The complete process of photosynthesis can be sum- 
marized by the reaction: 


CO, + H,0 > C(H,0) + O2 


That is, light drives the conversion of carbon dioxide and 
water to carbohydrate and oxygen. Oxygenic photosyn- 
thetic organisms use H,0 as an electron donor to convert 
light energy into chemical energy. However, anoxygenic 
photosynthetic bacteria use inorganic (eg, HS) or organic 
(eg, succinate) hydrogen donors instead of H,O. Without 
the energetic input of light, the conversion of CO, to 
C(H,0) is thermodynamically uphill by 114 kcal/mol. In 
plants and algae, photosynthesis is confined to a special 
organelle called the chloroplast (1). Photosynthesis can be 
divided into two distinct sets of reactions: the light reac- 
tions (light harvesting and electron transport) and the 
dark reactions (carbon reduction and biosynthesis). 


STRUCTURE AND ORGANIZATION OF CHLOROPLASTS 


Chloroplasts are cytoplasmic organelles that are enclosed 
by a double membrane or envelope, which gives them an 
ellipsoidal or oval shape of about 1 by 5 (1,6-8). They are 
structurally sound entities that can be isolated in func- 
tional form from many plants (9). The interior of the or- 
ganelle consists of an extensive membrane network 
(thylakoids), and an aqueous phase (stroma). Thylakoid 
membranes are interconnected series of disk-shaped, 
membrane-limited vesicles that encase a lumenal region. 
The pigments and proteins required for light harvesting 
and photosynthetic electron transport are associated with 
the thylakoid membrane (10). 

The dark reactions of photosynthesis occur in the chlo- 
roplast stroma (1,11). This soluble phase contains the met- 
abolic pathways that utilize the chemical energy (ATP) and 
reducing power (NADPH) generated by light reactions. 
The most conspicuous stromal process is the reductive pen- 
tose phosphate (RPP) cycle (Calvin-Benson cycle, photo- 
synthetic carbon reduction cycle), which converts carbon 
dioxide to carbohydrate (11,12). Other important stromal 
biosynthetic pathways include amino acid synthesis (13), 


reduction and metabolism of nitrate and ammonia (14), 
and reduction of sulfate (13). 


Photosynthetic Membranes and Photosystems 


In oxygenic plants, algae and cyanobacteria, photosynthe- 
sis is carried out with the help of pigment—protein com- 
plexes associated with specialized structures called thyla- 
koid membranes. Thylakoid membranes in plants and 
algae are located in the chloroplast, whereas in cyanobac- 
teria these membranes arise from the inner cell membrane 
into the cytoplasm. Thylakoids from plants and algae, but 
not cyanobacteria, have two morphologies: stacked mem- 
branes (granal lamellae) and nonstacked membranes 
(stromal lamellae) (1,6-8). The thylakoid membrane con- 
tains four distinct complexes (Fig. 1)—photosystem II 
(PSID, photosystem I (PSI), cytochrome b6/f, and the ATP 
synthase—that are each composed of several protein sub- 
units, as well as chromophores and cofactors (eg, the chlo- 
rophylls, carotenoids, and hemes) (10,15,16). The com- 
plexes are spatially organized in the thylakoid membrane 
such that PSII is in the granal lamellae, and PSI and the 
ATP synthase are located only in the stromal lamellae. 
The cytochrome b6/f complex is distributed into both mor- 
phologies of thylakoids. Contrary to oxygenic photosyn- 
thetic organisms, the anoxygenic photosynthetic bacterial 
pigment-protein complexes are located either directly in 
the cell membrane or in the invaginations that arise from 
the membrane. 

All oxygenic photosynthetic organisms, including 
plants, algae, and cyanobacteria, contain two photosys- 
tems, PS I and PS II (Fig. 2a), These photosystems are the 
sites for the photosynthetic electron transport and are em- 
bedded in the thylakoid membrane. Each photosystem is 
composed of pigments, proteins, and inorganic and organic 
cofactors that participate in the photosynthetic electron 
transport. Nonoxygenic photosynthetic bacteria contain 
only one photosystem (Figs. 2b and 2c), also composed of 
pigments, proteins, and other cofactors that participate in. 
the electron transport. 


Photosynthetic Pigments and Pigment-Protein Complexes 


In oxygenic photosynthetic organisms, photosynthesis is 
initiated by visible radiation (400-700 nm) that is ab- 
sorbed by pigments. The most abundant photosynthetic 
pigment is chlorophyll (Chi), a cyclic tetrapyrrole with a 
bound Mg*? (Fig. 3a). Chl is utilized for both light collec- 
tion and initiation of electron transport. In higher plants 
and green algae there are two forms of Chl, Chla and Chib 
(17,18). They absorb in the blue (400-480 nm) and red 
(620-700 nm) spectral regions (Fig. 3b). Chla is involved 
in light capture and electron transport, while Chlb only 
has a light-harvesting role (15,19). Carotenoids, which ab- 
sorb in the blue and green spectral regions, also serve as 
photosynthetic pigments in higher plants (19). Carote- 
noids, however, only play a modest role in light capture, 
because they are in relatively low concentration. Carote- 
noids also play a key role in protecting the chloroplast from 
excess light via the xanthophyll cycle (for more details see 
Refs. 20 and 21). All Chis and carotenoids used as pig- 
ments are bound to integral membrane proteins. The in- 
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Figure 1. Organization of the four major thylakoid membrane complexes. PSII is constructed in 
two parts; the outer antenna (LHCII) and the core complex (the inner antenna {CP43 and CP47], 
cytochrome b559 and the D1/D2 reaction center). In PSII, electron flow is as indicated from water, 
through P680, to Qy. The oxygen evolving Mn, cluster in the reaction center is stabilized by the 
83-, 23- and 17-kDa polypeptides on the lumenal face of PSII. Although not depicted here, PSII is 
the stacked thylakoids. The cytochrome bg/f complex is composed of four polypeptides. There are 
two electron pathways through this complex; one directly to PC and the other into the Q-cycle. PSI 
is also composed in two parts: the outer antenna (LHCD), and the core complex (CCI, which contains 
the inner antenna Chis, the reaction center Chis [P700], and electron acceptors). Electron flow is 
from PC to the Fd. CCI-III is a PC docking protein and CCI-II is an Fd docking protein. For both 
photosystems, light energy flows from the outer antenna, to the inner antenna, and finally to P680 
or P700. The protons from water and PQH, oxidation drive ATP synthesis through the ATP syn- 
thase. Pigments and cofactors are as defined in Fig. 5 and the text. 
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teractions with protein widen absorbance bands of the pig- 
ments into the green spectral region (500-600 nm) (22). 

Oxygenic photosynthetic cyanobacteria use Chla for 
light capture and initiation of electron transport. However, 
in place of Chlb-containing light-harvesting antennae, 
they possess special pigment~proteins, phycoerythrin, 
phycocyanin, and allophycocyanin, which serve a light- 
harvesting role. These pigment~proteins are organized 
into phycobilisomes and harvest red, blue, and green light 
(23). Contrary to the plant light-harvesting pigments that 
are embedded in the thylakoid membrane, the phycobili- 
somes are attached on the stromal surface of the thylakoid 
membrane. 

All chlorophyll is bound exclusively to integral thyla- 
koid membrane proteins (22,24). There are two classes of 
Chl-containing complexes: (1) antenna, which hold the vast 
majority of pigment (22,24,25) and (2) reaction centers, 
which have much less Chl but are the site of primary pho- 
tochemistry initiated by special chlorophylls, P680 (PS IL 
reaction center chlorophyll) and P700 (PS I reaction center 
chlorophyll) (16,26). Several antenna complexes combine 
with one reaction center to form a single photosystem. 

The light-harvesting Chl-binding proteins of higher 
plants may be classified as either outer or inner antenna 
depending on their position relative to a reaction center 
(24-26). The outer antenna apoproteins, termed light- 
harvesting chlorophyll proteins (LHC) (Fig. 1), each bind 


a total of 7 to 10 Chla plus Chlb molecules. Those associ- 
ated with PSII (LHCII) range in size from 24 to 29 kDa, 
while their PSI counterparts (LHCI) are generally smaller 
at 17 to 24 kDa (27,28). Each LHC polypeptide is proposed 
to contain three membrane spanning helices (29), and most. 
LHCs share at least some primary amino acid sequence 
homology (30). 

The inner antenna of PSII (part of the core complex [CC] 
of PSII [19,22,24,25]) is contained on two homologous poly- 
peptides (CP43 and CP47, numbers refer to their molecu- 
lar weight in kDa). These proteins are tightly bound to the 
PSII reaction center complex (Fig. 1). Each polypeptide 
binds approximately 25 Chla molecules (31). The inner an- 
tenna of PSI is composed of 40 to 50 Chla molecules, which 
are bound to the two reaction center apoproteins (CCI- 
subunit I) that contain P700 (25,32). The total antenna size 
(outer and inner antenna combined) of the respective pho- 
tosystems is approximately 250 Chis per P680 and 150 
Chls per P700 (15,25). The relative amount of excitation 
energy funneled to the two reaction centers from the an- 
tenna can be balanced by a process involving state I-state 
II transitions (1,33). Reversible binding of LHCII to PSII 
is associated with this phenomenon. 

A photon of light is absorbed by an antenna Chl, and 
the energy is passed by resonance transfer from the outer 
antenna to the inner antenna and, finally, to P680 or P700 
(Fig. 1). The movement of excitation energy is always 
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Figure 2. The schematic representation of photosynthetic electron transport. The ordinate represents the redox potential of the electron transport chain components. (a) Z-scheme of 
electron transport in plants, algae, and cyanobacteria. The electron flow from water to NADP, through two photosystems. The chlorophylls P680 and P700 are where light enters the 
system, raising the redox potential of the respective pigments. On the oxidizing side of PSII are water, the Mn, cluster and a tyr residue, On the reducing side of PSII are a pheophytin 
(Pheo) and two quinones (Q, and Qs). Mediating electron flow from PSII to PSI are the plastoquinone/plastoquinol (PQ/PQH,) pool, the cytochrome be/f components and plastocyanin 
(PC). In the cytochrome complex, one electron goes directly to PC, while the other is cycled via cyt b back to the PQ pool (the Q-cycle). On the reducing side of PSI are a monomeric 
Chl (Ap), a phylloquinone (A,), Fe-S centers and ferredoxin (Fd). Fd-NADP~ reductase (FNR) catalyzes passage of electrons to NADP ~. Cyclic electron transport around PSI is connected 
by the dashed line. The protons consumed in the stroma and generated in the thylakoid lumen form the proton gradient used for ATP synthesis. (b) Photosynthetic electron transport 
in purple bacteria. There is only one photosystem involved in the electron transport which is analogous to PSII, because of the quinone type of electron carriers involved. (e) Photo- 
synthetic electron transport in heliobacteria. Only one photosystem is involved in the electron transport that resembles the PSI, because of the iron-sulfur and ferrodoxins involved in 
the electron transport. 
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downhill, progressing from pigments that absorb at 
shorter wavelengths (higher energy) to ones with longer 
wavelength absorbance bands (lower energy) (34). Photo- 
synthetic electron transfer is initiated when the excitation 
energy reaches P680 or P700. The energy transfer from the 
light-harvesting complexes to the reaction centers is so ef- 
ficient that more than 90% of the captured energy is passed 
on to the reaction center within a few hundred picoseconds. 

The anoxygenic purple bacteria capture light with the 
help of bacteriochlorophyll (bChl) (22), which absorbs in 
the infrared (>700 nm), green (570 nm), and UVA (320- 
400 nm) spectral regions (17). These bacteria have differ- 
ent types of light-harvesting complexes and other mecha- 
nisms of regulating resonance transfer. However, their 
pigments still pass excitation energy down a gradient to 
the reaction center bChls. Like in plants, most anoxygenic 
bacteria contain two types of light-harvesting complexes: 


‘CH; 


Figure 3. (a) Molecular model of chlorophyll a and 
b. (b) absorbance spectra of chlorophyll a and b. 


light-harvesting complex I (LH I) and light-harvesting 
complex II (LH II) (35). 


Nonchlorophyll Thylakoid Complexes 


The ATP synthase is the only major thylakoid membrane 
complex not directly involved in electron transport and 
does not contain chlorophyll (Fig. 1). It is a multisubunit 
protein complex consisting of two domains. CF0 is integral 
to the membrane and contains a proton channel. CF1 is 
extrinsic to the membrane and catalyzes ATP synthesis. 
ATP synthase utilizes the proton gradient across the 
thylakoid membrane during the light reaction to synthe- 
size ATP (36). This chemiosmotic process of ATP synthesis 
in chloroplasts is very similar to the system mitochondria 
employ to generate ATP. This reaction in chloroplasts is 
called photophosphorylation and can be summarized as 
follows: 
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ADP + Pi > ATP 


THE LIGHT-DRIVEN PHOTOSYNTHETIC REACTIONS 


The individual components of the light reactions, which 
include light-harvesting pigments, electron carriers, and 
integral thylakoid membrane proteins, work efficiently to- 
gether to convert light energy into ATP and NADPH. This 
whole process is basically carried over the two morpholo- 
gies in the thylakoid membrane using PS II and PS I to 
drive the process. 


Reaction Centers 


Photosynthetic reaction centers are Chl-protein complexes 
that convert the energy of a photon into photochemical 
work. The key property of a reaction center is its ability to 
stabilize the photoinduced charge separation between the 
primary donor (a special Chl) and an electron acceptor. Our 
knowledge of photosynthetic reaction centers was revolu- 
tionized when Michel and Deisenhofer (37) solved the crys- 
tal structure of an anaerobic purple bacterial reaction cen- 
ter (research for which they won the 1988 Nobel Prize in 
chemistry). In this reaction center, the special Chis (P870) 
are a pair of bChla molecules (Fig. 4). They are bound to a 
heterodimer of two homologous proteins (L and M, 32 and 
34 kDa, respectively), which also hold two bacteriopheo- 
phytins (bPheo), two accessory bChls, two quinones, and a 
nonheme iron. P870 is an energy trap because it absorbs 
at a longer wavelength (870 nm) than the antenna (800— 
850 nm). Upon excitation, P870 passes an electron to 
bPheo (the primary electron acceptor), forming bChl* and 
bPheo™. The electron is quickly advanced to a secondary 
electron acceptor, Qa, and finally to a third species, Qp (Fig. 
4). Thus, the reaction center bChls transfer one electron to 
Qp with the input of one photon. The charge separation 
between bChI* and Qj is kinetically stabilized by the re- 
action center, This allows time for reduction of P870* by 
an electron donor (a cytochrome) back to P870. With the 
absorbance of a second photon, a second electron is trans- 
fered to Qg, which then can diffuse out of the reaction cen- 
ter as a quinol (QH,). Thus, Qp is a constituent of the qui- 
none pool that shuttles electrons from the reaction center 
to the cytochrome b-c complex (38). 

The PSII of plants and purple bacterial reaction centers 
share several structural and functional properties (Fig. 4, 
see also Ref. 39). In PSII, the reaction center Chls (P680) 
are a special pair of Chla molecules (40,41), which absorb 
at a slightly longer wavelength than the antenna Chls. 
P680 is attached to a heterodimer of two homologous pro- 
teins (D1 and D2, 32 and 30 kDa, respectively), which also 
bind two pheophytins, two accessory Chis, Qs, Qp, and a 
nonheme iron (42). The D1 and D2 proteins and the L and 
M subunits are proposed to have similar structures in the 
photosynthetic membrane (Fig. 4, see also Refs. 39 and 43). 
D1 and D2 also share regions of important sequence ho- 
mology with their bacterial counterparts (39,44). When 
P680 is excited, it reduces Pheo and the electron is rapidly 
transported across the membrane to Qp via Qa (Fig. 4). 
Concomitantly, P680* is reduced by a tyrosine residue that 
is part of the D1 protein (45). The electron hole in tyr* is 


Figure 4, Structural comparison of the purple bacteria (a) and 
PSII (b) reaction centers. Each protein subunit (L, M, D1, and D2) 
has five membranes spanning helices labeled A through E. Both 
reaction centers contain the special pair Chis (P960 and P680), 
two Pheos, two accessory Chis, Q, and Q,, and a nonheme iron. 
The helices and cofactors are arranged with twofold rotational 
symmetry about an axis perpendicular to the membrane. The pre- 
ferred pathway of electron transport through each complex is in- 
dicated. 


filled by the oxygen evolving complex (a Mn, cluster). Simi- 
lar to the bacterial reaction center, Qp is a two electron 
gate (38). After this quinone is reduced to QH, by a second 
electron, it dissociates from the reaction center, blends in 
with the PQ pool, and migrates to the cytochrome bg/fcom- 
plex (Fig. 1). 

A difference between the PSII and purple bacterial re- 
action centers is the rate of metabolism of the respective 
reaction center protein components (46). The D1 protein is 
subject to rapid, light dependent turnover, while all the 


proteins of the bacterial reaction center are kinetically sta- 
ble. D1 degradation is one of the many effects associated 
with high light intensity damage to PSII (photoinhibition) 
(47). However, D1 turnover is also observed under low light 
intensities, including small amounts of UV radiation (48). 
Of environmental concern, PSII is a potential target of in- 
creased UV radiation from depletion of the ozone layer. 

The PSI reaction center (Fig. 1) has a basic structure 
distinct from PSII (16,32,49). The reaction center Chis 
(P700) are a pair of Chla molecules that initiate primary 
photosynthesis (16,50). The primary electron acceptor (Ap) 
after P700 is a Chl (51), and the secondary acceptor (A,) is 
a phylloquinone (52). These species and P700 are ligated 
to the heterodimer of 83 kDa apoproteins (CCI-subunit I) 
that also binds the inner antenna Chls (25,32). The elec- 
tron passes from reduced phylloquinone through three 
Fe-S centers (one bound to CCI-subunit I and two bound 
to the 8 kDa CCI-subunit VII [53]) to ferredoxin (54). Fer- 
redoxin in turn transfers the electron to NADP* (Figs. 1 
and 2a). 


Photosynthetic Electron Transport Chains 


Electron transport begins in a photosystem. In oxygenic 
photosynthesis, two photosystems are used to oxidize wa- 
ter and reduce NADP* (26,55). Water oxidation is cata- 
lyzed by PSII, and reduction of NADP* is carried out by 
PSI (Fig. 2a). The formation of one oxygen molecule from 
two waters requires a four-photon input at PSII and 
pumps four electrons into the electron transport chain. Re- 
duction of two NADP* molecules with these four electrons 
also depends on a four-photon input at PSI. 

PSII, PSI, and the connecting electron carriers comprise 
the Z-scheme of photosynthesis (Fig. 2a). Electron trans- 
port is initiated when the energy of a photon excites a spe- 
cial Chl molecule, thereby increasing the reducing power 
of the pigment (34). In PSII, this species, P680, is probably 
a dimer of Chla molecules (40,41). P680 is excited to P680* 
by one photon. The latter transfers one electron to pheo- 
phytin (Pheo) which is a Chl without a bound Mg*? (56). 
This results in P680* and Pheo™. P680* is reduced by an 
electron from water. The electron on Pheo™ is passed in 
series through two quinone (Q, and Qs) electron carriers 
(16,38). After Qp is fully reduced, which requires two elec- 
trons (and thus two-photon events at P680), it leaves PSII 
as plastoquinol (PQH2). The electrons are transferred from 
PQH,, in a semilinear fashion, through two cytochromes 
and a Fe-S center to plastocyanin (see the following and 
Fig. 2a). The two cytochrome proteins and the Fe-S protein 
collectively compose the cytochrome b,/f complex (10). 
Plastocyanin in turn carries the electrons to PSI. PSI con- 
tains a special pair of Chla molecules (P700) (16,50) that 
harnesses the energy of a photon to elevate its redox po- 
tential. This drives an electron from the special Chls to Ap 
(the primary acceptor) and subsequently to NADP*. 

Based on the Z-scheme, full-chain photosynthetic elec- 
tron transport can be summarized by the reaction: 


2H,0 + 2NADP* + 4ADP + 4Pi 
8 photons 
> QO. + 2NADPH + 4ATP 


As the final component of the Z-scheme, NADPH is pro- 
duced directly by electron transport. ATP, however, is gen- 
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erated by an ATP synthase that utilizes a proton gradient 
established across the thylakoid membrane by photosyn- 
thetic electron transport (Figs. 1 and 2a). This pH gradient 
is generated by oxidation of water on the lumenal side of 
the thylakoid and reduction of NADP* on the stromal face 
of the membrane. Additionally, protons are carried across 
the membrane by PQH). 

Electrons can also be driven around a contained loop 
(the Q-cycle) (15,26) involving PSI, ferredoxin, plastoqui- 
none (PQ), cytochrome b,/f, and plastocyanin (cyclic elec- 
tron transport, Fig. 1a). For this reason, electron transport 
through the cytochrome b,/f complex is said to be semi- 
linear (one electron goes linearly to plastocyanin and the 
other to the Q-cycle). ATP is generated by this process, as 
protons are carried across the thylakoid membrane by PQ. 
However, NADP* is not reduced, since there is not a net 
input of electrons. 

Nonoxygenic photosynthetic bacteria have a single pho- 
tosystem (26). For example, in the purple nonsulfur bac- 
teria, electrons are passed around a cyclic pathway from a 
special pair of bChls (P870) through bacteriopheophytin 
(BPheo), two quinones (Q, and Q,), a membrane-bound 
cytochrome b-c complex, and back to P870 (Fig. 2b). The 
quinone carries protons across the photosynthetic mem- 
brane generating a pH gradient used for ATP synthesis. 
Although this electron transport chain appears to resem- 
ble PSI cyclic electron transport, the purple nonsulfur bac- 
terial photosystem is more analogous to PSII. However, 
there are other nonoxygenic photosynthetic bacteria 
(green sulfur bacteria and heliobacteria) that can use sul- 
fur compounds and organic hydrogen as electron donors. 
Their electron transport chain does not use BPheo and qui- 
nones, instead iron—sulfur centers and ferredoxin are used 
to reduce NAD* or NADP* (Fig. 2c). Thus, this electron 
transport chain resembles that of PSI. 


Oxygen Evolution 


Water is oxidized by a Mn, cluster bound to the D1-D2 
reaction center proteins on the lumenal face of the thyla- 
koid membrane (Figs. 1 and 2a, and Ref. 40). This oxygen- 
evolving complex is stably maintained on the PSII reaction 
center by three extrinsic polypeptides that bind to the lu- 
menal face of PSII. After the tyr residue on D1 is oxidized 
by P680* the Mn cluster gives up one electron to reduce 
tyr* back to tyr. The oxygen-evolving complex has a four- 
electron capacity, effectively allowing it to reside in five 
different redox states (S-states), ranging from Sp (fully re- 
duced) to S, (fully oxidized) (Fig. 5). A photon is required 
to extract an electron during each S-state transition from 
So to S,. The S, state is spontaneously returned to the So 
state in a radiationless transition by releasing one O2 mol- 
ecule and binding two water molecules. The four protons 
from the two oxidized water molecules remain in the lu- 
men, contributing to the pH gradient across the thylakoid 
membrane. 


THE DARK REACTIONS 


The RPP Cycle 


Fixation of CO, takes place with the ATP and reduced 
NADP generated during the photosynthetic electron trans- 
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Figure 5. The S-state model for oxygen evolution in PSII. With 
the input of each photon, an electron is released and passed to 
tyr® (see text). Protons are placed in the lumen of the thylakoid 
during three of the five steps. Oxygen is released and water taken 
up during the S, to Sp transition. 


port. The reactions occur in the stroma of the chloroplast. 
The overall reaction of CO, fixation can be summarized as 
follows: 


3CO, + 3RuBP + 9ATP + 6NADPH 
+ 9H,0 + 6H* > C,(H,0) + 3RuBP 
+ 9ADP + 9Pi + 6NADP* 


The process is cyclic (the RPP cycle) (11,12), regenerating 
all the ribulose-bisphosphate (RuBP) consumed (Fig. 6). 
For each 3 COgs fixed, one extra C3 sugar is generated. 
ATP is utilized when 3-phosphoglycerate and ribulose- 
phosphate are phosphorylated. Diphosphoglycerate reduc- 
tion to glyceraldehyde-3-phosphate is the only step in the 
RPP cycle involving NADPH. 

Carboxylation of RuBP is carried out by RuBP carbox- 
ylase/oxygenase (Rubisco) (57), the most abundant enzyme 
in plants, if not the world. The enzyme is composed of eight 
large subunits (56 kDa) and eight small subunits (14 kDa). 
One catalytic domain is associated with each large sub- 
unit. Carboxylation of RuBP yields two C3 sugars (3- 
phosphoglycerate). Both 3-phosphoglycerates are reduced 
to glyceraldehyde-3-phosphate (GAP). GAP is necessary 
for the remaining metabolic reactions in the RPP cycle and 
those radiating from the cycle (11,12). Out of every six 
GAPs generated, five are converted back to RuBP (Fig. 6). 
The remaining GAP is either exported from the chloro- 
plast, or it combines with another GAP and is stored as 
starch (58). 

In addition to the carboxylation reaction, Rubisco can 
oxygenate RuBP (57). Although Rubisco has a lower affin- 
ity for O, than for COz, the O, concentration is high enough 
to make this oxygenation reaction significant. The prod- 
ucts of RuBP oxygenation are 3-phosphoglycerate and 
phosphoglycolate. The process is called photorespiration 
because light drives the uptake of oxygen, and carbon di- 
oxide is generated when phosphoglycolate is oxidized. A 
possible benefit of photorespiration is consumption of ex- 


cess oxygen, which, if left unchecked, is potentially toxic 
(59). Also, it allows photosynthetic electron flow to con- 
tinue at times when CO, is limiting. 


Regulation of the RPP Cycle 


Several key points in the RPP cycle are regulated in such 
a way that carbon fixation only proceeds in the light. For 
this reason, the “dark” reaction is a bit of a misnomer for 
the RPP cycle. Rubisco is activated in the light by Rubisco 
activase (60). For full activity, Rubisco must be stably car- 
bamylated at a specific lys residue with a CO, that is dis- 
tinct from the one used for carboxylation of RuBP. Rubisco 
activase probably plays a role in adding CO, to the lys. 
Rubisco is also inhibited by carboxyarabinitol 1-phosphate. 
This compound, which is produced in the dark, is a natural 
analogue of a carboxylation reaction intermediate. Acti- 
vase probably catalyzes removal of carboxyarabinitol 1- 
phosphate from Rubisco in the light. 

Four RPP cycle enzymes (glyceraldehyde-3-phosphate 
dehydrogenase, fructose-1,6-bisphosphatase, sedoheptu- 
lose-1,7-bisphosphatase, and phosphoribulokinase, reac- 
tions 3, 6, 9, and 13 in Fig. 6) are activated when key di- 
sulfide bridges in the proteins are reduced by thioredoxin 
(58). Thioredoxin is a 12-kDa peptide with two redox active 
cysteines. In the light, ferredoxin usually reduces NADP* 
(Fig. 1). Occasionally, however, it passes redox equivalents 
to thioredoxin instead. Thus, this system detects light de- 
pendant electron transport in the thylakoid membrane. 


C-4 Pathway of CO, Fixation 


The C-4 plants, many of which are common to hot tropical 
climates, utilize a distinctive method of concentrating CO, 
in the chloroplast (11,61). These plants contain two cell 
types: bundle sheath cells surrounded by mesophyll cells. 
Carbon dioxide is added to phosphoenolpyruvate by phos- 
phoenolpyruvate carboxylase in the cytoplasm of meso- 
phyll cells. The product, oxaloacetate, is reduced to malate 
and subsequently is transported to the chloroplasts of bun- 
dle sheath cells. There it is decarboxylated and the liber- 
ated CO, is utilized by the RPP cycle. Pyruvate, which re- 
sults from malate decarboxylation, moves back to the 
mesophyll cell, where it is phosphorylated, regenerating 
phosphoenolpyruvate. The C4-pathway allows efficient de- 
livery of CO. to the RPP cycle, and, by keeping oxygen 
concentration in bundle sheath cells to a minimum, dra- 
matically diminishes photorespiration. 


CONCLUDING REMARKS 


Photosynthesis is the process driven by the absorbance of 
light by chlorophyll and ending with the conversion of CO, 
into carbohydrate. Although there is a diversity among the 
photosynthetic organisms, there appears to be a great sim- 
ilarity in the process of photosynthetic electron transport 
and CO, fixation. Many reactions are employed to orches- 
trate the transfer of radiant energy to reduced carbon 
(chemical energy). The light reactions, which occur on thy- 
lakoid membranes (plants, algae, and cyanobacteria) and 
cell membranes (anoxygenic bacteria), begin with charge 
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Figure 6, The reductive pentose phosphate cycle. The RPP cycle contains 13 reactions (see Rob- 
inson and Walker (Ref. 12] for a description of the enzymes). The carboxylation and regeneration 
of three ribulose-1,5-bisphosphate (RuBP) molecules are shown. One extra C3 sugar is generated, 
which is either exported from the chloroplast or incorporated into starch. PGA: 3-phosphoglycerate; 
DPGA: 1,3-diphosphoglycerate; GAP: Glyceraldehyde-3-phosphate; DHAP: dihydroxyacetone phos- 
phate; F-1,6-BP: fructose-1,6-bisphosphate; F-6-P: fructose-6-phosphate; X-5-P: xyulose-5-phos- 


phate; E-: 


separation in a reaction center and result in temporary 
storage of chemical energy as ATP and NADPH. This pro- 
cess alone requires the coordinated operation of pigment— 
protein complexes, as well as numerous photochemical and 
redox reactions. The ATP and NADPH are then used in a 
complex, highly regulated metabolic cycle that fixes CO2. 
Thus, photosynthesis entails a long chain of reactions, with 
each step playing an equally important role in sustaining 
life on our planet. 
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The protective effects of fruit and vegetable consumption 
on diseases such as cancer and cardiovascular disease, 
among many other ailments, have been established for 
years. In recent history, the scientific community has been 
aggressively pursuing the basis of fruit and vegetable con- 
sumption and disease prevention to combat the prevalence 
of health disorders in today’s society. Research studying 
the relationship between consumption of fruits and vege- 
tables and cancer—and to a lesser extent cardiovascular 
disease—are the most abundant, because these conditions 
constitute the majority of health-related deaths in the in- 
dustrialized world. Comprehensive reviews on the con- 
sumption of fruits and vegetables on the occurrence of can- 
cer have resulted in 60 to 85% of the studies showing 
statistically significant associations in the decrease of can- 
cer incidence (1). Individuals who consume the highest 
amount of fruits and vegetables have half the cancer rates 
as those who consume the least amount. A similar associ- 
ation has been seen with cardiovascular disease. Sixty per- 
cent of the studies reviewed by Ness and Powles (2) showed 
a statistically significant protective effect of fruit and vege- 
table consumption on coronary heart disease and stroke. 

The consumption of an ample supply of fruits and vege- 
tables (five to nine servings, as recommended by the U.S. 
Department of Agriculture Food Guide Pyramid) provides 
individuals with a wide variety of phytochemicals (both 
essential and nonessential nutrients from plants) that 
have been shown to have health benefits. A group of phy- 
tochemicals that have received significant attention for 
their health benefits are the antioxidants. These antioxi- 
dants include the nutritionally essential vitamins C (ascor- 
bic acid), E (a-tocopherol), and f-carotene and also some 
nonessential compounds, such as the phenolics (most no- 
tably the flavonoids and isoflavones) and the carotenoids 
(Fig. 1). Because oxidative stress has been linked to many 
degenerative diseases, including cancer and cardiovascu- 
lar disease, these antioxidants could potentially play a 
strong role in disease prevention. The fact that that only 
9% of Americans consume at least five servings of fruits 
and vegetables per day is also substantial evidence that 
there is a large potential in preventing health problems 
through consumption of plant products (3). 

Oxidative reactions that are harmful to health usually 
involve free radicals or reactive oxygen species that cause 
the oxidative modification of lipids, proteins, and nucleic 
acids (4). Free radicals can be produced as a by-product of 
normal metabolic reactions or from the decomposition of 
peroxides by transition metals or irradiation. In the case 
of lipid oxidation, the presence of free radicals that can 
oxidize unsaturated fatty acids will result in an autocata- 
lytic reaction that involves the production of numerous free 
radical and lipid peroxide species. Reactive oxygen species 
are also produced as by-products of metabolic reactions 
and through the conversion of atmospheric oxygen to high- 
energy oxygen species by photosensitizers in the presence 
of light. 


ANTIOXIDANT MECHANISMS OF PHYTOCHEMICALS 


Phytochemical antioxidants can inhibit oxidative reactions 
by several different mechanisms. Both nutritionally non- 
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Figure 1. Structures of some common phyto- 
chemical antioxidants. 


essential (eg, phenolic acids and isoflavones) and essential 
(a-tocopherol) phenolics inhibit oxidation by acting as 
chain-breaking antioxidants that are capable of inactivat- 
ing free radicals and thus stopping the autocatalytic free- 
radical reaction (5). Phenoliccompounds are efficient chain- 
breaking antioxidants because they are capable of 
scavenging free radicals, resulting in the formation of low- 
energy phenolic radicals that in turn do not have sufficient 
energy to further promote oxidative reactions. Ascorbicacid 
can also act as a chain-breaking antioxidant; however, itcan 
also promote the reduction of transition metals (5). This 
metal-reducing activity will increase the pro-oxidant activ- 
ity of metals because their reduced states rapidly promote 
the decomposition of peroxides into free-radical species. 
Carotenoids can act as chain-breaking antioxidants 
when oxygen concentrations are low. However, in the pres- 
ence of high oxygen concentrations, carotenoid radicals can 
actually increase oxidative reactions (6,7). Carotenoids are 
most effective at inhibiting oxidative reactions in the pres- 
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ence of systems that produce the reactive oxygen species, 
singlet oxygen. Singlet oxygen is produced from atmo- 
spheric oxygen when compounds known as photosensitiz- 
ers (eg, chlorophyll, riboflavin, and myoglobin) are ener- 
gized by light to an excited state. The excited state of the 
photosensitizer can then transfer its energy to oxygen to 
produce singlet oxygen that in turn oxidizes unsaturated 
fatty acids and amino acids (8). Carotenoids inhibit this 
reaction by physically absorbing energy from the excited 
photosensitizer or from singlet oxygen and then slowly re- 
turning the energy to the surrounding media through vi- 
brational and rotational interactions. In order for a carot- 
enoid to be able to inactivate singlet oxygen and activated 
photosensitizers through physical quenching, it must con- 
tain at least nine double bonds (9). 


PHYTOCHEMICALS AND CANCER 


Although there is abundant evidence implicating free rad- 
icals with cancer, the precise mechanism by which oxida- 


tive stress produces cancer is less clear. The free radicals 
(especially hydroxyl radicals), hydrogen peroxide, lipid 
peroxides, and singlet oxygen have been shown to cause 
DNA damage. The damage can occur through oxidative 
modification of the base and/or sugar moiety, single- and 
double-strand breaks, and DNA cross-linking (10). All this 
damage can be repaired through DNA repair enzymes, but 
problems may arise. Mutations following the incorrect re- 
pair or replication of DNA may lead to carcinogenesis. The 
body employs a series of enzymatic and structural anti- 
oxidant defenses along with exogenous dietary antioxi- 
dants to combat oxidative damage. However, these de- 
fenses are not perfect, and if the rate at which DNA 
becomes oxidized exceeds the rate at which it can be re- 
paired, problems will arise. Over time, DNA damage be- 
comes cumulative and is believed to account for the drastic 
increase in cancer rates seen with aging in humans and 
animals (3), Another possible mechanism may involve ox- 
idative damage to critical proteins or enzymes associated 
with normal DNA repair. This damage may lead to erro- 
neous repairs that may result in carcinogenic mutations 
(11). A third mechanism involves the enzymatic activation 
of compounds into carcinogens by free radicals, which is 
how many known procarcinogens are activated (10). These 
mechanisms are potential initiators of cancer and are be- 
lieved to play a small role in the initiation stage of cancer. 
Free radicals are believed to play a larger role in the pro- 
motion of cancer through their ability to promote tumor 
development, stimulate oxygen radical production, and al- 
ter antioxidant defenses (10). 

The ability of phytochemical antioxidants to act as free- 
radical scavengers in vivo demonstrates their potential 
as anticarcinogenic agents. By directly scavenging free 
radicals, oxidative stress in the body—and thus DNA 
damage—becomes diminished. Antioxidants have been 
shown to limit the chronic effects of smoking in animal 
models and reduce carcinogenic formation in chronic in- 
flammation because smoking and inflammatory states 
both increase the exposure of tissues to free radicals (3). 
The protective effect of antioxidants is also related to their 
ability to decrease cellular division by limiting oxidants, 
which are known stimulants of cellular division (3). Rates 
of cellular division are strongly correlated to cancer rates 
because of increases in potential mutations with each rep- 
lication of DNA. These mechanisms are the most impor- 
tant known effects of phytochemicals, but others that are 
either less understood or not as effective include bolstering 
enzymatic detoxification of carcinogens, directly hindering 
the formation of nitrosamines and other carcinogens, and 
maintaining normal DNA repair (1). 

Despite the overwhelming protection seen in epidemi- 
ological studies relating fruit and vegetable consumption 
and cancer prevention, the results obtained by single or a 
combination of a few phytochemical antioxidants has been 
less encouraging. The next section presents an array of 
research, including epidemiological, clinical, animal, and 
in vitro studies in regard to phytochemical antioxidants 
and cancer. In-depth discussions of the research are im- 
possible, and many limitations are inherent with each type 
of study. Animal studies often use extreme challenges on 
animals that do not relate to humans to obtain results. 
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Epidemiological studies often ascertain nutrient values 
through questionnaires and dietary dairies that are diffi- 
cult to interpret; therefore, it is often difficult to distin- 
guish which phytochemicals are responsible for the ob- 
served effect. Intervention or clinical trials need to be very 
long and often run into problems of noncompliance, sub- 
jects are often at high risk (ie, smokers) for cancer devel- 
opment and may already be in the carcinogenic process 
before the study begins. 


Carotenoids 


Most of the epidemiological studies reviewed by Van Pop- 
pel and Goldbohm (12) that measure carotenoid intake 
from food and cancer risk have shown a strong protective 
effect, especially for lung, stomach, colorectal, and oral 
cancers (12). Intervention trials have not demonstrated 
such positive results. Recent studies observing lung and 
esophageal cancer have shown an increased risk or no 
effect with supplemental f-carotene. The a-Tocopherol, - 
Carotene (ATBC) Cancer Prevention Study and the Caro- 
tene and Retinol Efficacy Trial (CARET) both demon- 
strated increases in lung cancer incidence and death in 
smokers among the f-carotene supplemented groups 
(13,14). A recent study that showed a protective effect was 
from Linxian, China, where esophageal and gastric can- 
cers are prevalent (15). A combination of f-carotene, vita- 
min E, and selenium resulted in a 18% reduction in cancer 
deaths. A 6-year intervention trial in China, which was a 
follow up to the Linxian study, tested the ability of p- 
carotene to prevent esophageal and gastric cancers; it 
failed to show any reduction in cancer incidence (16). Stud- 
ies on the recurrence of colorectal adenomas and skin can- 
cer both failed to demonstrate any protection by f-carotene 
(17,18). 

B-Carotene has been the predominant carotenoid stud- 
ied, probably because of its availability in pill form, non- 
toxicity, and strong provitamin A activity, but other carot- 
enoids have been shown to have stronger anticarcinogenic 
affects in animal models. In a study using chemical carcin- 
ogens as initiators and promoters of cancer, a-carotene was 
shown to be a more potent tumor suppressor in four loca- 
tions (skin, lung, liver, and duodenum) compared to f- 
carotene (19). Palm carotene, which is a mixture of many 
carotenoids, was able to completely inhibit skin cancer de- 
velopment and was more effective in all sites, supporting 
evidence that a large mixture of phytochemicals are more 
potent in preventing cancer (19). Studies on high levels of 
carotenoids, such as lutein, lycopene, f-cryptoxanthin, and 
zeathin, in human blood have been linked to decreases in 
cancers of the prostate and breast (20,21), although other 
studies linking serum carotenoid levels with decreased 
risk of prostate and breast cancer have been less conclusive 
(22,23). 


Ascorbic Acid 


The ability of vitamin C to block carcinogenesis has been 
demonstrated in many animal models. Although its ability 
to promote or have no effect on cancer has also been dem- 
onstrated, overall vitamin C has shown anticarcinogenic 
activity. A study on female rats given chemical carcinogens 
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resulted in the development of mammary tumors in the 
rats (24). When vitamin C only and vitamin C along with 
vitamin A, magnesium, and selenium were administered, 
tumorigenesis was reduced to 57.1% and 12%, respectively. 
A study by Pauling (25) that used hairless mutant mice 
irradiated with ultraviolet light resulted in cancer inci- 
dence being five times higher in rats not receiving vitamin 
C compared to rats receiving 10% vitamin C. 

The epidemiological evidence supporting vitamin C has 
been promising for several types of cancer. From two com- 
prehensive reviews of vitamin C and cancer incidence, the 
strongest association occurred with oral, esophageal, gas- 
tric, and pancreatic cancers (26,27). Of the 47 studies re- 
viewed by Block (26) that reported vitamin C indexes or 
plasma ascorbate levels, 33 showed statistically significant 
protection, and none showed increased risk. Hormone- 
related cancers, such as breast, prostate, and ovarian can- 
cers, have not been correlated to vitamin C intake. A study 
by Hunter et al. (28) of 89,494 woman concluded that large 
doses of vitamin C or E did not protect women from breast 
cancer. Intervention trials reviewed by Byers and Guerro 
(27) regarding supplemental vitamin C have been less en- 
couraging, with most finding no or little protection. Clini- 
cal trials on the recurrence of cancer have been mixed. Sur- 
vival times in cancer patients in Scotland receiving 
ascorbate supplements were twice as great as those of con- 
trols (29), In contrast, six intervention trials on the recur- 
rence of colorectal polyps found no benefit from vitamin C 
supplementation (30). 


Tocopherols 


Animal studies evaluating the reduction of cancer with vi- 
tamin E (a-tocopherol) supplementation have been mildly 
supportive. A study using Wistar rats consuming diets 
with high vitamin E content found that rats developed 
fewer intestinal colorectal tumors induced by chemical car- 
cinogens (31). Animal models testing skin and mammary 
glands have been inconclusive, but vitamin E has been 
shown to inhibit oral carcinomas (32). Observational epi- 
demiological studies based on vitamin E consumed from 
the diet and intervention studies using supplemental vi- 
tamin E have been inconclusive (33). Colon cancer has 
received the most attention in regard to vitamin E and 
cancer prevention. There seems to be, at best, a weak ben- 
eficial effect with increased vitamin E intake. The Iowa 
Women’s Health Study and the ATBC study, both large- 
scale trials with 35,000 and 29,000 participants, respec- 
tively, found vitamin E to be associated with a reduced risk 
of colon cancer (13,34). The Finnish Mobile Health Survey 
found a 1.5-fold increase in cancer incidence among indi- 
viduals with the lowest serum a-tocopherol levels com- 
pared to the highest (33). Their findings supported a ben- 
efit only in the case of gastrointestinal cancers, with no 
effect seen with respiratory or hormone-related cancers. 
The Polyp Prevention Study Group, which assessed the 
benefit of vitamin E along with f-carotene in reducing co- 
lonic adenomas in 864 individuals, found no benefit from 
the supplementation (17). 


Phenolics 


Large-scale epidemiological or intervention studies re- 
garding phenolics, as a group or individually, have yet to 


be performed. This may be due to the large diversity and 
abundance of phenolics found in our food supply or the lim- 
ited availability of pharmaceutical sources of phenolics. 
Most of the research has been limited to in vitro and ani- 
mal studies. The in vitro studies have proved the antioxi- 
dant effects of phenolics, and the animal studies have dem- 
onstrated their ability to block chemically induced 
carcinogenesis. Some examples of phenolics that have been 
shown to block carcinogenesis in animal models include 
quercetin, rutin, curcumin, caffeic acid, ellagic acid, geni- 
stein, and daidzein (35). Although phenolics have proved 
to be anticarcinogenic, studies have also demonstrated 
their ability to promote cancer. A study on rats that were 
fed high levels of caffeic acid, sesamol, and catechol re- 
sulted in the development of stomach cancer (36). 


PHYTOCHEMICALS AND CARDIOVASCULAR DISEASE 


Oxidative reactions have been linked to atherosclerosis 
through several different mechanisms. The most widely 
studied hypothesis of lipid oxidation and atherosclerosis 
involves the formation of oxidized, cytotoxic lipoproteins, 
particularly low-density lipoprotein (LDL) (37). During the 
oxidation of LDL, the lipoproteins become modified 
through either direct free-radical attack or formation of 
adducts between proteins and lipid oxidation products. 
The oxidized LDL can then be recognized and engulfed by 
macrophages, leading to the formation of foam cells that 
accumulate in arterial walls and form plaques (Fig. 2). Ox- 
idized LDL has also been postulated to cause vascular in- 
flammation and stimulate autoimmune reactions. Evi- 
dence supporting the relationship between LDL oxidation 
and cardiovascular disease is increasing; however, the im- 
portance of this mechanism to the development of cardio- 
vascular disease has yet to be fully understood. 

A second proposed mechanism for the link between ox- 
idative reactions and atherosclerosis involves endothe- 
lium-derived relaxation factor (EDRF) (38). The endothe- 
lium, the cells that line the vascular lumenal surface, is a 
physiologically active organ that regulates vascular tone. 
The predominant regulator of vasodilation is EDRF, which 
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Figure 2. The proposed mechanism for promotion of coronary 
heart disease by oxidized LDL. 


is thought to be identical to or similar to the free radical 
nitric oxide. Superoxide anion, another type of free radical, 
is believed to be vasoconstrictive owing to its ability to in- 
activate nitric oxide by converting it to peroxynitrite. Be- 
cause peroxynitrite is a strong oxidizing agent, this can 
cause modification of proteins and DNA and thus damage 
endothelium function (Fig. 3). Therefore, the interaction of 
superoxide anion with nitric oxide leads to restriction in 
vascular dilation, which in turn can cause damage to the 
endothelium and lead to the development of atheroscle- 
rotic plaque formation. Theoretically, the introduction of 
antioxidants into the vasculature at suitable levels would 
negate the loss of dilation by inactivating superoxide 
anions and thus protect the vasodilatory activity of nitric 
oxide. 


Carotenoids 


Carotenoids, including f-carotene, are incorporated into 
LDL, but they only weakly inhibit LDL oxidation. Clinical 
and epidemiological studies have been largely inconclusive 
about the ability of carotenoids to inhibit atherosclerosis. 
These observations could be due to the weak antioxidant 
or even pro-oxidative activity of carotenoids (7). Recent re- 
search has suggested that foods high in carotenoids have 
been linked with decreased occurrence of atherosclerotic 
plaques, suggesting that carotenoids exert their protective 
effect later in the atherosclerotic process (39). However, 
this study was not able to specifically link dietary carote- 
noids with an antiatherogenic activity because the ob- 
served protective effects could be the result of other phy- 
tochemicals found in carotenoid-rich foods. 


Ascorbic Acid 


Vitamin C is an effective scavenger of superoxide anions 
and other free radicals, suggesting that it may protect en- 
dothelial function and inhibit the development of athero- 
sclerosis. Ascorbate can inhibit the oxidation of LDL (40), 
and in studies on hypocholesterolemic individuals, ascor- 
bic acid has been shown to improve vasodilation in subjects 
with chronic heart failure (41). However, epidemiological 
studies linking dietary vitamin C with prevention of ath- 
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Figure 3. ‘The proposed mechanism for the role of nitric oxide in 
the formation of coronary heart disease. Arg, arginine; AO, anti- 
oxidant; NO, nitric oxide; Oz, superoxide anion. 
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erosclerosis are inconclusive, and large-scale clinical trials 
with vitamin C alone have yet to be performed. 


Tocopherols 


Tocopherols, particularly vitamin E (a-tocopherol), have 
received much acclaim in the fight against atherosclerosis. 
Epidemiological evidence has shown a positive correlation 
between dietary a-tocopherol levels (>100 IU/day for 2 yr) 
and reduced incidence in cardiovascular disease (42,43). 
Clinical trials also support the idea that a-tocopherol is 
antiatherogenic, because 1000 IU of vitamin E for 2 yr de- 
creased coronary lesions in men after bypass operations 
(44), and 400-800 TU vitamin E decreased heart attacks 
in 77% of men (45). The proposed mechanisms by which 
vitamin E protects against atherosclerosis includes its 
ability to inhibit LDL oxidation (46), maintain endothelial 
integrity (47), and inhibit monocyte adhesion to endothe- 
lial cells (48). In addition, vitamin E can protect the va- 
sodilation activity of rat aortic strips (49). 

Plant foods contain tocopherol isomers in addition to 
a-tocopherol, with y-tocopherol being the most common. 
Tocopherol-binding protein is a liver protein responsible 
for tocopherol transport into very-low-density lipoprotein, 
which then carries tocopherol in the blood where it can be 
transported to peripheral tissues (50). The prevalence of 
a-tocopherol in most human tissues is due to the more 
than tenfold preference of tocopherol-binding protein for 
a-tocopherol compared to }-tocopherol. Although )- 
tocopherol inactivates most free radicals in a manner simi- 
lar to a-tocopherol, it has been reported to have greater 
scavenging activity than a-tocopherol in the presence of 
peroxynitrite radicals and therefore has been suggested to 
be important in protecting endothelial function (51). This 
suggests that natural sources of tocopherols may be more 
beneficial to health because large doses of dietary a- 
tocopherol will result in very little y-tocopherol being in- 
corporated into tissue because of the large preference of 
tocopherol-binding protein for a-tocopherol. 


Phenolics 


Numerous plant phenolics, including those from tea, fruit, 
grains, and herbs, have been shown to inhibit the oxidation 
of LDL in vitro (52). The best studied of the plant phenolics 
are the catechins from tea, anthocyanins from grapes, and 
isoflavonoids from soybeans. Although many of these phe- 
nolics are absorbed from the diet into the blood, their re- 
tention time is normally very short (less than several 
hours). However, plasma metabolites of the plant phenolic 
quercetin have been shown to possess antioxidant activity, 
suggesting that the antioxidant effect of plant phenolics 
may be the result of a combination of the original com- 
pounds and their metabolites (53). 

The ability of dietary catechins from tea to increase the 
antioxidant activity of blood plasma is unclear. Ingestion 
of green and black teas have been reported by Serafini et 
al. (54) and He and Kies (55) to increase the antioxidant 
activity of blood plasma, but McAnlis et al. (56) reported 
that black tea consumption did not affect plasma antioxi- 
dant capacity. Red grapes and red wine contain high 
amounts of anthocyanins that can inhibit both LDL oxi- 
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dation (57) and platelet aggregation human subjects (58). 
The antiatherosclerotic benefits of grape anthocyanins 
have also been observed in clinical trials in which red wine 
was found to increase phenolics in blood and decrease lipid 
oxidation products in LDL (59) and in which grape juice 
consumption increased the antioxidant capacity of serum 
(60). Isoflavones can inhibit LDL oxidation and protect en- 
dothelial cells from the toxicity of oxidized LDL (61). Soy 
proteins containing isoflavones were found to decrease the 
occurrence of atherosclerotic lesions in monkeys (62). 


CONCLUSION 


Evidence continues to mount in support of the health bene- 
fits of phytochemicals. Unfortunately, the exact biochemi- 
cal and physiological mechanisms for these health benefits 
are currently unclear, In fact, some of the phytochemicals, 
such as carotenoids and phenolics, have sometimes been 
shown to have pro-oxidative activity that could be harmful 
to health. In addition, very little is known about the ab- 
sorption of the nonessential phytochemicals (eg, phenolics) 
through the gastrointestinal tract and their subsequent re- 
tention in tissues. Because of the lack of knowledge of the 
exact mechanisms and magnitude by which nutritionally 
nonessential antioxidants may affect health, consumption 
of large amounts of these compounds, in the form of either 
foods or supplements, may not be prudent until their bio- 
activity is better understood. 
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creasingly for therapeutic and pharmaceutical applica- 
tions. The functional food-related objectives of the food bio- 
technology program at the University of Massachusetts 
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nisms associated with the synthesis of important health- 
related, therapeutic phenolic metabolites in food-related 
plants and fermented plant foods. Current efforts focus on 
the elucidation of the role of the proline-linked pentose 
phosphate pathway in regulating the synthesis of the anti- 
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inflammatory compound rosmarinic acid (RA). Specific 
aims of current research efforts are (1) to develop novel 
tissue-based screening and selection techniques to isolate 
high RA-producing, shoot-based clonal lines from geneti- 
cally heterogenous, cross-pollinating species in the family 
Lamiaceae and (2) to target genetically uniform, regener- 
ated shoot-based clonal lines for characterization of key 
enzymes and genes associated with the pentose phosphate 
pathway and linked to phenolic synthesis. These research 
objectives have substantial implications for harnessing the 
genetic and biochemical potential of genetically heteroge- 
nous, food-related medicinal plant species. The success of 
this research also provides novel methods and strategies 
to gain access to metabolic pathways of pharmaceutically 
important metabolites from ginger, curcuma, chili peppers, 
melon, and other food-related species with novel phenolics. 


PLANT PHENOLICS AS PHYTOPHARMACEUTICALS 


Plant phenolics are an important group of secondary me- 
tabolites that have diverse medicinal applications. Exam- 
ples of the use of specific phenolics as antioxidant and anti- 
inflammatory compounds are curcumin from Curcuma 
longa (1), Cureuma mannga (2), and Zingiber cassumunar 
(3), as well as rosmarinic acid from Rosmarinus officinalis 
(4). The use of phenolics as cancer chemopreventive me- 
tabolites has been also established with curcumin from 
Curcuma longa (1), isoflavonoids from Glycine max (5), and 
galanigin from Origanum vulgare (6). Other medicinal 
uses of plant phenolics include lithospermic acid from Lith- 
ospermum sp, as antigonodotropic (7), salvianolic acid from 
Salvia miltiorrhiza as antiulcer (8), thymol from Thymus 
vulgaris as anticaries (9), anethole from Pimpinella an- 
isum as antifungal (10), and hellicoside from Plantago 
asiatica as antiasthmatic (8). 

Species belonging to the family Lamiaceae are impor- 
tant sources of phenolic-type pharmaceuticals. Therapeu- 
tic use of these species can be observed in several coun- 
tries. Examples are provided in Table 1. 


GENETIC HETEROGENEITY IN FAMILY LAMIACEAE 


The major problem in the use of phytopharmaceuticals 
from the family Lamiaceae is the plant-to-plant variability 
of specific metabolites due to the genetic heterogeneity 
common to all species in this family. Much of this genetic 


Table 1. Examples of Species of Lamiaceae Used as Medicine 
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heterogeneity is the result of gynodioecy, resulting in 
breeding character being influenced by natural cross- 
pollination (15). Floral diversity and bee pollination also 
contribute to high cross-pollination. This gives rise to sub- 
stantial variability in active ingredient levels and quality 
(16,17). Therefore, the biochemical characterization of 
pathways and genetic access to specific metabolites in all 
species in Lamiacezae is difficult. Each plant within a given. 
sample extract originates from a different heterozygous 
seed. Also, this makes breeding of elite varieties targeting 
enhancement of specific metabolites very challenging. Cur- 
rent genetic improvements have been limited to random 
selection and in some cases vegetative propagation (18). 


ROSMARINIC ACID AND MEDICINAL APPLICATIONS 


RA (Fig. 1) is an important caffeoyl ester (phenolic depside) 
with proven medicinal properties and well-characterized 
physiological functions. RA is found in substantial quan- 
tities in several species in the family Lamiaceae with me- 
dicinal uses. Salvia lavandulifolia is used as choleretic, 
antiseptic, astringent, and hypoglycemic drug in southern 
Europe and contains high quantities of rosmarinic acid 
(19). RA-containing Ocimum sanctum (holy basil) is widely 
used to reduce fevers and against gastrointestinal disease 
in India. In Mexico, high RA-containing Hyptis verticillata 
is widely used by Mixtec Indians against gastrointestinal 
disorders and skin infections (11). In Indonesia and several 
other parts of the southeast Asia, RA-containing Orthosi- 
phon aristatus is known for its diuretic properties and is 
also used against bacterial infections and inflammations 
of the urinary system (14). Salvia cavaleriei, a high RA- 
containing species, is used in China for treatment of dys- 
entery, boils, and injuries (20). 


PHARMACOLOGICAL FUNCTIONS 
OF ROSMARINIC ACID 


The pharmacological effect of RA through inhibition of sev- 
eral complement-dependent inflammatory processes has 
been clearly proven (4). Therefore, it has tremendous po- 
tential as a therapeutic agent for control of complement- 
activation diseases (4,21). RA has been reported to have 
effects on both the classical C3-convertase and on the 
cobra-venom-factor-induced alternative convertase path- 
way (4). Other in vivo studies show that RA inhibits sev- 


Species Key metabolite Use Reference 
Hyptis verticillata Rosmarinic acid Gastrointestinal disorders 11 
Lavandula spp. Rosmarinic acid Anti-inflammatory 12 
Lithospermum erythrorhizon Rosmarinic acid Anti-inflammatory 13 
Lithospermic acid Antigonodotropic 8 
Origanum vulgare Galangin Antimutagen 6 
Orthosiphon aristatus Rosmarinic acid Diuretic and anti-inflammatory 4 
Rosmarinus officinalis Rosmarinic acid Anti-inflammatory 4 
Salvia miltiorrhiza salvianolic acid Antiuleer 8 
Thymus vulgaris Thymol Anticaries 9 


PHYTOCHEMICALS: BIOTECHNOLOGY OF PHENOLIC PHYTOCHEMICALS 1903 


© COOH 
HO. x) ou 


HO OH 


Figure 1. Structure of rosmarinic acid. 


eral complement-dependent inflammatory processes, in- 
cluding paw edema induced by cobra venom factor and 
ovalbumin/antiovalbumin-mediated passive cutaneous 
anaphylaxis (21). It also inhibits prostacyclin synthesis in- 
duced by complement activation (22,23). It is also known 
to have complement-independent effects such as scaveng- 
ing of oxygen free radicals (24) and inhibition of elastase. 
The relative safety of RA in relation to other methods of 
complement depletion is well documented (24). Among 
other actions of RA are antithyrotropic activity in tests 
with human thyroid membrane preparations, inhibition of 
complement-dependent components of endotoxin shock in 
rabbits, and the ability to react rapidly to viral coat pro- 
teins and so inactivate the virus (12,21). RA also inhibits 
Forskolin-induced activation of adenylate cyclase in cul- 
tured rat thyroid cells (25). 


PRODUCTION OF ROSMARINIC ACID 


RA has been targeted for production using undifferen- 
tiated cell suspension cultures of several species (12,14,26— 
30). The main purpose of cell suspension production of RA 
is the potential for large-scale production in bioreactors 
(31,32). Although large-scale production in bioreactors is 
feasible for RA, undifferentiated cell suspensions are not 
practical for metabolites produced in differentiated struc- 
tures (eg, anethole in seeds, curcumin in rhizomes, and 
thymol in glandular cells of leaves). An additional disad- 
vantage of undifferentiated callus-based suspension cul- 
tures is that the DNA is more error-prone; therefore, cell 
lines are genetically unstable (33). Even if problems of ge- 
netic stability and differentiation-linked metabolite pro- 
duction are solved, bioreactor-based production requires 
high initial operating costs and is not feasible in regions 
with poor industrial infrastructure. Gaining access to phe- 
nolic phytopharmaceuticals such as RA for all people at 
low cost can be best achieved by improving plant varieties 
for specific metabolites using modern biotechnology. Such 
improved, elite varieties could be incorporated into exist- 
ing agricultural practices and systems. Keeping these per- 
spectives in mind, the strategies outlined in this article are 
to isolate high RA-producing, genetically uniform, shoot- 
based clonal lines of several species belonging to the family 
Lamiaceae using tissue-culture techniques. Several spe- 
cies in this family are known to produce RA and are used 
in several parts of the world either as food additives, pre- 
servatives, or medicines. The high RA-producing, elite, 
shoot-based clonal lines will be screened based on resis- 
tance to a proline analogue and Pseudomonas spp. (34-36). 

Selected elite, shoot-based clonal lines will be used to 
gain access to pathways important for biosynthesis of RA 


and for developing genetic transformation techniques. 
This will be used for subsequent engineering of RA biosyn- 
thesis using modern molecular biology techniques. Such a 
model for isolating genetically uniform, elite, shoot-based 
clonal lines from a heterogeneous and unknown genetic 
background can be extended for the metabolic engineering 
of other phytopharmaceuticals. 


PATHWAYS ASSOCIATED WITH ROSMARINIC ACID 
BIOSYNTHESIS 


It has been shown that two aromatic amino acids, phenyl- 
alanine and tyrosine, are precursors of RA biosynthesis 
(37). Using radioactive phenylalanine and tyrosine, it was 
established that they are incorporated into caffeic acid and 
3,4-dihydroxyphenyllactic acid moieties, respectively (37). 
Steps in RA biosynthesis originating from phenylalanine 
and tyrosine have been characterized (Fig. 2) (13,14,30,38, 
39). In several cell cultures, the activity of phenylalanine- 
ammonia-lyase was correlated to RA (13,14), Using An- 
chusa officinalis cell suspension cultures, it was reported 
that tyrosine aminotransferase catalyzes the first step of 
the transformation of tyrosine to 3,4-dihydroxyphenyllac- 
tic acid. Several isoforms of tyrosine aminotransferase 
were found to be active in cell suspension cultures of An- 
chusa officinalis (13,39). Prephenate aminotransferase in 
Anchusa cell suspension cultures was found to be impor- 
tant; its activity was affected by 3,4-dihydroxyphenyllactic 
acid (40). Other enzymes of late steps in the RA biosyn- 
thesis pathway, such as hydroxyphenylpyruvate reductase 
and RA synthase, were isolated and characterized in cell 
cultures of Coleus blumei (41-43). 

Recently, microsomal hydroxylase activities that intro- 
duce hydroxyl groups at positions 3 and 3’ of the aromatic 
rings of ester 4-coumaroy]-4'-hydroxyphenyllactate to give 
rise to RA were isolated (30). This led to the proposed com- 
plete biosynthetic pathway for RA biosynthesis originating 
from phenylalanine and tyrosine. 

These reports point to good success in understanding 
RA biosynthesis from phenylalanine and tyrosine using 
various cell suspension cultures. However, several major 
issues have to be addressed to gain access and to control 
the interacting metabolic fluxes critical to RA biosynthesis 
for subsequent metabolic engineering. There are major 
gaps in understanding and significant questions to be an- 
swered: (1) What is the role of primary metabolism, par- 
ticularly the pentose phosphate pathway? (2) How is the 
pentose phosphate pathway regulated during RA synthe- 
sis? (3) What is the role of light in regulating RA biosyn- 
thesis? (4) How can the problems associated with genetic 
instability of undifferentiated callus cultures be resolved? 
(5) How can the understanding of metabolic pathways and 
subsequent engineering of efficient RA biosynthesis be 
used to develop elite varieties for traditional and contem- 
porary agricultural production systems? 


MODEL AND RATIONALE OF CURRENT RESEARCH 


Selection of High RA-Producing, Shoot-Based Clonal Lines 


The focus of current research is to develop techniques to 
isolate genetically uniform, high RA-containing, shoot- 
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Figure 2. Rosmarinic acid biosynthesis from phenylalanine and tyrosine. PAL, phenylalanine am- 


monia lyase; TAT, tyrosine aminotransferase. 


based clonal lines for metabolic pathway analysis and for 
developing gene transfer techniques for subsequent met- 
abolic engineering. This will help provide excellent exper- 
imental systems and direction to fill gaps in knowledge of 
RA biosynthesis using several species used for food and 
medicinal applications. The basic strategy involves the iso- 
lation of genetically uniform, high RA-producing, shoot- 
based clonal lines from a heterogeneous genetic back- 
ground. This heterogeneity is found in all species in the 
family Lamiaceae, and the breeding character is influ- 
enced by natural cross-pollination (15). The use of geneti- 
cally uniform, shoot-based clonal lines envisioned in this 
article has the following advantages: 


1. Shoot clones are genetically more stable than undif- 
ferentiated callus cultures. 

2. Shoot clones allow the characterization of light- 
regulated pathways associated with RA synthesis. 

3. Shoot clones can easily be targeted for large-scale 
greenhouse production of elite clonal lines or for in- 
corporating into plant breeding programs to develop 
superior RA-producing seed varieties. 

4. Shoot clones targeted for genetic engineering of met- 
abolic pathways can be easily regenerated to whole 
plants for incorporation into plant-variety improve- 
ment programs. 


Role of Proline-Linked Pentose Phosphate Pathway 


High RA-producing, shoot-based clonal lines originating 
from a single heterozygous seed among a heterogeneous 


bulk-seed population are being selected based on tolerance 
to the proline analogue, azetidine-2-carboxylate (A-2-C) 
and a novel Pseudomonas sp. isolated from oregano. This 
strategy for selection of high RA clonal lines is based on 
the model that the proline-linked pentose phosphate path- 
way is critical for driving metabolic flux (erythrose-4- 
phosphate) toward shikimate and phenylpropanoid path- 
ways (Fig. 3). Any clonal line with a deregulated proline 
synthesis pathway should have an overexpressed pentose 
phosphate pathway that allows excess metabolic flux to 
drive shikimate and phenylpropanoid pathways toward 
RA synthesis. Such proline-overexpressing clonal lines 
should be tolerant to A-2-C. If the metabolic flux to RA is 
overexpressed, it is likely to be stimulated in response to 
Pseudomonas sp. Therefore, such a clonal line is likely to 
be tolerant to Pseudomonas sp. Such a clonal line should 
also have high proline or proline oxidation (proline 
dehydrogenase) and RA content in response to A-2-C and 
Pseudomonas sp. In addition, in the presence of A-2-C or 
Pseudomonas sp., increased activity of key enzymes 
glucose-6-phosphate dehydrogenase (pentose phosphate 
pathway), pyrroline-5-carboxylate reductase (proline 
synthesis pathway), proline dehydrogenase (proline oxi- 
dation pathway), 3-deoxy-D-arabino heptulosonate-7- 
phosphate synthase (shikimate pathway), and phenyl- 
alanine ammonia-lyase (phenylpropanoid pathway) 
should be observed. The rationale for this model is based 
on the role of the pentose phosphate pathway in driving 
ribose-5-phosphate toward purine metabolism in cancer 
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cells (44), differentiating animal tissues (45), and plant tis- 
sues (46). The hypothesis of this model is that the same 
metabolic flux from overexpression of the proline-linked 
pentose phosphate pathway regulates the interconversion 
of ribose-5-phosphate to the erythrose-4-phosphate- 
driving shikimate pathway. Shikimate pathway flux is 
critical for both auxin and phenylpropanoid biosynthesis, 
including RA. This hypothesis has been strengthened by 
preliminary results in which in several oregano clonal 
lines, RA biosynthesis was significantly stimulated by exo- 
genous addition of A-2-C and ornithine (47). Such clonal 
lines are also tolerant to Pseudomonas spp. and respond 
to the bacterium by increasing RA and proline biosynthesis 
(34,48), High RA-producing clonal lines selected based on 
the model in this proposal will be targeted for preliminary 
characterization of key enzymes mentioned earlier. Such 
genetically uniform clonal lines will also be targeted for 
developing gene transformation techniques using Agrobac- 
terium or particle gun bombardment. The success of this 
strategy will lead to access of critical interlinking meta- 
bolic pathways associated with RA biosynthesis. This will 
allow more detailed analysis that will lead to metabolic 
engineering for efficient RA biosynthesis. This strategy 
for RA biosynthesis can be the foundation for metabolic 
engineering of other phytopharmaceuticals from cross- 
pollinating, heterogeneous species. 


BASIL AND FUNCTIONAL FOOD APPLICATIONS 


The long-term goal of this project is to use the tools of bio- 
technology to develop improved clonal lines of dietary 
herbs and improved fermentation process for dietary leg- 
umes to generate consistent, nontoxic, and clinically rele- 
vant levels of phenolic metabolites for use as antimicro- 
bials against chronic diseases caused by ulcer-associated 
Helicobacter pylori and urinary tract infection-associated 
Escherichia coli. Plant phenolic metabolites such as cap- 
saicin from diet are known to be associated with low rate 
of ulcers through inhibition of H. pylori (49), and currently 
available synthetic drug treatments have significant side 
effects (50,51). Phenolics from cranberry have potential 
for use against urinary tract infections linked to E. coli 
(52). Use of dietary source of diverse antimicrobial-type 
plant phenolics could lead to reduced use of antibiotics and 
therefore reduce the potential increase in antibiotic- 
resistant, disease-causing bacteria. In addition, plant phe- 
nolic metabolites have antioxidant and anti-inflammatory 
properties (4) that contribute to cancer chemopreventive 
and immune-modulating potentials (eg, the French Para- 
dox of reduced levels of high-fat diet-related diseases due 
to higher intake of phenolics from red wine and the re- 
duced rate of breast cancer in Asian women due to high 
phenolics from a fermented soy-based diet). In order to 
overcome the problem of phytochemical inconsistency 
caused by genetic heterogeneity, plant-tissue-culture tech- 
niques have been developed to isolate a clonal pool of 
plants originating from a single seed (35). A single elite 
clonal line with superior phenolic profile (a combination of 
several bioactive phenolics) can then be selected based on 
tolerance to Pseudomonas spp. (34-36). In this project, this 


strategy will be used to select several elite clonal lines of 
basil (Ocimum sanctum), an herb species widely used in 
the diet and as medicine in several parts of the world. 
These elite lines (each clonal line originating from a dif- 
ferent seed), following large-scale clonal propagation (mi- 
cropropagation), will be targeted as dietary sources of phe- 
nolics (rosmarinic acid, eugenol, and methyl! chavicol) to 
control chronic diseases associated with ulcer-linked H. 
pylori and urinary-tract-infection-linked E. coli. Addition- 
ally, the elite clonal lines will be screened for antioxidant 
activity. 


THYME AND ANTIMICROBIAL APPLICATIONS IN FOOD 


Therapeutic interventions for the treatment of E. coli 
0157:H7 are limited, reinforcing the need to prevent its 
presence and reproduction in the food manufacturing pro- 
cess. The recent outbreaks of E. coli 0157:H7 through meat 
products has renewed interest in potential inhibitors of 
this organism (53,54). It is beyond the scope of this article 
to review all chemicals that are currently used for their 
antimicrobial activity. They include sorbates, benzoates, 
propionates, and sodium chloride. Others are added for 
color and flavor (nitrites) or for their antioxidant proper- 
ties (BHA and BHT) but also possess antimicrobial activ- 
ity. The food industry relies heavily on the use of synthetic 
antimicrobial agents to extend shelf life and preserve 
freshness. However, these synthetic preservatives in the 
food industry are coming under increasing scrutiny and 
reappraisal, resulting in the search for natural biochemi- 
cals from plants, including herbs and spices (55). Thus, 
there has been renewed interest in the antimicrobial prop- 
erties of herbs and spices. In fact, about 20% of spices sold 
in the United States are used in the meat industry. 

Most essential oils of spices and herbs are generally re- 
garded as safe and are considered to contain the antimi- 
crobial activity. The antimicrobial activity of plant ex- 
tracts, including spices and essential oils, has been 
reviewed (56). Carvacrol and thymol are major volatile 
components of oregano, thyme, and savory. Generally, the 
thymol/carvacrol ratio in thyme is 10:1, whereas the 
carvacrol/thymol ratio in oregano is 20:1 (57). Carvacrol 
and thymol are known to have 1.5x and 20 the anti- 
microbial activity of phenol, respectively (8). In 1960, Ka- 
tayama and Nagai (58) reported the antimicrobial activity 
of thymol and carvacrol against Salmonella enteritidis, 
Staphylococcus aureus, and E. coli (serotype not given). 
Similarly, Beuchat (59) in 1976 reported that the growth 
of Vibrio parahaemolyticus was delayed by the presence of 
100 ppm of the essential oils of oregano and thyme. In 
1989, Farag et al. (60) reported that of six essential oils 
examined (sage, rosemary, cumin, caraway, clove, and 
thyme), thyme oil was the most effective against three 
Gram-negative bacteria, with E. coli (serotype not given) 
being the most sensitive. The same workers (60) showed. 
that thyme oil reduced the total bacterial count in butter 
stored at room temperature. This is the only report docu- 
menting the antibacterial effectiveness of essential oils in 
a food system. 

The specific modes of action of plant extracts remain 
poorly defined, but there is some indication that they may 


PHYTOCHEMICALS: BIOTECHNOLOGY OF PHENOLIC PHYTOCHEMICALS 1907 


cause a depletion of cellular energy (61). Because many of 
the components of essential oils, such as thymol, are simi- 
lar in structure to phenolic antimicrobials, it seems rea- 
sonable that their modes of action would be similar. 

Finally, environmental conditions may play a role in the 
effectiveness of natural antimicrobials. In particular, the 
antifungal properties of thymol and carvacrol were af- 
fected by pH (62). There is no similar information on its 
antibacterial properties, but its effectiveness in meat 
might be affected by such considerations. Our preliminary 
results demonstrating the effectiveness of thymol and car- 
vacrol against E. coli in laboratory media were conducted 
at pH 6.5, near that of meat. This indicates that, at least 
with these two essential oils, pH alone would have a min- 
imal adverse effect. 


ELITE BASIL FOR POSTHARVEST PRESERVATION 
OF POTATOES 


Preliminary studies conducted in several laboratories in 
the world indicate that naturally occurring plant extracts 
and natural compounds have demonstrated sprout inhib- 
itory and antimicrobial properties (63-67). Several volatile 
monoterpenes that are primary components of essential 
oils inhibited sprouting when introduced as volatile into 
head space surrounding the potato tuber (66). Dimethyl- 
napthalene (DMN) and diispropylnapthalene (DIPN) ap- 
plied as thermal fog successfully suppressed sprouting un- 
der current storage conditions (68). DMN is reported to be 
a constituent of volatile released naturally by potatoes in 
storage (69,70). 

Storage diseases of potatoes cause millions of dollars of 
loss each year. Fungicides are available to control some of 
the storage diseases, but none of the compounds currently 
registered for use function as sprout suppressants (63). 
Helminthosporium solani, the fungus that causes silver 
scurf on potatoes, caused a $8.6-million-dollar loss in 1992/ 
1993 (71). Fusarium spp. (dry rot) and Erwinia spp. (soft 
rot) have become common ailments of the potato in stor- 
age, again causing loss of millions of dollars to the world- 
wide potato industry (72). Recent work from a few areas 
has demonstrated the dual advantage of natural products. 
The sprout suppressant properties and antimicrobial ac- 
tivity of ten essential oils were assessed on Spuntia (cv.) 
(73). Lavender (Lavandula angustifolia), sage (Salvia fru- 
ticosa), and rosemary (Rosmarinus officinalis) oils proved 
to be effective sprout inhibitors and also possesses anti- 
microbial activity (74). Observation during evaluation of 
naturally occurring aromatic compounds and monoter- 
penes for sprout suppression capabilities provided insight 
to this antimicrobial activity (66). Salicylaldehyde and 1,8- 
cineole-treated tubers were visibly free of storage diseases. 
Several Fusarium spp. strains tested in vivo were sensitive 
to DMN at EDs values of 27 to 64 mL a.i L~* and 78 to 
124 mL a.i L~! respectively (68). In the same study, sali- 
cylaldehyde suppressed growth and development of H. 
solani. 

Natural products that potentially serve as sprout sup- 
pressants and disease-controlling agents will be an attrac- 
tive proposition for postharvest use on potatoes. The potato 


industry would benefit from antimicrobial agent that could 
be fogged in or spray applied into a storage to disinfect 
exposed surfaces, including the surface layer of soil floor. 
Additionally, if seed potatoes could be sanitized of surface 
diseases such as silver scurf while in storage, the spread 
of inoculum in storage, to fields, and to subsequent crops 
could be decreased. Reduction or elimination of tuber sur- 
face defects caused by pathogens such as black scurf and 
silver scurf would be especially advantageous to the fresh 
market potato industry. The use of naturally occurring 
compounds for disease control would add to their accep- 
tance by consumers. The priority in the industry today is 
to find a naturally occurring compound that (1) inhibits 
sprouting, (2) has no toxicity to humans at effective con- 
centration, (3) has no adverse effect on potato quality, 
(4) requires little or no changes to existing postharvest 
methods, and (5) has additional benefits of disease sup- 
pression and additive health benefits that could be derived 
from the product itself. 

Basil, which belongs to the family Lamiaceae, is an ex- 
cellent culinary herb highly popular in gourmet food and 
in vegetable preparations such as pesto. The high phenolic 
content of basil, with chemicals such as eugenol methyl 
chavicol and rosmarinic acid, makes it an excellent natural 
preservative and a possible source of a natural disease- 
preventive phytochemical against chronic bacterial infec- 
tions. 

Development of new uses of crops such as basil through 
biotechnology for value-added preservation of potatoes will 
enhance the export potential of potatoes to the global mar- 
kets. The current postharvest chemical used in potatoes, 
Chlorpropham®, is not permitted in Japan. Therefore, 
crops with preservative potentials, such as basil, are ex- 
cellent targets for use of biotechnology to select elite lines 
with preservative qualities. The natural preservatives 
generated from basil will not only enhance the export po- 
tential of potatoes, but basil extracts can be potentially 
used for preservation of meats and seafood from oxidative 
deterioration (75). Basil-extract-treated food with consis- 
tent levels of specific phenolics like eugenol, methyl chav- 
icol, and RA could also be a source of preventive medicinals 
against chronic infections such as ulcer-causing H. pylori. 
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PHYTOCHEMICALS: CAROTENOIDS 


Carotenoids are isoprenoids biosynthesized by plants, bac- 
teria, molds, and yeasts. As integral components of pho- 
tosynthetic reaction centers, carotenoids exist in all pho- 
tosynthetic organisms and in many animals by virtue of 
their passage up the food chain. Of the roughly 600 struc- 
turally distinct carotenoids identified to date, only a few 
dozen are commonly found in human foodstuffs, and many 
of these circulate in plasma lipoproteins at concentrations 
that generally reflect dietary intake. This article discusses 
properties and features of carotenoids that relate to their 
occurrence and use in foods, including structure and re- 
activity, analytical methodology, nutritional and other 
functional properties, and the impact of food processing. 
Carotenoid biosynthesis, chemical synthesis, and nomen- 
clature are adequately presented and still relevant in the 
1992 edition of the Encyclopedia (1) and in a recent series 
detailing carotenoid chemistry and analysis (2-4). 
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STRUCTURE AND PHYSICOCHEMICAL PROPERTIES 
OF CAROTENOIDS 


Carotenoids are oligoterpenic lipids most commonly pos- 
sessing 40 carbons and an extensive conjugated double- 
bond system. They are classified into two main groups: the 
hydrocarbon carotenes and the xanthophylls, the latter of 
which possess one or more oxygen-containing polar func- 
tional groups. Carotenoids may be bicyclic, monocyclic, or 
acyclic. Several common carotenoids naturally occurring in 
foods or used as color additives are illustrated in Figure 1. 
The conjugated double-bond system is the most influential 
structural feature of the carotenoids, affecting both hue 
and chemical stability. Carotenoids with six or more con- 
jugated double bonds absorb visible light, and absorption 
maxima generally increase with increasing number of dou- 
ble bonds. Selected physical characteristics of common ca- 
rotenoids are listed in Table 1. 

The two chemical reactivities of carotenoids most rele- 
vant to food systems are oxidation and isomerization. Re- 
action with oxygen, either autocatalytically or enzymati- 
cally, is the major cause of carotenoid degradation in foods 
and affects both color capacity and stability. Oxidation can 
disrupt conjugation and result in bleaching of endogenous 
or added carotenoid pigments and in formation of off- 
flavors (5). Oxidative degradation of carotenoids can be ini- 
tiated by those factors that stimulate oxidation of unsat- 
urated fatty acids, including light, transition metals, and 
lipoxygenases. Environmental factors that affect the rate 
of oxidation include oxygen tension, temperature, water 
activity, and pH (6-9). Linear (zero-order) kinetics of color 
loss is generally observed in dehydrated foods, whereas 
first-order kinetics commonly apply to aqueous systems 
(8,10,11), indicating that water plays a protective role in 
oxidative decolorization of carotenoids. Carotenoids in 
plant foods tend to be stabilized by complexation with pro- 
teins or polysaccharides, and processes that disrupt the 
microstructure of foods can result in decreased chemical 
stability, as discussed later. 

Carotenoids are synthesized, either naturally or chem- 
ically, predominantly in the all-trans configuration. How- 
ever, in solution, carotenoids undergo isomerization to 
yield a variety of cis isomers, and thermodynamic con- 
stants have in some cases been determined (12,13). The 
rate of isomerization increases with temperature and ox- 
ygen exposure. Trans-to-cis isomerization generally results 
in small decreases in absorption maxima, and conse- 
quently slight changes in hue. 


ANALYSIS OF CAROTENOIDS 


Methods of carotenoid analysis vary according the nature 
of the sample, but they usually involve an extraction step 
followed by chromatographic separation and quantifica- 
tion, most commonly by high-pressure liquid chromatog- 
raphy (HPLC). General precautions, analytical strategies, 
applications, and artifacts have been extensively reviewed 
(2). The choice of solvent(s) for extraction is determined in 
part by the sample matrix and may involve single solvents 
or solvent mixtures. Petroleum ether is sufficient for the 


extraction of carotenes in oil-based products such as mar- 
garines (14). Complex matrixes such as plant and animal 
foods are often extracted with a mixture of solvents (14), 
although more recently, repeated tetrahydrofuran extrac- 
tion has been successfully applied to many vegetables 
(15,16). In all cases, solvent purity, avoidance of oxygen 
and light exposure, and use of appropriate internal stan- 
dards are essential. In many fruits, particularly citrus, ca- 
rotenoids are present as fatty acid esters, and such sam- 
ples must be saponified before chromatography since most 
HPLC methods assess only free carotenoids. For accurate 
determination of the provitamin A carotenoid content of 
foods, chromatographic systems that resolve provitamin A 
from nonprovitamin A carotenoids and the cis and trans 
isomers of f-carotene are required. Analytical approaches 
that fail to do so often overestimate the vitamin A potential 
of foods. 

Given the large number of naturally occurring carote- 
noids and the lack of pure analytical standards for most, 
proper identification of carotenoids can be problematic. 
Photodiode array HPLC detectors are useful for routine 
structural confirmation of previously characterized carot- 
enoids, but additional spectroscopic information is com- 
monly required for structure elucidation of other carote- 
noids. Mass spectrometry, nuclear magnetic resonance, 
and circular dichroism are commonly employed for this 
purpose (3,17). 


NUTRITIONAL PROPERTIES OF CAROTENOIDS 


Carotenoids as Vitamin A Precursors 


Although about 40 of the naturally occurring carotenoids 
can be metabolized to vitamin A, only 3 are quantitatively 
important with respect to total vitamin A intake in the 
United States. These are f-carotene, a-carotene, and cryp- 
toxanthin, and of these, f-carotene is nutritionally most 
significant because of its prevalence in plant foods and sub- 
sequent higher frequency of consumption. Provitamin A 
carotenoids are estimated to account for 20-40% of total 
dietary vitamin A equivalents in the United States. Die- 
tary carotenoids are freed from their food matrixes during 
digestion, diffuse into the intestinal mucosa with the aid 
of bile salt micelles, and undergo partial intracellular con- 
version to retinyl esters (18). Retinyl esters, along with 
nonmetabolized carotenoids and other lipids, are secreted 
in chylomicrons into the bloodstream, taken up by the 
liver, and either stored or complexed with retinol binding 
protein for transport to other tissues. The yield of vitamin 
A from any given food (actual vitamin A value) depends on 
the provitamin A carotenoid content of the food, the effi- 
ciency of digestion and uptake into the intestinal mucosa, 
and the extent of conversion to retinyl esters. At the pres- 
ent time, the true vitamin A value of specific plant foods is 
virtually unknown. Current values are based on the as- 
sumption that 6 mg of f-carotene consumed as food yields 
1 mg retinol, or roughly 1 RDA. This equivalency, which 
assumes 33% absorption efficiency and 50% efficiency of 
conversion of f-carotene to vitamin A, is universally ap- 
plied to all commodities, regardless of how they are pre- 
pared or consumed. It is generally held that oil solutions 
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Figure 1. Chemical structure of common food carotenes and xanthophyils. (a) all-trans--Caro- 
tene; (b) lycopene; (¢) a-carotene; (d) f-apo-8’-carotenal; (e) capsanthin; (f) bixin; (g)canthaxanthin, 
(h) 9-cis-f-carotene. 
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Table 1. Physical Characteristics of Several Common 
Food Carotenoids 


<P) 


Carotenoid Color (omy? mg em: 
-Carotene Light yellow to 452 2560 (hexanes) 
violet-red 
a-Carotene Orange-red 444 2800 (pet ether) 
477 2180 (CS2) 
445 2710 (hexanes) 
Lycopene Dark-red 472 3450 (hexanes) 
470 3450 (pet ether) 
487 3370 (benzene) 
Canthaxanthin —_Red-orange to 472 2110 (hexanes) 
brown-violet 466 2200 (pet ether) 
480 2092 (benzene) 
Bixin (annatto) Yellow-orange to 456 4200 (pet ether) 
dark red 
Capsanthin Orange red to 483 2072 (benzene) 
(paprika) dark red 
B-apo-8'- Light orange to 460 2640 (pet ether) 
carotenal purplish black 


“Amaxy maximum wavelength; E'*, absorptivity. 


of carotenoids are more efficiently absorbed than those of 
fruits or vegetables. Even in healthy, well-nourished indi- 
viduals, a substantial proportion of absorbed f-carotene 
undergoes conversion to vitamin A, indicating that con- 
version is not inhibited by adequate vitamin A nutriture 
(18). 


Physiological Effects of Carotenoids in Humans 


A select few carotenoids have been investigated as poten- 
tial preventative or ameliorative agents with respect to a 
wide variety of diseases, as recently reviewed (19). Nu- 
merous epidemiological studies have found inverse asso- 
ciations between dietary intake of carotenoids (or blood 
levels of carotenoids) and risk for various cancers, al- 
though a causal role for carotenoids cannot be ascertained 
from such data. Recently, lycopene intake has been linked 
with reduced risk of prostate cancer (20). Lycopene is a 
major dietary carotenoid in the United States (21), and its 
plasma concentration often exceeds that of f-carotene (22). 
Only f-carotene, and in some cases canthaxanthin, have 
been studied using pure supplements, owing to the lack of 
availability of sufficient quantities of other pure carote- 
noids. Clinical intervention trials with f-carotene in high- 
risk populations expected to develop cancer within a few 
years have yielded mixed results, with no evidence for a 
protective effect in cancers of the skin or lung. Protective 
effects of f-carotene have been reported with premalignan- 
cies of the oral cavity. 

Carotenoid supplementation has been used successfully 
in the amelioration of certain inherited photosensitivity 
disorders, the best example of which is erythropoietic pro- 
toporphyria. Elevated skin levels of f-carotene or canthax- 
anthin have been shown to be effective in increasing light 
tolerance in such patients (19). The effect of f-carotene 
supplementation on various aspects of immune functions 
has been studied rather intensively, again with mixed re- 
sults. In most cases it has not been possible to ascertain if 


observed effects were attributable to f-carotene per se or 
to its potential retinoid metabolites. Lutein and zeaxan- 
thin are found in the macular pigment of the eye and are 
under investigation with respect to risk of macular degen- 
eration. 


Bioavailability of Carotenoids 


Disparate estimates of carotene absorption efficiency, 
ranging from 1 to 99%, have been reported over the past 
three decades (23). Although it is generally recognized that 
the true vitamin A value of all plant foods is probably not 
the same, methods to more precisely determine the bio- 
availability of provitamin A carotenoids from foods in hu- 
mans have been lacking. Plant foods contribute up to 90% 
of total dietary vitamin A equivalents in some developing 
nations where consumption of animal products is low, al- 
though the bioavailability of some plant foods has been 
questioned (24). Heat processing of plant food products 
may increase the bioavailability of at least some carote- 
noids (25), perhaps by weakening protein-carotenoid in- 
teractions, dissolution or dispersal of crystalline carote- 
noids, or improving digestibility of the matrix. The 
absorption efficiency of lycopene from heat-processed to- 
matoes (paste) is substantially greater than from an equiv- 
alent dose of fresh tomato (26). Attempts to compare the 
vitamin A yield from any plant food as a function of pro- 
cessing have not been reported. 


OCCURRENCE AND FUNCTIONAL PROPERTIES 
OF CAROTENOIDS IN FOODS 


More than 600 structurally distinct carotenoids have been 
identified in nature, of which only a few dozen commonly 
occur in human foodstuffs. Although the provitamin A and 
some nonprovitamin A carotenoids are important as nu- 
trients, most carotenoids significantly influence food qual- 
ity through the hues that they impart to fruits, vegetables, 
and animal foods. In most plant or animal tissues, only a 
small number of distinct carotenoids usually account for 
more than 80% of the total carotenoid content; examples 
of commodities with large numbers of carotenoids in sig- 
nificant quantities are relatively rare. Although some ca- 
rotenoids, such as f-carotene, occur in many different 
fruits and vegetables, others, such as lycopene (tomato) 
and a-carotene (carrot), occur in appreciable quantities in 
only a few commodities. 


NATURALLY OCCURRING CAROTENOIDS IN PLANT 
AND ANIMAL FOODS 


In plant foods, carotenoids exist in various physical and 
morphological states depending on the carotenoid and the 
commodity. In leafy vegetables, carotenoids are associated 
primarily with chloroplasts as integral components of the 
photosynthetic apparatus. In fruits, roots, and tubers, ca- 
rotenoids associate with chromoplasts or other intracellu- 
lar structures, although the precise nature of their molec- 
ular orientation is largely uncharacterized (27). Most 
plant-associated carotenoids appear to exist in complexa- 
tion with proteins or polysaccharides, rather than as true 


solutions in oil droplets. Although most common vegetable 
oils contain low concentrations of soluble carotenoids that 
impart yellow hues, a notable exception is the highly pig- 
mented red palm oil, which is used sparingly in foods in 
some tropical countries. 


Sources of Variation in Carotenoid Content of Plant Foods 


Published data on the carotenoid content of fruits and 
vegetables reflect considerable variation for most species. 
For example, the f-carotene content (mg per 100 g fresh 
weight) has been reported to vary from 4 to 10 for carrot, 
0.3 to 8.0 for tomato, and 0.1 to 5.2 for sweet potato (28). 
Variety, maturation, source, and analytical accuracy all 
contribute, in usually unknown proportions, to the re- 
ported variation. Recently, a carotenoid composition data- 
base was compiled by the USDA Food Composition Labo- 
ratory that contains updated analytical data for many 
fruits, vegetables, and processed foods available in the 
United States (29). The data were obtained predominantly 
by HPLC, in some cases with structural verification by 
mass spectrometry. A compilation of existing data on ca- 
rotenoid content of foods available in other countries is also 
available (30), although much of these data were obtained 
by methods that do not clearly distinguish between differ- 
ent carotenoids or carotenoid isomers. Older analytical 
techniques often overestimate the provitamin A carotenoid 
content of foods, particularly fruits (31). Actual varietal 
differences in f-carotene content can be as high as 100-fold 
in carrots and tomato, and breeding techniques have in- 
creased the f-carotene content of sweet potatoes by three- 
fold in the past 50 years (28). Several tomato varieties are 
now marketed with widely varying concentrations of ly- 
copene and f-carotene. 

Data concerning seasonal variation in carotenoid con- 
tent have been reported for many plant foods, including 
carrot, kale, lettuce, snap beans, and turnip greens. In gen- 
eral, carrots harvested in summer contain higher levels of 
carotenoids than those harvested in winter months, 
whereas leafy and green vegetables exhibit the opposite 
effect of season (28). The effect of maturation on the carot- 
enoid content of plant foods also varies by commodity. In 
general, carotenoid concentration of fruits and nonleafy 
vegetables increases with maturity, whereas that of leafy 
vegetables increases to a lesser extent or decreases (28). 
Postharvest losses of carotenoids in fruits and vegetables 
tends to be low. For example, the loss of f-carotene in fresh 
broccoli and green beans is very slight up to 9 days after 
harvest under typical refrigeration conditions (32). How- 
ever, physical damage to fresh plant foods that disrupts 
normal compartmentalization can release lipoxygenases 
and increase exposure to oxygen or light, resulting in ca- 
rotenoid oxidation and changes in product hue (5,33). 


Carotenoids in Animal Foods 


Dietary intake of carotenoids from animal foods is low com- 
pared to that from plant foods because of the relatively low 
rates of deposition of feed-associated carotenoids in most 
animal tissues. Tissue concentrations are entirely depen- 
dent on the carotenoid content of the feed. In animal foods, 
the carotenoids are localized predominantly in adipocytes, 
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and thus generally accumulate in fatty tissues to a greater 
extent than in lean tissues. Animal food sources of carot- 
enoids include egg yolks, chicken, certain fish such as 
salmon, and crustaceans. Xanthophylls tend to be the pre- 
dominant carotenoids in animal foods, because their effi- 
ciency of tissue deposition is usually higher than that of 
the carotenes. Examples of the deliberate pigmentation of 
animal tissues using carotenoids include the use of yellow 
corn or marigold extracts in chicken feed and crab (or 
shrimp) shell waste or synthetic astaxanthin in shrimp 
and salmon feeds (34). 


CAROTENOIDS AS COLORANT ADDITIVES IN FOODS 


Carotenoids are useful to impart yellow, orange, and red 
hues to foods with no or minimal effects on flavor. Because 
of their high extinction coefficients, carotenoids used as 
colorants are generally added to foods in concentrations 
ranging from 1 to 25 ppm. Because carotenoids are gen- 
erally stable across a range of unit processing conditions, 
they are often used as alternatives to the certified color 
additives (35). Carotenoid preparations used as colorants 
include natural isolates manufactured from plant products. 
of high carotenoid content or synthetic carotenoids com- 
pounded into oil- or water-dispersible forms. 


Natural Isolates 


A variety of plant commodities rich in carotenoids have 
been used in the manufacture of powders or oil-based prep- 
arations suitable for use as colorants in foods. Intensely 
colored carotenoid isolates derived from paprika are avail- 
able either as powders or oleoresins and impart orange or 
red hues to many products, including salad dressings, 
sauces, soups, beverages, snacks, and confections. A major 
carotenoid in these preparations is capsanthin (Fig. 1). Ex- 
tracts of the annatto seed containing high concentrations 
of bixin are also commonly used in such products as 
cheeses, instant soups, dairy products, and desserts (36). 
Other natural isolates include products derived from car- 
rot and tomato. Tomato oleoresins have recently become 
available and contain high concentrations of lycopene. 
These products are used in Europe but are not yet ap- 
proved in the United States. 


Synthetic Carotenoid Preparations 


Three synthetic carotenoids, identical in chemical struc- 
ture to their naturally occurring counterparts, are per- 
manently listed by FDA as exempt from the certification 
requirements applied to the synthetic FD&C dyes. These 
carotenoids are f-carotene, f-apo-8’-carotenal, and can- 
thaxanthin and are available in both oil-soluble and water- 
dispersible forms. The latter are prepared by emulsifica- 
tion into low-moisture colloidal beadlets. The carotenoids 
in these preparations are preserved by physical barriers to 
oxygen exposure and by the inclusion of hydrophilic and/ 
or hydrophobic antioxidants such as ascorbic acid, ascorbyl 
palmitate, and a-tocopherol. 
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Physical Formulations of Synthetic Carotenoid Additives 
Used in Foods 


f-Carotene is commercially available to food manufactures 
as vegetable oil dispersions of micronized crystalline f- 
carotene at concentrations ranging from roughly 10 to 30% 
by weight. Such concentrates, in which a portion of the f- 
carotene is in true solution, is diluted into warm oil to 
achieve a stock solution of desired concentration. These 
products are suitable for coloration of other oils, marga- 
rines, cheeses, ice cream, soups, or bakery products. To- 
copherols naturally present or added to the vegetable oil 
carrier enhance stability. Several water-dispersible forms 
of f-carotene are commercially available to food manufac- 
turers. Such products are produced as low-moisture bead- 
lets 60 to 500 yu in diameter, using gelatin proteins, poly- 
saccharides (eg, dextrin), or some combination thereof as 
the hydrophilic matrix material. Most are 1 to 10% f- 
carotene by weight and may contain antioxidants such as 
ascorbic acid, ascorbyl palmitate, or a-tocopherol. These 
products are used to color fruit juices, other beverages, 
pasta, cheeses, and baked goods. Usage levels are typically 
low, in the range of 2.5 to 3.5 mg per lb. 

B-Apo-8'-carotenal is a synthetic monocyclic provitamin 
A carotenoid (Fig. 1) approved by the FDA for use in foods 
in 1963. This carotenoid is available as micronized disper- 
sions or concentrated solutions in vegetable oil, stabilized 
with added a-tocopherol. It is commonly used in processed 
cheeses and colored salad dressings to impart orange hues. 
Canthaxanthin is a nonprovitamin A xanthophyll ap- 
proved for food use in 1969, and it is used at concentrations 
ranging from 5 to 60 ppm, depending on the application 
and desired color intensity. Its primary advantage over the 
certified colors FD&C Red No. 2, FD&C Red No. 3, and 
paprika oleoresin is its ability to impart truer tomato-red 
hues in tomato-based products (35). Unlike FD&C Red No. 
3, canthaxanthin will not precipitate at low pH. This ca- 
rotenoid is available in water-dispersible beadlet forms 
and is used for coloring a variety of foods, including tomato 
products, simulated meat products, and surimi. 


Regulatory Issues Related to Carotenoids as Food Colorants 


f-Carotene, f-apo-8'-carotenal and canthaxanthin are pig- 
ments exempt from FDA certification. Carotenoid prepa- 
rations may not be used to pigment foods for which a stan- 
dard of identity exists unless the carotenoid has been 
authorized by the standard (37). Maximum legal use rates 
are 15 mg/b for f-apo-8'-carotenal, and 30 mg/Ib for can- 
thaxanthin (21 CFR 101.22), although these levels are 
rarely approached owing to their high tinctorial properties. 
B-Carotene usage is governed by good manufacturing prac- 
tices in which the use is restricted to that needed to accom- 
plish the desired effect. However, since f-carotene is a vi- 
tamin A source, its use in some circumstances may be 
determined by a combination of nutritional and pigmen- 
tation effects. According to 21 CFR 101.22, carotenoid color 
additives may be labeled using an appropriate descriptor 
such as “artificial color or “color added” or may be identified 
specifically by name. 


Carotenoids as Nutritional Additives 


Fortification of foods with carotenoids for nutritional pur- 
poses is an uncommon but growing practice in the United 
States. Such products include fruit or vegetable-based 
drinks in which the added carotenoids augment that con- 
tributed by the ingredient commodities. Other foods, such 
as breakfast cereals or sports bars, are not usual sources 
of carotenoids. Because of the high tinctorial properties of 
carotenoids, the usage levels tend to be low in products 
that cannot tolerate intense yellow, orange, or red hues. 


EFFECTS OF PROCESSING ON NATURALLY OCCURRING 
CAROTENOIDS AND CAROTENOID COLORANTS 
IN FOODS 


As discussed earlier, carotenoids tend to be sensitive to ox- 
ygen, light, and heat. However, cooking-associated losses 
generally tend to be less than 30% (38), depending on cir- 
cumstances and product. Heat-intensive processing of 
fruits and vegetables, such as commercial sterilization 
(canning), have in some cases been reported to result in 
significant carotenoid losses (38). However, such data have 
often not accounted for changes in moisture content, which 
generally increase with canning and other cooking proce- 
dures involving addition of water. Accounting for altera- 
tion in moisture content, carotenoid retention during can- 
ning is generally high. The major reactions which occur 
during canning are those involving isomerization rather 
than oxidation. Carotene losses during storage of canned 
fruits or vegetables at ambient temperatures are minimal, 
probably because of low oxygen tension and high water 
content. In most foods, an acid pH tends to stabilize carot- 
enoid pigments by inhibiting oxidation and stereomuta- 
tions. 

Carotenoid retention during common moist cooking pro- 
cedures is generally high. Because of their low water sol- 
ubility, leaching losses are low, and moist heat is insuffi- 
cient to induce significant isomerization. Thus, carotenoid 
retention in vegetables during boiling is usually 85 to 100% 
after taking into account changes in moisture content (38). 
There are relatively little data on the effect of home or 
commercial frying operations on carotenoid stability, but 
losses could be expected to be higher than during other 
unit thermal processes because of the combination of high 
temperature and oxygen exposure. Losses of carotenoids 
with freeze drying are generally low to moderate, ranging 
from 4 to 13% for freeze-dried orange juice and carrots, 
respectively, whereas tray-drying followed by explosion 
puffing can result in losses of up to 25 percent (39). Carot- 
enoids commonly exhibit differential stabilities. During 
both processing and dark storage of paprika, f-carotene is 
lost more rapidly than capsanthin, with losses variable 
across variety of pepper (40). 


Carotenoid Isomerization During Thermal Processing 


Thermal processing conditions can result in isomerization 
of one or more trans double bonds to the cis configuration, 
and carotenes appear to undergo isomerization more read- 
ily than xanthophylls (5). Newer analytical methods now 
permit more precise quantification of cis carotenoid iso- 


mers in foods. Typical canning procedures can result in 
isomerization of 10 to 40% of carotenes in some products, 
including carrot, sweet potato, broccoli, and green leafy 
vegetables (41). Isomerization results in slight decreases 
in extinction coefficient and absorption maxima, but these 
generally have less impact on hue than reactions involving 
oxidation. Nutritionally, the vitamin A value of cis isomers 
of the provitamin A carotenoids is substantially less than 
that of their all-trans counterparts. 
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PHYTOCHEMICALS: LIPOIC ACID 


a-Lipoic acid is a naturally occurring compound present as 
a cofactor in a number of mitochondrial enzymes that are 
involved in metabolism and energy production. In its free 
form, lipoic acid is a powerful antioxidant, functioning as 
a free-radical scavenger and an antioxidant “protector.” 
Recently, attention has focused on lipoic acid as a cellular 
redox regulator, having the capacity to interact at various 
stages in signal transduction pathways. Such properties 
make this compound of potential therapeutic importance 
in conditions in which oxidative stress is involved. These 
properties and their implications are discussed in the ar- 
ticle. 


NATURAL SOURCES OF LIPOIC ACID 


Lipoic acid is an eight-carbon compound containing two 
sulfur atoms in a (dithiolane) ring structure. The naturally 
occurring form is present bound to a lysine residue in the 
four a-keto-acid dehydrogenase complexes of the mitochon- 
dria, which catalyze the oxidative decarboxylation of py- 
ruvate, a-ketoglutarate, and branched-chain a-keto acids, 
respectively. These complexes all share similarities in both 
structure and function (1). The role of lipoic acid is to trans- 
fer an acyl group from the decarboxylated acid to coenzyme 
A. During this process, the lipoyl moiety is reduced and 
then reoxidized by the enzyme lipoamide dehydrogenase 
in order to keep the catalytic cycle in motion. The redox 
properties of lipoic acid make it ideal for such a function. 
As such, lipoic acid plays a crucial role in metabolism. 


Lipoic acid was first isolated in 1951 by Reed and col- 
leagues (2) and was tentatively described as a vitamin un- 
til it was later discovered to be synthesized in both plant 
and animal tissues. Recently, the levels of naturally occur- 
ring lipoic acid (lipoyllysine) in both plant and animal tis- 
sues have been determined (3). In animal tissues, the con- 
tent was found to be tissue-specific, the highest levels 
being found in the kidney, heart, and muscular tissues (2.6, 
~1, and ~1 yg/g dry weight, respectively), while lower 
amounts were found in the brain and lung (0.2 ug/g dry 
weight). Since natural source lipoic acid is present in mi- 
tochondrial enzymes, it is highly likely that lipoic acid con- 
tent will correlate with metabolic activity of the tissue. In 
plant tissues, the highest concentrations were found in 
green tissues, especially spinach (3.6 ug/g dry weight). 
Plants are unique in that they possess a chloroplastic form 
of lipoic acid; therefore, lipoic acid content, dependent on 
the type of tissue, will be determined by the density of mi- 
tochondria and chloroplasts. Such low levels of lipoic acid 
(~0.1% total weight of a mitochondrion) express the need 
for supplementation if the antioxidant properties of lipoic 
acid are to be gained. The antioxidant properties of lipoic 
acid can rarely be achieved through a normal diet. 


BIOAVAILABILITY 


When taken orally as a supplement or administered in 
vitro, a-lipoic acid is rapidly absorbed and taken up into 
cells where it is reduced to the more active form, dihydro- 
lipoic acid. The uptake of exogenously supplied a-lipoic 
acid has been studied in the perfused rat liver and isolated 
hepatocytes (4). Two different transport mechanisms were 
reported: carrier-mediated uptake, which is prominent be- 
low 75 uM, and passive diffusion, which is prominent at 
higher concentrations. This study also showed that the 
carrier-mediated uptake can be blocked by medium-chain 
fatty acids, suggesting that the same translocator was in 
use (4). In vitro studies have investigated the various cel- 
lular reduction pathways of lipoic acid (5). Two mecha- 
nisms exist that are both tissue- and stereo-specific. The 
natural R enantiomer is preferentially reduced in the mi- 
tochondria by lipoamide dehydrogenase, a nicotinamide 
adenine nucleotide (NADH) dependent enzyme. The S 
form is predominantly reduced in the cytosol by glutathi- 
one and/or thioredoxin reductase, which are NADPH de- 
pendent. The various contributions of each pathway are 
dependent upon the tissue: heart muscle almost entirely 
reduces the R form, while in the liver there is an equal 
distribution between the two pathways. 

Reduction contributes one mechanism of lipoate metab- 
olism. Other routes have been demonstrated using radio- 
labeled lipoic acid administered either orally (6) or via in- 
jection (7) into the rat. Several components were identified, 
including the short-chain homologues bisnorlipoic and 
tetranorlipoic acids (7). Interestingly, no evidence for the 
oxidation of the dithiolane ring was observed. Administra- 
tion of [1,6-"*C] lipoic acid has shown that lipoic acid is 
rapidly absorbed in the gut and passed to various tissues 
for catabolism (6). The localization of administered lipoate 
was greatest in the liver, other intestinal organs, and 
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vitro, a-lipoic acid is rapidly absorbed and taken up into 
cells where it is reduced to the more active form, dihydro- 
lipoic acid. The uptake of exogenously supplied a-lipoic 
acid has been studied in the perfused rat liver and isolated 
hepatocytes (4). Two different transport mechanisms were 
reported: carrier-mediated uptake, which is prominent be- 
low 75 uM, and passive diffusion, which is prominent at 
higher concentrations. This study also showed that the 
carrier-mediated uptake can be blocked by medium-chain 
fatty acids, suggesting that the same translocator was in 
use (4). In vitro studies have investigated the various cel- 
lular reduction pathways of lipoic acid (5). Two mecha- 
nisms exist that are both tissue- and stereo-specific. The 
natural R enantiomer is preferentially reduced in the mi- 
tochondria by lipoamide dehydrogenase, a nicotinamide 
adenine nucleotide (NADH) dependent enzyme. The S 
form is predominantly reduced in the cytosol by glutathi- 
one and/or thioredoxin reductase, which are NADPH de- 
pendent. The various contributions of each pathway are 
dependent upon the tissue: heart muscle almost entirely 
reduces the R form, while in the liver there is an equal 
distribution between the two pathways. 

Reduction contributes one mechanism of lipoate metab- 
olism. Other routes have been demonstrated using radio- 
labeled lipoic acid administered either orally (6) or via in- 
jection (7) into the rat. Several components were identified, 
including the short-chain homologues bisnorlipoic and 
tetranorlipoic acids (7). Interestingly, no evidence for the 
oxidation of the dithiolane ring was observed. Administra- 
tion of [1,6-"*C] lipoic acid has shown that lipoic acid is 
rapidly absorbed in the gut and passed to various tissues 
for catabolism (6). The localization of administered lipoate 
was greatest in the liver, other intestinal organs, and 


skeletal muscle (6). The presence of both oxidized and re- 
duced forms has also been demonstrated in various tissues 
of vitamin-E-deficient mice after lipoic acid supplementa- 
tion (8). 


ANTIOXIDANT PROPERTIES OF LIPOIC ACID 


The strained-ring conformation of lipoic acid enables the 
molecule to readily undergo oxidation and reduction, and 
indeed this is reflected in the high negative redox potential 
of the oxidized and reduced form (— 0.32 V), which makes 
the reduced form (dihydrolipoate) a very powerful reduc- 
tant. Such properties enable the lipoate couple to interact 
with a number of reactive oxygen species. 

Various cellular pathways like those involved in the 
electron transport pathways of cell respiration and drug 
detoxification or activation of neutrophils and macro- 
phages result in the formation of reactive oxygen and ni- 
trogen species. If overproduced and not scavenged or con- 
verted to a nonreactive form, they can be potentially 
damaging to the cell. These include superoxide (03), hy- 
drogen peroxide (H2O2), hyperchlorous acid (HOCI), hy- 
droxyl (OH’) and peroxyl (ROO’) radicals as well as nitric 
oxide (NO") and peroxynitrite(ONOO). a-Lipoic acid and 
dihydrolipoic acid can scavenge both hydrogen peroxide 
and HOCI (9), while dihydrolipoic acid can also scavenge 
superoxide (9). Both a-lipoic and dihydrolipoic acid have 
been shown to scavenge hydroxyl radicals in a metal- 
catalysis system and in a metal-free reaction of ultraviolet 
irradiation induced by decomposition of the aromatic hy- 
droperoxide model compound NP-III (9). Dihydrolipoic acid 
can also scavenge peroxyl radicals, formed from both li- 
pophilic and hydrophilic peroxyl radical generators (9). 
Therefore, the lipoate couple represents a potent radical 
scavenging unit. 

When antioxidants react with reactive oxygen species, 
the antioxidant is converted to a form that is no longer able 
to function and is said to be consumed. Therefore, this ox- 
idized product needs to be recycled to this native form in 
order to function again. A number of antioxidants, includ- 
ing vitamin C, ubiquinols, and glutathione, can recycle vi- 
tamin E, the major chain-breaking antioxidant that pro- 
tects biological membranes from lipid peroxidation. 
Dihydrolipoic acid has only a weak interaction with the 
tocopheroxyl radical, so the major recycling of vitamin E 
by dihydrolipoic acid occurs via the intermediary recycling 
of the ascorbyl radical by dihydrolipoic acid, which, in turn, 
recycles the vitamin E radical produced by oxidation. 
There is now evidence that lipoate supplementation in- 
creases tissue ubiquinol content, and ubiquinol can also 
recycle vitamin E. Therefore, there exists a network of an- 
tioxidants in which dihydrolipoic acid can interact and re- 
plenish in order to maintain both lipid and aqueous phase 
antioxidant status. This recycling by lipoate was shown as 
early as 1959 by Rosenberg and Culik (10), who demon- 
strated that lipoic acid supplementation could prevent the 
symptoms of both vitamin E and C deficiencies in guinea 
pigs. This work has since been repeated in vitamin-E- 
deficient mice (8). 

Glutathione is a major intracellular antioxidant that 
acts as a sulfhydryl buffer, protecting cysteine residues in 
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proteins from oxidation, the modulation of which has been 
discussed as a potential therapeutic strategy (11). a- 
Lipoate can interact with glutathione (GSH) both directly 
and indirectly. Dihydrolipoic acid (DHLA) can reduce oxi- 
dized glutathione (GSSG) to GSH, but GSH is incapable of 
reducing a-lipoate to DHLA (12). DHLA may also recycle 
vitamin E by reducing GSSG directly; the reduced GSH 
can then recycle vitamin E (13). Administration of a- 
lipoate to cells has been shown to cause an increase in in- 
tracellular GSH in vitro (14) and in vivo (15). This increase 
has been shown to be a consequence of increased GSH syn- 
thesis due to an improvement in cystine utilization (14). 


SIGNAL TRANSDUCTION 


Recently, attention has been focused on the role of oxidants 
and antioxidants in the regulation of intracellular signal 
transduction processes. Redox changes in cells trigger mo- 
lecular responses, one such response being the activation 
of the transcription factor NF-«B. Most agents activating 
NF-«B tend to trigger the formation of reactive oxygen spe- 
cies or are oxidants themselves (eg, 02, H2Oz, or lipoxy- 
genase products) (16). a-Lipoate can inhibit NF-«B acti- 
vation induced by phorbol ester or tumor necrosis factor-a 
(TNF-a) in Jurkat T cells in a dose-dependent fashion (17), 
and both enantiomers of lipoate were found to be effective. 
It has recently been shown that the ability of a-lipoate to 
inhibit NF-«B was not dependent on increased intracellu- 
lar glutathione levels (18). Following the activation of 
NF-«B, there is translocation into the nucleus and binding 
to specific areas of DNA, which elicits the response. a- 
Lipoate has been shown to inhibit the DNA binding of 
NF-x«B (19); however, DHLA was found to enhance binding. 
Also, the inhibition of DNA binding by diamide can be over- 
come by the addition of DHLA. These observations suggest 
that two modes of redox regulation exist in cell signaling 
for NF-«B (20); the first, a requirement of oxidative pro- 
cesses in activating NF-«B; the second, a requirement for 
reductive processes in DNA binding. 


THERAPEUTIC IMPLICATIONS 


The chronic and degenerative diseases associated with ag- 
ing that have been examined in detail have shown the in- 
volvement of free radicals or oxidants in their pathophys- 
iology. Therefore, antioxidants may be important in 
slowing, and perhaps in the future will be of benefit in their 
treatment. All organ systems appear to be involved, from 
the eye, which is sensitive to photo-oxidative free-radical 
mediated reactions, to neurodegeneration, to initial stages 
of cancer, to cardiovascular diseases, and to viral activa- 
tion, just to name a few. Redox and antioxidant regulation 
of physiological and pathophysiological processes are 
therefore assuming greater importance. These include 
redox-based antioxidants such as vitamin C and E; biofla- 
vonoids and thiol antioxidants such as glutathione; and 
thioredoxin and a-lipoic acid, which are major substances 
that interact in the antioxidant network. 

The properties of a-lipoate lead to the possibility that it 
may influence intracellular function via antioxidant ac- 
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tions and through affecting the redox status of thiol- 
containing proteins (9). Indeed, a-lipoic acid can be 
thought of as a metabolic antioxidant since it is a naturally 
occurring substance reduced by several cellular enzymatic 
systems. Beneficial effects of lipoic acid administration 
have been reported in diabetic complications (22,23), hav- 
ing been used in the treatment of diabetic neuropathy in 
Germany; ischemia-reperfusion injury (24); and liver dis- 
ease (23). Furthermore, lipoic acid is be a good candidate 
for treatment in AIDS, neurodegenerative diseases (21), or 
heavy metal poisoning (9). 
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PHYTOCHEMICALS: MELATONIN 


N-acetyl-5-methoxytryptamine (melatonin) was first iso- 
lated from the pineal gland, a small organ in the brain of 
the mammal, 40 years ago. Since that time it has been 
characterized as the chief secretory product of the pineal 
gland of vertebrates (1) and linked to a variety of functions, 
including the regulation of seasonal reproduction, immune 
function stimulation, tumor inhibition, sleep induction, 
circadian rhythm regulation, and antioxidant function. In 
all vertebrates and most invertebrates where melatonin 
synthesis has been assessed, it is primarily produced in 
the pineal gland during the dark phase of the light/dark 
cycle. Because melatonin is normally released into the 
blood, circulating levels of melatonin are always higher at 
night than during the day. 

Long before melatonin was found to exist in plants, the 
indoleamine was observed to have effects in plant cells 
similar to those in animals. Thus, in 1969 Jackson re- 
ported that melatonin increased the birefringence of the 
mitotic spindles in endosperm cells of Haemanthus bath- 
erinae just as it did in melanocytes obtained from a frog 
(2). Likewise, soon thereafter melatonin was reported to 
have similar cytoskeletal effects in onion root tips (3). Such 
cytoskeletal actions of melatonin may explain the effects 
of the indoleamine on the mitotic activity of cells from a 
variety of species. 


IDENTIFICATION OF MELATONIN IN PLANTS 


Melatonin was first detected and quantified in the dino- 
flagellate, Gonyaulax polyedra (4,5). In this species, mel- 
atonin was found to be at concentrations similar to those 
measured in the pineal gland of vertebrates. In addition to 
its obvious presence in this autotrophic organism, mela- 
tonin also exhibited a rhythm in these unicells like that 
observed in the pineal gland. Thus, melatonin levels mea- 
sured either by high performance liquid chromatography 
or gas chromatography—mass spectrometry were higher at 
night than during the day. This finding stimulated re- 
search directed at identifying melatonin in higher plants, 
and in recent years, this indoleamine has been found in a 
remarkably large number of taxa (Table 1). Among angio- 
sperms, melatonin has been identified in more than 30 spe- 
cies belonging to 19 different families, in both mono- and 
dicotyledons. Although melatonin has been reported in a 
rather small number of species, their diversity and the fact 
that almost all plants analyzed have been shown to contain 
melatonin suggests that this indoleamine may be ubiqui- 
tous in the plant kingdom. Likewise, within plant tissues, 
melatonin appears to be widespread, because it has been 
found in leaves, stems, roots, fruit, and seeds. 

The concentration of melatonin in the plants studied 
varies widely, with the indoleamine being below detectable 
levels in potato tubers and very low in beet roots (2 pg/g 
weight) (12) to more than 5 ng/g weight in tall fescue (8). 
Even higher concentrations have been reported for some 
medicinal plants (Table 2). It is possible that some of the 
measurements actually underestimated the melatonin lev- 
els inasmuch as melatonin could easily have been de- 


Table 1. Summary of the Species of Algae and Green 
Plants in Which Melatonin (N-acetyl-5- 
methoxytryptamine) Has Been Identified 


Taxon Species Ref. 
Dinophyta 
Gonyaulax polyedra 45 
Alexandruim lusitanicum 6 
Amphidinium carterae 6 
Phaeophyta 
Pterygophora californica 7 


Chlorophyta angiospermae 


Rosaceae Malus domestica 

Fragaria magna 8 
Brassicaceae Brassica oleracea 

Brassica compestris 

Raphanus sativus 8 
Apiaceae Angelica keiskej 8 
Actinidiaceae Actinidia chinensis 8 
Basellaceae Basella alba 8 
Chenopodiaceae Chenopoduim rubrum 

Beta vulgaris 9,10 
Convolvulaceae Pharbitis nil n 
Solanaceae Lycopersicon esculentum 

Lycospericon pimpinellifolium 

Nicotiana tabacum 8,12 
Cucurbitaceae Cucumis sativus 8,12 
Asteraceae Chrepanthemum coronarium 

Petasites japonicus 8 
Liliaceae Allium cepa 

Allium fistulosum 

Asparagus officinalis 8 
Bromeliaceae Ananas comosus 8 
Poaceae Oryza sativa japonica 8 

Hordeum vulgare 8 

Avena sativa 8 

Festuca arundinacea 8 

Zea mays 8 
Zingiberaceae Zingiber officinale 8 
Musaceae Musa paradisiaca 12 
Araceae Colocasia esculenta 8 
Ateraceae Tanacetum parthenium 13 
Hypericaceae Hypericum perforatum 13 
Lamiaceae Scutellaria biacalensis 13 


Note: Melatonin was identified using a variety of techniques, including 
high-performance liquid chromatography, gas chromatography-mass spec- 
troscopy, and radioimmunoassay. 


graded during the extraction procedures used in these 
studies (14). 

Among the normally consumed plant products that 
have been investigated to date, oats, rice, and barley prod- 
ucts contain the largest amounts of measurable melatonin 
(8). When diets consisting of these plants were fed to 
chicks, levels of melatonin significantly increased in the 
circulation (Fig. 1) of the birds, and the authors of Refer- 
ence 8 further showed that the ingested melatonin was 
bound to melatonin receptors in the animals. Clearly, the 
implication of these findings is that melatonin consumed. 
in plant products is absorbed, enters the circulation, and 
could have physiological effects via specific receptors. Ad- 
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Table 2. Reported Melatonin Concentration in 
Commercially Obtained Medicinal Plants 


Portion of plant Melatonin (ug/g) 
Tancetum parthenium 

Fresh green leaf 2.45 

Fresh golden leaf 1,92 

Freeze-dried green leaf 2.19 

Freeze-dried golden leaf 161 

Oven-dried green leaf 

Oven-dried golden leaf 1.69 
Hypericum perforatum 

St. John’s wort flower 4,39 

St. John’s wort leaf 1.75 
Scutellaria biocalensis 

Huang-quin TAL 


Note: The three plants studied included feverfew (Tanacetum parthenium), 
St. John's wort (Hypericum perforatum), and Huang-qin (Scutellaria bia- 
calensis). 

Source: Reprinted with permission for Ref. 13. 
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Figure 1. Blood levels of melatonin in chicks fed high-melatonin 
feed (3.5 mg/g) (open circle) compared to levels in chicks given low 
melatonin feed (<100 pg/g) (closed circle). This indicates that mel- 
atonin foods are absorbed and can increase circulating daytime 
levels of melatonin. The horizontal axis is in hours. *p < 0.05; **p 
< 0.01 is mean values in low-melatonin feed chicks. Source: Re- 
printed with permission from Ref. 8. 


ditionally, as will be discussed later, some of the melato- 
nin’s actions may be independent of receptors or binding 
sites so any ingested indoleamine may have a variety of 
actions, not only those that depend on its binding to recep- 
tors. 

The lowest levels of melatonin are found in subterra- 
nean tubers, such as beet root and potato (12). According 
to R. Dubbels (personal communication), the concentra- 
tions of melatonin in tomatoes is inversely related to the 
degree of ripeness of the fruit. Thus, as fruit ripens, the 
concentration of melatonin seems to decrease accordingly. 


TWENTY-FOUR-HOUR RHYTHMS IN PLANT MELATONIN 


As already noted, a marked nocturnal rise in melatonin 
has been reported in the unicell, Gonyaulax polyedra (4). 
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The rise in melatonin in this organism begins with the on- 
set of darkness, peaks near the middle of the dark phase 
of the light/dark cycle and then diminishes as morning ap- 
proaches; this is highly reminiscent of the melatonin syn- 
thesis cycle in the pineal gland of mammals, including hu- 
mans (15). A melatonin rhythm similar of that described 
in G. polyedra has also been measured in Chenopoduim 
rubrum (8). In this case, 15-day-old plants were main- 
tained under a light/dark cycle of 12:12 (in hours). Mela- 
tonin concentrations were measured in the above-ground 
parts of the plant sampled at 2-hr intervals over a 24-hr 
period; during the dark period, the samples were collected 
with the aid ofa dim green light. During the day, melatonin 
levels were uniformly low and in some cases undetectable. 
In contrast, during darkness, indoleamine concentrations 
began to increase to reach a peak at 4 to 6 hr after darkness 
onset; during the latter half of the dark period, melatonin 
levels diminished to day times values (Fig. 2). Whether the 
duration of elevated melatonin in either G. polyedra or C. 
rubrum would vary with the duration of darkness, as is 
the case in the mammalian pineal gland, has not been 
tested. Likewise, whether acute light exposure at night 
would alter the nocturnal increase in melatonin in plants 
is not known. 

C. rubrum was specifically selected for the melatonin 
study because this obligate short-day plant exhibits pro- 
nounced and precise photoperiodic responses and rhythmic 
behavior; an endogenous rhythm in the flowering re- 
sponse, which is proportional to the duration of the dark 
period; and a sensitivity to night breaks with red light. 
Whether the melatonin rhythm relates to these cycles ob- 
viously remains unknown, as does whether other plants 
exhibit similar 24-hr rhythms in their melatonin content. 


FUNCTION OF MELATONIN IN PLANTS 


The functions of melatonin in animals are highly diverse 
and involve receptor and nonreceptor-related actions of 
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Figure 2. Nocturnal increase in the melatonin concentration in 
the above-ground parts of Chenopodium rubrum plants main- 
tained under a light/dark cycle of 12:12. The dark bar at the bot- 
tom indicates the period of darkness. Source: Reprinted with per- 
mission from Ref. 10. 


this chemical mediator (1,15,16). It seems possible that 
melatonin in plants has some of these same functions. Mel- 
atonin’s action at the level of the biological clock of mam- 
mals is well documented (17). Based on the observations 
of the pronounced melatonin rhythm in C. rubrum, it was 
assumed that this cycle may relate to other 24-hr meta- 
bolic and morphogenetic rhythms (10). However, because 
so little is known of the circadian oscillator in plants, a 
mechanism for how the cycle of melatonin relates to the 
oscillator(s) remains uninvestigated. 

A likely function of melatonin in plants relates to its 
ability to scavenge free radicals and function as an anti- 
oxidant (18-20). Melatonin is a direct scavenger of the hy- 
droxyl radical (OH) (21-23), the peroxynitrite anion 
(ONOO_ ) (24,25), and possibly the peroxyl] radical (LOO-) 
(26) and singlet oxygen (70,) (27). Likewise, it either in- 
creases mRNA levels and/or the activity of several antiox- 
idative enzymes in mammalian tissues (28,29). In view of 
these findings, it is not surprising that melatonin would 
also be tested for its ability to resist oxidative damage in 
plants as well. 

The herbicide paraquat generates reactive oxygen spe- 
cies and free radicals in a variety of plants and animals, 
including G. polyedra (30). When this bioluminescent di- 
noflagellate is incubated with paraquat, the herbicide re- 
duces, in a concentration-dependent manner, the noctur- 
nal glow peak of the organism (Fig. 3) (31), indicating that 
a regulator molecule required for the expression of the bio- 
luminescence, such as 5-methoxytryptamine and/or its 
precursor molecule melatonin, is oxidized by the free rad- 
icals generated by paraquat. The addition of supplemental 
melatonin to the incubation medium prevents the inhibi- 
tory action of paraquat on bioluminescence. These findings 
are consistent with the restoration of the glow peak being 
a consequence of melatonin’s ability to scavenge free rad- 
icals generated by paraquat. 

In another model of lethal oxidative stress in G. poly- 
edra, melatonin was found to protect the unicell from 
death (32). While basal levels of melatonin in G. polyedra 
vary between roughly 0.1 and 1 uM, depending on the cir- 
cadian phase (4), in response to low temperature melato- 
nin levels can increase by orders of magnitude reaching 
the uM range (33). When G. polyedra were incubated with 
hydrogen peroxide (H,O.), which is readily converted to 
the -OH, the cells exhibited a several-fold enhanced bio- 
luminescence for several hours, indicating severe oxidative 
damage to the cells. Adding melatonin to the incubation 
medium 1 hr before the addition of H,O. prevented the 
intense light emission and cell death. In this case, the mel- 
atonin concentrations that were added, although in the 
mM range, were physiological for this species. These find- 
ings, then, provide strong evidence that melatonin func- 
tions as a physiological antioxidant in the dinoflagellate. 

It has also been speculated that melatonin functions as 
an antioxidant in higher plants as well (12). Ozone, which 
generates free radicals and reduces plant growth, causes 
visible foliar damage and reduces the fresh weight of fruits 
when applied at the time of flowering (34,35). Lycopersicon 
pimpinelliform is highly sensitive to ozone (36) and con- 
tains very low levels of melatonin (12). Similarly, leaves of 
different varieties of Nicotiana tabacum are differentially 
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Figure 3. Spontaneous bioluminescence in Gonyaulax polyedra 
during darkness (DD). From top to bottom, control; middle, para- 
quat treatment that markedly suppresses to glow peak; bottom, 
combination of paraquat and melatonin showing that melatonin 
restored the glow peak. Source: Reprinted with permission from 
Ref. 31. 


sensitive to ozone damage, and the sensitivity is lower in 
the leaves with the highest melatonin concentrations. This 
is consistent with the idea that melatonin in plants, as in 
animals, functions as an antioxidant. 

Finally, considering melatonin’s obvious function in ani- 
mals as a modulator of circadian rhythms, the 24-hr fluc- 
tuations in this indoleamine in plants (9-11) and algae (4) 
indicates it may also be involved in the regulation of cir- 
cadian rhythms and photoperiodicity in these species. Al- 
though there are no studies on these interactions in higher 
plants, in algae (18,37) the evidence is quite compelling for 
a role of melatonin in a variety of functions that vary over 
the light/dark cycle. 
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CONCLUSION 


Relatively few plants have been examined as to their mel- 
atonin levels, but the preliminary data indicate the indole- 
amine is present and that its concentration may vary 
greatly over the light/dark cycle and between different spe- 
cies. Its presence in edible plants suggests that melatonin, 
like vitamin antioxidants, may be ingested in sufficient 
quantities to provide at least some protection against free 
radicals. In the plants themselves, melatonin is believed 
to function as a free-radical scavenger and in photoperi- 
odism. This area of research is in its early stages of devel- 
opment, and the next several years will likely be associated 
with a substantial increase in the amount of information 
related to both the content and function of melatonin in 
plants. 
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PHYTOCHEMICALS: VACCINIUM 


The genus Vaccinium belongs to the health family, and 
members include the blueberries (bilberries), cranberries, 
and whortleberries. Total world production is estimated to 
about 1 million tons per year. These widespread, small 
fruits are found nearly everywhere in the Northern Hemi- 
sphere. 

Knowledge of the chemical composition of the plant part 
of Vaccinium spp. is relevant because some phytochemicals 
(from the Greek phyton, plant) have biological activity, and 
berries are used as food and as medicine. 


HISTORY 


In the antiquity, Vergil and Ovid wrote verses on blue- 
berries. Pliny the Elder and Vitruvius described the use 
of bilberries as a dye. The word Vaccinium derives from 
the Latin word vacca, ie, cow, or it is a misprint of bacca, 
berry. 

Several plant parts (berries, leaves, flowers) of Vaccin- 
ium spp. have also been used in natural medicine dating 
back to ancient times. Dioscorides (first century A.D.) de- 
scribed the use of bilberries in the treatment of the diar- 
rhea. This traditional folk remedy is still implemented to- 
day. St. Hildegarde of Bingen (twelfth century A.D.) 
recommended the use of these wild fruits to promote men- 
struation. Blueberry was entered in the pharmacopoeia in 
the sixteenth century. 

Blueberries have been eaten in America since prehis- 
toric times. Native American tribes not only ate bilberries, 
but also used the berries as a dye and as a medicine. Cran- 
berry fruits, too acidic to be eaten raw, were generally 
mixed with honey or maple syrup or smoked. The main use 
for blueberries, however, was as a preservative. The high 
content of phenolic compounds and benzoic acid provides 
the bacteriostatic, antifermentative, and antioxidant prop- 
erties. By adding blueberries to bison meat or deer fat, na- 
tives could preserve the food for the winter. This prepara- 
tion was known as pemmican. Another was venison, meat 
filled with blueberries that was then smoked and dried. 
Several tribes used blueberries in medicine, using both 
berries and leaves. 


Consumption of blueberries was introduced to the Pil- 
grims by the natives, but blueberry cultivation did not 
begin until the end of the nineteenth century. On the U.S. 
East Coast, July now is known as Blueberry Month, a 
time devoted to the appreciation of this most popular 
fruit. 

Of curious interest is that the economic fortune of blue- 
berries blossomed during wartime. During the American 
Civil War, blueberry juice and cranberries were consumed 
in high quantities by the troops. In the United Kingdom 
during World War I, blueberries were used as a substitute 
for synthetic aniline dyes. During World War II, pilots of 
the Royal Air Force, when flying in the night bombing raids 
over Nazi Germany, observed that when their diets in- 
cluded blueberry jam, they had great visual capacity and 
no night blindness. 


PLANT COMPOSITION 


Hundreds of compounds have been identified in Vaccinium. 
They are divided into several main classes, which are dis- 
cussed in this section. 


Sugars 

Two main carbohydrates occur in Vaccinium berries, glu- 
cose (1-3%) and fructose (0.5-2%) (1,2). In cranberry, glu- 
cose occurs in a much higher amount than fructose; this is 
unusual because usually fructose and glucose occur in 
equal amounts. 


Acids 


Major organic acids in Vaccinium spp. are citric, malic, 
quinic, and benzoic acids (3,4). Quinic acid (1,3,4,5- 
tetrahydroxycyclohexanecarboxylic acid) and benzoic acid 
are the most important and characteristic acids of cran- 
berry (V. macrocarpom). The mean benzoic acid content 
is 0.01%, occurring mainly as 6-benzoyl-D-glucose (vacci- 
nin). 


Phenolic Compounds 


Phenolic compounds (4-6) are water-soluble compounds, 
sometimes present in glycosidic form, characterized by the 
occurrence of one or more hydroxyl residues in the mole- 
cule. They occur in monomeric or polymeric structures. 
They provide a high antioxidant potential in foods because 
they scavenge free radicals such as O; , HO’, and ROO’. 
Phenolic compounds are also responsible for the color, 
taste, flavor, and astringency of foods. 


Polymeric Phenols. The tannins comprise much of the 
phenolic content in Vaccinium. They have a molecular 
weight of up to 5000 and are characterized by their astrin- 
gency, brown color, and ability to precipitate by bonding 
with proteins. Two types occur in vegetables, hydrolyzable 
and condensed. In Vaccinium they occur as condensed tan- 
nins. 


Oligomeric Phenolic Compounds. Oligomeric (ie, of in- 
termediate molecular weight that ranges from 500 to 1500) 
phenolic compounds (OPCs) (7,8) are dimeric, trimeric, or 
tetrameric forms of flavan-type phenols, such as catechin 
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and epicatechin. They are called procyanidins or proan- 
thocyanidins because they yield anthocyanidins after acid 
degradation. They occur as copolymer of all the possible 
combinations of the stereoisomer form of the monomeric 
flavans and are distinguished by an alphabetic letter 
(ie, B,, By, Bs, and B, for the four-dimeric forms of [D,LI- 
catechin and [D,L]-epicatechin). With three monomers, the 
number of possible trimers would be 27, etc. A typical pro- 
cyanidin, procyanidin B,, that occurs in Vaccinium berries 
is represented in Figure 1. 


Anthocyanins. The anthocyanins (5,6,9) are the pig- 
ments responsible for the red to dark blue color of the Vac- 
cinium berries and their juice. Anthocyanins are flavo- 
noids (a Cg-C3-C, molecule) and occur in glycosidic form. 
The nature and the type of the attachment of the sugar 
may be different. The sugar can be also acylated, generally 
with an aromatic or an aliphatic acyl moiety. A typical an- 
thocyanin is shown in Figure 2. The anthocyanin compo- 
sition characterizes Vaccinium species with qualitative 
and quantitative differences. In highbush blueberry (V. 
corymbosum L.), the total anthocyanin content varies from 
25 to 495 mg/100 g fresh weight (FW). In the lowbush blue- 
berry (V. angustifolium L.), the anthocyanin content 
ranges from 120 mg/100 g in the variety Bloomingdon and 
260 mg/100 gin the variety Chignecto. In V. angustifolium, 
it is important to observe the occurrence of up to 35% of 
anthocyanins acylated with acetic acid and the genetic re- 
lationship among varieties (10). In rabbiteye blueberry 
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Figure 1. Procyanidin B,, a catechin-epicatechin dimeric proan- 
thocyanidin. 
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Figure 2. Malvidin, a typical Vaccinium anthocyanin. Ry, glu- 
cose, galactose, and arabinose. 
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(V. ashei), the total anthocyanin content is 210 mg/100 g 
in Tifblue berries and 272 mg/100 g in Bluegem berries. 

Vaccinium elliotti, with an anthocyanin content of 760 
mg/100 g, appears to be the species containing the highest 
amount of anthocyanins. 

In V. japonicum, cyanidin 3-arabinoside (54%) and pe- 
largonidin 3-arabinoside (39%) have been identified as two 
main pigments, they total 113 mg/100 g FW. This is the 
first report of pelargonidin glycosides in the genus Vaccin- 
ium. 

In the fruit of V. oxycoccus L., or small cranberry, the 
main pigments present are peonidin 3-glucoside and cyan- 
idin 3-glucoside, accounting for 41.9% and 38.3% of the to- 
tal anthocyanin content, respectively. This anthocyanin 
pattern is rather different from that of the American cran- 
berry (V. macrocarpon), which is rich in the 3-galactosides 
and the 3-arabinosides of peonidin and cyanidin; the total 
anthocyanin content of the fruit is about 78 mg/100 g FW. 
All possible combinations of cyanidin, delphinidin, petu- 
nidin, peonidin, and malvidin 3-galactosides, 3-glucosides, 
and 3-arabinosides have been found in the bilberry V. myr- 
tillus, Quantitatively, the delphinidin glycosides are pres- 
ent in the largest quantities, and the peonidin glycosides 
are the least abundant. Fruit of bilberries from the Pied- 
mont Alps in Italy contain 300-320 mg of anthocyanins/ 
100 g FW. Bog whortleberry (V. uliginosum) contains 15 
anthocyanins, The 3-glucoside of malvidin comprises the 
majority of these pigments (35.9%), and the total antho- 
cyanin content is 256 mg/100 g FW. In Norwegian cowber- 
ries (V. vitis-idaea L.), the main anthocyanin is repre- 
sented by cyanidin 3-galactoside (88.0%). The total 
anthocyanin content is 174 mg/100 g FW. 


Phenolic Acids. Vaccinium berries contain a large num- 
ber of phenolic acids as glycosides (6). The hydroxycin- 
namic acid derivatives (180-210 mg/100 g FW) are much 
higher in amount than the hydroxybenzoic derivatives 
(0,5-2.0 mg/100 g FW). 


Simple Phenols. Arbutin (4-hydroxyphenyl-f-D-gluco- 
pyranoside) is a hydroquinone glycoside occurring in 
leaves and fruit (6). In the leaves of V. vitis-idaea, its con- 
tent ranges from 40 to 90 mg g~'. Its methyl ether, meth- 
ylarbutin, occurs together with arbutin but in a lower 
amount. 


Volatile Compounds 


Several volatile compounds (11,12), including esters, hy- 
drocarbons, aldehydes, ketones, cyclic ether, and sulfur- 
containing compounds, have been identified in different 
Vaccinium species, and there are qualitative and quanti- 
tative differences among them. 

The impact compounds include t-2-hexenal, t-3-hexenol, 
and linalool in highbush blueberry. The impact character 
compounds in bilberry are ¢-2-hexenol, ethyl-3-methylbu- 
tanoate, and ethyl-2-methylbutanoate. Linalool contrib- 
utes to the floral, rosy character unique to blueberry fruit, 
its concentration is less than 1 ppm. In cranberry, benzoic 


acid derivatives are responsible of the impact flavor char- 
acter. As many as 50 volatile compounds have been iden- 
tified in Vaccinium spp., but as many as 200 other com- 
pounds still remain unidentified. 


Vitamins 


Ascorbic acid is the vitamin occurring in highest amount 
in Vaccinium; its mean content in cranberry juice is 3 mg/ 
100 mL (13,14). The folic acid content is 2.6 ug/100 g. The 
potential vitamin A content ranges from 50 to 100 IU/100 
g. Trace amounts of thiamin, riboflavin, and niacin have 
also been detected. 


Metals 


The metal content includes potassium, sodium, calcium, 
rubidium, and magnesium, but Vaccinium berries are 
characterized by a high content of manganese, ranging 
from 28 to 250 ppm in V. vitis-idaea to 370 ppm in V. myr- 
tillus (13,14). 


NUTRITIONAL PROPERTIES 


With their vivid color and their delicate flavor, Vaccinium 
berries stimulate the appetite. The energy supply of sug- 
ars, organic acids, minerals, and vitamins contained in 
them is important. However, an essential role is played by 
the phenolic compounds, particularly anthocyanins and 
OPCs. These phytochemicals are also responsible for the 
medicinal properties of bilberries (15-17). 

An advantage of consuming large quantities of Vaccin- 
ium fruits may be an increase in antioxidative defenses in 
the body. The daily intake of phenolic compounds, includ- 
ing large quantities of anthocyanins, may prevent or lower 
the risk of a variety of ailments, particularly circulatory 
disease and stroke (17). 

Flavonols and simple phenols retard the oxidation of 
ascorbic acid, tocopherols, and carotenoids, thus preserv- 
ing their nutritional value and exerting a bacteriostatic 
action (18). Several scientific reports (19) have shown how 
phenolic substances, present in foods of plant origin, play 
an important role in nutrition. In Vaccinium berries, this 
fact is attributable to anthocyanins and procyanidins. 
They act as antioxidants in protecting the body from de- 
generative phenomena caused by the oxidation of lipids 
(cardiovascular diseases, atherosclerosis, etc.), and they 
have a chemopreventive action against the onset of cancer 
(20-31). 

Manganese is an essential microelement for the syn- 
thesis of several enzymes, particularly superoxide dismu- 
tase (SOD), a very important enzyme that is the main front 
line defense against damaging free radicals (32). 


PHARMACOLOGICAL PROPERTIES 


The anthocyanins and OPCs are antioxidants; they are 
free radical scavengers and inhibitors of lipoxygenase, cy- 
clooxygenases, hyaluronidases, and other oxidative en- 


zymes, such as ascorbic oxidases. Anthocyanins also lower 
cholesterol levels and appear to have significant platelet 
antiaggregating activity as well as antithrombotic activity 
(33-39). 

Ophthalmological studies done in the 1960s in France 
and Italy found that anthocyanins act directly on the speed 
of regeneration of the vision pigment. They have an indi- 
rect action by improving the blood flow to the strongly vas- 
cularized retina. Athletes and certain professionals (truck 
and bus drivers, video terminal operators), for whom good. 
vision is critical, would benefit from high intake of Vaccin- 
ium anthocyanins (15). 

A vast series of pharmacological and clinical studies 
conducted in Europe during the past 40 years has shown 
that the anthocyanin glucosides and OPCs have a marked 
action on the permeability and resistance of the capillary 
walls. In addition to the capillarotropic action, attributable 
to the so-called vitamin P factor, these compounds have a 
noticeable anti-inflammatory effect. They have been used 
successfully in capillary pathologies such as diabetes, ath- 
erosclerosis, arterial hypertension, and circulatory distur- 
bances in superficial and deep veins and circulation prob- 
lems during pregnancy (40-46). 

Figure 3 shows some pharmaceutical formulations 
anthocyanin-containing from bilberries. 

Other experimental and clinica] studies have shown 
outstanding wound-healing, mucopoietic, capillaroprotec- 
tive effects, not only on superficial wounds but also on the 
gastric mucosa and duodenum (40-46). Elderly persons, 
patients with diabetes, and persons with coronary disease, 
hypertension, or ulcers are among those who could greatly 
benefit from a diet rich in blueberries, cranberries, and 
whortleberries. 

Recent clinical trials have also scientifically confirmed 
what has been known from popular experience. Cranberry 
juice and other Vaccinium berry juices prevent urinary 
tract infections in women and elderly individuals. The an- 
tiadhesion effect that impedes the proliferation of Esche- 
richia coli, the bacteria responsible for the infection, has 
been proved to be due to the procyanidins contained in 
cranberry juice (47-50). 


Figure 8. Pharmaceutical preparations based on bilberry antho- 
cyanins. 


PHYTOCHEMICALS: VACCINIUM 1925 


CONCLUSION 


Fresh and processed Vaccinium berries have been a part 
of our diet for a long time. In addition to their colorful ap- 
pearance, they stimulate the appetite with flavorful and 
tasteful sensory properties and supply macronutrients and 
micronutrients to the body. The phytochemicals found in 
Vaccinium contribute significantly to cardiovascular dis- 
ease prevention. They improve microcirculation, enhance 
eyesight, lower blood cholesterol levels, prevent lipid- 
oxidation-derived diseases (atherosclerosis, cancer, etc.), 
moderate the negative effects of aging, and have a syner- 
gistic action on all antioxidant vitamins (A, E, and C). 

On the threshold of Third Millennium, Hippocrates’ 
fifth-century B.C. statement is still topical: 


Let your food be your medicine, let your medicine be your food. 
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PHYTOCHEMICALS: WINE 


The understanding of the term phytochemicals (chemicals 
of plants) is likely to be related to the discipline in which 
a person has an interest and/or training (1). For example, 
plant biochemists are to be more apt to think of phyto- 
chemicals as secondary metabolites, that is, other natural 
chemicals than the primary plant components of carbo- 
hydrates, proteins, or lipids; toxicologists may define phy- 
tochemicals as natural compounds that cause or inhibit 
mutagenicity, carcinogenicity, or teratogenicity; food tech- 
nologists mainly consider phytochemicals in relation to 
food colors and taste; nutritionists are now using the term 
phytonutrients—phytochemicals that enhance human 
health over and above vitamins and minerals. Whatever 
the definition, phytochemicals are natural compounds in 
plant foods and plant food products, such as wine. It is 
known that many of them contribute to the desirable qual- 
ities of the food and wine and, more recently, to optimal 
health, Many phytochemicals of wine may differ from the 
phytochemicals of the grapes used for vinification. The 
most-studied are red grape pigments that slowly turn into 
new, modified, more stable pigments during “wine aging” 
(2), These substances, among others, are known as poly- 
phenols and can take months or years to evolve during the 
aging process. Various types of polyphenols are found in a 
variety of colored fruits and vegetables as well as in tea 
and coffee. 

A phenolic index (Ey — 4) has been used as an arbi- 
trary division between two divisions of red wines, that is, 
light red wines and robust red wines (3). A low phenolic 
index of the former is usually from young wines marketed 
after a few months of vintage, whereas the latter indicates 
prolonged maturation and further development during 
bottle aging. 


PHENOLICS IN WINE 


The quality and characteristics of wine depend on its phe- 
nol content. The natural phenols and their derivatives are 
crucial to wine’s color, astringency, bitterness, resistance 
to oxidation, and other characteristics that make wine in- 
teresting and diverse (4). Although wines differ greatly in 
phenol content, a gross comparison between white and red 
young Vitis vinifera wines is presented in Table 1. Phenolic 
compounds are usually within several chemical classes but 
are usually separated into two general classes, the flavo- 
noids and the nonflavonoids, as seen in Table 1. High- 
performance liquid chromatography (HPLC) is presently 
very useful in the analysis of wine phenols. However, wine 
chromatographs show very large numbers of components, 
many that are not identified and many that may not be 
phenols. For reliable quantitation, a known standard sam- 
ple of each phenol to be determined must be chromato- 
graphed for comparison under exactly the same conditions. 
A direct HPLC method for separation of all classes of wine 
phenolic compounds, without prepurification steps, has 
been developed (5). 
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Table 1. Gross Estimated Phenol Content for Typical 
Young, Light Table Wines (mg L~') 


White Red 
Nonflavodoids 
Volatile phenols 1 5 
‘Tyrosol 14 15 
Gallic and other C6C1 acids 10 40 
Caffeic acid/related compounds 140 140 
Total 165 200 
Flavonoids 

Catechins (flavan-3-ols) 25 75 
Anthocyanin and derivative 0 400 
Other monomeric flavonoids Trace 25 
Oligomeric flavonoids 5 500 
Total 35 1000 
Total phenols 200 1200 


Source: Ref. 4. 


Nonflavonoid Phenols 


The two most prevalent types of nonflavonoids, as ob- 
served in Table 1, are gallic acid and caffeic acid, as well 
as their related compounds (Fig. 1a,b). Gallic acid, the 
major wine hydroxybenzoate compound; caffeic acid, the 
primary hydroxycinnamate compound; and the stilbene 
derivative, trans-resveratrol, are the major, important 
nonflavonoids in wine. Other hydroxybenzoates and hy- 
droxycinnamates appear in wine with substituted mole- 
cules for hydrogen in the final acid moiety of these 
compounds. All wines have quite similar amounts of non- 
flavonoids, and these compounds can contribute important 
sensory properties and color stability to wine. Other non- 
flavonoids in wines are short-chain aldehydes, caftaric 
acids, vanillin, syringaldehyde, tyrosol, 4-vinylguaiacol, 
acetovanillone, eugenol, and 4-ethylphenol. Some of these 
appear to be degradation products of other phenols and 
increases during red wine aging (4). 

trans-Resveratrol (Fig. 1c) levels in wines, which are 
somewhat higher in red wines than whites, was first 
shown to be generally under 1 mg/L (6). This compound 
is considered to be a phytoalexin. Phytoalexins in grapes 
and other plants are formed in response to stress, espe- 
cially microorganisms causing disease, and are part of the 
plant’s response mechanism for disease resistance. The 
importance of trans-resveratrol in wine is its antioxidant 
effect on human low-density lipoprotein (LDL) as well as 
a possible cancer chemopreventive agent (7). Probably 
with the combination of other antioxidant flavonoid com- 
pounds in wine resveratrol may be effective in inhibiting 
the pathogenesis of atherosclerosis (see “The French Par- 
adox”). 

Some red Spanish wines, such as pinot noir and merlot, 
have been reported to have average levels of trans- 
resveratrol of 5 and 4 mg/L, respectively (8). The cis isomer 
of resveratrol has not been reported as a natural product 
in wine, but it is present and probably occurs from light 
exposure during winemaking and/or during storage (8). 
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Figure 1. Examples of wine nonflavonoids. (a) Gallic acid; (b) 
Caffeic acid; (c) trans-Resveratrol. 


There is also a 3 f-glycoside of transveratrol noted in the 
skin of grapes called piceid (9). It is not known whether 
these resveratrol derivatives all have the attributed health 
effects reported for the trans isomer or how much is actu- 
ally absorbed and metabolized. 


Flavonoids 


The highest level (Table 1) and most important phenols in 
wine are the flavonoids (Fig. 2). Nearly 5000 individual 
flavonoids have been characterized. In most cases, the 
various kinds of flavonoids arise by glycosylation or other 
substitution, and a very large number of different sugars 
have been found to substitute flavonoids, especially the fla- 
vonol class (10). 

A significant flavonoid class are the flavan-3-ols. The 
monomer is catechin (Fig. 2a), and the flavan-3-ol oligo- 
mer is called procyanidin (Fig. 2b). An isomer of catechin, 
epicatechin, comprises one-half of the procyanidins anda 
good portion of the polymers of flavan-3-ols, also known 
as condensed tannins. These tannins, sometimes called 
flavolans (4), are a major component of grape seeds, skins, 
and stems. Tannins are astringent polyphenols, with mo- 
lecular weights ranging from about 500 to 5000. These 
flavan-3-ol polymers are different from hydrolyzable tan- 
nins that appear in wine from wood contact, usually from 


barrel aging. Gallic esters of the catechins are also pres- 
ent in wine but at lesser amounts and are rather unstable 
to oxidation. 

Levels of catechin, the most abundant monomeric phe- 
nolic in wine, vary from year to year and within wine va- 
rieties. As seen in Figure 3, the average catechin levels in 
selected California red wines by vintage show these large 
yearly variations. Wines made from pinot noir grapes ap- 
pear to have quite low catechin levels in the 1986 vintage, 
yet possess the highest catechin levels, 300 mg/L, in 1989 
and 1990 as compared to the cabernet sauvignon, zinfan- 
del, and merlot wines made in these same years (10). 

Quercetin (Fig. 2c) and other flavonols all contain a 4- 
keto group and occur in grapes as glycosides and in wines 
partly as aglycones. Quercetin is relatively high in grape 
leaves and may be controlled to a large extent by sun ex- 
posure. Flavanonols, such as dihydroquercetin and dihy- 
drokaempferol in the form of their 3-rhamnosides, have 
been observed in grapes and wines at very low concentra- 
tions (4). Quercetin also appears to vary in wine by grape 
variety and vintage year, with cabernet sauvignon contain- 
ing the relatively highest level compared to California 
pinot noir, zinfandel, and merlot, as seen in Figure 4. The 
largest variation of quercetin appears to be present in 
pinot noir wines. This flavonol was not detected in white 
wine varieties (10). 

Anthocyanins are important phenols that give color to 
red wines primarily by extraction of these pigments from 
grape skins during vinification. These phenols become 
quite complex and seem to be of decreased importance to 
wine color during aging. Anthocyanins do not occur free 
but are glucosides in grapes and wines. Following the origi- 
nal work of P. Ribereau-Gayon (11) that showed the Eu- 
ropean grape Vitis vinifera contains only anthocyanins 
that are 3-monoglucosides, whereas other grape species 
are 3,5-diglucosides, there are more than six reviews con- 
sidering analyses of anthocyanins in wine (4). Recent an- 
alytical methodologies include HPLC and polarography. 
However, analysis of anthocyanins in wines are quite dif- 
ficult and complex. There are a number of nondefined poly- 
meric forms and rapid and complex equilibria regarding 
the red forms of the anthocyanins (flavylium ion) with the 
purple anhydro base together with a colorless carbinol 
base. The acidity, temperature, interaction with other com- 
pounds (eg, catechins), concentration of the total amount 
of anthocyanins, and a very quick polymerization of the red 
pigment during winemaking and storage complicates an- 
thocyanin analysis. 

Three major anthocyanin structures are shown in Fig- 
ure 5a—c. Malvidin 3-glucoside and its acylated derivatives 
account for more than 60% of total anthocyanins in V. vin- 
ifera wines. This 3,5-diglucoside, found in native American 
grapes such as Concord and Niagara, is termed malvin. 
Delphinidin (Fig. 5b) and peonidin (Fig. 5c) are usually the 
next two major anthocyanins in most wines. There are five 
major and about 15 minor anthocyanins believed to be 
present in all red wines. 

Figure 6 shows the average levels of malvidin-3-gluco- 
side in four varietal red wines. The older red wines from 
the 1989 vintage have only a portion of the malvidin levels 
than the newer 1990 and 1991 wines (10). This indicates, 
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as previously stated, that anthocyanins decrease with the 
age of wines. 


VINIFICATION AND PHENOLICS 


As seen in Figures 3, 4, and 6, the phenolic content of wines 
changes from vintage years and by grape varieties. Fur- 
ther phenolic changes in grapes have been noted from site 
of production, probably depending on a number of factors 
such as weather and soil conditions and grape degree of 
maturity. Catechins and procyanidins are observed at the 
highest level during the early stages of grape maturity and 
then decrease somewhat rapidly. Anthocyanins, develop- 
ing in grape skins, steadily increase during maturity. 
There are three main technological practices during 
vinification that change the flavonoid content of wines (12). 
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OH 
Figure 2. Examples of wine flavonoids. (a) Flavan-3-ol: cat- 
echin; (b) Flavan-3-ol oligomer: procyanldin; (¢) Flavanol: 
quercetin. 
Destemming of Grape Clusters 


After grape harvest, American winemakers usually first 
destem the grapes. Destemming in some European cel- 
lars is a current enological practice. Destemming grape 
clusters produces wines with less catechins and procyan- 
idins. Some evidence indicates only a small reduction in 
epicatechins as compared to about a 25% reduction in 
catechin and procyanidins in wines from destemmed 
grapes. 


Length of Maceration 


Macerating red grapes with skins and seeds, and in some 
cases with stems, usually does not exceed 10 days because 
the maximum level of anthocyanin extraction then seems 
to occur. However, it has been noted that even with pro- 
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Figure 3. Average catechin levels in four red wines made in 1986, 
1989, and 1990. Source; Reprinted with permission from Water- 
house and Teissedre, Ref. 10. Copyright 1997, American Chemical 
Society. 
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Figure 4. Average quercetin levels in four red wines made in 
1989, 1990, and 1991. Source: Reprinted with permission from 
Waterhouse and Teissedre, Ref. 10. Copyright 1997, American 
Chemical Society. 


longed skin contact and maceration, phenolic extraction 
rarely is more than 50% of the available grape amount. 
Maceration times, compared from 2 to 14 days, more than 
double the levels of catechin, epicatechin, and procyanidins 
in wine. These wines are more astringent because in- 
creased procyanidins and tannins causes high levels of as- 
tringency in young, red wines. 


Fining of Wines 


Fining or clarification of wines eliminates colloidal mate- 
rials, usually involving phenolics and proteins, that cause 
turbidity and precipitates during aging. Clarification 
should be undertaken about 6 months after vintage, when 
both fermentation and malolactic fermentation have com- 
pleted. The wine is then racked and filtered. Both red and 
white wines require fining, although some wines are now 
only filtered after centrifuging for faster marketing. Be- 
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Figure 5. Examples of three major wine anthocyanin flavonoids. 
(a) Malvidin; (b) Delphinidin; (c) Peonidin, R, and Rz are glucose 
(3,5-dighucosides), except in V. vinifera grapes and wine, where Ry 
is glucose and R, is H (3-monoglucosides). 


sides clarification of wine, certain fining agents stabilize 
wine against brown color development. 

Bentonite, a common fining agent that is a clay con- 
sisting primarily of hydrated aluminum silicate, appears 
to be less effective in lowering catechins and procyani- 
dins in wines than gelatin or poly(vinylpyrrolidone). 
However, the level of these and other phenols in wine as 
well as the amount of added fining agent used will affect 
the final amount of the finished wine’s catechins and pro- 
cyanidins. 


WINE AND HEALTH 


Wine is a rich source of polyphenolic antioxidants. Poly- 
phenols are also widely present in fruits and vegetables. 
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Figure 6. Average levels of malvidin-3-glucoside in four red 
wines made in 1989, 1990, and 1991. Source: Reprinted with per- 
mission from Waterhouse and Teissedre, Ref. 10. Copyright 1997, 
American Chemical Society. 


Thus, healthy diets, as the Mediterranean diet, consists of 
large amounts of fruits and vegetables, with only limited 
levels of meat, and moderate amounts of red wine. Etha- 
nol, the largest component of wine (<14%), and the poly- 
phenols seem to be the healthful natural chemicals of wine 
as described in “The French Paradox.” 

Phytochemicals, such as the polyphenolics of food and 
wine that have disease-fighting and wellness-promoting 
qualities, have been recently termed nutraceuticals. The 
use of food as medicine was first presented in recorded his- 
tory by the famous oath of Hippocrates, who stated he 
would use food first to treat disease and alleviate suffering 
in his patients. The use of wine in control of diseases of the 
heart and blood vessels has been advocated since the thir- 
teenth century, but scientific studies published in 1904 
first showed that consuming alcoholic beverages reduces 
the incidence of coronary artery diseases (13). Most phy- 
sicians are hesitant to advise patients to drink moderate 
amounts of alcohol or wine, probably due to alcohol’s po- 
tential abuse and known health problems in heavy drink- 
ers. However, several population studies have shown that 
cardiovascular-related mortalities follow a U-shaped 
curve; light drinkers have lower cardiovascular-related 
mortalities than abstainers or heavy drinkers (14). Doll 
(15) has shown that drinking moderate amounts of alcohol 
daily, between one and four drinks for persons over the age 
of 45, reduces the risk of heart disease and premature 
death. There does not seem to be any positive effect from 
daily alcohol consumption for people under the age of 45. 


The French Paradox 


The French cardiologist S. Renaud first described a para- 
doxical situation in France, whereby there is a remarkably 
high intake of saturated fat but relatively low mortality 
from coronary artery disease. In most countries, a high in- 
take of saturated fats is related to high mortality from 
heart disease. Renaud and de Lorgeril (16) indicated that 
the relatively high intake of wine in France explained this 
French paradox by the alcohol content of wine that inhibits 
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blood platelet aggregation. Platelet aggregation is related 
to one of the conditions needed for the development of cor- 
onary disease. However, later studies by Frankel et al. (17) 
showed that the alcohol content of wine may not be the 
sole explanation for this protection. Red wine, containing 
antioxidant polyphenols, seemed to play an important role 
because in vitro studies showed that the red wine phenolics 
inhibited the oxidation of LDL. Continued studies by these 
investigators (18) showed that the two flavonoids, epi- 
catechin and quercetin, had about twice the inhibiting po- 
tency as trans-resveratrol in LDL oxidation. The oxidation 
of LDL, commonly called the “bad cholesterol,” is another 
condition usually required in the etiology of coronary dis- 
ease. 


Wine and Cancer 


The study of food phytochemicals for cancer prevention 
and cure is a major research activity and will continue to 
expand as new knowledge develops (1). Most studies on 
chemical carcinogenesis in animals or with in vitro meth- 
odologies involve the pure phytochemical, including a 
number of polyphenols found in wine. Specifically, research 
on the flavonols, tannins (19), and resveratol (7) have 
shown anti-initiation, antipromotion, and/or antiprogres- 
sion activities in chemical carcinogenesis studies with ani- 
mal models. 

The process of carcinogenesis is usually broadly divided 
into the three general stages of initiation, promotion, and 
progression. Initiation represents an alteration in the 
DNA of any cell by genetic mutations. Promotion is the 
process by which an initiated cell develops via changes of 
various enzyme systems and in intercellular communica- 
tion patterns. Progression is the process by which a benign 
tumor progresses into a malignant one. The specific poly- 
phenols, previously indicated, have shown antioxidant ef- 
fects such as antimutagen mechanisms and the induction 
of phase II drug-metabolizing enzymes (anti-initiation ef- 
fects), activation of membrane-stabilizing mechanisms 
(anti-inflammation responses), and inhibition of certain 
oxidase enzymes (antipromotion effects). Resveratrol in- 
hibited tumorigenesis in a mouse skin cancer model and 
in carcinogen-treated mouse mammary glands in culture 
(antiprogression effects). 

One recent study has shown a direct link to wine and 
cancer inhibition in a transgenic mouse model (20). These 
mice have a set of genetic disorders that cause tumors to 
grow along nerves similar to neurofibromatosis in humans. 
Dehydrated, dealcoholized red wine solids were fed as a 
supplement with a defined amino-acid-based diet to these 
mice successfully for three generations. Catechin was the 
major wine polyphenol, followed by gallic acid and epi- 
catechin. These three phenols comprised about 93% of the 
total phenolics in the red wine used in this study. The 
mouse group fed the wine solids, compared to the unsup- 
plemented controls, showed a significantly delayed tumor 
onset, and the major polyphenol, catechin, in the red wine 
was absorbed intact. This latter finding is important be- 
cause if wine, or more specifically certain polyphenols in 
wine, has a role in the prevention of human cancer devel- 
opment, then future studies must show absorption, metab- 
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Figure 7. Ethyl carbamate. 


olism, organ distribution, and excretion patterns of these 
polyphenolics and their metabolites. In addition, ethanol 
could play an interactive role in the enhancement of these 
processes. 


Ethyl Carbamate 


Ethyl carbamate, also commonly known as urethane (Fig. 
7), is produced at very low levels in many fermented foods 
and beverages, including bread, beer, soy sauce, yogurt, 
and red and white wine. It is developed in wine by the 
presence of urea with alcohol, by certain malolactic bac- 
teria, or even by heating nonfermented grape juice with 
added ethanol (21). 

Numerous wine surveys showed a range of ethyl car- 
bamate levels from undetected to more than 100 g/L. This 
compound is a water-soluble carcinogen as shown in nu- 
merous animal studies and is therefore considered a hu- 
man dietary carcinogen. Thus, its content in foods and bev- 
erages should be as low as possible. In 1988, the Food and 
Drug Administration (FDA) established that American ta- 
ble wines should not have ethyl carbamate levels higher 
than 15 g/L. The FDA also recommended that wine im- 
porters have some form of testing program so that foreign 
wines do not exceed this limit. 

Carcinogenesis studies with mice have shown that the 
intake of ethanol in wine protects against the metabolite 
of ethyl carbamate, that is, the active or ultimate carcin- 
ogen, from forming through a competitive interaction 
mechanism. Also, lowered food and caloric intake with con- 
comitant lowered body weights in mice seems to further 
reduce ethyl carbamate tumor development (22). 
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POTATOES AND POTATO PROCESSING 


Potatoes are members of the Solanaceae family. Of the 
many tuber-forming Solanum species, the one that is most 
widely cultivated is Solanum tuberosum. The edible por- 
tion of potato is a tuber or an underground stem. While the 
potato is referred to as the “Irish potato,” the center of 
origin of cultivated potatoes is in the Andes Mountains of 
South America (1,2). Long before the Spaniards arrived in 
South America, potatoes were a major portion of diet and 
a component of the culture of the ancient civilizations of 
that part of the world. Potatoes were introduced in Europe 
by the mid- to late-1500s by the Spanish. It took some time 
for them to be accepted as a food. However, potatoes be- 
came a vital part of the food supply of Ireland in the 1600s. 
Unfortunately, potatoes were the primary component of 
the Irish diet by the late 1840s when late blight (Phyto- 
phthora infestans) destroyed a major portion of the crop. 
The famine forced many Irish to immigrate to North Amer- 
ica. The importance of potatoes in Ireland is responsible 
for the term Irish potato. 

Potato tubers are composed of approximately 75 to 80% 
water, 20 to 23% carbohydrates, and about 2% protein. Ap- 
proximately 80% by weight of potato carbohydrate is 
starch and is composed of amylopectin (75-79%) and am- 
ylose (21-25%) (3,4). The nutritional value of the crop was 
demonstrated by the Irish diet prior to the famine. Cur- 
rently most individuals underestimate the nutritional 
value of potatoes. Potatoes are a good source of vitamin C, 
Bg, potassium, and dietary fiber (Fig. 1). Although the pro- 
tein content of potatoes is relatively low, it isa high-quality 
protein, and as demonstrated by Irish history, if enough 
potatoes are consumed, the requirement for protein can be 
satisfied. Because of the potato’s ability to produce high 
yields under a wide range of climatic conditions, it is an 
important crop worldwide (5). It ranks after wheat, rice, 
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Figure 1. Nutritional contribution of a medium-sized potato to 
the daily requirements of 2000-calorie diet. Source: National Po- 
tato Board, Denver, Colo. 
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and maize as the fourth most important crop and is the 
most widely grown vegetable in the world. The largest 
potato-producing countries in 1997 were China (46 million 
t), Russia (40 million t), Poland (25 million t), and the 
United States (20 million t) (6). 

The per capita consumption of potatoes in the United 
States has increased from 46 kg in 1950 to 64 kg in 1997 
(7). Approximately one-third of the United States crop is 
consumed in the fresh form while frozen products ac- 
counted for about 40% of the consumption (Fig. 2). 

Nutritionally, potatoes are quite stable and are avail- 
able year-round through modern storage and processing 
technology. Approximately 75% of the potatoes produced 
in the United States are stored for later consumption. Stor- 
age terms range from 2 to 11 months as required to match 
raw material supply with utilization. Because potatoes are 
highly perishable, potato storages must be designed and 
operated effectively and economically to limit losses in 
quality and quantity of the raw potatoes. Special storage 
environments are required to maintain potatoes for their 
intended end use (Table 1). 

Potato varieties differ in their culinary characteristics. 
Potatoes with high dry matter (or specific gravity) are pre- 
ferred for processing into frozen French fries, potato chips 
and dehydration, and as mealy, dry-textured baked pota- 
toes. Potatoes used in potato salads or in canned products, 
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Figure 2. The fresh market equivalent of utilization of U.S. po- 
tatoes, 1990-1996. 


Table 1. Environmental Requirements of Potatoes in 


Storage for Specific End Uses 
‘Temperatures, Relative humidity, Airflow rate, 
End use re % m®/kg-h 
Seed 34 >90 0.02 
Fresh 4 >90 0.02 
French fries 7 >95 0.04 
Chips 7-10 90-95 0.04 
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such as soup, should have low specific gravity. High- 
specific-gravity potatoes tend to fall apart when boiled. 

The sugar content and composition of potatoes also de- 
termine how they are utilized in processing. Potatoes with 
a high reducing sugar level produce fried products that 
have a dark color. 


PROCESSING OPERATIONS 


Processing potatoes into finished food products involves a 
sequence of operations dependent on the product being 
prepared. Figure 3 illustrates major operations typically 
used for processing French fries, chips, and flakes. The ini- 
tial stages of processing are common to the three major 
types of potato processing. Receiving, washing, peeling, in- 
spection, and cutting/slicing potatoes are done in a similar 
manner, even though they may not be done in exactly the 
same. The steps outlined in Figure 3 are specific to the 
product being produced. 


Receiving 


Receiving operations are among the procedures that are 
common to all potato processing plants. Appropriate types 
and sizes of equipment and facilities are required for un- 
loading (dump hoists, hoppers), handling (flumes, convey- 
ors), and temporarily storing (bulk bins, pallet boxes) raw 
potatoes delivered to the plant by controlled-temperature 
highway trucks and railroad cars. Typical receiving opera- 
tions consist of either wet fluming or dry conveying types 
of systems. Usually, some means of sampling the incoming 
potatoes is used to determine raw product quality. 

Most potatoes are delivered to processing plants un- 
washed. Therefore, a system to remove soil and extraneous 
material is required at the plant. Forced water sprays com- 
bined with brushing are used to remove soil from the tu- 
bers. Destoners and trash elevators are normally incor- 
porated into either the receiving operations or the initial 
washing operation at the plant. 
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Figure 3. Flow diagram showing major operations in processing 
raw potatoes into French fries, chips, or dehydrated flakes. 


Peeling 


Peeling is a critical step in preparation for processing be- 
cause the amount of material removed directly affects final 
product yield. Peel removal normally ranges from 1 to 10% 
by weight of raw product in chipping plants and from 10 
to 25% in French fry plants. Steam peelers followed by 
abrasive peeling types are the most common. Abrasive 
peelers function by contact between tubers and an abrasive 
coating on moving rolls, drums, or disks to physically erode 
the peel from the tuber. The removed peel is then flushed 
away with flowing water. Steam peeling softens the peel 
at tuber surfaces via the action of heat and pressure in an 
enclosed vessel. Water sprays and brushes are used to re- 
move the softened peel after the tubers exit the pressure 
vessel. Time and temperature settings are critical to con- 
trolling depth of peel softening and removal in the steam 
process. 


Inspection 


Removal of the peel often discloses blemishes within the 
potato tubers. Inspection for these defects is accomplished 
by visual means or electromechanical detection and re- 
moval. The number of inspectors or mechanical devices de- 
pends on product volume and/or defects. Defects such as 
bruised and discolored areas are commonly trimmed away 
or the entire tuber may be removed. Trimming of such de- 
fects from the tubers by hand is performed by the inspec- 
tors or by a photo/mechanical process. In some plants, a 
second inspection follows the cutting/slicing operation. 
Then optical detection and mechanical removal of only the 
defective portion of a French fry strip is performed. 


Cutting/Slicing 


Subsequent to the inspection operation, potatoes typically 
enter a cutting/slicing operation, which consists of equip- 
ment designed to produce cut potato pieces of appropriate 
size and shape from the raw tubers. A variety of sizes and 
shapes of slabs and strips may be obtained from a raw 
tubers by use of a basic industrial-type rotary vegetable 
slicer. In some plants, unique water knives, which cut 
peeled tubers into strips for French fries while being car- 
ried by flowing water in pipes, are used. Specially designed 
equipment provides for proper orientation of tubers rela- 
tive to cutter blades and results in the longest possible cut 
strips. Multiple cutter units are used to meet plant capac- 
ity requirements. 


Blanching/Cooking/Frying 


Blanching is not used in chip processing but is a necessary 
step in French fry and flake production. Blanching (soak- 
ing in water at 70-80°C) accomplishes the gelatization of 
starch granules to improve product texture and limits sub- 
sequent cooking oil absorption. Additionally, blanching 
limits enzyme activity and leaches reducing sugars from 
the raw potato strips. The removal of reducing sugars is 
important in preventing dark-colored French fries. Cooling 
in water at approximately 10°C immediately following 
blanching is used in potato-flake processing to accomplish 
gelling of starch. This step is not needed in French fry pro- 


duction. To improve finished product quality (crispness 
and temperature retention), potato strips for French fries 
are dried after blanching and prior to frying. In some cases 
various coatings may be added prior to frying. 

Although French fries and chips are both fried in cook- 
ing oil—times, temperatures, and equipment are different. 
Chips are fried as thin (0.125—0.175 cm) slices at times and 
temperatures that rapidly reduce their moisture content 
to less than 2%. Typical times and temperatures for chip 
frying might range from 1.5 to 3 min and from 155 to 
190°C. French fries may be fried as strips ranging from 
0.65 to 1.25 cm in thickness. Fry times are influenced by 
slice thickness and oil temperature, but range from 1 to 
2.5 min in oil ranging from 160 to 190°C to accomplish an 
adequate par fry (partial frying), which removes moisture 
to less than 30 to 40%. Finish frying is done by the end- 
product user. 


Cooling/Dehydrating 


Products such as dehydrated potato flakes require cooking 
rather than frying. The cooking follows the blanching and 
cooling operations and use times and temperatures that 
best accomplish cell aggregation with minimal cell rup- 
ture. Typically, cooking involves the application of live 
steam (100°C) for times ranging from 20 to 30 min, depen- 
dent on slab thickness and potato solids content, to obtain 
a cooked product for mashing. 

Potatoes are mashed immediately after cooking to min- 
imize cell rupture. Additives such as emulsifiers that pre- 
vent gluiness/stickiness by complexing free starch (8), che- 
lating agents that prevent after-cooking darkening by 
complexing metal ions (9), and antioxidants that prevent 
oxidation of potato components (10) are incorporated dur- 
ing the mashing process. Cooked potatoes are mashed in 
equipment that blends the potato tissue with additives un- 
til an appropriate consistency is obtained for application 
to the dehydrating drums for drying. 

Dehydration to flakes consists of drying a thin layer of 
the mashed potato material to less than 6% moisture ona 
steam-heated rotating drying drum. This process results 
in a sheet of dried potato tissue 0.015 to 0.025 cm thick 
(11), which is then reduced to flakes via size-reduction/ 
grinding equipment. 

When processing potato chips or French fries, the frying 
operation is usually followed by a short cooling period be- 
fore proceeding to the next operation. This cooling gener- 
ally occurs on conveyor belts at ambient conditions in the 
plant (Fig. 4). French fries may undergo removal of excess 
surface oil in 70°C flowing air immediately following frying 
and before the cooling operation. Cooled French fries then 
enter a freezing operation. This operation rapidly reduces 
the product temperatures to — 15 to —7°C with refriger- 
ated air or by application of liquid nitrogen (—50°C) di- 
rectly to the product surface. 


Packaging 


Packaging of all forms of processed potato products is ac- 
complished by fully automated systems in most processing 
plants. Potato chips are packaged with form-fill equipment 
that currently uses special packing materials (foil lami- 
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Figure 4. French fries cooling on conveyor belts. Source: Cour- 
tesy of J. R. Simplot Company. 


nates) that eliminate light and oxygen and provide for 
maintenance of injected nitrogen. This nitrogen serves 
both as an antioxidant for the contents and a cushion for 
the package. Frozen French fries are placed in retail or 
institutional packages via either form-fill or carton-fill 
equipment. Polyethylene materials and corrugated card- 
board are commonly used for packaging frozen French 
fries. Potato flakes are filled into institutional or retail 
packages by automated fillers. Packages normally are 
made up of oxygen-barrier materials within corrugated 
boxes or polyethylene bags. 

Numerous types, sizes, and shapes of packages are used 
in the potato-processing industry to meet the myriad of 
marketing requirements. Individual packages are nor- 
mally packed into cases that are further unitized into pal- 
let loads for handling and transporting. 


QUALITY 


Recent additions of new processed products and height- 
ened consumer awareness of quality aspects of existing 
processed products have drawn more attention to quality 
in all raw materials being processed. The primary raw ma- 
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terial used in potato processing is, of course, the raw potato 
tuber. Finished product quality parameters such as color, 
flavor, texture, and even yield of finished product are di- 
rectly related to specific quality characteristics of the raw 
tubers from which the products are processed (12). 


Raw Product Quality 


Physical characteristics of raw potatoes such as size, 
shape, smoothness, defects (greening, bruises), diseases 
(rots), and sprouts can influence the acceptance of potatoes 
for a particular processed potato product. For example, 
raw tuber length is extremely important for meeting the 
strip-length requirements of high-quality French fries. 
Conversely, smaller, round tubers are preferred for making 
potato chips, while neither tuber size nor shape is critical 
in flake processing. 

Generally, chemical composition of the raw tuber is 
more critical across all forms of processed products. Dry- 
matter content (often measured as specific gravity) directly 
contributes to final yield of finished products in all pro- 
cesses and thus directly affects the economics of the pro- 
cessing plant (13). Typical ranges of acceptable specific 
gravity in raw potatoes for making various processed prod- 
ucts are given in Table 2. 

When the process involves frying of the potato tissue, a 
very high specific gravity is preferred. In addition to the 
concern for product yield, dry-matter content directly in- 
fluences cooking oil absorption (15). In the production of 
French fries, however, specific gravities above 1.095 have 
been shown to contribute to poor texture and loss of desir- 
able flavor in the final product. 

The sugar content of raw potatoes for processing is an- 
other critically important chemical component, particu- 
larly when the process involves high-temperature frying. 
In such cases, the sugar content of potato tissue directly 
affects finished product color due to the Maillard reaction 
(16), In general, uniform light-colored finished products 
are desired (ie, chips, French fries); however, some prod- 
ucts are required to exhibit some browning (hash browns, 
shoestrings). If the balance between sucrose and the re- 
ducing sugars, glucose and fructose, is unfavorable in the 
raw potatoes, the finished product will have poor color. 
Typically, a sucrose content less than 0.5% by weight and 
a glucose content less than 0.05% by weight are necessary 
for production of light-colored potato chips (17). Slightly 
higher concentrations of sugar are usable when producing 
French fries. 


Finished Product Quality 


Because raw-potato quality has a natural variability 
within any processing time interval, finished product qual- 


Table 2. Example Ranges of Specific Gravity for Selected 
Processed Products 


Processed product 


Specific gravity Dry-matter content, %* 


Chips 1.075-1.100 19.2-24.4 
French fries 1.075-1.095 19.2-23.4 
Flakes 1.075-1.100 19.2-24.4 
Source: Ref. 14. 


°% dry matter = 24.182 + 211.04 (sp. gr. — 1.0988) 


ity will also exhibit variability. Therefore, monitoring of 
finished product quality versus some standard is practiced 
in most processing plants. 

Potato-chip color can be either subjectively or objec- 
tively evaluated. Subjective methods generally use color 
photographs of chips to which sample chips can be visually 
compared. Objective methods, such as spectrophometric 
instruments, use measurement of light reflected from the 
finished chip material. Visual comparison to photographs 
is common in French-fry processing. French fries are also 
checked against a cut-length standard by sorting the sam- 
ple. Sensory analyses of finished product samples are con- 
ducted to monitor flavor, texture, and appearance. 

Oil content of fried products is determined via rapid 
methods such as refractometry or slower methods such as 
Soxhlet extraction. The oil content of chips and French 
fries will vary according to raw product dry-matter con- 
tent, cut sizes, fry times, and temperatures, but it will nor- 
mally range from 30 to 45% by weight in chips and from 4 
to 7% in partial fried French fries. 
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POULTRY FLAVORS 


Poultry is among the most popular food products in the 
world. Its consumption has increased substantially in the 
last two decades. Consumer demand for poultry reflects 
the acceptability of the flavor of poultry products. Many 
factors influence the flavor quality of poultry foods, and 
numerous other factors affect the formation of flavors that 
evolve through complex chemical reactions during the 
heating process. This article summarizes pertinent pro- 
duction and processing factors associated with flavor var- 
iations and briefly reviews the chemical basis of poultry 
flavors. 

For the purpose of this article, the flavor of poultry is 
defined as a blend of tastes and aromas of cooked poultry 
tissues, including lean dark and lean light meat, skin, and 
fat, primarily from chicken and turkey. In general, normal 
or conventionally produced and fresh-cooked poultry ex- 
hibit such flavor sensations as meaty, chickeny, chicken 
brothlike, and, to some extent, fatty-oily. On the other 
hand, any flavor notes that deviate from those character- 
istics normally expected from cooked poultry lead to the 
perception of off-flavors, such as fishy, stale, and rancid. 
However, there is no standard poultry flavor; sensory per- 
ception of a poultry food item with regular poultry flavor 
as judged by one panel in one region may be judged as 
weak or having no poultry flavor by another panel in a 
different region or as somewhat off in flavor by yet another 
panel. Hence, this article regarding flavor description and 
intensity is based mainly on individual reports in the lit- 
erature. 


EFFECT OF PRODUCTION AND PROCESSING METHODS 


Production Factors 


Production aspects that may influence the flavor of poultry 
include breed, sex, age, feed composition, and manage- 
ment. However, research findings regarding the effects of 
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these factors are often inconsistent. An extensive investi- 
gation by the U.S. Department of Agriculture (USDA) in 
1960 compared the flavor of 2,000 chickens grown under 
different production practices and concluded that modern 
birds (those grown in 1956) have as much flavor as old- 
style birds (1930s) regardless of the differences in breed 
and ration (1). On the contrary, some other reports indi- 
cated that broilers on rations containing dairy products 
produced meat with more flavor and that corn-fed poultry 
was more flavorful than poultry fed barley, oats, and wheat 
(2). Breast meat of older birds may have more flavor and 
odor intensity, whereas birds reared at low stocking den- 
sity could produce thigh meat with stronger flavor (3). 

Different species of poultry have different phospholipid 
profiles, and within one species the phospholipid profile is 
closely influenced by the fat composition of feed (4). One of 
the most significant findings concerning the effect of feed 
composition on poultry flavor was the determination of the 
responsible ingredients for the fishy off-flavor. It was found 
and confirmed that the fishy flavor was due to the presence 
of fish meal, fish oil, linseed oil, and other highly unsatu- 
rated fatty acids in the ration (2,5). The addition of alpha- 
tocopherol to feed reduces the fishy flavor to some extent. 
Dietary vitamin E also contributes to the oxidative stabil- 
ity of refrigerated and frozen turkey breast meat (6). 


Processing, Preparation, and Cooking Effects 


Many processing steps are required in the transformation 
of a live bird to a ready-to-cook, semiprepared (semicooked) 
or fully prepared (cooked) poultry product. Each processing 
step is also subjected to variations. Processing variables 
that have been investigated regarding the flavor of cooked 
poultry include chilling of eviscerated carcasses, applica- 
tion of phosphates, canning, refrigeration, and frozen stor- 
age of raw carcass or cooked meat. 

The chilling method has little effect on cooked meat fla- 
vor provided that the meat is cooked within a short period 
after refrigeration or frozen storage. However, air-chilled 
chicken may not be as stable as immersion-chilled chicken 
over long storage periods (7). In general, frozen storage 
extends the storage time to 12 to 14 months without qual- 
ity deterioration. Thawing and refreezing within a short 
period has no significant effect; the flavor of cooked meat 
was not affected when the raw carcass was thawed and 
frozen five times (8). Commercially processed fresh poultry 
items are usually distributed and marketed under refrig- 
eration conditions. This short storage period before cook- 
ing facilitates the flavor development of cooked meat (9). 

The flavor of cooked poultry also depends on the cooking 
and preparation methods. Flavor characteristics are dif- 
ferent among boiled, roasted, and fried chicken, although 
all these items have similar chickeny flavor. Further- 
processed poultry products, such as refrigerated, pre- 
cooked poultry meat, are susceptible to chemical deterio- 
rations and the development of warmed-over flavor during 
storage. Frozen storage of cooked meats reduces the off- 
flavor problems to some extent. During chill storage, the 
flavor intensities of cardboard, warmed-over, and rancid/ 
painty as well as overall off-flavor characteristics in- 
creased in broiler breast and thigh meat but not as much 
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in skin (10). Mechanisms that have been suggested as be- 
ing responsible for off-flavors include the breakdown of cell 
membranes during cooking and the autoxidation of poly- 
unsaturated fatty acids of the membrane materials. 
Proper packaging and addition of antioxidants such as 
polyphosphate may retard off-flavor development (11). The 
stability of cooked, chill-stored poultry meat may also be 
affected by precooking temperature. Higher initial cooking 
endpoint temperatures accelerate the oxidative develop- 
ment during subsequent storage of cooked chicken (12,13). 


CHEMICAL BASIS OF POULTRY FLAVORS 


Development of Flavors 


Raw meats, including poultry and red meats, generally 
have very little flavor except essentially a simple bloody 
aroma. During heating of the meat tissue, various chemi- 
cal reactions take place, and the resulting numerous com- 
pounds are responsible for the cooked meat flavor. The pre- 
cursors or the constituents in the raw tissue include 
proteins, peptides, free sugars, free amino acids, lipids, 
fatty acids, salts, minerals, nucleic acids, nucleotides, nu- 
cleosides, glycogen and amines, among others, with very 
few volatile compounds. The brothy taste of chicken is due 
to the presence of free amino acids and oligopeptides; these 
components are the flavor precursors (9). The removal of 
sulfur compounds from the volatile fraction of chicken 
meat and water slurries by passing the volatiles through 
mercuric chloride or mercuric cyanide solution resulted in 
an almost complete loss of “meaty odor.” Removal of the 
carbonyl fraction via trapping in 2, 4-dinitrophenylhydra- 
zine solution resulted in loss of “chickeny flavor,” demon- 
strating a lipid role in species character (14). 

The reactions and interactions of various constituents 
on heating, such as oxidation, decarboxylation, condensa- 
tion, and cyclization, generate many volatiles. Major re- 
actions involved in the development of cooked chicken fla- 
vor are the Maillard reaction and Strecker degradation, 
producing aldehydes, hydrogen sulfide, and ammonia. The 
Maillard reaction may result from the reaction of glycosidic 
hydroxyl groups of sugars and amino groups of amino 
acids, peptides, or proteins and can also occur between the 
hydroxyl groups of oxidized lipids and amino groups. Dif- 
ferent tissues within the same species have different chem- 
ical compositions and undergo different chemical path- 
ways (15). Hence, different volatiles and aqueous flavor 
compounds are generated on heating different raw tissues. 
Each compound may contribute a part of the blended flavor 
sensation. Numerous studies have attempted to qualita- 
tively and quantitatively analyze all compounds related to 
poultry flavors and off-flavors. 

Since the advent of analytical instrumentations, studies 
on the isolation and identifications of flavor compounds 
have increased rapidly. In 1972, a list of 178 compounds of 
raw and cooked poultry was compiled (16). Additional com- 
pounds were subsequently identified and 30 new com- 
pounds were found in chicken broth (17), including cyclic 
and acyclic hydrocarbons, alkylbenzenes, a terpene, anda 
nitrile. The number of total compounds of poultry flavors 
increased to more than 250 in 1982 (2). Later, 130 com- 


pounds, including many new ones, were isolated and iden- 
tified in fried chicken that might originate from flour, oil, 
and/or the interaction products of chicken, flour, and oil 
(18). Eighty new compounds were reported in roasted 
chicken meat and skin (19) and 75 new compounds in fat 
drippings (20). Currently, more than 500 compounds, 
mostly volatiles, have been identified in heated poultry 
products. The major classifications and examples of com- 
pounds in each class are presented in Table 1. 

Limited quantitative data have been reported. Al- 
though volatile components account for only a small frac- 
tion of chicken composition, these compounds are impor- 
tant to the flavor sensation. The aldehyde group is the 
predominant class of the total volatiles from roasted 
chicken meat and skin. Other important classes are the 
sulfur-containing compounds, alcohols, and ketones. The 
aldehydes are also abundant in the volatiles of fat drip- 
pings. The acid compounds are more important in fat drip- 
pings than in meat and skin. The identification of lactones 
in fat drippings deserve special attention in light of their 
absence in the meat and skin of roasted chicken. For a 
complete listing of all identified compounds, see Refs. 2 and 
19 to 23. A brief discussion of major classes, their precur- 
sors, and the chemistry of flavor formation is presented in 
the following sections. 


Hydrocarbons, Alcohols, and Carbonyl Compounds 


Earlier studies of volatiles of cooked poultry identified a 
variety of hydrocarbons, alcohols, acids, aldehydes, and ke- 
tones. Of these classes, the carbonyl group (aldehydes and 
ketones) has often been suggested to be associated with 
meat flavor. Lipids are the principal precursors of these 
compounds, and many carbonyls probably originate from 
oleic, mevalonic, linoleic, and arachidonic acids (5,16). The 
flavor threshold values of some of the carbonyl compounds 
(up to Cy) are as low as a few parts per billion. The presence 
of highly unsaturated fatty acids, primarily in the phos- 
pholipids in chicken, is the basis for the development of the 
characteristic carbonyl profile that differentiates poultry 
flavor from the flavors of other species (14,24). At least nine 
compounds have been identified exclusively or predomi- 
nantly in chicken, including 3-methyloctane, 2,2,6- 
trimethyloctane, 4-ethylbenzaldehyde, 1,2-dibutylcyclo- 
pentane, 2,6-bis(1,1-dimethylethyl)-4methylphenol, 
diethyl phthalate, 1,12-dodecanedial, 2(E), 4(E)-deca- 
dienal, and y-dodecalactone (21,22). Aroma extract dilution 
analysis of volatiles obtained by the simultaneous distil- 
lation/extraction of chicken broth resulted in the identifi- 
cations of nonanal, 2(E)-nonenal, 2(E), 4(E)-nonadienal, 
2(E), 4(E)-decadienal, 2-undecenal, f-ionone, »-decalac- 
tone, and 7-dodecalactone as primary chicken odorants. Al- 
kanals, generated from turkey skin, contributed to meaty 
and turkeylike flavor, and the alk-2-enal group had a 
strong, oxidized, and brothlike flavor (25). Utilizing a su- 
percritical carbon dioxide extraction technique followed by 
identification of compounds in isolated fractions, it was 
concluded that excess concentrations of enal aldehyde and 
ketones are related to the oxidized aroma and flavor of 
chicken broth (26). 

In addition to the pathway of lipid oxidation, carbonyls 
can be derived from nonenzymatic browning (Maillard re- 


Table 1. Representative Flavor Compounds in Poultry 


Aliphatic Hydrocarbons (over 45 compounds) 


n-decane 
n-dodecane 
n-heptane 
1-octene 
n-tridecane 


Aromatic hydrocarbons (over 50 compounds) 


benzene 
n-propylbenzene 
toluene 

p-xylene 
1,2,3-trimethylbenzene 


Alcohols (over 45 compounds) 


n-butanol 

n-hexanol 

n-heptanol 
n-pentanol 
2-methylpropanol-1-ol 


Aldehydes (over 75 compounds) 


acetaldehyde 
n-butanal 
2-methylbutanal 
n-hexanal 
trans-2-hexenal 


Ketones (over 55 compounds) 


acetone 
2-butanone 
2-heptanone 
2,3-butanedione 
B-octen-2-one 


Amino acids, amines, and peptides (over 25 compounds) 


cysteine 
cystine 
glutathione 
methionine 
dimethylamine 


Fatty acids and esters (over 40 compounds) 


pentanoie 
ethyl acetate 
hexanoic 
2(3)-methylbutyric 
ethyl lactate 


Lactones (in fat drippings) (over 24 compounds) 


4-hydroxybutanoic acid lactone 
4-hydroxyhexanoic acid lactone 
4-hydroxyoctanoic acid lactone 


Pyrrols, pyridines, and pyrazines (over 50 compounds) 


2-methylpyrazine 
pyridine 

pyrrole 
3-ethylpyridine 
2,6-dimethylpyrazine 
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Table 1. Representative Flavor Compounds in Poultry 
(continued) 


‘Sulfur compounds (over 45 compounds) 


methyl disulfide 
thiophene 
2-methyl thiophene 
thiazole 

ethane thiol 


Furans (over 20 compounds) 


2-butyl furan 
2-hexyl furan 
2-octyl furan 


Miscellaneous (over 35 compounds) 


hydrogen sulfide 
ribose 
inosine-monophosphate 
chloroform 
4,5-dimethyloxazole 


action), Strecker degradation, and Amadori transforma- 
tion reactions. The condensation of carbohydrates with 
amino acids during heating causes the formations of com- 
plex cyclic carbonyls. Carbonyl compounds could be impor- 
tant in secondary reactions; they resulted in furanones and 
mercapto compounds with roast meat aroma and meaty 
aroma (27). 


Sulfur-Containing Compounds 


Sulfur-containing compounds are also responsible for the 
species flavor (28), and they are important contributors for 
the meaty aroma in both dark and light chicken meat (14), 
The presence of hydrogen sulfide (H,S) and its importance 
in chicken flavor have been confirmed in several studies 
(5). The low threshold level (10 ppb in water) makes H,S 
an important factor in the cooked-meat aroma. H.S may 
also contribute indirectly to the cooked poultry flavor by 
the formation of secondary products with other volatiles 
(29). During the heating process, sulfur compounds un- 
dergo decomposition and dissolve partially in the poultry 
lipid, giving the fat and the meat a characteristic sulfur 
flavor (30). It was found that 4,5-dimethylthiazole and 5- 
acetyl-2,4-dimethylthiazole have meaty, boiled poultry 
aroma (31). Also, using aroma extract dilution analysis, 2- 
methyl-3-furanthiol, 2-furfurythiol, methional, and 2,4,5- 
trimethylthiazole have been identified as the primary 
odorants of the chicken broth (22). The production of 
sulfur-containing volatiles and carbonyl compounds is also 
influenced by the cooking pH values; alkaline pH condi- 
tions increase the production of sulfur-containing volatile 
compounds but decrease the generation of carbonyls (32). 
The precursors of hydrogen sulfide in cooked poultry have 
been identified as mainly the cysteine and cystine of the 
proteins. Methional, dimethyl disulfide, and methanethiol 
are formed by Strecker degradation of methionine. But the 
identification of thiols and sulfides linked to alkyl groups 
indicate that sulfur-containing amino acids undergo break- 
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down by a more complex mechanism than the Strecker 
degradation (5). 


Pyrazines and Furans 


The pyrazine group has been regarded as one of the most 
important classes of flavor compounds (33). This group is 
usually produced by heating of appropriate precursors and 
exhibits a roasted or nutty aroma. The formation of pyra- 
zines is probably due to the reaction of NH; or amino- 
containing compounds with sugars or other carbonyl com- 
pounds (25). It has also been shown that amino acid-N will 
react with sugar to produce different pyrazines and that 
degradation products of sugars can react with some 
amino acids to produce a number of pyrazines. At least one 
pyrazine, namely 5,7-dihydro-5,7-dimethylfuro (3,4-b)- 
pyrazine, has been incorporated in a chicken soup patent. 
Furans are derived in meat from the Amadori rearrange- 
ment, oxidation of unsaturated aldehydes, and the break- 
down of 5'-ribonucleotides. 


Other Compounds and Artificial Poultry Flavor 


Many other classes of compounds, such as sugars, nucleo- 
tides, esters, fatty acids, and ammonia, also contribute to 
the total poultry flavor sensation. A number of them, for 
instance, inosinic acid, may contribute to mouth satisfac- 
tion and to the intensity of the flavor of other compounds. 
Other sulfur precursors that could possibly influence flavor 
include biotin, thiamine, and coenzyme A. A chicken flavor 
was developed by heating thiamine with S-containing poly- 
peptides and alkanones or hydroxy-alkanones, then add- 
ing diacetyl and hexanal. Another formulation of artificial 
chicken flavor was generated from the combination of hex- 
ose, a bland fish or vegetable protein hydrolysate, cysteine, 
and arachidonic acid heated at 60°C for 10 min (2). 


SUMMARY AND FUTURE DEVELOPMENT 


Poultry flavors are composed of numerous chemical com- 
pounds. Some compounds, such as carbonyls and sulfur- 
containing compounds, have been shown to be indispens- 
able in poultry flavors, but the literature has also 
suggested that other compounds play a role in the total 
flavor sensation of poultry. The flavors of various poultry 
products are affected by many factors: production, pro- 
cessing, and preparation conditions influence the tissue 
composition or the precursors of flavor compounds. The for- 
mation of flavor notes during heating of meat tissue in- 
volves complex chemical reactions; any variations in the 
precursors or heating conditions may affect the quality and 
quantity of the final reaction products—the flavor com- 
pounds. With the advances in analytical technologies and 
computer capabilities, it could be possible, in the near fu- 
ture, to identify those compounds critical to poultry flavor 
and to formulate poultry products with specific and desir- 
able flavor characteristics. 
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The United States and China are the world leaders in meat 
animal production. The United States is the world’s largest 
producer of beef, veal, broilers, and turkeys and is the 
second-largest producer of table eggs and pork. China is 
the world’s largest producer of table eggs, swine, lamb and 
mutton, and horses, the second-largest in broilers, and 
third in beef and veal. None of that existed when Columbus 
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first came to America (with the exception of possible do- 
mestication of turkeys in Mexico). Wild animals and birds 
were in abundance, and hunting easily supplied all the 
meat needs of the local inhabitants, and in future years a 
substantial part of the settlers’ needs. 

In his second voyage in 1493, Columbus brought to the 
West Indies livestock, which included chickens. In 1519 
Cortez brought cattle and sheep to Mexico and brought 
turkeys back with him to Spain. De Soto brought horses 
and hogs to Florida in 1539, and later in the century mis- 
sionaries brought these livestock to the Pacific Coast of 
North America. In the seventeenth century European set- 
tlers brought livestock and poultry to the United States. 
At that time pork was the main traditional meat source, 
partly because it could be well preserved without refrig- 
eration. Chickens were used mostly for eggs and cockfights 
and less for meat. In 1641 the first meat-packing plant to 
produce salt pork was opened in Springfield, Massachu- 
setts, by William Pynchon. Chickens were raised in the 
majority of households in small numbers, A hen laid about. 
60 eggs per year, mainly in the spring. Chickens provided 
the household with meat and eggs, and the surplus was 
bartered or sold in open markets. 

In 1998 there were almost 9 billion meat-producing 
farm animals commercially raised on U.S. farms (Table 1), 
Many other animals were grown as specialty items for 
food, sport, and pleasure, mostly in low volume. Surpris- 
ingly, about 98% of all farm animals are birds. However, 
by amount of meat produced (in tons) and by revenue (in 
dollars), beef is still king, not only in the United States but 
also worldwide. Yet more people eat lamb, mutton, and 
sheep than any other animal flesh. The change of con- 
sumer preferences in meat consumption started slowly in 
the United States at the turn of the twentieth century and 
accelerated rapidly toward its end. The doubling of the 
American population since World War II from 132.1 million 
in 1940 to 269 million in 1998 strongly fueled the demand 
for poultry, resulting in the explosive growth in poultry 
production, meat consumption, and the emergence of a 
highly efficient vertically integrated poultry industry. Dra- 
matic changes in lifestyle further increased the demand for 
poultry as a low-fat, convenient food. The majority of fat 
in poultry is deposited under the skin. Therefore substan- 


Table 1. Major Meat-Producing Farm Animals On U.S. 
Farms (1998) 


Broilers and roasters* 8,004,000,000 
Layers 259,000,000 
Turkeys 290,200,000 
Ducks? 22,490,000 
Beef and dairy cattle 89,485,000 
Calves 10,016,000 
Hogs 59,920,000 
Sheep and lamb 7,616,000 
Horses* 5,500,000 
Total 8,748,227,000 


Source: United States Department of Agriculture. 

Life span of a broiler is 6 weeks and of a roaster is 10 weeks. 
*1996 USDA figures. 

“Most horsemeat is exported. 
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produce salt pork was opened in Springfield, Massachu- 
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sumer preferences in meat consumption started slowly in 
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American population since World War II from 132.1 million 
in 1940 to 269 million in 1998 strongly fueled the demand 
for poultry, resulting in the explosive growth in poultry 
production, meat consumption, and the emergence of a 
highly efficient vertically integrated poultry industry. Dra- 
matic changes in lifestyle further increased the demand for 
poultry as a low-fat, convenient food. The majority of fat 
in poultry is deposited under the skin. Therefore substan- 
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Broilers and roasters* 8,004,000,000 
Layers 259,000,000 
Turkeys 290,200,000 
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«Most horsemeat is exported. 
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tial fat reduction, sometimes to 2%, can easily be achieved 
through skin removal. 

Chicken and turkey consumption more than tripled 
during the twentieth century, and today chicken is the 
most-consumed meat when calculated on retail weight (Ta- 
ble 2). Beef and pork subsequently declined, mainly during 
the 1980s and early 1990s. Yet total red meat (beef, pork, 
veal, lamb, and mutton) consumed by Americans in 1997 
was 52.7% of all meats, compared to poultry (broilers, 
roasters, turkeys, ducks, and geese) at 40.6% and fish at 
6.7%. Another method to calculate meat consumption pro- 
posed by the beef industry and now in use is on a boneless 
basis. According to that method, poultry lost out, as the 
majority of its retail parts contain significant amounts of 
bone (Table 2). However, the gap is closing again as 80 Ib 
of broilers and 64 lb of beef per American were consumed 
in 1998. 

The worldwide picture is similar to that in the United 
States. Since the early 1960s, the number of chickens 
slaughtered worldwide rose about sixfold (from 6.5 billion 
in 1961 to 39 billion in 1997). Increased production of tur- 
keys, ducks, and geese was also phenomenal but confined 
to certain world regions such as China, the Pacific Rim, 
and Europe. Strong world population growth (4.8 billion in 
1985, 5.7 billion in 1995, 6.0 billion in 1999) and the dou- 
bling of per capita annual income even in developing coun- 
tries (to $600 in 1996) fueled this growth, as a large portion 
of this income in developing countries and a smaller pro- 
portion in developed countries was spent to buy more 
meat. In the United States total meat consumption has 
increased by 14 lbs per capita since 1970. 

Poultry has numerous advantages over ruminants in 
intensive production: 


1. A very low feed conversion range, between 1.75 and 
3.0 Ib of feed/1 lb of live weight 


2. Short production period 

8. Vertically integrated industry 

4. Highly automated and fast processing lines 
5. Small requirement for land 

6. Low product price 


As a result of these advantages, self-sufficiency in poul- 
try production became a goal in many countries. However, 
intensive poultry production requires a large volume of 
grain and oil seeds that are not available in many countries 


Table 2. Per Capita Consumption of Meat in the United 
States (1996) 


Retail Weight Boneless equivalent 
(Ib) (Ib) 
Chicken 73.0 50.9 
Beef 68.0 63.8 
Pork 49.0 45.6 
Turkey 18.5 13.9 
Veal 1.0 09 
Lamb and mutton 10 0.8 
Total meat and poultry 210.5 175.9 


or must be used for human food. Soybeans and corn are 
the major feed components used in poultry husbandry. The 
majority of soybeans are produced by five countries (Table 
3). World corn production is less concentrated, and 81% is 
produced by 20 countries. Yet the United States, China, 
and Brazil are the largest corn producers, with 69% of 
world production (Table 4). Not surprisingly, the United 
States, China, and Brazil are also the largest poultry meat 
and egg producers (Table 5), and India, the fifth largest 
soybean producer, is the fastest-growing egg producer. 
Moreover, these countries have some of the world’s lowest 


Table 3. World Soybean Production (1994) 


Quantity 

Country (million metric tons) % 

World soybean production 113.1 100.00 
United States 49.2 43.50 
Brazil 23.8 21.04 
China 13.0 11.49 
Argentina 12.2 10.79 
India 45 3.98 
Rest of the world 10.4 9.20 
Total of top 5 102.7 90.80 


Table 4. World Corn Production and Largest Producers 
(1998) 


Quantity Percent of world 
(metric tons)* production (%) 
World 594,709,169 100 
United States 247,932,436 42 
China 123,995,428 21 
Europe 34,099,568 6 
Brazil 33,497,587 6 
Mexico 17,998,476 3 
Argentina? 13,500,127 2 
India 9,499,619 1 
Rest of the world 114,218,948 19 


Source: United States Department of Agriculture. 
“To convert to bushels, multiply by 39.37. 
“In 1999 Argentina will dramatically increase its corn production. 


Table 5. The Largest Chicken Meat Producers (1997) 


Quantity Percent of world 
Country (metric tons) production (%) 
United States 12,574,000 24.3 
China 8,582,000 16.6 
Brazil 4,340,000 8.4 
Mexico 1,442,000 2.8 
Japan 1,235,000 24 
France 1,215,000 24 
United Kingdom 1,160,000 2.2 
Indonesia* 1,053,000 2.0 
Thailand 955,000 18 
Spain 870,000 Ly: 
Ten largest 64.6 


“In 1998 poultry production in Indonesia was drastically reduced after civil 
unrest and the departure of many Chinese who raised poultry. 


meat and egg prices because feed is the costliest item in 
poultry production. Worldwide grain trading, as well as 
poultry meat imports, has dramatically increased during 
recent times. Moreover, more countries are banning or re- 
ducing local grain production for animals in favor of crops 
for human consumption. This has made the poultry indus- 
try in many developing countries vulnerable to the insta- 
bility of financial markets. A major financial crisis started 
in 1994 in Thailand and spread throughout the Pacific 
Rim. Later it reached Russia, some of its former states, 
and several South American countries. The crisis had a 
devastating effect on poultry production in these countries 
as well as grain producers and poultry meat exporters 
around the world. Strong and rapid currency devaluation 
prohibited or strongly reduced these countries’ capability 
to buy feed or meats. 

In contrast, most meat-producing ruminants can be 
grown on pastures that do not compete with human food. 
The majority of the feeding is done by grazing on land that 
is not suitable for extensive grain or other crop production. 
The amount of land in the world that is fit for extensive 
crop production (arable land) is relatively small and rep- 
resents 11% of the world land area (Table 6). Furthermore, 
the arable land available for crop production is reduced by 
urban development. The arable land is not equally distrib- 
uted. Although the United States enjoys 20% arable land, 
a densely populated country like China has only 8% and 
must depend on feed importation and innovative feeding 
systems. A vast continent such as Africa has only 7% ar- 
able land. Land topography such as high mountains and 
very large lakes affects rainfall; the angle of the land sur- 
face area to the sun, geological history, and land conser- 
vation practices are among the parameters that strongly 
affect the amount of arable land in each region and crop 
yield. In contrast, 26% of the world’s land can be used as 
pasture, which sustains ruminants without competing 
with other human food production. Pasture area continues 
to grow as people clear forests, such as the rain forest in 
Brazil, or convert wild animal-grazing land into pasture 
for domestic animals at the cost of endangering numerous 
plant and animal species and negatively impacting the 
ecology. 

There is still room for increases in all segments of meat 
production, but the future balance between poultry and 
other species will be determined by land use, environmen- 
tal considerations, human population growth rate, avail- 
able capital, and the stability of financial markets. 


CHICKEN 


Chickens, especially broilers, are the backbone of the poul- 
try industry. In 1997 more than 39 billion broilers were 


Table 6. World Land Distribution and Usage 
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slaughtered worldwide, and a continuous increase is pre- 
dicted for the foreseeable future (Table 7). To process this 
huge number of birds, fast and highly automated process- 
ing lines have been developed. A modern plant that can 
process up to 3.5 million birds per week is the new stan- 
dard for the industry. This plant can also further process 
the broilers by cutting up the whole bird into four or eight 
pieces and reassembling the pieces back into a cut-up 
whole chicken. Because many of today’s consumers prefer 
specific parts, the modern plant provides a large selection 
of fresh or cooked products. This significantly increases its 
profit margins. The plant also performs a retail packaging 
service to individual supermarket chains that includes 
printing the chain’s specific prices for that week on each 
package. This enables retail markets to reduce or even 
eliminate from their meat departments butchers who used 
to perform the same job manually and at higher cost. This 
has made retail meat departments more profitable. 

In comparison, the standard size of a processing plant 
during the 1960s that produced mostly ice-packaged whole 
birds was 50,000 birds per day. This type of plant and 
smaller ones still operate around the world in areas with 
lesser chicken production. To supply a processing plant 
with capacity of 3.5 million birds per week without inter- 
ruption requires a complicated infrastructure. This in- 
cludes parent breeder farms, hatcheries, broiler produc- 
tion barns, feed storage and feed mills, railroad access, and 
a transportation fleet. Railroad access is needed as major 
feed ingredients are purchased by trainload. The trans- 
portation fleet moves fertile eggs, chicks, and market- 
ready broilers from one facility to another as well as dis- 
tributes the finished products to retail, fast-food, and 
institutional distribution centers and warehouses, from 
which they are distributed to stores. 

As environmental-control parameters tighten, waste 
management becomes a high-priority consideration. This 
includes manure handling, wastewater treatment of efflu- 
ents from production and processing, dead birds, hatcher- 
ies refuse, feathers and other unwanted biological mate- 
rials, and odor control. Food-safety programs to control the 
growth and spread of pathogens are also addressed. In re- 
cent years, the detection of human pathogens in finished 
products has resulted in painfully expensive major product 
recalls. When food poisoning outbreaks have occurred, re- 
call costs, penalties, and lawsuit judgments run in some 
cases to hundreds of millions of dollars. In recent years, 
plant closures, bankruptcies, and the sale of an entire com- 
pany have occurred in the United States. 


Table 7. World and Continent Production of Chicken 
Meat (1997) 


Size Percentage 
Land type (in thousand hectares") (%) 
World land 13,041,713 100 
Arable land (cropland) 1,441,573 1 
Pasture 3,357,520 26 
Forests and woodland 3,861,081 30 
Other 4,381,539 33 


“Hectare is equal to 2.47 acres or 0.00386 square miles. 


Quantity (metric tons) 
World 51,645,000 
Asia 17,300,000 
North and Central America 15,546,000 
Europe 8,750,000 
South America 7,206,000 
Africa 2,240,000 
Oceania 603,000 


1944 POULTRY: MEAT FROM AVIAN SPECIES 


The coordination of all poultry production and process- 
ing activities is of highest priority in that plant downtime 
(being idle) or operation at less than full capacity is ex- 
tremely expensive. The only way to strictly control and co- 
ordinate these complicated operations is by vertically in- 
tegrating most aspects of the business. This requires a 
large capital investment. In 1900 5 million chicken farmers 
were reported and registered in the United States (mini- 
mum of 300 chickens). In 1998 only 341 egg producers 
(minimum of 70,000 hens) and several thousand broiler 
farmers remained. Clearly the poultry industry is becom- 
ing highly concentrated in the United States. The 50 larg- 
est companies produce 99% of all broilers, the 10 largest 
produce 66% of all broilers, and the largest company (Ty- 
son) produces and processes 25% of all broilers. Most of the 
small broiler farmers became contract growers associated 
with integrated meat companies. 

The disappearance of the majority of the small process- 
ing plants caused the broiler farmers that remained in the 
business to lose their independence. Today, many broiler- 
production facilities are under contract to the poultry meat 
companies. The company usually provides the farmers 
with chicks, feed, and veterinary and nutritional services. 
The farmer provides the labor, buildings, equipment, litter, 
light, heat, and water. The farmer is paid by the pound of 
live weight produced and gets a premium for better- 
performing flocks. There are few meat companies in each 
region, so the farmer has limited contract options. 

As profit margins have narrowed during the years, 
larger production units have become vital. However, eco- 
nomical expansion or renovation is strongly related to in- 
terest rates. In many countries chronic high interest rates 
limit potential growth. Financing the expansion from prof- 
its and from depreciation has proved to be too slow a re- 
sponse in the poultry business. The low interest rates in 
effect since the late 1980s have fueled the dramatic expan- 
sion and the further concentration of the American broiler 
industry. 

Producers of specialty birds such as Poussin (young 
spring chicken), petit poulet, the oriental black chicken, 
and others, or those providing live poultry for oriental mar- 
kets are the last stronghold of the independent producers 
in that they do not depend on the large processing plants 
to take their birds. They produce low volume at higher 
prices in a family-style operation. In most parts of the 
world the poultry industry is less concentrated and the 
market is more regulated than in the United States, and 
producers there enjoy more freedom of choice and better 
returns. However, regulated markets generally need pro- 
tection from lower-cost imports. According to the General 
Agreement on Tariffs and Trade (GATT), trade barriers for 
poultry meat and eggs should be removed by 2005. This is 
creating a lot of political and social concern in countries 
like France, Poland, Canada, and others where small 
farms are still common. 


History and Breeds of the Chicken 


Wild-chicken habitat was the jungles of Southeast Asia— 
Burma, Laos, Malaysia, Cambodia, Thailand, and 
Indonesia—as well as India, Pakistan, Sri Lanka, and 


China. The oldest chicken remains date from 31 million 
years ago. Four species of the wild jungle fowl are known: 
the red, gray, Java, and Ceylon jungle fowls. All of these 
species are good flyers, have beautiful feather colors and 
patterns, and can still be seen in the wild. The red jungle 
fowl (Gallus gallus) was the main source for domestication, 
which was done around 2000 B.c. Old Chinese records in- 
dicated that in China domestication took place around 
1500 B.c. In Malaysia red jungle fowl were kept in captivity 
long before that. There, roosters were captured or hatched 
for timekeeping in the jungle and for cockfights. They also 
became part of religious practices as sacrifices to the gods 
and often replaced human sacrifices, The chicken was not 
domesticated for eggs or for meat because the red jungle 
fowl laid only eight small eggs in a clutch and their 500- 
to 1100-gram carcasses were stringy and inedible. 

The domesticated chicken (G. domesticus) moved west- 
ward from India to Persia and South Russia, from there to 
central and western Europe, and then south to the Medi- 
terranean and North Africa. The oldest Greek picture of a 
chicken on amphorae is from 500 B.c. The first Roman rec- 
ords of cockfights are from 200 B.c.; earlier Roman history 
makes no mention of the chicken, The New World (the Ba- 
hamas) got its first chickens from Columbus while the U.S. 
mainland got the chickens 150 years later from the set- 
tlers. 

The domestic chicken went through intensive breeding, 
and as a result hundreds of breeds exist. Because the 
chicken is a beautiful and in many cases exotic bird, most 
breeds were bred for showmanship and sport. Cockfights 
were highly popular around the world, in particular in 
Rome and in Byzantium. In the United States cockfighting 
used to be very popular, but it is now prohibited in many 
states. Abraham Lincoln got his nickname “Honest Abe” 
because he was a reputable cockfight referee. 

Egg consumption became more common after breeding 
increased egg size and the number of eggs laid. Yet egg 
laying remained seasonal (spring). Chicken meat started 
to be consumed after the Greeks on the island of Kos de- 
veloped a feed formula that fattened chickens. The tech- 
nology remained unknown for many years until the Ro- 
mans spread it throughout the Old World after conquering 
Greece. Around 100 B.c. eggs and chicken meat were staple 
foods throughout the Mediterranean and Europe. 

The first commercial breeds for eggs and meat were 
pure breeds. The most common breeds used are the White 
Leghorn, an Italian breed used for white shell eggs, and 
Rhode Island Red, used for production of brown eggs. New 
Hampshire Red, White Plymouth Rock, Cornish, and Brit- 
ish Light Sussex are often used for meat production. At the 
beginning of the century the dual-purpose breeds were 
popular because they provided high-quality meat and eggs. 
As intensive production took place, however, specific 
breeds for meat and eggs were developed separately for 
greater efficiency. In broilers, fast growth rates, improved 
feed-to-meat conversion ratio, white feathers, white or yel- 
low skin, and year-round production were the main breed- 
ing goals. In 1935, about 16 weeks were needed to raise a 
2.8-1b broiler with a feed conversion ratio of 4.4 Ib feed per 
1 Ib live weight. In 1994, 6.5 weeks were needed to produce 
a 4.65-lb broiler with 1.9 feed conversion ratio. Laying hens 


went from 131 eggs per year in 1925 to 260 to 300 eggs in 
1998. These are small birds with substantially less meat 
than broilers. About two dozen commercial breeders now 
supply most of the commercial meat stocks. 


Production 


Production and processing of chicken for meat and eggs 
became an extremely intensive high-volume operation in 
the United States. Low profit margins and the low product 
prices do not leave much room for errors or inefficiencies. 
‘To operate under these constraints, companies must con- 
tinually increase their scale and efficiency. This trend 
started in the 1920s and 1930s when successful breeding 
turned broilers and laying chickens from seasonal into 
year-round egg and meat producers. It exploded during the 
1980s and 1990s, taking advantage of the marvelous de- 
velopments in computers and automation and the dra- 
matic increase in consumer demand. The twenty-first cen- 
tury is expected to bring even greater efficiencies. 

To supply a modern processing plant with 3.5 million 
crossbred broilers per week, a huge production pyramid 
system is required. At the top of the pyramid is the breed- 
ing company, which develops the male and female lines of 
the grandparent breeder lines. The grandparent males and 
females produce fertile eggs or live chicks of the male and 
female lines of parent breeder lines. These are sold directly 
to parent breeder farms, which belong to very large broiler 
companies or to their contracted farmers. Fertile eggs are 
produced and shipped to hatcheries, which generally be- 
long to the broiler companies. 

The standard broiler is raised for about 6 to 7 weeks. 
Therefore 22-25 million broilers at different ages must be 
raised at the same time to provide a steady supply of 3.5 
million birds per week to the processing plant (projected 
broiler mortality is included). About 275,000 grandparent 
chickens and 750,000 parent breeder chickens are needed 
to maintain the steady stream of broiler chicks needed. 
The grandparents and parent birds are replaced at around 
15 months of age when egg production decreases. A stan- 
dard production house (growing barn) maintains 20,000 to 
25,000 broilers (Fig. 1). Fewer birds are housed insummer 


Figure 1. Mother breeder chicken production barn (laying nests 
are on the right and left sides). 
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to reduce heat stress. Therefore, 840 to 1,050 production 
houses are needed to support one plant. Around 36 plants 
of this magnitude will be needed to process the 6.3 billion 
broilers slaughtered in the United States annually (1997), 
although today many processing plants are smaller. Coun- 
tries with smaller production facilities incur inefficiencies 
in their production systems, which results in higher pro- 
duction costs and higher finished product prices. Low stan- 
dard of living, low local currency exchange rate against 
U.S. money, and low feed cost can improve prices in these 
countries when converted to U.S. dollars for comparison. 
However, when calculated as percentage of income spent 
on food, these prices are enormously high. Only highly ver- 
tically integrated large companies can have megaplants 
because large capital investment is needed. Smaller com- 
panies that are partially integrated need to buy part of 
their services from independent hatcheries or feed mills, 
which makes their operation more expensive. As a result 
the larger companies keep buying smaller ones and inte- 
grating them into their megaoperations. They also buy 
smaller food companies that further expand their process- 
ing and marketing capabilities. In many countries the rate 
of annual disappearance of poultry companies is 5 to 10% 
of all existing companies. 

Incubation is also a vital part of a modern megapro- 
duction scale. The incubator was commercially developed 
around 500 B.c. by the Chinese, who improved the concept 
previously developed in what is now Malaysia. There, the 
jungle fowl eggs were gathered and incubated; because 
only cocks were wanted, all female pullets were sent free 
back to the jungle. The Chinese used a series of baskets 
that held about 1,200 eggs. Later, the Egyptians indepen- 
dently developed large hatcheries made from sun-dried 
mud bricks that held about 70,000 eggs at one time. The 
incubators were heated by burning coal or camel dung, and 
egg temperature was measured on the eyelid by an expe- 
rienced operator. Controlling constant incubating egg tem- 
perature was an art passed down through families. 

In the United States incubators started to be used in 
the late nineteenth century. During World War I a steep 
demand for eggs triggered the development of large incu- 
bators, as the hatching of eggs under sitting hens hit its 
limits. Among the most impressive developments was the 
million-egg room incubator developed in California. Incu- 
bation also substantially reduced the cost of chick produc- 
tion compared to mother hens. In 1928, 57% of all chicks 
were hatched in incubators; in 1959 96% of all eggs were 
incubated. Today incubators hold 80,000 to 90,000 eggs. 
They are fully automated and provide excellent control of 
temperature and other environmental parameters. Heat- 
ing is done by electricity or hot water. Many modern in- 
cubators are of the tunnel type where the eggs are loaded 
into egg carts on one side and slowly move toward the 
hatcheries on the other. The chicks are hatched after 21 
days. To supply the need of 7 million broilers per week, 
10.5 million eggs must be incubated at any time. This re- 
quires 117 incubators. The efficiency of the hatchery is 
measured by hatchability percentage, which depends on 
parent breeding quality and also on the quality of the in- 
cubator operations. The average hatchability of broilers is 
85 to 89%. The specific figures must be built into the pro- 
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duction schedule of each operation by the addition of more 
incubators. 


Harvesting 


Harvesting is one of the most laborious jobs left in poultry 
production. Crews of bird catchers operate by night when 
the birds are immobilized due to their poor night vision. 
The catchers place the birds in shipping crates and load 
the crates on flatbed trucks. The accuracy and care of the 
catchers’ operations strongly affect the processing plant 
yield in that bruises and broken limbs are trimmed off by 
the inspectors and used for pet food. A mechanical broiler 
loader was developed in England where a slow rotating 
drum with long rubber fingers carefully moves the birds 
into a tunnel equipped with conveyors that place the birds 
in the shipping crate. This equipment is operated by one 
person. Mechanical harvesters have not gained wide ac- 
ceptance, but the diminishing labor force will require me- 
chanical solutions in the future. 

Other aspects of production are described in the turkey 
section that are similar in principle to those used for broil- 
ers. Processing is discussed in the article POULTRY MEAT 
PROCESSING AND PRODUCT TECHNOLOGY. 


TURKEY 


The wild turkey is native to North and Central America, 
and the discovery of America is associated with the discov- 
ery of the turkey. Turkeys roamed American forests long 
before humans crossed the Bering Strait. The oldest turkey 
fossils, which were found in California, are dated as over 
10 million years old, late Pleistocene period (1). All turkeys 
belong to two species: the common turkey (Meleagris gal- 
lopavo), which is larger in size, and the ocellated turkey 
(Agriocharis ocellata), which is smaller and found mainly 
in Central America. All seven varieties still exist in the 
wild, however, the ocellated turkey is endangered. 

The turkey used to be abundant in the United States 
during the Puritan era. In New England it was sometimes 
considered a pest to grain fields. At that time a whole wild 
turkey was sold for the very low price of 6 cents. Appreci- 
ation for the turkey drove Benjamin Franklin to propose it 
as the national bird, but it lost out to the eagle. Several 
factors could have led to the turkey’s drastic population 
reduction: the disappearance of the chestnut, the turkey’s 
main food source, due to the devastating chestnut blight; 
the excessive logging and drastic shrinking of the nation’s 
forest areas, which provide the turkey’s habitat; and ex- 
cessive hunting. Fortunately, successful protection pro- 
grams were implemented in time. The wild turkey was 
able to adjust to a different diet based on acorns, a variety 
of seeds, insects, and occasionally snakes. Today, popula- 
tion numbers are far below those at the time the Pilgrims 
landed in Plymouth, but there is no danger to the turkey’s 
existence. About 84,000 wild turkeys are harvested an- 
nually in the United States. 

The turkey can fly short distances up to a mile and uses 
this skill to reach higher tree branches for night resting 
after spending the day walking and running on the ground 
at speeds of up to 20 mph. The chicks, which are hatched 


on the ground, leave their nests after 1 day and are able 
to fly after 4 weeks. The mating season is in the spring, 
when a dominant male changes his external appearance 
by developing a thick red sac on his chest where fat is 
stored. He establishes a harem of several females and 
guards them and his territory from young challenging 
males. Fights for dominance may end with the death of the 
loser. 

Domestication of the turkey was conducted mainly in 
Europe. The Native North American Indian did not do- 
mesticate the wild turkey, but it is documented that tur- 
keys were kept in captivity in Mexico. The Aztec king Mon- 
tezuma kept a large number of turkeys as well as other 
birds and animals for meat and for pleasure in zoological 
collections. However, the turkeys that were in abundance 
were also served as feed to other animals. Some believe 
that these turkeys were already domesticated. Monte- 
zuma’s appreciation of the turkey was also expressed with 
turkey statues sculpted from pure gold. Columbus did not 
bring turkeys back with him to Spain, as turkeys did not 
exist in the West Indies. It is believed that Cortez brought 
them in the early 1500s from Mexico, followed by many 
other importations from all over the continent. Unlike to- 
matoes and potatoes, which weren’t eaten until a century 
after their arrival due to suspicion that they were poison- 
ous, turkeys were immediately well accepted. By 1570, do- 
mesticated turkeys were spread all over Europe and also 
returned to America with the settlers, where they were 
crossed with the eastern wild turkey (Meleagris gallopavo 
silvestris). 

The meat of the early domesticated turkey was still 
tough, and most people did not know how to cook it to per- 
fection. As a result, the literature of that time is split be- 
tween negative opinions as well as praise-filled reports of 
turkey as a gourmet food. A major turning point was the 
wedding banquet of King Charles IX of France and Eliza- 
beth of Austria in 1570. The cooked turkeys were so tasty 
that many of the noble guests started to raise turkeys on 
their estates. Even today, France remains the largest tur- 
key producer in Europe. In the end, however, it was Amer- 
ica that provided the turkey with eternal glory when the 
Pilgrims who landed in Plymouth, Massachusetts, cele- 
brated Thanksgiving in November 1621 together with 
their Indian neighbors. In addition to giving thanks, the 
bountiful turkey was at the center of the celebration, which 
became an important holiday in the Puritans’ life seeing 
they did not celebrate Christmas or other major holidays. 
Thanksgiving turned out to be a major civil holiday in the 
United States after proclamations by George Washington 
(1789), Abraham Lincoln (1863), and Franklin Roosevelt, 
who moved Thanksgiving to its present position on the cal- 
endar. Christmas, another holiday where turkey is a cen- 
terpiece food, had a tougher fight to be established as a 
holiday in the United States due to strong opposition. For 
75 years, the U.S. Congress deliberately convened on 
Christmas Day. The glorification of the turkey as the hol- 
iday season bird placed extreme economic constraints on 
the turkey industry because most production was geared 
toward a short period of several meals per year. The mar- 
keting success of the chicken opened the door for the tur- 
key. Many cut-up and value-added products with attractive 


nutritional profiles were developed, resulting in year- 
round consumption of 18 lb per capita annually in the U. 
(Table 8). In 1998 about 270 million turkeys were raised 
in the United States; 45 million were eaten at Thanksgiv- 
ing, 22 million at Christmas, 19 million at Easter, and the 
remainder of 186 million were consumed year-round. How- 
ever, 91% of the population ate turkey on Thanksgiving. 

For a long time after the turkey was brought to Europe, 
it was thought that it was related to the guinea fowl, the 
West African bird that was brought to Europe by the 
Greeks from Egypt around 500 B.c. As a result both birds 
are called meleagris in Latin. The turkey was thought to 
be a cross between guinea fowl and male peacock, which 
is also reflected in its Latin name, gallopavo (Gallo = 
rooster, pavo = peacock). None other than Linnaeus, the 
father of scientific taxonomy, made this error. The English 
common name turkey also reflects the confusion between 
turkey and guinea fowl. Many exotic birds, including 
guinea fowls, as well as spices and other exotic goods came 
to Europe from India and frequently through Turkey. The 
turkey has many names in different languages. In Turkey 
the turkey is called “the American bird,” whereas in Israel 
the name means “the rooster from India.” 

The 500 years of breeding has resulted in many varie- 
ties that exist all over the world. However, many of these 
varieties were developed for sport and showmanship and 
do not have much value as a commercial meat product. 
Commercial meat breeds were developed mainly in the 
twentieth century as the turkey industry was emerging 
from barnyard birds into vertically integrated, efficient 
commercial production and processing operations. 

The following parameters are important to the turkey 
meat industry: 


1. Rapid growth rate and efficient conversion ratio of 
feed into meat. Modern breeds can reach 40 lb in 20 
weeks for the male (tom) and 20 lb for the female 
(hen). This is twice the weight in less time compared 
to wild or unimproved domesticated turkey growth 
(Table 9). The table demonstrates that hens eat less 
and gain less weight than toms but keep a similar 
feed conversion ratio. Hens are generally preferred 
when buying a whole bird. Europeans prefer smaller 
hens (12-15 lb) compared to Americans (15-18 Ib). 

2. Yield of breast meat. In the United States and in 
some European countries the white breast meat of 
turkey and chicken is overwhelmingly preferred over 
the dark thigh and leg meat and bears a much higher 


Table 8. Countries With Top Turkey Meat Consumption 
Per Capita (1998) 


Country ‘Consumption (Ib per capita) 
Israel 27.8 
United States 18.0 
France 14.3 
United Kingdom 115 
Canada 97 
Belgium-Luxemburg 15 
Netherlands 3.9 
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Table 9. Weight Gain and Feed Conversion Standards for 
Tom and Hen Turkeys 


Tom Hen 
average Feed average 
Age weight (Ib) conversion® weight (Ib) 
1 0.28 0.71 0.28 0.71 
2 0.62 1.03 0.61 1.01 
3 1.24 1.19 111 117 
4 2.13 1.27 1.84 1.28 
5 3.24 138 2.76 1.39 
6 459 147 3.83 151 
+ 6.14 1.56 5.03 1.63 
8 7.90 1.66 6.31 1.76 
9 9.87 1.77 771 1.87 
10 12.00 1.87 9.42 1.93 
eae 14.20 1.88 10.96 2.00 
12 16.44 2.00 12.51 2.20 
13 18.72 2.10 14.04 2.29 
14 21.00 2.20 15.54 2.37 
15 23.28 2.49 16.98 2.46 
16 25.57 2.60 18.32 2.49 
17 27.90 2.60 19.54 2.58 
18 30.27 2.60 20.63 2.87 
19 32.61 2.67 21.55 2.93 
20 34.90 2.76 22.97 3.04 
21 37.11 2.97 22.78 3.08 
22 39.22 3.10 = ~ 


Source: Ref. 5. 
“Feed conversion = pounds of feed/1 Ib of live weight 


price. Therefore, effort was made to breed birds with 
a higher yield of white breast meat. The broad- 
breasted breed that was developed in England in the 
1930s with no major impact on that market became 
a huge success in the United States and Canada. The 
wider skeletal structure allows larger breast muscles 
to be developed in a 40-Ib tom. The huge breasts pre- 
vent the toms from mating, and artificial insemina- 
tion is needed. Larger breast muscles can be further 
developed. However, to achieve this, selection for 
strains with good leg strength must occur simulta- 
neously. 

3. Uniformity. The need for uniform carcass size is most 
important for the meat processor, because the pro- 
cessing line and especially the evisceration machine 
cannot be adjusted to large differences in bird size. 
Breeding and management techniques are able to 
control size variation, although not to perfection. 

4. Appearance. The external appearance of a processed 
whole bird is a key parameter for consumer accep- 
tance and for marketing promotion. During process- 
ing, scalding and mechanical feather plucking can 
provide the desired appearance. However, small 
black feathers (pinfeathers) and black pigment spots 
on the follicles can strongly downgrade appearance 
due to their strong contrast with the yellowish white 
skin. Breeding of white-feathered turkeys solved this 
problem. 


Commercial Varieties 


Commercial meat-producing turkey varieties are classified 
according to feather color, either bronze, black, or white, 
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and by skeletal structure, the large broad breast and the 
smaller unimproved varieties. 

The white varieties are now dominant in the United 
States and Canada. The White Holland and the Broad 
Breasted Bronze (BBB), were the most important source 
for breeding. Their descendant, the Broad Breast White, is 
today the main commercial breed in North America. The 
Beltsville Small White, with 15-Ib toms and 10-Ib hens, 
was popular in the 1950s, when many consumers preferred 
small birds. However, consumer preferences changed, and 
currently it holds a very small percentage. 

The Bronze turkey is named after its unique color, a 
shimmering green-bronze that appears metallicin the sun- 
light. Two types exist, the Broad-breasted Bronze for com- 
mercial use and the unimproved variety, which is used in 
specialty small-scale production. The Broad-breasted 
Bronze was the world’s main variety from the 1930s to 
1950s but has been mostly replaced by the Broad-breasted 
White. 

The Black turkey is a medium-size variety with a 27-lb 
tom and an 18-Ib hen. In western Europe it is highly ap- 
preciated for its meat quality and therefore is intensely 
grown there, especially in France and England. 


Production and Consumption 


The turkey industry is composed of a small number of large 
vertically integrated companies. The entities own or con- 
tract out all major components of the businesses, such as 
hatcheries, production farms, feed mills, processing plants, 
and transportation fleets. In this way they can better con- 
trol costs and quality and improve the efficiency of their 
operations by designing better production schedules. 

In the commercial hatcheries eggs are placed in hatch- 
ing trays, round edge up, and then secured in place. En- 
vironmental conditions and egg rotation are automatically 
controlled; chicks emerge after 28 days of incubation. The 
young poults go through sex determination, vaccinations 
against common diseases, and beak trimming to prevent 
cannibalism. Then they are placed in shipment packages, 
which are well ventilated and temperature controlled. 
Within 24 hours they are moved to brooder barns, where 
they live to about 6 weeks of age. During this time the 
poults need a special starter feed, supplemental heat from 
brooder stoves, adequate ventilation, and protection from 
exposure to diseases. Due to poult sensitivity to diseases, 
brooder barns are separated from hatcheries and growing 
barns. The growing barns are typically 500 feet long and 
50 feet wide and hold about 10,000 hens or 7,000 toms (Fig. 
2). Hens are grown for 14 to 16 weeks and toms 17 to 21 
weeks before being marketed. In free-range operations, the 
birds can roam in a large fenced field adjacent to the barn, 
similar to free-range production of chickens (Fig. 3). In 
France, where the free-range system is well developed, 
other operational conditions besides outside space are re- 
quired. These include no artificial lighting, large space al- 
lotment per bird inside and outside, no animal by-products 
in the feed, no antibiotics, no water chilling of carcasses 
during processing, and, most importantly, slow-growing 
breeds and a longer growth period for better flavor devel- 
opment. As a result, production costs are much higher, but 


Figure 2. Broad-breast White turkey production barn. 


Figure 3. Free-range chicken farm in France. 


devoted customers of free-range poultry are willing to pay 
this premium. 


Feed Mill Operation 


Turkey production is very extensive, and profit margins 
are low. Feed is the most expensive component in raising 
turkeys and has a major effect on the performance of the 
flock and finished product quality. Therefore, a strict eco- 
nomically and scientifically based diet is needed. The feed 
mil] formulates various grains and other ingredients on a 
least-cost basis for sound diets that are the most econom- 
ical for that day. Four to eight different formulas are used 
regularly during the bird’s lifetime. However, the ingredi- 
ent composition of each formula may be changed fre- 
quently. 

When processing time arrives, the birds are placed in 
transport cages and transported by truck to the processing 
plant (see the article POULTRY MEAT PROCESSING AND 
PRODUCT TECHNOLOGY). The entire growing barn is evac- 
uated at the same time and then is cleaned, sanitized, and 
prepared for the next flock. Turkeys are now produced 
worldwide. However, large-scale production is still con- 
ducted according to historical development lines in North 
America and Europe (Table 10). The United States, 


Table 10. Worldwide Turkey Meat Production (1997) 


Metric tons 
World production 4,740,050 
North and central america 2,653,310 
Europe 1,777,270 
South America 144,594 
Asia 111,984 
Africa 34,856 
Oceania 18,036 


Source: World Health Organization. 


France, the United Kingdom, Italy, and Germany are the 
top producers (Table 11). Consumption follows production 
patterns with a single surprise, as Israel tops world con- 
sumption with 27.8 lb per capita in 1998 (Table 8). 


DUCKS 


Origin of Species 


Virtually every domesticated duck kept in captivity today 
can trace its origins back to the wild mallard duck (Anas 
platyrhynchos). The exception to this is the Muscovy duck, 
which originated in Brazil and can still be found wild in 
Central and South America. 


Habitat. The natural habitat of the wild duck is in areas 
near rivers, lakes, and streams. Both tree-dwelling and 
ground-dwelling ducks exist. Over the years, domesticated 
ducks have become quite capable of living in a wide range 
of habitats and climates. Although ducks adapt quite read- 
ily to living in a variety of environments, unlike their 
chicken counterparts, they are seldom housed in cages. 


Domestication. The duck was most likely first domes- 
ticated in India, China, or in both countries. Though rec- 
ords are inconclusive, it would seem that the duck was do- 
mesticated approximately 3,000 to 4,500 years ago. 


History of Association with Humans. Since being domes- 
ticated, the duck has served a variety of purposes. For cen- 
turies, flocks of ducks have been kept to supply both meat 
and eggs. In addition to supplying food, large flocks of 


Table 11, The 10 Largest Turkey Meat 


Producers (1997) 

Country Metric Tons 
United States 2,499,000 
France 745,000 
United Kingdom 297,000 
Italy 258,000 
Germany 206,000 
Canada 142,000 
Brazil 110,000 
Israel 76,000 
Romania 44,000 
Hungary 39,000 
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ducks were often employed to rid fields and rice paddies of 
unwanted insects and foliage. One of the most famous cu- 
linary dishes made from duck, Pekin duck (Bejing duck), 
made history in the United States. In preparing the dish, 
the skin of the fresh duck is pre-dried so it will become 
very crispy after roasting. The roasted duck is then hung 
for 6 to 8 hours at room temperature. In accordance with 
its regulations, the United States Department of Agricul- 
ture (USDA) called for refrigeration of the roasted duck. 
The proponents of the traditional Bejing duck fought back 
in court and won. Today Pekin duck is the only perishable 
cooked meat exempt from refrigeration. 


Production Statistics in the United States and Worldwide 


World production of duck meat stood in 1997 was 2.73 mil- 
lion t, and 83% of it was produced in Asia (Table 12), China 
is the largest producer with 72% of world production, fol- 
lowed by France (6.7%), Thailand (4%), and the United 
States (1.7%) (Table 13), The United States produced 
40,000 t duck meat in 1997. However, there has been a 
slow increase in the number of ducks marketed for meat 
in the United States over the past few years. 


Major Breeds 


Thousands of years of selective breeding have resulted in 
ducks that come in a wide variety of shapes and colors. The 
differences in these ducks have come to be recognized as 
distinct breeds as well as different varieties within a par- 
ticular breed. Several breeds have been developed particu- 
larly for meat purposes. Pekin (Fig. 4), Rouen, Aylesbury, 


Table 12. World and Continent Duck Meat Production 
(1997) 


Quantity Percentage of world 
(metric tons) _ production (%) 

World 2,734,417 100 

Asia 2,274,740 83.3 
Europe 296,148 108 
North and Central America 74,180 2.7 
Africa 52,189 19 
South America 30,978 Ll 
Oceania 6,182 02 


Table 13. World’s 10 Largest Duck Meat Producers (1997) 


Country Quantity (metric tons) 
China® 1,973,000 
France 184,000 
Thailand 111,000 
United States 46,000 
United Kingdom 38,000 
Eritrea 37,180 
Malaysia 36,800 
Germany 27,500 
Brazil 22,100 
Mexico 20,000 


“Hong Kong included. 
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Figure 4. Heavy male Pekin duck (pure breed). 


and Muscovy duck have all been selectively bred to provide 
a large carcass. Pekin duck is the most commonly mar- 
keted meat duck today. The Pekin is a large, pure white 
duck. It is typically marketed at 7 to 8 weeks of age. At 
this age, it generally weighs between 6.25 and 7.5 Ib. The 
Muscovy duck has become more popular in recent years. 
Although it grows more slowly and therefore takes several 
weeks longer to reach optimum weight, it yields a much 
leaner carcass. The Muscovy also maintains a more effi- 
cient feed conversion ratio. The appearance of the Muscovy 
is quite unlike that of any other breed of duck. It is easily 
recognized by the large caruncles or fleshy red growths on 
its face. The Muscovy can be seen in a number of colors or 
varieties; however, the white Muscovy is most typically 
used for market purposes. Mule ducks, a sterile hybrid of 
the Muscovy and the Pekin (or occasionally another meat 
breed), are also becoming increasingly popular in the meat 
duck industry. The primary egg-producing breeds are 
Khaki Campbell and Indian Runner. The Campbell is pri- 
marily khaki colored, as the name implies. The Campbell 
has been bred for high production and exceeds even some 
of the best chicken breeds. It is not uncommon for some 
strains of Campbells to lay 300 or more eggs per year. The 
Indian Runner comes in a variety of colors, with white the 
most common. The average egg production of the Indian 
Runner is typically slightly less than that of the Khaki 
Campbell. 


Production Practices 


The production practices used in the duck meat industry 
follow the same general guidelines as those used in the 
chicken meat industry. The only significant difference is 
the picking process. The duck, with its thick feathers and 
down-covered body, is not as easily plucked as the chicken. 
To overcome this obstacle, many commercial processing 
plants have added a step to the processing line. After the 
birds are picked, they are run through hot wax. When the 
wax is cooled and hardened, it can be peeled away, thus 
removing any remaining feathers. 


Products and By-products 


In addition to supplying large quantities of meat and eggs, 
the duck industry provides numerous by-products. The 
feathers and down of ducks can be used to stuff clothing, 
pillows, sleeping bags, and comforters. It is quite common 
to use ducks, particularly the Muscovy, to produce liver 
paté. In addition to this, a partially incubated duck egg is 
considered a delicacy in many countries. 


Future Prospects 


What does the future hold for the duck meat industry? 
Many would like to see an increase in the demand for duck 
meat and duck products. It is quite likely that artificial 
selection and well-managed breeding programs will pro- 
vide us with a faster-growing duck that yields a larger car- 
cass and requires less feed. 


GOOSE 
Origin of the Species 

Habitat. The Romans referred to geese as duplicis vitae, 
or having two lives—being active both on land and in wa- 
ter. Indeed, geese are as comfortable on water as they are 
on land. Geese feed in both environments but are consid- 


ered to be inefficient grazers because they cannot digest 
the cellulose of grasses. 


Domestication. There is evidence that the Nile goose 
may have been domesticated by the end of the second mil- 
lennium B.c. The Egyptians’ utilization of the domesti- 
cated goose was short-lived; by the middle of the first mil- 
lennium B.c. they had substituted domestic chicken meat 
for goose meat in their diet. The fact that wild waterfowl 
was so plentiful may have encouraged hunting of geese 
over farming of them. The domestic goose (Anser domes- 
ticus) is descended from the wild gray leg goose. This bird 
may have tended to linger, or lag, during its migrations, 
thus making it easier to catch and domesticate. 


History of Association with Humans. As with other do- 
mesticated animals classified as household animals, the 
goose was probably domesticated by women and main- 
tained in small numbers near the home. The ancient 
Greeks fattened geese, and goose meat was highly prized. 
Not only were geese kept by the Romans as a food source, 
they were also viewed as national heroes. The goose is said 
to have sounded the warning when the Gauls attacked 
Rome. The Romans consumed goose meat and eggs, 
learned how to produce fatty livers, used goose fat for me- 
dicinal purposes, and developed the goose quill pen. The 
Romans transported goose stock across Europe. Even after 
the fall of Rome, the goose was kept as a backyard/ 
barnyard animal in western and central Europe. With the 
Europeans’ colonization of North America came the goose 
as well. The domestic goose was kept in nearly every back- 
yard through the early 1900s, for it offered more in return 
than any other animal or bird. 


Production Statistics in the United States and Worldwide 


A well-organized goose industry of any significant size does 
not currently exist in the United States. So relatively few 
geese are slaughtered under federal inspection that the 
USDA does not even have a separate listing for geese in 
its agricultural statistics report. 

Europe and Asia continue to be the leaders in goose pro- 
duction. In Hungary, for example, geese represented 
13.69% of all poultry slaughtered in 1991. The percentage 
for the rest of the world was 0.84%. 


Major Breeds 


Standardization of goose breeds has been ongoing since the 
late 1880s. The breed standards were set by poultry or- 
ganizations whose members were concerned more with the 
“fancy” breeds (ie, breeding for show and competition) than 
with economic traits. Some standard breeds are Toulouse, 
the famous goose of France, and the blue-eyed German 
breed, Embden. Commercially raised meat geese in Eu- 
rope are Rhenish and White Italians. The breeds used for 
the production of fatty livers, or foie gras, are Toulouse and 
Landaise. Both Rhenish and White Italians are white 
feathered, while Toulouse and Landaise are gray. A popu- 
Jar breed in China is Huoyan. 


Production Practices 


A variety of management systems are used for geese, de- 
pending on the country and the product of interest. It was 
once believed that the birds had to be at least partially 
maintained outdoors. A growing number of operations are 
raising their geese intensively, with no access to pasture. 
In Europe 10 to 20% of all the meat geese are being pro- 
duced intensively. The birds may be kept on deep litter or 
slatted floors. A much smaller percentage of the geese kept 
for egg production are housed intensively with supplemen- 
tal lighting. That figure is 5% or less in Europe (Metzer, 
personal communication, 1999). The birds kept for foie 
gras production are kept in a more restricted housing sys- 
tem during the period of intense feeding. 


Products and By-products 


Goose meat continues to have a place of prominence in 
many Asian and European menus. The ability of the goose, 
if properly managed, to produce an extremely large, fatty 
liver allows it to yield a product of extremely high value. 
The foie gras is sold whole or already cooked and made 
into paté. Goose down is considered the premier down for 
the manufacture of clothing and bedding. Goose feathers 
are also utilized in similar products. 


Future Prospects 


Until recently, commercial goose production in the United 
States has been a relatively small-scale industry, with 
small flocks on many farms. The increasing diversity of the 
US. population, with many recent Asian and Eastern Eu- 
ropean immigrants, has already led to plans for and initi- 
ation of commercial goose operations in the United States. 
There appears to be room for growth and for opportunities 
to educate American palates about goose meat. 
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SQUAB (YOUNG PIGEON) 


The squab is a young pigeon that is marketed at 26 to 30 
days of age when it reaches 15 to 17 oz dressed weight. The 
meat has a distinctive delicate and unique flavor. Squab is 
preferred over adult pigeon because the meat is tender and 
has more flavorful fat. Squab meat is very light in color 
because the young bird has never flown. The squab is fed 
by both parents with pigeon milk, a thick, high-protein liq- 
uid produced in the parents’ crop and fed directly to the 
squab. During the first several days of life, this is the only 
food the young bird receives. Later the pigeon milk is 
mixed in the crop with regular plant origin feed and, oc- 
casionally, insects. The feeding process continues until the 
squab leaves the nest in the wild or is sent to market. 

Due to the unique feeding process, a pair of pigeons can 
have no more than two squabs at a time. In many cases 
one squab will become dominant, taking over the feeding 
or pushing its counterpart out of the nest, which could re- 
sult in the death of the weaker squab. In captivity a pair 
of pigeons can produce up to 20 squabs per year, and mod- 
ern breeding techniques have helped to increase the vital- 
ity of the weaker individuals and successfully bring most 
of them to market. 

Pigeons and squabs have been eaten around the globe 
since ancient times. Wild pigeons could live almost every- 
where and can be found from the Arctic Circle to the tip of 
South America, with the exception of Antarctica and the 
Hawaiian Islands. Pigeons and doves belong to the family 
Columbidae, which contains more than 300 species in the 
wild. The majority of the species nest in trees and bushes 
whereas other species reside in cavities in rocks or trees. 
Some of these species, such as the rock dove (Columbia 
livia), adapted to human surroundings and found shelter 
in barns, buildings, and the like. The rock dove, which orig- 
inated in Europe, Africa, and Asia, is the bird most com- 
monly seen in cities and towns around the world. This bird 
was domesticated and crossbred for many centuries, re- 
sulting in a variety of colors. The pure white dove became 
the symbol of purity and peace. Other breeds of this species 
were selected for racing, military and civil communication, 
and exhibitions. In searching for food, however, these birds 
became a pest in poultry farms and in food-processing 
plants. The birds can carry human pathogens such as Sal- 
monella in their digestive systems and can recontaminate 
poultry feed and processed food with their feces. Another 
species, the mourning dove (Zenidura macroura), is found 
mainly in rural areas such as barns and is frequently seen 
sitting on telephone lines. Pigeons are good flyers, and 
some species migrate thousands of miles. The “homing” 
sense of certain species was used by humans for commu- 
nication and racing. To support flying, the pigeon’s breast 
muscles are large and dark and can reach up to one third 
of the bird’s weight. A very large pigeon can weigh as much 
as 5 lb. 

Pigeons are mentioned in early records of many nations 
from early biblical times (Noah and the ark), Greek 
mythology (the dove served ambrosia to Jupiter), and Ro- 
man records. Chinese records indicate that the Manchu 
emperors used to eat pigeons among five other game birds 
and their flesh had medicinal value. Until the twentieth 
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century pigeons and squabs were hunted, not raised. As 
squabs became more popular, they were harvested from 
nests. As a result some species became extinct despite 
their initial huge numbers. One of the unlucky species was 
the passenger pigeon (Ectopistes migratorius), which at the 
beginning of the nineteenth century was the most abun- 
dant bird in North America. A report by the famous bird 
artist and naturalist John James Audubon describes a 
huge flock, estimated at 1.1 billion birds, in Kentucky 
(1813). When the fiock became airborne, it eclipsed the 
sun. Flying at 60 mph the flock took 3 hours to pass him 
by, with a flock width estimated at 1 mile. When the birds 
nested in trees, more than 100 nests per tree were counted. 
The passenger pigeon was killed in huge numbers for food 
and hauled by trainloads to urban centers. The surplus 
was fed to hogs or rendered for fat to make soap. The ex- 
panding agriculture and the shrinking forests added to the 
disaster, turning the passenger pigeon into the pest of 
grain fields, and the last known free bird was killed in 
1899. The bobwhite pigeon (Colinus virginianus) was also 
an important food source for settlers and Native Ameri- 
cans in the eastern United States and still exists in rela- 
tively small numbers. 

Commercial breeding of pigeons was conducted first in 
France and Belgium, which developed the varieties of Bor- 
deaux pigeon. In years to come these pioneer breeds were 
replaced by the French Mondain and the White Swiss Mon- 
dain. The United States followed in step by developing the 
White King, which produces a large full-breasted squab, 
and larger-scale production started in 1936. England used 
to be the traditional main market for squabs and pigeons 
and imported them from the United States and from the 
European continent. There the bird was served mainly to 
the well-to-do in restaurants and at parties and specialty 
events. In contrast, in China pigeons are the food of the 
common person. 

Since the early 1980s California has become the largest 
center of squab production (Fig. 5). The climate in the cen- 
tral valley, a long, warm, and dry summer followed by a 
cool winter, is perfect for the locally grown King variants. 
The squab has a phenomenal growth rate and reaches al- 
most 1 lb dressed weight in 1 month. Each parent pair 
produces up to 20 squabs per year. 


Figure 5. Squab production pens. Source: Courtesy of the Squab 
Producers of California, 


Squab production is a family operation conducted on a 
small to medium scale of 1,000 pairs on average. The pi- 
geons are raised in a row of aviaries (pens), about 65 to 70 
sq ft each, which hold 15 to 20 pairs in their individual 
nests. Management is relatively simple because the pi- 
geons take care of each squab’s needs. Feed and water are 
provided automatically; cleaning is conducted once an- 
ually. A pair’s life span is about 5 years, and replacement 
of 20% of the flock annually is a management practice. In 
the United States about 1.6 to 2 million squabs are pro- 
duced annually, mainly in California and South Carolina 
(about 1,000 short tons). Other major producers are 
France, Belgium, Switzerland, Canada, and China, but ac- 
curate production numbers are hard to come by. Most pro- 
ducers, with the exception of China, export a significant 
portion of their production. 

In the United States squabs are sold mainly to white 
tablecloth restaurants and to oriental markets as well as 
exported frozen to many countries. The time that pigeons 
were a staple food in the United States are long gone, and 
the industry challenge is to introduce this meat again to a 
large customer base. Squabs bring the highest revenue and 
profit per bird than any other avian species, in part due to 
a year-round steady supply, control of surpluses, and de- 
voted customers. 


RATITES 


Origin of the Species 

The term ratite describes all the flightless birds and de- 
rives from the Latin word ratis, or raft. The birds in this 
grouping possess a sternum or breastbone that is flat, or 
shaped like a raft. This is in contrast to all other avian 
species, which are known as carinates. Carinates all have 
breastbones shaped like the keel (carina in Latin) of a boat. 
Though the ratite group is often described as large, flight- 
less birds, this is partially incorrect. We commonly think 
of the ostrich (Struthio camelus) and emu (Dromaius no- 
vaehollandiae) as representative of the ratites, but the 
group also includes the much smaller rhea (Rhea ameri- 
cana, or greater rhea, and Pterocnemi pennata, or Darwin's 
rhea), cassowary (single wattled and double wattled), and 
the most diminutive, the kiwi (Apteryx oweni, Apte haasti, 
and A. australis). Only the ostrich, emu (Fig. 6), and rhea 
are raised commercially. 


Habitat. Fossilized ostrich remains have been discov- 
ered in Europe, Asia, and Africa. All of the modern os- 
triches are native to sub-Saharan Africa. Emus are native 
to Australia, and both species of rhea are native to South 
America. 


Domestication. Ostrich farming began in earnest ca 
1863 in South Africa. Farmers in that area selected the 
wild-caught birds for certain traits associated with feather 
quality. After the turn of the century, these birds were 
crossed with imports from northern and eastern Africa, re- 
sulting in an ostrich with good feather quality and egg- 
laying capabilities. Although the emu had long been uti- 
lized by the aboriginal people of Australia and the rhea 


Figure 6. Emu, 2.5 months old. 


had served as a meat source in South America, it is gen- 
erally believed that neither the emu nor the rhea had been 
the subject of organized domestication efforts before 1988. 


History of Association with Humans. The fact that hu- 
mans have made use of ostrich feathers since ancient times 
is evidenced by biblical record, Egyptian hieroglyphs, and 
Greek writings. The efforts of South Africans as pioneers 
in ostrich farming are extensively documented. Though the 
South Africans were the first in the ostrich feather market, 
the Americans entered in the latter half of the nineteenth 
century. Ostrich farms in Pasadena and Los Angeles were 
southern California tourist attractions in the late 1800s 
and early 1900s. 

With the collapse of the feather market in 1914, the 
South African industry experienced a great decline. No sig- 
nificant growth was observed until after 1960. The rise in 
environmental activism resulted in wildlife protection pro- 
grams that prohibited the harvesting of rheas for meat in 
South America. 


Production Statistics in the United States and Worldwide 


Ratite production exploded onto the U.S. scene in the 
1980s. Individuals with breeding stock touted what they 
considered the birds’ strong selling points: valuable hides; 
a low-fat red meat; and by-products with unique charac- 
teristics, such as emu oil. Given the initially small number 
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of ratite breeders but the extensive publicity, breeding 
stock commanded extremely high prices for several years. 
With the saturation of the breeder market, quick profits 
were no longer to be made by strictly selling birds. As the 
1990s come to a close, ratite operators must make their 
money from selling product and not stock. 


Major Breeds 


Called the African Black by American producers, the 
farmed ostrich (Struthio camelus var. domedomesticus) are 
smaller than their wild counterparts. The farmed, blue- 
necked birds, however, have superior feather quality. The 
male and female have a height of 3.0 m and 2.5 m and a 
weight of 160 and 120 kg, respectively. The two-toed birds 
are sexually dimorphic. The male’s coloration is black body, 
brown rump, and white wings and tail. The female is 
brownish gray. Dromaius novaehollandiae is the farmed 
emu. To date the commercial industry has not produced 
any specific emu strains or hybrids. The male and female 
have heights and weights of 1.5m, 36 to 38 kg and 1.8, 55 
kg, respectively. The female is larger in these three-toed 
birds, but both sexes are grayish brown in color. Only the 
greater rhea is farmed in the United States and Europe. 
The male and female have heights of 1.7 m and 1.5 m, 
respectively. At 25 kg the male is slightly larger than the 
female. Both the male and female in these three-toed 
ratites are gray. 


Production Practices 


Traditional ostrich management in the Little Karoo in 
South Africa involved an extensive system, with the birds 
running on a natural field. The more intensive system in 
use today in South Africa involves taking the chicks from 
the incubator (42-day incubation period) and placing them 
in floor pens, either of concrete or on short lucerne pasture. 
From 6 weeks to 2 months the birds are placed in growing 
camps, where they do not have growing vegetation but 
rather are fed only a complete ration along with cut lu- 
cerne. From 6 months of age until slaughter, the birds are 
maintained in feedlots. 

Management systems in the United States are much 
less uniform than in the well-established South African 
industry. As with South African operations, most produc- 
ers in the United States use artificial incubation of the eggs 
and then place the newly hatched and dry chicks in chick 
pens. Concrete and sand are common substrates, and long 
narrow pens have been advocated to encourage exercise. 
Until the chicks can maintain their own body temperature, 
supplemental heat must be provided, and good ventilation 
is essential. In areas with a hospitable climate, the chicks 
can be turned out into enclosed pens during the warm part 
of the day. Chicks stay in the chick pens for 3 to 4 months. 
Juveniles are moved into larger pens that are well fenced. 
Breeding-stock birds are kept in pens in single pairs or in 
colonies of one male and several females. Breeder pens are 
1/3 to 1/2 acre in size with a shelter. Again, good fencing 
is essential to prevent entry of predators, double fencing 
between adjacent pens can reduce male-to-male fighting. 
The feeding regimen involves diets containing 25.5% pro- 
tein for chicks 0 to 2 months old. The protein content of the 
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rations is decreased until the 10-month-old birds are eat- 
ing a diet containing 8.596% protein. Ostriches are typi- 
cally slaughtered at 10 to 14 months of age, at weights of 
54 to 95 kg. 

The majority of emu operators also use artificial incu- 
bation (50-52 day period) for their eggs. Housing systems 
for emus in the United States are similar to but smaller in 
scale than those for ostriches. A good percentage of the 
birds have been raised on small farms or large lots. The 
emu chicks are fed an 18 to 22% protein diet for the first 3 
months. From that time on, they are placed on a 13% pro- 
tein ration. Emus are typically slaughtered at 12 to 15 
months of age, at a weight of 33.2 kg. 

Rhea production is not an industry of any size or major 
significance. The incubation period for rhea eggs can vary 
from 20 to 43 days. Under natural conditions, the incuba- 
tion and care of the young is performed by the male. Very 
little research has been conducted on the management of 
the rhea. For the most part, the birds have been raised 
more as a hobby than as a meat enterprise in the United 
States. 


Products and By-products 


Due to its reputed therapeutic value, emu oil is considered 
the emu’s most valuable product. The oil must be rendered 
in a special manner before it can be used for medical and 
cosmetic purposes. Emu meat is another high-protein, low- 
fat red meat. However, the emu carcass does not yield large 
roasts and fillets such as can be cut from the ostrich car- 
cass. Again, expert tanners are required to treat the emu 
hide. Bird size also imposes restrictions here. The hide is 
not large enough for the production of some leather goods 
but is well suited for the manufacture of small purses and 
accessories. 

‘Those who have eaten rhea meat say it is a consistently 
flavorful product, and it has been used by South Americans 
for centuries. Some believe that rhea oil also has commer- 
cial possibilities. 

All the ratites yield feathers at slaughter. Unless there 
is a rebirth of the millinery trade, the main outlet for the 
feathers will be costume and jewelry production. Producers 
often offer for sale blown-out eggs. The eggs are sought 
after by artists known as “eggers” who use eggs as their 
medium. 

The growth of the ratite industries in the United States 
has been hampered by some of the same problems that face 
other young industries. The early years had too many un- 
scrupulous promoters with no real dedication to seeing the 
industries survive as true agricultural enterprises. Those 
sincere producers who remain face developing markets, 
promotion, government-labeling restrictions, and an over- 
all shortage of information. In addition to more publicity 
about the documented healthy nature of their meat prod- 
ucts, the industries will also benefit from continuing re- 
search that seeks to verify the beneficial attributes of ratite 
oils. 


GAME BIRDS 


Game birds have long been consumed for food by hunters. 
In modern times certain species have become popular for 


domestic production (Fig. 7). The cost of raising these spe- 
cies in captivity varies with their reproductive biology, dis- 
ease resistance, and adaptability to captive rearing. Arti- 
ficial incubation and brooding (away from the mother) 
have dramatically reduced production costs. All of the pop- 
ular species can be raised in confined houses, tiers of small 
wide floor brooders, or outdoor flight pens. Nutritional 
needs of the difference species vary, but game birds can 
generally be raised on feeds used for turkeys of a compa- 
rable age or breeding condition. Differences in behavior 
and disease susceptibility make it advisable for a novice to 
get professional advice before attempting to raise game 
birds commercially. Game birds, ratites, and squab have 
low fat levels, especially when they are skinless (Table 14). 
‘To overcome the effects of low fat content, they require spe- 
cial cooking techniques to produce a juicy and highly pal- 
atable entree. 


Quail 

Several species of quail are hunted for food throughout the 
world, but the Japanese quail (Coturnix japonica) and the 
bobwhite quai! (Colinus virginianus) are two of the most 
commonly raised in North America for table use. The Eu- 
ropean quail (C. coturnix) has been widely consumed as 
food for centuries, but no accounts of its domestic rearing 
could be found. 


Figure 7. Partridge, grouse, and other game birds in continental 
supermarket in Tours, France. 


Table 14. Nutritional Analysis of Deboned Meat of Game 
Birds (per 100 g) 


Calories Fat Protein Iron Vitamins 


Species (keal) (eg) —(g)_~— (mg) —_—&) 
Pheasant 181 93 22.7 L165 177 
Pheasant (skinless) 133 36 236 115 165 
Squab 294 «23.8 «6185 | 3.5 165 
Squab (skinless) 142006275 «(2175 4.5 94 
Guinea fowl 158 65 234 08 92 


Guinea fowl (skinless) 110 25 206 08 41 
Quail 192 121 #196 40 243 


Japanese Quail. Japanese quail is used for the produc- 
tion of eggs and meat throughout the world. Imports into 
the United States were made in the 1950s, but these birds 
are thought to have been raised in captivity in eastern Asia 
for as long as domestic chickens. The stock imported into 
North America soon led to the development of several color 
mutations and strains selected for meat type or egg pro- 
duction. The body weight of imported Japanese quail was 
about 100 g, but the meat strains have been increased by 
genetic selection to a range of 200 to 400 g or more. The 
rapid reproduction of Japanese quail (fertile eggs are often 
obtained at 6 weeks of age; incubation requires 17 days) 
makes this species popular for egg and meat production 
and for use as an experimental bird by laboratories. Except 
for the small chick size, which requires special feeding and 
watering equipment, they can be raised much like chick- 
ens. These quail are often raised to maturity in chicken 
starting batteries, which have ample headroom for adults. 

The meat of Japanese quail is prized for table use, and 
many are marketed to upscale restaurants in North Amer- 
ica. The breast muscle of this quail is darker than that of 
a chicken or pheasant, but the breast meat is less likely to 
be dry in texture when cooked. The number of Japanese 
quail raised for food is unknown, but certainly several mil- 
lion are grown annually in Asia and North America. Pro- 
cessed birds are sold whole bodied or partially boneless for 
$1.50 to $2.50 per bird. 

The eggs of Japanese quail are widely sold for food. This 
quail produces an egg that is 8 to 10% of its body weight 
in size, In contrast, a chicken egg is 3 to 4% of the hen’s 
body weight. When the quail is raised on typical poultry 
diets, its eggs taste like chicken eggs. The shell membranes 
of the eggs are quite tough, making them difficult to open 
for fresh consumption. Eggs are often hard cooked and 
eaten fresh or pickled. The small size makes the eggs read- 
ily, absorb the flavor of pickle solutions and they make at- 
tractive hors d’oeuvres. 


Bobwhite Quail. Bobwhite quail are native to North and 
Central America. The quail are 9.5 to 10.5 in long and 
weigh about 6 to 7 0z, although larger birds are probably 
used commercially in that quail respond rapidly to weight 
selection. Male and female quail differ in plumage. Males 
have a white stripe that extends from the beak past the 
eye to the neck. The females have buff-colored chins, upper 
throats and eye stripes. This species reaches sexual ma- 
turity at about 16 weeks. The eggs hatch after 23 to 24 
days incubation. They are often grown in batteries or wire 
floor pens to prevent disease. Birds to be sold for hunting 
are grown in flight pens, but meat birds can be grown en- 
tirely in confinement. Like Japanese quail, bobwhite are 
sold as a specialty poultry item, but they are much less 
popular due to their higher cost (unprocessed young ma- 
ture birds typically sell for $4 each). Eggs of this species 
are sometimes used for food, although the eggs are smaller 
than Japanese quail eggs and are more expensive to pro- 
duce because of the bird’s larger body size and later sexual 
maturity. 


Pheasant 


Most pheasants grown in North America for meat are ei- 
ther Chinese ring-neck (Phasianus colchicus lorquatus) or 
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Mongolian (P. colchicus mongolicus) or commercial stocks 
derived from these. Pheasants are native to Asia and have 
been widely imported into North America as a game bird. 
The plumage of both species differs dramatically between 
males and females. Males have striking plumage color 
with a white ring around the neck. The Chinese male has 
a continuous white neck ring whereas the ring on the Mon- 
golian male does not close under the beak. The Mongolian 
pheasant is about 10 to 20% larger in body weight than 
the Chinese. A white-feathered mutant pheasant is some- 
times raised for meat in North America. This bird pro- 
cesses well, and no dark pinfeathers are visible. Under nat- 
ural light pheasants produce about 50 eggs in the spring; 
reproduction then stops as the birds become refractory to 
the long days. The birds can be cycled to produce again in 
about 13 weeks by exposing them to a short day length for 
9 to 10 weeks in a light-controlled facility. Pheasants are 
often sold in an eviscerated, whole-body package for $2.50 
to $4 lb. They may be either young birds (called broilers) 
at 14 to 20 oz or adult birds at 2 to 4 Ib. Some birds are 
sold smoked or fresh partially boned. 


Partridge 


Although several species of partridge can be reared in cap- 
tivity, the chukar partridge (Alectoris chukar) is most com- 
monly reared for hunting and table use. This bird, first 
imported into the United States in 1893, is native to Asia, 
where it inhabits mountains and valleys at elevations from 
4,000 to 16,000 ft. Chukars have been established as a 
game bird in several western states. The plumage is pre- 
dominately grey, with distinctive black-and-white mark- 
ings on the head. Males and females are the same in ap- 
pearance. Chukars are good fliers and are often released 
within private hunting clubs. 

Chukars are widely raised throughout North America. 
Chukar eggs hatch in 23 days; hens reach sexual maturity 
at about 16 weeks and lay about 30 to 40 eggs in a season. 
Like the pheasant, the chukar hen becomes refractory to 
long days and can be cycled to lay again by exposure to a 
short day length for 8 to 10 weeks. Chicks can be brooded 
in wire floor or litter pens. Chukars are often raised on wire 
to prevent diseases. They are quite aggressive, and fight- 
ing and picking often injure pen mates. Beak trimming or 
use of antipicking devices may be necessary when the birds 
are raised in close confinement. 

Chukars are excellent table birds and are often sold in 
an eviscerated, whole-body package for $3 to $4 per pound. 
They are often seen on the menus of upscale restaurants 
during the Christmas season. 


Guinea Fowl 


Guinea fowl (Numida meleagris) are native to Africa (Fig. 
8). They are domestically raised and marketed as a spe- 
cialty fowl in many parts of the world. Guinea females are 
reported to lay about 150 eggs in a 9-month season. Chicks 
are hatched artificially and raised much like meat chickens 
or turkeys. The meat of young guineas is reported to be 
excellent with a slightly gamy flavor. Eviscerated packaged 
birds typically weigh 3.5 to 4 lb and are often sold in an 
eviscerated, whole-body package for about $3 per pound. 
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Figure 8. Guinea fowl. 


In France, guinea fowl are a staple food and are available 
in most supermarkets and many open markets around the 
country, 


BIBLIOGRAPHY 


1, G. Stocke, Rancho La Brea: A Record of Pleistocene Life in Cali- 
fornia, Los Angeles County Museum, Series 15, 5th ed., Los 
Angeles, Calif., 1953. 

2. P. Ferket, “Turkey Growth Rate and Feed Consumption Stan- 
dards: Turkey Performance Improves in 1998,” Turkey World, 
12-14 (January-February 1999). 


GENERAL REFERENCES 


U, Aldrovandi, Aldrovandi on Chickens, L. R. Lind, trans. anded., 
University of Oklahoma Press, Norman, Okla., 1968. 

‘A.W. Brant, “A Brief History of the Turkey World,” World’s Poultry 
Sci. J. 54, 365-373 (1998). 

The Broiler Industry, The Turkey Industry, and The Egg Industry: 
The Poultry Tribune Centennial Edition (1895-1995), Watt 
Mount Morris, l., 1995. 

California Poultry Workgroup, Turkey Care Practices, Univ. of 
California, Cooperative Extension, Davis, Calif., 1998. 

California Poultry Workgroup, Broiler Care Practices, 2nd ed., 
Univ. of California, Cooperative Extension, Davis, Calif, 1998. 

Canadian Department of Agriculture, Pictures Geese, Publication 
No. 1345, Information Division of the Canadian Department 
of Agriculture, Ottawa, Canada, 1968. 

E, Carbajo Garcia et al., “El sacrificio y la produccion de carne,” 
E. Carbajo Garcia et al., eds., Cria de Avestruces, Emues y Nan- 
dues, Real Escuela de Avicultura, Barcelona, Spain, 1997, pp. 
113-136, 

E. Carbajo Garcia and F. Castello Fontova, “El Emu,” E. Carbajo 
Garcia et al., eds., Cria de Avestruces, Emues y Nandues, Real 
Escuela de Avicultura, Barcelona, Spain, 1997, pp. 303-326. 

E. Carbajo Garcia, E. F. Castello Fontova, and J. A. Castello 
Liobet, “Historia y Origen de la Produccion del Avestruz,” in 
E. Carbajo Garcia et al., eds., Cria de Avestruces, Emuesy Nan- 
dues, Real Escuela de Avicultura, Barcelona, Spain, 1987, pp. 
19-40. 

J. A. Crawford, “Foreword,” in T. N. Tully, Jr. and S. M. Shane, 
eds., Ratite Management, Medicine, and Surgery, Krieger, Mal- 
abar, FL, 1996. 


R. D. Crawford, Pouliry Breeding and Genetics, Elsevier, Amster- 
dam, The Netherlands, 1990. 

A. Douglass, Ostrich Farming in South Africa, Cassell, Potter, 
Galpin, London, 1881. 

Ducks and Geese, Reliable Poultry Journal, Quincy, Ill., 1910. 

M. E. Ensminger, Poultry Science, Interstate, Danville, Ill., 1980. 

L. Eric, Geography of Domestication, Prentice-Hall, Englewood 
Cliffs, N.J., 1970. 

“Focus on the West,” Terra 28, 50-51 (1990). 

F. D. Fowler, “Domesticated Geese,” in Ducks and Geese, Reliable 
Poultry Journal, Quincy, Ill., 1910, p. 75. 

M. E. Fowler, “Clinical Anatomy of Ratites,” in T. N. Tully Jr. and 
S. M. Shane, eds., Ratite Management, Medicine, and Surgery, 
Krieger, Malabar, Fla., 1996, p. 1-10. 

M. A. Hall, “Ratites,” in M. A. Hall, ed., National 4-H Avian Bowl 
Manual, Clemson Univ., Clemson, 8.C., 1998, pp. 171-173. 

D. J. S. Hetzel, “Domestic Ducks: A Historical Perspective,” in 
Duck Production Science and World Practice, University of 
New England Publishers, Armidale 1985. 

F. W. Huchzermeyer, “Important Aspects of Ostrich Farming,” in 
Diseases of Ostriches and Other Ratites, Agricultural Research 
Council, Ondersport, South Africa, 1998, pp. 77-119. 

F. W. Huchzermeyer, “The Ostrich and Other Ratites,” in Diseases 
of Ostriches and Other Ratites, Agricultural Research Council, 
Ondersport, South Africa, 1998, pp. 26-27. 

L, M. Hurd, Goose Raising, Bulletin 823, State College of Agri- 
culture, Ithaca, N.Y., 1951. 

J. Kozak, “Changes of the Goose Stock and the Goose Production 
in Hungary,” Proceedings of the XX World’s Poultry Congress 
8, 764-767 (1996). 

W. M. Levi, The Pigeon, Levi, Sumter, S.C., 1945, reprint 1992, 

J. P. Mackenzie, Game Birds, North Word Press, Minocqua, Wise. 
1989. 

J. Mesia Garcia, “La alimentacion del avestrucez,” in E. Carbajo 
Garcia et al., eds., Cria de Avestruces, Ernues y Nandues, pp. 
167-185. 

Real Escuela de Avicultura, Barcelona, Spain, 1997, p. 167. 

M. North and D. D. Bell, Commercial Chicken Production Manual, 
4th ed., Chapman & Hall, New York, 1990. 

C. G, Olentine, Watt Poultry Statistics Yearbook, Poultry Inter- 
national, Vol. 37, Watt Publishing Co., Mt. Morris, Ill., 1988. 

M. E. Pennington, F. L. Platt, and C. G. Snyder, Eggs, Progress, 
Chicago, Ill., 1933. 

W. Root, Food: The Authoritative and Visual History and Dictio- 
nary of the Foods of the World, Simon and Schuster, New York, 
1980. 

A. Rosinski et al., “Possibilities of Increasing Reproductive Per- 
formance and Meat Production in Geese,” Proceedings of the 
XX World’s Poultry Congress 111, 724-735 (1996). 

C. O. Sauer, Seeds, Spades, Hearths, and Herds, MIT Press, Cam- 
bridge, Mass., 1969. 

A. W. Schorger, The Wild Turkey: Its History and Domestication, 
University of Oklahoma Press, Norman, Okla., 1966. 

M. L. Scott, and W. F. Dean, Nutrition and Management of Ducks, 
M. L. Scott, Ithaca, N.Y., 1991. 

D. J. v. Z. Smit, “Ostrich Farming Practice,” in Ostrich Farming 
in the Little Karoo, Bulletin No. 358, Department of Agricul- 
tural Technical Services, Pretoria, South Africa, 1963, pp. 53— 


83. 

A. Soyer, The Pantropheon: or, A History of Food and Its Prepa- 
ration in Ancient Times, Paddington Press, London and New 
York, 1853; reprint 1977. 

J. S. Stewart, “What Are the Kinds of Ostriches and Which One 
Is Best?” Ostrich Report 16, 23 (May 1992). 

L. Stromberg, Poultry Oddities History and Folhore, Stromberg, 
Pine River, Minn., 1982. 

US. Department of Agriculture, Agriculture Statistics, Washing- 
ton, D.C., 1998. 


W. W. Van Wulffeten Palthe, C. S. TH. Van Gink’s Poultry Paint- 
ings, 1890-1968, Dutch Branch of the World’s Poultry Science 
Association, Beeklergen, The Netherlands, 1992. 

D. W. Verwoerd, “Foreword,” in F. W. Huchzermeyer, ed., Diseases 
of Ostriches and Other Ratites, Agricultural Research Council, 
Ondersport, South Africa, 1998. 

J.R. Wade, “Restraint and Handling of the Ostrich,” in T. N. Tully, 
Jr. and S. M. Shane, eds., Ratite Management, Medicine, and 
‘Surgery, Krieger, Malabar, Fla., 1996, pp. 37-45. 


GIDEON ZEIDLER. 
University of California 
Riverside, California 
FRANCINE BRADLEY 
RALPH ERNST 
JENNIFER NEAR 
University of California 
Davis, California 


POULTRY MEAT MICROBIOLOGY 


CONTAMINATION OF POULTRY 


The microflora of commercially processed raw poultry can- 
not be easily defined. Hundreds of different species of mi- 
croorganisms have been isolated from live poultry and 
from fully processed, ready-to-eat carcasses and poultry 
parts. Nonpathogenic spoilage organisms and potential 
human pathogens are the two general categories of organ- 
isms that are of greatest concern to the poultry industry 
and the ultimate consumer. The following genera have 
been isolated from fully processed, raw poultry (1-4): Pseu- 
domonas, Achromobacter, Micrococcus, Flavobacterium, 
Alcaligenes, Proteus, Bacillus, Sarcina, Streptomyces, Pen- 
icillium, Oasora, Cryptococcus, and Rhodotorula. These or- 
ganisms originate from unlimited sources including the 
hatchery, the production environment, the feed or water, 
wild birds or animals, rodents, insects, domesticated farm 
animals, equipment, and even humans. In the United 
States and many other countries, almost all commercial 
broilers and turkeys are reared on the ground in large 
poultry houses. The outside surface of the live bird, includ- 
ing the feathers, feet, and skin, can support numerous dif- 
ferent types of microorganisms. The contents of the intes- 
tinal tract of the bird is a constant source of contamination, 
which can easily be transferred to the live bird during pro- 
duction, transport, and processing. However, the skin of 
the carcass is more highly contaminated than the visceral 
cavity of freshly processed raw poultry (5,6). In the United 
States, the processing of almost all commercial poultry is 
extremely automated. This fact has caused considerable 
concern because birds move at considerable speed, up to 
91 broilers/min. However, data suggest that commercially 
processed birds and birds processed by hand do not differ 
in the incidence or levels of microorganisms (7). 


SHELF LIFE AND SPOILAGE 


Freshly processed raw poultry carcasses or poultry parts 
typically harbor 1,000 to 10,000 microorganisms/em? at 
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the exit of the immersion chiller (5,8). At retail, total mi- 
crobial counts can range from 10,000 to 10,000,000/em? of 
skin surface area. Raw poultry is considered spoiled when 
total microbial counts exceed 10,000,000/cm? (9). At this 
level of bacterial growth, the product will be slimy and will 
have an uncharacteristic sweet smell (10). The two most 
important factors that influence shelf life are initial micro- 
bial levels and temperature of storage. 

Pseudomonas, Moraxella, and Alcaligenes are the prin- 
cipal microorganisms on spoiled poultry carcasses and 
parts (1,2,11-13). At the time when spoilage becomes evi- 
dent by slime formation and off-odor, Pseudomonas may 
also have produced a green fluorescent pigment that is visi- 
ble under ultraviolet light. Any off-odors are the result of 
biochemical changes in the protein and fat. The time be- 
tween day of processing and spoilage at retail for nonfrozen 
poultry carcasses or parts is typically 10 to 14 days at 4°C, 
The retail consumer should expect only 1 to 2 days of shelf 
life once the product is brought home and stored in the 
refrigerator. Thus, if fresh poultry is not to be used on the 
purchase day or the day after purchase, the product should 
be stored in the freezer. Frozen whole turkeys or chickens 
can be stored in the home freezer for 1 year; poultry parts 
can be frozen for 6 to 9 months (14). Frozen storage rec- 
ommendations are based on oxidative stability, not micro- 
bial spoilage. 

Bacterial levels increase when poultry carcasses are 
segmented, filleted, deboned, or comminuted. In the home, 
ground turkey or chicken will have a refrigerated shelf life 
of 1 to 2 days. Ground poultry products can be stored frozen 
for 3 to 4 months. Again, frozen shelf life is based on oxi- 
dative stability. Frozen chicken, fried chicken parts, pat- 
ties, or nuggets are very susceptible to oxidative rancidity 
and should be stored in the home refrigerator for 3 to 4 
days or up to 4 months in the home freezer. 

Numerous methods have been used for evaluating the 
numbers of microorganisms on poultry carcasses. Among 
them are pressing metal or plastic dishes filled with solid- 
ified agar, using cut tissue sections sliced to known dimen- 
sions, using a blender or stomacher, swabbing the skin sur- 
face, and rinsing the product with known amounts of 
diluent. Although counts will not be identical, results from 
most of these methods are comparable (15). 

Studies have been made to determine the effect of tem- 
perature on the growth of bacteria on poultry carcasses. A. 
shelf life of 2 days at 15°C and 30 days at 1°C for unevis- 
cerated chickens has been reported (16). It has been noted 
that broiler carcasses remained acceptable for 9 to 19 days 
at 1°C, depending on a number of factors, notably the mode 
of processing and the type of wrapping (17). One study 
showed that when carcasses were stored at 0°C, it took 
approximately 18 days for spoilage to occur, and at 20°C 
only 2 days were required (18). It has been reported that 
chicken meat with an initial bacterial count of approxi- 
mately 6.0 x 10* cells/in.? spoiled after 16 days of storage 
at 0°C (9). Higher storage temperatures, such as 4.4 and 
10°C, reduced the shelf life to 7 and 2 days, respectively. 

A 10- to 12-day shelf life for immersion-chilled poultry 
meat and 18 days for hot-packaged poultry meat stored at 
2 to 4°C been noted (3). Dry-chilling broiler carcasses by 
liquid nitrogen exposure resulted in a reduction of psy- 
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chrophilic and memsophilic organisms initially and on 
storage at 2 to 4°C. An increase of approximately 2 days in 
shelf life of hot-packaged, liquid nitrogen—chilled cut-up 
parts was evident over the hot-packed parts (19). Lowering 
the storage temperature from 1.1 to 3.3°C to 2.2 to 1.1°C 
extended the shelf life for vacuum-CO,—packed and the 
ice-packed broiler carcasses for approximately 5 and 4 
days, respectively (4). 


POTENTIAL HUMAN PATHOGENS 


The microbiological population on poultry carcasses can, 
and often does, include potential human pathogens such 
as Aeromonas spp., Salmonella spp., Campylobacter spp., 
Staphylococcus aureus, Clostridium perfringens, Yersinia 
enterocolitica, and Listeria spp. Fortunately, most of these 
organisms are present only at very low levels and tend to 
remain at low levels due to the fact that they reproduce 
less vigorously than the many nonpathogens, which out- 
number them from the beginning. 


Aeromonas 


To date, no fully confirmed outbreaks of foodborne illness 
have been attributed to Aeromonas. However, substantial 
data suggest that this organism is capable of causing food- 
borne illness in humans. Data from the United States and 
other developed countries report the incidence of this po- 
tential pathogen on raw poultry to be greater than 50%. 
Levels of this organism on raw poultry tend to exceed 100 
per gram or per milliliter. Unfortunately, this organism can 
grow during normal refrigeration. However, this organism 
is very sensitive to heat and radiation and would primarily 
be a problem only if poultry was eaten raw or undercooked. 


Salmonella spp. 


In terms of the scientific literature and the popular press, 
the most common poultry pathogen is Salmonella. In the 
United States, incidence of this organism on raw poultry 
ranges from 8 to 50% (20). In other countries, incidence 
rates approaching 100% have been recorded (21). Regard- 
less of country, levels of this organism on raw poultry are 
almost always extremely low, less than 30 organisms per 
carcass. Thus, in most cases of human salmonellosis due 
to consumption of poultry, contributing factors include 
cross-contamination, improper cooking, and temperature 
abuse. Currently, Salmonella is the only organism with a 
performance standard (20% positive) for raw poultry in the 
United States. 


Campylobacter spp. 


‘The incidence of Campylobacter on raw poultry is excep- 
tionally high, greater than 80% (8,22,23). In the last 10 
years the reported incidence of Campylobacter on poultry 
products has increased. In reality, the methodology for re- 
covery of this organism has greatly improved, thus increas- 
ing the chance of recovery. In the few studies where this 
organism has been enumerated, data suggest that levels 
are very high in comparison to levels of other common 
poultry-associated pathogens (20). And even though the or- 


ganism is unlikely to grow on raw poultry due to its fastid- 
ious nature, initial levels (>500/mL) are in the range to 
cause human illness. Most cases of campylobacteriosis are 
sporadic, and contributing factors typically include cross- 
contamination and lack of proper handwashing. There is 
particular concern with campylobacteriosis because of in- 
creasing antibiotic resistance and the organisms’ connec- 
tion with Guillain-Barré syndrome. 


Staphylococcus aureus 


Data indicate that most raw fresh and frozen poultry, both 
chicken and turkey, are contaminated with S. aureus (20). 
And in most studies, the numbers reported are rather high 
(>1000 organisms/g or cm”). This organism must multiply 
to reach even higher levels in a food and produce toxin in 
order for a case of foodborne illness to occur. Staphylococci 
are not good competitors, so even if initial levels are high, 
as bacterial competition increases during refrigerated stor- 
age (even during temperature-abuse situations), the num- 
ber of staphylococci on raw poultry tends to decrease con- 
siderably. This organism becomes a concern on raw poultry 
only when the natural bacterial population is significantly 
decreased by some type of bactericidal treatment, espe- 
cially when followed by temperature-abuse conditions. Be- 
cause normal heating or reheating will not destroy the 
toxin produced by this organism, the easiest precaution for 
preventing staphylococcal foodborne illness is to refriger- 
ate cooked poultry quickly. 


Clostridium perfringens 


The incidence of C. perfringens on raw poultry ranges from 
10% to 80% (20). In studies where counts have been re- 
ported, the numbers have been very low (<10 organism/g 
or cm?). In virtually all cases of foodborne illness attributed 
to C. perfringens, the principal problem is trying to cool 
large batches of a particular food. The cooking process 
heat-activates spores, which can germinate during cooling. 
Thus, fast cooling of cooked poultry products is very im- 
portant. 


Yersinia enterocolitica 


Depending on the reporting country, there is a wide range 
in the incidence of ¥. enterocolitica organism on raw poul- 
try. In the United States, incidence of this organism on raw 
broilers at retail is 27% (24). Unfortunately, there is very 
little information regarding the level of this organism on 
raw poultry. It is important to remember that not all 
serovars of this organism are pathogenic, but pathogenic 
serovars have occasionally been isolated from frozen chick- 
ens at the retail level. Unfortunately, Yersinia is a psy- 
chrotroph and can survive better than other gram-negative 
organisms under extreme alkaline conditions such as 
might be present on poultry treated with trisodium phos- 
phate. 


Listeria spp. 


Few data are available concerning the incidence of this po- 
tential pathogen on raw poultry before the late 1980s. Two 
early European studies, conducted before 1980, suggested 


that the intestinal tract of broilers, freshly processed broil- 
ers, fresh broilers at the time of sale, and frozen broilers 
were contaminated with this organism. Since 1989 nu- 
merous studies have been designed to evaluate the inci- 
dence of this pathogen on raw poultry products. Depending 
on the country where such studies were conducted as well 
as the isolation techniques utilized, incidence rates range 
from 2 to 94%. Of course, not all isolates recovered have 
been L. monocytogenes (2-50%), but the presence of any 
Listeria spp. would lead to the conclusion that pathogenic 
species could be present. However, it is important to note 
that the serotype most often incriminated in cases of hu- 
man listeriosis (serotype 4b) has not been a problem in raw 
poultry. Data regarding the numbers of Listeria on raw 
poultry are limited but suggest that levels are quite low. 


FURTHER-PROCESSED POULTRY PRODUCTS 


Further-processed poultry products or items of poultry 
meat processed beyond the eviscerated carcass stage are 
subjected to many subsequent handlings that are major 
sources of microbial contamination. However, information 
concerning the microbiological quality of precooked 
chicken products is limited. The destruction of foodborne 
microorganisms is an essential part of the commercial 
cooking operation. 

The microbiological quality of further-processed turkey 
products has been reported. In the 38 cooked products ex- 
amined, neither Salmonella spp. nor Escherichia coli were 
found, whereas 16 out of 38 contained C. perfringens, and 
only 1 out of 38 was positive for S. aureus (25). It was re- 
ported that bacterial counts of ready-to-eat turkey rolls in- 
creased following storage at 5°C (26). Salmonella and 
coagulase-positive Staphylococcus were isolated from some 
of these samples. 

Frozen fried chicken is usually subjected to subsequent 
handling, which provides a potential opportunity for mi- 
crobial contamination of the product. The microbiological 
quality of frozen fried chicken products was studied; it was 
reported that the log total microbial count ranged from 
2.74 to 4.66/gm (27). Neither mold nor yeast was detected, 
and all samples were Salmonella negative. Micrococci and 
Staphylococci have been isolated from both hot water and 
microwaved precooked chicken parts and commercial 
ready-to-eat sliced chicken products (28). 

The total aerobic and coliform counts in chicken patties 
during refrigerated storage were studied (29). Escherichia 
was the predominant genus at day 0, but Enterobacter was 
predominant after 10 days of storage. The quality of pre- 
fried chicken patties and nuggets was studied (30). It was 
indicated that the predominant microflora in raw and fried 
chicken patties were gram-positive, rod-type organisms. In 
addition, vacuum packaging did not inhibit the ultimate 
psychrotrophic microflora growth on patties and nuggets 
after refrigerated storage. 

Chicken ham cooked to internal temperatures of 68.3 
and 71.1°C had a longer lag phase microbial growth at 2 
to 4°C than products cooked to an internal temperature of 
65.0°C. The shelf life of chicken ham at 2 to 4°C with 68.3 
and 71.1°C end point internal temperatures was 33 and 35 
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days, respectively. Chilling the products in ice slush im- 
mediately after cooking extended the shelf life approxi- 
mately 7 days. Vacuum packaging was found to be an ef- 
fective method for extending the shelf life of cooked ham 
(31). 

An interaction between frying temperature and inter- 
nal temperature was significant for microbial counts of 
deep-fat fried chicken patties. When patties were fried to 
an internal temperature of 48.9°C, there was a significant 
decrease in microbial counts as frying temperature in- 
creased. This effect was not significant when patties were 
fried to an internal temperature of 60.0 or 71.1°C. An in- 
ternal temperature of 71.1°C is required to be labeled “fully 
cooked,” “ready-to-eat,” “baked,” or “roasted” poultry ac- 
cording to the USDA (32). Raw chicken patties had a mean 
total psychrotrophic count of log 5.1 colony forming unit 
(CFU)/gm. Chicken patties fried to an internal tempera- 
ture of 71.1°C had microbial counts ranging from 1.52 to 
1.75 CFU/gm. 


RETARDING THE GROWTH OF MICROORGANISMS 
ON POULTRY 


Temperature Control 


Of all the methods to delay microbial spoilage, tempera- 
ture control remains the most dependable and widely used. 
According to the USDA, broiler carcasses must be chilled 
to at least 4.4°C after 4 hours; turkeys, after 8 hours (32). 
In most commercial facilities this is accomplished through 
immersion chilling. Freezing poultry destroys 96 to 99% of 
the total surface microflora (33). Numbers continue to de- 
crease during prolonged frozen storage. Freezing does not 
completely free poultry from salmonellae or other potential 
pathogens. 

The bacteria responsible for the spoilage of poultry are 
not notably xerotolerant. Freezing will subject these or- 
ganisms to water stress at temperatures close to their min- 
ima for growth. The synergistic effects of these two factors, 
temperature and water activity, probably insure that spoil- 
age bacteria do not usually grow on frozen poultry, al- 
though some strains could possibly grow at temperatures 
below 2°C. The preservation of food by freezing is based on 
the retardation of microbial growth to the point at which 
decomposition due to microbial action does not occur (34). 
Pathogenic microorganisms do not grow below 2°C. 


Preservatives 


Numerous efforts have been made to use additives to 
reduce the microbial load on fresh poultry. Some of the 
techniques used have been chilling and washing of 
carcasses with chlorinated water (35-45), 70% alcohol 
dipping (46), immersion of carcasses in solutions of 
poly(hexamethylenebiguanide hydrochloride) (47), dipping 
in various organic acids (19,48-51), and chilling in poly- 
phosphate solutions (52,53). 

It was reported that when Lactobacillus cells were 
added to chilled water at a concentration of 100 million/ 
mL, shelf life was increased as much as 3 days. Carcasses 
immersed in 0.12% lactic acid had a total bacterial count 
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of 400 compared with a control group that had 130,000 
organisms/g (50). Sorbic acid was an effective preservative 
when a 7.5% solution was sprayed onto the chilled poultry 
parts at 140°F in a ratio of 70:20:10 propylene glycol to 
water to glycerin (54). Nine acids were studied, and it was 
concluded that adipic and succinic acid increased the shelf 
life of broilers by 6 days more than the water-chilled sam- 
ples when the pH of the chilling solution was 2.5 (49). An- 
other study revealed that dipping cup-up broiler parts in 
1% ascorbic acid solution for 3 min retarded microbial 
growth and increased the refrigerated life for 6 to 7 days 
compared to that of the control (19). It has been suggested 
that the use of polyphosphate solutions was effective in 
controlling the growth of gram-positive micrococci and 
staphylococci (28). 

Of the materials tested for use in preserving chilled 
poultry carcasses, antibiotics have received the most at- 
tention. The addition of antibiotics to the chilling water 
had been widely accepted in the 1950s and the early 1960s. 
Chlorotetracycline or oxytetracycline was added to the 
chilling bath through which the birds passed following 
evisceration; the results indicated that these antibiotics 
lengthened the keeping time by at least several days, but 
that bacteria resistant to the antibiotics (eg, pigmented 
pseudomonads and certain Alcalilgenes species) grew on 
the birds and built up in the plant (55). The antibiotics had 
no effect on yeasts and molds that were also a part of the 
microflora of poultry carcasses (56). Because of the fact 
that small residues, about 0.5 ppm, may be left after cook- 
ing and the effect that such residues might have on the 
intestinal flora of humans, permission to use such com- 
pounds in foods was withdrawn by the FDA (57). 

Potassium sorbate has been extensively investigated as 
an antibacterial agent for extending shelf life and inhib- 
iting pathogen growth. The effectiveness of a 10% potas- 
sium sorbate dip in inhibiting bacterial growth of fresh 
chicken breast meat inoculated with Salmonella was dem- 
onstrated (58). It has also been reported that dipping 
broiler carcasses in a 5% potassium sorbate dip for 1 min 
was effective in inhibiting Salmonella and S. aureus (59). 

Preparation of germicidal ice incorporated with food ad- 
ditives such as calcium hypochlorite, chloramine benzoic 
acid, formaldehyde, hydrogen peroxide, sodium propio- 
nate, and sodium nitrite for ice-packing purposes have 
been studied (60). It was proven that ice-containing glycol 
diformate and sorbic acid were more effective against mi- 
crobial growth than was common ice or the acronizing pro- 
cess. It has been reported that the average shelf life of 
broiler parts ice-packed with 0.075% sorbic acid ice and 
0.1% potassium sorbate ice was 11.5 and 3.6 days longer 
than the ice-packed controls (61). Both sorbic acid ice and 
potassium sorbate ice decreased the incidence of gram- 
negative rod-type organisms and increased the incidence 
of gram-positive cocci on broiler parts after 4 days of stor- 
age at 2 to 4°C. 


Packaging 


A number of studies have been made to determine the ef- 
fect of packaging on the shelf life of poultry carcasses. One 
study reported that packaging materials had a significant 


effect on the shelf life of fresh poultry (62). Storage time 
for poultry carcasses wrapped in cellophane and 
cellophane—vinylidene chloride copolymer sheets were 
the same under nonvacuum conditions, but when the air 
was evacuated, the storage time increased 4 days beyond 
that obtained without vacuum (63). Fewer pseudomonads 
were found, but Microbacterium thermosphactum and 
atypical lactobacilli were a significant part of the spoilage 
flora on turkeys wrapped in impermeable film at 1°C (64). 
It has been reported that while the pseudomonads were 
the main spoilage organisms on the carcasses wrapped in 
the permeable film, the Alternomonas putrefacians pre- 
dominated on the carcasses wrapped in the impermeable 
film. 

The influence of packaging materials seems to affect the 
quality of fresh poultry. Bacterial growth was inhibited by 
using a shrinkable poly(vinyl chloride) film with a perme- 
ability to oxygen of approximately 500 mL/cm’, 24h, 1 atm 
(65). It was also concluded that shrinkable poly(vinyl chlo- 
ride) film was better for retaining the quality and shelf life 
of chicken than any other material that was not air evac- 
uated. 

Another effective way of packaging is by employing car- 
bon dioxide treatment. Chickens stored in 10 and 20% car- 
bon dioxide at 1°C effectively extended the shelf life (66). 
It has been suggested that packaging broiler carcasses in 
nylon—surlyn film with a carbon dioxide addition rate of 
3.6 x 10~* and 7.22 x 10~* m°/kg carcass extended shelf 
life at 1.1°C of storage to 22 and 27 days, respectively (67). 
Vacuum-CO, packaging extended the shelf life of broiler 
carcasses for approximately 7 days when compared to 
those of the ice-packed controls (4). It was also reported 
that the major microorganism groups isolated from the 
spoiled ice-packed samples were members of the Pseudo- 
monas species (93.3%); however, Lactobacillus spp. (74.0%) 
were found to be the dominant microflora on the vacuum- 
CO, packaged broilers after 28 days of storage at 1.1 to 
3.3°C (4). 


Other Treatments 


Ozone treatment also has been used for preservation of 
foods, especially of fruits and vegetables. Ozone-treated 
broiler parts have consistently lower microbial counts than 
air-treated control parts during the entire refrigerated ob- 
servation period (68). Using log total microbial counts of 
7.0/em? as spoilage criterion, broiler parts treated with 
ozone had a shelf life that was extended for 2.4 days. It 
was also indicated that ozone-treated carcasses contained 
about 52.7% gram-positive cocci, while air-treated controls 
had 39.6% gram-positive cocci. Studies using microflora 
from spoiled poultry meat have also demonstrated that 
ozone treatment preferentially destroyed gram-negative, 
rod-type organisms. 

Radurization processing of fresh eviscerated poultry 
with a dose of 5 kGy has been reported to extend the shelf 
life at 5°C by approximately 14 days (69). It has been re- 
ported that at 4°C the shelf life of chicken carcass was 3 
days for nonirradiated samples, 13 days for those irradi- 
ated at 3 kGy, and greater than 30 days for those irradiated 
at 7 kGy (70). Chicken carcasses irradiated with 5 to 10 


kGy at 3 to 4°C could extend the shelf life by 2 to 4 weeks 
(71). Chicken breast meats were irradiated with 3.7 kGy 
at 0°C; a satisfactory quality for about 3 weeks was re- 
ported (72). Recently, it was noted that irradiation in- 
creased the shelf life of chicken fillets (73). The time re- 
quired to reach a log number of 6.5/g was 15 days for the 
controls and 35 days for the fillets treated with 2 kGy, all 
stored at 3°C. The combination of vacuum skin packaging 
and 4 kGy irradiation dose resulted in fillets with a shelf 
life of more than 45 days at 3°C. Irradiation at 3 kGy de- 
stroyed all inoculated S. typhimurium and E. coli in 
ground chicken meat. 

Antagonisms of microorganisms on broiler carcasses 
have been observed. The growth-interfering effect of spoil- 
age microorganisms by gram-positive cocci on broiler car- 
casses has been reported (74). This growth-interfering ef- 
fect was greater at 2 to 4°C and 5 to 7°C than at 19 to 21°C. 
The higher the ratio of the gram-positive cocci to the rod- 
type spoilage microorganisms, the more the growth- 
interfering effect was observed. The cell-free filtrates from 
gram-positive broth cultures interfered with the growth of 
the spoilage microorganisms at 2 to 4°C, and the causative 
agent was heat-sensitive metabolites. 


BIBLIOGRAPHY 


1. J.C. Ayres, W. S. Ogilvy, and G. F. Stewart, “Post-Mortem 
Changes in Stored Meats. Microorganisms Associated with 
Development of Slime on Eviscerated Cut-Up Poultry,” Food 
Technology 4, 199-205 (1950). 
2. A. S. Arafa and T. C. Chen, “Effect of Vacuum Packaging on 
Microorganisms on Cut-Up Chicken and in Chicken Prod- 
ucts,” Journal of Food Science 40, 50-52 (1975). 
3, A. 8. Arafa and T. C. Chen, Evaluation of Final Washing and 
Immersion Chilling on Carcass Microflora from Fourteen Mis- 
sissippi Poultry Processing Plants, MAFES Research Report 
8, 1977. 
4, K. Viseshsiri and T. C. Chen, Microbiological Characteristics 
of Vacuum-CO; Packaged Broiler Carcasses, MAFES Bulletin 
910, Mississippi State, Miss., 1982. 
. H.W. Walker and J. C. Ayres, “Antibiotic Residuals and Mi- 
crobial Resistance in Poultry Treated with ‘Tetracyclines,” 
Food Research 28, 525-531 (1968). 
6. M, Woodburn, “Incidence of Salmonellae in Dressed Broiler- 
Fryer Chickens,” Applied Microbiology 12, 492-495 (1964). 
. A. L. Izat, J. M. Kopeck, and J. D. McGinnis, “Research Note: 
Incidence, Number, and Serotypes of Salmonella on Frozen 
Broiler Chickens in Retail,” Poultry Science 70, 1438-1440 
(1991). 
8. A. L. Waldroup, B. M. Rathgeber, and R. E. Hierholzer, “Ef- 
fects of Reprocessing on Microbiological Quality of Commer- 
cial Prechill Broiler Caracasses,” Journal of Applied Poultry 
Research 2, 111-116 (1993). 
9. R. P. Elliott and H. D. Michener, “Microbiological Standards 
and Handling Codes for Chilled and Frozen Foods. A Review,” 
Applied Microbiology 9, 452-468 (1961). 
10. A. A. Kraft, “Microbiology of Poultry Products,” Journal of 
Milk and Food Technology 84, 23-29 (1971). 

11. J. ©. Ayres, “The Relationship of Organisms of the Genus 
Pseudomonas as the Spoilage of Meat, Poultry and Eggs. 
Journal of Applied Bacteriology 28, 471-486 (1960). 


on 


x 


POULTRY MEAT MICROBIOLOGY 1961 


12. E. M. Barnes and C. S. Impey, “Psychrophilic Spoilage Bac- 
teria of Poultry,” Journal of Applied Bacteriology 31, 97-107 
(1968). 

13. T. A. McMeekin, “Spoilage Association of Chicken Leg Mus- 
cle,” Applied and Environmental Microbiology 88, 1244-1246 
(1977). 

14. USDA Safety Inspection Service, The Safe Food Book: Your 
Kitchen Guide, Home and Garden Bulletin No, 241, Washing- 
ton, D.C., 1985. 

15, A. L. Izat et al., “Effects of Sampling Method and Feed With- 
drawal Period on Recovery of Microorganisms from Poultry 
Carcasses,” Journal of Food Protection 52, 480-483 (1989). 

16. E. M. Barnes and D. H. Shrimpton, “Causes of Greening of 
Uneviscerated Poultry Carcasses during Storage,” Journal of 
Applied Bacteriology 20, 273 (1957). 

17. E. O. Essary, W. E. C. Moore, and C. Y. Kramer, “Influence of 
Scald Temperatures, Chill Times, and Holding Temperatures 
on the Bacterial Flora and Shell Life of Fresh Chilled, Tray- 
Packed Poultry, Food Technology 12, 684-687 (1958). 

18, L. E, Dawson and W. J. Stadelman, Microorganisms and Their 
Control of Fresh Poultry Meat, NCM-7 Technical Bulletin 278, 
Michigan State University, East Lansing, Mich., 1960. 

19. A. S, Arafa and'T. C. Chen, “Ascorbic Acid Dipping as a Means 
of Extending Shelf-Life and Improving Microbial Quality of 
Cut-Up Broiler Parts,” Poultry Science 57, 99-103 (1978). 

20. A. L. Waldroup, “Contamination of Raw Poultry with Patho- 
gens,” World Poultry Science Journal 52, 7-25 (1996). 

21. A. S. Kamat et al., “Hygienization of Indian Chicken Meat by 
Ionizing Radiation,” Journal of Food Safety 12, 59-71 (1991). 

22, N. J. Stern and J. E. Line, “Comparison of Three Methods for 
Recovery of Campylobacter spp. from Broiler Carcasses,” 
Journal of Food Protection 85, 663-666 (1992). 

23. A. L. Waldroup, B. M. Rathberger, and R. H. Forsythe, “Effects 
of Six Modifications on the Incidence and Levels of Spoilage 
and Pathogenic Organisms on Commercially Produced 
Postchill Broilers,” Journal of Applied Poultry Research 1, 
226-234 (1992). 

24, N. A. Cox et al., “The Presence of Yersinia enterocolitica and 
Other Yersinia Species on the Carcasses of Market Broilers,” 
Poultry Science 69, 482-485 (1990). 

25. E. A. Zottola and F. F. Busta, “Microbiological quality of 
further-processed turkey products,” Journal of Food Science 
36, 1001-1004 (1971). 

26. A.J. Mercuri, G. J. Banwart, J. A. Kinner, and A. R. Sessums, 
“Bacteriological Examination of Commercial Precooked East- 
ern Type Turkey Rolls,” Applied Microbiology 19, 768-771 
(1970). 

27. P.L. Wang, E. J. Day, andT. C. Chen, “Microbiological Quality 
of Frozen Fried Chicken Products Obtained from a Retail 
Store,” Poultry Science 85, 1290 (1976). 

28. T. C. Chen, J. T. Culotta, and W. S. Wang, “Effect of Water 
and Microwave Energy Precooking on Microbiology Quality of 
Chicken Parts,” Journal of Food Science 38, 155-157 (1973). 

29. S.E. Craven and A. J. Mercuri, “Total Aerobic and Coliform 
Counts in Beef-Soy and Chicken-Soy Patties during Refrig- 
erated Storage,” J. Food Prot. 40, 112-115 (1977). 

30. Y. H. Yi, Studies on the Quality of Prefried Chicken Patties 
During Refrigerated Storage, Ph.D. dissertation, Mississippi 
State University, Mississippi State, Miss., 1986. 

31. S.C. Yang and T. C. Chen, “Processing Yields and Shelf Life 
of Chicken Ham,” Taiwan Journal of Food Science 15, 133— 
141 (1988). 


1962 


32. 


33. 


34. 


35. 


36. 


37. 


38. 


39. 


40. 


41. 


42. 


43. 


44, 


47. 


48. 


49. 


50. 
51. 


POULTRY MEAT MICROBIOLOGY 


The U.S. Department of Agriculture, Meat and Poultry In- 
spection Manual, U.S. Department of Agriculture, Washing- 
ton, D.C., 1973, Part 18, Subpart G, Article 37. 

A.A Kraft, J. C. Ayres, K. F. Weiss, W. W. Marion, S. L. Bal- 
loun, and R. H. Forsythe, “Effect of Method of Freezing on 
Survival of Microorganisms on Turkey,” Poultry Science 48, 
128-136 (1963). 

A.C. Peterson and R. E. Gunnerson, “Microbiological Critical 
Control Points in Frozen Foods,” Food Technology 28, 37-44 
(1974). 

E. E. Drewniak, M. A. Howe, Jr., H. E. Goresline, and E. R. 
Baucsh, Studies on Sanitizing Methods for Use in Poultry Pro- 
cessing, USDA Circular No. 930, 1954. 

M. F. Gunderson, H. W. McFaddin, and T. S. Kyle, The Bac- 
teriology of Commercial Poultry Processing. Burgess Publish- 
ing Co., Minneapolis, Minn., 1954. 

L. E. Dawson, W. L. Mallmann, M. Frang, and S. Walters, 
“The Influence of Chlorine Treatments of Bacteria Population 
and Test Panel Evaluation of Chicken Fryers,” Poultry Science 
85, 1140 (1956). 


J, M. 8. Dixon and F. E. Pooley, “The Effect of Chlorination on 
Chicken Carcass Infected with Salmonellae,” Journal of Hy- 
giene 59, 343 (1961). 

A. W. Kotula, J. E. Thompson, and J. A. Kinner, “Bacterial 
Counts Associated with the Chilling of Fryer Chickens,” Poul- 
try Science 41, 818-821 (1962). 

W. Mercer, “Product Protection by Chlorination and Other 
Safeguards,” in Proceedings of the Poultry and Egg Further- 
Processing Conference, 1964, pp. 33-40. 

M. D. Rankan, G. Clewlow, D. H. Shrimpton, and B. J. H. 
Stevens, “Chlorination in Poultry Processing,” British Poultry 
Science 6, 331-337 (1965). 

J. E. Thomson, G. J. Banwart, D. H. Sanders, and A. J. Mer- 
curi, “Effect of Chlorine, Antibiotics, Beta-Propolactone, Acids 
and Washing on Salmonella typhimurium on Eviscerated 
Fryer Chickens,” Poultry Science 46, 146-151 (1967). 

©, J. Wabeck, D. V. Schwall, G. M. Evancho, J. C. Heck, and 
‘A. B. Rogers, “Salmonella Reduction, Chlorine Uptake, and 
Organoleptical Changes in Poultry Treated with Sodium Hy- 
pochlorite,” Poultry Science 46, 1333 (1967). 

J.T. Patterson, “Bacterial Flora of Chicken Carcasses Treated 
with High Concentration of Chlorine,” Journal of Applied 
Bacteriology 31, 554-550 (1968). 

R. M. Blood and B. Jarvis, “Chilling of Poultry: The Effects of 
Process Parameters on the Level of Bacteria in Spin-Chiller 
Waters,” Journal of Food Technology 9, 157-169 (1974). 
K.N. Hall and J. V. Spencer, “The Effect of Ethanol on Shelf 
Life and Flavor of Chicken Meat,” Poultry Science 48, 573— 
576 (1964). 

M.N. Islam and N. B. Islam, “Extension of Poultry Shelf Life 
by Poly(Hexamethylenebiguanide Hydrochloride), J. Food 
Prot. 42, 416-419 (1979). 

N. A. Cox, A. J. Mercuri, B. J. Juven, J. E. Thomson, and V. 
Chow, “Evaluation of Succinic Acid and Heat to Improve the 
Microbiological Quality of Poultry Meat,” Journal of Food Sci- 
ence 89, 985-987 (1974). 

G. J. Mountney and J. E. O'Malley, “Acids as Poultry Meat 
Preservatives,” Poultry Science 44, 582-586 (1965). 


U.S. Pat. (1962), J. F. Murphy and R. E. Murphy. 


1. E. Minor and E. H. Marth, “Staphylococcus aureus and 
Staphylococcal Food Intoxications. A Review,” Journal of Milk 
and Food Technology 35, 228-241 (1972). 


52. 


54. 


55. 


56. 


57. 


58. 


60. 


61. 


62. 


66. 


67. 


68. 


69. 


70. 


J. V. Spencer and L. E. Smith, “The Effect of Chilling Chicken 
Fryers in a Solution of Polyphosphates upon Moisture Up- 
take, Microbial Spoilage, Tenderness, Juiciness, and Flavor,” 
Poultry Science 41, 284-288 (1962). 


. RP, Elliott, R. P. Straka, and J. A. Garibaldi, “Polyphosphate 


Inhibition of Growth of Pseudomonads from Poultry Meat,” 
Applied Microbiology 12, 517 (1964). 

G. A. Perry, R. L. Lawrence, and D. Melnick, “Extension of 
Shelf Life of Poultry by Processing with Sorbic Acid,” Food 
Technology 18, 101-107 (1962). 

H. W. Walker and J. C. Ayres, “Incidence and kids of micro- 
organisms associated with commercially dressed poultry,” Ap- 
plied Microbiology 4, 345-349 (1956). 

R. H. Vaughn and G. F. Stewart, “Antibiotics as Food Preser- 
vatives,” Journal of the American Medical Association 174, 
1308-1310 (1960). 

J.T, Nickerson and A. J. Sinskey, Microbiology of Foods and 
Food Processing, Elsevier Publishing Co., Inc., New York, 
1972. 

M. C, Robach and F. J. Ivey, “Antimicrobial Efficacy of a Po- 
tassium Sorbate Dip on Freshly Processed Poultry,” J. Food 
Prot. 41, 284-288 (1978). 


. E. C. To and M. C. Robach, “Potassium Sorbate Dip as a 


Method of Extending Shelf Life and Inhibiting the Growth of 
Salmonella and Staphylococcus aureus on Fresh, Whole Broil- 
ers,” Food Technology 87, 107-110 (1980). 

S. Kaloyereas, R. M. Crown, and C. 8. McClesky, “Experi- 
ments on Preservation with a New Ice-Containing Glycol Di- 
formate and Sorbic Acid,” Food Technology 15, 582-586. 

Y. L, Lin and 7. C. Chen, Effect of Sorbic Acid Ice on Micro- 
organisms of Broiler Meat, MAFES Research Report 14, Mis- 
sissippi State, Miss., 1989. 

J. V. Spencer, M. W. Eklund, E. H. Suter, and M. M. Hard, 
“The Effect of Different Packaging Materials on the Shelf Life 
of Antibiotic Treated Chicken Fryers,” Poultry Science 35, 
1173 (1956). 


. FE, Wells, J. V. Spencer, and W. J, Stadelman, “Effect of Pack- 


aging Materials and Techniques on Shelf Life of Fresh Poultry 
Meat,” Food Technology 12, 425 (1958). 


. E. M. Barnes and D. H. Shrimpton, “The Effect of Processing 


and Marketing Procedures on the Bacteriological Condition 
and Shelf Life of Eviscerated Turkeys,” British Poultry Sci- 
ence 9, 243-251 (1968). 


. J. M. Debevere and J. P. Voets, “Influence of Packaging Ma- 


terials on Quality of Fresh Poultry,” British Poultry Science 
14, 17-22 (1973). 

C. J. Wabeck, C. E. Parmella, and W. J. Stadelman, “Carbon 
Dioxide Preservation of Fresh Poultry,” Poultry Science 47, 
468-474 (1968). 


E. H. Sander and H. M. Soo, “Increasing Shelf Life by Carbon 
Dioxide Treatment and Low Temperature Storage of Bulk 
Pack Fresh Chickens Packaged in Nylon/Surlyn Film,” Jour- 
nal of Food Science 43, 1519-1523, 1527 (1978). 

P. P. W. Yang and T. C. Chen, “Effect of Ozone Treatment on 
Microfiora of Poultry Meat,” J. Food Proc. and Preserv. 8, 177— 
185 (1979). 

E. S. Idziak and K. Incze, “Radiation Treatment of Foods, 
Radurization of Fresh Eviscerated Poultry,” Applied Micro- 
biology 16, 1061 (1968). 

H. E. Bok and W. H. Holzapfel, “Extension of Shelf Life of 
Refrigerated Chicken Carcasses by Radurization,” Food Re- 
view 11, 69-71 (1984). 


POULTRY MEAT PROCESSING AND PRODUCT TECHNOLOGY 1963 


71. H.O. Cho, M. K. Lee, M. W. Bynn, J. H. Kwon, and J. G. Kim, 
“Radurization of the Microorganisms Contaminating 
Chicken,” Korean Journal of Food Science Technology 17, 
170-174 (1985). 

72. R.C., Baker, D. Scott-Kline, J. Hutchison, A. Goodman, and J. 
Charvat, “A Pilot Plant Study of the Effect of Four Cooking 
Methods on Acceptability and Yields of Prebrowned Battered 
and Breaded Broiler Parts,” Food Technology 65, 1322-1332 
(1986). 

73. Y. Zhou and T. C. Chen, Effect of Vacuum Skin Packaging and 
Irradiation on Quality of Marinated Chicken Fillets, M.S. the- 
sis, Mississippi State University, Mississippi State, Miss., 
1989, 

74. T. C. Chen and K. Tanteeratarm, “The Growth Interfering Ef- 
fects of Spoilage Microorganisms by Gram-Positive Cocci on 
Broiler Carcasses,” in Proceedings of the Seventeenth World 
Poultry Congress, 1984, pp. 681-683. 


T. C. CHEN 

Mississippi State University 
Mississippi State, Mississippi 
A. L. WALDROUP 
University of Arkansas 
Fayetteville, Arkansas 


See also MICROBIOLOGY OF FOODS. 


POULTRY MEAT PROCESSING 
AND PRODUCT TECHNOLOGY 


Poultry meat is consumed all around the world. In the last 
few decades poultry meat has increased in popularity in 
many countries. Among the reasons for this increase are 
the relatively low growing costs, the rapid growth rate of 
poultry, the high nutritional value of the meat, and the 
introduction of many new further processed products. 
Overall, the poultry industry has drastically changed since 
the beginning of the century. In the early 1920s most poul- 
try was produced in small flocks mainly to support small 
farm units, and the poultry was sold live in the local area 
markets. Most birds were used both as a source of meat 
and eggs. This is still the situation in some countries; how- 
ever, in most countries the poultry industry has grown and 
specializes in meat production breeds and egg production 
breeds. Over the years the number of small flocks has de- 
creased dramatically as large operations specializing in 
raising poultry have emerged. Today it is not uncommon 
to find farmers specializing in only one phase of the grow- 
ing stage (eg, breeding, hatching, raising pullets, growing 
operations). The growing operations are usually fairly 
large (ie, a few hundred thousand to a few million birds) 
and must be efficient in order to compete. Vertical integra- 
tion of poultry operations (from hatching to further pro- 
cessing) is common in quite a few countries and helps in 
making the production more cost effective and competitive. 
Genetic improvements and selection for higher feed effi- 
ciency have also contributed to the ability of the industry 
to improve its product and maintain a competitive price in 
comparison with other red meat sources. At the beginning 
of the century, poultry was mainly selected and bred for 


exhibitions. Later some breeders started selecting birds for 
economical characteristics. At that point the chickens se- 
lected were used for the general purpose of supplying both 
meat and eggs. Selection for meat-type and egg-type birds 
started 10 to 15 years later. Today we are at the point 
where in many areas cockerels from a meat-type breed are 
not raised because they are no longer a profitable source 
of chicken meat (1). Over the years, birds were selected for 
fast growing characteristics, and as a result the average 
time to reach marketing weight for broilers was signifi- 
cantly reduced (12 weeks 40 years ago compared with 
about 7 weeks today). 

Changes in lifestyle and consumption patterns have 
also helped to make poultry a more popular source of meat. 
Today consumers in the Western world are much more con- 
cerned with the caloric and nutritional value of their food. 
In this context, poultry has gained popularity because it is 
viewed as a good source of lean meat and its fat as more 
unsaturated than red meat. The poultry industry has also 
taken the initiative to develop new further processed prod- 
ucts and to respond to the increasing consumer demand 
for convenient food items (ie, semi/fully cooked). The 
changes in poultry meat consumption in the United States 
over the last 85 years are presented in Table 1. As can be 
seen, the total poultry meat consumption doubled for the 
first time between 1940 and 1960 and the second time be- 
tween 1960 to 1980. This increase has been seen only in 
poultry meat, whereas red meat consumption has either 
stayed constant or slightly declined over the same period 
of time (3). This tremendous increase in poultry meat also 
represents a change in marketing strategies. The propor- 
tion of cut-up poultry increased for example, from 25% in 
1970 to 60% in 1980 and the proportion of further pro- 
cessed products increased from 5 to 25%. Exporting of poul- 
try meat has also become an important international 
trade. Some of the leading countries are the United States 
(2090 metric tons in 1996), Brazil (530 tons), France (381 
tons), Netherlands (195 tons), and Thailand (165 tons; 
Ref. 3). 

In the following section the different processes involved 
in converting live poultry into meat, the nutritional value 
of poultry meat, the equipment used for further processing, 
and the production of poultry products are discussed. 


TYPES OF POULTRY 


The poultry industry markets different types of birds (Ta- 
ble 2). On a worldwide basis the most popular species in- 


Table 1. Civilian per Capita Consumption of Poultry in 
United States Between 1910 and 1996 


Year Broilers Turkeys ‘Total poultry 
1910 — - 15 
1940 2 3 17 
1960 23.4 6 34 
1980 47 10 61 
1990 61.5 17 81 
1996 71 18 90 


Note: Poultry meat consumption based on ready to cook weights in pounds, 
Only broiler and turkey meat are presented. 

Source: Refs. 2 and 3. 

*No data available. 
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Table 2. Types of Commonly Available Poultry and Their 
Average RTC Weight 


Type Age (weeks) Weight RTC (kg) 
Chickens 
Broiler or fryer 6-8 12-17 
Roaster 8-10 3.0 
Rock cornish game 34 0.6 
Hen/stewing fowl >52 14 
Cock or mature rooster >30 3.0 
Turkeys 
Broiler hen 12 4.2 
Young hen 16 10 
Young tom 17-18 12.5 
Spend breeder >52 11.0 
Ducks 
Broiler or fryer 7 2.5-3.8 
Geese 
Mature 12-16 5.0 
Guineas 
Mature 12 15 
Pigeons 
4-5 0.4 


Note: RTC = Ready-to-cook weight (ie, body weight excluding feathers, 
blood, digestive tract, head, and feet). 


clude chickens, turkeys, and ducks. However, other species 
such as geese and pigeons can be found marketed on a 
large scale in certain areas. The average marketing age of 
some of the most common species and their ready-to-cook 
weights (weight without blood, feathers, viscera, feet, and 
head) are provided in Table 2. 


PROCESSING FRESH POULTRY 


Special large-scale plants for processing poultry are com- 
mon around the world. These plants are specifically de- 
signed to process poultry and usually include a slaughter- 
ing facility, defeathering, evisceration, inspection, chilling, 
and packaging. In some cases they are built adjacent to 
meat processing plants. 

The steps involved in processing poultry are illustrated 
in Figure 1. Usually the process starts with a bulk weigh- 
ing of the birds received on the truck. The live weight sub- 
tracted from the eviscerated weight (minus the weight of 
the condemned birds) provides the yield value and is often 
used, together with the grades assigned, to determine the 
payment to the farmer. Unloading the birds from the crates 
and placing them on the shackle line is often done manu- 
ally. Special care should be exercised at this stage to min- 
imize bruising of the excited birds. This is commonly fol- 
lowed by stunning the birds; however, stunning is not 
always used, especially when religious considerations are 


Receiving and weighing 
Unloading 
Stunning and slaughtering 
Bleeding 
Scalding 


P Feather removal 
Dressing 


operations . 
Singeing 


Washing 
Feet removal 
Oil gland removal 
Venting 
Opening cuts 
Viscera drawing 
Inspection 
Giblet salvage 
Lung a | 


Chilling 


Evisceration 
Operations 


Head removal 


Crop and windpipe removal 
Washing 


Chilling 
Packaging 


Distribution and 
further processing 


Figure 1. Unit operations in poultry processing. 


involved (eg, according to the Jewish laws known as kosher 
processing, stunning is prohibited). When stunning is 
used, it is done by electrical current passing through the 
bird; the amount of current and duration depends on the 
size of the birds. In the case of broilers, a current in the 
range of 60 V for 5 to 10 s is common. It is important not 
to use too much current, since it can completely stop the 
heart activity. Gas stunning (by COz, argon) is also possible 
(4) and has the advantage of reduced bruising of the birds. 
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Stunning, besides calming the birds, also helps in relaxing 
the muscles holding the feathers, which later facilitates 
feather removal. 

The slaughtering itself can be done in different ways. 
The most commonly used method is the so-called modified 
kosher where the jugular vein is cut just below the jowls 
so that the esophagus and windpipe remain intact. Ac- 
cording to the true kosher slaughtering procedure, the 
windpipe should pop out, and the whole procedure should 
be performed by a qualified person (shochet) and not by a 
machine. Decapitation and piercing through the roof of the 
mouth and brain are two other slaughtering methods that 
are seldomly used in Europe and North America today. Af- 
ter slaughtering, appropriate time should be allowed for 
bleeding since an excess amount of blood in the muscles 
will result in discoloration. About 35 to 50% of the total 
blood is removed during this stage, and it has been shown 
that the kosher or modified kosher slaughtering methods 
result in higher bleeding than decapitation. 

Scalding is the process of immersing the birds in warm 
water to loosen the feathers. There are three commonly 
used temperatures for this purpose (Table 3), and they de- 
pend on the degree of difficulty in removing the feathers. 
The higher scalding temperature is the best for loosening 
feathers, but it is also the most harsh on the skin. In the 
case of the hard scalding, the outer layer of the skin (epi- 
dermis) is removed during plucking and the skin becomes 
discolored if dehydrated after processing. However, this 
method is the only satisfactory way to release the feathers 
of waterfowl. Relatively speaking, hard scalding does not 
cause as much discoloration in the thick skin waterfowl as 
it does in other poultry. Subscalding can remove part of the 
outer layer of the skin and leaves the skin sticky but will 
not result in excessive discoloration if the birds are kept in 
amoist environment. Semiscalding is used for young birds. 
It does not damage the outer layer of the skin while still 
allowing for relatively easy removal of the feathers in 
young birds. A true kosher processing, where scalding is 
prohibited, usually results in more skin tears because 
more force is required in the defeathering process. In large 
processing plants feather removal is done by large me- 
chanical pickers equipped with rubber fingers that rub the 
feathers off the carcass. This is usually done while the car- 
cass is hanging upside down and carried by a shackle line 
through the picker. The defeathering process can also be 
done in a batch-type operation by placing the carcasses in 
a drum equipped with rubber fingers. In small-scale opera- 
tions, hand picking of the feathers is sometimes used. 
When pinfeathers are a problem (as with waterfowl), wax 
dipping after the picking process is common. Suspending 
the carcasses in hot wax, followed by cold water immer- 


‘Table 3, Recommended Scalding Schedules for 
Defeathering 


Sealding Water Time 
technique temperature (s) Used for 
Hard Scalding >63°C 30-60 Waterfowl 

Sub scalding 58-60°C 30-75 Mature birds 
Semic scalding 52-54°C 30-75 Broilers, roasters, 


young turkeys 


sion, hardens the wax, which is later peeled in large pieces, 
pulling out the pinfeathers. The wax can be reused after 
reheating and filtering the feathers from the previous 
batch. When only minor problems of pinfeathers exist, 
singeing (the process of burning the small feathers) can be 
used. This is done by passing the carcass through a flame 
of a “clean” burning substance (eg, natural gas) that does 
not leave any off-odor or -flavor. The carcasses are then 
washed to remove all the soil left after the defeathering 
and singeing processes. Washing is usually followed by re- 
moving the oil gland. After this step, the carcasses are usu- 
ally moved to another shackle line. 

The evisceration process includes the opening of the 
body cavity and withdrawing the viscera. This process can 
be done manually by using a regular knife and a pair of 
scissors or automatically by using a circular saw and a 
scooplike arm to withdraw the viscera. In any case, special 
care should be taken not to pierce the viscera and contam- 
inate the carcass. Such contamination can result, in some 
countries, in the condemnation of parts or the whole bird 
exposed to the spill. New automated equipment currently 
on the market allows viscera separation right after its 
withdrawal, which can improve the hygiene of the process. 
Once the viscera are exposed, the bird are inspected. The 
inspection is done at this point because certain diseases 
affect the intestine or liver. The inspection requirements 
differ among countries. In some countries it is required 
that each individual bird be inspected by a veterinarian; 
in other countries inspection is done on a whole flock basis 
and only a certain number of individual birds are inspected 
by a trained inspector. The viscera is removed after the 
inspection and giblets (liver, heart, and gizzard) are sal- 
vaged and washed in a separate line. This is followed by 
lung removal (manually or by a suction gun); head, crop, 
and windpipe removal; and a thorough washing of the car- 
cass prior to chilling. The meat must then be chilled to 
minimize microbial growth. This step is mandatory in 
many countries, but where it is not, it is recommended that 
chilling take place as soon as possible. It is common to use 
long chillers with a counterflow of cold water or crushed 
ice to bring down the carcass temperature to about 4 to 5°C 
within 30 to 75 min. Air chillers are also used, but they 
might cause some surface dehydration if the relative hu- 
midity is not precisely controlled. In many countries, the 
amount of water pickup during the chilling process (when 
water is used) is regulated and is based on a certain per- 
centage of the body weight. After chilling, the birds are 
usually packed or immediately deboned for further pro- 
cessing. Due to the relatively short time required for rigor 
mortis setup in poultry (as compared with red meat), no 
extra waiting time prior to chilling is required to prevent 
a phenomenon such as “cold shortening.” Overall, the final 
meat quality is affected by different processing parameters 
(eg, stunning, chilling) as well as various growing and 
transporting parameters (1,5); all should be controlled for 
obtaining the best quality meat. 


FRESH POULTRY MEAT 


Composition and Nutritional Value 


Poultry meat is widely accepted as a good source of high- 
quality protein, the B vitamins, and minerals such as iron. 
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The fact that poultry meat is considered to be a source of 
lean meat and has a higher level of unsaturated fat as com- 
pared with red meat has resulted in a significant increase 
in poultry meat consumption in North America (Table 1) 
and around the world. Overall, the composition of poultry 
meat is dependent on species, strain, sex, age, and diet. 
Table 4 illustrates that species vary in their fat content. 
Turkey meat is usually lower in fat than chicken, while 
goose and duck meat are higher in fat. In poultry fat is 
deposited either under the skin or in the abdominal cavity. 
Therefore it is easy to obtain very lean poultry meat by 
separating the skin from the flesh. This is different from 
red meat where marbling or intramuscular fat deposits are 
visible within a meat cut and are difficult to separate from 
the lean muscle. The diet of the monogastric birds can also 
significantly affect the composition of the meat. Carcass 
fat content and composition is particularly sensitive to the 
type of feed. In general, high-energy diets or low-protein 
diets have been shown to increase carcass fat. It is also 
possible to increase the proportion of unsaturated fat in 
poultry meat by manipulating the fat source in the diet. 

The relatively high degree of fat unsaturation makes 
poultry meat susceptible to lipid oxidation during storage. 
Some processes, such as mechanical deboning, can further 
enhance the rate of lipid oxidation. In mechanically 
deboned poultry meat (MDPM), the release of heme from 
bone marrow, the aeration during the separation process, 
and extreme mechanical stress can further accelerate the 
oxidation process (7). The problem of oxidative rancidity 
can be partially controlled by the exclusion of oxygen by 
vacuum packaging, the addition of tocopherol to the diet of 
live birds (ie, vitamin E is deposited in the muscle tissue 
and later serves as an antioxidant), or the addition of syn- 
thetic or natural antioxidants to further processed prod- 
ucts. It should be noted that synthetic antioxidants can be 
used only in countries where permitted. 

The production of MDPM has increased substantially 
during the last three decades, mainly due to the develop- 
ment of equipment for harvesting the meat left on the skel- 
etal frame after hand deboning and because of the in- 
creased demand for poultry meat. Today new aspects of 
mechanical deboning are investigated, such as the me- 
chanical deboning of whole fowl and the subsequent wash- 
ing of MDPM to obtain lighter meat. The latter is also less 
susceptible to lipid oxidation due to the removal of heme 


(eg, the process is similar to the production of fish-based 
surimi). MDPM is characterized by a pastelike texture and 
is readily available for the production of finely comminuted 
meat products (eg, frankfurters, bologna) where finely 
chopped muscle is traditionally used. 

Cooking can also affect the final composition of the 
meat. This is basically due to the leaching of some of the 
meat components or the absorption of cooking media into 
the meat. Yields of cooked poultry average about 75%; the 
highest yields can be obtained by stewing (78%) followed 
by frying (77%) and roasting (69%) (6). However, since 
large variations exist in cooking methods, postslaughter 
practices (chilling and freezing), and preparation (with or 
without bone and skin), it is recommended that a reference 
to a specific cut and cooking procedure be sought. 


Color of Fresh and Processed Poultry Meat 


The basic color differences between muscles are a result of 
the relative amounts of white and red muscle fibers. These 
fibers have different characteristics, and the most notice- 
able difference to the consumer is their color. Meat color is 
largely dependent on the amount of meat pigment- 
myoglobin present in these fibers. Chicken breast muscle 
is predominantly composed of white fibers, which have a 
low level and therefore their color is light. On the other 
hand, thigh meat is mainly composed of red fibers and 
shows a darker color. Different poultry species also vary in 
the inherited amount of pigment in their muscles (chicken 
vs duck). The myoglobin is a complex molecule consisting 
of two major parts: the protein portion (called globin) and 
the nonprotein portion (called heme). The latter is capable 
of binding different compounds and, by that, changing the 
color of the meat. When the myoglobin is bound to oxygen, 
chicken leg meat will appear bright pink (Fig. 2). When the 
same fresh meat is packaged under vacuum it will develop 
a brownish color (the result of oxidizing the myoglobin into 
metmyoglobin). On cooking, the protein part of the meat 
pigment is denatured (similar to denaturation of egg pro- 
teins during cooking, which also results in a color and tex- 
tural change) and gives the meat its typical greyish cooked 
color. When nitrite is added to the meat, prior to cooking, 
as is the case in many cured meat products (eg, turkey 
ham), a typical light pink color will develop. The difference 
between cured and noncured meat products can be clearly 


Table 4. Composition and Nutritional Value of Four Raw Poultry Meats 


Source of meat 


Species Meat Skin Water (%) Protein (%) Fat (%) Ash (%) Tron (mg) Calories (kcal) 
Turkey White + 69.8 21.6 74 0.90 12 159 
White = 73.8 23.5 16 1.00 1.2 115 
Dark + 711 18.9 88 0.86 17 160 
Dark = 74.5 20.1 44 0.93 17 125 
Chicken White # 68.6 20.3 111 0.86 08 186 
Broiler Dark + 65.4 16.7 18.3 0.76 0.98 237 
Duck All a 48.5 11.5 39.3 0.68 24 400 
Goose All + 50.0 15.9 33.5 0.87 2.5 371 
All bd 68.3 22.7 71 1.10 2.5 161 


Source: Ref. 6. Expressed on a 100-g portion of meat and skin. 
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Figure 2. Colors of red poultry muscle (eg, chicken thigh meat). 


illustrated when chicken leg meat is prepared at home (as 
a roast) resulting in a greyish color or when it is cured (as 
a turkey ham) in a processing plant resulting in the typical 
pink cured color. 


Grading 


Classifying poultry into ranges of quality is common in 
most countries around the world. The grades, based on cer- 
tain standards, are usually developed by the government 
and can be voluntarily employed by the producers or im- 
posed by a regulatory agency. Prior to the actual grading, 
poultry are divided into classes according to their species, 
sex, and age. This is done because each species has its own 
unique characteristics. The grading is usually done on the 
ready-to-cook bird; however, an inspection of the live birds 
can help in assessing the grade. Such an inspection usually 
includes: (1) general condition of the flock, (2) health of the 
flock, (3) feathering, (4) conformation, (5) flashing, and (6) 
lack of defects (1). The grading of the dressed ready-to-cook 
poultry is more accurate because the feathers have been 
removed. The five key areas considered in the grading pro- 
cess are (1) the conformation of the carcass, which is re- 
lated to the presence of defects such as crooked bones, 
dented breast bones and swollen legs/wings; (2) fleshing, 
which refers to the amount of meat on the birds (well- 
fleshed birds are of the highest grade and the breast mus- 
cle is commonly used as the main indicator for the degree 
of fleshing); (3) fat covering, especially over the breast, 
back, and hips (although in young turkeys and chicken 
broilers only a moderate amount of fat is expected; (4) the 
presence of pinfeathers, which will lower the grade (ie, a 
grade A bird should be free of pinfeathers); and (5) the lack 
of defects such as bruises, broken bones, missing parts, 
tears, and discoloration of the skin. Additional information 
and precise details of the grading system used in the 
United States can be found in the U.S. Department of Ag- 
riculture (USDA) Poultry Grading Manual (8). In other 
countries consult the local inspection branch. All the grad- 
ing systems include tolerances to compensate for interpre- 


tation variations and human error. It should be mentioned 
that in recent years a grading system based on meat qual- 
ity attributes such as water-holding capacity and texture 
has been discussed. Such a system is of interest to further 
processors who are looking for meat that will hold added 
moisture and not fall apart during cooking regardless of 
skin tears or missing parts (5). 


MEAT PROCESSING EQUIPMENT AND PROCEDURES 


Different equipment is used in the fabrication of raw meat 
into further processed meat products. In the past most of 
the equipment was designed for a batch-type operation; 
however, today the trend is toward continuous operation. 
The latter speeds up the process, allows more volume to 
pass through a given plant, permits more automation, and, 
as a result, can save on operation costs. In this section the 
basic types of equipment used in meat processing plants 
and their operational principles will be reviewed. 


Grinding or Size Reduction 


Grinding or size reduction of the meat is the most common 
process in the manufacturing of meat products. Three ma- 
jor methods are used: grinding, flaking, and chopping. 


Grinding. The meat is forced through a grinding plate 
that can have different opening sizes. An auger is used to 
convey the energy (manual or electric) to push the meat 
through the grinder plate (9). 


Flaking. Partially frozen meat chunks or blocks are 
flaked by using a rotating cutting head. The machine has 
a circular cutting head and the meat is pushed close to the 
knives by centrifugal force. The size of the flakes is deter- 
mined by the spacing in the cutting head. This eliminates 
the mechanical squeezing of the muscle fibers exerted in a 
conventional grinder, which results in higher moisture loss 
from the muscle (lean muscle contain about 70% moisture). 
The meat obtained from the flaker can be easily used in 
restructured meat products where a musclelike texture is 
reconstructed from small pieces of meat. 


Chopping. The meat is passed through a set of cutting 
knives, and the degree of chopping is controlled by the 
length of cutting time. This process usually results in small 
particles mainly because of the small gap between the cut- 
ting knives and the bowl. Chopping is commonly used for 
fine comminution of meat products (frankfurters) and is 
not used to prepare products such as ground meat. The two 
popular designs include a bowl chopper and an emulsion 
mill. In a chopper, the meat is placed in a cutting bowl, 
which rotates at a relatively slow speed (15-30 rpm) while 
the meat is chopped by a set of semicircular knives (usually 
3-15) at a speed of a few thousand revolutions per minute. 
Inamill, preground meat is passed through a fast rotating 
blade, positioned in a pretty similar way to a meat grinder, 
but operating at a much higher speed. Since emulsion mills 
operate at high speed and meat particles are subjected to 
considerable friction and relatively high temperature, spe- 
cial care should be given to the operating parameters. 
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Mixing 

Mixing is another common step in further processing used 
to achieve four major goals: (1) provide uniformity when 
different meat sources are used, (2) mix nonmeat ingredi- 
ents (eg, salt and spices) into the meat batter, (3) enhance 
absorption brine solution into the muscle structure, and 
(4) assist in extracting salt-soluble proteins from the mus- 
cles. Salt is usually added at the mixing stage because its 
uniform distribution is extremely important in manufac- 
turing high-quality products (10,11). Briefly, the three 
functions of salt in meat processing are (1) extract salt- 
soluble proteins (mainly myosin and actin) required for 
binding and water holding, (2) provide flavor, and (3) serve 
as an antimicrobial agent. 

Different mixer designs are available on the market. 
The paddle mixer uses a paddle to mix the meat in a sta- 
tionary bowl, whereas the ribbon mixer has blades 
mounted on a horizontal shaft. With any mixer, blending 
should be precisely controlled to ensure uniform mixing 
and prevent overmixing, which can result in too much 
muscle fiber separation. 

Tumbling and massaging are two newer procedures de- 
signed to achieve the same goals as mixing but in a gentler 
manner. In these processes the meat is subjected to a mild 
agitation in (1) a rotating drum (tumbling) and (2) a mixing 
vessel equipped with a slow moving paddle (massaging). 
This agitation, which is usually applied for a much longer 
period of time than in conventional mixing, helps disrupt 
some of the tissue structure, helps in distributing of the 
brine solution, and develops a protein exudate that binds 
meat chunks during cooking. These functions are further 
enhanced if the mechanical action is imposed in a 
vacuum (9). 


Injection Machines 


Injection machines are used to introduce the brine solution 
(water, salt, and flavorings) into large whole muscle 
chunks. In the past, the salt and spices were introduced by 
rubbing the dry ingredients onto the muscle surface or by 
immersing the muscle in a brine solution. These processes 
are time-consuming, especially when dealing with large 
muscles (eg, whole turkey breast). Today, mechanical in- 
jectors are commonly used in the industry. The injectors 
can consist of a single needle operated manually or have a 
few dozen needles automatically controlled to deliver a 
precise volume of brine. The needles must be narrow 
enough not to cause any damage to the appearance of the 
muscles. Special care should also be given to the unifor- 
mity of the injection process to prevent high salt and/or 
nitrite concentrations in localized areas. High concentra- 
tions of salt and nitrite can cause flavor and color defects 
(eg, nitrite burns) in the final product. It is common totum- 
ble the meat after injecting the brine. This is done to en- 
sure an even distribution of the brine, enhance brine ab- 
sorption, and facilitate the extraction of salt soluble 
proteins (11). 


Stuffing Machines 


Machines are used to stuff the raw meat batter into the 
casings. Stuffers vary in size and degree of automation but 


generally can be divided into two basic types: piston and 
pump stuffers (12). In the piston stuffers, a piston driven 
by manual, hydraulic, or electrical energy forces the meat. 
through a horn. The diameter of the horn, stuffing speed, 
and pressure are controlled by the operator and should 
match the size and type of the casings used. The piston- 
type stuffer is recommended for coarsely ground sausages 
and those having large particles such as fat and pickles, 
because they might be damaged by an impeller-type pump. 
In pump stuffers the meat is passed through an impeller- 
type pump that usually has feedback and pop-off connect- 
ors so a vacuum can be drawn to evacuate trapped air from 
the meat batter. Vacuum stuffers are more expensive but 
are advantageous in providing high-quality products since 
air pockets that might be filled with gelatin (melted con- 
nective tissue) or melted fat during the cooking process are 
eliminated. It is important to minimize these pockets be- 
cause products with an excessive amount of pockets are 
rejected by the consumer. 

Various types of casings are used for different types of 
meat products. They include: 


1. Natural casings obtained from the gastrointestinal 
track of sheep, hogs, etc. They are digestible, per- 
meable to moisture and smoke, and can shrink with 
the product when a drying step is employed. How- 
ever, they are not uniform and are relatively difficult 
to handle especially when fast automated equipment 
is used. 

2. Manufactured collagen casings that are made from 
natural collagen extracted from hides. They are uni- 
form in size and usually stronger than natural cas- 
ings. 

3. Cellulose casings made from cotton fibers. They are 
also permeable to moisture and smoke, uniform, and 
very strong, but nondigestible. Overall, they are very 
popular where high-speed stuffing machines are 
used. 


4. Plastic casings are moisture proof and used for either 
water or steam cooking. They are strong and can ap- 
pear with printing on the outside surface; however, 
they are nondigestible and have to be removed prior 
to consumption. 


Other casings are combinations of the preceding mate- 
rials such as collagen reinforced with cotton, or cotton fi- 
bers coated with plastic. Rigid metal molds are used 
mainly for baking loaves. 


Forming Machines 


Forming machines are used to form products such as pat- 
ties and nuggets. These products are made from a mixture 
of ground and emulsified meat and do not hold together 
very well in the raw state. The forming machine is basi- 
cally a press with different templates that can be used to 
form any shape desired. To maintain the shape of the 
newly formed product it has to be either frozen immedi- 
ately or cooked. 
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Battering and Breading Machines 


Battering and breading machines are used to uniformly 
apply the batter and breading. These machines usually 
consist of a series of conveyor belts that carry the product 
(formed or whole cuts) through a series of ingredients used 
to coat the product. Some of the belts (usually a stainless 
steel mesh) can be shaken automatically to control the 
thickness of the breading layer. 


Cooking 


Most meat products are consumed after they have been 
cooked. This can be done in water, oil, by hot air, infrared, 
or microwave energy. Cooking results in distinct textural 
changes in the meat due to denaturation of different mus- 
cle proteins. Three major phases can be observed during 
cooking. The first increase in toughness (45—55°C) is due 
to myosin denaturation, the second (60—70°C) is due to sar- 
coplasmic protein and some connective tissue denatura- 
tion, while the third (above 75°C) actually results in re- 
ducing the toughness, which is the result of collagen 
transformation into gelatin (13). Differences exist in the 
denaturation profiles of different meats, and various mus- 
cles within the same animal. An example of this is the 
higher rigidity developed in white poultry meat (or prod- 
ucts containing white meat) as compared with dark meat 
(14). 

Hot air ovens, with/without a smokehouse attached, are 
very popular in the meat industry. The meat products are 
placed in a chamber and the heat generated from a gas 
burner or an electrical element is transferred into the prod- 
ucts. The amount of moisture in the air, air flow, and tem- 
perature difference between the product and air will de- 
termine the rate of heating. Of particular importance is 
the relative humidity in the air (expressed as amount of 
moisture in the air at a given temperature). Water is a good 
conductor of heat and its presence helps in delivering the 
heat; however, a moist product surface results in a cooling 
effect due to evaporation. Therefore, a balance between the 
two factors should be always maintained. 


Cooking in Water. Cooking in water is a faster way of 
transferring the heat into the product compared with hot 
air. Steam kettles and water baths are used for this pur- 
pose. Commercial meat products are usually stuffed into a 
moisture-proof casing to eliminate cooking losses (consist- 
ing of protein, fat and moisture) from the product. How- 
ever, some meat cuts are not packaged and are immersed 
directly in water/soup. This is done where moist heat is 
required to tenderize the tough connective tissue (eg, in 
boiling mature hen meat). 


Frying. Frying is a very efficient way of transferring 
heat into the meat since the temperature of the fat can be 
raised well above 100°C. Frying in oil also provides a crisp 
texture on the outside of the product, which is desired in 
products such as fried chicken and breading on chicken 
nuggets. 


Infrared Heating. Infrared heating is achieved by the 
use of an infrared lamp that heats up the surface of the 


product. The heat is then slowly transferred by conduction 
into the center of the product. This type of heating is 
mainly used for warming up cooked products, keeping 
products hot on a display counter, and in combination with 
microwave heating when surface browning is desired. 


Microwave Heating. Microwave heating is a fast way of 
cooking whereby heating results from converting micro- 
wave energy to heat by friction of water molecules rotating 
due to rapid fluctuation in the electromagnetic field (915 
and 2450 MHz are used commercially). Since cooking is 
very fast, there is usually not enough time to develop the 
typical brown color on the surface of the product. There- 
fore, other cooking methods, such as infrared, should be 
employed if a typical brown surface is required. Low mi- 
crowave energy is also used to defrost meat. However, spe- 
cial care should be taken since there is a big difference 
between the heating profile of water and ice. 


Smoking. Smoking is the application of wood-burning 
smoke compounds onto the product. Overall, more than 
200 individual compounds have been identified in wood 
smoke (15). In the past, the only way of smoking was to 
expose the product to smoke derived from burning wood. 
Today, the processor can choose different preparations of 
liquid smoke extracts that can be directly added to the 
product, used as a dip, or be sprayed onto the product prior 
to cooking. In the past, smoking was mainly used as a 
means of preserving the meat that was also dried at the 
same time over wood fire. Some of the smoke components 
exert strong antimicrobial activity (eg, phenols) and there- 
fore help in preserving the product. However, since these 
compounds can only penetrate a few millimeters into the 
product, they are basically protecting the surface. Today, 
smoking is mainly used to provide typical flavors to the 
product (eg, hickory smoke). The compounds that contrib- 
ute to flavor include carbonyls, organic acids, and some of 
the phenols. 

Smoking and cooking are considered to be two separate 
processes; however, they are usually discussed together be- 
cause they often occur in immediate succession or simul- 
taneously. It is important to realize that to achieve the best 
smoke penetration, the product should not be cooked be- 
cause the denatured protein film, formed during cooking, 
will prevent smoke migration into the product. Therefore, 
smoking is done at low temperatures even though some 
heat is often applied to partially dry the surface. The latter 
is done to ensure that the smoke will not be washed off the 
product. When liquid smoke (smoke extracts) is used, the 
product is dipped or sprayed prior to cooking. In all cases, 
casings permeable to smoke (eg, collagen, cellulose) should 
be used. If liquid smoke is to be added directly into the raw 
batter, a special preparation (eg, pH adjusted) and low con- 
centration should be used; and in this case there is no need 
to use permeable casings (9). 


SANITATION IN POULTRY PROCESSING PLANTS 


Meat is a perishable food item (Fig. 3) because it contains 
all the nutrients required for microorganism to grow, and 
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Figure 8, The time required for the spoilage of frankfurters that 
were contaminated with high and low levels of psychrophilic bac- 
teria. Spoilage detection (by slime formation) was at a population 
level of 150 million bacteria/cm? of surface area. The high level of 
contamination was 1 million/em?, shown by the solid line; the low 
level was 100 bacteria/em®, shown by the broken line. Source: Ref. 
16. 


its pH (5.5-7.0) is not inhibitory to most microorganisms. 
The extensive fabrication and distribution of raw and pro- 
cessed meat further increases exposure to microbial con- 
tamination. It was reported that ground meat can be han- 
dled 10 to 15 times before it gets to the consumer. 

One of the principal contamination sources during pro- 
cessing is slaughtering. The live healthy muscle is essen- 
tially free of microorganisms; however, after slaughtering 
the natural defense mechanisms no longer function. Dur- 
ing slaughtering the sticking knife, which cuts through the 
skin, transfers microorganisms into the bloodstream. Be- 
cause blood circulation is not immediately stopped, the mi- 
croorganisms can still be distributed throughout the car- 
cass. It is important to realize that 1 g of soil (dirt or 
manure) attached to the skin or feathers can contain 1 bil- 
lion microorganisms. Another point of contamination is 
evisceration. The digestive tract harbors high numbers of 
microorganisms (about 200 million microorganisms per 
gram). If the gut contents are spilled on the carcass, high 
contamination levels can be expected. The process of de- 
feathering can assist in the introduction of microorganisms 
into the skin. The scalding temperature used is insufficient 
to kill all the microorganisms, and the process of rubbing 
feathers off the skin actually helps to embed the microor- 
ganisms into the skin. Other potential contamination 
sources include people handling the meat, air, water used 
to rinse the carcasses, contact with equipment, and insects 
and rodents (17). 

The method used for cleaning a food processing plant is 
based on the soil material present. Because meat contains 
mainly protein, fat, and moisture, alkaline solutions are 
the most common cleaning solutions used in the meat in- 
dustry. An alkaline solution such as 1.5% sodium hydrox- 


ide can be used to saponify the fat and also to dipeptidize 
the protein deposits. Various alkaline phosphates and syn- 
thetic detergents are also used in meat processing plants. 
A new approach to cleaning involves the use of enzymes in 
a cleaning solution. A solution usually containing prote- 
ases (to break down protein deposits) is often used in a 
mild alkaline solution (to saponify the fat deposits). The 
main advantage of using enzymes isa significant reduction 
in corrosion in the plant. Because the alkalinity of the so- 
lution cannot be too high (otherwise will inactivate the en- 
zymes), corrosion problems are minimized. However, it 
should be noted that enzyme solutions are more expensive 
to use, at least on a short-term basis. 
The cleaning procedure in a meat plant includes: 


1. Removal of Heavy Soils from the Surface. This step 
is usually done manually (scrapers) and can help in 
reducing waste loads and save on cleaning com- 
pounds. 

2. Rinse with Water. High-pressure hoses can be used 
to facilitate this step. The water temperature should 
be below 55°C to prevent cooking the meat onto the 
surface. 

3. Wash with an Alkaline Solution or a Synthetic De- 
tergent. It is important to allow sufficient time for 
the chemical cleaning reaction(s) to take place. Usu- 
ally a contact times of 5 to 10 min is recommended 
at a water temperature of 50 to 55°C. When vertical 
surfaces are cleaned, foaming agents are used to 
keep the cleaning solution in close contact with the 
surface. Enzyme solutions can also be applied at this 
stage; however, lower water temperature should be 
used to prevent enzyme inactivation. 

4. Rinse with Clean Water to Remove All the Alkaline 
and Detergent Solutions. 

5. Acid Wash to Remove Scale Deposits. 

. Inspect to Ensure the Removal of All the Soil. 

7. Sanitize the Plant. It is crucial to start this step only 
after all the equipment is thoroughly cleaned, oth- 
erwise the sanitizer could not be in close contact with 
the surface and its activity is diminished. A chlorine 
solution (100-200 ppm), iodine (20-30 ppm), or qua- 
ternary ammonium solution (150-200 ppm) are com- 
monly used. 

8. Rinsing and Drying. 

9. Oiling, Only Areas Subject to Corrosion. 


a 


Cleaning in place (CIP) is not very popular in meat 
plants because of plant outlay and design; however, where 
applicable (eg, a closed system such as a smokehouse) 
heavy duty detergents are used to effectively remove the 
soil deposits without exposing employees to harsh chemi- 
cals. 


POULTRY PRODUCTS 


Within the last 20 to 30 years many new processed poultry 
products have been introduced on the market. The poultry 
industry has taken the initiative to develop new products 
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and also adopted some red meat recipes to increase con- 
sumption and to move away from seasonal demand. In the 
past whole turkeys were sold in the North American mar- 
ket mainly prior to Thanksgiving and Christmas. This 
kind of marketing significantly limited the increase in 
sales of poultry. Realizing these limitations (sale of whole 
birds and demand concentrated within 1-3 months) the 
poultry industry started to move methodically into further 
processing. At the beginning, red meat recipes were mod- 
ified in order to manufacture poultry products (frankfurt- 
ers), and later new technologies were developed exclu- 
sively for poultry (chicken nuggets). Chicken frankfurters 
were unheard of 25 years ago; however, after their intro- 
duction, they gained a significant market share, currently 
about 20% of the North American market. Overall, the 
poultry industry has moved into further processed poultry 
products, responding to consumer demand for more con- 
venient food items such as semiprepared or fully prepared 
items. The increase in poultry meat consumption (Table 1) 
has been the result of aggressive marketing, the favorable 
nutrition profile of the meat, and the competitive price of 
the meat. 

Today consumers can choose their meat products from 
a wide variety consisting of a few hundred different prod- 
ucts. Becoming a knowledgable consumer can be a chal- 
lenge. To assist the consumer, various systems have been 
suggested for classifying different meat products. One of 
the most common ways to classify the products is to group 
them into: (1) fresh: fresh poultry breakfast sausage, 
(2) uncooked and smoked: polish sausage, (3) cooked and 
smoked: frankfurter, bologna, (4) cooked: liver sausage, 
cooked salami, (5) dry/semidry or fermented: summer sau- 
sage, dry salami, and (6) cooked meat specialities: lunch- 
eon meats, jellied products, and loaves (9). However, a few 
recently developed technologies represent two additional 
categories: (7) restructured meat products: where small 
bits and pieces of meat are made into a steaklike product 
by using freezing and high pressure, and (8) surimi-like 
products: where the meat is minced, washed (to remove 
pigments and enzymes) and extruded to obtain a fiber 
muscle-like texture. In this section, examples of the major 
processed poultry products will be discussed (Table 5). De- 
tailed information has been published elsewhere (1,2,18). 


Smoked Turkey Breast 


Smoked turkey breast is a premium product produced from 
the whole breast muscle. A brine solution (ie, water, salt, 
spices, and sometimes gums such as carrageenan) is added 
to the muscle, often by direct injection, prior to smoking 
and cooking. The meat is massaged or tumbled after brine 
injection to assist in absorbing the brine and achieving an 
even distribution within the muscle. The breast muscle is 
then stuffed into a netting (the meat can be covered with 
skin) and smoked and cooked in a smokehouse until an 
internal temperature of at least 70°C is reached. No nitrite 
is added to this product because it is desirable to maintain 
the white color of the cooked meats. 


Poultry Rolls 


Poultry rolls are made from dark meat, white meat, or 
their combination. The meat is obtained from whole 


Table 5. Examples of Various Further Processed Poultry 
Products 


Product Comments 

Smoked turkey breast Whole muscle, without nitrite 

Poultry roll White and dark meat 

Turkey ham Cured dark meat 

Turkey bacon Layers of light and dark meat 

Summer sausage Fermented product 

Poultry frankfurter Fine emulsion, in small diameter 
casings 

Poultry bologna Fine emulsion, in large diameter 
casings 

Poultry patties Hamburger type, not cured 

Breakfast sausage Ground product, sold fresh or frozen 

Chicken nuggets Whole muscle or restructured 

Fried chicken Battered and breaded, sold un- or 


precooked 
Prepared with dry heat, crisp skin 
Cooked meat held in a gelatin matrix 


Roasted, barbecued 
Jellied chicken loaf 


chicken or turkey muscle, trimmings, and skin. In this 
product the pieces of meat are “glued” together to form a 
coherent product. Salt is added to extract the salt-soluble 
protein (mainly actin and myosin), which assists in binding 
the meat pieces and retaining the moisture and fat within 
the product. The skin and some of the trimmings are usu- 
ally finely chopped (the term “emulsified” is used in the 
industry even though no true emulsion is formed) to fa- 
cilitate the binding of the fat. Seasonings are added to pro- 
vide flavor, and moisture is added to compensate for cook- 
ing losses and to improve the juiciness of the product. If 
added moisture exceeds a certain percentage (varies in dif- 
ferent countries) of the raw meat moisture, the product. 
should be labeled as a water-added product. The meat 
pieces are mixed together with the nonmeat ingredients 
until the meat becomes sticky (which is used as an indi- 
cation of good protein extraction) and all the added mois- 
ture is absorbed. The mix is then stuffed into casings and 
the product is cooked either in a water bath or an oven. 


Turkey Ham 


Turkey ham is typically manufactured from turkey thigh 
meat. This product is much lower in fat content than the 
traditional pork ham. In the initial manufacturing step, a 
brine solution (ie, water, salt, phosphates, flavorings, and 
nitrite) is introduced either by injecting or marinating the 
meat. Tumbling is commonly used when a brine injection 
is employed and helps to get an even distribution of the 
curing ingredients and to extract the salt-soluble proteins 
to the surface. The meat is then stuffed into fibrous cas- 
ings. The shape (round or oblong) and size are determined 
by the casings. The ham is smoked (smoke flavorings can 
also be added to the raw batter) and cooked to at least 
68°C. 


Summer Sausage and Salami 


Summer sausage and salami are fermented poultry prod- 
ucts made from dark poultry meat, skin, and fat. In this 
process microorganisms are used to reduce the pH of the 


1972 POULTRY MEAT PROCESSING AND PRODUCT TECHNOLOGY 


product and add some typical flavor notes. In the past, mi- 
croorganisms from a previous successful batch were intro- 
duced into a new batch and the product was allowed to 
ferment. Today the industry mainly uses starter cultures 
with a known composition of microorganisms (predomi- 
nantly lactic acid bacteria). The producer can select from 
cultures that grow at different temperatures and produce 
specific flavors. Recently, a lot of progress has been made 
in the field of starter cultures, mainly through the use of 
genetic engineering where various characteristics can be 
included in one strain. The use of a starter culture is highly 
recommended because it ensures that lactic acid bacteria 
will dominate the fermentation, suppress pathogens, and 
produce the desired flavors. The degree of fermentation 
can be controlled by the quantity of the carbohydrate 
added (an energy source for the microorganisms) or by con- 
tinuous pH monitoring. After the fermentation (1 to 2 days 
with a starter culture) the product is either smoked and 
cooked or only dried. The final product is usually shelf sta- 
ble due to the low pH (4.6-5.1) and/or low water activity 
(Ay < 0.90). 


Frankfurters and Bologna 


Frankfurters and bologna are examples of finely com- 
minuted meat products where the final product has a very 
homogeneous appearance. Dark muscle chunks and/or me- 
chanically deboned meat are usually emulsified with the 
fat. A bowl chopper or an emulsion mill are used to achieve 
an efficient particle size reduction. Salt is added to extract 
the meat proteins, which is essential in binding the small 
meat particles and stabilizing the small fat globules within 
the protein matrix (10). Nitrite is added to inhibit Clos- 
tridium botulinum growth and to provide the typical cured 
meat color (Fig. 2). The meat batter is then stuffed into 
cellulose casings and smoked and cooked in a smokehouse. 
Since frankfurters are such a high volume item, some pro- 
cessors have dedicated an entire continuous line for this 
product. As with other meat products, low microbial con- 
tamination and refrigerated temperature can help prolong 
the shelf life (Fig. 3). 


Chicken Nuggets 


Chicken nuggets are one of the most successful poultry 
products introduced in the 1980s in North America. Orig- 
inally, the product was prepared from a single piece of 
slightly marinated breast meat that was battered and 
breaded. Later, nuggets made from trimmings, dark meat, 
skin, mechanically deboned meat, and their combinations 
started to appear on the market. To prepare the products 
the meat pieces are marinated and mixed with a brine so- 
lution (containing salt and flavorings) until all the solution 
is absorbed by the meat. The meat is then put through a 
forming machine that creates the desired product shape, 
followed by battering and breading and deep fat frying. 
Frying is done after forming the product to preserve the 
product shape and to provide the typical crispy texture of 
the breading. 


FUTURE DEVELOPMENT 


In light of the material presented in the preceding sections 
and especially the continuous increase in poultry meat con- 
sumption (Table 1), it would seem that poultry meat is go- 
ing to remain popular and might even gain a greater mar- 
ket share. Some predict that consumption level(s) will 
stabilize in this decade, and some forecast a further in- 
crease. One thing is certain, however; the poultry industry 
must be competitive to maintain its current market share. 
Poultry meat is also becoming more popular in many coun- 
tries because of the ability of poultry to adapt to most areas 
of the world, the low economic value per unit and rapid 
growth rate (1,5). Therefore, it can be expected that on a 
worldwide basis, poultry consumption will increase. 

Improvement in disease control will play an even more 
important role in the production of poultry as the trend 
toward larger growing units continues to increase. In ad- 
dition, improvement in vaccination and feeding programs 
will further affect the competitiveness of the poultry in- 
dustry. In the area of further processing, more automation 
and continuous operations will replace manual and batch 
operations, The meat industry is currently moving toward 
more automation and robotics to replace repetitive manual 
labor. Automated equipment for evisceration and cutting 
up poultry is already available on the market today. In the 
future, better cooperation between breeding and produc- 
tion personnel will help to produce a more uniform bird 
that will be easier to process in an automated plant. 

Responding to emerging consumer demands, such as 
more convenient food items (eg, fully prepared in meat 
plants), microwave-ready food items and reduced-salt and 
-fat meat products will play a more important role in the 
future. Based on past responses of the poultry industry to 
consumer demands (eg, marketing fresh poultry, develop- 
ing new products), it seems that the industry is well 
equipped to respond to future market trends. 
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PROCESSED CHEESE 


Processed cheese is manufactured by blending shredded 
natural cheeses of different types, sources, and degrees of 
maturity with emulsifying agents, adding water and heat- 
ing the blend under partial vacuum with constant agita- 
tion until a homogeneous mixture is obtained. High shear 
mixing or homogenization could be used in addition. Be- 
sides natural cheeses, other dairy and nondairy ingredi- 
ents may be included in the blend. 

A number of natural cheese varieties were known and 
appreciated as a valuable food component in ancient Ro- 
man times, more than 2000 years ago. There are also quo- 
tations about cheeses in the Bible and in old Greek and 
Latin poetry. Compared with these data, processed cheese 
seems to be a brand new product, originating in this cen- 
tury, although based on natural cheeses. 

Initially, processed cheese was manufactured without 
an emulsifying agent. The first attempt was as early as 
1895, but only after the introduction of citrate (in Switzer- 
land in 1912) as a calcium-sequestering agent did the in- 
dustrial production of processed cheese become feasible. 
Actually, Swiss inventors first succeeded in changing the 
state of casein from coarsely dispersed calcium paracas- 
einate in the raw cheese, by using heat and sodium citrate 
as a peptizing agent, into a homogeneous, free-flowing con- 
dition: the sol state. Phosphates, which were introduced a 
few years later, enabled the real expansion of processed 
cheese manufacture. Quite independently, the production 
of processed Cheddar cheese started in the United States, 
developed by Kraft in Chicago in 1917, by using the mix- 
ture of phosphates and citrates as emulsifying agents. 


PROCESSED CHEESE 1973 


The idea of processing was first meant to make use of 
natural cheeses that otherwise would be difficult or im- 
possible to sell (cheeses with mechanical deformations and 
localized molds and trimmings produced during cheese for- 
mation, pressing, packaging, etc) and to obtain a product 
of better keeping quality. While soft cheese and semihard 
cheese could be canned, pasteurized, and consequently 
stored for a long time or exported overseas (even to the 
Tropics), such a procedure for hard cheeses has not been 
developed. All experiments with the aim to heat treat hard 
cheeses (eg, Emmentaler) failed, resulting in the break- 
down of the cheese structure with exclusion of fat and wa- 
ter. Proteolysis and lipolysis continue beyond the stage 
where the optimum flavor has been developed in any given 
cheese. Advanced decomposition of proteins/lipids leads to 
a nutritionally inferior product, causing detrimental 
changes in sensory characteristics, ending up with an un- 
suitable cheese for consumption. The invention of pro- 
cessed cheese was the perfect solution for long storage of 
all native cheese varieties. Even longer storage could be 
achieved with processed cheese powder or sterilized pro- 
cessed cheese. The assortment of processed cheese was fur- 
ther expanded due to numerous possible combinations of 
various types of cheese and the inclusion of other dairy and 
nondairy components, which make it possible to produce 
processed cheese differing in consistency, flavour, size, and 
shape. 

The main characteristics of processed cheese are com- 
position, water contents, and consistency. According to 
these criteria, three main groups may be distinguished: 
processed cheese blocks, processed cheese foods, and pro- 
cessed cheese spreads (1-5) (Table 1). More recent sub- 
types are processed cheese slices and smoked processed 
cheese. Processed cheese analogues are imitation, simu- 
lated, or alternative groups of processed cheese that con- 
tain no cheese and are usually based on vegetable fat and 
casein blends. 

Processed cheeses are advantageous compared with 
natural cheese primarily because of the following: 


¢ Reduced refrigeration costs during storage and trans- 
port, especially important in hot climates 

Better keeping quality with less alterations during 
prolonged storage 

Great versatility of type and intensity of flavor, for 
example, from mild to sharp native cheese flavor or 
specific spices 

Milk replacement: excellent source of nutritively high 
valuable milk components for children or people who 
dislike milk 

Adjustable packaging for various usage, economical 
and imaginative. 

Suitability for home use as well as for fast-food res- 
taurants, for example, in cheeseburgers, hot sand- 
wiches, spreads, and dips 


. 


. 


. 


MANUFACTURING: PRINCIPLES AND TECHNIQUES 


The manufacturing procedure for processed cheese con- 
sists of operations carried out in the following order: selec- 
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Tropics), such a procedure for hard cheeses has not been 
developed. All experiments with the aim to heat treat hard 
cheeses (eg, Emmentaler) failed, resulting in the break- 
down of the cheese structure with exclusion of fat and wa- 
ter. Proteolysis and lipolysis continue beyond the stage 
where the optimum flavor has been developed in any given 
cheese. Advanced decomposition of proteins/lipids leads to 
a nutritionally inferior product, causing detrimental 
changes in sensory characteristics, ending up with an un- 
suitable cheese for consumption. The invention of pro- 
cessed cheese was the perfect solution for long storage of 
all native cheese varieties. Even longer storage could be 
achieved with processed cheese powder or sterilized pro- 
cessed cheese. The assortment of processed cheese was fur- 
ther expanded due to numerous possible combinations of 
various types of cheese and the inclusion of other dairy and 
nondairy components, which make it possible to produce 
processed cheese differing in consistency, flavour, size, and 
shape. 

The main characteristics of processed cheese are com- 
position, water contents, and consistency. According to 
these criteria, three main groups may be distinguished: 
processed cheese blocks, processed cheese foods, and pro- 
cessed cheese spreads (1-5) (Table 1). More recent sub- 
types are processed cheese slices and smoked processed 
cheese. Processed cheese analogues are imitation, simu- 
lated, or alternative groups of processed cheese that con- 
tain no cheese and are usually based on vegetable fat and 
casein blends. 

Processed cheeses are advantageous compared with 
natural cheese primarily because of the following: 


¢ Reduced refrigeration costs during storage and trans- 
port, especially important in hot climates 

Better keeping quality with less alterations during 
prolonged storage 

Great versatility of type and intensity of flavor, for 
example, from mild to sharp native cheese flavor or 
specific spices 

Milk replacement: excellent source of nutritively high 
valuable milk components for children or people who 
dislike milk 

Adjustable packaging for various usage, economical 
and imaginative. 

Suitability for home use as well as for fast-food res- 
taurants, for example, in cheeseburgers, hot sand- 
wiches, spreads, and dips 


. 


. 


. 


MANUFACTURING: PRINCIPLES AND TECHNIQUES 


The manufacturing procedure for processed cheese con- 
sists of operations carried out in the following order: selec- 
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Table 1. Some Characteristics of Processed Cheese Types 


Cooking 
temperature, 
‘Type of product Ingredients °C Composition pH Ref. 
Processed cheese block Natural cheese, emulsifiers, NaCl, 71-80 Moisture and fat contents 56-58 1 
coloring correspond to the legal limits for 
natural cheese 
80-85 54-56 3 
74-85 =45% moisture 5.4-5.7 2 
Processed cheese food Same as above plus optional 79-85 =44% moisture, <23% fat 52-56 1 
ingredients such as milk, skim 
milk, whey, cream, albumin, 
skim milk cheese, organic acids 
Processed cheese spread Same as processed cheese food plus 88-91 244% and <60% moisture 5.2 1 
gums for water retention 
85-98 5.7-5.9 3 
90-95 55% moisture 58-6.0 2 


Source: Ref. 4, courtesy of Food Structure and Scanning Electron Microscopy. 


tion of natural cheese, computation of the ingredients, 
blending, shredding, addition of emulsifying agents, pro- 
cessing, homogenization (optional), packaging, cooling, 
and storage. A schematic representation of the processing 
procedure, including the possible facilities for particular 
operations, has been presented in Figure 1. 


Selection of Natural Cheese 


Proper selection of natural cheese is of special importance 
for the successful production of processed cheese. In some 
countries, processed cheeses manufactured from only one 
variety of cheese of different degrees of maturity are pop- 
ular, for example, processed Cheddar cheese in the UK and 
Australia, Cheddar and Mozzarella in the United States 
and Canada, and Emmental in Western Europe. More fre- 
quently, processed cheeses are produced from a mix of vari- 
ous natural cheese types. Criteria for raw material selec- 
tion are as follows (3): 


The type of flavour required 

¢ The consistency and structure 

The fat content 

The variety and grade of fat in the raw material 


¢ The maturity of the raw material 

¢ The quantity of raw material in stock 

¢ The nature and character of the additives 
¢ The legal requirements 

¢ The potential market 

Other, mostly economic, points 


The combination of native cheeses, the processed cheese 
of proper maturity, is of special importance for the pro- 
cessed cheese quality, in terms of taste and flavor. Intact 
casein, present more in young cheese, has an emulsifying 
effect on milkfat and stabilizes the emulsion (“long struc- 
ture”). This effect is not expressed by partially hydrolyzed 
protein, predominating in matured cheese (“short struc- 
ture”). So, for example, high-fat spreadable processed 


cheese requires a larger proportion of young cheese in the 
blend with a correspondingly higher intact casein content. 
Since it is possible to correct certain physical properties 
by skillful blending, some defective, but not harmful, 
cheeses can be used in processed cheese manufacture. Nat- 
ural cheeses with microbial defects should not be selected 
for processing; spore-forming, gas-producing, and patho- 
genic bacteria are particularly hazardous. However, proper 
selection of good-quality natural cheeses is not, by itself, a 
guarantee that the processed cheese will have the desired 
high quality, if treated by improper process parameters. 


Computation of Ingredients 


The computation of the ingredients is based on fat and dry 
matter contents of natural cheese components as well as 
the composition of the final product. Formulation of the 
material balance of fat and dry matter, including all blend 
constituents, added water, and condensate from live steam 
used during processing, must be made in such a way as to 
yield a product with the desired composition. Additional 
adjustments of fat and dry matter during processing may 
be possible but this depends on the kind of equipment 
used. 


Blending 


Blending, which could be defined as designing the proper 
processed cheese blend composition and concerning, above 
all, selected cheese varieties, is highly influenced by the 
characteristics desired in the final product. However, there 
are no strict rules proscribed for designing the particular 
ratio among cheeses of different maturity in the blend. 
Only the general recommendations are suggested (1-3). 
For processed cheese blocks, mostly young to medium ripe 
cheese is used, whereas to produce processed cheese 
spread, a combination of young, semiripe and ripe cheese 
is preferred. 

The main advantages of a high content of young cheese 
in the blend are as follows (2,5): 
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Hard cheese Semihard Rindless Soft cheese 

Raw material cheese cheese 

for processing Cheese with surface 
Cheddar Emmentater ripening including 


removing (Steaming) Removing Titsiter. 
sleeve and —_—Derinding Washing in water, 
cleaning Cleaning brushing, cleaning. 


Coarse cutting Knife. wire, by hand; cutting 
or dividing machinery 


Fine refining 


Pumps, pipelines 
Transport vats 
Tubs 
Down pipes 
Trolley 
Filling 
Packaging 
Cooling 
(after treatment) 
Sorting, labeling, binding around 
Packaging | boxes, by hand or with suitable machines cooling 
_—————— 
Cartonning 
Storage 


Figure 1. Diagrammatic representation of the processing procedure. Source: Ref. 3, courtesy of 
Food Trade Press. 
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The reduction of raw material costs 

* The possibility of using cheeses with poor curing 
properties immediately after manufacture 

© The formation of a stable emulsion with high water- 

binding capacity 

The production of a firm body, with good slicing prop- 

erties of the finished product 


The main disadvantages are 


* the production of a tasteless cheese, 

an emulsifier-like off-flavor, 

* excessive swelling, 

the tendency to harden during storage, and 


* the presence of small air bubbles (developed due to 
the high viscosity of the blend). 


The advantages of a high contents of extramature 
cheese in the blend include (2,5) 


* the development of a full flavor, 
* good flowing properties, and 
* a high melting index (processed cheese melts easily). 


The disadvantages are 


* the possibility of sharp flavor development, 
* A low emulsion stability, and 
* a soft consistency. 


To ensure permanent production, the processed cheese 
factory needs a good stock of native cheese varieties of a 
constant quality (physicochemical and microbial). If the 
native cheese is not rindless (packed and ripened in plastic 
wrapping), the rind must be removed. 

In addition to natural cheeses, various other dairy and 
nondairy ingredients are used in the production of pro- 
cessed cheese products, as shown in Table 2. The list of 
ingredients varies from country to country and some re- 
strictions may apply. Because the quality of the final prod- 
uct is influenced considerably by all the components pres- 
ent in the blend, the noncheese components must also 
fulfill certain qualitative requirements. The most fre- 
quently used dairy, but noncheese ingredients are concen- 
trated skim milk or skim milk powder, casein, whey pro- 
tein concentrates, coprecipitates, various whey products, 
milkfat products, and so on. 

Skim milk powder promotes the creaming properties 
and improves the spreadability and stability of processed 
cheese, but, if used in quantities exceeding 12% of the total 
mass, it may adversely affect the consistency or may re- 
main undissolved. However, skim milk powder may be re- 
constituted first, its casein precipitated by citric acid or 
proteolytic enzymes and the resulting curd added to the 
blend (2,5). Discoloration of processed cheese due to the 
Maillard reactions is excluded if total lactose content is not 
over 6% in the final product. Skim milk powder could also 
be used in processed cheese manufacture by recombination 
and native cheese production (destined for processing). 


Such a procedure was developed and published in Iraq in 
1987 (6). Fat contents of the cheeses were standardized by 
using corn oil. Processed cheese produced from reconsti- 
tuted skim milk cheese had a crumbly structure, which 
was overcome by blending reconstituted skim milk cheese 
with corn oil prior to processing. In addition to being low 
in price, this product is low in cholesterol and is recom- 
mended to heart disease patients. 

Milk protein coprecipitates, characterized with high 
emulsifying capacity, if added to the blend, increase the 
stability of the cheese emulsion and improve the physical 
characteristics of the finished product. Acting as an emul- 
sifying agent, they even enable the reduction of the amount 
of emulsifying salt added. This is important particularly 
for dietary and special food products, where limitation of 
the sodium content may be desirable. Milk protein copre- 
cipitates should not exceed 5% in processed cheeses (5). 

Whey products incorporated in processed cheese blends 
favorably influence both nutritive and economic character- 
istics of the finished product. Although ordinary whey pow- 
der is the most common whey product used in processed 
cheeses, in concentrations ranging up to 7% in the blend 
(7), whey protein products with lower mineral and lactose 
contents are preferable because they yield processed 
cheeses with better flavor characteristics. However, some 
other whey products could be successfully used in the pro- 
cessed cheese blend as well, such as whey concentrate (2— 
4%), precipitated whey proteins (up to 25% with flavor cor- 
rection), and native whey protein concentrates obtained by 
ultrafiltration (56-20%) (7). 

All milkfat ingredients (Table 2) used to adjust the fat 
content of the processed cheese to the desired level must. 
be of high quality and free from off-flavors. 

Attempts have recently been made to develop processed 
cheese blends with improved characteristics that can be 
produced at a lower cost. Egyptian authors (8) have pro- 
duced processed cheese spreads with good spreadability by 
partially substituting calcium caseinate for natural cheese 
in the blend. Although full replacement, with cheese flavor 
added, failed to yield a spread with good characteristics, 
partial replacement improved spreadability. The best re- 
sults were obtained using a blend composed of 6 to 8% skim 
milk powder, 5 to 7% calcium caseinate, 15% mature Ched- 
dar cheese, 14% butter oil, and 3% emulsifying agent. 

Numerous procedures have been developed for produc- 
ing economically favorable cheese or cheese bases intended 
exclusively for processing. One of these processes for pro- 
duction of a cheese base by ultrafiltration (UF) and diafil- 
tration of whole milk was developed and patented in Ger- 
many (9). The retentate (40% dry matter, 4.17% lactose) 
obtained after UF was pasteurized (high temperature— 
short time [HTST]), cooled to 30°C, inoculated with lactic 
starter, and, after 2 h, evaporated at 42°C to 62% dry mat- 
ter. It was further incubated at 25°C until the pH reached 
5.2 and was then packaged in plastic bags under vacuum. 
The vacuum-packaged cheese base can be stored and later 
used in processed cheese production in combination with 
ripe cheese, in a 80:20 ratio. 

A group of authors from Utah State University pro- 
duced a cheese for processing from ultrafiltered whole milk 
adjusted to pH 5.2 to 6.6. The melting properties of the 
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Table 2. Ingredients Used in the Manufacture of Processed Cheese 


Cheese base 
Shredded natural cheese 


Milk protein ingredients 


Emulsifying agents 
Melting salts 
Glycerides 


Muscle food ingredients 


Skim milk powder Ham 
Whey powder Salami 
Whey protein concentrate Fish 
Coprecipitates 
Previously processed cheese 
Vegetables and spices 
Process Cheese Blend ——— Celery 
Qe Mushrooms 
Fat ingredients Mustard 
Cream Onions 
Butter Paprika 
Butter oil Pepper 
Tomatoes 
Preservatives Binders 
Locust bean gum 
Pectin 
Coloring agents Salt Starch 


Flavoring agents 


Water 


Source: Ref. 4, courtesy of Food Structure and Scanning Electron Microscopy. 


product improved with decreasing pH of the milk before 
UF, caused by reduced calcium concentration in the reten- 
tate. Chymosin treatment of the UF retentate adversely 
affected the meltability of cheese produced (5). 

Investigators at Cornell University (10) used ultrafil- 
tered skim milk retentate to constitute up to 60% of the 
formulation base. The casein is mostly in the insoluble 
state; thus, the retentates cannot be used alone for pro- 
cessing. However, cheese containing up to 60% of retentate 
solids (treated with fungal protease and lipase prepara- 
tions at 45°C, 24 h) had better sensory attributes than 
control cheese; a combination of sodium citrate (2.7%) and 
citric acid (0.3%) was the best emulsifier for retentate- 
containing cheese. It has been shown by calculation that 
the UF application in preparing raw material for a pro- 
cessed cheese blend pays off the investment costs after only 
two years of operation (11). 

A kind of curd product, called Schmelzpack, is manu- 
factured in Germany especially for processed cheese pro- 
duction. Containing 90 to 100% unhydrolyzed casein (origi- 
nal casein from milk curd), it can be blended with natural 
cheeses of diverse sources, types, and maturity (3,5). Good 
results on the use of chicken pepsin for the peptonization 
of curd for incorporation into processed cheese have also 
been reported (5). 

Some more recent investigations (12) showed the pos- 
sibility of successful processed cheese manufacture from 
Cheddar cheese and skim milk powder cheese base. Cheese 
base was produced from reconstituted skim milk powder 


after UF. In one experiment cheese base was subjected to 
accelerated ripening by adding commercial proteolytic en- 
zyme. All cheeses were of a good quality, except cheeses 
containing a large proportion of cheese base (more than 
40%). The microstructure of all finished processed cheeses 
stored at 10°C were similar to one another. 

Enzymic methods for accelerating the ripening of nat- 
ural cheeses are developed for commercial use and have 
been reviewed in detail (13). In general, the need to accel- 
erate cheese ripening originates from the desire to de- 
crease storage costs during ripening in cheese manufac- 
ture. Currently, there are three methods of proteinase 
addition in milk: direct blending with milk, encapsulated 
enzyme added to milk, and direct application to cheese 
curd. However, the investigations on accelerated cheese 
ripening are still being carried out and there is still the 
quality problem of maintaining the natural flavor balance 
and cheese texture. The importance of this problem dimin- 
ishes if the cheese is manufactured exclusively for pro- 
cessing. For example, in Cheddar cheese manufacture, it 
was possible to reduce the duration of ripening from a few 
months to two to three weeks by proteinase addition (5). 
Pasteurized milk was coagulated at 36°C by chymosin and 
high quantities of starter culture (up to 4%). After cutting, 
cooking, and whey separation, the curd (at pH 5.1-5.3) was 
milled, mixed with an emulsifying agent to form a plastic 
mass, poured into containers, paraffined on top, and rip- 
ened for only a few weeks. 

Authors from India (14) developed a processed cheese 
spread using accelerated-ripened Cheddar curd slurries. 
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The effect of pH; agitation; and the addition of reduced 
glutathione, cobalt, manganese, riboflavin, and diacetylon 
flavor development in the slurries, as well as in processed 
cheese spread were investigated. Agitation and addition of 
glutathione had a positive effect on flavor development, 
whereas blending the slurries with 25% solids from fully 
ripened Cheddar cheese improved flavor, body, and texture 
of the finished product. 

The relatively new possibility of achieving the wanted 
flavor in processed cheese is the addition of so-called mod- 
ified cheese flavors (enzymatically modified cheese [EMC)). 
EMC are produced by inoculation and incubation of par- 
ticular enzymes with specially designed media, followed by 
their heat inactivation. Flavor intensity of EMC is 10 to 30 
times greater than the corresponding traditional cheese. 
EMC recently found application in various food products 
(confectionery, snack food, soups, sauces, etc). One study 
successfully substituted 15% ripe cheese in a processed 
cheese blend with a mixture of young cheese and whey 
powder by using Cheddar or Parmesan cheese flavor (7). 
Headspace analysis showed that experimental processed 
cheese produced with EMC, which had less ripened cheese 
in the blend, resulted in higher total aroma content than 
control samples. Thus, EMC application in processed 
cheese blends would be economically reasonable, resulting 
in a product of excellent quality. Egyptian authors (15) 
proved that the addition of modified Cheddar and Swiss 
cheese flavor affected the fatty acid composition of the pro- 
duced processed cheeses. EMC caused the increase of 
short-chain fatty acid level, whereas Cheddar cheese flavor 
increased palmitic acid content as well. 

A patent for chemical hydrolysis of cheese blends was 
granted in 1983 in the USSR. The trimmings were washed 
with hot water, centrifuged, comminuted, and hydrolyzed 
with 1.4 to 1.6 M HCl at 110 to 116°C for 3 to 5 h. A hy- 
drolysate (about 20% TS with about 80% peptides in dry 
matter and 20% essential amino acids of total) was suc- 
cessfully incorporated in the blend, up to a maximum of 
15% depending on the type and maturity of the natural 
cheese used (5). 

As early as 1956, a rapid procedure for the production 
of raw material for processing based on curd acidification 
was patented in the United States (16). Milk was coagu- 
lated; the curd was mixed with lactic acid (0.2-1.5% acid- 
ity) and heated, with agitation, to 43°C for 6 to 40 min. The 
lactic acid solution was drained from the curd, which was 
washed with water, salted, and pressed. After two days’ 
storage at 5°C, it was used in processed cheese manufac- 
ture. The same idea was explored in a recent French patent 
(17) in which the procedure for producing sliceable pro- 
cessed cheese of acidified milk or concentrated milk is de- 
scribed. The resulting curd is mixed with emulsifying 
agents, fat, and texture-modifying polysaccharides and 
further processed. 

In addition to all the mentioned dairy-based products 
that could be included in the blend for processing, pre- 
cooked cheese (also called rework) is an important blend 
component. Rework, or precooked, cheese is formerly pro- 
cessed cheese, or often it is the processed cheese from the 
previous charge. It is used to improve the texture and sta- 
bility of the finished product, especially when very young 


or very mature raw cheese is used for processing. The per- 
centage used in the blend varies between 1 and 30%, de- 
pending on the quality of the rework and the type of pro- 
cessed cheese wanted. Usually precooked cheese is used in 
the manufacture of processed cheese spreads to increase 
the creaming properties of the blend. Some dairies produce 
precooked cheese, which is stored in large containers. The 
presence of rework in processed cheese food has been de- 
tected by using electron microscopy (18). 

The nondairy components of cheese blends can include 
spices, meat products, vegetables, and other ingredients. 
They all must be sterile and of the highest quality, with 
typical flavor. Their quantities must be properly prescribed 
for blending. The possible nondairy ingredients used in 
processed cheeses are shown in Table 2. Some attempts 
have been made to incorporate cottonseed flour (19) and 
dried vegetables as well (20). 

Recent work from Alexandria University in Egypt (21) 
describes the texture and sensory characteristics of pro- 
cessed cheese made with palm oil (instead of butter) and 
Solva Complete B (instead of skim milk powder). The re- 
sults were not encouraging. 

Walnut is an attractive processed cheese additive; ei- 
ther shredded or cut in half, the quantity varies in the 
range of 8 to 10% (22,23). Additional sweet nondairy in- 
gredients in processed cheese include fruit syrup, cocoa, 
honey, vanilla, hazelnut, and coffee extract (24). 


Shredding (Grinding, Milling) 


Shredding enables the emulsifying agent to come into close 
contact with the blend components during processing. 


Addition of Emulsifying Agents 


Addition of emulsifying agents is the last step in preparing 
the blend for processing. The quality of emulsifying agent 
added into the processed cheese blend depends on the type 
and age of cheese used in the blend (proportion of water 
and calcium) but is also determined by the final product 
group, which determines the sort of emulsifying agent as 
well. The amount of emulsifying salts that can be added to 
the cheese base are regulated by many countries and usu- 
ally do not exceed 3 or 4%. Since the effects of emulsifying 
agents are responsible for the unique features of processed 
cheese production, their type and role will be treated in a 
separate section. 


Processing 


After all preparation treatments, the shredded, minced, 
and weighted raw material is transported to the cooker, 
where, by interaction with an emulsifying agent and water, 
processing is performed. Processing involves heat treat- 
ment of the blend with direct and/or indirect steam under 
partial vacuum. The product is constantly agitated 
through a continuous or batch method. If processing is car- 
ried out discontinuously, (ie, in a kettle), the temperature 
can reach 71 to 95°C for a period of 4 to 15 min (Table 1), 
depending on various parameters (3); this heating also pro- 
vides pasteurization. In newly developed cookers it is also 
possible to reach the temperatures up to 140°C. A kettle, 


or cooker (Fig. 2), consists of two double-jacketed, round, 
stainless steel pans of various sizes (2 to 100 L), fitted with 
corresponding lids, three-stage switchable stirring equip- 
ment, and fittings for direct steam injection and vacuum 
draw. Double jackets enable indirect steam heating as 
well. There are specially designed units, similar to cutters 
used in meat processing, where cutting is completed prior 
to processing by the aid of rapidly rotating knives with 
simultaneous heating and homogenization of the product. 
In addition to this most common round design, the newer, 
horizontal, tube-shaped processing unit is also popular, 
particularly in the United States and Canada. This instal- 
lation is fitted with one or two mixing arms (up to 4 m 
long); it is fed at one end and the final product is discharged 
at the opposite end, within 4 to 6 min. This type of unit is 
constructed for the batch operation, but it can be contin- 
uous and can process large capacities. A new programmed 
jacketed processor has been successfully developed (5), 
which is used to grind, mix, and process natural cheeses 
with other blend components, water, and emulsifiers using 
steam injection and vacuum, at 75°C for 5 min. The pro- 
cessed blend is discharged by either tilting the processor 
or by aseptic pumping to a packaging machine. This pro- 
grammed batch processor acts via a punch card for blend 
formulation and cleaning in place. 

By continuous processing, the blend is sterilized at tem- 
peratures of 130 to 145°C for 2 to 3 s in a battery of stain- 
less steel tubes (1). Although continuous cheese cookers 
were developed as early as 1920, they are not commonly 
used in the processed cheese industry. The main reason is 
the great versatility in processed cheese products; there- 
fore, changing over to a different product in continuous 
process, which requires intermediate cleaning, cannot be 
considered economical. A German patent describes a con- 


Figure 2. Universal machine for processed cheese production 
with cross section. Source: A. Stephan & Sons, Hameln, Germany. 
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tinuous process for simultaneous melting, homogeniza- 
tion, and sterilization in processed cheese production with- 
out application of pressure (25). A Japanese patent (26) 
describes a new method for the postprocessing heat treat- 
ment (to 100°C) of packed processed cheese, produced in 
the usual way. 

A group of French authors (27) recently investigated the 
effects of blend variants and process conditions on protein- 
lipid interactions made by batch or extrusion cooker meth- 
ods, Added emulsifying agents or premelted cheese mix 
increased lipid binding. Final cooling with slow mixing in- 
creased lipid binding in the extrusion cooker but not in the 
batch method. Proteolysis was greater in extruded than in 
the batch samples. 

Regardless of the kind of facilities and technique of pro- 
cessing used, the emulsification of milkfat takes place. 
Transmission electron microscopy was used to observe the 
emulsification process (Fig. 3) (28). 

The main chemical, mechanical, and thermal parame- 
ters in the cheese processing procedure are listed in Table 
3. As evident from Table 3, the most important working 
conditions, which affect the processing and thus the qual- 
ity of the final product, are as follows: 


1. Temperature (heat induced by direct or indirect 
steam). 

2. Duration of processing (depending on size and con- 
struction of the cooker, quality of raw material and 
blend composition, mechanical treatment, emulsify- 
ing agent used, desired keeping quality, etc). 

3. Agitation (slow, at lowest speed of 60-90 rpm when 
producing processed cheese block, or fast, at 120-150 
rpm for processed cheese spreads). 

4. Acidity (pH) (a rather limited pH range; the increase 
of pH value, decrease of H+, causes better peptiza- 
tion of casein but can spoil keeping quality and fla- 
vor, whereas a decrease in pH value introduces 


Figure 3. Transmission electron microscopy (TEM) of milkfat 
emulsification during cheese processing: f—fat; m—protein ma- 
trix; c—crystalline sodium citrate; p—calcium phosphate crystals; 
b—hacterium. Source: Ref. 28. 
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Table 3. Chemical, Mechanical, and Thermal Forces as Regulating Factors in the Cheese Processing Procedure 


Process conditions 


Firm slicing processed cheese, block cheese 


Spreadable processed cheese, processed 
cheese spread 


Raw material 
‘Average age 


Young to medium ripe, predominantly young 


Combination of young, medium ripe, 


overripe 
Relative casein content 75-90% 60-75% 
Structure Predominantly long Short to long 

Emulsifying salt Structure building not creaming, eg, high molecular Creaming, eg, lower and medium molecular 

polyphosphate C, SE, S7, PZ also citrate polyphosphate, $9, S9 special, $10, S90 

Water 10-25% 20-45% 

Addition of water All at once In portions 

Temperature 80-85°C 85~98°C (— 150°C) 

Duration of processing 48min 8-15 min 

pH 5.4-5.6 5.7-5.9 

Agitation Slow Rapid 

Precooked cheese 0-2.0% 5-20% 

Milk powder or whey powder 0 5-10% 

Homogenizing None Advantageous 

Filling 5-15 min 10-30 min 

Cooling Slowly (10-20 h) at room temperature Rapidly (15-30 min) in cool air 

Treatment Very light and carefully Intensive treatment 


Source: Ref. 3, courtesy of Food Trade Press. 


thickening and solidifying of cheese structure). 
Higher pH values also favor more rapid product de- 
terioration, in the event of postpasteurization con- 
tamination. 


Homogenization (Optional) 


Homogenization improves the stability of the fat emulsion 
by decreasing the average fat globule size. It also improves 
the consistency, structure, and appearance of the processed 
cheese. The flavor intensity is, however, reduced. If certain 
additives or spices are to retain their original form, they 
must be mixed into the product after homogenization. Be- 
cause homogenization involves unnecessary additional 
capital, operational, and maintenance costs, and prolongs 
the production schedule, it is recommended only for blends 
with high fat contents. It is important to take care disin- 
fecting the homogenizer, which could otherwise cause the 
reinfection of the final product. 


Packaging 


Processed cheese is usually packed and wrapped in lami- 
nated foil; in cardboard or plastic cartons; in tubes, cups, 
cans, and plastic containers; in sausage form; and occa- 
sionally in glass jars. Processed cheese, in sausage form, 
can be subjected to a smoking. A relatively new develop- 
ment is continuous slicing (Fig. 4) and packing of the 
cheese slices, suitable for sandwiches. Slices may also be 
obtained by mechanically slicing of rectangular processed 
cheese blocks. The common appearance of processed 
cheese in the European market is in a triangular portion 
(20-30 g), wrapped in heat-sealed laminated aluminum 
foil and assembled in round cardboard cartons. However, 
these packagings are quite rare in North America, where 
huge quantities of processed cheese block are packed in 
plastic foil, in the form of slices, for fast-food restaurants. 


To avoid recontamination, finished processed cheese is 
transferred by means of stainless steel pipes to feed filling 
machines. 


Cooling 


The intensity and method of cooling is highly influenced 
by the type of processed cheese. Cooling of processed 
cheese spreads should be as fast as possible, while pro- 
cessed cheese blocks are cooled slowly, some time after pro- 
duction (rapid cooling softens the product). Cooling stops 
the creaming action by processed cheese spread, thus re- 
taining creamy consistency and short structure. However, 
slow cooling can intensify Maillard reactions and promote 
the growth of spore-forming bacteria (29,30). 


Storage 


Processed cheese should be stored at temperatures in the 
range of 5 to 10°C, although such low temperatures may 
induce formation of calcium diphosphate-calcium pyro- 
phosphate crystals. These crystals usually occur on the 
surface of product and can produce a gritty texture, but 
they are not harmful to the consumer. 


EMULSIFYING AGENTS 


Emulsifying agents (melting salts) are of major importance 
in processed cheese production. They provide a uniform 
structure during the melting process and affect the chem- 
ical, physical, and microbial quality of the product. Emul- 
sifying agents are not emulsifiers in true chemical sense; 
that is, they are not surface-active compounds, although 
they help in emulsifying fat and stabilizing the emulsion. 
True emulsifiers like mono- and diglycerides may be in- 
cluded in commercially produced emulsifying agents, 
which are mixtures of selected compounds. The most com- 
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Figure 4. Continuous slicing machine, with two large cooling 
band units, to produce two different types of processed cheese. 
Source: Ref. 3, Sandvik Steel Inc, Fair Lawn, N.J. Courtesy of 
Food Trade Press. 


mon components of the commercial salt mixtures are phos- 
phates, polyphosphates, and citrates (Table 4), although 
compounds such as sodium potassium tartrate, complex 
sodium aluminum phosphate, sodium potassium tartrate, 
trihydroxyglutaric acid, and diglycolic acid could be used 
as well. The mixtures are of a constant and guaranteed 
quality; their composition is a secret and protected by the 
producer. The world’s best-known commercial emulsifying 
agents producers both came from Germany: Benckiser- 
Knapsack, GmbH (Joha salts) and Giulini Chemie, and 
GmbH (Solva salts), which recently fused together in a sin- 
gle company entitled B. K. Giulini Chemie, in Ladenburg. 
Smaller producers come from a few other countries, such 
as Yugoslavia (KSS emulsifying salts, produced by Kotek- 


Table 4. Emulsifying Salts Used in the Processing of Cheese 
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sprodukt) and the Czechoslovakia Republic (CI-FO emul- 
sifying salts). However, some huge food companies and pro- 
cessed cheese plants, like Kraft in the United States and 
Canada Packers in Canada, design and use their own 
emulsifying agents. 

The essential role of the emulsifying agents in the man- 
ufacture of processed cheese is to supplement the emulsi- 
fying capability of cheese proteins and can be summarized 
as follows (4,5): 


1. Removing calcium from protein system by seques- 
tering 

. Peptizing, solubilizing, and dispersing the proteins 

Hydrating and swelling the proteins 

. Emulsifying the fat and stabilizing the emulsion 

. Controlling pH and stabilizing it 

. Forming an appropriate structure after cooling 


2aRen 


The most important function of emulsifying agents is 
the ability to sequester calcium. Casein in cheese may be 
viewed as a molecule with a nonpolar, lipophilic end, 
whereas the other end, which contains calcium phosphate, 
is hydrophilic. Because of this structure, casein molecules 
function as emulsifiers (31). The solubility of casein in wa- 
ter, and hence its emulsifying capacity, are increased by 
reducing the calcium phosphate content. Calcium in the 
calcium paracaseinate complex of natural cheese is re- 
moved by the ion-exchange properties of melting salts, 
thus solubilizing the paracaseinate usually as sodium 
caseinate. Chemically, cheese processing could be observed 
as presented in Figure 5. 

During processing, when higher temperatures are ap- 
plied further polypeptide bonds are broken. Polyvalent 
anions of the emulsifying agents (eg, small ions of sodium 
diphosphate) attach themselves to the modified proteins, 
increasing their hydrophilic character. Protein molecules 
become larger, adsorb additional water, and thus increase 
the viscosity of the colloidal mass. This phenomenon 
is known as creaming. The affinity, that is, sequestering 
ability, of common emulsifiers for calcium increases in the 
following order: NaH PO,, Na,HPO,, NazH,P,0;, 
NasHP,O;, NayP207, NasPsOjo (5). The affinity of protein 


P,Os Solubility 
Molecular content, at 20°C, pH Value 
Group Emulsifying salt Formula mass percent percent (1% solution) 
Citrates ‘Trisodium citrate 2NagCsH,O711H,0 714.31 High — 6.23-6.26 
Orthophosphates  Monosodium phosphate NaH;PO,-2H,0 156.01 59.15 40 4.04.2 
Disodium phosphate Na,HPO,12H,O 358.14 19.8018 89-9.1 
Pyrophosphates Disodium pyrophosphate Na,H,P,0; 22194 6396 10.7 4.0-4.5 
‘Trisodium pyrophosphate NagHP,0;9H,0 406.06 34.95 32 67-75 
Tetrasodium pyrophosphate Na,P,0,-10H,O 446.05 3162 10-12 «= -'10.2-104 
Polyphosphates Pentasodium tripolyphosphate Na;P3010 57.88 14-15 9.3-9.3 
Sodium tetrapolyphosphate NacP,Ors 60.42 1415 90-95 
Sodium hexametaphosphate (Graham's salt) _(NaPO,)> 69.60 Infinite — 6.0-7.5 


Source: Ref. 4, courtesy of Food Structure and Scanning Electron Microscopy. 
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Figure 5. Chemical reaction by cheese processing. 


for the cations and anions of melting salts is determined 
by the valency of these ions (4,5). 

The main types and roles of emulsifying agents and 
their characteristics and possible combinations are dis- 
cussed in detail elsewhere (3,5,32,33). 

Generally, the application of polyphosphates yields pro- 
cessed cheese with superior structure and better keeping 
quality than other emulsifying agents. This may be due to 
their ability to solubilize calcium paracaseinate and se- 
quester calcium. Pyrophosphates and, in particular, ortho- 
phosphates contribute undesirable sensory attributes to 
the processed cheese. Trisodiumcitrate appears to be as 
efficient an emulsifier as polyphosphates but lacks the bac- 
teriostatic effect possessed by the polyphosphates. 


QUALITY DEFECTS OF PROCESSED CHEESE 


A high-quality processed cheese should have a smooth, ho- 
mogeneous structure; shiny surfaces; uniform color; and no 
gas holes due to fermentation. However, there are numer- 
ous possible defects, of physicochemical or microbial origin, 
caused either by (1) unsuitable blend, or (2) inadequate 
processing. 

An unsuitable blend comprises poor-quality or contam- 
inated natural cheese; a bad relationship of blend compo- 
nents; poor-quality proteins; an improper protein-to-fat ra- 
tio; irregular quality or quantity of emulsifying agent; and 
incorrect values for pH, moisture content, and quantity of 
reworked cheese. 

Inadequate processing means unsuitable time-tem- 
perature regimes, inadequate agitation, improper cooling, 
or unsuitable storage. Fortunately, most of the problems 
in processed cheese technology, when once properly de- 
tected, can be corrected. So the first task is to identify the 
cause responsible for the defect. As soon as the cause is 
determined and eliminated, the defect showed disappears 
in further processing. 


The most common quality defects of physicochemical 
and microbial origins in processed cheese, their causes, 
and suggestions for their correction are presented in Table 
5. A number of the cited defects originate in the natural 
cheese used in the blend, some of which can be avoided by 
proper processing. Processed cheese with certain minor de- 
fects can be recovered by reworking small quantities of it 
into subsequent batches. More serious defects cannot be 
corrected and render the product unsuitable for human 
consumption (eg, microbial changes, Clostridium botuli- 
num toxin, presence of metal ions, and excessive Maillard 
browning). 

Crystal formation, sometimes visible, is a serious de- 
fect in processed cheese. Most often, the reason for crys- 
tal formation is a low solubility of the emulsifying agent 
used. The situation is accentuated with excessive 
amounts of emulsifying agent, high calcium content in 
the natural cheese, high pH of the finished product, and 
storage of the processed cheese at low temperatures. 
Some emulsifying agents react with calcium in the 
cheese, producing insoluble calcium salts. Using sophis- 
ticated instrumental methods, such as electron micros- 
copy, energy dispersive spectrometric analysis, and 
Debye-Scherrer X-ray analysis, crystals in processed 
cheese have been characterized. They have been chemi- 
cally identified as calcium phosphate, calcium citrate, 
sodium calcium citrate, and disodium phosphate (3-5,34— 
36). Apparently, the most frequently formed crystals are 
calcium phosphate. During processing, calcium from the 
natural cheese reacts with phosphates of the emulsifying 
agents, thus resulting in insoluble calcium phosphate 
crystals (1). The growth of calcium phosphate crystals in 
processed cheese, when sodium diphosphate is used as 
an emulsifying agent, has been shown (28). In Figure 6, 
calcium diphosphate crystals are visualized (a) in pro- 
cessed cheese, (b) as isolated from cheese, and (c) as a 
chemically pure form (spray dried). Sheetlike citrate 


Table 5. Most Common Quality Defects in Processed Cheese 
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Defect Cause Correction 
Flavor 

Moldy Air contamination, moldy raw cheese Use hermetically sealed foils, eliminate all moldy 

cheeses from the blend 

Acid Excess phosphates Reduce emulsifier 

Salty Salty raw cheese or other components, too much Add young, unsalted cheese or fresh curd to blend, 
emulsifier decrease the quantity of emulsifier 

Soapy High pH value (>6.2) Add younger cheese (with lower pH value), use 

emulsifying agent with lower pH value 

Burned with Maillard reaction (lactose and amino acids); usually Use processing temperatures <90°C, cool processed 

browning when very young cheese or whey products are cheese immediately after packaging, avoid large 
present containers, store <30°C, avoid high pH values in final 
product 
Texture (body, consistency) 

Too soft High moisture, improper emulsifier, insufficient Reduce water content, use suitable emulsifier, increase 
emulsifier, high pH, fast cooling, excess ripe emulsifier content, decrease pH, slow down cooling, 
cheese in blend, prolonged processing, slow increase proportion of young cheese in blend, reduce 
agitation processing time, increase agitation speed 

‘Too hard Low moisture, improper or excess emulsifier, low Increase water content, use proper emulsifier, decrease 


Hard, with water 
separation 


Inhomogeneous 
(grainy) 


Sticky (adhering to 


lid foil) 


Holes (blown) 


Crystals 


pH, slow cooling, improper blend, excess creamed 
or overcreamed, reworked cheese 


Colloidal change in cheese structure (overcreaming), 
bacteriological action leading to reduced pH 


Unsuitable blend, improper emulsifier, insufficient 
or excess emulsifier, low pH, short processing 
time, low processing temperature, improper 
amount of added water, inadequate agitation, 
colloidal or bacteriological changes caused by 
improper storage 

Sticky foil, insufficiently impregnated, excessively 
high pH, processed mass left hot too long without 
agitation 


Appearance 


Bacteriological changes (growth of Clostridia, 
coliform or propionic bacteria); physical changes 
(occluded air, CO, from emulsifier mixture 
(citrates), holes filled up with fluid from 
emulsifying agent having low solubility); chemical 
changes (hydrogen from reaction between 
processed cheese and aluminum foil) 

Calcium diphosphate and calcium monophosphate 
crystals (when phosphates are used in emulsifying 
agent), calcium crystals (when citrates are used in 
emulsifying agent), crystals due to undissolved 
emulsifying salt, large crystals due to excess 
emulsifier, lactose crystal formation, caused by 
excess whey concentrates or low water content, 
light coloured, grainy precipitate of tyrosine (very 
mature cheese in blend) 


Source: Refs. 1-3, and 5. 


crystals are shown in commercial processed Gruyére 
cheese in Fig. 7. Quite recently crystalline monoclinic cal- 
cium pyrophosphate dihydrate was also found in pro- 
cessed cheese when emulsifying agents containing pyro- 
and polyphosphates were used (37). Authors assume that 


emulsifier content, increase pH, speed up cooling, 
change blend composition, avoid addition of creamed 
or overcreamed reworked cheese 

Remove all factors that affect excess creaming, choose 
blend components carefully, keep processing 
temperatures >85°C 

Add younger cheese, use suitable emulsifier, correct 
emulsifier quantity, correct pH, prolong processing 
time, increase processing temperature >85°C, increase 
the ammount of added water, continue agitation 
during processing and filling; proper cold storage 


Change aluminum foil, decrease water addition and add 
in two portions, increase proportion of ripe cheese or 
cause better creaming, keep pH <6.0, continue 
agitation until packaging 


Select cheese blend components carefully, keep 
processing temperatures >95°C, use proper vacuum, 
preheat citrate emulsifier before processing, extend 
processing time, test porosity of aluminum foil and if 
necessary change it 


Avoid monophosphates and diphosphates as emulsifying 
agents, or combinations with higher phosphates and 
polyphosphates; exclude citrates from emulsifying 
agent; exclude sandy reworked cheese from blend; 
distribute emulsifying agent better; increase 
processing time; add emulsifying agent in solution; use 
prescribed quantity of emulsifier, reduce level of whey 
products, and increase water content; exclude raw 
cheese that contains tyrosine crystals 


this crystalline product either comes from migration in 
the protein matrix of calcium ions and pyrophosphate an- 
ions, which are either directly introduced, or results from 
the hydrolysis of the polyphosphates. In addition to the 
emulsifying agents, lactose and free tyrosine may de- 
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Figure 6. Calcium diphosphate crystals in (a) Gruyére processed 
cheese, (b) the isolated above diphosphate globular clumps, (c) 
chemically pure crystals (spray dried) (APV Anhydro A/S) Source: 
Ref. 3, courtesy of Food Trade Press. 


Figure 7. Imprints of sodium citrate crystals (arrows) in pro- 
cessed cheese. Source: Ref. 4, courtesy of Food Structure and Scan- 
ning Electron Microscopy. 


velop crystals in processed cheese, if present at exces- 
sively high concentrations (1,2,5). 

Discoloration or browning is a defect in processed 
cheese caused by the Maillard reactions (nonenzymic 
browning), when the product develops a dark brown or 
pink color. The exact mechanism and interrelations during 
all stages of Maillard reactions have been discussed in de- 
tail (30,38). Maillard reactions commence at elevated tem- 
peratures and continue autocatalytically. Because the 
main reactants in Maillard browning are amino acids and 
reducing sugars, the products most susceptible to these 
changes are blends containing high levels of young cheese; 
that is, high lactose concentration and other lactose- 
containing ingredients (particularly whey powder). Brown- 
ing is more prevalent in processed cheese spreads because 
of higher processing temperatures, longer processing 
times, higher water and lactose contents, and higher pH. 
It has been shown that the intensity of the browning re- 
action can be reduced by using a galactose-fermenting 
strain of Streptococcus salivarius subsp. thermophilus, to- 
gether with a mesophilic lactic starter culture, in curd pro- 
duction (39). A high NaCl content had the opposite effect, 
possibly by suppressing the activity of the lactic acid 
starter culture. Processed cheese that contains a high level 
of reworked cheese is exposed to more severe thermal 
treatment than usual and, consequently, the Maillard re- 
actions are accentuated. Most noticeable are the levels of 
melanoidins, the main products of Maillard reactions, in 
sterilized processed cheese, even if cooled immediately af- 
ter production, packed, and stored at low temperature (30). 

Microbial defects in processed cheese are caused by 
spore-forming bacteria, which usually originate in the 
cheese milk and enter the process through the natural 
cheese used for blending. Other sources of microbial con- 
tamination include water supply, equipment, and addi- 
tives (1-5). The normal thermal treatment during blend 
processing (Tables 1 and 3) does not eliminate viable 
spores from the product. 

The spore-forming bacteria, which cause defects in pro- 
cessed cheese by producing gas, belong to the genera Clos- 
tridium (C. butyricum, C. tyrobutyricum, C. histolyticum, 
C. sporogenes, and C. perfringens) and Bacillus (B. lich- 
eniformis and B. polymixa). Especially hazardous is C. bot- 
ulinum, producing a toxin that causes botulism. Whether 
produced continuously or in a batch cooker, processed 
cheese is not sterile. Germination of spores after process- 
ing is influenced by various factors; for example, blend 
composition, sodium chloride concentration, type and con- 
centration of emulsifying agent, water level, pH, and the 
presence or absence of natural inhibitors. However, spore 
outgrowth can be prevented in a number of possible ways: 
preservatives in the cheese blend, sterilization of the pro- 
cessed cheese, or an increased redox potential of the blend. 
One of the most widely used methods of preventing spore 
outgrowth is the addition of preservative into the blend. 
There is, for example, a procedure patented in the United 
States where the outgrowth of C. botulinum spores and 
subsequent toxin formation is completely prevented in pas- 
teurized processed cheese spread inoculated with 1000 
spores per gram and incubated 48 weeks at 30°C, through 


the incorporation of nisin at the level of 250 ppm in the 
blend (40,41). 


PROCESSED CHEESE ANALOGUES 


There are two recognized groups of products not belonging 
to the classic range of dairy products: (1) modified dairy 
products, and (2) substitute (imitation or alternate) dairy 
products. 

In modified dairy products, only one dairy component 
(eg, protein or fat) is substituted by a nondairy component 
for economic or nutritional reasons. Imitation products are 
based on novel components, frequently produced by newly 
developed technological procedures, using standard equip- 
ment but not containing the obligatory dairy component. 
In the United States, however, native cheeses are also la- 
beled imitation if they do not meet the requirements pro- 
scribed by federal standards of identity for composition, 
which could result in confusion over terminology. Formu- 
lated or imitation products that closely resemble tradi- 
tional dairy products are gaining in popularity. The main 
reason is that imitation products enable the utilization of 
milk components in combination with nonmilk ingredi- 
ents, thus lowering production costs and resulting in the 
composition and nutritive characteristics as designed (42). 

Substitution of one or more dairy macroconstituents in 
processed cheese manufacture usually does not cause any 
major technical problems. Processed cheese blends can 
easily be further enriched with desirable microcomponents 
(eg, vitamins and minerals). Blends can be tailored to yield 
less-expensive products. Essential components are casein 
and caseinates (Na, Ca, salts, etc), other proteins (soya, 
coconut, gluten, etc), suitable vegetable fats, flavorings, vi- 
tamins and minerals, food-grade acids (eg, lactic, citric) to 
correct the pH to 5.8 to 5.9, and emulsifying agents. A suit- 
able blend, suggested for an imitation processed cheese 
product, is listed as follows (1): 


Component Quantity (%) 
Water 100.00 
Vegetable oil 3.50 
Sodium caseinate 2.75 
Dextrose or other sugar 3.80 
Emulsifier 0.25 
Stabilizer 0.40 
Disodium phosphate 0.25 
CaCl2 0.25 
NaCl 0.15 
Artificial color and flavor Trace 


Similar processing parameters and equipment are used as 
for conventional processed cheeses, processing tempera- 
ture 79 to 85°C, giving a product of similar physicochemical 
and microbiological characteristics (1). 

Numerous investigations have been carried out in the 
past decade to find new formulations (43-48). A method 
has been developed for a successful pilot plant production 
of a processed cheese based on dairy, noncheese compo- 
nents (43). Great similarity in components and in solubil- 
ity, dispersibility, and colloidal stability of sodium and cal- 
cium caseinate dispersions and processed cheese have 
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been found (44). Egyptian workers (45) included 20% Ras 
cheese, manufactured from recombined milk using a mi- 
crobial enzyme, in a processed cheese blend containing 
butter oil as the lipid phase. Modification of processed 
cheese, by incorporating vegetable oil in the blend, im- 
proved cheese flavor and resulted in a 25 to 50% saving of 
butter (46). In a Russian patent, milkfat was substituted 
with a mixture of lard, beef fat, and sunflower oil up to 
15% of the total fat content. The processed cheese obtained 
had clean flavor and mild aroma and was elastic with a 
uniform consistency (47). Various attempts have also been 
made to develop combined food products that contain pro- 
cessed cheese as a component. For example, a nutritious 
chocolate product, composed of 50% bitter chocolate and 
50% processed cheese (emulsified, solidified, frozen, and 
coated with chocolate), was developed and patented in the 
UK (48). There are various processed cheese analogues in 
the U.S. market, even some with different colors and the 
look of a party cake. 


NEW DEVELOPMENTS IN PROCESSED CHEESE PRODUCTS 


In describing processed cheese analogues, constantly vari- 
ous new components and product modifications arise. 
However, new developments in classic processed cheese 
are targeted to obtain a product of better quality, to im- 
prove nutritive value of the product, or to widen the ver- 
satility of the production. The latest is achieved by intro- 
ducing the nonconventional components in the blend or by 
developing a product of completely new characteristics by 
changing the technology. Some of these findings are still 
on a laboratory scale, while others are already patented 
and in industrial application. 

In is well known that the addition of phosphates 
through emulsifying agents increases the phosphorus to 
calcium (P:Ca) ratio in the processed cheese, which is con- 
sidered to be nutritionally detrimental. The P:Ca ratio has 
been reduced from 1.6 when sodium tripolyphosphate was 
used alone, to 1.1 when the same salt was used, but in 
combination with 1% surface active monoglyceride, which 
substituted half of the phosphate amount usually used 
(49). Another suggestion to correct the improper P:Ca ratio 
in processed cheese came from Japan (50). The idea of this 
patent is to fortify processed cheese with calcium by col- 
loidal calcium carbonate addition. 

On the other hand, there is a growing tendency to pro- 
duce low-fat, low-sugar, and low-sodium food products. 
Consistent with this trend is the newly developed low- 
sodium processed cheese, manufactured with potassium- 
based emulsifying agent combined with d-gluco-lactone 
(51) or low-fat sliced processed cheese with up to 50% less 
fat and no significant flavor loss, be it natural or herb- 
flavored processed cheese slices (41). 

A recent review in processed cheese and related prod- 
ucts (52) points to the development of a virtually fat-free 
processed cheese (53), virtually fat-free cheese analogues 
(54), as well as low-fat processed cheeses (55). The manu- 
facture of virtually fat-free processed cheese (based on 
skim milk cheese, containing also skim milk powder, whey, 
and buttermilk powder) is covered by a U.S. patent (53). 
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The fat content of the finished cheese was approximately 
1.67% (wt). Another U.S. patent (54) describes manufac- 
ture of a virtually fat-free cheese analogue that mimics the 
body, texture, and eating characteristics of ordinary pro- 
cessed cheese. 

In the study from South Dakota State University (55), 
the composition and microstructure of some commercial 
full-fat and low-fat cheeses, including processed cheeses, 
have been investigated. The structure of low-fat cheeses 
was dominated by the protein matrix what explains the 
firmer texture of these cheeses. Commercial fat-reduced 
processed cheese spread in Germany contained 20% fat in 
total solids (TS), compared with classic processed cheese 
spread with 45% fat in TS (60% fat in TS in high-fat pro- 
cessed cheese) (56). The most recent U.S. patent (57) de- 
scribes the processing of a fat-free high-moisture cheese 
sauce, based on a blend of skim milk cheese with milk pro- 
tein and polyphosphate used as emulsifying agent. 

However, some investigations at the University of Wis- 
consin have showed the advantages of particular milkfat 
components. It was reported that nine isomers of cis-9, cis- 
12-octadecadienoic acid (linoleic acid) were found in vari- 
ous processed cheese samples (58). The same synthetically 
prepared compound was effective in partial inhibition of 
mouse epidermal carcinogenesis. 

There are numerous possibilities to enrich processed 
cheese with components of high nutritive value. One of 
these attempts conducted in Egypt (59) yielded a high- 
protein processed cheese in which 25, 20, 27.5, and 27.5% 
of nonfat solids were supplied from Cheddar cheese, whey 
protein concentrate, soy protein concentrate powder, and 
chickpea flour, respectively. It was reported that soy pro- 
teins, consumed at normal dietary levels, compare favor- 
ably with animal proteins for meeting human nutritional 
requirements. Chickpea seed lipids contain more polyun- 
saturated fatty acids, especially linoleic acid (62.44%). 
Blending of the selected vegetable proteins with whey 
proteins corrected their relative deficiency in sulfur- 
containing amino acids. The final product had fine consis- 
tency and high protein content and showed acceptable 
quality characteristics not only after production but also 
after two months of storage. 

Excellent results were obtained in industrial-scale ex- 
periments, when isolated soy protein (Supro 710, Protein 
Technologies International) was included in the processed 
cheese blend (60). Compared with soy flour (about 56% pro- 
teins) or soy concentrate (about 72% proteins), soy protein 
isolate has remarkable nutritive, as well as functional, 
characteristics and does not adversely affect processed 
cheese products’ flavor. The substitution rate of cheese dry 
matter was successful up to 15% in the blend, yielding 
products of high nutritive, sensory, and functional prop- 
erties. Furthermore, if the flavoring agents are used in the 
processed cheese blend, the mentioned percentage could 
even be increased. 

Additional new developments in processed cheese tech- 
nology are predominantly targeted in the direction of ob- 
taining processed cheese with natural cheese appearance. 
Some most recent findings of this type come from the well- 
known French cheese company Fromageries Bel and are 
covered by patents (61,62). Their process consists of melt- 


ing a blend of cheeses, casein, skim milk, butter, and emul- 
sifying agents; the mixture is agitated under an inert gas 
such as No, to give an expanded product, which is after- 
ward partially defoamed, shaped, and rapidly cooled. The 
resulting processed cheese has an open texture similar to 
that of traditional cheeses with visible eyes approximately 
0.5 mm in diameter. 

Processed cheese, consisting mainly of a solution of dis- 
solved proteins—peptides, has a high surface gloss, com- 
pared with natural cheese, consisting largely of undis- 
solved suspended proteins-peptides with low surface 
gloss. By incorporation of milk concentrates obtained by 
membrane filtration, a new type of processed cheese was 
developed with the appearance (ie, low surface gloss) of 
natural cheese (63). The effect caused by undissolved sus- 
pended proteins—peptides was quantified by goniophoto- 
metric measurements. A German patent (64) prescribes 
the manufacture of foamed processed cheese, containing 
Cheddar, butter, yogurt, dried whey, acid casein, starch, 
emulsifying agents, and some optional flavorings, like 
fruits or meat products. The blend was processed in two 
stages, cooled, homogenized, and whipped, resulting in the 
completely new structure of the final product. 

The U.S. processed cheese industry now produces col- 
ored, layered processed cheese tarts, nicely decorated and 
sweet in flavor. Several years ago the patent for continuous 
procedure for layered processed cheese tarts production 
was granted in Germany as well (65). 

Processed cheese powder, convenient for application in 
the fast-food industry and snack foods such as popcorn, has 
been developed in the United States (66). 

The demand for dried cheese product in the convenience 
foods industry is constantly increasing. For example, in 
Denmark the Cremo Cheese Company, MD FOODS, ex- 
ports 97% of the 12,000 t annual production of cheese pow- 
der to be used as ingredients in biscuits and ready-made 
dishes and snacks (67). 

The introduction of nonconventional components in the 
processed cheese blend, even the most recent attempts and 
findings such as modified cheese flavors, accelerated rip- 
ened cheese cheese produced of ultrafiltered or reconsti- 
tuted milk, and various components other than cheese, are 
discussed in more detail in the section on manufacturing 
procedure (“Blending”). 
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PROTEINS: AMINO ACIDS 


Amino acids are fundamental to the pharmaceutical, food 
processing, and animal feed industries. Besides being in- 
tegral to the health of humans, they are used in industry 
for their nutritive value, physiological metabolites, and 
taste. 

In the food and animal feed industries, several essential 
amino acids, such as lysine, methionine, tryptophan, and 
threonine, are used in addition to L-glutamate, which ac- 
counts for more than 50% of total amino acid production. 
In the pharmaceutical industry, essential and nonessential 
amino acids are used, depending on the nutritional values 
desired. The demand for amino acids is expected to grow 
throughout the world as people seek improved lifestyles 
through diet. 

L-Glutamate is used mainly as umami seasoning 
throughout the world. It was first produced in 1909 using 
an extraction method from the hydrolyzate of soybean with 
hydrochloric acid. A significant drawback to this method 
is that a large amount of by-products is produced, and it is 
necessary to deliver the solid matter as organic fertilizer 
and the amino acid moiety in solution as an alternative 
soybean source. In 1956, the fermentation method of L- 
glutamic acid from glucose using bacteria was reported, 
changing not only the production method but also the use 
of the amino acids themselves. The successful production 
of L-glutamic acid by fermentation was followed by pro- 
duction of other amino acids, using the same concept of 
regulation of the metabolic pathway of bacteria. 

Methionine and glycine are produced by the chemical 
synthetic method. Methionine is mainly used as a feed ad- 
ditive in the pL-form because the D- and L-forms both have 
similar, nutritional values. Optical resolution is not nec- 
essary for glycine because it is achiral. 

As the fermentation technology developed for L- 
glutamic acid production has been applied to other amino 
acids, the costs have become more reasonable. This has 
resulted in an increase in the distribution of L-glutamate, 
feed additives and L-lysine, and increased demand for 
amino acids by the pharmaceutical industry has been met. 


USES OF AMINO ACIDS 


Amino acids are used in animal feeds, food, parenteral and 
enteral nutrition, medicine, cosmetics, and raw materials 
for chemical industries. 


Animal Feed 


Although vegetable protein contains a high concentration 
of essential amino acids, it does not have a taste appreci- 
ated by many humans. When cooked with meat extract, 
the food’s taste is improved, and its nutritive values for 
food animals are enhanced, thus providing an efficient con- 
centration of essential amino acids that can be used to pro- 
duce a tasty meat source throughout the world. The world- 
wide supply of free amino acids to increase the feed 
efficiency of feedstock has developed into a successful busi- 
ness in recent years. 


Table 1 summarizes the limiting amino acids used as 
feed supplements (1). For grains such as maize, which is 
fed to both pigs and chickens, the first limiting amino acid 
is lysine, whereas in protein sources such as rapeseed 
meal, it is methionine, lysine, or tryptophan. There are 
three general methods of supplying lysine: adding soybean 
meal, which contains it in high quantity; adding a larger 
quantity of poor-quality protein such as corn gluten meal; 
or adding lysine directly. The first two approaches are more 
expensive and less economical in view of wasting nitrogen 
resources, so the direct addition of lysine has been adopted. 

An optimal balance of amino acids is attained by adding 
deficient amino acids and reducing those in excess. When 
animals are fed corn-soybean meal (Fig. 1), about 2% of 
the feed protein contents can be saved without affecting 
the animal’s growth response. One hundred kilograms of 
soybean meal contained in 2 tons of feed can be replaced 
by 97.5 kg of corn and 2.5 kg of lysine hydrochloride with- 
out lowering its nutritional value. When the price of the 
latter is lower than the former, the use of lysine increases. 


Methionine. Fish meal and vegetable defatted meal are 
important protein sources of feed. The supply of fish meal 
has continuously decreased and cannot meet the demands 
for feed. Because of the decrease in fish meal for feed and 
the increased use of vegetable protein in vegetable oil 
meal, the demand for methionine has increased. 


Lysine. As the demand for vegetable defatted meal has 
increased and the importance of amino acid balance in pro- 
tein has been recognized, lysine has received increasing 
attention. Cereals are considered an energy source and 
comprise 60 to 80% of assorted feeds; they play an impor- 
tant role as protein sources but contain relatively small 
amounts of lysine. To compensate for this shortage, lysine 
has been used in place of fish meal. 

When the w-amino group of lysine reacts with a car- 
bonyl group of a sugar derivative cmpound, which gives a 
positive Fehling reaction, a Schiff base is formed. These 
Schiff bases are not used as nutritional compounds. This 
reaction, which is accelerated by heat treatment, is usually 
performed to improve the protein efficiency. 


Table 1. Limiting Amino Acids of Some Common Feeds 
for Pigs and Chickens 


Crude 


protein —_Pig____Chicken _ 
Ingredient (%) First Second First Second 
Maize 89 Lys Trp Lys ‘Trp 
Sorghum 95 Lys Thr Lys Arg 
Barley 111 —sLys Lys Met 
Wheat 126 Lys Thr Lys Thr 
Soybean meal 46.2 Met Thr Met Thr 
Fish meal 64.3 Arg 
Rapeseed meal 35.3 Met Lys Arg 
Peanut meal 474 Lys Met Lys 
Sunflower seed meal 31.7 Lys Met Thr 
Meat andbone meal 48.6 Lys Trp 
Cottonseed meal 64.3 Lys Thr Lys Met 
Corn gluten meal 636 Lys Trp Lys ‘Trp 


Phe + Tyr 
His 


Requirement Le 


le is 
cal | 
OS aes 
Soybean meal 100 kg || _ Cor! 
(2 ton feed) | L-Lysi 


When a group of animals received marginally deficient 
levels of lysine, the amount of weight gain was unchanged 
from the amount in the group receiving the required level 
of lysine. The lack of change in weight gain was due to the 
increase in fat deposition; nevertheless, protein retention 
decreased as the level of lysine decreased (2). 


Fortification of Protein for Food 


In southeast Asia, Africa, and South America, the popu- 
lation continues to increase, but no appropriate measures 
to improve the nutritional conditions in these societies 
have been implemented. The chronic shortage of protein, 
more than that of calorie intake, in these areas inhibits 
physical growth and mental development in children and 
deprives adults of the ability to perform physical labor. 
This makes impossible the development of a society with 
a sound economy. A 1957 report by the FAO to the United 
Nations stated that to make up the protein gap, it is nec- 
essary to provide a higher nutritional value of protein for 
the consumer (3). One concrete way to do this would be to 
fortify the amino acid content of cereal with seed protein, 
fish protein concentrate, and vegetable protein. 

The principle of amino acid fortification is based on two 
factors. (1) Nutritionally efficient utilization of amino acids 
depends on the ratio of essential amino acids to all the 
amino acids contained in protein. (2) When the amino acid 
balance of a protein is corrected by the addition of certain 
amino acids, defined as limiting amino acids, significant 
improvements in the nutritional value of the protein are 
observed. The effects of fortification with limiting amino 
acids on the protein efficiency ratio (PER) for various ce- 
reals are summarized in Table 2 (4,5). The PER is defined 
as the ratio of the incremental weight gain in rats to the 
total amount of protein fed in certain intervals. The PER 
value for cereals such as rice, corn, barley, and wheat flour 
is approximately 1.0, which is lower than that of 2.5 for 
casein. The limiting amino acid for all cereals is lysine, in 
addition to threonine for rice, wheat, and barley flours and 
tryptophan for corn. When these limiting amino acids are 
added to cereals, the PERs for corresponding cereals are 
nearly the same as casein. 

The limiting amino acid for soybean is methionine; for 
cotton seed, lysine and threonine; for sesame, lysine; and 
for peanuts, lysine, threonine, and methionine. 
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}— Met + Cys 


Figure 1. Balance of amino acids in feed for 
protein deficiency in a well-balanced diet. 


Table 2, The Effect of Adding Limiting Amino Acids on 
the Improvement of Protein Efficiency Ratio of Cereal 


Limiting amino acid added (%) 


Protein 
-Lysine efficency 
Protein HCl D.-Threonine D,L-Tryptophan _ ratio 
Rice 1.50 
0.2 0.2 _ 2.60 
Wheat 0.65 
0.2 _ _ 1.56 
04 03 2.67 
Corn 0.85 
04 _ _ 1.08 
04 al 0.07 2.55 
Barley 1.66 
0.2 0.2 - 2.28 
Kaoliang 0.69 
0.2 - = LIT 


The idea of synthetic foods or chemical-defined foods 
composed of amino acids and other appropriate nutrients 
was investigated in the 1950s and applied to so-called 
space diets (6). The crystalline digestive diet, which con- 
tained crystalline amino acids as the nitrogen source as 
recommended by Greenstein, was the prototype of the 
space diet. It was investigated further in the U.S. space 
program, and from this the term elemental diet came into 
common use. When about 400 g of this synthetic food was 
administered to male adults for about half a year, no 
changes in pathophysiological or mental conditions were 
observed, except an extreme decrease in the amount of ex- 
cretion, because no indigestible substances were contained 
in the synthetic food, and a decrease in several probiotic 
bacteria in the intestine (7,8). 

Some infants exhibit lactose or cow's milk protein in- 
compatibility. The formulas marketed for this condition of- 
ten are based on isolated soybean protein and are supple- 
mented with L-methionine to increase the nutritional 
value (9). 


Umami Tastes 


The specific tastes of foods are intimately related with 
their constituents, such as amino acids and peptides. The 
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proteins contain about 20 kinds of amino acids, which are 
found in free form in dietary foods. As shown in Table 3, 
which summarizes the kinds of amino acids found in com- 
mon foods, the differences in the amino acid patterns for 
each food are said to be key factors in their distinct tastes; 
the variety of tastes depends on the changes in the free 
amino acid components. 

In urchin, amino acids such as glutamic acid, glycine, 
and alanine (and not so much methionine) contribute to 
specific sweet tastes. Green tea contains mainly glutamic 
acid and theanine; these two compounds are related to the 
umami tastes. These 20 or so amino acids found in food 
play an essential role in the harmonized mixed tastes of 
foods. The threshold value, which is defined as the limiting 
concentration distinguished from the intensity of specific 
taste, and the taste quality for various amino acids are 
summarized in Table 4 (10). L-Aspartic acid shows less in- 
tensity of umami taste than does L-glutamic acid; however, 
the sodium salt (monosodium aspartate), found in soy- 
beans, enhances the umami tastes of soybeans usually as- 
sociated with L-glutamate. 

The specific taste of each amino acid generally remains 
unchanged when its concentration is changed. However, 
the specific tastes of L-alanine, L-arginine, L-glutamic acid, 
L-serine, and L-threonine, as shown in Table 5, change 
when their concentrations change (11,12). 


Relationship between Umami Taste and Chemical Formula. 
The relationship between umami taste and the chemical 
structure of L-glutamate (Fig. 2) was investigated by Ak- 
abori and Kaneko (13-15). The threshold values for L- 
glutamate-related compounds for umami taste were as fol- 
lows: 0.08% for L-glutamate, 0.16% for L-aspartate, 0.25% 
for sodium DL-a-amino adipic acid, 0.03% for sodium DL- 
threo-f-oxylglutamic acid, and 0.015% for sodium L- 
homocysteic acid. 

Sodium L-aspartic acid has one less carbon than L- 
glutamate, and sodium L-amino pimeric acid has one more 


Table 3, Amino Acid Composition in Foods (mg%; dry base) 


carbon than L-glutamate; these compounds as well as D- 
glutamate (Fig. 2b) show slight umami taste when com- 
pared with L-glutamate. When conversion of the a-amino 
bond occurs by acetylation of the carboxyl bond by esteri- 
fication, or when the a-hydrogen bond is converted by 
methylation, these compounds lose the umami taste. When 
the hydrogen at the -position is exchanged for an OH ion, 
the threo form keeps the umami taste, whereas the erythro 
form (Fig. 2f) loses the umami taste. When a )-carboxyl 
bond was substituted for sulfonic acid (Fig. 2c), the umami 
taste was enhanced. 

The intensity of umami taste depends on pH. When 
kept in the vicinity of pH 7, the intensity of umami taste 
is highest; when pH is acidic or basic, the intensity is low- 
ered. 

These variations are explained by Kaneko’s five- 
membered-ring theory. For the umami taste to be present, 
the five-membered ring must have a-NH}, and )-carboxyl 
bonds that interact electrostatically. Moreover, it is impor- 
tant that three bonds a-NHj , y-COO~, and a-H, are placed 
on the plane structure. D-Glutamate (Fig. 2b) and a-methyl 
L-glutamate (Fig. 2d) do not have this stereo structure and 
cannot interact with umami bud receptors because of this 
steric hindrance. For the stereo structure of f-hydroxyl L- 
glutamate, when the threo type (Fig. 2e) is formed, no hin- 
drance of the OH bond for the formation of the five- 
membered-ring structure is observed, but in the erythro 
type (Fig. 2f), the umami taste is lost because the OH bond 
hinders the formation of the five-membered-ring structure. 

In acidic regions, the »-COO~ bond converts to COOH, 
and in basic regions, a-NHj bonds to NHg, reducing the 
umami taste as a result of the reduction of the electrostat- 
ical interaction between COOH and NH, in both regions. 


Flavor Enhancer 


The free amino acids are used widely in food manufactur- 
ing for aromas and brown food colors (16). The flavors are 


Amino acid Pork Beef Urchin Mackerel Green tea Seaweed 
Alanine 4.19 11.28 261 37 25.2 1029 
Arginine = _ 316 6.1 142 90 
Aspartic acid 1.37 0.28 4 98 136 230 
Glutamic acid 1.95 4.63 103 20 668 640 
Glycine 2.75 2.40 842 54 47 125 
Histidine 2.55 4.10 54 563 6.7 0 
Isoleucine 1.03 2.04 100 9.6 47 14 
Leucine 2.68 3.81 176 14 34 20 
Lysine 4.27 6.19 215 22 74 24 
Methionine 0.69 2.01 47 13 0.6 0 
Phenylalanine 0.51 1.36 79 9.2 10.1 15 
Proline 0.64 — 26 54 18.3 62 
Serine 2.95 1.53 130 69 81.1 53 
Threonine 0.48 111 68 96 60.9 8 
‘Tryptophan — = 39 22 11.6 0 
Tyrosine 0.56 1.85 158 66 42 0 
Valine 0.30 2.99 154 14 6.1 21 
1-Methylhistidine 0.49 480 -_ _ — - 
Theanine = = = = 1727 = 
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Table 4. Taste Profile of L-Amino Acids 

Taste quality 
L-Amino acid Threshold value (mg/dL) Sweet Sour Bitter Salty Umami 
Gly 110 ++ 
Hyp 50 ++ ++ 
f-Ala 60 ++ + 
Thr 260 a id 
Pro 300 ++ +++ 
Ser 150 ++ 7 
Lys HCl 50 ++ ++ + 
Gln 250 + + 
Phe 150 +++ 
Trp 90 +++ 
Arg 10 es 
Arg HCl 30 + Fahd 
lle 90 +++ 
Val 150 + rr 
Leu 380 +++ 
Met 30 +++ + 
His 20 ++ 
His HC) 5 +++ + + 
Asp 3 +++ + 
Glu 5 +++ “ht 
Asn 100 ++ + 
Monosodium glutamate 30 + + +++ 
Monosodium aspartate 100 nee ++ 


Profiles of each basic taste intensity are expressed as follows: + + +, strongest; + +, stronger; and +, detectable. When a taste quality was not detectable, 


symbols and omitted. 


Table 5. Change in Taste with Concentration of Amino Acids 


Concentration Concentration 
Amino acid Low (g/dL) Taste High (g/dL) Taste 
L-Alanine 05 Sweet 5.0 Sweet/umami 
L-Arginine 0.2 Bitter/sweet 1.0 Bitter 
L-Glutamic acid 0.025 Sour 0.2 Sour/umami 
L-Serine 15 Sweet/sour 15.0 Sweet/umami/sweet 
L-Threonine 2.0 Sweet/sour/bitter 7.0 Sweet/sour 


formed mainly during food processing (eg, the fermenta- 
tion of alcoholic beverages) or cooking (frying, roasting, 
boiling) by the Maillard reaction between amino acids and 
reducing sugars. The Strecker degradation of amino acids 
plays a central role in this process. It is often possible to 
assign certain aromas to specific amino acids. The sulfur- 
containing amino acid cysteine is primarily responsible for 
meaty flavors, proline produces the aroma of bread crust, 
and phenylalanine and branched amino acids provide the 
characteristic flavor of chocolate. Valine and leucine are 
involved in the aroma of roast nuts. Methionine plays a 
key role in the aroma of french fries. The flavors of such 
products as precooked foods, snacks, and spices may be 
improved by the addition of the proper Maillard aromas 
ay). 

Other applications of amino acids in foods are listed in 
Table 6. Amino acids are used in the food manufacturing 
industry for purposes other than supplementation and fia- 
voring. L-Cysteine is used in bread baking as a flour ad- 
ditive to relax wheat gluten proteins, improve the struc- 


ture of the baked product, and allow shorter kneading 
times. 

Melanoidines, which are formed through the Maillard 
reaction, are stronger antioxidants than amino acids them- 
selves. Glycine apparently exhibits a special preservative 
effect. 


Pharmaceuticals 


Elman and Weiner (18) attempted the clinical application 
of intravenous casein hydrolyzates in humans in 1939, and 
the nutritional requirement of amino acids was reported 
by Rose (19) in 1949. Stimulated by these investigations, 
various types of protein hydrolyzates containing amino 
acids were applied in clinical practice throughout the 
world. But because of the allergic reaction and asymptom- 
atic hyperammonemia that resulted when protein hydro- 
lyzates in the form of administered, crystalline amino acid 
solutions that did not contain unnecessary components 
such as peptides were needed. However, it was not until 
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H 
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(erythro type) 
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Figure 2. Relationship between the chemical structure of glutamic-acid-related substances and 


the appearance of umami taste. 


1959 that such solutions were commercially available in 
Japan and became broadly used in daily clinical practice. 
This type of solution contains amino acids but no peptides, 
making it possible to have the exact amount of each amino 
acid in the solution. 

The composition of amino acids in each solution was 
essentially based on recommendations by the Joint FAO/ 
WHO Expert Group (20), which recommended a ratio of 
1:1 between essential and nonessential amino acids in 
mixtures administered intravenously and those adminis- 
tered orally or through a feeding tube. 

Meeting the increased branched-chain amino acid re- 
quirement in patients with severe surgical injuries has 
been demonstrated as being a means of nutritional support 
and treatment of disease itself (21). 


CHEMICAL PROPERTIES 


Formation of Salt 


Because amino acid molecules have carboxyl groups and 
amino groups, they are able to react with both acids and 
bases to form a corresponding salt. When the salts react 
with weak acid, such as acetic acid, and weak alkali, such 
as ammonia, they are generally unable to separate as crys- 
tals. When not only mineral acids but also benzoic sulfonic 
acid and picric acid reacts with amino acids, chemically 
stable and characteristic crystalline salts easily form, 
which are used as tools for separation and identification of 
various amino acids. With metallic ions, such as silver, 
lead, zinc, copper, and tungsten, amino acids form spar- 
ingly soluble complex salts, which can be used as tools for 
separation and colorimetric analysis to identify the re- 
spective amino acids. 


In the copper complex, the a-carbon atom is activated 
to react with aldehyde, for example, the glycine—copper 
complex reacts with acetaldehyde to yield threonine. 


Esterification 


When heated with alcohol in the presence of anhydrous 
hydrochloric acid, COOH in the a-position on the amino 
acid converts to the hydrochloride of the ester salt, corre- 
sponding to the alcohol used. This ester bond is easily re- 
leased by treatment with alkali solution. The free ester of 
an amino acid eliminates alcohol on standing or warming 
to form cyclic 2,5-diketopiprazine, which converts to the 
corresponding peptide by hydrolysis with weak acidic. 
Moreover, when this amino acid ester reacts with hydrox- 
ylamine, it changes to hydroxamic acid, which on colori- 
metric analysis exhibits a specific color with FeCl. 


Acylation 


With acid anhydride or acyl chloride compounds under al- 
kaline solution conditions (Schotten-Baumann conditions), 
amino acids react to form N-acyl a-amino acids, which are 
used mainly for protection of the amino group for peptide 
synthesis. Amino acids acylated with naturally occurring 
fatty acid residues are used industrially as easily degrad- 
able surfactants. 


Schiff Base Formation 


An example of a typical amino acid reaction is that when 
the amino acid combines with an aldehyde to form a Schiff 
base, a ketoimine-type compound. This Schiff base is im- 
portant in view of the physiology of amino acids. Vitamin 
Bj enzymes, which control the decarbonation of amino 
acid and the amino group transformation between amino 
acid and keto acid, react after the formation of the Schiff 


Table 6. Use of Amino Acids in Foods 
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Amino acid Food Function 
L-Alanine Synthetic sake Seasoning 
Monosodium L-aspartate Seasoning Seasoning 
L-Arginine, L-glutamate Green tea Seasoning 
L-Cysteine HCl Bread Enrichment of nutrition 
Glycine Natural fruit juice Seasoning 
Fish paste product Microbiostasis 
Pickles 
Synthetic sake 
Synthetic vinegar 
L-Glutamie acid Meat product Seasoning 
Canned food Prevention of struvite 
L-Histidine Patient diet Enrichment of nutrition 
Baby food 
L-Isoleucine Cereal grain Enrichment of nutrition 
-Lysine Cereal grain, bread Enrichment of nutrition 
Noodles, rice 
L-Lysine, L-aspartate Cereal grain Enrichment of nutrition 
Seasoning 
L-Lysine, L-glutamate Cereal grain Enrichment of nutrition 
Seasoning 
L-Methionine Bread Promotion of fermentation 
L-Phenylalanine Bread Promotion of fermentation 
L-Threonine Bread Promotion of fermentation 
L-Tryptophan Bread Promotion of fermentation 
L-Theanine Green tea Seasoning 
L-Valine Cereal grain Enrichment of nutrition 


base with pyridoxal phosphate to form the coenzyme of vi- 
tamin By». 


Racemization 


Racemization is one of the most important reactions for the 
seasoning industry: optically active amino acids are trans- 
formed into racemized amino acids. In general, this reac- 
tion easily occurs in alkaline conditions, and proceeds by 
the following scheme: the formation of a carbanion releases 
the a-H from the a-C by a base catalytic reaction, and this 
then equilibrates with the a,f-unsaturated form (22). 


Degradation of Amino Acids 


Amino acids do not have a defined melting point. They de- 
compose over the broad range of 200-to 300°C but are com- 
paratively stable at ambient temperature and occur as 
transparent or white crystals. 

In the solid state, decarbonation mainly occurs when 
the amino acid is heated. The amino acid converts to the 
amine that has the same carbon number as the amino acid. 

When an a-amino acid reacts with nitrous acid, it yields 
a-hydroxycarboxylic acid, and nitrogen gas. The amount of 
gas that is measured, is equivalent to the amino-nitrogen. 
This is the basis for the van Slyke method, used for the 
quantitative determination of amino acids. 

When ninhydrin is added to an amino acid solution, the 
CO, released causes the color of the solution to turn of 
blue-violet called Ruhemann’s purple, which has a maxi- 
mum absorbency at 570 nm. This reaction is often used as 
a quantitative analysis of amino acids. 


PHYSICAL PROPERTIES 


Amphoteric Compounds 


A common characteristic of amino acids is to have a dipolar 
ion (Zwitterion) in molecular form—not an uncharged form 
of H,N-CHR-COOH but a dipolar ion, H;N*-CHR- 
COO~—in both neutral solution and in solid state. 
Generally, this is recognized by the following physical 
properties. Amino acids have (1) high melting points; 
(2) high dipole moments; (3) extremely low volatile char- 
acters; and (4) in solution, changes in the value of the di- 
electric constant of water and electrical strain are deter- 
mined directly by Raman spectra and infrared spectra. 


Dielectric Constant 


Because of the dipolar ion structure of the amino acids, 
they are able to considerably increase the dielectric con- 
stant of the solvent in which they are dissolved (23-25). 
This increase is on such a high an order of magnitude that 
it is explicable only on the basis of the possession by these 
compounds of a large permanent electric moment. 

The electric moments of the amino acids themselves 
cannot be determined by Debye’s procedure because of 
their nonpolar solvents. This fact suggests the highly polar 
character of the amino acids. 

The moment can be calculated from the spatial consid- 
erations on the basis of a dipolar ion structure. Ifthe center 
of the positive charge is located on the a-nitrogen atom, 
and the center of the negative charge is midway between 
the two oxygens of the carboxyl group, the dipole distance 
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is 2.96 A, and the electric moment is the product of the 
elementary charge on the electrons 


4.8 x 1071 esu by 2.96 x 10-8 cm = 14.2 x 107’ esu 


The Debye relation is P = 4xNy7/9 kT for compounds 
with high permanent dipoles. P is the molar polarization 
and y is the electric moment. The term P is a linear func- 
tion of the dielectric constant of the medium, and the di- 
electric constant is related to the square of the electric mo- 
ment per molecule of the compound. 

The electric moment of a compound such as f-alanine 
would be expected from the Debye relation to be greater, 
and the effect on the dielectric constant of the medium 
would be expected to be greater than revealed by the iso- 
meric compound e-alanine. 

All a-amino acids produce an increase in the dielectric 
constant of water by about 23 per mol, which is indepen- 
dent of concentration. In the case of glycine, where the di- 
electric constant of the solution is 135, the increase is 2.5 
mol/L. The dielectric increment per mole of solute, 6, is 
shown in the following equation: 


6 = D(solution) — D(solvent)/molarity 


For water at 25°C, the dielectric constant Do is 78.54; 5 = 
23 for a-alanine and 6 = 35 for f-alanine. 

The value of 5 at a pH in the range 4.5 to 7.5 for glycine 
was measured. 6 falls steeply on either side of this (iso- 
electric) pH range as the initial dipolar ions convert into 
either cations or anions with simultaneous loss of dipolar 
ion character. 

The values of d for all a-amino acids range from 22.6 to 
23.2; the values for the f-amino acids are about 35. 


Raman Spectra Studies 


In Raman spectra, the peaks at 1730 cm~! for COOH and 
at 3320 cm™! for NH, are not found in amino acids, but a 
peak at1400 cm~! for COO~ is detected. In the amino acid 
hydrochloride salt, a peak of 1730 cm~* for COOH is de- 
tected, but the peak for NH} is not detected because of the 
overlap with the absorbency of water. 

The unionized COOH group frequency near 1730 cm~ 
is a particular feature of the spectra. This COOH group 
would be expected to be present in all relatively unionized 
carboxylic acids, and if the dipolar ion character of the 
amino acids is true, this group would also be expected to 
occur in the hydrochlorides of the amino acids. When the 
carboxyl group is ionized, the 1730-cm~' line disappears, 
thus further suggesting the dipolar ion character of the 
amino acids under these conditions (26-31). RCOOH or 
NH; RCOOH + CI- shows a 1730-cm~* line, but RCOO~ 
or NH} COO~ does not show a 1730-cm™? line. 


Dissociation Constant 


Tn aqueous solution, amino acids are in a state of dissoci- 
ation equilibrium that is dependent on the pH. In acidic 
conditions, they exist as cationic forms (A*); in basic con- 
ditions, as anionic forms (A” ); in between, as mainly zwit- 


terions (A*), where the cationic and anionic forms are 
equal. 

When an amino acid solution is in a neutral state and 
acidic or alkaline agents are added slowly, an abrupt 
change in pH at the inflection is observed that plateaus at 
constant value. The more added, the move abrupt the 
change in pH at the infliction. Amino acids show a double 
buffer action in both acidic and basic regions, which are 
named pK, and pKz, corresponding to the inflection point 
in the titration curve. 

The pKj, pKz, and pl values are calculated from the ti- 
tration curves with the Henderson—Hasselbalch equation. 

The equilibrium constant K, in acidic solution is ex- 
pressed as K, = [A*][H*]/(A*]. Conversely, in basic so- 
lution, the equilibrium constant is K, = [A~ ][H*J{A*]. 
When 50% of amino acid is dissociated, [A*] = [A*]; [A7] 
= [A*], ie, K, = [H*] and K, = [H*], then pK, and pK, 
each show the pH in solution. 

When a direct current is applied to an amino acid so- 
lution and the pH in solution is lower than pKj, the amino 
acids transfer toward the cathode; when pH is higher than 
pX3, they transfer toward the anode. This phenomenon is 
called electrophoresis and is used as a effective tool for the 
separation of amino acids. In between pK, and pK, no mi- 
gration of amino acids is observed because the apparent 
charge of amino acid in solution is zero, which assumes 
that the concentration of cations in solution is equal to the 
concentration of anions: 


{A*] = [Av] 
KK, = (H* PIA“ VA‘) 


It follows that [H*] at the isoelectric point = JK,Ko, and 
in negative logarithmic terms, where pl is pH at the iso- 
electric point, pl = pK, + pK,/2. For neutral amino acids, 
such as glycine, an amphoteric ion theoretically exists only 
at the point of pI, but in the broad range of pH between 
4.3 and 7.7, no amino acid transfer in electrophoresis ob- 
served. This range is said to be the isoelectric region, in 
which more than 99% of amino acids are dissociated as 
amphoteric compounds. 

For acidic amino acids such as L-aspartic acid, the 
amino group and carboxyl group on the a-position and an 
additional carboxylic group on the R-site are dissociated. 
This compound has three pK values: pK, (a-carboxylic 
group), pKz (f-carboxylic group), and pK; (a-amino group), 
named in the order from the acidic region. The isoelectric 
point is defined as pI = pK, + pK,/2. 

On the other hand, a basic amino acid such as lysine 
has an additional amino group on the R-site, corresponding 
to pK’ values that exhibit pK, for the a-carboxyl group, pKa 
for the a-amino group, and pK; for the w-amino group, re- 
spectively. At neutral pH 7, lysine exists in cation form, 
when moved toward an alkaline condition, the ratio of cat- 
ion form gradually decreases and reaches an isoelectric 
point of pl = pK, + pK3/2. 

The pK, values show that the amino acids are consid- 
erably stronger acids than acetic acid. Because of intra- 
molecular protonation of the amino moiety by the carboxyl 
group, the amino acids solutions are weakly acidic. 


The differences in acidity and basicits are used in the 
separation of amino acid mixtures by ion exchange chro- 
matography and electrodialysis. The dissociation constant 
pK and the isoelectric point pI for various amino acids are 
summarized in Table 7 (32). 


Optical Rotation 


Optical rotation is an important characteristic for deter- 
mining the purity of an amino acid. The value measures 
changes that occur with changes in temperature, pH, the 
kind of solvent, and other conditions that affect related 
optically active substances. For polarimetric measurement 
of the specific rotation, the sodium D line (wavelength, 589 
nm) is used as a light source and expressed as [a]D. 

The optical rotation for various amino acids is minimum 
at neutral conditions. For acidic and alkaline conditions, 
the value of the optical rotation of L-amino acids rotates 
toward a positive direction. For D-amino acids, conversely, 
the value rotates toward a negative direction. This rule, 
called Lutz’s law or the Clough—Lutz—Jirgenson law, is 
used to determine the stereo allocation of an amino acid 
molecule. The stereo allocation also is attributed to the dif- 
ference in the ionic form of the amino acid. Therefore, when 
acid is added, a change in the optical rotation value is ob- 
served up to 2 Eq, but above 2 Eq, no change in the optical 
rotation is observed. 

When the temperature is elevated, the dextrorotary 
value of the optical rotation of L-aspartic acid decreases. 
At 75°C, the value is 0; conversely, the levorotary value 
increases with increases in temperature. 

Optical rotatory dispersion (ORD), is the phenomenon 
that changes in optical rotation are observed when the 
wavelength (A) is changed. When [a] is plotted as a function 
of 42, it is the so-called rotatory dispersion curve, if it obeys 
the Drude monominal formula, it is called monorotation 
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dispersion. [a] = A/22 — 22, where A is the rotation con- 
stant, 4 is the wavelength of the incident light, and A) is 
the dispersion constant that corresponds to the wave- 
length of the nearest optically active absorption band (33). 

In general, amino acids show a normal dispersion, but 
tyrosine shows an anomalous dispersion due to two rota- 
tory contributions of opposite sign, ie, with decreasing 
wavelength, the rotation is minimal, becomes zero, 
changes sign, and approaches + (an effect known as the 
Cotton effect). In the case of tyrosine, good agreement is 
obtained from three constant Drude equations. 

Further methods for investigating the structure of 
amino acid enantiomers include circular dichroism, which 
shows differing absorption for left- and right-handed cir- 
cularly polarized light. 

Isoleucine, threonine, and hydroxyproline contain two 
chiral carbon atoms each; therefore, they appear in four 
stereoisomeric forms. Cystine, which also contains two 
chiral carbons, has only three stereoisomers: L-, D-, and 
meso-cystine. The meso form has a plane symmetry. 


Absorbency Spectra 


Aliphatic amino acids exhibit no absorption in the UV re- 
gion above 220 nm, with the exception of cystine (240 nm). 
The aromatic amino acids, phenylalanine, tyrosine, and 
tryptophan, have a UV absorbency above 220 nm. The ex- 
act position of the maximum and the molar extinction co- 
efficient € are affected by the pH of the solution. 

On the other hand, for infrared spectra, amino acids 
have common absorbency and specific absorbency. The 
common absorbencies of infrared spectra for amino acids 
are in the vicinity of 3070 cm~! for NH, 1620 cm~" for 
COOH, and 1560 to 1600 cm~' for COO~. The common 
absorbency nearly always shows a similar value irrespec- 
tive of the state of the amino acid—solid or solution. 


Table 7. Dissociation Constant and Isoelectric Point of Amino Acids 


Amino acid pK, PK, PK PK, pl 
Alanine 2.34 9.69 6.00 
Arginine 1.82 8.99 12.48 10.76 
Asparagine 2.02 8.80 5.41 
Aspartic acid 1.88 3.65 9.60 2.77 
Cysteine 1.92 8.35 10.46 5.07 
Cysine 1.04 2.05 (-COOH) 8.20 (-NH2) 10.25 5.02 
Glutamic acid 2.19 4,25 9.67 3.22 

Glutamine 2.17 9.13 5.65 
Glycine 2.35 9.78 5.97 
Histidine 1.78 5.97 8.97 7.59 
Isoleucine 2.36 9.68 6.02 
Leucine 2.36 9.60 5.98 
Lysine 2.20 8.90 10.28 9.78 
Methionine 2.13 9.28 5.74 
Phenylalanine 2.16 9.18 5.48 
Proline 1.95 10.64 6.30 
Serine 2.19 9.21 5.68 
Threonine 2.15 9.12 6.16 
‘Tryptophan 2.38 9.39 5.89 
Tyrosine 2.20 9.11 10.07 5.66 
Valine 2.32 9.62 5.96 
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The common absorbency in acidic solutions is in the vi- 
cinity of 3030 cm~? (NH;}), 2130 cm~! (NHj), and 1730 
cm~! (COOH); in alkaline solutions, it is 3300 cm~' (NH), 
1610 cm~* (COO~), and 1400 cm~* (COO~). These ab- 
sorbency bands show the ionic form of the amino acid in 
each solution, ie, in solid or in solution, of the isoelectric 
point, which is the evidence that the amino acid exists as 
a dipolar ion. Common absorbencies at 1450 cm~!, 1370 
cm~', and 1330 cm~? are attributed to C-N and C-H and 
do not vary with change in pH. 


Solubility 


The solubility in water for different amino acids varies 
greatly. Cystine is the most sparingly soluble, followed by 
tyrosine. Aspartic acid, glutamic acid, and leucine belong 
to the category of comparatively insoluble amino acids. The 
easily soluble amino acids are proline and hydroxyproline, 
and other amino acids belong to the relatively soluble cate- 
gory. The optical isomers for each amino acid—,D, and 
D,L—demonstrate slight difference in solubility. 

In general, the solubility increases when the tempera- 
ture increases. Acidic amino acids especially show a re- 
markable dependence on temperature, for example, aspar- 
tic acid: 2.09 g/L at 0°C and 68.87 g/L at 100°C. 

The solubility is expressed using a function of tempera- 
ture as follows: 


log S = a + bt + ct? 


The empirical coefficients a, b, and ¢ for various amino 
acids are summarized in Table 8 (32,34,35). 

The solubility of amino acids varies with the change in 
pH and is minimal at the isoelectric point. The solubility 
increases when the isoelectric point is deviated toward al- 
kaline or acid in solution. The change in solubility is gov- 
erned by the ratio of the ionic form corresponding to the 
pH in solution. Therefore, the monochloride salts of both 
neutral amino acids and basic amino acids are more solu- 


Table 8. Parameter of Solubility for Various Amino Acids 


Amino acid a 6 x 10? ce x 10° 
Glycine 2.254 0.573 = 
L-Alanine 2.1048 0.4669 _ 
DL-Alanine 2.0830 0.5608 - 
D,L-Valine 1.7749 0.2389 2.607 
L-Leucine 1.3561 0.02233 3.727 
D,L-Leucine 0.9013 0.2635 4.519 
L-Isoleucine 1.5787 0.07682 2.594 
D,L-Isoleucine 1.2616 0.2512 3.794 
D,L-Serine 1.3432 1.520 —3.548 
L-Aspartic acid 0.3194 1.519 _ 
D.L-Aspartic acid 0.4181 2.016 —5.000 
L-Glutamic acid 0.5331 1.613 = 
D.L-Glutamic acid 0.9317 1.523 = 
L-Cystine ~1.299 1.357 = 
L-Proline 3.1050 0.4206 - 
-Phenylalanine 1.2974 0.6982 - 
L-Tryptophan 0.9456 0.4834 2.988 


log S = a + bt + cf*(S, g/t, t, °C). 


ble than the free forms of the corresponding amino acids. 
The sodium salts of amino acids are also easily soluble 
compared with the free forms of amino acids. 

The solubility of an amino acid tends to increase when 
there are lower levels of inorganic substances present, and 
it gradually decreases when there are higher levels of in- 
organic substances present. This tendency is similar to the 
salt-out effect on the solubility of protein, which is the 
change in the molecular form caused by the formation of 
molecular compounds between amino acids and inorganic 
substances. By varying the concentration of ammonium 
sulfate, the solubility of cystine increases at low levels of 
ammonium sulfate and decreases when the ionic strength 
is increased. When amino acids exist together, the solubil- 
ity of each amino acid increases. 

In organic solvents, almost all amino acids, except 
amino acid, proline, or hydroxyproline, are sparingly sol- 
uble. Proline is soluble up to 1.6 g/dL in ethanol at 20°C. 


INDUSTRIAL PRODUCTION 


Amino acids have been produced by four methods: (1) ex- 
traction from protein hydrolysate, (2) chemical synthesis, 
(3) fermentation, and (4) enzymatic synthesis. The amount 
produced and the methods used for each amino acid in one 
year (1997) are summarized in Table 9 (36). 


Extraction 


For several amino acids (cystine, tyrosine, leucine), isola- 
tion from natural raw materials is still an economical pro- 


Table 9. Production of Amino Acids (ton/year, 1997) 


Amino acid Method World 
D,L-Alanine Cc 1,500 
L-Alanine Enz 500 
L-Arginine Enz, F 1,200 
L-Aspartic acid Enz 7,000 
L-Aspargine Enz 1,200 
L-Citrulline Enz 

L-Cysteine Ext, Enz 1,500 
L-Cystine Ext, Enz 

Glycine Cc 22,000 
L-Glutamic acid F 1,000,000 
L-Glutamine F 1,300 
L-Histidine F 400 
L-Isoleucine F 400 
t-Leucine Ext, F 500 
L-Lysine hydrochloride z 250,000 
D,L-Methionine Cc 350,000 
L-Methionine Enz 300 
L-Ornithine bg 

L-Phenylalanine C, F, Enz 8,000 
L-Proline F 350 
L-Serine F 200 
L-Threonine C,F 4,000 
L-Tryptophan C, Enz, F 500 
L-Tyrosine Ext, F 120 
L-Valine C,F 500 


Note: F, fermentation method; C, chemical method, Enz, enzymatic method, 
Ext, extraction method. 


duction method. The procedure for isolating an amino acid 
from a protein hydrolyzate consists of passing the hydrol- 
yzate over an ion exchange resin. After elution with aque- 
ous ammonia, aminoacids are collected in fractions. 


Chemical Synthetic Production 


The D,L forms of alanine, methionine, and tryptophan 
available for living organisms are chemically produced. 
Glycine is also produced chemically because there is no 
asymmetric carbon in its structure. Because of the increas- 
ing demand for D,L-cysteine in hairdressing products, the 
chemical process for production of this amino acid has been 
developed. 


Fermentation 


In fermentation, an amino acid—producing bacterium is 
cultured in a medium that contains sugars and ammonium 
compounds as carbon and nitrogen sources under aerobic 
conditions with aeration and agitation. Other growth fac- 
tors are also added if required. Three groups of bacteria 
are used in the industrial production of amino acids: 
(1) Brevibacterium sp., the glutamic acid bacteria; (2) en- 
teric bacteria, Escherichia coli; and (3) Bacillus spp. (37). 
The optimal culture condition depends on the nature of 
the bacteria used and on culture conditions medium com- 
position, temperature, pH, agitation, and aeration. 


Mechanism of Production. The metabolic pathway used 
to produce amino acids is regulated by key enzyme regu- 
latory mechanisms, feedback inhibition by the end prod- 
uct, and repression. In wild-type bacteria, these mecha- 
nisms prevent the overproduction of amino acids. A 
permeability barrier prevents the excretion of amino acids 
outside the cell wall. 

The overproduction of amino acids is achieved by chang- 
ing the bacterial nature through mutation to release these 
metabolic regulators and by selecting optimal culture con- 
ditions. 


Induction by Controlling the Culture Conditions 


Glutamic acid-producing bacteria such as B. lactofermen- 
tum require biotin for growth. When the concentration of 
biotin is controlled in a limited range of 3 to 5 g/L, the 
amount of L-glutamic acid accumulated reaches 80 g/L or 
more if more than 50% sugar is added). If the culture con- 
tains more or less than this biotin level, almost no accu- 
mulation of L-glutamic acid is observed. 

When a small amount of penicillin is added to a culture 
with an excess amount of biotin, L-glutamic acid produc- 
tion is induced as a result of the inhibition of peptide gly- 
can synthesis by penicillin in cell walls. When cane molas- 
ses is used as a carbon source in cultures in which a 
sufficient amount of biotin exists, L-glutamic acid is pro- 
duced by this penicillin method. 


Auxotrophic Mutant Strains 


Many kinds of amino acids are accumulated by auxo- 
trophic strains that mutated to require a growth factor. L- 
Lysine is produced by a homoserine auxotrophic mutant of 
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glutamic acid-producing bacteria; B. lactofermentum and 
Corynebacterium glutamicum and typical examples. In 
glutamic acid bacteria, L-lysine is formed by way of the 
branched pathway shown in Figure 3. The aspartate ki- 
nase, which is the first key enzyme of lysine biosynthesis, 
is inhibited by the combination of L-threonine and L-lysine, 
and L-lysine is among the amino acids not overproduced. 
In the homoserine auxotroph, if the supply of L-threonine 
is limited, L-lysine formed by de novo synthesis does not 
inhibit the first enzyme without the aid of L-threonine. In 
this mutant, the metabolic flux is genetically blocked to 
flow in the direction of threonine and methionine biosyn- 
thesis. This is one of the main reasons for the overproduc- 
tion of L-lysine in mutant strains (38). 


Regulatory Mutant Strains 


When the feedback regulators in the biosynthetic pathway 
are genetically released, the overproduction of any amino 
acid is easily attained. These mutants are selected from 
among those resistant to the growth inhibition of amino 
acid analogues. S-(f-Aminoethyl)-cysteine (a lysine ana- 
logue)-resistant mutants of glutamic acid bacteria accu- 
mulate a large amount of L-lysine in the medium. 


Cell Fusion 


When protoplasts prepared from cells with two different 
genetic markers are mixed in the presence of poly(ethylene 
glycol) and CaCly, fused cells with different combinations 
of parental genetic markers are formed. By this method, a 
B. lactofermentum strain that rapidly produces L-lysine 
was obtained (39). 


Gene Technology 


The gene multiplication method with plasmid vectors has 
been applied to the breeding of amino acid producers. 
When a plasmid vector that can multiply within an amino 
acid producer is joined enzymatically to a DNA fragment 
carrying the genetic information from other strains of the 
same microorganism or other microorganisms, the resul- 
tant recombinant DNA is transferred to the amino acid 
producer to introduce new markers of the donor microor- 
ganisms. A plasmid such as pCG11 has sites sensitive to 
various restriction endonucleases and is easily joined to a 
DNA fragment prepared by digestion with corresponding 
restriction enzymes. Moreover, because it has the genes 
determining streptomycin resistance, it is easy to select 
strains with plasmids carrying these antibiotic resistance 
markers (40). 


Enzymatic Process 


Enzymatic catalysis is advantageous for cases where 
amino acids can be produced from relatively inexpensive 
chemicals with high specificity in a continuously operating 
process. The enzyme is recycled by binding it to a carrier 
and carrying out'the reaction in a fixed-bed column. 


Purification of Amino Acid from the Fermentation Broth 


Ton exchange methods are usually used to recover amino 
acids from the fermentation broth. Because amino acids 
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Aspartate kinase 


Aspartic y-semialdehyde 


Figure 3. Regulation oflysine production in 
the metabolic pathway. 


have an amphoteric character, when the pH is adjusted 
lower than pKj, the amino acids change from zwitterion to 
cationic form. When a fermentation broth with a pH ad- 
justed lower than pK; is passed through the strong cation 
exchange resin, the amino acid cation being exchanged 
with a counterion such as H* or ammonium ion is removed 
continuously until the concentration on the ion exchange 
resin reaches a value corresponding to equilibrium with 
that in the fermentation broth. The adsorbed amino acids 
are then eluted by ammonia water or other eluant. If am- 
monia water is used for the eluant, the counterion form of 
the ion exchange resin changes to the ammonium form si- 
multaneously, and no generation process is necessary; 
moreover, almost no inorganic substances are contained in 
elution with the amino acid. The elution is condensed until 
the somewhat higher saturated concentration of amino 
acids is evaporated and crystallized to obtain amino acid 
crystals. 

The crystallization method for an amino acid is selected 
on the basis of the characteristics of the amino acid and 
the degree of impurity contained in solution. The solubility 
minimum at the isoelectric point is useful for crystallizing 
amino acids. L-Aspartic acid and L-tyrosine, which show 
comparatively lower solubility, for example, are first dis- 
solved in alkali or acid solution and then crystallized by 
neutralization to pl. On the other hand, L-lysine hydro- 
chloride and L-glutamate, which show higher solubility, 
crystallize by the condensed crystallization method. 

L-Leucine, L-isoleucine, and L-valine, branched-chain 
amino acids from which higher purity crystals are difficult 
to obtain, react with benzoic sulfonic acid derivatives to 
form corresponding complexes. 

For pharmaceutical use, it is critical to prevent contam- 
ination by pyrogen substances and microorganisms. Py- 
rogen is a toxin consisting of polysaccharides and protein. 
It is excreted mainly by Gram-negative bacilli, and it is 
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highly hydrophobic. The pyrogens are effectively adsorbed 
on activated carbon. Sterilization by heating and ultrafil- 
tration membranes (molecular weight cutoff, 10,000 to 
100,000) are used as well for rejection of pyrogens and mi- 
croorganisms. 


SAFETY 


Physiological Effect of Imbalance 


Excess amino acids are rapidly disposed of by increased 
metabolic degradation and are used to provide energy. The 
nitrogen is eliminated as urea. 

When the component amino acids are imbalanced, al- 
ternation of the ribosome profile occurs in the liver, and 
ribonucleic acids are catabolized. Protein deficiency is usu- 
ally coupled with calorie deficiency. The manifestation of 
chronic protein deficiency is known as marasmus and 
kwashiorkor. On the biochemical level, marasmus and 
kwaskiorkor result in a negative balance, indicating a re- 
duction in protein inventory. The labile enzyme and 
plasma proteins are consumed, the greatest losses occur- 
ring first in the liver and then in the musculature. Brain, 
heart, and kidneys suffer minimal protein loss. The ab- 
sence of a essential amino acid in the diet is more serious 
than protein deficiency because protein synthesis can then 
occur only by degradation of body protein. 


Amino Acid Toxicity 


When an excess amount of one or more amino acids is ad- 
ministered, some adaptive failure can lead to accumula- 
tion of the amino acids or certain metabolites in the organ- 
ism, leading to anatomic or functional damage. The acute 
oral toxic levels have been studied by adding increasing 
quantities of individual amino acids to a protein diet (41) 


Table 10. Acute Oral Toxicity of Amino Acids in Rats 


Amino Acids LDso (g/kg weight of rat) 
L-Alanine >16 
L-Arginine ~16 
L-Asparagine >16 
L-Cysteine HCl 3.1 (2.7-3.6) 
L-Cystine 11.2 (9.0-14.0) 
L-glutamine >16 
Glycine ~16 
L-Histidine >16 
L-Hydroxyproline >16 
L-Isoleucine >16 
L-Leucine >16 
L-Lysine HCL 10.6 (9.5-11.9) 
L-Methionine >16 
L-Phenylalanine ~16 
L-Proline >16 
L-Serine 14.0 (12.8-15.3) 
L-Threonine >16 
L-Tryptophan >16 
L-Tyrosine >16 
L-Valine >16 

NaCl 3.75 


(Table 10). The toxicity of individual amino acids depends 
on the total protein consumption. 

The consumption of toxic amounts of amino acids in- 
creases their concentration in the plasma and brain. Be- 
cause of the blood-brain barrier, however, the increase in 
the brain is not great (42). 
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PROTEINS: DENATURATION 
AND FOOD PROCESSING 


Food proteins constitute a wide range of protein types (eg, 
structural, storage, catalytic) and essentially include all 
those that are palatable, digestible, nontoxic, and acces- 
sible to humans. Although contributing to the nutritional 
value of foods by supplying a dietary source of essential 
and nonessential amino acids, proteins also serve as in- 
tegral food components or ingredients by virtue of their 
diverse technological or functional properties (Table 1). 
These properties affect the behavior of the protein in a 
given food system during preparation, processing, or stor- 
age as judged by the quality attributes of the final product 
(1-3). They reflect a variety of interactions between physi- 
cochemical properties of the proteins per se (eg, molecular 
weight, amphiphilicity, structural flexibility), other food 
components (eg, water, carbohydrates, lipids, vitamins, 
minerals), and the environment in which these are asso- 
ciated. A variety of commodities and by-products may 
serve as the source of food proteins, yet their inclusion in 
the human diet usually necessitates some form of pro- 
cessing and/or preparation because exploitation of tech- 
nological attributes normally requires the destruction 
and/or modification of the native protein structure (ie, de- 
naturation). Processing affects not only each individual 
food component, but also the nature and intensity of in- 
teractions between components. Because many processing 
treatments can result in undesirable changes in the func- 
tional properties of food proteins and, therefore, contrib- 
ute to poor final quality of protein-containing food prod- 
ucts, an understanding of the relationship between 
processing factors and the changes in proteins that they 
induce is imperative. This article discusses protein sta- 
bility and folding, protein denaturation, factors that influ- 
ence it, and specific examples of food proteins denaturated 
during processing. Thorough discussions of various as- 


Table 1. Functional Properties of Proteins in Foods 


General 

classification Functional property 

Organoleptic Color, odor, flavor, texture, turbidity 

Hydration Solubility, dispersibility, wettability, water- 
holding capacity, water absorption 

Surface Emulsification, emulsion stability, foamability, 
whippability, film formation, fat absorption, 
binding properties 

Thermal Thermocoagulability, heat stability 

Rheological _Elasticity, viscosity, gelation, cohesion, 
extrudability, adhesion, coagulation, 
aggregation, hardness, chewiness 

Other Compatability with additives, enzyme activity, 


susceptibility to modification 


pects of protein denaturation can also be found in Refer- 
ences 4 to 10. 


NATIVE PROTEIN STRUCTURE AND STABILITY 


The functional properties of food proteins ultimately arise 
from their unique molecular conformations, which derive 
from all four levels of structural hierarchy (ie, primary, sec- 
ondary, tertiary, quaternary) (11). During synthesis on the 
ribosome, the polypeptide chain, pending subsequent post- 
translational processing (see section on protein folding, 
molten globules), adopts a unique molecular conformation 
traditionally referred to as the native conformation. This 
particular structure is dictated by the nature and sequence 
of amino acids in the polypeptide chain and is greatly in- 
fluenced by solvent effects (12). The folding and resultant 
(native) conformation of a protein is largely governed by 
(equilibrium) thermodynamics. The third law of thermo- 
dynamics states that 


4G = 4H - TAS qd) 


where 4G is the change in Gibbs free energy, 4H is the 
change in enthalpy, 7 is absolute temperature (Kelvin), 
and 4S is the change in entropy. To obey this law, the poly- 
peptide chain must fold into a conformation such that the 
least amount of free energy is expended in maintaining it. 
In terms of free energy, hydrophobic effects contribute 
most to protein folding and stabilization. Hydrophobic in- 
teractions are nonspecific and result from the strong 
hydrogen-bonding properties of water. Nonpolar amino 
acid residues generally cannot participate in hydrogen- 
bonding; thus, water molecules surrounding nonpolar res- 
idues hydrogen bond with each other to form a highly or- 
dered icelike structure that is associated with unfavorable 
(ie, low) entropy. The native polypeptide chain, therefore, 
tends to bury its hydrophobic residues within the interior 
of the molecule with exclusion of water from this core and 
to orient its hydrophilic amino acids toward the protein 
exterior. Exclusion of water from the protein interior 
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from their unique molecular conformations, which derive 
from all four levels of structural hierarchy (ie, primary, sec- 
ondary, tertiary, quaternary) (11). During synthesis on the 
ribosome, the polypeptide chain, pending subsequent post- 
translational processing (see section on protein folding, 
molten globules), adopts a unique molecular conformation 
traditionally referred to as the native conformation. This 
particular structure is dictated by the nature and sequence 
of amino acids in the polypeptide chain and is greatly in- 
fluenced by solvent effects (12). The folding and resultant 
(native) conformation of a protein is largely governed by 
(equilibrium) thermodynamics. The third law of thermo- 
dynamics states that 


4G = 4H - TAS qd) 


where 4G is the change in Gibbs free energy, 4H is the 
change in enthalpy, 7 is absolute temperature (Kelvin), 
and 4S is the change in entropy. To obey this law, the poly- 
peptide chain must fold into a conformation such that the 
least amount of free energy is expended in maintaining it. 
In terms of free energy, hydrophobic effects contribute 
most to protein folding and stabilization. Hydrophobic in- 
teractions are nonspecific and result from the strong 
hydrogen-bonding properties of water. Nonpolar amino 
acid residues generally cannot participate in hydrogen- 
bonding; thus, water molecules surrounding nonpolar res- 
idues hydrogen bond with each other to form a highly or- 
dered icelike structure that is associated with unfavorable 
(ie, low) entropy. The native polypeptide chain, therefore, 
tends to bury its hydrophobic residues within the interior 
of the molecule with exclusion of water from this core and 
to orient its hydrophilic amino acids toward the protein 
exterior. Exclusion of water from the protein interior 


causes a large increase in the entropy of the previously 
structured surrounding water, while the close packing of 
residues in the protein interior generally leads to de- 
creased enthalpy. The folding process may thus be re- 
garded as an entropy-driven transition from a state of 
higher free energy (eg, random coil) to that of lower free 
energy (eg, native conformation). Although this transition 
is largely governed by hydrophobic effects, the particular 
folding patterns and final protein conformation(s) are gov- 
erned by formation of (specific) hydrogen bonds, disulfide 
linkages, and electrostatic and van der Waals interactions 
within the protein. Maximization of these strongly inter- 
acting driving forces leads to the native conformation of 
proteins. The adopted conformation may not correspond to 
the global minimum of free energy because this structure 
may represent a metastable state (ie, local minimum). 
Therefore, in addition to thermodynamic constraints, pro- 
tein folding and conformational stability are also governed 
by kinetic constraints. 

The thermodynamic stability of the native protein is 
marginal, generally not exceeding 60 kJ/mol, or the equiv- 
alent strength of only 3 to 4 hydrogen bonds or a single 
electrostatic interaction (Table 2) (7,8). This lability sug- 
gests that such environmental and processing factors as 
pH, temperature, pressure, and solvent effects may readily 
alter protein conformation and, consequently, functional 
properties and product quality to varying degrees. The 
ability to predict and/or estimate protein stability and con- 
formational potential (“the capacity of biopolymers to form 
intermolecular junction zones that generate the desired 
structural rheological and other physico-chemical proper- 
ties of a given food system,” [13]) is, therefore, of vital im- 
portance in protein isolation and in processing of protein- 
containing foodstuffs (9). For example, during isolation of 
food proteins (especially enzymes), it is generally desirable 
to avoid or to at least minimize disruption of native struc- 
ture because native proteins possess higher conforma- 
tional potential and, as a consequence, superior functional 
properties. During processing, knowledge of protein sta- 
bility and of the extent of conformational (and functional) 
change resulting from manipulation of processing factors 
is advantageous and often necessary if high-quality 
protein-containing food products are to be produced and 
maintained throughout subsequent storage. 


Protein Folding: An Overview 


Prefolding State: The Molten Globule. In order for a pro- 
tein to achieve a three-dimensional native state, it must 
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undergo a large number of possible conformations rapidly, 
prior to achieving its final product. A problem for biochem- 
ists is understanding how a protein achieves its native 
state (N) or becomes folded. Anfinsen (14) discovered that 
a protein’s amino acid sequence fully determines its three- 
dimensional structure and, thus, its biological function. 
Work from the late 1970s and early 1980s gave rise to the 
concept that the protein native (N) and unfolded states (U) 
were an all-or-none scenario (U + N) (15,16). Yet, although 
this theory was generally accepted, strong experimental 
evidence of proteins treated with high guanidine hydro- 
chloride (GdnCl) concentrations showed large differences 
in hydrodynamic and optical parameters when compared 
to little changes in the presence of high temperatures and/ 
or low pH (plus addition of salts) (17). Evidence mounted 
for the existence of an intermediate equilibrium between 
the native and unfolded states. It was shown that 
temperature-denatured proteins are far from being com- 
pletely unfolded and can undergo another cooperative 
transition when GdnCl or urea is added (18,19). Circular 
dichroism (CD) studies showed the existence of one or more 
equilibrium states that differed from the native state by 
the absence of the rigid aromatic side chains; at the same 
time, they differed from the unfolded states by the pres- 
ence of secondary structure (18). The conclusion was made 
that these intermediates were unfolded, noncompact mol- 
ecules with local secondary structure (20). These studies 
showed a physical state that existed between native and 
unfolded and was given the term molten globule (Fig. 1) 
(22). 

Molten globule (MG), as a term, has been applied to all 
compact denatured states that have substantial secondary 
structure, but little or no tertiary structure. This can cover 
a wide range of ordered and disordered, partially folded 
proteins with and without disulfide bonds (23). 

The molten globule conformation is frequently adopted 
rapidly where an unfolded protein is placed under refold- 
ing conditions before the appearance of the fully folded pro- 
tein. Because of the prefolded state, occurrence of the mol- 
ten globule (24) was thought to be an indicator of a kinetic 
intermediate and assigned the kinetic role of 


UsMGeN 


This equation would imply that the molten globule is re- 
quired for the formation of the native state. From this 
equation, the initial rate of forming N should be zero upon 


Table 2. Linkages and Interactions Involved in Stabilizing Protein Conformation 


Energy Enthalpy Entropy 
(kJ/mol) contribution _contribution Disrupting agents 

Covalent bonding (-S-S-) 330-380 - - Reducing agents 

Electrostatic interactions 42-84 + or - + Salts, high or low pH 

Hydrogen bonding 8-30 - - Urea, detergents, heat 

Hydrophobic interactions 412 + + Detergents, organic solvents, urea, guanidine-HCl, 


van der Waals forces 1-9 > 


cooling 
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Figure 1. Molten globule state. Source: Ref. 21. 


placement of the unfolded protein into refolding condi- 
tions. Only after the required molten globule intermediate 
has been generated should N appear. However, experimen- 
tal data (25) have shown that under refolding conditions 
the equation should be rewritten to be 


UeoN 
(Fast) t 
MG 


The molten globule state in itself does not produce rapid 
folding, but has been speculated to be an off-pathway, non- 
productive species that is the energetically preferred form 
of the unfolded protein under refolding conditions (25). Re- 
search has shown that the primary role for the molten 
globule state is to only slightly increase the overall rate of 
disulfide formation and to favor those interactions between 
cysteine residues distant in the polypeptide chain (26). 


Physiological Role of the Molten Globule: Molecular Chap- 
erones and Foldases. The physiological role of the molten 
globule has been speculated greatly during the past few 
years. Because of the properties that define the molten 
globule, proteins in vivo must adjust themselves to a large 
set of different conditions, eg, in the cytoplasm and/or near 
membranes where a number of these conditions are de- 
naturing ones, ie, low pH or differing salt concentrations. 


Beginning of helix formation and collapse 


Entropy, 


WVU) 


Molten globule 
states 


® 
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The molten globule state permits proteins to exist in this 
state of flux, which allows for more pronounced small-scale 
fluctuations than the native state, which protects it from 
occasional loss of folding pattern by large-scale thermal 
fluctuations (27). The molten globule state and the newer, 
more expanded molten globule, the premolten globule (28), 
may be important for a class of proteins, chaperones, to 
trap proteins after their biosynthesis for self-assembly, 
transmembrane transport, and other processes that use 
protein molecules in a semiflexible (rather than in a rigid) 
state (27). 

Molecular chaperones have been identified as a family 
of proteins that bind to and assist in the folding of proteins 
into their functional states. They do not form part of the 
final protein structure, nor do they possess steric infor- 
mation specifying a particular folding or assembly path- 
way (29). By recognizing unfolded or partially denatured 
proteins, the predominant role of chaperones seems to con- 
sist in the prevention of incorrect intra-and intermolecular 
associations of polypeptide chains that would result in 
their aggregation (30). 

Consistent with their role in the folding of newly syn- 
thesized translocated proteins, many molecular chaper- 
ones are constitutively expressed. Under conditions that 
compromise protein folding and cell physiology, eg, heat 
shock, the synthesis of most molecular chaperones is in- 
duced to higher levels. It is then not surprising that many 
of the molecular chaperones were first identified in one or 


more organisms as heat shock proteins (HSPs) (31). How- 
ever, it is now recognized that the same closely related pro- 
teins are frequently essential components of normal cells 
(30). 

Chaperones themselves have aids or accessory proteins 
called co-chaperones that are responsible for mediating the 
activity of specific chaperones (32). They were first iden- 
tified in Escherichia coli, and some have been shown to 
stimulate the rate of ATP hydrolysis (DnaJ) or act as a 
nucleotide exchange factor (as in the case for DnaK) (33). 

The final group of protein folding helpers includes the 
array of proteins that act as foldases. Foldases include en- 
zymes such as protein disulfide isomerases (PDLs) (34) and 
the immunophiles or peptidylprolyl isomerases (PPIs or 
rotamase) (35). These proteins have demonstrated cata- 
lytic activities that increase the rate of protein folding 
(36,37). 

To perform its biological function, a protein cannot re- 
main as a linear string of amino acids that has just come 
off of the protein-making ribosome. It must fold into its 
three-dimensional native state. The molten globule state 
is widely considered to be an important intermediate in 
protein folding and to have a polypeptide backbone with a 
nativelike topology. The importance of the molten globule 
is not in rapid protein folding, but for aiding in the trap- 
ping of the protein by molecular chaperones that assist in 
protein folding and targeting. The notion that chaperones 
are needed to assist protein folding is an interesting con- 
cept that extends rather than negates Anfinsen’s findings 
(14) that proteins fold spontaneously based on their se- 
quence. Although Anfinsen’s findings were based on in 
vitro experiments, the chaperone (GroEL, in this example) 
appears to form a large central cavity inside its structure 
that allows the molten globule state protein the ability to 
self-assemble within the confines of the chaperone envi- 
ronment (38). The role of the chaperone (GroEL) is believed 
to be through assisting in the repeated binding and re- 
leasing of unfolded or partially folded polypeptide. During 
each binding interval, the chaperone sequesters the poly- 
peptide and prevents formation of nonnative conforma- 
tions. Eventually, when the protein has achieved its native 
state, it dissociates from the chaperone to perform its func- 
tion(s). 

When proteins are not in their native conformation, 
they suffer a loss in functionality. This loss of functionality 
is an important aspect not only in food processes but in 
nature. 


PROTEIN DENATURATION 


Protein denaturation has traditionally been defined as any 
modification of conformation that is not accompanied by 
cleavage of peptide bonds involved in primary structure. 
This definition is interpreted differently by various re- 
searchers and disciplines owing to a general inability to 
recognize the phenomenon when it occurs (5,6,10). Many 
problems in recognizing denaturation of food proteins are 
due to the fact that they are rarely pure entities, often 
precluding direct measurement of changes in their confor- 
mation; rather, they are usually a heterogeneous mixture 
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in isolates and in food. In addition, a conformational 
change may not be sufficient to effect a detectable or sig- 
nificant change in functional properties of a food protein. 
However, a significant change in functional properties is 
usually the result of structural alteration. Thus, from a 
food science perspective, protein denaturation may best be 
defined operationally as any modification of conformation 
not accompanied by alteration of primary structure that 
results in a change in one or more of the functional prop- 
erties of the protein. Certainly, direct measurement of 
changes in protein conformation is preferable; however, 
measurement of functional properties (Table 1) as a func- 
tion of denaturing conditions may provide a meaningful 
assessment of food protein denaturation. Denaturation 
may also be assessed by measuring other properties of pro- 
teins (Table 3). Because the transition from the native (N) 
to denatured (D) state of a protein is accompanied by a 
change in energy, manifested by absorption or liberation of 
heat (ie, enthalpy), one of the most useful and direct meth- 
ods of measuring parameters associated with food protein 
denaturation is differential scanning calorimetry (DSC) 
(6). A comprehensive review of thermal analysis of proteins 
is given by Harwalker and Ma (39). The primary advan- 
tage of DSC is that from thermograms generated, the fol- 
lowing parameters can be obtained directly: heat capacity 
(C,) of N and D states, change in heat capacity (4C,) as- 
sociated with the N > D transition, enthalpy change (4H) 
associated with the transition, and the temperature of de- 
naturation (74) (Fig. 2). 

Denaturation may ultimately lead to a completely un- 
folded polypeptide structure (ie, random coil), to a more 
compact globular structure, or to any of a number of inter- 
mediary and often short-lived conformations (eg, molten 
globule). Despite the fact that the native conformation of 
various (purified) proteins have been characterized by X- 


Table 3. Properties of Proteins to Assess Denaturation 


Functional 
‘Thermodynamic 
Denaturation temperature 
Enthalphy 
Heat capacity 
Hydrodynamic 
Sedimentation behavior 
Electrophoretic 
Surface charge 
Spectroscopic 
Ultraviolet, visible absorption 
Intrinsic fluorescence 
Extrinsic fluorescence 
Circular dichroism 
Optical rotary dispersion 
Light scattering 
Infrared 
Nuclear magnetic resonance 
Electron microscopy 
Biological 
Catalytic/enzymatic 
Immunological 
Digestibility by proteases 
Chemical reactivity of functional groups 


Table 4, Denaturation Constants for the Transition State 
of Various Food and Food-Related Proteins 
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Figure 2. Parameters obtained from differential scanning calo- 
rimetry. N, Native state; 4H, change in enthalpy; 4C,, change in 
specific heat capacity; 7, denaturation temperature; D, dena- 
tured state. 


ray crystallography and two-dimensional nuclear mag- 
netic resonance, protein structures resulting from partial 
or complete denaturation are generally not well defined. 
The susceptibility of a protein to denaturation is depen- 
dent on the ability of the denaturant to break the bonds 
and/or interactions that stabilize the protein structure (Ta- 
ble 2). This requires energy input, ie, chemical or physical 
(Fig. 3). The relatively large values of denaturation con- 
stants in Table 4 (40) reflect the nature of denaturation (ie, 
N — D transition) in that many noncovalent interactions 
must be broken. Because every protein possesses a char- 
acteristic or unique structure, the effects of a denaturant 
are protein specific. For example, the denatured state of a 
protein may be transitional (eg, during thermal process- 
ing), after which it renatures with full recovery ofits native 
(functional) properties (eg, many peroxidases). Conversely, 
the denatured state may be formed irreversibly and cor- 
respond to a new or technological state with predictable/ 


Free energy 


Reaction coordinate 


Figure 3. Energy output. N, Native state; 4Gp, Gibbs free en- 
ergy; E,, activation energy; D, denatured state. 


Protein “PEP (kJ/mol) AS° (S/mol/°C) 
Pepsin 232.8 474.4 
Lipase (pancreatic) 190.1 285.5 
Amylase (malt) 174.2 219.0 
‘Trypsin 168.3 187.1 
Chymosin 373.9 870.9 
Hemoglobin 316.5 639.3 
Egg albumin 552.7 1,821.8 
Peroxidase (milk) 7158 1,951.0 
Invertase (yeast) 
pH3.0 311.5 638.1 
pH 4.0 462.2 1,099.0 
pH52 361.7 174.6 
pH5.7 219.4 354.6 
Source: Ref. 40. 


desirable functional properties that differ from those of the 
native protein (eg, texturized plant proteins). Denatura- 
tion is generally reversible if the denatured protein (ie, un- 
folded polypeptide chain) is thermodynamically stabilized 
by the denaturant; removal of the denaturant allows the 
native conformation of the protein to be reestablished. In 
addition, small molecular weight proteins are more likely 
to renature than large molecular weight proteins. Dena- 
turation is irreversible if the unfolded polypeptide chain is 
stabilized by interactions with other denatured proteins, 
as in acid or heat-induced protein aggregation. If disulfide 
bonds contribute to protein conformation and these are 
broken, denaturation is often irreversible. 

Protein denaturation is generally a cooperative multi- 
state process (4) with many more-or-less unfolded inter- 
mediates (D,) between the N and D states: 


ND, #D, 4D, ... #D, 


These intermediate structures correspond to progres- 
sive stages in the alteration of the protein conformation. A 
protein does not have a rigid or static conformation but, 
rather, a dynamic conformation, undergoing rapid ther- 
modynamic fluctuations about a mean conformation. Thus, 
each of the states in the N— D; transition may be regarded 
as a population of structures of similar energy. Their ex- 
istence or identification as discrete states requires that 
their populations not overlap. 

Thermodynamic analysis of protein denaturation and/ 
or conformational stability according to the foregoing 
scheme is complicated. Although often an oversimplifica- 
tion, it is useful to consider the denaturation process in 
terms of a two-state equilibrium (Fig. 4) (4,6-8). Use of a 
two-state model is valid if the DSC enthalpy change (4H, 
Fig. 2) approximates the van’t Hoff enthalpy change. The 
equilibrium or denaturation rate constant for a two-state 
equilibrium can be written 
_G-f) _D) 

fy [N] 


where kp is the equilibrium constant and fy is the fraction 
of protein molecules in the native state. Reversible and 


kp (2) 


NH, COOH 


Denatured 


Native 


Figure 4. Two-state equilibrium model of the denaturation pro- 
cess, 


irreversible denaturation are both initiated by reversible 
conformational change, eg, by unfolding. This initial con- 
formational change is rate-limiting (41) and, in the case of 
irreversible denaturation, is followed by such secondary 
processes as aggregation or covalent modification (eg, pro- 
teolysis) resulting in a change in primary structure. If ir- 
reversible denaturation takes place, analysis of protein de- 
naturation using the two-state model is precluded, because 
the two-state equilibrium is accompanied by an irrevers- 
ible transition from the D state to an alternate structure(s) 
that cannot be readily characterized. Analysis of protein 
denaturation using the two-state model, therefore, re- 
quires that three criteria be met: (1) the N > D transition 
must be thermodynamically reversible; (2) an experimen- 
tal technique must be used such that the transition be de- 
tected in the presence of the perturbing influence or de- 
naturant; and (3) a reference conformational state, usually 
taken to be the N state, must be identified such that the 
stabilities of different proteins are compared. The limiting 
case for thermodynamic reversibility is an infinitely dilute 
solution. However, if thermodynamic reversibility can be 
assumed for the protein system in question, good approx- 
imation of the thermodynamic parameters 4G’, 4H”, 4S°, 
and 4C} can normally be obtained from 


AG ey) = ~RT Inky (3) 
d(nkp) 
4H, = —-R aay (4) 
UAH») _ 7, AS 5p) 
Ahn = a = Ta (5) 


where 4G;,, is the apparent change in standard free en- 
ergy, 4H;,, is the apparent change in enthalpy, 4S3,, is 
the apparent change in entropy, 4Cp,,, is the apparent 
change in heat capacity, kp is the equilibrium or denatur- 
ation rate constant, R is the gas constant, and Tis absolute 
temperature (Kelvin). Protein denaturation is normally ac- 
companied by increases in (1) enthalpy, indicating that the 
N state possesses a lower free energy than the D state; 
(2) entropy, associated with the disorder that results from 


unfolding of the polypeptide chain; and (3) heat capacity, 


PROTEINS: DENATURATION AND FOOD PROCESSING 2005 


related to the transfer of apolar or hydrophobic groups to 
the aqueous environment during denaturation, with as- 
sociated structuring of water. The stability of the N state 
relative to the D state, or the intrinsic conformational sta- 
bility of the protein, is represented by 4G, (4Gp) (Fig. 3). 
A meaningful comparison of the stabilities of different pro- 
teins requires a knowledge of 4G° and the derived ther- 
modynamic quantities 4H”, 4S° and 4C} (4). These quan- 
tities are normally obtained from temperature, pressure, 
or concentration dependencies of 4G,,, (or kp). 


FACTORS AFFECTING PROTEIN DENATURATION 


As previously stated, many food processing operations to 
which protein-containing foods are subjected, can result in 
protein denaturation. Such factors as temperature, pH, 
pressure, shear, irradiation, and the presence of salts and 
oxidizing/reducing agents can be used by the processor to 
produce desirable and high-quality products. However, 
these factors may also serve as processing hazards that 
must be avoided in order to maintain native protein struc- 
ture and associated functional properties. In the broadest 
sense, processes that result in protein denaturation can be 
divided into two major categories: physical and chemical. 


Physical Denaturants 


Heat. Application of thermal energy is the most com- 
mon means by which food is processed. Among the major 
components in food, proteins may be the most sensitive to 
temperature extremes. Thermal denaturation of proteins 
may be detrimental to product quality, as reflected in their 
reduced functional properties (Table 1), or desirable, as in 
the heat processing of whey for use in confections. The de- 
naturing effects of increased temperature are dependent 
on many factors, including protein type and concentration, 
water activity, pH, ionic strength, and the nature of ions 
present. For most chemical reactions, rate increases ap- 
proximately twofold for each 10°C rise in temperature. 
However, the rate of protein denaturation may increase 
600-fold. This large difference in reaction rate is attribut- 
able to the low-energy bonds/interactions stabilizing pro- 
tein conformation (Table 2). The dependence of the rate of 
protein denaturation on temperature can be determined 
from (first-order) thermal denaturation curves derived us- 
ing any of a number of different methods to monitor 
changes in protein conformation (Table 3). These curves 
provide information needed to calculate such kinetic/ 
processing parameters as activation energy and z values. 
These values are related by 


_ 2.303RTT, 


E, ; 


(6) 


where E, is the activation energy (kJ/mol), R is the uni- 
versal gas constant, T is temperature (Kelvin), T, is the 
temperature 10°C above T (Kelvin), 1/z is the slope of the 
denaturation curve, and z is the temperature change (°C) 
required to change the thermal denaturation rate by a fac- 
tor of 10 (42,43). The energy required to denature the pro- 
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tein is represented by activation energy (Fig. 3, Table 4), 
which can be calculated from the Arrhenius law 


@ 


where kp is the equilibrium or denaturation rate constant 
and T is absolute temperature (Kelvin). The values for 
transition-state enthalpy (4H) of various proteins listed in 
Table 4 are related to E, by equation 8: 


E, = 4H + RT (8) 


Values of E, depend on the extent of denaturation, ie, 
the nature of the D state. For example, the E, values as- 
sociated with the thermal denaturation of proteins, from 
the N state to a completely unfolded state (eg, random coil), 
are large relative to other chemical reactions. Although co- 
valent bonds other than disulfide cross-links are not bro- 
ken during denaturation, a large number of low-energy 
noncovalent bonds and interactions are broken. The E, val- 
ues associated with thermal denaturation (ie, inactivation) 
of enzymes are relatively low, however, because the active 
sites of most enzymes are dependent on only a few low- 
energy bonds and/or interactions. Enzyme inactivation 
may be a direct consequence of thermally induced modifi- 
cation of protein conformation; however, the effects of tem- 
perature on substrate(s), activators, and inhibitors must 
also be considered. 

Thermal denaturation of food and food-related proteins 
generally takes place between 55 and 80°C; enzymes tend 
to be more sensitive to the effects of heat and may begin 
to denature at a temperature as low as 45°C. Decreased 
solubility may accompany protein denaturation as heat- 
induced exposure of hydrophobic groups to solvent (ie, wa- 
ter) may result in the aggregation of unfolded protein mol- 
ecules (7). A reduction or loss of biological activity and 
increased water absorption, susceptibility to protease di- 
gestion, and intrinsic viscosity may also accompany (ther- 
mal) denaturation. In addition, heat-mediated chemical al- 
teration of proteins and their constituent amino acids can 
result (5,10). For example, dehydrogenation of serine, 
deamidation of glutamine and asparagine, and formation 
of new intra- and/or intermolecular covalent cross-links 
(eg, y-glutamyl-e-N-lysine) can significantly decrease the 
nutritional quality of proteins. 


Cold. At some stage between postharvest/postslaugh- 
ter and consumption, many foods are subjected to refrig- 
eration and/or freezing so that product quality be main- 
tained. However, just as the application of thermal energy 
can result in denaturation of proteins in foods, so too can 
the removal of thermal energy. Low-temperature denatur- 
ation of proteins is largely mediated by a reduction in hy- 
drophobic interactions in conjunction with enhanced hy- 
drogen bonding (Table 2). Thus, low temperatures can lead 
to aggregation and precipitation of proteins and/or to al- 
teration of quaternary structure. For example, cold inac- 
tivation (ie, 10°C) of the glycolytic enzyme phosphofructo- 
kinase occurs by dissociation of the tetramer to two dimers 


as a result of weakened hydrophobic interactions between 
subunits. 

The principal injurious effect of freezing is not low tem- 
perature per se, but the concomitant concentration of all 
soluble species as pure ice separates from the mixture. 
Concentration of acids and/or salts, resulting in large 
changes in pH and ionic strength, can have profound ef- 
fects on proteins. At high subzero temperatures, the extent 
of protein denaturation is greatest, whereas at or below 
the eutectic temperature of the food system, minimal dam- 
age occurs (4). Fish proteins are particularly susceptible to 
destabilization by freezing temperatures. As a result, fish 
may become tough and exhibit excessive drip loss on thaw- 
ing. Similarly, caseinate micelles of milk, which are rela- 
tively stable to heat, may be destabilized and coagulate 
during freezing. Not all proteins, however, are sensitive to 
freezing temperatures. In fact, several lipases and oxi- 
dases are resistant to freezing and remain active at sub- 
zero temperatures. In order to inactivate (ie, denature) 
these enzymes, foods are heat-treated (eg, blanching of 
vegetables) before frozen storage. 


Pressure. Generally, proteins are not sensitive to pres- 
sure, and only when large pressures are applied do they 
exhibit changes. It appears that in most cases the dena- 
turing effect is dependent on applied pressure, exposure 
time, pH, protein concentration, and temperature (44). 
Pressure-induced denaturation is thought to result from a 
decrease in protein volume accommodated by holes in the 
native protein structure and exposure of hydrophobic 
groups to solvent (45). The effects of shear on proteins are 
not unrelated to those for pressure. Shearing action during 
extrusion processing contributes to the texture of the final 
product; however, the denaturing effect of the shear plates 
is most likely secondary to the high temperatures and 
pressures used during texturization of the proteins. This 
subject has been reviewed (46). Shear denaturation can 
also occur during protein purification (eg, at pump heads 
and in chromatographic columns) and in immobilized en- 
zyme reactors (4). 


Interfaces. Gas-—liquid, liquid-liquid, and liquid-solid 
interfaces commonly occur in food systems, eg, emulsions, 
foams, and aerosols. These interfaces are thermodynami- 
cally unstable; however, compounds may be present or 
added, with an affinity for each phase, that reduce energy 
at the interface and stabilize the system. Proteins, owing 
to their amphoteric nature and relatively high molecular 
weights, tend to migrate to interfaces and, in so doing, re- 
duce interfacial tension between phases. The protein 
thereby adopts a higher energy state, ie, becomes dena- 
tured. This phenomenon is technologically exploited in the 
processing of such food products as milk, ice cream, butter, 
finely comminuted meats, cakes, and salad dressings. Yet 
denaturation of proteins at interfaces may also be detri- 
mental, a phenomenon to be avoided or at least controlled 
during food processing. 

The mechanism of denaturation at interfaces is a two- 
step process (Fig. 5), the first step involving rapid and 
diffusion-controlled sorption at the interface until a mono- 
layer of concentration 2 to 3 mg/m” is attained. The pro- 


——~COOH —=—> NH, 


LOR 


pensity of different proteins to become sorbed at interfaces 
is dependent on their structures. Proteins that do not con- 
tain sizable hydrophobic or hydrophilic regions, or that 
possess disulfide cross-linked stabilized structures, tend 
not to adsorb at interfaces. When proteins are sorbed at 
interfaces, their sorbed structure depends on the stability 
of the native conformation. Once sorption has occurred, 
protein molecules reorganize (eg, unfold) and become de- 
natured. This second step is rate-limiting, the rate being 
dependent on the conformational potential of the protein 
and its concentration. Detailed information on the dena- 
turation behavior of f-casein, bovine serum albumin, and 
lysozyme at interfaces is reported in References 47 and 48. 


Irradiation. Ionizing radiation (eg, , high-energy elec- 
trons) has been proposed for application in several areas 
of food processing, eg, inhibition of sprouting in onions, po- 
tatoes, and carrots; sterilization; and pasteurization. The 
effectiveness of irradiation as an antimicrobial agent has 
been well documented. However, at the levels of ionizing 
radiation required to destroy microorganisms (eg, 10 kGy), 
deterioration of sensory and nutritive quality may still re- 
sult from autolysis (49). In general, the dose of ionizing 
radiation required for complete enzyme inactivation in situ 
is about 10-fold greater than that necessary to destroy mi- 
croorganisms (50,51). Denaturation of proteins by irradi- 
ation is analogous to denaturation by other means; how- 
ever, the specific effects are dependent on the wavelength 
and energy of the applied field. Other factors include the 
nature of the protein (enzyme), water activity, protein con- 
centration and purity, oxygen tension, pH, and tempera- 
ture (50). The structural alterations that irradiation can 
induce in proteins (eg, amino acid oxidation, ionization, 
free-radical formulation, polymerization) are often medi- 
ated by radiolysis of water (43). If the applied energy is 
sufficiently high, covalent bonds may be ruptured. 


Chemical Denaturants 


pH. Manipulation of pH is one of the oldest modes of 
food preservation, often used in combination with other 
preservation methods, eg, thermal processing, refrigera- 
tion, fermentation. pH is a critical determinant of protein 
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‘ Figure 5. Two-step process of de- 


naturation at interfaces. 


conformation, stability, and function. Most proteins are 
stable over a characteristic pH range. Outside this range, 
denaturation can result from electrostatic repulsion of ion- 
ized groups within the protein molecule. The extent of de- 
naturation is determined not only by the number of ionized 
groups but also by the location of these groups within the 
protein molecule (5,10). pH-induced denaturation of pro- 
teins is influenced by such factors as temperature, dielec- 
tric constant of the solvent, and ionic strength. In general, 
at high pH proteins remain soluble, largely because of the 
predominance of negative charges and their repulsion. In 
some instances, native conformation may be recovered 
when the pH is adjusted back to the characteristic range 
of the protein. Conversely, at low pH, proteins often aggre- 
gate, because positive charges rarely predominate within 
the pH ranges typically encountered during food pro- 
cessing. 


Salts. Salts are used in many food processes and for- 
mulations for preservation and for development of flavor 
and texture. The denaturing effect of salts (ie, ions) on pro- 
teins in foods is difficult to assess: it is dependent on the 
nature of the protein, pH, and the size, charge, and con- 
centration of the ion(s). Salts may react directly with pro- 
teins via electrostatic interaction, or they may alter the 
structure and orientation of water molecules around pro- 
teins. Ions may salt in (ie, solubilize) or salt out (ie, pre- 
cipitate) proteins according to their location in the Hof- 
meister (lyotropic) series: 


Ca?* > Mg?* > Lit > Nat > K+ > NH} 


PO$- > SO}- > citrate? > tartrate?” > acetate 
->CIl- > Br- > NO*- > T- > ClO; > SCN- 


Salting-in ions (eg, Cl-, ClO;) denature proteins, 
whereas salting-out ions (Ca?* SO} PO$-) stabilize na- 
tive protein conformation. Salting out is believed to result 
from competition between proteins and ions for available 
water (4,5,10). Denaturation of proteins via salting-in 
arises from charge neutralization with concomitant reduc- 
tion of hydrophobic effects. 
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Oxidation/Reduction. Various technological processes 
involve the use of oxidizing and reducing agents. Although 
not considered denaturants per se, these agents may lead 
to modification of amino acid residues (ie, cysteine, methi- 
onine, tryptophan, tyrosine, histidine), thereby resulting 
in protein denaturation. Food-grade oxidizing agents in- 
clude peroxides (eg, H,O2, benzoyl peroxide), which are 
used for cold sterilization of milk and milk products and 
for bleaching of flour. Catalysts of lipid peroxidation (eg, 
light, heat, divalent metal ions, irradiation) also promote, 
directly and indirectly (ie, via reaction with lipid peroxides 
and their degradation products), oxidation of proteins. Bro- 
mates and oxidizing enzymes, which promote thiol- 
disulfide interchange through mild oxidation, are often 
used in the baking industry to improve the viscoelastic 
properties of gluten proteins. Reducing agents such as cys- 
teine and ascorbic acid, which are commonly added to fruit 
juices, can similarly cause protein denaturation, but by 
disruption of disulfide cross-links. Alkaline conditions may 
also induce disulfide reduction in addition to lysinoalanine 
formation. Denaturation by reducing agents increases the 
susceptibility of the proteins to subsequent proteolysis and 
modification reactions. 


DENATURATION OF FOOD PROTEINS 


Controlled protein denaturation and associated reactions 
arising from processing of foods and isolated proteins are 
critical for some applications, eg, the formation of emul- 
sions, foams, gels, and fibers. The following is a discussion 
of the effects of various environmental and processing fac- 
tors on the major food protein classes (ie, meat and fish, 
milk, egg, plant). 


Meat and Fish Proteins 


The characteristics of proteins that affect their properties 
in comminuted meat products are not well defined (52). 
‘The ability of proteins to bind water and fat, as well as to 
retain these two components during heating and storage, 
is critical in the manufacture of processed meat products. 
Binding properties affect not only cook yield, but also final 
appearance and texture. Evaluation of individual muscle 
proteins suggests that the salt-soluble proteins (ie, myo- 
fibrillar proteins) are the major contributors in emulsifi- 
cation. Meat proteins generally display improved emulsi- 
fication properties in the presence of increasing salt 
concentration, especially at pH values near or below their 
isoelectric points (pI). This apparent salt-induced shift in 
pl serves to increase or maintain protein solubility, an es- 
sential requirement for emulsification (53). 

The emulsification properties of meat and fish protein 
are affected by changes in solubility, as induced by frozen 
storage, heating, and pH. However, solubility is not a good 
predictor of emulsification or other functional properties. 
One study reported that the amount of soluble protein 
from fresh meat sources was highly correlated with emul- 
sification properties, irrespective of original meat source 
(54). For frozen or cooked meat, however, not only did the 
soluble protein content decrease, but the remaining non- 
coagulated soluble protein had lower emulsification prop- 


erties compared to fresh meat sources. This observation 
was attributed to denaturation of soluble proteins that 
could have been caused by shearing during emulsification. 
Undenatured proteins are required for good emulsification 
properties since they possess greater conformational po- 
tential. Shear-induced protein denaturation may be fol- 
lowed by aggregation, this being intensified with increas- 
ing protein concentration. Dissociation of muscle protein 
complexes and subsequent protein denaturation without 
accompanying aggregation results in increased hydropho- 
bicity of the salt-extractable proteins, with little change in 
their solubility or total sulfhydryl group content. Protein 
denaturation may be enhanced by hydrophobic association 
of the polypeptide chains at oil /water interfaces, resulting 
in a much larger available protein volume/surface area 
and increasing emulsifying capacity (1). Under moderate 
heating conditions (ie, <50°C), emulsification and func- 
tional properties of salt-extracted meat and fish proteins 
are often improved. At higher temperatures (ie, 50-70°C), 
functional properties are impaired, ie, proteins aggregate 
as reflected in decreased solubility and sulfhydryl group 
content. In addition, at temperatures above 70°C, proteins 
display decreased hydrophobicity (55). 

The setting of a meat emulsion in comminuted products, 
in addition to binding of meat pieces in restructured or 
reformed products, is believed to be based on the estab- 
lishment of a stable protein gel. Gelation arises from pro- 
tein denaturation and subsequent association to form a 
three-dimensional matrix and is generally heat initiated, 
because raw meat pieces do not significantly bind to each 
other (56). An exception is the low-temperature (about 4°C) 
setting of sols from certain fish species that can occur on 
storage. During gel formation, exposure of sulfhydryl 
groups has been observed (55), in addition to shifts in pI 
caused by exposure of previously masked charged groups 
(57). 

Perishability and compositional variations affect the 
use of fish muscle protein as a raw food material (eg, in the 
manufacture of kamoboko and surimi) (52). Aside from mi- 
croorganisms and oxidative rancidity, the most conspicu- 
ous determinants of the quality of fish muscle proteins are 
alterations in functional properties, a direct reflection of 
protein denaturation (58). Formaldehyde is often produced 
during the storage of fish, especially gadoids, and has been 
implicated in the toughening of fish muscle during frozen 
storage. Through interaction with the side chain groups of 
fish muscle proteins, formaldehyde can increase the rate 
of protein denaturation, leading to aggregation of proteins 
and subsequent toughening (59). Denaturation of fish mus- 
cle proteins, especially on frozen storage, may also result 
from oxidation of free fatty acids and lipid peroxides or 
lipid-protein complex formation. When fish muscle pro- 
teins are thermally or surface denatured, the degree of de- 
naturation is intensified in the presence of lipids. Yet, in 
other instances, intact lipids may function to stabilize and 
protect these proteins (53). 


Milk Proteins 


Milk proteins can be divided into two major groups: caseins 
and whey (or serum) proteins. Of these two, whey proteins, 


which are produced by heat precipitation and are used ex- 
tensively as food ingredients, are extremely thermal labile 
(60). Thermal denaturation of whey proteins in fluid milk 
is manifested by the development of cooked flavor (61). Ef- 
ficient use of whey as a functional food ingredient requires 
a knowledge of the denaturation behavior of individual 
whey proteins (62). Whey protein denaturation is consid- 
ered a two-stage process: (/) disruption of tertiary and sec- 
ondary structure, followed by (2) aggregation and coagu- 
lation, a phenomenon often associated with gel formation 
(5). Disulfide interchange reactions are largely responsible 
for aggregation and coagulation of -lactoglobulin (a major 
component of whey) (63). The ability of whey proteins to 
form heat-induced gels is important in many food systems 
(eg, yogurt). Factors important in gelation include tem- 
perature, duration of thermal treatment, type and concen- 
tration of ions, state of the sulfur-containing amino acids, 
type of acidulant, and total solids concentration. In gen- 
eral, increases in total solids offer a protective effect by 
decreasing the rate and extent of whey protein denatura- 
tion (64). The presence of ions affects the thermal aggre- 
gation of f-lactoglobulin variably: phosphate and citrate 
inhibit, whereas calcium enhances, aggregation (65). Ther- 
mal denaturation of whey proteins modifies the course of 
milk coagulation and the rheological properties of the curd 
formed by acid or enzymes. In milk, thermally induced for- 
mation of intermolecular disulfide linkages occurs between 
unfolded -lactoglobulin molecules and between unfolded 
B-lactoglobulin and casein micelles (ie, x-casein and pos- 
sibly a,)-casein) (66). At temperatures in excess of 100°C, 
whey proteins may be extensively bound to casein micelles, 
thereby altering their surface properties. 

Nonfat dry milk (NFDM) is used extensively in formu- 
lated foods and is produced from pasteurized skim milk, 
which is vacuum concentrated and spray-dried under con- 
ditions that result in either a low-heat or high-heat prod- 
uct. Low-heat NFDM is required for most applications that 
depend on a highly soluble protein (eg, emulsification) be- 
cause it is processed under conditions that minimize whey 
protein denaturation and complexation with casein mi- 
celles (67). The casein proteins (ie, a-, f-, and x-caseins) 
are generally not heat coagulable. In normal fluid milk, 
caseins resist coagulation for as long as 14 h at boiling 
temperatures or 1 h at 130°C. Thermocoagulation of casein 
in milk can occur as a result of compositional changes 
within the milk itself induced by sustained exposure to 
high temperatures (eg, increased acidity, a shift from sol- 
uble to colloidal forms of calcium and phosphates, dena- 
turation, and hydrolysis of other milk proteins). Coagula- 
tion of milk is often attributed to the destabilization of 
casein micelles; however, this phenomenon may be the 
summation of many changes in the colloidal system (68). 


Egg Albumin Proteins 


The albumins (eg, ovalbumin, ovotransferrin, ovomucoid) 
are among the most widely used proteins in food formu- 
lation, owing to their exceptional gelling and whipping 
properties. Their functional diversity is directly attribut- 
able to their susceptibility to a variety of denaturants (69). 
Denaturation of albumins is a discrete phenomenon, the 
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extent of which is dependent on temperature, pH, salt, and 
moisture content (69). When used in food formulations, egg 
protein gels that have been thermally set support and bind 
other ingredients within the matrix and contribute to the 
texture of the product (5,10). The extent of egg protein gel- 
ation (ie, denaturation) is influenced by the degree of oxi- 
dation of free sulfhydryls to form inter- or intramolecular 
disulfide linkages. For example, strong oxidizing agents, 
such as the metallic cations Fe®* and Cu’*, in addition to 
potassium iodate, enhance gel formation. However, hydro- 
gen peroxide and potassium bromate, comparatively weak 
oxidizing agents, have little influence on gel strength. At 
alkaline pH values (eg, 9-10), reduction of disulfide link- 
ages may occur that could also affect gel strength. 

Egg albumin proteins are often pasteurized to facilitate 
their later use in formulated food products. Pasteurization 
generally does not affect their functional properties. How- 
ever, ovotransferrin is more prone than ovalbumin to ther- 
mal denaturation. Ovalbumin is most stable at pH7.0, 
whereas ovotransferrin is least stable to thermal denatur- 
ation at this pH (5,10,69). At pH 6.8 and 50°C, up to 50% 
of the ovotransferrin is denatured in 4 to 5 min. In the 
presence of metals (eg, iron and aluminum), however, con- 
formation of this protein is stabilized by a chelation-type 
mechanism. This protective effect is the impetus for the 
addition of aluminum and adjustment of pH to 7.0 with 
lactic acid before pasteurization of egg whites. Alternative 
pasteurization processes rely on lower temperatures and 
the addition of antibacterial agents (eg, hydrogen perox- 
ide) (69). The native conformation of ovomucoid is resistant 
to extremes of pH and temperature. Prolonged exposure of 
ovomucoid to temperatures of 100°C does not alter its 
physicochemical properties. Its stability is attributed 
largely to intramolecular disulfide linkages (70). Denatur- 
ation of ovomucoid is suggested to be a three-stage process 
involving denaturation of each of three separate domains 
within the protein (71). If exposure to denaturing condi- 
tions is not prolonged, denaturation of ovomucoid is re- 
versible (72). 

Surface tension, important in such functional proper- 
ties as foaming and emulsification, of egg and other pro- 
teins decreases markedly as denaturation proceeds. Ther- 
mal denaturation without coagulation improves surface 
properties (Table 1). This again implicates, as with meat 
proteins, the limited importance of solubility for functional 
(eg, surface) properties. Once sorbed at the interface, sur- 
face hydrophobicity plays a more dominant role in the 
foaming and emulsifying properties of egg proteins than 
does solubility. 


Plant Proteins The impetus for utilization and develop- 
ment of (new) plant protein resources has been twofold: (1) 
to supplement, simulate, and/or replace muscle protein 
systems, and (2) to meet the increasing nutritional require- 
ments of an increasing Third World population. Detailed 
reviews concerning denaturation of plant proteins in re- 
lation to their functional properties and food applications 
have been published (1,73). 

Soybeans have been used in food systems, owing to their 
excellent functional and nutritional qualities. The major 
globulins of soy protein are conglycinin (7S) and glycinin 
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(118). On heating, the subunits of both of these proteins 
can dissociate and reassociate in different ways. Forma- 
tion of soluble aggregates of soy protein and the existence 
of sol, progel, gel, and metasol states and the roles of dif- 
ferent forces in their formation have been discussed (74). 
The 11S globulin oligomer appears to undergo only minor 
changes on heating, retaining its quaternary structure and 
undergoing little obvious denaturation during formation of 
a gel when heated to 100°C (75). The importance of the 
overall hydrophobicity of unfolded proteins, rather than 
the surface hydrophobicity of undenatured proteins, for 
thermal functional properties has been noted for various 
proteins. High-heat treatment (121°C) of soy protein iso- 
late at pH 5.5 led to a marked increase in overall hydro- 
phobicity and a large reduction of solubility and emulsion 
stability (76). In contrast, the same heat treatment at pH 
7.2 caused a moderate increase in overall hydrophobicity 
and a large increase in solubility and emulsifying proper- 
ties. It is evident that environmental factors (eg, pH, heat) 
have a major impact on the functional properties of soy 
proteins. 

Peanut and soy proteins that are heat denatured with- 
out any accompanying precipitation show enhanced foam- 
ability (77). Factors affecting foaming of these proteins in- 
clude structural properties of the proteins per se (eg, 
flexibility, exposure of hydrophobic/hydrophilic groups, 
surface charge), ease of unfolding, and the Marangoni ef- 
fect (ie, the ability to concentrate rapidly at a stress point). 
Also important are environmental factors such as tem- 
perature, pH, ionic strength, viscosity, and the presence of 
other components such as denaturants that could affect 
the intrinsic properties of the proteins (53). 

The unique ability of wheat flour to form a cohesive and 
viscoelastic paste or dough when mixed and kneaded is due 
primarily to the properties of the two classes of principal 
storage proteins, gliadins and glutenins. These are collec- 
tively referred to as gluten proteins. Glutenins are respon- 
sible for the elasticity, cohesiveness, and mixing tolerance 
of the dough, whereas gliadins facilitate fluidity, extensi- 
bility, and expansion of the dough, thus contributing to loaf 
volume. A proper balance of both gluten proteins is essen- 
tial for bread making. During the mixing and kneading of 
hydrated wheat, the gluten proteins orient, align, and par- 
tially unfold (ie, denature). Protein unfolding enhances 
both hydrophobic interactions and the formation of disul- 
fide cross-links through disulfide interchange reactions, re- 
sulting in establishment of a three-dimensional matrix 
that serves to entrap starch granules and other dough com- 
ponents. The cleavage of disulfide cross-links by reducing 
agents such as cysteine destroys the cohesive structure of 
the hydrated dough. The addition of oxidizing agents such 
as bromate increases toughness and elasticity by promot- 
ing disulfide linkage formation. In addition to the gluten 
proteins, soluble proteins (ie, albumins and globulins) that 
are found in minor quantities denature and aggregate to 
aid in gel formation, thus contributing to setting of the 
bread crumb (78). 

Drying, roasting, and cooking are thermal treatments 
routinely used to process plant proteins. These processes 
can cause substantial protein denaturation. Oat globulin, 
the major protein fraction in oats, has a quaternary struc- 


ture similar to that of soy 11S globulin (glycinin), a heat- 
coagulable protein. Differential scanning calorimetry 
showed that oat globulin, heated under conditions induc- 
ing gelation, was not extensively denatured and exhibited 
highly cooperative transition characteristics (79). When 
1% oat globulin was heated, aggregation and precipitation 
occurred. Ultraviolet and fluorescence spectra of soluble 
and insoluble fractions indicated no marked protein un- 
folding in the former fraction, but extensive denaturation 
in the insoluble aggregates. The insoluble fraction had sig- 
nificantly higher surface hydrophobicity than the soluble 
fraction and unheated protein (80). 

Sonication has been used as a means to solubilize plant 
proteins and isolates/meals. Heat-treated, acid-precipi- 
tated soy proteins, intermediates in the commercial pro- 
duction of isolated proteins from defatted soybeans, have 
been dispersed by sonication (81). Changes in flow prop- 
erties may have been derived from ultrasonic-induced dis- 
sociation of protein aggregates formed during thermal 
treatment. This was considered to be associated with par- 
tial cleavage of intermolecular hydrophobic interactions, 
but not cleavage of peptide or disulfide bonds. It was pos- 
tulated that ultrasonically exposed hydrophobic regions 
are subsequently buried through rearrangement of the mo- 
lecular structure, conferring greater hydrophilicity to the 
protein (81). However, it has been shown that sonication 
leads to agglomeration and aggregation, particularly of the 
7S fraction (82). The ultrasonic action may have (1) pro- 
moted hydrophobic interactions between globular pro- 
teins; (2) induced formation of complex mixtures, as in the 
case of apolipoproteins; or (3) altered the equilibrium 
protein-protein and/or protein-lipid interactions, thereby 
favoring the formation of a cluster-type structure. 

Thermoplastic extrusion technology has been used to 
texturize many plant proteins, especially soy, to produce 
fibrous structures that simulate meatlike products (83). 
The process begins with moistened, defatted soy flour, 
which is fed into an extruder where it is worked and 
heated, causing the protein molecules to denature and 
form new cross-linkages that result in a fibrous structure. 
The heated plasticized mass is forced through a die to form 
expanded texturized strands of vegetable proteins that 
have meatlike characteristics on rehydration (84). Extru- 
sion of plant proteins has been reviewed (46). 


STABILIZATION OF PROTEINS 


The intrinsic instability of some proteins can be problem- 
atic for some food processing applications, eg, the use of a 
less-stable enzyme would require more time and larger 
amounts of enzyme to achieve the same processing goal as 
compared to a more stable enzyme. Following the intro- 
duction of site-directed mutagenesis in 1982 (85), research 
focused on the improvement of stability of proteins by site- 
specific mutations rather than random mutations. This ap- 
proach was based on the hypothesis that the stability of 
proteins was governed by (1) bonds and interactions, (2) 
conformational factors, and (3) protection by modifications 
(86). To test this hypothesis, new disulfide bonds were in- 
troduced to stabilize various proteins, eg, T4 lysozyme 


(87,88), subtilisin (89-91), dihydrofolate reductase (92), 
and J repressor (93). 

In a series of experiments, Matthews et al. stabilized 
T4 lysozyme using different strategies, eg, e-helix dipoles, 
entropy, conformation strain, and hydrophobic interac- 
tions (94,95). An 8°C increase in T,,, (melting temperature) 
using a combination of strategic mutations was achieved 
(96-101). By changing the hydrophobic interaction be- 
tween the subunits of L-lactate dehydrogenease, a 10°C in- 
crease in T,,, was achieved (102). As an alternative type of 
hydrophobic interaction manipulation, site-specific glyco- 
sylation of hen egg white lysozyme resulted in a dramatic 
increase of thermostability (103). Suzuki et al. reported 
that the introduction of proline could stabilize protein by 
stabilizing the secondary structure (104). T4 lysozyme was 
stabilized by introducing a proline residue into an a-helix 
(105). Nakamura et al. also showed that Bacillus neutral 
protease was stabilized by introducting proline into a core 
a-helix (106). 

Despite many successful reports on the stabilization of 
protein by site-directed mutagenesis, there is still no gen- 
eral theory to predict the site to be mutated. Gilis and 
Rooman used the solvent accessibility of the residues to 
determine the mutation site (107,108). The prediction of 
stabilization was based on a database containing the re- 
sults of the mutation studies of various proteins. 

Fersht’s group, using barnase, conducted a series of mu- 
tation studies on their effects on stability and concluded 
the effects were varied even in a certain kind of the inter- 
actions, depending on the context (109,110). Furthermore, 
research based on the this hypothesis required that the 
three-dimensional structures be known in order to deter- 
mine the mutation site. 

Future research could provide a general theory on pro- 
tein stabilization. Serrano et al. suggested one such pos- 
sible theory. Systematic multiple mutation could stabilize 
proteins without the knowledge of the three-dimensional 
structures but would be dependent on two proteins with 
high sequence similarity (111). The reader is referred to 
the article by Jiminez-Flores and Bleck regarding recent 
advances in food protein biotechnology (112). 


CONCLUSION 


Various processing and environmental factors influence 
the functional properties of proteins; however, despite ad- 
vances in molecular biology and analytical techniques the 
molecular basis for induced functional changes still re- 
mains ill defined. The reader is referred to articles by 
Jimenez-Flores and Bleck (112) and Yada et al. (113) for 
references regarding to recent advances in food biotech- 
nology and analytical techniques, respectively. Although 
great gains have been made in the understanding of pro- 
tein structure and its stabilization and, therefore, func- 
tionality, a need still exists to better define and character- 
ize the denaturation of (specific) proteins if we are to 
control this phenomenon and take advantage of the tech- 
nological attributes that proteins have to offer. Methodol- 
ogy by which to recognize denaturation when it occurs 
must be standardized. That food by its very nature is a 
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multicomponent system in which a myriad of interactions 
can/have occurred makes this a foreboding task. Yet, in 
order to meet this mandate, the use of multicomponent or 
actual food systems is required. It must be stressed that 
although every protein has a unique structure and, there- 
fore, unique conformational potential, the behavior of a 
protein in a given system is governed by thermodynamic 
and kinetic constraints. 
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PROTEINS: STRUCTURE AND FUNCTIONALITY 


This discussion of protein structure begins with amino 
acids as building blocks of proteins, followed by different 
levels of protein structure. Chemical forces that maintain 
the protein structure or change the structure level are then 
explained. Interactions of proteins, especially protein— 
protein, protein—lipid and protein—-water interactions, are 
briefly reviewed. Finally, structure—function relationships 
are discussed. For more details, readers are referred to the 
work by R. D. Ludescher (1). 

Four levels of structural organization in proteins can be 
distinguished: primary, secondary, tertiary, and quater- 
nary structures. These terms refer to the amino acid se- 
quence, the regular arrangements of the polypeptide back- 
bone, the three-dimensional structure of the globular 
protein, and the structures of aggregates of globular pro- 
teins, respectively. In addition to this classification, the su- 
persecondary structure is frequently described, which re- 
fers to association products of secondary structure, eg, 
coiled-coil a-helix in which two a-helixes are wound around 
each other, a-$ mixed structure, and faf-unit structure 
(2). Furthermore, domain refers to a structurally indepen- 
dent unit that has the characteristics of a small globular 
protein (3). A domain is composed of supersecondary struc- 
tures. Domains often have a specific function. A functional 
motif (sequences shorter than 25 amino acids) or domain 
(larger than 50 amino acids) is part of a protein that serves 
a particular function (4). 


AMINO ACIDS 


Twenty standard amino acid residues occur in proteins. 
These are listed in Table 1 in the order of their general 
abundance in proteins in nature (2). The three-letter and 
one-letter abbreviations that are commonly used are in- 
cluded. 


Amino Acid Analysis 


The amino acid composition of proteins is analyzed after 
hydrolysis of the proteins. Acids or proteases are used for 
the hydrolysis. Because of the lability of some amino acids 
(eg, tryptophan, especially in the presence of carbohy- 
drates, and sulfur-containing amino acids), enzymatic hy- 
drolysis is preferable. However, because of the difficulty in 
achieving complete hydrolysis and high costs of the re- 
quired enzyme mixtures, acid hydrolysis is more popular. 
To avoid the destruction of those amino acids during hy- 
drolysis, methanesulfonic acid (7), mercaptoethanesulfonic 
acid (8), or thioglycolic acid (9) may be used for hydrolysis 
instead of the otherwise commonly used 6 N hydrochloric 
acid. 

High-performance liquid chromatography (HPLC), es- 
pecially using a cation exchange column, has been the most 
popular method for amino acid analysis of the resultant 
protein hydrolysate. However, reverse-phase (RP) chro- 
matography with a Cys or Cg column before or after deriv- 
atization of amino acids with o-phthaldialdehyde is con- 
venient for detection using a fluorometric detector (10). 
This is because of simpler solvent systems required for 
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This discussion of protein structure begins with amino 
acids as building blocks of proteins, followed by different 
levels of protein structure. Chemical forces that maintain 
the protein structure or change the structure level are then 
explained. Interactions of proteins, especially protein— 
protein, protein—lipid and protein—-water interactions, are 
briefly reviewed. Finally, structure—function relationships 
are discussed. For more details, readers are referred to the 
work by R. D. Ludescher (1). 

Four levels of structural organization in proteins can be 
distinguished: primary, secondary, tertiary, and quater- 
nary structures. These terms refer to the amino acid se- 
quence, the regular arrangements of the polypeptide back- 
bone, the three-dimensional structure of the globular 
protein, and the structures of aggregates of globular pro- 
teins, respectively. In addition to this classification, the su- 
persecondary structure is frequently described, which re- 
fers to association products of secondary structure, eg, 
coiled-coil a-helix in which two a-helixes are wound around 
each other, a-$ mixed structure, and faf-unit structure 
(2). Furthermore, domain refers to a structurally indepen- 
dent unit that has the characteristics of a small globular 
protein (3). A domain is composed of supersecondary struc- 
tures. Domains often have a specific function. A functional 
motif (sequences shorter than 25 amino acids) or domain 
(larger than 50 amino acids) is part of a protein that serves 
a particular function (4). 


AMINO ACIDS 


Twenty standard amino acid residues occur in proteins. 
These are listed in Table 1 in the order of their general 
abundance in proteins in nature (2). The three-letter and 
one-letter abbreviations that are commonly used are in- 
cluded. 


Amino Acid Analysis 


The amino acid composition of proteins is analyzed after 
hydrolysis of the proteins. Acids or proteases are used for 
the hydrolysis. Because of the lability of some amino acids 
(eg, tryptophan, especially in the presence of carbohy- 
drates, and sulfur-containing amino acids), enzymatic hy- 
drolysis is preferable. However, because of the difficulty in 
achieving complete hydrolysis and high costs of the re- 
quired enzyme mixtures, acid hydrolysis is more popular. 
To avoid the destruction of those amino acids during hy- 
drolysis, methanesulfonic acid (7), mercaptoethanesulfonic 
acid (8), or thioglycolic acid (9) may be used for hydrolysis 
instead of the otherwise commonly used 6 N hydrochloric 
acid. 

High-performance liquid chromatography (HPLC), es- 
pecially using a cation exchange column, has been the most 
popular method for amino acid analysis of the resultant 
protein hydrolysate. However, reverse-phase (RP) chro- 
matography with a Cys or Cg column before or after deriv- 
atization of amino acids with o-phthaldialdehyde is con- 
venient for detection using a fluorometric detector (10). 
This is because of simpler solvent systems required for 
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Table 1. Properties of the Amino Acid Residues of Proteins 


Threeletter __Onerlettersymbol_— lecular pK value of 

Amino acid symbol Symbol Mnemonics weight* side chain Hydrophobicity’  Bulkiness® 
Alanine Ala A Alanine 7 0.06 11,50 
Glutamate Glu E GluEtamate 128 43 -0.10 13.57 
Glutamine Gin Q Q-tamine 128 0.31 14.45 

Either E or Q Glx Z 
Aspartate Asp D AsparDate 14 39 0.20 11.68 
Asparagine Asn N AsparagiNe 114 0.25 12.82 

Either D or N Asx B 
Leucine Leu L Leucine 113 3.50 21.40 
Glycine Gly G Glycine 87 0.21 3.40 
Lysine Lys K Before L 129 10.5 -1.62 15.71 
Serine Ser s Serine 87 —0.62 9.47 
Valine Val Vv Valine 99 1.59 21.57 
Arginine Arg R ARgining 157 12.5 -0.85 14.28 
Threonine Thr g Threonine 101 0.65 15.77 
Proline Pro P Proline 97 0.71 17.43 
Tsoleucine lle I Isoleucine 113 3.48 21.40 
Methionine Met M Methionine 131 0.21 16.25 
Phenylalanine Phe F Fenylalanine 147 4.80 19.80 
Tyrosine Tyr b 4 TYrosine 163 10.1 1.89 18.03 
Cysteine Cys Cc Cysteine 103 0.49 13.46 
Tryptophan Trp WwW tW0 rings 186 2.29 21.61 
Histidine His H Histidine 137 6.0 2.24 13.67 
Undetermined or nonstandard x 


“Weighted mean of relative molecular weight of all residues: 108.7. 
*Hydrophobicity coefficients (X) derived from RP-HPLC of peptides, X = (ATb) (ATA)~! where A is a sequence matrix and b is a mole fraction matrix (5). 
“Bulkiness (A) used for computation of protein compressibility (6). 


eluting the amino acids from the column and quicker elu- 
tion (less than 30 min) compared to ion exchange chro- 
matography. The fluorometric RP chromatography can ac- 
curately quantify 5 pmol of 50-kDa protein, 2~3 times more 
sensitive than ion exchange/ninhydrin detector systems. 
Gas-liquid chromatography (GLC) is also being used for 
amino acid analysis after derivatization of amino acid. The 
purpose of this derivatization is to make the amino acids 
volatile by changing them to, for instance, N(O,S)- 
isobutoxycabonyl methyl esters among many other deriv- 
atization techniques. All serum amino acids were mea- 
sured by gas chromatography (GC) with flame ionization 
detector using a DBO17 capillary column in 9 min. Overall 
recoveries of amino acids added to serum samples were 88-— 
108% (11). Recently, isotope dilution GC/electron capture 
ionization mass spectrometry was reported for less than 
100 fmol amino acids in protein hydrolysates (12). 

Progress has been made recently also in the RP/HPLC 
after precolumn derivatization. Rapid derivatization and 
direct injection without cleaning is now feasible by using 
6-aminoquinolyl-n-hydroxysuccinimidyl carbamate for de- 
rivatization for fluorometric detectors (13). By using phen- 
ylisothiocyanate for derivatization, a UV detector that is 
more popular on HPLC instruments can be used with simi- 
lar detectability as fluorometric detectors (14). 


PRIMARY STRUCTURE 


The backbone of polypeptide chains is described by two 
dihedral angles per residue: g and w at the C* atom. Ina 


peptide linkage -NH-C*H(R)-CO-NH-, the angles of 
-NH-C*-, -C*-CO-, and -CO-NH- are angles ¢, y, and a, 
respectively (Fig. 1). The two broken lines in Figure 1 show 
the location of peptide linkages with an amino acid residue 
-NH-C*H(R)-CO- between these two linkages. 

The genetic code involving the sequence of purine and 
pyrimidine bases in the DNA strand determines the se- 


a 
i+ 


Figure 1. Polypeptide chain linking two peptide units. The chain 
is shown in a fally extended conformation with all g,, y;, and a 
angles greater than 180°. Source: Ref. 15. 
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quence of amino acids along the protein chain. Each group 
of three bases along the messenger RNA strand specifies 
a particular amino acid, and the sequence of these triplet 
groups dictates the sequence of the amino acids in the pro- 
teins. The genetic code is, however, degenerate; that is, 
most amino acids are coded by more than one codon. There- 
fore, a nucleotide sequence cannot be derived from the co- 
linear amino acid sequence. But an unknown amino acid 
sequence can be deduced from the colinear nucleotide se- 
quences. Thus, protein sequence can be determined by an- 
alyzing the underlying nucleotide sequence. 


Sequence Analysis 


For peptide sequence analysis, solid-phase Edman degra- 
dation has been used. Lately, gas-phase microsequencing 
has become popular. First, a phenylthiocyanate or other 
similar isocyanate solution is added, and then lower al- 
kylamines, eg, triethylamine, in vapor are delivered by a 
stream of argon gas to convert the peptide sample on a 
porous support into a phenyl thiocarbamylated peptide. 
Then trifluoroacetic acid or another similar fiuoride- 
containing organic acid in vapor form is delivered to lib- 
erate the phenylthiohydantion (pth) amino acid deriva- 
tives. The resultant pth-amino acids are extracted and 
analyzed by RP/HPLC. This cycle is repeated until it 
reaches the COOH terminus of the peptide chain (16). In 
the case of larger protein molecules, fragmentation to 
small peptides is needed since there are limits on the chain 
length that can be analyzed. 

The advent of capillary electrophoresis in conjunction 
with nanoelectrospray mass spectrometry enabled the Ed- 
man sequencing of peptides and proteins using 5-10 pi- 
comoles of materials (17). 

Recent developments in nucleic acid cloning and se- 
quencing techniques have made the determination of the 
amino acid sequence of a protein straightforward, inexpen- 
sive, accurate, and rapid (18). For analysis of DNA se- 
quences, two methods are widely used: the enzymatic di- 
deoxy method and the chemical method. The difference is 
primarily in the technique used to generate the ladder of 
oligonucleotides. In the enzymatic dideoxy sequencing 
method, a DNA polymerase is used to synthesize a labeled, 
complementary copy of a DNA template. In the chemical 
sequencing method, a labeled DNA strand is subjected to 
a set of base-specific chemical reagents. A set of radiola- 
beled single-stranded oligonucleotides is generated in four 
separate reactions, either enzymatically or chemically. In 
each of the four reactions, the oligonucleotides have one 
fixed and one end that terminates sequentially at each A, 
T, G, or C, respectively. The products of each reaction are 
fractionated by electrophoresis on adjacent lanes of a high- 
resolution polyacrylamide gel. After autoradiography, the 
DNA sequence can be read directly from the gel. 


Characteristic Properties of Amino Acids 
in Protein Structure 


Each amino acid residue has its own characteristic prop- 
erty that cannot be replaced by another residue. All amino 
acid residues, except glycine, have characteristic side 
chains on the main chain linked through peptide linkage 


(2). Glycine increases flexibility to the main chain because 
it has no side chain but with only two hydrogens. A poly- 
peptide chain at a glycine residue has considerably more 
conformational freedom than at any other residue. Alanine 
is the smallest nonpolar residue that does not have much 
preference on whether it is located inside or on the surface 
of a protein molecule. The nonpolar side chains of valine, 
isoleucine, and leucine are branched, thus restricting in- 
ternal flexibility. Phenylalanine has the largest nonpolar 
side chain. Because of the single methylene group on CO’ as 
with the other two aromatic side chains (tyrosine and tryp- 
tophan), the side chain flexibility is restricted. Tyrosine 
has by far the most reactive side chain of the three aro- 
matic residues because of its hydroxyl radical. 

The side chain of proline is characteristic because the 
last atom of the side chain is bonded to the main chain N 
atom, forming a ring structure. This prevents the N atom 
from participating in hydrogen bonding and also provides 
a steric hindrance to the a-helical conformation (19). Con- 
sequently, proline has the smallest degree of conforma- 
tional freedom of all the amino acids, and a polypeptide 
chain at a proline residue has appreciably less conforma- 
tional freedom. This characteristic property of proline can 
be used for stabilizing protein structure; however, its lo- 
cation should be carefully chosen so that the new residue 
should neither create volume interferences nor destroy sta- 
bilizing noncovalent interactions (20). Proline introduction 
to the N-terminal end of active-site helix of Bacillus stearo- 
thermophilus neutral protease improved thermostability. 
The glycine residues on the N-terminal side of proline res- 
idue relaxed the possible strain that resulted from proline 
introduction, thereby increasing molecular rigidity (21). 
Methionine has a rather flexible side chain with a sulfur 
in a thioether bond. This sulfur introduces an electrical 
dipole moment. 

All the larger nonpolar residues, namely valine, isoleu- 
cine, leucine, phenylalanine, proline, tryptophan, and, toa 
lesser extent, methionine, are predominantly in the inside 
of protein molecules. Polar (uncharged) side chains form 
hydrogen bonds, for instance, serine and threonine have 
hydroxyl groups that form hydrogen bonds (1). Cysteine 
plays a special role by forming disulfide bridges between 
different parts of the main chain. A group can be activated 
in protein through specific hydrogen bonds, such as serine 
acting as a donor to an unprotonated imidazole group of a 
histidine. Such charge relay systems form an essential 
part of the active site of serine proteases. In both serine 
and threonine, the hydroxy] group can react with acids to 
form esters via enzyme-catalyzed reactions. Both are com- 
mon sites for phosphorylation, fatty acid esterification, and 
glycosylation in proteins. The acid amides of asparagine 
and glutamine can also form hydrogen bonds. The amido 
groups function as hydrogen donors and the carbonyl 
groups as acceptors. The side chain of glutamine is more 
flexible than that of asparagine because of its extra meth- 
ylene group. The polar hydroxyl group of tyrosine forms 
relatively strong hydrogen bonds. 

Histidine has a heterocyclic aromatic side chain with a 
pK value of 6.0. In the physiological pH range, its imidazole 
ring can be either uncharged or charged. This chemical 
equilibrium is suitable for catalyzing reactions. This is one 


of the reasons why histidine is found in several of the ac- 
tive sites of enzymes. Aspartate and glutamate, usually 
located at the molecular surface, are negatively charged at 
physiological pH. Because of the short side chain, the car- 
boxyl groups of aspartate are relatively rigid. This may be 
a reason why the carboxyl groups of active sites of en- 
zymes, eg, aspartyl proteinases, are mainly provided by 
aspartates and not glutamates. 

Most of the positively charged lysine and arginine res- 
idues are also at the molecular surface. They are long and 
flexible and do not usually adopt a defined conformation. 
‘The surface net charges of these residues in counterbal- 
ance with surface hydrophobicity increase the solubility of 
globular proteins (22). Sometimes they participate in in- 
ternal salt bridges or in catalysis. The «amino group of 
lysyl residues, and to a lesser extent the guanidinium 
groups of arginyl residues, are the target of enzyme action, 
which either modifies the side chain or cleaves the peptide 
chain at the carboxyl end of lysyl and arginyl residues of 
substrates. The e-amino group of lysine is considered to be 
the second-most reactive group in proteins, second to the 
cysteine sulfhydryl group. The most famous reaction of the 
«amino group of lysine is the formation of a Schiff base by 
the so-called Maillard reaction with aldehydes. 

The folding process of a polypeptide chain depends on 
the hydrophobicity of the side chains, because the forma- 
tion of a hydrophobic core in the globule seems to be one 
of the essential driving forces in folding. The hydrophobic- 
ity of amino acid residues is dependent on water-accessible 
surface area and dipole content. 


SECONDARY STRUCTURE 


Secondary structures are regular arrangements of the 
backbone of the polypeptide chain. They are stabilized by 
hydrogen bonds between peptide amide (>N-H) and car- 
bonyl (>C=O) groups. e-Helices and f-sheets make up 
about half the secondary structures of globular proteins, 
with the remainder occurring as tight turns, small loops, 
and random coils. 


Helices 


‘The backbone of a polypeptide chain forms a linear group, 
if its dihedral angles (9 = —60° and y = —50°) are re- 
peated. An a-helix with 3.6 amino acid residues per turn 
has a rise/residue ratio of 0.15 nm. The C =O group of each 
residue at position i is hydrogen bonded to the NH group 
at position i + 4. The polypeptide backbone forms a cyl- 
inder of 0.23 nm radius in which the backbone atoms are 
close-packed in van der Waals contact with each other in- 
side the helix. The hydrogen-bonding pattern generates a 
loop of connectivity through covalent and hydrogen bonds 
that includes 13 atoms in four turns of the helix (a 4)3 
helix). 

In addition to the a-helix, a shorter helix, a 3,9 helix, is 
sometimes observed in protein molecules. Its energetically 
disadvantageous geometry restricts frequent occurrence of 
the 31, helix in proteins; usually pieces of about one turn 
are observed. These pieces tend to be at the N and C ter- 
mini of a-helixes. 
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A third helical structure is the polyproline IT helix found 
in collagen (gelatin). This is an extended, left-handed hel- 
ical structure with 3.3 residues per turn generated by di- 
hedral angles of g = — 80° and y = + 150°. Stability of this 
structure relies on the specific conformational constraints 
of the proline residues by locking into g = —80° and not 
by hydrogen bonds. 


f-Pleated Sheet 


Extended polypeptide chains can associate by hydrogen 
bonding to form sheetlike structures in parallel f-sheets, 
with all f-strands pointed in the same direction, and in 
antiparallel f-pleated sheets, with alternate strands 
pointed in opposite direction. Individual f-strands or f- 
pleated sheets have a structure generated by a regular se- 
quence of dihedral angles (g = — 120° and y = + 140°) that 
orient the NH and C=O bonds nearly perpendicular to the 
long axis of the polypeptide chain. Also, the idealized - 
structure based on 2.0 residues per turn originally pro- 
posed was a flat pleated sheet structure; actual f-pleated 
sheets found in proteins usually have a left-handed twist. 
Globular proteins contain about 15% sheet structures. The 
average length of f-structure is about 6 residues, which is 
equal to 20 A in length, corresponding approximately to 
the diameters of domains. 


Reverse Turns (-Turns) 


An energetically economical and space-saving way of 
changing direction in a polypeptide chain involves four 
amino acid residues, which are often joined to chains in 
the f-sheet conformation with a 180° chain reversal. Re- 
verse turns (or loops) consist mostly of hydrophilic resi- 
dues. Reverse turns are common structural elements; ap- 
proximately one-third of the amino acid residues of 
proteins is found in this conformation. The best-known ex- 
amples are f-hairpins that link two adjacent strands of an 
antiparallel -pleated sheet. They are stabilized by hydro- 
gen bonds connecting the C=O on residue i to the NH on 
residue i + 2 ori + 3. At least, 15 different variants of 
reverse turns have been described and categorized (23). 
Because of the geometric constraints required for the turn, 
certain classes of turns have preferences for specific amino 
acids (glycine or proline) at specific positions. $-Turns link- 
ing contiguous f-strands are of considerable interest to bio- 
chemists because they are usually at the protein surface 
and often are involved in molecular recognition and anti- 
genicity. 

Examples of secondary structures are shown in Figure 
2; the ribbon-like coils at both right and left sides are a- 
helices; parallel §-sheets are at the center; a f-turn links 
the antiparallel £-sheet pair at the upper-right-hand cor- 
ner (this is the reason for naming of f-turn). 


DETERMINATION OF SECONDARY STRUCTURE 


A variety of methods have been used to determine second- 
ary structures of proteins. This section outlines those 
methods. 
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Figure 2, Secondary structure of phosphoglycerate kinase do- 
main 2. Source: Ref. 24, with permission. 


Infrared Spectroscopy 


Assignments of the amide I band to various secondary 
structures in H,O and D,0 are feasible by infrared spec- 
troscopy. Amide I-III bands are caused by a vibration in 
the plane of the amide group of the polypeptide backbone; 
C=O stretch, N-H bend, and C-N stretch and N-H bend 
are the main vibrations for amide I, II, and III, respec- 
tively. The individual secondary structure fractions yield 
distinct maxima. However, the resolution of these struc- 
tures in a globular protein that contains several of these 
structures is difficult because of the large half-widths of 
these structures, thereby interfering with their resolution. 
Least-squares optimization and Fourier deconvolution 
procedures have been used for the analysis of overlapping 
bands. Derivative spectroscopy is an alternative method 
for assessing the number and peak frequencies of the com- 
ponent peaks. The second derivative infrared spectra of 
various proteins have shown peaks associated with a- 
helical, §-sheet, and f-turn to be resolved and information 
pertaining to some amino acid side chains to be obtained. 

Infrared spectra of 13 globular proteins in water were 
obtained in 1800-1480 cm~'. High correlation coefficients 
of 0.80-0.99 were obtained between the infrared and X-ray 
estimates of ordered helix, disordered helix, ordered p- 
structure, disordered f-structure, turns, and remainder 
(25). 


Laser Raman Spectroscopy 


Raman and infrared techniques are complementary. Ra- 
man lines, derived-by a light-scattering effect measured by 


the emission of radiation from a vibrational exited state, 
are related to molecular polarizability originating from in- 
duced dipole moment, whereas infrared absorption is as- 
sociated with the permanent dipole moment during molec- 
ular vibration. The amide I and II bands are strong in the 
infrared spectrum, whereas the amide I and III bands are 
prominent in the Raman spectrum. By analyzing the am- 
ide I Raman band directly as a linear combination of amide 
I bands of proteins whose secondary structures are known 
from X-ray data, excellent correlation between Raman and 
X-ray diffraction estimates was obtained for helix, f- 
strand, and f-turn composition (26). 


Nuclear Magnetic Resonance Spectroscopy 


The nuclear magnetic resonance (NMR) method for study- 
ing protein conformation is based on the fact that “nuclei 
of the same element in different chemical environments 
give rise to distinct chemically shifted spectral lines.” The 
use of chemical shifts for the identification of specific sec- 
ondary structures, however, has not been successful in de- 
termining secondary structures other than a-helix. The in- 
troduction of the nuclear Overhauser effect (NOE) into 
NMR has provided a network of short, intramolecular dis- 
tance constraints between distinct locations along the 
polypeptide chain, which has allowed the characterization 
of other secondary structures. NOE is the enhancement in 
amplitude of the spectral line of nucleus observed during 
irradiation of one of a pair of coupled nuclear spins; irra- 
diation of nuclei can cause changes in the population ofthe 
spin-state of the nuclei. Proton—proton NOE distance in- 
formation was used for identification of polypeptide sec- 
ondary structures in noncrystalline proteins. The com- 
bined information on all of the distances obtained from 
visual inspection of the two-dimensional NOE (NOESY) 
spectra was sufficient for determination of helical and f- 
sheet secondary structures in small globular proteins. 

Although for larger proteins magnetic relaxation be- 
comes a limiting factor, the benefits of using uniform high- 
level (>96%) deuteration was shown to inhibit relaxation 
processes (27). Complete deuteration provides significant 
signal-to-noise enhancement in heteronuclear NMR as- 
signment and structure determination experiments, which 
uses the amide proton for detection. NMR pulse sequences 
lose sensitivity as the size of the protein under study in- 
creases above 25 kDa, mainly because of fast °C trans- 
verse relaxation via the strong dipolar coupling between a 
18C nucleus and its directly bonded protons. Since the gyro- 
magnetic ratio of °H is 6.5 times smaller than that of 1H, 
per deuteration dramatically reduces this relaxation. 

A recent news release stated that “A technique called 
TROST (transverse relaxation-optimized spectroscopy) 
now greatly reduces NMR line broadening with increasing 
molecular size, permitting NMR analysis of molecules far 
beyond 100 kDa in size” (28). 


Optical Rotatory Dispersion and Circular Dichroism 


It is generally accepted that optical rotatory dispersion 
(ORD) and circular dichroism (CD) are a direct reflection 
of protein secondary structure. CD uses circularly polar- 
ized light (180-260 nm) to illuminate the specimen instead 


of plane polarized light in the case of ORD. The inherent 
problem of ORD curve analysis (ie, ORD absorption bands 
are infinitely broader compared to CD bands) has resulted 
in increasingly popularity of CD spectra analysis. Com- 
puter programs have been developed to compute the con- 
tents of a-helix, parallel and antiparallel #-sheets, f-turn, 
and random coil. Efforts have been made to expand the 
spectral range into the far ultraviolet, as low as 180 nm, 
for more detailed characterization of the CD spectra; thus, 
more accurate information can be obtained for the five 
forms of secondary structure. However, mechanical diffi- 
culty of maintaining high vacuum during measuring CD 
spectra restricts broad use of this approach. Instead, spec- 
tral analysis using advanced computer-aided classification 
(eg, artificial neural networks) is increasingly more popu- 
lar (29). 


PREDICTION OF SECONDARY STRUCTURE 
AND MOLECULAR MODELING 


Many attempts have been made to predict protein struc- 
tures from their primary sequences using a variety of pa- 
rameters such as amino acid frequency, energy calculation, 
and 9 and y values. As a result of these studies, it was 
possible to identify and quantify the secondary structure 
of proteins based on sequence data alone, with some degree 
of accuracy. In one of the most common of the secondary 
structure prediction methods, a statistical survey was con- 
ducted for 15 proteins in which the a-helix, f-sheet, and f- 
turn conformational potentials of all 20 amino acids were 
established (30). A set of empirical rules was then derived 
that allowed for the determination of the folding of the sec- 
ondary structure regions in the proteins. Computer pro- 
grams for this prediction, including programs for personal 
computers, have been published. 

Although numerous prediction methods, in addition to 
the above Chou-Fasman approach (30), have been devel- 
oped, the accuracy of these methods has not been very 
high, which is undoubtedly a result of the probabilistic na- 
ture of the methods (31). Moreover, protein structure hi- 
erarchy is not so rigorous as to assume that the secondary 
structure formation of a certain segment is entirely depen- 
dent on the sequence information alone; other segments at 
a distance along the chain also exert an influence. 

To improve the correctness of prediction, attempts have 
been made by using sequence homology, multivariate anal- 
ysis, and especially energy minimization. It is generally 
agreed that the maximum correctness is expected to be far 
less than 80%. In contrast, molecular modeling is based on 
known three-dimensional structures of homologous mole- 
cules with the expectation of maximum accuracy in pre- 
diction of about 80% (32). 


TERTIARY AND QUATERNARY STRUCTURES 


Tertiary structure refers to the three-dimensional struc- 
ture of a polypeptide chain. The three-dimensional struc- 
ture of multisubunit proteins is then described by the term 
quaternary structure, which refers to that structure re- 
sulting from the interactions between polypeptide chains, 
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frequently through so-called self-association. However, in 
general, the three-dimensional structure includes all types 
of structure above the level of primary structure. 

Three-dimensional structures of several hundred pro- 
teins have been determined by X-ray crystallography, 
yielding the location and bonding of all the atoms in the 
polypeptide chains. Detailed three-dimensional protein 
structure can also be determined by NMR methods (33), 
which are advantageous because the structure of proteins 
in solution can be determined in contrast to the require- 
ment cf protein crystals in X-ray diffraction measurement. 
It is now possible to determine the three-dimensional 
structure of proteins with molecular weights up to 20,000 
routinely using NMR, provided that the protein can be ob- 
tained in large-enough quantities and is soluble and stable 
at room temperature over a period of days. This limit of 
molecular sizes is quickly increasing as described above 
(28). 

Oligomeric proteins and multienzyme complexes such 
as pyruvate dehydrogenase are representative of the low- 
est level of macromolecular structural organization. “Su- 
pramolecular structures,” such as ribosomes or the mem- 
branous components of the electron-transport chain, are 
examples of higher levels of macromolecular organization, 
which is the structural basis of life (3). 


MOLECULAR FORCES 


With the exception of disulfide bonds, molecular forces to 
maintain integrity of the structure are noncovalent, which 
are one to three orders of magnitude smaller than covalent 
energy. 


Dispersion Forces 


Dispersion forces occur between any pair of atoms. Each 
atom behaves like an oscillating dipole generated by elec- 
trons moving in relation to the nucleus of the atom. In a 
pair of atoms, the dipole in an atom polarizes the opposing 
atom. As a result, the oscillators are coupled, giving rise 
to an attractive force between the atoms. The theory of the 
attractive interaction between atoms is attributed to Lon- 
don (34), and such forces are often called London forces, or 
dispersion forces. They are long-range forces, arising from 
attractive forces between atoms over an extended distance. 

It was shown by London, following the appearance of 
quantum theory, that this relationship is also applicable to 
the dispersion energy between two nonpolar molecules due 
to polarization of the electron density in one molecule by 
charge fluctuation in the other. Except in highly polar ma- 
terials, it is the sum of London dispersion forces that con- 
tributes most to the total van der Waals attraction between 
macroscopic bodies. 


Repulsive Forces 


Short-range forces are repulsive, having their quantum 
mechanical origin in the overlap of electron density of ad- 
jacent molecules. Attractive and repulsive forces act si- 
multaneously and cannot be isolated. 
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Electrostatic Interactions 


Because covalent bonds between different types of atoms 
lead to an asymmetric bond electron distribution, most at- 
oms of a molecule carry partial charges. Because a neutral 
molecule has no net charge, it contains only dipoles or 
higher multipoles. These multipoles interact with each 
other according to Coulomb’s law. 


U = kqiqo/Dr (60) 


where U is the energy of association of two electric charges, 
qi and qz, that are separated by the distance r. D is the 
dielectric constant of the medium. 


Salt Bridges 


The association of two ionic groups of opposite charge is 
known as an ion pair or salt bridge with a short r such as 
4 A in equation 1. There are only a few salt bridges in 
proteins, with the exception of phosphoproteins and some 
glycoproteins. These salt bridges amount to about 10-20 
kcal/mol for adjacent carboxylate and ammonium groups. 
This value is higher than 3 kcal/mol of hydrogen bonds 
(35). Salt bridges are formed by about one-third of the 
charged residues; only 20% of these bridges are buried. 


van der Waals Potentials 


It is customary to combine all three noncovalent forces (ie, 
electron shell repulsion, dispersion forces, and electro- 
static interactions) into a single simple potential function, 
or force field, that is called the van der Waals potential for 
historical reasons. 


Hydrogen Bonds 


The interatomic distance of monovalent atomic contacts 
are significantly shorter than the value calculated as the 
sum of the corresponding van der Waals radii when one of 
the atoms is hydrogen. Because the entire electron shell of 
hydrogen is appreciably shifted onto the atom to which hy- 
drogen is covalently bound, the shell repulsion between 
contact partners is small, and the attracting charges can 
approach each other more closely. Such a short distance 
approach gives rise to a high attractive Coulomb energy 
and, therefore, a high dispersion energy. 


Hydrophobic Interaction 


The hydrophobic effect arises from the unfavorable inter- 
actions between water molecules and the nonpolar resi- 
dues of a protein. When a hydrocarbon molecule is intro- 
duced into water, it induces changes in water structure, 
frequently decreasing its entropy. To minimize this unfa- 
vorable entropy change, the nonpolar molecules are forced 
to coalesce into dipoles or globules, reducing their surface 
of contact with water. As a result, the protein chain is 
forced to fold into a micellar structure with the hydrocar- 
bon moiety on the inside of the globule and the polar 
groups on the outside. The removal of the nonpolar resi- 
dues from contact with water makes a major contribution 
to the free energy of conformational stabilization. Thus, in 


this theory, the hydrophobic effect is purely the result of 
the phobia of water when contacting with hydrocarbons. 


Disulfide Bonds 


Disulfide bonds between pairs of cysteine residues can 
cross-link different chains of a protein, which gives rise to 
covalent chain assembles. Disulfide bonds occur between 
different segments within a single polypeptide chain as 
well. These bridges play an important role in rheological 
properties of food proteins. For instance, the cohesive elas- 
tic character of wheat flour doughs is based on the disulfide 
bonds of glutenin, and the three-dimensional network of 
disulfide bonds in glutenin is responsible for the difficulties 
encountered during wet milling of corn. Rearrangement of 
disulfide bonds in a protein by sulfhydryl—disulfide inter- 
change reactions plays an important role in the regulation 
of activities of enzyme and immunoglobulins. By the cat- 
alytic action of sulfhydryl groups in low molecular weight 
compounds, eg, cysteine, glutathione and mercaptoetha- 
nol, proteins can be linked to each other to form large 
aggregates through a chain reaction. However, in the pres- 
ence of higher concentrations of these reducing com- 
pounds, disulfide bridges in proteins are reduced to sulfhy- 
dryl groups, thereby decreasing the molecular weights as 
well as viscosity. 

The measurement of sulfhydryl and disulfide contents 
of proteins is a very useful tool to assess protein structure. 
Raman spectroscopy is advantageous because sulfhydryl 
and disulfide groups appear as peaks in the spectrum, and 
even solid samples such as gels can be used for analysis 
with minimum pretreatment (36). 


INTERACTIONS 


Protein interactions are generally classified as the inter- 
actions of proteins with macromolecules and with small 
molecular weight compounds; a typical example of the for- 
mer is a protein-protein association and that of the latter 
is a protein-lipid or protein—water interaction. They are 
an important property in elucidating the mechanisms of 
food protein functionality. 


Protein-Protein Interaction 


Gel filtration chromatography and gel electrophoresis are 
the most popular methods to determine changes in the mo- 
lecular weight of proteins caused by interaction. However, 
to study chemical equilibrium, methods in which zonal sep- 
aration occurs should be avoided. For this reason, frontal 
gel filtration (37), sedimentation equilibrium ultracentri- 
fugation (38), light-scattering spectroscopy (39), and fluo- 
rescent polarization (40) are appropriate to use. Associa- 
tion constants of food proteins are in the order of 104 M~1 
as reported for x—a,,-casein and lysozyme-ovalbumin in- 
teractions (41). These values are lower than the order of 
10°10’ M~' for inverse Michaelis-Menten constant (1/K,,) 
of enzymes vs substrates, 10°-10° M~' for antibodies vs 
antigens, and 10'* M~! for avidin-biotin interaction, 
which is the strongest noncovalent interaction found in na- 
ture (38,42). The specific, strong avidin-biotin interaction 


has been used for chemical analysis, especially in immu- 
noassay. 


Protein-Lipid Interaction 


Lipoproteins exist naturally in food systems such as egg 
yolk. However, lipids can also interact with proteins during 
food processing, thereby affecting the quality of foods such 
as bread and frozen fish. Protein-lipid interaction is the 
most important mechanism of emulsion formation. Ana- 
lytical methods to measure this interaction include density 
gradient ultracentrifugation, fluorometry (43), gel filtra- 
tion chromatography, and ultrafiltration. More sophisti- 
cated methods are electron spin-resonance spectroscopy 
using spin-labeling techniques with probes (44) and Ra- 
man spectroscopy (45). 


Protein-Water Interaction 


It has long been recognized that protein—water interac- 
tions play an important role in the determination and 
maintenance of the three-dimensional structure of pro- 
teins. Water in proteins involves stability, dynamics, and 
function of the proteins (46). Important states of water 
molecules surrounding protein molecules are structural 
water and monolayer water. The structural water refers to 
the water molecules that are part of the protein structure 
bound through hydrogen bonding. These 10-20 water mol- 
ecules per protein molecule are unavailable for chemical 
reactions. The monolayer water refers to the water mole- 
cules tightly bound to the protein surface via dipole- 
induced dipole (hydrophobic hydration), ion—dipole (ionic 
hydration), and dipole-dipole (hydrogen bonding) interac- 
tions. At the saturated monolayer coverage, most proteins 
absorb about 0.3-0.5 g of water per gram of protein. This 
bound water is unfreezable and does not participate in any 
chemical reaction. Unlike the monolayer water, the mul- 
tilayer water is available for chemical reactions, but some 
of these water molecules are unfreezable (47). 

Most proteins exhibit the least water-binding capacity 
and solubility at isoelectric pH, presumably because of pro- 
tonation of the carboxyl groups and enhanced hydrophobic 
interaction between protein molecules (47). 


CHANGES IN PROTEIN STRUCTURE DURING 
FOOD PROCESSING 


Physical treatments that modify protein structure include 
the use of thermal energy, mechanical energy, or pressure. 
Common examples of physical processes that alter food 
proteins are heating, freezing, radiating, extrusion, salt- 
ing, fiber spinning, sonication, whipping, emulsification, 
and storage. These processes result in denaturation of the 
proteins. Denaturation is usually accompanied by unfold- 
ing of the protein molecules, without any apparent loss in 
solubility as long as they are monomeric. The unfolding 
step is frequently followed by aggregation, which may lead 
to loss of solubility. Thus, changes in solubility are fre- 
quently used as an indicator of protein denaturation. De- 
termination of molecular weights by gel filtration chro- 
matography and gel electrophoresis has been commonly 
used also for investigating protein denaturation (48). 
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The presence of a partially folded conformation called a 
molten globule state, that is, a kinetic intermediate of re- 
versible denaturation equilibrium, was reported in many 
globular proteins (49). The molten globule has a native- 
like backbone secondary structure, and the side chain’s en- 
vironment undergoes a denaturation-like alteration. Hy- 
drophobic clusters are exposed, as reflected in increasing 
binding of a hydrophobic fluorescent probe. It is postulated 
that molten globules are involved in the functional prop- 
erties (eg, emulsification, foaming, and gelation) of food 
proteins (49). 

In emulsions of oils in protein solutions, the proteins 
change from their native conformations to forms that de- 
pend largely on the hydrophobic interactions between the 
surface and the amino acid side chains in the protein. Ide- 
ally, hydrophobic side chains will be close to the oil surface 
and hydrophilic residues will favor the aqueous phase, but 
this will be constrained by the distribution of the amino 
acid residues in the protein. The conformation that is 
adopted also depends on the surface area that the protein 
is required to cover (47,50). Dickinson (51) classified milk 
proteins into two distinct classes: the disordered casein 
and the globular whey proteins. Substantial differences ex- 
ist between these two classes in terms of adsorbed layer 
structure and surface rheological properties at the oil- 
water interface. Computer simulation showed promise for 
modeling the behavior of hypothetical proteins and pep- 
tides (51). 

In the case of foam formation, the adsorption of proteins 
at the air—water interfaces has often been described in 
terms of three processes. They are transportation from 
bulk solution to the interface, penetration into the surface 
layer and reorganization of structure (surface denatura- 
tion) of the protein in the adsorbed layer (47,52). This pro- 
cess is similar to the case of emulsion formation, but the 
detail in structure changes at the air—-water interface is 
unclear, mainly because of difficulty in analysis. 

Conformational changes of proteins when the protein 
solutions are gelled upon heating are reviewed by Matsu- 
mura and Mori (53). It is interesting to note that f-sheet 
structure, which is mostly association units for gel forma- 
tion, seems to be due to the formation of an intermolecular 
f-sheet structure induced by association between dena- 
tured molecules. That is, f-sheet formation itself probably 
has no direct relation to the denaturation step of globular 
proteins. 

A similar phenomenon of aggregation of f-structure- 
forming (ie, cross f-fold) is observed in amyloid fibrinoge- 
nesis. Tissue deposition of soluble autologous proteins as 
insoluble amyloid fibrils is associated with serious dis- 
eases, including systemic amyloidosis, Alzheimer’s dis- 
eases, and transmissible spongiform encephalopathy. Two 
naturally occurring human lysozyme variants were both 
amyloidogenic (54). 

Modeling has been attempted to study the relationships 
between processing conditions and the resultant structural 
changes, using a variety of multivariate analysis tech- 
niques (55). The most advanced methods may be partial 
least squares regression (PLS), artificial neural networks, 
and genetic algorithm. Many commercial computer pro- 
grams for these modeling methods are available. 
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For assessing the folding stability of protein molecules, 
in addition to the traditional spectroscopies (UV, fiuores- 
cence, and CD) calorimetry, solvent stabilization (56), a 
novel method of hydrogen exchange using NMR (57), and 
electrospray mass spectrometry (58) are being used. The 
exchange of the protons of buried backbone NH groups 
with those of the solvent is measured. Peptide NH groups 
that are exposed to solvent exchange rapidly, but those 
that form stable hydrogen bonds within the protein, or on 
occasion are simply buried, exchange slowly. The rate of 
H = D exchange of individual groups can be measured 
conveniently using either normal protein dissolved in D,O 
or D-labeled protein dissolved in HO. 


STRUCTURE-FUNCTION RELATIONSHIPS 


Structural changes of food proteins usually take place dur- 
ing processing. Because the structure closely relates to 
food quality, optimization of processing conditions to ob- 
tain the best quality is one of the most important objectives 
of food protein research. From the aspect of structure— 
function relationships of food proteins, there are three 
categories of structure changes. (1) The purpose of pro- 
cessing is not for changing structures, but the processing 
results in structure changes. An example is pasteurization 
or sterilization. (2) The structural changes are the main 
purpose of processing, such as in breadmaking. (3) A new 
type of structure change to be introduced, including chem- 
ical, enzymatic, and genetic changes of protein structure, 
optimizes these changes to achieve the best functions. The 
functions include all the chemical, physical, and biological 
properties of protein molecules. The use of bioactive pep- 
tides or proteins found in natural resources as ingredients 
in food is quickly becoming a new trend for contributing to 
human health. A new concept of chemopreventive agents 
is being introduced into diet to prevent diseases (59). 

Meanwhile, a new paradigm is being discussed for pro- 
tein research. A novel concept of protein substructure 
based on a knot-matrix construction principle revealed a 
much more powerful paradigm for protein research than 
that based on protein secondary structures (60). For mac- 
romolecular crystal structure analysis, the simple Debye- 
Waller model has been widely used. In this treatment of 
atomic motion, the probability of finding an atom in a given 
distance x from its equilibrium position xg is Gaussian. If 
it is assumed that the motion is isotropic, the model states 
that the motion in any direction can be characterized in 
terms of a mean-square vibration amplitude, (x), also 
termed the mean-square displacement. The X-ray scatter- 
ing from each atom is modified by a Gaussian function that 
is related to the mean-square displacement of that atom. 
The form of the Gaussian is 


exp(—B sin?0/22) 


where @ is the Bragg angle, 4 is the wavelength of the in- 
cident radiation, and B is related to the mean-square dis- 
placement by 


B = 81x") (2) 


B is called Debye-Waller factor (59). The B factor provides 
useful information about conformational dynamics, which 
is calculated for each nonhydrogen atom. 

Three groups of B factors are distinguished: group I, 
from 2 to 8 A?; group II, 8-14 A?; and group III, all higher 
values. Functional domains consist of one group I sub- 
structure (knot) to which is tethered most of the group II 
atoms (matrices) of the domain. Group III atoms are re- 
stricted to surface. In the knot-matrix construction prin- 
ciple, which explains properties of protein molecules, es- 
pecially functions, knots determine palindromic B factor 
patterns and matrices put them to work. Palindromic pat- 
terns can be found on B factor vs atom-number plots as 
two functional domains against the residue lying halfway 
between them. The palindromic patterns control specificity 
of proteins such as enzymes and antibodies (60). 


Optimization of Structural Changes 


When structural changes are directly related to functions, 
such as loaf volume of bread, the model yielded from the 
correlation computation can be used to predict the struc- 
ture parameters. Based on the response surface graphi- 
cally illustrated, the optimum may be able to be located. 

However, when the processing data are inadequate to 
conduct the modeling computation, such as creating new 
processing procedures or new products, computer-aided 
optimization could be the best solution. Again, there are 
many commercial computer programs available for opti- 
mization. If it is difficult to select the best method for 
achieving the objectives, contacting Network Enabled Op- 
timization Center (NEOS) is recommended. NEOS is the 
optimization technology center that is a joint enterprise of 
Argonne National Laboratory (Argonne, III.) and North- 
western University (Evanston, IIl.). 

Recently, a unique experimental optimization technique 
was proposed (62). Random-centroid optimization (RCO) 
uses simple algorithms since there is no need for compli- 
cated advanced algorithms. The method has been success- 
fully applied to chemical synthesis as well as food process- 
ing projects. 


Quantitative Structure—Activity Relationship Computation 


Since the introduction of computer-aided study of quanti- 
tative structure-activity relationships (QSAR) to explain 
the functions of chemical compounds (63), many computer 
programs have been used for modeling. Instead of using 
processing conditions as independent variables, hydropho- 
bic, steric, and electronic parameters were used in QSAR 
at the beginning. 

In the case of food proteins, hydrophobicity and solubil- 
ity were first used for QSAR computation (55) because of 
unavailability of data on structure and electronic param- 
eters. This was one step ahead of the solubility-function 
relationship in the 1970s. Although the electronic param- 
eter can be replaced by charge density, the steric parame- 
ter is still difficult to define for food proteins. 


Chemical and Enzymatic Modification for Improving 
Functionality 


To improve functions of proteins, modification of charge 
density, hydrophobicity, and molecular size has been con- 
ducted (64). Cross-linking and hydrolysis are two major 
techniques for modifying the size of protein molecules. 


Genetic Engineering to Improve Protein Functions 


Genetic engineering is quickly becoming an important 
technique in food processing for using engineered products 
as bioactive ingredients. This is because of successful de- 
velopments of high-level expression techniques, thereby 
yielding near 1 g of recombinant proteins per liter of cul- 
ture media (65). To avoid possible allergenicity or side ef- 
fects, human peptides or proteins can be produced by ge- 
netic engineering to use in diet at reasonable costs. 
Examples are human lysozyme in infant formula and hu- 
man cystatins as chemopreventive ingredients. The 
random-centroid optimization program modified for ge- 
netic study (RCG) was intended for use in site-directed mu- 
tagenesis (66). The RCG can be used to improve biological 
functions or to eliminate adverse effects. Structural 
changes could be a result of these mutations. Study on 
changes in molecular structure should be conducted to elu- 
cidate the mechanism of function of protein molecules un- 
der investigation. Since the difficulty in defining structure 
parameters is involved, the strategy to change structure to 
optimize function is usually hard to establish, despite the 
effort being made as described above (60). An advantage 
of RCG is that there is no need of a priori information on 
the structure-function relationships. Therefore, experi- 
mental optimization such as RCG can be a useful approach 
at the present stage of progress in protein chemistry. 
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PULSED LIGHT PROCESSING 


A new processing technology uses intense flashes of broad- 
spectrum white light to kill microorganisms on packaging 
and food surfaces and in air and water. The flashes have a 
duration of 100 to 300 millionths of a second and effectively 
kill all microorganisms (bacteria, fungi, spores, cysts, pro- 
tozoa, and viruses) in less than a second. The process is 
effective for sterilization when the light can reach all sur- 
faces (such as the surfaces of packaging materials) or the 
total volume of a product such as water and other trans- 
missive fluids. Microbial levels on foods, including patho- 
gens, are reduced to extend shelf life and reduce public 
health risk. The process is marketed under the trade name 
of PureBright® by PurePulse Technologies (a subsidiary of 
Maxwell Technologies Inc.), 4241 Ponderosa Avenue, San 
Diego, California 92123. 


PULSED LIGHT 


Electrical energy stored in a capacitor can be rapidly re- 
leased to produce short, intense high-power pulses (Fig. 1). 
Such pulses are used to generate the intense flashes of 
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PureBright light by electrically ionizing a xenon gas lamp. 
The broadband emitted light flash has wavelengths from 
far-UV (200-300 nm) through the near-UV (300-380 nm) 
and visible spectra (380-780 nm), to the infrared (780— 
1,200 nm). Approximately 25% of the light is in the UV 
wavelength range. 

Flash duration is typically about 300 js and the light 
intensity is greater than 20,000 times that of sunlight. A 
few flashes applied in a fraction of a second kills all ex- 
posed microorganisms, spores, and viruses. 

Although the peak power of each flash is very high, the 
total energy consumed per flash is relatively low and the 
average operating power requirement modest. 

All PureBright systems have a treatment-monitoring 
capability. Each pulse of light is monitored for total fluence 
and UV content. A feedback circuit is used to assure that 
proper treatment is provided and controlled. The process 
is essentially fail-safe. 


MICROBICIDAL EFFECTS 


PureBright antimicrobial mechanisms are based on the 
sensitivity of microorganisms to UV wavelengths that are 
readily absorbed by microbial nucleic acids and proteins, 
and the very high power and intensity of the flash. 

The antimicrobial effects of one to several flashes are 
dramatic. PureBright treatment at 1.5 J/cm? kills 7 logs of 
Staphylococcus aureus ATCC 27661 suspended in 25-mL 
droplets dried on the surface of microbiological media. 

Figure 2 shows the pulsed light kill kinetics obtained 
using the microdrop assay for a number of different bac- 
teria and spores. The results show 7 to 9 logs/em? reduction 
using a few flashes. 

PureBright kill dynamics are superior to conventional 
ultraviolet light from a high-intensity mercury vapor lamp. 
Using relatively UV-resistant Aspergillus niger spores in- 
oculated and dried on a packaging surface, conventional 
continuous wave UV kills 3.5 to 4.5 logs in 6 to 10 s with 
no appreciable increase in kill with additional treatment. 
time. By comparison, PureBright kills more than 7 logs of 
A. niger spores with a few flashes applied in a fraction of 
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Figure 1. Pulsed energy processing. 
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Figure 2. Pulsed light kill kinetics. 


asecond, This dynamic provides the effectiveness required 
for high sterility assurance (Fig. 3). 


TREATMENT OF PACKAGING 


PureBright can be used to sterilize packaging material 
surfaces, thus replacing hydrogen peroxide in many asep- 
tic packaging applications. On most package surfaces, 
PureBright kills greater than 7 logs of Bacillus pumilus 
spores (a radiation-resistant bacterial spore) in challenge 
tests. 

PureBright is also effective for package applications in- 
volving perishable, refrigerated, extended-shelf life food 
products, such as containers for yogurt, cottage cheese, or 
milk. Figure 4 shows a typical cup-and-lid-packaging line 
configuration that can be used for extending the shelf life 
of refrigerated desserts and other products. 

Pulsed light is transmitted through many plastics, so 
certain packages can be sterilized on the inside by flashing 
the outside. Also, the light can be used to treat a filled and 
sealed product through the package if the product has good 
transmission properties such as water or other clear so- 


Figure 3. PureBright vs. high-power continuous-wave UV. 


Survival (logs) 


lutions. In general, colors will inhibit the UV transmission 
and microbial kill. 

The olefins (polyethylene, polypropylene), acrylics, 
many polyamides and nylons, ethylene acrylic acid, EVA, 
EVOH, and similar plastics that transmit in the ultraviolet 
are good candidates for PureBright treatment through the 
package. Plastics with aromatic hydrocarbon backbones, 
side groups, or additives generally absorb UV too strongly 
to permit treatment through the package. 

No adverse chemical or functionality effects on plastic 
packaging materials have been found using a variety of 
plastics treated with PureBright at levels in excess of those 
needed to provide appropriate microbial kill. 

PureBright is also effective for treating metal or plastic 
bottle caps. Tests using four different types and configu- 
rations of caps have shown total kill of 4 to 5 logs of inoc- 
ulated A. niger conidiospores using 2 to 6 flashes. 


TREATMENT OF FOOD 


PureBright reduces microbial loads on perishable foods 
such as baked goods, fresh and processed meats, poultry, 
fish, fresh fruit, and vegetables. Due to the generally 
opaque and irregular surfaces of foods, lower kill levels are 
realized than on packaging; however, significant shelf life 
extension is achieved and pathogenic microorganism levels 
reduced. 

Microorganisms on fresh meat surfaces are reduced 1 
to 3 logs by PureBright, resulting in extended refrigerator 
shelf life of 2 or more days. Similarly, the shelf life of baked 
goods is increased by the elimination of surface mold 
(Fig. 5). 

The FDA has issued a food additive regulation that ap- 
proves the use of PureBright on all foods for the control of 
bacteria, molds, yeast, and other microorganisms. 


TREATMENT OF WATER 


PureBright kills a wide range of microorganisms in clear 
water without the use of heat, chemicals, or fine filtration. 
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Figure 4. PureBright kills bacteria on packages in food-production line. 
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Days after production Figure 5. Extended shelf life of baked goods. 


2028 PULSED LIGHT PROCESSING 


Mean oocyst number per 100 pL 
oy i i nN nN 
o @ 8 8 8 & 


Figure 6. PureBright effect on Cryp- 
tosporidium. 


Unlike other treatment methods, PureBright, at a rela- 
tively low level, has demonstrated efficient kill of Cryptos- 
poridium oocyts and viruses (Fig. 6). 
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QUALITY ASSURANCE 


Americans spent about $337 billion on food purchased in 
retail food stores in 1994 and about $303 billion on food 
purchased in foodservice establishments (1). A variety of 
factors are responsible for the changes in U.S. consump- 
tion patterns, including changes in consumer preferences, 
relative prices, increases in real (adjusted for inflation) dis- 
posable income, and more food assistance to the poor. An 
expanded scientific base relating diet and health, new di- 
etary guidelines for Americans designed to help people 
make food choices that promote health and prevent dis- 
ease, and burgeoning interest in nutrition and food safety 
also influence marketing and consumption trends. 

Consistent with dietary and health recommendations, 
Americans in 1996 consumed two-fifths more grain prod- 
ucts and a fifth more fruits and vegetables per capita than 
they did in 1970, ate leaner meat, and drank lower-fat 
milk (2). 

Though consumers do not want to spend a lot of time 
on food preparation, they also are not willing to scrimp on 
health and nutrition. The trend to lowering fat consump- 
tion has contributed to gains in poultry consumption and 
declines in red meat. Consumer concerns about food ad- 
ditives, chemicals, and preservatives have translated into 
a growing market for pesticide-free products, organic pro- 
duce, and vegetarian choices. As consumer concerns about 
food safety have increased, so have the demands that gov- 
ernment regulators increase efforts to assure food safety 
and guarantee consumers better and more accurate infor- 
mation about the food they eat. We have seen some major 
initiatives by the government such as the Food Code 1997, 
the Nutrition Labeling and Education Act (NLEA), United 
States Department of Agriculture (USDA) and Food and 
Drug Administration (FDA), Hogard Analysis Critical 
Control Point (HACCP) initiatives, and the President’s Na- 
tional Food Safety Initiative. Environmental awareness 
has spawned a wave of recyclable, biodegradable, and non- 
polluting products. Consumers are demanding “environ- 
mentally friendly” products. Manufacturers are using 
packaging and other environmental characteristics to ap- 
peal to consumers in advertising campaigns. From farm to 
table, technologies are being developed that contribute to 
sustainability of agriculture and environment (3). 

Food service has shown tremendous growth. Industry 
growth is attributable in large part to the bundling of food 
products with convenience and quality. 

A variety of factors are fueling the trends toward the 
use of more prepackaged and prepared items. In the com- 
mercial food service sector, the conflicting goals of expand- 
ing menu offerings and reducing operating costs are de- 
manding that operators explore new types of products and 
packaging. It is expected that increased variety and 
greater speed will be the future direction of this industry. 
Increased variety will exist in many alternatives in the 
service and packaging methods. Speed will be refiected in 
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the short time between when the food is bought and when 
it is consumed. Speed will also play a role in functions such 
as ordering and food preparation. Electronic systems will 
be increasingly critical to the operating process. Sophisti- 
cated heating and cooling mechanisms will be demanded. 
In the future, doing business will require science-based 
quality systems and the increased use of food technology. 
What will not change is the consumer’s desire for good- 
tasting and healthy products that satisfy both nutritional 
and social needs. This is the service in food service that 
cannot be replaced by the increasingly sophisticated activ- 
ities that are behind what is ultimately served. 


THE FOOD QUALITY SYSTEM 


The significance of any food quality system has to be dis- 
cussed within the context of the food supply in its entirety. 
The quality of our food supply is of supreme importance to 
us all: consumers, farmers, processors, distributors, food 
service operators, and the regulatory agencies, Increasing 
affluence has given birth to a new breed of consumer, one 
accustomed to eating away from home frequently. This new 
consumer shows greater reliance on convenience and ex- 
pects safe, high-quality foods for consumption (4). 

The U.S. food supply is abundant. Our preservation pro- 
cesses have changed dramatically and include such devel- 
opments as irradiation, genetic engineering, and con- 
trolled atmospheres. Distribution includes air transport, 
refrigerated railroad cars, trucks, freezers, and shipments 
by sea. We have a global system of distribution that makes, 
for example, a variety of out-of-season produce available 
year-round, with improved taste. This complexity has 
brought about concerns about food safety (5). 

The consumer drives the food quality system. No qual- 
ity program can be successful if it does not address con- 
sumer concerns, real or perceived. F. J. Francis discusses 
public perception of food safety in a detailed report and 
urges the scientific community to stand up and speak out 
when something is scientifically absurd. Epidemiologists 
have estimated the potential deaths due to pesticides as 
close as zero. The FDA and National Cancer Institute have 
repeatedly stated that risks from pesticides are insignifi- 
cant. Yet USDA appropriated $40 million for pesticide 
monitoring, not to increase public safety but to reassure 
the public. It emphasizes the need for a science-based qual- 
ity system that incorporates risk assessment and a mech- 
anism to explain to the public the benefits of such a system 
through a core of knowledgeable food scientists (6). 

A recent survey revealed that freshness is the most im- 
portant quality consumers look at when purchasing refrig- 
erated foods (7). In the writer’s view, consumers associate 
freshness with quality, safety, and health. A USDA Eco- 
nomic Research Service (ERS) study (8) indicated that in 
1995, 5.4 billion lb of food were lost at the retail level, and 
91 billion lb were lost by consumers and food service. Fresh 
fruits and vegetables accounted for nearly 20% of con- 
sumer and food service losses. It was estimated that the 
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total annual cost of unsalables to U.S. packaged goods 
manufactured in the 1996 supermarket channel was $1.96 
billion (9). There is a need to improve the quality of our 
food system, maintain food safety, and return the benefits 
to the consumer. The various components of the food sys- 
tem are interdependent. The private sector, regulators, 
consumers, and universities need to work closely to insure 
that the goals of a science-based quality system are 
achieved. 


SYSTEM DESIGN 


Definitions 


© Quality system: The organizational structure, re- 
sponsibilities, procedures, and resources for imple- 
menting quality management 

* Quality management: That aspect of overall manage- 

ment function that determines and implements the 

quality policy 

Quality policy: The overall quality intentions and di- 

rection of an organization, as regards quality, for- 

mally expressed by top management 

* Quality control: The operational techniques and ac- 
tivities that are used to fulfill requirements for qual- 
ity 

* Quality assurance: All those planned and systematic 
actions necessary to provide adequate confidence 
that a product will satisfy given requirements 


These terms are used to define quality systems and their 
implementation (10,11). 

The elements of putting a system together are detailed 
in the publication Food Processing Industry Quality Sys- 
tem Guidelines (12). These guidelines were written by a 
committee of experts and adapted from American National 
Standards Institute/American Society for Quality Control 
(ANSI/ASQC) Q9004-3-1993, Quality Management and 
Quality System Elements—Guidelines for Processed Mate- 
rials, The monograph includes definitions of terms used 
in quality systems; management responsibility; quality 
systems principles; economics—quality-related cost con- 
siderations; quality in marketing, specification, design/ 
development, procurement, and production; product veri- 
fication; measuring and control of test equipment; non- 
conformity, corrective action, handling, and postproduction 
functions; quality documentation and records; personnel; 
product safety and liability; and use of quality methods. 

The International Organization for Standardization 
(ISO) in Geneva, Switzerland, has developed a series that 
provides a framework in the development of quality plans. 
They are: 


« ISO 9000 Quality Management and Quality Assur- 
ance Standards: Guidelines for Selection and Use 

* ISO 9001 Quality Systems: Model for Quality Assur- 
ance in Design, Development, Production, Installa- 
tion, and Servicing 

* ISO 9002 Quality Systems: Model for Quality Assur- 
ance in Production, Installation, and Servicing 


* ISO 9003 Quality Systems: Model for Quality Assur- 
ance in Final Inspection and Test 

+ ISO 9004 Quality Management and Quality System 
Element Guidelines 

+ ISO A 8402 Management and Quality Assurance Vo- 
cabulary 


The Malcolm Baldridge National Quality Award is pre- 
sented by the President of the United States to companies 
in the manufacturing and service industries. The criteria 
consist of seven categories: leadership, strategic planning, 
customer and market focus, information and analysis, hu- 
man resources focus, process management, and business 
results. It is a good model and provides yardsticks by which 
companies can be recognized for both business excellence 
and quality achievements. 

Although models provide a good framework in the de- 
velopment and implementation of quality plans, the mod- 
els need to be adapted to individual business segments. 


QUALITY COSTS 


It is important to determine the impact of quality costs on 
company profitability. Cost assessment can be useful in 
evaluating not only the effectiveness of the quality system, 
but also criteria for internal improvement. 

Costs can be divided into those for operating quality 
costs and those for external assurance. Operating quality 
costs are incurred by the company to attain and insure a 
specified quality level. They consist of prevention and ap- 
praisal costs (or investments) and failure costs (or losses). 
Prevention costs are incurred to prevent failures; some ex- 
amples include ingredient sampling and analysis, equip- 
ment maintenance and design to maintain quality and food 
safety, and integrated pest management. Appraisal costs 
are incurred during testing and inspection to insure prod- 
uct quality; examples are laboratory testing and internal 
verification audits. External assurance costs are related to 
the demonstration and proof required as objective evidence 
by customers or regulatory agencies. Additional costs are 
opportunity costs, loss of business due to poor quality, and 
costs of exceeding requirements (11,12). 


FOOD SAFETY 


The Centers for Disease Control and Prevention (CDC) 
maintains statistics on foodborne outbreaks. From 1988 to 
1992 (13), among outbreaks for which the etiology was de- 
termined, bacterial pathogens caused the largest percent- 
age of outbreaks (79%) and the largest percentage of cases 
(90%); chemical agents caused 14% of outbreaks and 2% of 
cases; parasites, 2% of outbreaks and 1% of cases; and vi- 
ruses, 4% of outbreaks and 6% of cases. 

The Center for Science in the Public Interest compiled 
an inventory of 225 foodborne illness outbreaks (14) that 
occurred between 1990 and 1998. Ground beef caused 37 
of 65 outbreaks; fruits and salads were the second most 
likely foods to be linked with an outbreak, with a total of 
48 outbreaks. Seafood, both finfish and shellfish, was re- 


sponsible for 32 outbreaks. Multi-ingredient foods, which 
included desserts, sauces, egg dishes, pasta dishes, and 
stuffing, were responsible for 63 outbreaks. In three- 
quarters of these outbreaks, the cause of illness was Sal- 
monella enteridis. It is possible that emerging and re- 
emerging pathogens contributed to the large number of 
outbreaks of unknown etiology (14). 

The Council for Agriculture and Science Technology 
(CAST) concludes that microbial pathogens in foods cause 
6.5 to 44 million cases of human illnesses and up to 9000 
deaths each year (15). It has been estimated that the costs 
of human illness for six bacterial pathogens—Salmonella, 
Campylobacter, E. coli 0157:H7, Listeria, Staphylococcus 
aureus, and Clostridium pefigus—are estimated to be $9.3 
to $12.9 billion. Of these costs, $2.9 to $6.7 billion are at- 
tributed to foodborne bacteria (16). The estimated annual 
cost of Campylobacter-associated Guillain-Barré syndrome 
was $0.2 to $8.0 billion, with an estimation of $0.8 to $5.6 
billion from food sources (17). Estimates are subject to er- 
rors because most of the comprehensive population-based 
studies have not attempted to determine which proportion 
of the reported illnesses are from food consumption and 
which are from other sources; also, foodborne illnesses can 
cause clinical conditions, not characteristically gastroin- 
testinal symptoms (5,18). 

Foodborne Diseases Active Surveillance Network 
(FoodNet) is a collaborative project among CDC; the health 
departments of California, Connecticut, Georgia, New 
York, Maryland, Minnesota, and Oregon; FDA; and USDA. 
The following bacteria have been targeted: Salmonella, 
Shigella, Campylobacter, E. coli 0157:H7, Listeria, Yersi- 
nia, and Vibrio (19). FoodNet reports that Campylobacter 
was the most frequently isolated foodborne bacterium 
pathogen (49.4%), followed by Salmonella (27.4%), Shi- 
gella (15.7%), E. coli 0157:H7 (4.2%), Yersinia (1.7%), Lis- 
teria (1%), and Vibrio (0.6%) (20). FoodNet estimated that 
there were 8 million cases of these bacterial infections in 
1997 in the United States (21). 


EMERGING FOODBORNE DISEASES 


Emerging and reemerging infections have been defined as 
new, recurring, or drug-resistant infections whose inci- 
dence in humans has increased in the past two decades, or 
whose incidence threatens to increase in the near future 
(22). This subject has been reviewed by Altekrusse (23). A 
committee of the Institute of Medicine recognized as early 
as 1992 the microbial threats to health in the United 
States of emerging infections and made recommendations 
(22). A number of factors contribute to the emergence of 
foodborne diseases (24). 

A growing segment of the population is immunocom- 
promised because of advancing age, chronic diseases, or 
infection with human immunodeficiency virus (HIV). Ad- 
vances in medical sciences have extended life expectancies 
of persons with chronic diseases such as cancer, thus in- 
creasing their susceptibility to foodborne diseases. 

Changes have occurred in industry, technology, agricul- 
ture, and lifestyles. There has been an increase in the con- 
sumption of fruits and vegetables. Produce is susceptible 
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to microbial contamination during growth, harvest, and 
distribution. There has also been an increase in the de- 
mand for fresh-cut produce. The larger surface area makes 
this type of product more susceptible to contamination. 
Outbreaks have been associated with alfalfa sprouts, un- 
pasteurized cider, fresh-squeezed orange juice, and frozen 
strawberries. Consumers have increased their spending on 
foods eaten away from home. Food service is a growing 
market. Improper cooking of items such as hamburgers, 
holding foods at improper temperatures, and cross- 
contamination are some of the causes of outbreaks. Exten- 
sive use of antibiotics has led to the emergence of multi- 
drug-resistant Salmonella typhomurium (DT) 104. Bovine 
spongiform encephalopathy (BSE) has emerged as an in- 
fectious agent, mainly in the form of adult dairy cattle in 
the United Kingdom. There is evidence that this prion- 
derived disease was a result of feeding cattle meat and 
bonemeal derived from dead ruminants such as sheep and 
slaughterhouse products infected with scrapie as a protein 
supplement. The problem was compounded by reduction of 
temperature used in heat treatment, and elimination of 
solvent extraction of animal tissue during meat and bone- 
meal processing led to a failure to inactivate BSE prion 
and thus allowed its contraction into the cattle population 
(24). 

Allergenic mites are emerging as a food safety issue. 
Four species of food-contaminating mites have been re- 
ported to have caused allergenic reactions, including ana- 
phylaxis in persons who consumed mite-contaminated 
foods. The mite species are the American house dust mite 
Dermatophagoides farinae Hughes (Acarina: Pyroglyphi- 
dae), the scaly grain mite Suidasia sp prob. pontifica 
Oudemans (Acarina: Suidasiidae), an acarid mite Thyreo- 
phagus entomophagus Portus and Gomez (Ascarina: Acar- 
idae), and the mold mite Tyrophagus putrescentiae 
(Schrank) (Acarina: Acaridae) (25). 

FDA guidance is delineated in Compliance Policy Guide 
585.500, Mushrooms, Canned or Dried (Freeze Dried or De- 
hydrated)—Adulteration Involving Maggots, Mites, De- 
composition. These levels are based on the assumption 
that the contaminants are harmless and unavoidable. The 
true level of safety to allergenic mites is unknown (25). 

Miller mentions a number of pathogens that might po- 
tentially emerge, including prior induced variant of 
Kreutzfeld-Jakob disease, viruses, Citrobacter freundii, 
the newer genes of Salmonella such as S. enteriditus PT4 
and S. typhomurium DT104, and parasites such as Cy- 
clospora. Miller recommends strategies to anticipate the 
emerging pathogen challenge. They include intelligence, 
contingency, and strategic planning. Intelligence consists 
of gathering information through a global surveillance pro- 
gram. Contingency is rapid resource mobilization and as- 
sures that resources are available to quickly characterize 
the emerging pathogen. Strategic planning requires futur- 
istic thinking to anticipate what may happen, taking into 
consideration the various factors such as society, econom- 
ics, and technology. 


NUTRITIONAL QUALITY 


With increasing consumer awareness of nutrition, it be- 
comes important to insure the proper handling of food 
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products to maintain the claimed nutrition content. The 
Nutritional Labeling and Education Act (NLEA) defines 
the labeling requirements for food products, and quality 
systems need to be in place to insure that these require- 
ments are met. Advances in food technology will result in 
minimal nutrient losses during harvest, processing, stor- 
age, and distribution. The challenge remains in educating 
the consumer about the importance of proper food han- 
dling (26). 


HAZARD ANALYSIS: CRITICAL CONTROL POINT SYSTEMS 


The scientific community accepts that HACCP systems, 
when used properly, will substantially enhance food safety. 
HACCP is defined as a management system in which food 
safety is addressed through the analysis and control of 
physical, chemical, and microbiological hazards from raw 
material production, procurement, and handling to manu- 
facturing and consumption of finished product. The suc- 
cessful implementation of HACCP requires a firm commit- 
ment from top management (27). Bryan (28) provides a 
historical perspective on HACCP. The principles of HACCP 
were endorsed in the 1980s by the National Research 
Council (NRC) (29). NRC has issued a number of reports 
on meat, poultry, and seafood very supportive of the 
HACCP concept (30-32). A number of reports have been 
issued by the National Advisory Committee on Microbio- 
logical Criteria for Foods (33-38). The HACCP principles 
have gained recognition by industry and regulatory agen- 
cies. USDA has mandated the use of HACCP in meat and 
poultry (39), and FDA in seafood (40). Guidelines for fresh 
fruits and vegetables have been issued by FDA (41). 

The FDA Food Code (42) incorporates the principles of 
HACCP. There have been a number of guidelines, manu- 
als, and generic plans in the literature. The National Ad- 
visory Committee on Microbiological Criteria for Foods 
standardized the hazard principles as follows: 


. Conduct a hazard analysis 

. Determine the critical control points 
. Establish critical limits 

. Establish monitoring procedures 

. Establish corrective actions 

. Establish verification procedures 


Noapone 


. Establish record-keeping and documentation proce- 
dures 


To facilitate the development of a HACCP plan, certain 
prerequisite requirements are suggested. The importance 
of education and training of management and employees 
cannot be overemphasized. An in-depth discussion on the 
preparation and implementation of HACCP plans is be- 
yond the scope of this article. The HACCP steps, however, 
are briefly discussed here: 


Conduct a Hazard Analysis. A hazard analysis requires 
identification of the hazards that might reasonably be ex- 
pected to occur. The hazards must be critical to assure food 


safety. Examples include physical hazards (metal, glass), 
chemical hazards (pesticide residues, undeclared aller- 
genic ingredients), and microbiological hazards (patho- 
gens, parasites). Regulatory agencies have defect action 
levels such as pits and stems. They do not present a health 
hazard. Physical hazards have been reviewed. 


Determine Critical Control Points (CCPs). Critical control 
points are defined as the steps that are applied to prevent, 
eliminate, or reduce a hazard to an acceptable level. Ex- 
amples would be cooking, metal, or allergen controls. 


Establish Critical Limits. Establishing critical limits in- 
volves determining the maximum and/or minimum values 
to which a physical, chemical, or microbiological hazard 
must be controlled at a determined CCP to prevent, elim- 
inate, or reduce to an acceptable level the occurrence of a 
food safety hazard. Examples include cooking and cooling 
time and temperature limits, and metal detection limits, 


Establish Monitoring Procedures. Monitoring procedures 
assess whether CCP is under control. They provide a rec- 
ord for future use in verification. 


Establish Corrective Actions. Should deviations occur 
from the critical limits, then corrective action is needed to 
bring the critical limits into compliance. The steps include 
determining the cause and, of course, correcting it; dispos- 
ing of the noncompliant product; and recording the correc- 
tive actions that need to be taken to prevent reoccurrence. 
These actions should be developed and be a part of the 
HACCP plan. 


Establish Verification Procedures. Verification proce- 
dures are developed to determine whether the HACCP 
plan is valid. A well-designed, functional HACCP plan has 
enough safeguards built in so that end-product testing 
should be minimal. 


Establish Record-Keeping and Documentation Procedures. 
Records are important in that they provide a history of the 
HACCP system performance and should include, among 
other information, results of the monitoring procedures, 
corrective actions, and validation records. 


RISK ANALYSIS 


Risk analysis is an important tool. It yields information on 
estimating and analyzing costs and benefits of various al- 
ternatives, provides direction on what should be allocated 
for long- and short-term benefits, and serves as a source of 
resource identification. The components of risk analysis 
are risk assessment, risk management, and risk commu- 
nication. It is important to understand that risk analysis 
will not yield a process that will lead to the development 
of zero risk to the end user. There is an inherent risk in all 
food products. HACCP systems do use risk analysis. 
HACCP is a risk-management system. Microbiological risk 
assessments are complex because of the many complexities 
of the food system from farm to table (15). 


PHYSICAL HAZARDS 


Foods, as grown, can become naturally contaminated with 
rocks, stones, glass, metal, and so on. Additional contam- 
ination can occur throughout the food chain. Physical haz- 
ards are controlled by processes that use exclusion such as 
magnets, metal detectors, and screens. Plant policies such 
as preventive maintenance, glass control, and good manu- 
facturing practices assist the process. Federal agencies 
have delineated defect action levels that include stems, 
pits in vegetables, and insect fragments. These levels are 
generally considered a health hazard. 


CHEMICAL HAZARDS 


Chemical hazards can be introduced into foods either di- 
rectly or indirectly. These are also naturally occurring tox- 
icants. Chemical hazards include pesticides used to control 
pests in crops, cleaning compounds and sanitizers used on 
food equipment surfaces, and environmental contami- 
nants such as mercury in fish and polybrominated biphen- 
yls in feed. Certain foods, such as peanuts, eggs, milk, fish, 
and wheat, contain allergens that can be harmful to an 
allergen-sensitive individual. There are questions as to the 
adequacy of current pesticide safety assessments for chil- 
dren (43). Consumer interest in dietary supplements has 
raised concerns about adverse reactions (44). Chemical 
hazards present a continuing challenge to the scientific 
community. 


BIOLOGICAL HAZARDS 


Bean and Griffin (45) summarized CDC statistics and re- 
ported that 66% of the outbreaks and 87% of cases were 
bacterial in nature. Some of the more common biological 
agents are Salmonella, Sa. Aureus, Campylobacter, E. coli 
0157:H7, and viruses such as hepatitis A and Norwalk. 
There are concerns about some of the emerging pathogens 
such as Listeria. Hazard assessment will require an as- 
sessment of why they occur and survive in a particular 
food, and the determination of CCPs that would prevent 
these organisms from becoming a potential health hazard. 


QUALITY MANAGEMENT 


In a recent survey, 7 out of 10 (69%) consumers cited 
spoilage-related concerns, including bacterial contamina- 
tion, as the most significant threat to food safety. Consum- 
ers are also taking action; almost half of survey respon- 
dents (45%) said they are doing something different as a 
result of the safe-handling labels on meat products. More 
respondents are washing their hands, cooking properly, 
not leaving meat out to thaw, and washing meat. More 
than 90% of the consumers surveyed indicated that the 
nutritional content of the foods they eat was important. 
Fat, salt, and cholesterol remain the top nutritional con- 
cerns (46,47). The consumer expects his or her food to be 
of high quality, safe, and nutritious. The consumer drives 
the food system, which in turns drives the industry tomeet 
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consumer expectations; hence the need for quality man- 
agement. 

The literature is replete with books and papers featur- 
ing quality buzzwords such as CP (critical path), PC (pro- 
cess control), SPC (statistical process control), and TQM 
(total quality management). Colleges and junior colleges 
offer differing curricula, as do associations, trainers, and 
consultants who offer courses and seminars. 

The systems used for the implementation of quality will 
vary depending on the nature of the product, the process, 
and the end user. Agricultural commodities require imple- 
mentation of good agricultural practices along with proper 
controls during distribution, such as temperature and hu- 
midity to maintain freshness and nutritional content. 
Similar precautions need to be taken with seafood prod- 
ucts. Programs cannot be successful without management 
commitment and the appropriate allocations of funds to 
successfully implement programs. Food service offers 
unique challenges because of its complexity. Challenges 
will vary depending on the type and size of the company. 

It is becoming increasingly evident that quality needs 
to be controlled in all its aspects, which includes all param- 
eters that will directly or indirectly affect quality, namely, 
the raw materials, agricultural practices, manufacturing 
process, environment, finished product, product handling, 
and consumer guidance. Monitoring of these parameters 
needs to be directed toward minimizing product failures, 
prevention of substandard product, and production of uni- 
form quality product that will meet defined criteria— 
organoleptic, physical, chemical, and microbiological. 

Ingredients and packaging should be purchased based 
on specifications under a continuing food guarantee. The 
specifications should take into consideration the capabili- 
ties of the supplier to meet the specifications and the ul- 
timate use of these ingredients in the finished product. The 
specification should define the physical, chemical, and mi- 
crobiological requirements. The capabilities of the supplier 
should be taken into consideration, including the adequacy 
of HACCP and quality programs. The raw materials 
should be statistically sampled (48). 

The increased production needs have increased de- 
mands for automated processes—complex equipment that 
requires the utilization of sophisticated techniques to 
sense and correct malfunctions—hence the need for statis- 
tical process controls. Statistical process control will in- 
crease the effectiveness of HACCP systems and assist in 
product improvement. 

Finished products need to be tested on a periodic basis. 
An adequate process and HACCP controls will greatly min- 
imize the need to test finished products. 

It is important that environmental sanitation in the 
plant be taken seriously. A clean plant instills pride, in- 
creases productivity, and is conducive to the production of 
consistent-quality products. Continuous follow-up and in- 
spections by trained personnel will determine the pro- 
gram’s success or failure. The program should include 
equipment design and maintenance, cleaning, pest control, 
and personnel practices. 

Equipment should be designed so that it is easily 
cleaned. Hard-to-clean spots can be focal points for micro- 
bial growth. Improperly maintained equipment is condu- 
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cive to accidents and foreign material contamination. 
Through integrated pest management control, pesticides 
must be used judiciously. The extent of the programs de- 
pends on the nature of the food and the location of the 
manufacturing facility. Equipment must be properly 
cleaned and sanitized. The adequacy of cleaning and san- 
itizing needs to be monitored using a microbiological con- 
trol program. Plants must maintain the highest standards 
of hygiene and follow good manufacturing practices. 

The quality functions need to be working in an inter- 
disciplinary manner with company functions such as re- 
search and development, operations, sales, marketing, fi- 
nancial, and human resources. All of the quality 
considerations driving manufacturing, packaging, and dis- 
tribution will be rendered worthless if the product is mis- 
handled by the consumer or the food service operator. Han- 
dling instructions need to be adequate and explicit. 

The final link in the food chain is the consumer. Assum- 
ing that each American eats four times a day, there could 
be one billion opportunities each day for someone to con- 
tract or transmit a foodborne illness (49) or consume a sub- 
standard product. Therefore, a concerted effort to educate 
the consumer is very important. The successful quality 
program will require the implementation of a system ap- 
proach from farm to fork (4). 


CONCLUSION 


The food industry has a long history, beginning when hu- 
mans first served a meal from home. The industry has seen 
that event refined to its current state of a multisegmented 
domestic and international business. In addition to having 
to meet customer expectations in quality and price, the 
food industry must satisfy a number of requirements such 
as labeling, standards of identity, food safety, and so on. 
We have seen spiraling ingredient, labor, and regulatory 
costs; such increased costs lead to the pursuit of more ef- 
ficient methods of manufacture and optimum formulations 
(50). 

Thomas Jefferson prescribed the need for a wise and 
frugal government. We have initiatives undertaken by a 
number of presidents—Kennedy, Nixon, and most recently 
Clinton, with the Food Safety Initiative. The Center for the 
Study of American Business at Washington University es- 
timates that the private sector will pay $688 billion in “hid- 
den compliance costs” related to federal regulations in 
1997, roughly 9% of the gross domestic product (51). The 
consumer will ultimately pay the price; yet government 
regulations are necessary. It is important, therefore, that 
the desired food quality be achieved through engineering 
quality into the process at minimum regulatory costs 
through such programs as HACCP and quality systems, 
and communicating and educating the consumer on how 
to handle the food product for optimum taste and nutrition. 
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RAPID METHODS 
OF MICROBIOLOGICAL ANALYSIS 


Rapid methods and automation in microbiology are dy- 
namic fields of study that address the utilization of micro- 
biological, chemical, biochemical, biophysical, immunolog- 
ical, and serological methods for the study of improving 
isolation, early detection, characterization, and enumera- 
tion of microorganisms and their products in clinical, food, 
industrial, and environmental samples. In the past 10 
years, food microbiologists have started to adapt rapid and 
automated methods in their laboratories (Fig. 1). Conven- 
tional methods of detection, enumeration identification 
and characterization of microbes, are described in refer- 
ence books such as Compendium of Methods for the Micro- 
biological Examination of Foods (1), Official Methods of 
Analysis of the AOAC (2), Bacteriological Analytical Man- 
ual (3), Standard Methods for the Examination of Dairy 
Products (4), and Modern Food Microbiology (5). A com- 
prehensive treatment of all areas of food microbiology was 
recently published by Doyle, et al. (6). 

Important publications on the subject of rapid methods 
for medical specimens, water, food, industrial, and envi- 
ronmental samples are in a series of papers by Fung and 
colleagues (7-11) and books such as Instrumental Methods 
for Quality Assurance in Foods (12) and Rapid Analysis 
Technique in Food Microbiology (13). Hartman et al. (14) 
had an excellent chapter on rapid methods and automation 
in Compendium (1). Swaminathan and Feng (15) also pro- 
vided updated materials in rapid methods. 

The purpose of this article is to review the basic prin- 
ciples and practical applications of a variety of instruments 
and procedures directly and indirectly related to improved 
methods for microbiology in quality assurance and re- 
search in food microbiology. 
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Figure 1. Relative interest in rapid methods among medical mi- 
crobiologists and food microbiologists. 
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IMPROVEMENTS IN SAMPLING 
AND SAMPLE PREPARATION 


One of the most useful instruments developed for sample 
preparation is the Stomacher (Tekmar, Cincinnati, Ohio). 
This instrument is designed to massage food samples in a 
sterile bag. The food sample is first placed in the sterile 
disposable plastic bag, and appropriate sterile diluents are 
added. The bag with the food is placed in the open chamber. 
After the chamber is closed, the bag is then massaged by 
two paddles for a suitable time, usually from 1 to 5 min. 
No contact occurs between the instrument and the sample. 
During massaging, microorganisms are dislodged into the 
diluent for further microbiological manipulation. Mas- 
saged slurries are then used for microbiological analysis. 
More than 30,000 units of the Stomacher have been sold 
worldwide since its introduction in 1975. A similar system 
named Masticator Homogenizer is marketed by IUL In- 
struments, Germany. Recently Sharpe invented a new in- 
strument called Pulsifier that can dislodge bacteria from 
food by pulsification in a bag. Fung et al. (16) evaluated 
the Pulsifier versus the Stomacher and found that both 
instruments provided similar microbial counts from food 
samples. The Pulsifier resulted in less food debris in the 
sample, which is advantageous for pathogen detection us- 
ing technology such as enzyme-linked immunosorbent as- 
say (ELISA), Gene Probe, and polymerase chain reaction 
(PCR). 

An instrument for sample preparation is the Gravimet- 
ric Diluter (Spiral Biotech, Bethesda, Maryland). One of 
the routine procedures in food microbiological work is to 
aseptically measure a sample of food (eg, 5 g of meat) and 
then aseptically add an exact amount of sterile diluent (eg, 
45 mL) to make a desired dilution (1:10). With the Gravi- 
metric Diluter, the analyst needs only to aseptically place 
an amount of food (eg, 5.3 g), into a Stomacher bag, set a 
desired dilution (1:10), and set the instrument to deliver 
the appropriate amount of sterile diluent (eg, 47.7 mL). 
Thus, the dilution operation can be automatically done. 
The dilution factor can be chosen by the analyst to satisfy 
the need (1:10, 1:50, 1:100, etc) simply by programming 
the instrument. Manninen and Fung (17) evaluated the 
Gravimetric Diluter and found that depending on the vol- 
ume tested the accuracy of delivery for most samples was 
found to be in the range of 90 to 100%. A new version of 
this instrument is called Diluflo and has been in use sat- 
isfactorily in the author's laboratory since 1992. Recently 
Phi of Italy marketed a similar instrument named Dilu- 
macher for automatic microbiological dilution. 


ALTERNATIVE METHODS FOR VIABLE CELL 
COUNT PROCEDURE 


The conventional viable cell count or standard plate count 
method is time-consuming in terms of both operation and 
collection of data. Several methods have been explored to 
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improve the efficiency of operation of the viable cell count 
procedure. 

The spiral plating method is an automated system for 
obtaining viable cell counts (Spiral Biotech, Bethesda, 
Md.). The instrument can spread a liquid sample on the 
surface of agar contained in a petri dish in a spiral shape 
(the Archimedes spiral) with a concentration gradient 
starting from the center and decreasing as the spiral pro- 
gresses outward on the rotating plate. The volume of liquid 
deposited at any segment of the agar plate is known. After 
the liquid containing microorganisms is spread, the agar 
plate is incubated overnight at an appropriate tempera- 
ture for the colonies to develop. The colonies appearing 
along the spiral pathway can be counted either manually 
or electronically. Table 1 demonstrates that the spiral plat- 
ing method provides the same counts as the conventional 
method. A skilled operator can perform 10 times more 
samples using the spiral system compared with conven- 
tional methods. 

New versions of the spiral plater have recently been in- 
troduced as Autoplater (Spiral Biotech, Bethesda, Md.) 
and Whitley Automatic Spiral Plater (Bioscience Interna- 
tional, Inc., Rockville, Md.). With these instruments an an- 
alyst need only present the liquid sample and the instru- 
ment completely and automatically processes the sample, 
including resterilizing the unit for the next sample. 

Many instruments are now available for rapid enumer- 
ation of bacterial colonies in agar plate. Spiral Biotech (Be- 
thesda, Md.) markets a laser system called CASBA II that 
has been in use in the author’s laboratory for many years 
with satisfactory results. Recently the same company in- 
troduced CASBA III, which includes a high-resolution 
scanner with a high-performance personal computer and 
Windows-based colony image analysis software. Protos col- 
ony counter (Bioscience International, Inc., Rockville, Md.) 
is another automatic colony counter that can count 600 
plates/hour at 0.5 s/plate. Many other companies also mar- 
ket automatic plate counters. Table 1 also shows that 
counting manually and counting by a laser counter pro- 
vided the same number, but the laser counter can complete 
the task in a few seconds. 

Another alternative method for viable cell count is the 
Isogrid system (QA Laboratories Ltd., San Diego, Calif.). 


Table 1. Comparison of Pour Plate and Spiral Plate 
Counted Manually and by Laser for Bacterial Cultures 


Logyocfu/ml 
_—tareninte __ Selenite — 
Test cultures Manual Laser Manual Laser 
Escherichia coli 886 885 873 8.85 
Salmonella enteritidis 876 866 878 892 
Pseudomonas aeruginosa 8.00 8.00 8.00 8.00 
Staphylococcus aureus 8.04 7.78 8.18 8.18 
Lactobacillus plantarum 948 9.40 9.60 (9.69 
Streptococcus sp. 173 766 = 8.00: 8.08 
Bacillus cereus 7.26 7.15 7.15 7.26 
Micrococcus luteus 7.40 7.32 751 7.57 


This system consists of a square filter with hydrophobic 
grids printed on the filter to form 1,600 squares for each 
filter. Food samples are weighed, blended, and enzyme 
treated before passage through the membrane filter con- 
taining the hydrophobic grids by vacuum. The filter is then 
placed on agar containing a suitable nutrient for growth of 
the bacteria, yeasts, or molds. The hydrophobic grids pre- 
vent colonies from growing further than the square grids; 
thus all colonies have a square shape. This facilitates 
counting of the colonies both manually and electronically. 
This method has been successfully used to make viable cell 
counts for a variety of foods, including milk, meat, black 
pepper, flour, peanut butter, mushrooms, rice, fish, shrimp, 
and oyster (18-20). Other applications of the Isogrid sys- 
tem include determination of total coliforms, fecal coli- 
forms, Escherichia coli, Salmonella spp., and other micro- 
organisms (21). 

Rehydratable nutrients are embedded into a series of 
films in the Petrifilm (3M Co., St. Paul, Minn.) system. The 
top layer of the protective cover is lifted and 1 mL of liquid 
sample introduced to the center of the unit, and the cover 
is then replaced. A plastic template is placed on the cover 
to make a round mold. The rehydrated medium with nu- 
trient will support the growth of microorganisms after 
suitable incubation time and temperature. The colonies 
can be counted directly in the unit. The unit is about the 
size and thickness of a plastic credit card, thus providing 
great savings of space in storage and incubation. Petrifilm 
units have been developed for total bacterial count, coli- 
form count, fecal coliform count, yeast and mold counts, 
and hemorrhagic E. coli 0157:H7. Table 2 shows excellent 
correlation between Petrifilm and standard plate count 
method for the food. 

Redigel system (RCR Scientific, Inc., Goshen, Ind.) is 
another convenient viable cell count system. This system 
consists of sterile nutrients with a pectin gel in a tube. The 
tube is ready to be used any time and no heat is needed to 
“melt” agar. A 1-mL food sample is first pipetted into the 
tube. After mixing, the entire content is poured into a spe- 
cial Petri dish previously coated with calcium. When liquid 
comes in contact with the calcium, a Ca-pectate gel is 
formed, and the complex swells to resemble conventional 
agar. After an appropriate incubation time and tempera- 
ture, the colonies can be counted exactly like conventional 
standard plate count method. Besides total count, Redigel 
also has systems for coliform, fecal coliform, yeast and 
molds, lactic and bacteria, Staphylococcus aureus, and Sal- 
monella. 

The four aforementioned methods have potential as an 
alternative to the conventional agar pour plate method. 
Chain and Fung (23) made a comprehensive analysis of all 
four methods against the conventional method on seven 
different foods (skinless chicken breast, fresh ground beef, 
fresh ground pork, packaged whole shelled pecans, raw 
milk, thyme, and whole wheat flour, 20 samples each) and 
showed that the new systems and the conventional method 
were highly comparable and exhibited a high degree of ac- 
curacy and agreement (r = 0.95+). It should be noted that 
those performing these newer methods need some training 
and experience before satisfactory results can be obtained 


consistently. These are good methods if performed under 
careful operation. 

In the direct epifluorescent filter technique (DEFT) 
method, the liquified sample is first passed through a filter 
that retains the microorganisms. The filter is then stained 
with acridine orange, and the slide is observed under ul- 
traviolet microscopy. “Live” cells usually stain orange-red, 
orange-yellow, or orange-brown, whereas “dead” cells flu- 
oresce green. The slides can be read by the eye, or by a 
semiautomated counting system marketed by Bio-Foss. A 
viable cell count can be made in less than an hour. With 
the use of an image analyzer, an operator can count 50 
DEFT slides per hour (24). This method has been used sat- 
isfactorily for counting viable cells in milk and other food 
samples such as fish (25). Recently the Nordic countries 
used this method for quality assurance of ground beef. Tor- 
torello and Gendel (26) further developed this procedure 
by using fluorescent antibodies in conjunction with DEFT 
to enumerate E. coli 0157:H7 in milk and juice. 


INSTRUMENTS FOR ESTIMATION OF MICROBIAL 
POPULATIONS AND BIOMASS 


Many methods have been developed in recent years to es- 
timate the total number of microorganisms by parameters 
other than the viable colony count as described in the pre- 
vious section. For a new method to be acceptable, it should 
have some direct correlation with the total viable cell 
count. Thus, standard curves correlating parameters such 
as adenosine triphosphate (ATP) level, detection time of 
electrical impedance or conductance, generation of heat, 
radioactive COz, and so on, with viable cell counts of the 
same sample series must be made. In general, the larger 
the number of viable cells in the sample, the shorter the 
detection time of these systems. A scattergram is then plot- 
ted and used for further comparison of unknown samples. 
The assumption is that as the number of microorganisms 
increase in the sample, these physical, biophysical, and 
biochemical events will also increase accordingly. When a 
sample has 10° to 10° organisms/mL, detection can be 
achieved in about 4 to 6 h. 

All living things utilize ATP. In the presence of a firefly 
enzyme system (luciferase and luciferin system), oxygen, 
and magnesium ions, ATP will facilitate the reaction to 
generate light. The amount of light generated by this re- 
action is proportional to the amount of ATP in the sample; 
thus, the light units can be used to estimate the biomass 
of cells in a sample. The light emitted by this process can 
be monitored by a variety of fluorimeters. These proce- 
dures can be automated for handling large numbers of 
samples. Some of the instruments can detect as little as 
10° to 10° fg. The amount of ATP in one colony-forming 
unit has been reported as 0.47 fg with a range of 0.22 to 
1.03 fg. Using this principle, many researchers have tested 
the efficacy of using ATP to estimate microbial cells in 
foods and beverages. 

Lumac (Landgraaf, the Netherlands) markets several 
models of ATP instruments and provides customers with 
test kits with all necessary reagents, such as a fruit juice 
kit, hygiene monitoring kit, and so on. The reagents are 
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Table 2. Comparison of the Standard Plate Count Method 
and the Petrifilm Method for Viable Cell Counts of 
Shrimp, Perch, Cod, and Whiting 


Colony-forming units/gm 


Sample Standard plate count Petrifilm SM 
Shrimp 
a 2.1 x 10¢ 0.9 x 104 
2 9.3 x 10° 6.8 x 10° 
3 1.5 x 10¢ 1.2 x 104 
4 4.4 x 10¢ 2.0 x 104 
5 2.0 x 10¢ 0.9 x 10¢ 
Perch 
1 1.4 x 10° 1.2 x 10% 
2 5.4 x 10? 3.7 x 10? 
3 8.0 x 10? 48 x 10° 
4 5.0 x 10? 3.2 x 10° 
5 1.0 x 10° 1.2 x 10% 
Cod 
1 1.2 x 10? 11 x 10? 
2 2.2 x 10? 2.4 x 10° 
3 1.0 x 104 1.0 x 10¢ 
4 2.1 x 10¢ 2.3 x 104 
5 1.2 x 104 1.2 x 104 
Whiting 
1 3.0 x 10° 3.1 x 10? 
2 5.8x 107 5.6 x 10? 
3 1.2 x 10° 1.1 x 10% 
4 5.4 x 107 5.2 x 10° 
5 8.8 x 10° 8.4 x 10? 


Note: Samples were massaged in a Stomacher for 1 min in sterile diluent. 
Viable cells counts were made according to standard method, Incubation 
time was 48 h at 32°C. All samples were done in duplicate. Correlation 
coefficient between the two methods is r = 0.99, 

Source: Ref. 22. 


injected into the instrument automatically, and readout is 
reported as relative light units (RLUs). By knowing the 
number of microorganisms responsible for generating 
known RLUs, one can estimate the number of microorgan- 
isms in the food sample. In some food systems, such as 
wine, the occurrence of any living matter is undesirable; 
thus, monitoring of ATP can be a useful tool for quality 
assurance in the winery. Recently, much interest has been 
expressed in using ATP estimation not for total viable 
numbers but as a sanitation check by companies such as 
Lumac, BioTrace (Plainsboro, N.J.), Lightning (IDEXX, 
Westbrook, Maine), Hy-Lite (Glengarry, Biotech, Cornwall, 
Canada), Charm 4000 Luminometer (Charm Sciences, 
Malden, Mass.), and others. 

As microorganisms grow and metabolize nutrients, 
large molecules change to smaller molecules in a liquid 
system and cause a change in electrical conductivity and 
resistance in the liquid as well as at the interphase of elec- 
trodes. By measuring the changes in electrical impedance, 
capacitance, and conductance, scientists can estimate the 
number of microorganisms in the liquid because the larger 
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the number of microorganisms in the fluid, the faster the 
change in these parameters that can be measured by sen- 
sitive instruments. A detailed analysis on the subject of 
impedance, capacitance, and conductance in relation to 
food microbiology has been made by Eden and Eden (27). 

The Bactometer (bioMerieur Vitek, Inc., Hazelwood, 
Mo.) is an instrument designed to measure impedance 
changes in foods. Samples are placed in the wells of a 16- 
well module. After the module is completely or partially 
filled, it is plugged into the incubator unit to start the 
monitoring sequence. At first, there is a stabilization pe- 
riod for the instrument to adjust to the module, then a 
baseline is established. As the microorganisms metabolize 
the substrates and reach a critical number (10°—10° cells/ 
mL), change in impedance increases sharply, and the moni- 
tor screen shows a slope similar to the log phase of a 
growth curve. The point at which the change in impedance 
begins is the detection time, and this is measured in hours 
from the start of the experiment. The detection time is in- 
versely proportional to the number of microorganisms in 
the sample. By knowing the number of microorganisms per 
milliliter in a series of liquid samples and the detection 
time of each sample, one can establish a standard curve. 
From the curve one can decide the cutoff points to monitor 
certain specifications of the food products. 

Impedance methods have been used to estimate bacte- 
ria in milk, dairy products, meats, and other foods. This 
method has been used for determining the shelf life poten- 
tial of pasteurized whole milk by Bishop et al. (28). 

The Malthus system (Crawley, UK) works by measuring 
the conductance of the fluid as the organisms grow in the 
system. It also generates a conductance curve similar to 
the impedance curve of the Bactometer, and it also uses 
detection time in monitoring the density of the microor- 
ganisms in the food. 

The Malthus system has been used for microbial 
monitoring of brewing liquids and hygiene monitoring. 
Gibson and colleagues (29-31) have done considerable 
work using the Malthus system to study seafood micro- 
biology. 

Besides estimating viable cells in foods, both the Bac- 
tometer and the Malthus systems can detect specific or- 
ganisms by the use of selective and differential liquid me- 
dia. An automatic instrument for measuring direct and 
indirect impedance has been developed in Europe and 
named RABIT (Rapid Automated Bacterial Impedance 
Technique). 

An instrument called the Omnispec bioactivity monitor 
system (Wescor, Inc., Logan, Utah) is a tri-stimulus reflec- 
tance colorimeter that monitors dye pigmentation changes 
mediated by microbial activity. Dyes can be used that pro- 
duce color changes as a result of pH changes, changes in 
the redox potential of the medium, or the presence of com- 
pounds with free amino groups. Samples are placed in mi- 
crotiter wells or other types of containers and are scanned 
by an automated light source with computer interface dur- 
ing the growth stages (0-24 hours). The change of color or 
hue (a*, b*, L) can be monitored similar to impedance 
curve and conductance curve. Manninen and Fung (32) 
evaluated this system in a study of pure cultures of Listeria 
monocytogenes and food samples and found high correla- 


tion coefficients (r) of 0.90 to 0.99 for pure bacterial cul- 
tures and 0.82 for minced beef between the colony counts 
predicted by the colorimetric technique and the results of 
the traditional plate count method. They also showed that 
detection times for bacterial cultures such as Enterobacter 
aerogenes, E. coli, Hafnia alvei, and several strains of L. 
monocytogenes were substantially (2-24 h) shorter using 
the instrument than using the traditional method and con- 
cluded that the colorimetric detection technique employed 
by the Omnispec system simplifies the analyses, saves la- 
bor and materials, and provides a high sampling capacity. 
Tuitemwong (33) completed an extensive study using Om- 
nispec 4000 to monitor growth responses of food pathogens 
in the presence or absence of membrane-bound enzymes. 
This instrument is highly efficient in large-scale studies of 
microbial interaction with different compounds in liquid 
and food. 

The catalase test is another rapid method for estimation 
of microbial populations in certain foods. Catalase is a very 
reactive enzyme. Microorganisms can be divided into cat- 
alase positive and catalase negative. Both groups are im- 
portant in food microbiology; however, under certain food- 
storage conditions, a certain group predominates. Most 
perishable foods (commercial as well as domestic) are cold 
stored under aerobic conditions. The organisms causing 
spoilage of these foods are psychrotrophs. The predomi- 
nant psychrotrophic bacteria are Pseudomonas spp., which 
are strongly catalase positive. Other important psychro- 
trophs such as Micrococcus, Staphylococcus, and a variety 
of enterics are also catalase positive. Thus, one can make 
use of the presence of catalase to estimate the bacterial 
population. Catalase activity can be detected by a simple 
capillary tube method (34). Recently Binjasass and Fung 
(35) completed an extensive study using the capillary cat- 
alase tube method for monitoring microbial load and end- 
point cooking temperature of fish and found the method to 
be reliable and simple to use. 

Ang et al. (36) also showed that heating poultry meat 
to 71°C (a legal requirement for these products) will de- 
stroy both bacterial and animal catalase. The test is 99% 
accurate and is simple and inexpensive to perform. 


MI 


ATURIZED MICROBIOLOGICAL TECHNIQUES 


Identification of microorganisms is an important part of 
quality assurance and control programs in the food indus- 
try. The author has developed many miniaturized methods 
to reduce the volume of reagents and media (from 5 to 10 
mL to about 0.2 mL) for microbiological testing in micro- 
titer plates. The basic components of the miniaturized sys- 
tem are the microtiter plates for test cultures, a multiple 
inoculation device, and containers to house solid media 
(large petri dishes) and liquid media (another series of mi- 
crotiter plates). The procedure involves placing liquid cul- 
tures (pure cultures) to be studied into sterile wells of a 
microtiter plate to form a master plate. Each microtiter 
plate can hold up to 96 different cultures, 48 duplicate cul- 
tures, or various combinations as desired. The cultures are 
then transferred by a sterile multipoint inoculator (96 nee- 
dles protruding from a template) to solid or liquid media. 


Sterilization of the inoculator is by alcohol flaming. Each 
transfer represents 96 separate inoculations in the con- 
ventional method. After incubation at an appropriate tem- 
perature, the growth of cultures on solid media or liquid 
media can be observed and recorded, and the data can be 
analyzed. These miniaturized procedures save a consid- 
erable amount of time in operation, effort in manipulation, 
materials, labor, and space. These methods are ideal for 
studying large numbers of isolates or for research involv- 
ing challenging large numbers of microbes against a host 
of test compounds. 

The miniaturized methods have been used to study 
large numbers of isolates from foods (37-39) and to develop 
bacteriological media and procedures (40-43). Many useful 
microbiological media were discovered through this line of 
research. For example, an aniline blue Candida albicans 
medium was developed and marketed by Difco under the 
name Candida Isolation Agar. The sensitivity and specific- 
ity were 98.0 and 99.5%, respectively, with a predictive 
value of 99.1% (44). 

On the commercial side, many diagnostic kits to identify 
microorganisms have been developed and marketed since 
the 1970s. Currently, API, Enterotube, R/B, Minitek, 
MicroID, and IDS are available. Most of these systems 
were first developed for the identification of enterics (E. 
coli, Salmonella, Shigella, Proteus, Enterobacter spp., etc). 
Later many of the companies expanded the capacity to 
identify nonfermentor, anaerobes, gram-positive organ- 
isms, and even yeasts and molds. Most of the early com- 
parative analyses centered around evaluation of these kits 
for clinical specimens. Comparative analysis of diagnostic 
kits and selection criteria for miniaturized systems were 
made by Funget al. (45) and Cox et al. (46). They concluded 
that these miniaturized systems are accurate, efficient, la- 
bor saving, space saving, and cheaper than the conven- 
tional procedure. Their usefulness in clinical and food mi- 
crobiological laboratories will continue to be important. 


TECHNIQUES INVOLVING INSTRUMENTS, 
IMMUNOLOGY, AND GENETIC TESTS 


Many sophisticated instruments have been developed to 
identify isolates from clinical specimens such as Sensititre 
(Radiometer Amer, Westlake, Ohio) and Biolog (Hayward, 
Calif.). One of the most automated systems for the iden- 
tification of isolates (clinical and foods) is the Vitek system. 
The system depends on the growth of target organisms in 
specially designed media housed in tiny chambers in a 
plastic card. The card is then inserted into the incubation 
chamber. The instrument periodically scans the wells of 
the cards and sends information to the computer, which 
then matches the database and identifies the unknown cul- 
tures in the cards. The system is entirely automated and 
computerized and provides hard copies for record keeping. 
The system is capable of identifying enterics, yeast, Bacil- 
lus, selected gram-positive pathogens, and other or- 
ganisms. 

The DNA probe (Genetrak, Farmingham, Mass.) is a 
sensitive method to detect pathogens such as Campylo- 
bacter, Salmonella, Listeria, and E. coli. At first, the sys- 
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tem utilized radioactive compounds for assay. The second 
generation of probes uses enzymatic reactions to detect the 
presence of pathogens. Another major change in this area 
is the development of probes to detect target RNA. In acell 
there is only one copy of DNA; however, there may be 1,000 
to 10,000 copies of ribosomal RNA. Thus, the new gener- 
ation of probes are designed to probe target RNA. After 
enrichment of cells (either in liquid or colonies on solid 
agar), DNA or RNA of target cells can be extracted and 
released into the liquid and then detected by the appro- 
priate DNA and/or RNA probes. These methods are cur- 
rently being automated. Currently, kits are available for 
Salmonella, Listeria, Campylobacter, Yersinia, and others. 
As the need arises more organisms will be added to the 
list. 

Polymerase chain reaction (PCR) systems are the latest 
development in DNA amplification technology and re- 
cently have gained much attention in food microbiology. 
Originally the procedures are highly complicated, and a 
very clean environment is needed to perform the test. Re- 
cently, much research has been directed to simplifying the 
procedure for laboratory analysts. DuPont recently com- 
mercialized a system called BAX for PCR. 

The BAX screening system is designed to work from 
overnight enrichment broths. In the case of the BAX sys- 
tem for Salmonella, the food is enriched overnight in any 
standard nonselective broth (lactose broth, buffered pep- 
tone water, etc). A 1:10 dilution into BHI is performed fol- 
lowed by a 3-h grow-back incubation. An aliquot is taken 
into a tube and treated with lytic enzymes and heat. An 
aliquot of the cell lysate is used to rehydrate the PCR re- 
agents housed in a tube, and a control tablet and the sam- 
ple is placed into the thermal cycler along with the corre- 
sponding control tube. Thermal cycling, UV visualization 
of the gel, and photography to document the results are 
then performed to detect PCR products. 

PCR technology is now steadily moving into the food 
laboratories. Some obstacles of PCR technology include the 
occurrence of inhibitors in the food samples and the fact 
that DNA from dead cells can also be amplified, thus giving 
a false positive result for a food that may be safe to eat. 
For pure cultures this technology is very useful. Dilution 
of samples (1:10) will reduce the inhibitors, and enrich- 
ment of target culture will ensure amplication of live cells 
even in the presence of other organisms. 

Another important development, also by Qualicon, is 
the RiboPrinter characterization system. The RiboPrinter 
is designed to accept isolated colonies of bacteria as the 
sample. A sample is prepared as follows: 


1. A colony of bacteria is picked from an agar plate us- 
ing a sterile plastic stick (provided in the sample kit). 

2. Cells from the stick are suspended in a buffer solu- 
tion by mechanical agitation. 

3. An aliquot of the cell suspension is loaded into the 
sample carrier to be placed into the instrument. 
Each sample carrier has space for eight individual 
colony picks. 


The patterns of organisms would allow an analyst to 
pinpoint the source of the pathogen. For example, even the 
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pathogen L. monocytogenes has many different patterns. 
By matching the pattern of an isolate from food and pat- 
terns from isolates from a slicer or drain, the analyst can 
determine exactly the source of the L. monocytogenes in 
the finished product. This system received the Industry 
Award given by the Institute of Food Technologists in 1997. 

Modification of the basic PCR procedure includes re- 
verse transcriptase PCR, nested/multiplex PCR, randomly 
amplified polymorphic DNA (RAPD), fluorescent probes in 
PCR, among others. These methods are slowly finding 
their way to the food microbiology laboratory. 

The enzyme-linked immunosorbent assay (ELISA) sys- 
tems method commercialized by Organon Teknika (Dur- 
ham, N.C.) utilizes two monoclonal antibodies specific for 
Salmonella detection. In a comparative study involving 
1,289 samples, Eckner et al. (47) found no significant dif- 
ference between the conventional method and the ELISA 
method for food samples except cake mix and raw shrimp. 
Another ELISA system, the Tecra system (International 
BioProducts, Redmond, Wash), was developed in Australia 
and uses polyclonal antibodies to detect Salmonella. These 
methods have also been used to detect Listeria and E. coli. 
Many companies are providing a host of monoclonal and 
polyclonal antibodies for a variety of diagnostic tests, some 
including food pathogens (48). 

One of the drawbacks of the ELISA test is the many 
steps necessary for adding reagents and washing test sam- 
ples. In the Vitek ImmunoDiagnostic Assay System 
(VIDAS®) system, all intermediate steps are automated. 
VIDAS is a multiparametric immunoanalysis system that 
utilizes the enzyme-linked fluorescent immunoassay 
(ELFA) method. The end result of the test protocol is a 
fluorescent product, and the VIDAS reader utilizes a spe- 
cial optical scanner that measures the degree of fluores- 
cence. From the moment the solid phase receptacles and 
the reagent strips are placed in the instrument, the VIDAS 
is fully automated. Many automated ELISA instruments 
are on the market now, including TECRA OPUS (Inter- 
national BioProducts, Redmond, Md.), Bio-tek Instru- 
ments (Highland Park, Vt.), Automated EIA Processor 
(BioControl, Bethell, Wash.), among others. 

In a related development, several self-contained small 
units (REVEAL, VIP, etc) have been marketed recently. Af- 
ter enrichment (with or without an Oxyrase type of stimu- 
lation) an analyst need only apply a small aliquot (boiled 
or unboiled) to the kit. Reaction occurs in a few minutes. 
These kits have been used to rapidly screen E. coli 0157:H7 
and Salmonella in ground beef. 

UNIQUE system for Salmonella is another way of using 
immunocapture technology. A dipstick with antibody 
against Salmonella is applied to the pre-enriched liquid. 
The antibody captures the Salmonella if present. This 
charged dipstick is then placed in a fresh enrichment broth 
and the cells are allowed to multiply for a few hours. After 
the second enrichment step, the dipstick, with a much 
larger population of Salmonella attached to it, will be sub- 
ject to further ELISA procedures. The entire test is housed 
in a convenient self-contained plastic unit. This type of 
method is very useful for a small laboratory with low- 
volume testing of pathogens. 


Immunomagnetic capture methods have attracted 
much attention lately. VICAM and DYNAL developed 
magnetic beads coated with a variety of antibodies to cap- 
ture target cells or cellular components in foods. After the 
magnetic beads have a chance to interact with potential 
target cells in a tumbling apparatus for an hour, the mag- 
netic beads are physically separated from the food or liquid 
by a powerful magnet applied to the side of the test tube. 
Further microbiological procedures such as direct plating 
or ELISA tests can be made on these charged beads. Many 
test systems are now incorporating immunomagnetic cap- 
ture technology to shorten the enrichment steps by at least 
1 day. This is especially important for foods with very low 
number of target pathogen such as Listeria or Salmonella. 

Motility enrichment is a very useful concept in rapid 
isolation and identification of food pathogens. Fung and 
Kraft (49) described a motility flask system for rapid de- 
tection and isolation of Salmonella spp. from mixed cul- 
tures and poultry products. The system involves a flask 
with a side arm that contains several agar layers. Lactose 
broth is placed in the flask, and then a sample (with or 
without salmonellae) is inoculated into the lactose broth. 
When salmonellae are present, they will swim through the 
first level of agar, which contains selenite cysteine and so- 
dium lauryl sulfite that inhibits other organisms but al- 
lows salmonellae to pass through. Once salmonellae pass 
the first layer, they can grow and metabolize compounds 
in the second and third layers. By looking at the color 
changes in the second and third agar layers, one can make 
an assumption that salmonellae were in the sample that 
was put into the lactose broth. Further serological tests 
can then be performed to confirm the presence of Salmo- 
nella. 

In more recent years, a commercial system called Sal- 
monella 1-2 test (BioControl, Bothell, Wash.) was devel- 
oped that utilizes motility as a form of selection, The food 
sample is first preenriched for 24 h in lactose broth, and 
then 0.1 mL is inoculated into one of the chambers in an 
L-shaped system. The chamber contains selective enrich- 
ment liquid medium. There is also a small hole connecting 
the liquid chamber with the rest of the system, which has 
a soft agar through which salmonellae can migrate. An 
opening on the top of the second chamber allows the ana- 
lyst to deposit a drop of polyvalent anti-H antibody. If the 
sample contains salmonellae from the lower side of the L 
unit, salmonellae will migrate through the hole and up the 
agar column. Simultaneously, the antibody against flagella 
of salmonellae will move downward by gravity. When the 
antibody meets the salmonellae, they will form a visible 
immunoband. The presence of an immunoband in this sys- 
tem is a positive test for Salmonella spp. The system is 
easy to use and has gained popularity because of its sim- 
plicity. 

Oxyrase (Mansfield, Ohio), a membrane fraction of E. 
coli, was found in the author’s laboratory to stimulate the 
growth of a large number of important facultative anaer- 
obic food pathogens. In the presence of a hydrogen donor 
such as lactate, Oxyrase can convert O, to H,O, thereby 
reducing the oxygen tension of the medium and creating 
anaerobic conditions that favor the growth of facultative 
anaerobic organisms. In a medium containing 0.1 units/ 


mL of the enzyme, the growth of L. monocytogenes, E. coli 
0157:H7, S. typhimurium, S. faecalis, and Proteus vulgaris 
were greatly enhanced; colony counts were greater by 1 to 
2 log units, depending on the initial count and the strain 
studied, after incubation in the presence of the enzyme 
for 5 to 8 h at 35 to 42°C compared with control without 
Oxyrase. 

By combining the oxyrase enzyme and a unique U- 
shaped tube, Yu and Fung (50-52) developed an effective 
method to detect L. monocytogenes and Listeria spp. from 
laboratory cultures and meat systems. Niroomand and 
Fung (53) studied the effects of oxyrase in stimulation of 
growth of Campylobacter from foods. Tuitemwong et al. 
(54) also found that these membrane fragments and those 
obtained from Acetobacter and Gluconobacter can stimu- 
late growth of starter cultures in food fermentation. 

There are many other systems that involve modern bio- 
chemistry, chemistry, and immunology. For example, one 
can use protein profiles for microbial fingerprinting 
(AMBIS system, San Diego, Calif.) or cell composition as a 
way to identify bacterial cultures (Hewlett-Packard, Palo 
Alto, Calif.). 


CONCLUSIONS 


This article describes a variety of methods that are de- 
signed to improve current methods, explore new ideas, and 
develop new concepts and technologies for the improve- 
ment of applied microbiology. Although many of these 
methods were first developed for clinical microbiology, they 
are being used for food microbiology. This field will cer- 
tainly grow, and many food microbiologists will find these 
new methods very useful in their routine work in the im- 
mediate future. Many methods described here are already 
being used by applied microbiologists nationally and in- 
ternationally. 
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REFRIGERATED FOODS: FOOD FREEZING 
AND PROCESSING 


In high latitudes it is possible to freeze foods simply by 
leaving the product outside in winter. This familiarity with 
food freezing resulted in a general feeling that such a sim- 
ple process needs little planning or care in product selec- 
tion, processing, packaging, or subsequent storage and can 
be accomplished with the minimum of skill. The enormous 
amount of scientific research put into these three P’s (in- 
trinsic Product quality, Processing, and Packaging) by food 
scientists has resulted in frozen raw materials and prod- 
ucts, now increasingly available across the world, meeting 
the needs of the most sophisticated consumers. Equally 
important are the three T’s (Time, Temperature, and Tol- 
erance), which govern the practical shelf life (PSL) of all 
frozen products. 

The advent of mechanical refrigeration (1) led by the 
Linde air compressor in the 1850s (capable of maintaining 
temperatures of about —9°C—the temperature at which 
mold activity can be ignored over short periods) made it 
possible to emulate winter conditions in high latitudes 
across the temperate and tropical regions irrespective of 
season. A frozen food industry developed, with its capabil- 
ity of transporting products such as beef, lamb, fish, shell- 
fish, and butter around the world and particularly across 
the Tropics. 

The pioneer of the retail frozen food industry, an Amer- 
ican named Clarence Birdseye, invented a multiplate fros- 
ter that enabled commercial quantities of food to be frozen 
rapidly and brought down to — 18°C, which he specified as 
the warmest temperature at which this new “frosted” food 
should be stored (2). Today, some 70 years after the launch 
of the first commercially frozen retail frozen products in 
Springfield, Massachusetts (3), there has been only little 
change in the basic precepts of this now large industry. The 
results of a massive research program, carried out at the 
U.S. Department of Agriculture (USDA) Western Research 
Laboratory in Albany, California, in the 1950s, known as 
the Time-Temperature Tolerance (T-TT) program, vali- 
dated Birdseye’s original prescription of — 18°C as the ac- 
cepted temperature for the industry and has been im- 
mensely influential in defining custom and practice 
throughout the industry (4). Later researchers (5) favored 
colder temperatures for long-term storage of fish, espe- 
cially fatty fish such as salmon. Many cold stores have been 
built capable of holding temperatures of — 30°C and, in the 
case of surimi (to preserve the white color) for the Japanese 
market, temperatures as cold as — 60°C. 

The first textbook on food freezing (2) omitted two prod- 
ucts that, when developed later, now play a large role in 
the industry—French fries and frozen concentrated orange 
juice. Sources of information on food freezing technology 
include the International Institute of Refrigeration (IIR), 
the proceedings of which cover the whole gamut of refrig- 
erants; refrigerating equipment; cold store construction; 
road, rail, and sea transport of frozen foods; and the char- 
acteristics of various products during freezing, storage, 
and thawing (6). In the United States the American Society 
of Heating, Refrigerating and Air-Conditioning Engineers, 
Inc. (ASHRAE) handbooks (7) summarize published re- 


search and provide essential background information on 
refrigerant characteristics. The IIR has also published a 
concise guide to the processing and handling of frozen 
foods (8). 

Following the successful T-TT program in the 1950s, 
attention was drawn to the importance of other factors 
apart from time and temperature—the three P’s (5). Sub- 
sequent publications (9,10) have elaborated on these de- 
velopments and advanced our knowledge of the science 
and practice of food freezing, storage and transport. 


T-1T 


The concept that the rate of quality loss, as influenced by 
temperature, in most frozen foods during storage broadly 
follows the Arrhenius equation, as postulated in the T-TT 
studies (4), has stood the test of time. One refinement has 
been the investigation of the glass transition phenomenon 
in many frozen products (11). As temperature is reduced 
well below the freezing point, the ice crystals grow until 
the remaining unfrozen moisture, the freeze-concentrated 
unfrozen phase, becomes an increasingly highly concen- 
trated and viscous solution. If temperature is lowered fur- 
ther, the point is reached (T,) at which it becomes a 
“glass"—an amorphous solid, devoid of structure and to- 
tally unlike the highly ordered structure of ice crystals. 
Below the glass temperature (7,) the rate of molecular mo- 
bility is markedly reduced and hence the rate of quality 
loss brought almost to a standstill. The kinetics of reac- 
tions associated with quality loss at temperatures close to 
the glass transition temperature (7) can be described by 
the Williams—Landel-Ferry (WLF) model, in which reac- 
tion rates (and hence quality loss) are a function of the 
temperature difference between the storage temperature 
and T, (12). Shelf-life modeling of frozen foods is well de- 
scribed by Fu and Labuza (13). While the 7, of most frozen 
foods may be so cold as to render it too expensive (and 
unnecessary in view of the short storage periods—a few 
months—necessary to span the seasons or transport food 
across the world) to store at or near the T,, these findings 
open up new avenues of research to breed food plants and 
formulate prepared dishes with a “warm” T,, thus increas- 
ing their PSL at conventional storage temperatures. Per- 
haps this research will even extend the range of products 
that can be successfully frozen. 


PPP: PRODUCT QUALITY, PROCESSING, 
AND PACKAGING 


Intrinsic Product Quality 


Following Jul’s work (5) that drew attention to the PPP 
factors, numerous researchers have confirmed and ex- 
tended the understanding of the importance of initial prod- 
uct quality, principally in terms of freshness of the living 
tissue or formulated food. Perhaps the most dramatic 
claim showed that the PSL of squid held for only 24 h in 
ice between death and freezing was reduced by one-half 
compared with a similar squid frozen immediately on 
death (14). Cyroprotectants have an important part to play 
in modifying products to increase their PSL. Cryoprotec- 
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tants commonly employed include sugars, amino acids, 
polyols, and so on. Indeed, the loss of PSL in the frozen 
state consequent upon loss of “freshness” in the raw ma- 
terial may be considered to be due to a loss of naturally 
occurring cryoprotectants. Antifreeze proteins have been 
found to depress the freezing point markedly (Antarctic 
fish can survive without freezing at — 70°C), and the pos- 
sibility that the use of antifreeze proteins may be able to 
improve the quality of frozen foods is being actively re- 
searched (15). 


Processing 


Any enzyme-mediated reactions will be greatly accelerated 
by freezing. The cryconcentration effect, caused by the re- 
moval of water in the form of ice from the medium, may be 
5 or 10 times and is only feebly compensated for by the 
lowering of temperature. A cooked product, in which the 
enzymes have been destroyed, is more stable. This en- 
hanced enzymic activity on freezing (which results in loss 
of color, flavor, and development of off-flavors in cold stor- 
age) calls for inactivating the enzymes in vegetables (such 
as sweet corn, peas, and green beans) by blanching; the 
choice of which indicator enzyme ensures adequate blanch- 
ing is addressed by Whitaker (16). 


Packaging 


Oxygen is the great enemy of frozen food quality. Oxygen 
can be excluded by covering the product with sauce, by 
water glazing of fish or using packaging with a low oxygen 
permeability that can be reinforced by exhausting the 
package before sealing, by gas flushing, or by skin pack- 
aging (17), in which the preheated film is dropped onto the 
product, which is supported on a lower web of the same 
film. On withdrawing the air between the two films, a skin- 
tight package is formed, which is then heat sealed in a 
vacuum chamber. Figures 1 and 2 illustrate the effects of 
some common packaging materials on the stability of vari- 
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Figure 1. The effect of various packaging materials on shelf life 
of individually packaged hamburger meat. 
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Figure 2. Acceptability time for pork chops, A wrapped in PE film 
and placed in master cartons; B same as A but a PA-PE laminate 
film; and C, vacuum packaged in PA-PE laminate (same material 
as in B). 


ous products. Packaging may also serve as the cooking con- 
tainer, in a microwave oven or microwavable/dual oven- 
able packaging. 
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REFRIGERATED FOODS: FOOD FREEZING 
AND WORLD FOOD SUPPLY 


Freezing is widely regarded as the most elegant method of 
long-term preservation of a wide variety of highly perish- 
able foods at economical cost. The list of products that can- 
not be frozen (salad vegetables, bananas, other whole 
fruits, etc) is much shorter than the list of products that 
are successfully frozen. Freezing enables perishable prod- 
ucts (fish, shellfish, meats, vegetables, berries, and fruit 
juices) to be transported across the world and to span the 
seasons. It makes a multitude of high-quality perishable 
products available year-round anywhere in the world. 

Freezing retains most nutrients, although a few ther- 
molabile vitamins (Vitamin C, thiamine etc) are degraded 
by perhaps 10 to 30% over a year’s storage at — 18°C in 
most products (1). 


MEAT. 


Most meats (beef, lamb, poultry, pork, and game) freeze 
excellently; that is, after freezing, frozen storage, and 
thawing, they are often indistinguishable from the original 
material. Quality retention during long-term storage is 
also very high, especially for meats containing highly sat- 
urated fat. Mammoth meat unearthed from the permafrost 
in Siberia after 20,000 years was found to be edible (2,3). 

The frozen meat trade is vital to the major meat pro- 
ducing countries in the Southern Hemisphere (Argentina, 
Brazil, Australia, and New Zealand), as it enables them to 
export enormous tonnages of this vital export to the more 
densely populated countries in the Northern Hemisphere 
(North America and Europe). Before the advent of refrig- 
erated transport, these countries could export only wool 
and tallow. Now butter, cheese, seafood, and vegetables 
have been added to the export of meat. At the dawn of the 


era of refrigerated transport the carrying temperature was 

—10°C, about the best that a Linde air compressor could 
achieve when relying on tropical seawater for condenser 
cooling. It is also the warmest temperature at which white 
and black molds fail to develop or only develop very slowly. 
This traditional “meat trade” carrying temperature has 
given way, largely due to containerization, to the custom- 
ary frozen food temperature of — 18°C. The impracticabil- 
ity of providing different temperatures in a container ship 
and the introduction of fish, frozen orange juice concen- 
trate, vegetables, prepared meals, and so on, all of which 
demand at least — 18°C, has led to standardization on this 
colder temperature. 


SEAFOOD 


Seafood remains the only substantial item of human diet 
a large part of which is still hunted, apart from small quan- 
tities of game. Aquaculture now provides substantial 
quantities of farmed salmon, tilapia, catfish, and trout to 
supplement the declining productivity of most fishing 
grounds. Wild seafood often occurs in greatest abundance 
at short seasons of the year and in areas remote from hu- 
man populations desirous of consuming them. Several spe- 
cies (herring, cod, mackerel, and hake) are migratory, often 
present in concentrated shoals and in good eating condi- 
tion for only a few months of the year. A preservation 
method is required to preserve them from the time of 
catching until ultimate consumption perhaps several thou- 
sands of miles away and several months later. Traditional 
methods such as salting, drying, and pickling (in either 
acid or alkali) have been largely supplanted by freezing. 

The most heavily traded seafood commodity in world 
trade is the international fish block. Made from skinned 
and deboned fish, generally cod, pollack, or hake, which 
may be in fillets or sliced fish, often with tripolyphosphate 
added, this is the raw material from which portions, fish 
sticks, and fish fingers can be cut. These are generally bat- 
tered and often breaded before sale to food service or retail 
outlets. Fish sticks, a relatively simple frozen fish product, 
developed in the United States in the early 1950s, found 
enthusiastic acceptance in many markets. Renamed fish 
fingers when launched in the rapidly growing frozen food 
market in the UK in 1955, this product became the second 
most popular item of diet in that country, second only to 
the traditional dish of fish and chips. Much whole, gutted 
fish is frozen at sea in upright plate freezers on board the 
trawler. 

Aquaculture of salmon, catfish, trout, shrimp, mussels, 
and oysters relies almost exclusively on freezing to trans- 
port the catch after processing. Freezing has made seafood, 
often of hitherto exotic species, available to inland consum- 
ers to whom the product may have been unfamiliar. Sea- 
food also makes a significant contribution to the nutri- 
tional status of the world. Species low in fat (cod, haddock, 
sole, pollack, hake, catfish, etc) constitute a rich source of 
animal protein coupled with a low caloric content. Species 
high in fat (salmon, herring, trout etc.) are very low in sat- 
urated fats, while the omega-3 fatty acids present are pro- 
tective against cardiovascular disease. Surimi, a Japanese 
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technology, depends on freezing for its production and dis- 
tribution. This technology transforms otherwise disre- 
garded species (eg, pollack in the Bering Sea) into washed, 
minced fish, which is then flavored and colored before bind- 
ers are added; the material then simulates exotic species 
such as crab, lobster, King Crab, shrimp, and so on. 


FRUIT AND FRUIT JUICES 


Strawberries were the first popular frozen fruit in the 
United States. They were mixed with sugar in wooden bar- 
rels and placed in a cold store where the barrels were 
turned regularly to ensure proper mixing of the fruit /juice/ 
sugar while being slowly frozen. Chilled whole fruit has 
eroded the market for this melange that is used in jams, 
jellies, ice cream, and so on. In the berry-producing coun- 
tries of Eastern Europe the introduction of individually 
quick-frozen (IQF) berries, packed hygienically in tote bins 
each containing perhaps a thousand kilograms has super- 
seded the sulfited pulps in wooden barrels used in the pro- 
duction of conserves and so on. Most whole fruit suffer a 
substantial loss of texture and mouth-feel during freezing 
and storage and are used in further manufacture: into pies, 
flans, jams, jellies, tortes, and so on. 

The Florida citrus groves had to wait for the develop- 
ment of vacuum-concentrated juice technology before the 
enormously popular frozen citrus concentrates could be 
marketed. Frozen concentrated juice (FCOJ) now accounts 
for over 95% of the citrus crop in Florida, Israel, and Brazil. 
FCOJ is interesting from another point of view. In general 
the objective in freezing is to maintain the original quality 
of the raw material. Freezing does not seek to improve the 
raw material. In the case of FCOJ it is possible to blend, 
in the frozen state, the high acid—low sugar juice produced 
early in the season with low acid—high sugar juice pro- 
duced later in the season to produce a consistent quality 
product. These juice concentrates are increasingly pre- 
sented to the consumer as diluted to single strength, often 
as multiple blended chilled juices in single-serving con- 
tainers. 


FROZEN VEGETABLES 


Development of a long-term preservation technique, such 
as freezing, coupled with economical temperature-con- 
trolled transport, has enabled the growing of each species 
of vegetable to be located in the area most conducive to 
obtaining high yields of high-quality crops often far re- 
moved from the urban communities that will consume the 
products. This is in contrast to the previous habit of clus- 
tering canneries around each conurbation. 

The introduction of blast-freezing tunnels, and later the 
spiral tunnels (which occupy less factory floor space), en- 
abled the products to be frozen in the IQF state. These bulk 
frozen vegetables can then be shipped across the world be- 
fore being packed into consumer packages, blended, mixed 
with sauces, or forming one component of a multicompo- 
nent dish. In this way half a dozen different vegetables, 
grown in as many different continents, can be enjoyed 
year-round in any part of the world. Blanched and frozen 


within a few hours of harvesting, frozen vegetables often 
enjoy a superior nutritional profile—even after frozen stor- 
age for a year—than their fresh counterparts, which often 
spend several days before reaching the consumer and then 
may be stored in a refrigerator before being consumed. Not 
only is a year-round supply of nutritious vegetables made 
available but consumers can be introduced to exotic vege- 
tables unfamiliar in their part of the world. 


POTATOES 


The pioneers of frozen foods in the 1930s and early 1940s, 
in the United States, knew that potatoes could not be suc- 
cessfully frozen. Maynard Joslyn is credited with devel- 
oping the technology that enabled frozen French fries to be 
introduced into the United States market in 1947 (4). U.S. 
production alone now totals 8.4 billion pounds annually 
(Fig. 1). Much of this is consumed in fast-food outlets where 
four out of five customers order French fries, a greater pro- 
portion than those who order any other single product, 
even hamburgers! Instantly acceptable in every market to 
which they have been introduced, the quality standard for 
most of the world is the product processed from Russet 
Burbank potatoes in the northwestern states of Idaho, 
Washington, and Oregon in the United States. 
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Figure 1. U.S. frozen potato production. Source: American Fro- 
zen Food Institute. 
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REFRIGERATED FOODS: HANDLING 
AND INVENTORY 


POSTFREEZING OPERATIONS. 


The International Code of Practice for the Processing and 
Handling of Frozen Foods (1) elaborated by Codex Alimen- 
tarius forms the basis for any recommendations regarding 
these products. Product may be frozen before packaging, 
often in the individually quick-frozen (IQF) state, or go di- 
rectly into the retail or food service package. IQF product 
may be stored in tote bins, containing around one ton of 
product, lined with high-density polyethylene liners of suf- 
ficient length to allow for sealing. As many postfreezing 
operations as possible should be carried out in cold store; 
any packaging operations carried out in chilled areas 
should be severely limited so that the frozen product 
spends as few seconds or minutes outside the cold store as 
possible. Two reports (2,3) produced under the EU FAIR 
program cover the cold chain and maximizing the quality 
of frozen foods. 


CASING AND PALLETIZING 


Casing is almost always carried out in a chilled area or 
ambient; mechanical palletizing is common, following 
which the pallet may be shrink-wrapped with polythene 
for stability during transport. Energy can be saved and 
product quality retained by introducing cases through a 
small aperture fitted with a guillotine door (which rises 
only high enough to admit the case) and palletizing in 
cold store. The use of forklift trucks, which necessitates 
two openings of a door sufficiently large to admit a truck 
for every pallet, incurs significant energy penalties. Vehi- 
cles are often sealed onto port doors opening into cold 
stores; making the interior of the vehicle contiguous with 
the cold store environment. Cold stores are often highly 
automated, using high-rise racking accessible with reach 
trucks fitted with closed cabins for driver comfort and radio 
communication informing the driver of his order-picking 
schedule (4). 


INVENTORY CONTROL 


Recent technological advances (bar coding, computerized 
control—Electronic Point of Sale, EPOS) have resulted in 
substantial changes in the management of the flow of prod- 
uct down the cold chain leading to Just-in-Time (JIT) in- 
ventory control. Instead of manufacturers producing 
stocks likely to be able to meet probable future sales to 
supermarkets or food service outlets and then awaiting 
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sales orders, the sales outlets can now automatically call 
off the precise quantities needed, which in turn causes the 
manufacturers to schedule the required production. Read- 
ing the bar code of an individual package at a checkout 
automatically results in instructions passed back to the 
producing unit to replenish the stock. 


OPEN SHELF-LIFE DATING 


The EC Frozen Food Directive demands a minimum du- 
rability date on all frozen products. An evaluation of open- 
dating of foods (5) concluded: 


There is little evidence to support or to negate the contention 
that there is a direct relationship between open shelf-life dat- 
ing and the actual freshness of food products when they are 
sold. 


The International Institute of Refrigeration (IIR) (6) found 
a similar lack of evidence in support of open shelf-life dat- 
ing when it stated: 


‘The antagonists of mandatory open shelf-life dating of frozen 
foods quote several disadvantages. The most important re- 
quirement for the retention of high quality in frozen foods is 
the maintenance of an adequately cold temperature. At suffi- 
ciently cold temperatures [at least ~ 18°C (0°F) or colder] fro- 
zen foods possess a high quality life far in excess of the period 
such products spend in the cold chain between processing and 
consumption. Anything which detracts from good temperature 
management, such as unnecessary regard for product age, 
would be counterproductive to the objective of presenting the 
highest practicable quality to the ultimate consumer. 


A food stability survey (7) gives a comprehensive account 
of the custom and practice in various countries and made 
a number of recommendations including adoption of the 
AFDOUS Code (8). Open shelf-life dating of frozen foods, 
which often have a long practical shelf life (PSL), leads to 
the erroneous concept that the quality is in some way guar- 
anteed up to the date given irrespective of storage tem- 
perature. An intending purchaser when faced with open 
dating can react in one of three ways. The date can be 
ignored, in which case the costs associated with open dat- 
ing will have been in vain. Alternatively the purchaser 
may rummage to find the “youngest” product, which turns 
First In First Out (FIFO) into Last In First Out, (LIFO) 
and puts pressure on the retailer to display product with 
only one date. This will lead to more out-of-life stock to be 
disposed of. Finally the purchaser can select the oldest 
product knowing that this will assist the retailer in man- 
aging his inventory on a FIFO basis. Regrettably this last 
purchaser does not exist! 


TIME-TEMPERATURE INTEGRATORS (T-T1) 


Since time elapsed since freezing is an imperfect indicator 
of product quality, a device that will indicate the integrated 
effects of time and temperature (a T-TI) is obviously to be 
preferred and forms part of intelligent or active packaging 
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(9). The deteriorative changes (quality loss) in frozen foods 
are complex, but the reaction kinetics can be simplified 
into either pseudo-zero-order or pseudo-first-order kinetics 
(10). A large number of T-TIs have been patented; these 
have been reviewed by Taoukis (11). Only three seem to be 
currently available; the 3M Monitor Mark (which relies on 
the travel of a colored ink along a wick), the Life Lines T-TI 
(which relies on a progressive color change in a polymer) 
and the VITSAB T-TI (which relies on a color change from 
green to yellow mediated by an enzyme). Life Lines is used 
on frozen turkey rolls in the United States (10) and also, 
since 1991, on some 100 chilled products by the supermar- 
ket chain Monoprix in France (12). Several studies have 
shown a close correlation between the quality loss in vari- 
ous frozen and chilled foods and the response of T-TIs 
(18,14), and an industry specification for evaluating T-TIs 
for use in food has been elaborated (15). A British standard 
(16) sets out performance specification and reference test- 
ing for T-TIs. The biggest obstacle to the wider use of these 
inexpensive devices, which present quality assurance to 
the consumer, is probably the mandatory requirement for 
open dating in most countries and the resulting confusion 
that would arise between this almost totally meaningless 
and potentially misleading date and the far more useful 
reading of the T-TI. 


IN-HOME STORAGE 


Most domestic refrigerators possess a frozen food storage 
compartment while many households also have a home 
freezer, capable not only of storing frozen foods but also of 
freezing food. In Europe, star-marked refrigerators are 
common, a classification system that indicates the tem- 
perature in the compartment. One star indicates — 12°C; 
two stars, — 15°C; and three stars (the most common), 
— 18°C under specified test conditions. These stars are re- 
peated on the packaging of frozen foods, coupled with an 
indication of the maximum time the product should be 
stored according to the number of stars on the storage com- 
partment. For the vast majority of products, the storage 
time is one week in a one-star, one month in a two-star, 
and three months in a three-star storage compartment. 
Home freezers carry three stars while some carry an ad- 
ditional star to denote that they are capable of freezing a 
substantial quantity of food without unduly elevating the 
temperature of the already frozen food. The commonest 
refrigerator-freezer in the United States permits adjust- 
ment of the thermostat and louvers that apportion the air 
from the evaporator between the two compartments so 
that the body of the refrigerator is maintained at 5°C and 
the freezer compartment at —18°C under specified test 
conditions. 


THAWING 


Most frozen foods requiring cooking are best cooked from 
the frozen state. Bulky products, such as poultry, whole 
fish, and so on, that require thawing are best thawed in 
the body of the refrigerator or in a microwave oven. These 


ovens often have a defrost program that allows periods of 
low or no energy to allow thermal equilibration to occur 
since ice and water absorb microwave energy very differ- 
ently. It is important to allow extra cooking time if end 
cooking from the frozen state. 
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REFRIGERATED FOODS: TRANSPORTATION 


The transportation of refrigerated raw materials, ingre- 
dients, and food products is an essential link between the 
food industry and consumers. Each food product possesses 
characteristics that decide its practical storage life (PSL). 
Temperature control is a vital factor in determining the 
PSL of all refrigerated products. Good transport meets 
these requirements in the chilled or frozen food chains. 
Some shorter-life products spend more than half their PSL 
in transport. For others the transit time is a small interval 
from production to consumption. Apart from temperature, 
other important factors in the maintenance of quality dur- 
ing transport are packaging, humidity, and protection from 
damaging product integrity. 

Commercial pressures and the advance of computer 
technology (especially Electronic Point of Sale [EPOS] and 
Just-in-Time [JIT] inventory control) are helping to reduce 
the time many items are held in storage or transport. 
Transportation by sea, land, and air is becoming intermo- 
dal, with users demanding the mix that provides them 
with the optimum quality and cost in an acceptable time. 
There is keen competition among transportation providers 
that is quickening the development ofimproved technology 
and customer service. 


SPECIAL REQUIREMENTS BY TYPE OF FOODSTUFF 


Sensitive Chilled Foodstuffs 


This growing sector includes a variety of meat, poultry, 
dairy, fish, and prepared food products. Some are carried 
within about 1°C of their freezing points (many foods start 
to freeze at about ~ 1.5°C). The longest sensitive chill chain 
carries meat from New Zealand to Europe by way of Cape 
Horn. This involves at least 35 days. These cargoes do not 
respire, so they can be in tightly packed loads. Precooling 
to the carrying temperature is essential. These products 
need to be held within a narrow temperature band to min- 
imize the loss of PSL (1). 


Fresh Fruits and Vegetables 


Products of this type are living and need transporting in 
equipment that can remove their heat of respiration, water 
vapor plus gases such as carbon dioxide and ethylene. The 
aim is to slow the rate of ripening by moving them at the 
coolest workable temperature without causing chill injury. 
This varies between products but can occur at tempera- 
tures as warm as 11°C. Products may need protecting from 
cold ambient temperatures in northern latitudes during 
the winter. 

Some products benefit from being carried under con- 
trolled or modified atmosphere when the percentage of ox- 
ygen in the vehicle, or container, is reduced (2). Carbon 
dioxide levels can be changed by supplying measured 
amounts of the gas from a cylinder. Humidity control will 
become more important in the future, reducing cargo 
weight loss and helping to maintain quality longer. An 
evolving technology is the use of modified atmosphere 
packaging around the product. This material will prevent 
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oxygen from passing through it but will allow carbon di- 
oxide to flow out. As the product respires, the level of ox- 
ygen falls and the process slows down. 


Other Chilled and Cooled Products 


Modern transport systems allow product carriage under 
controlled conditions as warm as +30°C. The range con- 
tinues to expand with increasing volumes of sugar confec- 
tionery, chocolate, biscuits, cheese, and shelf-stable prod- 
ucts that need protection from extremes of temperature 
and humidity. Dehumidifiers are being fitted to refrigera- 
tion machinery that can help to dry the air surrounding 
products or packaging. This is useful when a low relative 
humidity will improve a product's shelf life (when it is not 
in fully sealed packaging) (3). 


Frozen Foods and Ice Cream 


The colder the temperatures, the longer these foods will 
maintain their practical storage lives. The old rule of keep- 
ing them colder than — 18°C is being replaced by colder 
temperature requirements. The set point for some modern 
integral containers can be as cold as — 27°C. A few spe- 
cialized containers can achieve — 60°C and are mainly used 
for carrying tuna to Japan (M. S. Walker, unpublished 
data). The aim is to reduce temperature fluctuations that 
cause losses in flavor, texture, and moisture from the sur- 
faces of the produce. Moisture is usually deposited as ice 
crystals on the packaging or the evaporator coils of the 
refrigeration machinery (4). Recent research into the 
“glassy state” of frozen foods may result in demands for 
colder temperatures for specific foods in transit (5). 

Good-quality packaging is essential to protect products 
from dehydration when exposed to moving refrigerated air 
within transport. Packaging must also withstand the 
coldest temperatures, retaining the product’s properties 
while subject to vibration and impact shocks (6). 


Compatibility of Mixed Loads 


Precautions are needed to ensure that mixed loads can be 
carried together. The following define compatibility: tran- 
sit temperature, relative humidity, emission of active gases 
such as ethylene, odor-absorbing qualities, and modified 
atmosphere requirements (6). 


MODES OF REFRIGERATED TRANSPORT 


Sea 


Temperature-controlled cargo carriage is by intermodal 
containers and conventionally refrigerated ships. Some 
conventional refrigerated ships also carry integral contain- 
ers (see Fig. 1). The world’s container capacity is about the 
same as conventional ships and continues to expand. Some 
trades also use porthole-insulated containers in ships with 
central refrigeration systems. 

Containers manufactured to international standards 
(ISO) provide a secure door-to-door delivery system with 
landside movements by road, rail, or barges (7). This in- 
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Figure 1. Cutaway view of a loaded integral con- 
tainer. Source: Carrier Transicold, reproduced with 
permission. 


termodal chain depends on a supply of electricity from elec- 
trical mains or generators. Containers operate with air 
supplied from the refrigeration system along the T-section 
floor (see Fig. 2). It circulates around the cargo and in the 
space between the cargo and the doors. The air then re- 
turns along the space between the roof and the top of the 
cargo to the machinery section at the front (8). 

In the chilled mode (warmer than — 10°C), a sensing 
probe in the supply air controls the air temperature to the 
container. In the frozen mode (colder than — 10°C), a sens- 
ing probe in the return air of the refrigeration unit controls 
the air temperature. 

Porthole containers have air delivered through cou- 
plings to their bottom portholes. It passes around the 
container and returns through the top portholes. This 
older system continues to operate well, especially when 
high volumes of cargo are being carried. Clip-on units 
(see Fig. 3), towers, or total loss refrigerants such as liq- 
uid nitrogen or carbon dioxide provide refrigeration while 
ashore. This system is restricted to certain trade routes 
and ports. 


Evaporator fan — —= \ Le 
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Figure 2. Schematic layout of a refrigerated container. 


Road Trailers 


Most temperature-controlled trailers have mechanical re- 
frigeration units powered by their own diesel engine. Ma- 
jor design advances have occurred in recent years due to 
noise restrictions, moves to more environmentally friendly 
refrigerants, microprocessor controls, and the need for 
smaller turning circles. They have resulted in better air 
temperature control, less defrosting, and lower power de- 
mands. Many countries have introduced less restricting 
maximum weights as road systems have improved, and 
vehicles have more axles. 

Many trailers use refrigerated air blown over the top of 
the cargo (top-air delivery) and returned along the floor 
(see Fig. 4). In temperature climates, flat floors predomi- 
nate, with return air passing through the pallet bases to 
the refrigeration unit (see Fig. 5). T-section floors are avail- 
able for use in warmer climates. Air chutes, mounted un- 
der the roof, are sometimes used to provide better air dis- 
tribution along the length of the unit (9). Some haulers use 
liquid nitrogen or carbon dioxide to provide refrigeration. 
These systems are almost noiseless in operation but need 
cargo close to the carriage temperature for efficient use. 


Figure 3. View of a porthole container with a clip-on unit. 
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Figure 4. Pathways of air in a trailer equipped with a traditional top-air system and T-section 


floor. 


Multicompartment vehicles are available for carrying 
products that need different temperatures. Movable bulk- 
heads have also been designed to allow compartments to 
have variable volumes. If multiple deliveries occur, then it 
is important to ensure that the load on the tractor does not 
exceed legal limits. This can happen if the center of pres- 
sure of the trailer moves forward when products are taken 
away from the rear section. 


Road Delivery Vehicles 


There are many designs of rigid body insulated vehicles 
with refrigeration systems sized for the operational re- 
quirements. Multidelivery vehicles require adequate door 
protection such as plastic curtains to minimize heat entry 
when the driver is picking and removing products. 

Some companies use a eutectic plate system built into 
the walls and ceiling. The eutectic is refrozen using an elec- 
trical main’s electricity to power a small compressor when 
the vehicle returns to the depot. Ice can build up inside by 
freezing air that enters when the doors are open. It is re- 
moved when the vehicle body is allowed to warm up for 
routine cleaning. 


Insulated pallet-sized containers with eutectic plates 
are used by some companies requiring small volumes of 
chilled, or frozen, products delivered to shops next to am- 
bient commodities. 


Air 


Carriage by air provides a JIT service that can deliver per- 
ishable products to customers to meet market demands. It 
can also provide a quicker way of balancing stocks during 
times of peak demand. Air freight is very useful in supply- 
ing niche markets with products whose shelf life is too 
short for carriage by surface transport. 

Cargoes need to be, tightly packed, and consignments 
insulated, if a suitable container is not available. Refrig- 
erants such as dry ice may be added, providing they do not 
freeze the cargo and the gases emitted do not damage sen- 
sitive products or provide a health hazard. Ice is also used 
to keep some cargoes cool. Drip loss during melting needs 
to be contained to prevent damage to packaging and the 
aircraft. Airlines normally need to give permission for the 
use of these refrigerants. 
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Figure 5. Pathways of air in a trailer equipped with a bottom-forced-air-supply system and a T- 


section floor. 


Administration procedures must be efficient to avoid de- 
lays in cargo clearance. Completion of landside operations 
needs to be in time to prevent damage to the products. 


Rail 


The volumes of refrigerated cargo moved by rail varies 
greatly between various parts of the world. New Zealand 
and Australia have established routes for containers as 
part of an intermodal system. In the United States there 
are several routes where containers are stacked two high, 
giving improved utilization and cost economy. 

Deregulation of rail freight services in many countries 
should lead in the future to more container movements by 
rail (10), The popularity of the hicube (9 ft 6 in) high con- 
tainer offers a challenge to the older rail systems with 
height limits. Special low loader flatbeds are being man- 
ufactured to contain them. 

The former Soviet Union makes much use of refriger- 
ated rail wagons. Trailers are carried on flat wagons in 
some areas. The Channel Tunnel between England and 
France requires fast trains that can carry complete road 
tractors and trailers. This quick drive on and off system 
has proved to be popular and efficient. 


NEW TECHNOLOGY 


Digital electronics is giving improved control of refrigera- 
tion systems and air temperatures. Data loggers are in- 
cluded in many systems, providing an accurate record of 
times on and off power plus supply and return air tem- 
peratures. Additional temperature-probe readings can also 
be supplied if required. Records of alarms caused by mal- 
functions in equipment can also be logged. 

Integral containers fitted with modems can transmit 
data through the power cable to a host computer indirectly 
linked to the electrical supply (11). The technology exists 
for the transmission of data through a satellite to a central 
control room. Remote monitoring allows the checking of 
location and temperatures from many containers or vehi- 
cles continually. Alarms and events can also be transmit- 
ted. Routine adjustments of settings are also possible with- 
out reference to drivers or other staff. None of these 
systems obviate the need to check refrigeration systems 
periodically to ensure all mechanical parts are working. 


ENVIRONMENT 


Pressures to reduce environmental damage are leading to 
systems that consume less energy, have refrigerants and 
foam blowing agents that are more ozone friendly, and 


equipment with on/off options when reaching required car- 
riage temperatures (9). These developments will continue. 


QUALITY ASSURANCE 


Demands for higher-quality foodstuffs, with a need for 
year-round supplies, are causing many retailers to source 
products worldwide. Food safety and quality requirements 
(12,18) plus a premium on “freshness” will continue to pro- 
vide challenges to all sectors of the food transportation sec- 
tor. Competition is leading to mergers and takeovers of 
companies with major transport companies operating glob- 
ally. 
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RETORT POUCH 


A retort pouch is a flat polymeric film laminate package 
designed to hermetically contain thermoprocessed food. 
Though some products are contained in pillow pack or 
bottom-gusseted designs, the predominant version has flat 
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seals on all four sides. The laminate materials range from 
two-ply to four-ply depending on the desired shelf life, 
packaging and processing equipment, and product. The de- 
sign as shown in Figure 1 resembles frozen boil-in-bag en- 
trées but requires no refrigeration. In this context, the re- 
tort pouch is a shelf-stable item, the same as food products 
in hermetic metal cans or glass jars. Usually, a paperboard 
outer carton is used as an additional precautionary pro- 
tective measure and to provide surfaces for graphics and 
print. Retort pouch is the predominant terminology for this 
concept, although synonyms are flex-pack, flex can, soft 
can, and pantry pack. Products packaged in the pouches 
are often referred to as ready meals; the term retort pouch 
usually encompasses products packaged in this manner. 

The term retort correctly signifies that sterilization oc- 
curs after three traditional commercial canning steps: fill- 
ing, headspace air removal, and sealing. This differenti- 
ates the retort pouch and its supporting technology from 
aseptic techniques and the term pouch from semirigid alu- 
minum or thermoformable shallow polymeric tubs or trays 
for shelf-stable foods. The retort pouch postfilling ther- 
moprocessing approach simplifies, to some extent, the ster- 
ilization operation but also imposes a heavier technological 
and performance burden on the basic package. 

In the 1950s, the incentives for development were ex- 
ploratory and the potential for a shelf-stable competitor for 
the then visible and strongly marketed frozen boil-in-bag 
concept. As feasibility approached reality, incentives be- 
yond the convenience aspect of boil-in-bag included the po- 
tential for high-quality products, efficient retail shelf space 
utilization, and less energy usage for materials, process- 
ing, storage, and retail display. 

The U.S. military, because of its unique combat ration 
requirements, saw potential advantages of the retort 
pouch (1): the flat shape fitted into field clothing and other 
gear conveniently; the pouch flexibility precluded injury if 
the soldier was falling, crawling, or crouching; opening the 
pouch required no separate tool or device; and cube and 
weight savings were possible. The thin cross-section, a 
nominal 0.75 in, would be suitable for high-quality prod- 
ucts, especially those with conductive heating character- 
istics. Because the geometric center reached sterilization 
temperatures in a very short time, there would be less 
overprocessing in the pouch’s peripheral areas. The ready- 
to-eat feature was appealing. The advent of the pouch 
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turned out to be fortuitous in that to meet the military’s 
need for a long shelf life, procurement of suitable steel- 
plate cans was becoming problematical. 


HISTORY 


The history of the retort pouch covers initial curiosity- 
based exploratory experiments with polymeric films, rec- 
ognition of the potential advantages as incentives to 
further delve into the concept, and performance of experi- 
ments to establish a database for the eventual design and 
production requirements of the pouch. The earliest for- 
mally recorded activity for applying flexible packaging to 
thermoprocessed foods is that of Hu and coworkers (2,3), 
which expanded on earlier graduate studies by Hu. Their 
results revealed that polymeric pouches of high- and low- 
acid foods could survive water processes using superim- 
posed air to prevent bursting and also pointed out a need 
for stronger, heat-sealable materials with low oxygen- and 
water-permeability rates. Wallenberg and Jarnhall (4), 
showing European interest, confirmed the concept’s feasi- 
bility. Limited production was reported in Italy as early as 
1960 (5). In Japan, the growth of the retort pouch benefited 
from lack of competition from other preservation methods 
and from post-World War II development of pasteurized 
(up to 100°C) high-protein entrées (6). 

During this period, up to approximately 1960, many 
fundamental questions were answered: materials were 
screened and their performance specifications established; 
durability of the basic package was confirmed, product for- 
mulations were optimized, processing techniques were fur- 
ther refined, and heat-sealing methods were studied and 
improved. Key contributions were made by film converters 
who developed and supplied the heat-resistant three-ply 
laminates. Equipment manufacturers proffered rotary and 
in-line equipment, ranging from use of preformed pouches 
to form, fill, and seal operations starting with roll stock 
film. Thermal processing centered on water cooks with su- 
perimposed air pressure. 

Near the end of this early period of development, field 
tests performed by the military revealed that defects at the 
point of use occurred at a low frequency and were related 
to manufacturing deficiencies—mostly contaminated or 
leaking seals, but also body cuts from poor in-plant han- 
dling. In other words, if made and processed well, the 
pouch, as part of a ration meal, performed well. Similar 
manufacturing problems were reported in northern and 
southern Europe (7,8) and Japan (9). 

The next sphere of activity, from 1961 through 1975, 
centered on transition of the retort pouch from a pilot plant 
operation and test production runs to commercial-level 
production systems. The approaches to success in this time 
frame universally reflected an acknowledgment that the 
production-oriented technology—as borrowed from the 
canning and frozen food industries—existed, and that 
standard equipment could be used, but that equipment 
and unit operation performance had to be at a high level. 
References 6 and 9-11 are reports on ensuing represen- 
tative manufacturing system developments. If, for exam- 
ple, the pouch forming and filling operations started with 
roll stock and were performed on a standard intermittent 


motion machine, at least 14 additional functions need to 
be performed. A summary of production systems up to 
1977 is presented in reference 12. 


TECHNOLOGY BASE 


Materials 


During the earlier development phases, the film structure 
consisted of three plies, built to take advantage of and sup- 
port the oxygen and water vapor barrier properties of alu- 
minum foil. At that time—the mid-1950s to late 1980s— 
shelf life of over a year, and for the military, 3 to 5 years, 
was the given requirement. The three-ply materials con- 
sisted of: 


1. The outer ply, offering some barrier and strength 
properties but mainly relied on for abrasion resis- 
tance, is usually polyethylene terephthalate (the 
polyester Mylar) in thicknesses of 9 to 12 wv. An ad- 
hesive system has been used to combine the outer 
ply with the aluminum foil. 

2. The center material is dead soft aluminum foil in 
thicknesses of 9 to 12 um. This ply is the barrier to 
oxygen and water vapor passage. Although some 
pinholes (foil breaks) are inevitable because of the 
foil’s prelamination fragility, calculations of the per- 
centage open area and storage tests both indicate 
that these breaks have no measurable adverse effect 
on performance. Neither do these breaks per se per- 
mit bacterial penetration; fractures must exist 
through all plies for bacteria to penetrate into the 
product. 

3. The inner ply is the major performance contributor. 
It must be suitable for extrusion bonding to foil, 
where the bond must withstand thermoprocess tem- 
peratures as high as 270°F, transportation abuse, 
and exposure to a wide variety of troublesome food 
ingredients (lipids, salts, flavor oils) for long periods, 
It must be heat sealable on basically standard equip- 
ment; free of toxic or objectionable components, odor, 
or flavor; machinable; and capable of retaining its 
functional integrity at storage temperatures ranging 
from —25°F to over 110°F. The first inner food- 
contacting material used in any significant testing 
was polyvinyl chloride, adhered by an adhesive sys- 
tem to the foil layer. 


Problems with delamination and off-odors with polyvi- 
ny] chloride led to two alternatives that prevailed until the 
late 1970s: a modified medium- to high-density polyolefin 
called C-79 by its producer (Continental Can Company) 
and a blend of ethylene—propylene copolymers. These two 
materials were also combined with the foil by an adhesive 
(a polyester—isocyanate system) (10). These materials, or 
minor modifications thereof, were used successfully world- 
wide. 

In late 1974 and into 1975, there was a hiatus in retort. 
pouch development while the U.S. Food and Drug Ad- 
ministration reassessed extractives attributable to the 


polyester-isocyanate adhesive system. Because of concern 
over the adhesive approach and the precautions necessary 
to produce an acceptable material, an extrusion lamination 
approach was perfected; the current universal inner film 
is a cast polypropylene that is then co-extruded with the 
foil. 

The three-ply foil laminate was satisfactory where pre- 
formed pouches were used or where pouches were made 
vertically on rotary or in-line form, fill, and seal machinery. 
Because the successful initial performance characteristics 
of the pouch were based on products made via such pro- 
duction procedures (both sides of the pouch equally manip- 
ulated and/or stressed), the only other film structures 
used were those without foil and, occasionally, also with a 
polyamide in lieu of the outer polyester. These other films 
were for products where a shorter shelf life (8-18 months) 
was acceptable. 

In the late 1980s and into the 1990s, as experience and 
confidence accumulated with production procedures, dis- 
tribution, and user performance of the retort pouch, some 
materials changes were made to accommodate horizontal 
form, fill and seal equipment, and the greater range of ma- 
terials requirements engendered by consumer needs. Rela- 
tive to use of horizontally oriented equipment, the alter- 
nate use of drawn semirigid polymer trays and the 
desirability of microwavability were also pertinent factors. 
Currently, for shelf life of a minimum of 3 years, such as 
required for the U.S. military’s meals ready to eat combat 
ration, the cast polypropylene/foil/polyester structure is 
used for any pouches still vertically formed and filled and 
as the top or cover layer when horizontal machinery is 
used. The bottom or drawn laminate in the horizontal 
mode consists of cast polypropylene as the sealant ply, 
then foil, and oriented polypropylene as the outer ply. In 
Japan and impending in the United States is a four-layer 
material—a polyamide ply will be inserted between the foil 
and the polyester for preformed pouches or between the 
cast polypropylene and the foil for horizontal form, fill, and 
seal operations. 

Where a shorter shelf life (8-18 months) is adequate, 
that is, for practically all applications except the military, 
the central aluminum foil ply is replaced by a high- 
barrier polymer, ethylene vinyl alcohol (EVOH). The re- 
sulting polypropylene/EVOH/polyester film—on horizon- 
tal systems—presents an adequate 18-month shelf life and 
a microwave reheat feature. EVOH meets U.S. regulatory 
requirements for direct food contact (13). 


PACKAGE DESIGNS 


The flat four-seal design has dominated retort pouch usage 
from the beginning. In addition to favorable marketing 
characteristics, such as flat surfaces for graphics and effi- 
cient shelf space usage, this design, whether implemented 
on vertical or horizontal equipment, facilitates visual in- 
spection of the seals, minimizes seal junctions that are po- 
tential leak sites, provides the thin cross section needed 
for shorter thermoprocesses, and results in fast heating in 
hot water for serving. Tear notches provide an easy open- 
ing feature. 
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Except for some institutional packs where a sturdy bulk 
shipping case is used, an outer carton is used to provide 
additional handling protection. Experience has shown that 
gluing the pouch to the carton is not necessary. 

Sacharow (14), reviewing Japanese experience, re- 
ported that a stand-up pouch featuring a bottom gusset is 
used for stews, soups, boiled vegetables, and oriental-style 
foods. In the United States, a juice drink product uses this 
bottom gusset design. The paperboard carton is absent in 
both of these applications. 


PRODUCTS 


The number and variety of products successfully packaged 
in retort pouches is very large. Lampi (12) listed more than 
80 brand-name products marketed worldwide up to the 
year 1976. Since then, variations and forms of entrees, but 
probably not total numbers, have increased. Items include 
ready meals (eg, stews, meatballs in tomato sauce), 
straight sauces, meats with minimal fluids, vegetable 
packs, fruits, soups, and bakery items. The U.S. military's 
meals ready to eat combat ration currently has 24 menus— 
24 retort-pouched entrées supplemented with retort- 
pouched fruits, rice, and noodles. Shelf-stable bread and 
meat-containing sandwiches, though not basically ther- 
moprocessed, exist in pouches of the same three-ply ma- 
terial. 

Retort pouches continue to hold a share of the processed 
food market in Japan and are used for selected items in 
Europe. In the United States, following several test- 
market ventures, the market has narrowed to the military; 
items in support of weight control and health programs; 
microwavable meals for children; campers and hikers’ 
items; specialty, high-quality-image items; and entrées 
and adjuncts for direct-networking marketing systems. 

One of the cited advantages of the retort pouch has been 
a quality improvement over cylindrical cans because of re- 
duced heat exposure to achieve sterilization. In actuality, 
conflicting experiences make this postulation difficult to 
confirm. The U.S. military, before accepting the retort 
pouch as a replacement for cans in its operational rations, 
gathered taste test data that showed a higher acceptance 
for the retort pouch (15). In addition to formal, controlled 
acceptance assessments, a perhaps truer indication of mili- 
tary acceptance, though anecdotal, was the posttest, ad 
libitum selection of leftover rations by the test partici- 
pants; 4 out of 5 selected the pouched over the canned 
items. Undoubtedly, commercial entities, before entering 
into expensive test-marketing programs, satisfied them- 
selves that quality, in addition to convenience and other 
user attributes, was high. And where there has been min- 
imal competition from frozen foods, such as in Japan, the 
pouch has done well (16). 

Beverly (17), summarizing opinions on various aspects 
of retort pouch processing, reported a range of conclusions. 
One large U.S. food processor reported that consumers 
found no quality difference between pouches and retail 
cans for the same product. This report also cited the inter- 
nal evaluations by a second large processor as revealing a 
pouched food quality halfway between frozen and canned 
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and a third stating they can achieve frozen food quality. 
Commercial processes of 10 oz of pouched product receive 
70 to 83% of the total heat exposure of same-weight cans, 
which raised the question as to whether this decrease was 
significant enough to result in detectable product quality 
improvement. 

Retention of thiamine in thermoprocessed foods has 
been used as a quantitative measure of quality. With 
pouches of sweet potato puree processed at 250°F, 77% of 
the thiamine was retained as compared to 60.4% for equal- 
volume cans (18). A computer model calculation for a con- 
ductive heating product indicated 84.6% thiamine reten- 
tion at 250°F for a 12-0z pouch and 64% for a 12-oz can 
(19). Data comparing thickness of the product and thia- 
mine retention confirmed these findings (20). 

In summary, product quality of retort pouches can be 
better than that of cans, possibly equal to that expected 
from some frozen products. Commercial realization has 
been hindered by production inabilities to get pouch-to- 
pouch uniformity and repeatability of product heat treat- 
ment and quality. Current indications are that this gap is 
being overcome. 


PRODUCTION SYSTEMS 


The design of the retort pouch that was initially subjected 
to acceptance, storage, handling, and distribution durabil- 
ity trials was a flat four-seal version where both sides of 
the pouch structure were subjected to equal stress during 
filling and processing. Accordingly, when manufacturing 
systems were investigated, these systems were geared to 
manipulating opposing pouch walls equally and filling 
through the fourth seal position that had been left open. 
Then, after air removal, a closure seal was made. This 
principle, tied to vertical pouch handling, was applied to 
all production systems, whether predominantly manual or 
automated, up to the late 1980s, and whether preformed 
pouches or roll stock was the starting point. 

Early user tests had shown that retort pouch defects 
were related to manufacturing deficiencies, primarily the 
need to fill pouches without seal-area contamination, re- 
move residual air, and form a closure seal of adequate 
strength and high integrity. A judgment was also made 
that standard equipment principles could be used. To prove 
this point, a comprehensive development program was 
completed by a consortium of companies headed by Swift 
and Company. Program results are summarized in refer- 
ence 21. Reference 12 describes production systems that 
existed up to 1977. 

Since then, horizontally oriented equipment as shown 
in Figure 2 (courtesy of Multivac, Inc.) has been perfected 
and has gained acceptance to the point where it now pre- 
vails. The intermittent motion horizontal form, fill, and 
seal machine starts with roll stock film, as defined previ- 
ously in the section on materials, where a lower web is 
formed into drawn pockets in dies assisted by compressed 
air or vacuum (and heat and plugs, if necessary). Each in- 
dex movement forwards a set of pouches, for example, six. 
Next the pouches are filled in a single step or in multiple 
steps, automatically or manually, and, along with the up- 


per web, are passed through a chamber where after clos- 
ing, a vacuum is drawn and the top lidding film is heat 
sealed to the bottom web, seals being located where the die 
outline shows solid support. Pouches then exit the cham- 
ber and are cut into separate units, inspected, and trans- 
ferred to the thermoprocessing operation. 

The horizontal configuration is currently preferred be- 
cause it is faster—a bigger pouch pocket area allows faster 
filling of several pockets or pouches at one time, and be- 
cause the same equipment can be converted from pouches 
to drawn, semirigid polymer trays. 

Whether prepared on vertically or horizontally oriented 
equipment, the finished pouched item must meet rigid 
specifications. References 22-25 provide requirements and 
criteria. 


Filling 


The filling of retort pouches can be divided into three steps 
or functions (12): (1) the use of pumps, augers, conveyors, 
and the like to move the product to the pouch opening; 
(2) the positioning and feeding of the product into the 
pouch through a nozzle designed or fitted with a positive 
cutoff or suck-back antidrip feature; and (3) the simulta- 
neous presentation of the opened pouch or drawn pouch 
cavity to the filling station. Filling for vertical systems is 
discussed in detail in reference 12. The same steps and 
precautions apply to horizontal drawn pouch procedures, 
Controlling fill weight is critical because of its effect on the 
thermoprocess (26). 


Air Removal 


Before closure sealing, as much of the noncondensible 
gases as possible should be removed from the pouch for 
product stability, avoidance of pouch bursting during re- 
torting (without resorting to high air counterpressures), 
assurance of product sterilization, easier detection of spoil- 
age (swelling), and easier cartoning and casing. The air- 
removal step is carried out on equipment that also per- 
forms other steps such as filling or, more frequently, the 
closure seal operation. Specific residual gas levels are a 
function of product, occluded air, air-removal technique, 
and production rates. Recently, to accommodate solid, 
placeable items, the permissible residual air in an 8-oz 
pouch has been increased to 20 ce. 

Air-removal techniques for vertical packaging systems 
used vacuum chambers, snorkel suction tubes, steam-flush 
air displacement, and counterpressure via opposing metal 
plates or waterhead pressure. On a horizontal drawn 
pouch machine, air is removed in an on-line hoodlike cham- 
ber where the four-sided sealing operation also takes place. 


Sealing 


Next to the basic pouch material itself, retort pouch seals 
have received the most attention relative to their assured 
performance through the processing steps and over the 
postprocess distribution period. There are two perfor- 
mance aspects to retort pouch sealing. The first is the crea- 
tion of an inherently sound seal when a pouch is being 
vertically formed or formed over a lower web of horizontal 
pockets; that is, when seal surfaces are clean; the second, 


integral with the filling steps, is the creation of a sound 
seal free of contamination, severe distortion, or significant 
wrinkles, again true for vertical and horizontal ap- 
proaches. These aspects of seals are covered by Lampi et 
al. (27), Young (28) presents a thorough discussion of the 
principles and options for sealing thermoplastics. 

Both hot bar and impulse sealing techniques have been 
successfully used with retort pouches prepared on vertical 
systems. Improvements to bar design and control of seal- 
ing parameters have resulted in adequate pouch-forming 
seals, but most of the attention has been focused on the 
closure seal. This is where sealing occurs as an integral 
part of the air-removal operation and frequently has had 
to overcome minor product contamination or moisture 
(from steam flushing for air removal) in the seal area. Also, 
wrinkles have resulted from distortion during filling. Vari- 
ous tensioning grippers and forming bars have been used 
to maintain a taut, wrinkle-free seal area. Bars with a 
slightly transverse radiused cross-section used against a 
flat anvil bar can seal through water and grease contami- 
nation (29). In Japan, a superimposed triple hot bar tech- 
nique where a second and a third bar flatten out blisters 
caused by vaporization of product from the initial hot bar 
sealing action has been used (9). With correct design and 
close surveillance of the filling, air-removal, and sealing 
operation, satisfactory closure seals can routinely be made. 

On horizontal equipment, sealing dies are formed to 
match the outline and surface edges of the lower pockets 
for a set of pouches, for example, six. Once hot seals are 
made, there is a cooling pause or a movement to a second 
station where unheated bars provide cooling and stabili- 
zation of the seal area. Following that, the pouches are 
separated by a cutting die and moved on to the retorting 
operation. 


RETORTING 


Along with establishing consistently satisfactory materials 
and obtaining defect-free closure seals, the subject of re- 
torting, the commercial sterilization step, has received con- 
siderable attention. During the early exploratory phases, 
enough studies, including inoculated packs, were per- 
formed so that apprehension over sterility was relieved 
and reliable cooking procedures were established. Then, as 
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Figure 2. Horizontally oriented intermittent mo- 
tion pouch form, fill, seal machine. Source: Courtesy 
of Multivae, Inc. 


experience was accumulated and as productivity as well as 
quality became important for successful commercializa- 
tion, retorting received more attention. For example, pro- 
cess times for retort pouches were established at 25 to 40% 
of those required for equivalent canned items; however, the 
total heat exposure in commercial processes was actually 
70 to 83% of cans (26). 

For determining thermoprocessing conditions (ie, cook 
time and temperature), the general and mathematical 
techniques for calculating cook times for traditional cylin- 
drical cans based on heat-penetration data have been 
found to be generally suitable for retort pouches. The le- 
thality levels, known as Fp, adequate for commercial cans 
were also found to be suitable for pouched products. Com- 
parisons of the various process determination techniques 
and listings of precautions to note during their application 
to pouches (such as difficulty in locating the cold spot or 
occasional occurrence of nonlinear heating curves) have 
been published (12,19,30). 

For successful retort pouch thermoprocesses, the follow- 
ing factors need to be closely controlled (19,26,31,32): 


1. Pouch fill weight and residual gases 

2. Pouch thickness during processing 

3. Control and reproducibility of the entire cook cycle: 
come-up, process, and cool 

4. The retort rack or other device that controls thick- 
ness during processing, and that must not adversely 
affect heat medium flow or temperature uniformity 
in the retort 

5. Overriding or total pressure 


A variety of processing techniques and equipment de- 
signs have been used with retort pouches, and each has its 
proponents. Still cooks under water with superimposed air 
pressure was the initial reliable procedure and is still used 
in some instances for some products. Pouches are posi- 
tioned usually horizontally onto perforated pocketed trays 
and accumulated on carts that are wheeled into horizontal 
retort chambers. Most systems are designed so that rota- 
tion of the cart is possible. To conserve energy and reduce 
come-up time, the processing water is preheated to a high 
temperature in a separate tank and then fed into the retort 
chamber after loading. Processes are now computer con- 
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trolled (33). Steam-air retorts are now proven, accepted, 
and more prevalent. They are basically the same design 
except that an air tank replaces the hot water preheating 
tank, 

Other retort designs include a continuous cooker-cooler 
(trade-named Hydrolock) using steam-air as the heating 
medium, and a Universal Convenience Food Sterilizer (34), 
where pouches in retort carts are exposed to horizontally 
flowing hot water. Water is pumped from a hot water stor- 
age tank into each rectangular tanklike cart (as opposed 
to the entire chamber) fitted with a water flow distribution 
plate configured to assure uniform lateral water flow dis- 
tribution, 


RELIABILITY AND PERFORMANCE 


Two initial concerns with the advent of interest in using 
flexible packaging for shelf-stable foods were: 


1, Whether the pouch could be formed, filled, sealed, 
and processed at an acceptably low reject rate (i.e., 
be free of manufacturing defects), and 

2, Whether the end product could withstand the rigors 
of postprocess handling and distribution (i.e., be free 
of leakers swells, and/or contamination). Although 
some technology and criteria were usable from metal 
and glass “canning” and from frozen and dry food 
flexible packaging, the retort pouch’s characteristics 
were singular enough that new specifications and 
testing protocols were necessary. 


The specific tests and the criteria required to assure that 
the material and the production line were in control and 
that items had been correctly packaged and to present a 
confidence that items would survive postprocess rigors 
changed over the years from the late 1950s to the present. 
These changes resulted from accumulated experience- 
based confidence with end-item performance; improve- 
ments in and institutionalization of manufacturing sys- 
tems; improved materials converting; and the transition 
from vertical filling and sealing of pouches to horizontally 
oriented pouch drawing, filling, air removal, and sealing. 

The initial performance standards from the mid-1960s 
to the late 1980s were built around a three-ply foil lami- 
nate, semiautomated packaging procedures, and the abil- 
ity to resist military distribution abuse (considered the 
most rigorous). Lampi et al. (27) discuss these in detail. In 
summary, postretort pouch seals had to exhibit complete 
fusion, meet an internal pressure level of 20 psig for a 30-s 
hold time, meet a tensile strength of 12 Ib/in for a 1/2-in 
sample width, and show no visual aberrations. Photo- 
graphs of acceptable and nonacceptable seals were pub- 
lished as guides for visual inspection. Residual gases were 
initially kept at 5 cm® or less. An inspection plan suitable 
for monitoring production is shown and discussed by 
Lampi (12). 

The key elements of the early test pack performance 
trials and supporting laboratory experiments and test 
have been incorporated into several documents: 


1. National Food Processors Association Bulletin 41-L. 
Flexible Package Integrity Bulletin. (22). 


2. Classification of Visible Exterior Flexible Package De- 
fects. Poster. Association of Official Analytical Chem- 
ists (23). To be used in conjunction with NFPA Bul- 
letin 41-L. 


3. Standard Guide for Use and Handling of Flexible Re- 
tort Pouches in the Manufacturing Environment. 
ASTM F-1278-90 (24). 


4. Packaging and Thermoprocessing of Foods in Flexi- 
ble Pouches. Military Specification MIL-P-44073 
(Latest version is E) (25). 


The acceptance, and now prevalence, of horizontal form, 
fill, and seal machinery for pouches and the continuing 
compliance of films to specifications has resulted in em- 
phasis on a burst test and two visual in-plant inspections 
as adequate in-plant control. The burst test is a simple 
puncture of the pouch with a needle, controlled pressure 
increase to a set level, and hold for 30 s. Visual inspections 
are pre- and postthermoprocessing. 

The overall result of the maturation and stabilization 
of the processing technology, diligent use of key test(s), and 
trained visual inspection is that reports of retort pouch 
failures at the point of use are rare, so rare that the U.S. 
military reports “no problems” with their use of the pouch, 
and their usage rate is 24 million pouches per year. The 
absence of any failures is difficult to accept, but it most 
likely reflects that two visual examinations are more in- 
clusive in picking out defects than anticipated and that 
field failures are so few that they are simply discarded 
without comment or complaint. Signs of postprocess fail- 
ure parallel those of cans: obvious leakage, malodor, and 
swelling. 

There has been interest in on-line defect-detection de- 
vices since the earliest establishment of a production pro- 
cedure, primarily to replace visual examinations and their 
people-based frailties. Defects were defined as seal occlu- 
sions and leaks through seal areas or on the body of the 
pouch. Spencer and Bodman (35) surveyed leak detection 
methods, identified 23, and determined that helium gas as 
a tracer for “drier” focds and electrical conductivity 
changes in an external fluid for “wetter” foods were the 
best options to find a 10-~m hole on the body of the pouch. 
Lampi et al. (27) reported that the cost, size, and complex- 
ity of adaptation to a production scenario were prohibitive. 
Since then, interest has periodically resurfaced. The use of 
horizontal form, fill, and seal equipment provides the op- 
tion, depending on the specific principle, of testing several 
pouches at once, favorably impacting on test equipment 
design. Floros and Gnanasekharan (36-38) discuss prin- 
ciples, technology, and applications to aseptic and flexible 
food packaging. In a symposium jointly sponsored by the 
Institute of Packaging Professionals and the Food Proces- 
sors Institute (39), several aspects of package integrity and 
some candidate nondestructive defect-detection methods 
were discussed. To date (April 1998 at this writing) on-line 
defect detectors have not materialized, although some 
pressure differential profile procedures are promising, 
both technically and economically. 


TRENDS 


Retort-pouched foods, once they were proven viable, shelf- 
stable items, resulted in considerable commercial interest 
and several test-market trials by major food processors. 
Since the initial rush, commercial interest has subsided, 
and current applications are centered on specialty 
gourmet-image foods: liquid diets as used in hospitals; 
health and calorie-control entrées marketed in conjunction 
with health programs; and convenience entrées through 
direct-marketing network systems. Nearly all of these 
commercial pouches are foil free, with ethylene vinyl al- 
cohol resins providing the oxygen and water vapor barrier. 
Shelf life is 18 months, and products are microwavable and 
hot-water heatable. The nature of these applications re- 
quires a high organoleptic quality, a major factor in their 
successes. 

The U.S. military remains steadfast as one of the major 
users of retort-pouched foods; in the combat ration, the 
meals ready to eat, the retort pouch continues to meet the 
requirements of rigorous storage (including serving as war 
materiel reserves), distribution (which includes occasional 
free-fall air drops), climatic and geographical environmen- 
tal extremes, and ultimate consumer preferences. Some 
variations among entrées have been introduced so that the 
ration can be used to alleviate indigenous food shortages 
in strife-torn areas. The meals ready to eat now feature 24 
menus, and the ration includes a flameless ration heater 
(water-activated controlled electrochemical reaction). 
Through 1991, just under 400 million meals had been pro- 
cured. Since then, consumption has hovered at 2 million 
cases (24 million meals) per year, and all indications are 
that these levels will remain constant. 

Now that the retort pouch has been technically feasible 
for nearly 40 years and several attempts have been made 
at introducing it into major market segments, its future is, 
in all likelihood, to remain with the applications listed ear- 
lier. Some reasons for this are: 


1. The frozen food distribution system in the United 
States from the manufacturer to the home freezer 
has been well established and has provided products 
that the retort pouch has had difficulty replacing. 
Conversely, the pouch has done well in Japan, where 
competitive processes do not exist to the same de- 
gree. 

2. Consistency in quality (not quality per se) for some 
lines of flavor-sensitive products has not been satis- 
factory; that is, because of deficiencies (mostly re- 
lated to inconsistent time variables with unit opera- 
tions) in filling, sealing, and processing, some 
package-to-package product variations have been 
greater than the manufacturers felt was acceptable. 
In addition, equipment was not available for high- 
volume production. 

3. The boil-in-bag approach, even with frozen foods, has 
not appealed to customers to the degree manufac- 
turers expected. 

4. The greatest deterrent has been an outgrowth of the 
pouch and its technology; namely, the shallow, semi- 
rigid, thermoprocessable polymer trays with barrier 


RETORT POUCH 2061 


properties suitable for an acceptable 12- to 18-month 
shelf life. These packages have a thin cross section 
so that high-quality products are achieved with min- 
imum thermoprocessing. They also provide struc- 
tural protection for fragile, placeable items; easy, di- 
rect consumption from the trays (seals are peelable); 
and, most significantly, the capability to be heated 
in a microwave oven for serving. 


The retort pouch has provided an essential package for the 
military and a viable one for selected commercial foods. Its 
applications have generally stabilized. Increased usage 
will depend on innovative products and marketing rather 
than on further technical improvements. Its development 
and technical acceptance has broadened shelf-stable food 
packaging by demonstrating that another materials 
class—polymers, in pouch, tray, or tub form—provides 
quality and performance at least equal to more traditional 
materials. The existence of these packaging options has 
resulted in the National Canners Association becoming the 
National Food Processors Association. 
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RHEOLOGY 


Rheology is the study of deformation and flow of matter 
(1). In food applications, deformation is usually involved 
with assessing texture, while flow is generally associated 
with the property of viscosity (2). Generally texture is more 
loosely defined as “the response of the tactile senses to 
physical stimuli that result from contact between some 
part of the body and the food . . . a group of physical prop- 
erties that derive from the structure of the food . . . prop- 
erties expressed in terms of mass, distance and time only.” 


In 


cheese grading, texture may refer to appearance while 


body may be the term used to denote rheological proper- 
ties. Here, texture is used as a rheological term. Viscosity 
can be more rigorously defined as “the internal friction of 
a fluid or its tendency to resist flow.” Often texture is used 
when describing the rheological properties of solid or semi- 
solid foods such as cheese, fruit, bread, or cold ice cream, 
while viscosity is generally applied to foods that flow, such 


as 


pourable salad dressings, vegetable oils, syrups, or 


melted ice cream. Texture can also be used with a broader 
meaning, synonymously with rheology, including viscous 
properties of the food; this meaning of texture is especially 
common in describing semisolid foods such as ketchup, 
mayonnaise, or purées. Of the many sensory food attrib- 
utes of concern to a food scientist, texture is the least well 
described (3). It has been observed that the consumer may 
also have difficulty describing texture but this difficulty 
does not lessen the importance of this attribute: 


When first asked about food texture, the consumer appears to 
exhibit very little spontaneous awareness. Flavor overshadows 
texture at the conscious level. People simply take the texture 
of a food for granted. ... An average consumer may have dif 
ficulty in visualizing the concept of texture per se. . . . If the 
texture of a food is the way people have learned to expect it to 
be, and if it is psychologically and physiologically acceptable, 
then it will scarcely be noticed. If, however, the texture is not 
as it is expected to be . . . it becomes a focal point for criticism 
and rejection of the food. Care must be taken not to underes- 
timate the importance of texture just because it is taken for 
granted when all is as it should be (4). 


The science of rheology made significant advances since 
1940 in the determination and explanation of the viscous 
and viscoelastic properties of polymers; this part of the 
field had its origins in the time of Newton and now has a 
solid theoretical and experimental basis (2,5,6). Analysis 
of the texture of foods is a more recent application of rhe- 
ology. Modern food texture analysis could be said to have 
begun with the development of texture profile analysis 
(TPA, a scheme for measuring and classifying textural 
properties) (3,4,7-12). A texturometer (9), which evolved 
from a denture tenderometer built at MIT (13), has largely 
been replaced by tensile-compression testing machines 
made by Instron Corp. (14) and other similar instruments. 


FLUID FOODS 


The force required to make fluids flow depends on how fast 
they are made to flow. Conversely, the speed at which fluids 
flow depends on the force that is causing them to flow. The 
relationship between force and flow rate for a spreadable 
food such as mayonnaise can often be expressed as 


o = 0, + my (a 


where a is the shear stress (force per unit area) observed 
at a sheer rate } (velocity gradient s~'); a, (force per unit 
area) is a so-called yield stress, the minimum stress that 
must be applied to a material to initiate flow: and m and 
n are parameters characteristic of the material and are 
called the consistency coefficient and the flow behavior in- 
dex, respectively. It has been argued that the concept of 
yield stress is not rigorously correct, that given enough 
time any material will flow under a small stress. In a real 
situation, as in consuming a food, time is not unlimited and 
many foods do exhibit a yield stress as will be seen in some 
of the following examples. The variables in equation 1 dif- 
fer from simple force and flow rate in that the effects of 
geometry (of the instrument, pipeline, etc) have been taken 
into account. 


Newtonian Flow 


It is convenient to classify the rheological behavior of fluid 
foods according to their flow curves or rheograms, which 
are plots of shear stress against shear rate; that is, they 
are graphical portrayals of equation 1. Some liquid foods 
exhibit linear dependence of shear stress on shear rate, as 
shown in Figure 1 for 50 and 60% sucrose solutions. In the 
case of the sucrose solutions, there is no yield value and 
the flow curves are straight lines passing through the or- 
igin. Such fluids are called Newtonian after Newton who 
found that for such fluids equation 1 reduces to 


o = my orn = aly (2) 


where m has been replaced by 7, the Newtonian viscosity. 
As also shown in Figure 1, the viscosity of a Newtonian 
fluid is a constant and does not depend on shear rate. For 
most fluid foods, the ratio of o/j is not a constant, but 
changes (usually decreases) with increasing shear rate. 
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Figure 1. Rheograms for 50 and 60% sucrose solutions at 20°C 
showing ideal viscous flow. 


Equation 2 may still be used to calculate an apparent vis- 
cosity of such materials at any shear rate. 


Non-Newtonian Flow 


Only a few fluid foods exhibit Newtonian flow behavior. 
Some syrups are approximately Newtonian over a limited 
shear rate range, but often their flow curves deviate from 
a straight line if the shear rate range is extended enough. 
Usually, syrups, oils, and most beverages do not have yield 
values even though they may not be Newtonian in their 
flow behavior. In the more general case, the flow behavior 
of a food is represented by equation 1 with a nonzero yield 
value. An example of such flow behavior is shown in Figure 
2 for a tomato ketchup. This type of flow behavior is also 
shown by mayonnaise, viscous salad dressings, cheese 
sauces, and many other products. Products that exhibit 
decreasing apparent viscosity with increasing shear rate 
(ie, have a flow behavior index less than 1) are called pseu- 
doplastic. If, as in Figure 2, the rheogram is curved and 
does not pass through the origin, the material is classified 
as pseudoplastic with a yield value. Non-Newtonian fluids 
that follow equation 1 (with or without yield values) are 
called power law fluids; however, many other equations 
have been developed to describe non-Newtonian flow. Ifthe 
flow curve is a straight line intercepting the shear stress 


Shear stress 


Yield stress 


Shear rate 


Figure 2. Rheogram for tomato ketchup plotted on arithmetic 
coordinates up to a shear rate of 500 s~?. 


2064 RHEOLOGY 


axis at a nonzero value, then the material is said to be 
plastic, and if the rheogram is a linear function of shear 
rate, the material is said to show Bingham plastic behav- 
ior. Such behavior is unusual, although not unknown, in 
foods. Usually, the effect of shear is to break down the 
structure that may be present in a fluid at rest, so their 
apparent viscosity will decrease with increasing shear 
rate. This is especially evident in some gels that will flow 
like a normal fluid once the gel structure has been broken. 
Consumers commonly shake containers of products such 
as ketchup or Thousand Island salad dressing because the 
shearing makes such products more fluid. 

A few products (some starch slurries, for example) show 
dilatant flow behavior, wherein the apparent viscosity in- 
creases with increasing shear rate. One explanation of 
non-Newtonian flow behavior is that long molecules or 
asymmetric particles may tend to align themselves so their 
long axes are parallel to the shear field and this orientation 
leads to a change in resistance to flow. 

Some products are slow to recover from the effects of 
shearing, and under some circumstances some products 
may not recover at all. The time lag in recovering an initial 
structure after it has been broken by shear is the reason 
it is possible to pour ketchup following shaking the bottle. 
The shearing breaks the initial structure and it stays bro- 
ken for a short time after the shearing has stopped. (If a 
bottle is completely filled, it may be difficult to apply much 
shear to the product and shaking may not initiate flow.) 
Such time dependence in recovering the initial structure 
is called thixotropy. If there is no recovery, the process is 
called rheodestruction. Dilatant fluids may also relax 
slowly to their unsheared (in this case, lower viscosity) ini- 
tial state and that time dependence is called rheopexy. 
Shearing may be applied to a product at a fixed level for a 
variable amount of time, at levels that vary linearly as a 
function of time, or at any shear rate and time combina- 
tion. While the process of applying shear to a product is 
somewhat arbitrary, for rigorous rheological analysis of the 
data, it is essential that the shearing history be exactly 
known; furthermore, certain controlled applications of 
shear to the product will give data that are easier to ana- 
lyze, so in practice a specific, not arbitrary, shearing pro- 
cess is followed. Idealized rheograms for thixotropic and 
rheodestructive dispersions are shown in Figure 3 for pro- 
cesses in which a constant shear rate is applied for a fixed 
time and then stopped. Idealized rheograms for thixotropic 
and rheopectic fluids are shown in Figure 4 for shearing 
processes in which the shear rate is increased and then 
decreased linearly with time while recording the resultant 
shear stress. Instruments are commercially available for 
recording flow curves in this manner, using shear rate as 
the independent variable, or for recording shear rate as a 
function of shear stress. The choice of instrument type de- 
pends on the objective of the measurement. 


Principles of Flow Measurement 


The schematic diagram of a parallel plate viscometer 
shown in Figure 5 will be used to illustrate how rheological 
data are obtained. If a fluid is placed in the gap y between 
the parallel plates (each of area A) and a force F is applied 
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Figure 3. Idealized rheograms for thixotropic and completely 
rheodestructive dispersions. 
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Figure 4. Idealized rheograms of time-dependent flow in contin- 
‘uous up curve and down curve experiments. 
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Figure 5. Velocity profile for an ideal viscous fluid in steady lam- 
inar shearing flow between two parallel plates. 


to the (movable) upper plate, it will move with a velocity v 
relative to the (stationary) lower plate. The shear strain 
(») is a measure of the relative distortion of the sample 
(x/y, or in differential form, dx/dy); the shear rate, or more 
precisely the shear strain rate, is the change in strain as 
a function of time (dy/dt or dv/dy); and the shear stress is 
the force per unit area (F/A = a); the apparent viscosity 
(defined earlier) is the ratio of shear stress to shear rate. 
The fiuid next to the upper plate moves with it at a velocity 
v and the fluid next to the lower plate is stationary. Be- 


tween the plates there exists a velocity gradient; for a New- 
tonian material the gradient is linear as shown in Figure 
5 but the gradient will have a more complex shape for other 
types of flow behavior. 

While parallel plate viscometers are available commer- 
cially, in practice this is sometimes not a convenient form 
of the instrument. Coaxial cylinder viscometers are more 
commonly used than are parallel plate viscometers. It is 
possible to imagine constructing a coaxial cylinder viscom- 
eter from a parallel plate viscometer by forming one of the 
plates into a cylinder and then shaping the second plate 
into a cylinder around the first one. Then one cylinder is 
rotated while the other is stationary and the fluid fills the 
gap between the cylinders. Parameters are obtained in ba- 
sically the same way as discussed in the preceding para- 
graph for the parallel plate viscometer, except the factors 
that account for geometric effects are somewhat more com- 
plicated. A rotating bob immersion viscometer could be re- 
garded as a simplified version of the coaxial cylinder vis- 
cometer in which the inner cylinder rotates and the outer 
cylinder has been replaced with the wall of the container. 
If the container is large enough, it can be assumed that the 
gap between the rotating bob and the container wall is in- 
finitely large. In fact, with a 2-cm diameter bob, this as- 
sumption is fair even if the container is a medium size (say 
a 250-mL) beaker. If the assumption can be made, the data 
analysis is somewhat simplified. Such immersion viscom- 
eters are simple to use and very popular in industry. While 
it is more difficult to obtain rheologically rigorous param- 
eters from immersion viscometers, their readings can be 
very useful in quality assurance and process control. 


Temperature Effects on Flow 


‘Temperature effects can be critical in rheological measure- 
ments. Some viscometers have a built-in means for con- 
trolling the sample temperature, such as a thermostatic 
jacket. Sometimes the measurements can be made in a 
room where the temperature is well controlled. At any 
rate, temperature control is necessary; this is illustrated 
in Figure 6, which shows the effects of temperature on the 
consistency coefficient of plain and salted liquid egg yolk. 
Note that the ordinate scale in Figure 6 is logarithmic, 
showing that the consistency coefficients for these samples 
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Figure 6. Effect of temperature on consistency coefficient for liq- 
uid egg yolk and salted yolk. 
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decrease exponentially with increasing temperature, so a 
relatively small error in temperature control could lead to 
a much larger (proportionally) error in the rheological pa- 
rameters. In general, the viscosities of Newtonian liquids 
decrease logarithmically as the temperature is raised, and 
this dependence can be expressed as an Arrhenius-type re- 
lationship: 


y = AcERT (3) 


where E is the activation energy of flow (E is an energy 
barrier that must be overcome before the elementary flow 
processes can occur and is related to the coherence of the 
molecules in the liquid), A is a constant, R is the gas con- 
stant (8.314 J/K mole or 1.987 cal/K mole), and T is the 
absolute temperature (K) (6,15). 

An Arrhenius-type plot is shown in Figure 7 for a 40% 
sucrose solution over a temperature range of 0-80°C. In 
this example, the activation energy of flow (E) is 23.8 kJ/ 
mole. If data can be fitted in this manner, it is possible to 
use equation 3 to predict the viscosity of a Newtonian fluid 
at any temperature in the range. Moreover, because E rep- 
resents molecular associations within a fluid, this may be 
a useful tool in the study of interactions in fluid systems, 
and their changes with the application of heat. (It should 
be remembered that equation 3 is an empirical equation 
and the activation energy is not derived from fundamental 
molecular theory, even though it is thought to represent 
molecular-level phenomena.) 

For non-Newtonian fluids, temperature effects on flow 
behavior may be more complex. An approach to analyzing 
such effects was indicated by the egg yolk data (Fig. 6) 
where the temperature dependence of the consistency co- 
efficient (m) was shown. Similarly, the temperature depen- 
dence of the flow index parameter (n) could be determined 
and, from equation 1, the apparent viscosity could be cal- 
culated at any temperature-shear rate combination; if the 
yield value were nonzero, it would also need to be deter- 
mined as a function of temperature. 


SOLID FOODS 


Viscoelasticity 


The rheology of solid foods is usually considered in the area 
of food texture (2,7,8,16,17). Most solid foods are viscoelas- 


20 


107 


Viscosity (mPa - s) 


‘| 1 1 L L 
28 3.0 3.2 3.4 3.6 3.8 


1000/T (kK) 


Figure 7. Arthenius-type plot of viscosity for 40% w/w sucrose 
solutions between 0 and 80°C. 
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tic, that is, they exhibit viscous flow behavior (as dis- 
cussed), but also behave somewhat as elastic solids. The 
viscoelastic aspect of rheological behavior is particularly 
relevant to material response in situations of unsteady mo- 
tion, that is, when stresses or strains are changing with 
time. Examples of this are cutting, mashing, chewing, and 
swallowing of solid materials, and mixing, pouring, 
spreading, or pumping of fluid systems. 

Elasticity can be defined as that property of a food by 
virtue of which, after deformation and on removal of stress, 
it tends to recover part or all of its original size, shape, or 
both (18). Clearly many products, such as cheese, are elas- 
tic if the stresses are small, but if the stress is high so that 
the product is crushed to only a fraction of its original 
height, for example, then there will be little recovery. The 
limit of stress, beyond which a food loses its elasticity, is 
called the elastic limit. On mastication the elastic limit of 
any food will be exceeded, but the elasticity of many foods 
(such as Mozzarella cheese, marshmallows, gelatin des- 
serts) is an important sensory aspect of the food. Products, 
such as margarines, which tend to flow when the elastic 
limit is exceeded are viscoelastic in their rheological be- 
havior. A food’s viscoelasticity can be measured and ex- 
pressed in terms of its storage and loss moduli. The storage 
modulus G’ is a measure of elasticity, or energy stored, and 
the loss modulus G” is a measure of viscosity, or energy 
lost, by a food when it is subjected to stress and strain (19). 
The ratio of the loss and storage moduli is called the loss 
tangent. 


tand = G"/G' (4) 


Viscoelastic parameters depend on food composition and 
temperature, so, as with other rheological measurements, 
the sample and test conditions must be described in 
detail (8). 


Principles of Measuring Viscoelastic Properties 


There are different techniques for measuring viscoelastic 
properties of foods, but probably the most commonly used 
is dynamic testing wherein linear viscoelastic response to 
very small oscillatory shear is observed. Idealized dynamic 
responses of elastic, viscous, and viscoelastic systems to 
sinusoidal oscillatory shear are shown in Figure 8. In such 
tests, the strain » is a sinusoidal function of time ¢: 


Y = Yo sin(wt) (5) 
where « is the oscillatory frequency and yo is the maximum 
strain amplitude. The strain rate, or shear rate, will be the 
first derivative of strain with respect to time: 


dyldt = 3 = wyo cos(at) (6) 


If the food behaves as an ideal elastic (Hookean) solid, 
stress is directly proportional to strain: 


ao = kyo sin(wt) (7) 


but in an ideal viscous (Newtonian) fluid, the stress is di- 
rectly proportional to shear rate: 
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Figure 8. Idealized dynamic response of elastic, viscous, and vis- 
coelastic systems to sinusoidal oscillatory shear. 


o = yoyo cos(wt) (8) 


Most foods exhibit both viscous and elastic properties at 
the same time and will have a viscoelastic stress response 
that combines the features of equations 7 and 8: 


o@ = 1G’ sin(wt) + G" cos(wt)] (9) 


where the moduli G' and G” are as defined previously. On 
softening a food (increasing the temperature of a cheese or 
increasing the water content of a dough, for example) the 
food will become more liquidlike and less solidlike and its 
loss tangent (G"/G’, eq. 4) will increase. Such objective 
characterization, putting numbers on what is observed 
sensorily, can be very valuable in product development and 
in quality control. 


Texture Profile Analysis 


Dynamic testing, as described in the preceding paragraph, 
can give a rigorously correct rheological characterization 
of a food, and it may be possible to correlate viscoelastic 


parameters with fundamental, molecular-level properties. 
The analysis of dynamic testing data becomes highly com- 
plex if the elastic limit of the product is exceeded. As in- 
dicated earlier, mastication almost always exceeds the 
elastic limit of solid or semisolid foods, and so do many food 
processing operations. A rheological method was needed to 
imitate the mastication (chewing) process and still provide 
objective data; therefore, texture profile analysis (TPA) 
was developed in response to this need. 

In a TPA measurement, a food sample of specific di- 
mensions is compressed, the compressive force is removed 
and the sample is compressed again. This two-bite se- 
quence is imitative of the chewing process. During the test, 
the amount of compression (distance) and compressive 
force are recorded. The resultant force vs distance plot 
(sometimes compressive stress, force per unit area, is used 
instead of force) is called a TPA curve. An Instron TPA 
curve for Cheddar cheese is shown in Figure 9. In that 
measurement, a cylinder of cheese 25 mm high and 21 mm 
in diameter was compressed 20 mm (80%) until it was only 
5 mm high. Then the platen was lifted off the cheese and 
lowered again to the same point. Several TPA parameters 
may be derived from the TPA curve: the maximum force 
H, which occurs at the end of the first compression, is 
called the hardness; the force of the first maximum F is 
called the fracturability (not every food shows a fractura- 
bility peak); the work done to compress the sample on the 
“first bite” is given as the area A,, and on the second bite, 
Ag, and the ratio A9/A, is called the cohesiveness C; the 
distance S is called the springiness; the negative or tensile 
area Ap is the adhesion or stickiness; gumminess G is the 
product of hardness times cohesiveness; and chewiness is 
the product of hardness times cohesiveness times spring- 
iness. One advantage of the TPA method is that the pa- 
rameters derived from it have been shown to correlate with 
sensory perception; it really is a way to replace or supple- 
ment subjective evaluation of foods with numbers and so 
has proven invaluable in product characterization and de- 
velopment. 


FUTURE DEVELOPMENTS 


TPA parameters depend on experimental conditions; com- 
pression rate, temperature, sample size, and nature of the 
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Figure 9. Instron TPA curve for cheddar cheese. 
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platen surfaces. These conditions have not been standard- 
ized between laboratories and, until they are, it will re- 
main difficult to compare TPA data obtained by different 
investigators. Such standardization is an urgent need. 

In recent years, significant progress has been made in 
correlating sensory and objective evaluation of food rheol- 
ogy; the texts cited in the bibliography all include infor- 
mation on sensory-—instrument correlation. Much work is 
still needed in this area. The effects of temperature, com- 
position, and other variables on food rheology can be ex- 
tremely complicated, and consequently have not been ex- 
tensively investigated. Work is needed in this area, 
especially with the objective of drawing general conclu- 
sions that can be applied to a variety of foods. 

Rheological instruments for in-line measurement and 
control of food processes are generally not completely sat- 
isfactory. Instruments are needed in this area, particularly 
to handle non-Newtonian, viscoelastic systems, and the in- 
fluence on results caused by temperature variations. Such 
instrumentation must be designed to permit measurement 
of complex rheological properties that will be consistent 
with the processing or sensory conditions of interest, and 
to comply with good manufacturing practice regulations. 

Correlations between food rheology and microstructure 
and molecular interactions have rarely been entirely suc- 
cessful. Rheological behavior and microstructure are ex- 
pressions of molecular and structural organization within 
a food that should be further explored by these methodol- 
ogies to address both fundamental and applied challenges 
in food science. This is an area that should receive more 
attention. 
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SALAD OILS. See Fars AND OILS: PROPERTIES, 
PROCESSING TECHNOLOGY, AND COMMERICAL 
SHORTENINGS. 


SALMONELLA. See FoopBorNE DISEASES. 


SANITIZERS. See Distwrecranrs. 


SAUSAGES 


Sausages are a diverse group of foods made from ground 
or comminuted meats, salt and spices. They originated 
during prehistoric times when our ancestors discovered 
that addition of salt and drying would delay spoilage. Add- 
ing various spices improved palatability and stuffing them 
into intestines enhanced convenience. Homer mentions 
sausages in the Odyssey and the word, sausage, come from 
Latin meaning salted or meat preserved by salting. Over 
the centuries virtually every culture developed distinctive 
sausages depending on their live stock, spices, climate, and 
culture. The European origin of most of our sausages is 
indicated by the city names associated with them: Bologna, 
Genoa, Braunschweig, and Thuringen. Dried sausages 
originated in southern Europe where warm climates re- 
quired a more spoilage-resistant sausage. Northern Eu- 
ropeans, having a cooler climate, created cooked and sum- 
mer sausages. Americans contributed Lebanon bologna 
and the popularization of the hot dog. 

Sausages are an excellent source of high quality pro- 
teins. In addition, they contribute iron, zinc, and B vita- 
mins, particularly folic acid, Bg and B;,. Controversy has 
existed over the addition of nitrite and possible subsequent 
formation of nitrosamines, sodium content and fat levels, 
especially saturated fats. 

Americans manufactured 6.0 billion pounds of sausages 
in 1987, 10% of the total amount of all red meats. Frank- 
furters amounted to 1.5 billion pounds, bologna 640 mil- 
lion, uncooked cured sausages 24 million, dried and semi- 
dried 445 million, liver sausages 96 million, loaf products 
1.3 billion, and other sausage and loaf products 1.0 billion 
pounds. Poultry based luncheon meats totaled 151 million 
pounds and poultry frankfurters were 280 million pounds. 

Classification of sausages is not clear cut because of the 
many variations in materials, spices and processes used. 
Meat is ground or finely chopped (comminuted) and mixed 
with salt and spices. It may have curing salts added and 
may then be stuffed, smoked, cooked, fermented, or dried. 
The United States Department of Agriculture classifies 
sausages as fresh; uncooked-smoked; cooked-smoked; 
cooked; dry/semi-dry; and luncheon meats, loaves, and jel- 
lied products. 

Fresh sausages are made from uncured (no nitrate or 
nitrite added) meats, usually pork. They are ground and 
mixed with salt and spices, then stuffed into chubs, natural 
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casings or manufactured casings. They have a limited 
shelf-life even when refrigerated and must be cooked be- 
fore serving. 

Uncooked-smoked sausages (country-style sausage and 
kielbasa) are usually cured, require refrigeration for pres- 
ervation and are cooked before serving. 

Cooked-smoked sausages (frankfurters and bologna) 
are cured and cooked in casings inside a smokehouse. 
When properly refrigerated they have a long storage life 
and do not require final cooking by the consumer. 

Cooked sausages (liver sausage and Braunschweiger) 
may be cured and are usually comminuted, seasoned, 
stuffed, and cooked. They are generally consumed cold. 

Dry/semi-dry sausages utilize bacteria to ferment sug- 
ars into lactic acid. This increases the sausages’ acidity and 
contributes to their characteristic flavor and to their bac- 
terial preservation. They are then dried to varying extents. 
These sausages do not need cooking before serving. Semi- 
dried sausages (summer sausages, cervelat, thuringer) 
need refrigeration for optimal storage. Dry sausages (hard 
salami, Genoa salami and pepperoni) need little or no re- 
frigeration. Lebanon bologna is fermented and smoked but 
not appreciably dried. 

The category of luncheon meats encompasses a wide va- 
riety of popular products. Typically a mixture of chopped 
meats with extenders and other ingredients is processed 
into a loaf form. Pimento loaf, olive loaf, and honey loaf are 
examples. Also included in this group are sandwich 
spreads, which are cooked, soft mixtures packaged in 
chubs. Jellied products, such as jellied tongue, souse and 
head cheese, consist of chunks of cooked and cured meats 
held in a loaf form by gelatin. 


INGREDIENTS, 


Meats 


Beef and pork are the primary meats, but goat and sheep 
are used by several cultures and fish sausages are con- 
sumed in the Orient. Poultry luncheon meats and frank- 
furters are increasing in popularity. Skeletal muscle has 
the highest binding and water holding properties com- 
pared to other meats and non-meat extenders. Other 
meats (lips, tripe, cardiac muscle), variety meats (tongue, 
livers, pork stomachs, etc) and mechanically deboned 
meats must be labelled if used. Pork trimmings and back- 
fat are important ingredients, because too little fat results 
in a dry, unpalatable product. Maximum levels of fat for 
different sausages are regulated by the U.S. Department 
of Agriculture; for example, frankfurters must have less 
than 30% fat. 


Salt 


Salt is necessary for extracting the meat proteins to bind 
fat and water and to form the sausages’ texture. Salt also 
contributes to the sausages’ flavor and retards microbio- 
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logical growth. Most sausages contain 2.5 to 3.0% salt, al- 
though fresh sausages contain only about 0.75%. To reduce 
the sodium content, potassium chloride may be substituted 
for salt (sodium chloride). The practical limit to the amount 
of potassium chloride that can be added is half of the total 
salt because of the bitter taste of the potassium. Addition 
of phosphates is another way to improve the binding and 
water holding of the proteins. Pyrophosphates, tripoly- 
phosphate, and metaphosphates may be added to a com- 
bined maximum of 0.5%. 


Curing Salts 


Originally part of natural salts, sodium and potassium ni- 
trate and nitrite causes formation of the cured meat color 
and flavors. The nitrate is converted by naturally occurring 
bacteria to nitrite, which in turn forms nitric oxide. This 
binds to the heme iron of myoglobin to form the pink color 
of cured meats. Nitrite also contributes to the flavor of 
cured meats and retards rancidity. Nitrite inhibits the out- 
growth of Clostridium botulinum spores; growth of these 
bacteria can produce a potentially fatal toxin. Nitrite ad- 
dition is strictly limited because of the potential for for- 
mation of mutagenic nitrosamines. Use of sodium ascor- 
bate or erythorbate prevents formation of nitrosamines by 
competing with secondary amines for nitrite, speeds the 
curing reactions, and stabilizes the cured meat color. 


Spices 


The flavor of a particular sausage is strongly dependent on 
the spices added; every sausage maker has a special mix- 
ture. Sage gives the flavor to fresh breakfast sausages; 
white pepper, mustard, coriander and nutmeg flavor frank- 
furters; garlic is added to Italian sausages; and cayenne 
pepper, paprika and garlic flavor pepperoni. 


Sugars 


Sucrose (common sugar), dextrose, corn syrups, or sugar 
derivatives may be added to many sausages. About 1% is 
necessary in fermented sausages for growth of the lactic 
acid bacteria. Sugars contribute to the flavors by their 
sweetness, participation in browning flavors, and masking 
(mellowing) the saltiness. 


Water 


Often added as ice to chill the meats, addition of water 
permits more efficient chopping and mixing, aids in dis- 
solving the salts, and improves the fluidity of the mixture 
for proper filling of the casings. The texture of sausages is 
greatly enhanced by having the proper amount of mois- 
ture. 


Additives 


Acidulents, such as glucono-delta-lactone, are occasionally 
added to increase the acidity rapidly. This accelerates the 
curing reaction in quickly processed products such as 
frankfurters, or controls the growth of undesirable micro- 
organisms in fermented sausages until fermentation oc- 
curs. Soy proteins, milk proteins (casein and whey), yeast 


protein, flours, and starch are permitted in limited 
amounts in some sausages where they improve emulsion 
stability, fat and water binding, flavor, cooking yield, and 
textural characteristics. Antioxidants to retard rancidity 
and mold inhibitors are added to some products. All of 
these additives must be declared on the label if they are 
used. 


PROCESS 


Grinding and Comminuting 


The meat for fresh and fermented sausages is ground 
through a grinder and then mixed with salt and any other 
ingredients. Some loaf and luncheon meat products use 
chunks of meat bound together by the extracted meat 
proteins that coat the surface after mixing with salt and 
water. 

Frankfurters and bolognas are comminuted or finely 
chopped with the salt and ice to extract/solubilize the pro- 
teins. Then the fat and remaining ingredients are added 
and chopped further to form a smooth batter. 

Casings 

The sausage mixture or batter is stuffed into casings of 
various types, sizes and shapes for further processing, stor- 
age, and consumer convenience. Originally natural or ani- 
mal casings made from stomachs, intestines and bladders 
of cattle, hogs and sheep were used, and are still associated 
with many traditional, high quality sausages, They are in 
limited supply and highly perishable. They are less uni- 
form in size, more fragile and require more care during 
stuffing than manufactured casings. The latter are either 
cellulose from cotton linters (cotton by-products) or colla- 
gen from the corium layer of beef hides. Cellulose casings 
are available in many sizes, strengths, and properties. 
Small types are used to cook frankfurters in a smokehouse 
and then removed before packaging. Large fibrous cellu- 
lose casings, which remain on luncheon meats and fer- 
mented and dried sausages, are removed by the consumer. 
Small collagen casings can be consumed and are used for 
breakfast and other uncooked sausages. 


Stuffing and Linking 


The sausage mixtures and frankfurter batters can be 
pumped through stuffers by either impeller or piston 
pumps. The casings are placed over a stuffing horn and the 
sausage extruded into the casing. Links are formed by 
twisting the casing or by using string ties or metal clasps. 


Fermenting and Drying 


Originally the bacteria for fermented meats were natural 
contaminants of the meats, equipment and facilities. Small 
amounts of successfully fermented products were often 
added back to new batches to start the fermentation. Most 
manufacturers now add cultures of selected bacteria and 
a fermentable sugar and then hold the mixture at 70-82°F 
and 80% relative humidity for 2-3 days to ensure a desir- 
able fermentation. The bacteria produce lactic acid which 


gives the sausages their tangy flavor and reduces the pH 
to 4.6-5.4, aiding preservation. The cured color also forms 
at this time. The sausages then go into the drying room 
where they are held at 45-55°F and 69-72% relative hu- 
midity. Semi-dry sausages are dried for 10 to 21 days and 
contain 50% moisture. Dry sausages are dried for 60 to 120 
days and contain only 35% moisture. 


Smoking and Cooking 


Smoke is no longer as important as a preservative, but it 
contributes to flavor, color, and microbial preservation. 
Controlled burning of hardwood chips produces a mixture 
of organic acids, carbonyls, and phenols. The acids cause 
surface coagulation of the proteins forming a skin on the 
product. Carbonyls contribute a brownish color and phe- 
nols plus some carbonyls add the smoke flavors. Many con- 
tinuous and large volume processes use an aerosol of liquid 
smoke which is more consistent and easier to use. It may 
also be added directly as a flavoring or applied to the sur- 
face. In addition, liquid smoke does not contain any of the 
carcinogenic polycyclic compounds that may be formed if 
the burning temperatures are too high. 

Frankfurters are smoked during the beginning of a 
cooking sequence. The temperature is raised in steps with 
humidity control and good circulation until the internal 
temperature reaches 155-160°F. The frankfurters are then 
showered with cold water to cool. 


Packaging 


Most sausages are sold in the casings they were stuffed 
into. Frankfurters, however, are stripped of the cellulose 
casing after cooking in the smokehouse. Many sausages 
are vacuum packaged to extend shelf life by preventing 
water loss, retarding oxidation, and slowing microbial 
growth. 


Developments 


Sausages continue to have great popularity because of 
their appealing flavor and convenience. The increasing va- 
riety available in the retail stores reflect consumer interest 
in convenience and specialty foods. Salt levels have been 
reduced although many sausages still contain high 
amounts of sodium. Research is underway to reduce or re- 
place the animal fat while retaining the expected flavor 
and textural feel of the products. Meat inspection and qual- 
ity assurance programs are under revision as the inspec- 
tion agencies include more microbial and residue testing 
with the traditional visual inspection. Hazard analysis- 
critical control point (HACCP) procedures are particularly 
important in controlling pathogenic microorganisms such 
as Salmonella, Staphylococci and Listeria. 
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SEAFOOD: FLAVORS AND QUALITY 


BACKGROUND 


With few but important exceptions, the majority of sea- 
foods are relatively mild in flavor intensity when compared 
to foods prepared from beef, poultry, pork, and lamb. In- 
deed, American and European consumer preferences for 
seafoods seem to favor varieties that have mild flavor pro- 
files, for example, various white-fleshed species such as 
soles, cods, snappers, and rock fishes (1). Because these 
flavors are so subtle, they can be overwhelmed by very 
small quantities of exogenous or endogenous flavors due to 
contamination or spoilage, such as fuel oils, rancidity, am- 
moniacal, acetic acid, and earthy flavors. In addition, be- 
cause of this subtlety and low intensity, the presence of 
flavor enhancers and modifiers, such as monosodium glu- 
tamate or 5’-ribonucleotides (disodium 5’-inosinates[5’- 
IMP] and 5’-guanylates[5'-GMP}), can exert enormous and 
profound influences on the perception of quality of a sea- 
food. Added to this complex interplay is the creation of new 
flavors that can occur during processing that are identified 
with the final product, for example, canned salmon flavor, 
that may or may not have been present in the original sea- 
food. 

For the purposes of this review, some definitions and 
discussion of flavor and quality are in order. We will use 
the description of flavor put forward by Hall (2) and Chang 
(3). Hall (2) defined flavor as the “sum of those char- 
acteristics of any material taken in the mouth, perceived 
principally by the senses of taste and smell, and also by 
the general pain and tactile receptors in mouth, as re- 
viewed and interpreted by the brain.” The reader is par- 
ticularly directed to a recent review by Kinsella (4) for a 
biochemical /biophysical discussion of flavor and the role of 
binding of the flavor compounds to physiological sites. Al- 
though Chang (3) and Hall (2) identify three components 
to flavor (taste, odor, and “pain-tactile”), we will limit our 
discussion of seafood flavors to only taste and odor. The 
pain-tactile responses of pungency, heat, cooling, or other 
nonspecific or trigeminal neural responses are not directly 
associated with commonly consumed seafoods themselves 
but are usually associated with external materials added 
to a finished seafood, such as condiments, peppers, herbs, 
and spices. 

When a seafood, or any food, for that matter, is con- 
sumed, a series of conscious and subconscious responses to 
flavor and texture stimuli are integrated into a single uni- 
fied perception. Because of this facility of the brain to in- 
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tegrate many stimuli into a single unifying concept, the 
definition of seafood quality becomes elusive and difficult. 
Typically, discussions of quality usually end with the state- 
ment, “but I'll know it when I see it.” Therefore, any at- 
tempt to discuss seafood quality objectively must include 
a compilation of various measurable physical, chemical, 
and sensory attributes that have been correlated with pre- 
determined quality assessments. 

The underlying assumption of all quality assessment or 
assurance is that if a series of standards are met upon 
analysis, the product under evaluation is then considered 
to be ofa certain level of quality. Unfortunately, these stan- 
dards defining levels of quality (eg, excellent, good, bad, 
poor, decomposed, or passable) for measured attributes 
have been difficult to develop. Part of the reason is that 
the human perception of quality in seafoods is multifac- 
torial, comprising a large number of attributes that are 
integrated in a judgmental response. This judgmental re- 
sponse, particularly in the evaluation of sensory attributes 
such as flavor and texture, can be strongly influenced or 
biased by personal, cultural, and societal factors. For ex- 
ample, some popular fermented fish/vegetable sauces 
would be assessed as spoiled or rotten by some palates yet 
be considered highly desirable by others. In short, what is 
“spoilage” to one is “fermentation” to another. Because of 
these cultural differences, it is sometimes difficult to arrive 
at a precise and consistent international set of standards, 
particularly for attributes that are the result of sensory 
judgment. 

Today a great reliance is still placed on subjective as- 
sessments of quality in seafoods, such as presence of de- 
composition or quality grades. Inspectors and graders, in 
both government agencies and the seafood industry, are 
trained to various degrees in sensory techniques to conduct 
these evaluations. In many cases, potentially large sums 
of money and the health and safety of many consumers 
may ride on the nose, eyes, and hands of a few seafood 
inspectors (in some cases, only one inspector). Clearly, it 
would be desirable to minimize reliance on these subjective 
methods with all their inherent drawbacks, namely, fa- 
tigue, boredom, and sensory overload, and use chemically 
and physically measurable indicators of seafood quality. 

Therefore, due to the elusive and complex nature of 
quality as it applies to seafood, the emphasis of this review 
will be on specific identifiable flavor/odors and their rela- 
tionship to quality insofar as information or standards 
may exist. Our approach in this chapter will be to first 
identify those components that can be identified as specific 
flavors/odors that characterize specific seafoods. We will 
then discuss various modifiers and enhancers that influ- 
ence the integration of the basic flavor components. Finally 
we will discuss various efforts to use seafood flavors to clas- 
sify fish species. We feel that this last section is necessary 
because of the large number of marine species that com- 
plicate the seafood market. Recently, various efforts have 
been made to simplify the marketing and retailing of sea- 
foods due to the overwhelming array of species that can 
confront the consumer. These efforts range from species 
groupings derived from statistical analysis of trained sen- 
sory panels to categories developed by consumer groups or 


knowledgeable seafood-industry personnel. Therefore we 
have divided the review into three sections: 


1. Chemical compounds responsible for specific flavors 
found in seafoods. 

2. Compounds responsible for modifying and/or influ- 
encing seafood flavors. 

3. Attempts to use seafood flavors and texture attrib- 
utes to classify fish. 


Though the major portion of this chapter will involve a 
discussion of seafoods, that is, fishery products taken from 
the marine environment, we will include, of necessity, 
many products that derive from freshwater sources due to 
the enormous growth of aquaculture (eg, catfish, trout, and 
salmon) and the introduction of anadromous marine spe- 
cies (Coho salmon, Oncorhynchus kisutch; pink salmon, 
Oncorhynchus gorbuscha; chinook salmon, Oncorhynchus 
tshawytscha) into freshwater systems such as the Great 
Lakes. In fact, some of the more serious flavor problems 
arise in aquaculture systems due to feed components and 
environmental sources such as algae. In addition, the tre- 
mendous growth of marine aquaculture in the past 10 
years has introduced similar problems to seawater-raised 
species. 

Clearly, significant use of sensory-evaluation tech- 
niques are employed in seafood flavor and odor research, 
It is not our intent to review basic sensory methodologies 
and associated techniques and utilities; to that end the 
reader is encouraged to examine several excellent texts by 
O’Mahony (5), Jellinek (6), Warren and Walradt (7), and 
Boudreau (8). The book by O’Mahony (5) is particularly 
recommended for its statistical methods and procedures 
used in sensory evaluation. For developing sensory panels 
and programs, the reader is especially directed to the se- 
ries of monographs published by the American Society for 
Testing and Materials (ASTM) for particularly useful 
training techniques and requirements of sensory panels 
(9-15). Recently, an excellent monograph on “Flavor and 
Lipid Chemistry of Seafoods”, the result of an American 
Chemical Society symposium, has just appeared (16). 


CHEMICAL COMPOUNDS RESPONSIBLE FOR FLAVORS 
FOUND IN SEAFOODS 


Quality Flavor Attributes 


Chemical compounds responsible for seafood flavors can be 
of either an endogenous or exogenous origin. Endogenous 
compounds are those that are present in fish and shellfish 
as the result of their inherent metabolism, whereas exog- 
enous compounds arise from the diet, from immediate con- 
tact with the aquatic environment, for example, skin ab- 
sorption and adsorption, or from both. The common 
endogenous compounds usually found in fish give rise to 
the characteristics that distinguish one fish species from 
another, such as salmon from sole, and are responsible for 
our perception of seafood quality attributes such as fresh, 
stale, and rancid. On the other hand, exogenous com- 
pounds are present accidentally in the fish, commonly aris- 


ing from the environment, and are usually considered 
taints or contaminants. 

Up until the 1970s high-resolution gas chromatography 
(HRGC) and mass spectrometry (MS) were available as ex- 
pensive research tools only to well-financed institutions or 
corporations. With the advent of new technologies in en- 
gineering, manufacturing, and computers, HRGC and MS 
came within the reach of many research laboratories, and 
as a result came a rapid increase in flavor and odor re- 
search. Before the use of these new techniques, research 
into odors and flavors associated with fishery products 
were relegated largely to “scratch-and-sniff” techniques. 
Although these early techniques may appear crude and un- 
sophisticated by today’s standards, they were in their lim- 
ited way remarkably productive and accurate. Many of 
these early studies were based on the abilities of very per- 
ceptive sensory analysts who could detect various odors 
and flavors present in a food and then search for simple 
chemical compounds that duplicated the flavor or odor. 
Usually for these studies the chemical compounds were se- 
lected on their probability of being present in the food, per- 
haps due to oxidative breakdown of fats and oils, spoilage, 
or other possible biochemical changes. These techniques 
(so-called “P and P,” or postulate and prove, and “I and I,” 
or isolate and identify; see Forss [17], p. 191) were similar 
to those used in the fragrance industry in the formulation 
of duplicate perfumes. 

To overcome some of these past empirical approaches, 
Stansby and Jellinek (18) attempted to place fish odors and 
flavors research on a more rational but still descriptive ba- 
sis. They classified nine types of flavors or odors: A, amine; 
B, burnt; F, freshwater-fish; G, green; I, iodine; N, natural 
species; O, pure oxidation types; P, putrid; and S, sweet. 
These descriptive terms are still in use today in the search 
for the responsible chemical compounds in seafood flavor 
and odor research. During this study, Stansby and Jellinek 
also noted that the green flavor of fish oils was similar to 
that of cis-3-hexen-1-ol and cis-3-hexenal, the latter found 
in the reversion of soybean oil (19). Other odors identified 
in their studies was that of green cucumber, similar to that 
of hex-2-enal and trans-2-cis-6-nonadienal (2,6-nonadien- 
1-al) found by Forss et al. (20). 

As will be seen from the preceding brief historical per- 
spective in research of flavors and odors in fishery prod- 
ucts, these early studies were remarkably accurate in iden- 
tifying specific flavor compounds. 

In terms of quality, what is a fresh fish? In a redundant 
way, a fresh fish has a fresh-fish flavor or odor. What com- 
pound or compounds are responsible for the fresh-fish 
aroma? At the same time, poor-quality fish are said to have 
“fishy” odors and flavors. This section will cover the com- 
pounds responsible for fresh-fish flavor/odor, “fishy” fla- 
vors, rancidity/scorch flavors, and other miscellaneous 
flavors. 


Fresh-Fish Flavor/Odor. After catch, a series of meta- 
bolic changes begin in the tissues of fish and shellfish 
(21,22). Part of the catabolic changes is the formation of 
odors indicative of decomposition. In general, the odor of a 
fillet removed immediately from a landed fish has a “fresh” 
odor; with time this odor disappears and “sweet” (per- 
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fumelike) odors begin to appear (23). Eventually, depend- 
ing on holding conditions and length of time, odors such as 
fruity, sour, and putrid develop (24-26). However, the dis- 
appearance of the fresh-fish aroma is usually the first sign 
of a quality change in the fish and has been a subject of 
considerable interest to flavor/odor investigators (27). 

Josephson et al. (28-30) found a variety of odorous com- 
pounds (Table 1), but three families of compounds were 
major contributors to the characterization of Lake Michi- 
gan whitefish (Coregonus clupeaformis): Cg aldehydes and 
alcohols contributed green and plantlike aromas (eg, 2- 
hexenal and 1-hexanol), Cg aldehydes and alcohols con- 
tributed cucumber and melon aromas (eg, 2-nonenal, 2,6- 
nonadienal,6-nonen-1-ol, and 3,6-nonadien-1-ol), and the 
Cz ketones and alcohols provided a characteristic mush- 
room aroma (eg, 1-octen-3-one, 1,5-octadien-3-one, 1-octen- 
3-ol, 1,5-octadien-3-ol, 2-octen-1-ol, and 2,5-octadien-1-ol). 
In this work, they found that increasing amounts of cor- 
responding alcohols (1,5-octadien-3-ol and 3,6-nonadien-1- 
ol) and a concomitant decrease in carbonyls (1,5-octadien- 
3-one and 3,6-nonadienal) was associated with the change 
in aroma from that of very fresh whitefish to aromas that 
were characterized as “suppressed, flat, and sweet melon- 
like.” Josephson et al. (27) found that greater losses of 
fresh-fish carbonyl compounds were observed in fish held 
under air (2°C, 7 days) than under a carbon dioxide at- 
mosphere. 

In a study comparing freshwater species (whitefish [C. 
clupeaformis], smelt [Osmerus mordax], black crappie [Po- 
moxis nigromaculatus], bluegill [Lepomis macrochirus], 
muskellunge [Esox masquinongy], perch [Perca flaves- 
cens], northern pike [E. lucius], ciscoe [Coregonus artedii), 
walleye pike [Stizostedion vitreum], sauger [Stizostedion 
canadense], rainbow trout [Oncorhynchus mykiss], and 
emerald shiners [Notropis atherinoides]) and saltwater 
species (ocean perch [Sebastes marinus], cod [Gadus mor- 
hua], petrale sole [Eopsetta jordani], and haddock [Melan- 
ogramus aeglefinus]), Josephson et al. (29) found acommon 
occurrence of hexanal, 1-octen-3-ol, 1,5-octadien-3-ol, and 
2,5-octadien-1-ol, whereas freshwater species contained in 
addition 1-octen-3-one and 1,5-octadien-3-one. Interest- 
ingly, Whitfield et al. (36) found that (Z)-1,5-octadien-3-ol 
and 1-octen-3-ol were involved in the metallic off-flavor of 
deep sea prawn (Hymenopenaeus sibogae) and sand lobster 
(Ibacus peronii). Also Berra et al. (37) found that (E,Z)-2,6- 
nonadienal was responsible for the cucumber aroma of 
Australian grayling (Prototroctes maraena). 

It is postulated that the origin of these fresh-fish flavor/ 
odor compounds is the enzymes and nonenzymic oxidation 
of polyunsaturated lipid fractions in the flesh (28,29,38). 
Josephson et al. (39) found that the formation of carbonyls 
and alcohols that characterize the fresh-fish aroma of em- 
erald shiners (N. atherinoides) were almost completely in- 
hibited when the fish were sacrificed and then immediately 
exposed to acetylsalicylic acid (aspirin) or stannous chlo- 
ride, both specific inhibitors of fatty acid cyclooxygenase 
and lipoxygenase, respectively. They concluded that these 
observations implicated the involvement of enzymic con- 
versions of w-6 and w-3 fatty acids to the development of 
volatile aroma compounds in fresh fish. Josephson et al. 
(39) found that the highest concentrations of volatiles from 
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Table 1. Volatile Compounds Identified in Fresh Whitefish (C. clupeaformis) 


Peak no. Compounds 

x 2,3-Butandione 

2x0° Hexanal 

3 1-Penten-3-ol 

4 3-Heptanone 

5 2-Methyl-2- 
pentenal 

6 2-Heptanone 

7 Dodecane 

8 Heptanal 

9 3-Methyl-1- 
butanol 

100 (E)-2-Hexenal 

uw 1-Pentanol 

12X 3-Octanone 

13 Ethenylbenzene 

140 Trimethylbenzene 

16 Acetoin 

16 2-Octanone 

17 Octanal 

18X 1-Octen-3-one 

19 Tridecane 

20 2,3-Octanedione 

21 1-Hexanol 

22X 1,5-Octadien-3- 
one 

23K 3-Octanol 

240 Nonanal 

25 Tetradecane 

26X (Z)-2-Octenal 

27 Acetic acid 

28X L-Octen-3-ol 

29X 1,5-Octadien-3-ol 

30X0 Benzaldehyde 

310 Decanal 

32 Pentadecane 

330 (£)-2-Nonenal 

34X 1-Octanol 

35 2,3-Butandiol 

360 (E,Z)-2,6- 
Nonadienal 

37% 2-Octen-1-ol 

38 Hexadecane 

390 1-Nonanol 

40X 2,5-Octadien-1-ol 

410 6-Nonen-1-ol 

42 Heptadecane 

430 3,6-Nonadien-1-ol 

44 Naphthalene 

45 Octadecane 

46 Nexanoic acid 

47 Unknown 


Estimated 
concentration’, 


ppb 


17 
20.5 + 9.2 


Not measured 
10+ 0.1 


0.6 + 0.1 
2.6 > 1.5 
0.8 = 0.2 
20+ 16 
16 + 08 
13 +03 


1.0 + 0.6 
3.2211 
0.8 + 0.2 
14+ 03 


45 + 0.6 
18.6 + 4.1 
24.8 + 2.0 

1.0 


2.6 + 0.4 
24+ 0.2 
58+ 15 
0.5 
64426 
17.2 + 0.1 


63+ 04 
1420.2 
0.8 
38+ 15 


48+ 08 
2.0+ 1.0 
5.7 + 0.7 
13 + 0.2 
16 + 0.7 
11 
124+41 


Odor 
GC effluent odor quality threshold®, 

(packed column) ppb Identification means 
Butterlike 8.6 MS,Rt,odor 
Green 45 MS,Rt,odor 

400 MS,Rt 
Earthy MS,Rt 
MS,Rt 
300 MS,Rt 
MS,Rt 
3.0 MS,Rt 
MS,Rt 
WwW MS,RT 
120 MS,RT 
50 MS,Rt 
MS,Rt 
MS 
MS,Rt 
Peaks 16 and 17-green, earthy, 150 MS,Rt 
aldehyde 
0.7 MS,Rt 
Boiled mushrooms 0.09 MS,Rt,odor 
MS,Rt 
MS,Rt 
4870 MS,Rt 
Geranium leaves 0.001 MS,Rt,odor 
18 MS,Rt 
Planty, aldehyde 1.0 MS,Rt,odor 
MS,Rt 
Peaks 26 and 27-fatty, heavy, 3.0 MS,Rt 
green 
7.0 MS,Rt 
Raw mushrooms 10 MS,Rt,odor 
Earthy, mushroom 10 MS,Rt,odor 
Peaks 30, 31, and 32-slight 0.44 MS,Rt 
cucumber, green, vinelike 
0.1 MS,Rt 
MS,Rt 
Cardboardlike, cucumber 0.08 MS,Rt,odor 
480 MS,Rt 
MS,Rt 
Cucumber rind, peeling 0.01 _MS,Rt,odor 
Peaks 37 and 38-green, musty 40 MS,Rt,odor 
MS,Rt 
Peaks 40 and 41-fresh fish MS,Rt 
undertone 
MS,Rt 
MS,Rt 
Clean cucumber 10 MS,Rt 
MS,Rt 
MS,Rt 
Green, cucumberlike 43(100), 71(60), 41(35), 


56(32), 55(30), 83(21), 
39(14), 89(12), 98(10) 


Source: Reprinted from Ref. 28 with permission from J. Agric. Food Chem. Copyright 1983 American Chemical Society. Data also from Refs. 31-35. 
“Based on duplicate determinations; ug/L slime-water extract. 


*Threshold in water. 


‘X = previously identified in mushrooms. O = previously identified in cucumber/melon. 


enzymic conversions appear to be associated with the slime 
and the surfaces of the fish. In their model, polyunsatu- 
rated fatty acids (eg, eicosapentaenoic acid; C295 @-3) 
undergo enzymic oxidation to fresh-fish aromas by 12- 
lipoxygenase or 15-lipoxygenase at the skin-water inter- 
face because these enzymically derived volatiles appear to 
occur at higher concentrations in the skin than in fish mus- 
cle. They speculated that the enzymic oxidation and cleav- 
age of the Cz» polyunsaturated fatty acids may be involved 
with the induction of cellular repair because of the close 
involvement of the mucus or slime layer. In addition, these 
volatile compounds present in the slime may also provide 
signals for feeding, schooling, or fright responses. 

Research on enzyme-mediated oxidations of fatty acids 
has been pursued in recent years (40-43) German and Kin- 
sella (44) demonstrated the ability of lipoxygenase from 
trout tissue to catalyze the oxidation of polyunsaturated 
fatty acids (PUFA) typically associated with fish (arachi- 
donic, eicosapentaenoic, and docosahexaenoic acid) to acyl 
peroxides. Hsieh and Kinsella (45), working with gill prep- 
arations from rainbow trout (O. mykiss), focused on the 
properties of enzyme-initiated lipid oxidation in tissues, 
specifically lipoxygenase, to produce specific oxidative fla- 
vor compounds in fish tissues. The major volatile com- 
pounds generated from the PUFA were 1-octen-3-ol, 2- 
octenal, 2-nonenal, 2-nonadienal, 1,5-octadien-3-ol, and 
2,5-octadien-1-ol. They concluded that these compounds 
may be important in imparting fresh aroma to fish and also 
in causing off-flavors. Following the proposal of Josephson 
et al®4, Hsieh et al®* demonstrated the presence of 12- 
lipoxygenase activity in fish skin, which may play a role in 
generating off-flavors. Some fish have little of the lipoxy- 
genase activity in the skin, according to Hsieh et al. (43). 
For example, white bass (Morone chrysops), rock bass (Am- 
bloplites rupestris), sheepshead (presumably Archosargus 
probatocephalus), and bluegill (L. macrochirus) did not 
have detectable activities in the skin but did have the en- 
zyme present in the gill tissue. With the exception of rain- 
bow trout, most species examined by Hsieh et al. (43) had 
higher lipoxygenase activity in the gills than in the skin. 
These studies point out the need for proper postharvest 
processing, such as low-temperature storage, and perhaps 
most importantly, the avoidance of damage to skin and 
muscle tissue, such as bruising, cutting, and punctures. 
Hsieh and Kinsella (45) also found that antioxidants such 
as butylated ¢ert-hydroxyanisole (BHA), tert-butylated hy- 
droxytoluene (BHT), esculetin (6,7-dihydroxycoumarin), 
and esculin (esculetin 6-glucoside) could inhibit lipoxygen- 
ase activity. Esculetin was found to be a potent inhibitor 
of lipoxygenase activity, whereas BHT had negligible in- 
hibitory effect. The use of these compounds could effec- 
tively control lipid oxidation and slow the deterioration of 
fish after landing. 

Earlier workers noted that the aroma of freshly har- 
vested fish had some recognizable components, described 
in such terms as green, cucumber, and leafy. In turn, vari- 
ous compounds were suggested and identified that might 
logically be present to play a role in this aroma. Perhaps 
the most significant finding in the series of papers by Jo- 
sephson et al. (27-30,39) is that the fresh-fish aroma is 
composed of a variety of chemical compounds that are pro- 
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duced by a dynamic system involving a complex of lipids, 
enzymic and nonenzymic reactions, and physiological com- 
partments in the fish. What role these compounds play in 
the life of the fish is not yet clear, but Josephson et al. (39) 
and Josephson and Lindsay (30) suggest, not unreason- 
ably, that these compounds may play some biologically ac- 
tive role, such as trauma recovery or defense. 

It is well known that during cooking and storage of 
cooked foods, significant flavor changes occur. In some 
cases, new and favorable flavors are developed, such as 
browning flavors during baking or boiling. However, after 
a food is cooked, degradative changes can also occur that 
yield undesirable flavors. Although the baking industry 
has expended a large effort on staling and its prevention, 
little work has been done toward similar research on sea- 
food products. Recently, Josephson and Lindsay (46) re- 
ported on some lipid changes in chicken and fish. Briefly, 
they found that 2,4-alkadecadienals were formed from the 
autoxidation of polyunsaturated fatty acids. Though these 
compounds are thought to contribute desirable aromas to 
various foods, they are also found in foods with undesirable 
flavors such as warmed-over, stale, and oxidized. In model 
systems, Josephson and Lindsay (46) demonstrated that 
2,4-decadienal was degraded to 2-octenal and ethanal by a 
water-mediated alpha/beta double-bond hydration, retro- 
aldo condensation reaction series. The resulting 2-octenal 
was further degraded to hexanal and ethanal. Working 
with battered, deep-fried Alaskan pollock fillets, they 
found that immediately after frying and after 3 days of 
refrigerated storage (6°C), the 2,4-decadienals were higher 
than in fried chicken. In both these foods, the concentra- 
tion of the 2,4-decadienals declined after refrigerated stor- 
age with concomitant increases in 2-octenal, A major dif- 
ference was observed between chicken and fish in hexenal 
levels. In the chicken, an initially large hexenal concentra- 
tion tripled during storage, but hexenal levels declined in 
fish during storage. Josephson and Lindsay (46) suggest 
that the staling flavors that are formed during refrigerated 
storage may arise from retro-aldol-related reactions. Ku- 
bota and Kobayashi (47) reported two ketones in the aroma 
concentrate of cooked shrimp (Euphausia pacifica, E. su- 
perba, and Sergia lucens) and reported the structures as 
tentatively (5Z, 8Z, 11Z)- and (5E, 8Z, 11Z)-5,8,11-tetra- 
decatrien-2-0l. Recently, in more detail, Kobayashi et al. 
(48) synthesized a series of tetradecatriens, isomers of 
5,8,11-tetradecatriene-2-one, determined their structures, 
and related their sensory aroma characteristics to the 
chemical structures. The descriptions of the isomers of 
5,8,11-tetradecatrien-2-one are listed in Table 2. Com- 
pounds I and II were the naturally occurring isomers re- 
ported earlier by Kubota and Kobayachi (47). 

Though alcohols and ketones are indeed responsible for 
the variety of odors and flavors noted in seafoods, other 
compounds containing nitrogen and sulfur are also in- 
volved in fresh, cooked, and fermented products. In a 
similar vein, Tanchotikul and Hsieh (49) examined the vol- 
atile flavor components in crayfish (Procambarus clarkii) 
waste. Using dynamic headspace sampling with gas chro- 
matography (GC)/MS techniques, they identified 117 com- 
pounds; of these compounds, 106 were positively identified 
and the other 11 were tentatively identified in the head- 
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Table 2. Aroma Characteristics of Isomers of 5,8,11- 
Tetradecatrien-2-One 


Aroma characteristic 


Shrimp, crab, shellfish 
Shrimp, crab, sea cucumber 
Fruity, oily, seafood 

Fruity, oily, milk 

Short-legged clam, seafood 
Short-legged, clam, oily 

Fruity, cucumber, white-meat fish 
Oily, fishy, dry bonito 


Isomer 


1 (BZ, 82, 112) 

I (5E, 82, 112) 
IM (52, 8E, 11Z) 
IV (82, 8Z, 11E) 
V GE, 8E, 112) 
VI (5E, 82, 11E) 
VII (5Z, 8E, 11E) 
VIII (5E, 8E, 11E) 


space of crayfish waste. Interestingly, they found a large 
amount of phenol, which appeared to give the sample a 
medicinal aroma. In addition to a variety of compounds 
resulting from oxidation of polyunsaturated fatty acids, 
Tanchotikul and Hsieh (49) also identified nitrogen- 
containing compounds, pyrazines and pyrroles. 2,5- 
dimethylpyrazine was the most abundant nitrogen- 
containing compound they detected. 

Recent work by Vejaphan et al. (50) with cooked crayfish 
(P. clarkii) tail meat revealed 70 volatile compounds in 
many different chemical classes. These authors identified 
green, grassy, woody, buttery, metallic, or sulfurlike aro- 
mas. Although ketones were the major components found 
in crayfish waste and in tail meat, significant sulfur- 
containing compounds were also found. Buttery et al. (51) 
identified two straight-chain sulfur compounds, dimethyl 
disulfide and dimethyl trisulfide, that gave the odor of 
cooked cabbage and spoilage. Indeed, these compounds are 
found as flavor/odor components in cabbage, broccoli, and 
cauliflower (51). In addition, the organic sulfides (dimethyl 
sulfide, dimethyl disulfide, and dimethyl trisulfide) are 
also involved with anaerobic putrefactive decomposition of 
many foods (26). Clearly, these compounds would not be 
expected to contribute desirable aromas to cooked crayfish. 


Defect Flavor Attributes 


Fishy Flavors and Odors Whereas the fresh-fish flavor is 
a desirable component of high-quality fish, “fishy” flavors 
and odors represent the other end of the quality spectrum, 
namely, poor or low quality. The fishy odors and flavors 
discussed here are in contrast to decomposition or spoilage 
aromas that involve bacterial and catabolic changes in fish 
that would be declared unfit for human consumption. In 
general, a fishy odor or flavor in either the raw or the 
cooked product marks a seafood as low quality. However, 
there are marked, and perhaps unusual, exceptions to this 
rule. For example, the authors of this article and Jellinek 
(6, p. 76) have observed sensory panelists (American and 
German) who were raised in environments where fresh 
fish was not available reject freshly caught fish as being 
too “bland.” Clearly, the perception of fishy flavors and 
odors is somewhat culturally biased. Nevertheless, in the 
broad mainstream of seafood quality, the presence of fishy 
flavors and odors marks a seafood of low quality. 

In 1962, a pioneer in fish flavors and odors, M. E. 
Stansby (52,53), commented, “With few exceptions . . . the 


relation of fishy odors and flavors to specific chemical sub- 
stances in fish has been largely neglected in recent years.” 
At this time, Stansby (53) pursued earlier work by Davies 
and Gill (54) and Davies (55) relating fishy odors in fish to 
nitrogenous compounds (ie, trimethylamine) and fat in the 
flesh. Besides basic organoleptic work on the odor of tri- 
methylamine (TMA), Stansby (52,53) related the interac- 
tion of TMA with fish oils in attempting to define the odor 
that most people identify as fishy. Stansby concluded that 
probably no one compound was responsible for the fishy 
odor and that TMA, fish oil, and air were necessary for the 
development of fishy odors. 

TMA is undoubtedly responsible for the major portion 
of the fishy odors noted in most cooked samples of marine 
fish. TMA usually arises from the reduction of TMA oxide 
(TMAO) in fish tissues (56). This reduction proceeds quite 
easily, due to either enzymic reactions or simple redox re- 
actions utilizing ferrous ion (Fe?*) complexed in some way 
in the tissue (57). With heating at 80°C, EDTA-complexed 
FE?*, can quantitatively reduce TMAO to TMA within 5 
min and serves as the basis of a method for TMAO/TMA 
analysis (58). TMAO occurs primarily in the marine fishes, 
particularly the gadoids (cods, haddock, hakes, and pol- 
lock), whereas in freshwater fishes the TMAO content is 
low to nondetectable. Even in species that contain large 
amounts of TMAO (ie, the gadoids), the variation in muscle 
concentration of TMAO is highly variable (57). TMAO can 
also break down to formaldehyde and dimethylamine. This 
latter reaction is thought responsible for toughening found 
in some fish fillets during frozen storage due to cross- 
linking reactions of the protein and formaldehyde (59). The 
odor of dimethylamine (bp 7°C) is similar to that of TMA. 
The origin and role of TMAO in fish is not well understood 
at present, and the interested reader is directed to the re- 
view by Hebard et al. (57) for a more complete discussion 
concerning origin and occurrences of TMAO. 

TMAO itself has a moderately intense odor but it is not 
fishy; its odor is similar to that of stale air released from 
an automobile tire. On the other hand, TMA (bp 4°C) is 
ammoniacal in high concentration, but as the concentra- 
tion is lowered a fishy note appears. Nevertheless, al- 
though diluted TMA has an odor that is somewhat fishy, it 
is not quite identical to that observed in deteriorating fish 
(52,53). At least in fish with high levels of TMAO, TMA is 
probably responsible for most of the undesirable fishy aro- 
mas (60,61) but other compounds may also be involved, 
such as acetic, butyric, and valeric acids (61). TMA or 
TMAO may not be completely necessary for the develop- 
ment of a fishy aroma. For example, one of the authors 
(J. C. W.) noted that when freeze-dried bovine serum al- 
bumin was coated with a molecularly distilled fish oil frac- 
tion and stored at — 20°C for several weeks under nitrogen 
in a ground glass stoppered flask, a distinctly fishy aroma 
was observed in the headspace of the container. It was as- 
sumed that oxidative free radical reactions interacted with 
the proteinaceous material to yield unknown odorous com- 
pounds. 

Clearly the production of the fishy aroma is complex, 
involving a multiplicity of compounds and reactions, per- 
haps similar to those described earlier in the production of 
fresh-fish aromas and flavors, that can produce a myriad 


of compounds (eg, acids, alcohols, esters, aldehydes, and 
ketones). These compounds in turn mix with TMA to yield 
the distinct fishy odors that may vary from one fish species 
to another. 


Rancidity In plant oils and fats, two kinds of rancidity 
are noted (62): oxidative and hydrolytic. Oxidative rancid- 
ity is caused by the presence of oxygen and its reaction 
with the unsaturated lipid fraction, producing typical off- 
flavors and odors. Hydrolytic rancidity is the result of the 
hydrolysis of triglycerides, producing free fatty acids. 
These free fatty acids, particularly capric, lauric, and myr- 
istic acids, have very strong off-flavors. While hydrolysis of 
fish lipid triglycerides occurs, the resulting fatty acids have 
much higher molecular weights (ca 300 daltons) with con- 
comitant lower flavor and odor intensities (63). 

By and large the development of rancidity in a seafood 
is noted by flavor more than odor. However, in some frozen. 
fatty species of fish, definite rancid odors can be detected 
quite easily. Nevertheless, for most low- to moderate-fat 
species, rancidity is usually noticed first by taste when the 
product is eaten, particularly in the fattier tissues. Many 
of the odors and flavors and reaction mechanisms that we 
described earlier that play a role in the fresh-fish flavor 
also play a role in rancidity. This is not surprising in that 
many of the fresh-fish flavors are developed through hy- 
droperoxidation reactions of the polyunsaturated lipids 
present in seafoods. It is not our intent here to go into de- 
tails of the reactions involved in the oxidation of fats and 
oils. The interested reader is directed to several excellent 
texts by Hamilton (64), Hardy (65), and Sargent et al. (66). 

The flavors we associate with rancidity arise from the 
oxidation of lipids and are very complex in nature, similar 
to those responsible for fresh-fish flavor. These reactions 
of oxygen and the double bonds in seafood lipids can be 
catalyzed by trace metals, such as Fe** complexed in the 
heme molecule (67). A large portion of the work on rancid 
flavors and odors has been conducted on plant lipids, using 
linolenic or linoleic acids as model compounds that contain 
3 and 2 cis-double bonds, respectively. Marine fish, on 
the other hand, contain not only both linolenic (C,s.3) and 
linoleic (Cig.2) acids but also other highly unsaturated 
fatty acids containing 4, 5, and 6 cis-double bonds 
(arachidonic—Cyo,4, eicosapentaenoic—Co9.5, and docosa- 
hexaenoic acids—Cy2.g, respectively). Furthermore, these 
Gyo unsaturated acids are highly labile to both enzymic 
and nonenzymic oxidation (68-70). If one considers the 
production of compounds from the oxidation of C,, fatty 
acids complex, the complexity of products from the Czy and 
Cy. unsaturates must be increased by at least an order of 
magnitude. Therefore, much of the work on the production 
of odorous and flavor compounds in model systems has un- 
derstandably been done using linolenate (C;.3) and lino- 
leate systems (C,s.2). 

In a model system Ullrich and Grosch (71) identified the 
most intense odor compounds in autoxidized methyl lino- 
leate at room temperature using flavor units (FU) and fla- 
vor dilution factors (FD). After a reaction time of 48 h, 20 
mol percent of the methyl linolenate was converted into 
hydroperoxides. Ullrich and Grosch (71) found that 
trans,cis-2,6-nonadienal followed by 1,cis-5-octadien-3- 
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one, trans,cis-3,5-octadien-2-one and cis-3-hexanal had the 
highest flavor units. However, after 102 h, 1,cis-5-octadien- 
3-one was by far the most important odor compound, which 
was followed by cis-3-hexenal and _ trans,cis-2,6- 
nonadienal. 1,cis-5-octadien-3-one has a potent geranium- 
like note that gives a metallic off-flavor (72). Ullrich and 
Grosch (71) found that the odor was so potent that no peak 
could be detected for this compound in the gas chromato- 
graphic chart until enrichment procedures were employed. 
They postulate that 1,cis-5-octadien-3-one is the oxidation 
product of the 1,cis-5-octadien-3-ol. 

Hsieh et al. (73) identified volatile compounds in un- 
deoderized menhaden fish (Brevoortia tyrants) oil. They 
used a dynamic headspace sampler and stripped the vol- 
atiles at 65°C onto a Tenax TA sorbent cartridge held at 
ambient temperature. Desorbed compounds were sepa- 
rated and identified using either gas chromatography, 
mass spectrometry, or both. In their method, the low- 
molecular-weight alkanes (C, to C;) were not detected due 
to insufficient cold trapping. Though the major portion of 
the volatiles found were alkenals and alkadienals, the 
largest component was heptan-3-one at 8530 ppb (sickly 
sweet odor) followed by butanoic acid (8110 ppb, odor of 
dirty socks). The volatile short-chain fatty acids (C2-C,) 
gave very intense and objectionable sweaty odors. The or- 
igin of these low-molecular-weight acids (ie, C2-Cg) was 
not discussed, but they could arise from hydrolytic cleav- 
age of short-chain triglycerides or from the oxidation of 
short-chain aldehydes arising from the hydroperoxidation 
of unsaturated fatty acids. In addition, they found signifi- 
cant amounts of decadienals, decatrienals, and nonatrien- 
als that have oxidized oil odors and are characteristic of 
crude menhaden oil. 


Tainting Flavors Unlike their terrestrial counterparts, 
fish are intimately associated with their environment. 
Given this situation, whatever is present in that aquatic 
environment has more than ample opportunity to enter the 
living aquatic organism. In this way, fish and shellfish are 
particularly prone to tainting, or the acquisition of envi- 
ronmental odors and flavors. For example, oil spills into 
the marine environment near aquaculture pens or fish 
raised in closed-pond aquaculture will sometimes produce 
earthy, muddy, or musty odors or flavors in the fish (74). 
Some of these flavors can be acquired through the food, but 
most originate from microorganisms (75) living in the wa- 
ter, soil, or pond detritus. These muddy or tainting flavors 
can present economic problems to fish growers. For ex- 
ample, sometimes commercially reared catfish (Ictalurus 
punctatus) will develop such an intense musty odor or fla- 
vor that the fish cannot be marketed. A lexicon of flavor 
descriptors has been developed for pond-raised catfish by 
Johnsen et al. (76). Fish reared in closed-pond cultures are 
susceptible to acquiring odorous compounds when these 
ponds become eutrophic, usually caused by high feeding 
rates, temperatures, and stocking densities and low aera- 
tion. Though tainting occurs in small ponds, stagnant wa- 
ter, or both, tainted fish have also been reported from lakes 
and salt water. Yurkowski and Tabachek (77,78) reported 
that the muddy flavor in rainbow trout (O. mykiss) and 
other species, taken from some western Canadian lakes, 
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was due to geosmin and methylisoborneol. In saltwater 
studies, Persson (79) correlated the muddy flavor of bream 
(Abramis brama) with an increase in the biomass of Oscil- 
latoria agardhii in the Gulf of Finland. Clearly, the taint- 
ing of seafood products can also occur due to the presence 
of human-made pollution, such as petroleum hydrocarbons 
from oil spills or the discharge of other odorous chemicals 
as by-products of industrial production. Although we be- 
lieve that the human-made taints can and do seriously im- 
pact seafood quality, a detailed discussion of this particular 
complex problem is beyond the intent of this chapter. 
Therefore, we have limited our discussion of seafood fla- 
vors and quality to those compounds arising from natural 
environmental origins and leave a discussion of the con- 
tribution of human-made contaminants to others. 

Several heterocyclic compounds have been reported to 
be involved in muddy or earthy odors: 2-methylisoborneol 
(80,81), 2-methylenebornane, and 2-methyl-2-bornene 
(82). Examination of the commercial catfish ponds re- 
vealed 2-methylisoborneol in both water and mud. Martin 
et al. (81) report that they found the highest levels of 2- 
methylborneol in catfish flesh (284 ng/g), whereas mud and 
water were much lower, 14.9 and 10.06 ng/g, respectively. 
The range for the 2-methylisoborneol was 5.0 to 284 ng/g 
in the fish flesh, whereas water ranged from a low of 0.1 
ng/g to a high of 13.32 and mud ranged from a low of 1.0 
ng/g to 14.9 ng/g. They determined a bioconcentration fac- 
tor (concentration in water/concentration in fish) for 2- 
methylisoborneol of 28.1 + 14.0 (+ std dev) for the channel 
catfish. An unsaturated aliphatic compound, 1,10-trans- 
dimethyl-trans-(9)-decalol or geosmin (83), has been iso- 
lated from muddy-tasting catfish. These compounds, the 2- 
methylisoborneol and geosmin, are the products of the 
metabolism of certain species of cyanobacteria and acti- 
nomyces (75,84). Gerber (75) proposed the name geosmin 
for 1,10-trans-dimethyl-trans-(9)-decalol based on the 
Greek words ge, meaning earth, and osme, odor. Geosmin 
and methylisoborneol have been reported to be produced 
by Microbispora rosea 3758, Nocardia spp., and Strepto- 
myces spp. (75,85). These organisms are readily found in 
water and soils (86), so it is not surprising that geosmin 
and methylisoborneol have been found in other foods be- 
sides fish, for example, soil-grown vegetables such as beets 
(87,88). Blue-green algae are also responsible for the pro- 
duction of various compounds that are the cause of off- 
flavors in water (89,90). 

Lovell and Sackey (91) were able to induce earthy- 
musty flavors in channel catfish by culturing the fish in 
tanks containing a geosmin-producing blue-green alga, 
Symploca muscorum; however, they did not identify the 
chemical compounds responsible for the off-flavor. Lovell 
et al. (83) attempted with mixed success to correlate sen- 
sory findings of earthy-musty flavors in catfish with 
geosmin content. In their study, 10 of 13 fish were judged 
to have an earthy-musty taint and were found by instru- 
mental analysis to contain geosmin. Using an inverse scor- 
ing system (highest intensity of earthy-musty flavor re- 
ceives a 0; no off-flavor receives a score of 10), they found 
that one fish that contained over 200 ug/kg geosmin had a 
score of 2.7, whereas a fish containing 15.6 wg/kg was given 
a score of 1.7. Clearly, other compounds, such as the 


bornanes, may also be present in these fish that may con- 
tribute to the scoring of flavor quality. 

Sulfur-containing compounds, such as dimethyl disul- 
fide and dimethyl trisulfide, are also responsible for taint- 
ing. However, of these two compounds, dimethyl disulfide 
is somewhat of a two-edged sword in that depending on 
concentration, it can play both beneficial and detrimental 
roles. For example, at low concentrations, it is responsible 
for the typical odor of fresh oysters, but at higher concen- 
trations it has been reported to be responsible for a petro- 
leum refinery odor in Nova Scotia mackerel (Scomber 
scombrus) (92), a petroleum odor in canned salmon (93), 
and a blackberry odor in Labrador cod (94). In Nova Scotia 
mackerel, levels of 0.2 to 0.3 ug/g of dimethyl sulfide were 
found in tail muscle whereas stomach contents had levels 
as high as 17 ug/g. The high levels of dimethyl sulfide were 
thought to arise from the mackerel’s consumption of large 
quantities of the pteropod Spiratella retroversa. The met- 
abolic precursor was probably dimethyl-f-propiothetin be- 
cause large quantities were also found in the stomach con- 
tents. 

Another sulfur compound, dimethyl  trisulfide 
(CH;SCH,SSCH;), was implicated in the off-flavor of some 
Australian red prawns (Hymenopenaeusi sibogae) (95). 
The prawns exhibited a strong disagreeable cooked-onion 
flavor and aroma. Close inspection of the lot revealed that 
some of the prawns were damaged, the flesh was discol- 
ored, and the shellfish were slimy. Initial speculation was 
that the onionlike odor was due to microbial spoilage, pos- 
sibly as a result of poor handling. Whitfield et al. (95) an- 
alyzed the product and found that dimethyl trisulfide was 
responsible for the off-flavor. In their studies, they col- 
lected approximately 10 vg of dimethyl trisulfide from 100 
g of shrimp, giving an estimated level of 100 g/kg in the 
original product. The odor threshold for dimethyl trisulfide 
is very low; Buttery et al. (51) reported it to be 0.01 yg 
kg~!, or 0.01 ppb in water. Interestingly, adding dimethyl 
trisulfide to minced samples of fresh normal-flavored 
shrimp at levels of 1 to 10 ug kg~' followed by cooking for 
3 min at 100°C gave a product with a distinctive and un- 
pleasant onion flavor; however, when it was added at 100 
ug kg” ', the material became inedible. Because the shrimp 
were heavily damaged and had high indole levels (50 ug 
kg~'), they speculated that two pseudomonads, Pseudo- 
monas putrifaciens and P. perolens, might be possible caus- 
ative agents. Both P. putrifaciens and P. perolens have been 
reported to produce dimethyl trisulfide when inoculated 
onto sterile fish muscle and incubated at 0°C (96,97). 

During the early stages of spoilage, chilled fish muscle 
will develop a musty, potatolike odor (98,99). Castell et al. 
(100) determined the causative organism to be P. perolens. 
Miller et al. (96) found a variety of odorous compounds in 
spoiling rockfish (Sebastes melanops) muscle that had been 
inoculated with P. perolens ATCC 10757 and allowed to 
incubate at 5, 15, and 25°C. The following compounds 
were detected and identified: methyl, dimethyl disulfide, 
dimethyl trisulfide, 3-methyl-1-butanol, butanone, and 2- 
methoxy-3-isopropylpyrazine. Also tentatively identified 
were 1-penten-3-0l and 2-methoxy-3-isopropylpyrazine. 
The musty, potatolike odor was primarily caused by 2- 
methoxy-3-isopropylpyrazine (96). In a slightly later work, 


again using sterile S. melanops muscle tissue, Miller et al. 
(97) found that P. putrifaciens, P. fluorescens, and an 
Achromobacter species (strain H15) produced methyl mer- 
captan, dimethyl disulfide, dimethyl trisulfide, 3-methyl- 
1-butanol, and trimethylamine. The bacterial strains used 
in these studies were isolated from the environment. The 
P. fluorescens was isolated from ocean perch whereas the 
P. putrifaciens strain H6 and the Achromobacter strain 
H15 were isolated from Dungeness crab. Only the Achro- 
mobacter species did not produce dimethyl trisulfide. The 
major sulfur-containing compounds produced by P. fluores- 
cens were methyl mercaptan and dimethy] disulfide. 

Other sulfur-containing compounds, such as hetero- 
cyclic sulfur compounds, have been associated with meaty 
aromas in meat products and may also be important in 
crustaceans (101-103). Kubota et al. (101) found that the 
cooked-odor concentrate from boiled antarctic krill (Eu- 
Pphausia superba Dana) contained 11 sulfur-containing 
compounds. Significant odorous sulfur compounds were 
3,5-dimethyl-1,2,4-trihiolane (onionlike to garlicky) de- 
pending on replacement of the methyl groups with ethyl 
groups. Dimethylthiolanes have been identified in the vol- 
atiles of cooked beef, beef broth, cooked mutton, and cooked 
chicken. As in the case with the dimethyl disulfide, in con- 
centrated form they have a sulfide odor, but upon dilution 
they yield a meaty aroma. 3-ethyl-5-methyl-1,2,4-trithio- 
lane and 3,5-diethyl-1,2,4-thiolane have been identified in 
the flavor compounds of onion. In a later work, Kubota et 
al. (102) studied the volatile components of roasted shrimp 
(Pleoticus muelleri). In this work, they found 77 com- 
pounds, including isovaleric acid, alkyl pyrazines, isoval- 
eramide, ketones, and some sulfur-containing compounds. 
In roasted shrimp, 3-methylthiopropanol was present at 
the highest level, but in boiled shrimp, dimethyl disulfide 
‘was present whereas the 3-methylthiopropanol was ab- 
sent. 

In another study that examined both cooked and fer- 
mented shrimp (Acetes japonicus) Choi et al. (103) found 
that sulfur compounds and pyrazines seemed to be impor- 
tant contributors to the cooked odor of the fermented prod- 
uct. In their work, shrimp were allowed to ferment in 20% 
salt at 20°C for 3 months, while the shrimp were kept fro- 
zen (—25°C) until used. Volatiles from both the raw and 
fermented shrimp were collected using a combined steam 
distillation-extraction (water—diethyl ether = 1000:100 
mL) for 4 h. The main components of the volatile concen- 
trate made from the nonfermented shrimp were thialdine 
(dihydro-2,4,6-trimethyl-4H-1,3,5-dithiazine, 41.4%), iso- 
valeraldehyde + ethanol (22.5%) and pyrazines (6%), 
whereas in the fermented shrimp the main odor constitu- 
ents were the pyrazines (32%), isovaleraldehyde + ethanol 
(26.5%), and furfuryl alcohol (25.1%). Indole was low 
(0.3%) in the nonfermented shrimp and present only in 
trace amounts in the fermented product. The presence of 
furfuryl alcohol in the fermented product would probably 
account for its nutty flavor notes. Choi et al. (103) specu- 
late that the origin of sulfur and nitrogen compounds in 
the fermented shrimp arise from free amino acids released 
during the fermentation process, yielding smaller molec- 
ular compounds that in turn condense to form products 
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such as the pyrazines, thialdines, trithiolanes, and thia- 
zoles. 


Rancidity. Perhaps the most common defect in all foods, 
and specifically in seafoods, that consumers recognize most 
readily is rancidity. In both formal studies and informal 
interviews, rancidity is commonly reported by both trained 
and untrained panelists. Unfortunately, although it can be 
easily identified organoleptically, its chemical measure- 
ment and correlation with sensory observation has been 
somewhat more difficult. Attempts at measuring the com- 
ponents of oxidative rancidity and correlating them with 
sensory findings has proved difficult because of the com- 
pounds’ transient nature, particularly in a complex food 
matrix. Many of the compounds responsible for rancidity, 
such as malonaldehyde, are very reactive and are pre- 
sented with a variety of substrates in foods. Numerous 
methods have been proposed and used to measure the de- 
gree of rancidity of foods, and the reader is directed to Ros- 
sell (62), particularly pages 25 to 34. The oxidation of oils, 
particularly in a food matrix, is a very dynamic system, 
producing many highly labile compounds that in turn can 
react with each other or with other components in the food. 
All of these yield odorous or flavor compounds that are 
characteristic of rancidity. 

The presence of highly unsaturated fatty acids (eg, Coo. 
and Cyo.5) in seafoods makes for one of the most complex 
systems for study. In the early stages of oxidative rancidity, 
peroxides are formed at the double bonds in the unsatu- 
rated lipids, yielding compounds that are odorless and fla- 
vorless. Through further oxidation, these compounds are 
eventually converted to aldehydes and ketones, many of 
which have undesirable flavors, such as fishy or rancid 
(104). For the measurement of the early stages of oxida- 
tion, the peroxide value (PV) is useful, whereas for inter- 
mediate stages, the thiobarbituric acid value (TBA) 
method, which is claimed to be specific for malonaldehyde, 
is most useful. Many of these oxidation products, namely, 
the aldehydes and ketones, are volatile and highly reac- 
tive. In addition, they are present in a very complex food 
matrix with many available and similarly reactive func- 
tional groups (eg, amino groups, —NH,). Therefore, as ran- 
cidity proceeds, the TBA values will increase and then 
reach a maximum and begin to decline as the malonalde- 
hyde is consumed in the food matrix. For a discussion of 
these methods, the reader is directed to Rossell (62, pp. 25 
and 29). Official methods for PV (105,106) exist, but meth- 
ods for estimating malonaldehyde using TBA are still 
largely empirical. In our laboratory the method of Lemon 
(107) based on the method of Vyncke (108), developed at 
the Canadian Fisheries laboratory at Halifax, Nova Scotia, 
has been found useful. Researchers must be aware that 
peroxides, and particularly malonaldehyde, can increase 
and then decline in food samples. Consequently, some de- 
gree of knowledge about the history of the food sample is 
necessary to ensure meaningful interpretation of PV and/ 
or TBA values. 


COMPOUNDS RESPONSIBLE FOR MODIFYING SEAFOOD 
FLAVORS AND TASTES 


Typically when seafoods are described by either trained or 
untrained sensory panels, a set of common descriptors are 


2080 SEAFOOD: FLAVORS AND QUALITY 


usually found, such as “sweetness,” “saltiness,” “briny,” 
and “salty-briny” (109,110). The cause of these tastes has 
been variously ascribed to the presence of sodium chloride 
or carbohydrates in the fish flesh. However, recent work 
indicates that it may not be necessary to rely on sodium 
chloride and simple sugars to explain some of these taste 
phenomena. For example, the peptide N-L-a-aspartyl-L- 
phenylalanine 1-methyl ester, or aspartame as it is com- 
monly known, is now widely used as an artificial sweetener 
because it is about 160 times sweeter than sucrose. It has 
also been recognized that peptides and nucleotides can be 
responsible for bitter tastes. Furthermore, Tada et al. (111) 
reported L-ornithyltaurine as a salty-tasting peptide. 
More recently, Kawasaki et al. (112) and Seki et al. (113) 
reported further studies on salty peptides, such as L- 
ornithyl-f-alanine and a series of synthesized peptides and 
amino acid derivatives. Some of these compounds appear 
to have the ability to potentiate the salty taste. Though 
some controversy appears to surround the early work on 
salty peptides, recent papers by Kawasaki et al. (112) and 
Seki et al. (113) confirm that peptides and amino acid de- 
rivatives can have a salty taste or potentiate the salty 
perception. Clearly, seeking to profile foods by merely mea- 
suring the quantities of sodium chloride, simple carbohy- 
drates, and other low-molecular-weight compounds ought 
to be reassessed. The saltiness and sweetness that are 
commonly attributed to fresh fish may possibly have their 
origins in some of these peptides. 


Umami 


An important taste sensation associated with monosodium 
glutamate (MSG) is described as “meaty” or “mouth- 
filling.” Many who are aficionados of Asian cuisines are 
perhaps very familiar with this flavor. Besides MSG, other 
compounds, such as the 5’-nucleotides, also have the 
same flavor and in addition have some capability of poten- 
tiating the taste of MSG (114). A recent computer search 
of the literature by the authors indicates that up to two- 
thirds of the reports on the taste of MSG and 5’-nucleotides 
originated in either Japan or Asia. Because of the Japa- 
nese keen interest and large body of work on this flavor, 
we will use here the Japanese term umami to describe 
the taste sensation of MSG and the 5’-nucleotides (5’- 
ribonucleotides and their derivatives such as disodium 5’- 
inosinate [IMP] and 5’-guanylate [GMP}). For more infor- 
mation about the derivation and description of umami, the 
reader is directed to the review by Yamaguchi (114,115). 
Although MSG contributes the basic taste sensation of 
umami to a food, the 5’-nucleotides may play just as im- 
portant a role. Some of the nucleotides have the umami 
flavor, but their ability to potentiate this flavor may be 
more important. The 5’-nucleotides are naturally present 
in many foodstuffs and have probably been used for their 
flavor-enhancing abilities long before their role was un- 
derstood. For example, Table 3 lists some values for the 
nucleotides in common foods. It can be seen from this data 
that the use of meat and poultry broths or soups prepared 
with shiitake mushrooms would have a potentiating effect, 
that is, one similar to that of the commercially produced 
Ribotide® (Takeda Chemical Industries, Ltd.), if used with 


a food high in glutamic acid. The prevalence of these broths 
in the cooking traditions of various cultures, particularly 
Chinese and French, may be due to the presence of these 
naturally occurring enhancers. In fact, fermented fish 
sauces, which are common throughout Asia, are prepared 
from fish in the sardine family, a group of fish high in 5’- 
IMP. In Thailand, these fish sauces are prepared by lay- 
ering salt and fish, then permitting autolysis to occur 
slowly, sometimes over a 2-year period at tropical tem- 
peratures (27°C-35°C). After the fermentation process is 
finished, the liquefied fish portion is drawn off and filtered 
if necessary. The finished sauce will contain a variety of 
amino acids, nucleotides, salt, and other components. A 
high-quality fish sauce will be clear, almost odorless, and 
moderate to dark brown in color and be used as a condi- 
ment with various foods; typically pieces of food are dipped 
in the sauce before being eaten. In some cases, the fish 
sauce may be added as an ingredient to soups or cooking 
broths. In Japan, shaved or small pieces of dried bonito are 
a common ingredient added to miso soups; the bonito’s very 
high 5'-IMP content obviously contributes to the miso pro- 
file. 

In addition to IMP and other 5’-nucleotides, peptides 
may also be responsible for flavor enhancement. Fujimaki 
et al. (117) isolated pleasant brothy tastes from the hydro- 
lysis of fish protein concentrate using commercial pepti- 
dase enzymes. Molsin® (obtained from Seishin Seiyaku 
Co.), Rapidase® (obtained from Takeda Chemical Co.), and 
Pronase® (obtained from Kaken Kagaku Co.) enzymes 
gave the strongest brothy flavor. The release of brothy 
taste enhancers appeared enzyme dependent in that pep- 
sin yielded little of the enhancing flavor. Noguchi et al. 
(118) found that peptides from fish protein hydrolysates 
having flavor activity qualitatively similar to MSG had 
high molar ratios of glutamic acid residues. Arai et al. (119) 
suggest that highly acidic (hydrophilic) L-glutamyl oligo- 
peptides possibly pos: a brothy taste and contribute to 
the favorable taste of food protein hydrolysates. Yamasaki 
and Maekawa (120) isolated what they term a “delicious” 
peptide from the gravy of beef meat having a proposed 
structure of H-Lys-Gly-Asp-Glu-Glu-Ser-Leu-Ala-OH. 
Later Yamasaki and Maekawa (121) synthesized this pep- 
tide and compared the synthetic compound with that iso- 
lated from beef and found that the sensory properties were 
the same. During this work they examined several precur- 
sor peptides and found that removal of the Lys-Gly group, 
yielding Asp-Glu-Glu-Ser-Leu-Ala, created a sour-tasting 
peptide, whereas the tripeptide Ser-Leu-Ala produced a 
bitter-tasting peptide. The peptide Glu-Ser-Leu-Ala was 
both sour and astringent. More recently, Tamura et al. 
(122) studied the interactions of the “delicious” peptide’s 
amino acid groups. They confirmed that the umami and 
salty taste were produced by a combination of the basic 
and acidic groups of the peptide. They proposed that the 
cationic and anionic groups must be located next to each 
other to produce the salty and umami taste. 

In careful determinations, Yamaguchi et al. (123) re- 
ported a threshold value for the umami at 0.012 g/100 mL 
or 6.25 x 10~* M. Under the conditions of their testing, 
the MSG threshold was higher than that of quinine sulfate 
or tartaric acid and lower than sucrose, but similar to that 
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Table 3. Nucleotide Content of Some Foodstuffs 

Nucleotides, mg % 
Food 5’-CMP 5’-UMP 5'-IMP 5'-GMP 5’-AMP ADP + ATP 
Sardine 192.6 6.6 15.4 
Bonito 285.2 76 15.8 
Salmon 154.5 0.0 6.9 
Perch 124.9 0.0 8.4 
Sea bream 214.8 30.0 
Codfish 43.8 23.9 295.6 
Swordfish 19.9 0.0 3.1 
Rainbow trout 117.0 14.6 223.4 
Trout 187.0 4.2 27.7 
Oyster + 31 0 0 21 53 
Crab 0 10.1 372.5 
Prawn (Shrimp) 115 701.5 
Beef 1.0 16 106.9 2.2 6.6 17.4 
Pork 19 16 122.2 2.5 7.6 12.2 
Chicken 23 3.6 212 3.6 5.2 30.1 
Asparagus 72 27 17 
Tomato 0.5 2.2 10.4 
Green beans 08 2.6 18 
Cucumber + 0.6 0.5 
Onion + 0.5 = 0.8 
Mushroom (dry)* 114.2 135.2 156.5 131.6 


Note: Abbreviations used: 5'-CMP, 5’-cytidylic acid; 5’-UMP, 5’-uridylic acid; 5’-IMP, 5’-inosinic acid; 5’-GMP, 5’-guanylic acid; 5’-AMP, 5’-Adenylic acid; ADP, 


Adenosine diphosphate; ATP, Adenosine triphosphate. 
“Hot water extract of dried shiitake. 
Source: Ref. 116: 


of sodium chloride. MSG appears to interact with the four 
tastes. In this experiment, the thresholds for the four 
tastes were measured again in a 5-mM solution of MSG or 
IMP. The thresholds for sucrose and sodium chloride were 
unaffected by either of the umami substances, but IMP 
raised the threshold of tartaric acid from 0.94 mg % to 30 
mg % (nearly a 30-fold increase), whereas MSG raised the 
tartaric acid threshold to 1.9 mg % (approximately 2-fold 
increase). MSG had no apparent effect on the quinine sul- 
fate threshold (0.049 mg %), but IMP raised the threshold 
to 0.4 mg % (about an 8-fold increase). Perhaps the most 
important aspect of the umami flavor is the synergistic re- 
lationship between MSG and IMP. Yamaguchi (114) found 
that when mixtures of MSG and IMP containing 25 mg % 
MSG and 25 mg % IMP were rated by a sensory panel, the 
flavor intensity was equivalent to 780 mg % MSG alone, a 
16-fold increase in apparent flavor. This synergistic effect 
was not affected by the four taste substances (sucrose, so- 
dium chloride, tartaric acid, and quinine sulfate). He did 
find that the basic amino acids, histadine and arginine, 
could suppress the synergistic effect of IMP; however, 
when the pH was adjusted to between 5 and 6.5, the syn- 
ergism was recovered. 

At a more practical level, Yamaguchi (114), in extensive 
taste tests with untrained sensory personnel, examined 
the effect of umami substances on food flavors. These tests 
employed from 180 to 300 people in panels that varied from 
25 to 50 persons. The results of these tests indicated that 
MSG has no effect on the aroma of food but does increase 
the total taste intensity, MSG enhances certain flavor char- 
acteristics of foods, such as continuity, mouth fullness, im- 


pact, mildness, and thickness. Specific food flavors are also 
increased, such as meatiness. Probably most importantly, 
MSG increases the palatability of foods. 

The presence of 5'-nucleotides, particularly IMP, may 
significantly influence our perception of the flavor, and 
hence the quality, of seafoods. Some of these nucleotides 
arise from the metabolism of adenosine-5’-triphosphate 
(ATP): 


ATP > ADP ~ AMP > IMP (HxR) > hypoxanthine (Hx) 
~ xanthine (Xa) uric acid (UA) 


In resting muscle tissue, ATP is the predominant nu- 
cleotide. ATP undergoes a series of enzymatic dephosphor- 
ylation steps, forming adenosine-5’-diphosphate (ADP) 
and finally adenosine-5'-monophosphate (AMP). At this 
stage, deamination of AMP by AMP deaminase yields 
inosine-5'-monophosphate (124). These reactions proceed 
very rapidly, even during slow freezing of fish muscle (125). 
In trawl-caught fish, most ATP is depleted during capture 
and is converted to IMP within a day or two if the fish is 
stored on ice (126). IMP is then dephosphorylated by 5’- 
nucleotidase to form inosine (HxR); however, this reaction 
is slow compared to the formation of IMP. Inosine is 
cleaved by muscle ribosidase to form hypoxanthine and ri- 
bose; however, this reaction appears to be quite variable 
and depends on the fish species. For example, in lemon 
sole, petrale sole, and redfish very little HxR is seen 
(125,127,128). In other species, the further metabolism of 
inosine is much slower than the dephosphorylation of IMP, 
causing inosine to accumulate. In haddock, plaice, and pa- 
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cific salmon inosine accumulates and then very slowly 
breaks down to hypoxanthine (125,129,130). The further 
oxidation of hypoxanthine to xanthine and uric acid is also 
slow, probably due to microbial metabolism (123). A mea- 
sure of the various ATP metabolites has been adopted as 
an indicator of freshness or quality of seafoods—the K 
value, The K value is defined as: 


= (Hx] + [HxR] 
(HxR} + [Hx] + [ATP] + [ADP] + [AMP] + [IMP] 
x 100 


K 


where the concentrations of the various nucleotides in the 
fish muscle are presented in brackets. In some cases, be- 
cause the tissue concentrations of ATP, ADP, and AMP are 
so low, the equation is shortened to: 


(HxR] + [Hx] 


% = Tey + (Hed + (IMP) 


x 100 


The K value has been supported by the Japanese gov- 
ernment in an experimental project since 1982 aimed at 
improving the distribution of fish by controlling its fresh- 
ness (131). Apparently, in this project, the K values of fish 
were measured and then shown on packaging labels for the 
benefit of consumers. Though the K value appears to be 
accepted in Japan, it has not been widely adopted in the 
United States, where freshness or quality of seafoods is 
still determined by empirical observation based on expe- 
rience. Unfortunately, determining K values requires rela- 
tively expensive laboratory equipment and procedures 
that are beyond the financial resources of many small pro- 
cessors and retailers, which may account for its current 
lack of widespread use. Nevertheless, the K value does ap- 
pear to be a potentially useful tool that could find appli- 
cation in determining seafood quality in Western countries 
if the chemical analyses could be simplified, automated, or 
both. It is beyond the scope of this chapter to detail the use 
of K values in determining fish freshness; therefore, the 
reader is directed to the chapter by Ehira and Uchiyama 
(181). 

Though it is clear that freshness of fish depends on the 
mixture of nucleotides, the levels of IMP in fish tissue ap- 
pear to be directly related to acceptability. Bremmer et al. 
(182) found that flavor acceptability scores were positively 
correlated with IMP levels in four species of North West 
Shelf Australian tropical fish. The study involved long- 
spined sea bream (Argyrops spinifer), painted sweetlip 
(Diagramma pictum), snapper (Lutjanus vittus), and 
threadfin bream (Nemipterus furcosus). The fish were 
maintained on ice for up to 24 days. As expected, IMP lev- 
els declined in almost a linear fashion while sensory pan- 
elists’ scores also decreased. In two species, long-spined 
sea bream and threadfin bream, hypoxanthine, a catabo- 
lite of IMP, was low and did not exhibit much change. The 
snapper and painted sweetlip, on the other hand, showed 
dramatic increases in hypoxanthine and would correlate 
negatively with flavor acceptability. Initial bacterial loads 
on the fish samples were low, typically of the order of 10” 
to 10° cfu/em? and were identified to be Moraxella, Vibrios, 


Aeromonas, and Flavobacterium,; at the end of 23 days of 
storage the predominant species were Pseudomonas, Mor- 
axella, and Aeromonas and were present at levels of 10° 
cfu/em”, with a high of 10’. Nevertheless, Bremner et al. 
(129) concluded that acceptability or shelf life was more 
related to IMP loss rather than bacterial spoilage. In tem- 
perate waters off Alaska, Greene and Bernatt-Byrne (133) 
found that both inosine and 5’-inosine monophosphate 
were positively correlated with overall desirability of both 
Pacific cod (Gadus macrocephalus) and pollock (Theragra 
chalcogramma). On the other hand, hypoxanthine was 
negatively correlated with flavor and desirability similar 
to the findings of Bremner et al. (132). 

Over the past decade, there has been considerable in- 
terest in the taste of shellfish in Japan, probably due to 
the development and manufacture of crustacean and mol- 
luskan surimi analogs. Konosu (134) reviewed the role of 
amino acids, low-molecular-weight organic acids, and nu- 
cleotides on shellfish tastes. In work on synthetically re- 
constituted extracts that paralleled extracts from abalone 
(Haliotis gigantea discus), Konosu and Maeda (135) found 
that glycine and glycine betaine contributed to the sweet- 
ness and umami of abalone. As expected, the major con- 
tributor to umami in these extracts was glutamic acid. The 
presence of 5'-AMP also contributed to the umami taste. 
Glycogen, which was present in high concentration in the 
extract (7.4%), appeared to contribute a body effect on the 
taste, although glycogen itself was tasteless. Konosu (134) 
concluded that the taste characteristic of abalone is due to 
umami produced by glutamic acid and AMP; the sweetness 
is derived from glycine and glycine betaine. Glycogen pro- 
duces a harmonizing and smoothing of the taste. Konosu 
claimed that AMP is accumulated in marine invertebrates, 
in contrast to fish where IMP accumulates, because the 
muscle lacks AMP aminohydrolase, or if it is present, its 
activity is low. 

Free amino acids apparently also play a role in the 
desirability of squid. Like Konosu and Maeda’s (135) ear- 
lier work with abalone, Endo et al. (136) found in squid 
(Hirakensaki-Ika, Logigo chinensis; Kensaki-Ika, L. Ken- 
saki; Aori-Ika, Sepioteusthis lessoniana; and Ko-Ika S. es- 
culenta) that high levels of free amino acids (glycine, ala- 
nine, and proline) were correlated with palatability. The 
role of glutamic acid and umami in the palatability of these 
squid was unclear in that it was high in one species (Om- 
mastrephes sloani pacificus, Surume-Ika) considered infe- 
rior in taste, yet in another preferred species (S. lessoni- 
ana, Aori-Ika), glutamic acid was low. In two species that 
were considered inferior in taste (Sode-Ika, T rhombus and 
Surume-Ika, O. sloani pacificus), TMA oxide content was 
about twice that found in the desirable species. 

Reddy et al. (137) found that freeze-dried wash water 
from clam-processing plants could be added to clam dips 
in place of clam meat and juice without any significant 
changes in overall acceptability, taste, odor, texture, and 
appearance. Major amino acid components in these wash 
water samples were glycine, glutamic acid, alanine, argi- 
nine, serine, and in some cases aspartic acid. In their work, 
Reddy et al. (137) determined gas chromatographic volatile 
profiles but did not identify individual components that 


may be responsible for the clam flavor profile in these 
freeze-dried extracts. 

In processing the 5'-nucleotide can have a significant 
role in potentiating flavor. Hashida et al. (138) studied the 
application of 5'-nucleotides to canned seafoods. In canned 
short-necked clams (Venerupis semidecusata), oyster (Os- 
trea giges), and red crab (Acanthodes armatus) the flavor 
of the seafood was enhanced at the following levels: 0.04 
or 0.08% Ribotide® (a 1:1 mixture of 5’-IMP - Na, and 5’- 
GMP : Nap, Takeda Chemical Industries Ltd.) for short- 
necked clam and red crab meat. The 5’-nucleotides ap- 
peared to be somewhat stable to heating and storage. 
Canned red crab meat retained 77 to 88% of added nucle- 
otides during storage for 28 days, and canned short-necked 
clams retained 52 to 61% after 189 days. 


ATTEMPTS TO USE SEAFOOD FLAVOR AND TEXTURE 
ATTRIBUTES TO CLASSIFY FISH 


Due to a greatly expanded U.S. fishery, the American sea- 
food marketplace contains a variety of new commercially 
harvested fish with little name familiarity, which has cre- 
ated a minor identity crisis in the industry and for the 
consumer. Although the National Marine Fisheries Service 
of the U.S. Department of Commerce (NMFS), the Amer- 
ican Fisheries Society, and the International Congress of 
Zoology maintain scientific names of glossaries of common 
fish names, these are generally unsuited for use in market 
identification. To make matters worse, common names for 
fish species used in the United States contain little or no 
useful information for the consumer (139). As an example 
of the problem, some fish have many common names (as 
many as 5) from as many different locations, and many 
popular commercial fish have several common names, such 
king salmon which is also known as chinook, blackmouth, 
and spring salmon. Also, commonly used names in one re- 
gion of the United States may be misleading in another, 
for example, the fish known as “snapper” along the Pacific 
coast is a species of rockfish (Sebastes spp.), not the ac- 
ceptable Lutjanidae spp. from the Gulf of Mexico and Ca- 
ribbean that the Food and Drug Administration has offi- 
cially designated as snapper. In other cases, names may 
be unattractive or pejorative or may reflect ethnic slurs or 
epithets (eg, ratfish, hagfish, wolffish, jewfish, etc). As a 
result, consumers can learn little about the edibility char- 
acteristics of a product from its name, thus a large variety 
of seafoods remain effectively unavailable to them. Faced 
with a bewildering array of common names, it is not sur- 
prising that consumers confine their purchases to a few 
familiar items rather than deal with the unknown. 
Because the American consumer was perceived as re- 
sisting the purchase of new seafoods that appeared in the 
marketplace because of a lack of information about what 
they taste like, NMFS launched a research project to de- 
termine the feasibility of developing a national nomencla- 
ture system that would group fish species according to 
their edibility characteristics (flavor and texture). It was 
felt that both processors and retailers could employ such a 
system to group together fish that share the same edibility 
characteristics so that consumers, both new and experi- 
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enced, would be able to consistently and knowledgeably 
select their seafood. The system could work much like our 
classification of wines in the United States (ie, Chablis, 
Burgundy, claret, etc). Each of these wine classifications 
can contain one or more specific grape varietals, for ex- 
ample, claret can be made from Cabernet sauvignon, Mer- 
lot, or both. 

It is a common human trait to classify and group that 
which interests us. For example, we readily group foods 
based on ethnic origin (eg, Italian, Mexican, Chinese, Jap- 
anese); we even break down the cuisines ofa single country 
(eg, French/Provengal, Chinese/Szechuan, American/ 
Southern, Mexican/“Tex-Mex”). The classification of sea- 
foods is no exception. It is quite common to hear a buyer 
in the fish market ask, “What is this fish like for eating?” 
Questions of this type are not at all unreasonable consid- 
ering the large number of fish species that crowd both 
Western and Asian marketplaces (more than 1,000 world- 
wide, 500 in the U.S. alone). Inevitably, the answers to 
such questions will involve one or more flavor attributes 
(eg, sweet, mild, strong, etc). Clearly, the flavor of a fish 
species is one of the most important criteria that the con- 
sumer exercises when he or she purchases seafood. 

It should be clear that the various chemical compounds 
that impart characteristic flavors and odors to a particular 
species of fish are many and complex. Despite the efforts 
of scientists, certainly as detailed in this chapter, the re- 
lationships of specific chemical compounds and observed 
flavors and odors are yet to be completely understood. To 
date, the marketplace must ultimately rely on the con- 
sumer to determine what a fish “should be.” However, to 
be “knowledgeable” about fish has, in recent years, become 
increasingly more difficult because of a large increase in 
the number of fish species and products finding their way 
into the marketplace (136). Demands on the consumer's 
discriminatory abilities will be increased as even more fish 
species are introduced into the marketplace, both in the 
United States and elsewhere. This increase is due to a va- 
riety of political, economic, social, and health reasons. Eco- 
nomic factors are perhaps the easiest to identify. In the 
past, fishermen, particularly those of developed countries, 
would keep only the most desirable fish, such as halibut, 
salmon, and cod, in the catch and return the less-desirable 
species, the so-called “by-catch,” to the sea. However, with 
increased global demand for fishery products as well as 
improved (and sometimes costlier) fishing technology and 
processing methods, many species of fish in the “by-catch” 
heretofore not always utilized are now harvested and pro- 
cessed into edible products. 

To help resolve these problems of nomenclature, NMFS, 
in its role of providing technical and marketing assistance 
to the fishery industry, organized and coordinated a pro- 
gram to attempt to clarify existing marketing names and 
provide improved procedures for establishing a uniform 
seafood nomenclature. As part of this project, NMFS 
funded a study that eventually involved elements of the 
U.S. Army Research Laboratories at Natick, Massachu- 
setts (NLABS); the University of Massachusetts; Arthur 
D. Little Co.; and NMFS laboratories in Gloucester, Mas- 
sachusetts; Charleston, South Carolina; and Seattle, 
Washington. As envisioned by NMFS and its collaborators, 


may be responsible for the clam flavor profile in these 
freeze-dried extracts. 

In processing the 5'-nucleotide can have a significant 
role in potentiating flavor. Hashida et al. (138) studied the 
application of 5'-nucleotides to canned seafoods. In canned 
short-necked clams (Venerupis semidecusata), oyster (Os- 
trea giges), and red crab (Acanthodes armatus) the flavor 
of the seafood was enhanced at the following levels: 0.04 
or 0.08% Ribotide® (a 1:1 mixture of 5’-IMP - Na, and 5’- 
GMP : Nap, Takeda Chemical Industries Ltd.) for short- 
necked clam and red crab meat. The 5’-nucleotides ap- 
peared to be somewhat stable to heating and storage. 
Canned red crab meat retained 77 to 88% of added nucle- 
otides during storage for 28 days, and canned short-necked 
clams retained 52 to 61% after 189 days. 


ATTEMPTS TO USE SEAFOOD FLAVOR AND TEXTURE 
ATTRIBUTES TO CLASSIFY FISH 


Due to a greatly expanded U.S. fishery, the American sea- 
food marketplace contains a variety of new commercially 
harvested fish with little name familiarity, which has cre- 
ated a minor identity crisis in the industry and for the 
consumer. Although the National Marine Fisheries Service 
of the U.S. Department of Commerce (NMFS), the Amer- 
ican Fisheries Society, and the International Congress of 
Zoology maintain scientific names of glossaries of common 
fish names, these are generally unsuited for use in market 
identification. To make matters worse, common names for 
fish species used in the United States contain little or no 
useful information for the consumer (139). As an example 
of the problem, some fish have many common names (as 
many as 5) from as many different locations, and many 
popular commercial fish have several common names, such 
king salmon which is also known as chinook, blackmouth, 
and spring salmon. Also, commonly used names in one re- 
gion of the United States may be misleading in another, 
for example, the fish known as “snapper” along the Pacific 
coast is a species of rockfish (Sebastes spp.), not the ac- 
ceptable Lutjanidae spp. from the Gulf of Mexico and Ca- 
ribbean that the Food and Drug Administration has offi- 
cially designated as snapper. In other cases, names may 
be unattractive or pejorative or may reflect ethnic slurs or 
epithets (eg, ratfish, hagfish, wolffish, jewfish, etc). As a 
result, consumers can learn little about the edibility char- 
acteristics of a product from its name, thus a large variety 
of seafoods remain effectively unavailable to them. Faced 
with a bewildering array of common names, it is not sur- 
prising that consumers confine their purchases to a few 
familiar items rather than deal with the unknown. 
Because the American consumer was perceived as re- 
sisting the purchase of new seafoods that appeared in the 
marketplace because of a lack of information about what 
they taste like, NMFS launched a research project to de- 
termine the feasibility of developing a national nomencla- 
ture system that would group fish species according to 
their edibility characteristics (flavor and texture). It was 
felt that both processors and retailers could employ such a 
system to group together fish that share the same edibility 
characteristics so that consumers, both new and experi- 
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enced, would be able to consistently and knowledgeably 
select their seafood. The system could work much like our 
classification of wines in the United States (ie, Chablis, 
Burgundy, claret, etc). Each of these wine classifications 
can contain one or more specific grape varietals, for ex- 
ample, claret can be made from Cabernet sauvignon, Mer- 
lot, or both. 

It is a common human trait to classify and group that 
which interests us. For example, we readily group foods 
based on ethnic origin (eg, Italian, Mexican, Chinese, Jap- 
anese); we even break down the cuisines ofa single country 
(eg, French/Provengal, Chinese/Szechuan, American/ 
Southern, Mexican/“Tex-Mex”). The classification of sea- 
foods is no exception. It is quite common to hear a buyer 
in the fish market ask, “What is this fish like for eating?” 
Questions of this type are not at all unreasonable consid- 
ering the large number of fish species that crowd both 
Western and Asian marketplaces (more than 1,000 world- 
wide, 500 in the U.S. alone). Inevitably, the answers to 
such questions will involve one or more flavor attributes 
(eg, sweet, mild, strong, etc). Clearly, the flavor of a fish 
species is one of the most important criteria that the con- 
sumer exercises when he or she purchases seafood. 

It should be clear that the various chemical compounds 
that impart characteristic flavors and odors to a particular 
species of fish are many and complex. Despite the efforts 
of scientists, certainly as detailed in this chapter, the re- 
lationships of specific chemical compounds and observed 
flavors and odors are yet to be completely understood. To 
date, the marketplace must ultimately rely on the con- 
sumer to determine what a fish “should be.” However, to 
be “knowledgeable” about fish has, in recent years, become 
increasingly more difficult because of a large increase in 
the number of fish species and products finding their way 
into the marketplace (136). Demands on the consumer's 
discriminatory abilities will be increased as even more fish 
species are introduced into the marketplace, both in the 
United States and elsewhere. This increase is due to a va- 
riety of political, economic, social, and health reasons. Eco- 
nomic factors are perhaps the easiest to identify. In the 
past, fishermen, particularly those of developed countries, 
would keep only the most desirable fish, such as halibut, 
salmon, and cod, in the catch and return the less-desirable 
species, the so-called “by-catch,” to the sea. However, with 
increased global demand for fishery products as well as 
improved (and sometimes costlier) fishing technology and 
processing methods, many species of fish in the “by-catch” 
heretofore not always utilized are now harvested and pro- 
cessed into edible products. 

To help resolve these problems of nomenclature, NMFS, 
in its role of providing technical and marketing assistance 
to the fishery industry, organized and coordinated a pro- 
gram to attempt to clarify existing marketing names and 
provide improved procedures for establishing a uniform 
seafood nomenclature. As part of this project, NMFS 
funded a study that eventually involved elements of the 
U.S. Army Research Laboratories at Natick, Massachu- 
setts (NLABS); the University of Massachusetts; Arthur 
D. Little Co.; and NMFS laboratories in Gloucester, Mas- 
sachusetts; Charleston, South Carolina; and Seattle, 
Washington. As envisioned by NMFS and its collaborators, 
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the system would be based on similarities in edibility char- 
acteristics among the various fish species produced by U.S. 
commercial fisheries. The system would enable consumers 
and the fishing industry to make informed choices among 
species (familiar and unfamiliar) by providing comparative 
sensory data consumers need to select a desired texture, 
flavor, and so on, of fish (140,141). 

Although sensory analyses are commonly used in fish- 
eries research, quality control, and inspection (142), it was 
recognized at the beginning that there was no comprehen- 
sive set of sensory terms available that was meaningful 
and useful to consumers for making comparisons between 
different species (141). In addition, because sensory com- 
parisons were to be a part of this project, there was a need 
for a reliable scaling method that permitted the develop- 
ment of quantifiable numeric sensory profiles that could 
be statistically manipulated into valid groups. This work 
included research in methods of cooking; sensory panel 
techniques; and the development of sensory attributes to 
describe fish samples, including the development of de- 
scriptive terms and selection of a psychophysical method 
for scaling the magnitude of sensory attributes. Ulti- 
mately, a complex protocol was developed for classifying 
fish based on edibility characteristics, including texture, 
flavor, and chemical compositional attributes. Although 
this edibility profile involved both flavor and texture at- 
tributes, for purposes of this chapter only the work with 
flavor will be discussed. More detail will be given to this 
work because we feel that the sensory methods combined 
with statistical methods, such as cluster analysis, and the 
descriptors developed for this project have useful applica- 
tion to other areas of seafood technology. 


Sensory Panels 


Because of the consumer-oriented nature of this project, a 
comprehensive list of sensory attributes that could be ap- 
plied to a wide range of edible fish species (141) was de- 
veloped. This was achieved through the use of both exten- 
sive consumer and trained-taste panel assessments. The 
descriptive sensory analysis of aroma, flavor-by-mouth, 
and aftertaste attributes of cooked fish muscle was per- 
formed by the Natick flavor profile panel using the Arthur 
D. Little Flavor Profile Method (143,144). From these pan- 
els and related activities, a list of descriptive terms that 
was applicable to the description of the edibility charac- 
teristics of fish was generated through the use of statistical 
methods that were able to identify attributes that best dis- 
criminated among the various species of fish. Concomi- 
tantly, the researchers had to select a reliable scaling 
method for the tasters to use to describe the magnitude of 
the sensory attributes. The method selected was based on 
a 7-point category scale of intensity where 1 = slight, 4 = 
moderate, and 7 = extreme. Complete details of the pro- 
cedures used to develop the scalar method can be found in 
Kapsalis (140), Cardello et al. (145), and Sawyer et al. 
(146). As the result of extensive testing and winnowing, a 
list of flavor descriptors emerged (Table 4). 

The resulting system was tested by applying the 
method to a model system of 17 species of North Atlantic 
fish. Among the species of fish tested were Atlantic whiting 


Table 4. Sixteen Flavor Attributes Identified by 
Consumers and Trained Panelists as Important to the 
Characterization of Fish 


Flavor attributes 
Overall flavor intensity 
Delicate or fresh fish 
Heavy or gamey fish* 
Fish (old fish) 


These flavor attributes were found to be significant discriminators on the 
basis of stepwise discriminant analysis. 


(Merluccius bilinearis), Atlantic mackerel (Scomber scom- 
brus), monkfish (goosefish) (Lophius americanus), Atlantic 
pollock (Pollachius virens), and others. Once completed, 
the results of the texture and flavor panel analyses were 
compiled as mean texture attributes and consensus rat- 
ings for flavor attributes of the 17 species of fish (139). 
From the compiled data, it was possible to compare and 
contrast the various species using a composite profile such 
as that shown in Figure 1 (137), where weakfish and cusk 
are contrasted. The model was further analyzed to identify 
groups of fish with similar characteristics using cluster 
analysis (147). The tree diagram in Figure 2 (140) shows 
the results of cluster analysis of the combined sensory 
data. Although limited in scope by the low number of fish 
evaluated, the purpose of the tree is to show the order of 
combination of the species. Pollock and tilefish, located op- 
posite number 1 on the left side of the diagram, are paired 
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Figure 1. Composite (flavor/texture) sensory profile for weakfish 
(Cynoscion regalis) and cusk (Brosme brosme). 
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Figure 2. Tree diagram depicting the results of the cluster anal- 
ysis of combined (flavor/texture) sensory data for 17 species of 
North Atlantic fish, 


together because of their strong sensory similarities. Had- 
dock, appearing opposite step 2, was next most similar to 
those paired in step 1 whereas white hake and whiting, 
grouped together, were next in line of sensory similarity 
(step 3). Hake and whiting were shown together because 
their profiles were more alike than either tilefish, pollock, 
or haddock. The amalgamation of all the species was con- 
tinued until the cluster diagram was completed. The last 
few species (halibut, grouper, and swordfish) represent fish 
with the least similar sensory attributes and are weak 
linkages in the branching system. Figure 2 was divided 
into two major groups of fish. The first group consists of 
fish with low fat content, flavor intensity, and white flesh 
(tilefish, pollock, haddock, wolffish, cod, etc). The second 
major group includes species such as bluefish, mackerel, 
weakfish, and striped bass. This group is characterized by 
high fat content, high flavor intensity, and dark flesh. The 
third group was represented by swordfish. Within the two 
major groups of white flesh fish are two subgroups. These 
are represented by tilefish, pollock, haddock, wolffish, cod, 
cusk, monkfish, and flounder on one branch and hake and 
whiting on the adjacent branch. 

After the 17 fish species were arranged by cluster anal- 
ysis according to their characteristic sensory attributes, 
the original sensory data matrix was used to determine the 
“reasons” that the various species of fish were grouped to- 
gether through the -use of multidimensional unfolding 
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(148). With this technique, it was possible to visualize the 
relationships among stimulus objects (individual fish spe- 
cies) and sensory variables (the various flavor or texture 
attributes) by constructing a statistical map. The resulting 
map (Figure 3) has embedded within it both the sensory 
profile attributes as well as the 17 species of fish that were 
evaluated. Fish species in close proximity to one another 
are perceptually similar in texture, flavor, and appearance. 
The proximity of any fish species to any attribute point is 
an index of the perceived amount of that attribute in that 
fish species. For a more complete description of these 
methods and interpretation of the results, the reader is 
directed to the final report by NLABS summarizing the 
nomenclature project (140). For a more detailed explana- 
tion of the application and uses of cluster analysis, the text 
by Romesburg (147) is recommended. 

After the initial phase of the work was completed, per- 
sonnel at NLABS trained teams from three NMFS labo- 
ratories (Gloucester, Charleston, and Seattle) in their pro- 
filing methods, The NMFS laboratories began profiling 
commercially harvested fish species from their respective 
regions. Although the NMFS nomenclature program called 
for a comprehensive study of edibility characteristics, in- 
cluding chemical composition, instrumental color and tex- 
ture measurements, and evaluation of sensory texture 
characteristics, we will deal with only the flavor attributes. 

For the purposes of edibility profiling, the best-quality 
fish were used, usually 1 to 3 days postharvest; however, 
in some cases frozen fish fillets were used because they 
represented typical commercial product. Nevertheless, all 
samples used were carefully identified as to species, loca- 
tion, and time (date) of catch. Open consensus sensory pan- 
els (with 8-12 members) were run as described by Kapsalis 
(140) and Prell et al. (110). After scoring each sample, 
scores were tabulated in common and the results discussed 
to clarify individual profiles. Where there was disagree- 
ment, panelists were encouraged by the panel leader to 
reach a consensus. Sometimes this was difficult to achieve 
because of real organoleptic differences between samples 
of the same species. Each fish sample was replicated a min- 
imum of 3 times during the course of this work. Therefore, 
the sensory profile of each species described here is a com- 
posite of data determined by the taste panel after discus- 
sion and agreement. All the combined flavor data describ- 
ing each species of fish evaluated by NMFS laboratories 
were subjected to cluster analysis using the hierarchical 
method employing the BMDP-P2M “Cluster Analysis of 
Cases” computer program (149). 

In all, 74 combined species of fish were analyzed. Re- 
sults of the initial sensory evaluations are presented in the 
cluster analysis diagram in Figure 4 and were based on 
raw, unweighted data. Numbers appearing at the bottom 
of the diagram indicate the strength of relationships 
(amalgamations) based on similarities. Low numbers, or 
early amalgamation, indicate strong similarities between 
fish species and their flavor characteristics, whereas larger 
numbers represent fish that were quite dissimilar. From 
this cluster diagram, it is clear that complex relationships 
between fish species and their respective flavor profiles 
were found. Because of the large number of fish species 
represented in Figure 4 and the complex nature of their 
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Figure 3. Multidimensional unfolding of analysis (two-dimen- 
sional) of relationships among 17 species of North Atlantic fish 
and estimates of combined sensory (flavor/texture) attributes. 


flavor profile relationships, it became obvious that it was 
necessary to further simplify the cluster diagram in order 
to provide a far less complicated basis for describing gen- 
eral flavor characteristics, particularly for marketing pur- 
Poses. 

A less-complex cluster diagram or tree could be 
achieved by analyzing the same group of fish but using only 
four of the most significant sensory terms from Table 5 
(total flavor intensity, sweetness, salty, and sourness). Re- 
sults of that analysis are shown in Figure 5. Using only 
these four flavor attributes, the cluster analysis yielded 
three distinct major groups of fish. Each group, in turn, 
was composed of a series of subgroups of fish with increas- 
ing similarities in sensory attributes. Associations of spe- 
cies are different from those in Figure 4 in that only four 
attributes were used. We will discuss the three groups that 
appear in Figure 5 to give a feel for what cluster analysis 
can yield in its application to flavor profiling. In the dis- 
cussion of each of these three groups, we will make use of 
the other flavor attributes, not used in the cluster analysis, 
as an aid in describing each group. 

In Figure 5, the overall flavor profile of fish represented 
in group 1 was generally characterized by a moderate to 
moderately low total flavor intensity (TFI); that is, early 
impact of combined flavors, with a predominant sweet and 
salty-briny flavor. The intensity of a persistent, but very 
low, sour flavor was also observed in group 1 fish. Other 
flavor notes encountered in group 1 fish were gamey (as 
in fresh-cooked venison and opposed to beef); earthy, fish 
oil, and mouth drying (astringency), particularly in widow 
rockfish (Sebastes entomales). The first three flavor attrib- 
utes were considered low to very low, but the sensation of 
mouth drying was more pronounced. Chinook salmon (O. 
tshawytscha), on the other hand, has a very low earthy 
flavor note but was characterized by the ever-present fish 
oil flavor associated with the more oily species. Mouth 
drying in chinook salmon had a moderately low impact. 
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Pen-raised (in salt water) Atlantic salmon (Salmo salar) 
tended to have slightly more exaggerated minor flavor 
notes as compared to the king salmon and a more pro- 
nounced earthy flavor. The flavor notes fish oil and earthy 
were also more pronounced (low intensity) in the Atlantic 
salmon than in the chinook salmon. The effect of mouth 
drying at the point of swallowing was moderately low. A 
low-intensity shellfish (lobster, clam), earthy, and fish oil 
flavor note characterized longspine porgy (Stenotomus ca- 
prinus), a species with a moderate TFI. However, the 
mouth drying flavor attribute was found to be very low in 
this species. The most predominant flavor characteristic 
of king mackerel (Scomberomus cavalla) was a moder- 
ately low gamey note followed by a low-intensity earthy 
flavor and mouth-drying sensation. Although mackerel 
was considered to be a somewhat flavorful species, in this 
grouping it falls in the moderate group, due in part to the 
presence of the tunas and sharks with their high sour 
notes. 

Although defined by a moderate TFI, the flavor profile 
of spot (Leiostomus xanthurus) was most influenced by a 
slightly low salty flavor, a low gamey note, and a sweet 
afterflavor. Mouth drying was very minimal in spot. Resid- 
ual aftertaste of earthy and fish oil were very low intensity. 
Monkfish (L. americanus), or goosefish, had a moderately 
low overall TFI with a slight salty, sweet flavor and near 
threshold sour note. The most notable sensory character- 
istic of this fish was its moderate shellfish flavor note, 
which is responsible for the fish being referred to as “poor 
man’s lobster.” The fish has a persistent shellfish aftertaste 
while mouth drying is low. 

Unlike group 1 fish, which have a higher overall TFI, 
fish in group 2 are generally characterized by a low TFI 
and are typically described as mild in flavor. These fish 
have moderately low to low salty-briny and/or sweet flavor 
notes, and sourness was generally noticeable as a very low 
to just barely detectable flavor note. A typical species in 
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Figure 4. Expanded cluster analysis 
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this group is English sole (Parophrys vetulus girard), 
which has a low TFI characterized by a somewhat sweet- 
salty flavor. It also has a very light or threshold gamey- 
shellfish flavor and is sometimes known to possess a very 
low earthy note. A bitter or iodine aftertaste was the 
mouth-drying characteristic in these samples. Similarly, 
Dover sole (Microstomus pacificus) was also a very mild 
flavored fish with a low TFI with a characteristic slight 
salty-sweet flavor and a hint of sour and threshold levels 
of earthy-gamey flavors. The effect of mouth drying was 
also low and sometimes accompanied by a low iodine and/ 
or bitter aftertaste. Atlantic cod (Gadus morhua), also 
characterized by a low TFI, often had a slight earthy flavor 
and mouth-drying note and was sometimes characterized 


and their individual flavor profiles. 


by a low shellfish flavor note or a slight sour aftertaste. All 
of these attributes were found at low intensity levels when 
encountered. With a slightly stronger TFI (low) than the 
aforementioned fish, summer flounder (Paralichthys den- 
tatus) and southern flounder (Paralichthys lethostigma) 
were relatively mild-flavored fish characterized by a low 
salty-briny and sour flavor with a very low level of shell- 
fish, sweet, or sometimes earthy flavor notes observed. A 
fish oil flavor note was sometimes detected in the dark 
flesh but at or near threshold levels. Mouth drying was 
observed but at a low intensity. Scamp grouper (Mytero- 
perca phenox) was also found to be a species with a low 
TFI, with a mild salty-sweet flavor and a very low sour 
note. Scamp was characterized by a slight shellfish flavor 
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Table 5. Sensory Terms for the Description of Fish Flavor 
‘Total flavor intensity 


The initial or early total impact of flavors 


A combination of the taste sensations of 
sodium chloride and the other salt 
compounds found in ocean water. 

Sour The taste sensation produced by acids. 
The taste of vinegar or lemon are 
typical examples. 

‘The flavor associated with any cooked 
shellfish, such as lobster, clam, or 
scallop. 

The flavor associated with the heavy, 
gamey characteristics of some cooked 
fish such as Atlantic mackerel, as 
opposed to a delicate flavor such as 
sole. Analogous to the relationship of 
the heavy, gamey characteristics of 
fresh cooked venison compared to fresh 
cooked beef, or duck to chicken. 

The flavor associated with fish oil, such 
as found in mackerel and canned 
sardines or cod liver oil. 

Sweet The basic taste sensation of which the 
taste of sucrose is typical. 

‘The flavor associated with slightly 
undercooked boiled potato, soil, or 
muddy fish. 

The sensation of dry skin surfaces of the 
oral cavity; dry feeling in the mouth 
after swallowing; astringency. 


Salty-brine 


Shellfish 


Gamey fish 


Fish oil 


Earthy 


Mouth drying 


Other flavor notes that may be encountered 


Bitter The taste sensation of which the taste of 
a solution of caffeine, quinine, or 
iodine are typical examples. 

The taste sensation suggesting the use of 
slightly oxidized metal, such as tin or 
iron. 

‘The flavor associated with the rich, full 
flavor of chopped nuts, such as pecans 
and warm melted butter. 


Metallic 


Nutty-buttery 


Canned salmon ‘The flavor associated with the salmon 
character in canned salmon. 

Old fish ‘The flavor associated with cooked fish, 
with an off-note related to 
trimethylamine. 

Stale fish The flavor associated with cooked fish 


that is getting “off,” but is not yet old. 


note and a very low earthy and fish oil aftertaste. Mouth 
drying was very low in intensity. 

Two species of fish in group 2, black rockfish (Sebastes 
melanops) from the Pacific Ocean and spot (L. xanthurus) 
from the Atlantic Ocean, were noted for the mildly height- 
ened TFI as compared to other fish species represented in 
group 2. Both species were considered to be low salty-sweet 
flavored with very low sour notes. These fish were also 
characterized for their slight gamey and earthy flavor 
notes. Black rockfish was also found to have a very slight 
fish oil flavor associated with its dark flesh. This species 


had a moderately low mouth-drying aftertaste whereas 
spot had a very low level of mouth drying. 

As a family, fish in group 3 tended to have a much higher 
TFI profile than fish from the preceding groups. In this 
analysis, group 3 represents all of the shark species tested 
interspersed with several nonshark species, including tuna 
and herring. The least flavorful in this group were the 
starry flounder (Platichthys stellatus) and sandbar shark 
(Carcharhinus plumbeus). These two different species 
were characterized by a moderately low TFI and very low 
sweetness; however, this was accentuated by low salty 
and/or sour flavors that were more likely to be associated 
with sharks. Mouth drying or astringency was low but def- 
initely present. Afterflavors of gamey, earthy, and fish oil 
were often present but were found at very low concentra- 
tions. Somewhat stronger-flavored scalloped hammerhead 
shark (Spherna lewini), ladyfish (Elops sarus), and lemon 
shark (Negaprion brevirostris) were characterized by a 
moderately low TFI that was somewhat influenced by a 
low salty-sour flavor. The effect of mouth drying was slight, 
and the gamey and earthy notes were predominate after- 
flavors but at low intensities. Perhaps the most flavorful 
species in group 3 were yellowfin tuna (Thunnus albacores) 
and thresher shark (Alopias verlpinus). These moderately 
flavored fish had a relatively strong TFI that was charac- 
terized by a moderate to moderately strong initial sour fla- 
vor. Usually equated with early impact of sour was a salty- 
briny note, which was found at low levels of flavor 
intensity. At the same level of intensity was a gamey and/ 
or meaty flavor that was itself somewhat modified by a 
very slight sweet flavor. An earthy note was also part of 
the overall flavor profile but at very low levels. The impact 
of mouth drying was moderately low, and the aftertaste 
was sour-salty with some gamey note. 

It is essentially from the results of research by other 
workers studying the chemistry of flavors that we are be- 
ginning to understand that those characteristics that dis- 
tinguish one fish from another, such as salmon from sole, 
are attributed to chemical compounds that are endogenous 
in origin. We also know that exogenous flavor compounds 
from the environment can accidentally manifest them- 
selves in fish, but these are generally considered as taints. 
Chemical compounds responsible for flavor attributes such 
as sweet, salty, or salty-briny, flavor characteristics com- 
mon to the soles, are usually identified with the presence 
of sodium chloride (salt) or carbohydrates. However, the 
same flavors can also be caused by other chemical compo- 
nents such as peptides (aspartame) or nucleotides (IMP), 
chemicals known for their ability to impart or potentiate 
salty or sweet flavors in fish. Peptides are also known to 
influence bitter, sour, and acidic flavors common to tunas 
and sharks. Low pH, caused by the accumulation of lactic 
acid in fish muscle resulting from the breakdown of gly- 
cogen, can also produce sour flavors in fish. 

Other flavor notes such as clamlike, shellfishlike, but- 
tery, grassy, metallic, or sulfurlike, are the result of chem- 
icals known as organic sulfides. One especially, dimethyl- 
sulfide (DMS), has been identified as producing the clam 
or shellfish flavor in certain gadoids and salmon when 
present in very small concentrations. Organic sulfides, 
which by their very nature can be complex, have also been 
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‘Sandbar shark 


Sharpnose shark 
‘Atlantic herring 


identified with the meaty flavors prominent in some spe- 
cies of tuna and shark. Although organic sulfides occur nat- 
urally in fish, natural feeds such as Spiratella heliciana, a 
plankton that contains dimethyl-f-propiothetin that can 
be converted to DMS, can also contribute to different fla- 
vors in fish. 

In addition to the various flavors attributed to organic 
sulfides, alcohols, ketones, and phenols have also been 
identified as producing their own set of characteristic fla- 
vor notes in fish. Phenols are known to cause medicinal 
flavors and aromas in shrimp and crayfish and possibly are 
responsible for the metallic-bitter or iodoformic odors and 
flavors sometimes seen in flatfish, such as Dover or English 
sole. These flavors and odors are also found in natural 
feeds, such as algaes and seaweeds. 
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Figure 5. Grouping diagram (modified tree) of 74 species by clus- 
ter analysis showing their relationships (amalgamations) based 
on four significant flavor attributes. 


Fishy odors and flavors, in contradistinction to the de- 
sirable fresh-fish flavor, predominantly found in cooked 
dark-muscled fish like herring or mackerel and sometimes 
in gadoids (cods, haddocks, hakes, and pollock), are gen- 
erally caused by the presence of TMA. TMA is easily 
formed by the breakdown of trimethylamine oxide, which 
can be accumulated through the diet. The combination of 
lipid oxidation with TMA appears to contribute to the over- 
all fishy odor and flavor. 

The fish oil flavor, identified in the NMFS nomenclature 
work, was associated with the initial oxidation of fish lipids 
(triglycerides and fatty acids) and is best described as re- 
sembling a light cod liver oil similar to the oils used in 
packing sardines, and also containing grassy notes (odor 
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of fresh-mown grass) as in fresh king or coho salmon, or a 
nutty-buttery or light creamy flavor characteristic of the 
mild-flavored black cod (sablefish). 

Because of their close relationship to the environment, 
fish frequently reflect this connection with off-flavors or 
taints. For example, descriptors such as earthy, muddy, 
or musty are often used to describe the flavor of catfish or 
trout that are raised in artificial environments. Although 
these flavor notes are often attributed to artificial feeds, 
the flavors can also be caused by microorganisms living in 
the water, soil, or pond detritus where the fish are raised. 
In the marine environment, muddy flavor found in bream 
were identified as coming from the blue-green algae Oscil- 
latoria agardhii. These off-flavors are also thought to be 
produced by heterocyclic organic compounds such as 1,10- 
trans-dimethyl-trans-(9)-decolol or geosmin and 2-methyl- 
lisoborneal and are the metabolic products of certain spe- 
cies of cyanobacteria and actinomyces. 

It is easy to see that edibility profiling combined with 
the clustering technique provides useful tools for estab- 
lishing a rational basis for the development of fish edibility 
groups that can be conveniently used in marketing fishery 
products. Results from the nomenclature studies con- 
ducted by NMFS laboratories show that, although they are 
complex, fish can indeed be classified into groups according 
to their inherent flavor characteristics. These studies also 
suggest that flavor profiling can be used to classify new or 
commercially underutilized species of fish into edibility 
groups as they enter the market. Because we limited our- 
selves to the subject of flavor profiling in this section, only 
a small portion of the NMFS nomenclature work was de- 
scribed here. However, more species were evaluated but 
were not included in this discussion because the minimum 
replicate requirements were not met. Considerably more 
work remains to be done to complete the edibility profiling. 


FUTURE WORK 


As we updated this chapter, it became clear that efforts 
devoted to identifying the chemical components of seafood 
flavors appeared to have reached a plateau in the late 
1980s and very early 1990s, based at least in part on the 
number of recent publications. At least part of the reason 
for this may lie in the fact that in the decade since the first 
edition chapter was written, some very significant changes 
have occurred within the seafood industry related to the 
outstanding growth and importance of value-added con- 
venience food products. Part of the cause of these changes 
have been cultural, such as the increased numbers of fam- 
ilies with both spouses working; political, for example, pas- 
sage of the 1976 Magnuson Fishery Conservation and 
Management Act (MFCMA) (150); and environmental/ 
economic, for example, overfished, high-valued species 
such as salmon. 

Demand for value-added convenience foods in both 
North America and Europe is evidenced by the increased 
popularity of fast-food restaurants worldwide and sales of 
ready-to-eat and prepared entrées, particularly those that 
minimize and simplify both home and institutional food 
preparation—that is, “heat and eat” foods. To lower costs 


and reduce time, institutional users (restaurants, hospi- 
tals, school lunch programs) rely less on in-house food 
preparation, preferring to utilize centralized production of 
whole fresh or frozen entrées. Many of these entrées in- 
volve new combinations of food forms. Convenience foods 
have been a staple in supermarkets, but now warehouse/ 
club stores, which may have exclusively serviced the res- 
taurant trade (both fast-food and white-tablecloth types), 
are now marketing these same items for home consump- 
tion. To service all these market segments, the food indus- 
try has created new and improved, value-added, complex- 
formulated food forms. To maintain market niches, the 
seafood industry has followed suit. New seafood product 
forms include the use of analogue simulated traditional 
forms (eg, crabmeat and shrimp), flavored breadings, 
sauces, and stuffings applied to traditional seafood forms, 
such as steaks and fillets. 

Clearly, interest in seafood flavors and flavor compo- 
nents is now complicated by the presence of other food com- 
ponents, such as extracts, spices, herbs, induced cooking 
flavors (eg, browning of fried and baked breadings). In such 
complex cases, the inherent mild flavors of most fish and 
shellfish are completely lost or submerged in the final pre- 
sentation. 

Passage of MFCMA effectively extended U.S. jurisdic- 
tion over the waters of all coastal states and U.S. marine 
territories. The effect of this legislation was to establish a 
fisheries conservation zone that enabled the United States 
to greatly expand its commercial fisheries, most notably in 
Alaska, where an estimated 10 billion lb of fish and shell- 
fish were available to U.S. fishers. Although much of this 
fishery pre-existed before the act, namely, cod, halibut, 
salmon, and crab, a biomass in excess of 5 billion Ib of 
groundfish consisting of walleye pollock, assorted rockfish 
(Sebastes spp.), soles, and flounders was opened up to the 
U.S. seafood industry when foreign entities were excluded 
from the newly formed economic zones. At the same time, 
extension of the Pacific coast’s economic zones expanded a 
fishery for Pacific whiting (200,000 MT) (151), a white fish, 
facilitating the growth of a new industry in the eastern 
Pacific. Passage of this act led to one of the most significant 
developments in the seafood processing industry: the ap- 
pearance of surimi-based analogue products, primarily ar- 
tificial crab and shrimp forms. Produced from very mild 
flavored pollock or whiting, surimi (160 MT in 1997) (155) 
is finely minced, deboned, washed fish flesh containing sta- 
bilizers to which crab or shrimp meats or flavorings are 
added to make simulated products. These can be used in 
seafood salads, casseroles, hors d’oeuvres, and other 
dishes. Here the role of extractable flavorings and the fates 
of flavor components is of major importance and will need 
future study. 

Stresses on our marine fishery resources, such as over- 
fishing, environmental factors, and economics, have led to 
the creation of new fisheries enterprises and modified tra- 
ditional ones. For example, aquaculture and fish culturing 
are now major contributors to the seafood marketplace. In 
the past 10 years, there has been outstanding growth in 
the production of farmed salmon. The largest producer of 
farmed salmon (500,000 MT) (152) is Norway. Norway 
competes with Chile, which is the fastest-growing producer 


of farmed salmon, as well as with Scotland and Canada for 
sustainable markets. A considerable portion of the salmon 
consumed in the United States (855 million Ib) (152), how- 
ever, still comes from the capture fisheries. But within the 
last 10 years, farmed salmon produced in the United 
States and imported has successfully taken a significant 
market share. Although salmon, catfish, and trout have 
been successfully farmed in the United States, other spe- 
cies are now being investigated for possible cultivation. 
Convenience, value added, and institutional processors are 
major forces behind this growth. They in turn are being 
driven by the need for quality, portion and cost control, and 
year-round availability. 

Fish culture raises some interesting questions concern- 
ing flavor research. It has been known for over 30 years 
that cultured fish, such as catfish and salmon, can take on 
both physical and flavor characteristics of their diets, for 
example, astaxanthin and canthaxanthin are used to 
achieve the pink or reddish color expected with salmon. 
Cultured trout or salmon fed diets high in soybean meal 
sometimes accrued a “beany” flavor. We have also recog- 
nized that a similar phenomenon occurs in wild fish, such 
as salmon, where unusual flavor notes, or taints, are ob- 
served. We have discussed some of these in this chapter. 
Fish can, at least from a flavor standpoint, become what 
they eat. This raises the potential of including desired and 
selective flavor components in the diet of cultured fish, 
which might include herbs, spices, and other extractables, 
to achieve new, flavorful seafood products. If not the inclu- 
sion of specific flavor components, perhaps alteration of the 
lipid content could also achieve similar, subtle flavor 
changes. 


CONCLUSIONS 


The consumer, acting as the ultimate sensory evaluator, is 
the final judge of the quality of any food. In this capacity, 
seafood flavor plays a central role in the evaluation of sea- 
food quality. Because of this intimate relationship between 
quality and flavor, a clear understanding of the compo- 
nents that constitute flavor are significant and important. 
In this chapter, we have attempted to point out that con- 
sumers use seafood flavor for two broad decision-making 
functions: to classify fish species to determine their use and 
to determine acceptability. In a broad sense, the consumer 
asks first, “Will I like it?” followed by “Do I like it?” The 
answer to these questions determines repeat purchases of 
the item, on which rests the future of the seafood industry. 
Clearly, flavor science and technology has matured during 
the past decade, primarily due to the advent of modern 
instrumentation capable of observing and measuring com- 
pounds in the nanomole to femtomole range. The combined 
use of sensitive mass spectroscopy and high-resolution gas 
and liquid chromatography have helped our understand- 
ing of the flavor components associated with varying qual- 
ity levels of seafoods. In addition, the combined use of so- 
phisticated statistical tools along with sensory scoring 
techniques has enabled food technologists to put classifi- 
cation of fish species on a rational basis. 

It would appear from a brief perusal of this chapter that 
the data generated over these last two decades on flavor 
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compounds has diverged from the work of the sensory spe- 
cialist. What then for the future? It is our belief that the 
dichotomy between flavor and sensory data is more appar- 
ent than real. New capabilities (both instrumental and 
chemical) will continue to be developed and applied to fla- 
vor research. In the last decade, instrumentation such as 
GC-mass spectroscopy, once the domain only of sophisti- 
cated academic research laboratories, has become increas- 
ingly available because it has decreased remarkably in 
price while becoming far easier to use and maintain. As 
with most current technology, this trend is expected to con- 
tinue, and these methods will find their way into everyday 
routine Q&A procedures. In addition, the phenomenal and 
dramatic decrease in the costs of computation has placed 
extremely powerful analytical and statistical programs on 
virtually every desk in most laboratories. All of this taken 
together should yield even more data and information on 
chemical compounds responsible for flavor. However, even 
with all of this technical firepower, the role of the human 
judge or sensory specialist will not be replaced but will 
sbecome more important. It will be the sensory judges and 
consumers who will in the final analysis have to integrate 
the myriad of data observations into a cohesive role for 
flavor in quality. 
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AND FRESHNESS 


The term fresh seafood refers to a concept, not a distinct 
object or a specified actuality. Therefore it has many dif- 
ferent definitions, such as (1) seafood that has never been 
frozen, cooked, cured, or otherwise preserved (1,2); (2) sea- 
food that has the characteristics of being newly harvested 
and is not the opposite of stale (3); (3) a seafood that is the 
opposite of stale (4); (4) seafood that arrived at the store 
at a particular time (5); and (5) raw product that has not 
progressed beyond a certain degree of microbiological or 
chemical degradation (6). Depending on which definition 
is used, it may be very difficult to objectively determine if 
a specific seafood is actually “fresh.” However, when fresh- 
ness is defined in terms of the sensory characteristics (ap- 
pearance, flavor, odor, and/or texture) of the specific sea- 
food being evaluated, it is very possible to objectively 
determine the freshness of that seafood. A seafood of op- 
timum freshness would be one that possesses the charac- 
teristics concerning appearance, flavor, odor, and/or tex- 
ture that are normally associated with that particular 
seafood product or species, that is, it is caught at the best 
time of year; caught in the best location; caught by the best 
method; and handled, processed, prepared, and served in 
the best manner. 

Seafood freshness is considered an extremely important 
factor in determining overall quality of a particular seafood 
item (7-9). Depending on the particular seafood item being 
purchased (eg, chilled, frozen, or canned), the buyer may 
or may not be able to readily determine the freshness of 
that seafood item. However, each user determines, either 
consciously or unconsciously, the freshness (characteristics 
regarding appearance, flavor, odor, and/or texture) of each 
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SEAFOOD: SENSORY EVALUATION 
AND FRESHNESS 


The term fresh seafood refers to a concept, not a distinct 
object or a specified actuality. Therefore it has many dif- 
ferent definitions, such as (1) seafood that has never been 
frozen, cooked, cured, or otherwise preserved (1,2); (2) sea- 
food that has the characteristics of being newly harvested 
and is not the opposite of stale (3); (3) a seafood that is the 
opposite of stale (4); (4) seafood that arrived at the store 
at a particular time (5); and (5) raw product that has not 
progressed beyond a certain degree of microbiological or 
chemical degradation (6). Depending on which definition 
is used, it may be very difficult to objectively determine if 
a specific seafood is actually “fresh.” However, when fresh- 
ness is defined in terms of the sensory characteristics (ap- 
pearance, flavor, odor, and/or texture) of the specific sea- 
food being evaluated, it is very possible to objectively 
determine the freshness of that seafood. A seafood of op- 
timum freshness would be one that possesses the charac- 
teristics concerning appearance, flavor, odor, and/or tex- 
ture that are normally associated with that particular 
seafood product or species, that is, it is caught at the best 
time of year; caught in the best location; caught by the best 
method; and handled, processed, prepared, and served in 
the best manner. 

Seafood freshness is considered an extremely important 
factor in determining overall quality of a particular seafood 
item (7-9). Depending on the particular seafood item being 
purchased (eg, chilled, frozen, or canned), the buyer may 
or may not be able to readily determine the freshness of 
that seafood item. However, each user determines, either 
consciously or unconsciously, the freshness (characteristics 
regarding appearance, flavor, odor, and/or texture) of each 
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seafood item as it is consumed (9). Thus, the degree to 
which the freshness of a seafood item meets the user’s ex- 
pectations will greatly affect whether the user will pur- 
chase that seafood item again (9-12). 


INDIRECT DETERMINATION OF SEAFOOD FRESHNESS 


Seafood freshness may be indirectly determined by chem- 
ically analyzing a sample to determine the concentration 
of a specific chemical(s) within the sample or by measuring 
the magnitude of one or more physical parameters (eg, 
color, distance, force) of a sample. This observed concen- 
tration of a chemical or magnitude of a physical parameter 
is used to indirectly measure (predict) the level of a specific 
sensory attribute, which allows for the immediate deter- 
mination of the freshness once the predicted level of the 
sensory attribute is compared to that specified in the ap- 
propriate product standards. Because the measurement of 
chemical concentrations and physical magnitudes are of- 
ten very precise (exact), these types of methods have often 
been considered to be objective methods and therefore su- 
perior (because they are less variable) to methods involv- 
ing sensory evaluation (13-15), which have often been re- 
ferred to as subjective methods. It is very important to 
realize that just because the results of these objective 
methods of determining seafood freshness may be less 
variable does not necessarily mean the results are thereby 
more accurate (16). The tremendous practical importance 
of understanding the difference between results that are 
precise and results that are accurate is clearly demon- 
strated by this example: “The archer or marksman may 
group shots close together, thus being precise, but the shots 
may be at the rim of the target instead of at the bull’s-eye, 
thus being inaccurate.” 

Depending on the circumstances, objective chemical 
and physical methods may be very useful, but only if sci- 
entifically sound studies have definitely revealed that a 
close relationship between the results of the specific 
chemical or physical method and objective sensory evalu- 
ation methods does indeed exist. The results proving such 
a close relationship apply only to the conditions (method 
of catching and handling, time of season during which the 
seafood was harvested, species being examined, specified 
chemical/physical method, specified sensory evaluation 
method, etc) under which the investigation was conducted. 
Altering only one of these conditions may alter the rela- 
tionship to such a degree that the close relationship may 
no longer apply, causing the estimated level of the sensory 
attribute to be of questionable value. Also during these in- 
vestigations, the sensory evaluations must have been con- 
ducted using scientifically sound procedures. Whenever a 
chemical or physical method has met these requirements, 
it can be extremely useful. For additional information con- 
cerning chemical and/or physical methods of determining 
seafood freshness, see references 17-23. 


DIRECT DETERMINATION OF SEAFOOD FRESHNESS 


In addition to its use in confirming the validity of a specific 
chemical or physical method of indirectly determining sea- 


food freshness, sensory evaluation procedures are fre- 
quently used to directly measure seafood freshness. 

The results of a sensory evaluation depend on the type 
of sensory test used. In general, the many different sensory 
tests may be grouped into a few categories, each with a 
common purpose. These categories are discriminative or 
difference tests (which are used to determine whether an 
overall sensory difference exists between samples or how 
a particular sensory attribute differs between samples), 
descriptive tests (which attempt to identify sensory char- 
acteristics concerning appearance, odor, flavor, texture, or 
sound of a food product and to quantify them), and affective 
tests (which are used to determine which sample is pre- 
ferred and how acceptable a particular sample is) (24-26). 
Although affective tests are subjective, both discriminative 
and descriptive (including grading) methods are objective 
(24-29). Thus, arbitrarily classifying all sensory methods 
as subjective is now widely recognized as wrong. Grading 
(a descriptive test) is the major sensory evaluation method 
used to determine seafood freshness. 

Freshness grading is a technique that directly deter- 
mines the level of one or more specific sensory attributes. 
This is achieved by having a small number of graders (who 
have been highly trained) who individually use their ap- 
propriate senses (sight, smell, taste, and/or touch) and a 
written grade standard (consisting of words that clearly 
define specific sensory properties) to sort the seafood being 
evaluated into clearly defined categories (grades) (3,27,30- 
32). Although this type of sensory evaluation is used in a 
wide variety of food industries, these assessors are usually 
trained to evaluate only one class of product, such as coffee, 
dairy products, seafood, tea, or wine (31). 

Regardless of the seafood being evaluated, technologi- 
cally sound freshness grading directly measures freshness 
by quantifying the characteristics of appropriate sensory 
attributes. This is achieved by using a single type of sen- 
sory test (ie, a structured category scale, which is com- 
monly called a grade standard) and a small number of 
highly specialized graders who have been trained to func- 
tion as analytical instruments (31,32). 

Just because freshness grading is an objective proce- 
dure does not necessarily mean the result will be accurate 
(ie, hit the bull’s-eye). Whenever freshness grading is being 
conducted, extreme care must be taken to ensure that all 
graders always function as analytical instruments (21,33). 
It is extremely difficult to ensure the accuracy of the grad- 
ers’ assessments without first clearly stating, in writing, 
all of the reasons why the seafood freshness of a particular 
product is being graded (29). The importance of each factor 
that affects the objectivity of the assessments can then be 
readily established by comparing it with these reasons. 


Ensuring Graders Function as Analytical Instruments 


Ensuring that graders function as analytical instruments 
can best be achieved by properly screening all graders, 
properly training all graders, reducing the effects of the 
immediate surroundings, minimizing the effects of psycho- 
logical factors, and monitoring the accuracy of the assigned 
grades. 

Screening primarily involves testing the potential 
grader’s basic ability to assess each type of attribute (ap- 


pearance, odor, flavor, and/or texture) that the grader will 
likely be required to evaluate by subjecting the person to 
a broad range of triangle tests, which vary only in appear- 
ance, aroma, flavor, or texture (34). This will determine if 
the potential grader is actually capable of accurately in- 
dividually assessing appearance, odor, flavor, and texture. 
However, screening also involves assessing an individual’s 
health, general attitudes, availability, and ability to com- 
municate (32,34). 

Because it depends on the specific situation, the extent 
of training that is actually necessary is best established by 
critically examining the written reasons for determining 
freshness. This is very important because if the extent of 
training is not closely related to the duties expected, a per- 
son may receive costly training for a specific grading duty 
that he or she may never perform, or conversely, the grader 
may be asked to conduct a specific grading duty for which 
he or she has not been adequately trained. For example, 
extensive training is necessary whenever graders are re- 
quired to assess specific off-odors and off-flavors, com- 
monly referred to as taints (35). 

Training involves teaching the potential grader (1) the 
general principles and practices of sensory evaluation; 
(2) to readily identify and accurately assess each sensory 
characteristic defined in each of the different product stan- 
dards that he or she will be expected to use; (3) to have a 
long-term memory so that standards that have not been 
recently used can be readily and accurately implemented; 
(4) to grade a large number of samples at a single session, 
and (5) to evaluate his or her performance (35,36). 

The grader’s learning of general principles and prac- 
tices usually involves formal lectures and demonstrations 
concerning topics such as the operation of each of the dif- 
ferent senses (sight, smell, taste, touch); how the percep- 
tion of color (and other types of appearances), flavor, odor, 
and texture is affected by a wide range of variables; the 
different types (affective, discriminative, descriptive) of 
sensory assessment; and technologically valid testing pro- 
cedures (31,35), The importance of graders possessing a 
sound knowledge of the principles and practices of sensory 
evaluation must not be underestimated. 

The assessment area may greatly affect the grader’s 
ability to function as an analytical instrument. Any detri- 
mental effects of the immediate surroundings may be min- 
imized by (1) ensuring that all of the surfaces (booths, cab- 
inets, ceilings, countertops, doors, floors, tables, walls, etc) 
are of a neutral color; (2) ensuring that there is no distrac- 
tion by noise (including talking); (3) ensuring that the as- 
sessment area is both well ventilated and cleaned using 
only non-odor-generating cleaners, thereby preventing/ 
eliminating foreign odors; (4) ensuring that the samples 
are not prepared but are only evaluated within the assess- 
ment area; and (5) ensuring that the assessment area is 
illuminated to give an intensity of approximately 1,000 
lx/m? and a color temperature of 5,000 to 5,500 K 
(29,33,35). Whenever the entire assessment area is not 
properly illuminated, a properly illuminated grading cab- 
inet must be used. 

The negative effect of psychological factors (Table 1) 
must not be ignored but must always be seriously consid- 
ered. For example, the grader(s) who assess the seafood 
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Table 1. Psychological Factors Influencing Sensory 
Measurements 


Factor 


Expectation Any information panelists receive about the 
error test can influence the Its 

Stimulus error The desire to be right may cause the panelists’ 
judgment to be influenced by irrelevant 
characteristics of the samples. 

Can cause a panelist to assign ratings to 
particular characteristics because they 
appear to be logically associated with other 
characteristics. 

Leniency error Occurs when panelists rate products based on 

their feelings about the researcher, thereby 
ignoring product differences. 


Explanation 


Logical error 


Halo effect Tendency of the rating of one factor to 
influence the rating of another factor when 
panelists are asked to evaluate odor, texture, 
color, and taste simultaneously. 

Suggestion Occurs when the response of one panelist is 


effect influenced by reactions of other panelists, 

Order effect Tendency of panelists to score the second 
sample (of a set of samples) higher or lower 
than expected. 

Contrast effect Two products that are markedly different 
cause panelists to exaggerate the difference 
in their scores. 

Convergence Occurs when a large difference between two 
error products masks small differences between 
other samples in the test. 

Proximity When a set of samples is being rated on several 

error characteristics, panelists usually rate as 
more similar the characteristics that follow 
one another (in close proximity) on the ballot 
sheet than those that are either far apart or 
read alone. 


Central Occurs when panelists score samples in the 
tendency mid-range of a scale to avoid extremes. 
error 

Motivation An interested panelist is always more efficient 

and reliable. 

Source: Ref. 37. 


must not have been involved with actually obtaining the 
seafood (30). This is because knowledge concerning where 
the seafood was caught, how the seafood was handled, and 
the length of time the seafood was stored can cause the 
grader to have specific expectations concerning the results, 
and the grader would no longer be acting as an analytical 
device (25). In addition, (1) graders should not be involved 
with the preparation of the sample; (2) each sample should 
be labeled with a three-digit random number; and (3) the 
samples should be presented in a random order, ensuring 
that the order in which the samples are graded by the 
grader is balanced so that each different product appears 
in a given position an equal number of times. 

Although grading different products in a balanced man- 
ner sounds very simple, it can be extremely difficult to 
achieve, particularly when a large number of different 
products are to be assessed at one time. For example, when 
the number of different products being evaluated at any 
one time is increased from 1 to 2 to 3 to 4 to 5, the required 
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number of different combinations necessary to achieve a 
balanced presentation increases from 1 to 2 to 6 to 24 to 
120, respectively. Thus, when more than three different 
products are evaluated at the same time, the large number 
of combinations necessary to achieve a balanced presen- 
tation becomes very cumbersome. 

Regardless of the extent to which the graders have been 
screened and trained and the effects of the surroundings, 
and the psychological factors have been reduced, the 
grader must accurately implement the grade standards. 
The necessity of monitoring the assessments of graders 
who have been screened and trained to operate as analyt- 
ical instruments is similar to the necessity of periodically 
checking the accuracy of a pH meter (or other instruments 
used for chemical analysis) even though it had previously 
been calibrated (38-40). Monitoring the accuracy of as- 
signed grades may be achieved by having the grader check 
his or her consistency, comparing the grader’s assessments 
with those of other graders, and conducting formal exam- 
inations (30). A grader’s performance may also be moni- 
tored by having the grader, without his or her knowledge, 
assess samples with sensory characteristics of a known 
level. 


Defined Grade Standards 


In addition to having graders use their senses (sight, smell, 
taste, and/or touch) as analytical instruments to sort the 
seafood into specified categories, the second extremely es- 
sential part of seafood freshness grading is the defined 
grade standard that describes each category. Even if the 
effects of both immediate surroundings and psychological 
factors are minimized and the graders are both well 
screened and well trained, the assigned grades will prob- 
ably not be valid unless the grade standards clearly allow 
the grader to objectively assess the samples. 

The traditional grade standard used to grade intact (ie, 
not filleted, split, or steaked) gutted fish consists of speci- 
fied sensory characteristics of three to six different criteria 
(eg, visual characteristics of the eyes, gills, outer slime, 
peritoneum, and skin and odorous characteristics of the 
gills) associated with the fish (41). Depending on the spe- 
cific grade standard, each criterion of each sample being 
assessed is individually categorized as being one of two 
grades (accept or reject), three grades (A, B, or C), or four 
grades (A, B, C, or D), and so on, whichever is specified in 
the grade standard being used. Each grade description, for 
each of the three to six criteria, consists of three to six 
terms. Only when the grade for each criterion has been 
determined can the final grade (based on the grades as- 
signed each of the different criteria) be assigned. However, 
the sensory characteristics of a criterion being assessed 
may not agree with all of the three to six terms used to 
describe the specific grade of a specific criterion. Whenever 
this lack of agreement occurs, it often causes the grader to 
be confused and therefore increases the time it takes to 
decide which grade to assign, decreasing the objectivity of 
this type of grading. Consequently, methods that avoid this 
serious disadvantage were eventually developed. 

One method of increasing both the speed and the objec- 
tivity of a seafood freshness system was to increase both 


the number of grades within a specific criterion and the 
number of different criteria to be assessed (42). Rather 
than having four different grades for each of six different 
criteria (41), six different grades for each of 11 criteria 
were used (42). These changes reduce the number of terms 
required to describe each grade of each criterion and 
thereby (1) increase the chances that a sample's sensory 
characteristics agree with all of the terms used to describe 
a specific grade of a specific criterion; (2); decrease confu- 
sion, (3) increase objectivity, and (4) increase speed of as- 
sessment. However, depending on both the system and the 
sample being assessed, the increased number of grades for 
each criterion may increase the probability that an indi- 
vidual sample's sensory characteristics (of one or more spe- 
cific criteria) agree with the terms of more than one specific 
grade of that specific criterion. This would also cause the 
grader to be confused, resulting in decreased speed and 
reduced objectivity. 

An alternate method of increasing both the speed and 
the objectivity of the traditional freshness grading system 
is to greatly increase the number of criteria but to also 
decrease the number of grades within each criterion. This 
method was first used by Australian scientists (43). Eigh- 
teen different criteria (appearance of surface, skin, scales, 
slime, stiffness, clarity of eyes, shape of eyes, iris, blood of 
eyes, color of gills, mucus of gills, smell, belly discoloration, 
firmness, condition of vent, odor of vent, nature of stains 
in belly cavity, and color of blood) were used, but only two 
to four grades (demerit points) were used within each cri- 
terion (43). Once the sensory characteristic of a criterion 
was determined, it was immediately assigned a demerit 
point ranging from 0 to 3. Every description of each de- 
merit point was very brief, usually involving only one or 
two words, and, if possible, was very precise. Thus, while 
assessing each criterion, a grader was exposed to mini- 
mum confusion. Another unique feature of this system was 
that the final freshness grade of a sample was based not 
on the average of the different grades assigned the differ- 
ent criteria, but on the total number of demerit points as- 
signed the sample assessed (43). Individuals using this 
system have been reported to assess the freshness of intact 
fish both rapidly and objectively (43-46). Graders may 
readily use a pencil and paper to record their assessments 
of each sample, but programming this grading system into 
a handheld computer helps ensure that all questions have 
been answered and decrease the time required to assess a 
fish (47). Other important aspects of this system initially 
reported by Branch and Vail (43) are that (1) no undue 
emphasis is placed on a single feature, and the sample can- 
not be rejected on the basis of a single criterion; (2) minor 
differences in any one criterion being assessed do not un- 
duly influence the total score; and (3) the combination of 
the different criteria and different demerit scores gives a 
total possible score of a reasonable magnitude (47). 

Although the grading system initially reported by 
Branch and Vail (43) is both objective and nondestructive, 
it is extremely rapid, requiring only 5 minutes to grade 10 
fish (45). Since its development this system has been re- 
ported to be a successful method of objectively determining 
the freshness grade of intact anchovy, Atlantic cod, her- 
ring, hoki, plaice, redfish, saithe, sardine, and whiting (44— 


46,48,49). In addition to being a useful method of grading 
intact fish, this procedure has also been reported to be use- 
ful for grading fillets (44). Thirteen different criteria (fillet 
color, bloodstains, clotting, skin color, texture, gaping, 
bruising, autolysis discoloration, parasite infestation, 
other discoloration or contaminations, ease of filleting, 
ease of skinning, and wetness) with two to four demerit 
points for each criterion was used (44). 

It is extremely important to stress that whenever one 
intends to use this system for a new species, preliminary 
studies must be conducted to ensure that all the criteria 
and their corresponding defined characteristics incorpo- 
rated in the grade standard are appropriate and will ac- 
tually be used (45,46,48,49). 


CONCLUSION 


Sensory evaluation (eg, grading) of seafood is an extremely 
useful rapid and objective method of both directly deter- 
mining seafood freshness and verifying the accuracy of 
chemical and/or physical methods used to indirectly mea- 
sure seafood freshness. However, if sensory grading is be- 
ing used to objectively determine seafood freshness, it is 
extremely important that all graders be appropriately 
screened, trained, and monitored; all effects of the imme- 
diate surroundings be minimized; the effects of psycholog- 
ical factors be minimized; and an appropriate grade stan- 
dard (one that actually allows the graders to function as 
analytical instruments) be used. Otherwise the procedure 
may not be objective, and the results may not hit the bull’s- 
eye (ie, be accurate). 
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SEAWEED AQUACULTURE: TAIWAN 


INTRODUCTION 


Aquaculture of seaweed in Taiwan started in 1961 with the 
cultivation of Gracilaria. Presently one species of Graci- 
laria, G. tenuistipitata Chang et Xia var. liui Chang et Xia 
(Fig. 1); two species of Porphyra, P. dentata Kjellman (Fig. 
2) and P. haitanensis T. J. Chang et Zhang Baofu; and two 
species of brown algae, Undaria undarioides (Yendo) Oka- 
mura and Laminaria japonica Areschong are cultivated. 
But only Gracilaria and Porphyra are cultivated on a com- 
mercial scale and Undaria and Laminaria are still in the 


Figure 1. Habit of Gracilaria tenuistipitata var. liui from Anping 
(scale = 1 em). 
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Figure 2. Habit of Porphyra dentata from Penghu (scale = 1m). 


experimental stages. The actual methods of cultivating 
Gracilaria and Prophyra practiced in Taiwan are described 
as follows. 


CULTIVATION OF GRACILARIA 


Gracilaria is a red algal genus, widely distributed in many 
temperate to tropical regions and many species of this ge- 
nus are cultivated for manufacturing an industrial colloid, 
agar, in many parts of the world (1-3). Species of Graci- 
laria are popularly known in Taiwan as “Long-Shi-Tsai” 
(meaning vegetable of dragon’s beard). Originally it was 
commercially cultivated in ponds for extracting agar but 
now it has been cultivated chiefly for feeding small aba- 
lone, Haliotis diversiolar Lischke. There are thirteen spe- 
cies of Gracilaria reported from the coast of Taiwan and 
its offshore islands (4). Among them, G. tenuistipitata var. 
liui (Fig. 1) (5) is the main species cultivated, but some- 
times plants of G. gigas Harvey and G. lichenoides (L.) 
Harvey can also be found among the cultivated species in 
the same pond (1). 

In Taiwan, cultivation of Gracilaria started in early 
1960 (6). Then, the raw material for agar extraction had 
decreased significantly due to overexploitation of natural 
agarophyte, Gelidium resources. Thus, in order to meet the 
increasing demand for agarophyte from the agar industry, 
the Taiwan Fisheries Bureau supported the Chilou Fish- 
ermen’s Association in carrying out experimental cultiva- 
tion of Gracilaria in Hsinta-Kang Bay (Kauhsiung Hsien) 
in 1961. The initial method of cultivation was by inserting 
branches of the seaweed into ropes and growing them in 
shallow coastal water. Later, in the same year (6), another 
experiment was done at Si-Kun-Shen (Tainan Hsien) grow- 
ing the seaweeds by scattering them on the bottom of shal- 
low, brackish water ponds in which milkfish, Chanos 
chanos Forskal, were cultivated. Subsequent experiments 
proved that the latter method of cultivation was better 
than the former one. 

In 1970s, with the assistance from the Joint Commis- 
sion on Rural Reconstruction, the methods of cultivation 
were improved greatly. Therefore, during this period both 
the cultural area and the production of the seaweed had 
increased. According to the Taiwan Fisheries Year Book, 
the total culture area in 1972 was about 111 ha and had 
increased to more than 240 ha in 1980. The Anping area 
(Tainan City) (Fig. 3) alone reached about 200 ha and the 
annual production increased from about 3,200 tons of fresh 
seaweed in 1972 to about 9,600 tons in 1980. In the mid 
1980s, the area of cultivation decreased significantly to 
less than 200 ha due to the fact that many Gracilaria 
ponds were utilized to cultivate grass shrimps, Penaeus 
monodon Fabricius. But from 1988, prevalent shrimp dis- 
eases caused many former Gracilaria ponds to return to 
growing seaweed again. At the same time, the number of 
small abalone farms has increased greatly, and the in- 
crease in the numbers of abalone farms has brought about 
a great demand for fresh Gracilaria material. Thus, having 
been stimulated by the increasing demands for fresh sea- 
weed, the number of Gracilaria ponds was also increased. 
Now the total area of cultivation is about 350 ha and it 
produced about 9,310 tons of fresh seaweed in 1989. 
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Figure 3. Map of Taiwan showing principal areas of seaweed cul- 
tivation. 1, Chanhua Hsien; 2, Anping, Tainan City; 3, Pington 
Hsien; 4, Penghu; 5, Kinmen. 1-3, Gracilaria cultivation. 4, Por- 
phyra dentata; 5, P. haitanensis. 


All Gracilaria ponds are located on the west coast of 
Taiwan, covering the coastal area from Chan-hua to Ping- 
ton Hsien (counties) (Fig. 3), mainly in the Anping area 
(Tainan City) which occupies about 250 ha. The farming 
method employed is a polyculture system. That is, plants 
of Gracilaria are scattered randomly on the bottom of 
ponds in which milkfish, Chanos chanos are cultivated. 
Sometimes, grass shrimps, Penaeus monodon and crabs, 
Scylla serrata Forskal are also cultivated together to in- 
crease the income of the pond. Presently almost all sea- 
weed produced is used for feeding small abalone culture. 
Only a small portion of the seaweed which is harvested 
from late autumn to winter goes to the agar industry. 
Sketches of the commercial cultivation of Gracilaria are 
presented as follows: 


The Pond 


These were formerly used in cultivation of milkfish or 
grass shrimp. The best sites for Gracilaria cultivation are 
those where no strong wind prevails and where both sea 
and fresh water can be obtained easily. A place with suf- 
ficient tidal difference to facilitate exchange of water is 
preferable to ones with little tidal difference. Most of the 
ponds are rectangular and are quite different in size. 
Smaller ponds are preferable to larger ones, because the 
former are easier to manage when shrimps and/or crabs 
are additionally cultivated. Each pond has an inlet and an 
outlet to facilitate the exchange of water. 

Ponds are generally about 50 to 80 cm deep with a flat 
bottom of clay loam, sand silt loam, sandy loam or loamy 
sand (7). Seaweed growing in the pond with a sandy bottom 
can be buried in the sand during windy days. Therefore, 
the size of the pond should be smaller and the water should 
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be deeper to minimize the effects of wind. Since seaweed 
in larger ponds (larger than one hectare) generally pile up 
at one corner of the pond by the wind, installation of one 
or two rows of wind breaks made of bamboo pieces perpen- 
dicular to the direction of the wind in the center of the pond 
is needed to minimize the damage which might be caused 
by the wind. 


Seeding 


At present Gracilaria tenuistipitata var. liui (Fig. 1) is the 
species most extensively cultivated. 

The procedures of cultivation are as follows: (1) Drying 
the pond in the sun for several days. At the same time the 
bottom of the pond is flattened. These tasks are usually 
finished during early spring. Once the cultivation is 
started and goes well, the seaweed can be grown continu- 
ously in the same pond for many years without drying the 
pond again. (2) Introduction of water. Depending on the 
season, about 30 to 60 cm deep of water is introduced. 
(3) Seeding. It is usually done from March to May. Cultured 
strains are used as planting stock. Depending on the fer- 
tility of the ponds, about 5,000 to 12,000 kg/ha of fresh 
material are added by tearing them randomly into pieces 
and scattered evenly into the pond. (4) Introduction of 
milkfish to control epiphytes. Generally about 1,000 fish 
(about 15 cm long) per hectare are introduced before the 
appearance of epiphytes. 


Pond Management 


The depth of the pond water (the distance between the top 
of the seaweed and the water surface) is usually kept at 30 
to 40 cm. But during the summer time, the water level is 
elevated to 50 to 60 cm high to prevent damage from rise 
in water temperature. While in the winter, the water level 
is lowered about 20 to 30 cm to receive more sunlight and 
to raise water temperature for the seaweed. 

Frequent change of water is needed to keep a proper 
range of salinity and to provide nutrients for the growth of 
the seaweed. One change of water every two or three days 
is the usual practice. Only one half to two-thirds of the 
water is changed. The optimum salinity of the pond water 
is about 15 to 25 ppt (7). In some extreme cases the salinity 
can be as low as 4 ppt during the rainy season or as high 
as 50 ppt in the winter. Under such extreme conditions, 
even though they may not cause death of the seaweed in 
one or two days, the pond water should be changed more 
often. 

To accelerate the growth of the seaweed, about 3 kg/ha 
of urea or 120 to 180 kg/ha of fermented manure of pigs or 
chickens are applied every two or three days at the time 
of the introduction of new water. The amount of fertilizer 
application are based on the color of the thalli of Graci- 
laria. If they are yellowish brown, it means they need fer- 
tilizer. When they are dark reddish-brown, it means the 
seaweed are healthy (8). 

The main pests of Gracilaria are species of Enteromor- 
Pha, Chaetomorpha, and Ectocarpus, with the former two 
being the most harmful and most difficult to control. At 
present, control of epiphytes with milkfish seems quite sat- 
isfactory. However, milkfish may also eat Gracilaria after 


the epiphytes are gone. When this is the case, the larger 
fish are removed and smaller ones are introduced again. 
During winter because of lower grazing power of the fish, 
epiphytes, especially plants of the species Ectocarpus, may 
prevail. Fortunately plants of Ectocarpus are small and 
their influence on the seaweed is relatively small. Besides 
epiphytes, Tilapia mossambica Peters may become a pest 
of Gracilaria. Tilapia are widely distributed in southern 
Taiwan and get into Gracilaria ponds very easily during 
the changing of water. Because of their rapid propagation, 
the population of Tilapia usually becomes very large in a 
short time and causes great damage to seaweed because of 
their strong grazing ability and their digging holes into the 
bottom of the pond. Therefore, efforts should be made to 
catch as many Tilapia every two or three days to keep their 
population down. 

Depending on the season, the quantity of seaweeds 
seeded, and the fertility of the pond, seaweeds are har- 
vested once every 16 to 20 days during summer, or 35-45 
days during the winter. In general, (in fertile ponds) about 
one third to one half of the seaweed is harvested each time. 
Harvesting is done with a scoop net which collects the sea- 
weed in rows and washes them with pond water. The 
cleaned seaweed is brought to the bank of the pond with a 
raft and is put into nylon bags. Each bag contains about 
60 kg of fresh seaweed. They are shipped to abalone farms 
in trucks. If the seaweed is going to agar factories, it is 
sun-dried on bamboo screens or plastic sheets. About 6 kg 
of fresh plants yield 1 kg of dry seaweed. After harvesting, 
the plants remaining in the pond are torn into pieces and 
are seeded again. Generally about 16,000 to 50,000 kg/yr/ 
ha of fresh Gracilaria are produced. 

In conclusion, the cultivation of Gracilaria in Taiwan is 
quite successful with vegetative propagation in brackish- 
water ponds with milkfish. It seems that the present tech- 
nique is adequate and the production is profitable to the 
fisherman. Previously the seaweed produced was used as 
raw material for the domestic agar industry and produc- 
tion was quite stable. But since 1988, the increased de- 
mand for fresh seaweed for the small abalone, Haliotis div- 
ersiolor mariculture has changed the situation greatly. 
Now almost all of the seaweed produced is used for abalone 
cultivation, and the Gracilaria needed for agar production 
has to be imported. 


AQUACULTURE OF PORPHYRA 


Plants of the genus Porphyra are known as “Tsu-tsai” in 
China, “nori” in Japan and “purple larve” in the west. They 
are highly appreciated as food by many oriental (Asian) 
people, and are cultivated on a large scale in China main- 
land, Japan, and Korea (9). 

Every year Taiwan has to import a large amount of 
“Tsu-tsai” for human consumption. In 1980 about USD 2.0 
million dollars worth of “Tsu-tsai” was imported, but this 
increased to about USD 3.0 million in 1987. 

Cultivation of Porphyra started in 1970, in the Penghu 
Islands (Fig. 3). Due to a lack of basic studies on the biology 
of the cultivated species, during the first several years the 
whole process and method of the cultivation took place 


through much trial and error. Later on, (the biology of) 
some local species of Porphyra, such as P. angusta Ueda 
and P. dentata Kjellman, were studied both in the labora- 
tory and in the field. Based on the results of these studies, 
the methods of cultivation were improved and gave very 
good result. Encouraged by the successful cultivation in 
Penghu (Islands), the cultivation of this red alga was tried 
in Kinmen (Fig. 3) in 1978 with a local species, P. haita- 
nensis. The prospect of developing the Porphyra industry 
in this country appears to be very promising. Now P. den- 
tata and P. haitanensis are the main species cultivated in 
Penghu and Kinmen, respectively. 


CULTIVATION OF CONCHOCELIS 


Cultivation of Porphyra begins with the culture of filamen- 
tous sporophytic phase, or Conchocelis. The culture of Con- 
chocelis begins at the end of February to the middle of 
March depending on the water temperature. During this 
time the water temperature (17-22°C) becomes suitable 
for the germination of carpospores and the growth of the 
conchocelis plants. The flat upper parts of oyster shells are 
used as substrate for the carpospores. 

The attachment of carpospores to the shells is initiated 
by sprinkling carpospore suspension over the shells placed 
side by side on the bottom of small shallow tanks which 
are 40 x 61 X 15 cm in size, containing seawater about 
10 cm deep. The suspension of carpospores is prepared by 
filtering the suspension of pulverized mature plants of Por- 
phyra crushed in a grinder. After the completion of seeding 
carpospores on shells, the tank is placed on a woody shelf 
under 1000 to 1500 lux light intensity for one week to allow 
the carpospores to germinate on the shells. The water then 
is changed. The carpospores germinate into conchocelis 
plants and burrow into the pearl layer. The conchocelis are 
cultured in the tank until the end of October for seeding 
conchospoes on the net. During the cultivation of concho- 
celis, the water in the shell-tank should be changed once 
every two to three weeks, and the shells should be cleaned 
with a brush every one to two months depending on the 
growth of epiphytes on the shells. Once the conchocelis 
grow into the shell, the growing conditions of the concho- 
celis and epiphytes can be controlled by changing light in- 
tensity. During summer, special attention should also be 
paid to the temperature of the nursery room to avoid undue 
rise in temperature of the tank water to affect on the 
growth of the conchocelis. If the room temperature rises to 
higher than 30°C, seawater is used to lower the tempera- 
ture by spraying it on the floor, at the same time, the light 
intensity of the room is lowered to about 400 lux or less. 

Another method of growing conchocelis is seeding the 
conchocelis fragments on shells. Seeding conchocelis frag- 
ments on the shells starts during the middle of May 
through the middle of June, by grinding several concho- 
celis colonies which are growing in a flask and kept in 
the laboratory. The colonies are cut in a sterile grinder with 
500-mL filtered seawater for about 30 seconds. Then 
conchocelis-fragments solution is diluted with about 30 
times of filtered seawater and spread thinly on the shells 
to allow the conchocelis to grow into it. 
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Seeding Conchospores on Nets and Cultivation 
of Leafy Porphyra 


Conditions for conchospore formation and liberation of 
these Porphyra species are still not well understood. 
Therefore, seeding conchospores on cultivation nets is still 
(at the mercy of nature) and the annual production fluc- 
tuates greatly. It usually starts in the middle of October at 
Penghu, or from the end of October through early Novem- 
ber at Kinmen. 

The attachment of conchospores on the net is accom- 
plished by putting the mature conchocelis-bearing shells 
into troughs of bamboo which form the frames of the net 
rafts, or into plastic bags opened at top which are attached 
beneath the net. About 75 to 100 shells are needed for each 
net. At Penghu, the floating raft type (9) is employed in the 
cultivation of leafy plants. The net rafts are floated with 
anchor ropes fixed in the middle part of the intertidal zone. 
The net rafts are made of bamboo. They are rectangular in 
shape, about 2.0 x 9.0 m in size and with six bamboo legs 
of about one meter long. The cultivation nets are made of 
synthetic strings. They are rectangular in shape and mea- 
sures 1.5 X 8.0 m (Penghu) or 2 x 20 m (Kinmen) in size. 
In general, used old nets are preferable to new ones, be- 
cause the surface of new strings are too slippery for the 
conchospores to attach. Two nets which are stacked one 
upon another are fastened on a net raft. 

About 40 days after seeding, the seedings of Porphyra 
plants may reach 15 to 30 cm long and can be harvested. 
They are cultivated until March of the next year and can 
then be harvested 3 or 4 times, producing about 18 to 30 
kg of fresh seaweed per raft (2 nets). 

In Taiwan, fishermen usually cultivate Porphyra as prof- 
itable side job during winter when they cannot go out fish- 
ing. Since Mainland China produces large quantity of very 
cheap dried “Tsu-tsai” the fishermen in Taiwan are grad- 
ually losing their interest to cultivate Porphyra and the 
area of cultivation in Taiwan is decreasing. 
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SENSORS AND FOOD 
PROCESSING OPERATIONS 


Sensors link the real world with the electronic and com- 
puter world. The effectiveness of a process monitoring and 
control system is greatly dependent on the accuracy, re- 
peatability and the rate of response of the various sensors 
employed to provide the input parameters (eg, values of 
temperature, moisture, composition, flow, pH, ete.). Un- 
availability of the right sensors (1) is one reason why the 
U.S. food industry has not benefitted as much from 
computer-based monitoring and control systems that have 
dramatically improved efficiency, energy savings and labor 
savings in most other manufacturing sectors (2-4). Auto- 
mated process monitoring and control can also help to meet 
some of the unique process quality control requirements of 
the food industry such as the rigid standards of identity 
and regulatory requirements of the United States Food 
and Drug Administration. Need for automation is also felt 
as more batch operations in food industry are replaced 
with continuous processing. Development of better sensing 
systems are an integral part of such automation. 

The unique and unsatisfied sensing needs of the food 
industry are often related to measuring composition of ma- 
terials, usually in the solid state. One study (5) in the food 
industry revealed that almost 40% of the needs were for 
moisture sensors, 23% were for fat sensors, 14% were for 
protein sensors, 6% were for solids content sensors, and 
less than 3% were for acidity sensors. The remaining 14% 
were for a number of different sensors. The urgent need 
for the composition sensors had blocked out requests for 
temperature, pressure, flow and level sensors although it 
is known that there are unsatisfied needs in these areas. 
Composition sensing involves high specificity and sensitiv- 
ity in the assay of food ingredients, trace compounds, ad- 
ditives, contaminants, toxins, microbial state, and extent 
of oxidative reactions such as fat rancidity. It is the need 
for sensitivity to very specific chemical, biochemical, or bio- 
logical components that makes each composition sensing 
process in the food industry truly unique and difficult. 

Some of the sensing techniques having limited success 
in rapid composition sensing include spectroscopic, micro- 
wave, ultrasonic, and fiber-optic methods (6). Of these, the 
near infrared spectroscopic technique has been the most 
successful in analyzing food components, but the process 
frequently requires sample preparation and is generally 
off-line and more expensive. Microwave, ultrasonic, and 
fiber-optic sensing techniques are primarily unable to pro- 
vide the high specificity and sensitivity need for numerous 


food components. Off-line laboratory (wet chemistry) pro- 
cedures are available for most measurement needs in the 
food industry. Typically, samples are removed from the pro- 
cess, taken to a laboratory, and answers received minutes 
or hours later, as opposed to providing immediate results 
to allow the utilization of computer controlled processes. 
For example, several techniques exist for moisture mea- 
surement. These include oven-dry, Karl-Fischer, electrical 
conductance, electrical capacitance, radio frequency ab- 
sorption, microwave absorption and infrared absorption. 
Of these, only the microwave absorption method is reason- 
ably rapid and can be used on-line. Off-line techniques sim- 
ilarly exist for measurements of fat, protein, etc, but their 
continuous on-line sensing is limited by the lack of suitable 
sensors. 

Chemical and biological sensors can provide some of the 
needed specificity and sensitivity for rapid sensing of vari- 
ous components in the food industry. They minimize 
chances of ‘mistaken identity’ and produce faster results 
with accuracy comparable to conventional laboratory tech- 
niques. They are generally small, easy to use and can be 
made highly sensitive. For example, some biosensors can 
be made sensitive down to parts-per-billion and parts-per- 
trillion detection level (7). Information on composition sen- 
sors, which is a more immediate necessity in food process- 
ing, is harder to locate (8) compared to sensing techniques 
for physical parameters (eg, temperature, flow). This is due 
to the very specific nature of chemical and biological re- 
actions exploited in these sensors and the resulting limited 
range of use. Also, due to the interdisciplinary nature of 
such sensing processes, the little information that is avail- 
able and has possible relevance to food applications (9,10) 
is scattered over literature sources spanning several sci- 
entific disciplines. This study attempts to identify such 
novel and existing composition sensing techniques from a 
great variety of literature sources, categorize the tech- 
niques, and discuss their potential for rapid monitoring of 
food industry processes. 


‘CHEMICAL SENSORS 


The three main types of chemical sensors—ion selective 
electrodes, chemically sensitive field effect transistors, and 
metal oxide gas sensors—will be discussed. 


lon-Selective Electrodes 


Ion-selective electrodes (ISEs) are electrochemical devices 
(11) whose voltage output, at virtually zero current, is di- 
rectly related to the concentration of some ionic species 
around the electrode. They have been in use since the early 
1930s and are discussed here since they form the basis of 
many advanced chemical and biological sensors. The ISEs 
have a membrane that selectively allows only certain ions 
to pass through. This selective migration of ions from a 
higher to a lower concentration results in an uneven 
charge distribution across the membrane, with a conse- 
quential building up of a potential across the membrane 
in a direction which opposes further movement of the ions, 
and an equilibrium is reached. At equilibrium, the result- 
ing potential would exactly balance the net ionic flow in 


each direction, and no further net flow of charge would 
occur. In a system in which no current can flow, the total 
number of ions required to develop this opposing potential 
is extremely small compared to usual solution concentra- 
tions. This potential difference developed across the mem- 
brane is of the same form as that described for redox elec- 
trodes and may be written as: 


p=m+ FT 
nF 


where E is the observed potential; E° is a constant poten- 
tial which varies with the choice of reference electrodes; R 
is the gas constant; T' is the temperature; n is the integral 
value of the charge on the measured species, A; F is the 
Faraday constant; and A is the thermodynamic activity of 
the measured species. 

The properties and performance of the electrodes de- 
pend on the composition and choice of membrane material. 
The most well-known ISE is the glass electrode used for 
pH measurements (Fig. 1). A typical glass electrode con- 
sists of a glass tube sealed in one end with a very thin glass 
membrane and filled with a reference electrolyte. Electri- 
cal contact with the inner solution is normally made with 
a metal wire coated with Ag/AgCl. The glass electrode is 
immersed in the analyte together with a reference elec- 
trode. Hydrogen ions build up a pH dependent voltage 
across the glass membrane and this voltage is measured 
by connecting the pH electrode and the reference electrode 
to a very high input resistance voltmeter. 

An example of a food application is the measurement of 
the sodium content of foods (12). This study described a 
glass electrode with special composition and having selec- 
tivity and sensitivity for sodium ions. The operation was 
performed in a range where hydrogen ion activity was neg- 
ligible compared to sodium ion activity. Sodium glass- 
membrane electrodes contained 11% Na,O, 18% Al,O3 and 
71% SiO, and could detect sodium ion concentrations as 
low as 0.23 ppm. Varying percentages of these three oxides 
caused a desired selectivity for other monovalent ions such 
as potassium. The electrode was successfully used to find 
sodium in meat samples. Use of this electrode required less 
sample preparation than other analytical methods but was 
still an off-line method for solids since they needed sample 
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Figure 1. Schematic representation of a pH sensing electrode 
with a pH electrode and a reference electrode. Source: Ref. 11. 
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preparation. Other reported ion-selective electrodes in- 
clude measuring sodium and potassium in practically all 
types of foods (13,14) and measuring nitrite content of ani- 
mal feed (15). 

Practical use of ion-selective electrodes in foods have 
not been very successful due to an incomplete understand- 
ing of the underlying principles and due to the poor per- 
formance of some of the older instruments. They are nor- 
mally not suitable for aggressive environments and sample 
preparation is often required with these electrodes. How- 
ever, they are still faster and less expensive than more 
traditional wet chemistry techniques and have potential 
for future on-line use in food and agricultural processing, 
particularly in composition sensing of fluids. 


Chemically Sensitive Field Effect Transistor (CHEMFET) 


Chemical parameters can be measured with semiconduc- 
tor devices. The ion-selective electrodes can be combined 
with a transistor to develop an ion-selective field effect 
transistor (ISFET). The relationship between ISEs and 
ISFETs is shown in Figure 2 (16), in which the conven- 
tional ISE and a reference electrode ‘R’ are first shown con- 
nected to the insulated gate field effect transistor 
2(IGFET) input of a voltmeter (Fig. 2a). An IGFET is com- 
monly called MOSFET (Metal-oxide-semiconductor field 
effect transistor). It has very high input impedance and is 
used in ultra-high-input impedance amplifiers as needed 
in the potentiometric electrode measurement to minimize 
the flow of current. The integration process is achieved by 
attaching the ion-selective membrane ‘M’ directly to the 
gate of the input transistor (Fig. 2b,c). The resulting device 
is called an ion-selective field effect transistor (ISFET). 
The ISFET (or CHEMFET) chip is completely insulated 
except for the gate whose surface complexation with the 
specific electrolyte in solution determines the ionic selec- 
tivity of the chip. 

Food application of CHEMFETs include on-line mea- 
surement of pH. Due to the chemical selectivity of the ion- 
selective membrane, these sensors can potentially be made 
to respond to other food components (liquid and gaseous) 
and therefore measure their concentration on-line. Com- 
pared to ion-selective electrodes, CHEMFETs offer several 
advantages including flexibility due to small size, a fast 
response, and the requirement of less complex labor- 
intensive calibration and preconditioning procedures (18). 
At present, they are used as research tools in physiology 
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Figure 2. Evolution of ISFET (ion-selective field effect transistor, 
(c) and (d)) from ISE (ion-selective electrode) and IGFET (insu- 
lated gate field effect transistor) in (a) and (b). Source: Ref. 17. 
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and medicine, surface adsorption studies, gas detection, 
and the study of stochastic processes at various interfaces. 
The compatibility of the ion-selective membranes and 
semiconductor materials used in the construction of 
CHEMFETs is the major practical problem standing in the 
way of wide usage of these devices. By deliberate choice 
both the electrochemical element (the membrane) and the 
electronic preamplifier (FET chip) are exposed to a very 
hostile environment, the electrolyte solution. In such a 
situation, the requirements that are placed on the encap- 
sulation materials are much more stringent than those re- 
quired for ISEs. Once the encapsulation and membrane 
attachment problems are solved, design of sensor packages 
that will include data acquisition as well as data- 
processing elements will be feasible (16). 

Using an operational amplifier, Perez-Olmos (19) im- 
proved the sensitivity of ISE for measuring potassium and 
calcium in wines. Knee and Srivastava (20) adapted an 
ISE to measure calcium in apple fruit tissue; calcium is a 
critical mineral affecting postharvest handling and quality. 
A fully automated battery-operated computerized field- 
based ISE method for monitoring fluoride in water was 
reported by Bond et al. (21). 


Metal Oxide Gas Sensors 


The most widely used sensors for combustible gases today 
are based on semiconducting metal oxides. Semiconduct- 
ing gas sensors are usually based on the surface properties 
of the oxides of tin or zinc (SnOz or ZnO). It is generally 
agreed that the surface conductivity of semiconductors can 
be markedly changed by the adsorption and subsequent 
reaction of gases with already-adsorbed atmospheric oxy- 
gen. This implies that for an n-type material (where elec- 
trical conduction is associated with electrons, as opposed 
to holes) such as SnO, or ZnO, the concentration of elec- 
trons available for conduction can be changed by either 
oxidation or reduction processes. At elevated tempera- 
tures, atmospheric oxygen is adsorbed and it accepts elec- 
trons to become OF, O~, or O?~. If a reducing gas is then 
also adsorbed, it may either simply donate electrons and 
become a positively charged species; or it may react with 
oxygen, thus releasing bound electrons. In either case, 
electrons become available for conduction and the resis- 
tance of the surface layers decreases drastically. For an 
oxidizing gas, the converse mechanisms will operate and 
the resistance will rise. This conductivity versus gas con- 
centration response is exploited in the metal oxide gas sen- 
sors, 

An example of a possible food industry use of a gas sen- 
sor can be seen in the work of Mandenius and Mattiasson 
(22) for the on-line monitoring of ethanol during fermen- 
tation processes. A sensor (Fig. 3) similar to the one used 
by them is described by Watson (23). The sensor consisted 
of a small tubular ceramic former having an interdigitated 
metallization pattern on the outer surface, upon which was 
deposited the active materials, which was largely tin oxide 
plus catalytic dopants, notably palladium. A heater fila- 
ment was put inside the tube, while the gold alloy sensor 
leads were bonded to annuli on the outer surface at the 
ends. These annuli were in fact part of the interdigitated 
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Figure 3, Configuration of a semiconductor gas sensor. Source: 
Refs. 23 and 24. 


metallization deposited on the outer surface coated with 
the sintered, but porous, tin oxide mix. In the work of Man- 
denius and Mattiasson (22), ethanol, which is a reducing 
gas, was allowed to flow over the tin oxide coated surface 
of the sensor. The gas was absorbed onto the sensor surface 
and produced a marked decrease in the surface electrical 
resistance. By using a continuous dilution of the gas flow 
streams, the lower limit of detection of ethanol was ex- 
tended by their work to operate within the concentration 
ranges of importance in biotechnological processes. A cat- 
alytic gas sensor device combined with a carrier gas flow 
control was recently developed into an integrated ethanol- 
sensing system (25). This permitted online monitoring of 
ethanol during the fermentation operation in a brewery. 
Gas detectors can be potentially made sensitive to other 
gases or volatiles present in biotechnological processes (for 
example, butanol, formate, acetate, and formaldehyde). 
For example, using metal oxide semiconductor gas sensors, 
it was possible to analyze wine vapors (26) or coffee aroma 
(27). 

‘The advantages of this form of sensor include small size, 
convenient operation from low voltage power supplies, 
very high sensitivity in most applications and the need for 
only simple associated electronics. The disadvantages in- 
clude a continuous power drain for sensor heating, sensi- 
tivity to ambient temperature and humidity and the pres- 
ence of long-term drift. The first generation of gas sensors 
has suffered from poor selectivity, but many improvements 
are taking place, and the above example illustrates their 
potential on-line uses for food and agricultural processing. 


BIOSENSORS 


A biosensor comprises a biologically sensitive material im- 
mobilized in intimate contact with a suitable transducing 
system which converts the biochemical signal into a quan- 
tifiable and processible electrical signal (28,29). The bio- 
logically sensitive material is typically an enzyme, mul- 
tienzyme system, antibody, membrane component, 
organelle, bacterial or other cell, or whole slices of mam- 
malian or plant tissues. To produce an electrical signal, the 
biological interacting system is placed in close proximity 
toa suitable transducer (Fig. 4). When biological molecules 
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sulation materials are much more stringent than those re- 
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based ISE method for monitoring fluoride in water was 
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are based on semiconducting metal oxides. Semiconduct- 
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of the oxides of tin or zinc (SnOz or ZnO). It is generally 
agreed that the surface conductivity of semiconductors can 
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reaction of gases with already-adsorbed atmospheric oxy- 
gen. This implies that for an n-type material (where elec- 
trical conduction is associated with electrons, as opposed 
to holes) such as SnO, or ZnO, the concentration of elec- 
trons available for conduction can be changed by either 
oxidation or reduction processes. At elevated tempera- 
tures, atmospheric oxygen is adsorbed and it accepts elec- 
trons to become OF, O~, or O?~. If a reducing gas is then 
also adsorbed, it may either simply donate electrons and 
become a positively charged species; or it may react with 
oxygen, thus releasing bound electrons. In either case, 
electrons become available for conduction and the resis- 
tance of the surface layers decreases drastically. For an 
oxidizing gas, the converse mechanisms will operate and 
the resistance will rise. This conductivity versus gas con- 
centration response is exploited in the metal oxide gas sen- 
sors, 

An example of a possible food industry use of a gas sen- 
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metallization deposited on the outer surface coated with 
the sintered, but porous, tin oxide mix. In the work of Man- 
denius and Mattiasson (22), ethanol, which is a reducing 
gas, was allowed to flow over the tin oxide coated surface 
of the sensor. The gas was absorbed onto the sensor surface 
and produced a marked decrease in the surface electrical 
resistance. By using a continuous dilution of the gas flow 
streams, the lower limit of detection of ethanol was ex- 
tended by their work to operate within the concentration 
ranges of importance in biotechnological processes. A cat- 
alytic gas sensor device combined with a carrier gas flow 
control was recently developed into an integrated ethanol- 
sensing system (25). This permitted online monitoring of 
ethanol during the fermentation operation in a brewery. 
Gas detectors can be potentially made sensitive to other 
gases or volatiles present in biotechnological processes (for 
example, butanol, formate, acetate, and formaldehyde). 
For example, using metal oxide semiconductor gas sensors, 
it was possible to analyze wine vapors (26) or coffee aroma 
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‘The advantages of this form of sensor include small size, 
convenient operation from low voltage power supplies, 
very high sensitivity in most applications and the need for 
only simple associated electronics. The disadvantages in- 
clude a continuous power drain for sensor heating, sensi- 
tivity to ambient temperature and humidity and the pres- 
ence of long-term drift. The first generation of gas sensors 
has suffered from poor selectivity, but many improvements 
are taking place, and the above example illustrates their 
potential on-line uses for food and agricultural processing. 


BIOSENSORS 


A biosensor comprises a biologically sensitive material im- 
mobilized in intimate contact with a suitable transducing 
system which converts the biochemical signal into a quan- 
tifiable and processible electrical signal (28,29). The bio- 
logically sensitive material is typically an enzyme, mul- 
tienzyme system, antibody, membrane component, 
organelle, bacterial or other cell, or whole slices of mam- 
malian or plant tissues. To produce an electrical signal, the 
biological interacting system is placed in close proximity 
toa suitable transducer (Fig. 4). When biological molecules 
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Figure 4, A generalized biosensor configuration. The biologically 
sensitive coating comprising an antibody, receptor protein or bio- 
catalyst, such as an enzyme, organelle, whole cell or tissue slice, 
generates a physico-chemical change in response to the analyte 
which is converted into an electrical signal by the transducer, am- 
plified and subsequently processed and outputted. Source: Ref. 3. 


interact specifically and reversibly, a change takes place in 
one or more physico-chemical parameters associated with 
the interaction, such as a change in proton concentration, 
release or uptake of gases (O2, CO2, NHs), specific ions 
(NHj, monovalent cations, anions), heat, optical density, 
non-specific ions or electron transfer which if generated in 
close proximity to a suitable transducer, may be converted 
into an electrical signal. Specific interactions with the bio- 
logical material can be exploited in the biosensors for sens- 
ing specific food ingredients as well as trace compounds, 
additives or contaminants, toxins, and marker chemicals 
indicating the microbial state of the food (28,31,32). 

Intimate contact between the biosystem and the trans- 
ducer is quite important. This is achieved by immobiliza- 
tion of the biological material (biocatalyst) at the device 
surface, generally by one of several methods. First, by 
chemically cross-linking the biocatalyst with an inert, gen- 
erally proteinaceous, material with a bifunctional reagent 
to form intermolecular bonds between the catalyst and the 
inert protein. An alternative and commonly employed pro- 
cedure, physically restrains the biocatalyst at the trans- 
ducer surface by entrapment in polymer matrices such as 
polyacrylamide or agarose, or by retention with a polymer 
membrane comprising cellophane, cellulose acetate/ 
nitrate, poly(vinyl alcohol) or polyurethane. Finally, a pre- 
ferred procedure in some cases is to covalently attach the 
biologically sensitive system directly to the surface of the 
transducer and thereby achieve intimate contact without 
incurring the diffusional limitations, sometimes observed 
with membrane or matrix entrapped systems (30). 

The transducer is an electrical device which responds 
to the products of the biocatalytic process and outputs the 
response in a form which can subsequently be electrically 
amplified and displayed. The design of the transducer 
should accommodate the following features: it must be 
highly specific for the analyte of interest and respond in an 
appropriate concentration range; it should have a moder- 
ately fast response time, typically 1-60 s; it must be ame- 
nable to miniaturization and should ideally compensate 
internally for adverse environmental effects such as tem- 
perature dependency, drift, etc. 
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Three major types of biosensors currently available are 
biosensors based on either potentiometric or amperometric 
transducers (33,34) and those combined with optical fibers 
(35). 

Potentiometric Biosensors 

Potentiometric devices operate under equilibrium condi- 
tions and measure the accumulation of charge at the elec- 
trode surface brought about by some selective process. The 
best known potentiometric biosensor is based on the ion- 
selective electrode (ISE) discussed earlier, where an im- 
mobilized enzyme is coated over the electrode, making it a 
potentiometric enzyme electrode. The specificity and sen- 
sitivity of various enzymes in catalyzing different reactions 
are exploited here and the substrates or products are mea- 
sured as they are produced or consumed at the electrode 
surface. The glass pH electrode was the first ISE to be used 
with enzymatic reactions that proceed with the consump- 
tion or production of hydrogen ions, although other elec- 
trodes have subsequently been utilized. For example, the 
enzyme urease catalyzes the hydrolysis of urea and may 
be exploited in the determination of urea by immobiliza- 
tion around a pH, NH}, HCO; or NHg-gas electrode (30). 

The integration of an ion-selective membrane with a 
solid state FET results in the ion-selective field effect tran- 
sistor (ISFET) as described under Chemical Sensors, It is 
possible to immobilize enzymes directly over the gate of an 
ISFET. The resulting device would be called an enzymat- 
ically sensitive field effect transistor (ENFET). A major ad- 
vantage of the ENFET over an equivalent enzyme elec- 
trode is its small size. Other advantages of ENFETs are 
similar to those of ISFETs described earlier. Caras et al. 
(36-38) reported ENFETs sensitive to glucose and penicil- 
lin. In their glucose ENFET (Fig. 5), they had immobilized 
glucose oxidase enzyme by covalently linking it to an open, 
polyacrylamide gel matrix and placing it on the gate of a 
pH-sensitive transistor. The figure shows two pH-sensitive 
ISFETs on a chip which are identical except one of them 
has the glucose oxidase enzyme added to its gel while the 
other does not have any enzyme added. The two ISFETs 


Figure 5. Schematic diagram of the ENFET chip sensitive to glu- 
cose. One of the gels has glucose oxidase enzyme for glucose sens- 
ing. D and S are transistor drain and source, respectively. Vg is 
the applied gate voltage and I is the drain-to-source current. 
Source: Ref. 38. 
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were put side-by-side so that the non-specific variations in 
the transistor outputs which were caused by variations in 
the ambient temperature, pH, and common noise could be 
eliminated by differential measurement. Such devices are 
under development and have future potential for on-line 
monitoring of glucose and other components in various 
food processes (39). 


Amperometric Biosensors 


Amperometric electrodes measure the flux of electroactive 
species. An example of an amperometric biosensor for food 
applications is a microbial sensor for detection of fish fresh- 
ness (40). During storage of fish, larger molecular weight 
compounds such as proteins and glycogen are gradually 
degraded into smaller molecular weight compounds, which 
can be utilized more readily by microorganisms. The sen- 
sor (Fig. 6) was prepared by immobilizing spoilage causing 
bacteria, A. putrefaciens, on a membrane filter. The filter 
was fixed at the tip of an oxygen electrode and covered with 
a cellulose acetate membrane. The extent of the assimila- 
tion of organic substances (resulting from deterioration of 
fish during storage) by these immobilized microorganisms 
can be determined from the respiratory activity of the mi- 
croorganisms by directly measuring the consumption of ox- 
ygen in the oxygen electrode. When extract from a stored 
fish was allowed to flow over the membranes, oxygen con- 
sumption due to the increased respiratory activity of the 
microorganisms caused a decrease in dissolved oxygen 
around the microbial membrane and consequently brought 
amarked decrease in the output current of the oxygen elec- 
trode. The current decrease between the initial and the 
minimum current was used as the measure of fish fresh- 
ness. The output of the sensor, like many other sensors, 
is influenced by the number of immobilized living cells, pH, 
temperature, etc. The fish freshness sensor is one of the 
few biosensors developed for specific applications to the 
food industry. A xanthine oxidase-immobilized and carbon- 
based screen-printed electrode was recently developed for 
determining fish freshness (41). Amperometric measure- 
ments of uric acid and hypoxanthine in fish muscle exu- 
dates were effective in calculating K value, the index of fish 
freshness based on the levels of uric acid and hypoxan- 
thine. 
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Figure 6. Schematic diagram of a microbial sensor (an ampero- 
metric enzyme electrode) system for fish freshness determination. 
Source: Ref. 40. 


Another example of an amperometric enzyme electrode 
is a sensor for rapid in-line determination of lactose and 
other milk components (42). The sensor was prepared by 
immobilizing glucose oxidase and f-galactosidase on a ny- 
lon membrane and placing it on the platinum electrode 
surface. A cellulose acetate membrane was placed between. 
the electrode surface and immobilized enzyme to eliminate 
electroactive compounds such as ascorbic acid. The layer 
of immobilized enzymes were covered with a cellulose ac- 
etate dialysis membrane in order to prevent microbial at- 
tack and leaching of the enzymes. The platinum electrode 
surface can measure hydrogen peroxide concentration am- 
perometrically. Lactose from milk entered through the cel- 
lulose acetate dialysis membrane and first changed to glu- 
cose by the action of f-galactosidase. The glucose formed 
reacted with glucose oxidase and formed hydrogen perox- 
ide at the platinum electrode which was reflected by a 
change in current in the electrode. This method of lactose 
determination in milk samples does not require any pre- 
liminary sample treatment, is inexpensive and also very 
simple and quick compared to existing titrimetric meth- 
ods. It is likely to be useful for obtaining rapid analytical 
data on milk in dairy farms and can be used in-line. More 
recent applications of this technology include the mea- 
surement of aspartame in diet beverages (43), nitrate in 
drinking water (44), glutamate in seasonings (45), and 
malate in grape musts and wines (46). 


Fiber-Optic Biosensors 

Optical fibers are being used for numerous sensing appli- 
cations (35). The fibers are rugged, more resistant to cor- 
rosion than other sensors and immune to electromagnetic 
interference. The transparent fibers of glass are generally 
used to guide a light signal to the point of measurement 
where the light signal changes its parameters in response 
to physical, chemical, and biological changes at the point 
of measurement. This modified light signal transmitted 
back along the fibers is analyzed to derive information 
about the physical, chemical, and biological changes. Com- 
mon fiber-optic-based biochemical sensing techniques in- 
volve the use of enzymes or substrates immobilized on the 
tip of an optical fiber for substrates or enzyme activity 
measurement respectively. Trettank et al. (47) described 
an optical fiber sensor capable of continuously monitoring 
glucose. In this feasibility study, glucose oxidase enzyme 
was physically immobilized in a sensing layer at the end 
of a fiber optic light guide (Fig. 7). The enzyme catalyzed 
the oxidation of glucose to give gluconic acid, which in turn, 
lowered the pH in the microenvironment of the sensor. By 
following the changes in the fluorescence of a pH sensitive 
dye incorporated in the sensing layer, the enzymatic re- 
action could be monitored. The optical isolation layer pre- 
vented ambient light or intrinsic sample fluorescence from 
interfering. The pH sensitive dye used was 1-hydroxypyr- 
ene-3,6,8-trisulfonate (HPTS) which had an almost linear 
decrease in bright green fluorescence over the pH 7-6 
range. The food industry, with a need for glucose sensing 
for fermentation monitoring and control, can benefit from 
such developments. A highly specific and sensitive fluoro- 
metric fiber-optic biosensor immobilized with glucose- 
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Figure 7. Cross-section through the sensing layer of the fiber- 
optic glucose sensor. The directions of the exciting light (Exe) and 
fluorescence (Flu) are also shown. Source: Ref. 47. 


fructose-oxidoreductase from Zymomonas mobilis was 
later developed for the dual analysis of glucose and fruc- 
tose (48). 

Another type of fiber-optic-based biological sensor in- 
volves bioluminescence, where light is emitted during 
highly sensitive and specific enzymatic reactions. For ex- 
ample, a bio-luminiscent system (47) for the determination 
of NADH was produced using the bacterial luciferase and 
NAD(P)H:FMN oxidoreductase coimmobilized on a poly- 
amide membrane. The bioluminiscent system was main- 
tained in close contact with one end of a optical-fiber bun- 
dle, The light intensity obtained during reactions was 
analyzed using a photomultiplier tube which is a simpler 
instrumentation as compared to the need for a light source 
and monochromators in many other types of fiber-optic- 
based biosensors, The maximum light intensity correlated 
linearly with the concentration of NADH in this study. 
Such systems are quite new but hold future promises for 
composition sensing. An extremely sensitive dual-enzyme 
fiber-optic biosensor immobilized with glutamate dehydro- 
genase and glutamate—pyruvate transaminase was re- 
ported for measuring glutamate based on reduced NAD 
luminescence (49). A fiber-optic biosensor immobilized 
with xanthine oxidase and peroxidase was subsequently 
reported for assaying the quality of seafood products (50). 
Krug et al. (51) developed a fiber-optic system to measure 
total and free cholesterol. Immobilized cholesterol esterase 
cleaved cholesterol esters, while cholesterol oxidase con- 
verted cholesterol to cholest-4-ene-3-one and hydrogen 
peroxide. Hydrogen peroxide formed a colored complex 
with a dye that was measured by fiber-optic instruments. 

A variety of fiber-optic biosensors have been reported 
capable of detecting bacterial and mold toxins including 
Clostridium botulinum toxin A (52), Staphylococcal en- 
terotoxin B (53), Eschericha coli lipopolysaccharide (54), 
and the mycotoxin fumonisin B1 (55). 

Advantages of biosensors are that they do not require 
highly technically qualified users in order to generate pre- 
cise results, they are inexpensive, they generate results in 
a short period of time thus enabling better control of pro- 
cesses or better information for users, and that they can 
be used in remote locations. Estimates of possible markets 
of biosensors in the 1990s for food and other industrial 
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process monitoring have been put at $59 million. Novel 
biosensors are currently under development at several in- 
stitutions around the world. Although much of this devel- 
opment is geared towards biomedical needs, food process- 
ing can significantly benefit from them due to the similar 
types of measurements involved. Future research related 
to biosensors will focus on immobilization techniques, the 
matching of biosensitive detection substances to analytes, 
proper transducing mechanisms, proper packaging of the 
sensor for use in hostile environments, and the optimiza- 
tion of the sensor response. 


SUMMARY 


The food industry has unique and unsatisfied needs for 
rapid, on-line sensing of process parameters, particularly 
the composition of various food components. Chemical and 
biological sensing techniques have been identified that can 
provide the specificity for a particular reaction and can be 
fast, accurate, inexpensive, and easier-to-use when com- 
pared to standard laboratory tests. The chemical sensors 
explored include semiconductor gas sensor, ion selective 
field effect transistors, and ion selective electrodes. Also 
included are enzyme electrodes, enzyme field effect tran- 
sistors, and fiber-optic biosensors. These future sensing 
techniques have potential for on-line monitoring and con- 
trol of food and agricultural processing operations. 
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SENSORY SCIENCE: PRINCIPLES 
AND APPLICATIONS 


INTRODUCTION 


Over the past fifty years sensory analysis of foods has 
grown from an informal “taste test” performed by bench 
top chemists and product developers to a science compris- 
ing basic tenets, accepted methods, and defined statistical 
analyses. The scientific literature of sensory analysis com- 
prises investigations of sensory processes (the way we re- 
spond to physical stimuli), methodological studies of “taste 
testing” (how to assess reactions to food products in a test 
situation), and statistical experimental design (how to set 
up systematically varied formulations of products). The ac- 
tual physiology and psychophysics of the sensory systems 
involved in sensory analysis (viz, taste, smell, touch, ap- 
pearance) are dealt with elsewhere in this volume. Data 
about the physical characteristics of food belong properly 
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to the domain of food science. Sensory analysis is the nexus 
where these different disciplines join. 


THE THREE AREAS OF SENSORY ANALYSIS 


The easiest approach to sensory analysis for both theory 
and practice divides it into three major subject areas: 


1. Descriptive analysis. The language of food and drink, 
and how we describe our perceptions. 


2. Intensity measurement. Perception of the sensory 
characteristics of foods on a scale, which shows how 
we process physical stimulus magnitudes to gener- 
ate sensory responses, 


3. Hedonic measurement. Our likes/dislikes. 


Each of these three topics has been addressed by nu- 
merous investigations in a large scientific literature 
stretching back centuries, but with much of that literature 
appearing in the ever burgeoning science of the 1950s and 
later (1,2). In the main this article deals with both conven- 
tional and new techniques available to the sensory analyst. 


DESCRIPTIVE ANALYSIS 


At the heart of sensory analysis lies the complex field of 
language or descriptive analysis. While at first blush it 
may seem easy to describe a food, individuals familiar with 
a specific food use many terms to describe the fine nuances. 
Some of these terms are idiosyncratic, but many are stan- 
dard terms easily understood. There is no single descrip- 
tive language of general and universal application, but 
rather attempts to capture on paper and numerically the 
elusive character of different foods (3). 

Since ancient times researchers have tried to create 
standardized lists of terms by which to summarize (and 
classify) sensory perceptions. Researchers using any of 
these lists soon find that the set of terms in any list is 
unbalanced and necessarily incomplete, comprising too 
many unusable terms for the specific product being stud- 
ied, but too few relevant terms to capture the key “note” 
or attributes. Human beings use a stretchable “rubber bag” 
of terms to describe each product. The number of terms 
grows or shrinks to fit the specific product, but the list for 
any product may be sure to contain terms that would never 
be found in a general list. 

People process a constant amount of “information” 
when they describe products. When forced to describe a 
wide range of qualitatively different products during a sin- 
gle test panelists overlook or jettison the nuances and focus 
on the more general terms that differentiate this broad 
array of qualitatively different stimuli. For products which 
vary only slightly from each other (eg, different samples of 
strawberry aroma) panelists employ the more rarely used 
terms, focusing on the minor differences and highlighting 
them with these terms. 
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Fixed Descriptor Systems Versus User Developed Systems 
For Flavor 


Tables 1-3 shows lists of descriptors for smell (4). With a 
rating scale the panelist rates each odor or flavor on a lim- 
ited set of characteristics. The investigator may compare 
two or more samples across the profile of the descriptors 
to determine their similarity (or difference). Academic re- 
searchers, mainly, use the ready-made lists, often to profile 
the sensory characteristics of pure odorous stimuli (so- 
called “model systems.) Table 4 shows some of the profiles 
obtained by this method. 

Applied researchers interested in specific foods and 
their nuances prefer to develop their own lists customized 
to each product in order to capture the appropriate char- 
acteristics. A general list of descriptors selected to apply 
(potentially) to all flavors would not contain many of these 
unique terms. In order to develop a list comprising these 
“relevant” terms researchers follow a protocol designed to 
elicit many candidate terms, and then cull the list to select 
specific terms which truly apply to the specific product. 
One protocol comprises the three steps laid out below: 


Initial List Development. Panelists assess the products, 
and either individually record all the terms that they feel 
would apply, or in a group discuss the product (in which 
case the terms would emerge from the discussion). By re- 
quiring panelists to list the terms in isolation (without in- 
teracting with other panelists) the researcher need not 
worry about the panelist being influenced by opinions of 
others. In contrast, by eliciting the terms in a “focus group” 
(eg, 4-12 panelists participating in a structured discus- 
sion) the researcher may discover that the panelists are 
“sparked” to search for other terms. The interaction among 
the panelists inspires an extra measure of creativity from 
which emerge new terms that would ordinarily not come 
to the fore. 


Culling the List to the Final Set. Once the full set of pos- 
sible terms is collected, panelists or the researcher cull the 
list to select those descriptors that are meaningful (rather 
than being idiosyncratic to one panelist). The final list is 
often developed by polling the panelists separately to see 
which terms in the reduced list apply, and retaining only 
those terms which receive at least a certain minimum 
number of votes. Panelists may discuss each term in a 
follow-up group, and decide by group consensus whether 
or not each term belongs in the list. 


Scale Development. The final step consists of erecting 
scales for each term as well as selecting reference samples 
to define that term (or at least explicating the term in a 
paragraph). This third step ensures that the panelists com- 
prehend the meaning of the term, and have available a 
reference sample to represent the characteristic. Without 
references or explication, panelists may have different 
ideas about what a descriptor term means. This final step 
ensures that all panelists share the same concept of the 
attribute (6). 

Three systems have been developed commercially using 
the methods described above. Historically, the first one was 


the a.D. Little Inc. “Flavor Profile” (7,8). The Flavor Profile 
method demands intense discussion by panelists of the fla- 
vor aspects of a product, followed by the development of 
standards. Panelists use an easily understood intensity 
scale with defined levels. In addition to assessing the flavor 
notes, panelists also evaluate the blend of the attributes 
and the order in which the attributes appear. The Flavor 
Profile method gained wide acceptance and support from. 
industry because it partially solved the pressing problem 
of measuring “flavor.” Requiring extensive training and be- 
ing fairly expensive, the Flavor Profile technique has gen- 
erally been limited to industry, rather than academia. 

More recently, sensory analysts have had the benefit of 
other methods, such as the QDA technique (Quantitative 
Descriptive Analysis; (9,10)) and Spectrum (11). These two 
systems use better scales, making their data more ame- 
nable to statistical analyses. QDA, Spectrum and the Fla- 
vor Profile all operate according to the same principles, 
however. Furthermore, the consultants at Arthur D. Little 
Inc. have presented a variant of the Flavor Profile tech- 
nique more appropriate for statistical analysis. They call 
the approach PAA (Profile Attribute Analysis), which is an 
offshoot of the Flavor Profile. PAA is developed in the same 
way (viz, by group discussion), but has scale properties ap- 
propriate for a wide range of statistical procedures (8). 

Flavor, in contrast to appearance and texture, has en- 
joyed the primary attention of researchers involved in de- 
veloping descriptive language because there is no imme- 
diate language of flavor. Most flavor words are either too 
general without easy definition (eg, “aromatic,” “harsh”), 
or too specific and refer to an object (eg, “winy” or “goaty”). 
There are no easily understood terms that are general, as 
there are for taste (eg, sweet, salty, sour, bitter) and texture 
(eg, hard, soft, liquid). Descriptive analysis thus provides 
the necessary language to capture the sensory nuances of 
flavor. 


Descriptive Analysis For The Other Senses 


Texture has received attention by researchers, who pat- 
terned their efforts after the efforts expended for flavor. 
Following the development of the Flavor Profile, Szczes- 
niak and her colleagues at the General Foods Corporation 
created the Texture Profile (12). Unlike the Flavor Profile 
which was developed specifically for each food product, the 
Texture Profile comprised a standard set of descriptor 
terms, along with different reference samples to represent 
each scale term. Table 5 shows the relevant scales and 
standard reference stimuli to accompany each scale point. 

The texture profile has been expanded to include cos- 
metics as well (13). Since, however, the textural character- 
istics of cosmetics differ (because we invoke different me- 
chanical forces when we apply cosmetics to the skin) the 
descriptive terms differ. Table 6 shows how the Texture 
Profile has been modified to accommodate a cosmetic prod- 
uct that is applied by rubbing, rather than a food product 
that is chewed and ingested. 


The Contribution Of Statistics—Multivariate Analysis 


Recognizing that there are many descriptors that we can 
use for product evaluation, psychologists and statisticians 


Table 1. Classification Systems for Odorants 
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Croker and Wright and Harper and 
Zwaardemaker Linnaeus Henning Henderson Amoore Schuts Michaela co-workers 
(1895): (1758): (1915): (1927): (1952): (1964): (1964): (1968): 
30 subclasses Tclasses 6classes classes 7classes 9 classes 8 classes 44 classes Misc. add. 
1 Fruity Hexyl-acetate Fruity 
2 Waxy Soapy 
3 Ethereal Ethereal Etherish Etherish, solvent 
4 Camphor Camphor Camphor, mothballs 
5 Clove Aromatic Aromatic 
6 Cinnamon Spicy Spice Spicy 
7 Aniseed Benzo-thiazole 
8 Minty Minty Minty 
9 Thyme 
10 Rosy 
11 Citrus Fruity Citral Citrus 
12 Almond Spicy Almond 
13 Jasmine Flowery Floral Floral 
14 Orange blossom —‘ Fragrant Fragrant Fragrant Fragrant 
16 Lily 
16 Violet 
17 Vanilla Sweet Vanilla, sweet 
18 Amber Animal 
19 Musky Ambrosial Musky Musk 
20 Leek Alliaceous Garlic 
21 Fishy Ammonia Fishy 
22 Bromine 
23 Burnt Burnt Burnt Burnt Affective Burnt 
24 Phenolic Carbolic 
25 Caproic Hircine Caprylic Sweety 
26 Cat-urine 
27 Narcotic Repulsive 
28 Bed-bug 
29 Carrion Nauseous Sickly 
30 Fecal Fecal 
31 Resinous Resinous Resinous; paint 
32 Foul Putrid Sulfurous Unpleasant Putrid sulfurous 
33 Acid Acid 
34 Oily Oily 
35 Raneid Raneid 
36 Metallic Metallic 
37 Meaty 
38 Moldy 
39 Grassy 
40 Bloody 
41 Cooked-vegetable 
42 Sandal 
43 Watery 
44 Urinous 
(Nonolfactory) (Pungent) (Trigeminal) (Pungent and 
5 others) 


Source: Ref. 4. 


have questioned the “independence” of these descriptors. 
Are these descriptive terms truly independent of each 
other? Or, do many of the terms overlap with each other, 
so that the full array of many terms simply reflects differ- 
ent combinations of the same and limited number of “pri- 
maries.” 

Color science provides us with a model showing how the 
many colors of the rainbow can be expressed as combina- 
tions of three distinct primaries, whether these primaries 
be the familiar red, blue, and yellow, or more esoteric com- 


binations of wavelengths whose combination in various 
ways regenerates all colors. 

In the late 1930s statisticians, especially those involved 
with psychological issues, began to recognize that they 
could reduce data from many psychological tests to just a 
few primary dimensions using the statistical procedure of 
factor analysis. According to factor analytical theory, the 
many tests of mental abilities, as an example, all measure 
just a few simple “primary” aspects of intelligence. Each 
test comprises a unique and specifiable combination of 
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Table 2, Examples of Attributes for a Variety 


Table 3. Fragrance Classifications 


Eucalyptus Strawberrylike 
Buttery Stale 

Like burnt paper Corklike 

Cologne Lavender 

Caraway Cat-urinelike 

Orange (fruit) Barklike, birchlike 
Household gas Roselike 

Peanut butter Celery 

Violets Burnt candle 
Tea-leaflike Mushroomlike 

Wet wool, wet dog Pineapple (fruit) 
Chalky Fresh cigarette smoke 
Leatherlike Nutty (walnut, etc) 
Pear (fruit) Fried fat 

Stale tobacco smoke Wet paperlike 

Raw cucumber-like Coffeelike 

Raw potatolike Peach (fruit) 
Mouselike Laurel leaves 
Pepperlike Scorched milk 
Bananalike Sewer odor 

Burnt rubberlike Sooty 

Geranium leaves Crushed weeds 
Urinelike Rubbery (new rubber) 
Beery (beerlike) Bakery (fresh bread) 
Cedarwoodlike Oak wood, cognaclike 
Coconutlike Grapefruit 

Ropelike Grapejuicelike 
Seminal, spermlike Eggy (fresh eggs) 
Like cleaning fluid (Carbone) Bitter 

Cardboardlike Cadaverous, like dead animal 
Lemon (fruit) Maple (as in syrup) 
Dirty linenlike Seasoning (for meat) 
Kippery (smoked fish) Apple (fruit) 

Caramel Soup 

Sauerkrautlike Grainy (as grain) 
Crushed grass Raisins 

Chocolate Hay 

Molasses Kerosene 


these primaries. Factor analysis uses the correlations (or 
covariances) of the tests with each other to estimate the 
number of these “primaries” and their respective contri- 
butions to each test. The factor analysis approach does not 
name the primaries. Rather it demonstrated the existence 
of the primaries, and shows both the number of these pri- 
maries, and the correlation of each test with each primary. 
It is left up to the ingenuity of the investigator to name the 
statistically uncovered primaries. 

Factor analysis lends itself to analyzing the perception 
of odors, tastes and textures. The panelist profiles the 
stimuli (eg, pure odorants) on a list of characteristics using 
one or another scale. The investigator then processes the 
data, to uncover the underlying “factors” or “attributes.” 
Table 7 shows results for perfumes (14). Table 8 and 9 show 
factor analysis of texture. Table 8 shows results for 79 food 
names each rated on 40 texture attributes (15). Table 9 
shows results for 50 nonfood stimuli, each profiled on 20 
texture attributes (16). 

Beginning in the late 1950s and early 1960s with the 
work of two psychologists, Clyde Coombs at the University 


Class Subclass 
1. Citrus 


2. Green Fresh 


3. Floral Fresh 


4. Aldehydic Fresh 


5. Oriental Spicy 


6. Chypre Fresh 
Floral-animal 
Sweet 
Classic 
Modern 
8. Woody Dry 

Warm 


7. Fougere 


9. Tobacco/leather 
10. Musk 


of Michigan (17) and Roger Shepard at Bell Laboratories 
(18) alternate ways to derive these “fundamental dimen- 
sions” were developed. They developed statistical proce- 
dures known as “proximities analysis.” Rather than in- 
structing panelists to rate the samples on predefined 
scales, panelists rated (or ranked) the perceived “distance” 
or dissimilarity of pairs of stimuli. Either the actual rat- 
ings of “distance” or the rank order of dissimilarity be- 
tween pairs were processed to yield the basic set of dimen- 
sions. The analysis produced a geometrical map in which 
the stimuli could be placed. Distances between pairs of 
stimuli in this geometrical map correspond to subjective 
dissimilarity between the pairs of stimuli. 

Overall multivariate techniques nicely display dissim- 
ilarities between different stimuli. The data plots show 
which stimuli are similar and which are different, as well 
as an idea of the nature of dimensions. As a method for 
uncovering basic sensory dimensions, however the statis- 
tical procedures have not lived up to their promise. They 
have found use primarily as devices for data reduction of 
many attributes to a simple set. 


Descriptor Systems for Sensory Analysis—Their Outlook 


Historically, descriptor systems began as a method to learn 
how the senses work. The Linnean approach (classification 
as a way to understand the physiology of the senses), gave 
way to description as a way to understand products. Today 
we have available many systems, appropriate either when 
we desire a “ready made” descriptor system, or when we 
need to target a descriptor system to a specific product. 

We can best understand the future of descriptive anal- 
ysis from the problems which it helps to solve. 
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Table 4. Examples of Attribute Profiles for a Variety of Odorants 


Experienced panelist Tnexperienced panelist 
(A) Musk xylol (solid)* 
Fragrant 2.6 (13/15) Light 2.3 (12/20) 
Sweet 1.8 (12/15) Fragrant 2.0 (13/20) 
Floral 1.3 (12/15) Sweet 1,9 (11/20) 
Musklike 1.0 6/15) Floral 1.8 (11/20) 
Dry, powdery 0.7 (7/15) Dry, powdery 1.2 (8/20) 
Aromatic 1.0 (7/20) 
(B) Naphthalene (1% in DNP}** 
Like mothballs 4.1 (15/15) Like mothballs 4.3 (20/20) 
Camphorlike 1.7 (9/15) Camphorlike 2.4 (13/20) 
Cool, cooling 0.7 (8/15) Cool, cooling 1.6 (11/20) 
Etherish, anaesthetic 0.6 (8/15) Heavy 1.5 (10/20) 
Aromatic 1.1(11/20) 
Sickly 0.8 (9/20) 
(C) Octanol (0.5% in DNPP* 
Soapy 2.3 (9/15) Soapy 2.4 (12/20) 
Light 1,8 (13/20) 
Cool, cooling 1.6 (11/20) 
Sweet 1.4 (10/20) 
Oily, fatty 1.3 (9/20) 
Sickly 1.9 (11/20) 
Fragrant 1.0 (7/20) 
(D) Phenylacetic Acid (1.5% in DNP)** 
Sickly 1.3 (9/15) Sickly 1.7 (14/20) 
Sharp, pungent, acid 1.1 (10/15) Sweaty 1.7 (13/20) 
Floral 1.1 (7/15) Putrid, foul decayed 1.4 (18/20) 
Sweaty 0.9 (8/15) Heavy 1.4 (10/20) 
Sweet 0.9 (8/15) Sharp, pungent acid 1.4 (9/20) 
Fragrant 0.9 (7/15) Warm 1.8 (10/20) 
Sour, acid, vinegar 0.8 (7/15) Sour, acid, vinegar 1.8 (9/20) 
Animal 1.2 (8/20) 
Sweet 1.1 (9/20) 
Rancid 1.1(9/20) 
Fecal (like dung) 1.0 (8/20) 


(E) Phenylethanol (0.5% in DNP)** 


Floral 2.7 (11/15) Floral 3.1 (17/20) 
Fragrant 2.2 (10/15) Fragrant 3.0 (19/20) 
Sweet 2.0 (13/15) Sweet 2.4 (17/20) 
Light 2.2 (12/20) 
Herbal, green, cut, grass, ete 1.4 (11/20) 
Aromatic 1.3 (12/20) 
Cool, cooling 1.2 (12/20) 
(F) Nitrobenzene (10% in DNP)** 
Almondlike 3.1 (13/15) Almondlike 3.7 (17/20) 
Aromatic 1.2(9/15) Sweet 1.9 (13/20) 
Petro, chemical solvent 0.9 (8/15) Heavy 1.8 (10/20) 
Vanillalike 0.9 (7/15) Oily, fatty 1.6 (11/20) 
Etherish, anaesthetic 0.7 (7/15) Sickly 1.5 (14/20) 
Fragrant 1.5 (12/20) 
Aromatic 1.1 (8/20) 
Like mothballs 1.0 (8/20) 
Source: Ref. 5. 


“First number = mean rating; ratio = number in panel using that term. 
*DNP = dinitrophthalene. 
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Table 5. The General Foods Texture Profile System for 
Foods 


Standardized rating scales for mechanical properties with 
generalized standards (intensity of parameter increases 
downward) 


Hardness Fracturability Chewiness 
Cream cheese Corn muffin Rye bread 
Velveeta cheese Egg Jumbos Frankfurter 
Frankfurters Graham crackers Large gumdrops 
Cheddar cheese Melba toast Well-done round 
Giant stuffed olives Bordeaux cookies steak 
Cocktail peanuts Ginger snaps Nut chews 
Shelled almonds Treacle brittle ‘Tootsie Rolls 
Adhesiveness Viscosity 
Hydrogenated shortening Water 
Cheese Whiz Light cream 
Cream cheese Evaporated milk 
Marshmallow topping Maple syrup 
Peanut butter Chocolate syrup 
Cool’n Creamy 
pudding 
Condensed milk 
Geometrical properties Geometrical properties 
related to particle size related to particle size 
and shape and orientation 
Property Example Property Example 
Powdery Confectioner’s sugar Flaky Flaky pastry 
Chalky Tooth powder Fibrous _ Breast of chicken 
Grainy Cooked Cream of Pulpy Orange sections 
Wheat Cellular Apples, cake 
Gritty Pears Aerated Whipped cream 
Course Cooked oatmeal Puffy Rice pudding 
Lumpy Cottage cheese Crystalline Granulated sugar 
Beady Cooked tapioca 
Source: Ref. 12. 


Quality Control (eg, plant to plant variation, modifications 
of an ingredient or a process by new suppliers or new ma- 
chinery). Descriptive analysis develops a sensory “finger- 
print” of the product, which can then be compared to stan- 
dards on file. Often it is vital that descriptive analysis 
record the sensory characteristics of those products which 
defy description by chemical or physical analysis. It is dif- 
ficult, if not impossible, to assess some products (eg, coffee), 
simply from the tracings of the gas chromatograph, (which 
records several hundred ingredient components in the 
product, each at its own concentration). Sensory analysis, 
using an experienced evaluator (in contrast to instrumen- 
tal analysis) can more efficiently classify the sample as 
“same” or “different” from a “gold” standard reference. To 
the degree that quality assurance becomes increasingly 
important in the food industry we may expect to see in- 
creasing use of descriptive analysis to maintain sensory 
identity. The descriptive analysis report will be of the sort 
generated by the Flavor Profile technique, or the QDA 
technique, ie, designed to capture the sensory nuances of 
the particular product. 


New Product Development. Product developers search- 
ing for new creations use descriptive analysis to help them 
achieve their goal. For instance, in the creation of a new 
cola beverage, descriptive analysis may highlight specific 
flavor notes such as winy, pruny, etc, which differentiate 
one cola from another. Descriptive analysis can point out 
the need for the specific characteristic to be present. De- 
scriptive analysis proves even more valuable when it 
shows the product developer that he has, indeed, incorpo- 
rated the desired note into the product. In a parallel fash- 
ion, descriptive analysis proves useful when it shows that 
the new product possesses an undefined “off-note.” Iden- 
tifying and labeling that note helps the product developer 
to find the cause and remove the offending compound, fla- 
vor or process. 


Relating Sensory Characteristics to Physical Measures, 
Much scientific interest has focused on the relation be- 
tween what we subjectively perceive and the objective 
physical (or chemical) properties of products. Chemists an- 
alyze the aroma of food products into hundreds of constit- 
uents by using gas chromatography and mass spectrome- 
try. A trained panelist sniffing the “effluent” or separated 
chemicals at the exit port of the chromatograph (after the 
components have been separated) can describe what each 
component smells like. This dual analysis, combining ob- 
jective and subjective measures, is often done by analytical 
chemists to characterize aromas. 

Texture researchers correlate well defined physical 
characteristics that they measure instrumentally (eg, force 
applied, deformation obtained) with the sensory attrib- 
utes. The “Instrumental Texture Profile” proposed by 
Bourne (19) as an extension of Szczesniak’s subjective tex- 
ture profile (12), exemplifies this subjective-objective type 
of correlation. Corresponding to each of Szczesniak’s 
terms, Bourne recommends a well-defined instrumental 
measure. Szczesniak also has provided “Instrumental An- 
alogs” of texture perceptions, using the General Foods Tex- 
turometer. 


MEASUREMENT OF PERCEIVED INTENSITY 


Intensity measurement (quantification) comprises the sec- 
ond major thrust of sensory analysis. Quantification takes 
many forms, including determination of threshold (the 
lowest level of a stimulus that one can either detect or rec- 
ognize), assessment of discrimination ability (the smallest 
physical change between two samples that is just notice- 
able), and scaling of suprathreshold intensity (how strong 
does the stimulus seem). 


Is It Possible to Measure Perceived Intensity Validly? 


Scientists agree that they can measure “objective” char- 
acteristics such as temperature and mass using well- 
accepted scientific procedures. It is more problematic for 
sensations. We cannot point to a sensory perception in the 
way that we can point to a physical stimulus. Measure- 
ment of “private sensory experience” does not, intuitively, 
appear to be “public” or open to validation and replication 
in the same way that we understand scientific measure- 
ment to be. 
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Table 6. The Texture Profile System Modified for Use in Skin Care Product Evaluation 
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Stage of evaluation parameters 


Skin care product attributes and definition 


‘Texture profile 


Pick-up: product removed from container, 
product poured or squeezed from bottle onto 
fingertips, or products lifted from jar with 
forefinger 


Rubout (application): spread of product over and 
into skin with fingertips using gentle circular 
motion at a rate of two rubs per second for a 
specified period of time, depending on the 
product 


After-feel (and appearance): evaluation of skin 
surface with fingertips, visually and 
kinesthetically immediately after product 
application and possibly at varying intervals 
thereafter 


‘Thickness: perceived denseness of product; 
evaluated as force required to squeeze between 
thumb and forefinger, rated as thin-medium- 
thick 


or 

Consistency perceived structure of product; 
evaluated as resistance to deformation and 
difficulty of lifting from container; rated as light- 
medium-heavy 

Spreadability: ease of moving product from point of 
application over rest of face; evaluated as 
resistance to pressure; rated or described as: 
“slips”—-very easy to spread 
“glides”—moderately easy 
“drags” —difficult to spread 

Absorbency: rate at which product perceived as 
absorbed into skin; evaluated by noting changes 
in character or product and in amount of product 
remaining (tactile and visual) and by changes in 
skin surfaces; rated as slow-moderate-fast 

After feel: type and intensity of product residue left 
on skin; changes in skin feel; product residue 
described by type ie, film (oily or greasy), coating 
(waxy or dry), fiaky or powdery particles, the 
amount of such residue, identified as slight- 
moderate-large 

Skin feel described as dry (taut, pulled tight), moist 
(supple, pliant), oily (dirty, clogged) 

Other sensations also noted and identified where 


Viscosity (for lotions) 


or 
Hardness, cohesiveness 


Viscosity, cohesiveness, 
springiness, gumminess, 
adhesiveness 

Other characteristics—oil 
and water content of 
product 


Other characteristics—oil 
and water content 

Geometrical characteristic— 
gritty, powdery, ete 


applicable (ie, clean, stimulated, irritated, etc) 


Source: Ref. 13. 


Despite these roadblocks, however, researchers have 
developed an array of reliable and thus far valid tech- 
niques to measure perception (20). Each measurement 
technique is grounded in specific assumptions. Each tech- 
nique yields numerical scale values for perception which 
permit decisions to be made—whether pertaining to the 
perceiver (eg, the panelist can or cannot perceive the stim- 
ulus, two stimuli are or are not “different,” the stimulus is 
strong or weak), or to the product (eg, the product devel- 
oper should increase or decrease the sensory characteristic 
of an ingredient, by a specific amount). 


Measurement of Thresholds 


The most fundamental and intuitively obvious measure- 
ment is the threshold, defined as the lowest physical in- 
tensity of a stimulus that a panelist can correctly detect. 
Occasionally other definitions may apply (eg, recognition 
of stimulus quality rather than detection). Threshold mea- 
surement requires the least intellectual effort on the part 
of the panelist. The panelist simply responds that either 
he detects or he does not detect the stimulus. There are no 
other intellectual demands. By varying the physical inten- 
sity of the stimulus and determining how many panelists 
detect the stimulus (or recognize its quality—a different 
task, but one requiring the same response) the investigator 
determines the level of the stimulus that is just detectable. 


The physical intensity at which the percentage detecting 
correctly equals 50% is defined as the threshold. 

The early psychology literature is replete with reports 
on the measurement of threshold. In practice and prior to 
the widespread use of subjective intensity scales, food sci- 
entists assumed (albeit wrongly) that the threshold cor- 
responded to relative intensity. For instance, artificial 
sweeteners such as saccharin possess a threshold concen- 
tration hundreds of times lower than the threshold con- 
centration of sugar. Researchers misinterpreted this con- 
centration ratio to mean that saccharin was several 
hundred times sweeter than sugar. Thresholds only indi- 
cate the physical intensity of a stimulus which generates 
a fixed sensory intensity—namely “just perceptible.” 
Thresholds do not, and cannot provide a direct measure of 
subjective intensity, however. 


Discrimination Testing and Sensory Measurement 


Asecond milestone in sensory measurement was reached 
when investigators quantified the ability of panelists to 
discriminate. Discrimination testing traces its beginning 
to research conducted more than one hundred fifty years 
ago. E. H. Weber (21), a German physiologist, reported that 
stimuli which are just noticeably different from each other 
often lie in a constant ratio. That is, if the ratio is 1.05, 
then it requires an approximately 5% increase in a stim- 
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Table 7. Results of a Factor Analysis of Perfumes 


Table 9. Results of a Factor Analysis of Texture-nonfoods 


Odorants tested 


McCall’s scheme of perfumes, which classifies perfumes 
according to user groups 


Example 
Group 1 = single fiorals (eg, White Rose, Jasmin, Heliotropin) 
Group 2 = fioral bouquet (eg, Arpége, Paris, Amour Amour) 
Group 3 = modern blends (eg, Chanel No. 5, l’Aimant) 
Group 4 = oriental blends (eg, Emeraude, Shalimar, Tabu, 
YOrigan) 
Group 5 = woodsy-mossy-leafy (eg, Soir de Paris, Mitsuoko, 
Cypre) 
Group 6 = spicy bouquet (eg, Capri) 
Group 7 = fruity bouquet (eg, Fleurs de Rocailles) 


Subjects 


25 women 


Scaling 
Each subject rated each perfume on a series of 25 bipolar scales 
(ie, semantic differential scales). 
Results 
Four dimension extracted but not named: 


1. Chanel No. 5 vs White Rose (on opposite ends) 
2. ’Origan vs Aspége (on opposite ends) 

3. Aspage vs Cypre (on opposite ends) 

4. Not specified 


Source: Ref. 14. 


Table 8. Results of a Factor Analysis of Texture Food 
Names 


Food names used in questionnaire 
79 names profiled and 40 attributes 


1. Hard 15. Creamy 28. Rustling 
2. Soft 16. Flaky 29, Saku (Japanese) 
3. Juicy 17. Fibrous 30. Coarse 
4. Chewy 18. Thick 31. Sticky 
5. Not chewy 19, Light 32. Slushy 
6. Warm 20. Heavy 33. Mushy 
1. Cold 21. Slippery 34. Sticky (other term) 
8. Oily 22. Crunchy 35. Fluffy 
9. Greasy 23, Melting 36. Hoku (Japanese) 
10. Viscous 24. Brittle 37. Smooth 
11. Sticky 25. Slippery 38. Lumpy 
12. Moist. 26. Crunchy 39. Crisp 
13. Elastic (other term) 40. Sticky 
14. Gummy 27. Sprinkling (other term) 
Results 
8 factors: Hard-soft Flaky 
Cold-warm Heavy 
Oily-juicy Viscous 
Elastic Smooth 
Source: Ref. 15. 


Samples tested 


Felt, line, handkerchief, tricot, nylon, broadcloth, silk, acetate, 
satin, etc (50 different samples) 


Scales 


20 bipolar scales; panelists rated each sample on every one of 
the bipolar scales, each of which contained 7 points 


Subjects 
25 untrained female students 


Results 

Four factors extracted: 

1. Coldness (attributes loading high included painful, stiff, 
nonplastic, cold, coarse, heavy, massive, substantial) 

2. Wet and smooth (attributes loading high included were, 
heavy, substantial, smooth, massive) 

3. Hardness (attributes loading high included sharp, stiff, hard, 
plastic) 

4. Opposition of tactual impression of viscosity, elasticity, and 
plasticity from visual aesthetic impression of luster or gloss, 
smoothness 


Source: Ref. 16. 


ulus intensity before panelists will recognize the change 
and report that the second stimulus seems stronger. 

It took the genius of another German physiologist and 
physicist, G. T. Fechner (22), to recognize that discrimi- 
nation ability could become the foundation for a scale of 
subjective sensory magnitude. Fechner conjectured that to 
create a sensory scale one should add successive physical 
intensities that are just discriminable from each other. 
Each stimulus increment, (corresponding to one just no- 
ticeable difference), would equal one psychological unit of 
perceived intensity. One would then cumulate just notice- 
able differences to develop a true sensory scale. Mathe- 
matically sensory intensity relates to physical intensity by 
a simple function, a logarithmic function, written as: 


Sensory Intensity = A[log(Physical Intensity)] + B 


Researchers erected psychological scales of sensory in- 
tensity using the cumbersome discrimination testing (23). 
As a method for applied sensory analysis, however, dis- 
crimination tests found more use in the practical realm, 
with problems such as deciding whether or not two stimuli 
were perceptibly different from each other. Applied re- 
searchers were not particularly interested in erecting a 
sensory scale based on discrimination testing. They, how- 
ever, did need discrimination tests to compare products 
which differed in terms of ingredients, processing condi- 
tions, storage time, etc. The analysis of differences were 
far more statistical however, invoking procedures such as 
the T test for difference of means or percentages, or the 
analysis of variance (ANOVA) to assess differences among 
many samples. 


Direct Scales of Sensory Magnitude 


More productive uses of scaling have been made with “di- 
rect scaling,” in which the investigator instructs the pan- 
elist to rate the stimulus intensity using a numbering sys- 
tem. The intensity scale may comprise graded categories 
(eg, from weak to strong, on a set of categories ranging 
from as few as 3, up to as many as 100 categories or more), 
or require the panelist to place a mark on a line of fixed 
length to denote intensity (with one end of the line denot- 
ing weak, and the opposite end denoting strong), or even 
require the panelist to assign numbers so that the ratios 
of the numbers assigned reflect the ratios of perceived in- 
tensity (the method of magnitude estimation (24). The in- 
vestigator need not use numbers nor line length as the 
scale measure. The panelists can adjust the intensity of a 
stimulus such as white noise so that the intensity of the 
adjusted stimulus matches the perceived intensity of the 
stimulus being measured (25,26). 

Direct scaling methods (in contrast to threshold and dis- 
crimination tests) enable the panelist to behave as a true 
measuring instrument. Data can be collected from many 
panelists relatively quickly and painlessly. The investiga- 
tor straightforwardly treats the data by conventional sta- 
tistical procedures, including computing the average and 
measures of variability (standard deviation, variance), de- 
termining differences among samples (“t” tests, analysis of 
variance), and modeling the relation between perceived in- 
tensity and physical measures by regression analysis 
(curve fitting). 

In practical terms, scaling procedures provide a great 
deal of useful information. Consider the data shown in Ta- 
ble 10, which shows average consumer ratings of five ce- 
reals, on a variety of attributes. (Some of the attributes in 
Table 10 are sensory attributes, some are liking attributes, 
whereas some are “image” attributes). Panelists used a 0- 
100 scale. When panelists rate each product on all of the 
attributes the investigator generates a “report card” for 
both marketed products and test prototypes. 

Profiles of products on many attributes enable the re- 
searcher to compare the full profile of one product to the 
full profile of another and assess the degree of difference. 
Graphical display of data using the so-called spider plots, 
(Fig. 1) shows the difference between products. The “spider 
plot” is not analytical—it does not show the user anything 
beyond the fact that the two samples being plotted overlap, 
or do not. (One gets this same information from tables such 
as Table 10). The Spider plots, however, make the data 
come alive and increase its impact. 


HEDONICS—MEASUREMENT OF LIKING 


Acceptance measurement, the third branch of sensory 
analysis, may well be, the most vital aspect. We select and 
eat foods on the basis of their visual appeal and palatabil- 
ity. A large and growing body of scientific literature has 
been published on the measurement of acceptance. Appro- 
priate measures of liking or purchase intent, and the as- 
sessment of possible consumer boredom with a product are 
critical issues when applying hedonic tests in the world of 
commercial research. 


SENSORY SCIENCE: PRINCIPLES AND APPLICATIONS 2119 


The Search for the Liking Scale 


Buried in the archives of scientific literature are numerous 
attempts to create scales which measure acceptance, and 
techniques beyond scaling which probe other aspects of he- 
donics. Table 11 shows a variety of scales, ranging from 
classification (like/dislike) up to refinements which go be- 
yond liking to probe other activities such as the expected 
effort one would make to eat the food (eg, FACT scale) 
(27,28). Still other efforts have focused on the assessment 
of the boredom factor in food—how time itself and repeated 
consumptions of the food item modify acceptance (29). 


Directional Liking Scales 


Although researchers use many different liking scales, 
other scales also incorporate aspects of liking. The “direc- 
tional scale,” often used to guide product development is a 
prime example. Directional scales combine intensity with 
liking, as shown by the following statement: 


“Considering the amount of visible spice in this product, is the 
amount of spice: Too little, Just right, Too much? (Choose the 
appropriate answer.)” 


Directional questions assume that the panelist knows the 
“optimal level” or “ideal level” of the attribute. When eval- 
uating the product the panelist also estimates deviations 
from that optimum. Directional scales appeal to product 
developers because they appear, superficially, to provide 
accurate direction. Ostensibly the developer need only 
know the degree to which the product under-delivers or 
over-delivers an attribute. Table 12 shows data obtained 
from directional scales for a complex product—spaghetti 
and meatballs rated on a variety of directional attributes. 

In many cases the panelists cannot accurately gauge 
the direction of change, however. For attributes which 
have a strong emotional positive or negative connotation 
(eg, chocolate intensity, coffee bitterness, etc) the product 
never has enough or always has more than one desires. As 
a result chocolate products are often rated as not having 
enough “chocolate” on the directional scales, whereas cof- 
fee is too often rated as having too much bitterness, even 
when it has too little bitter taste to make it palatable. Pan- 
elists do not know their ideal points for these emotion 
laden attributes. They find it hard to provide direction to 
product developers, who consequently continue to inter- 
pret literally the panelist’s desire for more of the attribute, 
(eg, add more chocolate), never quite reaching the goal of 
‘just right.” Furthermore, all too often consumers may re- 
quest several incompatible changes in the product, making 
the data less usable. Despite these inadequacies and fail- 
ings, however, directional scales are widely used in product 
development to guide consumer driven reformulation. 
They are easy to use, they incorporate hedonics, and they 
do provide some guidance. 


EXPERIMENTAL DESIGN AND SENSORY 
PRODUCT OPTIMIZATION 


Sensory analysis has achieved its major commercial im- 
pact by providing reliable tests results from panelists. 


Direct Scales of Sensory Magnitude 


More productive uses of scaling have been made with “di- 
rect scaling,” in which the investigator instructs the pan- 
elist to rate the stimulus intensity using a numbering sys- 
tem. The intensity scale may comprise graded categories 
(eg, from weak to strong, on a set of categories ranging 
from as few as 3, up to as many as 100 categories or more), 
or require the panelist to place a mark on a line of fixed 
length to denote intensity (with one end of the line denot- 
ing weak, and the opposite end denoting strong), or even 
require the panelist to assign numbers so that the ratios 
of the numbers assigned reflect the ratios of perceived in- 
tensity (the method of magnitude estimation (24). The in- 
vestigator need not use numbers nor line length as the 
scale measure. The panelists can adjust the intensity of a 
stimulus such as white noise so that the intensity of the 
adjusted stimulus matches the perceived intensity of the 
stimulus being measured (25,26). 

Direct scaling methods (in contrast to threshold and dis- 
crimination tests) enable the panelist to behave as a true 
measuring instrument. Data can be collected from many 
panelists relatively quickly and painlessly. The investiga- 
tor straightforwardly treats the data by conventional sta- 
tistical procedures, including computing the average and 
measures of variability (standard deviation, variance), de- 
termining differences among samples (“t” tests, analysis of 
variance), and modeling the relation between perceived in- 
tensity and physical measures by regression analysis 
(curve fitting). 

In practical terms, scaling procedures provide a great 
deal of useful information. Consider the data shown in Ta- 
ble 10, which shows average consumer ratings of five ce- 
reals, on a variety of attributes. (Some of the attributes in 
Table 10 are sensory attributes, some are liking attributes, 
whereas some are “image” attributes). Panelists used a 0- 
100 scale. When panelists rate each product on all of the 
attributes the investigator generates a “report card” for 
both marketed products and test prototypes. 

Profiles of products on many attributes enable the re- 
searcher to compare the full profile of one product to the 
full profile of another and assess the degree of difference. 
Graphical display of data using the so-called spider plots, 
(Fig. 1) shows the difference between products. The “spider 
plot” is not analytical—it does not show the user anything 
beyond the fact that the two samples being plotted overlap, 
or do not. (One gets this same information from tables such 
as Table 10). The Spider plots, however, make the data 
come alive and increase its impact. 


HEDONICS—MEASUREMENT OF LIKING 


Acceptance measurement, the third branch of sensory 
analysis, may well be, the most vital aspect. We select and 
eat foods on the basis of their visual appeal and palatabil- 
ity. A large and growing body of scientific literature has 
been published on the measurement of acceptance. Appro- 
priate measures of liking or purchase intent, and the as- 
sessment of possible consumer boredom with a product are 
critical issues when applying hedonic tests in the world of 
commercial research. 
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The Search for the Liking Scale 


Buried in the archives of scientific literature are numerous 
attempts to create scales which measure acceptance, and 
techniques beyond scaling which probe other aspects of he- 
donics. Table 11 shows a variety of scales, ranging from 
classification (like/dislike) up to refinements which go be- 
yond liking to probe other activities such as the expected 
effort one would make to eat the food (eg, FACT scale) 
(27,28). Still other efforts have focused on the assessment. 
of the boredom factor in food—how time itself and repeated 
consumptions of the food item modify acceptance (29). 


Directional Liking Scales 


Although researchers use many different liking scales, 
other scales also incorporate aspects of liking. The “direc- 
tional scale,” often used to guide product development is a 
prime example. Directional scales combine intensity with 
liking, as shown by the following statement: 


“Considering the amount of visible spice in this product, is the 
amount of spice: Too little, Just right, Too much? (Choose the 
appropriate answer.)” 


Directional questions assume that the panelist knows the 
“optimal level” or “ideal level” of the attribute. When eval- 
uating the product the panelist also estimates deviations 
from that optimum. Directional scales appeal to product 
developers because they appear, superficially, to provide 
accurate direction. Ostensibly the developer need only 
know the degree to which the product under-delivers or 
over-delivers an attribute. Table 12 shows data obtained 
from directional scales for a complex product—spaghetti 
and meatballs rated on a variety of directional attributes. 

In many cases the panelists cannot accurately gauge 
the direction of change, however. For attributes which 
have a strong emotional positive or negative connotation 
(eg, chocolate intensity, coffee bitterness, etc) the product 
never has enough or always has more than one desires. As 
a result chocolate products are often rated as not having 
enough “chocolate” on the directional scales, whereas cof- 
fee is too often rated as having too much bitterness, even 
when it has too little bitter taste to make it palatable. Pan- 
elists do not know their ideal points for these emotion 
laden attributes. They find it hard to provide direction to 
product developers, who consequently continue to inter- 
pret literally the panelist’s desire for more of the attribute, 
(eg, add more chocolate), never quite reaching the goal of 
‘just right.” Furthermore, all too often consumers may re- 
quest several incompatible changes in the product, making 
the data less usable. Despite these inadequacies and fail- 
ings, however, directional scales are widely used in product 
development to guide consumer driven reformulation. 
They are easy to use, they incorporate hedonics, and they 
do provide some guidance. 


EXPERIMENTAL DESIGN AND SENSORY 
PRODUCT OPTIMIZATION 


Sensory analysis has achieved its major commercial im- 
pact by providing reliable tests results from panelists. 
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Table 10. Ratings of Five Cereals on Attributes Comparison of Attribute Profiles—High versus Low Scorers* 


High-scoring cereals Low scoring cereals 
100% Natural Cheerios Honey Nut Cheerios 100% Bran Grape Nuts 
Overall 
Purchase interest 72 66 63 15 28 
Liking—dry 78 62 68 31 24 
Liking—w/milk 77 68 66 31 27 
Appearance 
Like appearance—dry 65 65 65 14 26 
Like appearance—wet 68 63 63 22 23 
Size of pieces 28 37 37 12 4 
Thickness 36 47 47 18 20 
Darkness 43 28 28 75 45 
Familiar looking 54 95 95 28 46 
Flavor 
Like flavor—dry 74 57 65 36 25 
Like fiavor—w/milk 76 61 67 36 31 
Like wheat flavor 43 24 34 25 31 
Intensity—dry 5 46 60 50 56 
Nutty—dry 82 33 36 34 45 
Intensity—w/milk 74 52 64 47 57 
Nutty—w/milk 84 25 37 34 47 
Sweet 66 13 80 33 17 
Spicy 46 6 32 18 15 
Texture 
Like texture—dry 72 61 72 29 23 
Like texture—milk 74 60 65 22 28 
Crunchy—dry 83 60 15 49 91 
Amt. milk absorbed 28 39 28 79 57 
Quickly absorbs milk 23 36 32 15 59 
Holds together 83 61 69 38 16 
Crunchy—milk 86 46 66 28 97 
Crispy—milk 87 40 59 15 81 
Image 
Approp. as dry snack 80 59 70 19 12 
Nutritious 16 60 50 51 65 
Quality 83 7 17 52 66 
Satisfy as snack 81 55 70 lL 4 
Calorie 69 37 73 39 44 
Unique 59 23 38 55 51 
Tire of it (boredom) 33 46 44 3 60 
Kids would like 65 67 81 9 7 
Teens would like 70 59 70 13 20 


*Percent of panelists who rate the product as definitely or probably would buy on a 5-point buy scale (1 = definitely not buy to 5 = definitely would buy.) 


Remaining scales = 0-100. 


When coupled with experimental design and modeling (by 
regression analysis), sensory analysis becomes a powerful 
tool to guide product development. 


Experimental Design 


An alternative approach beyond directional scales to de- 
velop products using consumers, consists of systematically 
varying the formula ingredients in a way which allows one 
to assess the effects of each ingredient, and the interac- 


tions among ingredients on acceptance and attribute per- 
ceptions. 

Experimental designs are properly the province of stat- 
isticians (30). Sensory analysts and product developers 
have used experimental designs with great success to un- 
derstand consumer reactions to test prototypes comprising 
known ingredients and processes. Product categories ame- 
nable to these designs range from simple food systems such 
as a fruit-flavored beverage, to complex systems such as 
pizza, apple pie, and sausage. In all cases the assessment 
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Figure 1. Example of quantitative descriptor analysis “spider 
plot” of the aroma of a sample. Scale: 0 at center to 30-40 at edge. 
Source: Ref. 10. 


Table 11. Verbal Descriptors for Hedonic Scales 
Number of scale points descriptors* 


2 Dislike, unfamiliar 

3 Acceptable, dislike, not tried 

3 Like a lot, dislike, do not know 

4 Well liked, indifferent, disliked, seldom if ever used 

5 Like very much, like moderately, neutral, dislike 
moderately, dislike very much 

5 Very good, good, moderate, dislike, tolerate 

5 Very good, good, moderately well, tolerate, dislike 

6 Very good, good, moderate, tolerate, dislike, never tried 

9 Like extremely, like very much, like moderately, like 
slightly, neither like nor dislike, dislike slightly, dislike 
moderately, dislike very much, dislike extremely 

Food action (fact) rating scale 

Eat every opportunity 

Eat very often 

Frequently eat 

Eat now and then 

Eat if available 

Do not like—eat on occasion 

Hardly every eat 

Eat if no other choice 

Eat if forced 


Source: “Ref. 27 and ’Ref. 28. 


of systematically varied alternatives has educated the re- 
searcher and provided concrete direction for product mod- 
ification. 


A Case History Using Sensory Analysis—Tomato Sauce 


The easiest way to understand experimental design and 
its link with sensory analysis is with a case history. This 
case history concerns tomato sauce. The issue was to de- 
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Table 12. Example of Attribute Profile Ratings Using 
Different Attributes Liking, Image, and Directional, 
Product: Spaghetti and Meatballs* 


Product? 
Attribute #1 #2 
Overall 
Like Overall liking of product 55 63 
Appearance 
Like Appearance 6375 
Like Appearance of meatballs 63 66 
Dir Darkness of sauce 15 9 
Dir Size of portion =8' 0 
Overall taste 
Like Overall taste of product 55 12 
Dir Strength of afterstate 15 4 
Meatballs 
Like Taste of meatballs 57 53 
Like ‘Texture of meatballs 63 50 
Dir Amount of meatballs -3 =; 
Dir Size of meatballs -5 -2 
Dir Moistness of meatballs 0 -ll 
Dir Softness vs firmness of meatballs 1 13 
Sauce (taste) 
Like Overall fiavor of sauce 53 62 
Dir ‘Strength of tomato flavor ul -1 
Dir Spiciness of sauce 7 -3 
Dir Sweetness of sauce = el 
Dir Amount of seasoning 7 -65 
Dir Amount of salt 6 2 
Sauce (texture, amount) 
Like Overall texture of sauce 65 65 
Dir Amount of sauce 1-1 
Dir Thickness of sauce 7 2 
Dir Smoothness vs chunkiness of sauce 0 2 
Pasta 
Dir Amount of pasta =11 3 
Dir Softness vs firmness of pasta -i4 -5 


“Explanation of ratings: Panelists rated each product on a variety of direc- 
tional questions (0 = much too little, 50 = on target, 100 = much too 
much). 

Data for directional (DIR) questions shown, after 50 was subtracted from 
each rating. Positive numbers = over-delivery on the attribute. Negative 
numbers = under-delivery on the attribute. Like = liking rating (0 = hate, 


velop a new formulation to take advantage of a new pro- 
cessing technology. 


Phase 1. Formula Selection and Design 


Phase 1 comprises the selection of appropriate variables, 
and the recommended array of formula combinations. 
R&D selected 6 variables to investigate. Different experi- 
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mental designs can be used to investigate the 6 variables, 
depending upon the expected relation between formula 
variables and consumer ratings. If one expects the attrib- 
utes rated by consumers to change only linearly with in- 
gredients, with no interaction among the variables, as few 
as 12 prototypes need to be developed using the Plackett 
Burman screening design. Table 13 (part A) shows this de- 
sign (31). If one expects curvature in the data, ie, the at- 
tributes (whether sensory or liking) do not follow a simple 
straight line versus physical changes, then one may wish 
to fit a quadratic curve, necessitating a quadratic design. 
If one expects curvature and interactions among the vari- 
ables than the central composite screening design shown 
in Table 13 (part B) is appropriate (32). When there are 
simply too many prototypes to create, but one wishes to 
use the central composite design (because it captures cur- 
vature in the response surface and allows for interaction 
between pairs of ingredients) one would select the reduced 
design such as that shown in Table 13 (part C). R&D se- 
lected the design, shown in Table 10 (part C), encompass- 
ing 29 prototypes. 

Along with the experimentally designed products, re- 
searchers test in-market competitors which provide “an- 
chors” for the category. Panelists do not know which sam- 
ples belong to the experimental design and which are 
actual in-markets products. All products are tested “blind,” 
and in a randomized order. The only clues come from the 
panelists’ sensory perceptions. 


Attribute Selection for the Questionnaire 


Attributes define the characteristics to which consumers 
will attend when evaluating the sample. It is important to 
select appropriate attributes, but the choice of attributes 
in an experimental design is not as critical as would be the 
case were the products to simply represent unconnected 
“rifle shots.” 

The key attribute is usually the overall criterion of ac- 
ceptance, whether this be overall liking, purchase intent, 
or some integrative measure such as “high quality.” The 
key attribute measures the single response that is of real 
interest to the investigator, and usually corresponds to the 
characteristic of the product that is being optimized. 

The questionnaire should also deal with relevant sen- 
sory characteristics. Optimization methods can uncover 
formulations which are highly acceptable and simulta- 
neously possess specific, required sensory characteristics 
(eg, to support an advertising position). The questionnaire 
can encompass image attributes as well (eg, “refreshing” 
for a beverage, “caloric” for a snack, etc). Image attributes 
are more complex cognitive characteristics. 

Often there are other data available for the experimen- 
tally varied products. Additional data may include objec- 
tive physical measurements, cost of goods, storage stabil- 
ity, ratings by experts which describe qualitative nuances, 
and evaluations by a quality control panel. If available, 
these other data sets can be added to the data file. The 
augmented attribute set appears in Table 14. 

In this study data was available from all of these 
sources. Generally, however, studies involving experimen- 
tal design and optimization are of a more modest scale. The 


Table 13. Plackett Burman Screen Design 


Product 


A B Cc D 
A. Six Variables in 12 Prototypes* 
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Table 13. Plackett Burman Screen Design (continued) 


Product A B c D E 

349 -1 -1 1 1 1 1 
350 -1 -1 1 1 -1 1 
351 -1 -1 1 1 -1 1 
352 -1 -1 1 1 -1 -1 
353 -1 -1 1 -1 1 1 
354 -1 -1 1 -1 1 -1 
355 -1 -1 a -1 -1 -1 
356 -1 -1 1 -1 -1 -1 
357 -1 -1 -1 1 1 1 
358 -1 -1 -1 1 1 -1 
359 -1 -1 -1 1 -1 1 
360 -1 -1 -1 1 -1 -1 
361 -1 -1 -1 -1 1 1 
362 -1 -1 -1 -1 1 -1 
363 -1 -1 -1 -1 -1 1 
364 -1 -1 -1 -1 -1 -1 
365 1 0 0 0 0 0 
366 -1 0 0 0 0 0 
367 0 1 0 0 0 0 
368 0 -1 0 0 0 0 
369 0 0 1 0) 0 0 
370 0 0 -1 0 0 0 
371 0 0 0 1 0 0 
3872 0 0 0 -1 0 0) 
373 0 0 0 0 1 0 
374 0 0 0 0 -1 0 
375 0 0 0 0 0 1 
376 0 0 0 0 0 -1 
377 0 0 0 0 0 ) 

C. Six Variables—Central Composite, Quarter Replicate 

101 1 1 1 1 1 1 
102 1 z 1 -1 1 -1 
103 1 1 -1 1 -1 -1 
104 1 1 -1 -1 -1 1 
105 1 -1 1 1 -1 -1 
106 1 -1 1 -1 -1 1 
107 1 -1 -1 1 1 1 
108 1 -1 -1 -1 1 -1 
109 -1 1 1 1 -1 1 
110 -1 1 1 -1 -1 -1 
1 -1 1 -1 1 1 -1 
112 -1 1 -1 -1 1 1 
113 -1 -1 1 1 1 -1 
14 -1 -1 1 -1 1 1 
115 -1 -1 -1 1 -1 1 
116 -1 -1 -1 -1 -1 -1 
117 1 0 CY) 0 0 0 
118 -1 0 0 0 0) ) 
119 0 1 0 0 0 0 
120 0) -1 0 0) 0 0 
121 0 0 1 0 0) 0 
122 0 0 -1 0 0 0 
123 0 CY) 0 1 0 0) 
124 0 0 0 -1 0 CY) 
125 0 0 0) 0 1 0 
126 0 0 0) 0 -1 0 
127 0) 0) 0 0) 0 1 
128 0 0 ) 0 0 -1 
129 0 0 ) 0 0 0 
*1 = high; 0 = low. 


°1 = high; 0 = medium; -1 = low. 
“1 = high; 0 = medium; —1 = low, E m this section = ABC, F = BCD. 
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Table 14. Attributes Used in the Sauce Study 


Independent Variable Quality Control? 
Ingredient A QC/Coarse 
Ingredient B QC/Visible-spice 
Ingredient C QC/Pieces 
Ingredient D QC/Thick 
Ingredient E QC/Flavor 
Cook-process QC/Bitter 
Cost-of-Goods QC/Burnt 
QC/Metallic 
Consumer-Data* 
C/Like/Overall Instrumental-Readings* 
C/Like/Segment-A V/Pieces-surface 
C/Like/Segment-B Color 
C/Like/Segment-C I/NaCl 
C/Like/Appearance VAcid 
C/Like/Aroma 1/Consistency 
C/Like/Flavor 
C/Like/Texture Expert-R&D-Panel* 
C/image/Fresh A 
C/Image/Authentic alec os 
_ jurnt-sweet 
C/Image/Sophisticated BOL 
mnion-flavor 
C/Sen/Darkness 
E/Pepper-flavor 
C/Sen/Aroma 
E/Sweet-taste 
C/Sen/Taste 
E/Sour-taste 
C/Sen/Bweet E/Salt-taste 
CiSen/Spicy EPBitter-taste 
C/Sen/ARtertaste = caso treats 
C/Sen/Chunky 
C/Sen/Grainy 
°C = Consumer rating. 
Like = liking. 
Sen = sensory. 
Segment = sensory preference segments (showing different patterns of lik- 
ing). 


°QC = Quality Control Panel. 
‘I = Instrumental measure. 


4B = Expert panel (QDA Method). 


studies involve fewer variables (often no more than 2-3), 
and may use only one panel (eg, consumers from a research 
guidance panel). However the data becomes more variable 
once the data set is augmented to comprise consumer and 
instrumental data. 


Panel Selection 


Depending upon when the research is undertaken (early 
versus late in the development cycle) the researcher will 
work with different consumer panels. In the earliest de- 
velopment stages researchers work with an in-house group 
of consumers or experts. Often, however, it is necessary to 
obtain ratings from users of different and competing prod- 
ucts in the category. It is also instructive to run the study 
in different geographical areas (or even in different coun- 
tries). The researcher hires field services in the different 
markets and “tailors” a consumer panel with specific dem- 
ographic and usage characteristics. Fewer consumers par- 
ticipate in these guidance tests than in subsequent large 
scale market tests. This study tested products among 120 
female consumers, 40 consumers in 3 markets, (in order to 
ensure representativeness). Optimization studies are usu- 
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ally of this magnitude, with panel sizes ranging from 50 to 
200 participants. 

Panels for optimization studies usually comprise users 
of the category, occasionally (and more specifically) users 
of the product being optimized and/or users of competitive 
brands. Here half the panel comprised consumers who 
used the manufacturer’s product most often, and the other 
half comprised consumers who used competitor products. 
By incorporating different groups of consumers in the 
same panel, (all of whom test the same array of products), 
the investigator can compare ratings assigned to the same 
products by the two groups. The comparison can be used 
to develop optimal products which satisfy one target group, 
or both groups simultaneously. 


Activities During the Evaluation 


Depending upon the product being tested, panelists may 
either participate in a supervised session in a central lo- 
cation, or test the products at home, without supervision. 

Panelists followed the protocol presented in Table 15. A 
central location setup makes it easy to monitor the quality 
of the data as the panelists assign their ratings. Close su- 
pervision of the evaluation ensures that panelists remain 
alert and motivated. Neither the interviewers nor the pan- 
elists “know the correct answer.” Panelists must, perforce, 
answer honestly because there are no other cues to aid 
them other than their sensory perceptions. The ongoing 
question and answer dialogue between the panelist and 
the interviewer (after each product is rated) maintains mo- 
tivation. For home use tests (appropriate when panelists 
prepare the product themselves, or use the product as an 
ingredient), other procedures are necessary. These proce- 
dures include giving the panelist one or two products to 
use, instructing the panelist to rate each product just after 
eating it, and then requiring the panelist to return to the 
test site where the panelist is questioned about the ratings 
that he or she assigned. Upon returning to the test site the 
panelist receives the next set of products, and follows the 
same protocol. Control in a home use test is maintained by 


Table 15, Protocol for the Sauce Study 


Panelists prerecruited to participate, by a telephone call. 
Panelists are screened to be appropriate (viz, category users, 
interested in the concept which an interviewer reads to them). 
Panelists show up, prepared for a 4-hour session. 
Panelists show up, in groups of 15-20 (randomly recruited, so 
that the panelists do not know each other). 
Panelists are oriented in scaling by a short practice exercise. 
Panelists rate water and cracker on sensory and liking 
attributes. 
Panelists try the first product, rating it on all attributes. 
Products are randomized to reduce order bias. Products are 
rated on attributes as they appear (viz, appearance first, 
then aroma, then texture). Liking ratings and sensory 
ratings are interdigitated. 
Ratings checked by an attending interviewer on a panelist-by- 
panelist basis, to ensure panelist comprehension. 
Panelist waits 15 minutes and goes to the next product. 
After panelist finishes, the panelist is paid and dismissed. 
Each panelist rates 11 products (randomized from the full set). 


the careful allocation of products to panelists, along with 
an orientation session at the start of the study (before ac- 
tual home use). Motivation is maintained by payment for 
the successful completion of the test and by the ongoing 
question and answer interchanges between panelists and 
the interviewers. 


Initial Data Analysis—Product x Attribute Matrix 


The initial data comprises a matrix of mean ratings of each 
product by each attribute. Table 16 shows part of this ma- 
trix. Statisticians may prefer to adjust the means in Table 
16 to account for the fact that each panelist evaluated only 
a randomized subset of products. These “adjusted means” 
rather than the actual means, would appear in Table 16. 

Table 16 alone teaches a lot about the products because 
the researcher can compare products, on the different at- 
tributes. Even without an experimental design several in- 
structive analyses (correlation, regression, and histogram 
plotting) highlight key dimensions of the category. 

Questions investigators can answer with Table 16 (in 
its entirety) include: 


1. For a specific attribute do the products differ a great 
deal or relatively little? What is the range of scores? 
By looking at the highest and lowest means across 
products on the attribute, and graphing the distri- 
bution of the means within that range the investi- 
gator sees the “spread” of products. If the raw data 
is also available, then a 1 way analysis of variance 
(ANOVA) provides a measure of discrimination, (viz, 
the F ratio). The F value measures the “signal to 
noise” ratio, or variability due to product differences 
versus variability due to random error (eg, panelist 
differences). 

2. What is the distribution of the mean liking ratings 
across products? If competitor products score in the 
50s and 60s (on a 0-100 point scale), whereas most 
of the prototypes (from the experimental design) 
score in the 30s and 40s, then the optimized product 
will probably not score higher than the competitors. 
The only way that one could develop a superb prod- 
uct would be if the optimal formulation lies in a re- 
gion of ingredient values not tested in the original 
experimental design. (In that case the optimal solu- 
tion would be suspect). 

3. Which liking attributes covary with overall liking? 
This analysis reveals important attributes. Figure 2 
shows a schematic plot of overall liking (ordinate) 
versus attribute liking (abscissa). The correlation be- 
tween the two attributes describes the strength of a 
linear relation between attribute liking and overall 
liking, but does not show the slope. A straight line 
shows the quantitative nature of the relation. The 
steeper the slope of the straight line the more small 
changes in attribute liking covary with large changes 
in overall liking (and therefore the more important 
the attribute). 

4. Which sensory attributes covary with overall liking? 
As a formula variable or sensory attribute changes, 
liking also changes. Often this relation exhibits an 


Table 16, Partial Data Base for Sauces 
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Product 110 11 112 113 114 115 116 117 
Independent variables* 
T/Ingred-A 3 2 2 1 1 1 2 3 
I/Ingred-B 1 2 3 1 1 1 2 3 
Ifngred-C 1 2 2 1 3 3 2 1 
Ingred-D 3 3 2 3 3 1 2 1 
I/ngred-E 1 2 2 1 1 1 1 3 
I/Cook-process is 2 2 3 0 3 2 3 
O/Cost-of-Goods 116 138 132 116 141 132 119 123 
Consumer-data® 
C/Like/Overall 44 63 67 57 56 49 42 61 
C/Like/Segment-A 52 61 78 63 48 57 53 56 
C/Like/Segment-B 39 65 73 53 58 50 42 63 
C/Like/Segment-C 47 60 51 58 56 43 37 59 
C/Like/Appearance 48 61 66 55 66 60 56 59 
C/lmage/Sophisticated 46 47 47 49 52 43 43 56 
C/Sen/Darkness 47 57 1 51 59 55 53 69 
C/Sen/Aroma 39 44 49 42 46 45 43 51 
C/Sen/Taste 51 65 64 57 58 44 54 72 
C/Sen/Sweet 33 48 73 39 39 43 38 48 
C/Sen/Spicy 42 55 52 52 46 36 36 43 
C/Sen/Afterstate 40 44 32 39 38 32 40 41 
C/Sen/Thick 53 72 i) 55 16 55 51 59 
Quality-Control* 
QC/Coarse 56 7 4 68 68 63 68 81 
QC/isible-spice 39 52 48 44 42 47 30 68 
QC/Pieces 25 32 39 24 48 50 33 37 
QC/Thick 62 82 3 67 85 64 1 1 
QC/Flavor 59 63 59 61 68 52 72 65 
QCPBitter 13 12 14 13 20 17 13 23 
QC/Burnt 55 56 53 54 54 50 58 53 
QC/Metallic 41 27 28 36 32 40 45 34 
Instrument-reading 
V/Pieces-surface 26 30 33 24 38 51 30 31 
1/Color 46 52 63 44 53 51 47 64 
NaCl 42 42 35 41 38 23 29 38 
VAcid 53 41 29 42 46 32 43 46 
1/Consistency 57 26 39 53 27 59 46 56 
Expert-R&D-QDA* 
E/Particulates 35 47 49 41 52 49 50 34 
E/Burnt-sweet 17 32 28 16 23 12 14 23 
E/Salt-taste 60 54 49 87 56 28 53 55 
EfBitter-taste 1 8 5 5 6 1 1 q 
E/Throat-burn 19 20 21 23 17 12 16 21 


“1 = instrumental, O = objective, 3 = high 2 = medium 1 = low. 


°C = consumer. 
“QC = quality control. 
4E = expert panel. 


inverted U shape (32,33). One can plot the relation 
between sensory attribute level (abscissa) and liking 
(ordinate). The data will scatter around the curve 
but the underlying data should follow a pattern that 
can be extracted. Fitting a parabola [liking = A + 
B(Sensory Level) + C(Sensory Level)} to the data, 
uncovers this relation. The fitted curve shows the 


probable nature of the relation, as Figure 3 illus- 
trates (schematically). 
Developing Relations Between Variables (Modeling) 


Modeling creates a mathematical relation between the sys- 
tematically varied independent variables and dependent 
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Figure 2. Relation between attribute liking and overall liking. 
The steeper the slope of the straight line the more important is 
the attribute. 
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Figure 8. Schematic relation between sensory attribute level and 
overall liking. ‘The relation usually follows an inverted U shaped 
curve. Large areas under the curve (subtended by the curve) cor- 
respond to important attributes. 


variables. Dependent variables can be sensory attributes, 
acceptance ratings (all from consumers), or physical mea- 
sures (including cost of goods), etc. 

Relations between variables are expressed by equa- 
tions. Researchers can use one of many available equa- 
tions, depending upon the expected relation between the 
independent variable and the dependent variable. Some of 
these equations are 


The Linear Equation. Changes in the dependent variable 
correspond to linear changes in the independent variable. 
The linear equation often emerges when we vary one in- 
gredient (eg, sucrose) in a simple food system (eg, sweet- 
ened carbonated beverage). Over the limited concentration 
range consumer ratings of perceived sweetness versus 
sweetener concentration follow a straight line. Although a 
straight line might not describe the “true, underlying” re- 
lation between the two variables (sucrose level versus per- 


ceived sweetness) it is an adequate and useful represen- 
tation. 
We express the relation by the simple linear equation: 


Dependent Variable = A + B(Independent Variable) 


Depending upon how closely the data points fall to the line, 
the equation may fit the data well or poorly. Of critical 
importance is the value of slope, B, which shows how unit. 
changes in the independent variable correspond to changes 
in the dependent variable. When B is high there is great 
sensitivity to the independent variable. When B is low 
there is little sensitivity. Large changes in the independent 
variable correspond to small changes in the dependent 
variable. 


Quadratic Relation. As the independent variable in- 
creases the rating first increases, peaks and then drops 
down. The parabolic or quadratic equation is a good sum- 
mary of how liking varies with physical level (33). The pa- 
rameters of the quadratic equation are unique to each 
product. Parabolic equations allow for increases, peaks, 
and then decreases (the classical inverted U curve), or sim- 
ply increase and flatten (or the corresponding decrease and 
flattening). The equation is expressed as: 


Dependent Variable = A + B(Independent) 
+ C(Independent? 


The Plane (for Two or More Independent Variables, Jointly 
Predicting the Dependent Variable). The plane generalizes 
the line. We can envision it easily as a flat sheet in 3 di- 
mensions. The slope of the plane in any dimension (corre- 
sponding to a single independent variable) is given by the 
coefficient for that independent variable. The plane equa- 
tion does not account for interactions among the variables. 
The plane assumes that each variable acts entirely inde- 
pendently to determine the dependent variable. We write 
the equation of the plane as a multiple linear equation: 


Dependent = A + B(Independent 1) 
+ C(Independent 2). ... 


In the absence of theory about the relation between inde- 
pendent variables and dependent variable it is prudent to 
use the multiple linear equation. The equation makes no 
assumptions other than there exists a simple linear rela- 
tion between the dependent variable and each of the in- 
dependent variables. 


Quadratic Surface. Like the plane the quadratic surface 
also relates several independent variables simultaneously 
to the dependent variable. We assume that there exists a 
parabolic or curvilinear relation between the independent 
variables and the dependent variable (eg, for overall lik- 
ing). However, for a quadratic or parabolic surface not only 
do we have linear terms, but also square terms. 

If the equation comprises only linear terms and square 
terms, then we assume that the variables act indepen- 
dently of each other to determine the value of the depen- 
dent variable. The square terms allow each independent 


variable to act in a nonlinear fashion. There may be a flat- 
tening of the surface, so that as an independent variable 
increases the dependent variable can first increase, but 
then flatten out, and then perhaps even decrease. If there 
are no interactions between the independent variables, 
then we write the equation as: 


Dependent = A + B(Independent 1) + C(Independent 1” 
+ D(Independent 2) + E(Independent 2? 
hit ahs 


Like the plane equation, the parabolic or quadratic equa- 
tion can be extended to accommodate many independent 
variables simultaneously. If there exists interaction be- 
tween pairs of independent variables, we can write the 
equation as above, but also include a multiplicative term 
[(Independent 1) x (Independent 2)] to account for inter- 
actions (here between the first two independent variables). 
Many such pairwise interactions may exist. The equation 
can accommodate them. 

There are many other equations that an investigator 
can use in order to model the relations between indepen- 
dent variables and dependent variables. For product test- 
ing, however, we generally do not really know the true form 
of the relation (viz, how variables interact with each other). 
It is prudent to use the most parsimonious equation. Most 
researchers opt for the linear equation, and add square 
terms and pairwise interactive (multiplicative) terms only 
when specifically required, usually for one of two reasons: 


1. Theory. We know from experimentation that liking 
does not continue to increase linearly with physical 
level ad infinitum, but eventually peaks, plateaus, 
and then drops. Curvature requires the quadratic 
term in the equation. 

2. Parsimony. The quadratic equation is relatively par- 
simonious, allowing both curvature and interactions 
between variables. Other equations might fit the 
data better, but would demand more terms. 


Whether the investigator fits a linear or quadratic 
model to the data, the utility of the model is the same—it 
predicts responses to combinations of independent vari- 
ables, even when the combinations were not actually 
tested but lie within the range tested. 

Tables 17 and 18 show the equations developed for the 
products (darkness, liking). The equations are simply 
mathematical statements. They lack substantive meaning 
for the product developer, until the developer substitutes 
meaningful values for the independent variables and es- 
timates the attribute ratings. 


Optimizing a Response by Finding the Highest Value 


A major benefit of modeling is the ability to discover the 
particular combination of physical variables which corre- 
spond to a desired condition, such as the highest (optimal) 
rating on an attribute (eg, liking). Table 19 shows several 
optimizations, including overall optimization of liking (col- 
umn A), three optimizations for liking subject to imposed 
cost constraints (columns B,C,D), and optimization of lik- 
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Table 17. Model (Equation) Relating Formula and 


Process Variables to Liking* 

Variable? Coefficient Stderror Tvalue’ —P value? 
Constant 16.5 119 13 O1 
A -2.3 45 -0.5 0.6 
B 61 45 13 0.1 
c -05 45 -01 0.9 
D 15.1 46 3.2 0.0 
E 155 45 a4 0.0 
F -2.6 2.0 ~1.2 0.2 
AYA 0.2 4 -02 08 
BB -05 11 -04 06 
cc 09 1 08 0.3 
D‘D -29 11 -2.6 0.0 
E*E -3.3 11 -3.0 0.0 
FF 06 0.5 13 01 


Analysis of variance 


Source Sum-of-squares DF Mean-square F-ratio P 
Regression 2376813 12 198.068 6,836 0.000 
Residual 898.187 31 28.974 


“Multiple R: .85 Squared multiple R: .73 

Adjusted squared multiple R: .62 Standard error of estimate: 5.3 

*A-E = Ingredients A to E, respectively; F = Cook proceas. 

‘T Value = T test for significance of the coefficient, (T values in excess of 
+1 or ~1 denote significant coefficients—vis, those significantly different, 
from 0). 

“P value = probability that the coefficient is really “0”, (Low P value means 
that the coefficient is significantly different from 0). 


Table 18. Model Relating Formula and Process Variables 
to Perceived Darknegs* 


Variable” Coefficient STD error bad Pp 
Constant 36.7 11 5.1 0.0 
A -06 27 -0.2 0.0 
B 3.0 2.7 Lt 0.2 
c -0.5 27 -0.1 0.8 
D 9.0 2.8 3.2 0.0 
E -0.2 27 -0.1 0.9 
F 0.1 12 0.1 0.8 
AYA -0.1 0.6 -0.2 0.8 
BB -0.0 0.6 -0.0 0.9 
crc 0.7 0.6 1.0 0.2 
D*D -19 0.6 -27 0.0 
E*E 17 0.6 25 0.0 
FF 0.0 0.3 01 0.8 


Analysis of variance 


Source Sum-of-squares DF Mean-square F-ratio P 
Regression 2717.953 12 226.496 21.499 0.000 
Residual 326,593 31 10.535 


“Multiple R: 94 Squared multiple R: 89 
Adjusted squared multiple R: .85 Standard error of estimate: 3.2 
*See footnotes in Table 17 for explanation. 
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‘Table 19, Sequence of Optimal Formulations (Maximal Liking) Under Reduced Cost of Goods and High Spiciness 


No constraints Cost constraints Spiciness constraint 

“a B c Dt E 
T/ngred-A. 10 10 1.0 1.0 1.0 
TAngred-B 3.0 3.0 3.0 3.0 3.0 
T/Ingred-C 3.0 23 14 1.0 3.0 
‘T/Ingred-D 25 24 25 21 2.5 
I/Ingred-E 2.3 21 23 2.0 2.7 
I/Cook Process 3.0 3.0 3.0 3.0 3.0 
O/Cost-of goods 151 140 130 120 154 

Consumer data 
C/Like/Overall 7 68 65 64 70 
C/Like/Appearance 4 69 64 60 74 
C/Like/Aroma 63 59 57 55 64 
C/Like/Flavor 71 68 65 64 70 
C/Like/Texture 76 72 65 60 17 
C/Image/Fresh 68 64 62 61 67 
C/Image/Authentic 63 59 59 54 64 
C/lmage/Sophisticated 55 52 51 49 58 
C/Sen/Darkness 70 66 66 63 4 
C/Sen/Aroma 54 50 50 48 57 
C/Sen/Taste 67 65 65 62 70 
C/Sen/Sweet 56 56 55 54 56 
C/Sen/Spicy 61 58 58 55 65 
C/Sen/Aftertaste 35 36 37 35 38 
C/Sen/Thick 79 72 65 58 82 
C/Sen/Chunky 60 53 44 38 61 
C/Sen/Grainy 30 29 28 24 33 
Quality control 
QC/Coarse 82 7 7% 72 86 
QC/Visible-Spices 59 53 54 50 66 
QC/Pieces 50 43 32 28 50 
QC/Thick 83 7 73 67 86 
QC/Flavor 64 62 59 58 64 
QC Bitter 16 “4 15 13 20 
QCBurnt 53 52 52 52 54 
QC/Metallic 21 23 25 25 25 
Instrument reading 
T/Pieces-Surface 47 40 30 25 48 
1/Color 62 60 60 57 66 
I/NaCl 37 37 38 37 38 
TV/Acid 34 36 37 36 35 
T/Consistency 28 36 41 48 24 
Expert R&ED 

E/Particulates 61 54 43 35 63 
E/Burnt-sweet 29 27 26 23 31 
E/Onion-fiavor 30 29 31 29 32 
E/Pepper-fiavor 12 11 11 10 12 
E/Sweet-taste 33 32 31 30 33 
E/Sour-taste 52 54 55 56 51 
E/Salt-taste 48 48 50 51 48 
E/Bitter-taste 9 8 9 6 12 
E/Throat-burn 21 21 22 21 21 


*A = No constraints. 

°B = Cost of goods less than 140. 

*C = Cost of goods less than 130. 

4D = Cost of goods less than 120. 

“E = Perceived spiciness greater than 65. 


ing for a product that must be perceived as highly spiced 
(column E). Optimization yields the likely formulations, 
which are then used to estimate the likely response profile 
on all of the attributes. If the model includes attributes 
derived from physical measures, then one can calculate the 
profile of physical measures corresponding to the optimal 
formulation. This link between physical measures and rat- 
ings can be used to develop a quality control system (see 
below). 


Fitting a Predesignated “Goal” Profile 


The models allow one to prescribe a desired goal profile of 
subjective attributes, and then discover the particular 
combination of physical variables which generates that de- 
sired goal profile. Rather than optimizing a single response 
(eg, overall liking), the optimizer system varies the inde- 
pendent variables until the expected response profile 
matches as closely as possible the predesignated goal pro- 
file. (The closeness of fit can be expressed either in absolute 
terms, or in percentage terms. Percentage for “closeness of 
fit” is preferable when the units of measurement for the 
response attributes differ from attribute to attribute). Ta- 
ble 20 shows the solution, for two goal profiles. The first 
profile comes from consumers who evaluated a competitor 
product that the researcher wishes to “match” using the 
set of ingredients. The second goal profile was generated 
at the plant by instrumental probes which recorded the 
characteristics of each batch as it was produced. The ob- 
jective was to estimate consumer reactions to this batch, 
using the instruments as quality probes. 

Profile fitting enables the investigator to estimate the 
likely profile for one data set, given the profile for another 
data set. Each target profile constitutes a goal. It is pos- 
sible to: 


1. Relate Difference Sources of Data. Given a target pro- 
file from one source (eg, instrumental measures) the 
investigator can estimate the corresponding attri- 
bute profile which would emerge from another source 
of data for the same product (eg, consumer sensory 
ratings). 

2. Program a set of “probes” (in-line) in a processing 
plant to respond to the formulation as consumers 
would. Given the profile of responses to a batch ob- 
tained from the probe, the quality assurance engi- 
neer can estimate the likely formulation that would 
have yielded the profile, and then from that formu- 
lation estimate the likely consumer ratings. 


Sensitivity Analysis Around a Point 


Estimates of responses to a single combination of variables 
do not tell the whole story. Often the formulation projected 
by the optimizer corresponds to the absolutely highest 
point of what may be a very wide plane of virtually equally 
acceptable optima. Furthermore, changes in one physical 
variable may not change ratings, whereas changes in an- 
other variable may dramatically change ratings. 
Sensitivity analysis estimates effects due to one vari- 
able, with all other variables held constant. For changes 
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Table 20. Example of Goal Fitting 


Consumer Instrumental 
goals goals 
Ingredient 
I/Angred-A 10 2.5 
T/Ingred-B 19 13 
T/Ingred-C 21 28 
I/ingred-D 10 Lo 
V/Ingred-E 16 1.0 
I/Cook-process 3.0 3.0 
O/Cost-of-goods 125 139 
Consumer data 
C/Like/Overall 56 54 
C/Image/Fresh 54 56 
C/Image/Authentic 46 49 
C/Image/Sophisticated 46 Goal 52 
C/Sen/Darkness 5650 55 
C/Sen/Aroma 45 60 45 
C/Sen/Taste 5750 60 
C/Sen/Sweet 45 60 39 
CiSen/Spicy 50 50 49 
C/Sen/Aftertaste 3660 40 
C/Sen/Thick 50 «50 66 
C/Sen/Chunky 42 60 49 
C/Sen/Grainy 24 «50 26 
Quality control 
QC/Coarse 62 3 
QC/Visible-Spices 45 45 
QC/Pieces 38 43 
QC/Thick 58 78 
QC/Flavor 56 64 
QC/Metallic 29 32 
Instrument reading 
Goal 
[/Pieces-surface 37 40 40 
1/Color 52 49 45 
I/NaCl 37 39 330 
VAcid 40 45 55 
I/Consistency 58 40 40 
Expert R&D panel 

E/Particulates 40 50 
E/Burnt-sweet 19 22 
E/Sweet-taste 27 26 
E/Sour-taste 57 58 
E/Salt-taste 48 55 
E/Throat-Burn 18 18 


in one independent variable the investigator estimates the 
attribute profile using the equations. 

Table 21 shows the sensitivity analysis. The table shows 
how the dependent variable covaries with the independent 
variable. 


Using the Product Model to Assure Quality 


The product model relates independent attributes (under 
research or production control) to dependent variables, be 
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Table 21. Sensitivity Analysis (From midpoint) 


Table 21. Sensitivity Analysis (From midpoint) (continued) 


10 13 17 20 23 27 
Ingredient A 


O/Cost-of-goods 132 182 132 132 132 132 
C/Like/Overall 61 61 60 60 59 59 
C/Sen/Darkness 61 61 60 60 59 59 
C/Sen/Aroma 48647 #47 #47 «47° «(47 
C/Sen/Taste 63 63 64 64 65 66 
C/Sen/Sweet 47 47 «470 46 46 45 
C/Sen/Spicy 55 55 56 GCOS 
C/Sen/Aftertaste 38 38 39 40 41 42 
C/Sen/Thick 64 64 64 64 64 63 
C/Sen/Chunky 46 45 45 45 45 45 
C/Sen/Grainy 27° 27 «27 «(kT 88 
Ingredient B 
O/Cost-of-Goods 131 132 132 182 132 133 
C/Like/Overall 55 «57 «5B 60 GSC. 
C/Sen/Darkness 57 58 59 60 61 62 
C/Sen/Aroma 4646 «447° «47°«47— 47 
C/Sen/Taste 63 63 64 64 65 65 
C/Sen/Sweet 40 42 44 46 49 52 
C/Sen/Spicy 54 55 5sCiHsCiGsCG 
C/Sen/Aftertaste 41 41 41 40 39 39 
C/Sen/Thick 60 61 63 64 65 65 
C/Sen/Chunky 44 44 «45 45 45 46 
C/Sen/Grainy 27°27 «27 (OT TT 
Ingredient C 


OfCost-of-Goods 118 123 128 132 137 142 


C/Like/Overall 57 58 58 60 61 62 
C/Sen/Darkness 58 «59 59 60 «61 62 
C/Sen/Aroma 45 46 46 47 48 48 
C/Sen/Taste 62 «63 64 64 65 65 
C/Sen/Sweet 45 45 46 46 47 47 
C/Sen/Spicy 54 55 HCiGC‘<“i“_CSC‘«*ST 
C/Sen/Aftertaste 39 40 40 40 40 39 
C/Sen/Thick 5457 61 64 67 70 
C/Sen/Chunky 3438841 45 48D 
C/Sen/Grainy 24 25 27 27 28 28 
Ingredient D 
O/Cost-of-Goods 127 128 130 132 134 136 
C/Like/Overall 53 56 58 60 60 «60 
C/Sen/Darkness 57 58 59 60 60 60 
C/Sen/Aroma 45 46 46 47 47 47 
C/Sen/Taste 61 62 64 64 65 64 
C/Sen/Sweet 45 46 46 46 47 #46 
C/Sen/Spicy 530 «54 55K 
C/Sen/Afterstate 39 39 40 40 40 40 
C/Sen/Thick 51 56 61 64 66 «66 
C/Sen/Chunky 40 42 44 45 45 45 
C/Sen/Grainy 25 26 27 27 28 28 
Ingredient E 


O/Cost-of-Goods 126 128 130 132 134 136 
C/Like/Overall 54 57 58 60 60 59 
C/Sen/Darkness 55 56 58 60 62 65 


C/Sen/Aroma 43 44 «45047 495 
C/Sen/Taste 59 61 «62sG4CsT_—Ss«D 
C/Sen/Sweet “4 45 46 «+46 «446 «(46 
C/Sen/Spicy 48 50 53 56 59 62 


C/Sen/Aftertaste 38 38 39 40 «42 44 


3.0 


a 


SSSSSARESSS 


SRSSARSSSSE 


SRGILBSS 


10 413 #17 «20 23 27 3.0 


C/Sen/Thick 58 60 62 64 66 67 69 

C/Sen/Chunky 41 42 44 45 46 47 48 

C/Sen/Grainy 2 25 26 27 29 31084 
Cool process 


O/Cost-of-Goods 133 32 182 182 1382 182 182 
C/Like/Overall 60 60 60 60 60 60 60 
C/Sen/Darkness 60 60 60 60 60 60 60 


C/Sen/Aroma 46 47 47 47 47 47 47 
C/Sen/Taste 64 64 64 64 64 64 64 
C/Sen/Sweet 46 46 46 46 47 47 47 
C/Sen/Spicy 56 56 56 56 56 56 57 
C/Sen/Aftertaste 40 40 40 40 40 40 40 
C/Sen/Thick 65 64 64 64 64 64 64 
C/Sen/Chunky 46 46 «45 45 45 45 46 
C/Sen/Grainy 27 27 27 27 28 28 28 


Note: selected attriutes shown. 

All ingredients held constant at the midpoint of the design (each variable 
held at “2”), Then each independent variable (ingredients A-E, cooking pro- 
cess was separately increased in small steps from a low of 1 to a high of 8. 
The numbers in the table show changes in attributes, including cost of goods 
and consumer ratings. 


these consumer ratings, expert panel ratings, etc. The 
product model plays a role in assuring quality, because it 
can be used in two distinct ways to control production: 


1. Process Control. At the most basic level sensitivity 
analysis reveals how process or ingredient variations 
affect liking. Once the desired formulation has been 
located within the grid of alternative formulations, 
and the range of independent variables set (high to 
low for each independent variable), the investigator 
computes the sensitivity curves for each independent 
variable, holding the other independent variables 
fixed (at the prescribed level for production). The 
changes in the sensory ratings show how the inde- 
pendent variable affects the sensory character of the 
product (viz, sensory attributes). The change in lik- 
ing indicates how changes in the independent vari- 
able affect acceptance. 

Quality control tables based upon sensitivity 
analyses highlight those independent variables 
which produce noticeable sensory changes, and the 
degree to which those changes generate acceptance 
changes in their wake. The manufacturer should 
maintain tighter control over the key critical vari- 
ables (perhaps at greater cost) and maintain looser 
control (at lower cost) over the less important vari- 
ables (where departure from the optimal or produc- 
tion specifications do not reduce acceptance nor af- 
fect sensory integrity). 

The approach is consumer driven, because it is 
based upon the reactions of consumers to actual var- 
iations of the product, rather than hypothesis of 
what production variables might be important. It 
might well turn out that some variables play little or 
no role in determining acceptance, and can either be 


reduced to save money, or ignored by quality assur- 
ance over a wide range of levels. Conversely, more 
attention would then be paid to those important vari- 
ables which influence acceptance. 


2. Batch Analysis. The inter-relation among formula 
variables, consumer responses, instrumental vari- 
ables, expert panel responses, and quality control 
panel responses assures quality at the production 
level on a batch-to-batch basis. Each batch is mea- 
sured, either by experts, by the quality control panel, 
or by instruments. The measurements generate a 
goal profile. The goal profile determines a corre- 
sponding set of estimated ingredients or process 
variables which would generate that profile. Once 
the levels of the independent variables are estimated 
the model estimates the corresponding consumer 
sensory profile and/or the likely acceptance rating. 
As each batch emerges from the production line qual- 
ity assurance can calculate the expected difference 
from the reference or “gold standard” on a sensory or 
acceptance basis. At the time of the measurement, 
plant personnel decide whether the product is suffi- 
ciently similar to a target standard (or reasonably 
acceptable) to warrant shipment, or whether the 
batch must be reworked (or even discarded). 


AN OVERVIEW 


Sensory analysis in the last decade of the Twentieth Cen- 
tury has matured considerably since its informal begin- 
nings almost ninety years before. At its inception the field 
comprised individuals who had little experience in evalu- 
ation, who were practitioners of other disciplines, and who 
made sensory analysis a professional avocation. Tech- 
niques developed haltingly as the field developed, with 
various home grown approaches proposed, implemented, 
the best culled for further use, and the remainder dis- 
carded. The archival early literature of sensory analysis 
reveals these discarded byways. 

Today, thanks to the continued importance of sensory 
satisfaction placed on products by the food processor and 
the need to remain competitive in a marketplace of in- 
tensely competing brands, manufacturers have refined 
their test methods. By combining contributions from aca- 
demia, statistical procedures, psychological and psycho- 
physical test methods, and applying the tests procedures 
in a business environment which needs accurate and ac- 
tionable feedback, practitioners have advanced the field 
considerably. What was once an informal bioassay of a 
product to determine palatability has become, over the 
past years, a computer-based technology which quantita- 
tively guides product development to improve consumer 
acceptance. 

Sensory analysis comprises many different methods. Its 
strength coming from a body of diverse approaches is also 
its inherent weakness. There is no single set of approaches 
deemed “appropriate, correct and true” in sensory analy- 
sis, but rather different approaches to the same problem, 
proffered by practitioners. Sensory analysis is a science in 
development, and a technology in practice. The slow de- 
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velopment towards a science is witnessed by the recent 
emergence of journals in the U.S., and the U.K devoted to 
sensory analysis as a science. These journals are belated 
witnesses to that recognition, and to the evolving nature 
of the field. Whether it takes a year or another lifetime, 
however, the field will become a true science. The wealth 
of methods presented to the users in product development, 
and the literature now available certainly today qualify 
sensory analysis as a dynamic, evolving, intellectually 
stimulating and business-relevant technology which has a 
vital place in product development and marketing. Sen- 
sory analysis has earned a key role in food science, and 
continues to be worthy of that role. 
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SENSORY SCIENCE: STANDARDIZATION 
AND INSTRUMENTATION 


Whenever the sensory properties of a substance are at is- 
sue, the sine qua non is that sensory evaluation is su- 
preme. No chemical, physical, or instrumental test can 
substitute for sensory judgment under all circumstances. 
Humans and other animals are the only ones who can 
make decisions about acceptability or other sensory judg- 
ments. Notwithstanding that, there have been efforts as 


long as chemical and sensory measurements have coex- 
isted for technologists and others to attempt to substitute 
chemical or physical measurements for sensory ones. Some 
reasons are obvious. Others are more illusory than factual. 
Among the obvious ones is the fact that chemical and me- 
chanical tests usually can be conducted at any time 
whereas the “expert” tea taster, fish smeller, or the sensory 
panel—if the firm is more in the modern mode—are often 
available only during the daytime shift. Among the rea- 
sons more illusory than factual is the conception that 
chemical tests are more objective and precise; they often 
are, but that is not necessarily better. As in target shoot- 
ing, there are differences between precision and accuracy. 
The archer or marksman may group shots close together, 
thus being precise, but the shots may be at the rim of the 
target instead of at the bull’s-eye. Although a chemical test 
may be very precise in itself, it may miss the target simply 
because it is measuring an attribute not particularly well 
correlated with sensory quality. The purpose of this article 
is to describe how correlations may be established, if they 
exist, and how to use those that do exist most effectively 
as substitutes for, or complements to, sensory evaluation. 
The statement made above that no instrumental test can 
substitute for sensory evaluation under all circumstances 
is true, but fortunately there are many instances where 
instrumental measurements, once shown to be correlated 
with sensory judgment, can be used beneficially as replace- 
ments for sensory evaluation provided from time to time 
the instrumental test is restandardized or validated 
against sensory evaluation. In spite of some of the limita- 
tions just mentioned, the use of instrumental tests to sup- 
plement sensory evaluation for quality-control purposes is 
already a well-established industrial practice. In basic re- 
search, such tests are even more valuable. If we ever hope 
to understand sensory perception, most certainly knowl- 
edge of the role played by specific compounds, functional 
groups, and various forms of interaction among compounds 
must be ascertained. The interaction referred to here is not 
the chemical reaction between compounds but the percep- 
tual interaction in the brain where there are often addi- 
tive, masking, or synergistic effects. While correlations 
themselves are not adequate, they are a step toward es- 
tablishing cause-and-effect relations. 


EMERGING AND COALESCING TECHNOLOGIES 


A happy set of circumstances has made sensory-instru- 
mental correlations both easier to detect and more useful 
than was true 45 yr ago. Hereafter the term instrumental 
will be used in a generic sense to encompass all forms of 
chemical, mechanical, physical, spectral, or auditory tests 
where there is some type of physical measurement being 
obtained to match against sensory evaluation. In other in- 
stances, the particular form of physical measurement will 
be named where that is necessary to provide accuracy. 
That is so for the first development to be described. The 
detection and isolation of chemical compounds became eas- 
ier once gas chromatography was established (1). Prior to 
that time, analytical chemists often had to spend weeks 
isolating and identifying even a single substance. Inas- 
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SENSORY SCIENCE: STANDARDIZATION 
AND INSTRUMENTATION 


Whenever the sensory properties of a substance are at is- 
sue, the sine qua non is that sensory evaluation is su- 
preme. No chemical, physical, or instrumental test can 
substitute for sensory judgment under all circumstances. 
Humans and other animals are the only ones who can 
make decisions about acceptability or other sensory judg- 
ments. Notwithstanding that, there have been efforts as 


long as chemical and sensory measurements have coex- 
isted for technologists and others to attempt to substitute 
chemical or physical measurements for sensory ones. Some 
reasons are obvious. Others are more illusory than factual. 
Among the obvious ones is the fact that chemical and me- 
chanical tests usually can be conducted at any time 
whereas the “expert” tea taster, fish smeller, or the sensory 
panel—if the firm is more in the modern mode—are often 
available only during the daytime shift. Among the rea- 
sons more illusory than factual is the conception that 
chemical tests are more objective and precise; they often 
are, but that is not necessarily better. As in target shoot- 
ing, there are differences between precision and accuracy. 
The archer or marksman may group shots close together, 
thus being precise, but the shots may be at the rim of the 
target instead of at the bull’s-eye. Although a chemical test 
may be very precise in itself, it may miss the target simply 
because it is measuring an attribute not particularly well 
correlated with sensory quality. The purpose of this article 
is to describe how correlations may be established, if they 
exist, and how to use those that do exist most effectively 
as substitutes for, or complements to, sensory evaluation. 
The statement made above that no instrumental test can 
substitute for sensory evaluation under all circumstances 
is true, but fortunately there are many instances where 
instrumental measurements, once shown to be correlated 
with sensory judgment, can be used beneficially as replace- 
ments for sensory evaluation provided from time to time 
the instrumental test is restandardized or validated 
against sensory evaluation. In spite of some of the limita- 
tions just mentioned, the use of instrumental tests to sup- 
plement sensory evaluation for quality-control purposes is 
already a well-established industrial practice. In basic re- 
search, such tests are even more valuable. If we ever hope 
to understand sensory perception, most certainly knowl- 
edge of the role played by specific compounds, functional 
groups, and various forms of interaction among compounds 
must be ascertained. The interaction referred to here is not 
the chemical reaction between compounds but the percep- 
tual interaction in the brain where there are often addi- 
tive, masking, or synergistic effects. While correlations 
themselves are not adequate, they are a step toward es- 
tablishing cause-and-effect relations. 


EMERGING AND COALESCING TECHNOLOGIES 


A happy set of circumstances has made sensory-instru- 
mental correlations both easier to detect and more useful 
than was true 45 yr ago. Hereafter the term instrumental 
will be used in a generic sense to encompass all forms of 
chemical, mechanical, physical, spectral, or auditory tests 
where there is some type of physical measurement being 
obtained to match against sensory evaluation. In other in- 
stances, the particular form of physical measurement will 
be named where that is necessary to provide accuracy. 
That is so for the first development to be described. The 
detection and isolation of chemical compounds became eas- 
ier once gas chromatography was established (1). Prior to 
that time, analytical chemists often had to spend weeks 
isolating and identifying even a single substance. Inas- 
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much as almost every food contains hundreds of com- 
pounds, if not thousands, and most of these have sensory 
import, there was little prospect of being able to establish 
good correlations when only a few compounds in a given 
kind of food could be identified and quantified. Fortunately, 
sometime before gas chromatography enabled chemistry to 
go “multicomponent,” food and other sensory substances 
began to be looked at in the same way. 

Prior to 1949, sensory judgments were generally quite 
simple. Expert tea tasters or wine judges rendered a com- 
posite judgment that this tea or that wine met their com- 
pany’s buying specifications, perhaps with a few comments 
as to particularly pertinent qualities. Generally, they kept 
the basis for their judgments to themselves. In fact, their 
status as an expert depended on the imperiousness of their 
judgments. In some industries, sensory panels came into 
use and worked in parallel with experts. In other indus- 
tries, the first sensory analyses were those provided by 
sensory panels, In either case, the panels also rendered 
simple judgments. At the most they examined the material 
for odor, taste, texture, or color or for such specific attrib- 
utes as sweetness, bitterness, saltiness, and sourness. 
Even the latter attributes are often not as specific as is 
desirable, because different substances can have different 
nuances of bitterness. The same is true of the other char- 
acter notes. 

The development that changed things in 1949 was the 
development of the flavor profile method (FPM) (2). The 
method required panelists to attempt to pick out from the 
melange of sensory notes comprising odor or flavor the par- 
ticular odor or taste character notes that were there. FPM 
set the feet of sensory scientists on the right path (3), but 
it was inadequate in some respects. The responses sought 
were only semiquantitative. Furthermore, one of the ob- 
jectives of the method was to get the panelists to arrive at 
a consensus as to which sensory notes were present, the 
order of their perception, and their intensities. Semiquan- 
titative data and the merging into a consensus differences 
expressed by the individual panelists made difficult the 
establishment of sound correlations between the sensory— 
instrumental measurements. The deficiency of strict quan- 
titative data to match against the quantitative data of in- 
strumental methods changed in 1974 when quantitative 
descriptive analysis (QDA) was devised (4). QDA requires 
that the panelists make their judgments independently, 
and the rather crude scoring system of the FPM was re- 
placed with more carefully defined scoring systems. Other 
differences between the FPM and QDA procedures as well 
as the quantitative sensory profiling (QSP) methods that 
have been developed more recently have been described 
(3). The FPM and QDA procedures were singular devel- 
opments for the influence they had on sensory analysis. 


EXAMINATION OF MULTICOMPONENT DATA SETS 


In 1966 there was a seminal development (5,6), which was 
the use of statistical multivariate analysis (MVA) to seek 
out from all the data from gas chromatography those peaks 
most effective for classifying samples into the sensory cate- 
gory to which they belonged. Earlier efforts had been made 


to find the peaks most closely correlated with sensory qual- 
ity, but they were often futile or only partially successful 
because simple, univariate statistical methods, such as ¢”, 
were employed rather than MVA procedures. The new 
method used discriminant analysis (6). Almost immedi- 
ately other researchers began to follow this lead; some- 
times they used discriminant analysis, but quite logically 
they began to examine other forms of MVA for their appli- 
cability to sensory-instrumental analysis. The result is 
that today several multivariate methods play a role in ex- 
amining and correlating sensory and instrumental data. 
The flux that enabled multicomponent sensory data to 
be effectively melded with multicomponent instrumental 
data was the development of computers. Some of MVA pro- 
cedures had existed since early in the twentieth century, 
but they were not widely used because calculation was too 
onerous and tedious a task when done by hand or by the 
hand-cranked calculating machines then extant. In the 
1960s and the 1970s the critical components to effective 
correlation of sensory and instrumental data fused. The 
development of gas chromatography in 1952 (1), the ap- 
plication of discriminant analysis to multicomponent data 
in 1966 (5,6), and the refining of multicomponent sensory 
evaluation in 1974 (4) were all encompassed by advances 
in computer technology during the same period, and sub- 
sequent to that time, and set the stage for these individual 
achievements to coalesce into a major thoroughfare of ap- 
plication. Their coalescing had an influence much like the 
confluence of the Ohio, the Missouri, and other rivers with 
the Mississippi, enabling it to bear a heavier traffic load 
than it could if other rivers did not add to its majesty. 


KINDS OF MULTIVARIATE METHODS 


There are at least 14 kinds of MVA procedures used to ex- 
amine sensory-instrumental data. Some are of chief ben- 
efit for exploratory examination of data to gleam from large 
data sets certain components or relations for more detailed 
examination or later use. Others are employed to learn 
whether sample differences exist. Among the procedures 
are 


Principal component analysis 
Cluster analysis 
Multidimensional scaling 
Discriminant analysis 
Multiple regression analysis 
Partial least squares analysis 
Response surface analysis 
Procrustes analysis 
Canonical analysis 
Correspondence analysis 
Multivariate analysis of variance 
Fuzzy logic (mathematics) 
Neural network 

Factor analysis 


Of the above procedures, principal component analysis 
(PCA), cluster analysis (CA), and factor analysis (FA) are 
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known as methods of internal analysis. They are used to 
study the relations of variables within the same data set, 
ie, a set of sensory measurements or a set of instrumental 
measurements, but not sensory compared with instrumen- 
tal measurements. Discriminant analysis (DA) and mul- 
tiple regression (MRA) perform just the opposite functions. 
DA is a procedure for assigning products, or some other 
entity, to a class based on measurements made on those 
products, with prior knowledge that classes do exist. For 
example, yellow and red globe onions and Vidalia (Grano— 
Granex) onions were analyzed gas chromatographically to 
learn if they could be so classified (7). That species differ- 
ences existed was, of course, known in advance. MRA 
works somewhat analogously to DA except it applies to 
things that progress in some manner rather than things 
in discrete classes, as species of onions are. An illustration 
would be predicting the intensity of vanilla flavor in ice 
cream when different levels of vanilla are added. DA and 
MRA are the most useful of the MVA methods for predict- 
ing the identity or state of a sample. They are useful be- 
cause once a discriminant function or a multiple regression 
equation has been calculated, the identity or state of a new 
sample can be predicted by merely inserting its measure- 
ment values in the equation. The other methods listed 
above are more commonly used to study relations between 
sensory and instrumental measurements. Some, such as 
canonical analysis or partial least squares regression can 
be used for prediction purposes, but generally they are 
used to examine relations among variables rather than to 
pinpoint the identity of a single sample. 


PRELIMINARY OR EXPLORATORY USES 


While not always confined to being exploratory methods, 
PCA, CA, and FA are often used for that purpose. Of the 
three, PCA is probably the one most used to examine data 
to learn how the data should be subsequently examined to 
secure the greatest amount of value from them. Basically, 
PCA is a procedure for examining the variance of data to 
learn which variables go together and which others belong 
toa different group. The procedure thus performs two func- 
tions. It establishes whether there is correlation among 
some of the variables (sensory scores and instrumental 
measurements); then it attempts to reduce the dimension- 
ality of the data, ie, groups together in a component those 
things that are correlated with each other. 

Variance, or dispersion, should perhaps be defined. It is 
a measure of the degree to which measurement values 
should in theory be the same rather than differ slightly, as 
they usually do. The variation represents error, not in the 
sense that the measurement is wrong but in the sense that 
measurements made on the same sample are usually not 
identical. Among causes of error, generally minor, are pe- 
riodic inconsistencies in the performance of the instru- 
ment. Slightly more common are variations in results 
caused by the operator of the instrument not being entirely 
consistent in his or her handling of the instrument or sam- 
ples. The most prevalent cause of variance is the inherent 
differences that characterize all biological materials—and 
a very high proportion of specimens examined for sensory 


qualities are biological in nature: nearly all our foods and 
beverages are. Other materials such a perfumes may be 
compounded from differences substances, but many of the 
most desirable ingredients are extracted from natural sub- 
stances. Such things as air or water pollutants, although 
not necessarily biologically derived, likewise vary accord- 
ing to the way the wind blows and how an industrial plant 
is being operated. Error should not, therefore, be looked on 
as “wrongness” but rather “rightness” in the sense that all 
things exhibit some variation in their properties and per- 
formance, and the error term is merely reflecting that. 


‘CALCULATION AND FUNCTIONING OF PCA 


PCA operates by searching for the variables accounting for 
the greatest amount of variance. The items under inves- 
tigation (samples, people, and descriptive terms), corre- 
lated and contributing the greatest amount of variance in 
ratio to the total, are grouped into the first principal com- 
ponent. The second component is derived in the same way. 
It is a measure of the variance remaining after the first 
component has been extracted and accounts for the next 
greatest amount of variance. The process continues in that 
fashion until all the variance has been accounted for. In 
practice, the investigator is rarely interested in all the 
components. Usually, the first few account for so much of 
the existing total variance that the other components can 
be ignored because they are not supplying enough addi- 
tional information to justify being retained for further use 
or evaluation. The consequence of PCA is that the volume 
and complexity of the data set is reduced. The investigator 
may give up 5-15% of the information contained in the 
whole mass of data. In turn, there will be fewer entities to 
work with in the future, maybe three components, instead 
of the original number of samples (people, descriptive 
terms, or whatever was being subjected to PCA). Not only 
may data reduction be involved but PCA is useful to learn 
whether products thought to be different are in fact differ- 
ent. A common problem is to judge whether products sold 
under different brand names are indeed different senso- 
rially. The same producer may, for example, market the 
same product under two or more different labels. 

Not quite in line with the illustration above is another 
type of problem (8). Nine brands of Scotch whisky and one 
of Irish whiskey were analyzed. Upon applying PCA it was 
learned that some of the brands were so close together in 
their sensory qualities they should be treated as one set of 
samples, not two or three different samples. A cooperative 
research project was conducted between the food chemis- 
try and technology department of the University of Hel- 
sinki and the University of Georgia (9). The Finns had se- 
lected five kinds of Finnish sour rye bread, which they 
considered to be representative of different types, for sen- 
sorial and chemical examination. The chemical data per- 
mitted the five breads to be separated except for breads no. 
1 and 4. The sensory data did the same except breads no. 
1 and 2 could not be separated. Putting together the two 
kinds of data permitted sample resolution of the five kinds 
of bread, but a pictorial representation of just how close 
together the five kinds were was desired. Figure 1 illus- 
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Figure 1. Spatial relations of five types of Finnish wholemeal 
sour rye bread in three-dimensional space based on principal com- 
ponent analysis. Data set reduced from responses by 20 panelists 
for 12 attributes, replicated four times. Numerals designate the 
five kinds of bread. 


trates the positions of the five types of bread, one to the 
other, in three-dimensional space. Other ways of providing 
evidence that the samples differed will be described later. 
PCA was used here as a preliminary check on the validity 
of the assumption that the five kinds of bread were dif- 
ferent. 

Perhaps the theory underlying PCA should have been 
given first, but it is hoped that the reader will find the 
explanation of what PCA is about more understandable 
having first seen some of the results of its application. In 
the case of the Finnish sour rye bread, the data mass was 
reduced from judgments by 20 panelists for 12 sensory 
characteristics and several chemical measurements to five 
components, ie, the five coordinates of the five kinds of 
bread. Figure 2 depicts what is going on. The kinds of mea- 
surements represented by the numbers 1, 2, and 4 are cor- 
related with each other because they lie along the same, 
and the longest, axis. They account for the greatest amount 
of variance; thus they represent the first component. Mea- 
surement values 3 and 5 are along the next longest axis, 
and they account for the next greatest amount of variance, 
once the variance of the first component has been removed. 
They thus constitute the second component. Measurement. 
value 6 is off by itself. It, therefore, constitutes the third 
component. Although the three axes are not at right angles 
to each other, one of the goals of PCA is to derive compo- 
nents that are orthogonal, ie, at right angles, to each other. 
The drawing was purposely made not to be ideal in terms 
of orthogonality, because in practice the axis of each com- 
ponent is not always exactly at a right angle to the other 
axes. The drawing depicts the way PCA was originally cal- 
culated. The problem of calculating principal components 
was solved by fitting a line to the longest axis of the ellip- 
soid of objects such that the sum of the squared residual 


Figure 2. Depiction of basis for calculation of principal compo- 
nents. Regression curve through measurement types 2, 1, and 4 
establishes first component, regression curve through measure- 
ment types 5 and 3 establishes second component, curve through 
measurement type 6 illustrates formation of a third component, 
the regression curve for each being orthogonal to the others. 


distances was at a minimum for highly correlated objects 
(10). The same was then done for the next longest axis and 
those next most highly correlated. The reason the compo- 
nents are orthogonal to each other is that once the first. 
component has been extracted, subsequent ones extracted 
are not correlated, ie, are orthogonal, because the variance 
of the first is no longer in play to allow correlation to exist. 
To carry on PCA calculations today, Hotelling’s (11) pro- 
cedure is generally used. It depends on transposing and 
inverting the variance-covariance matrix, or the correla- 
tion matrix, to accomplish the same purpose. The proce- 
dure selects the variables accounting for the greatest pro- 
portion of the variance, it arrays them and then rotates 
them in such a way that they are in the order of decreasing 
variance and are orthogonal. 

Figure 3 provides an illustration of the use of PCA to 
reduce data dimensionality. This study was mentioned 
above (7). Forty-five ge peaks were useful to resolve prod- 
uct differences, but only 7 peaks were needed to be 100% 
correct in classifying 47 samples of the three different 
kinds of onions. For many, a pictorial display is more con- 
vincing than numerical data. To take advantage of the in- 
formation contained in the 7 peaks, yet still be able to show 
that the onions did indeed differ, PCA was applied to the 
7 peaks to reduce them to three components. The graph 
shows quite clearly that the three kinds of onions occupy 
three distinct locations in space. 

A more useful purpose of PCA than merely to reduce a 
number of variables to a lesser number of components to 
permit visual display is the use of it to classify panelists 
undergoing training for possible membership on a sensory 
panel. Reference was made above to biological differences 
often being the cause of errors in measurement. Humans 
are no exception. Every one is an individual, responding in 
different ways when called on to be a sensory panelist. 
That is true even after training. Some of the variation can 
be overcome by training panelists to respond nearly alike 
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Figure 3. Principal component analysis applied to yellow and 
red globe onions and to Vidalia onions based on reducing seven 
gas chromatographic peaks to three components, four replica 
tions each, 


to the same stimulus, but it can never be fully overcome. 
In deciding whether to admit an individual to membership 
on a sensory panel, it must be considered whether the in- 
dividual will be in reasonable concert with other members 
of the panel, or if the individual will respond so individu- 
ally as to be a statistical outlier. Figure 4 shows PCA ap- 
plied to the results of 11 panelists when they examined a 
baked bean product for the intensity of 14 attributes (12). 
Panelist 9 is clearly an outlier. Panelists 1, 2, and 3 do not 


#----© 


%------- 
“e 


fo--------© 


%---- 


ee 


Figure 4, Interspatial relations of 11 panelists based on principal 
component analysis, eight baked bean products evaluated for 14 
attributes, four replications. 
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agree with the others as closely as is desirable. If panelist 
9 is to be retained as a panelist, he will have to receive 
additional training in an effort to bring his responses into 
line with the rest of the panel. The sensory leader might 
decide that panelists 1, 2 and 3 might likewise improve in 
performance with additional guidance and training. One 
of the advantages sensory technologists have today is that 
PCA can be readily applied to the responses of panelists, 
and if there is a program to graph the results, a visual 
display can be created so that panelists can see how far 
they are from the rest. Knowing that, often panelists can 
readjust their mental scaling processes to bring their re- 
sponses into line with the rest of the panel. For any of the 
illustrations above, the basic information is supplied as nu- 
merical output. The investigator generally just examines 
it to make decisions. Naturally the numerical output is the 
only way of examining the output beyond the third com- 
ponent. Graphic illustrations were given here merely to 
make clear the kinds of information obtainable from PCA. 

In reducing the dimensionality of the data, some infor- 
mation is given up, but usually not much. In return for the 
loss of information, relations among the entities being 
evaluated, whatever they are, are made clearer. The enti- 
ties can be products as in the first illustration, gas chro- 
matographic peaks in the third, the responses of people in 
the fourth, or any pertinent category such as descriptive 
terms, geographical location, or demographic information. 


CLUSTER ANALYSIS 


Cluster analysis (CA) is another data-reduction method. 
It, too, can be used to examine the responses of panelists 
to learn whether panel members are responding alike. CA 
can take several different forms. Whereas PCA depends on 
examination of variance, CA is basically a measure of prox- 
imity. It can be calculated on the basis of distance, corre- 
lation, or the effect they have on variance by lumping to- 
gether or separating other individual elements or tentative 
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clusters. There are several forms of depicting proximity. 
There are single linkage, centroid linkage, average link- 
age, density linkage, and minimum variance. One of the 
most useful is the agglomerative hierarchical clustering 
technique, of which Ward’s minimum variance method is 
one. Ward’s method uses the square of the Euclidean dis- 
tance as the proximity measure. Some publications refer 
to the representation as a tree; others call it an icicle. 
Whether distance, correlation, or variance, the basic pur- 
pose of CA is the same. Things having characteristics in 
common form a cluster; things dissimilar to the first have 
to go into a second cluster, etc. Having characteristics in 
common does not necessarily mean that the objects in a 
cluster are related. Sensory leaders hope that their pan- 
elists will form a single cluster; but just being grouped to- 
gether does not mean the panelists are related. They 
merely happen to be together because they respond alike; 
only rarely are panel members kin. Table 1 shows cluster 
analysis applied to the 20 panelists who examined the five 
kinds of Finnish sour rye bread for 12 attributes (13). Ta- 
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bles 2 and 3 show the kinds of output obtained by different 
clustering processes. There are some differences because 
hierarchial clustering was used for the icicle formation (Ta- 
ble 2) and the VARCLUS routine of the SAS package (14) 
was used for Table 3. Either one of the clustering processes 
serves the purpose of the sensory analyst, who is generally 
interested in only the major groups formed. Here there are 
a few differences in the assignment of panelists, but they 
reveal essentially the same information. Both processes 
said that panelists 7 and 12 responded least like any of the 
others. From other information (15) every one of the 20 
panelists was an accomplished sensory judge who could 
reproduce his or her assignment of scores. The only flaw 
was that the panel did not operate as one unit. The pan- 
elists of each of the clusters arrived at the same decision, 
three of the kinds of bread were sensorially different, but 
they didn’t reach the same conclusion by the same 
pathway. 

Sometimes CA is used to learn if resolution of product 
differences can be stepped up. By applying CA to a group 


Table 1. Ward’s Minimum Variance Cluster Analysis Applied to the Scale Values of 20 Panelists Evaluating 12 Attributes 


of Finnish Wholemeal Sour Rye Bread 


Panelists 


i—Partial R? 1 133 «#1 7 5 19 8) «15 


9 2 6 17 2 4 wz 10 11 14 16 


0.35 


0.3 


0.25 


0.2 


0.15 


O01 


0.05 


2138 


SENSORY SCIENCE: STANDARDIZATION AND INSTRUMENTATION 


Table 2. Tabular Output of Ward’s Minimum Variance Cluster Analysis* 


Eigenvalues of the covariance matrix 


Variables Eigenvalue Difference Proportion Cumulative 

1 796.987 313.406 0.429565 0.42956 

2 485.580 254.313 0.260643 0.69021 

3 229.267 132.981 0.123572 0.81378 
4 96.286 22.873 0.051897 0.86568 

5 73.413 25.975 0.039569 0.90525 

6 47.438 9.109 0.025568 0.93081 

7 38.329 7.307 0.020659 0.95147 

8 31.023 6.098 0.016721 0.98163 
9 24.925 8.704 0.013434 0.98163 
10 16,221 5.445 0.008743 0.99037 
ll 10.776 3.687 0.005808 0.99618 
12 7.089 0.003821 1.00000 
Number of clusters Clusters joined Frequency of new cluster Semipartial R? R? 

19 3 12 2 0.010001 0.989999 
18 CLI9 ll 14 2 0.011672 0.978327 
WwW 7 3 0.014082, 0.964245 
16 4 18 2 0.014111 0.950134 
16 8 15 2 0.014587 0.935547 
4 1 13 2 0.016947 0.918600 
13 2 6 2 0.019158 0.899442 
12 CLI5 9 3 0.024987 0.874454 
11 10 CL18 3 0.025403 0.849052 
10 CLI? 5 4 0.027946 0.821106 

9 CL14 CLIO 6 0.029373 0.792732 

8 CL13 17 3 0.030646 0.761086 

7 CLI16 cL 5 0.034871 0.726215 

6 CL8 20 4 0.041325 0.685890 

5 cL9 19 7 0.054941 0.684890 

4 CL7 16 6 0.060708 0.569241 

3 CLS CL12 10 0.062688 0.506553 

2 CLé CL4 10 0.189603 0.316950 

1 CL3 CL2 20 0.316950 0.000000 


“Root-mean-square total-sample standard deviation = 12.4343; Root-mean-square distance between observations = 60.9153. 


of panelists, it was possible to demonstrate more conclu- 
sively that three cheese products were different (16). Be- 
fore the panel was split into three clusters, classification 
of 180 samples by discriminant analysis into the product 
category to which they belonged was 76% correct. When 
DA was applied to each of the clusters separately, the suc- 
cess level was raised to 90%. Either PCA or CA can be used 
for the purpose of determining whether samples differ. Ta- 
ble 4 shows Ward’s minimum variance cluster analysis ap- 
plied to five grades of tea to learn how much alike or dif- 
ferent they are. Tea no. 5 was a “fine” tea selected by an 
expert tea buyer. Tea no. 1 was the poorest as judged by 
the tea buyer. Note that the CA tells the investigator that 
the panelists can most readily tell apart teas no. 1 and 5. 
The fact that teas nos. 2, 3 and 4 did not break off from 
each other as readily indicates that the panelists had more 
difficulty in distinguishing among them. 


MULTIDIMENSIONAL SCALING 


Multidimensional scaling (MDS) will be explained at this 
point chiefly because it, too, is a form of proximity mea- 


surement. It is a method for finding a configuration of 
points for individuals from information about the distance 
between the points. The usual metric is similarity or dis- 
similarity judgments, but correlation matrices, attribute 
ratings, or Euclidean distances can be used. The r x c ma- 
trix is generally not one of n X p but rather n X n. It has 
been stated that the strategy in MDS is to look for the 
solution with the smallest dimensionality in which the dif- 
ferences between the reconstructed distances and the 
original proximities are acceptably small (17). Smaller 
stress values indicate more satisfactory fit. Various pro- 
grams for the analysis of proximity data have been de- 
scribed (18). It has been pointed out that MDS and corre- 
spondence analysis have some features in common with 
PCA (19). For MDS, ifn > p, then a PCA should generally 
be preferred because it is easier to find the eigenvectors of 
ap X p matrix than the larger n x n matrix. The theory 
and methods of MDS have been published (20). 


DISCRIMINANT ANALYSIS 


FA and correspondence analysis will be discussed later. Al- 
though PCA and CA can be used to depict product differ- 
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Table 3. Varclus (Oblique Principal Component) Clustering of 20 Panelists Based on Their Correlation Matrices 
R? with 
Variable (panelists) Own cluster Next closest 1-R? ratio 
Cluster 1 2 0.6955 0.4487 0.5524 
4 0.6727 0.5217 0.6842 
10 0.4667 0.2598 0.7205 
11 0.5618 0.3385 0.6625 
14 0.5137 0.2311 0.6325 
16 0.6652 0.3906 0.5495 
17 0.6051 0.3610 0.6180 
18 0.6990 0.3981 0.5000 
20 0.7621 0.3548 0.3687 
Cluster 2 1 0.4873 0.2060 0.6458 
3 0.4340 0.2197 0.7253 
5 0.5326 0.3257 0.6931 
6 0.6405 0.5085 0.7314 
8 0.4476 0.2818 0.7691 
9 0.5211 0.2681 0.6544 
13 0.5267 0.3455 0.7281 
15 0.5462 0.3316 0.6788 
19 0.5076 0.2401 0.6480 
Cluster 3 7 0.6645 0.1541 0.3967 
12 0.6645 0.1898 0.4142 
Cluster summary for 3 clusters 
Cluster Members Cluster variation Variation explained Proportion explained Second eigenvalue 
1 9 9.00000 5.64174 0.6269 0.71773 
2 9 9.00000 4.64371 0.5160 0.91497 
3 2 2.00000 1.32892 0.6645 0.67108 


‘Total variation explain = 11.6144 


Proportion = 0.580718 


Source: Refs, 13 and 14, 


ences, DA and MRA serve that purpose more admirably. 
DA is a procedure that depends for its effectiveness on 
transposing the measurement values in such a way that 
the linear distance between samples is maximized. There 
are four kinds of DA: stepwise (SDA), linear or multiple 
(LDA), canonical, and nearest-neighbor. Normally SDA is 
used to winnow from the measurements those that are not 
effective as discriminators, then ferret from among those 
retained the ones that are most effective. In actuality, com- 
puter programs search for the most effective discriminator 
among the measurements, eg, gas chromatographic peaks, 
liquid chromatographic peaks, or mechanical measure- 
ments. Having selected the best single discriminator, the 
program then looks for a second measurement to go with 
the first to form a pair of measurements for discrimination. 
The process goes on in that fashion until enough measure- 
ments have been selected to permit all the samples to be 
assigned to the proper class, or else the process fails be- 
cause it runs out of discriminating variables before full res- 
olution of product differences is obtained. Table 5 shows 
how the process works schematically and Table 6 lists the 
kind of output obtained. The data are for the classification 
of a certain industrial produced in four branch plants. The 
objective was to learn whether the products could be as- 
signed by chemical measurement to the plant where each 
was actually produced. Sometimes sample differences can- 
not be resolved by instrumental measurements. Generally 
where there are many measurements available such as gas 


chromatographic or liquid chromatographic analysis 
yields, there is no difficulty in finding sufficient discrimi- 
nating variables to permit the samples to be correctly clas- 
sified. When sensory scores for various attributes (such as 
crumbliness, graininess, sweetness, a sulfidic odor, and a 
grassy note) are the kinds of quantitative values available, 
there is generally less success in attaining 100% classifi- 
cation. Sometimes 100% success can be achieved, but usu- 
ally the maximum is approximately 85%. 


LINEAR DISCRIMINANT ANALYSIS 


SDA is really a screening operation. The investigator 
wants to find out which measurements are useful to re- 
solve product differences. Then either the discriminant or 
the classification coefficients are utilized to form a discrim- 
inant function. The form of the equation is 


Pm kp dhs HU & AR - 


where the /’s are weighting values, the X’s are the mea- 
surement values, C is a correction factor, and Z is the 
weighted mean. The magnitude of the weighted mean de- 
termines the class to which the sample is assigned. The 
correction term is provided (it is a part of the computer 
output) to enable original (raw) measurement values to be 
used. As a part of the DA calculation, the measurement 
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Table 4. Ward’s Minimum Variance Cluster Analysis 
Applied to Five Grades of Tea, Grade Five Being a High- 
Quality Tea, Grade One Being the Tea Lowest in Quality 


Table 5. Illustration of Selecting and Combining 
Variables to Improve Percent Success in Classifying 
Products* 


Product 
1 2 4 3 5 


Semipartial R? 0.7 


0.5 +XXXXXXXXXXXXXXXXXXXXXX 


0.4 +XXXXXXXXXXXXXXXXXXXXXX 


0.8 +XXXXXXXXXXXXXXXXXXXXXX 


0.2 +X 


014+X 


D4 DS Dd Dd Dd Dd Dd Bd Dd Dd Dd Dd Dd Dd Dd Dd Dd bd Dd Dd Dd Dd Dd Dd Dd DS DS DS DS DS DS DM DM DM Dd DS Dd DM Dd Dd Dd Bd DS 


values are standardized. The correction constant adjusts 
for that fact so that the raw, ie, nonstandardized, values 
can be inserted in the equation. 

SDA was used to learn whether instrumental measure- 
ments could be used as a purchasing specification for an 
herb bought from five different countries (21). It was dem- 
onstrated that the chemical means was quite effective at 


Percent correct, 
jackknifed 
Step Ge peak(s) selected classification 
1 4 63.1 
2 4+ 36 68.4 
3 4+ 36 + 26 75.9 
4 4+ 36 +26 + 25 88.6 
5 4436+ 26+ 2542 95.8 
6 4+ 36+ 26+ 25+2+ 33 95.8 
7 4+ 36 + 26+ 25+2+ 33417 100.0 


°Three onion varieties: yellow and red globe onions and Vidalis (Grano- 
Granex) onions. 


Table 6. Order of Selection and Deletion of Variables to 
Classify Product Produced in Four Branch Plants® 


— pee Multivariate 
Step Enter Delete F-value U-statistic —_F-value 
1 20 361.90 0.0153 361.90 
2 u 134.93 0.0006 219.15 
3 10 16.70 0.0001 126.72 
4 6 32.02 0,000 101.73 
5 42 24.95 0.0000 87.97 
6 3 32.30 0.0000 76.98 
7 41 7:35 0.0000 69.08 
8 12 8.59 0.0000 62.55 
9 18 1297 0.0000 57.66 
10 3 52.54 
ul 2 3.51 0.0000 49.79 


*F-value = univariate F-value for that peak; U-statistic is a measure of the 
error, ie, the degree to which the classification is approaching 100% cor- 
rectness, values rounded off to fourth decimal; multivariate F-value = 
F-value for values as combined. 


distinguishing the same kind of an herb grown in five dif- 
ferent geographical countries of the world. At intervals, the 
chemical means need to be revalidated by matching the 
instrumental output with sensory judgments in case grow- 
ers have made some change in their growing practices or 
in the way the product is stored or shipped following har- 
vesting, or for other reasons. However, if the equation is 
established with sufficient replication of measurements 
and samples to start with, it is usually quite robust. 

The opposite approach has also been used (22). Chem- 
ical analysis has been used in an attempt to standardize 
more closely batches of distillers’ spirits. It was decided 
that sensory evaluation coupled with LDA was a more suit- 
able way to maintain a high level of quality control. The 
procedure is a more direct means of ascertaining sensory 
quality than going through chemical analysis, which in 
turn must be correlated with sensory quality. It is less suit- 
able for high-speed lines or for plants that run 16 or 24 
h/day. A disadvantage to using sensory panelists is that if 
a panelist leaves the panel, the SDA process and devel- 
opment of a LDA equation should be recalculated to be 
sure the replacement panelist has not caused a change in 
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the weighting values. Recalculation, however, is not a 
time-consuming operation. In fact, if the original panelists 
were selected carefully to be sure they were in good agree- 
ment in their responses and if records of performance have 
been kept (as they should be), replacing a panelist is no 
more a touchy subject than it is for replacement of any 
panelist. A comparison of the new panelist’s performance 
with the prior history of the panel should tell the sensory 
analyst whether the panel mean is likely to be influenced. 


MULTIPLE REGRESSION ANALYSIS 


MRA is used similarly to LDA. The chief difference is that 
MRA is appropriate for applications where the dependent 
variable is along a continuum and the measurement val- 
ues are continua, whereas LDA is suitable for assigning a 
sample to a disjoint set of categories, ie, classes. In the 
typical regression application, flavor intensity or some- 
thing that progressively changes is predicted from several 
measurement values that themselves can be any value 
along continua. The item being predicted is called the de- 
pendent value; the predictors are the independent values. 
A multiple regression equation takes the form: 


Y =a + biX, + bXp + byXy + WX +e 


where Y is the value of the dependent variable; a is the 
intercept of the regression line; the b’s are the slopes, ie, 
the weighting values attached to each predicting variable; 
e is residual error; and the X’s are the measurement val- 
ues. Stepwise regression analysis (SRA) can be applied just 
as can SDA. The difference is that an estimate is given for 
the intercept and for the b values (the weighting value) for 
regression of each of the independent values as they are 
added to the total number of independent regressors in- 
cluded in the equation. 


Premises to Use of SDA or MRA 


The MVA procedures above are risky ventures unless re- 
lations among the variables are based on a firm foundation 
of replication of measurement and the initial set of sam- 
ples is truly representative of those likely to be encoun- 
tered in the future. If there is not adequate sampling and 
replication of measurements, there is the risk that rela- 
tions that appear to exist may be spurious. The usual sta- 
tistical risk is set at a probability level of 0.05. When there 
are 7 or 10 or 20 measurement values, each one of which 
will fluctuate some from determination to determination, 
there is no practical way to calculate the total risk involved 
in making a wrong decision. The only ways to overcome 
the uncertainty are to carry on determinations long 
enough in time, to evaluate a large number of samples, and 
to choose the sources of the samples carefully to be fairly 
sure of having selected a fair representation of nature’s 
variability. Although on first use an equation may appear 
to be a good predictor of the class to which a product be- 
longs or the degree of some quality it has, it should be 
looked at with suspicion. Some industrial firms that have 
replaced routine sensory evaluation with instrumental 
analysis conducted sensory and instrumental analyses 


side by side for five years to be sure that the first indica- 
tions of effectiveness were not just a case of good luck at 
the first try. That kind of effort is not wasted. As data ac- 
cumulates, the predicting equation can be refined to make 
it even more applicable and robust than it probably was 
originally. It has been pointed out that the process of val- 
idating an equation by accumulating more and more data 
is much like the building up of a delta (23). Eventually 
through accretion, the shifting sands of random happen- 
ings become firm earth on which one can build with con- 
fidence. The caveat is to be cautious at first, no matter how 
good an equation seems to be, until it has proved itself on 
repeated occasions. 

There are some features of MVA that the user should 
be aware of. Novices to the use of SDA and SRA are some- 
times disconcerted because the process of selecting good 
discriminators appears to be overlooking some that are 
good. The step process bypasses a measurement that by 
itself is moderately effective as a discriminator in favor of 
one less of a discriminator by itself, because the computer 
program is looking for a discriminator not correlated with 
one already selected. If discriminating measurements are 
correlated, use of both of them adds little to the discrimi- 
nation. All that is being provided is redundant informa- 
tion. Table 7 provides an illustration of bypassing mea- 
surements that have a high F-value, ie, are effective 
discriminators, in favor of measurements that are not cor- 
related to one already selected. A noncorrelated variable 
is adding more to the discrimination needed than would 
one merely providing redundant information. Note from 
Table 7 that often a term not appearing to be particularly 
discriminating by itself is selected ahead of terms appear- 
ing to be better discriminators because the one selected in 
conjunction with the terms already selected adds more to 
discrimination than its betters would have. Sometimes a 


Table 7. Illustration of Order Variables Selected to Avoid 
Covariation® 


Order Order 
Ge peak F-value selected Gepeak F-value _ selected 
12 175.8 1 16 25.4 
39 139.2 6 23.2 4 
5 96.8 32 22.3 
38 94.9 2 21 19.5 
46 70.7 4 18.6 
9 69.2 26 174 
48 67.4 34 14.4 
22 60.9 5 43 12.4 10 
36 60.3 9 37 11.8 
28 56.2 3 4 11.4 
30 49.7 8 45 9.7 
2 372 8 9.0 
33 36.7 il 17 
25 34.3 i 68 
29 30.9 6 44 67 
14 30.3 7 52 3 
10 30.0 3 42 7 


31 26.9 


“F-value specified to enter or delete variable, <4.0. F-value is univariable 
F-value. 
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good term, once selected, may be later eliminated (Table 
6) because in combination with the set of terms then at 
play, the term doing the replacing steps up the discrimi- 
nating power more than the term selected earlier did. 

Table 8 shows for SRA the same sort of thing as de- 
scribed above. At the fourth step, the computer had to go 
over possible combinations again and again to find the 
combination that yielded the highest coefficient of deter- 
mination. In this instance the gain in effectiveness of pre- 
diction is so slight that most investigators would decide to 
go with a three- or four-term equation rather than one hav- 
ing a larger number of terms. 

In some cases, investigators may not select the most 
efficient LDA or MRA equation because while there is one 
best equation there usually is a whole tier of second-best 
equations. A user of LDA or MRA may decide that one of 
the tests among the combination yielding the most efficient 
equation is too lengthy or too expensive to run, that a slight 
sacrifice in efficiency is merited in exchange for a more 
speedy or less costly test. In one example, an attempt was 
made to determine which compounds in oil of onion were 
the essential ones to an oil of onion flavor so that a syn- 
thetic product could be formulated (24). The most effective 
equation generated did not include compounds that the lit- 
erature and the experience of the investigators indicated 
were compounds likely to be essential to onion flavor. The 
ones not selected were colinearly related (see the discus- 
sion above concerning correlated versus orthogonal terms) 
to the ones selected; thus both would not be included in the 
same equation. The researchers, therefore, forced into the 
equation the gas chromatographic peaks they thought 
were critical to authenticity of onion flavor. This goes back 
to the statement made in the opening paragraph that a 
chemical test may be precise but miss the target because 
it is not measuring a key sensory quality. Computer pro- 
grams are blind. They will select the most efficient equa- 
tion. Sensory technologists and chemists sometimes must 


Table 8, R? Improvement and F-Value Decline as 
Variables are Added, Stepwise Regression 


Variable Variable Regression 
Step added deleted RP F-value 
1 GC5 0.954 458.60 
2 Gci16 0.969 326.36 
3 cco 0.975 256.28 
4 Gc38 0.978 209.93 
4 Gc33 Gc9 0.979 244.66 
4 GC12 Gc16 0.979 244.88 
4 Gc7 GCS 0.981 247.92 
4 Gc26 GC33 0.983 276.43 
4 GC30 Gc3s 0.984 296.00 
5 GC44 0.986 245.02 
6 Gc9 0.987 213.13 
20° 0.994 25.11 
Note: Product H with various amounts of ingredients added; dependent 
variable is intensity of fiavor. 


“Beyond 20 variables, the SAS stepwise regression program became quite 
costly (52 variables available here). Normally, a limitation on the number 
of steps would be specified. Actually, Step 3 was the last step where all the 
variables entered had probabilities < 0.05. 


interpose their judgments into the process to obtain a for- 
mula that fits the task. In fact, in every case the analyst 
should examine the variables selected to be sure to have 
an equation that preferably is related to sensory quality. 

There is a parallel to the matter of accepting a second- 
ary equation. Sometimes an equation extending over the 
whole range of samples fails to discriminate well some- 
where along the range. By calculating an equation for the 
part of the range giving trouble, the second equation per- 
mits the samples to then be readily separated. An illustra- 
tion of that procedure to make product resolution tractable 
has been given (25). Being able to do that is one of the 
benefits of having analyzed sufficient samples to know 
where the problems are and having the information at 
hand to overcome the problem. 


PARTIAL LEAST SQUARES REGRESSION 


A procedure that has come to the fore in recent years is 
partial least squares regression analysis (PLS), The cal- 
culation and functioning have been described (26), Assume 
one has two blocks of variables: sensory and instrumental. 
PSC searches for a few latent orthogonal variables (fac- 
tors) to describe the interrelationships between the two 
blocks of variables (27). It extracts from the regressor ma- 
trix (ie, the instrumental block), those factors relevant to 
prediction of the sensory parameters of the food. The pro- 
cedure may be looked upon as a combination of PCA and 
multiple linear regression performed simultaneously on 
the latent variables. Several research publications are 
available that detail applications in sensory-instrumental 
correlation (26,27). 


RESPONSE SURFACE METHODOLOGY 


The response surface method (RSM) will be mentioned at 
this point, too, because it is another of the regression meth- 
ods. The basic idea underlying RSM is to find the combi- 
nation of several ingredients that lead to optimal sensory 
quality. An elementary description of the procedures for 
setting up a response surface trial and of analyzing the 
results have been given (28). Other treatises have been 
published (29,30). Sometimes the resulting configuration 
is not in the form of a mountain peak. The area of optimal 
performance may be a ridge. At other times a saddle for- 
mation is evident. RSM is highly effective in permitting 
reduction of the number of trials that must be carried out; 
unfortunately, for sensory purposes its application is gen- 
erally limited to a few variables only, because otherwise 
the amount of sensory testing would be beyond the capa- 
bility of most laboratories to handle the enormous number 
of samples that would have to be evaluated at any one 
session. Figures 5, 6, and 7 illustrate some of the kinds of 
response surfaces that can result (31). 


PROCRUSTES ANALYSIS 


Like PLS, generalized Procrustes analysis (GPA) has come 
to play a major role in the relating of one set of variables 
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Figure 5. Illustration of response surface showing a peak. The 
vertical axis shows sensory evaluation for a grassy note in tea as 


influenced by varying amounts of linalool (abscissa) and epicate- 
chin (ordinate). 
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Figure 6. Illustration of a saddle formation, response surface 
analysis. The vertical axis shows degree of maltiness imparted to 
tea on addition of varying amounts of epicatechin (abscissa) and 
1-penten-3-ol (ordinate). 


to another. Dijksterhuis (32) has explained the principles 
and techniques underlying GPA. GPA has especial appli- 
cation when consumers are allowed to use “free-choice pro- 
filing” to describe their perceptions of the qualities of a set 
of foods (33,34). Trained panelists are normally asked to 
rate the intensities of an established set of terms. There 
are good reasons for not training consumers to use a re- 
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Figure 7. Ilustration of ridge formation, response surface anal- 
ysis. The vertical axis shows the degree of a floral note imparted 
to tea after being treated with varying amounts of 1-penten-3-ol 
(abscissa) and cis-3-hexen-1-ol (ordinate). 


stricted set of terms. In free-choice profiling, the panelists 
are free to use whatever terms seem appropriate to them 
to describe the sensations they are perceiving. A conse- 
quence is that the configuration of terms and intensities 
applied to the sensation almost always differ for each pan- 
elist. GPA involves rescaling of the intensity values and 
rotation of the configurations to bring them as closely as 
possible into alignment with each other. The investigator 
thereby secures a consensus configuration of the terms and 
of the relationships of the products to each other. The pro- 
cess derives its name from the mythical innkeeper Pro- 
crustes, who made all his guests exactly fit the beds. If the 
guest were longer than the bed, Procrustes cut off the 
guest’s legs at the appropriate place, if the guest were 
smaller than the bed, Procrustes used a rack to stretch the 
unwary guest. Kaye (35) commented that “in a procrustean 
approach to a theory, the scientist stretches and pulverizes 
any data until it [they] fits the preconceived ideas.” That 
is not a valid criticism applied to free-choice profiling. The 
investigator might have a preconceived notion as to the 
pattern of the consensus configuration, but free-choice pro- 
filing hardly favors much in the way of a firm idea of the 
pattern to be evolved. Others, in only two publications that 
will be cited (36,37), have commented upon or reported 
comparisons between GPA and other multivariate forms of 
analysis. 


MULTIVARIATE ANALYSIS OF VARIANCE 


Multivariate analysis of variance (MANOVA) is another of 
the MVA procedures of use in analyzing multicomponent 
data. It is akin to analysis of variance (ANOVA). In 
ANOVA, the total sum of squared deviations about the 
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grand mean, SS (total), is partitioned into a sum of squares 
due to one or more sources and a residual sum of squares. 
In MANOVA, the p-dimensional multivariate analysis is 
based on the same design, there are pSS (total)’s to parti- 
tion, one for each component measured. In addition, there 
are the measures of covariance between pairs of compo- 
nents presented as sums of products. MANOVA is con- 
cerned with partitioning of both of these measures, the var- 
iance and covariance, collected in a matrix of sums of 
squares and of products. The result is that MANOVA yields 
a global estimate as to whether there are any significant 
differences among the different variables or their correla- 
tions. MANOVA can be separated into ANOVAs yielding 
the same information. The number of ANOVA calculations 
required is p(p + 1)/2. To illustrate, if there are seven di- 
mensions, 28 ANOVAs would yield the same information 
as the one MANOVA. 

The effect of the above is that ANOVA for one type of 
measurement acts as if the others did not exist whereas 
MANOVA takes all of the different kinds of measurements 
made into account in one operation. The global aspect 
means that if the multivariate F-value is not significant, 
there is not a significant difference anywhere among the 
variables. If the multivariate F-value is significant, there 
is statistical significance somewhere. For most purposes, 
the analyst then must apply other tests to ascertain where 
significance lies. 

A.use of MANOVA that has value in sensory analysis is 
to ascertain just how effective a judge has been at perform- 
ing several tasks. When a prospective sensory judge has 
been trained to assign scores to several different attributes 
of the sensory material, there is a problem at the end of 
the training period to decide just how effective the judge 
should be for the various tests. Must each judge be signifi- 
cant for each one of the attributes examined, or must the 
sensory leader be willing to accept the fact that not every 
judge can be statistically significant for each of the tasks. 
The usual way is to look at all the probability values that 
go with the F-test (ANOVA) for each of the tasks, then 
make a judgment based on a composite opinion of overall 
performance. MANOVA puts a little objectivity into the 
process. The thing to do is to calculate the multivariate F- 
value; from it, some of the tediousness of examining a 
whole matrix of F-values or probability values for each 
judge can be eliminated. If a judge exhibits a multivariate 
F that has a high degree of probability, it is almost cer- 
tainly possible to eliminate that judge as a suitable can- 
didate for appointment to the sensory panel. If the proba- 
bility is very low, the judge should be retained. Only for 
judges intermediate in performance need the sensory 
leader go back to the ANOVA matrix to make the final 
decision. Perhaps the judge is a poor performer for only 
one attribute in which case the leader might decide to ac- 
cept the judge in spite of a questionable multivariate F- 
value. If the ANOVA documents that performance has 
been spotty across the board, the sensory leader more 
likely will reject the judge. Illustrations of the joint use 
of the frequency of significant probability according to 
ANOVA calculations and by MANOVA calculation have 
been given (15,38,39). MANOVA’s merit is chiefly one of 
telling the analyst to stop at a particular point, because 


significance doesn’t exist, or to go on, because significance 
does exist, but other methods of analysis must be applied 
to determine where or how often. 


FUZZY LOGIC 


Fuzzy logic will barely be mentioned, for its use in the sen- 
sory field is not as common as the other methods described 
here. The theory behind fuzzy logic is that uncertain phe- 
nomena can be treated mathematically to offset ambigu- 
ous or conflicting information to yield instead a yes-or-no 
answer to allow the best product, choice of ingredients, or 
process method to be selected (40). 


NEURAL NETWORKS 


Neural networks (NN) involves making decisions by learn- 
ing the results of past performance. In that regard, NN is 
not much different from most of the methods discussed 
previously where experimentation is used to yield a data 
set from which, in turn, a predicting equation may be de- 
rived for future application. Although, as was pointed out 
earlier, instrumental approaches to relating sensory-to- 
instrumental data are often blind in the sense that the 
chemical/physical predictor(s) chosen may not be at all re- 
lated to sensory quality, that risk is even greater for NN. 
NN consists of three parts: input (measurement) variables, 
hidden interrelations, and output variables (41,42). The 
output values are the result of examination of the thou- 
sands of permutations arising from even a moderate num- 
ber of different measurement values. The process is spoken 
of as “training.” By means of 10,000 or 100,000 iterations— 
or even more—interrelations among the hidden values are 
repeatedly evaluated until a set is found that correlates 
with the known differences in the test samples, Based on 
evaluation of numerous test samples, output values are 
eventually found that allow categorization of an unknown 
to possible classes, ie, the best product, a product matching 
the traditional product, one suffering from flaws such as 
off-flavor, or some one of the sensory notes being so domi- 
nant as to be objectionable. Once the necessary output 
value(s) have been obtained, NN may then be used for rou- 
tine evaluation such as in quality control. 


CANONICAL ANALYSIS 


Canonical analysis is the counterpart of simple correlation 
analysis. In simple correlation two things increase jointly, 
decrease jointly, or one increases as the other decreases. 
Whatever they do, they stay in step with each other. Ca- 
nonical correlation works the same way. The difference is 
that in canonical correlation sets of variables are corre- 
lated with each other instead of individual items. Many 
pairs of correlates may exist among the different variables. 
The intent is to find the set with maximum linear corre- 
lation. The canonical variates are derived in essentially the 
same manner as principal components. In PCA the intent 
is to account for as much of the variance as possible within 
one set. In canonical correlation, the intent is to account 
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for the maximum amount of correlation between sets. The 
analysis process searches out the first canonical variate 
from the first set and the first from the second set that are 
maximally correlated with each other. It then does the 
same for the second set and all that follow. Like simple 
correlation, the two first correlates may be plotted against 
each other; so too may the second set, and any others that 
exist. Like PCA, only the first few correlates may be of 
interest. Correlation may be between sets of sensory mea- 
surements, sets of instrumental measurements, or more 
commonly between sensory and instrumental measure- 
ments. Canonical analysis has some similarity to MRA. In 
MRA the dependent variable is singular whereas the in- 
dependent variables are multiple; in canonical correlation, 
both sets are multiple. 


CANONICAL DISCRIMINANT ANALYSIS 


A form of analysis that is particularly valuable is canonical 
DA. Table 9 shows canonical DA applied to the five kinds 
of rye bread referred to earlier. The values above the di- 
agonal give the interspatial distance. The values below the 
line give the multivariate F-value. All are significant. If 
some are significant and some not significant, it is more 
informative in that case to give the probability values that 
go with the F-values. When all are significant, differences 
between products are easier to discern from the F-values 
themselves. In determining interspatial relations, canon- 
ical DA is preferable to PCA because canonical analysis 
allows the setting of statistical limits. 


CORRESPONDENCE ANALYSIS 


Correspondence analysis is a procedure for the analysis of 
contingency tables. The cells of the table contain frequen- 
cies or concentrations. They are given unit weight by di- 
viding by the grand sum. The contingency table is essen- 
tially a two-way classification where neither the rows nor 
columns need be regarded as the variables and measure- 
ments. Both are commonly called elements. To permit plot- 
ting of both sets of elements on one plot, a fully symmet- 
rical treatment of the data is employed. That can be done 
by calculating a 7’ distance as the similarity measure for 
both rows and columns. Once that is done, PCA and prin- 


‘Table 9. Canonical Discriminant Analysis Applied to Five 
‘Types of Finnish Wholemeal Sour Rye Bread 


Products 
Products t 2 3 4 5 
1 111 4.50 111 1.80 
2 3.91 4.23 1.16 1.60 
3 59.67 52.21 4.25 3.31 
4 3.73 4.00 55.17 1.50 
5 9.17 7.56 33.50 6.81 


‘Note: Values above the diagonal line show the Mahalanobis distances be- 
tween products; values below the diagonal line list the multivariate 
Fevalues (probability < 0.0001). Evaluation was by 20 panelists for 12 at- 
tributes in four replications. 


cipal coordinate analysis, another name for MDS, are ap- 
plied to yield a factor analysis in terms of the 7? profile 
measurements. A short description of correspondence 
analysis with two simple illustrations has been presented 
(43). There have been extensive publications on correspon- 
dence analysis (44); it is a method of analysis particularly 
favored in France. A book has also been published on the 
subject (45). 


FACTOR ANALYSIS 


Factor analysis (FA) has been left to the last because it is 
a method about which an unusual amount of controversy 
swirls. Some statisticians look on all the internal analysis 
methods with some suspicion on the grounds that the re- 
sults are high provincial simply because only one data set 
is involved. Others frown on FA particularly because of in- 
determinacy in factor solutions (19). There is no doubt that 
different solutions can be obtained according to the partic- 
ular method of factor analysis employed. Notwithstanding 
such criticisms, FA is a procedure that is used more and 
more in sensory-instrumental analysis. FA is different 
from PCA in that PCA is concerned with variance only, FA 
requires a statistical model and is concerned with explain- 
ing the covariance structure as well as variance. Unlike 
PCA where there is no particular assumption about pos- 
sible underlying structure among the variables, FA is 
based on the faith that the observed correlations are 
mainly the result of some underlying regularity in the 
data. The various factoring techniques initially extract 
common factors, but generally they are uninterpretable. To 
enhance interpretability, there are several models for ro- 
tation and determination of the number of factors. The 
ideal situation is to have a variable highly loaded on one 
factor and scarcely loaded on the others. 

There are three kinds of matrices involved in FA. One 
is the factor pattern. It provides the weights to estimate 
variables from the factors. A second one is the factor score. 
That matrix provides weights to estimate factors from the 
variables. The third kind of a matrix is the factor structure. 
It gives the correlations between the factors and the vari- 
ables. The pattern matrix delineates more clearly the 
groupings or clustering of variables than the structure ma- 
trix. 

If two rotations give rise to different relationships, the 
two interpretations should not be looked on as conflicting. 
They are two different ways of looking at the same thing, 
ie, they are two different points of view in the common- 
factor space. The basic impetus to employing any rota- 
tional method is the same: somehow to achieve simpler and 
theoretically more meaningful factor patterns. Orthogonal 
factors are mathematically simpler to handle; oblique fac- 
tors are empirically more realistic. 

Although FA is frowned on by some statisticians, some 
of their reasons are highly suspect because provinciality 
does not apply to many sensory-instrumental data sets. 
Most of the applications of FA in the past dealt with such 
things as determining people’s opinion or some similar 
data where there was no opportunity to replicate re- 
sponses. Sensory panel results are different. Often there 
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is replication; thus the analyst has the opportunity to de- 
termine whether the panelist is responding randomly or 
consistently for the same sample given at different times. 
The objection to FA that it is likely to be provincial may 
still apply to the factoring of consumer responses, because 
in most instances there is no replication. If, however, the 
survey is large enough, that objection loses some of its va- 
lidity. 

Whether or not replication is involved, there is one 
phase of FA that has been overlooked by most investiga- 
tors. As is true for all methods of analysis where a mean 
is calculated, the following question should be asked. Is the 
mean merely the average of a group of disparate responses 
or do the responses tend to agree with each other? To il- 
lustrate, if a particular perfume receives scores of 7, 7, 6, 
8, 8, 6, and 6 out of a possible score of 10, or an average 
score of 6,86, and another perfume receives scores of 10, 
10, 4, 5, 10, 6, and 3, or an average score of 6.86, the con- 
clusion should be entirely different although the means are 
the same. The first perfume is likely to have general ac- 
ceptance whereas the second will appeal to some and be 
scorned by others. In the same fashion, rather than just 
generate a factor pattern for the whole sensory panel and 
assume that it represents the pattern for all members of 
the panel, the patterns yielded by the different panelists 
should be examined to learn if they agree in general or the 
pattern for the panel is merely the mean for a group of 
disparate patterns. Rarely, have factor patterns been ex- 
amined in that light. Early studies began to look at the 
homogeneity of the factor patterns of a panel in that man- 
ner. One study visually examined the eigenvalues to learn 
if they were similar (46). Another study applied statistical 
tests to learn objectively how well they agree (38). Later 
other studies (13,47,48) refined the process even more with 
the result that today factor patterns should be examined 
as most other sensory-instrumental data are, to learn if 
the individual patterns are quite homogeneous or if they 
are heterogeneous. If they are heterogeneous, then, of 
course, considerably less credence should be put into their 
value and representativeness of how things really are. Fig- 
ure 8 shows the extent of agreement between a panel of 18 
and a subset of 8 from the same panel. Often it is difficult 
to compare the pattern for an individual member versus 
the panel because of lack of degrees of freedom to carry on 
the analysis for the individual’s responses. To apply some 
of the FA methods there must be at least limited pooling 
of responses to provide sufficient degrees of freedom to en- 
able a comparison to be made. Figure 9, which is a little 
easier to interpret than Figure 8, shows one comparison 
(45). While a little harder to visualize the agreement, Fig- 
ure 8 is more realistic of the pattern that exists. Note that 
the cube standing for total flavor fits in factor 1 or 2 as does 
sour flavor. That is as it should be. Pointed out in the be- 
ginning is the fact that an attribute may be partly in one 
factor and partly in another, because FA involves both var- 
iance and covariance. The same sort of standing in one 
factor with one foot and in another with the other foot ap- 
plies to chemical data as well. A chemical may have more 
than one type of functional group; consequently its covar- 
iance may be shared by two different factors reflecting the 
two kinds of properties caused by different functional 


Factor 1 0 


Figure 8. Comparison of factor patterns exhibited by a panel of 
18 and a subset consisting of 8 of the panel members. The numbers 
in the opening of each cone stand for the factor pattern, the sym- 
bols within a cone represent the different attributes evaluated. 
pyramid = rye fiavor; spade = rye aroma; circle = total aroma; 
cube = total fiavor; cross = sour aroma; club symbol = sour fia- 
vor; triangle = sweet aroma; fiower = sweet fiavor; heart = salt- 
iness; diamond = bitter flavor; square = flour flavor; cylinder = 
desirability. 


groups. A major use both of PCA and FA is to discern re- 
dundancies in the choice of descriptive terms. Table 10 
shows a factor that was derived in one study, Panelists 
evaluated canned and frozen green beans for 27 attributes, 
The seven terms comprising Factor 4 reveal that the pan- 
elists had been put to a lot of unnecessary work. In theory, 
any one of the 7 terms could substitute for all the others. 
In practice, a sensory technologists might not want to go 
that far and might still want to use three or four different 
terms in case some panelists are more adept at distin- 
guishing among products based on one descriptor whereas 
a different one is more meaningful to other panelists. It 
can readily be understood that crispness and tenderness 
are the complements of each other, but it is not as clear 
that slimy, juicy, and soggy represent nearly the same 
characteristic. 


‘WHITHER SENSORY-INSTRUMENTAL CORRELATION? 


The tools to carry on sensory—instrumental analysis are 
pretty much in place. Some industrial firms have made 
good use of the tools available by working out for them- 
selves beneficial applications involving the complementary 
uses of sensory and instrumental analysis. There has been 
little full substitution of instrumental methods for sensory 
ones because chemical and other analytical methods them- 
selves are not complete. There are instances of as many as 
400 or more peaks being discernible on gas chromato- 
grams, but that number often falls short of the number of 
compounds comprising the sensory character of a food 
product; thus no chemical analysis is probably ever really 
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Table 10. Texture Factor Pattern for Canned, 
Frozen, and Fresh Green Beans as Judged by 21 
Panelists, Four Replications (Factor Pattern 
Derived from among 21 Attributes Evaluated) 


Term Correlation with factor 


Coarse 
Fibrous 
Crisp 
Slimy 
Juicy 
Soggy 
Tender 


exhaustive of all the compounds in a food. More important, 
no chemical analysis reveals the exact pattern of the chem- 
icals contained within a food or most other sensory mate- 
rials. Not every compound is detected to the same extent 
by gas chromatography or liquid chromatography. Thus 
the exact ratios between compounds is often not known. In 
concentrating materials for analysis so as to bring the con- 
centrations within the range of the instrument, the ratios 
among compounds are initially changed because of effects 
of vapor pressure or solubility in the extracting medium. 
The interrelations of factors affecting texture present even 
greater difficulties. Characteristics such as gumminess 
and the hardness of embedded particles need not be re- 
lated to each other, thus it is not possible to speak of total 
texture in the same way as it is possible to speak of total 
flavor. There are some difficulties in measuring color, but 
on the whole color can be more reliably expressed physi- 
cally than is true for the other sense modalities. Relations 
between acoustical properties and sensory characteristics 
have been extensively studied (49). The point of mention- 
ing each of the senses is that a food or a perfume or the 
odor of a barnyard is usually judged by more than one 
sense. That is true even for the seemingly simple response 
to the odor of a barnyard. It is thought that the sensation 


Figure 9. Comparison of factor pat- 
terns: O, panel results pooled; @, two 
of the panelists. 


perceived is odor, but actually generally more than odor is 
involved. Some of the volatile substances reaching the nose 
are compounds possessing trigeminal characteristics caus- 
ing a stinging sensation or even pain. Considering all that 
is not known, it is remarkable that sensory—instrumental 
applications have been as useful as they are. 

To make correlation methods even better, it is necessary 
to know more about the sensory receptors and how the 
brain processes information. Humans and other animals 
probably utilize a process somewhat like PCA. Hundreds 
of sensory signals are detected and these sensory signals 
must be combined in various ways to form patterns of vary- 
ing complexity; in other words, data reduction is carried 
out. Like PCA components, some of the patterns may en- 
compass signals from only a dozen or so sensory notes, 
other may encompass several dozen. The point is that hu- 
mans and other animals are responding to several patterns 
representing different kinds of sensations and patterns of 
varying size, then somehow this semiprocessed informa- 
tion is ultimately taken and put together as a composite 
sensation that tells the mind that this food is delectable, 
that food is almost without taste, and that food has a trace 
of cinnamon in it. In the brain a whole series of complex 
interaction effects have taken place. They are not the 
chemical interactions a chemist thinks of, a reaction be- 
tween this physical substance and that. They are chimera, 
not amenable to understanding even if all the kinds of 
chemical reactions that could occur among the hundreds 
of chemicals comprising flavor were known, because they 
are perceptive reactions not physical ones. 

Before sensory—instrumental correlation can reach the 
ultimate in applicability, knowledge of sensing, brain pro- 
cessing of information, and all the other sciences (physi- 
ology, psychology, biochemistry, and anatomy) that im- 
pinge on the reception, the processing, and the analyzing 
of sensory information must be greatly expanded. At pres- 
ent, statistical methods are adequate. There must be en- 
listment of a greater number of statisticians who have an 
interest in sensory research and are willing to work around 
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some of the limitations that sensory analysis imposes. 
That which is ideal is often not practical in sensory anal- 
ysis, such as the evaluation of a large number of samples 
all at one session. For the time being, present-day com- 
puters can handle most of the data sets presented to them, 
but the day will come when computing demands will be far 
greater than they are now. If perceptual interactions are 
begun to be understood, far more will be demanded of com- 
puting capacity and complexity than presently exists. 
Chemical measurement of food components must be made 
to be “true” to avoid giving a distorted picture of the rela- 
tions among the hundreds of compounds comprising foods 
and other natural substances of sensory importance. The 
characteristics of compounds that make them be sensory 
substances must be learned. There is fair knowledge of the 
functional grouping that must exist for substances to be 
sweet, the properties of chemicals that make them be sour 
or salty are known with even more certainty, but by and 
large it is not really known why this compound has the 
property of being a sensory substance and that one does 
not. It is necessary know as much about the laws that gov- 
ern sensory properties as does a synthetic chemist who is 
seeking to synthesize a new compound. From knowledge 
of the properties of chemicals, their functional groupings, 
and possible pathways to foster reactions otherwise par- 
ticularly difficult to make occur, the chemist can predict in 
advance the likelihood of success in synthesizing a new 
compound. Chemists, once they know the identity of a com- 
pound, have at their fingertips, or at least readily ascer- 
tainable, a whole series of other information about prop- 
erties of that substance. Sensory properties are not hard 
facts like vapor pressure and molecular weight. They must 
be described in terms of perception. Their description is 
mutable according to who is doing the describing. The de- 
scription should be an immutable property, not merely a 
perception. Notwithstanding as important as are all these 
other considerations, there is nothing to stop the far wider 
use of multivariate analysis of sensory-instrumental re- 
lations. There must be a will on the part of practitioners 
to stay at the task for some time to avoid having their re- 
sults be parochial because of acquiring insufficient data. 
Once sufficient data has been secured, to be sure the re- 
sults represent real relations, sensory—instrumental cor- 
relations can be of great practical importance for present 
industrial operations such as ensuring ingredients pur- 
chased meet the company’s buying specifications or the fin- 
ished product meets its quality specifications for market- 
ing. Of greater importance, correlations so determined can 
serve as a base for the advancement of fundamental know!- 
edge. From such correlations will ultimately arise an un- 
derstanding of cause-and-effect relations. Still more im- 
portant, they in turn will provide a good share of the base 
of knowledge required to advance comprehension of the 
detection of sensory signals, their analysis and data pro- 
cessing within the brain. 
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This article concerns three major groups of shellfish: oys- 
ters, scallops, and shrimps. When discussing these popular 
groups of seafoods, the government, academics, and indus- 
try are interested in harvesting, processing, sanitation, 
and economic considerations. Limited by space, this article 
will discuss the quality control of processing oysters, scal- 
lops, and shrimps with some emphasis on definitions and 
standards, general processing, sanitary practices, and siz- 
ing. It is obvious that the thrust of this article is most ap- 
plicable to the United States. 


OYSTERS 


For many years packers of canned oysters in the Gulf of 
Mexico area of the United States have labeled their output 
with a declaration of the drained weight of oysters in the 
containers. Packers in other areas have marketed canned 
oysters with a declaration of the total weight of the con- 
tents of the container. Under present-day practice consum- 
ers generally do not discard the liquid packing medium, 
but use it as a part of the food. Compliance with the label 
declaration of quantity of contents requirement will be met 
by an accurate declaration of the total weight of the con- 
tents of the can. 


General Defi 


Oysters, raw oysters, and shucked oysters, are the class of 
foods each of which is obtained by shucking shell oysters 
and preparing them in a prescribed manner. If water or 
salt water containing <0.75% salt is used in any vessel into 
which the oysters are shucked, the combined volume of 
oysters and liquid should not be less than four times the 
volume of the water or salt water. Any liquid accumulated 
with the oysters is removed. The oysters are washed, by 
blowing or otherwise, in water, salt water, or both. The 
total time that the oysters are in contact with the water or 
salt water after leaving the shucker, including the time of 
washing, rinsing, and any other contact with water or salt 
water is not more than 30 min. In computing the time of 
contact with water or salt water, the length of time that 
oysters are in contact with water or salt water that is ag- 
itated by blowing or otherwise, should be calculated at 
twice its actual length. Any period of time that oysters are 
in contact with salt water containing not less than 0.75% 
salt before contact with oysters should not be included in 
computing the time. Before packing into containers for 
shipment, or other delivery for consumption, the oysters 
are thoroughly drained and are packed without any added 
substance. 

Shell oysters means live oysters of any of the species 
Ostrea virginica, Ostrea gigas, or Ostrea lurida, in the 
shell, which, after removal from their beds, have not been 
floated or otherwise held under conditions that result in 
the addition of water. The oysters are drained on a strainer 
or skimmer that has an area of not less than 300 in.?/gal 
of oysters, drained, and has perforations of at least 0.25 in. 
in diameter and not more than 1.25 in. apart, or perfora- 
tions of equivalent areas and distribution. The oysters are 


ions 


distributed evenly over the draining surface of the skim- 
mer and drained for not less than 5 min. 


Extra Large Oysters 


Extra large oysters, oysters counts (or plants), extra large 
raw oysters, raw oysters counts (or plants), extra large 
shucked oysters, and shucked oysters counts (or plants) 
are of the species O. virginica. One gallon of this size oyster 
contains not more than 160 oysters and a quart of the 
smallest of these oysters contains not more than 44 oys- 
ters. 


Large Oysters 


Large oysters, oysters extra selects, large raw oysters, raw 
oysters extra selects, large shucked oysters, and shucked 
oysters extra selects are of the species O. virginica and 1 
gal contains more than 160 oysters but not more than 210 
oysters. A quart of the smallest of these oysters contains 
not more than 58 oysters, and a quart of the largest oysters 
contains more than 36 oysters. 


Medium Oysters 


Medium oysters, oysters selected, medium raw oysters, 
raw oysters selects, medium shucked oysters, and shucked 
oysters selects are of the species O. virginica. One gallon 
contains more than 210 oysters but not more than 300 oys- 
ters; a quart of the smallest oysters contains not more than 
83 oysters, and a quart of the largest oysters contains more 
than 46 oysters. 


Small Oysters 


Small oysters, oysters standards, small raw oysters, raw 
oysters standards, small shucked oysters, and shucked 
oysters standards are of the species O. virginica; 1 gal con- 
tains more than 300 oysters but not more than 500 oysters. 
A quart of the smallest oysters contains not more than 138 
oysters, and a quart of the largest oysters contains more 
than 68 oysters. 


Very Small Oysters 


Very small oysters, very small raw oysters, and very small 
shucked oysters are of the species O. virginica; 1 gal con- 
tains more than 500 oysters and a quart of the largest oys- 
ters contains more than 112 oysters. 


Olympia Oysters 


Olympia oysters, raw Olympia oysters, and shucked Olym- 
pia oysters are of the species O. lurida. 


Large Pacific Oysters 


Large Pacific oysters, large raw Pacific oysters, and large 
shucked Pacific oysters are of the species O. gigas, and 1 
gal contains not more than 64 oysters. The largest oyster 
in the container is not more than twice the weight of the 
smallest oyster therein. 


Medium Pacific Oysters 


Medium Pacific oysters, medium raw Pacific oysters, and 
medium shucked Pacific oysters are of the species O. gigas, 
and 1 gal contains more than 64 oysters and not more than 
96 oysters. The largest oyster in the container is not more 
than twice the weight of the smallest oyster therein. 


Small Pacific Oysters 


Small Pacific oysters, small raw Pacific oysters, and small 
shucked Pacific oysters are of the species O. gigas. One 
gallon contains more than 96 oysters and not more than 
144 oysters; the largest oyster in the container is not more 
than twice the weight of the smallest oyster therein. 


Extra Small Pacific Oysters 


Extra small Pacific oysters, extra small raw Pacific oysters, 
and extra small shucked Pacific oysters are of the species 
O. gigas, and 1 gal contains more than 144 oysters. The 
largest oyster in the container is not more than twice the 
weight of the smallest oyster therein. 


Canned Oysters 


Canned oysters contain one or any mixture of two or all of 
the forms of oysters described above in a packing medium 
of water, the watery liquid draining from oysters before or 
during processing, or a mixture of such liquid and water. 
The food may be seasoned with salt. It is sealed in con- 
tainers and so processed by heat as to prevent spoilage. 
The forms of oysters referred to are prepared from oysters 
that have been removed from their shells and washed and 
that may be steamed while in the shell or steamed or 
blanched or both after removal therefrom, and are as fol- 
lows: 


1. Whole oysters with such broken pieces of oysters as 
normally occur in removing oysters from their shells, 
washing, and packing. 

2. Pieces of oysters obtained by segregating pieces of 
oysters broken in shucking, washing, or packing 
whole oysters. 

3. Cut oysters obtained by cutting whole oysters. 


The name of the food is oysters or cove oysters if the species 
is O. virginica; oysters or Pacific oysters if the species is O. 
gigas; and oysters or Olympia oysters if the species is O. 
lurida. 

The standard of fill of container for canned oysters is a 
fill such that the drained weight of oysters taken from each 
container is not less than 59% of the water capacity of the 
container. If canned oysters fall below the standard of fill 
of container, the label should bear the general statement 
of substandard fill: “A can of this size should contain _ oz. 
of oysters. This can contains only _ 0z.,” the blanks being 
filled in with the applicable figures. 


Abbreviated Inspections 


Microbiological considerations are of prime importance 
in any shellfish gathering and processing plant. Time- 
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temperature abuses enter into most problems with the 
products. However, the high value of these products has 
made economic violations even more profitable to the 
unethical operator. The FDA conducts both abbreviated 
and comprehensive inspections of oyster processing plants. 

When conducting an abbreviated inspection, the FDA 
uses the following critical factors: 


1. Check for evidence of contamination from the pres- 
ence of cats, dogs, birds, or vermin in the plant. 

2. Check results of any testing conducted on incoming 
oysters including filth, decomposition, pesticides, or 
bacteria. 

8. Check for possible incorporation of excessive fresh 
water through prolonged contact with water or by 
insufficient drainage. 

4. Be alert to misbranding of oysters by size. 

5. Determine if employee sanitation practices preclude 
adding contamination (clean dress and proper use of 
100 ppm chlorine equivalent hand sanitizers). 

6. Determine if equipment is washed and sanitized 
about every two hours. 

7. Check for time-temperature abuses that may cause 
rapid bacterial growth. 

8. Weigh 20 retail packages for net weight declaration, 
and check accuracy of labeling statements at this 
time. 


Comprehensive Inspection 


During a comprehensive inspection of an oyster processing 
plant, an FDA inspector pays particular attention to the 
points listed below. 


1. Check insanitation in chucking plants and decom- 
position of oysters, by conventional means. Pay par- 
ticular attention to frozen oysters rolled in batter 
ready to cook. When dealing with economic viola- 
tions, emphasis should be placed on consumer-size 
packages, pints, and quarts, with less attention to 
larger-size institutional packs. 

2. The abuses most often encountered in the marketing 
of shucked oysters are 
a. The incorporation of excessive fresh water into 

the bodies of the oysters by keeping them in pro- 
longed contact with fresh water. 

b. Increasing the output of oysters, usually by in- 

sufficient drainage before packing. 

. Short volume. 

d. Misbranding as to size. Actions on misbranding 
as to size should be based only on significant evi- 
dence of financial gain. 

3. Cover in detail the amount of water in shucking 
pails, the total length of time of contact with water, 
length of blowing time, length of time in contact with 
fresh water when not being blown, length of draining 
time, description of skimmer and draining process, 
and a count of the oysters in one or more sizes. De- 
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termine the source of oysters and whether they are 
all from the same locality. 


SCALLOPS 
The scallop industry encompasses three primary species: 


1, Sea scallops. 
2. Bay scallops. 
3. Calico scallops. 


The processing of sea scallops is accomplished on board the 
vessel actually harvesting the product. Boats that process 
sea scallops remain at sea from 3 to 12 days depending on 
area and catch. In most cases, the calico scallops are har- 
vested daily and processed at shore processing plants 
rather than on board the vessel. The trend, however, is 
toward on board processing for this species also. Bay scal- 
lops pose a unique problem in that they may be processed 
in a commercial plant or at home. 


Comprehensive Inspection 


During a comprehensive inspection of scallop processors, 
the following will be covered. 


1. Raw materials, determine 

a, Geographical area where the scallops are har- 
vested. 

b. Type of scallops harvested and processed by com- 
mon or species name. 

c. How scallops are handled between harvesting and 
processing. 

2. Processing 

a. Observe in detail the scallop processing opera- 
tion. Make a flow plan. 

b. Check shucking and evisceration process and see 
if this process is physically separated from the 
packaging and other operations. 

c. Determine source of water used in the scallop 
washing and rinsing operations. If treated by the 
processor, determine nature and extent of treat- 
ment. 

d. See if equipment used in processing operation is 
of proper construction and design. 

e. Check firm’s equipment cleaning and sanitizing 
operation. 

f. Determine time and temperature of processing 
operation. Check 

i. How long between harvest and chuckling and 
the temperature of the scallops. 

ii. How long scallops are held at ambient air 
temperature and determine the ambient tem- 
perature. 

iii. How long between shucking and rinsing and 
the temperature of the scallops. 

iv. After being iced, how long before scallops 
reach an internal temperature below 40°F. 


g. Check finished product packaging. 

h. Determine source of ice used in icing operation 
and if bagged ice is used, source and type of bag, 
condition of bags, and conditions storage. 

i. Check finished product storage facilities and con- 

dition. 

j. Obtain any coding system used and key. 

k. Check on the use of any food additives to deter- 
mine if used at allowable levels. 


3. Sanitation 

a. See if building or vessel is free from rodent or in- 
sect activity. 

b. Check that toilets and handwashing facilities pro- 
vided are properly located and maintained. 

c. Determine strength and type of hand sanitizing 
solutions used and the sanitizer’s location. 

d. Note any employee practices that could lead to 
the contamination of the scallops with filth or bac- 
teria. 

e. See if water and ice used in the process is from an 
approved source and list source. 

f. Determine method of shell and waste material 
disposal. 

g. Evaluate the firm’s operation for compliance with 
FDA's Human Foods (Sanitation) Good Manufac- 
turing Practice Regulations. 

h. Document any insanitary conditions noted that 
could lead to the contamination of this firm’s 
products with filth and/or bacteria. 

i. Obtain distribution for the collection of official 
samples. 


Frozen Raw Scallops 


Frozen raw scallops are clean, wholesome, adequately 
drained, whole or cut adductor muscles of the scallop of the 
regular commercial species. The portion of the scallop used 
should be only the adductor muscle eye, which controls the 
shell movement. Scallops should be washed, drained, 
packed, and frozen in accordance with good manufacturing 
practices and are maintained at temperatures necessary 
for the preservation of the product. Only scallops of a single 
species should be used within a lot. 

Solid pack scallops are frozen together into a solid mass 
that may be glazed or not glazed. Individually quick-frozen 
pack (IQF) scallops are individually quick frozen. Individ- 
ual scallops can be separated without thawing. Again, they 
may or may not be glazed. 

Scallops are of two types: adductor muscle and adductor 
muscle with catch (gristle or sweet meat) portion removed. 
Good flavor and odor (essential requirements for a U.S. 
grade A product) means that the product has the typical 
flavor and odor of the species and is free from bitterness, 
staleness, and off-flavor and off-odors of any kind. Reason- 
ably good flavor and odor (minimum requirements for a 
U.S. Grade B product) means the product is lacking in good 
flavor and odor but is free from objectionable off-flavors 
and off-odors of any kind. Dehydration refers to the loss of 
moisture from the scallops surface during frozen storage. 


Small degree of dehydration is color-masking but can be 
easily scraped off. Large degree of dehydration is deep, 
color-masking, and requires a knife or other instrument to 
scrape it off. 

Undesirable small pieces are pieces that will pass 
through the openings in a 0.75-in. sieve for larger-size scal- 
lops. For the smaller by scallops, undesirable pieces are 
pieces of scallops that do not have the general conforma- 
tion of the other scallops. The total weight of these pieces 
within a sample unit will be obtained. These pieces should 
not be used for determining the weight ratio. 

Color refers to reasonably uniform color characteristics 
of the species used within an individual container. Only 
noticeable variation in color from the predominating color 
of the scallops in the container is considered. Medium gray 
to black colored scallops are not to be graded. 

Extraneous materials are pieces or fragments of unde- 
sirable material that are naturally present in or on the 
scallops and that should be removed during processing. An 
instance of minor extraneous material includes each oc- 
currence of intestines, seaweed, etc, and each aggregate of 
sand and grit up to 0.5-in.” and located on the scallop sur- 
face. An instance of major extraneous material includes 
each instance of shell or aggregate of embedded sand or 
other extraneous embedded material that affects the ap- 
pearance or eating quality of the product. Texture refers to 
the firmness, tenderness, and moistness of the cooked scal- 
lop meat that is characteristic of the species. 


Frozen Raw Breaded Scallops and Frozen Fried Scallops 
Frozen raw breaded or fried scallops are 


1. Prepared from wholesome, clean, adequately 
drained, whole or cut adductor muscles of the scallop 
of the regular commercial species, or scallop units 
cut from a block of frozen scallops that are coated 
with wholesome batter and breading. 

2. Packaged and frozen according to good commercial 
practice and maintained at temperatures necessary 
for preservation. 

3. Composed of a minimum of 50% by weight of scallop 
meat. 


The styles of frozen raw breaded scallops and frozen 
fried scallops include 


1. Random Pack. Scallops in a package are reasonably 
uniform in weight or shape. The weight or shape of 
individual scallops are not specified. 

2. Uniform Pack. Scallops in a package consist of uni- 
formly shaped pieces that are of specified weight or 
range of weights. 


The scallops are of two types: adductor muscle and adduc- 
tor muscle with catch (gristle or sweet meat) portion re- 
moved. 

Condition of the package refers to freedom from pack- 
aging defects and the presence in the package of oil, loose 
breading, or frost. Ease of separation refers to the difficulty 
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of separating scallops that are frozen together after the 
frying operation and during freezing. 

Continuity refers to the completeness of the coating of 
the product in the cooked state. Lack of continuity is ex- 
emplified by breaks, ridges, or lumps of breading. Each 
1/16-in.? area of any break, ridge, or lump of breading is 
considered an instance of lack of continuity. Individual 
breaks, ridges, or lumps of breading measuring less than 
1/16 in.? are not considered objectionable. Deduction 
points are based on the percentage of the scallops within 
the package that contain small or large instances of lack 
of continuity. 

Workmanship defects refer to the degree of freedom 
from doubled and misshaped scallops and extraneous ma- 
terial. The defects of doubled and misshaped scallops are 
determined by examining the frozen product, while the de- 
fects of extraneous materials are determined by examining 
the product in the cooked state. Doubled scallops are two 
or more scallops that are joined together during the bread- 
ing or frying operations. Misshaped scallops are elongated, 
flattened, mashed, or damaged scallop meats. 

Extraneous materials are pieces or fragments of unde- 
sirable material that are naturally present in or on the 
scallops and that should be removed during processing. 
Examples of minor extraneous material include intestines, 
seaweed, and each aggregate of sand and grit within an 
area of 0.5 in.? Examples of major extraneous material in- 
clude shell and aggregate of embedded sand or other ex- 
traneous embedded material that affects the appearance 
or eating quality of the product. 

Character refers to the texture of the scallop meat and 
of the coating and the presence of gristle in the cooked 
state. Gristle is the tough elastic tissue usually attached 
to the scallop meat. Each instance of gristle is an occur- 
rence. Texture refers to the firmness, tenderness, and 
moistness of the cooked scallop meat and to the crispness 
and tenderness of the coating of the cooked product. The 
texture of the scallop meat may be classified as a degree of 
mushiness, toughness, and fibrousness. The texture of the 
coating may be classified as a degree of pastiness, tough- 
ness, dryness, mushiness, or oiliness. 


SHRIMP 


Canned Wet Pack Shrimp in Transparent or Nontransparent 
Containers 


Canned wet pack shrimp is the food consisting of the pro- 
cessed meat of peeled shrimp; free of heads; and, to the 
extent practicable under good manufacturing practice, free 
of shells, legs, and antennae. One or any combination of 
species may be canned, prepared in one of the styles spec- 
ified, in sufficient water or other suitable aqueous packing 
medium to fill the interstices and permit proper processing 
in accordance with good manufacturing practice. 

Canned shrimp may contain one or more of the optional 
ingredients specified. It is packed in hermetically sealed 
transparent or nontransparent containers and so pro- 
cessed by heat as to prevent spoilage. 

The species of shrimp that may be used in the food are 
of the families Penaeidae, Pandalidae, Crangonidae, and 


2154 ‘SHELLFISH 


Palaemonidae. Canned shrimp is prepared in one of the 
following styles: 


1. Shrimp with readily visible dark vein (dorsal tract, 
back vein, or sand vein). 

2. Deveined shrimp containing not less than 95% by 
weight of shrimp prepared, by removing the dark 
vein from the first five segments by deliberate cut- 
ting action. 

8. Shrimp, other than “deveined” as described, contain- 
ing not less than 95% by weight of shrimp with no 
readily visible dark vein within the first five seg- 
ments. 

4, Broken shrimp, consisting of less than four segments 
and otherwise conforming to one of the styles de- 
scribed. 


The following safe and suitable optional ingredients 
may be used: 


Salt. 

Lemon juice. 

Organic acids. 

. Nutritive carbohydrate sweeteners. 
. Spices or spice oils or spice extracts. 
. Flavorings. 

. Sodium bisulfite. 


. Calcium disodium  ethylenediaminetetraacetate 
(EDTA), complying with prescribed regulations. 


SPrANanrrone 


The name of the food is shrimp, or shrimps. The word 
prawns may appear on the label in parentheses immedi- 
ately after the word shrimp, or shrimps, if the shrimp are 
of large or extra large size. When the food is of the style 
described above, the words cleaned, cleaned (deveined), 
deveined, or contains no dark veins may appear. The name 
of the food should include a declaration of any flavoring 
that characterizes the food and the term spiced if spice 
characterizes the food. Each of the ingredients used should 
be declared on the label as required. 


Frozen Raw Breaded Shrimp: Definitions 


Frozen raw breaded shrimp is the food prepared by coating 
one of the optional forms of shrimp with safe and suitable 
batter and breading ingredients. The food is frozen. The 
food tests not less than 50% of shrimp material. The term 
shrimp means the tail portion of properly prepared shrimp 
of commercial species. Except for composite units, each 
shrimp unit is individually coated. The optional forms of 
shrimp are 


1. Fantail or Butterfly. Prepared by splitting the 
shrimp; the shrimp are peeled, except that tail fins 
remain attached and the shell segment immediately 
adjacent to the tail fins may be left attached. 

2. Butterfly, Tail Off. Prepared by splitting the shrimp; 
tail fins and all shell segments are removed. 


8. Round. Round shrimp, not split; the shrimp are 
peeled, except that tail fins remain attached and the 
shell segment immediately adjacent to the tail fins 
may be left attached. 

4. Round, Tail Off. Round shrimp, not split; tail fins 
and all shell segments are removed. 

5. Pieces. Each unit consists of a piece or a part of a 
shrimp; tail fins and all shell segments are removed. 

6. Composite Units. Each unit consists of two or more 
whole shrimp or pieces of shrimp, or both, formed 
and pressed into composite units prior to coating; tail 
fins and all shell segments are removed; large com- 
posite units, prior to coating, may be cut into smaller 
units. 


The batter and breading ingredients referred to are the 
fluid constituents and the solid constituents of the coating 
around the shrimp. These ingredients consist of suitable 
substances that may or may not be food additives. Chem- 
ical preservatives that are suitable are 


1. Ascorbic acid, which may be used in a quantity suf- 
ficient to retard development of dark spots on the 
shrimp. 

2. Antioxidant preservatives may be used to retard de- 
velopment of rancidity of the fat content of the food, 
in amounts within the limits prescribed. 


The label should name the food as follows: 


1. Breaded fantail shrimp (the word butterfly may be 
used in lieu of fantail in the name). 

2. Breaded butterfly shrimp, tail off. 

3. Breaded round shrimp. 

4, Breaded round shrimp, tail. 

5. Breaded shrimp pieces. 

6. Composite units. 


If the composite units are in a shape similar to that of 
breaded fish sticks the name is breaded shrimp sticks; if 
they are in the shape of meat cutlets, the name is breaded 
shrimp cutlets. If prepared in a shape other than that of 
sticks or cutlets, the name is breaded shrimp _, the blank 
to be filled in with the word or phrase that accurately de- 
scribes the shape, but that is not misleading. 

The word prawns may be added in parentheses imme- 
diately after the word shrimp in the name of the food if the 
shrimp are of large size; for example, “fantail breaded 
shrimp (prawns).” If the shrimp are from a single geo- 
graphical area, the adjectival designation of that area may 
appear as part of the name; for example, “breaded Alaska 
shrimp sticks.” 


Frozen Raw Lightly Breaded Shrimp: Definitions 


Frozen raw lightly breaded shrimp differs from the regu- 
larly breaded ones in that it contains not less than 65% of 
shrimp material and that the word lightly immediately 
precedes the words breaded shrimp on the label. 


Shrimp: General Processing Quality and Standards 


These standards should apply to clean, wholesome shrimp 
of the regular processed commercial species that are fresh 
or frozen, raw or cooked. Such shrimp are processed and 
maintained in accordance with good commercial practice 
at temperatures necessary for the preservation of the prod- 
uct. Types of fresh shrimp include 


1. Frozen individually (IQF) glazed or unglazed. 
2. Frozen solid pack, glazed or unglazed. 


The styles of the shrimp can be as follows: 


1. Raw. Uncoagulated protein. 

2. Parboiled. Heated for a period of time such that the 
surface of the product reaches a temperature ade- 
quate to coagulate the protein. 

3. Cooked. Heated for a period of time such that the 
surface of the product reaches a temperature ade- 
quate to coagulate the protein. 

4. Cooked. Heated for a period of time such that the 
thermal center of the shrimp reaches a temperature 
adequate to coagulate the protein. 


The market forms of shrimp include 


1. Heads on (head, shell, tail fins on). 

2. Headless (only head removed; shell, tail fins on). 

3. Peeled, round, tail off (all shell and tail fins re- 
moved with segments unslit and vein not removed). 

4. Peeled, round, tail off (all shell and tail fins re- 
moved with segments unslit and vein not removed). 

5. Peeled and deveined, round, tail off (all shell and 
tail fins removed with segments shallowly slit to 
last segment and vein removed to last segment). 

6. Peeled and deveined, round, tail on (all shell re- 
moved except last shell segment, and tail fins, with 
segments shallowly slit to last segment and vein 
removed to last segment). 

7. Peeled and deveined, fantail or butterfly tail off (all 
shell and tail fin removed with segments deeply slit 
to last segment and vein removed to last segment). 

8. Peeled and deveined, fantail or butterfly, tail on (all 
shell removed except last shell segment and tail 
fins, with segments deeply slit to last segment and 
vein removed to last segment). 

9. Peeled and deveined, western (all shell removed ex- 
cept last shell segment and tail fins, with segments 
split completely to last segment and vein removed 
to last segment). 

10. Shell on pieces (head removed, shell and tail fins 
when existing not removed). 

11. Peeled and deveined, round pieces (all shell re- 
moved with segments shallowly slit except last seg- 
ment when existing; vein removed except last seg- 
ment removed with segments deeply slit except last 
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segment when existing; vein removed except last 
segment when existing). 
12. Peeled undeveined pieces (all shell removed). 


Evaluation of Flavor and Odor. Sensory evaluation of fla- 
vor and odor on each of the sample units should be carried 
out only by those trained to do so. For raw odor evaluation, 
frozen shrimp should be thawed. Fresh or thawed shrimp 
are broken and the broken flesh is held close to the nose 
immediately to detect off-odor. Cooked style shrimp should 
be evaluated for flavor and odor as is, thawed if frozen. 
Sensory evaluation of cooked samples should be completed 
as soon as practical after cooking while the samples are 
still warm. 

Good flavor and odor means that the product has the 
normal, pleasant flavor and odor characteristic of freshly 
caught shrimp that is free from off-flavors and odors of any 
kind. A natural odor or flavor reminiscent of iodoform is 
acceptable unless excessive. Reasonably good flavor and 
odor means that the product may be somewhat lacking in 
good flavor and odor characteristic of freshly caught 
shrimp but is free from objectionable off-flavors and off- 
odors of any kind. Minimum acceptable flavor and odor 
means that the raw product and the cooked product have 
a moderate storage-induced odor (for the raw product) and 
flavor and odor (for the raw product) and flavor and odor 
(for the cooked product), but the product is reasonably free 
from any objectionable off-flavors and off-odors that may 
be indicative of spoilage or decomposition. 


Evaluation of Physical Characteristics and Defects. Each 
sample unit should be evaluated as to physical character- 
istics and defects in accordance with the following defini- 
tions and methods of analysis. Dehydration refers to a gen- 
eral desiccation of the shrimp flesh that is noticeable after 
the shell and glaze are removed. It is evaluated by noting 
any detectable change from the normal, characteristic 
bright appearance of freshly caught, properly iced or prop- 
erly processed shrimp. The degree of dehydration is as fol- 
lows: 


1. Slight dehydration means scarcely noticeable dessi- 
cation of the shrimp flesh that will not affect the de- 
sirability or eating quality of the shrimp. 

2. Moderate dehydration means conspicuous desicca- 
tion of the shrimp flesh that will not seriously affect 
the desirability or eating quality of the shrimp. 

3. Severe dehydration means conspicuous dessication 
that will seriously affect the desirability or eating 
quality of the shrimp. 


Deterioration is evaluated by noting any detectable 
change in the normal good odor of freshly caught, properly 
iced or properly processed shrimp. 


1. Slight deterioration means that overall the sample 
unit lacks the normal characteristic pleasant odor of 
freshly caught, properly iced or properly processed 
shrimp; the desirability or eating quality of the 
shrimp is not affected. 
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2. Moderate deterioration means that overall the sam- 
ple unit has scarcely noticeable odors of prolonged 
storage off-odors that materially affect the desira- 
bility or eating quality of the shrimp. 

8. Severe deterioration means that overall the sample 
unit has definite odors of prolonged storage or spoil- 
age odors that seriously affect the desirability or eat- 
ing quality of the shrimp. 


Fresh or thawed shrimp (glaze removed) should be visually 
examined for the presence of broken or damaged shrimp. 
Broken or damaged shrimp, identified as follows, are 
grouped together and evaluated by noting the percent by 
weight of such broken or damaged shrimp in the total net 
weight of the sample unit. 


1, Broken means a shrimp having a break in the flesh 
greater than one-third of the thickness of the shrimp 
measured where the break occurs. 

2. Damaged means a shrimp that is crushed or mu- 
tilated so as to materially affect its appearance or 
usability. 


Frozen Raw Breaded Shrimp: Processing Quality 
and Standards 


Frozen raw breaded shrimp are whole, clean, wholesome, 
headless, and peeled shrimp that have been deveined, 
where applicable, of the regular commercial species, coated 
with a wholesome, suitable batter or breading. Whole 
shrimp consist of five or more segments of unmutilated 
shrimp flesh. They are prepared and frozen in accordance 
with good manufacturing practice and are maintained at 
temperatures necessary for the preservation of the prod- 
uct. 

Frozen raw breaded shrimp should contain not less 
than 50% by weight of shrimp material. The styles of 
shrimp are as follows: 


1. Regular breaded shrimp are frozen raw breaded 
shrimp containing a minimum of 50% of shrimp ma- 
terial. 

2. Lightly breaded shrimp are frozen raw breaded 
shrimp containing a minimum of 65% of shrimp ma- 
terial. 


Types of breaded shrimp are breaded fantail shrimp and 
breaded round shrimp. Breaded fantail shrimp includes 
the following: 


1. Split (butterfly) shrimp with the tail fin and the shell 
segment immediately adjacent to the tail fin. 

2. Split (butterfly) shrimp with the tail fin but free of 
all shell segments. 

3. Split (butterfly) shrimp without attached tail fin or 
shell segments. 


Breaded round shrimp includes the following: 


1. Round shrimp with the tail fin and the shell segment 
immediately adjacent to the tail fin. 


2. Round shrimp with the tail fin but free of all shell 
segments. 

8. Round shrimp without attached tail fin or shell seg- 
ments. 


Hygienic processing of frozen raw breaded shrimp in- 
cludes processing and maintenance in accordance with the 
applicable requirements of the good manufacturing prac- 
tice regulations. Good flavor and odor means that the 
cooked product has flavor and odor characteristics of 
freshly caught or well-refrigerated shrimp and the bread- 
ing is free from staleness and off-flavors and off-odors of 
any kind. Iodoform is not to be considered in evaluating 
the product for flavor and odor. Reasonably good flavor and 
odor means that the cooked product may be somewhat 
lacking in the good flavor and odor characteristics of 
freshly caught or well-refrigerated shrimp but is free from 
objectionable off-flavors and objectionable off-odors of any 
kind. 

Dehydration refers to the occurrence of whitish areas 
on the exposed ends of the shrimp (due to the drying of the 
affected area) and to a generally desiccated appearance of 
the meat after the breading is removed. Deterioration re- 
fers to any detectable change from the normal good quality 
of freshly caught shrimp. It is evaluated by noting in the 
thawed product deviations from the normal odor and ap- 
pearance of freshly caught shrimp. 

Extraneous material consists of nonedible material 
such as sticks, seaweed, shrimp thorax, or other objects 
that may be accidentally present in the package. Halo 
means an easily recognized fringe of excess batter and 
breading extending beyond the shrimp flesh and adhering 
around the perimeter or flat edges of a split (butterfly) 
breaded shrimp. Balling up means the adherence of lumps 
of the breading material to the surface of the breaded coat- 
ing, causing the coating to appear rough, uneven, and 
lumpy. Holidays means voids in the breaded coating as ev- 
idenced by bare or naked spots. Damaged frozen raw 
breaded shrimp means frozen raw breaded shrimp that 
have been separated into two or more parts or that have 
been crushed or otherwise mutilated to the extent that 
their appearance is materially affected. Black spot means 
any blackened area that is markedly apparent on the flesh 
of the shrimp. Sand vein means any black or dark sand 
vein that has not been removed, except for that portion 
under the shell segment adjacent to the tail fin when 
present. 

Breading of shrimp has long posed a problem from an 
economic standpoint. In addition, the time-temperature 
abuses present a great potential for food poisoning organ- 
isms. The growing scarcity and consequential high value 
of the raw material make the breading standards even 
more important. 


Abbreviated Inspection 
During an abbreviation inspection of a shrimp processing 
plant, an FDA inspector is advised of the following: 


1. Check for the presence of cats, dogs, birds, or vermin 
in the plant. 


2. Review testing of incoming shrimp. Check results of 
tests for decomposition, bacterial load, pesticides, 
and other possible adulterants. 

8. Evaluate operation for compliance with standards 
for raw breaded shrimp. 

4. Watch for any time—temperature abuses in the han- 
dling of seafood. 

5. Determine that employee hygienic practices are sat- 
isfactory, eg, clean dress, washing of hands, and use 
of 100 ppm chlorine equivalent hand sanitizers. 

6. Note any equipment defects that cause seafood to 
lodge, decompose, then dislodge into the pack. 

7. Observe breading operations for suspected excesses, 
lack of coolant to keep batter mix below 50°F in an 
open system and below 40°F in a closed system. 

8. Check labeling declarations while weighing 20 retail 
units against the net weight statement on four dif- 
ferent products or sizes. 


Comprehensive Inspection 


During a comprehensive inspection, the FDA inspector will 
note the following. 


Raw Materials: Receipt and Storage. The inspector will 
determine if: 


1. Shrimp and other raw materials are inspected on re- 
ceipt for decomposition, microbial load, pesticides, 
and filth. 

2, Raw materials susceptible to microbial contamina- 
tion are received under a suppliers guarantee. 

8. Raw material specifications exist and only whole- 
some raw materials are accepted into active inven- 
tory; determine disposition of rejected raw materi- 
als. 

4, Shrimp receiving and storage facilities are physi- 
cally adequate. 

5. Frozen shrimp are stored at — 18°C (0°F) or below. 

6. Fresh or partially processed shrimp are iced or oth- 
erwise refrigerated to maintain a temperature of 4°C 
(40°F) or below until they are ready to be processed. 

7. Decomposed shrimp are being processed. 

a. Examine shrimp as received and again after sort- 
ing, for decomposition; classify as passable (class 
1), decomposed (class 2), or advanced decomposi- 
tion (class 3); less-experienced inspectional per- 
sonnel should submit some of class 2 and class 3 
shrimp for confirmation by the laboratory. 

b. Prompt handling and adequate sorting is neces- 
sary to prevent decomposition; check times and 
temperatures. 

c. Where decomposed shrimp are going into canned 
or cooked-peeled shrimp, collect investigational 
samples of the finished pack; give attention to dis- 
position of loads showing a high percentage of de- 
composition that cannot be adequately sorted, 
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and to disposition of reject shrimp; make certain 
that bait shrimp is denatured. 

8. Fresh raw shrimp are washed and chilled to 4°C 
(40°F) or below within 2 h of receipt; frozen shrimp 
should be held at — 18°C (0°F) or below; determine if 
they are examined organoleptically when received. 

9. Peeled and deveined shrimp are promptly chilled to 
4°C (40°F) or below. 


Plant Sanitation. The inspector will determine if: 


1. The water (ice) is 
a. From an approved source. 

b. Disinfected and contains residual chlorine. 
c. Sampled and analyzed for contamination. 
d. Handled in a sanitary manner. 

2. Drainage facilities are adequate to accommodate 
all seepage and wash water. 

3. The plant has readily cleanable floors that are 
sloped and equipped with trap drains. 

4. The plant is free of the presence of vermin, dogs, 
cats, or birds. 

5. The screening and fly control are adequate. 

6. Offal, debris, refuse is placed in covered containers 
and removed at least daily or continuously. 

7. Adequate handwashing and sanitizing facilities are 
located in processing area and are easily accessible 
to the preparation, peeling, and subsequent pro- 
cessing operations. 

8. Signs are posted directing employees handling 
shrimp and other raw materials to wash and sani- 
tize their hands after each absence from the work- 
station. 

9. Employees actually wash and sanitize their hands 
as necessary (before starting work, after absences 
from the workstation, when hands become soiled, 
etc). 

10. Hand-sanitizing solutions are maintained at 100 
ppm available chlorine or the equivalent and are 
used. 

11. Persons handling food or food contact surfaces wear 
clean outer garments, maintain a high degree of 
personal cleanliness, and conform to good hygienic 
practices. 

12. Management prevents any person known to be af- 
fected with boils, sores, infected wounds, or other 
sources of microbiological contamination from 
working in any capacity in which there is a reason- 
able probability of contaminating the food. 

13. The product is processed to prevent contamination 
by exposure to areas involved in earlier processing 
steps, refuse, or other objectionable conditions or 
areas. 

14. Food contact surfaces are constructed of metal or 
other readily cleanable materials. 

15. Seams are smoothly bonded to prevent accumula- 
tion of shrimp, shrimp material or other debris. 


2158 SHELLFISH 


16. Each freezer and cold storage compartment used 
for raw materials, in process or finished product is 
fitted with required temperature indicating de- 
vices. 

17. Unenclosed batter application equipmentis flushed 
and sanitized at least every 4 h during plant opera- 
tions and all batter application equipment is 
cleaned and sanitized at the end of and the begin- 
ning of the days operation. 

18. Breading application equipment and utensils are 
thoroughly cleaned and sanitized at the end of the 
days operations. 

19. Utensils used in processing and product contact 
surfaces of equipment are thoroughly cleaned and 
sanitized at least every 4 h during operation. 

20. All utensils and product contact surfaces excluding 
breading application equipment and utensils are 
rinsed and sanitized before beginning the days 
operation. 

21. Containers used to convey or store food are handled 
in a manner to preclude direct or indirect contam- 
ination of the contents. 

22. The nesting of containers is prohibited. 


Processing. The inspector will determine if: 


1. Raw frozen shrimp are defrosted at recommended 
temperatures: air defrosting at 7°C (45°F) or below 
or in running water at 21°C (70°F) or below in less 
than 2h. 

2. Fresh raw shrimp are washed in clean potable wa- 
ter and chilled to 4°C (40°F) or below. 

3. Fresh shrimp are adequately washed, culled, and 
inspected. 

4. Every lot of shrimp that has been partially pro- 
cessed in another plant, including frozen shrimp, is 
inspected for wholesomeness and cleanliness. 

5. Shrimp entering thaw tank are free from exterior 
packaging material and substantially free of liner 
material. 

6. On removal from thaw tank, shrimp are washed 
with a vigorous potable water spray. 

7. Shrimp are removed from thaw tank within 30 min 
after they are thawed. 

8. During the grading, sizing, or peeling operation the: 
a. Equipment is cleaned and sanitized before use. 
b. Water is maintained at proper chemical strength 

and temperature. 
c. Raw materials are protected from contamina- 
tion. 

9. Sanitary drainage is provided to remove liquid 
waste from peeling tables. 

10. Firm prohibits the practice of salvaging shrimp (ie, 
repacking the accumulated hulls and shells for 
missed shrimp or shrimp pieces). 

11. Peeled and deveined shrimp are promptly chilled to 
4°C (40°F) or below. 


12. Peeled shrimp are transported from peeling ma- 
chines or tables immediately, or, if containerized, 
within 20 min. 

13. Peeled shrimp containers, if applicable, are cleaned 
and sanitized as often as necessary, but in no case 
less frequently than every 3 h. 

14. When a peeler is absent from his duty post, his con- 
tainer is cleaned and sanitized prior to resuming 
peeling. 

15. Peeled shrimp that are transported from one build- 
ing to another are properly iced or refrigerated, cov- 
ered, and protected. 

16. Shrimp are handled minimally and protected from 
contamination. 

17. Shrimp that drop off processing line are discarded 
or reclaimed. 

18. Shrimp are washed with a low-velocity spray or in 
unrecirculated flowing water at 10°C (50°F) or be- 
low just prior to the initial batter or breading ap- 
plication, whichever comes first, except in cases 
where a predust application is included in the pro- 
cess. 

19. Removal of batter or breading mixes or other dry 
ingredients from multiwalled bags is accomplished 
in an acceptable manner. 

20. Batter in enclosed equipment is insured a tempera- 
ture of not more than 4°C (40°F) and disposed of at 
the end of each work day, but in no circumstances 
less often than every 12 h. 

21. Batter in an unenclosed system is maintained at or 
below 10°C (50°F) and disposed of at least every 4 
h and at the end of the day’s operation. 

22. Breading reused during a day’s operation is sifted 
thru a 0.5-in. or smaller mesh screen. 

23. Breading remaining in the breading application 
equipment at the end of a day’s operation is reused 
within 20 h and is sifted as above and stored in a 
freezer in a covered sanitary manner. 

24, Hand batter pans are cleaned, sanitized, and rinsed 
between each filling with batter or breading. 


Finished Product Process and Quality Assurance. The in- 


spector will determine if: 


1. Processing and handling of finished product is 

a. Performed in a sanitary manner. 
b. Protected from contamination. 
c. Arranged to facilitate rapid freezing. 

2. Manual manipulation of breaded shrimp is kept to 
a minimum. 

3. Aggregate processing time, excluding the time re- 
quired for thawing frozen material, is less than 2h, 
exclusive of iced or refrigerated storage time. 

4. Breaded shrimp are placed into freezer within 30 
min of packaging. 

5. Breaded shrimp are frozen in a plate or blast 
freezer at — 29°C (—20°F) or below. 


6. Storage freezer is maintained at or below —18°C 
(OF). 

7. In-line, environmental, and finished product sam- 
ples are analyzed and evaluated at least weekly for 
microbial conditions; review these analytical rec- 
ords if available. 

8. Firm has established microbiological specifications 
for the final product; if so, review and report these 
specifications. 

9. Firm withholds from distribution lots that do not 
meet their established microbiological standards. 

10. Finished product is handled and stored in amanner 
that precludes contamination. 

11. Labels bear a cautionary statement to keep product 
frozen. 

12. Packaged finished product bears a label code; re- 
port interpretation or breakdown of firm’s coding. 
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SNACK FOOD TECHNOLOGY 


Snacks can be considered as tasty, savory, or sweet foods 
eaten at nonmeal occasions. Indeed, Snack World’s 1987 
Consumer Attitude Survey indicated that salted snacks 
are most often eaten while watching television, at parties, 
or between meals (1). With the trend today toward grazing, 
the boundaries of snack foods are being broadened. In such 
a view it is possible to consider the influx of finger foods 
and microwaveable items such as dough enrobed meat and 
cheese, pizza, and hot dogs as snacks. Snack Food maga- 
zine (2) includes the following categories: candy, cookies— 
crackers, frozen pizza, and snack cakes—pies, along with 
such traditional salted items as potato chips, tortilla chips, 
nuts, pretzels, popcorn, granola items, dried fruit, ex- 
truded snacks, and meat snacks in its annual review of the 
snack food market. While a strong case can be made for 
including all of these items, only the technology for potato 
chips, tortilla chips, popcorn, pretzels, extruded items, and 
meat snacks will be considered in this overview due to 
space constraints. 


BUSINESS AND TRENDS 


Of the salted snacks, potato chips have the greatest share 
of the market, followed by corn and tortilla chips, nuts, 
dried fruit, popcorn, extruded snacks, meat snacks, pret- 
zels, and granola. Estimated sales (2) for representative 
items are found in Table 1. The strong growth of the pop- 
corn sector is directly attributable to microwave popcorn 
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sales. Tortilla and corn chips have shown sales growth in 
each year from 1978 to 1989. Total sales have more than 
doubled in that period. During the mid-1980s granola 
product sales climbed to $439 million but have been de- 
clining since. Currently, dried fruit snack sales are increas- 
ing, presumably due to their wholesome image. There also 
has been a sharp increase in imported items and healthful 
products. Rice cakes have had a strong market impact be- 
cause they are low in salt, fat, and calories. In addition, 
there has been a proliferation of miscellaneous items in- 
cluding flat breads, plantain and apple chips, bagel crisps, 
and sourdough bread crisps. 


POTATO CHIPS 


Potato chip manufacture is much more involved than the 
mere frying of thinly sliced potatoes. Potatoes are living 
organisms and as such have respiration and energy re- 
quirements. Because it is impossible to provide a year- 
round supply of potatoes to the chipper, potatoes must be 
stored. During storage, the plant’s energy requirements 
are met by conversion of starch to sugars through enzy- 
matic action. After a short curing period that allows 
cuts and bruises to heal, chipping potatoes are placed in 
well-ventilated cold storage (95% RH and 50-55°F) (3). 
However, during storage there is an accumulation of the 
reducing sugars, glucose, and fructose, which lead to un- 
acceptably dark chips (4). Stored potatoes must be recon- 
ditioned to reconvert the reducing sugars back to starch 
through enzymatic action. Reconditioning is carried out by 
holding potatoes at 65-70°F until frying trials produce 
chips of the desired color, usually in one to four weeks (3). 
Potatoes with higher specific gravities are desired because 
they have increased chip yield and reduced oil consump- 
tion (4), 

The block flow diagram of Figure 1 outlines a large com- 
mercial chipping process. After dumping, the potatoes are 
conveyed to a washer—destoner. Often, the conveying sys- 
tem is a water flume where a large centrifugal pump moves 
potatoes and water around the plant. The turbulence of the 
water helps remove dirt and stones, which are separated 
by gravity and are removed by a conveyor. Other types of 
destoner include an elevating screw and a bubble unit in 
which jets of air or water tumble the potatoes and dislodge 


Table 1. Estimated Sales by Manufacturers (Millions of 
Dollars) 


Snack food 1988 1987 1986 
Potato chips 2,890 2,850 2,651 
Corn and tortilla chips 1,401 1,324 1,283 
Snack nut meats 1,098 1,160 1,160 
Dried fruit snacks 587 508 418 
Popcorn 554 458 365 
Extruded snacks 472 467 415 
Meat snacks 424 400 325 
Pretzels 303 293 an 
Granola snacks 298 359 439 
Source: Ref. 2. 
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Figure 1. Commercial potato chip process fiow diagram. 


debris. Once washed, the potatoes are abrasively peeled. 
The peeler contains long cylindrical rollers covered with a 
rough material. The units are designed to provide uniform 
tumbling of potatoes against the rollers. Steam and chem- 
ical (lye) peelers are generally not used with chips because 
such methods lead to unsightly rings, while chemicals can 
carry over to the oil. Peeled potatoes can be sized, if nec- 
essary. Most North American manufacturers use rotary 
centrifugal slicers. Potatoes are fed into the center of a 
rotating bowl where centrifugal action and carefully de- 
signed impellers force the potatoes against knives 
mounted in the stationary outer housing. A large variety 


of knives are available including straight, corrugated, 
wave, and julienne types. To maintain efficient cutting, 
blades must be replaced frequently. Raw slice thickness is 
about 1/16 in. Slice thickness must be adjusted to compen- 
sate for such variables as potato variety, physical condi- 
tion, specific gravity, consumer preference, and ease of pro- 
cessing. Sliced potatoes are washed and sprayed with 
either cold or hot water to remove surface starch and sug- 
ars. After draining, they are fried. 

Modern potato fryers incorporate a variety of devices to 
insure long oil life and uniformity in frying conditions. Hot 
oil, 360-380°F, is pumped into the front end of the fryer 
where the washed slices enter. The turbulent action of wa- 
ter escaping help separate the slices. The velocity of the oil 
and the action of conveying paddles helps move the chips 
downstream. To achieve final frying to less than 1.5% mois- 
ture, the last section of the fryer contains a hold-down con- 
veyor to uniformly remove the last traces of water from the 
buoyant chips. During frying the oil temperature drops by 
about 40°F. External heat exchangers are used to bring the 
oil back to the desired inlet temperature (5). After frying, 
chips are salted and optionally flavored before they are 
packaged. Packaging for chips should include moisture, ox- 
ygen, and light barriers. 


KETTLE CHIPS 


A recent market trend has been the emergence of crunchy 
and crispy, kettle type, homestyle, or hand cooked chips. 
Kettle chips achieve their desired crispy texture and 
stronger taste through batch frying. Raw, unwashed sliced 
potatoes are added to a batch or kettle of hot oil, which 
causes the oil temperature to drop. The chips fry as the oil 
temperature recovers. Frying times in the kettle are al- 
most three times longer than in the continuous fryer (nine 
minutes vs three). It is believed that some large producers 
have simulated kettle fry conditions in the large continu- 
ous units. 


TORTILLA CHIPS AND CORN CHIPS 


Modern methods for the production of corn snacks such as 
tortilla chips and corn chips have origins in the ancient 
Aztec process of nixtamalization or alkaline cooking and 
steeping of corn (6). In nixtamalization whole corn is 
cooked in excess water containing lime. A mixture of white 
and yellow corn is used because corn chips made from 
100% yellow corn have an unacceptable flavor profile prob- 
ably resulting from carotenoid degradation (7). After cook- 
ing, the corn is allowed to steep overnight. During the pro- 
cess, some starch is gelatinized, the pericarp or hull 
disintegrates, and the endosperm hydrates and softens. Af- 
ter washing, the cooked corn or the nixtamal is stone 
ground into masa (6,7). 

A modern tortilla chip process is outlined in Figure 2 
and a more detailed account follows. Corn is cooked in ex- 
cess water and lime (1% of corn weight) at temperatures 
above 200°F. Water-to-corn weight ratios range from 1.5 to 
2.0:1. Cooking times vary depending on end use of the 
masa but are typically in the 10-30 min range. After cook- 
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Figure 2. Tortilla chip process outline. 


ing, the corn is quenched to below 150°F to stop starch 
gelatinization. The cooked corn is then held in water or 
steeped from 8 to 24 h. At this point the moisture content 
has reached 45-50%. After steeping, the corn is pumped 
to a washing drum where lime and loose hulls are removed. 
The nixtamal is ground to masa in a stone grinding mill. 
Stone grinding is preferred because it provides the range 
of particle sizes needed for optimum frying performance 
and texture. Water added to the mill to facilitate grinding 
brings moisture of the ground corn or masa to 50-54%. The 
ground masa is immediately pumped to a spreading device 
that deposits a 0.5-1-in.-thick sheet onto sizing rollers. 
The rollers extrude the masa into an extremely thin sheet 
(less than 1/16 in), which is cut into the desired shape with 
roller cutters. The wet, newly cut chips, which lie on the 
belt in a monolayer are baked at extremely high tempera- 
tures (600-850°F) for 10-20 s. During the baking some 
moisture is driven off and a dry skin is formed around a 
moist interior. To prepare the baked chips for frying, the 
chips pass through a conditioning chamber where the 
moisture of the chip equilibrates and the chip cools. If 
moisture equilibration did not take place, the chips would 
expand and blister in the fryer. Conditioning equipment 
varies widely and consequently equilibration times range 


from 15 s to 15 min. In the conditioner the baked chips 
loose an additional 2% water and enter the fryer at 35- 
38% (7). 

Tortilla chip fryers resemble potato chip fryers. They 
usually contain paddles to keep the chips moving down- 
stream. The last section of the fryer contains a hold-down 
belt, which submerges the buoyant chips and ensures that 
all the chips will contain less than 1.5% water. Due to the 
lower water content of the tortilla chips, frying times are 
shorter than for potato chips, about 1 min at 350-370°F. 
The fat content of fried tortilla chips is about 25%. Chips 
are seasoned and coated while hot, then packaged. The 
process for fried corn chips is very similar to the tortilla 
chip process. Longer cook times and an increased water- 
to-corn ratio produces a somewhat softer corn. After stone 
grinding, the resulting masa contains 50-52% water and 
has a particle size range somewhat more coarse than the 
tortilla masa. The wet masa is extruded and cut into pieces 
that fall into very hot frying oil, about 400-410°F. The 
coarse structure of the masa ensures that pathways exist 
for the water to escape. Otherwise an expanded blistered 
chip would result. The fried chips are more friable than the 
tortilla chips and contain about 35% fat. 
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POPCORN 


Why does popcorn pop when heated at atmospheric pres- 
sure and why do other cereal grains such as wheat, barley, 
rice, and dent corn fail to do so? The answer lies in the 
structure of the popcorn kernel itself. Popcorn kernels con- 
tain a strong pericarp or hull and a high percentage of 
translucent endosperm cells where densely packed starch 
granules are located. Most other grains contain opaque 
cells that have many intergranular spaces. During pop- 
ping, the hull serves as a pressure vessel that allows the 
moisture held in the kernel to turn into superheated 
steam. Eventually the hull can no longer withstand the 
internal pressure and it fails. Rupture occurs at tempera- 
tures in the range 350-375°F (8). These temperatures cor- 
respond to saturated steam pressures inside the kernel of 
185-185 psi. Microscopic studies have shown that after 
popping, cell walls are generally intact (8,9). It is believed 
that the tight packing of the translucent cells helps the 
escaping steam to create the foamed network. Opaque 
starch contains air spaces that provide channels for the 
escaping steam; consequently it does not foam or expand. 

Popcorn quality, as perceived by the consumer, is 
strongly related to its expanded volume. Highly expanded 
popcorn is desired for its tenderness and “melt-in-the- 
mouth” characteristics. Kernel moisture and kernel test 
weight (bulk density or number of kernels per 10 g) both 
strongly influence the amount of expansion. Maximum ex- 
pansion of popcorn typically occurs in the 12.5-15% total 
moisture range (8). However, each hybrid has its own op- 
timum moisture content. The level of expansion at mois- 
tures below 10% is poor (8). Among hybrids, those with the 
highest test weights have the greatest expanded volumes 
(10). The percentage of totally popped kernels is strongly 
related to both popping temperature and moisture content. 
In one study, when the temperature of cooking oil was 
raised from 345 to 350°F the percentage of totally popped 
kernels rose from 70 to 94%. Similarly reduction in mois- 
ture content from 11.1 to 9.9% caused a reduction from 
100% popping to 82% (8). 


Commercial Popping 


Today, most large commercial poppers use continuous dry 
or hot air poppers. Continuous poppers generally consist 
of a rotating drum with helical flights for conveying the 
popcorn. Hot air (410-430°F) is blown in from the feed end 
and heats the tumbling kernels, which are metered into 
the drum from above. Unpopped kernels, small pieces and 
hulls are separated with a screen, then the popped kernels 
are cooled and coated if desired. Because fresh popcorn is 
extremely hygroscopic, it must be immediately packaged 
in a moisture barrier, eg, foil, to preserve freshness. Coat- 
ings range from mixtures of oil, salt, seasonings, and col- 
oring to candy caramel and nuts. Caramel corn is made by 
combining fresh popcorn with caramel, a molten mixture 
of sugar, glucose, butter, sodium bicarbonate, and flavor in 
a specialized agitated vessel. After coating, the caramel 
corn is cooled and separated into the appropriate cluster 
size before packaging. 


Microwave Popcorn 


Through the late 1980s microwave popcorn has been one 
of the fastest growing grocery product categories in the 
United States. By the end of 1987 annual microwave pop- 
corn sales were estimated at $351 million, up from $124 
million in 1985 and $246 million in 1986 (2). Most micro- 
wave popcorn is packed in an expandable bag that incor- 
porates design features that focus or concentrate the mi- 
crowave energy on a mixture of solid fat, popcorn and salt. 
Popcorn-to-fat ratios are approximately 3:1. The bags are 
generally designed to expand to allow room for the popped 
corn (11). Early commercial microwave popcorn products 
were refrigerated or frozen to provide fat and moisture sta- 
bility. Newer packaging materials such as polyester-lined 
kraft paper provide about six months shelf stability for the 
fat-covered kernels and eliminate the need for freezing or 
refrigeration. The introduction of susceptors (metallized 
films that are good absorbers of microwave energy) to the 
microwave popcorn package has improved poppability by 
providing a localized source of intense heat (400~-450°F) 
beneath the kernel-oil mixture. 


EXTRUDED SNACKS 


Extruded snack products fall into two broad categories: 
directly expanded or puffed, and pellets (dense half- 
products). Extrusion literally means forcing out. Many 
food formers such as hydraulic presses and double rollers 
are called extruders. However, the extruders used in snack 
food processing resemble those of the plastic industry. Ro- 
tating screws enclosed in a barrel convey a cereal dough 
and force it through a die. Products are cut to size with 
rotating knives. Both single and twin-screw extruders are 
used. Twin-screw extruders are more complex, more flexi- 
ble, more easily controlled and operate over a wider range 
of moisture conditions. However, they are more costly, 
Single-screw extruders still are used extensively, particu- 
larly in the manufacture of expanded corn snacks and pel- 
lets. 


Direct Expansion 


Directly expanded snacks are made by extruding cereal 
grains and flours at rather low moisture levels (12-16%) 
and forcing them through a die. Corn grits are the most 
common ingredient. Rice flour, wheat, potato starch flour, 
and tapioca all expand well. Due to its high native fat con- 
tent, oat flour does not provide the expanded puffy texture 
desired in a snack base. In puffing extrusion friction and 
shear combine to heat and plasticize the grains or flours 
into a pressurized mass of molten gelatinized dough. The 
pressure at the die end of the extruder is much greater 
than the saturated pressure of steam at the temperature 
where the dough is extruded, about 350°F. Thus the water 
becomes superheated. Consequently when the dough is 
forced through the die into the atmosphere, water and 
steam are released explosively and cause the gelatinized 
starch to expand into a foamed structure that sets up on 
cooling. The extruders used for puffed snacks range from 


extremely short length single-screw collet extruders that 
have a length-to-diameter ratio (L/D) of only 2-3 to 1 to 
long single- and twin-screw models of 20:30 L /D (12). Ex- 
panded puffs contain 59% water and must be dried or 
baked to below 2% moisture to achieve the desired crisp- 
ness. Once dried, puffs are coated with oil and flavors. 
Cheese puffs are an example of a baked, coated expanded 
snack. 


Fried Expanded 


In a variation of direct expansion, corn grits of 15-18% 
water are extruded in a collet type extruder that contains 
a die or auxiliary rolling device modified to restrict the ex- 
pansion of corn grit extrudate. The extrudate, in the form 
of irregular rods, is deep fried to remove residual water, 
impart a fried flavor, and slightly expand the extrudate. 
After frying the rods are coated, usually with cheese fla- 
voring. 


Pellets 


The use of extruders to manufacture pellets is actually a 
new version of an old process. A number of Asian cultures 
make a starch paste of about 50% water containing flavor- 
ing such as shrimp. The paste is molded, gelatinized with 
steam, sliced, dried, and fried to a puff. Extruded pellets 
are made in much the same way. A blend of flours and 
starches that have good puffing characteristics, such as 
corn and potato, is combined with water and flavor (if de- 
sired) and extrusion cooked to gelatinize the starch. Mois- 
ture content ranges from 25 to 35%. The cooked mass must 
be cooled before it is formed to avoid expansion and pro- 
duce a dense, glassy pellet. If a twin-screw extruder is used 
the dough can be cooled by venting steam and by external 
heat transfer before it is forced through a pasta-type die 
and knife assembly. In another version, two single-screw 
extruders are used (13). The first cooks and gelatinizes. As 
the dough exits the first extruder, water evaporates, and 
cools the dough mass that has foamed. The second extru- 
der recompresses the mass and forces it through a shaping 
die. Pellet shapes are virtually unlimited. Shapes include 
grills, wagon wheels, spirals, shells, tubes, and playing 
card suits among others. Freshly extruded pellets are 
tacky, therefore they must be predried with air to prevent 
sticking in the final dryer. Final drying takes place in a 
rotating drum dryer equipped with temperature and hu- 
midity control. Pellets of about 10% moisture emerge after 
6-8 h of drying (14). The shelf-stable pellets are extremely 
versatile and can be fried in only 10-15 s, puffed in hot air 
without any fat and can even be puffed in a microwave. 
Fried pellets contain 20-25% fat. 


PRETZELS 


Pretzels are a baked item made from a very stiff dough 
containing flour, shortening, malt, yeast, salt and sodium 
bicarbonate. Intricate machinery is used to make the clas- 
sic twist pretzels from cut lengths of dough. Today many 
twist pretzels are extruded. Multiple sets of individually 
controlled augers force the dough through a die where the 
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exiting dough is cut by wires. The pretzel receives its char- 
acteristic glaze and dark brown color as the result of a 
caustic dip. Before baking the raw, shaped pretzels are con- 
veyed through a hot, 200°F, sodium hydroxide bath (0.5- 
1.25%) for about 10-15 s (15). The dipped pretzels are im- 
mediately sprinkled with enough salt so that about 2% 
remains on the finished product. Baking ovens vary con- 
siderably. In the United States many companies use a two- 
pass oven. In the first pass pretzels are baked at 425-475°F 
for about 5 min. At the end of the first pass the pretzels, 
now at 15% water, are removed from the baking belt with 
a doctor blade. A second belt returns the pretzels under 
the baking zone to dry them down to approximately 2% 
water. 


NUTS 


In the United States, peanuts are the major snack nut, 
commanding over a 50% share. Other major snack nuts 
include cashews, almonds, pistachios, macadamias, and 
sunflower seeds. Walnuts, pecans, and filberts are viewed 
primarily as in shell or baking commodities—not snacks. 
Most snack nuts are blanched (skin removed) and roasted 
to develop a nutty flavor and crunchy texture. Nuts are 
either roasted dry in air or in oil, in units that resemble 
fryers. Oil-roasted nuts are salted when the nuts are still 
warm to promote adhesion. A recent market trend has 
been honey roasting, where nuts are covered with a honey- 
water solution and coated with a sugar-starch mixture 
prior to roasting (16). Due to their high fat level nuts are 
extremely susceptible to oxidative rancidity. Consequently 
many snack nuts are vacuum packed. 


MEAT-BASED SNACKS 


Meat snack sales have grown steadily through the 1980s 
and now account for roughly 5% of the salted snack mar- 
ket. Major constituents of the segment are beef sticks, beef 
jerky, and popped pork skins. 


Popped Pork Skins 


Popped pork skins are produced from diced, rendered 
green pork skins. After a hot brine dip, skins are drained, 
cooled and diced into 0.5-1-in. pieces. Diced skins must be 
rendered, to remove fat and moisture. Skins are rendered 
by heating at 230-240°F in oil or lard that contains anti- 
oxidants and antifoaming agents (17). After 4 h or so of 
rendering, the diced pellets rise and are removed. Follow- 
ing cooling and draining the pellets are fried at 400-425°F 
to create a puffed product. 


Jerky 

Jerky probably has its origins with native Americans who 
simply stripped or jerked the muscle from game animals 
and dried it slowly in the wind or sun or over smoky fires. 
This has evolved to a process where beef is marinated, op- 
tionally smoked, and carefully dried. Restructured jerkys, 
made from ground meat, are gaining in popularity owing 
to ease of manufacture. Ground meat is mixed with curing 
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aids, seasonings such as pepper and garlic, sugar, salt, dex- 
trose, sodium nitrite and sodium erythorbate and extruded 
or formed into thin strips. Formed strips, which may be 
frozen are cured and dried for approximately 12 h at 150°F 
(18). 


Beef Sticks 


Beef sticks and other related meat stick products such as 
snack-size pepperoni are classified as fermented sausages. 
However, some meat snack sticks are acidulated, often 
with glucose-J-lactone to achieve the desired pH and sharp 
taste. Chilled meat (32-34°F) is ground or chopped with a 
silent cutter into coarse pieces. Salt, spices, flavorings, cur- 
ing salts and a fermentable carbohydrate such as dextrose 
is blended in along with a lactic acid starter culture, or A,, 
acidulant. In preparing fermented sausages it is crucial to 
control the amount of carbohydrate and the distribution of 
the starter culture (19). Good distribution ensures unifor- 
mity, whereas the amount of dextrose dictates the final pH. 
After stuffing, the sausages ferment at temperatures that 
range from 65 to 120°F but typically 90 to 110°F depending 
on the culture. Sausages can be stuffed into strippable cel- 
lulose casings or coextruded into reconstituted collagen. 
The end of fermentation is signaled by achievement of the 
final desired pH, eg, 4.8. Following fermentation, which 
may include smoking, the sticks are dried. Drying tem- 
peratures vary considerably. However, sausages that con- 
tain pork must reach an internal temperature of 137°F to 
destroy trichinae parasites (19). 


PACKAGING 


Snack packaging must answer to many challenges. Snacks 
are generally high in fat, very low in moisture, and often 
fragile. Both oxygen and light barriers are needed to com- 
bat rancidity. Potato chips in particular are subject to light 
damage. Moisture barriers are needed to prevent sogginess 
and to maintain crispness. Metallized films that protect 
against these elements have become the packaging mate- 
rial of choice. The opacity of the metallized film also offers 
the ability to hide crumbs from the consumer. Polyester 
and polypropylene laminates are common. Polypropylene 
is preferred when it is necessary to protect the bag or pouch 
from punctures from sharp snack pieces such as tortilla 
chips. Pouches or bags made on form-fill-seal machines 
have become the primary package for fragile, salted snacks 
due to their low relative cost, their ability to display at- 
tractive graphics and their ability to cushion. In the most 
modern plants, computer controlled, multiple head scaling 
units dose products into pouches with a high level of ac- 
curacy. 


TRENDS 


Although snacks are an indulgent item, they have not been 
immune from consumer demands for less fat, more fiber, 
low salt, and no cholesterol. Nutritional snacks such as rice 
cakes, dried fruit, and sunflower seeds have established 
strong market niches. No salt potato chips and pretzels are 


on the market, while the resurgence of popcorn may be due 
to its high fiber content. It is anticipated that more snacks 
will incorporate fiber. There is ample opportunity for in- 
troducing fiber into fabricated chips, extruded pellets, and 
tortilla chips. Technology is available for producing lower 
fat potato chips. It is expected that consumer demand will 
soon establish a segment for lower-calorie fried snacks de- 
spite the superior taste and texture of the full-fat products. 
Over the last few years flavors have become more sophis- 
ticated and spicier. Cajun, Mexican, cream cheese and dill, 
seafood, Italian (herbs and cheese), Indian (curry), and 
even hot pepper flavored snacks have all been introduced. 
Shape and texture are also becoming increasingly impor- 
tant. The introduction of extruded pellet technology has 
dramatically opened up the possibilities of snack shapes. 
Kettle potato chips have established a crunchier, tastier 
potato chip category. Rippled, ridged, corrugated, and un- 
dulated cuts offer diversity in texture. At the same time 
other snack segments are moving toward simplicity. Such 
products include white popcorn and uncoated tortilla 
chips. Sweet tastes have intruded into the salted snack 
market. Honey coating, introduced with nuts, has helped 
launch sweet coated popcorn and potato chips. Despite all 
the innovations, it is expected that traditional fried, salted 
potato chips will continue to lead the salted snack market. 
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SOLID-STATE FERMENTATION 

AND VALUE-ADDED UTILIZATION OF FRUIT 
AND VEGETABLE PROCESSING BY-PRODUCTS 
SOLID-STATE FERMENTATION 


Definition 


Solid-state fermentation, or solid-substrate fermentation 
(SSF), while difficult to define precisely, is generally re- 


ferred to as the process in which microbial growth and 
product formation occur on the surface of solid materials 
in the absence or near-absence of free water, and the sub- 
strate contains certain moisture that exists in absorbed 
form within the solid matrix (1,2). 

Solid-state fermentation deals with the utilization of 
water-insoluble materials for microbial growth and meta- 
bolic activities. It is different from surface culture, which 
uses either a solid or liquid substrate, and refers primarily 
to the mode of growth (3). It is also distinguished from 
submerged liquid fermentation/culture by the fact that mi- 
crobial growth and product formation occur at or near the 
surfaces of solid materials with low moisture contents. Mi- 
crobial activities cease at a certain low level of moisture 
content, and this establishes the lower limit at which solid- 
state fermentation can take place (3). The upper limit for 
solid-state fermentation is a function of absorbency of the 
medium which varies with the substrate material type (3). 

Solid-state fermentations are not as well as character- 
ized on a fundamental scientific or engineering basis as are 
the submerged liquid cultures that have been used almost 
exclusively in the West for the industrial production of mi- 
crobial metabolites (2). They are, however, widely used in 
the orient for thousands of years, and traditional methods 
used in food processing have been modernized and ex- 
tended to nontraditional products (1,2). Today solid-state 
fermentation is increasingly gaining interest in the world 
for development of value-added products from a variety of 
cheap materials, and for bioremediation of agricultural 
and industrial wastes. 


History 


Solid-state fermentation has been used long before the un- 
derlying microbiological or biochemical processes involved 
were understood. The use of naturally occurring microor- 
ganisms in the preparation of foods such as bread and 
cheese, or directly as food such as mushrooms, dates back 
many centuries, and these are some examples of tradi- 
tional solid-state fermentation systems (4). As early as 
2600 B.c., Egyptians were making bread by methods es- 
sentially similar to those of today (4). In Asia, cheese had 
been prepared as food for several hundred years before the 
birth of Christ (4). The preparation of koji for soy sauce 
and miso production in Japan and Southeast Asia goes 
back as far as 1000 years ago and probably 3000 years ago 
in China (4,5). Preservation of fish, meat, and other animal 
products by solid-state fermentation goes back about 2500 
years (4). Vinegar was produced by solid-state fermenta- 
tion from fruit pomace in the eighteenth century (5). The 
production of gallic acid is another early example of solid- 
state fermentation, and its discovery was made in the eigh- 
teenth century (4). Solid-state composting was used for 
sewage treatment in the late nineteenth century (4,5). The 
production of fungal and other microbial enzymes by solid- 
state fermentation started during the early twentieth cen- 
tury. The new fermentation introduced from 1920 to 1940 
was the production of gluconic acid, citric acid, and en- 
zymes, as well as the development of rotary drum fermen- 
ter (4,5). Between 1940 and 1950, the fermentation indus- 
try developed very rapidly, and the first clinically useful 
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SOLID-STATE FERMENTATION 

AND VALUE-ADDED UTILIZATION OF FRUIT 
AND VEGETABLE PROCESSING BY-PRODUCTS 
SOLID-STATE FERMENTATION 


Definition 


Solid-state fermentation, or solid-substrate fermentation 
(SSF), while difficult to define precisely, is generally re- 


ferred to as the process in which microbial growth and 
product formation occur on the surface of solid materials 
in the absence or near-absence of free water, and the sub- 
strate contains certain moisture that exists in absorbed 
form within the solid matrix (1,2). 

Solid-state fermentation deals with the utilization of 
water-insoluble materials for microbial growth and meta- 
bolic activities. It is different from surface culture, which 
uses either a solid or liquid substrate, and refers primarily 
to the mode of growth (3). It is also distinguished from 
submerged liquid fermentation/culture by the fact that mi- 
crobial growth and product formation occur at or near the 
surfaces of solid materials with low moisture contents. Mi- 
crobial activities cease at a certain low level of moisture 
content, and this establishes the lower limit at which solid- 
state fermentation can take place (3). The upper limit for 
solid-state fermentation is a function of absorbency of the 
medium which varies with the substrate material type (3). 

Solid-state fermentations are not as well as character- 
ized on a fundamental scientific or engineering basis as are 
the submerged liquid cultures that have been used almost 
exclusively in the West for the industrial production of mi- 
crobial metabolites (2). They are, however, widely used in 
the orient for thousands of years, and traditional methods 
used in food processing have been modernized and ex- 
tended to nontraditional products (1,2). Today solid-state 
fermentation is increasingly gaining interest in the world 
for development of value-added products from a variety of 
cheap materials, and for bioremediation of agricultural 
and industrial wastes. 


History 


Solid-state fermentation has been used long before the un- 
derlying microbiological or biochemical processes involved 
were understood. The use of naturally occurring microor- 
ganisms in the preparation of foods such as bread and 
cheese, or directly as food such as mushrooms, dates back 
many centuries, and these are some examples of tradi- 
tional solid-state fermentation systems (4). As early as 
2600 B.c., Egyptians were making bread by methods es- 
sentially similar to those of today (4). In Asia, cheese had 
been prepared as food for several hundred years before the 
birth of Christ (4). The preparation of koji for soy sauce 
and miso production in Japan and Southeast Asia goes 
back as far as 1000 years ago and probably 3000 years ago 
in China (4,5). Preservation of fish, meat, and other animal 
products by solid-state fermentation goes back about 2500 
years (4). Vinegar was produced by solid-state fermenta- 
tion from fruit pomace in the eighteenth century (5). The 
production of gallic acid is another early example of solid- 
state fermentation, and its discovery was made in the eigh- 
teenth century (4). Solid-state composting was used for 
sewage treatment in the late nineteenth century (4,5). The 
production of fungal and other microbial enzymes by solid- 
state fermentation started during the early twentieth cen- 
tury. The new fermentation introduced from 1920 to 1940 
was the production of gluconic acid, citric acid, and en- 
zymes, as well as the development of rotary drum fermen- 
ter (4,5). Between 1940 and 1950, the fermentation indus- 
try developed very rapidly, and the first clinically useful 
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antibiotic, penicillin, was produced by both solid-state fer- 
mentation and submerged culture method (4). During 
the decade from 1950 to 1960, steroid transformation by 
fungal spores, which was produced by solid-state fermen- 
tation, was developed (4). From 1960 to 1980, many im- 
portant new solid-state fermentation processes were de- 
veloped, which include the production of mycotoxins and 
the treatment and reuse of animal, plant, and domestic 
wastes (4,5). Since 1980 the developments of solid-state 
fermentation have been made in every aspect: expansion 
of microbial types, utilization of wastes as cheaper sub- 
strates, improvement of fermenter design, and discovery 
of new products. The history and recent developments in 
solid-state fermentation have been reviewed in detail by 
several authors (3-5). 


Microbial Types 


Although a wide range of microorganisms are able to grow 
on solid substrates, a relatively few genera and species are 
employed in the main commercial systems. Filamentous 
microorganisms are most widely used in solid-state fer- 
mentations. The ability of such microorganisms to colonize 
substrates by apical growth and penetration gives them a 
considerable ecological advantage over nonmotile bacteria 
and yeasts, which are less able to multiply and colonize on 
low-moisture substrates (6). Among the filamentous fungi, 
three classes have gained the most practical importance in 
SSF: the phycomycetes such as the genera Mucor, and Rhi- 
zopus, the ascomycetes with the genera Aspergillus and 
Penicillium, and the basidiomycetes, especially the white 
rot fungi such as edible mushrooms (3). 

Bacteria and yeasts usually grow on solid substrates at 
the 40 to 70% moisture levels and can play important roles 
in some solid-state fermentations (3,6). In composting, 
thermophilic bacteria grow predominantly when the tem- 
perature exceeds 60°C, while ensiling processes are pre- 
dominated by lactic acid bacteria (7). In food fermenta- 
tions, the best-known yeast genera such as Saccharomyces, 
Candida, and bacterial genera such as Lactobacillus and 
Bacillus, have established their commercial roles (6). 

Very few actinomycetes were used in solid-state fer- 
mentation. Jermini and Demain (8) first developed a solid- 
state fermentation system for the production of cephalo- 
sporin antibiotics by Streptomyces clavuligerus grown on 
barley, and approximately 300 ug of cephalosporins per 
gram of substrate was produced under the optimal condi- 
tions for seven days. Sircar et al. (9) recently optimized a 
solid-state fermentation medium for the production of cla- 
vulanic acid antibiotics by Streptomyces clavuligerus 
grown on a medium consisted of wheat rawa, soya flour, 
dipotassium hydrogen phosphate, and sunflower oil cake. 


Substrates 


Both natural and synthetic substances can be used in solid- 
state fermentation. The main substrates for solid-state fer- 
mentation are insoluble in water, and water is absorbed 
into substrate particles that can be used by microorgan- 
isms for growth and metabolic activity. Bacteria and yeasts 
grow on the surface of the substrate while fungal mycelia 
penetrate into the particles of the substrate (5). The sub- 


strates used are, with the exception of synthetic media, 
usually cheap agricultural raw materials and its by- 
products (10). 

The most widely used substrates for solid-state fermen- 
tation in practice are mainly materials of plant origin, 
which include starchy materials such as grains, rice, corn, 
roots, tubers and legumes, and cellulosic, lignin, proteins, 
and lipid materials (6). These organic materials in nature 
are mixtures of polymeric compounds in structure, which 
act as a source of carbon, nitrogen, and other nutrients as 
well as providing anchorage for the microorganisms (5). 
Recent interest in solid-state fermentation has put more 
weight on cheaper substrates, including various agricul- 
tural or agroindustrial by-products. Agricultural and food 
processing wastes such as wheat bran, cassava, sugar beet. 
pulp, bagasse, citrus peel, corn cob, banana waste, saw- 
dust, wheat and rice straw, and fruit pomace are the most. 
commonly used substrates for solid-state fermentation. 
Such by-products are usually lignocellulosic and pectin- 
rich wastes in nature and have been used in SSF to pro- 
duce many value-added products. 


Products 


Several products are generated from solid-state fermen- 
tation. Some products are directly used as foods. For ex- 
ample, many kinds of higher fungi, edible mushrooms, 
have been cultivated and used as human food for centuries 
in China and Japan. They usually grow on agricultural 
residues, such as wheat straw, wood sawdust, grasses, 
horse manure, cotton seed crust, and fruit pomaces (11,12), 
In ancient time, the bread was made through natural solid- 
state fermentation by indigenous microorganisms. Today 
people use the pure culture of baker’s yeast to produce 
bread (13). Roquefort and Camembert represent the two 
important types of mold-fermented cheese. Penicillium ro- 
queforti is the blue mold of Roquefort cheese while Peni- 
cillium camemberti is the white mold of Camembert (14). 
Penicillium species and Mucor species are often used in 
fermented sausage production (15,16), 

Among many oriental fermented products, soy sauce is 
probably the most well known in the diet of Western coun- 
tries (17). Soy sauce is made from soybeans and wheat 
flour fermented by molds. The main microorganisms in- 
clude Aspergillus oryzae (koji) and yeasts and lactic acid 
bacteria (18). Tempeh, a vegetarian meat analogue and 
source of vitamin B-12 (generally lacking in vegetarian 
diets), is yet another product made in the orient by solid- 
state fermentation (19,20). 

Solid-state fermentation can be used not only as a tool 
for nutritional enrichment but also as a means of reducing 
toxins in raw substrates (21). It was reported that the tem- 
peh mold Rhizopus oligosporus could decrease the afla- 
toxin content of peanut presscake by 70% during fermen- 
tation (22). A significant reduction in antinutritional and 
toxic components in breads and other plant-derived foods 
by solid-state fermentation was observed (23). Biomass 
production is another important aspect of bioconversion 
from wastes to value-added feed or food through solid-state 
processes (24). A recent study shows that carotenoid could 
be produced from cornmeal by solid-state fermentation us- 
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ing Penicillium species, with a maximum yield of 5.26 mg 
of carotenoid per 100 g of substrate (25). 

Solid-state fermentation has been used for producing 
several industrially important products today. Production 
of many kinds of important organic acids has been suc- 
cessfully achieved via solid-state fermentation. Such or- 
ganic acids include citric acid (26), lactic acid, acetic acid, 
gluconic acid, glutamic acid (27), linolenic acid (28), and 
other fatty acids (29), and phenolics such as ferulic acid 
(30). In addition, Hesseltine (31) used rice as the substrate 
to produce aflatoxin by Aspergillus flavus and Aspergillus 
parasiticus via solid-state fermentation. 

The best potential application of solid-state fermenta- 
tion, however, is the production of various industrial en- 
zymes such as amylases, proteases, cellulases, pectinases, 
rennet, invertase, lactase, peroxidase, and so on. The pro- 
duction of cellulase, a-amylase and f-glucosidase from ag- 
ricultural by-products by solid-state fermentation was in- 
vestigated by Zheng et al. (32,33). Glucoamylases were 
produced by solid-state fermentation from cassava starch 
using Rhizopus species (34) or corn flour and wheat bran 
(35). A thermostable a-amylase was produced by thermo- 
philic Bacillus coagulans in solid-state fermentation (36). 
A thermostable a-L-arabinofuranosidase was produced by 
solid-state fermentation with Thermoascus aurantiacus on 
sugar beet pulp (37). a-Galactosidase was formed by As- 
pergillus niger on wheat and rice bran-based solid-state 
medium (38). A novel carbohydrase complex was produced 
from solid-state fermentation by the aerobic fungus Peni- 
cillium capsulatum (39). A protease was produced from 
wheat bran by Rhizopus oryzae, with a maximum enzyme 
activity of 341 units per gram of wheat bran (40). A lipase 
was produced by solid-state fermentation using gingelly oil 
cake as the substrate from A. niger, and the enzyme activ- 
ity of 363.6 units per gram of dry substrate was obtained 
under optimal conditions (41). 

Numerous products were produced by solid-state fer- 
mentation from fruit processing wastes, and they will be 
discussed later in this article. 


Factors Affecting SSF 


Solid-state fermentations are in general carried out in fer- 
menters of simple construction and operation and without 
the range of control units found in liquid fermentation sys- 
tems. Laboratory studies are usually carried out in conical 
flasks, beakers, Rowx bottles, jars, or glass incubators. For 
a pilot-plant or large-scale SSF, however, the design of bio- 
reactors in batch or continuous mode has been empirical 
in nature (42). For a solid-state fermentation with a se- 
lected microorganism, the success of the process will de- 
pend on culture condition with the controlled parameters 
including mainly nutrient supplements, moisture content, 
temperature, pH, aeration, and agitation. 

Nutritional factors usually limit the growth of fungi. In 
solid-state fermentation, this limitation is much more se- 
vere due to the limited diffusion rate of the substrate and 
the limited access of the fungus to the substrate. An im- 
portant indicator of nutritional regulation of growth in 
solid-state fermentation is the C/N ratio. Optimal C/N ra- 
tio varies in a wide range from 10 to 100 or higher in vari- 


ous SSF processes, but the availability of C and N can be 
more important than the ratio (3). In most SSF systems, 
the C source comes from the natural starchy or cellulosic 
materials while the N source is added. The most commonly 
used synthetic N sources are NH,Cl, (NH,)SO,, NH,NO3 
and urea, while some organic N sources such as soybean 
cake and yeast extract are often used in solid-state fer- 
mentation. 

The moisture level of the substrate will have a deter- 
mining influence on the success of the overall process. A 
better way of expressing moisture content is water activity 
(ay), which gives the availability of water for growth of 
microorganisms. In general, the types of the microorgan- 
isms that can grow in SSF systems are determined by the 
water activity. Most bacteria grow at higher a, values 
while filamentous fungi and some yeasts can grow at lower 
ay level. The microorganisms, which can grow and are ca- 
pable of carrying out their metabolic activities at lower ay, 
level, are suitable for SSF processes. Water activity level 
in SSF is governed by the nature of substrate, the type of 
end product, and the requirement of microorganisms. A 
high a, level results in decreased porosity or intracellular 
spaces, lower oxygen diffusion, decreased gas exchange, 
enhanced formation of aerial mycelium, decreased sub- 
strate degradation and an increased risk of bacterial con- 
tamination (43). In contrast, low ay will lead to decreased 
substrate swelling and decreased microbial growth (43). 

Temperature is another critical parameter that can af- 
fect SSF processes, since every microorganism has its own 
optimal temperatures for growth and for metabolism, 
which are often different. During solid-state fermentation, 
a large quantity of metabolic heat is generated and this is 
directly related to the metabolic activities of the microor- 
ganism (43,44). It is not difficult to control the temperature 
for solid-state fermentation in the laboratory; in large- 
scale SSF, however, due to high substrate concentration, 
microbial heat generation is much greater per unit volume 
than in liquid fermentation, and therefore, constant heat 
removal for temperature control is a major problem 
(43,44). 

Although pH is one of the critical factors, the monitoring 
and control of pH during solid-state fermentation is not 
usually attempted. It is difficult to monitor and control pH. 
in the solid-state fermentation, since pH electrodes able to 
measure the pH of the moist solids, in the absence of free 
water, are not available (43). On the other hand, good buf- 
fering capacity of some of the substrates used in SSF helps 
in eliminating the need for pH control during fermenta- 
tion. This advantage is, therefore, exploited in the initial 
adjustment of the pH of the solids in the range of 4.4 to 5.0 
during moistening by using water at the desired pH level 
(43). Another approach in counteracting the acidification 
of the fermenting mass is the use of urea as the nitrogen 
source rather than ammonium salts (44). 

For most solid-state fermentations, oxygen is essential 
and is usually achieved by free air exchange or forcing ster- 
ile air under pressure through the fermenting mass (43). 
The mechanism of O, transfer from the circulating air into 
the aerobic microorganisms is unclear, but most probably 
it occurs via the O, dissolved in the water film around the 
particle surface (43,44). Aeration not only provides oxygen 
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but also simultaneously removes carbon dioxide, other vol- 
atile metabolites and heat from the fermenter (44). 

Agitation is not employed in many solid-state fermen- 
tation processes; however, it is usually an essential part of 
periodically or continuously agitated aerobic solid-state 
fermentations (44). Agitation of the fermenting mass can 
ensure homogeneity with respect to temperature and gas- 
eous environment and promote heat and gas transfers. It 
also helps for the uniform distribution of nutrients during 
the course of fermentation (43,44). 


Comparison to Liquid Fermentation 


Solid-state fermentation has numerous advantages over 
the conventional stirred or aerated liquid fermentation 
both on a laboratory and large scale. First of all, the me- 
dium is relatively simple (4). For instance, cereal grain, 
legumes, or other plant and animal products, various ag- 
ricultural and food processing wastes, are all potential sub- 
strates of solid-state fermentation. Usually the only other 
medium component required in SSF is water, although oc- 
casionally other nutrients such as nitrogen sources or min- 
erals may be added (4). Other advantages of solid-state 
fermentation over liquid fermentation include higher sub- 
strate concentration, less probability of contamination, su- 
perior productivity, improved product recovery, reduced 
energy and water requirements and wastewater output, 
and lower capital investment (4,45). 

Despite solid-state fermentation being both economi- 
cally and environmentally attractive, their biotechnologi- 
cal exploitation has been rather limited (5). Compared 
with liquid fermentation, the major problems associated 
with solid-state fermentation include the limitations on 
microorganisms, medium heterogeneity, heat and mass 
transfer control, growth measurement and monitoring, 
and scale-up problems (4,44,45). 

On the whole, SSF may be the exclusive tool, especially 
when demand for the product is limited, as is the case for 
some industrial enzymes. Furthermore, SSF has demon- 
strated a great potential in bioconversion of agricultural 
and industrial wastes into useful value-added products. In 
addition to obtaining a variety of value-added products, 
SSF system can also be used in environmental remediation 
of agricultural by-products. 


FRUIT AND VEGETABLE PROCESSING WASTES 


Apple Pomace 


Apple pomace is the residual left after juice extraction and 
represents about 25% of the original fruit. It is rich in car- 
bohydrate but low in protein and fat contents. The freshly 
pressed apple pomace has a low pH ranging from 3.1 to 
3.8, with a bulk density of 935 kg/m* (46,47). Since it is 
produced wet with high moisture content, it is susceptible 
to rapid growth of microorganisms. The major composition 
of apple pomace is shown in Table 1. 

It is estimated that nearly 36 million tons of apples are 
produced annually in the United States, and approxi- 
mately 45% of which is used for processing purposes, with 
a primary by-product of apple pomace, which results from 


Table 1. Chemical Composition of Apple Pomace 


Constituent Fresh pomace (%) Dried pomace (%) 
Moisture 66.4-78.2 11.0-12.5 
Carbohydrates 9.5-22.0 = 
Nitrogen-free extract = 54.8-59.3 
Pectin 15-25 15.0-18.0 
Crude fiber 43-105 15.3-20.6 
Proteins 1.03-1.82 4,45-5.67 
Fat (ether extract) 0,82-1.43 3.75-4.65 
Ash 0.56-2.27 2,11-3.50 
Potassium (as K,0) 0.2-0.6 = 
Phosphorus (as P.O) 0.4-0.7 = 


Source: Ref. 46. 


processing for juice, cider, applesauce, or slices (46). More 
than 500 apple-processing plants in the United States gen- 
erate a total of about 1.3 million metric tons of apple pom- 
ace each year, and the annual disposal fees for apple pom- 
ace alone exceed $10 million in the United States (47,48). 
The high level of organic contents in apple pomace will 
result in environmental pollution if they are disposed di- 
rectly to the environment. 


Other Fruit and Vegetable Processing Wastes 


The food processing industry in the United States gener- 
ates large amount of various by-products as wastes each 
year, a large portion of which comes from fruit and vege- 
table processing industries. It is estimated that approxi- 
mately 9 million tons of solid residuals are generated an- 
nually from the fruit and vegetable processing industry in 
the United States (49). In addition to apple pomace, other 
major fruit and vegetable processing wastes come from cit- 
rus, grape, cherries, berries, banana, olive, peach, pear, 
pineapple, kiwifruit, apricot, sweet corn, tomato, potato, 
asparagus, beans, peas, carrots, beet, pumpkin, squash, 
spinach, and sauerkraut processing industries (49-56). 
The primary sources of solid residues resulting from fruit 
and vegetable processing operations include sorting, cut- 
ting, slicing, peeling, pulping, and pressing (49). 

Traditionally about 79% of the fruit and vegetable pro- 
cessing wastes is used for animal feed, and the remaining 
21% is handled as waste (49). The solid wastes contain 
mainly soluble sugar and other hydrolyzable materials 
with small amounts of crude fiber. Disposal of such wastes 
may present an added cost to processors, and direct dis- 
posal to soil or in a landfill may not continue to be accept- 
able. Thus, exploration of potential value-added uses for 
pomace is highly attractive. 


UTILIZATION OF FRUIT AND VEGETABLE PROCESSING 
WASTES VIA SOLID-STATE FERMENTATION 


Fertilizer 


Although direct disposal of fruit processing wastes in land- 
fills has become environmentally unacceptable, some fruit 
processing wastes can be composted under anaerobic con- 
dition, and then used as fertilizer in landfills, because such 
wastes were readily degraded under anaerobic digestion 
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conditions (57,58). Solid-state fermentation can also be 
used for composting of fruit and vegetable processing 
wastes such as apple waste (59) and tomato pomace (60). 
Composted apple pomace and other fruit and vegetable 
processing wastes can be used in nursery potting mixes 
and as field soil amendments (61). Composted grape pom- 
ace was used as an organic fertilizer in vineyards for grow- 
ing grapes (62). 


Animal Feed and Single-Cell Protein 


Apple pomace was directly used as a feed for cows and 
sheep, but its value as an animal feed is less than $7 per 
ton (47), Apple pomace is a poor animal feed supplement 
because of its low protein content. The nutritional value of 
apple pomace was improved by solid-state fermentation 
with a food yeast, Candida utilis (62). Yeast fermentation 
resulted in a 2.5-fold increase in protein, 3.4-fold increase 
in niacin, 10-fold increase in pantothenic acid, 1.5-fold in- 
crease in riboflavin, and 1.2-fold increase in thiamine (62). 
An improved stock feed was produced from apple pomace 
by solid-state fermentation with Kloeckera apiculate and 
C. utilis (63,64). 

A solid-state fermentation of orange processing wastes 
with Aspergillus niger and Rhizopus species enriched the 
protein content by 300%, and the fermented product could 
be readily sold as animal feed (65). Banana wastes were 
also used for protein enrichment and protein and biomass 
production by solid-state fermentation using A. niger (66), 
yeast Pichia spartinae (67), and Saccharomyces uvarum 
(68). 

As the world population increases, there is a greater 
demand for new sources of protein for formulating new 
types of food. For this reason, there is a great interest in 
the use of single-cell protein as a source of protein for ani- 
mals or humans. Apple pomace is a potential substrate for 
producing single-cell protein. The microorganisms that can 
be used for single-cell protein production include yeast, fil- 
amentous fungi, bacteria, and algae. It is well recognized 
that these microorganisms have the ability to produce pro- 
tein and other essential nutrients (49). Yeasts have been 
studied extensively and are already widely used as a 
source of protein for animals and humans. The production 
of “food yeast,” C. utilis, has long been accepted for use in 
foods by the regulatory authorities. C. utilis has high nu- 
tritive value and is able to grow rapidly in high yields util- 
izing a variety of carbon and nitrogen sources, with high 
tolerance to low pH. A general review on the production of 
feed and food yeasts from various plant materials has been 
published (69). A single-cell protein of C. utilis was suc- 
cessfully produced from apple pomace (70). 


Mushrooms 


Mushroom production is one of the few large-scale com- 
mercial applications of microbial technology profitable for 
bioconversion of cellulosic waste materials to valuable 
foods (11). Apple pomace was found to be a good substrate 
for the cultivation of edible mushrooms. Various oyster 
mushrooms (Pleurotus species) were growing very well on 
apple pomace with a biological efficiency ranging between 
30 and 40% (71). The biological efficiency was a measure- 


ment of the conversion rate, a ratio of the fruit body yield 
to the weight of the cultivation medium. In another exper- 
iment, a mixture of apple pomace and sawdust was used 
as a substrate for production of shiitake (Lentinula edodes) 
and oyster mushroom (Pleurotus ostreatus) on synthetic 
logs (72). Apple pomace is complex and has readily usable 
carbohydrates that complement the nutritional properties 
of sawdust. As a result, the mushroom mycelia grew faster 
and more densely in logs containing apple pomace than in 
sawdust alone (73). 


Ethanol 


In general, ethanol is produced from a liquid substrate by 
a culture of Saccharomyces cerevisiae. Because of its physi- 
cal nature, apple pomace is not readily amenable to sub- 
merged yeast fermentation (74). A solid-state fermentation 
system for the production of ethanol from apple pomace 
with a strain of S. cerevisiae was devised (74-76). The yield 
of ethanol varied from about 29 g to more than 40 g per 
kilogram of apple pomace fermented at 30°C in 24 h, de- 
pending on the samples fermented; the fermentation effi- 
ciency of this process was approximately 89% (76). The 
spent pomace resulting from the separation of alcohol 
should be a better animal feed supplement, because its 
protein content was enriched by the yeast biomass. A novel 
process for concomitant production of ethanol and animal 
feed from apple pomace by solid-state fermentation was 
developed (77). Ethanol production from other fruit pro- 
cessing wastes such as corn fiber (78,79), carob (80,81), and 
banana waste (68) has also been reported. 

Gupta et al. (80) further studied the effect of nutrition 
variables on solid-state alcoholic fermentation of apple 
pomace by several strains of yeasts and improved the fer- 
mentation efficiency by adding various phosphates, nitro- 
gen sources, or trace elements. Ngadi and Correia (82) 
studied the effect of factors such as moisture and bioreac- 
tor mixing speed on the ethanol production from apple 
pomace. They even proposed a mathematical model to de- 
scribe the kinetics of solid-state ethanol fermentation from 
apple pomace and suggested a logistic function of cell 
growth and ethanol production during solid-state fermen- 
tation (83). 


Biogas 

Fruit and vegetable processing wastes were readily de- 
graded under anaerobic digestion conditions (57,58,84). 
Jewell and Cummings (47) investigated the biodegrada- 
bility of apple pomace using long-term digestion experi- 
ments and by graphic analysis. A total of 12 steady-state 
loading conditions were examined, and kinetic analysis in- 
dicated that a hydraulic retention time of 45 days would 
result in nearly 90% conversion of the biodegradable or- 
ganics to biogas, and the methane content of the biogas 
was 60% (47). Under these conditions, the net energy yield 
from pomace would range from about 0.7 to 1.7 million kcal 
per wet metric ton, with dry matter contents varying be- 
tween 20 and 40% of the wet weight, and the energy has 
a value of between $12 and $30 per wet metric ton of apple 
pomace (47). 
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Orange processing waste was also used to produce bio- 
gas by solid-state fermentation. Srilatha et al. (85) re- 
ported that pretreatment of orange processing waste by 
solid-state fermentation using selected strains of Sporotri- 
chum, Aspergillus, Fusarium, and Penicillium improved 
overall productivity of biogas and methane. 


Citric Acid and Other Organic Acids 


Citric acid, a tricarboxylic acid, has a wide range of appli- 
cations in the food, pharmaceutical, and beverage indus- 
tries as an acidifying and flavor-enhancing agent. The use 
of apple pomace as a substrate for microbial production of 
citric acid under solid-state fermentation conditions has 
been reported (86,87). In the experiment, 40 g of apple 
pomace was introduced into 500-mL Erlenmeyer flasks 
and inoculated with A. niger spore suspension, and then 
incubated at 30°C for five days under stationary condi- 
tions, Methanol was added to the substrate before fermen- 
tation to enhance the yield of citric acid. Under the optimal 
fermentation conditions, this process yielded up to 90 g of 
citric acid per kilogram of wet pomace fermented, with a 
conversion rate of more than 88% based on the amount of 
sugar consumed (46). A process for leaching citric acid from 
apple pomace fermented with A. niger was also devised 
(88). 

Pineapple waste could be a better substrate for citric 
acid production in solid-state fermentation than apple 
pomace (89), and A. niger was used in the process (90,91). 
The highest citric acid yield achieved on pineapple waste 
in four days was 161 g per kilogram of dried pineapple 
waste of 70% moisture content, and in the presence of 3% 
methanol, and the conversion rate was 62.4% based on the 
sugar consumed (89). 

Kiwifruit peel is a by-product resulting from the man- 
ufacture of kiwifruit into nectars or slices and represents 
nearly 10 to 16% of the weight of the original fruit, de- 
pending on the peeling method used (52). Like apple or 
pineapple processing wastes, kiwifruit peel waste can be a 
good substrate for citric acid production by solid-state fer- 
mentation, and about 100 g citric acid per kilogram of kiwi- 
fruit peel was produced by A. niger in the presence of 2% 
methanol at 30°C in four days. The yield was more than 
60% based on the amount of fermented sugar consumed 
(52). 

Corn wastes were used as a substrate for citric acid pro- 
duction by A. niger with a maximum yield of 250 g/kg dry 
matter of corn cobs after 72 h of growth at 30°C (92). Carob 
kibble, a waste material from carob pod fruit was also an 
attractive substrate for citric acid production by solid-state 
fermentation (93,94). Orange processing wastes were also 
used as a substrate to produce citric acid by A. niger (95). 
During citric acid fermentation, the presence of methanol 
was a critical factor in increasing citric acid yield, and this 
appears to be a general phenomenon with strains of A. ni- 
Ber (52,95). 

Other organic acids were also produced by solid-state 
fermentation from fruit processing wastes. Grape pomace 
could also be used for citric acid production by solid-state 
fermentation (96). The production of tartaric acid from 
grape pomace was also attempted (97), while banana 


wastes were targeted as a substrate for lactic acid produc- 
tion (98). 


Butanol 


The acetone-butanol fermentation is a well-known process 
that is being looked at with renewed interest recently, ow- 
ing to the increasing value of oil products. The classical 
substrates used for butanol production by fermentation 
are a variety of starchy materials and molasses, which are 
of relatively high cost. Apple pomace was used as the sub- 
strate for butanol production by solid-state fermentation 
with the strains of Clostridium acetobutylicum and C, bu- 
tylicum, and the yields of butanol from apple pomace were 
between 1.9 and 2.2% of fresh apple pomace (99). 


Volatile Compounds 


During solid-state fermentation with edible fungus Rhi- 
zopus oryzae on apple pomace and cassave bagasse, sub- 
stantial volatile compounds were produced in association 
with the fungal growth (100). The major volatile metabo- 
lites produced by R. oryzae from apple pomace were iden- 
tified as acetaldehyde, 1-propanol, ethyl acetate, ethyl pro- 
pinioate and 3-methyl butanol (100). Ethyl acetate and 
ethyl propionate probably originated from the esterifica- 
tion between ethanol and acetic acid and propionic acid, 
respectively, which are the products of carbohydrate me- 
tabolism (100). 


Enzymes 


Pectic enzymes derived from Aspergillus species have been 
widely used to increase juice yields and clarify juices. The 
commercial enzyme preparations are produced by culti- 
vating the mold in a synthetic medium under submerged 
fermentation conditions. Recently apple pomace has been 
reported to be an attractive raw material for the produc- 
tion of pectinases by Aspergillus foetidus in solid-state cul- 
tures (101). To obtain maximum enzyme yields, it is essen- 
tial to supplement apple pomace with a sufficient amount 
of an organic nitrogen constituent such as corn steep, yeast 
extract, or peptone (102). Berovic and Ostroversnik (103) 
developed a solid-state bioprocess for production of pecto- 
lytic enzymes from apple pomace and the process param- 
eters such as inoculation, influence of mixing, aeration, 
temperature, and moisture content on pectolytic enzymes 
production were studied. Under the optimal conditions, 
maximal amounts of 15 g of polygalacturonase and 200 mg 
of pectinesterase per kilogram of solid medium were ob- 
tained (103). Polygalacturonase is one of the most impor- 
tant pectinases and is widely used in juice processing in- 
dustries (104). Apple pomace was used as the substrate of 
solid-state fermentation to produce polygalacturonase by 
A. niger, and the highest yield of 25,000 units per kilogram 
of fermented apple pomace was achieved (105). In addition 
to apple pomace, citrus processing wastes were also alter- 
native substrates for pectinase production in solid-state 
fermentation (106,107). 

Amylases are enzymes catalyzing the hydrolysis of a- 
1,4-glucosidic linkages of polysaccharides and have wide 
applications in the food and beverage processing indus- 
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tries. Banana waste was a good substrate for a-amylase 
production by Bacillus subtilis under solid-state fermen- 
tation (108). 

B-Glucosidase (f-D-glucoside glucohydrolase) can cata- 
lyze the hydrolysis of glycosidic linkages in aryl and alkyl 
f-D-glucosides as well as glycosides containing only car- 
bohydrate residues (109,110), and it has been used to in- 
crease the concentration of aroma volatile compounds from 
wine and fruit juice through enzymatic hydrolysis of non- 
volatile precursors (111,112). A recent study by Hang and 
‘Woodams (113) shows that apple pomace is a potential sub- 
strate for production of #-glucosidase by solid-state fer- 
mentation, and the highest yield of 900 units of the enzyme 
per kilogram of fermented apple pomace was obtained by 
using A. foetidus. 

f-Fructofuranosidase catalyzes the enzymatic hydroly- 
sis of a fructofuranoside to an alcohol and D-fructose. 
This enzyme is used commercially in the conversion of su- 
crose to glucose and fructose and in the manufacture of 
chocolate-coated soft cream candies (114). Apple pomace 
was used as the substrate for £-fructofuranosidase produc- 
tion by solid-state fermentation using Aspergillus species 
with the highest yield of 2700 units per kilogram of fer- 
mented apple pomace (115). 

Lipases (triacylglycerol acylhydrolases) catalyze the hy- 
drolysis of triglycerides to glycerol and free fatty acid at an 
oil-water interface. This enzyme was produced by solid- 
state fermentation of olive cake and sugar cane bagasse 
(116). 

A multienzyme complex containing pectinase, cellulase, 
and xylanase enzymes was produced by a coculture of six 
fungal isolates grown on orange peels as the sole carbon 
source (117). This multienzyme preparation also contains 
insignificant levels of amylase and lipase activities, sug- 
gesting potential uses in the extraction of the major com- 
ponents such as starches and lipids form plant materials 
(117). A cellulase-free xylanase was produced by solid- 
state fermentation from Thermomyces lanuginosus grown 
on corncobs (118). 


Fungal bioinoculants imal Direct use in soil 


Figure 1, A value-added approach to utilization of fruit and 
vegetable processing wastes. 


A New Value-Added Approach to Utilization of Fruit 
and Vegetable Processing Wastes 


Recently, Zheng and Shetty (119,120) proposed a novel 
strategy for better utilization of apple and cranberry pro- 
cessing wastes. In this process, a solid-state bioconversion 
of such wastes into various fungal bioinoculants, which 
have multiple applications in agricultural and environ- 
mental industries, was suggested. For example, Tricho- 
derma inoculants produced from apple pomace signifi- 
cantly enhanced the seedling vigor of peas germinated in 
potting soil (Z. Zheng and K. Shetty, unpublished data, 
1999). Commercial seed treatments are being viewed as a 
means to substantially increase the value of the seed and 
to improve plant growth and productivity. As a result of 
enhanced seedling vigor, the plant growth and productivity 
may be significantly improved. The seed vigor-enhancing 
compounds could also be extracted with water from fer- 
mented fruit pomace, and the residue remaining after ex- 
traction is being targeted for use as potting soil mix for 
several plant species. Therefore, the results of this re- 
search have showed value-added application potential for 
agricultural and environmental industries. A schematic di- 
agram of the new value-added approach for utilization of 
food processing wastes is shown in Fig. 1. 


BIBLIOGRAPHY 


1. E. Cannel and M. Moo-Young, “Solid State Fermentation 
Systems,” Process Biochem. 4, 2-7 (1980). 

2. R.E. Mudgett, “Solid-State Fermentations,” in A. L. Demain 
and N. A. Solomon, eds., Manual of Industrial Microbiology 
and Biotechnology, American Society for Microbiology, 
Washington, D.C., 1986, pp. 66-83. 

3. M. Moo-Young, A. R. Moreira, and R. P. Tengerdy, “Principle 
of Solid-Substrate Fermentation,” in J. E. Smith, D. R. Berry, 
and B. Kristiansen, eds., The Filamentous Fungi, vol. 4, Fun- 
gal Technology, E. Arnold, London, 1983, pp. 117-144. 


2172 


4. 


2 


10. 


i. 


12 


13, 


14. 


15. 


16. 


at 


18. 


19. 


20. 


21. 


22. 


SOLID-STATE FERMENTATION AND VALUE-ADDED UTILIZATION OF FRUIT AND VEGETABLE PROCESSING BY-PRODUCTS 


K. E. Aidoo, R. Hendry, and B. J. B. Wood, “Solid Substrate 
Fermentation,” Adv. Appl. Microbiol. 28, 201-237 (1982). 


. A. Pandey, “Recent Progress Developments in Solid-State 


Fermentation,” Process Biochem. 27, 109-117 (1992). 


J. E, Smith and K. E. Aidoo, “Growth of Fungi on Solid Sub- 
strates,” in D. R. Berry, ed., Physiology of Industrial Fungi, 
Blackwell, Oxford, England, 1988, pp. 249-269. 

D. A. Mitchell, “Microbial Basis of Processes,” in H. W. 
Doelle, D. A. Mitchell, and C. E. Rolz, eds., Solid Substrate 
Cultivation, Elsevier, Essex, England, 1992. 

M. F. G. Jermini and A. L. Demain, “Solid State Fermenta- 
tion for Cephalosporin Production by Streptomyces clavuli- 
gerus and Cephalosporium acremonium,” Experientia 45, 
1061-1065 (1989). 


). A. Sirear, P. Sridhar, and P. K. Das, “Optimization of Solid 


State Medium for the Production of Clavulanic Acid by 
Streptomyces clavuligerus, Process Biochem. 38, 283-289 
(1998). 


J. P. Smits et al., “Solid-State Fermentation—A Mini Re- 
view,” Agro Food Industry Hi-Technol. 9, 29-36 (1998). 


E. Moyson and H. Verachtert, “Growth of Higher 
Wheat Straw and Their Impact on the Digestibility of 
the Substrate,” Appl. Microbiol. Biotechnol. 36, 421-424 
(1991). 


S. Ohga and Y. Kitamoto, “Future of Mushroom Production 
and Biotechnology,” Food Rev. Int. 18, 461-469 (1997). 


G. Reed, “Production of Bakers’ Yeast,” in G. Reed, ed., Pres- 
cott and Dunn’s Industrial Microbiology, 4th ed., AVI, West- 
port, Conn., 1982, pp. 593-633. 


C. 8, Pederson, Microbiology of Food Fermentations, 2nd ed., 
AVI, Westport, Conn., 1979. 


M. D. Selgas et al., “Potential Technological Interest of a Mu- 
cor Strain to Be Used in Dry Fermented Sausage Produc- 
tion,” Food Res. Int. 28, 77-82 (1995). 


F. K. Lucke, “Fermented Meat Products,” Food Res. Int. 27, 
299--307 (1994). 


H. L. Wang and C. W. Hesseltine, “Oriental Fermented 
Foods,” in G. Reed, ed., Prescott & Dunn's Industrial 
Microbiology, 4th ed., AVI, Westport, Conn., 1982, pp. 492- 
538. 


B, J, Wood, “Technology Transfer and Indigenous Fermented 
Foods,” Food Res. Int. 27, 269-280 (1994). 


G. Campbell-Platt, “Fermented Foods—A World Perspec- 
tive,” Food Res. Int. 27, 253-257 (1994). 


S. Keuth and B. Bisping, “Vitamin B12 Production by Citro- 
bacter freundii or Klebsiella pneumoniae during Tempeh 
Fermentation and Proof of Enterotoxin Absence by PCR,” 
Appl. Environ. Microbiol. 60, 1495-1499 (1994). 


K. H. Steinkraus, “Nutritional Significance of Fermented 
Foods,” Food Res, Int. 27, 259-267 (1994). 


A. G. Van-Veen, D. C. W. Graham, and K. H. Steinkraus, 
“Fermented Peanut Presscake,” Cereal Sci. Today 13, 96-99 
(1968). 


N. R. Reddy, “Reduction in Antinutritional and Toxic Com- 
pounds in Plant Foods by Fermentation,” Food Res. Int. 27, 
281-290 (1994). 


A. Noomhorm, S. Iangantileke, and M. B. Bautista, “Factors 
in the Protein Enrichment of Cassava by Solid State Fer- 
mentation,” J. Sci. Food Agri. 58, 117-123 (1992). 


25. J. R. Han, “Sclerotia Growth and Carotenoid Production of 
Penicillium sp. PT95 during Solid State Fermentation of 
Corn Meal,” Biotechnol. Lett. 20, 1063-1065 (1998). 


26, M. Gutierrez-Rojas et al. “Heat Transfer in Citric Acid Pro- 
duction by Solid State Fermentation,” Process Biochem. 4, 
363-369 (1996). 


27. K. M. Nampoothiri and A. Pandey, “Solid State Fermenta- 
tion for L-Glutamie Acid Production Using Brevibacterium 
sp.,” Biotechnol. Lett. 18, 199-204 (1996). 


28. E. V. Emelyanova, “)-Linolenic Acid Production by Cun- 
ninghamella japonica in Solid State Fermentation,” Process 
Biochem. 31, 431-434 (1996). 


29. S, Argelier, J. P. Delgenes, and R. Moletta, “Design of Acid- 
ogenic Reactors for the Anaerobic Treatment of the Organic 
Fraction of Solid Food Waste,” Bioprocess Eng. 18, 309-315 
(1998). 


30. C, B. Faulds and G. Williamson, “Release of Ferulic Acid 
from Wheat Bran by a Ferulic Acid Esterase (FAE-III) from 
Aspergillus niger,” Appl. Microbiol. Biotechnol. 43, 1082- 
1087 (1995). 


31. C. W. Hesseltine, “Biotechnology Report: Solid State Fer- 
mentation,” Biotechnol. Bioeng. 14, 517-532 (1972). 


32. Z. Zheng, F. B, Elegado, and Y. Fujio, “Production and Some 
Properties of Cellulase from Rhizopus japonicus IFO5318,” 
Annu. Rep. ICBiotech 16, 223-232 (1993). 


33. Z. Zheng et al., “Screening of Cellulase-Rich Microbial 
Strains and the Conditions for Enzyme Production,” J. Mi- 
crobiol. 16, 35-38 (1996). 


34, C. R. Soccol et al. “Breeding and Growth of Rhizopus in Raw 
Cassava by Solid State Fermentation,” Appl. Microbiol. Bio- 
technol. 41, 330-336 (1994). 


35, A. Pandey, P. Selvakumar, and L, Ashakumary, “Perfor- 
mance of a Column Bioreactor for Glucoamylase Synthesis 
by Aspergillus niger in SSF,” Process Biochem. 81, 43-46 
(1996). 


36. KR. Babu and. Satyanarayana, “a-Amylase Production by 
Thermophilic Bacillus coagulans in Solid State Fermenta- 
tion,” Process Biochem. 30, 305-309 (1995). 


37. N. Roche, C. Desgranges, and A. Durand, “Study on the 
Solid-State Production of a Thermostable a-L-Arabinofura- 
nosidase of Thermoascus aurantiacus on Sugar Beet Pulp,” 
J. Biotechnol, 38, 43-50 (1994). 


38. R. I. Somiari and E. Balogh, “Production of an Extracellular 
Glycosidase of Aspergillus niger Suitable for Removal of Ol- 
igosaccharides from Cowpea Meal,” Enzyme Microbiol. Tech- 
nol. 17, 311-316 (1995). 


39. I. C. Connelly et al., “Novel Carbohydrase ‘Complex’ from 
Solid-State Cultures of the Aerobic Fungus Penicillium 
capsulatum,” Enzyme Microbiol. Technol. 18, 470-477 
(1991). 


40. R. Tunga, R. Banerjee, and B. C. Bhattacharyya, “Optimiz- 
ing Some Factors Affecting Protease Production under 
Solid State Fermentation,” Bioprocess Bioeng. 19, 187-190 
(1998). 


41. N.R. Kamini, J. G. S. Mala, and R. Puvanakrishnan, “Lipase 
Production from Aspergillus niger by Solid-State Fermen- 
tation Using Gingelly Oil Cake,” Process Biochem. 38, 505- 
511 (1998). 


42. A. Pandey, “Aspects of Fermenter Design for Solid-State Fer- 
mentations,” Process Biochem. 26, 355-361 (1991). 


SOLID-STATE FERMENTATION AND VALUE-ADDED UTILIZATION OF FRUIT AND VEGETABLE PROCESSING BY-PRODUCTS 


8 & £ B 


49, 


51. 


52. 


53. 


54. 


55. 


56. 


57. 


58. 


60. 


61. 


62. 


B, K. Lonsane et al., “Engineering Aspects of Solid State Fer- 
mentation,” Enzyme Microbiol. Technol. 7, 258-265 (1985). 


B.K. Lonsane et al., “Scale-up Strategies for Solid-State Fer- 
mentation Systems,” Process Biochem. 27, 259-273 (1992). 


P. E. Cook, “Fermented Foods as Biotechnological Re- 
sources,” Food Res. Int. 27, 309-316 (1994). 


. ¥. D, Hang, “Production of Fuels and Chemicals from Apple 


Pomace,” Food Technol. 41, 115-117 (1987). 


. W. J. Jewell and R. J. Cummings, “Apple Pomace Energy and 


Solids Recovery,” J. Food Sci. 48, 407-410 (1984). 


. K. J. Carson, J. L. Collins, and M. P. Penfield, “Unrefined, 


Dried Apple Pomace as a Potential Food Ingredient,” J. Food 
Sci. 59, 1213-1215 (1994). 


Y. D, Hang, “Production of Single-Cell Protein from Food 
Processing Wastes,” in J, H. Green and A. Kramer, ed., Food 
Processing Management, AVI, Westport, Conn., 1979, pp. 
442-455. 


. R. H. Walter and R. M. Sherman, “Fuel Value of Grape and 


Apple Processing Wastes,” J. Agric. Food Chem, 24, 1244~ 
1245 (1976). 


H. Al-Wandawi, M. Abdul-Rahman, and K. Al-Shaikhly, “To- 
mato Processing Wastes as Essential Raw Materials 
Souree,” J. Agric. Food Chem. 38, 804-807 (1985). 


Y. D. Hang, B. S. Luh, and E. E. Woodams, “Microbial Pro- 
duction of Citric Acid by Solid State Fermentation of Kiwi- 
fruit Peel,” J. Food Sci. 52, 226-227 (1987). 


8. N. Onyeneho and N. S, Hettiarachchy, “Antioxidant Ac- 
tivity, Fatty Acids and Phenolic Acids Compositions of Potato 
Peels,” J. Sci. Food Agric. 62, 345-350 (1993). 


F. Carvalheiro, J. C. Roseiro, and M. T. A. Collaco, “Biological 
Conversion of Tomato Pomace by Pure and Mixed Fungal 
Cultures, Process Biochem. 29, 601-605 (1994). 


W. P. Weiss, D. L. Frobose, and M. E. Koch, “Wet Tomato 
Pomace Ensiled with Corn Plants for Dairy Cows,” J. Dairy 
Sci. 80, 2896-2900 (1997). 


G. A. Fenton and M. J. Kennedy, “Rapid Dry Weight Deter- 
mination of Kiwifruit Pomace and Apple Pomace Using an 
Infrared Drying Technique,” N. Z, J. Crop Hortic Sci. 26, 35 
38 (1998). 


W. Knol, M. M. Van der Most, and J. de Waart, “Biogas Pro- 
duction by Anaerobic Digestion of Fruit and Vegetable 
Wastes,” J. Food Sci. Agric. 29, 822-827 (1978). 


A. G, Lane, “Methanol, Anaerobic Digestion of Fruit and 
Vegetable Pressing Wastes,” Food Technol. Australia 31, 
201-206 (1979). 


8. F, Barrington, K. Elmoueddeb, and B. Porter, “Improving 
Small-Scale Composting of Apple Waste,” Can. Agr. Eng. 39, 
9-16 (1997). 


C. Chong, “Experiences with the Utilization of Wastes in 
Nursery Potting Mixes and as Field Soil Amendments,” Can. 
J. Plant Sci. 79, 139-148 (1999). 


G. Logsdon, “Pomace Is a Grape Resource,” Biocycle 38, 40- 
41 (1992). 


Y. D. Hang, “Improvement of the Nutritional Value of Apple 
Pomace by Fermentation,” Nutr Rep. Int. 38, 207-211 
(1988). 


. H. Rahmat, R. A. Hodge, and G. J. Manderson, “Solid- 


Substrate Fermentation of Kloeckera apiculate and Candida 
utilis on Apple Pomace to Produce an Improved Stock-Feed,” 
World J. Microbiol. Biotechnol. 11, 168-170 (1995). 


2173 


64. V.K. Joshi and D. K. Sandhu, “Preparation and Evaluation 
of an Animal Feed Byproduct Produced by Solid-State Fer- 
mentation of Apple Pomace,” Bioresource Technol, 56, 251- 
255 (1996). 

65. T.J.B. Menezes et al., “Protein Enrichment of Citrus Wastes 
by Solid Substrate Fermentation,” Process Biochem. 24, 167— 
171 (1989). 

66, J. Baldensperger et al., “Solid State Fermentation of Banana 
Wastes,” Biotechnol. Lett, 7, 743-748 (1985). 

67. S. L. Chung and S. P. Meyer, “Bioprotein from Banana 
Wastes,” Dev. Ind. Microbiol. 20, 723-731 (1979). 

68. O. Enwefa, “Biomass Production from Banana Skins,” Appl. 
Microbiol. Biotechnol. 6, 283-284 (1991). 

69. G. Reed and H. J. Peppler, Yeast Technology, AVI, Westport, 
Conn., 1973. 

70. P.J. Fellows and J. T. Worgan, “Growth of Saccharomycopsis 
fibuliger and Candida utilis in Mixed Culture on Apple Pro- 
cessing Wastes,” Enzyme Microbiol. Technol. 9, 434-437 
(1987). 

71. R. C. Upadhyay and H. S. Sohi, “Apple Pomace—A Good 
Substrate for the Cultivation of Edible Mushrooms,” Curr, 
Sci, 57, 1189-1190 (1988). 


72. J.J, Worrall and C. S. Yang, “Shiitake and Oyster Mushroom 
Production on Apple Pomace and Sawdust,” HortScience 27, 
1131-1133 (1992). 

78. E. Gabler et al., “Feasibility of Ethanol Production from 
Cheese Whey and Fruit Pomace in New York,” in Proceed- 
ings of Feed and Fuel from Ethanol Production Symposium, 
NRAES Report no. 17, Cornell University, Ithaca, N.Y., 1982, 
p. 13. 


74. Y. D. Hang, “Production of Alcohol from Apple Pomace,” 
Appl. Environ. Microbiol. 42, 1128-1129 (1981). 


75. Y.D. Hang et al., “Production of Aleohol from Apple Pomace,” 
Appl. Environ, Microbiol. 42, 1128-1129 (1981). 


76. Y.D. Hang, “A Solid State Fermentation System for Produc- 
tion of Ethanol from Apple Pomace,” J. Food Sci. 47, 1851~ 
1852 (1982). 


77. D. K. Sandhu and V. K. Joshi, “Solid State Fermentation of 
Apple Pomace for Concomitant Production of Ethanol and 
Animal Feed,” J. Sci. Ind. Res. India 56, 86-90 (1997). 


78. R. J. Bothast and B. C. Saha, “Ethanol Production from Ag- 
ricultural Biomass Substrates,” Adv. Appl. Microbiol. 44, 
261-286 (1997). 

79. B.C. Saha, B. S. Dien, and R. J, Bothast, “Fuel Ethanol Pro- 
duction from Corn Fiber-Current Status and Technical Pros- 
pects,” Appl. Biochem. Biotechnol. 70, 115-125 (1998). 


80. L. K. Gupta, G. Pathak, and R. P. Tiwari, “Effect of Nutrition 
Variations on Solid State Alcoholic Fermentation of Apple 
Pomace by Yeasts,” J. Sci. Food Agric. 50, 55~62 (1990). 


81. T. Roukas, “Solid-State Fermentation of Carob Pods for Eth- 
anol Production,’ Appl. Microbiol. Biotechnol. 41, 296-301 
(1994). 

82. M. O. Ngadi and L. R. Correia, “Solid State Ethanol Fer- 
mentation of Apple Pomace as Affected by Moisture and Bio- 
reactor Mixing Speed,” J. Food Sci. 57, 667-670 (1992). 

83. M. O. Ngadi and L. R. Correia, “Kinetics of Solid-State Eth- 
anol Fermentation from Apple Pomace,” J. Food Eng. 17, 97- 
116 (1992). 

84, R. Borja and C. J. Banks, “Kinetic Study of Anaerobic Di- 
gestion of Fruit Processing Wastewater in Immobilized-Cell 
Bioreactors,” Biotechnol. Appl. Biochem. 20, 79-92 (1994). 


2174 


85. 


86. 


87. 


89. 


91. 


92. 


93. 


95. 


97. 


100. 


101. 


102. 


103. 


SOLID-STATE FERMENTATION AND VALUE-ADDED UTILIZATION OF FRUIT AND VEGETABLE PROCESSING BY-PRODUCTS 


H. R. Srilatha et al., “Fungal Pretreatment of Orange Pro- 
cessing Waste by Solid-State Fermentation for Improved 
Production of Methane,” Process Biochem. 30, 327-331 
(1995). 

Y. D. Hang and E. E, Woodams, “Apple Pomace: A Potential 
Substrate for Citric Acid Production by Aspergillus niger,” 
Biotechnol. Lett. 6, 763~764 (1984). 

Y, D. Hang and E. E, Woodams, “Solid State Fermentation 
of Apple Pomace for Citric Acid Production,” J. Appl. Micro- 
biol. Biotechnol. 2, 281-285 (1986). 

Y. D. Hang and E. E. Woodams, “A Process for Leaching Cit- 
ric Acid from Apple Pomace Fermented with Aspergillus ni- 
ger in Solid-State Culture,” Mircen J. Appl. Microbiol. 5, 
379-382 (1989). 


C. T, Tran and D. A. Mitchell, “Pineapple Waste—A Novel 
Substrate for Citric Acid Production by Solid State Fermen- 
tation,” Biotechnol. Lett. 17, 1107-1110 (1995). 


V. DeLima, T. Stamford, and A. Salgueiro, “Citric Acid Pro- 
duction from Pineapple Waste by Solid State Fermentation 
Using Aspergillus niger,” Arg. Biol. Technol. 38, 773-783 
(1998). 


C.T. Tran, L. I. Sly, and D. A. Mitchell, “Selection of a Strain 
of Aspergillus for the Production of Citric Acid from Pine- 
apple Waste in Solid-State Fermentation,” World J. Micro- 
biol, Biotechnol. 14, 399-404 (1998). 


Y. D. Hang and E. E, Woodams, “Production of Citric Acid 
from Corncobs by Aspergillus niger,” Bioresource Technol. 
65, 251-253 (1998). 


T. Roukas, “Carob Pod: A New Substrate for Citric Acid Pro- 
duction by Aspergillus niger,” Appl. Biochem. Biotechnol. 74, 
43-53 (1998). 

T. Roukas, “Citric Acid Production from Carob Pod by Solid- 
State Fermentation,” Enzyme Microbiol. Technol. 24, 54-59 
(1999), 

G. Aravantinos-Zafiris et al., “Fermentation of Orange Pro- 
cessing Wastes for Citric Acid Production,” J. Sci. Food 
Agric. 65, 117-120 (1994). 

Y, D. Hang, “Recovery of Food Ingredients from Grape Pom- 
ace,” Process Biochem. 28, 2—4 (1988). 

C. Nurgel and A. Canbas, “Production of Tartaric Acid from 
Pomace of Some Anatolian Grape Cultivars,” Am. J. Enol. 
Vitic. 49, 95-99 (1998). 

A. Lopez-Baca and J. Gomez, “Fermentation Pattern of 
Whole Banana Waste Liquor with Four Inocula,” J. Sci. Food 
Agric. 60, 85-89 (1992). 


C. E. Voget, C. F. Mignone, and R. J. Ertola, “Butanol Pro- 
duction from Apple Pomace,” Biotechnol. Lett. 7, 43-46 
(1985). 


A. Bramorski et al., “Production of Volatile Compounds by 
the Edible Rhizopus oryzae during Solid State Cultivation 
on Tropical Agro-Industrial Substrates,” Biotechnol. Lett. 20, 
359-362 (1998). 

R. A. Hours, C. E. Voget, and R. J. Ertola, “Apple Pomace as 
Raw-Material for Pectinases Production in Solid-State Fer- 
mentation,” Biol. Wastes 23, 221-228 (1988). 

R. A. Hours, C. E. Voget, and R. J. Ertola, “Some Factors 
Affecting Pectinase Production from Apple Pomace in Solid- 
State Cultures,” Biol. Wastes 24, 147-157 (1988). 

M. Berovie and H. Ostroversnik, “Production of Aspergillus 
niger Pectolytic Enzymes by Solid State Bioprocessing of Ap- 
ple Pomace,” J. Biotechnol. 53, 47-53 (1997). 


104. 


105. 


106. 


107. 


108. 


109. 


110. 


ui 


112. 


113. 


114. 


115. 


116. 


118. 


119. 


120. 


F. M. Rombouts and W. Pilnik, “Enzymes in Fruit and Vege- 
table Juice Technology,” Process Biochem. 18, 9-13 (1978). 
Y. D. Hang and E. E. Woodams, “Production of Fungal Poly- 
galacturonase from Apple Pomace,” Food Sci. Technol. 27, 
194-196 (1994). 

C. G. Garzon and R. A. Hours, “Citrus Waste—An Alterna- 
tive Substrate for Pectinase Production in Solid-State Cul- 
ture,” Bioresource Technol. 39, 93-95 (1992). 

H. E. Hart et al., “Orange Finisher Pulp as a Substrate for 
Polygalacturonase Production by Rhizopus oryzae,” J. Food 
Sci. 56, 480-483 (1991). 

C. Krishna and M. Chandrasekaran, “Banana Waste as Sub- 
strate for a-Amylase Production by Bacillus subtilis (CBTK 
106) under Solid-State Fermentation,” Appl. Microbiol. Bio- 
technol. 46, 106-111 (1996). 

J. Woodward, “Fungal and Other f-D-Glucosidase—Their 
Properties and Applications,” Enzyme Microb. Technol. 4, 
73-79 (1982). 

T.R. Yan, Y. H, Lin, and C. L, Lin, “Purification and Char- 
acterization of an Extracellular f-Glucosidase II with High 
Hydrolysis and Transglucosylation Activities from Aspergil- 
lus niger,” J. Agric. Food Chem. 46, 431-437 (1998). 

P.J. Williams, “Hydrolytic Flavor Release in Fruit and Wines 
through Hydrolysis of Nonvolatile Precursors,” in 'T. Acree 
and R. Teranishi, eds., Flavor Science: Sensible Principles 
and Techniques, American Chemical Society, Washington, 
D.C., 1993. 

Y. Z. Gunata et al., “Hydrolysis of Grape Monoterpenyl f- 
Glucosides by Various f-Glucosidases,” J. Agric. Food Chem. 
38, 1232-1236 (1990). 

Y. D. Hang and E. E. Woodams, “Apple Pomace: A Potential 
Substrate for Production of f-Glucosidase by Aspergillus foe- 
tidus,” Food Sci. Technol. 27, 587-589 (1994), 


G. Reed, Enzymes in Food Processing, Academic, New York, 
1966. 

Y, D. Hang and E. E, Woodams, “f-Fructofuranosidase Pro- 
duction by Aspergillus Species from Apple Pomace,” Food 
Sci. Technol. 28, 340-342 (1995). 

J. Cordova, M. Nemmaoui, and M, Ismaili-Alaoui, “Lipase 
Production by Solid State Fermentation of Olive Cake and 
Sugar Cane Bagasse,” J. Mol. Catal. B-Enzyme 5, 75-78 
(1998). 


. A.M. S. Ismail, “Utilization of Orange Peels for the Prepa- 


ration of Multienzyme Complexes by Some Fungal Strains,” 
Process Biochem. 31, 645-650 (1996). 

H. Purkarthofer, M. Sinner, and W. Steiner, “Cellulase-Free 
Xylanase from Thermomyces lanuginosus: Optimization of 
Production in Submerged and Solid-State Culture,” Enzyme 
Microbiol. Technol. 15, 677-682 (1993). 


Z. Zheng and K. Shetty, “Solid-State Production of Beneficial 
Fungi on Apple Processing Wastes Using Glucosamine as the 
Indicator of Growth,” J. Agric. Food Chem. 46, 783-787 
(1998). 

Z. Zheng and K. Shetty, “Cranberry Processing Waste for 
Production of Solid State Fungal Inoculants Production,” 
Process Biochem. 38, 323-329 (1998). 


ZUOXING ZHENG 

Kauipas SHETTY 
University of Massachusetts 
Amherst, Massachusetts 


SOY FOODS, FERMENTED 


Fermented soy foods are an important part of the human 
diet in Asia. The fermented soy foods that originated many 
thousands of years ago in the Asian countries are often 
referred to as indigenous fermented foods (1,2). Some of 
the fermented soy foods are now popular in the West (3). 
The increased palatability of fermented soy foods is due to 
desirable changes in soybean properties, including texture 
and organoleptic characteristics (flavor, aroma, and ap- 
pearance or consistency). Elimination of beany flavors, im- 
provement in digestibility, enhanced keeping quality of the 
product, improved safety (absence of toxins and partial 
and/or complete elimination of antinutritional factors), im- 
proved nutrition, and reduced cooking time (3) are results 
of fermentation of soybeans. Fermentation makes the or- 
ganoleptic characteristics of soybean more attractive to the 
consumer than the raw soybean. 


Table 1. Asian Fermented Soyfoods 
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Of the great number of fermented soybeans consumed 
in Asia, only a few have been studied in the West; these 
are described in Table 1 (3,4). Some of these products are 
used primarily as flavoring agents that add some protein 
or amino acid to generally bland and low-protein diets. 
Others, such as tempe and natto, are served as staples. 
The origin of some fermented and nonfermented soy foods 
is presented in Table 2. The majority of soy foods, such as 
soy milk, soybean sprout, tofu, fermented tofu, soy sauce, 
and miso, originated in China. Natto is a soy food of Jap- 
anese origin, whereas tempeh originated in Indonesia (5). 


SOY SAUCE 


History 
The recorded use of soy sauce dates back 2,700 years in 


China. The prototypes of soy sauce are believed to have 
been introduced from China to Japan more than 1,300 


Microorganisms 


Foods Local names involved Substrate(s) Use and nature of product 
Soy sauce Chiang-Yu (Chinese) Aspergillus Whole soybean ‘Seasoning, a fiavoring agent 
Inyu (Chinese) Pediococcus Defatted soyflake Dark reddish brown liquid, salty taste 
Shoyu (Japanese) Torulopsis Wheat suggesting the meat extract 
Ketjap (Indonesian) Saccharomyces 
Kecap (Indonesian) 
Kanjang (Korean) 
Tayo (Philippine) 
See-ieu (Thai) 
Miso Chiang (Chinese) Aspergillus Whole soybean Flavoring agent, soup base 
‘Tou-chiang (Chinese) Pediococcus Rice Light yellow to dark reddish brown paste, 
Wei-cheng (Chinese) Streptococcus Barley smooth or chunky, salty and strongly 
Miso (Japanese) Saccharomyces flavored, resembling soy sauce 
Doenjang (Korean) Torulopsis 
Tauco (Indonesian) 
Tao-chieo (Thai) 
Soybean paste 
Sufu Sufu, Furu, Fuju, Toufuru, — Actinomucor Soybean curd Condiment 
‘Tao-yu (Chinese) Mucor (firm tofu) Creamy cheese-type cubes, salty, served with 
Fu-nyu (Japanese) Rhizopus or without further cooking 
Tohuri (Philippine) Aspergillus 
Chinese cheese Monascus 
Soybean cheese 
Fermented tofu 
Natto Natto (Japanese) Bacillus natto Whole soybean Served with cooked rice as a main dish or 
Tau-nou or Thua-nao (Thai) Bacillus subtilis snack 
Kenima (Nepalese) Cooked beans bound together and covered 
with viscous, sticky substance produced by 
the bacteria, ammonium odor, musty fiavor 
‘Tempe ‘Tempe kedelee (Indonesian) Rhizopus oligosporus Whole soybean Cooked and served as main dish or snack 
Tenpei (Japanese) Cooked soft soybeans bound together by 
mycelia as cake, a clean fresh and yeasty 
odor 
Taosi Tou-shih (Chinese) Aspergillus Whole soybean Condiment, seasoning 
Tao-si (Philippine) Streptococcus Wheat fiour Nearly black soft bean, salty flavor 
Tao-cheo (Malaysian) Pediococcus resembling soy sauce 
Taotjo (Indonesian) 
Hamanatto (Japanese) 
Meitauza  Meitauza (Chinese) Mucor Soybean presscake Snack food 
Actinomucor 
Meju Meju (Korean) Aspergillus Black soybean Seasoning agent 
Rhizopus 


Source: Refs. 3 and 4. 
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Table 2. The Origin of Soyfoods 


Table 3. History of Soy Sauce 


Soyfoods Country of origin Date of origin China Japan 
Soy milk China 164 B.C. Shu-Ching (700 s.c.)* 
Soybean sprout China Chu® 
Tofu China 164 B.C. Chiang (meat from fish, 
Fermented tofu China Before 1400 a.v. bird, or meat) 
Soy sauce China 700 B.c. Chi-Min-Yao-Shu Manyo-shu (350-759)" 
Miso China 722 BC. (532-549 a.p.)* Koji (same as chu) 
Natto Japan Before 1286 A.D. Chu (made from crushed Hishio (same as chiang, 
‘Tempe Indonesia Before 1750 A.D. wheat, or wheat flour made from fish, meat, or 
made into balls or cakes, soybean) 
sae or cooked rice) Koma-hishio and miso 
Chiang (made from 
years ago. The history of soy sauce in China and Japan is oi, pieene oneness) 
summarized in Table 3 (5,8). Tang dynasty (618-906) Taiho-law (701) 
Ben-chao-gong mu (1590)* Soybean-hishio, miso, kuki 
Country of Consumption Chiang-yu same as shi), taremiso, 
Soy sauce is produced and consumed mostly in Asiancoun- ™*°¥" Pre ome inemeratr 
tries. Owing to progress in world trade, soy sauce is now Shoyu (same Chinese 
consumed almost worldwide. In 1978, soy sauce was ex- charactors as chiang-yu) 
ported from Hong Kong, the Korean Republic, Singapore, Honcho-shokukan 
and Japan to a total of 97 countries (7,8). Shoyu, miso, tamari 
Industrial production of 

‘ Koikuchi-shoyu in Noda 
Preparation (1561) and Chochi (1616), 
Different countries have different methods of preparing that of usukuchi shoyu in 
soy sauce. Even in Japan, there are five kinds of soy sauce: Sendai (1645); export of 
koikuchi, usukuchi, tamari, saishikomi, and shiro. The shoyu from Nagasaki, Japan 

4 f * p “ I “ (1668) 
preparation of koikuchi soy sauce is outlined in Figure 1. 
The process includes (1) the treatment of raw materials, Source: Ref. 6. 


(2) koji making, (3) mash production and aging, (4) press- 
ing, and (5) refining and pasteurization (8). 


Treatment of Raw Materials. Cleaned soybeans or soy- 
bean meal is moistened (add 120-135% water) and cooked 
with steam under pressure. Wheat kernels are roasted at 
170 to 180°C for several minutes and coarsely crushed into 
four or five pieces. 


Koji Making. Equal parts of the resultant cooked soy- 


beans or defatted soybean meal and roasted cracked wheat 
are mixed together and inoculated with 1 to 2% wt/wt of 


Wheat 


Figure 1. Preparation of Japanese fermented koi- 
kuchi shoyu. Source: Ref. 8. 


“Names of old references 


Note: Chu: mold-cultured cereals; chiang: a mixture of chu, proteinous food- 
stuffs, and salt; shi: mold-cultured soybeans with or without salt; shi-tche: 
the saltwater extract of shi: chiang-yu: the liquid separated from chiang; 
tao-yu: the liquid separated from soybean chiang. 


the seed koji or a pure culture of Aspergillus oryzae or A. 
sojae. This mixture, containing 45% water, is spread on 
larger perforated stainless steel or wooden trays to a depth 
of 30 to 40 cm and incubated in a room at 25 to 30°C with 
humidity control for 2 to 3 days. During this period, the 
temperature, moisture, and aeration are controlled to al- 


Soybean Seed mold Salt 
| 
Mixing Brine 
Mold culturing 
"Koji" 
l 
Mixing 
“Moromi" mash 
Pressing 
Shoyu oil Press cake 
Raw shoyu 
Pasteurizing 


Refined shoyu 


low the seed koji to grow on the mixture, to prevent devel- 
opment of Mucor spp. or bacteria, and to enhance produc- 
tion of proteolytic and amylolytic enzymes. A rather high 
moisture level (30-32%) is necessary for good mycelial 
growth and enzyme activity, The resulting end product 
(clear yellow to yellowish green in color), is called koji, 
which is a mixture of hydrolytic enzymes and the sub- 
strate. 


Mash (Moromi) Production and Aging. The koji is mixed 
with salt water, which has a 22 to 23% salt content and a 
volume 120 to 130% that of the raw materials. The mash 
or moromi is transferred to deep fermentation tanks. Ap- 
proximately 5- to 10-kL wooden kegs or 10- to 20-kL con- 
crete tanks for soy sauce fermentation are now being re- 
placed by resin-coated iron tanks of 50 to 300 kL. The 
moromi is held for 4 to 8 months, depending on its tem- 
perature, with occasional agitation with compressed air to 
mix the dissolving contents uniformly and to promote the 
microbial growth. During the fermentation period, the en- 
zymes from koji mold hydrolyze most of the protein to 
amino acids and low molecular weight peptides. Approxi- 
mately 20% of the starch is consumed by the mold during 
koji cultivation, but almost all the remaining starch is con- 
verted into simple sugars. More than half this is fermented 
to lactic acid and alcohol by lactobacilli and yeasts, respec- 
tively. The initial pH value drops from 6.5-7.0 to 4.7-4.9. 
The lactic acid fermentation carried out in the beginning 
stage is gradually replaced by yeast fermentation. Pure 
culture of Pediococcus halophylus and Saccharomyces 
rouxii are sometimes added to the mash. The salt concen- 
tration of mash remains at 17 to 18% (weight per volume) 
after 1 or 2 months. The high concentration of mash effec- 
tively limits the growth to only a few desirable types of 
microorganisms. 


Pressing. Once the aging of mash is completed, the liq- 
uid (raw shoyu) is separated from the mash by a hydraulic 
filter press in commercial operations or by a simple me- 
chanical press on a domestic level. Sometimes, fresh salt 
water is added to the press cake, and a second fermenta- 
tion is allowed to proceed for 1 to 2 months before a second 
pressed shoyu is produced, which is of lower quality than 
the first one. The final moisture content of the press cake 
is less than 30%. The press cake is called shoya cake, which 
is used as animal feed. 


Refining and Pasteurization. Raw shoyu is separated into 
three layers (sediment at the bottom, clear shoyu in the 
middle, and an oil layer at the top) on standing in tanks. 
The oil layer is called shoyu oil and is removed by decan- 
tation. The middle layer, clear shoyu, is pasteurized at 80 
to 85°C in a kettle or in a heat exchanger to kill vegetative 
microbial cells, denature enzymes, and coagulate proteins. 
Sometimes a filter aid is added to the pasteurized shoyu 
to enhance clarification. The clear shoyu is filtered, bottled, 
and marketed. Preservatives such as benzoic acid or 
propyl- or butyl p-hydroxy benzoate are sometimes added 
to the filtered shoyu during pasteurization. Steps for the 
industrial preparation of shoyu in Japan are mechanized, 
which prevents contamination by undesirable microorgan- 
isms. 
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The preparation of usukuchi, tamari, and shiro shoyu 
are almost the same as those of koikuchi shoyu, except 
procedures for usukuchi are directed at getting lighter 
color and aroma in the final product. Tamari shoyu uses 
soybean with a small amount of wheat (20:3) and dryer 
koji. Tamari mash cannot be agitated with compressed air. 
The liquid is obtained by dripping, not by pressing. Shiro 
shoyu is made mostly from wheat with less soybean, the 
volume of which is 10 to 20% that of wheat. Saishikomi is 
made from enzymatically degraded soybeans and wheat 
instead of the usual salt water. 


Soy Sauce Produced in Other Oriental Countries 


The fermented soy sauce industrially produced in Korea is 
similar to the Japanese koikuchi type. Almost the same 
amount of soy sauce is prepared at home as is industrially 
produced. The homemade soy sauce is prepared by a tra- 
ditional method in which cooked soybeans are mashed and 
made into small balls, then subjected to natural inocula- 
tion of Aspergillus and Rhizopus molds, a process taking 
several months in winter. When spring comes these mold- 
cultured materials are extracted with salt water. The liq- 
uid part is boiled and fermented under the sun to make 
soy sauce. The residue of extraction is mixed with salt and 
stored to make miso, sometimes along with red pepper (6). 
Of Taiwan soy sauce, 5 to 10% is estimated to be inyu, 
which is made only from soybeans. The remarkable char- 
acteristics of inyu are that it is prepared from black soy- 
beans instead of yellow soybeans and that the black bean 
koji is washed with water before it is mixed with salt water 
to make mash. Fermented soy sauce similar to inyu and 
tamari is still being produced in the southern part of 
China, and it seems to be the prototype of the soy sauce 
prepared only from soybeans. In Japan, tamari mash is 
usually fermented in wooden kegs, but the inyu in Taiwan, 
Singapore, and the southern part of China is fermented in 
big china pots placed under sunlight. 

However, most of the soy sauce made in Peking and 
Shanghai today is prepared differently. The koji is pre- 
pared by using a large-scale method to culture A. oryzae 
with a mixture of steamed soybeans and wheat or wheat 
bran (6:4), and the koji is mixed with salt water to make 
hard mash, the moisture content of which is about 80% and 
the salt concentration about 6 to 7%. This hard and low- 
salt mash is kept at 45 to 50°C for about 3 weeks for en- 
zymatic digestion. The digested mash is extracted with hot 
salt water and then with plain hot water. The residue with- 
out salt is good for animal feed. There is no alcoholic fer- 
mentation of mash or processing of mash as in Japanese 
shoyu manufacture. 

The soy sauce produced in Indonesia is called kecap. 
The soybean koji is put in a wooden tank containing a salt 
solution of 20% and left to soak for 3 to 4 weeks at room 
temperature. The mash is boiled in a certain volume of 
water and then filtered. The filtrate liquor is cooked in wa- 
ter, two to three times the amount of liquor, and mixed 
with caramel and other spices (9). 


New Development 


Recent research and technology advances can be summa- 
rized as follows (8,10): 
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. Greater use of defatted soybean instead of whole 
beans 

. Increase in protein digestibility of raw materials 
from 65 to 90% as the result of improved cooking 
methods of soybeans and wheat; the selection and 
mutation of starter molds; improved conditions for 
culturing molds or making koji; and the control of 
mash in terms of the temperature, pH, types and 
behavior of lactobacilli and yeasts; and the chemical 
components 

. Reduction of the time for koji cultivation from 72 to 
48 hours 

|. Decrease of fermentation period of mash from 1 to 3 
years to about 6 months 

. The use of pure cultured starters of lactobacilli and 

yeasts 

Mechanization of the equipment and expansion of 

the production scale 

Improvement of quality and reduction of cost 


6. 
Ts 


Composition 

The typical composition of the five types of shoyu are pre- 
sented in Table 4. Both koikuchi and usukuchi shoyu con- 
tain appreciable amounts of total nitrogen in the range of 
1.2 to 1.6%, of which 80 to 90% are lower peptides, pep- 
tones, and amino acids. Ammonia makes up the remaining 
nitrogen. Lactic, pyroglutamic, acetic, succinic, and formic 
acids are present in the koikuchi and usukachi shoyu. 
Shoyu contains neutral sugars such as glucose, galactose, 
arabinose, and xylose. A total of 271 flavor components 
have been found in Japanese shoyu in which 4-hydroxy- 
2(or 5)-ethyl-5(or 2)-methyl-3(2H)-furanone (HEMF) pos- 
sesses a shoyulike sweet flavor (11). 


Organisms Used 


The microorganisms used in koji are A. oryzae and A. sojae. 
The molds produce a great variety of enzymes including a- 
amylase, proteases (acid, neutral, and alkaline), nucleases, 
sulfatases, phosphatases, transglycosidases, peptidases, 
acylase, ribonucleo-depolymerases, mononucleotide phos- 
phatase, adenyl-deaminases, and purine nucleosidases 
(12). 

The predominant active microbes in shoyu mash are 
salt-tolerant lactobacilli and yeasts such as Zygosacchar- 
omyces rouxii and Candida (Torulopsis) versatillis or C. 
etchellsii. The major lactobacilli are P. soyae or P. halophy- 
lus. Good results have also been obtained by adding pure 
cultured lactobacilli to the new mash. The initial pH value 
of mash, 6.5 to 7.0, gradually decreases as the raw mate- 


Table 4. Typical Composition of Different Types of Shoyu 


rials are degraded and lactic acid fermentation proceeds, 
and at around pH 5.5, yeast fermentation takes the place 
of lactic acid fermentation. To accelerate the alcoholic fer- 
mentation and to shorten its development time, pure cul- 
tured yeasts, Z. rouxii or Torulopsis, are sometimes added 
to the shoyu mash when its pH value reaches about 5.3, 
usually 3 to 4 weeks after the mash making. 


Safety 

Soy sauce mold mostly belongs to the A. oryzae, A. sojae, 
and A. tamarii, whereas all the aflatoxin-producing molds 
belong to A. parasiticus and A. flavus. Although fluorescent 
compounds are produced by Aspergillus molds with Rf val- 
ues resembling those of aflatoxins, there is no hazard in 
human consumption of soy sauce (1,7,9,11). 


Future Development 


1. Soy sauce-like seasonings can be prepared from a 
mixture of plant proteins and starches other than 
soybeans and wheat. 

. An effort to find better strains that can degrade plant 
tissue is needed. 

. A much greater reduction in fermentation time is 
necessary for economic reasons. 

. Supplementing the enzyme systems would help re- 
duce both the fermentation period and the viscosity 
of mash. 

. The heat-coagulant substances produced by pasteur- 

ization still pose a problem of refining. 

It would be interesting to produce flavor compounds 

biochemically. 

. To increase the stability of fermented soy sauce is a 
difficult but important problem (7). 


MISO 


History 

There is evidence to suggest that miso fermentation pre- 
dates the production of soy sauce (10,12,13). Soy sauce was 
first called tamari miso. Tamari literally means a liquid 
drip and is the name given to the liquid that drips to the 
bottom of a miso keg while miso is aging. Thus, tamari, as 
the original form of soy sauce in Japan, was made from 
miso (14). 


Countries of Consumption 


Miso is consumed in China, Taiwan, Japan, the Philip- 
pines, Indonesia, and Korea. In these countries, miso is 
called by different names (Table 1). 


Types Salt % (w/v) Total nitrogen % (w/v) Formyl nitrogen % (w/v) Reducing sugars % (w/v) Alcohol % (w/v) pH 
Koikuchi 16.95 1.58 0.92 2.99 2.45 4.79 
Usukuchi 19.95 1.21 0.82 3.88 2.87 4.79 
Tamari 16.85 2.35 114 6.98 0.68 4.85 
Shiro 17.86 0.51 0.28 17.21 0.11 4.74 
Saishikomi 14.30 2.35 117 9.43 1.33 4.84 


Source: Ref. 8. 


Preparation 


There are many varieties of miso that differ from one an- 
other depending on the manufacturing process. Rice miso 
is the most popular type. The manufacturing method of 
salty rice miso is presented in Figure 2 (12,14). Miso fer- 
mentation is about the same as that of soy sauce. Unlike 
soy sauce, however, miso is a paste product and is mainly 
consumed as a miso soup. Most recently, there has been 
new development in the process of the brine fermentation 
of miso by an automatic system (10). 

In Indonesia a similar product is called tauco. It uses 
soybean as raw material. The fermented product is cooked 
with palm sugar with two times the amount of salt used 
in the brine fermentation. 


Composition 


The approximate composition of various types of miso is 
presented in Table 5. The moisture content ranges from 
42.6 to 45.7%. Sweet and barley miso have higher amounts 
of carbohydrates compared to others. This is due to a short 
fermentation period (12,14). 


Organisms Used 


The principal and indispensable microorganisms in miso 
fermentation are koji molds, salt-tolerant yeasts, and lac- 
tic acid bacteria. The koji molds are A. oryzae and A. sojae. 
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The bacteria Streptococcus faecalis and S. faecium are the 
dominant weak salt-tolerant lactic acid bacteria. P. halo- 
philus and P. acidi lactici are the most dominant lactic acid 
types. They play an important role in the fermentation of 
miso. These organisms can survive in 23% brine. Because 
the acid tolerance of these bacteria is comparatively weak, 
they cannot survive below pH 5.0. The role of these bac- 
teria in miso fermentation is to produce organic acids from 
carbohydrates, which lowers the pH of the fermenting miso 
and accelerates the growth of salt-tolerant yeasts. Z. 
rouxii, T. versatilis, and T. etchellsii are the salt-tolerant 
yeasts. Z. rouxii grows in a high-salt medium (18% sodium 
chloride) of pH 4.0 to 5.0 and is the main yeast involved in 
the fermentation of miso. The yeasts produce ethanol from 
sugars and phenolic compounds such as 4-ethylguaiacol, 4- 
ethylphenol, and 2-phenylethanol. These compounds give 
a characteristic flavor to the fermented miso. Z. rowxii var 
halomembranis nov var, Pichia spp., and Hansenula spp. 
are the aerobic film yeasts, which often produce films on 
substrate surfaces, resulting in off-flavor of the products. 


Safety 
No aflatoxin-producing mold strains were found in mold 
strains collected from miso factories. Similarly, no afla- 
toxin was detected in kojis from miso factories (12,14). 
Future Development 


Miso production in Japan decreased from 590,000 tons in 
1973 to 572,000 tons in 1983. The decrease may be due to 
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Figure 2. Flow chart of the manufacture of salty rice 
miso. Source: Ref. 15. 
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Table 5. Chemical Composition of Various Types of Miso 


‘Component ‘Sweet miso Salty light-yellow miso Salty red miso Barley miso Soybean miso 
Moisture (%) 42.6 45.4 45.7 44.0 44.9 
Protein (%) 9.7 12.5 13.1 9.7 17.2 
Fat (%) 3.0 6.0 5.5 4.3 10.5 
Carbohydrate (%) 36.7 19.4 19.1 28.3 11.3 
Crude fiber (%) 12 25 2.0 17 3.2 
Ash (%) 68 14.2 146 12.0 12.9 
Salt (%) 6.1 12.4 13.0 10.7 10.9 
Calcium (mg/100 g) 80.0 100.0 130.0 80.0 150.0 
Phosphorus (mg/100 g) 130.0 170.0 200.0 120.0 250.0 
Tron (mg/100 g) 3.4 4.0 43 3.0 68 
‘Thiamin (mg/100 g) 0.05 0.03 0.03 0.04 0.04 
Ribofiavin (mg/100 g) 0.1 0.1 0.1 0.1 0.12 
Niacin (mg/100 g) 15 15 15 15 12 
Vitamin By» (g/100 g) a 0.17 = pa 2 
Source: Ref. 15. 

the high sodium chloride content. If the salt level could be 

lowered, some of the problems related to sodium would be 

lessened and consumption probably would increase. There- 

fore, further studies should be conducted to find new fla- 

voring materials to replace salt. Soybeans 

SUFU Washing 

Bistory: Soaking 

Manufacture of tofu (unfermented soybean curd) began 

during the era of the Han dynasty. The Pen Ts’ao, or Chi- ate 

nese Materia, of 1596, compiled by Li Shi-Chin, indicated Milling 

that tofu was invented by Liu An (179 B.C. to 122 S.c.), { 

king of Wainan. It is not known when sufu production be- Soy milk 

gan (16). Sufu is produced and consumed in China and 

Taiwan. It is used directly as a condiment or is cooked with Coagulant 

vegetables or meats. Because of its creamy texture, it is Soy curd 

suitable for use as a cracker spread or as an ingredient for { 

dips and dressings in the Western world (16,17). Pressing 


Preparation 


The preparation of sufu consists of five steps: (1) prepa- 
ration of tofu, (2) preparation of pehtze (freshly prepared 
tofu grown with the mold) (3) salting, (4) processing, and 
(5) aging. A flow sheet for preparation of sufu is shown in 
Figure 3 (16,18,19). 


Preparation of Tofu. Soybeans are washed, soaked over- 
night in water, and ground with water to a milky slurry. A 
water-to-bean ratio of 10:1 is common. The ground slurry 
is boiled or steamed and filtered to separate soy milk. A 
coagulant such as calcium sulfate, magnesium sulfate, or 
sea salt (about 2.5-3.5% of dry weight of soybean) is added 
to the hot soy milk. Generally, 20% higher weight of co- 
agulant is used to produce tofu for sufu preparation than 
that used for regular tofu. After the addition of coagulant 
to the soy milk, the mixture is agitated vigorously to break 
the curd into small pieces. The agitated mixture is set 
aside for 10 min to complete the coagulation process. The 
coagulated material is referred to as tofu. Tofu is separated 
from the whey by filtering and pressing the coagulated 
mixture. Pressing is done in a cloth-lined box to form firm 
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or Rhizopus 


Fermentation 
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Figure 3. Flow sheet for preparation of sufu. Source: Ref. 18. 


blocks of desired size. The firm blocks of tofu are cut into 
small cubes (2 x 4 X 4 cm) weighing approximately 18 g. 
Because adept tofu workers are becoming scarce, the au- 
tomatic tofu machine was developed in recent years. This 
machine saves a lot of labor and unifies the quality of tofu. 


Preparation of Pehtze. Pehtze is tofu overgrown with 
grayish hairlike mycelium of molds of the genus Actino- 
mucor spp., Mucor spp., or Rhizopus spp. To avoid contam- 
ination and bacterial spoilage, tofu cubes are exposed to 
bright sunlight for several hours before inoculation with 
mold. Instead of being sun dried, tofu cubes can be dried 
in a hot-air oven at 100°C for about 15 min (17). Before 
hot-air drying, tofu cubes may be immersed in an acidic 
saline solution (prepared by dissolving 6 g NaCl and 2.5 g 
citric acid in 100 mL water) (20). The hot tofu cubes are 
cooled to 20°C. A pure culture of molds is inoculated onto 
the surface of the tofu cubes. The inoculated tofu cubes are 
put in a tray for incubation. The room temperature is 
maintained at 10 to 20°C. After 3 to 7 days, white fungal 
mycelium can be seen on the surface of tofu cubes, and at 
that time they are taken out and immediately salted. 


Salting. Pehtze is transferred to large earthenware jars 
(having a volume of 7 hL) for further curing. It is put in 
layers in the jars. Each layer of pehtze is sprinkled with a 
layer of salt and kept for 3 to 4 days. During this period, 
the pehtze absorbs most of the salt. The salted pehtze is 
removed from the jars, washed with water, and transferred 
to other jars for further processing. 


Processing and Aging. Pehtze is processed and aged in 
earthenware jars containing a dressing mixture. The most 
commonly used dressing mixture consists of 2 kg salt, 1kg 
soy sauce mash, 0.6 kg red koji, 0.6 kg jaggery, and 6 kg 
water. Additional essence can be added to the dressing 
mixture to give a special flavor. For aging, alternate layers 
of pehtze and dressing mixture are packed into the jar to 
80% of its volume, then the jar is filled with brine contain- 
ing 12 to 20% salt. The mouth of the jar is wrapped with 
sheath leaves of bamboo shoots and sealed with clay. The 
sealed jars are aged for 1 to 3 months or longer for further 
fermentation before packing into small containers for mar- 
keting (16,19). The salt in the dressing mixture imparts a 
salty taste to the sufu and retards the growth of contami- 
nating microorganisms and mold. Shelf life is a major prob- 
lem with sufu. Alcohol in the dressing mixture helps to 
preserve sufu; however, it gives a harsh flavor to the sufu. 
Therefore it is important to find a method for preservation 
of fermented pehtze and sufu without the use of alcohol in 
the dressing mixture. 


Composition 


The chemical composition of fresh and dried tofu, pehtze, 
and sufu is presented in Table 6. Enzymes such as inver- 
tase, emulsin, trypsin-like protease, pepsin-like protease, 
oxidase, and catalase are found in pehtze. These enzymes 
are produced by the mold during fermentation and act on 
their respective substrates. During the first 10 days of ag- 
ing, the mold enzymes act on substrates such as proteins 
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Table 6. Composition of Tofu, Pehtze, and Sufu 


Tofu Pehtze Sufu 
Component (%) Fresh Dried Fresh Dried Fresh Dried 
Moisture 75.8 = 70.0 = 59.7 = 
Protein 16.0 66.0 17.9 = 59.7 15.9 39.4 
Fat 72 29.7 98 328 203 50.4 
Carbohydrate OL 0.4 0.5 L7 0.0 0.0 
Fiber 0.0 0.0 0.4 13 1 3.7 
Ash 09 3.9 14 45 3.0 14 
Source: Ref. 18. 


and lipids to produce various hydrolyzed products. These 
hydrolyzed products provide the principal constituents for 
development of mild characteristic flavors of sufu. 


Organisms Used 


In the preparation of pehtze, a variety of fungi are in- 
volved. They are Rhizopus chinensis var. chungyuen, Ac- 
tinomucor elegans, Mucor hiemalis, M. silvaticus, and M. 
praini. The fungi, namely R. chinensis var chungyuen, are 
most commonly present in commercial sufu. In the dress- 
ing mixture, the fungi Monascus anka or M. purpureus is 
present in the red koji, and the microorganisms used for 
the processing of soy sauce are present in the soy mash. 


Safety 


When Sprague-Dawley mice were fed 30 g sufu per kg body 
weight, the mice did not die, and there were no toxic or 
growth effects. If properly fermented, sufu and its related 
products are not hazardous to health. The microorganisms 
involved in sufu fermentation are not known to produce 
harmful toxins (16). 


Future Development 


Sufu is a creamy, cheeselike product that has a mild flavor. 
It can be used in the same way as cheese. If further im- 
provements in taste, flavor, and texture are made, it may 
become more widely accepted. Although a pure culture 
method for preparing sufu has been developed, future 
studies are needed to develop uniform high-quality prod- 
ucts and well-defined economical processes to manufacture 
sufu. Nutritional quality evaluation of sufu needs further 
investigation (16). 


NATTO 


History 

The earliest record for the term natto appeared in 1068, 
but there was no description of the preparation method. 
Natto, during early periods of use, was prepared simply by 
wrapping cooked soybeans with rice-straw bundles and 
fermenting the wrapped soybeans at ambient temperature 
(21,22). In the natural fermentation of soybeans, mold usu- 
ally dominates, but natto is one of the few products in 
which bacteria predominate during fermentation. Bacillus 
natto, identified as B. subtilis, is the organism responsible 
for natto fermentation. Consequently, natto possesses the 
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characteristic odor and persistent musty flavor of this or- 
ganism and is also covered with viscous, sticky polymers 
produced by B. subtilis. Because of its characteristic odor, 
flavor, and slimy appearance, natto, even though it is well 
known in Japan, is not as popular nor as widely consumed 
as miso (23). A similar product, kenima, is known in Nepal, 
Sikkim, and the Darjeeling districts of India. No yeasts or 
filamentous fungi were recovered from the samples ana- 
lyzed from Darjeeling, but two rod-shaped, acid-producing 
bacteria, present at levels of 10° to 107/g of wet weight 
were recovered. Uncooked kenima was unappealing to the 
Western taste, but when deep-fried and salted, it had a 
pleasant, nutlike flavor. Thai thua-mao and Nigerian da- 
wadawa are also alkaline-fermented foods closely related 
to Japanese natto and Indian kenima (22). 


Preparation 

The manufacture of natto is very simple, as shown in Fig- 
ure 4, The spores of B. natto are sprayed on the cooked 
soybeans. The resultant soybeans are put into a porous 
plastic container with a cover and packed. The packed con- 
tainer is put into a fermentation room and kept for 14 to 
18 h. The cooked whole soybean grains are kept in the 
original shape, and the surface of each cooked grain is cov- 
ered with a very viscous, stringy substance, which is pro- 
duced by B. natto (10). 

Composition 

There is no change in fat and fiber contents of soybeans 
during a 24-h period of fermentation, but carbohydrate al- 
most totally disappears. A great increase in water-soluble 
and ammonia nitrogen is noted during fermentation as 
well as during storage. The amino acid composition re- 
mains the same. Boiling markedly decreases the thiamine 
level of soybeans, but fermentation by B. natto enhances 
the thiamine content of natto approximately to the same 
level of soybeans. Riboflavin in natto greatly exceeds that 
in soybeans. Vitamin B,, in natto was found to be higher 
than in soybeans (23). 


TEMPEH 


History 


Even though tempeh has been produced and consumed in 
Indonesia for centuries, there are no written records of its 
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Figure 4. Manufacturing process of natto. Source: Ref. 10. 


origin. The central and east Java areas of Indonesia are 
still the major tempeh producers. For that reason, several 
scientists thought that tempeh probably originated in 
these areas. Besides these areas, it is produced and con- 
sumed in other parts of Indonesia (1,9,24). 


Countries of Consumption 


Tempeh is relatively unknown in surrounding countries 
such as Thailand, China, and Japan, where soybeans form 
an important part of the diet. Tempeh is produced in small 
quantities and consumed by immigrants from Indonesia in 
Malaysia, Surinam, Canada, and the Netherlands. It is be- 
coming a popular food for many vegetarians in the United 
States. Tempeh experienced a sudden rise in popularity in 
the United States in 1975, although it was studied exten- 
sively and known in the United States as early as 1950 
(25). In 1971, soybeans and the fermented food tempeh 
were introduced into the Republic of Zambia to improve 
the nutritional status of that country. Tempeh was intro- 
duced recently into Sri Lanka through trainees who re- 
ceived special training in production and processing tech- 
nologies of tempeh in Indonesia. 


Preparation 


The essential steps for traditional preparation of tempeh 
are presented in Figure 5. At first, the soybeans are soaked 
and cooked for 30 min in boiling water to loosen the soy- 
bean seed coats. The seed coats of cooked soybeans are 
hand removed or rubbed with feet to loosen the seed coats 
and washed with water to separate beans from seed coats. 
The dehulled beans are again soaked overnight to be hy- 
drated and to allow bacterial acid fermentation. The 
soaked, dehulled beans are cooked again, drained, cooled, 
and inoculated with a starter culture or an inoculum from 
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Figure 5. Flow sheet: Indonesian household tempe process. 
Source: Ref. 24. 
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‘Table 7. Composition of Nutrients Per 100 g of Tempe 
‘Tempe type Food energy (cal) Moisture (%) Protein (%) | Fat(%) Carbohydrate (%) Fiber (%) Ash (%) 
Soy tempe fresh 157 60.4 19.5 15 9.9 14 13 
Soy tempe, sun-dried 89 43.1 18.0 26.2 3.8 
Soy tempe, freeze-dried 19 46.2 23.4 25.8 2.7 2.7 
Soy tempe, dry basis 0.0 54.6 14.1 279 3.1 35 
Soy tempe, deep fried 50.0 23.0 18.0 8.0 2.0 1.0 
Source: Ref. 24. 


a previous batch, wrapped in banana leaves or perforated 
plastic bags, and incubated for up to 48 h at room tem- 
perature (1). 

The tempeh should be harvested as soon as the bean 
cotyledons have been completely overgrown with myce- 
lium and knitted into a compact cake. Freshly made tempe 
can be stored for a day or two at room temperature without 
changing many of its qualities or flavor characteristics. 
Traditionally in Indonesia, tempeh is consumed on the day 
it is made. If the fresh tempeh is stored for longer periods 
(more than 2 days) at room temperature, it becomes un- 
suitable for consumption because of off-flavors and odors 
produced by excessive proteolysis or by contaminating bac- 
teria and other microorganisms. 

Composition 

Tempeh is an excellent source of proteins, vitamins, and 
minerals, It is often used in the diet of diabetics because 
of the low utilizable carbohydrate content (1,25). During a 
72-h fermentation of tempeh, total soluble solids and sol- 
uble nitrogen increase, respectively, from 13 to 28% and 
0.5 to 2.5%, while the total nitrogen remains fairly con- 
stant. The nutrient composition of tempeh is presented in 
Table 7 (24). 


Organisms Used 


At least four species of Rhizopus (R. Oligosporus saito, R. 
oryzae, R. stolonifer (Ehrenbex Fries) Lind, and R. arrhizus 
(Fisher) could be used in the preparation of tempeh. In 
addition to the mold R. oligosporus, numerous bacteria 
(both spore-forming and non-spore-forming types) and 
yeasts are reported to exist in tempeh. The presence of 
bacteria in the tempeh fermentation causes the off-odors 
and flavors of tempeh. 


Safety 


It is reported that the mold species responsible for tempeh 
fermentation do not produce aflatoxin. There have been no 
reports of toxin found in foods prepared from soybean. The 
mold required for tempeh fermentation is reported to pro- 
tect tempeh and tempeh-like foods against aflatoxin pro- 
duction and aflatoxin-producing molds. The tempeh mold 
R. oligosporus prevents accumulation of aflatoxin in tem- 
peh by hydrolyzing it (9). 


Future Development 


Tempeh has great potential as a key protein source in de- 
veloping countries owing to its low cost and easy prepa- 
ration. In the future, tempeh may play a major role in sat- 


isfying the protein deficiency problems in underdeveloped 
countries. During tempeh preparation, two major prob- 
lems are usually encountered: large energy requirement 
and losses of solids during preparation. There is a need for 
research on how to reduce energy input and losses of solids. 


TAOS! 


Taosi is a product made by fermenting whole soybeans 
with strains of A. oryzae. The product is known as toushih 
by the Chinese, taotjo by the East Indians, and hamanatto 
by the Japanese (23). In the United States, such fermented 
beans are often referred to as black beans because of their 
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Figure 6. Process for making Hamanatto. Source: Ref. 23. 
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color. In China, the product is described as “shi” in the old 
literature and Chi-Min-Yao-Shu (Table 3) (15). It is mainly 
consumed as a side dish. The methods of preparing soy- 
beans for fermentation and the composition of the brine 
may vary from country to country, but the essential fea- 
tures are similar. Soybeans are soaked and steamed until 
soft, drained, cooled, mixed with parched wheat flour, and 
then inoculated with a strain of A. oryzae. After incubation, 
the beans are packed with the desired amount of salt, 
spices, wine, and water and aged for several weeks or 
months. The finished products are blackish, they have a 
salty taste, and their flavor resembles that of shoyu. How- 
ever, they may differ in salt and moisture contents. Ha- 
manatto is rather soft, having a high moisture content. 
Toushih has a much lower moisture content than that of 
hamanatto and therefore is not as soft as hamanatto. Ta- 
otjo tends to have a sweet taste because sugar is often 
added to the brine (23). 

A typical process for making hamanatto in Japan is out- 
lined in Figure 6. The finished product has a salt content 
of 13% and a moisture content of 38%. The fermented 
beans can be used as an appetizer to be consumed with 
bland foods, such as rice gruel, or they can be cooked 
with vegetables, meats, and seafoods as a flavoring agent 
(23). 
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SOYBEANS AND SOYBEAN PROCESSING 


The four principal oilseed crops grown in the United States 
are soybeans, cottonseed, peanuts, and sunflowers. Some 
are consumed directly as foods, and all serve as sources of 
edible oils. After removal of these oils, the resulting meals 
are rich in proteins and are used mainly for animal feeds. 
Soybeans belong to the family Leguminosae (legume) and 
the genus and species of Glycine max Merrill. Soybeans are 
principally produced in the United States, Brazil, People’s 
Republic of China, and Argentina. They are used for edible 
oil, animal feed, food, edible proteins and industrial oil. 

Soybeans are now the principal oilseed crop in the 
United States. They are believed to have been domesti- 
cated in the eastern half of northern China around the 
eleventh century B.C. or earlier, They were later introduced 
and established in Japan and other parts of Asia, brought 
to Europe, and were introduced in the United States in the 
late eighteenth century or early nineteenth century. Soy- 
beans became established as an oilseed crop in the United 
States in the late 1920s and attained major commercial 
and importance during World War II. 


PROPERTIES AND COMPOSITIONS 


Acommon feature of the structure of soybean seed is stor- 
age of the bulk of the protein and oil in distinct membrane- 
bound, subcellular organelles called protein bodies and 
lipid bodies, (spherosomes) as illustrated in Figure 1. Al- 
though not shown in Figure 1, the protein bodies contain 
inclusions referred to as globoids (>0.1 7m) that are stor- 
age sites for phytate and cations such as potassium, mag- 
nesium, and calcium. During germination, the contents of 
the storage organelles are mobilized and utilized by the 
growing seedling. Soybeans grow on erect, bushy annual 
plants, 6.3-2.0 m high with hairy stems and trifoliolate 
leaves. The flowers are white or purple or combinations of 
white and purple. Growing season varies with latitude 
(120-130 days in central Illinois). Seeds are produced in 
pods, usually containing three almost spherical to oval 


Figure 1. Transmission electron micrograph of a section of a ma- 
ture, hydrated soybean cotyledon. Protein bodies (PB), lipid bodies 
(LB), and cell wall (CW) are identified. Source: Ref. 1. 


SOYBEANS AND SOYBEAN PROCESSING 2185 


seeds weighing 0.1—0.2 g. Commercial varieties have a yel- 
low seed coat plus two cotyledons, plumule, and hypocotyl- 
radicle. Cotyledons contain protein and lipid bodies. 

On a moisture-free basis, soybeans contain approxi- 
mately 8% hulls, 20% oil, 43% protein (N x 6.25), 5% ash, 
and 52% protein in dehulled, and defatted meal (variable 
depending on efficiency of dehulling and oil extraction, va- 
riety of seed, and climatic conditions during growth). The 
proteins found in soybeans are complex mixtures consist- 
ing of four characteristic fractions with molecular weights 
of ca 8,000-700,000, as illustrated by the ultracentrifuge 
pattern (Fig. 2). The 7 S and 11 S fractions usually pre- 
dominate. The 7 S and 11 S fractions are considered to be 
storage proteins and are located in the protein bodies. The 
principal portion of soybean 7 S fraction, f-conglycinin, 
consists of at least seven isomers resulting from various 
combinations of three subunits (a, a’, and f) af, a’ 2, aa’p, 
a2f, a'a2, a3, and £3. Based on the sizes of the subunits, 
the f-conglycinin isomers have molecular weights between 
126,000 and 171,000. 

The 11S molecule, also called glycinin, is more complex 
than f-conglycinin. It consists of ca 12 polypeptides, half 
of which have acidic isoelectric points (molecular weight ca 
87,000-44,000) and half of which have basic isoelectric 
points (molecular weight ca 17,000-22,000); six different 
acidic and five different basic polypeptides have been sepa- 
rated and identified. Some acidic and basic subunits are 
linked in nonrandom pairs through disulfide bonds. They 
are apparently synthesized as single-chain proteins that 
are subsequently modified by proteolysis to form the acidic 
and basic polypeptide chains. 

In addition to the storage proteins, soybeans contain a 
variety of minor proteins, including trypsin inhibitors, he- 
magglutinins, and enzymes (eg, urease and lipoxygenase). 
Amino acid compositions of soybeans are given in Table 1 
along with the essential amino acid pattern for a high- 
quality protein that meets human requirements as estab- 
lished by the Food and Nutrition Board of the National 


Figure 2. Ultracentrifugal pattern for the water-extractable pro- 
teins of defatted soybean meal in pH 7.6, 0.5 ionic strength buffer. 
Numbers across the top of the pattern are sedimentation coeffi- 
cients in Svedberg units (S). Molecular weight ranges for the frac- 
tions are 2 S: 8,000-50,000; 7 S: 100,000-180,000; 11 S: 300,000- 
350,000; and 15 S: 700,000 Source: Ref. 2. 
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‘Table 1, Ammonia and Amino Acid Composition of 
Defatted Oilseed Meals, g/16 g Nitrogen 


Amino acid Soybean* FNB Pattern’ 
Lysine 6.4 5.1 
Histidine 2.6 17 
Ammonia 19 

Arginine 13 

Aspartic acid 118 

Threonine 3.9 3.5 
Serine 5.5 

Glutamic acid 18.6 

Proline 5.5 

Glycine 43 

Alanine 43 

Valine 46 48 
Cystine 14 

Methionine ul 2.6 
Isoleucine 46 42 
Leucine 18 7.0 
Tyrosine 3.8 

Phenylalanine 5.0 1.3 
‘Tryptophan 14 11 


“Means for seven varieties (3). 

“Essential amino acid pattern (Food and Nutrition Board pattern) for high- 
quality protein for humans. An essential amino acid cannot be synthesized 
by an organism at a sufficiently rapid rate to meet metabolic needs (4). 


Research Council. Soybeans meet or exceed the reference 
pattern except for valine and the sulfur amino acids, which 
are only slightly low. 

Representative fatty acid compositions of the unpro- 
cessed triglyceride oils found in soybeans are given in Ta- 
ble 2. Although the oleic and linoleic acid content of soy- 
bean oil are high, soybean oil is distinguished from the 
others by a content of 4-10% linolenic acid, and hence is 
called a linolenic acid oil. 

In addition to the triglycerides, soybeans also contain 
phosphatides that consist mainly of phosphatidylcholines, 
phosphatidylethanolamines, phosphatidylinositols, and 
phosphatidylserines. Generally, ca one-half the phospha- 
tides are extracted from soybeans with hexane. 


Table 2. Fatty Acid Composition of 
Unprocessed Oilseed Oils, Percentage 


Carboxylic acid Soybean. 
Saturated fatty acids 

10:0 
12:0 0.10 
14:0 0.16 
16:0 10.7 
18:0 3.87 
20:0 0.22 
22:0 
24:0 

Unsaturated fatty acids 
16:1 0.29 
18:1 22.8 
18:2 50.8 
18:3 6.76 
20:1 
Source: Ref. 5. 


Sterols are present in concentrations of 0.2-0.4% in soy- 
bean oil in the following compositions: campesterol, 20%; 
stigmasterol, 20%; f-sitosterol, 53%; and 6° avenasterol, 
3%. The sterols exist in the seeds in four forms: free, es- 
terified, nonacylated glucosides, and acylated glucosides. 
Soybeans contain a total of 0.16% of these sterol forms in 
the ratio of ca 3:1:2:2. 

Soybeans contain two types of carbohydrates: soluble 
monosaccharides and oligosaccharides and insoluble poly- 
saccharides. The contents of soluble sugars and total car- 
bohydrates in the defatted oilseed meals are given in Table 
8; values for intact seeds are different because of their oil 
and seed-coat contents. Sucrose, raffinose, and stachyose 
are the principal soluble sugars present. The polysaccha- 
ride (not including crude fiber) content is roughly equal to 
the total carbohydrates minus total soluble sugars, and it 
ranges from 11 to 19% of the flours. 

Soybeans contain minor components that affect the de- 
fatted seeds, especially when used for feed and food. Soy- 
bean seeds contain 1.0-1.5% phytic acid. The isoflavone 
glucosides genistin, daidzin, and glycetein-7-f-glucoside, 
plus small amounts of the corresponding aglycones, are 
constituents of soybeans. Isoflavone contents range from 
0.047 to 6.36% (Fig. 3). Soybeans also contain saponins. 
Recent results indicate that saponin content of soybeans 
is 5.6% and that of defatted soy flour 2.2~2.5%; these val- 
ues are ca tenfold higher than those obtained in earlier 
investigations. 


Table 3, Carbohydrate Contents of Defatted 


Oilseed Flours, Percentage 

Constituent Soybean 
Soluble Sugars 

Glucose trace 

Sucrose 7.80 

Trehalose 

Raffinose 1.25 

Stachyose 6.30 

Total 15.35 

Total carbohydrate* 31.0 

Source: Ref. 6. 


“Obtained by different: 100 ~ (protein + oil + ash + crude 
fiber) = nitrogen-free extract. 


Genistin, R = H, R' = OH 
Glycetein-7B-glucoside, R = OCH, R’ = H 


Figure 3. Daidzen, Genisten and glycetein-7f-glucoside. 


HARVESTING AND STORAGE 


The U.S. soybean crop normally is harvested in September 
or October. Ideal moisture content for harvesting is 13%, 
and the crop can be successfully stored at this moisture 
content until the following summer. Soybeans at <12% 
moisture can be stored for 2 yr or more with no significant 
deterioration. Beans with moisture above safe storage lim- 
its are dried or placed in aerated bins for gradual moisture 
reduction. 

Soybeans are trucked from the farm to country eleva- 
tors. From there they are moved by truck or rail to pro- 
cessing plants, subterminal elevators, or terminal eleva- 
tors. From the terminal elevators, the beans are shipped 
by rail or barge to export elevators or processors. Soybeans 
are stored in concrete silos 6-12 m in diameter with 
heights of > 46 m. The silos are often arranged in multiple 
rows, and the resulting interstitial silo areas are likewise 
used for storage. In bulk storage, seasonal temperature 
changes cause variations in temperature between the dif- 
ferent portions of the grain mass (eg, in the winter, soy- 
beans next to the outer walls are colder than those in the 
center of the silo). Such temperature differences initiate 
air currents that transfer moisture from warm to cold por- 
tions of the seed mass. Thus bulk soybeans originally at 
safe moisture concentrations may, after storage, have lo- 
calized regions of higher moisture that cause growth of mi- 
croorganisms, which in turn can lead to heating. Under 
these conditions, the beans turn black and may even ignite. 
Such seasonal moisture transfer also occurs with other oil- 
seeds. In commercial practice the temperature is carefully 
monitored and, when it rises, the beans are either remixed 
or processed. Aflatoxin contamination is not a problem as 
it is with cottonseed and peanuts. Although fungi invade 
soybeans stored at high moisture and temperatures. As- 
pergillus flavus does not grow well on soybeans and afla- 
toxins are negligible. 


PROCESSING 


Virtually all soybeans processed in the United States are 
solvent extracted (Fig. 4). Beans arriving at the plant are 
cleaned and dried if necessary before storage. When the 
beans move from storage to processing, they are cleaned 
further, cracked to loosen the seed coat or hulls, dehulled, 
and then conditioned to 10-11% moisture. The conditioned 
meats are flaked and extracted with hexane to remove 
the oil. Hexane and oil in the miscella are separated by 
evaporation and the hexane is recovered. Residual hexane 
in the flakes is removed by steam treatment in a 
desolventizer-toaster. The heat treatment inactivates anti- 
nutritional factors (trypsin inhibitors) in the raw flakes 
and increases protein digestibility. A metric ton of soy- 
beans yields ca 180 kg oil and 790 kg meal. 


NUTRITION AND TOXICITY 
oil 
Because of their high linoleic acid contents, unhydrogen- 


ated and partially hydrogenated soybean oils are good 
sources of this essential fatty acid. Soybean oil is the prin- 
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cipal vegetable oil consumed 4.66 x 10°t in 1985), and ca 
75% is partially hydrogenated to impart high temperature 
stability to cooking oil, extend shelf life, and improve flavor 
stability and physical and plastic properties. Linoleic and 
linolenic acid contents of soybean oil are reduced by hy- 
drogenation, but more important from a nutritional view- 
Point are the migration of double bonds up and down the 
carbon chain and the conversion of cis to trans isomers, ie, 
positional and geometrical isomerization. Although long- 
term studies with rats and short-term tests with humans 
have failed to reveal toxic effects on ingestion of partially 
hydrogenated soybean oil, this complex problem is under 
active investigation. 

Heating and oxidation of fats, especially under severe 
conditions, results in the formation of a variety of com- 
pounds including hydrocarbons, cyclic hydrocarbons, al- 
cohols, cyclic dimeric acids, and polymeric fatty acids. 
Some of these compounds are toxic, but the present con- 
sensus is that an oil such as soybean oil is safe and non- 
toxic when used under normal cooking conditions. 


Proteins and Meals 


Nutritional properties of the oilseed protein meals and 
their derived products are determined by the amino acid 
compositions, content of biologically active proteins, and 
various nonprotein constituents found in the defatted 
meals. Phytic acid, which is common to soybean meals, is 
believed to interfere with dietary absorption of minerals 
such as zinc, calcium, and iron. Numerous studies have 
demonstrated that methionine is the first limiting amino 
acid in soybean protein, ie, it is in greatest deficit for meet- 
ing the nutritional requirements of a given species. Al- 
though it is common practice to add synthetic methionine 
to broiler feed to compensate for this deficiency, there is 
growing evidence that this is not necessary when soy pro- 
teins are fed to humans, with the possible exception of in- 
fants. The presence of trypsin inhibitors in soybeans is well 
documented, and when ingested, their primary physiolog- 
ical effect is to enlarge the pancreas. They are largely in- 
activated by moist heat, and there are no documented 
cases where ingestion of soybean proteins by humans has 
affected the pancreas. Long-term effects of ingestion of soy 
products by rats are under study. 


PRODUCTS AND USES 

Oil 

Most crude oil obtained from oilseeds is processed further 
and converted into edible products. Only a small fraction 
of the total oils is utilized for industrial (nonedible) pur- 
poses. For edible purposes, oilseed oils are processed into 
salad and cooking oils, shortenings, and margarines. These 
products are prepared by a series of steps as shown for 
soybean oil in Figure 5. 

Degumming removes the phosphatides and gums, 
which are refined into commercial lecithin or returned to 
the defatted flakes just before the solvent removal and 
toasting step. Next, free fatty acids, color bodies, and me- 
tallic prooxidants are removed with aqueous alkali. Some 
processors omit the water-degumming step and remove 
the phosphatides and free fatty acids with alkali in a single 
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Figure 4. Schematic outline for pro- 
cessing soybean into oil and meal by 
solvent extraction. Source: Courtesy of 
Dravo Corp. 


Air 
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Figure 5. Schematic outline for manufacture of edible soybean 
oil products. D, deodorization; W, winterization; S, solidification. 
Source: Courtesy of the American Soybean Association and the 
American Oil Chemists’ Society. 
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operation. High, vacuum steam distillation in the deodor- 
ization step removes undesirable flavors to yield a product 
suited for salad oil. Partial hydrogenation, under condi- 
tions where linolenate is selectively hydrogenated, results 
in an oil with greater stability to oxidation and flavor de- 
terioration. After winterization (cooling and removal of sol- 
ids that crystallize in the cold), the product is suited for 
use as salad and cooking oils. Alternatively, soybean oil can 
be hydrogenated under selective or nonselective conditions 
to increase its melting point and produce hardened fats. 
Such a partially hydrogenated soybean oil, by itself or in a 
blend with other vegetable oils or animal fats, is used for 
shortening and margarine. Blends of soybean or other oils 
of varying melting point ranges are utilized to obtain de- 
sired physical characteristics, eg, mouthfeel and plastic 
melting ranges, and the least expensive formulation. 

Polyunsaturated fatty acids in vegetable oils are subject 
to oxidative deterioration. Linolenic esters in soybean oil 
are particularly sensitive to oxidation; even a slight degree 
of oxidation, commonly referred to as flavor reversion, re- 
sults in undesirable flavors, eg, beany, grassy, painty, or 
fishy. Oxidation is controlled by the exclusion of metal con- 
taminants (iron and copper), addition of metal inactivators 
(citric acid), minimum-exposure to air, protection from 
light, and selective hydrogenation to decrease the linolen- 
ate content to ca 3%. 


Nonfood Uses 


Vegetable oils are utilized in a variety of nonedible appli- 
cations, but only 2-3% of U.S. soybean oil production is 
used for such products. Soybean oil can be converted into 
alkyd resins for protective coatings, plasticizers, dimer 
acids, surfactants, and a number of other products. 


Protein Products 


Most of the meal obtained in processing of soybeans is used 
as protein supplements in animal feeds. Only in the last 
two decades have appreciable amounts been converted into 
products for human consumption, and these have been al- 
most exclusively derived from defatted soybean flakes. 


Feeds 


Because of their high content of protein, protein meals are 
essential ingredients of poultry and livestock feeds. Prox- 
imate compositions are shown in Table 4. In contrast, de- 
hulled soybean meal is low in crude fiber and high in pro- 
tein. Although limiting in methionine, soybean meal is 
high in lysine is a key ingredient for blending with corn in 
formulating feeds for nonruminats, eg, poultry and swine. 
The two proteins complement each other; soy supplies the 
lysine and corn the methionine necessary to provide a bal- 
anced ration at relatively low cost. 


Edible Products 


At present, only defatted soybean flakes are converted into 
edible-grade products. Defatted soybean flakes for edible 
purposes are prepared essentially as outlined in Figure 4, 
except that more attention is paid to sanitation than in 
processing for feed use, and the solvent is removed in a 
vapor desolventizer—deodorizer or flash desolventizer to 
permit preparation of flakes ranging from raw to fully 
cooked. Desolventizer-toasters are used to prepare fully 
cooked (toasted) flakes to give maximum nutritive value. 
Degree of cooking is determined by estimating the amount 
of water-soluble protein remaining after a moist heat 
treatment with the protein dispersibility index (PDI) or the 
nitrogen solubility index (NSI). A raw, uncooked flake has 
a PDI or NSI of ca 90, whereas a fully cooked flake has 
values of 5-15. 

Defatted soybean flakes give three classes of products 
differing in minimum protein content (expressed on a dry 
basis) flours and grits (50% protein); protein concentrates 
(70% protein); and protein isolates (90% protein). Typical 
analyses are shown in Table 5. Flours and grits are made 
by grinding and sieving flakes. Concentrates are prepared 
by extracting and removing the soluble sugars from defat- 
ted flakes by leaching with dilute acid at pH 4.5 or leaching 
with aqueous ethanol. Isolated soy proteins are obtained 
by extracting the soluble proteins with water at pH 8-9, 
precipitating at pH 4.5, centrifuging the resulting protein 
curd, washing, redispersing in water (with or without ad- 
justing the pH to ca 7), and finally spray drying (Fig. 6). 
Flours and concentrates are also specially processed into 
textured products that are used as meat extenders and 
substitutes. Typical composition of soybean protein prod- 
ucts and their uses are summarized in Table 5. 

Oilseed proteins are used in foods at concentrations of 
1-2 to nearly 100%. Because of their high protein contents, 
textured soy flours and concentrates serve as meat substi- 
tutes. At low concentrations, the proteins are added pri- 
marily for their functional properties, eg, emulsification, 


Table 4, Proximate Compositions of Soybean Meals, wt % 


Dry Crude Crude Crude 
Meal Process matier protein fat fiber Ash 


Soybean 


With hulls Solvent 89.6 44.0 05 7.0 6.0 
Dehulled Solvent 89.3 47.5 05 3.0 6.0 


Source: Ref. 7. 
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‘Table 5. Typical Compositions of Soybean Protein 
Products and Their Uses, wt % 


Peet Pt 

Constituents and grits’ Concentrates’ Isolated? 
Protein® 56.0 72.0 96.0 
Fat 1.0 10 0.1 
Fiber 3.5 45 0.1 
Ash 6.0 5.0 3.5 
Soluble carbohydrates 140 2.5 0 
Insoluble carbohydrates 19.5 15.0 0.3 


“Analytical values on a moisture-free basis (8). 

*For baked goods, ground and processed meats, breakfast cereals, diet 
foods, infant foods, meat substitutes, confections, and milk replacers, 

“For ground and processed meats and infant foods. 

4For processed meats, meat substitutes, infant foods, and dairy substitutes. 
‘N x 6.25. 


fat absorption, water absorption, texture, dough forma- 
tion, adhesion, cohesion, elasticity, film formation, and aer- 
ation. The use of some oilseed proteins in foods is limited 
by flavor, color, and flatus problems. Raw soybeans, for ex- 
ample, taste grassy, beany, and bitter. Even after process- 
ing, residues of these flavors may limit the amounts of soy- 
bean proteins that can be added to a given food. Flatus 
production by defatted soy flours has been attributed to 
raffinose and stachyose. These sugars are removed by pro- 
cessing the defatted flours into concentrates and isolates. 


Industrial Products 


In the United States, only soybean protein isolates are 
used for industrial applications. They are available com- 
mercially in unhydrolyzed types are made by the process 
outlined in Figure 6; the acid-precipitated curd is washed, 
dried, and then ground. For the hydrolyzed types, the acid- 
precipitate curd is suspended in alkali and heated to dis- 
sociate the proteins into subunits and partially hydrolyze 
the polypeptide chains. The reaction is terminated by acid- 
ifying to a pH of ca 4.5 to precipitate the modified protein, 
which is dried. The chemically modified isolates are made 
by proprietary processes. Isolates are employed primarily 
as adhesives for clays used in coating of paper and paper- 
board to render surfaces suitable for printing. 


Food Products 


Soybeans seeds are consumed as such or are processed into 
edible products. Small amounts of soybeans are roasted 
and salted for snacks. Nut substitutes for baked products 
and confections are also manufactured from soybeans. 
Larger amounts are used in Oriental foods, some of which 
are becoming increasingly popular in the United States. 


Soy Milk. In the traditional Chinese process, soybeans 
are soaked in water, ground into a slurry, cooked, and fil- 
tered to remove the insoluble cell wall and hull fractions. 
A number of process modifications have been made since 
the early 1960s, including a heat treatment before or dur- 
ing grinding to inactivate the enzyme lipoxygenase and 
thus prevent formation of grassy and beany flavors. Mar- 
kets for the blander products made by the new processes 
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Figure 6. Schematic outline for manufacture of 
soybean protein isolates. 


have developed rapidly in Japan since the late 1970s. Some 
of the products are sweetened and flavored; fermented (yo- 
gurtlike) soy milks are also available in Japan and other 
parts of Asia. 


Tofu. Tofu is prepared by adding a coagulant such as 
calcium sulfate to soy milk to precipitate the protein and 
oil into a gelatinous curd. The curd is then separated from 
the soluble portion (whey), pressed, and washed to yield a 
market-ready product that is a traditional food in Japan 
and throughout Asia. It has become popular in the United 
States since the late 1970s and was produced in 1981 by 
more than 150 shops. 


Miso. Miso is a pastelike food that resembles peanut 
butter in consistency and is made by fermenting cooked 
soybeans and salt with or without a cereal such as rice or 
barley. It is used as a base for soups and is consumed in 
Japan, China, Indochina, Indonesia, and the East Indies. 
In 1990, it was produced by ca 20 small establishments in 
the United States. 


Tempeh. Cooked dehulled beans are inoculated with the 
mold Rhizopus oligosporus and allowed to ferment for 24 
h. The mold mycellium binds the soybean cotyledons to- 
gether. When sliced and deep fried in fat, the product is 
crisp and golden brown. Tempeh, a traditional food of In- 
donesia, was made by more than 30 concerns in the United 
States in 1981. 


Soy Sauce. This condiment, well known to U.S. consum- 
ers, is made by fermentation or acid hydrolysis. In the fer- 
mentation process, cooked soybeans or defatted soybean 
meal are mixed with roasted wheat and the mixture is 
blended with a pure culture of Aspergillus oryzae. Brine is 
added and the mixture is allowed to ferment 6-8 months. 
The product is then filtered and pasteurized. In the acid 
hydrolysis process, defatted soybean flour is refluxed with 
hydrochloric acid until the proteins are hydrolyzed. The 
hydrolysate is then filtered, neutralized, and bottled. 


Clarified Acid 
Water and extract Food-grade curd ass 
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SPICES AND HERBS: NATURAL EXTRACTIVES 


The importance of herbs and spices in flavor and color ap- 
plications cannot be overstated, but there are shortcom- 
ings as well. The natural extractives of spices and herbs 
are designed to overcome many of the difficulties inherent 
in the use of whole or ground plant material in food and 
flavor applications. 

The aroma and flavor produced by the use of plant ma- 
terial varies, depending not only on the variety and source 
of the raw material, but also on the growing conditions and 
weather patterns of a given year. This variability makes 
the consistent application in food products very difficult. 
In addition, flavor components in plant tissue are unstable, 
leading to a decrease in quality due to volatility losses, 
oxidation, isomerization, hydrolysis, and other chemical 
changes. Plant tissue can also support molds and other 
types of undesirable microbial contamination. 

Spices and herbs require storage under regulated con- 
ditions, such as refrigeration, that will minimize deterio- 
ration with time. Given the large bulk volume, this can be 
an expensive proposition. Extractives of spices and herbs 
are highly concentrated, which simplifies storage condi- 
tions and greatly decreases the amount of additive needed 
in product formulations. They are more stable in terms of 
flavor strength and have lower microbiological activity. 

The biggest advantage of extractives versus dried 
spices, however, is the increased control of the flavoring 
agents. A more consistent flavoring agent is available due 
to the quality control of the extraction process. A broader 
range of flavor effects is made possible by blending or fur- 
ther processing of the extractives. Natural extractives are 
divided into essential oils, oleoresins, and products made 
from these. 


ESSENTIAL OILS 


Essential oils can be defined as the volatile materials pres- 
ent in plants. These are complex mixtures of flavor and 
fragrance substances usually obtained by distillation. U.S. 
import statistics are published periodically (1). 


Manufacturing Process 


Essential oils, due to their relatively high boiling points, 
are usually obtained by steam distillation, by codistillation 
with water, or by the combined use of steam and water 
(2,3). In steam distillation the plant material (whole or 
ground) is packed into a still, and the essential oil is re- 
moved by passing steam through the plant material. The 
steam pressure is most commonly atmospheric, although 
both higher and lower pressures are used. 

Hydrodistillation, or direct-heating distillation, is the 
process in which plant material is soaked in the boiler 
while heat is applied to codistill essential oil with water 
(4). The plant material is supported above boiling water. 
This method is used for collecting the volatile oil of green 
plant material. 

On cooling, the raw distillate separates into aqueous 
layer and an organic layer. The organic layer may require 
further water removal by centrifugation or by the use of a 


‘SPICES AND HERBS: NATURAL EXTRACTIVES. 2191 


drying agent. The essential oil can be purified and refined 
to obtain the desired flavor and aroma characteristics and 
to remove undesired flavor components. Vacuum distilla- 
tion, liquid/liquid extraction, and adsorption are the most 
commonly used refinement techniques, 

Vacuum distillation provides for the separation of the 
components with less thermal degradation than redistil- 
lation at atmospheric pressure. At reduced pressures the 
essential oil is redistilled or fractionated to remove unde- 
sired compounds and to concentrate desired compounds. 
Several types of products are obtained depending on the 
distillation conditions used: 


1. Rectified oils are redistilled with rejection of the last 
distillation fraction (single rectified) or the first and 
last fractions (double rectified), Usually only a small 
percentage of the raw essential oil containing water, 
color, off-aromas, and other undesirable components 
are rejected. 

2. Terpeneless oils can be produced if efficient separa- 
tion conditions can be achieved so that the terpene 
fraction can be removed from the higher boiling frac- 
tions that contain the more valuable flavor com- 
pounds, 


Liquid/liquid extraction is a process using differences 
in polarity and solubility to separate oxygenated com- 
pounds from terpenes. A mixture of the essential oil and 
solvent is agitated and allowed to settle into two liquid 
layers that are then separated. The more polar compounds 
will be concentrated in the polar solvent and recovered af- 
ter solvent removal. In cold-solvent extraction of citrus 
oils, for example, the oxygenated compounds are concen- 
trated into aqueous alcohol. The use of a second, nonpolar 
solvent to dilute the terpenes may improve the separation 
and selectivity of the extraction, 

Adsorption collects and concentrates selected com- 
pounds according to their affinities to a solid, for example, 
silica gel. The essential oil, with or without the use of a 
solvent, is passed through a solid material that selectively 
adsorbs some components. These compounds are then 
stripped from the solid phase by a suitable solvent and 
concentrated by removal of the solvent. 

When the essential oil has been enriched in the ingre- 
dients that are responsible for the characteristic flavor, it 
is commonly referred to as a folded oi], Although this term 
originally referred to concentration by distillation, it is cur- 
rently used without specification of the method used to in- 
crease the flavor strength. 


Physical Characteristics 


Physical characteristics, such as refractive index, optical 
rotation, specific gravity, among others, of essential oils are 
tabulated in various listed references (5-7). It is important 
to remember that the physical characteristics do not nec- 
essarily determine quality, flavor, or natural origin, al- 
though they can be a useful part of quality control. 


Chemical Composition 
Essential oils are complex mixtures of compounds; some 
essential oils have been separated into hundreds of differ- 
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ent components by modern techniques (6,8,9). Although 
some essential oils have only one main constituent, it is 
not necessary that the main component determine the 
characteristic aroma. In some cases a minor component 
can be the most important for defining an aroma, for ex- 
ample, dill ether in dill seed oil. In general, the minor com- 
ponents can be expected to determine the quality of the 
aroma, or at least the completeness of its sensory impact 
(10,11). The constituents of essential oils can be grouped 
into three major categories: 


1. Hydrocarbons, usually olefinic, are compounds 
whose structures are made up of isoprene units. Ter- 
penes, sesquiterpenes, and diterpenes are in this 
group. They have a low contribution to aroma and 
flavor strength even though they may constitute the 
major percentage of the oil. The unsaturated nature 
of these compounds can lead to deterioration due to 
oxidation and polymerization. 

2. Oxygenated hydrocarbons, which can be subcatego- 
rized as alcohols, esters, aldehydes, ethers, ketones, 
phenols, and so on, have much lower sensory thresh- 
olds than hydrocarbons. In some cases an individual 
oxygenated compound gives the characteristic 
aroma of a spice or herb, and its level in the essential 
oil can be correlated to flavor strength. 

3. Other compounds containing sulfur or nitrogen can 
be important for the flavor of essential oils or can 
impart off-flavors at extremely low levels. 


Gas chromatography (GC) is by far the most widely 
used technique in the study of the components of essential 
oils (12-14). These compounds are separated by boiling 
point and by interactions with the stationary-phase coat- 
ing of the GC columns. The improved resolution possible 
with capillary columns compared to packed columns has 
greatly improved separations. One of the advantages of GC 
is the flexibility and selectivity possible in the detection of 
the compounds as they are eluted from the column. A flame 
ionization detector can provide universal and sensitive de- 
tection of all compounds in an essential oil. However, a 
detector specific for sulfur- or oxygen-containing com- 
pounds can also be used. Using a gas chromatograph cou- 
pled to a mass spectrometer or a Fourier transform infra- 
red spectrometer can provide compound identification as 
well as quantification. The use of a computerized library 
search greatly simplifies the identification of previously 
characterized compounds. The gas chromatograph is not a 
suitable instrument for all essential oils; thermally labile 
compounds can decompose during the assay. 


OLEORESINS 


Oleoresins are the solvent extractables of the botanical 
raw material after solvent removal. They contain the vol- 
atile and nonvolatile active ingredients of the raw mate- 
rials and have been an item of commerce for more than 50 
years (15). As with spices and herbs, numerous oleoresins 
are available to the flavor-food chemist to achieve the de- 
sired impact. The usage of oleoresins parallels the volume 


of raw commodities as listed in U.S. government import 
statistics (16). Major oleoresins are black pepper, capsi- 
cum, celery, ginger, nutmeg, paprika, and turmeric. Minor 
oleoresins are basil, bay, cinnamon, clove, coriander, mace, 
marjoram, oregano, rosemary, sage, and thyme. A more 
complete listing of the products can be found in Title 21 
Code of Federal Regulations (CFR), part 182, section 
182.20, and part 184 (17). 


MANUFACTURING PROCESS 


Individual manufactures differ in the process details used 
for production, but all have in common the following 
stages: 


grinding > extraction > desolventization 
> standardization 


The grinding operation is employed to make the extrac- 
tives available for dissolution into the solvent. Grinding 
also increases the surface area available for extraction. 
Many types of grinding equipment are used, depending on 
the raw material and the extraction process. This infor- 
mation is not readily available from manufacturers be- 
cause it is one of the most critical steps in the process and 
is considered proprietary by most manufacturers. What is 
important to remember is that the grinding must have 
minimum deleterious effect on the aroma and flavor at- 
tributes of the raw material but must be effective in in- 
suring exhaustive extraction of the components contrib- 
uting to the essence. Because heat is generated in most 
grinding processes, cryogenic techniques are often em- 
ployed to retain volatile fractions. 

The extraction process can be subdivided into two types: 
single stage and double stage. The choice for the individual 
manufacturer depends on the solvent used to perform the 
extraction and solvent removal capability. The permitted 
solvents for extraction are listed in 21 CFR, part 173, and 
include acetone, ethylene dichloride, hexane, isopropyl al- 
cohol, methyl alcohol, methylene chloride, and trichloro- 
ethylene (17). Use of chlorinated solvents is being reeval- 
uated within the industry and will be further discussed 
under the section on regulatory issues. 

In single-stage extraction, the ground product is trans- 
ferred to the extraction vessel and washed with solvent to 
remove the essence, and the exhausted material (marc) is 
desolventized to recover entrained solvent. The extraction 
vessel may be batch type, where all of the extraction func- 
tions occur in a steam-jacketed pot containing a basket. 
The ground material is loaded into a basket, sealed, and 
washed with solvent. The oleoresin is then desolventized; 
the marc is removed and desolventized separately. Alter- 
natively, this process may be done on a continuous basis, 
with the ground material introduced via an air lock to the 
extractor and conveyed through solvent wash stages; the 
marc passes through another air lock for desolventization. 

Double-stage extraction utilizes the batch-type extrac- 
tor. The difference is that the volatile fraction is removed 
by steam distillation prior to solvent extraction of the res- 
inous fraction. These two fractions are then recombined in 


the standardization stage. This procedure is most often 
used with the manufacture of oleoresin black pepper; the 
advantage of this process is that the resinous fraction can 
be desolventized under more rigorous conditions, because 
the preservation of the volatile fraction is not an issue. The 
disadvantage is that the process limits the extraction sol- 
vent to the chlorinated hydrocarbons to produce commer- 
cially acceptable product, because residual water from the 
first stage inhibits extraction of the resinous fraction (18). 

The desolventization process reduces the extraction sol- 
vent in the oleoresin to permissible levels, as defined in the 
applicable regulations (17). Various methods are em- 
ployed, dependent on the physical characteristics of the 
oleoresin. Two basic strategies are used. The first, where 
preservation of the volatile fraction is not required and vis- 
cosity of the product is low, is called wiped-film evapora- 
tion. The oleoresin-laden solvent, or miscella, is pumped 
through a column and spread by an impeller along the in- 
side surface. The column is heated via a steam jacket and 
partial vacuum is applied to aid in solvent removal. The 
miscella is introduced at the top of the column, with the 
thickness of the film controlled by addition rate, speed of 
the impeller, viscosity, and temperature. The evaporated 
solvent flows countercurrent to the oleoresin and is recov- 
ered for reuse. Oleoresins that are processed in this man- 
ner include the capsicums and turmeric. 

The second method, where retention of the volatile frac- 
tion is desired or the viscosity is high, is called batch 
vacuum distillation. The miscella is loaded into a steam- 
jacketed vacuum vessel, which is fitted with a fractionation 
column. This equipment is normally called a still. Steam 
is applied to heat the vessel to the atmospheric boiling 
point of the solvent. The solvent vapors are refluxed to re- 
turn the volatile fraction back to the product. After the 
majority of the solvent is removed from the product (which 
is indicated by a temperature rise in the still), vacuum is 
applied to further reduce the solvent content to acceptable 
levels. Although care is taken to exclude the volatile frac- 
tion from the distillate, it is necessary with some products 
to fractionate the distillate to recover some of the volatiles. 
These light fractions are reserved for blending in the stan- 
dardization step. 

Standardization is necessary to re-create the flavor and 
aroma profile of the raw material while providing the cus- 
tomer with a consistent product. Edible oils, such as soy- 
bean or cottonseed, are used to standardize flavor inten- 
sity. Emulsifiers are also incorporated with some products 
at this stage to make for easier application. Standardiza- 
tion occurs on a batch basis, combining the extractives into 
a mixing vessel. If the manufacturer uses standardization 
agents, then they must be clearly stated on the label. The 
ingredients are sequentially combined based on decreasing 
viscosity, with the recovered volatile fractions being added 
last. The blending may be achieved by use of a high shear 
stirrer, colloidal mill, or homogenizer. Mixing times are 
product dependent. Samples are drawn for testing to as- 
sure conformance to requirements of the final mixture be- 
fore packaging. 


Physical Characteristics 


Oleoresins are liquids; viscosities vary from that of vege- 
table oil, as with capsicum and celery, to that of a semisolid 
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paste, as with nutmeg. The oleoresins are concentrated es- 
sences of the raw material with an increase of flavor 
strength in the range of 6-fold for celery to greater than 
40-fold for cinnamon. This is due to the varying amount of 
extractables within each raw material and to the fact that 
the aroma and flavor components on extraction from the 
plant matrix are more readily incorporated into the end 
product. Along with the information provided by the man- 
ufacturer, many of the products have criteria established 
in the Food Chemical Codex (19) to aid the user in devel- 
oping meaningful specifications. 


Chemical Composition 


Unlike the essential oils, where only the volatile notes are 
available for aroma and flavor effect, oleoresins contain the 
volatile fraction, active compounds and fixed compounds. 
The volatile fraction is very similar in composition to the 
previously discussed essential oils. The active compounds 
are defined, for the purpose of this article, as the nonvol- 
atile constituents perceived predominantly in the mouth 
and not by the nasal membranes. To give a few examples, 
these compounds are the pungent alkaloid group related 
to piperine in black pepper and white pepper, the amide 
group related to capsaicin in capsicums, and the keto- 
alcohols related to gingerol in ginger. The fixed compounds 
are defined as the nonvolatile, nonpungent compounds. 
Examples of these are coloring compounds, such as chlo- 
rophyll found in herbs, cartenoids found in capsicums, and 
curcuminoids found in turmeric. The fixed compounds also 
include various saturated and unsaturated fats, which 
lend balance to the flavor and aroma profiles of the oleo- 
resins, making them more representative of the starting 
raw material. The extraction process does not yield the car- 
bohydrate or protein fraction of the raw material, for the 
most part, and therefore these fractions are not an impor- 
tant component of the oleoresin. 


FORMS AND APPLICATIONS 


The common form of both essential oils and oleoresins is 
an oil-dispersible liquid. Because most foods contain a high 
amount of water, homogenous distribution is difficult. Con- 
centrated products are required in small dosages to 
achieve the desired effect, making it doubly difficult to en- 
sure consistency. To overcome these difficulties, various 
means have been developed to incorporate the extractives 
into commercial products: 


1. Dispersed products (dry-soluble seasonings) are pre- 
pared by dispersing the essential oils and oleoresins 
on an edible carrier: salt, dextrose, or flour. Limited 
in concentration by the ability of the carrier to re- 
main flowable, these blends can incorporate up to 
10% liquids. 

2. Solubilized products are blended with polysorbate 
esters, such as polysorbate 80; these products are 
clearly dispersible in deionized water. Such formu- 
lations may contain up to 50% extractives. 
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3. Emulsions are blended into water with gum arabic 
or other permitted emulsifying agents; these prod- 
ucts have a limited shelf life. 

4. Encapsulation (spray drying) forms products in 
which essential oils or oleoresins are homogenized 
into water with vegetable gums or food starches, 
then atomized into a drying chamber. The resultant 
dry powder may contain up to 20% liquids, with the 
encapsulation providing some increased shelf life 
stability in comparison to dispersed products. 

5. Water-dispersible liquids are also available. Since 
1980, advances in emulsifier technology have led to 
products that are dispersible in water without the 
use of polysorbate esters. These products contain 
about 50% extractives and are much more shelf sta- 
ble than many of the other products listed in this 
section. They are easily incorporated into the water 
phase of the finished product. Some manufacturer 
formulations are also soluble in the oil-fat phase of 
a product, evenly distributing the extractives in both 
phases. 


Decisions must be made by the product formulator as 
to which form of the extractives is most suitable for the 
application, The standard essential oils and oleoresins 
have been successfully used in oil-fat-based foods, such as 
salad dressings, without special incorporation techniques. 

Traditionally the dispersed products have had the wid- 
est application in food systems, being mixed in as dry in- 
gredients in early processing. Most formulated meats are 
flavored in this manner, along with bakery and breading 
goods and seasonings for snack foods. Pickling processors 
use the oleoresins solubilized with polysorbate esters to 
flavor the brine, which migrates to the product during re- 
tort and storage. Emulsions are not widely used, although 
they do have limited applications in emulsified meats such 
as bologna and hot dogs. Encapsulated products are used 
in dry mixes (soups, salad dressings, drinks, ete) where 
extended shelf life is required. 

Water-dispersible liquids can replace most of the afore- 
mentioned application needs, though only to a limited de- 
gree in pickling and dry-mix applications. Most extractive 
producers provide technical support based on their appli- 
cations research and experience with a variety of pro- 
cesses. This can be a valuable asset to the flavor formu- 
lator. 


NUTRITIONAL INFORMATION 


It is not possible to generalize the nutritional value of es- 
sential oils or oleoresins. Nutritional information is avail- 
able from the manufacturer for individual products. In 
foods, the weight percentage of these added flavor ingre- 
dients does not usually make a significant contribution to 
overall nutrition. Essential oils, because they are both 
ether soluble and combustible, assay as fat. Oleoresins 
contain the natural vegetable oils extracted with aroma 
and flavor components, predominantly unsaturated fats 
normally found in vegetable sources. Carriers, emulsifiers, 


and diluents also need to be considered in nutritional data 
in that they often make up more than 50% of commercial 
forms. Specific components may assay as protein, such as 
piperine in black pepper, although they are not types of 
protein. Mineral and vitamin content is not usually signifi- 
cant, with the exception of vitamins A and C in some prod- 
ucts. 

Herbs and spices contain many compounds with proven 
antioxidant, anti-inflammatory, and antimutagenic activ- 
ity. Nutraceuticals is a term used to describe the beneficial 
components in spices and herbs as part of a diet or as food 
supplements (19). 


METHODS OF ANALYSIS 


The most important criteria for evaluation of extractives 
are the flavor and aroma profiles. Organoleptic evaluation 
is the best means by which to judge these flavor additives. 
Even though it is difficult and expensive to do on a routine 
basis in production operation, it is necessary, As a pre- 
screening tool, physical measurements can reduce the 
number of organoleptic evaluations somewhat. It is critical 
that the analytical methods to be employed are agreed on 
by both customer and supplier, because different methods 
give different results, although in theory they are measur- 
ing the same attributes. Control criteria (20) and methods 
of analysis (21,22) have been published. 


REGULATORY STATUS 


In the United States, Title 21 of the CFR governs usage of 
spice extractives in foods and drugs. Under part 182.20 
and part 184 are listed the essential oils and oleoresins 
that are considered to be generally recognized as safe 
(GRAS) and their requirements. Oleoresins used as vege- 
table colors are listed under separate headings of part 73. 
Under part 173, the maximum residue for the solvent used 
in extraction is as follows: 


Solvent Level (ppm) 
Acetone 30 
Ethylene dichloride 30 
Isopropyl alcohol 50 
Methyl alcohol 50 
Methylene chloride 30 
Hexane 25 
Trichloroethylene 30 


Some countries do not permit the use of extracts made 
with chlorinated solvents. This must be taken into account 
when finished goods are to be exported. Because the list of 
areas in the world that enforce this ban is growing, any 
listing here would be obsolete before publication. The stan- 
dardizing agents used in the extracts are considered inci- 
dental additives. The labels of finished foods in which these 
products are used need only state “natural flavors” or “nat- 
ural flavoring.” It is best to check with legal counsel to 
confirm labeling status. 
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SPICES AND SEASONINGS 


Spices are the whole or ground seed, fruit, bark, or root of 
a plant. Examples are cumin, allspice, cinnamon, and gin- 
ger. Herbs are the leafy parts of annual or perennial shrubs 
or plants. Oregano, marjoram, and basil would fit this clas- 
sification. Seasonings, on the other hand, are blends of 
spices with other functional and nonfunctional ingredi- 
ents. Seasonings are usually blended with other food items 
to produce a finished food product. Spices and seasonings 
will be discussed separately. 


‘SPICES 


The use of all spices and herbs has increased dramatically 
over the years. According to the United States Department 
of Agriculture (USDA), imports of spices in 1997 was more 
than 638 million lb (1). 


Definition 


The Food & Drug Administration (FDA) has defined spice 
as any “aromatic vegetable substance in the whole, broken 
or ground form, except for those substances which have 
been traditionally regarded as foods, such as onions, garlic, 
and celery; whose significant function in food is seasoning 
rather than nutritional; that is true to name; and from 
which no portion of any volatile oil or other flavoring prin- 
ciple has been removed” (2). The Code of Federal Regula- 
tions (CFR) goes on to define the specific spices and herbs 
as “spices.” In addition, paprika, saffron, and turmeric are 
identified by the FDA also as colors and must be declared 
as such on ingredient labels (2). See Table 1 for a listing of 
the common spices. 


Table 1. Spice Classification 


Spices 
Allspice Dill seed 
Anise Fennel seed. 
Anise, star Fenugreek 
Caraway seed Ginger 
Cardamom Mustard seed 
Celery seed Nutmeg 
Cinnamon Mace 
Cloves Pepper, black & white 
Coriander Pepper, red 
Cumin seed 

Herbs 
Basil Rosemary 
Bay leaves Sage 
Dill weed Savory 
Marjoram Tarragon 
Oregano Thyme 

Colors 
Paprika Turmeric 
Saffron 
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Economic Factors 


Because spices are agricultural commodities, various po- 
litical and climatic conditions can cause prices to rise and 
fall due to supply and demand. If a war or other political 
situation occurs, often the spice cannot be exported. For 
example, during the 1979 Iran hostage crisis, cumin was 
difficult to obtain and prices rose substantially due to U.S. 
trade restrictions. Cumin was often shipped to Pakistan 
and France from Iran, before shipping to the United 
States. 

If growing conditions are poor in countries where a spice 
is usually imported from, prices may increase dramati- 
cally, or the spice may be unavailable completely. In 1988 
and 1989, Dundicut chillies, commonly used to make red 
pepper, were unavailable from Pakistan due to a drought. 
Beginning in 1992, the quality of sage imported from the 
former Yugoslavia decreased dramatically due to internal 
ethnic conflicts and the resulting division of the country. 
In addition, in recent years, black pepper prices have risen 
about 50%. This is mostly due to poor growing conditions 
over a multiyear period. In addition, low commodity prices 
prior to the increase did not give farmers an incentive to 
grow pepper. 

When purchasing spices from overseas, either direct 
from source or through brokers in New York, it is impor- 
tant to keep abreast of supply problems and not restrict 
specifications to a particular country of origin unless ab- 
solutely necessary. 


Cleaning and Production 


Spices are commonly brought into the United States 
through New York brokers and sold to spice processors who 
clean and sometimes grind the product. Large spice com- 
panies import direct from processors overseas. The spices 
are then sold to other food processors, packaged and sold 
to consumers or food service establishments, or blended 
with other products to produce seasonings. 

The United States has cleanliness specifications that all 
imported spices must meet. These are the FDA Defect Ac- 
tion Levels (DALs) (3). An excellent discussion of how 
spices are legally imported and passed by FDA can be 
found in Spices and Seasonings, A Food Technology Hand- 
book (4). The most commonly used cleanliness guidelines 
are the American Spice Trade Association (ASTA) Clean- 
liness Specifications (5). Both the DALs and the ASTA 
specifications are designed to be the minimum measure of 
cleanliness and to realize that spices, being agricultural 
commodities, cannot be free of foreign material and do re- 
quire additional cleaning by processors. Table 2 shows the 
current ASTA specifications. Processors receive spices in 
bales or often burlap bags and are responsible for cleaning 
and grinding (if required) to meet their internal specifica- 
tions or those set by their customer. Reputable spice pro- 
cessors first check the product for cleanliness in the whole 
form by sampling a representative number of containers 
and physically checking for extraneous material such as 
live and dead insects, stones, excreta, hair, metal, and 
glass. If the product is found to have these items present, 
it must be cleaned. Infestations with insects are treated 
with methyl bromide or heat to kill them, then removed as 


described next. Metal is generally removed by magnets, 
which should be present on all cleaning and grinding 
equipment. See Figure 1 for a flowchart of spice processing. 

Although a variety of equipment is used to clean spices, 
depending on the foreign matter present and the spice be- 
ing cleaned, three basic types of separation techniques are 
used: air separators, gravity separators, and centrifugal 
separators. Air separators use the movement of air to sepa- 
rate material according to the velocity of air required to 
remove the foreign material. Centrifugal separators use 
centrifugal force to separate product, and gravity separa- 
tors separate particles by differences in weight or specific 
gravity of the product. Most equipment uses a combination 
of these three methods to clean spices. The most commonly 
used cleaning equipment is the vacuum gravity separator, 
or air table. This piece of equipment uses two separation 
techniques: air separation and gravity separation (Fig. 2). 

In a vacuum gravity separator, product is metered onto 
a porous deck where air is forced through, suspending the 
product. The air and deck motion causes the particles to 
separate into layers of different densities. The heavy ma- 
terial moves uphill and the light material moves downhill. 
This piece of equipment can be adjusted to separate prod- 
uct into many different density fractions. More informa- 
tion on cleaning spices is available from ASTA (6). 

After cleaning, the product is typically checked again 
for cleanliness. If the product passes, it is checked for qual- 
ity attributes and either sold whole or ground. Grinding 
can be done to any specific size by using screens to separate 
the product into specific fractions. 


Spice Quality 

Chemical and Physical. Quality attributes for spices are 
usually present on a specification from the processor. 
These include volatile oil, moisture, heavy and light filth, 
ash, and acid-insoluble ash. Product specific tests include 
Scoville heat units for red peppers, ASTA color units for 
paprika, and curcumin content for turmeric. ASTA has 
published the Official Analytical Methods of the American 
Spice Trade Association (7). The most common methods are 
outlined in the following: 

Volatile oil is the major aroma and flavor component of 
all spices. It will volatilize at low temperatures, and most 
spices contain up to 20 or more different components in the 
volatile oil. A spice generally contains 0.5 to 3.0% volatile 
oil, and typical levels are higher in seed spices than in 
herbs. Whole spices have a higher volatile oil level than 
ground spices. When a spice is ground, it loses its volatile 
oil content quickly due to the crushing of the protective cell 
structure present in the whole spice. In addition, the heat 
produced by grinding can vaporize the volatile oil during 
processing. Volatile oil content is an important quality pa- 
rameter in spices. The higher the volatile oil content, the 
more flavor the spice has. Volatile oil is lost with age, and 
it can vary between different crop years, origins, and even 
within lots. In the industry, a minimum level is usually set 
that the spice must adhere to. Using liquid nitrogen to cool 
the mill head during grinding can help retain spice vola- 
tiles. 

Moisture levels also indicate spice quality. A high mois- 
ture content indicates improper storage or inadequate dry- 
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Table 2. ASTA Cleanliness Specifications 
Exereta, Excreta, Insect Extraneous/foreign 

Name of spice Whole insects, | mammalian other Mold defiled/infested matter 
seed, or herb dead by count* by mg/b) (by mg/Ib) (Ge by wet) (% by wat) (% by wet) 
Allspice 2 5 5.0 2.00 1.00 0.50 
Anise 4 3 5.0 1.00 1.00 1.00 
Sweet Basil 2 1 2.0 1.00 1.00 0.50 
Caraway 4 3 10.0 1.00 1.00 0.50 
Cardamom 4 3 1.0 1.00 1.00 0.50 
Cassia 2 1 1.0 5.00 2.50 0.50 
Cinnamon 2 1 2.0 1.00 1.00 0.50 
Celery Seed 4 3 3.0 1.00 1.00 0.50 
Chillies 4 1 8.0 3.00 2.50 0.50 
Cloves" 4 5 8.0 1.00 1.00 1.007 
Coriander 4 3 10.0 1.00 1.00 0.50 
Cumin Seed 4 3 5.0 1.00 1.00 0.50 
Dill Seed 4 3 2.0 1.00 1.00 0.50 
Fennel Seed SF SF SF 1.00 1.00 0.50 
Ginger 4 3 3.0 sr SF’ 1.00 
Laurel Leaves? 2 a} 10.0 2.00 2.50 0.50 
Mace 4 3 10 2.00 1.00 0.50 
Marjoram 3 1 10.0 1.00 1.00 1.00 
Nutmeg (Broken) 4 5 10 SF# SF 0.50 
Nutmeg (Whole) 4 ) 0.0 SF’ SF’ 0.00 
Oregano® 3 1 10.0 1.00 1.00 1.00 
Black Pepper 2 1 5.0 SF SF 1.00 
White Pepper* 2 1 1.0 SF’ SP’ 0.50 
Poppy Seed 2 3 3.0 1.00 1.00 0.50 
Rosemary Leaves 2 1 40 1.00 1.00 0.50 
Sage’ 2 1 4.0 1.00 1.00 0.50 
Savory 2 1 10.0 1.00 1.00 0.50! 
Sesame Seed 4 5 10.0 1.00 1.00 0.50 
Sesame Seed, Hulled 4 5 1.0 1.00 1.00 0.50 
Tarragon 2 5] 10 1.00 1.00 0.50! 
Thyme 4 1 5.0 1.00 1.00 0.50! 
Turmeric 3 5 5.0 3.00 2.50 0.50 


“Clove stems: A 5% allowance by weight for unattached clove stems over and above the tolerance for Other Extraneous Matter is permitted. 
“Laurel Leaves and Sage: “Stems” will be reported separately for economic purposes and will not represent a pass/fail criteria. 

‘Oregano: Analysis for presence of Sumac shall not be mandatory if samples are marked “Product of Mexico.” 

‘White Pepper: “Percent Black Pepper” will be reported separately for economic purposes and will not represent a pass/fail criteria. 

“Fennel Seed: In the case of Fennel Seed, if more than 20% of the subsamples contain any rodent, other excreta or whole insects, or an average of 3 mg/Ib of 


mammalian excreta, the lot must be reconditioned. 

‘Ginger: More than 3% moldy pieces and/or insect infested pieces by weight. 
“Broken Nutmeg: More than 5% mold/insect defiled combined by weight. 
Whole Nutmeg: More than 10% insect infested and/or moldy pieces, with a 
‘Black Pepper: 1% moldy and/or infested pieces by weight. 

White Pepper: 1% moldy and/or infested pieces by weight. 

*Whole Insects, Dead: Cannot exceed the limits shown. 

‘Extraneous Matter: Includes other plant material, eg foreign leaves 


ing. High moisture contents can cause mold or microbio- 
logical growth. Testing for moisture can be done by two 
methods: vacuum oven drying or toluene distillation. 
Vacuum oven drying generally gives a higher result be- 
cause some of the volatile oils may be driven off as well as 
the moisture. Therefore, this method is generally only rec- 
ommended for capsicums and dehydrated vegetables 
where volatile oil is not an important parameter. 

Heavy and light filth indicates the amount of foreign 
material present in the spice. Metal shavings, rocks, insect 
fragments, and glass will all be found by these methods. 
Filth testing is especially important in ground spices be- 
cause these items may be difficult to identify by other 


maximum of 5% insect defiled pieces by count. 


methods. The spice to be analyzed is placed in a dense or- 
ganic solvent such as carbon tetrachloride. The heavy for- 
eign matter will sink and the spice will float. By physically 
separating these two fractions, heavy and light filth can be 
determined. 

Total ash is the residue left after ignition of the spice. 
Acid-insoluble ash is the residue left after treating the to- 
tal ash with hydrochloric acid. These tests also determine 
the amount of foreign material present. Rocks, metal, and 
other foreign items will remain behind as residue. Ash is 
a measure of metal, sand, and minerals naturally occur- 
ring in the spice. Acid-insoluble ash is a measure of only 
metal and sand present. 
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Figure 1. Flowchart of spice processing. 


Figure 2. Vacuum gravity separator (air table). 


Heat units indicate the relative heat of red peppers. The 
higher the number, the hotter the red pepper. The Scoville 
test is a threshold taste test of a red pepper ethanol ex- 
traction using five trained panelists. Scoville test has been 
the most common method for determining the heat level 
in red peppers, although variance between labs can be very 
high. ASTA has recently dropped the approval for the Sco- 
ville method. A more accurate and ASTA-approved method 
is high-pressure liquid chromatography (HPLC), which is 
an analytical test instead of an organoleptic method. The 
correlation between Scoville and HPLC methods is ques- 
tionable. 

Extractable color of paprika is determined by an ex- 
traction with acetone followed by a spectrophotometric 
test. This method results in the ASTA color of paprika, 
such as 100 ASTA paprika. These units do not necessarily 
correlate with surface color. Curcumin content of turmeric 
is determined by a similar method. 


tous 
Check analytical 
specifications 
¥ 


Finished ground 
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Microbiological. Spices can contain very high levels of 
bacteria. Most come from third world countries where san- 
itary conditions are poor. Often spices are laid out in fields, 
sides of roads, or banks of rivers to dry and are subject to 
a high degree of contamination. It is not uncommon to have 
total plate counts on black pepper up to 40 million per 
gram. Even onion powder grown in the United States can 
have counts as high as 1 million per gram. The highest 
counts are usually found on allspice, black pepper, cara- 
way, celery seed, cumin, paprika, and onion powder. Typi- 
cal microbiological tests performed on natural spices are 
total plate count, yeast, mold, total coliforms, Escherichia 
coli, and Salmonella. 

Often spices are treated with sterilizing agents to re- 
duce bacterial loads. The two most common treatments are 
ethylene oxide and irradiation. Some spice suppliers also 
use steam to sterilize spices. Both ethylene oxide and ir- 
radiation have disadvantages; however, microbial counts 
can be significantly reduced by using one of these methods. 

Ethylene oxide is a gas that is used to reduce microbial 
loads in spices. It can cause about a 90% reduction in mi- 
crobial counts. This chemical has been found to be a car- 
cinogen and may be physically retained on the spice after 
the process has been completed. Chlorohydrins that are 
toxic can also form. The FDA has a 50 ppm residual tol- 
erance. Currently the FDA and Environmental Protection 
Agency (EPA) are debating its continued approved use. 

Irradiation is an ionizing radiation that is used to kill 
microorganisms in spices. It is a very effective treatment, 
providing almost 100% kill of bacteria (8). However, cer- 
tain consumer groups are very vocal about their opposition 
to this treatment due to its misguided association with ra- 
diation. Spices can be irradiated with levels up to 3 Mrad. 
FDA regulations state that an irradiated spice must be 
labeled as “treated with/by irradiation” and the irradiation 
logo prominently displayed. If a food contains irradiated 
ingredients, the finished product is not required to be la- 
beled as irradiated (9). With the increasing E. coli inci- 
dence in meats, this may be an ideal time to influence con- 


sumer perception about this very effective treatment. FDA 
is currently considering alternate labeling regulations. 


Description of Whole Spices 


Allspice, Pimenta dioica L. (formerly Pimenta officinalis) 
is the dried, unripe berry of a shiny leafed evergreen tree 
indigenous to the Western Hemisphere. The berries are 
reddish brown, round and smooth, and about 1 cm in di- 
ameter. The name allspice comes from the flavor descrip- 
tion: a combination of cloves, cinnamon, and nutmeg. An- 
other, less common term for allspice is pimento. Allspice is 
imported from Jamaica, Guatemala, Mexico, and Hondu- 
ras. In 1997, the United States imported about 2.3 million 
Ib of allspice (1). 

Anise seed, Pimpinella anisum L., is the seed of a small 
annual herb of the parsley family. The grayish-brown oval 
seeds are about 0.5 cm long. Anise seed has a strong 
licorice-like flavor and is grown primarily in Spain, Egypt, 
and Turkey. The United States imported about 2.6 million 
Ib in 1997 (1). 

Basil, Ocimum basilicum L., is the leaf of an annual 
herb of the mint family native to India and the Persian 
countries. The leaves are greenish gray and about 5 cm 
long and 2 cm wide before drying. When purchased whole, 
basil is actually dried pieces of leaves. Primary sources are 
France, Egypt, and the United States. Domestic basil is 
much more expensive than the imported varieties because 
it is mechanically harvested and dried. Basil has seen phe- 
nomenal growth in the last 30 years. Only 40,000 lb were 
imported into the United States in 1964 compared with 6.1 
million Ib in 1997! (1). 

Bay leaves or laurel leaves, Laurus nobilis L., are large 
light-green elliptical leaves, up to 8 cm in length and 3 to 
4 cm wide. The flavor is fragrant and sweet with a bitter 
note and is used most commonly in soups and stews as well 
as pickling spices. Principal countries exporting to the 
United States are Turkey and Greece. There is also a do- 
mestic bay leaf that is packed for retail sale, Laurus cali- 
fornica, which does has a slightly different flavor and is 
longer and narrower than its imported counterpart. 

Capsicum peppers, Capsicum frutescens L., include red 
peppers, chili peppers, and sweet bell peppers. Red pepper, 
also known as cayenne, is ground chili pods, generally the 
small elongated and hottest varieties, which are blended 
to produce a product with standard heat units. Heat levels, 
expressed as either Scoville heat units or HPLC heat units, 
in whole pods vary from crop to crop. The hottest varieties 
are grown in Africa, China, and India. Chili pepper is the 
ground product of larger, milder peppers, primarily grown 
in California, New Mexico, and Mexico. Variances in color 
are primarily due to a caramelization process that proces- 
sors employ and pepper variety. 

Caraway seed, Carum carvi L., is the fruit of a biennial 
plant of the parsley family. Each seed is a half of the fruit 
and is about 0.75 cm long, curved, with ridges lengthwise. 
Caraway is native to Europe, Asia, and North Africa, al- 
though it is primarily exported now from The Netherlands. 
The flavor is warm and acrid, similar to dill seed. The 
United States imported about 6.9 million Ib in 1997 (1). 

Cardamon, Elettaria cardamomum. Maton, is a large 
perennial belonging to the ginger family. The spice is im- 
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ported whole in oval, greenish pods, 1 to 2 cm long, which 
contain 15 to 20 brownish-black seeds. These seeds pro- 
duce the sweet, aromatic flavor of cardamon. Most carda- 
mon is grown in India, Guatemala, and Ceylon. It is a mi- 
nor spice, with the United States only importing about 0.5 
million lb a year (1). 

Celery seed, Apium graveolens L., is the dried fruit of a 
biennial herb native to southern Europe called smallage. 
It is different from Pascal celery, which is eaten as a vege- 
table in the United States. The seed is oval, brown, and 
very small, about 0.25 cm in length. It has a warm, bitter 
flavor. It is now primarily imported from India. 

Cinnamon. There are many species of cinnamon or cas- 
sia. The type most commonly imported into the United 
States is not cinnamon at all, but rather cassia (Cinna- 
momum cassia Presl—Chinese cassia or Cinnamomum 
burmannii Blume, Indonesian or Korintji cassia). Cinna- 
mon (Cinnamomum verum Presl—Ceylon or Seychelles 
cinnamon) is lighter in color and milder than the two va- 
rieties of cassia previously mentioned. It is most commonly 
exported to Great Britain and other countries. Both cin- 
namon and cassia are the bark of evergreen trees, which 
is peeled off and allowed to curl into cinnamon sticks. An- 
other, less common type is Saigon cinnamon, Cinnamo- 
mum loureirii, which recently is being imported from Viet- 
nam again. Before the Vietnam War, this was a much more 
common supply for cinnamon. 

Cloves (Eugenia caryophyllata, Thunb.) are the dried, 
unopened flower buds of an evergreen tree of the myrtle 
family. Cloves are about 1 cm long and resemble a rounded 
top nail. The flavor is strong and aromatic. Cloves are 
grown in many parts of the world; however, the chief ex- 
porters are Madagascar and Brazil. 

Coriander seed (Coriandrum sativum) is the dried ripe 
fruit of an annual herb native to southern Europe and the 
Mediterranean region. Coriander is a round light brown 
seed about 0.5 cm in diameter with vertical ridges. The 
leaves of the coriander plant are known as cilantro, which 
is used extensively in Latin American, Thai, and Vietnam- 
ese cuisine. The flavor of coriander seed is mild and fra- 
grant. Most coriander is currently imported from Canada 
and Morocco. 

Cumin, Cuminium cyminum L., is a small annual herb 
of the parsley family. The dried fruit, commonly referred 
to as the seed, is oval, about 0.5 cm long and similar in 
appearance to caraway. Cumin is used extensively in Mex- 
ican and Indian foods and has a strong earthy and bitter 
flavor. Cumin is grown and exported from the Middle East, 
India, and Turkey. 

Dill, Anethum graveolens L., is an annual herb related 
to the other spices of the parsley family. Dill seed and dill 
weed are from the same plant. The seeds are oval, tan, and 
about 0.5 cm long. The flavor is reminiscent of caraway. 
Dill is grown in Egypt, India, and the United States. 

Fennel seed, Foeniculum vulgare Mill., is the dried fruit 
of a perennial plant native to southern Europe. The seed 
is oval and curved, about 0.75 cm long, and greenish in 
color. The flavor is similar to anise, but less sweet. The 
consumption of fennel in the United States has increased 
significantly in the last 20 years, primarily due to its use 
in pizza topping and Italian sausage. Fennel is imported 


2200 SPICES AND SEASONINGS 


primarily from India and Egypt, about 7.5 million Ib in 
1997 (1). 

Fenugreek (Trigonella foenum-graecum L.) is a little- 
used spice in the United States. Its flavor is maplelike and 
bitter. The spice itself is a hard, tan pod containing 10 to 
20 seeds. It is primarily used to make imitation maple fla- 
vor and curry pcewders in the United States. Fenugreek is 
imported from India and Morocco. 

Ginger, Zingiber officinale, is a perennial herb with 
thick, tuberous roots or rhizomes. These tubers are often 
described as shaped like deer antlers and are tan. To cul- 
tivate, the rhizomes are dug up, washed, dried, and often 
peeled. The flavor is pungent and spicy. Ginger is available 
fresh, crystallized, and dried. It is imported from China, 
India, and Jamaica. More than 29.5 million Ib (including 
fresh) were imported in 1997 (1). 

Marjoram (Marjorana hortensis, Moench) is the leaves 
of a perennial of the mint family and is a close relative of 
oregano. Its leaves are green-gray and about 1.25 cm long. 
The flavor is aromatic, camphoraceous, and bitter. Marjo- 
ram is native to western Asia and the Mediterranean re- 
gion. Principal sources today are France and Egypt. 

Mustard seed (Brassica hirta—white or yellow mustard 
and Brassica juncea—Oriental or brown mustard) is small 
in size, about 3 mm in diameter. Color ranges from a light 
tan (B. hirta) to a reddish brown (B. juncea). Both types of 
mustard contain the enzyme myrosinase, which reacts 
with glycosidic compounds (sinalbin in B. hirta and sini- 
grin in B. juncea) in the presence of moisture to release its 
characteristic pungency (10). Acidic liquids do not trigger 
this reaction, due to the lowered pH inactivating the my- 
rosinase, but will preserve the pungency if added after it 
first develops in water. B. juncea, upon the enzymatic re- 
action, produces the compound allylisothiocyanate, which 
gives a powerful aroma, much like horseradish (10). 

Mustard seeds are available in three primary forms: 
whole mustard, often used in pickling spices; ground mus- 
tard, which is used mainly in the sausage industry; and 
mustard flour. Ground mustard can be treated with heat 
to deactivate the myrosinase enzyme. This type of ground 
mustard is used in fresh sausages because the active en- 
zyme can react with the protein in the meat. Mustard flour 
is the ground seed after the husk or bran is removed. Mus- 
tard flour is generally milled to a very fine flour and is a 
blend of yellow and Oriental mustard seeds. Mustard flour 
is used primarily in the salad dressing and sauce indus- 
tries. The principal producing countries of mustard are 
Canada and the northern plains of the United States. 

Nutmeg and mace (Myristica fragrans, Houtt) are both 
from an evergreen tree native to the islands of the East 
Indian archipelago. The tree produces an apricot-like fruit 
containing a large brown seed about 4 cm long and 2 cm 
wide. This is the nutmeg seed. Mace is a lacy, netlike 
orange covering over the seed. The flavor of both is very 
similar: sweet and warm. Nutmeg is generally milder 
and sweeter while mace has a sharper flavor. Nutmeg and 
mace are primarily grown in Indonesia, Grenada, and 
Trinidad. Nutmeg is the product used most often in the 
United States. Import volumes from 1997 show it 14 times 
the volume of mace (1). 


Oregano. Two types of oregano are commonly used in 
the United States. Origanum vulgare L. is a perennial of 
the mint family and is indigenous to the Mediterranean 
region. Its leaves are dark green, hairy, and about 1.5 cm 
long. The flavor is bitter with a green note. It is grown 
primarily in Greece and Turkey. Mexican oregano, Lippia 
graveolens has a distinctly different flavor. Its leaves are 
larger than the Mediterranean variety. Mexican oregano 
is commonly available on the West Coast and used most 
often in Mexican, Southwest, and Tex Mex recipes. 

Parsley. Petroselinum sativum L. and Petroselinum cris- 
pum are two varieties of parsley. The former is the curly 
leaf variety grown primarily in California and the most 
common type dried today. The flakes are available in a va- 
riety of sizes and bright green in color. The flavor is very 
mild. 

Paprika, Capsicum annum L., is the ground dried fruit 
pods of a small bushy plant. The pods are orange to bright 
red and used primarily for their coloring properties. Most 
paprika is sweet and mild and is grown primarily in Cali- 
fornia, Spain, Morocco and Hungary. 

Pepper, black and white. Piper nigrum L. is the berry of 
an evergreen-climbing vine native to the coast of south- 
western India. The berries are shriveled, dark brown to 
black, and about 0.75 to 1.0 cm in diameter. Black and 
white pepper both come from the same plant. White pepper 
is a ripe peppercorn with the dark hull removed. Black 
pepper is the unripe berry, which is simply dried. Green 
peppercorns, growing in popularity recently, are the im- 
mature berry of the same vine and are often freeze-dried. 
Primary sources of black pepper are the Malabar Coast of 
India (often called Tellicherry if the berry is large enough), 
the Lampung district of Sumatra in Indonesia, and Brazil. 
Vietnam has recently emerged as a viable source for black 
pepper. White pepper is usually imported from the Muntok 
area of Indonesia. Black pepper is the largest volume spice 
imported into the United States. In 1997, 112 million Ib 
were imported (1)! 

Rosemary, Rosmarinus officinalis L., is an evergreen 
shrub of the mint family. The leaves are green, narrow, and 
about 2 cm long, resembling pine needles. It is currently 
exported from Albania, France, and Spain. 

Saffron, Crocus sativus L., is the most expensive spice, 
costing an average wholesale price of about $200/lb in 
1997. It is the dried stigmas of the flower of a purple crocus. 
The cost is due to the hand harvesting of the three delicate 
stigmas on each flower. It takes about 250,000 stigmas to 
produce one pound of saffron (11). Saffron has a bitter fla- 
vor but is most prized for its bright yellow color. Spain is 
the primary producer. 

Sage, Salvia officinalis L., is an evergreen shrub of the 
mint family. The leaves are silver gray to green and velvety 
to the touch, ranging from 5 to 7 cm long. Sage is primarily 
used in poultry dishes and sausage, especially fresh pork 
sausage. In 1997, 4.4 million lb were imported into the 
United States (1), primarily from Albania and Turkey. 

Savory, Satureja hortensis L., is an annual herb of the 
mint family. It has narrow, dark green leaves about 0.5 to 
1.0 cm long. Savory is used very little in the United States. 
The flavor is sharp, aromatic, and resinous. The major pro- 
ducing countries are Albania and France. 


Tarragon, Artemisia dracunculus L., has grown in pop- 
ularity in recent years. It is a small perennial plant of the 
sunflower family. Its leaves are large (about 5 cm long), 
narrow, and dark green. The flavor is fragrant and bitter- 
sweet with a licorice-like undertone. It is grown in Califor- 
nia and also imported from France. 

Thyme, Thymus vulgaris L., is a perennial shrub native 
to the Mediterranean region. The leaves are narrow, gray- 
ish green, and only about 0.5 cm long. The flavor is aro- 
matic and pungent, often used in poultry seasonings and 
Creole dishes. Thyme is imported primarily from Spain 
and France. 

Turmeric, Curcuma longa L., is a perennial herb of the 
ginger family. Its thick underground rhizome is boiled, 
cleaned, dried, and ground into a powder. It has a musty, 
earthy flavor and is mainly utilized for its bright yellow 
color. Turmeric is used in curry powders and prepared 
mustard. There are two types grown in India, Alleppy and 
Madras. Alleppy is most commonly imported into the 
United States and has a higher curcumin content than the 
Madras type. 


Other Spice Products 


Extractives of spices are the oil-soluble flavor extract of the 
natural spice. Two types are available: essential oils and 
oleoresins. Essential oils are the steam-distilled fraction of 
the oil from the spice. Spice oleoresins are the solvent ex- 
tract of the spice, containing the essential oil as well as 
other nonvolatile extractives. 

Oleoresins provide the user with a more rounded, closer 
duplication of the natural spice flavor than essential oils. 
For example, oleoresin black pepper contains not only 
its volatile oil, but also piperine, which is the compound 
that gives it the black pepper bite, or pungency. Black pep- 
per essential oil contains the volatile flavor components 
only, with no piperine present. Other nonvolatile compo- 
nents present in spice oleoresins include heat components 
(capsaicin-red pepper), fixatives (from the fatty oils from 
the seeds of celery, anise, fennel, etc), antioxidants (rose- 
mary and sage), and pigments (paprika and turmeric) (12). 

Both essential oils and oleoresins are very concentrated 
forms of the spice flavor, with usage levels in finished prod- 
ucts usually less than 0.01%. Using extractives will stan- 
dardize the flavor of the finished product compared with 
natural spices, which can vary from years, origins, or lots. 
Spice extractives are free from microbial contamination 
and enzyme activity found in cinnamon and black pepper 
(12). Extractives also provide flavor with no particulates 
present in a finished food product. Shipping and storage 
are easier with extractives, and shelf life is longer than 
natural spices. The flavor of extractives, however, is not as 
complex as in their natural spice counterparts. 

Many extractives are also available in water-soluble 
versions from suppliers for use in products where water is 
the aqueous phase. Most commonly available products con- 
tain emulsifiers to make them water soluble. 

Spice extractives can be difficult to use in food process- 
ing because they are very concentrated. Oleoresin black 
pepper, for example, is very viscous and hard to pour. Sol- 
uble spices were developed by the spice industry to alle- 
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viate these problems. Soluble spices are spice extractives 
plated on a salt or dextrose carrier. They are free-flowing 
powders, often formulated to approximate a one-to-one re- 
placement to the ground spice. Other products that have 
been developed for manufacturers include spray-dried ex- 
tractives and spray-dried products mixed with a carrier to 
again approximate a one-to-one replacement ratio. 


SEASONINGS 


Seasoning blends can be defined as dry mix products con- 
taining spices; other flavoring agents; and functional in- 
gredients such as salt, sugars, and starches that enhance 
or provide flavor to a food item. A seasoning blend can be 
spices only, spices with starches, salt, hydrolyzed vegetable 
proteins, monosodium glutamate, and flavors such as a 
gravy mix, or even a blend that has no spices present at 
all, such as a cheese snack seasoning. 

The spice industry has defined analytical testing pro- 
cedures and standards due to the efforts of ASTA. The sea- 
soning industry does not. It does require experienced, cre- 
ative food technologists with a well-rounded knowledge of 
food chemistry, food processing, and laws governing label- 
ing and legal limits of ingredients. The technologist must 
know how ingredients react in the finished food system, 
how the finished product is cooked or processed to select 
the proper ingredients, the intended target market, and 
finally have a well-developed palate to produce the wide 
variety of seasonings desired by food processors and con- 
sumers. 

Seasoning blends are used by food processors for a va- 
riety of reasons, primarily for convenience. Seasoning 
blends can be purchased in batch-sized units, thus reduc- 
ing ingredient inventories. In addition, fewer quality con- 
trol personnel are needed for raw material inspection. The 
responsibility for batching each ingredient separately is 
eliminated, thus reducing the possibility of error. Consum- 
ers purchase seasoning blends for many of the same rea- 
sons, most commonly convenience and flavor. 


Food Industry 


Seasonings are used in the food industry in almost every 
product category, most commonly in those industries 
where dry ingredients must be blended with wet ingredi- 
ents or topically applied. Processed meats, snacks, sauces, 
gravies, dips, soups, and salad dressing manufacturers are 
the major users of seasonings. When you think of all the 
items that are composed of these basic products, the pos- 
sibilities are endless. Frozen entrees, pizza, boxed side 
dish items, and retorted sauces and entrees are just a few 
examples. 

Table 3 lists some of the more common meat, snack, and 
gravy products and the basic spices and other ingredients 
associated with them. The meat items highlight the spices, 
although other functional and flavor imparting ingredients 
(salt, dextrose, sugar, sodium erythorbate) are usually in- 
cluded in the formula. In the snack and gravy area, spices 
as well as other ingredients are listed because the spices 
themselves do not produce all the flavors associated with 
the seasonings. To formulate these products, the flavors 
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Table 3. Common Seasoning Ingredients 


Meat seasonings 
Wiener and bologna Italian sausage 
Coriander Fennel 
Nutmeg Anise 
Allspice Black pepper 
Ginger Red pepper 
Clove Garlic 
Black pepper 
Paprika Pork sausage 
Sage 
Corned beef Black pepper 
Garlic Red pepper 
Allspice 
Clove 
Bay 
Cassia 
‘Snack seasonings 
Barbecue Cheese 
Sugar Cheese solids 
Salt Whey and other dairy 
Citric acid ingredients 
Chili pepper Dehydrated shortening 
Clove Buttermilk 
Allspice Salt 
Smoke Onion 
Yeast (Torula) Flavorings 
Red and black pepper Yeast (Torula) 
Tomato Salt 
Garlic 
Onion 


Sour cream and onion 


Sour cream solids 

Buttermilk 

Whey and other dairy 
ingredients 

Artificial flavors 

Citric acid 

Onion 

Parsley 

Salt 


Gravies 


Thickeners (starches and Celery seed 
flours) Black pepper 
Hydrolyzed vegetable proteins Onion 
Meat flavors ‘Turmeric (chicken gravy) 
Dehydrated meat or meat Caramel color (brown gravy) 
stock Salt 
Shortening or nondairy 
creamers 
Milk solids 


must be balanced to achieve the exact flavor profile de- 
sired. This is where the knowledge of an experienced sea- 
soning food technologist is important. There are literally 
hundreds of variations of each type of flavor. 

Ethnic food products are always popular. Everyone is 
looking for the next “hot” trend. Table 4 lists five basic 
ethnic flavors and the spices needed to create them. By 
first formulating a base product, such as a marinade, with 
the proper amount of salt, hydrolyzed vegetable protein, 
sugar, gum or starch, phosphate, and so on, the spices 
listed in Table 4 can then be added and balanced to produce 
the desired flavor of the finished product. It should be 
noted that seasonings not only use the natural spice for 
flavor but also oleoresins and essential oils to produce a 
product with the exact profile desired. 


Specifications 


When purchasing seasonings, the specification should ad- 
equately reflect the important attributes of the blend. Gen- 
erally, flavor profile, appearance, granulation, salt, and 
color are included, as well as other tests such as pH if acid 
is present; cold, hot, or retort viscosity where applicable; 
or heat units if red pepper is present in appreciable 
amounts. If the food item is very sensitive to microbial 
loads, such as a sour cream dip, then microbiological spec 


Table 4. Common Ethnic Seasonings 


Ttalian Asian 
Oregano Ginger 
Basil Garlic 
Marjoram Sesame 
Garlic Red pepper 
Fennel 5 spice (cinnamon, anise, ginger, 
Anise fennel, cloves) 
Red pepper 

Indian 

Mexican Canin 
Chili pepper Coriander 
Cumin Fenugreek 
Oregano Cardamom 
Garlic Turmeric 
Onion Red pepper 
Red pepper Black pepper 
Paprika Garlic 
Cinnamon Onion 
Red pepper 

Caribbean 
Cajun Rell bapbas 
Red pepper Allspice 
White pepper Ginger 
Black pepper Nutmeg 
Thyme Thyme 
Oregano Bay leaves 
Garlic Onion 
Onion Garlic 
Paprika Chili pepper 
Sassafras Cumin 
Coriander 


ifications should be considered. When writing or reviewing 
specifications, it is essential to know what the important 
parameters are that the seasoning blend is contributing to 
the finished food. 


FUTURE TRENDS 


With the increasing demand for high-quality and unique 
food items, the need for the seasoning company is more 
evident than ever before. Although many seasoning com- 
panies began by servicing the needs of processed meat 
manufacturers, the trend for reduced red meat consump- 
tion, as well as competition within the industry, has lim- 
ited growth in this area. Conversely, snacks, specialty 
sauces, marinades, glazes, and seasonings are on the rise. 
These types of products hold the future for seasoning man- 
ufacturers. 

In addition, leveraged buyouts and consequent cutbacks 
in research and development staffs should cause a higher 
demand for outside product development work. Finally, 
small start-up companies often require help with new 
products, Seasoning companies can offer their services in 
new product development. The new millennium promises 
a bright future for the seasoning industry. 
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STARCH 


Next to water, starch is the most abundant constituent in 
the human diet. Starch is abundantly available, is inex- 
pensive, is a desirable source of energy, and occurs in the 
form of granules (see the section “Granular Nature, Cook- 
ing Characteristics, and Solution and Gel Properties”). 
Starch occurs naturally in most plant tissues, including 
roots and tubers, cereal grains, vegetables, and fruits. 
Large amounts of starches are consumed as components of 
wheat, corn (maize), and rye flours and as components of 
potatoes and whole kernels of corn, rice, and barley. Starch 
composition and properties vary with the plant sources 
from which they are obtained. Each starch from each 
source is unique in terms of its behavior and characteris- 
tics. Starches may be isolated and added to food products 
as ingredients. Often, they are modified after isolation and 
added during the preparation process in modified form. 

Native and modified starches serve a variety of roles in 
food products. They are added primarily to modify texture 
and consistency. Principally they serve to bind water, to 
thicken, and to form soft, spoonable gels, all controllable 
properties. Starches generally must be cooked in order to 
realize their physicochemical properties and to impart 
their functionalities. Heating starch granules in the pres- 
ence of water causes the granules to swell, lose their crys- 
tallinity, and in some cases, break apart (see the section 
“Granular Nature, Cooking Characteristics, and Solution 
and Gel Properties”). When a starch is cooked in excess 
water, the resulting dispersion is called a paste. 

Corn (maize) is the principal source of commercial 
starch in the United States (1-3). Lesser amounts of po- 
tato, tapioca (cassava, manioc), sorghum (milo), wheat, 
rice, and arrowroot starches are used in the United States 
(1), but a starch such as one from potato, wheat, or cassava 
may be the major starch in other countries. Minor amounts 
of sago, barley, sweet potato, mung bean, and rye starches 
find their way into commerce elsewhere. 


MOLECULAR COMPONENTS 


Although commercial starch granules, especially those 
from cereal grains, contain small amounts of protein, lipids 
(especially phosphoglycerides and free fatty acids), and 
other components, the principal components are amylose 
and/or amylopectin (Tables 1 and 2) (1,4). 


ifications should be considered. When writing or reviewing 
specifications, it is essential to know what the important 
parameters are that the seasoning blend is contributing to 
the finished food. 


FUTURE TRENDS 


With the increasing demand for high-quality and unique 
food items, the need for the seasoning company is more 
evident than ever before. Although many seasoning com- 
panies began by servicing the needs of processed meat 
manufacturers, the trend for reduced red meat consump- 
tion, as well as competition within the industry, has lim- 
ited growth in this area. Conversely, snacks, specialty 
sauces, marinades, glazes, and seasonings are on the rise. 
These types of products hold the future for seasoning man- 
ufacturers. 

In addition, leveraged buyouts and consequent cutbacks 
in research and development staffs should cause a higher 
demand for outside product development work. Finally, 
small start-up companies often require help with new 
products, Seasoning companies can offer their services in 
new product development. The new millennium promises 
a bright future for the seasoning industry. 
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STARCH 


Next to water, starch is the most abundant constituent in 
the human diet. Starch is abundantly available, is inex- 
pensive, is a desirable source of energy, and occurs in the 
form of granules (see the section “Granular Nature, Cook- 
ing Characteristics, and Solution and Gel Properties”). 
Starch occurs naturally in most plant tissues, including 
roots and tubers, cereal grains, vegetables, and fruits. 
Large amounts of starches are consumed as components of 
wheat, corn (maize), and rye flours and as components of 
potatoes and whole kernels of corn, rice, and barley. Starch 
composition and properties vary with the plant sources 
from which they are obtained. Each starch from each 
source is unique in terms of its behavior and characteris- 
tics. Starches may be isolated and added to food products 
as ingredients. Often, they are modified after isolation and 
added during the preparation process in modified form. 

Native and modified starches serve a variety of roles in 
food products. They are added primarily to modify texture 
and consistency. Principally they serve to bind water, to 
thicken, and to form soft, spoonable gels, all controllable 
properties. Starches generally must be cooked in order to 
realize their physicochemical properties and to impart 
their functionalities. Heating starch granules in the pres- 
ence of water causes the granules to swell, lose their crys- 
tallinity, and in some cases, break apart (see the section 
“Granular Nature, Cooking Characteristics, and Solution 
and Gel Properties”). When a starch is cooked in excess 
water, the resulting dispersion is called a paste. 

Corn (maize) is the principal source of commercial 
starch in the United States (1-3). Lesser amounts of po- 
tato, tapioca (cassava, manioc), sorghum (milo), wheat, 
rice, and arrowroot starches are used in the United States 
(1), but a starch such as one from potato, wheat, or cassava 
may be the major starch in other countries. Minor amounts 
of sago, barley, sweet potato, mung bean, and rye starches 
find their way into commerce elsewhere. 


MOLECULAR COMPONENTS 


Although commercial starch granules, especially those 
from cereal grains, contain small amounts of protein, lipids 
(especially phosphoglycerides and free fatty acids), and 
other components, the principal components are amylose 
and/or amylopectin (Tables 1 and 2) (1,4). 
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Amylose is an essentially linear polysaccharide com- 
posed of (1>4)-linked a-p-glucopyranosyl units (see the 
article CARBOHYDRATES: CLASSIFICATION, CHEMISTRY, LA- 
BELING). Its degree of polymerization (DP) is 1,000 to 
16,000 (MW 160,000-2,650,000), depending on the source 
and method of preparation. Amylose can have several con- 
formations, In the solid state, it probably exists most of- 
ten as a left-handed, sixfold helix. In solution, it seems to 
be a loosely wound and extended helix that behaves as a 
random coil. Because of its helical structure, amylose is 
able to complex with hydrophobic molecules. In foods, am- 
ylose often complexes with mono- and diglycerides and/or 
free fatty acids or their salts. Complexed amylose mole- 
cules retrograde less effectively (see the section “Retro- 
gradation”). Hence, molecules complexed with hydro- 
carbon chains provide greater stability to foods, so 
emulsifiers and other surfactants are added to baked 
goods to retard staling, which at least in part results from 
retrogradation. 

Amylopectin has a branch-on-branch structure. Amy- 
lopectin molecules are composed of chains of (1-4)-linked 
a-D-glucopyranosyl units; branches are formed by joining 
these chains with a-D-(1+6) linkages. The average chain 
length is 20 to 30 units, although branch points are not 
equally spaced. The currently accepted architecture of an 
amylopectin molecule is that of a long main chain to which 
are attached clusters of branches, some of which are them- 
selves branched (Fig. 1). This model has been termed the 
cluster model. The molecular weight of amylopectin has 
been measured as 5 x 10’ — 4 x 10°(DP3 x 10° — 2.5 
x 10°), depending on the source and method of prepara- 
tion. Potato starch amylopectin occurs as a natural phos- 
phate ester. 

Corn and rice cultivars with altered polysaccharide 
composition have been developed. Normal corn starch is 
composed of approximately 28% of the linear polysaccha- 
ride amylose and approximately 72% of the branched poly- 
saccharide amylopectin. Those starches that result from a 
mutation that makes them composed of essentially 100% 
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Figure 1. Structures of segments of an amylopectin molecule. 


amylopectin are designated waxy starches. Waxy maize 
(waxy corn) starch is an important food starch. Other all- 
amylopectin starches have been produced but are not 
commercially available. High-amylose corn starches con- 
taining approximately 55% and 70% amylose are in com- 
mercial production and find some food use. Starches from 
other special corn cultivars are both available and under 
development. 

The physical properties of amylose and amylopectin 
(Table 2) are reflected in starches. For example, high- 
amylose starches are difficult to gelatinize (because of the 
extra energy needed to dissociate and hydrate the aggre- 
gates of amylose); form firm, opaque gels; and can be used 


Table 1. General Properties of Some Native Starch Granules and Their Pastes 


‘Common corn Waxy maize High-amylose corn Potato Tapioca 
Amylose content, % 28 <2 50-70 21 17 
Cooking temperature, °C 62-78 63-72 160-170 58-65 52-65 
Relative viscosity Medium Medium high Very low* Very high High 

Paste rheology (body) Short Long Short Very long Long 

Paste clarity Opaque Slightly turbid Opaque Translucent ‘Translucent 
Relative shear stability Stable Unstable Stable Unstable Unstable 
Tendency to gel Strong Weak Very strong Weak Medium 
“Under ordinary cooking conditions (100°C). 

Table 2. General Properties of the Two Starch Polysaccharides (Unmodified) 

Property Amylose Amylopectin 
Solution stability Unstable (precipitates) Stable 

Gels Soft, reversible, fiowable gels become irreversibly stiffer with time; undergo syneresis Solutions do not gel 
Solubility Difficult soluble; high-temperature solubility only Soluble 

Complex formation __ Complexes with iodine, lipids, and various polar organic molecules Does not complex 


to make strong, tough films. Their solutions and gels un- 
dergo retrogradation rapidly. Waxy maize starches, even 
when unmodified, gelatinize easily and yield viscous, al- 
most transparent solutions that do not gel. 

In general, the properties of a starch paste or gel are a 
function of the amounts of amylose and amylopectin dis- 
persed or solubilized, the amounts of insoluble swollen 
granules and granule fragments, and interactions between 
components. Amylose increases gel strength; amylopectin 
decreases gel strength and viscosity. 


GRANULAR NATURE, COOKING CHARACTERISTICS, 
AND SOLUTION AND GEL PROPERTIES 


All green plants package and store carbohydrate (D- 
glucose) in the form of discrete particles of starch called 
granules (1,5). In granule form, starch is insoluble in cold 
water and only slightly hydrated. The sizes and shapes of 
granules are specific for the plant of origin and can be iden- 
tified microscopically (1,6). Diameters (in micrometers) of 
some commercial starches are in the following ranges: rice, 
8 to 8; corn, 5 to 25; tapioca, 5 to 35; potato, 15 to 100. 

Occurrence in granule form makes starch unique. 
Starch granules can be dispersed in water, producing low- 
viscosity slurries that can be easily mixed and pumped. 
Starch granules can be reacted while slurried. They can be 
isolated/recovered, either with or without reaction, by fil- 
tration or centrifugation and resuspended for cooking. The 
thickening power of granular starch is realized only when 
the slurry is cooked. 

Starch granules reversibly absorb water and swell 
slightly but remain as granules until an aqueous suspen- 
sion (slurry) is heated. When dry corn starch (normal mois- 
ture content 10-12%) is placed in cold water, the moisture 
content of its granules increases to approximately 30%, 
and the average granule size of normal yellow dent corn 
starch increases by ca 9% and of waxy maize starch ap- 
proximately 23%. 

When heated in water, starch granules gelatinize. Ge- 
latinization is the collapse (disruption) of molecular orders 
within granules resulting in irreversible changes in prop- 
erties such as granule swelling, native crystallite melting, 
loss of birefringence, and leaching of soluble components 
(primarily amylose) (7). (Some amylose leaching can occur 
at temperatures below the gelatinization temperature.) 
The temperature of initial gelatinization and the range 
over which gelatinization occurs depends on the method 
used to determine it and is governed by the starch type 
and concentration and heterogeneities within the granule 
population under observation (Table 1). 

Pasting is the phenomenon following gelatinization 
when a starch slurry containing excess water is heated (7). 
It involves further granule swelling, additional leaching of 
soluble components, and eventually, especially with the ap- 
plication of shear, total disruption of granules, resulting in 
molecules and aggregates of molecules in dispersion or so- 
lution. In most if not all cases, some granule remnants re- 
main. 

The cooking behavior of starches and the viscosity of the 
resulting pastes is most often followed with an instrument 
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with which a starch suspension is heated at a designated 
rate to a designated temperature while continuously mea- 
suring and recording the viscosity. The resulting paste is 
held at the designated temperature (usually 95°C) for a 
designated time and then cooled. The resulting curve re- 
veals the pasting temperature, rate of viscosity develop- 
ment, peak viscosity, rate and extent of viscosity break- 
down, and rate and extent of viscosity development during 
paste cooling (Fig. 2). 

The property of forming thick pastes or gels is the basis 
of most starch uses. The extent of starch gelatinization and 
pasting is the principal factor controlling texture, other 
product properties such as storageability, and digestibility. 
In some baked goods, many starch granules remain un- 
gelatinized (as much as 90% in pie crust and some cookies 
that are high in fat and low in water content). In the pro- 
cessing and preparation of most other food products con- 
taining starch, which usually occur in the presence of ex- 
cess water, starch granules swell beyond the reversible 
point. On heating a starch slurry (usually 2-5% starch), 
granules absorb water until almost all water is within 
highly swollen granules, forcing the granules to press 
against one another, filling the container with a highly vis- 
cous paste or gel. These highly swollen granules are frag- 
ile. Stirring then effects granule rupture and disintegra- 
tion and a decrease in viscosity. 

Starches from different sources have different cooking 
characteristics (Table 1). Tuber and root (potato and tapi- 
oca) starches gelatinize more easily than do cereal starches 
and produce more viscous pastes that easily and rapidly 
lose viscosity on application of shear. These pastes are 
rather clear and slow to gel and have a bland flavor. Or- 
dinary corn starch produces an opaque, cohesive gel that 
undergoes syneresis and has a slight cereal flavor. The 
properties of waxy maize starch pastes are in between 
those of potato starch and corn starch. Rice and wheat 
starches also produce opaque pastes. All starches can be 
overcooked to give stringy pastes; they can also be under- 
cooked. 
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Figure 2. Generalized curves showing the cooking behaviors of 
selected starches; 1, potato starch; 2, waxy maize starch; 3, com- 
mon corn starch; 4, stabilized common corn starch; 5, moderately 
crosslinked and stabilized common corn starch. 
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The viscosity obtained by cooking a suspension of starch 
is determined by starch type, type and amount of modifi- 
cation, solids concentration, pH, amount of agitation dur- 
ing heating, rate of heating, maximum temperature 
reached, time held at that temperature, agitation during 
holding, and the presence of other ingredients. High sugar 
concentrations decrease the rate of gelatinization and 
lower the peak viscosity and gel strength. Emulsifiers such 
as monoacylglycerols and lipids that complex with amylose 
inhibit granule swelling, increase both the gelatinization 
temperature and the temperature needed to produce max- 
imum viscosity, and decrease both the temperature needed 
for gel formation and gel strength. 


Pregelatinized Starches 


Starches can be cooked and the paste dried in a way that 
destroys granular structure and allows the product to be 
redispersed (dissolved) in water at temperatures below the 
gelatinization temperature. Various types of these pre- 
gelatinized (instant) starches that do not require cooking 
to achieve thickening are produced. Some will produce 
smooth dispersions; others produce pulpy or grainy dis- 
persions and find use in fruit drinks and tomato products. 
Pregelatinized starches are often used in dry mixes be- 
cause they disperse readily, even when mixed with other 
ingredients such as sugar. 


Cold Water-Swellable Starches 


By heating common corn starch in media containing a lim- 
ited amount of water, granular products that swell exten- 
sively in cold water can be made. Cold water-swellable 
starches can be used in instant products of various kinds. 
When they are dispersed in sugar syrups with rapid stir- 
ring and the mixture is poured into molds, a rigid gel that 
can be sliced is formed. 


Retrogradation 


Starch molecules in an unordered state (in solution, in a 
dispersion, or in gelatinized granules) will undergo a pro- 
cess called retrogradation. Retrogradation (setback) is the 
reassociation of starch polymer molecules. It occurs when 
molecules that have become disordered during cooking be- 
gin to reassociate in an ordered structure (8). In the initial 
phases of retrogradation, linear segments of two or more 
starch chains may form a simple juncture point that may 
develop into more extensively ordered regions. Ultimately, 
under favorable conditions, a crystalline order appears. 
The result is gelation or precipitation. Generally, extensive 
retrogradation is undesirable. Various approaches are 
used to retard retrogradation; one is the complexation de- 
scribed earlier (see the section “Molecular Components”). 

Derivatization to produce stabilized starch is also used 
to reduce the tendency for retrogradation (see the section 
“Stabilized Starch”). 


MODIFIED FOOD STARCH 


In the native form, starches do not have the properties 
desired by food processors. For example, when aqueous 


slurries of native starches are heated, the starch granules 
swell, then rupture—causing the viscosity to increase rap- 
idly, then fall. Cooling of the cook produces weak-bodied, 
cohesive pastes or gels. Modification can correct such a de- 
fect. According to the U.S. Code of Federal Regulations (21 
CFR 172.892), modified food starch (1,9) may be prepared 
using the following treatments: acid modification with hy- 
drochloric and/or sulfuric acids; bleaching with hydrogen 
peroxide, peracetic acid, potassium permanganate, or so- 
dium hypochlorite; oxidation with sodium hypochlorite; es- 
terification with acetic anhydride, adipic—acetic mixed an- 
hydride, monosodium orthophosphate, 1-octenylsuccinic 
anhydride, phosphoryl chloride, sodium tripolyphosphate 
and/or sodium trimetaphosphate, or succinic anhydride; 
etherification with propylene oxide; or various combina- 
tions of the preceding. Also allowed under the regulations 
are bleaching with ammonium persulfate or sodium chlo- 
rite, acetylation using vinyl acetate, and etherification 
with acrolein or epichlorohydrin (crosslinking); but these 
reactions are not currently used to produce food starches. 
Limitations of modifications are given in the regulations. 
Most U.S. modified food starch is prepared from waxy 
maize, common corn, or potato starch. In the United 
States, the ingredient label of the product containing one 
of these food starches must designate “modified food 
starch” or “food starch modified” as one of the ingredients 
but does not need to indicate the source of the starch or 
the modification(s). 

In general, derivatization increases solution and gel 
clarity, reduces the tendency to gel and/or crystallize, im- 
proves water binding, increases freeze-thaw stability, re- 
duces the gelatinization temperature, and increases the 
peak viscosity. Combinations of derivatizations and other 
modifications are used to obtain desired properties for spe- 
cific applications. The useful properties of starches that 
can be modified and controlled by various treatments are 
their property of forming a suspension of insoluble gran- 
ules, without thickening, until the slurry is heated; their 
ability to thicken aqueous systems and to form a paste on 
heating; their ability to form semisolid gels on cooling of 
pastes; their ability to form strong, adhesive films and 
coatings and to act as a binder; the ability of their pastes 
to disperse and suspend fats, oils, and particulate matter; 
and the ability of their pastes and gels to provide impor- 
tant textural qualities to prepared foods. 


Crosslinked Starch 


Crosslinking is the most important modificaton applied to 
food starches. It is used to control texture and provide heat, 
acid, and shear tolerance and, thus, to provide better con- 
trol over end-product quality and greater flexibility in deal- 
ing with formulations and processing and storage condi- 
tions. Diphosphate esters, which can be introduced by 
reaction of starch with either phosphoryl chloride or so- 
dium trimetaphosphate (Fig. 3), are the most common 
crosslinks. Crosslinking of the polymer chains of starch 
granules is also done by making an adipic acid diester. 
Crosslinking strengthens the granule. A small amount 
of crosslinking (eg, treatment with only 0.0025% sodium 
trimetaphosphate) greatly reduces both the rate and the 
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degree of granule swelling and the sensitivity of starch 
pastes to processing conditions (high temperature; ex- 
tended cooking times; high shear during mixing, milling, 
homogenization, or pumping; low pH). Pastes of cross- 
linked starches are more viscous, more stable, shorter- 
textured (more pseudoplastic), and generally heavier- 
bodied than those of native starch from which they were 
prepared, Crosslinked waxy maize starch products are es- 
pecially popular in the food industry. Starches with a range 
of properties are prepared by varying the kind and degree 
of crosslinking (Table 3). In general, when choosing a 
starch for a particular application, one should select a 
starch that is crosslinked sufficiently to enable it to with- 
stand the processing conditions to which it will be sub- 
jected and still give optimum viscosity in the final product. 
Crosslinked starches can be pregelatinized. 


Stabilized Starch 


Pastes of ordinary starch will gel, and the gels will gen- 
erally be cohesive, long-textured, and prone to syneresis— 
all undesirable characteristics. Pastes of underivatized 
waxy maize starch, which has no amylose, are less inclined 
to retrograde or gel; however, in the refrigerator or freezer, 
they will eventually increase in opacity and become 
chunky. This is especially true if processing or cooking con- 
ditions effect cleavage of chains, producing linear frag- 
ments. 

‘To improve textural aesthetics and/or other properties, 
other starch derivatives are prepared (Table 4). Few of the 
hydroxyl groups of modified food starches are derivatized, 
in other words, ether or ester groups are present in small 
amounts. Most modified food starches contain, on average, 


Table 3. General Reasons for Crosslinking Starches 
Changes in granule properties 


Modification of cooking characteristics 
Inhibition of swelling 


Changes in paste properties 


Reduction of cohesiveness 
Inhibition of gel formation 
Improvement of acid stability 
Improvement of heat stability 
Improvement of shear tolerance 
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Figure 3. Crosslinking of molecular chains of starch granules 
with phosphate diester linkages. 


one substituent group per every 5 to 10 a-D-glucopyranosy] 
units, a DS (degree of substitution, the average number of 
hydroxyl groups derivatized per monomeric unit of the 
polymer, of 0.1-0.2). These small degrees of derivatization 
change dramatically the properties of the starch and in- 
crease its range of application. 

The derivatives most commonly used to prepare a sta- 
bilized starch are the hydroxypropyl ether, the acetate es- 
ter, and the monophosphate ester. Addition of these groups 
reduces the ability of starch molecules to form junction 
zones (intermolecular associations). 


Crosslinked Stabilized Starches 


Often, it is desired to improve both processing and cooking 
tolerances and shelf and storage stability, so many food 
starches are derivatized with two reagents to introduce 
both crosslinking and non-crosslinking substituent groups. 


Addition of Hydrophobic Groups 


Other derivatives are made to add specific functional prop- 
erties. For example, nonwetting hydrophobic starches are 
used as release agents for dusting on dough sheets or as 
processing aids. Other starch products with hydrophobic 
groups are used as emulsifiers and emulsion stabilizers. 


Acid-Modified Starches 


Acid-modified (acid-thinned, thin-boiling) starches are pre- 
pared by treating a suspension of native or derivatized 


Table 4, General Reasons for Making Stabilized Starches 
Changes in granule properties 


Reduction in energy required to cook 


Changes in paste properties 
Increased stability 

Increased freeze-thaw stability 

Enhancement of clarity 

Increased sheen 

Inhibition of gel formation 

Reduction of gel syneresis 

Increased viscosity 

Improved interactions with other substances 
Improvement in stabilizing properties 
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starch with dilute mineral acid at temperatures below the 
gelatinization temperature for varying periods. When it is 
determined that a product that gives the desired viscosity 
after cooking has been produced, the acid is neutralized 
and the starch is recovered by centrifugation or filtration, 
washed, and dried. In this process, a small amount of gly- 
cosidic bond hydrolysis occurs, resulting in products that 
produce much less viscosity. A concurrent weakening of the 
granule structure occurs. The result is that there is more 
granule disintegration when acid-modified starches are 
heated in water; and although they have reduced viscosity- 
imparting power, they form gels with increased strength 
and improved clarity. 

These so-called thin-boiling starches are used when 
strong gel strength is desired, such as in gum candies (eg, 
jelly beans, orange slices, and spearmint leaves) and in 
processed cheese loaves. Where especially strong or fast- 
setting gels are desired, high-amylose starches are used. 
Other of these low-viscosity products, which allow higher- 
concentration pastes to be formed, are used as film formers 
and adhesives in products such as pan-coated nuts and 
candies. 


Bleaching 


Absolute whiteness, particularly of corn starch, requires 
bleaching. The bleach most commonly used is sodium hy- 
pochlorite. During the bleaching operation, the starch is 
oxidized. Small amounts of carboxyl and carbonyl groups 
are introduced and some glycosidic bonds are cleaved. The 
result is decreased pasting temperature, thickening power, 
and tendency to retrograde. 


USES 


Uses of starches and starch products in foods are exten- 
sive. In the granular form (dry powder), starches are used 
as anticaking agents and diluents and for dusting and 
molding. When nearly fully cooked to a state approaching 
a molecular dispersion, starches are used to provide vis- 
cosity (thickening), impart texture, suspend solids, and 
form films. Pastes are also employed as binders, processing 
aids, protective colloids, and encapsulating agents. As 
swollen granules (produced by heating slurries of cross- 
linked granules), starches are used to provide viscosity, im- 
part texture, and suspend solids and as binders and pro- 
cessing aids. Use of a high-amylose starch will make 
breaded products crispier. Table 5 lists important proper- 
ties exhibited by starch in both the dry and cooked states 
and a few examples of products containing a starch or mod- 
ified food starch. 


DIGESTION 


Essentially, only cooked starch can be digested effectively 
by humans. Amylases are the enzymes that catalyze the 
hydrolysis of the glycosidic bonds of the polysaccharides of 
starch (10). a-Amylases are endo-enzymes, that is, en- 
zymes that catalyze the hydrolysis of internal bonds of 
starch polysaccharides. Although saliva contains an a- 


Table 5. Important Properties of Specific Food Starch 
Products 


Property Product Examples 

Adhesion Breaded products, pan-coated 
nuts and candies 

Anticaking (fiowing aid) Baking powder, powdered sugar, 
salt 

Antistaling Baked goods 

Binding Extruded foods, meat products 

Clouding Beverages, cream fillings 

Crispiness Breaded products 

Dusting Bread, chewing gum, rolls 

Foam strengthening Confectioneries 

Gelling Gum candies, processed cheeses, 
puddings, spoonable dressings 

Glazing Nuts 

Hydration Dry mixes 

Moisture retention Breadings 

Molding Gumdrops 

Oil absorption Peanut butter 

Pulpiness Fruit drinks, tomato products 

Shaping Meat products, pet foods 

Stabilizing emulsions and _ Beverages, salad dressings 

suspensions 
Thickening Baby foods, cream-style corn, 


gravies, pie fillings, sauces, 
soups, yogurt 


amylase, very little starch hydrolysis occurs in the mouth 
because of the short dwell time. 

Almost all starch digestion and absorption takes place 
in the small intestine. The pancreatic juice secreted into 
the small intestine contains another a-amylase. This en- 
zyme effects a rapid reduction in molecular weight of the 
starch polysaccharides, producing starch oligosaccharides 
(maltooligosaccharides), primarily of six and seven a-pD- 
glucopyranosyl units (Fig. 4). The e-amylase then acts 
more slowly on these oligosaccharides to reduce them to 
smaller fragments (maltose and maltotriose). The enzyme 
acts even more slowly on maltotriose; it does not catalyze 
the hydrolysis of the glycosidic bond of the disaccharide 


(Glo), 
Amylose 


Rapidly 


(Glo) + (Gle)y Primarily 


Slowly 
Gle + (Gle)g + (Gle)g 
D-Glucose Maltose Maltotriose 
[rosws 
Gle + (Gle)2 


Figure 4. Action of a-amylase on amylose. Gle = D-glucose or a- 
D-glucosyl unit. 


maltose. a-Amylases catalyze the hydrolysis of a-D-(14) 
linkages only, never a-D-(1-6) linkages. Therefore, the 
products of the action of pancreatic a-amylase on amylose 
and amylopectin are both linear and branched maltooli- 
gosaccharides. 

Other enzymes are then needed to catalyze the hydro- 
lysis of the maltooligosaccharides. Complete hydrolysis to 
D-glucose is required because only monosaccharides can be 
absorbed. Disaccharidases are located on the surface 
of cells lining the inner surface of the small intestine. 
Maltase catalyzes the hydrolysis of maltose, 4-O-(a-D- 
glucopyranosyl)-D-glucose (see the article CARBOHY- 
DRATES: CLASSIFICATION, CHEMISTRY, LABELING), to D- 
glucose. Isomaltase catalyzes the hydrolysis of isomaltose, 
6-O-(a-D-glucopyranosy])-D-glucose, to D-glucose. Both en- 
zymes act on higher oligosaccharides but more slowly than 
they do on the disaccharides. 

Starch that resists and escapes digestion by endogenous 
enzymes of the upper gastrointestinal tract and is thus 
available to the large intestine as a fermentable substrate 
is called resistant starch. Resistant starch has physiolog- 
ical benefits, primary among which may be a decreased 
incidence of colorectal cancer and ulcerative colitis. The 
resistant starch content of foods can be manipulated by 
choice of the botanical source of starch, processing, cook- 
ing, and storage conditions. 


STARCH-RELATED PRODUCTS 


Starches can be converted into various products of depoly- 
merization, namely, D-glucose (dextrose), dextrins, malto- 
dextrins, syrup solids, and syrups, including high-fructose 
syrups (see the articles CARBOHYDRATES: CLASSIFICATION, 
CHEMISTRY, LABELING and SWEETENERS: NUTRITIVE) (1,11). 
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REDUCED CALORIE 


Absorption of polyols is slower than absorption of their car- 
bohydrate analogs, allowing a portion to reach the large 
intestine where metabolism by the colonic bacteria yields 
short-chain fatty acids and reduced calories to the host. 
Measuring the caloric value of a polyol in humans is a dif- 
ficult task, and regulatory agencies may reach different 
conclusions despite having similar databases from which 
to render an opinion. The Life Sciences Research Office 
Expert Panel of the Federation of American Societies for 
Experimental Biology prepared a report titled “The Eval- 
uation of the Energy of Certain Sugar Alcohols Used as 
Food ingredients” in June 1994. The Expert Panel esti- 
mated the net energy of sugar alcohols from 1.6 to 3.3 
kcal/g. The European Union promulgated a Nutritional 
Labeling Directive stating that all polyols have a caloric 
value of 2.4 cal per gram. 

Polyols are resistant to metabolism by oral bacteria that 
break down sugars and starches to release organic acids, 
leading to erosion of tooth enamel and eventually to dental 
cavities. Polyols are noncariogenic. Polyols are useful al- 
ternatives to sugars and facilitate formulation of sweet, 
but not cariogenic snacks. 

Polyols are slowly and poorly absorbed, compared with 
simple sugars, and do not raise blood glucose levels follow- 
ing consumption. Compared with sucrose or starch, both 
of which raise blood glucose levels, polyols do not. The ma- 
jor polyols are described next. 


Hydrogenated Starch Hydrolysates 


Hydrogenated starch hydrolysates (HSHs) including hy- 
drogenated glucose syrups, maltitol syrups, and sorbitol 
syrups, are a family of products found in a wide variety of 
foods. They serve a number of functional roles, including 
use as bulk sweeteners, viscosity or bodying agents, hu- 
mectants, crystallization modifiers, cryoprotectants, and 
rehydration aids. 

HSHs are produced by the partial hydrolysis of corn, 
wheat, or potato starch and subsequent hydrogenation of 
the hydrolysate at high temperature under pressure. The 
end product is composed of sorbitol, maltitol, and higher 
hydrogenated saccharides. By varying the manufacturing 
conditions and by controlling the extent of hydrolysis, one 
can tailor the chemical species produced. The term HSH is 


2210 SUGAR: SUBSTITUTES, BULK, REDUCED CALORIE 


applied to describe the broad groups of polyols that contain 
substantial quantities of hydrogenated oligo- and polysac- 
charides in addition to any monomeric or dimeric polyols. 

Because hydrolysis and subsequent hydrogenation does 
not yield a single compound but, rather, a variety of com- 
pounds, manufacturers have adopted a practice of using 
the prevalent polyol to name the product. For example, 
polyols containing sorbitol as the majority component are 
called sorbitol syrups; those with maltitol as the majority 
are maltitol syrups or maltitol solutions. Polyols without 
a single polyol at 50% or more of the total continue to be 
referred to by the general term HSH. 

HSHs are outstanding humectants that do not crystal- 
lize, enabling the production of sugar-free confections with 
the same cooking and handling systems used to produce 
sugar candies. These products are used extensively in con- 
fections, baked goods, a broad range of other foods, denti- 
frices, and mouthwashes. 

HSHs provide 40 to 90% of the sweetness of sugar, tex- 
ture, and bulk to a variety of sugarless products. 


Isomalt 


Isomalt is derived from sucrose in a two-step process. In 
step one, the normal linkage of 1 (glucose) to 5 (fructose) 
is changed to a 1 to 6 linkage. In step two, hydrogenation 
converts the aldehyde to one of two alcohols, either gluco- 
mannitol or gluco-sorbitol in approximately equal propor- 
tions as shown in Figure 1. 

The use of isomalt in place of sucrose retains the volume 
and textural qualities of sucrose. Because isomalt can be 
heated without losing its sweetness or being broken down, 
it is used in products that are boiled, baked, or subjected 
to high temperatures. 

Isomalt absorbs very little water. Therefore, products 
made with isomalt tend not to be as sticky as products 
made with sucrose. Extended shelf life is observed with 
isomalt-containing foods. 

Isomalt’s sweetening power depends on its concentra- 
tion, temperature, and the form of the product in which it 
is used. When used alone, it contributes 45 to 65% of the 
sweetness that would result from the same amount of su- 
crose. For nutrition labeling purposes, isomalt has a caloric 
density of 2.0 cal per gram, one-half that of sucrose. Iso- 
malt’s lower caloric value is partly due to the fact that in- 
testinal enzymes are not able to easily hydrolyze its more 
stable disaccharide bond. Therefore, less is absorbed from 
the small intestine into the blood, and absorption takes 
place at a slower rate than with sucrose. 


Lactitol 


Lactitol is manufactured by reducing the glucose half of 
the disaccharide lactose (2). 


HO. GHL0H 
HO-CH 
HO 0. O—CH 

OH HC-OH 
HO-CH 

OH CH,OH 


The resulting compound has two more hydrogen atoms 
than does lactose. Unlike lactose, lactitol is not hydrolyzed 
by lactase enzyme. It is neither hydrolyzed nor absorbed 
in the small intestine. Lactitol is metabolized by bacteria 
in the large intestine, where it is converted into carbon 
dioxide, short-chain fatty acids, and a small amount of hy- 
drogen. 

The organic acids are further metabolized resulting in 
acalorie contribution of 2 cal per gram. The Scientific Com- 
mittee for Food of the European Union has provided a Nu- 
trition Labeling Directive stating that all sugar alcohols, 
including lactitol, have a caloric value of 2.4 kcal/g. Canada 
has assigned a 2.6 kcal/g value to lactitol. 

As a replacement for sucrose in formulated foods, lac- 
titol does not induce an increase in blood glucose or insulin 
levels. Control of blood glucose, lipids, and weight are the 
three major goals in diabetes management. Foods using 
lactitol to replace sugar can be used by people with dia- 
betes, giving them a wider variety of low-calorie and sugar- 
free choices. 

Lactitol is not metabolized by oral bacteria that break 
down sugars and starches to release acids that may lead 
to cavities. 

Due to its stability, solubility, and similar taste to su- 
crose, lactitol can be used in a variety of low-calorie, low- 
fat and/or sugar-free foods such as ice cream, chocolate, 
hard and soft candies, baked goods, sugar-reduced pre- 
serves, chewing gum, and sugar substitutes. 


Sorbitol 


Sorbitol is manufactured from glucose by high-pressure 
hydrogenation or by electrolytic reduction, which results 
in the addition of two hydrogens per molecule. The chem- 
ical structure is shown as follows (2): 


CH,OH 
HO-oH 
HO—¢H 
HC-oH 
HC-oH 
OH,0H 


Sorbitol is about 60% as sweet as sucrose with fewer cal- 
ories, 2.6 cal per gram in the United States, and 2.4 cal per 
gram in the European Union. Sorbitol is a natural constit- 
uent of a wide variety of fruits and berries. 

Sorbitol is used as a humectant in many types of prod- 
ucts for protection against loss of moisture content. The 
moisture-stabilizing and textural properties of sorbitol are 
used in the production of confectionery, baked goods, and 
chocolate where products tend to become dry or harden. 
Its moisture-stabilizing action protects these products 
from drying and maintains their initial freshness during 
storage. 

Sorbitol is stable and chemically unreactive. Sorbitol is 
resistant to metabolism by oral bacteria that break down 
sugars and starches to release acids. Sorbitol can with- 
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Figure 1. How isomalt is produced. Source: Ref. 1. 


stand high temperatures and does not participate in 
browning reactions. 

Sorbitol functions well in many food products such as 
chewing gums, candies, frozen desserts, cookies, cakes, ic- 
ings, and fillings as well as oral care products including 
toothpaste and mouthwash. 

Xylitol 
Xylitol is a five-carbon sugar alcohol prepared by the re- 
duction of xylose. The chemical structures of xylitol and 
xylose are shown as follows (2): 
CH,OH 
Hm OH 
HOE 
HC—OH 
CH,OH 


HO 


Xylitol occurs naturally in many fruits and vegetables 
and is produced in the liver during metabolism of D- 
glucose. Produced commercially from plants such as birch 
and other hardwood trees and fibrous vegetation, xylitol 
has the same sweetness and bulk as sucrose with reduced 
calories (about 2.4 cal/g in the United States and European 
Union). Xylitol quickly dissolves and produces a cooling 
sensation in the mouth. 

Xylitol is a caries fighter. In clinical tests, the consump- 
tion of xylitol-containing foods between meals was associ- 
ated with significantly reduced new caries formation, even 
when participants were already practicing good oral hy- 
giene. Xylitol inhibits the growth of S. mutans, the primary 
bacterium associated with dental caries. Use of xylitol- 
containing foods was correlated with a significant decrease 
in plaque accumulation. In addition, the sweetness and 
cooling effect of xylitol-sweetened products such as mints 
or chewing gum creates an increase in salivary flow. The 
combination of demonstrated increased salivary flow, re- 
tardation of plaque growth, and caries prevention qualifies 
xylitol as a good-for-your-teeth food ingredient. 


Mannitol 


Mannitol is synthesized from hydrogenation of invert 
sugar, monosaccharides, and sucrose. It is used in the food 
industry as an anticaking and free-flow agent, flavoring 
agent, lubricant and release agent, stabilizer, and thick- 
ener. Its chemical structure is shown as follows (2): 
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CH,0H 
HO—CH 
HO— cH 

HC- OH 
HG —OH 
CH,0OH 


The caloric density of mannitol is 1.6 cal per gram in the 
United States. 


Erythritol 


Erythritol is a four-carbon sugar alcohol with the following 
chemical structure (2): 


CH,OH 
HC—OH 
H¢- OH 

CHOH 


Erythritol has the lowest caloric density of the polyols— 
0.2 cal per gram in the United States. 

Polyols as a group provide the bulk of sugar, without as 
many calories as sugar. Since the compounds as a class are 
poorly absorbed, substantial percentages my enter the 
large intestine and undergo metabolism by the colonic bac- 
teria. This can cause adverse gastrointestinal events. Gas- 
trointestinal events are usually mild and temporary. These 
events are controlled by either reducing the polyol intake, 
and/or by gradually increasing the intake to achieve the 
desired level over time. This provides an opportunity for 
the colonic bacteria to adapt to the presence of the polyol 
in the large intestine. 

Compared with sucrose, polyols as a class are lower in 
calories, have little effect on blood glucose levels, require 
moderate to no insulin for metabolism, are not cariogenic, 
replace the bulk of sugar on a one-to-one basis, and have 
valuable food processing properties. For sugar-reduced 
and -free food products, the polyols are central to food for- 
mulation. 


Polydextrose 


Polydextrose is a randomly bonded polymer of dextrose 
containing minor amounts of bound sorbitol and citric acid. 
It was designed to replace the body and texture lost when 
sugar or carbohydrates were removed from a traditional 
food or beverage. Important in its commercialization and 
utilization is its reduced calorie content, deemed as 1 kcal/ 
g by the U.S. Food and Drug Administration. 
Polydextrose is made from food-grade starting materi- 
als by vacuum polycondensation. Dextrose is thermally 
polymerized using sorbitol as a plasticizer and citric acid 
as a catalyst. The resulting product is a slightly acidic, 
water-soluble polymer. Through further processing, vari- 


ous grades are produced with bland, desirable features. 
Polydextrose is not sweet. 

Polydextrose is used in confectionery to achieve calorie 
and sugar reduction in hard and chewy candy; to replace 
sucrose in chocolate; to replace the bulk, creaminess, 
smoothness, and mouth-feel of sugar and fat in frozen des- 
serts; to provide viscosity without gumminess in cultured 
dairy products; to replace sugars and some fat in baked 
applications; and to replace sugars and build solids in fruit 
spreads and filling applications. 

Food ingredient manufacturers have responded to the 
desire for reduced calorie/fat nutrition claims with a di- 
verse array of products that help food processors reduce 
the level of fat in formulated foods. These include lipid or 
lipidlike materials including salatrim and olestra, micro- 
particulated proteins (Simplesse), and carbohydrate-based 
ingredients. The carbohydrate-based food ingredients are 
reviewed here. 


Fiber 


Fiber sources from cereal products—oat, wheat, corn and 
combinations of the three—are available. Through a series 
of purification steps, manufacturers can provide products 
that are light in color, essentially bland in flavor, and neu- 
tral in odor. Typically these products have the ability to 
absorb water, from 2 to more than 6 g of water per gram 
of fiber. The hydrated fiber products are frequently used in 
place of fats and oils on a gram for gram basis. 

Similar products are available based on starch technol- 
ogy. Combinations of starch and water are able to replace 
fats and oils in some low-heat applications, ice cream, and 
processed meats. Limitations in this technology are the in- 
ability to carry flavors, and the inability to cook and fry 
with these reduced-fat products. 


Hydrocolloids 


Hydrocolloids have also found favor in replacing fat and 
oils in formulated food products. M. Glicksman classified 
hydrocolloids into a number of major classes including 
(1) exudates (gum Arabic), (2) extracts from seed weed 
(carrageenans) and land plants (pectin) and animals (gel- 
atin), (3) flours from seeds (guar) and cereals (starches), 
(4) biosynthesis or fermentation (xanthan gum), and 
(5) cellulose and chemically modified cellulose derivatives. 

Food hydrocolloids provide a wide array of technological 
benefits in formulated food products. In calorie-reduced 
foods, reduced in fats and/or sugars, these products restore 
the eating qualities associated with full-fat and full-sugar 
formulations. In an era of full nutritional disclosure, the 
bulking agents can facilitate the reduction or removal of 
fats and oils while achieving products that are acceptable 
to calorie- and fat-conscious consumers. 

Hydrocolloids can perform many and varied functions, 
including as adhesives, binding agents, bodying agents, 
crystallization inhibitors, clarifying agents, clouding 
agents, fibers, emulsifiers, encapsulating agents, film for- 
mers, flocculating agents, foam stabilizers, gelling agents, 
moldings, flavor emulsifiers, suspending agents, swelling 
agents, syneresis inhibitors, thickening agents, whipping 
agents, and more. 


Exudates. Exudates from various plants are among the 
oldest gums available to humans. The gums are exuded in 
teardrop or flake shapes that are normally harvested by 
hand, brought to a central location for sorting, and ground 
into powder for final sale. For food applications, it is com- 
mon to spray-dry the gums to reduce the bacterial content 
and yield a clean, white powder. The four commercial gums 
include arabic, ghatti, karaya, and traagacanth. 

Gum arabic is exuded from the Acacia trees where it 
forms in scars or wounds on the tree. Gum arabic is a com- 
plex, highly branched, globular molecule with low viscos- 
ity, and extremely high solubility in water, up to 55%. The 
stabilizing and emulsifying properties of gum arabic are 
highly prized characteristics. The other three gums are 
much more viscous in aqueous solutions. Gum arabic is 
used for many important functions, including for flavor fix- 
ation, for prevention of sugar crystallization and to keep 
fatty components distributed in confectionery products, as 
an emulsifier in flavor emulsion concentrates, for prepa- 
ration of glazes and toppings in baked applications, and to 
prepare coatings for vitamin and mineral supplements. 


Extracts. Extract examples include carrageenan, pectin, 
and gelatin. Carrageenan is isolated from certain members 
of the class Rhodophyceae (red seaweeds). It is a hydrocol- 
loid consisting mainly of the potassium, sodium and mag- 
nesium, calcium, and ammonium sulfate esters of galac- 
tose, and 3,6-anhydrogalactose copolymers. Carrageenans 
are soluble in hot water and hot milk. Carrageenan reacts 
with the casein fraction of milk and is very effective in 
stabilizing milk-based products. Carrageenans are used in 
the formulation of milk and milk-based beverages, ice 
cream products, milk puddings, dessert gels, meat analogs, 
salad dressings, and more. 

Pectin is the designation for a group of valuable poly- 
saccharides extracted from edible plant material and used 
extensively as gelling agents and stabilizers. Pectic sub- 
stances are abundant in fruits and vegetables and to a 
large extent are responsible for firmness and form reten- 
tion of their tissue. Pectin and pectic substances are het- 
eropolysaccharides mainly consisting of galacturonic acid 
and galacturonic acid methyl ester residues. Pectin is ob- 
tained by aqueous extraction of citrus peels and apple pom- 
ance. 

Pectin solutions show relatively low viscosity compared 
with other plant hydrocolloids; hence, pectin has limited 
use as a thickener. Pectin is primarily used as a gelling 
agent to impart texture to jams, jellies, and preserves. 
Other applications include bakery fillings and glazings, yo- 
gurt fruit preparations, fruit beverages and sauces, fruit 
jellies and jelly centers, and dairy products. 

Gelatin is extracted from cowhides, pigskins, and ani- 
mal bones. Gelatin is prepared by either alkaline or acid 
treatment of collagenous tissue and is a form of hydro- 
lyzed, denatured collagen; it is well known for its ability to 
form food gels. Collagen has an unusual amino acid distri- 
bution, containing repeating triplets of -(Gly-X-Y)-where a 
large percentage of X and Y are proline or hydroxyproline 
residues. In vivo collagen self-assembles to give a triple 
helical structure; the structure is stabilized by the forma- 
tion of chemical cross-links. Above about 40°C, cross-linked 


SUGAR: SUBSTITUTES, BULK, REDUCED CALORIE 2213 


collagen unwinds and forms a random, denatured config- 
uration. On cooling, such denatured collagen gels. Gelation 
is thought to occur through development of junction zones 
with partial reformation of the collagen triple helix struc- 
ture. 
Gelatin can be used as a thickening agent at low con- 
centrations, and a gelling agent at high concentrations. 
Gelatin is unique in the spectrum of gelling agents in that 
it can form aqueous gels with water at any pH and without 
the need for any other additives. Gelatin gels are thermally 
reversible and can be melted and reset by heating and cool- 
ing. 


Flours from Seeds and Cereals. Flours containing gums 
such as guar and starch are separated by mechanical 
means from the plant seed or cereal. The guar plant, 
Cyamposis tetragonolobus, is a member of the legume fam- 
ily. The endosperm of guar seed is an important hydrocol- 
loid. The guar molecule is a straight-chain galactomannan 
with galactose on every other mannose unit. Guar gums 
form a colloidal dispersion to yield a highly viscous system. 
Guar gum solutions of 1% concentrations or higher are 
thixotropic with thixotropy decreasing below 1%. In com- 
parison with other hydrocolloids, guar gum at equivalent 
solids in water has the highest viscosity. 

Guar gum modifies the behavior of water in food sys- 
tems in a highly efficient manner. It reduces and mini- 
mizes friction in food products, thereby aiding processing 
and palatability of foods. Guar viscosity aids in the control 
of crystal size in saturated sugar solutions. Guar imparts 
smoothness to ice cream by promoting small ice crystals. 
Guar yields a homogeneous finished texture to cottage 
cheese. The addition of guar to cold-packed cheese elimi- 
nates syneresis and results in more uniform texture and 
flavors. 


Biosynthesis or Fermentation. Fermentation or biosyn- 
thesis is the route of production of xanthan gum. Micro- 
organisms that produce extracellular polysaccharides 
are widely distributed in marine and land environments. 
Xanthomonas campestris, a naturally occurring bacterium. 
originally isolated from the rutabaga plant, is grown in 
fermentation vats to produce xanthan gum, a high- 
molecular-weight polysaccharide gum. The gum is ex- 
tracted with isopropyl alcohol, dried, and milled. It con- 
tains D-glucose and D-mannose as the dominant hexose 
units, along with D-glucuronic acid, and is prepared as the 
sodium, potassium, or calcium salt. The polymer backbone 
consists of 1,4-linked f-D-glucose and is, therefore, identi- 
cal to that of cellulose. At the 3-position of alternate glu- 
cose monomer units is a trisaccharide side chain contain- 
ing a glucuronic acid residue between two mannose units. 

Xanthan gum is completely soluble in hot or cold water. 
Low concentrations of xanthan gum exhibit high viscosity. 
Solutions of xanthan gum at 1% or higher concentration 
appear almost gel-like at rest, yet these solutions pour 
readily and have low resistance to mixing and pumping. 

Xanthan gum has found application in bakery fillings 
and icings; in beverages to build body, clouding agent, and 
to suspend insoluble ingredients; in confectionery in pro- 
cessing starch jelly candies and in xylitol-coated chewing 
gum; in dairy products where it performs as a stabilizer; 
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in dairy substitutes as a stabilizer; and in pourable dress- 
ings as an emulsion stabilizer. 


Powdered Cellulose and Cellulose Derivatives. Powdered 
cellulose is a polymer composed of carbon, hydrogen, and 
oxygen. Chemically, it is a chain of glucose units linked in 
a 4-(B-D-glucosido)-D-glucose, not to be confused with a-1,4- 
glucan, which is common in starch. The manufacture of 
powdered cellulose begins with wood pulp that undergoes 
a series of bleaching steps and drying. Following drying, 
the pure white, virgin cellulose is cut to the desired fiber 
length by cutters or by a ball mill. The lengths are varied 
to achieve specific applications in the food industry. Due to 
its nature, powdered cellulose is more than 99% fiber and 
considered to have zero calories. 

Powdered cellulose has a number of interesting prop- 
erties, including (1) a greater affinity for water than fat, 
(2) hydrogen bonding that restricts displacement of water 
by fat, (3) no nonenzyme browning, and (4) increased pli- 
ability of powdered cellulose-containing foods. 

Powdered cellulose has a number of food applications, 
including (1) increasing the fiber content of formulated 
foods, (2) reducing the caloric content of the food by dis- 
placement of fats, and (3) increasing water retention ca- 
pacity and viscosity. 

Being a white, flavorless, and odorless powder enhances 
the use of powdered cellulose as a noncaloric bulking agent 
in food products. Low-level inclusion of powdered cellulose 
in fried food formulations can result in reduced fat pickup 
during frying. This is attributed to the hydrophilic nature 
of powdered cellulose and its molecular structure, which 
permits the formation of significant amounts of additional 
hydrogen bonds that require more energy to break during 
the frying process. 

Other uses for powdered cellulose include binding and 
thickening (with gums and stabilizers), anticaking, anti- 
sticking extrusion aid, enhancing the volume of baked 
goods, as a texturizing agent, and more. 

There are a variety of chemically modified cellulose 
products, including carboxymethylcellulose, methylcellu- 
lose, hydroxypropylcellulose, and hydroxypropylmethyl- 
cellulose with food applications. 

‘There are a variety of reasons a food scientist may wish 
to reduce the content of simple sugars and or fat in food 
products. Among the reasons are to reduce calories, reduce 
simple sugars, reduce fat, attain nutrition labeling advan- 
tages, attract consumers who seek diet or dietetic foods, 
and more. In the case of sugar-reduced foods, these are 
normally formulated with a high-intensity sweetener and 
certain bulking agents that fill the space occupied by 
sugar(s). 
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SUGAR: SUCROSE 


Sugar (sucrose) is a common food ingredient, often used to 
satisfy the innate human desire for sweetness (see the ar- 
ticle SWEETENERS: NUTRITIVE) (1-3). In most of its forms, 
sugar is a very pure food ingredient. It is also a versatile 
ingredient and, as a digestible carbohydrate, a macronu- 
trient. 


CH,OH 
% Hone _-° 
oH 0 
HO 6 CH,OH 
OH OH 
STRUCTURE 


The chemical name of sucrose is a-D-glucopyranosyl f-D- 
fructofuranoside or f-D-fructofuranosyl a-D-glucopyrano- 
side (4). In a sucrose molecule, the two monosaccharide 
units are linked reducing end to reducing end, that is, ano- 
meric carbon atom to anomeric carbon atom, by a glyco- 
sidic linkage. Because both the potential aldehydo group 
of the D-glucosyl unit and the potential keto group of the 
D-fructosyl unit are covalently bound in a mutual glyco- 
sidic bond, sucrose has no reducing end, as do essentially 
all other oligo- and polysaccharides (with few exceptions), 
so it is classified as a nonreducing carbohydrate. 


SOURCES 


Sucrose is produced by all green plants, but only sugar 
cane and sugar beets are used to provide commercial quan- 
tities. (Maple syrup, fruits, honey, ete provide a relatively 
insignificant amount of additional sucrose to the human 
diet.) 

Sugar cane (12-18 months old) is brought to the mill 
and crushed as soon as possible to reduce exposure to mi- 
croorganisms, which hydrolyze sugar by means of the en- 
zyme invertase as a first step in using it as a carbon and 
energy source. Some organisms also convert a portion of 
the sugar to dextran, a soluble polysaccharide that thick- 
ens the sugar solution and causes clogging of filters and 
other mechanical problems. 

To obtain sugar from the cane, it is crushed between 
rolls (5). A spray of water helps remove the juice. The juice, 
which is approximately 16% sucrose, is made slightly al- 
kaline by addition of lime (calcium hydroxide) to prevent 
hydrolysis of the acid-labile glycosidic linkage, and the 
mixture is heated to coagulate proteins. A heavy scum or 
cake containing a variety of impurities results. The mix- 
ture is filtered and concentrated under reduced pressure 
at a carefully controlled temperature to approximately 
50% solids. When crystals of about 300-um diameter de- 
velop, they are removed by centrifugation and washed. The 
mother liquor is further concentrated to obtain another 
crop of crystals (6). Concentration and crystallization is 


continued until impurities build up to the point where the 
remaining sucrose will not crystallize. Usually this occurs 
after two or three crops of crystals are obtained. The final 
mother liquor, termed black strap molasses, is dark, black, 
heavy, bitter-flavored, and high in ash. 

The light brown product, raw sugar, is shipped, usually 
across an ocean, to a refining mill for purification. First, 
the crystals are washed to remove the film of molasses 
from the surfaces of the crystals. The washed raw sugar is 
dissolved, and the solution is treated with lime and carbon 
dioxide or lime and phosphates and filtered to produce a 
clear, golden solution, which is decolorized by passing it 
through a column of activated carbon. The colorless solu- 
tion is then evaporated to supersaturation. By controlling 
the rate of evaporation, crystal size can be controlled. Crys- 
tals are collected, washed, and dried. 

Sugar beets contain approximately 76% water, 16% su- 
crose, 5.5% insoluble pulp, and 2.5% other solubles (7). 
Sugar is obtained by countercurrent extraction of V-shaped 
slices of beets called cosettes. Heating weakens cell walls 
and enhances diffusion of sugar from cells. Approximately 
98% of the sugar is extracted in this operation. The extract 
contains approximately 12% sucrose by weight and 2% sol- 
uble impurities. Among these impurities are a trisaccha- 
ride, raffinose, which has a single D-galactopyranosyl unit 
attached to sucrose, and a tetrasaccharide, stachyose, 
which contains an addition D-galactosyl unit attached to 
the first galactosyl unit. Lime and carbon dioxide are 
added for clarification of the extract and removal of some 
soluble impurities, just as they are in the cane sugar pu- 
rification process. Following centrifugation and filtration 
to remove precipitated impurities, the clarified extract (ap- 
proximately 13% dissolved solids) is treated again with 
carbon dioxide to remove residual calcium ions. Sulfur di- 
oxide is added to minimize color formation during subse- 
quent processing steps. Then, the solution is evaporated to 
60 to 65% concentration for crystallization as in the cane 
sugar process, and as in the cane sugar process, several 
crops of crystals are obtained by successive repetitions of 
the concentration and crystallization steps. About 83% of 
the sugar present in fresh sugar beets is obtained as pure, 
white sugar. 


FORMS 


Refined sugar from either source is pure crystalline su- 
crose. Although refined sugar is available in a variety of 
forms, each is at least 99.8% sucrose, with some forms be- 
ing 99.96% sucrose. Crystalline refined sugar is produced 
in a variety of crystal size distributions (granulations) (8). 
There is no standard definition of granulation grades, so 
grades with the same designation from different manufac- 
turers may not have the same mesh-size distribution. 
From the largest to the smallest crystal sizes, the most 
common grades are as follows. Coarse granulated sugar, 
generally the highest purity crystalline product with the 
lowest color, is used in fondants and other formulations 
where a colorless product is desired. Sanding granulated 
sugar, with a crystal size that normally ranges between 
U.S. 20 and U.S. 40 mesh, is used mainly as sprinkle on 
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baked goods and as sanding on starch gum confectioneries. 
Extra Fine (X-Fine) or Fine sugar normally has a crystal 
size that ranges between U.S. 20 and U.S. 100 mesh. It is 
the largest volume industrial granulated sugar because it 
is best for bulk-handling without being susceptible to cak- 
ing. Fruit granulated sugar normally has a crystal size 
that ranges between U.S. 40 and U.S. 100 mesh, making 
it slightly finer than Extra Fine. It is used mainly in dry 
mixes such as gelatin dessert, pudding, and drink mixes. 
Bakers Special sugar, with a size distribution normally be- 
tween U.S. 50 and U.S. 140 mesh, is used for sugaring of 
cookies and in doughs. Because it dissolves more rapidly 
than the other granulated forms, it is often used to sweeten 
bar drinks. Powdered confectioners’ sugar is produced by 
grinding or milling granulated sugar with starch, which is 
added to prevent caking. It is used for dusting and to form 
wet fondants. Other grades and granulated forms with 
other names are also marketed. 

Some food or beverage processors, rather than dissolve 
crystalline sucrose, prefer to purchase sugar in solution. 
Liquid sucrose is at least 99.5% sucrose at a concentration 
of at least 67%. It can be used whenever a dissolved gran- 
ulated sugar product might be used. Amber liquid sugar, 
which is darker in color and higher in ash than is liquid 
sucrose, is used where color and minor inorganic impuri- 
ties can be tolerated. In liquid invert sugar, about half of 
the sugar has been inverted, that is, converted into equi- 
molar amounts of D-glucose and D-fructose (see the article 
SWEETENERS: NUTRITIVE), making liquid invert sugar an 
approximately equimolar mixture of sucrose, D-glucose, 
and D-fructose. It is sweeter than liquid sucrose and will 
not crystallize. 

Brown sugars are used to impart molasses flavor to 
cookies, candies, and other products. Brown sugar is com- 
posed of very fine sugar crystals in a thin film of syrup. 
Brown sugar is produced in two different ways. Soft brown. 
sugars (light/golden and dark) are crystallized directly 
from dark syrups of cane sugar selected for color and flavor 
during the refining process. In an alternative method, cane 
or beet sugar crystals are coated with a proper cane syrup 
or molasses. 

Less-refined sugars, available under a variety of names, 
are essentially first, second, or third crops of crystals. 
Dried cane juice is prepared by vacuum evaporation of fil- 
tered cane juice to a dry solid that is ground. Sugarcane 
syrups are prepared by evaporation of unfiltered sugar- 
cane juice. 

Molasses is both the syrup (concentrated juice) that re- 
mains after cane sugar has been recovered by crystalliza- 
tion and the product of raw cane sugar manufacture. It is 
40 to 60% sucrose, D-glucose, and D-fructose. It is available 
in several grades based on color and flavors and can be 
used to flavor food products. It may be unsulfured or lightly 
sulfured. Most molasses is used in animal feed supple- 
ments. 


SWEETNESS 


The relative sweetness of nutritive sweeteners is a func- 
tion of concentration, pH, and temperature (see the article 
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SWEETENERS: NUTRITIVE). Nevertheless, relative sweet- 
nesses of the common nutritive sweeteners can be roughly 
determined (Table 1). The clean, pure sweet taste of su- 
crose, without aftertaste or unpleasant secondary reac- 
tions, is the standard by which all other sweeteners are 
judged (9,10). Sucrose also balances other flavor compo- 
nents (11). 


OTHER PROPERTIES 


Crystalline sucrose, in addition to being sweet tasting, is 
colorless and odorless (12,13). Dry crystalline sucrose is 
stable up to its melting point. At temperatures of approx- 
imately 160 to 186°C (320-367°F), sucrose crystals melt 
and the molecules decompose with formation of a family of 
dark-brown carmelization products. 

The glycosidic bond joining the two sugar units is es- 
sentially a high-energy bond and unstable; its cleavage is 
the first step in the thermal decompositions mentioned in 
the preceding paragraph. The bond is also very susceptible 
to acid-catalyzed hydrolysis into an equimolar mixture of 
D-glucose and D-fructose. This process is called inversion 
and the product invert or invert sugar. The products of hy- 
drolysis, both of which are reducing sugars, will react with 
amino acids, peptides, proteins, and ammonium ions in 
typical Maillard reactions, producing other caramels and 
resulting in the brown colors, aromas, and flavors associ- 
ated with cooking and baking. 

In addition to acid-catalyzed hydrolysis, the extent of 
which is a function of time, temperature, and pH, sucrose 
undergoes enzyme-catalyzed hydrolysis to the same prod- 
ucts. Yeast and bacterial hydrolytic enzymes are called in- 
vertases; the enzyme of the human digestive tract, which 
operates by a slightly different mechanism, is called a su- 
crase. 

Its high degree of water solubility is a key property of 
sucrose (14). As a result, several methods have been de- 
veloped for determining its concentration in solution, pri- 
mary among which are measurement of specific gravity 
and refractive index. Equations and tables have been de- 
veloped to determine its saturation concentration at vari- 
ous temperatures; and scales have been developed to re- 
port concentrations, the primary one being the Brix scale, 
in which the percentage by weight of sucrose in a water 
solution is expressed as degrees Brix. 


‘Table 1. Approximate Relative Sweetnesses of Common 
Nutritive Sweeteners 


Approximate relative 
Sweetener sweetness 
p-Fructose (crystalline, initial) 140 
55% High-fructose corn syrup 120 
Invert sugar syrups 105 
Xylitol 105 
Sucrose 100 
D-Glucose 5 
Sorbitol (D-glucitol) 50 
Maltose 40 
D-Mannitol 40 
Lactose 25 


Also important to sugar producers and food processors 
are the specific heat and heat of crystallization of sucrose, 
and again equations and tables have been developed to 
determine each as functions of temperature and concen- 
tration. Other tables relate sucrose concentration to the 
freezing point (depressed) and boiling point (elevated) of 
its solutions. Surface tension increases and the vapor pres- 
sure of water and water activity decreases with increasing 
sugar concentration (12,13). 


USES 


Sucrose is a macronutrient food ingredient that provides a 
variety of functionalities in processed food products. It al- 
ways provides sweetness and may be used to provide bulk, 
body, and texture. It may also function as a moisturizing 
agent, dispersing agent, stabilizer, fermentation substrate, 
flavor carrier, browning agent, decorative agent, and pre- 
servative. Important characteristics of sucrose related to 
its use in processed foods are (1) its solubility in water; 
(2) its ease of crystallization upon evaporation of water; 
(3) its function as a precursor to caramel and Maillard re- 
action colors, flavors, and aromas; (4) its stability and non- 
hygroscopic nature, which allows it to be used as a diluent, 
dispersant, and bulking agent in dry mixes; (5) its being a 
readily fermentable substrate for yeasts and other specific 
microorganisms; and (6) its ability to decrease water activ- 
ity appreciably and thereby to provide protection from 
chemical and/or microbiological deterioration and extend 
shelf life (15). 

The largest amount of sucrose is used in bakery and 
breakfast cereal products. In bakery products, in addition 
to providing sweetness and being a source of fermentable 
carbohydrate, sucrose may provide one or more of the fol- 
lowing functionalities: crumb tenderization, moisture re- 
tention, texture improvement, formation of crust color, 
shelf-life extension, and an aid to whipping and creaming 
(16). It is used in both crystalline and liquid forms. 

In yeast-leavened products, the amount of sugar used 
can range from approximately 1% to approximately 11% 
(based on flour) in breads and can be as much as 20% in 
Danish sweet products. In these products, sucrose is used 
as a source of fermentable carbohydrate and to enhance 
flavor, improve crust color and toasting properties, im- 
prove crumb texture and moistness, and extend shelf life. 
The principal contributors to bread flavor are fermentation 
and crust browning, both of which involve sugar. Browning 
is the result of both carmelization (thermal decomposition) 
and the Maillard reaction. 

Two processes are involved in producing crumb texture: 
gluten hydration and starch gelatinization. With increas- 
ing amounts of sugar in bread doughs, less and less water 
is available for gluten hydration, the rate of gluten devel- 
opment is reduced, and the tenderness of the bread crumb 
increases. Sucrose also inhibits starch gelatinization in a 
concentration-dependent manner. A delay of starch gelat- 
inization is important in cake making, but its role in bread 
making is unclear. In some cake formulations, sugar acts 
as a creaming and whipping aid. It also modifies crumb 
texture, aids in crust color formation, and retains mois- 
ture. In cookie manufacture, sucrose increases the tem- 


perature at which starch gelatinizes, prevents hydration 
of wheat flour proteins, and retards gluten formation. Su- 
crose also serves as a creaming aid in mixing cookie dough, 
provides flavor and browning, increases cookie volume and 
spread of the dough, imparts crispness through crystalli- 
zation, and produces the characteristic surface cracking 
pattern of some cookies. Substitution with, or addition of 
a sufficient amount of, a corn syrup to prevent sucrose re- 
crystallization will produce a cookie with a soft (rather 
than a crisp) texture and prevent surface cracking. In ic- 
ings, frostings, and glazes, sucrose provides sweetness, 
browning, stability, and a pleasing appearance and bal- 
ances flavor. 

Sucrose is blended with other ingredients and added to 
grain during cooking, prior to flaking, or in the dough stage 
of ready-to-eat (RTE) breakfast cereals to contribute bind- 
ing, flavor, browning, and texture (18). It is also a poten- 
tiator of other flavors. However, by far the major use of 
sucrose in RTE cereals is for frosting or sugar coating. 

Confectionery production consumes the second greatest 
amount of sucrose (17). The production of hard candies de- 
pends on the solubility of sucrose in water and the fact 
that, as water is boiled off a sugar solution, the boiling 
point increases. Therefore, the boiling temperature can be 
used as a determinant of sugar concentration; for example, 
when the boiling point of a sugar solution is 93°C (200°F), 
the concentration of sucrose is approximately 82% by 
weight. In hard candies, sucrose is combined with glucose, 
acorn syrup, and/or a maltodextrin to achieve the proper 
consistency. Soft candies consist of very small crystals of 
sucrose embedded in a matrix of the other ingredients. 
Very small crystals of sucrose are also a major ingredient 
in chocolate, which requires a dry sweetener with low hy- 
groscopicity. Cocrystallization of citric acid with sucrose 
provides a nonhygroscopic sanding material. 

Sucrose is also used in the preparation of other food 
products. Gelation of pectin in nondietetic jams, jellies, 
preserves, and marmalades requires a pH in the range 3.0 
to 3.4 and soluble solids of approximately 65%, which is 
most often met with sucrose, making it the principal in- 
gredient (19). Because of its high concentration, it also 
functions as preservative. Sucrose is used in very few car- 
bonated beverages in the United States, but it is the sweet- 
ener used in most “non-diet” carbonated beverages in the 
rest of the world, dry beverage mixes, and liqueurs (20). In 
ice cream and other frozen dairy products, sucrose provides 
a clean, sweet taste and contributes to the creamy texture 
and body (21). Sucrose is also used in canned fruit, condi- 
ments (salad dressings, tomato catsup, mayonnaise, bar- 
becue and steak sauces, etc), cured meats and sausage 
products, and many other products such as puddings, pie 
fillings, and granola bars (22). 


PHYSIOLOGICAL EFFECTS 


While several specific cause-and-effect relationships be- 
tween consumption of sucrose and pathological conditions 
have been suggested, they have not been substantiated by 
research (23). Only the link between sucrose consumption 
and the incidence of dental caries has been documented. 
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SULFITES AND FOOD 


Sulfites, or alternatively, sulfiting agents, refers to sulfur 
dioxide (SO,) and some inorganic sulfites that will release 
SO, under conditions of use. Sulfites have been widely 
used in foods for various purposes, including control of en- 
zymatic and/or nonenzymatic browning; inhibition of mi- 
crobial growth; and as antioxidants and reducing and 
bleaching agents. Typical applications of sulfites in foods 
may be seen in such cases as preservation of fresh fruits 
and vegetables, prevention of discoloration of dehydrated 
fruits and vegetables, inhibition of undesirable microor- 
ganisms in wine brewing, and bleaching of food starches. 

Since 1959 sulfites have been classified by the Food and 
Drug Administration of the United States (USFDA) as 
GRAS (generally recognized as safe) substances when they 
are used in foods according to the Code of Federal Regu- 
lations (CFR). However, the numerous reports of sulfite- 
induced asthma in some cases of sulfite sensitivity had 
prompted USFDA to commission an expert panel to reex- 
amine the GRAS status of sulfites in 1984. Consequently, 
on August 8, 1986 USFDA banned the use of sulfites in 
fruits and vegetables intended to be served or sold raw to 
consumers and on January 9, 1987 announced that any 
foods containing a detectable level of residual sulfites (ie 
210 ppm SO, based on the currently official method), ei- 
ther directly from addition during processing or indirectly 
from other ingredients, must be labeled with sulfite con- 
tent disclosed. 

According to CFR, six sulfites are currently listed as 
GRAS that may be used in foods, except for meats and 
other foods recognized as a main source of thiamine and 
for fruits and vegetables intended to be served and sold 
raw to consumers: sulfur dioxide (SO,), sodium bisulfite 
(NaHSO,), sodium metabisulfite (Na,S,0;), potassium 
metabisulfite (K,S,0,), sodium sulfite (Na,SO3), and po- 
tassium bisulfite (KHSO;). Potassium sulfite (K,SO3) and 
sulfurous acid (H2SO,), which are not listed as GRAS, are 
specifically allowed for use only in caramel processing. 


The species of sulfites approved for food use may vary 
with country. For instance, the officially approved sulfites 
in Taiwan ROC (Republic of China) for use in foods are 
potassium sulfite (K,SO,), sodium sulfite (NazSOg), so- 
dium bisulfite (NaHSOs), sodium hydrosulfite (Na2S.0,), 
potassium metabisulfite (K,S,0;), sodium metabisulfite 
(Na,S,0,), and anhydrous sodium sulfite (1). 


CHEMICAL REACTIONS OF SULFITES IN FOOD SYSTEM 


Basic Chemistry of Sulfites 


In aqueous solution, sulfites may exist in various forms as 
shown in the following formulas depending on the pH 
value of the solution (2,3): 


H,O + SO, = H,S0, (SO, dissolves readily in H,0) 
H,SO, = H* + HSO;, pK, ~ 2 
HSO; = H* + SO2-, pK, =7 


From the pK values of sulfurous acid (H,SO3) and the 
pH value of the solution, one can calculate the approximate 
percentage of various species of sulfites (see Table 1). 

Since most food systems have a pH of 3-7, the predom- 
inant form of sulfites is HSO; . Sulfurous acid and SO, gas 
may exist only in high-acid foods with pH values less 
than 4. 


Reactions of Sulfites with Food Components 


Sulfites react readily with many food components such as 
aldehydes, ketones, reducing sugars, proteins, and amino 
acids and form various combined organic sulfites (4). Some 
of the reactions are desirable and some are undesirable. 
Reactions between sulfites and carbonyls such as alde- 
hydes and ketones will primarily form hydroxysulfonates 
which are very stable at pH 1-8 (5). This reaction enables 
sulfites to prevent the formation of enzymatic and nonen- 
zymatic browning by binding the carbonyl intermediates 
of browning reactions (6-8). In general, all carbonyl hy- 
droxysulfonates have good stability, with a,f-unsaturated 
carbonyl hydroxysulfonates as the most stable (7). 
Reducing sugars do not readily react with sulfites as 
carbonyls. To form sugar hydroxysulfonates, a consider- 
able excess in molar equivalent of reducing sugar is re- 
quired (4). Sugar hydroxysulfonates are much less stable 
than carbonyl hydroxysulfonates (2,3). At lower pH, sugar 
hydroxysulfonates have better stability (2). 


Table 1. Percentage of Four Sulfite Species 
Species of sulfites 


pH SO, H,SO, HSOs S037 
2 37 315 315 

3 6 8.5 85 

4 0.5 1 98 

5 99 1 

6 91 9 

7 50 50 
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Sulfites can break down the disulfide bonds of proteins 
and amino acids and form thiol (R-SH) and S-sulfonate 
(R-SSO; ) (9). Tertiary amines and Schiff’s bases produced 
from browning reactions also react with sulfites and form 
amine bisulfites (3). Methionine will be oxidized and con- 
verted to methionine sulfoxide by sulfites through free- 
radical reaction (10), 

In addition to these reactions, sulfites react with many 
vitamins, including B,, By2, C, and K, resulting in loss of 
vitamin activity (4). 


APPLICATION OF SULFITES IN THE FOOD INDUSTRY 


By making use of the reactions with various food compo- 
nents, sulfites can be applied to the food industry for one 
or more of the following purposes. 


Inhi 


Sulfites are often used in wine brewing to prevent unde- 
sirable bacterial fermentation. Table grapes and fruits in- 
tended for jam and juice are also often preserved by sulfites 
to prevent decay (11,12). 

The inhibitory action of sulfites is more effective to ace- 
tic acid bacteria, lactic acid bacteria, and various molds 
and is less effective in yeasts (3). The antimicrobial activity 
of sulfites is generally in the following order. Gram- 
negative bacteria > Gram-positive bacteria > molds > 
yeasts (13). The mechanisms of the antimicrobial action of 
the sulfites is not well understood; however, it is believed 
that undissociated sulfurous acid is the active form pos- 
sessing antimicrobial activity (14). With this regard, the 
PH of the food system should be low enough (=4) to have 
a significantly inhibitory effect. The combined sulfites do 
not have antimicrobial action. 


ion and Control of Microorganisms 


Inhibition of Enzymatic and/or Nonenzymatic Browning 


Sulfites can effectively prevent or minimize nonenzymatic 
browning by forming stable hydroxysulfonates with car- 
bonyls and reducing sugars as mentioned in the previous 
section. In this respect, sulfites are widely used in wine 
making and in dehydrated fruits and vegetables to prevent 
the discoloration of the finished products (3,7,8). Sulfites 
can also inhibit some oxidative enzymes such as polyphen- 
oloxidase, ascorbate oxidase, lipogenase, and peroxidase 
(6) and therefore can retard the enzymatic browning re- 
sulting from polyphenoloxidase. In addition, sulfites can 
form stable hydroxysulfonates with browning intermedi- 
ates such as quinones, and prevent further reaction to form 
browning pigment (6). Thus, sulfites are commonly used in 
fresh vegetables for salad bars (this application has been 
banned by USFDA), peeled and sliced potatoes, apple dice 
and other fruits used in bakery products, fresh mushroom 
for processing, and table grapes and fresh shrimp, where 
enzymatic browning presents a serious problem. 


Use as Antioxidants and Reducing Agents 


As an antioxidant, sulfites can be used in citrus juices (12), 
beer (13), and peas (6) to prevent the oxidative off-flavor. 
As an reducing agent, sulfites are widely employed as 


SULFITES AND FOOD. 2219 


dough conditioners in the baking industry to break down 
the disulfide bonds of the gluten fraction and facilitate the 
processing of biscuits, crackers, and cookies and obtain the 
desired texture properties of the finished products (15). 


TREATMENT AND RESIDUAL LEVELS OF SULFITES 
IN FOODS 


It is difficult to establish criteria for the treatment and 
residual levels of sulfites used in foods because of the com- 
plexity of foods, the wide variations in individual daily in- 
take of sulfite-treated foods, and the dependence of the re- 
sidual level of sulfites on food composition, processing 
methods, and storage conditions (4). In spite of this, it is 
believed that the residual amount of sulfites at the point 
of consumption is very limited provided foods are treated 
under normal conditions (2,3). 

Currently the treatment and residual level of sulfites in 
most foods is not strictly limited in the United States. The 
residual levels or treatment levels are regulated only for 
those food products that are commonly consumed. These 
include glucose syrup, dextrose monohydrate, and grape 
wine, and the maximum residual levels are 40, 20, and 350 
ppm (S02), respectively. For food starch bleaching the 
treatment of SO, has been established at =0.05% (4). Reg- 
ulations in this regard may vary with countries. For in- 
stance, the official regulation on maximum residual levels 
of sulfites in Taiwan, ROC for various foods is as follows 
(all calculated as SO,); dehydrated fruits and vegetables 
and gelatin, 500 ppm; candies, 300 ppm; shrimps and 
shellfish, 100 ppm; fruit wines, 25 ppm and other pro- 
cessed foods, 30 ppm; and in beverages other than fruit 
juices, wheat flour, and flour products, the use of sulfites 
is prohibited (1). 

After treatment, sulfites may react with various food 
components forming combine sulfites, may be oxidized into 
sulfates (SO2~), liberated as SO, gas, or may still exist in 
free inorganic sulfites depending on food composition, pH, 
processing conditions, and storage conditions. Combined 
sulfites predominate in most food systems. 
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SUPERCRITICAL FLUID TECHNOLOGY 


Supercritical fluid (SCF) technology has many potential 
applications in extraction and fractionation processes as 
an alternative to conventional separation processes. The 
chemical, pharmaceutical, polymer, and food industries 
are actively engaged in developing and evaluating this 
technology. 

The ability of a SCF to dissolve low-vapor-pressure ma- 
terials was first reported in 1879 (1). Solubility experi- 
ments carried out in high-pressure glass cells showed that 
several inorganic salts such as cobalt chloride, potassium 
iodide, potassium bromide, and ferric chloride could be dis- 
solved or precipitated solely by changes in pressure on eth- 
anol above its critical point. Increasing the pressure of the 
system caused the solutes to dissolve; decreasing the pres- 
sure caused the dissolved materials to nucleate and pre- 
cipitate. An overview of the background, early findings, 
and historical development of the technology up to the mid- 
1980s has been presented (2). 

Intensive industrial interest in the application of su- 
percritical fluid extraction (SCFE) used in food and bio- 
logical products resulted in numerous patents, and a num- 
ber of journal articles have been written to introduce or to 
review the subject (3-7). 


Some of the motivations to employ SCF technology as a 
viable separation technique are (1) tightening govern- 
mental regulations on solvent residues, and pollution con- 
trol; (2) consumer concerns over the use of chemical sol- 
vents in food manufacture; (3) increased demand for higher 
quality products that traditional processing techniques 
cannot meet; and (4) the increased cost of energy. SCFE 
can enhance product recovery, improve product quality and 
safety, and minimize energy requirements. There are 
many potential applications, especially in the food and 
pharmaceutical fields. Today, SCFE is applied on a large 
scale in the decaffeination of coffee (8,9), and in the recov- 
ery of hop extracts used in beer brewing (10). Both of these 
applications employ SC CO, to replace conventional liquid 
solvents such as methylene chloride, which is under toxi- 
cological investigation by the U.S. Food and Drug Admin- 
istration (FDA) and faces increasing restrictions on its use. 
In addition, SCF chromatography is being developed as an 
analysis tool (11). 


FUNDAMENTALS OF SUPERCRITICAL FLUID EXTRACTION 


Definitions and Properties 


The critical temperature T, of a substance is the tempera- 
ture above which it cannot be liquefied, no matter how high 
the pressure. There is a corresponding pressure on the P-T’ 
diagram called the critical pressure, P, (Fig. 1). The region 
on the P-T diagram above both T, and P, is called the su- 
percritical region. In this region, the compressed gas is 
called a SCF, having characteristics of both gases and liq- 
uids. Fluids under SC conditions exhibit enhanced dissolv- 
ing power and have transport properties that favor high 
extraction capabilities (Table 1). The SCF has a density 
similar to that of a liquid and functions like a liquid sol- 
vent, but it diffuses easily like a gas because its viscosity 
is low (9). 


Thermodynamic Principles 


The high density of a SCF allows it to dissolve relatively 
large quantities of organic compounds that normally have 
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1. Pressure-temperature phase diagram of a pure sub- 
stance. 


Table 1. Ranges of Some Physical Properties Associated 
with Different Fluid States 


Density, _Diffusivity, Viscosity, 
kg/m? m/s MPas 
Gas 
P=1013kPa 062 (0.1-0.4)x 10-* (1-3) x 10-* 
T = 288-303 K 
Supercritical 
T=TP =P, 200-500 0.7 x 10-7 (1-8) x 10-4 
T=T.P =4P, 400-900 02x 10-7 (3-9) x 10-4 
Liquid 


T = 288-303K 600-1600 
Source: Ref. 11. 


(0.22) x 107® (0.2-8) x 107? 


low solubility in the ordinary gaseous state of the same 
fluid. However, the solubility of compounds in a SCF also 
depends on solute and solvent properties. The dissolved 
compounds can be recovered from the fluid by decreasing 
the pressure or increasing the temperature, both of which 
reduce fluid density and allow it to be separated from the 
dissolved compound. 

The reason SCF technology has been slow to find com- 
mercial applications has been due in part to the lack of 
available thermodynamic data to develop large-scale 
operations. Thermodynamic principles that can be used for 
quantitative and mathematical descriptions of solvent 
power of the SCF are models of phase equilibria and equa- 
tions of state. For a process that involves the dissolution 
of a solute or a mixture of solutes from a solid matrix or a 
liquid mixture at constant temperature and pressure, the 
equilibrium conditions for the system would be given by 


PRCT, P, x) = FIT, P, ¥) @ 


where 


4 = food system component fugacity 
fS°F = SCF component fugacity 


T is the temperature, P is the pressure, x; is the mole frac- 
tion of solute in food, and y; is the mole fraction of solute 
in SCF phase. 

Earlier studies have considered the food as an inert 
solid containing the soluble material. Then, the problem 
was treated similarly to the calculation of water activity 
(12). Later, it was confirmed that the solid matrix interacts 
with the soluble material; therefore, it is not appropriate 
to consider it as inert. For example, the solubility of pure 
caffeine in CO, can be 200 times larger than its solubility 
in CO, when dissolved in coffee beans (13). Therefore, for 
complex materials such as black pepper, clove buds, ginger 
rhizomes, and so on, an empirical treatment is advisable, 
since currently there is no equation available to describe 
their thermodynamic behavior. If, however, the system in- 
volves extraction or concentration of solutes present in a 
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liquid phase, equation 1 can be used together with any 
appropriate cubic equation of state (EOS), such as Peng- 
Robinson (PR) or Soave-Redlich-Kwong (SRK). A simpli- 
fied thermodynamic description of the calculation of solu- 
bility of a food system in CO, follows (14,15). The solute 
can be a mixture of substances like orange essential oil, a 
mixture of fatty acids or any similar system. For constant. 
temperature and pressure, equation 1 is written for each 
component of the mixture, plus one for CO,. Therefore, for 
a mixture with the following composition: 

Z* = (Zi, Z3, ... , Zn) (2) 
n, equations similar to equation 1 should be written, where 
Z* is the composition vector, Z* is the molar fraction of 
component in the mixture, and (n, — 1) is the number of 
substances from the original mixture that will be treated 
with COp. 

The data required for SCF plant scale-up is the solubil- 
ity of the mixture (food system) with the composition rep- 
resented by equation 2 in the SC solvent for a given tem- 
perature and pressure. This is accomplished by combining 
equation 1 with an appropriate EOS capable of calculating 
the fugacity for a given temperature, pressure, and com- 
position. From thermodynamics we have (14,16): 


pee i) eee ig ee 7 | 
Ing) = in(J5) - [.. 7 7 Pl 
- InZ) + (Z- 0) (3) 


where 9, is the fugacity coefficient of component i, /; is the 
fugacity of component, i, T is the temperature, P is the 
pressure, x; is the mole fraction of component i, V is the 
specific volume of the mixture, and Z = PV/RT is the com- 
pressibility factor. 

To evaluate the fugacity coefficients for all substances 
that form the mixture, the PR EOS for a mixture can be 
used: 


RT a(T) 


P=7-6 Wrp+e-o 


(4) 


Using the compressibility factor Z, equation 4 can be writ- 
ten as (17): 


B+raZ+pzZ+y' =0 (5) 


where Z = PV/RT, a’ = (—1 + B), f' = (A — 3B? — 2B), 
y' = (~AB + B? + B®), A = a(T)PART)”, and B = bP/RT. 
In general, the parameter a(7) is referred to as the attrac- 
tive parameter and 6 as the volumetric parameter, and 
they are given by: 


aT) = Yama; a; = a, = faija,; (1 - be, (6) 
a 


b+ b;; 


b= Dab, by = 6. = [Hebel — a 
a 


where a;; is the attractive parameter for binary i-j, bj is 
the volumetric parameter for the binary i-j, a;; is the at- 
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tractive parameter for component i, 5;; is the volumetric 
parameter for component i, k,,, is the attractive binary in- 
teraction parameter, and Rey is the volumetric binary in- 
teraction parameter. The pure components’ attractive and 
volumetric parameters are calculated using the critical 
properties of the solute. For instance (17): 


a,(T) = 0.45724R?T2/P,ofT) (8) 
bj = 0.07780RT,/P, (9) 
oAT) = 1 + Kl — T/T.) (10) 
and 
kK = 0.37464 + 1.54226@ — 0.226992w ap 


where w is the acentric factor. 

‘To solve equation 1, which is a nonlinear problem, a 
nonlinear trial-and-error solution is required. The objec- 
tive function to be minimized is defined accordingly with 
the available experimental data. The following informa- 
tion is needed: (1) the system temperature and pressure, 
(2) the composition vector Z*, and (3) the matrices of bi- 
nary attractive and volumetric interaction parameters 
given by equations 6 and 7. This should include binary 
systems such as component-i/CO, and component-i/ 
component-j. Then, there will be n, binary parameters of 
the kind component i-COg, plus (n,)*/2 parameters of the 
kind component-i/component-j. Binary liquid-SC and 
liquid-vapor equilibrium data are required to evaluate 
these parameters. Currently, scarce information is avail- 
able in the literature for systems involving foods; there- 
fore, some difficulties can be anticipated to solve the pre- 
ceding equations. Finally, one should be aware that to solve 
equation 1, equation 4 is solved twice, once for each phase 
in equilibrium. 

The procedure just described was used to evaluate the 
solubility of orange essential oil in CO, (15,16). The prob- 
lem was treated as a dewpoint problem; therefore, the oil 
solubility in CO2 was considered to be the amount of car- 
bon dioxide required to dissolve a given oil sample. Defin- 
ing @ as the essential oil fraction in the final SC mixture 
(essential oil and CO,), the composition vector in the CO, 
rich phase (SCF) when the oil phase is completely dis- 
solved is given by: 


Yor = oZF i= 1(n,-D (12) 


The solubility of the essential oil in the SC phase will be: 


ne aget nent 
Bm BZ viMier oD ZIM, 

S=2--5 == as 

°  meo, Y¥co.Mco, (1 = @&)Mco, P 


where S, is the solubility of the oil (mg of oil/g of CO2), m; 
are the mass fractions of essential oil components, M; are 
the molecular mass of essential oil components, and y; are 
molar fractions of essential oil components, respectively. 
Figure 2 shows the experimental and calculated solubili- 
ties of the orange oil (oil-phase) in CO, made using both 
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Figure 2. Predicted solubility of orange essential oil in CO. ac- 
cording to PR and SRK equations of state. Source: Experimental 
solubility determined by Santana (Ref. 19) at 308.15 K.—Caleu- 
lated using orange essential oil molar composition determined by 
Marques (Ref. 18);—Calculated using orange essential oil molar 
composition determined by Santana (Ref. 19). 


PR and SRK equations of state. The calculations were done 
using the oil with the composition given in Table 2 (18) and 
the composition given in Table 3 (19). 

Experimental data on the physical properties of essen- 
tial oil components is scarce in the literature. In addition, 
many of these substances are thermally degraded before 
T,. can be measured. Therefore, T.,, P., and acentric factor 
(w) used in equations 8 and 9 were predicted. The choice 
of methods to be used in these calculations depends on the 
available experimental data on pure components. The bi- 
nary parameters used are given in Table 4 (16). For binary 
systems (orange essential oil component/CO, or essential 
oil component/essential oil component) where experimen- 
tal data is missing, interaction parameters were set equal 
to zero. This choice does not imply that there is no inter- 
action or that the interaction are negligible between these 
binary systems, but this simplifying assumption was re- 
quired to make the problem solvable. 

Although the orange essential oil used by Marques (18) 
and Santana (19) have different compositions, their cal- 
culated solubilities did not differ much from the experi- 
mental value measured by Santana (19), as can be ob- 
served in Figure 2. The PR and SRK equations gave 
similar solubility values. In this case, the calculated solu- 
bilities were not sensitive to the initial oil composition. The 


Table 2. Molar Composition of Orange Essential Oil 
Determined by Marques (18) and Pure Component 
Properties 


Te T. P. 
Component a (K) (K) (bar) w 
Ethanol 0.0886 351.65" 513.927 61.487 0.64527 
Linalool 0.00586 472.15" 635.99° 25.82 0.7617" 
a-Terpineol 0.00055 493.15" 675.59° 29.50 0.7133" 


trans-2,Hexenal 0.00012 419.65" 615.15° 35.94” 0.4199° 


Octanal 0.00361 444.15" 620.10° 27.35 0.5558" 
Nonanal 0.00053 464.15" 637.67" 24.80 0.6053" 
Decanal 0.00287 481.65" 651.94" 22.59° 0.6536" 
Dodecanal 0.00027 484.94 675.98” 18.97 0.7585 
Citronelal 0.00050 480.65" 663.86° 24.05> 0.5570" 


Neral 0.00051 502.15° 699.97 25.25" 0.7174° 


Geranial 0.00125 502.15" 699.97° 25.25 0.7174 
-Simensel 0.00012 592.58" 782.72 17.64» 0.6853" 
a-Simensel 0.00015 600.06” 794.25 17.79 0.6749" 
Ethyl butyrate 0.00100 369.15" 571.00* 30.60” 0.41904 
a-Pinene 0.00421 429.35" 630.87° 28.90 0.3242" 
4-3-Carene 0.00102 440.15" 646.74" 28.90 0.3242" 
f-Mircene 0.01620 440.15" 642.32° 28,08 0.3425 
Valencene 0.00342 564,52 780.55 18,97 0.4324 
d-Limonene 0.94895 451.15" 661.11° 27.56" 0.3170 


"Ty, from Ref. 20. 
»P. calculated using Ref. 18. 


‘Lee-Kesler method to calculate acentric factor, Ref. 23. 


‘Table 3. Molar Composition of Orange Essential Oil 
Determined by Santana (19) and Pure Components 
Properties 


Ter T, P, 


Component ZY (K) (K) (bar) w 
Linalool 0.00727 472.15" 635.99" 25.82 0.7617" 
a-Pinene 0.00610 429.35" 630.87 28,90 0.3242" 
B-Mircene* 0.00726 440.15" 642.32 28.08 0.3425 
Sabinene 0.00177 437.15 640.12 29.35 0.3547 
Limonene _ 0.97760 451.15" 661.11" 27.56 0.3170 
“T.y from Ref, 20. 

»p, calculated using Ref. 19. 

‘Ref. 21. 

“Ref, 22, 


°T, calculated using Ref. 19 and T., from Ref. 20. 
‘Lee-Kesler method used to calculate acentric factor (23). 


Table 4. Binary Interaction Parameters Available for the 
System: Orange Oil/CO,. 


PR SRK 
haji? yg? Reig? heyjjl0? 
CO,/Ethanol 9.048 -1414 8.543 = -1.412 
CO,/Linalool 4281 -3.156 4363 -3.249 
CO,/a-Pinene 9.482 -2820 10.28 ~2.805 
CO,/d-Linomene —_ 10.15 1.960 9.921 -1.415 


Source: Ref. 16. 
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PR and SRK equations gave similar solubility values. This 
is expected since, in general, these mixtures are formed 
from the same family of substances. 

Different substances have different critical tempera- 
tures and pressures, important in selecting the appropri- 
ate fluid and operating conditions for an application (Table 
5). If the critical pressure is too high, processing will be 
more difficult and costly because equipment must be de- 
signed for high pressures. If the critical temperature is too 
high, heat-sensitive materials such as many food constit- 
uents will be altered or destroyed. 

Carbon dioxide is the solvent of choice for food appli- 
cations for many reasons (25). It is (1) inert and noncor- 
rosive in dry environments, (2) nonflammable and nonex- 
plosive, (3) abundant and inexpensive, (4) nontoxic and 
accepted as a harmless ingredient of foods and beverages, 
(5) easy to separate the solute from the solvent, and (6) has 
desirable physical properties such as low 7, (31°C) and low 
P. (7.39 MPa), low viscosity, low surface tension, and high 
diffusivity. When pressure is decreased, CO, will separate 
out from the solute as gas. CO, can also protect foods from 
oxygen and limit oxidation reactions. The solubilities of 
some substances in liquid CO, are given in Table 6. This 
can be extrapolated to the SC CO, extraction. Since the 
CO, molecule is nonpolar, at high densities it is a good 
solvent of lipophilic organic substances and esters, ethers, 
and lactones. In general, hydroxyl and carboxyl groups re- 
duce the solubility of a substance in SC COs. Polar or 
charged materials such as sugars and amino acids are not 
soluble. Large molecules such as cellulose and proteins are 
also insoluble. The solubilities of substances such as 
waxes, resins, and pigments increase with an increase in 
the density of SC C02. Solubility is also affected by the 
intermolecular forces of the solute molecules, which enable 
the CO, molecules to surround and hold them in solution 
(5). In general, as the number of carbon-carbon double 


Table 5. Critical Property Data for Some Supercritical 
Solvents 


Critical Critical Critical 
temperature" pressure” density” 
Substance (K) (MPa) _(kg/m’) 
Methane 190.6 4.60 162 
Ethylene 282.4 5.03 218 
Chlorotrifiuoromethane 302.0 3.92 579 
Carbon dioxide 304.2 7.38 468 
Ethane 305.4 4.88 203 
Propylene 365.0 4.62 233 
Propane 369.8 4.42 217 
Ammonia 405.6 11.30 235 
Diethyl ether 467.7 3.64 265 
n-Pentane 469.6 3.37 237 
Acetone 508.1 4.70 278 
Methanol 512.6 8.09 272 
Benzene 562.6 4.89 302 
Toluene 591.7 4.11 292 
Pyridine 620.0 5.63 312 
Water 647.3 22.00 322 
*Ref. 24. 
"Ref. 4. 
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Table 6, Solubilities of Some Compounds in liquid CO, 


Partially miscible 
Fully miscible (% by wt) Low solubility 
H,S, SO, Water 0.1 — Bearotene 
Limonene Iodine 02 Urea 
Benzene Oleic acid 2.0 Glycine (not soluble) 
Acetic acid Lacticacid 0.5 Citric acid 
Ethyl alcohol —_ Glycerol. 0.05 Ascorbic acid 
Benzaldehyde —Aldol 11.0 Sucrose (not soluble) 
Orange oil (308, 15K)* 
5.0 MPa 0.17 
6.0 MPa 0.28 
6.5 MPa 0.31 
7.0 MPa 0.36 
Source: Ref. 26, 
“Ref, 19. 


bonds increases, solubility decreases. Substances belong- 
ing to the same chemical class are dissolved in the SC 
phase in order of their increasing boiling points. The use 
of cosolvents or entrainers such as water or methanol en- 
hances the solubility of substances normally not miscible 
with SC CO,. 


PROCESS SYSTEMS AND OPERATION CHARACTERISTICS 


A simplified diagram of a process that uses a SCF as a 
pressure-dependent, variable-power solvent for extraction 
is shown in Figure 3. A typical system consists of an ex- 
traction vessel at high pressure, expansion valves, sepa- 
rator vessels, and a compressor or pump. The feed enters 
the extraction vessel and contacts the SC CO.. The pres- 
sure and temperature are controlled. Since its density is 
high, the SCF dissolves some components and separates 
them from the feed. The rest is obtained as residue. The 
SC phase containing dissolved materials flows through an 
expansion valve where the pressure is reduced. Since its 
density is reduced, the SCF deposits some dissolved com- 
ponents into the separation vessel as product 1. The re- 
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Figure 8. Typical process flow diagram of SCFE. 


maining solutes in the SC phase are separated from CO, 
in the last separator and collected as product 2. The CO, 
is now at a low pressure, and carries no dissolved material. 
It is recycled by going through the pump, and reentering 
the extraction vessel. Therefore, multiple stages can be 
used to fractionate different compounds from the original 
feed. However, fractionation of extracts is possible only if 
the constituents exhibit large differences in vapor pres- 
sure. 

As an alternative to fractionation by pressure reduc- 
tion, the process can also be operated at constant pressure 
with temperature changes in the SCF to cause separation. 
Such a system is shown in Figure 4. 


Operation Characteristics 

The conditions of pressure and temperature for extraction 
and fractionation applications using CO, vary greatly with 
the materials to be extracted. Typical ranges of pressure 
and temperature for food applications are given in Figure 
5. To evaluate the technical and economic feasibility for 
SCF extraction of a specific material, a pilot-plant study is 
carried out to determine factors such as solubility and se- 
lectivity properties, yields, quality, and operation condi- 
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Figure 4. Column-type separation by supercritical fluids. 
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Figure 5. Typical applications of SCFE. 


tions. Analysis of SCF operations applicable to the food 
industry, design and economic considerations, and opti- 
mization of SCFE operations have been discussed in the 
literature. The products of SCFE processes show different 
characteristics as compared with those obtained by tradi- 
tional vacuum distillation processes. In general, the prod- 
uct quality of SCFE processes may or may not be superior 
to those produced by conventional methods. 


COMMERCIAL APPLICATIONS 


Coffee 


In the decaffeination process of coffee, green coffee beans 
are treated with CO. The coffee beans are not roasted 
prior to the extraction. Thus, the inherent moisture in the 
beans acts as a chemical agent to free the caffeine from its 
bound form (2). Presoaked green coffee beans are treated 
with CO, at 16 to 22 MPa. The CO, is continuously recy- 
cled until the caffeine diffuses out of the beans into the SC 
CO, phase. The caffeine is washed out with water at 70 to 
90°C. Caffeine content in the bean can be decreased from 
the initial value in the range of 0.7 to 3% to a value as low 
as 0.02%. 


Hop Extraction 


The use of hop extracts by the brewing industry is a recent, 
commercial application of SC extractions. The soft resin 
constituents of hops that contain the flavor components, 
humulones and lupulones, are conventionally extracted 
with dichloromethane. This results in a pasty, dark-green 
to black-green mass. In addition, the dichloromethane 
must be removed by evaporation after the resins have been 
extracted. In contrast, SC CO, extraction of hops between 
35 and 80°C and 80 to 300 atm results in an “olive-green, 
pasty extract with an intense aroma of hops” (10). 


POTENTIAL APPLICATIONS 


Extraction of Flavors 


As compared with conventional solvent extraction, SCFE 
could be a potential alternative to extract and fractionate 
flavors and fragrances from fermentation-induced and nat- 
ural products (8,27). SC CO, has been used to extract the 
following materials: essential oils and piperine from black 
pepper, alkaloids from chili pepper, eugenol from cloves, 
cinnamic aldehyde from cinnamon, limonene and carvone 
from caraway, sesamin from sesame seeds, vanillin from 
vanilla pods, menthol and menthone from peppermint 
leaves, and geraniol and citronella from roses. Supercriti- 
cal CO, was used for concentration of aroma and flavor 
compounds in citrus oils (28). Citrus oils, like many other 
essential oils, consist of mixtures of hydrocarbons of the 
terpene and sesquiterpene groups, oxygenated com- 
pounds, and nonvolatile residues. The compounds that 
provide much of the characteristic flavor are mostly oxy- 
genated compounds that account for less than 4% of the 
orange oil. Thus, the concentration requirement is high 
and the amount of yield is relatively low. 
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EDIBLE OILS AND FATTY ACIDS 


There is intense interest in the extraction and fractiona- 
tion by SC COz of vegetable, animal, and seed oils used for 
human consumption. In conventional extraction, hexane 
residue in the material leftover from extraction is routinely 
detected in ppm levels. Concerns about possible carcino- 
genicity, hazards, and cost associated with hexane have 
prompted researchers to develop alternative methods. To 
design a SCFE system, two types of information are nec- 
essary: equilibrium distribution of the oil between the SC 
phase and the plant matrix, and mass-transfer rate of the 
oil from the oil source to the solvent. Soybean oil, canola 
seed oil, palm oil, wheat germ oil, mustard oil, corn oil, and 
cottonseed oil have been extracted with SC CO,. The ef- 
fects of moisture content and particle size of the seeds, CO, 
flow rate, chamber dimensions, and other factors on the oil 
yield have been investigated (29). For soybeans, oxidative 
stability of SC CO, extracted oil was lower than conven- 
tional hexane extracts, since phosphatides that are natu- 
ral antioxidants were not extracted with SC CO.. Extrac- 
tion of freeze-dried phytoplankton by SC CO, at 40°C and 
between 17 and 32 MPa resulted in an orange-red oil rich 
in omega-3 fatty acids, without extracting chlorophyll (30). 
Conventional separation or concentration of fatty acids, 
which have low vapor pressures and normally high boiling 
points, requires vacuum distillation at high operating tem- 
peratures. Some thermal degradation is unavoidable in 
this process. In contrast, it has been shown that the sep- 
aration of fatty acid ethyl esters differing by two carbon 
atoms is possible by using SC CO, under mild conditions 
(31). Cholesterol is readily soluble in SC CO.. There are 
intense efforts to remove it from foods from animal origin, 
without damaging their quality (32). For all of its potential 
benefits, there are challenges for the food scientist and en- 
gineer to implement the SCF technology. The lack of ac- 
cumulated process and scale-up experience, the existence 
of many patents in the field, and high capital and main- 
tenance costs are some of these challenges. 
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SURFACE (INTERFACIAL) TENSION 


Surface tension can be referred to as free energy per unit 
area or force per unit length. Customary units are either 
ergs per square centimeter or dynes per centimeter. In SI 
(International System of Units) units, they are joules per 
square meter or newtons per meter (J/m?, N/m). 

The mathematical notation used for surface tension is 
usually y, and in performing dimensional analysis, y is rep- 
resented by M/t?, where M is mass and ¢ is time. The meth- 
ods available for the measurement of surface tension in- 
clude the capillary rise method, the capillary wave method, 
the ring method, and the tensiometer method (1). 

Surface energy (tension) at the boundary of two phases, 
such as solid—liquid in skim milk, liquid-liquid in salad 
dressing, gas-liquid in meringue, gas~solid in foam candy, 
and solid-gas in smoke, is an important parameter for 
studying the manufacturing and the shelf-life stability of 
food systems (2). Furthermore, many chemical and physi- 
cal processes can occur at the boundary; for example, dis- 
solution and crystallization, heterogeneous catalysis, and 
phenomena related to the colloidal state. Surface energy 
at the boundary often determines whether the process will 
occur, 

London, van der Waals, or cohesive forces act among the 
molecules of all substances irrespective of their state of 
aggregation. Such forces are significant only when the mol- 
ecules are rather close to each other, say, only several nano- 
meters apart. For polar compounds, such as water, hydro- 
gen bonding is also a significant cohesive force. In a single 
bulk phase, intermolecular cohesive forces are balanced. 
This is because molecules in the interior of a phase are 


attracted equally in all directions to the other molecules in 
their vicinity. However, in either solids, liquids, or gases, 
if the atoms, ions, or molecules exist in the interface, they 
are exposed to the action of unbalanced forces due to both 
phases. In other words, those at the interface are not sur- 
rounded completely by other entities of the same type or 
same physical state. Thus, the surface molecules or atoms 
are in an energy state different from that of those in the 
bulk phase. This additional energy, generally called sur- 
face energy, imparts to the surface region distinct features 
that are unique to the region. Surface tension acts parallel 
to the substance’s surface, opposing any attempt to expand 
the surface area. A component of surface energy causes 
forces to act normally at the phase boundary, resulting in 
an inward attraction, which, in turn, tends to reduce the 
number of molecules at the interface and to reduce the in- 
terfacial area to a minimum. A liquid, for example, has a 
tendency to obtain a spherical shape, the shape with the 
smallest ratio of surface to volume, if it is not contained. 
On the other hand, if the liquid is contained, it does not 
alter to the spherical shape because gravity imposes an 
added requirement. The surface must be uppermost and 
parallel to the plane of the earth, as it takes the shape of 
its container. Work or energy is required to increase the 
area of a surface or of an interface. This requires molecules 
to be moved from the body of the substance to the surface 
(interface). The total surface energy required to expand a 
surface by 1 cm? is the sum of the work required to over- 
come the surface tension and the amount of heat that must 
be supplied to maintain the expanding surface at a con- 
stant temperature. If the surface of water is at 20°C, the 
thermal energy required is 47.7 ergs/cm?, and since sur- 
face tension, y = 72.8 ergs/cm?, the total energy is 120.5 
ergs/cm? (2). With an increase in temperature, the kinetic 
energy of the molecules increases and the cohesive forces 
among them decreases, which leads to a decreased surface 
tension. The infiuence of temperature on the surface ten- 
sion of water and vegetable oils is shown in Table 1 (3). 
The surface tensions shown in Table 1 are those between 
the liquid (water or oil) phase and the gaseous phase (air). 
For making stable food emulsions, the interfacial tensions 
between edible oils and water, as shown in Table 2 (4,5), 
are important factors. An important consequence of sur- 
face tension (and its existence) is that there is a pressure 
difference on the two sides of a surface. This can be visu- 
alized by considering a gas-filled balloon stretched by the 
internal pressure of the gas. It experiences an elastic force 


‘Table 1. Influence of Temperature on the Surface Tension 
(dyne/om) of Water and Vegetable Oil 


‘Temperature, Cottonseed Coconut Olive 
°C Water oil oil oil 
0 72.6 
20 72.8 35.4 33.4 33.0 
30 712 
50 67.9 
80 62.6 313 28.4 
100 58.9 
130 27.5 24.0 
Source: Ref. 3. 
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Table 2. Interfacial Tension (dyne/cm) Between Water 
and Various Oils 


Purified Oil 25°C 75°C 
Triolein 14.6 13.5 
1,3-Dioleo-2-palmitin 14.5 12.3 
Peanut (screw press) 18.1 
Peanut (solvent, extracted) 18.5 
Cottonseed (screw press) 149 
Olive 17.6 
Coconut 12.8 


Source: Refs. 4 and 5. 


parallel to the surface that counteracts the stretching; oth- 
erwise the balloon would pop. The internal pressure of a 
balloon must be larger than the external pressure since the 
gas is not only counteracting the external pressure but also 
stretching the balloon. This force is analogous to the sur- 
face tension of a liquid, which arises due to the rubber mol- 
ecules’ attraction or the liquid’s molecular attraction with 
each other. 

In general, the smaller the interfacial tension, the less 
energy is required to create an emulsion between the 
phases. As a rule of thumb, the interfacial tension between 
water and edible oil should be below 10 dyne/em to facili- 
tate emulsification of the two phases (2). To meet this re- 
quirement, surface-active agents, or surfactants, are often 
added to reduce the interfacial tensions between the two 
phases. Surfactants in small quantities are known to re- 
duce interfacial tensions. However, there are other solutes, 
such as inorganic salts and compounds with a large num- 
ber of hydroxyl groups, such as sugars, when added to wa- 
ter, the surface tension of the solution increases slightly as 
the concentration of the solute increases. The molecular- 
level explanations for such distinctive phenomena are the 
following. Surface-active chemicals exhibit positive ad- 
sorption phenomena that lead to a higher concentration of 
the added chemicals at the surface (or interface) than in 
the bulk. For sugars and salts that show a negative ad- 
sorption phenomenon in water, the concentration in the 
bulk is higher than that in the surface (or interface). Not 
only are their effects in opposite directions, but the effects 
of surface-active agents on the surface (or interfacial) ten- 
sion are much more drastic than those caused by sugars 
and salts. Consequently, small amounts of surfactants are 
normally used. At the molecular level, surfactant mole- 
cules are oriented at the surface (or interface) by pointing 
their polar (hydrophilic) groups toward the aqueous phase 
and their apolar (hydrophobic) groups toward the gaseous 
(nonaqueous) phase. In this process, the surface free en- 
ergy is minimized. The surfactant molecules will form a 
monolayer or a film on the surface until the surface is com- 
pletely covered and will form micelles with organized 
structures in the bulk solution as the concentration of sur- 
factant exceeds the critical micelle concentration, which is 
in the range 0.004 to 0.15 mol/L for many surfactants (2). 

Surfactants are either natural or synthetic, nonionic, or 
ionic. Food-grade surfactants are generally nonionic and 
are preferably natural. Soaps and detergents act as sur- 
factants in order to lower the surface tension, which helps 
to remove oily dirt particles from solid surfaces (including 
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skin). This enables these products to do what they do 
best—clean! Many proteins are good surfactants. Protein 
molecules can be adsorbed on the interface to form either 
a monolayer or multiple layers, depending on the individ- 
ual protein. This is related to the fact that different pro- 
teins have different abilities in reducing the surface ten- 
sion of water. Table 3 shows the equilibrium surface 
tension of four different protein solutions at different con- 
centrations. 

Similarly, Table 4 shows the influence of several milk 
proteins on the interfacial tension between water and but- 
ter oil. The values of surface and interfacial tension shown 
in Table 3 and 4 are both equilibrium values that were 
obtained after a transient period of surface (or interfacial) 
tension reduction after the addition of the protein. An equi- 
librium is reached when the surface tension measured 
stays at a constant value over an arbitrarily selected time 
period, such as 30 min. 


Table 3. The Equilibrium Surface Tension of Protein 
Solutions at Various Concentrations 


Protein Equilibrium 
concentration, surface 
Protein owl tension® 
Ovalbumin 8.0 419 
40 40.3 
2.0 417 
1.0 44.0 
Soybean protein 3.0 41.2 
2.0 417 
1.0 42.2 
03 42.5 
0.1 42.9 
Bovine serum albumin 2.0 49.4 
15 49.1 
1.0 48.6 
05 49.7 
Casein 3.0 48.6 
2.0 42.2 
1.0 46.5 
06 48.4 
03 47.0 
0.1 47.6 


Source: Ref. 6. 
“Surface tension values (dyne/cm) attained and maintained constant for 
more than 30 min. 


Table 4. Influence of Milk Proteins on the Interfacial 
Tension Between Water and Butter Oil at 40°C 


Concentration, Interfacial tension, 

Protein % dyne/em 
None — 19.2 
Euglobulin 0.2 18 

06 18 
B-Lactoglobulin 0.2 14 

0.6 14 
a-Lactalbumin 0.2 11 

0.6 ni 
Interface protein 02 ctl 

0.6 9 


Source: Ref. 7. 


When protein molecules are adsorbed onto the inter- 
face, they may change tertiary structure to suit the new 
environment, such as specific orientation and film forma- 
tion to obey the law of thermodynamics. Specifically this 
results in the reduction of surface energy, which makes the 
achieved thermodynamic state more stable. Compounded 
by the fact that proteins are slow-diffusing molecules, the 
kinetics of reducing interfacial tension by the addition of 
protein is not a fast one. According to Ghosh and Bull (8), 
the surface tension of 0.06% egg albumin solution (pH 4.9, 
30°C) dropped from 62 to 48 dyn/cm within a period of 55 
min. Graham and Phillips (9) also reported that the pro- 
cess of reduction of surface tension due to the addition of 
relatively low protein concentrations can take between 10 
and 60 min. Kitabatake and Doi (6) reported that the re- 
duction of surface tension due to added protein follows 
first-order kinetics. They also found that the formability of 
the protein solution correlated better with the first-order 
rate constant of the surface tension reduction process than 
with the equilibrium surface tension of the solution. In 
other words, formability involves the capacity to entrap air 
on whipping, which is promoted by proteins that will cause 
a fast reduction in the surface tension of water. 

There are structural similarities between foams and 
emulsions; surface tension and interfacial tension are im- 
portant physical parameters to be dealt with in food pro- 
cessing for the former and the latter, respectively. 
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SURIMI: SCIENCE AND TECHNOLOGY 


Surimi is a Japanese term for mechanically deboned fish 
mince that has been washed with water and mixed with 
cryoprotectants for a long frozen shelf life. It is used as an 
intermediate product for a variety of shellfish analog prod- 
ucts, such as crab legs, shrimp, and lobster. Minced fish, 
on the other hand, is a mechanically separated flesh that 
has not been washed and does not have good freeze stor- 
ability. Washing not only removes fat and undesirable mat- 
ter, such as blood, pigments, and odorous substances but, 
more important, increases the concentration of myofibril- 
lar proteins (primarily actomyosin) through removal of 
water-soluble sarcoplasmic proteins. As a result, washing 
improves gel strength and elasticity, essential properties 
for surimi-based products. 

Unlike soy protein, surimi, because of its high concen- 
tration of myofibrillar proteins, produces an elastic and 
chewy texture that can be made to resemble that of shell- 
fish, Because it has this unique property, surimi has been 
used extensively in Japan for many centuries in a variety 
of traditional as well as new fabricated products. Surimi 
technology has led to the development of commercially ac- 
ceptable shellfish analogs that were not successful in the 
U.S. market when soy protein was used. It appears that 
surimi has great potential as a functional protein ingre- 
dient that can be substituted for a variety of traditional 
animal and vegetable proteins. The potential of surimi in 
developing new products is not limited to shellfish analogs; 
it has already been realized in developing products based 
on surimi—meat blends. The virtually unlimited resources 
of underutilized fish species will ensure a sufficient supply 
of surimi at a reasonable cost to meet the need for base 
material for surimi-based products. 

The development of surimi technology in the United 
States began in the early 1980s, utilizing Alaska pollock 
(Theragra chalcogramma). Within a short period, the U.S. 
surimi industry established a strong commercial base with 
technology development assisted by the government and 
university research laboratories. As a result, U.S. surimi 
production from Alaska pollock has grown from about 
4,000 t in 1984 to an estimated 160,000 t in 1997, employ- 
ing 19 factory ships and four shore plants. In nine years, 
the U.S. consumption of surimi analog products rose from 
2,700 t (6 million Ib) in 1980 to an estimated 80,000 t (176 
million lb) in 1996 (1). The world surimi production topped 
540,000 t (2) in 1992. As the Alaska pollock resource weak- 
ens, Southern blue whiting (Micromesistius australis) 
caught off Argentine and Pacific whiting (Merluccius prod- 
uctus) off the U.S. West Coast became the next largest 
sources for surimi production. 

The interest of the U.S. industry in these products 
stems from the following: the surimi market continues to 
grow worldwide; new products with high profit margins 
can be developed; nontraditional fish species can be pro- 
cessed at a profit; and the nonseafood food companies can 
enter the manufacturing of surimi seafood products with- 
out having to become involved in fish processing. This ar- 
ticle focuses on the historical background of surimi tech- 
nology, and the important physical and chemical principles 
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behind the process for manufacturing surimi and surimi- 
based seafood products. 

Traditionally, Japanese surimi was freshly prepared 
from fresh fish and immediately processed into kamaboko 
products. Kamaboko is a generic term that includes a va- 
riety of products prepared from surimi and is distinguished 
from texturized shellfish meat analogs, which are a new 
breed of surimi-based products. The technique for making 
kamaboko products from minced and washed fish evolved 
around A.D. 1100, when Japanese fishermen discovered 
that they could keep the product longer if washed minced 
fish was mixed with salt, ground, and steam cooked or 
broiled (Fig. 1). Although all products made from surimi 
are generally called kamaboko, strictly speaking, kama- 
boko is one that is mounted on a wood plate and steamed 
or broiled. There are other narrowly defined products such 
as chikuwa, which is broiled, and tempura, which is fried. 

The traditional surimi production was run on a day-to- 
day basis, depending on the supply of fresh fish. Conse- 
quently, the surimi industry could not expand to any great 
extent and remained a small-scale operation. However, in 
1959, the surimi industry took a new turn when a group 
of scientists at the Hokkaido Fisheries Laboratories dis- 
covered a technique to stabilize frozen surimi (3,4). This 
discovery was made from an incidental finding of a cryo- 
protectant that kept the surimi from freeze denaturation 
during frozen storage. This technique enabled Japanese 
manufacturers to stockpile surimi. Previously, most of the 
surimi was produced on shore, but subsequently about half 
of the surimi has been produced on processing ships as a 
result of an intensive joint effort by government and in- 
dustry to mechanize on-board surimi production. Subse- 
quently, frozen surimi production increased from 32,000 t 
in 1965 to 380,000 t in 1975, together with a record pro- 
duction of 1.1 million t of kamaboko (5,6). 


THE SURIMI PROCESS 


A typical surimi process on a pilot-plant scale is shown in 
Figure 2. The fish is headed, gutted, and cleaned in a wash- 
ing tank. The washed fish is then put through a belt-drum- 
type meat separator that separates the flesh from the bone 
and skin. The fillets processed by a high-speed filleter are 
often favored over headed and gutted fish for surimi of su- 
perior quality. The diameter of the drum perforations 
ranges from 4 to 7 mm and is selected in accordance with 
the size and freshness of the fish (7). For the production of 
high-quality surimi with limited washing, particularly in 
the case of on-board processing, the backbone is mechani- 
cally removed, or the fillet is used. Filleting is done me- 
chanically using a filleting machine at a fast speed. 
Basically, surimi is produced by repeatedly washing me- 
chanically separated fish flesh with chilled water (10°C) 
until it becomes odorless and colorless or, technically, until 
most of the water-soluble proteins are removed. The water 
temperature does not need to be kept unnecessarily low. It 
should be determined by the type of fish (species), specifi- 
cally the thermostability of fish protein; for example, 10°C 
for Alaska pollock (a cold-water fish) and 15°C for red hake 
(Urophycis chuss, a temperate-water fish) (8). On the basis 
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Figure 1. An old surimi and kamaboko making process; (1) fish harvest, (2) gutting and cleaning, 
(8) filleting, (4) mincing, (5) washing, (6) dewatering, (7) chopping, (8) stone grinding with salt and 
spices, (9) straining, (10) shaping of kamaboko, and (11) steaming of kamaboko. Source: Courtesy 
of Suzuhiro Kamaboko Kogyo Co., Ltd., Odawara, Japan. 


of the relationship between species and thermostability of 
actomyosin ATPase (9), it can be assumed that warm- 
water fish can tolerate a higher water temperature than 
cold-water fish without a reduction in protein functionality. 

In a washing process, the number of washings, the vol- 
ume of water, and the washing time will vary with the fish 
species, the initial condition of the fish (freshness), the type 
of washing unit, the ratio of water to meat weight, and the 
desired quality of surimi (10). Generally, in the shore plant 
process three washings are recommended at a 4:1 ratio of 
water to meat, while in the factory ship process two wash- 
ings are done at two to three parts water to one part meat 
because of fresh water shortage. Based on 5 min for each 
washing and two to three washing cycles, 15 to 20 min for 
the entire leaching process is appropriate for a commercial 
surimi manufacturing operation. 

In a commercial process, the washing is done continu- 
ously, with mechanical agitation in a series of washing 
tanks and a rotary screen rinser. During repeated wash- 
ings with continuous agitation, much of the water-soluble 
proteins are removed, along with undesirable substances 
and enzymes, causing the level of actomyosin to increase. 
The level of functional actomyosin is a measure of the gel- 
forming ability of the surimi. This explains why surimi 
gives a more elastic texture than unwashed minced fish 
meat. For the last washing, a 0.1 to 0.3% NaCI solution is 
used to ease the removal of the water. The washing is fol- 
lowed by refining with the aid of a refiner that removes 
connective tissue, black skin, bone, and scale. The white 
flesh passed through the refiner’s perforations is collected 
and referred to as first grade, while the portion rejected is 


put through the refiner again to recover the additional re- 
fined flesh, which is darker and less functional than the 
first grade. The second-time refined mince is, therefore, 
referred to as second grade. 

The refined flesh is transferred to a screw press, which 
removes excess water. At this point, the flesh should be 
white, odorless, and residue free and have 82 to 84% mois- 
ture. Using a silent cutter, cryoprotectants sucrose, sorbi- 
tol, and sodium tripolyphosphate are mixed into the de- 
watered flesh at levels of 4, 4 to 5, and 0.2 to 0.3%, 
respectively. The levels and ratio of sucrose and sorbitol 
can be adjusted depending on the type of product to be 
made and the sweetness desired. Some surimi are pre- 
pared only with sorbitol, while some are produced only 
with sucrose but at a level no more than 5% because of 
sweetness. The principal steps of the rotary screen surimi 
manufacturing process are summarized in Figure 2. 

The material balance of surimi manufacturing is shown 
in Figure 3. Most of losses occur during washing in the 
form of water-soluble proteins and secondarily from refin- 
ing in which connective tissue is removed. Fine particles 
of water-insoluble myofibrillar proteins are also lost 
through the screen during draining. A variety of surimi are 
made from more than 60 different fish species. Each spe- 
cies requires slightly different processing techniques. Pri- 
mary species include Alaska pollock, Southern blue whit- 
ing, Pacific whiting, and treadfin bream (Nemipterus 
tambuloides) in Thailand, which are processed in commer- 
cial volume for the production of frozen surimi. 

Pacific whiting is caught off the U.S. West Coast, and 
its estimated production has exceeded 30,000 t in 1997. 
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Figure 2. Flowchart of a pilot-plant surimi manufacturing process. Source: Courtesy of the De- 
partment of Food Science and Nutrition, University of Rhode Island. 


Due to a strong parasitic proteolytic activity, Pacific whit- 
ing requires a special process that includes holding fish at 
below 5°C and the use of enzyme inhibitor such as beef 
plasma protein (1%) or egg white (2%) in mince prior to 
freezing. Currently, the surimi produced from Alaska pol- 
lock and Southern blue whiting make up the majority of 
the commercial production and command superior quality 
in terms of color, odor, and gel-forming ability. 

The factory ship-processed surimi always commands 
high quality because of the freshness of the fish used and 
the prior removal of the backbone and belly flap. This 
leaves a minimum amount of blood and cavity residues 
with no autolysis (proteolytic degradation) in deboned fish 
mince, requiring less water in washing. Due to limited wa- 
ter availability, it is an absolute necessity for factory ships 
to have minimum washing using the freshest fish mince 
with minimum organ residues, whereas shore plants pro- 
cess boat-delivered fish, which could be one to five days old, 
depending on the length of the fishing trip. Thus, some- 
times these shore-processed fish could lack freshness and 
produce a low-grade surimi. In the shore process, fish is 
often deboned without prior removal of the backbone and 
belly flap. Fish that is less fresh and has inadequate de- 
boning requires more extensive washing to remove proteo- 
lyzed products, blood, and other undesirable organ resi- 


dues and fluids. The preceding explains why only two 
washing cycles are employed in the ship process, compared 
with three to four cycles in the shore process. The modern 
factory ship (Fig. 4) has the capability of processing surimi, 
as well as by-products such as fish meal and fish oil. The 
only limitation of the ship process is the water supply, 
which must be generated from seawater by desalinization. 

Cryoprotectants were originally incorporated into the 
dewatered meat by a kneader or stone grinder; however, 
this incorporation is now accomplished by a high-speed 
cutter, which is more effective and faster than the kneader. 
Caution must be taken not to allow the temperature of the 
mix to exceed 10°C, above which protein functionality 
could be damaged. 


PROCESS WASTEWATER 


Surimi making requires a large amount of fresh water dur- 
ing the washing process; this ranges from 10 to 20 times 
the weight of the deboned meat, depending on the species, 
condition of fish, and extent of cleaning required. Cur- 
rently, all the water used during the surimi process is dis- 
charged as wastewater. This is of concern because the 
wastewater contains an average of 3.4 g of protein per liter 
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Figure 8, Material balance of surimi manufacturing process. M, 
myofibrillar proteins; S, sarcoplasmic proteins. Source: Ref. 11. 
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(0.34%). About 80% of the protein present in the waste- 
water is water soluble. The total protein lost accounts for 
approximately 30% of the deboned meat weight (12) and 
varies from plant to plant, depending on the amount of 
water used and the number of washing cycles employed. 
The wastewater generated from the shore plants must be 
treated to reduce its biological oxygen demand (BOD) level 
before being discharged. 


PROTEIN RECOVERY 


During washing of minced meat, a considerable amount of 
water-soluble and some insoluble proteins are lost, as 
much as 33% (on a minced meat weight basis, Fig. 3), of 
which water-insoluble myofibrillar proteins in fine parti- 
cles unretained by a rotary screen can be recovered by a 
decanter centrifuge or a settling tank with a conical bottom 
(10). Both have been successfully used to improve the yield 
in recent years. Some efforts were made without commer- 
cial success to recover water-soluble proteins employing an 
ultrafiltration (UF) membrane system. 


GEL QUALITY EVALUATION 


Surimi is highly concentrated with myofibrillar proteins, 
primarily actomyosin. The myofibrillar proteins are solu- 
bilized by salt during chopping, which is an initial step of 
the manufacturing shellfish analog products. The solubi- 
lized protein sol, or paste, gels on heating. The gel-forming 
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Figure 4. Surimi factory ship, the 21,000-ton Mineshima Maru. Source: Courtesy of Hippon 


Suisan Kaisha Co., Ltd., Tokyo, Japan. 


ability, measured by the water-binding capacity of the com- 
minuted tissue (protein solubilization) and gel strength, is 
determined by the level of functional actomyosin. The level 
of functional actomyosin, measured as extractable acto- 
myosin or ATPase activity, increases with an increase in 
the number of washing cycles and decreases as the fresh- 
ness of the fish decreases; such a decrease in extractable 
actomyosin is caused by tissue autolysis, which is proteo- 
lytic breakdown of myofibrillar protein by catheptic pro- 
tease. The proteolytic breakdown increases with extended 
storage or during the spawning season. The quality of sur- 
imi during frozen storage is affected by storage tempera- 
ture, storage period, the level of remaining moisture, the 
type and level of cryoprotectants used, and remaining in- 
organic salts (10,13). 

The quality of surimi is graded on the basis of its gel- 
forming ability and the chemical and visual conditions of 
raw surimi. A new version of the Japanese grading system 
for frozen surimi was developed initially by Tokai Regional 
Fisheries Research Laboratory (1980) and adopted by vari- 
ous individual companies with some modifications for its 
internal standards. The modified standard procedures of 
Japan Fisheries Ltd. (14) and some of the procedures from 
the Tokai Regional Fisheries Laboratory are summarized 
in Table 1. 

In the United States, on the other hand, methods for 
specifying properties of raw surimi instead of a grading 
system were proposed by the U.S. surimi technical com- 
mittee under the direction of the National Fisheries Insti- 
tute (15). Additional testing procedures for surimi (16) and 
fiberized analog products (17) were also proposed. They 
were intended not only to supplement the existing Japa- 
nese grading system but also to make procedures more 
practical for the United States, where the system is in- 
tended for specification rather than grading. In this way, 
a suitable type of surimi, which meets the gel-forming re- 
quirements of specific formulations, can be selected. 


USE OF CRYOPROTECTANTS 


Freezing of surimi become commercially possible after the 
discovery of the cryoprotective role of sucrose, which pre- 
vents muscle protein, particularly actomyosin, from de- 
naturation during frozen storage. Initially, 8% sucrose was 
used, but it made the surimi too sweet and caused a color 
change during frozen storage. Subsequently, the level of 
sucrose was reduced to 4%, and 4% sorbitol was added to 
compensate for this reduction (3). The increased ratio of 
sorbitol to sucrose resulted in an increase in the gel- 
forming ability (compressive force), suggesting that sorbi- 
tol is more effective cryoprotectant than sucrose. The most 
desirable sweetness was attained at a 6:2 ratio of sorbitol 
to sucrose (18). The cryoprotective effect of these sugars 
was greatly enhanced by adding polyphosphate at a level 
of 0.2 to 0.3%. 

Prevention of protein denaturation by sugars can be ex- 
plained by their ability to increase the surface tension of 
water (19) and the amount of bound water, resulting in 
increased hydration of protein molecules. This prevents 
withdrawal of water molecules from the protein, thus sta- 
bilizing the protein (20). 
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CHANGES DURING FROZEN STORAGE 


The gel-forming ability of surimi made from fresh (one- to 
two-day-old) fish in good condition does not change signifi- 
cantly for up to one year when held at a constant tempera- 
ture below —20°C (21,22). However, when the surimi is 
stored at higher temperatures, the gel-forming ability 
gradually decreases; this is attributed to a decrease in ex- 
tractable actomyosin subsequent to freeze denaturation of 
proteins (22). Temperature fluctuation during short-term 
transportation does not significantly reduce surimi quality. 
However, extended periods of temperature fluctuation 
(more than three weeks) do cause significant loss in quality 
(23). 


GEL FORMATION 


Myofibrillar proteins, primarily actomyosin, in surimi 
need to be solubilized by salt during chopping to form an 
extrudable paste (sol) essential for fabrication. The surimi 
paste must be extruded right after chopping so that it can 
be shaped or formed before it sets to a gel. The extruded 
paste is subjected to partial heat setting for fiberization, 
followed by cooking. With or without heat, the surimi sol 
undergoes gelation where randomly arranged peptide 
chains irreversibly transform to an ordered state with the 
aid of both hydrogen and hydrophobic bonds (5,24), This 
irreversible transition from sol to gel is called setting. Hy- 
drogen bonding is primarily involved in setting at low tem- 
perature, while hydrophobic bonding dominates in subse- 
quent gel setting at high temperature (25). Inacommercial 
practice, a partial heat-setting is done at temperatures of 
40 to 50°C before a final cooking at 80 to 90°C. The textural 
quality of the finished product is highly dependent upon 
the way the partial heat setting is carried out. A proper 
partial heat setting with a right temperature-time rela- 
tionship is required for development of a desirable texture. 
Gel-setting behavior and gel strength vary from species to 
species (26). 

Gel setting (swari) takes place at temperatures up to 
50°C without cooking and occurs even below room tem- 
perature. However, when a comminuted fish (paste) passes 
through a heating zone of 60 to 70°C, part of the gel struc- 
ture is altered such that the gel becomes soft. This phe- 
nomenon is called softening (modori). Such softening is be- 
lieved to be associated with proteolytic activity of alkaline 
protease, because this enzyme is present in many fish spe- 
cies and has an optimum activity at 60 to 70°C (27-29). 
The degree of gel softening is significantly reduced after 
washing the fish mince. This further confirms the involve- 
ment of protease in gel softening and suggests that gel soft- 
ening is specific to the type and amount of water-soluble 
proteins (sarcoplasmic) in the fish tissue. This theory has 
been challenged by a series of reports in which softening 
of the texture still occurred after protease was inhibited 
(30,31). This led to a theory of temperature-dependent gel- 
setting behavior. At a fast heating rate, a tight, cohesive 
network with a large number of small aggregates is 
formed, whereas at a slow heating rate, as in the case of 
60 to 70°C heating, a loose network with a small number 
of large aggregates is formed (32). 
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Table 1. Japanese Grading System for Quality of Frozen Surimi 


Item Procedure 
Chemical and visual conditions 

Moisture 5 g of half-thawed surimi is dried either in the oven at 105°C or in their moisture balance, and the moisture loss 
determined 

pH 10 g of thawed surimi is homogenized with 90 mL of distilled water, and pH is measured 

Impurities The presence of impurities is scored by counting the number of black skin and bone residues in a 10 cm x 10 
cm field, which is prepared by spreading 10 g of surimi in 1 mm thickness 

Whiteness The whiteness of surimi gel is measured by a Hunter color meter (model C-1) with red filter (620 mm) 


Physical properties 


Expressible drip 


50 g of thawed surimi is placed in a cylinder (35 mm in diameter x 150 mm long) having a base with a 3 mm 


mesh and pressed at a 500-g load for 5~10 min and at an additional 500-g load for 20 min; expressible drip (%) 


= (drip weight/sample weight) x 100 
Viscosity 


148 g of thawed surimi is homogenized for 8 min at 8-10°C with 857 mL of 3.5% NaCl solution in an 


antifoaming mixer having cooling capability; after 40 min at room temperature, the viscosity is measured 
using a Brookfield viscometer (Tokyo Instruments, Model C) at 10°C at 4 rps 


Gel-forming ability 


Gel preparation 


A gel is prepared using 2~5 kg of thawed surimi and 3% salt by grinding in a kneader for 30 min or chopping in 


a silent cutter for 15 min; during chopping, the temperature of the surimi paste must be kept below 10°C to 
preserve the functionality of actomyosin; potato starch is added according to the grade: none to AA grade, 3% 
to A grade, and 5% to B grade; the resulting paste is stuffed into a 30-mm-diameter polyvinylidene chloride 
casing, linked in 25-cm lengths, and immediately heated in a water bath at 90°C for 40 min; it is then cooled 
in cold water and left at room temperature for 18-48 h until tested 


Gel strength 


The gel strength is measured by either a rheometer or an Okada gelometer using a cylindrical specimen (30 mm 


in diameter X 25 mm long) and a 5-mm-diameter plunger with a round end, gel strength (g-cm) = breaking 


force x deformation 
Folding test 
and index finger 


AA = No crack occurs after folding twice 


Grade is determined according to the extent of crack when a 33-mm-thick slice of gel is folded between thumb 


A = Crack occurs after folding twice, but no crack occurs after folding once 
B = Crack occurs gradually after folding once 

C = Crack occurs immediately after folding once 

D = Breakable by finger press without folding 


Sensory score test Firmness is scored by the bite test: 


Slightly soft = 
Very soft = 


10 
8 
Moderately firm = 6 
4 
2 
Extremely soft = 1 


The texture of gels prepared from a given surimi sys- 
tem is affected by the moisture content of the surimi, the 
levels of added salt and polyphosphates, the extent of ac- 
tomyosin solubilization (chopping time), pH, and heating 
schedule. Generally, the gel weakens as the moisture con- 
tent increases. The salt concentration required for gel for- 
mation ranges from a minimum of 2% to a maximum of 
3% of the weight of surimi, depending on the process and 
saltiness requirements; the average level used in the com- 
mercial process is 2.5%, where the formula contains other 
ingredients in addition to surimi. When only surimi and 
water are used in the formula, the gel strength of Alaska 
pollock surimi reaches a maximum at 0.26 M NaCl (1.5%) 
on a gel weight basis and gradually decreased as a 
salting-out effect occurred on further increases in salt con- 
centration (8). Solubilization of actomyosin increases with 
chopping time and reaches a maximum. The chopping 


time for maximum solubilization is determined by the 
amount of surimi used and the size and speed of chopper. 
Beyond this maximum chopping time, the mechanical 
shear damage and temperature rise occur along with 
protein-protein interaction, resulting in a decrease in gel- 
forming ability (33,34). Therefore, chopping should be 
stopped when a sufficient solubilization is achieved, while 
keeping the temperature of the batter below the tempera- 
ture that protein can tolerate. The present Japanese prac- 
tice calls for chopping at 10°C as a maximum tolerable 
temperature for Alaska pollock. The maximum allowable 
chopping temperature thus depends on the type of fish 
species. Temperate species such as red hake and croaker 
can tolerate a higher temperature than cold-water species 
such as Alaska pollock (8). Thermostability of actomyosin 
is closely related to the body temperature of the fish and 
the temperature of the water where the fish lives. The 


lower the water temperature, the more unstable the fish 
muscle actomyosin is (9,35). 

Elasticity and resilience of surimi gel increase with an 
increase in the concentration of actomyosin, but decrease 
with an increase in the concentration of water-soluble (sar- 
coplasmic) proteins. The presence of water-soluble pro- 
teins retards gel setting by interfering with the actomyosin 
cross-linking process. A mechanism was proposed whereby 
water-soluble proteins bind actomyosin, making it less 
available for the cross-linking process (36,37). 

The strength of surimi gel is affected by the pH of the 
comminuted surimi paste. The optimum pH varies with 
the fish species from which surimi is prepared, as well as 
with formulation, because ingredients interact with one 
another. A pH around 7 with a moderate salt concentration 
gives maximum gel strength. A pH below 7 results in a 
sharper decrease in the gel strength than above 7 (5). The 
pH dependency of gel formation is related to the depen- 
dence of water-binding ability of myofibrillar protein on pH 
(38). 


PRODUCTION OF SURIMI-BASED PRODUCTS 


Surimi-based products are prepared by extruding the sur- 
imi paste into various shapes that resemble shellfish meat 
such as crab, lobster, scallop, or shrimp. The closer the 
simulation desired, the greater the sophistication of the 
extrusion technique that is required. The products may 
be divided into four major categories according to their 
fabrication and structural features: molded, fiberized, 
composite-molded, and emulsified (Fig. 5). 


Molded Products 


These products are produced by molding the chopped sur- 
imi paste into the desired shape and allowing it to set and 
form an elastic gel. Molding may be done by either a single 
extrusion or a coextrusion. For the former, the paste is ex- 
truded through a single opening of the nozzle without con- 
current texturization. For the latter, the paste is extruded 
through a nozzle having many separate openings such that 
strings of extrudate are laid over one another during form- 
ing. Coextrusion, therefore, gives a meatlike texture, 
whereas the single extrusion results in a uniform and 
rather rubbery mouthfeel. 


Fiberized Products 


As shown in Figure 6, these products are produced by ex- 
truding the paste into a thin sheet through a rectangular 
nozzle haying a narrow opening (1-2 mm). The extruded 
sheet is then partially heat set and cut into strips of de- 
sired width by a cutter, similar to a noodle cutter, having 
a clearance that allows only partial cutting (<4/5 of the 
thickness), so that a sheet of strips results. The surimi 
used in this process should be of high grade so that the 
paste remains sufficiently cohesive and elastic while it is 
stretched, cut, and pulled during a fabrication process. The 
greatest pulling tension occurs between the cutter and 
wrapper. Strip width is determined by the type of finished 
product desired. Fine strips are preferred for the fibrous 
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Salt 

Shellfish flavor (extract) 
Surimi + Water + Flavor enhancer 

Shellfish meat 

Starch or egg white 


a 


Silent cutter 
Meat pump 
Feeder 
Nozzle (extrusion) 


Conveyor belt 


Gas 
Steam Tempering 
(partial heat setting) 
Gas 
Cooling 
Strip cutter 
Paste 
Strings 
Mixer Rope former 
Former Wrapper 
Oblique cut Straight cut 
Straight Composite 
mold mold (chunk) Flake, chunk Stick 
Molded Fibrous 


Steam cooking 


Packaging 


Figure 5. Flowchart of process for fibrous, flake, chunk, and 
composite-mold-type products. Source: Courtesy of the Institute 
of Food Technologists. 
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Cutter 
Surimi + sat 


To packaging 


Figure 6. Schematic of small-scale crab leg processing line (capacity 1 t/day). The color layer is 
transferred from the film to the meat surface during steam heating. Source: Courtesy of the Insti- 


tute of Food Technologists. 


crab leg product, whereas wider strips are more suitable 
for the crab flakes and chunks as well as for scallop ana- 
logs. 

The resulting sheet of strips is folded into a rope (a bun- 
dle of fibers) by a simple narrowing device called a rope 
former. The rope is then colored, wrapped, and cut into a 
desired length by a wrapping machine. Coloring is done by 
applying a thin layer of colored paste onto a wrapping 
film. The film of colored paste sticks onto the surface of 
the rope as wrapping and cooking progress. Coloring is 
also done by directly applying a thin colored extrudate onto 
the rope without wrapping film. The crab leg product is 
produced by a straight cut, whereas the flake and chunk 
types are formed by an oblique cut. During the folding pro- 
cess, the texture of the finished products can be further 
altered by manipulating the adhesion between the folded 
layers. Recently, a fiberization by the twin-screw extrusion 
was developed in Japan. In this process, protein salt- 
solubilization is followed by texturization of surimi pro- 


tein, both done in an extruder. Although the texturization 
by extrusion is found to be efficient and less labor inten- 
sive, the process has not been universally accepted due to 
inferior texture and flavor retention compared to the con- 
ventional fiberization method. 


Composite-Molded Products 


For these products, the strings or shreds of desired length 
are mixed with surimi paste and extruded into a desired 
shape. Strings or shreds are produced either by the method 
just described or by shredding a block of surimi gel into 
thin rectangular pieces (<1 mm thick), Texture can be 
manipulated by adjusting the mixing ratio of strings and 
shreds and surimi paste (binder). This type of product 
gives a better bite than the strictly molded variety, which 
often tends to be rubbery and uniform in texture. 
Composite-molded products are found in stick form and 
sold mixed with fiberized products. Most typical products 


under this category that can be found in the market are 
shrimp and lobster analogs. Another type of composite- 
molded product called fish ham is prepared by mixing the 
dice of cured tuna and pork into the fish paste before ex- 
trusion. 


Emulsified Products 


To make this type of product, surimi is treated ina manner 
similar to that used when meat is processed for emulsion 
products. The level of fat added is usually less than 10%, 
and the type of fat used is not limited to animal fat. In fact, 
vegetable oil is often added, because unlike mammal and 
bird meat, fish meat readily produces a stable emulsion 
with oil (39). The wiener-type products have been devel- 
oped and successfully marketed in Japan. Sausage-type 
products can be produced by a method similar to that used 
for composite-molded products, as illustrated in Figure 7. 


EFFECT OF INGREDIENTS ON TEXTURE 


The sequence of incorporation of ingredients affects the 
textural quality of the final product and varies with the 
type of formulation. In general, salts and a portion of ice- 
chilled water (one-third) are added first, then the mixture 
is chopped for the first third of the chopping period to allow 


Spices 
Surimi + Water + Flavorings + Fat 
Salt 


Silent cutter Blender 
Stuffer String-forming extruder 
(meat grinder type) 
Casings 
Tempering 
(partial heat setting) 
Steam or smoke Paste 
cooking 
Mixer 
Stuffer Patty former 
Casings Freezing 
Steam or smoke 
cooking 
Wiener type Sausage type 


Figure 7. Flowchart of process for surimi-based emulsion-type 
products. Source: Courtesy of the Institute of Food Technologists. 
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the solubilization of myofibrillar protein. Next, for the im- 
provement of texture and water binding, starch and egg 
white (raw, pasteurized, and frozen) are added with the 
remaining water, and the mixture is chopped for the re- 
mainder of the chopping period. Flavor is added during the 
last third of the chopping period for maximum delivery. 


Starch 


Currently, corn or wheat starch is used at around 6% to 
improve the textural properties of surimi gel, or at higher 
levels for cost reduction. Starch must be uniformly dis- 
persed and gelatinized to strengthen the gel. Starch par- 
ticipates in gel formation as a dispersed phase, whereas 
protein does so as a continuous phase. Starch increases gel 
strength and elasticity through composite reinforcement 
and water binding. Gel-strengthening ability varies 
greatly from starch to starch. The gel-strengthening ability 
of starch is affected by its water-binding capacity during 
gelatinization and the viscosity of the gelatinized starch 
(40). The greater the water-binding capacity and viscosity 
of the starch, the greater is its gel-strengthening ability. 

In general, strong, elastic gels are produced from un- 
modified high amylopectin starches, such as potato and 
waxy corn starches, which are less prone to retrogradation 
at room temperature. In addition to the water-binding ca- 
pacity and rheological properties of starch, its retrogradia- 
tion behavior and interaction with protein during gel net- 
work formation are also important factors that should be 
considered in studying the role of starch in surimi gel for- 
mation. 

Despite the ability of potato starch and waxy maize to 
produce strong, elastic gels, the gels prepared with these 
starches have poor freeze-thaw stability and become rub- 
bery and rigid with extended frozen storage. Addition of 
unretrogradable modified starch (hydroxypropylated type) 
greatly improves freeze-thaw stability, but it weakens gel 
strength in terms of elasticity and firmness. It is, therefore, 
advisable to use a proper mix of unmodified and modified 
starch to produce a desirable balance between gel strength 
and freeze-thaw stability. Starch modification through 
cross-linking in addition to hydroxypropylation has been a 
commercial practice to overcome gel-weakening problem 
associated with use of starch that is only hydroxypropy- 
lated. 


Proteins 


Addition of nonmuscle proteins tends to reduce gel 
strength and rubberiness. Nonmuscle proteins include egg 
white, milk protein, soy protein, and wheat gluten. The 
appropriate reduction in such textural properties leads to 
texture modifications and often results in an improvement 
of sensory quality. The gel-texture-modifying effect of non- 
fish proteins is closely related to their water-binding prop- 
erties (41,42). Egg white is most commonly used in surimi- 
based products. Egg white is added in a raw form (<10%) 
on a surimi weight basis to enhance gel strength. When 
dry egg white is used, an appropriate amount of water 
should be added to adjust the moisture content in the fin- 
ished product. Another important function of egg white is 
its ability to make the product whiter and glossier. 
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Hydrocolloids (Gums) 


Gums being considered for use in surimi-based seafoods 
include carrageenan and alginate (extracted from sea- 
weeds) and curdlan and xanthan gum (microbial extract). 
Among these i-carrageenan gum has shown a gel strength 
improvement effect when used in either a dry or a cold 
hydrated form as low as at 0.2% (dry powder) (43,44). The 
gel-strengthening ability of gums highly depends on their 
firmness and elastic properties (45). 


Cross-linking Agents 


Microbially produced transglutaminase is being applied in 
surimi to increase the gel strength. The gel-strengthening 
mechanism involves cross-linking of myosins through the 
formation of nonsulfide covalent bonds between the car- 
boxyl group of glutamic acid and €-amino group of lysine 
during a cold setting, which requires several hours (Seki 
and Kimura). Therefore, it may not be useful for a high- 
speed production of crab analog, but suitable for some 
surimi-based products that require a cold setting as part 
of the preparation step. 

Sodium ascorbate, not ascorbic acid, increases surimi 
gel strength with maximum at a 0.2% level (46). Its gel- 
strengthening effect is believed to be from cross-linking 
through oxidation of sulfhydryl (-SH) groups in proteins. 
Despite its gel-strengthening effect, ascorbate causes the 
surimi gel to undergo freeze syneresis with increased ex- 
pressible moisture and rubbery texture development. 


IMPORTANT PROCESSING CONSIDERATIONS 


There are a number of important steps and considerations 
in making surimi-based seafood products: 


1. Use of high-quality surimi is essential in making fi- 
berized products that require a highly elastic and re- 
silient texture. Surimi of good quality can be readily 
recognizable, as its paste becomes tacky, glossy, and 
translucent on chopping with salt and is extruded 
smoothly. In contrast, surimi of poor quality pro- 
duces a dull, opaque, and less tacky paste that 
breaks easily when extruded. 

2. Selection of ingredients is determined by the for- 
mulation needs, primarily gel strength and freeze— 
thaw stability requirements. Type and level to be 
used should be carefully determined so that a desir- 
able texture can be obtained in the finished products. 

3. Water may be added so that the moisture level re- 
mains at 78 to 80%, as a maximum, in the paste. The 
amount of water to be added depends on the quality 
of the surimi, particularly its water-holding capacity. 
In a given surimi system, the amount of water to be 
added must be determined on the basis of the mois- 
ture content of surimi, the amount of starch and 
other water-absorbing ingredients added, and the 
desired texture, particularly the firmness and elas- 
ticity of the finished products. 

4, Chopping must be sufficient for maximum solubili- 
zation of actomyosin, and carried out below the tem- 


perature that fish actomyosin tolerates; for example, 
10°C for Alaska pollock. 

5. Setting of the paste extrudate should occur slowly 
and to a moderate degree without surface drying. 
The setting time is generally controlled by the length 
and width of the conveyor belt. The longer the setting 
takes, the better the product becomes. If setting is 
achieved in a short time at a high temperature, the 
extrudate becomes less manageable for fiberization, 
and the texture of finished products may be less elas- 
tic and resilient. The flavor may also be thermally 
altered by the elevated temperature. An optimum 
temperature-time relationship must be determined 
to obtain a desirable setting condition. 

6. In selecting formulation, several considerations 
must be made as to what the product requirements 
are, what form of product will be manufactured (fi- 
berized, molded, or composite-molded), what kind of 
texture is required (soft-moist, rubbery, fibrous, etc), 
and what form of product will be marketed (refrig- 
erated or frozen). If it is to be distributed frozen, the 
expected time span on the market shelf and the kind 
of freeze-thaw stability needed for that time span 
must be considered. Other considerations are the 
type of formulation (starch, protein, starch—-protein 
combination, low sugar, and salt), the nutritional 
equivalency, and the level of ingredients to be used 
(low or high). These are all interrelated and the op- 
timization of formulation would vary with each in- 
gredient group, namely, starch, protein, or starch— 
protein. 
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Sweeteners are used to satisfy the inborn human desire for 
sweet taste, They also make sour and bitter foods more pal- 
atable. And the functionalities non-high-intensity sweet- 
eners impart to prepared foods is often as important as, or 
more important than, their taste characteristics. Each 
sweetener, either natural or synthetic, has specific proper- 
ties and therefore specific applications and limitations. For 
this reason and because the demand and hence the market 
for sweeteners is so great, many different sweeteners have 
been developed, are available, and are used. 

Those sweeteners that provide calories to humans are 
categorized as nutritive sweeteners (1); those that do not 
are nonnutritive sweeteners (see the article SWEETENERS: 
NONNUTRITIVE), Nutritive sweeteners are covered in this 
article with one exception. Peptide sweeteners such as as- 
partame (APM) are classified as nutritive by the U.S. Food 
and Drug Administration because they, like other peptides 
and proteins, contribute approximately the same number 
of calories per gram as do carbohydrates. However, be- 
cause they are high-intensity sweeteners, they need only 
be used in small amounts and therefore contribute an in- 
significant number of calories to the products in which they 
are used; so in this work, they are considered as nonnutri- 
tive sweeteners. 

Table 1 lists the nutritive sweeteners available for food 
products. Relative amounts used depend on the country 
and/or region and are a function of the food type, such as 
bakery product, beverage, or canned fruit. In the remain- 
der of this article, the term sweetener refers to the sweet- 
eners in Table 1, that is, nutritive sweeteners as defined 
previously. 


Table 1. Non-High-Intensity, Nutritive Sweeteners 
Naturally oecurring 


Sucrose 
Honey 


Maple syrup 


Derived from starch 


Glucose (corn) syrups Glucose (dextrose) 


High-fructosee syrups Fructose (levulose) 

Corn syrup solids Reduced corn syrups 

Maltodextrins Trehalose 
Polyhydric alcohols 

Sorbitol Reduced corn syrups 

Mannitol Erythritol 

Xylitol 


Derived from sucrose 


Invent sugar 


Byproduct of sucrose refining 
Molasses 


Derived from inulin 


Fructose Inulin syrups 


In the United States, sucrose (ca 45%), glucose (corn) 
syrups (ca 13%), high-fructose syrups (HFCS) (ca 40%), 
and glucose (dextrose) (ca 2.5%) account for 99% of total 
sweetener use (2). About 40 billion Ib (20 x 10° kg) of these 
products are produced and used in beverages (ca 36%), 
pharmaceuticals and miscellaneous products (ca 17%), 
confections (ca 12.5%), bakery products (ca 10%), breakfast 
cereals (ca 8.5%), dairy products (ca 8%), and preserved 
fruits and vegetables (ca 8%) (2). (About two-thirds of the 
sugar used to make alcoholic beverages and bakery prod- 
ucts is not actually consumed by humans but used up in 
fermentation.) 

Liquid sweeteners are usually analyzed for and graded 
in terms of color, clarity, concentration/solids content, pH, 
sulfur dioxide content, presence of other dissolved solids, 
and viscosity. If they are produced by hydrolysis of starch, 
that is, if they are glucose (corn) syrups, the dextrose 
equivalency (DE) and saccharide distribution is also deter- 
mined and reported. Crystalline sweeteners are graded by 
particle size. They are dissolved and analyzed as the liq- 
uids are. 

In baked goods, sweeteners provide sweetness, texture, 
and humectancy (1). Providing sweetness is most im- 
portant in sweet breads, sweet rolls, doughnuts, cakes, and 
cookies. Sweeteners provide the fermentable substrate for 
yeast-leavened products. Sweeteners also reduce/retard 
starch gelatinization (completely in some cases) (see 
the article STARCH) and gluten development. Moisture 
content/retention is key to texture (soft and moist vs crisp, 
for example). The primary determinant of texture is the 
glass transition temperatures of the ingredients (espe- 
cially starch, sugar, or both), and the primary determinant 
of the glass transition temperature is the moisture content. 
By raising the sugar concentration, the glass transition 
temperature of wheat starch granules is raised and the 
degree of starch gelatinization at baking temperatures is 
reduced. The degree to which this occurs is also a function 
of the type of sweetener used. 

About 55% of the sweetener used to make bakery prod- 
ucts is sucrose. Sucrose provides sweetness, bulk, flavor 
enhancement, texture/crumb structure (by influencing 
starch gelatinization and gluten development), shelf life, 
and the fermentable substrate for yeast-leavened prod- 
uets. HFCS, which accounts for ca 25% of the total sweet- 
ener used in bakery products, can often replace sucrose, 
except in certain cookies where crispness results from low 
moisture content and the glassy state of sucrose. Glucose 
(corn) syrups (ca 11%) provide moisture retention, freeze- 
thaw stability, and dough viscosity and control sugar crys- 
tallization. Glucose (dextrose) is the most efficient sweet- 
ener in terms of promoting browning, that is, crust color 
development. 

Sucrose is also the most important ingredient in con- 
fections, in which it is usually present in either a crystal- 
line or glassy state or a mixture of the two states. Crystals 
are often an important contributor to texture, and thus 
crystal size is important. Glucose (corn) syrup is often used 
to prevent crystallization so that the product is a glassy 
solid. Carbohydrate sweeteners also function as humec- 
tants. 


Other applications of sweeteners are in the preparation 
of jams, jellies, preserves, and marmalades; in beverages; 
in frozen desserts; in the preservation of canned fruits; and 
in the preparation of breakfast cereals. 


SUCROSE 


Sucrose may be obtained from different sources, primarily 
from sugarcane and sugar beet, and is available in a va- 
riety of forms. For example, maple syrup is a solution of 
sucrose (58-66%) and less than 10% of other constituents. 
Because of its overall dominance worldwide as a sweet- 
ener, sucrose is presented separately (see the article 
SuGaR: SUCROSE). 


FRUCTOSE 


D-Fructose (levulose) is available in both crystalline and 
solution forms and is the sweetest (on a weight basis) and 
most soluble of the natural sugars (1-3). A 5 to 15% aque- 
ous solution of D-fructose at room temperature is about 
1.15 to 1.25 times as sweet as an equal concentration of 
sucrose. (Actual relative sweetness is a function of tem- 
perature, pH, and concentration.) In its pure crystalline 
form, f-b-fructopyranose (see Fig. 1), fructose has 1.8 
times the sweetness of sucrose on an equal-weight basis; 
but few, if any, foods are prepared with crystalline fructose 
as the sole sweetener. Fructose dissolves rapidly and has 
a rapidly forming and intense sweet taste. Its sweetness 
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perception dissipates before that of sucrose peaks. This 
makes fructose an ideal sweetener for products such as 
sorbets in which lingering sweetness is not desired. Fruc- 
tose intensifies perceived flavor and acid tastes, that is, 
both fiavor and acid levels can be reduced when products 
such as puddings, dessert gels, pie fillings, and beverages 
are formulated with fructose. A blend of sucrose and fruc- 
tose is sweeter than the sweetness of either sugar used 
alone (3). 

As both fructose itself and sucrose—fructose blends are 
sweeter than sucrose alone, less of them is needed for the 
same degree of sweetness. Fructose and high-fructose syr- 
ups are used, therefore, in reduced-calorie foods and bev- 
erages, and because fructose is sweeter than sucrose, use 
of crystalline fructose, usually in combination with gran- 
ulated sugar, in sweetened, dry-mix fruit drinks reduces 
package size and weight and shipping costs. 

Because of its water-binding capacity, which is greater 
than that of other sugars, fructose can be used as a hu- 
mectant in baked goods (where it reduces staling) and in 
jams, jellies, pet foods, and certain confections. Crystalline 
fructose can also reduce the water activity of intermediate- 
moisture foods such as granola bars and fruit products and 
thus can act as a preservative, but because of its hygro- 
scopic nature, it requires special handling and storage con- 
ditions (3). In addition, higher-solids solutions can be pre- 
pared with fructose than with sucrose (83% vs 71% at 30°C 
[86°F], 90% vs 76% at 60°C [140°F]). When used with food 
starches, fructose provides more rapid development of vis- 
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cosity and increased final gel strength, as compared to su- 
crose on an equal-weight basis. 

Fructose is less glucogenic than is glucose or sucrose, so 
it has been recommended as a replacement for those sweet- 
eners in the diets of diabetic and obese persons. However, 
fructose is more lipogenic than is glucose or starches and 
can cause increases in blood pressure, uric acid, and lactic 
acid in susceptible segments of the population (4). 

In Europe small amounts of inulin syrup, which is pri- 
marily fructose with some fructooligosaccharides, is made 
and used. The primary source of the inulin is chicory. Je- 
rusalem artichoke is an alternative source. 


GLUCOSE 


D-glucose (dextrose) occurs naturally in low concentrations 
in many fruits and other plant tissues (Table 2). Glucose 
used in processed food formulations is produced by 
enzyme-catalyzed hydrolysis of starch, usually to produce 
dextrose syrups of DE 95 or DE 99; see the section “Glucose 
(Corn) Syrups.” Crystalline products of DE 93 to DE 99 are 
available in various granulations. Solutions of glucose (2— 
50%) are 0.50 to 0.90 times as sweet as those of equal con- 
centrations of sucrose. Its negative heat of solution effects 
a cool sensation that enhances fruit flavors. It promotes 
browning. Glucose is available commercially as crystalline 
anhydrous dextrose and dextrose monohydrate (ca 8.5% 
water) and in solution, microcrystalline, and agglomerated 
forms. 

Glucose is used in a wide variety of products, particu- 
larly in the confectionery industry in jellies, gums, marsh- 
mallows, pressed products, panned products, chocolate, 
and compound coatings; as a bulking agent for high- 
intensity sweeteners; as a coating for dried fruits such as 
raisins, dates, apricots, and pears; as a binder in tabletted 
confections; and as a carrier for liquid flavors and oils. It 
is used to improve product density in some cakes and 
cookies. 


GLUCOSE (CORN) SYRUPS 


Syrups are produced from starch by enzyme-catalyzed hy- 
drolysis or a combination of acid-catalyzed and enzyme- 
catalyzed hydrolyses (see the section on “Fructose-Glucose 
Syrups,” also see the article CARBOHYDRATES: CLASSIFI- 
CATION, CHEMISTRY, LABELING). In the United States, 
where these syrups are prepared from corn starch, they 
are known as corn syrups. In Europe, where they may be 


Table 2. Sweetener Composition of Some Fruits 


made from potato or wheat starch, in addition to corn 
starch, they are known as glucose syrups. 

Glucose syrups are described primarily by the term dex- 
trose equivalence (DE), which is defined as the percent re- 
ducing sugar calculated as glucose on a dry-weight basis 
and is an indicator of the degree of hydrolysis. Glucose has 
a DE value of 100 and starch a DE value of 0. Corn syrups 
(also labeled corn sweetener) with DE values of from ca 24 
to at least 80 are available, those with DE values of 42 and 
62 being the most common types. All are colorless, viscous 
liquids of 74 to 85% solids. Those with the lower DE values 
have the highest-average-molecular-weight saccharides 
and those with the higher DE values contain the lowest- 
average-molecular-weight saccharides (glucose, maltose, 
etc). Low-DE syrups are the least hygroscopic and impart 
less stickiness but bind water, preventing its loss. High- 
DE syrups are the most hygroscopic and the sweetest. A 
DE 24 syrup contains ca 5% glucose, 6% maltose, 11% mal- 
totriose, and 78% oligosaccharides with degrees of poly- 
merization greater than 3. A DE 80 syrup contains ca 56% 
glucose. 

Corn syrups provide sweetening and viscosity, control 
humectancy and water activity, give surface glaze, and im- 
part desirable texture to a wide variety of foods, beverages, 
confectionery, and bakery products, including canned and 
frozen desserts, meat products, peanut butter, pickles, 
salad dressings, table syrups, and pet foods. 

Syrups can also be described by their saccharide com- 
position (6,7). High-maltose syrups can contain 28 to 65% 
maltose and little glucose. They provide reduced browning 
and hygroscopicity when compared with a glucose syrup of 
equivalent DE. Maltose, or malt sugar, is a disaccharide. 
It is created in yeast doughs by the action of enzymes on 
the starch or flour. Barley malt, in which barley starch has 
been broken down to a high percentage of maltose during 
germination of the grain, is used as an adjunct in brewing 
to enhance the color and flavor of beer. Products containing 
maltose produced by malting or by the action of yeast have 
a distinctive flavor. 


FRUCTOSE-GLUCOSE SYRUPS 


Fructose and glucose occur together in HFCS (known out- 
side the United States as high fructose [HF] and isoglucose 
syrups), invert sugar, honey, and certain fruits and vege- 
tables. HFCS is made from starch by the action of combi- 
nations of enzymes (8,9). First, a mixture of a-amylase and 
glucoamylase, and often a debranching enzyme (pullulan- 


Apple Grape Peach Strawberry 
Glucose 2.08 (1.40-2.35) 7.18 (3.98-9.05) 1.03 (0.72-1.50) 2.17 (1.90-2.33) 
Fructose 5.74 (4.80-6.40) 7.44 (8.86-9.30) 1.23 (0.86-1.80) 2,30 (2.13-2.40) 
Sucrose 2.55 (0.54-2.78) 0.43 (0.18-1.61) 5.73 (4.50-6.80) 1.00 (0.08-1.45) 
Sorbitol 0.51 (0.51-0.58) 0.20 0.89 (0.50-0.90) 0.32 

Xylitol 0.28 


Note: Percent of fresh weight: mean (range). 
Source: Ref. 5. 


ase or isoamylase [amylo-1,6-glucosidase]) is used to con- 
vert native or acid-thinned starch to a solution that is as 
close to 100% D-glucose as can be obtained (6,7,10). A heat- 
stable a-amylase is generally used for the initial break- 
down (liquefaction) of a native starch paste, which is per- 
formed at 80 to 95°C (185-205°F). The resulting glucose 
solution can be concentrated to a syrup and is the source 
of crystalline glucose (6,7). 

The glucose solution is then treated with an immobi- 
lized enzyme commonly known as glucose isomerase (6,7) 
to convert a portion of the glucose into fructose, that is, to 
achieve thermodynamic equilibrium. An HFCS containing 
42% fructose, 53% glucose, and 5% maltooligosaccharides 
is prepared in this way. Using an industrial-scale chro- 
matographic separation, fructose pure enough for crystal- 
lization (ca 90%) is obtained. By blending a 42% fructose 
solution with a 90% fructose solution, a 55% fructose (41% 
glucose and 5% maltooligosaccharides) solution is ob- 
tained. In the U.S. soft drink industry, 55% fructose syrup, 
designated HFCS-55 (HF-55), is the main nutritive sweet- 
ener used; some 42% fructose syrups are also used. HFCS- 
55 has a sweetness ca 1.2 times that of sucrose; therefore, 
less HFCS, as compared to sucrose, is required to give 
equivalent sweetness, resulting in products with fewer cal- 
ories. HFCS is used in many other food, confectionery, and 
beverage products, including soft cookies, where its hu- 
mectancy and noncrystallizability are important; other 
baked goods; salad dressings; pickle products; catsup; ta- 
ble syrups; canned and frozen fruits; desserts; soft chewy 
candies; and granola bars. HFCS is easy to blend, store, 
and ship. 


INVERT SUGAR 


True invert sugar is a 50:50 mixture of glucose and fructose 
produced by cleavage of the glycosidic linkage of sucrose 
(see the article SUGAR: SUCROSE) with dilute acid or the 
enzyme invertase. It too is sweeter than sucrose. Invert 
sugar and HFCS-50 (HF-50) are identical in composition 
and properties. Invert sugar acts as a humectant and a 
water binder and promotes nonenzymic browning. How- 
ever, although an invert sugar syrup composed predomi- 
nately of invert sugar can be obtained, more commonly 
used is a sugar solution with only a portion of the sucrose 
hydrolyzed. Invert sugar is used in the confectionery in- 
dustry to control or prevent crystallization of sucrose. In 
the presence of the proper amount of invert sugar, only 
small crystals of sucrose that are below the perceptual 
threshold of the mouth form. 

Inversion, a term used to denote the hydrolysis of su- 
crose to glucose plus fructose, often occurs during process- 
ing. Deliberate postprocessing conversion is used, for ex- 
ample, in producing chocolate-covered cherries, where 
invertase in the fondant acts on sucrose after the product 
is enrobed with chocolate, turning the fondant into a liquid 
syrup that has a reduced tendency to undergo fermenta- 
tion. (Invert sugar is also available in a creamy fondant 
form.) Inadvertent inversion caused by heating too long or 
at too high a temperature or in the presence of acid can 
negatively effect stickiness, graininess, color formation, 
and shelf life. 
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Invert sugar can be used in creme centers, fudge, 
marshmallows, caramels, chewy candies, nougats, and jel- 
lies. It can be added to the ingredient blend but is often 
formed during candy manufacture. 


HONEY AND MOLASSES 


Honey and molasses are used primarily to impart their 
flavors. Honey contains about 38% fructose and 31% glu- 
cose. In addition to providing its unique flavor and humec- 
tancy, honey can enhance spicy or fruity flavors in such 
products as gum and fruit jelly candies and mint creams. 
It is a more costly ingredient than HFCS, sucrose, or invert 
sugar. 

Molasses, a by-product of cane sugar refining, also con- 
tains a high percentage of invert sugar. Molasses is avail- 
able in several grades. Lighter-colored molasses are gen- 
erally used in foods and confectioneries requiring long 
cooking times. Darker-colored molasses are generally 
added at the end of processing to products requiring its 
robust flavor. Both honey and molasses are available in 
liquid and dry powder forms. 


CORN SYRUP SOLIDS 


Corn syrup solids, those products in the approximate range 
of DE 20 to DE 36, are produced by less breakdown of 
starch than occurs during the manufacture of corn syrups. 
They have less reducing power and hence a lesser tendency 
to brown, only slight sweetness, and low to moderate hy- 
groscopicity. They are used as binders and crystallization 
inhibitors; to impart a chewy texture and improved mouth- 
feel and flavor; and to provide easy digestibility and control 
of sweetness in such products as infant formulas, chocolate 
drinks, coffee whiteners, whipped toppings, imitation sour 
creams, frozen foods, prepared meats, and granola bars. In 
frozen novelties, corn syrup solids provide viscosity, an 
increased freezing point, controlled water crystallization, 
more body, slower meltdown, better stability, and a 
smoother texture. 


MALTODEXTRINS 


Maltodextrins have DE values from ca 5 to ca 15 and 
are even less sweet than corn syrup solids. They find ap- 
plication because of their quick dispersion, rapid solubility, 
film-forming ability, low hygroscopicity, crystallization- 
inhibitor property, ability to impart body, low browning 
potential, low osmolality, resistance to caking, flavor- 
carrying ability, good binding power, fat dispersibility, tex- 
tural effects, and ability to provide clean flavor in food 
products such as baked goods (cream-type fillings, glazes, 
frostings), powdered mixes (soups, salad dressings, sauces, 
flavors, spice blends), frozen foods and novelties, meat 
spreads, sauces (white, cheese, pizza), salad dressings, im- 
itation cheeses and sour creams, confectioneries (chewy 
candies, hard candies, pan coatings, nut and snack coat- 
ings), sports beverages, and infant formulas. A key to their 
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use in powdered mixes is their ability to be spray-dried and 
to produce agglomerated products. Because of their high 
solubility and low hygroscopicity and their ability to form 
complexes with some hydrophobic substances, maltodex- 
trins are often used as carriers, bulking agents, or both. 
Special crystalline maltodextrins find use as fat replacers. 


LACTOSE 


Lactose (see the article LACTOSE) is only slightly sweet and 
is used where only low sweetness is desired, for its aroma- 
and flavor-binding properties, or for a combination of these 
qualities. 


TREHALOSE 


Trehalose, a naturally occurring disaccharide of D-glucosyl 
units that can be produced from starch enzymically, has ca 
45% of the sweetness of sucrose and low hygroscopicity. It 
is noncariogenic and does not contribute to browning. It is 
reported to be the most effective sugar in protecting pro- 
teins against changes effected by drying or freezing and in 
reducing the rate of starch retrogradation. It is approved 
for use as a food ingredient in Japan. 


SUGAR ALCOHOLS 


Alditols (also known as sugar alcohols, polyhydric alcohols, 
and polyols) with a sweet taste include glucitol (sorbitol), 
mannitol, xylitol, erythritol, and hydrogenated corn syr- 
ups, especially high-DE and high-maltose syrups. 

Sorbitol, the most widely used alditol, is one-half to two- 
thirds as sweet as sucrose, depending on concentration and 
temperature. It is available in crystalline form and as a 
70% solution. Sorbitol can be used as a humectant. It is 
used in special dietary foods, breath mints, cough drops, 
hard and soft candies, and chewing gum. Its negative heat 
of solution provides a cooling effect. Excessive consumption 
(>50-80 g/day) may have a laxative effect. 

Mannitol is also about two-thirds as sweet as sucrose. 
It is used in sugarless chewing gum as a dusting agent 
because of its low solubility and low hygroscopicity. It is 
also used to a limited extent as a bulking agent in pow- 
dered foods. 

Xylitol has about the same sweetness as sucrose. Com- 
mercial xylitol is produced by reduction of D-xylose ob- 
tained from corncobs, sugarcane bagasse, birch wood, or a 
combination of these. Of all nutritive sweeteners, xylitol 
has the largest negative heat of solution and provides the 
greatest cooling effect. Xylitol is used in sugarless chewing 
gum and mints, other confectioneries, dietetic foods, and 
foods for diabetics. 

Erythritol is the newest alditol to be introduced. Like 
other alditols, it is classified as a nutritive sweetener be- 
cause it does have some caloric value, although it is less 
than 5% that of sucrose. The sweetness of a 10% solution 
is 50 to 60% that of sucrose at the same concentration. 
Crystalline erythritol has a strong cooling effect. When 


used with high-intensity sweeteners, the sweet taste is im- 
proved. It is proposed for use in chewing gum as a softener 
that extends shelf life. 

Sorbitol, mannitol, xylitol, and erythritol all have good 
heat stability, resistance to thermal and nonenzymic 
browning, and a low tendency to undergo fermentation 
with the production of acids and are considered to be non- 
cariogenic. There is evidence that xylitol may actually be 
effective in reducing the number of new dental caries (11). 
All sugar alcohols have about the same caloric content as 
sucrose but are absorbed more slowly from the digestive 
tract and do not raise postprandial blood sugar and insulin 
levels; thus they are suitable for the diets of diabetics. 

Chemical reduction (hydrogenation) of syrups, espe- 
cially high-maltose syrups, produces products available as 
viscous 75% solutions with a sweetness about three- 
fourths that of sucrose. These syrups, like regular glucose 
syrups, do not crystallize, prevent crystallization of other 
ingredients, and impart hygroscopicity. They can be used 
to prepare sugarless chewing gum and hard, chewy, fon- 
dant, and jellied candies. Crystalline maltitol is produced 
and used in Japan. 

Lactitol, the reduced form of lactose, is about 40% as 
sweet as sucrose; has a clean, sweet taste; is produced in 
the Netherlands; and is approved for food use in the United 
Kingdom as a sweetener for dietetic foods and foods for 
diabetics. 
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SWEETENERS: NONNUTRITIVE 


The sense of sweet taste has directed people, as well as 
many types of animals, insects and probably even micro- 
organisms, to nutritive substances since early in time. Al- 
though it is almost certain that the correlation of sweet 
taste with nutrition was noted earlier, it appears the first 
written record of this recognition was made by Aristotle in 
330 B.c. (1). He speculated that the taste system could be 
subdivided into the basic taste qualities of sweet, bitter, 
sour, salty, astringent, pungent, and harsh and that it was 
the function of this sensory system to direct organisms to 
sources of nutrition. In modern times, at least for most of 
the western hemisphere, adequate nourishment has not 
been an issue. On the contrary, 20th-century westerners 
generally tend to consume excess calories. Obesity is very 
common and people are increasingly developing illnesses 
that are at least partly attributed to excess calorie con- 
sumption (eg, cardiovascular disease, diabetes, and can- 
cer), although decreased physical activity is also a factor. 

Consumers are very interested in low calorie food and 
beverage products. Such products require low or zero cal- 
orie replacements for full-calorie ingredients. Significant 
contributors to the caloric content of many foods are su- 
crose and other nutritive carbohydrate sweeteners. The 
discovery of the potent sweet taste of saccharin by Fahl- 
berg in 1878 made possible, for the first time, the formu- 
lation of zero- or low-calorie equivalents to full calorie food 
products (2). Since 1878, chemists have synthesized, or 
identified from nature, thousands of novel, potently sweet 
organic compounds. Many of these sweeteners are sub- 
stantially better than saccharin in taste quality. Saccha- 
rin’s sweetness is limited by the presence of bitter and me- 
tallic off tastes. 

The sweetener discovery of greatest commercial signif- 
icance is that of aspartame, a peptide-type sweetener that 
was serendipitously discovered in 1965 by Schlatter, a 
chemist at G.D. Searle & Company (3). Aspartame’s sweet- 
ness is not limited by off-tastes and as such allowed, for 
the first time, formulation of many low-calorie food prod- 
ucts with minimal compromise in taste. Because aspar- 
tame so closely mimics sucrose taste, it is not surprising 
that aspartame has revolutionized the low-calorie food and 
beverage industry. It must be pointed out that aspartame, 
because of its natural amino acid content, is a nutritive 
rather than nonnutritive sweetener. Aspartame is metab- 
olized to provide energy proportional to the amount in- 
gested. However, since about 200 g of sucrose may be re- 
placed by 1 g of aspartame, it functions, in effect, as a 
nonnutritive sweetener. 

Aspartame, saccharin, and other sweeteners that are 
substantially more potent than sucrose are generally re- 
ferred to as high-potency sweeteners. These sweeteners 
are often erroneously called intense or high-intensity 
sweeteners. This latter terminology is confusing and there- 
fore not recommended because no sweet substances are 
known to exhibit a higher intensity of sweetness than is 
possible with sucrose. Occasionally, high-potency sweet- 
eners are referred to as artificial sweeteners. This term is 
also inaccurate because sweet taste from any source is real 
and not artificial. It is recommended that sweeteners be 
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referred to as nutritive, nonnutritive, or high-potency, as 
accurately describes the particular substance. This review 
will focus on nonnutritive and low-calorie sweeteners, 
among which sweetness potencies vary from less than 1 to 
more than 10,000 times that of sucrose. 

In some food systems, such as confections, frozen des- 
serts, and baked goods, acceptable products cannot be pre- 
pared by simply replacing sugar with high-potency sweet- 
eners. In these systems, sucrose and other nutritive 
carbohydrate sweeteners provide functionality beyond 
sweet taste. In confections, sucrose may provide nearly 
100% of the product bulk, and in baked goods, the contri- 
bution to product bulk is important but somewhat less so. 
In some baked goods, sucrose is a substrate for yeast be- 
cause the action of yeast is essential for development of the 
airy texture. Sucrose also provides, following hydrolysis, 
the necessary reducing sugar needed for Maillard brown- 
ing of baked goods. In frozen desserts, sucrose performs 
the key function of freezing-point depression. Without su- 
crose or other sugars, frozen desserts are not malleable. 
Thus, for many foods, it is not possible to prepare low- 
calorie alternatives with high-potency sweeteners. Neces- 
sary for the formulation of such food products are nonnu- 
tritive sweeteners that are one-for-one substitutions for 
sucrose. These sweeteners are often referred to as sugar 
macronutrient substitutes or sugar MNSs, 

This article begins with a discussion of the properties 
required for commercial viability of nonnutritive sweet- 
eners. The nonnutritive sweeteners of broadest use in the 
food industry today are saccharin salts, cyclamate salts, 
aspartame, and acesulfame-K. Two sweeteners recently 
approved in many countries and that may experience sig- 
nificant use in the future are sucralose and alitame. These 
six sweeteners are discussed in detail. Five nonnutritive 
sweeteners that have experienced limited application in 
foods are neohesperidin dihydrochalcone, thaumatin, gly- 
cyrrhizin, the stevia sweeteners (stevioside, rebaudioside 
A, etc) and Lo Han Kuo sweetener (mogroside). Short sum- 
maries of these sweeteners are given. These 11 sweeteners 
are all high-potency sweeteners. Five sugar MNSs that are 
being used in foods are the polyols maltitol, lactitol, iso- 
malt, fructooligosaccharide sweetener, and erythritol. 
These sweeteners are also discussed. Finally, the article 
concludes with a summary of the most significant recent 
developments in the field of nonnutritive sweeteners. 


REQUIREMENTS FOR COMMERCIAL VIABILITY 
OF NONNUTRITIVE SWEETENERS 


Taste Quality 


The number of food products sweetened with nonnutritive 
sweeteners has increased dramatically since the 1960s. 
The most successful of these products are beverages, es- 
pecially carbonated soft drinks (CSDs). Good tasting zero- 
or near-zero-calorie CSDs are now available as alterna- 
tives to the sucrose and high-fructose corn syrup 
sweetened products that have approximately 150 calories 
per 12-oz serving. This commercial success only occurred, 
however, once good-tasting noncaloric sweeteners ap- 
proaching the quality of sucrose were identified. Consum- 
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ers have never shown any significant willingness to sacri- 
fice taste quality in their choices of food products. Helgren 
of Abbott Laboratories made a key discovery in 1957, that 
greatly facilitated the 1960s burst of growth in low-calorie 
foods (4). He found that the combination of sodium saccha- 
rin with sodium or calcium cyclamate, in a ratio such that 
each sweetener contributed equal sweetness to the mix- 
ture, resulted in a product with improved taste quality 
relative to either sweetener taken separately. This blend 
was one of approximately 10 parts cyclamate salt to 1 part 
of the saccharin salt, since the latter is roughly 10 times 
more potent than the former. Cyclamate and especially 
saccharin salts exhibit off-tastes that are often described 
as bitter and metallic. As a result of these off-tastes, nei- 
ther saccharin- nor cyclamate-sweetened products ap- 
proach the taste quality of sugar-sweetened products. Hel- 
gren found, however, that these off-tastes are substantially 
ameliorated in the 10:1 cyclamate/saccharin blend. In fact, 
the improvement was so significant that, for the first time, 
zero- and low-calorie alternatives to many food and bev- 
erage products were possible without major compromise in 
taste. 

The taste quality of a sweetener is really only meaning- 
ful in the context of a food product, and the taste quality 
of a food product is best assessed by consumer studies. 
However, less resource-intensive techniques are often used 
to predict taste quality. Flavor profile analysis (FPA) is 
such a technique (5). In FPA, pioneered at the Arthur D. 
Little Company in the 1940s, expert sensory panels are 
trained to break down complex and multiple-flavor- 
attribute systems and to rate component intensities. The 
FPA technique has also been used to assess the taste at- 
tributes of sweeteners. As examples, the flavor profiles of 
saccharin and cyclamate are illustrated in Figure 1. These 
data, as well as most other quantitative sensory data pro- 
vided in this review, were generated by an expert sensory 
panel of The NutraSweet Company. The sensory studies 
were conducted according to the methodology described in 
the work by Carr et al. (6). 

Some nonnutritive sweeteners are quite similar to su- 
crose in flavor profile. One might expect that such sweet- 
eners would make possible diet products equivalent in 
taste to sucrose-sweetened products. However, this is 
not the case. One factor contributing to the difference in 
taste between the nonnutritive-sweetener- and sucrose- 
sweetened products is sweetener temporal profile (7). 
DuBois et al. have comprehensively studied this effect in 
the flavonoid glycoside class of sweeteners, the best-known 
member of which is neohesperidin dihydrochalcone (8). In 
the case of this sweetener, 9 s are required to reach the 
sweetness intensity maximum for a solution iso-sweet with 
10% sucrose. This time has been defined as the sweet-taste 
appearance time (AT). For comparison, 10% sucrose exhib- 
its an AT of 4 s. In addition to a delayed AT, neohesperidin 
dihydrochalcone shows a prolonged sweet aftertaste. This 
effect has been defined as the time required for the per- 
ceived sweetness intensity to decline from a 10% sucrose 
equivalent to the low, but greater than threshold, 2% su- 
crose equivalent. This time has been defined as the extinc- 
tion time (ET). Neohesperidin dihydrochalcone exhibits an 
ET of 40 s in comparison to 14 s for iso-sweet 10% sucrose. 
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Figure 1. FPA of sodium saccharin (384 ppm) and sodium cycla- 
mate (5930 ppm) in water. 


These temporal effects combine to cause neohesperidin 
dihydrochalcone to be a substantially less acceptable 
sweetener than sucrose in most food systems. Thus, it is 
not sufficient to know only a sweetener’s flavor profile to 
predict viability. The temporal profile must also be known. 
Ultimately, of course, the taste quality of a sweetener may 
be appreciated only after consumer acceptability studies 
in the food category of interest. 


Safety 


In the United States, the use of sweeteners is regulated by 
the 1958 Food Additives Amendment to the Food, Drug 
and Cosmetic Act of 1938. This legislation and its effects 
on the regulation of sweeteners and other food additives 
has been reviewed (9,10). By this act, saccharin and cycla- 
mates were exempted as generally recognized as safe 
(GRAS) food ingredients. Not all sweeteners are included 
on the GRAS list, however, which in its original form, listed 
675 food ingredients. Surprisingly, even sucrose is not in- 
cluded. However, the omission of sucrose and many other 
obviously safe food ingredients prompted the following of- 
ficial FDA comment: 


It is impractical to list all substances that are generally rec- 
ognized as safe for their intended use. However, by way of il- 
lustration, the Commissioner regards such common food in- 
gredients as salt, pepper, sugar, vinegar, baking powder and 
monosodium glutamates as safe for their intended use. (11) 


In order to achieve GRAS status, a sweetener or any food 
ingredient may be generally recognized as safe among 


. . . experts qualified by scientific training and experience to 
evaluate the safety of substances directly or indirectly added 
to food. The basis of such views may be either (1) scientific 
procedures or (2) in the case of a substance used in food prior 
to January 1, 1958, through experience based on common use 
in food. (12) 


For the cases of substances not included on the GRAS 
list, two tracks toward approval for use in foods are de- 
fined. First, and somewhat simpler where applicable, is the 
GRAS Affirmation Process. To qualify for this track, it 
must be either (1) demonstrated that the substance was in 
common use in food in the United States prior to 1958 or 
(2) be based on expert judgment of safety demonstrated by 
published safety studies. If the available safety data are 
not sufficient to support the requested uses or increase in 
projected exposure levels, the FDA may affirm GRAS 
status but limit levels of use until further safety data are 
established. Examples of sweeteners for which GRAS af- 
firmation has been requested are discussed in the latter 
part of this article. 

The second track toward approval of a sweetener for use 
in foods is the food additive petition (FAP) process. The 
FAP process requires extensive safety studies in test ani- 
mals as well as studies in humans. One objective of these 
studies is the determination of the highest dose that may 
be given without adverse effects. This dose is termed the 
no observed adverse effect level (NOAEL). The NOAEL, in 
the most sensitive animal species evaluated, is then used 
by the FDA to regulate the level at which the food additive 
may be used in foods. This level, termed the acceptable 
daily intake (ADD), is defined as 0.01 of the NOAEL in the 
most sensitive animal species. These NOAEL and ADI ex- 
posure levels are given in milligrams per kilogram of body 
weight. Thus, as an example, if the NOAEL of a proposed 
new sweetener is determined to be 500 mg/kg in the most 
sensitive animal species evaluated, an ADI of 5 mg/kg 
would be allowed. The question then naturally arises as to 
the meaning of a 5 mg/kg ADI allowance. This level is then 
employed by the FDA to determine the food categories and 
levels in those categories in which the new sweetener may 
be used. The objective of this exercise is to ensure that the 
5 mg/kg exposure level is not exceeded on a chronic basis. 
In order to do this, 90th percentile, 14-day average food 
category consumption data are employed. Approval of the 
new sweetener may then be granted for use in food cate- 
gories where, in the aggregate, 90th percentile, 14-day 
average consumption data on these categories does not ex- 
ceed the ADI. Examples of sweeteners that have success- 
fully undergone, or are currently undergoing the FAP Pro- 
cess, are discussed in this article. Marshall and Pollard 
have comprehensively reviewed the category and level ap- 
provals that have been granted in the United States and 
abroad for many of the sweeteners discussed herein (13). 
Broulik reviewed the regulatory issues related to new 
sweetener development in the United States in 1996 (14). 

Although individual countries assume responsibility for 
the regulation of food additives within their boundaries, 
there has been an attempt at international standardiza- 
tion of food additive regulation. Vettorazzi reviewed this 
process in 1989 (15). In 1956, the Food and Agriculture 
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Organization of the United Nations (FAO) and the World 
Health Organization (WHO) established the Joint FAO/ 
WHO Expert Committee on Food Additives (JECFA). The 
fundamental objective of JECFA is the establishment of 
ADIs for food additives following the assembly and inter- 
pretation of all relevant biological and toxicological data. 
It is important to recognize that ADIs provide a wide mar- 
gin of safety. According to JECFA, “an ADI provides a suf- 
ficiently large safety margin to ensure that there need be 
no undue concern about occasionally exceeding it provided 
the average intake over longer periods of time does not 
exceed it” (16). Over its lifetime, more than 700 intentional 
food additives have been evaluated by JECFA. 


Solubility 


Many sweeteners are insufficiently water soluble to be of 
general utility. Commonly, sweetness intensity levels at 
least equivalent to 10% sucrose are required. In some sys- 
tems (eg, frozen desserts), soluble sweetener levels are re- 
quired that match the sweetness of 15 to 20% sucrose. In 
addition, for many food systems, manufacturers may re- 
quire that sweeteners dissolve sufficiently rapidly so as to 
not interfere with current manufacturing processes, A par- 
ticularly relevant illustration of requirements imposed by 
manufacturing processes is that for CSD products. In this 
case, it is necessary that a concentrate solution of the 
sweetener-flavor system complex be rapidly attainable. 
Thus, high solubility and rapid dissolution rates are very 
desirable properties for nonnutritive sweeteners. 


Stability 


To be commercially viable, a sweetener must be stable to 
the intended conditions of use. Degradation may be from 
hydrolytic, pyrolytic, or photochemical processes depend- 
ing on the food application. Stability is required for two 
reasons. First, the sweetener must not degrade such that 
the level of sweetness of the food product would be sub- 
stantially reduced during the product lifetime. Also, the 
sweetener must not break down to cause any off taste. The 
second reason for the stability requirement relates to 
sweeteners that are defined as food additives. By the FAP 
process, degradation products must be shown to be safe. 
Currently, for most organic compounds, if exposure to the 
degradation product may reach or exceed 0.0063 mg/kg, 
then the requisite safety assessment studies would be 
equal to those mandated for the sweetener itself (17). As 
such, a sweetener’s stability is a very important factor 
when assessing its viability for development as a new food 
additive. 


Cost 


Nonnutritive sweeteners are always compared to sucrose, 
the consumer’s standard. With sucrose in plentiful supply, 
presently at 36 cents/lb, potential replacements must ei- 
ther be cost-competitive or present sufficient advantages 
to justify a premium (18). The effective cost to the food 
product manufacturer of an alternative sweetener is equiv- 
alent to the wholesale price divided by the potency of the 
alternate product in delivering the desired property. In 
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most cases, the desired property is sweet taste intensity. 
Thus, the effective cost or cost per sucrose equivalent 
(CSE) is the quotient of wholesale price and sweetness po- 
tency (P). P is generally expressed as a multiple of the P 
of sucrose, which we define to be 1. Although sometimes P 
is expressed on a molar basis, most commonly P is ex- 
pressed on a weight basis (P,,). It is important to recognize 
that although P,, is not constant for high-potency sweet- 
eners, it often is for sugars and other polyol sweeteners of 
low potency (19). P,, for a high-potency sweetener varies 
according to the sucrose reference concentration. Concen- 
tration/response (C/R) functions demonstrating saccha- 
rin’s and cyclamate’s nonlinear dependencies of P,, on su- 
crose reference concentration are illustrated in Figure 2. 
DuBois et al. demonstrated that the law of mass action 
hyperbolic function R = R,,C/ka + C) provides a good fit 
for high-potency sweetener C/R function data and that the 
simple linear function R = P,C + 6 provides a good fit for 
most sugar and polyol sweetener C/R function data (20). 
When sweetener C/R data are fit to these equations, the 
constant terms provide very useful information. If a sweet- 
ener’s C/R data are well modeled by R = P,,C + 6, then 
P,, for the sweetener is a constant and is determined to be 
the slope of the line. On the other hand, if a sweetener’s 
C/R data are well modeled by R = R,,C/(kg + C), then P,, 
is not a constant and is dependent on sucrose reference 
concentration. It is important to note, however, that the 
parameters R,, (maximal response) and ky (apparent 
sweetener/receptor dissociation constant) in this equation 
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Figure 2. C/R functions for sodium saccharin and sodium cycla- 
mate in water. 


provide useful information on the properties of the sweet- 
ener. R,, is the maximal response, in sucrose equivalents, 
possible for that sweetener. Thus, for sodium saccharin 
and sodium cyclamate, the equations given in Figure 2 
show that the maximum sweetness responses are equiva- 
lent to 10.1 and 15.2% sucrose, respectively. The R,, value 
for saccharin is rather low and indicates that it would be 
difficult to formulate a food product based on saccharin as 
the sole sweetener. kg also provides useful information. It 
is the sweetener concentration in milligrams per liter that 
gives 50% of the maximal response. Thus, for sodium sac- 
charin and sodium cyclamate, the equations given in Fig- 
ure 2 show that 115 and 3140 mg/L are equivalent to 5.0 
and 7.6% sucrose, respectively. These values are useful in 
assessment of the potential of a sweetener as a sole sweet- 
ener or as a component of a blend system. 

In addition to the reference concentration effect on P, 
substantial effects can also be found that are due to food 
systems and temperature. As an example of the food sys- 
tem effect, it has been reported that in water, aspartame 
is 133 times more potent than sucrose (10% reference), 
whereas in CSDs, it is 180 times sucrose at the same ref- 
erence concentration level (21). As an example of the tem- 
perature effect, it has been reported, and is generally ac- 
cepted, that fructose is more potent than sucrose (22). At 
elevated temperatures, however, sucrose is more potent 
than fructose. Thus, calculation of sweetener CSE requires 
specification of the application to ensure that the relevant 
value of P,, is used. 

Carbohydrate sweeteners (glucose, maltose, etc) gen- 
erally are less potent than sucrose. As such, CSE values 
for carbohydrate sweeteners usually exceed that of su- 
crose. During the past century, many high-potency non- 
carbohydrate sweeteners have been discovered. As a con- 
sequence, very low CSE values are often realized for these 
sweeteners. For illustration, consider sodium saccharin, 
which currently is available in the United States for a 
wholesale price of $3.90/lb (18) and exhibits P,, (8) in water 
of 180 times that of sucrose. The CSE of sodium saccharin, 
used in water at an 8% sucrose sweetness equivalent level, 
would therefore be $3.90/180 = 2.2 cents/lb. This con- 
trasts quite sharply with sucrose, which is presently avail- 
able for a wholesale price of 36 cents/Ib (18). Clearly, such 
cost factors attainable with high-potency sweeteners offer 
food manufacturers substantial increased profitability in 
the low-calorie sector of product categories. Although 
sweetener cost is certainly an important consideration for 
the food manufacturer, it is discussed here only for the 
cases of saccharin and cyclamates, which, as commodity 
chemicals, have relatively stable prices. 


HIGH-POTENCY NONNUTRITIVE SWEETENERS 
OF MAJOR COMMERCIAL SIGNIFICANCE 


The four nonnutritive sweeteners saccharin, cyclamate, 
aspartame, and acesulfame-K are used extensively today. 
In addition, sucralose and alitame are newcomers that 
may see significant use in the future. These six sweeteners 
are discussed in detail in this section. These sweeteners 
are approved for general use in the United States except 


for alitame. The chemical composition, a history of discov- 
ery and development, and discussions of taste quality, 
safety, solubility, and stability issues are presented for 
each. 


Saccharin 


Saccharin (1) is the first sweet-tasting organic compound 
identified that is significantly more potent than sucrose. It 
was discovered in 1878 by Fahlberg while he was working 
in the Remsen’s laboratory at Johns Hopkins University 
(2). Saccharin is exemplary of the N-sulfonyl amide struc- 
tural class of sweeteners that is distinguished by the com- 
mon -CONHSO,- substructural unit. 


a 


After its discovery, saccharin soon found its way into 
many food applications. It was particularly popular among 
persons with diabetes as well as obese persons. Saccharin 
use was limited, however, by a taste quality substantially 
inferior to that of sucrose. Its sweet taste is accompanied 
by significant bitter and metallic taste attributes. Inter- 
estingly, it has been found that the population is hetero- 
geneous in this respect, approximately one-third is hyper- 
sensitive to these off tastes, and the remaining two-thirds 
is moderately sensitive to insensitive (23-26). Saccharin’s 
FPA data and C/R function are illustrated in Figures 1 and 
2, respectively, and are also given in Table 1. As has been 
generally discussed earlier, sweetness potency is strongly 
dependent on the concentration of sucrose used as refer- 
ence. For saccharin, the falloff in sweetness potency as a 
function of increasing sucrose reference concentration is 
particularly dramatic. Thus, from the equation in Figure 
2, saccharin P,, values of 710, 180, and 9 are calculated 
relative to sucrose references of 2, 8, and 10%, respectively. 
The abrupt drop in sweetness potency shown here for sac- 
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charin is due to its low R,, of 10.1. Persons hypersensitive 
to saccharin bitterness do not experience an R,, that even 
approaches 10, whereas individuals insensitive to this off- 
taste experience a much higher R,,,. However, the average 
result for the expert sensory panel used for the develop- 
ment of the data in this study is 10.1. Although the reason 
for a low R,,, for some panelists is not known, it seems likely 
that it may be due to mixture suppression effects. This 
phenomenon of suppression of one taste attribute (eg, 
sweetness) by another (eg, bitter or sour) is well known 
(19). The temporal profile of saccharin is essentially iden- 
tical to that of sucrose. ATs of 4 and ETs of 14 s, respec- 
tively, have been determined for both saccharin and su- 
crose (7). Thus, with the exception of a marginal flavor 
profile, which is particularly objectionable for some sub- 
jects, the taste quality of saccharin mimics that of sucrose 
sufficiently to be useful in food applications. 

Questions concerning the safety of saccharin date back 
to the early 1900s. A staunch defender of saccharin safety 
was President Theodore Roosevelt. In response to those 
who questioned its safety, Roosevelt stated, “Anybody who 
says saccharin is injurious to health is an idiot” (27). De- 
spite such high-level support, however, saccharin has con- 
tinued to come under fire. The chronologies of safety stud- 
ies and regulatory agency actions concerning saccharin 
have been comprehensively reviewed (28,29). The princi- 
pal events in this chronology have had many ups and 
downs. In 1958, saccharin was listed as one of the 675 sub- 
stances on the original GRAS list. In 1972, however, the 
FDA retracted the GRAS status of saccharin based on con- 
cern over results in a long-term rat feeding study con- 
ducted by the Wisconsin Alumni Research Foundation. 
Then, in 1977, as a result of a Canadian multigeneration 
rat study in which bladder tumors were found in the 
second-generation animals, the FDA announced its inten- 
tion to ban saccharin. The FDA held that it had no choice 
other than to ban saccharin because of the Delaney Clause 
of the Food Additive Amendment to the Food, Drug and 
Cosmetic Act. This law requires that if any food additive, 
at any dose, in any animal species, is found to cause cancer, 
its further use is to be outlawed. Acting FDA Commis- 
sioner Gardner stated, 


We have no evidence that saccharin has ever caused cancer in 
human beings. But we do now have clear evidence that the 


Table 1. FPA and C/R Function Data on Major High-Potency Nonnutritive Sweeteners 


C/R function data FPA data 
Sweetener Rp ka Sweet Bitter Salty Metallic Cooling Licorice 
Saccharin® 10.1 115 8.6 26 0.0 12 0.0 0.0 
Cyclamate® 15.2 3240 10.0 12 0.6 0.0 0.0 0.0 
Aspartame® 16.0 562 8.4 0.0 0.0 0.0 0.0 0.0 
Acesulfame-K? 11.6 472 Te 28 0.0 13 0.0 0.0 
Sucralose’ 14.7 142 8.7 0.0 0.0 0.0 0.0 0.0 
Alitame 14.6 28.1 8.4 0.0 0.0 0.0 0.0 0.0 
Sodium salt; 384 mg/L for FPA. 
"Sodium salt; 5930 mg/L for FPA. 
°560 mg/L for FPA. 
4974 mg/L for FPA. 
“172 mg/L for FPA. 


29 mg/L for FPA. 
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safety of saccharin does not meet the standards for food addi- 
tives established by Congress. 


Acting in response to strong consumer and industry 
pressure to ensure the continued availability of saccharin, 
Congress placed a moratorium on the FDA ban pending 
additional research. This moratorium on the saccharin ban 
has since been extended several times, and the one pres- 
ently in place is set to expire on May 1, 2002. During this 
period of moratorium, the regulatory climate has evolved 
considerably such that, at the present time, a policy that 
considers both risks and benefits is now considered as more 
appropriate than the absolute statements of the Delaney 
Clause. In addition, risk is now recognized to be more of a 
function of dose than an all-or-none phenomenon as was 
previously considered. Mechanism of action is also recog- 
nized as an important factor to consider. Since the 1970s, 
research has been conducted in effort to elucidate the 
mechanism whereby saccharin initiates bladder cancer in 
rats. Interestingly, in one important study, evidence was 
obtained that the effect, which could only be demonstrated 
in rats, is due to the sodium component of sodium saccha- 
rin and not due to saccharin, the sweetener (30). In this 
and related studies, sodium ascorbate (vitamin C), sodium 
chloride (salt), and other sodium salts were shown to pro- 
mote similar effects on the rat bladder. Most scientists 
think that the FDA should withdraw its requirement of a 
cancer warning label for food products containing saccha- 
rin in the very near future. 

Temporary U.S. regulatory restrictions regarding the 
use of saccharin have been defined (31). For example, in 
beverages, saccharin may be used up to a level of 12 mg/ 
oz (406 ppm). JECFA has established 5 mg/kg as an ADI 
for saccharin and stated that the rodent bladder tumors 
caused by sodium saccharin are not relevant to humans. 

The physical properties of saccharin are ideal for use as 
a nonnutritive sweetener. First, it is extremely stable to- 
ward all the conditions to which it may be exposed in food 
applications. In studies conducted at the Sherwin Williams 
Company, it was determined that at pH 3.3 and 120°C, 
18 and 69% loss occurred at 27 and 219 h, respectively 
(M. L. Mitchell, unpublished results, 1989). The exclusive 
product of this hydrolysis is 2-sulfobenzoic acid, which is 
also present as a low-level contaminant in commercial 
samples of saccharin. At pH 7.0 and 120°C, even greater 
stability was found with no significant degradation after 
27 h and only 6% loss after 219 h. At pH 9.0 and 120°C, 
stability was also high with 2 and 12% losses, respectively, 
found after 27 and 219 h. The sole degradation product 
formed under neutral and alkaline pH conditions is 2- 
sulfonamidobenzoic acid, which is also a low-level contam- 
inant in commercial samples of saccharin. As a conse- 
quence of this high stability, neither loss of sweetness 
during food product lifetime nor degradation product 
safety is a significant concern for saccharin. Second, sac- 
charin is highly water soluble. As the sodium salt, 1200 g 
is soluble in 1 L of water, whereas in the acid form, a so- 
lution of 3.4 g/L may be obtained (32). If we consider sac- 
charin P,, (8) to be 180, as an example for applications 
where an 8% sucrose level of sweetness intensity is re- 
quired, it can be calculated that saccharin is either 2700 


or 8 times as soluble as necessary, depending on whether 
the sodium salt or free-acid form is employed. 

At the present time, no sweetener matches saccharin in 
terms of cost. As discussed earlier in the general discussion 
on sweetener cost, the current price of $3.90/lb (18) coupled 
with P,,(8) = 180 combine to result in a saccharin CSE of 
2.2 cents/Ib. Thus, saccharin is a very inexpensive sweet- 
ener. 


Cyclamates 


Although many sweet-tasting organic compounds were 
found during the 59 years between the discovery of sac- 
charin and 1937, none achieved significant usage in foods. 
Then, in 1937, Sveda, a graduate student in Audrieth’s lab- 
oratory at the University of Illinois, discovered that metal 
salts of cyclohexylsulfamic acid are sweet (33). These salts 
have become known as cyclamate salts or, more commonly, 
cyclamate. Cyclamate, in the acid form, has the chemical 
structure 2 and was the first of the sulfamate structural 
class of sweeteners to be discovered. Sweeteners of this 
class exhibit the —-NH-SO;—moiety as the common struc- 
tural feature. Cyclamate is generally used in foods as ei- 
ther the sodium or calcium salt. Since 1937, many sweet 
analogues of 2 have been synthesized, although none have 
been developed for use in foods. 


NHSO3H 
(2) 


Sensory panel studies on cyclamate salts demonstrate 
them to better reproduce the taste quality of sucrose than 
does saccharin. Nonetheless, a significant bitter taste at- 
tribute is noted for cyclamate. The flavor profile of sodium 
cyclamate is illustrated in Figure 1. Interestingly, a salty 
attribute is also present in the sodium cyclamate profile. 
This factor is almost certainly due to the high sodium ion 
concentration present in intensely sweet solutions. The 
C/R function for sodium cyclamate is illustrated in Figure 
2. As is true for all high-potency sweeteners, the potency 
of sodium cyclamate is dependent on sucrose reference con- 
centration. Thus, P,(2) = 42, P,(8) = 23, and P,(10) = 
17 are calculated from the equation given in Figure 2. The 
temporal profile of sodium cyclamate is very similar to that 
of sucrose. ATs of 4 and ETs of 14s have been determined 
for both substances (7). Thus, although sodium cyclamate 
exhibits a flavor profile with significant bitter and salty 
notes, it exhibits a sucrose-like temporal profile and, in the 
aggregate, mimics the taste of sucrose sufficiently to be 
generally useful in food applications. 

The history of the evaluation of cyclamate safety has 
been reviewed comprehensively (34,35). Cyclamates were 
first approved in 1951 for use as drugs for use by people 
with diabetes and others who had to restrict their sugar 
intake. In 1958, they were listed by the FDA on the original 
GRAS list. As was discussed earlier, the use of cyclamate 


sweeteners experienced explosive growth during the 1960s 
after it was found that a 10:1 mixture of cyclamate and 
saccharin exhibits taste quality superior to either sweet- 
ener individually and approaches that of sucrose. In 1969, 
the FDA became concerned about cyclamate safety. At that 
time, the FDA was advised of a rat study in which the 
commonly used 10:1 cyclamate/saccharin mixture was 
shown to induce bladder tumors. These results were inter- 
preted by the FDA to indicate that cyclamate salts (ie, not 
saccharin salts) are bladder carcinogens in rats. As a con- 
sequence, cyclamates were immediately removed from the 
GRAS list and, in 1970, were banned from use. At the same 
time, however, cyclamates have remained on the market 
in more than 50 countries. 

Since the 1970 FDA action, Abbott Laboratories and the 
Calorie Control Council have maintained continuous ef- 
forts to have cyclamates reapproved. As a result of this 
effort, it is now generally accepted that cyclamates are not 
carcinogens (34). The principal remaining areas of concern 
are related to the biological activity of cyclohexylamine, 
the major cyclamate metabolite. In early studies, hyper- 
tensive activity and testicular atrophy effects were noted 
for this metabolite. However, in recent studies, no adverse 
hypertensive or reproductive effects have been observed in 
humans. Nonetheless, these weak biological effects for cy- 
clohexylamine may limit the ADI to be granted by the FDA 
in the event that it is reapproved. The ADI established by 
JECFA for cyclamate is 11.0 mg/kg. In the European com- 
munity, cyclamate levels in CSDs are restricted to a max- 
imum of 400 ppm (36). From the equation given in Figure 
2, it can be calculated that 400 ppm cyclamate is equiva- 
lent to 1.7% sucrose in sweetness intensity. Thus, although 
cyclamates may be reapproved in the United States, re- 
strictions may limit their application to sweetener blend 
systems. 

Cyclamates exhibit excellent solubility and stability 
characteristics for use in essentially all imaginable appli- 
cations. The sodium and calcium salt forms are both com- 
mercially available. Although the acid form is sufficiently 
water soluble (13.3 g/100 mL), its high acidity results in 
preference for the very soluble sodium (20 g/100 mL) or 
calcium (25 g/100 mL) salts (37). Since P,(8) = 23, as an 
example for applications where an 8% sucrose equivalent 
level of sweetness is desired, it can be calculated that so- 
dium cyclamate is 570 times as soluble as necessary. Hy- 
drolytic degradation of cyclamate salts proceeds to yield 
cyclohexylamine and inorganic sulfate. As a consequence 
of the adverse biological activity of cyclohexylamine, FDA 
scientists conducted a comprehensive evaluation of cyclo- 
hexylamine levels in a spectrum of food products (38). Cy- 
clohexylamine was found in the majority of these products 
albeit at low levels. Interestingly, even in the most acidic 
samples (cola CSDs), cyclohexylamine levels increased in- 
significantly during 4 months of ambient-temperature 
storage. Cyclohexylamine in food products appears to be 
substantially derived as a cyclamate sweetener contami- 
nant. Data have been reported on the hydrolysis of cycla- 
mate under extreme conditions (39). After 1 h at 100°C, 
13.7, 8.1, 0.98, 0.10, 0.52, and 0.58% of cyclamate sweet- 
ener is lost at pH values of 0.9, 1.6, 2.5, 4.5, 5.3, and 6.5, 
respectively. In summary, cyclamate sweeteners are quite 
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stable. No significant loss of sweetness or generation of 
unsafe degradation products is expected in any common 
applications. 

Cyclamates are economical sweeteners. On the world 
market, sodium cyclamate is presently available for $1.04/ 
Tb (40). On a CSE basis, this is equivalent to 4.5 cents/b if 
one employs P,,(8) = 23 times that of sucrose as the rele- 
vant sweetness potency. Thus, although sodium cyclamate 
is approximately two times more expensive than saccha- 
rin, it still represents a very substantial economy over su- 
crose. 


Aspartame 


L-Aspartyl-L-phenylalanine methyl ester (3) is an example 
of one of several novel structural types of sweet-tasting 
organic compounds identified in the 1960s. It is known un- 
der the generic name aspartame, is often abbreviated as 
APM, and is very well known to consumers as Nutra- 
Sweet®, a brand name of Monsanto. As was true for all the 
sweeteners described herein that are not of botanical ori- 
gin, the sweetness of APM was discovered by accident. The 
discovery was made by Schlatter while working under the 
direction of Mazur of G.D. Searle & Company (3). APM was 
prepared by Schlatter as an intermediate in a drug discov- 
ery program aimed at finding new ulcer treatments. Inter- 
estingly, this compound had been prepared some years ear- 
lier by chemists at ICI in Great Britain. Its sweet taste 
had not been noted, however. 


HOOC NH 


oO 
HN, 


22 oe 


(3) 


Aspartame was the first sweet-tasting member of a 
structural class of sweeteners generally known as the di- 
peptides. Peptides are oligomers of a-amino acids. Aspar- 
tame is simply derived from the two natural amino acids 
L-aspartic acid and L-phenylalanine. It is ironic that even 
though substantially more than 1000 sweet-tasting ana- 
logues of aspartame have been prepared since 1965, none 
are more advantageous than aspartame after considera- 
tion of all the properties requisite for commercial viability. 

The phenomenal commercial success of aspartame is 
easily explained by its exceptional sucrose mimicry. As 
suggested by its flavor profile summarized in Table 1, it is 
essentially indistinguishable from sucrose; no nonsweet 
taste attributes are observed. Interestingly, however, the 
temporal profile of aspartame is different from sucrose. As- 
partame exhibits both a slightly delayed AT [5 s (APM) vs. 
4 s (sucrose)] and a protracted ET [19 s (APM) vs. 14 s 
(sucrose)] (7). These differences are not sufficient, however, 
to adversely affect acceptability in food products. An in- 
teresting and useful manner in which aspartame has an 
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advantage over other high-potency sweeteners is that it 
enhances other flavor attributes. This effect was noted 
early on and has been systematically studied by Baldwin 
and Korschgen (41) and also by Wiseman and McDaniel 
(42). It has been hypothesized that this unique advanta- 
geous property of aspartame is due to its atypical temporal 
profile (43). More specifically, aspartame’s flavor enhance- 
ment properties are suggested to be consequences of its 
slightly delayed AT relative to that of sucrose. Thus, 
greater temporal resolution of sweetness (taste) and flavor 
(olfaction) signals to the brain occurs for APM than is the 
case for sucrose. This increased resolution of neural olfac- 
tory and taste signals for APM over sucrose may result in 
the flavor intensity to be judged higher in the better- 
resolved aspartame-sweetened system. This effect is then 
interpreted as a flavor enhancement effect of aspartame. 

The sweetness potency of aspartame is again dependent 
on the sucrose reference concentration, although some- 
what less so than for the other sweeteners discussed in this 
section. Thus, from the APM C/R function given in Table 
1, it is calculated that P,(2) = 250, P,(8) = 140, and 
P,,(10) = 107. Disparities between these potencies and lit- 
erature potencies quoted earlier are a consequence of dif- 
ferences in methodology. 

The safety of aspartame has been as extensively studied 
as any food additive. Most of the principal metabolism, pre- 
clinical, and clinical studies have been reviewed (4446). 
On the basis of evaluation of all the safety assessment 
studies, aspartame was approved by the FDA in 1981 with 
an ADI of 20 mg/kg. This ADI is based on a NOAEL in 
preclinical studies of greater than 2,000-4,000 mg/kg. In 
1983, based on clinical studies, the ADI for aspartame was. 
raised by the FDA to 50 mg/kg. The ADI established by 
JECFA for aspartame is 40 mg/kg. No effects were noted 
in the clinical studies at doses many times greater than 
approved for human consumption, Consideration of aspar- 
tame metabolism explains why this is the case. On inges- 
tion, aspartame is completely broken down to the two nat- 
ural amino acid building blocks and methanol. The safety 
of the amino acids L-aspartic acid and L-phenylalanine is, 
of course, no surprise since normal dietary protein (from 
meat, milk, eggs, etc) provides substantially greater quan- 
tities of these nutrients. Methanol also is not a safety con- 
cern when exposure occurs as a metabolite of aspartame. 
Beverages formulated with aspartame to a sweetness level 
matching 10% sucrose contain the equivalent of 50 to 60 
mg/L of methanol; this is substantially less than the av- 
erage of 140 mg/L content for fruit juices. Thus, the safety 
of aspartame should be no surprise to anyone. Consump- 
tion of aspartame does not result in exposure of the inter- 
nal body tissues to any novel substances. Natural subunit 
assembly and metabolic subunit disassembly is a unique 
high-potency sweetener concept presently exemplified only 
by aspartame. Despite the safety of aspartame, however, 
products containing it are required to carry an informa- 
tional statement for people with a rare genetic disease 
known as phenylketonuria (PKU). Approximately 1 of 
15,000 people has this disorder, which involves an inability 
to metabolize phenylalanine. Unchecked, PKU results in 
mental retardation. In the United States, this disorder is 
detected at birth, if present. The normal treatment is a 


phenylalanine-restricted diet from infancy through child- 
hood and sometimes into adulthood. It should be empha- 
sized, however, that phenylalanine consumption is only re- 
stricted, not eliminated, since it is an essential amino acid 
and, as such, is necessary for life. Persons with PKU must 
carefully monitor their consumption of phenylalanine from 
all dietary sources, including aspartame. 

Aspartame exhibits sufficient solubility for all food ap- 
plications. At ambient temperature in water, a solubility 
of approximately 1.0% can be attained at pH 4 and also at 
neutral pH; solubility reaches a minimum at pH 5.5, the 
isoelectric point (47). Thus, using P,(8) = 140, it can be 
calculated that aspartame is greater than 70 times more 
soluble than necessary to provide an 8% sucrose level of 
sweetness intensity, 

If aspartame has a drawback, it is hydrolytic stability. 
At 25°C (77°F), its hydrolytic half-lives in aqueous buffer 
are 116, 260, 242, 82, and 2 days for pHs of 3, 4, 5, 6 and 
7, respectively (21). Clearly, maximum utility would be ex- 
pected in the pH range 3 to 5. Fortuitously, this is a rep- 
resentative range for most food systems. It is particularly 
fortuitous that none of the three principal degradation 
products, L-aspartyl-L-phenylalanine (AP), 3-benzyl-6- 
carboxymethyl-2,5-diketopiperazine (DKP), and f-L-aspar- 
tyl-L phenylalanine methyl ester (f-APM) exhibit either 
off-tastes in aged food products or safety problems. All the 
degradation products have been tested and demonstrated 
to be safe. Interestingly, f-L-aspartyl-L-phenylalanine (f- 
AP), the product of ester hydrolysis of f-APM, has been 
demonstrated to be naturally produced on metabolism of 
dietary protein (48). In summary, aspartame is sufficiently 
stable for use in acidic food products. On the other hand, 
the neutral pH range encountered in baked goods is prob- 
lematic. An encapsulated form of aspartame has been de- 
veloped, however, to address this limitation (49). 


Acesulfame 


The discovery of acesulfame was accidental, just as was 
the case for saccharin, cyclamate, and aspartame. In 1967, 
Clauss and Jensen, while working in the laboratories of 
Hoechst AG on the reactions of fluorosulfonylisocyanate 
with acetylenes, obtained the product 5,6-dimethyl-1,2,3- 
oxathiazin-4(3H)-one-2,2-dioxide and noted it to be sweet 
(50). As a consequence of the 1969 ban on cyclamates in 
the United States, Hoechst initiated a systematic program 
to optimize the properties found in this compound. In the 
end, it was determined that the preferred product candi- 
date was 6-methyl-1,2,3-oxathiazin-4(3H)-one-2,2-dioxide, 
which has since been given the generic name acesulfame 
and has chemical structure 4. The potassium salt of ace- 
sulfame is known as acesulfame-K, is often referred to as 
ACE-K, and has been given the brand name Sunette®. Ace- 
sulfame is structurally related to saccharin in that both 
exhibit the essential-for-activity N-sulfonyl amide struc- 
tural motif (ie, -CONHSO,-) and thus are both members of 
the N-sulfonyl amide sweetener class. The chemistry, 
safety assessment, sensory properties, and applications of 
acesulfame-K have been reviewed (51). 


(4) 


The structural analogy of acesulfame with saccharin is 
not the only area of commonality. ACE-K exhibits a flavor 
profile with bitter and metallic attributes that are equiv- 
alent to or stronger than those of saccharin. The FPA data 
for ACE-K are summarized in Table 1. Interestingly, it has 
been found that the population is heterogeneous with re- 
spect to its sensitivity to the bitter and metallic off-tastes 
of acesulfame-K, as has also been noted for saccharin. Par- 
ticularly striking in this study is the finding that the same 
individuals who are sensitive to saccharin off-taste char- 
acteristics are also sensitive to those of ACE-K. As a con- 
sequence, ACE-K, like saccharin, has minimal utility as a 
sole sweetener in food applications. Although quantitative 
temporal profile data on acesulfame-K are not available, it 
appears, qualitatively, to be quite similar to sucrose in this 
dimension. In summary, it is expected that ACE-K will find 
a niche in food applications as an alternative to saccharin. 
Thus, its principal application should be as a component 
of blends with aspartame and other sweeteners with su- 
croselike flavor profiles. 

C/R function data on acesulfame-K are provided in Ta- 
ble 1. The sweetness potency of ACE-K drops off with in- 
creasing sucrose reference concentration just as is the case 
for saccharin, cyclamate, and aspartame. The rate of this 
decrease is rapid, very much as is the case for saccharin. 
Thus, from the C/R function for ACE-K given in Table 1, 
P,{2) = 204, P,(8) = 76, and P,(10) = 34 are calculated. 

ACE-K received its first approval in the United States 
for tabletop use in 1988 and finally received approval for 
all food categories in 1998. An ADI of 15 mg/kg was estab- 
lished by the FDA after review of the safety assessment 
studies submitted by Hoechst. An ADI of 15 mg/kg has also 
been established by JECFA. The safety studies conducted 
on ACE-K have been reviewed (52). 

The solubility of acesulfame-K is quite high, with 27 g 
dissolving in 100 mL of water (53). If, for illustration, the 
P,(8) = 76 value of acesulfame-K is employed, it can be 
calculated that acesulfame-K is more than 250 times more 
soluble than necessary to match the sweetness intensity of 
8% sucrose. 

The hydrolytic stability of acesulfame-K is substantially 
less than that of saccharin. For example, under conditions 
designed to model a cola CSD application, 15% is lost in 1 
year at room temperature and 25% is lost in 3 months at 
40°C (104°F) (54). Products that have been identified from 
ACE-K degradation include acetoacetamide-N-sulfonic 
acid, acetoacetamide, acetoacetic acid, and acetone. In 
summary, it can be said that although ACE-K is not com- 
pletely stable toward hydrolytic breakdown, its slight in- 
stability does not create any problems (eg, loss of sweet- 
ness) from an application perspective. 
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Sucralose 


Until the discovery of saccharin, nearly all known sweet 
substances were carbohydrate based. In 1976, in a collab- 
orative program between Hough’s laboratory at Queen 
Elizabeth College in the University of London and scien- 
tists at Tate & Lyle, it was discovered that certain halo- 
deoxysucrose derivatives are potently sweet (55). This col- 
laboration led to the selection of a trichlorinated derivative 
of sucrose that they named sucralose (5) as a product can- 
didate (56). The halodeoxysucroses, of which sucralose is 
the best known example, are the first carbohydrate-based 
sweeteners that are substantially more potent than the 
simple sugars. The commercialization of 5 was pursued by 
a joint venture of Tate & Lyle and McNeil Specialty Prod- 
ucts Company, a Johnson & Johnson subsidiary. Sucralose 
is known under the brand name of Splenda®. The proper- 
ties of sucralose were reviewed in 1996 (57). 
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FPA data on sucralose are provided in Table 1. As can 
be seen by inspection of these data, sucralose exhibits a 
clean sweet taste equivalent to that of sucrose. No off- 
tastes are observed. Unfortunately, temporal profile data 
on sucralose are not available, and so it is not possible to 
quantitatively-compare it to sucrose in this dimension. In 
general, however, sucralose’s sweetness appears to linger 
somewhat similar to the behavior of aspartame. 

C/R function data on sucralose are provided in Table 1. 
Its sweetness potency drops off with increasing sucrose ref- 
erence concentration just as is the case for saccharin, 
cyclamate, aspartame, and acesulfame-K. Thus, from the 
C/R function given in Table 1, P,(2) = 910, P,(8) = 470, 
and P,(10) = 330 are calculated for sucralose. 

In 1998, the FDA granted approval for the general use 
of sucralose in foods and beverages. An ADI of 5 mg/kg 
was established by the FDA after review of the safety 
assessment studies submitted. In contrast, an ADI of 15 
mg/kg has been recommended by JECFA. Sucralose slowly 
hydrolyzes in acidic food and beverage products to the 
monosaccharides 4-chloro-4-deoxy-galactose and 1,6- 
dichloro-dideoxy-fructose, and for this reason, it was re- 
quired that safety studies be carried out on sucralose and 
the two degradation products. The solubility of sucralose 
in water is very high and is not significantly affected by 
pH. Sucralose is commercially available as a 25% (w/v) so- 
lution. If, for illustration, the P,(8) = 470 value of sucra- 
lose is employed, it can be calculated that sucralose is 
>1400 times more soluble than necessary to match the 
sweetness intensity of 8% sucrose. 
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The hydrolytic stability of sucralose is high, though not 
as high as that of saccharin. As already mentioned, it 
does slowly hydrolyze to the two chlorinated monosaccha- 
rides 4-chloro-4-deoxy-galactose and 1,6-dichloro-dideoxy- 
fructose in acidic food systems. However, the loss of sucra- 
lose over 1 year is <5%, and so there is no significant loss 
of sweetness. In the solid form, sucralose does break down 
with loss of hydrochloric acid, causing the solid product to 
caramelize. This problem has substantially been ad- 
dressed by reducing the particle size of the solid material 
to less than 12 ~M. The microparticulated material has 
adequate shelf life for common food and beverage manu- 
facturing operations. In summary, it can be said that al- 
though sucralose is not completely stable, its slight insta- 
bility does not create any problems (eg, loss of sweetness) 
from an application perspective. 


Alitame 


Alitame is the product of an intensive research program 
carried out by Hendrick and his coworkers at Pfizer Cen- 
tral Research during the 1970s (58). The program was 
aimed at the identification of a stable, cost-effective ana- 
logue of aspartame that, of course, still retains the quality 
taste of aspartame. Alitame was selected from a group of 
hundreds of aspartame analogues, which were synthesized 
by the Pfizer chemists. Alitame has recently been reviewed 
(59). 
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FPA data on alitame are provided in Table 1. As can be 
seen by inspection of these data, alitame exhibits a clean, 
sweet taste comparable to sucrose taste. No off-tastes are 
observed. Unfortunately, temporal profile data on alitame 
are not available, and so it is not possible to quantitatively 
compare it to sucrose in this dimension. In general, how- 
ever, alitame’s sweetness appears to linger somewhat, 
much as is the case for aspartame. 

C/R function data on alitame are provided in Table 1. 
Its sweetness potency drops off with increasing sucrose ref- 
erence concentration just as is the case for saccharin, cy- 
clamate, aspartame, acesulfame-K, and sucralose. Thus, 
from the C/R function given in Table 1, P,,(2) = 4440, P,,(8) 
= 2350, and P,(10) = 1640 are calculated for alitame. 

In 1986, Pfizer submitted an FAP to the U.S. FDA re- 
questing broad approval for use in foods and beverages. At 


about the same time, approval was also requested in many 
other countries. At this point, approval for use in the 
United States has not yet been granted. However, broad 
clearance for use has been obtained in several countries, 
including Australia, Chili, China, Columbia, Indonesia, 
Mexico, and New Zealand. An ADI for alitame of 1 mg/kg 
was recommended by JECFA after review of all the safety 
assessment studies conducted. Alitame slowly breaks 
down in acidic food and beverage products to L-f-aspartyl- 
N-(2,2,4,4-tetramethyl-3-thietanyl)-D-alanine amide and 
N-(2,2,4,4-tetramethyl-3-thietanyl-D-alanine amide, and 
for this reason, it was required that safety studies be car- 
ried out on alitame and these two degradation products. 

Alitame’s solubility in water is high (131g/L w/v) and is 
only slightly sensitive to pH. If, for illustration, the P,,(8) 
= 2350 value of alitame is employed, it can be calculated 
that alitame is >3800 times as soluble as necessary to 
match the sweetness intensity of 8% sucrose. 

The stability of alitame is substantially better than that 
of aspartame, though not as high as that of saccharin. Its 
hydrolytic stability is very sensitive to pH. In the pH range 
of 2 to 4, alitame is 2 to 3 times more stable than aspar- 
tame, while in the pH range of 5 to 8, it is >1000 times 
more stable. As already mentioned, it does slowly break 
down to L-f-aspartyl-N-(2,2,4,4-tetramethyl-3-thietanyl)- 
D-alanine amide and N-(2,2,4,4-tetramethyl-3-thietanyl)- 
D-alanine amide in acidic food systems. However, the loss 
of alitame is insufficient to significantly affect the shelf life 
of most products. Alitame is limited, however, in that it 
does break down in acidic systems, by an unknown path- 
way, to produce trace levels of a sulfurous breakdown prod- 
uct or products. This limitation is particularly evident in 
cola beverages. In summary, it can be said that alitame is 
sufficiently stable for most food applications but is not an 
alternative for acidic products that require a long shelf life. 


Summary 


At the present time, there are four high-potency nonnutri- 
tive sweeteners that have achieved widespread use in the 
food industry, and there are two newcomers that are ex- 
pected to see significant use in the future. Comparative 
data on these sweeteners are given in Table 2. 


OTHER HIGH-POTENCY NONNUTRITIVE SWEETENERS 
OF COMMERCIAL SIGNIFICANCE 


In this section, the five nonnutritive high-potency sweet- 
eners neohesperidin dihydrochalcone, stevia sweeteners, 
glycyrrhizin, thaumatin, and Lo Han Kuo sweetener are 
discussed. In view of the limited approvals for use of these 
sweeteners in the United States, discussions of them will 
be abbreviated. Comparative data on these sweeteners are 
given in Table 3. 


Neohesperidin Dihydrochalcone 

As was the case for the high-potency sweeteners men- 
tioned above, neohesperidin dihydrochalcone (NDC) also 
was discovered in a serendipitous manner. Horowitz and 
Gentili, of the USDA laboratory of Pasadena, California, 
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Table 2. Summary of High-Potency Nonnutritive Sweeteners of Major Commercial Significance 
US. 
Year of Taste Hydrolytic regulatory Other 

Sweetener discovery quality Safety concern Solubility stability Cost* status properties 
Saccharin 1878 Fair; bitter and None Excellent Excellent 2.2 Food additive 

metallic off- permitted on 

taste an interim 

basis 

Cyclamates 1987 Good; weak, Metabolite Excellent Excellent 4.5 Not approved 

bitter and associated with 

salty off-taste _ testicular 

atrophy and 
hypertension 
Aspartame 1965 Excellent None Good Fair ADI = 50 mg/kg Flavor 
enhancement 

Acesulfame-K 1967 _—‘ Fair, bitter and None Excellent Good ADI = 15 mg/kg 

metallic off- 

taste 
Sucralose 1976 Excellent None Excellent Good ADI = 5 mg/kg 
Alitame 1979 Excellent None Excellent Good Not approved 


“Cost in cents/Ib on a cost per sucrose equivalent basis. 


as part of an investigation on the bitter tastes of citrus 
flavonoid glycosides, made a surprising observation (60). 
Based on a model of bitter taste structure—activity rela- 
tionships they were developing in the early 1960s, they 
predicted that naringin dihydrochalcone would be bitter 
like naringin, the bitter constituent of grapefruit rinds. 
Naringin dihydrochalcone was then synthesized, and the 
USDA investigators were astonished to find it to be sweet. 
Subsequent studies, initiated in attempt to optimize the 
properties of sweeteners of this type, resulted in the iden- 
tification of NDC (7) as the preferred product candidate. 
Neohesperidin, the flavanone glycoside precursor of 7, oc- 
curs naturally in the Seville orange. NDC and other re- 
lated sweeteners have been reviewed (61). 


HO. OCH3 
09. OH 
OH 
OH 
HO 
HO ,—00 OH O 
CHs 
OH OH 


(7) 


NDC, until later discoveries in the 1970s, was one of the 
most potent sweeteners known. At near threshold levels of 
sweetness intensity, Horowitz and Gentili reported NDC 
to be 7 times more potent than saccharin on a weight basis. 
Problematical, however, are the presence of bitter, cooling, 
and licorice taste attributes (8). In addition to a flavor pro- 
file quite different from that of sucrose, NDC exhibits a 
substantially delayed and protracted temporal profile rela- 


tive to that of sucrose. An AT = 9 s (sucrose, 4 8) and an 
ET = 40s (sucrose, 14 s) have been measured (7). In food 
systems, the complex flavor and atypical temporal profiles 
of NDC combine to provide a very unnatural taste. Thus, 
the utility of NDC in food systems is marginal unless em- 
ployed as a minor component in combination with other 
more sucroselike sweeteners. 

NDC is not approved in the United States for use as a 
sweetener, and no FAP for such use has been filed. The 
Flavor and Extract Manufacturers’ Association of the 
United States (FEMA) has, however, approved it as GRAS. 
By this approval, it may be used as a flavor modifier within 
the range of 1 to 5 ppm in a variety of foods and beverages 
(62). At these low concentrations, NDC has been reported 
to enhance flavors, to enhance mouth-feel, and to make 
many nonnutritive sweeteners taste more sugarlike. These 
properties of NDC have recently been reviewed (63). 


Stevia Sweeteners 


In Paraguay is found a small shrub known as Stevia re- 
baudiana (Bertoni), which is distinguished by its intensely 
sweet leaves. Investigations began to identify the sweet 
component of these leaves in the early part of this century. 
These efforts have been reviewed (64). The first significant 
work was by the French researchers Bridel and Lavieille, 
who isolated a crystalline sweet product. They determined 
this substance to be 300 times as potent as sucrose and to 
be a glycoside composed of three glucose moieties and a 
diterpenoid aglycone. This diterpenoid glycoside is now 
known as stevioside. The structure determination of ste- 
vioside as 8a was completed in the 1950s and early 1960s 
by a combination of the efforts of Mosettig and Wood. Since 
that time, Tanaka et al. at Hiroshima University in Japan 
have isolated and characterized at least eight additional 
sweet glycosidic analogues of 8a that are present in the 
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Table 3. FPA and C/R Function Data on Other Nonnutritive Sweeteners 


C/R function data FPA Data 
Sweetener Ra ky Sweet Bitter Salty Metallic Cooling Licorice 
Neohesperidin dihydrochalcone* 98 53.2 72 05 0.0 0.0 3.3 2.3 
Stevioside® 99 406 7.0 3.6 0.0 0.0 0.0 0.0 
Rebaudioside A° 10.0 200 8.5 26 0.0 0.0 0.0 13 
Glycyrthizin? 78 240 7.2 16 1.0 0.0 12 13 
Thaumatin’ 10.1 3.6 8.7 12 0.0 0.0 18 0.0 
*160 mg/L for FPA. 
61000 mg/L for FPA. 
400 mg/L for FPA. 
4300 mg/L for FPA. 
*35 mg/L for FPA. 


plant source. The most important of these is rebaudioside 
A (8b) because of its somewhat improved flavor profile. 
Also of particular significance are the oligomeric glucose 
conjugates of 8a, which have been described by Tanaka 
and associates. These compounds are obtained on reaction 
of stevioside with starch and glucosyl transferase enzymes. 
This work was reviewed in 1991 (65). All these natural and 
enzyme-modified diterpenoid glycosides are approved for 
use in Japan. The plant-derived glycosides are also ap- 
proved in South Korea, the Peoples Republic of China, Bra- 
zil, and Paraguay. Stevia sweeteners have been compre- 
hensively reviewed (66,67). 


(8a) R=H 
(8b) R=B-D-Glu 


Of the natural stevia sweeteners, rebaudioside A is pre- 
ferred because of its improved flavor profile relative to ste- 
vioside. Even rebaudioside A, however, exhibits substan- 
tial bitter and cooling taste attributes. In general, the 
stevia sweeteners exhibit temporal profiles that are suc- 
roselike in AT (stevioside AT = 4 s; sucrose AT = 4s) but 
not in ET (stevioside ET = 22 s; sucrose ET = 14 s) (7). 


Thus, as a consequence of flavor and temporal profiles that 
are rather unlike those of sucrose, rebaudioside A is not 
likely to find broad utility in food applications unless as a 
component of a blend. 

At the present time, no stevia sweeteners are approved 
for use in the United States as either food additives or 
flavors. Furthermore, it is not expected that any will be 
approved since it is apparent, for a combination of perfor- 
mance, economic, and competitive reasons, that the com- 
prehensive studies requisite for a FAP are not being un- 
dertaken. At the same time, however, stevia sweeteners 
are being used in the United States as dietary supple- 
ments. As such, they may be sold in the form of the plant 
leaves, but they may not be added to foods where their 
principal use is to provide sweetness. 


Glycyrrhizin 


Glycyrrhizin, a mixture of calcium, magnesium, and po- 
tassium salts of glycyrrhizic acid, occurs at a level of 6 to 
14% in the roots of the European and Central Asian shrub 
Glycyrrhiza glabra Linn. (Fabaceae). The crude extract of 
the plant is well known as licorice. Glycyrrhizin is ob- 
tained from licorice extract by sulfuric acid precipitation. 
Ammoniated glycyrrhizin (AG) is obtained by dissolution 
of glycyrrhizin in aqueous ammonia, concentration, and 
recrystallization from alcohol. AG, which contains more 
than one molar equivalent of ammonia, may be converted 
to the monoammonium salt known as monoammonium 
glycyrrhizinate (MAG) by careful recrystallization. Gly- 
cyrrhizic acid is a triterpenoid glycoside of structure 9. 
The original structural work leading to this structural as- 
signment was completed by Lythgoe and Trippett in 1950 
(68). MAG has been reported to have P,(10) = 33 times 
that of sucrose and to exhibit significant bitter, licorice, 
and cooling flavor attributes (69). The temporal profile of 
MAG is not at all sucroselike. A very slow AT of 16 s 
(sucrose AT = 4 s) and a very prolonged ET of 69 s (su- 
crose ET = 14 s) have been reported (7). As a consequence 
of these strong deviations from sucroselike sweetness, 
MAG and the related licorice-derived products have only 
very limited utility in food applications. These limited ap- 
plications have been reviewed (70). 


OH 


(9) 


In 1985, the glycyrrhizic-acid-derived sweeteners were 
confirmed in the United States as GRAS (71). However, the 
approval is specific with regard to their use as flavoring 
agents, flavor enhancers, and surfactants. Specifically ex- 
cluded from this approval is as a component of sugar sub- 
stitutes. As a consequence of this limited approval, the ap- 
plications of glycyrrhizin-type sweeteners are extremely 
limited. Limiting utility also is the lack of sucroselike taste 
quality. 


Thaumatin 


Thaumatin, currently marketed under the trademark 
Talin®, is a protein that occurs naturally in the fruit of the 
West African plant Thaumatococcus daniellii. This protein 
is a single chain of 207 amino acids with eight disulfide 
bridges and a molecular weight of 22,209. van der Wel and 
colleagues at Unilever carried out most of the classical 
structure determination work on thaumatin. Their work 
has been reviewed (72). More recently, X-ray crystallo- 
graphic studies by Sung-Hou Kim at the University of Cali- 
fornia, Berkeley, have completed the structure determi- 
nation (73). 

On a molar basis, thaumatin is one of the most potent 
sweet substances ever found. A molar basis potency of 
100,000 times that of sucrose has been reported relative to 
a threshold concentration of sucrose. On a weight basis, 
however, and relative to a 10% sucrose reference, thau- 
matin’s potency is only 1,600 times that of sucrose. In fla- 
vor profile studies, thaumatin is, in many respects, similar 
to the glycyrrhizin sweeteners. Significant licorice and 
cooling taste attributes are observed. Particularly prob- 
lematical is a very atypical, temporal profile relative to su- 
crose. The sweetness AT is significantly delayed and the 
sweetness ET, very protracted. As a consequence of these 
strong deviations from sucrose taste, thaumatin has only 
limited utility. 

Thaumatin was approved in the United States as GRAS 
by FEMA in 1984 and has approvals in many other coun- 
tries as well (74). FEMA's approval was extended in 1996 
to include recombinant thaumatin (62). These approvals 
are limited to the use of thaumatin as a flavor modifier, 
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and it may now be used in a broad range of food and bev- 
erage products where it provides this functionality. It may 
not be used, however, where its function is as a sweetener. 
In view of the unnatural sweetness of thaumatin, this lim- 
itation on its approval is not a hindrance for the develop- 
ment of quality low-calorie food and beverage products. 


Lo Han Kuo Sweetener 


The fruit of the Chinese plant known as Lo Han Kuo (sys- 
tematic name, Tladiantha grosvenorii [Swingle] C. Jeffrey 
[Cucurbitaceae]) are very sweet. In the early 1980s, Tak- 
emoto et al. demonstrated the major sweet principle of this 
fruit to be a triterpenoid glycoside that they named mo- 
groside V (10) (75). This sweetener is present at a level of 
approximately 1% of the weight of the dried fruits. Mogro- 
side V has been reported to exhibit P,,(5.1) = 256 (76). No 
quantitative information is available on its FPA, C/R func- 
tion, or temporal profile. However, it is noteworthy that 
efforts at Proctor & Gamble (77), as well as other compa- 
nies, are underway to commercialize this sweetener in the 
form of a plant extract. This extract is on the market in 
the United States and is being used in beverages and as a 
tabletop sweetener. 


ao) 


SUGAR MACRONUTRIENT SUBSTITUTES 
OF COMMERCIAL SIGNIFICANCE 


In this section, the five sweeteners maltitol, lactitol, iso- 
malt, fructooligosaccharide sweetener, and erythritol are 
discussed. Each substance attempts to deliver all the func- 
tionality of sucrose; thus, they are sugar macronutrient 
substitutes (MNSs). All these sweeteners are approved for 
use following the GRAS affirmation process rather than 
the FAP process. The bioavailable calorie content of the 
sugar MNSs is a subject of substantial debate. In the 
United States, specific bioavailable calorie contents have 
been assigned to each sugar MNS, whereas in the Euro- 
pean Union, a value of 2.4 cal/g has been assigned for all 
sugar MNSs. Comparative data on these sweeteners are 
presented in Table 4. 


Maltitol 


Maltitol is a disaccharide alcohol having structure 11. Mal- 
titol is prepared commercially by hydrogenation of mal- 
tose, which in turn is obtained from starch by a combina- 
tion of enzymatic hydrolysis and chromatography. It is 
generally agreed to have a sweetness potency of approxi- 
mately 0.9 times that of sucrose and is relatively invariant 
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Table 4, FPA and C/R Function Data on Sucrose, Glucose, and Sugar MNS Sweeteners 


C/R function data FPA data 
Sweetener Py b Sweet Bitter Salty Metallic Cooling Licorice 
Sucrose® 0.98 0.63 10.0 0.0 0.0 0.0 0.0 0.0 
Glucose? 0.52 0.52 
Maltitol” 0.46 1.33 8.0 0.0 0.0 0.0 0.0 0.0 
Lactitol? 0.40 -0.58 9.6 0.0 0.0 0.0 0.0 0.0 
Tsomalt* 0.42 —0.02 
FO sweetener’ 0.27 0.50 2.3 0.0 0.0 0.0 0.0 0.0 
10.0% (w/v) for FPA. 
10.0% (w/v) for FPA. 
*10,0% (w/v) for FPA. 
425.5% (w/v) for FPA. 
*10.0% (w/v) for FPA. 
18.0% (w/v) for FPA. 
with respect to sucrose reference concentration and appli- Lactitol 


cation. Pure maltitol was first described as a sweetener for 
reduced-calorie foods by Mitsuhashi and coworkers of Hy- 
ashibara Company in 1973 (78). Crystalline maltitol is 
known principally under the Hyashibara brand name Mal- 
bit®. Maltitol is currently approved for food applications in 
Denmark, Norway, Finland, the United Kingdom, Swit- 
zerland, Sweden, Belgium, France, Austria, and Italy. A 
GRAS affirmation petition was filed with the FDA by Towa 
Chemical Industry Company in 1986. Commercial devel- 
opment of maltitol as a food ingredient in the United 
States awaits action on this petition. The historical devel- 
opment, physical properties, safety assessment studies, 
metabolism, and food applications studies on maltitol have 
been comprehensively reviewed and will not be discussed 
further here (79,80). Particularly relevant to the present 
discussion, however, are bioavailable calorie content and 
laxative effects. Substantial controversy has developed 
over the bioavailable calorie issue, and it is unlikely that 
an absolute number of calories per gram will ever be 
agreed on. Arguments on this subject have been summa- 
rized by Secard and LeBot (81). As a result of a consider- 
ation of the rates of cleavage and absorption in all regions 
of the gastrointestinal tract, Ziesenitz and Siebert suggest 
that a value of 2.4 cal/g may be approximately correct (82). 
The generally accepted bioavailable calorie content in the 
United States, however, is 3.0 cal/g. Thus, for maltitol, only 
an approximate 25% reduction in calories may be possible 
relative to fully nutritive carbohydrate sweeteners. Ziesen- 
itz and Siebert also indicate the intestinal discomfort (lax- 
ation, flatulence, etc) experienced from maltitol to be rela- 
tively mild. 


HO, HO 


ap 


Lactitol is a disaccharide alcohol of structure 12. It is 
obtained commercially by the hydrogenation of lactose 
(milk sugar), which is available in quantity as a by- 
product of the dairy industry. Lactitol exhibits a sweet- 
ness potency that varies only slightly with sucrose ref- 
erence concentration; P,(2) = 0.30 and P,(8) = 0.39 
have been reported in a general review on this sweetener 
(83). Lactitol has been commercially developed by CCA 
Biochem of The Netherlands and is known under the 
brand name Lacty®. Lactitol was affirmed as GRAS in 
the United States in 1993. In an attempt to understand 
the bioavailable calorie content of lactitol, studies have 
been conducted on the rate of lactitol cleavage in the 
small intestine. In comparison to lactose and isomaltose, 
the cleavage rate was sharply reduced. Thus, lactitol 
passes largely unchanged into the large intestine. An- 
aerobic microbial fermentation at this point converts it 
into organic acids and gases. The organic acids are, in 
part, absorbed by the host as an energy source. In gen- 
eral, after review of the results of many animal and hu- 
man studies, it is accepted that lactitol has a bioavailable 
calorie content of approximately 2.0 cal/g. According to 
Ziesenitz and Siebert, the intestinal discomfort to be ex- 
pected from lactitol is high (82). 


HO. 
OH 
HO. OH OH 
Ho | 90 
HO 
OH 
HO 
(12) 


Isomalt 


Isomalt is approximately a 1:1 mixture of the two disac- 
charide alcohols 1-O-a-D-glucopyranosyl-mannitol (13a) 
and 1-O-a-D-glucopyranosyl-sorbitol (13b). The develop- 
ment and properties of isomalt have been reviewed (84- 
87). Isomalt is best known under the trade name Palatinit® 
of Palatinit Sussungsmittel GmbH, a wholly owned sub- 
sidiary of Sudzucker AG. Isomalt was discovered at Sud- 
deutsche Zucker in the early 1950s. In the late 1970s, 
Bayer AG joined with Suddeutsche Zucker in the devel- 
opment of isomalt in the joint venture Palatinit Sussungs- 
mittel GmbH. Isomalt is obtained from sucrose in a two- 
step process in which it is first enzymatically rearranged 
to produce the reducing disaccharide isomaltulose, which 
is then hydrogenated to give the 13a/13b mixture known 
generically as isomalt. The sweetness potency of isomalt is 
moderately dependent on sucrose reference concentration; 
P,(1) = 0.28 and P,(10) = 0.45 have been reported. Iso- 
malt is generally approved for food usage in a number of 
countries, including the United Kingdom, Switzerland, 
France, Israel, The Netherlands, South Africa, Austria, 
Australia, Denmark, Finland, Sweden, West Germany, 
Italy, and Norway. In addition, specific category approvals 
have been given in a number of other countries. In the 
United States, isomalt was affirmed as GRAS in 1990 fol- 
lowing the publication of the last of four scientific papers 
detailing the results of safety assessment studies on iso- 
malt (W. Irwin, personal communication, 1990). As is the 
case for all sweeteners of this type, the bioavailable energy 
content for isomalt is controversial. Although some studies 
suggest isomalt to be fully caloric, it is generally accepted 
that 2.0 cal/g is approximately correct. Thus, isomalt use 
may permit only a 50% reduction of caloric intake when 
used as a substitute for fully nutritive sweeteners. Ziesen- 
itz and Siebert have indicated the intestinal discomfort ex- 
perienced as a consequence of isomalt consumption to be 
relatively mild (82). 


HO, 
Oo) 
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(18a) R; = OH, Rp = H 
(18b) Ri = H, Re = OH 
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Fructooligosaccharide Sweetener 


Fructooligosaccharide sweetener (FO sweetener) is a mix- 
ture of fructooligosaccharides of the type found naturally 
in onions, asparagus, Jerusalem artichoke tubers, and 
wheat. Specifically, it is largely a mixture of kestose (14a), 
nystose (14b), and 1-f-fructofuranosyl-nytose (14¢). Typi- 
cally, the ratio of these sugars in FO sweetener is 28:60:12. 
Meiji Seika Company of Japan has conducted most of the 
development work of FO sweetener, to which they have 
given the brand name Neosugar®. The sweetness potency 
of FO sweetener has been reported to be 0.4 to 0.6 times 
that of sucrose, depending on reference concentration. FO 
sweetener is prepared from sucrose by treatment with the 
microbial enzyme fructosyl transferase. To date, FO sweet- 
ener is approved for food use only in Japan. It has been 
reported that the glycolytic breakdown of FO sweetener in 
the small intestine is slight and that FO sweetener is 
therefore a nonnutritive sweetener (88). In other studies, 
however, it has been demonstrated that FO sweetener is 
extensively fermented in the large intestine (82). Studies 
specifically conducted on nystose suggest a very substan- 
tial calorie provision to the host following anaerobic micro- 
bial fermentation in the large intestine (81). The allocation 
of a precise value for the bioavailable calories of FO sweet- 
ener is difficult; a value of at least 2.0 cal/g is probably 
realistic, however. The intestinal discomfort and laxation 
effects promoted by FO sweetener were indicated to be 
high by Ziesenitz and Siebert (82). This report is consistent 
with the results of a clinical study by Stone-Dorshow and 
Levitt (89). 
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Erythritol 


Erythritol is a four-carbon polyol of structure 15. It is pres- 
ent naturally in a wide range of microorganisms, plants, 
and animals and, as such, is present in many foods. This 
natural form of erythritol is the symmetrical isomer and 
is more properly referred to as meso-erythritol. Erythritol 
has been commercially developed by at least two compa- 
nies, Mitsubishi in Japan and Eridania Beghin-Say in Eu- 
rope. In the United States, Mitsubishi Chemical Company 
and Cargill have formed a partnership known as M&C 
Sweeteners for the purpose of commercializing erythritol. 
Erythritol’s properties and food applications have recently 
been reviewed (90). The sweetness potency of erythritol 
has been reported to be 0.6 to 0.7 times that of sucrose. 
Unfortunately, flavor and temporal profile data, as have 
been reported for most of the other sweeteners discussed 
in this review, are not available for erythritol. However, it 
is the general consensus that erythritol exhibits a clean 
sweet taste with a sugarlike temporal profile. Erythritol 
has fair solubility in water (37% at 25°C) and is very stable. 
It is prepared on yeast fermentation of glucose. It is easily 
isolated in a purity of >99% on recrystallization from the 
filtered fermentation broth. At this time, erythritol has al- 
ready experienced significant use in foods and beverages 
in Japan and is expected to see use in many other coun- 
tries. It was affirmed as GRAS in the United States in 
1997. Of all the sugar MNSs that have been commercially 
developed, erythritol is the most promising because it is 
lowest in bioavailable calories and it is also the lowest in 
intestinal discomfort. It has been conservatively estimated 
that the bioavailable calorie content of erythritol is 0.2 
cal/g. This estimate assumes that the portion of a normal 
dose (ie, 20-50 g in a single intake) that is not absorbed is 
completely fermented to short-chain fatty acids by the 
anaerobic bacteria of the colon. In fact, however, erythritol 
is very poorly fermented by these bacteria (G. DuBois and 
G. Stark, unpublished results, 1988), and therefore the ac- 
tual bioavailable calorie content of erythritol is zero or 
near zero. The minimal intestinal discomfort of erythritol 
follows from the fact that it is readily absorbed from the 
small intestine, taken up into the bloodstream, and ex- 
ereted in the urine. Thus, most of the fermentative and 
osmotic effects of a large quantity of sugar MNS in the 
colon are avoided. 
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Summary 


Only the high-potency sweeteners (saccharin, cyclamates, 
acesulfame-K, aspartame, sucralose, alitame, etc) allow 
the food technologist the opportunity to formulate nonca- 
lorie products. Even this opportunity, however, is limited 
to a few product categories (eg, CSDs) where the product 
bulking and other nonsweet taste properties of sucrose are 


not required. Other food product categories require prop- 
erties of sucrose in addition to sweet taste (eg, bulking and 
freezing-point depression), and these can be realized only 
when employing sugar MNSs (eg, maltitol or isomalt), per- 
haps in combination with a high-potency sweetener. Most 
of these one-for-one sugar substitutes are substantially ca- 
loric, however, and therefore only reduced calorie food 
products may be formulated in product categories requir- 
ing their use. In addition, most sugar MNSs may have 
laxative effects. Thus, at this point in time, fully satisfac- 
tory zero- or low-calorie food products may be formulated 
only in product categories where sweet taste is the sole 
property of sucrose required. Other food product categories 
will be significantly impacted by the drive for zero- or low- 
calorie products only on the identification of a new ingre- 
dient. To meet this need, this new substance must deliver 
all or most of the properties of sucrose and, at the same 
time, be both truly noncaloric and without laxative effects. 
A strong need exists for such a food ingredient. 


NEW DEVELOPMENTS IN NONNUTRITIVE SWEETENERS 


Significant progress has been made in the identification of 
novel high-potency nonnutritive sweeteners. Most of the 
effort aimed at this objective has been focused on the di- 
peptide structural class of sweeteners in follow-up of the 
1965 discovery of aspartame, the first dipeptide sweetener. 
The search for analogues of aspartame was intensified by 
the 1975 report by Fujino and coworkers of Takeda Chem- 
ical Industries that dipeptide ester 16 exhibits a clean 
sweet taste, with P,,(8.3) = 33,200 times that of sucrose 
(91). This represents more than a 200-fold potency increase 
over aspartame. Problematical, however, was that 16 is 
much less stable than aspartame. Nonetheless, 16, along 
with aspartame, are exciting lead compounds that stimu- 
lated research in at least eight laboratories, including the 
following: 


1. Pfizer Pharmaceutical Company: Hendrick and co- 
workers discovered alitame (6), as has already been 
described (58). 

2. Proctor & Gamble Company: Rizzi and coworkers 
discovered dipeptide ester 17 (92). They reported 17 
to exhibit P,,(8-10) = 16,450 and to be substantially 
more stable than aspartame. Problematical for 17, 
however, is a delayed AT and a prolonged ET. 

3. Shanghai Institute of Organic Chemistry: Zheng and 
coworkers discovered dipeptide ester 18 (93). This 
compound was said to be stable and to exhibit P,,(10) 
= 2000. 

4. General Foods Corporation: In 1988, Roy et al. also 
discovered dipeptide ester 18 as well as analogue 19. 
They reported these compounds to be stable and to 
exhibit P,,(8.6) = 2300 and P,(8.5) = 1133 times 
that of sucrose, respectively (94). 

5. Takasago Corporation: Takasago chemists disclosed 
their discovery of the same compounds (ie, 18 and 
19) as were discovered by the General Foods chem- 
ists (95). 
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Erythritol 


Erythritol is a four-carbon polyol of structure 15. It is pres- 
ent naturally in a wide range of microorganisms, plants, 
and animals and, as such, is present in many foods. This 
natural form of erythritol is the symmetrical isomer and 
is more properly referred to as meso-erythritol. Erythritol 
has been commercially developed by at least two compa- 
nies, Mitsubishi in Japan and Eridania Beghin-Say in Eu- 
rope. In the United States, Mitsubishi Chemical Company 
and Cargill have formed a partnership known as M&C 
Sweeteners for the purpose of commercializing erythritol. 
Erythritol’s properties and food applications have recently 
been reviewed (90). The sweetness potency of erythritol 
has been reported to be 0.6 to 0.7 times that of sucrose. 
Unfortunately, flavor and temporal profile data, as have 
been reported for most of the other sweeteners discussed 
in this review, are not available for erythritol. However, it 
is the general consensus that erythritol exhibits a clean 
sweet taste with a sugarlike temporal profile. Erythritol 
has fair solubility in water (37% at 25°C) and is very stable. 
It is prepared on yeast fermentation of glucose. It is easily 
isolated in a purity of >99% on recrystallization from the 
filtered fermentation broth. At this time, erythritol has al- 
ready experienced significant use in foods and beverages 
in Japan and is expected to see use in many other coun- 
tries. It was affirmed as GRAS in the United States in 
1997. Of all the sugar MNSs that have been commercially 
developed, erythritol is the most promising because it is 
lowest in bioavailable calories and it is also the lowest in 
intestinal discomfort. It has been conservatively estimated 
that the bioavailable calorie content of erythritol is 0.2 
cal/g. This estimate assumes that the portion of a normal 
dose (ie, 20-50 g in a single intake) that is not absorbed is 
completely fermented to short-chain fatty acids by the 
anaerobic bacteria of the colon. In fact, however, erythritol 
is very poorly fermented by these bacteria (G. DuBois and 
G. Stark, unpublished results, 1988), and therefore the ac- 
tual bioavailable calorie content of erythritol is zero or 
near zero. The minimal intestinal discomfort of erythritol 
follows from the fact that it is readily absorbed from the 
small intestine, taken up into the bloodstream, and ex- 
ereted in the urine. Thus, most of the fermentative and 
osmotic effects of a large quantity of sugar MNS in the 
colon are avoided. 


HO, 
‘OH 


OH 
HO! 


(15) 


Summary 


Only the high-potency sweeteners (saccharin, cyclamates, 
acesulfame-K, aspartame, sucralose, alitame, etc) allow 
the food technologist the opportunity to formulate nonca- 
lorie products. Even this opportunity, however, is limited 
to a few product categories (eg, CSDs) where the product 
bulking and other nonsweet taste properties of sucrose are 


not required. Other food product categories require prop- 
erties of sucrose in addition to sweet taste (eg, bulking and 
freezing-point depression), and these can be realized only 
when employing sugar MNSs (eg, maltitol or isomalt), per- 
haps in combination with a high-potency sweetener. Most 
of these one-for-one sugar substitutes are substantially ca- 
loric, however, and therefore only reduced calorie food 
products may be formulated in product categories requir- 
ing their use. In addition, most sugar MNSs may have 
laxative effects. Thus, at this point in time, fully satisfac- 
tory zero- or low-calorie food products may be formulated 
only in product categories where sweet taste is the sole 
property of sucrose required. Other food product categories 
will be significantly impacted by the drive for zero- or low- 
calorie products only on the identification of a new ingre- 
dient. To meet this need, this new substance must deliver 
all or most of the properties of sucrose and, at the same 
time, be both truly noncaloric and without laxative effects. 
A strong need exists for such a food ingredient. 


NEW DEVELOPMENTS IN NONNUTRITIVE SWEETENERS 


Significant progress has been made in the identification of 
novel high-potency nonnutritive sweeteners. Most of the 
effort aimed at this objective has been focused on the di- 
peptide structural class of sweeteners in follow-up of the 
1965 discovery of aspartame, the first dipeptide sweetener. 
The search for analogues of aspartame was intensified by 
the 1975 report by Fujino and coworkers of Takeda Chem- 
ical Industries that dipeptide ester 16 exhibits a clean 
sweet taste, with P,,(8.3) = 33,200 times that of sucrose 
(91). This represents more than a 200-fold potency increase 
over aspartame. Problematical, however, was that 16 is 
much less stable than aspartame. Nonetheless, 16, along 
with aspartame, are exciting lead compounds that stimu- 
lated research in at least eight laboratories, including the 
following: 


1. Pfizer Pharmaceutical Company: Hendrick and co- 
workers discovered alitame (6), as has already been 
described (58). 

2. Proctor & Gamble Company: Rizzi and coworkers 
discovered dipeptide ester 17 (92). They reported 17 
to exhibit P,,(8-10) = 16,450 and to be substantially 
more stable than aspartame. Problematical for 17, 
however, is a delayed AT and a prolonged ET. 

3. Shanghai Institute of Organic Chemistry: Zheng and 
coworkers discovered dipeptide ester 18 (93). This 
compound was said to be stable and to exhibit P,,(10) 
= 2000. 

4. General Foods Corporation: In 1988, Roy et al. also 
discovered dipeptide ester 18 as well as analogue 19. 
They reported these compounds to be stable and to 
exhibit P,,(8.6) = 2300 and P,(8.5) = 1133 times 
that of sucrose, respectively (94). 

5. Takasago Corporation: Takasago chemists disclosed 
their discovery of the same compounds (ie, 18 and 
19) as were discovered by the General Foods chem- 
ists (95). 


6. Coca-Cola Company: Iacobucci and coworkers re- 
ported dipeptide ester 20 (P,, = 1930) (96) in 1988 
and dipeptide amide 21 (P,, = 2500) (97) in 1994. 

7. University of California at San Diego: Goodman and 
coworkers discovered 22 as the preferred product 
candidate (98,99). Sweetener 22 was reported to be 
800 to 1000 times more potent than sucrose and also 
to be much more stable than aspartame. 

8. Université Claude Bernard: Nofre and Tinti discov- 
ered aspartame derivative 23, which they named 
neotame and which they report exhibits P,,(10) = 
10,000 (100). This sweetener is reported to be equiv- 
alent to aspartame in sweetness quality, although it 
is not more stable than aspartame in acidic products. 
This new sweetener has been commercially devel- 
oped by Monsanto. A FAP for tabletop use was filed 
on neotame in December 1997, and a second petition 
for general use was filed in January 1999. 


A rational approach to engineering safety into a high- 
potency nonnutritive sweetener is to construct it from 
building blocks that are common components of the diet. 
Aspartame is exemplary of such a rationale. Clearly, a pro- 
tein sweetener would also be consistent with this idea be- 
cause of the natural amino acid subunit composition. This 
logic led to a program on the synthesis of thaumatin var- 
iants at International Genetic Engineering, Inc. (Ingene) 
(101). The objective was to identify analogues having a 
more sucroselike taste. Although the preparation of im- 


SWEETENERS: NONNUTRITIVE 2261 


proved thaumatin analogues has been reported, it appears 
that the level of improvement is insufficient to justify com- 
mercialization. A similar program was undertaken by Kim 
at the University of California at Berkeley based on an- 
other sweet protein known as monellin (102,103). Monellin 
is a two-chain protein having a molecular weight of 10,700; 
it is roughly equivalent in sweetness potency to thaumatin 
and is similarly disadvantaged by an atypical temporal 
profile. Guided by X-ray crystallographic data, the Kim 
group designed and genetically engineered an equally po- 
tent, and much more stable, single-chain analogue of mo- 
nellin. This sweetener has also been expressed in plants, 
including lettuce and tomatoes. Several other sweet pro- 
teins have been identified in nature, including the mabin- 
lins (104), curculin (105), and brazzein (106). All these pro- 
teins exhibit a sweetness slow to develop that lingers 
relative to that of sucrose. Nonetheless, studies aimed at 
the identification of analogues with a more sugarlike taste 
may be a fruitful area for future research. 

Progress has also been made in the identification of 
novel sugar MNSs. One type of carbohydrate-based non- 
nutritive sweetener that has been pursued is based on the 
L- or so-called left-handed sugars (107). It is argued that 
these substances, being enantiomerically related to the 
natural D- or right-handed sugars, will be nonmetaboliza- 
ble and therefore nonnutritive. However, evidence has 
been presented that one of these sweeteners, L-glucose, is 
fermented by human fecal bacteria (82). Thus, L-glucose, 
and perhaps all the L-sugars, are partially caloric and may 
cause significant intestinal discomfort as well. Of greater 


(16) R; = H; Ro(R3) = COOCH3; Rg(Rz) = H; Ry = FnOCO 
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potential interest is D-tagatose (24), a hexose sugar formed 
from lactose in heated milk and is claimed by Zehner and 
associates to be noncaloric (108,109). MD Food Ingredients 
has developed a commercial process to prepare 24 from 
lactose and is initiating a GRAS affirmation petition on it 
for general use in foods and beverages. D-Tagatose is 
claimed to exhibit a clean sweet taste, with P,, = 0.5. In 
rigorous studies, D-tagatose was estimated by MD Food 
Ingredient scientists to exhibit a bioavailable calorie con- 
tent of 2.0 Cal/g. 


OH 
(24) 


A breakthrough in the design of novel sugar MNSs was 
described by DuBois et al. in 1992 (110). They identified a 
wide variety of cleanly sweet sugar MNSs. This work fo- 
cused on the design of replacements for sucrose and, there- 
fore, to reproduce the colligative properties of sucrose 
(freezing point depression, etc), novel molecules with mo- 
lecular weight comparable to that of sucrose were de- 
signed. In addition, this work was based on recognition of 
the fact that neutral, polyhydroxylic organic compounds of 
low molecular weight, in general, are sweet. Thus, in the 
attempt to reproduce the taste of sucrose, novel molecules 
with the same ratio of C atoms to OH groups as exhibited 
by sucrose (ie, C/OH = 1.5) were identified as targets for 
synthesis and evaluation. One of the preferred sugar MNS 
sweeteners identified in this work is polyol 25. This sweet- 
ener exhibits a clean sweet taste and a P,, of 0.46 which is 
independent of sucrose reference concentration. This 
polyol is very stable and quite water soluble. Sugar MNS 
25 is easily prepared in quantitative yield in one step on 
reaction of gluconolactone with 1-amino-1-deoxy-sorbitol. 
The latter starting material is commercially available and 
is easily prepared by reductive amination of glucose with 
ammonia. Of particular interest is the fact that 25 is not 
fermented at all by human fecal bacteria and therefore has 
an apparent bioavailable calorie content of 0 Cal/g. 


OH 


(25) 


At about the same time as the work on 25 and related 
compounds was described by DuBois et al., Mazur and as- 


sociates at Proctor & Gamble described another series of 
sugar MNSs that also appear to have 0 Cal/g bioavailable 
calorie content (111). They referred to these new sugar 
MNSs as the 5-C-(hydroxymethyl)hexoses. The preferred 
compound in the Mazur series of compounds is 26, which 
is prepared in three steps from lactose. Sugar MNS 26 is 
claimed to exhibit a clean sweetness, a P,, of 0.5, and it is 
not fermented at all by human fecal bacteria. Further, it 
is claimed to function well as a sugar replacement in a 
broad range of food products. 


HO. 

OH 
HO. OH OH 

HO| Go 

OH OH 
OH 
OH 
(26) 


CONCLUSION AND FUTURE DEVELOPMENT 


In summary, the nonnutritive sweetener market in the 
United States is dominated by aspartame and saccharin. 
In the near future, it is reasonable to expect that the re- 
cently approved acesulfame-K and sucralose, as well as cy- 
clamates and alitame, which are not yet approved, may be 
competitors in this market. In the longer term, it is likely 
that blends of these sweeteners will be the most favored 
nonnutritive sweetener systems. Sweetener cost, as a con- 
sequence of the competition among these sweeteners as 
well as the substantial sweetness synergies realized in 
sweetener blends, is thus likely to be only a minor com- 
ponent of food product manufacturing cost, This statement 
is applicable, however, only to food categories in which the 
sucrose function may be fulfilled by a high-potency sweet- 
ener alone. Categories that require the type of function- 
ality delivered by a sugar MNS such as maltitol, isomalt, 
lactitol, fructooligosaccharide sweetener, and erythritol 
are very unlikely ever to be favored by low-sweetener cost. 
The colligative properties of sucrose that are requisite for 
such applications necessitate one-for-one replacement. 
These materials have high manufacturing cost, relative to 
sucrose. In addition, the laxative effects when consumed 
at high levels are a disadvantage. A strong need exists for 
a sugar MNS that is truly noncaloric and nonlaxative. 
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SYRUPS (STARCH SWEETENERS 
AND OTHER SYRUPS) 


Pure crystalline glucose (dextrose) and glucose-containing 
syrups are hydrolysis products of starch and can be re- 
ferred to as starch-based sweeteners or starch sugars. 
Crystalline maltose and high maltose content syrups are 
also produced by starch hydrolysis. Starch-based sweet- 
eners are produced almost exclusively from corn starch in 
the United States, and the syrups are usually called corn 
syrups. Elsewhere, other starch sources are also used, such 
as wheat, rice, potato, and tapioca, to name a few. Although 
the commercial products are analytically distinguishable, 
they have in common the general methods of preparation 
and many properties and applications. 

Starch-based sweeteners display increasing sweetness 
with increasing degree of conversion until complete con- 
version to D-glucose is achieved. Additional sweetness can 
be gained by isomerizing the glucose molecule to fructose. 
Sweetness is impacted by concentration as well as the con- 
tent and stereochemical configuration of the individual 
saccharides. When tasted by different taste panels at ap- 
proximately 10 wt % solids concentration, the various 
starch sweeteners exhibit a range of sweetness relative to 
sucrose. This range is illustrated in Figure 1. The degree 
of conversion can be quantified by the dextrose equivalent 
(DE) of the products. From the lesser converted maltodex- 
trins through the corn syrups to pure glucose, sweetness 
increases from about zero to 60 to 85% that of sucrose. 
Then, as glucose is isomerized to fructose, sweetness con- 
tinues to rise, up to a value of 105 to 135% that of sucrose 
when tasting pure fructose solutions. 

Dextrose is the common or commercial name for D- 
glucose, the monosaccharide liberated by complete hydro- 
lysis of starch. Maltose is a disaccharide that is produced 
by the action of f-amylase enzyme on liquefied starch. Corn 
syrups (starch hydrolysates having a DE value of 20 or 
greater) are clear, colorless, viscous liquids prepared by hy- 
drolysis of starch to solutions of dextrose, maltose, and 
higher molecular weight saccharides. Maltodextrins have 
a lower degree of hydrolysis than corn syrups, with DE 
values less than 20. High-fructose corn syrups (HFCS) are 
products containing fructose produced by enzymatic isom- 
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Figure 1. Range of sweetness of starch sugars relative to sucrose. 
All data at about 10 wt % solids water solutions. Source: Ref. 1, 
reproduced with permission. 


erization of dextrose. Starch sugar production and pricing 
data for a number of countries around the world are shown 
in Table 1. It should be noted that accurate production data 
are sometimes difficult to obtain, prices are usually pub- 
lished list prices, and quantity discounts are normal. Pro- 
duction and price data shown in this article should be con- 
sidered as approximations only. 

Maple syrup is a nutritive sweetener produced by evap- 
orating maple tree sap to a concentrated solution of car- 
bohydrate (nearly all sucrose). Molasses is a syrup pro- 
duced as a by-product during sugar purification. Because 
of differing sucrose recoveries and the presence of gums, 
minerals, and nitrogenous materials, molasses composi- 
tion can vary. Sorgo syrup is made from the juice extracted 
from the canes of the sorghum plant. Palatable syrups can 
also be made from artichokes by hydrolyzing the inulin 
contained in aqueous extracts to form fructose-rich syrups. 
Today, inulin-based fructose is produced commercially, but 
the primary source is reported to be chicory. 

The per capita consumption of the major nutritive 
sweeteners is shown in Figure 2. Before the development 
of HFCS in the late 1960s, starch sugars comprised less 
than one-fifth of the total; sucrose was the sweetener of 
choice. As HFCS rapidly captured market share, primarily 
in the beverage industry, and consumption of dextrose, 
corn syrups, and maltodextrins continued to grow, starch 
sugars increased their market share. Around 1985, they 
captured more than half of the total nutritive sweetener 
market. Today, they hold about 60% of the nutritive sweet- 
ener market in the United States. The growth of starch 
sugars in various market segments is shown in Figure 3. 
The growth of the beverage segment and its dominant po- 
sition today can be clearly seen. 


DEXTROSE 


Dextrose (D-glucose, corn sugar, starch sugar, blood sugar, 
grape sugar) is by far the most abundant sugar in nature. 
It occurs either in the free state (monosaccharide form) or 
chemically linked with other sugar moieties. In the free 
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Table 1. Production and Pricing of Starch-Based Sweeteners by Country 


Glucose Maltose Crystalline glucose Fructose-glucose syrup 
Country syrups syrups Monohydrate Anhydrous Total sugar 42% 55% 
United States 
Production 3200 645 25 68 2300 5000 
Price, US$/kg ds 0.30 0.62 1.25 0.88 0.41 0.45 
Europe (EU15) 

Production 200% 320%¢ 45 330°° 
Price, US$/kg ds 0.73° 0.96° 0.88 0.69° 

Canada 
Production 118¢ 300° 

People’s Republic of China 

Production 250 100 250/ 50 100° 
Price, RMB¥/kg ds 4 4 6 3 e 

Japan 
Production 440% 35¢ 39% 444 845% 
Price, yen/kg/ds 34s 46° 95° 126° 1134 age 54° 

Latin America® 

Production 285 9 36 155 
Price, US$/kg ds 0.30 2.86 0.17 0.40 

Korea 
Production 200 33% att 554" 250" 
Price, won/kg ds 384 420! 420 390” 390! 

South Africa 
Production 175! 3 
Price, US$/kg ds 0.43" 0.68 
Australia? 
Production 87 43 
Malaysia? 

Production 38 24 
Price, US$/kg ds 0.57 0.59 


Note: all production values in 10° t of dry substance-per year; 1996 values used except where noted. 


Source: Ref. 2, reproduced with permission. 


°1995 data. 


490 + % of the volume shown is sold within the EU15; less than 10% is sold in other European countries. 


°1983 data. 
41986 data. 


“Combined production of 42% db and 55% db fructose-bearing syrups shown. 


Most crystalline (pure) dextrose is monohydrate; some is anhydrous. Main uses are medical in nature. 


“At the time of the preparation of this chart, US$1.00 = 8.5 RMB. 


*Price for 42% db fructose syrup shown; only one known producer of 55% fructose syrup in the China. 


‘Combined production data for glucose and maltose syrups. 


71992 data. 


“Totals for the production of these three products in 1992 virtually unchanged from 1986, individual product data not available in 1992 so 1986 values are 


shown. 
‘1994 data. 
™1991 data. 


1996 list price for 48 DE glucose syrup. 


°1987 data. 


160 = - 
140 [ Honey, maple syrup, etc 


120 ee 


388 


(lb d.bJ/year) 


Per capita consumption 
s 
$ 


nN 
of8 


1965 


1970 1975 1980 1985 1990 
Year 


1995 


Figure 2. Per capita U.S. sweetener consumption by type. 
‘Source: Ref. 1, reproduced with permission. 


state, it occurs in substantial quantities in honey, fruits, 
and berries. As a polymer of anhydrodextrose units, it oc- 
curs in starch, cellulose, and glycogen. Sucrose is a disac- 
charide of dextrose and fructose. Commercial production 
of dextrose by hydrolysis of starch yields white crystalline 
sugars that are either anhydrous (CgH,20,) or hydrated by 
a single water molecule (CgH,20, - H,O). Dextrose mono- 
hydrate, with its one molecule of water of crystallization 
per molecule of sugar, separates from concentrated solu- 
tions at <50°C (122°F). Anhydrous p-glucose does not con- 
tain water of crystallization and separates at 50 to 115°C 
(122 to 239°F). Another anhydrous form, f-D-glucose, sepa- 
rates if crystallization is carried out at temperatures >110 
to 115°C (230 to 239°F). 

In one of the first attempts to prepare commercial dex- 
trose, grapes were used as the starting material (3). It is 
generally conceded that Kirchoff’s work in 1811 was the 
forerunner of the starch hydrolysate industry (4). It was 
first reported in 1815 that acid conversion of starch to 
sugar was the result of hydrolysis of the starch rather than 
dehydration, and that the starch sugar was identical with 
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grape sugar (5). It was not until 1842, however, that starch 
hydrolysis was first practiced commercially in the United 
States. Crystalline dextrose became a main industrial 
product when a commercially feasible crystallization pro- 
cess was patented in 1923 (6). This patent was one of the 
rare instances of a crystal structure being the subject of a 
patent claim. Fifty metric tons of monohydrate dextrose 
were sold in the United States in 1923. Today, the annual 
production is more than 500,000 metric tonnes, a 10,000- 
fold increase. 


Properties 

Physical properties of the three crystalline forms of dex- 
trose are listed in Table 2. In solution, dextrose exists in 
both the a and f forms. When a-dextrose dissolves in wa- 
ter, its optical rotation diminishes gradually as a result of 
mutarotation until, after a prolonged time, an equilibrium 
value is reached (see arrows, Table 2). At this point, about 
62% of the dextrose is present in the f form. This equilib- 
rium value is not significantly changed over a wide range 
of temperatures and concentrations. The same equilibrium 
value apparently exists in anhydrous melts as well as in 
glassy materials. Pure crystalline f-dextrose is quite sen- 
sitive to moisture, and it changes to the more stable a-form 
if exposed to high humidity. At 25°C (77°F), a-dextrose 
monohydrate dissolves fairly rapidly, yielding a solution 
containing about 30 wt % dextrose. Very slowly thereafter, 
further quantities of dextrose dissolve until a saturated 
solution containing ca 50 wt % dextrose is obtained. The 
first phase of the dissolving process results from the lim- 
ited solubility of a-dextrose. The slow subsequent disso- 
lution is caused by the transformation of part of the dis- 
solved a-dextrose to the more soluble # form. When 
saturation is finally reached, a mixture of a- and f-dextrose 
in solution is in equilibrium with solid a-dextrose mono- 
hydrate. At 25°C (77°F), anhydrous a-dextrose dissolves 
rapidly and beyond the limit of solubility of a-dextrose 
monohydrate. Since the monohydrate is the stable form at 


Figure 8. Applications of starch sugars in the 
United States, 1965-1996. Source: Ref. 1, repro- 
duced with permission. 


1990 


1995 
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‘Table 2. Physical Properties of D-Glucose 


Property a-D-Glucose a-D-Glucose hydrate B-D-Glucose 
Molecular formula CeH1206 CoHi20¢ - HO CeHi20¢ 
Melting point (°C) 146 83 150 
Solubility (at 25°C), g/100-g solution 62 > 30.2 > 51.27 30.2 > 51.27% 72> 51.2" 
Optical rotation, [a]p 112.2 > 52.7° 112.2 > 52.7% 18.7 + 52.7% 
Heat of solution (at 25°C), J/g” +59.4 +105.1 +26.0 
“Equilibrium value. 

Anhydrous basis. 


“To convert joules to calories, divide by 4.184. 


this temperature, crystallization of the hydrate occurs to 
its limit of solubility and the pattern then follows that of 
the monohydrate as described earlier. The rate of attain- 
ment of equilibrium is increased by heating or in the pres- 
ence of acids or bases. Data for the solubility of the equi- 
librium mixtures, as interpolated from previous data (7), 
are listed in Table 3. 

Dextrose in solution or in solid form exists in the pyr- 
anose structural conformation. In solution, a small amount 
of the open-chain aldehyde form exists in equilibrium with 
the two cyclic forms (Fig. 4) and is responsible for the re- 
ducing properties of dextrose (8). 

Dextrose exhibits the reactions of an aldehyde, a pri- 
mary alcohol, a secondary alcohol, and a polyhydric alco- 
hol. In acid solution, either after standing for a prolonged 
time or after heating, dextrose undergoes polycondensa- 
tion, i.e., dehydration. This reaction yields a mixture of di- 
and oligosaccharides, most of which are the disaccharides 
gentiobiose and isomaltose. In acid solution and at high 
temperature, dehydration leads to formation of 5- 
hydroxymethylfurfural, which is a water-soluble, high- 
boiling, and relatively unstable compound. Polymerization 
of 5-hydroxymethylfurfural yields dark-colored com- 
pounds, and is an intermediate in the discoloration of 
sugar solutions (9). Dextrose decomposition under these 
conditions also yields levulinic and formic acids. 

In mildly alkaline solution, the principal reaction of 
dextrose is partial transformation, i.e., isomerization, to 
fructose and other ketoses. D-Mannose, saccharinic acids, 
and other decomposition products are formed to a lesser 
extent. Highly alkaline solutions, particularly in the pres- 
ence of atmospheric oxygen, can form a complex mixture 
of products of decomposition and rearrangement. Mild ox- 
idation in slightly alkaline solution gives D-gluconic acid 
in quantitative yield. More vigorous oxidation with nitric 
acid yields glucaric acid, tartaric acid, oxalic acid, and 
other compounds resulting from fragmentation of the dex- 


Table 3. Solubility of Dextrose in Water 


trose molecule. Alkaline Fehling’s solution is reduced by 
dextrose with roughly 5 atoms of copper reduced per mol- 
ecule of dextrose. Electrolytic reduction or catalytic hydro- 
genation of dextrose is practiced commercially to manu- 
facture sorbitol. 

When dextrose is heated with methanol containing a 
small amount of anhydrous hydrogen chloride, a-methyl- 
D-glucoside is obtained in good yield and can be isolated by 
crystallization. Similar reactions occur with higher alco- 
hols, but the reaction products are more difficult to isolate 
by crystallization. Dextrose reacts with acid anhydrides in 
the presence of basic catalysts, yielding esters. The com- 
plete reaction gives the pentaacetylated derivative. 

The reaction of dextrose with a nitrogen-containing 
compound, for example, amino acids or proteins, yields a 
series of intermediates that form pigments of varied mo- 
lecular weight (Maillard reaction). The type of pigments 
produced is dependent on reaction conditions such as pH, 
temperature, and concentration of reactants (10). 

Dextrose is the common intermediary metabolite in car- 
bohydrate metabolism because other utilizable monosac- 
charides are converted to dextrose before they are further 
metabolized. Starch, glycogen, and the common monosac- 
charides are hydrolyzed enzymatically in the alimentary 
canal. Dextrose is normally absorbed into the portal-vein 
blood, by which it is transported first to the liver and then. 
circulated to all parts of the body. Before dextrose or any 
other monosaccharide can be utilized metabolically, it 
must be phosphorylated and enter the glycolytic cycle. 
Other monosaccharides, such as galactose and fructose, 
eventually are converted to glucose-6-phosphate and me- 
tabolized like dextrose. 


Manufacture 


Until 1960, a commercial high dextrose content syrup was 
produced by acid-catalyzed hydrolysis of starch at elevated 


‘Temperature (°C) Dextrose in solution (wt %) ‘Temperature (°C) Dextrose in solution (wt %) 
0 34.9 30 54.6 
5 38.0 40 61.8 

10 412 50 70.9 

15 44.5 60 748 

20 478 70 78.2 

25 513 80 81.3 
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Figure 4. Structures of D-glucose. 


temperatures and pressures. Dextrose content of the 
starch hydrolysate was limited to about 86% dry basis (db) 
as a result of the formation of degradation products (11). 
Dextrose content was increased by partial or complete re- 
placement of acid with one or more enzymes. These pro- 
cesses are referred to as acid-enzyme (A-E) or enzyme— 
enzyme (E-E), depending on whether initial starch 
hydrolysis (the starch thinning or liquefaction step) is con- 
ducted with acid or a bacterial a-amylase. In either case, 
subsequent conversion to dextrose (saccharification) is 
achieved with glucoamylase, a fungal enzyme that releases 
dextrose from the nonreducing end of starch polymers by 
successive hydrolysis of a-1,4 and 1,6 glucosidic linkages. 

By 1960, the A-E process was in general use, and hy- 
drolysate dextrose content was increased to 92 to 94% db 
(12). A typical process involved thinning a 30 to 35 wt % 
starch slurry with acid (HCl or H,SO,) at a temperature 
and pressure necessary to achieve a DE level of 10 to 20. 
DE is a measure of the reducing-sugar content of a starch 
hydrolysate calculated as dextrose and expressed as a per- 
centage of the total dry substance. Formation of acid- 
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reversion products during thinning limited the dextrose 
yield attained during saccharification. Higher dextrose 
content was achieved by the E-E process that was devel- 
oped in the 1960s. This process used a heat-resistant bac- 
terial e-amylase for starch thinning. Lower temperature 
and nearly neutral liquefaction conditions limited side re- 
actions and resulted in hydrolysate dextrose contents of 95 
to 97% db (11,13). Initial processes were based on a- 
amylase derived from the bacterium Bacillus subtilis. Ina 
typical process, 30 to 40 wt % starch is thinned at 85°C 
(185°F) for 1 h followed by a short heat treatment at 120 
to 140°C (248 to 284°F). Then, a second enzyme addition is 
made, and reaction at 85°C (185°F) is continued to com- 
plete the liquefaction step (Fig. 5). The resulting 10 to 15 
DE hydrolysate is then saccharified with glucoamylase. 
The high temperature heat treatment is required to solu- 
bilize insoluble starch particles that are believed to be 
amylose—fatty acid complexes formed during initial lique- 
faction (14). Since the high temperature inactivates the 
enzyme, a second enzyme addition is necessary to continue 
hydrolysis before the complex reforms. 

Elimination of the heat treatment step was made pos- 
sible by the commercialization of a-amylases that are ex- 
tremely thermostable and capable of efficient starch hy- 
drolysis at a temperature above 100°C (212°F). Enzymes 
derived from Bacillus stearothermophilus (15) and Bacillus 
licheniformis (16) are used for this purpose (Fig. 6). Starch 
slurry is thinned continuously with a steam-injection 
heater at 30 to 40 wt % solids, pH 6 to 6.5, and 103 to 107°C 
(217 to 225°F) for 6 to 10 min. A 1 to 2 h hold at about 95°C 
(203°F) completes the thinning and yields a 10 to 15 DE 
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Starch slurry, 
30-40% solids, 
pH 6-6.5 


a-Amylase 


Calcium 
200-400 ppm 
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Heat treatment, 
120-140°C, 
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a-Amylase liquefaction, 


10-15 DE hydrolysate 


Figure 5. Simplified process flowsheet. Starch liquefaction using 
Bacillus subtilis a-amylase. 
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a-Amylase 


10-15 DE hydrolysate 


Figure 6. Simplified process flowsheet. Starch liquefaction using 
Bacillus stearothermophilus or Bacillus licheniformis a-amylase. 


hydrolysate for saccharification. The high initial tempera- 
ture is sufficient to disrupt the amylose-lipid complex. 
Concurrently, the thermostable enzyme hydrolyzes the 
starch to a point where reassociation of the complex cannot 
occur. The thermostable a-amylases are able to survive the 
initial liquefaction with little loss in activity since the half- 
life of a-amylases derived from B. stearothermophilus and 
B. licheniformis is about 2 h (15) and 1 h (16), respectively, 
at 105°C (221°F). 

Regardless of the type of thinning utilized, dextrose is 
produced by the action of glucoamylase during saccharifi- 
cation (17). Glucoamylase is produced from strains of As- 
pergillus niger in submerged fermentation. A broth is ob- 
tained containing two or more glucoamylase isozymes, 
a-amylase, transglucosidase, and other enzymes, eg, pro- 
tease and cellulase. The a-amylase assists in saccharifi- 
cation (11); however, transglucosidase catalyzes the for- 
mation of isomaltose and, therefore, must be removed 
before use. Removal of the enzyme is accomplished by ad- 
sorption on a clay mineral or by other techniques. Alter- 
natively, selection for an Aspergillus mutant that does not 
produce transglucosidase eliminates the need for a re- 
moval step (18). Glucoamylase is also produced from a Rhi- 
zopus organism in Japan by surface fermentation; how- 
ever, enzyme properties are somewhat inferior to those of 
Aspergillus. 

Saccharification of liquefied starch hydrolysate is con- 
ducted by batch or continuous processes in large agitated 
reactors that are often several million liters in size. The 
reaction is conducted at 58 to 61°C (136 to 142°F), pH 4 to 
4.5 with a glucoamylase dosage that is sufficient to produce 
the maximum dextrose yield in 1 to 4 days. At the normal 
solids level of 30 to 35 wt %, maximum hydrolysate dex- 
trose content is about 95 to 96% db. During saccharifica- 
tion, isomaltose and maltose are produced by the reverse 
reaction (reversion) of glucoamylase, in which two dextrose 


molecules are combined. Consequently, if the reaction is 
extended beyond the time needed to achieve maximum 
dextrose content, the dextrose level decreases as a result 
of excessive formation of these reversion products. 

Dextrose content can be increased by conducting sac- 
charification at lower solids. As solids level is reduced, the 
forward reaction is favored and a higher dextrose content 
is achieved. At a solids level of 10 to 12 wt %, a dextrose 
content of 98 to 99% db can be attained (19). However, 
operation at low solids is not commercially viable because 
of increased evaporation cost, the need for larger sacchar- 
ification tanks, and the risk of microbial infection. 

Dextrose level can also be increased by using enzymes 
that enhance the action of glucoamylase during sacchari- 
fication. Enzymes available for this purpose are pullulan- 
ase and Bacillus megaterium amylase. Pullulanase is spe- 
cific for the hydrolysis of a-1,6 glucosidic linkages and, 
when used in combination with glucoamylase, increases 
the rate and extent of dextrose production (20). A B. meg- 
aterium enzyme has been commercialized that combines 
hydrolysis and transferase activity to assist glucoamylase 
in increasing dextrose content (21). Either enzyme is ef- 
fective in increasing hydrolysate dextrose content by 0.5 to 
1.0% db. 

After saccharification, the high dextrose content hydro- 
lysate is clarified by centrifugation or filtration (usually 
either precoat or membrane) to remove insolubles, Con- 
centration (usually by evaporation) to lower the water con- 
tent and refining to reduce color and ionic contaminants 
are the next steps. Refining can be done with activated 
carbon (either powdered or granular), or with ion exchange 
resins (decolorizing and/or demineralizing resins), either 
singly or in combination. A simplified flowsheet for the 
manufacture of high dextrose content products is shown in 
Figure 7. 

Commercial dextrose products include crystalline 
monohydrate or anhydrous dextrose and liquid dextrose. 
In addition, the hydrolysate can be refined and evaporated 
to a high DE corn syrup or dried to a solid product. Com- 
positions are listed in Table 4. 

Crystalline dextrose products can be manufactured us- 
ing either batch or continuous crystallization technology. 
Sites for crystal growth can be provided either by the ad- 
dition of seed crystals or by spontaneous nucleation. Sub- 
sequent crystal growth is encouraged by maintaining a 
controlled degree of supersaturation. Control of the entire 
process is critical to ensure that the resulting crystals are 
of a size and shape that will readily separate from the re- 
maining mother liquor in perforate bow] centrifuges to pro- 
vide a dry product of high purity. 

The predominant technique for the production of mono- 
hydrate dextrose uses batch cooling-type crystallizers, al- 
though continuous crystallization using either evaporation 
(23) or cooling (24) to maintain supersaturation have been 
described. A process employing a continuous precrystal- 
lizer supplying batch crystallizers has been used to in- 
crease productivity (25). 

In the dominant process, clarified, refined, and concen- 
trated liquor having a dextrose content above about 80% 
db is mixed with a substantial bed of seed crystals (typi- 
cally 20 to 30 wt %) left from the previous batch in the 
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Figure 7. Simplified process flowsheet for the manufacture of high dextrose content products. 


Table 4. Saccharide composition of dextrose, high-fructose corn syrups, corn syrups, and maltodextrins (% db) 


Constituent 
Sweetener type DE Fructose Dextrose DP-2 DP-3 DP-4 DP-5 DP-6 DP-7+ 
Dextrose >99.5 0 >99.5 <0.25 ——— DP-3 + totals <0.1 
High DE corn syrup 97 0 95 <4 <1 DP-4+ totals <1 
HFCS42 43 52 DP-2+ totals 5 —————————> 
HFCS55 55 40 DP-2+ totals 5 ————————+> 
HFCS90 90 ‘% DP-2+ totals 3 
Acid-converted corn syrup 25 0 25 7 85 6 6 13 57 
33 0 9 10 12 9 ¥ 6 47 
43 0 19 4 12 10 8 7 30 
Acid-enzyme corn syrup 43 0 6 45 12 3 a 2 30 
Enzyme-enzyme corn syrup 28 0 3 i 4 DP-4+ totals 72 
43 0 2 52 15 1 1 1 28 
High-maltose corn syrup 50 0 4 65 15 DP-4+ totals 16 ———> 
53 oO 3 vi} 13 DP-4+ totals 9 
High-conversion corn syrup 70 0 46 29 7 5 3 2 8 
Maltodextrin 1 0 0.3 O41 0.2 DP-4+ totals 99.4 
5 0 09 0.9 1 11 13 14 93.4 
10 0 05 25 42 3.4 3.6 54 814 
15 0o 14 42 62 44 44 9.2 70.2 
18 oO 16 47 65 46 46 10 68 


Source: Refs, 2, 22, and Manufacturer's Product Data Sheets. 
Notes: DP is the degree of polymerization (DP-2 represents disaccharides, DP-8, trisaccharides, etc). Values are typical for the syrup types shown but will 
vary depending on the process conditions used during manufacture. Values are expressed as weight percent dry basis. 
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erystallizer. The common form of crystallizer is a horizon- 
tal cylindrical tank fitted with a slowly turning agitator 
and a means of cooling the contents by indirect heat trans- 
fer. The initial temperature of the mixture is kept below 
50°C (122°F) to ensure that crystals grow in the monohy- 
drate form. The mass is slowly cooled, usually over a period 
of days, until about 50 to 60 wt % of the dry substance has 
crystallized out as monohydrate crystals of a form suitable 
for separation and washing. 

The values for concentration, initial and final tempera- 
ture and rate of cooling vary depending primarily on the 
purity of the supply material. Monohydrate dextrose crys- 
tals can be successfully grown in liquors of purity ranging 
from pure dextrose to syrups containing less than 60% db 
dextrose. Dextrose crystallizes to form monohydrate a- 
dextrose although the existence of a hydrated f-dextrose 
has been reported (26). 

The resulting magma in the crystallizers is passed into 
perforated screen centrifuge baskets where it is spun to 
remove as much of the mother liquor as practical. Then a 
spray of water is applied to the rapidly rotating cake to 
wash off residual mother liquor. After spinning an addi- 
tional period to remove as much liquid as practical, the 
cake is plowed out of the basket and fed to a dryer to reduce 
the moisture content to about 8.5 to 9.0%, slightly below 
the theoretical monohydrate moisture content. 

Monohydrate crystallization can be done in several se- 
quential steps starting with high purity hydrolysate to 
maximize the production of higher value crystalline prod- 
uct and to minimize the amount of mother liquor (usually 
sold as a lower value process co-product called Hydrol) that 
contains the polysaccharides that result from incomplete 
starch hydrolysis. Or, a portion of the mother liquor can be 
recycled and mixed with the incoming hydrolysate to pro- 
vide an equivalent yield of crystals, usually about 75 to 
80% db of the incoming hydrolysate. Such processes still 
result in 20 to 25 wt % of the hydrolysate supplied to the 
crystallization process being sold as Hydrol. Enzymatic re- 
conversion of the mother liquor has been reported to allow 
nearly complete elimination of the production of lower 
value Hydrol (27). 

The anhydrous form of dextrose is more fastidious than 
is the monohydrate and does not form easily separated 
crystals when crystallized from liquors below about 88 to 
90% db dextrose content. Although it can be produced by 
batch crystallization, the predominant method uses 
vacuum evaporative crystallizers operated either contin- 
uously or in a batch mode. And because the starting ma- 
terial requires a minimum purity of about 95% db to pro- 
duce purgable crystals, the dominant production process 
begins with a supply produced by remelting monohydrate 
crystals, resulting in the production of a very high purity 
product that meets the requirements of the United States 
Pharmacopeia. When producing USP-grade dextrose, the 
supply liquor can be passed through an ultrafilter mem- 
brane filter to reject pyrogens and make the final product 
acceptable for injection into the human body. Anhydrous 
a-dextrose is produced when the crystallization tempera- 
ture is between about 55 and 100°C (about 131 and 212°F), 
preferably about 65°C (149°F) to minimize color develop- 
ment during the 6 to 8 h crystallization cycle required to 


produce a magma containing about 50% of the dry sub- 
stance on the crystalline form. Crystals are separated, 
washed, and dried much like the monohydrate variety, al- 
though centrifuge cycles are usually shorter. Anhydrous f- 
dextrose crystallizes at temperatures above about 100°C 
(212°F), although the f-form will continue to crystallize at 
lower temperatures if all a-form crystals have been ex- 
cluded from the crystallizer. The f-form is the most soluble 
and rapidly dissolves in water. 

Clarified, refined high dextrose content hydrolysate can 
be evaporated to about 71% ds and sold as a liquid product. 
Or, it can be solidified to either a monohydrate or anhy- 
drous total sugar product (containing all the polysaccha- 
rides that result from incomplete starch hydrolysis) using 
a variety of processes (28). If a higher purity product is 
desired, chromatographic separation technology can be 
used to separate the high dextrose content syrup into a 
very pure (>99.5% db dextrose) product and a raffinate 
stream that contains nearly all the polysaccharides that 
result from incomplete starch hydrolysis. The raffinate 
stream can either be concentrated and sold as a lower 
value (Hydrol-type) product or be enzymatically recon- 
verted. The very pure dextrose syrup can be sold as a liquid 
product or converted to a very pure total sugar. Liquid dex- 
trose can also be produced by remelting crystalline dex- 
trose. 

Dry dextrose products can be shipped in vapor-resistant 
bags usually containing 50 or 100 pounds, or the approxi- 
mately equivalent metric sizes of 20, 25, and 40 kg. Re- 
usable containers holding about 1 metric ton of material 
are used for customers who do not require bulk delivery 
but who do not want the bother and expense of bag opening 
and disposal. Bulk transport via truck or railcar (jumbo 
railcars can hold as much as 82 metric tons or 180,000 Ib) 
is also used. Solid products should be stored below 40°C 
(104°F), and rapid temperature changes and extremes 
should be avoided to minimize product caking. 

Although most liquid products are shipped in bulk 
trucks and railcars (the largest railcars holding as much 
as 90 metric tons), some products are sold in 200-L (55 
gallon) drums and 1000-L (250-gallon) disposable contain- 
ers. Most small customers are supplied the dry equivalent 
(where available) of the desired syrup until their needs 
grow large enough to justify the installation of facilities for 
bulk truck delivery. 

Liquid product storage facilities must be carefully de- 
signed to minimize product oxidation and microbial prob- 
lems, especially in the headspace of storage tanks. Typical 
storage conditions of common liquid starch sweeteners are 
shown in Table 5. Storage temperatures selected are a 
compromise between a low temperature that would mini- 
mize product color development with time and the higher 
temperatures needed to either reduce the viscosity of the 
lower DE products to allow pumping or to prevent forma- 
tion of crystals in the higher DE syrups and HFCS. 


Economic Aspects 


The price of starch is a major factor in the cost of produc- 
tion of starch sugars such as crystalline dextrose. Equip- 
ment investment, notably for crystallizers, is another im- 
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Table 5. Typical Storage Conditions of Liquid Starch Sweeteners 


Syrup type Solids content (wt %) Temp. CC) Factor-controlling storage conditions 
42 DE acid syrup 80 38 Product viscosity 

42 DE acid syrup 83 49 Product viscosity 

60 DE acid-enzyme syrup 82 32 Product viscosity 

60 DE acid-enzyme syrup 84 41 Product viscosity 

95 DE high-dextrose syrup 71 49 Dextrose crystallization 
HFCS42 al 32 Dextrose crystallization 
HFCS55 7 27 Dextrose crystallization 
HFCS90 80 16 Fructose crystallization 
Liquid dextrose 7 52 Dextrose crystallization 


portant factor. Since Hydrol usually sells for a small 
fraction of the price of dextrose, optimizing process yield 
also has a meaningful impact on profits. Nearly eliminat- 
ing the concomitant production of Hydrol by enzymatic 
mother liquor reconversion has been shown to provide a 
double-digit profit increase (27). 

The price of dextrose monohydrate since 1975 is given 
in Table 6. Although demand, processing capacity, and pro- 
duction costs no doubt exert some effect on pricing, dex- 
trose price has averaged about 95% of sucrose price on a 
dry basis for the period 1975 to 1996. Compared to dex- 
trose monohydrate, anhydrous dextrose sells at a pre- 
mium; prices in early 1989 were $1.12/kg (50 cents/lb) for 
anhydrous dextrose and $1.21/kg (55 cents/Ib) for USP an- 
hydrous dextrose. 


Analysis and Specifications 


The United States and international specifications for 
crystalline dextrose are given in References 29 to 32, re- 


Table 6. Wholesale List Prices for Some Starch Sugars in 
the United States ($/kg db) 


Year Dextrose © HFCS42  HFCS55 —_ Corn syrup 
1975 0.46 0.50 NA 0.34 
1976 0.34 0.31 NA 0.25 
1977 0.31 0.27 NA 0.18 
1978 0.36 0.97 NA 0.19 
1979 0.38 0.29 NA 0.22 
1980 0.64 0.52 NA 0.32 
1981 0.65 0.47 0.52 0.35 
1982 0.60 0.31 0.41 0.30 
1983 0.58 0.41 0.46 0.28, 
1984 0.58 0.44 0.50 0.28 
1985 0.53 0.39 0.44 0.24 
1986 0.52 0.40 0.44 0.23 
1987 0.50 0.36 0.38 0.22 
1988 0.56 0.36 0.41 0.26 
1989 0.56 0.42 0.47 0.30 
1990 0.54 0.43, 0.48 0.31 
1991 0.54 0.46 0.51 0.34 
1992 0.54 0.46 0.51 0.33 
1993 0.54 0.41 0.46 0.29 
1994 0.57 0.44 0.49 0.34 
1995 0.56 0.37 0.42 0.32 
1996 0.56 0.41 0.45 0.36 


Source: Data from USDA Economic Research Service publications. 


spectively. High-quality anhydrous dextrose produced for 
the pharmaceutical industry is prepared in accordance 
with specifications given in Reference 33. Typical product 
analyses include reducing sugar value, solution color, so- 
lution clarity, ash, particle size distribution, and moisture. 
High-performance liquid chromatography (HPLC) is used 
to measure the concentration of dextrose and other sac- 
charides in solution. 


Uses 


The main use of dextrose is in the food-processing industry, 
where it is of value for its physical, chemical, and nutritive 
properties. Distribution of dextrose to various industries 
in the United States is shown in Table 7. In the baking 
industry, it serves primarily as a fermentable sugar that 
contributes to crust color. In the beverage industry, it is 
used as a source of fermentables in low-calorie beer and as 
a sweetener in beverage powders. In the canning industry, 
it supplies sweetness, body, and osmotic pressure and also 
contributes to better natural color retention in certain 
products. In the confectionery industry, it is used to supply 
sweetness and softness control and to regulate crystalli- 
zation. Dextrose is also used in tableted products; flavor is 
often enhanced by the cooling effect obtained when dex- 
trose hydrate dissolves in the mouth. In frozen desserts, it 
prevents oversweetness and improves flavor. 

In many cases, dextrose is used in conjunction with su- 
crose. Although dextrose by itself is somewhat less sweet 
than sucrose, the combination with sucrose may be as 
sweet as pure sucrose at the same concentration. Dextrose 
is also used in the pharmaceutical industry for intravenous 
feeding as well as tableting and other formulations. In fer- 
mentation, dextrose is a raw material for biochemical syn- 
thesis, and, chemically, it is a raw material for sorbitol, 
mannitol, and methyl glucoside production. Dextrose in 
the form of unrefined hydrolysate is used as a raw material 
in yeast fermentations for production of alcohol that is 
used as an octane enhancer in gasoline. 


HIGH-FRUCTOSE CORN SYRUPS 


High-fructose corn syrups (HFCS, isosyrup, isoglucose) are 
concentrated solutions containing primarily fructose and 
dextrose with lesser quantities of higher molecular weight 
saccharides. HFCS is produced by partial enzymatic isom- 
erization of dextrose hydrolysates followed by refining and 
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portant factor. Since Hydrol usually sells for a small 
fraction of the price of dextrose, optimizing process yield 
also has a meaningful impact on profits. Nearly eliminat- 
ing the concomitant production of Hydrol by enzymatic 
mother liquor reconversion has been shown to provide a 
double-digit profit increase (27). 

The price of dextrose monohydrate since 1975 is given 
in Table 6. Although demand, processing capacity, and pro- 
duction costs no doubt exert some effect on pricing, dex- 
trose price has averaged about 95% of sucrose price on a 
dry basis for the period 1975 to 1996. Compared to dex- 
trose monohydrate, anhydrous dextrose sells at a pre- 
mium; prices in early 1989 were $1.12/kg (50 cents/lb) for 
anhydrous dextrose and $1.21/kg (55 cents/Ib) for USP an- 
hydrous dextrose. 
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crystalline dextrose are given in References 29 to 32, re- 
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spectively. High-quality anhydrous dextrose produced for 
the pharmaceutical industry is prepared in accordance 
with specifications given in Reference 33. Typical product 
analyses include reducing sugar value, solution color, so- 
lution clarity, ash, particle size distribution, and moisture. 
High-performance liquid chromatography (HPLC) is used 
to measure the concentration of dextrose and other sac- 
charides in solution. 


Uses 


The main use of dextrose is in the food-processing industry, 
where it is of value for its physical, chemical, and nutritive 
properties. Distribution of dextrose to various industries 
in the United States is shown in Table 7. In the baking 
industry, it serves primarily as a fermentable sugar that 
contributes to crust color. In the beverage industry, it is 
used as a source of fermentables in low-calorie beer and as 
a sweetener in beverage powders. In the canning industry, 
it supplies sweetness, body, and osmotic pressure and also 
contributes to better natural color retention in certain 
products. In the confectionery industry, it is used to supply 
sweetness and softness control and to regulate crystalli- 
zation. Dextrose is also used in tableted products; flavor is 
often enhanced by the cooling effect obtained when dex- 
trose hydrate dissolves in the mouth. In frozen desserts, it 
prevents oversweetness and improves flavor. 

In many cases, dextrose is used in conjunction with su- 
crose. Although dextrose by itself is somewhat less sweet 
than sucrose, the combination with sucrose may be as 
sweet as pure sucrose at the same concentration. Dextrose 
is also used in the pharmaceutical industry for intravenous 
feeding as well as tableting and other formulations. In fer- 
mentation, dextrose is a raw material for biochemical syn- 
thesis, and, chemically, it is a raw material for sorbitol, 
mannitol, and methyl glucoside production. Dextrose in 
the form of unrefined hydrolysate is used as a raw material 
in yeast fermentations for production of alcohol that is 
used as an octane enhancer in gasoline. 


HIGH-FRUCTOSE CORN SYRUPS 


High-fructose corn syrups (HFCS, isosyrup, isoglucose) are 
concentrated solutions containing primarily fructose and 
dextrose with lesser quantities of higher molecular weight 
saccharides. HFCS is produced by partial enzymatic isom- 
erization of dextrose hydrolysates followed by refining and 
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Table 7. Utilization of Starch Sugars by Market Segment 

in the United States 

Year Baking Beverage Canning Confectionery Dairy Total® 
Dextrose, thousands of metric ton / year” 


1965 178 8 21 37 6 468 
1970 «174 8 23 52 7 547 
1975 157 18 15 62 7 561 
1980 51 66 4 55 2 513 
1985 56 81 2 58 1 479 
1988 71 88 3 66 1 585 
1996 700 
HFCS (all types), thousands of metric ton /year* 
1970 18 39 9 0.5 5 99 
1975 129 279 64 4 36715 
1980 365 1,039 «235 15 140 2,659 
1985 428 4,246 288 39 213 +6372 
1988 410 5,097 394 60 253-7288 
1996 9560 
Corn syrup (all types), thousands of metric ton |year* 
1965 209 36 104 410 1591211 
1970 222 93 98 439 213° 1449 
1975 315 205° =«174 416 278 2278 
1980 196 384126 446 241 2201 
1985 151 377 «150 496 290 2469 
1988 166 400 150 456 238 2677 
1996 3295 


Note: Dash indicates data on individual market segments not available. 
1996 data are author's personal estimates of U.S. production. 

“Includes other market segments/applications not listed in table. 
Monohydrate basis (8.5-9.0% moisture). 

‘Commercial basis. 


concentration. Commercial syrup products contain 42, 55, 
or 90% fructose on a dry-weight basis (db). Crystalline 
fructose is also commercially available in large quantities. 

In nature, fructose (levulose, fruit sugar) is the main 
sugar in many fruits and vegetables. Honey contains about 
50 wt % fructose on a dry-weight basis. Sucrose is com- 
posed of one unit each of fructose and dextrose combined 
to form the disaccharide. Fructose exists in polymeric form 
as inulin in plants such as Jerusalem artichokes, chicory, 
dahlias, and dandelions and is liberated by treatment with 
acid or enzyme (34). 

Fructose was first isolated in 1847 (35). In 1874, it was 
recognized that fructose had advantages over sucrose as a 
sweetener for diabetics (36). Following the discovery of the 
alkaline conversion of dextrose to fructose in 1895 (37), a 
considerable number of investigations were conducted in 
an attempt to develop a commercial process (38). However, 
because of problems associated with color, off-flavor, deg- 
radation products, and low fructose yield, a process was 
never commercialized. Enzymatic conversion of dextrose to 
fructose with glucose isomerase was first reported in 1957 
and patented in 1960 (39). Research in this area continued 
for several years in Japan, resulting in commercial pro- 
duction in 1966 (40) and a U.S. patent in 1971 (41). Jap- 
anese technology was licensed by Standard Brands and 
production was initiated in the United States in 1967 by a 


batch process. A 15 wt % fructose syrup was manufactured 
initially, followed in 1968 by a 42% db fructose product. In 
1972, a continuous system was initiated using an immo- 
bilized enzyme process (42,43). 


Properties 


Fructose, a ketohexose monosaccharide, crystallizes as p- 
D-fructopyranose and has a molecular weight of 180 anda 
melting point of 102 to 104°C (216 to 219°F). In solution, 
fructose undergoes rapid mutarotation to a mixture of a- 
D- and f-D-fructopyranose and a-D- and f-b-fructofuranose 
(Fig. 8), during which time specific rotation changes from 
— 132° to — 96° (45). At equilibrium, about 60 to 70% of the 
fructose is in the f-pyranose form, and 20 to 30% is in the 
f-furanose form. The remainder exists as a-D-fructose. 
Relative amounts of each depend on temperature and pH. 
At equilibrium, the solubility of fructose in water is 80 wt 
% at 25°C (77°F). The crystalline form of fructose is the 
sweetest of the tautomeric forms, 1.8 times sweeter than 
sucrose. Because the crystalline form is the sweetest form, 
relative sweetness may change when the fructose dissolves 
in a high moisture or liquid food product. Regardless of the 
tautomeric form, fructose is sweeter than sucrose and thus 
can be used in reduced quantities to attain equivalent 
sweetness. A discussion of the metabolism of fructose is 
given in Reference 46. 

HFCS is sweeter than conventional corn syrups because 
of the presence of fructose, although intensity of sweetness 
results from many factors, eg, temperature, pH, and con- 
centration. In general, 42% db HFCS (HFCS42) has the 
same sweetness as sucrose, 55% db HFCS (HFCS55) is as 
sweet as medium invert and 2 to 5% sweeter than sucrose, 
and 90% db HFCS (HFCS90) is 15 to 30% sweeter than 
sucrose (47). Other properties of HFCS include high solu- 
bility, which reduces the possibility of crystallization dur- 
ing shipment; humectant properties allowing for increased 
shelf life of bakery products; easier decomposition of fruc- 
tose during baking, resulting in improved color and flavor; 
and high osmotic pressure for containment of microbial 
growth. 


Manufacture 


HFCS42 is produced commercially by continuous isomer- 
ization of clarified and refined dextrose hydrolysate with 
immobilized glucose isomerase. Enriched syrup containing 
90% db fructose is prepared by chromatographic separa- 
tion and blended with HFCS42 to obtain HFCS55 (Fig. 9). 
During the initial development of glucose isomerase, it 
became obvious that batch reactions would not be com- 
mercially feasible because of several factors. The long res- 
idence time required with soluble enzyme caused the pro- 
duction of color, off-flavors, and by-products, eg, psicose, 
which is a nonmetabolizable sugar formed under alkaline 
conditions. In addition, enzyme cost was high, and it be- 
came necessary to develop a process that allowed reuse of 
enzyme. Consequently, many different methods of immo- 
bilization were examined in an attempt to develop a con- 
tinuous reaction system. As a result of these studies, two 
types of immobilization processes were developed for com- 
mercial use: whole-cell and soluble-enzyme processes. 
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Figure 8, Structures of fructose. Source: Ref. 44, reproduced with permission. 
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Figure 9. Simplified process flowsheet for fructose production. 


In the whole-cell process, the microbial cell containing 
intracellular enzyme is recovered from the fermentation 
broth and treated to preserve enzymatic activity and main- 
tain particle integrity. In one process (48), culture broth is 
centrifuged, and the concentrated cells are disrupted by 
homogenization and cross-linked with glutaraldehyde. The 
material is then diluted and flocculated with a cationic floc- 
culant, and a final product is prepared by extrusion, dry- 
ing, and sieving. Another method (49) involves fixing the 
cells in gelatin and cross-linking with glutaraldehyde, fol- 
lowed by washing, particle size classification, and drying. 

In the soluble-enzyme process, enzyme is separated 
from the cells and purified before immobilization. Since 
glucose isomerase is an intracellular enzyme, the cell wall 
is first disrupted by physical (sonification, homogenization) 
or enzymatic methods. The solubilized glucose isomerase 
is then separated by centrifugation and/or filtration and 
concentrated by ultrafiltration. In one method of immobi- 
lization (50), binding takes place by simply contacting the 
soluble enzyme with a particle containing a combination 
of DEAE cellulose, titanium dioxide, and polystyrene. 
Other supports for glucose isomerase include anion- 
exchange resin, anion-exchange cellulose, porous ceramics, 
and porous alumina. 

Glucose isomerase enzymes have been isolated from a 
variety of microbial sources (51,52). However, only a few 
bacterial organisms have been used to produce glucose 
isomerase for commercial use. These include Streptomyces 
olivochromogenes, S. murinus, S. rubiginosus, Bacillus 
coagulans, Actinoplanes missouriensis, and Microbacter- 
ium arborescens. Enzyme properties vary depending on the 
source, but all are similar in terms of operational pH and 
temperature. 

HFCS is produced from dextrose hydrolysate that has 
been clarified, refined (including demineralization), and 
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evaporated to 40 to 50 wt % dry substance (ds), as shown 
in Figure 9. Magnesium is added as a cofactor to maintain 
isomerase stability and to prevent inhibition by trace 
amounts of residual calcium. If the calcium level is below 
1 ppm, a magnesium level (added as MgSO,) of 0.4 mM is 
sufficient, although a higher calcium level requires addi- 
tional magnesium. Hydrolysate is passed through a fixed 
bed of immobilized isomerase at a controlled flow rate. Pro- 
cess conditions depend on the particular enzyme system 
used but are generally 55 to 65°C (131 to 149°F), pH 7.5 to 
8.5, and an initial reaction time of 1 h or less. 

Maximum fructose content at equilibrium is 50 to 55% 
db; however, residence time is adjusted to attain 42 to 45% 
db fructose since a greatly increased reaction time is re- 
quired to attain higher levels. The enzyme can be used for 
as long as several months, and compensation for loss in 
activity during operation is made by regulating the resi- 
dence time, ie, flow rate through the column. Enzyme re- 
actors are operated in parallel or in series until activity is 
reduced to about 10% of the initial level. Isomerized hy- 
drolysate containing about 42% db fructose is adjusted to 
pH 4 to 5, refined to remove color and salts using resins 
either alone or in combination with activated carbon, and 
concentrated by evaporation to about 71 wt % solids. Prod- 
uct shipment is by tank trucks or by rail. Since the dex- 
trose content in the HFCS product is more than 50% db, 
storage at 32 °C (90°F) is required to prevent crystalliza- 
tion. If crystallization occurs, the syrup is heated to 38°C 
(100°F) to dissolve crystals before unloading. 

Products containing higher levels of fructose are pro- 
duced by chromatographic separation of HFCS42 and were 
first commercially available in limited quantities in 1976. 
Enrichment is accomplished by passing HFCS42 through 
a column of absorbent (usually a strong-acid cation- 
exchange resin) containing calcium or other cation groups 
acting as a counter ion. Fructose is retained to a greater 
degree than dextrose or oligosaccharides, and therefore a 
stream containing most of the nonfructose is collected first 
in a raffinate stream, followed by elution of a fructose- 
enriched extract with water. Separation can be achieved 
using batchwise, semicontinuous, or continuous operation; 
commercial operations favor continuous processes. The 
continuous procedure involves a simulated moving bed in 
which feed and desorbent enter the column at different 
points while fructose and raffinate streams are withdrawn 
at others. Points of entry and withdrawal are changed pe- 
riodically to correspond to flow through the column, and 
hence separation efficiency is maximized. Typical opera- 
tion involves the addition of HFCS42 at a dry substance 
content of 50 to 60% to a column at 50 to 70°C (122 to 
158°F). Dextrose-rich raffinate is recycled to isomerization 
columns for additional production of HFCS42. Enriched 
HFCS is blended with HFCS42 to produce a product con- 
taining 55% db fructose. A solids level of 77% ds is suitable 
for shipment at 27°C (81°F) with minimal dextrose crys- 
tallization problems. In addition, enriched HFCS at about 
90% db fructose is evaporated to 80% ds for shipment as 
an essentially noncrystallizable syrup at normal room tem- 
perature. 

Fructose of >99% purity is produced by crystallization 
to the f-D-fructopyranose form. In one process, chromato- 


graphic separation of 42% HFCS is used to produce a frac- 
tion containing 97% fructose. The material is evaporated 
to 70% solids, and 50% of the fructose is recovered by crys- 
tallization in 80 to 100 h (53). 


Economic Aspects 


Published U.S. wholesale prices of 42 and 55% HFCS since 
1980 are listed in Table 6. The 1989 price for 90% fructose 
was about $1/kg (45 cents/lb) on a commercial basis. The 
price of HFCS has not been intimately tied to the price of 
sucrose for a number of years. Supply and demand seem 
to be the most important factors influencing price. 

During the early 1970s, the price of refined sugar in- 
creased dramatically, resulting in a concomitant increase 
in the price of HFCS and the construction of new produc- 
tion facilities. When sugar prices fell during 1975 to 1978, 
HFCS prices also dropped, falling to a level of about 30 to 
35% below sugar rather than the 15 to 20% discount that 
had existed previously. Excess production capacity also 
lowered HFCS prices, delaying the start-up of some new 
plants. However, during the late 1970s through the early 
1980s, demand for HFCS increased significantly in the 
soft-drink industry, and the discount to sucrose decreased, 
especially for the sweeter HFCS55 product. 

As can be seen from Table 7, the new sweetener also 
took market share from existing starch sugars in some seg- 
ments, especially the more expensive dextrose. Dextrose 
consumption in the United States actually fell for a time 
before rebounding in the late 1980s. 

Because of the increased demand and higher sucrose 
prices, processing capacity was again increased through- 
out the industry. From 1980 to 1985, per capita consump- 
tion of HFCS increased from 8.7 to 20.5 kg (19 to 45 Ib) 
due primarily to 100% substitution for sugar in many soft 
drinks. Because of this near maximum penetration of the 
soft drink market, HFCS growth slowed to 2 to 4% per year 
through the end of the 1990s, and prices relative to sucrose 
fell again. 

Then, in 1991, consumption accelerated to a level of 5 
to 6% annual growth, and prices firmed until the industry 
once more made substantial capacity increases that caused 
prices relative to sucrose to fall. This was particularly 
painful in 1996 when corn prices increased dramatically, 
averaging nearly $4.00/bushel ($160/metric ton) for the 
year. Prices in 1997 reached lows not seen in 20 years but 
have begun to firm as demand continues to grow by about 
1 billion pounds per year. HFCS prices in the United States 
are expected to continue to be influenced primarily by fac- 
tory utilization and to a lesser degree by sugar prices and 
the cost of corn. 


Analysis and Specifications 


International (including U.S.) specifications for HFCS are 
the same as those for corn syrup. Fructose content is de- 
termined by high-performance liquid chromatography; dry 
substance, by refractive index; and color, by spectroscopy. 

High-fructose corn syrup is used as a partial or complete 
replacement for sucrose or invert sugar in food applica- 
tions to provide sweetness, flavor enhancement, ferment- 
ables, or humectant properties. It is used in soft drinks, 


baking, canned fruit, dairy products, and confections (Ta- 
ble 7). HFCS is used in combination with sucrose as well 
as other corn sweeteners. The main application of HFCS55 
is in soft drinks. HFCS containing 90 wt % fructose is used 
in low calorie or specialty foods because of its high sweet- 
ness and, therefore, reduced usage level and lower caloric 
value. Other uses are as a liquid tabletop sweetener or as 
a honey-flavored product for use in baked goods and con- 
fections. Crystalline fructose is essentially pure and is 
used at a level that provides sweetness at a lower caloric 
level than that in other sweeteners. Uses include health 
foods and medicines. 


CORN SYRUPS AND MALTODEXTRINS 


Corn syrups (glucose syrup, starch syrup) are concentrated 
solutions of partially hydrolysed starch (having a DE value 
greater than 20) that contain dextrose, maltose, and 
higher molecular weight saccharides. Corn syrups are gen- 
erally sold in the form of viscous liquid products, although 
solid forms are also available, especially in the lower DE 
ranges, They vary in physical properties (eg, viscosity, hu- 
mectancy, hygroscopicity, sweetness, and fermentability), 
primarily as a result of their individual saccharide distri- 
butions. Maltodextrins are starch hydrolysates having a 
DE value less than 20. 


Properties 


Corn syrups are defined on the basis of reducing-sugar con- 
tent as having a DE of 20 or greater. They are classified 
into four types: Type I syrups have DE values from 20 up 
to 38; type II, from 38 up to 58; type III, from 58 up to 73, 
and type IV, 73 and above. Syrups may also be classified 
as acid-conversion, acid-enzyme-conversion, high-maltose, 
etc. However, as shown in Table 4, the most adequate char- 
acterization is with respect to their content of individual 
saccharides. In many cases, it is the content of individual 
saccharides or groups of saccharides that determines the 
characteristics of syrups. Functional properties of corn syr- 
ups include fermentability, viscosity, humectancy and hy- 
groscopicity, sweetness, colligative properties, and brown- 
ing reactions. 

Fermentability of corn syrups by yeast is important in 
certain food applications, eg, baking and brewing. The fer- 
mentable sugars present in corn syrup are dextrose, mal- 
tose, and maltotriose. Fermentability of maltose or mal- 
totriose depends on the specific fermentation process and 
organism. In general, greater fermentability is obtained at 
the higher DE levels. 

Viscosity of corn syrup is a function of DE value, tem- 
perature, and solids concentration. Viscosity decreases 
with increasing DE and temperature and increases with 
increasing concentration. For a 43-DE corn syrup, viscosity 
at 1.42 sp gr (43°B6é) is 56,000 mPa - s(= cP) at 27°C (81°F), 
14,500 mPa - s at 38°C (100°F), and 4900 mPa - s at 49°C 
(120°F). Corresponding values for a 55-DE syrup at the 
same density and temperatures are 31,500 mPa - s, 8500 
mPa - s, and 2900 mPa : s. 

The hygroscopic and humectant properties of corn syr- 
ups are of great importance in many applications. Depend- 
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ing on the type of syrup and on the specific conditions of 
temperature and humidity, the products may either resist 
or facilitate moisture loss or moisture absorption. The abil- 
ity to attract moisture or retard its loss increases with in- 
creasing DE value. Prevention of moisture pickup is more 
characteristic of syrups with low DE values. 

Sweetness is primarily a function of the levels of dex- 
trose and maltose present and therefore is related to DE 
(see Fig. 1). Other properties that increase with increasing 
DE value are flavor enhancement, flavor transfer, freezing- 
point depression, and osmotic pressure. Properties that in- 
crease with decreasing DE value are bodying contribution, 
cohesiveness, foam stabilization, and prevention of sugar 
crystallization. 


Manufacture 


Acid hydrolysis of starch is conducted by batch or contin- 
uous processes. Batchwise conversion is carried out in 
large cookers or converters that are usually built of man- 
ganese bronze and have capacities of about 10 m* (2650 
gallons). A suspension of starch at 35 to 40 wt % solids is 
placed in the converter. Hydrochloric acid is added to pro- 
vide a concentration of 0.015 to 0.02 N, and the converter 
is steam heated until a temperature of 140 to 160°C (284 
to 320°F) is reached. The mixture is held at this tempera- 
ture for a period of time, usually 15 to 20 min, to produce 
the desired degree of hydrolysis. 

Improved process control and, therefore, better product 
uniformity, is achieved by continuous processes using in- 
direct heating. Acidified starch slurry is pumped at a con- 
stant rate through a series of heat exchangers at reaction 
conditions similar to those used in batch operations. In ei- 
ther process, hydrolysate is neutralized to pH 4 to 5.5 by 
addition of soda ash, clarified by centrifugation or filtra- 
tion, refined (using activated carbon and/or ion exchange 
resins) to remove color and acid degradation products, and 
concentrated to 77 to 85 wt % solids. Sulfur dioxide used 
to be added during evaporation to some grades of syrup to 
reduce color development, but improved refining tech- 
niques have all but eliminated this practice. 

‘Syrups produced by straight acid hydrolysis do not ex- 
ceed 55 DE because of the formation of difficult-to-remove 
color and flavor by-products created at higher DE levels. 
Some syrup compositions are given in Table 4. Syrups are 
also produced by A-E or E-E processes. Starch is first hy- 
drolyzed by acid, as described above, or by enzyme, as de- 
scribed for dextrose, followed by saccharification to the de- 
sired composition with one or more enzymes. 

Maltose syrup, for example, is prepared from about 20 
DE, partially hydrolyzed starch by saccharification with a 
maltose-producing enzyme at ca 55°C (131°F) and pH 5. 
Maltogenic enzymes, eg, f-amylase obtained from barley, 
wheat, or soybeans or fungal a-amylase derived from As- 
pergillus oryzae, are used to produce a hydrolysate con- 
taining about 45 to 60 wt % maltose (see Table 4). Higher 
levels of maltose (up to 80 to 90 wt %) are produced by 
saccharification with a combination of enzymes, including 
a maltogenic enzyme and a debranching enzyme, eg, pul- 
lulanase. 

High-maltose syrups can be separated chromatograph- 
ically to produce a 95 to 97% db maltose stream from which 
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pure maltose can be crystallized. The sweetness of maltose 
is 30 to 40% that of sucrose. Maltose exists as both a- and 
f-forms, and aqueous solutions equilibrate at 42% a- and 
58% f-form. At 20°C (68°F), crystalline a-anhydrous mal- 
tose will dissolve to about 64% ds, whereas /-monohydrate 
crystals dissolve to initially form a 27% ds solution. At 
equilibrium, a 42% a- and 58% f-form solution has a sol- 
ubility of about 62% ds at 20°C (68°F) (50). 

High-conversion syrups of 60 to 70 DE containing high 
levels of dextrose and maltose are also produced (Table 4). 
These types of syrups are produced in the same manner as 
maltose syrup, except a combination of glucoamylase and 
maltogenic enzyme is used. Maltose and high-conversion 
syrups are refined by the same procedures as described 
earlier and shipped in rail cars and tank trucks. Syrups 
are generally heated to about 30 to 50°C (86 to 122°F) to 
facilitate unloading. 

Some syrups, particularly those with a limited extent of 
hydrolysis, are reduced to dry form by spray-drying or roll- 
drying. These products are commonly called dry maltodex- 
trins (DE less than 20), corn syrup solids, and total sugars 
(for the highly converted products containing predomi- 
nantly one saccharide). They are usually shipped in 
moisture-resistant bags. 

Products of <20 DE are referred to as maltodextrins or 
hydrolyzed cereal solids (Table 4). Maltodextrins are usu- 
ally prepared from regular or waxy corn starch, although 
some recently introduced products use high-amylose 
starch to enhance the retrogradation of the linear polymers 
to form maltodextrins resistant to digestion. Maltodextrins 
are produced by enzyme or acid hydrolysis processes to 
products of 5 to 20 DE. They are clarified, refined, and 
either spray-dried to a moisture content of 3 to 5 wt % and 
shipped in 100-lb (45.4-kg) bags or sold as a syrup of about 
75 wt % solids. These products are bland-tasting, and the 
solid forms are free-flowing and nonhygroscopic. 


Economic Aspects 


Prices of corn syrup in the United States since 1975 are 
listed in Table 6. In the early 1970s, competition depressed 
prices to a very low level (12.4$/ewt, equal to $273/metric 
ton, in 1972). Pricing recovery followed when sucrose 
prices increased, and production capacity was reduced be- 
cause of the manufacture of other competitive products. 
Recent prices have been about 50 to 60% that of sucrose. 


Analysis and Specifications 


International (including U.S.) specifications for corn syr- 
ups and dried corn syrups are given in References 55 to 57. 
A list of maltodextrins and their physical properties for 
USS. and non-U.S. producers is available in Reference 58. 

Corn syrups are usually sold with a specification of the 
Baumé measurement, and these can be related to the sol- 
ids content. The most common value is sp gr 1.42 (43°Bé), 
corresponding to 80.3 wt % solids for a 42-DE acid- 
converted syrup. Solids contents for such a syrup at sp gr 
1.39, 1.41, 1.44, and 1 45 (41, 42, 44, 45°Bé) are 76.3, 78.3, 
80.3, 82.3, and 84.3 wt %, respectively. Higher DE syrups 
have slightly higher solids contents at the same den- 
sities. Saccharide composition is determined by high- 


performance liquid chromatography. Other important 
analyses include color, iron, and pH (although with the de- 
velopment of totally demineralized syrups, pH measure- 
ment has much less meaning). 


Uses 


Principal uses of corn syrups are shown in Table 7. Corn 
syrups are often used in combination with sucrose, dex- 
trose, or HFCS. The specific type of syrups used depends 
on the properties desired in the final product. Properties 
listed above are important to varying degrees in the vari- 
ous products, and changes in formulation can affect the 
choice of corn syrup required to supply the most desirable 
properties. In many cases, corn syrups are used as supple- 
mentary sweeteners, with sucrose remaining the primary 
one. 

In the confectionery industry, corn syrups are used ex- 
tensively in nearly every type of confection, ranging from 
hard candy to marshmallows. In hard candies, which are 
essentially solid solutions of nearly pure carbohydrates, 
corn syrup contributes resistance to heat discoloration, 
prevents sucrose crystallization, and controls hygroscopic- 
ity, viscosity, texture, and sweetness. Maltose syrups, high- 
conversion syrups, and acid-converted syrups (36 and 42 
DE) are all used for this application. 

In the canning and preserving industries, corn syrups 
are used to prevent crystallization of sucrose, provide body, 
accentuate true fruit flavors, and improve color and tex- 
ture. In the beverage industry, the predominant use is in 
the beer and malt-liquor areas. High-conversion syrups 
are used to replace dry-cereal adjuncts, provide ferment- 
able sugars, enhance flavor, and provide body. These syr- 
ups contain controlled amounts of dextrose and maltose for 
proper fermentation. 

Corn syrups used in baking are generally of the highly 
converted type. They are incorporated into cakes, cookies, 
icings, and fillings to increase the amount of moisture re- 
tained, retard crystal growth of other sugars, enhance ten- 
derness, and increase shelf life. In yeast-raised goods, fer- 
mentability is of importance, and therefore only high DE 
syrups are used. 

Corn syrups used in ice cream and frozen desserts are 
generally 36- or 42-DE acid-converted syrups. The syrup 
serves primarily to provide maximum flexibility in adjust- 
ing flavor, texture, body, and smoothness; it also aids in 
grain control and in the modification of melt-down and 
shrinkage characteristics of the frozen product. 

Syrups of 25 to 30 DE are used as spray-drying aids in 
products such as coffee whiteners. High-conversion syrup, 
maltose syrup, and 42-DE syrup are used in jams and jel- 
lies. Additional uses of corn syrup include applications in 
table syrups, baby food, meat packing, breakfast foods, 
salad dressing, pickles, dehydrated powdered foods, me- 
dicinal syrups, textile furnishings, adhesives, and numer- 
ous other products and processes. 


MAPLE SYRUP 


Maple syrup is prepared by evaporating sap from the 
maple tree to a concentrated solution containing pre- 


dominantly sucrose. Its characteristic flavor and color are 
formed during evaporation. Maple syrup is produced 
from the sap of several varieties of mature maple trees, 
eg, the sugar maple (Acer saccharum) and black maple 
(Acer nigrum). Main producing areas include the north- 
eastern and upper midwestern United States and east- 
ern Canada. 


Manufacture and Uses 


Collection of sap is made sometime between late fall and 
midspring, depending on weather; the best time is when 
the temperature is about 7°C (45°F) during the day and 
below freezing at night. Sap generally contains 2 to 3 wt 
% solids, of which about 96% is sucrose and the remainder 
other carbohydrates, organic acids, ash, protein, and lig- 
ninlike materials. A taphole is drilled into the tree, the 
hole is sanitized with a germicidal pellet, and a spout is 
driven in. Sap is collected in a bucket or bag or alterna- 
tively in plastic tubes directed to a centralized collection 
tank by gravity or vacuum. 

Evaporation is conducted at atmospheric pressure until 
a boiling point of 104°C (219°F) is reached to produce a 
syrup meeting federal specifications of at least 66 wt % 
solids (59). Control of syrup concentration is critical. A 
syrup concentrated to only 65 wt % of solids has a thin 
taste, and one concentrated to more than 67 wt % crystal- 
lizes when cooled. A refractometer or hydrometer is used 
to measure concentration. Final specific gravity should be 
1.35 (37.75°Bé) at 15.6°C (60°F). Flavor and color develop 
during evaporation as a result of reactions occurring be- 
tween sugar and other components. 

If change in the sucrose content is minimized during 
evaporation, a light-colored syrup of delicate maple flavor 
is produced. Darker syrups usually suffer from greater su- 
crose inversion and the production of caramelized off- 
flavors. Color is the principal grading factor, and the USDA 
has developed glass color filter standards referred to as 
light, medium, and dark amber. Syrup is clarified, graded 
as to color, flavor, and density, and finally packaged in 
small containers for retail sale as table syrup. Typically, 
the product contains 88 to 99% db sucrose and 0 to 12% db 
invert sugar. Maple syrup is also used in candy manufac- 
ture by blending with sucrose. 

Other applications include addition to cookies, cakes, 
ice cream, baked beans, baked ham, and baked apples. 
Maple sugar is prepared by evaporating sap to a high sol- 
ids content, ie, a boiling temperature of 116 to 121°C (241 
to 250°F), and then allowing the supersaturated solution 
to crystallize or solidify during cooling. Maple cream or 
maple butter is made by stirring a supersaturated solu- 
tion while cooling rapidly to produce a product of creamy 
texture. 


Production and Economics 


Maple syrup production in the United States averaged 4.9 
million L (1.3 million gal) per year between 1989 and 1998. 
Canada produced about three times this amount. Produc- 
tion in the United States was as high as 6.4 million L in 
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1992 and 6.1 million L in 1996. Prices have increased from 
$6.00 per liter in 1992 to $7.00 per liter in 1998 (60). 


MOLASSES 


Molasses, another type of syrup, is a by-product of the 
sugar industry; it is the mother liquor remaining after 
crystallization and removal of sucrose from the juices of 
sugarcane or sugar beet and is used in a variety of food 
and nonfood applications. Molasses was first produced 
from sugarcane in China and India centuries ago, later 
spreading into Europe and Africa. It was introduced as the 
by-product of cane sugar production into Hispaniola (is- 
land Espafiola in modern West Indies) by Columbus in 
1493. During colonial times, molasses was very important 
to the American colonies for the production of rum. In 
1733, the British Parliament passed the Molasses Act to 
tax importation of molasses from foreign countries. This 
attempt to restrict trade was ignored by the colonies and 
was, in part, responsible for the American Revolution. 


Manufacture 


Raw sugar is produced from sugarcane by a process that 
involves extraction of the sugar in water, treatment to re- 
move impurities, concentration, and several crystalliza- 
tions. After the first crystallization and removal of first 
sugar, the mother liquor is called first molasses. First mo- 
lasses is recrystallized to obtain a second lower-quality su- 
crose (second sugar) and a second molasses. After a third 
crystallization, the third molasses contains considerable 
nonsucrose material, and additional recovery of sucrose is 
not economically feasible. The third molasses is sold as 
blackstrap, final, or cane molasses. Raw sugar obtained 
from this process is mixed with water to dissolve residual 
molasses and is separated by centrifugation. This process 
is called affination, and the syrup is referred to as affina- 
tion liquor. The sugar is dissolved in water, treated to re- 
move color and impurities, and subjected to several crys- 
tallizations to obtain refined sugar. The mother liquor from 
the final crystallization is combined with affination liquor 
and crystallized to produce a dark sugar (remelts) that is 
recycled to raw sugar. The remaining mother liquor, called 
refiners molasses, is similar to final molasses but usually 
of better quality. 

In beet sugar manufacture, the beet juice does not con- 
tain reducing sugars (fructose and glucose) that are pres- 
ent in cane juice but may contain raffinose. Because of the 
absence of reducing sugars, the sucrose level in beet mo- 
lasses is not reduced to the same extent as with cane. 

Final molasses from beet contains about 60 wt % su- 
crose (dry basis) compared to 30 wt % sucrose (dry basis) 
in cane molasses. Treatment of diluted beet molasses with 
calcium oxide precipitates sucrose as tricalcium sucrate 
(Steffen process), which is recycled to the incoming hot beet 
juice. During recycling, raffinose accumulates in the final 
molasses and retards crystallization if not removed. There- 
fore, a portion of the final molasses is periodically removed 
and called discard molasses. High-test molasses (invert 
molasses) is produced from cane sugar when sucrose man- 
ufacture is restricted because of overproduction. The cane 
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sugar at about 55 wt % solids is enzymatically converted 
to invert syrup to prevent crystallization and is evaporated 
to a syrup. The product is used in the same applications 
as blackstrap molasses. 

Nearly 8% of the beet sugar production forecast for fis- 
cal 1996/1997 is sucrose recovered from molasses. First 
employed in 1989, molasses desugarization using ion ex- 
change technology is performed at eight facilities across 
the United States (61). After recovery of about 85% of the 
sucrose contained in the molasses feedstock, the process 
can also produce two co-products, CMSB (consolidated mo- 
lasses solids from beets) that contains 18 to 21% sucrose 
and betaine, used as a growth stimulant for poultry and 
fish. 

Molasses from other sources include citrus and corn 
sugar (Hydrol) molasses. Citrus molasses is produced from 
citrus waste and contains 60 to 75% sugars. Corn sugar 
molasses, commonly called Hydrol, is the mother liquor 
remaining after dextrose crystallization and contains a 
minimum of 43% reducing sugars expressed as dextrose. 
Molasses is shipped in drums, barrels, tank trucks, tank 
cars, barges, and ocean-going vessels. Because of high vis- 
cosity, molasses must be heated in some situations to fa- 
cilitate pumping. However, prolonged heating must be 
avoided to prevent carmelization. 


Composition 


Molasses composition depends on several factors, eg, lo- 
cality, variety, soil, climate, and processing. Cane molasses 
is generally at pH 5.5 to 6.5 and contains 30 to 40 wt % 
sucrose and 15 to 20 wt % reducing sugars. Beet molasses 
is about 7.5 to 8.6 pH, and contains about 50 to 60 wt % 
sucrose, a trace of reducing sugars, and 0.5 to 2.0 wt % 
raffinose. Cane molasses contains less ash, less nitroge- 
nous material, but considerably more vitamins than beet 
molasses. Composition of selected molasses products is 
listed in Table 8. 


Uses 


The primary use of molasses is in animal feed. Molasses 
provides a carbohydrate source, salts, protein, vitamins, 
and palatability and may be used directly or mixed with 
other feeds. 

The carbohydrate content of 24.6 L (6.5 gallons) of 
blackstrap molasses is considered to be equal to 0.035 m* 
(one bushel) of corn as measured by the energy produced 
from 0.035 m’ of corn and the amount of molasses required 


Table 8. Molasses Composition 


Total sugars Crude 
Solids  asinvert protein Total ash 
Molasses Type (%) (% db) (edb) (% db) 
Cane (Louisiana) 80.8 59.5 3.0 72 
Cane (refiner’s) 75.4 55.9 21 86 
High test (Cuba) 80.4 07 14 
Beet (Wisconsin) 78.6 52.7 4 93 
Corn 74.9 50.3 04 89 
Citrus 714 424 4a 48 


to produce the same amount of energy. When molasses is 
less expensive than corn, sales increase; when the reverse 
is true, sales decrease. Relative corn and molasses costs 
are given in Table 9 for 1981 to 1986. 

The second main use for molasses is in fermentation 
processes as an inexpensive source of carbohydrate. Mo- 
lasses is the basic raw material for rum production and is 
also used for production of yeast and citric acid. 

Food applications utilize first and second molasses in 
baking (bread, cakes, cookies) for flavor. Molasses is also 
used in curing of tobacco and meats, in confections such as 
toffees and caramels, and in baked beans and glazes. Dis- 
tribution of molasses to various industries is shown in Ta- 
ble 10. 


Production and Economics 


Molasses production along with imports and exports in the 
United States are shown in Table 11. Principal molasses 
producers are listed in Table 12. Molasses prices since 1980 
are given in Table 13. Because of declining price, desugar- 
ing processes have been developed using ion exchange 
technology to recover about 85% of the sucrose content of 
molasses as refined sugar. When desugaring techniques 
are used, more than 90% of the sucrose contained in the 
beet feedstock is recovered as beet sugar. About 8% of the 
beet sugar production forecast for fiscal 1996/1997 is su- 
crose recovered from molasses. 


SORGHUM SYRUPS 


Sorghum syrup, also known as sorgo, is made from the 
juice of the sorghum plant that is related to the sugar cane. 
The finished syrup flavor is similar to that of cane syrup 
but has a sharper tang. Some sorghum syrups exhibit a 
strong, distinctive flavor. For this reason, blends of sor- 
ghum and corn syrup are found to be preferred by some 
(62). 

Although sorghum has been grown for grain and animal 
feed for many centuries, syrup production is a relatively 
recent use that began in the United States shortly before 
the Civil War. In 1859, nearly 7 million gallons (26 million 
L) were produced, increasing to 28 million gallons by 1879 
(63). By 1938, production had decreased to about 15 million 
gallons annually. Today, only 1 to 2 million gallons are pro- 
duced each year. Much of this sorghum syrup is produced 
by small-scale producers for local consumption. Because of 
the fragmented nature of the market, it is difficult to ob- 
tain an accurate measure of the amount of sorghum syrup 
produced. 

Although many variations exist on the process for sor- 
ghum syrup production, typically the sorghum plants are 
topped and the leaves are removed from the canes. The 
juice is then pressed from the canes, usually in a roller mill 
essentially like the mills used for crushing sugar cane. A 
ton of sorghum yields enough juice to produce between 10 
and 20 gallons (38 and 76 L) of finished syrup, depending 
on the growing and crushing conditions as well as the sor- 
ghum variety grown. Sweet sorghum varieties yield more 
syrup than forage varieties. 
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Table 9. Price Comparisons between Molasses and No. 2 Yellow Corn 
Minneapolis, Minnesota Chicago, Illinois Stockton, California 
Corn, 0.035 m? Molasses Corn, 0.035 m* Molasses Corn, 0.035m* Molasses 
Year 1 bushel 24.6L Difference 1 bushel 24.6L Difference 1 bushel 246L Difference 
1981 293.2 422.7 —129.5 315.8 420.0 — 104.2 393.1 339.1 +54.0 
1982 240.0 269.2 —29.2 250.8 269.1 -18.3 341.0 230.0 +1110 
1983 308.1 292.3 +158 317.3 294.6 +22.7 397.0 267.6 +129.4 
1984 309.7 307.9 +18 324.0 307.5 +165 390.3 273.5 +116.8 
1985 254.1 276.8 —22.7 267.3 271.2 -3.9 340.5 237.5 +103.0 
1986 192.8 349.8 — 157.0 208.2 348.0 — 139.8 289.5 279.2 +103 
Note: Prices are shown in cents. 
Table 10. Estimated Utilization of Molasses in the United States, 1000 Metric Ton 
Pharmaceuticals and Mixed feeds direct feeding, 
Year _Distilledspirits Yeast and citric acid edible molasses Sub total and silage Total utilization 
1981 314 400.4 101.8 533.6 2,496.4 3,030.0 
1982 15.1 435.1 82.5 592.7 2,291.4 2,884.1 
1983 266.3 489.9 102.2 858.4 2,334.0 3,192.4 
1984 372.8 505.9 37.3 916.0 2,305.2 8,221.2 
1985 372.8 532.5 34.6 939.0 2,455.9 3,395.8 
1986 410.0 484.6 59.1 953.7 2,014.0 2,967.7 
‘Table 11. U.S. Molasses Production, Imports, and Exports 
Production 

Year Mainland cane Hawaii cane Domestic beet Refiners blackstrap Imports Exports 
1985, 502 168 625 97 1186 97 
1986 520 195 729 91 945 275 
1987 517 197 758 79 710 237 
1988 527 127 NA NA 729 210 
Note: Data are expressed as 10° L. 

Table 13. Molasses Price, US$/Ton 
Table 12. World Production of Ind: ‘ial Molasses, 1000 
ara a eed a Year Blackstrap* Beet? 

1980 106.37 105.38 
Country 1984/1985 1985/1986 1986/1987 1987/1988 1985 55.39 NA 
Brazil 4,800 3,986 2,587 4,000 1986 76.68 88.49 
USSR 3,200 2,900 3,100 3,300 1987 55.64 66.44 
India 2,500 2,850 3,100 3,280 1988 71.26 80.36 
China 1,130 1,909 1,814 1,850 1997 (Nov.) 57.50 NA 
Cuba 2,000 2,000 1,750 1,750 
United States* 1,725 1,716 1,710 1,700 eee 
Mexico 1,400 1,608 1,590 1,630 ee 
Thailand 1,356 1,194 1,205 1,300 
France 1,165 1,126 1,013 1,000 
Argentina 702 854 950 950 
Tadonedin 730 B40 960 $30 The juice contains starch and is sometimes treated with 
South Africa 852 796 735 770 a hydrolyzing enzyme to convert the starch to soluble sug- 
Poland 708 636 675 700 ars. Treatment with invertase can be used to invert the 
Australia 736 658 693 680 sucrose into glucose and fructose to reduce the tendency of 
FRG 640 751 715 600 the finished syrup to crystallize. The juice is clarified and 
Philippines 744 551 518 580 boiled in an atmospheric evaporating pan similar to a ma- 
Others 10,173 9970 10,661 10,675 ple syrup concentrator. The traditional sorghum pan is a 
Totals 34,551 34,345 33,766 35,695 


“Does not include Puerto Rico or Hawaii. 


shallow rectangular pan 2-1/2 to 4 feet (3/4 to 1-1/4 m) 
wide and 12 to 18 feet (3-3/4 to 5-1/2 m) in length divided 
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internally by staggered strips of metal to impart a zigzag 
flow to the syrup. Heat can be supplied by direct fire be- 
neath the pan or from a steam jacket. The syrup flow is 
regulated so that product discharges at the desired solids 
level. The syrup is concentrated to about 76 to 80% solids 
and is then cooled and transferred to cans, bottles, or jars 
for sale. 


INULIN-BASED PRODUCTS 


Inulin is a naturally occurring polymer usually consisting 
of 17 to 30 anhydrofructose units and a terminal anhydro- 
glucose unit that replaces starch as the food reserve in 
many plants of the family Compositae, such as Jerusalem 
artichoke, chicory, salsify, cardoon elecampane, burdock, 
dahlia, and ti plants. The polymer chain length varies dur- 
ing the growing season and consequently, the glucose— 
fructose ratio of products of inulin hydrolysis is not con- 
stant (64). Although the Jerusalem artichoke is reported 
to produce tuber yields as high as 100 ton/hectare (65), 
present commercial sources of inulin are primarily ob- 
tained from chicory (66), 

A number of processes have been described for the pro- 
duction of crystalline fructose and fructose-rich syrups 
from inulin-containing plant material (34,67-69). Most 
commercial crystalline fructose and fructose-rich syrups 
are produced by isomerization of glucose obtained from 
starch hydrolysis and enriched by chromatographic sepa- 
ration. Although some fructose is being produced from in- 
ulin, much of the inulin being recovered today is partially 
enzymatically hydrolyzed to make a range of nondigestible 
oligofructose ingredients that are finding food use as fat 
mimetics. 
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TANNINS 


BACKGROUND 


Tannins have been defined as water-soluble polyphenolic 
compounds with molecular weights between 500 and 3000 
that have the ability to precipitate alkaloids, gelatin, and 
other proteins (1), The usefulness of such a definition 
stems from the original interest in these substances in the 
tanning process, that is, the conversion of hides to leather, 
and is enhanced by the recent recognition of other impor- 
tant chemical and physical properties. The tanning of 
hides has been practiced since around 1500 B.c. The pro- 
cess involves the cross-linking of adjacent collagen chains 
with polyphenol attachment at several points. The molec- 
ular weight limitations apply because a minimum molec- 
ular size is required to engage protein chains; too large a 
molecule cannot easily diffuse into the collagen fibers (2). 
The plant polyphenols that exhibit the property of tannage 
also interact with other proteins, peroxides, and many 
other biological molecules. This has broad implications for 
fields as diverse as plant evolution, animal nutrition, other 
aspects of animal physiology, food technology, and, possi- 
bly, human therapeutic applications. The significance of 
the plant polyphenols referred to as tannins goes far be- 
yond their role in the production of leather. 

Tannin molecules are complex. Not all have been com- 
pletely characterized or even recognized. Basically, there 
are two types: proanthocyanidins, often referred to as con- 
densed; and glucose polyesters of gallic or hexahydroxy- 
diphenic acids, also known as hydrolyzable. The polyphen- 
ols are secondary metabolites and not integral parts of the 
primary growth, energy producing, or reproductive pro- 
cesses of the plant. 

Examples of the two major types of tannins are shown 
in Figure 1. 


PROANTHOCYANIDINS 


The proanthocyanidins are condensation products of fla- 
vanols, chiefly the catechins. Acid hydrolysis under strin- 
gent conditions ruptures carbon-carbon bonds connecting 
flavanol moities. Anthocyanidins and catechins are the fi- 
nal products. Alkaline hydrolysis results in the formation 
of quinone intermediates that may then be converted to 
anthocyanidins (3). The acid hydrolysis reaction is dem- 
onstrated in Figure 2. 

The proanthocyanidins are almost invariably associ- 
ated with their corresponding flavanols (catechins) from 
which they are derived. During flavanol biosynthesis a por- 
tion of the cation intermediate becomes attached to an al- 
ready synthesized flavanol molecule to form a dimer rather 
than undergoing enzymic reduction to the monomer. Tri- 
mers and higher oligomers (condensation products of fla- 
vanols or other tannin units) are formed in an analogous 
fashion (4). The proportion of the various species produced 


2285 


is largely a function of the availability of the necessary 
reducing enzyme. 

It has also been suggested that quinone, rather than 
cation, intermediates participate in proanthocyanidin for- 
mation (3). The quinones involved also react with proteins 
in a process that has been called quinone tanning. The re- 
actions are irreversible with the formation of new covalent 
bonds. Insects exploit quinone tanning to the ultimate ex- 
tent. Their bodies are covered with a hard exoskeleton con- 
sisting of quinone—protein adducts that provide protection 
from desiccation and predators and that account for their 
biological success (5). 

Formation of a dimeric condensation product by the cat- 
ion mechanism is illustrated in Figure 3. Procyanidins are 
the most frequently encountered group of the proantho- 
cyanidins. They are derived from the simple catechins (R 
= H). Prodelphinidins are not as widespread. They are 
derived from the gallocatechins (R = OH). 

Biosynthesis of the parent flavanol proceeds through a 
complex pathway starting with the conversion of phenyl- 
alanine to cinnamic acid. Incorporation of acetate units 
leads to the formation of chalcones. Ring closure results in 
flavonoid structures from which catechins are derived (4). 

The procyanidins in foods occur in soluble free forms 
and in insoluble combinations with polysaccharides. Such 
adducts are the result of covalent bonds formed during the 
biosynthesis of the procyanidins. Dimeric procyanidins, 
barely within the molecular size range of tannins, and tri- 
meric forms are widely distributed in berries and in the 
leaves of many fruit plants at levels of 50 to 500 mg/100 g 
fresh weight (6). They are often accompanied by dimeric 
prodelphinidins, which predominate in strawberries. 
Fruits and grains are also rich in higher oligomers of cat- 
echins. As molecular size increases, the solubility of the 
proanthocyanidins decreases. Varieties of sorghum, one of 
the most widely consumed of all grains by humans, differ 
in tannin levels by a factor of 100. Some fodder varieties 
contain as much as 6% tannin (7). 

Proanthocyanidins and their parent flavanols that oc- 
cur in human food undergo changes during preparation 
and storage that often lead to the formation of highly col- 
ored polymeric material. Enzymic browning occurs when 
susceptible polyphenols come in contact with plant oxi- 
dases in the presence of atmospheric oxygen as a result of 
cell disruption caused by spoilage, insect infestation, or 
other mechanical damage. This effect is exploited in the 
manufacture of black tea. The cell structure of fresh green 
tea leaf is disrupted mechanically to promote contact be- 
tween the abundant cellular flavanol supply and oxidizing 
enzymes. Proanthocyanidins constitute one fraction of the 
oxidized catechin group and are responsible for some of the 
desirable organoleptic properties of black tea. Procyani- 
dins are also important constituents of cocoa. They un- 
dergo many changes during the processing of the bean that 
impact on flavor and color (6). Gallotannins are also pres- 
ent and constitute over 4% of the dried fermented cotyle- 
dons. 
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Figure 2. Acid hydrolysis of proanthocyanidins, 
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Figure 3. Formation of proanthocyanidins. 


In other food products enzymic browning may be disad- 
vantageous. It can be prevented by enzyme inactivation (of- 
ten blanching), by the use of antioxidants, or by the rigorous 
exclusion of oxygen. Wine technology is largely an exercise 
in tannin control (6). White wine production is managed so 
as to exclude the polyphenol-rich grape skins and seeds 
from the juice in order to minimize enzymic browning. Pro- 
cyanidins are present at about 10 mg/L and may be desir- 
able at this low level. Red wine is produced so as to include 
phenolic components in the fermenting juice. Final pro- 
cyanidin content is in the range of 40 to 65 mg/L. Color 
changes that occur during the aging of red wine include the 
diminution of the original color (primarily from anthocya- 
nins) and the formation of new, more stable, oligomeric pig- 
ments (8). Procyanidin dimers in beer originate from the 
malt and are troublesome haze formers. The tannins in- 
volved are primarily dimers of catechin and epicatechin (9). 

Fruit, vegetables, grain, and many beverages are 
sources of condensed tannins in the diet as shown by a few 
examples in Table 1. 


POLYESTERS 


Most of the hydrolyzable tannins are essentially polygal- 
lates of glucose, Hydroxyl groups of the gallate segments 
can be further esterified with gallic acid to build up large 
complex molecules. Gallotannins occur in chestnut, oak, 
sumac, and in several plant galls. The Peruvian plant, 
tara, is an important commercial source. The gallotannins 
of commerce are known as tannic acid. They contain 5 to 
10 esterified gallic acid residues. Tannic acid is used as a 
mordant in the dyeing of cotton, as a clarifying agent for 
wine and beer, and as a food flavorant at low concentra- 
tions. It is approved for use in the United States as aGRAS 
additive as shown in Table 2. 

When galloyl groups of glucose esters are appropriately 
oriented, oxidative coupling may take place during plant 
metabolism to form ellagitannins that contain hexahy- 
droxydiphenic acid groups. Hydrolysis yields ellagic acid 
as well as gallic acid (10). The ellagitannins are rigid mol- 
ecules in contrast to the gallotannins, which exhibit a great 
degree of flexibility. The structural relationships among 
the ellagitannis, casuaricitin, and pentagalloyl glucose 
that are depicted in Figure 4. provide an indication of the 
biosynthetic pathway for the formation of ellagitannins. 

Many ellagitannins yield additional phenolic com- 
pounds on hydrolysis such as chebulic, dehydrodigallic, 


Table 1. Proanthocyanidin Content of Foods 


Food Proanthocyanidins (mg/100 g) 
Strawberries 110-150 
Raspberries 100-140 
Black currants 350 
Persimmons 800-1700 
White wine 1-2 
Red wine 47 
Sorghum 100-1000 
Barley 20 
Tea (black, leaf) 15,000 
Cocoa (powder) 4500 
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Table 2. Approved Use Levels for Tannic Acid 


Percentage of product 

Product as used 
Baked goods 0.01 
Alcoholic beverages 0.015 
Nonalcoholic beverages, beverage bases, 

gelatins, puddings, fillings 0.005 
Frozen desserts and soft candy 0.04 
Hard candy and cough drops 0.013 
Meat products 0.001 


and flavogallonic acids. These substances are also formed 
by modification of galloyl groups attached to glucose. In 
some ellagitannins, glucose is in its open-chain state. The 
ellagitannins occur in the leaf, bark, and heartwood of 
many plant species. 

The complexity and large molecular size of some of the 
ellagitannins is demonstrated by the isolation of a series 
of newly found substances in the flower buds of plants of 
the Camellia sp (11). One of these, Camelliin B, while only 
a dimer, exhibits a complex macroring structure as shown 
in Figure 5. Several other macroring dimeric ellagitannins 
have been isolated from other plants and are part of this 
newly recognized class of tannins. 

As of 1993 more than 400 discrete ellagitannins had 
been reported (12,13). Taxonomic studies have shown that 
each of these tannins is associated with specific plant spe- 
cies that follow particular paths of plant evolution (14). 

Gallotannins and ellagitannins are not present in food 
at the high levels observed for the proanthocyanidins. Al- 
though tannic acid has often been referred to as a compo- 
nent of tea and coffee, none is present. Gallic acid is formed 
in tea, however, by hydrolysis of gallated flavonoids. 


ASTRINGENCY 


The reaction of tannins with protein is responsible for their 
astringency—a property of considerable importance in hu- 
man and animal feeding. It can be described as the complex 
of sensations due to shrinking, drawing, or puckering of the 
epithelium in the buccal cavity. Astringency is not one ofthe 
basic taste sensations, as its effect is noticed away from the 
site of the primary taste receptors. It is a tactile sensation 
arising from reduced lubrication of the tongue and soft pal- 
ate (15). The primary reaction that leads to astringency is 
the precipitation of proteins and mucopolysaccharides in 
saliva. The astringency of tannins is their most noticeable 
organoleptic property and is correlated with their protein 
complexation ability. The simple glucose-gallic acid esters 
bind more strongly to protein than do the proanthocyani- 
dins because of conformational restraints imposed by the 
interflavan bonds of the latter group. The gallotannins are, 
accordingly, more astringent than the proanthocyanidins. 
It has been shown that proteins that are rich in the amino 
acid proline, and that possess open, flexible structures have 
the highest affinity for polyphenols. The presence of these 
proteins in human saliva is protective against the entrance 
of excessive quantities of polyphenols into the digestive 
tract. There is evidence that the prevalence of tannins in 
the human diet tends to increase the formation of the 
proline-rich proteins (16). 
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Figure 4. Ellagitannins and component relation- 
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ships. 


The structural feature of a tannin responsible for the 
phenomenon of astringency has been stated as “the accu- 
mulation within a molecule of moderate size, of a substan- 
tial number of phenolic groups, many of which are associ- 
ated with 1,2-dihydroxy or 1,2,3-trihydroxy orientation 
within a phenyl ring” (16). 

The human diet basically includes two groups of tan- 
nins: the ellagic acid esters of glucose (ellagitannins) 
found in the persimmon, pomegranate, and chestnut; and 
flavanol-derived substances such as condensed catechin 
oligomers occurring in many fruits, and compounds pro- 
duced by the enzymic oxidation of the flavanols accompa- 
nied by condensation reactions. These are found in wine, 
beer, and black tea. 

The more water-soluble tannins, such as the ellagitan- 
nins, are less efficient in precipitating protein than the 
polygalloyl glucose esters. Molecular size is also important 
because of its effect on the orientation of the di/trihydrox- 
ylphenyl groups with respect to the proline-rich proteins. 
Astringency decreases because of steric hindrance as the 
number of epicatechin units in an oligomer exceeds six or 
seven. The loss of astringency that occurs during fruit rip- 
ening may be caused by further polymerization or by com- 
plexation with increased amounts of sugar. 


ANALYSIS 


The isolation, determination of structure, and quantitation 
of tannins have been exhaustively investigated because of 


concerns with their possible physiological effects and be- 
cause of their interest as pharmaceutical agents. The sep- 
aration of closely related oligomers has been accomplished 
with droplet countercurrent and centrifugal partition chro- 
matography (17). By use of these techniques, large mole- 
cules, such as nobotanin K, consisting of 4 glucose and 20 
gallic acid groups have been isolated in the pure state. Ac- 
curate molecular mass determination of these nonvolatile 
substances has been perfected with the use of fast atomic 
bombardment (FAB) and mass spectrometry (MS). Nuclear 
magnetic resonance (NMR) spectroscopy has also provided 
details of the intricate molecular structures of large com- 
plex species. The use of fast atom bombardment mass spec- 
trometry (FABMS) has allowed for the accurate structure 
determination of large tannin molecules—up to molecular 
weight of 3200 (18). The most significant methods for the 
quantitation of tannins are based on measurements of pro- 
tein precipitation, since their most important properties 
are attributed to this effect. Procedures based on interac- 
tion with bovine serum albumen measure both tannins 
and protein in the precipitate (19). As little of 5 wg of tannic 
acid can be detected. 


TANNIN-PROTEIN INTERACTIONS 


The primary mode for tannin—protein interaction is hydro- 
gen bond formation (20). It is largely a surface phenome- 
non. Bonding occurs between the amide carbonyl groups of 
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the protein and the hydroxyl groups of the polyphenol. The 
polyfunctional tannin molecule is able to bind at many 
sites on the surface of the protein molecule, thus increasing 
its hydrophobic nature and promoting precipitation. Inhi- 
bition of enzymic activity is often a result of tannin—protein 
complexation. At high protein concentrations the interac- 
tion results in cross-linking. There is also evidence for 
some hydrophobic bonding. 

The formation of the tannin-protein complex is pH de- 
pendent and reaches a maximum at the isoelectric point of 
the protein. Most complex formation is reversed at pH >9. 
Solvents, such as acetone, that tend to form hydrogen 
bonds competitively inhibit the interaction. Polyphenol 
molecules with a high degree of flexibility are most reac- 
tive. Proanthocyanidins are more rigid than the gallotan- 
nins and are less active complexing agents on a molar 
basis. 

Tannin-protein complexation is favored as the poly- 
phenol solubility is decreased. Proteins with a high proline 
or hydroxyproline content, such as gelatine, have a greater 
affinity for polyphenols as these amino acids impart flexi- 
bility to the protein molecule and form strong hydrogen 
bonds. The tendency of a protein to bind to a tannin may 
be determined by the degree to which the protein compet- 
itively prevents inhibition of a specific enzymic activity by 
the tannin. 


Figure 5. Camelliin B. 


Complexation and precipitation of caffeine by tannins 
has been recognized as the most important cause of 
“cream” formation when infusions of black tea are allowed 
to cool. The enzyme tannase catalyzes the cleavage of the 
gallate linkage in tannin molecules and has been used to 
solubilize caffeine—polyphenol adducts during preparation 
of instant tea (see the article Tra). It may be induced in 
large quantities in some strains of Aspergillus molds. 
Caffeine—polyphenol systems have been used as models for 
the investigation of tannin-protein interactions because 
there is a resemblance between the molecular structures 
of caffeine and peptides. 

The tanning of animal hides with vegetable extracts ac- 
counts for only a small proportion of the leather now pro- 
duced in the United States. The use of chromium salts has 
supplanted the traditional process for most applications. 
Vegetable tannage depends on packing the amorphous 
regions of collagen fibers with large quantities of tannins 
so as to bring about extensive cross-linking. The collagen 
may adsorb up to 50% of its weight of tannins. Tanning 
renders the mass impermeable to bacterial attack, de- 
creases water penetration, and increases tensile strength. 
Vegetable-tanned leather has superior qualities of resil- 
ience. The extracts used are derived from oak galls, chest- 
nuts, and the bark and heartwood of trees such as quebra- 
cho, gambier, and mimosa. Wastewater from tanneries is 
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highly contaminated. Its purification before discharge is 
made difficult by the inhibitory action of residual tannins 
on the microbiological organisms normally utilized for an- 
aerobic fermentation (21). 


PHYSIOLOGICAL EFFECTS 


Dietary tannin decreases the growth rate of many mam- 
mals and the net energy available to domestic grazers (22). 
For ruminants there is a compensating effect since com- 
plexation of dietary protein diminishes its microbial deg- 
radation in the rumen. Egg production by hens is de- 
creased, The antinutritional effects probably result from 
the formation of less digestible complexes. 

The presence of tannins in plants imparts some degree 
of protection against insects and grazing animals because 
of their negative nutritional impact. It is suggested that 
this may be the evolutionary basis for their presence (20). 


Figure 6. Oenthein A and Woodfordin D. 
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Conversely, some insects and higher animals have devel- 
oped compensatory mechanisms that enable them to con- 
sume tannins with no antinutritional effects. 

The widespread consumption of Sorghum bicolor in 
tropical semiarid zones provides large human populations 
with their major source of calories and protein. The nutri- 
tional consequences of high sorghum diets have been stud- 
ied extensively and much specie variation has been ob- 
served (22). The rat goes through an adaptation period 
during which salivary glands are stimulated to produce 
proline-rich proteins. These compete effectively for tannins 
and inhibit dietary protein complexation. In other animal 
species, different salivary proteins are produced that have 
similar inhibitory effects. The hamster has no compensa- 
tory mechanism and soon succumbs. Several techniques 
have been utilized to minimize the antinutritional effects 
of the tannins in high-sorghum human diets. Cooking is 
not effective. Dehulling is carried out in many cultures 
with considerable benefit since tannin is concentrated in 
the layer just below the seed coat. Alkaline treatment of 
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the grain and soaking in dilute formaldehyde are also ef- 
fective procedures for improving its nutritional value. 

The polyphenolic content of the tannins imparts anti- 
oxidant activity to biological systems. The ability of con- 
densed tannins from several plant sources to scavenge 
oxygen-containing free radicals has been demonstrated 
(23). Exploitation of this effect to produce beneficial con- 
sequences for humans has been suggested since peroxi- 
dation has been implicated in tumerogenesis. Some di- 
meric ellagitannins exhibit antitumor activity in mice. 
Structure and activity have been correlated (23). It has 
been suggested that possible mechanisms for pharmaco- 
logical activity of tannins may depend on several tannin 
propensities: complexation with transition-metal ions; 
free-radical quenching; complexation with proteins and 
peptides (25). 

Inhibition of tumor growth in rodents by the adminis- 
tration of some oligomeric hydrolyzable tannins after in- 
traperitoneal inoculation of tumor cells has been observed. 
Examples of these active ellagitannins are oenothein and 
woodfordin, shown in Figure 6. This effect is an example 
of host-mediated antitumor activity as interleukin-1 is in- 
duced in the treated animals (26,27). 

Life expectancy of stroke-prone hypertensive rats has 
been extended by feeding persimmon tannin. Grape seed 
procyanidin exhibits anti-inflammatory activity in experi- 
mental animals. (28). 

Some selected purified tannins have been tested and 
shown to be nonmutagenic by the Ames Test (29). 
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TASTE AND ODOR. See SENSORY SCIENCE: 
PRINCIPLES AND APPLICATIONS; SENSORY SCIENCE: 
STANDARDIZATION AND INSTRUMENTATION. 


TEA 


The term tea refers to the plant Camellia sinensis, the 
dried, processed leaf manufactured from it, extracts de- 
rived from the leaf, and beverages prepared from leaf or 
extract of this species. Tea is the most widely consumed of 
all beverages aside from water. Annual worldwide per cap- 
ita consumption, although geographically far from uni- 
form, is 40 to 50 L (based on total known tea production of 
2.667 million tons (1) and a beverage yield of ca 100 L/kg). 
Apart from its extensive usage, it is of interest to the food 
technologist as well as to the biochemist, organic chemist, 
and physiologist because of the dependence of the final 
product characteristics on the unusual chemical composi- 
tion of the fresh leaf and because of the complex series of 
biochemical and organochemical reactions that occur dur- 
ing processing. There has also been increasing interest in 
its health benefits. 

Two major varieties of C. sinensis are recognized: as- 
samica, a large-leaved (15-20 cm) plant, and sinensis, a 
smaller-leaved (5-12 cm) plant. Intervarietal hybrids are 
common. There are also hybrids with a related species, Ca- 
mellia irrawadiensis. Tea originated in southeast Asia in 
an area that includes parts of China and India, and prob- 
ably Myanmar, Laos, and Vietnam. 

The first authenticated consumption of tea dates from 
the fourth century A.D. in China, although legend dates it 
much earlier. Its use spread to Japan, where cultivation 
started in the eighth century. Tea from China reached Eu- 
rope in the sixteenth century, and by the end of the sev- 
enteenth century it had become a popular beverage served 
in London teahouses. Tea was discovered growing wild in 
Assam Province of India in 1823 and cultivation followed 
rapidly. The plant was introduced into the Dutch East In- 
dies (Indonesia) and then into Ceylon (Sri Lanka) after the 
destruction through disease of that country’s coffee plant- 
ings in the 1870s. Cultivation of tea on a large scale sub- 
sequently spread to other parts of Asia, to Georgia in the 
former USSR, and to Africa, South America, and several 
tropical islands. Tea production was carried out on a very 
small scale in South Carolina around the beginning of the 
twentieth century; at its peak, ca 10,000 Ib/yr was pro- 
duced (2). Commercial operation was discontinued in 1915 
but resumed in 1987 (3). 


AGRICULTURE 


‘Tea grows best in tropical and subtropical areas where ad- 
equate rainfall (200 cm), good drainage, and slightly acid 
soils prevail. Sinensis variety is the more cold resistant. In 
hot tropical areas, tea quality is improved by planting at 
high altitudes, as practiced in India and Sri Lanka, where 
tea is cultivated at elevations up to 2,000 m. The tea plant 
is maintained by pruning as a low shrub (1-1.5 m) at a 
density of 5,000 to 10,000 plants/ha. Tea is now primarily 


propagated from leaf cuttings rather than from seed. The 
establishment of desirable clones is accomplished by selec- 
tion on the basis of beverage quality, yield, pest and frost 
resistance, and other criteria dictated by local conditions 
and marketing considerations. Yields have been greatly in- 
creased and exceed 6,000 kg/ha in some clonal fields, al- 
though national averages are very much lower (1). Tissue 
culture of tea is under investigation as a method for pro- 
ducing and rapidly replicating new clonal material. Plants 
have been regenerated and set out in soil (4). Tea can re- 
main productive for many decades; some 100-year-old 
plantings are still being harvested. The use of irrigation, 
fertilizers, mulches, and pesticides has been extensively 
researched in many tea-growing areas and the results re- 
ported in the journals of the various tea research institutes 
(5-8). Pesticides banned in the United States are not 
used (9). 

New tea growth (flush) is harvested at intervals of 6 to 
12 days depending on climatic conditions. In cooler areas 
such as North India, Japan, and Georgia there is a dor- 
mancy period. Plucking is a hand operation on most es- 
tates. Varying degrees of mechanization are being applied 
in some countries where terrain and labor costs are appro- 
priate. These range from handheld cutters powered by 
small back-packed gasoline engines to large self-propelled 
harvesters that straddle the tea row. Removing the apical 
bud and two leaves below it (“two and a bud”) constitutes 
the ideal plucking practice, but it is not always realized, 
and never with mechanical harvesting. Tea estates range 
in size from small peasant holdings of 1 ha or less to large 
establishments of up to 1,000 ha. The larger estates usu- 
ally include housing, schools, hospitals, and other facilities 
for the workers employed in this labor-intensive activity. 
Labor utilization is often at the rate of 3 persons/ha. Pluck- 
ing may account for half of the total requirement. 


FRESH LEAF COMPOSITION 


Tea leaf contains all of the enzymes, metabolic intermedi- 
ates, and structural elements normally associated with 
photosynthesis and plant growth. In addition, the tea plant 
contains a large quantity of substances that are responsi- 
ble for its unique properties as a beverage. Chief among 
these are polyphenols (mostly flavonoids) and caffeine. A 
representative analysis of young shoots from fresh assam- 
ica leaf is depicted in Table 1. 


Flavanols 


The most striking chemical characteristic of tea flush is its 
very high content of flavanols. Although amounts vary, de- 
pending on all of the factors that influence plant metabo- 
lism, such as light, rainfall, temperature, nutrient avail- 
ability, leaf age, and genetic makeup, a small number of 
flavanols alone may constitute more than 20% of the dry 
matter. The most important group of the tea flavanols are 
the catechins. These include the free catechins as well as 
monogallate and digallate esters and a single caffeic acid 
ester (12). Free catechins and the monogallate esters pre- 
dominate, and their reaction products are the best known 
ig. D. 


Table 1. Composition of Tea Flush (% Dry Weight) 


Flavanols 

Flavonols and flavonol glycosides 
Flavone C-glycosides 
Polyphenolic acids and depsides 
Other polyphenols 

Caffeine 

Theobromine 

Amino acids 

Organic acids 

Monosaccharides 
Polysaccharides 

Protein 

Cellulose 

Lignin 

Lipids, waxes, sterols 
Chlorophyll and other pigments 
Ash 

Volatiles <0.1 
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‘Source: Refs. 10 and 11. 


The tea flavanols are water-soluble, colorless, astrin- 
gent substances that oxidize rapidly, especially in an al- 
kaline environment. They occur in the cytoplasmic vacu- 
oles of the leaf cells. They form complexes with many other 
substances (13). Epigallocatechin gallate constitutes a 
high proportion of fresh-leaf weight. Tea beverage quality 
is correlated with fresh-leaf flavanol content, especially 
with the gallated compounds that decrease in quantity as 
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(1) (—)-epicatechin; 
R = H; 1-3% of dry wt 
(2) (—)-epicatechin gallate; 
R = 3,4,5-trihydroxybenzoyl; 
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the leaf ages on the growing plant. They are the most im- 
portant components in the black-tea manufacturing pro- 
cess. 

Catechins are notable antioxidants, a property also ex- 
hibited by their oxidation products present in black tea and 
by other flavonoid compounds (14). This is demonstrated 
by their ability to scavenge free radicals generated in many 
in vitro systems. The physiological significance of this 
property will be discussed later in this article. 


Other Polyphenols 


Other polyphenols include gallic acid (7) and quinic acid; 
flavonols, such as kaemferol (11), quercitin (12), myricetin 
(13), and their glycosides; a group of chalcan-flavan di- 
mers; proanthocyanidins; a group of flavone-C-glycosides 
(10); and a group of bisflavanols also known as theasinen- 
sins (12). Depsides present include chlorogenic acid (8), p- 
coumarylquinie acid (9), and theogallin (3-galloylquinic 
acid) (10), which is unique to tea (Fig. 2). It occurs at rela- 
tively high concentrations (1% of dry weight) and is said 
to correlate with quality. Most of the polyphenols partici- 
pate in the important reactions that occur during manu- 
facture. 


Caffeine and Other Xanthines 


Tea flush contains 2 to 4.5% caffeine and much smaller 
amounts of theobromine. Theophylline may be present but 
in small quantities. Caffeine is responsible for the mild 
stimulatory properties of tea beverage and is generally 
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Figure 3. Theanine (14). 


present at a level of 30 to 45 mg/cup. Its tendency to com- 
plex with polyphenols affects the organoleptic properties 
of tea beverage and the technology of instant-tea manu- 
facture. The properties of caffeine and tea decaffeination 
processes are not discussed in this article. 


Amino Acids 


Tn addition to the normal plant leaf amino acids, theanine 
(5-N-ethylglutamine) (14) (Fig. 3) is unique to tea and cor- 
relates with green-tea quality (15). Several of the other 
amino acids in the leaf take part in aroma formation dur- 
ing manufacture. 
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(8) Chlorogenic acid; R = OH 
(9) p-coumarylquinic acid; R = H 
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(11) Kaempferol; R = R' = H 
(12) Quercitin; R = OH, R’ = H 
(18) Myricetin; R = R’ = OH 
Carotenoids 


Carotenoid compounds constitute only 0.03 to 0.06% of tea 
flush but are important in aroma generation during man- 
ufacture. They include f-carotene, lutein, zeaxanthine, 
and violaxanthine (Fig. 4) (16). 


Volatiles 


More than 50 volatile compounds have been reported in 
fresh leaf, although some of these may be artifacts of the 
isolation procedures (17). Aroma components, their origin, 
and their significance will be discussed in the manufactur- 
ing section as it is during leaf processing that most aroma 
character is developed. 


Lipids, Waxes, and Pigments 


The presence of unsaturated fatty acids is also of signifi- 
cance to aroma generation, as will be shown. Linoleic and 
linolenic acids are present at a level of ca 1.2% in fresh leaf 
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Figure 4. Tea carotenoids. 


(18). Other hydrophobic compounds such as plant waxes 
and sterols may be sufficiently extracted to affect beverage 
appearance (19). Chlorophyll is of significance as a possible 
precursor of some dark-colored pigments in manufactured 
tea. 


Enzymes 


Tea leaf polyphenol oxidase that catalyzes the aerobic ox- 
idation of the catechins during manufacture of black tea is 
of prime importance. It contains copper (0.32%) and exists 
as a mixture of several isoenzymes. Its main component 
has a molecular weight of 142,000 (20). Peroxidase also 
takes part in the polyphenol oxidation processes (21). 

The complex enzyme systems involved in the synthesis 
of the flavanols and related tea leaf components have been 
described in two reviews (22,23). Alcohol dehydrogenase 
(24) and leucine a-ketoglutarate transaminase (25) con- 
tribute to the development of aroma components during 
manufacture, Glycosidases catalyze the breakdown of sev- 
eral glucosides to yield other important aroma components 
(26). 


Minerals 


In addition to the common plant minerals, the tea plant is 
rich in potassium and fluoride and also accumulates alu- 
minum if soil conditions so favor (27). 


MANUFACTURE 


The manufacturing process converts freshly harvested leaf 
to products of commerce. Black tea is the most widely con- 
sumed form of tea. It is produced by promoting the aerobic 
oxidation of fresh leaf catechins in reactions catalyzed by 
tea polyphenol oxidase. Green tea, consumed mostly in 
China, Japan, the Middle East, and North Africa, is pro- 
cessed so as to prevent the oxidation of catechins. Oolong 
tea is partially oxidized. It is manufactured and consumed 
primarily in China and Taiwan. 


Black Tea 


The most significant change that occurs during the man- 
ufacture of black tea is the conversion of the colorless cat- 
echins to a complex mixture of yellow-orange to red-brown 
substances accompanied by the development of a large 
number of volatile compounds. The process was histori- 
cally referred to as fermentation, but no microbiological 
processes take place. The changes result in a dark-colored 
leaf that produces an amber-colored beverage, less astrin- 
gent than that derived from fresh leaf. The product pos- 
sesses an exceedingly complex flavor profile. 


Catechin Oxidation 


The first step in catechin transformation is oxidation to 
highly reactive quinones (Fig. 5) (28). All catechins un- 
dergo this reaction, but the gallocatechins (3) and (4) are 
preferentially oxidized. Quinone formation is the primary 
driving force for the transformation of catechins to black- 
tea components. 
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Theaflavins 


During fermentation, quinones derived from a simple cat- 
echin (1), (2), or (5) react with quinones derived from gal- 
locatechins (8), (4), or (6) to form compounds with a seven- 
membered benztropolone ring known as theaflavins (Fig. 
6). The predicted theaflavins derivable from each of the 
possible quinone combinations have been isolated (29,30). 
In solution, theaflavins are bright orange-red in color and 
provide “brightness,” a desirable quality, to the beverage. 
(Many of the named attributes of tea arise from the tea 
taster’s lexicon and are difficult to define objectively (31). 

The distinctively colored theaflavins are determined 
spectrophotometrically in a tea brew (32). Total theaflavin 
concentration in black tea does not exceed 2.5% and is 
sometimes as low as 0.3% (33). Prolongation of the oxida- 
tion period and high fermentation temperatures decrease 
theaflavin content (34), Theaflavins are oxidized by epi- 
catechin quinone, formed late in the oxidation process be- 
cause of its high oxidation potential (35). Low oxygen ten- 
sion also results in decreased theaflavin formation (36). At 
most, only 10% of the original catechin content of tea flush 
is accounted for as theaflavins in black tea. 


Theaflavic Acids 


Theaflavic acids are formed by the reaction between qui- 
nones derived from (1), (2), or (5) and gallic acid quinone 
(Fig. 7). It is postulated that gallic acid is formed by de- 
gallation during processing. Although it is not directly ox- 
idized by tea polyphenol oxidase, it is converted to a qui- 
none by the catechin quinones that possess a higher 
oxidation potential, such as that of epicatechin (37,38). The 
theaflavic acids are bright red, acidic substances present. 
in black tea only in very small quantities because of their 
reactivity (39). Theaflagallins originate through a similar 
route but involve the gallocatechins (3), (4), or (6). They 
are also present in very small quantities (40). 


Bisflavanols 


Coupling of quinones derived from (3) and (4) produces a 
series of colorless substances known as bisflavanols (35). 
They are highly reactive and occur only at low levels 
in black tea (Fig. 8). The bisflavanols are also known as 
theasinensins. There have been some reports of small 
amounts of theasinensins in fresh leaf (12). 


Thearubigins 


In the course of black-tea formation, ca 10 to 15% of the 
leaf catechin fraction remains unchanged and ca 10% is 
accounted for by theaflavin, theaflavic acid, and bisfla- 
vanol formation. Seventy five to 80% of the original cate- 
chin fraction is converted to a complex mixture, incom- 
pletely defined and largely intractable to resolution. This 
red-brown fraction was named thearubigen when first de- 
scribed in 1957 (42). Investigations of its chemistry over a 
period of four decades have resulted in conflicting data and 
conclusions, attesting to the complexity of the mixture. Mo- 
lecular weight determinations have indicated a range of 
700 to 40,000 (43), but this must be considered in context 
with the known increase in apparent molecular weight 


2296 TEA 


R = Hor 3,4,5-trihydroxybenzoyl 
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Figure 5. Enzymic oxidation of catechins. 
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Figure 6. Formation of theaflavins. 
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Figure 7. Formation of theaflavic acids. 


that occurs when tea infusions are allowed to stand. Poly- 
phenolic compounds in this molecular weight range are 
active complexing agents and are therefore likely to be 
present in combination with other substances. Flavonol 
glycosides have been shown to constitute one group of com- 


pounds that appear as part of the thearubigin fraction as 
originally designated, but, as colorless compounds, they 
are not usefully regarded as such. New high-performance 
liquid chromatography (HPLC) techniques have allowed 
for the isolation of several other components of this mass. 
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(21) Bisflavanol A; R = R’ =3,4,5- 
trihydroxybenzoyl 


(22) Bisflavanol B; R = 3,4,5-tri- 
hydroxybenzoyl; R’ = H 
(28) Bisflavanol C; R = R' =H 


Figure 8. Formation of bisflavanols. 


A fraction designated as theafulvin has been separated but 
not resolved. It accounts for only a small proportion of the 
thearubigin fraction. It is a buff-colored material contain- 
ing some proanthocyanidin groups, but most of its mass is 
not completely characterized (44). Theacitrins have also 
been isolated. They are red substances, similar to the 
theaflavins but possibly containing additional carboxylic 
acid groups. They are also present in very small quantities 
(45,46). Separation techniques have not yet provided 
methodology for the resolution of the major portion of the 
thearubigin mixture. 

Degradative treatments of the unresolved material 
have been helpful in piecing together more information. 
Acid hydrolysis results in the formation of cyanidin and 
delphinidin (Fig. 9), suggesting proanthocyanidin struc- 
tures (47). Other degradative procedures have provided 
evidence for the presence of heterogeneous polymers of fla- 
vanols and flavanol gallates (48). 

Decreases in theaflavins and bisflavanols during fer- 
mentation suggest that these compounds are further oxi- 
dized and subsequently incorporated into the thearubigin 
complex. It is also likely that catechin quinones oxidize (8), 
(10), and glycosides of (11), (12), and (13), leading to in- 
corporation of their oxidation products as well (29). In ad- 


(24) Cyanidin; R = H 
(25) Delphinidin; R = OH 


Figure 9, Anthocyanidins from tea thearubigins. 


dition, minor amounts of hydrogen peroxide generated 
during fermentation may be activated by the peroxidase 
enzyme and bring about further oxidative condensations 
that augment the thearubigin fraction (49). Model system 
studies in which single catechins and known catechin 
mixtures are enzymatically oxidized in vitro have shown 
some promise for further structure elucidation (50). 

This fraction constitutes the largest group of com- 
pounds in black tea (up to 20% of dry weight) and contrib- 
utes significantly to color, strength, and mouth-feel of the 
beverage, but is its least well defined. It has been sug- 
gested that thearubigin may not be a useful term for the 
chemical characterization of this tea fraction because of its 
heterogeneity and the more recently observed facts that 
some unchanged fresh-leaf components are included (13). 
It does refer, however, to a group of substances that have 
significance to the tea taster with regard to beverage or- 
ganoleptic properties. 


BLACK TEA 


Black-tea manufacture is carried out in several stages 
known as withering, rolling, fermenting, firing, and sort- 
ing. An understanding of the changes that take place dur- 
ing these processes has been gradually accumulated since 
the 1930s. 


Withering 


Plucked leaf arrives at the estate factory within a few 
hours of its harvest. It is handled carefully to prevent pre- 
mature bruising and to promote dissipation of heat gen- 
erated during continued respiration. Moisture level is re- 
duced from 75-80% to 55-65% without heat buildup, 
usually in troughs designed for effective airflow through 
leaf beds up to 30 cm thick. Moisture reduction converts 
the turgid leaf to a flaccid material that is easily handled 
without excessive fracture. The process takes place over a 
period of 6 to 18 h, depending on factory equipment and 
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weather conditions. Important chemical changes occur 
during withering: cell membrane permeability is in- 
creased, which allows for more efficient disruption of cell 
structure during the next stage of manufacture; aminoacid 
and organic acid levels increase; and polyphenol oxidase 
activity is enhanced. These changes have been referred to 
as chemical wither. Degree of physical wither (moisture 
loss) is estimated by leaf texture or by checking the weight 
loss of an isolated leaf batch. The withering process affects 
final product value (51). 


Rolling 


Rolling serves to establish proper conditions for the en- 
zymic oxidation of the flavanols by atmospheric oxygen. 
This is accomplished by disrupting cell structure to effect 
enzyme-substrate contact. The leaf mass must also be 
maintained in a physical state conducive to oxygen diffu- 
sion. Rolling processes are designed to meet these require- 
ments. The conventional roller consists of a circular plat- 
form, 1 to 1.3 m in diameter, equipped with battens. Above 
this, a smaller circular sleeve moves eccentrically over the 
surface of the platform. Withered leaf is charged into the 
sleeve and a pressure cap is lowered into it. The rates of 
movement and the pressure applied are chosen in accor- 
dance with leaf properties and atmospheric conditions. In- 
termittently, sufficiently rolled leaf (dhool) is removed by 
sieving and the remainder is rerolled. Leaf juices become 
well distributed on the surface of the cut, twisted leaf. Teas 
manufactured by this process are known as orthodox. They 
include almost all Ceylon teas. 

More modern equipment has come into use in most of 
the other tea-growing areas. The McTear Rotorvane con- 
sists of a cylinder 20 or 37.5 cm in diameter, lined with 
vanes, through which a vaned rotorshaft propels the with- 
ered leaf. Constriction at the end applies back pressure 
and increases the work done on the leaf. Cutter blades are 
sometimes added to the shaft. From the Rotorvane, tea is 
usually passed through a CTC (crush, tear, curl) machine, 
which consists of a pair of ridged cylindrical rollers revolv- 
ing at different speeds. There is a narrow, adjustable clear- 
ance between the rollers. The Rotorvane-CTC combination 
provides efficient and uniform maceration and is well 
suited to the establishment of a continuous manufacturing 
process. The macerated leaf is fluffed up by passage 
through a high-speed Rotorvane, with no back pressure, to 
eliminate matting and facilitate air diffusion. It is desir- 
able to maintain leaf temperature below 35°C during mac- 
eration to prevent flavor deterioration. The Legg Cutter, 
originally designed for processing tobacco, is used in India 
to process unwithered or lightly withered leaf. The Lawrie 
Tea Processor (LTP) is essentially a hammer mill. Itis used 
in Africa for lightly withered leaf. 

The final physical state of the leaf is dependent on the 
maceration conditions employed and affects the course of 
the oxidation reactions. This, in turn, affects the chemical 
composition and some aspects of the quality of the final 
product, especially the theaflavin-to-thearubigin ratio(52). 


Fermentation 


The term fermentation arose from the erroneous concept 
of black-tea production as a microbial process (53). Around 


1901 the conversion of green tea to black tea became rec- 
ognized as an oxidative process initiated by tea enzymes 
(54). The process actually starts at the onset of maceration 
and is allowed to continue under ambient conditions in 
most instances, but leaf temperatures are preferably con- 
trolled so as not to exceed 25 to 30°C. Lower temperatures 
(15-25°C) improve flavor (34). Temperature control and air 
diffusion are facilitated by spreading the macerated leaf in 
layers 5 to 8 cm thick on racked trays in a fermentation 
room maintained at high humidity and at the lowest fea- 
sible temperature. Depending on the nature of the leaf, 
maceration technique, ambient temperature, and the style 
of tea desired, the fermentation time ranges from 45 min 
to 3 h, although the shorter process times are more com- 
mon. Completion of oxidation is usually judged by the de- 
velopment of the characteristic coppery color and the fer- 
mented tea aroma. More highly controlled fermentation 
systems have been described. They depend on the time- 
controlled conveyance of rolled leaf on mesh belts through 
which there is forced air circulation. In a few factories the 
fermentation belt is part of a closed system that allows for 
control of temperature, aeration, and humidity (55). 


Firing 


Fermentation is terminated by firing in large ovens with 
hot forced-air circulation. In most driers, loaded trays trav- 
erse the drying zone countercurrent to the airflow. Incom- 
ing air temperature is ca 90°C and emergent air is ca 50°C. 
Time-temperature profiles are controlled to effect drying 
in 18 to 20 min with little energy wastage. Fluid-bed driers 
are sometimes utilized (56). During the firing process leaf 
moisture is reduced to 2 to 3%. Proper drying control is 
crucial to product quality. Many organochemical processes 
are accelerated during this period, as are the enzymic re- 
actions before total thermal inactivation occurs. Incom- 
plete enzyme inactivation can cause accelerated deterio- 
ration during storage. One noticeable effect of firing is the 
color change brought about by the conversion of chloro- 
phyll to pheophytins and pheophorbide, which are dark 
brown and black, respectively. Small amounts of caffeine 
are lost through sublimation. A high proportion of the 
aroma of black tea is generated during the firing process. 


Grading and Packaging 


Fired tea is graded by the use of a series of oscillating 
screens. The grades most frequently produced, in descend- 
ing particle size order, are orange pekoe (OP), pekoe (P), 
broken orange pekoe (BOP), broken orange pekoe fannings 
(BOPF), fannings, and dust. Fine dust, debris, and some 
fiber are removed by winnowing. Stalky materials tend to 
retain moisture and may be removed from the dryer tea 
fractions by use of an electrostatic sorter. It is essential to 
protect tea from heat, moisture, and light to insure rea- 
sonable shelf life. Color, taste, and aroma deteriorate if 
poor storage conditions prevail. Theaflavin decrease is 
marked (57). Aroma quality also deteriorates. Multilay- 
ered natural Kraft bags lined with aluminum foil have 
come into general use in shipment. 


Blending 


Most branded black tea is blended by the packer. This is 
essential to insure constancy of taste, appearance, and, to 
the greatest extent possible, cost. Seasonal, climatic, and 
market changes would make a constant product impossible 
to achieve unless the tea blender had access to many dif- 
ferent teas for use in a single blend. This allows for nec- 
essary substitutions without departure from product im- 
age. The special talents and experience of the tea taster 
are still required. Instrumental analysis is not yet ade- 
quate to define and control all of the attributes important 
to the consumer. 


Aroma Generation 


Black-tea aroma is a complex system in which well over 
500 components have been identified (58). The continuing 
improvement of analytical techniques results in the prolif- 
eration of known tea volatiles, for example, one research 
paper reported the identification of 133 new components, 
all of which are present in quantities <10 ug/kg of bever- 
age (59). Aroma ingredients may originate either as com- 
ponents of the fresh leaf, as products of enzymic or organ- 
ochemical activity during the manufacturing processes, or 
as products of the high-temperature firing step. Almost all 
aroma components develop during postharvest processes. 
It is probable that only a few dozen are significant to tea 
aroma quality. 

Aldehydes are generated in fresh leaf by the oxidative 
breakdown of unsaturated fatty acids catalyzed by lipox- 
ygenases. The short-chain unsaturated aldehydes are gen- 
erally deleterious to tea flavor. Leaf alcohol dehydrogenase 
systems catalyze their partial reduction to alcohols that 
exhibit a characteristic green leaf flavor not desirable at 
high levels (60). The more volatile of these compounds are 
partially lost during the firing stage. Aldehydes are also 
formed during black-tea manufacture by a Strecker-type 
synthesis resulting from the reaction of catechin quinones 
with amino acids. Phenylacetaldehyde is formed from phe- 
nylalanine in this manner (61). 

‘Terpene alcohols, phenylethyl alcohol, methyl salicy- 
late, and other important aroma components are gener- 
ated by enzymic hydrolysis of their glycosides (62). Their 
reported presence in fresh leaf may be partially the result 
of initiating hydrolysis during analytical procedures. 
These compounds contribute significantly to the character 
of tea aroma. Several aromatic compounds present in fine 
teas are formed by the oxidation of the tea carotenoids by 
catechin quinones. These include cis-jasmone, theaspi- 
rone, f-ionone, and dihydroactinodiolide (61). Carotenoids 
are also thermally decomposed to produce these and other 
aroma components during firing. 

Other thermal reactions are responsible for the devel- 
opment of a large group of cyclic aroma components. These 
include pyrazines, pyrroles, pyridines, and quinolines (63). 
Their significance is not known. Some compounds that im- 
part the most desirable flavor characteristics to black tea 
are shown in Table 2. Tea tasters use the term quality to 
refer to tea with desirable aroma character. Black-tea 
aroma also contains the group of short-chain (5-7 carbon 
atoms) aldehydes and alcohols that arise from lipid oxi- 
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Table 2. Desirable Black-Tea Aroma Components 


Benzyl alcohol 
Dihydroactinodiolide 
Geraniol 
cis-3-hexenyl hexanoate 
feionone 

cis-jasmone 

Linalool 

Linalool oxides 
Methy! salicylate 
Nerolidol 
Phenylacetaldehyde 
2-phenylethanol 
1-terpineol 
Theaspirone 


dation. An abundance of these substances is undesirable. 
Aroma quality is determined by the relative quantities of 
the two groups of components (58,64). 


BLACK TEA BEVERAGE 


Preparation and Properties 


Black-tea beverage is characterized by its amber color and 
distinctive aroma. In the United States it is generally pre- 
pared from tea bags containing 2.27 g of tea (200 servings/ 
Ib). Tea bag paper must be sufficiently permeable to pro- 
vide rapid infusion but also retain small leaf particles. It 
should not impart taste to the beverage, it must be consis- 
tent in weight and thickness to insure machinability, and 
it must have adequate dry and wet strength. Abaca fiber 
obtained from a plant grown in Ecuador and the Philip- 
pines is commonly included. Tea bagging machines are 
able to produce up to 1,000 bags/min. 

Infusing tea bags with boiling water in a 6- to 8-oz cup 
for 3 min provides a beverage containing 0.25 to 0.35% 
solids. (The use of packaged tea in the United States has 
declined greatly and now accounts for only approximately 
3% of retail sales). Beverage concentration is highly de- 
pendent on extraction time, temperature, and water-to-tea 
ratio. Caffeine is extracted proportionally with the other 
soluble components. Excessively hard water produces a 
murky beverage. Black-tea beverage color is one of the use- 
ful indicators of value in that it reflects the quality of the 
cultivar, the success of the manufacturing procedure, and 
the control of storage conditions. Desirable tea beverage 
color requires the use of fresh leaf that contains a sufficient 
level of polyphenols and oxidizing enzyme held under con- 
ditions favorable to achieving adequate oxidation, and 
proper theaflavin-to-thearubigin ratios. Inferior aroma 
may result from suboptimal manufacturing or storage con- 
ditions. Brewed tea beverage is relatively unstable. Stor- 
age for more than 30 to 60 min results in noticeable flavor 
deterioration. Theaflavin levels decrease during long-term 
holding at elevated temperatures (65). 

When black-tea beverages are allowed to cool, cloudi- 
ness slowly develops, and eventually a precipitate becomes 
visible. The tea taster refers to this as cream and considers 
ita normal characteristic of most acceptable teas. The com- 


2300 TEA 


position of cream and its significance to instant tea man- 
ufacture will be discussed under that topic. 


Composition 
The composition of a characteristic black-tea beverage is 
shown in Table 3. 


GREEN TEA 


The primary objective in green-tea manufacture is to pre- 
vent catechin oxidation to the greatest extent possible 
while imparting an attractive, twisted appearance to the 
leaf and developing the characteristic green tea aroma. 
There are many styles of green tea. In Japan sencha is the 
most extensively drunk. Gyokuro, grown under shade, is 
the most highly esteemed. Gunpowder tea is a pelleted 
green tea consumed in China. 


Enzyme Inactivation 


The leaf enzymes may be inactivated either by steaming, 
most often carried out in Japan, or by panning, the pro- 
cedure of choice in China. The pan, however, has been su- 
perseded by 5-m-long, open, rotating cylinders that are 


erally utilized, and there is no need for cell disruption and 
oxygen permeability. 


Firing and Aroma Development 


Green teas are often fired in horizontal rotating drums. 
The chemical changes that take place are primarily re- 
sponsible for the development of aroma (67). 


Beverage Composition 
The composition of a representative green tea beverage is 
shown in Table 4. 

Approximately 300 components of green-tea aroma 
have been identified. The most important and a represen- 
tative aroma composition is shown in Table 5. 


OOLONG TEA 


Oolong teas are only partially oxidized and retain a con- 
siderable amount of the original polyphenolic material so 


Table 4. Composition of Green-Tea Beverage (Weight % 
Solids) 


heated during the passage of the tea over a 7- to 10-min Epigallocatechin gallate 20.3 
period. Catechin oxidation is prevented and the leaf re- Epicatechin gallate 5.2 
tains its green color and almost all of its original poly- Epigallocatechin 8.4 
phenol content. Epicatechin 2.0 
Flavonols 2.2 
" Caffeine 14 
Rolfing Theanine 47 
The primary function of the rolling process in green-tea Glutamic acid 0.5 
manufacture is to impart the desirable twisted appearance Aspartic acid 0.5 
to the leaf. Lighter equipment is used than that required Argenine . 07 
for black-tea production as small-leaved varieties are gen- caren acids ee 
Alcohol precipitatable material 12.2 
Potassium 4.0 
Table 3. Composition of Black-Tea Beverage Volatiles <0.1 
(Weight % of Extract Solids) Bource: Rat 63: 
Thearubigins 36.0 
Theaflavins 26 
Puree acids ied Table 5. Significant Green-Tea Aroma Components 
Bletavancls nae (% Total in a Representative Sample) 
Catechins 11.2 ES E 
Flavonol glycosides Trace Geraniol 17.9 
Gallic acid 11 Linalool oxides 16.0 
Chlorogenic acid 0.2 Linalool 9.5 
Caffeine 76 Nerolidol 88 
Theobromine 0.7 cis-jasmone 15 
Oxalic acid 15 2,6,6,trimethyl-2-hydroxycyclohexane-1-one 7.0 
Other aliphatic acids 12 B-ionone 5.5 
Lipids and waxes 48 Benzyl alcohol 47 
Sugars 69 cis-3-hexenyl hexanoate 35 
Polysaccharides 42 5,6-epoxy-f-ionone 2.7 
Pectin 0.2 1-pentene-3-al 2.7 
Peptides 6.0 1-terpineol 22 
Theanine 3.5 cis-3-hexene-1-ol 2.0 
Other amino acids 3.0 Acetylpyrrole 18 
Potassium 48 2-phenylethanol 13 
Other minerals 47 cis-pentene-1-ol BE 4 
Aroma <0.1 Pentane-1-ol 0.7 
Source: Ref. 66. Source: Ref. 69. 


there is little or no cream formation from beverage- 
strength extracts. 

Manufacture is most often a cottage industry involving 
a series of withering, gentle rolling, and drying steps what 
vary greatly from facility to facility. Sun drying is often 
utilized as the first step. Appearance of leaf is considered 
an important aspect of quality. Hand labor is often utilized. 


Composition of Oolong Tea 


The color of oolong tea is intermediate between that of 
green and black teas, and to some extent its composition 
reflects a similar relationship. Residual catechin levels 
vary with the intensity and duration of the oxidation pro- 
cesses. There is little or no theaflavin or thearubigin. It is 
interesting to note, however, that there are also substances 
present that have not been found in either green or black 
teas, These may represent intermediates on the oxidative 
pathways that would lead to theaflavins or thearubigins 
on further oxidation or end products only formed under the 
gentle oxidation conditions prevailing because of less- 
severe cell disruption. These conditions result in lower qui- 
none concentrations that may favor different oxidative 
pathways. 

Components of oolong teas include several theasinen- 
sins and their oxidation products, known as oolongthea- 
nins and oolonghomobisflavans (methylene-bridged bisfla- 
vanols) (70,71). 


WORLD PRODUCTION AND TEA TRADE 


Total world tea production has increased over the last few 
decades largely in proportion to population growth, but not 
uniformly. Increases have been greatest where investment 
and technology have been encouraged, such as in Kenya 
and north India, and declining where political and eco- 
nomic stability are minimal, such as in Sri Lanka and 
Georgia. Table 6 is a compilation of tea-production data for 
the major producing countries in 1997. 

Tea consumption throughout the world is far from uni- 
form. In Europe it ranges from ca 3 kg per capita annually 
in the United Kingdom and Ireland to less than 0.1 kg in 
Italy. Similar variations occur in the other continents. U.S. 
consumption is 0.36 kg; in Canada it is 0.68 kg. Tea con- 
sumption has been slowly declining in the traditional 
Anglo-Saxon markets where the popularity of coffee and 
soft drinks has been increasing. It has increased markedly 
in India as the economic situation has improved. 

Importation of tea into the United States has remained 
fairly stable on a per capita basis over the period from 1938 
to 1998. Product origin has changed considerably. China, 
Indonesia, Argentina, Sri Lanka, Kenya, and India are 
now the major suppliers to the U.S. tea market (1). Tea is 
imported into the United States without duty. Standards 
established by the International Standards Organization 
(ISO) and Codex are intended to function as guidelines for 
teas in international trade. These include extractable sol- 
ids (32% minimum), ash (4-8%), and crude fiber (16.5% 
maximum). The real price of tea has tended to decline with 
only infrequent increases occasioned by temporary short- 
ages. This has caused problems for producing countries, 
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Table 6. World Tea Production in 1997 (1000 t dry leaf) 


India 811 
China 613 
Sri Lanka 277 
Indonesia 131 
Turkey 110 
Japan 91 
Iran 60 
Bangladesh 53 
Other Asia 73 
Total Asia 2,219 
Kenya 221 
Malawi 44 
Tanzania 22 
Uganda 21 
Zimbabwe 17 
Other Africa 36 
Total Africa 361 
Argentina 55 
Other S, America 14 
Total S. America 69 
Other 18 
Total world 2,667 (ca 600 is green tea) 


‘Source: Ref. 1. 


many of which depend on tea as a major source of foreign 
currency. Efforts to control tea prices through interna- 
tional agreements among the producing countries have 
never been successful. 

The consumption pattern has also undergone large 
changes. Iced tea use in the United States has grown from 
a very small proportion of the total to approximately 80%. 
This factor has contributed greatly to the importance of 
convenience products based on cold-water-soluble instant 
teas and ready-to-drink (RTD) beverages. 


INSTANT TEA 


Instant-tea powder is generally prepared by the aqueous 
extraction of black tea followed by concentration and dry- 
ing. It is also possible to prepare instant tea from green 
tea or from oxidized leaf prior to the drying step. As most 
tea consumed in the United States is drunk as a cold bev- 
erage, the cold-water insolubility of the important cream 
fraction introduces technological problems in manufac- 
ture. A product prepared simply by extraction with hot wa- 
ter, concentration, and drying will not rehydrate com- 
pletely without applied heat or the use of additives. 
Cold-water extraction does not recover sufficient solids to 
meet organoleptic or economic criteria. Most instant-tea 
technology is concerned with ways to resolve this problem. 
Tea cream, the fraction that precipitates when a black-tea 
solution is cooled, constitutes 15 to 30% of the original ex- 
tract solids. The quantity varies with the type of tea, the 
extract concentration, and the temperature to which the 
extract is cooled. Beverage color, caffeine content, and 
taste are disproportionately concentrated in the cream 
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fraction. Tea cream is a complex of the oxidized polyphen- 
olic material with caffeine along with other occluded sub- 
stances. The aggregates that develop on standing include 
other components of tea extract, such as proteinaceous ma- 
terial, lipids, and waxes. Freshly precipitated cream can 
be resolubilized by heating. The first instant teas that ap- 
peared on the U.S. market were prepared by discarding 
the cream after cooling the hot extract. The cream problem 
was solved in many ways as indicated by a copious patent 
literature. Most approaches are based on the disruption of 
the caffeine-tannin complexes. 


Manufacture 


Tea is extracted with hot water in a countercurrent mode, 
either batchwise in kettles or in columns. Continuous ex- 
traction systems have been described (72). Aroma fractions 
are collected by vacuum stripping and condensation or by 
separation and preservation of the first column effluents. 
They are retained for later addition to the product stream. 
‘Vacuum concentration to the desired solids level for ade- 
quate cream separation may then be carried out. Pro- 
longed storage of extracts at elevated temperatures is 
avoided to prevent oxidative and microbiological deterio- 
ration. Tea cream is solubilized or avoided by several dif- 
ferent procedures. Treatment of cream with the enzyme 
tannase results in the selective hydrolysis of gallate link- 
ages, thereby increasing solubility (73). Similarly, it is pos- 
sible to treat black tea with tannase to produce a cold- 
water-extractable product (74). The addition of unoxidized 
(green tea) catechins to black-tea extract prevents the for- 
mation of insoluble substances by competitive complexa- 
tion (75). 

Several oxidative procedures for the conversion of 
green-tea extracts to black tea have been described. These 
include the use of oxygen, ozone, or hydrogen peroxide (76— 
78). The reactions are carried out in an alkaline medium 
so that oxidation and hydrolysis occur simultaneously. 
These oxidized green-tea extracts are useful in instant-tea 
manufacture because color and solubility control are easily 
effected by their addition to the black-tea extract stream. 

If cream has been solubilized apart from the remainder 
of the extract, the fractions are recombined and the total 
extract is brought to the concentration desired for drying. 
Vacuum or freeze concentration may be utilized. Concen- 
tration by reverse osmosis has also been described as use- 
ful for flavor conservation (79). Retained aroma fractions, 
often concentrated, are added to the drier feed. 

Most instant tea is spray-dried. Pectins extracted from 
tea or other sources have been used to control final product 
density (80). Inflation of particles with carbon dioxide dur- 
ing spray-drying controls density and wall thickness. Both 
parameters affect product solubility. Instant tea may also 
be freeze-dried. The treatment of spent tea leaf with a f- 
gluconase or cellulase to hydrolyze leaf components adds 
to the yield of extract solids and decreases the disposal 
load. The additional use of proteases enhances this effect. 
The extraction of fermented green leaf, omitting the firing 
stage, is an attractive process for use in tea-growing coun- 
tries to conserve energy. Minor amounts of instant tea are 
prepared for hot beverage consumption. Processing is sim- 
pler and taste is more authentic. 


Product Characteristics 


Instant-tea powders are usually manufactured with a den- 
sity of ca 0.1 g/mL. Products are soluble in cold tap water 
and produce a clear solution with an authentic tea color 
and taste. Instant-tea mixes that contain sugar or a non- 
caloric sweetener and various fruit flavors are widely used. 
Canned iced tea beverages containing sweeteners and fla- 
vors are also based on instant tea. Decaffeinated instant 
tea has also come into use. Most instant tea is manufac- 
tured and consumed in the United States, where it ac- 
counts for ca 15% of total tea usage. Production in 1998 
was ca 2,500 t. Kenya, India, and Sri Lanka together man- 
ufacture ca 5,000 t, more than half of which is exported to 
the United States (1). 


READY-TO-DRINK (RTD) TEA 


RTD teas represent the fastest-growing mode of tea con- 
sumption in the United States. In 1997 ca 1 billion L was 
produced. They are usually presented as a sweetened, fla- 
vored, slightly acidified beverage. Taste stability and 
maintenance of clarity under refrigeration pose major 
technical problems in their manufacture. The addition of 
high methoxy pectin to an acidified, flavored tea extract at 
normal beverage strength (ca 0.3%) results in a clear, cold- 
water-stable product (81). Gum arabic provides the same 
benefits (82). 


PHYSIOLOGICAL EFFECTS 


Soon after the introduction of tea into England, extreme 
positive and negative effects were attributed to it. A Lon- 
don teahouse advertisement stated that “Tea removeth 
lassitude, vanquisheth heavy dreams, easeth the frame, 
and strengtheneth the memory. It overcometh superfluous 
sleep, and prevents sleepiness in general, so that without 
trouble whole nights may be passed in study.” Though 
some doctors extolled its curative powers, others attacked 
tea for causing “palsies, impotence, leanness, sterility, and 
nervousness” (83). 

Tea is now considered to be a healthful beverage. It is 
a useful source of fluoride and potassium. Its vitamin con- 
tent is too low to be significant except for heavy users (5 
cups per day), who may obtain 5 to 10% of the RDA for 
riboflavin, niacin, folic acid, and pantothenic acid. 

Catechins and their oxidation products have been 
shown to be effective antioxidants. They exhibit significant 
quenching of active oxygen species such as hydroxyl and 
peroxyl radicals as well as more stable free radicals. In 
lipophilic systems they inhibit the free radical-mediated 
oxidation of low-density lipoproteins (LDL). Active oxygen 
radicals are known to play a role in mutagenesis and chem- 
ical carcinogenesis. Oxidized LDL is believed to promote 
atherosclerotic lesions. Tea has therefore been studied for 
its possible usefulness in preventing these developments. 
It has exhibited protective effects on laboratory animals 
treated with mutagenic, carcinogenic, or atherogenic 
agents. 

Prior administration of green-tea extracts inhibits the 
chromosome aberrations normally induced by aflatoxin B, 


in rat bone marrow cells (84). Green-tea polyphenol con- 
sumption exhibits protective effects for rodents treated 
with carcinogens (85). Topical appli 
polyphenols is protective against the i 
mors in mice treated with 3-methylcholanthrene (86). 
Though most of these studies have been conducted with 
green tea or its components, black tea also exhibits pro- 
tective effects in biological systems (87). Extension of these 
studies to humans (primarily with epidemiological ap- 
proaches) has not produced definitive results, partly due 
to the confounding factors inherent in studies of this type. 
Epidemiological studies carried out in different parts of the 
world are difficult to compare and evaluate because of di- 
etary differences. There is often a lack of quantification 
concerning the tea solids consumed. In a few such inves- 
tigations, however, some evidence for its anticarcinogenic 
effect for humans has been obtained (88). 

Green tea and green-tea polyphenols lower serum cho- 
lesterol levels of rats maintained on a cholesterogenic diet 
(89). A strong negative correlation has been observed be- 
tween green-tea consumption and the onset of stroke in a 
large Japanese population (90). 

Tea may be inhibitory to the absorption of iron. Border- 
line iron deficiencies may be accentuated by high levels of 
intake (91). A similar effect occurs with thiamine (92). Re- 
ports linking tea consumption with esophageal cancer 
have been based on faulty epidemiological studies: In some 
areas where the condition is rampant and where tea con- 
sumption is high, such as in parts of China, dietary con- 
tamination with carcinogenic molds and nitrosamines is 
widespread (93); in an area of Iran, beverages are com- 
monly consumed scaldingly hot—a practice in itself con- 
ducive to esophageal cancer. 

Confusion of herbal teas with Camellia sinensis and 
tannic acid with tea components has led to further mis- 
understanding concerning the effects of tea consumption. 
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Thermal processing of canned foods has been one of the 
most widely used methods of food preservation during this 
century. In its broadest sense, it refers to the technology of 
using heat sterilization to preserve ready-to-eat foods and 
other biological products so that they can remain safe and 
wholesome under long-term extended storage at room tem- 
perature without chemical additives or preservatives, 
Foods preserved in this manner have become so common- 
place in the human diet that the health of the world popu- 
lation now depends in great measure on the safety and 
wholesomeness of these foods. Thermal processing consists 
of heating food containers in pressurized retorts at speci- 
fied temperatures for prescribed lengths of time. These 
process times are calculated on the basis of achieving suf- 
ficient bacterial inactivation (lethality) in each container 
to comply with public health standards and to ensure that 
the probability of spoilage will be less than some mini- 
mum. Associated with each thermal process are some deg- 
radation of heat-sensitive vitamins and other undesirable 
quality factors. Because of these quality and safety factors, 
great care is taken in the calculation of these process times 
and in the control of time and temperature during pro- 
cessing to avoid either underprocessing or overprocessing. 
The heat transfer considerations that govern the tempera- 
ture profiles achieved within the container of food are criti- 
cal factors in the determination of time and temperature 
requirements for sterilization. The sections that follow ex- 
plain the distinction between sterilization and pasteuri- 
zation, provide a brief history describing the evolution of 
canning technology leading to the current state of the art, 
a description of the various types of commercial equipment 
systems operating today in modern food processing facto- 
ries, a review of the scientific principles that must be un- 
derstood in order to establish these processes and specify 
necessary process conditions, and a look at future trends 
and perspectives for this important food preservation tech- 
nology. 


STERILIZATION VERSUS PASTEURIZATION 


Thermal processing covers the broad area of food preser- 
vation technology in which heat treatments are used to 
inactivate microorganisms to accomplish either commer- 
cial sterilization or pasteurization. Sterilization processes 
are used with canning to preserve the safety and whole- 
someness of ready-to-eat foods over long terms of extended 
storage at normal room temperature (nonrefrigerated) 
without additives or preservatives, and pasteurization pro- 
cesses are used to extend the refrigerated storage life of 
fresh foods. Although both processes make use of heat 
treatments for the purpose of inactivating microorgan- 
isms, they differ widely with respect to the classification 
or type of microorganisms targeted, and thus the range of 
temperatures that must be used and the type of equipment 
systems capable of achieving such temperatures. 


Pasteurization 


Pasteurization is a relatively mild heat treatment given to 
foods with the purpose of destroying selected vegetative 
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Thermal processing covers the broad area of food preser- 
vation technology in which heat treatments are used to 
inactivate microorganisms to accomplish either commer- 
cial sterilization or pasteurization. Sterilization processes 
are used with canning to preserve the safety and whole- 
someness of ready-to-eat foods over long terms of extended 
storage at normal room temperature (nonrefrigerated) 
without additives or preservatives, and pasteurization pro- 
cesses are used to extend the refrigerated storage life of 
fresh foods. Although both processes make use of heat 
treatments for the purpose of inactivating microorgan- 
isms, they differ widely with respect to the classification 
or type of microorganisms targeted, and thus the range of 
temperatures that must be used and the type of equipment 
systems capable of achieving such temperatures. 


Pasteurization 


Pasteurization is a relatively mild heat treatment given to 
foods with the purpose of destroying selected vegetative 
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microbial species (especially the pathogens) and inactivat- 
ing the enzymes. Because the process does not eliminate 
all the vegetative microbial population and almost none of 
the spore formers, pasteurized foods must be contained 
and stored under conditions of refrigeration with chemical 
additives or modified atmosphere packaging, which mini- 
mize microbial growth. Depending on the type of product, 
the shelf life of pasteurized foods could range from several 
days (milk) to several months (fruit juices). Because only 
mild heat treatment is involved, the sensory characteris- 
tics and nutritive value of the food are minimally affected. 
The severity of the heat treatment and the length of stor- 
age depends on the nature of the product, pH conditions, 
the resistance of the target microorganism or enzyme, the 
sensitivity of the product, and the method of heating. Some 
of these are summarized in Table 1 (1). 

Most pasteurization operations involving liquids (milk, 
milk products, beer, fruit juices, liquid egg, etc) are carried 
out in continuous heat exchangers. The product tempera- 
ture is quickly raised to the pasteurization levels in the 
first heat exchanger, held for the required length of time 
in the holding tube, and quickly cooled in a second heat 
exchanger. For viscous fluids, a swept surface heat ex- 
changer is often used to promote faster heat transfer and 
to prevent surface fouling problems. In-package pasteuri- 
zation is similar to conventional thermal processing of 
foods except that it is carried out at lower temperatures. 
The thermal processing of high acid foods (natural or acid- 
ified) is also sometimes termed pasteurization to indicate 
that relatively milder heat treatment is involved (gener- 
ally carried out at boiling water temperatures). 


Sterili 


Sterilization implies the destruction of all viable microor- 
ganisms and is not the appropriate word to be used for 
thermal processing of foods, because these foods are far 
from being sterile in the medical sense of the word. The 
success of thermal processing does not lie in destroying all 
viable microorganisms but in the fact that together with 
the nature of the food (pH), environment (vacuum), her- 
metic packaging, and storage temperature, the given heat 
process prevents the growth of microorganisms of spoilage 
and public health concern. In essence, it represents a ther- 
mal process in which foods are exposed to a high-enough 
temperature for a sufficiently long time to render them 


commercially sterile. The process takes into account the 
heat resistance of the spore formers in addition to their 
growth sensitivity to oxygen, pH, and temperature. The 
presence of vacuum in cans prevents the growth of most 
aerobic microorganisms, and if the storage temperature is 
kept below 25°C, the heat-resistant thermophiles pose lit- 
tle or no problem. From the public health perspective, the 
most important microorganism in low-acid (pH > 4.5) 
foods is Clostridium botulinum, a heat-resistant, spore- 
forming, anaerobic pathogen that, ifit survives processing, 
can potentially grow and produce the deadly botulism 
toxin in foods. Because C. botulinum and most spore for- 
mers do not grow at pH < 4.5 (acid and medium-acid 
foods), the thermal processing criterion for these foods is 
the destruction of heat-resistant yeasts and molds, vege- 
tative microorganisms, or enzymes. The temperature and 
pH requirements of some common spoilage microorgan- 
isms are summarized in Table 2 (2). Because spore formers 
generally have high heat resistance, the low-acid foods 
that support their growth are processed at elevated tem- 
peratures (115-125°C), whereas acid foods need only to be 
brought to 80-90°C for adequate inactivation of enzymes 
or destruction of vegetative cells, yeasts, and molds. 


STERILIZATION EQUIPMENT SYSTEMS 


Historical Perspectives 


The practice of canning as a method of food preservation 
originated in the early 1800s in France when Emperor Na- 
poleon Bonaparte offered a prize of 12,000 francs to anyone 
who could develop better and more diversified foods to feed 
his troops on their military campaigns. A man named 
Nicholas Appert won the prize for successfully preserving, 
for the first time, a variety of perishable food products by 
heat-processing them in glass jars and bottles. At the time 
of Appert’s discovery, the reasons for food spoilage were not 
known; process times and temperatures were selected by 
trial and error. Pasteur discovered the existence of micro- 
scopic organisms many years later in 1860. 

From Appert’s work, plus the invention of the metal 
container and the pressure cooker or retort, evolved the 
present-day thermal processing technology. The develop- 
ment of metal and glass containers capable of withstand- 
ing more than 1 atm of added internal pressure was a ma- 


Table 1. Pasteurization Objectives and Conditions for Selected Foods 


Food Purpose Typical processing conditions 
Fruit juice ‘Inactivation of enzymes (pectinesterase and polygalacturonase) 65°C for 30 min; 77°C for 1 min; 88°C for 
15s 

Beer Destruction of spoilage microorganisms (wild yeasts, Lactobacillus sp.),  65~68°C for 20 min (in bottle); 72-75°C for 
and residual yeasts (Saccharomyces sp.) 1-4 min at 900-1,000 kPa 

Milk Destruction of pathogens: Brucella aboritis, Mycobacterium 63°C for 30 min; 71.5°C for 15s 
tuberculosis, 
Coxiella burnettii 

Liquid egg Destruction of pathogens Salmonella seftenburg 64.4°C for 2.5 min; 60°C for 3.5 min 

Ice cream Destruction of pathogens 65°C for 30 min; 71°C for 10 min; 80°C for 


15s 


Source: Ref. 1. 


THERMAL PROCESSING OF FOOD 2307 


‘Table 2. Spore-Forming Bacteria Important in Spoilage of Food 


Acidity of food 
Approximate temperature (°C) range for vigorous growth Acid 3.7 < pH <45 Low acid pH > 4.5 
‘Thermophilic (55-35°) B. coagulans C. thermosaccharolyticum 
C. nigrificans 
Bacillus stearothermophilus 
Mesophilic (40-10°) C. butyricum C. botulinum, A and B 
C. pasteurianum C. sporagenes 
B. mascerans B. licheniformis 
B. polymyxa B. subtilis 
Psychrophilic (35-<5°) C. botulinum, E 
Source: Ref. 2. 


jor breakthrough. This allowed a concurrent development 
of devices permitting the exposure of the filled and sealed 
containers to steam pressures above atmospheric, namely, 
processing temperatures of 120°C instead of only 100°C 
(boiling water). Because the thermal inactivation of food 
spoilage organisms is a function of both time and tempera- 
ture, the higher temperature under pressure allowed a 
very considerable reduction in the time necessary to en- 
sure product sterility. Equally important was the marked 
improvement of the canned food quality. Commercial 
equipment systems in use today for heat sterilization of 
canned foods are described in the following sections. 


Retort Processing 


Batch Systems. There are two fundamentally different 
process methods by which canning is accomplished in the 
food industry. These two methods are known as retort pro- 
cessing and aseptic processing. In retort processing, foods 
to be sterilized are first filled and hermetically sealed in 
cans, jars, or other retortable containers. Then, they are 
heated in their containers using hot steam or water under 
pressure so that heat penetrates the product from the can 
wall inward, and both product and can wall become ster- 
ilized together. In aseptic processing, a liquid food is first 
sterilized outside the container by pumping it through heat 
exchangers that deliver very rapid heating and cooling 
rates. Then, the cool sterile product is filled and sealed in 
a separately sterilized package under a sterile environ- 
ment at room temperature. Thus, retort processing can be 
thought of as in-container or in-can sterilization, and asep- 
tic processing can be thought of as out-of-container steril- 
ization. 

In retort processing (in-can sterilization), the food to be 
sterilized is first filled and hermetically sealed in rigid, 
flexible, or semirigid containers such as metal cans, glass 
jars, retort pouches, or plastic bowls or trays that are 
placed within large steam retorts, sometimes called auto- 
claves. These are pressure vessels that work like giant 
pressure cookers, as shown in Figure 1. Once the retorts 
are full of containers to be sterilized, the retort doors are 
closed tightly and the air is replaced by hot steam under 
pressure to achieve temperatures above the atmospheric 
boiling point of water. A common retort temperature for 
sterilizing canned foods is 121°C (250°F), at approximately 
1 atm of added internal pressure. After the containers have 


Figure 1, Empty batch retort with doors ajar showing interior 
rails for entry and exit of wheeled crates used in loading and un- 
loading operations. Source: Courtesy FMC Food Process Systems 
Division, Madera, Calif. 


been exposed to the sterilizing temperature for sufficient 
time to achieve the desired level of sterilization, the steam 
is shut off, and cooling water is introduced to cool the con- 
tainers and reduce the pressure, thus ending the process. 
Once the retort pressure has returned to atmosphere, the 
doors can be opened, and the processed containers are re- 
moved for labeling, case-packing, and warehousing to 
await distribution to the marketplace. 

Although the unloading and reloading operations are 
labor intensive, a well-managed cook room can operate 
with surprising efficiency. The cook room is the room or 
area within a food canning factory in which the retorts are 
located (Fig. 2). Some cook rooms are known to have more 
than 100 retorts operating at full production. Although 
each retort is a batch cook operation, the cook room as a 
whole operates as a continuous production system in that 
filled and sealed unsterilized cans enter the cook room con- 
tinuously from the filling line operations, and fully pro- 
cessed sterilized cans leave the cook room continuously en- 
route to subsequent case packing and warehousing. Within 
the cook room, teams of factory workers move from retort 
to retort to carry out loading and unloading operations, 
and retort operators are responsible for a given number or 
bank of retorts. These operators carefully monitor the 
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Figure 2. Exterior view of operating batch retort (above), and 
commercial system of batch retorts showing automated loading/ 
unloading operations in a typical food processing plant cook room 
(below). Source: Courtesy FMC Food Process Systems Division, 
Madera, Calif. 


operation of each retort to make sure the scheduled process 
is delivered for each batch. For convection-heating prod- 
ucts that benefit from mechanical agitation during pro- 
cessing, agitating batch retorts are available that accom- 
plish axial rotation of the cans or end-over-end agitation 
by rotating the entire crate during processing operations 
(3,4). 


Continuous Retort Systems. Continuous retort opera- 
tions require some means by which cans are automatically 
and continuously moved from atmospheric conditions into 
a pressurized steam environment, held or conveyed 
through that environment for the specified process time, 
and then returned to atmospheric conditions for further 
handling operations. The most well-known commercially 
available systems that accomplish these requirements are 
the crateless retort, the continuous rotary cooker, and the 
hydrostatic sterilizer (3,4). 

Crateless Retorts. A crateless retort system is, in a 
sense, an automatic cook room in that the system is made 
up of a series of individual retorts, each operating in a 
batch mode, with loading, unloading, and process sched- 
uling operations all carried out automatically without the 
use of crates. An individual crateless retort is shown sche- 
matically in Figure 3. When ready to load, the top hatch 
opens automatically, and cans fed from an incoming con- 
veyor literally fall into the retort, which is filled with hot 
water to cushion the fall. Once fully charged, the hatch is 
closed while the incoming conveyor diverts the flow of cans 
to another retort that is ready for loading. Steam entering 
from the top displaces the cushion water out the bottom. 
When the cushion water has been fully displaced, all 
valves are closed and processing begins. At the end of the 
process time, the retort is refilled with warm water and 
the bottom hatch, which lies beneath the water level in the 
discharge cooling canal, is opened to let the cans gently fall 
onto the moving discharge conveyor in the cooling canal. 


Figure 3. Operating schematic of a crateless retort showing “free 
fall” discharge of sterilized food containers onto submerged cooling 
canal exit conveyor. 


After all cans are discharged, the bottom hatch is reclosed, 
and the retort is ready to begin a new cycle. A commercial 
system of crateless retorts would consist of several such 
retorts in a row sharing a common infeed and discharge 
conveyor system to achieve continuous operation of any 
design capacity. 

Continuous Rotary Cookers. The continuous rotary pres- 
sure sterilizer or “cooker” is a horizontal rotating retort 
through which the cans are conveyed while they rotate 
about their own axis through a spiral path on a revolving 
reel mechanism. Residence time through the sterilizer is 
controlled by the rotating speed of the reel, which can be 
adjusted to accomplish the specified process time. This, in 
turn, sets the line speed for the entire system. Cans are 
transferred from an incoming can conveyor through a syn- 
chronized feeding device to a rotary pressure sealed trans- 
fer valve, which indexes the cans into the sterilizer while 
preventing the escape of steam and loss of pressure (much 
like a revolving door). Once cans have entered the steril- 
izer, they travel in the annular space between the reel and 
the shell. They are held between spines on the reel and a 
helical or spiral track welded to the interior shell wall. In 
this way, the cans are carried by the reel around the inner 
circumference of the shell imparting a rotation about their 
own axes, while the spiral track in the shell directs the 
cans forward along the length of the sterilizer by one can 
length for each revolution of the reel. At the end of the 
sterilizer, cans are ejected from the reel into another rotary 
valve and into the next shell for either additional cooking 
or cooling (Figs. 4 and 5). 

Most common systems require at least three shells in 
series to accomplish controlled cooling through both a pres- 


Figure 4. Schematic of helical path traveled by food containers 
moving through a series of rotary cooker/cooler shells in a contin- 
uous rotary sterilizer system. 


Figure 5. Continuous rotary sterilizer system with cutaway 
views showing rotary pressure-seal valves and internal helical 
spline and real conveying mechanism. Source: Courtesy FMC 
Food Process Systems Division, Madera, Calif. 


sure cool shell and an atmospheric cool shell following the 
cooker or sterilizer. For cold-fill products that require con- 
trolled preheating, as many as five shells may be required 
in order to deliver an atmospheric preheat, pressure pre- 
heat, pressure cook, pressure cool, and atmospheric cool. 
By nature of its design and principal of operation, a con- 
tinuous rotary sterilizer system is manufactured to accom- 
modate a specified can size and cannot be easily adapted 
to other sizes. For this reason, it is not uncommon to see 
several systems in operation in one food canning plant, 
each system dedicated to a different can size filling line. 
Hydrostatic Sterilizers. These systems are so named be- 
cause steam pressure is controlled hydrostatically by the 
height of a leg of water. Because of the height of water leg 
required, these sterilizers are usually installed outdoors 
adjacent to a canning plant. They are self-contained struc- 
tures with the external appearance of a rectangular tower 
as shown in Figure 6. They are basically made up of four 
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Figure 6, Exterior view of continuous hydrostatic sterilizer. 
Source: Courtesy FMC Food Proceas Systems Division, Madera, 
Calif. 


chambers: a hydrostatic bring-up leg, a sterilizing steam 
dome, a hydrostatic bring-down leg, and a cooling section. 

The principal of operation for a hydrostatic sterilizer 
can be explained with reference to the schematic in Figure 
7. Containers are conveyed through the sterilizer on car- 
riers connected to a continuous chain link mechanism that 
provides positive line speed control. This provides resi- 
dence time control to achieve specified process time in the 
steam dome. Carriers are loaded automatically from in- 
coming can conveyors and travel to the top of the sterilizer 


Figure 7. Schematic of continuous conveyor path traveled by food 
containers through inlet water leg, sterilizing steam dome, outlet 
water leg, and cooling section of a continuous hydrostatic retort. 
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where they enter the bring-up water leg. They travel down- 
ward through this leg as they encounter progressively hot- 
ter water. As they enter the bottom of the steam dome, the 
water temperature will be in equilibrium with steam tem- 
perature at the water steam interface. In the steam dome, 
the cans are exposed to the specified process or “retort” 
temperature controlled by the hydrostatic pressure for the 
prescribed process time controlled by the carrier line 
speed, When cans exit the steam dome, they again pass 
through the water steam interface at the bottom and travel 
upward through the bring-down leg as they encounter pro- 
gressively cooler water until they exit at the top. Cans are 
then sprayed with cooling water as the carriers travel 
down the outside of the sterilizer on their return to the 
discharge conveyor station. 


Aseptic Processing 


Aseptic canning systems have rapidly developed in recent 
years primarily to allow for the marketing of shelf-stable 
foods in novel or more economical packaging systems that 
cannot withstand normal retort processing conditions. The 
primary goal in earlier development work on aseptic can- 
ning systems was to use the high temperature-short time 
(HTST) benefit of aseptic processing to minimize quality 
losses that occur in the slow heating of foods processed in 
conventional retorting systems. In either case, aseptic can- 
ning circumvents the need for retort operations by steril- 
izing the product outside of the container through heat 
exchanger systems before it is filled aseptically into sepa- 
rately sterilized containers or packaging systems. 


Heat Exchangers. The benefits of HTST processing have 
been known for a number of years and have led to the rapid 
development of aseptic canning systems wherever possi- 
ble. These methods generally apply only to fluid products 
that can be pumped through heat exchangers capable of 
applying ultra-high temperature—short time (UHT) heat- 
ing conditions to the product before it is filled and sealed 
aseptically. The general types of heat exchangers com- 
monly used with aseptic canning systems fall into the two 
basic categories of direct and indirect heating. In direct 
heating, the product is brought into direct contact with live 
steam through either steam injection or steam infusion 
heaters followed by holding and flash cooling under con- 
trolled pressure (Fig. 8). In indirect heating, the product 
contacts the heated metal surfaces of a heat exchanger, 
which separate the product from direct contact with the 
heat exchange medium. Either plate, tubular, or swept- 
surface heat exchangers are most often used for this pur- 
pose (Fig. 9). The residence time experienced by the prod- 
uct as it flows through an insulated holding tube or holding 
section between the heating and cooling heat exchangers 
accomplishes the necessary process time for delivering the 
specified sterilizing value or lethality, and is controlled by 
flow rate. 


Aseptic Processing Systems. Among the first commer- 
cially successful aseptic canning systems is the Dole sys- 
tem, illustrated schematically in Figure 10. The system 
was designed to aseptically fill conventional steel cans, and 
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Figure 8. Steam-infusion heat exchangers. Source: Ref. 5, cour- 
tesy of Crepaco, Inc. 


made use of superheated steam chambers to sterilize 
empty can bodies and covers as they were slowly conveyed 
to the filling chamber. The filling chamber was also main- 
tained sterile by superheated steam under positive pres- 
sure and received cool sterile product from the heat ex- 
changers in the product sterilizing subsystem. The entire 
system was presterilized before operation by passing su- 
perheated steam through the can tunnel, cover and closing 
chamber, and filling chamber for a prescribed start-up pro- 
gram of specified times and temperatures. The product 
sterilizing line was presterilized by passing pressurized 
hot water through the cooling heat exchanger (with coolant 
turned off), product filling line, and filler heads. This start- 
up procedure had to be repeated every time a compromise 
in sterility occurred at any system component. Careful 
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monitoring and control by skillful and highly trained op- 
erators is a must for such an intricately orchestrated 
system. 

Although the Dole system had been the mainstay for 
aseptic filling into metal cans, subsequent regulatory ap- 
proval for the use of chemical sterilants such as hydrogen 
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Figure 9. (a) Plate heat exchangers with product flow 
schematic, (b) schematic of tubular heat exchangers, and 
(©) cutaway section of swept surface heat exchangers. 
Source: Ref. 5, courtesy of Cherry-Burrell. 


peroxide to sterilize the surfaces of various paper, plastics, 
and laminated packaging materials opened the door to a 
wide array of commercially available aseptic filling sys- 
tems that produce shelf-stable liquid foods in a variety of 
gable-topped, brick-packed, and other novel package con- 
figurations. Filling machines designed for these packaging 
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Figure 10, Dole Aseptic Canning Line. Source: Ref. 4, courtesy of CTI Publications, Inc. 


systems are usually based on the use of form-fill-seal 
operations. In these machines, the packaging material is 
fed from either precut blanks or directly from roll stock, 
passed through a chemical sterilant bath or spray treat- 
ment, formed into the final package shape while being 
filled with cool sterile product from the product sterilizing 
system, and then sealed and discharged, all within a con- 
trolled aseptic environment. 

Another important commercial application of aseptic 
processing technology is in the storage and handling of 
large bulk quantities of sterilized food ingredients, such as 
tomato paste, fruit purees, and other liquid food concen- 
trates that need to be purchased by food processors or in- 
stitutional end users for use as ingredients in further pro- 
cessed prepared foods. The containers for such applications 
can range in size from the classic 55-gallon steel drum to 
railroad tank cars or stationary silo storage tanks. Spe- 
cially designed aseptic transfer valves and related han- 
dling systems make it possible to transfer sterile product 
from one such container to another without compromising 
sterility (Fig. 11). 


Pasteurization Processes Systems 


Pasteurization can be carried out by either in-container or 
out-of-container processes. The main difference from 
sterilization is that the lower temperatures used for pas- 
teurization do not require the need for operating under 
pressure. Thus, the equipment systems needed for pas- 
teurization are much simpler in design and easier to op- 
erate and maintain. 

Normally, liquid foods with delicate heat-sensitive qual- 
ity attributes, such as milk and fruit juices, are pasteur- 


ized out-of-container using HTST heat exchangers to pas- 
teurize with minimum quality degradation before filling in 
clean packages. These HTST pasteurization systems are 
similar to the aseptic process systems used in sterilization 
except that they operate at lower temperatures and at at- 
mospheric pressure, and they do not require rigid aseptic 
filling conditions. Some liquid dairy products, such as dairy 
cream and coffee whitener, are given a sterilization heat 
treatment by operating the heat exchanger under pressure 
to achieve sterilizing temperatures, but are filled into con- 
ventional sanitary cartons without aseptic filling systems. 
Such products are marketed as ultrapasteurized with 
markedly longer storage life under refrigeration. 

Less heat-sensitive foods as well as most nonliquid 
foods are pasteurized in-container much like the retort 
process for sterilization, except that an open tank of hot or 
near-boiling water is sufficient, and there is no require- 
ment to use pressure vessels like retorts or autoclaves. A 
third method of pasteurization, known as hot fill, makes 
use of the high pasteurizing temperature reached by the 
product in a batch tank or mixing kettle as part of the 
product preparation. The clean empty containers are filled 
with the hot product and sealed. They are held upright for 
a few minutes to transfer sufficient heat to the container 
walls and bottom, and then they are inverted for an addi- 
tional few minutes to complete pasteurization of the con- 
tainer lid and seal area using heat transferred from the 
still hot product. Most canned fruits, fruit preserves, and 
acidified (pickled) products are pasteurized in this way. 

Note that the food examples given for the hot fill method 
of pasteurization are nonrefrigerated foods that enjoy long- 
term storage at room temperature without the use of ster- 
ilization heat treatments. That is because they are high- 
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Figure 11. Aseptic filling system for 55-gallon drums. Source: Ref. 4, courtesy of Cherry-Burrell 


Corporation and CTI Publications. 


acid foods (pH < 4.5) that cannot support the growth of 
heat-resistant spore forming pathogens. High-acid foods 
are subject to spoilage principally by yeasts and molds, 
which have low heat resistance and can be inactivated by 
pasteurization heat treatments alone. These are techni- 
cally canned foods, but are essentially processed by the use 
of pasteurization technology. That is why it is important 
to distinguish between high-acid and low-acid canned 
foods in the context of thermal processing. 


SCIENTIFIC PRINCIPLES OF THERMAL PROCESSING 


Important Interrelationships 


An understanding of two distinct bodies of knowledge is 
required to appreciate the basic principles involved in ther- 
mal process calculation. The first of these is an under- 
standing of the thermal inactivation kinetics (heat resis- 
tance) of food-spoilage-causing organisms. The second 
body of knowledge is an understanding of the heat transfer 
considerations that govern the temperature profiles 
achieved within the food container during the process, 
commonly referred to in the canning industry as heat pen- 
etration. 

Figure 12 conceptually illustrates the interdependence 
between the thermal inactivation kinetics of bacterial 
spores and the heat transfer considerations in the food 
product. Thermal inactivation of bacteria generally follows 
first-order kinetics and can be described by a logarithmic 
reduction in the population or concentration of bacterial 
spores with time for any given lethal temperature, as 
shown in the upper family of curves in Figure 12. These 
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Figure 12. Time and temperature dependence of the thermal in- 
activation kinetics of bacterial spores in the thermal processing of 
canned foods. Source: Ref. 3, reprinted with permission, copyright 
1992 by Marcel Dekker, Inc., New York. 
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are known as survivor curves. The decimal reduction time, 
D, is expressed as the time in minutes to achieve 1 log cycle 
of reduction in concentration, C. As suggested by the fam- 
ily of curves shown, D is temperature dependent and varies 
logarithmically with temperature, as shown in the second 
graph. This is known as a thermal death time (TDT) curve 
and is essentially a straight line over the range of tem- 
peratures used in food sterilization. The slope of the line 
that describes this relationship is expressed as the tem- 
perature difference, Z, required for the line to traverse 1 
log cycle (10-fold change in D). The temperature in the food 
product, in turn, is a function of the retort temperature 
(Tp), initial product temperature (7), location within the 
container (x), thermal diffusivity of the product (a), and 
time (t), as shown by the heat penetration curves at the 
bottom of Figure 12. Thus, the concentration of viable bac- 
terial spores during thermal processing decreases as a 
function of the inactivation kinetics, which are a function 
of temperature. The temperature, in turn, is a function of 
the heat transfer considerations, involving time, space, 
thermal properties of the product, and initial and bound- 
ary conditions of the process. 


Microbiological Considerations 


Heat Resistance. The heat resistance of microorganisms 
varies considerably. At any given temperature, this is gen- 
erally expressed as a decimal reduction time (D-value), 
which is the heating time required to reduce the number 
of microorganisms by 90% (or to one-tenth of the initial). 
The temperature sensitivity of these D-values is expressed 
in terms of a Z-value, which represents the temperature 
range that results in a 10-fold change in the D-values. 
These two values can be realized as negative reciprocal 
slopes of logarithm of surviving microbial numbers vs time 
(D-value or survivor curve) and logarithm of D-values vs 
temperature (Z-value curve) as described by the functional 
expressions in Figure 12. Some typical D- and Z-values for 
selected microorganisms are given in Table 3. 

As mentioned earlier, the Z-value curve, which de- 
scribes the temperature dependency of the D-value, is of- 
ten referred to as the TDT curve. It forms the basis upon 
which thermal process times and temperatures are deter- 
mined and is shown in more detail in Figure 13. Once the 
TDT curve has been established for a given microorganism 
in a given food product, it can be used to calculate the time 


Table 3. Thermal Resistance of Spore Formers Used as a 


Basis for Thermal Processing 
Microorganism Daso-value,min _z-value, °C 
B, stearothermophilus 4.0 7.0 

B, subtilis 0.48-0.76 74-13.0 
B. cereus 0.0065 9.7 

B. megaterium 0.04 88 

C. perfringens 10.0 

C. sporogenes 0.15 13.0 

C. sorogenes (PA 3679) 0.48-1.4 10.6 

C. botulinum 0.21 9.9 

C. thermosaccharolyticum 3.0-4.0 8.9-12.2 
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Figure 13. Thermal death time (TDT) curve showing tempera- 
ture dependency of D value (decimal reduction time of microor- 
ganisms) given by temperature change (Z) required for tenfold 
change in D value. Source: Ref. 3, reprinted with permission, copy- 
right 1992 by Marcel Dekker, Inc., New York. 


and temperature requirements for any idealized thermal 
process. For example, assume a process is required that 
will achieve a 6-log-cycle reduction in the population of 
bacterial spores whose kinetics are described by the TDT 
curve in Figure 13, and that a temperature of 235°F has 
been chosen for the process. The TDT curve shows that the 
D-value at 235°F is 10 min. This means that 10 min will 
be required for each log cycle reduction in population at 
that temperature. If a 6-log-cycle reduction is required, a 
total of 60 min is required for the process. If a temperature 
of 270°F had been chosen for the process, the D-value at 
that temperature is approximately 0.1 min, and only 0.6 
min (or 36 s) would be required at that temperature to 
accomplish the same 6-log-cycle reduction. 


Sterilization F-Value (Lethality). The example process 
calculations carried out using the TDT curve in Figure 13 
showed clearly how two widely different processes (60 min 
at 235°F and 0.6 min at 270°F) were equivalent with re- 
spect to their ability to achieve a 6-log-cycle reduction for 
that organism. Therefore, for a given Z-value, the specifi- 
cation of any one point on the line is sufficient to specify 
the sterilizing value of any process combination of time and 
temperature on that line. The reference point that has 
been adopted for this purpose is the time in minutes at the 
reference temperature of 250°F (121°C), or the sterilizing 
F-value (lethality) for the process. Since the F-value is ex- 
pressed in minutes at 250°F (121°C), the unit of lethality 


is 1 min at 250°F (121°C). Thus, if a process is assigned an 
F-value of 6, it means that the integrated lethality 
achieved by whatever time-temperature history employed 
by the process must be equivalent to the lethality achieved 
by 6 min of exposure to 250°F. 

To illustrate, the example process calculation using the 
TDT curve in Figure 13 will be repeated by specifying the 
F-value for the required process. Recall from that example 
that the process was required to accomplish a 6-log-cycle 
reduction in spore population. All that is required to spec- 
ify the F-value is to determine how many minutes at 250°F 
will be required to achieve that level of log-cycle reduction. 
The Dgso-value is used for this purpose, since it represents 
the number of minutes at 250°F to accomplish 1 log-cycle 
reduction. Thus, the F-value is equal to Dos multiplied by 
the number of log cycles required in population reduction, 
or 


F = Deso(loga — logb) (a) 


where a is the initial number of viable spores and 6 is the 
final number of viable spores (or survivors). 

In this example, D259 = 1.16 min as taken from the TDT 
curve in Figure 13, and (loga — logb) = 6. Thus, F = 
1.16(6) = 7 min, and the sterilizing value for this process 
has been specified as F = 7 min. This is normally the way 
in which a thermal process is specified for subsequent cal- 
culation of a process time at some other temperature. In 
this way, information regarding specific microorganisms or 
numbers of log cycles reduction can be replaced by the F 
value as a process specification. Note also that this F-value 
serves as the reference point to specify the equivalent pro- 
cess curve discussed earlier. By plotting a point at 7 min 
on the vertical line passing through 250°F in Figure 13 and 
drawing a curve with a slope of 1/z parallel to the TDT 
curve through this point, the line will pass through the two 
equivalent process points that were calculated earlier (60 
min at 235°F and 0.6 min at 270°F). Alternatively, the 
equation of this straight line can be used to calculate the 
process time (t) at some other constant temperature (7) 
when F is specified: 


F = 107-002 @) 


Equation 3 becomes important in the general case when 
the product temperature varies with time during a process, 
and the F-value delivered by the process must be inte- 
grated mathematically, such as at the center ofa container 
of solid food. 


dF = f LOT 2502p (3) 


Specification of Process Lethality. Establishing the le- 
thality (F-value to be specified for a low-acid canned food) 
is undoubtedly one of the most critical responsibilities 
taken on by a food scientist or engineer acting on behalf of 
a food company in the role of a competent thermal pro- 
cessing authority. The steps normally taken for this pur- 
pose are outlined here. 
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There are two types of bacterial populations of concern 
in canned food sterilization. First is the population of or- 
ganisms of public health significance. In low-acid foods 
with pH above 4.5, the chief organism of concern is Clos- 
tridium botulinum. A safe level of survival probability that 
has been accepted for this organism is 10~7”, or one sur- 
vivor in 10! cans processed. This is known as the 12-D 
concept for a botulinum cook. Since the highest D259 value 
known for this organism in foods is 0.21 min, the minimum 
process sterilizing value for a botulinum cook assuming an 
initial spore load of one organism per can is 


F = 0.21 x 12 = 2.52 min 


Essentially, all low-acid foods are processed far beyond the 
minimum botulinum cook in order to deal with spoilage- 
causing bacteria of much greater heat resistance. For these 
organisms, acceptable levels of spoilage probability are 
usually dictated by economic considerations. Most food 
companies accept a spoilage probability of 10-5 from me- 
sophilic spore-formers (organisms that grow and spoil food 
at room temperature). The organism most frequently used 
to characterize this classification of food spoilage is a strain 
of Clostridium sporogenese known as PA 3679 with a max- 
imum Dogs value of 1.00. Thus, a minimum process ster- 
ilizing value for a mesophilic spoilage cook assuming an 
initial spore load of one spore per can is 


F = 1.00 x 5 = 5.00 min 


Where thermophilic spoilage is a problem, more severe 
processes may be necessary because of the high heat resis- 
tance of thermophilic spores. Fortunately, most thermo- 
philes do not grow readily at room temperature; they re- 
quire incubation at unusually high storage temperatures 
(110-130°F) in order to cause food spoilage. Generally, 
foods that show no more than 1% spoilage (spoilage prob- 
ability of 10-*) upon incubation after processing will show 
less than the minimum 10~S spoilage probability in nor- 
mal commerce. Therefore, when thermophilic spoilage is a 
concern, the target value for the final number of survivors 
is usually taken as 10~*, and the initial spore load needs 
to be determined through microbiological analysis since 
contamination from these organisms varies greatly. For a 
situation with an initial thermophilic spore load of 100 
spores per can and an average Dg5o value of 4.00, the pro- 
cess sterilizing value required would be 


F = 4.00(log 100 — log 0.01) 
F = 4.00(4) = 16 min 


These procedural steps are guidelines for average condi- 
tions; they often need to be adjusted up or down in view of 
the types of contaminating bacteria that may be present, 
the initial level of contamination or bioburden of the most 
resistant types, the spoilage risk accepted, and the nature 
of the food product. 


Heat Transfer Considerations 


In traditional thermal processing of canned foods, contain- 
ers are placed in steam retorts that apply heat to the out- 
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side wall. The product temperature cannot respond instan- 
taneously, but will gradually rise in an effort to approach 
the temperature at the wall followed by a gradual fall in 
response to cooling at the wall. In this situation, the ster- 
ilizing value delivered by the process will be the integrated 
result of the time-temperature profile experienced at the 
slowest heating point of the container. This profile shape 
will depend in large part upon the mode of heat transfer 
experienced by the product. 


Modes of Heat Transfer 

Conduction-Heating. Solid-packed foods in which there 
is essentially no product movement within the container, 
even when agitated, heat largely by conduction heat trans- 
fer. Because of the lack of product movement and the low 
thermal diffusivity of most foods, these products heat very 
slowly and exhibit a nonuniform temperature distribution 
during heating and cooling, which is caused by the tem- 
perature gradient set up between the can wall and geo- 
metric center. For conduction-heating products, the geo- 
metric center is the slowest heating point in the container. 
Therefore, process calculations are based on the tempera- 
ture history experienced by the product at the can center. 
Solid-packed foods such as canned fish and meats, baby 
foods, pet foods, pumpkin, and squash fall into this cate- 
gory. These foods are usually processed in still cook or con- 
tinuous hydrostatic retorts that provide no mechanical ag- 
itation. 

Convection-Heating. Thin-bodied liquid products 
packed in cans, such as soups, sauces, and gravies, will 
heat by either natural or forced convection heat transfer, 
depending upon use of mechanical agitation during pro- 
cessing. In a still cook retort that provides no agitation, 
product movement will still occur within the container be- 
cause of natural convective currents induced by density 
differences between the warmer liquid near the hot can 
wall and the cooler liquid near the can center. The rate of 
heat transfer in nearly all convection heating products can 
be increased substantially by inducing forced convection 
through mechanical agitation. For this reason, most 
convection-heating foods are processed in agitating retorts 
designed to provide either axial or end-over-end can rota- 
tion. Normally, end-over-end rotation is preferred and can 
be provided in batch retorts; continuous rotary retorts can 
provide only limited axial rotation. Unlike conduction 
heating products, because of product movement in forced 
convection-heating products, the temperature distribution 
throughout the product is reasonably uniform under me- 
chanical agitation. In natural convection, the slowest heat- 
ing point is somewhat below the geometric center and 
should be located experimentally in each new case. 

Broken-Heating. Broken-heating canned food products 
exhibit a break between the two modes of heat transfer; 
they will heat part of the time by convection and part of 
the time by conduction. The more common of these foods 
are those that initially heat by convection, then, because 
of starch gelatinization or other thickening agent activity, 
they set-up or thicken and proceed to heat by conduction. 
Less common are products that begin heating first by con- 
duction, then for the remainder of the period heat by con- 
vection. Generally, these are products with solid pieces in 


a liquid brine that settle and pack into the lower two-thirds 
or so of the container when placed in the retort. After some 
time of heating, when convective currents become suffi- 
ciently strong, the solid pieces are lifted and disperse to 
begin moving with the liquid phase. 


Heat Penetration Measurement. The primary objective of 
heat penetration measurements is to obtain an accurate 
recording of the product temperature at the can cold spot 
over time while the container is being heated under a con- 
trolled set of retort processing conditions, This is normally 
accomplished through the use of copper constantan ther- 
mocouples inserted through the can wall so as to have the 
junction located at the can geometric center. Thermocouple 
lead wires pass through a packing gland in the wall of the 
retort for connection to an appropriate data acquisition 
system in the case of a still cook retort. For agitating re- 
torts, the thermocouple lead wires are connected to a ro- 
tating shaft for electrical signal pick up from the rotating 
armature outside the retort. 

The precise temperature-time profile experienced by 
the product at the can center will depend on the physical 
and thermal properties of the product, size and shape of 
the container, and retort operating conditions, Therefore, 
it is imperative that test cans of product used in heat pen- 
etration tests be truly representative of the commercial 
product with respect to ingredient formulation, fill weight, 
head space, and can size and that the laboratory or pilot 
plant retort being used is capable of accurately simulating 
the operating conditions that will be experienced during 
commercial processing on the production-scale retort sys- 
tems intended for the product. If this is not possible, then 
heat penetration tests should be carried out using the ac- 
tual production retort during scheduled breaks in produc- 
tion operations. 


Heat Penetration Curves. During a heat penetration 
test, both the retort temperature history and product tem- 
perature history at the can center are measured and re- 
corded over time. A typical test process will include venting 
of the retort with live steam to remove all atmospheric air 
and then closing of vents to bring the retort up to operating 
pressure and temperature. This is the point at which pro- 
cess time begins, and the retort temperature is held con- 
stant over this period of time. At the end of the prescribed 
process time, steam is shut off, and cooling water is intro- 
duced under overriding air pressure to prevent sudden 
pressure drop in the retort. This begins the cooling phase 
of the process, which ends when the retort pressure re- 
turns to atmosphere and the product temperature in the 
can has reached a safe low level for removal from the re- 
tort. A typical temperature-time plot of these data is 
shown in Figure 14, which illustrates the degree to which 
the product center temperature can lag behind the retort 
temperature during both heating and cooling. The product, 
center temperature history can be taken directly from this 
plot to perform a process calculation by numerical integra- 
tion of equation 3; this will be discussed in further detail 
later. 

A heat balance between the heat absorbed by the prod- 
uct and the heat transferred across the can wall from the 
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Figure 14. Center temperature profile in cylindrical container of 
conduction-heating food product in response to constant retort 
temperature process during heating and cooling. 


steam retort could be expressed as follows for an element 
of food volume facing the can wall of surface area A and 
thickness L: 


aT 


k 
LAC, = = A(T, - T) (4) 


where T is product temperature, 7, is retort temperature, 
and p, C,, and k are density, specific heat, and thermal 
conductivity of the product, respectively. Because of the 
high surface heat transfer coefficient of condensing steam 
at the can wall and high thermal conductivity of the metal 
can, overall surface resistance to heat transfer can be as- 
sumed negligible in contrast to the product’s resistance to 
heat transfer. After rearranging terms, expression 4 can 
be written in the form of an ordinary differential equation: 


aT ( k 
ae” ate T, - T) (5) 
By letting the thermal diffusivity (a) represent the com- 
bination of thermal and physical properties (k/pC,) and let- 
ting T, represent the initial product temperature, the so- 
lution to equation 5 becomes 


om fe ) 
TT. ~ expla t (6) 


Thus, the product center temperature can be seen to be 
an exponential function of time; a semilog plot of the tem- 
perature difference [T', — T] against time would produce a 
straight line sloping downward having a slope related to 
the product’s thermal diffusivity and can dimensions (Fig. 
15). Because the heat penetration rate factor, fi, is the re- 
ciprocal slope of the heat penetration curve, it is related to 
the product’s thermal diffusivity and container dimen- 
sions. For a finite cylinder, the following relationship can 
be used to obtain the thermal diffusivity from a heat pen- 
etration curve: 
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Figure 15. Semilogarithmic heat penetration curve showing pre- 
dominent log-linear decay of difference between retort and prod- 
uct temperature over process heating time. 
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where R = can radius, L = one-half can height, and f, is 
the heating rate factor in minutes. This relationship is also 
useful to determine the heating rate factor, fj, for the same 
product in a different sized container, since the thermal 
diffusivity is a combination of physical properties that 
characterize the product and its ingredient formulation 
and remains unaffected by different container sizes. 


(7) 


COMPUTER SIMULATION 


Numerical Models 


Another purpose for obtaining the thermal diffusivity of 
products from a heat penetration curve is to make use of 
numerical computer models capable of simulating the heat 
transfer in canned foods. One of the primary advantages 
of these models is that once the thermal diffusivity has 
been determined, the model can be used to predict the 
product temperature history at any specified location 
within the can for any set of processing conditions and con- 
tainer size. With the use of such models, it is unnecessary 
to carry out repeated heat penetration tests in the labo- 
ratory or pilot plant in order to determine the heat pene- 
tration curve for a different retort temperature or can size. 
A second advantage of even greater importance is that the 
retort temperature need not be held constant, but can vary 
in any prescribed manner throughout the process, and the 
model will predict the correct product temperature history 
at the can center. Use of these models has been invaluable 
for simulating the process conditions experienced in con- 
tinuous sterilizer systems, in which cans pass from one 
chamber to another experiencing a changing retort tem- 
perature at the can wall as they pass through the system. 
Another important application of these models is in the 
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rapid evaluation of an unscheduled process deviation, such 
as when an unexpected drop in retort temperature occurs 
during the course of the process. The model can quickly 
predict the product center temperature history in response 
to such a deviation and calculate the delivered F-value for 
comparison with the sterilizing value specified for the 
product (6-8). 

The first published numerical computer model for sim- 
ulating the thermal processing of canned foods made use 
of a numerical solution by finite differences of the two- 
dimensional partial differential equation (equation 8) that 
describes conduction heat transfer in a finite cylinder (9). 
Temperature in the food product is a function of the retort 
temperature (T'g), initial product temperature (7), loca- 
tion within the container (x), thermal diffusivity of the 
product (a), and time (t) in the case of a conduction-heating 
food. In practice, a is obtained from the slope of the heat 
penetration curve ( fj,) and is readily known. Because heat 
is applied only at the can surface, temperatures will rise 
first only in regions near the can walls, and temperatures 
near the can center will begin to respond only after a con- 
siderable time. Mathematically, the temperature (7) is a 
distributed parameter in that at any point in time (¢) dur- 
ing heating, the temperature takes on a different value 
with location in the can (ry), in any one location, the tem- 
perature changes with time as heat gradually penetrates 
the product in accordance with the thermal diffusivity (a). 

Equation 8 can be written in the form of finite differ- 
ences for numerical solution by digital computer, as shown 
in equation 9. The finite differences are discrete incre- 
ments of time and space defined as small fractions of pro- 
cess time and container height and radius (4t, 4h, and 4r, 
respectively). As a framework for computer iterations, the 
cylindrical container is imagined to be subdivided into vol- 
ume elements that appear as layers of concentric rings 
having rectangular cross-sections, as illustrated in Figure 
16 for the upper half of the container. Temperatures nodes 
are assigned at the corners of each volume element on a 
vertical plane as shown in Figure 17, wherei andj are used 
to denote the sequence of radial and vertical volume ele- 
ments, respectively. By assigning appropriate boundary 
and initial conditions to all the temperature nodes (interior 
nodes set at initial product temperature and surface nodes 
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Figure 16. Subdivision of a cylindrical container for application 
of finite differences for numerical solution of heat conduction 
equation in a finite cylinder. Source: Ref. 3, reprinted with per- 
mission, copyright 1992 by Marcel Dekker, Inc., New York. 
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Figure 17. Labeling of grid nodes in matrix of volume elements 
on a vertical plane for application of finite differences, Source: Ref, 
3, reprinted with permission, copyright 1992 by Marcel Dekker, 
Inc., New York. 


set at retort temperature), the new temperature reached 
at each node can be calculated after a short time interval 
(4t) that would be consistent with the thermal diffusivity 
of the product obtained from heat penetration data ( f,). 
This new temperature distribution is then taken to replace 
the initial one, and the procedure is repeated to calculate 
the temperature distribution after another time interval. 
In this way, the temperature at any point in the container 
at any instant in time is obtained. At the end of process 
time, when steam is shut off and cooling water is admitted 
to the retort, the cooling process is simulated by simply 
changing the boundary conditions from retort temperature 
to cooling temperature at the surface nodes and continuing 
with the computer iterations described earlier. 
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In this way, the temperature at the can center can be cal- 
culated after each time interval to produce a heat penetra- 
tion curve upon which the process lethality or F-value can 
be calculated. When the numerical computer model is used 
to calculated the process time required at a given retort 
temperature to achieve a specified lethality, the computer 
follows a programmed search routine of assumed process 
times that quickly converges on the precise time at which 
cooling should begin in order to achieve the specified F- 
value. Thus, the model can be used to determine the pro- 
cess time required for any given set of constant or variable 
retort temperature conditions. The next section describes 


the method for calculating the process time required at any 
given retort temperature to deliver a specified process ster- 
ilizing value or lethality. 


Process Calculation 


The numerical integration of equation 3 is the most ver- 
satile method of process calculation because it is univer- 
sally applicable to essentially any type of thermal process- 
ing situation. It makes direct use of the product 
temperature history at the slowest heating point of the 
container obtained from a heat penetration test or pre- 
dicted by a computer model for calculating the process ster- 
ilizing value delivered by a given temperature-time his- 
tory. This method is particularly useful in taking 
maximum advantage of computer-based data acquisition 
systems used in connection with heat penetration tests. 
Such systems are capable of reading temperature signals 
received directly from thermocouples monitoring both re- 
tort and product center temperature and processing these 
signals through the computer. Both retort temperature 
and product center temperature are plotted against time 
without any data transformation. This allows the operator 
to see what has actually happened throughout the dura- 
tion of the process test. As the data are being read by the 
computer, additional programming instructions call for 
calculation of the incremental process sterilizing value at 
each time interval between temperature readings and 
summing these over time as the process is under way (nu- 
merical integration of equation 3). As a result, the accu- 
mulated sterilizing F-value is known at any time during 
the process and can be plotted on the graph along with 
the temperature histories to show the final value reached 
at the end of the process. An example of the computer 
printout from such a heat penetration test is shown in Fig- 
ure 18. 
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Figure 18. Computer-generated plot of measured retort tem- 
perature and calculated center temperature and accomplished F, 
for a given thermal process. Source: Ref. 3, reprinted with per- 
mission, copyright 1992 by Marcel Dekker, Inc., New York. 
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Process Optimization 


The principle objective of thermal process optimization is 
to maximize product quality, minimize undesirable 
changes, minimize cost, and maximize profits. At all 
times, a minimal process must be maintained to exclude 
the danger from microorganisms of public health and 
spoilage concern. Five elements common to all optimiza- 
tion problems are performance or objective function (nu- 
trients, texture, and sensory characteristics), decision 
variables (retort temperature and process time), con- 
straints (practical limits for temperatures and required 
minimal lethality), mathematical model (analytical, finite 
differences, and finite element), and optimization tech- 
nique (search, response surface, and linear or nonlinear 
programming). 

Optimization theory makes use of the different tem- 
perature sensitivity of microbial and quality factor de- 
struction rates. Microorganisms have lower decimal re- 
duction time (less resistant to heat) and a lower Z-value 
(more sensitive to temperature) than most quality fac- 
tors. Hence, a higher temperature will result in prefer- 
ential destruction of microorganisms over the quality 
factor. Especially applied to liquid product either in a 
batch in-container mode or in continuous aseptic sys- 
tems, the higher temperature with shorter time offers a 
great potential for quality optimization. However, for 
conduction heating foods, one of the major limitations is 
the slower heating. All higher temperatures do not nec- 
essarily favor the best quality retention because they 
also expose the product nearer the surface to more se- 
vere temperature than the product at the center, which 
might result in diminished overall quality. Using a finite 
differences computer simulation program, it has been 
demonstrated that the optimal process temperature is 
around 250°F (121°C) for maximized thiamin retention. 
In fact, processing at temperatures beyond 265°F was 
shown to result in poorer thiamine retention than pro- 
cessing at 240°F (9). 

Product quality optimization can also be accom- 
plished by promoting faster and more uniform heating 
in the product by other means, such as optimized con- 
tainer geometry in the form of appropriate height-to- 
diameter ratios, alternate packaging materials and 
shave such as the thin-profile retort pouch or semirigid 
container, or an agitated process for foods that are nor- 
mally conduction heated but can flow under the influ- 
ence of agitation (6). 


On-Line Computer Control 


Traditional control of thermal process operations has con- 
sisted of maintaining specified operating conditions that 
have been predetermined from product and process de- 
velopment research, such as the process calculations for 
the time and temperature of a batch cook. Sometimes 
unexpected changes can occur during the course of the 
process operation or at some point upstream in a pro- 
cessing sequence such that prespecified processing con- 
ditions are no longer valid or appropriate, and off- 
specification product that is produced must be either 
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reprocessed or destroyed at appreciable economic loss. 
These types of situations can be of critical importance in 
food processing operations because the physical process 
variables that can be measured and controlled are often 
only indicators of complex biochemical reactions that are 
required to take place under the specified process con- 
ditions. 

Because of the important emphasis placed on the pub- 
lic safety of canned foods, processors operate in strict com- 
pliance with the Food and Drug Administration's Low- 
Acid Canned Food Regulations. Among other things, these 
regulations require strict documentation and record- 
keeping of all critical control points in the processing of 
each retort load or batch of canned product. Particular 
emphasis is placed on product batches that experience an 
unscheduled process deviation, such as when a drop in 
retort temperature occurs during the course of the process 
that may result from loss of steam pressure. In such a 
case, the product will not have received the established 
scheduled process and must be either destroyed, fully re- 
processed, or set aside for evaluation by a competent pro- 
cessing authority. If the product is judged to be safe, then 
batch records must contain documentation showing how 
that judgement was reached. If judged unsafe, then the 
product must be fully reprocessed or destroyed. Such 
practices are costly. 

In recent years, food engineers knowledgeable in the 
use of engineering mathematics and scientific principles of 
heat transfer have developed computer models (described 
earlier in this section) capable of simulating thermal pro- 
cessing of conduction-heated canned foods. These models 
make use of numerical solutions to mathematical heat 
transfer equations capable of predicting accurately the in- 
ternal product cold spot temperature in response to any 
dynamic temperature experienced by the retort during the 
process, The accomplished lethality (F,) for any thermal 
process is easily calculated by numerical integration of the 
predicted cold spot temperature over time, as explained 
previously. Thus, if the cold spot temperature can be ac- 
curately predicted over time, so can accumulated process 
lethality. 

Computer-based intelligent on-line control systems 
make use of these models as part of the decision-making 
software in a computer-based on-line control system. In- 
stead of specifying the retort temperature as a constant 
boundary condition, the actual retort temperature is read 
directly from sensors located in the retort and is continu- 
ally updated with each iteration of the numerical solution. 
Using only the measured retort temperature as input to 
the control system, the model operates as a subroutine cal- 
culating the internal product cold spot temperature at 
small time intervals for computer iteration in carrying out 
the numerical solution to the heat conduction equation by 
finite differences. At the same time, the model also calcu- 
lates the accomplishing process lethality associated with 
cold spot temperature in real time as the process is under 
way. At each time step, the subroutine simulates the ad- 
ditional lethality that will be contributed by the cooling 
phase if cooling were to begin at that time. In this way, the 
control system decision of when to end heating and begin 
cooling is withheld until the model has determined that 


final target process lethality will be reached at the end of 
cooling (10). 

By programming the control logic to continue heating 
until the accumulated lethality has reached some desig- 
nated target value, the process will always end with the 
desired level of sterilization (F,) regardless of an unsched- 
uled process temperature deviation. At the end of the pro- 
cess, complete documentation of measured retort tempera- 
ture history, calculated center temperature history, and 
accomplished sterilization (F,) can be generated in com- 
pliance with regulatory record-keeping requirements. 
Such documents are shown in Figure 19 for a normal pro- 
cess and for the same intended process with an unexpected 
deviation. 


FUTURE TRENDS 


Thermal processing has been in use as a predominant 
method of food preservation since the middle of the nine- 
teenth century. People throughout the world have become 


300 25 
250 420¢ 
c = 
'@ 200 415 
& 8 
s % 
& 150 4103 
E é 
100 45 <2 

50 pitiiiitiriitiiiisg 

0 75 100 125 150 

Time (min) 

300 25 
250 oe 
c £ 
@ 200 5 
5 3 
¢ 150 oe 
2 oS 
ad Q 
100 < 

SOC ti tii tig 

0 25 50 75 100 125 150 

Time (min) 


Figure 19. Output documentation of computer-based on-line con- 
trol system showing scheduled heating time of 68 minutes for nor- 
mal process (above), and heating time extended automatically to 
76 minutes in compensation for unscheduled temporary loss of 
retort temperature (process deviation) (below). 


quite familiar with canned foods packed in traditional 
metal cans and glass jars. Perhaps less apparent is the 
important role that this technology has had and continues 
to have in promoting and sustaining the health and well- 
being of populations throughout the world. Although the 
major portion of canned foods produced throughout history 
has been used to help feed the consuming public, this tech- 
nology has also played a very strategic role in major world 
events. The famous C-rations that supported military 
troops through the World Wars I and II were canned food 
rations. These rations remained safe and wholesome for 
consumption after long periods of storage and handling un- 
der highly stressful and abusive conditions. 

Developments in new packaging materials and retort 
systems have brought about a host of innovative new 
canned food products that are often not recognized as being 
canned foods. Most canned food rations for today’s military 
troops are packaged in flexible retort pouches; they are 
convenient, comfortable (soft), and lightweight when being 
carried on maneuvers. For feeding large numbers of mili- 
tary troops in field kitchens, canned foods come as fully 
prepared meals in large institutional-sized rectangular 
steam-table trays ready to heat and serve. 

The increasing popularity of the microwave oven has 
created a demand for canned foods in microwavable con- 
tainers that are ready to “pop and zap.” This has led to the 
increasing success of complete prepared meals in attrac- 
tive lunch bowls or dinner trays that can be placed in the 
microwave oven and be taken directly to the dinner table. 
Such products are hardly recognizable as traditional 
canned foods, but they are. 

Perhaps least recognizable, however, is the important 
role that thermal processing technology has played in the 
pharmaceutical and health care industry. Large quantities 
and varieties of sterile solutions are required daily for sur- 
gical and patient care procedures. Sterile saline solutions, 
irrigation solutions, intravenous solutions with dextrose or 
glucose, and dialysate solutions, along with a host of other 
large-volume parenteral solutions in glass, plastic, flexible 
and semirigid containers, are sterilized in retort systems 
using the technology of canning for food preservation. Such 
products, of course, are neither thought of nor considered 
to be canned foods, but they are in fact a very important 
use of thermal processing technology throughout the 
world. 
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THERMAL STERILIZATION OF CANNED 
LIQUID FOODS 


Sterilization of food involves the destruction of microor- 
ganisms carried in it so that the food can be stored longer 
and be safe to consume. Thermal sterilization is the most 
often used and most time-tested method of sterilization. It 
involves use of heat to destroy the harmful microorgan- 
isms. But heat also affects nutrients and other desirable 
food properties adversely. Design of sterilization processes 
involves selection and implementation of heating tempera- 
ture and duration to minimize the destruction of desirable 
food components while maintaining the required level of 
destruction of the harmful microorganisms (1,2). 

Due to the finite size of any food material, time- 
temperature histories will always vary spatially, the exact 
variation being a function of the food properties, the design 
of the machinery, and the properties of container (batch) 
or tube (continuous). Only by analyzing all of these factors, 
which requires detailed heat transfer studies, would the 
required time-temperature history be known. Sterilization 
of liquids is further complicated because it is not the time- 
temperature history of locations but that of the individual 
moving liquid particles that determine the extent of ster- 
ilization, the latter being difficult to observe experimen- 
tally or to calculate theoretically. 

The sterilization literature spans more than 100 years. 
Most studies are product, process, or equipment specific. 
The studies generally do not explain the underlying phys- 
ics in sufficient detail to be able to make generalized con- 
clusions about a large category of problems. This article 
synthesizes the engineering studies of liquid food sterili- 
zation to provide insight into the underlying physics of the 
process. After introducing the general concepts involving 
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heating of fluids, three broad categories of liquid food ster- 
ilization systems are discussed in detail. These are contin- 
uous heating, agitated containerized heating, and unagi- 
tated containerized heating. Included under each category 
are a brief description of the processing equipment, meth- 
ods of heating, flow and temperature profiles, sterilization 
values, effect of non-Newtonian liquid behavior, and effect 
of presence of particulates. 


QUANTITATIVE MEASURE OF STERILIZATION 


The rates of reactions in foods, such as the destruction of 
microorganisms or nutrients, are generally first-order re- 
actions described by 


de 
a hye (63) 


where c is the concentration of any component at time t 
and kr is the rate constant at temperature T. The tem- 
perature dependency of the rate constant is given by the 
well-known Arrhenius law 


hy = koe FoR (2) 


where kp is a constant called frequency factor, E, is the 
activation energy, and R is the gas constant. The tempera- 
ture T normally varies in a heating process. To obtain the 
final concentration in changing temperature, equation 1 is 
integrated between initial concentration c; and final con- 
centration c at time ¢ to get 


P ; 
int = ho { Folge (3) 


In the food literature, equation 3 is used in a different 
form. Instead of referring to a final concentration, an 
equivalent heating time of F is used that gives the same 
final concentration when temperature T is constant at a 
reference value. For a reference temperature of Tp, if the 
rate constant is kr,, 
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When the process temperature T stays close to Tp, equa- 
tion 4 can be simplified by noting TT ~ T%. A new param- 
eter Z is defined in terms of the activation energy E, to 
describe the temperature dependence of reaction as 
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Z E, 


(6) 


Using this simplification and the definition of parameter 
Z, equation 4 can be rewritten as 


; 
Fy = f 107-TZ gp 6) 


This is the familiar equation in food sterilization that pro- 
vides the equivalent heating time Fy at a reference tem- 
perature 7; for a process whose actual temperature T' var- 
ies with time t. 

In any finite mass of liquid (or any material), the tem- 
perature history T(t) varies spatially throughout the mass. 
Thus Fy as given by equation 6 will vary spatially at any 
given time. Thus in reality, there is always a distribution 
of Fy values due to spatial variation of temperature history. 
For bacterial destruction the lowest value of Fy is taken as 
the measure of the extent of sterilization. The average Fy 
for nutrients, which is sometimes referred to as the cook 
value, provides a measure of the nutritional quality of the 
processed food material. 

The complete distribution of quality parameters such 
as sterilization and nutrient retention is generally quite 
difficult to obtain due to the complex variations of tem- 
perature T with position and time in most processing sit- 
uations of practical interest. Under these circumstances, 
design of the heating process is aimed at minimizing the 
spatial variation of temperature, for example, by introduc- 
ing turbulence. For many practical calculations, where 
spatial variation is ignored, mean temperature is used in 
equation 6. 


SPECIAL CONSIDERATIONS FOR LIQUIDS 


Several factors uniquely complicate the study of liquid 
sterilization as compared to solids, which are now dis- 
cussed. 


Distribution of Residence Time and Thermal Time 


Chemical and biological reactions such as destructions of 
microorganisms and nutrients associated with steriliza- 
tion refer to elements in the fluid and solid food. For pure 
conduction heating in solids, the elements stay in a fixed 
location. Thus sterilization of material particles becomes 
synonymous with sterilization at various locations. To ob- 
tain the extent of these reactions in liquids that are often 
flowing, material elements would need to be followed con- 
ceptually. Generally speaking, for every liquid particle the 
temperature history as well as the duration of heating 
would be different. 

The durations of heating are studied using the concepts 
of residence-time distributions (RTDs). The time it takes a 
molecule to pass through the sterilization vessel is called 
its residence time. In continuous operations, all liquid par- 
ticles do not remain in the equipment for the same time. 
Particles near the walls (boundary layer) or in dead space, 
for example, move more slowly than particles farther away. 
Such behavior of liquids result in a distribution of resi- 
dence times for various liquid elements. From equation 6 
the extent of sterilization would vary for the various liquid 
elements. It is therefore important to have an idea about 
the RTD to insure that the liquid residing for the shortest 
time receives adequate sterilization. Figure 1 shows an 
RTD where the area between any two residence times is 


Residence-time distribution 

Volume fraction dQ/Q 
having residence time 
between ¢ and ¢ + dt 


Thermat-time distribution 
Volume fraction dQ/Q 
having sterilization 
between Fy and Fy + dF 


_ 4a/Q 
BUR) = “ae 


Fy 


Figure 1. Representations of residence-time distributions and 
thermal-time distributions of fluids during a sterilization process. 
The symbol Q refers to either the volumetric flow rate or the total 
volume of liquid being sterilized. 


the volume (or mass) fraction of liquid that resides between 
those two times. RTDs are described in detail in various 
sources (3-5). 

But RTDs have only a duration of heating and not a 
temperature history and therefore cannot provide infor- 
mation on sterilization distribution in general. In analogy 
to RTDs, thermal-time distributions (TTDs) have been de- 
fined (6) that include the effect of temperature history. Fig- 
ure 1 shows a typical TTD. The area under the curve be- 
tween two values of sterilization is the fraction of liquid 
volume between those sterilization values. Unlike RTDs, 
TTDs have complete information on the temperature his- 
tory in addition to duration of heating. Three parameters 
that can characterize the distribution are the lowest value, 
range, and average values. Average values are of interest 
in estimates of nutrient retention. For sterilization, the 
lowest value is of interest. The lowest value in the distri- 
bution corresponds to the particle whose time-temperature 
history combines (as given by equation 6) to be the lowest 
Fo value. This least value of sterilization of a particle is 
difficult to obtain experimentally. In practice, least value 
of sterilizations obtained at various locations in the flow 
domain is used as the least sterilization for the process. 

It is important to note the conceptual distinction be- 
tween the time-temperature histories of location as op- 
posed to a liquid particle (7). Time-temperature history at 
a location in a moving liquid would not correspond to a 
single liquid particle in general. Instead it would corre- 
spond to all particles passing through that point over time. 
Depending on the nature of the flow, point sterilization can 
be different from particle sterilization. From the food 
safety point of view, point sterilization is inherently safe 
because it assumes a particle is stagnant at a location 
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where temperature always stays the least. All physical 
particles stay only some time at the slowest heating point, 
and no particle is expected to stay all the time in the 
slowest heating point. Thus all particles in the system ob- 
tain a sterilization more than or equal to the sterilization 
calculated based on the temperature at the slowest heating 
location. It becomes difficult to refer to slowest heating lo- 
cation when no one location stays the coldest over the en- 
tire period, as in some complex recirculating flows de- 
scribed later. In practice, the region over which the coldest. 
point moves over time is called the slowest heating zone. 
The time-temperature history at any location in the 
slowest-heating zone is considered to provide the least 
value of sterilization. 


Rates of Convective Heat Transfer 


In heating of liquids, whether as continuous flow in a heat 
exchanger or as batch processing in a can, it is useful to 
think of the heat transfer process as comprising several 
thermal resistances. These thermal resistances are related 
to the commonly used heat transfer coefficients that de- 
scribe a heating process involving liquids, that is, in flow- 
ing media. Thus, the total thermal resistance between a 
fluid food and the heating medium is made up of internal 
thermal resistance between the fluid food and the wall of 
the heat exchanger or the container holding the fluid, re- 
sistance of the wall of the heat exchanger or the container, 
and the thermal resistance between the outside wall of the 
heat exchanger or the container and the heating medium 
such as steam. Symbolically, we can write (8) 


WU = Wh, + Ath + Ih, 
total resistancee of resistance of resistance of 
resistance liquid food container wall heating fluid M 
inside the outside the 
contninee paar 


Here U is the overall heat transfer coefficient between the 
fiuid food and the heating medium, h; is the heat transfer 
coefficient between the fluid food and the container or ex- 
changer wall, k and 4x are the thermal conductivities and 
thicknesses, respectively, of the container or exchanger 
wall, and A, is the heat transfer coefficient between the 
container or exchanger outside wall and the heating me- 
dium. The internal convective heat transfer coefficient, h;, 
is generally small and the most significant one. The pur- 
pose of agitation is to significantly enhance it. The contri- 
bution due to wall conductivity and thickness can be ig- 
nored for metal cans with large thermal conductivity but 
can be significant with nonmetallic materials such as 
pouches. The external convective heat transfer coefficient 
is very large for steam condensation, and therefore its con- 
tribution can be ignored for steam heating. For heating 
with other liquids, the external heat transfer resistance 
can be significant. 

The overall heat transfer coefficient U can be used to 
make an energy balance to calculate the change in food 
temperature. For a continuously flowing liquid, this energy 
balance can be written as 
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me,dT = UdA(T,, — T) (8) 


where dA is a small area of the heat exchanger surface over 
which heat transfer takes place and during which time the 
temperature of the liquid changes by an amount dT. The 
mass flow rate of the liquid being heated is m, its specific 
heat is c,, and T,,, is the temperature of the heating me- 
dium. For batch heating of a liquid of mass m in a can, the 
energy balance can be written as 


me,dT = UA(T,, — Todt 9) 


where A is typically the surface area of the can and m is 
the total mass of liquid that changes its temperature by an 
amount dT during the time dt. Integrating equation 8 over 
the complete area of the heat exchanger or integrating 
equation 9 over the total duration of heating gives the 
time-temperature history 7(t) of the liquid to be used with 
equation 6 to obtain the net sterilization of the liquid. This 
is particularly useful in complex heat transfer situations 
where spatial variation in temperature is either small or 
quite difficult to obtain. 


Newtonian and Non-Newtonian Liquids 


The relationship between shear stress and shear rate of a 
large number of liquids can be represented as 


oY" 
c= a+ K{-2) (10) 


where a is the shear stress, o9 is the shear stress needed 
to initiate flow, du/dz is the velocity gradient of shear rate, 
Kis called the consistency coefficient, and n is called the 
flow behavior index. When ap is zero and n is equal to one, 
the liquid is called Newtonian and K becomes the viscosity 
of the liquid. For all other values of a9 and n, the liquid is 
described as non-Newtonian. Both Newtonian and non- 
Newtonian behavior are common to liquid foods (9). Among 
non-Newtonian liquid foods, a more common type is a 
pseudoplastic liquid for which oo is zero and n is less than 
one. Many of the studies on non-Newtonian liquids re- 
ferred to in this article are pseudoplastic type. 


Laminar and Turbulent Flow 


Turbulent flow is generally desired. Mechanical agitation 
is one way of getting turbulent flow as in a scraped-surface 
heat exchanger or in an agitating retort. In continuous 
flow, tube dimensions, flow rates, and liquid properties are 
adjusted to get a Reynolds number in the turbulent range. 
There are times, however, when turbulent flow is uneco- 
nomical to achieve, as in the case of many non-Newtonian 
liquids. These liquids exhibit high apparent viscosity, and 
pumping pressures required to obtain fully turbulent con- 
ditions are not economic for production rates of interest 
(10). Likewise, extent of agitation required for container- 
ized non-Newtonian liquid to attain turbulent flow may 
not always be feasible for practical industrial applications. 


Presence of Solid Particles in the Liquid 


When solid particles are present in the liquid, a very com- 
plex heat-transfer system results. The particles in the liq- 
uid would need to be sterilized besides the liquid itself. 
Additional conductive resistance for the inside of the solid 
food and convective resistance between solid food surface 
and the liquid carrying it are added to the three resistances 
on the right side of equation 7. The thermal resistance rep- 
resented by the surface heat transfer coefficient between 
the solid particles and the fluid carrying it is difficult to 
obtain experimentally or estimate from theoretical consid- 
erations. Additionally, the interior of the solid particles 
heat by a slow conduction process. The combined effect is 
that the sterilization of the food is limited by the sterili- 
zation of the particles. 


AGITATED BATCH (IN-CONTAINER) HEATING 
OF LIQUIDS 


Processing Equipment and Methods of Heating 


Mechanical agitation is frequently used to enhance heat 
transfer by increasing the surface heat transfer coefficient 
between the container surface and the liquid in it. Pro- 
cessing time can be markedly shortened this way, gener- 
ally resulting in improvement of quality. Quality also may 
improve because there is less chance for food to cook onto 
the can walls because the can contents are in motion. The 
critical factors that decide the effective agitation are the 
headspace or the amount of airspace in the can, consis- 
tency of the liquid, and speed and mode of agitation (11). 
Several modes of agitation are used in the industry, 
some of which are shown in Figure 2. In retorts known as 
sterilmatic type (13), the can rotates part of the time about 
its own axis and part of the time about an axis parallel to 
its own, as it travels through the retort. As the can rolls, 
the headspace travels along the cylindrical contours of the 
can, resulting in the agitation of the contents. In a spin 
cooker the can is axially rotated (Fig. 2) at speeds as high 
as 500 rpm as it travels through the length of the retort. 
In the other major type of agitation called end-over-end 
(EOE) agitation, the can is rotated around an axis perpen- 
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Figure 2. Some common types of can rotation. Source: Ref. 12. 


dicular to its own (Fig. 2). The axis of rotation is also lo- 
cated externally to the container. A positive movement of 
the headspace bubble is created throughout the rotating 
cycle, Because the headspace is moving along the length of 
the can and reverses direction every half a rotation, excel- 
lent mixing of the contents is achieved. In another rotating 
method of agitation (12) the cans are rotated in a circular 
path (Fig. 2) in such a way that the can orientation re- 
mains fixed. Agitation forces similar to those in EOE agi- 
tation are produced in this system. 

The heating medium generally used is steam. Heating 
in direct flame with agitation of the cans is also used 
(14,15). The flame temperatures can be close to 2,000°C, 
and this high temperature is the primary contributor to 
rapid heat transfer. 


Flow and Temperature Profiles 


The complex nature of the agitation provided by the equip- 
ment discussed previously has generally defied any theo- 
retical analysis to obtain detailed temperature and flow 
profiles. The temperature and flow patterns are affected 
by the headspace, fill of the container, solid-to-liquid ratio 
when solid particles are present, consistency of the liquid, 
and speed and type of agitation (11). There is only one theo- 
retical study of liquid flow and heat transfer in a container 
that incorporates some agitations of the container similar 
to the sterilmatic-type retort discussed previously (16). 
The effects of container rotation about its own axis were 
considered to have the dominant effect on heat transfer 
and liquid flow over simultaneous rotation about an axis 
parallel to its own. Thus only container axial rotation was 
considered. Faster heating rates were observed in presence 
of rotation (centrifugally driven flows). 

Experimental studies have measured temperature at 
several locations and correlated the heat transfer coeffi- 
cient with other parameters. Nusselt-Prandtl correlations 
for obtaining heat transfer coefficient in axially rotated 
cans in a steam retort using water and silicone oil as model 
liquids have been provided (17). The temperature distri- 
bution in direct-flame heating of axially rotating cans was 
very uniform (15). Transient temperatures in an axially 
rotating can heated in a steam retort was shown to be quite 
uniform (Fig. 3). Temperature measurements in an end- 
over-end rotating can were also similar (Fig. 4) and showed 
uniformity, which further improved when the direction of 
rotation was reversed at intervals. It has been noted that 
the heat transfer coefficient was much higher in EOE as 
compared to axial rotation (18). It was also noted that the 
mere presence of a minimal-size headspace in EOE rota- 
tion markedly increases the heat transfer coefficient, al- 
though its contribution becomes progressively smaller 
(Fig. 5). 

Due to the complexities of a theoretical or an experi- 
mental study, and the presence of fairly uniform tempera- 
tures inside the agitated container, detailed spatial vari- 
ations of temperature and velocities are often bypassed. 
Instead, the energy balance in equation 9 is based on T 
being the mean fluid temperature. Using this formulation, 
overall heat transfer coefficient, U, is made available from 
experiment often in the form of standard Nusselt-Prandtl 
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Figure 3, Temperature distribution at radial locations in an ax- 
ially rotating horizontal can. Source: Ref. 18. 


number correlations. The coefficient U depends on a num- 
ber of processing parameters. For example, in EOE agi- 
tation, increasing the retort temperature increased the 
overall heat transfer coefficient, U, as shown in Figure 6, 
probably by lowering the viscosity of the fluid. Rotational 
speed also increased the heat transfer coefficient (Fig. 7), 
due to enhanced mixing. Figure 7 also shows the expected 
reduction in overall heat transfer coefficient for a more vis- 
cous fluid (oil). 

The solution to equation 9 when starting from a uniform 
initial temperature of T, is 


P~ Te 


Ty Em 


=e WAlmenst (11) 


which can also be written in the form 


T - Tn ) 
pee 12 
tool <5) = nF a2) 


where j = 1 and f = mc,/2.303UA. Thus a plot of log((T’ — 
T,,)(1, — Tym)) versus t would be a straight line charac- 
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Figure 4. Temperature distribution at axial locations in an end- 
over-end agitated can, Source: Ref. 18. 


50 


120 rpm 


40 


30 


20 


106 


Heat transfer coefficient (cal/s °C m2) 


0 1 ! 1 ! 1 
0 2 4 6 8 10 12 


Heaspace (%) 


Figure 5. Inside surface heat transfer coefficient of an end-over- 
end agitated can, as influenced by headspace. Source: Ref. 19. 
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Figure 6. Overall heat transfer coefficient during end-over-end 
rotation at two (9 and 19 cm) radii of rotation at a rotational speed 
of 15 rpm as influenced by the retort (heating medium) tempera- 
ture. Source: Ref. 20. 
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Figure 7. Overall heat transfer coefficient between a canned liq- 
uid and the heating medium during end-over-end rotation as in- 
fluenced by the rotational speed of the can and the liquid viscosity. 
Source: Ref. 21. 


terized by the slope — 1/f and intercept j. This enables the 
f and j values to be obtained experimentally from mea- 
sured T(t) data. These f and j values are used to calculate 
sterilization time for a process as discussed in books such 
as Ball and Olson (1). 


Sterilization Values and Distribution 


Because the detailed temperature and flow patterns have 
not been solved or experimentally obtained for the various 
complex heating situations, knowledge of distribution of 
sterilization (TTD) inside the agitated containers is not 


available. Due to the presence of agitation, liquid would 
generally have a smaller spatial variation of temperature 
within the container and therefore a smaller spread in 
sterilization values. The precise cold point in the can is 
generally unavailable for specific heating situations due to 
unavailability of detailed spatial variation in temperature. 
In axially rotating cans under flame sterilization (15), the 
cold points were on the axis near the ends of the can, al- 
though temperatures at other locations varied very little 
except near the wall. The center of the can is generally 
assumed to be the cold point for agitated heating, although 
for small variations in temperature within the container 
this is somewhat irrelevant. 


Effect of Non-Newtonian Liquid Behavior 


Several non-Newtonian liquids in the steritort have been 
studied, and correlations similar to Nusselt-Prandtl num- 
ber correlations for Newtonian liquids have been provided. 
Several other studies have also included non-Newtonian 
liquids, and these studies have been summarized (11). 
Studies in nonfood applications indicate that the convec- 
tive heat transfer characteristics of non-Newtonian liquids 
are generally similar to those for Newtonian liquids (22,23) 


Effect of Presence of Particulates 


Several authors have studied agitated canned liquids in 
the presence of particulates, although rigorous engineer- 
ing studies providing detailed temperature and velocity 
profiles in the liquid in presence of particulates are gen- 
erally lacking (24,25). The additional critical parameter 
due to the presence of particles is, of course, the convective 
surface heat transfer coefficient between the fluid and the 
particles. It was noted that for agitations in a steritort, this 
surface heat transfer coefficient depended on the ratio of 
particle to container diameter, rotational speed of steritort, 
and liquid properties (26). In axial rotation of horizontal 
cylindrical containers, liquid to particle heat transfer co- 
efficient for a physically restrained particle was found to 
be nearly invariant at 160 + 30W/m?K (27). 

In EOE agitation, the overall heat transfer coefficient 
is shown (Fig. 8) to increase initially as particle concentra- 
tion is increased from a single particle. This is attributed 
to the additional particles aiding the fluid mixing as com- 
pared to a single particle. After some concentration value, 
further increase in concentration reduces the overall heat 
transfer coefficient. Such decrease was also observed by 
others (26,27) and is attributed to the decreased ability of 
the fluid to move inside the can (28). The overall heat 
transfer coefficient decreased with increase in particle size 
(28), as shown in Figure 9. This trend is supported by ref- 
erence 29 but is opposite that reported by reference 26. 
Spherical-shaped particles lead to a higher overall heat 
transfer coefficient, followed by cylindrical shape, with the 
cubic shape producing the smallest heat transfer coeffi- 
cient (30). 


NONAGITATED BATCH (IN-CONTAINER) HEATING 
OF LIQUIDS 
Processing Equipment and Methods of Heating 


Nonagitating or still retorts are used when agitators are 
to be avoided to keep the product or package integrity or 
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Figure 8. Overall heat transfer coefficient between solid food 
particles in a canned liquid and the heating medium as influenced 
by particle concentration during end-over-end rotation. Source: 
Ref. 28. 


for economical reasons in small production volume. Due to 
slow movement of the liquid from natural convection, heat- 
ing times required for sterilization are somewhat long. 
Steam is generally the heating medium, however, hot wa- 
ter is also used. 


Flow and Temperature Profiles 


In natural convection heat transfer, the liquid moves only 
due to the buoyancy induced by the change in temperature. 
This couples the flow and temperature fields and makes 
their computation a challenging task, as can be seen for 
pasteurization of beer in bottles (31) and sterilization of 
canned Newtonian (32) and non-Newtonian (33,34) fluids. 
Figures 10 and 11 show the typical flow patterns and tem- 
perature profiles in such nonagitated heating starting 
from a fluid at rest at a uniform temperature and raising 
its walls to the retort temperature. The liquid next to the 
sidewall, the top wall, and the bottom wall receives heat 
from the hot walls. As the liquid is heated, it expands and 
thus gets lighter. Liquid farther from the sidewall is still 
at a much lower temperature. The buoyancy force created 
by the liquids at different temperatures forces the hot liq- 
uid, next to the wall, upward. A sharp drop in temperature 
occurs from the wall to the core, creating a boundary layer. 
The buoyancy force resulting from this large temperature 
difference contributes to the largest velocities near the 
wall. The hot liquid going up is interrupted by the top wall 
and then travels radially toward the core. The core liquid, 
being heavier, moves downward and toward the wall. Thus 
a recirculating flow is created with a boundary layer at the 
sidewall, core flow at the centerline, and a mixing region 
at the top. Because the liquid is going up only through a 
small cross-sectional area (the thickness of the boundary 
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Figure 9, Overall heat transfer coefficient between solid food 
particles in a canned liquid and the heating medium as influenced 
by particle size during end-over-end rotation. Source: Ref. 28. 


Figure 10. Computed velocity vectors in natural convection heat- 
ing of liquid in a cylindrical can heated from all sides. Source: Ref. 
32, 
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Figure 11. Computed transient temperature contours in natural 
convection heating of liquid in a cylindrical can heated from all 
sides with the wall temperature set at 121°C. Source: Ref. 32. 


layer) while its downward movement is over a much larger 
area at the core, the downward velocity is much smaller. 

Temperature values along the axis show that due to 
deposition of hot liquid, the top stays consistently at a 
higher temperature. However, at the very bottom, because 
the bottom wall was heated, the temperature is higher 
again. The cold point, therefore, exists somewhere in be- 
tween and was found not to stay at the same location over 
time. These cold points were seen to migrate within the 
bottom 15% of can height with no particular pattern of mi- 
gration (35). Similar location of cold points were experi- 
mentally observed (36-38). 

Experimental studies of flow patterns during natural 
convection heating of a fluid food in a container have 
been performed. These are mostly qualitative visual ob- 
servations, except in (37), where velocities were measured 
using a laser—Doppler velocimeter. Temperature profiles 
were measured in these studies and were often repre- 
sented as the slope — 1/f and intercept j of semi—log time- 
temperature line as shown in equation 12. It has been 
shown (39) that use of such f'and j values to represent time- 
temperature data for natural convection heating has been 
merely an extension of the formulas for conduction (1) and 
forced convection (equation 12) heating and is empirical 
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Figure 12. Computed distribution 
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without any physical or mathematical justification. Nev- 
ertheless, the f and j values measured from experiment are 
used to calculate sterilization time, as described in Ball 
and Olson (1). 


Sterilization Values and Distribution 


A typical transient distribution of sterilization (TTD de- 
scribed previously) in a cylindrical container (35) is shown 
in Figure 12. This was calculated by implicitly following 
the liquid elements (7) throughout the duration of heating. 
The volume (or mass) average sterilization lies within the 
range of the distribution, as expected. However, the ster- 
ilization calculated based on the temperature at the 
slowest heating point lies completely outside the distri- 
bution. This is because all physical fluid particles stay only 
some time in the slowest heating zone, and no particle 
stays all the time in the slowest heating zone. Thus all 
particles in the system obtain a sterilization more than 
what is calculated based on the slowest heating zone. Be- 
cause sterilization at the slowest heating zone is easily 
measured by placing a thermocouple, this is the tempera- 
ture used in practice to calculate sterilization. The slowest 
point value in Figure 12 demonstrates that use of such 
slowest heating thermocouple data provides additional 
overprocessing (and safety) beyond the true least sterili- 
zation of a fluid. 


Effect of Non-Newtonian Liquid Behavior 


For non-Newtonian (pseudoplastic) liquid with tempera- 
ture-dependent viscosity, the recirculation pattern, radial 
and axial profile, and location of the slowest heating 
points were found (36) to be qualitatively similar to that 
of Newtonian liquid (35) discussed previously. As could be 
expected for the higher effective viscosity of pseudoplastic 
liquids, the maximum axial velocity near the wall was 
lower, being of the order of 10~* m/s as opposed to 10~? 
m/s for Newtonian liquid. The non-Newtonian nature it- 
self was not expected to change the physics considerably 
because at the low shear rates involved in a naturally 


8 10 _ of sterilization (thermal-time-distri- 
bution) in liquid for the conditions in 
Figures 10 and 11. 


convective flow, the liquid behaves close to a Newtonian 
liquid. 

Starch gelatinization has been included (34,40) in un- 
agitated heating of a canned 3.5% cornstarch dispersion. 
The thermorheological behavior of the starch dispersion 
was described in terms of three phases: (1) a pregelatin- 
ization phase where the magnitudes of apparent viscosity 
were assumed to be those of the continuous phase, (2) a 
gelatinization phase where the magnitudes of apparent 
viscosity increased, and (3) a postgelatinization phase 
where the magnitudes of apparent viscosity decreased. Al- 
though the spatial velocity and temperature profiles were 
qualitatively similar to the previous studies of unagitated 
heating (32), they (34,40) showed for the first time how 
the well-known broken heating curves (temperature-time 
curves with drastic changes in slope) develop during heat- 
ing of starch-containing products, due to changes in the 
product apparent viscosity with temperature. The com- 
plex thermorheological behavior of the starch dispersion 
made it difficult to develop prediction equations for tem- 
perature-time histories using the commonly used f and j 
parameters. 


Effect of Presence of Particulates 


The complexities of natural convection heating are consid- 
erably amplified when solid particles are present in the 
liquid food, for which little information is available. If the 
overall heat transfer coefficient between the solid particles 
inside the container and the heating medium is available, 
equations for conduction heating can be used to estimate 
the particle temperatures and insure sterility. Dimension- 
less Nusselt-Prandtl type correlations for the overall heat 
transfer coefficients between mushroom-shaped particles 
and water in a still retort have been provided (41), al- 
though there was considerable scatter in the data. Pres- 
ence of spherical glass particles reduced natural convec- 
tion in viscous liquid such as silicone, whereas the particles 
had very little effect on convection in thin liquid such as 
water (37). Smaller particles caused greater reduction in 
the convective flow. 
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THERMODYNAMICS 


Thermodynamics is the science of the dynamics of heat and 
the quantitative relationship between heat and other 
forms of energy. It is the basis for: 


1. Analyzing and studying the transformation of en- 
ergy from one form to another. 


2. The use and availability of energy to do useful work. 


8. The stability and equilibrium associated with chem- 
ical substances. 


Thermodynamics relationships pertain to processes in 
which matter changes state or in equilibria in which mat- 
ter remains fixed. The application of thermodynamic re- 
lationships are most frequently used in food processing 
operations that involve transferring heat and changing the 
state of materials. 

Processing changes of state take place during heating 
and cooling, expanding and contracting, vaporizing and 
condensing, and when chemical reactions result from re- 
actions in a food system. Since all forms of energy tend to 
change into heat, the quantitative measurement of tem- 
perature is a most important controlling factor in studying 
and controlling food systems. 

There must always be a driving force or energy poten- 
tial difference between two systems before a useful rela- 
tionship can be realized. The end point of any process is 
reached when mechanical, physical, thermal, or chemical 
equilibrium is reached or when the two systems are dis- 
engaged. These concepts are embodied in the Laws of Ther- 
modynamics, the first law being the basis of the science. 


LAWS OF THERMODYNAMICS. 


There are four laws of thermodynamics which are devel- 
oped into basic equations describing property relation- 
ships, energy balances, entropy balances, and mass bal- 
ances. An excellent way of stating the four laws of 
thermodynamics can be demonstrated by visualizing three 
bodies, A, B, and C (1). A and C are identical rigid hot 
bodies at the same temperature and body B is a cold body 
below the temperature of A and C. In discussing the laws 
and the applications, especially in food processing, it is 
useful to visualize the transfer of heat between these 
bodies. 
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Zeroth Law 


When bodies A and C are placed in contact with each other, 
no change will occur. This is a relatively recent law, added 
to the original three laws, to emphasize the fact that when 
two bodies or systems are at the same state of energy, no 
useful work can be obtained by putting the two systems in 
contact with each other. From this, it follows that the 
zeroth law also states that two systems in thermal equi- 
librium with a third are in thermal equilibrium with each 
other. 


First Law 


If A is placed in contact with B, there will be an increase 
in the internal energy of B equaling a decrease in the in- 
ternal energy of A. The first law as originally stated is that 
the sum of all the energies in an isolated system is constant 
or that energy may be transformed from one form into an- 
other, but it cannot be created or destroyed. 

This law is particularly important as applied to food 
processing in which the basis for operations is the transfer 
of mass and energy. Food processing involves heating, cool- 
ing, changing state (freezing and evaporating), adding 
chemicals that may cause internal energy changes, and 
irradiation. 


Second Law 


After A has been in contact with B, the initial conditions 
will never be restored without outside influence. The cool- 
ing of A and heating of B constitute a spontaneous, irre- 
versible process resulting in loss of ability to do work. Sim- 
ply stated the second law is that all systems tend to 
approach a state of equilibrium. 


Third Law 


It is impossible by any procedure, no matter how idealized, 
to reduce any system to the absolute zero of temperature 
in a finite number of operations. As in the case of the zeroth 
law, the third law has little practical application in deter- 
mining energy relationships involving food processing. It 
is primarily applied to the physics of very low tempera- 
tures. 


USING THERMODYNAMIC RELATIONSHIPS 
IN FOOD PROCESSING 


Prior to discussing specific food processing operations, it is 
necessary to define the world or system in which the pro- 
cess takes place. That is, boundaries must be defined as a 
means of isolating the process from the surrounding en- 
vironment. There is usually some interchange between a 
system and the surroundings but they do not affect the 
principal relationships within the system. For example, if 
a food is being heated in a retort the heat balance must 
account for the heat interchange between the source and 
the food plus allow for a heat loss through the insulated or 
lagged walls of the retort. 

The most important thermodynamic applications re- 
flected in food processing involve: (a) transferring mass 
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within the processing environment or between phases in a 
process, (b) transferring heat to heat or cool a food and, 
(c) transferring heat to change the phase of a component 
in a food processing system. 


Basic Relationships 


In considering units of measurement, it is necessary to de- 
fine base values from which one can compare changes. For 
example, when one is standing on a ladder, the height of 3 
meters would be compared to the base value of zero, the 
floor. Otherwise 3 meters would have no meaning. Like- 
wise, the base for measuring temperature, and thus being 
able to determine heat energy changes in a body, is abso- 
lute zero. 

The heat content or enthalpy of a food and the change 
of this parameter is basic to processing. It is defined as: 


H=E + pu aM 
where E is the internal energy, p is the absolute pressure, 


and v is the volume. The changes in enthalpy and not the 
absolute values are important in food processing. Hence, 


a 


Freezing 


le point 


Temperature 
A | 


Sensible} Heat | Sensible Latent heat 
fe heat of heat of vaporization 
(cp AT) fusion —_(c, AT) 
Heat 


Figure 1. Heat stages when heating a food from a frozen solid to 
a vapor at constant pressure. 


Table 1. Physical Constants of Water and Ice 


Molecular weight 18.01534 
Phase transition properties 
Melting point at 101.3kPa ——_0,000°C 
(1 atm) 
Boiling point at 101.3 kPa 100.000°C 
(1 atm) 
Critical temperature 374.15°C 
Triple point 0,0099°C and 610.4 kPa (4.579 
mm Hg) 
Heat of fusion at 0°C 6.012 kJ (1.436 kcal)/mol 
Heat of vaporization at 40.63 kJ (9.705 keal)/mol 
100°C 


Heat of sublimation at 0°C 50.91 kJ (12.16 keal)/mol 


Source: Refs. 5 and 6. 


at constant pressure, which is the case in most food pro- 
cessing: 


AH = 4E + pAv (2) 


Often in a food process, there is no pu work so that the 
change in internal energy is equal to the change in en- 
thalpy. 

The specific heat of a food is the change in heat content 
per unit mass per unit temperature change. At constant 
volume 


om RT BOT e 


and at constant pressure 


Cs ssge = (4) 


In actuality, specific heat is not constant over significant 
temperature and pressure ranges and each of the above 
equations must be considered in integral form for precise 
definitions. However, over most ranges of temperature and 
pressure at which food process and auxiliary food opera- 
tions take place, the specific heats can be considered con- 
stant and the average value is satisfactory. 

Entropy (S) expresses the second law in precise math- 
ematical terms. The first law is concerned with the ac- 
counting of the many kinds of energy that are involved in 
a given process whereas the second law is concerned with 
how available the energy of this system is for doing useful 
work. The concept of entropy is hard to visualize since it 
is not defined in terms which one can equate to normal 
physical entities such as a mass of material or a given 
amount of heat. It is expressed as follows: 


dS = Sa (5) 


The value of entropy is always positive and is actually a 
measure of the decline of the universe. 

The total energy balance of a fluid flowing at steady 
state in a closed system (eg, food flowing through a pipe or 
chamber) accounts for the various changes that effect the 
thermodynamic state of the system between two given lo- 
cations. An energy balance between the two sections of the 
fluid which is flowing is simplified for most food processing 
conditions in which the food is incompressible and the spe- 
cific volume is essentially constant: 


x, + E, + py, + V322g + W 
= x2 + Ey + pave + V3/2g + F (6) 


x is the potential energy due to height above reference 
plane, E is the internal energy, pu is the py work done by 
the system, V?/2g is the kinetic energy of the flowing fluid, 
Wis the work done by the system, and F is the friction loss 
due to contact with walls of the vessel. The total change in 
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Table 2, Useful Properties of Water 
Properties of saturated water 
TCC) p (kg/m®) C, G/kg - K) k (W/m - K) u(Pa-s) a (ms) Pr 
0 1002 4218 0.552 17.9 x 10-* 1.31 x 107? 13.06 
20 1001 4182 0.597 10.1 1.43 7.02 
40 995 4178 0.628 6.55 151 4.34 
60 985 4184 0.651 4.71 1.55 3.02 
80 974 4196 0.668 3.55 1.64 2.22 
100 960 4216 0.680 2.82 1.68 L174 
120 945 4250 0.685 2.33 L71 1.45 
140 928 4283 0.684 1.99 172 1.24 
160 910 4342 0.680 173 1.73 1.10 
180 889 4417 0.675 154 172 1.00 
200 867 4505 0.665 1.39 L71 0.94 
220 842 4610 0.652 1.26 1.68 0.89 
240 816 4756 0.635 117 1.64 0.88 
260 786 4949 0.611 1.08 1.58 0.87 
280 153 5208 0.580 1.02 1.48 0.91 
300 714 5728 0.540 0.96 1.32 1.02 


Source: From Ref. 7. Reprinted with permission. 


heat content of the system or the amount of heat trans- 
ferred is, therefore: 

Q = 4PE + 4E + 4pv + 4KE-W-F_ (7) 
APE is the change in potential energy, x. ~ x;, 4E is the 
change in internal energy, FE, — Ej, 4pu is the change in 
pv work, p2v2 — p,v;, and 4KE is the change in kinetic 
energy, V3/2g — Vi/2g. 

In considering food processes, there are many simplifi- 
cations to the rigorous thermodynamic relationships. This 
is possible since most of the fluids are being heated or 
cooled and there are negligible changes in specific volume, 
and kinetic energy and no shaft work is being done by the 
flowing product. Therefore, since 4E + 4pv = 4H = en- 
thalpy, the work required for compressing a gas or the heat 
change in cooling or heating is equal to the enthalpy and 
equation 7 becomes: 


W=Q=4H @) 


Heating or Cooling Foods 


The amount of heat required to raise or lower the tem- 
perature of a food is dependent on the specific heat. As 
previously discussed, over the temperature ranges encoun- 
tered in food processing, the specific heat (c,) can be con- 
sidered constant and the heat added or lost (called sensible 
heat) is 
Q=e¢(T - 1) (9) 
When a change in phase takes place, there is an addi- 
tional heat input required called the “latent” heat. Hence, 
the latent heat of vaporization or the latent heat of fusion 
must be considered when a product is being evaporated or 
frozen. Although certain foods (eg, pure fats) have inde- 
pendent latent heat values for phase change, the latent 
heat of most foods is associated with water. When foods 


are dehydrated or frozen, water is normally the major com- 
ponent that determines the latent heat required for the 
phase change. In fact, water is the sole consideration in 
dehydration processes since that is the only component 
that is removed by a change of state. 

Figure 1 is a generalized diagram showing the stages of 
heat change taking place as a product is heated and goes 
through phases changes as follows: 


1. Heating in frozen stage to freezing point, Q, = c,4T 
(c, is that for the frozen product). 


2. Changing from frozen to solid or liquid food, Q. = 


Latent heat of fusion. 

3. Heating liquid or solid food, Q; = ¢,4T. (c, is that 
for the nonfrozen product). 

4, Changing to vapor phase, Q = Latent heat or va- 
porization 


Qr = Qi + Q + Qs + MW 


Values for thermodynamic properties of foods and other 
substances are available in many scientific handbooks. 
These give the thermal properties as related to tempera- 
ture, pressure, and volume. Most frequently used are Ta- 
bles giving the basic properties of water (Tables 1, Table 
2) and saturated steam (Table 3). The base or reference 
point for published thermodynamic properties have been 
established by international agreements as E = 0 and en- 
tropy at 0.01°C. 


NOMENCLATURE 

e specific heat of substance, J/(kg)(K) or Btu/(b)(F). 

Cp» specific heat at constant pressure, J/(kg)(K) or Btu/ 
(bXF). 

c, specific heat at constant volume, J/(kg)(K) or Btu/ 


(IbXF). 
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Table 3. Properties of Saturated Steam: Temperature Table (SI Units) 
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‘Specific volume m°/kg _ Internal energy kJ/kg Enthalpy kJ/kg Entropy kJ/kg - K 
Temp. Press. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. 
ec) (kPa) liquid vapor liquid Evap. vapor liquid Evap. vapor liquid Evap. vapor 
Tr P a Ye a Ug Ug fy Deg he & Ste Se 
0.01 0.6113 0.001000 206.14 0.00 2375.3 2375.3 0.01 25013 2501.4 0.0000 9.1562 9.1562 
5 0.8721 0.001000 147.12 20.97 2361.3 2382.3 20.98 2489.6 2510.6 0.0761 8.9496 9.0257 
10 1.2276 0.001000 106.38 42.00 2347.2 2389.2 42.01 2477.7 2519.8 0.1510 8.7498 8.9008 
15 1.7051 0.001001 77.93 62.99 2333.1 2396.1 62.99 2465.9 25289 0.2245 8.5569 8.7814 
20 2.339 0.001002 57.79 83.95 2319.0 2402.9 83.96 2454.1 2538.1 0.2966 8.3706 8.6672 
25 3.169 0.001003 43.36 104,88 2304.9 2409.8 104.89 2442.3 2547.2 0.3674 8.1905 8.5580 
30 4,246 0.001 004 32.89 125.78 2290.8 2416.6 125.79 2430.5 2556.3 0.4369 8.0164 8.4533 
35 5.628 0.001006 = 25.22 146.67 2276.7 2423.4 146.68 2418.6 2565.3 0.5053 7.8478 8.3531 
40 7.384 0.001 008 19.52 167.56 2262.6 2430.1 167.57 2406.7 2574.3 0.5725 7.6845 8.2570 
45 9,593 0.001 010 15.26 188.44 2248.4 2436.8 188.45 2394.8 2583.2 0.6387 7.5261 8.1648 
50 12.349 0.001 012 12.03 209.32 2234.2 2443.5 209.33 2382.7 2592.1 0.7038 7.3725 8.0763 
55 15.758 0.001 015 9.568 230.21 2219.9 2450.1 230.23 2370.7 2600.9 0.7679 7.2234 7.9913 
60 19.940 0.001 017 7.671 251.11 2205.5 2456.6 251.13 2358.5 2609.6 0.8312 7.0784 7.9096 
65 25.03 0.001 020 6.197 272.02 2191.1 2463.1 272.06 2346.2 2618.3 0.8935 6.9375 7.8310 
70 81.19 0.001 023 5.042 292.95 2176.6 2469.6 292.98 2333.8 2626.8 0.9549 6.8004 7.7553 
15 38.58 0.001 026 4,131 313.90 2162.0 2475.9 313.93 2321.4 2635.3 1.0155 6.6669 7.6824 
80 47.39 0.001 029 3.407 334.86 2147.4 2482.2 334.91 2308.8 2643.7 1.0753 6.5369 7.6122 
85 57,83 0.001 033 2.828 355.84 2132.6 2488.4 355.90 2296.0 2651.9 1.1343 6.4102 7.5445 
90 70.14 0.001 036 2.361 376.85 2117.7 2494.5 376.92 2283.2 2660.1 1.1925 6.2866 7.4791 
95 84.55 0.001 040 1.982 397.88 2102.7 2500.6 397.96 2270.2 2668.1 1.2500 6.1659 7.4159 
MPa 
100 0.10135 0.001 044 1.6729 418.94 2087.6 2506.5 419.04 2257.0 2676.1 1.3069 6.0480 7.3549 
105 0.12082 0.001 048 1.4194 440.02 2072.3 2512.4 440.15 2243.7 2683.8 1.3630 5.9328 7.2958 
110 0.143 27 0.001 052 1.2102 461.14 2057.0 2518.1 461.30 2230.2 2691.5 1.4185 5.8202 7.2387 
115 0.16906 0.001 056 1.0366 482.30 2041.4 2523.7 482.48 2216.5 2699.0 1.4734 5.7100 7.1833 
120 0.19853 0.001 060 0.8919 503.50 2025.8 2529.3 503.71 22026 2706.3 1.5276 5.6020 7.1296 
125 0.2321 0.001 065 0.7706 524.74 2009.9 2534.6 524.99 2188.5 2713.5 1.5813 5.4962 7.0775 
130 0.2701 0.001 070 0.6685 546.02 1993.9 2539.9 546.31 2174.2 2720.5 1.6344 5.3925 7.0269 
135 0.3130 0.001 075 0.5822 567.35 1977.7 2545.0 567.69 2159.6 2727.3 1.6870 5.2907 6.9777 
140 0.3613 0,001 080 0.5089 588.74 1961.3 2550.0 589.13 2144.7 2733.9 1.7391 5.1908 6.9299 
145 0.4154 0.001 085 0.4463 610.18 1944.7 2554.9 610.68 2129.6 2740.3 1.7907 5.0926 6.8833 
150 0.4758 0.001 091 0.3928 631.68 1927.9 2559.5 632.20 2114.3 2746.5 1.8418 4.9960 6.8379 
155 0.5431 0.001 096 0.3468 653.24 1910.8 2564.1 653.84 2098.6 2752.4 1.8925 4.9010 6.7935 
160 0.6178 0.001 102 0.3071 674.87 1893.5 2568.4 675.55 2082.6 2758.1 1.9427 4.8075 6.7502 
165 0.7005 0.001 108 0.2727 696.56 1876.0 2572.5 697.34 2066.2 2763.5 1.9925 4.7153 6.7078 
170 0.7917 0.001 114 0.2428 718.33 1858.1 2576.5 719.21 2049.5 2768.73 2.0419 4.6244 6.6663 
175 0.8920 0.001 121 0.2168 740.17 1840.0 2580.2 741.17 2032.4 2773.6 2.0909 4.5347 6.6256 
180 1.0021 0.001 127 0.194 05 762.09 1821.6 2583.7 763.22 2015.0 2778.2 2.1396 4.4461 6.5857 
185 1.1227 0.001 134 0.17409 784.10 1802.9 2587.0 785.37 1997.1 2782.4 2.1879 4.3586 6.5465 
190 1.2544 0,001 141 0.156 54 806.19 1783.8 2590.0 807.62 1978.8 2786.4 2.2359 4.2720 6.5079 
195 1.3978 0.001 149 0.141 05 828.37 1764.4 2592.8 829.98 1960.0 2790.0 2.2835 4.1863 6.4698 
200 1.5538 0.001 157 0.127 36 850.65 1744.7 2595.3 852.45 1940.7 2793.2 2.3309 4.1014 6.4323 
205 1.7230 0.001 164 0.115 21 873.04 1724.5 2597.5 875.04 1921.0 2796.0 2.3780 4.0172 6.3952 
210 1.9062 0,001 173 0.104 41 895.53 1703.9 2599.5 897.76 1900.7 2798.5 2.4248 3.9337 6.3585 
215 2.104 0.001 181 0.094 79 918.14 1682.9 2601.1 920.62 18799 2800.5 2.4714 3.8507 6.3221 
220 2.318 0.001 190 0.086 19 940.87 1661.5 2602.4 943.62 18585 2802.1 2.5178 3.7683 6.2861 
225 2.548 0.001 199 0.078 49 963.73 1639.6 2603.3 966.78 1836.5 2803.3 2.5639 3.6863 6.2503 
230 2.795 0.001 209 0.071 58 986.74 1617.2 2603.9 990.12 1813.8 2804.0 2.6099 3.6047 6.2146 
235 3.060 0.001 219 0.065 37 1009.89 1594.2 2604.1 1013.62 1790.5 2804.2 2.6558 3.5233 6.1791 
240 3.344 0.001 229 0.059 76 1033.21 1570.8 2604.0 1037.32 1766.5 2803.8 2.7015 3.4422 6.1437 
245 3.648 0.001 240 0.054 71 1056.71 1546.7 2603.4 1061.23 1741.7 2803.0 2.7472 3.3612 6.1083 
250 3.973 0.001 251 0.050 13 1080.39 1522.0 2602.4 1085.36 1716.2 2801.5 2.7927 3.2802 6.0730 
255 4.319 0.001 263 0.04598 1104.28 1496.7 2600.9 1109.73 1689.8 2799.5 2.8383 3.1992 6.0375 
260 4.688 0.001 276 0.042 21 1128.39 1470.6 2599.0 1134.37 1662.5 2796.9 2.8838 3.1181 6.0019 
265 5.081 0.001 289 0.038 77 1152.74 1443.9 2596.6 1159.28 1634.4 2793.6 2.9294 3.0368 5.9662 
270 5.499 0.001 302 0.03564 1177.36 1416.3 2593.7 1184.51 1605.2 2789.7 2.9751 2.9551 5.9301 
275 5.942 0.001 317 0.03279 1202.25 1387.9 2590.2 1210.07 1574.9 2785.0 3.0208 2.8730 5.8938 
280 6.412 0.001 332 0.030 17 1227.46 1358.7 2586.1 1235.99 1543.6 2779.6 3.0668 2.7903 5.8571 
285 6.909 0.001 348 0.027 77 1253.00 1328.4 2581.4 126231 1511.0 2773.3 3.1130 2.7070 5.8199 
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Table 3. Properties of Saturated Steam: Temperature Table (SI Units) (continued) 


Specific volume m°/kg Internal energy kJ/kg Enthalpy kJ/kg Entropy kJ/kg: K 
Temp. Press. Sat. Sat. Sat. Sat. Sat. Sat. Sat. Sat. 
(°C) (kPa) liquid vapor liquid Evap. vapor liquid Evap. vapor liquid Evap. vapor 
r P Y vy uy Ufy U, hy Neg hy 5 Sie % 
MPa 

290 7.436 0.001 366 0.02557 1278.92 1297.1 2576.0 1289.07 1477.1 2766.2 3.1594 2.6227 5.7821 
295 7.993 0.001 384 0.023 54 1305.2 1264.7 2569.9 1316.3 1441.8 2758.1 3.2062 2.5375 5.7437 
300 8.581 0.001 404 0.021 67 1332.0 1231.0 2563.0 1344.0 1404.9 2749.0 3.2534 2.4511 5.7045 
305 9.202 0.001 425 0.019948 1359.3 1195.9 2555.2 13724 1366.4 2738.7 3.3010 2.3633 5.6643 
310 9.856 0.001447 0.018 350-1387.1 1159.4 2546.4 1401.3 1326.0 2727.3 3.3493 2.2737 5.6230 
315 10.547 0.001472 0,016 867 1415.5 1121.1 2536.6 1431.0 1283.5 27145 3.3982 2.1821 5.5804 
320 11.274 0.001 499 0.015488 1444.6 1080.9 2525.5 1461.5 1238.6 2700.1 3.4480 2.0882 5.5362 
330 12.845 0.001 561 0.012996 1505.3 993.7 2498.9 1525.3 1140.6 2665.9 3.5507 1.8909 5.4417 
340 14.586 0.001638 0.010797 1570.3 894.3 2464.6 1594.2 1027.9 2622.0 3.6594 1.6763 5.3357 
350 16.513 0.001 740 0.008 813 1641.9 776.6 2418.4 1670.6 893.4 2563.9 3.7777 1.4835 5.2112 
360 18.651 0.001 893 0.006945 1725.2 626.3 2351.5 1760.5 720.5 2481.0 3.9147 1.1879 5.0526 
370 21.08 0.002213 0.004925 1844.0 384.5 22285 1896.5 441.6 23321 4.1106 0.6865 4.7971 
374.14 22.09 0.003155 0,003 155 2029.6 0 2029.6 2099.3 0 2099.3 4.4298 0 4.4298 


Source: Adapted from Ref. 8. 


friction work, J/kg or Btu/lb. 

enthalpy of product, kJ/kg or Btu/lb. 
kinetic energy, J/kg or Btu/b. 

mass, kg or lb. 

pressure, Pa (N/m) or lb/in. (psi). 

potential energy, J/kg or Btu/lb. 

quantity of heat transferred, J/kg or Btu/Ib. 
temperature, °C or °F. 

internal energy, J/kg or Btu/lb. 


volume, m or ft or specific volume/unit mass, m/kg 
or ft/lb. 


work, J/kg or Btu/lb. 
change in a property (eg, temperature, enthalpy). 
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In addition to the many well-known major components 
(protein, fat, carbohydrate, and fiber) and trace nutrients 
(vitamins, minerals, and nonessential compounds), our 
food contains thousands of naturally present toxic com- 
pounds. Although these chemicals are in every meal we eat 
and are present in much greater quantities than residues 
of synthetic chemicals such as PCBs and pesticides, they 
have traditionally received relatively little attention com- 
pared to these well-known human-made chemicals. Fur- 
thermore, the mechanisms of action of natural toxins— 
metabolic activation, interaction with critical cellular 
macromolecules—are no different from those of synthetic 
toxins. In short, our bodies handle toxins similarly regard- 
less of their origin. Many of the toxins presented here are 
known to cause or strongly suspected of causing cancer in 
laboratory animals and are therefore potentially carcino- 
genic in people. The human health risk posed by individual 
natural toxins varies considerably due to a variety of fac- 
tors such as dose, inherent potency, variety of the diet, and 
presence of detoxifying factors. In any event, natural tox- 
ins pose a far greater health risk than do synthetic chem- 
icals in our foods, despite the popular notion that “natural 
is good.” 

An issue of major concern is the relationship between 
diet and various human diseases, including cancer. As the 
single most important cancer variable to be identified from 
epidemiology studies, diet contributes to approximately 
35% of the variation in cancer rates among individuals and 
populations in the United States. Other factors such as 
food additives, genetic predisposition, industrial pollution, 
and pesticide contamination play comparatively minor 
roles in human cancer rates. Excluding smoking, diet- 
related factors account for over 50% of all remaining cancer 
deaths in this country, or 150,000 food-related cancer 
deaths per year in the United States alone. 

Natural toxicants are defined here as naturally occur- 
ring substances in plants or other food products that exert 
undesirable or unhealthy effects when they are consumed. 
Although not intended to be an exhaustive, all-inclusive 
discussion of natural toxins, this section will center on 
those that are particularly well studied and characterized 
or are of contemporary interest in food toxicology. The focus 
of this chapter will be not on bacterial toxins, but on three 
major categories of food toxicants: (1) toxins from plant or 
plant-derived foods, (2) mold-produced toxins (or mycotox- 
ins), and (3) toxic substances created during cooking or 
other processing of the food (or induced toxins). An addi- 
tional yet important category of induced toxicants is en- 
dogenous toxic substances that may appear inadvertently 
in genetically manipulated plant materials that result 
from efforts to alter plant quality. This latter category will 
also not be considered here. 

Our food also contains natural chemicals that can coun- 
teract and thereby prevent the adverse effects of many nat- 
ural and synthetic toxins. Though much more work on 
these chemopreventives is needed, the data suggesting 
that some plant foods can actually reduce the incidence of 
certain types of cancer thus far are very encouraging. Hun- 
dreds of animal and epidemiological studies have identi- 


fied several foods or specific compounds that offer protec- 
tion against the carcinogenic effects of a wide variety of 
natural and synthetic chemicals. A few compounds have 
been shown to actually reverse the carcinogenic process in 
animals. As might be imagined, the field of chemopreven- 
tion is one of the most exciting areas in nutritional toxi- 
cology and cancer research. The reader is encouraged to 
consult a review on food chemopreventives. 


NATURAL PLANT TOXINS IN FOODS 


The following is a survey of some of the most well studied 
and characterized plant toxins. 


Allyl Isothiocyanates 


Allyl isothiocyanates are a group of major naturally occur- 
ring compounds that confer the pungent flavor to foods 
such as mustard and horseradish, where it is present at 
about 50 to 100 ppm. These compounds are in Brassica 
vegetables such as broccoli and cabbage, and in cassava 
and other tropical staple foods, but at much lower con- 
centrations. Normal dietary exposure to isothiocyanate- 
containing foods releases milligram amounts of isothio- 
cyanates. Nominal processing steps (chopping, rinsing, 
milling) renders the food safe when wash water is dis- 
carded. In high doses, isothiocyanates are carcinogenic in 
rats but nonmutagenic in bacteria. Isothiocyanates do not 
occur in foods per se but occur as glucosinolate conjugates 
that are hydrolyzed when the plant releases enzymes as it 
is disturbed, such as during chopping, processing, or in- 
gestion (Fig. 1). The major concern with isothiocyanates is 
their goitrogenic properties in that they inhibit binding of 
iodine in the thyroid gland. Because iodine is required for 
the formation of the critical thyroid hormones thyroxine 
(T,) and triiodothyronine (T;), isothiocyanate-induced hy- 
perthyroidism (goiter) mimics iodine deficiency. Hyperthy- 
roidism is a physiological response as the thyroid attempts 
to compensate for reductions in both T, and T; production. 

Endemic goiter is seen in geographical areas like India 
and Africa where consumption of poorly processed foods is 
coincident with iodine deficiency. Like many food toxins, 
allyl isothiocyanates are “double-edged swords” in that 
they have been shown to be chemopreventive in certain 
animal-testing protocols. 


Canavanine 


Despite their reputation as being the ultimate health food, 
alfalfa sprouts contain up to 15,000 ppm canavanine, an 
arginine analogue that can substitute for this amino acid 
in cellular proteins, thereby altering their function. Can- 
avanine is also produced in other legumes such as the jack 
bean. Canavanine inhibits nitric oxide synthetase and in- 
duces heat-shock proteins in human cells in vitro (1). By 
virtue of its antimetabolic action, canavanine is under cur- 
rent consideration as an antitumor drug in combination 
with other antimetabolites such as 5-fluorouracil, but it 
has not yet been tested for carcinogenicity. Canavanine 
may cause autoimmune disorders such as lupus erythema- 
tosus in people (2). Primates fed alfalfa sprouts develop a 
severe toxic syndrome resembling human lupus. 
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SCeH1105 Thioglucosidase i 

R-Cg —————— _ R-C=N + HSO, + Glucose 

SNOSO37 H,0 * 

Glucosinolate i 

RSC= 
R-N=C=S ney 
Isothiocyanate +8' Figure 1. Mechanism of formation of iso- 
goitrogen thiocyanate goitrogen from glucosinolates. 

Cyanogenic Glycosides were given large quantities of amygdalin or amygdalin- 


Seeds from apples, apricots, cherries, peaches, pears, 
plums, and quinces as well as almonds, sorghum, lima 
beans, cassava, corn, yams, chickpeas, cashew nuts, and 
kirsch contain compounds that are toxic due to their re- 
lease of free hydrogen cyanide, which occurs when the 
plant tissue is disturbed as during chopping, processing, 
or ingestion. These conditions initiate the hydrolysis of the 
glycoside by the action of f-glucuronidases and other en- 
zymes naturally present in the plant tissue and in the in- 
testinal lumen. Although acid also initiates this process, it 
doesn’t appear to occur in the digestive tract to any great 
extent, despite the acid environment in the stomach. Hy- 
drolysis by f-glucuronidases produce the sugar and a cy- 
anohydrin, the latter spontaneously or enzymatically de- 
grading to form free hydrogen cyanide (Fig. 2). There are 
several such cyanogenic glycosides, of which linamarin, 
amygdalin, and dhurrin are examples (Fig. 2). In the 
1970s, amygdalin, as laetrile, was a fad remedy touted as 
a cure and/or preventive for cancer and other ailments. 
Underground “clinics” briefly flourished where patients 


rich seeds and nuts. 

Cyanide is one of the most acutely toxic chemicals. It 
binds to and inactivates heme enzymes, specifically mito- 
chondrial cytochrome aay oxidase, resulting in an acute, 
life-threatening anoxia. The two-step therapy is initiated 
with sodium nitrite, which induces methemoglobinemia, 
permitting the release of cyanide from heme proteins, fol- 
lowed by sodium thiosulfate, which acts as a substrate for 
rhodanese, an endogenous hepatic enzyme that catalyzes 
the conversion of free cyanide to the less toxic thiocyanate. 

Cases of acute human poisoning from the cyanide re- 
leased from certain varieties of lima beans, cassava, and 
bitter almonds are a regular occurrence (3). Due to the im- 
portance of cassava as a subsistence crop in Africa and 
South America, cyanogenic glycosides in that food proba- 
bly represent the greatest health risk. High-cyanide vari- 
eties of cassava, distinguished by their bitter taste, may 
contain over 600 ppm cyanide on a dry weight basis, 
whereas “sweet” varieties contain significantly less. Pro- 
cessing steps such as sun drying, soaking, boiling, and fer- 
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Figure 2. Natural cyanogenic glycosides and mechanism of formation of hydrogen cyanide. 


2338 TOXICANTS, NATURAL 

menting render the food safe by eliminating most of the 
cyanide (4). In addition to regular cases of human deaths, 
cyanogenic glycosides in cassava may be responsible for 
birth defects, endemic goiter, and konzo, an upper myelo- 
pathic motor neuron disease endemic to East Africa (5). 
Cyanogenic glycosides have also been implicated as a caus- 
ative agent of diabetes. The risk associated with cyanide 
poisoning due to cassava is negligible in the United States 
because cassava-based foods (such as tapioca pudding) are 
highly processed and rarely eaten here. 


Hydrazines and Other Toxins in Edible Mushrooms 


Commercial mushrooms, such as the cultivated mushroom 
(Agaricus bisporus), the shiitake mushroom (Cortinellus 
shiitake), and the false morel (Gyromitra esculenta), all 
contain substantial amounts of compounds in the hydra- 
zine family (Fig. 3). Many hydrazines are potent liver 
toxins and animal carcinogens. Commonly found in con- 
centrations of 500 ppm in mushrooms, N-methyl-N for- 
mylhydrazine is a lung carcinogen in mice and is also car- 
cinogenic in hamsters. People eating a 100-gram serving 
of mushrooms (therefore ingesting 50 mg N-methyl-N 
formylhydrazine) get nearly the same dose (on a per- 
kilogram-body-weight basis) that will cause cancer in mice 
on sustained daily exposure. 

Shiitake and Agaricus mushrooms contain up to 3000 
ppm agaritine, a metabolic product of which (a diazonium 
derivative) is a potent carcinogen and a mutagen. The ma- 
jor carcinogenic hydrazine in the false morel, gyromitrin 
(acetaldehyde-N-methy]-N-formylhydrazone), is also pres- 
ent in similar concentrations. Other carcinogenic hydra- 
zines include p-hydrazinobenzoate (present in A. bisporus 
at 10 ppm) and 4-(hydroxymethyl) benzenediazoate 
(HMBD), the latter shown to induce DNA strand breaks, 
presumably through a carbon-centered free-radical inter- 
mediate, a possible mechanism of the carcinogenic action 
of hydrazines in general (6). Another carcinogenic hydra- 
zine, methylhydrazine, is present in smaller concentra- 
tions (14 ppm). 

Whole mushrooms have been shown in numerous stud- 
ies to cause cancer in laboratory animals, but whether they 
are a significant cause of cancer in people is uncertain. 
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Figure 3. Representative hydrazines in 


mushrooms. Gyromitrin 


Rats fed a diet of whole A. bisporus mushrooms (30% of 
total diet) did not have a significant increase in tumors 
compared to control animals. 


Toxic Substances in Spices and Flavoring Agents 


Safrole, estragole, myristicin, f-asarone, piperine, and iso- 
safrole (Fig. 4) are closely related alkenylbenzenes found 
in many spices, essential oils, and herbs. They are also 
present, in much lower levels, in parsnips, parsley, and ses- 
ame seeds. All are weak to moderate rodent hepatocarcin- 
ogens. 

Oil of sassafras (Sassafras albidum), which was once 
used to flavor root beer, contains approximately 85% saf- 
role. The oil has been banned as a flavor additive since 
1960 but Safrole is also a minor, natural component of nut- 
meg, mace, star anise, cinnamon, and black pepper. Safrole 
is also found in sassafras tea. Sassafras bark is an ingre- 
dient in filé powder used to make gumbo, a spicy Cajun 
stew. A procarcinogen, safrole is activated by endogenous 
enzymes to a DNA-reactive intermediate that forms co- 
valent adducts with guanine in vitro (7). Estragole, a re- 
lated aromatic flavor agent, is found in tarragon, basil, and 
fennel and is likewise a weak carcinogen. 

Isosafrole, a component of ylang-ylang (Cananga odor- 
ata) oil, a flavorant and scent, is carcinogenic in mice. 
Many of these alkenylbenzenes interact with cytochrome 
P-450 (CYP)-mediated metabolism. For example, both iso- 
safrole and safrole are powerful inducers of CYP 1A en- 
zymes. Safrole and isosafrole also inhibit CYP 2E1 en- 
zymes and in so doing protect against carbon tetrachloride 
liver toxicity in mice. f-asarone is a major component of oil 
of calamus (derived from the Acorus calamus root, which 
is a folk remedy for indigestion) and was once used to flavor 
vermouth and bitters. It is an intestinal carcinogen in rats. 

Myristicin is a major flavor component of nutmeg, 
which is derived from the dried seed of the Myristica fra- 
grans tree. The world’s principal commercial supply of nut- 
meg is grown in the Malay peninsula. Approximately 2% 
of nutmeg is myristicin, which is present in the steam- 
distilled volatile oil produced from the dried seeds. Mace, 
a closely related spice, is derived from the outer coating of 
the seed. Myristicin is also found in black pepper, parsley, 
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Figure 4. Toxins in spices and flavoring agents. 


celery, dill, and carrots. Though not thought to be carcin- 
ogenic, large amounts of nutmeg, equivalent to two whole 
nutmeg seeds (ca 15 g), are intoxicating and allegedly hal- 
lucinogenic, and large doses cause undesirable side effects 
such as tachycardia, flushed skin, and dry mouth. Because 
pure myristicin is not as hallucinogenic as nutmeg, other 
components in nutmeg are believed to contribute to its re- 
ported psychoactive properties. 

Piperine, an alkaloid present in high concentrations 
(10%) in black pepper (Piper nigrum and other spp.), is 
largely responsible for the pungent “bite” of this condi- 
ment. Powdered P. cubeba berries are added to cigarettes 
and smoked as a remedy for throat irritation, and oil de- 
rived from these berries is added to some throat lozenges. 
Reports of the cancer-causing ability of this compound are 
conflicting. Extracts of black pepper caused cancer in mice 
at several sites in skin painting tests, whereas orally in- 
jected piperine did not (8). Furthermore, piperine is not 
mutagenic in a number of in vitro screening assays. Under 
appropriate conditions, however, piperine is chemically 
converted to potentially carcinogenic intermediates. In the 
presence of nitrite, piperine is nitrosated to form highly 
mutagenic nitrosamine intermediates in vitro that may 


have potential carcinogenic activity. Like the related al- 
kenylbenzenes, piperine also affects CYP expression and 
activity. Piperine specifically inhibits CYP 2E1 while spe- 
cifically inducing the expression and activities of CYP 1A 
and 2B (9). 

The ingredient responsible for the pungency of red and 
yellow chili peppers (Capsicum frutescens, C. conoides, and 
C. annum) is capsaicin, which represents up to 0.5% of the 
weight of the fruit. Aerosol capsaicin sprays are popular 
dog repellents for mail carriers. Topical creams containing 
capsaicin (0.025%) are commercially available as analge- 
sics. Although its pain-relieving qualities are debatable, 
capsaicin has been shown to cause a local depletion of sub- 
stance P, an endogenous neuropeptide known to transmit 
pain impulses. Thus, even though the physiological con- 
ditions causing pain may persist, capsaicin prevents pain 
impulses from reaching the brain. 

Capsaicin may be a weak carcinogen. It is a bacterial 
mutagen in the Ames test and causes benign digestive 
tract adenomas in mice given lifelong dietary exposure at 
0.03125%. Intraperitoneal injections of capsaicin causes 
the formation of sister-chromatid exchanges and micro- 
nuclei in mice. Sister-chromatid exchanges and micronu- 
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clei are genotoxic endpoints presumably associated with 
cancer risk. One possible toxic mechanism is that CYP 2E1 
converts capsaicin to an active phenoxy radical interme- 
diate that has the potential for alkylating tissue macro- 
molecules such as DNA and protein (10). 

Glycyrrhyzin is a saponin-like glycoside found in licorice 
(Glycyrrhiza glabra). Licorice is one of the oldest tradi- 
tional medicines; it has been used as an expectorant, a fla- 
voring agent (also used to mask the bitter taste of medi- 
cines), and a demulcent. Reportedly, licorice was used by 
the Sumerians as far back as 4000 B.c., and pieces of lic- 
orice root were found in King Tut’s tomb. The one caveat 
to the many benefits of licorice is that ingesting large 
amounts of it promotes hypertension. 

Glycyrrhizin is thought to be responsible for the hyper- 
tensive properties of licorice. The mechanism is through 
inhibition of the enzyme 11f-hydroxysteroid dehydroge- 
nase, which acts as a protective modulator by metabolizing 
receptor-active glucocorticoids such as cortisol to 11-keto 
derivatives (eg, cortisone) that are not receptor agonists. 
Inhibition of this enzyme mimics aldosterone excess, which 
results in severe sodium retention, loss of potassium (hy- 
pokalemia), and hypertension (11). Licorice binges report- 
edly have been responsible for fatal episodes of acute hy- 
pertension in people. Consequently, people with heart 
problems or hypertension should avoid licorice; as little as 
100 to 200 g/day can cause persistent, heightened miner- 
alocorticoid activity. Recently, a healthy Salt Lake City 
man was hospitalized with congestive heart failure and 
pulmonary edema for eating 21/2 lb of licorice in 3 days. 

A major component of citrus oils (orange, grapefruit, 
lemon, and others) is d-limonene, which is also found in 
much lower amounts in other fruits and vegetables. Citrus 
peel oil can contain as much as 95% d-limonene. Citrus oils 
or pure d-limonene is the major constituent in flavoring 
agents and/or fragrances in perfumes and soaps and in a 
variety of foods such as ice cream, soft drinks, baked 
goods, gelatin, chewing gum, and puddings. It is also the 
active ingredient in “natural” citrus-based degreasing sol- 
vents and in insect repellents. d-limonene is specifically 
toxic to the kidneys of male rats. d-limonene binds specif- 
ically but reversibly to a»,-globulin, which is the major low- 
molecular-weight protein produced by the renal proximal 
tubules and hence excreted in the urine of the male rat. 
Female rats excrete much less a2,-globulin. Accordingly, 
male rats that do not excrete a.,-globulin (NBR strain) do 
not exhibit nephrotoxicity following d-limonene treatment. 

Some studies indicate that d-limonene causes renal tu- 
mors in rodents. When administered orally, d-limonene in- 
duced renal adenomas and carcinomas in male rats but not 
in mice. Oral d-limonene was also shown to significantly 
promote the development of N-nitrosoethylhydroxyeth- 
ylamine-induced renal tumors in male rats. However, the 
toxicity and carcinogenicity of d-limonene appears to be 
absolutely species- and gender-specific due to the specific 
binding of this natural compound with a2,-globulin. Be- 
cause humans do not excrete az,-globulin, d-limonene is 
not thought to be harmful to people. 


Pyrrolizidine Alkaloids 


Pyrrolizidine alkaloids (PAs) are common plant toxins pro- 
duced by more than 200 species of flowering plants, from 


genera such as Senecio, Crotalaria, and Cynoglossum. 
They are often present at very high concentrations—as 
much as 5% of the plant’s dry weight. PA-containing plants 
pose significant health hazards to people who consume 
some kinds of “natural” herbal teas and traditional folk 
remedies and those who eat grain-based foods contami- 
nated with PA-containing plant parts. Some PAs have been 
investigated in clinical trials for their anticancer potential. 

These chemicals are acutely and chronically hepato- 
toxic, and many are carcinogenic, mutagenic, and terato- 
genic. PAs are derivatives of a necine base like retronecine, 
otonecine, or heliotriine esterified to various necic acid sub- 
stituents (Fig. 5). PAs are activated by CYPs primarily of 
the 3A4 subfamily to reactive bifunctional pyrrolic electro- 
philes that form covalent cross-links to a variety of cellular 
nucleophiles, such as DNA and proteins. Pyrrolic inter- 
mediates then reportedly from electrophilic carbonium 
ions at atoms 7 and 9 and cross-link cellular nucleophiles 
at these positions. Cytochrome P450s also convert PAs to 
the less toxic and more easily excreted N-oxides that do 
not interact with cellular constituents (Fig. 6). Accordingly, 
animals that metabolize PAs to produce proportionally 
more N-oxides (such as sheep) appear to be relatively re- 
sistant to the toxic effects of PAs compared to animals that 
produce more of the pyrrole (rats and horses). Other hy- 
drolysis reactions may also occur that decrease the toxicity 
of PAs, 

DNA cross-links are probably a critical event in PA bio- 
activity in that the cytotoxic, antimitotic, and megalocytic 
activity of PAs closely corresponds with the formation of 
cross-links in vitro. PAs form both DNA interstrand and 
DNA-protein cross-links in equal amounts in vitro (12). 
Structure-activity studies have revealed that the presence 
of a continuous macrocyclic diester and a,f-unsaturation 
are important structural determinants for DNA cross-link 
formation (13), Thus PAs like senecionine are more potent 
cross-linkers than monocrotaline, which is more potent 
than open diesters such as latifoline and heliosupine. Of 
those examined, the simple necine retronecine is the least 
active cross-linker. The pattern of proteins cross-linked by 
PAs is similar to those cross-linked by other bifunctional 
compounds, such as cisplatinum and mitomycin C. Actin 
was recently found to be the major protein involved in the 
PA-induced cross-links in mammalian cells (14). 

Petasitenine is found in Petasites japonicus, a medicinal 
herb used as an expectorant and cough suppressant. The 
flower stalks of this herb are used as a food or herbal rem- 
edy. When incorporated into the diet, dried stalks are he- 
patocarcinogenic to rats. Purified petasitenine is also he- 
patocarcinogenic in rats as well as mutagenic in bacteria. 

Coltsfoot (Tussilago farfara) is a common herb that has 
been used for centuries in Europe and Asia as a medicine 
for coughs and bronchitis. (Tussilago is the ancient Roman 
term for “cough suppress.”) The plant contains the PA sen- 
kirkine at concentrations as high as 150 ppm, as well as 
high concentrations of senecionine, another very hepato- 
toxic (and carcinogenic) PA. Again, both the dried buds of 
coltsfoot (when ground and mixed in the diet) and purified 
senkirkine or senecionine cause liver tumors in rats, and 
both are bacterial mutagens. 
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Figure 5. Five representative pyrrolizidine alkaloids. 


Human intoxication by PA-containing plants is well rec- 
ognized and reported in the medical literature and is en- 
demic in Jamaica, India, and parts of Africa. Liver cirrho- 
sis, veno-occlusive disease, and liver cancer are linked to 
consumption of PA-containing plants. Hispanic and Native 
American populations in the western and southwestern 
United States are at high risk for PA intoxications due to 
their traditional widespread use of herbs, occasional lack 
of confidence in traditional medicine, and, more commonly, 
lack of access to medical care. 

Comfrey (Symphytum officinale) is a nearly universal 
herb commonly sold not only in health food stores and by 
herbalists but also in supermarkets. Since ancient Greek 
and Roman times, both leaves and roots have been used to 
make teas and compress pastes to treat a variety of exter- 
nal and internal diseases, such as wounds, skin disorders, 
and respiratory diseases. Numerous vegetarian recipes 
call for comfrey leaves in the preparation of soufflés, sal- 
ads, and breads. Comfrey leaves and roots contain up to 
0.29% of PAs such as intermedine, lycopsamine, symphy- 
tine, and others. Diets containing powder from dried leaves 
and roots cause liver tumors in rats. Additionally, these 
pure PAs are animal carcinogens and bacterial mutagens. 
Several cases are cited in the medical literature of comfrey- 
related intoxications in people. The well-known toxicity 
and carcinogenicity of comfrey is such a significant cause 
for concern that the governments of Australia, Canada, 
Great Britain, and Germany either restrict comfrey’s avail- 
ability or have banned its sale entirely. The U.S. Food and 
Drug Administration (FDA) has not yet acted to restrict 
the sale of PA-containing foods. 


Substances in Bracken Fern 


Bracken fern (Pteridium aquilinum, P. esculentum, and 
others) is widely used as greens or in salads in places like 


New Zealand, Australia, Canada, the United States, and 
especially Japan. It is also a forage plant for sheep and 
cattle. Veterinarians first noticed severe toxicity—bladder 
cancer, bone marrow depression, severe leukemia, throm- 
ocytopenia, and a hemorrhagic syndrome—in livestock 
grazing on this plant. Bracken is a potent bladder, lung, 
and intestinal carcinogen in rodents. Lactating cows fed 
bracken fern produced milk that was carcinogenic to rats, 
showing that human exposure may also occur through 
cow’s milk. Human consumption of bracken fern has been 
linked to an increased incidence of esophageal cancer in 
Japan. Ptaquiloside, potent norsesqiterpenoid glucoside 
(Fig. 7), often present at up to 1.3% dry weight, is thought 
to be the major carcinogen in bracken. Like other natural 
carcinogens, ptaquiloside alkylates DNA at codon 61 in the 
Ha-ras oncogene (15). 


Solanum Alkaloids 


Members of the family Solanaceae contain a variety of 
toxic steroidal glycoalkaloids. Potatoes (Solanum tubero- 
sum) are an important food staple in many parts of the 
world, and under certain conditions they produce a variety 
of glycoalkaloids. Concentrations of solanum alkaloids 
vary considerably between species and strain of potatoes, 
but more important factors include wound damage, fungal 
or bacterial infection, exposure to light, and whether the 
potatoes have sprouted. The major glycoalkaloids are a- 
solanine and a-chaconine (Fig. 8), which may be present 
at concentrations over 100 ppm. Like physostigmine, so- 
lanine and chaconine are potent inhibitors of the enzyme 
acetylcholine esterase. Higher amounts of a-solanine and 
a-chaconine are present in the potato greens (tops). 
Healthy potatoes contain negligible amounts of these 
toxins. 
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Figure 7. Chemical structure of the bracken carcinogen ptaqui- 
loside. 


Episodes of human poisoning by green potatoes have 
been documented. Fatalities from solanum alkaloid are 
rare, but gastrointestinal symptoms—gastric pain, weak- 
ness, nausea, vomiting, and labored breathing—that are 
consistent with acetylcholinesterase inhibition are more 
common. These symptoms have been duplicated in clinical 
trials with human volunteers. Studies have indicated that 
the acetylcholinesterase inhibitory activity of solanine is 
probably insufficient to cause these toxic effects, which are 
probably due to the combined toxicity of solanine with 
other cholinesterae inhibitors in the potato, such as cha- 
conine. 

Most cases of human poisoning and deaths have oc- 
curred in Europe, but they are occasionally seen in the 
Western Hemisphere. Livestock fed damaged potatoes or 
peel, greens, or trim are occasionally poisoned. A small 
number of studies in which animals are fed toxic doses of 
blighted potatoes or pure glycoalkaloid have indicated that 
these compounds may have weak teratogenic activity. For 
example, solanine and chaconine, and their aglycone de- 
rivative solanidine, induced craniofacial malformations 
(exencephaly, encephalocele, and anophthalmia) in Syrian 
hamsters (16). In that study, solanidine was a much 
stronger teratogen than solanine and chaconine, which 


were classified as weakly teratogenic. The teratogenic and 
embryotoxic effects of solanine and chaconine appear to be 
synergistic (17). 


Caffeic Acid and Chlorogenic Acid 


High concentrations (often over 1,500 ppm) of caffeic acid 
and its quinic acid conjugate, chlorogenic acid (Fig. 9), oc- 
cur in an extremely wide range of vegetables (eg, lettuce, 
potatoes, radishes, and celery), fruits (eg, grapes, berries, 
eggplant, and tomatoes), and seasonings (eg, thyme, basil, 
anise, caraway, rosemary, tarragon, marjoram, sage, and 
dill). Coffee is especially rich in caffeic and chlorogenic 
acid, as well as other compounds, such as caffeine. A cup 
of coffee contains about 190 mg of chlorogenic acid. Other 
minor conjugates of caffeic acid also exist. 

Chlorogenic acid is hydrolyzed in the gastrointestinal 
tract to caffeic and quinic acids. In people, caffeic acid is 
metabolized to the o-methylated derivatives ferulic, dihy- 
droferulic, and vanillic acids and meta-hydroxypheny] de- 
rivatives, which are excreted in the urine. Caffeic acid in- 
hibits 5-lipoxygenase, which is a key enzyme in the 
biosynthesis of various eicosanoids such as leukotrienes 
and thromboxanes. These eicosanoids are mediators of a 
wide variety of physiological and disease states and are 
involved in immunoregulation, asthma, inflammation, and 
platelet aggregation. At high doses (2% in the diet), caffeic 
acid causes forestomach squamous cell papillomas and car- 
cinomas in both sexes of rats and mice, renal tubular cell 
hyperplasia in male rats and female mice, and alveolar 
type II cell tumors in male mice (18). Chlorogenic acid is a 
bacteria mutagen but has not been tested for carcinoge- 
nicity. 


Coumarin and Furocoumarin 


Coumarin (Fig. 9) is a natural anticoagulant found in a 
variety of plant foods such as cabbage, radish, and spinach 
and in flavoring agents such as lavender and sweet wood- 
ruff (Asperula odorata), the latter an essential herb in 
making German May wine. Coumarin is found in herb teas 
based on tonka beans (Dipteryx odorata) and sweet clover 
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(Melilotus albus and M. officinalis) called melilot. (In fact, 
the name coumarin originates from coumarou, the Carri- 
bean name for tonka beans.) Purified coumarin was once 
used as a food additive but was banned by the FDA after 
it was discovered that high doses caused liver damage in 
test animals. Coumarin has also been reported to cause 
bile duct carcinomas in rats. The anticoagulant action of 
coumarin is based on its interference with the action of 
vitamin K in the synthesis of clotting factors II, VII, IX, 
and X. The anticoagulant nature of coumarin was discov- 
ered when cows grazing on sweet clover developed bruising 
and internal bleeding. Shortly after it was found that ro- 
dents (which were used to bioassay for the then-unknown 
toxic principle in clover) were extremely susceptible to clo- 
ver, the newly isolated 3-(a-acetonylbenzyl)-4-hydroxycou- 
marin, known as warfarin (a named derived from the ac- 
ronym for Wisconsin Alumni Research Fund), was 
developed as a rodent bait. Known as coumadin, warfarin 
is also used in human medicines as a blood-thinning agent 
and to prevent the formation of blood clots. 

Psoralens are a group of phototoxic furocoumarins 
widespread in a number of plant families such as Apiaceae 
(formerly Umbelliferae—celery and parsnips), Rutaceae 
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Figure 8. Acetylcholinesterase in- 
hibitors in potatoes—a-solanine and 
a-chaconine. 


(eg, bergamot, limes, cloves), and Moraceae (eg, figs). Cel- 
ery contains 100 ppb psoralens, whereas parsnips contain 
approximately 40 ppm. When activated by sunlight, psor- 
alens are mutagenic, presumably due to their ability to 
form interstrand and protein cross-links with DNA. Many 
members of this chemical family are carcinogenic as well, 
including 5-methoxypsoralen and 8-methoxypsoralen (also 
called methoxsalen and xanthotoxin, respectively, Fig. 9). 
Methoxsalen, in addition to forming DNA cross-links, 
causes a specific mutation in the tumor suppressor gene 
p53. Dietary exposure to psoralens is probably not a sig- 
nificant health risk; however, the margin of safety is 
thought to be narrow. Human volunteers who ingested 300 
g of celery roots (with a total phototoxic furocoumarin con- 
tent of 28 ppm) experienced no skin reactions after UVA 
exposure, and the blood levels of psoralen, methoxsalen, 
and 5-methoxypsoralen were below the analytical detec- 
tion limit. 


MYCOTOXINS 


Mycotoxins are a diverse group of mold-produced chemi- 
cals that elicit a wide range of toxic responses in animals 
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Figure 9. Compounds in coffee (chlorogenic and caffeic acid) and coumarins. 


and humans. Pre- or postharvest contamination of various 
food crops by mycotoxigenic fungi is a common problem; 
approximately 25% of the world’s food supply is contami- 
nated by mycotoxins annually. The severity of mycotoxin 
contamination of agricultural commodities varies from 
year to year, depending on factors such as excessive mois- 
ture in the field and in storage, temperature extremes, hu- 
midity, drought, variations in harvesting practices, and in- 
sect infestation. Although the actual resultant economic 
loss to agriculture is difficult to determine with accuracy, 
it is considerable. 

Many mycotoxins have been implicated in outbreaks of 
human diseases. Some are potent animal and presumed 
human carcinogens. In domestic animals, such as dairy 
cattle, swine, and poultry, mycotoxin contamination is 
known to reduce growth efficiency, lower feed conversion, 
lower reproductive rates, impair resistance to infectious 
diseases, reduce vaccination efficacy, and induce pathologic 
damage to the liver and other organs. For these reasons, 
mycotoxins pose a major threat to public and animal 
health. A few classes of mycotoxins that are problems in 
foods will be considered here. 


Aflatoxin B, 


Aflatoxin B, (AFB,) represents a group of potent mycotox- 
ins produced by strains of the filamentous fungus Asper- 
gillus flavus and A. parasiticus. Of the Aspergillus myco- 
toxins, AFB, has generated the greatest concern and has 
stimulated the most research because of its extreme tox- 
icity and its widespread occurrence in staple foods and 


feeds (such as corn, peanuts, and cottonseed). For these 
reasons, the U.S. FDA regulates AFB, in foods. The cur- 
rent action level, the concentration above which the com- 
modity is condemned and discarded, is 20 ppb of total af- 
latoxins. This regulatory value was established in the 
1960s, in large part from the analytical detection limits at 
that time. The action level for the major AFB, metabolite 
present in milk and milk products, aflatoxin M, (AFM)), is 
0.5 ppb in fluid milk. Other regulatory guidelines for AFB, 
include 20 ppb in corn for dairy cows, 300 ppb in corn for 
finishing beef cattle and swine, and 100 ppb for breeding 
stock. Permissible AFB, concentrations in cottonseed for 
beef cattle, swine, and poultry is 300 ppb. These regulatory 
concentrations generally preclude detectable AFB, in the 
various products from these animals. Worldwide, estab- 
lished tolerances for AFB, in animal feeds range from 10 
to 600 ppb. 

Prevention of Aspergillus infection in foods and feeds is 
the most desirable method of reducing contamination. De- 
spite the best agricultural practices, however, AFB, con- 
tamination is mostly unavoidable. Thus, several methods 
of reducing postharvest product contamination have been 
developed. Some of these methods involve early identifi- 
cation and segregation of grossly contaminated kernels of 
corn or peanuts, or electronic devices to identify and reject 
grains that exhibit fluorescence due to AFB,. Ammoniation 
results in nearly complete elimination of aflatoxins and as- 
sociated toxicity in commodities, and it is suitable for treat- 
ing large batches of product (19). This method has not yet. 
been approved by the FDA for interstate shipments, but it 
is in use in some states. Another experimental strategy is 


the use of inorganic adsorbent feed additives that prevent 
absorption of mycotoxins in animals. Hydrated sodium cal- 
cium aluminosilicate (HSCAS), an FDA-approved anticak- 
ing agent, significantly reduces AFB, bioavailability as 
well as many of its specific toxic effects in pigs (20). 

The many toxic effects of AFB, are initiated by its con- 
version, principally by hepatic and extrahepatic microso- 
mal CYPs, toa variety of metabolites (Fig. 10). The reputed 
carcinogenic intermediate is the AFB,-8,9-epoxide. Pre- 
sumably because of its extreme reactivity (it has a half-life 
of approximately 0.5 s), the AFB,-8,9-epoxide has been iso- 
lated only indirectly from biological systems as adducts of 
glutathione (GSH), DNA bases, or other macromolecules. 
Most other metabolic products are less toxic than parent 
AFB,, the most prevalent of which is AFM,, so named for 
its appearance in the milk of dairy cows that consume 
AFB,-contaminated feeds. Other detoxified metabolites 
produced from the CYP oxidation of AFB, include aflatoxin 
Q, (AFQ,) and aflatoxin P, (Fig. 10). Soluble NADPH- 
dependent cytosolic enzymes reduce AFB, to produce af- 
latoxicol (AFL), which is nearly as toxic, mutagenic, and 
carcinogenic as the parent compound. Thus AFL is not con- 
sidered a detoxified metabolite. Because the reduction is 
reversible, AFL is postulated to represent a storage form 
of AFB,. 

The most critical detoxification AFB, route is via glu- 
tathione S-transferase (GST) using GSH as cofactor. Spe- 
cies whose GST has a high affinity for the AFB,-8,9- 
epoxide are generally protected from the toxic and 
carcinogenic effects of AFB,, regardless of how well the 
epoxide is formed by CYPs. The AFB,-8,9-epoxide is a sub- 
strate for GST, producing some form of nontoxic AFB,- 
GSH adduct that is often the simple sulfhydryl derivative 
of AFB,-GSH. Aflatoxin B, may also be detoxified via con- 
jugation with sulfates and glucuronic acid. The AFB,-8,9- 
epoxide may also be catalytically (by epoxide hydrolase) or 
spontaneously hydrolyzed to the AFB,-8,9-dihydrodiol. A 
soluble AFB, aldo-keto reductase (AFAR) has also been iso- 
lated from liver and extrahepatic tissues from human, rat, 
and other species that has strong affinity for reducing the 
AFB,-diol, thereby contributing to epoxide detoxification 
(21). 

The electrophilic and highly reactive AFB,-8,9-epoxide 
is reportedly responsible for the carcinogenic and muta- 
genic action of AFB,. This intermediate binds to cellular 
nucleophiles, such as DNA. Activated AFB, binds exclu- 
sively to guanyl residues, and the AFB,-N’-guanine(AFB,- 
N’ Gua) adduct is the most predominant (Fig. 10). Addi- 
tional adducts have been isolated, of which the 
“ring-opened” derivative of AFB,-N’-Gua, the formamido- 
pyrimidine, or AFB,-FAPyr, is the most common. In he- 
patic DNA from livers of rats injected with AFB,, approx- 
imately 80% of the adducts present are AFB,-N’-Gua, 
whereas the AFB,-FAPyr comprises approximately 7% 
(22). The formation of these adducts is the presumed first 
step in the development of heritable mutations from which 
tumors may arise. Repair of these genetic lesions occurs in 
living cells enzymatically or spontaneously, and the re- 
moved adduct is excreted in the urine. The ring-opened 
adduct appears to be more resistant to DNA repair en- 
zymes. In rats treated with a single dose of AFB), the 
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AFB,-N’-Gua was rapidly removed with an apparent half- 
life of 7.5 h, whereas other adducts, such as FAPyr, were 
removed much more slowly (23). 

Aflatoxin B, is a potent acute toxin that primarily tar- 
gets the liver. The primary lesions include hemorrhagic ne- 
crosis, fatty infiltration, and bile duct proliferation. In pigs, 
guinea pigs, and dogs, these effects are found most com- 
monly in the centrilobular region, whereas in ducklings 
and rats, the periportal region is the site of action. Verte- 
brate species show considerable variation in susceptibility 
to the acute effects of AFB,, and no species appears to be 
totally resistant. Poultry, rainbow trout, rats, and monkeys 
are particularly sensitive to the acute effects of AFB,. Mice 
and hamsters are much less sensitive (24). 

Aflatoxin B, is carcinogenic in a wide variety of animals. 
As is the case following acute exposures, the major target 
organ is the liver, although tumors in other organs result. 
from long-term dietary exposure to AFB. Aflatoxin B, at 
0.4 ppb fed over a 14-month period resulted in a 14% in- 
cidence of hepatocellular carcinomas in rainbow trout, the 
most sensitive animal species known to the carcinogenic 
effects of this mycotoxin. By contrast, only a 5% tumor in- 
cidence was observed during a similar time frame in Fi- 
scher rats exposed to 5 ppb. 

Epidemiological data indicate that at least in sub- 
Saharan Africa and Southeast Asia, where AFB, contam- 
ination in foods is considerable, dietary AFB, is an impor- 
tant risk factor for human hepatocellular carcinoma 
(HCC). In these geographical areas there is a linear rela- 
tionship between levels of AFB, contamination of food and 
the incidence of HCC. A factor that complicates epidemi- 
ology is that the incidence of hepatitis B virus infection, 
which is another reputed factor for HCC in humans, is also 
high in these regions. Specific biomarkers of human ex- 
posure to AFB,, such as adducts of DNA and serum albu- 
min, have proven to be valuable tools in the study of the 
role of dietary AFB, in human cancer. Measurement of 
these biomarkers in samples of blood or urine has allowed 
a direct determination of actual AFB, exposure in popu- 
lations, which is an improvement over performing random 
dietary analysis for AFB, and imprecise dietary recall sur- 
veys. 

Although the majority of interest in possible health ef- 
fects has correctly focused on dietary exposure to AFB,, 
workers in food and grain production, harvest, transport, 
and processing industries are also exposed to considerable 
amounts of airborne, respirable AFB,-contaminated grain 
dusts. For example, airborne dust sampled in a corn- 
processing plant contained 107 ng/m® AFB,, and the daily 
occupational exposure to this toxin was estimated to be 
between 40 and 856 ng (25). In another survey, concentra- 
tions of AFB, in smaller, more easily retained airborne 
grain particles were found to contain more AFB, than did 
larger grain particles; AFB, in particles under 7 um were 
as high as 1,814 ppb, whereas particles in the size range 
of 7 to 11 um had an average content of 695 ppb (26). 

Some studies indicate that inhalation exposure to AFB, 
may result in adverse health effects to those exposed. 
Aflatoxin-contaminated peanut dusts have been associ- 
ated with liver and lung cancer in Dutch peanut- 
processing workers who were continually exposed to be- 
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Figure 10. Major metabolites and fate of aflatoxin B, in animals. 
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tween 0.04 and 2.5 ug AFB, per week, compared to 
unexposed cohorts. In laboratory studies, AFB, has been 
shown to be converted to stable metabolites and activated 
to mutagenic and DNA-binding intermediates by cells of 
the mammalian respiratory epithelium. In cultured air- 
way epithelium from a variety of mammalian species, 
AFB, forms AFB,-N7-Gua and FAPyr in patterns similar 
to those found in hepatic systems. Compared to liver, 
human airway tissue has comparatively little AFB,- 
metabolizing ability, however (27). 


Tricothecenes 


Another economically and toxicologically significant class 
of mycotoxins are the tricothecenes, which are a group of 
more than 150 structurally related compounds produced 
by several genera of fungi, the most common of which are 
Fusarium sporotrichioides and F. graminearum. Tricothe- 
cenes are common contaminants of grains such as corn, 
wheat, and barley. In the United States, corn from the up- 
per Midwest is especially affected. Low temperatures, high 
moisture, and humidity appear to increase toxin produc- 
tion. Tricothecenes possess a sesquiterpenoids tetracyclic 
12,13-epoxy-tricothecane skeleton. Examples of important 
tricothecenes include T-2 toxin, nivalenol, and deoxyniva- 
lenol (Fig. 11). T-2 toxin was the first tricothecene discov- 
ered in grains, but of the tricothecenes, the incidence of 
deoxynivalenol (DEN; vomitoxin) is more widespread 
worldwide. 

The most acutely toxic tricothecene is verrucarin J, 
which has a LDgo of 0.5 mg/kg (iv) in the mouse. In mice, 
T-2 and nivalenol are nearly equitoxic; LDso values are 5.2 
and 4.1 mg/kg (Ip), respectively. The in vivo toxicity of T-2 
and nivalenol are approximately 10 times that of deoxy- 
nivalenol. In a variety of in vitro systems, T-2 toxin consis- 
tently has been the most toxic, followed by nivalenol and 
then deoxynivalenol (28). 

Acute tricothecene toxicity is characterized by vomiting, 
diarrhea, and inflammation. Dermal irritation, feed re- 
fusal, abortion, and hematological sequelae such as ane- 
mia and leukopenia also are common. In cattle, dietary T-2 
toxin at 0.64 ppm for 20 days results in death with bloody 
feces, enteritis, and abomasal and ruminal ulcers. In poul- 
try, tricothecenes at levels as low as 5 ppm cause oral ne- 
crosis and reduced body weight gains. Decreased egg pro- 
duction and shell quality result when poultry are fed a diet 
of 20 ppm T-2. Tricothecenes also are toxic when admin- 
istered dermally and cause symptoms similar to those seen 
when these mycotoxins are administered orally. 

Several widespread cases of human tricothecene poison- 
ing have occurred. Known as alimentary toxic aleukia, the 
disease follows a multistage pathogenesis. Shortly after in- 
gestion of contaminated cereal grains, initial symptoms in- 
clude a burning sensation in the mouth, tongue, throat, 
esophagus, and stomach and gastrointestinal distur- 
bances. Severe hematologic effects, such as leukopenia and 
granulopenia, may then follow, which may progress to 
white cell counts as low as 100/uL of blood. Continuous 
exposure to trichothecenes results in rashes on the skin 
and elsewhere that may progress to severe necrotic lesions. 
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Tricothecenes have widespread adverse effects on syn- 
thesis of proteins and other macormolecules and on mem- 
brane and immune functions. Tricothecenes inhibit all 
steps in protein synthesis (initiation, elongation, and ter- 
mination). Protein synthesis inhibition likely is a result of 
binding of the toxin to ribosomes. The binding of T-2 to 
ribosomes is specific and saturable (0.3 nM), and the stoi- 
chiometry is 1 toxin molecule bound per ribosome (29). 

The amphipathic nature of T-2 has led some to believe 
that it could be incorporated into the lipid or protein moi- 
eties of cellular plasma membranes, thereby interfering 
with membrane function. Myoblasts treated with T-2 toxin 
had reduced uptake of calcium, glucose, leucine, and ty- 
rosine within 10 min of exposure, effects apparently inde- 
pendent of protein synthesis inhibition. 

The toxin significantly alters several immune parame- 
ters, and the major effects appear to be associated with the 
cellular immune response. Specifically, effects such as an 
inhibition of the mitogen response, reductions of protein, 
DNA and interleukin-2 synthesis in concanavalin A- 
treated normal spleen cells, thymic atrophy, and reduc- 
tions in plaque-forming spleen cells have been demon- 
strated. In animals, decreases in resistance to many 
challenges that are cellular immune dependent have been 
observed, such as to bacterial, fungal, and mycobacterial 
infections and skin grafts. 


Zearalenone 


Zearalenone (ZEN) is a phenolic resorcyclic acid lactone 
(Fig. 11) produced by strains of Fusarium, primarily by F 
graminearum and F. sporotrichiodes. It is a natural con- 
taminant of corn, wheat, barley, oats, sorghum, and hay. 
As with most mycotoxins, significant ZEN production is 
promoted by high humidity and low temperatures, com- 
mon conditions in the upper Midwest during autumn har- 
vest. Zearalenone is a nearly universal corn contaminant 
and is often found in the same samples with tricothecenes. 
Despite its dissimilarity to steroid compounds, ZEN pro- 
duces potent hyperestrogenic responses in susceptible ani- 
mals. Thus the toxicity of this compound is unique among 
known mycotoxins. 

The animal most affected by ZEN is swine, but other 
animals, such as cattle, poultry, and laboratory animals, 
are affected to a lesser degree. Symptoms of ZEN poisoning 
include uterine enlargement and swollen vulva and mam- 
mae. In pigs, symptoms of hyperestrogenism generally ap- 
pear when contamination of ZEN in corn exceeds 1 ppm, 
but it can occur as low as 0.1 ppm. In ewes, ZEN exposure 
results in decreased ovulation rate and cycle length and an 
increase in duration of estrus. Young male pigs exposed to 
ZEN undergo symptoms of feminization, such as enlarged 
nipples and testicular atrophy. 

Zearalenone causes significant adverse reproductive ef- 
fects in animals. For example, dairy heifers exposed to 
ZEN have reduced conception rates; in rats, ZEN (10 
mg/kg in the diet) causes decreased growth rate, food in- 
take, fertility, fetal resorptions, stillbirths, abortion and fe- 
tal bone malformations. ZEN reduces egg production in 
hens. In newborn female mice, ZEN (1 yg daily for 5 days) 
results in significant ovary-dependent reproductive tract 
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Figure 11. Representative Fusarium mycotoxins. 


alterations at 8 month posttreatment; the majority of 
treated animals lacked corpus lutea and uterine glands 
and exhibited squamous metaplasia of the uterine luminal 
epithelium. Ovarectomized, ZEN-treated animals showed 
none of these ovary-dependent alterations. 

The mechanism of the estrogenic effect of ZEN appears 
to be mediated via binding of ZEN or metabolite(s) to the 
cytoplasmic estrogen receptor. In rat uterine tissue, trans- 
and cis-ZEN and two ZEN derivatives compete with 17/- 
estradiol for binding with the cytosolic receptor, but with 
a lesser affinity that that of estradiol. Accordingly, ZEN 
appears to have a greater affinity for estrogen receptors 
from animals that are more susceptible to the estrogenic 
effects of the mycotoxin. The affinity of ZEN to uterine and 
oviduct estrogen receptors follows the pattern pig, rat, and 
then chicken. 


Fumonisins 


Fumonisins are a group of recently discovered mycotoxins 
that have been associated with toxicity and mortality in 
horses and pigs following ingestion of Fusaria-contami- 
nated corn-based feeds. Fumonisin B, (FB,) is the most 


toxic representative of the fumonisins (Fig. 11). One such 
animal disease is the neurotoxic syndrome Equine Leu- 
koencephalomalacia (ELEM), which is characterized by fa- 
cial paralysis, nervousness, lameness, ataxia, and an in- 
ability to eat or drink. The principal pathologic lesions 
include severe cerebral edema, focal malacia, and lique- 
faction of cerebral white matter. The onset of such severe 
symptoms can be as short as a few hours. ELEM syndrome 
often is epizootic and nearly always is associated with in- 
gestion of moldy corn. 

Several studies have positively linked fumonisins to 
ELEM. A majority of horses fed a corn-based feed contam- 
inated with 37 to 122 ppm FB, developed fatal ELEM 
(30). Hepatic involvement is often coincident with central 
nervous involvement in horses and swine. Intravenous or 
dietary administration of FB, causes both pulmonary 
edema and hydrothorax in swine (31). In swine, lower 
doses of FB, result in a slowly progressive hepatic necro- 
sis, whereas higher doses result in acute pulmonary 
edema coincident with hepatic toxicity. That fumonisins 
are potent inhibitors of sphingosine biosynthesis in cul- 
tured hepatocytes has been postulated to account for both 


the hepatotoxic and central nervous system effects of this 
toxin. 

Besides the neurotoxic and hepatotoxic effects, FB, is a 
potent rodent carcinogen. Initial studies showed that a diet 
containing culture material inoculated with F. moniliforme 
was carcinogenic in rats. Dietary FB, not only initiates )- 
glutamyltranspeptidase-positive ()-GT + ) hepatic foci, but 
also promotes those induced by compounds such as dieth- 
ylnitrosamine (32). Long-term dietary FB, (50 ppm) in- 
duces a high incidence (66%) of HCC along with metasta- 
ses to the heart, lungs, or kidneys (33). Symptoms of 
hepatic involvement such as macronodular cirrhosis and 
cholangiofibrosis are also observed. Later studies have led 
to the conclusion that FB, is probably only a modest ini- 
tiator of liver tumors, because »-GT* foci and hepatocel- 
lular nodules were observed only after prolonged feeding 
of very high (0.1%) FB, in rats. It was postulated that the 
carcinogenic effect of FB, likely involves promotion and the 
selection of initiated hepatocytes, events that occur during 
the postinitiation phase of hepatocarcinogenesis. Addition- 
ally, FB, carcinogenicity does not appear to involve inter- 
action with DNA. Neither FB, nor FB, elicits unscheduled 
DNA repair in primary rat hepatocyte cultures treated ei- 
ther in vitro or in vivo (34). It is therefore possible that the 
carcinogenic activity of fumonisins is mediated via epige- 
netic mechanisms, such as is the case of peroxisome pro- 
liferators. 

Research on the health effects of fumonisins is rela- 
tively modest, and information on the mechanism of fu- 
monisin toxicity or on the mechanisms underlying species 
sensitivity is only beginning to be compiled. Obviously, 
more information is needed to provide a fuller understand- 
ing of the extent of the adverse effects of fumonisins on 
human and animal health. Because corn is a staple in 
many parts of the world, and because Fusarium contami- 
nation of corn is nearly universal, it is likely that fumoni- 
sins may be involved in human toxicoses and other health 
effects. Fusarium-contaminated corn has been epidemi- 
ologically associated with human esophageal cancer in 
some regions of South Africa. 


Ergot Alkaloids 


Documented since the Middle Ages, the fungus Claviceps 
purpurea has caused periodic outbreaks of mycotoxicoses 
in many parts of the world. This mold, which grows in 
grasses and cereal products, is especially prevalent in over- 
wintered rye and wheat. Growth of the fungus takes the 
form of hard, black-purple sclerotia (or ergots) that ger- 
minate in the spring. Claviceps produces several ergot al- 
kaloids, which are derivatives of lysergic acid (ergotamine; 
Fig. 12). The major effect of these compounds is vasocon- 
striction, resulting in a reduction of blood flow and subse- 
quent gangrene in the feet, legs, and hands. Symptoms of 
ergot poisoning include a burning sensation in the arms 
and legs, gangrene, abortion, vomiting, diarrhea, weak- 
ness, and sometimes hallucinations. 


Ochratoxins 


Ochratoxins are produced by Aspergillus ochraceus and se- 
lected Penicillium species. Ochratoxin A (Fig. 12), whichis 
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the most toxicologically significant of the ochratoxins, is 
produced in a variety of cereal grains (wheat, barley, oats, 
corn), dry beans, peanuts, and cheese. Ochratoxin A is a 
potent nephrotoxin in nearly all animals studied and is a 
probable etiologic agent for Balkan endemic nephropathy 
(BEN), a fatal chronic renal disease. The syndrome, which 
is associated with nephritis and associated urinary tu- 
mors, is especially prevalent in Bulgaria, Romania, and 
Yugoslavia. Pigs exposed to ochratoxin A experimentally 
present a nephropathy strikingly similar to BEN. 
Surveys have repeatedly shown that a significant per- 
centage of food supplies from several Balkan countries are 
contaminated with ochratoxin. In addition to the afore- 
mentioned cereal and other products, ochratoxin is often 
found in animal products such as sausage, bacon, and ham. 


HETEROCYCLIC AMINES IN COOKED FOODS 


It has been known for years that heating food produces 
several classes of toxic compounds. For example, polycyclic 
aromatic hydrocarbons, the same compounds present in 
chimney soot, are also produced by charbroiling meat, 
chicken, and fish. More recently, however, a new class of 
heat-produced compounds, the heterocyclic amines (HCA), 
have been discovered and characterized. Like polycyclic 
aromatic hydrocarbons, HCAs are produced by pyrrolysis 
reactions that occur under ordinary cooking conditions. 
HCAs have been found in meat, fish, and poultry. Compo- 
nents in raw food that react to form HCAs include creati- 
nine, sugars, and amino acids. Both creatinine and amino 
acids appear to be rate limiting, but the role of sugars in 
formation of HCAs is uncertain (35). Cooking practices in- 
volving higher temperatures, such as flame broiling or 
panfrying, produce higher amounts of these toxicants, 
which are stable in food under most storage situations, In 
addition to temperature, cooking time and type of food are 
factors important in HCA formation. 

More than 20 HCAs have been isolated from cooked 
foods, nearly all of which are powerful mutagens, and in 
most cases animal carcinogens. In fact, HCAs are among 
the most potent bacterial mutagens known. Some of the 
most common and intensely studied include IQ (2-amino- 
3-methylimidazol4,5-f Iquinoline), methyl IQ (MelQ; 2- 
amino-3,4-dimethylimidazo[4,5-f Iquinoline), methyl IQx 
(MelQx; 2-amino-3,8-dimethylimidazo[4,5-f Jquinoxaline), 
PhIP (2-amino-1-methy]-6-phenylimidazo[4,5-b pyridine), 
Trp-P-1  (3-amino-1,4-dimethyl-5H-pyrido[4,3-b]indole), 
and Glu-P-1 (2-amino-6-methyldipyridol[1,2-a:3',2'-d]imi- 
dazole) (Fig. 13). Heterocyclic amines are well absorbed 
from the intestine and, like many other natural carcino- 
gens, require hepatic metabolic activation for toxic action. 
Cytochrome P450 1A2 has been identified as an important 
isozyme that catalyses the N-hydroxylation of the exocyclic 
amino groups of HCAs. Reactive electrophilic intermedi- 
ates are produced by subsequent ester formation with ei- 
ther acetic acid, sulfuric acid, or proline (Fig. 14). The mu- 
tagenic and carcinogenic action of HCAs are thought to 
occur via binding of reactive nitreuniom ion intermediates 
with the C-8 atom of guanine in DNA. This resultant bulky 
adduct causes frameshift mutations by small base dele- 
tions. 
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As animal carcinogens, heterocyclic amines are not as 
potent as would be expected from their impressive muta- 
genic activity. However, HCAs are still potent rodent car- 
cinogens, causing tumors in a wide variety of tissues, 
mainly the liver, blood vessels, intestines, and fore- 
stomach. The most abundant HCA in cooked food, PhIP, 
causes tumors primarily of the large intestines, mammary 
gland, and lymphoid tissue (36). 

Although the intake of HCAs is unavoidable, the aver- 
age amount consumed in people varies dramatically. In the 
general population, the average intake of HCAs has been 
calculated to be between 0.4 and 16 wg/day (37). Urinary 
HCAs have been isolated in all healthy volunteers who eat 
normal diets. Whether HCAs are in fact carcinogenic in 
people at the nominal exposure levels is uncertain and is 
difficult to ascertain. Amounts of individual HCAs in the 
human diet are probably insufficient to cause cancer per 
se. Differences in diet, meat intake, and cooking methods 
can result in 50,000 to 100,000-fold differences in HCA ex- 
posure among individuals (38). Animal studies seem to in- 
dicate that HCAs act additively, or perhaps synergistically. 
Therefore, mixtures of HCAs, which would be present in 
most cooked foods, may be associated with human cancer 
risk. 
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TOXICOLOGY AND RISK ASSESSMENT 


Risk assessment is the process used to determine the prob- 
ability, type, and magnitude of human toxic effects antici- 
pated from exposure to specific levels of chemicals. All 
chemicals have the potential to produce adverse effects on 
health under some conditions of exposure. According to a 
sixteenth-century principle expressed by Paracelsus (ca 
1493-1541), it is the right dose that differentiates a poison 
and a remedy. There is, however, a great variation of po- 
tency among chemicals in regard to their ability to cause 
adverse health effects; some chemicals may cause toxico- 
logical effects at very low doses, whereas others require 
much higher doses before effects are produced. All our food 
is composed of chemicals, and there are numerous types of 
chemicals that have been subject to risk assessment and/ 
or regulation (Table 1). 

The U.S. Food and Drug Administration (FDA) man- 
ages risks from food additives and veterinary drugs that 
may persist as residues in foods of animal origin (milk, 
meat, and eggs). The FDA has published comprehensive 
guidelines for safety assessment of direct food and color 
additives (1). The U.S. Environmental Protection Agency 
(EPA) is responsible for the control of several chemicals 
that may contaminate food, including pesticides and water 
pollutants. The EPA has developed a variety of guidelines 
for the toxicological testing of pesticides. At the interna- 
tional level, the regulatory authorities include different 


Table 1. Food Chemicals Considered in Risk Analysis 
Food additives 


Preservatives 
Colors 
Flavors 
Stabilizers 
Supplements 


Biogenic compounds 


Plant toxins or phytotoxins 

Bacterial toxins 

Enterotoxins 

Mycotoxins 

Marine toxins (eg, algal toxins responsible for paralytic shellfish 
poisoning and diarrhetic shellfish poisoning) 


Residues 


Processing aids (catalysts, filtration aids, antifoaming agents, 
extraction solvents, etc) 

Pesticides 

Animal feed additives 

Veterinary or therapeutic drugs (medicines, antibiotics, 
hormones) 

Environmental contaminants (heavy metals, industrial 
chemicals such as polychlorinated biphenyls and polycyclic 
aromatic hydrocarbons) 


Contaminants 


Processing contaminants (eg, mutagenic heterocyclic amines) 
Food packaging migrants (plastics, waxes, inks, etc); also called 
indirect food additive 
Others 
Adulterants, chemicals used for tampering 


committees of the Food and Agriculture Organization of 
the World Health Organization (FAO/WHO), such as the 
Joint FAO/WHO Expert Committee on Food Additives, the 
Joint FAO/WHO Meeting on Pesticide Residues, and the 
Codex Alimentarius. 


TOXICITY: TYPES AND TARGETS 


Based on the duration of exposure to chemicals, toxicity is 
often classified as acute (involving a single dose), chronic 
(generally involving exposure over a lifetime), and sub- 
chronic (repeated exposures). 

Different organs can be damaged by chemicals, includ- 
ing the liver, kidney, skin, brain, lungs, stomach, spleen, 
intestines, bladder, eyes, blood, and blood vessels. Differ- 
ent systems can also be affected, including the cardiovas- 
cular, nervous, immune, and reproductive systems, as well 
as the developing embryo or fetus. Although some toxico- 
logical effects can be reversed, others are irreversible. Car- 
cinogens are chemicals capable of producing tumors, 
teratogens cause birth defects (2). 


Toxicity Testing of Food Chemicals 


In early times, trial-and-error methods were required to 
allow the distinction between safe and unsafe foods. In 


fact, early risk assessors worked for ancient pharaohs as 
food tasters. Currently, the preferred method for predicting 
potential health risks is human epidemiology, which in- 
volves statistical treatment of data collected from human 
populations. Epidemiological studies have been used to 
correlate human cancers with various factors. It is esti- 
mated that one-third of cancers can be attributed to diet 
(3) and that dietary changes can bring a substantial de- 
crease in the rate of certain cancers (4). 

Despite its usefulness in predicting risks from human 
exposure, epidemiology is limited by several factors, such 
as ethical considerations that prohibit human studies, the 
difficulty in measuring health effects with low probabilities 
of occurrence, inaccuracy due to recall bias, problems in 
identifying control groups that have not been exposed to 
the chemical under study, and the impossibility of obtain- 
ing human data on newly developed chemicals prior to 
their release. 

As the preferred substitute for epidemiological data, 
animal toxicology studies are commonly performed in a va- 
riety of animal species, and the results of such studies are 
extrapolated to allow risk assessors to predict potential hu- 
man health risks. 

The major types of toxicology studies commonly con- 
ducted are whole animal studies and in vitro studies. 


Whole Animal Studies. For practical reasons, most 
whole animal toxicology studies are conducted in rodents 
(mice and rats), although tests in other nonrodent species 
such as dogs and nonhuman primates are also commonly 
performed. 

The most comprehensive toxicology test performed is 
the lifetime animal bioassay using rodent species admin- 
istered daily doses of the test material over their normal 
life span. Typical dosing schemes involve a high dose (the 
maximum tolerated dose, or MTD), a lower dose (often one- 
fourth to one-half of the MTD), and a control (zero) dose. 
(5). In testing many food chemicals, high doses are often 
used to maximize the potential to identify toxicological ef- 
fects; many of these doses are several orders of magnitude 
greater than the typical human intake. 


In vitro Studies. Commonly, a number of in vitro studies 
are also performed that may utilize specific components of 
mammalian systems (for example, liver enzymes obtained 
from whole animals) or using other living systems such as 
bacterial colonies. In vitro studies are frequently employed 
to identify the potential metabolic pathways that a specific 
chemical is subject to and to screen for various forms of 
toxicity such as mutations and endocrine disruption. Re- 
sults from initial in vitro studies may provide preliminary 
information for chemical and pharmaceutical manufactur- 
ers that allow them to identify suitable chemical candi- 
dates they may wish to study in expanded and costlier 
whole animal studies. Some in vitro studies also allow risk 
assessors to determine the similarities and differences be- 
tween test animals and humans in their abilities to me- 
tabolize the chemicals under investigation. Specific tests 
have been developed to determine the DNA-damaging 
properties of certain chemicals and DNA-repair tests (6). 
It is anticipated that increasingly sophisticated methods, 
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with major inputs from molecular biology, will play a more 
extensive and important role in risk assessment (7). 


RISK ASSESSMENT 


In 1983, the National Research Council (NRC) of the Na- 
tional Academy of Sciences published the first U.S. federal 
guidelines for performing chemical risk assessments (8). 
The NRC identified four major components of the risk as- 
sessment process: hazard identification, dose-response as- 
sessment, exposure assessment, and risk characterization. 


Hazard Identification 


Hazard identification is the determination of whether a 
particular chemical is or is not causally linked to specific 
health effects. This first step involves a critical evaluation 
of all the available information on the chemical under 
study, including epidemiological (human) data and exper- 
imental (animal) toxicity data, conditions of exposure un- 
der which the effects may be produced, and studies iden- 
tifying possible biochemical mechanisms of toxic action. 
The information may have been developed from acute, sub- 
chronic, or chronic toxicology studies and might include a 
variety of harmful effects, such as cancer, allergic reac- 
tions, birth defects, developmental defects, reproductive 
abnormalities, neurotoxicity, immunotoxicity, or toxicity to 
the liver, kidney, or lung. 

A critical component of hazard identification is the de- 
termination of whether a chemical does or does not cause 
cancer. This distinction is important because risk assess- 
ment practices use different criteria for carcinogens 
(cancer-causing chemicals) and noncarcinogens. Cancer 
studies usually are performed using the chronic lifetime 
rodent bioassays and frequently make use of the MTD. The 
MTD is usually determined following the results of 90-day 
toxicity studies and is roughly described as the highest 
dose that does not alter the test animal’s longevity or well- 
being because of noncancer effects (9). However, it has been 
argued that many chemicals may induce cancer at the 
MTD through biological mechanisms that do not occur at 
lower dose. Such mechanisms include increased cell pro- 
liferation rates in response to high-dose toxicity (10). Ex- 
posure at lower doses, where these mechanisms are not 
active, would not result in cancer. 


Dose-Response Assessment 


Once a specific toxicological hazard has been identified, it 
is possible to determine the relation between the level of 
exposure and the probability of occurrence of the adverse 
effects in question. The procedures used to establish this 
dose-response relationship are governed by the type of haz- 
ard; noncarcinogenic and carcinogenic hazards are typi- 
cally treated differently. 

There are two general models used to determine the 
dose-response relationships: (1) the threshold model and 
(2) the nonthreshold model. 


Threshold Model. This model is adopted for noncarcin- 
ogenic hazards and assumes that toxic effects will not be 
observed until a minimum, or threshold, dose is reached. 
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To estimate the threshold, toxicology studies generally try 
to identify two dose levels: one above the threshold at 
which effects are seen (known as the lowest observed effect 
level, or LOEL) and one presumably below the threshold 
at which no effects are seen (known as the no observed 
effect level, or NOEL). The degree to which the NOEL and 
LOEL estimates approximate the threshold cannot be de- 
termined because of statistical and biological limitations 
as well as limitations in the number of dose levels used in 
toxicology studies. As a prudent measure, the NOEL is 
generally used as a conservative estimate of the threshold 
(11). 

To determine acceptable levels of human exposure fol- 
lowing identification of the NOEL value from animal stud- 
ies, uncertainty factors (often called safety factors) are also 
incorporated into the process. Such factors presumably ac- 
count for differences in animal to human extrapolation and 
consider biological variability among human individuals. 

The NOEL values are derived from toxicology studies 
involving small homogeneous groups of animals and, 
therefore, may not represent appropriate thresholds for 
large and nonhomogeneous human populations. The 
choice of uncertainty factors is governed by the availability 
of human data; the nature, severity, and chronicity of the 
effect; the quality of animal toxicology data; and the need 
to accommodate human response variability for sensitive 
subgroups. Overall uncertainty factors may range from 1 
to 10,000 (12). 

The most common uncertainty factors is 100, which is 
rationalized as a 10-fold uncertainty factor for species vari- 
ation (assuming humans are 10 times more sensitive than 
the animals studied) multiplied by another 10-fold uncer- 
tainty factor for human variation (assuming some humans 
are 10 times more sensitive than the average humans). It 
has been recommended that up to an additional 10-fold 
uncertainty factor be incorporated to provide greater pro- 
tection for infants and children from possible effects of pes- 
ticide residue exposure if data relating the relative sensi- 
tivities of infants and children to the sensitivities of adults 
are not available (12). 

An acceptable daily intake (ADI) is calculated by divid- 
ing the NOEL by the selected uncertainty factor. The ADI 
is defined as an estimate of the amount of a food chemical 
(such as an additive or pesticide) that can be ingested by 
humans on a daily basis over a lifetime without anticipated 
harm. The EPA has recently replaced the term ADI with 
an analogous term, the toxicity reference dose, or RfD, 
thereby removing the inference of acceptability, which may 
carry the connotation of a nonscientific, value judgment 
(2). For metal contaminants with cumulative properties 
(such as mercury or lead), the concept of provisional tol- 
erable weekly intake (PTWI) was established by the WHO/ 
FAO (13). For chemicals that are essential nutrients but 
cause toxicological effects when consumed at high levels, 
the WHO (14) established the concept of provisional max- 
imum tolerable daily intakes (PMTDI). 

As an alternative to the use of the NOEL approach in 
the dose-response assessment, the concept of the bench- 
mark dose has been proposed (15). This approach is in- 
tended to reduce the uncertainty related to the NOEL de- 
termination. The benchmark dose is defined as the lower 


confidence limit for the effective dose that produces a spe- 
cific increase in the incidence over control (background) 
levels. The benchmark dose provides a consistent basis for 
calculating the RfD, considers the dose-response model, 
and uses all available experimental data in contrast to the 
NOEL approach, which ignores the shape of the dose- 
response curve. The benchmark dose approach can also be 
applied to the risk assessment of carcinogens. 


Nonthreshold Model. This model is used for assessment 
of the dose-response relationship for carcinogenic hazards. 
It is assumed that any level of exposure to a carcinogen 
may provide some probability for the development of can- 
cer (although the probability is still related to the dose), 
which implies that a NOEL does not exist for carcinogens. 
Mechanistically, it is assumed that many carcinogens act 
as mutagens that cause direct damage to the genes; it has 
been proposed, in what is often called the one-hit model of 
carcinogenesis, that exposure to a single molecule of a car- 
cinogen could ultimately lead to a mutation that could de- 
velop into cancer. 

As mentioned previously, the study of cancer-causing 
chemicals usually involves long-term rodent (eg, rat and 
mouse) assays. In an effort to maximize the chance of de- 
tecting cancer in the animal studies, special strains of ani- 
mals that may be more susceptible to developing cancer 
are often used; this practice raises questions about the va- 
lidity of extrapolating such results to humans (16). More- 
over, although cancer itself requires tumors to invade other 
tissues, benign (noninvasive) tumors are also usually con- 
sidered evidence of potential carcinogenicity. 

The notion that carcinogens lack toxicity thresholds is 
controversial. Chemicals may, in fact, use several biologi- 
cal mechanisms to cause cancer (17). Genotoxic chemicals, 
which cause mutations, may indeed lack threshold doses. 
In other cases, such as the induction of thyroid tumors (18) 
or the induction of tumors resulting from increased cell 
proliferation (10), it is argued that such carcinogenic ef- 
fects are exerted through mechanisms consistent with a 
threshold hypothesis. Currently, however, most carcino- 
genicity risk assessment models still rely on the non- 
threshold assumption. 

Typical human exposure to animal carcinogens is often 
several thousand times lower than doses that produce tu- 
mors in experimental studies. Toxicology testing protocols 
for carcinogens usually involve the administration of mas- 
sive levels of chemicals (at the MTD) to animals through- 
out their lifetimes. Calculation of carcinogenic risks there- 
fore requires the results of high-dose animal studies to be 
extrapolated to predict human risks at low exposures. A 
number of mathematical models have been developed for 
the dose-response assessment of carcinogens; each yield a 
value known as the cancer potency factor (19). Cancer po- 
tency factors may vary widely depending on the choice of 
the model and its assumptions. The most commonly used 
model is the linearized multistage model that assumes a 
cell, which may be a target for a carcinogenic chemical, 
goes through a specific number of different stages and that 
the probability of a carcinogenic “hit” on the cell, which 
leads to the development of cancer, is stage-specific. At the 
lowest level of exposure, the relationship between expo- 


sure level and excess cancer is linear. Also commonly per- 
formed are statistical corrections that express cancer risks 
on the basis of the upper 95% confidence interval of the 
slope of the dose-response curve, adding an additional ele- 
ment of conservatism to the risks (20). Upper-confidence- 
level cancer risks may be orders of magnitude greater than 
the best estimates obtained using the mathematical 
models. 


Exposure Assessment 


Before risks from exposure to chemicals in food can be 
properly assessed, the information derived from the haz- 
ard identification and dose-response assessment processes 
must be combined with an estimate of the likely amount 
of human exposure, or dose, before the levels of risk may 
be assessed. To obtain reliable information on dietary ex- 
posure to chemicals in food, it is necessary to obtain infor- 
mation on the frequency of occurrence and levels of the 
chemicals in food and the amounts and types of various 
food items that are consumed. Human exposure to chem- 
icals in the diet is typically expressed as the product of the 
concentration of the chemical in various foods and the 
amounts of the foods consumed. Estimation of both factors 
requires several assumptions and involves considerable 
uncertainty. 

The exposure assessment depends on the type of food 
chemical under study. With food additives, the concentra- 
tion of a chemical in food may be well known and relatively 
constant, For incidental chemicals in foods (eg, pesticide 
residues, hormones, antibiotics, and environmental con- 
taminants), however, the concentration may vary dramat- 
ically from sample to sample, making an accurate estimate 
of the actual level of concentration difficult to obtain. The 
choice of assumptions used to predict the concentration 
levels may also be related to the availability of reliable 
monitoring data. 

Several techniques are available to estimate pesticide 
residue levels in foods. The highly theoretical and conser- 
vative assumption (worst case) is that all pesticides are 
present at a predetermined level, typically at the maxi- 
mum allowable level throughout the whole production sys- 
tem, including the raw food commodity, processed forms of 
the food, and the food in table-ready form. More complex 
data-intensive approaches are based upon actual mea- 
surements of residue levels at the time the food is ready to 
be consumed. Also of use are a variety of intermediate tech- 
niques that consider factors such as residue results from 
field monitoring studies, effects of postharvest factors on 
residue levels, and incorporation of actual pesticide-use 
data (20). Results from the use of the various techniques 
may differ dramatically. Archibald and Winter (21), using 
realistic pesticide residue data, reported exposure levels 
ranging from hundreds to tens of thousands of times lower 
than those estimated using much more conservative as- 
sumptions. 

Obtaining useful and accurate food consumption data 
represents another scientific challenge. Most food con- 
sumption data are collected from national food consump- 
tion surveys. Typically, such surveys rely on eight general 
methods that are used to assess food consumption: food 
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disappearance data (correcting food production and import 
data for food exports, waste, storage, and nonhuman food 
use), household disappearance data, dietary histories, di- 
etary frequencies, 24-hour recalls, food records, weighted 
intakes, and duplicate portions (22). The method used de- 
pends upon the purposes of the study and availability of 
resources. For dietary risk assessment purposes, the most 
common food consumption estimates are derived from the 
results of U.S. Department of Agriculture nationwide food 
consumption surveys based on three-day dietary records 
describing the types and amounts of foods consumed, both 
at home and away from home. Such surveys involve tens 
of thousands of individuals in the 48 continental states and 
Hawaii, Alaska, and Puerto Rico. The amount of each food 
item consumed and the individual’s weight are specified. 
Additional information concerning demographic and socio- 
economic background, age, gender, ethnicity, and geo- 
graphic location are tabulated. The accuracy of such food 
consumption estimates is directly related to the accuracy 
of those surveyed in identifying the amounts and types of 
foods they actually consumed during the survey period. 

A critical step in the exposure assessment phase is to 
identify the target audience exposed to the food chemical 
under study. It is widely accepted that dietary chemical 
exposures of different population subgroups may vary dra- 
matically due to differences in food consumption patterns. 
One of the limitations of data from nationwide food con- 
sumption surveys is the ability to accurately identify the 
food consumption patterns of population subgroups for 
which the sample size is limited in the overall data set. 

During the past decade, the assessment of food chemical 
risks to infants (up to 1 y) and children (1-12 y) has been 
a key issue in risk assessment. Infants and children rep- 
resent a unique subpopulation group, and concerns are 
common not only because of their small body size, but also 
because of their physiological and developmental differ- 
ences. Infants and children eat fewer foods than adults, 
but consume more food on a per-body-weight basis. Hence, 
their exposure to pesticide residues is often greater than 
that for adults (12). Other vulnerable population sub- 
groups are represented by the elderly and people with ex- 
isting health conditions. 

The main focus of chemical food safety evaluation has 
been on pesticides. In the case of acute (short-term) risk 
assessments, the diets of the most highly exposed 
individuals—those representing the upper 90th, 95th, or 
99th percentiles (high-level consumers)—are often consid- 
ered rather than median consumers, and chemical concen- 
trations are often considered at highest detected levels 
rather than at median levels. 

Traditional approaches to estimate food chemical ex- 
posure have relied upon “point estimates” derived by as- 
suming a particular concentration level of the chemical 
and a specific food consumption estimate. In reality, both 
chemical levels and food consumption patterns may vary 
dramatically among different food samples and individual 
consumers and are more appropriately presented as dis- 
tributions. Through the process of statistical convolution, 
it is possible to combine the distributions of chemical levels 
and food consumption patterns to develop an exposure dis- 
tribution rather than simply a point estimate. Through 
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such a process, for example, it is possible to identify what 
percentage of a population (or subpopulation) is exposed to 
a specific amount of a chemical (such as the RfD) on agiven 
day or in a short time period. Such a distributional anal- 
ysis approach is also more amenable to the assessment of 
exposure to multiple chemicals that may have similar 
mechanisms of toxic action (12). 


Risk Characterization 


The final stage of the risk assessment process involves de- 
scribing the nature, and often the magnitude, of risk and 
optimally includes statements reflecting the uncertainty in 
the final risk estimates. The core of the risk characteriza- 
tion stage is a comparison between estimated human ex- 
posures with levels of toxicological significance. Risk may 
be expressed as a probability, but optimally, risk charac- 
terization should include qualitative evaluation in addi- 
tion to single numerical depictions of risk or ranges of nu- 
merical depictions. Such qualitative factors include the 
strength of the evidence that a chemical produces the par- 
ticular effect from which the risk was estimated. The nu- 
merous uncertainties and assumptions inherent in the risk 
assessment process should also be discussed (23). In fact, 
the analysis of uncertainty in the risk estimate is an es- 
sential component of risk characterization and may pro- 
vide valuable information for risk managers. 

For noncarcinogens, risk characterization typically re- 
lates the estimated exposure to the RfD or ADI. It is criti- 
cal to understand that the RfD or ADI is not a toxicity 
threshold level in itself that provides a cutoff between 
“safe” and “unsafe” human exposures. Exposure at the RfD 
or ADI presents a very low risk, although “very low” is 
undefined (2). Qualitatively, risk increases at levels above 
the RfD or ADI, with greater exposure resulting in greater 
potential risk. 

For carcinogens, estimated cancer risks are obtained by 
multiplying exposure estimates by cancer potency factors. 
This practice often results in the reporting of cancer risks 
indicating, for example, a specific number of cancers (above 
normal cancer rates) per 1 million persons exposed. The 
actual numbers presented usually represent the upper 
bounds of cancer risks calculated using conservative treat- 
ment of various uncertainties (such as nonthreshold be- 
havior) and, as such, probably do not accurately reflect true 
cancer rates (24). Although fairly arbitrary, a cancer risk 
of 1 excess cancer per million persons exposed typically 
represents a level of risk considered to be “negligible” (19). 
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ULTRAFILTRATION AND REVERSE OSMOSIS 


BACKGROUND INFORMATION 


Ultrafiltration (UF) and reverse osmosis (RO) are unit 
operations in which water or some solutes in a solution are 
selectively removed through a semipermeable membrane. 
Both processes are similar in that the driving force for the 
transport of water and solutes across the membrane is the 
pressure applied to the feed solution. However, the mem- 
brane and pressure used and the separation achieved are 
quite different. Membranes used in both UF and RO have 
a very thin skin layer or an asymmetric structure formed 
by phase-inversion processes. In RO, the thin skin layer 
consists of a very dense film; thus, virtually all suspended 
matter and most dissolved species are retained by the 
membrane, and only water passes through the membrane. 
The operating pressure is in the order of 700 kPa or higher 
to overcome the high osmotic pressure of the low molecular 
weight solutes. UF membranes have a thin skin layer that 
is microporous and, hence, they separate species based on 
molecular size. In addition to water, some dissolved low 
molecular weight species can pass through the membrane. 
The driving force for the separation is the pressure differ- 
ence across the membrane, typically in the range of 70 to 
700 kPa. Another important difference between UF and 
RO is the effect of the chemical nature of the membrane 
polymer. In UF, the chemical nature of the membrane poly- 
mer has only a small effect on the separation process since 
separation is based on a sieving mechanism. By contrast, 
RO separations are based on preferential sorption or 
solution/diffusion phenomena and are greatly influenced 
by the chemical nature of the polymer membrane. 

The advantages of UF and RO, comparing to other sep- 
aration or dewatering processes, have been summarized by 
Porter and Nelson (1). First, they do not require a phase 
change in solvent to effect the separation or dewatering 
processes. Second, UF and RO can be conducted at ambient 
or other selected temperatures. These can result in consid- 
erable savings in processing energy, elimination of thermal 
or oxidation degradation problems associated with evapo- 
ration and collapse of gels, breaking of emulsions, and me- 
chanical damages associated with freezing. For UF pro- 
cesses, in addition, changes in ionic strength and pH that 
occur during other methods of separation or dewatering 
are also avoided because low molecular weight acids, 
bases, or salts are not retained and are freely permeable 
to the UF membranes. 

The main limitations of UF and RO are (1) fouling of 
the membranes, which reduces the operating time between 
periods of cleaning; (2) the maximum concentration is lim- 
ited to 30% total solids; (3) higher capital costs than evap- 
oration; and (4) variation in the product flow rate when 
changes occur in the concentration of feed solution (2). 

The history of UF and RO has been reviewed by Sou- 
rirajan (3), Matsuura and Sourirajan (4), and Cheryan (5), 
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and the costs of their operations has been reviewed by 
Cheryan (5). 


MEMBRANES AND MEMBRANE MODULES 


UF and RO membranes are usually asymmetric, which 
means the pores change in size from one surface of the 
membrane to the other. They also differ from microporous 
membranes, which have pores of uniform size throughout 
the membrane. The two techniques have been developed 
to manufacture asymmetric membranes: one utilizes the 
phase-inversion process (6) and the other forms a compos- 
ite structure by depositing a very thin homogeneous solid 
polymer film on a microporous membrane (7). The phase- 
inversion process consists of three steps: (1) a polymer is 
dissolved in an appropriate solvent to form a solution con- 
taining 10 to 30 wt % polymer; (2) the solution is cast into 
a film about 100 to 500 um thickness; and (3) the film is 
quenched in a nonsolvent, which for most polymers is typ- 
ically water or an aqueous solution (3,8,9). Variations of 
the phase-inversion process such as wet, dry, or melt spin- 
ning processes have been reviewed (5). More than 90 dif- 
ferent homopolymers, copolymers, and blends have been 
investigated for the manufacture of the phase-inversion 
membranes (10). Cellulose acetate, polysulfone, and poly- 
amide membranes are the most common types used com- 
mercially. 

The methods of forming composite membranes have 
been reviewed (5,11). These methods can be briefly sum- 
marized as follows: (1) casting of the barrier layer sepa- 
rately, which is followed by lamination to the support film; 
(2) dip-coating of the support film in a polymer solution 
and drying, or in a reactive monomer or prepolymer solu- 
tion followed by curing with heat or radiation; (3) gas- 
phase deposition of the barrier layer from a glow-discharge 
plasma; and (4) interfacial polymerization of reactive 
monomers on the surface of the support film. 

Mineral or ceramic membranes are another class of 
membranes that are lately receiving increased attention. 
They are formed by the deposition of inorganic solutes, 
such as zirconium oxide, onto reusable porous carbon 
tubes or porous metal tubes. Because they are made of 
inorganic materials, they have little or none of the disad- 
vantages associated with polymeric membranes. They pos- 
sess a high degree of resistance to chemical and abrasion 
degradation and tolerate a wide range of pH and tempera- 
ture (5). 

For the successful application of UF and RO, the design 
of the membrane module and the layout of the system in 
which the module is installed are as important as the se- 
lection of the proper membranes (9). There are four impor- 
tant membrane module designs used in both UF and RO: 
tubular, plate-and-frame, spiral-wound, and capillary or 
hollow-fiber. 

The tubular membrane module is shown in Figure 1 and 
consists of a membrane cast on the inside of a porous fi- 
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Figure 1, A tubular membrane module. 


berglass reinforced plastic tube or a synthetic fiber tube 
and then inserted into a supporting, perforated stainless 
steel tube. These tubes are usually 12.5 mm (0.5 in.) to 25 
mm (1 in.) in internal diameter and 0.6 to 6.4 m (2 to 20 
ft) in length. A number of these tubes are then placed in- 
side of a PVC or stainless steel sleeve or shroud to form a 
module. This type of membrane module provides a good 
control of the concentration polarization and membrane 
fouling. The system can usually tolerate large quantities 
of suspended solid matter in the feed and can be cleaned 
by foam swabs without dismantling the equipment. How- 
ever, it has a lower membrane surface per module volume 
than other types of membrane module design. 

A typical plate-and-frame membrane module is shown 
in Figure 2. It is similar to the conventional filter press. 
The membranes, porous support plates, and spacers with 
curved ribs forming the feed flow channels are clamped 
together and stacked between two end plates in a vertical 
or horizontal frame. Permeate is led out through fine, 
stainless steel tubes from the edge of the plates. All plate- 
and-frame membrane modules provide a larger membrane 
surface per unit volume than tubular membrane modules, 
but the control of concentration polarization is more diffi- 
cult. Handling of solutions with suspended solids may 
cause plugging of the flow channel. 

Figure 3 shows a spiral-wound membrane module. Two 
flat membrane sheets, separated by a porous membrane 
support, are placed together with their active sides facing 
away from each other. The three sides are then sealed to- 
gether and the fourth side is attached to a perforated cen- 
ter stainless tube. A cover leaf and a spacer screen are then 
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Figure 2. A plate-and-frame membrane module. 
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placed on each side of the membrane and the whole assem- 
bly is rolled around the center tube and placed inside a 
PVC or stainless steel housing fitted with manifolds to 
form a spiral-wound module. The feed is pumped into one 
end of the module and flows in parallel to the axis of the 
module. The permeate flows radially through both the 
membrane and porous membrane support and finally into 
the perforations of the center tube. The retentate or con- 
centrate then flows out from the other end of the mem- 
brane module. The membrane surface per unit volume is 
higher than the plate-and-frame type, but the control of 
concentration polarization effects is more difficult. Severe 
membrane fouling may occur even with moderate concen- 
trations of suspended solid materials. Thus, the spiral- 
wound membrane module is usually used in RO applica- 
tions, and its use in UF is limited (9). 

The hollow-fiber geometry is a newer approach to the 
membrane module design (Fig. 4). The membrane is a self- 
supporting tube with the active surface on the inside of the 
tube. Each hollow fiber has a fairly uniform bore and is 
bonded on each end in an epoxy tube sheet and is housed 
in a clear polysulfone or translucent PVC shell to form a 
membrane cartridge. The feed enters the inside of a group 
of hollow-fiber tubes, and the permeate passes through the 
tube and enters the shell side of the chamber for collection, 
Hollow-fiber membrane modules provide the largest mem- 
brane surface per unit volume of all membrane module de- 
sign. However, the small fiber tubes are highly susceptible 
to fouling and plugging. Pretreatment or prefiltering of the 
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Figure 3. A spiral-wound membrane module. 
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Figure 4. A hollow-fiber membrane cartridge. 


feed is often required and, furthermore, the flow rate of the 
feed is limited because it is proportional to the inlet pres- 
sure, which is limited to 1.8 atm (25 psig) maximum op- 
erating pressure. 


PROCESS DESCRIPTION 


UF and RO can be conducted either as a single-pass, batch, 
feed-and-bleed, or multistage recycle system (5). In single- 
pass systems, the feed solution is brought to contact with 
the membrane module only once (Fig. 5). This limits the 
attainable concentration of the retentate. Batch systems 
return the retentate continuously to the feed tank for re- 
cycling through the membrane module (Fig. 6). Because 
the permeate is collected in another tank, the retentate is 
concentrated continuously until the desirable retentate 
concentration is reached. Feed-and-bleed systems are es- 
sentially a combination of the batch and single-pass opera- 
tions (Fig. 7). Initially, the retentate is totally recycled 
similar to a batch system until the final retentate concen- 
tration is reached. At this point, a portion of the retentate 


Bleed 


Feed tank 


Feed pump Recirculating pump 


Retentate (concentrate) 


T 
I 
—— 
{ 
1 


ULTRAFILTRATION AND REVERSE OSMOSIS 2359 


Retentate (concentrate) 


—-> Permeate 


Feed pump 


Figure 5. A schematic diagram of single-pass UF or RO system, 
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Figure 6. A schematic diagram of batch UF or RO system. 


is bled from the system, and fresh feed is added to the 
recycle loop. The quantity of feed into the loop is controlled 
at a rate equal to the permeate flowing out of the loop plus 
the amount of the retentate being taken out of the system. 
Multistage operations are achieved by linking two or more 
feed-and-bleed stages together (Fig. 8). The stages are op- 
erated in series with respect to the retentate/feed flow but 
in parallel for permeate flow. Each stage operates at a con- 
stant feed concentration, which increases from the first to 


Figure 7. A schematic diagram of feed-and-bleed UF or RO 
system. 
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Figure 8. A schematic diagram of multistage recycle UF or RO system (only three stages are 


shown). 


the last stage. The final stage operates at the desired re- 
tentate concentration. The advantage of the multistage 
system is that the retentate can be concentrated to high 
levels without the long residence time that occurs in a 
batch system, which can lead to potential microbial prob- 
Jems (12). 


EFFECTS OF OPERATING PARAMETERS 


The performance of a UF system is quantified by permeate 
flux. There are four important operating parameters that 
affect the flux: pressure, temperature, feed concentration, 
and flow rate. The pressure-flux behavior in typical UF 
processes is pressure dependent at low pressures and pres- 
sure independent at high pressures (5); increasing pres- 
sure increases permeate flux when the pressure is low, but 
permeate flux becomes independent of pressure when the 
pressure is high. Both the resistance model and the os- 
motic pressure model describe correctly the observed 
pressure-flux behavior of the UF processes (13). In the re- 
sistance model, the increase in pressure increases the flux 
and compacts the boundary layer. The compaction of the 
boundary layer increases its hydraulic resistance and thus 
opposes further increases in flux. On the other hand, the 
osmotic model does not consider the hydraulic resistance 
of the boundary layer. The increase in pressure increases 
the concentration of solute at the membrane surface and, 
therefore, the osmotic pressure. The increase in the os- 
motic pressure opposes the increase in flux. The mathe- 
matical expressions for the resistance model and the os- 
motic pressure model are shown in the following equations 
(5,13). The resistance model: 


AP AP 


Tm + Th Tm + 9AP 


The osmotic pressure model: 


_ AP - dn 


Tn 


J 


where J is the permeate flux, 4P is the pressure difference, 
Tm is the membrane resistance, r;, is the resistance due to 


the boundary layer and gel-polarized layer, g is the pro- 
portional coefficient between r, and 4P, and 4z is the os- 
motic pressure. 

Higher temperatures generally favors the increase in 
flux of the UF processes. This is because increasing tem- 
perature reduces the solution viscosity. Cheryan (5) sug- 
gested that it is best to operate UF at the highest possible 
temperature that is within the limits of the feed solution 
and the membrane. Increasing feed concentration in- 
creases the viscosity and density of the solution, but re- 
duces the solute diffusivity; the net results are increased 
concentration polarization and increased thickness of the 
boundary layer. Observed experimental results, in general, 
show that the flux decreases exponentially with increasing 
feed concentration (5). On the other hand, increasing flow 
rate or turbulence tends to remove the accumulated solids 
near the membrane surface and reduce concentration po- 
larization near the membrane surface and the thickness of 
the boundary layer. Therefore, the permeate flux in- 
creases. 

In addition to permeate flux, the performance of a re- 
verse osmosis (RO) system is also quantified by solute re- 
jection. Similar to a UF system, pressure, temperature, 
feed concentration, and flow rate are four major influenc- 
ing processing parameters. The effect of pressure on per- 
meate flux and solute rejection is complex. Although per- 
meate flux increases with pressure, the osmotic pressure 
at the membrane surface also increases because of in- 
creased solute concentration. The latter tends to reduce 
the increase of permeate flux. Because the solute flux is 
not driven by pressure, it is not affected by increasing pres- 
sure. Therefore, increasing pressure increases solute re- 
jection. However, increased concentration at the mem- 
brane surface indirectly increases the solute flux, which 
tends to moderate the increase in solute rejection. 

Temperature increases both permeate flux and solute 
flux. This is because increasing temperature reduces vis- 
cosity of the permeate and increases diffusivity and solu- 
bility of the solute in the membrane (13). Because the in- 
crease in solute flux with temperature is usually faster 
than the increase in permeate flux, solute rejection de- 
creases with increasing temperature. 


Increasing feed concentration reduces permeate flux by 
increasing osmotic pressure at the membrane surface be- 
cause of increased solute concentration. Because solute 
flux is concentration driven, increased solute concentration 
or concentration polarization at the membrane surface in- 
creases solute flux. Both increased solute flux and reduced 
permeate flux cause rapid reduction in solute rejection. 

The effect of flow rate on permeate flux and solute re- 
jection is similar to that of pressure (13). Increasing flow 
rate reduces concentration polarization near the mem- 
brane surface and the thickness of the boundary layer. 
Thus, permeate flux increases, causing the osmotic pres- 
sure to increase; this tends to reduce or moderate the per- 
meate flux. The initial reduction in the concentration po- 
larization caused by increase in flow rate decreases solute 
flux and hence increases solute rejection. However, this is 
also reduced or moderated by the osmotic pressure in- 
creases since solute flux is concentration driven. 


APPLICATIONS IN FOOD INDUSTRIES 


Dairy Products 


UF and RO are finding increased applications in the dairy 
products. Milk and skim milk are concentrated for the 
manufacture of soft and hard cheeses (14-16), dried whole 
milk and skim milk (17), ice cream (18), milk beverages 
(19), condensed milk (20), and yogurt (14,21,22). Proteins 
recovered from sweet and acid wheys are by-products from 
the manufacture of the various kinds of cheeses. Lactose 
can be separated from wheys for uses in alcohol or beer 
production (23). 


Cereal and Oilseeds 


For cereal and oilseeds, UF and RO are used for (1) recov- 
ery of proteins from ground coconut meat (24), cottonseed 
and soy flour (25-27), and rapeseed meal (28); (2) removal 
of undesirable components such as raffinose, stachyose, 
and phytic acid from soy milk (29); (3) treatment and pro- 
cessing of cottonseed and soy whey (30,31); (4) protein 
modification (32); and (5) degumming of edible oils (33). 


Agricultural Raw Materials and By-products 


For agricultural raw materials and by-products, notable 
applications for UF and RO are (1) recovery of meat pro- 
teins from animal blood and meat waste (1); (2) recovery 
of useful by-products from potato, sweet potato, and wheat 
starch processes (34-36); and (3) removal of glucose while 
concentrating egg white (37-39). 


Others 


UF and RO have found many other applications. Examples 
include concentration fractionation, or purification of al- 
falfa juice (40), apple juice (41-44), beet juice (45,46), cane 
juice (47), citrus juices (48), maple sap (49), onion juice 
(50), orange juice (51), passion fruit juice (52), perilla an- 
thocyanins (53), strawberry juice (54), tomato juices (55), 
and vegetable juices (56). UF and RO are also finding many 
applications in biotechnology (5,57) and removal of toxic 
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components from rapeseed meal extracts (58). The discus- 
sion is beyond the scope of this article, however. 
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UNITED STATES: ARMED FORCES FOOD 
RESEARCH AND DEVELOPMENT 


Food and foodservice equipment research and develop- 
ment for the Army, Navy Air Force, Marine Corps and the 
Defense Logistics Agency is conducted at the U.S. Army 
Natick Research, Development and Engineering Center in 
Natick, Massachusetts. Since 1970, Natick has served as 
the executive agent for the Department of Defense Food 
Program, conducting research, development and engineer- 
ing to meet the unique feeding needs of the Armed Forces 
through a combination of in-house and contractual efforts. 

Research and Development conducted under the DOD 
Food Program can generally be divided into two categories: 
‘Technology Base and Military Service Requirements. Tech- 
nology Base efforts encompass research in areas of known 
or anticipated technology gaps that impede solution of cur- 
rent problems or development of future systems to meet 
military feeding needs. Military Service Requirements are 
recognized, validated needs identified by one or more of the 
Services and generally address known current deficiencies 
or needs contemplated in the next three to seven years. 

The DOD Food and Nutrition Research and Engineer- 
ing Board (FNREB), consisting of representatives of each 
of the four military Services and other involved organiza- 
tions, functions as a board of directors, providing direction 
to Natick in formulation of the DOD Food Program. The 
FNREB meets annually to prioritize the projects, including 
initiation of effort on new requirements identified by the 
Services during the preceding year and revalidation of the 
need for continuation of ongoing work. 

Each Service maintains a full-time representative at 
Natick as a member of the Joint Technical Staff (JTS). 
These representatives provide military guidance to the Na- 
tick scientists relative to their Services’ projects and pro- 
vide liaison between Natick personnel and the military 
community. They assist in matters such as organizing field 
tests and provide a communication link between the item 
developer (Natick) and the customers, the military plan- 
ners and men and women in the field, aboard ships and on 
aircraft. The JTS members represent the FNREB on day- 
to-day actions and participate fully in all aspects of the 
DOD Food Program formulation and execution. 

The annual program, formulated and prioritized as de- 
scribed above, is executed in three Natick elements, the 
Food Engineering Directorate, the Soldier Science Direc- 
torate and the Advanced Systems Concepts Directorate, 
whose specific functions are summarized below. 


FOOD ENGINEERING DIRECTORATE 


The Food Engineering Directorate (FED) is responsible for 
design, development and evaluation of military rations 
and foodservice equipment, to fulfill the requirements of 
the Army, Navy, Air Force, and Marine Corps, as well as 
special requirements to support the Defense Logistics 
Agency. Response to identified needs of the above Services 
involves long-range research, item development and engi- 
neering support to procurement agencies for food and food- 
service equipment during the entire life of the item. The 


end products of FED’s effort are Technical Data Packages 
(specification, drawings, etc), which are used to procure 
items from commercial suppliers. 

The Food Engineering Directorate is divided into three 
product divisions and a support division. The product- 
oriented divisions are the Technology Acquisition Division, 
the Food Technology Division, and the Food Equipment 
and Systems Division. 

The Technology Acquisition Division (TAD) is struc- 
tured and staffed to conduct basic research and explora- 
tory development involving new technologies for food pres- 
ervation and processing, and for foodservice equipment 
and operations. The TAD’s function is to explore, assess, 
adapt and refine new materials, equipment and opera- 
tional concepts as basis for establishing new technological 
opportunities for exploitation to meet near- and long-term 
military feeding requirements. As with all FED Divisions, 
the emphasis on R&D conducted by TAD is on military- 
unique requirements, for which there are no civilian coun- 

Exploratory and feasibility studies are conducted on 
new foods and new processing techniques needed to pro- 
vide optimally configured and formulated field rations, 
which can be assembled from a limited number of basic 
components, to meet specific needs, such as high altitude 
or low temperature operating environments, for future 
military scenarios. Objectives of studies on foods and pro- 
cesses include, in addition to optimizing nutrient content, 
extending shelf life, improving product functionality and 
reducing overall food costs through means such as auto- 
mating processing technologies and developing methods to 
objectively monitor quality and serviceability of food prod- 
ucts in storage. 

Research and engineering studies on food service equip- 
ment encompass diverse areas, including combustion tech- 
nology, energy conversion technologies, robotics, electron- 
ics, material science and sanitation technologies. The goal 
of these studies is to assure that new and emerging tech- 
nologies are applied to military food service equipment 
needs, and to develop new technology as necessary to meet 
anticipated unique military needs for feeding military per- 
sonnel on the “high-tech” battlefields of the future. 

The Food Technology Division (FTD) conducts explora- 
tory development, advanced development and engineering 
programs to meet current and future military feeding 
needs. Division responsibilities include development of 
new or improved foods, food processes and operational ra- 
tions in response to specific Military Service Require- 
ments. Disciplines include food technology, packaging 
technology, and physical sciences. Product development 
and evaluation are focused primarily on operational ra- 
tions for field feeding and include design of rations to meet 
designated nutritional content, acceptance by troops, ser- 
viceability, storage life, and convenience of use under field 
conditions. Commercial items are evaluated for suitability 
and are utilized wherever possible, or modified, if feasible, 
to meet any special requirements resulting from the 
unique military environment. This Division is responsible 
for preparation of technical requirements for approxi- 
mately 700 procurement documents and for providing en- 
gineering and technical support to the Defense Personnel 
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Support Center, the agency responsible for purchasing 
foods and operational rations used by all military services. 

The Food Equipment and Systems Division (FESD) is 
responsible for development, testing and fielding of new or 
improved foodservice equipment and systems in support of 
Military Services Requirements. Its mission includes eval- 
uation of commercial foodservice equipment and methods, 
including foreign military equipment, for applicability to 
military requirements. Advanced and engineering devel- 
opment tasks are accomplished through in-house design 
and contracted design and fabrication of prototype equip- 
ment. Development of foodservice equipment encompasses 
all aspects of evaluation, including laboratory and field 
testing, to assure that all requirements are met. 

In addition to specific equipment development and test- 
ing, this Division is responsible for managing the devel- 
opment of selected systems throughout the acquisition cy- 
cle. Systems engineering activities involve integration of 
components, ie, food, packaging, preparation and serving 
equipment, into a total feeding system. Engineering sup- 
port is provided to procuring activities throughout the life 
cycle of the hardware system. 


ADVANCED SYSTEMS CONCEPTS DIRECTORATE 


The Advanced Systems Concepts Directorate (ASCD) com- 
bines the functions of advanced systems development, 
long-range planning, and interfacing with military cus- 
tomers. With respect to foodservice systems, ASCD works 
closely with each of the uniformed Services through the 
DOD Food and Nutrition Research, Development and En- 
gineering Program. From its creation in 1970, as the 
Operations Research and Systems Analysis Office, ASCD 
has evolved into an organization employing roughly 20 in- 
dividuals working in the foodservice concept development 
and long-range planning arena. Typically, there are 10 to 
15 projects being pursued in ASCD’s portion of the food 
program. These projects place ASCD in the forefront of de- 
veloping the most advanced feeding system concepts for 
land, sea, and air military missions. 

ASCD applies a systems approach, which uniquely com- 
bines appropriate statistical and mathematical modeling 
techniques with field verification when possible. This ap- 
proach provides analyses of the benefits and characteris- 
tics of the existing system and alternatives, and validates 
the performance of the selected candidate system with field 
experiments. The success of this approach has been dem- 
onstrated in the development and rapid adoption of a new 
foodservice system concept for aircraft carriers, the devel- 
opment and fielding of a new concept for combat field feed- 
ing in the Army, and the development and deployment of 
a new feeding concept for Air Force Ground-Launched 
Cruise Missiles. 

Current systems analysis development projects include 
a foodservice concept for the proposed Peacekeeper Rail 
Garrison system. Peacekeeper units must operate without 
assigned foodservice personnel, without resupply, and, de- 
spite extreme space constraints, must still provide high 
quality food for the crews. The problems of providing qual- 


ity foodservice to the Navy’s antisubmarine warfare squad- 
rons is the subject of another project wherein the current. 
system cannot provide the flexibility required by air crews 
engaged in long surveillance and combat missions. Also for 
the Navy, ASCD is developing a new concept for disposal 
of plastic waste products. Under international treaty, by 
1993 the Navy was to cease disposing of plastics at sea. 
With the large volume of plastic packaging generated by 
aircraft carriers, which are essentially floating cities con- 
taining over 5,000 individuals, and with industry’s trend 
toward increasing use of plastics packaging material, this 
is a crucial project addressing a highly visible problem. 

In addition to projects involving long-term improve- 
ments to current systems, ASCD is involved in the defini- 
tion and evaluation of “Next Generation” (1990s) and “Fu- 
ture Systems” (2000 and beyond), recognizing future 
threats and warfighting concepts. One example is a project. 
to explore concepts for undersea subsistence storage and 
resupply. Another project is looking at the value of concepts 
involving mobile, automated food production systems in 
terms of futuristic battlefield threats and warfighting con- 
cepts. 

Working closely with representatives from the Food En- 
gineering and Soldier Science Directorates, ASCD also 
conducts a proactive program to obtain feedback from 
users in the field. For this purpose ASCD representatives 
makes a large number of visits to Army installations 
worldwide. These visits familiarize General Officers and 
their staffs with Natick’s products as well as providing op- 
portunities for collecting survey data from soldiers using 
those products in field exercises. 


SOLDIER SCIENCE DIRECTORATE 


The Soldier Science Directorate has the mission of science 
and technology leadership for all of Natick’s products and 
systems in support of the individual soldier. The Director- 
ate, a multidisciplinary research organization, draws from 
the behavioral, biological, physical, chemical, and engi- 
neering sciences to maintain a decided edge in technology 
in order to avoid surprise and to ensure the timely transfer 
of information to Natick’s product Directorates, other 
Army research and development activities, industry, and 
academia. The SSD thrusts in food science and technology 
are aimed at providing soldiers with acceptable, nutrition- 
ally complete and environmentally stable meals for the 
whole spectrum of operational scenarios for the battlefield 
of the future. 

The Directorate is organized into three divisions known 
as the Behavioral Sciences Division, the Biological Sci- 
ences Division, and the Physical Sciences Division. Ap- 
proximately half of the Directorate’s 129 permanent civil- 
ian and 17 military personnel have doctorate or master’s 
degrees. 

The Behavioral Sciences Division provides human fac- 
tors support to all projects and programs at Natick. Its 
Food Systems Human Factors Branch has responsibility 
for supporting ration design and development. Modern 
marketing research techniques are being introduced into 


the behavioral research efforts in order to develop sensory 
and behavioral rules, criteria, and limits for optimizing the 
acceptance of novel rations and to engineer into these ra- 
tions the desirable sensory characteristics that will ensure 
their acceptance and consumption in the targeted field en- 
vironment. Methods are being developed to attenuate or 
eliminate the effects of jet lag on individuals by modifying 
diet or feeding patterns prior to, during, or after time zone 
changes. Artificial intelligence technology is being imple- 
mented to aid in configuring ration components that opti- 
mally meet the nutrition and load-carrying requirements 
for a given mission. An expert system is being developed 
to aid soldiers who have to forage for food in unfamiliar 
and hostile environments. 

The Biotechnology Branch of the Biological Sciences 
Division focuses on the development of new food packag- 
ing based on biopolymers. These materials, which provide 
long-storage stability due to low oxygen permeability, can 
be microwaved and are readily biodegradable. Efforts are 
also underway to develop a survival kit with the capabil- 
ity to convert environmental substrates into edible ma- 
terials through the action of enzymes and/or microorgan- 
isms. 

The Biohazard Assessment and Control Branch of the 
Biological Sciences Division studies the nutritional ade- 
quacy and stability of rations and the microbiological qual- 
ity of military rations stored for varying lengths of time 
under a wide range of temperature and humidity levels. 
The research focus is on developing preservative systems 
that minimize oxidative events causing membrane dam- 
age during processing or storage. Other projects are di- 
rected toward developing a nonanimal assay to aid in the 
selection of fats for use in energy-dense military foods, im- 
proved thermal processing techniques using combinations 
of pH, water activity, and preservatives to prevent micro- 
bial growth in current and future combat ration compo- 
nents, and water extraction, recovery, and generation con- 
cepts for enhanced ability to supply potable drinking water 
under combat feeding conditions. 

The primary contribution of the Physical Sciences Di- 
vision to rations research is in the development of new or 
improved techniques for materials testing. Among other 
important contributions, the Physical Sciences Division 
has developed more sensitive as well as more precise meth- 
odology for measuring the amount of oxygen permeation of 
packaging materials. This division also possesses the ca- 
pability to provide analytical support plus textural engi- 
neering via electron microscopy characterization of mem- 
branous materials used for encapsulating and packaging 
rations. 

The Divisions within the Soldier Science Directorate do 
not pursue their scientific and technological objectives in 
a vacuum. Rather, they work closely with each other, other 
product directorates at Natick, and outside agencies. The 
Directorate maintains agreements with other federal 
agencies, academia, and industry for the pursuit of solu- 
tions to common perplexing scientific and engineering 
problems. The focus of all these efforts is to ensure that 
new rations, materials, and packaging processes are con- 
sistent with improving the total performance, health, and 
safety of today’s and tomorrow’s soldier, whether operating 
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under peacetime training or extremely hostile combat con- 
ditions. 
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UNITED STATES DEPARTMENT 
OF AGRICULTURE 


In the United States, the principal in-house research 
agency of the U.S. Department of Agriculture (USDA) is 
the Agriculture Research Service (ARS). It is one of the 
four component agencies of the Research, Education, and 
Economic (REE) mission area. 

This article provides an overview of research activities 
conducted by the USDA in cooperation with universities in 
the country. The information has been adapted from its 
website, http: / /www.ars.usda.gov. 


MISSION OF AGRICULTURE RESEARCH SERVICE 


ARS conducts research to develop and transfer solutions 
to agricultural problems of high national priority and pro- 
vides information access and dissemination to: 


* Ensure high-quality, safe food and other agricultural 
products 

* Assess the nutritional needs of Americans 

* Sustain a competitive agricultural economy 

* Enhance the natural resource base and the environ- 
ment 


* Provide economic opportunities for rural citizens, 
communities, and society as a whole 


GOALS OF AGRICULTURE RESEARCH 
ARS goals are: 


1. To enhance the production, value, and safety of foods 
and other products derived from animals that have 
a major impact on the American economy, world 
markets, and the U.S. balance of trade 

2. To enhance the quality of the environment through 
a better understanding of and building on agricul- 
ture’s complex links with soil, air, and biotic re- 
sources 

3. To enhance the production, value, and safety of foods 
and other products derived from plants that have a 
major impact on the American economy, world mar- 
kets, and the U.S. balance of trade. 


The remaining part of this article will discuss the details 
of these goals as expressed by the USDA national pro- 
grams under the following three research areas: 
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1. Animal production, product value, and safety 
(APPVS) 

2. Natural resources and sustainable agricultural sys- 
tems (NRSAS) 

3. Crop production, product value, and safety (CPPVS) 


ANIMAL PRODUCTION, PRODUCT VALUE, AND SAFETY 


Multidisciplinary research conducted by ARS in these 
areas is built on the following national programs discussed 
in the sections that follow. 


Animal Genome, Germ Plasm, Reproduction, 
and Development 


Program Rationale. Production of foods derived from 
animals has a major impact on the U.S. agricultural econ- 
omy. Annual cash receipts of $93 billion from livestock and 
poultry products account for about 50% of all agricultural 
products. The main components of this program are de- 
signed to identify and use livestock and poultry with ap- 
propriate genotypes that will have a major impact on the 
quality of animal products used for food, international 
competitiveness, and efficiency of production. 


Program Components 

Animal Germ Plasm. A major goal is to identify, facili- 
tate, acquire, and characterize potentially useful germ 
plasm and selection to improve efficiency of production and 
to retain genetic diversity of animals for future genera- 
tions. Another major goal is to store gametes or embryos 
on a long-term basis (eg, 25 years or more). The research 
effort emphasizes germ plasm cryopreservation and vitri- 
fication to enhance the feasibility and efficiency under 
which desired germ plasm would be stored. The program 
includes research on the sexing of male and female sperm 
so as to provide sexed gametes and embryos for storage. It 
also includes research on stem cells, primordial cells, cell 
lines, and DNA as they relate to the overall objective of the 
national program. 

Animal Genome. A major goal is to develop genomic 
maps and associated DNA markers to improve accuracy of 
selection, increase frequency of desirable genes in popu- 
lations, and characterize valuable germ plasm popula- 
tions. For each livestock species genetic maps of polymor- 
phic loci must be developed with sufficient resolution to 
permit location, definition, and use of genes affecting eco- 
nomically important traits. Related program components 
include analyses of the fine structure of candidate genes 
and gene families, definition of the genetic basis of quan- 
titative trait loci to be used to implement genetic marker— 
assisted selection, and development of new experimental 
technologies for utilization of genome information. 

Reproductive Efficiency. The overall goal is to improve 
reproductive efficiency of livestock, poultry, and aquacul- 
ture species. Research will focus on improving reproduc- 
tive performance of animals through genetics, nutrition, 
and health management and on management of environ- 
mental factors such as temperature and humidity. Re- 
search advances and new biotechnologies will be developed 


to reduce losses due to reproduction problems in all spe- 
cies, and to maximize reproductive output of animals that 
produce high-quality products. 

National Animal Germ Plasm Database. The overall goal 
is to develop a fully operational national animal germ 
plasm database system that will be linked with a central 
and satellite database that is now part of the USDA-ARS 
Genetic Resources Information Network (GRIN) System at 
Beltsville, Maryland. Access is readily available to the pub- 
lic through the Internet at http: / /www.ars-grin.gov /nag. 
An important component of the program is to expand the 
database to contain descriptors and characteristics of the 
world’s animal genetic resources and DNA sequences or 
mapping information on relevant animal genomes. An ad- 
ditional program component is development of cooperative 
arrangements with outside groups such as the National 
Association of Animal Breeders (NAAB) and the American 
Livestock Breeds Conservancy to fully develop the data- 
base and to establish, for each species, national species 
committees representing industry, scientists, and commod- 
ities. 

Animal Gene Bank/Repository. The purpose of the ani- 
mal gene bank/repository is to develop long-term storage 
space for sperm, embryos, oocytes, stem cells, cell lines, 
and DNA from designated genotypes covering a wide range 
of domestic animal species and aquaculture. An important 
component of this program is to establish a national com- 
mittee on cryopreservation to work with species commit- 
tees. This national committee will establish priorities for 
genetic material to be maintained in repositories and will 
define long-term storage requirements for this material. 


Animal-Production Systems 


Program Rationale Producers are challenged with inte- 
grating knowledge from diverse disciplines into production 
practices suitable for their individual operation. Research 
on food animal—production systems assesses the interac- 
tions between nutrition, genetics, reproduction, physiol- 
ogy, microbiology, immunology, and molecular biology and 
related effects on animal health, productivity, and the en- 
vironment. Improvements in the production efficiency of 
individual components are often realized in the total sys- 
tem and ensure a continuing supply of economical 
nutrient-dense products for the consumer. Research lead- 
ing to discoveries and applications in production efficiency, 
sustainebility, animal and environmental well-being, and 
high-quality products are imperative if animal agriculture 
is to be economically viable. 


Program Components 

Animal Nutrition. Nutrition is the single most costly 
component in modern animal production. Suboptimal nu- 
trition is a significant factor in the failure to realize genetic 
potential for production and increased susceptibility to dis- 
ease. Economically optimizing nutrient supply and use is 
imperative for improving growth and reproduction and 
maximizing overall production efficiency. Research is 
needed in the following areas: 


1. Chemical composition and availability of nutrients 
in feedstuffs 


2, Nutritional requirements of grazing and nongrazing 
animals 

3. More efficient use of nutrients 

4. Specific attention to improving the use of environ- 
mentally sensitive nutrients such as phosphorus, ni- 
trogen, copper, and potassium 

5. Increasing understanding of nutrient partitioning 
between biological functions (eg, reproduction, 
growth, and lactation) 


Integrated Animal Systems Research. Production output 
and efficiency of the whole animal represent the biological 
integration of nutritional, physiological, and genetic com- 
ponents. Factors that affect an individual component influ- 
ence animal production, either partially or totally, through 
their effects on other biological components. It is impera- 
tive that research be conducted that develops our knowl- 
edge of how animals integrate nutrition, endocrinology, im- 
munology, and genetic factors to optimize efficiency of 
nutrient use, reproduction efficiency, and product quantity 
and quality. With this knowledge, one can understand the 
animal as a production unit in developing new approaches 
and decision aids applicable to improving the sustainabil- 
ity of animal-production systems. 

Integrated Information for Animal-Production Systems. 
The overwhelming amount of information about animal- 
production efficiency is difficult to use without the aid of 
computer-based technology. This technology application is 
needed to improve management decisions and strategies 
that will yield the greatest economic returns. New- 
generation computer models are needed for evaluating pro- 
duction options. Decision aids are needed to integrate the 
components of animal production in modular forms com- 
patible with farming systems programs. These decision 
aids must be useful to farmers and producers. 


Animal Diseases 


Program Rationale. Animal disease is the single greatest 
hindrance to efficient livestock and poultry production, 
with economic losses estimated to be 17% of production 
costs in the developed world and more than twice this fig- 
ure in the developing world. Rapid diagnostic tests, novel 
genetic vaccines, immune modulatory strategies, disease- 
resistant genes, and increased biosecurity measures are 
needed to prevent or control outbreaks and the spread of 
animal diseases and to protect people from zoonotic dis- 
eases. Protecting the livestock industry from animal dis- 
eases ensures competitiveness of the U.S. animal agricul- 
ture in the global marketplace and promotes a sustainable 
and profitable production system in the United States. 


Program Components 

Pathogen Detection. New generations of rapid, sensi- 
tive, and specific serological and molecular diagnostic tests 
are needed to: 


* Detect newly emerged disease pathogens 

* Identify new variants of known disease pathogens 
* Control or eradicate zoonotic diseases 

* Control diseases that impact production trade 
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Epidemiology of Disease. Epidemiological surveillance 
can better define the economic impact of livestock diseases, 
enabling animal producers to better understand the ecol- 
ogy of emerging disease and natural transmission cycles. 
This is needed to develop strategies to prevent disease. The 
emergence or introduction of an exotic disease into the 
United States could rapidly escalate into an epidemic due 
to lack of resistance in host animals, absence of vaccines 
or effective drugs, and limited resources to effectively man- 
age the spread of these pathogens. 

Mechanism of Disease. A better understanding of the 
molecular and cellular mechanisms responsible for disease 
requires studies of disease agents, the host animal's re- 
sponse, and the environment. The genetic basis for path- 
ogenicity differences among selected viral, bacterial, my- 
cotic, and parasitic agents affecting livestock is needed to 
define the molecular factors that promote the emergence 
of highly virulent pathogens and to provide an understand- 
ing of how virulence correlates with pathologic manifes- 
tation of disease. The interaction of host-specific and en- 
vironmental factors such as the role of air quality and 
incidence of respiratory disease is needed to develop im- 
mune modulatory strategies for improved vaccine effi- 
ciency. Mechanisms controlling vector-pathogen-host in- 
teractions will be investigated. Molecular tools will aid in 
determining the method and frequency of pathogen persis- 
tence in recovered and subclinically infected animals. 

Genetic Resistance to Disease. The genetic basis, when 
present, for disease resistance to parasitic diseases; 
arthropod-vectored viral diseases; oncogenic viral dis- 
eases, such as Marek’s disease; bacterial diseases, such as 
Johne’s disease and scrapie will be investigated. Host im- 
munological and physiological responses will be related to 
genes and genetic markers. Immunogenetic studies will 
lead to the identification of genes of pathologic significance 
that can be used to develop novel non-immunity-based 
disease-control strategies. 

Disease Prevention/Control through Vaccines and Novel 
Strategies. To prevent animal disease, the biology and ecol- 
ogy of pathogens must be understood and their weaknesses 
exploited. The knowledge of the variation in genetic se- 
quences of genes from pathogens could explain the basis 
for some vaccine failures as well as provide a rational ap- 
proach to developing improved vaccines. Modification of 
existing vaccines to enhance effectiveness and safety will 
be adequate in some cases. Development and testing of 
new subunit, whole virus, viral-vectored, deletion mu- 
tants, naked DNA, and peptide vaccines for the prevention 
of important livestock diseases will lead to a new genera- 
tion of more-effective vaccines. The evaluation of new vac- 
cination schemes and immune modulators to improve herd 
protection against selected diseases will provide better dis- 
ease protection. Identification of environmental factors 
that contribute to disease and the design of improved man- 
agement practices to control diseases are an integral part 
of disease-control programs. 


Arthropod Pests of Animals and Humans 


Program Rationale Animal pests and pathogens are a 
serious threat to the U.S. agricultural economy, to food 
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safety, and to human health. Losses caused by pests and 
pathogens amount to hundreds of millions of dollars an- 
nually and comprise productivity losses and damage to the 
quality of animal products. These problems restrain the 
exportation of animals and animal products from the 
United States and lead to higher prices in the domestic 
market. Arthropods that transmit human disease pose 
risks to the health of U.S. military troops deployed over- 
seas and to the global human population. Pesticides and 
drugs used for the control of pests and pathogens pose a 
distinct and identifiable threat to animal and human 
health. Research is needed to develop safe, efficacious, en- 
vironmentally benign, and user-friendly methods for the 
detection, surveillance, and control of pests and for the de- 
velopment of new and effective vaccines and immuno- 
modulators, biologically based pest- and pathogen-control 
strategies, and the development and use of pest- and 
pathogen-resistant livestock. 


Program Components 

Ticks and Mites (Cattle Fever Ticks, Lyme Ticks, and Mange 
Ticks). Research focus is on the development and appli- 
cation of technologies for detection, surveillance, monitor- 
ing, pesticide-resistance management, and biologically 
and ecologically based area-wide control. 

Blood-Sucking and Filth Flies. Research thrust is on the 
development, integration, application of technologies for 
detection, surveillance, monitoring, pesticide-resistance 
management, and biologically and ecologically based con- 
trol, 

Athropod-Borne Animal Pathogens. Research thrust is 
on the development and application of technologies for de- 
tection, surveillance, and control of pathogens on methods 
to enhance production, quality, and safety of animals and 
animal products; and on the development of a database to 
support research on pests and pathogens of veterinary and 
medical importance. 

Arthropod-Borne Diseases. Research thrust is on the de- 
velopment of information technology leading to interven- 
tion strategies to prevent or reduce arthropod-borne path- 
ogen infections in animals and humans and to reduce the 
risk of U.S. animal livestock from domestic, exotic, and 
emerging arthropod-borne animal pathogens. 

Repellent for Personal Protection from Biting Insects and 

Arthropod-Borne Diseases. Research thrust is on the de- 
velopment of new personal-protection technology for use 
by U.S. military troops and the American public and on 
the development of alternatives to tropical repellents, such 
as deet, and permethrin, which is a toxicant used on cloth- 
ing. 
Household Pests. Research focus is on development, in- 
tegration, and application of tools for detection, surveil- 
lance, monitoring, pesticide-resistance management, and 
biologically and ecologically based control. 

Structural Pests. Research focus is on the development, 
integration, and application of tools for the detection, sur- 
veillance, monitoring, pesticide-resistance management, 
and biologically and ecologically based technologies for ter- 
mite control. 

Imported Fire Ants. Research thrust is on development 
and application of areawide fire ant-management tech- 
nologies. 


Screwworm Eradication. Research focus is on develop- 
ment and application of improved technologies for sterile 
fly production and development and application of im- 
proved technologies for detection, surveillance, monitor- 
ing, and eradication of flies. 


Animal Well-Being and Stress-Control Systems 


Program Rationale. Measures of well-being are needed 
to give producers and consumers the information they need 
to evaluate management practices and determine which 
techniques best assess the well-being of animals used for 
food production. Development of scientific measures of 
well-being and an enhanced ability to interpret such mea- 
sures are crucial to the evaluation of current agricultural 
practices and development of improved alternatives. 
Stress caused by social and environmental stressors needs 
to be understood to limit negative impacts on production 
efficiency and well-being. Animal well-being research will 
benefit animals, producers, and ultimately consumers by 
reducing animal health-care costs and by improving food- 
production efficiencies. Lack of sensitivity to animal- 
welfare issues may be used in domestic marketing and as 
an artificial trade of animal products in world markets. 


Program Components 

Scientific Measures of Well-Being. Measures of well- 
being of food-producing animals are needed to make sci- 
entific assessments. These measures must be scientifically 
sound and relevant. The measurements will integrate be- 
havioral, physiological, and productivity parameters of 
economic importance. 

Adaptation and Adaptedness. Most food animals have 
been domesticated for thousands of years. Selection under 
intensive management conditions has occurred only re- 
cently and is oriented primarily toward the improvement 
of production traits. Research in this area will determine 
the roles that genetics and environment play in well-being. 
Research information on adaptedness will serve as a basis 
for modifying management practices. Genetic research will 
be evaluated to improve animal fitness and determine the 
basis of adaptation to environmental stressors such as 
heat and cold. Marker-assisted selection techniques will be 
explored. 

Social Behavior and Spacing. With the intensification of 
animal agriculture and the greater number of animals at 
each location or in production units, a major question is 
whether the intensive management adversely affects an 
animal’s well-being. Research will be conducted to provide 
a scientific basis for understanding the social behavior of 
food animals and how the quality and quantity of space 
influences behavior. Research to show consequences of the 
change in patterns of social interactions and space utili- 
zation will require an integrated research approach. 

Cognition and Motivation. The mental state, fear, frus- 
tration, suffering, pleasure, and boredom of animals are 
major concerns of the public; however, there is currently 
little scientific information that can be used as a basis for 
addressing these concerns. Research is needed to learn 
how animals perceive and process sensory information 
from the environment and what animals learn. 


Evaluate Practices and Systems to Improve Well-Being. 
Management practices such as transportation and slaugh- 
ter, and special agricultural practices such as beak trim- 
ming, deboning, branding, tail docking, and castration, are 
important and necessary elements of animal management 
in current production systems. These practices affect the 
well-being of animals. Research will address evaluation of 
the current practices and alternative practices concerning 
potential pain, stress or discomfort, and production effi- 
ciency. Alternative environment systems and current man- 
agement practices will be evaluated for their effect on farm 
animal well-being and overall goals to improve animal 
comfort, well-being, and production efficiency. Research to 
improve both production efficiency and animal well-being 
will be conducted. 

Bioenergetic Criteria for Environmental Management. Ad- 
verse environmental conditions cause livestock and poul- 
try losses, decreased production efficiency, and decreased 
animal well-being. Available technology needs to be 
adopted for proactively managing environmental stress- 
ors. Research to develop decision-support tools is needed 
to help producers deal with environmental stressors, pro- 
vide protective measures, recognize livestock and poultry 
in distress, and take appropriate management action. 


Aquaculture 


Program Rationale. With increasing seafood demand, 
declining capture fisheries, and a fisheries trade deficit ex- 
ceeding $4 billion annually, aquaculture is poised to be- 
come a major U.S. growth industry in the twenty-first cen- 
tury. The confirmed growth and competitiveness of U.S. 
aquaculture will be related to the resources invested in 
research and technology development. A strong research 
and development program for U.S. agriculture, led by ARS 
would offer significant benefits to both producers and con- 
sumers by enhancing production efficiency, profitability, 
and quality of aquaculture products and systems. 


Program Components 

Genetic Improvement. There has been limited genetic 
improvement of aquaculture, so there are major opportu- 
nities for improvement through traditional animal breed- 
ing, broodstock development, germ plasm preservation, 
molecular genetics, and allied technologies. Research will 
address improvement in growth rates, feed efficiency, sur- 
vival, disease resistance, fecundity, yield, and product 
quality; genetic characterization and gene mapping; and 
conservation utilization of important aquatic germ plasm. 

Integrated Aquatic Animal Health Management. Despite 
progress in aquatic animals, significant losses to disease 
still occur. Research will address improvement of survival 
vigor and well-being of cultivated aquatic animal stocks 
through integrated aquatic and health research; improved 
technologies and practices, such as population health man- 
agement; and development of health-management prod- 
ucts, including vaccines and therapeutics disease 
detection/diagnostic techniques. 

Reproduction and Early Development. There are major 
opportunities for improved reproduction and early devel- 
opment of cultivated aquatic organisms. Research will ad- 
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vance year-round maturation and production of gametes 
and fry of economically valuable species; development of 
specialized brood stock; and improvement of systems to en- 
hance reproduction efficiency. 

Growth, Development, and Nutrition. There are sub- 
stantial opportunities to improve growth, development, 
and nutrition of cultivated aquatic organisms. Research 
will advance improving survival, growth rates, feed con- 
version, environmental tolerances, and feed formulations 
and feeding strategies to reduce dependence on marine 
fish—-based protein aquaculture diets. 

Aquaculture Production Systems, There are opportuni- 
ties to improve the performance of aquaculture production 
systems through development and application of innova- 
tive early approaches and technologies. Research will ad- 
dress development and successful application to aquacul- 
ture of new technologies as well as relevant existing 
technologies and engineering presently employed in other 
sectors of the economy. 

Sustainability and Environmental Compatibility of Aqua- 
culture. The goal is to protect and conserve the nation’s 
water resources and natural environments by conducting 
research and technology transfer to improve the sustain- 
ability and environmental compatibility of production sys- 
tems. Of primary concern is the protection and conserva- 
tion of the nation’s resources. 

Quality, Safety, and Variety of Aquaculture Products to 
Consumers. The goal is to improve the quality, safety, and 
variety of aquaculture products through research and tech- 
nology transfer. Research will address improvement of 
safety, freshness, flavor, texture and nutritional character- 
istics, and shelf life of cultivated fish and shellfish; and 
development of value-added products and processes. 

Information and Technology Transfer. Aquaculture in the 
United States can benefit greatly from improvements in 
technology-transfer programs, information dissemination, 
and access information and technology generated and 
adopted in foreign countries. Programs that address inter- 
national information-retrieval networks and partnerships 
improve access to important technology and development 
of appropriate databases linked to electronic systems to 
enhance information exchange. 


HUMAN NUTRITION REQUIREMENTS, FOOD 
COMPOSITION, AND INTAKE 


Program Rationale 


A viable agricultural enterprise demands that producers 
target consumers’ needs for desirable, safe, and nutritious 
foods. 

Human nutrition science has moved from a focus on the 
prevention of nutrient deficiencies to an emphasis on 
health maintenance and reduced risks of chronic disease. 
Diet affects growth, development, aging, and the ability to 
enjoy life to its fullest. Dietary intake has been linked to 
risks for development of a variety of common chronic dis- 
eases. The annual economic impact of cardiovascular dis- 
ease in the United States exceeds $8 billion; obesity, $86 
billion; osteoporosis, $10 billion; cancer, $104 billion; and 
cataracts, $4 billion. The American Cancer Society esti- 


Evaluate Practices and Systems to Improve Well-Being. 
Management practices such as transportation and slaugh- 
ter, and special agricultural practices such as beak trim- 
ming, deboning, branding, tail docking, and castration, are 
important and necessary elements of animal management 
in current production systems. These practices affect the 
well-being of animals. Research will address evaluation of 
the current practices and alternative practices concerning 
potential pain, stress or discomfort, and production effi- 
ciency. Alternative environment systems and current man- 
agement practices will be evaluated for their effect on farm 
animal well-being and overall goals to improve animal 
comfort, well-being, and production efficiency. Research to 
improve both production efficiency and animal well-being 
will be conducted. 

Bioenergetic Criteria for Environmental Management. Ad- 
verse environmental conditions cause livestock and poul- 
try losses, decreased production efficiency, and decreased 
animal well-being. Available technology needs to be 
adopted for proactively managing environmental stress- 
ors. Research to develop decision-support tools is needed 
to help producers deal with environmental stressors, pro- 
vide protective measures, recognize livestock and poultry 
in distress, and take appropriate management action. 


Aquaculture 


Program Rationale. With increasing seafood demand, 
declining capture fisheries, and a fisheries trade deficit ex- 
ceeding $4 billion annually, aquaculture is poised to be- 
come a major U.S. growth industry in the twenty-first cen- 
tury. The confirmed growth and competitiveness of U.S. 
aquaculture will be related to the resources invested in 
research and technology development. A strong research 
and development program for U.S. agriculture, led by ARS 
would offer significant benefits to both producers and con- 
sumers by enhancing production efficiency, profitability, 
and quality of aquaculture products and systems. 


Program Components 

Genetic Improvement. There has been limited genetic 
improvement of aquaculture, so there are major opportu- 
nities for improvement through traditional animal breed- 
ing, broodstock development, germ plasm preservation, 
molecular genetics, and allied technologies. Research will 
address improvement in growth rates, feed efficiency, sur- 
vival, disease resistance, fecundity, yield, and product 
quality; genetic characterization and gene mapping; and 
conservation utilization of important aquatic germ plasm. 

Integrated Aquatic Animal Health Management. Despite 
progress in aquatic animals, significant losses to disease 
still occur. Research will address improvement of survival 
vigor and well-being of cultivated aquatic animal stocks 
through integrated aquatic and health research; improved 
technologies and practices, such as population health man- 
agement; and development of health-management prod- 
ucts, including vaccines and therapeutics disease 
detection/diagnostic techniques. 

Reproduction and Early Development. There are major 
opportunities for improved reproduction and early devel- 
opment of cultivated aquatic organisms. Research will ad- 
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vance year-round maturation and production of gametes 
and fry of economically valuable species; development of 
specialized brood stock; and improvement of systems to en- 
hance reproduction efficiency. 

Growth, Development, and Nutrition. There are sub- 
stantial opportunities to improve growth, development, 
and nutrition of cultivated aquatic organisms. Research 
will advance improving survival, growth rates, feed con- 
version, environmental tolerances, and feed formulations 
and feeding strategies to reduce dependence on marine 
fish—-based protein aquaculture diets. 

Aquaculture Production Systems, There are opportuni- 
ties to improve the performance of aquaculture production 
systems through development and application of innova- 
tive early approaches and technologies. Research will ad- 
dress development and successful application to aquacul- 
ture of new technologies as well as relevant existing 
technologies and engineering presently employed in other 
sectors of the economy. 

Sustainability and Environmental Compatibility of Aqua- 
culture. The goal is to protect and conserve the nation’s 
water resources and natural environments by conducting 
research and technology transfer to improve the sustain- 
ability and environmental compatibility of production sys- 
tems. Of primary concern is the protection and conserva- 
tion of the nation’s resources. 

Quality, Safety, and Variety of Aquaculture Products to 
Consumers. The goal is to improve the quality, safety, and 
variety of aquaculture products through research and tech- 
nology transfer. Research will address improvement of 
safety, freshness, flavor, texture and nutritional character- 
istics, and shelf life of cultivated fish and shellfish; and 
development of value-added products and processes. 

Information and Technology Transfer. Aquaculture in the 
United States can benefit greatly from improvements in 
technology-transfer programs, information dissemination, 
and access information and technology generated and 
adopted in foreign countries. Programs that address inter- 
national information-retrieval networks and partnerships 
improve access to important technology and development 
of appropriate databases linked to electronic systems to 
enhance information exchange. 


HUMAN NUTRITION REQUIREMENTS, FOOD 
COMPOSITION, AND INTAKE 


Program Rationale 


A viable agricultural enterprise demands that producers 
target consumers’ needs for desirable, safe, and nutritious 
foods. 

Human nutrition science has moved from a focus on the 
prevention of nutrient deficiencies to an emphasis on 
health maintenance and reduced risks of chronic disease. 
Diet affects growth, development, aging, and the ability to 
enjoy life to its fullest. Dietary intake has been linked to 
risks for development of a variety of common chronic dis- 
eases. The annual economic impact of cardiovascular dis- 
ease in the United States exceeds $8 billion; obesity, $86 
billion; osteoporosis, $10 billion; cancer, $104 billion; and 
cataracts, $4 billion. The American Cancer Society esti- 
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mated in 1996 that one-third of the 500,000 cancer deaths 
annually in the United States are due to dietary factors. 

Changing population dynamics, lifestyle habits, food 
technologies, animal- and crop-production capabilities, 
and the globalization of the market for foods all demand 
revisions in targeting food production, distribution, and 
marketing strategies to assure optimization of health 
through nutrition. Nutrition research design and capabil- 
ities are increasingly needed to address the changing dy- 
namics and needs of the populations to be fed and the dy- 
namics of the food supply. 

ARS is an ideal location for human nutrition research 
because of the proximity to research on basic agriculture. 
A nutrition research program within the USDA focused on 
dietary intake and its health significance will offer signifi- 
cant benefits to producers, consumers, and industry by 
strengthening the rational basis for agricultural and pub- 
lic health programs and policy. 


Program Components 

Changes in Needs for Nutrients Throughout the Life Cycle. 
One needs to understand the nutrient requirements of in- 
fants, children, adolescents, and adults to understand the 
effects of nutrition at different points in the life cycle on 
the need for nutrients later in life and the prevention of 
chronic disease. 

What Do Americans Eat and What Are the Trends for 
Changes in Diet? Research is needed on the nature of the 
diet of individuals and populations to understand their 
particular risk for disease at various stages of life, as a 
basis for modifying food and agriculture policy and prac- 
tice, and as a strategy in marketing. 

Composition of the Diet. There is a need for more ex- 
tensive information about key foods, which are major con- 
tributors of the U.S. population’s intake of nutrients of 
public health significance. A national nutrient databank is 
needed to accurately reflect the dynamic diet of the United 
States, with representative data on a variety of foods, in- 
cluding effects of biotechnologies and ethnic, restaurant- 
prepared, and carry-home foods. Nutritionally significant 
components of food must be identified, followed by the de- 
velopment of analytical methods to quantify those nutri- 
ents. 

Function and Metabolism of Nutrients for Cognitive and 
Physical Behavior. Information is required to provide an 
understanding of how various dietary components act to 
improve learning and physical performance potential. 

Definition of Marginal Deficiencies or Borderline Defi- 
ciencies. Frank nutritional deficiencies are rare in the 
United States, but there is abundant evidence that sub- 
clinical deficiencies have profound negative effects on 
health, intellectual development, growth, and disease re- 
sistance. Research is needed to define borderline deficien- 
cies and to update indicators of deficiency. 

Bioavailability of Nutrients in Foods. A need exists to un- 
derstand how nutrients interact and how the effects of ag- 
ricultural practices including postharvest handling and 
cooking affect nutrient content and bioavailability. It is im- 
portant in this context that nutrition research methods be 
adequate to meet the growing demands and opportunities 


for genetic engineering in plant and animal production 
strategies. 

What Are Effective Intervention Strategies? Simply know- 
ing the nutritional requirements for humans will not en- 
sure adequate nutrition in the population for a variety of 
reasons, including poor education, low income, and inade- 
quate access to food, among others. Research on biological 
outcomes is needed to identify effective ways of commu- 
nicating food and nutrition knowledge to individuals and 
populations to elicit changes in food intake and to design 
effective food-assistance programs. 

Nutritional Needs of a Diverse Population. Research is 
needed to provide an understanding of the nutritional 
needs of diverse individuals that differ based on gender, 
race, genetic backgrounds, environment, behavior, and 
lifestyle. 


Food Safety 


Program Rationale. The U.S. food supply is among the 
world’s safest and most wholesome. However, significant 
food-safety problems can cause either human illness or eco- 
nomic losses and threaten the international competitive- 
ness of American agriculture. The recent food safety ini- 
tiative (FSI) has highlighted food safety, and in particular, 
the control of food-borne pathogens, as an important con- 
cern of the entire federal government. Reduction in the 
potential health risks to consumers from human patho- 
gens in food is the most important food-safety goal. 


Program Components 

Microbial Pathogens. Determining how to reduce micro- 
bial pathogens in food products throughout food operations 
from farm to fork is the most urgent food-safety problem 
today. A major goal of this program is to develop tests that 
are precise, reliable, and rapid enough to detect contami- 
nation in all foods before they enter into commerce. 
Equally important is the development of effective, reliable, 
and cost-effective methods to control or eliminate patho- 
gens in and on food-producing animals throughout produc- 
tion and processing. Additionally, recently recognized 
pathogen problems to be addressed include: 


* The presence of pathogens in fruits and vegetables 

* The presence and persistence of pathogens in animal 
waste 

* Pathogen resistance to traditional processing tech- 
niques and to drugs 

* The need for development of pathogen growth and 
survival models to support the risk-assessment pro- 
cess 


Chemical Residues. The objective of the chemical resi- 
due program is to reduce the risks of chemical residues 
from animal drugs, food additives, herbicides, and pesti- 
cides and environmental contaminants that are poten- 
tially present in foods. A major goal is to develop reliable, 
effective, accurate, user-friendly, cost-effective residue- 
detection methodology that requires minimal amounts of 
organic solvents to detect these residues. The program also 
increases knowledge of the adsorption, distribution, me- 


tabolism, and excretion and toxicity of certain chemicals 
and environmental contaminants in food-producing ani- 
mals so that animal producers gain the knowledge and the 
means to control their residues in foods. 

Mycotoxins, The presence and potential for the pres- 
ence of mycotoxins in crops not only is a direct food-safety 
problem but also threatens the competitiveness of U.S. ag- 
riculture in the world market. Major goals are to control 
aflatoxin in peanuts, corn, cottonseed, tree nuts, and figs; 
fumonisins in corn; and deoxynivalenol in wheat and bar- 
ley through an understanding of the biology of plant- 
fungus interactions and toxin production in the field. Spe- 
cific approaches include combined altered agronomic 
practices, chemical and biological control, improved plant 
resistance to mycotoxins through conventional plant 
breeding and transgenic approaches, and reduction of in- 
sect damage leading to fungal infections. This program 
also develops methods to measure mycotoxins in important 
crops. 

Toxic Plants, This program component seeks to mini- 
mize exposure of animals and humans to natural toxins 
from poisonous plants. The research focuses on: 


Identifying toxic principles in plants to which ani- 
mals might be exposed (from range or pasture) 

* Determining toxic manifestations of these plants in 
animals 

Developing appropriate technology to reduce losses 
in livestock 

Developing appropriate technology to control ele- 
vated cadmium in sunflower seeds and wheat that 
concern some foreign markets 

Using biotechnology to reduce the presence of solan- 
aceous alkaloids in new varieties of potatoes 


NATURAL RESOURCES AND SUSTAINABLE 
AGRICULTURAL SYSTEMS 


ARS seeks to enhance the quality of the environment 
through seeking a better understanding of and building on 
agriculture’s complex links with soil, water, air, and biotic 
resources, Multidisciplinary research is conducted to solve 
problems arising from the interaction between agriculture 
and the environment. New practices and technologies will 
be developed to conserve the nation’s natural resource base 
and balance production efficiency and environmental qual- 
ity. ARS collaborates with foreign research entities to ad- 
dress global environmental quality problems. This re- 
search area is built on the national programs discussed in 
the sections that follow. 


Water Quality and Management 


Program Rationale. Life depends on water. Safe drink- 
ing water is mandated by the 1996 amendments to the 
Safe Drinking Water Act; clean water in lakes, rivers, 
streams, and aquifers is mandated by the 1972 Clean Wa- 
ter Act; and safe, dependable, and abundant food and fiber 
depends on safeguarding our nation’s soil and water re- 
sources. Agricultural production systems that sustain and 
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protect our national water resources while satisfying our 
needs for clean water and safe, dependable food and fiber 
supply are paramount national issues. Agriculture, how- 
ever, is identified as a major nonpoint source of water con- 
tamination. Water quality can be degraded by agricultural 
chemicals and crop nutrients as well as by salts, toxic trace 
elements, and waterborne pathogens. Water and soils can 
be degraded by application of waste products and waters 
from municipal and industrial sources as well as from ag- 
ricultural processing plants and agricultural animal- 
production practices. Innovations and improvements in 
American agriculture are needed to sustain our vital in- 
terests in a safe, abundant, and reliable food and fiber sup- 
ply while enhancing our nation’s water quality and sus- 
taining our precious water resources. 

In February 1998, the President of the United States 
released a clean water action plan that contained 111 ac- 
tion items addressing land and environmental issues. ARS 
targets the following national programs: 


Program Components 

Land Area Issues: Watershed Management on Agricultural 
Lands. By fostering research on weather and climate char- 
acterization, hydrological processes and watershed char- 
acteristics, and watershed management, this component 
focuses on the interaction between the environment and 
agricultural production on irrigated and rain-fed croplands 
and grazing lands at the field, farm, and watershed scales. 
For instance, research exploring the natural variability of 
weather is a critical component of determining the reli- 
ability of water supplies, the economic risks associated 
with farming and ranching operations, as well as the fre- 
quency and severity of natural hazards, Research on the 
interaction of water with soil and vegetation will help as- 
sess natural and human-made impacts on the environ- 
ment and the nation’s natural resource base. Research on 
watershed management will promote more effective use of 
precipitation in food and fiber production, better allocation 
and assessment of irrigation water resources, and other 
advances in integrated ecosystem management. Land use 
policy, management, and stewardship reflect responsible 
consideration of the ability of rain-fed crop production and 
grazing land practices to provide high-quality water in suf- 
ficient amounts to fulfill on- and off-site requirements. Re- 
search in advancing strategies for water management is 
needed to promote and safeguard the amount and quality 
of these water supplies. Research will quantify the impacts 
of rain-fed and grazing lands tactics and determine how 
they affect the hydrologic cycle. 

Land Resource Issues: Irrigation and Drainage Manage- 
ment. Existing and future water resources for irrigation 
are projected to decline even further, which further em- 
phasizes the need to improve irrigation and drainage prac- 
tices to enhance water quality and sustain American food 
production for strategic national economic and social bene- 
fits. Innovative irrigation and drainage techniques and 
management are required that can improve water quality, 
reduce soil erosion, conserve water, and reduce energy re- 
quirements while enhancing and sustaining crop produc- 
tion and water use efficiency. Advanced technologies, like 
precision agriculture, site-specific management, remote 
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sensing, and decision-support systems, are needed to ad- 
dress the water quantity and quality needs in irrigated 
agriculture. 

Water Resource Issues: Water Quality Management on Ag- 
ricultural Lands. The decline in the expansion of agricul- 
ture can be attributed in part to the high costs of devel- 
oping new water resources. Research is needed to develop 
technologies for use by growers and by water-management 
agencies and regulatory agencies at all levels of govern- 
ment. Research must focus on improving the efficiency and 
safety of structures used to store and regulate water flows. 
With these needed improvements, rural and urban com- 
munities will be better protected from the worst ravages 
of floods, loss of productive irrigated and rain-fed croplands 
from stream bank failures, and landscape degradation 
from concentrated flow erosion. In addition, the develop- 
ment and implementation of more effective water-use 
strategies for irrigated and dryland farming, including wa- 
ter measurement and conservation, wetland and riparian 
area management, and water reuse are necessary priori- 
ties in order to enhance crop production and improve its 
efficiency, increase biodiversity in the environment, and 
conserve water on agricultural lands in an economic and 
socially responsible manner. 

Water Resource Issues: Water-Quality Management on Ag- 
ricultural Lands. New and improved strategies are needed 
to reduce water contamination from agricultural lands. 
Improved technologies are required for the management 
of wastewaters and for transferring specific farming- 
management systems from one geographic area to another. 
Field practices will be developed to reduce impacts of pes- 
ticides, nutrients, sediments, salts, toxic trace elements, 
and bacterial contaminants in surface waters and ground- 
waters. New strategies will be developed that use man- 
agement systems evaluation areas to determine the water 
quality and other environmental benefits of alternative 
farming systems at field, farm, watershed, and river basin 
scales on irrigated and rain-fed croplands and grazing 
lands. Water-resource management to improve water qual- 
ity will be evaluated on regional ecosystems in the context 
of its diversity and risk management in sustainable agri- 
cultural systems. 

Water Resource Issues: Water Resource Databases, 
Decision-Support Systems, and Cross-Cutting Technologies. 
The development and validation of improved water 
resource-management technologies requires long-term 
databases. Models and decision-support systems are 
needed to develop optimal strategies for managing water 
resources in irrigated and dryland agriculture to: 


° Establish the benefits of precision agriculture and in- 
tegrated farming technologies 

* Resolve conflict among competing water demands 
when the supplies are limited 

* Determine the socioeconomic and environmental im- 
pact of proposed water, nutrient, and pesticide man- 
agement programs and policies 


Science-based results and technologies will be transferred 
to various user groups and policy makers and integrated 
into other ARS national programs. 


Soil Assessment and Management 


Program Rationale. The thin layer of soil at the surface 
of the earth functions as the central natural resource to 
sustain life. Soil management determines plant productiv- 
ity, which in turn sustains animal productivity. Soils also 
remove impurities to benefit water and air quality. It is 
imperative that a balance be reached between the short- 
term use of the soil and the long-term sustainability of this 
critical resource. Protective, preservation, and manage- 
ment practices need to be developed to overcome limita- 
tions to productivity while maintaining or enhancing en- 
vironmental quality. Tools need to be developed to assess 
the overall quality of a soil to determine the effectiveness 
and sustainability of soil-management practices. The over- 
all goal of this national program is to develop and transfer 
science-based knowledge regarding the physical, chemical, 
and biological properties and processes within soil re- 
sources to ensure sustainable and economically viable 
food, feed, and fiber production throughout the nation and 
world. 


Program Components 

Resource Conservation. Protection of our soil resource 
is a key component of this program. Control of water, wind, 
and tillage-induced erosion needs to be developed to stop 
and reverse soil degradation (eg, loss of organic matter, soil 
compaction, infertility, and poor water retention). An im- 
proved understanding is needed of how soil influences 
greenhouse gases through carbon sequestration. Tech- 
niques are needed to measure soil salinity and develop re- 
mediation strategies at field and watershed scales. A 
greater understanding of the impact of nonagricultural ac- 
tivities on soil productivity is needed. Although individual 
soil properties can be measured, the capability to assess 
soil quality or health for a range of uses and functions is 
not actual yet. Soil quality assessment will encompass 
studies of soil properties, processes, and indicators; mea- 
surement tests and protocols; and interpretive tools and 
decision-support aids. 

Water Use Efficiency. Improving soil water infiltration, 
storage, and use by crops has economic and environmental 
benefits. Research to increase soil infiltration and reduce 
runoff and sediment transport of agricultural chemicals to 
surface waters is one focus of this component. Improving 
soil physical properties to improve soil water storage and 
use by crops will also be a focus of this program component 
(eg, tillage and residue management systems and biologi- 
cal systems to improve crop rooting). Coordinating re- 
search to improve our fundamental understanding of soil 
crusting and sealing processes will result in the develop- 
ment of methods to reduce the impact of these processes 
on runoff and infiltration. Other research will focus on the 
development of techniques to evaluate the impact of irri- 
gation practices on soil and other ecosystem resources. Es- 
pecially critical in this area will be research to effectively 
use wastewater for irrigation without degrading soil physi- 
cal, chemical, or biological properties and processes. 

Nutrient-Use Efficiency. Efficient crop nutrient use re- 
sults in increased profitability and reduced potential for 
negatively impacting the environment. Research to im- 


prove our understanding of how tillage (primary and sec- 
ondary), crop rotation, cover crops, and residue manage- 
ment affect nutrient cycling and fertilization requirements 
will result in improved management systems and decision 
aids. Coordinating research to improve nutrient (both in- 
organic and organic) input, application, and utilization ef- 
ficiencies will also be conducted, including site-specific and 
precision nutrient management. Synchronizing nutrient 
supply in soil with crop need and developing quick, reliable 
tests for nutrient availability in soil and organic matter, 
manures, wastes and amendments, and cover crops will 
also be addressed. Another focus of this program compo- 
nent is research to improve our understanding of how soil 
organic matter fractions influence soil structure, water re- 
lations, and nutrient cycling. Quantification of how 
nutrient-use practices coordinate to soil-management 
practices to affect environment quality will also be ad- 
dressed in this program. Research to evaluate effects of 
grazing and livestock systems on nutrient cycling and 
other indicators of soil quality is also critical to this pro- 
gram component. 

Resource-Based Profitability. Soil-management assess- 
ments and practices that sustain the soil resource must be 
economically viable or they will not be adopted. This re- 
search component will identify and develop management 
systems that improve profitability and competitiveness by 
increasing productivity (output per unit input). In addi- 
tion, research will develop quantitative economic assess- 
ments at various scales for impacts of soil-management 
practices both on-farm and off-farm. These results can be 
used by action agencies to increase acceptance of sustain- 
able practices. Finally, research to identify and develop 
production systems that are less dependent on nonrenew- 
able resources will be conducted. 


Air Quality 

Program Rationale. The health of humans, plants, and 
animals, as well as other aspects of the environment, are 
affected by dusts, odors, and other volatilized substances 
released to the atmosphere by agricultural activities. Ex- 
cess levels of ozone damage plants. The air-quality na- 
tional program conducts research on both these issues: 


* To understand contaminant releases and their im- 
pacts, and how to minimize them 

* How ozone affects plants, and how to reduce the im- 
pact 


In many areas, dusts are intimately related to wind ero- 
sion, the effects of which are deleterious to soils and to 
downwind environments. 


Program Components 

Dust Emission-PM-10. These are dusts that are regu- 
lated by the Environmental Protection Agency (EPA) be- 
cause they pass through the human nasal air-filtering sys- 
tem and lodge in the lungs. This research program seeks 
to elucidate the biological, physical, and chemical mecha- 
nisms by which 10-um and smaller particles are generated, 
how they are transported and suspended in the air, and 
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their patterns of movement. As understanding of these 
mechanisms improves, advances are made in technology 
that can be used on farms to reduce or prevent the emission 
of dusts to the atmosphere. Research is also conducted on 
identifying geographical areas that significantly emit 
dusts, so land managers and policy makers can facilitate 
application of controls where they are most needed. As re- 
sources become available, the air-quality national program 
will be expanded to consider dust emissions of such agri- 
cultural operations as tillage and harvest. 

Effect of Ozone on Crop Systems. High levels of ozone in 
the atmosphere result in reduction of crop yields by as 
much as 20%. ARS research assesses the effects of ozone 
on crop production and plant health and develops tech- 
niques for mitigating the problems. Carbon dioxide is in- 
timately associated with ozone problems, and the effects 
of this gap on crop physiology and productivity are also 
under study. 

Emission of Odors from Agricultural Operations. Most 
animal-production enterprises and some crop operations 
result in unpleasant odors that are carried downwind and 
impact neighboring households and communities. Basic re- 
search is needed to understand the biological and chemical 
processes that produce odors and emit them to the atmo- 
sphere. This will permit the development of mitigating 
measures to be applied at the emitting source. 

Emission of Volatilized Pesticides by Agriculture. Volatil- 
ized pesticides are a complex of very fine liquid particles 
and gaseous phase compounds, or they may be attached to 
particulates from other agricultural or nonagricultural 
sources. The research objectives are: 


* To understand the chemical and biological mecha- 
nisms that influence pesticide volatilization and 
transport 

* To understand transport processes 

* To understand the impacts of deposited volatiles 

* To develop means to reduce volatile emissions 


Wind Erosion. High winds on exposed soils give rise to 
dust storms that are locally devastating in terms of de- 
nuding productive fields of their soils and depositing large 
amounts of soil sediment in the immediate vicinity of the 
storm. A large storm may also result in emitting into the 
atmosphere large amounts of PM-10 that can travel for 
thousands of miles. Research objectives include: 


* Understanding the biological, physical, and chemical 
mechanisms of wind erosion 

* Developing effective control measures for application 
on farm fields 


Develop Wind-Erosion and Air-Quality Simulation Models 
and Aids for Agricultural Decision Making. Simulation mod- 
els are based on scientific knowledge developed as a result 
of research discussed in the air quality problem areas. The 
aim of simulation models is to integrate and express sci- 
ence knowledge to facilitate the selection of the best man- 
agement practices. One may test various combinations of 
control measures (such as roughness of a land surface in 
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relation to wind breaks, or surface area versus depth of 
waste lagoon) to find the optimum emission-controlling 
combinations for any given farm or farm component. This 
capability allows the land manager to select practices with 
a high degree of confidence so that they will have the de- 
sired impact on the farm’s emissions or on lessening excess 
ozone impacts. 


Global Change 


Program Rationale. The term global change is a short- 
ened form of the phrase global environmental change. It 
refers to large-scale changes in the earth’s biological, geo- 
logical, and atmospheric systems. Agriculture is vulnera- 
ble to these environmental changes. Successfully adapting 
to change depends on a quantitative and predictive under- 
standing of the ways that agriculture and food supplies 
may be affected by climate change, rising atmospheric car- 
bon dioxide and ozone levels, and increased UV-B radia- 
tion. Title XXIV of the 1990 farm bill directed the Secretary 
of Agriculture to “study the effects of global climate change 
on agriculture,” including “the effects of simultaneous in- 
creases in temperature and carbon dioxide on crops of eco- 
nomic importance; the effects of more frequent or more se- 
vere weather events on such crops; the effects of potential 
changes in hydrological regimes on current crop yields,” 
and other possible impacts. 


Program Components 

Climate Change Effects on Agriculture. Research con- 
ducted under this component focuses on the potential im- 
pacts of a changing climate on crop and livestock produc- 
tion. Both direct and indirect effects are considered. 

Direct effects include positive and negative influences 
of rising temperatures, altered precipitation amounts and 
patterns, increased cloudiness, and similar climatic 
changes on: 


* Geographical areas of crop and forage production 

© Geographical distribution of weeds, insects, and dis- 
eases 

* Plant physiology and crop yields 

* Animal performance 


Implications of an increase in the frequency of extreme 
weather conditions and climatic events, as predicted by 
some climate models, are also considered here. Important 
is the possibility of increases in the occurrence level of vari- 
ous stresses and the interaction of additional stresses in- 
duced by climate change with existing ones. Many such 
interactions can be envisioned in that determining the sig- 
nificance of those with potential to intensify adverse or 
positive effects of climate change is an important goal. 

Agriculture’s Role in Greenhouse Gas Emissions and Se- 
questration. Changes in agricultural land uses and in- 
creased use of production practices that conserve natural 
resources may be reducing greenhouse gas emissions (or 
removing them from the atmosphere and sequestering 
them in vegetation and soils). Increased productivity of 
vegetation due to the “fertilization effect” of rising atmo- 
spheric carbon dioxide levels also may be removing atmo- 


spheric carbon and storing it in soils as organic matter. 
Limited studies show soil carbon increased after conver- 
sion of cropland from conventional to limited or no-tillage 
systems, reduction or elimination of fallow periods, the use 
of cover crops, and plantings of perennial grasses on crop- 
land under the conservation reserve program. However, ef- 
fects of these new and larger sinks on net greenhouse gas 
emissions are not well quantified and have not been re- 
lated to the spatial distributions of such practices in ways 
that allow the magnitude of carbon sequestering to be com- 
pared with estimates of agricultural and other sources of 
atmospheric carbon. 

Effects of Rising Atmospheric Carbon Dioxide Levels on 
Plants and Ecosystems. Many questions remain concerning 
the reality or magnitude of the carbon dioxide fertilization 
effect on vegetation. Until these are resolved by additional 
experimentation, a wide range of assumptions must be ac- 
commodated in predictive models, and model output will 
remain very general. Will increases in growth and produc- 
tivity due to rising carbon dioxide eventually decline, be- 
cause limiting availability of water and nutrients pre- 
cludes continued responsiveness of crop stands and plant 
communities? To what extent do the favorable responses 
of plants to elevated carbon dioxide, observed under con- 
trolled conditions, also occur in the real world? Do the car- 
bon dioxide—induced increases in growth and production 
observed at a doubling of current carbon dioxide levels ex- 
tend to a tripling, or beyond? ARS conducts research on 
the effects of tropospheric ozone on plant physiology and 
crop yield as a part of the air-quality national program 
because ozone is a pollutant and ozone damage to plants 
is most appropriately considered an air-quality problem. 

UV-B Radiation. Fundamental questions about UV-B ef- 
fects on plants and animal health also remain unresolved. 
No one understands how plants cope with current back- 
ground levels of UV-B, so it is not possible to predict the 
extent to which crops and native vegetation can adapt to 
higher levels or repair more extensive damage to DNA and 
chlorophyll. Seedlings of annual species were used in most 
of the research conducted to date, so little is known about. 
long-term effects or responses of perennial or woody spe- 
cies. Of special interest are the interactions of current and 
increased levels of UV-B with other plant stresses as global 
change effects. For instance, deleterious effects of UV-B are 
eliminated when plants are grown in carbon dioxide con- 
centrations expected in the next century. The question of 
how to experimentally control UV-B radiation is an issue. 
Source lamps and filters may not provide the proper spec- 
tral quality, and radiation levels (dosages) calculated from 
the available action spectrum may not be appropriate or 
accurate. 


Grazing-Land Management 


Program Rationale. More than half of the earth’s land 
surface is grazed. In the United States, rangelands, pas- 
tures, and hay lands together make up about 55% of the 
total land surface. More than 85% of the 307 million acres 
of publicly owned lands in the western United States are 
grazed. These lands, the plants that grow on them, and the 
domestic and wild animals that graze them all contribute 


to the environmental, economic, and social well-being of 
our nation. The estimated annual value of U.S. hay pro- 
duction alone is $11 billion, third in value behind corn and 
soybeans and exceeding the value of wheat, vegetables, 
cotton, and noncitrus fruits. Livestock numbers vary with 
time, but grazing lands are usually home to more than 100 
million cattle and 8 million sheep, supporting a livestock 
industry that annually contributes $70 billion in farm 
sales to the U.S. economy. Grazing lands also function as 
watersheds. Maintaining adequate supply of clean water 
for irrigated agriculture, industrial uses, and urban areas 
is critical to society, and much of our water supply origi- 
nates as rainfall or snowmelt on rangeland watersheds. A 
strong ARS research effort will be required to maintain the 
economic stability and environmental acceptability of the 
use of grazing lands for animal agriculture. 


Program Components 

Forage Germ Plasm. Limitations in the availability of 
adapted, nutritious, highly productive forages continue to 
hamper the production potential of the nation’s grazing 
lands. New forage, pasture, and rangeland varieties with 
higher nutritive quality and resistance to diseases, insects, 
and weeds are needed to maximize the utilization effi- 
ciency of the nation’s grazing lands. 

Forage Management. Management of timely forage 
availability in hay fields, in pastures, and on rangelands 
to maximize seasonal distribution, yield, and quality is one 
of the greatest limitations in enhancing the productivity of 
the nation’s grazing lands. New forage-management tech- 
nologies and more efficient approaches to forage manage- 
ment are needed to help managers maximize economic ef- 
ficiencies and facilitate the integration of grazing lands 
into livestock-production systems. 

Grazing Management. Environmentally sound manage- 
ment of grazing animals on the nation’s grazing lands has 
become a public concern. Grazing-management systems 
are needed that help grazing-lands managers maximize 
economic efficiencies in grazing-animal production while 
minimizing or avoiding negative impacts on the environ- 
ment. 

Ecosystem Processes. Increased knowledge of the natu- 
ral processes (competition, fire, herbivory, carbon and nu- 
trient cycling, water use, energy capture and flow, and veg- 
etation change) that control productivity and promote 
stability of these grazing lands is required to develop bet- 
ter approaches to their management. A thorough under- 
standing of the basic biology of grazing lands is needed to 
provide land managers with the best information for man- 
aging pastures and, particularly, rangelands. 

Grazing-Lands Databases, Simulation Models, and 
Decision-Support Systems. Management decision making 
by the grazing lands (particularly rangelands) landowners 
and managers would be greatly enhanced by the avail- 
ability of decision-support systems. Databases that pro- 
vide necessary inputs to decision-support tools are sorely 
needed. 

Conservation of Grazing Lands as a Natural Resource. 
Conservation practices on grazing lands are critical to the 
long-term preservation of the earth’s soil, wildlife, biodi- 
versity, and air and water quality. Efforts are needed to 
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provide the best information on the management of graz- 
ing lands to enhance the environment as well as provide a 
feed source for livestock. 


Manure and By-Product Utilization 


Program Rationale. Our nation’s farms, cities, and in- 
dustries generate over 1 billion tons of by-products each 
year. Animal production in large confinement units, often 
concentrated on relatively small land areas, has exacer- 
bated the already difficult problem of how best to manage 
manure. Odors and other emissions to the atmosphere 
from confinement units as well as other by-product sources 
are of increasing concern. Accumulation of large amounts 
of animal, municipal, and industrial by-products at the 
production site or inappropriate subsequent disposal of the 
by-products can harm soil, water, and air quality. Many 
by-products, however, also contain essential nutrients (ni- 
trogen, phosphorus, etc) that can help meet crop require- 
ments if properly applied to soil. Organic by-products can 
serve as soil conditioners and increase soil organic matter 
levels. Research on the development of systems to opti- 
mally integrate animal manure and other products into 
sustainable agricultural practices is indispensable to ag- 
riculture today. Manures and by-products can be agricul- 
tural resources rather than wastes if they are appropri- 
ately managed. The goal of the manure and by-product 
utilization national program is to develop agronomic man- 
agement practices that effectively utilize manure and 
other by-products and are protective of the total environ- 
ment (soil, water, air, etc) and public and animal health. 


Program Components 

Nutrient Management. Movement of nutrients in excess 
amounts from manure and other by-products to water and 
air can cause significant environmental problems. These 
nutrient losses to the environment can occur during ma- 
nure handling and storage and during and after field ap- 
plication. Nitrogen and phosphorus from manure and 
other sources have been associated with algal bloom and 
accelerated eutrophication of lakes and streams. Proposed 
regulations and congressional legislation will limit appli- 
cation of manure nitrogen and phosphorus to levels that 
will protect water quality. Historically, manure applica- 
tions have been based on meeting crop nitrogen needs, but. 
recently phosphorus has become a greater concern in many 
areas. A variety of research areas will need to be addressed 
to protect soil, water, and air from excess nutrients in ma- 
nure and other by-products, including: 


* Amore efficient use of nutrients in animal feed 


* Improved manure handling, storage, and treatment. 
technologies 


* Improved tests for nutrients in manure and soil 
treated with manure 


* Development of soil threshold nutrient levels that 
protect water quality 


* Development of methods to identify areas in a wa- 
tershed that are most susceptible to nutrient losses 


* Improved methods for precise application of manure 
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* Development of integrated animal and cropping sys- 
tems to effectively use and recycle nutrients 


Atmospheric Emissions. Odor-causing volatile organic 
compounds and greenhouse gases are generated at most 
animal-production facilities. These were of less concern 
when the volume of manure generated at a farm or pro- 
duction site was less. Because volatile organic compounds 
are often immediately irritating, they are the primary con- 
cern of the general populace at many locations. Further- 
more, they are now more frequently perceived as real 
threats to air quality and therefore are subject to air- 
quality regulations. Although they can be generated at any 
place in the process, it is in the handling and storage sys- 
tem (eg, lagoons) that the bulk of the odors and trace gases 
are emitted. Improved management practices, new treat- 
ment technologies, or alternative production systems are 
needed to solve these atmospheric emission problems. This 
will require an increased understanding of the processes 
involved in the generation and transport of volatile organic 
compounds and greenhouse gases. 

Pathogens. Contamination of water, food, and air by 
pathogens potentially present in manure and other by- 
products is an increasing concern. Most of these outbreaks 
were from more virulent strains of pathogens such as Esch- 
erichia coli 0157:H7, Salmonella, Campylobacter jejuni, 
Listeria monocytogens, Cryptosporidium parvum, Cyeclo- 
spora, and Yersinia enterocolitica. In addition, viruses re- 
main a concern, and Pfiesteria outbreaks on the east coast 
of the United States may have been related to animal 
waste mismanagement. The survival, transport, and ulti- 
mate fate of pathogens from manure and other by-products 
need to be determined. The effects of manure management 
on other harmful organisms like Pfiesteria also need to be 
determined. The entire production process needs investi- 
gation to ascertain where the greatest risks occur and to 
develop the most effective controls so as to protect public 
and animal health. 


Integrated Farming Systems 


Program Rationale. Because of narrow profit margins 
and due to their fixed geographical locations, most farms 
and ranches have only limited flexibility to respond to 
changing factors in their environments. Every farm or 
ranch is a complex system of interacting components re- 
siding in a natural and socioeconomic environment. A high 
degree of management skill is required of modern produc- 
ers. The primary products of the integrated farming sys- 
tems national program are information and tools for use 
by farmers and by consultants in farm planning and deci- 
sion making within the complex socioeconomic-physical- 
technical environment of farm or farms for which they are 
responsible. The overall problem to be addressed is provi- 
sion of science-based information and its effective re- 
trieval, management, and analysis for agricultural man- 
agement decision making. This includes historic, recent, 
and real-time information and data. The goal is to help 
farmers retrieve this information, understand it, and apply 
it to the development and effective management of whole 
farm systems within the context of their ecosystems and 


communities. Effective response to issues concerning 
farms and ranches requires that partnerships be estab- 
lished in which research is conducted jointly with farmers 
and with participation from community stakeholders. 


Program Components 

Interactions among Components of Whole Farm Systems. 
A collection of components selected on the basis of their 
individual descriptions may form a farming system, but 
the operation of the whole system greatly depends on how 
the components interact—whether they are mutually com- 
patible and supportive or whether one or more of them 
conflicts with the effectiveness of others. Considerable 
knowledge is available regarding many individual agricul- 
tural components. An essential aspect of the systems pro- 
gram is to understand interactions among and between the 
components and then to effectively apply this understand- 
ing. The integrated farming systems national program fo- 
cuses on projects that foster understanding and managing 
of interactions among system components and how these 
components in turn act together within the larger process 
or system. On-farm research will often be used to ascertain 
system functions. 

System Impacts. The integrated farm system is viewed 
as a component of a larger system, such as an ecological or 
watershed system. Phenomena such as eroded sediments, 
pathways of pesticides, and speed and sites of breakdown 
of pesticides become potentially important to ecological 
and watershed systems beyond the farm. The integrated 
farming systems national program will address this issue 
with the aim of assisting farmers and consultants to man- 
age their environmental impacts. In a similar manner, 
with the assistance of farmers, consultants, economists, 
and social scientists, issues related to farm systems and 
economic viability and rural communities will be assessed. 
There is a critical need for knowledge of how management 
practices influence system processes and interactions. 

Development of Integrated Farming Systems. At meetings 
with farmers and ranchers, a common refrain is that data 
and information are the primary need, and that farmers 
and ranchers will develop their own farm or ranch sys- 
tems, given full information regarding components and 
their interactions. However, there may be situations in 
which it is appropriate for the agricultural research com- 
munity to design and propose management strategies for 
whole or partial systems for use in agriculture. For ex- 
ample, there appears to be a special need for information 
on the transition from farming with high inputs to farming 
with reduced nonrenewable inputs, such as organic farm- 
ing. The entire farming system needs to be evaluated to 
provide optimal entry points for farmers to make such a 
transition. The adoption of scientific management prac- 
tices, whether in a precision or a sustainable agriculture 
context or both, is fostered by an understanding of how the 
site-specific practices affect the entire operation. 

Decision-Support Systems. Integrated farming systems 
is a national program whose primary organizational func- 
tion is to integrate knowledge and information developed 
in ARS and elsewhere in world agricultural research for 
direct application in decision making at farm (and field) 
level. The target audiences are farmers, ranchers, and 


their primary enterprise consultants, but benefits will also 
accrue to policymakers, financial and other service provid- 
ers, and regulators. Possible outcomes include Internet 
systems, agricultural-management gaming programs, in- 
dividual computer-based decision aids, printed guidelines, 
sustainable agriculture decision support, precision agri- 
culture, and other products. These products will take mul- 
tiple forms so that they will be accessible by farmers and 
others with a wide variety of educational backgrounds, 
skills, economic positions, and types of agricultural enter- 
prises. New delivery technologies will be sought, but meth- 
ods that have worked in the past, such as field days, county 
farmer meetings, and on-farm consultations and demon- 
strations, will continue to be used. 


CROP PRODUCTION, PRODUCT VALUE, AND SAFETY 


ARS seeks to enhance the production, value, and safety of 
foods and other products derived from plants that have a 
major impact on the American economy, world markets, 
and the U.S. balance of trade. The ARS scientific program 
in CPPVS consists of multidisciplinary research to solve 
problems of high national priority that threaten the secu- 
rity, safety, and productivity of U.S. agriculture. In the 
area of human nutrition, foods from plants are a major 
contributor of vital nutrients and fiber in the diets of Amer- 
icans. ARS collaborates with public, private, academic, and 
foreign research entities to increase crop production and 
improve product quality and safety. Through these efforts, 
the United States can preserve its preeminent role as food 
provider to the world and overcome artificial trade barriers 
in world markets. Research in this area is based on the 
national programs discussed in the sections that follow. 


Plant Microbial and Insect Germ Plasm, Conservation, 
and Development 


Program Rationale. Genetic diversity is the basis of a 
sustainable agriculture. Habitat destruction, emerging 
pests and disease, changes in climate, and human-made 
pollution affecting soil and water are threatening the oc- 
currence and distribution of traditional agricultural sys- 
tems and natural plant communities on a global scale. The 
disappearance of natural plant habitats has a major im- 
pact on agriculture and industrial production. Genetic re- 
sources of plants play a major role in crop improvement 
for the introduction of new genes to increase resistance to 
pests and diseases and improve both productivity and crop 
quality. Microbial resources are essential for cycling the 
elements essential for long-term sustainability and pro- 
ductivity. New technologies are needed to develop more 
rapid and efficient methods of identifying useful properties 
of genes for manipulating genetic material. New ap- 
proaches in the characterization and classification of ge- 
netic material and in the application of new biotechnolo- 
gies will support the development of new crops and more 
efficient use of microbes and beneficial insects. The na- 
tional program in genetic resources encompasses conser- 
vation, enhancement, and the development of new ap- 
proaches for breeding and genetic improvement utilizing 
molecular technologies. 
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Program Components 

Germ Plasm Acquisition, Maintenance, and Management. 
Higher plant, microbial, and insect germ plasm should be 
acquired and safeguarded through the expansion of gene 
banks or in situ preserves for long-term accessibility. The 
genetic makeup of acquired germ plasm should be char- 
acterized to insure broad-spectrum genetic variability 
while minimizing redundancy. 

Germ Plasm Enhancement and Manipulation. Sources of 
useful and important genes should be identified and incor- 
porated into crop germ plasm. The genetic bases of crop, 
microbial, and beneficial insect gene pools should be broad- 
ened through genetic improvement to combat potential 
losses due to pests, diseases, and stresses imposed by the 
natural environment. The long-term economic value of ge- 
netic material for use by plant breeders and other scien- 
tists will be increased. 

Genomics and Database Management. Genomic data- 
bases are an essential component in the management of 
new information that is generated at an increasingly rapid 
rate. Genomic and DNA sequence analysis should be em- 
phasized, and the development of software to manage DNA 
sequence information should be continuously updated. 
Software to store, process, and organize the data generated 
by these activities should also be further developed. New 
DNA probes and primers will be needed to facilitate germ 
plasm characterization. Infrastructure will be developed 
that provides collaborative links through computer net- 
works among ARS laboratories, universities, the private 
sector, and other government research facilities. 

Germ Plasm Resources Information Network. GRIN is 
the official database of the National Plant Germplasm Sys- 
tem (NPGS) and is currently maintained on a minicom- 
puter at Beltsville, Maryland. Data in GRIN are available 
to any plant scientist or researcher worldwide. The func- 
tions of GRIN are: 


* To act as a repository for all information of interest 
about plant germ plasm maintained by the NPGS 

* To unify the NPGS with regard to data standards, 
crop location, and movement of germplasm 

* To allow fast access to the most current data avail- 

able for all users of the germ plasm and its accom- 

panying information 

To facilitate and track the distribution of germplasm 

* To provide germ plasm maintenance sites with a sys- 
tem of inventory management. 


Improving Plant Biological and Molecular Processes 


Program Rationale. Products of American agriculture 
are increasingly marketed to consumers around the globe. 
Increasing population and improving economic status of 
other countries, as well as changing environmental and 
other safeguards domestically, have set American farmers 
on a course of rapid change. Better food safety and security, 
crop protection, crop yield, and crop quality require ad- 
vances at the frontiers of agricultural sciences. Yesterday's 
scientific advances support the rapid pace of change today; 
today’s research breakthroughs will support tomorrow’s in- 
novations. This program is organized around fundamental 
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long-term research needed for breakthrough advances in 
crop production, protection, product value, and safety to 
meet the changing needs of society and the global market- 
place. 


Program Components 

Increased Crop Productivity and Stress Tolerance. Re- 
search will provide fundamental scientific knowledge re- 
quired for continued increases in crop productivity and 
production efficiency to keep abreast with the growing de- 
mand for food. Basic information will be developed to in- 
crease the efficiency by which inputs are used by crops and 
to reduce unnecessary depletion of resources, extra ex- 
pense in crop production, and contamination of the agro- 
ecosystem with excess nutrients or water not used by the 
crop. Innovative approaches will be developed to increase 
crop productive capacity in the future while safeguarding 
the environment. Mechanisms of crop responses to envi- 
ronmental stress will be identified and the processes im- 
proved to minimize yield losses and yield variability. New 
knowledge of plant gene organization and function will fuel 
more effective genetic improvement of crops. 

Improved Crop Protection. Research focuses on provid- 
ing fundamental plant knowledge to control pests (pri- 
marily insects, weeds, and nematodes) and pathogens in a 
more environmentally friendly manner than presently 
available. The relationships among host plants, pests and 
pathogens, and beneficial organisms will be characterized 
and expanded into new pest-management technology that 
will be sustainable over the long term. The processes to be 
investigated include sensing of pests and pathogens by the 
host plant, triggering of plant defense reactions, signaling 
processes within or between individual plants or between 
species that contribute to plant health, transfer and ex- 
pression of resistance genes, and other fundamental plant 
processes that determine plant interactions with pests and 
pathogens. The research is expected to provide new ap- 
proaches to crop protection that will be more effective, less 
costly, more targeted to the pest or pathogen species, and 
less risky to the environment. 

Enhanced Crop Product Value, Quality, and Safety. Re- 
search will provide basic plant information to increase the 
diversity of products from crop plants, to improve crop 
product quality, and to prevent occurrence of contaminants 
(from either microorganisms or from plants themselves) 
that make plants and plant products unsuitable for con- 
sumption. Research within this program will lead to de- 
velopment of new crops and crop products. In addition, it 
will delineate the properties of crop products and their 
roles in product utilization as well as innovative ways of 
measuring quality and safety determinants. This advance 
in knowledge will be the basis for identifying limitations 
to achieving best product quality and developing novel 
ways to overcome those limitations. 


Plant Disease 


Program Rationale. Since the beginning of agriculture, 
diseases have reduced the yield, quality, and value of plant 
products in agricultural, landscape, and forest settings. 
Despite considerable success over the years in managing 


them, plant diseases still cause more than $9 billion in 
annual losses in the United States alone. This is largely 
because: 


1. Current control strategies are not 100% effective. 

2. Pathogens evolve and overcome once-effective man- 
agement tactics. 

3. Exotic pathogens are introduced. 


Thus an ongoing research program is needed to devise ef- 
fective management strategies to keep up with the chang- 
ing disease situation. 

Identification and Classification of Pathogens, Effective 
disease control usually depends on rapid and accurate 
identification of the pathogens involved so that appropri- 
ate control measures may be taken. Accurate identification 
of pathogens is also critical for making sound decisions re- 
garding quarantines of imported and exported plant ma- 
terial commodities. Knowing how pathogens are related to 
each other can be helpful in suggesting possible control 
strategies. 

Biological Control. Biological control is a strategy that 
uses beneficial microorganisms to block pathogens from 
causing disease. In addition to finding such organisms and, 
in some cases, genetically improving them, it is necessary 
to learn how they are influenced by factors such as 
weather, soil type, conventional pesticide application, and 
crop variety to make biological control as effective and re- 
liable as possible. Also needed are commercially feasible 
methods to mass produce, store, and apply biological con- 
trol agents. 

Cultural Control. Changing the way a crop is managed 
(soil preparation, time of planting, irrigation regime, stor- 
age conditions, etc) often has a significant impact on dis- 
ease severity. Knowledge of how such practices affect path- 
ogen survival and disease progression can be used to devise 
cultural systems that allow acceptable crop production yet 
are less favorable for disease development. 

Pathogen Biology, Genetics, Population Dynamics, Spread, 
and Relationship with Hosts and Vectors. Research on the 
processes that take place during disease development can 
uncover vulnerable steps in the life cycles of pathogens 
where control measures can be successfully used. Simi- 
larly, understanding how pathogens move from plant to 
plant in the field or within harvested commodities in stor- 
age, how they survive in the absence of host material, or 
how they are affected by their environment can suggest 
possible control strategies. Knowledge of how and where 
pathogens survive on plant parts and seeds is essential for 
developing methods to reduce the domestic and interna- 
tional spread of disease. 

Host Plant Resistance to Disease. Enhancing genetic re- 
sistance to disease in plants is sometimes the only disease- 
management option and is often the most cost-effective, 
environmentally benign one. This approach depends on re- 
search to identify and characterize genes for resistance in 
crop species themselves; in plants closely related to them; 
and in unrelated, alien species. Incorporating such genes 
into commercially acceptable varieties can be accom- 
plished through conventional plant breeding and genetic 
engineering. 


Crop and Commodity Pest Biology, Control, and Quarantine 


Program Rationale. Economic loss of food and fiber due 
to damage caused by insect, mite, and weed pests costs 
U.S. consumers and producers billions of dollars every 
year. Besides direct losses, pests may further reduce the 
quality and value of products, increase the costs of pro- 
duction, restrict U.S. products from foreign markets, dam- 
age environmental areas, and place native species at risk. 
Technology developed through the crop and commodity 
pest biology, control, and quarantine national program pro- 
vides the pest-control methods used to devise effective and 
sustainable integrated pest management (IPM) programs 
that support agricultural-production systems for a diver- 
sity of situations throughout the country. The overall phi- 
losophy of this national program is to develop and help 
implement sustainable approaches to managing pests 
through a combination of biological, cultural, mechanical, 
and chemical tactics that reduce pest populations to ac- 
ceptable levels while minimizing economic loss, impact on 
human health, and environmental risk. 


Program Components 

Identification and Classification of Insects, Mites, Mi- 
crobes, and Plants. Accurate taxonomic identification and 
classification of organisms is the first step in providing in- 
formation on the biology and control of known and new 
pests; in determining the geographic origin of introduced 
pest species; and in the location, collection, and importa- 
tion of effective biological control agents for IPM programs. 
ARS scientists will maintain specimen and germ plasm col- 
lections of agriculturally important insects, mites, mi- 
crobes, and plants, conduct taxonomic assessments of im- 
portant groups of organisms; develop identification keys; 
and support private and governmental action agencies in 
characterizing critical pest problems. 

Investigation of Pest Biology. Inadequate knowledge of 
pest biology, movement, genetics, physiology, biochemistry, 
organismal biology, reproduction, and population ecology 
currently limits our ability to develop and implement bio- 
logically sound and environmentally compatible pest- 
control technologies. Continued ARS research on insect, 
mite, microbe, and plant biology and on important individ- 
ual pest species is necessary to provide the scientific 
knowledge base to create new and effective pest-control 
alternatives that are safer for humans, nontarget organ- 
isms, and the overall environment. 

Understanding Pest/Host Plant Interactions and Economic 
Impact. ARS scientists are discovering how insect, mite, 
and weed pests interact with valuable crops and commod- 
ities to cause losses and are determining the biological 
mechanisms that allow pests to cause this damage. The 
economic assessment of pest attack and the associated 
costs of pest control provide further vital information on 
pest-control alternatives and action thresholds for IPM 
programs. This research will lead to new cost-effective 
methods of pest control such as pest-resistant crops, bio- 
logical control agents, or other environmentally friendly 
technologies. 

Investigation of Pest Exclusion and Quarantine Treatment 
Procedures. Development of pest detection, exclusion, and 
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quarantine treatment technologies is important both in 
keeping new pests from invading the United States and in 
treating our crops and commodities so they can be shipped 
to and sold in foreign markets. In this era of expanded free 
trade and global shipping, the movement, introduction, 
and establishment of exotic pests is an ever-increasing 
threat that will be addressed through research that sup- 
ports action and regulatory agencies such USDA Animal 
and Plant Health Inspection Service. 

Development of New and Improved Pest-Control Tech- 
nologies. Research and development of new pest-control 
technologies, particularly biologically based methods such 
as host plant resistance, biological control, semiochemical 
treatment methods (eg, pheromones, mating disruption), 
and cultural strategies will be expanded. Additionally, pest 
and natural enemy sampling will be improved, pesticide 
formulation technology will be made more efficient, new 
precision agriculture methods will be evaluated, and the 
impact of these technologies on both target and nontarget 
organisms will be evaluated and optimized. The new tech- 
nology resulting from this research will provide the tools 
to protect ourselves and future generations from the con- 
tinuous pressure of pest damage that threatens our food 
and fiber supply each and every year. 

Integration of Component Technologies for IPM Systems. 
IPM is the best method known to control pest problems; 
however, research on combining different pest-control 
technologies into effective, economical, and sustainable 
IPM systems needs to be explicitly conducted or integra- 
tion often fails. Although integration of pest-control tactics 
is the primary responsibility of other ARS national pro- 
grams, consideration is given in this national program to 
the planning of holistic IPM systems early in the devel- 
opment of each component pest-control technology. 


Integrated Crop Production and Protection Systems 


Program Rationale. Production capacity, production ef- 
ficiency, and crop protection are major pillars supporting 
national crop productivity. A high priority is the develop- 
ment and subsequent transfer to customers of efficient 
crop production and sustainable cropping systems. Overall 
challenges are: 


* To substantially increase the knowledge base of and 
sustainable technology for crop production and crop- 
ping systems 

* To improve the delivery of technologies generated 

* To promote the use of these systems. 


Meeting these goals will require bringing emerging tech- 
nological capabilities together to support immediate and 
long-range strategies aimed at future crop production, pro- 
tection, and food-safety challenges for small, medium, and 
large farms. It will also require substantive collaborations 
with the customers in program planning, research, and 
evaluation. The program closely ties in the whole farm— 
management strategies of the integrated farming systems 
national program and with the components of the crop pro- 
tection and quarantine national program. 
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Program Components 

Crop Management and Production Efficiency. The goal is 
to develop new cutting-edge crop-production principlesand 
practices and provide the necessary agronomic principles, 
technologies, and approaches associated with the efficient 
production of crops. Research undertaken in this compo- 
nent will (1) help fill the knowledge gap needed for apply- 
ing appropriate principles and practices under differing 
ecological and climatic conditions, and (2) furnish the ag- 
ronomic principles needed for crop production. 

Bees and Pollination. The goal is to develop new tech- 
nologies leading to sustainable strategies for using bees as 
pollinators to increase crop production. At the same time 
these technologies will help maintain the profitability for 
providers of bees that are used in the pollination and 
honey-production industry and will help U.S. farms to re- 
main competitive in the global marketplace. The discovery 
of two parasitic mites of honeybees in the 1980s, the in- 
vasion of the Africanized honeybee in 1990, and diseases 
of both Apis and non-Apis bees is seriously impacting the 
availability of pollinators. Technology for the rapid detec- 
tion and control of parasitic mites and other diseases of 
pollinators will enhance pollination efficiency and honey 
production. 

Agroengineering, Agrochemical, and Related Technology. 
The goal is to develop more effective production, harvest- 
ing, and tillage equipment; sensor technology; and 
pesticide-application methodologies and other tools for 
crop production. The component also includes developing 
appropriate practices for the use in and incorporation into 
cropping systems of products generated through biotech- 
nology. 

Models and Other Decision Aids. The goal is to provide 
user-friendly crop-production models and decision aids for 
(1) assessing alternative biological, economic, and related 
production and management practices; (2) maximizing 
processing; and (3) increasing energy-use efficiency. 


New Uses, Quality, and Marketability of Plant 
and Animal Products 


Program Rationale. American agriculture faces increas- 
ing, intense competition in the global marketplace. World- 
wide, agricultural production has increased faster than de- 
mand in many areas, resulting in current commodity 
surpluses, low prices, and unreliable profitability. Recent 
shifts in U.S. farm policy to remove price supports empha- 
size the need for American agriculture to move beyond pro- 
duction of ever-larger quantities of ever-cheaper commod- 
ities. In response, farmers and ranchers must be able to 
produce higher-quality products that can be differentiated 
from lower-value commodities, commodities and co- 
products must be converted into useful value-added food 
and nonfood products, and products must be protected 
from contamination or loss of quality after harvest to en- 
sure marketability. Research must also be responsive to 
consumer demands for high-quality, safe products; govern- 
ment and consumer pressure to provide products that are 
“environmentally friendly” or that are produced using pro- 
cesses that are “friendly” to people, animals, and the en- 
vironment; and the need for a sustainable and profitable 


agricultural-production system. In this program, research 
will develop knowledge and technology for crop and animal 
product quality measurement and maintenance or en- 
hancement during processing and marketing, commodity 
and co-product processing into value-added materials, and 
new specialty products from crops and animals. 


Program Components 

Intrinsic Product Quality. Fundamental research will 
clarify the roles of product composition, molecular struc- 
ture, and physical state in determining end-use quality 
and functionality. Genetic improvement of crops and ani- 
mals for quality attributes will lead to the best possible 
product quality at the farm gate. Applied research will de- 
velop new processes to maintain or enhance product qual- 
ity during harvest, storage, transport, and marketing. 

Pest and Disease Control. The goal is to provide infor- 
mation that will alleviate commodity trade barriers and 
quality and economic losses attributed to microbial or in- 
sect infestation. The major thrust of this research is to pre- 
vent spoilage or contamination by managing or eliminat- 
ing postharvest pests and pathogens, especially those 
resulting in formation of mycotoxins. This effort includes 
both basic and applied research to improve pest and dis- 
ease resistance, new treatments to eliminate pests and 
pathogens (especially treatments that do not rely on syn- 
thetic chemical pesticides), and biological control of pests 
and pathogens. The focus of this work is on preservation 
of harvested farm products. Research is specifically aimed 
at overcoming quarantine barriers to export or ensuring 
that food safety is found in different programs. 

Product Handling and Grading. Efficient technologies 
and improved or new equipment will be developed to pre- 
serve the quality of agricultural commodities during har- 
vest, transport, and storage. Research will establish basic 
needs for material handling that preserves quality char- 
acteristics, and processes and equipment will be developed 
that meet the requirements. Research will also develop 
new technology for product grading to provide rapid, ac- 
curate, and reproducible information on quality. The re- 
search in this component of the program will lead to both 
expanded and better-documented value of agricultural 
products. The improved quality and the improved grading 
will make agricultural products from the United States 
more competitive and marketable domestically and over- 
seas. 
New Processes, New Uses, and Value-Added Products. 
The goal is to develop new uses of agricultural products 
and co-products. Innovative new processes will be created 
and existing ones adapted for the extraction and purifica- 
tion or the manufacture of superior products from agricul- 
tural commodities. Application of these innovative tech- 
nologies will expand the range and value of agricultural 
products and reduce the cost of their production, making 
processed goods from the United States more competitive. 
Sources of natural products will be identified for use as 
nutriceuticals, pharmaceuticals, biopesticides, or other 
high-value uses. This program will identify alternative 
sources and create technology leading to an expanded, di- 
verse range of value-added food and nonfood products from 


commodities and undervalued by-products of agriculture. 
New crops will be “mined” for valuable materials. 


Bioenergy and Energy Alternatives 


Program Rationale. The last decade has been character- 
ized by huge U.S. trade deficits. In fact, petroleum import 
for transportation purposes alone was $50 billion in 1996. 
America’s dependency on foreign oil (now at 50% and ris- 
ing) is not only an economic issue but is one of national 
security as well, particularly in times of global unrest. 
These factors, coupled with environmental concerns re- 
garding the use of fossil fuels and production of COx, fos- 
tered the expansion of the fuel ethanol industry. The ca- 
pacity of the U.S. industry now exceeds 1.5 billion gallons 
per year. The industry has become an important partner 
with American agriculture and the USDA estimates that 
17,000 jobs are created for every billion gallons of ethanol 
produced. Similarly, a nascent biodiesel industry has been 
developing in recent years. 

Current use of ethanol and biodiesel as fuel additives 
or alternative fuels (eg, E-85, a good, neat biodiesel) de- 
pends on many factors, including political actions, tax pol- 
icies, agricultural practices, regulatory issues, and inter- 
national economic trends. The relatively high cost of 
ethanol production and the very high cost of biodiesel pro- 
duction, however, remain as important constraints on their 
use. Removing technical constraints is the key to a viable 
biofuel industry of the future. 

A likely market for alternative energies is within agri- 
culture itself. Low-cost alternative fuels can be used to 
power farm tractors and small agricultural production and 
processing facilities within rural communities. Wind and 
solar energy, as well as biofuels, may also be utilized to 
supply or supplement electrical energy for water pumping, 
small-scale irrigation systems, and other farmstead needs. 


Program Components 

Ethanol. Advances in enzymology; microbiology; and 
chemical, biochemical, and process engineering are re- 
quired to underpin this effort. Technologies are needed to 
reduce the cost of producing ethanol from cornstarch (95% 
of production). In addition, the conversion of biomass, a 
vastly more abundant feedstock, is an economic necessity. 
This program’s first biomass target is corn fiber, due to its 
ready availability at ethanol plants and extremely low 
value. Immediate integration of corn fiber to ethanol at the 
plant is feasible and would result in at least a 10% pro- 
duction increase. These research findings will be applica- 
ble to other forms of biomass as well, ranging from agri- 
cultural and forestry wastes to fast-growing crops that 
could be grown solely for energy production. Research will 
focus on, but not be limited to, developing new enzymic 
processes for saccharification and improved microorgan- 
isms to ferment the multiple sugars found in biomass. To 
improve process economics, value-added co-products will 
be developed from current by-products, and separation 
technologies will be improved for ethanol as well as co- 
product recovery. 

Biodiesel. Vegetable oils and animal fats and their de- 
rivatives (biodiesel) are attractive as alternative fuels, ex- 
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tenders, and additives for compression ignition (diesel) en- 
gines. Opportunities for biodiesel include off-road markets 
such as underground mines, marine applications, mass 
transit (subways, trains), and stationary power genera- 
tion. However, research is needed to improve cold start-up 
and operability, to identify and reduce harmful exhaust 
emissions (eg, nitrogen oxides), to develop a rapid and low- 
cost fuel-quality test, and to reduce feedstock and formu- 
lation costs. 

Energy Alternatives for Rural Practices. Autonomous 
water-pumping systems are needed to supply water to live- 
stock in semiarid areas where precipitation is sufficient for 
forage production but is not adequate for watering live- 
stock. Renewable energy systems are well suited to this 
application because they are independent of environmen- 
tally hazardous, expensive distribution systems. Remote 
renewable energy systems are needed to supply additional 
electric power to rural areas that are undersupplied by 
overload rural electric distribution systems. On-farm 
electric-generating systems powered by a combination of 
wind, solar, and biofuels will be developed. 


Methyl Bromide Alternatives 


Program Rationale. Methyl bromide (MB) is a highly ef- 
ficacious soil fumigant for more than 100 crops and foreign 
ornamental nurseries. It is also used to kill arthropod pests 
in postharvest commodities fumigate structures. The U.S. 
EPA published a listing of MB as an ozone depletor, ban- 
ning the production and importation of MB in January 
2001. The development of alternatives to MB will have a 
major impact on the U.S. agricultural industry and alter- 
natives to its use must be found. 


Program Components 

Preplant Soil Fumigation Alternatives. The loss of methyl 
bromide for soil fumigation will result in serious disease, 
pest, and weed problems. These problems will likely be 
highly variable and will depend on crop, soil type, environ- 
ment, and cropping conditions. Therefore, separate re- 
search efforts will be required to develop multiple man- 
agement strategies. Approaches will include host plant 
resistance, biological control, cultural practice modifica- 
tions, alternative chemicals, and combinations of all of 
these. 

Postharvest Commodity Treatment (Including Structural). 
The loss of MB in 2001 will have significant negative 
impacts on U.S. domestic and international trade. The 
time frame is very short given that treatments will have 
to be developed commodity by commodity, and many years 
may be required to gain appropriate new commodity treat- 
ment by a trading partner country. Approaches will include 
heat; controlled atmospheres; irradiation; chemicals, in- 
cluding other fumigants; exclusion; as well as exotic pest- 
eradication technology. 


UNITED STATES FOOD MARKETING SYSTEM. 
See UNITED STATES FOOD MARKETING SYSTEM in the 
Supplement section. 


Contents 


Preface .. v 
PRBTACCHO tie FIRSEE GOR 5s iccs5isaiacasejaicazedoxissdesdpdsdaedobisniedcabuaigbeied onan aaandeaibraaeunecede vii 
CONtNDUIOIS.... svcrirnnecmeninrnRaniaucs wanna ENE Ae ix 
Conversion Factors, Abbreviations, and Unit SYMBOIS .0......ccccececeseteeteteeetsetseetseneeeneeneeee xvii 


Pvc 2 UL: lc Bmcrnrennrccmtrartcorteres crtetrcrrc reat meer Crier Pane MONET Te rT OT TCT CT DTT 
Citric Acid ... 
Malic Acid... 
Tartaric Acid 
Fumaric Acid 
Functions of Food Acids . 


Conclusion 
Bibliography 
Affluence, Food Excess, and Nutritional Disorders 
Obesity 
Hypertension 
Diabetes Mellitus 
Cardiovascular Disease 


Diet and Cancer Risk 
Anorexia Nervosa and Bulimia Nervosa .......:....sccsssessssessscsesossssscessesssscesessesascssseosavecanees 


Conclusion .. 
Bibliography 
PAU UOMINS sce isssiosccsay3 esa cus tascace vas cues ose atdnstacacsivasaseshéshucs tic bdusicensatynsizasossdeicanssdscedasecehicisieabiseerssenecty 
Agglomeration and Agglomerator Systems 
General Aspects 
Undesired Agglomeration — Caking  ...............-c.ssscsssssssssssssessssecesssscessesessossecsesesessencsesssaneees 
Agglomeration’ Methods: wcisscsstssssccascnvsrvasteustiscnnsse alan teria eerste Sea RS 


iy BE wR 
BwOWWdWO A COO HHO AMANDA AGAANNA SAA = 


This page has been reformatted by Knovel to provide easier navigation. sii 


Contents 


Characterization of Agglomerated POWdEeTS ............secseeceessessessceseeseeeeeeseensesaceaecateeseeasenneenees 
Product Examples . 
Bibliography Ri 
AlGOM; POLIS! iss es veins cueesavsdatesyiase sss tueacbapasnsned sexi ssvrenayd sbsnseseassistvnrsanes lensokad seep Suaxha qua vovaeseseoniels 
Alcoholic Beverages and Human Responses . 
General Metabolism of Alcohol 
How Alcohol Is Consumed 


Absorption of Alcohol 
Physiological Actions of Alcohol . 
Bibliography 
General References 
Alkaloids. .... 
Classification and Properties 


BIDIOGFAPNY: reves caxsvessvnesrcesssiansecevsossstsorsernnaivasnaenacaas niece aeansliteiasietolin MaansAetient 
General References 


Blood 
FROMGSRING sian corssicatarrssnasertancszersanncsveseserssevessnsates seevestsansaezssgtapes mpoatsiesiedeaareianaisasionediesteeiend 
Fine Chemicals and Pharmaceuticals 
Sausage Casings . 
Pet Food 
Bibliography 
General References . 


Animal Science and Livestock Production 


Business Aspects of Livestock Production .............cccsseeeceesseesseceeeeeeeeceeeeeesseenaeeesaeeeeeeeenseens 
The Discipline of Animal Science 
Principles of Animal Reproduction and Breeding . 


Principles of Animal Nutrition and Feeding 00.0.0... cecescesecsseesceeeceseeseeecsseesersesseesseseeneenaeens 
Red Meat Production 
Milk Production 
Euture: Developments: iss:sic cs cccesianncareescenzestesterte tna neacteces ae antec eriaerieia mau 
Bibliography 
General References . 
Antibiotics injFoodSiofAninialOnGin, s:sscusnses ec ectee en an aenieaansda er also ies 
Sample Preparation and Residue Isolation . 
Analytical Methodology .. 


This page has been reformatted by Knovel to provide easier navigation. 


xxiii 


16 
17 
18 
18 
19 
19 
19 
21 
22 
26 
26 
26 
26 
34 
34 
35 
35 
35 
36 
36 
42 
42 
42 
42 
43 
43 
43 
44 
45 
46 
47 
48 


xxiv Contents 


PRCT TNS isc eke oct evecare cosas sh dep doppta ise Menbsneca es estea dar gcansdesnt teipase ease wea Mead eshecast 
Bibliography 
Antimicrobial Compounds ee 
SOMA CASI AG aici dad ico greece cnt istn sede elegy Gceeat er Sndvs ese deatiso an peaegeka a deps appointees orapw ae es 
Organic Acids and Esters 
Nitrites .. 
Parahydroxybenzoic Acid Esters (Parabens) . 
Sulfltes 
Dimethyl Dicarbonate 
Phenolic Antioxidants .. 


FRROS Pate Ss 15. cbe racine cesests verssinvenepsqteicreods rainy obvca wopv dee sep oa veh dedh nselepasesty gehceegtoosawa sutton die uaxedelpconsie 
Naturally Occurring Compounds and Systems 
Onions and Garlic 


BIDMOGraPHY: svssosevesesvesssecasssévevediessess casi redvenas vessredgenecaioretavasinauntetiaalaveateeeulianaesaetiseit 
Antioxidants 
Chain-Breaking Antioxidants 
Inhibiting Lipid Oxidation Catalysts 
Control of Reactive Oxygen Species 
Effective Utilization of Antioxidants in Foods st 
BIDMOGEAPHY. «.c-:caccvss nacre rssssnssseeucevsanigsrcesersisrsuacdaces sospestshntiaadassynte apvutsanaiedevar cinnagsusesanasseiacaaedt 
AOAC International 
History .. 
Membership 
Technical Services ... 
Technical Divisions 


Meetings and Education . 
FRUBIGSTIONS: 5:2 yinsnsaaeesanesarsdcreascnasepsinsnesineaseanasieesuepieyasnessaninevatde erdieesttoncoaekssntasdesentsas wauigneray 


Aphrodisiacs and Stimulants 
Components of Food 


SMoll ANd:SExualArousall! scassencicvedscserncidrivesssiscsesivenvan svuabuvitestnkisetatadesncen susan iwousvdonsayiaesieaswan 
Bibliography 
Appetite ......... 
Physiological INMUGNCES  scsicsscsvscsiesserssacatauss sas csccscasesceraneranaca sarees sea NETRA 
Metabolic and Hormonal Influences 


Conditioned Hunger 
Specific Appetites and Nutrient Depletions 2.0.0.0... ceeceesceceecceseceeeeceeeceesaaeceeeeeeaceeeeeeeeaeeees 
Sensory and Perceptual Factors 
Emotional Factors . 


This page has been reformatted by Knovel to provide easier navigation. 


60 
60 
63 
64 
64 
66 
66 
67 
67 
67 
68 
68 
71 
73 
75 
76 
76 
78 
78 
78 
79 
79 
79 
80 
80 
80 
80 
81 
81 
81 
85 
87 
88 
88 
90 
90 
90 
92 


Contents xxv 


SOCAN RACIOESE se Sor atessciten avery cvuave sepa nsncetovacptehsn atvassnasy sbvesphdch congas tantnnseas gnveuagensebaaseneceuas? 93 
Cognitive Factors 93 
Interactions Among Relevant Factors 93 
Conclusions 93 
Bibliography 94 
Apples . 95 
Apricots 95 
PGUECUILITO: sv. casarssscasercsesaessentiecensedccrstaenecorscensnsipsente 95 
Global Aquaculture Producers and Production . 96 
Species under Cultivation 96 
Economics 98 
Regulation 99 
Culture Systems . 100 
WaterSources andiQuallty) cissssvicrsscaicstesvesassvssveteencasiesvetsceresuseart weavetavsaatatedantvn tannsaivedan 104 
Nutrition and Feeding 106 
Reproduction and Genetics 108 


Diseasesiand: Tel COnttal  sececevevseincacutesvedcntsseenc si eesanskteg soaccoen's tblpeh cade seaetuerbe een deay acdsee 109 


Harvesting, Processing, and Marketing 110 
Bibliography 110 
Aquaculture: Engineering and Construction ...........csesesesesesesesesesesescsescscsrscsescscscseacacseecseesaenssensnensneees 110 
Background 110 
Definition 111 
System Design 111 
Holding Systems 112 
Quantifying Processes 114 
Water Conditioning 115 
Future Developments 117 
Bibliography 117 
Aromatherapy ... 118 
CGENEral ROFOANCEY jisiccsscsconcaansicsanadonsenvsvbihcuosavvcssvavevksyadusdaresags devise deeindieseSabiansnstuaasaealep ices 119 
Artificial Intelligence . 119 
Background ~ 119 
EXAMS! seccoessted tonerees erie natant vairerndtiniatdinrednneny ition ie 121 
Advantages/Future Development 121 
Bibliography es 122 
Aseptic Processing and Packaging SYStOMS ccc.iisscescavescecssscssessnvsssesancscavssasseseadsesdacssashvassosssesessdesdees 122 
Definitions 122 
Basic Aseptic System 122 


This page has been reformatted by Knovel to provide easier navigation. 


xxvi Contents 


Description of the Aseptic Processing System ..........:.sccesecsseeseeseeeseesecseeeseeseceeeseeeeneeeaeeesens 122 
Nonthermal Processing 126 
Aseptic Packaging Systems . Re 126 
SITTIN. css inns occtantiv dai des ecpacbealecasne) peta ch yveus cv’encesvinecvsa'si'eca eateco aps daetuta swasovioss suibe ead Cans sAeieOsenets 127 
127 

Aseptic Processing: Ohmic Heating 128 
Principle of Ohmic Heating 128 
Design of the Ohmic Heater 128 
Measurement of Electrical Conductivity of Particulate Food Products . 129 
Temperature Control of the Ohmic Heater 129 
Aseptic Processing Using the Ohmic Heater oo... cc eseessesessesseceseesecseeeeeesesneseeenseeaseessensenee 129 
Product Quality « 130 
Bibliography ... 132 

|= SRP rrer er eee ao EPC nT Pe ERE PePRT ore PPP OPT TE ENETCreP PRET Cr RCeR ECHR ECP FE NTECT EE EPAPER PEED CONTIN PEN TENT 133 
Bakery Leavening Agents .. 133 
Chemical Leavening 133 
Biological Leavening ... 137 


BIDMOGRADIAY. <ssiscnsiodscscasdecreteczevesicesve ses vaauataevaie toon ge vesSjnnts cua wns duis daonnvunivadv eal usavcan savateiaduadenteue’ 138 


Bakery Specialty Products . 139 
Native Flat Breads... 139 
139 

140 

Bagels 140 
PRORGIS! sic teascr cscncmentes cisasian sateterees aa sten isda Gianncaacatce chan deni hlesavanss taut bares ncaa vss shad weds 141 
English Muffins 141 
Doughnuts «142 
EGIGIESE scvansscaeunrstnnsannath capsanseseabusvnieanosvybans isincee onal ine pind enediorcaas paca deaiataan one eo omab AUER EM 143 
Layered Dough Products 143 
Pies ... 144 
General References . 145 
Bamboo Shoots 145 
Family and Related Species . 145 
Practical Description 145 
OliGini, DISKHBUMON, JANE PROGUCHON. ce scccucaeitcccass snctcenennasuscelcnetier sundadedan ginedeariedseanetuerksents 145 
Culture .. 145 
Harvest . = 146 
SHOPAQE: -seccssasseustesseisavevwrreconswevesvvnaneeeternseanes beracunatecer sscaaeesdehare tat che naseE eee tadaaubeeen dea en atavaaeet 146 


This page has been reformatted by Knovel to provide easier navigation. 


Contents 


RFOGUCHOMSEASON: icc, cestdcsost cdc catecre ndesety sis osansscbgpancntcas cose acnniestcusnndeautenegbnsenssbandes'sdgenacs 
Food Uses 


Nutritional Value “ 
BING eA BIAYs sesso ag stg Saat: catsoh nance ahd vndsp cceavpee dsr vated nabs hg um avast eanvo ete nee 
Bananas . 


Barley 

Beekeeping 
History 
Biology of Honey Bees 
Workers 


Queens 
Drones .. 
Mating 

SWANMING! tet vesinzeventesvossstacsscansesavenr satan sievuenaavessveieenvindacteliderdtieeart eaavetaceaatatadantins Winzesaleetras 
Diseases and Pests .... 
Africanized Honey Bees . 
POOMNTEROM ss csecesns tests tasnlbeateetas taco sel etcag ates inyadeadaa dalle auetiap ens dete Seis t/ataniaa saat anatecn ea 
Products of the Hive . 


Future Development a 
BIDMOGKAPHY. \.::scasss sasyareassrsesecuccesaniarsceserstensuaniarce sospestckntiaadassynts speuesinaiaevarctuadssusesnivaaneiecieea 
Beer 
History 
Raw Materials of Brewing 
Unmalted Cereals (Adjuncts) 
Special Malts . 
Hops 
NGAGE a. sccsstadehedlvsataanssaanaeatstduechrcsenahuinepeusandanstenhinspie) ianeestadevba tes col iexesdivaridensrreiiesacnsare nassisnee 


The Brewing Process 
Plant Operations 


Quality Control 
World Beer Production 


Glossary 
General REKONCeS . ssteresesswievncccrnnsicereasinieisees teri aseaatt ateaUeeTANS PTR STATES 
Beverages: Carbonated . 
Description 
Ingredients 
Nutritional Value 
Availability 


This page has been reformatted by Knovel to provide easier navigation. 


xxvii 


146 
147 
147 
147 
148 
148 
148 
148 
148 
149 
149 
149 
149 
149 
149 
150 
151 
151 
152 
153 
153 
153 
155 
155 
156 
156 
159 
160 
168 
168 
169 
169 
171 
171 
171 
172 
173 
173 


xxviii Contents 


Terminology ......... 


History of Carbonated Beverages 


Soft Drink Industry 


Soft Drinks BOttlenASSOGlatlOns: gccecacsaevcsnsoassntseiesjvingarceceyynsevsposteaviaredvpsovatovbineens tein psewtedeniees 


Soft Drink Production 


Marketing . 


General References . 
Beverages: Noncarbonated 


Beverage Types . 
History 


U.S. Beverage Market 
Recent Developments 


Other Trends Affecti 


ing Beverages 


GEneral REGONCES::. sesssrsasssssnsaduvscvss cess seerenasvtsareseneaaiessetenastensntateetaveniniedenton wasesiwtertss 


Biologically Stable Intermediates . 


Dried Codfish 
Sulfited Fruits ....... 
Tomato Products 
Grape Juice 
Frozen Foods ...... 
Bibliography 


Biscuit and Cracker Technology 


Ingredients 


Formulas and Procedures . 


Equipment .. 


Packaging, Storage, and Distribution 


Curponband POMNey TPGNASt. .. si. prnccaretaienerernsagssenhsuepinvasneesiadevten sds ted ecertisensdekennsisgeaensens naasaeien 


Bibliography 


General References . 


BIRCH -senisisecansacenivosdesssnoscenastinecuscondsceanen ceessnea cde taetian credebestieiuie toutibonssoitanntnndiiioaan dianes Mass IAaIe 


Blanching Method 


Objectives for Blancher Control 


Effects of Blanching 
Bibliography 


General References . 


BIOOd aresseesttescavensses 
Blueberries 
Botulism .. 


This page has been reformatted by Knovel to provide easier navigation. 


173 
174 
174 
175 
175 
176 
176 
177 
177 
177 
178 
178 
179 
179 
179 
180 
180 
181 
182 
182 
182 
183 
183 
186 
187 
189 
189 
189 
190 
190 
190 
192 
192 
196 
198 
198 
198 
198 


Contents xxix 


Bovine Spongiform Encephalopathy (BSE) ...........:.:ssesssesssessseesseesscseseecscecaceescesscssaceceesteeseesseeneeeseees 198 
Overview 198 
Transmissible Spongiform Encephalopathies . 199 
BSELinksto Human Disease: ss..r::<issidsesegpsnceceavrchbnsvedecniens ses snegviase snes vospvbigeens tis psaewe denies 199 


The Causative Agent 200 
The BSE Epizootic 201 
Activities to Protect the Food Supply . 202 
Glossary 203 
Bibliography 203 
Breakfast Cereals o 204 
Ready-to-Eat Breakfast Cereals oo... escesccseeescesesssseecssecnseeeeaesneseeesaecaaeeaseascnessreseenaerneees 204 
Hot Breakfast Cereals .... 205 
Nutritional Considerations . . 206 
Stabllity of BreakfastiGenealS: vessscovssccocscesnnaivessraseraconaseateersssveveat oteavelivedaaaiavotl ia naansaetiee 207 
Breakfast Cereal Packaging . 207 
Bibliography 208 
General RETEIEN CES: esiececaicrecssecdsees cet ecmpsecaentecesinuneendcnetaveea evel ep seas aeieaieareaedwers 208 
Browning Reaction, Enzymatic 208 


Polyphenol Oxidase . 209 
PROyATAIVSIS. .;. cc+ccsedricnsssrzaceanacesaianre caserdacncanasnessbachertekescayssancoms muntsasad vipsazeinadsuaiosasasaetueserst 210 


PPO Location in Plant 210 
Extraction and Purification . 210 
Physiochemical Properties ... 211 
Control of Browning in Foods 214 
Bibliography 216 
Bulking Agents .. ~ 218 
Buitterighid Butter PTOCUCtS 5-5 ssesstoxisniactpaaesesacsynicrrneebaasadusptate deaneedsededs corer cedsesedoss sonaenas sassoapsplesoatars 218 
Butter Consumption 218 
Definitions and Grading of Butter 219 
GOMPOSIION scssstvncveisncas'escontaantinsnaadient esis sbdiyean cet vatbeskalyxdusdanosnsk tov tsadvetedsteseSabiin as tuaisaeitie pn wash 220 
Modification of Milk Fat 221 
Processing . 223 
BUTS PROMUCES: cs.vetcnisradnscraxzearsaiciesescariiareets tric st acaeatesDeTANN PET TIAA ECT SOTANTET 225 
BIDNGGFADHY. s:c02-cencsrecascotegsngeseesgpscasceaicevessnaincinas Setvatscotestdessessiebanss shea sdsdeced censsacanssadastassaaninals 229 


This page has been reformatted by Knovel to provide easier navigation. 


xxx Contents 


[Oic(o [ok of% a mer rere rEn orn niererrporerrrie rote tree irre revert teererete crerctyercrerrertr seer perer revere revert) 
Caffeine 
Properties 
PAIRALV SSS seca gcadssanedens ans cocoa eonode cups nazens suas uve adae ducnaveceeasesece daisvrsepsasdird tee inpsavasdpsred ne touioanaeeeRooee 
Occurrence . 
Biogenesis .. 
Caffeine inthe HUMAN: Diet sivievascvosesasesciesussccnesscerstensasasassuseurursusteavenaueutvevedevesaseiviatesenttes 
Caffeine Production 


Metabolism of Caffeine 
Pharmacology 
Mutagenicity .. 
Teratogenicity 
Carcinogenicity 
Decaffeination 


Bibliography 
Cancer Risk and Diet 
Macronutrients 


Carbohydrate . 
Fat and Energy 0 
BIGSE sicacasseccrseccniseietscasaanadestscinasbis qaasaadsasssenadanig inigeadiqsed gagsaedsdsqecaagendastadanaddsieasdidasdgadsaadesoaai 
Fruits and Vegetables . 
Minerals 
SST sv cilisircaciaashebas cai vbdvtes act taucuet teste opvataatewaketaandss iauczdns leavepsak ine seaeieedantdacpeinedbdaledialcaarsers 
Bibliography 
General References . 


Canning: Regulatory and Safety Considerations 2.0.0.0... ccccesssssesesesescsscecscesscscsescscesseessensaeessensnsasseees 
Regulatory Controls . 
Safety Concerns 
Safeguards .... 
General References . 

Canola Oil .. 
Background 
Horticulture-Postharvest Handling .0.......... cs eeseessssercesccssccsccescesscncceccssccsseonsessenacenssssonseonsves 
Breeding Canola for Improved Yield and Quality — Role of Biotechnology 
Comparison of Canola with Other Oilseeds 
PIOCOSSING? ssesscaeecromcns rarer sateen cate rere EE EAC 
EGIBIEBY=PROGUCIS) vcessdeuticinen cen udssticiiecensdvasipancantanhslecbanniasyudsesdUhuaieadanste war anniina due sep telnccatae 


This page has been reformatted by Knovel to provide easier navigation. 


Contents 


NGTEGIBIG: By2PROGUCES 5.2 5e.c5sccescpncs conse vacecubcveascnschencccdndsty dese cansaruesssncenco orseehaseesonsasens sande: 


Standards and Safety 
Future of Canola 


BI DNOGRARINY: usscsaetes S sized anehance ha wndspae cdavp tela srehiatcgas heh vat oppo ROW EO 


General References . 
Caramel .. 
Carbohydrates: Classification, Chemistry, and Labeling 

Monosaccharides .. 

Oligosaccharides 

Polysaccharides 

Bibliography 
Carbohydrates: Functionality and Physiological Significance 

Description 


FOO FUMCHONGIIY: asscwpsrscccanssnsedevvarss cosk sataeinasevncveteeeuventedvetedeatiaevatenaavelaccmiasindrolieasaaresaleea 


Basic Physiological Effects 
Health Maintenance and Disease Prevention 


BIO FADIY: ccuseassaes racecar ccceren ptcecian ccc esas ede iewed dati tase ne aunceee tly evi IEA se cece aN aed 


Carotenoid Pigments 
Carotenoid Nomenclature 


BIOSYMEKOSISy » .ccareisesvasyarnssntesecservsnnegescesersiensusesarea pepestehnsiaassssynte spuuesinaiedeuaretansgsvsersivacsoaesierdt 


Occurrence in Nature 
Effect of Agricultural Practices . 
Analysis 
Effect of Food Processing .... 
Carotenoids as Food Colors . 
Conversion of Carotenoids to Vitamin A 


Carotenoids by Chemical Synthesis  ..................sscsssscssscrecsscsscessessssssenesescessonesoeseasennsenensses 


Function of Carotenoids . 
Bibliography 


Centrifuges: Principles and Applications 2... cccseeescseeceescsesesesesescseeesesescscecececscecseeescseseeesenessesseneeee 


Stokes' Law 
Screening the Various Centrifuge Types 


Centrifuge: Types and: Conclusion ssciv.csscsscessscssssesscovsasevsscssssracus assets sasossdasessenn desea teases 


Cereals, Nutrients, and Agricultural Practices .... 
Cereal Grain Production and Composition .. 


Wheat 


This page has been reformatted by Knovel to provide easier navigation. 


XXxxi 


258 
258 
259 
260 
262 
262 
262 
262 
265 
267 
268 
268 
268 
269 
269 
270 
271 
272 
272 
274 
275 
277 
277 
278 
279 
279 
280 
280 
281 
282 
286 
286 
286 
286 
286 
287 
287 
288 


xxxii Contents 


Barley ... 
Sorghum “ 
ERY? sii seactss iach vias acesiuvire Sale stesacp ee Sanvan iceaica a teip soe a esins deova nda ceaitssanbs Mreenie ness eroeres Np TEA em Ee 
Disclosure Statement 


Bibliography 
General References . 


Cereals Science and Technology 
Grains ... 
Physical Properties and Structure 
Standards andi ClASSiCatlom pas sdeaecracwerestuvacssnsneseicpes'cors epsnesey vorwnkseossopnsnrabee nseey ceaseeie'stonee’ 


Bibliography 
Cheese 


ONIQUN: -scssvadusdaverstassvisswnosncesestausedtsrasee tsi sceveunatv esate naomad a tuneasivanal Mesceliieea sialon Maas sACtAGNE 


Cheesemaking — General Steps . 
Récent Developments) wc ncavsccnrereisrecsrccavemi ne rcnaneten dahon ioe neniseienehreaint 
Microbiological and Biochemical Changes During Cheese Making and Cheese 

BRIBGIUDGY ssontypdereneennrassrscssnrdatagen citnd oneumandarictcues Gisnaeciney scien ris sbeiniealessedehies destensueucaneiinasaseuestes cand 
Accelerated Cheese Ripening . 
Cheese Defects 


Process Cheese 
Cheese: Analogues? HIStOKY® «psscswzsesscssvcuesseventseeysaveceaes env esas verescyuceuneate aswel seed ead eeteneaeeIN 
Definitions 
Commercial Use 
Ingredients in Cheese Analogues. ...............scsccrscssssscsscesssssssssonsoscnscosssesseescasssonssonasensonsons 
Protein Sources 


Characteristics .. 
BIDMOQKADNY, -scinecssssncasvsvssedesadevssvissennsecs dvd stenndeseyt siscautedudvamasiassienicucciwvdasecdesisdchsdsiisscareisaesys 
General References . 
Cheese Rheology 
First Principles 
Definitions 
Models of Rheological Behavior . 
Empirical Instrumental Tests... 
Physical Measurements: cssrssevesvicossonivessscavisnnce Acesvincaseausaehsvassasnovanedsccoiabnecsaiacasssssdesanesa sdieves 
Relaxation 
Rheology and Structure 


This page has been reformatted by Knovel to provide easier navigation. 


Contents 


Some Experimental Results ..............scesccscssecssecescenecececeesecesecsecsceeeseassacsesessecaeeensesseneennseaees 
Variation with Age 
Subjective Assessments 
KSOMGLUSIOR sc sens cos ese deh naaenanp ecnce ane win roe eta vo depalcecnv tices sence dps al Pb been CANFAS Dene 
Disclosure Statement 


Bibliography 
General References . 


Cherries 
Chilled Foods . 
Market for Chilled Foods a 
United States cago k specced cnssinapsane seventy eranv as sens pepsiek ie peasnehs cna palpasbvar gah aepin aeawne exci cuoicen coset 
European and Japanese Markets 
Processing of Chilled Foods 


Intrinsic: Product. Factors: sssisvsssscassrcnvdassasancsassteresnatssessatrseravasntetiantinaiaedutinnaucsntise 
Chilling Techniques 
Packaging of Chilled Foods és 
DIStrIDUEGNGF:CHINGG FOCUS! <eicseie crits seccp ends onieddantasencstnene inion lon aased oantentaint 
Temperature Control and Monitoring . 
Microbiology of Chilled Foods “ 
BI BNO GTA PHY \c:::acessesvasyaresssrsacecsocvsunegesceserstensuandaree pespesdskntiaadassynts apeuesipaiedevar ctnnsgsvsesnivaaneieciness 
Chlorophyll 
Chocolate and Cocoa . 
White Chocolate 
Cocoa Beans .... 
Chocolate Liquor 
Cocoa Powder .. 
Cocoa Butter 
Sweet and Milk Chocolate .... 
Theobromine and Caffeine ... 


Nutritional Properties of Chocolate ProductS ................sccscssscsssceseesssssssccsscesccnssensensenseenseases 
Economic Aspects 

General References . 

Cleaning-in-Place (CIP) . 

Requirements for CIP a 
TYPES Of GIP’SEISISVSIOMS) scccscesstcsscdenveasasancrincescviss datereaecdea nated eat aais era easaaas 
Control System 
Energy and Cost Considerations 


This page has been reformatted by Knovel to provide easier navigation. 


Xxxiii 


xxxiv Contents 


BIDNGG Ta DIY: acct 2 ere ete tl a a a a rN oy 
Coconuts 
Coffee 


Economic Importance of Coffee . 
Processing and Packaging ... 
Roasting Technology 
Brewing 
Instant Coffee 
Decaffeinated Coffee 


Bibliography ...... 
General References 
Colloid Mills 
History 
General Description of Design . 
Theory of Operation 
PROGUGUS® sccenceceaicntsteacuaiceudetstin taste tod sr dau audes oyudedestateelei stiape dete Grisoe/ tna sadtsrete weak 
Bibliography 
Color and Food . 
(MPRA GCSOR FOG COM: ..0i:cccesesccnsarxcasersaceegnasaessdasyeseaacenaxesan cody meutseasaeseuactancisasonassaieretaeiat 
Color Theory 
Color Measurement 
Sample Presentation 
Data Interpretation 
Color Measurement of Specific Foods 
Role of Colorants 


Effect of Color on Sensory Perceptions  ..............csssscssccrscssssesersssscssconssessessenssessssonssesensons 
Marketing Implications 
Bibliography 
COlOANS: sarcnconpatsszcccisansstearine 
Colorants: Introduction ... 


Colorants: Anthocyanins 
‘Colorants: -AnthraqulnOnes} 2:..0cssccasvostecsndracsenramasinth aasasea sent eis 
Colorants: Betalains . 


Colorants: Caramel .. 
Colorants: Carotenoids 


Colorants: Carthamin 
Colorants: Chlorophylls 


This page has been reformatted by Knovel to provide easier navigation. 


Contents 


Colorants: Food, Drug, and Cosmetic Colorants .0..........:cscceseesseeeceseeneeeeceseceeeeeeesnseesenaeenees 
Colorants: Haems . 
Colorants: Iridoids . 
Colorants: Monascus 
Colorants: Phycobilins .... 
Colorants: Polyphenols 
Colorants: Turmeric 


Colorants: Miscellaneous Colorants . 
Computer Applications in the Food Industry . 
Background and Definitions 
Food Industry Applications 
Future Developments 
Bibliography 
Controlled Atmospheres for Fresh Fruits and Vegetables ...........c::ccssssessssesessesesessesssersssessessseeasersnees 
Types of CA Storage 
Beneficial Effects of CA Storage 
Effects'on Physiological DISOMGGTS ca. iecsctesseccassevecendestavseuccvesivices eterseris oerstanecarenree wrens 
Conclusion .. 


Bibliography 

General RELANCOS: a:.3 nccsearcasserncutsavecesevsasnsunedaces seosdemaustacsassceae opvesdansaedeiaeviansisnssaaenaeicaesienss 
Corn 
Corrosion and Food Processing 

Materials of Construction 


Selecting Materials of Construction 
Types of Corrosion 
Corrosion of Specific Environments 


Corrosion by Insulating Materials .................cssccscsscesssrsssscsscessvssssssessscesecasseaseeseasensenensses 
Corrosion of Rubbers 
Bibliography 
GrabsrandsCrab: Processing: ~ccsscecn:sosdsncsncheconsxseccnisisveaesteccissatcenbowniatanadivontsodtavsueidis dete sdeenssiananiseddeatan 
King Crab 
Snow Crab .. 
DUNQERESSECIAD, sxssatscosisennrsecanieenssecsonnacastesieacasterinsataaets Sissies anstecadiss arvsas sea USAIN 
Blue Crab 
Bibliography 
EOtr 11] 8.= 1g si Manee rer TOTNES Leper Tar Rar Nr Tie Tre Ty MENTION CPON OT eee ER ere? RCE PCTeAT ED 


Cultural Nutrition ......... 
A Literal Melting Pot . 


This page has been reformatted by Knovel to provide easier navigation. 


XXXV 


xxxvi Contents 


FREGIOMSM DITOR C OS dc pcos cvacpsnne canes vaca ou eveau ansehen ccc dads dese aaenapisossnconeverseehasousobsadens suspen 
Ethnic, Cultural, and Religious Influences 
People and Their Land Ri 
SIDI GRADY: Sssecincste dai cosiiepacbadecanvy nneta ca dunvduscv'encesvinecesesiesaseitecesspsshrucbune deasovons thikeent Coin aaeteoenees 
General References . 
Cultured Milk Products 
Microorganisms 
Nutrition 
Bibliography 
Cyclospora 


Dairy Flavors 
Overview of Dairy Products 


Conclusion 
Bibliography 
Dairy Ingredients: Applications in Meat, Poultry, and Seafoods . 
Processed Meat Products 
Dairy: Ingredionts’in Maat: ProQucts: + is-scssarcevsesisvscsevaeneseescavecdsavecynecesteeeevasnsevetips qdenstiendersvavane 
Finely Comminuted Meat Products ... 
Sectioned and Formed Meat Products 


Interaction of Milk Proteins with Meat Proteins  .............ssccssssscssssssesscrsssssssecssessecesseseceaes 
Poultry .. 
Seafood 


BIBIGQFADAY, scissmnauutnrerrnmneas ouraaraaietiainainrdaaa aera 
General References. .... 


Dairy Ingredients for Foods 
Forms. of Daly, Ingredlonts:s 24 esisscosseanoivanssssscnseevnccensapsuaseieasieuenncasavaneaapandvnns ouidusdaapncnaneieaesnsons 
The Ingredient Range 
Products in Which Milkfat Is the Dominant Component 
Milk Proteins 
Cheese and Cultured Products 


Lactose . 
The Nutritionally Valuable Minor Components of Milk 
Prepare ct INGredlents TOF FOOGSs: 5 <ussenscnseenesnsedccbsens ont pies ceiechlssdiennoAderievnsadiedeoniandosnnsvedsapsepanryiesann 
Conclusion 
Acknowledgments . 
Bibliggra phy: ascvsscscssscsnwevccessvevesresaseesntevosss bn prsscutarsvuavsecssccenessturshenvaues anion seasmbrenanoNdtuaeS 


This page has been reformatted by Knovel to provide easier navigation. 


Contents 


GENSral RETETENCES cir scecse ksesesnccc ncaa hada saca ei past nas oats aades dose csnvesatltnncracy becuase sebaaaereceanace 
Dehydration 
Theory .. 
EQUIPIMGRE: ics sacieasgrive dak ce anepaeb ede convvanuctascivntenesvesuesvns dvovey nda ceussssebs ana centa tresevaborineedsCousbpseeteesonsots 
Effects on Foods 


Rehydration 
Nomenclature 


Acknowledgments . 
Bibliography 
General References . 


Doe UR IES: 5 cntssvrosszefcoutscucstne sed aizs she dachy cee sceaosestsv sod vs va van cvs vnge'vosnsien’s saxnoonbsvonvesa baxecedececsdeanarstediations 
Types of Detergent .. 
Detergent Properties 


Detergent. ComponGMts: sescssssesecivarssceevscczeenasvvacveterevvsctedvetedertaacovatentavelaccaaaaiedaolieassaaresaieeeat 
Cleaning .. 
Disposal ... a 
FOG ‘Safety wrcwsrreeecsenenunepetnraneasnic dr ndaviaecnanaal niente bite aine 
Worker Safety 

Bibliography ... 
‘General ROMGANCOS® s,s ncsseaacacesvncutsavesescosscnsusadacse soopsntabezaaaasgncers pvaed tasdedessiviancasgsadaanaeaedeedese’ 


Disinfectants .. 
Definitions 
Chemical Disinfecting Agents 
Physical Disinfecting Agents 
Evaluation of Disinfectants 


Modular Systems of Disinfection 


Legislation 
Bibliography 
Distillation: Technology and Engineering 


Distillation: Terminology” .:iccsacec,esswncsscusvscsvadussvensanidensdicgink teasateupecieintstadronpeiiensinwnaedrondadinns 
System Components: Columns, Internals, Instrumentation, and Auxiliary Equipment 
Packaged Distillation Systems a 
Batch: DIStathont revs cvasissastonsssancsieccessvacvaccan tute csentesiva tenets dss est axe teceS OS STATS CaN SETTEE 
Column Design 
Bibliography ... 
PASHIIGR BEVERAGESDUUS  sessascccssressisescecarezcusesey svt tateveeesateds cast saan ees bce sie sauts tasead sidcad sea sse sss iacddnekes 
History 
Taxation, Government Regulations 


This page has been reformatted by Knovel to provide easier navigation. 


Xxxvii 


xxxvili Contents 


Production an 
Standards of | 


The Manufacturing Process 


Analysis ...... 
Packaging 


Exports of Distilled Spirits 


Glossary 
Bibliography 


General References . 


Dry Milk 
History ........ 
Processing .. 
The Product 


Dryers: Technology and Engineering 


Batch Dryers 


Continuous Dryers 


Spray Dryers 
Rotary Dryers 


Pneumatic Dryers . 


Band Dryers 
Selection ..... 


Efficient Energy Utilization in Drying 


Spray Drying: 
Spray Dryers: 


FE GOMSUNTI PEON: 52 ori sisas caches osvagueigortes oencsd sacesenanbesnctuae ccrauneecesedeank cea eonectaenae? 
identity 


New Developments, New Economics 
Fluid-Bed Agglomeration 


SS DING MASI PYOUS: 2:55 sscananaeedduachroasenad carapace niacstenhsuseind seithente survates eel thceeessaesdenoinniraeaentans naisneien 


Partial List of Products Processed on Various Types of APV Dryers 


Bibliography 


E. Coli 0157 


Edible Films and Coatings . 


Protein Films 


Polysaccharide Films 
Lipids and Resins 
Composite Films ... 


Bibliography 


This page has been reformatted by Knovel to provide easier navigation. 


Contents 


EGU: ssczseccssis dees ecupeeasensapaunssessesaps’esnbsczstesaracengs cos errsecteednssannraaoheneniteipenisedenabeibasyoarctnson Nesanpatenseceacieectavary 
Biology .... 
Life History 
EGO GY’ OTE IVORS? ccs. sui states ede convsasuctascinetenysverdesvns cvoverndaceasssebs apscenta dnesevohesbiaeres topos oui 
Culture Techniques 
Culture Systems 
Consumption and Processing 
Skin Processing .... 
Future Development 
Bibliography 

Eggsianid Egg! Products aivicsnesss‘csausssestuescaoveansoanssivsennvasbssdnssivesuerssacaseesoandonsxspacbadnexcbvesbneasseueonsestadarkers 
Development of the Egg Industry 
Egg Formation and Structure 


Composition Of the Egg sccscscasecescovsscsovscesnsavessnsnicnasntveeastveveal nesses eat setoulin annsaetieee 
Production Practices ... 
Shell Egg Processing .. 
Conversion of Shell Eggs to Liquid Product ............sescscesccsccsssescessscscsccssscseeessessceseeseaseaaes 
Nutritional and Functional Properties of Eggs 
Production of Egg-Rich Convenience Foods .. as 
Modifying the Composition of Eggs by Processing ............:csscescesseeseesecsseessescsseeseeseeseensensen® 
Eggs as a Source of Pharmaceutical Products . 
Bibliography 
Elastins and Meat Ligaments 
Morphology 
Chemistry and Biochemistry . 
Industrial Applications ” 
BIBIOOEEDIY. «.c, wstcasctacasasscvnsuennenssnnssceige puarehsesascascncueardansacradcesnaeasunesieseaeusus sraxierieisesuacuanen tener 
Emulsifier Technology in Foods 
Bibliography 
Emulsifiers, Stabilizers, and Thickeners .............cccsceccessessecessesscessessescescesscssesecsseseeestenscuseeesatesesensee 
Functions of Emulsifiers, Stabilizers, and Thickeners 


Types of Emulsifier 
USESIOFEMUISHGRS: costs sresnriseieinacarniensnimintantnrescra gata ein eA Tea 
Conclusion .. 


Bibliography 
Efigapsulation' TeGhniques: saws sees cree aeve seins oad erential seni 
Definition and Technology Development . 
Spray Drying .. 


This page has been reformatted by Knovel to provide easier navigation. 


XXxix 


584 
584 
585 
587 
587 
588 
590 
591 
591 
592 
593 
593 
593 
594 
594 
595 
596 
596 
597 
598 
599 
599 
599 
600 
600 
601 
601 
602 
611 
611 
612 
614 
619 
620 
620 
620 
620 
621 


xl 


Contents 


SOIVOFIE ONY ARAL cer scse saps cacy axcceicpoeas conde secs ade eas cusebesnecdedeus vase sans ueigaaonipuctenset haa vetaasera ieee 


Encapsulation by Extrusion 


Air Suspensiot 


n Coating 


GContrifigal. EXMUSION. .ccsceracdececonssencetscadenveasce'encesvdcvsasiecaceimcvashssueerdinesnasoviohechintent tauunrsaetseseenens 


Coacervation 


Inclusion Complexation 


Spray Chilling 
Basic Criteria 
Encapsulated 


Future Development 


Bibliography 


Energy Usage in Food Processing Plants 
Milk Processing 


for Encapsulating Food Ingredients 
Ingredients - Commercial Types and Applications 


Liquid: Food: Concentratlon ssisssssesssveasssssnisteasessevasseressesesiateisanal aeavslivedaasiatolia naansaetiaees 


Food Blanching . 
Poultry Processing 


Bish Processing: — nveneccawertcdeinraneasres or ncav ceca acai nian aeienusereanne de eaves 


Canning 


Baking Industry 


Bibliography 
Enteral Formulas 


Enteral Formulas 
Condition-Specific Nutritionals . 
Delivery Systems 
Processing Technology 
Regulatory Activities 


Acknowledgm 
Bibliography 


Enzyme Assays for Food Scientists 


and Feeding Systems 


GRIEG: «css enanssavnsine ieenadepateansbrusssiaassavbessensndbepnesea teats use apa ieseraionsedeasiaean dese niuie aise’ 


Reasons for Assaying Enzymes. .....ssssovsossersccosevossancvanonssessoessnssssveacenseassonesnsancerszsacentsoxsnss 


Theoretical Aspects of Enzyme Assays 
Specific Enzyme Assays 


Bibliography 
Enzymes in Food 
General 


Fresh Fruits a 
Beverages .. 


Production 


ind Vegetables 


This page has been reformatted by Knovel to provide easier navigation. 


Contents 


Dey) ROGUE c-Fes Nate os al eh a a NN ae 
Endogenous Enzymes as Processing Indicators 
Browning Reactions — Color and Flavor = 
ESN RAIDS ssscecit tac ord lisp acess ace sad edie ec eaves op eda vested ogg Daca wa avast any oa ene Se 
General References . 


Enzymology 
Kinetics . 


Applications in Food Processing . 
Bibliography 
General References . 


eves poorentind, MUI ee sis sescsstscasvassvev nse sie vnchy censecoseezapse seks sadness eovovndayicoonsnirsnsensehacezovis oeesdasetasineearatediations 
History 
The Product 
Product Processing 
Industry Production .. 
General References . 


EVapOration:. sssutaecannevonenenunas aoe ane eee aka ones ahaa iTS 
Theory 
Equipment 
BMGCRONFOOASE. ccccensarscccasceesssbegersensuasandensinsiazsonies ie euebdaniedeuarasaninationsiven séngtasnaysessaventneistenta’ 


Nomenclature 
Bibliography 
Evaporators: Technology and Engineering 
Types of Evaporators 
Selection of Evaporators ... 
Evaporation Configuration and Energy Conservation 


Residence Time in Film Evaporation .0............cccccecsscceseceeseeeeeeeeeeeeceaeceseeeeseeceeesenseeseensneessee 
Engineering Conversion . 
Plate-Type Evaporators 


Mechanical Vapor Recompression Evaporators ..0.........c:cscssecssecsseeseceeeecsseceeeeseesneseeesaeenees 
Bibliography 
Extraction ....... 
Priniciplesior Extraction) s1s.c ccs isenesccanezcctestent arava incendie tice 
Liquid-Solid Extraction (Leaching) 
Liquid-Liquid Extraction 
Speclal Extraction Operations: s.chcse ewes asia eet ea ae ins uel tale 
BiblOgra phy ~.cisisvsivesscs manos casings nto eaceband lsat cipeanelin eta cotectantiva nae earane 


This page has been reformatted by Knovel to provide easier navigation. 


xli 


xlii_ Contents 


EXATUSIOD 225.22 Ss csacencpaseosstsadepitesesrczetessvacersstiiedutogsssbesannraavartenrdetnenivedevadedbasvonrasnsen euanpesientecrarssisbansry 
Definition and History of Usage 
Food Applications 
General Description of Equipment ...............:ceecsssesessecesceseeeseesseneseecssecaeeeeeeecasssnseaeeaaeensensens 
Bibliography ... 

Extrusion Cooking 
Background 
Effects of Processing Parameters 
Changes in Food after Extrusion 
HTST Extrusion Cookers és 
Methodology for HTST Extrusion Cooking ..........cccsscessesssssesscssecseeeeseseeeeeesaecseeesseasenseensenees 
Applications and Description for Extrusion Cooking of Different Categories of Products 
Bibliography 

Extrusion Processing: Texture and RNCOlOgY .......s:sssessessssscesssecssvssesessssasecessssosseesssesssossssssseosssioeas 
Texture .... 
Rheology . 
TOXturerand/RNGOOGY: vcs. ietcssrastreces tecedivnercete cade taees netted oe seamen Lave unenene 
Conclusion 


Nomenclature 
Bibliography 
General REEPEN C!S... sisssecccsceswvacsreavasscaisnssaivastecasicauceaassavanseas saniaariansssaseaeaaddeavendsy aataadaateges aes 


Fats and Oils: Chemistry, Physics, and Applications ............sscesssssseesesessseesessesesesnsnessereassnsneneeeensarenees 
Component -RattWACIES caccsanciwaw aati waninkndinmiran eur anyaa as 
Component Glycerides 
Phospholipids 
Unsaponifiable Components 0.0... ce ceseescssecseeeecsscesessecssccseeeeseascseesecssecsasenaesscnscenssasenaeeasens 
Processing 
Physical Properties 
Autoxidation and Antioxidants . 
Emulsions and Emulsifiers 
Novel Fats and Oils 
Bibliography 
GENELAL REERONCOS ccs Zoo ste: casein oa diictad ce sue ley cade pean tj ceaaSoane ace ableaendeoceepaeay cnnddedeh an psn? 

Fats and Oils: Flavors 
Mechanisms of Autoxidation . 
Mechanisms of Photosensitized Oxidation 2.0.0.0... eeceeccceseeeeseeseseeeceeeeeeecseseserecesaeescneeareeens 


This page has been reformatted by Knovel to provide easier navigation. 


Contents 


‘Thermal Oxidatiorvot Batscand Oil; 2.5 roe ee tee ld els as 
Factors Affecting Oxidation 
Flavor Formation by Enzymatic Reactions 
Flavor Properties of Fats and Oils .0.........cceseesseescesssseesecssecsseeeecaecneesecssesaaeensesecneesaeseeaerasens 
Contribution of Specific Oils to Flavor 
Determination of Flavor Compounds . 
Sensory Evaluation 
Flavor Evaluation by Gas Chromatography 
Bibliography 
Fats and Oils: Properties, Processing Technology, and Commercial Shortenings 
CHemistryand: StucCtunes <..ncsacssavesavsecves'spsesavsatonne scievecvecisrpsuessesapanevea ueiconvebeana cutie ses gveadeboones 
Processing Aids and Additives 
Fats and Oils Functionality eg 
Salad and: Cooking OMS: scasescasecescovsscsorssesnavessrasernacsassnteveassveveat stesvelsveaadsetutin ianesaeiiee 
Frying Shortenings 
Griddle and Pan Frying Shortenings 
BakeryShonenings! evsccavacecsninc cana adineat rine eaia ea onii nee lacnaneaiy 
Other Applications 
Butter and Margarines . 
U.S. Fat Consumption 
Nutrition 
Bibliography 
General References . 
Fats and Oils: Substitutes 
Role of Fat Replacers in Food . 
Composition of Fat Replacers . 


Nutritional Impact of Fat Replacers o...........cceesceessecesceeeeeceeneeesseceeeeeseeceeeeeasecsaeeseneessaeseeneees 
Regulating Fat Replacers 
Conclusion 
Bibliography 
Fiber, Dietary .... 
Components 
ANALYSIS! sctcctcnasesdrcsre sree teenn races earn tari aaa aI eae aN sea TT NSA TS 
Physicochemical Properties 
Physiologic and Metabolic Effects 
REGOMMENGaONS: cveietentecriateneecnaint int a Mareen Manas 
Nutritional Value 
Uses in the Food Industry . 


This page has been reformatted by Knovel to provide easier navigation. 


xliii 


732 
733 
733 
733 
733 
734 
734 
734 
735 
736 
736 
740 
740 
740 
741 
741 
741 
742 
743 
743 
744 
744 
746 
746 
746 
747 
748 
751 
753 
753 
754 
754 
754 
754 
755 
755 
755 
756 


xliv Contents 


Dangers of High-Fiber Diets 
Bibliography 
Filth and Extraneous Matter in Food 
MME FEASrALFOOG LAWS) exceeds cinviassctssiis evekespexccaviersntvsb ese eaticopsnvenegekace snes veto Phibeees tbe aattobeeists 
Enforcement of the Act ... 
Modes of Contamination 
Keeping Filth Out of Food 
How Does Filth in Food Affect Human Health? . 
Filth in Food in Perspective .. 
The Paradox of Filth in Food 
Bibliography 
Fish and Shellfish Microbiology 
Microorganisms in Finfish .. 


Fish Spoilage and Changes in Bacterial Flora of Fish During Cold Storage ...........:c:cceee 
Microorganisms in Shellfish 
Microbiology and Quality ... 
SORIOGS, [ACTA se sic cese neces encanta ates leaden deel diehiap tans ste eats tata aa sadtanadeaneastes 
Seafood Microorganisms of Public Health Significance 
Microbiological Criteria and Inspection a 
BIBMOGFAPHY. .:--:acessesnasparssssrtsseauerventeaercoseracensuendares poanesdshetaaausssvets spuatsanaiedevar ctnnagsusessanaaseiacieees 
Fish and Shellfish Products 
The Seafood Chain .. 
U.S. Fishery 
Maintaining Quality of the Catch . 
Processing Seafood . 
Seafood Safety 


FUTURE DEVEIGBIIGUE ci sass¢casscdes socesenpcivenreenisesanszaviessuasuvaieredenderaitac tghienedeisbeesabincadsdzseaiaee eeaceaciay 
Bibliography 
Fish Cakes ¥ 
Fishes: Anatomy and Physiology ..............ssccssscsssssssssscssscesscnsscnsscssscnsscnsscnsssnsscnsssnsssnsssesosacossseesesens 
Gross Anatomy and Orientation 
Digestive System 
RENANSYSTEM: wisovesntcoscedtervcoinesnssers naa sactesen ces tarsaiaiaa eases eetez TNT Sean Teas Nae STEEN 
Cardiovascular System 
Respiratory System 
Nervous System 
Endocrine System .... 
Reproductive System 


This page has been reformatted by Knovel to provide easier navigation. 


Contents 


WRU SYST isa sd a Soa a a ai eh 
Bibliography 
General References . 
Fishes; Species:of Economic Importance ...2.:...se.cersscvisrsesersssosnnessonssserassennpnisonnsovosensaeassessvavansnyeitentog 
Anchovy 
Striped Bass 
Cod Fishes . 
Flatfishes 
Herrings and Sardines 
Menhaden 


Bibliography 
General References . ‘ 
BUSH} MINCED oz, sssstavede cxpssvusentasentcetacepickat cata eatalaeet ander aecesean catenins dated tach tei tetas anette 
Flavor Chemistry 
Overview of Flavor Compounds . 
SENSORY BASISOCFIAVOM cusssssccpsssessnssscensrvssnissssares seesatsunsaezsseienes apoarsatsiedeanveinnesstsioneoncseceeieeat 
Classification and Origin of Flavor Compounds 
Occurrence and Organoleptic Properties of Heterocyclic Compounds in Food . 
Maillard Reaction and Formation of Heterocyclic Flavor Compounds in Food 
Flavor Formation by Enzymes and Microorganisms 
Analysis of Flavor Compounds 
Bibliography 
Foams and Silicones in Food Processing ............csssscssssesscssscnsecssscssscesscnsscssssesscesesssossserssorasvossones 
Foams 
Silicone Antifoams 


Basic Guidelines 
Future Development 
Bibliography 
General RECKENCES: sustrresissciavsccsrniveaereasiwneisees tric apeett ate TUCTAS PTT SSA NECA NTETT 
Food Additives i 
Functionality of Food Additiv 
GOVEMMENt REQUIALIONS , cccesccsccschesdcdes es snealsa tae ois ces dosssskdecdedv odin teeadeavad nina see tua saaaae eee 
Description of Major Food Additives 
General References . 


This page has been reformatted by Knovel to provide easier navigation. 


xlv 


xlvi_ Contents 


FOGG AMSG OY, 2 naisssoies oanesapecca' asa sasesenabacsoadctreapatescsbbsueotytesuesaevdedoktbaden basnasgenncsagan sheng icanasevescasseacprass 863 
Ice-Mediated Food Allergies .... 863 
Cell-Mediated Food Allergies .. 865 


OMCIUSIOR secs cusnsese de nsaen enh dean rane enn sos da oe dep eecn vais pga dps ap Pope CAN a Meee 866 


General References . 866 
Food Analysis... 866 
Information Sources . 866 
Sampling 867 
Selection of an Analytical Method 867 
Analytical Methods 868 
Major Food: Components: ss..scurenssseccravenasnvaayéstove wrpissesepoanyevedeasinns epavuneo uebierone'ssnwsesstios der eseedeeonse' 870 
Bibliography ... 871 
Food and Nutrition Science Alliance (FANSA) 872 
Food and Nutrition Science Alliance Organizations .......cecceeceeseeseeeeseesieseseesesesseeseeaeaens 872 
The American Dietetic Association ... 872 
American Society for Clinical Nutrition 873 
American Society for Nutritional ScienCeS oo... ec ceecsccecceseeecsscceaceaceacesesessenesecesscseseeseasenee 873 
Food Chemistry and Biochemistry 874 
Education 874 
Publications 875 
Bibliography 876 
Food Chemistry: Mechanism and Theory . 877 
Carbohydrates ORT 
Lipids .... . 880 
Proteins 881 
Colorants . 883 
884 

885 

887 

887 

887 

Food Consumption Surveys in the U.S. Department of Agriculture 889 


USestOfthe! Data cccrsvsesscvressesevovnecacersveaseacstivn rezeces esac cnt caaeu SiGe Net TTTECT STN TEATS 889 


Recent USDA Food Consumption Surveys 890 
History of USDA Food Consumption Survey Methodology 891 
Ttehds In Food ConsumpnGn nsec cuee ae eee oe tee ees 893 
Pyramid Servings Data 893 
The National Nutrition Monitoring and Related Research Program 895 


This page has been reformatted by Knovel to provide easier navigation. 


Contents 


BIBS GA BIAY, gross eo tase sccves vac panceucpsncs tenes va2acud ceasenaal ovis e dns ded canes Urs teaceneo er paehaspcobsasens dusbess 
Food Crops: Nondestructive Quality Evaluation ...........cceseseecteeseees 
Principles Used for Nondestructive Instrumental Quality Evaluation P 
Description and Application of Methods ...........ccccesessesecesecsseeeceeseeesecseeeeseeecaseaeeaeeaseensentens 
Future Developments 
Bibliography 
Food Crops: Postharvest Deterioration . 
Causes of Losses .... 
Prevention of Losses 
Bibliography 
General References 
Food Crops: Storage 
Factors Affecting Storage Life . 
VAJUNGS: secacsscevssocavsessvensincassstvovedidscess cost siatemnasvesareasenieeadestenasinauntatesalaviaaaaedeutia Mawes TENANT 
Supplemental Methods to Cold Storage 
Future Developments 
BIDNGGFADAY: sgvessovennntavacenitcn tae adioniat tin eaaia ealoniensens acne as 
General References 
Food Crops: Varietal Differences, Maturation, Ripening, and Senescence . 
Mahictal DUNGRONCOS? <::,sc.cassaacacscosausziezeaseesesecenadasai satseeaenedisassonss teaguons sosiedesanctancesasaszaniniod wienae 
Maturation 
Ripening .. 
Senescence 
Bibliography 
General References . 
Food Engineering ........ 
Professional Responsibilities of a Food Engineer ooo... cceeeesceesesecssecseeesceeeceseseeeseenseeeseesens 
Educational Requirements of a Food Engineer 
Research and Development Areas in Food Engineering 
Food Engineering as Related to Other Disciplines and Professional Societies ..............008 
Food, Drug, and Cosmetic Colorants 
Food Fermentation 
DGHITIMONM: sveccuvvsvescorecssesevreetesrlovatiaeerseca eucerest rerectsts rc Sta RVCGs STARTER TN TEAST NETO ES 
History 
Microorganisms Used in Fermented Foods 
Types of Fermentation Processes 
Therapeutic Value of Cultured Milk 
Fermented Solid Dairy Products - Cheese . 


This page has been reformatted by Knovel to provide easier navigation. 


xlvii 


896 
897 
897 
897 
900 
900 
902 
902 
903 
904 
905 
905 
905 
906 
907 
907 
907 
908 
908 
908 
909 
909 
910 
911 
911 
911 
911 
912 
912 
913 
913 
913 
913 
914 
914 
914 
916 
916 


xlviii_ Contents 


PICONOICIBOVETAGES:: 5sigencabs css cxssss gules sansct Ccvssedsst snag aa neacte nd roaendcb esate see causecpncterseshacasobaasentueeee 
The Role of Genetic Engineering in Food Fermentation 
Bibliography 
General Referees 5x ccccscpede cicvtas-tachevoneapsrecceniededney ec destinies cap gekesa dvessasp poiseen oN ewe Neg 
Food Freezing 
Refrigeration History 
The Removal of Heat (Refrigeration) 
The Food Freezing Process . 
Bibliography 
General References . 


FRCL MAPK STIN GE Saiaisas cs icc ceca seauifada ns szesceesnetanotvosnsindosvchv sash sas en coun suuiseaspibsdes dnavast sasuacbeesunnaveasinaearseadiations 
Marketing Philosophy 
The Marketing Management Process 


Marketing:Strategy® assssasscasescasncsessossetsocscsssunaavessvasennicssaseatosencsveveat atescelsvodea stadia tannesaetdeeea 
Marketing Environment 
Marketing Mix (the Four P’s) 
Marketing:ReS@arcn » ssaccavnnvntanweccrecdunnnit benno neiiaeaonii ase sacntcaeaten 
Conclusion .. 


Bibliography 
FROOAMIGOSUIGHING 5: sscsszncsosiscusasdscnsrsansezssaseied vinsGiessnisdudagsededi cis Vebadenesiniass ckertansigioase wsacanerseeneapeseosiestes 
Light Microscopy ... 
Electron Microscopy . 
Atomic Force Microscopy 
Dynamic Light Scattering 
Image Analysis 
Bibliography ... 


FOOd Plant Desight ANd COMSHLUCHOM: ......ccccrvucersssensessasezsarsensnsesnsdsesaencassseceiaesearessensasronsuencesagersegeaten 
Critical lssues ... 
Project Approach a 
Phase T= Eeasibility: Study® ssicccsavcvectesencnssigescerncoxivenvansvsnnsssesnstoetxadeusncinseaatinoustionnat iiesaiserwad 
Phase II — Engineering and Architectural Design .... 
Phase III — Project and Construction Management . a 
BIDIOGRADRY, -xssssvedescosens sxcesnssnvovenaneviseanenarten assests ea tatsseseertez a nTST trata an Sea ETTORE TN 
General References . 


Preservation Principles and Applications . 
Bibliography 


This page has been reformatted by Knovel to provide easier navigation. 


Contents 


FOGG IPROGOSSING: <cescten esse ca iene ates ess corte act acai se a tect at sed sae cal ach tds neva aoe tech 
Food Composition ................ 
Food Laws and Regulations . 
Presenvation OGLIVING TISSUG? ...:<asasesensessecssnsieseessecs sosieseesnakiadsnsieasassossaisensandpaeasbivosnssaciaa casey 
Preservation of Nonliving Tissue 
Heat Treatment 
Nonthermal Processes Yielding Microbial Inactivation ..........:csccsseesseseesseeeeeseceeesseeneeeeeeeenees 
Freezing 
Reduction of Water Activity (Dehydration) .. 
Mechanical Food Processes Enhancing Preservation 
Chemical Preservation Methods 


Toxicological Implication of Processed Food . 
Food-Processing Facilities 


FOOE:PACKAQING sscsies.vcsecscovecnscevssevovccvececcevecediedeudhsteeedsudsesaduuedeussencuceudastuvdusievendeedtecteenievi’ 
Bibliography 
General References . 
Food Processing: Effect on Nutritional Quality ...........sssssssssssssssssssssserssecessessssecnsecsecssssseesceorsesssesseees 
Thermal Processing 
Food Preservation Through Control of Water . 
Emerging Food Processing Technologies and Their Implications on Quality «0.0... 
Reaction Kinetics in Food Systems 
Basic Principles of Kinetics 
Feliiell ROMS! sects asec acineisretipaiincsiinatdpsdoSononeapanspsnipanandatnca dnatickaaveaiens ant ganwsGnasadues cosaiesabainelisancanel 
Bibliography 
Food Processing: Standard Industrial Classification. 
Standard Industrial Classification Manual 
Meat Products (IGN 201) 
Dairy Products (IGN 202) .. 
Canned, Frozen, and Preserved Fruits, Vegetables, and Food Specialties (IGN 203) re 
Grain: Mill Productsi(UGN 208): scccevsicesscsicsncnsdhsasesepveasspisnvachwipwulsnevcadundVansnnicas sts vesivadsudasaseddss 
Bakery Products (IGN 205) 
Sugar and Confectionery Products (IGN 206) 5 
Fatsrand Olls (IGN 207); avesecvsvasarenseetaratncatnrandnsdnenenuinineaiiaceiunsevieriay 
Beverages (IGN 208) 
Miscellaneous Food Preparations and Kindred Products (IGN 209) . “ 
BIDNGQFABNY: jsevecessseacccvessvassassccaetwes casetas vee ences ceca e es eee nae Tae Rae RT aE 
Food Processing: Technology, Engineering, and Management . 
Controlling Food Qualities . 


This page has been reformatted by Knovel to provide easier navigation. 


xlix 


959 
959 
961 
961 
962 
963 
964 
964 
966 
966 
967 
967 
968 
968 
969 
969 
969 
970 
976 
978 
979 
980 
983 
984 
986 
986 
987 
988 
990 
991 
993 
994 
995 
996 
997 
999 
999 
999 


| Contents 


The Optimizing, Decision |MAKGr css assseasscasnz ser veccervesatea ese castes dacaotelebeatestete alas See aes 1001 
Examples .... 
Conclusion .. 3 
BIDNOGRADIY: scrssshszsecsaniscacscnasassanesad sonssessossnpitsseansens hscossedenhsessaassoadeadenss dieds dads aagaiaesnssusian asses 
Food Regulations: International, Codex Alimentarius 
History 
Conclusion 


Bibliography 
General References . 
Food Safety and Risk Communication 
Risk Messages . 
Risk Comparisons . 
Risk and Consumer Perceptions 3 
BIDMOGQFAPNY.: se sivedscssicsovevecscovesssvesesaveetsseteccdeviceteeiee dssivuedavcuecinsevetevarvocuceussuuvevevtevdehdvedvsdieniaves 
Food Safety and Risk Management 
Consideration of Risk Characterization . 
Risk Costs:and BENGRRS: sccrseicceceicotsaensnesisraieanaietanie ese ase 
Prevention, Intervention, and Control Actions 
United States Regulations 
International Regulations 
Bibliography ... 
Food Safety Education: Consumer . 
Sourcesiot: Consumer INTOMMALOM sscacvsscvatansonasscassnunssasnenshadensananddnseonssvedapessspaaunadaavsanaaaargesivye 
Consumer Concerns 
Consumer Safe-Handling Knowledge 
Consumer Perception of the Source of Foodborne Illness 
U.S. National Food Safety Program 
Bibliography 
Food Science and Technology: Definition and Development 
Food Research Before the Term "Food Science" AroS@ o........ccccccseeseesecseeeseeeeseesseeeeseeeeaaees 
The First of the Teaching Departments . 
Food Science and Technology asa Title . 
Positions Filled by Food Scientists/Technologists ............::c:scescesesseesceeecsseesareessessseseesasensens 
Bibliography 
Food Science and Technology: the Profession 
TNE PROLESSION  vescsstevcwnereniaiicarerstert caster aprekceneg aA ARIE AR TROT 
Strengthening Value-Added Components 
Newer Processes .. 


This page has been reformatted by Knovel to provide easier navigation. 


Contents li 


Nutraceuticals ... 


Governmental Acti i 
Governmental Regulation .. 
SUUTAIMISIY™. cccsosssanseznccaneaseanstoncscnaapabpansssee sete naabspsansess asansshestanseasesossscontends dad sdesoandnts saanssasienpunses 
Bibliography 
Food Spoilage .. _ 
Organoleptic Description Of Spoilage ...........ssesccssssssssssesvosecssenceversscusesessonscesesorsesrsereereseers 1025 
Food Spoilage Mechanisms. .... 
Tools for Detection of Spoilage 
Tools for Prediction of Spoilage .. 
Measures to Prevent Spoilage 
Bibliography 
Food Surface Sanitation 
Food Soils 
Fundamentals 
Sanitation Procedure 


GHGIMICAIS) scoecasesiecesces sep eesatvesexnsnuegaveneewn teeth chee be uacadescvsbetasnedde sauna aust te ade sa eedeNla tenes edeet 
Methods 
Evaluation of Effectiveness of Sanitation Systems 
Evaluation of the Effectiveness of Disinfection ............scssccsseseseesesseseescseeseessseesesesseeseaseeeasens 
Future Development 
Bibliography 
Gomera IROTOTANCOS \ aniscsincspsiissin snes cuseshsanensnpsnsventpanandsdeds nations spoadendeshennvadnasacuendaiayapusbesnshvaneial 
Food Toxicology 
Toxicology: Principles, Definitions, and Scope 
Food Toxicology 
Safety Evaluation and Risk Assessment 
Conclusions 
Bibliography 
Food Utilization 
The Alimentary System 
Carbohydrates 
Proteins 
Fats 
Nucleic Acids . 


Water; Vitamins; and Min@rals. sscsccecnscsvieneecceminecnnaniarai an aaninnnnantied 


Bibliography 
General References . 


This page has been reformatted by Knovel to provide easier navigation. 


li Contents 


Foodborie! Diseases: <scesiiasalrsaseicaactan toeeaenctehtedearectaskcuacbaeatn tes sted sana scale sac aeae acer ets aca ett 1078 
Definitions 


Food Intoxications . 
Bacterial and Microbial Intoxication  ..............:sssssssssscssssscsssssssssesscsssssseeessenasessesnassssecesesnsenasee 1079 
Bacterial Infection . 


Summary a 
BIDNOQTAPNY: <ivevedentiessovevansedssccsevcevuecwnds sieve cusses diet cesuewesuvductvndewevorbevtu dvetsabvaweteedeiehvesesteveendbess 
General References 
Foodborne Microorganisms: Detection and Identification . 
Detection Methods That Require Viable Cells 


Detection of Organisms and/or Their Products by Methods That Do Not Require Viable 
IC GIIST is insisadastenszativacesasaisnaendarivactnann sasanieabieiesiaaanansat asd pansaaeahacdphaGiacedccanassiajaiespaszaadiasincaaiaatdennl 


Bib OG FA PRY acon esccczsdeccvneececetiwacesriouvssorearvvicasietaaniaiadedsertvacaceadsecd feteusceduadiaetbednaviareieii Gwen 
Foodservice Systems . 


Overview 
Menu System .... 
Purchasing, Receiving, and Storage Systems 
Production System 
The Service System . 
Human Resource System 
Equipment and Energy System .. 
Quality Assurance Control System 
Gerieral RETSTONGSS. easvacsscusancesvnteecteas ansd desta tathat ea tordecdiianicnstna daieadepeccuatehabipet a gmnci tees 
Freeze Concentration . 
Products 
Freezing Point Depression .........cccccccecsesecesecsseeeceseessesecseecasceesesesseeescesecseeeeaeeassescseeeesesscaaees 
Cleanness of Separation 
Ice Crystal Formation and Growth 
NCO PROGUCHON: ssssiccecosuvzsvacesicniincncvssun canst sntasisiasoencssesecvenvinehcecvandiavchinsdestecads varsdshiwdsceoanradccndanns 
Freeze-Concentration Systems 
Bibliography 
Freeze Drying ... 
Products 
Advantages and Disadvantages . 
System Components 
Preparation .... 
Basic Process 
Heat Transfer . 


This page has been reformatted by Knovel to provide easier navigation. 


Contents _ iii 


LHgcists{i [dW B lic) Memnerretrcrotrr tier nrc RCE TEE EDEL Carrere rope Centar trrce rete? 
Sublimation Temperature 
Product Surface Temperature . a 
DIRVINGIT INGE sancsssnczsscsipintansinand ezaupsesacnexescossnaabipeanbans togsesseneassedsadooaepaasssannesiyepsesaiad edaaweraenaees 
Collapse 
Particulate Products . 
FOAM ProGUets: cadicssssvercssiasicsiioncanswestvesdevwevisdivveviecnsdewavetiersvascatussasuslesvereseetielaunsessnbavensieeen 


Condensation 
Batch Freeze Driers . 
Continuous Freeze Driers 
Alternative Freeze Drying Methods 
Bibliography 

Freezing Systems for the Food Industry 
FBUNGAMENtAIS: sovsiasssssvcneds sovesnscsececsecinasccasvecuectes dndicbeseutadiieatesseveisacadendtbivevdesecitindigcsdidetieset 
History of Refrigeration 
Fundamental Changes During Freezing 
DG TIMMONS! scssscsevccszesepeceaceecceseccsencesssecendecstusteenuis dae evtivene vases ted sansuseanstadetecoessecusdetdes Gansceesevess 
Freezing Equipment 
Thermodynamic Properties 
Determination of Holding Time ..........:ccccccccscesseescessessesscsseceseeeseesseueeecseeceeseeaeensassseseeseuseeaees 
Major Considerations in Freezer Design 
Refrigeration Systems 
Bibliography 

Fresh-Cut Fruits and Vegetables: Modified Atmosphere Packaging . 
Partial Processing of Fresh Produce . 
The Rationale for Modified Atmosphere Packaging of Fresh-Cut Produce 
Problems and Concerns Associated with MAP of Fresh-Cut Produce . 
Modes of MAP 
Shelf-Life Requirements of MAP Fresh-Cut Products “ 
SelectionGt MAP! MaterialS: <cviavcssevaicesneessevcnscisachhepvsasiewenvachnsesvendnedasacneuaceavantsebeisavatebesdt susan’ 
Safety Considerations . 


Bibliography os 
FRU DGHYGFAU ON icsvescccssustassscscouncsssensunsecassacacwnssvecereseavsvavssdestsaivacbewtuvs suesubeasdsetesdeustaaveubeatenvevasnteness 
Principles 
Drying Methods 
Predrying Treatments 
Postdrying Treatments 
Packaging 


This page has been reformatted by Knovel to provide easier navigation. 


liv Contents 


Procedures for-Selectsd Commodities .ccsccawcsesivsevesvesessacess sntgencasceoreslidacse del sheatesrsnaggeaidee dese 1146 
Bibliography 
Fruit Preserves and Jellies 
Definitions and Standards 
Gelation-Pectin Mechanism .. 
Carbohydrate Sweeteners .... 
Processing) TeChimiques. -ssicassccesivvesveiesnnceveveavesveccuvterserce osc evovsstvecensiecsevevusdeetdvsesdveoessevedseeriye 
Quality Parameters 
Current Trends Worldwide 
Summary 
Bibliography 


General References 
Fruits, Semi-Tropical ... 
AGQIOA  isivccsssvesvevaviowsvcentedsedasnccesdessvesedvedtevasied beds divencsestuivedssecesdivtdedsatdrivensevidctunaedtetendainnes 


MGA DOME ssc cecase sets arse case pede cigestedyadennatestacdessdehsbesigesaugenhed peasgedanpéa tants coax suptetaaeeUsaavyaceags 
Kumquat .. 


Mandarin 
Medlar .. 
Orange . 
Pomegranate 
FRCUITUIFRG Os silent hidelethnt canbe eae ube pian eis tole aindaak a aaah Meaiiadgled eae 
Sour Orange 
Sugar Apple 
TANQSHNG: ccssnscssei csvoncturevowsvacoesaseuseaseis suet aveauscavwsstinah dalcdceaseadbaauwinetduisndcvodaeaeateas cat esaevoneesie aes 
Ugli 
Bibliography 
FRUITS; TEMG hat svevevs scsonensnnrcnein olesaettan cteetheeaiaeicn aa ram 
Apple .... 
Apricot 


This page has been reformatted by Knovel to provide easier navigation. 


Contents Iv 


BiIBOIty) veeieseseteescesecven rate ee seegcereaeuea tat anata RBA Ue tah er aad eat weal Bsedalas ood Bie 1158 
Blackberry . 1158 
Blueberry ... 1158 
Cherry 1158 
Chokeberry 1158 
Cranberry 1159 
Currant 1159 
1159 

Grape 1159 
Huckleberry 1160 
Kiwi 1160 
Loganberry 1160 
Mulberry .... . 1160 
POGGH > -vsiscsscsiiecsivavssesisevsvcvacscevesnscsvis wsberstesscccevevedtedeusdbehuecaudvedvaduuedetvsetsceceudavetevduriesdendsedtedieenevi’ 1160 
Pear 1161 
Persimmon 1161 
Plum ... 1161 
Prune 1161 
Quince 1161 
Raisin .... 1162 
Rose Hip 1162 
Strawberries . 1162 
Bibliography 1162 
Fruits, Tropical .... 1163 
Avocado 1163 
Banana .. 1163 
Breadfruit ... 1163 
Carambola . 1164 
Cashew Apple 1164 
Ceriman 1164 
Cherimoya . - 1164 
GUStAN ADBIGS wuessoincntiascsadeuaei naga’ datcsitasnns nialsnabdin ucundeniiensonidanie shit shal auankenaghae saipahedideleddcan 1164 
Date ... 1164 
Durian . 1164 
Feijoa . 1165 
Guava . 1165 
llama .. - 1165 
AD OTIC cccrees cuscress seater Oaereita ced te sees cae tas eatets ae tects aceite baad aaah dette nti fae 1165 


This page has been reformatted by Knovel to provide easier navigation. 


\vi 


Contents 


JECIFEUIE “access adsine cea acicalercaes peta a cae ve ete baa dealin A etal ants ata dae Baas tee 
Java Plum 


Mangosteen 
Miracle Fruit 
Papaya . 
Passion Fruit 
Pineapple 
Plantain 
Prickly Pear 
PULASAM: <vensecs vers svaensei avisstuindsdstnannsaeusieaeiceilevecededdesssdidieceuiadiendeseteetisicadoedttitesdeecitndeietaa tens 
Rambutan ... 
Rose Apple . 
SNC . cescresecsicsaitatetecawasidec ns oevtunaebeeseestshiipistae delet nese iads Seesansasiediedaesde Madetetenastassuserdeade Ganges taess 
Sapodilla .. 
Soursop ... 
MILA ADIGS apse cecudn scckk optencinciscasepen Sac gestedadentaatsataadesscensbesginessdgenhedgeasgedanpiacaeue sean suet daateduacdyaceseas 
Tamarind .... 
Tree Tomato 
MENSA DIG! ses icwtseavnesctdnnsectocieitcurnas dant ssannon ens enioune tenneasdospapstcoiasenrradenaaspnGnandadkos upd eas micneduabciaels 
Bibliography ... 
Frying Technology 
Process Analysis 
Engineering Principles 
Fryers ... 
Food and Oil Quality Interactions PP 
EnyingOiliDegradaton: sis icescssvesvitassccnsisneidaiensinies sve ve patived cusses nicer ahindsashibiesasluanapyloaipiedpadoyccedides 
Food Quality 
Nutrition and Toxicology . 
REQUIALOLY: «ssc siests cosoeveweceonainevecvertedessrsssiese meas cmevesskecttateddedcansvacemieattevuvess saveatabestaedwassvintesiNers 
Frying Research 
Process Optimization sis 
Fryitig' Ol SOBSTItULES: ssweassicirensacceeceincnmnentiasni aie nearly 
Frying Oil Controversies . 
Bibliography 


This page has been reformatted by Knovel to provide easier navigation. 


Contents vii 


(eli Tralte [alc imeerereeme rece terry coer Beever Cer Serer Serna Cerne Pere Tererrr rire cere errr ereenrr err errr Tay 
Available Fumigants 
Properties of Metal Phosphides oo 
Meth YUBTOMIGS®.::.cs.saniscaasinasiesaassdecnedessessonagipeandesa escosbungnssessasoonienancnss ued dnapanasbargsnssacies gasseo 
Controlled Atmospheres . 
Mixtures of Gases ‘ 
BIDIOQRADPNY, <ciecesccviicesossesacvicnscesveevovevedsevedesuovsscvevecduewesbecucduccenddocuenssesiatedverees estvuouseresesneessbves 
General References . 

Functional Foods . 
Functional Foods from Plant Sources 


Functional Foods from Animal Sources 
Current Trends 
Bibliography ... 


Gelatin 
Chemistry and Biochemistry . 
Gelatin Manufacture 
Gelatin Safety 
Gelatin Properties and Uses 
Gelatin Testing Methods - 
BIDNO GRA PNY, +. ssarscoscosesveecesuss ssaaccaseatceasoaes snvencasessas carteseateasca tesasertesceantesveaateaesendeaarabesueerastaaea 
General References 

Genetic Engineering: Animals 

Genetic Engineering: Food| FIAVOIS: sess scurecasannicanniuninnenieanaeaconsnunancseny 
Enzyme Mixtures and Purified Enzymes 
Microbial Cells 


RIBNUGatAlyStss c..nisce. coaronaspacnenesdennatsssbnieansaheaesedsussessnaneessosnnsaneaeetanabnneess shuserdnconunaunasavedreetin 
Commercial Bioflavors 
Bibliography 

Genetic Engineering: Principles and Applications 


History 
Principles of Genetics . 
Genetic Engineering Technologies 
Applications of Genetic Engineering in Food Science 
Bibliography 
Grains and Protectants se 
BiblOGraphy: <ozeesivdcs naz iceasiedstscts wh upeuvad tchsiudastacacsannsanbbsauisdens ditsicsaucanasesnsasedsapakided dabvcedavniiatdistn 


This page has been reformatted by Knovel to provide easier navigation. 


lviii Contents 


Gums 


Algins 
Carboxymethylcollulosas: .:s.carseasesssessesiesnssiesveasons snsceseesohdsconsancnsassessodsadcedsanantigssasseniang esis 
Carrageenans, Agar, and Furcellaran 
Gelatin 
GSSMAN GUM: evitsvvsdsvscessiscwsccsdasievevsesnnsasdsvedewaaves diveaswitutaaecviieed cesvaveiwesed eaviveddsbeiaetinwsstNentebeen 


Guar and Locust Bean (Carob) Gums 
Gum Arabics 
Gum Tragacanth 
Hydroxypropylcelluloses 
Konjac Mannan . 
Methylcelluloses and Hydroxypropylmethylcelluloses 
POGUIAS: - cncavscsssscusiessecvee scsveaivevevacssevoetvauvevedevdcesouseiudebaseadedvevakvaavetdetvederecevaiaewacendeudeddecuevwievi’ 
Xanthan Gums 
Bibliography ... 


Hazard Analysis and Critical Control Points (HACCP) 
Heat . 
Processing Foods by Adding or Removing Heat - 
Changing the Stateiof a! Food Product «.ccscssssescassceascacscccaseascarscasersasscosstantavorcsaceressaasoeseaissaase 
Bibliography ... 
Heat Exchangers . 
HibatEXCHANGEIS’ siemcianiinsvininccnmnedanaradiaatnnatenhs niente: 
Heat Exchangers: Fouling .... 
Heat Exchangers: Paraflow .. 
Heat Exchangers: Plate Versus Tubular .........cccccccecsccecscescsseceeeecseecaseeeseeessessesesecneeeeseegens 
Heat Exchangers: Scraped Surface 
Heat Transfer . 
Background 
Processing Foods by Conduction Heat Transfer .. 
Processing Foods by Convection Heat Transfer .. 
Combined Convection and Conduction Heat Transfer 
Radiation Heat Transfer .... 
Transferring Heat in Foods 
Bibliography FH 
Goneral REMMGNCE? csaciccstcccscvs irapeacwartcasoadastacassachiads bdussuddersdsnsperaacanssestendvedsassdacs dabvencanassadtieea 


This page has been reformatted by Knovel to provide easier navigation. 


Contents _ lix 


HIGH: RresSuie PIOC@SSING! wists taces tiers cvacttneatars vatiae seca ahaa ace ree a ees nase ac teats a need ee ec ech 
Technology of Food Preservation by High Pressure 
Packaging Foods for High-Pressure Treatment 
Product Safety and Regulatory ISSues. ...........:..:cssssssssssesssssssssssessssenscssssesssssecsnssusacessenensesees 
Economic Considerations 


General References ‘s 
TIStONYOF ROOdS? sceccssssissccsssvoncsscsevescvavccbcevadevevecasdesneveseesiccsadastvcascbousaedsceccostvarsvuvcvdeusonavertineuncdesusetedetvetts 
Background 
Paleolithic 
Conclusion .. 
Glossary 
Bibliography 
Homogenizers  .. 
Ea@rlyiFIStony® sisavssessesencvscscovecvsccveswvoersvesscctevevedvedeussasuecesdveslvadusedevssstseceeactstuvdusdestendsedsedtaeieves 
Description 
Homogenizing Valve 
Theories of Homogenization 
Homogenizing Valve Design 
Applications 
MO GRAN ON cisecs sss cist cies skacreisepesSpncctancadestaatcntac dsscdshsVeusses cavanbetauivastaaphatanua Cees cunts eadsatau tones 
Testing 
Summary . 
Bibliography ... 
Hunger, Food Deprivation, and Nutritional Disorders 
Assessment of Nutritional Status 
Global Nutrition Situation 
Malnutrition and Nutritional Disorders 
The Future 
Bibliography id 
FAUPCIS HOCKMOLG Ye sssaiscsnisicassseeiteocaovascacounondsvoviia dev dopbunsaependenouitiaphiubpendussseddsuieioedovessuasuatdvudaonsbdshnanaiy 
Principles of Hurdle Technology . 
Basic Aspects 5 
Applicationsiot Hurdle TeChnOlogy” ciscissceccovcesecavvsscisersanccesccasvacweesdeasvecvscveavedtesseatessavenavsieans 
Food Design 
Bibliography a 
ydrogen-lon Activity (DA). siscissereseczs cetiecssanconesiansacecaastetstenansncenastatintienascatinnnanatgmsena ts 
pH Determination 
pH Measurement System Electrodes 


This page has been reformatted by Knovel to provide easier navigation. 


Contents 


PH Instrumentation 

Temperature Effects 
Nonaqueous Solvents . 
Indicator PHMeasUneMOMIS: <5..:<csasesecsecsnrssnsiesressoss sosseianssnhdadsnssonieeaasessasedicndsannesseasnasaciaaacapnd 1312 
Industrial Process Control . 


Bibliography 
GSheral REGKENCES: .sesisvscsssssverersscaeventsvscvenssvecivosswisastuvareieedsescetesvares sueavavecd sebebauhineeseaventdhiee 
Hydrogenation 
Reaction Mechanism 
Selectivity 0.00... 
Effects of Process Conditions 
Catalysis .. 
Catalyst Poisons 
GatalySts: -sivsvssavcvssesisiveivevestsadoerscesevssreascceedsstecivedea dsivuvdancuvciesievdevavdevwxsustucvevdavecrtehdveatedvcondess 
Hydrogenation in Practice . 
General References = 
HYydrophobleity in Food /Protel' Systems at ssiscsseacpscasecsssvessacessdoncscasissesncedas seceded vadaseteneesssoncessescseesspeived 1321 
Background 
Theory and Measurement of Protein Hydrophobicity 
Spectroscopic Methods: Intrinsic FlUOreSCENCE o.oo... eee eeseeeecceeseceeeeeeeeeeeeeceeneesnaeeneneeenaeeeeaees 
Hydrophobicity of Food Proteins .... 
Importance of Hydrophobicity in Functionality of Food Proteins . 
FRU OST CONAS:: sacissdsennxcinesesinnsinsspn das dossnoncayaninnnipenasantnthsnaticin apnauirninnlganseGaauadnes comajeniebaiuelisancash 


Bibliography 
General References . 


Ice Cream and Frozen Dessert 
Background and Definitions 
Ice Cream Composition and Physical Properties . 
Ice Cream Processing — Mix Making, Freezing, and Hardening 
Ice Cream Defects 


Novelties .. 
Sherbets and Sorbets (Ices) . 
Other Frozen Desserts 
Future Trends 

Bibliography ... 


This page has been reformatted by Knovel to provide easier navigation. 


Contents [xi 


Imimiabilize) Enzymes: sivsseisencsnistest ass cpactenac tet aecaea dea tec onset eared pe eta za sa Aca Nie vad deme et 
Methods for Immobilization 


Current Applications in Food Processing . a 
FQOGZAMALVSIS: as siz csspanesascnasdepaansanienssancassapasspeandass toseossangnssescadosaacnanonss seks dntaangasarasnssusiatspsah 
Potential Applications and Future Developments . 
Bibliography 
GSNEral RESKONCES: . sescscveasesssierecosdnevendsiscdvsavecdvessssustavdsioetsesedessrenseavavecd weevaniueaseaTnINe 


Immunological Methodology . 
Background 
Food Constituents . 
Natural Contaminants .... 
Microbial Contaminants 
Chemical Agents 
Conclusion 
Bibliography 
General References . 

Wifeatit FOGGS) cc.ascccpeevenessveracteseete sas sacatonsditutces stutsndatepvas stabs das dedediattsbsadodibes atsbaneacctunes Ghotencseicaeedsjemeed 
Infant Nutrition 
History of Foods and Feeding Practice . 
Winter it RORMUNGY ss zee cise sasascsecswssinsedseassndcusssasaaupatancssadsna¥eassaacaasnseda addedaandatasua cdsesnsdd Gadsetaaaaanasaay 
Baby Foods ... 
Controversies 
SONSUMPLGM PALOMA scncie sts ccaccnrnas dens cssancn ecnaniouns vaneasdedsanceparaniensrndnnhsnnpnGpepdaes seany ost hedinetacapeaes 
Alternatives 
General References . 

Institute of Food Technologists (IFT) 

Institute of Food Technologists: Awards 
Nicholas Appert Award 
Babcock-Hart Award ... 
SAMUGI Gate PesCOUAWARO xivascicdssasninidsiceissshua in sninda ndsniatndelvovinced dite xenlaanabil sanvalgiadsvatdede'ds 
International Award 
William V. Cruess Award ey 
Call Rs PONS AWANG: svenvecteiseevcesseinsestecusvancisveeiiaased eta cia veceeee tds e Cea TOT AT RE 
Food Technology Industrial Achievement Award 
Calvert L. Willey Distinguished Service Award te 
Stephen S. Chang Award for Lipid or Flavor Science ............sccssesseesceesseseeeteseteeeesseeneeeeseeeaees 1374 
Industrial Scientist Award 
Research and Development Award 


This page has been reformatted by Knovel to provide easier navigation. 


Ixii Contents 


Elizabeth Fleming StiotAwald: secsscassrecnevertntte tartar datas ania eis 
Bernard L. Oser Food Ingredient Safety Award 
Institute of Food Technologists: History and Perspectives 
Formation of the Institute 
Beyond Broaching an Idea ... 
Annual Meeting Thereafter ... 
Early-Current OTCers: cscsiiavsccesovescceseonvtovtecavesoeccueaeecerceveucsvcdvaddocvensses ete var evi vstvuconseveseateesebien 
IFT Organizational Structure 
Membership Classes 
Programs of the Institute 
Science Communication Program 
The IFT Foundation 
IFT Publications .... 
POrsPOCtlVes) -wiscasiessciveisesveaiesvincssevseveasevedsvscesoudeivsavasecdedvevdvsvarsetdetvedarucevciveavedcnesvieaesivcrti eves 
IFT and IUFoST 
Bibliography ... 
Integrated: Pest Management wessscsasisscsscetiesssucsscesetepnsiuansss avacsboaced el euca dor esdasteseotaastionss seecevedspadesdzeayatesd 
International Development .............05 
International Development: Australia 
International Development: Canada 
International Development: Finland 
International Development: Germany 
International Development: Ireland 
International Development: New Zealand 
International Development: South Africa 
International Development: Spain 


International Development: Switzerland 
International Development: Taiwan 
International Development: United Kingdom 


International Food Information Service (IFIS) ........cssssessssssecsssesssssseeesessseescsesesssnessseseesssesssessteessesnees 
Structure and Aims 
Databases and Coverage 
Additional Products and: Senices)wincncnsscescciratsssnvecn wavered scineasvereieinturnbernatioawie 

International Union of Food Science and Technology 
Objectives 3 
Adtieting Bodies: tOUUFOST seccanuccvscscescesscesdiecsscaa ce tnstensalns een Rate Ne ea 
History 
Organization 


This page has been reformatted by Knovel to provide easier navigation. 


Contents _ xiii 


{incctel'=1To]4Meliaro.e,< (Renee preter crepe eaeriserer rer cer rere rrectyT Ectirre orien rererrer error eer errr errr Pr rere) 
The Evolving Nature of Food Processing Technology 
The Concept of Food Irradiation Has a Long History .. 
Current Applications of Radiation Technology in Agriculture ............ccsscesscssesseecsseseeeeseeeeeees 1428 
Growing Interest in Food Irradiation 
Technical Aspects 
Safety And: WholesOMeENeSS  ceccsvvcsveecvsdssievecssvcs cveccssucveduvevstvnseucvorweveudsctsctoawesbedetetvnsesecveeedbies 
Overview of Implementation Progress 
Current Status 
Future Outlook 


Bibliography 
General References . 


Kinetics 
Mathematization of Kinetic Behavior 
Basic Chemical Kinetics . 
First-Order Rate Processes 
Enzyme- and Cell-Catalyzed Reactions 
Starch Conversion 
Effects of Energy Inputs . 
BIGKOACOR”. sccccvssssseesssrsvctsesvtaninsteseaeasstacvessrnettcataeea uate ninMININT AER TIRORTETIES 
Biological Reactor 
Food Storage and Prediction of Shelf Life vs 
BIBNGGraphY wntneumennvantiren neni wateraiieanan ee laa eeia ene 

Kosher Foods and Food Processing 
The Kosher Market 
The Kosher Dietary: Laws: ic... esiescsiconcsesassesvendensessecssucapactedsssoassadeatsnisasensessevessostearonsnuadianse 
Allowed Animals and Prohibition of Blood 
Prohibition of Mixing of Milk and Meat .. 
Passover 
Equipment Koshering 
Industrial Jewish Cooking 
Dealing with Kosher Supervision Agencies . 
Gelatin 
Biotechnology 
Federal and State Regulations 
AIOE GIGS > \respvzeasitvdceanacsneateanects ish usunivarstcduousastecaneschads besuillens dinajidsaudasaandneutde dvagsedacs donvescanddialres 


This page has been reformatted by Knovel to provide easier navigation. 


xiv Contents 


BibliGGTa PHY, sexs wesxesscennannra newer a tatrear a ana eet oes td cea tien seaalene a 
General References . 


Krill Protein Processing 
CHOMICAl'GOMPOSIOMN ~ ssnscnassozisosnsionsssnsensnaabspednsens sngnasaeseanseasesoasicentonssdsedadedsandnssgganssacieagaseh 1453 
Processing .. 


Bibliography 
| CORE RAS IR NORA TERR SSH SAE ADT RAE OR PIE SUCRE SENET MATES EEE RSPAS EE BPE POET POSSE PORE POT 1457 
Laboratory Robotics and Automation ..........ssssecsesesesesessesessescsessesesecsssesscsssnsacsesecassesasseseeassnsneeesteeseee 1457 
Robot Types 
Robot Programming . 
PSDP IIGEMTI OMS) co pitanrt selerontssiscaelshaluadat ac eras'sclvs deluged eknpwoneah deustolde cols nakedeesis dada nish Sable dtc cata eats 


Implementation 
Bibliography 
General References . 
Lactose ... 
Source .. 
Properties 
Lactose Digestion and Lactose Intolerance 
Uses .. 
Products from Lactose 
PROPGTHOS . cescersassseesasrevetszsvsactinstcaeseasscasvarsinattszessensrunieteateds a moanmniatensei stem tenemieTeeORTETITS 
Analysis... 
Bibliography 
Lecithins 
Commercial Lecithin 
Bibliography 
EIGQNICOSCOMTECTONONY, occ eictacatiiaxssanshaxnaleanhiosnaendasiansesn tennaddesSiapanssleneeadnsonndsvsadaradanapcenenshadenssactoadenssnnhe 
By-Products 
Candy ... 
Types of Licorice 
Ingredients 
Batch Process Manufacture 
Continuous Process Manufacture 
Domestic and Foreign Standards and Regulations . 
Limonin ... 
History of Limonin in Citrus Juices and Its Determination 
Fraste Threshold: Levels: .ccsssciias cocpsanssiiiesadaseh decailansletsdacadwodsaadashanaisielshavaitnadsadv esas deca dsnadsaeeiiasvenns 


This page has been reformatted by Knovel to provide easier navigation. 


Contents Ixv 


Regulatory Aspects for Limonin in Grapefruit JUICE «..............ccceccsseseseescsceseeecseesteecsceseneeecaaees 1472 
Limonin Content of Grapefruit Juice 


Effect of Several Factors on Limonin Content of Grapefruit Juice 
Effect of Limonin in Grapefruit Juice on Sensory Flavor Quality 

Interaction Between Brix:Acid Ratio and Limonin Content in Affecting Sensory Flavor of 
Grapefruit Juice 
Methods for Reducing the Limonin Content of Grapefruit JUICE .........eeeseeceesecnseesseeseeseeeeenees 1476 
Summary, Conclusions, and Recommendations 


Acknowledgments 33 
BID GFAP: eissiavenessnaccersiextslacssavnasunnetesibaniessteiecelineraastsepasnnasivsaesebhiiniaenniicpan olnine sola excnsbcndasis 
Lipids: Nutrition 
Fat Effects on Health 4 
Fat arid: Fatty Aig Intake: .wisssccncsesisissuanscesiionsscssaovuasstosvinavacsvieaveuarersuibadcansaveaitt cna veacnevat eevee 
Summary .... 
Bibliography 
Livestock Feeds east 
Farming Unconventional Animals 
Companion Animals . 
Nutrient Requirements 
Computers 
The Feed Manufacturing Industry 
Feeding Systems Used in Livestock Production 
FSSA INGROGISMS uy secessiscsicennnccsisteete sven enscdcndaevaevbadacate eveasscndavetsescadie vcd acecrscsscteaieederiemaeeds 
Feed Processing 
Diet Formulation and Example Diets 
Future Developments ...........::cesccceseeescecescceeceeeeseceecceesaeceseceenaeseaeeesaecseeeecseeseeeseaeessaeenseeeenae 
Bibliography 
Lobster: Biology and Technology 
Homarus Americanus 
Nephrops Norvegicus 
Palinuridae . 
Catching Methods . 
Live Holding 
Shipping 
Processing 
Aquaculture 
Crayfish ... 
Bibliography 


This page has been reformatted by Knovel to provide easier navigation. 


xvi Contents 


LOWEAGId and AGIGIBG FOOUS™ ssitsveiGessanetcge tare ren ccc haatcteats ketectarperia nes ars eda cae arlene m Gute 1501 
PH of Various Foods 
Microbiology of Low-Acid and Acidified Foods 
Thermobacteriology 
Regulations Governing Low-Acid and Acidified Foods 
Establishing a Process 
TYPOSiOf CONtAINGTS: cus sesccsnissccsuvousvocwntsvvevectsves dec cssncweduecustvececvorbeveu cvctscboawedecuetcehvesasteveeedbies 


Deviation Management 
Processing Systems for Low-Acid Canned Foods 
Processing Acidified Foods 
Aseptic Processing and Packaging ... 
Spoilage of Canned Foods — Determination of Cause 
Conclusion 7 
BIDMOQFADPIY, secicavssessessvesecscovecuscsvrsevoeccvesevnceveseavedeuseitdunseodeesvaesedeuassasuceuadsetuvdestenvendeeveedviveveves 


Machine Vision Systems: Process and Quality Control 
The System and Its Components 
Applications for MVS 
Functions of Machine Vision Systems 
Configuration and Types of MVS ... i 
BIDNOQrAP NY, +. sssrscsccssevsescesess satescacstateta codes sscencasestes castosereedica sesasertatensstariesateaedey teas ratatoneteTsts 

Malts and Malting _........ nis coapecigeovesie 
Changes Occurring in Malting Grains 


Mating Technologies: s:twravtassstncariwintenndnnadiadnaa tater piaeinaiaenrecy 
Malt Types .. 
Bibliography 
IVA MTA sot dae ha cocansetnd cea ean ceadanshcalln ane snalensSinsesh dada sR lenap acanidgnd snaartlah Ronen daneantoaseniisan td 
Historical Milestones 
Types of Products . 
The Regulatory Identity of Margarine 
Margarine Fats 
Other Fatty Type Ingredients 
Aqueous Components 
Manufacturing Process 
Quality Testing 
General References . 


This page has been reformatted by Knovel to provide easier navigation. 


Contents _ Ixvii 


Marine Enzymes 
Enzyme Types, Definitions, Sources, and Some Properties . 
Applications, Current Use, and Impact of Biotechnology ... 
BIDNOGTADIY: se nissssszsccospascacsinansssaapssnantsensassniadipsansedssogeossensnssedsagnsaacbavonsedsedsdeasaidaiadosnssastaneesses 
General References . 

Marine Toxins 
Biotoxins 
Occurrence .... 
Health Effects 
Detection .... 
Controls 
Other Disorders 
Bibliography ... 

Mass: Trarisferiand DiITUSION In FOOdS: -isissscisccscsssevscscsscdistuctudsadcsvadececensseeddencesecenstecesoabs sesseussustocsedeass 
Molecular Diffusion 
Diffusion with Bulk Flow and Chemical Reactions 
Unisteday-State Mass! ThanSlr sccesecsesesncdsecasesessiecceedcossseccstcesaanduscanstaceteceussueidealestesdseeesest 
Mass Transfer in Two-Phase Systems 
Determination of Diffusivity and Overall Mass Transfer Coefficient 
Applications of Diffusion and Mass Transfer in Food Processing 
Nomenclature 
Bibliography ... 
General IROTOTONCOS: siiicciedsociaciy ones cuseshsanenersansvendpanandsdesesndionsapoadnsdashgunvadnnnacnendaiayasusbainehvanchnl 

Meat and Electrical Stimulation 
History 
Description 
Meat Tenderness-Toughness 
Scientific Basis 
Factors Affecting ApH | 
FACtORSYAMOGHNOSADIU GRY ists csiivesiceanhicnanisinanctiuenisah napireahitaa satus dabmisanaiindadslc aa asiagiah deniiiedsadaiaddea 
Practical Results of Stimulation 
Role of Electrical Stimulation in Hot Boning 
BiDNOGFAPNY, sssccsissssvatrevwerenncccsssvedeaerssvscvenvacsewescckcas ates euscen Svsad winbOuiiundsnbedbaledned reatweravevtsdets 

Meat, Modified Atmosphere Packaging . 
Types of MAP Packages 
Muscle: Scavenging OP OXYGEN wise. ceccenconrdeti nin incchenenaiadenrniena 
Dynamic MAP Systems 
Active Packaging .. 


This page has been reformatted by Knovel to provide easier navigation. 


Ixviii 


Meat Processing: Technology and Engineering . 


Meat Products 


Meat Science . 


Contents 


The Reactions of Spoilage Floras and Pathogenic Bacteria to Modified Atmospheres. .......... 1563 
Muscle Pigment Reactions in Modified Atmosphere 
Summary 
Bibliography 


Injecting 
Massaging and! TUMDIAG) 2. icsscesscssovcetsnvereswovsccvecescvesesbecccdeccveedocuesssevetecvereviestesconseveseaueescnien 
Grinding 
Chopping and Emulsifying . 
Mixing 

Stuffing 
Heat Processing 
Packaging 
BIDMOGQrAPNY.: sesivevssassessvcvesecdivesissveutsassece seseecdevtceteeive dvsivuvdancivciesevedevavder vceustudveudavdevdehivedsdieendaves 
General References . 


FOPMUACONS: sciveistersavsseccvsesastesesceeseqeesneracede tavaudaad cadet cosesscceeOesuasduveedstateincaus seinen tanigeeeeet 
Restructured Meat Products . 
Curing 
MAGICIAN co cvisudelasiits aicaniceesseusascaieeussvacsacins4aieéhag dosasenabean aasddsanbelaeigsdaasacianuscdesspaas sadeceuauayasaead 
Smoking 
Preservation Methods . 
Home: MealiRenlacemennt 5s csiiaciancssewssseaseneersaseunspenandedesy contnanabenteninshaaapnesewaanda severe gevaaseekanisssl 
By-Products 
Regulations and Standards 
Bibliography 
General References . 


What Is Meat Science? 
Principlesiofi Meat SCIENCE? cssvcisesaiicesnsevvescnecnicedelicpanaisios dchavsvsebeleevauindsashibieusasicanshekonipiadeadaysctastdl 
Muscle Structure and Function 
Muscle to Meat 5 
Myofibrillar Aspects of Meat Quality ....5...:cccccccccscsscessosscteccesussssssosseasvesanevssedessessonsousaesadoarens 
Role of Connective Tissue in Meat Quality . 
Cooking and Meat Tenderness 
Animal'Factors Affecting Meat Quality: <..-..ncsscccccsscesecvsescesscecsvedasvevevessteceseatesicepaceaseadescodzonians 
Meat Color 
Meat Storage and Flavor Changes 


This page has been reformatted by Knovel to provide easier navigation. 


Contents _ Ixix 


Nutritisnal Aspects Of Meat <avccnascnuscanenceniagnaietiatenimniani mans: 1600 
Bibliography 


Meat Slaughtering and Processing Equipment 
Ovines 
Pigs ... 
Poultry 
Beef 
Meat Starter Cultures and Meat Product Manufacturing . 
Fermented Sausage Manufacture 
The Influence of Starter Cultures in Fermented Sausages 
Public Health Aspects of Dry-Cured Sausages . 
Raw Ham Manufacture 


Manufacture of Meat Starter Cultures 
BUture Prospects. cvicisccsesvavsesevsessevsnteasvevedsosccivedeudbeseuedesdvadvatuuedetesstceceuddvetuvduniesdencsedecieeneel 
Bibliography 
Membrane Filtration Systems 
Meiibrafie'Spread' TEChinique’ ssisscssevessasssedsscercncsncecscuseasterasnedsossncadcasspte naan sa tedeblestansdaes exes 
Direct Epifluorescent Technique .... 
Hydrophobic Grid Membrane Filtration . 
BIDMO GRAPHY, soxcisncnecsasinsescceiseasencsispaesnonssseadnssnatasiessovns¥eus'nsdadinebnedéenddsesapaass te cdae sada siadedenseuabasead 
General References . 
Membrane Processing ... 
Important Factors 
Food Applications . 
Bibliography 
Microbiology of Foods 
Numbers and Kinds of Microbes in Foods 
Bacteria ... 
Yeasts and Molds 
Intrinsic and Extrinsic Parameters of FoOdS ........ccccccsccsecsecsseeeseeecssesseeseseeeeeaeesseeseenseeeeecaaees 
Food-Preservation Techniques 
Bibliography 
General REPKONCES wisenrevsseissccesteartesstercarcaeveassiaeiwed ceauta Svea edt sc Cee T CANATUAN 
Microwave Science and Technology 
Fundamentals of Microwave Heating . 
Effect ot Varicus:Physical Factors: sxciecicnerecnaaececesremaniearata ree 
Food-Processing Applications 
Advantages of Microwave Processing 


This page has been reformatted by Knovel to provide easier navigation. 


Ixx 


Contents 


Examples of Microwave Processing Applications ..............:ccccccsscsssessseseeecsseseeeceeeesseessseeeeeneee 1638 
Future Development 
Bibliography 

General References 


Military FOOd  .......ceseeseseseeeseeeee 


Milk and Milk Products 


Minerals: Micronutrients . 


Molecular Modeling: Computer Modeling of Functional Properties 


Military Subsistence Program 
LOQISHOS | ci ssscivecciecicevsavevansedescvsuvaaveecwudsvieve cusses di vccssncueduvdectendeusvorbeveu dvctssbvawstsedettvuseteeveendbies 
Current Rations 
Technology and Science 
Sensory Analysis of Rations . 


Ration Testing and Evaluation . 
Nutrient Stability 
Microbiological Stability 
Quality Monitoring of Stored Foods 
Future Concepts 
Bibliography ... 


Composition and Properties . 
Processing 
CBA SYSUSMSs js .ssissesccsiseasenesiscsssvedsssbasesdngiassessophsiens'nssasnessetéensdsesansdas va sadessads siabeiense yabasdis 
Packaging 
Analysis and Testing 
ManutacturedProGucts:. 2dascaicnsdanassnsnsienxanisaspanneansnirssanaonshideesanand dnusnussnataniagadeuiiayasuseesaeluanenal 
Bibliography 
General References . 


Micromineral Toxicity 
Micromineral Deficiency . 
Antagonisms and Interactions Among Trace Minerals 
Mineral Absorption 
Bioavailability 
Apparent Absorption 
Mineral Uptake and Transport 
Functions of Microminerals 


Minerals and Gene Expression 
Bibliography 


Computer Modeling of Biopolymers 


This page has been reformatted by Knovel to provide easier navigation. 


Contents — [xxi 


Application of Molecular Mechanics Calculations to Food Systems. .........:.::cccscescesseeseeeeeeeees 1669 

Conclusions 

Bibliography as 
Monosaditin’ Glutarmate:(MSG) ......ssssvssonscustsecesaseessissboaanedsvncsasesensbanssesponbsdsnseoegsopeandsndsiescnondesnsst ssonieo 1671 


Muscle as Food 
Composition of Muscle Tissue . 
Conversion of Muscle to Meat 


Processing and Fabrication 
General References . 
Mushrooms: Cultivation . 
Description 
Conservation of Culture 
Cultivation os 
BIDMOQrA DIY, secicavscessevovcvscsceveciscaves wsoeccvensccdeveceivedeush steueceudsesvaduseetsssaceceudasstuvdurdesdendendtedsineeves 
Mushrooms: Processing 
Processing a 
BIBMGG RADY. wccsveinsenssmsceecsgessceupesceedensecnetaceas ecunstuaaecaeed cosas sees edesues us eedsas tate Gus see iNaNu ester ecdees 
Muslim Dietary Laws: Food Processing and Marketing 
Muslim Dietary Laws 
FIAIEIFOORSRFOCESSING) ssesssisssssteassysssceinanessecsconssosceensdasasessasediniusqenaiecaseteuevsqsaessassodeduas spaasarae’ 
Bibliography ... 
Mycotoxin Analysis 
General Analytical Procedures ..........scsssscsscssssssssecssssesssssssseesscessassscesessasseseeusssaceusessansonsons 
Sampling and Subsampling 
Extraction 
Cleanup Methods 
Analysis: Separation, Detection, Quantitation 
Chemical Methods 
Capillary Electrophoresis 
Immunochomical. Methods: s csusscssciatcnsnveveav cavers dulicppeabiseddshavanesuvenasescoasnuneiceavcoustbisasaswehvoes suv 
Biological Methods 
Rapid Screening Methods . 
FUtUre:DEVelOpMONt) -rncccuncatcnsarinedeeiecnienton mins eenneriinea ene 
Bibliography 
Mycotoxins 
Déoxyrilvalenol and Zearalerione’: .icisecevcescsvsccscpisecivesceccnsc sacar caves severe eevee Redes tera NAAN 
Aflatoxin 
Fumonisins . 


This page has been reformatted by Knovel to provide easier navigation. 


Ixxii_ Contents 


OGHIPSTONIE » ssedsane cB ceta a cas pete tacit we dette act eat a alc eat abd fe tee 
Other Mycotoxins That Can Occur in Food . 
Bibliography 


NIG S AMIIDGS) ssosesscsscey eas ccsscucsecee sasseaassuahvepsnessesancud aasasteees yaaa is obes ca Sepcasnea Sows cusaba Sata eae ea Re ETD 


Chemistry of Nitrosation 
Formation of Nitrosamines in Foods 
INANIHOSAMINGS UM FOOD sacs ciccosscacsseseonnrene cnsensentoaahacagoaonaidessodasasebgecodneagedcngedgensnendebabandagatnned 
Trends 
Dietary Exposure to N-Nitroso Compounds 
Nitrosamine Exposure and Human Cancer 
Bibliography 
General References . 


Nucleotides 
Synergism of 5'-Nucleotides for Umami Taste 
Structure of Nucleic Acids . 
The Structure of Nucleic Acid Polymers 
Optical Properties of Nucleic Acid 
Contents of Nucleotides in the Ingredients of Foods 
Properties of Nucleic Acids = 
BIDNGGPaPNY, -sssarscossssesseecesuss snanascasatatvcassaes sscensasesias cartesestedncatecasertetegastarieaateaeserdeaasabetuenrtstaata 
General References . 

Nutritional Labeling 
Some: Key’ Milestones In Food Labeling) sccevissiecscrdcicsrerservissacsseccatviectarnrdesenandateetiees 
The Nutrition Labeling and Education Act of 1990 .. 
Current U.S. Food-Product Labeling Requirements 
Nutrition Information Based On NLEA  ........c.cccsseseesessssesecsssessceccscsesessesseseeecaseassecsaeasseeassesaees 
Future Issues and Concerns 
Additional Information . 
Bibliography 
General References . 

Nuts 

Nutritional Quality and Food Processing 


Oilseeds and Vegetable Oils 
Processing Oilseeds 


This page has been reformatted by Knovel to provide easier navigation. 


Specific Oils 
Bibliography 


General References . 
OleStra oo... cessscseesseeeees 


Olives and Olive Oil . 
The Olive Tree .. 


Reduction and Reuse of Wastes 
The International Olive Oil Council 


Summary .... 
Bibliography 
Omega-3 Fatty Acids 


Contents 


Optimization Methods in Food Processing and Engineering .........ssssssssesssesssessersessensesesesrensees 


The Best 


The Elements of Optimization Problems 


OPUMiZation MEthOdS: vccsssesscevscupesnesercentscisceteenesstendcusenceaeceed bacsediveedhatarad asain tances 


Application and Implementation 


Bibliography 


OFANGeS ...ceseeeeseseeeseee 


Osteoporosis . 
Definition 


Symptoms .........5 


Risk Factors 
Bone Development 
Bone Composition 


Genetic and Environmental Factors 


Diagnosis . 


Prevention of Osteoporosis 


over a Lifetime 


Resourcessfor- Moreiltonmation,. ices isssissveusnicsnschiopiecapiiolidshaisaslesiausilii denen esivicadsee\licaatavanlndsdiishi 


Bibliography 
Oxidation 


Oxidation I PROteINS: -cveccwwiscccsvsmesissrienscsnciseTavacciaaaednsse srineentatrians eee aaederseat ase 


Enzyme-Catalyzed Oxidation 
Oxidation of Vitamins 


Bibliography 


Ozone and Food Processing 


Ozone Background 


This page has been reformatted by Knovel to provide easier navigation. 


xxiii 


1747 
1754 
1754 
1755 
1755 
1756 
1759 
1765 
1775 
1775 
1776 
1776 
1779 
1779 
1779 
1779 
1781 
1787 
1788 
1789 
1789 
1789 
1789 
1789 
1789 
1791 
1791 
1791 
1792 
1794 
1794 
1796 
1797 
1798 
1799 
1800 
1801 
1801 


Ixxiv Contents 


‘OzOne Disinfection PrOPertios: ssecsecsaexsecscaversteaueetesteatternessabameettnssreny tania aa cee 1802 
Gras Approval of Ozone . 
Food Processing 
Ozone Applications for FOOd Storage ............sssscssssssscsscssscsssseesssssssseessesasssseesasasseseeeenseneaee 
Ozone Applications for Food Processing . 
Recommendations s 
BIDNOQPAPNY: <vivcsscaeicvesoverracedsscdsevaeveecwndsvievecusvss dyed cosntweauvcuctvseucverbeveu dvetcsbuawovaedeteettencdteieenasies 


Packaging: Part | - General Considerations .... 
Marketplace Demands and Driving Forces . 
Functions of a Food Packaging System .......cccccccceecesecseeeeceeeeeeeeesecaeseeseeeseeseeeeaeeaesenaeanens 
Gas Barrier Protection and Shelf Life 
Physical Protection 
Food-Package Interactions 
Packaging and Waste Disposal 
Regulations . 
Other Considerations 
Information Technology and Packaging 
Bibliography 

Packaging: Part Il — Labeling 
Key Differences Between FDA and USDA 
Principal Display Panel 
Product Identity Statement 
Declaration of Net Quantity of Contents — FDA .........s:sssssssesssssseeecsecssesesersssesseressesaesssessasenses 
Declaration of Net Quantity of Contents - USDA . 
Claims-Related Statements ey 
Additional USDA Labeling Requirements ............cccccccsseesseeecsseesseeecseeeseesecssecaseessseessesseesaeeaaee 
Information Panel 
Nutrition Facts 
Ingredient List 
Manufacturer Identity 
Percent-Juice Declaration . 
USDA Safe-Handling Instructions 
Other Labeling Requirements 
Acknowledgments . 
General References . 


This page has been reformatted by Knovel to provide easier navigation. 


Contents — Ixxv 


Packaging: Beart ‘NatOnaisy ssctsactessccsscttnaa ret vanecseesseaaaecanask tacaaataea tes pte esterases es vast laces eS 1824 
Glass . 
Metal . a 
Paperand:Paperboa ed ia iccssasasssnsseasetsosascacsanassnsessncsdetsossabsadsnsneauaiisosaotopiyepecsnind teddassacseian see 1825 
Plastic 
Bibliography rn 

Packaging: Part IV — Controlled/Modified Atmosphere/Vacuum Food Packaging .......::s:ssssssseeeeees 1830 
Growth of MAP Technology ........... 
Methods of Atmosphere Modification 
Gas-Packaging Equipment 
Roles of Gases Used in Modified Atmosphere Packaging . 
Antimicrobial Effects of CO. . 
Factors Influencing the Antimicrobial Effect of CO. . 
Application of Gas Packaging for Shelf-Life Extension of Food 
Advantages and Disadvantages of MAP 
Microbiological Safety of MAP Foods ... 
Conclusion 
Bibliography 
General References . 

PRENNTUOIS coc scansstaanscas soacaasesoeseiesdhansnss tacannas casainsndeapdasenaassbsspacenadednsassinsaubapisndsesanessdaneaasdpqadsassseasoe Souanniet 
The Oil Palm and Its Fruits ... 
Extraction of Crude Palm Oil 
Refining and Fractionation 
The Chemical and Physical Characteristics of Refined Palm Oil and Its Fractions 
Uses of Palm Oil and Its Fractions 
Nutritional and Health Aspects of Palm Oil . 
Bibliography ... 

Parasitic Organisms 


Toxoplasmosis . 
Sarcocystis 
Trichinellosis .. 
Cysticercosis . 
Fishborne Parasites 
Bibliography 
General References . 
Pasta 
Patents 
The Law 


This page has been reformatted by Knovel to provide easier navigation. 


Ixxvi 


Contents 
Definition angi RIGHIS cerca neysresseas asc scca ye sey escee ees eng ceca de ceil cen ere Balas ich 1852 
Jurisdiction 
Patentability “a 
TS: Patent: ADPICALON \,csscstisecssasescsnsziennss onagagansessseanaasesGaisessenen sanpadseseasodsaedaciansieaanspacionetpie 1854 


Summary 
General References . 


POACHOS? ssscecsesccseis nsccsiussonstviashsevustoaseancubissvtebvsacestsvnupvesustasecseucactceantseassdectutd stevcsdstestensausuk Goutinisebeibaess 


Pectic Substances ...... 


Distribution in Nature 
Isolation and Purification 
Chemical Composition and Structure 
Methods of Analysis . 
Chemical and Enzymatic Reactions = 
Molecular Weight, Size, and Shape of Pectins ...........:ccsccsscsseecesessecesecseeessesecsessessaesneseesensens 1860 
Binding Properties 

Food Applications . 
GIOSSALY! iovseccpavesster sawssceacvadebetesesbeesecetcnesaeeas pcadeacdaa decided cosas secsedesaas duveensseteteiaurseebieeusaieccseet 
Disclosure Statement 


Bibliography 


PASS 92. cisistcen cass noakdacancuncad vasesnas cia sass pugs asx sees éecsnastldazssenasaessapabeHat bociiesesdaseshivecsbsehat arsasneedsrctsaeesnte 


Pesticide Residues in Food 


Phenolic Compounds . 


General Aspects of Peptides 
Chemistry and Analysis 
QOCUMANCE IN NatUne? icenisccisseiscnssanshcenevntandanscasananessdunnanshanndshnadesannsensualnansduas dabavoswandnsigannnst: 


Peptides in Pharmacological Use 
Peptides in Food Science 
Current and Future Status . 


Bibliography 


Pesticide Use and Classification 
PGSTICIASSROCUIAEOM enschede ssiabicceldaascen tenuis ease ncaa macevasindaak cb asuailaisndehipiadied sedate 
Toxicological Evaluation of Pesticides 
Pesticide Residue Monitoring Be 
BiDNOGFAPNY, ..sescssscinurevevrevnccesseveudeaccssuecseevescsaves doses seeseuscnn svsauwinsdstiendsubedsaledeedreaiwaravevatedeats 


Structure 
BIOSYNtheSIS: <cesiecspeesevesseaspadeccactunscatetasveee wesc ccsecae ee ceea tense RCA a ARNT 
Analysis 
Contents in Fruits and Vegetables and Its Products 


This page has been reformatted by Knovel to provide easier navigation. 


Contents — Ixxvii 


Effacts:of Food Processing stimsuaisuax saan a ataetnes: ancien eee 1876 
Biological and Chemical Activities 1878 
Commercial Applications . 1879 
BIDNOGFADIAYS tesssssacccncpanoszannioassenispsshinnsdenseds aabspsansess tiasssinréanseasesos ojcentends ibndsdesonnaetdgoansoastegunses 1879 


Phosphates and Food Processing 1881 
Historical Development and General Use 1881 
Nomenclature andi Structure: ssvcscssssnvsnisssevensaveccsvessaisutavccsiecdsedvaveavases edbavesssbeiserdavovaaveatdeeen 1881 


1882 
1882 
1883 
1884 
1884 


Manufactt 
Chemical Properties . 
Applications of Food Phosphates 
Regulatory Status in the United States and Other Countries 
Trends .. 


Bibliography 1885 
Photosynthesis 1886 
Structure and Organization of Chloroplasts... 1886 
The Light-Driven Photosynthetic Reactions ... 1890 
The Dark Reactions 1891 
Concluding Remarks 1892 
Bibliography ... + 1893 
Phytochomicals: Antioxidants: ..........sssccssesscosssesssesesesssesssonssespionscesscasosesnssssagaeasssacsaasasavasasasnassoancesaeetee 1895 
Antioxidant Mechanisms of Phytochemicals 1895 
Phytochemicals and Cancer 1896 
Phytochemicals and Cardiovascular Disease ...........c:ceccesccsscesseeeceseesceeeceeeeeseeusseseeessesseeeaaees 1898 
Conclusion .. 1900 
Bibliography 1900 
Phytochemicals: Biotechnology of Phenolic Phytochemicals for Food Preservatives and 
Functional Food Applications 1901 
Plant Phenolics as Phytopharmaceuticals 1902 
Genetic Heterogeneity in Family Lamiaceae 0.0... eeeeeseeseeecceseeeseeeceeseeeeeeeaecaeeeeseaneneeeeesnees 1902 
Rosmarinic Acid and Medicinal Applications 1902 
Pharmacological Functions of Rosmarinic Acid 1902 
Production of Rosmarinic Acid 1903 
Pathways Associated with Rosmarinic Acid Biosynthesis 1903 
Model and Rationale of Current Research 1903 
Basil and Functional Food Applications... 1906 
Thyme and Antimicrobial Applications in Food 1906 
Elite Basil for Postharvest Preservation of Potatoes 1907 
Bibliography 1907 


This page has been reformatted by Knovel to provide easier navigation. 


Ixxviii Contents 


PhytGchemicals: Carotenoid ss -cic.sccpassi tote scetssxseevanaseeeshaa death anaek ace nat ea eed ati neats es aca Rael tea Naaa aia 
Structure and Physicochemical Properties of Carotenoids 
Analysis of Carotenoids 
Nutritional Properties of Carotenoids .............sscssssssssssssssssssssssceessesssssesseesesceceessncasessersasansee 
Occurrence and Functional Properties of Carotenoids in Foods . 
Naturally Occurring Carotenoids in Plant and Animal Foods ... 
Carotenoids as Colorant Additives in Foods 


ROOdS: swaspusereranstasap tsar ie oan cate rT a a a a ea NT 
Bibliography ... 
Phytochemicals: Lipoic Acid 
Natural Sources of Lipoic Acid 
Bloavallabillty® scozecscssed scx precccsnpuenncernsterncariawarcnascusi vena vies casiacstieread datentetiianntnnvnein ter 
Antioxidant Properties of Lipoic Acid . 


Signal Transduction 
THEPADSUTICHIMPLIGAHONS: scandent cen eee coker ii cialis a vere eal ecainy 
Bibliography 
Phytochemicals: Melatonin 
Identification of Melatonin in Plants 
Twenty-Four-Hour Rhythms in Plant Melatonin . 
Function of Melatonin in Plants 
Conclusion 
Bibliography 
Phytochemlcals: Vaccinium 
History 
PIAREGOMPOSIION: jxssscvnspssn05sdcassoncdenacatsscasncasandezapasscacagaacengsoaaesdsanedancdagsedasbeneagaasadiasassnadsesen ya’ 
Nutritional Properties 
Pharmacological Properties 
Conclusion 
Bibliography 
Phytochemicals: Wine 
Phenolics in Wine . 
Vinification and Phenolics 
Wine and Health 
Bibliography ... 
Pineapples 
Potatoes and Potato Processing . 
Processing Operations 


This page has been reformatted by Knovel to provide easier navigation. 


Contents 


QUST ses tees eceeenscesseven canter es ree sere er aceaee Nes alice dean eA eta ec ac aha decane al 
Bibliography 
Poultry Flavors .. 
Effect of Production and Processing Methods. ...........:s:cscsscsssscssessescsseseeecsaeseseeeseesseeeseeeaeenee 
Chemical Basis of Poultry Flavors . 
Summary and Future Development a 
BIDIOQFAPNY, <civsccccsssecsccscsndansccesoevessceveanvtovtecavesveeueaenceete deed beastuevendistseveveadestvcdenscvdteviaversabiey 
Poultry: Meat From Avian Species. 
Chicken 
Turkey .. 
Ducks ... 
Goose ... 
Squab (Young Pigeon) 
FRAtOS:. sssiesessscerossscrsovsventva scevesnncsiiendsevindsuddsvecysectes dsdddivcesdaddeaaeustevtistaadocdtbivesdeeditindietsdanent 
Game Birds . 
Bibliography 
General REISLENCES: sxcerasssirsaseecptrenseds creatinine au aheshenarieNa aoe 
Poultry Meat Microbiology .... 
Contamination of Poultry 
Shelf Life and Spoilage 
Potential Human Pathogens 
Further-Processed Poultry Products 
Retarding the Growth of Microorganisms On Poultry ........c:ccccesesseesceseceeeeseesssesseceaeeseeeeaeenens 
Bibliography ... 
Poultry Meat Processing and Product Technology . 
Types of Poultry 


Processing Fresh Poultry 
Fresh Poultry Meat 
Meat Processing Equipment and Procedures 


Sanitationiin Poultry-Prosessing :PIAMts, sssceuseinssnnadassnnessnsninssdnicenancehganiedannatcndasnan dachoiakundas sss 
Poultry Products ... 


Future Development 3 
BIDNOGFAPNY, ssscesies cesoureworennsccsvevendsasrssuscsvtesaccaves cosas seeeuscen sv eauwinsisiiunshbedealedvesreddeasavorcsdets 
Processed Cheese 


Manufacturing: Principles and Techniques . - 
Emulsifyiig AGGnts,.. sescsssssiercanvini ican adiaiananinnaannnieninnea aia 
Quality Defects of Processed Cheese 
Processed Cheese Analogues 


This page has been reformatted by Knovel to provide easier navigation. 


Ixxix 


1935 
1936 
1937 
1937 
1938 
1940 
1940 
1941 
1943 
1946 
1949 
1950 
1951 
1952 
1954 
1956 
1956 
1957 
1957 
1957 
1958 
1959 
1959 
1961 
1963 
1963 
1964 
1965 
1967 
1969 
1970 
1972 
1972 
1973 
1973 
1980 
1982 
1985 


Ixxx Contents 


New Developments in Processed Cheese Products. .............s:csscsssssssssssesssseseeseseseseassenensneee 1985 
Bibliography 
Proteins: Amino Acids oe 
USOSHOFAMINOSAGIOS: sosincacsinasietaasssecenssersnssnnabistanbens ogcaasioseaseasaasonaceaqensessed’ dats andsgsresnssnsiel elipan 1988 
Chemical Properties . 
Physical Properties .. " 
Industrial: ProdUCtION <iscocescssscssaovescssiaasesertavarssvecousdeuioncsdaedecbeaaesudiedasesauevesdeusedielantiasssbaveNcieden 1996 
Safety 
Bibliography 
General References . 


Proteins: Denaturation and Food Processing 
Native Protein Structure and Stability 
Protein Denaturation 
Factors Affecting Protein Denaturation 
Denaturation of Food Proteins . 
Stabilization of Proteins 
GONCWISION: ve. sstsseseazeccepexsatves een cwapeaaetiecen tects scheebes sdied dudes besisneddesausda eset te sdsea sa eidenlestansdaeeedent 
Acknowledgments . 
Bibliography 

Proteins: Structure and Functionality .........:.ccccccscssssssssssscsescsescssscsssceescessceasceascessceacessesstessseeseeseeeeagees 
Amino Acids ... 
Primary Structure 
SOCOMGANESIMICUUO? «5 venesseesenesveusseusacesssnntantoncvoeanaronedunansshansnedondoseanbentprseeasues savesesuneusueaseastsne 
Determination of Secondary Structure 
Prediction of Secondary Structure and Molecular Modeling 
Tertiary and Quaternary Structures 
Molecular Forces 
Interactions . 
Changes in Protein Structure During Food Processing 
Structure-Function Relationships ..........ccccccsssssscsesssssssssesssessseesssssssscecssessaseesenesnsesesseeseenens 
Acknowledgments . 
Bibliography ... oa 

PUISed LIGht PROCESSING ssiescisstsscavisescscuvesvecssnececevesetceestaavoasueasteisndus deavtensacesnteswessausbuetshtnscadvinaverssuieues 
Pulsed Light 
Microbicidal Effects 
Treatment Of Packaging issceciccccrecsveenrvacesti wae aneahndtreniae aaNet 
Treatment of Food 
Treatment of Water 


This page has been reformatted by Knovel to provide easier navigation. 


Contents 


Quality Assurance 
The Food Quality System 
SYStEMTIDOSIQI ss ccsscnsscsscescisecneceseeccaseetscescavseaveasstias xed veussteeoeuscsvens ceca say ear taneaserae teensy eed ee 
Quality Costs . 
Food Safety ... 
Emerging Foodborne Diseases ............ssscssssssscsssssscssesssscssssescessssseceassssasssessassuesseseasensasees 
Nutritional Quality 
Hazard Analysis: Critical Control Point Systems 
PRISIPAIVEIYSIS; So zvesees auadcasoicebivcl dskdennnteidetnlirsch dansleetalin dune actus Desh deat pay bsleodpeecha datiiohdbledandetie 
Physical Hazards .. 
Chemical Hazards . 


Biological Hazards 
Quality Management 
Conclusion 


Bibliography 


Rapid Methods of Microbiological Analysis 
Improvements in Sampling and Sample Preparation 
Alternative Methods for Viable Cell Count Procedure . 
Instruments for Estimation of Microbial Populations and Biomass . 
Miniaturized Microbiological Techniques 
Techniques Involving Instruments, Immunology, and Genetic Tests 


Conclusions 


Acknowledgments . 


Bibliography ... 
Refrigerated Foods: Food Freezing and Processing .......c.c.ccscssscssssssessscsssesssesssessssssssssesssseseeecenecees 
T-1T 
PPP: Product Quality, Processing, and Packaging 
Bibliography ... 
Refrigerated Foods: Food Freezing and World Food Supply 
Meat 


Fruit and Fruit Juices 
Frozen Vegetables 


This page has been reformatted by Knovel to provide easier navigation. 


Ixxxi 


2028 


2029 
2029 
2029 
2030 
2030 
2030 
2031 
2031 
2032 
2032 
2033 
2033 
2033 
2033 
2034 
2034 


2037 
2037 
2037 
2037 
2039 
2040 
2041 
2043 
2043 
2043 
2045 
2045 
2045 
2046 
2047 
2047 
2047 
2048 
2048 


Ixxxii. Contents 


BOtatO OSs erczveeteszessven nae titdt ec scans crinerie ttt ato dear i ABA Et es acdc eal Beeuslates teat 
Bibliography ... 
Refrigerated Foods: 


Postfreezing Operations 
Casing and Palletizing . 
Inventory Control 
Open Shelf-Life Dating 
Time-Temperature Integrators (T-Tl) . 
In-Home Storage 
Thawing 
Bibliography ... 
Refrigerated Foods: Transportation 
Special Requirements by Type of Foodstuff 
Modes of Refrigerated Transport 


New Technology 
Environment .. 
QUALITY: ASSUFANCG! woe: sepecsatvescenssepeasvsercen ascii cckebes sab ddudcucesuceed based vas Sbsiasedteen dat tenasaesr eos eves 
Bibliography 
Retort Pouch a 
THISTORY: csicsissnhcscvsasseisasseneigssuadesssbsonssusdseciadgassaiagsocadsuowens cedcoashueddensdetaasesteeks saassends saaéeveranaabavae® 
Technology Base .. 
Package Designs .. 
PROGUIGESE ssicniinst nissiceses dons chaccn anny daathonshunssennnaanensncnipenandetncnsnabici apoasininnlganseduasaduss domaiepisedsasdcanciany 
Production Systems . 
Retorting .. 
Reliability and Performance 
Trends 
Bibliography 
Rheology 
Fluid Foods 
Solid Foods 
Future Developments 5 
BIDNOGFAPNY, sssescessvoureworinnscessevedsascssvccsctessccaves coucesieeseuscan sean vineest ist snbcaealetuesseddeasavonuesdeais 


This page has been reformatted by Knovel to provide easier navigation. 


Contents — Ixxxiii 


Salad Oils .. 
Salmonella . 
Sanitizers... 
Sausages 
Ingredients 
Process ... 


Ganeral RGLOOMNCOS: -sisarandvadasewarceviedesoei vids estiss atusnotsansideseasasacbuanscessvenvsenade asada owvureae agus tase 
Seafood: Flavors and Quality 
Background 
Chemical Compounds Responsible for Flavors Found in Seafoods 
Compounds Responsible for Modifying Seafood Flavors and Tastes 
Attempts to Use Seafood Flavor and Texture Attributes to Classify Fish 
Future Work 
Conclusions 
Bibliography 


Seafood: Sensory Evaluation and Freshness . 
Indirect Determination of Seafood Freshness 
Direct Determination of Seafood Freshness 
Conclusion 
Bibliography 

Seaweed Aquaculture: Taiwan 
Introduction .... 
Cultivation of Gracilaria 
Aquaculture of Porphyra 
Cultivation of Conchocelis . fa 
BiDIOGrAPNY, scsisvissiecsscsesswicssseisneresaieseaennnviannterineccntvadenaniaderTInTNAENATE 

Sensors and Food Processing Operations 
Chemical Sensors . 
Biosensors 
Summary 
Acknowledgments . 
Bibliography 
GEnioral REGEKONCES - scssvsicccesccsscescrsscssccvessctesenserearsnaveetsteatsseteceveceatsncenseusarseecezenestssusstsarateees 

Sensory Science: Principles and Applications . 
Introduction ey 
The: Thiree-Areas of SensolyiANalVsis ; covccesccsrastentiaceverseiseseintaainis cstonena aeedamneieaawtex cece ek 
Descriptive Analysls: x, oasis sstes tepins <snccasaie'spsiconvncthislconegnwnsevede sehsp Son asad yas edensandhel cavarnben at Pasreed 


This page has been reformatted by Knovel to provide easier navigation. 


Ixxxiv Contents 


Measurement of Perceived Intensity o....ccccccccsceccatcccassstescasestecasscsesasesssccsaasateatssassesaaceataedeas 2116 
Hedonics — Measurement of Liking 
Experimental Design and Sensory Product Optimization 
FAIONGIVIQWi:.0ssncsicaipsvesasinasiosdapacbacasziecsesnsadannaesezs thanoaseseaiseabecssbaceadsensasedaesassdnsieasndpacieadspsth 
Bibliography 
Sensory Science: Standardization and Instrumentation 
Emerging and Coalescing Technologies. ..........0.-csssssscsssssssssrsosversssscscsesseorsoesssesescseseevoreons 
Examination of Multicomponent Data Sets . 
Kinds of Multivariate Methods 
Preliminary or Exploratory Uses . 
Calculation and Functioning of PCA 
Cluster Analysis 
Multidimensional Scaling 


DISCriMINANt:ANalYSIS': si scsvessscsvvscsoesseesasvevedsvacesonceaucebaseededsevesrveseddetveceeucuvcivewveccncevdeaensventvineT 
Linear Discriminant Analysis 
Multiple Regression Analysis ... 
Partial Least Squares Regression 
Response Surface Methodology . 
Procrustes Analysis 
Multivariate Analysis Of Variance ..........cccccccessesseesceseesseesseseeseeeeceuecasceeseeessesseceaecaeeeeaeeaseseeees 
Fuzzy Logic 
Neural Networks 
CANOMICALANGLYSISS sisccausseespedesvusnesinucsvisnonconsncnavpetandsvosnssssaneapondesaunbasnaresaneaecs cemesocaneusucansasnav 
Canonical Discriminant Analysis . 
Correspondence Analysis 
Factor Analysis 
Whither Sensory-Instrumental Correlation? 
Bibliography 
General References . i 
GG LHTSIAD eassnsetisah ate aay ition bila itil ste dneas aaa aan aoa cita 
Oysters .... 
Scallops ... 
Shrimp 
General References . 
Snack Food Technology 
BusiIneSs:and: tends: srcacsitenuivesniccmarnnatia waa IAN ART 
Potato Chips 
Kettle Chips 


This page has been reformatted by Knovel to provide easier navigation. 


Contents 


TortillaGnips:andsGOmiGhips avcecsvesctecsesssversteauee estes deaeev sha weeattaass ents tanned are eresie 
Popcorn 
Extruded Snacks 


FAROIZOISY snciccsnatssstntsacsspiscaasannssesaapasbacnssensnssnpagipeanbans togsensenGassedsadooaeeanenssAsed’ dns adasavgsnssasion gasses 


Meat-Based Snacks . ‘ 
PACKAQING: wcsvviecvscsesicasessesncvdenscrsvoesovsvedsevedesuovecveccsdveueubecvesvecseedocuensueviated vaxwvs vtuseonrenesesuiesebiey 
Trends 
Bibliography 
General References . 


Solid-State Fermentation and Value-Added Utilization of Fruit and Vegetable Processing By- 
PROGUCLS: 13:52 stossz gennacanbs guaneashscmaatanshnsannasne iapenasadney ada seas ouace sds daaiaten Guiaaaissgnass aieeses atapheses acashsesnisasdddacarad 
Solid-State: Fonnentation <ccesssnsviessenavececsarvsscecessssseaareescsesayacaceae Na ecsewte tao 
Fruit and Vegetable Processing Wastes .........ccceeeeeeees 
Utilization of Fruit and Vegetable Processing Wastes Via Sol 
BI BMG GRAPHY, wise races cesrasce ive iecvsteedtevar sedis ttend deed aioe agdanaes ebudadale ts emuer bial candgias 
Soy Foods, Fermented 
Soy Sauce 
Miso 


Bibliography 
Soybeans and Soybean Processing 
Properties and Compositions ........ecceeecceeceeeteeeeeceeseeceeeeseeeseaeeeeeeecaaeeeeeeeeeeeseeeeeeneesneeeseeeees 
Harvesting and Storage 
Processing 
INUIERIEIONAING NT. OXI MEY sccsecectscinexecwacacaictcsichopcels ich eeipteai eatuaetaidthn casi denn daeed canbndicdiedaviedintal 


Products and Uses 
Bibliography 
General References . 


Spices and Herbs: Natural Extractives 
Essential Oils . 


Oleoresins .. 
Manufacturing Process 
Forms and Applications 
Nutritional Information .... 


This page has been reformatted by Knovel to provide easier navigation. 


Ixxxv 


2160 
2162 
2162 
2163 
2163 
2163 
2164 
2164 
2164 
2165 


2165 
2165 
2168 
2168 
2171 
2175 
2175 
2178 
2180 
2181 
2182 
2183 
2184 
2185 
2185 
2187 
2187 
2187 
2187 
2190 
2190 
2191 
2191 
2192 
2192 
2193 
2194 


Ixxxvi Contents 


Methods: of Analysis: tersiccanuecne ares soa arein renga irilass enrcein aeaanetc 2194 
Regulatory Status . 
Bibliography ... re 
SPiGESANE'SCASOMINGS: se csscrssnisasosaasosarssqnssrshsnansessosssnedbanhissvess sheneniabenseosbsdands eddssaaossedataeaonasedessd senshi 2195 
Spices 
Seasonings . - 
FUTURE TENS: escas seseesstiovescendsusnovencssvannesettigsaretnecansduidenssdiededbeaassudasdisestnevesdeetieeabstndaeenndivee 2203 
Bibliography 
General References . 
Starch 
Molecular Components 
Granular Nature, Cooking Characteristics, and Solution and Gel Properties 
Modified Food Starch 
SOS? stecssdeswciecivevesevsevevevecucevcatscaves esoetcteisavncevevedsedeusbeheuedaudsedlvatuueCevessnseceuddvetuvdustesvendsadtecaenievit 
Digestion 
Starch-Related Products 
Bibliography 
Sugar: Substitutes, Bulk, Reduced Calorie 
Bibliography 
Sugar: Sucrose 
Structure .. 
Sources ... 


Other Properties 
Uses 
Physiological Effects 
Bibliography 
Sulfites and Food . 
Chemical Reactions of Sulfites in Food System ..........cccssssesseseseesesssseesesesecsaeeseecaaeasecassessees 2218 
Application of Sulfites in the Food Industry 
Treatment and Residual Levels of Sulfites in Foods es 
BIDNOGPAPNY, sssescesssivereworennssessevendescssuscsetesscsuvesdocesiaeseusctn Sv sauwinsOstiundsnbedsaledees sedduanavoeausdeais 
Supercritical Fluid Technology 
Fundamentals of Supercritical Fluid Extraction . 
Process Systems and Operation Characteristics ...........sscscsssssesesseseeececeseeecsenerseseeneeseeeenseee 
Commercial Applications 
Potential Applications .. 


This page has been reformatted by Knovel to provide easier navigation. 


Contents — Ixxxvii 


Edible’ Oilssand\Fatt)-AcidS: ctescusyarscvsceay serine beasts encgaeas dee ac eel sbeneaerel aeasalaes tase 2225 
Bibliography 
Surface (Interfacial) Tension . 2 
IDM GFAP: s..s4ssssesecosninraascnascetaasssescnexercossanabipeanbens sbgeesssbeahsesseasonaenanenssaaedd sada cidssarosndsastat esses 


Surimi: Science and Technology . 
The Surimi Process 


PIOCOSS:WaASlOWAIE!? sssccerccsscsicssioncannwesivnsdevwevie sieve siecusdaviedtiexdvesdatussacsuslesveresestaetantsaessbare teed 
Protein Recovery 
Gel Quality Evaluation . 
Use of Cryoprotectants 
Changes During Frozen Storage 
Gel Formation 
Production of Surimi-Based Products 
Effectiof Ingredionts:on Texture: civcssssssvcsacvivdssencssadciecesdadieadvsscevsisacedenstavevdeseeitindaoncsdadenieet 
Important Processing Considerations 
Bibliography ... 
SWEStENSFSS NUMIVS) waszrssntsvoses sssagstanss setstcesatetsadatepvadeseassdanstinaaesscbteh acs scacededadasetaneecenotcanesetcasedspeet 
Sucrose ... 
Fructose .. 
Glucose 
Glucose (Corn) Syrups ... 
Fructose-Glucose Syrups 
INVOME SUGAE escsusicsepevsetinnpecepndaten nas ines cssasonenpnninentiasiandsitnas cnchinhnayoadenannbadshesspsanaisnspadeaiaanassarancned 
Honey and Molasses 
Corn Syrup Solids . 
Maltodextrins  .... 
Lactose .... 
Trehalose 
Sugar Alcohols 
Bibliography ... 
Sweeteners: Nonnutritive ...........04 
Requirements for Commercial Viability of Nonnutritive Sweeteners 
High-Potency Nonnutritive Sweeteners of Major Commercial Significance 
Other High-Potency Nonnutritive Sweeteners of Commercial Significance 
Sugar Macronutrient Substitutes of Commercial Significance’ 
New Developments in Nonnutritive Sweeteners ..............eeceescecsceeseeeeseceeneeseaeceseeeeseneeneees 
Conclusion and Future Development . 
Bibliography 


This page has been reformatted by Knovel to provide easier navigation. 


Ixxxvili. Contents 


Syrups (Starch Sweeteners and Other Syrups) .........sssscssssssssssssssssssssnsesssssssssssssesessesesscesssesssesesens 2265 
Dextrose 


High-Fructose Corn Syrups 
Com Syruips-and/MaWOGSxXWINS. 1x.:0scsessccsevsassiesveasons snsessontesisconssncaeasseesarsnotiensasenedcaaaassondasazase 2277 
Maple Syrup 
Molasses .... 
SOPQGHUIM:SYtUPS! ~<ceicc.scssesscvccnscrsvevsovsedsnversscvscveresduouesseecesvcdveedocuesssevetedverees edtedoneeneseateessnin 
Inulin-Based Products . 

Acknowledgments . 
Bibliography 
GONGFAl REISMOMCOS® sanvsurpa-cstesceintessassavnsedcannasvacesstasosatansectacihdohssondsaadepsedetastasssevisaniasmanskacsiaasA 


T 
Tannins 
Background 
Proanthocyanidins 
Polyesters 
Astringency . 
Analysis 
Tannin-Protein Interactions 
Physiological Effects 
BIDNGQraP NY, +s ssarscorsssesvescesuss sassscecaeatccassaes sscenszsaseas caateseatadica sesasertescnantarteateneserteainatetuerestiass 
Taste and Odor . 
Tea 


Fresh Leaf Composition . 
Manufacture a 
BIBGK NOG. .i.c rcs cachases toarataspaanentateosmatidasbs sean sahvich wvedidessadenanevnsssuassbnesadanabnaieed snueasbnesnsbiusassninavestin 
Black Tea Beverage . 
Green Tea .. 
Oolong Tea . 
World Production and Tea Trade 
Instant Tea 
Ready-to-Drink (RTD) Tea 
Physiological Effects 
Acknowledgments . 
Bibliography 


This page has been reformatted by Knovel to provide easier navigation. 


Contents — Ixxxix 


TT MeimalPRocessinig: OF EOOG: czcisee. festiateenesatatanicccetatect hack star iaes seal can mate Mac tubs a eed Macaca desi 
Sterilization Versus Pasteurization 


Sterilization Equipment Systems... 
Scientific Principles of Thermal Processing ............:ssssscsssssssssscssssssseeessenssessscsessssecessentenesee 2313 
Computer Simulation 
Future Trends ‘i 
BIDIOQRADPNY, sciecesceviccesessesccsccnwirevevsovnvedervedeseovvscecesduewestveucsvecseedocuessev eles van evs vetvseonsevastauesseniey 
Thermal Sterilization of Canned Liquid Foods . 
Quantitative Measure of Sterilization 
Special Considerations for Liquids 
Agitated Batch (In-Container) Heating of Liquids .... 
Nonagitated Batch (In-Container) Heating of Liquids 
Bibliography 
THSRMOGDYNENMMCS  -sscisnsscssnvtssivsscosvioesccsviecscassvcsitcdsecsuvscicesictucvtettntccavevavtsnvevevidasdatstvandvnncestweenuebanineive 
Laws of Thermodynamics 
Using Thermodynamic Relationships in Food Processing . 
NOMOENGClAtURG: ssarstescevasdecrasssvtnienzeetee.teraa sates cutereeeicesdeinhiuieds Gass aa aust taie sa teANa taster sett 
Bibliography 
General References . 
Toxicants, Natural .... 
Natural Plant Toxins in Foods 
Mycotoxins 
Heterocyclic Amines in Cooked Foods .......cccccccscssssscescesecssceeceecsecesecseseesessssessscseecaeseeaeenens 
Acknowledgments . 
Bibliography 
Toxicology and Risk Assessment 


Toxicity: Types and Targets . 
Risk Assessment 
Bibliography ... 


Ultrafiltration and Reverse Osmosis 
Background Information . 
Membranes and Membrane Modules 
Process Description 
Effects of Operating Parameters 
Applications in Food Industries ... i 
BibliGgra phy: <azsiivenpeasciesssvcnnaits schapniventiicondatiecadsacadbssauldces dav epaubcanaay danadeadlnashdeas schsdeaaesievaiine 


This page has been reformatted by Knovel to provide easier navigation. 


xc Contents 


United States: Armed Forces Food Research and Development ............::::ssssessessseseessesseseseeesesnees 2363 
Food Engineering Directorate 
Advanced Systems Concepts Directorate 
Soldier Science’ Directorate’ ..:.:i.sesisesssesecsnsagessansenssssnnssndsasseaseconsivesnanssisaddcedoanantggandsanianguasih 

United States Department of Agriculture 
Mission of Agriculture Research Service 
Goals:of‘AQriculture:RESCALCH siscvss ever ccscssescesesveceueduccecccvscevccwvsuveecssusetccvoavesacedctteseseceeedbaes 
Animal Production, Product Value, and Safety 
Human Nutrition Requirements, Food Composition, and Intake . 
Natural Resources and Sustainable Agricultural Systems 
Crop Production, Product Value, and Safety 

United States Food Marketing System .. 


Vahilllea EXtract ‘ssscesesssssssssassvaacssaceceooassescseasoasssscesassosvaaseveestenseorsuaatterssousecsterasedsbcetatzoceatteavseassanseasenead 
History of Vanilla 
Horticulture. 
Curing 
Extraction 
Flavor ... 
The Vanilla Market ‘ 
BIBNG gta phy: << cvsasssosssservetszsvsacninat casseasscasvdastnaresdesnensnana tester meanmiaeenatatemteemN eet 
General References . 

Vegetable Dehydration .. ze 
Rrediyinig Treatments: snswiasinssevininccuticnesnnnntadiatnnatenseieiraninakanneeany 2400 
Drying Methods 
Packaging and Storage of Dehydrated Vegetables . ue 
UTNE AC OMRON sec saci ta areuasnins ann aceisbaniidaabnnaatsnisas ap naan arasopmashsdacsndenaanhes’aahianacaesonasdesttnaaanigua cease 
Dehydration Procedures for Selected Commodities 
General References . 


Vegetable Processing . 
General Principles 
Microbial Spoilage of Foods . 
Chemical and Biological Changes 
Freeze Drying 
Harvesting, Handling, and Storing . 
Preparing Vegetables for Processing a 
PROCOSSIIG siicnsssannse sacs vied derncasieioaswaansneitecaaltucswas apeddenaapndansstashasas tied dussedaicispQocacndsnseesansieastitan 


This page has been reformatted by Knovel to provide easier navigation. 


Contents — xci 


Some Illustrative Samples of Vegetable Processing ............:e:cccsseesesseseeeeseescseeseeeseeeseeeeeeaaes 2411 
Trends in Vegetable-Processing Development . 
Bibliography <3 
MOGSLADIOIPROGUCHOR:  scscsscsssnssssosaesasasseqeseschsnansessosssnsdbanhidenecpasusdassandtsanasapnatadayiadinesgasesAasssdsedo‘sd seinshé 
Definition 


Classification of Vegetables . 
Produichon: Stalls) sausccavdsesccssesvescssvaavesertacacstvesancduitonssdavdedisassnddedisesanevesdeutvedabatudtevevsadiveress 
Vegetable Consumption . 
Vegetable Improvement . 
Vegetable Growth Requirements 
Propagation of Vegetables 
Vegetable-Production Systems 
Field Production of Vegetables ... 
Vegetable: Harvest: ssicisccesvdsvvasssosasrcaecvedaseatessaciestsvedediidectsonieveiicedsednileneuidtuaeecetiniest 
Postharvest Handling 
Projections for the Future vie 
BIBMOGGADIY.: «cesvessier caves cecvscssverseszeeseeecnecaceah ecascausat ccaded coset dSesais dus con state tac ausseebideNMaausdaeocsset 
General References . 
Vegetables, Pickling ... a 
PISTONS isicsissnbescusasdeisassenscessuadensbdsoussuadsecinseacsaiag docadsuowensaensonshiedienddstaasasteess chassanss saaievesapaubavas’ 
Processing 
Fermentation and Microbiology 
INUUIVOSV ANUS? excsrasnauticniesspcuaninsnes dust dhcanpnensspcvenipanandsdedd shatiehn pada sdushennvednonadueadsiafasusbesaehvanditns 
Shelf Life and Bulk Storage 
Safety ... 
Starter Cultures 
Bibliography 
General References . 
Vegetarian and Vegetarian-Aware Eating Trends 
What: VegetariainiMeas. ....sacsssevsaiscccusivsscovanspessvecensannetsieavsccsuueevesicasehiveseasaussnvesostuedensevssessvs 
A Brief History 
Nutritionally Misunderstood 
Vegetarian-Aware SHOppers _o.csicsscsscissvescavcssscavvsscinancarectsssasvaawinutevasndcvocaaveatestaatesaavenuvsieats 
Meat on the Menu . 
Market Size 
Demographics of Vegetarian and Vegetarian Aware Shoppers .........:ssccescesseeseeeeseeeeeeerensees 2435 
Dietary Priorities 
Heart-Healthy, Lowfat, and Low-Calorie Diets 


This page has been reformatted by Knovel to provide easier navigation. 


xcii_ Contents 


HISSItHISSUGS: sssisste vera peieay ars steny sie aera enc ae ea ac desea trac eau tis 
Health Concerns 
Health Problems 
Shopping Habits 
Package Information 
Label Claims on 
ALGrowing Market vccccsssvvsccedesccvscsvavcvecsnveresiever dbecccsvevsiuesecdeedsanteruevecesstdsevsersctuaeetieneduaveeereaes 
Bibliography 
Vitamins 
Vitamins: Survey 
Vitamins: Ascorbic Acid 
Vitamins: Biotin 


Vitamins: Folic Acid 
Vitamins: Niacin, Nicotinamide, and Nicotinic ACIG .............cccececeessecceeecseseeecesssseeeesecsnneneeessee 2487 
Vitamins: Pantothenic Acid 

Vitamins: Pyridoxine (Bg) ... 
Vitamins: Riboflavin (Bz) 
Vitamins: Thiamine (B,) 
Vitamins: Vitamin A 
Vitamins: Vitamin By2 

Vitamins: Vitamin D .. 
Vitamins: Vitamin E .. 
MITSUI RESSS WAL SUTNIING Ke ‘caecicseapetiaady sada Suns dasanonenpunsvandpananisteds natohnspeadendashannvsaansasnesaanaiagiebetacivaidaad 


Waste Management: Animal Processing 
Dairy-Processing-Related Waste Management . 


Egg-Processing-Related Waste Management  ..........c:cccccccceeceeecssessessecseeeesescseesseeseseeeeeaees 
Meat- and Poultry-Processing-Related Waste Management 
Bibliography 
Waste Management: Fruits and Vegetables 
Sources and Characteristics of Fruit and Vegetable Wastes 
Conclusion 
Bibliography 
Water Activity: Food Texture 
Food Texture . 
Water Activity . eH 
General: Considerations: .csceseisivassvvecccissadastacassachiaassuisanddens dausiiasaucasandnsndvedsassedacs danveacansinaddiee 


This page has been reformatted by Knovel to provide easier navigation. 


Sorption Isotherms 
Apples 
Beef ... 


Cereal Grains ...... 
Cereal-Based Foods 


Powders 
Sugars 


Miscellaneous Foods 


Summary . 
Bibliography 


General References 
Water Activity: Good Manufacturing Practice .. 
Water Activity and Control of Microbial Growth . 


Contents 


Establishing:Scheduled Processes! weiss ccccveccecseucsdiciveeiadceatvastovtisaceconrttivedesecissndavscesadtiese’ 


FDA GMP Regulations Governing the Processing Requirement 
Humectants and Their Regulatory Use 


Water Activity: DEterminatOns .wuzccsccsxcatssccasscesenusn ectdeseaseestoeedoaian cudeussa ete raibeaseenigeetesstnrantt 


Disclosure Statement 
Acknowledgments .... 
Bibliography ......... 


General References .... 


Water Activity: Microbiology 
Definition of Water Activity 
Water Activity as an Indicator of Microbial Safety and Shelf Life 
Osmotic Stress and Osmoregulation in Microorganisms 
Water Activity in Detection and Enumeration of Microorganisms 
Influence of Water Activity on Microbial Death and Survival . 
Water Activity Measurement . 
Prediction of Water Activity 
Final Remarks ...... 


Bibliography 


Wheat Science and Technology 
Whidat! ccrcaninescees 
Production, Trade, and Uses 


Gross Composition 


Milling s.ccccsiseeeecenes 


Flour Types . 
Bibliography 


This page has been reformatted by Knovel to provide easier navigation. 


xcili 


2615 
2616 
2618 
2620 
2622 
2624 
2625 
2626 
2628 
2628 
2630 
2630 
2631 
2631 
2632 
2633 
2633 
2634 
2634 
2634 
2634 
2635 
2635 
2635 
2637 
2637 
2638 
2638 
2640 
2640 
2640 
2641 
2641 
2641 
2642 
2645 
2648 
2651 


xciv Contents 


Whey: Composition, Properties, Processing, ANd USeS  ..........:sssscsssesessescsessesssessesesseassesseseseeesenenees 2652 
Types and Forms of Whey 
Other By-Products of Milk and Whey Processing . 
COMPOSIION ANG! PROPOLOS:. :.0:5.ssnsiesseesensnsatesnansens tssnnsnassasseasesonascesnanssésescedoanantgssadsaniangiaseh 
Industrial Processing of Whey .... 
Nutritive Value and Uses of Whey ra 
BIDIOQRADPNY, sciccvsceviecescscesccvdenscrevovsovsedseverssucwsscvercsdveuetbveucsvcdvecdocuencstvetesvarwvevdtvscenrevaseaneesebies 

Wine 
Introduction . 


Regulations and Appellations 
Viticulture (the Science of Grape Growing) . 
Microorganisms and Fermentation 
Wine Making 
SONSOMY! POPES: sviscsissdevessscsinescievienducdevecuséccescsdidiecevdaddentesedeetisacedoestbivedeseditndiecsta nies’ 
Reading Wine Labels 
Production and Consumption Statistics cs 
BIBMO GRADY: sxctasitarveceveccccvasssetasatteceestsaaepsttuseevcneshs dene sdastetasnedbedaunda eustte ud Sea ge eeeseestensdreares 
Gomeral REFGrONCOS. ......cssorscsersrnssnssecccensnassocscnstssascnerssaseacesesssacececsnesssacanesseassateoecestiseaeess 


SUPPIOMIONE asics ssissiscscssessssscsssacsesssosssescesssesscsssagsassascaeasenscesseasgaaeasaascsaascescaascessessesseaaaacsazeesss 


Genetic Engineering: AmiImals .......ccccsscsssssesccessssscesscssscssscesscesscesssesscesssesssusscsssssssssssssassssssnasseasenaeees 
Agricultliral AppllGatlons .cdssscsvssoesesesacassssvatstascsasvscaavencaassa estass steated coined atusat ese serteaaraeasmerasaaeTa 
Domestic Animals as Bioreactors 
The Future oy 
BIBIGGrapHY: ssniieitronraninigtncdintinmininnactariscnateihi iin naneNnieet 
General References . 

Nuts 
Where the Science Began .........cccssscscssssscsessssssscescssscssesesssssssssecsssesaceesseusssssseeseeseeaasansess 
Peanuts in a Weight-Loss Diet 
Nuts Help People Stick to Weight-Loss Diets 
Peanuts and Nuts Satisfy Hunger 
Nut and Peanut Eaters Have Better Body Profiles 
Peanuts and Nuts Decrease the Risk of a Second Heart Attack . 


Nutrients Recently Found in Peanuts and Nuts 
Peanuts ... 
Cashews 
Almonds eH 
FRES GANG esvsiicsi se cece epee tiled dna scze soastectsventecabsbscxsisnsps dbiiacaputelsaadaatepaniiss ducucussnvinnsesacadsedescaesiesastite 


This page has been reformatted by Knovel to provide easier navigation. 


Contents xcv 


Brazil Nuts 
Hazelnuts 


Macadamia Nuts 


FROCAIIST -aicacesesjunssashacestsascbiaahsasacsaasaiassotanppansbepsessess Seatenaesselsadsusgy sadsisestaaneavensesefs Gisawackenadien 


Pine Nuts . 
Pistachio .. 


Mediterranean Diet Pyramid . 
Peanuts and Nuts in World Cuisines . 
Allergies 
Bibliography 
General References . 

Postharvest Integrated Pest Management 
What Is IPM? 
Development of IPM Programs oa 
Setting the Stage for IPM: the Pesticide ERA ........:.scssssscssvsssssssssesssesoossscsosseseesesosonsensenees 
Setting the Stage for IPM: Entering the IPM ERA 
Food Safety and IPM 
IPM for Fresh Commodities with Zero Pest Tolerance ..........csesccscsseseeseseeseeseseeseeesseeseaseeeasens 2694 
Postharvest IPM for Raw, Durable Commodities. 
IPM for Food Processing 
IPM for Value-Added Food Products 
Adopting IPM: Challenge and Necessity 
Bibliography 

United States Food Marketing System 
An Overview of Trends 
Production .. 


Processing and Manufacturing 
Food Wholesaling, Retailing, And Service ......eeec cece cee eseee sees csseseeeeeceeeeaceesesseeseeeneesaees 
Food Retailing and Food Service 

Future Forces for Continual Change 
Bibliography 


This page has been reformatted by Knovel to provide easier navigation. 


V 


VANILLA EXTRACT 


HISTORY OF VANILLA 


Vanilla, the world’s most prized flavor, is one of the most 
valuable treasures the Europeans brought back from the 
New World. When Cortez landed his army in Eastern Mex- 
ico in 1519, he formed an alliance with the local Indians, 
who then helped lead the Spanish troops against Monte- 
zuma and his Aztec empire (Fig. 1). Montezuma royally 
welcomed Cortez with a vanilla-cocoa brew. This drink, 
chocolatl, was concocted from cocoa beans, ground corn, 
honey and Tlilxochitl (vanilla pods). Cortez took Monte- 
zuma’s life and his treasures, including the secret of va- 
nilla, which was brought back to the Old World. For several 
hundred years thereafter, cured vanilla beans were im- 
ported from Mexico to Europe for the production of vanilla 
flavor and perfume. Although the Spaniards had this sup- 
ply of cured beans, they did not have the complete secret 
of how to grow and cure vanilla. It was over a hundred 
years before the Europeans could successfully cultivate the 
vanilla plant in greenhouses. Propagation through cut- 
tings was somewhat successful in the early 1700s, al- 
though the plants seldom flowered and never produced 
fruits. 

Plants were started in tropical regions, including In- 
donesia, also with no fruit. Eventually, in 1836, a botanist 
noted that the flowers needed to be individually hand pol- 
linated in order to fruit. In Mexico, this may have been 
done naturally by bees, hummingbirds and/or a species of 
Jeaf-cutting ant. There is no experimental proof that any 


insect is actually effective in pollinating the vanilla flowers 
(1,2). 

By the mid 1800s improvements in the human hand- 
pollination techniques had been developed which led to 
successful vanilla plantations in Madagascar, Reunion, 
Mauritius, the Seychelles Islands, Tahiti, the Comoros Is- 
lands, Ceylon, Java, the Philippines, and parts of Africa. 
By the 19th century more vanilla was being grown in Mad- 
agascar and tropical Asia than in Mexico, breaking the mo- 
nopoly enjoyed by Mexico for over 200 years. Mexico con- 
tinued to be a major producer of vanilla beans until the 
mid-1900s. 


HORTICULTURE 


Vanilla is the common term for the alcoholic extract of the 
vanilla bean. The vanilla bean is actually the fruit of a 
thick, tropical orchid vine. Of the 35,000 or more species 
in the orchid family, Orchidacae, the vanilla orchids pro- 
duce the only edible fruit. There are over 50 vanilla orchid 
species, of which only two are of commercial use. Vanilla 
planifolia Andrews (also known as Vanilla fragrans (Salis- 
bury) Ames) is the species responsible for 99% of the va- 
nilla imported into the United States (Fig. 2). The other 
species, Vanilla tahitensis (Tahitian Vanilla) grows on the 
French Pacific Islands and is visually quite different. The 
tahitensis pods are shorter, have a thicker skin, less seeds, 
and are much broader than the planifolia beans. Tahitian 
vanilla beans are primarily exported to France and Eu- 
rope, although roughly nine tons are imported into the 
United States. 


Figure 1. The Spanish troops led by 
Cortez conquered Montezuma and 
stole the secret of vanilla. Source: 
Photograph courtesy of McCormick/ 
Schilling Spices. 
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Figure 2. The vanilla orchid. Source: Photograph courtesy of 
McCormick/Schilling Spices. 


Vanilla pompona is frequently cited as a third commer- 
cial species of vanilla orchid used in perfumes. Today, this 
species is rarely seen and is mostly a curiosity. Visually, 
the pods resemble small bananas (2). 

Vanilla planifolia is indigenous to southeastern Mexico, 
the West Indies, Central America and the northern part of 
South America. Vanilla vines will grow between 25° north 
and south of the equator; in hot, moist tropical climates; 
ina 50/50 mixture of sun and shade; from sea level to 2,000 
ft. altitude; in areas with frequent moderate rainfall and 
no extended droughts or high winds; and with gentle slopes 
for drainage. For commercial production of vanilla beans, 
it is optimum to have the rainfall evenly distributed 
throughout 10 months of the year followed by a two-month 
dry spell to check vegetative growth and spur flower for- 
mation. These conditions describe a typical tropical island 
climate. Today, virtually all vanilla beans are grown on is- 
lands such as Madagascar and the Indonesian Islands, 
where temperatures range between 70-90°F, with 80-100 
in. of rain per year. 

Vanilla planifolia has smooth, succulent bright green 
leaves and aerial roots which cling to some type of support. 
If left untended, vanilla vines will grow 75 ft to the tree 
tops. On vanilla plantations they are pruned or bent down- 
ward to keep the flowers and beans in reach of the workers 
for pollination and harvest. The pruning and bending also 
seems to increase flowering. 

Commercially, vanilla is propagated entirely by means 
of 3 ft cuttings, 8 to 12 nodes in length. Longer cuttings 
usually bring the vines into early production. Vanilla is 
very difficult to grow from seeds (1-3). 

The vines are cultivated from cuttings on trellises and 
supports, but most frequently on living trees. The species 
of tree depends upon the geographical area. Small trees 
with low branches make the best supports, and those with 
smaller leaves will allow an appropriate amount of sun- 
light through. Quick growing banana trees are commonly 
used to provide shade as well (4). Even when man-made 


supports are used, trees are still planted for partial shad- 
ing of the vines. The character and growth of the vines 
depends greatly on the amount of shade and exposure (1). 

Healthy vines produce up to 1000 satiny-yellow orchid 
blossoms, of which only 5-30% will be hand-pollinated de- 
pending upon the age and health of the plant. The orchids 
flower in the morning and die by sundown if not fertilized. 
Although the flowering period extends over 2 months, each 
blossom has only this small time-window in which to be 
fertilized. An expert can pollinate 1000 blossoms a day. If 
too many blossoms bear fruit, the vines will be weakened 
for subsequent production. Roughly 100 beans are the 
maximum number that should be expected from a culti- 
vated plant. 

After pollination, the pods ripen in seven to nine 
months. The vanilla beans are green, long, smooth and 
slender, somewhat resembling a large green bean filled 
with thousands of tiny seeds (Fig. 3). As the beans mature 
they lengthen to up to 12 in. (by 6 months) and gradually 
turn yellow in the 9th month. The beans are usually har- 
vested before they fully ripen, when only the blossom-end 
tips are pale yellow (Fig. 4). The best quality vanilla ex- 
tract comes from blossom-end-yellow beans rather than 
less ripened green beans (5,6). 

At this time, the beans are anywhere from 5—10 in. long 
and about one-inch in circumference. Longer beans are 
more desirable as they bring in more poundage per bean. 
Ifthe beans are picked too early, their flavor precursor con- 
tent and their quality will be low. They will also become 
too woody in flavor character and will be more prone to 
molding. If they are allowed to fully ripen prior to harvest 
(blossom-end-brown) they split. Splits are very susceptible 
to molding. Although splits are often considered inferior 
quality and bring a lower price, if not moldy their vanillin 
content and resulting extracts can be superior to whole 
beans (7,8). This may be due to their fully ripe nature. 

A very important consideration in the ripening of the 
vanilla fruit is the formation of the vanillin precursor, 
Glucovanillin, and most importantly the enzyme B- 
glucosidase. During the curing process glucovanillin is en- 


Figure 3. Unripe, green, three month old Madagascar vanilla 
beans. Source: Photograph courtesy of Benjamin H. Kaestner III, 
McCormick/Schilling Spices. 


Figure 4. Vanilla beans on the vine showing mature (blossom- 
end-yellow) split (blossom-end-brown and split) and unripe green 
pods. Source: Photograph courtesy of Benjamin H. Kaestner III, 
McCormick/Schilling Spices. 


zymatically converted by the glucosidase to glucose and 
the aldehyde vanillin, the single most characteristic com- 
ponent of vanilla extract flavor. The longer a bean ripens 
before harvest the more concentrated the glucosidase is, 
and thus the more concentrated the vanillin and other im- 
portant flavor precursors are after curing (9). Higher va- 
nillin beans are considered higher quality and command a 
higher market value. 

Privately funded bioengineering research on vanilla has 
progressed slowly over the past 5 years. Research has fo- 
cused on improving the resilience of the plant and on ma- 
nipulating its cells to mass produce natural vanilla flavors 
in the lab. No patents have been issued yet, nor has the 
technology been commercialized (10). 


CURING 


The vanilla orchid and the mature vanilla bean have no 
aroma; it is the curing process that develops the charac- 
teristic flavor of vanilla beans. Vanilla beans left on the 
vine will cure naturally, but the pod splits, loses contents, 
and ultimately decreases in flavor and value. 

‘The Mexican Indians developed the original, very labor- 
intensive process for curing green vanilla beans. The 
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French made slight modifications to this original process, 
and this Bourbon process is generally practiced in the 
Madagascar and Comoros Islands today. Other modifica- 
tions are practiced in Indonesia. No geographical source of 
vanilla beans strictly employs one method of curing and 
many parts of the process are interchanged (mixed and 
matched). The curing operation is not a regulated, large- 
scale, sophisticated procedure. It is crude, nonhygienic, 
subject to personal modifications, and is practiced by in- 
dividual small farmers up to larger scale curer-exporters, 
Any given shipment of cured beans may represent the com- 
posite curing operations of dozens of individual producers. 
During the curing process, each bean is individually han- 
dled and inspected at least a dozen times (2,11). 

In 1952, 1952, and in 1972, McCormick & Company, Inc. 
patented processes for rapid, controlled curing of vanilla 
beans (12-14). However, none of these modern methods 
are commercially practiced in full today. Portions of the 
process, modified to use whole beans, are being commer- 
cially applied in some parts of Java and Bali (2). 

All curing methods involve four basic phases: 


1. Wilting or killing of the beans, which stops the nat- 
ural respiratory metabolism and vegetative life of 
the pod (Figs. 5 and 6). The specific technique used 
to kill the beans will affect subsequent vanillin con- 
tents (6,15,16). After wilting, the beans may have 
begun to turn chocolate brown in color. 

2. Sweating the wilted beans until they are flexible in 
the hand and can be easily wrapped around the fin- 
ger. This step involves a fairly rapid dehydration and 
slow fermentation. The characteristic flavor com- 
pounds develop here. Key enzymatic and nonenzy- 
matic reactions occur during this phase forming sug- 
ars, phenols, quinones, pigments, vanillin and other 
aromatic compounds. After sweating, the beans are 
deep chocolate brown. 

3. Drying of the sweated beans very slowly at low tem- 
perature to 20-25% finished moisture (Fig. 7). Beans 
should still be flexible; over-drying, or too rapid dry- 
ing, reduces flavor quality and value. 

4. Conditioning of the dried beans in closed boxes for a 
few months, where they finish the development of 
their characteristic fragrance. Unless moldy, beans 
can be kept indefinitely in this state. 


Generally about five to seven pounds of green vanilla 
beans yields one pound of finished product, or about one 
hundred twenty pounds of finished beans per acre of va- 
nilla vines. 

The basic steps in the curing process are summarized, 
by method, Table 1 with illustration in Figure 8. Many 
bean-curers employ a combination of methods and/or their 
own customized approach. Thus, there is a certain amount 
of variation in quality even within one growing region in 
any given year (2). 

When properly cured, vanilla beans should resemble 
long, very thin cigarillos; supple, very dark brown, a raisin- 
like texture and a somewhat oily sheen (Figs. 8-10). High 
quality beans may have white crystals of vanillin clinging 
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Figure 5. Killing of the beans in Madagascar. Source: Photo- 
graph courtesy of Benjamin H. Kaestner Il, McCormick/Schilling 
Spices. 


to the outside, but this is rarely seen today. The beans 
should be free of mold and insects (2,7,8). 

Beans should be less than 25-30% moisture or a 
greenish-white mold will develop. If mold does develop, it 
is removed by washing with alcohol in mild cases, or by 
cutting off the affected portion if severe. The odor of mold 
from a few beans can permeate an entire box. This reduces 
the quality and the value of the beans. 

After curing, the vanilla beans can be divided into the 
following four quality grades by appearance (the numbers 
of, and names given to, these grades differ according to 
source). 


1. Whole beans, no defects; oily sheen, smooth exterior, 
moist, aromatic, very dark brown. 

2. Whole beans, some defects; rough exterior, somewhat 
reddish color, spotted, dry. 

3. Splits; whole split beans. 

4. Cuts; beans chopped into 1-2 in. lengths, may in- 
clude very small whole beans. 


The sorted beans are grouped by quality grade, packed 
loosely or in bundles of 50—100 in tin, wooden or cardboard 
boxes, sealed and shipped to their destination (Fig. 11). 


Figure 6. Killed beans are poured into sweating chambers in 
Madagascar. Source: Photograph courtesy of Benjamin H. 
Kaestner II, McCormick/Schilling Spices. 


Figure 7. Vanilla beans sundrying in Madagascar. Source: Pho- 
tograph courtesy of Benjamin H. Kaestner IM, McCormick/ 
Schilling Spices. 


The bulk of global vanilla bean trading is handled by 
only a handful of importer-dealers. Internationally, all 
beans are traded in the cured form. Locally, many vanilla 
farmers sell their crops of green beans to regional curing 
operations, but green beans are not traded interna- 
tionally (2). 


Table 1. Vanilla Curing: Four Typical Methods 


Step Mexican* Bourbon® McCormick* Java? Miscellaneous* 
Wilting or killing Stored in shed for a few days until the Beans placed in straw or Beans are chopped into 1/2 Process extremely Freezing for 3-4 h 
beans shrivel; then metal baskets or in in. lengths variable between Ethylene gas 100 ppm for 
Sun /traditional blankets, immersed in regions 8-16h 
Green beans spread on wool blankets or hot (150-190°F) water Immerse in boiling Scratch bean with pin 
straw mats in the direct sun until too for 2-3 minutes, water, or (surface wounding) 
hot to hold (ca 1h). drained. Nothing—no killing Place beans in ashes of 
During the dry season; Nov.—May, or fire (Guiana method) 
Oven (generally used today) 
Beans rolled in wet blankets, placed in 
humid oven or room at 60°C for 36-48 
h, Indirect heat from firewood. 
Sweating Sun /traditional Hot, drained beans Chopped beans placed into | McCormick process/ 
Spread on blankets or straw mats and packed into chests, or perforated trays, trays whole beans, or 
‘exposed daily to sunshine for 1-2 h, boxes covered with are stacked in curing Nothing—no sweating, or 
then placed the remainder of each day tarp, retained tank, cured at 140°F for ‘Sun-sweating as in 
inside blanket and/or inside a shelter. temperature about about 72 h, until beans traditional Mexico 
Repeated daily for several weeks until 122°F. Removed after are no longer green. 
proper aroma and texture are obtained. several days when 
Oven /current procedure brown. Then placed in 
Sweating continues in the closed warm sun as in Mexico, but 
room/oven until brown. Beans in on elevated platforms, 
blankets may be transferred into for 6-8 days. 
chests. 
Drying Sweated beans spread on grass mats or Same as in Mexico, but Dried in rotary or fluidized | McCormick process, or 
blankets in the sun every day for a few often on elevated dryer with forced air at In tobacco curing sheds 
hours for 2 months or longer; then platforms. 140°F until moisture 
dried to finish inside a shelter. content is 35-40%. 
Conditioning Beans are sorted; placed in closed boxes Placed in closed tin boxes Remove from rotary drier, No conditioning in some 
for several months. or chests for several spread 4 in. deep in cases, or 
months. perforated conditioner. McCormick process, or 
Blow room temp/ Placed in closed boxes for 
humidity air through several months. 
conditioner until 
moisture is 20-25%. 
Place in loosely covered 
container for 3 months 
(during shipping). 
Packaging Bundles of 50-130 beans in paper or Bundled 50-100 beans/ —Metal or cardboard box, Highly variable, 
metal boxes. bundle in tin or not hermetically sealed. whatever the farmer 
cardboard boxes. has on hand. 
Total time 5-6 months 5-8 months 3 months 2 weeks to 2 months 


Source: Refs, 2, 4, 16, and 17. 


‘Refs. 2, 4, and 17. 
“Refs. 12-14. 
“Ref. 2. 

"Ref. 5. 
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Figure 8. Vanilla bean at various stages of curing; green, killed, 
sweated, dried, and conditioned (left to right). Source: Photograph 
courtesy of Benjamin H. Kaestner II, McCormick/Schilling 
Spices. 


Figure 9. Cross section of cured vanilla beans showing vanillin, 
resins, and seeds. Source: Photograph courtesy of McCormick/ 
Schilling Spices. 


Moisture and vanillin contents vary from crop year to 
year, but are fairly stable within a given period. Table 2 
illustrates the typical ranges in 1988-1990. 


EXTRACTION 


Regulatory 

Vanilla extract is the only flavoring material with a U.S. 
FDA standard of identity. It is included in the Code of Fed- 
eral Regulations (21-CFR-169). The standard was devel- 
oped and promulgated concurrent, and in close relation- 
ship, with the ice cream standard (21-CFR-135.110). This 
coordination was necessary since vanilla extract and re- 
lated flavorings are ice cream’s most widely used flavor- 
ants; and the labeling of ice cream is dependent on the type 
of flavoring used. Category I (21-CFR-135) vanilla ice 
cream contains only pure vanilla components and no arti- 
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Figure 10. Cured vanilla beans from Madagascar, Comoros, and 
Java; whole splits and cuts. Source: Photograph courtesy of 
McCormick/Schilling Spices. 


Figure 11. Sorting of vanilla beans in Madagascar. Source: Pho- 
tograph courtesy of Benjamin H. Kaestner II, McCormick/ 
Schilling Spices. 


Table 2. Moisture and Vanillin Contents Ranges in 1988- 
1990 


Moisture, Vanillin, 
bean one-fold extract 


Vanilla bean origin (%) (Yo weight/volume) 
Madagascar, whole 13-30 0.09-0.26 
Comoros, whole 16-26 0.14-0.25 
Indonesian, whole superior 

quality 12-30 0.09-0.25 
Indonesian, whole average 

quality 10-19 0.04-0.13 
Indonesian, whole poor quality 9-11 0.04-0.06 
Mexican 17-23 0.14-0.17 
Java cuts 8-12 0.02-0.09 
Bourbon cuts 11-16 0.06-0.13 


ficial flavors. This product can be labeled “Vanilla Ice 
Cream.” Category II (21-CFR-135) vanilla ice cream can be 
flavored with up to one ounce of synthetic vanillin per unit 
(defined below) of vanilla extract. This natural and artifi- 
cial product, where the natural is the characterizing and 
predominant contributor to the flavor, must be labelled 
“Vanilla Flavored Ice Cream.” Finally, Category III (21- 
CFR-135) ice cream contains predominantly or exclusively 
an artificial vanilla flavoring which includes primarily syn- 
thetic vanillin. This product must be labelled “Artificially 
Flavored” or “Artificial Vanilla.” 

Both the ice cream standard and the vanilla standard 
nomenclatures rely heavily on the definition of a unit of 
vanilla constituent. This term is defined by the Vanilla 
Standard 21-CFR-169.3. The types of vanilla beans are 
identified as “the properly cured and dried fruit pods of 
Vanilla planifolia Andrews and of Vanilla Tahitensis 
Moore.” But the term properly cured and dried is not de- 
fined. The quantity of beans necessary to make a unit 
weight of vanilla beans is also identified. This last part has 
led to confusion in that the definition of quantity was set 
at 13.35 oz of 25% moisture vanilla beans. This is 10 oz of 
dry weight solids. If the beans contain greater than 25% 
moisture, logic states (as does the standard) that the quan- 
tity of beans in a unit be based on 10 oz of dry weight solids, 
although the wording refers again to the 25% moisture va- 
nilla beans. However, when the moisture content of the 
beans used is below 25% moisture, the standard requires 
13.35 oz regardless of the dry weight solids. No guidance 
is given concerning when the moisture content should be 
measured, when packed, when purchased, when received, 
or when used. There has been much discussion within the 
industry recently concerning the relationship between 
moisture content of the beans and the flavor of the extract. 
A positive correlation (eg, increase in moisture accompa- 
nies an increase or improvement in flavor) would be nec- 
essary to require an adjustment in the quantity and qual- 
ity of bean usage in the extraction. The intent of the 
regulation was to provide a consistent product to the con- 
sumer, and therefore, an analytically valid dry weight 
standard would be more appropriate and defendable. This 
debate will probably go on for several more years. Until 
resolution, the government is evaluating and approving 
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appropriate industrial permits as requested by vanilla ex- 
tract producers. 

Because the moisture content is so important to policing 
the standards (and will be regardless of which refinement 
prevails), the standard goes on to define how moisture 
should be analyzed—azeotropic distillation with toluene/ 
benzene. This, also, leads to a concern in that most, if not 
all, extraction companies and analytical labs no longer per- 
mit the use of benzene in their facilities. Therefore, the 
moisture analysis needs to be revised as the entire stan- 
dard is being overhauled. Currently, the Technical Com- 
mittee of the Flavor Extract Manufacturer’s Association of 
the United States (FEMA) has undertaken this task. In 
addition, alternative methods to the wet technique should 
be investigated and incorporated as appropriate. These in- 
clude near infrared (NIR), electroconductivity, nuclear 
magnetic resonance (MMR), etc. 

The remainder of the standard is involved with describ- 
ing in general terms how the extract is made and what 
other ingredients can be used. The standard also defines 
other products related to pure vanilla extract—what con- 
stitutes them and how they can be labeled: 


* Concentrated vanilla extract 

* Vanilla flavoring 

* Concentrated vanilla flavoring 
* Vanilla powder 

¢ Vanilla—vanillin extract 

* Vanilla—vanillin flavoring 

¢ Vanilla—vanillin powder 


The more significant statements in the standard, which 
should be noted, require that the finished extract have not 
less than 35% ethyl alcohol and contain no less than one 
unit of vanilla beans per gallon. 

As a federal regulation, the FDA standard is enforce- 
able by agencies of the Executive Branch. Because this 
product uses potable alcohol subject to tax controls, the 
Bureau of Alcohol, Tobacco and Firearms (BATF) has been 
in the forefront of assuring compliance to the standard. In 
addition, the Flavor Extract Manufacturing Association of 
the United States (FEMA) has a self-policing policy aimed 
at maintaining quality and integrity of vanilla extracts 
and natural vanilla flavors. 

As a result of this unique standard, the manufacture of 
vanilla extract is tightly controlled and requires a means 
for assuring compliance via analytically supported criteria. 


Manufacture 


As a result of the restrictions imposed by the Vanilla Stan- 
dard, there is a limited number of methods to produce this 
regulated product. All methods are required (1) to extract 
the total rapid and odorous principles extractable by 35% 
alcohol and (2) to use no less than a unit quantity of vanilla 
beans in a gallon of extract. Therefore, the manufacturing 
variations involve how the alcohol and vanilla beans are 
brought into contact, the temperature during the extrac- 
tion, the percent alcohol in the miscella (extracting solu- 
tion) and the length of time the vanilla beans and solvent 
are in contact. 
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‘The temperature is usually between ambient and 60°C 
and the alcohol concentration between 40% and 60% (vol/ 
vol). The extraction time can be days, weeks, or months. 
Economics inhibit the longer extraction times and encour- 
age higher temperatures and other innovations to accel- 
erate extraction of the desired vanilla constituents. The 
alcohol concentration is controlled in order to encourage 
efficient extraction of the desirable constituents, while in- 
hibiting the non-polar lipids and waxes which are soluble 
in the higher proof alcohol solvents. Some extractors prefer 
those processes which encourage rapid, indiscriminating 
conditions followed by settling tanks, filters, and/or cen- 
trifuges to remove constituents not soluble at ambient 
temperature and in the final 35% alcohol solution. 

Maceration (soaking) and percolation are the two meth- 
ods for contacting vanilla beans and solvents. Soaking in- 
volves mixing the chopped beans with the solvent and al- 
lowing these to set and extract for a given time period. The 
first extract is removed and the beans reextracted. This is 
repeated until the desired level of extraction is achieved. 
The combined solutions produce a complete and full-bodied 
extract. 

However, soaking has been replaced almost entirely by 
percolation (Fig. 12). As the name implies, percolation in- 
volves a continuous circulation of the aqueous ethanol 
through the chopped vanilla beans. Unlike coffee percola- 
tion, the heat applied, if any, is not enough to cause the 
solvent circulation. The solvent is pumped mechanically 
through the beds of vanilla beans. The temperatures can 
vary between ambient and 60°C and the drip percolation 
can be hours to days. 

The entire extraction process can be divided into four 
subroutines (1) sample preparation, (2) extraction, (3) ad- 
justment and/or concentration (where a concentrate is de- 
sired), and (4) solvent recovery. Sample preparation in- 
volves chopping or shredding the vanilla beans. The 
extraction process has also been detailed previously. Con- 
centration involves removing all or part of the extraction 
solvent, This is called folding and is usually accomplished 
by solvent distillation under vacuum. A one-fold (1X) ex- 
tract contains one unit of vanilla beans per gallon. The 
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Figure 12. Vanilla extract percolators. Source: Photograph cour- 
tesy of McCormick/Schilling Spices. 


extract removed is usually over one-fold and over 35% al- 
cohol. This permits the adjustment to the optimum flavor 
and cost for a minimum standard product as well as com- 
pliance with the standard and customer specifications. 
This also allows for the preparation of a concentrate with 
lower energy use. Some higher fold vanilla extracts can be 
made by adjusting the ratio of beans to alcohol, and by 
using counter-current extraction methods. Extracts of four 
(4X) fold or less are attainable in this manner. Higher folds 
are best made by producing an oleoresin through total sol- 
vent removal, followed by dilution to the desired 5X, 10X 
or 20X. One-fold extracts are sold retail; the concentrated 
or multifolded extracts are favored by industrial users. 

The solvent recovery step involves the recovery of resid- 
ual solvent from the exhausted or spent vanilla bean 
material. Economics and regulation demand this for two 
reasons—the most obvious being the ability to reuse the 
costly solvent for further extraction. In addition, the U.S. 
Bureau of Alcohol, Tobacco & Firearms (BATF) stipulates 
that the spent beans be free of recoverable alcohol. The 
alcohol is often recovered from the spent material through 
distillation. 

More modern methods of extraction and concentration 
have been used. These include supercritical carbon dioxide 
extraction and reverse osmosis for concentration. These 
methods produce useful products for industrial flavoring, 
but they either fail to fit the regulatory requirements for 
the standardized product, and/or are very expensive. 
These specialized products differ in solubility, flavor profile 
and appearance, but add to the list of natural vanilla fla- 
vorings available to food and beverage manufacturers. 

Finally, vanilla extract, like a fine wine, improves on 
aging! Storage in oak barrels (new or previously used for 
whiskey) is a traditional method for vanilla. Modern tech- 
nology can accelerate the process (19,20). 


FLAVOR 

Chemistry 

The chemistry and analysis of vanilla has been studied 
extensively for two main reasons; first, in order to under- 
stand what causes this popular delicate unique flavor 
which also enhances many other flavors, and secondly, to 
protect the integrity and therefore the quality of this prod- 
uct from unscrupulous manufacturers and suppliers who 
are willing to adulterate vanilla or even present a com- 
pletely synthetic imitation product as natural. A complete 
review of past endeavors is beyond the limits of this review, 
so a brief historic background and summary of the more 
current results of applications that have been developed 
from these many efforts and discoveries over the past 100 
years are presented. 


Flavor Chemistry 

Vanillin is the most abundant of the vanilla flavor constit- 
uents. However, since its discovery by Golby in 1858 (21), 
there has been much controversy as to its contribution to 
the overall flavor impact and quality of vanilla extract. 
Klimes and Lamparsky (22), who at the time utilized very 


innovative nanogram techniques, identified 169 compo- 
nents, most below 1 ppm, in vanilla beans. Other than to 
state the general importance of the trace constituents to 
the overall sensation of vanilla flavour, no specifics on in- 
dividual constituent contributions to flavor were identified. 
This has been the general trend in vanilla research: iden- 
tify the unique constituents but ignore their ultimate sen- 
sory contributions. This intentional withholding of infor- 
mation is a result of proprietary and costly research 
undertaken by various companies whose livelihood and fu- 
ture is tied in part to understanding and exploiting vanilla 
flavor. 

However, Galetto and Hoffman (23) synthesized the 
methyl and ethyl ethers of p-hydroxybenzyl alcohol and 
vanillyl alcohol found in vanilla (Compounds I, II, III & IV 
in Fig. 13). They described them as imparting “sweet, 
vanilla-like flavor notes with creamy, coconut secondary 
flavor which could contribute to the ‘character’ of vanilla.” 
Schulte-Elte and co-workers (24) stereoselectively synthe- 
sized two diastereoisomers of vitisporanes (Compound V, 
Fig. 13) which had been found to be “important aroma com- 
ponents of vanilla.” They report the odors of each to be 
“unmistakably different.” The cis-compound is fresher and 
more intense, is reminiscent of green chrysanthemum and 
has a flowery-fruity wine note. The trans has the heavy 
scent of exotic flowers with an earthy-woody undertone 
and a note of dry wines as in marc. Feyertag and Hutchins 
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(25) isolated and identified a trimethypiperidonene with 
two possible isomers (Compound VI A or B, Fig. 13) which 
they report as having a camphoraceous minty odor and a 
burning taste. 

Walbaum (26) identified the oxidative series of anisyl 
compounds—alcohol, aldehyde and acid in Tahitian vanilla 
(Compounds VII, VIII, IX in Fig. 13). Gnadinger (20) con- 
firmed that the alcohol was the major component. These 
could account for the unique floral aroma of the extract 
from Tahitian beans. Purseglove and co-workers (27) have 
done a commendable job of comparing the constituents of 
three species of vanilla as reported in the literature. They 
observed that “differences in volatile-component composi- 
tion between species are probably quantitative rather than 
qualitative. ...” 

As of 1989, we have reviewed 98 articles and patents on 
vanilla which identify about 190 constituents in vanilla. 
Riley and Kleyn (28), in 1989, report that over 250 volatile 
flavor components had been identified, but did not specify 
which. 

Despite all this research, the key constituents respon- 
sible for vanilla’s characteristic flavor remain undefined. 
The general belief in the industry is that 1 oz of synthetic 
vanillin is equivalent in flavor strength, not character, to 
one gallon of vanilla extract. However, 1 gal of pure extract 
contains approximately 7 g of vanillin, or only one-quarter 
of an ounce. Therefore, these other undefined constituents 
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Figure 13. Vanilla flavor compounds. 
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provide the remaining 75% of the flavor strength and char- 
acter (18). The vanilla standard implies agreement with 
this ratio in the definition of vanilla—vanillin extract (21- 
CFR-169.180). 


Analytical Methodology 


Methods to analyze vanilla have evolved over the years, 
guided by two forces—regulation of the vanilla standard 
and specification of the industrial user. Before adoption of 
the FDA Standard of Identity, manufacture and “enforce- 
ment” were guided by the U.S. Pharmacopoeia and expec- 
tations of the customer. The late nineteenth century and 
early twentieth saw reliance on lead numbers (Wichmann), 
vanillin content, and the determination of coloring content 
(Marsh Test) and related resins content. These analyses 
could detect the lack of vanilla bean extractives, the use of 
prune juice, caramel, wine or artificial colors and the ad- 
dition of coumarin (29-31). The lead number which by the 
1930s was used as a measure of quality was investigated 
in detail by Purcell (32). He separated the individual frac- 
tions contributing to the lead number and demonstrated a 
very small percentage of the constituents contributed to 
vanilla flavor. Broderick (31) confirmed and expanded on 
Purcell’s efforts in an attempt to establish analytically sup- 
ported quality measurements. He supported the use of the 
related color and resin analyses. However, lead number is 
still used as an analytical index, primarily as an indicator 
of geographic origin. 

With the promulgation of the vanilla standard in 1962, 
new authentication methods became available, as did more 
sophisticated adulteration techniques. The use of St. 
John’s Wort, cherry bark extracts and the addition of or- 
ganic acids to by-pass existing detection methods required 
the application of paper chromatographic techniques 
(38,34) and gas chromatography (35,36) to detect the adul- 
teration. 

Each of the new methods reduced the number of adul- 
terated products, but also challenged the “creative” man- 
ufacturers. 

Many of these techniques and others have been up- 
graded and refined and are contained in the Official Meth- 
ods of Analysis (1990), published by the Association of Of- 
ficial Analytical Chemists (AOAC), Section 36. Flavors 
(87): 


973.23 Alcohol in Flavors-Gas Chromatographic 
Method 


920.127 Specific Gravity of Vanilla Extract-Pycnometer 
Method 

920.128 Alcohol in Vanilla Extract 

920.129 Glycerol in Vanilla Extract 

947.09 Propylene Glycol in Vanilla Extract 

946.10 Vanillin in Vanilla Extract—Ultraviolet Screen- 
ing Method 

966.12 Vanillin in Vanilla Extract—Ultraviolet Spectro- 
photometric Method 

966.13 Vanillin in Ethyl Vanillin in Vanilla Extract— 
Paper Chromatographic Method 


920.130 Coumarin in Vanilla Extract—Photometric 
Method 

955.31 Vanillin, Ethyl Vanillin, and Coumarin in Va- 
nilla Extract—Chromatographic Separation Method 
968.15 Lead Number (Wichmann) of Vanilla Extract— 
Titrimetric Method 

920.01 Solids (Total) in Vanilla Extract 

920.131 Ash of Vanilla Extract 

926.09 Vanilla Resins in Vanilla Extract—Quantitative 
Method 

960.36 Vanilla Resins in Vanilla Extract—Paper Chro- 
matographic Qualitative Test 

920.132 Methanol in Vanilla Extract—Titrimetric 
Method 

920.133 Color (Insoluble in Amy] Alcohol) in Vanilla Ex- 
tract—Colorimetric Method 

960.37 Plant Material (Foreign) in Vanilla Extract— 
Paper Chromatographic Method 


Table 3, Vanillin Carbon SIRA 


Vanillin source 
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Madagascar 20.4 
Java ~18.7 
Mexico 20.3 
Tahiti ~16.8 
Lignin -27.0 
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Figure 14. Biosynthesis of vanillin. 
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964.11 Flavoring Additives in Vanilla Extract—Thin 
Layer Chromatographic Method 

963.16 Organic Acids in Vanilla Extract—Paper Chro- 
matographic Sorting Method 

969.22 Organic Acids in Vanilla Extract—Derivative 
Gas Chromatographic Method 

971.12 Nonvanillin Vanilla Volatiles in Vanilla 
Extract—Direct Gas Chromatographic Method 


These methods, and the technique for moisture anal- 
yses elaborated in the standard of identity can be used for 
quality control of manufacturing and customer specifica- 
tion. They are also useful for identifying gross, but not the 
newer more sophisticated adulterations, of vanilla prod- 
ucts. 

High pressure liquid chromatography was used to au- 
thenticate vanilla product by several workers. Herrmann 
and Stocki (38) utilized a reverse-phase gradient system 
and reported the quantitation of 4-hydroxybenzyl alcohol, 
vanillyl alcohol, 4-hydroxybenzoic acid, 4-hydroxybenzal- 
dehyde, and vanillin. 

Guarino and Brown (39) developed an HPLC method 
which separated p-hydroxybenzoic acid, p-hydroxybenzal- 
dehyde, vanillic acid, vanillin and ethyl vanillin. The 
method was evaluated by six industrial laboratories and 
the authors recommended a collaboration of this method 
as an alternative method for the quantitation of vanillin 
in extracts. 

Archer (40) developed an HPLC procedure with phen- 
oxyacetic acid as an internal standard. He quantitated p- 
hydroxybenzoic acid, vanillic acid, p-hydroxybenzaldehyde 
and vanillin in a series of oleoresins, vanilla extracts and 
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Vanillin 


Figure 15. Vanilla aroma and flavor sensory profiles. 
Products evaluated at 0.5% in water. Intensity of flavor 
and aroma characteristics (eg, resinous, pruney) in- 
creases with distance from center point. 


vanilla essences. From this data, he suggested a range of 
ratios for authentic essences. 

In 1975, Martin and co-workers (41) proposed the use 
of identification ratios for determining authentic products. 
He demonstrated that from the analyses of vanillin, po- 
tassium, inorganic phosphates, and nitrogen and the in- 
terrelationship of their ratios, the BATF could not only de- 
termine adulteration, but also the strength of an extract 
(units of vanilla beans per gallon). Martin and co-workers 
(42) elaborated further on this by including the analyses 
of the amino acids: alanine, valine, glycine, isoleucine, leu- 
cine, proline, threonine, serine, methionine, hydroxypro- 
line, phenylalanine, aspartic acid, glutamic acid, tyrosine, 
lysine, histidine, arginine and tryptophan. 

Martin’s analyses for the 1975 vanilla crop found the 
lead number for Madagascar, Mexican and Comoros ex- 
tracts to be approximately 1.0, whereas Java extracts were 
around 1.5 and Tahitian about 0.8. 

Bricout (43), and later, Hoffman and Salb (44) investi- 
gated the high resolution mass spectrophotometric method 
based on the analyses of the stable isotopes of carbon (C-12 
and C-13). Vanillin from vanilla bean origin as a result of 
the biosynthesis, has a greater C-13 concentration, and 
therefore, less negative C-13/C-12 ratio than vanillin from 
synthetic sources—eugenol/clove oil, guaiacol or lignin 
(Table 3, Fig. 14). However, this was circumvented through 
the use of synthetic vanillin doped with C-13 labeled ma- 
terial. In an attempt to stay at least even with the fraud- 
ulent vendors, additional techniques were developed to de- 
tect each carbon position which could be labelled (45-47). 
In addition, several workers, including a group at the Uni- 
versity of Georgia (CAIS) funded by FEMA, are looking at 
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Figure 16. Vanilla aroma and flavor profiles for Bourbon and Indonesian pure vanilla extracts; 
tested at 1.0% in room temp. spring water, Apr. 25, 1990. 


Table 4. Flavor Characteristics of Pure Vanilla Extract 


Bourbon Java Tahitian 
Flavor character beans beans beans 
Vanillin Slight Very slight Slight 
Resinous/leathery Slight-moderate Moderate Very slight 
Woody Slight Moderate Very slight 
Pruney Slight Very slight Very slight 
Fruity Very slight None Moderate 
Chocolate Very slight Very slight None 


Smokey-tobaceo None Moderate None 
Bourbon-rummy — Moderate Very slight Slight 
Sweet-fioral Very slight None Moderate 


Note: These descriptions reflect the norm. Flavor quality does very between 
lots, years, and manufacturers, depending upon a variety of factors (see 
text). 


other isotopic techniques—C-14 (radiocarbon), D/H and 
0-16/0-18, each merely a stop gap; none absolute (48). 

A battery of tests is possibly the only solution to elimi- 
nating most of the fraud. Martin and co-workers (49) dem- 
onstrated this technique when they coupled their vanillin/ 
potassium ratios with the stable carbon isotopic method. 
Fayet and co-workers (50), coupled stable isotope ratio 
analyses of both vanillin and p-hydroxybenzaldehyde and 


HPLC analyses of vanillin, p-hydroxybenzaldehyde, p- 
hydroxybenzoic and vanillic acids. 

Toulemonde (51) investigated the application of high 
resolution deuterium NMR for the detection of adulterated 
vanilla products and postulated that the aldehydic deute- 
rium should be investigated further. Maubert and co- 
workers (52) in France developed site-specific isotopic 
fractionation-nuclear magnetic resonance or SNIF-NMR. 
This technique uses multivariant analysis of the deute- 
rium concentration of each site on the vanillin molecule in 
order to differentiate synthetic and natural materials. 


Sensory 


If beauty is in the eye of the beholder, then flavor quality 
is in the mouth of the consumer! The flavor of vanilla ex- 
tracts does vary considerably, depending primarily upon 
country of origin, but also upon crop-year, curing tech- 
niques used, storage conditions, extraction method and age 
of the vanilla extract itself. It is difficult to state what is 
the best quality vanilla, as taste is largely a matter of per- 
sonal opinion. Most experts generally consider the flavor 
of a high vanillin (=0.20%), high moisture (=20%) bourbon 
bean to deliver the best quality extract. The lower the va- 
nillin content, the lower the flavor quality of the bean will 
be, not just because of the vanillin itself, but also due to 
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Figure 17. Vanilla aroma and flavor profiles for Bourbon and Tahitian pure vanilla extracts; tested 
at 1.0% in room temp. spring water, May 23, 1990, 


the other flavor notes which develop along with vanillin 
during curing. These flavor notes include characteristic 
woody, pruney, resinous, leathery, floral and fruity aro- 
matics. These flavor characteristics do not develop and/or 
are lost, in over-dried (low moisture) beans. 

With undue emphasis, vanillin content is generally 
used as the prime indicator of flavor quality of beans and 
extracts. As a result, this focus on vanillin content has dis- 
tracted many in the vanilla business from due considera- 
tion of the remaining aromatics. Collectively, these other 
flavor notes such as pruney, woody, floral, fruity and 
rummy are even more important than vanillin character 
alone. This point is illustrated quite clearly in Mexican va- 
nilla bean extract which is traditionally quite low in va- 
nillin yet superior in flavor quality. On the other hand, 
most imitation vanilla extracts are very high in vanillin 
content, but lacking in the remaining full-bodied character 
notes (Fig. 15). Vanillin alone is probably responsible for 
no more than 25% of the character of quality vanilla ex- 
tract (18). 

Over the past 30 years, the best quality vanilla beans 
have come most consistently from the islands of Madagas- 
car, Comoros and Reunion (“Bourbon” beans). The quality 
of beans from the Indonesian islands has been generally 
low, but that of some lots has improved significantly over 


the past 2-3 years. The quality of Java beans has typically 
been low for several reasons: (1) the beans are picked too 
green for optimal formation of glucovanillin, beta- 
glucosidase and other flavor precursors, and/or (2) the 
beans pick up a typical smokey-tobacco flavor during cur- 
ing, and/or (3) the beans are shipped without the condi- 
tioning phase. The quality of beans from certain growers/ 
processors in Indonesia is improving due to the 
implementation of parts of the quick cure (McCormick) 
process (Table 1), allowing beans to ripen on the vine and 
to improved handling in general. However, the majority of 
beans coming from Indonesia today are still lower in va- 
nillin content and exhibit an undesirable smokey flavor 
(Fig. 16). 

Tahitian vanilla has a very different flavor profile in 
comparison to vanilla planifolia (Table 4). It is very floral, 
fruity/cherry and perfumey, and less resinous/leathery 
than vanilla planifolia. Tahitian vanilla extract is not eas- 
ily found in the United States because production volumes 
of the beans are relatively small and the flavor is not sub- 
stitutable for vanilla planifolia (Fig. 17). Mexican vanilla 
beans are also rarely used in the United States due to high 
price and low production volumes. They produce a rela- 
tively good quality woody/resinous flavored extract (Fig. 
18) although lower than Bourbon in vanillin content (0.14— 
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Figure 18. Vanilla aroma and flavor for Bourbon and Mexican pure vanilla extracts; tested at 


1.0% in room temp. spring water, June 20, 1990. 


0.17). These fine quality Mexican extracts should not be 
confused with the inexpensive, often coumarin-containing 
imitation “extracts” from Mexico which are popular with 
US. tourists. 

Descriptive flavor profiles (Figs. 16-18) illustrate the 
differences in flavor notes and flavor balance between va- 
nilla extract samples made from beans of different origin. 

The flavor of vanilla extracts improves with aging. A 
minimum of 60 days aging ofa finished extract is advisable 
to develop the resinous, bourbon character fully. The ex- 
tract continues to improve over a several year period until 
it more resembles a delightful liquor than vanilla extract. 
Although aging improves a good vanilla extract, it does not 
compensate for poor starting material (poor beans). Like- 
wise, aging of good beans improves their quality, but aging 
does not compensate for or improve poor quality beans. 


THE VANILLA MARKET 


The bulk of global vanilla trade is in the form of whole or 
cut cured beans. Further processing into vanilla extract is 
generally done in the consuming countries. The bean itself 
is used in Europe to flavor home recipes while in North 


America the pure extract of vanilla is widely used by retail 
customers. In Japan, vanilla remains virtually undiscov- 
ered. Imitation and artificial vanilla flavors (vanillin- 
based) are heavily used in the North American and Euro- 
pean industrial markets. 

Madagascar normally produces at least 70% of the 
world supply of cured vanilla beans (53). The United States 
is the largest consumer of vanilla bean exports, importing 
more than 50% of total worldwide production, followed by 
France at 15-20% and West Germany at 10-15% (53). 
Over the past decade, the proportion of vanilla beans used 
by the United States that are from Madagascar has 
dropped consistently from 60-70% of vanilla bean imports 
to 38% in 1989, while imports of Indonesian beans have 
increased from less than 20% to almost 50% in 1989. Less 
than 10% of United States beans comes from the Comoros 
and Reunion islands and negligible amounts from other 
sources (Table 5). 

Historically, wide fluctuations in supply and thus, price, 
have characterized the vanilla bean market. Over the past 
30 years, U.S. bean prices have ranged from $2/lb up to 
$90/lb (2,54). Traditionally, the Tahitian beans are the 
most expensive; the Java beans the least expensive in 
price, 1990-1991 U.S. bulk prices for cured beans were (2): 
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Table 5. Vanilla Import Figures (metric tons) 
Country of origin 19807 1981° 1982 1983 19845 1985° 1986" 1987" 1988° 1989° 1990° 
Madagascar 205 438 580 651 603 462 672 820 578 421 398 
Indonesia 90 123 103 240 192184 306 443 433 526 482 
Comoros and Reunion 31 64 99 59 34 87 49 97 185 107 59 
Malaysia 56 12 
France 7 4 23 2 
Mexico 2.78 1.58 ll 10 16 16 
Other Pacific Islands (Tonga) 6.72 14 10 7.68 28 26 
French Pacific Islands 1,04 2.28 4.48 2.59 8.67 3.8 
French Indian Ocean Areas 0.75 1.22 5.0 
Costa Rica 0.16 
‘Argentina 2.02 
Pacific Islands including Caroline 0.05 
Belgium 2.0 
New Caledonia 0.51 0.34 
Total 343 640 884 977 841 743 1048 1387 1219 1107 975 
“Data from the General Agreement on Tariffs & Trade (GATT), Spices, A Survey of the World Market, 1982. 
*Data from the General Agreement on Tariffs & Trade (GATT), Spices, A Survey of the World Market, 1986. 
Data from the U.S. Department of Commerce, Bureau of Trade Statistics, 1987-1989. 

Java $8/lb-24/lb (depending upon flavor quality) In order to stabilize vanilla prices, the Vanilla Alliance was 

Tonga $28.00-30.00/Ib formed with Madagascar, the Comoros and Reunion (Bour- 


Comoros 35.50/b 


bon Islands) as members. This organization regulates 
prices and inventories of Bourbon beans. The pricing of 


Madagascar $37.50/lb Bourbon vanilla is set by the producing countries with lit- 
Tahitian $55.00/b tle or no negotiation possible. In Indonesia and other pro- 


Table 6. Vanilla Extract Usage 


% of supply used in 
Market/application Usage level* this application 
Food service 5 
Retail 20 
Industrial 75 
Ice cream 1 02/10 gal mix (10 x) 30 
2.5-3.0 oz/10 gal mix (5x) 
8-12 07/10 gal mix (1x) 
102/10 gal mix (1x) 
Soft beverages an 
Cola 0.05% (1x) 
Cream soda 0.1% (1x) 
Alcoholic beverages 0.25% (1x) 11 
Vogurt 1 02/10 gal mix (10x) 10 
2.5-3.0 02/10 gal mix (5 x) 
14 02/10 gal mix (1x) 
1 02/10 gal mix (1x) 
Others 7 
Cakes 0.15-0.2% (5x) 
1.0% (1x) 
Candy, cream 0.5% (1x) 
Cookies 0.5% (1x) 
Cream sauces 0.1% (1x) 
Frosting 0.1% (10x) 
0.5% (1x) 
Pudding 1.0% (1x) 
0.5% (1x) 
Cereal 0.25% (10x) 
2.0% (1x) 
Tobacco products 0.04% (1x) 


Source: McCormick & Co., Inc. Industrial Marketing Estimates, 1988. 
10x = 10 fold concentration, 5x = 5 fold concentration, ete. 
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ducing countries, vanilla trade is still conducted through 
traditional spice trading channels (shippers, brokers, deal- 
ers, merchants). 

Roughly 75% of the 3.2 million gallons of U.S. vanilla 
extract is distributed through industrial channels, 20% 
through retail and 5% through Food Service (Table 6). In- 
dustrially, pure vanilla extract’s primary use is in dairy 
desserts, particularly ice cream (40%). Soft beverages ac- 
count for 23% of the industrial market and alcoholic bev- 
erages for 15%. The retail consumer of vanilla extract uses 
it primarily for baking of cookies and cakes. 

Ice cream and ice cream novelties are clearly the largest 
category of vanilla extract usage in the United States. 
Category I and II ice creams rely in total or in part on pure 
vanilla extract from a legal as well as a marketing stand- 
point (see Regulatory section). About one-third of all ice 
cream is vanilla flavored. Additionally, vanilla is found as 
an ingredient in other flavors such as chocolate, straw- 
berry, fudge-swirl, butter pecan, etc. 

The soft beverage industry uses vanilla extract in cola, 
cream, pepper-type, root beer and other sodas. 

Natural flavors such as vanilla extract are required by 
BATF regulations for spirits and specialty liquors. Vanilla 
can be used to round-out harsh flavor profiles in whiskey 
products. The alcoholic beverage industry generally uses 
the more concentrated forms of vanilla extract; 3-fold, 5- 
fold and 10-fold. 

Cereals, bakery products, confectionery and tobacco 
products also use vanilla extract, although they use more 
artificials or imitations than natural. The yogurt industry, 
which is rapidly growing, is another major user of vanilla. 

Table 6 summarizes major markets and usages for pure 
vanilla extract in 1988-1989. Vanilla has many other non- 
traditional uses, such as its use as a paint additive to im- 
prove the aroma of a freshly painted room and for grafting 
an orphaned lamb to an ewe by dabbing the ewe’s nose and 
the lamb’s rump with vanilla! 
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VEGETABLE DEHYDRATION 


Dehydration involves the removal of the water normally 
present in the tissues by evaporation. Vegetable dehydra- 
tion has one or both of the following purposes: (1) to pre- 
serve the perishable raw commodity against deterioration, 
and (2) to reduce the cost of packaging, handling, storing, 
and transporting the material by converting it to a dry 
solid, thus reducing its weight and also, usually but not 
necessarily, its volume. 

Essential to the dehydration process is the application 
of heat to vaporize water, and some means of removing 
water vapor after its separation from the plant tissue. The 
removal of water involves mass transfer, and the applica- 
tion of heat in some manner also involves heat transfer. 
Three basic methods of heat transfer are used in dryers in 
varying degrees of prominence and combinations. These 
are convection, conduction, and radiation. Dehydration 
terms are described in the article FRUIT DEHYDRATION. 

Dehydrated vegetables are an important and steadily 
growing portion of the food industry. Vegetables commonly 
dehydrated include potatoes, beets, cabbage, carrots, pars- 
ley, chili peppers, horseradish, onion, garlic, bell peppers, 
green beans, turnips, parsnips, sweet corn, mushrooms 
and celery. 

The U.S. vegetable-dehydration industry may be di- 
vided into four groups: 


1. Onions and garlic, almost exclusively in California 

2. Potatoes, primarily in Idaho and also in Washington, 
Oregon, and a few other states 

8. All other vegetable products, almost exclusively in 
California 
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VEGETABLE DEHYDRATION 


Dehydration involves the removal of the water normally 
present in the tissues by evaporation. Vegetable dehydra- 
tion has one or both of the following purposes: (1) to pre- 
serve the perishable raw commodity against deterioration, 
and (2) to reduce the cost of packaging, handling, storing, 
and transporting the material by converting it to a dry 
solid, thus reducing its weight and also, usually but not 
necessarily, its volume. 

Essential to the dehydration process is the application 
of heat to vaporize water, and some means of removing 
water vapor after its separation from the plant tissue. The 
removal of water involves mass transfer, and the applica- 
tion of heat in some manner also involves heat transfer. 
Three basic methods of heat transfer are used in dryers in 
varying degrees of prominence and combinations. These 
are convection, conduction, and radiation. Dehydration 
terms are described in the article FRUIT DEHYDRATION. 

Dehydrated vegetables are an important and steadily 
growing portion of the food industry. Vegetables commonly 
dehydrated include potatoes, beets, cabbage, carrots, pars- 
ley, chili peppers, horseradish, onion, garlic, bell peppers, 
green beans, turnips, parsnips, sweet corn, mushrooms 
and celery. 

The U.S. vegetable-dehydration industry may be di- 
vided into four groups: 


1. Onions and garlic, almost exclusively in California 

2. Potatoes, primarily in Idaho and also in Washington, 
Oregon, and a few other states 

8. All other vegetable products, almost exclusively in 
California 


2400 VEGETABLE DEHYDRATION 


4, Freeze-drying of certain high-value crops. mainly in 
California and Oregon 


Dehydrated vegetables are used in dry soup mixes, 
canned soups and sauces, frozen entrées, processed meats, 
baby foods, dairy products, snack foods, and seasoning 
blends. 


PREDRYING TREATMENTS 


Almost all vegetable crops are dehydrated fresh from the 
field, although some items such as green beans may be 
dehydrated from the frozen state. Harvesting, washing, 
sorting, grading, peeling, and cutting operations are essen- 
tially identical to those described for canned or frozen 
foods, and the raw material is handled by a similar 
method. 

Some exceptions to standard operating conditions are 
that most vegetables are blanched before drying; beets are 
not peeled—all dehydrated beets are sold as dried ground 
powder; and parsley is dried in a specially designed hot- 
air tower for a short time to discharge to a more conven- 
tional dryer for final moisture equalization. 


Enzyme Inactivation 


Vegetables contain catalase, peroxidase, polyphenoloxi- 
dase (PPO) and many other enzymes. At the time of cutting 
and peeling, enzymatic reactions are accelerated and dis- 
coloration will often occur. Enzymes can be inactivated by 
heating or acidification to low pH values. Inactivation by 
heat treatment (blanching) is usually done by immersing 
the vegetables in hot water at 95 to 100°C for a few min- 
utes, or exposing it to steam. Vegetables have also been 
successfully blanched by hot air, infrared, or microwave 
radiation. In addition to enzyme inactivation, blanching 
serves to remove the gases between the tissues, soften tis- 
sues, decrease the amount of microorganisms, and cleanse 
the vegetables. 

Commercially continuous blanchers are favored over 
the batch type, which involve a 2- to 10-min exposure to 
live steam. A conveyor or an exhausting box is suitable for 
the continuous blanching process. The effectiveness of 
blanching is controlled by measuring the activity of cata- 
lase in cabbage and PPO in other vegetables, and a 
guaiacol test is used as an index for the activity of perox- 
idase. If fresh vegetables are not properly blanched, en- 
zymatic deterioration of the dehydrated products may take 
place during processing or storage or after reconstitution. 
Flavor changes resulting from lipid oxidation may take 
place during storage. Browning reactions may occur if the 
dried product is stored at temperatures higher than 200°C 
and when the moisture content is higher than 5%. 


Sulfuring 


Vegetables undergo browning due to enzymatic or nonen- 
zymatic reactions that occur during pracessing and stor- 
age. Until recently the addition of sodium sulfite or meta- 
bisulfite to cut vegetables before dehydration has been a 
standard practice to control both enzymatic and nonenzy- 


matic browning. Sulfites act as a PPO enzyme inhibitor 
and also react with intermediates to prevent pigment for- 
mation. Also, sulfiting agents control the growth of micro- 
organisms, act as bleaching agents, and provide other tech- 
nical functions. Sodium sulfite, sodium bisulfite, sodium 
metabisulfite, potassium bisulfite, and potassium metabi- 
sulfite salts are generally recognized as safe (GRAS) com- 
pounds for use in foods by the FDA. For small-scale opera- 
tions, blanched vegetables may be dipped for a specified 
time in a sulfite salt solution. Spraying, however, is the 
most practical method. Cabbage, potatoes, and carrots are 
routinely sulfite treated before dehydration. The highest 
sulfite levels are required for cabbage, between 750 and 
1500 ppm. Limits of 200 to 500 ppm are imposed on po- 
tatoes and carrots. Soaking in 500 to 1000 ppm sodium 
bisulfate solution for 5 to 10 min before slicing retained 
good color of mushrooms. The residual sulfur dioxide after 
such treatment was less than 10 ppm in the dry mush- 
rooms. 

Sulfites have been associated with allergylike reactions 
in some asthmatics, prompting limit of their use. Because 
of these reactions, and the legal requirement to declare on 
the label of packaged food that the product has been 
treated with sulfites, food processors are seeking alterna- 
tive methods for producing high-quality dehydrated vege- 
tables. However, sulfites are multifunctional agents. The 
search for alternatives has yielded compounds that are ef- 
fective substitutes for only one or two of the functionalities 
obtained with sulfites. Perhaps the best alternative to sul- 
fiting agents is the use of ascorbic acid or erythorbic acid 
as a browning inhibitor. Blends of citric/ascorbic or citric/ 
erythorbic acids are also effective and somewhat less ex- 
pensive. These compounds can be applied to prepared 
vegetables by immersion in a water solution containing 1% 
citric and 0.5 to 1% ascorbic or erythorbic acid for 30 to 60 
s. The penetration of these browning inhibitors may be en- 
hanced by vacuum infiltration of treatment solutions, 
which also removes air from within the product’s void 
spaces. 


DRYING METHODS 


Selection of a drying method for a given food product is 
determined by quality requirements, raw material char- 
acteristics, and economic factors. In general, dryers are 
suitable for either batch or continuous operation. Batch- 
operated equipment usually is related to small production 
runs or to operations requiring great flexibility. 

As most vegetables are dehydrated to under 5% (low 
moisture) level, sun drying with vegetables has only lim- 
ited application, except for a small quantity of home-dried 
mushrooms and limited use of solar dryers for carrots, cel- 
ery, and the like. Most dehydrated vegetables are pro- 
cessed by the forced air—drying method. A disadvantage of 
air-dried vegetables is their low rate of rehydration. The 
process of rehydration after drying is not a simple reversal 
of the drying mechanism. Some of the changes produced 
by drying are irreversible; also, the swelling of outside lay- 
ers as water is reabsorbed puts severe stress on the soft- 
ened outside layers. Irreversible changes of the colloidal 


components of vegetable tissue occur if the material is held 
for a period of time at high temperature, even if the ex- 
posure is insufficient to produce scorching. However, de- 
pending on the particular use of dehydrated vegetables, 
slow rehydration may not be of critical importance. Large 
quantities of carrots, onions, garlic, potatoes, and other 
vegetables are forced air-dried. For rapid rehydration and 
for highly heat-sensitive vegetables (chives, mushrooms, 
etc), the freeze-drying process may be justified. 

For liquid, purees, or the flowable suspension form of 
vegetable material, spray drying is the most important de- 
hydration method. Among vegetable substances, concen- 
trated tomato puree is commercially spray-dried. Drum 
drying, a high-temperature, short-time method, is an in- 
expensive way to dry pureed foods. Drum drying is suc- 
cessfully used for drying mashed potatoes and tomato con- 
centrates. 

The common kinds of vegetable-drying equipment are 
cabinet, tunnel, continuous conveyor belt, pneumatic, belt 
trough, fluidized bed, bin, drum, spray, and freeze dryers. 


Cabinet Drying 


Acabinet dryer is essentially a small batch tray dryer. The 
trays are made of stainless angle iron and stainless net or 
apertured plate with a height of about 5 cm. The dryer 
usually loads more than 10 trays vertically. The heat 
source usually is a steam coil or electrical coil through 
which the air from a fan passes across the trays loaded 
with the raw vegetables. Cabinet dryers are usually held 
at a constant temperature, though humidity may decrease 
during the process of drying. Airflow may be across or 
through the trays with or without recirculation. Cabinet 
dryers are flexible as to type and size of operation, al- 
though production may be lower and labor requirements 
greater than for a tunnel dehydrator. 


Tunnel Drying 


A tunnel dryer is basically a group of truck-and-tray dryers 
operated in a programmed series so as to be semicontinu- 
ous. Truckloads of freshly prepared material are moved at 
intervals into one end of the long, closely fit enclosure; the 
string of trucks is periodically advanced a step; and the 
dried truckloads are removed at the other end of the tun- 
nel. The hot drying air is supplied to the tunnel in any of 
several ways: counterflow, concurrent or parallel flow, cen- 
ter exhaust, multistage, and compartment arrangements. 


Continuous Conveyor Drying 


The continuous conveyor dryer consists of an endless belt 
that carries the material to be dried through a tunnel of 
warm circulating air. The speed of the conveyor is variable 
to suit both the product and the heat conditions. Most dry- 
ers have several sections, allowing different flow rates, hu- 
midities, and temperatures to be set to each section and 
the rotation of the product when it moves from one section 
belt to the next. This drying method has the advantage of 
essentially automatic operation, which minimizes labor re- 
quirements. 

These dryers are being used extensively in vegetable 
dehydration plants for such crops as beets, carrots, onions, 
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garlic, and potato pieces. The conveyor dryer is best 
adapted to the large-scale drying of a single commodity for 
the whole operating season; it is not well suited to opera- 
tions in which the raw material or drying conditions are 
changed frequently. 


Pneumatic Drying 


The method of drying finely divided solids while they are 
being conveyed in a hot airstream has been used for the 
first stage or rough drying of granulated cooked potatoes 
in the manufacture of potato granules. The partial drying 
desired takes place in a few seconds for finely granulated 
wet potato, whose initial moisture content generally has 
been reduced to around 35 to 40% by an admixture of fresh 
mash with recycled dry product. Most of the material is 
finer than 60 mesh, but a small portion may be 20 mesh 
or coarser. The moist granulated material is usually 
sucked into the conveying pipeline at a low-pressure 
throat. Air velocity in the pipeline is just enough to over- 
come the free-fall velocity of the coarser particles to keep 
them suspended while avoiding unnecessary abrasion 
damage to the delicate potato cells. The pipe is sufficiently 
long to give the necessary retention time at that air 
velocity. 

The operating section is generally terminated by a di- 
verting section that helps to separate the light, completely 
dry particles from the heavier, still somewhat moist ones 
and gives the latter more time in the hot air. The conveying 
riser ends with a cyclone collector where the granular solid 
is separated from the outgoing airstream. 


Belt-Trough Drying 


Belt-through drying is a type of continuous trough-flow 
drying that can be used for a wide range of vegetables that 
have a firm texture in piece form. It consists of a wire-mesh 
belt running on sprockets mounted on three driveshafts. 
During part of its path of travel, the belt forms a trough 
whose bottom rests on an inclined, fiat-surfaced air gate. 
The material to be dried is continuously cascaded in this 
trough while a current of hot air blows up through the 
grade and bed of material. High operating temperatures 
result in high drying rates without causing appreciable 
heat damage to vegetable pieces because the constant ag- 
itation keeps any individual piece from being exposed to 
the very hot dry air for more than a moment. Then each 
piece is surrounded by air at much lower temperatures for 
a longer time before again moving into the zone of intense 
drying. 


Fluidized-Bed Drying 


In fluidized-bed drying, heated air is blown up through the 
food particles with just enough force to suspend the par- 
ticles in a gentle motion. Semidry particles such as potato 
granules gradually migrate through the apparatus until 
they are discharged dry. Heated air is introduced through 
a porous plate that supports the bed of granules. The moist 
air is exhausted at the top. This process is continuous, and 
the depth of the bed and other means can regulate the 
amount of time that the particles remain in the dryer. This 
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type of drying can be used to dehydrate peas and other 
vegetable particles also. 


Bin Drying 

The bin drying method is widely used as a finishing step 
in the dehydration of piece-form vegetables when they con- 
stitute a deep bed of granular, nonsticky material. Bin dry- 
ers are used to complete the drying operation after most of 
the moisture has been removed by other drying tech- 
niques. Typically, they reduce the moisture content of a 
partially dried, 10 to 15% moisture cut vegetable to 3 to 
6% or even lower in the case of onion slices and possibly 
cabbage shreds. 

A characteristic unit consists of a metal or wooden box 
equipped with an air inlet at the bottom and a wire mesh 
deck or false bottom with an air supply duct below it, ar- 
ranged so that warm dry air can be passed through the 
nearly dry product piled on the deck. 


Drum Drying 


Drum dryers are designed to handle solutions, vegetable 
purees, and pastes. Drum drying processes are used suc- 
cessfully in the production of powdered tomato, pea and 
bean soups, potato flour, tomato juice flakes, mashed po- 
tato flakes, and sweet potato flakes. 

A drum dryer consists of one or two hollow drums, 
which are fitted so that a heating medium, usually steam, 
or a heat-transfer liquid can be circulated through them. 
The drums are mounted to rotate about the symmetrical 
axis and are customarily driven with a variable-speed 
mechanism. A feeding device applies a thin, uniform layer 
of the material to be dried on the hot drum surface. A knife 
is fitted to the drum at an appropriate location. The ma- 
terial is dried as the heated drum rotates toward the blade, 
which scrapes the thin layer of dry material from the drum 
surface. 


Spray Drying 

In spray drying, the fluid to be dried is dispersed into a 
stream of heated air. The dry particles are separated from 
the air and collected, and the moist, cold air is exhausted. 
The process is used to dehydrate vegetable juices. Mate- 
rials that are easily damaged by heat or oxidation can be 
handled in a properly designed and operated spray dryer. 


Freeze Drying 


Freeze dehydration consists of freezing the product and 
then evaporating the water in the form of ice (by subli- 
mation) directly into the vapor phase without liquid in- 
terim. Water vapor is removed from the frozen food, which 
is achieved by reducing the pressure in a sealed drying 
chamber by a vacuum pump to 50 to 1000 mm mercury. 
This pressure holds the vegetables below their eutectic 
temperature, facilitates rapid evaporation of water mole- 
cules from the frozen state, and condenses the vapor either 
within the chamber or in a separate chamber. Heat energy 
applied to the frozen product causes the water molecules 
to break loose and migrate to the block of ice on the con- 
denser, where their energy is removed by cooling. Heat 


may be applied to the frozen product by conduction or ra- 
diation, or both. 

Freeze dehydration produces one of the highest-quality 
food products obtainable by any drying method. The po- 
rous, nonshrunken structure of the freeze-dried vegetable 
facilitates rapid and nearly complete rehydration when 
water is added. The low processing temperatures and the 
rapid transition minimizes the extent of various degrada- 
tive reactions associated with other drying methods and 
also help reduce the loss of volatile flavor compounds. How- 
ever, freeze drying is an expensive way to evaporate water, 
and in addition freeze-dried vegetables must be protected 
from deterioration by adequate packaging. 


PACKAGING AND STORAGE OF DEHYDRATED 
VEGETABLES, 


Oxygen concentration, moisture content, temperature, ex- 
posure to light, and the length of storage all affect deteri- 
oration of dehydrated vegetables. The relative importance 
of these parameters vary from commodity to commodity. 
For instance, carrots and other high-carotene-containing 
tissues have been found to be very sensitive to the presence 
of oxygen. 

Because freeze-dried foods differ significantly in physi- 
cal and chemical properties from food dried by conven- 
tional methods, they must be stored differently than other 
dehydrated products. Moisture absorption and changes in 
quality due to oxidation are the most important problems 
encountered in the storage of freeze-dried vegetables. 


Packaging Materials 


Cartons, cans, glass containers, and pouches can be used 
to package dehydrated vegetables. At the time of packag- 
ing, dried vegetables should not be above 4% moisture, and 
in some cases a maximum of 3% is preferable. Most dried 
vegetables are packed in paper cartons lined with some 
moisture-proof material, preferably in high-density poly- 
ethylene bags that are heat sealed and placed in the car- 
tons. 

To destroy insects, dehydrated vegetables may be fu- 
migated with methyl bromide as they come off the drying 
trays, while they are still hot and before insects have had 
the opportunity to lay eggs on them. Two serious objections 
to the use of cartons for packing dehydrated vegetables are 
their susceptibility to later insect infestation and to pen- 
etration of moisture. 

The ideal container for dehydrated vegetables is the 
key-top can such as is used for canned meats and for coffee. 
If the cans are reinforced to prevent collapse under 
vacuum, or if the cans are tightly filled so that the dried 
product will support the walls, the filled cans may be 
sealed under high vacuum. The vacuum protects against 
oxidative changes and will prevent insect infestation. 
Friction-top cans of the type used for paint are usually in- 
sectproof and reasonably moistureproof. They have been 
used very successfully for dried vegetables. Powdered 
vegetables should be packed only in airtight tin or glass 
containers to prevent not only insect infestation but also 
the absorption of moisture and subsequent caking. 


Dehydrated vegetables can also be packed in 5-gal cans 
of rectangular shape. Glass jars are moisture- and insect- 
proof. Some can be sealed under vacuum, and they are 
preferable to other types for dehydrated foods. One great 
advantage of glass is the visibility of the products; another 
is the resealability of most glass jars. However, the greater 
weight and fragility of these containers are disadvantages. 
Plastic pouches, laminated pouches, and aluminum-film 
combination pouches may be used for packaging dehy- 
drated vegetables. 

Freeze- or vacuum-dried foods must be kept in airtight 
containers made from a material that is impermeable to 
oxygen and light. Transparent packaging materials are 
usually unsuitable for this purpose. Because freeze-dried 
products are fragile, the packaging materials should pro- 
tect them from mechanical damage. 


In-Package Desiccants, Anticaking Agents, and Compression 


Use of in-package desiccants to bring moisture content to 
2% or lower should permit storage of dehydrated vegeta- 
bles for an extended time. Addition of fumed silica at a 
concentration of 1 to 2% or calcium stearate at 0.1 to 0.2% 
is recommended in powdered vegetables to prevent ag- 
glomerating or caking of spray-dried tomato powder. 

Dried vegetables may be compressed into dense bricks 
or cylinders, These can be wrapped in any suitable manner, 
for example, in paper with an outer aluminum foil wrap, 
in cellophane or plastic, or in cartons or cans. If compressed 
to high density, the products are resistant to insect attack 
and represent a substantial saving of storage space. Com- 
pression technology utilizes hydraulic press to reduce 
product volumes to as little as 1/16th of the original vol- 
ume. Carrots, green beans, spinach, cabbage, and celery 
are suitable for utilizing this process. 


QUALITY CONTROL 


Important laboratory tests specific for dehydrated food are 
moisture, sulfite contents, particle size distribution, en- 
zyme activity determinations, and behavior on rehydra- 
tion. 


Moisture 


Moisture may be determined in about 10 min with an an- 
alytical balance, which uses an infrared lamp and a cali- 
brated dial to indicate weight loss in powdered foods. The 
Karl Fischer titration method is recommended for mois- 
ture determinations on low-moisture products. 


Sulfur Dioxide 


Sulfur dioxide residue can be determined by the Monier- 
Williams method, which has a detection limit of 50 ppm. 
The ion-chromatographic technique is accurate to 1 ppm, 
and it has a short analysis time of 25 min. 


Particle Size Distribution 


Particle size distribution, an important characteristic of 
powdered products in particular, is determined by a screen 
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analysis. In this procedure, the product is shaken for a 
specified time (usually 3-5 min) through a series of stan- 
dard sieves and the residue on each sieve is determined. 


Enzymes 

The enzyme peroxidase and catalase have been used as 
indicators of blanching adequacy before dehydration. Some 
vegetables such as green peas may be overblanched when 
peroxidase is used as an indicator, and lipoxygenase has 
been proposed as a new indicator to determine the effec- 
tiveness of blanching. It takes less than half the heat to 
destroy lipoxygenase as it does to destroy peroxidase. 


Rehydration Test For the rehydration test, a 50-g sam- 
ple from tray, bin, or final package is placed in a beaker or 
jar. For such products as peas, potatoes, corn, and sweet 
potatoes about 200 mL of cold water is added; for other 
vegetables, 300 to 500 mL depending on the drying ratio. 
If the pieces float, a wire screen cut to fit the beaker will 
keep them submerged. After standing 12 h at room tem- 
perature the samples are drained for 3 to 4 min on a screen 
and again weighed. After experience with different lots, a 
minimum drained weight for each vegetable can be estab- 
lished and used as an indication of rehydration value. 


DEHYDRATION PROCEDURES FOR SELECTED 
COMMODITIES 


Potatoes 


In the United States about 20% of the processing potatoes 
(about 2 million t in 1997) are dehydrated. To achieve max- 
imum use and efficiency of manufacturing facilities, the 
processor attempts to operate the dehydration plant year- 
round. Thus it is necessary for large quantities of potatoes 
to be placed in storage at the end of each harvest. A high 
relative humidity must be maintained to prevent dehydra- 
tion of stored potatoes, which is associated with as much 
as 10% loss of carbohydrates. 

From storage or the field, the potatoes are directed to a 
water flume or other transport system by high-pressure 
water hoses. A metering wheel feeds the potatoes into the 
process system. The potatoes are washed by passing them 
through a rotary drum or cylindrical washer where the po- 
tatoes are scrubbed either with brushes or merely by tum- 
bling them together. Water sprays remove additional for- 
eign material and soil particles. Following the washer the 
potatoes pass over a short draining belt, which permits 
internal recirculation of the wash water. An inspection of 
the potatoes is made on the drainage belt, and the unde- 
sirable whole potatoes are removed. 

Four systems are used to remove potato peel: abrasive 
peeling, steam peeling, lye (caustic) or wet lye peeling, and 
dry caustic peeling. The peel loss, including trimming, can 
result in a 15 to 30% loss of the potatoes processed. The 
trimming process should be considered part of the peel re- 
moval. In this process the presence of eyes, blemishes, and 
remaining peel are often detected electronically, which di- 
rects the imperfect potato to the trim table, where the im- 
perfections are manually cut out of the potato. After being 
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peeled, the potato is sliced or diced, depending on the de- 
sired end product. In any cutting process a number of po- 
tato cells are ruptured, releasing a considerable amount of 
starch. Many processors are installing hydrocyclones to re- 
move the starch from the wash water in the form of slurry. 

After the potato is peeled and sliced, the pieces are 
blanched to deactivate the enzymes, to remove surface air, 
to partially cook the potato, and to remove excess sugars 
from the potato pieces. The potato slices or dices are de- 
hydrated as individual pieces in an atmospheric recircu- 
lating air tunnel or conveyor dryer. If granules or flakes 
are to be processed, then blanched potato pieces are 
mashed and conditioned before drying as flakes on a drum 
dryer or as granules in a fluid bed dryer. 


Onions and Garlic 


The harvest period is from mid-May to November for on- 
ions and from mid-June until the beginning of October for 
garlic. Topped and screened bulbs are transported to the 
plant, where they are screened to remove dirt and loose 
stems and then gently conveyed to sorting bins. These bins 
are fitted with fans that circulate warm air through the 
onions (from bottom to top) in order to dry remaining tops 
and stems, the outer layer of skin, and the bulbs them- 
selves to prevent microbial spoilage. 

The dehydration of onions involves cleaning them with 
both wet and dry methods. Dry cleaning is used to remove 
dried tops, some loose skins, and dirt. Thus machinery usu- 
ally consists of a series of vibrating screens, parallel roll- 
ers, or air aspirators or a combination of all three. Dried 
tops are usually pinched off by a series of rollers. Wet 
cleaning is usually done by a series of dip-and-soak tanks 
and high-pressure water sprays. Hand trimming is some- 
times employed to further remove tops, defective parts of 
bulbs, or other undesirable blemishes. 

Garlic normally contains more dirt than onions do, and 
dry cleaning is essential. This involves a series of rollers 
or screens, which both screen the dirt and aspirate the 
skins from the bulk. A cracking device is included to break 
the bulbs into individual cloves. It is the cloves that are 
eventually sliced and dried into a finished product. The 
cloves are inspected visually (culls, trash, and foreign de- 
bris removed) and conveyed through a riffle washer, the 
purpose of which is to wash the individual cloves and sepa- 
rate them from small rocks and any adhering dirt. They 
then enter a flotation tank, where they are immersed in 
water. The good cloves sink, whereas defective (dry) clove 
and loose skin float and are simmered off as solid waste. 

Onions may be size graded as a part of the dry-cleaning 
operation, or they may be sorted by size and quality after 
wet washing. In some cases the larger onions are separated 
from the main stream and used primarily in the production 
of larger onion pieces (ie, large sliced, sliced, and large 
chopped portion). These bulbs are normally cored by ro- 
tating circular saws, which remove the root and root crown 
from the bulb, and the dry outer scales are removed by 
revolving high-pressure washers or by a flame peeler. 

Following grading, sorting, and washing, the onion 
bulbs or garlic cloves are conveyed to specially designed 
machines that slice the whole bulbs and cloves into thin 
layers. A belt or vibratory conveyor then transfers these 


layers to a continuous-belt dryer. All onions and garlic 
dehydrated in the United States are now dried on 
continuous-belt conveyors. They are usually long and mul- 
tistaged with baffled chambers that blow heated and some- 
times desiccated air from over and under the bed depth of 
the raw slices. Residence time in this type of dryer is usu- 
ally 19 to 20 h, resulting in a product that has a finished 
moisture content of no greater than 4.25% for onions and 
6.0% for garlic. Alternatively, the onion and garlic slices 
may be taken from the final stage of drying at a slightly 
higher moisture and reduced to the desired moisture con- 
tent by bin drying. After dehydration, the dried slices are 
usually screened, milled, aspirated, separated, and ground 
in various mechanical combinations to achieve the final 
desired piece size. 

Dehydrated onions are sold in a variety of sizes. Clas- 
sification includes sliced, chopped, minced, granulated, 
and powdered. Care is taken during dehydration to insure 
minimal powder production because of its low value. Pieces 
are separated by screening or air classification. Screening, 
grinding, and packaging operations are carried out in spe- 
cial dehumidified rooms because of the hygroscopic nature 
of the dried onions. Air in these rooms is kept below 
30% RH. 


Mushrooms 


Mushrooms are one of the important vegetables (in terms 
of value) to be preserved by dehydration. Agaricus bisporus 
is the most frequently used for drying. The process of com- 
mercial drying begins with trimming the stalks that are 
contaminated with soil and hard to wash, followed by soak- 
ing whole mushrooms in 0.05 to 0.1% sodium sulfite for 5 
to 10 min before they are cut into slices to retard discol- 
oration. The residual sulfur dioxide of dried mushrooms is 
less than 10 ppm. The mushroom is sliced longitudinally 
with a slicer machine to a thickness of 4 mm. Two drying 
methods are applied to mushrooms air drying and freeze 
drying. Air drying involves two stages: the first is drying 
at 40 to 45°C for 13 h and then at 70°C for 2 h, both with 
air velocity of outlet of about 70 m/min. Drying at a higher 
initial temperature could cause browning of the product. 
In freeze drying two stages are involved also. The first is 
to freeze the mushrooms at —34°C and then dehydrate 
with a freeze dryer until the moisture content of the prod- 
ucts is reduced to 2 to 3%. The temperature may be raised 
gradually to about 60 to 70°C in 10 to 12 h. The drying 
ratio of mushrooms is 11 to 11.75 and the yield is about 
8.5 to 9.0%. The dried product should be stored in airtight 
containers at 20°C. 


Peppers 

The principal dried peppers are hot red peppers for cay- 
enne and sometimes pimientos for paprika. Ancho is the 
pepper that is partially or completely dried and used as 
the principal flavor source in chili powders. Peppers are 
harvested by hand. At the plant they are washed, in- 
spected, and sorted for size and color. They are then cored 
and sliced and the seeds removed by screening and water 
sprays. Stems and core material are also removed. Sulfit- 
ing to a final sulfite level of 1000 to 2500 ppm is applied 


by spraying. Pimientos are not sulfited, but due to their 
very thick and tough skin, pimientos must be peeled before 
dehydration. This is accomplished in the same manner as 
for canning, which may involve flame, hot oil, or lye 
peeling. 

The initial temperature in dehydrators can be as high 
as 76.6°C with a finishing temperature of 63°C or below. 
Moisture is removed so that a final level of 5% is accom- 
plished in sweat or finishing bins. The dried product is 
used to flavor and improve the appearance of various pro- 
cessed foods. Some sliced peppers are partially dried and 
mixed with salt for preservation for ultimate use in various 
processed products. Grinding of sweet peppers for paprika 
and of hot peppers for cayenne pepper is carried out im- 
mediately at a very low moisture content because dried 
peppers rapidly absorb moisture and become tough. 

Bell peppers are handpicked and delivered to the plant 
in large wooden bins. Bell peppers change color and solids 
content as they mature on the plant. The first portion of 
the harvest results in the prime green bell pepper. As the 
season grows longer, peppers remaining on the vine begin 
to develop yellow and yellow-orange stripes and blotches. 
Reaching full maturity, they develop an intense red color. 
Typically, then, bell peppers are run as three distinct prod- 
ucts: green, mixed, and red cut into dice, slice, and so on. 
Dehydrated bell peppers are used in soup and gravy mixes, 
salad dressings, dip mixes, and spreads. 

The peppers are initially graded according to size to fa- 
cilitate cracking of the pods and later core separation. 
Grading is usually done by parallel rollers, the smaller 
vegetables dropping to another processing line. The pep- 
pers are then usually washed in immersion-type or spray- 
type washers and conveyed to a popper or cracker. This 
can be a device consisting of two closely spaced belts mov- 
ing in the same direction (one over the other to pull the 
peppers in and crack them), or it may be two revolving 
wheels between which the peppers fall and are popped. 
Separation of pods and cores is usually accomplished by 
means of flotation. The very light and buoyant core floats 
whereas the flesh of the pepper is denser and sinks. 

The cores are skimmed and go to solid waste. Inspection 
for defects and hand sorting of remaining attached cores 
is then accomplished before a final wash to remove the 
remaining bits of core and seeds. The peppers are diced, 
sliced, or cut into the desired piece size and sprayed with 
a sodium bisulfite solution to give a final sulfur dioxide 
content of 1000 to 2500 ppm. Most bell pepper products 
are dried on a continuous-belt dryer. The dice are removed 
from the belt at about 10% moisture content, and the final 
moisture content of 5% is achieved in bin drying. Packing 
is usually done in bulk (drums), although the peppers may 
be repacked into smaller packages at a later date. 


Other Vegetable Crops 


Other vegetables commonly dehydrated include beets, cab- 
bage, carrots, parsley, horseradish, turnips, parsnips, and 
celery. Additionally, other vegetables such as asparagus, 
tomatoes, green beans, spinach, and green onion tops may 
be dehydrated on commercial demand. These items are 
commonly used as ingredients for various food specialties, 
baby food, and dry soup mix. 
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Almost all crops are dehydrated fresh from the field, 
although some items such as green beans may be dehy- 
drated from the frozen state. As examples, the dehydration 
process for celery and carrots are described in detail. 

Dehydrated celery is commercially available as 1/8-in. 
stalk dice, stalk and leaf flakes, stalk and leaf granules, 
and powder. Celery is delivered to the plant in bulk fresh 
from the field. The butt and leaf ends are trimmed by me- 
chanical circular saws. Following trimming the inner yel- 
low stalks are separated by hand and typically discarded. 
The celery stalks are then washed in immersion-type or 
spray-type washers and conveyed directly to slicers or dic- 
ers. The cut fractions are sprayed with sodium bisulfite 
solution (to preserve color) and fed in a steady stream to 
continuous-belt dryers. The dried product may be further 
dried in forced-air bin dryers or may be packed directly into 
bulk containers. 

Carrots are size graded, inspected, washed, trimmed, 
and peeled almost exactly as for canning or freezing. After 
final inspection and wash, they are conveyed to a dicer or 
slicer. Diced carrots are sold in various commercial sizes, 
cross-cut slices made at right angles to the axis of the car- 
rot, and so on. Immediately after cutting the carrot pieces 
are blanched, usually in a steam blancher, by being spread 
on a continuous stainless-steel mesh belt at a loading of 
about 4 lb/sq ft and heating in flowing steam for 6 to 8 min 
and spraying with sodium bisulfite solution of about 1% 
concentration. Blanching is critical, and both catalase and 
peroxidase enzymes must be inactivated. The carrot pieces 
are usually dried in conveyor or tunnel-type dehydrators; 
the initial temperature can be 46 to 93°C and the finished 
temperature 96°C. Four percent moisture is the desirable 
endpoint for adequate storage and retention of carotene. 
The dehydrated pieces are packed in airtight containers 
and filled with inert gas such as carbon dioxide or nitrogen. 
One hundred kilos of raw carrots will yield approximately 
9 kg of low-moisture carrots (11:1 drying ratio). 
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‘VEGETABLE PROCESSING 


The vegetable processing industry in the United States has 
made technological progress during the past decades. More 
computers are being used in the handling, processing, and 
marketing of processed vegetables (1). Increasing recog- 
nition of the importance of vegetables to human nutrition 
has stimulated greater consumer interest and the food in- 
dustry in improving quality of processed vegetables. 

Vegetable processing has greatly expanded the farm 
produce markets through conversion of perishable produce 
into various stable forms that can be stored and shipped 
to distant markets. Canning, freezing, dehydration, pick- 
ling, and freeze drying are the basic methods of preserving 
vegetables. The ability to lengthen the period of vegetables’ 
availability in a preserved form that retains their nutritive 
value and palatability improves human health, adds va- 
riety to the human diet, and reduces the time for prepa- 
ration. Equally important is that these gains have been 
achieved at low cost due to mechanization and automation 
of the processing methods. This article updates the recent 
developments in vegetable processing. 


GENERAL PRINCIPLES 


The preservation of vegetables in a stable form that can be 
stored and shipped to distant markets is a primary objec- 
tive. The large quantity of canned vegetables preserved 
every year helps growers as well as consumers (2,3). Fro- 
zen vegetables can maintain better color, texture, and fla- 
vor after processing. Dehydrated vegetables, such as 
beans, corn, and soy beans, are also very important items. 

Pickling is a good process for preserving cucumbers, ol- 
ives, and cabbages. The principles of preserving vegetables 
by canning depends on killing the microorganisms in 
sealed containers (4). Frozen vegetables are preserved by 
freezing at — 18°C or lower and storage of the product in 
containers to prevent moisture loss. Dehydrated vegeta- 
bles are preserved by decreasing the moisture content so 
that no microorganisms can grow. Storage temperature 
(usually at 20°C or lower) and packaging materials are 
very important to the shelf life of canned vegetables. In the 
pickling of vegetables, lactic acid fermentation lowers the 
PH of the vegetable to 3.0 to 4.0 so that the products can 
be easily canned or dehydrated. 


MICROBIAL SPOILAGE OF FOODS 


There are several methods of preventing spoilage of foods. 
The most common method is to destroy the microorgan- 


isms in the food and prevent recontamination by microor- 
ganisms from the outside of the container. Canned vege- 
tables are sterilized by heating the prepared product in 
vacuum-sealed containers in a pressure cooker. Due to the 
high pH value of most vegetables, usually above 4.5, it is 
necessary to heat the container under pressure at 116 to 
121°C so that the heat-resistant bacterial spores are killed. 
The pH of fruits is usually below 4.5, and the vegetative 
non-spore-forming microbes present in fruits are readily 
killed in boiling water at 100°C (212°F). The details for the 
operation of the pressure cooker in vegetable canning were 
described by Luh and Kean (4). In general, the safety of 
canned vegetables on the market is under the strict control 
of the Food and Drug Administration, the Environmental 
Protection Agency, and the health authority in each state. 

The second method of preventing food spoilage is to al- 
ter the environment so as to prevent or retard the growth 
of undesirable microorganisms. Frozen vegetables are pre- 
served by preheating the prepared vegetable with steam 
or in boiling water sufficient to inactivate the undesirable 
enzymes, followed by cooling, packaging, and freezing. 
Rapid freezing of the packaged foods by low-temperature 
air blast is very important to prevent undesirable textural 
changes. 

Dehydration is probably the oldest method used in food 
preservation. Removal of water from foods is usually ac- 
complished by dehydration in a tunnel with hot air of low 
relative humidity, or by sun drying. It is very important to 
control the dehydration process so that undesirable oxi- 
dation catalyzed by polyphenolase, peroxidase, and lipox- 
ygenase enzymes are prevented. 

Preparation and handling of foods before canning, freez- 
ing, and dehydration may greatly affect the quality of the 
preserved foods. Packaging and postprocessing storage 
conditions are very important to the keeping quality of 
canned, frozen, and dehydrated foods. Vegetables are de- 
hydrated for protection against spoilage by microorgan- 
isms by controlling the moisture content and water activity 
in the preserved foods. Large quantities of soybeans, corn, 
rice, and wheat are preserved by dehydration each year for 
export. Ray (5) published a book entitled Fundamental 
Food Microbiology that contains detailed information on 
food microbiology. 


CHEMICAL AND BIOLOGICAL CHANGES 


The most common chemical and biological change in foods 
that causes degradation in sensory quality is oxidation of 
unsaturated oil and fats and flavoring compounds. These 
oxidation reactions occur much more rapidly when cata- 
lyzed by lipase, lipoxygenase, and polyphenoloxidase when 
the tissues are damaged by mechanical impact or by phys- 
iological changes during postharvest storage. It is ex- 
tremely important to destroy the enzymes by blanching 
with steam or in boiling water to inactivate the undesir- 
able enzymatic deterioration during the canning and freez- 
ing processes (Table 1). Removal of molecular oxygen from. 
a container of foods also retards oxidation. 

Acommon form of texture breakdown in processed foods 
is related to the breakdown of the pectic materials in the 


Table 1. Blanching Time for Vegetable Freezing 


Min. Min. 
Vegetables at 100°C Vegetables at 100°C 
Artichokes 3-10 Kale 2 
Asparagus 24 Mustard greens 2 
Beans, green or wax 3 Okra 34 
Beans, lima 24 Peas, black-eyed 2 
Broccoli 3 Peas, green 11/2 
Brussels sprouts 3-5 Peppers, green & red 2-3 
Carrots (cut) 2 Rhubarb 1 
Cauliflower 3 Spinach 1-1/2-2 
Celery 3 Squash, summer 3 
Collards 3 Turnip greens 2 
Corn (cut) 4 Turnips 2 
Corn on the cob 7-ll 


Source: Ref. 6. 


cell wall caused by pectic enzymes. Softening of pickled 
cucumbers and olives can be attributed to degradation of 
cell walls by pectin esterase and polygalacturase from mi- 
croorganisms or by excessive heating in the presence of 
acid. In addition to quality attributes, such as flavor and 
color, the nutritive values of the processed foods must be 
maintained as much as possible. The use of sulfur dioxide 
in dried-fruit processing has been a common practice in 
preventing oxidation of ascorbic acid. Another advantage 
in the application of sulfur dioxide at 1,000- to 2,000-ppm 
levels in dehydrated vegetables is to prevent the Maillard 
type of browning reaction. Because of the allergic effect 
(irritation with respiration) that sulfur dioxide produces in 
some people, recent trends have been toward using other 
antioxidants to accomplish the maintenance of dehydrated 
vegetables (7-9). The ideal in developing a new processing 
technique or a new food product would involve preventing 
growth of microorganisms through control of moisture and 
water activity. 


Freezing 


Microorganisms will not grow in the frozen state. The key 
to holding the fresh flavor of frozen foods was not freezing 
per se, but rather proper inactivation of flavor-deteriorat- 
ing enzymes by blanching before freezing (Table 1). The 
most common method is to test for any residual enzyme 
activity of peroxidase, catalase, or lipoxygenase in the 
blanched foods. Recent research interests of the frozen food 
industry includes searching for better blanching conditions 
to stop undesirable biochemical changes during processing 
and improving storage stability of frozen foods (6,10,11). 


Dehydration 


Removal of water from vegetables is accomplished primar- 
ily by dehydration in a tunnel with hot air of low relative 
humidity, or by sun drying (12). Microorganisms will not 
grow if the moisture content of the foods is reduced to a 
safety zone that varies with the chemical components of 
the food. The principle is to control the water activity of 
the final product, and also to retain the sensory quality and 
storage stability of the dehydrated product. The processor 
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must control the moisture content and water activity (a,) 
of the dehydrated product. Most foods will not spoil if the 
a,, is at 0.60 or lower. The limitation is dependent on the 
chemical components of the foods. For better keeping qual- 
ity, dehydrated onions must be at 3 to 4% moisture content. 
Water activity is a measure of the free moisture in a prod- 
uct. It is determined by dividing water vapor pressure of 
the substance by the vapor pressure of pure water at the 
same temperature. The dehydrated vegetables should be 
packaged in containers that will prevent moisture, air, and 
light from entering the package. Use of sulfur dioxide at 
proper levels in dehydrated vegetables will inhibit the 
browning reaction, thus lengthening the shelf life of the 
product. Several methods of dehydration are used com- 
mercially, namely, forced hot air, drum drying, spray dry- 
ing, vacuum drying, and freeze-drying (3,12). Use of 
continuous-belt convey and hot-air dryers has increased in 
recent years. Addition of sodium sulfite or metabisulfite to 
cut vegetables before dehydration has been a standard 
practice. In addition to improving storage stability of the 
dehydrated product, the presence of a small amount of sul- 
fite in a blanched cut vegetable makes it possible to in- 
crease the drying temperature and thus shorten the drying 
time, increasing the production capacity of the dehydrator 
(12,13). More recently, use of sulfite in food dehydration 
has received considerable scrutiny throughout the food in- 
dustry (8,9,12). Processors are looking for alternative 
methods for producing high-quality dehydrated vegeta- 
bles. Lambrecht (7) reported that the family of erythor- 
bates, erythorbic acid and sodium erythorbate, are sterio- 
isomers of the ascorbates and function in a similar manner 
to that of antioxidants. These compounds are reducing 
agents and are preferentially oxidized in foods, thus pre- 
venting or minimizing oxidative flavor and color deterio- 
ration. Erythorbates can prevent enzymatic browning in 
many products such as fruits, vegetables, and beverages. 
It is a prime requirement in any vegetable-dehydration 
process that no opportunity exist for the development of 
bacterial toxins by Clostridium spp. and other causative 
organisms that may be present. Such toxin formation is 
most likely to occur when a moist product, usually with 
some soil contamination, is given a heat treatment fol- 
lowed by prolonged holding under moderately warm con- 
ditions without access to air. Thorough washing and proper 
blanching are required to obtain a satisfactorily low level 
of microorganisms. The second requirement is the absence 
of pathogenic bacteria such as Salmonella and Staphylo- 
coccus aureus. The third requirement is maintenance of 
reasonably low general bacteriological content so that no 
undesirable odor or flavor develops in processing. The 
quality of the finished dehydrated product is reflected not 
only in its texture, flavor, and color but also in its ability 
to rehydrate readily. Storage temperature is very impor- 
tant to the keeping quality of dehydrated vegetables. Even 
though dehydrated vegetables will not spoil at room tem- 
perature, better-quality retention can be achieved by 
proper packaging and storage at temperatures lower than 
20°C. 


Pickling 
Pickled food may be defined as a product to which an edible 
acid, for example, lactic or acetic acid in the form of vine- 
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gar, has been added. A fermented food is a food in which 
the acid is produced from the sugars in foods by the fer- 
mentation of lactic acid bacteria (14). 


FREEZE DRYING 


The freeze-drying process consists of removing moisture 
from foods in the frozen state by sublimation under high 
vacuum. The low temperature used in the process inhibits 
undesirable chemical and biochemical reactions and min- 
imizes loss of aromatic compounds. The dried product is 
light in weight and can be stored in airtight containers for 
long periods without refrigeration. 

The important steps in making freeze-dried vegetables 
include raw material selection, grading, size separation, 
washing, removal of undesirable parts, sorting, slicing, 
blanching, freezing, freeze drying, inspection, screening, 
packaging, and marketing. 

Freeze drying is applicable to vegetables of high intrin- 
sic value such as asparagus, mushroom, and parsley. For 
bell peppers and pimientos, a common commercial practice 
is to remove part of the water in the prepared raw produce 
ina hot-air dehydrator, followed by freeze drying. This two- 
stage method greatly reduces the cost of production with- 
out significant loss of quality in the finished product. 


HARVESTING, HANDLING, AND STORING 


Vegetables reach the peak of quality at a definite time, 
depending on the varietal characteristics, time of planting, 
location, temperature, soil type, available water, adequate 
fertilizer application, and cultural practices (15). 

By the application of a formula that must be worked out 
for each variety, a succession of plantings of the same va- 
riety may be made at intervals to assure a continuous sup- 
ply of raw produce during the season. The processing may 
be further extended by the use of early, midseason, and late 
varieties. 

The growers as well as the processors have to know how 
to harvest their crops within a narrow time limit. This can 
be coordinated by the fieldpersons of the processors with 
the growers. In the United States, slightly more than half 
of the vegetable crops are processed. Beets, corn, cucum- 
bers, green peas, potatoes, lima beans, potatoes, tomatoes, 
and several other crops are mechanically harvested. 

Bulk bins are used for holding field-run vegetables until 
they can be transported to the processing plant and for 
holding precooled vegetables in refrigeration until process- 
ing is completed. 

Each bulk bin can hold 25 to 27 field boxes of vegetables. 
When filled, the bins weigh about 1,000 Ib. The bins are 
emptied by mechanical dumpers either onto inspection/ 
grader belts or into washers. 


PREPARING VEGETABLES FOR PROCESSING 


The operations involved in processing vary somewhat with 
the type of vegetable and the method to be used, for ex- 
ample, canning, freezing, dehydration, freeze drying, or 


pickling. The general preparation procedures for vegetable 
freezing may be summarized as follows: 


1, Harvest at the optimum maturity stage before any 
portion becomes fibrous and tough. Objective testing 
methods should be applied before harvest. The de- 
cision must be made by experienced field workers as 
to when and how to harvest. Vegetables at the peak 
of quality are highly perishable and should be har- 
vested, transported, and processed promptly after 
harvest. 

2. Sorting and grading. This operation removes dis- 
eased, insect-infested, and trash materials. This may 
involve a roller grader, air blower, rod shaker, or any 
mechanical device followed by sorting on conveyor 
belts. 

3. Washing. Rinsing with water will remove dirt, in- 
sects, and small trash. Food-grade detergents may 
be used when washing vegetables taken from the soil 
such as potatoes, red beets, mechanically harvested 
tomatoes, and some leafy vegetables. 

4. Preparation such as peeling, shelling, trimming, cut- 
ting, and dicing. Lye peeling of potatoes and me- 
chanically harvested tomatoes has been a common 
practice. Due to greater restrictions on waste dis- 
posal, peeling waste that contains sodium hydroxide 
will pose a difficult problem with regard to disposal. 
There is a trend to return to steam peeling for me- 
chanically harvested tomatoes. 

5. Blanching. This is very important step to inactivate 
the enzymes present in the vegetables. The blanch- 
ing process inactivates the enzymes that will cause 
discoloration and the formation of off-flavor and off- 
aroma during freezing storage and reduces the num- 
ber of microorganisms. This process makes the prod- 
uct easier to pack into the container. The blanching 
process can also remove harsh flavors in collards, 
snap beans, and spinach for freezing preservation. 
The blanching time required for freezing some vege- 
tables is presented in Table 1. 


Test for Adequacy of Blanching 


For the canning and freezing of vegetables, it is very im- 
portant to have an adequate blanching procedure to avoid 
development of off-flavor and off-aroma in the product dur- 
ing postprocessing storage. Several enzymes, such as cat- 
alase, peroxidase, polyphenoloxidase, and lipoxygenase, 
are present in vegetable tissues. These enzymes should be 
properly controlled by blanching in order to produce a sta- 
ble frozen vegetable. A simple method, but not quantita- 
tive in nature, is to add a drop of 0.5 to 3.0% hydrogen 
peroxide to the freshly cut surface of the blanched vege- 
table. The appearance of pinkish-orange color indicates the 
presence of peroxidase, whereas a perfusion of bubbles in- 
dicates the presence of oxidases. 

Robinson (16) reviewed the literature on peroxidases in 
fruit and vegetables. Thermal inactivation of peroxidases 
in horseradish and other vegetables has been studied in 
detail. Although thermostable enzymes may represent 
only a small proportion of the total enzymatic activity in 


fresh foods, for blanched vegetables their effects on the 
quality may be quite substantial. 


Peroxidase Assay 


Peroxidase activity in green asparagus extract can be mea- 
sured spectrophotometrically at 470 nm. The assay mix- 
ture contains 0.225 mL 0.3% H,O2, 0.225 mL 1% guaiacol 
in water, and 2.4 mL 0.2 M sodium acetate (pH 4.5). The 
reaction is initiated at 30°C after addition of 0.01 to 0.02 
mL enzyme solution. A Perkin-Elmer spectrophotometer 
equipped with thermostatical cell compartment and re- 
corder is used to monitor absorbance change with time at 
470 nm. Enzyme activity was calculated from the linear 
portion of the curve. One unit of peroxidase activity is de- 
fined as 1 optical density/min at 470 nm. 

The peroxidase paper test developed by the USDA 
Western Regional Research Laboratory, Albany, Califor- 
nia, can be used by the frozen vegetable—processing indus- 
try for any residual peroxidase activity in the blanched 
vegetables. 


Lipoxygenase Assay 


Most assays for lipoxygenase employ the substrate, linoleic 
acid, with measurement of the disappearance of dissolved 
oxygen or by the increase in absorbance at 234 nm. In one 
assay, the bleaching of indigo carmine by the hydroperox- 
ide reaction product was monitored. Lipoxygenase assay 
has been used by the industry with an intention of reduc- 
ing the blanching time for preparing frozen vegetables. 


PROCESSING 


Canning 


Important vegetables being preserved by canning are as- 
paragus, beans, beets, carrots, corn, hominy, mushrooms, 
okra, olives, peas, pimientos, potatoes, spinach, whole to- 
matoes, tomato paste, and various other types of tomato 
products (4). Tin cans and glass bottles are used as con- 
tainers for processed vegetables. The quantities of some 
selected canned vegetables in the United States (1977— 
1990) are presented in Table 2. Corn, beans, and olives 
were separated on a moving screen with different mesh 
sizes, or over differently spaced rollers. Separation into 
groups according to degree of ripeness or perfection of 
shape may also be done on conveyor belts. Green peas and 
lima beans are frequently separated into more or less ma- 
ture portions by flotation in a salt solution, the operation 
being performed continuously in automatic equipment. 
Trimming, if necessary, is done by hand operators well 
trained in locating and removing blemishes. In many 
cases, vegetables are sliced, diced, halved, or peeled, usu- 
ally by machines specially designed for each type of pro- 
duce. In each of these steps, the raw vegetable is continu- 
ously inspected, and a final inspection is made to pick out 
mashed or broken pieces as well as any foreign matter that 
may have passed the cleaning, washing, and trimming 
operations, 
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Blanching 


The prepared vegetables are immersed in hot water or ex- 
posed to live steam for a proper amount of time in an opera- 
tion known as blanching. The process serves to inactivate 
enzymes and thus arrest changes in flavor, and to soften 
the product so that more may be filled into the container. 
Proper blanching removes the occluded gases in the tissue 
and reduces strain on the seam of the can during process- 
ing. Hot-water blanching causes loss of some nutrients and 
formation of large volumes of liquid waste. Microwave and 
hot-air blanching may also be used to minimize waste- 
water problems. The processor has to select the best 
blanching method for the particular type of vegetable. Lin 
and Schynes (18) studied the influence of blanching on the 
texture and color of 11 kinds of sterilized vegetables. They 
observed that low-temperature-long-time (LTLT) blanch- 
ing significantly increased the firmness of seven kinds of 
canned vegetables, including carrot, endive, beetroot, leek, 
green bean, onion, and white cabbage. Among these, the 
texture of the canned carrot, endive, leek, and green bean 
was improved to a great extent. Analysis of variance re- 
vealed that LTLT treatment in solution containing calcium. 
and zinc ions significantly affected the texture and color 
retention of sterilized green beans and endive. The reason 
for the improvement may be related to the activation of 
pectin-esterase enzyme during the blanching process, 
which enhances the firming action of demethylated pectin 
by calcium ions. 


Filling 


Metal or glass containers are conveyed to the point where 
they are filled with the prepared vegetables. Before being 
filled, the containers are cleaned by air blast. 

Most filling is done by machine, although some vege- 
tables such as asparagus may be put into containers by 
hand. The container is filled with the solid product and 
then usually topped with a liquid, which can be juice, as 
for whole peeled tomatoes; brine; or water that contains 
ingredients to improve the sensory quality of the processed 
foods. The choice of ingredients includes sucrose, high- 
fructose corn syrup, salt, organic acids, spices, and thick- 
ening agents. Sucrose is added to enhance the flavor of the 
product, to blend with other flavor notes, and to suppress 
the effects of undesirable compounds. A slightly sweet 
taste is desirable in some vegetables such as corn, green 
peas, red beets, and peeled tomatoes. Sucrose acts as a 
seasoning agent rather than as a sweetener in vegetable 
canning. 

Brines are added to the cans during canning. If sucrose 
is incorporated into the brine, an interaction between the 
two ingredients may take place that has a beneficial effect 
on the flavor acceptance of the canned product. Canned 
and frozen vegetables are regulated by USDA and FDA 
standards (Table 3) that relate to the produce itself and all 
dry and liquid ingredients incorporated into the brine. 


Vacuum in the Container 


The purpose of keeping a vacuum in canned foods is to 
remove air so that the pressure inside the container follow- 
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Table 2. Quantity (United States pack—24/303 basis) of Selected Vegetables Canned from 1977 to 1990 


Beets 
Year Asparagus _ Beans, lima _Beans,snap _— (x 1,000cases) Carrots Corn, sweet ‘Peas, green Tomatoes* 
1977 3,705 2,657 54,494 11,348 5,973 56,300 30,238 54,124 
1978 3,382 3,356 57,121 12,834 6,609 57,907 25,269 49,241 
1979 2,819 3,061 66,281 14,990 6,298 60,022 36,492 52,896 
1980 2,535 2,833 59,689 11,322 5,084 50,574 30,056 53,096 
1981 2,844 2,602 52,808 9,555 4,639 57,949 27,296 51,937 
1982 2,727 2,275 48,832 11,034 6,222 60,522 24,790 42,968 
1983 2,549 2,338 46,506 9,035 4,958 51,595 20,827 37,597 
1984 2,928 2,316 52,089 9,292 4,832 56,789 23,312 43,170 
1985 3,097 1,966 55,503 9,386 4,787 55,729 29,306 37,485, 
1986 3,154 1,738 48,939 9,042 4,321 55,090 20,919 38,438 
1987 3,361 1,326 56,081 12,127 5,249 59,117 23,057 44,634 
1988 3,846 1,267 46,610 8,519 4,505 50,831 12,494 50,626 
1989 3,060 1,586 60,500 9,175 NA 65,437 24,336 NA. 
1990 NA. NA. 58,750 NA. NA. 62,216 24,298 NA. 
Average 3,077 2,255 63,684 1,089 5,342 57,148 25,192 46,351 

% 15 a2 312 05 2.6 28.0 12.3 22.7 
Source: Ref. 17, 

“Excludes soups and baby foods. 


ing heat treatment and cooling will be less than atmo- 
spheric. The vacuum helps to reduce strain on containers 
during heat treatment and cooling and minimizes the level 
of oxygen remaining in the headspace. 

Vacuum in the container can be obtained by heating the 
filled container through a steam blancher for 5 to 7 min to 
80 to 90°C, followed by sealing the container, while it is 
still hot. The alternative is to seal the can in a mechanical 
vacuum seamer at room temperature. Another method is 
to replace the air in the headspace with steam before dou- 
ble seaming. The steam in the headspace condenses after 
heat processing and thereby creates a vacuum. 

‘The vacuum in the canned, cooled container will vary 
with the type of container, the depth of the headspace, and 
the type of product. Quality-assurance personnel should 
always check the vacuum, headspace, and drained weight 
according to USDA regulations. 


Sealing 


To seal the lids onto the flange of the metal can, a double 
seam is created by interlocking the curl of the lid and the 
flange of the can. Various types of closing machines (double 
seamers) can create the vacuum in the headspace either 
mechanically in a vacuum-sealing chamber or by steam 
flow before the sealing. 

Glass containers are sealed under vacuum created me- 
chanically or by steam flow. The bottles are sealed with a 
close-fitting cover of tin-plate or a threaded or lug cap. 
Sealing speeds of 800 to 1,000 bottles/min have been 
achieved for baby foods. 


Heat Processing 


Heat sterilization of the canned vegetables either in metal 
cans or glass jars applied after hermetic (airtight) sealing 
is called the process. During the process, microorganisms 
that can cause food spoilage are destroyed by heat in either 
stationary or rotary pressure cookers. The temperature 


and time of heat processing vary with the nature of the 
product and the size of the container (4,19). In Table 4, the 
time-temperature requirement for canning selected vege- 
tables is presented. The calculated sterilizing values for 
heat processing some vegetable in commercial practices 
are presented in Table 5. 

Acid products with pH values below 4.5 are readily pre- 
served at the temperature of boiling water. The containers 
holding these products are processed in atmospheric steam 
or hot-water cookers. Vegetables and other low-acid foods 
require higher temperatures for sterilization in steam- 
tight pressure cookers (retorts or continuous pressure 
cookers) usually controlled by automatic devices. The size 
of the container is an important factor in determining the 
correct combination of time and temperature in processing. 
Obviously, heat will penetrate to the center of a small can 
more quickly than to the center of a large one. Because it 
is vital for canning processes to be exact for every size of 
container as well as for every type of product, precise in- 
formation about the rate of heat penetration is required 
(Table 5). 

Steam is usually used to sterilize canned foods. Im- 
proved methods of heat processing are being used exten- 
sively. These include continuous-agitating pressure cook- 
ers and hydrostatic cookers in which the necessary 
temperature is maintained by the pressure of the water 
column. Another new process is flame sterilization, in 
which the cans are exposed to direct flames while rotating 
rapidly. After being held for the time necessary to ensure 
sterilization, the cans are cooled by means of water sprays. 


Cooling 

Containers are cooled quickly to prevent overcooking. This 
may be done by adding water to the cooker under air pres- 
sure or by conveying containers from the cooker to a rotary 
cooler equipped with a cold-water spray. Cooling water 
should be treated with 1 to 2 ppm free chlorine to avoid 
recontamination of the canned foods. 


Table 3. Processed Vegetables for which U.S. Standards 
of Grades Have Been Established 


Asparagus, canned (2541) 

Asparagus, frozen (381) 

Beans, canned baked (6461) 

Beans, canned dried (411) 

Beans, green and wax, frozen 
(2321) 

Beans, canned lima (471) 

Beans, frozen lima (501) 

Beans, frozen speckled butter 
(lima) (5241) 

Beets, canned (521) 

Broccoli, frozen (631) 

Brussels sprouts, frozen (651) 

Carrots, canned (671) 

Carrots, frozen (701) 

Cauliflower, frozen (721) 

Chili sauce, canned (2191) 

Corn, canned cream-style 
(851) 

Corn on the cob, frozen (931) 

Corn, canned whole-kernel 
(881) 

Corn, frozen whole-kernel 
(911) 

Hominy, canned (3281) 

Leafy greens (other than 
spinach), frozen (1371) 

Mushrooms, canned (1481) 

Okra, canned (3331) 

Okra, frozen (1511) 

Okra and tomatoes (tomato 
and okra), canned (3421) 

Olives, canned green (5441) 

Olives, canned ripe (3751) 

Onion rings, frozen breaded 
(4061) 

Onions, canned (3041) 

Peas, canned (2281) 

Peas, frozen (3551) 

Peas and carrots, canned 
(6201) 

Peas and carrots, frozen 
(2501) 


Peas (field and black-eyed), 
canned, (1641) 

Peas (field and black-eyed), 
frozen (1661) 

Peppers, frozen sweet (3001) 

Pickles (1681) 

Pimientos, canned (2681) 

Pork and beans, canned (6441) 

Potatoes, frozen French-fried 
(2391) 

Potatoes, hash brown (6401) 

Potatoes, canned white (1811) 

Pumpkin (squash), canned 
(2741) 

Sauerkraut, canned (2951) 

Sauerkraut, bulk (3451) 

Spinach, canned (1901) 

Spinach, frozen (1921) 

‘Squash, frozen cooked (1941) 

Squash, canned summer-type 
(3581) 

Squash, frozen summer-type 
(1961) 

Succotash, canned (6001) 

Succotash, frozen (2011) 

‘Sweet potatoes, canned (2041) 

‘Sweet potatoes, frozen (5001) 

Tomatoes, canned (5161) 

Tomato catsup (2101) 

Tomato juice, canned (3621) 

Tomato juice, concentrated 
(5201) 

‘Tomato paste, canned (5041) 

‘Tomato puree (tomato pulp), 
canned (5081) 

Tomato sauce, canned (2371) 

Turnip greens with turnips, 
frozen (3731) 

Vegetables, frozen mixed 
(2131) 


Note: Numbers in parentheses refer to the section in the Code of Federal 
Regulations (7 CFR 52) in which the standard is published. 


Labeling and Casing 


After the cooking, cooling, and drying operations, the con- 
tainers are ready for labeling. Labeling machines apply 
glue and labels in one high-speed operation. The labeled 
cans or jars are conveyed to devices that pack them into 
shipping cartons. 


Aseptic Processing and Packaging 


In aseptic processing, the problems of chemical and quality 
changes resulting from the slow heat penetration inherent 
in an in-container process are avoided by sterilizing and 
cooling the food separately from the container. Presteri- 
lized containers are filled with the sterilized and cooled 
product and the containers are sealed in a sterile atmo- 
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sphere with a sterile cover. Because aseptic processing is 
a continuous operation, the behavior of one part of the sys- 
tem can affect the overall performance of the entire sys- 
tem. As a result, numerous critical factors are associated 
with aseptic processing and packaging, often requiring au- 
tomated control systems. The processor must consider the 
sterilization of the product, the processing equipment, 
sterilization of the packaging materials, and maintenance 
of sterile conditions throughout the aseptic system (21). 
Aseptically canned products are superior to retorted prod- 
ucts in color, aroma, flavor, and nutrient retention. 

Reuter (22) published a book entitled Aseptic Packaging 
of Foods. Aseptic processing of liquid with small particles 
(a few millimeters in size) and liquids with larger particles 
(15-25 mm in size) were treated differently. In liquids with 
small particles, plate and tubular heat exchangers are 
used for low-viscosity liquids in heating and cooling, 
whereas scraped-surface heat exchangers are used for 
high-viscosity liquids. There is a well-known process in 
which the carrier liquid of high viscosity is separately ul- 
traheat treated by continuous method in a scraped-surface 
heat exchanger and the solid product is first sterilized in 
a discontinuous aseptic heater by direct steam injection. 
After sterilization, the two components are reunited asep- 
tically, mixed, and then aseptically packaged. Because of 
the complicated process, this method still experiences only 
limited usage by the industry. Aseptic processing of tomato 
paste in bulk (50-gal or 300-gal containers) is practiced in 
commercial processing because of the improvement of the 
sensory quality of the product compared with those made 
by conventional heating and cooling methods. 


SOME ILLUSTRATIVE SAMPLES OF VEGETABLE 
PROCESSING 


Beet Canning 


The annual pack of canned beets (Beta vulgaris L.) is 10 
to 12 million cases in the United States (17). Beets for can- 
ning should have a uniform deep red color. Detroit Dark 
Red is the most important cultivar for canning. The beet- 
canning season starts in August and ends in the early part 
of November. The mechanical harvester travels along the 
row digging, cleaning, topping, and discharging beets into 
a truck ready for transport to the cannery. If storage is 
necessary, beets for canning should be stored in slatted 
bins in a cool, well-ventilated warehouse. Under proper 
conditions beets may be stored for several months. 


Canning Process. After delivery to the cannery, beets are 
washed thoroughly in a rotary-drum spray washer. Beets 
are usually graded into three size classes by a Magnuson 
Shufflo beet sizer or other rod-and-reel sizer. They are 
peeled by a two-stage procedure in which they are first 
heated sufficiently to loosen the skin without overcooking 
the flesh and are then peeled in an abrasion peeler. The 
peeled beets are inspected and trimmed. Smaller beets, 46 
mm or less in diameter, are canned whole; the medium 
sizes, between 46 and 70 mm, are sliced; and the large 
sizes, over 70 mm, are diced or cut into shoestring strips. 
The dices and julienne cuts are washed under sprays to 


Table 3. Processed Vegetables for which U.S. Standards 
of Grades Have Been Established 


Asparagus, canned (2541) 

Asparagus, frozen (381) 

Beans, canned baked (6461) 

Beans, canned dried (411) 

Beans, green and wax, frozen 
(2321) 

Beans, canned lima (471) 

Beans, frozen lima (501) 

Beans, frozen speckled butter 
(lima) (5241) 

Beets, canned (521) 

Broccoli, frozen (631) 

Brussels sprouts, frozen (651) 

Carrots, canned (671) 

Carrots, frozen (701) 

Cauliflower, frozen (721) 

Chili sauce, canned (2191) 

Corn, canned cream-style 
(851) 

Corn on the cob, frozen (931) 

Corn, canned whole-kernel 
(881) 

Corn, frozen whole-kernel 
(911) 

Hominy, canned (3281) 

Leafy greens (other than 
spinach), frozen (1371) 

Mushrooms, canned (1481) 

Okra, canned (3331) 

Okra, frozen (1511) 

Okra and tomatoes (tomato 
and okra), canned (3421) 

Olives, canned green (5441) 

Olives, canned ripe (3751) 

Onion rings, frozen breaded 
(4061) 

Onions, canned (3041) 

Peas, canned (2281) 

Peas, frozen (3551) 

Peas and carrots, canned 
(6201) 

Peas and carrots, frozen 
(2501) 


Peas (field and black-eyed), 
canned, (1641) 

Peas (field and black-eyed), 
frozen (1661) 

Peppers, frozen sweet (3001) 

Pickles (1681) 

Pimientos, canned (2681) 

Pork and beans, canned (6441) 

Potatoes, frozen French-fried 
(2391) 

Potatoes, hash brown (6401) 

Potatoes, canned white (1811) 

Pumpkin (squash), canned 
(2741) 

Sauerkraut, canned (2951) 

Sauerkraut, bulk (3451) 

Spinach, canned (1901) 

Spinach, frozen (1921) 

‘Squash, frozen cooked (1941) 

Squash, canned summer-type 
(3581) 

Squash, frozen summer-type 
(1961) 

Succotash, canned (6001) 

Succotash, frozen (2011) 

‘Sweet potatoes, canned (2041) 

‘Sweet potatoes, frozen (5001) 

Tomatoes, canned (5161) 

Tomato catsup (2101) 

Tomato juice, canned (3621) 

Tomato juice, concentrated 
(5201) 

‘Tomato paste, canned (5041) 

‘Tomato puree (tomato pulp), 
canned (5081) 

Tomato sauce, canned (2371) 

Turnip greens with turnips, 
frozen (3731) 

Vegetables, frozen mixed 
(2131) 


Note: Numbers in parentheses refer to the section in the Code of Federal 
Regulations (7 CFR 52) in which the standard is published. 


Labeling and Casing 


After the cooking, cooling, and drying operations, the con- 
tainers are ready for labeling. Labeling machines apply 
glue and labels in one high-speed operation. The labeled 
cans or jars are conveyed to devices that pack them into 
shipping cartons. 


Aseptic Processing and Packaging 


In aseptic processing, the problems of chemical and quality 
changes resulting from the slow heat penetration inherent 
in an in-container process are avoided by sterilizing and 
cooling the food separately from the container. Presteri- 
lized containers are filled with the sterilized and cooled 
product and the containers are sealed in a sterile atmo- 
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sphere with a sterile cover. Because aseptic processing is 
a continuous operation, the behavior of one part of the sys- 
tem can affect the overall performance of the entire sys- 
tem. As a result, numerous critical factors are associated 
with aseptic processing and packaging, often requiring au- 
tomated control systems. The processor must consider the 
sterilization of the product, the processing equipment, 
sterilization of the packaging materials, and maintenance 
of sterile conditions throughout the aseptic system (21). 
Aseptically canned products are superior to retorted prod- 
ucts in color, aroma, flavor, and nutrient retention. 

Reuter (22) published a book entitled Aseptic Packaging 
of Foods. Aseptic processing of liquid with small particles 
(a few millimeters in size) and liquids with larger particles 
(15-25 mm in size) were treated differently. In liquids with 
small particles, plate and tubular heat exchangers are 
used for low-viscosity liquids in heating and cooling, 
whereas scraped-surface heat exchangers are used for 
high-viscosity liquids. There is a well-known process in 
which the carrier liquid of high viscosity is separately ul- 
traheat treated by continuous method in a scraped-surface 
heat exchanger and the solid product is first sterilized in 
a discontinuous aseptic heater by direct steam injection. 
After sterilization, the two components are reunited asep- 
tically, mixed, and then aseptically packaged. Because of 
the complicated process, this method still experiences only 
limited usage by the industry. Aseptic processing of tomato 
paste in bulk (50-gal or 300-gal containers) is practiced in 
commercial processing because of the improvement of the 
sensory quality of the product compared with those made 
by conventional heating and cooling methods. 


SOME ILLUSTRATIVE SAMPLES OF VEGETABLE 
PROCESSING 


Beet Canning 


The annual pack of canned beets (Beta vulgaris L.) is 10 
to 12 million cases in the United States (17). Beets for can- 
ning should have a uniform deep red color. Detroit Dark 
Red is the most important cultivar for canning. The beet- 
canning season starts in August and ends in the early part 
of November. The mechanical harvester travels along the 
row digging, cleaning, topping, and discharging beets into 
a truck ready for transport to the cannery. If storage is 
necessary, beets for canning should be stored in slatted 
bins in a cool, well-ventilated warehouse. Under proper 
conditions beets may be stored for several months. 


Canning Process. After delivery to the cannery, beets are 
washed thoroughly in a rotary-drum spray washer. Beets 
are usually graded into three size classes by a Magnuson 
Shufflo beet sizer or other rod-and-reel sizer. They are 
peeled by a two-stage procedure in which they are first 
heated sufficiently to loosen the skin without overcooking 
the flesh and are then peeled in an abrasion peeler. The 
peeled beets are inspected and trimmed. Smaller beets, 46 
mm or less in diameter, are canned whole; the medium 
sizes, between 46 and 70 mm, are sliced; and the large 
sizes, over 70 mm, are diced or cut into shoestring strips. 
The dices and julienne cuts are washed under sprays to 
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Table 4, Time-Temperature Requirement for Canning Selected Vegetables 


Retort time (min) 


Vegetables Can sizes Fill weight (oz) Initial tempreature (°F) 240°F 250°F 
Asparagus cuts, in brine 300 x 409 11.0 120 27 17 
Beans, green/waxy, whole/cuts, in brine 303 x 406 12.5 120 21 12 
Beans, lima, succulent, in brine 303 x 406 11.0 120 46 23 
Beets, whole/cuts, in brine 303 x 406 10.9 140 31 19 
Carrots, whole/cuts, in brine 303 x 406 116 140 30 20 
Carrots and peas, in brine 303 x 406 115 140 37 18 
Corn, whole kernel, in brine 303 x 406 12.0 140 46 22 
Mushrooms, sliced, in brine 300 x 400 9.0 140 = 31 
Peas, green, succulent, in brine 303 x 406 115 140 38 19 
Potatoes, white, whole, in brine 303 x 406 116 140 34 22 
Spinach, in brine 303 x 406 12.6 140 n 55 


‘Source: Ref. 20. 


Table 5. Calculated Sterilizing Values (F,) for Some 
Commercial Processes 


Approximate: 
calculated 
sterilizing 

Product Can sizes value (Fo) 
Asparagus All 24 
Green beans, brine packed No. 2 3.5 
Green beans, brine packed No. 10 6 


Chicken, boned All 6-8 


Corn, whole kernel, brine packed No. 2 9 
Corn, whole kernel, brine packed No. 10 15 
Cream-style corn No.2 5-6 
Cream-style corn No. 10 23 
Dog food No. 2 12 
Dog food No. 10 6 
Mackerel in brine 301x411 -2.9-3.6 
Mest loaf No.2 6 
Peas, brine packed No. 2 7 
Peas, brine packed No. 10 rt 
Sausage, Vienna, in brine Various 5 
Chili corn carne Various 6 


‘Source: Courtesy of American Can Co. 


remove fines. Beets are canned in enamel-lined cans to pre- 
vent bleaching of the color. Peeled beets should be handled 
in stainless-steel equipment. In some plants, beets are 
washed, heated in a high-pressure steam peeler for a short 
time, and then released to atmospheric pressure. The skins 
are loosened in this process and are removed in a rotary- 
drum washer under heavy sprays of water. They are then 
inspected, sorted, and trimmed. 


Filling and Heat Processing. Sliced, diced, or julienne-cut 
beets are packed into cans by machine; whole beets are 
packed by hand or a hand-pack filler. A light brine is added 
with a small amount of added sucrose. The amount of 
sweetener added, together with the natural sugar contents 
of the beets, should result in a level of about 7% sugar in 
the beet pack. After brining, the cans are exhausted in 
steam, sealed, and heat processed in a retort. The cans are 
sealed by the steam-flow method. Beets in no. 303 cans are 


usually processed in a continuous-agitating Food Machin- 
ery and Chemical Corporation (FMC) retort at 115°C for 
22 min and cooled in a two-stage continuous water cooler. 
No. 10 cans (1-gal can) are processed for 33 min at 115°C 
in the same type of retort and then cooled in water. Sliced 
beets packed in light syrup are processed at 115°C for 35 
min in no. 303 jars and for 40 min in no. 2-1/2 jars. 


Green Beans 


Two types of green beans (Phaseolus vulgaris L.) are cul- 
tivated: bush and climbing, or pole, types. Most commer- 
cial cultivars are of the bush type because they can be ma- 
chine harvested. The Blue Lake cultivar is preferred for 
canning or freezing. 


Canning Process. After arrival at the factory, green 
beans are conveyed to size graders. These consist of re- 
volving cylinders with slots of various diameters through 
which the beans fall onto conveyors that carry them to the 
shippers. The beans are separated into the following sizes: 
no. 0, 4.8 mm or less; no. 1, 4.8 to 5.8 mm; no. 2, 5.8 to 7.3 
mm; no. 3, 7.3 to 8.3 mm; no. 4, 8.3 to 9.5 mm; no, 5, 9.5 
to 10.7 mm; and no. 6, over 10.7 mm. 


Snipping. After size grading, the beans are carried 
through snippers consisting of metal cylinders having nar- 
row slots. As the cylinder revolves, the ends of the beans 
are caught in the slots, and fixed knives lying snugly 
against the lower surface of the cylinder cut off the tips 
and stems that have been caught in the slots. 


Inspection. The snipped beans then pass over inspec- 
tion belts, where defective beans are removed. Those that 
escape snipping are returned to the snipping machine 
again. 


Cutting. Smaller beans (no. 1, 2, and 3) are canned 
whole. The larger ones are cut crosswise by machine into 
lengths of 25 to 28 mm for regular-cut beans. Some beans 
of smaller size are cut lengthwise after blanching; these 
are called French-cut beans. Cross-cut beans are cut before 
blanching. The cut beans are screened to remove fine frag- 


ments and short pieces, which are canned as a special 
small-cut pack. 


Blanching. The cut beans and whole no. 1, 2, and 3 sizes 
are blanched for 1.5 to 2 min, usually in hot water at 82°C 
to give better-filled cans. Blanched whole beans may be 
returned to French-style cutters and cut into shoestring- 
shaped pieces. 


Filling and Heat Processing. Cut blanched beans are 
packed to volume mechanically. A plunger beyond the filler 
automatically levels the fill of each can. The cans are then 
filled with hot water, and dry salt is added by a dispenser. 
The cans are steam exhausted for about 5 min and are 
sealed hot or are steam flow sealed. The 303, no. 1 tall and 
no. 10 cans are the most popular. The processing time for 
no. 2 (307 x 409) and smaller cans with initial tempera- 
ture at 49°C are 22 min at 115°C and 12 min at 121°C; for 
no. 10 cans, 27 min at 115°C, and 15 min at 121°C. For 
French-cut green beans, the processing time for no. 2 cans 
(307 x 409) is 26 min at 115°C; for no. 10 cans (603 x 700) 
36 min with the initial temperature at 49°C (4). 


Frozen Green Beans. In 1988, the total pack of frozen 
green beans was 235,986,000 Ib. The preparation proce- 
dures and varietal characteristics of green beans for freez- 
ing are similar to those for canned beans, except for the 
last step in the terminal end of the preservation (6,20). 


Corn 


Sweet corn (Zea mays L.) is one of the common vegetables 
being preserved by canning, freezing, and dehydration. In 
1988, the pack of frozen cut corn was 423,399,000 Ib and 
that of frozen corn on the cob was 345,869,000 Ib. The im- 
portant corn-canning states are Illinois, Minnesota, Wis- 
consin, Indiana, Iowa, Maine, Maryland, New York, Wash- 
ington, and Michigan. The corn cultivars suitable for 
canning are Country Gentleman, Crosob, Golden Bantam, 
Golden Cream, Potters Excelsior, Stowell’s Evergreen 
(white cultivars), and Yellow Evergreen. Golden Bantam 
was more popular before the hybrid cultivars came in gen- 
eral use. Yellow cultivars have large kernels that make an 
attractive pack. For canning, the corn should be young and 
tender and the ears well formed. Nearly all commercially 
grown corn is now from hybrid cultivars. These give in- 
creased yield; better uniformity; and excellent flavor, color, 
and canning quality. Examples of single crosses are Golden 
Cross Bantam, Ioana, and Golden Hybrid 2409. 


Styles of Canned Corn. Canned corn is packed mostly as 
Maine style or Maryland style. Maine style is obtained by 
cutting through the kernels, scraping the remaining por- 
tions of the kernels from the cobs, and mixing the scrapings 
with the cut kernels. Water flavored with salt and sugar is 
added to give the desired consistency. Starch is also usually 
added. The canned product is creamier in texture and is 
the more popular of the two styles. It is also called cream- 
style corn, Maryland-style, or whole kernel, corn consists 
of the whole kernels cut from the cob and canned in brine; 
the cobs are not scraped. A third style, double-cut corn, is 
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made from overmature corn or from large kernels. The 
corn is cut from the cob, and then the kernels are cut a 
second time with special knives to produce a cream-corn 
effect. Brineless whole kernel corn, vacuum sealed in cans, 
is now being favorably received. 


Harvesting. Corn may be at best maturity for canning 
about 15 to 19 days after the appearance of the silk. The 
fieldperson uses the thumbnail test by noting the pressure 
necessary to break the hull of the kernel with the thumb- 
nail. Experienced persons can judge maturity quite well 
based on the thumbnail test plus assessment of the ap- 
pearance and feel of the ears. A pressure tester can also be 
used to test the toughness of the corn and hence its fitness 
for canning. The Succulometer measures the volume of liq- 
uid expressible from a weighed sample of kernels; other 
tests used are sugar content, starch content, tenderometer 
readings, and percentage of alcohol-insoluble matter. The 
FMC harvester cuts the cornstalks near ground level and 
elevates them to a mechanism that cuts the ears off the 
stalks. An additional machine separates the ears from the 
leaves and stalk. A corn harvester can harvest 10 to 12 
acres/day. 


Husking and Silking. Conveying systems are arranged 
so that the corn is handled mechanically throughout the 
entire canning process. The husking machine has a pair of 
rapidly revolving rubber or milled steel rolls that catch the 
husks and remove them. Modern huskers are equipped 
with two sets of rolls and are known as double huskers. 
The rolls in a husking machine are spaced so that an ear 
cannot pass between them; friction of the rolls against the 
ear loosens the husk, which is caught between the rolls and 
torn off. The rolls are slightly wider apart at the upper end, 
where the larger portion of the husks is removed. The rolls 
are mounted so that they can spread apart sufficiently to 
allow the husks to pass between them but are then re- 
turned instantly to their former position by powerful 
springs. They are kept wet with a spray of water during 
operation to prevent fouling. Fixed knives cut off both the 
butt and the silk ends. A hooklike device loosens and opens 
the husk on the ear before it reaches the rolls. The rolls 
then easily catch the husk and are apt to do a cleaner job 
of husking and removing the silks. The capacity of most 
single-husking machines is rated at 60 to 80 ears/min and 
of double machines at 120 to 160 ears/min (approximately 
2 t/h). In some canneries, the husked ears are passed 
through a silking machine equipped with revolving 
brushes and rolls. The ears are carried forward through 
the brushes, which remove nearly all the silk and deliver 
the silked ears to the washing machine. Silking of the ma- 
chine can be omitted if the work of the mechanical huskers 
and the trimmers is well done. 


Sorting and Washing. In the first sorting, improperly 
husked ears are returned to the husking department, 
where the culls and trash are removed. In the second sort- 
ing, the ears may be sorted into A and B grades, the A 
grade being used for “fancy” and “choice” canned corn and 
the B grade for “standard” quality. The more mature ears 
are sorted out for cream-style corn. There are two satis- 
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factory methods of washing husked ears: (1) by means of 
a silker-brusher washer, and (2) by means of a revolving 
cylinder or conical reel. The corn is passed under a heavy 
spray of water. 


Canning Whole-Kernel Corn. In making whole-kernel 
corn, some canners blanch the husked ears in water near 
the boiling point to coagulate the juice before cutting. The 
ears are fed, small end first, through curved knives that 
accommodate themselves by means of springs to the size 
of the ear. The cut corn is inspected on a slowly moving belt 
and the unfit material discarded. 3 

Cut whole-kernel corn is next passed through a shallow 
tank filled with water in which a paddle stirrer moves 
slowly. The kernels sink, and the floating trash is removed 
automatically. The kernels are then conveyed to the silking 
and washing reels (cob reels). As the reels revolve, the ker- 
nels fall through the screen to the product-collecting pan. 
From this point, they are pumped to a dewatering screen, 
and the dewatered corn is delivered to the filling machine. 

Whole-kernel corn is heated by steam in a tubular 
heater on its way to the can filler and is filled hot. The cans 
are lined on the inside with C-enamel (corn enamel), which 
contains zinc oxide to prevent discoloration caused by for- 
mation of black FeS. The FMC 15-station filler, a gravity- 
type filling and brining machine, is commonly used. It is 
equipped with 15 telescopic product-measuring pockets 
mounted on a revolving turret. The pockets measure the 
exact required amount of product and discharge it through 
filling tunnels into cans. Cutoff plates automatically open 
and close the measuring pockets. The pockets rotate in suc- 
cession under a supply hopper to receive their load. The 
hopper rotates and is equipped with an offset stud that 
agitates the corn and thus prevents bridging, ensuring uni- 
form fill pockets and cans. Below the hopper is a special 
drain that drains away any water entering the hopper with 
the corn. The cans travel on supporting tracks that can be 
vibrated to settle the product in the cans. Filled cans travel 
from the filler to the briner. Hollow cylindrical measuring 
tubes within the brine tank separate a column of brine and 
fill it into the cans. Up to 350 cans/min can be filled and 
brined. The brines contains 2.0 to 2.7% salt and 6 to 8% 
sucrose. 

The brine may contain as little as 1.5% sugar depending 
on the grade and the processor’s standards. Recently, the 
amount of salt in the canned product may be reduced by 
50 to 70% to suit the needs of the public. Cans are filled 
with brine at 46 to 49°C. Corn has also been canned in 
butter and cheese sauce to improve the flavor acceptance. 
To each no. 2 can, 383 to 400 g of whole-kernel corn is 
added. The filled cans pass beneath a topper, which is a 
leveling plunger that automatically gives the proper head- 
space in the can. In many plants, the cans are sealed in a 
steam-flow (or steam-vac) sealer. In some plants they are 
well exhausted in a steam-exhaust box and sealed hot. The 
process time for canned whole-kernel corn in no. 2 cans 
(303 x 409) is 46 min at 115°C or 22 min at 121°C, pro- 
vided that the initial temperature is at 60°C. For no. 10 
cans (603 x 700) the process time is 81 min at 115°C and 
43 min at 121°C. 


Frozen Corn. The harvest and preparation procedures 
for frozen corn are similar to those for canned corn, except 
for the last terminal step in freezing. Yellow corn cultivars 
such as Golden Cross Bantam are usually preferred for 
freezing. Sweet corn loses its quality rapidly after harvest 
and should be frozen within a few hours of harvest. 
Blanched whole-kernel corn is produced in a number of 
ways: (1) the corn may be completely blanched (7-11 min) 
on the cob before cutting; (2) it may be partially blanched 
on the cob to set the milk, then cut and blanched again; or 
(3) it may be cut and subsequently blanched. This last 
practice results in loss of flavor, lower yield, and microbi- 
ological problems. The split blanch is recommended to 
keep the bacterial counts at a minimum. After the corn is 
cut, the kernels must be cleaned to remove bits of kernels; 
husk; silk; light fiber; and dry, immature kernels. Both 
froth-washing and brine-flotation graders are excellent for 
this purpose. The corn kernels are removed at the sink or 
discharge end while the trash floats off the top discharge 
or is picked up by a rotating reel (6). 

Whole-kernel corn is usually individually quick-frozen 
and either packaged directly into cartons and polyethylene 
bags or bulk stored. A fluidized freezing process can be 
used for both cut corn or cobbed corn. 


Green Peas 


The U.S. pack of canned peas was 24,298,000 cases (24 x 
no. 303 cans) in 1990 (Table 2). The pack of frozen green 
peas was 358,779,000 lb in 1988. There appears to be a 
gradual shifting of canned peas to frozen peas in the past 
few years. Wisconsin, New York, Minnesota, Illinois, 
Washington, and Oregon are important pea-producing 
states. Peas (Pisum sativum L.) are grown as a field crop 
by tractor cultivation. The most important cultivar is 
Alaska; the most widely used wrinkle-seeded cultivars are 
Perfection, Horsford Market Garden, Advancer, and Ad- 
miral. Alaska is a favorite in the eastern United States 
because it is a more reliable producer than most wrinkled 
cultivars. Popular cultivars in the Midwest are Early Per- 
fection, Prince of Wales, and Green Giant s-537. In Oregon 
and Washington, Perfection is the principal cultivar used 
for canning. The words smooth and wrinkled apply to the 
ripe, dry peas; before drying, all are smooth. 


Green Pea Canning. Green peas are harvested and vined 
at vining stations in the field, thereby avoiding long haul- 
age of the vines. The correct time for harvesting is deter- 
mined by the appearance of the pods, which should be 
swollen and well filled with young tender peas. Most can- 
ners use the tenderometer to determine maturity and 
grade of peas. 

The shelled peas are collected at the viners in bins of 
45.5-kg capacity. Normally no more than 4 h elapse be- 
tween vining in the field and canning of the peas. The 
shelled peas are emptied onto a conveyor that moves them 
to a broad vibrating screen. The peas drop through the 
screen, but leaves, clods, pods, and other trash pass over 
the end of the screen. When peas are vined at the cannery, 
the shelled peas go directly from the viner over the scalper 
screen. After screening, the peas are cleaned in a clipper 


cleaner, which operates on the same principle as a grain- 
cleaning mill. A strong blast of air from a fan blows light 
trash away, and screens remove coarser waste material. 
The peas fall through the screen and are conveyed into 
stainless-steel tanks of water to which has been added a 
special soap in the form of a paste and a highly refined 
mineral oil. The separation tank is in the form of two cones, 
one inverted and the other upright, with a cylindrical por- 
tion between the cones. A special pump violently aerates 
and circulates the liquid, converting it into a frothy mix- 
ture. As the peas drop to the bottom of the lower cone, they 
are picked up by a pump and delivered to a squirrel-cage 
spray washer in which any adhering trash is thoroughly 
removed. The trash flows to the surface and overflows from 
the upper cone. Cleaned, shelled peas are size graded in a 
slowly revolving screen cylinder or through a series of 
nested or parallel screens; in either case the screens have 
holes of varying diameters. 


Blanching. Hot-water blanching is done in a pea 
blancher of special design for 3 min at 88 to 93°C. If the 
peas are fairly mature, the blanching time may be in- 
creased to 4 to 5 min; young tender peas are blanched for 
1.5 min. Water for blanching should be soft because the 
calcium in hard water will harden the peas. A continuous 
fluidized-bed steam-blanching process for peas can be 
used. Steam blanching for over 30 s prepares peas ade- 
quately for canning. However, steam blanching does not 
have as great a cleansing and plumping action as water 
blanching. 


Quality Grading and Sorting. Only the largest peas of 
any cultivar need to be quality graded. After the blanched 
peas are cooled, the larger ones are fed into a brine of 38 
to 40° Salometer (9.5-10.0% salt). The younger tender peas 
are lower in density than the riper peas and will float in 
brine of this concentration. The more mature grade B peas 
will sink; they are removed from the bottom of the brine 
separator continuously and are pumped or flumed to the 
next operation. The lighter grade A peas are carried over 
into the overflow and conveyed to the next stage. Both 
classes are thoroughly washed immediately after brine 
separation to remove the adhering brine. 


ing and Heat Processing. The sorted peas are fed by 
gravity to cone-shaped hoppers on the can-filling machine. 
The peas fall into the cups of the automatic rotary can 
filler. Each cup delivers exactly the desired volume of peas 
into a can. The cans are carried to the briner. The cans for 
peas are usually enameled with C-enamel to prevent 
blackening of the tinplate due to FeS formation. The brine 
for canned peas usually contains sugar as well as salt. The 
composition of the brine differs considerably according to 
the preference of the distributors and canners and the ma- 
turity of the peas. As less-mature peas are sweeter, they 
need less sugar in the brine. The brine is added at 71°C by 
adjustable cups. Filled cans are sealed under steam flow 
by the steam-vac procedure. The recommended heat- 
process time for peas in no. 2 cans (303 x 409) is 31 min 
at 115°C, or 15 min at 121°C; for no. 10 cans, 48 min at 
115°C or 21 min at 121°C, provided that the initial tem- 
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perature is at 60°C. Canned peas should be cooled rapidly 
following sterilization to avoid excessive softening and the 
formation of a cloudy brine through gelatinization of 
starch. 


Frozen Green Peas. The procedures for freezing green 
peas are similar to those for canned peas except for the 
step of freezing preservation (6). 


TRENDS IN VEGETABLE-PROCESSING DEVELOPMENT 


1. Studies on plant genetics of vegetables is becoming 
avery important topic. The objectives are to improve 
the varietal characteristics of the vegetable seeds re- 
garding yield, flavor, quality, texture, resistance to 
pathogens, and adaptability to stress. Tailoring 
genes for crop improvement and genetic engineering 
of plants are attracting more horticultural scientists 
to pursue further studies on vegetable improvement. 


2. Value-added vegetable products have been of great 
research interest to various research institutes, uni- 
versity and agricultural experiment stations, and 
the biotechnology industries. Products such as vege- 
table juices, sauces, soups, and pickled vegetables 
also attract more attention within industrial re- 
search programs. The success of the vegetable in- 
dustry depends on quality control and sanitation de- 
partments to keep up the high levels of quality (23) 
and nutrition demanded by the consumer as well as 
the government. The ultimate goal is to have pro- 
cessed vegetables with good storage life, quality re- 
tention, nutritive value, and safety for the consumer. 
Use of computers for process control and record is 
now a must for modern vegetable processors. 
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VEGETABLE PRODUCTION 


The focus of this article is on the commercial production of 
vegetables for sale. Commercial producers range from 
those growers that operate on a very limited scale to those 
with thousands of hectares in several locations. Current 
data on production and consumption are provided and the 
contributions of vegetables to human health discussed. 
The utilization of genetic resources in concert with various 


environmental situations to optimize production is con- 
sidered along with environmentally sensitive pest- 
management strategies. Harvest and postharvest han- 
dling practices that provide for timely delivery of 
high-quality, nutritious products to consumers are in- 
cluded. 


DEFINITION 


Vegetables are so diverse (Fig. 1) and their use so ubiqui- 
tous that it is difficult to contrive a definition that will not 
have exceptions. One authority (1) proclaims in despera- 
tion, “The terms are impossible of close definition because 
the plants that fall within their scopes are so various. The 
best definition is an enumeration of the plants.” One at- 
tempt at defining vegetable has been proposed by Maynard 
(2): “.. . a vegetable is a herbaceous plant, some parts of 
which may be eaten. Plant parts usually eaten, and rep- 
resentative vegetables, include roots (beet, carrot, turnip); 
stems (asparagus, kohlrabi); tubers (potato); bulbs (leek, 
onion); leaf petioles (celery, rhubarb); entire leaves (cab- 
bage, lettuce, spinach); flower parts (broccoli, cauliflower); 
immature fruit (cucumber, snowpea, summer squash); and 
mature fruit (cantaloupe, tomato, winter squash).” A more 
complete listing of vegetables with designated parts used 
for food is shown in Table 1. The foregoing definition, al- 
though quite encompassing, excludes one important 
vegetable—mushroom—which is not herbaceous. The pi- 
leus (cap) and stipe (stalk) are the edible portions of the 
common mushroom. 


CLASSIFICATION OF VEGETABLES 


Vegetables, because of their diversity, can be classified in 
many ways for the convenience of the grower, crop adviser, 
shipper, or marketer. One consideration for classification, 
based on plant part consumed, has already been illus- 
trated in Table 1. Another classification scheme (Table 2) 
is based on familial relationships that focus on character- 
istics of the flower. The appearance of the plant may be 


Figure 1. Vegetable display at Hunt’s Point Wholesale Market in 
New York City. 


Table 1. Vegetable Plant Parts Used as Food 
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Below-ground structures Above-ground structures 
Bulb Root Leaf Leaf petiole Immature fruit 
Garlic Beet Cabbage Celery Cucumber 
Leek Carrot Chard Rhubarb Eggplant 
Onion Celeriac Chicory Okra 
Shallot Horseradish Chinese cabbage Stem Snap bean 
Jicama Chive re Snowpea 
Corm Parsnip Collards eked Summer squash 
. Kohlrabi 
ine Rutabaga Endive 
Sweet potato Kale Mature fruit 
. Flower bud 
: Turnip Lettuce 
Rhizome . Cantaloupe 
Mustard Broccoli Chea 
Ginger Parsley Cauliflower panes 
Spinach Globe artichoke ds a 
Pumpkin 
Tuber 
Immature seed Tomato 
Jerusalem artichoke Watermelon 
Potato Lima bean Winter squash 
Yam Pea 
Sweet corn 


drastically altered by environmental extremes, but the 
structure of the flower remains unchanged, making it a 
constant factor for classification purposes. The principal 
vegetables of commerce in developed temperate regions 
are found in a relative handful of plant families. The most 
important of these are Solanaceae (potato, tomato, pep- 
per), Brassicaceae (cabbage, Chinese cabbage, broccoli), 
Cucurbitaceae (cucumber, squash, watermelon), Alliaceae 
(onion, garlic), and Fabaceae (peas, beans). 

Even though commercial vegetable production is real- 
ized in a relatively small number of plant families, the po- 
tential is enormous. Kays and Silva Dias (8) list an 
astounding 389 species in 69 families as vegetables (not 
necessarily on a commercial basis) cultivated in the world. 
In China alone, Chen, Zhu, Fu, and Wang (4) report that 
177 species in 65 families may be grown as vegetables, but 
only about 20% of these are now grown commercially. 
Clearly, the potential for diversity in the diet is available 
if demand can be generated and production practices de- 
veloped. Aside from their familial relationships, related 
vegetables may have similar growth habits that make for 
common cultural practices, for example, the vining crops 
cantaloupe, squash, and watermelon of the gourd family 
have similar spatial requirements. Similarly, tomato, pep- 
per, and eggplant in the nightshade family grow best in a 
long, warm, frost-free season. Hazards to crop production 
such as plant diseases and insects may find common hosts 
within a family, for example, similar pests attack a number 
of vegetables within the mustard family. 


PRODUCTION STATISTICS 


United States 


The current status of the commercially important vegeta- 
bles in the United States (5) is shown in Table 3. The area 
(1000 ha) harvested, production per ha (t) and in total 
(1000 t), and value per ha (U.S. dollars) and in total 


(million U.S. dollars) is shown for each vegetable. Egg- 
plant, escarole/endive, and brussels sprouts are grown on 
the smallest area whereas dry bean, potato, and sweet corn 
are grown on the largest area. Production per hectare is 
lowest for dry pea, asparagus, and lima bean and highest 
for celery, tomato, and onion. Total production varies on 
the low side with escarole/endive, brussels sprouts, and 
eggplant to potato, tomato, and sweet corn on the high 
side. Crop value per hectare is low for dry pea, dry bean, 
and lima bean and high for celery, bell pepper, and arti- 
choke. On a total value basis beet, escarole/endive, and 
eggplant are lowest while potato, tomato, and lettuce are 
highest. Overall, vegetables were harvested from almost 3 
million ha that produced over 56 million t and had a farm 
value exceeding $13 billion U.S. in 1997. Accordingly, the 
US. vegetable industry has a very great economic impact 
on the country. 

The localization of the U.S. industry (5) is illustrated in 
Figure 2. By any standard, California is the most impor- 
tant state for vegetable production for fresh and processing 
use. California is favored by a variety of climatic niches, 
from cool coastal areas to warm interior valleys, and 
changing seasons related to the extreme south-north sit- 
uation of the state. For example, the Mediterranean cli- 
mate necessary for successful artichoke production is 
found in coastal areas south of San Francisco whereas the 
long, warm season that favors tomato production is found 
in the vast Central Valley. 

Florida, Georgia, Arizona, and Texas are major contrib- 
utors to the fresh-produce industry. Production in these 
states occurs primarily in the “off-season” fall, winter, and 
spring months when local production is not possible in the 
northeastern and Midwest population centers. 

For processing, Wisconsin, Minnesota, Washington, and 
Oregon are important producing states. High yields, es- 
sential for profitability of processing crops, are favored by 
the long days of summer in these northern states. 
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Table 2, Common Vegetable Family Groupings 


Family Common name Vegetables 

Aizoaceae Carpetweed family New Zealand spinach 

Alliaceae Onion family Leek, shallot, onion, garlic, chive 

Apiaceae Carrot family Celery, carrot, parsnip, parsley 

Araceae Arum family Taro 

Asteraceae Sunflower family Endive, chicory, cardoon, globe artichoke, lettuce, Jerusalem artichoke, salsify 

Brassicaceae Mustard family Horseradish, mustard, kale, rutabaga, collards, cauliflower, cabbage, brussels sprouts, 
kohirabi, broccoli, Chinese cabbage, turnip, radish 

Cactaceae Cactus family Prickly pear 

Chenopodiaceae Goosefoot family Chard, garden beet, spinach 

Convolvulaceae Bindweed family Sweet potato 

Cucurbitaceae Gourd family Watermelon, cantaloupe, cucumber, pumpkin, gourd, squash, chayote 

Dioscoreaceae Yam family Yam 

Fabaceae Pea family Jicama, lima bean, French bean, pea, gram, southern pea 

Liliaceae Lily family Asparagus 

Malvaceae Mallow family Okra 

Polygonaceae Buckwheat family Rhubarb 

Poaceae Grass family ‘Sweet corn 

Solanaceae Nightshade family Pepper, tomato, eggplant, sweet pepino, potato 

Zingiberaceae Ginger family Ginger 


Table 3, U.S. Vegetable Industry—Area, Production, and Value (1997) 


Production Value 

Vegetable Area harvested (1000 ha) Ha (t) Total (1,000 t) Ha (USD) Total (million USD) 
Artichoke* 3.68 10.66 39.24 18,375 67.62 
Asparagus’ 29.76 3.02 89.77 6,089 181.22 
Bean, dry’ 787.32 5.95 132.22 745 586.45 
Bean, lima? 22.96 3.31 76.00 1,740 39.96 
Bean, snap’ 111.51 7.51 836.88 2,566 286,13 
Beet® 3.02 36.70 110.84 2,695 8.14 
Broccoli? 54.31 14.46 785.40 9,124 495.52 
Brussels sprouts® 1.70 16.81 28.58 15,765 26.80 
Cabbage® 34.53 40.81 1,409.24 8,329 287.59 
Carrot? 48.43 41.80 2,024.29 9,883 478.64 
Cauliflower? 19.18 15.33 294.06 10,321 197.96 
Celery* 10.90 75.16 819.28 25,087 273.45 
Corn, sweet” 278.03 14.53 4,039.60 2324 646.12 
Cucumber? 64.60 16.39 1,058.63 5128 331.24 
Eggplant® 1.05 31.89 33.48 16,724 17.56 
Escarole/Endive" 1.26 20.02 25.22 10,413 13.12 
Garlic* 14.97 16.82 251.74 17,470 261.52 
Lettuce* 112.37 35.14 3,949.07 14,271 1,603.63 
Melons 

Cantaloupe* 46.04 23.21 1,068.48 9,076 417.86 

Honeydew" 11.90 22.09 262.86 9,192 109.39 

Watermelon* “4.71 24.73 1,847.66 4,139 309.23 
Mushroom? - = 352.61 = 730.28 
Onion® 62.70 46.22 2,897.69 10,342 648.44 
Pea, dry* 148.68 2.06 306.59 289 43.02 
Pea, green’ 108.82 3.97 431.77 1,259 137.00 
Pepper, bell® 26.57 28.63 760.81 18,916 502.60 
Potato? 536.83 38.86 20,857.01 4,855 2,604.19 
Spinach? 13.98 15.71 219.62 5,323 7441 
Sweet potato? 33.74 18.17 612.77 6,327 213.49 
‘Tomato? 165.41 65.06 10,762.03 11,198 1,852.19 
Total 2,828.96 56,383.44 13,444.77 


“Includes product for the fresh market only. 
“Includes product for the fresh and processing markets. 
“Includes product for the processing market only. 
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Figure 2. Important U.S. vegetable-producing states, 1997. 


World 


The area harvested (1,000 ha), yield (kg/ha), and total pro- 
duction (1,000 t) of the world’s most important vegeta- 
bles (6) are shown in Table 4. In terms of area harvested, 
dry bean, potato, and cassava are the most important 
crops, whereas artichoke, green bean, and cauliflower are 
relatively unimportant. Highest yields are obtained from 
tomato, cabbage, and carrot. The dry legumes—bean, 
chickpea, and lentil—produce the lowest yields per hectare 
because of their low moisture content. Total world produc- 
tion is highest for potato, sweet potato, and cassava—the 
root crops that provide massive amounts of energy and can 
be stored for extended periods to provide foodstuff when 
other foods are unavailable. Vegetables entering into com- 
merce on a global basis are harvested from over 118 million 
ha and produce more than 1 billion t. Because much of 
the population in developing countries is engaged in sub- 


} Minn. 


HB Ore. © Others 


sistence farming where farm produce, including vegeta- 
bles, does not enter into traditional commerce, it is clear 
that total worldwide production is much greater than that 
reported. 

The ranking of the primary countries in production (t) 
of vegetables (6) is shown in Table 5. This listing is 
related to the size of the country, its population, presence 
of a favorable climate, and ethnic culinary habits of the 
population. Even a casual examination of Table 5 will re- 
veal the overwhelming importance of China (Fig. 3) as a 
vegetable-producing country. Of 25 vegetables or vegetable 
groups listed, China ranks first in 15. India, the next most 
frequent listing, appears four times as the leading pro- 
ducer. According to data developed by the Chinese Minis- 
try of Agricultural Statistics and quoted by Chen and Liu 
(7%, the 21 major vegetables in China were grown on 
4,365,000 ha, which produced more than 142 million t 
of vegetables in 1991. 
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‘Table 4. World Vegetable Production—Principal 
Vegetables (1996) 


Area 

harvested Yield Production 
Vegetable (1,000 ha) (kg/ha) (1000 t) 
Artichoke 106 = 10,836 1,150 
Cabbage 1974 23,632 46,656 
Cantaloupe and other melons 994 = 16,283 16,190 
Carrot 770 21,396 16,477 
Cassava 16,322 9,983 162,942 
Cauliflower 681 = 18,681 12,725 
Chickpea 12,009 742 8,908 
Chilies and pepper, green 1271 ~—-11,064 14,068 
Cucumber and gherkin 1424 = 16,182 23,051 
Dry bean 27,470 679 18,639 
Dry broad bean 2,355 1,499 3,531 
Dry pea 6,515 1,680 10,945 
Eggplant 722 16,589 11,981 
Garlic 986 10,549 10,401 
Green bean 491 ‘7,376 3,620 
Green pea 806 6,467 5,214 
Lentil 3,389 832 2,819 
Onion, dry 2204 «16,174 35,644 
Potato 18,353 16,065 294,834 
Pumpkin, squash, and gourd 768 12,789 9,822 
Sweet potato 9,156 14,662 134,244 
Taro 1,016 5,650 5,739 
Tomato 3,094 27,435 84,873 
Watermelon 2,393 = 16,601 39,725 
Yam 3,173 10,435 33,110 
Total 118,442 - 1,007,308 


Figure 3. A retail vegetable display in Shanghai, China. 


VEGETABLE CONSUMPTION 


Estimated per capita consumption of commercially pro- 
duced vegetables in the United States in 1997 (8) is shown 
in Table 6. Total consumption varies from 0.2 kg each for 
artichoke, eggplant, and dry pea to 64.7 kg for potato. To- 
mato at 41.7 kg is the second most popular vegetable in 
the United States. Substantial quantities of sweet corn 
and lettuce are also consumed. The large number of dis- 
tinct vegetables for which data are available is indicative 
of the diversity available to American consumers. In ad- 
dition, the “other vegetable” category accounts for several 
additional vegetables. Total U.S. per capita consumption 


Table 5. World Vegetable Production—Leading Countries (1996) 


Rank 
Vegetable 1 2 3 4 5 
Artichoke Italy Spain ‘Argentina France United States 
Cabbage China Russian Fed. India Korea Rep. Japan 
Cantaloupe and other melons China Turkey Tran United States Spain 
Carrot China United States ian Fed. Poland United Kingdom 
Cassava Nigeria Brazil Zaire Thailand Indonesia 
Cauliflower India China France Italy United Kingdom 
Chickpea India Turkey Pakistan Iran Australia 
Chilies and peppers, green China Turkey Nigeria Mexico Spain 
Cucumber and gherkin China Tran Turkey United States Japan 
Dry bean India Brazil China Mexico United States 
Dry broad bean China Egypt Ethiopia Morocco Italy 
Dry pea France Ukraine Canada China Russian Fed. 
Eggplant China Turkey Japan Egypt Italy 
Garlic China Korea Rep. India United States Spain 
Green bean China Turkey Indonesia Spain Italy 
Green pea United States China France United Kingdom _—India 
Lentil India Turkey Canada Bangladesh Syria 
Onion, dry China India United States ‘Turkey Japan 
Potato China Russian Fed United States Poland Ukraine 
Pumpkin, squash, and gourd China Ukraine ‘Turkey Mexico Egypt 
Sweet potato China Indonesia Uganda Vietnam Rwanda 
Taro Ghana China Nigeria Tory Coast Japan 
Tomato China United States Turkey i Egypt 
Watermelon China Turkey Iran United States Korea Rep. 
Yam Nigeria Wory Coast Ghana i Togo 


Table 6. Per Capita Annual Consumption of 
Commercially Produced Vegetables—United States (1997) 
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Table 7. U.S. Per Capita Annual Use of Commercially 
Produced Vegetables, 1970-1998 


Amount (kg) Amount (kg) 
Vegetable Fresh Canned Frozen Total Year Fresh® Canned Frozen® Total 
Artichoke, all - = =- 0.2 1970 83.1 44.4 34.1 161.6 
Asparagus 0.3 0.1 0.1 0.5 1975 78.6 42.9 38.5 160.0 
Bean, dry, all = = - 3.5 1980 79.2 45.1 36.2 160.5 
Bean, snap 0.7 18 0.9 3.3 1985 86.1 43.4 43.2 172.7 
Broccoli 23 - + iF 3.4 1990 911 48.7 44.3 184.1 
Cabbage 48 0.6 - 54 1995 96.3 48.3 58.8 203.4 
Cantaloupe 5.5 = = 55 1998 103.6 47.1 53.5 204.2 
eae he as a me “Includes fresh and processed sweet potato and mushroom, 
Slory 3) a 2 ay "Includes canned and frozen potato, 
Corn, sweet 3.7 4.38 43 12.8 
Cucumber 28 23 - 5.1 
pepplant al a ie = 02 ons (watermelon, cantaloupe, honeydew) 47%, lettuce 37%, 
Hinetiew weibn fe = 7 12 onion 68%, bell pepper 322%, tomato 24%, potato 17%, and 
Lettuce, head 10.9 e = 10.9 mushrooms 307%. Only a few vegetables recorded less con- 
Lettuce, leaf and romaine 2.9 e - 29 sumption during the period, notably celery, green peas, 
Mushroom 1.0 08 - 18 and sweet potato (8). 
Onion® 8.6 - - 8.6 What factors have fueled the increases in vegetable con- 
Pea, green - 0.7 1.0 16 sumption? The industry-financed “Five a Day” program 
Pea & lentil, dry, all - - - 0.2 has focused attention on the health benefits of vegetable 
Pepper, bell 3.2 = = 3.2 and fruit consumption. This and other educational pro- 
Perper: shile aie a8 439) ae grams have promoted vegetables in general and even spe- 
Spinach 03 03 03 08 cific constituents such as antioxidants, lycopene, and beta- 
Sweet potato, all i a Fe 21 carotene for their general and specific health benefits. The 
Tomato 86 33.2 e 417 trend toward increased vegetable consumption is expected 
Watermelon 7 = = 7 to continue as consumers gain a greater understanding of 
Other vegetables, all - - - 48 the role of vegetables in human health. 
Total 95.8 48.0 9.1 207.1 


“Includes fresh and processed onion. 
"Includes all processed potato. 


of over 200 kg is impressive. For comparison, per capita 
consumption of Chinese cabbage, cucumber, tomato, cab- 
bage, eggplant, kidney bean, celery, sweet pepper, and Chi- 
nese chive was 195 kg in Beijing, China, in 1995, according 
to Chen and Liu (7). 

The data in Table 6 present a snapshot of U.S. per cap- 
ita vegetable consumption in 1997. But what have been 
the trends in vegetable consumption in recent times? Per 
capita consumption of fresh, canned, frozen, and total 
vegetables (8) from 1970 to the present at 5-year intervals 
is shown in Table 7. Over the period fresh vegetable con- 
sumption increased from about 83 to 104 kg, canned vege- 
table consumption from about 44 to 47 kg, frozen vegetable 
consumption from 34 to 54 kg, and total consumption from 
162 to 204 kg. Accordingly, there have been major in- 
creases in fresh and frozen vegetable consumption, but not 
much change in the consumption of canned vegetables over 
the period 1970 through 1998. Much of the increase in fro- 
zen vegetable consumption, however, can be attributed to 
the increased popularity of potato products, notably french 
fries. 

There were major increases in consumption of certain 
vegetables during the period. For example, broccoli con- 
sumption increased 500%, carrot consumption 75%, mel- 


‘VEGETABLE IMPROVEMENT 


Vegetables cultivated by the very first farmers were simi- 
lar to those that had been collected in the wild by their 
immediate predecessors. Improvement came slowly as the 
result of careful observation by the best farmers or by ac- 
quisition from neighbors via trade transactions. Surely the 
need for food during famine necessitated consumption of 
valuable seeds or other propagating material, so the im- 
provement process was temporarily set back. Early horti- 
culturists would prize and select for such qualities as abil- 
ity to thrive under stressful growing conditions, good 
keeping quality, and good taste. The development of the 
earliest varieties occurred over time by careful selection 
and isolation of germplasm. The seed trade probably had 
its beginning in barter but gradually became a distinct en- 
terprise toward the end of the eighteenth century. Accord- 
ing to Nonnecke (9), David Landreth of Philadelphia es- 
tablished the first commercial seed business in the United 
States in 1784. The area around Philadelphia became the 
center of the vegetable seed business in the early nine- 
teenth century with the establishment of several other 
firms including Bernard McMahon. Large-scale commer- 
cial bean and pea seed production was initiated in New 
York state by the Keeney Seed Company shortly there- 
after. 

As the country developed westward, it was found that 
the low humidity and low rainfall there during the growing 
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season resulted in greatly improved quality, including 
disease-free seed. Much of the open-pollinated and some of 
the hybrid vegetable seed production is still centered in the 
western United States. 

Continued improvement in vegetable varieties took 
place during the nineteenth and early twentieth centuries 
by careful selection. As knowledge of the new science of 
genetics became more commonplace, its power was utilized 
to make controlled and planned improvements in the per- 
formance of vegetable varieties. Because these newly de- 
veloped varieties were all true breeding, the successes ob- 
tained by one company could quickly be utilized by 
competitors. 

All of this changed beginning in 1934 when Glen Smith 
at Purdue University developed the first widely accepted 
vegetable hybrid, Golden Cross Bantam sweet corn. 
Hybrids, because they are not true breeding, offer the op- 
portunity for exclusivity by the originator and, if success- 
ful, a very substantial financial incentive. The grower also 
benefits from hybrids by use of seed that produces a uni- 
form crop with useful characters, such as disease resis- 
tance from both parents combined into the single hybrid, 
albeit at higher seeds costs. From this early beginning, 
hybrids have become the norm in many of the important 
vegetables—beet, broccoli, cabbage, carrot, sweet corn, 
cucumber, eggplant, melons, onion, pepper, spinach, and 
tomato. The promise of exclusivity with hybrids has con- 
tributed to the development of major national and inter- 
national firms devoted to vegetable seed production and 
sales. 

Currently, the use of molecular genetics is being ex- 
ploited in vegetable improvement. Using these techniques, 
foreign genes can be introduced into vegetable germplasm. 
Despite some public concern, products such as virus- 
resistant summer squash, beetle- and virus-resistant po- 
tato, and worm-resistant sweet corn are now entering the 
marketplace. The possibilities for vegetable improvement 
using these techniques in concert with the knowledge of 
the trained horticulturist appear to be very great. 


VEGETABLE GROWTH REQUIREMENTS 


Vegetable plants, like all plants, thrive and produce suc- 
cessful crops when factors required for growth are present 
in suitable proportions. These factors are enumerated and 
discussed briefly. 


Light 


The ambient light conditions are employed for field pro- 
duction of vegetables. Field production is timed for favor- 
able temperatures that coincide with summertimelike con- 
ditions and ample light for maximum growth and yield. 
Protected culture, on the other hand, occurs during the off- 
season, and crops produced in greenhouses, plastichouses, 
or tunnels may respond favorably to artificial light. 


Water 


Plants require water to maintain turgidity and replace 
that lost through transpiration to the surrounding envi- 


ronment. The water molecule is cleaved in photosynthesis 
to free H*, which combines with CO, to produce simple 
sugars that can then be transformed into the myriad of 
compounds produced by plants. So crop yields are depen- 
dent on an adequate water supply provided through either 
rainfall or irrigation. Because of their high value, virtually 
all vegetable production in developed countries is irri- 
gated. The recent introduction of microirrigation (Fig. 4), 
as a system for delivery of water directly to the crop in thin, 
polyethylene tubes, has enhanced the use of irrigation in 
developing countries where water for irrigation is often in 
critically short supply. The frequency and intensity of ir- 
rigation is dependent on the soil’s water-holding capacity; 
prevailing weather, especially temperature, wind, and 
relative humidity; and characteristics of the plant (11). 
Those crops with shallow root systems (Table 8) require 
more frequent, lower volume irrigations than those with 
deep root systems. 


Essential Elements 


In addition to the organic elements carbon, hydrogen, and 
oxygen provided from carbon dioxide from the atmosphere 
and from water, certain inorganic elements are necessary 
for growth of all plants. The macronutrients nitrogen, 
phosphorous, and potassium are required in highest con- 
centrations. The secondary elements calcium, magnesium, 
and sulfur are also necessary in substantial quantity, but 
in addition they affect soil pH, which has a profound effect 
on availability of other elements. Iron, boron, manganese, 
zine, copper, and molybdenum are required in minute con- 
centrations by plants and collectively are termed micro- 
nutrients. 


Medium 


The traditional medium for field and protected culture of 
vegetables has been native soil, often amended with or- 
ganic matter and inorganic fertilizer and sometimes 
treated with limestone or sulfur compounds for pH adjust- 
ment. This is still the situation for field culture but is 
rarely so for protected culture. Various materials, includ- 
ing peat, perlite, rockwool, straw bales, and liquid cul- 
tures, have replaced soil as a growing medium in protected 
culture. These materials provide superior physical char- 
acteristics and are generally free of pathogenic organisms. 
Essential elements are provided on a scheduled basis when 
soil substitutes are used for vegetable culture. 


Carbon Dioxide 


Carbon dioxide (CO,) is present in the atmosphere at an 
average concentration of 0.03%. There is no practical way 
yet of altering the ambient CO, concentrations under field 
conditions. Experimental results have been inconclusive 
when CO,-enriched water has been introduced into low 
tunnels in the field. There has been considerable success 
in growth and yield enhancement, however, when CO. con- 
centrations are elevated to about 0.10% in protected cul- 
ture. This practice is universal in areas like western Eu- 
rope, where ventilation of structures is not required on a 
continuous basis and the additional CO, is trapped in the 
structure. 
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Figure 4. Microirrigation system components. Source: Ref. 10, reprinted with permission. 


Table 8. Characteristic Maximum Rooting Depths of 
Various Vegetables 


Shallow Moderately deep Deep 
(45-60 cm) (90-120 cm) (>120 cm) 
Broccoli Bean, bush Artichoke 
Brussels sprouts Bean, pole Asparagus 
Cabbage Beet Bean, lima 
Cauliflower Cantaloupe Parsnip 
Celery Carrot Pumpkin 
Chinese cabbage Chard Squash, winter 
Corn Cucumber Sweet potato 
Endive Eggplant Tomato 
Garlic Mustard Watermelon 
Leek Pea 

Lettuce Pepper 

Onion Rutabaga 

Parsley Squash, summer 

Potato Turnip 

Radish 

Spinach 


Source; Ref. 10, reprinted with permission. 


Oxygen 


Postharvest life of certain vegetables is enhanced by use 
of controlled-atmosphere storage whereby O, concentra- 
tion is lowered with concomitant increases in CO, and Hz, 
which reduces respiration rates. 


Temperature 


Each vegetable has a specific minimum, maximum, and 
optimum temperature for growth at a particular life cycle 
stage. These cardinal temperatures may be quite different 
as the plant passes through seed germination, establish- 
ment, vegetative growth, reproductive growth, and matu- 
ration. Consequently, a general scheme (Table 9) giving a 
range of temperatures usually suffices (11). The frost sen- 
sitivity of vegetables is of special interest in that it deter- 


mines time of planting in areas subject to frosts. For ex- 
ample, one would feel quite comfortable planting peas any 
place in New England in April, but it would be extremely 
unwise to plant tomatoes in the field at that time. Peas are 
extremely frost tolerant; in my own experience peas 8 cm 
high were totally unaffected by a late-season snowfall of 
about the same depth. On the other hand, tomato will be 
irreparably damaged at temperatures slightly below 0°C. 


PROPAGATION OF VEGETABLES 


Most vegetables are propagated by seed, either by planting 
directly in the field or transplanting seedlings that were 
started from seeds in protected culture (Fig. 5) some weeks 
previously. The latter procedure is more conservative of 
costly seeds, provides a more hospitable environment for 
fragile seedlings, and lengthens the growing season in 
areas having a restricted period of favorable weather. Veg- 
etative propagation (Table 10) is necessary for some vege- 
tables that do not breed true from seeds or do not readily 
produce seeds. Various organs or organ sections may be 
used for propagation, depending on the crop. Although 
seeds may be used to propagate globe artichoke and potato, 
vegetative organs are by far the most common in commer- 
cial uses. Vegetative propagation is used only when sexual 
(seed) propagation is not possible because, at least in tem- 
perate areas, the expense of storage from one season to the 
next is extremely great. Vegetative planting stock may be 
stored in situ in tropical areas. 


VEGETABLE-PRODUCTION SYSTEMS. 


Methods employed for commercial vegetable production 
vary with geographical location, the crop being grown, sea- 
son of production, and sometimes by the grower and re- 
sources available for production. Consequently, it is pos- 
sible to discuss production systems not in specific terms 
but only in generalities. 
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Table 9. Temperature Demands and Frost Sensitivities of 
Vegetables 


Frost Frost 
sensitivity sensitivity 
Hot: Optimum range 25-27°C; 
growth range 18-35°C 
Okra + Cantaloupe + 
Roselle + Hot pepper + 
Watermelon + Sweet potato + 


Warm: Optimum range 20-25°C; 
growth range 12-35°C 


Cucumber + Sweet corn + 
Eggplant + Tomato + 
Sweet pepper + Bean + 
Pumpkin, squash + Purslane u 
New Zealand spinach u 
Cool-hot: Optimum range 20-25°C; 
growth range 7-30°C 
Taro u Chicory ~ 
Globe artichoke u Bok choy - 
Onion, shallot - Scorzonera - 
Leek ~ Chives = 
Garlic - 
Cool-warm: Optimum range 18-25°C; 
growth range 7-25°C 
Pea on Red beet (-) 
Broad bean al Swiss chard (-) 
Cauliflower = Spinach - 
Broccoli = Lettuce (+) 
Cabbage = Endive - 
Kohlrabi = Carrot = 
Kale - Celery, celeriac (+) 
Brussels sprout = Parsnip - 
Turnip - Potato + 
Rutabaga - Lamb's lettuce - 
Chinese cabbage = Rhubarb = 
Parsley - Asparagus “) 
Fennel (+) Horseradish = 
Dill (+) Garden cress (+) 
Radish (+) 


Note: + indicates sensitive to weak frost; — indicates relatively insensitive; 
( ) indicates uncertain; u indicates undetermined. 


FIELD PRODUCTION OF VEGETABLES 


Traditional Practices 


Vegetables are high-value crops with little or no tolerance 
for blemished products in the marketplace. Accordingly, 
vegetable growers have used the best agricultural prac- 
tices of the day, including such things as large additions of 
composted manure to the soil, use of appropriate crop ro- 
tations, use of cover crops in the off-season to prevent soil 
erosion and to trap residual fertilizers, and early disposal 
of crop residue to assist in pest control. In addition, suc- 
cessful vegetable growers routinely have provided inputs 
such as quality seeds, abundant fertilizer, pesticides, irri- 
gation, and weed control together with extensive use of 


Figure 5. Production of vegetable transplants for field setting 
has become a specialized segment of the vegetable industry. 


Table 10. Vegetative Propagation of Vegetables 


Vegetable Propagule 
Cassava Stem cuttings 

Ginger Rhizome divisions 

Globe artichoke Divisions, suckers, seeds 
Horseradish Rhizome divisions 

Jerusalem artichoke Tubers 

Potato Tubers, seeds 

Rhubarb Divisions 

Sweet potato Slips from roots, vine cuttings 
Taro Corms, cormels 

Yam Tubers, crowns, sets 


labor and a high level of management for profitable yields 
of quality produce. Advanced growers use south-facing 
slopes to produce earlier crops, planted (Fig. 6) or con- 
structed windbreaks to restrict damaging winds early in 
the season, and various techniques for frost prevention. 


Enhanced Inputs 


Research is continually developing new technologies for 
crop production. To remain competitive and enhance effi- 


Figure 6. A sugarcane windbreak creates a favorable microcli- 
mate for pepper production in south Florida. 


ciencies, the most advanced growers adopt these technol- 
ogies as soon as available. For some growers use of poly- 
ethylene mulch with microirrigation/fertigation is new 
technology even though it has been commonplace for some 
time in other production areas. Integrated crop manage- 
ment (ICM) is a concept whereby all production and pest- 
management decisions are considered before invoking a 
single variable. Best management practices for judicious 
use of fertilizers is an integral part of ICM, as is precision 
farming that provides for chemical applications where 
needed rather than farmwide. Enhanced germplasm fits 
particularly well into the ICM concept. Together these 
practices provide for sustainability of the vegetable enter- 
prise. 


Organic Production 


Some consumers desire products that are produced with- 
out chemicals, even though growers use extreme care in 
chemical use and governmental agencies monitor pesticide 
residues. This has led to an alternative cultural system 
known as organic farming. Organic farming is a production 
system that avoids or excludes the use of synthetically 
compounded fertilizers, pesticides, or growth regulators. It 
relies on crop rotations, mechanical cultivation, and bio- 
logical pest control to maintain soil productivity; to supply 
nutrients; and to control insects, diseases, and weeds. Spe- 
cific aspects of organic farming are defined in several state 
laws. National organic-farming guidelines are being de- 
veloped. Organic vegetable production represents a very 
small but rapidly growing part of the industry. 


Protected Culture 


Vegetable production in glasshouses, plastichouses (Fig. 
7), and high tunnels (Fig. 8) is the most rapidly growing 
segment of the entire vegetable industry. Nearly complete 
control of the growing environment is achieved in modern 
growing structures. When combined with superior genetic 
material, yields are manyfold those of field-grown vegeta- 
bles. For example, tomato yields in the Netherlands from 
protected culture are over 7 times greater than in the 
United States, mostly from field culture. Products derived 


Figure 7. A vast expanse of plastichouses for vegetable produc- 
tion cover the landscape in southern Spain. 
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Figure 8, High tunnels for vegetable production in southern 
Spain. 


from protected culture such as tomato, pepper, eggplant, 
cucumber, and lettuce are sold to discriminating, affluent 
buyers around the world. 


VEGETABLE HARVEST 


Vegetables grown for fresh market have a high value and 
a low tolerance for blemishes, so they are mostly hand har- 
vested (12). Selection, sorting, grading, trimming if nec- 
essary, and packing usually are done in the field for some 
vegetables such as lettuce, cabbage, broccoli, and endive. 
Other vegetables like asparagus, tomato, and snap beans 
usually are brought to a central packing area where these 
tasks are performed. Some vegetables destined for the 
fresh market are usually harvested mechanically, includ- 
ing carrot, potato, brussels sprouts, and sweet potato. 
Snap beans for fresh market are hand harvested when 
prices are high and machine harvested (Fig. 9) when prices 
are low. 

Whenever possible, vegetables destined for processing 
are harvested mechanically to reduce costs and provide the 
volume of product necessary for efficient plant operation. 
Virtually all of the beet, carrot, pea, bean, sweet corn, spin- 


Figure 9. Machine harvest of snap beans in Miami, Dade County, 
Florida. 
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Table 11. Status of Hand versus Mechanical Harvest of Vegetables 


Area hand harvested (%) 
76-100 


Artichoke 
Cauliflower 
Green onion 
Eggplant 

Kale 

Pepper 

Sorrel 

Celeriac 
Rutabaga 
Jerusalem artichoke 
Sweet potato 
‘Turnip greeens 
Dry onion® 
Beet* 

Snap bean® 
Pea® 

Boniato 


51-75 


26-50 
0-25 


Vegetable 
Asparagus Broceoli* Cabbage 
Celery Cucumber* Lettuce 
Collards Cress Dandelion 
Endive Escarole Fennel 
Kohirabi Mushroom? Okra 
Rapini Rhubarb* Romaine 
Squash Watercress Cassava 
Ginger Parsley root Parsnip 
Salsify Turnip Taro® 
Mustard greens Parsley Swiss chard 
Pumpkin® Tomato* 
Carrot Potato” Lima bean® 
Sweet corn® Spinach? Horseradish® 
Garlic Brussels sprouts* Malanga 
Radish 


“More than 50% of the crop is processed. 
Source: Ref. 18, reprinted with permission. 


ach, and potato crops for processing are harvested by me- 
chanical means. A summary of the status of hand versus 
mechanical vegetable harvest is shown in Table 11. 


POSTHARVEST HANDLING 


Vegetables are perishable commodities. Maximum post- 
harvest life varies from a few days to several months de- 
pending on the vegetable. Harvesting at the correct ma- 
turity, careful handling at harvest and during packing and 
shipping, good sanitation, timely and proper cooling (Fig. 
10), shipping and storing at optimal temperature and rela- 
tive humidity, and freedom from exposure to ethylene gas 
for some commodities will help to assure maximum post- 
harvest life. The importance of rapid cooling and mainte- 
nance of recommended temperature throughout the post- 
harvest period to the consumer cannot be overemphasized 


Figure 10. Forced-air cooling provides rapid cooling of beans and 
other products. 


as it is the most important factor in determining life of the 
product. 

Shipping containers provide a measure of volume or 
weight and must be designed to protect the product. Their 
shape should conform to standard pallets (Fig. 11) for con- 
venient vehicle loading and unloading. Vegetable-shipping 


Figure 11. Pepper cartons designed to utilize the full pallet area 
are used in south Georgia. 


containers may be constructed of burlap, paper, fiberboard, 
wood, or plastic. Because of the mass of materials at re- 
ceiving points, there is increasing emphasis on materials 
that are recyclable or reusable. 


PROJECTIONS FOR THE FUTURE 


What are the expectations for the commercial vegetable 
industry as we enter the twenty-first century? Some 
thoughts on this question follow: Vegetables will continue 
to be consumed in greater quantities; there will be an ever- 
increasing variety of vegetables from which consumers can 
choose; organically grown vegetables will command a 
greater proportion of the market; the vegetable industry 
will be global rather than national as trade barriers are 
loosened; there will be fewer new pesticides available to 
growers and increased monitoring of pesticide usage; the 
use of genetically enhanced vegetable varieties will become 
commonplace; and the number of vegetable enterprises 
will decrease, but those remaining will be larger. 
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VEGETABLES, PICKLING 


Vegetables may be preserved by fermentation, direct acid- 
ification, or a combination of these along with other pro- 
cessing conditions and additives to yield products that are 
referred to as pickles. Pasteurization and refrigeration are 
used to ensure stability of certain products. Organic acids 
and salt (NaCl) are primary preservatives for most types 
of pickles. Lactic acid is produced naturally in fermented 
products. Acetic acid (or vinegar) is the usual acid added 
to pasteurized, nonfermented (fresh-pack) pickles. Acetic 
acid also is added to many products made from fermented 
(salt-stock) cucumbers. Other preservatives such as s0- 
dium benzoate, potassium sorbate, and sulfur dioxide may 
be added to finished products. Although the term pickles 
in the United States generally refers to pickled cucumbers, 
the term is used herein in a broader sense to refer to all 
vegetables that are preserved by fermentation or direct 
acidification. Cucumbers, cabbage, olives, and peppers ac- 
count for the largest volume of vegetables and fruits com- 
mercially pickled. Lesser quantities of onions, tomatoes, 
cauliflower, carrots, melon rinds, okra, artichokes, beans, 
and other produce also are pickled. 

Although this article emphasizes pickling of cucumbers 
and cabbage, which are major vegetable commodities com- 
mercially preserved and consumed in the United States 
and Europe, and kimchi, which is a mixture of fermented 
vegetables consumed in Korea, most vegetables have been 
preserved by pickling, either commercially or in the home. 


HISTORY 


The preservation of vegetables by fermentation is thought 
to have originated before recorded history, and the tech- 
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ceiving points, there is increasing emphasis on materials 
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VEGETABLES, PICKLING 


Vegetables may be preserved by fermentation, direct acid- 
ification, or a combination of these along with other pro- 
cessing conditions and additives to yield products that are 
referred to as pickles. Pasteurization and refrigeration are 
used to ensure stability of certain products. Organic acids 
and salt (NaCl) are primary preservatives for most types 
of pickles. Lactic acid is produced naturally in fermented 
products. Acetic acid (or vinegar) is the usual acid added 
to pasteurized, nonfermented (fresh-pack) pickles. Acetic 
acid also is added to many products made from fermented 
(salt-stock) cucumbers. Other preservatives such as s0- 
dium benzoate, potassium sorbate, and sulfur dioxide may 
be added to finished products. Although the term pickles 
in the United States generally refers to pickled cucumbers, 
the term is used herein in a broader sense to refer to all 
vegetables that are preserved by fermentation or direct 
acidification. Cucumbers, cabbage, olives, and peppers ac- 
count for the largest volume of vegetables and fruits com- 
mercially pickled. Lesser quantities of onions, tomatoes, 
cauliflower, carrots, melon rinds, okra, artichokes, beans, 
and other produce also are pickled. 

Although this article emphasizes pickling of cucumbers 
and cabbage, which are major vegetable commodities com- 
mercially preserved and consumed in the United States 
and Europe, and kimchi, which is a mixture of fermented 
vegetables consumed in Korea, most vegetables have been 
preserved by pickling, either commercially or in the home. 


HISTORY 


The preservation of vegetables by fermentation is thought 
to have originated before recorded history, and the tech- 
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nology was developed by trial and error. Pederson (1) pre- 
sumed that early humans observed that when vegetables 
were flavored with salt or brine and packed tightly in a 
vessel, they changed in character but remained appetizing 
and nutritious. Pederson concluded that the Chinese were 
the first to preserve vegetables in this manner and as- 
sumed that fermentation in salt brines occurred first and 
that dry salting came later. The Chinese have been cred- 
ited with introducing fermented vegetables into Europe. 

Pasteurization, as a means of preserving acidified vege- 
tables, was introduced in the United States in the 1940s. 
Before then, all pickled vegetables were preserved com- 
mercially by fermentation. Pasteurization resulted in a 
doubling of the per capita consumption of pickled vegeta- 
bles by the 1950s. Refrigerated pickles were introduced 
into U.S. commerce in the 1960s and have been an increas- 
ing segment of the industry since. 


PROCESSING 


Processing methods for the preservation of cucumbers, 
cabbage, and kimchi will serve to illustrate the principles 
involved in vegetable pickling. 


Cucumbers 


Various authors have attributed the origin of the cucumber 
(Cucumis sativus L.) to Africa, China, India, or the Near 
East (2). Later domestication occurred throughout Europe, 
and cucumbers are now grown throughout the world using 
field or greenhouse culture, but with various characteris- 
tics, depending upon region. 

Cucumbers are bred either for fresh market or process- 
ing (pickling). The fresh market varieties possess a rela- 
tively tough skin, which serves to extend their storage life 
as fresh produce. Pickling varieties, however, possess a 
thin, relatively tender skin. Pickling cucumbers are har- 
vested in a relatively immature stage, before the seeds ma- 
ture and before the seed area becomes soft and starts to 
liquify. 

Cucumbers are harvested by hand or mechanical 
means, depending upon availability of labor, land size and 
conformation, and other factors. Cucumbers are a seasonal 
crop grown in various geographical regions and shipped to 
the processor. Great changes have occurred in the United 
States during the past 20 years as to the origin of the fruit 
that a processor receives. Although once a mainly regional 
and seasonal enterprise, some large processors now receive 
fresh cucumbers nearly the entire year. The fruit is grown 
from Mexico to Canada and shipped fresh to processors 
according to their demands. Cucumbers grown near the 
processor may be processed within 24 hours. Cucumbers 
are shipped under refrigeration if grown at distant loca- 
tions from the processor. The demand for a year-round sup- 
ply of fresh cucumbers varies according to the types of 
products that the processors manufacture. Brined cucum- 
bers, being more stable, are transported intercontinen- 
tally. 

Pickling cucumbers are preserved by three basic meth- 
ods: fermentation (40% of overall production), pasteuriza- 
tion (40%), and refrigeration (20%), as outlined in Figure 


1 (8). After pasteurization of fresh cucumber pickles was 
introduced into the U.S. industry in the 1940s, the con- 
sumption of pickles increased significantly because of the 
milder acid flavor and more uniform quality of the pas- 
teurized product. The process involves heating properly 
acidified cucumbers to an internal temperature of 74°C and 
holding for 15 min (4). Some processors deviate from this 
standard process, depending upon their products and ex- 
periences. Fermented cucumbers also may be pasteurized 
to increase shelf stability, but at lower temperatures and 
times. Refrigerated pickles are preserved by addition of 
low concentrations of vinegar and a chemical preservative 
(eg, sodium benzoate), in addition to refrigeration at 1 to 
5°C. Microbial growth in these products is not desired. 
Nonacidified, refrigerated pickles, originally popular 
among certain ethnic groups, also are marketed in some 
metropolitan areas. These products may or may not be al- 
lowed to undergo fermentation before refrigeration. After 
packaging, these nonacidified pickles undergo a slow lactic 
acid fermentation while under refrigeration. 


Cabbage 


The modern, hard-head cultivars of cabbage (Brassica oler- 
acea) are reported to have descended from wild, nonhead- 
ing Brassias originating in the eastern Mediterranean and 
in Asia Minor (5). Cabbage is grown for the fresh market 
and for the production of sauerkraut. For use in the pro- 
duction of sauerkraut, it is desired that the cabbage heads 
be large (typically 8-12 Ib) and compact (ie, dense), have a 
minimum of green outer leaves, and possess desirable fla- 
vor, color, and textural properties when converted into sau- 
erkraut. 

Fresh cabbage for sauerkraut is harvested mechani- 
cally or by hand mostly from August to November. The 
cabbage is transported to the processor, where it is graded, 
cored, trimmed, shredded, and salted. The waste from the 
coring and trimming operations typically is returned to the 
field, where it is plowed into the soil. This waste consti- 
tutes about 30% of the weight of the fresh cabbage. 

After shredding (about 1-mm thick), the cabbage is con- 
veyed by belt, where salt is added, to the fermentation 
tanks. The tanks typically hold 20 to 180 tons of shredded 
cabbage. Most tanks today are constructed of reinforced 
concrete, but some wooden tanks remain. The tank is uni- 
formly filled, heaped to extend slightly above the top of the 
tank, and loosely covered with plastic sheeting. After about. 
24h, brine generated and located at the bottom of the tank 
is allowed to drain from the tank to allow the top of the 
cabbage to settle below the top of the tank. Then, the cab- 
bage is manually distributed to create a slightly concave 
surface. Plastic sheeting then is placed on the surface, and 
water is added on top to weight it down and to provide an 
anaerobic seal. Gas generated during fermentation es- 
capes by forcing its way between the tank wall and the 
cabbage, or through a plastic tube placed between the cab- 
bage and the cover. 

In the United States, the cabbage is allowed to remain 
in the tanks until at least 1% lactic acid is formed (about 
30 days minimum, depending upon the temperature), and 
is stored beyond this time and until such time as needed 
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Figure 1. Flow diagrams for three methods of cucumber process- 
ing. Source: Ref. 3. 


2430 VEGETABLES, PICKLING 


for processing. Thus, the sauerkraut tanks are used for 
fermentation as well as storage. Although extended pe- 
riods of holding in the tanks can result in excess acid 
formation and waste generation due to the need to wash 
excess acid from the product before canning, this disad- 
vantage is offset by the economic advantages of bulk stor- 
age. Also, most U.S. sauerkraut companies specialize in 
this product only and desire the option of further process- 
ing of sauerkraut throughout the year so as to distribute 
labor and equipment needs. This U.S. procedure differs 
significantly from that of many European manufacturers 
who process the sauerkraut into finished products when it 
reaches the desired level of titratable acidity (calculated as 
lactic acid, typically 1%), Thus, European manufacturers 
have greater control over product uniformity, but lose the 
economic advantages of bulk storage. Also, the European 
method results in less waste generation since less excess 
acid is produced, 

The sauerkraut is removed pneumatically, by mechan- 
ical fork, or by hand from the tanks as needed for process- 
ing during the year. The sauerkraut may be packaged in 
cans, glass, or plastic containers. When packaged in glass 
or plastic, the product is not heated. Rather, sodium ben- 
zoate (0.1%, w/w) and potassium metabisulfite are added 
as preservatives, and the product is held under refrigera- 
tion (5°C). 

Canned sauerkraut is preserved by pasteurization 
without the addition of preservatives. Heating is per- 
formed either by steam injection into a thermal screw or 
by a sauerkraut juice immersion-type cooker. The product 
is heated to 74 to 82°C for about 3 min and hot-filled into 
the cans. After closure, the cans are immediately cooled to 
Jess than 32°C. 


Kimchi 


Kimchi is a general term applied to a Korean product made 
by the lactic acid fermentation of salted vegetables (dry 
salted or brined) with or without secondary ingredients. 
Unless otherwise specified, however, kimchi generally 
means a product made from Chinese cabbage as the pri- 
mary vegetable with secondary ingredients. Kimchis made 
from vegetables other than Chinese cabbage as the pri- 
mary vegetable are specified with a qualifying word, eg, 
radish kimchi, cucumber kimchi, and green onion kimchi. 
Both solids and liquids of kimchis are consumed. 

Kimchi has been a major table condiment in Korea for 
about 200 years. Kimchi provided a spicy and flavorful ad- 
junct to a rather narrow choice of foods for Koreans in dif- 
ficult times, complementing the bland taste of cooked rice. 

Winter kimchi has been most traditional and is made 
between mid-November and early December, depending on 
the climate of the particular year. It is consumed until the 
following spring. The fresh ingredients are tightly filled 
into large earthen jars with earthen lids. The jars are par- 
tially buried (80-90% of container depth) under ground 
and are covered with bundles of rice straw for protection 
from direct sunlight and the climate. This procedure is still 
practiced in much of the rural areas and some households 
in urban areas. The subsurface temperature of the earth 
during the winter season is fit for slow but excellent fer- 


mentation of kimchi and also for the subsequent storage. 
Overacidification and development of yeasty flavor are the 
two most important problems in the long-term storage of 
kimchi. However, as the temperature goes up late in the 
following spring, the quality of winter kimchi is reduced. 

Today, lesser amounts of winter kimchi are made, and 
Koreans now enjoy freshly fermented kimchi anytime of 
the year owing to year-round availability of fresh vegeta- 
bles, general availability of household refrigerators, and 
distribution of commercial products through efficient cold 
distribution systems. Also, it is common for Korean fami- 
lies to make small batches of kimchi as needed and to store 
it under refrigeration for short periods to extend the fresh 
quality. 

Kimchis can be divided into two types simply depending 
on the way the primary vegetable is salted. Primary vege- 
tables are salted (either by dry salting or brining) and then 
the liquid is drained off completely before blending with 
secondary ingredients in the preparation of general kim- 
chis. However, sufficient brine is poured over the packed 
ingredients to cover whole cucumber fruits or radish roots. 
Pickles are usually prepared without secondary ingredi- 
ents. 


FERMENTATION AND MICROBIOLOGY 


Most vegetable fermentations are the result of growth by 
naturally occurring lactic acid bacteria present on the raw 
vegetable and the concentration of salt present, which dic- 
tates the types and extent of growth by these bacteria. The 
concentration of salt used varies among commodities (Ta- 
ble 1) and depends upon the flavor and textural properties 
desired. Cucumbers tend to soften (enzymatically) more if 
brined below about 5% NaCl. Fermentation of vegetables 
occurs in various stages (Table 2). The principal species of 
lactic acid bacteria and their metabolic end products are 
summarized in Table 3. 

Glucose and fructose are the principle sugars of cucum- 
bers and cabbage. Cabbage also contains low levels of su- 
crose. The metabolic pathways involved in fermentation of 
these sugars to end products are illustrated in Figure 2. 

Leuconostoc mesenteroides is an important species for 
initiating the fermentation of sauerkraut and kimchi be- 
cause of its production of acetic as well as lactic acid and 
nonacidic end products (ethanol, mannitol), which results 
in a more flavorful product. However, this species is rather 
acid sensitive and soon is overtaken by Lactobacillus plan- 


Table 1. Brining Procedures for Vegetables 


Concentration 
(%, w/v) of salt 


Method of salting Fermentation Storage _Vegetable 
Dry salting 15-25 15-25 Cabbage 
Dry salting 3 3 Kimchi 
Brine solution 5-8 8-16 Cucumbers 


Note: The concentrations of salt indicated generally are used for the vege- 
tables listed. Wide variations exist in the salt concentration used for pep- 
pers, onions, and cauliflower. 


Table 2. Stages of Microbial Acti: 
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ities During the Natural Fermentation of Vegetables 


Stage 


Prevalent microorganisms (conditions) 


Initiation of fermentation 
Primary fermentation 


Various Gram-positive and Gram-negative bacteria 
Lactic acid bacteria, yeasts (sufficient acid has been produced to inhibit most bacteria) 


Secondary fermentation  Fermentative yeasts (when residual sugars remain and lactic acid bacteria have been inhibited by low pH) 
Spoilage bacteria (degradation of lactic acid when pH is too high and/or salt/acid concentration is too low, 
eg, propionic acid bacteria, clostridia) 
Postfermentation Open tanks: surface growth of oxidative yeasts, molds, and bacteria 
Anaerobic tanks: none (provided the pH is sufficiently low and salt or acid concentrations are sufficiently 
high) 
Source: Ref. 6. 


Table 3. Lactic Acid-Producing Bacteria Involved in Vegetable Fermentations 


Genus and species Fermentation type* Main product (molar ratio) Configuration of lactate 

Streptococcus faecalis Homofermentative Lactate U+) 

Streptococcus lactis Homofermentative Lactate uU+) 

Leuconostoc mesenteroides Heterofermentative Lactate/acetate/CO, (1:1:1) D(-) 

Pediococcus pentosaceus Homofermentative lactate DL, L(+) 

Lactobacillus brevis Heterofermentative Lactate/acetate/CO, (1:1:1) DL 

Lactobacillus plantarum Homofermentative Lactate D(—), L(+), DL 
Heterofermentative® Lactate/acetate (1:1) D(—), (+), DL 

Lactobacillus bavaricus Homofermentative Lactate u+) 


Source: Ref. 7. 
*With respect to hexose fermentation. 


*Heterofermentative with respect to pentoses (facultatively heterofermentative). 


tarum, which produces mainly lactic acid and can result in 
a harsh, too-acidic product. However, L. mesenteroides (a 
heterofermentor) produces CO, (a gas) that can cause 
bloater damage (gas pockets) in fermented cucumbers. For 
this reason, L. plantarum or Pediococcus pentosaceus 
(homofermentor of hexoses, ie, produces only lactic acid 
and no CO,) is preferred for cucumber fermentations. For- 
tuitously, the texture of cabbage is retained at relatively 
low NaCl concentrations (1.5-2.5%), which is conducive to 
growth by L. mesenteroides. The higher salt concentration 
required for texture retention of fermented cucumber (5— 
8%) prevents growth by L. mesenteroides, but not L. plan- 
tarum, which is a preferred species to dominate cucumber 
fermentation because of its acid tolerance and homofer- 
mentative metabolism. 


NUTRITIVE VALUE 


The chief nutritive value of vegetables is in their content 
of vitamins, which may include important amounts of f- 
carotene, ascorbic acid, and folic acid, and less important 
amounts of riboflavin and some of the other B vitamins. 
Vitamin Bj, is not present in vegetables. Vegetables used 
for fermentation are an important source of fiber, but con- 
tain low levels of protein and calories. 

The effect of brining and fermentation on the nutritive 
value of vegetables has been reviewed (8-10); however, 
relatively little information is available on the subject. 
Lactic acid bacteria conventionally important in vegetable 
fermentations are nutritionally fastidious and would not 


be expected to increase essential nutrients during fermen- 
tation. 

Although microbial action may alter the nutrient con- 
tent of vegetables during fermentation, other factors may 
significantly infiuence the retention of nutrients during 
storage and further processing. If the vegetables are brined 
at high levels of salt, large losses in nutrients will result 
when the vegetables are subsequently desalted before use. 
From a nutritive standpoint, therefore, it would be pref- 
erable to brine vegetables at a low level of salt. Unfortu- 
nately, softening and other spoilage problems dictate the 
use of higher levels of salt in some vegetables than would 
otherwise be desirable. There is nearly complete loss of 
ascorbic acid from salt-stock cucumbers, which are stored 
at 8 to 16% salt, when the cucumbers are desalted to 2 to 
4% salt for use in finished products. Fellers (9) reported 
86, 82, and 28% losses for vitamin C (ascorbic acid), thia- 
min, and carotene, respectively, in desalted salt-stock cu- 
cumbers; but, in genuine dills, which are not desalted, 33 
to 60% vitamin C retention was found. Sauerkraut re- 
quires only 2 to 3% salt for preservation and, therefore, is 
not desalted before use. Thus, vitamin C is largely retained 
during storage of sauerkraut, but may be diminished dur- 
ing later processing, depending upon exposure to air and 
the extent of heating. 

Ascorbic acid and thiamin are stabilized by acid and 
exclusion of oxygen. Because fermented vegetables are 
normally held under such conditions, good retention of 
these vitamins would be expected. Current nutritional la- 
bels on commercial sauerkraut show a usual ascorbic acid 
content of 50% of the U.S. RDA per 100 g serving. 


(Homofermentative) 
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Figure 2. Major pathways for sugar fermentation by lactic acid bacteria. Source: Ref. 12. 


SHELF LIFE AND BULK STORAGE 


The shelf life of pasteurized pickles typically is 12 to 18 
months, depending on storage temperature (22°C or below 
preferred). The shelf life of refrigerated pickles varies from 
a few weeks (nonacidified type) to several months (acidified 
type, with preservatives). The shelf life of sauerkraut de- 
pends largely on the integrity of the can. With enamel- 
lined cans, the shelf life typically is 18 to 30 months. Sau- 
erkraut packaged in glass or plastic bags usually contains 
preservatives such as potassium bisulfite (for maintaining 
a light color) and sodium benzoate or potassium sorbate 
(as microbial inhibitors), which results in a shelf life of 8 
to 12 months. 

Fermented cucumbers held at 8% NaCl or higher before 
being processed into finished products can be held for a 


year or longer. The storage life is extended at higher salt 
concentrations. Sauerkraut is held at relatively low salt 
concentration (1.5-2.5%) in bulk storage, and typically is 
held for up to a year (United States) or only for a month 
or so (Europe). 


SAFETY 


There are no authenticated reports of pathogenic micro- 
organisms associated with standard commercial pickle 
products prepared under good manufacturing practices of 
acid, salt, and sugar content (and combinations thereof) 
from brined, salted, and pickled vegetable brine-stock, in- 
cluding cucumbers. The Commissioner of the FDA stated 
that “No instances of illness as the result of contamination 


of commercially processed fermented foods with Clostrid- 
ium botulinum have been reported in the United States” 
(11). Essentially the same pattern of consumer safety ap- 
plies to fresh-pack (pasteurized) pickle products. The pas- 
teurization process calls for the packed product to be acid- 
ified at the outset with a sufficient amount of food-grade 
organic acid (eg, vinegar, acetic acid, or lactic acid) to result 
in an equilibrated brine product pH of 4.0 or below (pref- 
erably 3.8). Vinegar (acetic acid) is usually the acidulant 
of industry choice for cucumber pickle products. The basic 
pasteurization procedure, with acidified product heated to 
an internal temperature of 74°C and held for 15 min, has 
been used successfully by industry since about 1940. In- 
sufficient acidification of pasteurized pickles can result in 
butyric-acid-type spoilage, possibly involving public health 
concerns. 


STARTER CULTURES 


Currently, most vegetable fermentations rely on the nat- 
ural microflora, although use of starter cultures has been 
suggested by various authors. Various reasons have been 
proposed to explain the lack of commercial use of cultures, 
including economics, lack of sufficiently unique and valu- 
able properties to justify their use, and the fact that vege- 
tables will undergo a natural lactic fermentation under 
proper environmental conditions (12). However, recent re- 
search with cucumbers, sauerkraut, and olives indicate 
that use of special cultures for vegetable fermentations 
may find application in the near future. Examples of novel 
properties of lactic acid bacteria cultures that make them 
potentially useful in commercial vegetable fermentations: 


* Inability to degrade malic acid to lactic acid and CO>. 
Aculture of L. plantarum was developed by mutation 
and selection for use in cucumber fermentation. Be- 
cause this culture does not produce CO, from malic 
acid, the natural acid present in cucumbers, it is be- 
ing evaluated for use to ferment whole cucumbers to 
avoid the need for purging to prevent bloater damage. 
Inability to produce biogenic amines. Biogenic amines 
such as histamine are formed by decarboxylation of 
amino acids. Selection of cultures lacking this ability 
has been considered. 

Exclusive I( + )-lactic acid formation. Health concerns 

have been raised about the production of D(-)-lactic 

acid (10). Starter cultures that produce only L{+)- 
lactic acid have been developed. 

* Bacteriocin production. Cultures of lactic acid bacte- 
ria that produce nisin and other bacteriocins have 
been isolated and may prove useful in inhibiting the 
growth of undesired bacteria in vegetable fermenta- 
tions. 

* Bacteriophage resistance. Bacteriophage sensitivity 
of starter cultures for use in preparing fermented 
dairy products is a serious concern. Although bacte- 
riophage problems are not currently apparent with 
fermented vegetables, the problem may become sig- 
nificant when the use of starter cultures becomes 
more prominent. 
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Today, more Americans are willing to make meatless 
choices, at least occasionally, than were willing to do so in 
the past. Vegetarian menus are more acceptable among 
shoppers today, and they are seen as a healthful and smart 
way of eating. Americans are not giving up meat alto- 
gether, but they are no longer as loyal to meat on the menu. 
They are seeking solutions for preventing disease and 
maintaining daily good health through vegetarian food 
choices. 

Two percent of shoppers say they always maintain a 
vegetarian diet, and 26% say they usually (7%) or some- 
times (19%) do so. This 28% of shoppers drives demand for 
vegetarian products on grocery shelves, in restaurants, 
and at school cafeterias. 

Growth in the market for vegetarian products in recent 
years has been largely fueled by vegetarian-aware shop- 
pers; the number of true vegetarian shoppers has re- 
mained relatively stable. Not interested in avoiding meat 
altogether; vegeterian-aware shoppers eat meatless meals 
more often for health reasons; they seek out fruits, vege- 
tables, and whole grains and adopt meatless burgers, soy 
hot dogs, and other vegetarian choices. 


‘WHAT VEGETARIAN MEANS 


As a dietary habit or lifestyle, vegetarianism includes a 
spectrum of dietary choices: 


* Vegans do not eat any animal-derived products. 

* Ovo-vegetarians do not eat meats or dairy products, 
but do eat eggs. 

* Lacto-ovo-vegetarians do not eat meats, but do eat 

eggs and dairy products. 

Pesco-vegetarians do not eat meats, but do eat eggs, 

dairy products, and fish. 

¢ Semi-vegetarians do not eat red meats, but do eat 
eggs, dairy products, fish, and poultry. 

* Vegetarian-aware shoppers do not avoid meats, dairy 
products, or eggs altogether, but are trying to eat 
meatless meals more often. 


A BRIEF HISTORY 


Vegetarianism has existed for centuries, often as a tenant 
of eastern religions and philosophies. In the United States, 
vegetarianism has Christian roots. Reverend William Met- 
calfe introduced vegetarianism to the United States in 
1817. In 1863, the Seventh-Day Adventist church was 
founded, and members adopted eating guidelines prohib- 
iting meat, tobacco, alcohol, tea, and coffee consumption. 
Around the turn of the century, Dr. John Harvey Kellogg, 
of cereal fame, founded a sanitarium in Battle Creek, 
Michigan, that advocated vegetarianism and healthy liv- 
ing. During the 1960s, vegetarianism became tied to the 
counter-culture as environmental issues fueled new inter- 
est in vegetarian eating habits. In 1971, Frances Moore 


Lappé harshly examined the meat industry and the re- 
sources necessary to support it in her book, Diet for a Small 
Planet. An immensely popular book, Diet for a Small 
Planet increased awareness of the environmental reasons 
for becoming a vegetarian among the American public. 


NUTRITIONALLY MISUNDERSTOOD 


Until recently, the health benefits of vegetarian diets have 
been largely misunderstood. Just 25 years ago, vegetarian 
diets were predicted to give rise to osteoporosis, anemia, 
and protein deficiencies. Vegetarian eating habits are now 
nutritionally acceptable and are generally recognized as 
healthy. Although vegetarian once meant counter-culture, 
vegetarian today is viewed by mainstream consumers as a 
smart way to eat healthfully. Male and female vegetarians 
have significantly less occurrence of cancer, heart disease, 
and obesity. 

Once the domain of health food or other specialty 
brands, major brands such as Green Giant and Stouffer's 
now offer vegetarian frozen burgers and dinners. Twoicons 
of American culture, Walt Disney World and Denny’s, have 
vegetarian menu options in their restaurants. 


VEGETARIAN-AWARE SHOPPERS 


Vegetarian-aware shoppers are interested in eating less 
meat, primarily because of their interest in eating less fat 
and eating more vegetables, fruits, whole grains, and 
beans. 

This term was coined by HealthFocus, a market re- 
search and consulting firm based in Des Moines. 
HealthFocus has conducted their National Study of Public 
Attitudes and Actions Toward Shopping and Eating every 
2 years since 1990. The national survey is conducted in two 
stages: telephone recruitment and a mailed questionnaire. 
More than 300 questions are asked. More than 2000 people 
participated in 1996 and 1994, and more than 1000 people 
participated in 1992 and 1990. 

The survey objectives are to 


* Identify current issues in consumer health and nu- 
trition attitudes and actions, such as avoiding red 
meats and eating more vegetables. 

* Assess trends in consumer priorities regarding eat- 
ing habits and nutrition issues, from price and con- 
venience to better nutrition. 

¢ Examine where consumers are headed in their be- 
havior toward health and diet. 

* Determine what nutritional issues will be most im- 
portant to shoppers in the near future. 


MEAT ON THE MENU 


It important to recognize that vegetarian and vegetarian- 
aware shoppers are not giving up meat altogether; rather, 
they are viewing meat as a less prominent aspect of their 
meals. Some shoppers say, “I’m a vegetarian; I only eat 


chicken and never beef or pork.” This is not really being a 
true vegetarian. 

According to the 1996 HealthFocus Study, both vege- 
tarian shoppers and vegetarian-aware shoppers still eat 
meat on occasion, although vegetarian shoppers are far 
less likely to eat meat. Fish and seafood are the most 
widely used meats among vegetarian and vegetarian- 
aware shoppers, followed by poultry. 

Almost one-third (31%) of vegetarian shoppers always 
or usually avoid dairy products and ingredients; 79% al- 
ways or usually avoid foods with red meat. Still, only 78% 
of shoppers who say they always maintain a vegetarian 
diet eat meatless meals twice a week or more often (Fig. 1). 


MARKET SIZE 


According to the HealthFocus Survey, almost 30% of Amer- 
ican shoppers, shopping for 25.7 million households, are 
choosing vegetarian or meatless meals. Since 1990, the 
number of vegetarian shoppers has remained relatively 
stable, with about 2% of all shoppers always maintaining 
a vegetarian diet. 

The number of shoppers making vegetarian-aware 
choices is increasing. In 1996, 26% of shoppers maintain a 
vegetarian diet usually (7%) or sometimes (19%), up from 
24% of shoppers in 1994. The number of shoppers main- 
taining a vegetarian diet at least on occasion increased by 
6 percentage points, from 48% in 1994 to 54% in 1996 (Ta- 
ble D. 
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Figure 1. Meat and dairy consumption as reported by respon- 
dents. 


Table 1, How Many Vegetarians Are There? 


1994 1996 No. of households 

(%) %) (1996) 
Vegans 05 05 460,000 
Vegetarians 15 15 1,380,000 
Vegetarian aware 24 26 23,920,000 
Total 26 28 25,760,000 
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DEMOGRAPHICS OF VEGETARIAN AND VEGETARIAN- 
AWARE SHOPPERS (TABLE 2) 


Men are somewhat more likely to be vegetarian shoppers, 
and women are more likely to be vegetarian-aware shop- 
pers: 3% of men always maintain a vegetarian diet, com- 
pared to 2% of women. Twenty-six percent of women usu- 
ally or sometimes maintain a vegetarian diet, compared to 
21% of men. 

Vegetarian shoppers tend to be younger: 21% are 18-29 
years old, compared to 12% of shoppers overall in this age 
group. They are also more likely to have young children at 
home: 42% have children younger than 2 years of age, and 
42% have children 3 to 6 years of age. 

In contrast, vegetarian-aware shoppers are older: 26% 
are 50-64 years old, compared to 23% of all shoppers in 
this age group; 22% are over age 65, compared to 17% of 
shoppers overall. Vegetarian-aware shoppers have older 
children at home: 47% have teenagers, compared to 44% 
of all shoppers and 42% of vegetarian shoppers. 

Shoppers making vegetarian and vegetarian-aware 
choices are somewhat better educated than other shop- 
pers. Forty percent of vegetarian shoppers and 36% of 
vegetarian-aware shoppers have at least a college degree; 
32% of all shoppers have college degrees. 

Vegetarian-aware shoppers live in higher income house- 
holds than vegetarian shoppers, likely because of their age 
and experience in the workplace. Vegetarian shoppers 
have a median household income of $29,000, and 
vegetarian-aware shoppers have a median household in- 
come of $37,800. 

Geographically, vegetarian and vegetarian-aware shop- 
pers live in highest concentrations in the midwest region 
of the United States. Vegetarian shoppers are most likely 
to live in the North Central (33%), Pacific (21%), Mid- 
Atlantic (14%), and New England (12%) regions. 
Vegetarian-aware shoppers are most likely to live in the 
North Central region (27%). 

Compared to the general population, vegetarian shop- 
pers are found in lower concentrations in the South Cen- 
tral (9%) and Mountain (2%) regions. Vegetarian-aware 
shoppers are found in higher concentrations in the South 
Atlantic (18%) and South Central (19%) regions. 


DIETARY PRIORITIES 


The most significant aspect of the vegetarian and 
vegetarian-aware consumer market is their strong com- 


Table 2. Selected Demographics of Vegetarian Shoppers 


Vegetarian All 

Vegetarian aware —_shoppers 
Men 23% 16% 19% 
Women 11% 84% 81% 
Adult (18-39 years) 42% 29% 35% 
Mid-Life (40-55 years) 33% 36% 35% 
Prime (6-64 years) 16% 13% 12% 
Senior (65+ years) 9% 22% 18% 
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mitment to healthy eating habits. Healthy eating is more 
important to vegetarian and vegetarian-aware shoppers, 
compared to shoppers overall. Their attitudes are extreme 
and their behavior is more consistent, compared to other 
shoppers (Fig. 2). 

Fifty percent of vegetarian shoppers and 24% of 
vegetarian-aware shoppers strongly agree that their diet 
is very important to them, compared to 16% of all shoppers. 
Fifty-eight percent of vegetarian shoppers and 32% of 
vegetarian-aware shoppers strongly agree that they think 
about the healthfulness or nutritional value of what they 
eat, compared to just 24% of all shoppers. 

Thirty-six percent of vegetarian shoppers and 17% of 
vegetarian-aware shoppers always select foods for healthy 
reasons. Forty-eight percent of vegetarian and 36% of 
vegetarian-aware shoppers always read labels on food 
packages, compared to 27% of all shoppers. 


HEART-HEALTHY, LOWFAT, AND LOW-CALORIE DIETS 


Eighty percent of vegetarian shoppers and 67% of vegetar- 
ian-aware shoppers always or usually maintain a heart- 
healthy diet, compared to about half of all shoppers who 
place similar importance on heart-healthy eating habits. 
Seventy-four percent of vegetarian shoppers and 65% of 
vegetarian-aware shoppers always or usually maintain a 
lowfat diet (Fig. 3). 

Vegetarian and vegetarian-aware shoppers also put a 
higher priority on maintaining a low-calorie diet. Sixty 
percent of vegetarians and 43% of vegetarian-aware shop- 
pers always maintain a low-calorie diet, compared to 26% 
of shoppers overall. 

This emphasis on health, rather than on religious or 
environmental issues, has meant that many longstanding 
vegetarian brands and products have had to reformulate 
and reposition themselves to address heart-healthy, low- 
fat, low-calorie diets. For many consumers, the simplest 
way to cut back on fat is to cut back on meats. These 
choices are preventive measures that are motivated by in- 
terest in better future health. 
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Figure 2. Dietary priorities among respondents. 
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Figure 3. Importance of lowfat eating habits among respondents. 


HEALTH ISSUES 


Ensuring future good health and managing weight are the 
primary reasons Vegetarian and Vegetarian Aware Shop- 
pers make healthy choices (Fig. 4). Ensuring future good 
health is the primary reason for choosing healthy foods for 
67% of vegetarian-aware shoppers, 65% of all shoppers, 
and 56% of vegetarian shoppers. 

Although philosophical or spiritual reasons are strong 
motivators for those strictly vegetarian (18%), the second- 
ary reason vegetarian shoppers (24%) choose healthy 
foods is to lose weight. Only 10% of vegetarian-aware 
shoppers and 13% of all shoppers select healthy foods to 
lose weight. 

The secondary reason vegetarian-aware shoppers 
(16%) choose healthy foods is to control existing health 
problems. 


HEALTH CONCERNS 


Vegetarian and vegetarian-aware shoppers have more ex- 
treme concerns about future health problems, compared to 
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Figure 4. Primary reason for choosing healthy foods. 
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Figure 5. Health issues respondents are extremely or very con- 
cerned about. 


shoppers overall. Cancer tops the list of health concerns, 
followed by heart disease, osteoporosis, being overweight, 
and having high cholesterol (Fig. 5). 

Vegetarians have the highest cancer concerns. Sixty-six 
percent of vegetarians are extremely or very concerned 
about cancer, compared to 62% of vegetarian-aware shop- 
pers and 57% of shoppers overall. They also express high 
concerns about osteoporosis and their weight. 

Vegetarian-aware shoppers are especially concerned 
about heart disease and high cholesterol, more so than 
vegetarians are. Sixty-four percent of vegetarian-aware 
shoppers are extremely or very concerned about heart 
disease, compared to 58% of vegetarians and 59% of 
shoppers overall. Similarly, 49% of vegetarian-aware 
shoppers are extremely or very concerned about high 
cholesterol, compared to 45% of vegetarians and 44% of 
shoppers overall. 


HEALTH PROBLEMS 


The comparatively low levels of concern about heart dis- 
ease and high cholesterol among vegetarian shoppers is 
probably in part a reflection of their better health status 
(Fig. 6). Sixty-five percent of vegetarian shoppers de- 
scribe their health as excellent or very good, compared 
to 53% of vegetarian-aware shoppers and 53% of shop- 
pers overall. 

Vegetarian shoppers are significantly less likely to be 
personally affected by health problems than are other 
shoppers. Three exceptions are lactose intolerance, 
diabetes, and arthritis, where vegetarian choices may be 
helping to manage the health problem once it occurs or 
is diagnosed. Younger and more attentive to heart- 
healthy eating habits, vegetarian shoppers are relatively 
less likely to report being overweight, having high cho- 
lesterol levels or hypertension, or having allergies or 
stress, compared to vegetarian-aware shoppers and shop- 
pers overall. 
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Figure 6. Examples of health problems personally affecting re- 
spondents. 


Vegetarian-aware shoppers are somewhat more likely 
than all shoppers to report hypertension or high choles- 
terol levels, stress, diabetes, arthritis and osteoporosis, 
but they are less likely than all shoppers to report being 
overweight. They are equally likely to report allergies. 

Stress, arthritis, and allergies are the most common 
health problems reported by vegetarian shoppers. Thirty- 
six percent of vegetarian shoppers are affected by stress, 
33% have arthritis, and 31% have allergies. Osteoporosis, 
frequent colds and flus, and high cholesterol levels are the 
least widespread. 

The most common health problems among vegetarian- 
aware shoppers are stress, allergies, and arthritis. Fifty- 
one percent of vegetarian-aware shoppers have stress, 42% 
report allergies, and 34% have arthritis. Frequent colds 
and flus, diabetes, lactose intolerance, and osteoporosis are 
their least common health problems. 


SHOPPING HABITS 


Just as vegetarian and vegetarian-aware shoppers differ 
in their nutrition attitudes and health priorities, they have 
different shopping habits (Fig. 7). Both shop at natural 
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Figure 7. Shopping habits of respondents. Percent of those shop- 
ping one or more times per week at various stores. 


foods and health food stores more often than shoppers 
overall, but vegetarian shoppers are much more likely 
than vegetarian-aware shoppers to go often and to go to 
nutrition centers. Vegetarian shoppers go to the super- 
market less often: 72% visit their supermarket weekly, 
compared to 83% of vegetarian-aware shoppers and 82% 
of shoppers overall. 

Twenty-three percent of vegetarian shoppers go to a 
supermarket-type natural foods store weekly, and 21% go 
to a small health or natural foods store as often. Fifteen 
percent of vegetarian-aware shoppers go to a supermarket- 
type natural foods store weekly, and 8% go to a small 
health or natural foods store. This compares to 10% of all 
shoppers who go to a supermarket-type natural foods store 
weekly, and 4% who go to a small health or natural foods 
store, 

Ten percent of vegetarian shoppers frequent nutrition 
centers (stores specializing in vitamins and supplements) 
weekly; 1% of vegetarian-aware shoppers and 1% of 
shoppers overall shop at nutrition centers at least once 
a week. 

Surprisingly, vegetarian shoppers are about as likely as 
shoppers are overall to shop at a convenience store at least 
once a week. Fifteen percent of vegetarian shoppers, 14% 
of vegetarian-aware shoppers, and 17% of all shoppers 
make the convenience store stop weekly. 


PACKAGE INFORMATION 


When shopping, vegetarian shoppers are label readers: 
719% always or usually read labels on packages. Seventy- 
six percent of vegetarian-aware shoppers and 66% of all 
shoppers do the same. 

The freshness date is the most important part of the 
package labeling, followed by the nutrition fact box and 
ingredient statement. Vegetarian shoppers give extreme 
importance to this label information. Seventy percent con- 
sider freshness dating extremely important, 60% consider 
the nutrition fact box extremely important, and the same 
number say the ingredient statement is extremely impor- 
tant. 


Freshness dating is extremely important to 60% of 
vegetarian-aware shoppers and to 58% of shoppers overall. 
Forty-six percent of vegetarian-aware shoppers and 36% 
of shoppers overall consider the nutrition fact box ex- 
tremely important. Forty-three percent of vegetarian- 
aware shoppers and 33% of shoppers overall consider the 
ingredient statement extremely important. 

Other important label information includes content 
claims and health claims, a customer service or 800 num- 
ber, and recipes. Thirty-four percent of vegetarian shop- 
pers consider a customer service number on the label ex- 
tremely important, compared to 22% of vegetarian-aware 
shoppers and 17% of all shoppers. Twenty-six percent of 
vegetarian shoppers like recipes on the package and con- 
sider them extremely important. Half as many vegetarian- 
aware shoppers give recipes this level of importance, and 
only 11% of shoppers overall do so. 


LABEL CLAIMS 


Vegetarian shoppers are significantly more interested in 
and influenced by health claims and content claims than 
are vegetarian-aware shoppers or shoppers overall. Con- 
tent claims on labels are extremely important to 43% of 
vegetarian shoppers and 31% of vegetarian-aware shop- 
pers, compared to only 25% of shoppers overall. Health 
claims are important to 37% of vegetarian shoppers and 
24% of vegetarian-aware shoppers, compared to only 19% 
of shoppers overall. 
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Figure 8. Label claims considered extremely or very important 
to vegetarian shoppers. 
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Figure 9. Label claims considered extremely or very important 
to vegetarian-aware shoppers. 
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Figure 10. Percent of respondents using organic foods twice a 
week or mare often. 


The differing health priorities among vegetarian and 
vegetarian-aware shoppers are apparent in their label in- 
terests (Figs. 8 and 9). Vegetarian shoppers give the most 
importance to labels reading “grown without pesticides,” 
“fresh,” “good source of antioxidants,” and “certified or- 
ganic.” Vegetarian-aware shoppers have more mainstream 
interests, giving the most importance to labels reading 
“fresh,” “grown without pesticides,” “fat free,” and 
“low fat.” 


NATURAL AND ORGANIC 


Just as vegetarian and vegetarian-aware shoppers are 
more likely to shop at health and natural foods stores, they 
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are more likely to look for brands and to support companies 
that share their social, environmental, and other values. 
Seventy-nine percent of vegetarian shoppers strongly 
agree or agree that environmental issues have had an im- 
pact on their purchases, compared to 64% of vegetarian- 
aware shoppers and 51% of shoppers overall. Vegetarian 
(73%) and vegetarian-aware shoppers (61%) prefer to buy 
products from companies that support their social, com- 
munity, or environmental interests. 

This social and environmental sense of responsibility is 
reflected at the checkout counter in organic foods pur- 
chases. Thirty-one percent of vegetarian shoppers use or- 
ganic produce twice a week or more, compared to only 11% 
of vegetarian-aware shoppers and 8% of all shoppers. 
‘Twenty-eight percent of vegetarian shoppers use organic 
grains twice a week or more, compared to 12% of vegetar- 
ian-aware shoppers and 10% of all shoppers. Organic pro- 
cessed foods are used twice a week or more by 13% of veg- 
etarian shoppers, 5% of vegetarian-aware shoppers and 4% 
of all shoppers. 


A GROWING MARKET 


The use of vegetarian products and meatless meal op- 
tions is growing and is expected to continue to grow, 
driven by consumer interest in healthier eating and sci- 
entific evidence supporting the importance of more pro- 
duce and grains in the diet and less meat. Fifty-four per- 
cent of all shoppers in 1996 report they eat a vegetarian 
diet at least on occasion, up from 48% just 2 years pre- 
viously. Nine percent of shoppers call themselves vege- 
tarian, although fewer than 2% practice strict vegetarian 
eating habits including no meat, no eggs, and no dairy 
products. 

In 1996, 40% of all shoppers reported eating meatless 
meals such as pastas or salads weekly, which is up from 
13% in 1990. 

Meat substitutes are also becoming more popular with 
American shoppers. Fifteen percent of all shoppers use 
these products weekly, up from 9% in 1994 and 7% in 
1992. 

The weekly use of soy foods such as tempeh or tofu has 
also increased, from 3% of shoppers in 1992 and 4% in 1994 
to 5% in 1996. 

Clearly, use of vegetarian products and meatless meal 
options is growing and will continue to grow. Market 
growth will be driven by consumer interest in healthier 
eating and fueled by scientific evidence supporting the im- 
portance of more produce and grains in the diet and less 
meat. 
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VITAMINS: SURVEY 


Vitamins are specific organic compounds that are essential 
for normal metabolism. Many participate as cofactors or 
coenzymes in mammalian biochemical reactions. The com- 
mon thread for the diverse chemical structures of the vi- 
tamins is that they are micronutrients. Micronutrients are 
compounds that are required in only small amounts and 
are not synthesized by humans, either at all or, at least, in 
sufficient quantity for metabolic needs. Vitamins are ob- 
tained from the diet or as synthetic preparations used in 
food fortification or supplements. 

The term vitamin is derived from vitamine, a word cre- 
ated in 1911 (1) when it was believed that the antiberiberi 
factor (thiamine) was an amine essential to the mainte- 
nance of life (vita). Later discoveries showed that not all 
vitamins are amines. However, a form of the name has 
remained. 

The history of the vitamins can be divided into five ma- 
jor, overlapping periods (2). 


PREHISTORY TO CA 1900 


In this period, the empirical healing of certain diseases by 
foods was established. Examples (3) were the treatment of 
night blindness (vitamin A deficiency) with liver in many 
cultures over centuries, of beriberi (vitamin B, deficiency) 
by use of unpolished rice by the Japanese navy, of scurvy 
(vitamin C deficiency) by citrus fruits in the British navy 
or pine needle extracts by North American natives, and 
pellagra (niacin deficiency) by a dietary shift away from 
corn-based foods in many countries. Other, nondietary em- 
pirical treatments involved, eg, exposure of children in 
northern latitudes to sunlight to cure rickets (vitamin D 
deficiency) (4). 


1880-1905 


The ability to induce disease states in animals by manip- 
ulation of the diet was established in this period. The clas- 
sical work by Eijkman (5), in which a beriberi-like condi- 
tion was induced in chickens fed on polished rice, was 
significant. These findings led to the concept by Hopkins 
that small amounts of accessory growth factors are nec- 
essary for survival and growth. 


1900-1972 


During this 70 year period, all 13 of the substances now 
recognized as vitamins were discovered and isolated in 
pure form. Structure elucidation for each vitamin was com- 
pleted, as was its total synthesis (Table 1). 


1933-PRESENT 


The first commercial synthesis of a vitamin occurred in 
1933 when the Reichstein approach was employed to man- 
ufacture vitamin C (6). All 13 vitamins are available in 
commercial quantities, and their biological functions have 
largely been established (7). A list of Nobel prize winners 
associated with vitamin research is given in Table 2. 


1955-PRESENT 


The possibility that vitamins might have physiological 
functions beyond the prevention of deficiency diseases was 
first recognized in 1955 with the finding (8) that niacin can 
affect serum cholesterol levels in humans. An explosion of 
research (9-11) in the intervening years has been aimed 
at establishing optimal vitamin levels and anticipating the 
health consequences. 


STRUCTURE 


Common names, chemical structure, and synonyms for the 
vitamins are given in Table 3. The names given to the vi- 


Table 1. History of the Vitamins 


Chemical 

Vitamin Discovery Isolation structure Synthesis 
A 1909 1931 1931 1947 
D 1918 1932 1936 1959 
E 1922 1936 1938 1938 
K 1929 1939 1939 1939 
By 1897 1926 1936 1936 
B, 1920 1933 1935 1935, 
Niacin 1936 1935, 1937 1867 
Be 1934 1938 1938 1939 
Bye 1926 1948 1956 1972 
Folie acid 1941 1941 1946 1946 
Pantothenic acid 1931 1938 1940 1940 
Biotin 1931 1935 1942 1943 
Cc 1912 1928 1933 1933 
Source: Ref. 4. 


Table 2. Nobel Prizes for Vitamin Research 
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Year Recipient Field 


Citation 


1928 Adolf Windaus Chemistry 
1929 Christiaan Eijkman Medicine, physiology 
Sir Frederick G. Hopkins — Medicine, physiclogy 
1934 George R. Minot, Medicine, physiology 
William P. Murphy, 
George H. Whipple 


1937 Sir Walter N. Haworth Chemistry 
Paul Karrer Chemistry 
Albert Szent-Gyorgyi Medicine, physiology 


Research into constitution of steroids and connection with vitamins 
Discovery of antineuretic vitamins 

Discovery of growth-stimulating vitamin 

Discoveries concerning liver therapy against anemias 


Research into constitution of carbohydrates and vitamin C 
Research into constitution of carotenoids, flavins, and vitamins A and B, 
Discoveries in connection with biological combustion processes, with 


special reference to vitamin C and catalysis of fumaric acid 


1938 Richard Kuhn 

1943 Carl Peter Henrik Dam 
Edward A. Doisy 

1953 Fritz A. Lipmann 

1964 Konrad E. Bloch, 

Feodor Lynen 

Dorothy C. Hodgkin 

1967 Ragnar A. Granit 


Chemistry 

Medicine, physiology 
Medicine, physiology 
Medicine, physiology 
Medicine, physiology 


Chemistry 
Medicine, physiology 


Work on carotenoids and vitamins 

Discovery of vitamin K 

Discovery of chemical nature of vitamin K 

Discovery of coenzyme A and its importance for intermediary metabolism 

Discoveries concerning mechanism and regulation of cholesterol and fatty 
acid metabolism 

Structural determination of vitamin B,» 

Research which illuminated electrical properties of vision by studying 


wavelength discrimination by eye 
Halden K. Hartine Medicine, physiology _ Research on mechanisms of sight 
George Wald Medicine, physiology Research on chemical processes that allow pigments in eye retina to 
convert light into vision 
Source: Ref. 2. 


tamins and/or their letter designations do not follow a log- 
ical pattern and are of historical significance only. Despite 
this, the nomenclature is in common use. 

Vitamins are classified by their solubility characteris- 
tics into fat-soluble and water-soluble groups. The fat- 
soluble vitamins A, E, D, and K result from the isoprenoid 
biosynthetic pathway. Vitamin A is derived by enzymic 
cleavage of the symmetrical C4) beta-carotene, also known 
as pro-vitamin A. Vitamins E and K result from conden- 
sations of phytyldiphosphate (C29) with aromatic compo- 
nents derived from shikimic acid. Vitamin D results from 
photochemical ring opening of 7-dehydrocholesterol, itself 
derived from squalene (C39). 

The water-soluble vitamins, B,, Ba, Bg, By, niacin, folic 
acid, pantothenic acid, biotin, and C, have a much less com- 
mon biosynthetic heritage. Furthermore, multiple biosyn- 
thetic paths exist for several of the vitamins. Thus, vita- 
mins B,, B, and folic acid are derived from purines, with 
components coming from carbohydrates. Portions of vita- 
mins B, and folic acid also originate in amino acids. One 
biosynthesis of niacin and that of vitamin Bg are derived 
from glycerin. Acetyl-CoA serves as common precursor, in 
extremely complex processes, to biotin (via pimelic acid) 
and vitamin By (through 5-aminolevulinic acid). Panto- 
thenic acid is constructed from glyoxylic acid and beta- 
alanine, itself derived from several pathways. Vitamin C, 
a carbohydrate, is biosynthesized from glucose or galactose 
(4,12). 


VITAMERS 


Although the 13 substances described in Table 3 are com- 
monly recognized as the vitamins, significant complexities 
exist because of the following factors: (1) A number of simi- 


lar chemical structures can exhibit, at least qualitatively, 
the biological activity of the vitamin; (2) The biological ac- 
tivity can vary by organism type, eg, in microorganisms vs 
humans; (3) The physiologically active form of the vitamin 
may be other than that indicated; for example, several 
water-soluble vitamins are active in co-enzyme form; (4) A 
metabolite may be the active form of the vitamin, as in the 
case of 1-a-25-dihydroxy-vitamin D,; (5) Biochemical in- 
terconversion of several forms of the vitamins can occur. 
The best studied example is pyridoxine, pyridoxal, pyri- 
doxamine, and their 5'-phosphates; (6) Synthetic commer- 
cial forms, often manufactured and sold because of their 
increased stability, are convertible in the target organism 
to the vitamin. Esters of a-tocopherol and retinol are the 
most prominent examples. These compounds are known as 
vitamers. Table 4 presents a partial list of these vitamers. 
Specifically segmented are the major commercial forms of 
the vitamin. 


PROPERTIES 


Because of their diverse structures, there are few common 
threads to vitamin chemical properties aside from their fat 
or water solubility. Of general concern in all applications, 
however, is vitamin stability. Table 5 provides generic in- 
formation regarding stability under several conditions. 
Levels of stability vary greatly and are impacted by acid 
or base strength, light intensity, ete. 

The relative instability of many of the vitamins has led 
to the creation of derivatives and stabilized product forms 
capable of withstanding the rigors of food, animal feed, and 
pharmaceutical process conditions. Depending on the vi- 
tamin and application, stabilized forms may involve spray 
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Table 3, Vitamin Names and Structures 


Vitamin 
A 


By 


B, 


Niacin 


Be 


CAS Registry Common name and 
Structure Number synonyms 
CH, CH CHs CHs [68-26-8) Retinol, axerophthol 
[520-91-2] Vitamin Dg, 
cholecalciferol, 
antirachitic vitamin 
CHs (59-02-9) a-Tocopherol, (RRR)-a- 
HO. tocopherol, antisterility 
CH vitamin 
©) Hg CHs Hy CH 
CH; Ove Cl 
: CHy Hs 
CH 
9 CHs CHs CHg CHs —_[84-80-0] Vitamin K,, 
Za phylloquinome, 

CHg coagulation vitamin, 
antihemorrhagic 
vitamin, phytonadione 

(67-03-8] Thiamine, aneurin 

(83-88-51 Riboflavin, vitamin G, 
lactoflavin, 
hepatoflavin, ovoflavin, 
verdoflavin 

(59-67-6) Vitamin Bs, nicotinic acid 

(58-56-0) Pyridoxine, pyridoxol, 


OH 


antiacrodynia factor 
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Table 3. Vitamin Names and Structures (continued) 


CAS Registry Common name and 

Vitamin ‘Structure Number synonyms 

Bis CHs [68-19-9] Cobalamin, 

H,NCOCH,CH CHg ,CH»CONH> cyanocobalamin 
HNCOCHha 3 K 4 sorcones 
cH; v CNN. 
se \] 
cu ‘ee Naa 
LAN 
Ny 
H —_ LaCHs 
H,NCOCHY \ YO "cus 
CH)CH,CONH, 
fo) ‘ 

Folie acid (59-30-31 Folacin, pteroylglutamic 
acid, antianemia factor, 
fermentation, L. casei 
factor 

N 
Pantothenic H OH (79-83-4] Chick antidermatitis, 
acid 4 N factor 
CH, CH; 
3 3 fey 
Biotin ° (58-85-5} d-Biotin, vitamin H, anti- 
A egg-white-injury factor, 
HN’ “NH bios II, coenzyme R 
H H 
‘COOH 
on 
c CH,OH [620-91-2) Ascorbic acid, 
u-t-on antiscorbutic vitamin 
O. 0 
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Table 4. Vitamers 
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Vitamin Vitamers Major commercial forms 

A Retinal (vitamin A aldehyde), retinoic acid (vitamin A _- Vitamin A acetate, vitamin A propionate, vitamin A 
acid), retinol cis-isomers, f-carotene, other palmitate, vitamin A acid, B-carotene, -apo-8'- 
carotenoids carotenal 

D Ergocalciferol (vitamin D2), 1-a-25- Cholecalciferol (vitamin Dg), ergocalciferol (vitamin 
dihydroxycholecalciferol (calcitriol) D2) 

(RRR)--Tocopherol, (RRR)-)-tocopherol, (RRR)-5- (RRR)-a-Tocopherol, (RRR)-a-tocopheryl acetate, all- 
tocopherol, 2R-a-tocotrienol, 2R-f-tocotrienol, 2R-)- rac-a-tocopherol, all-rac-a-tocopheryl acetate, all- 
tocotrienol, 22-é-tocotrienol, all-rac-a-tocopherol rac-a-tocopheryl succinate 

K Vitamin K, (menaquinone), vitamin K, (menadione), 2- _2-(R,S)-Vitamin K, (cis, trans-mixture), menadione 
(R,S)-vitamin K, (trans) sodium bisulfite, menadione dimethylpyrimidinol 
bisulfite 
B, Thiamine diphosphate (cocarboxylase), thiamine Thiamine chloride, thiamine mononitrate, thiamine 
orthophosphate diphosphate, thiamine disulfide 
B, Riboflavin mononucleotide (FMN), riboflavin Riboflavin, riboflavin sodium phosphate 
dinucleotide (FAD) 
Niacin Niacinamide (nicotinamide), nicotinamide adenine Niacin, niacinamide 
dinucleotide (NAD, coenzyme 1), nicotinamide 
adenine dinucleotide phosphate (NADP, coenzyme 
1) 
B, Pyridoxine-5'-phosphate, pyridoxal, pyridoxal-5'- Pyridoxine hydrochloride, pyridoxal-5'-phosphate 
phosphate (codecarboxylase), pyridoxamine, 
pyridoxamine-5'-phosphate 
By Methyleobalamin, adenosyl-cobalamin (coenzyme B,;), _ Cyanocobalamin, hydroxocobalamin 
hydroxocobalamin, aqua-cobalamin chloride 
Folic acid Tetrahydrofolic acid, N-formyl-tetrahydrofolic acid, Folic acid 
pteroic acid, pteroyltriglutamic acid, 
pteroylhexaglutamic acid 
Pantothenic acid Coenzyme A, pantethein Calcium pantothenate, d-panthenol, d,!-panthenol 
Biotin Desthiobiotin d-Biotin 
Dehydroascorbic acid Ascorbic acid, ascorbyl palmitate, sodium ascorbate, 


calcium ascorbate, ascorbyl-2-polyphosphate 


Table 5. Vitamin Stability 
Vitamin Oxygen Light 


100°C Acids*_ Bases® 


Folic acid 
Pantohenic acid 
Biotin 

Cc 


Note: 8 = stable; U = unstable. 
“In absence of oxygen. 


Z 

5 

5 
Gnnqcnnnacunadaa 
qenqaqqrqqaacad 
NDHNAECHHNHHHHHAGG 
qaqunanndqdqanan 
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drying in a suitable matrix (eg, gelatin), encapsulation 
(beadletting), or coating with fats or waxes (qv). 


ANALYSIS 


Analytical methods for the vitamins involve physical and 
chemical, chromatographic, microbiological, and biological 


methods. The method of choice for a particular vitamin 
depends on the substance being measured, as well as its 
concentration. For example, detection of biotin, folic acid, 
and vitamin Bj, is accurately achieved by high pressure 
liquid chromatography (hplc) or gas—liquid chromatogra- 
phy (gle). However, chromatographic methods often are not 
sufficiently sensitive for the low levels at which these vi- 
tamins usually are found. Microbiological methods, though 
slower, more expensive, and usually less accurate, are then 
employed for these low level assays. Biological assays, al- 
though extremely significant in the history of the vitamins, 
are rarely used in the 1990s. 

An excellent overview of vitamin analytics is available 
(13). Specifications for the vitamins are available for food 
use (14) and pharmaceutical use (15). 


PHYSIOLOGICAL FUNCTION 


Physiological functions as well as clinical symptoms that 
occur in humans deficient in specific vitamins are given in 
Table 6. It is becoming more authenticated that vitamins 
have additional potential health benefits when adminis- 
tered, via the diet or by supplementation, at levels above 
those required for obviating deficiency. Although for most. 
vitamins the optimal levels are not yet established, some 
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Table 6. Vitamin Functions, Clinical Deficiency Symptoms, and Potential Health Benefits 

Vitamin Function. Clinical deficiency symptoms Potential health benefits 

A Needed for normal vision, Night blindness, xerophthalmia, Regression of precancerous lesions, 
reproduction, and maintenance loss of appetite, increased reduces measle-associated 
of healthy skin, mucous susceptibility to infections, skin morbidity in children 
membranes, bones, red blood disorders, poor growth, defective 
cells, cell differentiation, and reproduction 
immune function 

D Enhances calcium absorption, Insufficient bone mineralization, Protection against certain types of 
regulates calcium and skeletal deformities (rickets and cancer, reduces risk of 
phosphorus metabolism, osteomalacia) osteoporosis, psoriasis (topical) 
promotes mineralization of 
bones, plays role in cell 
differentiation 

E Lipid-soluble antioxidant, prevents | Neuromuscular disorders, red Reduces risk of chronic disease 
lipid oxidation of membranes, blood cell rupture (both (cardiovascular, precancerous 
needed for healthy blood cells uncommon) lesions, cancer), 
and tissues, blocks nitrosamine immunoenhancement, protection 
formation, protects PUFAs from from exercise-induced muscle 
autoxidation, important for injury, improves metabolic 
normal immune function control, reduces risk of 

complications in diabetes 

K Essential for normal blood clotting, Reduced blood clotting, increased Reduces risk of osteoporosis 
needed for formation and risk for brittle bones 
maintenance of healthy bones, 
essential for formation of 
osteocalcin (bone protein) 

B Helps convert carbohydrates from Mental confusion, loss of appetite, Important role in energy 
food into energy, required by muscular weakness and metabolism 
muscle, nervous system, and paralysis, heart failure (beriberi) 
brain 

By Involved in carbohydrate, protein Oral lesions, cracks in corners of Important role in energy 
and fat metabolism mouth, dermatitis metabolism 

Niacin Involved in carbohydrate, protein, Mouth soreness, diarrhea, Reduces risk of atherosclerosis 
and fat metabolism; at abdominal pain, skin and 
pharmacologic levels used to nervous system disorders 
lower blood cholesterol (pellegra) 

Be Active in protein metabolism, Dermatitis, anemia, nervous Reduces risk of cardiovascular 
required for bone health, system disorders disease (also B, and folic acid), 
involved in homocysteine immunoenhancement, reduces 
metabolism risk of osteoporosis, protection 

against carpal tunnel syndrome 

Folic acid Involved in amino acid Anemia, nervous system disorders, Reduces risk of cardiovascular 
interconversions, needed for red gastrointestinal lesions disease (also B, and B,,), certain 
blood cell formation and DNA cancers, and precancerous 
and RNA synthesis, protects lesions; birth defect prevention 
against neural tube birth defects, 
involved in homocysteine 
metabolism 

Pantothenic acid Active in carbohydrate, protein, Abnormal sensations in legs and 
and fat metabolism feet (rare) 

Biotin Involved in protein, fat, and Dermatitis, hair loss Helps develop healthy nails 
carbohydrate metabolism 

c Helps form and maintain collagen; Swollen or bleeding gums, joint Protection against chronic diseases 
important for healthy cartilage, pain, slow wound healing, (cancer, cardiovascular, eye 
bones, teeth, and gums; needed lowered resistance to infection, disease), reduces symptoms of 
for wound healing; enhances scurvy common cold, periodontal disease 
nonheme iron absorption; water- protection, improves fertility in 
soluble antioxidant protects cells men, reduces risk of osteoporosis 


from free-radical damage; blocks 
nitrosamine formation; increases 
body's resistance to infection 


Table 7. Recommended Dietary Allowances 
VitaminA VitaminD VitaminE VitaminK Thiamin Riboflavin Niacin VitaminB, VitaminB,, Folate VitaminC 


Category Age (ug RE* (ug? (mg a-TEY (ug) (mg) (mg) (mg) (mg) (ug) (ug) (mg) 
Infants 0.0-0.5 375 75 3 5 03 04 5 0.3 0.3 25 30 
0.5-1.0 375 10 4 10 04 05 6 0.6 0.5 35 35 
Children. 1-3 400 10 6 15 0.7 08 9 1.0 0.7 50 40 
4-6 500 10 % 20 09 11 12 11 10 75 45 
7-10 700 10 7 30 10 12 13 14 14 100 45 
Males 11-14 1000 10 10 45 13 15 17 17 2.0 150 50 
15-18 1000 10 10 65 15 18 20 2.0 2.0 200 60 
19-24 1000 10 10 70 15 7 19 2.0 2.0 200 60 
25-50 1000 5 10 80 15 17 19 2.0 2.0 200 60 
51+ 1000 5 10 80 12 14 15 2.0 2.0 200 60 
Females 11-14 800 10 8 45 11 13 ts) 14 2.0 150 50 
15-18 800 10 8 55 11 13 15 15 2.0 180 60 
19-24 800 10 8 60 11 13 15 16 2.0 180 60 
25-50 800 5 8 65 11 13 15 16 2.0 180 60 
51+ 800 5 8 65 10 1.2 13 16 2.0 180 60 
Pregnant lactating 800 10 10 65 15 16 17 2.2 2.2 400 70 
1st six months 1000 10 12 65 16 18 20 2.1 26 280 95 
2nd six months 1200 10 ll 65 16 7 20 21 26 260 90 

Source: Ref. 18. 


RE = retinol equivalents; 1 RE = 1 yg retinol or 6 wg f-carotene. 
*As cholecalciferol; 10 ug cholecaleiferol = 400 IU vitamin D. 
*TE = a-Tocopherol equivalents; 1 a-TE = 1 mg (RRR)-a-tocopherol. 


Orbe 


AJAUNS ‘SNIWVLIA 


of the potential health benefits to be derived from vitamins 
are indicated (16). In one case, the level of scientific proof 
is such that the U.S. FDA has allowed “a health claim that 
women who are capable of becoming pregnant and who 
consume adequate amounts of folate daily during their 
childbearing years may reduce their risk of having a preg- 
nancy affected by spina bifida or other neural tube defects” 
(17). 

The Recommended Dietary Allowances (RDA) of the 
National Academy of Sciences are intended as daily intake 
guidelines for preventing deficiencies and maintaining rea- 
sonable reserves among most healthy people. These rec- 
ommendations, revised every 5 to 10 years, are made by a 
committee of the U.S. Food and Nutrition Board and are 
based on scientific information that is available at the time 
of the review. This includes studies on subjects on deficient 
diets, nutrient balance studies, measures of tissue satu- 
ration, normal intakes of the nutrient, and extrapolation 
from animal data. The most recent RDAs are given in Ta- 
ble 7 (18). The 1989 RDA has a special requirement of 100 
mg of vitamin C for cigarette smokers. Otherwise, there is 
no recognition of special needs for specific groups such as 
those using certain drugs chronically, people with disease, 
or the elderly (eg, over 65 years). Neither does it address 
the needs for the prevention of any of the chronic diseases. 

Because there is less information upon which to base 
dietary allowances for biotin and pantothenic acid, ranges 
of intake are provided, as in Table 8. 

Along with increasing evidence of health benefits from 
consumption of vitamins at levels much higher than RDA 
recommendations comes concern over potential toxicity. 
This topic has been reviewed (19). Like all chemical sub- 
stances, a toxic level does exist for each vitamin. Tradi- 
tionally it has been assumed that all water-soluble vita- 
mins are safe at any level of intake and all fat-soluble 
vitamins are toxic, especially at intakes more than 10 
times the recommended allowances. These assumptions 
are now known to be incorrect. Very high doses of some 
water-soluble vitamins, especially niacin and vitamin Bg, 
are associated with adverse effects. In contrast, evidence 
indicates that some fat-soluble micronutrients, especially 
vitamin E, are safe at doses many times higher than rec- 
ommended levels of intake. Chronic intakes above the 
RDA for vitamins A and D especially are to be avoided, 
however. 


Table 8, Estimated Safe and Adequate Daily Dietary 
Intake 


Biotin Pantothenic acid 


Category Age (ug) (mg) 
Infants 005 10 2 
0.5-1 15 3 
Children and adolescents 1-3 20 3 
46 25 a4 
7-10 30 45 
11+ 30-100 47 
Adults 30-100 47 
Source: Ref. 18. 
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PRODUCTION 


Preparation of the vitamins in commercial quantities can 
involve isolation, chemical synthesis, fermentation, and 
mixed processes, including chemical and fermentation 
steps. The choice of process is economic, dictated by the 
need to obtain materials meeting specifications at the low- 
est cost. Current process technologies (ca 1997) employed 
for each vitamin are indicated in Table 9. 

More than one process is available for some of the vi- 
tamins. Further, manufacturers have developed variants 
of the classical syntheses during optimization. Whereas 
some of this information is available, as described in the 
individual sections on vitamins, much is closely held as 
trade secrets. Judging from the more recent patent liter- 
ature, the assessment can be made that vitamin produc- 
tion technologies are in general mature. However, the eco- 
nomic value of these products drives continuing research 
aimed at breakthrough processes. Annual production of vi- 
tamins varies greatly, from ca 10 metric tons of vitamin 
By, to ca 50,000 metric tons of vitamin C. 


APPLICATIONS 


It is generally assumed that adequate vitamin levels in 
humans can be obtained through a balanced diet. However, 
ongoing studies continue to indicate that the majority of 
the U.S. population is not receiving even the RDA through 
diet. Supplementary vitamins are thus provided for forti- 
fication of foods (20) and as oral or parenteral dosage 
forms. 

The use of vitamins in humans consumes ca 40% of vi- 
tamins made worldwide. The majority of the vitamins, par- 
ticularly in countries outside the United States, are used 
in animal husbandry. It is well established (21) that vita- 
mins are critical to animal productivity, especially under 
confined, rapid growth conditions. Newer information (22) 
has shown that vitamin E added to cattle feed has the ad- 
ditional effect of significantly prolonging beef shelf life in 
stores. Additional applications of vitamins exist. A small 
but growing market segment involves cosmetics (qv) (23). 
The use of the chemical properties of the vitamins, par- 
ticularly as antioxidants (qv) in foods and, more recently, 
in plastics (vitamin E (24)), has emerged as a growing 
trend. 


ECONOMIC ASPECTS 


Vitamins are sold for direct application to foods and animal 
feeds. In addition, they are further processed into nutri- 
tional supplements. This last market is particularly sig- 
nificant in the United States. In many other countries, vi- 
tamins are regulated as drugs, leading to a much lower 
supplement usage. 

It can be estimated that approximately $3,000,000,000 
of vitamins were sold in 1996. Market growth is slightly 
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Table 9. Vitamin Production Processes 


Fermentation Synthesis/fermentation 
Vitamin B, Vitamin B, 
Vitamin By, Vitamin C 


Isolation Chemical synthesis 
(Vitamin A) Vitamin A 
Vitamin E* Vitamin D 
(Vitamin D) Vitamin EP 
(Vitamin K) Vitamin K 
Vitamin B, 
Niacin 
Vitamin B, 
Folic acid 
Pantothenic acid 
Biotin 
Note: Parentheses indicate minor processes primarily of historical significance. 
‘“(RRR)-a-Tocopherol. 


*All-rac-a-tocopherol. 


higher than population growth, but varies widely by indi- 
vidual vitamin, geographical area, and/or application. The 
largest vitamin manufacturer is Hoffmann-La Roche. 
Other significant producers include BASF, Takeda, Eisai, 
and Rhéne-Poulenc. Additional vitamins are produced in 
China, Russia and India. 


VITAMIN-LIKE COMPOUNDS 


Although it is a general consensus that these 13 sub- 
stances represent the known vitamins, other compounds 
upon which there is less agreement often enter the vitamin 
discussion (25). Included in this group are choline, myo- 
inositol (Bios I), vitamin F (essential fatty acids including 
linoleic acid, y-linolenic acid, and arachidonic acid), a-lipoic 
acid, ubiquinones, plastoquinone, vitamin P (bioflavo- 
noids), vitamin L (o-aminobenzoic acid), vitamin T (mix- 
ture including folic acid and vitamin B,,), vitamin U 
(L-methioninylmethylsulfonium chloride), orotic acid (vi- 
tamin B;s), and pyrroloquinoline quinone. 
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VITAMINS: ASCORBIC ACID 


Ascorbic acid [50-81-1] (1) (Fig. 1) is the name recognized 
by the IUPAC-IUB Commission on Biochemical Nomencla- 
ture for Vitamin C (1). Other names are: L-ascorbic acid, 
L-xyloascorbic acid, and L-threo-hex-2-enoic acid y-lactone. 
The name implies the vitamin’s antiscorbutic properties, 
eg, the prevention and treatment of scurvy. L-Ascorbic acid 
is widely distributed in plants and animals. The pure vi- 
tamin, CgH,Og, mol wt 176.13, is a water-soluble, strongly 
reducing, optically active (chiral) white crystalline sub- 
stance. 

L-Ascorbic acid biosynthesis in plants and animals as 
well as the chemical synthesis starts from D-glucose. The 
vitamin and its main derivatives, sodium ascorbate, cal- 
cium ascorbate, and ascorbyl palmitate, are officially rec- 
ognized by regulatory agencies and included in compendia 
such as the United States Pharmacopeia / National For- 
mulary (USP / NF) and the Food Chemicals Codex (FCC). 

The most significant chemical characteristic of L- 
ascorbic acid (1) is its oxidation to dehydro-L-ascorbic acid 
(L-threo-2,3-hexodiulosonic acid y-lactone) (3) (Fig. 1). Vi- 
tamin C is a redox system containing at least three sub- 
stances: L-ascorbic acid, monodehydro-L-ascorbic acid, and 
dehydro-L-ascorbic acid. Dehydro-L-ascorbic acid and the 
intermediate product of the oxidation, the monodehydro- 
L-ascorbic acid free radical (2), have antiscorbutic activity 
equal to L-ascorbic acid. 

The reversible oxidation of L-ascorbic acid to dehydro- 
L-ascorbic acid is the basis for its known physiological 
activities, stabilities, and technical applications (2). The 
importance of vitamin C in nutrition and the mainte- 
nance of good health is well documented. Over 22,000 
references relating only to L-ascorbic acid have appeared 
since 1966. 

L-Ascorbic acid was isolated first by Albert Szent- 
Gyérgyi in 1930. However, its early history is associated 
with the etiology, treatment, and prevention of scurvy (3— 
5). Scurvy is one of the oldest diseases known to human- 
kind. It affected many people in ancient times in Egypt, 
Greece, and Rome and influenced the course of history. 
Outbreaks of the disease resulting from inadequate 


(1) L-Ascorbic acid 


072 250) 
(3) Dehydro-L-ascorbic acid 
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amounts of vitamin C in rations spontaneously ended 
many military campaigns and long ocean voyages (6). Dur- 
ing the Middle Ages, scurvy was endemic in northern Eu- 
rope, occurring mostly in the winter season when fresh 
fruits and vegetables were unavailable. By the end of the 
seventeenth century, scurvy became a severe problem 
among sailors on long voyages. It was treated as a venereal 
disease, with disastrous results. 

The first clues to the treatment of scurvy occurred in 
1535-1536 when Jacques Cartier, on advice from New- 
foundland Indians, fed his crew an extract from spruce 
tree needles to cure an epidemic. Various physicians were 
recommending the use of citrus fruits to cure scurvy in 
the mid-sixteenth century, Two hundred years later, in 
1753, it was proved by Dr. James Lind, in his famous 
clinical experiment, that scurvy was associated with diet 
and caused by lack of fresh vegetables. He also demon- 
strated that oranges and lemons were the most effective 
cure against this disease. In 1753, in “A Treatise on the 
Scurvy,” Lind published his results and recommendations 
(7). Forty-two years later, in 1795, the British Navy in- 
cluded lemon juice in seamen’s diets, resulting in the fa- 
miliar nickname “limeys” for British seamen. Evidence 
has shown that even with undefined scorbutic symptoms, 
vitamin C levels can be low, and can cause marked dim- 
inution in resistance to infections and slow healing of 
wounds. 

Research leading to the discovery of vitamin C began in 
1907 when it was observed by Axel Holst and Theodor 
Frohlich that guinea pigs were as susceptible to scurvy as 
humans and that the disease could be produced experi- 
mentally in these animals (8). These findings led to the 
development of an assay for the biological determination 
of antiscorbutic activity of food products (9). 

Between 1910 and 1921, the vitamin was obtained in 
almost pure form from lemons and some of the physical 
and chemical properties were determined (10). It was dis- 
covered that vitamin C is easily destroyed by oxidation and 
best protected by reducing agents, and that 2,6-dichloro- 
phenolindophenol is reduced by solutions of the vitamin. 
Subsequent studies showed that the dichlorophenolindo- 
phenol test measured only the vitamin and not dehydroas- 


(2) Monodehydro-L-ascorbic acid (free radical) 


Figure 1. Vitamin C redox system. 
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corbic acid, which also has antiscorbutic activity. The 
isolation of vitamin C was first accomplished by Szent- 
Gyédrgyi in 1928 from cabbage, paprika, and the adrenal 
glands of animals (11). The relationship between vitamin 
C and the antiscorbutic factor was established in 1932 by 
Szent-Gydrgyi and, at the same time, by King and Waugh 
(12). Also in 1932, the chemical structure of ascorbic acid 
was determined independently by Haworth and Hirst (13). 
One year later, in 1933, Reichstein synthesized D-ascorbic 
acid and L-ascorbic acid (14). L-Ascorbic acid was synthe- 
sized from D-glucose (4) because the chiral centers of C-2 
and C-3 were in the correct configuration to become C-4 
and C-5, respectively, of L-ascorbic acid (15). 


CHO °CH,OH 
n20-on H—C—oH HOg_SCH,OH 
Ho“0-H ee ee 5 
u4c-on °¢—on 
H20-oH 9 *¢—on HO ‘oH 
°CH,OH Li¢=o0 
(4) D-Glucose (1) L-Ascorbie acid 


This synthesis was the first step towards industrial 
vitamin production, which began in 1936. The synthetic 
product was shown to have the same biological activity 
as the natural substance. It is reversibly oxidized in the 
body to dehydro-L-ascorbic acid (3) (L-threo-2,3-hexodiu- 
losonic acid y-lactone), a potent antiscorbutic agent with 
full vitamin activity. In 1937, Haworth and Szent- 
Gyérgyi received the Nobel Prize for their work on vita- 
min C. 


STRUCTURE DETERMINATION 


Albert Szent-Gydrgyi demonstrated that “hexuronic acid,” 
CgH,O¢, which was first isolated from sources such as cab- 
bage juice, was identical to vitamin C (L-ascorbic acid). Ul- 
traviolet absorption studies carried out in the mid-1930s 
led to the proposal that L-ascorbic acid was 3-oxo-L- 
sorbosone (5), which exists in a variety of tautomeric 
forms, including (6), (7), and L-ascorbic acid (1). The chem- 
ical structure of L-ascorbic acid was determined indepen- 
dently by Haworth and Hirst using x-ray crystallographic 
techniques (13). Soon afterwards, additional data support- 
ing the structure 1 was published by other authors (16— 
18). Excellent review articles summarizing the early work 
on vitamin C have appeared (19,20). Years later, with im- 
proved x-ray techniques (21,22) and neutron-diffraction 
methods (23), the structure of L-ascorbic acid was refined 
(24,25). The five-membered ring containing the enediol 
group is almost planar. The conformation of the side chain 
in the crystal is as shown by structure 1. The chiral center 
at position C-4 has the R- or D-configuration, whereas C-5 
has the S- or L-configuration. 


HO, -CH2,0H HO, .CH,0H 
0. 0. 
OH ‘0 


o oO HO OH 
(5) 3-oxo-L-sorbosone @ 
HOg _-CH,OH HOg_-CH,OH 
0. 0. 
‘Oo Z ‘OH 
HO oO oO OH 
(6) (7) 


As a result of having two chiral centers, four stereoiso- 
mers of ascorbic acid are possible (Table 1) (Fig. 2). Besides 
L-ascorbic acid (Activity = 1), only D-araboascorbic acid 
(erythorbic acid (9)) shows vitamin C activity (Activity = 
0.025-0.05). The L-ascorbic acid structure (1) in solution 
and the solid state are almost identical. Ascorbic acid crys- 
tallizes in the space group P2, with four molecules in the 
unit cell. The crystal data are summarized in Table 2. 

Crystalline dehydro-L-ascorbic acid (3) is reported to ex- 
ist as the dimer (11) (26). In water, it is present as the 
hemiacetal monomer (12). 


Os, 
Sc-oH 
c-OH 
y 
—s oO 
@—-@—- ¢ — 04) Oxalie acid 
H-C-OH 
1 oO, 
HO-C-H ‘o-on 
CHOH H-C-oH 
i — ee 
(13) 2,8-Dioxo--gulonic acid. = _HO-C-H 


CH,OH 
(15) L-Threonic acid 


PROPERTIES 


Physical Properties 

Table 3 contains a summary of the physical properties of 
L-ascorbic acid. Properties relating to the structure of vi- 
tamin C have been reviewed and summarized (32). Stabi- 
lization of the molecule is a consequence of delocalization 
of the z-electrons over the conjugated enediol system. The 
highly acidic nature of the H-atom on C-3 has been con- 
firmed by neutron diffraction studies (23). 


Chemical Properties 

The most significant chemical property of L-ascorbic acid 
is its reversible oxidation to dehydro-L-ascorbic acid. 
Dehydro-L-ascorbic acid has been prepared by uv irradia- 
tion and by oxidation with air and charcoal, halogens, fer- 
ric chloride, hydrogen peroxide, 2,6-dichlorophenolindo- 
phenol, neutral potassium permanganate, selenium oxide, 
and many other compounds. Dehydro-L-ascorbic acid has 
been reduced to L-ascorbic acid by hydrogen iodide, hydro- 


Table 1. Isomeric Ascorbic Acids 
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Substance Structure Mp(°C) [ap (H0)(°) ‘Activity 
L-Ascorbic acid @ 192 +24 1 
D-Xyloascorbic acid (D-ascorbic acid, D-threo-hex-2-enonic acid y-lactone) (8) 192 -23 0 
p-Araboascorbic acid (erythorbic acid, D-erythro-hex-2-enonic acid y-lactone) (9) 174 -18.5 0.025-0.05 
L-Araboascorbic acid (L-erythro-hex-2-enonic acid y-lactone) (10) 170 +17 0 


HO~* SoH 


(1) L-Ascorbic acid 


(9) D-Araboascorbic acid (erythorbic acid) 


HO~* ?~OH 
(10) L-Araboascorbic acid 


Figure 2. Isomers of ascorbic acid. 


Table 2. X-Ray Crystal Data of L-Ascorbic 


Acid 
Space group P2y 

a 1.7299 nm 
b 0.6353 nm 

c 0.6411 nm 
B 102° 11' 

Vv 0.68859 nm? 
Zz 4 

ated 1.699 g/em® 
w(CuK,) 13.9 cm-* 
Source: Ref. 24, 


gen sulfide, 1,4-dithiothreitol (1,4-dimercapto-2,3-butane- 
diol), and the like (33). 

The degradation of L-ascorbic acid in aqueous solution 
depends on several factors, eg, pH, temperature, presence 
of oxygen, or metals. Comprehensive reviews of degrada- 
tion reactions and mechanisms have been published (34— 
37). In aqueous solution, L-ascorbic acid is more sensitive 
in the presence of oxygen to bases than to acids. The pH 
range with the highest stability is between 4 and 6. L- 
Ascorbic acid is sensitive to heat. In the presence of oxygen 
and heat, it is oxidized at a rate proportional to the tem- 
perature rise. On standing, dehydro-L-ascorbic acid (3), the 
initial oxidation product, undergoes irreversible hydrolysis 
to 2,3-dioxo-L-gulonic acid (threo-2,3-hexodiulosonic acid 
(13)), which is further oxidized to oxalic acid (14) and L- 
threonic acid ((R-(R*,S*)-2,3,4-trihydroxybutanoic acid)) 
(15) (Fig. 3). 


In acidic solution, the degradation results in the for- 
mation of furfural, furfuryl alcohol, 2-furoic acid, 3-hydro- 
xyfurfural, furoin, 2-methy]-3,8-dihydroxychroman, ethyl- 
glyoxal, and several condensation products (36). Many 
metals, especially copper, catalyze the oxidation of L-ascor- 
bic acid. Oxalic acid and copper form a chelate complex 
which prevents the ascorbic acid-copper-complex forma- 
tion and therefore oxalic acid inhibits effectively the 
oxidation of L-ascorbic acid, L-Ascorbic acid can also be sta- 
bilized with metaphosphoric acid, amino acids, 8-hy- 
droxyquinoline, glycols, sugars, and trichloracetic acid 
(38). Another catalytic reaction which accounts for loss of 
L-ascorbic acid occurs with enzymes, eg, L-ascorbic acid ox- 
idase, a copper protein-containing enzyme. 

Stability 

Ascorbic acid, a white crystalline compound, is very soluble 
in water and has a sharp, acidic taste. In solution, the vi- 
tamin oxidizes on exposure to air, light, and elevated tem- 
peratures. Solutions of ascorbic acid turn yellowish, fol- 


lowed by development of a tan color. Ascorbic acid is stable 
to air when dry but gradually darkens on exposure to light. 


SYNTHESIS 


Chemical Synthesis 


The first synthesis of ascorbic acid was reported in 1933 
by Reichstein and co-workers (14,3942) (Fig. 4). Similar, 
independent reports published by Haworth and co-workers 
followed shortly after this work (13,4345). L-Xylose (16) 
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Table 3. Physical Properties of L-Ascorbic Acid 


Property Characteristic(s) Reference 
Appearance White, odorless, crystalline solid with a sharp acidic taste 
Formula; mol. wt. CeH,0g; 176.13 
Crystalline form Monoclinic; usually plates, sometimes needles 
Mp °C 190-192 (dec) 27 
Density, g/cm? 1.65 27 
Optical rotation [a}*® + 20.5° to +21.5°(c = 1 in water) [a]** + 48 (c = 1 in methanol) 27 
pH 27 
5 mg/mL 3 
50 mg/mL 2 
pK, 4.17 27 
pKy 11.57 27 
Redox potential First stage: E + 0.166 V (pH 4) 27 
Solubility, g/mL. 27 
water 0.33 
95 wt. % ethanol 0.033 
absolute ethanol 0.02 
glycerol USP 0.01 
propylene glycol 0.05 
ether Insoluble 
chloroform Insoluble 
benzene Insoluble 
petroleum ether Insoluble 
oils Insoluble 
fats Insoluble 
fat solvents Insoluble 
Spectral properties 
UV PH 2: Emax (1%, 1 em) 695 at 245 nm (nondissociated form) 28 
pH 6.4: Emax (1%, 1 em) 940 at 265 nm (monodissociated form) 
IR (KBr) Characteristic wavelengths, em~* 29 
3455, 3405, 3155 v OH groups 
2570 associated OH groups 
1770, 1670 carbonyl lactone 
1254 C-O-C lactone 
1057 6 OH groups 
nmr* +H nmr (D,0) 30 


64.97 (d, 1H, Jgs = 2 Hz, H-4), 4.10 

(ddd, 1H, J = 5 and 7 Hz, J, = 2 Hz, H-5), 3.78 (m, 2 H, C-6) 

¥C nmr (D,0) 31 
6 174.0 (C-1), 118.8 (C-2), 156.3 (C-3) 

77.1 (4, Je, u-4 = 158 Hz, C-4) 

69.9 (4, Jes, ns = 145.0 Hz, C-5), 

68.2 (t, Jos, ne = 145.0Hz, C-6) 


“d = Doublet; ddd = doublet of doublet of doublet; m = multiplet; and t = triplet. 


H OH 
Figure 3. Degradation of L-ascorbic 
acid. (11) Dehydro-L-ascorbic acid dimer (12) Dehydro-L-ascorbic acid hemiacetal 
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CHO H-C=NNHCgH CHO 
HO-C-H C=NNHC¢H, c=0 
H-c-on = SSSEN C—O ae H-C-OH 
HO—C-H HO-C-H HO-C-H 
CH,OH CH,OH CH,OH 
(16) L-Xylose (17) L-Xylose osazone (18) L-Xylosone 
CN 
HO-C-OH 
c=0 HOg -CH,OH HOg -CH,OH 
HCN 1 0. re) 
BG 08, NH o 
HO-C-H — ee 
CH,OH HO ‘OH HO OH 
(19) L-Xylonitrile Cycloimine of L-ascorbic acid (1) L-Ascorbic acid 


Figure 4. First syntheses of L-ascorbic acid. 


was converted by way of its osazone (17) into L-xylosone 

(18), which reacted with hydrogen cyanide forming L-xy- 

lonitrile (19). L-Xylonitrile cyclized under mild conditions 

to the cycloimine of L-ascorbic acid. Hydrolysis of the cy- 

cloimine yielded L-ascorbic acid. The yield for the conver- 
sion of L-xylosone to L-ascorbic acid was ca 40%. 

The L-xylosone pathway to L-ascorbic acid was never 
commercialized because L-xylosone was not readily avail- 
able and was too expensive to prepare. The route, however, 
was valuable for L-ascorbic acid structure determination 
and for the preparation of derivatives. 

Most current industrial vitamin C production is based 
on the efficient second synthesis developed by Reichstein 
and Grissner in 1934 (15). Various attempts to develop a 
superior, more economical L-ascorbic acid process have 
been reported since 1934. These approaches, which have 
met with little success, are summarized in Crawford’s com- 
prehensive review (46). Currently, all chemical syntheses 
of vitamin C involve modifications of the Reichstein and 
Griissner approach (Fig. 5). In the first step, D-glucose (4) 
is catalytically (Ni-catalyst) hydrogenated to D-sorbitol 
(20). Oxidation to L-sorbose (21) occurs microbiologically 
with Acetobacter suboxydans. The isolated L-sorbose is re- 
acted with acetone and sulfuric acid to yield 2,3:4,6 
diacetone-L-sorbose, (DAS) (2,3:4,6-bis-O-isopropylidene- 
a-L-sorbofuranose) (22). The remaining unprotected pri- 
mary hydroxyl group of DAS is oxidized, either catalyti- 
cally (O3, Pd), electrochemically, or by sodium hypochlorite 
with nickel chloride as catalyst to the corresponding car- 
boxylic acid. The resulting 2,3:4,6-diacetone-2-keto-1- 
gulonic acid (DAG) (2,3:4,6-bis-O-isopropylidene-2-oxo-L- 
gulonic acid) (23) is treated with hydrogen chloride in an 
inert solvent system. Under these conditions, acetone re- 
moval occurs followed by consecutive lactonization and en- 
olization to form L-ascorbic acid (1). 


Fermentation 


Much time and effort has been spent in undertaking to find 
fermentation processes for vitamin C (47). One such ap- 
proach is now practiced on an industrial scale, primarily 
in China. It is not certain, however, whether these pro- 
cesses will ultimately supplant the optimized Reichstein 
synthesis. One important problem is the instability of 
ascorbic acid in water in the presence of oxygen; it is thus 
highly unlikely that direct fermentation to ascorbic acid 
will be economically viable. The successful approaches to 
date involve fermentative preparation of an intermediate, 
which is then converted chemically to ascorbic acid. 


1-Sorbose to 2-KGA Fermentation. In China, a variant of 
the Reichstein-Griissner synthesis has been developed on 
an industrial scale (see Fig. 5). L-Sorbose is oxidized di- 
rectly to 2-ketogulonic acid, (2-KGA) (24) in a mixed cul- 
ture fermentation step (48). Acid-catalyzed lactonization 
and enolization of 2-KGA produces L-ascorbic acid (1). 

A Chinese publication (47) with 17 references reviews 
the use of genetically engineered microorganisms for the 
production of L-ascorbic acid and its precursor, 2-KGA (49). 
For example, a 2-keto-L-gulonic acid fermentation process 
from sorbose has been published with reported yields over 
80% (50). 


D-Glucose to 2-KGA Fermentation. A different fermen- 
tative route to 2-KGA proceeds via 2,5-diketo-L-gluconic 
acid (51,52). In a two-stage fermentation (Shionogi- 
Process), D-glucose (4) is oxidized to 2,5-diketo-D-gluconic 
acid (2,5-DKGA) (25) with Erwinia sp., followed by stereo- 
specific reduction at C-5 by Corynebacter sp., forming 2- 
ketogulonic acid (24) (Fig. 6). The 2-KGA is rearranged 
upon treatment with acid to give ascorbic acid. A produc- 
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CHO CH,OH tion of ascorbic acid by this route is reportedly being de- 
H-C-OH H-~C-OH veloped, ca 1997. An analogous process using a recombi- 
! ! nant strain of Erwinia citreus was developed at Biogen 
HO-C-H HO-C-H (53). 
H- co OH H- co OH 
H-C-OH H-C-OH D-Glucose to 1-Ascorbic Acid Fermentation. The direct 
CH,OH CH,OH heterotrophic fermentation of D-glucose to L-ascorbic acid 
with algae is disclosed in a European Patent Application 
(4) D-Glucose (20) D-Sorbitol (54). The overall yield of L-ascorbic acid is 4%. 
CH,OH CH,OH 
—b-on HeE,_0%C INDUSTRIAL TECHNOLOGY 
oor —- | Bsc O~C-H Vitamin C was the first vitamin to be manufactured by 
H-C-OH fe H-C-O_ _CHs chemical synthesis on an industrial scale. Major suppliers 
Loy eee 2 G9e ici of vitamin C are Hoffmann-La Roche, BASF, Takeda, E. 
i r 3 Merck, and various companies in China. Additional pro- 
CH,OH H,C—O duction occurs in Eastern Europe and India. 

(21) L-Sorbose (22) DAS Reichstein and Grissner’s second L-ascorbic acid syn- 
thesis became the basis for the industrial vitamin C pro- 
duction. Many chemical and technical modifications have 
improved the efficiency of each step, enabling this multi- 
step synthesis to remain the principal, most economical 

COOH COOH process up to 1997 (46). L-Ascorbic acid is produced in 
C=O H3C_ O-C large, integrated, automated facilities, involving both con- 
HO-C-H H.C’ <0-6-H tinuous and batch operations, The process steps are out- 
t T CH lined in Figure 7. Procedures require ca 1.7-kg L-sorbose/ 
H-C-OH ° H-C-O. 3 kg of L-ascorbic acid with ca 66% overall yield in 1977 (55). 
HO-—C—H UL ¢-y CHs Since 1977, further continuous improvement of each vita- 
CH,OH H,C—0 min C production step has taken place. Today’s overall 
ascorbic acid yield from L-sorbose is ca 75%. In the mid- 
(24) 2-KGA (23) DAG 1930s, the overall yield from L-sorbose was ca 30%. 
Ny if The catalytic hydrogenation of D-glucose to D-sorbitol is 
re) carried out at elevated temperature and pressure with hy- 
\-— HO, CH,OH drogen in the presence of nickel catalysts, in both batch 
Ho-¢ ig and continuous operations, with >97% yield (56,57). The 
T Ou ° 0 cathodic reduction of D-glucose to L-sorbitol has been prac- 
HO-C = ticed (58). D-Mannitol is a by-product (59). 
H- 6— Sterile aqueous D-sorbitol solutions are fermented with 
Ho-6-H HO OH Acetobacter suboxydans in the presence of large amounts 
T of air to complete the microbiological oxidation. The L- 
CH,0H sorbose is isolated by crystallization, filtration, and drying. 
(1) L-Ascorbic acid Various methods for the fermentation of D-sorbitol have 
been reviewed (60). Acetobacter suboxydans is the organ- 
Figure 5. Syntheses oft-ascorbic acid. ism of choice as it gives L-sorbose in >90% yield (61). 
Large-scale fermentations can be carried out in either 
batch or continuous modes. In either case, sterility is im- 
CHO COOH COOH 
H-C-OH c=0 c=0 
{ 1. Fermentation 1 2. Fermentation 1 
HO-C-H (Erwinia sp.) HO- C-H (Corynebacter) HO-C-H 
H-C-OH Oxidation H-C-OH Reduction H-C-OH 
H-C-OH c=0 HO-C-H 
CH,OH CH,0H CH,OH 
(4) D-Glucose (25) 2,5 Diketo-gluconic acid (24) 2-Keto-L-gulonic acid (2-KGA) 


Figure 6. D-Glucose to 2-KGA fermentation. 
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Catalyst recycle 


Sodium hydroxide 
Water 
Solvent Say 


Acetonization 


Acetone/solvent 
recovery 
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Step 4: DAG 


Sodium hydroxide 
Water 


DAS 


By-products 


Oxidation By-products 


Step 5: L-Ascorbic acid 


Solvents 
Hydrochloric acid = 


Water 


Solvents to step 5 


Hydrolysis 

Rearrangement Acetone/solvent 

Purification recovery system 
‘Ascor! 


portant to prevent contamination, with subsequent loss of 
product. 

In the third step, L-sorbose is reacted with acetone and 
excess sulfuric acid at low temperatures. The sorbose dis- 
solves on conversion into the 2,3-mono-O-isopropylidene- 
L-sorbose (2,3 monoacetone-L-sorbose) (MAS), and 2,3:4,6- 
bis-O-isopropylidene-a-L-sorbofuranose (2,3:4,6-diace- 
tone-L-sorbose) (DAS). The equilibrium mixture consists of 
ca 65% DAS and 35% MAS. The sulfuric acid acts as a 
catalyst and a dehydrating agent. The reaction mixture is 
worked up by dilution, neutralization, and extraction to 
separate the DAS from the MAS. MAS is recycled and the 
mother liquors are distilled to recover acetone and sol- 
vents. The original Reichstein and Griissner process has 
been optimized over decades by other workers, giving ca 
85% yield (55). Other acidic catalysts, besides sulfuric acid, 
have been investigated, eg, zinc chloride—phosphoric acid, 
p-toluenesulfonic acid, copper(II) sulfate, and cationic ex- 
change resins. Ferric chloride and perchloric acid are ac- 


Figure 7. 1-Ascorbic acid manufactured by 
Reichstein and Grussner Synthesis. 


Water 


tive catalysts that give >90% yields of DAS with azeotropic 
removal of the water (62). Other methods, including use of 
acetone dimethylacetal as a water removal reagent, have 
been reported (63). The use of other ketonic and aldehydic 
protective agents for L-sorbose, eg, cyclohexanone and its 
derivatives, formaldehyde, benzaldehyde, etc, has also 
been described (15,64). 

2,3:4,6-Diacetone-L-sorbose (DAS) is oxidized at ele- 
vated temperatures in dilute sodium hydroxide in the pres- 
ence of a catalyst (nickel chloride for bleach or palladium 
on carbon for air) or by electrolytic methods. After comple- 
tion of the reaction, the mixture is worked up by acidii 
cation to 2,3:4,6-bis-O-isopropylidene-2-oxo-L-gulonic acid 
(2,3:4,6-diacetone-2-keto-L-gulonic acid) (DAG), which is 
isolated through filtration, washing, and drying. With so- 
dium hypochlorite/nickel chloride, the reported DAG 
yields are >90% (65). The oxidation with air has been 
reported, and a practical process was developed with 
palladium—carbon or platinum—carbon as catalyst (66,67). 
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The electrolytic oxidation with nickel salts as the catalyst 
has also been published (68). 

DAG is treated with ethanol and hydrochloric acid in 
the presence of inert solvent, eg, chlorinated solvents, hy- 
drocarbons, ketones, etc. The L-ascorbic acid precipitates 
from the mixture as it forms, minimizing its decomposition 
(69). Crude L-ascorbic acid is isolated through filtration 
and purified by recrystallization from water. The pure L- 
ascorbic acid is isolated, washed with ethanol, and dried. 
The mother liquor from the recrystallization step is treated 
in the usual manner to recover the L-ascorbic acid and eth- 
anol contained in it. The crude L-ascorbic acid mother li- 
quor contains solvents and acetone liberated in the DAG 
hydrolysis. The solvents are recovered by fractional distil- 
lation and recycled. Many solvent systems have been re- 
ported for the acid-catalyzed conversion of DAG to L- 
ascorbic acid (46). Rearrangement solvent systems are 
used which contain only the necessary amount of water 
required to give >80% yields of high purity crude L- 
ascorbic acid (70). 

The DAG conversion to L-ascorbic acid also can occur by 
a base-catalyzed mechanism. Methyl 2-oxo-L-gulonate 
(methyl DAG) is converted, on treatment with sodium 
methoxide, to sodium-L-ascorbate, which is then acidified 
to L-ascorbic acid. Various solvent systems have been eval- 
uated and reported (46). 


PACKAGING 


L-Ascorbic acid is screened or pulverized into a variety of 
particle sizes. It is usually packaged in 25-kg and 50-kg 
quantities in standard, polyethylene-lined containers, eg, 
fiber drums, corrugated boxes, etc. The recommended stor- 
age conditions are low humidity and temperatures of 
23°C. 


ENVIRONMENTAL ISSUES 


The environmental concerns of an ascorbic acid manufac- 
turing facility are those typical of a chemical processing 
plant. Its operating design must be patterned to conform 
to environmental protection regulations. Measures must 
be taken to contain solvents and to keep emissions within 
official guidelines. Special condensers, continuous instru- 
mental monitoring, and emergency containment and 
cleanup systems are required. Wastewater-treatment fa- 
cilities have to be provided to remove by-product organics 
and inorganics from effluent streams before disposal. The 
extent of these treatment facilities depends upon the lo- 
cation of the plant and the local tolerances. Usually, there 
are secondary treatment facilities for organic removal; at 
some plant sites, additional treatment may be required to 
remove inorganic salts. 


ECONOMIC ASPECTS 


Strong growth in demand during the period 1985~95 from 
existing and new applications led to firm pricing and ex- 
pansion of world capacity. Total world demand in 1995 was 


estimated to be approximately 60,000 metric tons. Balance 
of capacity and demand at that time resulted in a selling 
price of $16.00/kg. More recently (ca 1997), prices have 
dropped to less than $10/kg. 

Continuing demand from food, pharmaceutical, animal 
nutrition, and cosmetic applications will result in growth 
rates of 3-4% annually throughout the remainder of the 
1990s. 


SPECIFICATIONS 


Specifications for ascorbic acid, sodium ascorbate, calcium 
ascorbate, and ascorby] palmitate are found in the United 
States Pharmacopeia /National Formulary (71) and the 
Food Chemicals Codex (72). The official assay for all four 
compounds is the iodimetric titration with 0.1 N iodine so- 
lution and starch as the indicator. 


ANALYTICAL METHODS 


Many different analytical methods have been developed to 
determine L-ascorbic acid in feed, biological, and pharma- 
ceutical samples. An excellent review article describes the 
methodology for finding the proper L-ascorbic acid assay 
method (73). Comprehensive reviews of all analytical 
methods, including the extraction of ascorbic acid from 
foods and biological samples, have been published (74). 
Ascorbic acid has been determined by a variety of methods, 
including uv absorption; redox and derivatization reac- 
tions; electrochemical and enzymatic oxidation reactions; 
chromatographic, eg, hplc methods; and biological methods 
with animals. The guinea pig, one of the few animal species 
requiring ascorbic acid, is used in the bioassay for ascorbic 
acid activity. The various methods practiced have been de- 
scribed in detail (75). 

Because of the time and expense involved, biological as- 
says are used primarily for research purposes. The first 
chemical method for assaying L-ascorbic acid was the ti- 
tration with 2,6-dichlorophenolindophenol solution (76). 
This method is not applicable in the presence of a variety 
of interfering substances, eg, reduced metal ions, sulfites, 
tannins, or colored dyes. This 2,6-dichlorophenolindo- 
phenol method and other chemical and physiochemical 
methods are based on the reducing character of L-ascorbic 
acid (77). Colorimetric reactions with metal ions as well as 
other redox systems, eg, potassium hexacyanoferrate(III), 
methylene blue, chloramine, etc, have been used for the 
assay, but they are unspecific because of interferences from 
a large number of reducing substances contained in foods 
and natural products (78). These methods have been used 
extensively in fish research (79). A specific photometric 
method for the assay of vitamin C in biological samples is 
based on the oxidation of ascorbic acid to dehydroascorbic 
acid with 2,4-dinitrophenylhydrazine (80). In the micro- 
fluorometric method, ascorbic acid is oxidized to dehy- 
droascorbic acid in the presence of charcoal. The oxidized 
form is reacted with o-phenylenediamine to produce a fluo- 
rescent compound that is detected with an excitation max- 
imum of ca 350 nm and an emission maximum of ca 430 
nm (81). 


Another method that determines both ascorbic acid and 
dehydroascorbic acid first reduced the dehydroascorbic 
acid to ascorbic acid and then retains the ascorbic acid on 
an anionic Sephadex column (82). The ascorbic acid is ox- 
idized on the column to dehydroascorbic acid by p- 
benzoquinone, which simultaneously elutes the dehy- 
droascorbic acid. The dehydroascorbic acid is reacted with 
4-nitro-1,2-phenylenediamine and absorbance of the re- 
sulting yellow solution produced is measured at 375 nm. 

Chromatographic methods, notably hple, are available 
for the simultaneous determination of ascorbic acid as well 
as dehydroascorbic acid. Some of these methods result in 
the separation of ascorbic acid from its isomers, eg, 
erythorbic acid and oxidation products such as diketogu- 
lonic acid. Detection has been by fluorescence, uv absorp- 
tion, or electrochemical methods (83-85). Polarographic 
methods have been used because of their accuracy and 
their ease of operation. Jon exclusion (86) and ion suppres- 
sion (87) chromatography methods have recently been re- 
ported. Other methods for ascorbic acid determination in- 
clude enzymatic, spectroscopic, paper, thin layer, and gas 
chromatographic methods. Excellent reviews of these 
methods have been published (73,88,89). 


USES 


L-Ascorbic acid is used as a micronutrient additive in phar- 
maceutical, food, feed, and beverage products, as well as 
in cosmetic applications. The over-the-counter (OTC) vi- 
tamin market is strong, growing in demand, and vitamin 
Cis available in the form of pills and tablets to supplement 
the daily diet to maintain peak physical performance. 

Industrial uses of L-ascorbic acid relate to its antioxi- 
dant and reducing properties. It is used as an antioxidant 
in the commercial preparation of beer, fruit juices, cereals, 
and canned and frozen foods, ete. 

A proposal was made to use L-ascorbic acid as an anti- 
oxidant replacement for sulfites in the food industries 
(90,91). Ascorbic acid’s antioxidant property also inhibits 
nitrosamine formation in cured meat. The addition of 
ascorbic acid in flour improves baking qualities of dough 
and appearance of baked goods (92). Vitamin C also pre- 
vents discoloration of food during cooking and storage. Its 
fatty acid esters, eg, L-ascorbyl palmitate, are used to sta- 
bilize fats and oils (90). Ascorbic acid and its more stable 
derivatives L-ascorbyl-2-sulfate, ascorbyl 2-monophos- 
phate, etc, are added to fish feed to improve feed utilization 
and decrease the rate of infection (93-95). The biological 
and pharmacological activities of L-ascorbyl-2-sulfate have 
been reviewed (96,97). Ascorbic acid is also used in agri- 
culture as an abscission agent for fruit, in photography as 
a developing agent, in metallurgy as a reducing agent, in 
the polymer industry as a catalyst, in cosmetic formula- 
tions, in the manufacture of inks, in explosives, and in a 
variety of other applications (92,98). 

In applications where vitamin C activity is unimpor- 
tant, often D-erythorbie acid (D-araboascorbic acid) can 
also be used, providing the same antioxidant and reducing 
properties as L-ascorbic acid. 
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DERIVATIVES 


Ascorbic acid has a variety of reactive positions that can 
be used to synthesize derivatives (99). Various derivatives 
and analogues have been prepared in attempts to find sub- 
stances with increased biological activity (100,101). 

Only L-ascorbic acid and its salts and C-6-substituted 
esters have full vitamin activity; sodium L-ascorbate, cal- 
cium L-ascorbate, and L-ascorbyl palmitate are commer- 
cially significant. L-Ascorbic acid 2-sulfate is bioavailable 
to fish. 6-Chloro-6-deoxy-L-ascorbic acid was prepared in 
1977 and its activity, compared to L-ascorbic acid, is 4/5, 
Derivatives, eg, 6-deoxy-L-ascorbic acid, L-ascorbic acid 3- 
O-methylether, and 2-amino-2-deoxy-L-ascorbic acid have 
been prepared; their respective activities compared to L- 
ascorbic acid are 1/3, 1/25-1/50, and 0, Many more deriv- 
atives with and without biological activity have been syn- 
thesized (102,103). The highest vitamin C activity 
correlates with the enediol lactone group, D-configuration 
for the C-4 hydrogen group, at least a two-carbon substit- 
uent on C-4, and L-configuration for the C-5 hydroxyl 
group. The primary C-6 hydroxyl group has minor impact 
on the biological activity. 

Methods for the preparation of L-ascorbic acids having 
isotopic C, H, O in various positions have been described 
and reviewed (104,105). Labeled L-ascorbic acid has played 
an important role in the elucidation of the metabolic path- 
way of L-ascorbic acid in plants and animals. 


BIOSYNTHESIS 


In all plants and most animals, L-ascorbic acid is produced 
from D-glucose (4) and D-galactose (26). Ascorbic acid bio- 
synthesis in animals starts with D-glucose (4). In plants, 
where the biosynthesis is more complicated, there are two 
postulated biosynthetic pathways for the conversion of D- 
glucose or D-galactose to ascorbic acid. 


CHO CHO 
H-C-OH H- C —-OH 
HO-C-H HO- C —-H 
H- o-OH HO-C—-H 
H- C-OH H- C-OH 
CH,OH CH,OH 
(4) D-Glucose (26) D-Galactose 


Biosynthesis in Animals 


Amphibians and reptiles carry the enzyme L-gulono-y- 
lactone oxidase which can transform a sugar-like glucose 
or galactose into ascorbic acid in the kidneys. In mammals 
(106) and birds (107) this enzyme system has been trans- 
ferred from the kidneys to the liver. Humans, other pri- 
mates, guinea pigs, fruit bats, and monkeys from the top 
of the evolutionary tree, as well as insects and inverte- 
brates from the bottom end of the evolutionary tree, cannot 
synthesize L-ascorbic acid. Thus, they must consume vi- 
tamin C from exogenous sources to survive (108). Animals 
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that are able to produce ascorbic acid do so by the glucu- 
ronic acid pathway in the liver or kidneys. The reactions 
involved in rats are illustrated in Figure 8. In this path- 
way, the D-glucose chain remains intact, and the C-1 and 
C-6 of D-glucose become C-6 and C-1, respectively, of L- 
ascorbic acid as the sequence of carbon-chain numbering 
is inverted. By measuring the incorporation of *C from D- 
glucose-1-'‘C into urinary L-ascorbic acid, it was deter- 
mined that the label is found at the C-6 position of L- 
ascorbic acid (109). 

In animals, the glucuronic pathway (Fig. 9) is an im- 
portant route for glucose utilization leading to the forma- 
tion of glucuronides and mucopolysaccharides. D-glucose is 
first phosphorylated to D-glucose-6-phosphate, then isom- 
erized to D-glucose-1-phosphate, which reacts with 
uridine-triphosphate (UTP) to form UDP-glucose. UDP- 
glucose is oxidized and hydrolyzed to D-glucuronic acid. D- 
Glucuronic acid is reduced to L-gulonic acid. L-Gulonic acid 
lactonizes and forms L-gulono-y-lactone. Finally, oxidation 
of this intermediate is carried out by L-gulono-y-lactone ox- 
idase, the essential oxidizing enzyme, leading to L-ascorbic 
acid. 

D-Galactose may also serve as a precursor of vitamin C 
because it can be converted to D-glucose. The pathway is 
important in the metabolism of sugars under normal and 
diseased conditions and in regulating physiological func- 
tions (110). The biosynthesis of L-ascorbic acid is inhibited 
by deficiencies of certain vitamins, eg, vitamin A, vitamin 
E, and biotin, but is stimulated by certain drugs, eg, bar- 
biturates, chlorobutanol, aminopyrine, and antipyrine, 
and by carcinogens, eg, 3-methylcholanthrene and 3,4- 
benzpyrene (111-113). It has been proposed that the ex- 


cretion of D-glucaric acid can be used to diagnose both the 
exposure to the body for foreign substances and the drug 
metabolic capacity of the liver (114). 


Biosynthesis in Plants 


As in animals, L-ascorbic acid is also the product of hexose 
phosphate metabolism in plants, but its biosynthesis is 
more complicated. There are two biosynthetic pathways 
for the conversion of D-glucose or D-galactose to L-ascorbic 
acid in plants (115). The main pathway is postulated as 
involving retention of configuration by oxidation at C-1 
to yield D-gluconic-acid (27). Lactonization to yield D- 
glucono-y-lactone (28) is followed by oxidation at C-2 or 
C-3 and epimerization at C-5 to afford L-2-oxogulono-y- 
lactone (29) (Fig. 10). The other biosynthetic pathway 
from D-glucose and D-galactose may be postulated simi- 
larly to Figure 8 to account for configurational inversion 
(116). The main precursor of L-ascorbic acid is L- 
galactono-y-lactone, rather than L-gulono-y-lactone, which 
is less active (116,117), and is thought to be epimerized 
to L-galactono-y-lactone prior to oxidation to L-ascorbic 
acid (Fig. 11). Little is known about the functions of ascor- 
bic acid in plants. It is involved in cellular respiration and 
may contribute to plant growth. 


SOURCES OF VITAMIN C 


Fruits and vegetables that are good sources of vitamin C 
include peppers, greens, broccoli, cabbage, spinach, pota- 
toes, tomatoes, strawberries, and citrus products. Meats, 
fish, poultry, eggs, and dairy products contain small 


*CHO 
“CHO H-C-OH 
H-C-OH HO-C-H 
HO-O-H H-0-OH 
H-C-OH H-C-OH 
H-C-OH ,COH HO-C-H 
CH,OH o *CH,OH 


D-Glucose-1-!4C 


HO, *CH,OH 
0. 
oH HO/—° 


L-Gulono-y-lactone-6-!4C 


HO, 


D-Glucuronic acid-1-4C 


*CH,OH 
° 
OH 0 
‘0 


L-2-Oxogulono-y-lactone-6-4C. 


L-Gulonic acid-6-4C 


» HO, scH,OH 
0. 
° 
HO ‘OH 


L-Ascorbic acid-6-!4C 


Figure 8. Pathway for the biosynthesis of L-ascorbic acid in rats using C-1-labeled D-glucose; 


* indicates position of C. 
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D-Galactose D-Glucaric acid L-Ascorbic acid 
’ 
D-Galactose-1-phosphate D-Glucaro-y-lactone (2-Oxo-L-gulono-y-lactone) 
UTP NAD O2 
UDP-p-galactose D-Glucuronic-y-lactone L-Gulono-y-lactone 


NDP-p-glucuronic acid 


2NADH a. 
2NAD eo 
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| a NADPH 
Ns NADP 


Xylitol 


D-Fructose-6-phosphate 
‘hosp! ee NAD 
\ NADH 


Pentose phosphate pathway ———————  D-Xylulose 


Figure 9, Glucuronic acid pathway. NAD = nicotinamide-adenine dinucleotide; NADH = reduced 
nicotinamide-adenine dinucleotide; NADP =  nicotinamide-adenine dinucleotide phosphate; 
NADPH = reduced nicotinamide-adenine dinucleotide phosphate; NDP = nucleoside diphosphate; 
UDP = uridine diphosphate; and UTP = uridine triphosphate. 


2460 VITAMINS: ASCORBIC ACID 


iN 
*CHO .COH 

H-C-OH H-C-OH HO, _cH,OH 

HO-C-H HO-C-H On, 
H-C-OH H-C-OH OH ° 
H-C-OH H-C-OH 

CH,OH CH,OH OH 
(4) D-Glucose-1-4C (27) L-Gluconic acid-6-4C (28) D-Glucono-y-lactone-1-!4C 


HO, _CH,OH 
0. 
OH 0) 
te) 


(29) L-2-Oxo-gulono- y-lactone-1-4C 


HO, _CH,OH 
° 
ro ° 
HO ‘OH 


(1) L-Ascorbie acid-1-4C 


Figure 10. Suggested pathway for the biosynthesis of L-ascorbic acid (with retention of configu- 
ration) in higher plants based on D-glucose-1-'*C experiments; * indicates position of the label. 


amounts and grain contains none (118-121). The vitamin 
C content of some representative foods is listed in Table 4. 
Potatoes and cabbage have traditionally been the most im- 
portant sources of vitamin C for the majority of people in 
the Western World during the winter season. 

The contribution of any fruit and vegetable to the vita- 
min C content of the diet varies depending on climate, soil, 
and freshness. In actuality, there is a 30% coefficient of 
variability for ascorbic acid in fresh food products (122). In 
the case of field-grown spinach, for example, transporta- 
tion and storage losses have been reported to be as high as 
90% (122). During storage after harvesting, the vitamin C 
content of fruit and vegetables will decrease depending on 
time and temperature of storage. Ascorbic acid readily ox- 
idizes both enzymatically and chemically on exposure to 
oxygen. Based on its water solubility, losses are caused 
through leaching during washing and blanching opera- 
tions. Heat sterilization of canned foods inactivates com- 
pletely the enzyme ascorbic acid oxidase which destroys 
vitamin C. Freezing inactivates the enzymes and is like- 
wise a good method for preserving the vitamin C content 
of foodstuffs. 

Restoration means adding to the food the amount of vi- 
tamin C which has been lost during food processing. The 
term enrichment or fortification is used when a nutrient is 
added to a food in an amount in excess of that naturally 
present. Fortification of foods with vitamin C is widely 
practiced. Technologically, it is important to avoid oxygen, 
copper, iron, and heat as much as possible to minimize the 
overages necessary above label claim to ensure compliance 


throughout the shelf life of the product (123). In canned 
foods, breakfast drinks, and cereal products (106), over- 
ages of 25-50% are commonly used. 


PHYSIOLOGY AND BIOCHEMISTRY 


Biochemical Functions 


Ascorbic acid has various biochemical functions, involving, 
for example, collagen synthesis, immune function, drug 
metabolism, folate metabolism, cholesterol catabolism, 
iron metabolism, and carnitine biosynthesis. Clear-cut evi- 
dence for its biochemical role is available only with respect 
to collagen biosynthesis (hydroxylation of proline and ly- 
sine). In addition, ascorbic acid can act as a reducing agent 
and as an effective antioxidant. Ascorbic acid also inter- 
feres with nitrosamine formation by reacting directly with 
nitrites, and consequently may potentially reduce cancer 
risk. 


Enzymatic Reactions 


The polypeptide collagens are the main component of skin 
and connective tissue, the organic substance of bones and 
teeth, and the ground substance between cells. The role 
ascorbic acid plays in collagen formation has been re- 
viewed (124). The synthesis of collagens involves enzy- 
matic hydroxylations of proline and of lysine. The former 
produces a stable extracellular matrix and the latter is 
needed for glycosylation and formation of cross-linkages in 
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Figure 11. Proposed pathway for the biosynthesis of L-ascorbic acid (with inversion of configu- 
ration) in plants using C-1-labeled D-glucose or C-1-labeled D-galactose; * indicates position of the 
MC. 


the fibers. Vitamin C’s role in collagen formation is of im- 
portance in wound healing. Intake of 8-50 times the RDA 
level of 60 mg ascorbic acid per day before and after sur- 
gery increases the rate of wound healing considerably 
(125-127). Many of the clinical signs of scurvy are attrib- 
uted to defects in collagen synthesis. 

Ascorbic acid is involved in carnitine biosynthesis. Car- 
nitine (y-amino-f-hydroxybutyric acid, trimethylbetaine) 


(30) is a component of heart muscle, skeletal tissue, liver 
and other tissues. It is involved in the transport of fatty 
acids into mitochondria, where they are oxidized to provide 
energy for the cell and animal. It is synthesized in animals 
from lysine and methionine by two hydroxylases, both con- 
taining ferrous iron and L-ascorbic acid. Ascorbic acid do- 
nates electrons to the enzymes involved in the metabolism 
of L-tyrosine, cholesterol, and histamine (128). 
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Table 4. Content of L-Ascorbic Acid in Representative 
Foods 


Food substances L-Ascorbic acid (mg/100 g) 
Meat, fish, and milk 
Beef, pork, fish <2 
Liver, kidney 10-40 
Cow’s milk 1-2 
Vegetables 
Asparagus 15-30 
Brussel sprouts, broccoli 90-150 
Cabbage 30-60 
Carrots 9 
Cauliflower 60-80 
Kale 120-180 
Leek 15-30 
Onion 10-30 
Peas, beans 10-30 
Parsley 170 
Peppers 125-200 
Potatoes 10-30 
Spinach 50-90 
‘Tomatoes 20-33 
Fruit 
Apples 10-30 
Bananas 10 
Grapefruit 40 
Guava 300 
Hawthorne berries 160-800 
Oranges, lemons 50 
Peaches 7-14 
Pineapples 17 
Rose hips 1000 
Strawberries 40-90 
oH 0 
(CHysN*\___t0- 
(30) Carnitine 


L-Tyrosine metabolism and catecholamine biosynthesis 
occur largely in the brain, central nervous tissue, and en- 
docrine system, which have large pools of L-ascorbic acid 
(128). Catecholamine, a neurotransmitter, is the precursor 
in the formation of dopamine, which is converted to nor- 
adrenaline and adrenaline. The precise role of ascorbic 
acid has not been completely understood. Ascorbic acid has 
important biochemical functions with various hydroxylase 
enzymes in steroid, drug, and lipid metabolism. The cyto- 
chrome P-450 oxidase catalyzes the conversion of choles- 
terol to bile acids and the detoxification process of aromatic 
drugs and other xenobiotics, eg, carcinogens, pollutants, 
and pesticides, in the body (129). The effects of L-ascorbic 
acid on histamine metabolism related to scurvy and ana- 
phylactic shock have been investigated (130). Another cel- 
lular reaction involving ascorbic acid is the conversion of 
folate to tetrahydrofolate. Ascorbic acid has many bio- 
chemical functions which affect the immune system of the 
body (181). 


Antioxidant Activity 


Ascorbic acid serves as an antioxidant to protect intracel- 
lular and extracellular components from free-radical dam- 
age. It scavenges free radicals and forms the less reactive 
ascorbyl radical. The ascorby] radical can be either reduced 
to ascorbic acid or oxidized to dehydroascorbic acid (132). 
Vitamin E is the major fat-soluble antioxidant involved in 
protecting cells from free-radical impact. During the pro- 
cess of fatty acid oxidation, tocopherol (vitamin E) forms 
the tocopheroxyl radical. Ascorbic acid has been proven to 
protect membrane and other hydrophobic compartments 
from such damage by regenerating the antioxidant form of 
vitamin E (131). These free-radical scavenging reactions of 
vitamin C are important in protecting the intracellular and 
extracellular structure of the lung by quenching free rad- 
icals generated by smoke, ozone, and singlet oxygen. The 
possibility that free-radical damage is also involved in the 
pathogenesis of HIV and that antioxidants may reduce in- 
fection is an area of intense interest (134). 


Inhibition of Nitrosamine Formation 


Nitrites can react with secondary amines and N- 
substituted amides under the acidic conditions of the stom- 
ach to form N-nitrosamines and N-nitrosamides. These 
compounds are collectively called N-nitroso compounds. 
There is strong circumstantial evidence that in vivo N- 
nitroso compounds production contributes to the etiology 
of cancer of the stomach (135,136), esophagus (136,137), 
and nasopharynx (136,138). Ascorbic acid consumption is 
negatively correlated with the incidence of these cancers, 
due to ascorbic acid inhibition of in vivo N-nitroso com- 
pound formation (139). The concentration of N-nitroso 
compounds formed in the stomach depends on the nitrate 
and nitrite intake. Nitrite is part of the preserving process 
for cured meats. Cigarette smoke contains high levels of 
nitrite. 


Iron Absorption 


Avery important effect of ascorbic acid is the enhancement 
of absorption of nonheme iron from foods. Ascorbic acid 
also enhances the reduction of ferric iron to ferrous iron. 
This is important both in increasing iron absorption and 
in its function in many hydroxylation reactions (140,141). 
In addition, ascorbic acid is involved in iron metabolism. 
It serves to transfer iron to the liver and to incorporate it 
into ferritin. Ascorbic acid also forms soluble chelate com- 
plexes with iron (142-145). It seems ascorbic acid has no 
effect on high iron levels found in people with iron overload 
(146). It is well known, in fact, that ascorbic acid in the 
presence of iron can exhibit either prooxidant or antioxi- 
dant effects, depending on the concentration used (147). 
The combination of citric acid and ascorbic acid may en- 
hance the iron load in aging populations. Iron overload 
may be the most important common etiologic factor in the 
development of heart disease, cancer, diabetes, osteopo- 
rosis, arthritis, and possibly other disorders. The synergis- 
tic combination of citric acid and ascorbic acid needs fur- 
ther study, particularly because the iron overload produced 
may be correctable (147). 


Deficiency 


Scurvy is a vitamin C-specific disease. It is characterized 
by anemia and alteration of protein metabolism; weaken- 
ing of collagenous structures in bone, teeth, and connective 
tissues; swollen, bleeding gums with loss of teeth; fatigue 
and lethargy; rheumatic pains in the legs and degenera- 
tion of the muscles, skin lesions, and capillary weakness, 
massive hematomas in the thighs; and hemorrhages in 
many organs, including the eyes. Small (10-60 mg/d) 
quantities of L-ascorbic acid are sufficient to reverse the 
trend of both subclinical and clinical scurvy and alleviate 
their symptoms. Plasma and leukocyte ascorbic acid levels 
are the most reliable markers of vitamin C intake. Leu- 
kocyte levels are more reliable, less sensitive to recent vi- 
tamin C intake, and better reflect tissue ascorbate, but re- 
quire relatively large amounts of blood. Normal leukocyte 
vitamin C levels are 20-40 1g/10° cells (148). Plasma con- 
centrations of ascorbic acid less than 0.2 mg/dL and leu- 
kocyte concentrations below 2 yg/10° cells are seen in 
scurvy (149). Plasma ascorbic acid levels of 0.5 mg/dL are 
considered to prevent deficiency symptoms. Normal 
plasma levels are 0.8-1.4 mg/dL. 


Absorption, Transport, and Excretion 


The vitamin is absorbed through the mouth, the stomach, 
and predominantly through the distal portion of the small 
intestine, and hence, penetrates into the bloodstream. 
Ascorbic acid is widely distributed to the cells of the body 
and is mainly present in the white blood cells (leukocytes). 
The ascorbic acid concentration in these cells is about 150 
times its concentration in the plasma (150,151). Dehy- 
droascorbic acid is the main form in the red blood cells 
(erythrocytes). White blood cells are involved in the de- 
struction of bacteria. 

Up to 80% of oral doses of ascorbic acid are absorbed in 
humans with intakes of less than 0.2 g of vitamin C. Ab- 
sorption of pharmacological doses ranging from 0.2 g to 12 
g results in an inverse relationship, with less than 20% 
absorption at the higher doses. A single oral dose of 3 g 
has been reported to approach the absorptive capacity (tis- 
sue saturation) of the human intestine. Higher blood levels 
can be attained by providing multiple divided vitamin C 
doses per day. 

The adrenal glands and pituitary glands have the high- 
est tissue concentration of ascorbic acid. The brain, liver, 
and spleen, however, represent the largest contribution to 
the body pool. Plasma and leukocyte ascorbic acid levels 
decrease with increasing age (152). Elderly people require 
higher ascorbic acid intakes than children to reach the 
same plasma and tissue concentration (153). 

Ascorbic acid is very soluble in water and mainly ex- 
creted in the urine. No ascorbic acid is excreted during vi- 
tamin C deficiency. A minimum amount is lost in the feces, 
even after intake of gram dosages (154). 


Mobilization and Metabolism 


The total ascorbic acid body pool in healthy adults has been 
estimated to be approximately 1.5 g, which increases to 
2.3-2.8 g with intakes of 200 mg/d (151-158). Depletion of 
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the body pool to 600 mg initiates physiological changes, 
and signs of clinical scurvy are reported when the body pool 
falls below 300 mg (149). Approximately 3-4% of the body 
pool turns over daily, representing 40-60 mg/d of metab- 
olized, or consumed, vitamin C. Smokers have a higher 
metabolic turnover rate of vitamin C (approximately 100 
mg/d) and a lower body pool than nonsmokers, unless com- 
pensated through increased daily intakes of vitamin C 
(159). The metabolism of ascorbic acid varies among dif- 
ferent species. 

In rats and guinea pigs, respiratory carbon dioxide is 
the major oxidation product of vitamin C (160). Given to 
humans in physiological doses, approximately 10% of a 
dose will be recovered in the urine, and urinary oxalic acid 
is the predominant metabolite. The formation of urinary 
metabolites is limited to 30-50 mg/d. Intake of up to 10 
g/d ascorbic acid does not result in a considerable increase 
of urinary metabolites. The vitamin is excreted largely 
unmetabolized (161). In humans, the metabolites are de- 
hydroascorbic acid, oxalate, 2,3-diketo-L-gulonic acid and 
derivatives of L-threose and L-threonic acid. L-Ascorbate- 
2-sulfate has been found in human urine as well (162). The 
feces are not a significant excretory route unless doses over 
1g are given. 

The half-life of ascorbic acid is inversely related to the 
daily intake and is 13-40 d in humans and 3 d in guinea 
pigs, which is consistent with the longer time for humans 
to develop scurvy. 


Requirements 


The level of ascorbic acid intake required is dependent in 
part upon the body’s handling of the nutrient. The recom- 
mendations for the daily intake of vitamin C in various 
countries range from 30 to 100 mg/d. There is an extensive 
lack of knowledge about the biochemical and physiological 
functions of vitamin C. Although as little as 10 mg/d of 
ascorbic acid can prevent clinical scurvy, this intake is in- 
sufficient to maintain an adequate body pool of the vitamin 
for peak physical and mental health. The RDA (Recom- 
mended Dietary Allowances) for vitamin C in the United 
States is 60 mg for men and women to maintain the body 
pool (Table 5). Vitamin C levels are higher for pregnant 
and lactating women to account for losses to the fetus and 
to breast milk. 

The most recent RDA has included a vitamin C recom- 
mendation of 100 mg/day for cigarette smokers. An in- 
creasing number of investigators have concluded that the 
current RDA for vitamin C may not be adequate for elderly 
individuals. Plasma vitamin C level is generally accepted 
as an indicator of vitamin C status. 

A recent study recommended that the current RDA be 
increased from 60 mg/d to 200 mg. The researchers indi- 
cated, however, that vitamin C daily doses above 400 mg 
have no value (163). 


Toxicity 


The acceptable daily allowance, which may be ingested 
without any risk of harm, is 1050 mg for a 70-kg healthy 
person (20). There is also no evidence in the literature that 
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Table 5. The 1989 RDA and US RDA for Vitamin C 


Group Age (yr) Vitamin C (mg) 
RDA 
Infants 0-0.5 30 
0.5-1.0 35. 
Children 13 40 
4-10 45 
Males 11-14 50 
15-51+ 60 
Females 11-14 50 
15-51+ 60 
pregnant 70 
lactating 
Ist 6 mo 95 
2nd 6 mo 90 
Cigarette smokers 100 
U.S. RDA 

Infants under 13 mo 35 
Children under 4 yr 40 
Adults and children over 4 yr 60 
Pregnant or lactating women 60 


ingestion of up to 10 g vitamin C per day constitutes a 
serious health risk for humans. 
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VITAMINS: BIOTIN 


Biotin, (8aS-(3aa, 48, 6aa)]-hexahydro-2-oxo-1H-thieno- 
[8,4-d]imidazole-4-pentanoic acid [58-85-5] (vitamin H, vi- 
tamin Bs, bios IIB, and coenzyme R) (1) is a water-soluble 
B complex vitamin. The name coenzyme R was coined dur- 
ing work on a protective factor, from the liver, for egg white 
injury. This protective factor was also called factor S, factor 
Wor vitamin By (1-4). Biotin is a complex molecule having 
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three stereocenters. There are eight stereoisomers of bio- 
tin; only the naturally occurring one is active in metabo- 
lism. The richest sources of biotin are yeast, liver, kidney, 
egg yolks, pancreas, and milk (5-7). The highest content 
of biotin in cow’s milk occurs early in lactation. Plant ma- 
terials, such as nuts, seeds, cereals such as oats and bulgar 
wheat, pollen, molasses, rice, soybeans, mushrooms, fresh 
vegetables such as cauliflower, split peas, cow peas, and 
legumes, and some fruits, are also good sources. In addi- 
tion, small amounts of biotin are found in most fish, eg, 
mackerel, salmon, and sardines. 
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In 1936, biotin was isolated from egg yolks (8), in 1939 
from beef liver (9), and in 1942 from milk concentrates (10). 
Biotin-producing microorganisms exist in the large bowel 
but the extent and significance of this internal synthesis 
is unknown. 


BIOCHEMICAL FUNCTION 


Biotin forms part of several enzyme systems and is nec- 
essary for normal growth and body function. Biotin func- 
tions as a cofactor for enzymes involved in carbon dioxide 
fixation and transfer. These reactions are important in the 
metabolism of carbohydrates, fats, and proteins, as well as. 
promotion of the synthesis and formation of nicotinic acid, 
fatty acids, glycogen, and amino acids (5-7). Biotin is ab- 
sorbed unchanged in the upper part of the small intestine 
and distributed to all tissues. Highest concentrations are 
found in the liver and kidneys. Little information is avail- 
able on the transport and storage of biotin in humans or 
animals. A biotin level in urine of approximately 160 nmol/ 
24h or 70 nmol/L, and a circulating level in blood, plasma, 
or serum of approximately 1500 pmol/L seems to indicate 
an adequate supply of biotin for humans. However, re- 
ported levels for biotin in the blood and urine vary widely 
and are not a reliable indicator of nutritional status. 


NUTRITIONAL REQUIREMENTS 


Since exact requirements for biotin are uncertain owing to 
incomplete knowledge regarding biotin availability from 
food and a lack of definitive studies concerning biotin re- 
quirements, the United States National Research Council 
has established a safe and adequate daily dietary level of 
intake for biotin rather than a recommended dietary allow- 
ance (RDA). The recommended daily intake of biotin in the 
United States for all persons ages seven years and older is 
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and distributed to all tissues. Highest concentrations are 
found in the liver and kidneys. Little information is avail- 
able on the transport and storage of biotin in humans or 
animals. A biotin level in urine of approximately 160 nmol/ 
24h or 70 nmol/L, and a circulating level in blood, plasma, 
or serum of approximately 1500 pmol/L seems to indicate 
an adequate supply of biotin for humans. However, re- 
ported levels for biotin in the blood and urine vary widely 
and are not a reliable indicator of nutritional status. 


NUTRITIONAL REQUIREMENTS 


Since exact requirements for biotin are uncertain owing to 
incomplete knowledge regarding biotin availability from 
food and a lack of definitive studies concerning biotin re- 
quirements, the United States National Research Council 
has established a safe and adequate daily dietary level of 
intake for biotin rather than a recommended dietary allow- 
ance (RDA). The recommended daily intake of biotin in the 
United States for all persons ages seven years and older is 
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30-100 g/d. In France and South Africa, a recommended 
daily intake for adults of up to 300 wg/d has been estab- 
lished, whereas in Singapore an intake of up to 400 yg/d 
is recommended. Diets consisting of a daily biotin intake 
of 28-42 g/d are considered adequate. A level of 60 ug/d 
is sufficient for patients under long-term total parenteral 
nutrition (fed intravenously). An infant’s daily intake 
ranges from 15-20 yg/d and is acquired mostly through 
human milk containing 3-20 yg/L, or formulas fortified 
with biotin. An adequate intake level of 10-30 /d for in- 
fants and young children is recommended. The safe and 
adequate levels for daily dietary intake of biotin are listed 
in Table 1 (11). No side effects have been reported with 
oral doses of biotin as great as 40 mg or parenteral doses 
of 5-10 mg/d in infants. No toxicity of biotin has been found 
(5-7), 


PHYSIOLOGICAL SIGNIFICANCE 


Animal 


Dietary biotin deficiencies are extremely rare, perhaps be- 
cause of the biosynthesis of biotin by intestinal microor- 
ganisms, However, biotin deficiency can be easily induced 
in most animals by ingestion of large amounts of raw egg 
white, which contain the biotin binding protein avidin. Av- 
idin has a high affinity for biotin and binds with the ureido 
group to form a complex that is resistant to digestive en- 
zymes. Biotin deficiency in animals causes a decrease in 
growth rate, loss of weight, alopecia, scaly dermatitis, hy- 
perkeratosis, achromatrichia, and transverse fissures 
across the soft sole and cracks in the hard horn of the sole 
and claw wall. Minute amounts of biotin are known to be 
adequate to support body functions; therefore, biotin re- 
quirements for animals may be covered by the natural con- 
tent of the feed and by the intestinal biosynthesis of biotin. 
However, biotin-responsive disease conditions not caused 
by primary biotin deficiency have been observed. One such 
condition is the fatty liver and kidney syndrome (FLKS). 
This syndrome has caused heavy economic losses in com- 
mercial broiler flocks. FLKS was found to be the result of 
a suboptimal biotin content in diet, coupled with other nu- 
tritional and environmental factors. Although the symp- 
toms of FLKS are not those of classic biotin deficiency, they 
can be eliminated by biotin supplements. Supplementation 
has also been found to reduce the incidence and severity 
of claw lesions in pigs and weak hoof horn in horses (5-7). 


Table 1. 1989 Estimated Safe and Adequate Daily Dietary 
Intake for Biotin 


Group Age (yr) Biotin (ug) 
Infants 00.5 10 
0.5-1.0 15 
Children 13 20 
46 25 
7-10. 30 
Adolescents and adults 11+ 30-100 


Human 


Biotin deficiencies in humans are extremely rare. The 
symptoms of deficiency are anorexia, fatigue, nausea, vom- 
iting, hyperesthesia, glossitis, pallor, mental depression, 
dry scaly dermatitis, alopecia, and localized parasthesias. 
Both seborrheic dermatitis and Leiner’s disease could be 
the signs of a biotin deficiency in infants (12). Several stud- 
ies (5-7) have indicated that an erythematous exfoliative 
dermatitis is the first clinical sign of a biotin deficiency. 
Infants under six months of age and people who eat large 
quantities of raw egg whites are probably the groups most 
susceptible to biotin deficiency. Another susceptible group 
would be people who lack biotinidase. Biotinidase is the 
only enzyme capable of catalyzing the cleavage of biocytin 
(biotinyl-e-lysine), the bound form of biotin. It has also 
been postulated that there may be a connection between 
biotin and the etiology of the sudden infant death syn- 
drome (SIDS), which is a common cause of death in the 
first year of life. Unless biotin is included in their alimen- 
tation, patients receiving long-term parenteral nutrition 
are susceptible to biotin deficiency. All symptoms can be 
reversed and conditions corrected with biotin treatment. 
For adults, biotin dosage levels of 150-300 yg per day 
would be effective treatment. Finally, no drugs have been 
found to cause a potential biotin deficiency through short- 
or long-term use. However, low circulating biotin levels 
have been observed in heavy smokers, alcoholics, and pa- 
tients under prolonged treatment with anticonvulsant 
drugs (5-7). 


CHEMICAL AND PHYSICAL PROPERTIES 


The empirical formula for biotin, C,9HigN203S, was estab- 
lished in 1941 (13). The full structure of biotin was eluci- 
dated in 1942 by two independent groups (14-16). The first 
total chemical synthesis of biotin was achieved by Harris 
in 1945; this work confirmed the structure of biotin (17). 
The configuration of d-biotin was definitively established 
in 1956 by x-ray crystallographic analysis (18,19). The 
physical properties of d-biotin are found in Table 2. Chem- 
ically pure biotin is stable to air and heat. Biotin is also 
stable for months in mildly acidic and alkaline solutions; 
however, alkaline solutions, particularly above pH 9, are 
the least stable. Although biotin is not affected by reducing 
agents, it is incompatible with formaldehyde, chloramine 
T, oxidizing agents such as hydrogen peroxide and potas- 
sium permanganate, and strong acids such as nitrous acid 
(20). In most foodstuffs, biotin is bound to proteins, from 
which it is released in the intestine by protein hydrolysis 
and the enzyme biotinidase. Biotin is a highly stable, 
water-soluble vitamin that is resistant to most processing 
procedures, long-term storage, and normal cooking heat. 
Most of the biotin losses during cooking are the result of 
leaching into the cooking water. On the other hand, can- 
ning and food processing cause a moderate reduction in 
biotin content, owing to decomposition. 


CHEMICAL SYNTHESIS 


Original Synthesis 
The first attempted synthesis of d-biotin in 1945 afforded 
racemic biotin (Fig. 1). In this synthetic pathway, L- 


Table 2. Physical Properties of d-Biotin 


Property Characteristic 
Appearance Fine long needles 
Color White 
Molecular weight 244.31 
‘Molecular formula CyoHigNzO5S 
Elemental analysis, wt % 

carbon 49.16 

hydrogen 6.60 

nitrogen 11.47 

sulfur 13.12 
Melting point, °C 232-233 
a", specific optical rotation, degrees +89-91° 
Dissociation constant, pK, 63 x 107% 
Isoelectric point, pH 3.5 
Solubility, mg/mL 

H,O, RT ~0.22 

95% alcohol, RT ~0.80 

common organic solvents Insoluble 


“ec = 1in 0,1 N NaOH. 
‘Higher in dil alkali. 


cysteine [52-90-4] (2) was converted to the methyl ester 
[5472-74-2] (3). An intramolecular Dieckmann condensa- 
tion, during which stereochemical integrity was lost, was 
followed by decarboxylation to afford the thiophanone 
[57752-72-4] (4). Aldol condensation of the thiophanone 
with the aldehyde ester [6026-86-4] (5) afforded the con- 
jugated thiophanone [85269-47-2] (6). The aldol conden- 
sation allowed for attachment of the properly functional- 
ized C-5 side chain in one step, a weakness in many 
subsequent syntheses. The introduction of the second ni- 
trogen was achieved by converting the keto group to the 
oxime [85269-48-3] (7), followed by zine reduction to the 
thiophene [85269-49-4] (8). Stereoselective catalytichydro- 
genation of the thiophene double bond gave mainly the 
thiophane [78763-60-7] (9), which was easily transformed 
to biotin. The nonselective catalytic hydrogenation and the 
epimerization that occurred during the conversion of (3) to 
(4) were the major factors leading to formation of racemic 
biotin (17). 


Original Asymmetric Synthesis 


The efficient introduction of the three stereocenters in the 
all-cis configuration was first accomplished in the elegant 
synthesis developed by Sternbach (21-23) in 1949. This 
process, the Hoffmann-La Roche industrial synthesis of bi- 
otin, is still (ca 1997) the basis of industrial preparations. 
An improved version of the original Sternbach synthesis is 
shown in Figure 2 (24). The fixed cis position of the car- 
boxyl groups of the imidazolidine dicarboxylic acid (cy- 
cloacid) (18) and the stereochemistry of the chiral carbons 
4 and 5 of the imidazolidine ring, throughout the synthetic 
scheme, are established by the starting material, fumaric 
acid [110-17-8] (10). Fumaric acid is brominated to dibro- 
mosuccinic acid [608-36-6] (11) followed by reaction with 
benzylamine to give dibenzylaminosuccinic acid [55645- 
40-4] (12). Treatment with phosgene forms the imidazo- 
lone ring of cycloacid [51591-75-4] (18). Cycloacid is dehy- 
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drated with acetic anhydride to form cycloanhydride 
[56688-83-6} (14). Opening of cycloanhydride with cyclo- 
hexanol forms the racemic monoester (15). The mixture is 
resolved by salt formation with (+ )-ephedrine [299-42-3] 
(16) in high yield. The desired d-ephedrine salt undergoes 
acid cleavage, followed by selective reduction of the ester 
functionality with lithium borohydride to form, after acid- 
ification, the d-lactone [56688-82-5] (17). The undesired I- 
ephedrine salt is recycled via the meso-cycloacid to cy- 
cloanhydride. The d-lactone, which possesses the desired 
configuration at two of the stereocenters, is converted to 
the d-thiolactone [56688-83-6] (18) using potassium 
thioacetate. The introduction of the C-5 side chain is ac- 
complished by reacting the thiolactone with the Grignard 
reagent derived from 3-methoxypropyl chloride, followed 
by dehydration to give the thiophene [85611-62-7] (19). 
Stereoselective hydrogenation establishes the third stereo- 
center and affords the thiophane [33607-59-9] (20). The 
thiophane undergoes acid-catalyzed cyclization to form the 
key intermediate, I-thiophanium bromide [60209-10-1] 
(21). The last two carbons of the biotin side chain are added 
by reaction of thiophanium bromide with sodium dimethyl- 
malonate to form the diester [8554-84-3] (22). Hydrolysis 
of the ester groups, decarboxylation and debenzylation us- 
ing strong acid forms homochiral, pure d-biotin. Although 
anumber of significant modifications to the Sternbach syn- 
thesis have appeared over the last 45 years, it is still the 
basis of today’s industrial preparations. 


Synthetic Drawbacks 


The major drawbacks in the Sternbach-Goldberg synthesis 
are the resolution/recycling of the intermediate that leads 
to d-lactone and the multiple manipulations required to 
add the five-carbon side chain. This sequence is inefficient, 
bringing with it a net loss of methanol, hydrogen bromide, 
carbon dioxide, and water that were once part of the mol- 
ecule. In the resolution of the intermediate that leads to d- 
lactone, 50% of the product is the undesirable isomer, al- 
though this material is converted to the cycloacid for 
recycling. This is inherently inefficient and limits single- 
run production capacity by at least 50%. Recycling the un- 
desired isomer also requires additional labor. 


Industrial Synthetic Improvements 


One significant modification of the Sternbach process is the 
result of work by Sumitomo chemists in 1975, in which the 
optical resolution—reduction sequence is replaced with a 
more efficient asymmetric conversion of the meso-cycloacid 
(18) to the optically pure d-lactone (17) (Fig. 3) (25). The 
cycloacid is reacted with the optically active dihydroxy- 
amine [2964-48-9] (23) to quantitatively yield the chiral 
imide [85317-83-5] (24). Diastereoselective reduction of 
the pro-R-carbony] using sodium borohydride affords the 
optically pure hydroxyamide [85317-84-6] (25) after re- 
crystallization. Acid hydrolysis of the amide then yields the 
desired d-lactone (17). A similar approach uses chiral al- 
cohols to form diastereomic half-esters stereoselectivity. 
These are reduced and directly converted to d-lactone (26). 
In both approaches, the desired diastereomeric half-amide 


2470 VITAMINS: BIOTIN 


H 
FN C N 
{—COOH oe % 
cee 
SH ge 
(2) (3) 


H 
CeHs LN. ° 
1, CH30Na YT 
o fC) l ss 
2H 8 
(4) 
° 
po 000085 
3) 
Piperidine, 
acetic acid 


H H 
CeHs Yr N NOH EAE CeHs a oO 
rey — Pyridine fa) = 
. COOCH3 7 COOCH3 
) 


@D 


Acetic acid, 
acetic anhydride, 
Zn 


s 
qd) 


6 


Hy oH 
CeHs +" JN. _ CH 

7 fo) 

[ee COOCH; 
(9) + Allo-isomer 

1, NaOH 
2. Ba(OH)g, 140°C 
3. NagCO3, COC], 


"~~ “~~ COOH 


+ LBiotin 


Figure 1. Synthetic pathway for racemic biotin. 


or half-ester is formed in excess, thus avoiding the costly 
resolution step required in the Sternbach synthesis. 
Another modification of the Sternbach method involves 
the direct attachment of the C-5 side chain to thiolactone 
or a functionalized thiolactone intermediate. One such 
method, possibly utilized by Sumitomo and reported sev- 
eral times by Lonza (27-29), involves the treatment of the 
thiolactone (14) with the five-carbon Wittig reagent (26) to 
give the olefin (27). Hydrogenation of the thiophene (27) 
followed by acid hydrolysis completes the synthesis of d- 
biotin. Another method that directly attaches the five- 
carbon side chain is patented by Lonza (Fig. 4). This 
method involves a Wittig reaction of a phosphonium salt 
derived from the thiolactone (14) and a C-5 aldehyde (30). 
The thiolactone (14) is reduced to the thiophanol (28), 


which is converted to the Wittig salt (29) with Ph,PH* 
BF ;. The ylide (29), in the presence of base, undergoes 
condensation with the aldehyde ester (30) to form the thi- 
ophene (27), which in turn is catalytically hydrogenated to 
d-biotin (30). 

A final variation of the Sternbach method was reported 
by Lonza (27-29,31). This method (Fig. 5) not only involves 
direct attachment of the C-5 side chain to the lactone 
[118609-09-9] (34), it also introduces the key stereocenters 
early in the synthetic pathway via a chiral mono-protected 
imidazole intermediate [116291-87-3] (32). Catalytic dia- 
stereoselective hydrogenation of the furoimidazole (32) af- 
fords the d-lactone (34) as the major product, in 54% yield. 
The undesired diastereomeric /-lactone (33) can be easily 
separated by chromatography or crystallization. In the 


VITAMINS: BIOTIN 2471 


CcHsCH:NHo _ CgHsCH2NH NHCH2CeH5 


Bry 
me 


CgHsCH;N~ ~NCH2CHs CeHsCH.N 


NCH,CeHs 


HOOC coon) 


| COCl, 


te) 


(CHyCO0 CgHsCH)N 


NCH)C¢Hs 
CH;COOH 


Ovo 


Toluene 0” So 


0. OH 
00 
(15) (14) 


H, 
1. CHj;NH CHs 


: 
a: PI 
HO H ‘h 


i) °O 


CeHsCH2N CeHsCH2N 


NCH,CeHs 


HOOC COOH 
(13) 


ie) 


CgHsCH,N° ~“NCH2CgH5 


(17) (18) 


CgHsCH:N~ ~NCH2CsHg 


H H COOCH, =Na0cHs 


CgHsCH.N 


1 CHyOCH,)sMgCl 2 a 
- CH0(CH2) 
2. HoSO, S 


OCHs 
to) s 


NCH2CeHs CeHsCH2N© “NCH2CeHs 


H CH2(COOCH3)2 
- COOCHs 
(22) 
HBr 
qa 


H - i H H 
HB eNO 
(20) 


Figure 2. Synthetic pathway for d-biotin (Sternbach synthesis). 


step following separation, the d-lactone is converted to the 
thiolactone [118609-15-7] (35) using a thiocarboxylic acid 
salt. The thiolactone undergoes a Grignard or Wittig re- 
action to incorporate the C-5 side chain. The thiophene 
[118609- 16-8] (36) is then catalytically hydrogenated. This 
process hydrogenates the carbon-carbon double bond and 
also removes the chiral protecting group on the nitrogen. 
This process takes advantage of a short synthetic pathway 
and the use of a relatively inexpensive starting material. 
A recent modification of this Lonza process uses a chiral- 
substituted ferrocenyldisphosphine with a rhodium cata- 


lyst to stereoselectively reduce the enamine (32) to the d- 
lactone (34) in 99% yield. This improvement eliminates the 
need to separate the undesired /-lactone by chromatogra- 
phy or crystallization and increases the yield of the desired 
lactone from 54 to 99%, making the process extremely ef- 
ficient (32,33). 


Novel Synthetic Methods 


More recently, several novel syntheses of d-biotin, starting 
from a variety of chiral starting materials, have been de- 
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Figure 4. Synthetic pathways for d-biotin (Lonza syntheses). 


veloped. Seven of these synthetic pathways start from L- 
cysteine (34-41), two from L-cysteine (42,43), two from D- 
arabinose (44,45), and one from ribitol (46). Each of these 
methods has at least one of the following drawbacks: mul- 
tiple steps with overall low yields; low yield steps associ- 
ated with cyclization reactions; safety issues associated 
with reagents such as metal azides, methyl iodide, diazo- 
methane, organoazide reagents, etc; environmental issues 


with reagents and by products such as triphenyl phosphine 
oxide and stannane salts; and costs of reagents such as 1,3- 
dicyclohexylcarbodiimide and trialkyltin hydride. Only one 
synthetic pathway starts from an achiral starting mate- 
rial, 2,5-dihydrothiophene-1,1-dioxide; this route requires 
a stereochemical resolution step (47-49). The drawbacks 
of this pathway are the commercially unavailable starting 
material and low conversions in several steps. 
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Figure 5. Synthetic pathway for d-biotin (Lonza synthesis). An improved process uses the chiral 
ferrocenyldisphosphine (87) to introduce stereospecificity during the hydrogenation of lactone (82). 


BIOSYNTHESIS 


Biotin is produced by a multistep pathway in a variety of 
fungi, bacteria, and plants (50-56). The established path- 
way (50,56) in Z. coli is shown in Figure 6. However, little 
is known about the initial steps that lead to pimelyl-CoA 
or of the mechanism of the transformation of desthiobiotin 
to biotin. Pimelic acid is believed to be the natural precur- 
sor of biotin for some microorganisms (51). 

Evidence that pimelic acid is a biotin precursor has been 
found in Bacillus species by feeding pimelic acid and ob- 
serving the concomitant increase in biotin titers. Also, if 
labeled pimelic acid is used, labeled biotin is formed. In the 
biosynthetic pathway, pimelic acid [111-16-0] (38) is con- 
verted into pimelyl-CoA (39) by the enzyme pimelyl-CoA- 
synthetase in the presence of ATP and Mg** at 32°C and 
pH 7-8 (57). On the other hand, E. coli does not seem to 
rely on pimelic acid as a starting material for biotin syn- 
thesis. E. coli seems to form pimelyl-CoA by a pathway 


similar to that of fatty acid and polyketide synthesis (58). 
Pimelyl-CoA (39) is transformed into 7-keto-8-aminopelar- 
gonic acid [4707-58-8] (7-KAPA) (40) by reaction with L- 
alanine. The reaction requires pyridoxal-5'-phosphate 
(PLP) as a co-reactant and is catalyzed by the enzyme 
KAPA-synthetase (59). 7-Keto-8-amino-pelargonic acid 
(40) is converted into 7,8-diamino-pelargonic acid [157120- 
40-6] (DAPA) (41) by the enzyme DAPA-aminotransferase, 
which uses S-adenosyl-L-methionine (SAM) instead of a 
simple amino acid as the amino group donor (60,61). 7,8- 
Diaminopelargonic acid (41) is converted by the enzyme 
DTB-synthetase to desthiobiotin [533-48-2] (42). The op- 
timal biological production of desthiobiotin requires ATP, 
Mg?* and bicarbonate at 50°C and pH 7-8 (62-66). Finally 
desthiobiotin (42) is converted to biotin, supposedly by the 
enzyme biotin synthetase, which is encoded by the Bio B 
gene (56). 

The conversion of desthiobiotin to biotin occurs in grow- 
ing as well as resting cells in which the internal source of 
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Figure 6, Biosynthetic pathway of d-biotin. 


sulfur is believed to be cysteine or methionine. The intro- 
duction of sulfur into desthiobiotin has been investigated 
by several groups and it is proposed that the sulfur is in- 
troduced at C-4 of desthiobiotin with retention of configu- 
ration (67-69). The biosynthesis of biotin has led several 
groups to explore the feasibility of synthesizing biotin on 
a commercial scale by microorganisms. To date, no com- 
mercial scale total synthesis of biotin by fermentation is 
known. However, several microorganisms and mutant 
strains have been evaluated (Table 3). One of the problems 
associated with biotin biosynthesis via fermentation is 
that total biotin production decreases with increasing bi- 
otin concentrations in the fermentation broth. In fact, bi- 
otin strongly inhibits all steps of the biosynthesis except 
the synthesis of pimelyl-CoA. This inhibition by biotin 
leads to the isolation of several biotin vitamers. A vitamer 
is a compound, structurally similar to a vitamin, that ex- 


hibits varying degrees of vitamin activity. The most im- 
portant biotin vitamer is desthiobiotin. Inhibition of biotin 
biosynthesis is the subject of much research. 


ANALYTICAL METHODS 


Biological Assay 


Various analytical methods, including microbiological, bio- 
logical, chemical, enzymatic and chromatographic assays, 
have been used to determine biotin levels in food, feed, and 
body fluids (79-81). The biological assay of biotin is con- 
ducted with rats or chicks made biotin-deficient by special 
diets containing either raw egg whites or avidin. The assay 
is based on growth response curves since test-animal 
weight gain is proportional to the logarithm of the biotin 
dose. A biological assay of biotin is advantageous because 


Table 3. Organisms Used for Biotin Fermentation 


Organism name Titer (mg/L) References 
Cornebacteria flavum 70,71 
Brevibacterium flavum 0.5 70,72 
Serratia marcescens 73-78 
600 73 
500 74 
120 75,18 
83 7 
Escherichia coli 2 79,80 
Bacillus sphaericus 81-85 
70 81 
20 82 
365 83 
Rhodotorula rubra 86 
‘Sporobolomyces roseus 86 
Yarrowia lipolytica 86 
Candida shehatae 87 
Rhizopus delemar 06 88,89 


no pretreatment of the sample is necessary and the assay 
measures the amount of biotin available to the test animal. 
However, biological assays are time-consuming (four 
weeks to actually run the assay and six to seven weeks to 
prepare the biotin-deficient animals), costly to run, and re- 
quire a large number of chicks or rats for accurate results. 


Microbiological Assay 


An alternative to the biological assay is the microbiological 
assay, which takes less time, costs less, requires less space, 
and has greater sensitivity than the biological assay. The 
typical microorganisms used for a microbiological assay of 
biotin are Lactobacillus casei ATCC 7469, Neurospora 
crassa, Ochromonas danica, Saccharomyces cerevisiae 
ATCC 7745, and Lactobacillus plantarum ATCC 8014. 
Lactobacillus plantarum ATCC 8014 is the test organism 
employed by most laboratories for biotin assay. Since biotin 
occurs in both the free and bound forms in nature and L. 
plantarum ATCC 8014 responds only to free biotin, all 
available biotin must be converted to free biotin prior to 
the microbiological assay. Bound biotin is usually con- 
verted to free biotin by acid hydrolysis with sulfuric acid 
or by digestion with papain. Hydrochloric acid should not 
be used in place of sulfuric acid for the acid hydrolysis be- 
cause it may inactivate biotin. Lipids that stimulate the 
growth of L. plantarum interfere with the assay and have 
to be removed by filtration of the acid extracts or by pre- 
liminary ether extraction prior to the assay. A microbiolog- 
ical assay involves extraction, addition of graded levels of 
standard and sample to the assay tubes, addition of the 
medium, sterilization of the assay tubes, inoculation with 
L. plantarum and incubation. After the cell growth stops, 
the biotin content of the test material is determined by 
measuring the growth response of the organism (eg, col- 
orimetrically, spectrophotometrically, or titrimetrically 
with sodium hydroxide) as compared to cell growth with 
known biotin concentration standards. Microbiological as- 
say of biotin using L. plantarum is capable of detecting as 
little as 0.05 ng of biotin/mL of test solution. 
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Isotope Dilution Assay 


An isotope dilution assay for biotin, based on the high af- 
finity of avidin for the ureido group of biotin, compares the 
binding of radioactive biotin and nonradioactive biotin 
with avidin. This method is sensitive to a level of 1-10 ng 
biotin (82-84), and the radiotracers typically used are 
(4C}biotin (83), (*Hbiotin (84,85) or an "I-labeled biotin 
derivative (86). A variation of this approach uses !5I- 
labeled avidin (87) for the assay. 


High-Performance Liquid Chromatography Analysis 


The analysis of biotin has also been achieved by high per- 
formance liquid chromatography (hplc). Biotin has been 
analyzed in B-complex tablets, vitamin premixes, and 
multi-vitamin—multimineral preparations by reverse- 
phase, high performance liquid chromatographic methods 
(hplc) using a C’* column and uv detection at either 230 
nm or 200 nm (88-91). Although this method can detect 
biotin in vitamin premixes, it is not sensitive enough to 
determine typical biotin levels in food or feed. Another 
method, one having greater sensitivity, is a reverse-phase 
ion-interaction reagent hple method, with a biotin detec- 
tion limit of 4 ug. An hple method with even greater sen- 
sitivity involves derivatizing biotin prior to chromato- 
graphic separation. This technique can be used for either 
uv-absorbing derivatives, such as the bromoacetophenone 
ester (92), or fluorescent derivatives, such as methyl meth- 
oxycoumarin ester (92) and anthryldiazomethane ester 
(93). The biotin detection limit for the bromoacetophenone 
ester derivative at uv 254 nm was 50 ng. The detection 
limit for the methyl methoxycoumarin ester at excitation 
wavelength 360 nm and emission wavelength 410 nm was 
5 ng; whereas, the limit of the anthryldiazomethane ester 
at excitation wavelength at 365 nm and emission wave- 
length 412 nm was 0.1-10 ng. 


Gas Chromatography Analysis 


From a sensitivity standpoint, a comparable technique is 
a gas chromatographic (gc) technique using flame ioniza- 
tion detection. This method has been used to quantify the 
trimethylsilyl ester derivative of biotin in agricultural pre- 
mixes and pharmaceutical injectable preparations at de- 
tection limits of approximately 0.3 ug (94,95). 


SPECIFICATIONS AND PRODUCT FORMS 


According to the Food Chemicals Codex (96), the biologi- 
cally active, food-grade form of biotin must have an assay 
of 97.5%, a melting point in the range of 229-232°C, anda 
specific rotation at 25°C in 0.1 N NaOH in the range of 
+89-93°. It must also contain less than 3 ppm of arsenic 
and less than 10 ppm of heavy metals, eg, lead, mercury, 
and copper. Finally, it must be able to be quantitatively 
sieved through U.S. Standard Sieves No. 80 using a me- 
chanical shaker. Biotin is listed as GRAS in the Code of 
Federal Regulations (97,98) for use as a nutrient or dietary 
supplement (21 CFR 182.5159). The specifications for d- 
biotin for pharmaceutical applications are similar to those 
for food and are listed in the United States Pharmacopeia 
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(99). No specifications for the optically inactive, d,J-biotin 
are given for either food or pharmaceutical applications. 


ECONOMIC ASPECTS 


The biotin market is divided between agricultural and hu- 
man use, with ~90% of biotin used in the animal health 
care market and ~10% for the human nutritional market. 
The major producers of biotin are Hoffmann-La Roche, 
Lonza, E. Merck-Darmstadt, Rhéne-Poulenc, Sumitomo 
Pharmaceutical, E. Sung, and Tanabe Seiyaku (100). 
Worldwide production of biotin in 1994 was approximately 
60 metric tons. The list price for pure biotin in 1995 was 
~$7.00/g; whereas, the list price for technical feed-grade 
biotin was ~$5.50/g. Biotin is used in various pharmaceu- 
tical, food, and special dietary products, including multi- 
vitamin preparations in liquid, tablet, capsule, or powder 
forms. One of the commercially available products of d- 
biotin is Britrit-1, which is a 1% biotin trituration used in 
food premixes, 
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Folic acid [59-30-3] (1) belongs to the group of B-vitamins. 
The term folate is used to designate all members of the 
family of compounds based on the N-[(6-pteridi- 
nyl)methyl]-p-aminobenzoic acid skeleton conjugated with 
one or more L-glutamic acid units. In 1930, a dietary factor 
in yeast and crude liver extract was found to cure mega- 
loblastic anemia in pregnant women (1). Purified folate 
was isolated by using two bioassay procedures, the micro- 
biological growth assay and the assay for the antianemic 
factor for chickens (2—4). The growth factor from yeast and 
the antianemic factor (vitamin B,) were later shown to be 
different entities. A crystalline compound was isolated 
from spinach, which was called folic acid (5,6). It was later 
shown that several of the above-mentioned factors be- 
longed to the nutritionally and chemically related family 
of pteroylglutamic acid compounds. The structure of pter- 
oylglutamic acid was elucidated in 1946 (7). The metabol- 
ically active forms of folic acid have a reduced pteridine 
ring and several glutamic acids residues. A detailed ac- 
count on the discovery and early development of folic acid 
is available (8). 


QO COOH 


OH 
oO N 
HN Ny 
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HN N ON 
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6-Methylpterin 


a F 
p-Aminobenzoic acid _L-Glutamic acid 


qd) 


OCCURRENCE, SOURCE, AND BIOAVAILABILITY 


Good food sources of folate are liver; fresh, dark green, 
leafy vegetables; beans; wheat germ; and yeasts (qv) (Table 
1). Folic acid is synthesized only by microorganisms and 
plants (10-14). Most dietary folates exist in the polyglu- 
tamate form, which are converted to the more readily bio- 
available monoglutamate form in the small intestine by 
the jejunal brush border folate conjugase. Certain foods 
such as cabbage and legumes contain conjugase inhibitors, 
which can decrease folate absorption. 

The total folate content of food varies, based on the 
method of preparation and length of storage (15-17). Dif- 
ferent forms of folates occur in nature and the stability or 
bioavailability of each form varies. Most folates in food are 
easily oxidizable and therefore are susceptible to oxidation 
under aerobic conditions during storage and processing. 
Folic acid (commercial form) has superior bioavailability 
because it is more readily absorbed when compared to the 
tri- or heptaconjugates. The factors affecting the bioavail- 
ability of food folates are not well understood, but seem to 


Table 1. Select Contributors of Folate in the U.S. Diet 


Ranking Description Total folate (%) 
1 Orange juice 9.7 
2 White bread, rolls, crackers 8.6 
3 Pinto, navy, other dried beans Td 
4 Green salad 68 
5 Cold cereals 5.0 
6 Eggs 46 
9 Liver 3.1 

23 Hamburger 12 

25 Spinach 1.0 

30 Green beans 08 

34 Broccoli 0.7 

Source: Ref. 9. 


include iron and vitamin C (qv) status. Deficiencies of both 
of these nutrients in humans is associated with impaired 
utilization of dietary folate. Improved research techniques 
such as use of radiolabeled folates has provided a powerful 
tool for determining bioavailability (18). Under fasting con- 
ditions, folic acid is almost completely absorbed, whereas 
only 50-80% of folyl polyglutamate is absorbed, as deter- 
mined by urinary excretion measurements (19). 


CHEMICAL AND PHYSICAL PROPERTIES 


L-Folic acid (1) contains three subunits: 6-methylpterin, p- 
aminobenzoic acid, and L-glutamic acid. The Chemical Ab- 
stracts name is N-[4-[{(2-amino-1,4-dihydro-4-oxo-6-pteri- 
dinyl)methy]}aminoJbenzoy]]-L-glutamic acid. 


9 COOH 
fe} HN 
N. 
HN a 
Neca 
H,N~ N° ~N 
H 


N“a ~~ cooH 

H 
Enzymatic reduction of folic acid leads to the 7,8-dihydro- 
folic acid (H, folate) (2), a key substance in biosynthesis. 
Further reduction, catalyzed by the enzyme dihydrofolic 
acid reductase, provides (6S)-5,6,7,8-tetrahydrofolic acid 
(H, folate) (3). The H, folate (3) is the key biological inter- 
mediate for the formation of other folates (4-8) (Table 2). 


(2) 
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Table 2. H, Folate Cofactors 
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Structure Ry Re 
(3) H H 

(4) CH, H 

(6) CH, 

6) HC=0 H 

( H HC=0 
(8) HC=NH H 

@) CH* 


Nomenclautre Configuration 
Tetrahydrofolic acid 6S, a(S) 
5-Methyltetrahydrofolic acid 6S, a(S) 
5,10-Methylenetetrahydrofolic acid 6R, a(S) 
5-Formyltetrahydrofolic acid 6S, a(S) 
10-Formyltetrahydrofolic acid 6R, a(S) 
5-Formiminotetrahydrofolic acid 6S, a(S) 
5,10-Methenyltetrahydrofolic acid 6R, a(S) 


Nomenclature and symbols for folic acid assigned based on recommendation published by IUPAC-IUB joint commission on Biochemical Nomenclature 1986 


(20,21); see structure (3). 


Folic acid (1) is found as yellow, thin platelets which char 
above 250°C. The uv spectrum of L-folic acid at pH 13 
shows absorptions at 4 = 256 nm (e = 30,000), 282 nm (e 
= 26,000), and 365 nm (e = 9800). Folic acid has a specific 
rotation of [a]f’ = +19.9°(c = 1, 0.1 N NaOH). Solutions 
of folic acid are stable at room temperature and in the ab- 
sence of light. It is slightly soluble in aqueous alkali hy- 
droxides and carbonates but is insoluble in cold water, ac- 
etone, and chloroform. Table 3 lists some physical 
properties of selected folic acid derivatives. 


SYNTHESIS 


The first L-folic acid synthesis was based on the concept of 
a three-component, one-pot reaction (7,22). Triamino- 
4(3H)-pyrimidinone [1004-45-7] (10) was reacted simulta- 
neously with C,-dibromo aldehyde [5221-17-0] (11) and p- 
amino-benzoyl-L-glutamic acid [4271-30-1] (12) to yield 
folic acid (1). 


oO oO 9° Cost 
HN NH Br. H 1 
es : # 
HyN” “N° “NH Br HN HOOC’ 


a0) ap a2) 


— w 


All known commercial syntheses are based on this ap- 
proach with improvements in preparations of the three 
components (23). Shortly after the first synthesis, similar 
methods were published employing other C,-halo com- 
pounds, such as 1,1,3-tribromo-2-propanone, 2,2,3-tri- 
bromopropanal (24), 2,2,3-trichloropropanal, and 1,1,3- 
trichloro-2-propanone (23). 


WA, ot 
ao + pa ie at X + a2) 
~*~ “cl So 


(18a, X = Cl) 
(13b, X = Br) 


(18¢, X = Cl) 


Na2SO3 
(1), (Yield 37%) 


Yields were improved to =37% by the addition of sodium 
sulfite to the reaction mixture. Apart from the sulfite, the 


C3-component unit has the greatest influence on the yield 
of folic acid. The use of nickel(II) chloride as an additive 
has been claimed to give higher yields (25). 

The required triamino-4(3H)-pyrimidinone is prepared 
in three steps starting from guanidine [50-01-1] (14) (26). 
Condensation with methylcyanoacetate [105-34-0] (15) un- 
der basic conditions, followed by nitrosation of the inter- 
mediate [56-06-4] (16), gives 2,6-diamino-5-nitrosopyrim- 
idinone [2387-48-6] (17). Chemical reduction using sodium 
sulfite (27) or catalytic hydrogenation using Raney nickel 
(28) furnishes (10). 


° 
NH.HCI Beg NaOCHs a 
Heat 
H)N~ ~NH. H.N~ SN7 NU: 
(4) as) (16) 
NaNOy/H,80, 
° 


p-Aminobenzoyl-L-glutamic acid (12) is obtained by con- 
densation of p-nitrobenzoyl chloride [122-04-3] (18) with L- 
glutamic acid [56-86-0] (19) under Schotten-Baumann con- 
ditions. This is followed by reduction of the nitro group 
with either sodium hydrogen sulfide (29) or by electro- 
chemical methods (30). 


° cooH 9  cooH 
Cl HN NaOH N 
#0 H 
ON HOOC: O2N HOOC’ 
as) as) cuties 


1,1,3-Trichloroacetone [921-03-9] (18a) is prepared by 
chlorination of acetone. The reaction is nonselective and 
the required compound is isolated by distillation. The se- 
lectivity has been improved by catalyzing the reaction with 
iodine (31). 
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Table 3. Physical Properties of Folic Acid Derivatives 


Structure CAS Registry W Amex Molecular formula 

Compound number Number (nm) € Stability (mol wt) 
Folic acid w [59-30-3] (pH 13)256 30,000 Unstable in alkaline CioHyoN7O5 
Pteroylglutamic acid and acidic solutions (441.41) 
PteGlu 
Dihydrofolie acid (2) [4033-27-6]  (pH'7.2)282 28,600 Highly air-sensitive CygHz:N;O5 
H, Folate (443.42) 
‘Tetrahydrofolic acid (3) [135-16-0] (pH 7.8) 296 28,000 Sensitive to oxygen CigHosN7O5 
H, Folate (445.44) 
5-Methyltetrahydrofolic acid 4) [134-35-0] (pH7)290 32,000 Stable to oxygen CoHosN7Og 
5-CH,-H, Folate (459.46) 
5,10-Methylenehydrofolic acid (8) [3432-99-39] (pH 7.2)294 32,000 _ Sensitive to hydrolysis CopHosN7Og 
5,10-CH,-H, Folate (457.45) 
10-Formyltetrahydrofolic acid 6) [2800-34-2]  (pH'7.5)260 17,000 Quite unstable CypHogN7O, 
10-CHO-H, Folate (473.45) 
5-Formyltetrahydrofolic acid (a) [58-05-9) (pH (13) 282 32,600 Most stable CaoHasN707 
(6R,S)-5-CHO-H, Folate (473.45) 
(6S)-5-CHO-H, Folate [68538-85-2) CopHasN;O7 

(473.45) 
5-Formiminotetrahydrofolic acid (8) (2311-81) (pH 7) 285 35,400 Hydrolyzed in CapHegNaOg 
5-NHCH-H, Folate aqueous solution (472.46) 
5,10-Methyltetrahydrofolic acid 9) [65981-89-7) (pH1)352 23,900 CopHa2N,0¢ 
5,10-CH*-H, Folate (cation) 

fe) Ra NH, NH 
—S2__ (aga) Distillation (13a) NH, iL N 
CH. cH, ~#O 7 1@) no Jon nZ Y oni 
7 OH Be ee Se IO) 
re) H.N~ ~N© NH: H.N~ \N* WN 
(21) 
Non, ons 
a 


Alternative Approaches for Synthesis of .-Folic Acid 


L-Folic acid (1) has been prepared in two steps by con- 
densing 6-bromomethylpterin (20) with p-aminobenzoyl-L- 
glutamic acid (12) in 80% yield (32). Dissolved folic acid 
further reacts easily with one more equivalent of 6- 
bromomethylpterin to form the undesired dialkylated 
aminobenzoyl-L-glutamic acid. 


° 
N 
HN Sy Br 
wk | + @2) —— @ 
a if 
H,N© “N° ~N 


(20) 


In spite of the good yields of L-folic acid obtained in this 
reaction, all of the published methods for the synthesis of 
6-bromomethylpterin (20) are multistep procedures with 
low overall yields (833-36). For example, the route starting 
from 2,4,5,6-tetraaminopyrimidine [5392-28-9] (21) gave 
6-bromomethylpterin (20) in three steps with an overall 
yield of only 18% (33,35,36). This synthesis is not econom- 
ical because the intermediate 6-bromomethyl-2,4-diamino- 
4-pterin (22) has to be deaminated in an additional step to 
form 6-bromomethylpterin (20). 


° NH, 
N. 
OP = Oo 
nan ¥ HN~ SN 
(20) (22) 


Another viable method for the synthesis of L-folic acid (1) 
starts from 6-formylpterin (23). The diester of L-glutamic 
acid (24) is condensed with 6-formylpterin (23). Reduction 
of the Schiff base with sodium borohydride is followed by 
hydrolysis to yield L-folic acid (37). 


° 9  COOR 
" : 
HN \y So. N 
aks ) + H —- 
N 2 
HyN “NT ~N’ HN ROOC 
23) (24, R = CHs, Cols) 


A cost-efficient synthesis of folic acid via Schiff base for- 
mation is feasible only if 6-formylpterin (23) is readily 
available. This compound is prepared by the reaction of 2- 
bromomalondialdehyde dimethylacetal [59453-00-8] (25) 
with triaminopyrimidinone (10), followed by acetylation 
and cleavage of the acetal to give compound (23) in 51% 
overall yield (38). 


OCH, ° 
Br N _cHO 
oo Reem ae CY 
o7*H HaN~ SN* ~N7 
(25) (23) 


A second approach for the synthesis of 6-formylpterin 
(23) involves the condensation of triaminopyrimidinone 
(10) with 5-deoxy-L-arabinose (26). The key diol is obtained 
in four steps starting from compound (10). Cleavage of the 
diol side chain is achieved either with periodate (39) or 
with lead(IV) (40) to furnish 6-formylpterin (23) in 45% 
overall yield. 


H 70 ° OH 
ee woh 
(0) + yoy ok is 
Ho—-H H.N~ SN“ ~N’ 
CH3 
es [awe 
0 
i N__cHo 
Ae 
H,N~ “N~ ~N 
(23) 


A third approach for the synthesis of 6-formylpterin (23) 
starts from iminodipropionitrile [2869-25-2] (27). The in- 
termediate pyrazine (28) is also prepared starting from 
chloropyruvaldehyde oxime (41,42). The required form- 
ylpterin (23) is obtained in three steps in 71% yield, start- 
ing from the intermediate pyrazine (28). A few other routes 
for the synthesis of 6-formylpterin (23) are described in the 
literature. All are multistep procedures with only moder- 
ate overall yields (43-45). 


H 
CH LN CHsyeurae CH BCH NC. 
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A new variant of the three-component, one-pot synthesis 
of L-folic acid has been reported by Hoffmann-La Roche 
Inc. 
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(12) Two equivalents 


+ — 


ie a ca 
ou 


(30, R = p-aminobenzoyl--glutamic acid) 


One equivalent of 2-hydroxymalondialdehyde [497-15-4] 
(29) is condensed with two equivalents of p-aminobenzoyl- 
L-glutamic acid (12). The intermediate dimine (30) is 
treated with one equivalent of triaminopyrimidinone (10) 
to obtain L-folic acid in 84% yield (46). 


Fermentation 


Development of an economically viable production process 
for folic acid either by genetically engineered microorgan- 
isms or by extraction from natural sources is not yet fea- 
sible. 


LABELED COMPOUNDS 


Radiolabeled folate provides a powerful tool for folate bio- 
availability studies in animals and for diagnostic proce- 
dures in humans. Deuteration at the 3- and 5-positions of 
the central benzene ring of folic acid (81) was accomplished 
by catalytic debromination (47,48) or acid-catalyzed ex- 
change reaction (49). Alternatively, deuterium-labeled folic 
acid (82) was prepared by condensing pteroic acid with 
commercially available labeled glutamic acid (50). 
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DERIVATIVES AND ANALOGUES 


The metabolically active H, folate cofactors (see Table 2) 
are prepared synthetically as follows. 7,8-Dihydrofolic acid 
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(2) and 5,6,7,8-tetrahydrofolic acid (3) are prepared via cat- 
alytic hydrogenation of folic acid under controlled reaction 
conditions (51,52). Optical rotation of (6S,R)-H, folate (3) 
is [a¥ = +14.9Dg (0.1 N NaOH) and the natural (6S)- 
Hy, folate (3) is [o]f’ = —16.9° (0.1 N NaOH). 

5-Methyltetrahydrofolic acid (5-CH3-H, folate) (4) is in- 
volved in methionine biosynthesis. Condensation of for- 
maldehyde with H, folate (3), followed by the reduction of 
the intermediate 5,10-CH,-H, folate (5) with sodium bo- 
rohydride gave 5-CH,-H, folate (4) (53). 5,10-Methylene- 
tetrahydrofolic acid (5,10-CH,-H, folate) (5) is a coenzyme 
in thymidylate biosynthesis; the natural (6R)-stereoisomer 
is prepared by enzymatic reduction of Hy folate (2), fol- 
lowed by condensation with formaldehyde (54). 

Formylation of H, folate (8) or hydrolysis of 5,10-CH*- 
H, folate (9) gives (6R,S)-5-formyltetrahydrofolic acid (6) 
(5-HCO-H, folate) (55). On the other hand, (6S)-5-HCO-H, 
folate is obtained by selective crystallization in the form of 
its calcium salt from the diastereomeric mixture of (6S,R)- 
5-HCO-H, folate (56). 10-Formyltetrahydrofolic acid (7) is 
a coenzyme in purine synthesis which is synthesized by 
hydrolysis of 5,10-CH*-H, folate (9) or by hydrogenation 
of 10-CHO-folate (57). 

Folic acid analogues containing amino acids other than 
glutamate, and also folate covalently bound to a protein 
for the purposes of antibody production, have been pre- 
pared (58-60). Methotrexate is an analogue of folic acid 
that is widely used in cancer chemotherapy (61). Other an- 
alogues such as trimethoprim and pyrimethamine are 
used in the treatment of malaria and protozoal diseases 
(62), These analogues bind extremely tightly to dihydro- 
folate reductase. 


BIOSYNTHESIS 


Folic acid is synthesized both in microorganisms and in 
plants. Guanosine-5-triphosphate (GTP) (33), p-aminoben- 
zoic acid (PABA), and L-glutamic acid are the precursors. 
Reviews are available for details (63,64). The sequence of 
reactions responsible for the enzymatic conversion of GTP 
to 7,8-dihydrofolic acid (2) is shown (see Scheme 1. In E. 
coli, GTP cyclohydrolase catalyzes the conversion of GTP 
(83) into 7,8-dihydroneopterin triphosphate (34) via a 
three-step sequence. Hydrolysis of the triphosphate group 
of (34) is achieved by a nonspecific pyrophosphatase to af- 
ford dihydroneopterin (35) (65). The free alcohol (36) is ob- 
tained by the removal of residual phosphate by an un- 
known phosphomonoesterase. The dihydroneopterin 
undergoes a retro-aldol reaction with the elimination of a 
hydroxy acetaldehyde moiety. Addition of a pyrophosphate 
group affords hydroxymethyl-7,8-dihydropterin pyrophos- 
phate (37). Dihydropteroate synthase catalyzes the con- 
densation of hydroxymethyl-7,8-dihydropteroate pyro- 
phosphate with PABA to furnish 7,8-dihydropteroate (38). 
Finally, L-glutamic acid is condensed with 7,8-dihy- 
dropteroate in the presence of dihydrofolate synthetase. 


ANALYTICAL METHODS 


Analysis of folic acid is difficult because most natural fo- 
lates exist in the polyglutamate form and there is variation 


in the oxidation state of the single-carbon substituent. De- 
termination of the individual folate vitamers is compli- 
cated; assay simplification is achieved by determining fo- 
late in the monoglutamyl or diglutamyl forms after 
enzymatic deconjugation. Methods for determining folic 
acid in food and feed include biological, microbiological, 
chemical, chromatographic, and radiometric assays. The 
microbiological assay using Lactobacillus casei is the offi- 
cial method of the Association of Official Analytical Chem- 
ists (AOAC). Folyl polyglutamates react very slowly with 
this organism compared to mono- and diglutamates. As a 
result, it is required to hydrolyze the polyglutamate chain 
using )-glutamylhydrolase prior to microbiological analy- 
sis (66). The monoglutamate in the food and feed extract 
is separated using anion-exchange column chromatogra- 
phy, followed by differential assay of the separated fraction 
by a microbiological assay. 

A radioassay procedure has been developed to deter- 
mine folic acid in erythrocyte and blood samples. The 
method is based on competitive protein binding between 
radiolabeled and unlabeled folate compounds for folic acid 
binding protein. A very sensitive, nonisotopic microtitra- 
tion plate, folate-binding protein assay (FBPA) was devel- 
oped to measure down to the 6 pg level of folyl monoglu- 
tamate and vitamin-active folate (67). A hple method is 
useful for analysis of high potency premix samples con- 
taining folic acid, along with other water-soluble vitamins. 
Ion-pair reverse-phase columns using uv detection at 280 
nm or post-column derivatization techniques have been 
employed to determine free folic acid. Details on hple ap- 
plications are available (68-70). 


DEFICIENCY 


Folic acid is a precursor of several important enzyme co- 
factors required for the synthesis of nucleic acids (qv) and 
the metabolism of certain amino acids. Folic acid deficiency 
results in an inability to produce deoxyribonucleic acid 
(DNA), ribonucleic acid (RNA), and certain proteins (qv). 
Megaloblastic anemia is a common symptom of folate de- 
ficiency owing to rapid red blood cell turnover and the high 
metabolic requirement of hematopoietic tissue. One of the 
clinical signs of acute folate deficiency includes a red and 
painful tongue. Vitamin B,. and folate share a common 
metabolic pathway, the methionine synthase reaction. 
Therefore a differential diagnosis is required to measure 
folic acid deficiency because both folic acid and vitamin By. 
deficiency cause megaloblastic anemia. Serum and red 
blood cell levels of folate are measured to confirm and di- 
agnose the deficiency. Serum folate levels less than 3 ng/ 
mL are diagnostic of a deficiency. Some forms of dietary 
folic acid are more poorly absorbed by the elderly than by 
younger individuals. However, vitamin supplements con- 
taining the monoglutamate form are well absorbed in all 
age groups (71). 

Folate antagonists (eg, methotrexate and certain anti- 
epileptics) are used in treatment for various diseases, but 
their administration can lead to a functional folate defi- 
ciency. Folate utilization can be impaired by a depletion of 
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zinc. In humans, the intestinal brush border folate conju- 
gase is a zinc metalloenzyme (72). One study indicates that 
the substantial consumption of alcohol, when combined 
with an inadequate intake of folate and methionine, may 
increase the risk of colon cancer (73). Based on this study, 
it is recommended to avoid excess alcohol consumption and 
increase folate intake to lower the risk of colon cancer. 


Incomplete closure of neural tube during the embryo 
development in humans can lead to spina bifida. The con- 
dition is characterized by an opening in the spinal cord and 
results in physical disability in a child. Incomplete closure 
of the skull produces anencephaly. These and similar con- 
ditions are collectively called neutral tube defects (NTD). 
Each year in the United States approximately 2500 infants 
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are born with spina bifida and anencephaly and an esti- 
mated 1500 fetuses affected by these birth defects are 
spontaneously aborted (74). It has been shown that folic 
acid given at 400 ug/day prevents the recurrence of NTD 
and that doses of 800 yg/day prevent both the occurrence 
and recurrence of NTD in the majority of cases. Published 
studies also indicate that folic acid supplementation taken 
six weeks before conception may reduce the risk of neural 
tube defects by at least 50% (74,75). Folic acid may be more 
effective in reducing neural tube defect incidence than con- 
jugated food folate because free folic acid is more readily 
absorbed (76). A cost-benefit analysis, based on the U.S. 
population, of preventable neural tube defects indicates 
that folic acid fortification of grains in the United States 
may yield a substantial economic benefit (77). The U.S. 
Food and Drug Administration (FDA) has amended the 
standards of identity for several enriched grain products, 
The agency is requiring that these products be fortified 
with folic acid at levels ranging from 0.95 to 3.09 mg per 
kg of product (78). This is the first B-vitamin fortification 
requirement since 1943 when the U.S. government man- 
dated fortification of flour with niacin, thiamin, and ribo- 
flavin. Incidence of cleft lip/cleft palate has been reported 
in animal studies due to folic acid deficiency. Poor folic acid 
status has been associated with megaloblastic changes in 
the cells of the uterine, cervix (79), and intestinal epithe- 
lium (80). 

Homocysteine arises from dietary methionine. High lev- 
els of homocysteine (hyperhomocysteinemia) are a risk fac- 
tor for occlusive vascular diseases including atherosclero- 
sis and thrombosis (81-84). In a controlled study, serum 
folate concentrations of =9.2 nmol/L were linked with el- 
evated levels of plasma homocysteine. Elevated homo- 
cysteine levels have been associated also with ischemic 
stroke (9). The mechanism by which high levels of homo- 
cysteine produce vascular damage are, as of yet, not com- 
pletely understood. Interaction of homocysteine with 
platelets or endothelial cells has been proposed as a pos- 
sible mechanism. Clinically, homocysteine levels can be 
lowered by administration of vitamin Bg, vitamin B,, and 
folic acid. 


REQUIREMENTS 


The amount of folic acid required for daily intake is esti- 
mated based on the minimum amount required to main- 
tain a certain level of serum folate. The recommended di- 
etary allowance (RDA) for folic acid accounts for daily 
losses and makes allowances for variation in individual 
needs and bioavailability from food sources (85). The U.S. 
recommended daily allowance for adults is 400 ug and for 
pregnant women is 800 ug (Table 4). 


ANIMAL NUTRITION 


To obtain optimal performance of farm animals, folic acid 
supplementation is required (86) and as is the case with 
most of the vitamins, the majority of worldwide consump- 
tion is as feed supplements. The folic acid requirement for 
chickens and pigs is about 0.2-0.5 mg of folic acid/kg diet 


Table 4. RDA and U.S. RDA for Folic Acid 


Group Age Folic acid (ug) 
RDA 
Infants 00.5 25 
0.5-1.0 35 
Children 1-3 50 
46 15 
7-10 100 
Males 11-14 150 
>15-51 200 
Females 11-14 150 
15-51 180 
Pregnant, lactating 400 
Ist six months 280 
2nd mix months 260 
U.S. RDA 
Infants <13 months 100 
Children <4 yr 200 
Adults and children >4 yr 400 
Pregnant or lactating women 800 
Source: Ref. 21. 


and 0.3 mg/kg diet, respectively. Increased amounts, 0,5— 
1.0 mg/kg feed for chickens and 0.5-2.0 mg/kg for swine, 
are recommended under commercial production conditions 
(87). The degree of intestinal folic acid synthesis and the 
utilization by the animal dictates the folic acid require- 
ments for monogastric species. Also, the self-synthesis of 
folacin is dependent on dietary composition (88). 

Folacin requirements are related to the type and level 
of production. The more rapid the growth or production 
rates, the greater the need for folacin owing to its role in 
DNA synthesis. In poultry, the requirement for egg hatch- 
ability is higher than for production (88). In swine, folic 
acid supplementation has been shown to increase fertility 
and growth rates (89). 


METABOLISM 


The principal function of the folate coenzyme is to carry 
one-carbon units. Dietary folylpolyglutamate is hydrolyzed 
to the monoglutamate form by folyl polyglutamate hydro- 
lyases (conjugases) prior to transport across the intestinal 
mucosa. Intestinal folate absorption occurs in the jejunum. 
A slightly acidic pH of 6 is optimum for intestinal absorp- 
tion and transportation into the blood stream (90). It was 
shown by the competitive inhibition method (91) that a 
single protein seems to be responsible for transportation 
of the monoglutamate. Transportation may occur by an 
anion-exchange mechanism (92). Folate transportation 
may be partially dependent on sodium ions in the cell me- 
dium (93). 

Three forms of folate appear to be transported in the 
blood: folic acid, folate loosely bound to low affinity binder 
serum proteins (such as albumin, a-macroglobulin, and 
transferrin), and folate bound to high affinity protein bind- 
ers. Approximately 5% of total serum folate is being trans- 


ported by high affinity protein binders but the function of 
these proteins is not well understood (94,95). Folic acid is 
stored in folyl polyglutamate form. The liver and other tis- 
sues (mitochondria) convert folic acid and methyltetrahy- 
drofolate into folylpolyglutamate by employing polygluta- 
mate synthetase. The total folate pool in adult humans is 
estimated to be around 5-10 mg, with half of this in the 
liver; folylpolyglutamate synthetase activity is highest in 
liver. 

The metabolism of folic acid involves reduction of the 
pterin ring to different forms of tetrahydrofolylglutamate. 
The reduction is catalyzed by dihydrofolate reductase and 
NADPH functions as a hydrogen donor. The metabolic 
roles of the folate coenzymes are to serve as acceptors or 
donors of one-carbon units in a variety of reactions. These 
one-carbon units exist in different oxidation states and in- 
clude methanol, formaldehyde, and formate. The resulting 
tetrahydrofolylglutamate is an enzyme cofactor in amino 
acid metabolism and in the biosynthesis of purine and py- 
rimidines (10,96). The one-carbon unit is attached at either 
the N-5 or N-10 position. The activated one-carbon unit of 
5,10-methylene-H, folate (5) is a substrate of T-synthase, 
an important enzyme of growing cells. 5-10-Methylene-H, 
folate (5) is reduced to 5-methyl-H, folate (4) and is used 
in methionine biosynthesis. Alternatively, it can be oxi- 
dized to 10-formyl-H, folate (7) for use in the purine bio- 
synthetic pathway. 


TOXICITY 


Folic acid is safe, even at levels of daily oral supplemen- 
tation up to 5-10 mg (97). Gastrointestinal upset and an 
altered sleep pattern have been reported at 15 mg/day (98). 
A high intake of folic acid can mask the clinical signs of 
pernicious anemia which results from vitamin Bj, defi- 
ciency and recurrence of epilepsy in epileptics treated with 
drugs with antifolate activity (99). The acute toxicity 
(LD,o) is approximately 500 and 600 mg per kg body 
weight for rats and mice, respectively (100). 


USES 


-Folic acid is available as a crystalline dihydrate contain- 
ing 8% water. Approximately 80% of the commercial pro- 
duction is consumed for feed enrichment in animal nutri- 
tion. Folic acid is being offered by the pharmaceutical 
industry for therapeutic and prophylactic use. Pharmaco- 
logical doses of folic acid are commonly used as a rescue 
dose during cancer chemotherapy, in women using oral 
contraceptives, and alcoholics. Several studies have pro- 
vided evidence that multivitamins or folic acid (0.84 mg/ 
day) supplementation prevent the majority of neural tube 
defects (101). 


ECONOMIC ASPECTS 


The world production of synthetic L-folic acid 1996 was es- 
timated at 400 metric tons per year. The total market is 
expected to grow with increasing recognition of need, es- 
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pecially during pregnancy and lactation. The principal 
producers of folic acid are Hoffmann-La Roche, Takeda, 
Sumika Fine Chemical (previously Yodogawa Pharma- 
ceuticals), Kongo, and three Chinese companies, Chang- 
zhou Pharmaceuticals, Changshu Hugang Pharmaceuti- 
cals, and Zhejiang Jiangnan Pharmaceuticals. Smaller 
quantities are also produced by companies in India, China, 
and Russia. The 1996 sale price varied between $50 to 
$130/kg. 


CONCLUSIONS 


All known commercial syntheses of folic acid are based on 
the three-component process developed in the late 1940s. 
Industrial production of folic acid by genetically engi- 
neered microorganisms or extraction from natural sources 
is not yet economically viable. The mechanism governing 
folate turnover and excretion is still poorly understood. Im- 
proved research techniques will aid in the development of 
a better understanding of factors affecting intestinal ab- 
sorption and in vivo kinetics in human beings. Folic acid 
and multivitamin supplement use are associated with a 
decreased occurrence of neural tube defects. Abnormalities 
in homocysteine metabolism are observed in many women 
who have given birth to children with neural tube defects 
and in individuals with cardiovascular disease. Folic acid 
is likely to be involved in overcoming this abnormality. The 
exact mechanism by which folic acid prevents these dis- 
eases is a current active area of research. 
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VITAMINS: NIACIN, NICOTINAMIDE, 
AND NICOTINIC ACID 


8-Pyridine carboxamide [98-92-0] (nicotinamide) (1) and 3- 
pyridine carboxylic acid [59-67-6] (nicotinic acid) (2) have 
a rich history and their early significance stems not from 
their importance as a vitamin but rather as products de- 
rived from the oxidation of nicotine. In 1867, Huber 
prepared nicotinic acid from the potassium dichromate ox- 
idation of nicotine. Many years later, Engler prepared nic- 
otinamide. Workers at the turn of the twentieth century 
isolated nicotinic acid from several natural sources. In 
1894, Suzuki isolated nicotinic acid from rice bran, and in 
1912 Funk isolated the same substance from yeast (1). 


on on 


() (2) 


In 1913, Goldberger demonstrated that pellagra was due 
toa dietary deficiency. Pellagra had been earlier described 
by Thiery, who had coined the term mal de la rosa for this 
disease. Several decades later, Elvehjem and co-workers 
isolated nicotinamide from a liver extract and identified it 
as a pellagra-preventing factor (1). 

There is considerable confusion regarding the nomen- 
clature of these simple substances. The term niacin is a 
generic descriptor for pyridine 3-carboxylic acid and deriv- 
atives that exhibit the biological activity of nicotinic acid 
(1). However, niacin and vitamin PP (pellagra preventing) 
are frequently used interchangeably with nicotinic acid. 
Vitamin B, is often used as a designation for nicotinamide 
(1). The following is a list of common names for these sub- 
stances. 


Nicotinamide Nicotinic acid 
Aminicotin Akotin 
Benicot Apelagrin 
Delonin amide Daskil 
NAM Efacin 
Niacinamide Linic 
Niavit PP Niacin 
Nicasir Nicacid 
Nicosan 2 Nicangin 
Nicovit Nicolar 
Pelmine Pellagrin 
Pelonin amide Pelonin 
Vitamin B SR 4390 
Vitamin B; 
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The biological importance of these compounds stems 
from their use as cofactors. Both nicotinamide and nico- 
tinic acid are building blocks for coenzyme I (Co I), 
nicotinamide—adenine dinucleotide (NAD) (3) and coen- 
zyme II (Co II), nicotinamide—adenine dinucleotide phos- 
phate (NADP) (4) (2). 


NH, NH, 
N N 
‘om om 


T _ He it | He 
HO-—P-O-C 0. HO—P-O-C °. 
OH 
OH OH OH O-P-OH 
? ? 8 
“O-P=0 ~O-P=0 
ce) ce) 


HC HC 


OH OH OH OH 


(3) (4) 


CHEMICAL AND PHYSICAL PROPERTIES 


Nicotinamide is a colorless, crystalline solid. It is very sol- 
uble in water (1 g is soluble in 1 mL of water) and in 95% 
ethanol (1 g is soluble in 1.5 mL of solvent). The compound 
is soluble in butanol, amyl alcohol, ethylene glycol, ace- 
tone, and chloroform, but is only slightly soluble in ether 
or benzene. Physical properties are listed in Table 1. 

Nicotinic acid is an amphoteric solid with needle-shape 
crystals. It is less soluble than nicotinamide and its poor 
solubility in diethyl ether can be used as a basis to separate 
these compounds. Because nicotinamide has some solubil- 
ity in ether, extraction of aqueous solutions of the acid and 
the amide with ether allows for selective extraction of the 
amide into the organic phase. Table 2 lists the physical 
properties of this vitamin. 

The ring nitrogen of both the amide and the carboxylic 
acid can be quaternized and oxidized. N-methylnicotinate 
(trigonelline) (5) is an important component of green coffee 
beans and is converted to nicotinic acid during the roasting 
process. The reactivity of the 3-substituent parallels stan- 
dard functional groups. Acid chlorides, esters, amides, and 
anhydrides have been prepared from nicotinic acid. Both 
the corresponding aldehyde and alcohol are available from 
the acid with a variety of reducing agents. Nicotinamide 
can be converted to nicotinic acid esters, the nitrile and 
acylamidines by routine methods. 


Table 1. Physical Properties of Nicotinamide 


Property Value 
Molecular weight 122.12 
Melting point, °C 

Stable modification 129-132 

Unstable modifications 
I 105 
Ir 110 
m1 11 
IV 113 
v 116 

Boiling point, °C (0.067 Pa) 150-160 
Sublimation range, °C 80-100 
‘True dissociation constants in water, at 20°C 

Ky 2.24 x 107 

Kio 3.16 x 10-4 

Specific heat, kJ/(kg-K)? 

Solid, 55°C 1.80 
65°C 1.34 
75°C 1.39 

Liquid, 135°C 2.18 

Heat of solution in water, kiJ/kg* -148 
Heat of fusion, kJ /kg* 381 
Density of melt, at 150°C, g/em® 1.19 


“To convert J to cal, multiply by 4.184. 


Table 2. Physical Properties of Nicotinic Acid 
Property Value 


Molecular weight 128.11 
Melting point, °C 236-237 
Sublimation range 2150 
Density of crystals, g/cm? 1.478 
Dissociation constants in water, at 25°C 
K, 1.50 x 1075 
K, 1.04 x 107 
Isoelectric point in water, at 25°C, pH 3.42 
pH of saturated aqueous solution 2.7 
Solubility, g/L 
Water 
orc 8.6 
38°C 24.7 
100°C 97.6 
Ethanol, 96% 
orc 5.7 
78°C 76.0 
Methanol 
orc 63.0 
62°C 345.0 


SYNTHESIS 


Key intermediates in the industrial preparation of both 
nicotinamide and nicotinic acid are alkyl pyridines (Fig. 1). 
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CH=CH, CHsCHO CH3;CHO 
+ + + 
NHg NH3 HCHO 
+ 
\ / ia 
ao : 


CH, 


1 
H,C=CHCHO NC—CH—CH,—CH,—CN 


+, 
ea 8) 
CHs 


(1) 


Figure 1. Alkyl pyridines. 


2-Methyl-5-ethylpyridine (6) is prepared in a liquid-phase 
process from acetaldehyde. Also, a synthesis starting from 
ethylene has been reported. Alternatively, 3-methylpyri- 
dine (7) can be used as starting material for the synthesis 
of nicotinamide and nicotinic acid and it is derived indus- 
trially from acetaldehyde, formaldehyde (qv), and ammo- 
nia. Pyridine is the principal product from this route and 
3-methylpyridine is obtained as a by-product. Despite this 
and largely due to the large amount of pyridine produced 
by this technology, the majority of the 3-methylpyridine 
feedstock is prepared in this fashion. 

3-Methylpyridine can also be prepared by the conden- 
sation of acrolein and ammonia. Yields of 40-50% are ob- 
tained with pyridine as a by-product. Higher yields have 
been claimed when both propionaldehyde and acrolein 
have been used. A recent U.S. patent claims better selec- 
tivity if the cyclization is carried out in the presence of 
zeolites (3). 

In an alternative approach, 2-methylglutaronitrile (8) 
is hydrogenated and cyclized to give high yields of 3- 
methylpyridine. The feedstock for this process is produced 
as a by-product of the production of adiponitrile. Oxidative 
cyclization of 2-methylglutaronitrile to nicotinonitrile (9) 
has been described (4). 

The alkyl pyridines (6) and (7) can be transformed ei- 
ther to nicotinic acid or nicotinonitrile. In the case of nic- 
otinic acid, these transformations can occur by either 
chemical or biological means. From an industrial stand- 


point, the majority of nicotinic acid is produced by the ni- 
tric acid oxidation of 2-methyl-5-ethylpyridine. Although 
not of industrial significance, the air oxidation has also 
been reported. Isocinchomeronic acid (10) (Fig. 2) is formed 
as an intermediate. 

Although an inherently more efficient process, the di- 
rect chemical oxidation of 3-methylpyridine does not have 
the same commercial significance as the oxidation of 2- 
methyl-5-ethylpyridine. Liquid-phase oxidation proce- 
dures are typically used (5). A Japanese patent describes 
a procedure that uses no solvent and avoids the use of ace- 
tic acid (6). In this procedure, 3-methylpyridine is com- 
bined with cobalt acetate, manganese acetate and aqueous 
hydrobromic acid in an autoclave. The mixture is pressur- 
ized to 101.3 kPa (100 atm) with air and allowed to react 
at 210°C. At a 32% conversion of the picoline, 19% of the 
acid was obtained. Electrochemical methods have also 
been described (7). 

In more recent work, several groups have reported on 
fermentative approaches to nicotinic acids from 3-picoline. 
Rhodococcus (8), Acinetobactorr (9), and Pseudomonas (10) 
have found utility in this application. 

Nicotinonitrile is produced by ammoxidation of alkyl- 
pyridines (11-24). A wide variety of different catalysts 
have been developed for this application. For example, a 
recent patent describes a process in which 3-methylpyri- 
dine is reacted over a molybdenum catalyst supported on 
silica gel. The catalyst (PV,Mo,20,) was prepared from 
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CH; 
Figure 2. Formation of isocinchomeronic acid 
(10). (6) 


NH,VO3, H;PO,, and (NH,)sMo;Oo4. Reaction at 380°C at 
a residence time of 2.5 seconds gave 95% of nicotinonitrile 
at a 99% conversion (16). 

Conversion of the nitrile to the amide has been achieved 
by both chemical and biological means. Several patents 
have described the use of modified Raney nickel catalysts 
in this application (25,26). Also, alkali metal perborates 
have demonstrated their utility (27). Typically, the hydro- 
lysis is conducted in the presence of sodium hydroxide (28- 
31). Owing to the fact that the rate of hydrolysis of the 
nitrile to the amide is fast as compared to the hydrolysis 
of the amide to the acid, good yields of the amide are ob- 
tained. Other catalysts such as magnesium oxide (32), am- 
monia (28,29,33), and manganese dioxide (34) have also 
been employed. 

Since the late 1980s, there has been considerable activ- 
ity in the development of fermentative approaches for the 
preparation of the amide from the nitrile. Organisms such 
as Achromobacter (35), Agrobacterium (36), Streptomyces 
(37), Rhodococcus (38,39), and Cornebacterium (40) have 
been described. Purified enzymes in either free (41) or im- 
mobilized form (42,43) have also been used in this appli- 
cation. 

Nicotinic acid has also been produced by microbial 
means from the nitrile. Rhodococcus (44,45) has frequently 
been used in this regard. Interestingly, irradiation of a Cor- 
ynebacterium suspension during the fermentation led to 
higher yields of nicotinic acid (46). 


BIOSYNTHESIS 


A significant pathway for the formation of nicotinic acid 
mononucleotides begins with tryptophan (11). In the first 
step, cleavage of the indole ring is catalyzed by the enzyme 
L-tryptophan-2,3-dioxygenase. This step is rate determin- 
ing unless it is hormonally induced by glucocortocoids and 
even tryptophan itself. The resulting N’-formylkynurenine 
(12) is deformylated to the free aniline derivative, kynu- 
renine (13). Hydroxylation to yield (14) is followed by oxi- 
dative removal of alanine to form 3-hydroxyanthranilic 
acid (15). Oxidative cleavage of the aromatic ring to the 
semialdehyde (16) is followed by dehydration to the im- 
portant metabolite, quinolinic acid (17). Quinolinic acid is 
decarboxylated with concomitant alkylation at nitrogen to 
yield nicotinic acid mononucleotide (18) (Fig. 3). 

The result of this biosynthesis is that the product is nic- 
otinic acid mononucleotide rather than free nicotinic acid. 
Ingested nicotinic acid is converted to nicotinic acid mono- 
nucleotide which, in turn, is converted to nicotinic acid ad- 
enine dinucleotide. Nicotinic acid adenine dinucleotide is 
then converted to nicotinamide adenine dinucleotide. Ifex- 
cess nicotinic acid is ingested, it is metabolized into a series 


loa 


of detoxification products (Fig. 4), Physiological metabo- 
lites include N-methylnicotinamide (19) and N-methyl-6- 
pyridone-2-carboxamide (24) (1). 

Nicotinamide is incorporated into NAD and nicotina- 
mide is the primary circulating form of the vitamin. NAD 
has two degradative routes: by pyrophosphatase to form 
AMP and nicotinamide mononucleotide and by hydrolysis 
to yield nicotinamide adenosine diphosphate ribose. 


ANALYTICAL METHODS 


Both nicotinic acid and nicotinamide have been assayed by 
chemical and biological methods. Owing to the fact that 
niacin is found in many different forms in nature, it is im- 
portant to indicate the specific analyte in question. For ex- 
ample, if biological assay procedures are used, it is neces- 
sary to indicate whether the analysis is to determine the 
quantity of nicotinic acid or if niacin activity is the desired 
result of the analysis. If nicotinic acid is desired, then a 
method specific for nicotinic acid should be used. If quan- 
titation of niacin activity is the desired outcome, then all 
compounds (bound and unbound) which behave like niacin 
will assay biologically for this substance (1). 

The Konig reaction (Fig. 5) has been used to determine 
the amount of nicotinic acid and niacinamide. In this pro- 
cedure, quaternization of the pyridine nucleus by cyanogen 
bromide is followed by ring opening to generate the puta- 
tive dialdehyde intermediate. Reaction of this compound 
with an appropriate base, such as p-methylaminophenol 
sulfate (47) or sulfanilic acid (48), generates a dye. The 
concentration of this dye is determined colorimetrically. 

In the case of nicotinamide, the color yield is often low. 
This problem can be circumvented by either hydrolysis to 
nicotinic acid or by conversion of the amide to a fluorescent 
compound. Treatment of nicotinamide with methyl iodide 
yields the quaternary ammonium salt, N-methyl nicotin- 
amide (5). Reaction of this compound with acetophenone 
yields a fluorescent adduct (49). Other carbonyl compounds 
have also been used (50-54). 

For more specific analysis, chromatographic methods 
have been developed. Using reverse-phase columns and uv 
detection, hple methods have been applied to the analysis 
of nicotinic acid and nicotinamide in biological fluids such 
as blood and urine and in foods such as coffee and meat. 
Derivatization techniques have also been employed to im- 
prove sensitivity (55). For example, the reaction of nico- 
tinic amide with DCCI (N’-dicyclohexyl-O-methoxycou- 
marin-4-yl)methyl isourea to yield the fluorescent 
coumarin ester has been reported (56). After separation on 
a reversed-phase column, detection limits of 10 pmol for 
nicotinic acid have been reported (57). 
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Figure 3. Formation of nicotinic acid mononucleotides. 


Owing to poor volatility, derivatization of nicotinic acid 
and nicotinamide are important techniques in the ge anal- 
ysis of these substances. For example, a gc procedure has 
been reported for nicotinamide using a flame ionization de- 
tector at detection limits of ~0.2 ug (58). The nonvolatile 
amide was converted to the nitrile by reaction with hep- 
tafluorobutryic anhydride (56). For a related molecule, 
quinolinic acid, fmol detection limits were claimed for a ge 
procedure using either packed or capillary columns after 
derivatization to its hexafluoroisopropyl ester (58). 

As with many of the vitamins, biological assays have an 
important historical role and are widely used. For exam- 
ple, microbiological assays use Lactobacillus plantarum 
ATCC No. 8014 (57,59) or Lactobacillus arabinosus (60). 
These methods are appropriate for both nicotinamide and 
nicotinic acid. Selective detection of nicotinic acid is pos- 
sible if Leuconostoc mesenteroides ATCC No. 9135 is used 
as the test organism (61). The use of microbiological assays 
have been reviewed (62). 

Bioassays procedures have been developed in species 
such as chicks which have been fed a niacin-deficient diet. 
Due to the fact that, for example, tryptophan is a biological 
precursor of niacin, niacin can be produced from other 
sources (55). As a result, the tryptophan content of the diet 
has to be monitored carefully for accurate results. 

Specifications for niacin and niacinamide for food use 
are given in the Food Chemicals Codex (63) and for phar- 
maceutical use in the United States Pharmacopeia (64). 
The Codex also gives specifications for niacinamide ascor- 
bate. 


OCCURRENCE 


Nicotinamide and nicotinic acid occur in nature almost ex- 
clusively in the bound form. In plants, nicotinic acid is 
prevalent whereas in animals nicotinamide is the predom- 
inant form. This nicotinamide is exclusively in the form of 
NAD and NADP. 

Nicotinic acid is found in plants associated with both 
peptides and polysaccharides. For example in wheat bran, 
two forms are described: a peptide with a molecular weight 
of approximately 12,000 and a carbohydrate complex that 
is called niacytin. Polysaccharides isolated from wheat 
bran have been found to contain 1.05% nicotinic acid in 
bound form. Hydrolysis yielded a fragment identified as - 
3-O-nicotinoyl-D-glucose (25. 


0 
CH,0H 
oes 
7 
HO OH 
OH 
(25) 


From a bioavailability standpoint, the fact that a sig- 
nificant amount of nicotinic acid is in a bound form has 
important biological consequences. Poor bioavailability 
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Figure 5. The Konig reaction. SO3H 
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stems from the fact that the ester linkage is resistance to 
digestive enzymes. In the case of corn, this condition can 
be alleviated if corn is pretreated with alkali. This food 
preparation method is frequently practiced in Mexico for 
the preparation of tortillas. 

Nicotinamide and nicotinic acid are prevalent in many 
common foodstuffs and are especially concentrated in 
brewer’s yeast, wheat germ and liver. In this regard, tryp- 
tophan is considered a provitamin and is assigned a niacin 
equivalent of 1/60. The following lists the vitamin B, con- 
tent of many common foodstuffs and in Table 3, values of 
vitamin B; content are compared to niacin potential from 
tryptophan. 


Corn, yellow Soybean meal 

Corn, gluten feed Rapeseed-extract meal 

Rye Cottonseed cake 

Oats Palm kernel meal 

Milo Groundnut cake 

Barley Sunflower cake 

Wheat Blood meal 

Wheat bran Meat and bone meal 

Tapioca flour Fish meal 

Potatoes Skim milk, dried 
‘Torula yeast 


Table 3. Nicotinic Acid and Nicotinamide (Vitamin B,) 


Coffee represents a fertile source of nictonic acid and 
the average cup of coffee contains between 1-2 mg. The 
amount of nicotinic acid depends on the roasting conditions 
(Table 4). During the roasting process, trigonelline (5), a 
plentiful component in green beans is demethylated to nic- 
tonic acid (65). The ratio of trigonelline (5) to nicotinic acid 
and nicotinamide is defined as the roasting number. 


BIOCHEMICAL FUNCTION 


NAD and NADP are required as redox coenzymes by a 
large number of enzymes and in particular dehydroge- 
nases (Fig. 6). NAD* is utilized in the catabolic oxidations 
of carbohydrates, proteins, and fats, whereas NADPH, is 
the coenzyme for anabolic reactions and is used in fats and 
steroid biosynthesis. NADP* is also used in the catabolism 
of carbohydrates (2). 

In addition to their in vivo function, these cofactors have 
important in vitro functions as co-factors in enzymatic syn- 
thesis. Because these cofactors are too expensive to be used 
in equimolar amounts, many methods have been devel- 
oped for their regeneration. These include chemical (66), 
biological (67) and electrochemical (68) methods, Enzy- 
matic regeneration has found particular utility in this ap- 
plication (69). 


DEFICIENCY 


A deficiency of niacin manifests itself in the disease pel- 
lagra. The symptoms of pellagra include dermatosis, de- 
mentia, and diarrhea. The dermatosis is expressed as le- 
sions. These lesions are most frequently found on the 
hands, wrists, elbows, face and neck, knees, and the feet. 
At the onset of the disease, the affected areas resemble 
sunburn, progressing to keratosis and scaling of pigmented 
skin. Other symptoms include insomnia, loss of appetite, 
weight and strength loss, soreness of the tongue and 
mouth, indigestion, diarrhea, abdominal pain, burning 
sensations, vertigo, headache, numbness, nervousness, 
distractability, apprehension, mental confusion, and for- 
getfulness (1). 

A deficiency of niacin also affects the nervous system. 
Numbness is initially observed and later, paralysis, par- 
ticularly in the extremities is common. Severe cases are 
characterized by tremor and a spastic or ataxic gait and 
are frequently associated with peripheral neuritis. Left un- 
treated, severe thought disorders can ensue (1). 


Table 4. Vitamin B, Content in Roasting Coffee 
Coffee beans Vitamin B, (mg/kg) 


Green 20 
Medium roasted 80-150 
Dark roasted =500 


Content of Foodstuffs (mg/kg) 
Potential 
from 
Foodstuff Vitamin Bs tryptophan 
Cow milk, fresh whole summer 08 78 
Cheese, cream cheese 08 14 
Eggs, whole, raw 0.7 36.1 
Butter, salted ‘Trace Trace 
Beef, lean, average, raw 52 43 
Beef liver, fresh 178 
Pork, lean, average, raw 62 38 
Pork liver, fresh 118 
Corn, whole 12 
Corn, flour Trace 1 
Breakfast cereals, all-bran 490 32 
Cornflakes 
Fortified 210 9 
Unfortified 6 
Wheat flour 
Whole meal 56 25 
White, 72% for bread 
Fortified 20 23 
Unfortified 7 
Brown, 85% 
Fortified 42 26 
Unfortified 12 
Bread, white 4 16 
Macaroni, boiled 3 9 
Rice, polished, boiled 3 5 
Rice, bran 366-437 
Soybean flour, full fat 20 86 
Spaghetti, boiled 3 9 
Potatoes, raw 12 5 
Yeast, Baker's dry 257 
Source: Ref. 2. 


Source: Ref. 2. 


2494 VITAMINS: NIACIN, NICOTINAMIDE, AND NICOTINIC ACID 


Figure 6. Coenzymes required for dehydrogenase. (3) 


Table 5. RDA and U.S. RDA for Niacin 


Category Niacin (mg NE) 
RDA 
Infants 
0.0-0.5 yr 5 
0.5-1.0 yr 6 
Children 
1-3 yr 9 
4-6 yr 12 
7-10 yr 13 
Males 
11-14 yr 7 
15-18 yr 20 
19-50 yr 19 
>5lyr 15 
Females 
11-50 yr 15 
>Blyr 13 
pregnant 17 
lactating 20 
U.S. RDA 


Infants and children <4 yr 9 
Adults and children >4 yr 20 
Pregnant or lactating women 20 


REQUIREMENTS 


The RDA for niacin is based on the concept that niacin 
coenzymes participate in respiratory enzyme function and 
6.6 niacin equivalents (NE) are needed per intake of 239 
kJ (1000 kcal). One NE is equivalent to 1 mg of niacin. 
Signs of niacin deficiency have been observed when less 
than 4.9 NE/239 kJ or less than 8.8 NE per day were con- 
sumed, Dietary tryptophan is a rich source of niacin and 
the average diet in the United States contains 500-1000 
mg of tryptophan. In addition, the average diet contains 
approximately 8-17 mg of niacin. In total, these two quan- 


Figure 7. Formation of nicotinyl alcohol (27). 
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tities total 16-34 NE daily. Table 5 lists the RDA and U.S. 
RDA for niacin (69). 


SAFETY 


Despite structural similarities, the pharmacological con- 
sequences of excesses of these substances are quite differ- 
ent. Due to the interest in the effects of nicotinic acid on 
atherosclerosis, and in particular its use based on its abil- 
ity to lower serum cholesterol, the toxicity of large doses of 
nicotinic acid has been evaluated. For example, in a study 
designed to assess its ability to lower serum cholesterol, 
only 28% of the patients remained in the study after re- 
ceiving a large initial dose of 4 g of nicotinic acid due to 
intolerance at these large doses (70). 

Nicotinamide can also be toxic to cells at concentrations 
that increase the NAD levels above normal. Individuals 
consuming nicotinamide at levels of 3 g/d for extended pe- 
riods (3-36 months) have experienced various side effects 
such as heartburn, nausea, headaches, hives, fatigue, sore 
throat, dry hair, and tautness of the face (1). 


USES 


Both nicotinic acid and nicotinamide have been used in the 
enrichment of bread, flour, and other grain-derived prod- 
ucts. Animal feed is routinely supplemented with nicotinic 
acid and nicotinamide. Nicotinamide is also used in mul- 
tivitamin preparations. Nicotinic acid is rarely used in this 
application. The amide and carboxylic acid have been used 
as a brightener in electroplating baths and as stabilizer for 
pigmentation in cured meats. 


DERIVATIVES 


Nicotinyl alcohol (3-pyridinylcarbinol, _3-pyridine- 
methanol) (27) has use as an antilipemic and peripheral 
vasodilator. It is available from either the reductions of 
nicotinic acid esters or preferably, the reduction of the ni- 


CH,OH 
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trile to the amine followed by diazotation and nucleophilic 
displacement. It is frequently administered in the form of 
the tartrate (Fig. 7). Nicotinic acid is frequently used as a 
salt in conjunction with basic drugs such as the peripheral 
vasodilator xanthinol niacinate (28). Nicotinic acid and its 
derivatives have widespread use as antihyperlipidemic 
agents and peripheral vasodilators (1). 


ECONOMIC ASPECTS 


U.S. manufacturers of niacin and niacinamide include 
Nepera, Inc. and Reilly Industries, Inc. U.S. suppliers in- 
clude BASF Corporation, Hoffmann-La Roche Inc., and 
Rhéne-Poulenc. Western European producers and sup- 
pliers include Degussa, Rhéne-Poulenc, BASF, Hoffmann- 
La Roche, and Lonza (71). In 1995, the prices for niacin 
and nicotinamide were $9.75/kg and $9.25/kg, respectively 
(72,73). 
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(R)-Pantothenic acid [79-83-4] (1) is a member of the B- 
complex vitamins. It is a water-soluble vitamin and has 
been designated as vitamin B;. It was discovered by Wil- 
liams and co-workers in 1933 by extracting a growth factor 
for yeast from a wide range of biological tissues (1). Later 
the growth factor was identified as pantothenic acid (1). 
Independently two groups, Woolley and co-workers (2) in 
1939 and Jukes (3) between 1939 and 1941, identified the 
liver filtrate factor in rats and antidermatitis factor in 
chicks. These factors later proved to be identical with pan- 
tothenic acid. The total synthesis of (R)-pantothenic acid 
was achieved in 1940 by three groups: Stiller and co- 
workers (4), Reichstein and Griissner (5), and Kuhn and 
Wieland (6). 
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Biosynthesis of coenzyme A (CoA) in mammalian cells in- 
corporates pantothenic acid. Coenzyme A, an acyl group 
carrier, is a cofactor for various enzymatic reactions and 
serves as either a hydrogen donor or an acceptor. Panto- 
thenic acid is also a structural component of acyl carrier 
protein (ACP). ACP is an essential component of the fatty 
acid synthetase complex, and is therefore required for fatty 
acid synthesis, Free pantothenic acid is isolated from liver, 
and is a pale yellow, viscous, and hygroscopic oil. 


OCCURRENCE, SOURCE, AND BIOAVAILABILITY 


Good food sources of pantothenic acid include yeast, 
chicken, beef, potatoes, oat cereal, vegetables, legumes, 
and whole grain. Pantothenic acid in foods and feedstuffs 
is fairly stable to ordinary means of cooking and storage, 
but appreciable losses have been reported as a result of 
canning and storage of some foods. Pantothenic acid is syn- 
thesized only by plants and microorganisms. Estimation of 
the dietary intake of pantothenic acid is difficult because 
the acid exists in the free form and is also incorporated in 
coenzyme A and fatty acid synthetase. Total pantothenic 
acid content present in the food is estimated after releasing 
the bound acid enzymatically (8,9). 

Relatively little is known about the bioavailability of 
pantothenic acid in human beings, and only approximately 
50% of pantothenic acid present in the diet is actually ab- 
sorbed (10). Liver, adrenal glands, kidneys, brain, and 
testes contain high concentrations of pantothenic acid. In 
healthy adults, the total amount of pantothenic acid pres- 
ent in whole blood is estimated to be 1 mg/L. A significant 
(2-7 mg/d) difference is observed between different age- 
group individuals with respect to pantothenic acid intake 
and urinary excretion, indicating differences in the rate of 
metabolism of pantothenic acid. 


PHYSICAL AND CHEMICAL PROPERTIES 


(R)-Pantothenic acid (1) contains two subunits, (R)-pantoic 
acid and f-alanine. The chemical abstract name is N-(2,4- 
dihydroxy-3,3-dimethyl-1-oxobutyl)-f-alanine (11). Only 
(R)-pantothenic acid is biologically active. Pantothenic acid 
is unstable under alkaline or acidic conditions, but is stable 
under neutral conditions. Pantothenic acid is extremely 
hygroscopic and there are stability problems associated 
with the sodium salt of pantothenic acid. The major com- 
mercial source of this vitamin is thus the stable calcium 
salt (3) (calcium pantothenate). 
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Panthenol (4) is the reduced form of pantothenic acid 
and is the pure form most commonly used. The alcohol is 
more easily absorbed and is converted into the acid in vivo 
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(12). Both panthenol and panty] ether are used in hair care 
products. 
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The biologically active R- or d-pantothenic acid can be 
obtained upon hydrolysis of coenzyme A with a combina- 
tion of two enzymes, alkaline phosphatase and pantothei- 
nase (13) (Fig. 1). The phosphatase catalyzes the selective 
cleavage of the phosphate bond in coenzyme A to afford 
adenosin-3'5'-diphosphate (6) and 4-phosphopantetheine 
(7). The latter substance is dephosphorylated enzymati- 
cally to yield pantetheine (8), which is rapidly converted 
by pantotheinase to pantothenic acid (1). Table 1 lists some 
physical properties of pantothenic acid and its derivatives. 


SYNTHESIS 


Currently (ca 1997) pantothenic acid is produced mainly 
by chemical methods. Initial efforts in this area are sum- 
marized in Reference 14. Several groups are actively in- 
volved in developing syntheses of pantothenic acid or its 
precursor, (R)-pantolactone (9) by microbial methods. 

(R)-Calcium pantothenate (3) is prepared by condensing 
(R)-pantolactone (9) with f-alanine (10) in the presence of 
base, followed by treatment of the sodium salt (11) with 
calcium hydroxide. 


° 


(a) 
An alternative procedure for the preparation of (R)- 


calcium pantothenate (3) is to condense (R)-pantolactone 
(9) with the preformed calcium salt (12) of f-alanine (15). 
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Similarly, panthenol (4) and panty] ether (5) are prepared 
by condensing 3-aminopropanol (13) and 3-ethoxypropyl- 
amine (14) with (R)-pantolactone (16,17). 
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Figure 1. Enzymatic hydrolysis of coen- 
zyme A (2). 
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Racemic pantolactone is prepared easily by reacting iso- 
butyraldehyde (15) with formaldehyde in the presence of 
a base to yield the intermediate hydroxyaldehyde (16). Hy- 
drogen cyanide addition affords the hydroxy cyanohydrin 
(17). Acid-catalyzed hydrolysis and cyclization of the cya- 
nohydrin (17) gives (R,S)-pantolactone (18) in 90% yield 
(18). 
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(R)-Pantolactone (9) is prepared in either of two ways: 
by resolution of the (R,S)-pantolactone mixture (18), or by 
stereoselective reduction of ketopantolactone (19) by 
chemical or microbial methods (19). 
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Chemical resolution of pantoic acid, readily available 
from (R,S)-pantolactone (18), is the most efficient method 
currently being practiced on an industrial scale. A wide 
variety of chiral resolving agents are being used, such as 
(+)-2-aminomethylpinane by BASF (20), 2-benzylamino- 
1-phenylethanol by Fuji (21), chiral aminoalcohols by Alps 
and Sumitomo (22,23), (1R)-3-endoaminoborneol by Hoff- 


VITAMINS: PANTOTHENIC ACID 2499 


Table 1. Physical Properties of Pantothenic Acid and Derivatives 


Compound CAS registry number op bp/mp (°C) Molecular formula Molecular weight 
(R)-Pantothenic acid [79-83-4] C.H,NO; 219.24 
(S)-Pantothenic acid [37138-77-5) CoH,;NO; 219.24 
(R)-Pantothenic acid calcium salt [137-08-6] +28.2° 195°C (CoHygNOs).Ca 476.5 
(R)-Pantothenic acid sodium salt [876-81-2] +27.7° 171-178°C CoH,.NO;Na 241.2 
(R)-Panthenol [81-13-0] +29.5° 120°C° CoH, NO, 205.25 
(S)-Panthenol [74561-18-5] -29.5° 120°C? CoH, NO, 205.25 
(R,S)-Panthenol [16485-10-2) 66-69°C CoHygNO, 205.25 
(R,S)-Ethylpanthenol [667-84-5) 210°C C,,HasNO, 238.1 
(R)-Ethylpanthenol (667-83-4] Cy,Hz3NO, 233.1 
°C = 5 in H,0 for all values other than 0. 

At 0.02 mm Hg. 


mann-La Roche (24), and 1-ethylbenzylamine by Daicel 
(25). Other approaches include optical resolution by inclu- 
sion crystallization (26) and spontaneous resolution of 
(R,S)-pantolactone by seeding (27). (R,S)-Pantolactone can 
be resolved directly using chiral phase chromatography 
(28), or after derivatization using optically active acids or 
isocyanates (29), The sodium salt of pantoic acid is enan- 
tioselectively protonated in the presence of (1S)-(+)-10- 
camphorsulfonic acid and then undergoes spontaneous cy- 
clization to (R)-pantolactone (9) (30). 

Ketopantolactone (19) is conveniently prepared by oxi- 
dation of (R,S)-pantolactone (18). Various oxidizing agents 
have been patented for the oxidation of pantolactone, such 
as MnO, (31), DMSO-Ac,0 (32), and hypohalites (33). An 
improved yield of ketopantolactone (19) via electrolytic 
oxidation of pantolactone with an aqueous solution con- 
taining an alkali metal salt was reported (34). Ketopan- 
tolactone (19) has been prepared in good yield via cyclo- 
condensation of the 2-keto-3-methylbutyrate (20) with 
formaldehyde (35). 


hy A _CHLONGHHAN 6 ° 
Isobutanol 


(20) (19) 


Asymmetric hydrogenation of ketopantolactone (19) in 
the presence of chiral dirhodium complexes gave (R)- 
pantolactone (9) in high yield and excellent selectivity (36) 


(Table 2). 
OH 
RhL* 


(19) 
The microbial reduction of ketopantoate (21) to (R)- 
pantoate (22) has been investigated, employing one or two 


Table 2. Asymmetric Hydrogenation of Ketopantolactone 
(19) 


Isolated 
yield ee 

Catalyst/chiral ligand (%) (%) — Ref. 
[Rh(bppm) (1,5-Hexadiene)C!) 93 56 37 
([Rh(bppm) (COD)CI) 93 86.7 38 
Dimethyl-(R)-malate 93 >99 39 
Di-(u-carboxylato)bis(aminophosphine- 

phosphinite) dirhodium complexes 100 91 36 


microorganisms (40-44). Reduction with Proteus vulgaris 
gave (R)-pantoate (22) in high (460 mmol) concentration, 
excellent selectivity (97% ee), and 98.5% yield with ac- 
ceptable productivity numbers. Productivity number (PN) 
is derived by dividing the concentration in mmol of product 
formed by the dry weight in kg of the cells, multiplied by 
the time in hours required for the conversion. Higher PN 
is favored for production (44) (Table 3). 


fe) OH 
- _ Microorganism 
HO HO 
re) oO 
(21) (22) 


Reduction of ketopantolactone (19) to (R)-pantolactone 
(9) also was evaluated using microbes (45-52) (Table 4), 


i) 


O Microbial reduction 


° 0” \OH 


(19) (9) 


These microbial methods have afforded excellent ee val- 
ues and yields (40-52). However, owing to low, ie, 30-130, 
productivity numbers these processes have not yet been 
commercialized. 
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Table 3. Microbial Reduction of Ketopantoate (21) to (R)-Pantoate (22) 


Conversion yield ee Final product concentration 

Microorganism (%) (%) (mM) PN* Reference 
Rhodotorula erythropolis 90.5 94.4 140 40 
‘Agrobacterium sp. S-242 90 >98 910 120 41 
Nocardia asteroides/Agrobacterium radiobacter 89 82.8 620 130 42 
Candida macedonienis-AK4 4588 97.2 98 80 43 
Proteus vulgaris 98.5 >97 460 740 44 
“Productivity number (PN) = product in mmol/dry wt of cells in kg x time, h. 

In a novel approach, enantiomerically enriched (R)- [we if ° 
pantolactone (9) is obtained in a enzymatic two-step pro- o a a nxiwpsrusc, Meo °F" _ 1.0, 0” SX 
cess starting from racemic pantolactone. Zc 2 rene \ 2 Nai 

cy) ®) 


Rhodococcus erythropolis 


° 


oO oO ‘ 
($)-Form Candi 
ou teres 0 _paepatens 90H 
__etersides__ _parapaleis oy 
(R)-Form 
(18) * (19) / () 


Unchanged 


Ina first step, Nocardia asteroides selectively oxidizes only 
(S)-pantolactone to ketopantolactone (19), whereas the 
(R)-pantolactone remains unaffected (47). The accumu- 
lated ketopantolactone is stereospecifically reduced to (R)- 
pantolactone in a second step with Candida parapsilosis 
(product concentration 72 g/L, 90% molar yield and 100% 
ee) (48). Racemic pantolactone can also be converted to(R)- 
pantolactone by one single microbe, ie, Rhodococcus 
erythropolis, by enantioselective oxidation to (S)-pantolac- 
tone and subsequent stereospecific reduction in 90% yield 
and 94% ee (product concentration 18 g/L) (40). 

Although not of industrial importance, several asym- 
metric syntheses of (R)-pantolactone (9) have been devel- 
oped. Stereoselective abstraction of the si-proton of the 
achiral 1,3-propanediol derivative (23) by sec-butylithium- 
(—)-sparteine, followed by carboxylation and hydrolysis, 
results in (R)-pantolactone in 80% yield and 95% ee (53). 


(9) 


(R)-Pantolactone is also prepared in a sequence involv- 
ing Claisen rearrangement of the chiral glycolate (24), al- 
though with poor enantioselectivity (54). 


By employing Sharpless epoxidation as a key step, a mul- 
tistep chemical synthesis of (R)-pantolactone has also been 
reported (55). 

Enantioselective addition of hydrogen cyanide to hy- 
droxypivaldehyde (25), catalyzed by (R)-oxynitrilase, af- 
forded (R)-cyanohydrin (26) in good optical yield. Acid- 
catalyzed hydrolysis followed by cyclization resulted in 
(R)-pantolactone in 98% ee and 95% yield after one recrys- 
tallization (56). 


OH 
cHO oer gH ws oe 
HOT >< + Hen —Oemiee_ 10M, wae 9 


(25) (28) 


LABELED COMPOUNDS 


Various labeled degradation products of pantothenic acid 
and coenzyme A are known. Both (1-'4C)-sodium panto- 
thenate (27) and (R)-(1-"4C)-panthenol are 


a 
ALN A ,-0-Nat 
HOT >< 
) 0 
eu) 


known and are commercially available from New England 
Nuclear Corporation (NEN, Boston, Mass.). The syntheses 
of ‘*C-phosphopantotheine (57) and ‘C-labeled coenzyme 
A (58) have also been reported. 


DERIVATIVES AND ANALOGUES 


Methyl and diacetyl derivatives of pantothenic acid are 
prepared via methylation and acetylation of pantothenic 
acid (59). Pantethein (8) is one of the biochemical 
degradation products derived from coenzyme A. Syn- 
thetically, it can be prepared in several different ways, 
starting from either methyl pantothenate (28) or (R)- 


VITAMINS: PANTOTHENIC ACID 2501 


Table 4. Microbial Reduction of Ketopantolactone (19) to (R)-Pantolactone (9) 


Conversion yield ee Final product concentration 
Microorganism (%) (%) (mM) PN Reference 
Saccharomyces cerevisiae >90 >98 40 30 45 
Byssochamys fulva >90 >96 46 
Nocardiaasteroides / candida parapsilosis >90 >98 390 130 47 
Candida parapsilosis >90 94-98 700 48 
Rhodotorulaminuta 80.3 99.7 380 49 
Saccharomyces cerevisiae 39 93 20 50 
Zygosaccharo-myces 96.8 90 51 
Baker's yeast/f-cyclodextrin 39 93 52 


pantolactone. Pantethein (8) is prepared either by con- 
densing cysteamine (29) with methyl pantothenate (28) 
(60) or by coupling (R)-pantolactone (9) with 3-amino-N-(2- 
mercaptoethyl)propanamide (30) (61). Phosphopantethe- 
ine analogue (81) was prepared starting from (R)-panto- 
thenic acid. Enzymatic condensation of this compound 
with adenosin-3,5-diphosphate (6) gave CoA analogue (2b) 
(62). 


°° 
><A Aocy 4 
q 


on ° ° 
cy a wd Te 
° é a, a 
OO whe ° 
F 
Pe 
ai 
BIOSYNTHESIS 


The metabolically active form of pantothenic acid is coen- 
zyme A. Pantothenic acid is produced only by microorgan- 
isms, starting from (R)-pantoate (22) and f-alanine. (R)- 
Pantoate is synthesized by a set of enzymatic reactions, as 
follows (63,64): 


CHyH, Folate Hy Folate 


il ae i 

a Ketopantoate 10> coo- 
hydroxymethyitransferase 
(32) C3) 
NADPH + HY | 
> ‘Ketopantoic acid 
reductase 
NAD) 
ou 

wire 060 

(22) 


The conversion of a-ketoisovalerate (82) to ketopan- 
toate (21) is catalyzed by ketopantonate hydroxymethyl- 


transferase and a cofactor tetrahydrofolate (65). Further 
reduction of ketopantoate (21) to (R)-pantoate (22) is cat- 
alyzed by ketopantoic acid reductase (66). 

Aspartic acid decarboxylase catalyzes the decarboxyla- 
tion of asparatic acid to yield f-alanine (10), a precursor 
for the biosynthesis of pantothenic acid (67). Finally, (R)- 
pantothenic acid is obtained by coupling f-alanine (10) 
with (R)-pantoate (22) in the presence of pantothenate syn- 
thetase: 


tia 
Ho >A ooo 
° 


a 


ie oe 
Pacer 
wo ><Sc00 + Bw ‘OH = 
ro) 


ao) 


Various pathways have been proposed for the conver- 
sion of pantothenic acid to coenzyme A (68,69). The cur- 
rently accepted pathway involves the following sequence; 
pantothenate to 4-phosphopantothenic acid (33), 4- 
phosphopantothenyl cysteine (34), 4-phosphopantetheine 
(7), dephosphocoenzyme A (35), and coenzyme A (2). Phos- 
phorylation of pantothenic acid to 4-phosphopantothenic 
acid is catalyzed by pantothenic kinase in the rate-limiting 
step in the overall synthesis of coenzyme A (70). 


ANALYTICAL METHODS 


Chemical, physical, animal, microbiological, and biochem- 
ical assays have been used to determine pantothenic acid. 
Pantothenic acid in foods is found in both the free form and 
as the vitamin moiety of coenzyme A and phosphopante- 
theine (see Scheme 1). For most assays, the incorporated 
pantothenic acid has to be liberated enzymatically. Usu- 
ally, a combination of pantotheinase and alkaline phos- 
phatase is used to liberate the bound pantothenic acid. The 
official method for pantothenic acid of the Association of 
Official Analytical Chemists (AOAC) is the microbiological 
assay that uses L. Plantarium (ATCC 8014) as the test 
organism (71). Samples are extracted at 121°C at pH 5.6- 
5.7, proteins are precipitated at pH 4.5, and the resulting 
clear extracts are adjusted to pH 6.8 prior to assay. This 
procedure is only suitable to determine calcium panto- 
thenate or other free forms of pantothenic acid. 

A radioimmunoassay method has been developed by 
Wyse and co-workers (72). It is a sensitive method for the 
determination of small amounts of pantothenic acid in bio- 
logical fluids. The assay is based on the binding of an en- 
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Scheme 1. 


zyme specific for pantothenic acid. Hemolyzed blood sam- 
ples are subjected to a double-enzyme treatment with 5 IU 
of bovine intestinal alkaline phosphatase and 0.1 IU of 
pantetheinase. After hydrolysis, the clear supernatant ex- 
tract is analyzed for pantothenate by a radioimmunoassay 
method. In the case of pharmaceutical preparations, vita- 
min concentrations are determined by using spectropho- 
tometric and fluorometric methods (73). For spectropho- 
tometric methods, detection is done at 358 nm and for 
fluorescence, excitation is done at 350 nm and collection at 
450 nm. Food pantothenate assays involve hydrolysis of 
the food by 25% hydrochloric acid in a 95-100°C water 
bath, extraction of the pantoyl lactone into dichloro- 
methane and analysis by gas chromatography with flame 
ionization detection (74). Chiral polysiloxane fused silicon 
capillary columns (XE-60-L-Val-(S)- or (R)-a-phenylethyl- 
amide) have been developed for separation of the (R)- and 
(S)-pantothenic acid mixture (75). Recently, clinical sepa- 


ration and simultaneous determination of (R)- and (S)- 
pantothenic acids in rat plasma using ge—ms has been de- 
scribed (76). Deproteinization of the plasma samples is 
done by eluting the plasma sample through an anion- 
exchange resin using 1 M sodium chloride solution. Pan- 
tothenic acid is extracted quantitatively with ethyl acetate 
after acidifying the basic aqueous solution. After esterifi- 
cation of the carboxylic group, each derivative is identified 
using gs—ms. 


DEFICIENCY 


A deficiency of pantothenic acid in humans has not been 
detected because it is widely available in food (77). In the 
case of prisoners of war in the 1940s, a burning feet syn- 
drome, which was attributed to pantothenic acid deficiency 
as a result of severe malnutrition, was observed (78). Pan- 


tothenic acid deficiency in humans is induced experimen- 
tally by feeding a diet deficient in pantothenic acid along 
with a pantothenic acid antagonist such as @-methylpan- 
tothenic acid. This results in clinical malaise, fatigue, 
headache, sleep disturbance, nausea, vomiting, and car- 
diovascular instability. Impaired responses to insulin, his- 
tamine, and ACTH (stress hormone) have also been ob- 
served. A wide variety of abnormalities such as retarded 
growth, impaired fertility, gastrointestinal lesions, and ad- 
renal necroses are reported when rats are fed a panto- 
thenic acid-deficient diet (79,80). Chicks on a pantothenic 
acid-deficient diet develop lesions at the corners of the 
mouth, swollen eyelids, hemorrhagic cracks on the feet, 
and listlessness (81). 


ABSORPTION 


Pantothenic acid occurs in most foods and feedstuffs as 
CoA and acyl-carrier protein. The utilization of the vitamin 
depends upon the hydrolytic digestion of these protein 
complexes to release the free vitamin. Coenzyme A is hy- 
drolyzed in the intestinal lumen before absorption into the 
cell by a sodium ion-dependent, passive mechanism 
(82,83). High concentrations of pantothenic acid are found 
in the heart and kidney, compared to other organs such as 
the intestine and liver (84). Pantothenic acid utilization in 
the formation of acetyl CoA is impaired in alcoholics be- 
cause the ethanol metabolite acetaldehyde inhibits the 
conversion (85). Erythrocytes, which carry most of the vi- 
tamin in the blood, carry it predominantly in the form of 
CoA. Blood and urinary levels of pantothenic acid are lower 
for oral contraceptive users than for nonusers (86,87). Ab- 
sorption is also inhibited in the presence of known antag- 
onists, such as «-methylpantothenic acid, and to some ex- 
tent with (S)-pantothenic acid. Another factor which 
influences vitamin absorption is a high fat diet. This con- 
dition significantly lowers the utilization of pantothenic 
acid in the formation of coenzyme A in the liver because of 
changes in lipid metabolism (88). On the other hand, high 
levels of protein in the diet may promote better utilization 
of this vitamin in the synthesis of coenzyme A (89). 


NUTRITIONAL REQUIREMENTS 


Pantothenic acid is widely distributed in food and because 
of the lack of conclusive evidence regarding quantitative 
needs, a recommended dietary allowance (RDA) for pan- 
tothenic acid has not been established. In 1989, the Food 
and Nutrition Board of the United States National Re- 
search Council suggested a safe intake of 4-7 mg/d for 
adults. The provisional allowance for infants is 2-3 mg 
daily (90). 


FUNCTIONS 


The most important functions of pantothenic acid are its 
incorporation in coenzyme A and acyl carrier protein 
(ACP). Both CoA and ACP/4-phosphopantetheine function 
metabolically as carriers of acyl groups. Coenzyme A forms 


VITAMINS: PANTOTHENIC ACID 2503 


high-energy thioester bonds with carboxylic acids. The 
most important coenzyme is acetyl CoA. Acetic acid is pro- 
duced during the metabolism of fatty acids, amino acids, 
or carbohydrates. The active acetate group of acetyl CoA 
can enter the Krebs cycle and is used in the synthesis of 
fatty acids or cholesterol. ACP is a component of the fatty 
acid synthase multienzyme complex. This complex cata- 
lyzes several reactions of fatty acid synthesis (condensa- 
tion and reduction). The nature of the fatty acid synthase 
complex varies considerably among different species (91). 


TOXICITY 


Pantothenic acid toxicity has not been reported in humans. 
Massive doses (10 g/d) in humans have produced mild in- 
testinal distress and diarrhea. Acute toxicity was observed 
in case of mice and rats by using calcium pantothenate at 
fairly large doses (92). 


USES 


The bulk of the industrial supply of the calcium salt of (R)- 
pantothenic acid is used in food and feed enrichment. Food 
enrichment includes breakfast cereals, beverages, dietetic, 
and baby foods. Animal feed is fortified with calcium-(R)- 
pantothenate which functions as a growth factor. 

Panthenol is used in skin care products. When applied 
topically to alleviate itching, it helps to keep the skin moist 
and supple, stimulates cell growth, and accelerates wound 
healing by increasing the fibroblast content of scar tissue 
(93,94). It is also used as a moisturizer and conditioner in 
hair care products. It is believed to protect hair against 
chemical and mechanical damage caused by perming, col- 
oring, and shampooing (95). 


ECONOMIC ASPECTS 


The major producers of the calcium salt of pantothenic acid 
and panthenol are Hoffmann-La Roche, Daiichi, BASF, 
and Alps. Racemic panthenol is used mainly in hair care 
products, whereas (R)-panthenol is exclusively used in top- 
of-the-line, more expensive skin and hair care products. 
The current (1997) price of (R,S)-panthenol varies between 
$12 and $18 per kg, that of D-panthenol varies between 
$30 and $45 per kg, and that of D-calcium pantothenate 
(Calpan) varies between $22 and $30 per kg. 


FUTURE PROSPECTS 


Despite the progress made in the stereoselective synthesis 
of (R)-pantothenic acid since the mid-1980s, the commer- 
cial chemical synthesis still involves resolution of racemic 
pantolactone. Recent (1997) synthetic efforts have been di- 
rected toward developing a method for enantioselective 
synthesis of (R)-pantolactone by either chemical or micro- 
bial reduction of ketopantolactone. Microbial reduction of 
ketopantolactone is a promising area for future research. 
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VITAMINS: PYRIDOXINE (Bg) 


Pyridoxine [65-23-6] (vitamin Bg) is the recommended 
TUPAC-IUB designation for a group of closely related, bi- 
ologically interconvertible 3-hydroxy-2-methylpyridines 
which exhibit the biological activities of pyridoxine in rats 
(1). This group includes pyridoxine [65-23-6] (1), pyridoxal 
[66-72-8] (2), and pyridoxamine [85-87-0] (3) and their re- 
spective 5’-phosphates (4-6). In common usage, though, 
the term vitamin B, most often refers to pyridoxine hydro- 
chloride (58-56-0] (7), the most important commercial form 
(Fig. 1). Contrary to previous proposals and explanations, 
pyridoxine is not to be used as a general name for this 
group of vitamers. Pyridoxine is the official name of the 
specific substance 5-hydroxy-6-methyl-3,4-bis(hydroxy- 
methyl)pyridine (1) which usually comprises only a frac- 
tion of the total amount of vitamin B, in natural sources. 
The older term pyridoxol is seldom used. 

Vitamin Bg is widely distributed in small amounts in 
the tissues and fluids of nearly all living substances. Bound 
to enzymes as the active form, pyridoxal phosphate (2), it 
acts as a coenzyme for a number of biochemical conver- 
sions of amino acids important to general cellular energy 
supply, to growth, and to specific organ functions. Defi- 
ciency in animals leads to a variety of symptoms ranging 
from mild (dermatitis, loss of appetite, irritability, and 
muscular weakness) to serious (anemia, weight loss, and 
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HO. 
H3C N 
R=H a 


R = OPOsH2 (4) 


Figure 1. Forms of vitamin By. R=HHClsalt (7) 


nerve degradation leading to convulsive seizures) and even 
death. Vitamin B, requirements depend on protein intake 
and other factors. Meats, cereals, beans, and nuts are rich 
sources. Bioavailability and stability vary with the food 
sources and methods of preparation and storage. As a pre- 
ventive measure, pyridoxine hydrochloride, the most sta- 
ble form, is used in food, feed, and nutrient supplements. 
Pyridoxine is also used therapeutically for treatment of de- 
ficiency conditions and other diseases. No natural sources 
are rich enough, nor is biosynthetic understanding suffi- 
ciently advanced, to allow cost-effective production from 
biological sources. All commercially available pyridoxine 
hydrochloride is manufactured by chemical processes prac- 
ticed at fine chemical scale. 

Vitamin B, was found in the 1940s during the unrav- 
eling of the mysteries of the nitrogen-base B vitamin com- 
plex. A diet-induced pellagra-like condition in rats was 
shown to be cured by a water-soluble base, later differen- 
tiated from the known vitamins B, and B, and named vi- 
tamin Bg by Gyorgy in 1934. Several research groups un- 
dertook isolation and characterization of this substance 
and five different laboratories announced this achievement 
in 1938, The chemical structure of pyridoxine, the form 
first isolated, was correctly identified and reported along 
with two independent syntheses in 1939 (2,3). Snell 
showed microorganisms that could not use pyridoxine 
were satisfied with the natural vitamin Bg extracts. This 
led to the discovery and synthesis of the vitamers pyridoxal 
(2) and pyridoxamine (3) in 1944. Subsequent clinical and 
biochemical investigations have shown the vitamin Bg 
complex has therapeutic and prophylactic uses for treat- 
ment of a number of diseases. Commercial production of 
pyridoxine hydrochloride began in the 1940s. Production 
rose rapidly to more than 3000 metric tons per year world- 
wide. 


CHEMICAL AND PHYSICAL PROPERTIES 


Physical and Chemical Characterization 


Ultraviolet absorptions of the Bg vitamers vary with pH 
and the substituent at position 4. As hydroxypyridines, the 
B, vitamers show strong fluorescence (excitations at 310— 
330 nm, emissions at 365-425 nm, depending on structure 
and pH) which are useful in their detection (4,5). Ir and 
1H, '8C, and "N nmr show the expected effects of N- 
protonation, hydrogen bonding, and exchange of the acidic 
phenolic proton (6-8). In mass spectrometry (ms), normal 


Zo NE 
HO. HO. 
OR OC) OR CO) OR 
HyC~ N H,C~ ~N 
(2) (3) 
(5) (6) 


electron impact ionization is sufficient to observe the mo- 
lecular ion and an intense peak for a quinone—methide 
fragment from loss of water at the 4-hydroxymethy] posi- 
tion (9). Thermospray hplc/ms at picogram sample levels 
showed particularly strong molecular ions for pyridoxine 
and derivatives (10). 


Reactions and Stability 


The B, vitamers show weakly basic and acidic properties 
(4) and undergo reactions expected of their functionalities 
(11,12). Acidity constants are reported in Table 1. Pyridox- 
ine gives the characteristic reactions of phenols such as 
color tests, ether formation, diazo coupling, etc. Ketaliza- 
tion or acetalization of pyridoxine gives the thermodynam- 
ically more stable six-membered ring products involving 
the 3- and 4-positions. Esterification gives first mainly the 
4,5-diester, then the triester with excess acylating agent. 
Pyridoxal and pyridoxamine are phosphorylated on the 5’- 
position with reagents such as phosphorus pentoxide in 
phosphoric acid or metaphosphoric acid. Pyridoxine re- 
quires prior protection of substituents at positions 3- and 
4- as a ketal to allow selectivity. In biological systems, gly- 
cosylation occurs at the 5'-hydroxyl. 

The Bg vitamers are labile. Pyridoxine is the most stable 
and pyridoxal the least. The reactions of the substituents 
at the 4-carbon dominate. On mild oxidation, pyridoxine is 
converted to pyridoxal (2), which is in equilibrium with its 
hemiketal [77281-92-4] (8) (13). Air oxidation gives pyri- 
doxic acid [82-82-6] (9), an intensely blue fluorescent sub- 
stance of value for quantitation (4). Heating pyridoxine 
with ammonia converts it to pyridoxamine (3) and with 
alcohols to the 4-ethers (13). Pyridoxine, pyridoxal, and 
pyridoxamine are relatively stable in acid when cold or 
heated at 100°C for short periods. Prolonged heating of 
pyridoxine in hydrochloric acid gives the 4,5-bis-chloro- 
methyl analogue, the 4-chloromethyl group of which is 
preferentially hydrolyzed. Heating pyridoxine in neutral 
solution in the absence of good nucleophiles gives dimeric 
products (14). Some of these reactions are readily ration- 
alized by an intermediate quinone—methide (10) (Fig. 2). 

Pyridoxal and its 5'-phosphate undergo typical alde- 
hyde reactions, such as aldol condensations, bisulfite ad- 
dition, ete (4,11,12). Both form imines, assisted by the 
electronegative 2-methylpyridine ring and the acidic 3- 
hydroxyl. Extensive kinetic and thermodynamic data on 
imine formation in model systems are available (4). The 
epsilon-amino group of a lysine unit is usually involved in 
the active sites of enzymes but other groups can bind pyr- 
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‘Table 1. Properties of Pyridoxine, Pyridoxamine, Pyridoxal, and Derivatives 
Structure CAS registry Mp inwater Solubility 
Substance number number Formula Mol wt Form (-C) (g/100 mL) pK Values 
Pyridoxine @® (6523-6) G,H,NO, 16918 Needles 160 Soluble 5.0, 90 
Pyridoxine HCL (7) [58-56-0] C3H,2CINO; 205.64 Platelets 204-206 dec 22 
Pyridoxine-5'-PO, (4) [447-05-2] C3H,2NO,.P 249.16 Needles 212-213dec Soluble 5.0, 9.4 
Pyridoxamine (3) [85-87-01  CyHyN,O, 168.20. Crystals 193 Soluble 3.4, 8.1, 10.5 
Pyridoxamine di-HCl [524-36-7) C,H,ClN,O, 241.12 Platelets 226-227 dec 50 
Pyridoxamine-5'-PO, (6) [529-96-4] C,Hj3N20;P_ 248.18 Soluble 3.5, 5.8, 8.6, 10.8 
Pyridoxal (2) (66-72-8] C,HgNO; 167.16 50 4.2, 8.7, 13 
Pyridoxal HCl (65-22-5] C3H,NO; 203.63 Rhombic 173 dec 50 
Pyridoxal-5'-PO, 6) (5447-7) CsHyNO.P 247.14 Soluble 3.5, 8.4 
“aa cooH 
HO © OH _ Made 4) Snnscn HO @ OH 
HyC~ SN H,C~ “NW 
@ ® 
HO 
0 
HO 0. 
O - 
S 
H,c~ “N H,c~ SN 
(8) (10) Figure 2. Reactions of pyridoxal (2). 


idoxal during thermal processing and storage, reducing 
bioavailability (4,15). Hydroxylamines and hydrazine de- 
rivatives, such as isoniazid, react and cause enzyme inhi- 
bition (4). Imine formation with pyridoxal is used as a tool 
for selective modification of proteins in biochemical 
studies (4). 

Reactions of imines and their tautomers are the basis 
of the important biochemistry of pyridoxal 5’-phosphate 
(5), the coenzyme form for over 100 enzymatic reactions. 
Reaction with an epsilon-amino group of a lysyl residue 
and ionic interaction of the 5'-phosphate binds pyridoxal 
to the enzyme in the resting state. Displacement of lysine 
by a substrate amino group initiates a sequence of facile 
equilibrations of the aldimine, ketimine, and enamine 
forms, along with elimination and addition reactions which 
rationalize the various conversions and products. Known 
reactions involving the alpha-, beta-, and gamma-carbons 
of the amino acid and their substituents include decarbox- 
ylations, transaminations, racemizations, aldol and re- 
troaldol reactions, eliminations, and hydration reactions 
(4) (Fig. 3). Many of these transformations have been mod- 
eled in vitro in chemical studies. Some of this chemistry 
can cause covalent bonding of a substrate to other reactive 
residues in the active site, resulting in irreversible “suicide 
inactivation” of the enzyme. This is a mechanism of action 


of some naturally occurring toxins and a protocol in ra- 
tional drug design (4). 

Pyridoxine hydrochloride is stable if kept dry or in 
acidic solution. Its aqueous solutions may be heated for 30 
minutes at 120°C without decomposition (16). Losses have 
been reported for mixtures of the vitamers stored in solu- 
tion at room temperature or below unless they are kept 
acidic (17). Decomposition in foods on processing and stor- 
age depends mainly on pH, moisture, and temperature. 
First-order kinetics are often followed and stabilities can 
be estimated using Arrhenius calculations (4,18). All Bg 
vitamers are susceptible to decomposition by near-uv light 
to give reddish brown materials, especially in solution at 
neutral or higher pH. Pyridoxal and pyridoxamine decom- 
pose most rapidly, even in acid (18,19). Gamma irradiation 
of food can also cause losses (20). Hydroxyl radical formed 
from ascorbate gives the 6-hydroxyl derivative of pyridox- 
ine. This process may occur during the storage of fruits and 
vegetables containing high ascorbate levels (21,22). 


Salts and Derivatives 


Generally the Bg vitamers are high melting crystalline sol- 
ids that are very soluble in water and insoluble in most 
other solvents. Properties of the common forms are listed 
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Figure 3. Reactions of imines and their tauto- HC a 


mers. 


in Table 1. The only commercially important form of vita- 
min Bg is pyridoxine hydrochloride (7). This odorless crys- 
talline solid is composed of colorless platelets melting at 
204-206°C (with decomposition). In bulk, it appears white 
and has a density of ~0.4 kg/L. It is very soluble in water 
(ca 0.22 kg/L at 20°C), soluble in propylene glycol, slightly 
soluble in acetone and alcohol (ca 0.014 kg/L), and insol- 
uble in most lipophilic solvents. A 10% water solution 
shows a pH of 3.2. Both the hydrochloride and correspond- 
ing free base sublime without decomposition (16). 


OCCURRENCE 


Vitamin Bg occurs in the tissues and fluids of virtually all 
living organisms, attesting to its essential role in amino 
acid biochemistry. Pyridoxal phosphate bound to protein is 
the main form in animals. Pyridoxine, pyridoxamine, and 
their phosphates are the usual forms in plants (23,24). Sig- 
nificant percentages in plants occur as pyridoxine glyco- 
sides, which are substantially less bioavailable (23,25,26). 
Nearly all foods in a typical human diet contain detectable 
amounts of the B, vitamers. Relatively rich sources are 


edible yeast, meats (especially salmon and calf liver), 
whole grain cereals, legumes, and nuts (qv). Cheeses with 
extensive mold growth are also good sources. Broccoli, cau- 
liflower, spinach, corn, potatoes, bananas, and raisins are 
good sources, but vegetables and fruits in general are not 
(24) (Table 2). 


Table 2. Average Vitamin B, Contents of Raw Foods, mg/ 
100 g* 


Food Vitamin By Food Vitamin By 
Beef liver 0.84 Brown rice 0.55 
Beef 0.33 White rice 0.17 
Chicken 0.33-0.68 Whole wheat flour 0.34 
Pork 0.35 White flour 0.06 
Fish 0.17-0.43 Beans 0.56-0.81 
Eggs 0.11 Peanuts 0.40 
Whole milk 0.04 Corn 0.25 
Bananas 0.51 Potatoes 0.25 
Raisins 0.24 Vegetables, green 0.15-0.28 
Other fruits 0.02-0.07 Tomatoes 0.10 
By microbial assay. 


As vitamin B, is mainly located in the germ and aleu- 
rone layer in cereal grains; polishing for the production of 
flour removes a substantial portion. White bread is there- 
fore a poor source unless fortified. Some nonedible yeasts 
contain up to 38 mg/100 g dry weight vitamin Bg, the high- 
est level of the natural sources (4,27). As a rule, these 
amounts are too low for cost-effective isolation. 


BIOCHEMICAL AND PHYSIOLOGICAL FUNCTIONS 


Because vitamin B, is widely distributed in nature, severe 
deficiency symptoms are seldom observed in humans with 
adequate diets, However, there is little doubt vitamin Bg 
is essential in human and animal nutrition. As enzyme 
cofactors, pyridoxal 5’-phosphate and pyridoxamine 5’- 
phosphate are required for important biotransformations 
of amino acids (4). Decarboxylations of amino acids give 
rise to a number of important amines, among them the 
vasodilator histamine, the vasoconstrictor and neurotrans- 
mitter serotonin, and the major neurotransmitters 
gamma-aminobutyric acid, epinephrine, norepinephrine, 
tyramine, and dopamine. Transamination interconverts 
specific pairs of amino acids and their corresponding ke- 
toacids and amino groups and aldehydes, key functions in 
amino acid biosynthesis and catabolism. Racemization 
provides D-amino acids, constituents of the cell walls of 
bacteria. Other important transformations requiring pyr- 
idoxal include bioconversions of tryptophan (involved in 
the biosynthesis of the vitamin niacin), serine transhy- 
droxymethylation (a key step in one carbon metabolism 
leading to nucleic acid synthesis), glycogen phosphoryla- 
tion (in liver and muscle-maintaining glucose supplies), 
biosynthesis of delta-aminolevulinic acid (a precursor to 
heme synthesis), and key steps in the metabolism of sulfur- 
containing amino acids. Other roles of pyridoxal and its 
phosphate include binding to hemoglobin (affecting oxygen 
binding affinity), effects on the conversion of linoleic acid 
to arachidonic acid, possible effects on cholesterol and fatty 
acid metabolism, and modulation of steroid action. As a 
result, vitamin Bg levels affect gluconeogenisis, nervous 
system activity, red cell formation and metabolism, im- 
mune function, and hormone functions (4,23). 

A large variety of biochemical lesions are found in de- 
ficiency (23). Depressed antibody, nucleic acid, and protein 
synthesis are characteristic. Consequences of vitamin Bg 
deficiency in humans and many animals include scaling 
dermatitis (especially around the eyes, nose, and mouth), 
anemia, loss of appetite, poor growth or weight loss, mus- 
cular weakness, central nervous system changes such as 
irritability or depression, kidney stones, and abnormalities 
seen by electroencephalography. In severe cases, nerve 
degradation leading to convulsive seizures and death can 
occur. Possible vitamin Bg deficiency must be assessed; es- 
timation of dietary intake is not sufficient. An older 
method measures the level of pyridoxal-dependent metab- 
olite xanthurenic acid in the urine after ingestion of a large 
dose of tryptophan. Improved methods measure pyridoxal 
phosphate in plasma or pyridoxic acid excretion in urine 
by sensitive chromatographic procedures (23). 

Humans cannot biosynthesize vitamin B, and must ob- 
tain it from dietary sources. Ruminant animals derive 
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some benefit from microfloral supply in the stomach. All 
animals interconvert the six major forms (1-6). Thus, re- 
quirements of the enzyme cofactor forms can be main- 
tained by ingestion of pyridoxine only. The bioavailability 
of vitamin B, in foods is still an active research area with 
some unresolved issues (4,15,23). Reported levels of avail- 
ability vary widely. Earlier studies suggest processing, 
storage, and preparation could lead to losses of up to 80% 
of vitamin Bg, depending on conditions. Irreversible reduc- 
tive binding to lysyl residues is reported to give inactivity 
or even antivitamin effects (15,28). One study estimates 
bioavailability of vitamin Bg from foods representing the 
average North American human diet at ca 70-80% (29). 

In humans, vitamin Bg in phosphorylated forms is 
mostly unavailable until hydrolyzed, then passively ab- 
sorbed in the small intestine. The free vitamins are inter- 
converted and supplied to the circulation by the liver, then 
enter cells by simple diffusion and are phosphorylated. A 
typical adult pool of pyridoxal is estimated to be about =25 
mg, most of it bound to enzymes in muscle (23). Small 
amounts of all forms are excreted in the urine. Most is 
oxidized in the liver to the main urinary metabolite 4- 
pyridoxic acid (9), the corresponding diacid, and ring- 
cleaved fragments (4,30). 

Human requirements for vitamin Bg parallel protein 
metabolism, with increased intake of protein requiring 
higher intake of the vitamin. As little as 0.010-0.015 mg 
of vitamin Bg per gram of protein prevents deficiency signs 
with adequate protein intake. Slightly higher intake main- 
tains acceptable metabolite excretion and plasma vitamin 
levels. The Recommended Daily Allowance (RDA) for vi- 
tamin B, assumes consumption of twice the recommended 
amount of protein (Table 3) (31). Allowances for pregnant 
and lactating women reflect increased protein needs. Low 
levels in breast milk place infants at risk for deficiency 
(4,23). 

The typical U.S. daily diet contains 1.1-3.6 mg of vita- 
min Bg, most coming from meats and vegetables. Poor diets 
may provide less than half of these amounts and less than 
the RDA. Some populations require higher amounts: per- 
sons with high protein intakes, pregnant and lactating 
women, users of oral contraceptives, alcoholics, users of 
drugs which interfere with vitamin B, function, and those 
afflicted with some diseases. Several reviews have exam- 
ined the relationship of vitamin Bg and specific diseases in 
more detail (4,23). 


MANUFACTURE 


Pyridoxal (2) can be prepared by oxidation of pyridoxine 
(1) (13). Pyridoxamine (3) can be made by reduction of pyr- 
idoxal oxime (32). Only pyridoxine (1), the most stable of 


Table 3. U.S. RDA for Vitamin Bg 


Age RDA (mg) 
Infants and children <4 yr 0.7 
Adults and children >4 yr 2.0 
Pregnant or lactating women 2.5 
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or 


(11) 


AcO. 


Figure 4, Furan route to pyridoxine. 


the three, is manufactured. The earliest syntheses, by deg- 
radation of isoquinoline rings, are only of historical inter- 
est. The first syntheses to be applied on a large scale relied 
on classical condensation reactions. Many variations were 
explored during the 1940s and 1950s and some formed the 
basis of early production. Such routes required numerous 
steps giving low overall yields, in part due to difficulties of 
obtaining the correct oxidation levels of the 4- and 5- 
substituents. These methods have been reviewed (11,12). 
In the mid-1950s, electrooxidation of furan derivatives was 
shown to provide direct precursors to hydroxypyridines 
(33). In later improvements, cycloaddition of readily avail- 
able 2-butyne-1,4-diol to 4-methyloxazole [693-93-6] (11) 
followed by amidoalkylation conveniently provided the fu- 
rans (34,35). The overall yields of these linear sequences 
are modest (Fig. 4). 

The current paradigm for Bg syntheses came from the 
first report in 1957 of a synthesis of pyridines by cycload- 
dition reactions of oxazoles (36) (Fig. 5). This was adapted 
for production of pyridoxine shortly thereafter. Intensive 
research by Ajinomoto, BASF, Daiichi, Merck, Roche, 
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Figure 5. Synthesis of pyridines by cycloaddition reactions of ox- 
azoles. 


AcO. 
1. 2-Butyne-1,4-diol 
Heat 
} ‘OAc 
2. Ac2O 0. 
i a 
pe 
AcO. 
OAc 
HsCO._LAY 
=e OCH, _HClH20 | 
OAc SoH ° 3 ) 
NHAc 
NHAc HAC 


Takeda, and other companies has resulted in numerous 
publications and patents describing variations. These 
routes are convergent, shorter, and of reasonably high 
throughput. 

Substitution on the azadiene and alkene affect reactiv- 
ity and only certain pairs react efficiently. Electrophilic al- 
kenes and oxazoles bearing donor groups generally allow 
faster reactions at lower temperatures (37,38). Steric 
effects play a lesser role. Earlier variations with 4- 
methyloxazole (11) and maleic acid derivatives require the 
presence of oxidants such as hydrogen peroxide or nitro- 
arenes to aromatize the cycloadducts in order to obtain 
good yields (11), Subsequent costly reduction steps are also 
needed to correct the oxidation level of the product side 
chains. One advantage is the use of leaving groups on one 
of the cycloaddition partners to facilitate aromatization 
without loss of the product 3-hydroxyl group. These super- 
fluous groups can be added at the 5-position of the oxazoles 
or on the alkene. 

Oxazoles preferred in practice bear 5-ethoxy- or 5- 
cyanosubstituents. Other alkoxy (39-42), trimethylsil- 
yloxy (43), alkythio (44), amino (45), and carboalkoxy (46) 
substituents are reported. Processes using 5-ethoxyoxa- 
zoles (12), (13), and (14) have been published (38,47-60). 
Extra carbons carried by the Takeda, Chinese, and Ajinom- 
oto intermediates are lost as waste by decarboxylation. A 
process with 5-cyano-4-methyloxazole (15) has been dis- 
closed by Roche (59). Reactions of these azadienes with bu- 
tenediol derivatives, the usual alkene partner, take place 
at higher temperatures (115-180°C) and require longer re- 
action times (10-20 h) than those with maleate partners. 
The ethoxy compound (12) reacts under milder conditions 
and the adduct is isolable. Mild acid converts it to the prod- 
uct and ethanol. With the higher temperatures required of 
the cyano compound [1003-52-7] (15), the intermediate cy- 
cloadduct is converted directly to the product by elimina- 
tion of waste hydrogen cyanide. Often the reactions are run 
with neat liquid reagents having an excess of alkene as 
solvent. Polar solvents such as sulfolane and N-methyl- 


pyrrolidone are claimed to be superior for reactions of the 
ethoxy compound with butenediol (53). Organic acids, phe- 
nols, maleic acid derivatives, and inorganic bases are sug- 
gested as catalysts (51,52,54,59,61,62) (Fig. 6). 

As the alkene partners, (Z)-2-butene-1,4-diol acetals, 
ketals, esters or ethers (11), and a polymer-bound acetal 
(63) are described. Butenediol may be used if polar solvents 
are employed (54). Current manufacturers generally use 
the cyclic acetal [5417-35-6] (16) of butenediol with isobu- 
tyraldehyde, a liquid of conveniently high boiling point 
that readily allows the product to be deprotected with no 
waste (Fig. 7). Butenediol is readily and cheaply available 
from the reaction of acetylene and formaldehyde to 2- 
butyne-1,4-diol, then catalytic hydrogenation. In an un- 
usual variant of this cycloaddition approach, a leaving 
group on the alkene facilitates aromatization. Cyclic sul- 
fone [41409-84-1] (17) paired with 4-methyloxazole (11) ef- 
fectively gives the pyridine nucleus (64,65) taking advan- 
tage of the increased reactivity of an electrophilic alkene 
while maintaining the correct oxidation level of the side 
chains. Electrophilic dihydrofuran (332-77-4] (18) reacts 
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efficiently with excess ethoxymethyloxazole (12), also at 
lower temperatures (66). 

Ethoxyoxazole (12) is constructed from N-formyl ala- 
nine esters (67) and ethoxyoxazole acid (13) from N-oxaly] 
alanine esters (55-58). Alanine is readily available from 
China by chlorination of propionic acid, then ammonation. 
Both ethoxyoxazole (12) and the acid (14) are derived from 
maleic anhydride by N-formy] aspartate esters (52,68). Cy- 
anooxazole (15) is derived from ketene by ethyl chloro- 
acetoacetate and formamide (69) or, alternatively, from di- 
ketene (70). All routes require dehydration of amides as a 
critical step. Traditionally these dehydrations have been 
accomplished with phosphorus pentoxide, phosphoryl chlo- 
ride, or phosgene; however, more environmentally accept- 
able procedures use acetic anhydride (71), cyanuryl chlo- 
ride (72), or gas-phase catalytic dehydration (73). In some 
cases, the oxazoles are generated in situ in the cycloaddi- 
tion reactions from N-formyl compounds by the isonitriles 
under dehydrating conditions (45,74,75). Other cycloaddi- 
tion routes include reactions of 1,2,4-triazines with 
butynediol or enamine derivatives give the pyridoxine nu- 
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Figure 7. Dienophiles. 
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cleus (76,77), or a cobalt-catalyzed [2 + 2 + 2] cycloaddi- 
tion of acetylenic ethers with acetonitrile (78,79) (Fig. 8). 


ECONOMIC ASPECTS 


Significant producers include Daiichi, Hoffmann-La 
Roche, Takeda, and several factories in mainland China. 
Takeda and Daiichi practice processes based on alanine by 
ethoxyoxazole (12), at least one Chinese producer from al- 
anine by oxazole acid (13), and Roche from ketene via cy- 
anooxazole (15). Production is practiced at many hundreds 
of metric tons annually by batchwise or semicontinuous 
operation in automated glass and stainless steel equip- 
ment typical of fine chemical manufacture. World produc- 
tion in 1995 was estimated at about 3000 MT with sales 
prices in the United States in the range of $22-$30 per 
kilogram. 


PRODUCT SPECIFICATIONS AND TESTING 


Nutrients and diet supplements without claims of thera- 
peutic effects are considered foods, and are thus regulated 
by the U.S. Food and Drug Administration. These are fur- 
ther subject to specific food regulations. Specifications for 
pyridoxine hydrochloride (7) for foods are given in the Food 
Chemicals Codex (80) and for pharmaceuticals in the U.S. 
Pharmacopeia (81). General test methods have been sum- 
marized (82). 


SAFETY AND HANDLING 


Pyridoxine hydrochloride is typically packaged in standard 
20~25 kg polylined fiber cartons or drums. Smaller packing 
sizes are also available. Pyridoxine hydrochloride is kept 
under normal dry storage conditions not to exceed 25°C 
and protected from light. It is listed in the TSCA inventory 
and material safety data sheets are available from sup- 
pliers. Protection against dust exposure to the eyes, skin, 
or lungs (IOEL of 2.0 mg/m time weighted average) and 
fire and dust explosion are indicated. NPFA ratings for 
health, fire, and reactivity are 1, 2, and 1. Neither national 
nor international transportation is regulated. The U.S. 
EPA has not established reportable quantities for environ- 
mental releases. The acute LDgo (rat oral) of 7750 mg/kg 
classifies this material as practically nontoxic orally (83), 
Oral doses of 100-300 mg/d (50-150 times the RDA) have 
been used in therapeutic studies without adverse effects. 
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Figure 8. Other cycloaddition routes. 


Excess amounts are readily cleared by the kidney. More 
recent studies show that long-term consumption of very 
large doses can lead to sensory nerve damage. Supple- 
ments of more than 200 mg/d should be taken only under 
medical supervision. Intravenous administration is not as- 
sociated with toxicity (84). 


ANALYTICAL METHODS 


Determining vitamin B, in foods and tissues is complicated 
by the number of forms, typical low levels, varying degrees 
of ionization, lability to heat, light, and base, interconver- 
sion, and binding to proteins and glucose. Colorimetric, 
fluorometric, microbiological, animal, and chromato- 
graphic methods are used and have been reviewed in depth 
(5,11,85,86). Few are fully suitable for simultaneous anal- 
ysis of all six bioactive forms at the typical low levels. Col- 
orimetric assays involve derivatization, are relatively in- 
sensitive, and used only for assay of high potency samples 
such as premixes. Microbiological assays have previously 
been the most commonly used, especially for foods. The 
yeast Saccharomyces uvarum (ATCC 9080, also known as 
S. carlsbergensis 4228) responds well to pyridoxine and 
pyridoxal, less to pyridoxamine, and not at all to the phos- 
phate forms. Hydrolysis is first necessary; by the official 
AOAC method, the matrix is autoclaved with hydrochloric 
acid (87). Such methods are slow and overestimate bio- 
availability. Animal assays in vitamin B,-deficient chicks 
or rats are time consuming and expensive but have been 
useful in determining bioavailability of derivatives and re- 
lated materials. 

Increasingly, chromatographic methods are used for 
their ease, accuracy, and ability to determine all forms si- 
multaneously. Gas-liquid chromatography is hampered by 
the polarity of the compounds unless silyl or acyl deriva- 
tives are used (5,88). The comprehensive method of choice 
generally is high pressure liquid chromatography (HPLC) 
(5). Separations by ion exchange or reverse-phase absorp- 
tion with ion-pair reagents and isocratic or gradient mobile 
phases are common. Direct uv detection is less sensitive 
but useful for premixes and vitamin mixtures. Post-column 
derivatization and fluorescence detection allows measure- 
ment to nanogram levels. High performance capillary zone 
electrophoresis (cze) coupled with fluorescence detection 
allows measurement to below picogram levels (89). Gc/ms, 
hple/ms, and cze/ms hold promise for measurement and 
identification of femtomole levels of vitamers and metab- 
olites (90-92). Immunoassay (qv) method are being devel- 
oped (4), 


BIOSYNTHESIS 


Almost all microorganisms synthesize B, vitamers intra- 
cellularly at levels of 0.05-0.3 mg/g dry weight of cells and 
excrete at levels of 0.05-0.5 mg/L. Biosynthesis in E. coli 
is known to be controlled by both feedback inhibition and 
repression. Some organisms can overproduce, for example 
B. subtilis, up to 2.0-5.0 mg/L, Flavobaterium sp 238-7 up 
to 20 mg/L, and yeast Pichia guilliermondi up to 25 mg/L. 
(4,93). The mechanisms of vitamin Bg biosynthesis are 
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Figure 9. Biosynthetic pathway to pyridoxine. 


partly understood. Extensive isotopic label feeding studies 
with E. coli mutants show all carbons are derived from 
glucose and the nitrogen from glycine. Union of the inter- 
mediates 1-deoxy-D-xylulose [16709-34-9] (19) and 4- 
hydroxy-L-threonine [21768-45-6] (20) gives pyridoxine in 
several steps, only two of which require enzymatic catal- 
ysis (Fig. 9) (94). In aerobic bacteria, pyridoxal phosphate 
is made as needed by the action of oxidase or dehydroge- 
nase enzymes on pyridoxine phosphate or pyridoxamine 
phosphate (4,93). The pathways in Flavobacterium sp 238- 
7 (95) and in Saccharomyces cerevisiae (96) may differ from 
that in EZ. coli in the early steps. In microorganisms, some 
genes and related enzymes for biosynthesis have been 
identified (94,97-99). Significant additional progress will 
be necessary before cost-effective production of vitamin Bg 
by bioprocesses is possible. 


ANALOGUES AND ANTAGONISTS 


Over 250 analogues of the Bg vitamers have been reported 
(11,100). Nearly all have low vitamin Bg activity and some 
show antagonism. Among these are the 4-deshydroxy 
analogue, pyridoxine 4-ethers, and 4-amino-5-hydroxy- 
methyl-2-methylpyrimidine, a biosynthetic precursor to 
thiamine. Structurally unrelated antagonists include 
drugs such as isoniazid, cycloserine, and penicillamine, 
which are known to bind to pyridoxal enzyme active 
sites (4). 


USES 


The primary uses of pyridoxine hydrochloride are in mul- 
tivitamin supplement tablets and for fortification of hu- 
man food and animal feed, especially for poultry and pigs. 
Most breakfast cereals and infant formulas in the United 
States are supplemented. Lesser amounts are used ther- 
apeutically to correct deficiencies or to treat specific dis- 
orders. Pyridoxine hydrochloride has been used experi- 
mentally to treat a variety of conditions with varying 
degrees of effectiveness (4,23). Pyridoxine hydrochloride is 
readily incorporated into premixes and foods. 


BIBLIOGRAPHY 


1. Commission on Biological Nomenclature, Biochem. J. 137, 
417 (1974). 


2. S. A. Harris and K. Folkers, J. Am. Chem. Soc. 61, 1245 
(1939). 


3. R. Kuhn et al., Naturwissenschaften 27, 469 (1939). 


D. Dolphin, R. Poulson, and O. Avramovic, eds., Coenzymes 
and Cofactors, Vols. 1A & 1B, John Wiley & Sons, Inc., New 
York, 1986. 


5. J. Ubbink, in A. P, De Leenheer, W, Lambert, and H. Nelis, 
eds., Modern Chromatographic Analysis of Vitamins, 2nd 
ed., Marcel Dekker, New York, 1992, Chapt. 10, 


6. W. Korytnyk and R. P. Singh, J. Am, Chem. Soc. 85, 2813 
(1963). 


7. I. D. Spenser et al., J. Biol. Chem. 262, 7463 (1987). 

8. A. Lycka and J. Cizmarik, Pharmazie 45, 371 (1990). 

9. W. Korytnyk et al., J. Am. Chem. Soc. 88, 1233 (1966). 
10. J. lida and T. Murata, Anal. Sci. 6, 273 (1990). 


11. O. Isler, G. Brubacher, S. Ghisla, and B, Kraeutler, eds., Vi- 
tamine II, Verlag, New York, 1981, pp. 193-227. 


12. J. M. Osbond, Vitamins and Hormones 22, 387 (1964). 


13. K. Folkers et al., J. Am. Chem. Soc. 78, 3430 (1951) and cites 
therein. 


14. S. A. Harris, J. Am. Chem. Soc. 63, 3363 (1941). 
15. Nutr. Rev. 36, 346 (1978). 


16. The Merch Index, 11th ed., Merck & Co., Rahway, N.J., 1989, 
p. 1269, 


17. G. S. Shephard and D. Labadarios, Clin. Chim. Acta 60, 307 
(1981). 


18. B. Saida and J. Warthesen, J. Agric. Food Chem, 31, 876 
(1983). 


19. C. Y. W. Ang, J. Assoc. Official Anal. Chem. 62, 1170 (1979). 


20. A. R. Forester and I. G. Davidson, Radiat. Phys. Chem. 36, 
403 (1990). 


21. K. Tadera et al., Agric. Biol. Chem. 52, 2359 (1988). 
22. M. L. Huet al., Chem. Biol. Interact. 97, 63 (1995). 


23. J.E. Leklem, in L. J. Machlin, ed., Handbook of the Vitamins, 
2nd ed., Chapt. 6, Marcel Dekker, New York, 1991. 


24. M. L. Orr, Pantothenic Acid, Vitamin B6 and Vitamin B12 
in Foods, Home Economics Report No. 36, U.S. Dept. of Ag- 
riculture, Washington, D.C., 1969. 


25. J. F. Gregory and D. B. Sartain, J. Agr. Food Chem. 39, 899 
(1991). 


26. K. Tadera and Y. Naka, Agr. Biol. Chem. 55, 563 (1991). 


27. KD. Lunan and C. A. West, Arch. Biochem. Biophys. 101, 
262 (1963). 


- 


2514 


28. 
29. 


30. 


31. 


51. 


52. 


61. 


62. 


VITAMINS: PYRIDOXINE (B,) 


J. Gregory et al., J. Food Sci. 51, 1345 (1986). 
J.B, Tarr, T, Tamura, and E. L, R. Stokstad, Am. J. Clin. 
Nutr, 84, 1828 (1981). 

A. H. Merrill and M. J. Henderson, Ann. N.Y. Acad. Sci. 585, 
110 (1990). 

Committee on Dietary Allowances, Food and Nutrition 
Board, Recommended Daily Allowances, 10th ed., National 
Academy of Sciences, Washington, D.C., 1980, pp. 142-150. 


. P. Karrer et al., Helv. Chim. Acta 32, 1004 (1948). 
. N. Clauson-Kaas et al., Acta Chem. Scand. 9, 1,9,14,17,23 


(1955). 


. Ger, Pat. 1,935,009 (Jan. 14, 1971), F. Graf and H. Konig (to 


BASF). 


. Y. Matsumura et al., Chem. Lett., 1121 (1981). 
. M. Y. Karpeiskii and V. L. Flornet’ev, Russ. Chem. Rev. 38, 


540 (1969). 


. I. Turchi and M. J. S. Dewar, Chem. Rev. 75, 388 (1975). 
. G. Y. Kondrat’eva et al., Dokl. Akad. Nauk SSR 142, 593 


(1962). 


). T. Naito et al., Chem. Pharm. Bull. 13, 873 (1965). 

. Z. I. Itov et al., Khim. Farm. Zh. 18, 59 (1980). 

. E.E. Harris et al., Tetrahedron 23, 943 (1967). 

. Ger. Pat. 3,029,231 (Nov. 3, 1982), H. R. Mueller (to Merck). 
. H. Takagaki et al., Chem. Lett., 183 (1979). 

. Jpn. Pat. 69-23,088 (Oct. 1, 1969), T. Naito, K. Ueno, and T. 


Miki (to Daiichi Seiyaku Co. Ltd.). 


. Jpn, Pat, 81-128,761 (Oct. 8, 1981) (to Daiichi Seiyaku Co, 


Ltd.). 


. H. Murakami and M. Iwanami, Bull. Chem. Soc. Jpn. 41, 


726 (1968). 


. E.E. Harris et al., J. Org. Chem. 27, 2705 (1962). 
. U.S, Pat. 3,227,721 (May 24, 1965), E. E. Harris, K. Pfister, 


and R. A. Firestone (to Merck & Co.). 


). Jpn. Pat. 73-30,636 (Sept. 21, 1973), Y. Morita, S. Onishi, and 


'T, Yamagami (to Daiichi Seiyaku Co.). 


). Jpn. Pat. 70-39,259 (Dec. 10, 1970), T. Naito, Y. Morito, and 


U. Toshihiro (to Daiichi Seiyaku Co.). 

Jpn. Pat. 72-39,115 (Oct. 3, 1972), T. Miki and T. Matsuo (to 
Takeda Chemical Industries, Ltd.). 

Jpn. Pat. 81-99,461 (Aug. 10, 1981) (to Takeda Chemical In- 
dustries, Ltd.). 


. T. Miki and T. Matsuo, Yakugaku Zasshi 87, 323 (1967). 
. US. Pat. 3,796,720 (Mar. 12, 1974), H. Miki and H. Saikawa 


(to Takeda Chemical Industries). 


. J. Maeda et al., Bull. Chem, Soc. Jpn. 42, 1435 (1969). 

. Fr. Pat. 1,533,817 (July 19, 1968) (to Ajinomoto Co.). 

. H. Zhou et al., Zhongguo Yiyao Gongye Zazhi 25, 385 (1994). 
. Chin. Pat. 86-101,512 (July 7, 1986), H. Zhou (to Shanghai 


Industrial Res. Inst.). 


). U.S, Pat. 3,250,778 (Nov. 11, 1962), W. Kimel and W. Leim- 


gruber (to Hoffmann-La Roche Inc.}. 


). M. Dumic et al., Prax. Vet. 37, 81 (1989). 


D. Szlopmek-Nesteruk and co-workers, Przem. Chem. 54, 
238 (1975). 

USS. Pat. 3,822,274 (July 2, 1974), E. E. Harris and R. Currie 
(to Merck & Co.). 


. H. Ritter and R. Sperber, Macromolecules 27, 5919 (1994). 
}. W. Boell and H. Koenig, Ann. Chem., 1657 (1979). 


81. 


82. 


. U.S. Pat. 3,876,649 (Apr. 8, 1975), W. Boell and H. Koenig 


(to BASF). 


. T. Naito et al., Tetr. Lett., 5767 (1968). 
. P. Karrer and C. Granacher, Helv. Chem. Acta 7, 763 (1924). 
. Jpn. Pat. 68-30,286 (Dec. 26, 1968), T. Kitazawa, T. Matsu- 


yama, K. Kunimitsu, and K. Masuya (to Fujisawa Pharma- 
ceutical Co,). 


. T. Rinderspacher and B. Prijs, Helv. Chim. Acta 48, 1522 


(1960). 


. U.S. Pat. 4,026,901 (June 6, 1978), D. L. Coffen (to 


Hoffmann-La Roche Inc.). 


. US. Pat. 4,011,234 (Mar. 8, 1977), H. Hoffmann-Paquotte 


(to Hoffmann-La Roche Ltd.). 


. Eur, Pat, 612736 (Aug. $1, 1994), W. Bonrath, R. Karge, and 


H, Pauling (to Hoffmann-La Roche Ltd.). 


. Eur. Pat. 492,233 (July 1, 1992), P. Noesberger (to Hoffmann- 


La Roche Ltd.). 


. S. Shimada and M. Oki, Chem. Pharm. Bull. 32, 38 (1984). 
. Jpn. Pat. 79-20,493 (July 23, 1979), S. Ohnishi and Y. Morita 


(to Daiichi Seiyaku Co.). 


|. M. Oki and S. Shimada, Chem. Pharm. Bull. 35, 4705 (1987). 
. E. C. Taylor and J. Macor, J. Org. Chem. 54, 1249 (1989). 

. R. E. Geiger et al., Helv. Chim. Acta 67, 1274 (1984). 

. C. A. Parnell and K. P. C. Vollhardt, Tetr. 41, 5791 (1985). 

. Food and Nutrition Board, National Research Council, Food 


Chemicals Codex 8rd ed., National Academy Press, Wash- 
ington, D.C., 1981, p. 260. 


United States Pharmacopieal Convention, Inc., The United 
‘States Pharmacopeia XXII (USP XXII-NF XVID), Rockeville, 
Md., 1990, p. 1194. 

H. Y. Aboul-Enein and M. A. Loutfy, in K. Florey, ed., Ana- 
lytical Profiles of Drug Substances, Vol. 13, Academic Press, 
New York, 1984, p. 447. 


|. Pyridoxine Hydrochloride, MSDS 11076, Hoffmann- 


LaRoche Inc., Nutley, N.J., 1997. 


. M. Cohen and A. Bendich, Toxicol. Lett. 34, 129 (1986). 
. M. M. Polansky, in J. Augustin, B, P, Klein, D. A. Decker, 


and P. B. Venugopal, eds., Methods of Vitamin Assay, 4thed., 
Association of Vitamin Chemists, John Wiley & Sons, Inc., 
New York, 1985, Chapt. 17. 


. J. F. Gregory, J. Food Comp. Anal. 1, 105 (1988). 
87. 


K. Helrich, ed., Official Methods of Analysis of the Associa- 
tion of Official Analytical Chemists, 15th ed., Association of 
Official Analytical Chemists, Inc., Arlington, Va., 1990, p. 
961.15. 


. S. P. Colburn and J. D. Mahuren, J. Biol. Chem. 262, 2642 


(1987). 


. Y. Kurosu et al., Bitamin 66, 91 (1992). 
. R. D. Smith et al., Anal. Chem. 60, 436 (1988). 

. R. Benyon et al., J. Chrom. 881, 179 (1992). 

. J. Hida and T. Murata, Anal. Sci. 6, 273 (1990). 

. ¥. Tani, in E. Vandamme, ed., Biotechnology of Vitamins, Pig- 


ments and Growth Factors, Elsevier, New York, 1988, Chapt. 
13. 


. R. E. Hill et al., J. Am. Chem. Soc. 117, 1661 (1995). 
. M. Morisaki, Kurume Igakkai Zasshi 53, 649 (1990). 
. K. Tazuya et al., Biochem. Biophys. Acta 1244, 113 (1995). 


97. M. Winkler et al., J. Bacteriol. 177, 2804 (1995) and cites 
therein. 
98. M. Winkler et al., FEMS Microbiol. Lett. 185, 275 (1996). 
99, T. Copeland et al., J. Bacteriol. 174, 1544 (1992). 
100. W. Korytnik and M. Ikawa, in S. P. Colowick and N. O. Kap- 
lan, eds., Methods in Enzymology, Vol. 18A, Academic Press, 
New York, pp. 524-566. 


Davip Burpick 
Hoffmann-La Roche, Inc. 


VITAMINS: RIBOFLAVIN (B,) 


Riboflavin [83-88-5] (vitamin Bz, vitamin G, lactoflavin, 
ovoflavin, lyochrome, hepatoflavin, uroflavin) has the 
chemical name 1-deoxy-1-(3,4-dihydro-7,8-dimethy]-2,4- 
dioxobenzolg]pteridin-10(2H)-yl)-D-ribitol, 7,8-dimethyl- 
10-D-ribitylisoalloxazine, C,;7Hz9N4Og (1), mol wt 376.37. 
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In 1933, R. Kuhn and his co-workers first isolated ri- 
boflavin from eggs in a pure, crystalline state (1), named 
it ovoflavin, and determined its function as a vitamin (2). 
At the same time, impure crystalline preparations of ri- 
boflavin were isolated from whey and named lyochrome 
and, later, lactoflavin. Soon thereafter, P. Karrer and his 
co-workers isolated riboflavin from a wide variety of ani- 
mal organs and vegetable sources and named it hepato- 
flavin (3). Ovoflavin from egg, lactoflavin from milk, and 
hepatoflavin from liver were all subsequently identified as 
riboflavin. The discovery of the yellow enzyme by Warburg 
and Christian in 1932 and their description of lumiflavin 
(4), a photochemical degradation product of riboflavin, 
were of great use for the elucidation of the chemical struc- 
ture of riboflavin by Kuhn and his co-workers (5). The 
structure was confirmed in 1935 by the synthesis by Kar- 
rer and his co-workers (6), and Kuhn and his co- 
workers (7). 

For therapeutic use, riboflavin is produced by chemical 
synthesis, whereas concentrates for poultry and livestock 
feeds are manufactured by fermentation using microor- 
ganisms such as Ashbya gossypii and Eremothecium ash- 
byii, which have the capacity to synthesize large quantities 
of riboflavin. 
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In the free form, riboflavin occurs in the retina of the 
eye, in whey, and in urine. Principally, however, riboflavin 
fulfills its metabolic function in a complex form. In general, 
riboflavin is converted into flavin mononucleotide (FMN, 
riboflavin-5’-phosphate) and flavin-adenine dinucleotide 
(FAD) (2), which serve as the prosthetic groups (coen- 
zymes), ie, they combine with specific proteins (apoen- 
zymes) to form flavoenzymes, in a series of oxidation— 
reduction catalysts widely distributed in nature. In several 
riboflavin coenzymes, the apoenzyme is covalently at- 
tached to C — 8a through a linkage to the nitrogen of a 
histidine imidazolyl group, to the sulfur of a cysteine res- 
idue, or to the oxygen of a tyrosine moiety. Riboflavin is 
not a nucleotide, since it is derived from D-ribitol rather 
than D-ribose, and therefore FMN and FAD are not truly 
nucleotides; yet this designation has been accepted over- 


whelmingly and continues to be used. 
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As a coenzyme component in tissue oxidation—reduction 
and respiration, riboflavin is distributed in some degree in 
virtually all naturally occurring foods. Liver, heart, kidney, 
milk, eggs, lean meats, malted barley, and fresh leafy vege- 
tables are particularly good sources of riboflavin (see Table 
1). It does not seem to have long stability in food 
products (8). 

Riboflavin is widely used in the pharmaceutical, food- 
enrichment, and feed-supplement industries. Riboflavin 
USP is administered orally in tablets or by injection as an 
aqueous solution, which may contain nicotinamide or other 
solubilizers. As a supplement to animal feeds, riboflavin is 
usually added at concentrations of 2-8 mg/kg, depending 
on the species and age of the animal. 


PROPERTIES 


Riboflavin forms fine yellow to orange-yellow needles with 
a bitter taste from 2 N acetic acid, alcohol, water, or pyri- 
dine. It melts with decomposition at 278-279°C (darkens 
at ca 240°C). The solubility of riboflavin in water is 10-13 
mg/100 mL at 25-27.5°C, and in absolute ethanol 4.5 mg/ 
100 mL at 27.5°C; it is slightly soluble in amyl alcohol, 
cyclohexanol, benzyl alcohol, amyl acetate, and phenol, but 
insoluble in ether, chloroform, acetone, and benzene. It is 
very soluble in dilute alkali, but these solutions are unsta- 
ble. Various polymorphic crystalline forms of riboflavin ex- 
hibit variations in physical properties. In aqueous nicotin- 
amide solution at pH 5, solubility increases from 0.1 to 
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Riboflavin [83-88-5] (vitamin Bz, vitamin G, lactoflavin, 
ovoflavin, lyochrome, hepatoflavin, uroflavin) has the 
chemical name 1-deoxy-1-(3,4-dihydro-7,8-dimethy]-2,4- 
dioxobenzolg]pteridin-10(2H)-yl)-D-ribitol, 7,8-dimethyl- 
10-D-ribitylisoalloxazine, C,;7Hz9N4Og (1), mol wt 376.37. 
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In 1933, R. Kuhn and his co-workers first isolated ri- 
boflavin from eggs in a pure, crystalline state (1), named 
it ovoflavin, and determined its function as a vitamin (2). 
At the same time, impure crystalline preparations of ri- 
boflavin were isolated from whey and named lyochrome 
and, later, lactoflavin. Soon thereafter, P. Karrer and his 
co-workers isolated riboflavin from a wide variety of ani- 
mal organs and vegetable sources and named it hepato- 
flavin (3). Ovoflavin from egg, lactoflavin from milk, and 
hepatoflavin from liver were all subsequently identified as 
riboflavin. The discovery of the yellow enzyme by Warburg 
and Christian in 1932 and their description of lumiflavin 
(4), a photochemical degradation product of riboflavin, 
were of great use for the elucidation of the chemical struc- 
ture of riboflavin by Kuhn and his co-workers (5). The 
structure was confirmed in 1935 by the synthesis by Kar- 
rer and his co-workers (6), and Kuhn and his co- 
workers (7). 

For therapeutic use, riboflavin is produced by chemical 
synthesis, whereas concentrates for poultry and livestock 
feeds are manufactured by fermentation using microor- 
ganisms such as Ashbya gossypii and Eremothecium ash- 
byii, which have the capacity to synthesize large quantities 
of riboflavin. 
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In the free form, riboflavin occurs in the retina of the 
eye, in whey, and in urine. Principally, however, riboflavin 
fulfills its metabolic function in a complex form. In general, 
riboflavin is converted into flavin mononucleotide (FMN, 
riboflavin-5’-phosphate) and flavin-adenine dinucleotide 
(FAD) (2), which serve as the prosthetic groups (coen- 
zymes), ie, they combine with specific proteins (apoen- 
zymes) to form flavoenzymes, in a series of oxidation— 
reduction catalysts widely distributed in nature. In several 
riboflavin coenzymes, the apoenzyme is covalently at- 
tached to C — 8a through a linkage to the nitrogen of a 
histidine imidazolyl group, to the sulfur of a cysteine res- 
idue, or to the oxygen of a tyrosine moiety. Riboflavin is 
not a nucleotide, since it is derived from D-ribitol rather 
than D-ribose, and therefore FMN and FAD are not truly 
nucleotides; yet this designation has been accepted over- 
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As a coenzyme component in tissue oxidation—reduction 
and respiration, riboflavin is distributed in some degree in 
virtually all naturally occurring foods. Liver, heart, kidney, 
milk, eggs, lean meats, malted barley, and fresh leafy vege- 
tables are particularly good sources of riboflavin (see Table 
1). It does not seem to have long stability in food 
products (8). 

Riboflavin is widely used in the pharmaceutical, food- 
enrichment, and feed-supplement industries. Riboflavin 
USP is administered orally in tablets or by injection as an 
aqueous solution, which may contain nicotinamide or other 
solubilizers. As a supplement to animal feeds, riboflavin is 
usually added at concentrations of 2-8 mg/kg, depending 
on the species and age of the animal. 


PROPERTIES 


Riboflavin forms fine yellow to orange-yellow needles with 
a bitter taste from 2 N acetic acid, alcohol, water, or pyri- 
dine. It melts with decomposition at 278-279°C (darkens 
at ca 240°C). The solubility of riboflavin in water is 10-13 
mg/100 mL at 25-27.5°C, and in absolute ethanol 4.5 mg/ 
100 mL at 27.5°C; it is slightly soluble in amyl alcohol, 
cyclohexanol, benzyl alcohol, amyl acetate, and phenol, but 
insoluble in ether, chloroform, acetone, and benzene. It is 
very soluble in dilute alkali, but these solutions are unsta- 
ble. Various polymorphic crystalline forms of riboflavin ex- 
hibit variations in physical properties. In aqueous nicotin- 
amide solution at pH 5, solubility increases from 0.1 to 
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Table 1. Riboflavin Content of Various Foods 


Food mg/100 g 
Fruits 
Apple, raw 0.01 
Banana, raw 0.04 
Citrus, grapefruit, orange 0.08-0.04 
Strawberry 0.03 
Vegetables 
Broccoli, raw 0.27 
Cabbage, raw 0.05 
Fresh green peas 0.14 
Mushroom 0.57 
Parsley 0.24 
Potato, raw 0.03 
Sweet corn 0.14 
Sweet potato, raw 0.05 
Tomato, raw 0.03 
Meat 
Beef muscle 0.16-0.32 
Pork muscle 0.19-0.33 
Chicken muscle 0.10-0.31 
Liver, beef, pork 3.00-3.60 
Fish 
Cod, haddock, raw 0.17 
Salmon, raw 0.17 
Salmon, canned 0.12 
‘Tuna, canned 0.13 
Whitefish, herring, halibut 0.17-0.29 
Grain 
Corn, entire 0.10 
Wheat, entire 0.10 
Wheat, germ 06 
Rice, entire 0.06 
Rye, entire 0.20 
Cereal products 
Refined 
Bread 0.07-0.10 
Cereal 0.10-0.15 
Soda cracker 0.02-0.10 
Whole grain and enriched 
Bread 0.12-0.25 
Cereal 0.20-1.25 
Dairy products 
Cheese 0.33-0.68 
Eggs 0.48 
Milk 0.15-0.18 


Note: Averages from several sources, often encompassing a wide range 
of analytical results; should be regarded as working estimates which 
vary with geography, season, and preparative method. 


2.5% as the nicotinamide concentration increases from 5 
to 50% (9). 

In aqueous solution, riboflavin has absorption at ca 
220-225, 226, 371, 444 and 475 nm. Neutral aqueous so- 
lutions of riboflavin have a greenish-yellow color and an 
intense yellowish green fluorescence with a maximum at 
ca 530 nm and a quantum yield of #; = 0.25 at pH 2.6 (10). 
Fluorescence disappears upon the addition of acid or al- 
kali. The fluorescence is used in quantitative determina- 
tions. The optical activity of riboflavin in neutral and acid 
solutions is [a]j’ = +56.5 — 59.5° (0.5%, dil HCl). In an 
alkaline solution, it depends upon the concentration, eg, 
(al = -—112 — 122° (50 mg in 2 mL 0.1 N alcoholic 
NaOH diluted to 10 mL with water). Borate-containing so- 
lutions are strongly dextrorotatory, because borate com- 
plexes with the ribityl side chain of riboflavin; [a]f? = + 
340° (pH 12). 

Photochemical decomposition of riboflavin in neutral or 
acid solution gives lumichrome (3), 7,8-dimethylalloxazine, 
which was synthesized and characterized by Karrer and 
his co-workers in 1934 (11). In alkaline solution, the irra- 
diation product is lumiflavin (4), 7,8,10-trimethylisoallox- 
azine; its uv—vis absorption spectrum resembles that of ri- 
boflavin. It was prepared and characterized in 1933 (5). 
Another photodecomposition product of riboflavin is 7,8- 
dimethyl-10-formylmethylisoalloxazine (12). 
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Riboflavin is stable against acids, air, and common ox- 
idizing agents such as bromine and nitrous acid (except 
chromic acid, KMnO,, and potassium persulfate). Upon re- 
duction by conventional agents such as sodium dithionite, 
Na,S.0,, zine in acidic solution, or catalytically activated 
hydrogen, riboflavin readily takes up two hydrogen atoms 
to form the almost colorless 1,5-dihydroriboflavin (5) (Fig. 
1), which is reoxidized by shaking with air. This oxidation- 
reduction system has considerable stability, a normal po- 
tential of —0.208 V (referred to as the normal hydrogen 
electrode), and is probably responsible for the physiological 
functions of riboflavin. The flavins are reduced to dihydro- 
flavins through intermediate semiquinone radicals (13,14), 
which have been directly observed by electron spin reso- 
nance (esr) (15-18) and electron double resonance (endor) 
(19). 

Riboflavin forms a deep-red silver salt (1). The strong 
bathochromic shift of the spectra of riboflavin analogues 
occurring by interaction with Ag* can also be obtained 
with Cu* and Hg?* complexes (20). These complexes con- 
tain the flavin and the metal ligand anion in a ratio of 1:1. 
Their color is the result of a charge transfer between the 
metal and flavin (21). The chelates with Fe(II/IID), Mo(V/ 
VD), Cu(I/ID, and Ag(I/II) belong to this group; the last two 
are stable in the presence of water. Another group of metal 
complexes, radical chelates, are formed with Mn(ID), Fe(I]), 


R = D-Ribityl 


Co(ID, Ni(ID, Zn(II), and Cd(ID); in these cases, the radical 
character of the ligand is conserved (22). 


CHEMICAL SYNTHESIS 


In 1935, Karrer (6) and Kuhn (7) each proved indepen- 
dently that riboflavin was 7,8-dimethyl-10-p-ribitylisoal- 
loxazine by total synthesis (see Fig. 2). These syntheses 
are essentially the same and involve a condensation of 6- 
D-ribitylamino-3,4-xylidine (6) with alloxan (7) in acid so- 
lution. Boric acid as a catalyst increases the yield consid- 
erably (23). The intermediate (6) was prepared by a 
condensation of 6-nitro-3,4-xylidine (8) with D-ribose (9), 
followed by catalytic reduction of the riboside (10). The 
yield based on D-ribose was increased (24) by using N-p- 
ribityl-3,4-xylidine (11), which was prepared by the con- 
densation of 3,4-xylidine (12) with D-ribose (9), followed by 
catalytic reduction. The reduced product (11) was coupled 
with p-nitrophenyldiazonium salt to give 4,5-dimethyl-2- 
p-nitrophenylazo-1-D-ribitylaminobenzene (13), which was 
reduced to (6) and treated with alloxan (7) (25) to give ri- 
boflavin. Replacement of (7) by 5,5-dichlorobarbituric acid 
(26), 5,5-dibromobarbituric acid, or 5-bromobarbituric acid 
(27) in the above syntheses yields riboflavin. 

More conveniently, compound (13) was directly con- 
densed with barbituric acid (14) in acetic acid (28) or in the 
presence of an acid catalyst in an organic solvent (29). The 
same azo dye intermediate (13) and alloxantin give ribo- 
flavin in the presence of palladium on charcoal in alcoholic 
hydrochloric acid under nitrogen. This reaction may in- 
volve the reduction of the azo group to the o-phenylenedi- 
amine by the alloxantin, which is dehydrogenated to al- 
Joxan (30). 

Although it is not suitable for large-scale manufacture, 
the synthesis of riboflavin from lumazine derivatives is in- 
teresting in connection with the biosynthesis of riboflavin 
(see Fig. 3). Thus, 5-amino-6-D-ribitylaminouracil (15) was 
condensed with a dimeric or trimeric aldol of biacetyl to 
give riboflavin (1) through the formation of intermediary 
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Figure 1. Formation of dihydroriboflavin, 


6,7-dimethyl-8-D-ribityllumazine (16) (31). A variation of 
the above synthesis involves the condensation of mono- 
meric biacety] and preformed (16) prepared by the conden- 
sation of (15) with biacetyl (32). The condensation of (15) 
with 4,5-dimethyl-1,2-benzoquinone (17) is another path- 
way to riboflavin, although in low yield (33). 

Later, a completely different and more convenient syn- 
thesis of riboflavin and analogues was developed (34). It 
consists of the nitrosative cyclization of 6-(N-D-ribity]-3,4- 
xylidino)uracil (18), obtained from the condensation of N- 
D-ribityl-3,4-xylidine (11) and 6-chlorouracil (19), with ex- 
cess sodium nitrite in acetic acid, or the cyclization of (18) 
with potassium nitrate in acetic in the presence of sulfuric 
acid, to give riboflavin-5-oxide (20) in high yield. Reduction 
with sodium dithionite gives (1). In another synthesis, 5- 
nitro-6-(N-p-ribityl-3,4-xylidino) uracil (21), prepared in 
situ from the condensation of 6-chloro-5-nitrouracil (22) 
with N-p-ribityl-3,4-xylidine (11), was hydrogenated over 
palladium on charcoal in acetic acid. The filtrate included 
5-amino-6-(N-D-ribityl-3,4-xylidino)uracil (23) and was 
maintained at room temperature to precipitate (1) by au- 
toxidation (35). These two pathways are suitable for the 
preparation of riboflavin analogues possessing several sub- 
stituents (Fig. 4). 

The chemistry of flavins, including several synthetic 
methods for the preparation of N-p-ribityl-3,4-xylidine (11) 
is reviewed in Reference 36. 


MICROBIAL SYNTHESIS 


Biosynthetic Mechanism 


Riboflavin is produced by many microorganisms, including 
Ashbya gossypii, Asperigillus sp, Eremothecium ashbyii, 
Candida yeasts, Debaryomyces yeasts, Hansenula yeasts, 
Pichia yeasts, Azotobactor sp, Clostridium sp, and Bacil- 
lus sp. 

These organisms have been used frequently in the elu- 
cidation of the biosynthetic pathway (37,38). The mecha- 
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nism of riboflavin biosynthesis has formally been deduced 
from data derived from several experiments involving a 
variety of organisms (Fig. 5). Included are conversion of a 
purine such as guanosine triphosphate (GTP) to 6,7- 
dimethyl-8-D-ribityllumazine (16) (39), and the conversion 
of (16) to (1). This concept of the biochemical formation of 
riboflavin was verified in vitro under nonenzymatic con- 
ditions (40). 


Fermentative Manufacture 


Throughout the years, riboflavin yields obtained by fer- 
mentation have been improved to the point of commercial 
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Figure 4. Alternative syntheses of riboflavin. 


feasibility. Most of the riboflavin thus produced is con- 
sumed in the form of crude concentrates for the enrichment 
of animal feeds. Riboflavin was first produced by fermen- 
tation in 1940 from the residue of butanol-acetone fer- 
mentation. Several methods were developed for large-scale 
production (41). A suitable carbohydrate—containing mash 
is prepared and sterilized, and the pH adjusted to 6-7. The 
mash is buffered with calcium carbonate, inoculated with 
Clostridium acetobutylicum, and incubated at 37-40°C for 
2-3 d. The yield is ca 70 mg riboflavin/L (42). 

Most varieties of Candida yeasts produce substantial 
amounts of riboflavin when glucose is the carbon source. 
Particularly, Candida guilliermondia and Candida flaveri 
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Figure 5. Biosynthesis pathway to riboflavin. 


produce high yields on a simple synthetic medium of low 
cost. Some modifications employing several Candida 
yeasts have been patented; eg, C. intermedia var A, a 
newly isolated microorganism assimilating lactose and 
ethanol, gave yields of 49.2 mg riboflavin/L from ethanol 
in the presence of biotin (43). Candida T-3, assimilating 
methanol, produces riboflavin by this method from 50 g 
methanol (44). Candida bacteria have the advantage of ex- 
tremely low iron tolerance. Chelating agents, such as 2,2’- 
dipyridyl, are recommended to control the iron content 
(45). 

Most of the commercial riboflavin production by aerobic 
fermentation is obtained by biosynthesis with the yeast- 
like fungus Eremothecium ashbyii. Many variations for the 
production of riboflavin by E. ashbyii have been patented. 
Employing EZ. ashbyii grown on a yeast medium, riboflavin 
production on an industrial scale is said to have reached 
11.6 g/kg from dried powder (46). Riboflavin is also ob- 
tained by fermentation with E. ashbyii preserved on Difco- 
treated millet seeds. The culture, kept for 7-8 d at 32°C on 
the medium containing crude collagen, corn extracts, un- 
refined plant oil, glucose, KH3;PO,, trace elements, and 
H,O at pH 7-8, gave 4.5-5.0 g/L (47). In another proce- 
dure, E. ashbyii was cultivated on a culture medium con- 
taining sources of assimilable nitrogen, essential minerals, 
and growth factors, along with sources of assimilable car- 
bohydrates, unsaturated fatty acids, saccharides, and 
amino acid or their salts. Incubation at 29°C for 6 d ona 


rotary shaker with aeration gave average yields of 3.8 g/L 
(48). Eremothecium ashbyii grown in a culture medium 
containing the oil cake obtained after extraction of lipids 
from the biomass grown on hydrocarbons gives an even 
better yield (49). 

In operations similar to the E. ashbyii procedures, the 
closely related fungus Ashbya gossypii gave similar yields. 
Thus, a yield of 7.3 g/L was obtained with a lyophilized 
culture in a medium containing fat, leather glue, and corn 
extracts (50), and 6.420 g/L with bone or hide fat, alone or 
in a mixture with other plant or animal fats as the carbon 
source (51). The yield from immersed cultures of A. gos- 
sypii was increased to 6.93-7.20 g/L by use of waste fats 
or technical cod-liver oil (52). 

Riboflavin is also made by aerobic culturing of Pichia 
guilliermondii on a medium containing n-Cjo—C;, paraffins 
in a yield of 280.5 mg/L (53). A process employing Pichia 
yeasts, such as P. miso, P. miso Mogi, or P. mogii, in a me- 
dium containing a hydrocarbon as the carbon source, has 
been patented (54). 

Processes employing Torulopsis xylinus (55), Hansenula 
polymorpha (56), Brevibacterium ammoniagenes (57), Ach- 
romobactor butrii (58), Micrococcus lactis (59), Strepto- 
myces testaceus (60), and others have also been patented. 
These procedures yield, at most, several hundred milli- 
grams of riboflavin per liter. 

Manufacturing procedures of riboflavin have also ap- 
peared using Saccharomyces bacteria, eg, fermentation 


with a purine-independent S. reverse mutant (61) and with 
S. cerevisiae NH-268 (62) produced 2.79 g/L and 4.9 g/L, 
respectively. 

Further efficient fermentative methods for manufac- 
ture of riboflavin have been patented; one is culturing C. 
famata by restricting the carbon source uptake rate, 
thereby restricting growth in a linear manner by restric- 
tion of a micronutrient. By this method, productivity was 
increased to >0.17 g riboflavin/L/h (63). The other method, 
using Bacillus subtilis AJ 12644 low in guanosine mono- 
phosphate hydrolase activity, yielded crude riboflavin 0.9 
g/L/3 days, when cultured in a medium including soy pro- 
tein, salts, and amino acids (64). 

In recent (ca 1997) years, fermentative manufacturing 
methods using recombinant microorganisms have been de- 
veloped. The mutant clone GA18Y8-6#2, prepared by fu- 
sion and mutagenation of C. flaveri mutants A22 and 
GA18, produced riboflavin 7.0-7.5 g/L/6 d, when cultivated 
in 4B medium with a supplement of FeCl,, yeast extracts, 
peptone, and malt extracts (65). Riboflavin overproducing 
bacteria prepared by expression of the cloned rib operon of 
Bacillus subtilis showed increases in riboflavin manufac- 
ture of up to a hundredfold (up to 0.7 g riboflavin/L/48 h). 
The rib operon was cloned as series of overlapping genes 
using an oligonucleotide derived from the amino acid se- 
quence of the riboflavin synthase # subunit (66). Culturing 
recombinant Corynebacterium ammoniagenes KY13313 
harboring gene for at least guanidine triphosphate cyclo- 
hydrolase and riboflavin synthase produced riboflavin 
~80-fold higher than that with the controlled bacteria (67). 


INDUSTRIAL ASPECTS 


For the industrial production of riboflavin as pharmaceu- 
ticals, the traditional methodology comprising the direct 
condensation of (13) with (14) in an acidic medium with 
continuous optimization of the reaction conditions is still 
used (28). A great part of riboflavin manufactured by fer- 
mentative methods is used for feeds in the form of concen- 
trates. The present world demand of riboflavin may be 
about 2500 t per year. Of this amount, 60%, 25%, and 15% 
are used for feeds, pharmaceuticals, and foodstuffs, re- 
spectively. The main producers are Hoffmann-La Roche, 
BASF, Merck & Co., and others. 


ANALYTICAL METHODS 


Riboflavin can be assayed by chemical, enzymatic, and mi- 
crobiological methods. The most commonly used chemical 
method is fluorometry, which involves the measurement of 
intense yellow-green fluorescence with a maximum at 565 
nm in neutral aqueous solutions. The fluorometric deter- 
minations of flavins can be carried out by measuring the 
intensity of either the natural fluorescence of flavins or the 
fluorescence of lumiflavin formed by the irradiation of fla- 
vin in alkaline solution (68). The later development of a 
laser-fluorescence technique has extended the limits of de- 
tection for riboflavin by two orders of magnitude (69,70). 
Polarography is applied in the presence of other vita- 
mins, eg, in multivitamin tablets, without separation. The 
polarography of flavins is reviewed in Reference 71. 
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The microbial assay is based on the growth of Lacto- 
bacillus casei in the natural (72) or modified form. The lac- 
tic acid formed is titrated or, preferably, the turbidity mea- 
sured photometrically. In a more sensitive assay, 
Leuconostoc mesenteroides is employed as the assay organ- 
ism (73). It is 50 times more sensitive than L. casei for 
assaying riboflavin and its analogues (0.1 ng/mL vs 20 ng/ 
mL for L. casei). A very useful method for measuring total 
riboflavin in body fluids and tissues is based on the ribo- 
flavin requirement of the protozoan cliate Tetrahymena 
pyriformis, which is sensitive and specific for riboflavin. 
This method can be applied to large-scale nutrition 
studies. 

Although riboflavin can be assayed more readily by 
chemical or microbiological methods than by animal meth- 
ods, the latter are preferred for nutritional studies and as 
the basis of other techniques. Such assays depend upon a 
growth response; the rat or chick is the preferred experi- 
mental animal. This method is particularly useful for as- 
saying riboflavin derivatives, since the substituents fre- 
quently reduce or eliminate the biological activity. 

An enzymatic method for assessing riboflavin deficiency 
in humans has been developed (74). It is based on the fact, 
that NADPH-dependent glutathione reductase of red cells 
reflects riboflavin fluctuations. 

High pressure liquid chromatography (hplc) has been 
extensively used for the riboflavin determinations. This 
method is usually automated and more rapid and sensitive 
than the microbial method. It has been used in combina- 
tion with fluorometric detection for the riboflavin assay in 
foods (75), meat and meat products (76), and enriched and 
fortified foods (77), as well as in a simple assay for animal 
tissues (78). A rapid and efficient reversed-phase hple 
method is described for the quantitative separation of fla- 
vin coenzymes and their structural analogues such as 5- 
deazaflavin [19342-73-5] (24) and 8-hydroxy-7-demethyl- 
5-deazariboflavin [37333-48-5] (25) (F429 chromophore) 
(79). Comprehensive reviews of the analytical methods for 
riboflavin are given in References 80 and 81. 
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BIOLOGICAL FUNCTION 


In biological systems, riboflavin functions almost exclu- 
sively in the form of flavo-proteins, in which the FMN or 
FAD is generally bound as prosthetic group or coenzyme 
to specific proteins. These enzymes catalyze oxidation- 
reduction reactions (Table 2). The flavin group of the oxi- 
dized coenzyme is reduced chemically or enzymatically to 
1,5-dihydroflavin coenzyme, probably in two one-electron 
steps, each involving the addition of a single electron. Sta- 
ble semiquinone radicals are formed as intermediates, be- 
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Table 2. Some Reactions Catalyzed by Flavoproteins 


Coenzyme and 
Enzyme Electron donor Product other components. Electron acceptor 
D-Amino acid oxidase p-Amino acids o-Keto acids + NH, 2FAD 02> HzO. 
L-Amino acid oxidase (liver) L-Amino acids o-Keto acids + NH, 2FAD 0, + H,0. 
L-Amino acids oxidase (kidney) L-Amino acids a-Keto acids + NH, 2FMN 02+ HO. 
L(+)-Lactate dehydrogenase (yeast) Lactate Pyruvate 1FMN; lheme (cyt bs) Respiratory chain 
Glycolate oxidase Glycolate Glyoxylate FMN 02> HzO. 
NADH.-Cytochrome c reductase NADH NAD* FMN; 2Mo, NHI Cytochrome ¢, 
respiratory chain 
NADH-Cytochrome 6; reductase NADH NAD* FAD; Fe Cytochrome bs 
Aldehyde oxidase (liver) Aldehydes Carboxylic acids FAD; Fe, Mo Respiratory chain 
Glycerol phosphate dehydrogenase Glycerol 3-phosphate Dihydroxyacetone FAD; Fe Respiratory chain 
phosphate 
Succinate dehydrogenase Succinate Fumarate FAD; Fe, NHI Respiratory chain 
Acyl-CoA(C,-C2) dehydrogenase Acyl-CoA Enoyl-CoA FAD Electron-transferring 
flavoprotein. 
Nitrate reductase NADPH NADP* FAD; Mo, Fe Nitrate 
Nitrite reductase NADPH NADP* FAD; Mo, Fe Nitrite 
Xanthine oxidase Xanthine Uric acid FAD; Mo, Fe Oz 
Lipoate dehydrogenase Reduced lipoic acid Oxidized lipoic acid. + 2FAD NAD* 
Dehydroorotate dehydrogenase Dihydroorotic acid Orotic acid 2FMN; 2FAD, 4Fe Undetermined 
Source: Ref, 82. 


cause the unpaired electron is highly delocalized by the 
conjugated isoalloxazine structure. 

In contrast to the nicotinamide nucleotide dehydroge- 
nases, the prosthetic groups FMN and FAD are firmly as- 
sociated with the proteins, and the flavin groups are usu- 
ally only separated from the apoenzyme (protein) by acid 
treatment in water. However, in several covalently bound 
flavoproteins, the enzyme and flavin coenzymes are cova- 
lently affixed. In these cases, the flavin groups are isolated 
after the proteolytic digestion of the flavoproteins. 

Many flavoproteins react directly with molecular oxy- 
gen to produce hydrogen peroxide. Some flavoproteins, 
such as the flavin-containing monooxygenase, give water 
instead of hydrogen peroxide. In these cases, one atom of 
oxygen is introduced into a substrate to undergo hydrox- 
ylation, whereas the other oxygen atom is released as wa- 
ter. Several flavoproteins include metal complexes where 
these reactions take place. A number of reviews of the 
preparation, properties, and mechanism of action of these 
enzymes have been published (83,84). 


DEFICIENCY, REQUIREMENTS, AND TOXICITY 


Riboflavin is essential for mammalian cells. A lack of ri- 
boflavin in the human diet causes characterized deficiency 
syndromes, such as sore throat, hyperemia, cheilosis, an- 
gular stomatitis, glossitis (magenta tongue), a generalized 
seborrheic dermatitis, scrotal and vulval skin changes, and 
anormocytic anemia. Because riboflavin is essential to the 
functioning of vitamins Bg and niacin, some symptoms at- 
tributed to riboflavin deficiency are actually due to the fail- 
ure of systems requiring these other nutrients to operate 
effectively (85). 

The 1989 Recommended Dietary allowances (RDA) of 
the Food and Nutrition Board (86) are 0.6 mg riboflavin 
per 239 kJ (1000 kcal) for essentially healthy people of all 


ages. This leads to the ranging from 0.4 mg/day for early 
infants to 1.8 mg/day for young males. For elderly people 
and others whose daily calorie intake may be less than 478 
kJ (2000 keal), a minimum of 1.2 mg/day is recommended. 
During pregnancy, an additional riboflavin intake of 0.3 
mg/day is recommended in view of the increased tissue 
synthesis for both fetal and maternal development. For the 
lactating woman, the requirement is assumed to increase 
by an amount at least equal to that excreted in milk, which 
has a mean riboflavin content of 35 4g/100 mL. At an av- 
erage milk production of 750 mL/day and 600 mL/d during 
the first and second 6 months of lactation, riboflavin secre- 
tion is 0.26 mg/d and 0.21 mg/d, respectively. Because the 
utilization of the additional riboflavin for milk production 
is assumed to be 70%, and the coefficient of variation of 
milk production is 12.5%, an additional daily intake of 0.5 
mg is recommended for the first 6 mo of lactation and 0.4 
mg thereafter. 

Riboflavin is essentially nontoxic. The LDso values in 
mice and rats by intraperitoneal injection are 340 mg/kg 
(87) and 560 mg/kg (88), respectively. The oral administra- 
tion of 10 g/kg to rats or 2 g/kg to dogs showed no toxic 
effects (89). 


DERIVATIVES 


Riboflavin-5’-Phosphate 


Riboflavin-5'-phosphate [146-17-8] (vitamin B, phosphate, 
flavin mononucleotide, FMN, cytoflav), C;7H2:N,OgP, mol 
wt 456.35, is a microcrystalline yellow solid, mp 195°C, 
[al = +44.5° (2% soln in cone HCl) with biological and 
enzymatic activity. It is prepared by phosphorylation of ri- 
boflavin with chlorophosphoric acid (90), pyrophosphoric 
acid (91), metaphosphoric acid (92), or catechol cyclic phos- 
phate (93). It is soluble in water to the extent of 3 g/100 


Table 3. Covalently Bound Flavins 
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Prosthetic group (R = D-Ribityl) 


CAS Registry Number 


Formula 


Enzyme 
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6-S-Cysteinylriboflavin 


[35836-22-7] 
tee 


[38065-74-6) 


[73647-60-6) 


CosH27C70s 


CosHaN7Og 


CopHasNsOsS 
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Thiamine dehydrogenase 
B-Cyclopiazonate oxidocyclase 
L-Gulono-)-lactone oxidase 
L-Galactonolactone oxidase 
Cholesterol oxidase 


Succinate dehydrogenase 
Fumarate reductase 

Salcosine dehydrogenase 
Salcosine oxidase 
Dimethylglycine dehydrogenase 
p-Hydroxynicotine oxidase 
Choline oxidase 

D-Gluconate dehydrogenase 


Monoamine oxidase A 
Monoamine oxidase B 
Chlorobium Cytochrome Cogo 
Chlomatium cytochrome Cogs 


p-Cresol methylhydroxylase 


Trimethylamine 
Dehydrogenase 
Dimethylamine 
Dehydrogenase 


2524 VITAMINS: RIBOFLAVIN (B) 


mL at 25°C as the sodium salt but tends to gel. Because of 
the high sensitivity of FMN to uy, it must be preserved in 
dark, tight containers. 

Flavin mononucleotide was first isolated from the yel- 
low enzyme in yeast by Warburg and Christian in 1932 (4). 
The yellow enzyme was split into the protein and the yel- 
low prosthetic group (coenzyme) by dialysis under acidic 
conditions. Flavin mononucleotide was isolated as its crys- 
talline calcium salt and shown to be riboflavin-5’- 
phosphate; its structure was confirmed by chemical syn- 
thesis by Kuhn and Rudy (94). It is commercially available 
as the monosodium salt dihydrate [6184-17-4], with a wa- 
ter solubility of more than 200 times that of riboflavin. It 
has wide application in multivitamin and B-complex so- 
lutions, where it does not require the solubilizers needed 
for riboflavin. 


Riboflavin-5’-Adenosine Diphosphate 


Riboflavin-5'-adenosine diphosphate [146-14-5] (flavin- 
adenine dinucleotide, FAD), Cy7H33N90,5P2 (2), mol wt 
785.56, was first isolated in 1938 from the D-amino acid 
oxidase as its prosthetic group (95), where it was postu- 
lated to be flavin—adenine dinucleotide. The structure was 
established by the first synthesis in Todd’s laboratory (96); 
the monosilver salt of FMN was condensed with 2',3’- 
isopropylidene-adenosine-5’-benzylphosphorchloridate, 
followed by removal of protective groups. It was also syn- 
thesized directly from FMN and adenosine-5’-monophos- 
phate (AMP) with di-p-tolylearbodiimide as the conden- 
sation agent (97). Another direct synthesis was achieved 
by dehydration between FMN and AMP with trifluoro- 
acetic acid anhydride (98). A 40% yield was obtained by 
condensation of adenosine-5’-phosphoramidate and FMN 
using a mixture of pyridine and o-chlorophenol as the sol- 
vent (99). Condensation of AMP with FMN in ethoxyace- 
tylene gives a 10-15% yield; by-products such as ribofla- 
vin-4',5'-cyclic phosphate are avoided (100). An efficient 
procedure was developed, which transforms the free acid 
of both nucleotides into their tri-n-butyl-ammonium salts 
and uses a reactive carbodiimide for the coupling reaction. 
The yield of FAD can be as high as 70% (101). In addition 
to D-amino acid oxidase, FAD is the prosthetic group for 
the other flavoproteins including glucose oxidase, glycine 
oxidase, fumarate hydrogenase, histaminase, and xan- 
thine oxidase. 


Covalently Bound Flavins 


The FAD prosthetic group in mammalian succinate dehy- 
drogenase was found to be covalently affixed to protein at 
the 8 a-position through the linkage of 3-position of histi- 
dine (102,103). Since then, several covalently bound ribo- 
flavins (104,105) have been found successively from the en- 
zymes listed in Table 3. The biosynthetic mechanism, 
however, has not been clarified. 


6-Hydroxyriboflavin 


This compound [86120-61-8] (26) was isolated as a green 
coenzyme of the NADH dehydrogenase from Peptostrep- 
tococcus elsdenii and also from glycolate oxidase of porcine 


liver. It is not fluorescent, and its structure was established 
by synthesis (106). The 5'-monophosphate serves as a co- 
factor for glycolate oxidase from pig liver. 


8-Nor-8-hydroxyriboflavin 


A prosthetic group of red color has been isolated from 
NADH dehydrogenase of the electron-transferring flavo- 
protein of Peptostreptococcus elsdenii. Its structure [52134- 
62-0] (27) has been established as the FAD derivative of 8- 
hydroxy-7-methylisoalloxazine. Proof has been obtained by 
the synthesis of 8-hydroxy-7-methylisoalloxazine models 
and stepwise degradation of the naturally occurring com- 
pound (107). 


Roseoflavin 


Roseflavin [51093-55-1), CysH23N5Og, (28), mol wt 405.41, 
mp 274-297°C, [aly = ~—3820° (0.1M NaOH), was isolated 
from a culture medium of Streptomyces davawensis as 
dark, reddish-brown fine needles (from ethanol); the 8- 
methyl group of riboflavin is substituted by a dimethyl- 
amino group. This structure was confirmed by the synthe- 
sis. Roseflavin shows antimicrobial activity against 
gram-positive bacteria (108). 
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5-Deazariboflavin 


In 5-deazariboflavin (24), the N-5 of riboflavin is replaced 
by CH; it serves as cofactor for several flavin-catalyzed re- 
actions (109). It was first synthesized in 1970 (110); im- 
proved synthetic processes were reported later (111). 

A low potential electron carrier, the fluorescent factor 
F429 [37333-48-5, 64885-97-8] (29) (it absorbs maximally 
at 420 nm), possessing a 5-deazaflavin moiety, was isolated 
from methane-producing bacteria (112). F 49 is an obligate 
intermediate for passage of an electron from H, to NADP~ 
to generate NADPH. The structure of Fy9, was proposed 
as an 8-hydroxy-7-demethyl-5-deazaflavin derivative (25) 
(118) and confirmed as compound (29) by the total synthe- 
sis (114). 
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VITAMINS: THIAMINE (B,) 


Thiamine [59-43-8} is the official TUPAC-IUB name for 3- 
(4-amino-2-methyl-5-pyrimidinyl) methyl-5-(-2-hydroxy- 
ethyl)-4-methylthiazolium chloride, Cy.H,;-NsOSCI (1). 
The names thiamine, thiamin (used in many official and 
commercial documents), aneurine, and the older term vi- 
tamin B, are also casually used. These names usually refer 
to the chloride hydrochloride [67-03-8] (2), the common bio- 
logical and commercial form. 
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Thiamine is found in varying, low levels as its salts and 
phosphate esters in the tissues of practically all life forms, 
where its pyrophosphate [154-87-0] (5), known as cocar- 
boxylase, plays essential roles in carbohydrate metabo- 
lism. Plants and most microorganisms biosynthesize thi- 
amine, but animals are incapable of doing so, require it in 
their diets in amounts varying with their carbohydrate 
use, and excrete the excess. Thiamine content of foods var- 
ies and can be partially lost during storage or processing, 
as it is one of the less stable of the vitamins. Thiamine 
deficiencies can lead to a range of effects, from the malaise 
and fatigue of a lesser deficiency to the serious disorders 
of gross deficiency observed for many animal species, such 
as beriberi, where weight loss, heart disease, and serious 
neurological degeneration can lead to death. As preventive 
measures, thiamine is used to enrich foods and feeds and 
as an ingredient of dietary supplements. Thiamine is also 
used therapeutically for treatment of specific deficiency 
conditions, Thiamine was one of the first of the vitamins 
to be manufactured for commerce. The common commer- 
cially available forms of thiamine, the chloride hydrochlo- 
ride (2) and the mononitrate [532-43-4] (3), are manufac- 
tured by chemical processes operated at fine chemical 
scales. At present, natural sources and bioprocesses are 
not cost-competitive for bulk production. 

The history of thiamine is linked with the disease beri- 
beri, which once caused a great toll of suffering and death 
in parts of the world where milled or polished rice is a 
staple of the diet (1). Beriberi was recognized in China as 
early as 2600 B.c., but the first cure was only demonstrated 
in 1885. Takaki, then surgeon general of the Japanese 
navy, eradicated beriberi in the fleet by adding more pro- 
tein to the sailors’ diet of mainly refined rice to achieve a 
more Western-style diet. By 1901 the Dutch physicians 
Ejjkman and Grijn showed hens kept on a diet of de- 
husked rice developed a disease similar to human beriberi 
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which could be reversed or prevented by adding rice bran 
and other nitrogenous materials to their feed. They sug- 
gested beriberi was caused not by pathogens or toxins but. 
by the lack of a vitally important food constituent, which 
was a radical idea at the time. They also showed the pre- 
ventive factor was leached by water and destroyed by heat. 
Searches for a specific water-soluble nitrogenous sub- 
stance led the English chemist Funk in 1911 to coin the 
term vitamine (vital amine, an amine essential for life), 
popularizing the concept of deficiency diseases. In 1926, a 
small, pure crystalline sample of thiamine hydrochloride 
was painstakingly first isolated from rice bran extracts by 
Dutch chemists Jansen and Donath. After eight years of 
effort, in 1932 the German chemist Windaus and his co- 
workers obtained pure thiamine from yeast extracts and 
established the correct empirical formula. In 1935-1936, 
following similarly prolonged isolation efforts, the Ameri- 
can chemists Williams and Cline and German chemist 
Grewe independently proposed the correct structure based. 
on degradation studies. The name thiamine was first used 
by Williams. Shortly thereafter, the Williams group con- 
firmed the structure by rational synthesis (2), followed 
closely by two different syntheses by other workers (3-5). 
Whereas in 1933 Williams had succeeded in isolating only 
gram quantities from metric tons of rice polishings, a 
highly enriched source, in 1937 chemists at Merck and 
Hoffmann-La Roche developed a production level of about 
100 kg within a year based on two different, relatively in- 
volved chemical syntheses. Demand and production levels 
have risen steeply since then to their present estimated 
level of about 3300 t/yr worldwide. 


PHYSICAL AND CHEMICAL PROPERTIES 


Salt Formation 


As a weakly basic pyrimidine and a thiazolium cation, thi- 
amine forms both mono- and dipositive salts, eg, the two 
commercial forms. 

Thiamine chloride hydrochloride [67-03-8}, (thiamine 
hydrochloride) C,.H,sN,OSCl, (2), crystallizes as colorless 
monoclinic needles, mp 248-250°C (with decomposition), 
which in bulk appear white and have an approximate den- 
sity of 0.4 kg/L. Several polymorphic crystal forms have 
been reported. The salt has a characteristic thiazole meat- 
like odor and a slightly bitter taste. On exposure to air of 
average humidity, the hydrochloride (2) can adsorb up to 
one mole of water (more typically slightly less, to about 4% 
by weight), which may be removed by heating to 100°C or 
by vacuum drying. It is very soluble in water (over 1 kg/L. 
at 25°C), soluble in glycerol (0.056 kg/L), propylene glycol, 
and methanol, sparingly soluble in 95% ethanol (0.01 kg/ 
L), and practically insoluble in less polar organic solvents. 
In 1-5% solutions in water it shows a pH of 3-3.5 (6,7). 

Thiamine mononitrate [532-43-4] (3), Cj2H,,N;0,8, is 
an apparently white, colorless crystalline solid with a typ- 
ical odor, melting point of ca 196-200°C (dec.) and an ap- 
proximate bulk density of 0.5 kg/L. It is much less soluble 
in water than the hydrochloride (0.027 kg/L at 25°C, 0.030 
kg/L at 100°C) and practically nonhygroscopic. Dilute so- 
lutions in water show a pH of 6.5-7 (6,8). 
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Numerous other salts have been reported in the liter- 
ature, including some which are insoluble in water. 


Physical Chemical Characterization 


Thiamine, its derivatives, and its degradation products 
have been fully characterized by spectroscopic methods 
(9,10). The ultraviolet spectrum of thiamine shows pH- 
dependent maxima (11). 1H, 'C, and °N nuclear magnetic 
resonance spectra show protonation occurs at the 1- 
nitrogen, and not the 4-amino position (12-14). The 'H 
spectrum in D.O shows no resonance for the thiazole 2- 
hydrogen, as this is acidic and readily exchanged via for- 
mation of the thiazole ylid (18) an important intermediate 
in the biochemical functions of thiamine. Recent work has 
revised the pK, values for the two ionization reactions to 
4.8 and 18 respectively (9,10,15). The mass spectrum of 
thiamine hydrochloride shows no molecular ion under 
standard electron impact ionization conditions, but fast 
atom bombardment and chemical ionization allow obser- 
vation of both an intense peak for the parent cation and 
its major fragmentation ion, the pyrimidinylmethyl cation 
(16). 


Reactions and Stability 


Thiamine hydrochloride is stable as a solid if kept dry. 
Heating to 100°C for 24 h does not diminish its potency. In 
solution, its stability depends heavily on conditions of pH, 
temperature, and oxygen. Aqueous solutions below pH 5 
are stable to oxygen, heating, and even autoclaving (11). 
Heating in water to 140°C under pressure gives decompo- 
sition to 4-amino-5-hydroxymethyl-2-methyl-pyrimidine 
(73-67-6] (7) and 4-methyl-5-(2-hydroxyethylthiazole 
(137-00-8] (8) (17). Heating with 20% hydrochloric acid hy- 
drolyzes the 4-amino group to yield oxythiamine [582-36- 
5] (9), an antagonist of thiamine (18). Above pH 5, aqueous 
thiamine is destroyed relatively rapidly by boiling. At pH 
7 destruction occurs even at room temperature. Concen- 
trated solutions of thiamine in alcohol when neutralized 
degrade rapidly at room temperature to liberate thiazole 
(8) and form oligomers of the pyrimidine where the 5- 
methylene is linked to N-1 of another pyrimidine unit 
(10,14), 
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At pH 8 or above, even at room temperature, water so- 
lutions of thiamine turn yellow, then fade as a series of 
reactions ensues (9,10,19). Basification allows intramolec- 
ular attack of the 4-amino function on the thiazole ring to 
generate dihydrothiochrome [80483-97-2] (10), which elim- 
inates thiolate to generate the salt of the yellow form, 5,6- 
dihydropyrimido(4,5d)pyrimidine [84825-03-6] (11), as a 
kinetic product (9,10,19) (Fig. 1). The sequence is revers- 
ible. More slowly, under the same conditions, a competing 
hydrolysis of the thiazolium ring via the pseudobase gen- 
erates another product, known as thiamine thiol or the 


thiol form [554-45-0] (12) as the thermodynamic product. 
Also present in the system is a small amount of thiamine 
ylid [84812-92-0] (13), formed by deprotonation of C-2. The 
products dihydrothiochrome (10), yellow form (11), and 
ylid (13) undergo significant and useful chemistry. 

The yellow form (11) on acidification is converted to the 
more stable thiol form (12). On oxidation, typically with 
alkaline ferricyanide, yellow form (11) is irreversibly con- 
verted to thiochrome [299-35-4] (14), a yellow crystalline 
compound found naturally in yeast but with no thiamine 
activity. In solution, thiochrome exhibits an intense blue 
fluorescence, a property used for the quantitative deter- 
mination of thiamine. 

The thiol form (12) undergoes reactions mainly via its 
N-formy] or ene-thiol groups. Heating an aqueous solution 
of the thiol form (Fig. 2) effects hydrolysis to the diamine 
4-amino-5-aminomethyl-2-methyl-pyrimidine —[95-02-3] 
(16), 5-hydroxy-3-mercaptopentan-2-one [15678-01-0](17), 
and formic acid (20). Neutralization of a solution of the 
thiolate anion with carbon dioxide gives a fat-soluble basic 
material (21682-72-4, 35922-43-1] (20), presumably via 
dihydrothiochrome (10) (21). Acylation of the thiolate oc- 
curs on both sulfur and oxygen to give mono- or diacyl thi- 
amines, some of which are interesting fat-soluble depot 
forms of thiamine. 

The thiol form (12) is susceptible to oxidation (see Fig. 
2). Iodine treatment regenerates thiamine in good yield. 
Heating an aqueous solution at pH 8 in air gives rise to 
thiamine disulfide [67-16-3] (21), thiochrome (14), and 
other products (22). The disulfide is readily reduced to thi- 
amine in vivo and is as biologically active. Other mixed 
disulfides, of interest as fat-soluble forms, are formed from 
thiamine, possibly via oxidative coupling to the thiol form 
(12). 

Whereas a claim of isolation of the thiamine ylid (13) 
has been the subject of controversy (15,23), kinetic and 
product studies and molecular orbital calculations support 
the formation and reactivity of a thiamine ylid as an un- 
stable intermediate (15,24-26). Ylid (13) is accepted as an 
intermediate in explanations of the enzymatic and nonen- 
zymatic reactions of thiamine. Among these reactions are 
the enzymatic oxidative decarboxylation of pyruvic and 2- 
ketoglutaric acids, the formation of acetoin, the reversible 
alpha-ketol transfer reactions catalyzed by transketolase, 
and the nonenzymatic acyloin condensation. According to 
the thiazolium ylid mechanism, ylid (13) reacts reversibly 
with carbonyl reagents, facilitating aldol-retroaldol and 
decarboxylation reactions (Fig. 3), via the acyl anion equiv- 
alent thiazolium ylids (23), the so-called active aldehydes, 
which are the key intermediates (27). In the specific case 
of oxidative decarboxylation of pyruvic acid, for example, 
ylid (23) transfers the acyl group to lipoic acid. Other re- 
actions involving thiamine similarly involve nucleophilic 
additions of a thiazolium ylid to a suitable acceptor. Syn- 
theses of a thiamine—pyruvate adduct (22) and a proton- 
ated form of its decarboxylation product (23) (28), as well 
as model studies with thiazolium ions (29), further support 
the thiazolium ylid mechanism. There is still current de- 
bate and investigation of the mechanistic details of the in- 
volvement of the thiamine ylid (13) in biological systems, 
including the role of the associated metal ions (15,30). 
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Figure 2. Reactions of the thiol form (12). 
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Figure 3. Oxidative decarboxylation of 
alpha-ketoacids. 


Thiamine is susceptible to reaction with various nucleo- 
philic species. During the race for the isolation of thiamine, 
it was found by chance during attempted stabilization of 
extracts that thiamine is readily ruptured by sulfite treat- 
ment. This occurs slowly at pH 3 and rapidly at pH 5 and 
above, to give 4-amino-2-methyl-5-pyrimidine-methane- 
sulfonic acid [108084-76-0] (24) (Fig. 4), with liberation of 
the thiazole moiety (8) (2,10). Other nucleophilic groups 
such as pyridines, phenolates, anilines, and azide react 
similarly in the required presence of sulfite. An addition— 
elimination mechanism involving sulfite attack on the py- 
rimidine ring has been elucidated (9,10). Similar reactions 
are observed in the degradation of thiamine by thia- 
minases, enzymes found in certain foods and bacteria, in- 
cluding some found in the human intestine (1,10,31). Thia- 
minase I (EC 2.5.1.2), found in shellfish, ferns, some 
vegetables and some bacteria, promotes the replacement 
of the thiazole by other organic bases, including purines. 
Thiaminase II (EC 3.5.99.2), found mostly in bacteria, cat- 
alyzes the cleavage of thiamine into (7), the biosynthetic 
precursor of thiamine and an antagonist of pyridoxine (vi- 
tamin B,). A thiol group at the active site is strongly im- 
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plicated (11). These enzymes can have strong effects on 
animals as they promote thiamine deficiency (32). Fortu- 
nately, they are thermolabile, and hence a problem mostly 
in uncooked foods or feeds. 

Thermostable substances which inactivate thiamine 
have been found in a large number of plants and in some 
animal tissues. Among these are polyphenols such as caf- 
feic acid, tannic acid, hydroxylated derivatives of tyrosine, 
and some flavonoids (1). Thiamine is susceptible to de- 
struction by x-rays, gamma rays, and ultraviolet light to 
generate diamine (16) by cleavage of the thiazole ring (1). 
Photochemical and thermal degradation of thiamine gives 
rise to numerous sulfur-containing heterocycles, some with 
meaty or bread aromas of interest to the flavor industry 
(33). 

Operations in preparing or preserving food and feeds 
can sometimes lead to significant losses of thiamine value 
through leaching, chemical destruction (from high heat, 
high energy irradiation, or especially alkaline oxidizing 
conditions), and specific chemical interactions with 
thiamine-destroying substances. Such losses range in 
amounts from a few percent to as high as 85%. In many 
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Figure 4. Mechanism of nucleophilic degradation. 


cases, the destruction of thiamine shows apparent first- 
order kinetics, and Arrhenius calculations can be used to 
estimate losses (1,34). 

Thiamine forms the expected derivatives of the thiazole 
alcohol function, such as carboxylic and phosphate esters. 
Few reactions at the pyrimidine 4-amino function have 
been reported. Most of the usual conditions used for for- 
mation of amides, for example, lead to destruction of the 
thiazolium ring. 


NATURAL OCCURRENCE 


Thiamine is widespread in nature, although generally in 
only relatively minute quantities (1,35). In microorgan- 
isms it is found mainly intracellularly, although minute 
amounts are lost to the natural environment upon cell ly- 
sis. In higher plants the most abundant form is free thia- 
mine along with lesser amounts of the phosphate esters 
(4-6). Within the plant, thiamine is unevenly distributed, 
its amounts and location depending on the life stage. Seeds 
and uptake from the soil supply the plant until biosynthe- 
sis in the leaves begins. Thiamine is then transported from 
the leaves to the roots where it exhibits hormone-like ef- 
fects on their growth. Later thiamine is again concentrated 
in the seeds, especially in the germ and in the pericarpal 
layers surrounding the starchy areas of the seed (36). As 
the germ and bran is often removed during processing for 
aesthetic reasons, highly refined rice or wheat, for exam- 
ple, can have significantly lowered contents of thiamine, 
and can be a cause of thiamine deficiency when used as 
staple foods. 

In the tissues of animals, most thiamine is found as its 
phosphorylated esters (4-6) and is predominantly bound 
to enzymes as the pyrophosphate (5), the active coenzyme 
form. As expected for a factor involved in carbohydrate me- 
tabolism, the highest concentrations are generally found 
in organs with high activity, such as the heart, kidney, 
liver, and brain. In humans this typically amounts to 1-8 
ug/g of wet tissue, with lesser amounts in the skeletal mus- 
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cles (35). A typical healthy human body may contain about 
30 mg of thiamine in all forms, about 40-50% of this being 
in the muscles owing to their bulk. Almost no excess is 
stored. Normal human blood contains about 90 ng/mL, 
mostly in the red cells and leukocytes. A value below 40 
ng/mL is considered indicative of a possible deficiency. 
Amounts and proportions in the tissues of other animal 
species vary widely (31,35). 

Good natural human dietary sources of thiamine are 
unrefined cereal grains, organ meats, pork, legumes, and 
nuts (Table 1). Oils, fats, and highly refined foods are es- 
sentially devoid of thiamine (3,36). Although thiamine is 
widespread in foods, some can be lost in food preparation 
and storage. As a result, dietary intake can vary signifi- 
cantly. In most developed countries, foods (typically white 
rice and white flour) and feeds are supplemented with thi- 
amine and its use in vitamin tablets as dietary supple- 
ments is common. Enriched grains, cereals, and baked 
products contribute about 30-45% of the recommended 
daily allowance (RDA) for the adult diet in the United 
States. 


BIOCHEMICAL AND PHYSIOLOGICAL FUNCTIONS 


Thiamine serves essential functions and its deficiency 
causes particularly deleterious effects on an organism's en- 
ergy status and, in higher organisms, its nerve functions. 
In living systems, the only established biochemically active 
form is the pyrophosphate (cocarboxylase) (5), which plays 
a vital role in intermediate metabolism as a cofactor for 
some important enzymatic reactions. Dehydrogenase en- 
zymes require cocarboxylase (5) for oxidative decarboxyl- 
ation of 2-ketoacids, notably pyruvate in glycolysis, 2- 
oxoglutarate in the citric acid cycle, and other ketoacids 
from amino acid decarboxylation (1). Transketolase en- 
zymes require cocarboxylase (5) for the reversible transfer 
of alpha-ketols in ketose—aldose transformations impor- 
tant in the production of pentoses for RNA and DNA syn- 
thesis (1). Thiamine triphosphate (6) occurs in unusually 
higher concentrations in nerve tissues and the brain and 
may play an essential role in the stimulation of peripheral 
nerves (35). 


Table 1. Average Thiamine Contents of Foods 


Food. Thiamine (ug/100 g) 
Wheat germ 2050 
Dried brewer's yeast 1820 
Soybeans 1300 
Pork 600-950 
Dried beans and peas 680 
Dried milk whey 500 
Nuts 300-560 
Brown rice 300 
Beef liver 300 
Potatoes 170 
Fish 50-90 
Eges 70 
Vegetables (fruit, leaf, stem, root) 60-70 
Whole milk 30-70 
White rice 50 
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In humans, thiamine is both actively and passively ab- 
sorbed to a limited level in the intestines, is transported 
as the free vitamin, is then taken up in actively metabo- 
lizing tissues, and is converted to the phosphate esters via 
ubiquitous thiamine kinases. During thiamine deficiency 
all tissues stores are readily mobilized. Because depletion 
of thiamine levels in erythrocytes parallels that of other 
tissues, erythrocyte thiamine levels are used to quantitate 
severity of the deficiency. As deficiency progresses, thia- 
mine becomes indetectable in the urine, the primary ex- 
cretory route for this vitamin and its metabolites. Six 
major metabolites, of more than 20 total, have been char- 
acterized from human urine, including thiamine frag- 
ments (7,8), and the corresponding carboxylic acids 
(1,37,38). 

The classic pathology resulting from severe thiamine 
deficiency in humans is called beriberi. Similar conditions 
have been described for many other animals. Beriberi de- 
velops primarily from inadequate intake of thiamine or 
from ingestion of food containing antithiamine factors and 
is somewhat rare in developed areas of the world. Less 
severe thiamine deficiency is more common and is char- 
acterized by anorexia and mental disturbances, such as 
irritability, inattention, memory defects, depression, and 
insomnia. Ifa lesser deficiency is left untreated, one of sev- 
eral clinical forms of beriberi develops, the symptoms of 
which include mental changes, peripheral neuritis, par- 
esthesias, muscle cramps, edema, muscular atrophy, and 
cardiac failure. The most commonly encountered type of 
thiamine deficiency in Western countries is associated with 
alcohol abuse. This is generally thought to result from high 
intake of empty calories and low intake of nutritionally 
adequate foods. Other factors which influence thiamine 
status include general level of muscular activity; dietary 
practices such as high intake of refined carbohydrates, tea 
or coffee, or raw seafood; reduced thiamine intake as a re- 
sult of disease, or parasites or drugs lowering food intake 
and utilization or thiamine absorption; pregnancy and lac- 
tation; heavy smoking; advanced age; genetic background; 
and stress. In other animals, climate and intestinal micro- 
flora also become important, and toxic effects can occur 
from changes in the microflora (39). Thiamine status has 
been monitored by blood thiamine levels, thiamine and 
metabolite levels in the urine, blood pyruvate and lactate 
levels, and blood transketolase activity (1,37,38). 

Thiamine requirements vary and, with a lack of signifi- 
cant storage capability, a constant intake is needed or de- 
ficiency can occur relatively quickly. Human recommended 
daily allowances (RDAs) in the United States are based on 
calorie intake at the level of 0.50 mg/4184 kJ (1000 kcal) 
for healthy individuals (Table 2). As little as 0.15-0.20 mg/ 
4184 kJ will prevent deficiency signs but 0.35-0.40 mg/ 


Table 2. U.S. RDAs for Thiamine 


Population segment RDA (mg) 
Infants and children <4 yr 0.7 
Adults and children >4 yr 15 
Pregnant or lactating women L7 


4184 kJ are required to maintain near normal urinary ex- 
cretion levels and associated enzyme activities. Pregnant 
and lactating women require higher levels of supplemen- 
tation. Other countries have set different recommended 
levels (1,37,38). 


MANUFACTURE 


Chemistry 


Isolation of thiamine from natural sources (rice bran, yeast 
extracts, or wheat germ) is only of historical interest. Pro- 
duction by bioprocesses is not cost-effective at present. All 
of the thiamine produced worldwide is manufactured by 
chemical processes operated at moderately large scale. 
Two major synthetic routes have been used: alkylation of 
a preformed thiazole, or construction of the thiazolium salt 
from a pyrimidine carrying the ultimate thiazole nitrogen 
(9,40). The latter approach is now generally preferred for 
manufacturing. 

The first approach parallels the known biosynthetic 
pathway where the alkylating agent is the pyrophosphate 
ester of alcohol (7). Typical of this approach is Williams’ 
first convergent synthesis, which is the basis for the first 
industrial method developed by Merck & Co. (2,5,41). Syn- 
thetic 4-amino-5-bromomethy]-2-methylpyrimidine [2908- 
71-6} (26) and thiazole (8), or its O-acetate, were condensed 
and then the bromide was replaced by use of silver salts. 
Numerous variants were published or patented in the 
1930s and 1940s. Such methods generally gave only mod- 
erate yields, used higher temperatures in polar solvents, 
required tedious purification of the colored products and 
are no longer used. 
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In the second general method, the amine (16), known 
as Grewe diamine, is the paradigm intermediate onto 
which the thiazolium ring is constructed. Differences occur 
only in the raw materials and methods used for the man- 
ufacture of the diamine. The same end of the linear se- 
quence is universally practiced by all large manufacturers. 

The synthesis which forms the basis of production at 
Hoffmann-La Roche (Fig. 5) proceeds via the pyrimidine- 
nitrile [698-29-3] (27) made from malononitrile, trimeth- 
ylorthoformate, ammonia, and acetonitrile (42,43). High 
pressure catalytic reduction of the nitrile furnishes dia- 
mine (16). The overall sequence is short, highly efficient, 
and generates almost no waste. However, malononitrile is 
a relatively expensive and hazardous three-carbon source. 

Other syntheses produce Grewe diamine using inexpen- 
sive acrylonitrile and alkyl formates as raw materials. 
Such routes deliver the pyrimidine bridge carbon at the 
correct aminomethy] oxidation level without a need for re- 
duction. Thus, in the older method of Shionogi, base- 
catalyzed acylation of 3-methoxypropanenitrile followed 
by enolate alkylation and ring closure with two equivalents 
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Figure 5. Roche process. 


of acetamidine gives the acetyl derivative [23676-63-3} (28) 
of Grewe diamine (Fig. 6) (44-46). Alternatively, in a newer 
method by BASF, acylation of 3-formamidopropanenitrile, 
followed by ring closure with acetamidine, gives diamine 
as its formamide [1886-34-6] (29) (Fig. 7) (47-50). Both the 
Shionogi and BASF methods are simple technologies based 
on inexpensive raw materials, but both generate signifi- 
cant levels of salts and organic carbon as wastes. 

In the past decade Takeda and Ube, in a joint venture 
have developed a new process for diamine, also based on 
acrylonitrile and alkyl formate, but carrying the pyrimi- 
dine bridge carbon at the carbonyl level (Fig. 8) (50-55). 
Metal-catalyzed oxidation of acrylonitrile in methanol gen- 
erates 3,3-dimethoxypropanenitrile [57597-62-3}] (80) 
which is acylated with methoxide/carbon monoxide under 
pressure. Unlike other methods in which the intermediate 
enolate is alkylated, in this process the enolate is acetal- 
ized and the acetal thermally converted to the acetal enol 
ether [87466-78-2] (31). Condensation with acetamidine 
provides the remaining carbons. After hydrolysis of the 
acetal [16057-06-0} (32), reductive amination at high pres- 
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sure with a specialized catalyst provides diamine (16) in 
very high overall yield. The process is operated in a new, 
large-scale, automated, continuous, technically complex 
plant in Japan. Advantages include use of inexpensive ac- 
rylonitrile and carbon monoxide, avoidance of the costs of 
an alkylating agent, and consumption of only one equiva- 
lent of acetamidine. 

Ina much different approach based on cyanamide, ac: 
rylonitrile, and acetonitrile, cyanoacetamidine [56563-07- 
6) (338) is cyanoethylated and the condensation product 
[56563- 10-1} (34) is dehydrogenated and hydrogenated di- 
rectly to Grewe diamine in the presence of Raney cobalt 
and ammonia (56). 
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(28) Figure 6. Shionogi process. 


(29) Figure 7. BASF process. 
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Figure 8. Takeda—Ube process. 


2534 VITAMINS: THIAMINE (B,) 


Methods for synthesis of the thiazolium ring also have 
matured technically based on the cost, throughput, and 
waste disposal issues of production. In earlier syntheses, 
the 2-carbon and the sulfur atom were supplied as potas- 
sium dithioformate, made from chloroform and potassium 
sulfide. N-(4-Amino-2-methyl-5-pyrimidinyl)-methylthio- 
formamide [31375-20-9] (35) served as a partner to 5- 
acetoxy-3-chloropentan-2-one [1 19867-66-2} (36) in a clas- 
sical Hantzch thiazole synthesis (3,57). Such routes 
suffered from similar limitations to the quaternization 
routes mentioned before, but were used in commercial pro- 
duction until the discovery of the paradigm intermediate 
known as thiothiamine [299-35-4)} (37). In the 1940s and 
1950s, chemists at Tanabe and Takeda showed that the 2- 
carbon and the sulfur atom can be supplied very efficiently 
via carbon disulfide, the extra sulfur atom being readily 
removed by oxidation in nearly quantitative yield (58,59). 
Typically, an aqueous solution of diamine and alkali is 
treated in succession with carbon disulfide to form the di- 
thiocarbamate [2882-49-7] (38), then with chloroketone 
(86), then acid to form the relatively insoluble, thiothia- 
mine (87). Oxidation with hydrogen peroxide forms thia- 
mine sulfate, which is converted by ion exchange (qv) to a 
solution of the hydrochloride (2) which is concentrated, 
crystallized, and dried. The much less soluble nitrate (3) 
is precipitated from aqueous solution with alkali metal ni- 
trate. The advantages of this approach, ie, a cheap, easily 
handled sulfur source, very high overall yield and through- 
put, excellent product color and purity, and the use of 
water as solvent, have made it the preferred method 
of manufacture worldwide. Disadvantages include use of 
chlorinated intermediates, salt load from the sulfate waste 
stream, and malodorous aqueous waste which must be 
well contained and treated. This chemistry is practiced by 
‘Takeda and Hoffmann-La Roche in automated factories us- 
ing standard glass and stainless steel fine chemical pro- 
cessing equipment operated continuously at many hun- 
dreds of metric tons annually. Production in the several 
smaller Chinese factories is probably basically similar. 
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In two unique, convergent approaches to the thiazole 
ring, other formate synthons are used for the 2-carbon. In 
one, reaction of formaldehyde with diamine (16) and thiol 
(17) gives dihydrothiamine [959-18-2] (39), which is oxi- 
dized to thiamine (60). In another, reaction of diamine (16) 
with orthoformate gives intermediate dihydropyrimidine 
[31375-19-6] (40), to which thiol (17) is added. Acidic re- 
arrangement gives thiamine in high yield (60). 
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Although numerous other materials have been pro- 
posed as carbon sources for the thiazole ring, all manu- 
facturing of thiamine is believed to use 3-chloro-5- 
acetoxypentan-2-one (36) or the corresponding alcohol 
[13045-13-1} (41) as intermediates. These are made by 
chlorination of acetylbutyrolactone, the latter from inex- 
pensive butyrolactone and methyl acetate, generating 
chlorinated wastes. 


ce) fe} ce fe) 
(CH,COOR Leh A ition 
Cop sige. Ay Ay 28 me 
Ho" a 


(86, OAc) 
(41, OH) 


Worldwide production of thiamine was estimated at 
3300 t in 1995. The principal suppliers were Hoffmann-La 
Roche, Takeda, and several Chinese factories. Prices in the 
United States were in the range of $20-$28/kg in 1995. 


Product Specifications and Testing 


Nutrients and diet supplements without claims are con- 
sidered foods, and thus are regulated by the U.S. Food and 
Drug Administration and are further subject to specific 
food regulations. Specifications for the hydrochloride (2) 
and the mononitrate (3) for foods are given in the Food 
Chemicals Codex (62) and for pharmaceuticals in the U.S. 
Pharmacopeia (63). General test methods have been sum- 
marized (64). 


Safety and Handling 


The hydrochloride (2) and the nitrate (3) are typically 
packaged in standard 20—-25-kg foil or poly-lined cardboard 
boxes. Smaller packaging sizes are also available. Both hy- 
drochloride (2) and nitrate (3) are required to be kept un- 
der normal cool, dry storage conditions, not to exceed 70°C 
and protected from light. Both are listed in the TSCA In- 
ventory and material safety data sheets (MSDS) are avail- 
able from suppliers. Precautions against dust exposure to 
the eyes, skin, or lungs (IOEL of 3.0 mg/m® time weighted 
average) and against fire and dust explosion are indicated. 
The NPFA ratings for health, fire, and reactivity for the 
hydrochloride (2) are 1, 2, and 1, respectively, and for the 
nitrate (3) they are 1, 3, and 1. Neither national nor inter- 
national transportation is regulated. The U.S. EPA has not 
established reportable quantities for environmental re- 
leases (7,8). The acute LDso (rat. oral) of 12,300 mg/kg for 
the hydrochloride (2) and 15,900 for the nitrate (3) qualify 
these materials as relatively harmless orally. There is no 
evidence of toxicity from thiamine taken orally by humans, 
even when doses of 500 mg, over 300 times the RDA, are 
taken daily for a month. Excess thiamine is easily cleared 


by the kidney (7,8,65). Parenteral doses of the hydrochlo- 
ride (subcutaneous, intramuscular, or intravenous) have 
generally been well tolerated up to 100-500 mg with very 
few toxic effects. Some cases of sensitization or anaphylac- 
tic shock on repeated injections have been reported (1). 


ANALYTICAL METHODS 


Fluorometric, chromatographic, microbiological, and ani- 
mal assays have been used for thiamine and its derivatives 
(66). The most widely used and officially sanctioned 
method has been the fluorometric assay (67), although 
high performance liquid chromatography has been in- 
creasingly employed (68). In natural materials, thiamine 
is often present as its phosphate esters and is protein- 
bound, therefore procedures to free it are necessary steps 
in most assays. Determination of thiamine by the fluoro- 
metric method involves acid extraction, phosphatase hy- 
drolysis, ion exchange to remove interferences, and oxi- 
dation with ferricyanide or other reagents to thiochrome, 
whose fluorescence (excitation 365 nm/emission 435 nm) 
is measured and compared with a standard (67). Various 
hple methods have been developed for quantitation of thi- 
amine and its phosphates in biological matrices to pico- 
mole to femtomole levels. Separations are made with 
reversed-phase, ion-exchange, and specialized straight- 
phase packings and detection with uv, post-column deriv- 
atization—fluorometry, or electrochemical techniques. Al- 
ternatively, precolumn derivatization and measurement of 
thiochrome has been used (68). High performance capillary 
electrophoresis has been applied (69). Gas chromatogra- 
phy has been used to determine thiamine to picomole level 
as the thiazole portion following cleavage of thiamine with 
sulfite (71). Microbiological assays are simple, inexpensive, 
and sensitive (5-50 ng thiamine). The results agree well 
with fluorometric methods but can take longer to achieve 
results. Microorganisms that have been most widely used 
include Lactobaccillus fermenti (ATCC 9338) and Lacto- 
bacillus viridescens (ATCC 12706), partly because they re- 
spond only to intact thiamine and not to its precursors (31). 
Bioassays in rats based on growth or cure of polyneurititis 
symptoms are time consuming and expensive but have 
been historically valuable in determining thiamine avail- 
ability in foods and thiamine activity of related compounds 
(31). 


FORMS, DERIVATIVES, AND ANALOGUES 


The hydrochloride and mononitrate are the only commer- 
cial forms approved in the United States. The mono-, di-, 
and triphosphate esters (4-6) are colorless, water-soluble, 
organic-insoluble, high melting solids found naturally. Al- 
though they have been synthesized (9), they have not been 
produced commercially on large scale. In Japan and Eu- 
rope, other forms have been approved for human use. Thi- 
amine disulfide (21) is somewhat more soluble than thia- 
mine in organic media. This material and its more 
fat-soluble O,O-dibutyrate and O,O-dibenzoate [2667-89- 
2] (42) have been used therapeutically for treatment of thi- 
amine deficiency (70). Treatment of thiamine with extracts 
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of garlic or other Allium species converts it to a lipid- 
soluble disulfide derivative which is a very physiologically 
active depot form of thiamine. Thiamine allyl disulfide 
[554-44-9] (allithiamine) (43), was the first of several thi- 
amine alkyl disulfides to be used therapeutically for thia- 
mine deficiency, including prosultiamine [59-58-5] (44) and 
fursultiamine [804-30-8] (45). Because of their greater 
lipid solubility, they are absorbed and retained more 
strongly in the body. Jn vivo they are converted back to 
thiamine. They are of interest almost exclusively in Japan 
and are not yet approved in the United States (70,71). 
Sugar derivatives (qv) are claimed to have better taste and 
no odor (73). In applications where water solubility is det- 
rimental, such as fish feeds with high thiaminase activity, 
formulations of the hydrochloride or nitrate with a waxy 
coating are effective. 
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Numerous analogues of thiamine have been synthe- 
sized by structural modifications of the pyrimidine or thi- 
azole rings or the bridging atoms (1,9,10). None has been 
found to exceed the biological activity of thiamine but some 
act as antagonists. Substitution at the 2-methyl, 4-amino, 
or 6-position of carbon for ring nitrogens, or of the meth- 
ylene bridge, results in loss of activity. In the thiazolium 
ring, the sulfur atom, hydrogen at the 2-position, and the 
2-hydroxyethyl group are essential for activity. The pyri- 
dine analogue, pyrithiamine [534-64-5] (46) is the most po- 
tent thiamine antagonist known. Some thiamine antago- 
nists were found at low levels to selectively inhibit 
thiamine uptake by Coccidia. A modified thiamine-like 
molecule, called Amprolium [121-25-5] (47) was once 
claimed to be useful as a coccidiostat for poultry (73). 
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BIOSYNTHESIS 


Higher plants, most bacteria, and some fungi biosynthe- 
size thiamine. Humans or most other animals cannot, al- 
though some of their gut microflora can. Many microbial 
species are self-sufficient, others can synthesize thiamine 
if one or both of immediate precursors are available, and 
still others require the complete substance. Few produce 
much of an excess over their own requirements. Biosyn- 
thesis of thiamine in microorganisms has been reviewed 
(9,74-76). Media modifications and mutagenesis have 
achieved small increases of thiamine levels with microor- 
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ganisms, the highest levels of a few mg/L being found with 
yeasts (qv) (77). A broader search among many yeast spe- 
cies has reported a Saccharomyces cerevisiae strain which 
accumulates up to 200 mg/L in the culture broth (78). 

The pathways for thiamine biosynthesis have been elu- 
cidated only partly. Thiamine pyrophosphate is made uni- 
versally from the precursors 4-amino-5-hydroxymethyl-2- 
methylpyrimidine pyrophosphate [841-01-0] (48) and 
4-methyl-5-(2-hydroxyethyl)thiazole phosphate [3269-79- 
2) (49), but there appear to be different pathways in the 
earlier steps. In bacteria, the early steps of the pyrimidine 
biosynthesis are same as those of purine nucleotide bio- 
synthesis, 5-Aminoimidazole ribotide [41535-66-4] (AIR) 
(50) appears to be the sole and last common intermediate; 
ultimately the elements are supplied by glycine, formate, 
and ribose. AIR is rearranged in a complex manner to the 
pyrimidine by an as-yet undetermined mechanism. In 
yeasts, the pathway to the pyrimidine is less well under- 
stood and may be different (74-83) (Fig. 9). 

In the biosynthesis of the thiazole, cysteine is the com- 
mon sulfur donor. In yeasts, the C-2 and N may be supplied 
by glycine, and the remaining carbons by D-ribulose-5- 
phosphate [108321-99-9} (51). In anaerobic bacteria, the 
C-2 and N may be recruited from tyrosine and the carbons 
from D-1-deoxyxylulose [16709-34-5], (52), whereas in 
aerobic bacteria the C-2 and N may be derived from gly- 
cine, as in yeasts (74-76,83-86) (see Fig. 9). 

Biosynthesis of pyrophosphate (5) from pyrimidine 
phosphate (48) and thiazole phosphate (49) depends on the 


activity of five enzymes, four of them kinases (87). In 
yeasts and many other organisms, including humans, py- 
rophosphate (5) can be obtained from exogenous thiamine 
in a single step catalyzed by thiamine pyrophosphokinase 
(88). 

A number of the genes involved in the biosynthesis of 
thiamine in E. coli (89-92), Rhizobium meliloti (93), B. sub- 
tilis (94), and Schizzosaccharomyces pombe (95,96) have 
been mapped, cloned, sequenced, and associated with bio- 
synthetic functions. Thiamine biosynthesis is tightly con- 
trolled by feedback and repression mechanisms limiting 
overproduction (97,98). A cost-effective bioprocess for pro- 
duction of thiamine will require significant additional pro- 
gress. 


USES 


Most of the thiamine sold worldwide is used for dietary 
supplements. Primary market areas include the following 
applications: addition to feed formulations, eg, poultry, 
Pigs, cattle, and fish fortification of refined foods, eg, flours, 
rice, and cereal products; and incorporation into multivi- 
tamins. Small amounts are used in medicine to treat de- 
ficiency diseases and other conditions, in agriculture as an 
additive to fertilizers (qv), and in foods as flavorings. Gen- 
erally for dry formulations, the less soluble, nonhygro- 
scopic nitrate is preferred. Only the hydrochloride can be 
used for intravenous purposes. Coated thiamine is used 
where flavor is a factor. 
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Figure 9. Biosynthesis of thiamine. 
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The curative role of the juice of cooked liver extracts in the 
treatment of night blindness was first recognized and prac- 
ticed by the Egyptians in ancient times (1). Several millen- 
niums later, in the early part of the twentieth century, 
many groups identified a lipid-soluble factor found in 
milk, butter, and egg yolks which was therapeutic for this 
condition. In 1913, McCollum and Davis coined the term 
fat-soluble A and subsequently, ascribed the growth- 
promoting effects of liver extracts to this material (2,3). 
Later, Osborne and Mendel found that cod liver oil con- 
tained an ingredient that was essential for growth pro- 
motion in rats (4). 

The structure of vitamin A [11103-57-4] and some of the 
important derivatives are shown in Figure 1. The parent 
structure is all-trans-retinol [68-26-8) and its IUPAC name 
is (all-E)-3,7-dimethyl-9-(2,6,6-trimethyl-1-cyclohexen-1- 
yl)-2,4,6,8-nonatetraen-1-ol (1), The numbering system for 
vitamin A derivatives parallels the system used for the ca- 
rotenoids. In older literature, vitamin A compounds are 
named as derivatives of trimethy] cyclohexene and the side 
chain is named as a substituent. For retinoic acid deriva- 
tives, the carboxyl group is denoted as C-1 and the tri- 
methyl cyclohexane ring as a substituent on C-9. The 
structures of vitamin A and f-carotene were elucidated by 
Karrer in 1930 and several derivatives of the vitamin were 
prepared by this group (5,6). In 1935, Wald isolated a sub- 
stance found in the visual pigments of the eye and was able 
to show that this material was identical with Karrer’s re- 
tinaldehyde [116-3 1-4] (5) (7). 

Vitamin A, [79-80-1} (6) is structurally similar to vita- 
min A, [68-26-8] and is also found in fish oils. This com- 
pound is important biologically for fish and other lower 
animals. Interestingly, tadpoles require vitamin A, but af- 
ter metamorphosis require vitamin A, (8). 
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Figure 1. Vitamin A and derivatives: retinol (1), retinyl acetate 


[127-47-9] (2), retinyl palmitate [79-81-2] (3), and retinyl propio- 
nate [7069-42-3] (4). 
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The curative role of the juice of cooked liver extracts in the 
treatment of night blindness was first recognized and prac- 
ticed by the Egyptians in ancient times (1). Several millen- 
niums later, in the early part of the twentieth century, 
many groups identified a lipid-soluble factor found in 
milk, butter, and egg yolks which was therapeutic for this 
condition. In 1913, McCollum and Davis coined the term 
fat-soluble A and subsequently, ascribed the growth- 
promoting effects of liver extracts to this material (2,3). 
Later, Osborne and Mendel found that cod liver oil con- 
tained an ingredient that was essential for growth pro- 
motion in rats (4). 

The structure of vitamin A [11103-57-4] and some of the 
important derivatives are shown in Figure 1. The parent 
structure is all-trans-retinol [68-26-8) and its IUPAC name 
is (all-E)-3,7-dimethyl-9-(2,6,6-trimethyl-1-cyclohexen-1- 
yl)-2,4,6,8-nonatetraen-1-ol (1), The numbering system for 
vitamin A derivatives parallels the system used for the ca- 
rotenoids. In older literature, vitamin A compounds are 
named as derivatives of trimethy] cyclohexene and the side 
chain is named as a substituent. For retinoic acid deriva- 
tives, the carboxyl group is denoted as C-1 and the tri- 
methyl cyclohexane ring as a substituent on C-9. The 
structures of vitamin A and f-carotene were elucidated by 
Karrer in 1930 and several derivatives of the vitamin were 
prepared by this group (5,6). In 1935, Wald isolated a sub- 
stance found in the visual pigments of the eye and was able 
to show that this material was identical with Karrer’s re- 
tinaldehyde [116-3 1-4] (5) (7). 

Vitamin A, [79-80-1} (6) is structurally similar to vita- 
min A, [68-26-8] and is also found in fish oils. This com- 
pound is important biologically for fish and other lower 
animals. Interestingly, tadpoles require vitamin A, but af- 
ter metamorphosis require vitamin A, (8). 
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Figure 1. Vitamin A and derivatives: retinol (1), retinyl acetate 


[127-47-9] (2), retinyl palmitate [79-81-2] (8), and retiny] propio- 
nate [7069-42-3] (4). 
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Vitamin A constitutes the most significant sector of the 
commercial retinoid market and is used primarily in the 
feed area. In the pharmaceutical area, there are several 
important therapeutic dermatologic agents which struc- 
turally resemble vitamin A and they are depicted in Figure 
2. The carotenoids as provitamin A compounds also rep- 
resent an important commercial class of compounds with 
B-carotene [7235-40-7} (10) occupying the central role (Fig. 
3) (9). 


CHEMICAL AND PHYSICAL PROPERTIES 


Because of the presence of an extended polyene chain, the 
chemical and physical properties of the retinoids and ca- 
rotenoids are dominated by this feature. Vitamin A and 
related substances are yellow compounds which are unsta- 
ble in the presence of oxygen and light. This decay can be 
accelerated by heat and trace metals. Retinol is stable to 
base but is subject to acid-catalyzed dehydration in the 
presence of dilute acids to yield anhydrovitamin A [1224- 
18-8} (16). Retrovitamin A [16729-22-9] (17) is obtained by 
treatment of retinol in the presence of concentrated hy- 


CH, CH 
CH; CH, . J aa 
QD DO 
‘CHy 
) 
CH, CH, 
CHs. -CHs J ‘ 
WLS 
COsH 
CHy 
(8) 
CH, CH CH, 
CHs QDS 0022s 
Cc 
Has 5 CHs 


(9) 


Figure 2. Commercially important retinoids: retinoic acid [302- 
79-4] (Tretinoin) (7), 13-Z-retinoic acid [4759-48-2] (Isotretinoin) 
(8), and etretinate [54350-48-0] (9). 
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drobromic acid. In the case of retinoic acid and retinal, re- 
isomerization is possible after conversion to appropriate 
derivatives such as the acid chloride or the hydroquinone 
adduct. Table 1 lists the physical properties of f-carotene 
[7235-40-7] and vitamin A. 


CH, ¢c 
CH; -CHs = Hs 
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Of the 16 possible geometric isomers of vitamin A, only 
the all-trans form has full vitamin A activity and these 
compounds are commonly named according to the older, 
nonsystematic nomenclature (Table 2). From a biological 
standpoint, 11-cis-retinal plays a critical role in vision 
(vide infra). As earlier described, 13-cis-retinoic acid is im- 
portant as a dermatological agent. Recently, 9-cis-retinoic 
acid has also been shown to be an important biological iso- 
mer and has been identified as a novel endogenous hor- 
mone in mammalian tissues (11). The other 13 isomers 
have no biological or commercial significance. Isolation, 
characterization, and synthesis of these isomers have been 
reported (12). 

The most conspicuous physical feature of the retinoids 
and of the carotenoids is the uv spectrum. In the case of 
the carotenoids, this coloration property is one reason for 
their commercial significance. In general, there are several 
factors which influence the position of 4,,,,, the intensity 
of the absorbance, and the degree of fine structure (13). 
These include the length of the polyene chain, the number 
of cis double bonds, and end group functionality. For ex- 
ample, all-trans-retinal (5) has an absorption maximum at 
368 nm and a molecular extinction coefficient at 48,000, 
whereas the 7,9,11,13-cis isomer has values of 308 nm and 
15,500. Both hypsochromic shifts and hypochromic effects 
are observed when the stereochemistry of the double bond 
is changed from trans to cis. External factors such as sol- 
vent, temperature, and molecular environments also influ- 
ence the uv spectra. A striking example of the latter phe- 
nomenon is the observed significant bathochromic shift (ca 
150 nm) during the association of a carotenoid with a li- 
poprotein. From a molecular standpoint, the origins of this 
effect are not completely understood and this remains an 
area of active research (14,15). 

Other spectroscopic methods such as infrared (ir), 1H 
and 8C nuclear magnetic resonance (nmr), circular di- 
chroism (CD), and mass spectrometry (MS) are invaluable 
tools for identification and structure elucidation. Nmr 
spectroscopy allows for geometric assignment of the 
carbon-carbon double bonds, as well as relative stereo- 
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(11) 


(18) 


Figure 8. Commercially important ca- 
rotenoids: B-carotene (10), canthaxan- 
thin [514-78-3] (11), astaxanthin [472- 
61-7} (12), _—‘f-apo-8'-carotenal 
[1107-26-2] (18), f-apo-8'-carotenoic 
acid ethyl ester [1109-11-1] (14), and ci- 
tranaxanthin [3604-90-8] (15). 


CHs 


chemistry of ring substituents. These spectroscopic meth- 
ods coupled with traditional chemical derivatization tech- 
niques provide the framework by which new carotenoids 
are identified and characterized (16,17). 


SYNTHESIS 


Vitamin A acetate [11098-51-4] (2) is the commercially sig- 
nificant form of the vitamin and is mainly produced by 


(15) 


Hoffmann-La Roche, BASF, and Rhéne-Poulenc (Fig. 4). 
All of these processes have f-ionone (18) as their key in- 
termediate and in this regard are based on work performed 
in the 1940s (18,19). Their differences lie in methodology 
to this key intermediate as well as in the methodology to 
elaborate the side chain. A review of the early work is 
available (20). 

In the process practiced by Hoffmann-La Roche, a C,3 
+ C, + Cg strategy is employed. In this approach, f-ionone 
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Table 1. Properties of §-Carotene and Vitamin A Derivatives 
Retinyl Retinyl Retinyl 
Property Retinol* acetate” palmitate” propionate? B-Carotene* 
Appearance Crystalline Crystalline Crystalline or amorphous Oil Crystalline 
Color Yellow Yellow Yellow Light yellow Dark red-dark purple 
Odor Faint, hay-like Faint, hay-like Faint, hay-like Slight Faint, hay-like 
Molecular weight 286.46 328.50 534.88 342.50 536.85 
Molecular formula CpHso0 CogHy202 CogHeoO2 CogHs,O2 Coss 
Melting point, °C 63-64 57-59 28-29 180-182 
Solubility, g/100 mL 
Water Insoluble Insoluble Insoluble Insoluble Insoluble 
Ethanol Soluble Soluble Soluble Soluble Slightly soluble 
Isopropanol Soluble Soluble Soluble Slightly soluble 
Chloroform Soluble Soluble Soluble Soluble 
Acetone Soluble Soluble Soluble Slightly soluble 
Fats, oils 750 750 750 0.05-0.08 
Spectrophotometric properties, 326° 825° 
nm, max 375° 497, 4667 
Fluorescence 
Excitation, max, nm 325 325 325 
Emission, max, nm 470 470 470 
Source: “Ref. 8 and *Ref. 10. 
“Isopropanol. 
Chloroform, 
Table 2. Physical Properties of Stereoisomers of Vitamin A 
Alcohol mp — Amax Vitamin A potency Aldehydemp — Amax Vitamin A potency 
Isomer (0) (am) Emax (%) (°C) (om) Enax (%) 
All-trans-Vitamin A 62-64 325 (1,832 100 57/65 381 1,530 9 
18-cis-Vitamin A 58-60 328 1,686 15 17 375 1,250 93 
1L-cis-Vitamin A Oil 319 1,220 23 63.5-64.7 376.5 878 48 
11,13-di-cis-Vitamin A 86-88 311 1,024 15 oil 373 700 31 
9-cis-Vitamin A 815-825 323 1,477 22 64 373 «1,270 19 
9,13-di-cis-Vitamin A 58-59 324 1,379 24 49/85 368 1,140 17 


(18) is subjected to a Darzen’s condensation to yield the Cy, 
aldehyde [116-31-4] (19) (see Fig. 4). Construction of the 
side chain is completed by a metal acetylide coupling re- 
action with compound (20). Acetylation, partial reduction 
of the triple bond, and acid-catalyzed elimination of water 
completes the synthesis. BASF and Rhéne-Poulenc use a 
different scheme and extend the side chain of f-ionone in 
an initial step via a Grignard reaction with a metal ace- 
tylide. Semihydrogenation yields vinyl f-ionol (21) and it 
is at this point that the approaches diverge. In the Rhéne- 
Poulenc C;,; + C; synthesis, the carbon terminus of vinyl 
f-ionol is activated by conversion to the sulfone (22). Ina 
second step, the anion of the sulfone is reacted with C,- 
chloroacetate (23) to yield vitamin A acetate. BASF utilizes 
a Wittig olefination and first prepares the phosphonium 
salt of the Cs unit. Reaction of the salt (24) with the C, 
aldehyde (25) leads to vitamin A acetate (21). 

Vitamin A palmitate [79-81-2)} (8), a commercially im- 
portant form of the vitamin, is produced from vitamin A 
acetate (2) via a transesterification reaction with methyl 
palmitate. Enzymatic preparation of the palmitate from 
the acetate has also been described (22). 


In addition to differences in their methodology to extend 
the carbon chain, these manufacturers differ in their syn- 
theses of f-ionone. f-Ionone is commercially prepared via 
an acid-catalyzed rearrangement of pseudoionone (26). 
This intermediate is manufactured on an industrial scale 
from either citral (27) or dehydro-linalool (28) (21) 
(Fig. 5). 

Citral is prepared starting from isobutene and formal- 
dehyde to yield the important C, intermediate 3-methyl- 
but-3-enol (29). Pd-catalyzed isomerization affords 3- 
methylbut-2-enol (30). The second C; unit of citral is 
derived from oxidation of (30) to yield 3-methylbut-2-enal 
(31). Coupling of these two fragments produces the dienol 
ether (32) and this is followed by an elegant double Cope 
rearrangement (21) (Fig. 6). 

The synthesis of dehydro-linalool (28) relies on the basic 
chemicals acetone and acetylene. Addition of a metal ace- 
tylide to acetone yields methylbutynol (33). Semihydrogen- 
ation affords the alkene (34) which is reacted with i- 
propenyl-methyl ether. A Cope rearrangement of the 
adduct yields methylheptenone (35). Addition of a second 
mole of metal acetylide to dehydro-linalool (28) is followed 
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Figure 4. Commercial synthesis of vitamin A acetate (2). 


by a second Cope rearrangement to yield pseudoionone 
(26) (9,21) (Fig. 7). 

In other work, sulfone chemistry plays an integral part 
of the syntheses of both f-carotene and vitamin A by work- 
ers at Kuraray. In this approach, the anion of Cyo f- 
cyclogerany] sulfone (36) is condensed with the Cio alde- 
hyde (37). The resulting f-hydroxy sulfone (38) is treated 
with dihydropyran followed by a double elimination to 
yield vitamin A acetate. Alternatively, the f-hydroxy sul- 
fone (38) can be converted to the 6-halo sulfone (39) and a 
similar double elimination scheme is employed (23,24) 
(Fig. 8). 

Work at Rhéne-Poulenc has involved a different ap- 
proach to retinal and is based on the palladium-catalyzed 
rearrangement of the mixed carbonate (41) to the allenyl 
enal (42). Isomerization of the allene (42) to the polyene 
(43) completes the construction of the carbon framework. 
Acid-catalyzed isomerization yields retinal (5). A decided 
advantage of this route is that no by-products such as tri- 
phenylphosphine oxide or sodium phenylsulfinate are 
formed. However, significant yield improvements would be 
necessary for this process to compete with the current com- 
mercial syntheses (25-27) (Fig. 9). 

In contrast to the similarities seen in the majority of the 
industrial syntheses of vitamin A, substantial diversity is 
observed in the preparations of the carotenoids. Owing to 
the fact that all-trans stereochemistry is required in the 


final product and that many olefination reactions yield the 
cis product, the ease of isomerization at a given locus on 
the polyene chain has influenced the choice of building 
blocks. In addition, technological strengths in the construc- 
tion of these building blocks as well as synergies with a 
core olefination strength have played an important role in 
the choice of synthesis. 

Hoffmann-La Roche has produced f-carotene since the 
1950s and has relied on core knowledge of vitamin A chem- 
istry for the synthesis of this target. In this approach, a 
five-carbon homologation of C,, vitamin A aldehyde (19) is 
accomplished by successive acetalizations and enol ether 
condensations to prepare the Ci, aldehyde (46). Metal ace- 
tylide coupling with two molecules of aldehyde (46) com- 
pletes construction of the C4) carbon framework. Selective 
reduction of the internal triple bond of (47) is followed by 
dehydration and thermal isomerization to yield f-carotene 
(21) (Fig. 10). 

In the BASF synthesis, a Wittig reaction between two 
moles of C;; phosphonium salt (vitamin A intermediate 
(24) and C,o dialdehyde (48) is the important synthetic 
step (9,28,29). Thermal isomerization affords all trans-f- 
carotene (Fig. 11). In an alternative preparation by Roche, 
vitamin A process streams can be used and in this scheme, 
retinol is carefully oxidized to retinal, and a second portion 
is converted to the Cz) phosphonium salt (49). These two 
halves are united using standard Wittig chemistry (8) 
(Fig. 12). 
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Figure 6. Synthesis of citral (27). 


Other approaches to direct Co) couplings have been re- 
ported (9,30-35). Based on their knowledge of sulfone 
chemistry, Rhéne-Poulenc has patented many syntheses of 
B-carotene which use this olefination chemistry (36-41). 
Horner-Emmons chemistry has also been employed for 
this purpose (42). The synthetic approaches to the carote- 
noids have been reviewed (43). 

Compounds labeled “C, '°C, °H, or 7H are extremely 
important in understanding the absorption, distribution, 
metabolism, and excretion of these materials in biological 
systems. The preparation of these materials has been re- 
viewed (44,45) and has been the subject of recent investi- 
gations (46). 


BIOSYNTHESIS 


In nature, vitamin A aldehyde is produced by the oxidative 
cleavage of f-carotene by 15,15’-f-carotene dioxygenase. 
Alternatively, retinal is produced by oxidative cleavage of 
B-carotene to f-apo-8'-carotenal followed by cleavage at the 
15,15'-double bond to vitamin A aldehyde (47). Carotenoid 
biosynthesis and fermentation have been extensively stud- 
ied both in academic as well as in industrial laboratories. 


On the commercial side, the focus of these investigations 
has been to increase fermentation titers by both classical 
and recombinant means. 

The carotenoid skeleton is assembled in a primary step 
by the coupling of two moles of geranylgeranyl pyrophos- 
phate (52) by an enzyme which is encoded by the crt B 
(carotenogenic) gene. The resulting prephytoene pyrophos- 
phate (53) is further transformed to phytoene (54) possibly 
by products also derived from the crt B gene. Phytoene is 
a common intermediate in carotenoid biosynthesis. For ex- 
ample, in E. uredovora phytoene is converted to lycopene 
(55) in sequential dehydration steps. These reactions are 
catalyzed by an enzyme called phytoene desaturase which 
is encoded on the gene cluster crt I. Interestingly, only cis- 
phytoene and trans-lycopene are detected and it is hypoth- 
esized that trans-phytoene is formed in a nonenzymatic 
step. By further biosynthetic transformations, f-carotene 
(10) is produced from lycopene and zeaxanthin (56) from 
B-carotene (Fig. 13) (48). 

The majority of industrial research describes classical 
approaches to yield improvement (49). However, there has 
been some work using genetically modified organisms. In 
the case of these recombinant organisms, the carotenoid 
biosynthetic gene cluster has been expressed in non- 
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Figure 8. Kuraray synthesis. 


carotegenic species such as E. coli (50) and S. cerevisiae 
(51). 


ANALYTICAL METHODS 


Biological, spectroscopic, and chromatographic methods 
have been used to assay vitamin A and the carotenoids. 
Biological methods have traditionally been based on the 
growth response of vitamin A-deficient rats. The utility 
and shortcomings of this test have been reviewed (52,53). 
This test has found applicability for analogues of retinol 
(54,55). Carotenoids which function as provitamin A pre- 
cursors can also be assayed by this test (56). 
Spectroscopic methods such as uv and fluorescence have 
relied on the polyene chromophore of vitamin A as a basis 
for analysis. Indirectly, the classical Carr-Price colorimet- 
ric test also exploits this feature and measures the amount 
of a transient blue complex at 620 nm which is formed 
when vitamin A is dehydrated in the presence of Lewis 
acids. For uv measurements of retinol, retinyl acetate, and 
retinyl palmitate, analysis is done at 325 nm. More sen- 


sitive measurements can be obtained by fluorescence. Ex- 
citation is done at 325 nm and emission at 470 nm. Al- 
though useful, all of these methods suffer from the fact that 
the method is not specific and any compound which has 
spectral characteristics similar to vitamin A will assay like 
the vitamin (57). 

More specific methods involve chromatographic sepa- 
ration of the retinoids and carotenoids followed by an ap- 
propriate detection method. This subject has been re- 
viewed (57). Typically, hple techniques are used and are 
coupled with detection by uv. For the retinoids, fluorescent 
detection is possible and picogram quantities of retinol in 
plasma have been measured (58-62). These techniques are 
particularly powerful for the separation of isomers. Owing 
to the thermal lability of these compounds, ge methods 
have also been used but to a lesser extent. Recently, the 
utility of cool-on-column injection methods for these ma- 
terials has been demonstrated (63). 

Owing to the light and air sensitivity of the carotenoids 
and retinoids, sample handling is a critical issue. It is rec- 
ommended to conduct extraction of these materials with 
peroxide-free solvents, to store biological samples at 
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Figure 9. Allene synthesis of vitamin A aldehyde. 


— 170°C under argon and in the dark, to perform the anal- 
ysis under yellow light, and to use reference compounds of 
high purity (57). 

In the United States Pharmacopeia (USP), vitamin A 
content is determined by the ratio of the corrected absorb- 
ance to the observed absorbance and is not to be less than 
0.85 at 325 nm. Total vitamin A content is to be 95% of 
label claim. For f-carotene, the assay is performed using 
uv spectroscopy and is determined by the absorbance at 
455 nm. The range of the assay should be from 96.0 to 
101.0% (64). 


OCCURRENCE 


Rich sources of vitamin A include dairy products such as 
milk, cheese, butter, and ice cream. Eggs as well as inter- 
nal organs such as the liver, kidney, and heart also repre- 
sent good sources. In addition, fish such as herring, sar- 
dines, and tuna, and in particular the liver oil from certain 
marine organisms, are excellent sources. Because the vi- 
tamin A in these food products is derived from dietary ca- 
rotenoids, vitamin A content can vary considerably. Vari- 
ation of vitamin A content in food can also result from food 
processing and in particular, oxidation processes (8). 

Fertile sources of carotenoids include carrots and leafy 
green vegetables such as spinach. Tomatoes contain sig- 
nificant amounts of the red carotenoid, lycopene. Although 
lycopene has no vitamin A activity, it is a particularly ef- 
ficient antioxidant. Oxidation of carotenoids to biologically 
inactive xanthophylls represents an important degrada- 
tion pathway for these compounds (56). 


BIOLOGICAL FUNCTIONS 


In humans, vitamin A has important functions in vision, 
growth, and tissue differentiation. Its role in vision is fairly 
well understood and involves initial absorption of all- 
trans-retinol by the pigment epithelium cells of the eye. 
This event is followed by isomerization to 11-cis-retinol by 
all-trans-11-cis-retinol isomerase. After conversion of 11- 
cis-retinol to 11-cis-retinal, reaction with opsin forms rho- 
dopsin. Absorption of light by this pigment generates the 
visual signal by cis/trans isomerization. After release of 
trans-retinal from the pigment, trans-retinal is rapidly re- 
duced to all-trans-retinol and the cycle repeats itself. Con- 
sequently, vitamin A is not consumed in the process. One 
feature of this system is that the basic chemistry is com- 
mon to many photosensitive systems from such diverse 
species as halophilic bacteria to higher organisms such as 
vertebrates (65). 

As previously described, the biological assay for vitamin 
A was based on the growth response of rats fed a vitamin 
A-deficient diet. Vitamin A is necessary for normal bone 
growth and remodeling and is required for the activity of 
epiphyseal cartilage. Retinoic acid is the active form of vi- 
tamin A for this function and it has been observed that 
ingestion of retinoic acid restores growth but cannot main- 
tain vision (8). In animals cycled on retinoic acid, ie, fed a 
retinoic acid-containing diet then deprived of a retinoic 
acid-containing diet, these animals become sensitive to the 
removal of retinoic acid. This condition is characterized by 
a loss in appetite followed by a depression in growth. As a 
result, loss of appetite is one of the first symptoms of a 
vitamin A-deficient animal (8). 
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Figure 10. Hoffmann-La Roche synthesis of f-carotene. 
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Figure 11. BASF synthesis of f-carotene. 


The specific role of vitamin A in tissue differentiation 
has been an active area of research. The current thinking, 
developed in 1979, involves initial delivery of retinol by 
holo-RBP (retinol-binding protein) to the cell cytosol (66). 
Retinol is then ultimately oxidized to retinoic acid and 
binds to a specific cellular retinoid-binding protein and is 
transported to the nucleus. Retinoic acid is then trans- 
ferred to a nuclear retinoic acid receptor (RAR) which en- 
hances the expression of a specific region of the genome. 
Transcription occurs and new proteins appear during the 
retinoic acid-induced differentiation of cells (56). 

In contrast to vitamin A, the carotenoids are important 
in both plant and animal kingdoms. In plants, carotenoids 
are associated with photosynthetic structures. The func- 


tion of these pigments is twofold: (1) the pigments serve as 
acceptors and act as energy-transfer agents and allow for 
excitation energy to be transferred from the carotenoid to 
the porphyrin; (2) the pigments protect the organism from 
light-induced photooxidative damage. In this regard, pro- 
tection is achieved by two mechanisms: quenching of the 
excited triplet state of chlorophyll (itself a producer of sin- 
glet oxygen), and quenching of singlet oxygen. In both 
cases, a triplet excited state of the carotenoid, which de- 
cays back to the ground state by a radiationless conversion, 
is produced (67). 

Many carotenoids function in humans as vitamin A pre- 
cursors; however, not all carotenoids have provitamin A 
activity (Table 3). Of the biologically active carotenoids, p- 
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Figure 12. Alternative Roche synthesis of f-carotene. 


carotene has the greatest activity. Despite the fact that 
theoretically one molecule of f-carotene is a biological 
source of two molecules of vitamin A, this relationship is 
not observed and 6 yg of £-carotene is equivalent to 1 zg of 
vitamin A. Although f-carotene and vitamin A have com- 
plementary activities, they cannot totally replace each 
other. Because the conversion of f-carotene to vitamin A is 
highly regulated, toxic quantities of vitamin A cannot ac- 
cumulate and f-carotene can be considered as a safe form 
of vitamin A (8). 

Owing to the presence of an extended polyene chain, all 
carotenoids are effective single-oxygen quenchers and an- 
tioxidants. In addition, they can stimulate the immune re- 
sponse and, as a result, may protect against certain forms 
of cancer. These separate functions, ie, vitamin A equiva- 
lents or antioxidants, have allowed for carotenoids to be 
classified according to whether they are nutritionally or 
biologically active. For example, f-carotene is both nutri- 
tionally and biologically active whereas 14’-f-apocarotenal 
is nutritionally active but biologically inactive. Lycopene 
is nutritionally inactive but biologically active, whereas 
phytoene, the natural precursor to f-carotene, is both nu- 
tritionally and biologically inactive (56). 


REQUIREMENTS 


Animals cannot synthesize vitamin A-active compounds 
and necessary quantities are obtained by ingestion of vi- 
tamin A or by consumption of appropriate provitamin A 
compounds such as f-carotene. Carotenoids are manufac- 


tured exclusively by plants and photosynthetic bacteria. 
Until the discovery of vitamin A in the purple bacterium 
Halobacterium halobium in the 1970s, vitamin A was 
thought to be confined to only the animal kingdom (56). 
Table 4 lists RDA and U.S. RDA for vitamin A (67). 


DEFICIENCY 


In humans, vitamin A deficiency manifests itself in the fol- 
lowing ways: night blindness, xerophthalmia, Bitot’s spots, 
and corneal involvement and ulceration. Changes in the 
skin have also been observed. Although vitamin A defi- 
ciency is seen in adults, the condition is particularly harm- 
ful in the very young. Often, this results from malnutrition 
(56). 

On a vitamin A-deficient diet, mucus-secreting tissues 
become keratinized. This condition tends to occur in the 
trachea, the skin, the salivary glands, the cornea, and the 
testes. When this occurs in the cornea, it can be followed 
by blindness. Vitamin A deficiency is the principal cause 
of blindness in the very young. This problem is particularly 
acute in the third world (8). 


SAFETY 


Vitamin A toxicity can be categorized as either acute or 
chronic. Acute toxicity results from extremely high doses 
(2500,000 IU of vitamin A). In children, approximately 
half of that amount causes problems. Hypervitaminosis A 
is characterized by headache, blurred vision, loss of coor- 
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Figure 13. Biosynthetic transformation of f-carotene. 


Table 3, Provitamin A Activity of Selected Carotenoids 


Provitamin A activity No provitamin A activity 
B-Carotene Astaxanthin 
a-Carotene Canthaxanthin 
»-Carotene Lutein 
B-Crypotoxanthin Lycopene 
-Zeacarotene Zeaxanthin 

‘Source: Ref. 8, 


Table 4, Recommended Daily Allowances of Vitamin A 


1989 RDA U.S. RDA 
Sex/age group (REY auy 
Infants <12 months 375 1,500 
Children 

1-8 yr 400 2,500 

4-6 yr 500 5,000 

7-10 yr 700 5,000 
Males = 11 yr 1,000 5,000 
Females =11 yr 800 5,000 
Additional during pregnancy +3,000 
Additional during lactation +3,000 
Source: Ref. 8, 


“RE = retinol equivalents (1 RE = 1 yg of all-trans-retinol). 
*IU = international units (1 IU = 0.30 xg of all-trans-retinol). 


dination, nausea, and peeling and itchy skin. Chronic vi- 
tamin A toxicity occurs in adults with long-term intakes of 
250,000 IU/d. Symptoms include dry hair, hair loss, weak- 
ness, headache, bone thickening, enlarged liver and 
spleen, anemia, abnormal menstrual periods, stiffness, 
and joint pain. Most of these symptoms are reversible. In 
animals, extremely high doses of vitamin are teratogenic 
(56). On the other hand, the carotenoids are generally non- 
toxic and there have been only a few isolated cases of prob- 
lems associated with a large daily intake. Tanning pills 
which contain large doses of canthaxanthin were shown to 
cause canthaxanthin retinopathy in patients with eryrth- 
ropoietic porphyria (68,70). 


USES 


Vitamin A is generally used in feeds, foods, and pharma- 
ceutical applications; however, the principal use of carot- 
enoids is as a colorant. f-Carotene, for example, is used to 
color fat products such as margarine, shortening, butter, 
cheese, egg nog, and ice cream. It is also used in baked 
goods, pasta products, juices, and beverages. It imparts a 
natural yellow to orange shade. Conversely, if an orange to 
reddish orange color is desired, the carotenoid of choice is 
B-apo-8'-carotenal [1107-26-2]. This carotenoid is used to 
color juices, fruit drinks, soups, jams, jellies, and gelatin 
(qv). Carotenoids are also added to feed to color poultry, 
fish, and of egg yolks. In order to guard against oxidative 
damage during feed processing, these compounds are pro- 
tected in a gelatin matrix as beadlets. 
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ECONOMIC ASPECTS 


Vitamin A is manufactured by Hoffmann-La Roche (Swit- 
zerland), BASF (Germany), and Rhéne-Poulenc (France), 
as well as by some smaller suppliers in India, China, and 
Russia. The worldwide production is estimated to be 2500 
to 3000 metric tons. About three-quarters of this produc- 
tion is for animal feed; the remainder is for food fortifica- 
tion and pharmaceuticals (qv). The main trade names of 
feed products are Rovimix, Lutavit, and Microvit. Prices 
depend on application forms and are approximately $60— 
$70/10° IU retinol (1995); ie, $200-$233/10° RE. One IU 
is equivalent to 0.300 yg of all-trans-retinol and 1 RE is 
equivalent to 1 yg of all-trans-retinol. 
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VITAMINS: VITAMIN B,2 


Vitamin By,» [68-19-9] (1,2) is the generic name for a closely 
related group of substances of microbial origin. Although 
the last of the vitamins to be characterized, its history is 
a long one, dating from 1824 when Combe (3) proposed the 
relationship of pernicious anemia, a disease characterized 
by defective (megoblastic) red blood cell formation, to dis- 
orders of the digestive system. Additional study of perni- 
cious anemia, in particular the work of Addison (4), con- 
tinued for over 100 years before Minot and Murphy (5) 
reported that a diet containing large quantities of raw liver 
restored the normal level of red blood cells in patients with 
pernicious anemia. This clinical breakthrough was based 
on the findings of Whipple and Robscheit-Robbins (6) that 
liver was of benefit in regeneration of blood in anemic dogs. 
For this work, Whipple, Minot, and Murphy were awarded 
the Nobel prize in medicine and physiology in 1934. 

In 1929, Castle (7) tied the work of Combe and Addison 
with that of Whipple, Minot, and Murphy by proposing 
that both an extrinsic factor and an intrinsic factor are 
involved in the control of pernicious anemia. The extrinsic 
factor, from food, is vitamin B,2. The intrinsic factor is a 
specific B;:-binding protein secreted by the stomach. This 
protein is required for vitamin Bj, absorption. 

Work for the next 20 years focused on purification of the 
extrinsic factor from liver. The work was slow and tedious, 
because fractionation was guided by tests on pernicious 
anemia patients. The discovery (8) that Lactobacillus lactis 
Dorner requires liver extracts for growth greatly acceler- 
ated the isolation process. In 1948, groups at Merck (9) in 
the United States and Glaxo (10) in England reported iso- 
lation of vitamin B,, (cyanocobalamin) as a crystalline, red 
pigment. The clinical efficacy of this material in the treat- 
ment of pernicious anemia was rapidly established (11). 

Parallel to the activities in the treatment of pernicious 
anemia were observations in the 1930s that most farm ani- 
mals had a requirement for an unknown factor beyond the 
vitamins then known. The lack of this factor became ap- 
parent, eg, when chicks or pigs fed a diet with only vege- 
table protein evidenced slow growth rate and high mortal- 
ity. It became apparent that the required factor, termed 
animal protein factor, was present in animal sources such 
as meat and tissue extracts, milk, whey, and cow manure. 
Subsequent to its isolation, it was rapidly shown that vi- 
tamin B,, is the same as animal protein factor. 
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After its separation from liver extracts, vitamin Bj, was 
isolated also from cultures of Streptomyces aureofaciens 
(12). All vitamin Bj, sold commercially is produced by mi- 
crobial fermentation. 


STRUCTURE 


The structure of the first isolated vitamin By, cyanocobal- 
amin [68-19-9 (1a) is known to occur only sporadically, at 
best, in biological systems. Its isolation was an artifact re- 
sulting, probably, from use of charcoal containing cyanide 
in the purification process. 


CH 
H,NCOCH,CH, CH,CONH 
H:NCOH2Ca A _s\CH,CH,CONHy 
H,c 


CHg 


2 CHsCHg \,CH2CH,CONH2 
0. 


casey 


(le, R = CH) 
(1d, R = OH) 
(le, R = NOz) 
(1f, R = OH;Cl) 


It is recognized that there are several important forms 
of vitamin By. The active coenzyme forms are adenosyl- 
cobalamin [13870-90-1] (coenzyme By, (1b)) and methyl- 
cobalamin [13422-55-4} (1c). These, along with hydroxo- 
cobalamin [13422-51-0} (vitamin B,., (1d)), are the forms 
found in humans and other animals. Other forms of inter- 
est are nitrocobalamin (vitamin Bj, (1e)) and aquacobal- 
amine chloride [13422-52-1] (vitamin B,., (1f)). The pri- 
mary commercial form is cyanocobalamin, due to its ease 
of isolation and purification as well as its stability. 
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The IUPAC-IUB Commission on Biochemical Nomen- 
clature (13) recommends that the term vitamin Bj, be used 
as the generic descriptor for all corrinoids exhibiting qual- 
itatively the biological activity of cyanocobalamin. How- 
ever, because of its commercial importance, cyanocobala- 
min is used interchangeably with vitamin B,, herein. 

Determination of the structure of vitamin B,, was a 
slow, tedious process with the tools available in the 1940s. 
Despite extensive information gathered by degradation 
studies, the structures of cyanocobalamin and its coen- 
zyme forms were only established beginning in 1955 by x- 
ray crystallography (14-16). The value of this work in the 
study of natural products was recognized by the award to 
Hodgkin of the Nobel prize in chemistry in 1964. 

Vitamin By» belongs to the class of molecules known as 
corrins. The core corrin structure (2) consists of four linked, 
partially saturated pyrrole rings. Corrin is a truncated 
form (no CH, between rings A and D) of the more common 
porphyrin skeleton. The corrin ring in vitamin By is sub- 
stituted in a highly regio- and stereospecific manner with 
eight methyl groups, three acetic acid chains, and four pro- 
pionic acid chains, as in cobyrinic acid (3). The six conju- 
gated double bonds of the corrin system give octahedral 
complexes with a number of metals. However, only com- 
plexes with cobalt exhibit vitamin By, activity. 


Cobrynic acid in which the propionic acid is amidated 
with 1-amino-2-propanol is known as cobinic acid, whereas 
the compound in which all other acids are primary amides 
is cobinamide (4). 


CHg 
H,NCOCH,CH2 ,CH2CONH2 
H,NCOH;Ca_~ a\CHaCH2CONH 
HC] 


| C LeCHs 


i cH, 
CH; CH,CH,CONH, 


(4) 


Cobinic acid and cobinamide, which are linked to ribose 3- 
phosphate, are known as cobamic acid and cobamide (5), 
respectively. 


H,NCOCH,CH» CH,CONH2 
H,NCOH,Ca * s\CH2CH,CONH, 
Hg 
H,C oe 
CH 
H,NCOH,CY i 
eS 3, 


is CHs CHs CH,CH,CONH, 
0. 


The cobalt corrin complex is octahedral. The four nitro- 
gens of the corrin ring occupy the four equatorial ligand 
positions in a virtually planar arrangement. The nucleo- 
tide formed from cobamide and 5,6-dimethylbenzimidazole 
provides a fifth ligand in the alpha, axial position of vita- 
min B,,. The group occupying the sixth, beta-position can 
vary substantially, as noted in structure (1), and dictates 
the compound name. Thus, when the ligand is cyanide, the 
compound name is cyanocobalamin; when methyl, meth- 
ylcobalamin, etc. 

Vitamin B,, exists as a neutral complex. The beta- 
ligand and one nitrogen atom in the corrin ring each con- 
tribute a negative charge to Co(III). The nucleotide phos- 
phate contributes the final negative charge. The structure 
of vitamin By, is highly organized and compact, as dictated 
by charge neutralization and the ligand sphere of the co- 
balt atom. 

Many analogues of vitamin B,2 are known. These occur 
either naturally or are obtained by synthesis, degradation 
of the vitamin, or directed biosynthesis. Most of these com- 
pounds have little or no biological activity in animals. 
However, many have significant microbiological activity. 
Among the analogues found are those in which the 5,6- 
dimethylbenzimidazole is replaced by another (or no) base. 
These include 2-methyl adenine (Factor A), no base (Factor 
B), guanine (Factor C), 5-hydroxybenzimidazole (Factor 
II), 5-methoxybenzimidazole (Factor III,,) and adenine 
(pseudovitamin By.) (17-20). 


OCCURRENCE 


For many years, it was thought that the occurrence of vi- 
tamin B,, was limited to animal tissues and bacteria, with 
all of the material originating from bacterial sources. More 
recently, the presence of vitamin B,. and/or vitamin B,,- 
like activity at low levels in plants has been recognized 
(21-24). Nonetheless, the largest portion of the vitamin B;. 
requirement is met by consumption of animal tissues and 
from microorganisms in the animal’s digestive tract. Her- 
bivorous animals satisfy their vitamin B,2 needs by ab- 
sorption of material produced by rumenal or intestinal 
flora. In humans and carnivorous/omnivorous animals, in- 
testinal production of vitamin B,, occurs but at an insuf- 
ficient level. As a result, vitamin B,2 levels are maintained 
by consumption of foods rich in vitamin B,2 such as liver, 
heart, and kidney. Egg yolk and some fish and shellfish are 
also good sources. Vitamin B,, supplements, both oral and 
parenteral, are also available. Dietary sources of foodstuffs 
are provided in Table 1 (25-27). 


BIOCHEMICAL FUNCTIONS 


Methylcobalamin and adenosylcobalamin are the two co- 
enzyme forms of vitamin B,2 in animals and humans. Each 
is involved in the catalysis of a specific transformation. In 
humans, it appears that there are only two enzymes re- 
quiring vitamin B,2 as an essential coenzyme although 
many other, particularly bacterial enzyme systems also re- 
quire a vitamin B,. coenzyme (2,28). 

Adenosylcobalamin (coenzyme B,,) is required in a 
number of rearrangement reactions; that occurring in hu- 
mans is the methylmalonyl-CoA mutase-mediated conver- 
sion of (R)-methylmalonyl-CoA (6) to succinyl-CoA (7) (eq. 
1). The mechanism of this reaction is poorly understood, 


Table 1. Dietary Sources of Vitamin By, 


>50 ug/100 g 5-50 g/100 g <5 yg/100 g 
Liver Liver Beef (lean) 
Lamb Rabbit Lamb 
Beef Chicken Pork 
Calf Kidney Chicken 
Pork Rabbit Egg (whole) 
Kidney Beef Cheese 
Lamb Fish American 
Brain Sardines Swiss 
Beef Salmon Milk (cow) 
Berring Fish 
Heart Cod 
Beef Flounder 
Rabbit Haddock 
Chicken Sole 
Egg yolk Halibut 
Clams Swordfish 
Oysters Tuna 
Crabs Mackerel 
Lobster 
Scallop 
Shrimp 
Green vegetables 
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although probably free radical in nature (29). The reaction 
is involved in the catabolism of valine and isoleucine. In 
bacterial systems, adenosyleobalamin drives many 1,2- 
migrations of the type exemplified by Scheme 1 (30). 

Methylcobalamin is involved in a critically important 
physiological transformation, namely the methylation of 
homocysteine (8) to methionine (9) (Scheme 2) catalyzed 
by N®-methyltetrahydrofolate homocysteine methyltrans- 
ferase. The reaction sequence involves transfer of a methyl 
group first from N®°-methyltetrahydrofolate to cobalamin 
(yielding methylcobalamin) and thence to homocysteine. 
Once again, the intimate details of the reaction are not well 
known (31). Demethylation of tetrahydrofolate to tetra- 
hydrofolic acid is a step in the formation of thymidine phos- 
phate, in turn required for DNA synthesis. In the absence 
of the enzyme, excess RNA builds up in red blood cells. 

Homocysteine has been identified as an independent 
risk factor for atherosclerosis (32) and thus metabolic con- 
trol over homocysteine levels has major health implica- 
tions. 


Deficiency 


Macrocytic anemia, megaloblastic anemia, and neurologi- 
cal symptoms characterize vitamin B» deficiency. Altera- 
tions in hematopoiesis occur because of the high require- 
ment for vitamin B,» for normal DNA replication necessary 
to sustain the rapid turnover of the erythrocytes. Abnor- 
mal DNA replication secondary to vitamin B,, deficiency 
produces a defect in the nuclear maturational process of 
committed hematopoietic stem cells, As a result, the eryth- 
rocytes are either morphologically abnormal or die during 
development. 

Neurological symptoms result from demyelination of 
the spinal cord and are potentially irreversible. The symp- 
toms and signs characteristic of a vitamin By, deficiency 
include paresthesis of the hands and feet, decreased deep- 
tendon reflexes, unsteadiness, and potential psychiatric 
problems such as moodiness, hallucinations, delusions, 
and psychosis. Neuropsychiatric disorders sometimes de- 
velop independently of the anemia, particularly in elderly 
patients, Visual loss may develop as a result of optic at- 
rophy. 

Clinical manifestation of vitamin B,» deficiency is usu- 
ally a result of absence of the gastric absorptive (intrinsic) 


HOOC—C-—COSCoA ——~ HOOCCH,;CH,COSCoA 


@ 


Scheme 1. 


HSCH2CH,CCOOH —— CH;SCH,CH,CCOOH 

H NE : 

(8) (9) 
Scheme 2. 
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factor. Dietary deficiency of vitamin B,2 is uncommon and 
may take 20 to 30 years to develop, even in healthy adults 
who follow a strict vegetarian regimen. An effective entero- 
hepatic recycling of the vitamin plus small amounts from 
bacterial sources and other contaminants greatly mini- 
mizes the risk of a complete dietary deficiency. Individuals 
who have a defect in vitamin Bj. absorption, however, may 
develop a deficiency within three to seven years. 

Dietary deficiency in the absence of absorption defects 
can be effectively reversed with oral supplementation of 1 
ug of vitamin B,2 daily. If deficiency is related to a defect 
in vitamin absorption, daily doses of 1 yg administered 
subcutaneously or intramuscularly are effective (33). How- 
ever, a single intramuscular dose of 100 yg of cobalamin 
once per month is adequate in patients with chronic gastric 
or ileal damage. Larger doses are generally rapidly cleared 
from the plasma into the urine and are not effective unless 
the patient demonstrates poor vitamin retention. 


Requirement 


A daily intake of 1 yg should cover the daily loss of vitamin 
and maintain an adequate body pool. The RDA (34), how- 
ever, has been established at 2 g/day to cover metabolic 
variation among individuals and to ensure normal serum 
concentrations and adequate pool sizes (Table 2). 

Smaller pool sizes with normal serum By, levels may be 
maintained with dietary intakes below 1 yg. However, 
more substantial pool sizes are considered advantageous 
as protection against the development of pernicious ane- 
mia, which may occur in advanced age; achlorhydria be- 
comes more common after age 60, resulting in compro- 
mised absorption of vitamin By». 

In general, maternal stores of vitamin Bj, are consid- 
ered adequate to meet the demands of pregnancy. 


Safety 


No toxicity has been associated with acute or chronic in- 
takes of vitamin B,, in doses of 100 and 1 mg, respectively. 
Vitamin Bj. absorption is both limited and affected by vi- 


Table 2. The 1989 RDA for Vitamin B, 


Group Age (yrs) Vitamin B,» (ug) 
RDA 
Infants 0-05 0.3 
0.5-1.0 0.5 
Children 1-3 0.7 
46 10 
7-10 14 
Males 111+ 2.0 
Females 11-51+ 2.0 
Pregnant 2.0 
Lactating 26 
U.S. RDI (daily value) 

Infants and children <4 yr 3.0 
Adults and children >4 yr 6.0 
Pregnant or lactating women 8.0 


tamin status. Therefore, absorption is reduced with im- 
proved status, lessening the risk of toxicity. 

Cobalamin should be administered parenterally by the 
intramuscular or subcutaneous route. Isolated cases of 
anaphylaxis have been reported with intravenous admin- 
istration. 


METABOLISM. 


Absorption 


An absorption mechanism capable of handling between 1.5 
to 3.0 ug of vitamin B,, is responsible for most of the in- 
testinal absorption. This mechanism includes the binding 
of vitamin B,, to a specific transport protein (intrinsic fac- 
tor) and the presence of specific membrane-bound recep- 
tors on the ileal cell surface in the small intestine. In ad- 
dition, there is a second mechanism for the absorption of 
vitamin B,, by diffusion. This mechanism can provide a 
physiologically significant source of the vitamin when de- 
livered in pharmacological dosages. 

Food vitamin B,, appears to bind to a salivary transport 
protein referred to as the R-protein, R-binder, or haptocor- 
rin. In the stomach, R-protein and the intrinsic factor com- 
petitively bind the vitamin. Release from the R-protein oc- 
curs in the small intestine by the action of pancreatic 
proteases, leading to specific binding to the intrinsic factor. 
The resultant complex is transported to the ileam where 
it is bound to a cell surface receptor and enters the intes- 
tinal cell. The vitamin B,, is then freed from the intrinsic 
factor and bound to transcobalamin II in the enterocyte. 
The resulting complex enters the portal circulation. 


Transport 


Transcobalamin II delivers the absorbed vitamin By, to 
cells and is the primary plasma vitamin B,,-binding trans- 
port protein. It is found in plasma, spinal fluid, semen, and 
extracellular fluid. Many cells, including the bone marrow, 
reticulocytes, and the placenta, contain surface receptor 
sites for the transcobalamin II-cobalamin complex. 

Other plasma vitamin B,, proteins, transcobalamines I 
and III, appear to have primarily a storage function and 
only a lesser role in transport. 


Tissue Uptake and Storage 


Cell surface receptors take up the transcobalamin II- 
cobalamin complex which is internalized into endosomes. 
The complex is dissociated and the transcobalamin II re- 
leased. The mechanism by which cobalamin leaves the en- 
dosome is uncertain. 

The liver is the principal site of vitamin By. storage, 
containing between 50 and 99% of the total body pool. The 
average total body pool is estimated to range between 2.0 
and 5.0 mg. Higher storage values reported probably re- 
flect noncobalamin analogues as well as cobalamin. The 
main storage form of vitamin B,2 appears to be coenzyme 
Bi. The primary circulating form in the plasma appears 
to be methylcobalamin. 


Metabolism and Mobilization 


On entry of vitamin By, into the cell, considerable metab- 
olism of the vitamin takes place. Co(III)cobalamin is re- 
duced to Co(I)cobalamin, which is either methylated to 
form methylcobalamin or converted to adenosylcobalamin 
(coenzyme B,,). The methylation requires methyl tetra- 
hydrofolate. 

Approximately 0.05 to 0.2% of vitamin By, stores are 
turned over daily, amounting to 0.5-8.0 ug, depending on 
the body pool size. The half-life of the body pool is esti- 
mated to be between 480 and 1360 days with a daily loss 
of vitamin B,, of about 1 zg. Consequently, the daily min- 
imum requirement for vitamin B,, is 1 ug. Three micro- 
grams (3.0 wg) of vitamin Bj, are excreted in the bile each 
day, but an efficient enterohepatic circulation salvages the 
vitamin from the bile and other intestinal secretions. This 
effective recycling of the vitamin contributes to the long 
half-life. Absence of the intrinsic factor interrupts the en- 
terohepatic circulation. Vitamin By» is not catabolized by 
the body and is, therefore, excreted unchanged. About one- 
half of the vitamin is excreted in the urine and the other 
half in the bile. 


PROPERTIES 


Table 3 lists some of the physical and chemical properties 
of vitamin By, (1,35). Crystalline vitamin B,, is stable in 
air and is not affected by moisture. The anhydrous com- 
pound, however, is very hygroscopic, and when exposed to 
moist air may absorb about 12% of water. 

Aqueous solutions of vitamin B,, at pH 4.0 to 7.0 show 
no decomposition during extended storage at 25°C. For op- 
timum stability at elevated temperatures, solutions should 
be adjusted to pH 4.0 to 4.5. Aqueous solutions in this pH 
range may be autoclaved for 20 minutes at 120°C without 
significant decomposition. 


Redox Reactions 


Critical to the function of cobalamins as enzyme co-factors 
is the ability of the cobalt atom to exist in the Co(II) and 


‘Table 3. Physical and Chemical Properties of Vitamin B,; 
(Cyanocobalamin) 


Property Characteristic 
Appearance Crystalline 
Color Dark red 
Molecular weight 1355.42 
Empirical formula CesHasCoN 140 14P 
Melting point, C° Darkens 210-220; does not melt <300 
Specific rotation a2, = —59 + 9° (diluted aqueous) 
UV Absorption 278,361,550 nm (water) 
pH (aq) Neutral 
Solubility % 
HO 1.25 
alcohol 2.03 
acetone Insoluble 
ether Insoluble 


Note: Properties given for the anhydrous compound. 
*Vitamin Byo exhibits maximum stability between pH 4.5 and 5.0. 
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Co(I) oxidation states. Chemically, Co(II) forms are also 
known. Each oxidation state has different ligand-accepting 
abilities. The chemical (la, 1d-1f) and coenzyme (1b, 1c) 
forms of cobalamin are trivalent. These compounds are 
readily reduced to Co(II) and Co(I)cobalamins. The redox 
potentials for the aquacobalamin to Co(II)cobalamin and 
Co(II)cobalamin to Co(I)cobalamin couples are — 0.04 and 
— 0.85 V, respectively (36). Chemical reduction of aquaco- 
balamin to Co(II)cobalamin is effected by thiols or carbon 
monoxide. Cobalt(II)cobalamin contains a single unpaired 
electron in the 3d,, orbital of the cobalt ion; one of the two 
axial positions is unoccupied and thus this material is five- 
coordinate. Chemically, Co(I)cobalamin is obtained with 
strong reducing agents, eg, NaBH, or zinc and NH,C1. It 
is a powerful reducing agent, and reacts rapidly with ox- 
ygen and reduces protons to hydrogen. It is therefore un- 
stable in aqueous acid solution, less so in neutral or basic 
aqueous solution. It is frequently used for the preparation 
of organocobalamins, eg, adenosylcobalamin and methyl- 
cobalamin. Co(Dcobalamin contains two electrons in the 
3d,» orbital. It has been postulated that the coordination 
number for the cobalt is four and that both axial ligands 
are vacant (37). 


Exchange of Axial Ligands 


Many ligand-exchange reactions involve groups in which 
the coordination to the metal is through nitrogen (NHg, 
Nj), oxygen (HO, OH~), sulfur (SH~, SOs”), halogen, or 
carbon (CN~, CH; ). Important reactions involve displace- 
ment of the heterocyclic base from the alpha-coordination 
position by a solvent, usually water. This displacement oc- 
curs in acidic solution and results from the protonation of 
the heterocyclic base. The protonation is associated with a 
characteristic change in the spectrum. The pK, for the 
base-on/base-off equilibrium depends on the nature of the 
beta-ligand. Displacement of H,O, adenosyl, or methyl 
from cobalt by cyanide has also been studied. In the pres- 
ence of cyanide ion, aquacobalamin and adenosylco- 
balamin are converted to cyanocobalamin. In contrast, 
methylcobalamin and other alkyl corrinoids are stable in 
the presence of 0.1 M cyanide in the dark (37,38). The equi- 
librium, aquacobalamin = hydroxocobalamin + H~ (pK, 
= 6.9-7.8), is not a pure ligand exchange but only a ligand 
modification. The cobalt-bound water is acidic and revers- 
ibly loses a proton at neutral pH. 


Chemical Reactions 


A wealth of information exists on the chemistry of vitamin 
By2 (1,39,40). Much of this chemistry was established dur- 
ing the studies leading to structure determination, partial 
synthesis, and the total synthesis of vitamin Bj. Vitamin. 
By2 is slowly decomposed by ultraviolet or strong visible 
light. By controlled irradiation with visible light, cyanide 
may be selectively liberated from cyanocobalamin without 
destruction of the cobalamin structure, but long exposure 
to light results in complete inactivation of the vitamin. Vi- 
tamin B,, is also inactivated by treatment with strong 
acids or bases. 

One development involves the use of vitamin B,, to cat- 
alyze chemical, in addition to biochemical processes. Vi- 
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tamin B;> derivatives and B;2 model compounds (41,42) 
catalyze the electrochemical reduction of alkyl halides and 
formation of C-C bonds (43,44), as well as the zinc—acetic 
acid-promoted reduction of nitriles (45), alpha, beta- 
unsaturated nitriles (46), alpha, beta-unsaturated car- 
bony] derivatives and esters (47,48), and olefins (49). It is 
assumed that these reactions proceed through intermedi- 
ates containing a Co-C bond which is then reductively 
cleaved. 


ANALYSIS 


Specifications 


Cyanocobalamin is the commercial form of vitamin By». It 
is sold under the following trade names (35): 


Anacobin Ducobee 
Antipernicin Duodecibin 
Bedoce Embiol 
Bedodeka Emociclina 
Bedoz Eritrone 
Behepan Erycytol 
Berubi Erythrotin 
Berubigen Euhaemon 
Betalin-12 Fresmin 
Betolvex Hemo-B-Doze 
Bevatine-12 Hemomin 
Bevidox Hepagon 
Bexii Hepavis 
Bexil Hepeovite 
Biocobalamine Hydroxamin 
Biocres Hydroxobase 
Bitevan Macrabin 
B-Telve Megabion (Indian) 
B-Twelv Megalovel 
Byladoce Milbedoce 
Claretin-12 Millevit 
Cobalin Nagravon 
Cobamin Normocytin 
Cobamine Peraemon 
Cobione Pernaevit 
Covit Pernipur 
Crystamin Plecyamin 
Cycobemin Poyamin 
Cycolamin Redamina 
Cykobeminet Redisol 
Cytacon Rhodacryst 
Cytamen Rubesol 
Cytobion Rubivitan 
Distivit (By. peptide) Rubramin 
Dobetin Rubripea 
Docemine Rubrocitol 
Docibin Sytobex 
Docigram Vitalt 
Docivit Vibisone 
Dodecabee Virubra 
Dodecabee Virubra 
Dodecavite Vitarubin 
Dodex Vita-Rubra 
Vitral 


Specifications are found in the Codex for food use (50) and 
in the USP (51) for pharmaceutical use. 


Analytical Methodology 


Vitamin B,2 can be determined by microbiological, radio- 
isotope dilution, spectrophotometric, chemical, or biologi- 
cal methods employing animals (52-54). Microbiological 
assays involve the extraction and stabilization of vitamin 
Bye from the food, feed, or pharmaceutical matrix prior to 
assay. The official method of the AOAC (55) accomplishes 
this by autoclaving samples in a phosphate-citric acid buf- 
fer containing metabisulfite, whereas the British Analyti- 
cal Methods Committee (56) recommends extraction with 
aqueous cyanide solution at pH 4.6-5.0 in a boiling water 
bath. The AOAC extraction procedure was found to yield 
somewhat higher results than the British Analytical Meth- 
ods Committee procedure (57). 

The AOAC assay is based on the graded growth of the 
bacterium Lactobacillus leichmannii ATCC 7830 in a me- 
dium containing all required growth factors but vitamin 
Big. Results are obtained by determining the transmit- 
tance of the sample and standard tubes after 16-24 h in- 
cubation at 30-40°C or by titrating the acid produced after 
72h incubation. The British Analytical Methods Commit- 
tee assay employs the protozoan Ochromonas malhamen- 
sis ATCC 11532 in an assay based on the graded growth 
of the protozoan. The assay incubation period varies from 
3-6 days and degree of growth is measured turbidimetri- 
cally. Although the L. leichmannii assay is claimed to be 
less specific than the O. malhamensis assay it has several 
advantages over the latter. The AOAC procedure has a 
shorter incubation period and the assay is set up in test 
tubes, whereas the O. malhamensis assay is set up in 25- 
mL micro-Fernbach flasks, the assay medium is less com- 
plex, and samples whose turbidity or color would interfere 
in a turbidimetric assay can be analyzed by the titrimetric 
assay. Derivatives of deoxynucleic acid that stimulate the 
growth of L. leichmannii in the absence of vitamin B,. can 
be measured after destroying the vitamin B,, by autoclav- 
ing the sample at pH 11-12 and determining the residual 
activity. The bacteria Lactobacillus lactis Dorner ATCC 
8000 and Escherichia coli ATCC 10799 and 14169 as well 
as the protozoan Euglena gracilis ATCC 12716 have been 
used also for the determination of vitamin By». 

Radioisotope dilution assays are based on the principle 
of competition between radioactive labeled (°"Co) vitamin 
Byz and cobalamins extracted from matrices for binding 
sites on the intrinsic factor (a glycoprotein). Binding is in 
proportion to the concentration of the radioactive and non- 
radioactive By. with the concentration of intrinsic factor as 
the limiting factor. Free cobalamins are separated from 
those bound on the intrinsic factor by absorption onto 
treated charcoal and the amount of free-labeled vitamin 
B,2 is determined. Vitamin B,,. content of the sample is 
determined from a standard curve. Results obtained by a 
radioisotopic dilution method are very similar to those ob- 
tained by the AOAC microbiological assay (58). 

Spectrophotometric determination at 550 nm is rela- 
tively insensitive and is useful for the determination of vi- 
tamin B,, in high potency products such as premixes. Thin- 
layer chromatography and open-column chromatography 
have been applied to both the direct assay of cobalamins 
and to the fractionation and removal of interfering sub- 


stances from sample extracts prior to microbiological or 
radioassay. Atomic absorption spectrophotometry of cobalt 
has been proposed for the determination of vitamin Bj, in 
dry feeds. Chemical methods based on the estimation of 
cyanide or the presence of 5,6-dimethylbenzimidazole in 
the vitamin B,2 molecule have not been widely used. 

Various aspects of the chromatography of vitamin B,2 
and related corrinoids have been reviewed (59). A high per- 
formance liquid chromatographic (hplc) method is reported 
to require a sample containing 20-100 ug cyanocobalamin 
and is suitable for premixes, raw material, and pharma- 
ceutical products (60). 

Bioassays are based on the growth response of vitamin- 
depleted rats or chicks to graded amounts of vitamin B,2 
added in the diet. These assays are not specific for vitamin 
Byz because factors, other than vitamin B,, present in bio- 
logical materials, produce a growth response. Because co- 
enzyme By, a primary form of natural vitamin By», is light 
sensitive, assays should be carried out in subdued light. 


SYNTHESIS 


The achievements in total synthesis of organic compounds 
in recent years are perhaps nowhere better illustrated 
than in the synthesis of vitamin B,,. by the groups of Wood- 
ward (61-63) and Eschenmoser (64-69) in a collaborative 
effort (70,71). The work has been reviewed (1,72,73). The 
real value of the synthesis lies in the synthetic methodol- 
ogy developed in the course of the work. During the syn- 
thesis of the A~D fragment, the Woodward-Hoffmann rules 
for the conservation of orbital symmetry (74) were devel- 
oped. For this work, Hoffmann shared the Nobel prize in 
chemistry in 1981 with Fukui. Woodward was awarded the 
Nobel prize in chemistry in 1965 for the synthesis and 
structure elucidation of natural products, including the 
work leading up to the synthesis of vitamin B,,. Thus, the 
history of vitamin By, is intimately connected with the 
awarding of four Nobel prizes to date. 
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The core of the first synthesis of vitamin B,. involved 
condensation of the A-D ring fragment (10) with the B-C 
fragment (11). The former compound was obtained by the 
Harvard group in ca 35 steps, including a classical reso- 
lution, from 3-methoxyaniline and camphor. 

The synthesis of the second fragment (11) by the group 
at the ETH in Zurich occurred in 18 steps from camphor- 
quinone (ring C) and trans-3-methyl-4-oxopentenoic acid 
(ring D). Base-catalyzed alkylation of (11) with (10) yielded 
a thioiminoether which underwent sulfide contraction 
upon treatment with acid to give the tetrapyrrole (12). Ma- 
nipulation of substituents and introduction of the cobalt 
atom gave complex (13). The stereo-organizing template 
effect of the complex allowed base-catalyzed cyclization to 
complete the corrin ring system. Functional group ex- 
change and addition of the final methyl group then yielded 
cobyric acid (14). This material had previously been con- 
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verted to vitamin B,, (75) and thus its obtention by total 
synthesis completed the synthesis. 
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A second synthesis of cobyric acid (14) involves photo- 
chemical ring closure of an A-D secocorrinoid. Thus, the 
Diels-Alder reaction between butadiene and trans-3- 
methyl-4-oxopentenoic acid was used as starting point for 
all four ring A-D synthons (15-18). These were combined 
in the order B + C> BC + D>BCD + A~ ABCD. The 
resultant cadmium complex (19) was photocyclized in buf- 
fered acetic acid to give the metal-free corrinoid (20). A 
number of steps were involved in converting this material 
to cobyric acid (14). 

The total syntheses have yielded cobyric acid and 
thence cyanocobalamin. Routes to other cobalamins, eg, 
methylcobalamin and adenosylcobalamin, are known (76— 
79). One approach to such compounds involves the oxida- 
tive addition of the appropriate alkyl halide (eg, CH,I to 
give methylcobalamin) or tosylate (eg, 5’-p-tosyladenosine 
to yield adenosylcobalamine) to cobalt(I)alamine. 


The complexity of the vitamin B;, molecule makes it 
extremely unlikely that total synthesis will ever be em- 
ployed for preparation of commercial quantities. 


BIOSYNTHESIS 


The study of the biosynthesis of vitamin By, is a saga 
whose resolution, due primarily to Battersby (80-83) and 
Scott (84,85), required an effort on the same magnitude as 
the total synthesis. It was only when recent molecular bi- 
ology tools became available to complement enzymology, 
isotopic labeling, chemical synthesis, and spectroscopy 
that solution of this problem became possible. 

The biosynthesis of vitamin B,» in the species Pseudo- 
monas dentrificans has received the most attention due to 
its importance as a commercial source of the vitamin. The 
22 genes involved have been identified and the sequence 
of the resulting proteins described (83). The sequence is 
initiated from 5-aminolevulinic acid (21) which is biosyn- 
thesized from succinyl-CoA (7) and glycine. Condensation 
of two molecules of 5-aminolevulinic acid yields porphobi- 
linogen (22) which is tetramerized as a linear, head-to-tail 
arrangement to give hydroxymethylbilane (23). Ring clo- 
sure and rearrangement (formally on exchange of acetate 
and propionate substituents in ring C) gives uroporphyri- 
nogen III (uro’gen III) (24). Uro’gen IIT is a key biosynthetic 
branchpoint, leading not only to vitamin Bj, but also to 
chlorophyll and heme. 

The sequence to vitamin B,» proceeds by the introduc- 
tion of the eight methyl groups, punctuated by ring con- 
traction to the corrin, an oxidation and reduction, and a 
methyl migration. Thus, the first three methylations lead 
stereospecifically to precorrin-1 (25) and thence by precor- 
rin-2 (26) to precorrin-3A (precorrin-3) (27). Oxidation, 
ring contraction to the corrin, and introduction of the 
fourth methyl group give precorrin-4 (28). Further meth- 
ylation leads to precorrin-5 (29). Loss of the acetyl group 
created by ring contraction as acetate occurs with meth- 
ylation to give precorrin-6A (precorrin-6x) (30) which is re- 
duced to precorrin 6B (precorrin-6y) (81). Decarboxylation 
of the ring C acetic acid subsequent to addition of the last 
two methyl groups (precorrin-8x) (82) and methyl migra- 
tion gives hydrogenobyrinic acid (33). 

Introduction of the cobalt atom into the corrin ring is 
preceeded by conversion of hydrogenobyrinic acid to the 
diamide (34). The resultant cobalt(II) complex (85) is re- 
duced to the cobalt(I) complex (36) prior to adenosylation 
to adenosyleobyrinic acid a,c-diamide (87). Four of the six 
remaining carboxylic acids are converted to primary am- 
ides (adenosyleobyric acid) (38) and the other amidated 
with (R)-1-amino-2-propanol to provide adenosylcobinam- 
ide (39). Completion of the nucleotide loop involves con- 
version to the monophosphate followed by reaction with 
guanosyl triphosphate to give diphosphate (40). Reaction 
with a-ribazole 5'-phosphate, derived biosynthetically in 
several steps from riboflavin, and dephosphorylation com- 
pletes the synthesis. 
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The biosynthetic sequence for other aerobic bacteria ap- 
pears, where known, to be similar to that in Pseudomonas 
dentrificans although the genes involved, and thus the en- 
zymes, exhibit differences. 

In anaerobic (or more correctly, almost anaerobic or mi- 
croaerophilic) bacteria such as Propionibacterium sher- 
manii, a fundamental difference occurs in that the cobalt 
atom is introduced at a much earlier stage, possibly to 
precorrin-2 or precorrin-3A. 


MANUFACTURE 


As noted above, all vitamin B,, is produced by microbial 
fermentation. A partial list of microorganisms which syn- 
thesize vitamin B,. under appropriate conditions follows. 
Most strains, in their wild state, produce less than 10 
mg/L vitamin By», although a few approach 40 mg/L. The 
organisms are both aerobes and anaerobes. The carbon re- 
quirements in the fermentations are satisfied from sources 
as wide ranging as hydrocarbons, methanol, and glucose. 


Arthrobacter hyalinus Propionibacterium 
Bacillus megaterium arabinosum 
Butyribacterium rettgeri Propionibacterium 
Clostridium sticklandii freudenreichii 
Clostridium tetanomorphum Propionibacterium 
Clostridium thermoaceticum pentosaceum 


Corynebacterium and 
Rhodopseudomonas 
Crithidia fasciculata 
Methanobacterium 
arbophilicum 
Methanobacterium formicicum 
Methanobacterium 
ruminantium 
Methanobacterium 
thermoautotrophicum 
Methanosarcina barkeri 
Micromonospora purpurea 
Nocardia gardneri 
Nocardia rugosa 


Commercial Production 


Propionibacterium peterssoni 
Propionibacterium shermanii 
Propionibacterium technicum 
Propionibacterium vannielli 
Protaminobacter ruber 
Pseudomonas denitrificans 
Rhizobium meliloti 
Rhodopseudomonas capsulata 
Rhodopseudomonas 
spheroides 
Strigomonas oncopelti 
Streptomyces aureofaciens 
‘Streptomyces griseus 
Streptomyces olivaceus 


Vitamin B,2, as cyanocobalamin, is produced by several 
companies. The market is dominated, however, by two 
French firms, Rhéne-Poulenc and, to a lesser extent, 
Roussel-Uclaf. Smaller amounts are produced in Japan by 
Nippon Petrochemical, in Hungary by Medimpex-Richter, 
and by minor producers in several other countries. Earlier 
manufacturers, particularly Merck (U.S.) and Glaxo 
(U.K.), have exited the market. Although estimates vary, 
it appears that ca 10,000 kg/yr of vitamin Bj, is pro- 
duced (1). 

The process employed by Rhéne-Poulenc for production 
of vitamin B,, has not been revealed. However, from a va- 
riety of sources (83,86) it can be inferred that a Pseudo- 
monas dentrificans producing over 200 mg/L is employed. 
The high production is the result of classical mutation as 
well as (possibly) genetic engineering. 

A fermentation such as that of Pseudomonas dentrifi- 
cans typically requires 3-6 days. A submerged culture is 
employed with glucose, cornsteep liquor and/or yeast ex- 


tract, and a cobalt source (nitrate or chloride). Other 
minerals may be required for optimal growth. pH control 
at 6-7 is usually required and is achieved by ammonium 
or calcium salts. Under most conditions, adequate 5,6- 
dimethylbenzimidazole is produced in the fermentation. 
However, in some circumstances, supplementation may be 
required. 

The fermentation product, which is primarily adenosyl- 
cobalamin, is retained to the largest extent within the cell. 
Centrifugation of the broth yields a sludge which, when 
dispersed in a minimum of water, water—alcohol, or water— 
acetone and heated, releases the vitamin into the solution. 
Addition of cyanide converts the cobalamins into cyano- 
cobalamin which is then extracted from the filtered solu- 
tion. Many procedures have been reported for this step, 
including adsorption on charcoal (87), bentonite (88), ion- 
exchange resins (89-91), or aluminum oxide (92). For elu- 
tion, water, water-alcohol, organic bases, or hydrochloric 
acid are used. Chromatography on aluminum oxide and 
crystallization from methanol-acetone or water—acetone 
complete the process (93,94), 


Market Forms 


Vitamin B,, is sold almost exclusively as cyanocobalamin. 
Approximately one-third of the material is for the human 
pharmaceutical market whereas two-thirds is used in the 
animal feed market, primarily for poultry and swine. Mod- 
est growth in both markets has occurred in the period 
1980-1995 and this trend is expected to continue. 

In the human market, oral and parenteral dosage forms 
are prepared from the crystal. However, because of the ex- 
tremely high potency, more dilute (0.1-10%) forms are 
available. These include dilutions with mannitol, tritura- 
tions on dicalcium phosphate or resins, and spray-dried 
forms. Prices for these forms are driven by that of the crys- 
tal, which in early 1996 was ca $9.50/gram (95). Prices for 
the vitamin have risen during the first half of the 1990s. 
However, little growth in price beyond inflation is antici- 
pated. 

For animal feed use, vitamin B,, is usually provided in 
a diluted form on a carrier such as calcium carbonate and/ 
or rice hulls. An earlier practice of using a spray-dried fer- 
mentation biomass in this application appears to be no 
longer used. 
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Vitamin D [1406-12-2) is a material which is formed in the 
skin of animals upon irradiation by sunlight and serves as 
a precursor for metabolites which control the animal’s cal- 
cium homeostasis and act in other hormonal functions. A 
deficiency of vitamin D can cause rickets, as well as other 
disease states. This tendency can be a problem wherever 
animals, including humans, especially infants and chil- 
dren, receive an inadequate amount of sunshine. The lat- 
ter phenomenon became prevalent with the advent of the 


industrial revolution, and efforts to cure rickets resulted 
in the development of commercial sources of vitamin D for 
supplementation of the diet of livestock, pets, and humans. 

Research conducted during and subsequent to the 
1970s revealed that vitamin D is better defined as those 
natural or synthetic substances that are converted by ani- 
mals into metabolites that control calcium and phosphorus 
homeostasis and act in a variety of other hormonal-like 
functions. 

Vitamin D, and vitamin D, are the two economically 
important forms of vitamin D. The other D vitamins have 
relatively little biological activity and are only of his- 
torical interest. Vitamin D, (ergocalciferol; ercalciol), 
(5Z,7E,22E)-(3S)-9,10-seco-5,7,10(19)-22-ergostatraene-3- 
ol (2), is active in humans and other mammals, although 
recently (ca 1997) it has been shown to be less active than 
vitamin D, in cattle, swine, and horses. It is relatively in- 
active in poultry. It is prepared by the uv irradiation of 
ergosterol (provitamin D,), (24-methylcholesta-5,7,22- 
triene-3B-ol) (1), a plant sterol. 


a 


@ 


Vitamin Dg (cholecalciferol; calciol), (5Z,7E)-(3S)-9,10- 
seco-5,7-10(19) cholestatriene-3-ol (4), is the naturally oc- 
curring active material found in all animals. It is produced 
in the skin by the irradiation of stored 7-dehydrocholes- 
terol (provitamin Ds), cholesta-5,7-diene-3B-ol (3). 


“ 


NOMENCLATURE 


The Vitamin D compounds are steroidal materials and 
thus are named according to the IUPAC-IUB rules for no- 
menclature (1) (Table 1). Vitamin D, [520-91-2] is a mix- 
ture of vitamin D, and lumisterol. 

The common name vitamin D is used throughout the 
pharmaceutical industry for simplicity. The trivial name 
calciferol has also been used extensively with the prefix 
ergo- and chole-, which indicate vitamin D, (2) and vitamin 
D; (4), respectively. Vitamin D, was originally named cal- 
ciferol in 1931 by Angus and his co-workers (2). Histori- 
cally, a number of substances were referred to as vitamin 
D and were distinguished from one another by a subscript 
numeral, eg, vitamin D2, vitamin D,, etc. 
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skin of animals upon irradiation by sunlight and serves as 
a precursor for metabolites which control the animal’s cal- 
cium homeostasis and act in other hormonal functions. A 
deficiency of vitamin D can cause rickets, as well as other 
disease states. This tendency can be a problem wherever 
animals, including humans, especially infants and chil- 
dren, receive an inadequate amount of sunshine. The lat- 
ter phenomenon became prevalent with the advent of the 


industrial revolution, and efforts to cure rickets resulted 
in the development of commercial sources of vitamin D for 
supplementation of the diet of livestock, pets, and humans. 

Research conducted during and subsequent to the 
1970s revealed that vitamin D is better defined as those 
natural or synthetic substances that are converted by ani- 
mals into metabolites that control calcium and phosphorus 
homeostasis and act in a variety of other hormonal-like 
functions. 

Vitamin D, and vitamin D, are the two economically 
important forms of vitamin D. The other D vitamins have 
relatively little biological activity and are only of his- 
torical interest. Vitamin D, (ergocalciferol; ercalciol), 
(5Z,7E,22E)-(3S)-9,10-seco-5,7,10(19)-22-ergostatraene-3- 
ol (2), is active in humans and other mammals, although 
recently (ca 1997) it has been shown to be less active than 
vitamin D, in cattle, swine, and horses. It is relatively in- 
active in poultry. It is prepared by the uv irradiation of 
ergosterol (provitamin D,), (24-methylcholesta-5,7,22- 
triene-3B-ol) (1), a plant sterol. 
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Vitamin Dg (cholecalciferol; calciol), (5Z,7E)-(3S)-9,10- 
seco-5,7-10(19) cholestatriene-3-ol (4), is the naturally oc- 
curring active material found in all animals. It is produced 
in the skin by the irradiation of stored 7-dehydrocholes- 
terol (provitamin Ds), cholesta-5,7-diene-3B-ol (3). 
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NOMENCLATURE 


The Vitamin D compounds are steroidal materials and 
thus are named according to the IUPAC-IUB rules for no- 
menclature (1) (Table 1). Vitamin D, [520-91-2] is a mix- 
ture of vitamin D, and lumisterol. 

The common name vitamin D is used throughout the 
pharmaceutical industry for simplicity. The trivial name 
calciferol has also been used extensively with the prefix 
ergo- and chole-, which indicate vitamin D, (2) and vitamin 
D; (4), respectively. Vitamin D, was originally named cal- 
ciferol in 1931 by Angus and his co-workers (2). Histori- 
cally, a number of substances were referred to as vitamin 
D and were distinguished from one another by a subscript 
numeral, eg, vitamin D2, vitamin D,, etc. 


Table 1. Vitamin D Substances 
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Common CAS registry 
name number Provitamin Trivial name TUPAC-IUB name 

VitaminD, —_{50-14-6] Ergosterol Ergocalciferol __9,10-seco-5,7,10(19),22-Ergostatetraen-3f-ol 
VitaminD, —_[67-97-0] 7-Dehydrocholesterol Cholecalciferol _9,10-seco-5,7,10(19),Cholestatrien-3-ol 

Vitamin D, —[511-28-4] 22,23-Dihydroergosterol 24-Methyl-9,10-seco-5,7,10(19)-cholestatrien-36-ol 
VitaminD, —_[71761-06-3] _7-Dehydrositosterol Sitocalciferol 2,4-Ethyl-9,10-seco-5,7,10(19)-cholestatrien-3f-ol 
VitaminD, —_‘[481-19-6] 7-Dehydrostigmasterol 24-Ethyl-9,10-seco-5,7,10(19)-22-ergo-statetraen-3f-ol 
Vitamin D; —_ [20304-51-2]_7-Dehydrocampesterol 2,4-Methyl-9,10-seco-5,7,10(19)-cholestatrien-3f-ol 


The vitamins D are 9,10-secosteroids, that is, steroid 
molecules with an opened 9,10 bond of the B-ring. The re- 
lationship between the provitamin steroid (perhydro-1,2- 
cyclopentanophenanthrene ring system) and the 9,10- 
secosteroid nucleus is shown in structures (5) and (6), 
cholestane and 9,10-secocholestane (calcitane), respec- 
tively. 


In 1981, the IUPAC-IUB Joint Commission on Biochemical 
Nomenclature proposed that there be a set of trivial names 
for the important vitamin D compounds, including calciol 
[67-97-0} for vitamin D, calcidiol [19356-17-3] for 25- 
hydroxy-vitamin Dg, and calcitriol [(32222-06-3) for 1a,25- 
dihydroxy-vitamin D3. This nomenclature has met with 
varying degrees of acceptance, as has the proposal to use 
calcine [69662-75-5] (deoxy-vitamin D,) and ercalcine 
[68323-40-0] (deoxy-vitamin Ds) to name the triene hydro- 
carbon structure for 9,10-seco-cholesta-5,7,10(19)-triene 
and 9,10-seco-ergosta-5,7,10(19),22-tetraene, respectively. 
In systematic nomenclature, calcitane can be used for the 
basic 27-carbon skeleton instead of 9,10-secocholestane. 


ISOLATION AND STRUCTURE DETERMINATION 


The isolation and structure elucidation of vitamin D is 
closely related to the efforts to understand and cure rickets 
and related bone diseases. The advent of the use of soft 
coal, the migration of people to cities, and the tendency of 
people and animals to spend less time in sunshine caused 
a decline in the ability of populations to synthesize suffi- 
cient quantities of vitamin D;. This led to the increased 
incidence of rickets, beginning around the mid-1600s (3). 
The bone disease rickets in children, and a similar con- 
dition in adult known as osteomalacia, is characterized by 
the body’s inability to calcify the collagen matrix of growing 
bone, resulting in wide epiphyseal plates and large areas 
of uncalcified bone called osteoid. The resultant lack of ri- 
gidity of bones leads to the ends becoming twisted and 
bent, particularly in long bones. The ribs develop a bumpy 


and uneven texture known as rosary ribs and the legs be- 
come bowed. Also, the cranium becomes soft and mis- 
shapen. In adults, no long-bone growth occurs, but new 
bone which is being continually remodeled, activates cells 
to resorb bone, followed by osteoblast-mediated bone- 
growth replacement (4,5). Metabolites of vitamin D act in 
the body to modulate these activities and maintain strong 
bone structure. 

Although there is evidence that rickets was manifest in 
humans as early as 800 B.C., it was not until 1645 that it 
was first described (6). The progress of finding a cure for 
rickets was relatively slow until the late 1800s, when a 
sufficient number of scientific developments began to allow 
workers to unravel the difficult puzzle of vitamin D me- 
tabolism. Tarret in 1889 had isolated ergosterol from ergot 
of rye and demonstrated that it was different from choles- 
terol. The similarity of the structures, however, led to dif- 
ficulty in the structural elucidation of the vitamin D mol- 
ecule. Mellanby (7) demonstrated the lack of a dietary 
component could be used to develop rickets and was able 
to raise D-deficient animals. This allowed research aimed 
at finding the antirachitic factor to be carried out. 

In 1919, Huldschinski (8) realized that uv light cured 
rickets and impacted on its etiology. The uv light and cod 
liver oil were found to be useful in the treatment of the 
disease, and irradiation of food produced the same effect 
as irradiation of the animal. The link between irradiation 
and plant materials led to the conclusion that ergosterol 
was an antirachitic substance, and an extensive effort was 
made to characterize the chemistry of irradiated ergo- 
sterol. 

Windaus in 1933 derived the skeletal structure of vi- 
tamin D,. He found the elemental formula to be CosH4,0. 
The side chain was unequivocally characterized by x-ray 
crystallography later, in 1948. Reindel and Kipphan (9) in 
1932 ozonized the side chain and elucidated the C22 double 
bond. The reaction to form a Diels Alder adduct with ma- 
leic anhydride and the typical diene uv spectrum led to the 
conclusion there was a diene in the B ring. In 1934 Fern- 
holz and Chakravorty (10) determined the provitamin had 
a 3f-hydroxy group because the molecule could be precip- 
itated with digitonin, a reaction characteristic of the 3f-ol 
functionality in steroids. 

Perbenzoic acid gave a doubly unsaturated triol mono- 
benzoate. Only two hydroxyl groups could be acetylated, 
and one was tertiary. The saturated triol reacted with lead 
tetracetate to give an a glycol. When reacted with chromic 
acid, it gave a hydroxy lactone. From these observations, 
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Windaus and Grundmann (11) described the correct struc- 
ture for ergosterol (1). 

The observation that the uv spectrum of provitamin D 
changed with uv irradiation and also produced antirachitic 
activity led to the conclusion that vitamin D was derived 
from the provitamin. Windaus found the vitamin D, for- 
mula C2sH,,0 to be isomeric with the provitamins. 

Bunal in 1932 used x-ray crystallography to demon- 
strate that many of the preparations described in the lit- 
erature were mixtures and that vitamin D, was one crystal 
structure. 

Calciferol, when hydrogenated catalytically, took up 4 
moles of hydrogen and gave a compound with the empirical 
formula CzsH;20. Sodium in ethanol reduction gave a di- 
hydroproduct which reacted with 3 moles of perbenzoic 
acid, thus demonstrating the derivative to have three dou- 
ble bonds. 

Ozonolysis of vitamin D, gave 2,3-dimethylbutanol, 
showing the side chain to contain the 22 double bond and 
a Coq methyl group. 

Vitamin D, reacted with maleic anhydride to give a 
mono Diels-Alder adduct, which hydrolyzed to yield a di- 
carboxylic acid. Acetylation of the alcohols, esterification 
of carboxylic acids, and hydrogenation gave a compound 
which, when ozonized, gave a saturated ketone, C,9H;,0. 
This molecule contains the C and D ring and side chain 
from vitamin Dg, indicating that the B ring must have been 
opened by photolytic cleavage of the Cy~C,, bond (12). The 
vitamin D, molecule was thus shown to be a tricyclic ma- 
terial with four double bonds. 

Windaus and Boch (13) isolated and characterized 7- 
dehydrocholesterol in 1937 from pig skin. They showed, 
further, that vitamin D, could be generated from the pro- 
vitamin by uv irradiation. 

Irradiated ergosterol was found not to be as antirachitic 
in the chick as in the rat, whereas the chick could be pro- 
tected by direct irradiation. The provitamin in cholesterol 
was shown not to be ergosterol. Rygh (14) in 1935 found 
that 1 rat unit of cod liver oil was 100 times more potent 
in chicks than 1 rat unit of vitamin D,. Brockmann (15) in 
1936, prepared the pure crystalline 3,5-dinitrobenzoate de- 
rivative of vitamin D, obtained from tuna liver oil (subse- 
quently demonstrated in other species like halibut and 
blue fin tuna). This material was shown to be identical to 
the dinitrobenzoate derivative of vitamin D, obtained by 
Windaus from the irradiation of 7-dehydrocholesterol. 
Thus, the chemical identity of vitamin D, and D, were well 
established. A more detailed description of the events lead- 
ing to the structure elucidation of the vitamin Ds can be 
found in Reference 6. 


OCCURRENCE 


The provitamins, precursors of the vitamin Ds, are distrib- 
uted widely in nature, whereas the vitamins themselves 
are less prevalent. The amounts of provitamins D, and D, 
in various plants and animals are listed in Table 2. 
Fish-liver oil, liver, milk, and eggs are good natural 
sources of the D, vitamin. Most milk sold in the United 
States is fortified with manufactured vitamin D. Fish oil 
is the only commercial source of natural vitamin D3, and 


the content of the vitamin varies according to species as 
well as geographically, ie, Atlantic cod contain 100 IU/g 
where IU (International Unit) = 0.025 yg of vitamin D3, 
whereas oriental tuna (Percomorpli) contain 45,000 IU/g 
of oil. 

Vitamin D, rarely occurs in plants. However, Solanum 
glaucophyllum, Solanum malacoxylon, Cestrum diurnum, 
and Trinetum flavescens have been shown to contain water- 
soluble glycosides of vitamin D analogues with 1a,25- 
dihydroxy-vitamin D activity (16-22). The vitamin D con- 
tent in various plant and animal materials is shown in 
Table 3. Vitamin D, occurs naturally in all animals (24). 


‘CHEMICAL AND PHYSICAL PROPERTIES 


Provitamin 


The chemistry of the D vitamins is intimately involved 
with that of their precursors, the provitamins. The man- 
ufacture of the vitamins and their derivatives usually in- 
volves the synthesis of the provitamins, from which the 
vitamin is then generated by uv irradiation. The chemical 
and physical properties of the provitamins are discussed 
below, followed by the properties of the vitamins. 

3f-Hydroxy steroids which contain the 5,7-diene system 
and can be activated with uv light to produce vitamin D 
compounds are called provitamins. The two most impor- 
tant provitamins are ergosterol (1) and 7-dehydrocholes- 
terol (3). They are produced in plants and animals, respec- 
tively, and 7-dehydrocholesterol is produced synthetically 
on a commercial scale. Small amounts of hydroxylated de- 
rivatives of the provitamins have been synthesized in ef- 
forts to prepare the metabolites of vitamin D, but these 
products do not occur naturally. The provitamins do not 
possess physiological activities, with the exception that 
provitamin D, is found in the skin of animals and acts as 
a precursor to vitamin D3, and synthetic dihydroxalated 
analogues of pro- and previtamins have been found to have 
selective activity towards nuclear and nonnuclear recep- 
tors (24-27). 


Provitamin D, 


Ergosterol is isolated exclusively from plant sources. The 
commercial product is ca 90-100% pure and often contains 
up to 5 wt % of 5,6-dihydroergosterol. Usually, the isolation 
of provitamin D, from natural sources involves the isola- 
tion of the total sterol content, followed by the separation 
of the provitamin from the other sterols. The isolation of 
the sterol fraction involves extraction of the total fat com- 
ponent, its saponification, and then reextraction of the un- 
saponifiable portion with an ether. The sterols are in the 
unsaponifiable portion. Another method is the saponifica- 
tion of the total material, followed by isolation of the non- 
saponifiable fraction. Separation of the sterols from the un- 
saponifiable fraction is done by crystallization from a 
suitable solvent, eg, acetone or alcohol. Ethylene dichlo- 
ride, alone or mixed with methanol, has been used com- 
mercially for recrystallization. In the case of yeasts, it is 
particularly difficult to remove the ergosterol by simple ex- 
traction, thereby obtaining only ca 25% recovery. Industri- 
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Table 2. Occurrence of the Provitamins D in Selected Plants and Animals, Parts per Thousand of Total Sterol 
Source Amount Source Amount 
Cottonseed oil 28 Gallstones, man 0.25 
Rye grass 16 Mytilus edulis, sea mussel 100 
Wheat germ oil 10 Modiolus demissus, ribbed mussel 370 
Carrot 1a Ostrea virginica, oyster 80 
Cabbage 05 Ostrea edulis, oyster 34 
Skin, pig 46 Asterias rubens, starfish 3.8 
Skin, chicken feet 25 Common sponges 20 
Skin, rat 19 Common coral 10 
Skin, mouse 9 Aspergillus niger, mold 1,000 
Skin, calf 7 Cortinellus shiitake, mushroom 1,000 
Skin, human infant 15 Claviceps purpurea, ergot 9,000 
Skin, human adult 4.2 Saccharomyces cerevisiae, yeast 800 
Liver, Japanese tuna li Penicillium puberculum, mold 1,000 
Liver, Atlantic cod 44 Fucus vesiculosus, alga, seaweed 08 
Liver, shark 1.0 ‘Tubifex sp, waterworm 210 
Liver, halibut 0.6 Bumbricus terrestris, earthworm 170 
Liver, tuna 10 Tenebrio molitor, mealworm. 120 
Eggs, Chinese duck 60 Gyronomus, sp, goat 61 
Eggs, cod (roe) 5.5 Cancer pagurus, common crab ub 
Eggs, hen 16 Dephnia sp, water flea 15 
Wool fat, sheep 3.9 Musca domestica, housefly 7.0 
Milk, cow 23 Crangon vulgaris, shrimp 3.8 
Pancreas, beef 18 Homarus vulgaris, lobster 25 
Spinal cord, beef 12 Helix pomatia, edible snail 97 
Blood serum, cow 0.5 Arion empiricorum, slug, red road snail 220 
Herring oil 0.5 Littorina littorea, periwinkle 170 
Heart, calf 0.32 Sepia sp, cuttlefish 12 


Table 3. Distribution of Vitamin D Activity 


Sample Amount? 
Phytoplankton 0 
Sargassum (a gulfweed) Some activity 
Clover hay 

Sun-cured Slight 

Dark-cured 0 
Mushrooms (Agaricus campestris) 0.21 1U/g 
Milk (unfortified) 

Winter (bovine) 5.3 IU/L 

Summer (bovine) 53 IU/L 
Milk (human) 63 IU/L 
Milk colostrum (human) 315-635 IU/L 
Egg yolk 150-400 IU/g 
Butter 4-8 IU/g 
Fish-liver oils 50-45,000 IU/g 


Source: Ref. 23. 
TU (International Unit) = 0.025 yg of vitamin D3, 


ally, therefore, the ergosterol is obtained by preliminary 
digestion with hot alkalies or with amines (28-33). Varia- 
tions of the isolation procedure have been developed. For 
example, after saponification, the fatty acids may be pre- 
cipitated as calcium salts, which tend to absorb the sterols. 
The latter are then recovered from the dried precipitate by 
solvent extraction. 


Provitamin D; 


Provitamin D, is made from cholesterol, and its commer- 
cial production begins with the isolation of cholesterol from 


one of its natural sources. Cholesterol occurs in many ani- 
mals, and is generally extracted from wool grease obtained 
by washing wool after it is sheared from sheep. This grease 
is a mixture of fatty-acid esters, which contain ca 15 wt % 
cholesterol. The alcohol fraction is obtained after saponi- 
fication, and the cholesterol is separated, usually by com- 
plexation with zinc chloride, followed by decomplexation 
and crystallization. Cholesterol can also be extracted from 
the spinal cords and brains of animals, especially cattle, 
and from fish oils. 

Cholesterol (7) is converted to 7-dehydrocholesterol (3) 
(see Fig. 1). This process usually involves the Ziegler allylic 
bromination of the 7 position followed by dehydrobromi- 
nation (34). Esterification of the cholesterol (8) is necessary 
to prevent oxidation of the 3f-alcohol by the brominating 
agent. Allylic bromination may be accomplished with a va- 
riety of brominating agents, eg, N-bromosuccinimide, N- 
bromophthalimide, or preferably 5,5-dimethyl-1,3-dibro- 
mohydantoin (35). Bromine in carbon disulfide can be used 
if the free-radical bromination is photocatalyzed (36). A 
mixture of 7a-(9) and 7f-bromo cholesteryl esters (10) is 
obtained and treated with an appropriate base to dehydro- 
halogenate the molecule and give the 7-dehydrocholesteryl 
ester (11) (37,38). Proper conditions for this reaction are 
necessary to generate a high yield of the desired 7-dehydro 
product instead of the undesired cholesta-4,6-dien-3f-ol es- 
ter (12), which is formed as a by-product. Various reagents 
can be used to perform the dehydrohalogenation. Tri- 
methyl phosphite or pyridine bases, particularly trimeth- 
ylpyridine, have been used; the symmetrical collidine is 
the reagent of choice (35,38,39). t-Butylammonium fluo- 
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Figure 1. Conversion of cholesterol to 7-dehydrocholesterol. 


ride has also been used to improve the yield of high quality 
5,7-diene (40). 

The 7a-bromo steroid (9) can also be treated with so- 
dium pheny] selenolate (41). The resultant 7f-phenyl se- 
lenide (18) can be oxidized and the corresponding phenyl 
selenoxide eliminated to form the 7-dehydrocholesteryl es- 
ter (11). 

‘7-Dehydrocholesterol has also been made from choles- 
terol by the Windaus procedure (Fig. 2); the 3,7-dibenzoate 
(16) is obtained (via (14) and (15) by oxidation and reduc- 
tion), which undergoes thermal elimination to give the 7- 
dehydrocholesteryl benzoate (11) (42-44). However, the 


yields are substantially lower than those achieved by the 
bromination—dehydrobromination method. 
7-Tosylhydrazone and 7-phenyl sulfoxide groups have 
also been introduced into cholesterol and eliminated to 
prepare the 5,7-diene (45,46). The method of choice is the 
allylic bromination—dehydrobromination procedures, and 
the commercial yields in converting cholesterol to 7- 
dehydrocholesterol are in the range of 35-50%. 


Vitamin D 
The irradiation of the provitamins to produce vitamin D as 
well as several isomeric substances was first studied with 
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Figure 2. The Windaus procedure. Source: Ref. 42. 


ergosterol. The chemistry is identical for the vitamin D, 
series and yields analogous isomers. In 1932, a scheme for 
the irradiation of ergosterol leading to vitamin D, was pro- 
posed (45). Twenty years later, the mechanism of the ir- 
radiation of the provitamins to vitamin D and its photoiso- 
mers was further elucidated (46,47). More recently, Jacobs 
(48) has reviewed the photochemistry. A number of prod- 
ucts associated with the irradiation process are shown in 
Figure 3. The geometry and electronic characteristics of 
these molecules have been well established by x-ray crys- 
tallographic analysis and valence force-field calculations 
(50-52). The irradiation process, which converts 7- 
dehydrocholesterol to vitamin D also occurs in the skin of 
animals if sufficient sunlight is available. The photochem- 
ical and thermal isomerizations occur during the genera- 
tion of vitamin D in vivo as well as during its synthetic 
photochemical preparation (24,53,54). The initial step in- 
volves ring opening of the B-ring of the sterol by ultraviolet 
activation of the conjugated diene. The absorbance of uv 
energy activates the molecule, and the x > x* excitation 
(absorption, 250-310 nm; Amar = 291 nm, € = 12,000) re- 
sults in the opening of the 9,10 bond and the formation of 
the (Z)-hexadiene, previtamin D, (R) [1173-13-3] (17) or 


previtamin D, (R’) (21307-015-1} (18). The uv irradiation 
of 7-dehydrocholesterol or ergosterol results in the steady 
diminution in concentration of the provitamin, initially 
giving rise to predominantly previtamin D. The pre- levels 
reach a maximum as the provitamin level drops below ca 
10%. The concentration of the previtamin then falls as it 
is converted to tachysterol and lumisterol, which increase 
in concentration with continued irradiation (see Fig. 4). 
Temperature, frequency of light, time of irradiation, and 
concentration of substrate all affect the ratio of products. 
Previtamin D undergoes thermal equilibration to vitamin 
D(2) or (4), cis-vitamin D, [50-14-6] and cis-vitamin Ds [67- 
97-0), respectively. The conversion of previtamin D (18) or 
(17) at temperatures of =80°C by thermal isomerization to 
give the cis vitamin (ergocalciferol) (2) or cholecalciferol (4) 
involves an equilibrium, as indicated in Table 4 (55,56). 

The equilibrium composition is normally ca 80% vita- 
min D and 20% previtamin D. This reaction is an intra- 
molecular {1-7} H sigmatropic shift and occurs through a 
rigid cyclic transition state (57). 

Additionally, the x ~ x* excitation of previtamin D can 
result in ring closure back to the provitamin (1) [57-87-4] 
or (3) [434-16-2] or to lumisterol, [474-69-1} (19) or lumi- 
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Figure 3. Photochemical and thermal isomerization products of vitamin D manufacture (49). The 


quantum yields of the reactions are listed beside the arrows for the given reactions. 


sterol; [5226-01-7] (20), which have the 9f,10a configura- 
tion. This excitation can also exhibit (Z) = (E) photoiso- 
merization to the 6,7-(E)-isomer, tachysterol, [115-61-7] 
(21) or tachysterol; [63902-44-3} (22) (58,52). 

Other photoinduced cyclization reactions can occur by 
conrotatory bond formation to give the 9f,10f-antiisomers, 


100 isopyrocalciferol, [474-70-4] (28) or isopyrocalciferoly 
xe 80 [10346-44-8) (24) (Fig. 5), whereas thermal cyclization at 
2 60 >100°C leads to the two 9,10-syn isomers, (9a,10a)- 
Z pyrocalciferol (27) [128-27-8] or (28) [10346-43-7] by a dis- 
ie rotatory bond formation mechanism (47). Ultraviolet over- 
= 20 irradiation leads to photopyro- (29) [41411-05-6) or (30) 

0 and photoisopyrocalciferols (25) [26241-65-6] or (26) 
0. 20 40 #60 80 100 [85354-28-5), respectively and to the formation of supra- 


Relative time of irradiation 


Figure 4. Time course for uv-irradiation of 7-dehydrocholesterol 
(@): (O), previtamin D; (x), lumisterol; (—), tachysterol. 


sterols of the type shown in structure (37) (59,60) (Fig. 6). 
Prolonged irradiation of the mixture of isomers can also 
lead to toxisterols of the type shown in structures (38) and 
(89), where R = D, and R’ = Ds side chains (see Fig. 3) 


Table 4, Inverconversion Time of Previtamin D; and 
Vitamin D, at 20°C, and 40°C 


Vitamin Dy from Previtamin D; 
previtamin D, from vitamin D, 

Formation Days at Daysat Hoursat Daysat Hours at 

(%) -2°C 2C 40°C we 40°C 
a 27 0.2 04 22 37 
5 68 04 Ll 82 11.2 
7 96 05 15 18.6 

10 140 08 2.3 43.3 

20 269 16 48 

30 474 2.6 78 

40 681 3.8 113 

50 926 5.2 15.6 

60 1230 70 21.2 

70 1628 95 29.2 

80 2204 13.3 43.4 

90 2910 23.3 


Source: Ref. 56. 


(61-63). More than 20 members of this type of substance 
have been identified. There is little evidence that these ma- 
terials are toxic; however, their nomenclature leads to 
some misunderstanding. These compounds generally show 
little if any biological activity and have not been found in 
vivo (15,63-66). Normal irradiation conditions for the pro- 
duction of vitamin D include sufficiently low temperatures 
so that these products do not form, and they are not found 
in normal commercial samples of D; resins. 

The irradiation of calciferol in the presence of iodine 
leads to the formation of 5,6-trans- vitamin D, [14449-19- 
5) (81) or D, [22350-41-0) (82) (67,68). 5,6-trans-Vitamin 
D as well as vitamin D (2) or (4) can be converted to iso- 
vitamin D by treatment with mineral or Lewis acids. Iso- 
calciferol (85) [469-05-6] or (36) [42607- 12-5) also forms 
upon heating of 5,6-trans-vitamin D. Isotachysterol (33) 
[469-06-7] or (84) [22350-43-2} forms from isocalciferol or 
vitamin D upon treatment with acid, and its production 
appears to be the result of sequential formation of trans- 
and isocalciferol from calciferol. These reactions are the 
basis of the antimony trichloride test for vitamin D (69- 
72). 

Commercially, the irradiation of the 5,7-diene provita- 
min to make vitamin D must be performed under condi- 
tions that optimize the production of the previtamin while 
avoiding the development of the unwanted isomers. The 
optimization is achieved by controlling the extent of irra- 
diation, as well as the wavelength of the light source. The 
best frequency for the irradiation to form previtamin is 295 
nm (64-66). The unwanted conversion of previtamin to 
tachysterol is favored when 254 nm light is used. Sensi- 
tized irradiation, eg, with fluorenone, has been used to fa- 
vor the reverse, triplet-state conversion of tachysterol to 
previtamin D (73,74). 

The molecular extinction coefficients (at various wave- 
lengths) of the four main components of the irradiation are 
shown in Table 5. The absorption of light above 300 nm is 
favored by tachysterol. A yield of 83% of the previtamin at 
95% conversion of 7-dehydrocholesterol can be obtained by 
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irradiation first at 254 nm, followed by reirradiation at 350 
nm with a yttrium aluminum garnet (YAG) laser to convert 
tachysterol to previtamin D. A similar approach with laser 
irradiation at 248 nm (KrF) and 337 nm (N,) has also been 
described (76). 

The irradiation of the provitamin has been achieved us- 
ing the acetate and benzoate esters, although the free al- 
cohol form of the provitamin is usually used (77). 

The physical properties of the provitamins and vitamins 
Dz and Ds are listed in Table 6. The values are listed for 
the pure substances. The D vitamins are fat-soluble and, 
as such, are hydrophobic. 


SHIPPING AND HANDLING 


Vitamin D and its products are sensitive to uv light, heat, 
air, and mineral acids. Its sensitivity to these conditions is 
exaggerated by the presence of heavy-metal ions, eg, iron. 
Care should be taken to store and ship vitamin D and its 
various product forms so that exposure to these conditions 
is minimized. Pharmaceutical grade vitamin Dy is supplied 
in the pure crystalline form. This is used in vitamin D as 
well as multivitamin preparations. Commercial sources of 
feed-grade vitamin D are usually the vitamin D, resin sta- 
bilized by spray- or roll-drying a starch or gelatin suspen- 
sion of the vitamin. These products should be stored in a 
cool, dry place in opaque, hermetically-sealed containers 
under nitrogen. Vitamin D is generally recognized as safe 
when used in accordance with good manufacturing or feed- 
ing practices (79). 

Shipping vitamin D in crystalline or resin form should 
be done in containers marked appropriately to indicate 
the material is toxic by DOT standards. Its proper DOT 
labeling is DOT Hazard Class 6.1, poisonous. Waste ma- 
terial should be burned or placed in an appropriate land- 
fill. 

The provitamins are also unstable to heat and light. 
They generally should be stored in a dark, cool, dry place. 
The provitamin is more stable if shipped with 10-15 wt % 
methanol rather than in a dry form. 


ANALYTICAL AND TEST METHODS 


The development of reliable uv analysis permitted the de- 
pendable detection and assay of the provitamins and vi- 
tamins. Prior to this, the Lieberman-Bouchard chemical 
test was used, but the color reaction gave many false pos- 
itives and was relatively inaccurate. 

In 1949 the World Health Organization adopted the bio- 
logical activity of 1 mg of an oil solution containing 0.025 
ug of crystalline D, as the analytical standard for vitamin 
Ds. This standard was discontinued in 1972. USP uses 
crystalline cholecalciferol as a standard (80). Samples of 
reference standard may be purchased from U.S. Pharma- 
copeial Convention, Inc., Reference Standards Order De- 
partment, 12601, Twinbrook Parkway. Rockville, Mary- 
land 20852. One international unit of vitamin D activity is 
that activity demonstrated by 0.025 yg of pure crystalline 
cis-vitamin D,. One gram of vitamin D; is equivalent to 40 
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Figure 5. Products of the isomerization of pre- and cis-vitamin D. 
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Table 5. Molecular Extinction Coefficients of Irradiation Products 
(am) 7-Dehydrocholesterol Previtamin Dy Tachysterol, Lumisterol, 
254 4,500 725 11,450 4,130 
800 1,250 930 11,250 1,320 
330 25 105 2,940 30 
340 20 40 242 25 
350 10 25 100 20 
Source: Ref. 75. 


X 10°IU or USP units. The international chick unit (ICU) 
is identical to the USP unit. 

USP also issues vitamin D, capsules for AOAC deter- 
mination in rats and an oil solution for the vitamin D, 
AOAC determination in chicks. Historically, the following 
units (shown with their approximate international unit 
equivalence) have been used but are currently abandoned: 
1 clinical unit = 12-17 IU; 1 biological unit = 0.125 IU; 1 
protection unit = 0.125 IU; 1 Laquer unit = 0.14 IU; 1 
Poulson unit = 0.2 IU; 1 Steenbach unit = 3 IU. The MRC, 
ICU, and Coward units all approximated the international 
unit and are also no longer in common use. 

The standard chemical and biological methods of anal- 
ysis are those accepted by the United States Pharmacopeia 
XXIII as well as the ones accepted by the AOAC in 1995 
(81-84). The USP method involves saponification of the 
sample (dry concentrate, premix, powder, capsule, tablet, 
or aqueous suspension) with aqueous alcoholic KOH; sol- 
vent extraction; solvent removal; chromatographic sepa- 
ration of vitamin D from extraneous ingredients; and co- 
lormetric determination with antimony trichloride and 
comparison with a solution of USP cholecalciferol reference 
standard. 

The AOAC (978.42) recognizes a similar procedure, ex- 
cept that the unsaponifiable material is treated with ma- 
leic anhydride to remove the trans-isomer which may pos- 
sibly be present (83). The antimony trichloride colorimetric 
assay is performed on the trans-isomer-free material. This 
procedure cannot be used to distinguish certain inactive 
isomers, eg, isotachysterol; if present, these are included 
in the result, giving rise to a falsely high analysis. A test 


must therefore be performed to check for the presence of 
isotachysterol. 

Preferably, high pressure liquid chromatography (hple) 
is used to separate the active pre- and cis-isomers of vita- 
min Dg from other isomers and allows their analysis by 
comparison with the chromatograph of a sample of pure 
reference cis-vitamin Ds, which is equilibrated to a mixture 
of pre- and cis-isomers (82,84,85). This method is more sen- 
sitive and provides information on isomer distribution as 
well as the active pre- and cis-isomer content of a vitamin 
D sample. It is applicable to most forms of vitamin D, in- 
cluding the more dilute formulations, ie, multivitamin 
preparations containing at least 1 IU/g (AOAC Methods 
979.24; 980.26; 981.17; 982.29; 985.27) (82). The practical 
problem of isolation of the vitamin material from interfer- 
ing and extraneous components is the limiting factor in the 
assay of low level formulations. 

A number of methods have been developed for the chro- 
matographic separation of vitamin D and related sub- 
stances and can be found in Table 7. 


Biological Assay 


The USP and AOAC recognize a biological method for the 
determination of vitamin D. The rat line test, however, is 
slow, expensive and not as accurate as the chemical or 
chromatographic methods. Rachitic rats are fed diets con- 
taining the vitamin D sample. This test measures bone 
growth on the proximal end of the tibia or distal end of the 
ulna, which is visualized by staining with silver nitrate. 
This test is not applicable to products offered for poultry 
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Table 6. Physical Properties of Provitamins and Vitamins D, and D, 


Substance 
Vitamin Dy Vitamin D3 
Properties 7-Dehydrocholesterol Ergosterol (ergocalciferol) (cholecalciferol) 
Melting point, °C 150-151 165 115-118 84-85 
Color and form Solvated plates from Hydrated plates from alcohol; Colorless prisms Fine colorless needles 
ether—methanol needles from acetone from acetone from dilute acetone 

CAS Registry Number [434-16-2] (57-87-4] (50-14-6] (67-97-0] 
Optical rotation (a2°),° 

Acetone 82.6 83.3 

Ethanol 103 105-112 

Chloroform -113.6 -135 52 51.9 

Ether 912 

Petroleum ether 33.3 

Benzene -127.1 
Coefficient of rotation per 0.515 

°C in alcohol 
UV max, nm 282 281.5 264.5 264.5 
Specific absorption, Emax. 308 458.9 + 7.5 478.2 + 7.8 

at 1% cone 
Potency* IU/g 40 x 10° 40 x 10° 
Biological activity in mammals in mammals and birds 
Chicken efficacy, % 8-10° 100 
Solubility, g/100 mL 

Acetone at 7°C 7 

Acetone at 26°C 25 

Absolute ethanol sl sol 28 

At 26°C 0.15 
At 42°C 2.2 
Ethyl acetate at 26°C 31 
Water Insol Insol Insol Insol 


“The international standard for vitamin D is an oil solution of activated 7-dehydrocholesterol (3). The IU is the biological activity of 0.026 ug of pure 


cholecalciferol. 
Studies have claimed an efficacy as high as 10% (77). 


feeding. The AOAC recognizes another procedure which 
measures the vitamin D sample activity in increasing bone 
ash of growing chicks compared to the activity of a USP 
cholecalciferol reference standard. It too is slow, expensive, 
and gives variable results. 


Physical Methods 


Vitamins D, and D, exhibit uv absorption curves that have 
a maximum at 264 nm and an E,,,, (absorbance) of 450- 
490 at 1% concentration (Table 8). The various isomers of 
vitamin D exhibit characteristically different uv absorp- 
tion curves. Mixtures of the isomers are difficult to distin- 
guish. However, when chromatographically separated by 
hplc, the peaks can be identified by stop-flow techniques 
based on uv absorption scanning or by photodiodearray 
spectroscopy. The combination of elution time and char- 
acteristic uv absorption curves can be used to identify the 
isomers present in a sample of vitamin D. 

Infrared and nmr spectroscopy have been used to help 
distinguish between vitamins Dz and D3; (87-89). X-ray 
crystallographic techniques are used to determine the vi- 
tamin D structure, and gas chromatography also is a 
method for assaying vitamin D (49,90-95). 


Provitamin D 


The molecular extinction coefficient of 7-dehydrocholes- 
terol at 282 nm is 11,300 and is used as a measure of 7- 


dehydro isomer content of the provitamin (96,97). High 
pressure liquid chromatography can also be used to ana- 
lyze the provitamins. There are a variety of chemicals that 
show characteristic colors when reacted with the provita- 
mins. Some of these are listed in Table 9. 

The extremely low levels of vitamin D and its metabo- 
lites in biological systems make it very difficult to assay 
these products by traditional methods. Calcium-binding 
protein is not found in the intestinal mucosa of vitamin 
D-deficient animals. It is synthesized only in response to 
the presence of a material with vitamin D activity. Thus, 
using antiserum specific to intestinal calcium-binding pro- 
tein, a radioimmunodiffusion assay (98) conducted on ho- 
mogenates of intestinal mucosa of chicks fed the test 
material for 7-10 d allows assay of the material for vitamin 
D activity down to 1-200 IU. The development of this 
technique has allowed research to be conducted since the 
mid-1970s to elucidate the vitamin D metabolism and bio- 
chemistry and is now used routinely to assay vitamin D- 
active materials in clinical as well as research samples 
(6,40,51,53,55). 


SYNTHESIS 


Manufacture 


Most of the vitamin D produced in the world is made by 
the photochemical conversion of 7-dehydrocholesterol. Er- 


Table 7. Methods for Chromatographic Separation of 
Vitamin D and Related Steroid 
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Table 8. Approximate UV Absorbance of 7- 
Dehydrocholesterol, Pre- and cis-Vitamin D 


Method Comments 


Paper chromatography 


Quinoline- 
impregnated 
paper 
Reversed-phase 
paper 
Column 
chromatography 
Alumina 
Floridin 
Celite Useful for multivitamin tablets 
Silicic acid Useful for metabolites 
Factice Can resolve vitamin D, and vitamin D, 
Sephadex LH-20 Highly useful for metabolites 


High-pressure liquid chromatography 


Separates 24(R), 25-dihydroxy-vitamin D, 
from 24(S), 25-dihydroxy-vitamin D, 

Useful for metabolites 

Assay of 25-hydroxy-vitamin D, 

Useful for vitamin D metabolites 

Commercial vitamin Dy assay 


Zorbax-Sil support 


ODS*-Permaphase 
Silica gel 


Thin-layer chromatography 


Effective for irradiation mixtures 
Silica gel G Two-dimensional 


Gas chromatography 


Separates trimethylsilyl ethers of vitamin 
Ds 

Cyclizes vitamin Ds 

Useful for 25-hydroxy-vitamin Dy 

Useful for multivitamin tablets 

Useful for vitamin D, in milk 


Source; Ref. 86. 
“ODS = octadecyl (Cg) silane. 


gosterol is not used as extensively as it once was, because 
it offers no real price advantage and, upon irradiation, it 
gives vitamin D2, which has been shown to be less active 
in many species. The pig, chicken, cow, and horse have 
been shown to discriminate against vitamin D, (99). Irra- 
diation of 7-dehydrocholesterol or ergosterol is carried out 
by dissolving the steroid in an appropriate solvent, eg, 
peroxide-free diethyl ether. Solvents such as methanol, cy- 
clohexane, and dioxane have also been used. The cooled 
solution is pumped through uv-transparent quartz reac- 
tors which permit the light from high pressure mercury 
lamps to impinge upon the solution (Fig. 7). The solution 
is recycled until the desired degree of irradiation has been 
achieved. This results in a mixture of unreacted 7- 
dehydrosterol, previtamin D, vitamin D, and irradiation 
by-products. 

Among the light sources used for irradiation are carbon 
arcs, metal-corded carbon rod, magnesium arcs, and 
mercury-vapor lamps; the high pressure mercury lamp is 
most widely used. Higher yields and more favorable isomer 


(E 1% 1em) 
Absorbance Previtamin cis-Vitamin 
at um 7-Dehydrocholesterol D D 
230 35 190 250 
235 40 170 280 
240 50 210 325 
245, 60 235 360 
250 85 250 400 
255 120 260 430 
260 150 270 460 
265 200 265 470 
270 270 250 450 
273 282 
275 250 220 420 
277 240 
280 290 180 340 
282 293 
285 240 150 300 
290 155 100 180 
295 170 70 120 
300 70 50 80 


distribution can be achieved if the frequency of light is kept 
at 275-300 nm. Several arrangements of the components 
of the simple reactor shown are possible and have been 
used. An important feature is a cooling jacket which con- 
trols the high temperature (ca 800°C) of the mercury-vapor 
lamps. Water solutions for cooling may contain salts for 
screening frequencies of light. Light below 275 nm can be 
filtered by aromatic compounds, as well as by a 5-wt % lead 
acetate or other inorganic salt solution. Glass filters can 
also be used as screens for frequencies which are outside 
the chemical filter ranges. Photosensitizers, eg, eosin, 
erythrosin, dibromodinitrofluorescein, and others, have 
been suggested to limit light frequencies and improve the 
isomer distribution. 

The vitamin D resin is stabilized against oxidation by 
the addition of =1 wt % butylated hydroxyanisole or bu- 
tylated hydroxytoluene. 

The solvent is then evaporated, and the unconverted 
sterol is recovered by precipitation from an appropriate 
solvent, eg, alcohol. The recovered sterol is reused in sub- 
sequent irradiations. The solvent is then evaporated to 
yield vitamin D resin. The resin is a pale yellow-to-amber 
oil that flows freely when hot and becomes a brittle glass 
when cold; the activity of commercial resin is 20-30 x 10° 
IU/g. The resin is formulated without further purification 
for use in animal feeds. Vitamin D can be crystallized to 
give the USP product from a mixture of hydrocarbon sol- 
vent and aliphatic nitrile, eg, benzene and acetonitrile, or 
from methyl formate (100,101). Chemical complexation 
has also been used for purification. 

In 1938, it was estimated that 7.5 x 101° quanta of light 
were required to convert ergosterol to 1 USP unit of vita- 
min D, (102). The value was later determined to be 9.3 X 
107° quanta. 

A flow diagram for the D,; manufacturing process is 
shown in Figure 8. First, ether solution containing 7- 
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Table 9. Chemical Test Methods for Provitamin D 


Name of reaction ‘Components Results Interpretation 
Revised Salkowski reaction CHCl, + H,SO, (cone) Deep red acid layer Differentiates from sterols lacking 
conjugated diene (red color in CHCl, 
layer) acid gives green fluorescence 
Lieberman-Burchard CHCI;; acetic acid—H,SO, Red color develops and Can be quantitative; acts similarly, 
reaction added dropwise changes to blue-violet to but red color lasts longer 
green 
Tortelli-Jaffé reaction Acetic acid + 2 wt % Br, in Green Sterols with ditertiary double bonds; 
CHCl, vitamin D and compounds that give 
similar bonds upon isomerization or 
reaction 
Rosenheim reaction CHCl, + trichloroacetic acid Red color develops and 
in H,O changes to light blue 
Rosenheim reaction CHCI, + lead tetraacetate Green fluorescence Not given by esters of provitamin D; 
in CH,COOH is added; can be used to distinguish between 
then trichloroacetic acid is provitamin and provitamin ester; 
added sensitive to 0.1 yg and is 
quantitative 
Chloral hydrate Mixture of crystalline Color develops and changes —_Other sterols, eg, cholesterol, do not 
provitamins and chloral red to green to deep blue react to give color 
hydrate heated slowly; 
melts at 50°C 
Antimony trichloride CHCl, + SbCls Red color 
reaction 
Chugaev reaction Glacial acetic acid plus Eosin-red greenish yellow 1:800,000 sensitivity 
acetyl chloride and zinc fluorescence 
chloride heated to boiling 


H,0-cooled quartz jacket-filter 


Mercury lamp i 
In ., Out 
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Figure 7. Ultraviolet-light-transparent quartz reactor for sterol 
irradiation. 


dehydrocholesterol is recirculated through a quartz uv re- 
actor, and the ether is distilled off. Methanol is added to 
the 7-dehydrocholesterol—-vitamin Dg mixture, and the re- 
maining ether is azeotroped. The resulting solution is 
transferred to a crystallizer, and the 7-dehydrocholesterol 
is crystallized and recovered by filtration. The methanol is 
distilled, and the vitamin D, resin is heated to isomerize 
the pre-vitamin D to the cis-vitamin D isomer. Vitamin Dz 
resin is then packaged for shipment. 


Total Synthesis 


Poor yields encountered during the manufacture of vita- 
min D stimulated early attempts to synthesize vitamin D. 


In 1959 Inhoffen synthesized vitamin D, from 3-methyl-2- 
(2-carboxyethyl)-2-cyclohexenone (40), using the Wittig re- 
action extensively (103). 


CH, 


(40) 


5,6-trans-Vitamin D, was prepared, followed by photo- 
chemical isomerization into vitamin Ds. Direct preparation 
of the previtamin and vitamins D is described in Refer- 
ences 104 and 105. 

The discovery that vitamin D, was metabolized to bio- 
logically active derivatives led to a significant effort to pre- 
pare 25-hydroxy vitamin D, and, subsequently, the la- 
hydroxy and 1,25 dihydroxy derivatives. Initial attempts 
centered around modification of steroidal precursors, 
which were then converted to the D derivatives by conven- 
tional means. 

Chemical syntheses of 25-hydroxy-vitamin D, were 
achieved by several groups of researchers (106-112). Many 
of these syntheses depended on the availability of the pre- 
cursor 25-oxo-27-norcholesterol. Grignard reaction fol- 
lowed by introduction of the 7-dehydro function and irra- 
diation allows 25-hydroxy-vitamin Dy to be isolated (109). 
Fucosterol (stigmasta-5,24(28)-dien-3-ol) as well as bile 
acids, pregnenolone, and desmosterol have also been used 


Irradiation 
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Figure 8, Vitamin D irradiation process. 


as starting materials for the synthesis of 25-hydroxy in- 
termediates. 24,25-Dihydroxy-vitamin D, [40013-87-4] 
was isolated and chemically characterized in 1972 (113). 
The first synthesis of this important D, catabolite was of 
a racemic mixture, and it was followed by the stereospecific 
syntheses of the two epimers (114-123). The biosynthesi- 
zed material migrates exclusively with the synthetic 24(R) 
epimer. 

The yield of the first chemical synthesis of 1,25- 
dihydroxy-vitamin D; was <0.005% (124). A key interme- 
diate compound was 1,25-dihydroxy-cholesterol (109,125- 
130). 

Subsequent synthesis of Vitamin D metabolites in- 
volved oxidative degradation of the vitamin D molecule to 
obtain the C- and D-ring portion with the intact side chain. 
Recombination of this molecule with an appropriate struc- 
ture containing the A-ring was then carried out by a 
Wittig-type condensation. 

The chemical syntheses of 1,24(R),25-trihydroxy- 
vitamin D, [56142-94-0] and 1,24(S),25-trihydroxy- 
vitamin D [56142-95-1] were reported (131,132) in 1975. 
The chemical synthesis of 25,26-dihydroxy-vitamin D 
[29261-12-9} has also been described, and it has been de- 
termined that the biologically occurring epimer is 
25(R),26-dihydroxy-vitamin D; (117,133-135). The 23,25- 
dihydroxy-24-oxo metabolite has been isolated (136) as 
well. la-Hydroxycalcitroic acid (1-hydroxy-24-nor-9,10- 
secochola-5,7-10(19)-trien-23-oic acid) [71204-89-2}, 25- 
hydroxy-26,23-lactone vitamin D; [71203-34-6}, and homo- 
calcitroic acid (9,10-secohola-5,7,10(19)-trien-24-0ic acid) 
have also been reported, and the biological activity of these 
metabolites has been studied (137). The synthetic chem- 


istry associated with these and other metabolites of vita- 
min D, and vitamin D, is described in References 6, 40, 
and 138, and more recently in References 16, 51, 55, 139— 
141. 

The discovery that vitamin D metabolites play a much 
larger biochemical role than just maintaining calcium ho- 
meostasis has stimulated a number of groups around the 
world to develop more economical chemical syntheses for 
the vitamin D metabolites and analogues, which might be 
useful in studying and treating D,-related diseases and 
conditions. Many of these methods are reviewed in Refer- 
ences 139 and 140. 

The most useful synthetic routes include the following 
pathways to the vitamin D structures and their deriva- 
tives: 

Photochemical ring opening of 7-dehydrocholesterol de- 
rivatives which have ring A or the side chain modified 
(142,143). 

A phosphine oxide of type (41) can be coupled with 
Grundman’s ketone (42) to produce the D, skeleton 
(105,144-151). 


XO" ‘OX oF 


(41, X = a protective group) (42, R’ = cholesterol side chain or derivative) 
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Synthetic dienynes like (43) are semihydrogenated to 
form previtamin D and are then rearranged to the D struc- 
ture (152-155). 

Vinyl allenes (44) are rearranged with heat or metal 
catalysis and photosensitized isomerization to produce the 
vitamin D triene (156-160). 


CH, FR’ 
cH, B’ 
| a 
CH OH 
HO™ R Y 
OH 
(48, R = H, OH) (44) 


R’ = cholesterol side chain or derivative 


Intermolecular cross-coupling of (45) with a synthetic 
alkyne structure like (46) leads to the Dg skeleton 
(161,162). 


CHR 


I cis 
Ju ‘ 
XO" OX 


(45, R = cholesterol side chain or derivative) 


Br 


(46, X = protective group) 


Direct modification of vitamin D, or D3 or its metabo- 
lites to give derivatives by a variety of synthetic methods 
has also been used extensively (163-171). 

Whereas these preparations are extremely useful for 
obtaining sufficient quantities of the D; metabolites and 
analogues for study and as possible therapeutic treat- 
ments, their cost is high compared to the cost of manufac- 
ture of vitamin D,. For this reason, the metabolites are 
unlikely to be successful in replacing vitamin Dy as an in- 
gredient in animal or human nutrition. 


BIOCHEMISTRY 


Biochemistry 


Vitamin D is introduced into the bloodstream either from 
the skin after natural synthesis by the irradiation of 7- 
dehydrocholesterol stored in the epidermis (172) or by in- 
gestion and absorption of vitamin D, or vitamin D, 
through the gut wall (40). Between 60 and 80% of the vi- 
tamin introduced in the blood is taken up by the liver, 
where cholecalciferol is transferred from chylomicrons toa 


vitamin D-binding protein (DBP), an a-globulin specific for 
vitamin D and its metabolites but one which does not bind 
with previtamin D in the skin (173). Cholecalciferol is hy- 
droxylated in the liver at the C-25 position (51,141,174), 
This hydroxylation occurs in the endoplasmic reticulum 
and requires NADPH, a flavoprotein, cytochrome P-450, 
Mg?*, and O, (175). 25-Hydroxylation also occurs in intes- 
tinal homogenates of chicks (176), but does not appear to 
occur outside the liver in mammals (177). 25-Hydroxy- 
cholecalciferol is the main circulating form of vitamin D,, 
and its normal concentration level is 15-47 ng/mL (178). 

25-Hydroxy vitamin D pools in the blood and is trans- 
ported on DBP to the kidney, where further hydroxylation 
takes place at C-1 or C-24 in response to calcium levels. 1- 
Hydroxylation occurs primarily in the kidney mitochon- 
dria and is catalyzed by a mixed-function monooxygenase 
with a specific cytochrome P-450 (52,179,180). la- and 24- 
Hydroxylation of 25-hydroxycholecalciferol has also been 
shown to take place in the placenta of pregnant mammals 
and in bone cells, as well as in the epidermis. Low phos- 
phate levels also stimulate 1,25-dihydroxycholecalciferol 
production, which in turn stimulates intestinal calcium as 
well as phosphorus absorption. It also mobilizes these min- 
erals from bone and decreases their kidney excretion. To- 
gether with PTH, calcitriol also stimulates renal reabsorp- 
tion of the calcium and phosphorus by the proximal tubules 
(51,141,181-183). 

Vitamin D receptors have been identified in intestine, 
bone, and kidney. Receptors have also been shown, to a 
lesser degree, to be present in the pituitary, brain, skin, 
reproductive organs, and cells of the immune system, sug- 
gesting vitamin D may play a broader role in controlling 
cellular proliferation and differentiation (184). The nuclear 
receptor (genomic) for 1,25-dihydroxy vitamin D, has been 
shown to be a member of the super-family of transactivat- 
ing regulators of gene transcription similar to the receptors 
of other steroid hormones (185). Nongenomic activation by 
1,25-dihydroxy vitamin D, on the cellular and subcellular 
level has been observed and is believed to be responsible 
for calcium transport in tissue known as transcaltachia 
(186,187). 

Further side-chain oxidation of vitamin D, metabolites 
may be necessary for phosphate transport (188,189). 
24,25-Dihydroxycholecalciferol is produced by kidney mi- 
tochondria, but can also be produced elsewhere (190,191). 
1a,24,25-Trihydroxy-vitamin D, stimulates intestinal cal- 
cium mobilization to the extent of ca 60% of the 1a,25 ac- 
tivity and has 10% of the 1,25 activity in causing bone 
resorption (192). It is less active in chicks and is excreted. 

More than 20 other, naturally occurring metabolites of 
vitamin D have been isolated and characterized, and many 
derivatives have been synthesized. Their function is the 
subject of continuing research (16,51,141,162). 

Although it is being found that vitamin D metabolites 
play a role in many different biological functions, metab- 
olism primarily occurs to maintain the calcium homeosta- 
sis of the body. When calcium serum levels fall below the 
normal range, 1a,25 -dihydroxy-vitamin D, is made; when 
calcium levels are at or above this level, 24,25-dihydroxy- 
cholecalciferol is made, and 1a-hydroxylase activity is dis- 
continued. The calcium homeostasis mechanism involves 


a hypocalcemic stimulus, which induces the secretion of 
parathyroid hormone. This causes phosphate diuresis in 
the kidney, which stimulates the 1a-hydroxylase activity 
and causes the hydroxylation of 25-hydroxy-vitamin D to 
1a,25-dihydroxycholecalciferol. Parathyroid hormone and 
1,25-dihydroxycholecalciferol act at the bone site coopera- 
tively to stimulate calcium mobilization from the bone. 
Calcium blood levels are also influenced by the effects of 
the metabolite on intestinal absorption and renal resorp- 
tion. 

Interaction of vitamin D and its metabolites with sex 
hormones has been demonstrated, particularly in birds in 
which the egg-laying functions combine calcium needs and 
reproductive activity. The metabolites of vitamin D behave 
as hormones. As such, they play an active role in the en- 
docrine system, along with other hormones, to maintain 
the various body functions. Several biological influences of 
metabolites of vitamin D have been studied, including ef- 
fects related to cancer (193-197), skin diseases (198-201), 
immunomodulatory effects (202,203), and Alzheimer’s dis- 
ease (204-206) (Fig. 9). 

The metabolism of vitamin D, follows a pathway similar 
to that described for Vitamin D3. 


Vitamin D, Deficiency 


Vitamin D, deficiency is uncommon in normal adults. How- 
ever, when it does occur, it can be serious, particularly in 
pregnant women, Some vitamin Dg deficiency can occur 
because of a large reduction of fat intake, which decreases 
D, absorption. Strict vegetarians also risk reduced vitamin 
D, intake. Premature infants and elderly people who are 
exposed to minimal sunlight and consume little vitamin 
D, also have a reduced capacity to metabolize D; and can 
develop vitamin D, deficiency. 

Clinical stresses which interfere with vitamin D,; me- 
tabolism, can result in calcium deficiency leading to osteo- 
malacia and osteoporosis (secondary vitamin D deficiency). 
These stresses include: intestinal malabsorption (lack of 
bile salts); stomach bypass surgery; obstructive jaundice; 
alcoholism; liver or kidney failure decreasing hydroxyla- 
tion of vitamin D, to active forms; inborn error of metab- 
olism; and use of anticonverdiants that may lead to in- 
creased D, requirement. 

People who experience the exclusion of sunlight (living 
in northern climates; cultures where apparel limits sun- 
light), as well as infants and children that are confined to 
bed or limited outdoor activity because of weather or ill- 
ness, also can show a tendency towards vitamin D, defi- 
ciency. 

Vitamin D deficiency in animals may be caused by the 
fact that the vitamin is not available to the livestock. Mod- 
ern animal husbandry subjects animals to total confine- 
ment with little or no exposure to sunlight. This mandates 
that they be given vitamin D-fortified diets. The vitamin 
is sensitive to oxidation, heat, light, and minerals, and sig- 
nificant losses may occur in the fortified feed unless the 
product is adequately protected. Mycotoxins in feeds also 
interfere with utilization of vitamin D in feeds (207-209). 

Symptoms of D, deficiency in animals include poor ap- 
petite, stunted growth, and weight loss; increased inci- 
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dence of irritability and convulsions (tetany); some growth 
abnormalities; decreased egg production in poultry with 
reduced hatchability and thin eggshell quality; and birth 
of weak, dead, or deformed offspring in other animals. 

For a more detailed description of symptoms, see Ref- 
erences 4,5,210, and 211. 


Dietary Requirements 


Vitamin D is essential for growth and maintenance of good 
health. According to the National Research Council (NRC), 
the vitamin D requirement for optimum health is ca 400 
TU/d in humans, regardless of age. This amount of vitamin 
D gives ample protection from rickets, provided a sufficient. 
amount of the other essential nutrients, including calcium 
and phosphorus, is supplied (212). Recommended NRC 
amounts of vitamin D per kilogram of feed for various spe- 
cies are as follows: starting and growing chicks, 200 IU; 
laying and breeding hens, 500 IU; turkeys, 1100 IU; ducks, 
200 IU; quail, 480-900 IU; geese, 200 IU; and swine 125— 
220 IU. Calves require 600 IU per 100 kg of body weight 
(213-215). Practical feeding levels are somewhat higher, 
in order to assure delivery of the vitamin to the animals. 

The present (ca 1997) maximum safe level of vitamin 
D; for long-term feeding in most species is four to ten times 
the NRC dietary requirements. Short-term (<60 d), most 
species can tolerate 100 times their apparent dietary re- 
quirements (210). 

Animals exposed to sunlight for extended lengths of 
time do not require substantial dietary vitamin D. Current 
livestock management practices place an emphasis on high 
productivity, and most feed manufacturers recommend vi- 
tamin D supplementation of diets. Recommendations for 
practical levels of vitamin D in feeds for various animals, 
as recommended by feed manufacturers, are listed in 
Table 10. 

Historically, rickets prevention or cure was used to eval- 
uate adequate vitamin D, nutrient levels. More recently, 
in the absence of uv light, Edwards (216) found different 
vitamin Ds levels were required for the optimization of the 
various effects of vitamin D, in poultry, ie, 275 IU/kg for 
growth, 503 IU/kg for bone ash, 552 IU/kg for blood plasma 
calcium, and 904 IU/kg for rickets prevention. 

Toxicity 

Vitamin D toxicity was known as early as the year 1429 
(217). Accidental toxicity has been reported in monkeys, 
dogs, horses, pigs, chinchillas, and humans, and particu- 
larly in cattle when extremely high doses of vitamin D 
have been used to treat milk fever. 

Vitamin D intoxication causes 25-hydroxy vitamin Ds 
blood levels to go from a normal of 30-50 ng/mL to 200- 
400 ng/mL. At this high level, the metabolite can compete 
with 1a-25-dihydroxy vitamin D, for receptors in the in- 
testine and bone and induce effects usually attributed to 
the dihydroxy vitamin Dj. Thus, 25-hydroxy vitamin Ds is 
believed to be the critical factor in vitamin D intoxication. 
Vitamin D, is metabolized slower than vitamin D, and 
thus appears to be less toxic (218). 

The overall effect in most animals is to stimulate intes- 
tinal absorption of calcium with a concomitant increase in 
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Figure 9, Human disease states in which vitamin D has been implicated. D, = vitamin Ds; DHD 
= 1a,25-dihydroxyvitamin Dy; 24DHD = 24(R),25-dihydroxyvitamin Dy; 250H = 25-hydroxyvi- 
tamin D,; PTH = parathyroid hormone; CT = calcitonin; P, = inorganic phosphorus. 


serum calcium and a reduction in parathyroid hormone 
(PTH). Modest hypercalcemia allows the glomerular filtra- 
tion rate to remain stable and hypercalciuria to occur be- 
cause of increased filtered load of calcium and reduction of 
tubular resorption of calcium with reduced PTH. However, 
with further increases in serum calcium, the glomerular 
filtration rate decreases, resulting in an even more rapid 
increase in serum calcium and the subsequent fall in uri- 
nary calcium. 

Polyuria, along with vomiting can cause extracellular 
fluid to be reduced, contributing to further renal function 
disruption. Renal dysfunction then, becomes the major 
contributor to loss of calcium homeostasis, and the result- 
ing hypercalcemia during vitamin D intoxication. Loss of 
appetite, gastrointestinal disturbances, head and joint 
pain, and muscle weakness are typical clinical symptoms. 
Death from hypervitaminosis D is usually caused by renal 
failure. Cardiovascular and kidney mineralization results. 
Respiratory tract mineralization has also been observed, 
as well as calcification in the salivary gland. The severity 
of effects of toxic levels of vitamin D depend on the dose, 
functional state of the kidneys, composition of the diet, as 
well as differences in toxicology of the various species 
(210). 


Vitamin D withdrawal is an obvious treatment for D 
toxicity (219). However, because of the 5-7 d half-life of 
plasma vitamin D and 20-30 d half-life of 25-hydroxy vi- 
tamin D, it may not be immediately successful. A prompt. 
reduction in dietary calcium is also indicated to reduce hy- 
percalcemia. Sodium phytate can aid in reducing intestinal 
calcium transport. Calcitonin glucagon and glucocorticoid 
therapy have also been reported to reduce serum calcium 
resulting from D intoxication (210). 

Vitamin D, is nonirritating to rabbit eye and dermal 
tests. It has an oral LDs5o of 35-42 mg/kg in rats; 42 mg/ 
kg in mice (136 mg/kg IP), and 4-80 mg/kg in dogs (10 mg/ 
kg IP and 5 mg/kg IM and IV). It is nontoxic on inhalation. 

The metabolites of vitamin D are usually more toxic 
than the vitamin because the feedback mechanisms that 
regulate vitamin D concentrations are circumvented. 25- 
Hydroxycholecalciferol has a one-hundredfold increase in 
toxicity over vitamin D; when fed to chicks (220) and 
1a,25-dihydroxy vitamin D, is several times more toxic 
than the 25-hydroxy analogue. Vitamin D, seems to have 
less toxicity than vitamin D,, a circumstance which is be- 
lieved to be caused by the more efficient elimination of 25- 
hydroxy and the 1a,25-dihydroxy vitamin D, from the ani- 


Table 10. Practical Feeding Levels of Vitamin D, 10° IU/t 
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Table 11. Estimated Safe Upper Dietary Levels 


Animal Amount 
Poultry 
Chickens 
Broilers 24 
Replacement birds 13 
Layers 13 
Breeding hens 24 
‘Turkeys 
Starting 35 
Growing 24 
Breeding nH 
Ducks 
Market 13 
Breeding 24 
Swine 
Prestarter (to 10 kg) 2-3 
Starter (10-35 kg) 12 
Growing-finishing (35 kg to market) 1-2 
Gestation 1-2 
Lactation 23 
Boars 2-3 
Fish 
Trout 1-2 
Catfish 1-2 
Dairy cattle 
Calf starter 1-2 
Calf milk replacer 24 
Replacement heifers 12 
Dry cows 12 
Lactating cows 24 
Bulls 24 
Beef cattle 
Calf starter 12 
Replacement heifers 1-2 
Feedlot 23 
Dry pregnant cows 1-2 
Lactating cows 1-2 
Bulls 1-2 
Sheep 
Fattening lambs 23 
Breeding 1-2 
Other 
Dogs 5-1 
Cats 1-2 
Horses 1-2 


mals. Estimated safe upper dietary levels are given in 
Table 11. 
Disease States 


Rickets is the most common disease associated with vita- 
min D deficiency. Many other disease states have been 


Exposure, multiple of 


NRC recommended  __Saily requirement _ 
dietary daily requirement Long-term Short-term 


Species (U/kg) (<60 d) (>60 da) 
Chicken 200 200 14 
Quail 1,200 100 4 
Turkey 900 100 3.9 
Cow 300 83 3.9 
Catfish 1,000 20 
Trout 1,800 555 
Horse 400 5.5 
Sheep 275 91 8 
Pig 220 150 10 
Source: Ref. 210. 


shown to be related to vitamin D. These can involve a lack 
of the vitamin, deficient synthesis of the metabolites from 
the vitamin, deficient control mechanisms, or defective or- 
gan receptors. The control of calcium and phosphorus is 
essential in the maintenance of normal cellular biochem- 
istry, eg, muscle contraction, nerve conduction, and en- 
zyme function. The vitamin D metabolites also have a func- 
tion in cell proliferation. They interact with other factors 
and receptors to regulate gene transcription. 

In the treatment of diseases where the metabolites are 
not being delivered to the system, synthetic metabolites or 
active analogues have been successfully administered. Vi- 
tamin D, metabolites have been successfully used for 
treatment of milk fever in cattle, turkey leg weakness, 
plaque psoriasis, and osteoporosis and renal osteodystro- 
phy in humans. Many of these clinical studies are outlined 
in References 6, 16, 40, 51, and 141. The vitamin D recep- 
tor complex is a member of the gene superfamily of tran- 
scriptional activators, and 1,25 dihydroxy vitamin D is 
thus supportive of selective cell differentiation. In addition 
to mineral homeostasis mediated in the intestine, kidney, 
and bone, the metabolite acts on the immune system, f- 
cells of the pancreas (insulin secretion), cerebellum, and 
hypothalamus. 

Vitamin D metabolites may therefore play an active 
role in diseases related to these functions, ie, leukemia, 
cancer (breast, colon, prostate), and autoimmune diseases 
(AIDS, immune encephalitis, and diabetes) (51,141,193— 
197,202,203). 


ECONOMIC ASPECTS 


Vitamin D is available in a variety of forms. Cod-liver oil 
and percomorph-liver oil historically were good sources of 
vitamin D. Recent cost increases of these materials have 
caused a decline in their market position. Cod-liver oil sold 
for $0.40-0.45/L in 1970 and as high as $1.45/L in 1979 
and $3.43/L in 1996. The prices of the cod-liver oils and of 
vitamin D, and vitamin D, from 1955 to 1995 are shown 
in Table 12. 

Vitamin D, is produced as a resin (20-30 x 10° IU/g) 
which sold in 1980 for ca $1.02/10° IU. The 1979 prices of 
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Table 12. Price History of Vitamin D Materials 


Source Vitamin D 

Year Cod-liver oil, $/L Ergocalciferol (crystalline vitamin D,), $/g Cholecalciferol Ds ($/g)* 
1955 151 0.60 0.045 
1960 1.40 0.54 0.045 
1965 L711 0.48 0.045 
1970 1.70 0.48 0.045 
1975 5.50 0.63 0.045 
1980 8.00 0.63 0.045 
1985 7.25 A 24° 
1990 13.00 ~ 24° 
1995 13.00 s 24° 


Source: Ref. 221. 

“850,000 IU/g unless otherwise indicated. 
Dz costs were not quoted after 1983. 

"40 x 10° TU/g. 


vitamin D were $24.25/10° IU ($9.70/kg of product at 
400,000 IU/g) (222). In the United States in 1979, $3.6 x 
10° worth of vitamin D was sold. The 1996 price for vitamin 
D, products was $13.50-14.00/g for resin and $24.00/g 
(223) for crystalline material. Vitamin D, feed-grade for- 
mulated products sell for approximately $0.03-0.04/10° 
units of activity. 

Estimates of world demand in 1979 were as high as 
1300 x 10! IU of vitamin Dy. This was divided into thirds 
for Europe, the United States, and the rest of the world, 
respectively. Of this demand, 90% was estimated for 
animal-feed fortification and 100% for food and pharma- 
ceutical uses. It is estimated that the demand will be 1500- 
1600 x 10” IU in 1997 for animal usage and 100 x 10!” 
IU for human use, The United States will require approx- 
imately 500 TU (1 Trillion Units = 25 kg cis-vitamin D; 
or 17 t of resin) for animal use and 30 TU (approximately 
1 t of crystalline cis-vitamin D3) for human use. This rep- 
resents approximately 50 t of vitamin D, resin/yr for ani- 
mal use worldwide and about 2.5 t of crystalline vitamin 
D, for human use. A substantial proportion of the vitamin 
D, is imported, and with all uses included, it is estimated 
that 80-90% of the sales are of vitamin D,. 

The vitamin D, volume is estimated at only 1200 kg/yr, 
exclusive of Chinese sources. 


USES 


Most of the vitamin D sold is synthetic. Vitamin D, as a 
concentrate or in microcrystalline forms is used in many 
pharmaceutical preparations, although vitamin D, is pre- 
ferred by many manufacturers and consumers. Vitamin D, 
in the form of irradiated yeast has been used as a feed 
supplement for cattle, swine, and dogs, but its use has de- 
clined in favor of Vitamin D3. In the United States, swine 
usage accounts for 13% and poultry for 41% of vitamin D 
consumption in animal agriculture. The beef and dairy in- 
dustries account for 44% of vitamin D consumption, of 
which 22% is by dairy calves. The remaining 1% of total 
consumption of D vitamins is largely in prepared pet foods. 
European usage in 1994 was estimated at: 58% cattle, 19% 
swine, 20% poultry, and 3% other. Crystalline vitamin D; 


is used for medicinal preparations and formulations in the 
pharmaceutical industry, as well as for the fortification of 
fresh and evaporated milk and nonfat dry milks. Prepa- 
rations based on the use of the resin are less expensive 
than those using crystalline vitamin D. Essentially all milk 
produced in the United States is fortified with vitamin D,. 
Cereals and margarine are also fortified with vitamin D,. 
The vitamin must be diluted to a proper dosage form, and 
many supplement preparations are marketed, eg, tonics, 
drops, capsules, and tablets; oil-based injectables are also 
available. Combination formulations are used widely, par- 
ticularly with vitamin A for humans and with vitamins A 
and E for animals. Preemulsified products are used for in- 
creased bioavailability. Water-miscible formulations have 
also been developed (224). Solutions of vitamin D in oil or 
in oil-on-dry carriers, eg, corn or flour, are used in animal 
feeds. These diets contain high levels of minerals, and the 
vitamin D formulation is not stable unless it is protected. 
Several stable forms are patented and sold commercially; 
they include beadlets or powders of dry suspensions in gel- 
atin, carbohydrates, wax, and cellulose derivatives 
(89,225-228). 

Animal uses employ resin in various stabilized forms at 
levels of 200,000; 400,000; 500,000; and 1 x 10° units of 
D, per gram. Combination products containing A and D 
are also available, with 650,000 units of vitamin A and 
325,000 units vitamin D per gram of product being the 
most common dosage form. 

Approximately 200 kg/yr of Vitamin D,; formulations 
are also marketed as rat poisons. The metabolites of vita- 
min D, and synthetic derivatives are being used or devel- 
oped for treatment of osteoporosis, skin psoriasis, and 
other diseases in humans. la-Hydroxy vitamin D, is being 
used for milk fever in cows, and 25-hydroxy vitamin D; has 
been proposed for eggshell thickness in poultry and is be- 
ing marketed as an animal dietary nutritional supple- 
ment. 
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VITAMINS: VITAMIN E 


Vitamin E was first described in 1922 and the name was 
originally applied to a material found in vegetable oils. 
This material was found to be essential for fertility in rats. 
It was not until the early 1980s that symptoms of vitamin 
E deficiency in humans were recognized. Early work on the 
natural distribution, isolation, and identification can be at- 
tributed to Evans, Burr, and Emerson (University of Cali- 
fornia) and Mattill and Olcott (University of Iowa). Sub- 
sequently a group of substances (Fig. 1), which fall into 
either the family of tocopherols or tocotrienols, were found 
to act like vitamin E (1-4). The structure of a-tocopherol 
was determined by degradation studies in 1938 (5). 


CHEMICAL, BIOLOGICAL, AND PHYSICAL PROPERTIES 


The structures (see Fig. 1) of all vitamin E compounds are 
characterized by a 6-chromanol ring with a C,¢ side chain. 
As a result of three asymmetric carbons, there are eight 
possible optical isomers. However, it is the configuration 
around the 2-position on the ring which determines, to the 
largest extent, biological activity (6). Natural vitamin E is 
characterized by all R stereochemistry. The tocopherols are 
distinguished by a saturated phytol side chain and the to- 
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HO. HO. 
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cotrienols are characterized by an unsaturated side chain. 
The isomers within the two families differ by the extent 
and position of the methylation on the ring. Although to- 
copherols and tocotrienols are chemically related, they 
have varying degrees of vitamin E activity depending on 
their structure and stereochemistry (Table 1). 

The biological activity of various vitamin E forms was 
established by the fetal resorption assay in rats and is as- 
sumed to be applicable to humans. The results of some 
human studies may indicate that the ratio of 1.36 under- 
estimates the biological activity of the RRR form relative 
to the all-rac form of a-tocopheryl acetate (10-12). 

a-Tocopherol and a-tocopheryl acetate are viscous oils. 
The fat solubility of a-tocopherol and a-tocopheryl acetate 
is characteristic of the family of compounds. Both are read- 
ily soluble in ethanol, chloroform, and acetone, but are in- 
soluble in water. Other physical properties of a-tocopherols 
and their acetate esters are given in Table 2. 

Although they are generally stable to heat and alkali, 
and acids in the absence of oxygen, free tocopherols and 
tocotrienols can be oxidized by atmospheric oxygen in the 
presence of light, unsaturated fatty acids, heat, or metal 
ions. The reported oxidation products of a-tocopherol are 
shown in Figure 2. These products can be readily synthe- 
sized by oxidizing a-tocopherol with such reagents as nitric 
acid, silver nitrate, ferric chloride, or benzoyl peroxide. As 


CHg 
CH, 
HO. 
| -CieHs3 [-CisHs3 
O°” “CH 0" “cH 
CH 
(4) 
HO. 
CH |-CicHer 
HgC ie) 
CH; 3 bu CHg 
(6) 


Figure 1. The four naturally occurring tocopherols (a-tocopherol, RRR [59-02-9Vall-rac{2074-53- 
5] (1); Btocopherol [148-03-8] (2); tocopherol [54-28-4] (3); 5-tocopherol [119-13-1] (4)), a 
tocotrienol [1721-51-3] (5), and f-tocotrienol [14101-61-2] (6) where asterisks denote asymmetric 
centers and the absolute configuration of RRR-a-tocopherol is shown. 
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Table 1. Relative Activity of Vitamin E Forms 


Substance Vitamin E activity 
all-rac-a-Tocopheryl acetate 1.00 
RRR-a-Tocopheryl acetate 1.36 
all-rac-a-Tocopheryl acid succinate 0.89 
RRR-a-Tocopheryl acid succinate 1.21 
all-rac-a-Tocopherol 1.10 
RRR-a-Tocopherol 1.49 
Tocopherol 0.50 
y-Tocopherol 0.35 
@Tocotrienol 0.30 
y-Tocotrienol 0.10 
Source: Refs. 7-9. 


a result of the ease of oxidation, significant amounts of 
vitamin E (tocopherols) may be lost during food processing 
(qv). The severity of the processing, ie, cooking, canning, 
and baking, determines the amount of tocopherol remain- 
ing in foods and edible oils. Storage conditions can also 
impact on the losses of vitamin E in foods and animal feeds. 
The stability of a-tocopherol is significantly enhanced by 
esterification. Although the acetate ester does not have 
any inherent antioxidant activity, it is bioactive and is the 
commercially important form because of its greater sta- 
bility. 


NATURAL OCCURRENCES AND SOURCES 


Unesterified tocopherols are found in a variety of foods: 
however, concentration and isomer distribution of toco- 
pherols vary greatly with source. Typically, meat, fish, and 
dairy contain <40 mg/100 g of total tocopherols. Almost all 
(>75%) of this is a-tocopherol for most sources in this 
group. The variation in the content of meat and dairy prod- 
ucts can be related to the content of the food ingested by 
the animal. A strong seasonal variation can also be ob- 
served. Vegetable oils contain significant levels of )-, f-, 
and 6-tocopherol, along with a-tocopherol (Table 3). 

Vegetable oils, typically soybean, are important feed- 
stocks for the commercial production of the RRR forms of 
vitamin E. 


SYNTHESIS 


Although all four tocopherols have been synthesized as 
their all-rac forms, the commercially significant form of 


Table 2. Physical Properties of Tocopherols 


tocopherol is all-rac-a-tocopheryl acetate. The commercial 
processes in use are based on the work reported by several 
groups in 1938 (15-17). These processes utilize a Friedel- 
Crafts-type condensation of 2,3,5-trimethylhydroquinone 
with either phytol (16), a phytyl halide (7,16,17), or phy- 
tadiene (7). The principal synthesis (Fig. 3) in current com- 
mercial use involves condensation of 2,3,5-trimethylhydro- 
quinone (13) with synthetic isophytol (14) in an inert 
solvent, such as benzene or hexane, with an acid catalyst, 
such as zinc chloride, boron trifluoride, or orthoboric acid/ 
oxalic acid (7,8,18) to give the all-rac-a-tocopherol (15a). 
Free tocopherol is protected as its acetate ester (15b) by 
reaction with acetic anhydride. Purification of tocopheryl 
acetate is readily accomplished by high vacuum molecular 
distillation and rectification (<1 mm Hg) to achieve the 
required USP standard. 

Trimethylhydroquinone can be synthesized from vari- 
ous isomeric trimethylphenols such as 2,4,6- or 2,3,6- 
trimethylphenol (Fig. 4). When starting with 2,3,6- 
trimethylphenol (16), this can be accomplished by catalytic 
oxidation using oxygen and cupric halide catalysts in a sol- 
vent such as water-alcohol, 2-methoxyethanol, acetone, or 
N,N-dimethylformamide (19,20). The resulting benzoqui- 
none (17) can then be hydrogenated catalytically using Pd 
or Pt in an inert solvent, such as methanol, isobutanol, or 
toluene (21) to yield 2,3,5-trimethylhydroquinone (13). 
When 2,4,6-trimethylphenol (18) is used, 4-hydroxy-2,4,6- 
trimethyl-2,5-cyclohexadien-1-one (19) is obtained by oxi- 
dation with sodium hypochlorite (22) or oxygen and base 
(23). This compound can then be rearranged by base to 
trimethylhydroquinone (22,23), The trimethylphenols can. 
be obtained by methylation of phenol. 

The isophytol side chain can be synthesized from pseu- 
doionone (Fig. 5) using chemistry similar to that used in 
the vitamin A synthesis (9). Hydrogenation of pseudoio- 
none (20) yields hexahydropseudoionone (21) which can be 
reacted with a metal acetylide to give the acetylenic alcohol 
(22). Rearrangement of the adduct of (22) with isopropen- 
ylmethyl ether yields, initially, the allenic ketone (23) 
which is further transformed to the C,s-ketone (24). After 
reduction of (24), the saturated ketone (25) is treated with 
a second mole of metal acetylide. The acetylenic alcohol 
(26) formed is then partially hydrogenated to give isophy- 
tol (14). 

Although the eight stereoisomers of a-tocopherol have 
been synthesized (24), these preparations are at present 


Property all-rac-a-Tocopherol_ — (RRR)-a-Tocopherol__all-rac-a-Tocopheryl Acetate RRRa-Tocopheryl Acetate 
CAS Registry Number [2074-53-5) [59-02-9] (7695-91-2] (58-95-7] 
Color colorless to pale yellow 
Form — viscous oil > 
Boiling point, °C 200-220 (0.1 mm) 224 (0.3 mm) 
Sp gr, 0.947-0.958 0.950-0.964 0.950-0.964 
np 1.5030-1.5070 1.4940-1.4985 1.4940-1.4985 
Molecular weight 430.69 430.69 472.73 472.73 
UV absorption 
maxima, nm 292-294 292-294 285.5 285.5 
Ej"cm (ethanol) 71-76 71-76 40-44 40-44 
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Figure 2. Oxidation products of a-tocopherol: toco- 
pherethoxide [511-72-8] (7), tocored [17111-16-9] (8), 
a-tocoquinone [7559-04-8] (9), a-tocohydroquinone 
[14745-36-9) (10), a-tocoquinone-2,3-oxide [35499- 
(12) 91-3) (11), and a-tocopherol dimer [1604-73-5] (12). 


Table 3. Vitamin E Content of Common Oils, mg/100 g 


Oil source ‘Total tocopherols Tocopherol Tocopherol -Tocopherol 6-Tocopherol 
Soybean 14 8-10 59 26 
Corn 24 10-16 60 5 2 
Safflower 41 40 17 1 
Canola 23 19 43 

Cottonseed 48 39-44 39 

Sunflower 49 49 5 08 
Coconut 1 0.5-1 0.6 
Palm 29 20-26 32 7 
Olive 10 5-10 

Peanut 13 22 2 
Rapeseed 18 17 bE 
Wheatgerm 133 26 71 27 


Source: Refs. 13 and 14. 
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Figure 3. Synthesis via trimethylhydroquinone 
[700-13-0] (TMHQ) (18) and isophytol [505-32-8] 
(14) of a-tocopherol (15a) and a-tocopherol ace- 
tate (15b). 


OH 


CHg CHg 


CHg 


(16) 


OH 


CH, CHg CH, 


CH, HO CHy 


(18) ag) 

Figure 4. Starting materials and intermediates in the TMHQ 
syntheses: 2,3,6-trimethylphenol [2416-94-6] (16), 2,3,5-trimeth- 
ylquinone [935-92-2] (17), 2,4,6-trimethylphenol [527-60-6] (18), 
and 4-hydroxy-2,4,6-trimethyl-2,5-cyclohexadien-l-one [28750- 
52-9) (19). 


only of academic interest. However, RRR-a-tocopherol and 
the other natural forms of vitamin E can be isolated from 
deodorizer distillates produced as by-products of vegetable 
oil processing. This requires a series of steps built around 
key molecular distillations which are required to increase 
the purity of the RRR-a-tocopherol and mixed tocopherol 
fractions for use in commercial preparations. A typical pro- 
cess would involve a distillation of alkali-treated soybean 
oil at high vacuum (<1 mm Hg) in a continuous molecular 
still. This minimizes thermal degradation. The distillate, 
which contains a-, y-, and 5-tocopherols, is then cooled to 


CHs 
CHs 


(14) 


CH3 


(15a, R = H) 
(15b, R = CHsCO) 


low temperature (~ — 10°C) in a solvent to remove impu- 
rities such as sterols. The other impurities, such as fatty 
acids, can be removed by saponification. Further molecular 
distillation is required to produce a fraction containing 
high levels (=60%) of tocopherols. The sterols and fatty 
acids can be sold. 

The yield of the more active RRR-a-tocopherol can be 
improved by selective methylation of the other tocopherol 
isomers or by hydrogenation of a-tocotrienol (25,26). Meth- 
ylation can be accomplished by several processes, such as 
simultaneous haloalkylation and reduction with an alde- 
hyde and a hydrogen halide in the presence of stannous 
chloride (27), aminoalkylation with ammonia or amines 
and an aldehyde such as paraformaldehyde followed by 
catalytic reduction (28), or via formylation with formalde- 
hyde followed by catalytic reduction (29). 

The all-rac forms of B-, y-, and 6-tocopherols can be syn- 
thesized using the same condensation reaction as used for 
all-rac-a-tocopherol. To synthesize all-rac-f-tocopherol, 
2,5-dimethylhydroquinone instead of trimethylhydroqui- 
none is condensed with isophytol. For all-rac-y- and 6- 
tocopherol, 2,3-dimethylhydroquinone and methylhydro- 
quinone are used, respectively. 

Although apparently not commercially important, fer- 
mentation (qv) processes have been reported for the pro- 
duction of tocopherols. Aspergillus niger (30), Lactobacter 
(31), Euglena gracilis Z. (32,33), and Mycobacterium (34) 
have been shown to produce (RRR)-a-tocopherol. In the 
case of Euglena, titers of 140-180 mg/L have been re- 
ported. 


PHYSIOLOGICAL EFFECTS AND REQUIREMENTS 


The symptoms of vitamin E deficiency in animals are nu- 
merous and vary from species to species (13). Although the 
deficiency of the vitamin can affect different tissue types 
such as reproductive, gastrointestinal, vascular, neural, 
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Figure 5. Synthesis of isophytol (14): pseudoionone [141-10-6] (20), hexahydropseudoionone 
[1604-34-8] (21), Cys-acetylenic alcohol [1604-35-9] (22), C,s-allenic ketone [16647-10-2] (23), C1s- 
diene ketone [1604-32-6] (24), Cy-saturated ketone [16825-16-4] (25), and Coo-acetylenic alcohol 


[29171-23-1] (26). 


hepatic, and optic in a variety of species such as pigs, rats, 
mice, dogs, cats, chickens, turkeys, monkeys, and sheep, it 
is generally found that necrotizing myopathy is relatively 
common to most species. In humans, vitamin E deficiency 
can result from poor fat absorption in adults and children. 
Infants, especially those with low birth weights, typically 
have a vitamin E deficiency which can easily be corrected 
by supplements. This deficiency can lead to symptoms such 
as hemolytic anemia, reduction in red blood cell lifetimes, 
retinopathy, and neuromuscular disorders. 

Vitamin E can also act as an antioxidant (qv) in animals 
and humans alone or in combination with vitamin C (qv). 
Both are good free-radical scavengers with the vitamin C 
acting to preserve the levels of vitamin E (35). Vitamin E 
in turn can preserve the levels of vitamin A in animals (13). 
It has been shown that vitamin E reduces the incidence of 
cardiovascular disease (36-39). This most likely results 
from the antioxidant property of the vitamin which inhib- 
its the oxidation of low density lipoproteins (LDLs) (40- 
42). The formation of the oxidized LDLs is considered im- 
portant in decreasing the incidence of cardiovascular 
disease (43). 

The recommended daily allowance for vitamin E ranges 
from 10 International Units (1 IU = 1 mg all-rac-a- 
tocopheryl acetate) for children under 4 years of age to 30 
IU for adults and children over 4 years of age. This should 
be adequate to prevent vitamin E deficiency in humans. 
High levels enhance immune responses in both animals 


and humans. Requirements for animals vary from 3 USP 
units/kg diet for hamsters to 70 IU/kg diet for cats (13). 
The complete metabolism of vitamin E in animals or hu- 
mans is not known. The primary excreted breakdown prod- 
ucts of a-tocopherol in the body are gluconurides of toco- 
pheronic acid (27) (Fig. 6). These are derived from the 
primary metabolite a-tocopheryl quinone (9) (see Fig. 2) 
(44,45). 

Vitamin E is considered nontoxic at levels up to 3200 
mg/day. It has not been found to be teratogenic, mutagenic, 
or carcinogenic at doses below 1 g/kg of body weight. Vi- 
tamin E can heighten the effect of vitamin K deficiency 
(coagulation defect) or anticoagulation therapy. A recent 
study, however, indicates that it may be the oxidation prod- 
uct a-tocoquinone that causes the effect (46). 


ECONOMIC ASPECTS 


World production in the late 1990s of both natural and syn- 
thetic forms of vitamin E is estimated at 22,000 metric tons 
and growth is expected to keep pace with increasing need. 
The 1993 U.S. production was 14,096 metric tons (47) with 
an additional 1080 metric tons from imports. The principal 
U.S. producers of the natural form are Eastman Chemical 
Company, Archer Daniels Midland Company, and Henkel, 
and of synthetic vitamin E, Hoffmann-La Roche and BASF. 
International producers include Hoffmann-La Roche, 
BASF, Eisai, and Rhéne-Poulenc. 
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CH; 


0. 
HC 
Figure 6. a-Tocopheronic acid [1948-76-1] (27) CHs 
and its lactone, a-tocopheronolactone [3121-68-4] 
(28). 


The price of synthetic vitamin E decreased steadily un- 
til about 1990 when prices began to increase. The price of 
the natural form, although higher than the synthetic form, 
has approximately paralleled the synthetic form (Table 4). 


ANALYTICAL METHODS AND SPECIFICATIONS 


Specifications and standards for various vitamin E forms 
and preparations for use in pharmaceutical applications 
are given in the United States Pharmacopeia (52). All prod- 
ucts should contain not less than 96.0% or more than 
102.0% of the appropriate form. The products must be la- 
beled to indicate both the chemical and stereochemical 
forms contained in the product. 

Label claims for tocopherol levels in preparations can 
be based on milligrams or International Units. Only the 
RRR or all-rac-a-tocopherol and its esters can be claimed. 
No vitamin E activity can be claimed for the tocotrienols 
and the non-a-tocopherols. International Units are also 
used in some reference books and compendia, eg, Food 
Chemicals Codex (40,53), which is of particular importance 
for specifications for food fortification. 

All formulations of vitamin E must show low acidity, 
and contain not more than 0.004% heavy metals (reported 
as Pb) and not more than 10 ppm Pb. Formulations which 
contain (RRR)-a-tocopherol must have a specific rotation 
of +24° for the oxidation product with alkaline potassium 
ferricyanide. 

Analysis of vitamin E can be done by a variety of meth- 
ods depending on the form and level present and the prep- 
aration in which the form is found (54). For pure or highly 
concentrated forms, this is accomplished by reaction with 
Emmerie-Engel reagent (2,2’-bipyridine (a,a’-dipyridyl) 
and ferric chloride) to give a red color. This color results 
from the combination of bipyridine with ferrous ions 
formed from the reduction of the ferric ions by the toco- 
pherol and is directly proportional to the amount of to- 
copherol present. Analysis of a-tocopherol in forms which 
contain low levels, such as vegetable oils, foods, or feeds, 
is difficult because the colorimetric method is nonspecific 
and significant sample preparation is involved to remove 


interferences such as other tocopherols, tocotrienols, and 
f-carotene. The AOAC Official Methods of Analysis de- 
scribes a packed column gas chromatographic method for 
the analysis of tocopherol isomers in mixed concentrates 
(41). This method separates a- and d-tocopherols as dis- 
crete peaks, but f- and »-tocopherols elute as a combined 
peak. 

Numerous high pressure liquid chromatographic tech- 
niques have been reported for specific sample forms: vege- 
table oils (55,56), animal feeds (57,58), sera (59,60), 
plasma (61,62), foods (63,64), and tissues (63). Some of the 
methods require a saponification step to remove fats, to 
release tocopherols from cells, and/or to free tocopherols 
from their esters. All require an extraction step to remove 
the tocopherols from the sample matrix. The methods in- 
clude both normal and reverse-phase hple with either uv 
absorbance or fluorescence detection. Application of super- 
critical fluid (qv) chromatography has been reported for 
analysis of tocopherols in marine oils (65). 


Bioassay Method 


A modification of the Evans resorption-gestation method 
can be used to determine a-tocopherol activity in supple- 
ments. Although the method is time-consuming, when 
carefully performed, it can produce reasonably accurate re- 
sults. The method requires raising female rats on a vita- 
min E-free diet and mating them with normal males. Un- 
less a vitamin E supplement containing more than 0.3-1.0 
mg (depends on methodology) of a-tocopherol is adminis- 
tered in the first 10-12 days of pregnancy, the embryos die 
and are reabsorbed without apparent harm to the mother. 
If the test supplement contains greater than the threshold 
dose of a-tocopherol, the pregnancy proceeds normally. 


APPLICATIONS AND PRODUCT FORMS 


Both a-tocopherol and its esters are constituents of mul- 
tivitamin and single-dose nutrient capsules or liquid die- 
tary supplements. Supplements for human use range from 
a few milligrams in multivitamin preparations to 500- 


Table 4. Bulk Prices of Pharmaceutical-Grade a-Tocopheryl Acetate, $/kg 


Product 1948 1951 1954 1960 1970 1982 1991 1994 1995 
(RRR)-form. 250 250 185 122 68 68 57 59 59 
all rac-form 750 350 136 90 50 27 23 34 34 


Source: Refs. 48-51. 


1000 mg in single-dose supplements. Specialty items, such 
as ointments, creams, salves, and suppositories containing 
vitamin E provide other outlets for a-tocopherol. Toco- 
pherols have significant application in cosmetics (qv) and 
dermatology. Tocopherols can be used in topical cream or 
oil forms to treat chronic skin diseases (66), reduce scar- 
ring in wound healing (67), reduce inflammation (68), and 
protect against uv radiation (69). Tocopherols are also in- 
corporated into cosmetic formulations to reduce nitros- 
amine and nitrosamide formation from amines and amides 
also present in the formulation (70). 

Animal feeds consume approximately 40% of the com- 
mercial production of a-tocopherol acetate. Although to- 
copherol is normally found in feed, the poultry, beef and 
dairy cattle, lamb, and swine industries use vitamin E in 
supplements and concentrates to replace tocopherol lost 
during feed processing and storage. The acetate ester is 
added to the feeds as either a dry, granular, free-flowing, 
nondusting powder containing 44,000-276,000 units per 
kilogram (20,000-125,000 units per pound) or as a high 
potency oil concentrate (23-100% a-tocopheryl acetate). 

Foods are not typically fortified with vitamin E because 
of the lack of signs of deficiency in the general population. 
Fortification does occur for infant formulas as a supple- 
ment and cereals to replace processing losses. Tocopherols 
are finding additional applications as antioxidants in foods 
as the less expensive butylated hydroxytoluene (BHT) and 
butylated hydroxyanisole (BHA) used are being prohibited 
in more and more countries. Foods such as lards and citrus 
oils which do not contain appreciable levels of natural to- 
copherols can be protected with a-tocopherol at 0.02% lev- 
els (weight based on lipid phase) (9). The meat from tur- 
keys and chickens is less prone to rancidity when 
refrigerated or frozen if the animal’s diet contains vitamin 
E. The meat from pigs fed vitamin E supplements also has 
better storage (71) and color (72) stability than meat from 
pigs with normal diets. It has also been reported that veal 
has better storage stability (73) and beef has better color 
stability (74) when vitamin E supplements are used in the 
animal feeds. Tocopherol can be used in bacon and similar 
foods to prevent the formation of nitrosamines. The tra- 
ditional antioxidants, such as BHT and phosphites, used 
in high density polyethylene (HDPE) and polypropylene 
(PP), can be replaced by all-rac-a-tocopherol (75-77). 
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VITAMINS: VITAMIN K 


Vitamin K represents a class of substances which contain 
the 2-methyl-1,4-naphthoquinone moiety and are charac- 
terized by their antihemorraghic properties. Vitamin K 
was first discovered by Dam in 1929 during experiments 
with chicks on a lipid-deficient diet (1). Dam coined the 
term Koagulations vitamin to describe this new substance 
(2,3). In the late 1930s, several groups identified the caus- 
ative agent responsible for the antihemorraghic properties 
of alfalfa (4—7). Structural determination of vitamin K, (1) 
was the result of work from several laboratories (8,9). Ste- 
reochemical assignment came much later from Mayer (10). 
Additional studies isolated and characterized related ma- 
terials. Vitamin K, (2) was first found in decaying fish meal 
(9); it is a crystalline compound and is distinguished by its 
repeating isoprenyl units. Vitamin K, [58-27-5] (3) is the 
simplest form of the vitamin. The chemical name and com- 
mon names for some important forms of the vitamin follow. 


Name Vitamin K, 
CAS Registry (84-80-0] 
Number 


Chemical name 1,4-Naphthalenedione, 2-methyl-3- 


(3,7,11,15-tetramethyl-2-hexadecenyl)-, 


[R-[R* R*-E)}- 
Common name _Phylloquinone, phytomenadione, 
phytonadione 
Name Vitamin Ka20, 
CAS Registry —_—[863-61-6] 
Number 


Chemical name —_1,4-Naphthalenedione, 2-methyl-3- 
(3,7,11,15-tetramethyl-2,6,10,14- 
hexadecatetraenyl)-, (E,E,E)- 


Common name — Menaquinone 4, menaquinone K4, MK-4 


Name Vitamin Ky 
CAS Registry [58-27-5) 
Number 


Chemical name 
Common name 


1,4-Naphthalenedione, 2-methyl 
Menadione; menaquinone-0; synkay 


e) CHs CHs CH CHs 


CHy 


CH 


‘CHs 


(2) 


‘CH, 


(3) 


The K vitamins are named after the original vitamin 
and the number of carbon atoms in the side chain. Using 
this convention, vitamin Ky29) is so named because it con- 
tains 20 carbon atoms in the chain. In the biological liter- 
ature, vitamin K, is frequently referred to as menaquinone 
and is further designated by the number of isoprene units 
in the side chain. For example, vitamin Ky.) is also called 
menaquinone-4 or MK-4. Vitamin K;j is also referred to as 
menadione or MK-0. 

Vitamin K is typically found in green, leafy vegetables 
such as cabbage, broccoli, and spinach at levels of 95-200 
ug/100 g of fresh vegetables. Cauliflower at a level of 136 
ug/100 g also represents an excellent source of dietary vi- 
tamin K. Additionally, animal sources such as liver and 
eggs provide good sources of vitamin K (11). 
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CHEMICAL/PHYSICAL PROPERTIES 


Vitamin K compounds are yellow solids or viscous liquids. 
The natural form of vitamin K, is a single diastereoisomer 
with 2'(E), 7'(R), 11'(R) stereochemistry. The predominant 
commercial form of vitamin K, is the racemate and a 2'(E)/ 
(Z) mixture. Table 1 lists some physical and spectral prop- 
erties of vitamin K,. 

Vitamin K, is insoluble in water and is soluble in 70% 
alcohol, chloroform, petroleum ether, benzene, and hexane. 
Vitamin K;, is stable in air but should be protected from 
light. Although unstable in alkali, the vitamin is stable in 
acidic medium. Its facile decomposition in basic solution 
forms the basis of the Dam-Karrer color test. 

Early structural determination lends insight into the 
chemical reactivity of vitamin K,. Catalytic hydrogenation 
of vitamin K, consumes four moles of hydrogen and affords 
a colorless compound. Because complete hydrogenation of 
a 1,4-naphthoquinone structure consumes three molecules 
of hydrogen, consumption of the fourth mole indicates un- 
saturation in the side chain. Reductive acetylation of vi- 
tamin K, affords the diacetate of dihydrovitamin K,. This 
behavior further supports the conclusions that vitamin K, 
contains a naphthoquinone group (13). 

In addition to its reactivity toward reducing agents, vi- 
tamin K, is also reactive toward oxidizing agents. Chromic 
acid oxidation of vitamin K, gives rise to two principal 
products, 2-methyl-1,4-naphthoquinone-3-acetic acid and 
phthalic acid. By comparison with known compounds, it 
has been concluded that the benzene ring is unsubstituted 
and the substitution pattern on the naphthoquinone ring 
is 2,3-dialkyl (8,14~16). 


ANALYTICAL METHODS 


The classical method for the determination of vitamin K is 
based on the clotting time of a vitamin K-deficient chick. 
It is relatively easy to produce a hemorraghic state in 
chicks (17). Vitamin K-deficient rats have also been used 
for this assay (18). Owing to the development of modern 
chromatographic techniques, this method of analysis has 
been supplanted by other methodology. 

There are several comprehensive reviews of analytical 
methods for vitamin K (19,20). Owing to the presence of a 
naphthoquinone nucleus, the majority of analytical meth- 
ods use this structural feature as a basis for analysis. Sev- 
eral identity tests such as its reaction with sodium bisulfite 
or its uv spectrum exploit this characteristic. Although not 
specific, titrimetric, polarographic, and potentiometric 
methods have also been used (20). 

Chromatographic methods including thin-layer, hple, 
and ge methods have been developed. In addition to de- 
velopments in the types of columns and eluents for hple 
applications, a significant amount of work has been done 
in the kinds of detection methods for the vitamin. These 
detection methods include direct detection by uv, fluores- 
cence after post-column reduction of the quinone to the hy- 
droquinone, and electrochemical detection. Quantitative 
ge methods have been developed for the vitamin but have 
found limited applications. However, ge methods coupled 
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Table 1, Physical and Spectral Properties of Vitamin K, 


Item Vitamin K; Vitamin Koo) Vitamin Koss) Vitamin Ky 
Color Yellow, Viscous oil Yellow crystals Yellow crystals Bright yellow crystals 
Melting point, °C —20 50 54 105-107 

Molecular weight 450.68 580.9 649.02 172.17 

Molecular formula Cg:HseO2 CaHs<O2 CygHesO2 CHO. 
Spectrophotometric data, Ama, nm 242, 248, 260, 269, 325 243, 248, 261, 270,325 243, 248, 261, 270,325 244 

¢, petroleum ether 396, 419, 383, 387,68 304, 320, 290, 292, 53 278, 195, 266, 267,48 1150 (Hexane) 


Source: Ref. 12. 


with highly sensitive detection methods such as gc/ms do 
represent a powerful analytical tool (20). 

As described in the USP, phytonadione is a mixture of 
the cis- and trans-isomers of vitamin K,. This mixture 
should not contain more than 103% and not less than 
97.0% of total vitamin K content. The amount of the cis- 
isomer is also specified and is not to exceed 21%. In addi- 
tion to the pure substance, the USP also describes methods 
for the analysis of parental as well as tableted forms of the 
vitamin (21). 


SYNTHESIS 


The first synthesis of vitamin K, was reported by several 
workers in the late 1930s and the synthetic approaches 
have been reviewed (22). Vitamin K, was prepared by the 
reaction of menadione with phytyl bromide in the presence 
of zine (23). 


oO 
CHy OHs CHs CHs 
ee ee 
‘CHy + Br ‘CHs 
oO 


@ 


Vitamin K, has been synthesized from the condensation 
of the monosodium salt of menadiol with phytyl bromide 
(24). 


ONa 


CO CHy CHs CHy CHs 
— w 
ot) + we A~AARAAKR Aru 


OH 


In methodology developed by Fieser, unprotected men- 
adiol (5) was condensed with natural phytol using oxalic 
acid as catalyst (25). Oxidation of the hydroquinone to the 
naphthoquinone yielded vitamin K,. A similar approach 
has been reported (26). The commercial synthesis of vita- 
min K, is largely based on the above with some important 
improvements from Roche (27) and Merck (28). 


oat 
CHs CHy CHs CHy 
Oe ee eet) 
ic * 


On 
6) 


A significant improvement in this technology was the 
discovery that BF,-etherate could be substituted as a con- 
densation catalyst in place of oxalic acid (qv). Owing to the 
fact that oxalate esters of isophytol did not form, this sub- 
stitution reduced the formation of undesired phytadiene 
by-products. A second notable advance was the use of 1- 
acetyl-2-methyl-1,4-naphthoquinone as starting material 
for the condensation. In addition to phytadiene, a signifi- 
cant by-product is 2-methyl-2-phytyl-2,3-dihydro-1,4- 
naphthoquinone. The use of the monoprotected compound 
eliminates the formation of this impurity. Moreover, in the 
earlier process, the sensitivity of the unprotected com- 
pound toward air oxidation necessitated a reduction before 
purification by base extraction of the crude condensation 
mixture. The acetylated compound is not labile toward air 
oxidation. As a result, the reduction step is not warranted 
and its inherent complications are avoided. 

CHs 


CHs CH 


ie) 
CHs 
‘CHs 


°O 


As practiced by Hoffmann-La Roche, the commercial 
synthesis of vitamin K, is outlined inFigure 1. Oxidation 
of 2-methylnaphthalene (4) yields menadione (3). Catalytic 
reduction to the naphthohydroquinone (5) is followed by 
reaction with a benzoating reagent to yield the bis- 
benzoate (6). Selective deprotection yields the less hin- 
dered benzoate (7). Condensation of isophytol (8) (see VI- 
TAMINS: VITAMIN E) with (7) under acid-catalyzed 
conditions yields the coupled product (9). Saponification 
followed by an air oxidation yields vitamin K, (1) (29). 

Although the industrial synthesis of vitamin K, re- 
mains largely unchanged from its early beginnings, signifi- 
cant effort has been devoted to improvements in the con- 
densation step, the oxidation of dihydrovitamin to vitamin 
K,, and in economical approaches to vitamin K; (vide in- 
fra). Also, several chemical and biochemical alternatives 
to vitamin K, have been developed. 

A Japanese patent has claimed improvements in the 
direct condensation of menadione with phytyl chloride in 
the presence of a reducing metal such as zinc or iron pow- 
der (30). Tin chloride has been reported to be a useful cat- 
alyst for this condensation (31,32). 

In a patent assigned to Mitsubishi, air oxidation is car- 
ried out in the presence of copper salts to avoid the for- 


mation of complicating impurities in the oxidation of di- 
hydrovitamin K, to vitamin K, (33). In other work, high 
yields of vitamin K, were obtained by performing the oxi- 
dation in an alkali medium (34). High purity vitamin K, 
can also be obtained by an oxidation in dimethyl sulfoxide 
(35). 

In a novel approach to vitamin K,, Hoffmann-La Roche 
has exploited the potential acidity at C-3 as a means to 
attach the side chain of vitamin K, (36). Menadione was 
reacted with cyclopentadiene to yield the Diels-Alder ad- 
duct, The adduct is treated with base and alkylated at C-3 
with phytyl chloride. A retro Diels-Alder reaction yields 
vitamin K,. Process improvements in this basic method- 
ology have been claimed by Japanese workers (37). 


@) + CY 


Although not of industrial importance, many organo- 
metallic approaches have been developed (38). A one-pot 
synthesis of vitamin K, has been described and is based 
on the anionic [4 + 2] cycloaddition of three-substituted 
isobenzofuranones to 1-phytyl-1-(phenylsulfonyl)propene. 
Owing to the rather mild chemical conditions, the (E)- 


stereochemistry is retained (39). 
° 
$0,Ph | —~ @) 
R 
co) 


CHy 
Cr + pare: i 
Although the predominant commercial form of vitamin 


2 R= phytyl 
K, is the racemate, natural (2'(E), 7'(R), 11'(R))-vitamin 
K, is accessible either from a natural source or from con- 
densation with natural phytol. In the curative blood clot- 
ting test, these compounds have been shown to have nearly 
equivalent biopotencies. The synthesis and spectral prop- 
erties of all four stereoisomers of (£)-vitamin K, has been 
described and their biopotencies determined. Using natu- 
ral vitamin K, as a standard, the relative activities were 
found to be 1.0, 0.93, 1.19, and 0.99 for 2'(E), 7(R), 11'(R); 
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2B), 7(R), 11S); 2B), 7(S), 11S); and 2B), 7S), 
11'(R), respectively. These differences were not considered 
significant and it was concluded that these compounds 
have identical activities (40). 

Aside from chemical methods, several patents have ap- 
peared on the biochemical production of natural vitamin 
K, from callus tissue cultures (41). In addition, a patent 
has appeared which describes the concentration and pu- 
rification of natural vitamin K, from deodorizer distillates 
(42). The biosynthesis of vitamin K, and vitamin K, has 
been reviewed (43). 


VITAMIN K, 


As compared to vitamin K,, vitamin K, is relatively un- 
important industrially with only a few producers, such as 
Teikoku Kagaku Sangyo and Eisai, and is dominated by 
the manufacture of vitamin K»,90). The industrial synthesis 
parallels that of vitamin K, and involves as a key step al- 
kylation of monosubstituted menadione with an appropri- 
ate (all-E) reagent (44,45). Several academic syntheses 
have been described (46-49). 

In contrast to vitamin Kj, there has been considerably 
more activity on fermentative approaches to vitamin K, 
(50). The biosynthetic pathway to vitamin K, is analogous 
to that of vitamin K, except that poly(prenylpyro- 
phosphates) are the reactive alkylating agent (51,52). 
Menaquinones of varying chain lengths from C, to Cg; have 
been isolated from bacteria. The most common forms are 
vitamin Ky35), Ka4o, and Ka45). A significant amount of 
Kq,20) was observed in a Flavobacterium fermentation and 
was increased by the use of a mutant resistant to usnic 
acid (53). In other work, production of vitamin Ky was en- 
hanced by the use of 1-hydroxy-2-naphthoate (54). Many 
Japanese patents have appeared that describe production 
of menaquinones from bacteria (55). 


VITAMIN K; 


Industrially, vitamin K; is prepared from the chromic acid 
oxidation of 2-methylnaphthalene (56). Although the 
yields are low, the process is economical owing to the low 
cost and availability of the starting material and the oxi- 
dizing agent. However, the process is complicated by the 
formation of isomeric 6-methyl-1,4-naphthoquinone. As a 
result, efforts have been directed to develop process tech- 
nology to facilitate the separation of the isomeric naph- 
thoquinone and to improve selectivity of the oxidation. 

A process has been disclosed in which the mixture of 
naphthoquinones is reacted with a diene such as buta- 
diene. Owing to the fact that the undesired product is an 
unsubstituted naphthoquinone, this dieneophile readily 
reacts to form a Diels-Alder adduct. By appropriate control 
of reaction parameters, little reaction is observed with the 
substituted naphthoquinone. Differential solubility of the 
adduct and vitamin K; allows for a facile separation 
(57,58). 
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Figure 1. Synthesis of vitamin Ky. 
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In an alternative approach, the desired 2-methyl-1,4- 
naphthoquinone is derivatized to form a water-soluble and 
commercially important sodium bisulfite adduct. Extrac- 
tion of the organic phase with water separates the isomeric 
quinones (59). 

In order to circumvent this problem, there has been sig- 
nificant activity directed toward the search for a less en- 
vironmentally toxic and more selective oxidizing agent 
than chromium. For example, Hoechst has patented a pro- 
cess which uses organorhenium compounds. At a 75% con- 
version, a mixture of 86% of 2-methyl-1,4-naphthoquinone 
and 14% 6-methyl-1,4-naphthoquinone was obtained (60). 
Ceric sulfate (61) and electrochemistry (62,63) have also 
been used. 

In a biotechnology-based approach, Japanese workers 
have reported on the microbial conversion of 2-methyl- 
naphthalene to both 2-methyl-1-naphthol and menadione 
by Rhodococcus (64). The intermediate 2-methyl-1-naph- 


thol can readily be converted to menadione by a variety of 
oxidizing agents such as heteropoly acids (65) and copper 
chloride (66). A review of reagents for oxidizing 2-methyl- 
naphthalene and naphthol is available (67). 

In addition to its industrial importance as an interme- 
diate in the synthesis of vitamin K,, menadione, or more 
specifically, salts of its bisulfite adduct, are important com- 
modities in the feed industry and are used as stabilized 
forms in this application. Commercially significant forms 
are menadione dimethyl pyrimidinol (MPB) (10) and men- 
adione sodium bisulfite (MSB) (11). MSB is sold primarily 
as its sodium bisulfite complex. The influence of feed pro- 
cessing, ie, pelleting, on the stability of these forms has 
been investigated (68). The biological availabilities and 
stability of these commercial sources has been determined 
(69,70). 
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BIOSYNTHESIS 


Animals cannot synthesize the naphthoquinone ring of vi- 
tamin K, but necessary quantities are obtained by inges- 
tion and from manufacture by intestinal flora. In plants 
and bacteria, the desired naphthoquinone ring is synthe- 
sized from 2-oxoglutaric acid (12) and shikimic acid (13) 
(71,72). Chorismic acid (14) reacts with a putative succinic 
semialdehyde TPP anion to form o-succinyl benzoic acid 
(73,74). In a second step, ortho-succinyl benzoic acid is con- 
verted to the key intermediate, 1,4-dihydroxy-2-naphthoic 
acid. Prenylation with phytyl pyrophosphate is followed by 
decarboxylation and methylation to complete the biosyn- 
thesis (75). 
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ECONOMIC ASPECTS 


The total market for vitamin K, is relatively small and the 
principal producer of vitamin K, is Hoffmann-La Roche. 
Nisshin Flour Milling Company is the predominant man- 
ufacturer for the optically active form of vitamin K,. Total 
world market for vitamin K; is 1500 t with Vanetta Com- 
pany as the dominant manufacturer. The list price for vi- 
tamin K USP grade is $3.75-$4.05/g. For the 1% spray 
dried formulated product, the price ranges from $76-$79/ 
kg. The majority of vitamin K, is sold to the pharmaceu- 
tical industry, whereas vitamin Ky is consumed primarily 
by the feed industry. 


REQUIREMENTS 


Owing to the ubiquitous natural occurrence of vitamin K 
and its production by intestinal bacteria, vitamin K defi- 
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ciencies are rare. However, they can be caused by certain 
antibiotics (qv) coupled with a reduced dietary intake. 
Newborn infants who do not possess the necessary intes- 
tinal bacterial population are at danger for vitamin K de- 
ficiency. As a result, vitamin K injections are routinely 
given to the newborn. 

Table 2 lists the Recommended Dietary Allowances 
(RDA) for vitamin K. Although manufacture by intestinal 
bacteria represents a significant source of plasma mena- 
quinone concentrations, reliance on this source alone is not 
sufficient to maintain healthy concentrations of mena- 
quinone. Consequently, dietary supplementation is neces- 
sary (76). 


BIOCHEMISTRY 


As a result of empirical findings that alfalfa and other 
plants can alleviate a hemorrhagic situation in chicks, 
work was initiated to identify and isolate the causative 
agent. Concurrent to these activities was the observation 
that prothrombin levels in chicks given certain leafy green 
vegetables were enhanced. Studies on the role of vitamin 
K in blood clotting and more specifically, in the conversion 
of fibrinogen to fibrin, have led to the conclusion that the 
important function of vitamin K in the clotting mechanism 
is to act as a cofactor in the biosynthesis of the active form 
of prothrombin (11). 

Work in the mid-1970s demonstrated that the vitamin 
K-dependent step in prothrombin synthesis was the con- 
version of glutamyl residues to y-carboxyglutamyl resi- 
dues. Subsequent studies more clearly defined the role of 
vitamin K in this conversion and have led to the current 
theory that the vitamin K-dependent carboxylation reac- 
tion is essentially a two-step process which first involves 
generation of a carbanion at the )-position of the glutamyl 
(Gla) residue. This event is coupled with the epoxidation 
of the reduced form of vitamin K and in a subsequent step, 
the carbanion is carboxylated (77-80). Studies have pro- 
vided thermochemical confirmation for the mechanism of 
vitamin K and have shown the oxidation of vitamin KH, 


Table 2. RDA Requirements for Vitamin K 


Category Age Vitamin K (ug) 
Infants 0.0-0.5 5 
0.5-1.0 10 
Children 13 6 
46 20 
7-10 30 
Males 11-14 45 
15-18 65 
19-24 70 
25-50 80 
>51 80 
Females 11-14 45 
15-18 55 
19-24 60 
25-50 60 
>51 60 
U.S. RDA None established 
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(15) can produce a base of sufficient strength to deproton- 
ate the y-position of the glutamate (81-83). 
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Although the role of vitamin K in blood clotting has 
clearly been demonstrated and involves carboxylation of 
multiple proteins in addition to prothrombin and includes 
factor VII, factor IX, and factor X, proteins containing Gla 
residues have been found in other tissues. For example, in 
1975, Hauschka isolated an EDTA-soluble protein fraction 
of chick bones and identified the presence of Gla (84). Ad- 
ditional work sequenced the protein which was called bone 
Gla protein or osteocalcin (85). The properties of the pro- 
tein as well as its function in bone mineralization have 
been extensively studied (86,87). However, its specific func- 
tion is not completely understood. In addition, vitamin K- 
dependent carboxylase activity has been observed in cell 
cultures. For example, a vitamin K-dependent protein has 
been identified in a screen for growth arrest specific gene 
products. This protein, Gas6, has been identified as a li- 
gand for tyrosine kinase (88). This observation has sug- 
gested that vitamin K may have a more general metabolic 
role (89-94). 


CONCLUSIONS 


Despite the fact that commercial synthesis in the 1990s of 
vitamin K has largely remained unchanged from its early 
roots, there has been significant activity in the area of pro- 
cess improvements to the basic approach. Also, several bio- 
technological systems have been described and this may 
be a future research area. A thorough understanding of the 
role of vitamin K in biological systems will continue as an 
active research area. 
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WASTE MANAGEMENT: ANIMAL PROCESSING 


This section examines waste management from the stand- 
point of three animal-based food categories: dairy process- 
ing, egg processing, and meat and poultry processing. 
Waste management for an animal-based processing facility 
is essential because waste streams impact a plant's ability 
to operate within the state or local community. Permits to 
discharge wastewater under the National Pollution Dis- 
charge Elimination System (NPDES) (1) are restrictive for 
parameters such as biological oxygen demand (BOD), sus- 
pended solids, fats, oils, and greases (FOG), and ammonia. 
If compliance within permit limitations is not achieved, 
fines and civil penalties are triggered. Similar penalties 
can occur when biosolids are taken to landfills that are 
regulated under the Resource Conservation and Recovery 
Act (RCRA) (2). Restrictions on material composition de- 
termine the method of disposal, site, and quantity of bio- 
solids that can be applied to land or buried in public land- 
fills. 


DAIRY-PROCESSING-RELATED WASTE MANAGEMENT 


Figures 1 to 4 present utility input and waste output pro- 
cess schemes for fluid milk, cottage cheese, other cultured 
dairy products, and ice cream and frozen desserts (3-5). 


Overview of Practices Contributing to Waste Generation 


Table 1 presents a comparison of waste stream character- 
istics and coefficients for a 1000-kg milk throughput. De- 
pending on the product being processed, the waste stream 
characteristics vary widely. Viscosity, product solute con- 
tent, and time and temperature factors influence the waste 
stream’s organic strength (3,4). Cleaning and sanitizing 
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Figure 1. Fluid milk processing scheme, utility inputs and waste 
outputs. CS, cleaning and sanitizing; St, steam; WW, wash water; 
CW, cooling water; SS, suspended solids; BOD, biological oxygen 
demand; FOG, fats, oils, and greases. 
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Figure 2. Cottage cheese process scheme, utility inputs and out- 
puts. Abbreviations defined in Figure 1. 


processes as well as product and water losses influence the 
waste stream’s volume. The values presented reflect the 
milk handling and process practices that influence the fi- 
nal waste stream’s organic composition and water volume. 

In addition to the process practices adopted by the 
manufacturing operation, there are operational factors 
that contribute to waste generation (4,6,7). These include 
absence of salvage or recovery protocols when storage 
tanks, pipelines, and equipment are cleaned; loss of sealing 
integrity of pipelines, homogenizers, and valves as a result 
of poor maintenance; malfunction of equipment; leakage of 
product from damaged containers; failure to properly han- 
dle returned products; failure to isolate whey and curd 
wash water; inefficient use of water; and absence of recov- 
ery protocols for milk solids derived from rinses or products 
lost from pasteurization start-up and product changeover. 
Consistent day-to-day management of these areas is es- 
sential for minimizing pollutant releases and excessive hy- 
draulic loads to the waste stream and the environment. 
The implementation of a sound management program can. 
achieve up to a 50% reduction in the original waste load 
(8). The values given in Table 1 are approximated from 
both literature and field experience data and should be 
used only for estimating volume and waste parameters 
(3,5,6). These values should not be used for the design of a 
waste pretreatment or treatment system. Actual field mea- 
surements by qualified environmental design engineers 
should be used for such applications. 
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Figure 3, Dairy cultured product process scheme, utility inputs 
and waste outputs. Abbreviations defined in Figure 1. 
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Figure 4. Ice cream and frozen dessert process scheme, utility 
inputs and waste outputs. Abbreviations defined in Figure 1. 


Point Sources for Waste Generation 


As fluid milk is handled and processed, the major point 
source for organic loading and water usage is pasteuriza- 
tion. Pasteurization includes three steps: heat exchange, 
separation, and homogenization. Approximately 30% of 
the total biological oxygen demand (BOD) and 50% of the 
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waste stream volume can be attributed to this operation. 
Milk receiving and storage account for approximately an- 
other 30% of the BOD and waste stream volume (3,5-7). 
Figure 1 identifies the key point sources for the fluid milk 
Process. 

The process scheme for cottage cheese is presented in 
Figure 2. The most important management consideration 
is the handling and disposal of acid whey (9,10). For pur- 
poses of this overview, it is assumed that the initial whey 
discharge is collected and not discharged to the dairy waste 
stream. The major point source for BOD is the curd wash- 
ing step, which usually requires three wash cycles in which 
the rinses are discharged to the drain (3,5-7). Not surpris- 
ing, this step accounts for 53% and 86% of the total BOD 
and water volume, respectively, released to the waste 
stream. Pasteurization contributes 25% of the total BOD 
and 4% of the water volume to the waste stream. 

Figure 3 presents the flow scheme for other cultured 
dairy products. During the manufacture of cultured dairy 
products such as buttermilk, yogurt, and sour cream, the 
respective product's viscosity becomes a contributing factor 
to the quantity of BOD discharged to the waste stream. In 
most cases, milk receiving, storage, separation, blending, 
and pasteurization yield about the same BOD and waste- 
water volume values for a defined quantity of milk 
throughput (3,57). Collectively, these operations contrib- 
ute 59% of the total BOD and 65% of the wastewater to 
the waste stream. However, 36% of the BOD and 43% of 
the wastewater come specifically from the pasteurization 
process. In contrast, viscosity and organic composition of 
the respective cultured products become evident as the cul- 
turing phase of manufacture is compared. Sour cream has 
the higher contribution, representing 18% of the total BOD 
generated, and buttermilk and yogurt contribute 14% and 
16%, respectively. 

Figure 4 presents the process flow scheme for ice cream 
and frozen desserts. It is important to remove product res- 
idue from pipelines and freezing equipment before clean- 
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‘Table 1. Waste Load Coefficients Based on 1000-kg Milk Throughput 
Waste stream characteristics Fluid milk processing _ Cultured products processing Cottage cheese Tce cream 
Water Usage (kL) 0.10-5.40 ‘Approx. 1.16 0.80-12.40 0.80-5.60 
Average (1000 L) 3.25 = 6.00 2.80 
BOD (kg) = Buttermilk, 2.15 1,30-71.20, whey included —_1.90-20.40 
0.20-7.80 Yogurt, 2.20 23.0, whey excluded 
Sour cream, 2.25 23.0, whey excluded 
Average kg SS 4.20 = 5.76 
approx. kg as % of BOD value 50% 35% 35% 25% 
pH 76-15 41 44 58-68 
Viscosity (ep) 22 Buttermilk, 500 Whey, 1.3 Mix, 35 
Yogurt, 9000 Frozen, 121 


Source: Refs. 3, 5, and 6. 


up to minimize the discharge of this material to the waste 
stream (4). The combination of high viscosity and low tem- 
perature has a major influence on the amount of product 
residual in the equipment (6). The two major point source 
contributors to the waste stream are pasteurization and 
freezing (3-5,7). Pasteurization accounts for 27.5% and 
43.5% of the total BOD and wastewater volume, respec- 
tively. The freezing step contributes 52% of the total BOD 
and 30% of the waste stream hydraulic load. 


Waste Recovery, Disposal, and Treatment 


The ideal situation is to reuse any milk, cream, or product 
recovered from the process equipment (4). This requires 
strict sanitary practices to avoid environmental contami- 
nation. In all cases, the recovered material must pass 
through the pasteurizer before it enters the final product 
package. Recovery practices must be approved by the state 
agency responsible for enforcement of dairy-related regu- 
lations. 

In the cheese manufacturing sector, sweet whey is re- 
covered and used to make whey powder, whey proteins, 
lactose, and delactosed whey powder (9,10). Membrane 
technologies are applied extensively for whey protein re- 
covery and whey demineralization. Whey is also used ex- 
tensively as a milk replacer for veal calf operations. 

The more common practice throughout the dairy indus- 
try is to salvage, pool, and isolate recovered whey and dairy 
products for use as animal feed (9,11). Costs for handling, 
storing, and transporting these products to a pet food fac- 
tory or to a farm are shared by the milk processor and the 
factory or farmer. 

Land application is usually the last option for disposal 
of salvaged whey and dairy products (3,4,10,12). Applica- 
tion rates per acre and fertilizer value such as nitrogen and 
phosphates are important considerations when this 
method is used. Whey, dairy products with milkfat, and 
curd wash water that is high in sodium chloride present 
specific challenges because of the influence on the soil’s pH, 
percolation, and flocculation properties (12). When land 
application is used, the salvaged materials must be “soil 
injected” to prevent pollutant runoff and odor releases into 
the atmosphere. 

Figure 5 presents the possible treatment steps for dairy 
wastewater (6,11-13). The primary treatment may exist 


either as a pretreatment step or as the first phase of a 
waste treatment system. Pretreatment addresses a num- 
ber of potential biological problems, such as sudden re- 
leases of extreme hydraulic volumes, excessive organic 
loads, or dramatic shifts in alkalinity or acidity. In cases 
where high concentrations of fats and proteins are present, 
physical removal is necessary in order to reduce the BOD 
strength of the waste stream. Pretreatment is a necessary 
management intervention to adjust the waste stream’s 
characteristics to domestic strength so it is amenable to 
the subsequent treatment process. Generally, sewer use 
ordinances require industrial discharges to be at domestic 
wastewater strengths, or the industry is levied a costly 
surcharge. 

The waste treatment process system is designed to 
achieve performance standards that meet limitations de- 
fined by the discharge permit. The waste treatment system 
may incorporate any of the unit operations identified in 
Figure 5. Generally, the process system selected is based 
mainly on organic assimilation by an active biological 
mass. Chemically oriented processes also can be incorpo- 
rated into the waste treatment scheme. Waste treatment 
systems usually have four functional units of operation: (1) 
settling whereby fats and heavy particles are removed 
from the waste stream; (2) biological assimilation; (3) clar- 
ification whereby biologically active solids are recovered 
and recycled, and the treated water is discharged to a final 
treatment phase; and (4) polishing, which could involve a 
filtration process and disinfecting (13). Discharge stan- 
dards to a receiving stream have a limit of 10 mg/L BOD, 
10 mg/L suspended solids, 5 mg/L nitrogen as NH, and a 
PH value within a 6-9 range. 


EGG-PROCESSING-RELATED WASTE MANAGEMENT 


Figure 6 depicts an overview of an egg production opera- 
tion (14). This section discusses the management of the 
processing plant wastes for shell eggs and liquid eggs. 


Overview of Practices Contributing to Waste Generation 


Major factors that influence the level of egg loss to the pro- 
cessing waste stream are strength of eggshell, egg- 
handling practices, and operation of washer equipment 
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Figure 5. Possible treatment steps for dairy-food plant wastewaters. ADF, air dissolved flotation. 


Source: Ref. 12. 


(14-16). Regarding the shell issue, two notable factors are 
the age of the laying hen and the extreme temperatures 
under which eggs are produced. The major egg-handling 
practices that generate waste are abusive handling during 
transportation from farm to processing facility and rough 
handling of the filler flats while the flats are being loaded 
to the egg washer conveyor. Equipment operational errors 
contribute to waste generation if wash water temperatures 
exceed 10°C above egg temperatures; wash water is dis- 
charged directly to the waste stream instead of being re- 
cycled; eggs are dropped when there is poor contact of suc- 
tion cups with the eggshell surface during loading; or 
scrubber brushes exert too much pressure on the shell sur- 
face during the cleaning process. 


Point Sources for Waste Generation 


During shell egg washing, candling, and sizing, the wash- 
ing and clean-up operations are the major point sources for 
waste generation. Incidental waste is generated from bro- 
ken eggs that drop to the floor during handling and in- 
spection. About 5% of the total shell egg production is lost 
either when it becomes inedible or when it enters the waste 
stream. Approximately 76% of the U.S. shell egg produc- 
tion goes directly to the retail marketplace (17). The re- 
maining percentage goes to egg-breaking operations for 
processing as liquid egg-derived products. An estimated 
7% of liquid products either becomes inedible or is lost to 


the waste stream (18). In both shell egg and egg-breaking 
plants, the quantity of waste produced is directly propor- 
tional to the volume handled and the handling procedures 
practiced. Industrial plant waste surveys demonstrate 
that a well-managed liquid egg processing facility gener- 
ates about 0.018 kg of BOD per kg of liquid egg throughput 
(15,19,20). Regarding water usage, each dozen of shell eggs 
washed generates approximately 2.5 L of wastewater 
(15,19,20). 

For egg-breaking operations, the following manage- 
ment interventions can help to reduce product loss and 
waste (15,19,20): implement an efficient collection protocol 
for discarded eggs and shells with attached albumen; re- 
cover egg solids from storage units before rinsing and be- 
fore the initial flush from blend tanks and the pasteurizer; 
eliminate storage vat spillovers; reduce the length of prod- 
uct lines; reduce water usage during plant clean-up; and 
dispose of on land the overflow and sump discharges from 
the egg-washing operation. 


Waste Recovery, Disposal, and Treatment 


Waste recovery usually involves the collection of cracked, 
broken, or leaking eggs during candling and the collection 
of broken shell residuals from liquid egg-derived products 
(21). The use of an apron underneath conveyors and egg- 
breaking equipment can be another means of salvaging 
egg solids. Egg materials collected can be centrifuged to 
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Figure 6. Material flow for an egg production breaking operation. 


separate and collect the egg solids away from the shell ma- 
terial. Egg solids can be used in pet food formulations or 
as fish food. The shell portion of the egg can be used as a 
calcium-rich source for animal rations (22). Egg solids or 
shells require sterilization when used in feed applications. 
The shell material also has been used for industrial appli- 
cations (23,24). 

For egg-breaking facilities located in rural settings, 
most waste streams are applied to the land as fertilizer 
(15,25,26). On the other hand, many facilities in rural and 
urban locations discharge to a publicly owned treatment 
works (POTW) and must comply with limitations set forth 
by permit. A common permit issue is that egg-breaking 
facilities can be major contributors (over 25%) to the 
POTW’s BOD and hydraulic inputs. In small waste treat- 
ment operations where a trickling filter system is used, it 
is not uncommon to encounter poor BOD removal perfor- 
mance and odor problems. This is because of the protein- 
aceous nature of the egg solids, which apply a high BOD 
loading rate to the system. Additionally, egg solids contain 
high quantities of sulfur-containing amino acids that ul- 
timately develop into nuisance odors created by biomass 
activity and oxygen-deficient conditions. 

To address permit limitations and to lower sewer sur- 
charges, a pretreatment system could be installed at the 


egg-handling facility (12,13,27). This system would be de- 
signed to first average out the hydraulic flow to a constant 
flow rate. The second design feature would be to settle and 
float out suspended particles that are collected and dis- 
posed of to a POTW biosolids digester or on the land. A 
third design element would be to incorporate a dissolved 
air floatation (DAF) unit into the system to remove the 
colloidal materials that again are disposed of to a biosolids 
digester system or land. The fourth option would be to op- 
erate an anaerobic process to reduce the suspended solids 
and to have a subsequent discharge to the POTW. Depend- 
ing on the overall influence of the egg solids and quantity 
of cleaning agents used on the pH of the waste stream, it 
may be necessary to provide an acid addition to maintain 
the pH value between 6 and 9. 

Egg-handling and processing plants in rural locations 
generally are required to treat wastewater before disposal 
(12,13,19,20,28,29). Most plants adopt an aeration lagoon- 
polishing pond system and discharge to a receiving stream. 
This system is economical to maintain and does an ade- 
quate job of removing egg wastes from the aquatic envi- 
ronment. However, it has its share of operational prob- 
lems, such as inadequate mixing and oxygen transfer, 
nuisance odors caused by biosolids accumulation that lead 
to an anaerobic condition, and increased biological activity 
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due to atmospheric temperature changes, specifically dur- 
ing the summer months. Incorporating a pretreatment- 
treatment system is the best strategy. In the pretreatment 
phase, emphasis should be placed on suspended solids re- 
moval using either a DAF unit or an anaerobic process. 
For the aeration lagoon-polishing pond treatment, a sup- 
plemental filtering unit should be employed and a disin- 
fectant added to meet the low discharge standards. Nitro- 
gen content in the discharge stream also can become a 
regulatory issue if adequate denitrification is not achieved 
in the polishing pond. 


MEAT- AND POULTRY-PROCESSING-RELATED 
‘WASTE MANAGEMENT 


Figures 7 and 8 depict overviews of the slaughtering steps 
for beef and poultry, respectively (11). Meat is processed 
into human foods (edible meat) and pet foods and animal 
feed (inedible meat) (30). However, when the United King- 
dom and Europe experienced an outbreak of bovine spon- 
giform encephalopathy (BSE) in the late 1990s, strict reg- 
ulations were adopted to disrupt possible BSE transmittal 
pathways. For example, materials containing nerve tis- 
sues are prohibited for food use. Bovine meat cannot be 
used in beef livestock feed, and inedible meat from sheep 
has been excluded as a source for animal feed. 


Overview of Practices Contributing to Waste Generation 


Factors that influence the ultimate composition of process- 
ing wastes are sizes and species of animals; quantity of 
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Figure 7. Process flow diagram for beef 
slaughtering operation. 


Wash and shroud 


and storage 


daily throughput; water usage; sanitation and housekeep- 
ing; and method of product conveyance. Typical waste 
stream characteristics for beef and broiler processing ac- 
tivities are given in Table 2. 


Point Sources for Waste Generation 


The largest amount of waste in meat and poultry process- 
ing is generated at the abattoir or slaughter phase (Figs. 
7 and 8). Common forms of waste are manure, paunch, 
hair, feathers, grit, blood, and body fluids. 

In the case of beef livestock, approximately 60% of the 
animal's live weight either is rendered or enters the waste 
stream (33). Paunch contributes to the waste stream up to 
5.5 kg of BOD/1000 kg live body weight at kill (LWK). 
Blood accounts for 33 kg of BOD/1000 kg LWK in the ab- 
sence of a blood collection protocol versus the more com- 
mon loss of 6.6 kg, with blood collection. Washing the car- 
cass contributes the highest water usage rate at 350 gal/ 
min. 

For poultry, the following BOD waste loads are gener- 
ated, expressed as kilogram units per 1000 birds processed 
(34): bleeding, 2.35; scalder, 0.98; feather, 0.94; eviscer, 
1.68; offal, 1.16; washing, 1.06; prechiller, 0.96; and chiller, 
0.76. The feather operation utilizes the largest amount of 
water at 21.45 gal/min. 

Beef wholesale cutting operations contribute the least 
to the waste stream. However, waste materials common to 
this operation are meat and fat trimmings and bone dust. 
These wastes add another 0.3 to 3.3 kg of BOD to the waste 
stream per 1000 kg LWK processed. 
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Figure 8. Process flow diagram for poultry processing operation. 


‘Table 2. Waste Characteristics for a Beef and Poultry 
Processing Operation 


Waste parameter 

contributed 

(1b/1000 animals) 
Animaltype BOD TSS FOG Water (gal/animal) 
Beef (81) 6710 6860 440 350 
Poultry (32) 49 57 8 58 


Waste Recovery, Disposal, and Treatment 

Common by-products recovered from processing opera- 
tions are blood, hide, bone, offal, and feathers. For exam- 
ple, blood is used commercially for microbial growth media, 
extraction of animal albumin, animal feed protein, and 
iron and nutrients for specific plants such as roses. Inedi- 
ble meat materials are salvaged for use in pet and animal 
foods or sold for rendering purposes (30). 

In addition to recovery of animal by-products, efforts 
are made to remove meat cutting and processing debris 
from the waste stream. For example, it is a common prac- 
tice to remove debris by placing screens into the drain 
wells that collect wastewater from conveyance equipment, 


clean-up, and sanitation activities. This collected material 
usually is disposed of to a landfill operation. 

Further removal of suspended solids takes place in the 
pretreatment phase of the wastewater disposal operation. 
However, this presents a major challenge to the meat and 
poultry processing industries (11,35). Inadequately de- 
signed facilities, frequently with an under-capacity 
throughput, are common problems for these industries. 
Screens, sedimentation, floatation, and physicochemical 
methods are used to reduce the colloidal content in the 
discharged waste stream (12,13). However, in spite of the 
removal of suspended solids, considerable soluble BOD re- 
mains in the waste stream and must be treated further to 
remove the organic pollutants (2,11,33,34,36,37). 

For ammonia control, blood and paunch collection prac- 
tices have the greatest influence on nitrogen content in the 
waste stream. To address ammonia control, processing 
plants have adopted practices such as ammonia stripping 
(38), land application (11-13,33,34,36,39,40), deep-ditch 
aeration, and breakpoint chlorination (41). 

Because of the high protein and fat content in the meat 
and poultry waste streams, it has been found that the use 
of an anaerobic-aerobic lagoon-polishing pond treatment 
sequence provides an effective means to remove organic 
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pollutants (11-13,33,34,42,43). Attention must be given, 
however, to a routine biosolids removal protocol from the 
aerobic lagoon and polishing pond since solids accumula- 
tion can lead to odor and operational problems for these 
systems. For waste streams discharged to the POTW, the 
waste treatment process of choice is the activated sludge 
system. 
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WASTE MANAGEMENT: FRUITS 
AND VEGETABLES 


Large quantities of liquid and solid wastes are produced 
annually in the processing of many different types of fruits 
and vegetables. According to Rose and coworkers (1), over 
80 billion gallons of wastewater and nearly 9 million tons 
of solid residues are generated annually by the fruit and 
vegetable-processing industry in the United States (Table 
1). Of all the residues generated by the food-processing in- 
dustry, fruits and vegetables together account for 93% (2). 
The four crops processed in the largest quantities are cit- 
rus, corn, tomatoes, and white potatoes. These crops ac- 
count for 67% of raw tonnage, 61% of wastewater, 45% of 
organic load expressed as the biochemical oxygen demand 
(BOD), 61% of suspended solids, and 71% of solid residues 
(1). The BOD value of a typical domestic sewage is usually 
about 250 mg/L. In general, the fruit and vegetable— 
processing industry produces a liquid waste approximately 
10 times the BOD value of typical domestic sewage (3). The 
wastewater must be properly treated before it can be dis- 
charged to a stream or other water body. According to Hud- 
son’s survey results (2), nearly all the liquid waste is dis- 
posed of in water (stream, lake, bay, or ocean) and in public 
waste-treatment systems. Approximately 79% of the fruit 
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and vegetable solid residues is used for animal feed and 
the remaining 21% is handled as waste (2). 

For the fruit and vegetable—processing industry to re- 
main competitive, it is important that both liquid and solid 
wastes be properly managed. The objective of this article 
is to discuss the sources and characteristics of fruit and 
vegetable-processing wastes, to describe the in-plant 
waste-reduction practices, and to review the current de- 
velopments in the processes for waste treatment and for 
recovery of useful by-products from the wastes. 


SOURCES AND CHARACTERISTICS OF FRUIT 
AND VEGETABLE WASTES 


The major contributing point sources for fruit-processing 
wastewater are washing, peeling, sorting and slicing, cook- 
ing, can cooling, and plant cleanup. Table 2 shows the es- 
timated average volumes of wastewater if only fresh water 
is used in all the processing steps in the fruit-processing 
plant. If efforts are made to reuse water, the volumes of 
wastewater can be significantly reduced. For example, the 
cooling water can be reused for the can-cooling operation 
or washing the raw product. Reductions in the volume of 
fresh water consumed will result in corresponding reduc- 
tions in the volume of wastewater to be treated (4). In vege- 
table processing, the major sources of wastewater include 
washing, grading (sorting), fluming, peeling, blanching, 
can cooling, and plant cleanup. The volumes of wastewater 
generated in the processing of vegetables can be signifi- 
cantly reduced if the water is reused in the plant according 
to the counterflow water reuse system (4). In this system, 
fresh water is used in the final step, collected and reused 
in a previous step, and recollected and reused in this man- 
ner one or several times. The water always flows counter- 
current to the product. However, sufficient chlorine must 
be added to reduce bacterial contamination of the reused 
water used in each step. Most organic loads in the waste- 
water originate in the peeling and blanching operations at 
the fruit and vegetable—processing plants. For example, 
peeling and blanching contribute more than 80% of the 
BOD discharged from a beet-processing plant. Surplus 
brines generated in sauerkraut fermentation represent 
nearly 20% of the raw cabbage used (Table 3), and they 
have a BOD value of as much as 65,000 mg/L (Table 4). 
The soaking operations used in the processing of sour cher- 
ries and baked beans are a significant source of high BOD 
wastewater (7). The major sources of solid wastes from 
fruit and vegetable—processing plants are sorting, cutting, 
slicing, peeling, pulping, and pressing. In sauerkraut pro- 
duction, for example, trim losses represent over 35 kg per 
100 kg of raw cabbage processed (Table 3). Fruit pomace 
is a waste product of the fruit juice industry, representing 
10 to 20% of the fresh weight of the raw material. The 
strength and pH of fruit and vegetable—processing waste- 
water vary widely with the type of raw product being pro- 
cessed (Table 4). Some of the variations in strength and pH 
reflect differences in the processing methods used in indi- 
vidual plants. For example, the waste generated in the fer- 
mentation of cabbage to sauerkraut has a pH value of as 
low as 3.5 and its BOD value is as high as 65,000 mg/L (6). 
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Table 1. Wastes from Canned and Frozen Fruits and Vegetables 


Raw tons Wastewater 

(2,000 tons) (million gal) 
Apple 1,000 5,000 
Apricot 120 600 
Cherry 190 400 
Citrus 7,800 23,000 
Peach 1,100 4,400 
Pear 400 1,600 
Pineapple 1,000 500 
Other fruit 400 3,200 
Asparagus 120 1,200 
Bean, lima 120 1,100 
Bean, snap 630 2,800 
Beet 270 1,100 
Carrot 280 1,100 
Corn 2,500 4,500 
Pea 580 2,900 
Pumpkin, squash 220 700 
Sauerkraut 230 100 
Spinach, gr. 240 2,200 
Sweet potato 150 1,000 
‘Tomato 5,000 10,000 
Other vegetables 1,300 5,200 
White potato 2,400 9,600 
Total 26,400 82,000 
Source: Ref. 1, 


BOD Suspended solids 
(million Ib) (million Ib) 

40 5 
7 1 
4 1 
31 55 
66 1 
28 8 
20 8 
8 4 
1 1 
3 10 
19 3 
40 14 
15 11 
62 25 
29 6 
18 3 
3 1 
6 2 
30 12 
60 20 
80 40 
190 120 
760 360 


Table 2. Sources and Volumes of Wastewater from Fruit- 


Solids residuals 
(1000 tons) 


37 
(in other vegetable) 
400 
500 
910 
8,940 


Table 3. Material Balance of Sauerkraut 


Processing Steps Production 
Wastewater Percentage of ‘Tons 

Operation Gal/h  Gal/ton total flow Raw cabbage 100.00 

: Solid wastes (trim loss) 35.30 
Peeling 1,200 48 2 5 
Spray washing 11,000 385 7 Shredded extbegs inves 6470 
Sorting, slicing, ete 3,000 120 5 ale a0 
Exhausting of cans 1,200 48 2 Liquid wastes 

; Early brine 11.00 

Processing 600 4 1 ine, 
Cooling cans 24,000 945 37 ve heise ae 
Plant cleaning 21,000 840 33 bs ‘ 
Bar eeiNingt 100 4 a Yield of finished product 46.90 
Source: Ref. 3. Source: Ref. 5. 
Table 4. Strength and pH of Fruit and Vegetable-Processing Wastes 
Product COD (mg/L) BOD (mg/L) Mean (BOD/COD) pH 
Apple 395-37,000 240-19,000 0.55 4.1-8.2 
Beets 445-13,240 530-6,400 0.57 5.6-11.9 
Carrots 1,750-2,910 817-1,927 0.52 74-106 
Cherries 1,200-3,795 660-1,900 0.53 5.0-7.9 
Corn 3,400-10,100 1,587-5,341 0.50 48-76 
Green beans 78-2,200 43-1,400 0.55 6.3-8.3 
Peas 7128-2,284 337-1,350 0.61 49-92 
Sauerkraut 470-65,000 300-41,000 0.66 3.6-6.8 
‘Tomatoes 652-2,305 454-1575 0.72 5.6-10.8 
Wax beans 193-597 55-323 0.58 6.5-8.2 
Wine 495-12,200 363-7,645 0.60 3.1-9.2 


Source: Ref. 6. 


At the other extreme, certain waste effluents are strongly 
alkaline because of the presence of lye-peeling liquors or 
alkaline cleaning compounds. Waste effluents with high 
and low pH values present problems for waste treatment. 
For optimal biological treatment, the pH of wastewater 
must be adjusted to between 6.0 and 9.0. 


Waste Reduction 


The pollution loads at the fruit and vegetable—processing 
plants can be reduced through the development of im- 
proved processing methods or through in-plant treatment 
and reuse. 


Process Modification. Most pollution loads are gener- 
ated in the wet peeling of fruits and vegetables. The con- 
ventional wet peeling process, for example, produces 
10,200 lb of total solids/day, whereas the dry-caustic peel- 
ing process produces only about 1,050 lb of total solids/day 
(Table 5). The dry-peeling process also reduces the BOD 
load from 2,670 to 190 lb/day, representing a reduction of 
more than 90% (4). The conventional water- or steam- 
blanching process is also a major source of pollution loads. 
It inactivates enzymes and removes gases from the plant 
tissues but also leaches out organic matter. To minimize 
both the hydraulic and organic loads, a hot gas~blanching 
method has been developed for vegetable processing. Hot 
gas blanching has been reported to reduce the volume of 
vegetable processing wastewater, BOD, and suspended 
solids (SS), by as much as 99.9% (4). 

Other water-conservation and waste-reduction tech- 
niques are available. These include the use of air cooling 
after blanching, the installation of low-volume, high- 
pressure cleaning systems, the substitution of mechanical 
conveyors for flumes, the use of automatic shutoff valves 
on water hoses, the separation of can cooling water from 
composite waste flow, the countercurrent reuse of wash/ 
flume/cooling water, the separation of low- and high- 
strength waste streams, and use of air flotation units to 
remove suspended debris from raw crop materials (8). 


In-Plant Treatment and Reuse. An important treatment 
system has been developed for reduction of the volume of 
water consumption at the fruit and vegetable—processing 
plants (4). This in-plant system consists of coagulation, 
sedimentation, and filtration. Chemicals such as alum and 
polymers are added to the screened wastewater to facili- 
tate coagulation. Coagulated solids or sludge is discharged 
to a solid waste—disposal area and the clarified water is 
passed through activated carbon filters. The filtered efflu- 
ent is chlorinated and reused for initial product washing, 
for product washing after blanching, and for carrying out 
solid wastes to the screening area. This system can remove 
all the suspended solids, including bacteria (4). 


Waste Utilization 


Fruit and vegetable—processing residues are rich in bio- 
degradable organic matter, and disposal of these waste ma- 
terials may pose many environmental pollution problems. 
Fortunately many opportunities exist for converting them 
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into a wide variety of valuable by-products. Some examples 
follow below. 


Animal Feed. Most fruit and vegetable—processing solid 
residues are presently used for animal feed (2). They may 
be fed fresh, as silage, or as dried waste solids. Citrus-, 
pineapple-, and potato-processing residues are almost en- 
tirely fed to animals. Other fruit and vegetable residues, 
however, are not widely used in animal feed rations be- 
cause they are available only during the short processing 
season. 


Natural Food Ingredients. Natural food ingredients can 
be isolated from fruit and vegetable—processing residues. 
Anthocyanins, tartrates, and grape-seed oil have been di- 
rectly extracted from grape pomace (9). Carotenoids can be 
produced from sauerkraut brine by fermentation with the 
yeast Rhodotortula rubra (10). Apple- and citrus-process- 
ing solid wastes can serve as a good source of raw material 
for commercial production of pectins. Attempts are now 
being made to isolate health-promoting dietary fibers and 
other phytochemicals from fruit and vegetable residues. 
For example, a product with a dietary fiber content of over 
56% has been produced from apple residues by Three Top 
Inc., Selah, Washington (7). 


Biofuels. Biofuels have been generated from fruit and 
vegetable—processing residues by fermentation. Methane 
production is a two-stage process. The substrate is first 
converted to organic acids by acid-producing bacteria. The 
organic acids are then fermented anaerobically by 
methane-producing bacteria to methane. Capital and op- 
erating costs of methane production are dependent on the 
digester size, raw material, and operating conditions. The 
fermentation efficiency increases with decreased substrate 
particle size. Nearly 80% of the organic matter in apple 
pomace, for example, can be readily converted to methane 
(7). Ethanol can be directly produced from fruit-processing 
residues by yeast fermentation (7,9). Starch and cellulosic 
waste materials, however, must be hydrolyzed first to glu- 
cose before ethanol fermentation. For example, the ethanol 
yields from different grape pomace samples under solid- 
state fermentation conditions range from 68 to 86% 
(Table 6). 


Citric Acid. Citric acid is a commercially important 
organic acid that has been produced from fruit and 
vegetable—processing residues by Aspergillus niger (7,9). 


Table 5. Water Usage and Properties of Wastewater in 
‘Two Different Peeling Operations of Beets 


Conventional Dry-caustic 
Measurement peeling peeling 
Raw beets, input, ton/day 80 80 
Water flow rate, gal/day 48,000 12,000 
‘Total solids, Ib/day 10,200 1,050 
SS, Ib/day 340 40 
BOD, Ib/day 2,670 190 


Source: Ref. 4. 


2612 ‘WASTE MANAGEMENT: FRUITS AND VEGETABLES 


Table 6. Ethanol Production from Grape Pomace under Solid-State Fermentation Conditions 


‘Yeast count, Sugar content Ethanol 

CFU/g ghkg content, g/kg 

Variety pH Moisture, % Oh 96h Oh 96h Oh 96h Yield* o 
Vinifera 

Chardonnay 3.7 TAS 5 x 10° 3 x 107 125.0 32.5 04 40.8 86 
Riesling 3.6 65.5 1x 10° 7x10 187.5 15 0.2 54.2 82 

Geneva hybrid 
Cayuga white 3.6 64.3 5 x 10° 2x 10 97.5 94 29 40.6 86 

French hybrid 
Aurora 3.6 64.5 3 x 10° 2x 107 70.0 15.6 25 24.6 80 
Baco noir 33 57.0 7x 10 1x 10° 121.2 12.5 0.4 42.7 6 
Ravat 3.6 62.0 3 x 10° 8 x 10¢ 156.2 41.2 2.6 49.8 80 
Red hybrid’ 3.3 57.0 3 x 10° 8 x 107 83.8 116 0.9 314 82 
Seyval 3.8 68.4 9x 10° 4x 107 137.5 13.0 3.8 58.0 86 
Ventura 3.5 64.3 4x 10° 1x 107 115.0 15.3 0.4 43.1 84 
Verdelet 3.6 70.6 1x 107 8 x 10° 106.2 9.4 12 48.0 82 

Labrusca 
Cascade 3.7 60.9 7x 10° 7x 10° 103.8 18.1 04 38.4 86 
Concord 
Cold-pressed 3.3 66.7 2 x 104 3 x 107 58.1 10.5 0.9 20.8 82 
Hot-pressed 3.3 54.8 1x 10° 8 x 10° 103.8 20.9 0.6 32.0 4 

Delaware 3.7 57.9 4x 10° 5 x 107 118.8 17.2 3.3 44.7 80 
Diamond 3.5 68.1 5 x 10¢ 2x 107 16.2 38.1 15.0 28.4 68 
Dutchess 3.6 64.9 5 x 10° 3x 107 130.0 72 0.4 46.3 72 
Ives 3.5 56.7 5 x 10¢ 1x 10° 87.5 12.5 0.8 32.2 82 
Niagara 3.5 65.9 9x 10° 5 x 10° 85.0 24.4 0.4 26.8 86 


“Yield, % = Actual ethanol produced/Theoretical ethanol from sugar consumed x 100. 


"Includes deChaunac, Rougeon, Chelois, Rosette. 


The yields of citric acid from apple pomace, corncobs, kiwi 
peel, and grape pomace are about 320, 250, 230, and 270 
g/kg dry matter, respectively. 


Single-Cell Protein. Single-cell protein can be produced 
from fruit and vegetable-processing residues by fermen- 
tation. Hang (11) has described the processes for single- 
cell protein production from the waste effluents generated 
in the processing of cabbage, corn, baked beans, and po- 
tatoes. The processes not only produce single-cell protein 
but also reduce the BOD value by as much as 90%. 


Enzymes. Enzymes of commercial importance can be di- 
rectly extracted from fruit and vegetable—processing resi- 
dues. Bromalain is a protease, for example, that has been 
commercially produced from pineapple stem (Sigma 
Chemical Company, St. Louis, Mo.). The enzyme has a va- 
riety of food-processing applications. Attempts have been 
made to utilize the fruit and vegetable—processing residues 
as a substrate for fermentative production of industrial en- 
zymes by food-grade microorganisms. Sauerkraut waste, 
for example, has been found to be a favorable substrate for 
production of yeast enzymes such as polygalacturonase, in- 
vertase, diacetyl reductase, and beta-glucosidase (12). 


Waste Treatment and Disposal. Liquid wastes generated 
in the processing of fruit and vegetables contain princi- 


pally biodegradable organic matter in soluble and sus- 
pended form. The waste effluents are generally deficient 
in both nitrogen and phosphorus. For optimum biological 
treatment, it is essential to add inorganic nitrogen and 
phosphorus to give a BOD-to-nitrogen-to-phosphorus ratio 
of 100:5:1. Several waste-treatment processes have been 
used to make fruit and vegetable-waste effluents suitable 
for discharge. Aerated lagoons are the most widely used to 
treat the wastewater (4). In aerated lagoons, oxygen is 
added by either mechanical agitation or compressed-air 
diffusion. For solid separation, lagoons in series are used. 
The activated sludge process consists of a bioreactor that 
provides an environment for converting the BOD to micro- 
bial cells under aerobic conditions and a clarifier where 
microbial cells or sludge is settled. The settled sludge may 
be returned to the reactor or wasted. This system has been 
used to remove 80 to 99% of BOD depending on the waste 
composition, loading rate, and other operating conditions. 
The wastewater can also be treated in an anaerobic di- 
gester to produce methane. In pray irrigation, the waste- 
water is screened and sprinkled on land to simulate rain- 
fall. Parameters that affect the system are the waste 
characteristics (solids, BOD, pH, salts, etc), site, and dis- 
charge limits. The organic loading rates range from 36 to 
108 lb of BOD/acre/day and are dependent on the filtration 
and percolation capacity of the soil at the treatment 
site (4). 


Most solid wastes are presently disposed of on land ei- 
ther by filling or by spreading (4). In land filling, solid 
wastes are dumped into an excavated pit and covered with 
soil. A crop is maintained to use the waste solids, minimize 
erosion, and enhance the appearance of the landfill site. 
The loading rates are about 5 to 50 tons of dry solids per 
acre per year (4). The leachates from the landfill sites are 
odorous and rich in organic matter. They must be properly 
treated before discharge to avoid environmental and 
public-health problems. In land speading, solid wastes are 
spread on land in thin layers and allowed to remain on the 
surfaces long enough to dry before they are tilled into soils. 
The loading rates by this method are about 3 to 5 tons of 
dry solids/acre/year (4). 


Biotechnology and Waste Management. Research is 
needed to reduce the pollution loads generated in the pro- 
cessing of fruits and vegetables through genetic engineer- 
ing of raw products and through development of new or 
modified processing methods. Fruits and vegetables can be 
genetically modified to have desirable processing charac- 
teristics such as increased solids content, uniform ripen- 
ing, and size. For example, new hybrids of cabbage with a 
higher solids content have been developed for sauerkraut 
production. The genetically modified cabbage can increase 
the product yield with an accompanying decrease in the 
production of brine (13). The surplus brine generated in 
sauerkraut fermentation has been a serious pollution 
problem for kraut processors (5). To reduce the pollution 
loads at the processing plant, it is necessary to develop new 
processing techniques for processing raw materials at the 
harvest location. For the unavoidable processing wastes, 
new biotechnological processes should be developed to con- 
vert them into protein, fuels, biochemicals, or other valu- 
able products with an accompanying decrease in the pol- 
lution loads. For example, to maximize the production of 
value-added products from grape pomace and to minimize 
the waste disposal problems, it is necessary to use several 
technologies in the following sequences (Fig. 1): 


¢ Removal of seeds from the pomace for oil recovery 

¢ Fermentation of the pomace minus seeds to ethanol 
or citric acid 

¢ Extraction of anthocyanins and tartrates from spent 
pomace 


Anaerobic decomposition of the remainder for meth- 
ane geneation (9) 


CONCLUSION 


Large quantities of both liquid and solid wastes are pro- 
duced annually by the fruit and vegetable—processing in- 
dustry. These waste materials contain principally biode- 
gradable organic matter, and disposal of them can pose 
many environmental-pollution problems. Factors affecting 
the costs of waste treatment and disposal are the volume 
or hydraulic load and the strength or organic load. The 
waste load at the processing plant can be reduced signifi- 
cantly through the use of modified processing methods and 
through in-plant treatment and reuse. A number of waste- 
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Figure 1. Resource recovery from grape pomace flow diagram. 
Source: Ref. 9. 


treatment processes are available to remove the BOD and 
SS from the processing waste effluents. Biological treat- 
ment systems are widely used to make the wastewater 
suitable for discharge. Land irrigation of wastewater is 
used in rural areas. Most solid wastes are disposed of by 
returning them to the harvest fields for land treatment. 
The key to minimizing the disposal cost is to remove ex- 
cessive moisture from the wastes. Many opportunities ex- 
ist for better utilization of fruit and vegetable-processing 
wastes. A variety of processes have been developed for con- 
verting the waste materials into natural food ingredients, 
enzymes, fuels, and other valuable by-products. 
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FOOD TEXTURE 


The textural properties of a food may be defined as that 
group of physical characteristics that arise from the struc- 
tural elements of a food, are sensed by the feeling of touch, 
are related to the deformation, disintegration, and the flow 
of the food under a force and are measured objectively by 
functions of mass, time, and distance (1). The term textural 
properties is preferred over the word texture because tex- 
ture implies a one dimensional property (eg, pH) while tex- 
ture is multi-dimensional in nature and cannot be com- 
pletely described by a single parameter (2). Because of the 
long time required to measure all the textural properties 
of a food the most common practice is to measure only one 
or a few of its most dominant textural properties. 

A number of test principles are used for instrumental 
measurement of textural properties including force, time, 
distance, work, and rate of flow. Force measurements are 
the most common and can be classified according to the 
geometry of the test apparatus as puncture, extrusion, cut- 
ting shear, compression (single and multiple), bending— 
snapping, and torque (1). 

Since texture is primarily a sensory perception (3), in- 
strumental measurements need to be calibrated against 
the human palate. Sensory testing ranges from describing 
a single texture note up to a complete texture profile anal- 
ysis that generally describes 15-30 texture notes depend- 
ing on the food (4,5). Some of the most widely used sensory 
texture descriptors are firm, crisp, chewy, creamy, sticky, 
gummy, viscous, fibrous, granular, flakey, pulpy, moist, and 
greasy (2). 


A promising hybrid sensory-instrumental technique is 
the use of a multiple-point sheet sensor (6-8). This com- 
prises a thin flexible plastic film about 5-6 cm square on 
which are printed two series of stripes perpendicular to 
each other using electrically conductive ink. The resistivity 
of the ink is directly proportional to the force applied to it. 
When placed in the mouth, the pressure can be measured 
at many points over time, showing the distribution of 
forces rather than an average force. Although in an early 
stage of development, the technique shows great promise. 
For example, in testing crackers equilibrated to A, levels 
of 0.14, 0.36, 0.63, and 0.80, the force-deformation curves 
detected by the multiple-point sheet sensor in the mouth 
closely matched force-deformation curves obtained with 
a compression test conducted in a universal testing 
machine (6). 


WATER ACTIVITY 


Water activity is defined as the ratio of the vapor pressure 
of water in a food to the vapor pressure of pure water at 
the same temperature: 


P 
A, = Pe 
where A,, is water activity, P is vapor pressure of water in 
the food, and P, is vapor pressure of pure water at the same 
temperature. Since solutes in food depress the water vapor 
pressure, P will always be less than Pp. Therefore A,, al- 
ways has a value between 0 and 1.0, where 0 represents 
the total absence of water and 1.0 represents pure water. 
The effects of chemical composition on A,, and more rig- 
orous definitions of A,, involving thermodynamic concepts 
are given elsewhere in this volume. However, the definition 
given above is adequate for the purposes of this article. 
The older literature uses the term equilibrium relative 
humidity (ERH), which is the relative humidity of the air 
surrounding a food when the water vapor pressure in the 
air is the same as in the food (equilibrium state). Since 
relative humidity is expressed on a percentage basis, the 
old literature values for ERH can be easily transformed 
into A,, values by dividing by 100: A,, = ERH/100. For 
example, if the ERH = 65%, then the A,, = 65/100 = 0.65. 
The concept of water activity in food has many useful 
applications. A major application is to determine whether 
a food will absorb or lose water in a given environment. It 
is well known that liquid water always flows spontane- 
ously from a high-pressure area to a low-pressure area (ie, 
downhill). Although invisible macroscopically, water vapor 
also flows spontaneously from high-pressure regions (high 
A,,) to low-pressure regions (low A,,). A food with A,, = 0.60 
placed in air at 40% relative humidity (RH) (ie, A, = 0.40) 
will give up water vapor to the air until the water activity 
in the food equals that in the air. In moving air at constant 
40% RH the food will eventually reach A, = 0.40; in a 
confined space with no change in the air the equilibrium 
A, will be somewhere between 0.40 and 0.60. If the food 
at A,, = 0.60 is placed in air at 80% RH (A,, = 0.80) it will 
absorb water vapor from the air until equilibrium is 
reached at a level higher than A,, 0.60. 
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FOOD TEXTURE 


The textural properties of a food may be defined as that 
group of physical characteristics that arise from the struc- 
tural elements of a food, are sensed by the feeling of touch, 
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properties is preferred over the word texture because tex- 
ture implies a one dimensional property (eg, pH) while tex- 
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pletely described by a single parameter (2). Because of the 
long time required to measure all the textural properties 
of a food the most common practice is to measure only one 
or a few of its most dominant textural properties. 

A number of test principles are used for instrumental 
measurement of textural properties including force, time, 
distance, work, and rate of flow. Force measurements are 
the most common and can be classified according to the 
geometry of the test apparatus as puncture, extrusion, cut- 
ting shear, compression (single and multiple), bending— 
snapping, and torque (1). 

Since texture is primarily a sensory perception (3), in- 
strumental measurements need to be calibrated against 
the human palate. Sensory testing ranges from describing 
a single texture note up to a complete texture profile anal- 
ysis that generally describes 15-30 texture notes depend- 
ing on the food (4,5). Some of the most widely used sensory 
texture descriptors are firm, crisp, chewy, creamy, sticky, 
gummy, viscous, fibrous, granular, flakey, pulpy, moist, and 
greasy (2). 


A promising hybrid sensory-instrumental technique is 
the use of a multiple-point sheet sensor (6-8). This com- 
prises a thin flexible plastic film about 5-6 cm square on 
which are printed two series of stripes perpendicular to 
each other using electrically conductive ink. The resistivity 
of the ink is directly proportional to the force applied to it. 
When placed in the mouth, the pressure can be measured 
at many points over time, showing the distribution of 
forces rather than an average force. Although in an early 
stage of development, the technique shows great promise. 
For example, in testing crackers equilibrated to A, levels 
of 0.14, 0.36, 0.63, and 0.80, the force-deformation curves 
detected by the multiple-point sheet sensor in the mouth 
closely matched force-deformation curves obtained with 
a compression test conducted in a universal testing 
machine (6). 


WATER ACTIVITY 


Water activity is defined as the ratio of the vapor pressure 
of water in a food to the vapor pressure of pure water at 
the same temperature: 


P 
A, = Pe 
where A,, is water activity, P is vapor pressure of water in 
the food, and P, is vapor pressure of pure water at the same 
temperature. Since solutes in food depress the water vapor 
pressure, P will always be less than Pp. Therefore A,, al- 
ways has a value between 0 and 1.0, where 0 represents 
the total absence of water and 1.0 represents pure water. 
The effects of chemical composition on A,, and more rig- 
orous definitions of A,, involving thermodynamic concepts 
are given elsewhere in this volume. However, the definition 
given above is adequate for the purposes of this article. 
The older literature uses the term equilibrium relative 
humidity (ERH), which is the relative humidity of the air 
surrounding a food when the water vapor pressure in the 
air is the same as in the food (equilibrium state). Since 
relative humidity is expressed on a percentage basis, the 
old literature values for ERH can be easily transformed 
into A,, values by dividing by 100: A,, = ERH/100. For 
example, if the ERH = 65%, then the A,, = 65/100 = 0.65. 
The concept of water activity in food has many useful 
applications. A major application is to determine whether 
a food will absorb or lose water in a given environment. It 
is well known that liquid water always flows spontane- 
ously from a high-pressure area to a low-pressure area (ie, 
downhill). Although invisible macroscopically, water vapor 
also flows spontaneously from high-pressure regions (high 
A,,) to low-pressure regions (low A,,). A food with A,, = 0.60 
placed in air at 40% relative humidity (RH) (ie, A,, = 0.40) 
will give up water vapor to the air until the water activity 
in the food equals that in the air. In moving air at constant 
40% RH the food will eventually reach A, = 0.40; ina 
confined space with no change in the air the equilibrium 
A, will be somewhere between 0.40 and 0.60. If the food 
at A,, = 0.60 is placed in air at 80% RH (A,, = 0.80) it will 
absorb water vapor from the air until equilibrium is 
reached at a level higher than A,, 0.60. 


Figure 1 shows schematically the similarity between 
the flow of liquid water and the flow of water vapor. In both 
cases the spontaneous flow is always from the high- 
pressure region to the low pressure region. While most 
graphs plot water activity across the abscissa (horizontal 
axis), it conceptually helps to understand water activity if 
one imagines it on a vertical axis as shown in Figure 1. 
This rendition makes it easy to understand why the flow 
of water vapor is always from high A,, to low A,,. When two 
foods with different water activities are enclosed in the 
same airtight container but not in contact, an invisible 
transfer of water in the form of vapor will occur. Water 
vapor will migrate from the food with a high A,, into the 
air and then be absorbed from the air by the food with low 
A,,. Both foods and the air will eventually equilibrate at 
equal A,, levels. The only way to prevent this spontaneous 
transfer of water vapor is to place a barrier around the food 
that retards the rate of transfer of the vapor. The degree 
of resistance to the passage of water vapor is an important 
criterion in the selection of packaging materials for those 
foods whose quality will deteriorate if they pick up or lose 
water to the atmosphere during storage. 

Fresh fruits and vegetables have a high water content, 
usually in the 80-90% range, and a water activity of about 
0.99. They would quickly lose moisture to the air and be- 
come wilted, limp, and dry and lose their crispness if it 
were not for the skin, which acts as a barrier to impede the 
loss of water vapor. Many fruits and vegetables secrete a 
wax on the skin (cuticular wax), which makes the skin a 
more effective barrier to dehydration. Some commodities 
such as apples, oranges, cucumbers, winter tomatoes, and 
rutabagas have additional wax added to the skin to further 
impede loss of water vapor and extend their storage life. 
The waxing process also increases the gloss of the skin im- 
parting a shiny appearance that makes it look more at- 


Liquid water 


Water vapor 


Figure 1. ‘Top: The flow of liquid water is always from high- 
pressure to low-pressure regions at a rate proportional to the pres- 
sure difference 4H. Bottom: Similarly the flow of water vapor is 
always from the high-A,, to the low-A,, region. 
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tractive. Fruits and vegetables lose water rapidly in the 
air when the skin is punctured or broken. For this reason, 
care must be taken not to break the skin of those items 
that will be stored for any length of time. 


GENERAL CONSIDERATIONS 


It has been known for many years that foods may pick up 
or lose moisture from the air during storage and that these 
changes can affect the texture. For example, in 1945 Wood- 
roofe and co-workers (9) demonstrated that raw unshelled 
peanuts stored at 80% RH maintained a good texture for 
60 days; they became clammy after 90 days and soggy after 
360 days. Peanuts stored at 65% RH maintained a good 
texture for 360 days. At 50% RH they maintained a good 
texture for 120 days, became dry after 180 days, and be- 
come slightly hard after 240 days. Shelled raw peanuts 
stored under the same conditions exhibited the same tex- 
ture changes as did the unshelled ones when stored at 80 
and 65% RH. Although these early results were more de- 
scriptive than quantitative, they clearly showed that los- 
ing moisture and gaining moisture can cause loss of tex- 
tural quality. When moisture is lost, the peanuts become 
brittle or dry. When moisture is gained, they become soggy 
or clammy. 


SORPTION ISOTHERMS 


The relationship between percentage water content and 
water activity is complex. The A,, level almost always in- 
creases with increasing water content over the full A,, 
range, but in a nonlinear fashion. A plot of water content 
versus A,, usually takes the form of an S-shaped curve (see 
Fig. 2). These curves are determined experimentally. A 
food product is equilibrated at various A,, levels by expos- 
ing it to a series of atmospheres of constant RH until it 
reaches constant weight, and then the water content is 
measured by chemical analysis. Plotting these data points 
on a graph and connecting the points gives rise to curves 
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Figure 2. Food textures as a function of localized water sorption 
isotherms. Source: Ref. 10. 
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similar to those in Figure 2. Some researchers do not ex- 
plore the full A,, range but present data over a limited 
range of A,,. In these cases the typical S-shaped curve may 
not be evident. When these experiments are performed at 
constant temperature, the graphs are called water sorp- 
tion isotherms, when the food is gaining water and water 
desorption isotherms, when it is losing water. An excellent 
compilation of water sorption isotherms for many foods has 
been published (11). Note that in Figure 2 the slope of the 
water sorption isotherm is always positive, ie, an increase 
in water activity is always accompanied by an increase in 
percentage water content, although the rate of increase (ie, 
slope) varies across the A,, spectrum. There are occasional 
exceptions to this rule that water content always increases 
with increasing A,,. Some of these will be discussed under 
the section on sugars below. 

A typical water sorption isotherm may be divided into 
three regions, each with characteristic textures (12). Re- 
gion 1 is the lowest moisture level. Here the moisture is 
bound tightly to the hydrophilic constituents in the food. 
It is present at first in a monomolecular layer and then in 
multiple molecular layers. Typical textures in this region 
are hard, dry, crisp, brittle, and shrunken. In the inter- 
mediate moisture region 2 the moisture level is less tightly 
bound as additional molecular layers of water are absorbed 
into the food. This region is characterized by a shallower 
slope than regions 1 and 3. Dry, firm, flexible, and leathery 
are typical textures found in this region. Region 3 is the 
high-moisture region. A large increase in water content 
causes a relatively small increase in A,,. The water is prob- 
ably held by the weak forces of capillary absorption. Typ- 
ical textures in region 3 are moist, soft, flaccid, limp, 
tender, swollen, and sticky. A number of mathematical 
models have been developed that attempt to describe mois- 
ture sorption isotherms. A recent publication provides an 
up-to-date introduction to this literature (13). 

Most foods are consumed at high A,, levels because peo- 
ple like food to have a moist and tender texture. Ready-to- 
eat foods with a low A,, are generally snack foods such as 
potato chips and crackers. These products must absorb sa- 
liva and soften rapidly during mastication to be acceptable. 
Foods that remain dry during mastication are not relished. 
This preference for foods with a moist and tender texture 
conflicts with their keeping properties. Molds will grow on 
the food with A,, above about 0.7, yeast grows at A,, above 
about 0.8, and bacteria above about 0.9. Although refrig- 
eration inhibits the rate of growth of spoilage microorgan- 
isms and freezing, thermal sterilization or preservatives 
prevent microbial growth, the major volume of the present 
food supply is kept at A,, < 0.7 for long-term storage. Ce- 
real grains, seeds such as beans and nuts, honey, dried fish, 
fruit, milk, and vegetables must be brought to A,, < 0.7 to 
prevent microbial growth. A large part of food processing 
and preparation is designed to convert a microbiologically 
stable low A,, food with unacceptable texture into another 
form that is texturally desirable, but renders the food 
subject to microbial spoilage. Spaghetti and other pasta 
shapes, rice, and bean seeds are stored at ambient tem- 
perature in the home and are moistened and softened dur- 
ing preparation in the kitchen. After preparation they 
must be promptly consumed or refrigerated. Grains of 


wheat are converted into bread, cake, and similar tender- 
textured foods in readiness for consumption. Grains of bar- 
ley are converted into beer. At the present time few foods 
are known to possess a tender texture at A,, low enough 
to prevent microbial growth. The goal of producing 
intermediate-moisture foods with a tender moist texture, 
acceptable flavor, and long shelf life has proved difficult, 
as many research laboratories will attest. 

The relationship between water activity and texture is 
specific to each kind of food. These will now be discussed 
on an item-by-item basis. 


APPLES 


Bourne measured texture profile parameters of fresh apple 
and dehydrated apple equilibrated to A,, levels of 0.85, 
0.75, 0.65, 0.55, 0.44, 0.33, 0.23, 0.12, and 0.01 (14). Cubes 
10 mm on each side were cut from large pieces of apple 
after equilibration to the appropriate water activity level 
and subjected to 90% compression two times in a universal 
testing machine at a speed of 50 mm/min. The detailed 
procedure for instrumental texture profile analysis has 
been given (15,16). Six representative force—time curves 
generated by the Instron are shown in Figure 3. In each 
graph the left-hand curve represents the first compression 
and the right-hand curve, the second compression. In no 
case did the force—time plot fall below zero to a negative 
value which indicates zero adhesiveness at all A,, levels. 
The changes in textural properties of apple will be first 
described in qualitative terms referring to Figure 3 and 
then in quantitative terms referring to Figure 4. The curve 
for fresh apple with a calculated A,, = 0.99 is shown in the 
top right-hand side of Figure 3. The initial steep linear 
slope indicates that the apple is firm with low deformabil- 
ity. The sharp reduction in force that follows indicates sud- 
den failure and that the apple is fracturable. The force con- 
tinues to rise with continued compression reaching a 
maximum at the end of the compression; this force peak is 
defined as hardness. The force quickly falls to zero during 
decompression. In the second compression cycle the force 
rises smoothly to a peak with no sudden drops in force 
during the compression. The area under the compression 
curves is a measure of the work required to compress the 
apple. The second compression requires much less work 
than the first compression. The ratio of area under second 
compression curve to area under first compression curve is 
defined as cohesiveness. It is low for fresh apple. The hor- 
izontal distance between a perpendicular dropped from the 
force peak on the second compression curve and the point 
where the force curve moves off the baseline represents the 
height the apple recovered between the first and second 
compressions and is defined as springiness. It is low for 
fresh apple. 

The curve for apple at A,, = 0.85 is shown in the top 
left-hand side of Figure 3. The shape of the first compres- 
sion curve is greatly different from that for fresh apple. 
There is no fracturability peak. The initial slope is low, 
indicating that the rigidity has been lost and the deform- 
ability has become high. The maximum force (hardness) is 
about the same as for fresh apple at about 100 N. The area 
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Figure 3. Typical force-time curves traced from Instron charts of texture profile analyses (two 
90% compressions) on apple tissue dried to various water activity levels; note the differences in 


the force scales on the ordinates. Source: Ref. 14. 


under the force curve in the first compression is much 
smaller than for the fresh apple, while the area under the 
second compression curve is about the same. This leads to 
an increased value of cohesiveness. There is little change 
in springiness. The Texture Profile Analysis (TPA) curve 
for apple at A,, levels 0.75, 0.65, 0.55, 0.44. 0.33, and 0.23 
are qualitatively similar and are represented by the two 
curves with A,, = 0.75 and 0.44 in the center of Figure 3. 
They are characterized by no fracturability, high deform- 


ability (low initial slope), and high cohesiveness. The hard- 
ness increases as the A,, is lowered. Note that the force 
scales in Figure 3 are increasing. The shape of these TPA 
curves resembles those for meat. Sensorial evaluation 
showed that the dominant textural characteristics are 
chewiness, toughness, and sponginess somewhat like that 
of meat. The texture profile at A,, = 0.12 is similar to those 
for higher A,, levels except that cohesiveness and springi- 
ness are lower and hardness are extraordinarily high. It is 
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Figure 4. Moisture sorption isotherm and texture profile param- 
eters of apple flesh equilibrated to various A,, levels. Source: 
Ref. 10. 


remarkable that a little 1-cm cube of apple requires a force 
as high as 10,000 N (~1/2 ton!) to compress it by 90%. 

There is an abrupt change in texture profile as A,, is 
reduced below 0.12 as shown in the lower left-hand graph 
in Figure 3. The fracturability peak reappears, the hard- 
ness drops and the shape of the curve resembles that of 
fresh apple but with higher fracturability and hardness. 

The changes in texture profile parameters with decreas- 
ing moisture are consolidated in Figure 4. The desorption 
isotherm for apple as shown at the bottom of Figure 4 is 
consistent with desorption isotherms for apples and apple 
products that have been reported by others (11). The 
texture—A,, curves can be divided into three distinct 
stages during desorption of water. In the first stage the 
moisture content drops from 87 to 35% and A,, from 0.99 
to 0.85. This causes total loss of the turgor pressure and 
fracturability of the fresh apple, a great increase in de- 
formability and cohesiveness and minor changes in hard- 
ness, springiness, gumminess, and chewiness. 

In the second stage the moisture content drops from 35 
to 5% and the A,, from 0.85 to 0.23. This causes a progres- 


sive increase in hardness, springiness, gumminess, and 
chewiness and a decrease in deformation. Cohesiveness in- 
creases from A,, = 0.85 to A,, = 0.65 and then remains at 
a high level from A,, = 0.65 to 0.23. This increase in hard- 
ness as apple is dried was confirmed by a later study re- 
porting the cutting-shear force of dehydrated apple over 
the range A,, 0.77 to 0.29 (17). 

The third stage is at a water content below 5% and A,, 
< 0.23 and is characterized by rapid seesaw changes in 
textural properties. Hardness and gumminess increase 
rapidly from A,, = 0.23-0.12 and decline just as sharply 
between A,, = 0.12 and 0.01. Chewiness falls rapidly be- 
tween A,, = 0.12 and 0.01. Springiness and cohesiveness 
decrease sharply between A,, = 0.23 and 0.12. Fractura- 
bility is zero at A,, = 0.23 and 0.12 and reappears at A,, 
= 0.01 with a value of about 100 N, which is more than 
twice the fracturability value of 40 N for fresh apple. At 
the lowest A,, level (0.01) the textural parameters resem- 
ble that of fresh apple but with much higher hardness and 
fracturability. At all A,, levels between 0.12 and 0.99 the 
texture is tough, leathery, deformable, and chewy with zero 
fracturability and crispness. 

The Brunauer—Emett-Teller (BET) value is the A,, level 
at which one complete monolayer of water molecules cov- 
ers all the hydrophilic sites in the food. For apple the BET 
was calculated to be at A,, = 0.14, which is about the mid- 
dle of the third stage. The transition from the multilayer 
to a monolayer of absorbed water and from a monolayer to 
almost zero water content is associated with major tex- 
tural changes in apple flesh. 


BEEF 


Kapsalis, from the U.S. Army Natick Laboratories in Mas- 
sachusetts, published some of the earliest and most com- 
prehensive studies on texture and water activity in beef 
(18-20). He cooked beef semimembranous muscle to 63°C 
and, when cooled, cut it into 12-mm-thick slices which were 
frozen, freeze-dessicated over silica gel at 0.3 mmHg pres- 
sure, and then remoistened to a series of higher moisture 
levels. After equilibration the texture was measured in the 
standard 10-blade test cell of the Food Technology Corp. 
texture press (Kramer shear press). The cutting-shear 
force increased as the A,, was raised from 0 up to 0.8 and 
then decreased sharply at A,, levels above 0.8 (Fig. 5). 
There was considerable variation in the absolute values of 
the texture press force from one animal to another as dem- 
onstrated by the two curves in Figure 5, but the peak force 
was always around A,, = 0.8. 

In another experiment beef semimembranosus muscle 
was cooked to 63°C and when cold cut into 12-mm-thick 
slices, freeze-dried, and then remoistened to a series of 
moisture levels. 38-mm-diameter disks were cut out and 
compressed 25% two times between extensive flat surfaces 
in a universal testing machine. This is less destructive 
than the texture press described above. The following me- 
chanical properties were measured from this test: 


Secant modulus—the ratio of stress to strain at 3.5% 
compression. This parameter is now called modulus of 
deformability. 


1200,-- 


Animal 11! 


Force (Ib) 
a 
So 
is} 


100 


0 1 1 1 {__ | bee | 
O 0,15 0.30 0.45 0.60 0.75 0.90 1.00 
Water activity 


Figure 5. Effect of A,, on maximum cutting-extrusion force of 
precooked, freeze-desiccated beef that has been remoistened. 
Source: Ref. 19. 


Degree of elasticity—the ratio of the elastic deformation 
to the sum of the elastic and plastic deformations de- 
rived from the load-unload curve of the first compres- 
sion cycle. 

Toughness—work per unit volume to compress the sam- 
ple 25%. It is derived from the area under the curve up 
to 25% compression. 

Crushability index—The ratio of nonrecoverable to re- 
coverable work in the first compression. It is defined as 
(area under compression portion minus area under de- 
compression portion of a curve)/(area under decompres- 
sion portion of the curve). 

Work ratio—the ratio of the area under the curve of the 
second compression to the area under the curve of the 
first compression. This value is similar to the cohesive- 
ness parameter of the instrumental texture profile anal- 
ysis. 


The changes in work ratio, secant modulus, and crush- 
ability index are shown in Figure 6. There was little 
change in these three properties as the freeze-dried beef 
absorbed moisture from A,, = 0 to 0.15. Rapid seesaw 
changes occurred between A,, = 0.15 and 0.30, which 
spans the BET monolayer A,, = 0.16. Work ratio and se- 
cant modulus rapidly increased and just as rapidly de- 
creased while the crushability index rapidly decreased and 
just as rapidly increased again. The crushability index 
steadily decreased and the work ratio increased as the A,, 
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Figure 6. Effect of A, on mechanical properties of precooked, 
freeze-dried beef that has been remoistened. Source: Ref. 19. 


was raised above 0.3 while the secant modulus showed a 
downward trend. The changes in secant modulus and work 
ratio are plotted again in Figure 7 but with both moisture 
content and A,, shown on the abscissa, and the A,, scale is 
nonlinear. Degree of elasticity and toughness are also 
shown in Figure 7. Elasticity follows a similar trend to 
work ratio and toughness is similar to secant modulus. 
Both of these properties change rapidly near the BET level 
of A,,. The texture press force shown in Figure 5 is often 
considered as an index of toughness of meat, and it peaks 
at A,, = 0.8 and shows no rapid changes near the BET A,, 
level. In contrast, the toughness curve shown in Figure 7 
peaks at A,, ~ 0.2. The difference between texture press 
force and toughness is probably a result of the texture 
press being a highly destructive test while the toughness 
value is obtained by a different test that is approaching a 
nondestructive mode. ety, 

Figure 7 also shows the differential entropy change ~ S° 
with changing moisture content. It was pointed out that 
the_sorption of water could cause two opposing trends: 
(a) —S° increases due to an increase in crystallization or 
similar effect or (b) —S° decreases due to increased move- 
ment of the polymer network chains, unfolding of peptide 
chains or local solubilization (19). The — S° curve in Figure 
7 first decreases sharply, then increases sharply, and then 
alternately decreases and increases to a lesser extent with 
increasing A,,. Complex changes must be occurring in this 
system to account for this unusual — S° curve. 

Other workers rapidly equilibrated cubes of freeze- 
dried beef at 0, 20, 40, 60, 80, and 100% RH and measured 
hardness and chewiness by a 35-40% compression of the 
cubes in a universal testing machine (21). Although 
plagued by variations in the operating conditions of the 
freeze-drier a statistical fit of the pooled data showed that 
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Figure 7. Relationships between textural properties measured by compression testing and stan- 
dard differential entropy of water vapor sorption in precooked, freeze-dried beef as it is moistened 


(NFD = nonfat dry solids). Source: Ref. 19. 


both hardness and chewiness increased from A,, = 0 to 0.4 
and decreased from A,, 0.4 to 1.0. In a subsequent study 
(22) the same group reported that after 6-month storage 
both hardness and chewiness increased over the full A,, 
range (Fig. 8) with no maximum at A,, = 0.4. 

Another group in England prepared intermediate mois- 
ture beef by immersing slices cut from longissimus dorsi 
muscle of one steer in a solution of 9.5% NaCl and 39.4% 
glycerol, cooking, and then storing at 38°C for up to 12 
weeks under aerobic and anaerobic conditions (23). The 
samples equilibrated at A,, = 0.83 and 42% H,0. The 
Warner-Bratzler shear values declined during storage. 
(This test is widely used as an index of toughness of meat.) 
An instrumental texture profile analysis was used to ob- 
tain four additional texture parameters: (1) hardness, 
which declined; (2) elasticity, which declined after 6 weeks 
and then increased up to 12 weeks; (3) cohesiveness, which 
followed the same down-up trend as elasticity and (4) ad- 
hesion, which decreased. These workers attributed the dis- 
crepancies between their results and the results discussed 
in the previous paragraph to traces of impurity in the glyc- 
erol reacting with the proteins in the beef. 

It is evident from the differing reports between different 
researchers on beef texture that the relationships between 


A, and texture of beef is not clear. It is well known that a 
number of chemical and biochemical changes can occur in 
stored foods at all levels of A,,. Perhaps the time in storage 
has as great an effect on textural properties as the actual 
A, level. It is noteworthy that one group of investigators 
working with beef (18-20) and another group working with 
apples (14) both found dramatic changes in textural prop- 
erties around BET A,, level. 


(CEREAL GRAINS 

Rice 

Single grains of rice of the cultivar IR8 fashioned into little 
cylinders and equilibrated to various moisture levels were 
compressed to failure in a universal testing machine (24). 
Three compression speeds (2.54, 0.508, 0.127 mm/min) 
and five test temperatures (25, 36, 47, 58, 69°C) were used. 
Although the absolute values of failure stress changed 
with different compression speeds and temperatures, the 
same trend of decreasing strength with increasing mois- 
ture content was shown for all experimental conditions. 
The data for 36°C and 2.54 mm/min compression speed 
(plotted in Fig. 9) are typical of the trends for all the other 
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Figure 8. Effect of A,, on hardness and chewiness of freeze-dried 
beef after 6-month storage at 38°C. Source: Plotted from data in 
Ref, 21. 
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Figure 9. Failure strength of dehulled rice grains compressed 
0.254 cm/min in a universal testing machine at 36°C. Source: Plot- 
ted from data in Ref. 24. 


data. These researchers expressed moisture content on a 
percentage dry-matter basis. A water sorption isotherm for 
rice (25) was used to convert these data to an A,, basis for 
illustration in Figure 9. There is a fourfold decrease in fail- 
ure strength as the moisture content of the whole rice grain 
increases from 12% HO (0.57 A,,) to 29% H,0 (0.93 A,.). 
In a later report, the same authors (26) showed that the 
uniaxial compression modulus and relaxation modulus, 
Young’s modulus (E), shear modulus (G), and bulk modulus 
(K) of rice kernels all decreased with increasing moisture 
content. However, Poisson’s ratio (u) was practically un- 
changed. 
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Wheat 


The apparent modulus of elasticity of whole grains of 
wheat of the Talent variety over a wide range of moisture 
has been measured (27). One interesting feature of this 
work was that the modulus of elasticity was measured af- 
ter both sorption and desorption to different water activity 
levels to determine whether any hysteresis effects were 
present. One-half of the grain at 16% H,O (dry-matter ba- 
sis) was dried under vacuum with no heating to 5% H,0. 
The other half was mixed with sufficient water containing 
dye to raise the moisture level to 33%. Blends of the dried 
grain and moistened grain were made, stored in closed con- 
tainers, and slowly and continuously mixed for 3 weeks 
until the moisture in the grains equilibrated. 

Whole grains of wheat were compressed at 0.5 mm/min 
in a universal testing machine, and the apparent modulus 
of elasticity was calculated from the slope of the initial lin- 
ear section of the force deformation curve. The Hertz equa- 
tion was used to correct for differences in dimensions be- 
tween individual kernels. The uncolored grains were 
known to have absorbed water to reach their equilibrium 
water content, and the colored grains were known to have 
desorbed water to reach the same equilibrium water con- 
tent (27). Two plots of percentage water (dry-matter basis) 
versus water activity were obtained: an absorption curve 
and a desorption curve. The absorption curve lay below the 
desorption curve. 

Figure 10 shows that for both absorption and desorption 
the elastic modulus decreases rapidly with increasing A,, 
and moisture content. There is about a sevenfold decrease 
in the modulus over the moisture level range studied. In 
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the 0.2-0.6 A,, range the apparent modulus of elasticity for 
desorbing grain was about 13% less than that for absorb- 
ing grains at the same A,, level. The steep decrease in mod- 
ulus of wheat grains with increasing moisture level is simi- 
lar to the decrease in failure strength of rice grains 
discussed above (24) and in Figure 9. 

A Canadian group measured physical properties of 
wheat grains equilibrated to 9.5, 11.0, 12.5, 14.0, and 
15.5% H,O, which corresponds to a range of 0.44-0.75 A, 
(28). Three kinds of wheat—hard red spring, soft white, 
and durum—were studied and six different parameters 
were measured: 


1. Wheat hardness index (WHI) which is the maximum 
torque produced by grinding in a two step Brabender 
hardness tester (BHT) divided by the percentage 
yield of flour. 

2. Wheat hardness index measured in a one-step BHT. 

3. Time (in seconds) to grind a standard sample of 
wheat into flour in a two-step BHT. 

4, Pearling resistance index (PRI), which is the weight 
in grams after pearling 20 g of wheat grains for 20s 
in a Strong Scott barley pearler. 

5. Torque needed to grind grain in a two-step BHT. 

6. Particle size index (PSI), which is the percent of flour 
passing through a 177-um sieve after grinding in a 
two-step BHT. 


The results are shown in Figure 11. The torque and both 
WHIs decreased with increasing moisture content (A,B,E). 
The time to grind (C) and the pearling resistance index (D) 
increased. Particle size (F) is practically constant, indicat- 
ing that the locus of the failure planes in the wheat kernels 
is unaffected over this moisture level range. 


Corn 


The stress-relaxation properties of yellow dent corn were 
measured over the A,, 0.12-0.86 (HO 9.7-26% d.b.) (29) 
and temperature range 25-100°C. The relaxation modulus 
decreased with increasing A,,. Although the decrease was 
unidirectional, there was a transition between A,, 0.55 and 
0.76; the corn kernels were brittle below A,, 0.55 and duc- 
tile above A,, 0.76. The same group found a similar brittle- 
to-ductile transition in durum semolina at about the same 
moisture content. 


CEREAL-BASED FOODS 


Changes in textural quality of a limited number of pro- 
cessed cereal foods have been measured over a range of 
water activities. Sensory and physical textural parameters 
of three commercially available snack foods pre- 
equilibrated to water activity levels A,, = 0, 0.549 and 
0.653 have been measured (30). These data are summa- 
rized in Table 1. In every case sensory crispness and sen- 
sory crunchiness declined with increasing A,, levels while 
compression force and compression increased. The same 
trends were noted for saltine crackers equilibrated at A,, 
= 0, 0.44 and 0.653 (30). 
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Figure 11. Hardness indices for three classes of wheat as a fune- 
tion of moisture content equivalent to A,, = 0.44-0.75; details of 
the six tests are given in the text. Source: Ref. 28. 


Another group measured the sensory crispness of four 
commercial snack foods at A,, = 0-0.75 (30). Saltines, po- 
tato chips, puffed corn curls, and popcorn each lost their 
sensory crispness approximately linearly with increasing 
A,,. The puffed corn curl had almost zero crispness at A,, 
= 0.52, saltines and potato chips had zero crispness at A, 
= 0.75, and popcorn was still slightly crisp at A,, = 0.75. 
Figure 12 shows the crispness versus water activity curve 
for popcorn. Hedonic scores declined in a similar fashion 
to crispness scores. These workers also reported that the 
initial slope of the force—distance compression curve for 
saltine crackers decreased with increasing water activity. 

A group in France measured sensory crispness and 
crushing strength of breakfast cereals over the range A,, 
= 0.84 (32). The sensory crispness of corn flakes and rice 
crispies declined slowly from A,, = 0.53 then rapidly from 
A, = 0.53 to 0.71. Crispness was very low at A,, > 0.71. 
The crispness curve for corn flakes is shown in the right- 
hand side of Figure 13. The crushing force for these break- 
fast cereals showed a remarkably similar pattern to the 
crispness curve (left-hand side of Fig. 13). It decreased 
slowly from A,, = 0 to 0.53 and then rapidly above A,, = 
0.53. 

Another group in Massachusetts (33) observed the char- 
acteristic sigmoid shape of the above data from France and 


Table 1. Sensory and Physical Properties of Three Snack Foods 
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Crunch twist” Potato chips” Rippled potato chips” 

Property Ay =0 A, = 0.549 A, = 0653 A,=0 A, =0549 A,=0.653 A,=0 A, =0.549 A, = 0.653 
Sensory 

crispness? 10.7 11 6.7 10.7 9.0 6.0 10.0 6.7 5.0 
Sensory 

crunchiness* 9.7 6.7 5.7 113 8.7 63 10.0 7.0 5.0 
Compression 

force, N 92 326 537 846 1042 1224 415 592 154. 
Compression 

work,* mJ 345 1057 1598 2630 2972 3537 566 796 1045 


“Keebler and Co., Chicago. 
°O'Grady’s, Frito-Lay, Dallas. 

Pringles, Procter and Gamble, Cincinnati. 
“Trained panel using a 0-13-point scale. 


“Units of product compressed under a standard Food Technology texture press 10-blade plunger mounted in a universal testing machine (selected data from 


Ref. 30), 
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Figure 12. Sensory crispness intensity of popcorn vs A,,. Source: 
Ref. 31. 


showed that it fitted the Fermi function with a correlation 
coefficient of r? 2 0.99: 


Y(A,,) = Yo/{1 + expl(A,, — A,.)/d]} 


where Y(A,,) is the sensory score at a given A,, level and 
Y the sensory score of the cereal in the dry glassy state, 
A,, is the water activity of the sample, A,,, the critical water 
activity representing the inflection point in Y(A,,), and ba 
constant representing the steepness of Y(A,,) in the water- 
activity region where much of the plasticization occurs. 
The same group (34) showed that the above equation 
fitted the force to compress other brittle cellular cereal 
foods with correlation coefficients r? = 0.955 for cheese 
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Figure 13. (a) Sensory crispness of cornflakes vs A,,; (b) crushing 
force of cornflakes vs A,,. Source: Ref, 32. 


balls, cheese puffs, French bread croutons, and pumper- 
nickel croutons and r* values from 0.79 to 1.00 for the 
acoustic and mechanical signatures of the same products 
(35). They also showed (36) r? values of the Fermi equation 
of r? 2 0.988 for almonds and hazelnuts and r” 2 0.99 for 
kidney beans and chick peas. 

The effect of moisture content on mechanical and tex- 
tural properties of two cornmeal extrudates has been mea- 
sured (36). Yellow cornmeal was passed through a Braben- 
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der one inch diameter single screw extruder fitted with a 
5-mm-diameter die. Sample A was prepared with a feed 
moisture content of 25%, barrel temperature 60°C in zone 
I and 80°C in zone 2 and a screw speed of 120 rpm. The 
extrudate had a solid spaghetti like structure, a bulk den- 
sity of 1.25 g/mL, and a mean diameter of 7.4 mm. Sample 
B was prepared with a feed moisture content of 50%, barrel 
temperatures 120°C in zone 1 and 180°C in zone 2, anda 
screw speed of 180 rpm. There were many tiny pores in the 
extrudate due to the violent puffing. The bulk density was 
0.914 g/mL and mean diameter, 6.3 mm. After extrusion 
the samples were equilibrated at moisture contents rang- 
ing from 3.4 to 31.3% and compressed 30% two times in a 
universal testing machine. Figure 14 shows the compres- 
sive strength (maximum force per initial unit area) as a 
function of moisture content. For the high-density extru- 
date A, the strength increases from 3.9 to 8.9% moisture, 
remains level from 8.9 to 15.3% moisture and declines 
again at moisture levels above 15.3%. The low-density ex- 
trudate B shows a similar pattern except that the strength 
is about half that of sample A. The values for stiffness and 
fracturability show an inverted U shape similar to com- 
pressive strength. The values for springiness increase and 
for relaxation modulus decrease monotonically with in- 
creasing moisture content. The relaxation time for both 
samples declines as the moisture rises from 4.7 to 15.7% 
and increases at moisture levels above 15.7%. 

The breaking strength of freshly baked sugar snap cook- 
ies after equilibration for 5 days in atmospheres ranging 
from 11 to 93% RH was measured with a single-blade com- 
pression bar mounted in a Food Technology Corp. texture 
press (38). The results are shown in Figure 15. The break- 
ing strength of cookies prepared from hard wheat flour 
(low quality) was always less than for cookies made from 
soft wheat flour (high quality). The breaking strength de- 
creased with increasing A,, with the fastest rate of increase 
occurring between A,, = 0.11 and 0.33. A parallel trend 
was found for tenderness of these cookies (38). 

The texture of puffed whole-grain brown rice cakes 
equilibrated to A,, levels from A,, = 0.23-0.84 was mea- 
sured by means of a punch-and-die compression test per- 
formed in an Instron (39). Crispness decreased with in- 
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Figure 14. Compressive strength of two cornmeal extrudates as 
a function of water content. @ high-density sample; O, low-density 
sample. Source: Plotted from data in Ref. 37. 
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Figure 15. Breaking strength of sugar-snap cookies made from 
high-quality cookie flour (soft red winter wheat) and a low-quality 
cookie flour (hard red winter wheat). Source: Plotted from data in 
Ref. 38, 


creasing A, reaching zero at A, = 0.57. Hardness 
increased from A,, = 0.23-0.65 and decreased from 0.65 
to 0.84. Rice cakes with A,, between 0.23 and 0.44 were 
crisp, low in hardness, and required less work to snap. 

The texture of a breakfast cereal made from barley 
flakes was studied over the A,, range 0-0.96 (40) using 
three-point bending and punch-and-die compression tests. 
In the bend test, the fracture force and maximum fiber 
stress increased more than threefold as A,, increased from 
0 to 0.67 and then decreased above A,, = 0.67, reaching a 
low figure at A,, = 0.87. In the punch-and-die test, defor- 
mation increased from A,, = 0-0.32, remained reasonably 
constant from A,, = 0.34-0.75, and increased rapidly from 
A, = 0.75-0.87; the modulus of elasticity declined slowly 
from A,, = 0-0.75 and then declined rapidly above A,, = 
0.75, giving a curve similar to that shown for breakfast 
cereal flakes made from corn and rice in (32). 


POWDERS 


It has been observed that the cohesiveness of finely pow- 
dered foods increases with increasing moisture content 
(41). Food powders with a higher moisture content had a 
lower bulk density, lower relaxation constant, and higher 
compressibility than did low-moisture powders (Table 2). 
When a cohesive powder is poured into a container, it forms 
an open structure supported by interparticle forces and 
contains many voids, imparting a low bulk density, highly 
compressible, mechanically weak structure. A noncohesive 
power contains smaller voids created by random orienta- 
tion of the particles. After compression the cohesive power 
has a higher tensile strength than the low-moisture pow- 
der that results from the greater interparticle attractive 
forces and a greater number and area of contact points 
between its particles (42). 


Table 2. Some Physical Characteristics of Food Powders 
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Materials* Moisture (%) Bulk density (g/mL) Compressibility Relaxation constant 
Baby formula dry 0.49 64 2.6 
Baby formula 10 0.46 8.1 15 
Bran 2.8 0.55 5.0 2.0 
Bran 54 0.42 67 14 
Onion powder 07 0.66 86 2.0 
Onion powder 12 0.55 9.5 14 
Onion powder 23 0.50 8.1 1.0 
Sucrose dry 0.77 45 4.0 
Sucrose 0.17 0.71 60 2.5 
Source: Ref. 41. 


“All material had a particle size — 100 + 200 mesh. 


It has also been reported that the rate of caking of onion 
powder with a moisture content of 4-5% (which is equiv- 
alent to A,, = 0.30-0.35) increased rapidly with increasing 
temperature (43). At 15°C there was no tendency for the 
onion powder to cake after 6 months of storage. At 25°C 
agglomerates formed in 7-10 days, at 30°C caking occurred 
in 7-10 days, and at 35°C caking occurred in 3 days. With 
onion powder of 7% moisture no anticaking agents were 
successful while at 3% moisture the powder remained free- 
flowing even without caking agents after 30 days at 35°C. 
Since increasing the temperature increases the A,, of foods 
held at constant moisture content it seems likely that the 
caking of onion powder is directly related to its water ac- 
tivity. 

Agroup on Brazil studied caking phenomena in tropical 
fruit powders (44). They found that the degree of caking of 
freeze-dried guava powder increased steadily but slowly 
from about A,, 0.3 to 0.6. From A,, 0.6 to 0.85 the degree 
of caking increased very rapidly with or without anticaking 
agents present. These authors also showed that at high 
temperatures (above about 40°C) caking always occurred 
regardless of the water activity in the powder and they 
point out that other workers have also had similar results 
at high temperatures. 


SUGARS 


Dry sugar can exist in two forms. One is as a glassy amor- 
phous solid. Fine powders of glassy sugars are usually free- 
flowing and not sticky. The other form is crystalline, which 
is thermodynamically more stable than the glassy state 
but is often sticky. Under suitable conditions the glassy 
form spontaneously changes to the crystalline form. Each 
form has its own characteristic moisture sorption isotherm 
with the curve for the crystalline sugar lying well below 
that for the glassy sugar. When molten sugars are rapidly 
cooled, or sugar solutions are sprayed-dried or freeze- 
dried, they solidify in the glassy form, which is a metasta- 
ble state. When this dry glassy sugar is exposed to increas- 
ing relative humidity atmospheres, it absorbs moistures 
and begins to form a conventional S-shaped water sorption 
isotherm. However, when the A,, rises sufficiently, the 
glassy sugar spontaneously changes into the crystalline 
form, which has an entirely different water sorption iso- 
therm and a sharp negative slope appears in the water 


sorption isotherm (Fig. 16 and Ref. 41). This is an example 
of an exception to the rule discussed earlier (beginning of 
section on sorption isotherms) that A,, always increases 
with increasing moisture content. It is caused by change 
in state of the sugar. 

Moisture content of powdered sugars exposed to various 
relative humidities at 25°C for up to 3 years has been mea- 
sured (46). The data for sucrose are plotted in Figure 17 
using a logarithmic time scale. At 4.6 and 11.8% RH the 
powders absorbed a little moisture as they reached equi- 
librium and then the moisture level remained constant for 
1,000 days. At 24% RH the moisture content was level for 
about 80 days and then declined because the sucrose began 
to crystallize. At 28.2% RH the moisture level began to fall 
after about 10 days. At 33.6% RH it began to fall imme- 
diately, indicating that conversion of the sugar into the 
crystallized form began immediately. The crystalline sugar 
caked badly even though it had a much lower moisture 
content than the glassy sugar. Those authors obtained 
similar results with amorphous glucose powder (42). This 
result has been confirmed by others (47) and also has been 
shown to occur with lactose (45). The addition of gums and 
stabilizers to powdered sucrose delayed the crystallization 
process and loss of moisture but had a negligible effect on 
the moisture content in the sugar after crystallization was 
complete (48). 
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Figure 16. Absorption moisture isotherm for lactose at 25°C; on 
left-hand side, lactose is in glassy state; on right-hand side, it is 
in a crystalline state. Source: Ref. 45. 
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Figure 17. Changes in moisture content of amorphous sucrose 
powder stored in atmospheres of various relative humidities (RH) 
at 25°C. Source: Ref. 10. 


The fact that crystallized sugars equilibrate at a lower 
moisture content than glassy sugars or sugars in solution 
is the basis of a clever process to impart shelf-stable con- 
trasting textures to cookies (49). Fresh home-baked cook- 
ies are prepared with sucrose and are characterized by a 
crisp, firm texture on the outside and a soft, moist, chewy 
texture on the inside because the outside of the cookie is 
dry while the inside of the cookie is still moist when the 
cookies are removed from the oven. The moisture begins 
to migrate from the moist interior to the dry exterior of the 
cookie as soon as it is taken from the oven until there is 
uniform A,, throughout the cookie. The sucrose crystal- 
lizes, the cookie becomes uniformly dry and hard through- 
out and the highly relished contrasting textures of the 
freshly baked cookie are rapidly lost. Home-baked cookies 
lose their desirable dichotomous texture within a day or 
two. Traditional store-bought cookies are either hard and 
dry throughout, or soft and moist throughout because the 
A, of all parts of the cookie equilibrates during distribu- 
tion. 

The new process uses two doughs, an outside dough that 
is extruded around an inside dough with different formu- 
lation (49). The inside dough contains a high proportion of 
crystallization-resistant sugars such as corn syrup or high- 
fructose corn syrup. During baking and storage these sug- 
ars do not crystallize. The outside dough has about the 
same proportions of flour, shortening, and sugar as the in- 
side dough, but the sugar is mostly sucrose, which crys- 
tallizes easily. During the first few days after baking the 
A, equilibrates throughout the cookie, the sucrose in the 
outer part crystallizes and releases most of the water it 
has absorbed. The center part of the cookie absorbs this 
moisture because its sugars do not crystallize. Moisture 
equilibrium is reached throughout the cookie after about 
2 weeks of storage at A,, ~ 0.45-0.55 but the center of the 
cookie has a moisture content 2-4% higher than the out- 
side. The result is a cookie that is dry and crisp on the 
outside and moist and soft on the inside similar to fresh 
home-baked cookies. The texture and moisture differential 


is shelf stable and is maintained for many months, unlike 
fresh home-baked cookies, which lose their dichotomous 
texture within a few days. 


MISCELLANEOUS FOODS 


Some reports relating changes in texture with changes in 
water activity use such a narrow A,, range or so few A, 
levels that one cannot confidently predict the textural 
properties over a wide range of A,, levels. Such reports will 
not be discussed here. Other researchers vary the method 
of processing or the formulation in so many ways (eg, water 
content, fat content, protein content, and salt content of 
sausages) that one cannot find any meaningful relation- 
ship between textural properties and water activity. Re- 
ports of this kind will not be discussed here because they 
throw no useful insights into texture—A,, relationships. 


Walnuts 


Some physical properties of shelled walnut kernels have 
been studied over the range A,, = 0.1—0.85 (50) using three 
test procedures: 


1. Breakage. Cans of unbroken kernels were dropped 
915 mm two times onto a concrete floor. The broken 
kernels were separated and weighed. The percent- 
age of broken kernels decreased continuously with 
increasing A,, (see Fig. 18), indicating that the wal- 
nut meats became less brittle and more difficult to 
fracture as the moisture content increased. 

2. Abrasion. 250-g lots of kernels were placed in 1-L tin 
cans and vibrated at 7 Hz and 5-mm amplitude for 
15 min, and then the kernels were emptied into a 
tray and the chaff brushed off and weighed. The 
amount of chaff lost decreased rapidly from A,, = 0.1 
to 0.55 and very rapidly from A,, = 0.55 to 0.75. 

3. Pellicle content (skin). An estimate of the amount of 
walnut meat in the chaff was made on the basis of 
its fat content and subtracted from the value for the 
chaff to give the pellicle content. It followed a similar 
decreasing pattern as the chaff (Fig. 18). 


Freeze-Dried Foods 


Freeze-dried foods constitute a large portion of the food 
supply of astronauts because this reduces the weight of 
food that must be lifted into orbit. A modified texture pro- 
file analysis on bite-sized freeze-dried beef, chicken and 
cheese sandwiches, and chicken bites has been reported 
(18). Hardness (maximum force on the first bite) and co- 
hesiveness (ratio of work done in second compression/work 
done in first compression) increased with increasing A,, for 
all four items (see Fig. 19). The crushability index (which 
is explained in the section on beef above) decreased for the 
beef and the chicken sandwiches and the chicken bites. For 
the cheese sandwich it increased from A,, = 0 to 0.5 and 
then decreased (Fig. 19). 


Xixona Turrén 


The effect of water activity on the textural properties of 
xixona turrén, a typical Spanish confectionery product 
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Figure 19. Hardness, cohesiveness, and crushability index vs relative humidity for four dehy- 


drated space foods. Source: Ref. 15. 


made from toasted almonds, sugar, inverted sugar, honey, 
and a little egg white is reported (51). The texture profile 
analysis (TPA) was measured at ~25°C. Hardness and 
chewiness increased sharply from A,, = 0.11 toA,, = 0.22, 
decreased sharply from A,, = 0.22 toA,, = 0.33, and then 
continued to decrease at a slower rate from A,, = 0.33 to 
A, = 0.75 while springiness (elasticity) and cohesiveness 
increased slowly from A,, = 0.11 to A,, = 0.43 and steeply 
from A,, = 0.43 to A,, = 0.75. The glass-transition tem- 
perature (T,) was 24°C at A,, = 0.11 and dropped steadily 
to —46°C at A,, = 0.75. Fracturability was only seen in 
samples with a moisture content lower than the critical 


water content (CWC), the level at which the product 
changes from the rubbery state to the glassy state. 

Although these authors did not elaborate the point, 
their data suggest that the textural properties of a food 
with moisture content near the CWC can change rapidly 
when the temperature is changed a few degrees to take it 
through the T, region. Such a change could be expected to 
make the food brittle, fracturable, and crisp when cooled 
below the T,, changing to leathery and chewy when 
warmed above the T,. This data indicates the promising 
potential for studies involving T,, A,,, and texture near am- 
bient temperatures. 
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Fruit Bar 


A Canadian group studied the change in cutting force of 
restructured fruit bars manufactured from apple puree, 
apple concentrate, water, maltodextrin, low-methoxyl pec- 
tin, citric acid, sodium citrate, and CaHPO, (52). The cut- 
ting force using a single blade with a 3 x 70-mm face in- 
creased 100-fold from A, = 0.86 to A,, = 0.33 and then 
fell sharply from A,, = 0.33 down to A,, = 0.30 due to the 
change from cutting failure to brittle fracture. The general 
pattern of hardness change was similar to that found with 
dried apple discussed earlier (14), but the 100-fold increase 
in the formulated bar was much greater than the 6-fold 
increase found in dehydrated apple. The authors attribute 
the difference to the fruit bar being subjected to a cutting 
type of test and the apple to a uniaxial compression test. 
Another notable difference between these reports is that 
the apple test used 10-mm cubes for all A,, levels, whereas 
the fruit bars had a thickness of 5-6 mm at A,, = 0.87, 
which decreased with decreasing A,, until a thickness of 
only 1.5 mm was reached at A,, = 0.3. Another difference 
is that the fruit bars appeared to be case hardened at the 
lowest A, levels. 


Lempuk 


This is a traditional semimoist product in Malaysia and 
nearby countries. It is made by cooking the flesh of durian 
fruit with sugar until the desired consistency is attained 
(53). TPA tests on lempuk over the range A,, = 0.57-0.84 
(26-50% H,O d.b) showed no fracturability and no change 
in cohesiveness and springiness over this range of water 
activity. Hardness and chewiness decreased and adhesive- 
ness increased as A,, increased. There was a sharp change 
in slope, but not direction, for hardness, chewiness, and 
cohesiveness at A,, = 0.75 (33.6% HO), which was attrib- 
uted to the glass transition for this product at about 33% 
H,O and 25°C. However, the T, for this product was not 
reported. 


Agricultural Commodities 


The physical properties of nonfood agricultural commodi- 
ties such as seeds, hay, and tobacco leaf are often affected 
by water activity. For example, the breaking force in com- 
pression and deformation-to-break of bean seeds both in- 
creased as A, increased from 0.35 to 0.65 (54). With soy- 
bean seeds, fewer split seeds and a higher germination was 
found as the moisture content was increased from 7.2 to 
16.2% when the seeds were impacted against a steel plate, 
but the reverse effect was found when the soybean seeds 
were impacted against a hard polyurethane plate (55). See 
also Refs. 6 and 29. 

This subject will not be pursued further because these 
are not foods. The four examples cited above should be suf- 
ficient to acquaint the reader with the fact that changing 
the A,, often has a profound effect on physical properties 
of nonfood agricultural commodities. 


SUMMARY 


The results discussed above do not paint a clear unequiv- 
ocal of the relationships between A,, and texture. There are 
a number of reasons for this complex behavior. 


1. Complex Texture. Every food possesses diverse tex- 
tural properties that act independently with chang- 
ing A,,. Over a given A,, range different textural 
properties in the same food may increase, decrease, 
or remain steady (Figs. 4, 6, 11, 19). 

2. Water Activity Range. Some textural properties 
change in slope but not in direction with changing 
A,, (Figs. 8-10, 12, 13, 18). Very rapid changes in 
textural properties can occur near the BET mono- 
layer (Figs. 4, 6, 7). 

3. Previous history of sample treatment. A food that 
has desorbed water to reach a given A,, may be quan- 
titatively different in texture than when it has ab- 
sorbed moisture to reach the same A,, (Fig. 10). The 
time a food is stored can affect its textural properties 
because of chemical reactions that are occurring in 
it (22). Polymers such as proteins and complex car- 
bohydrates can undergo complex molecular changes 
such as crystallization, cross-linking, folding, and 
unfolding, which can affect the texture. 

4, Quality of ingredients. Different quality flours pro- 
duce cookies with different breaking strengths (Fig. 
15). Impurities in ingredients can cause anomalous 
trends in texture of beef (22). 

5. Phase changes. When sugars change from the amor- 
phous into the crystalline form, there are changes in 
the texture of the pure sugars (16, 17) and in prod- 
ucts with a high sugar content (49). 

6. Processing conditions. Extruded corn meals at the 
same A,, manifested substantial differences in tex- 
tural quality because the different processing con- 
ditions in the extruder caused wide variations in 
structure (14 and Ref. 32). 

7. Structure. Native foods such as fish, fruit, meat, and 
vegetables have a nonhomogeneous cellular struc- 
ture that is substantially retained during preserva- 
tion and storage. Some cellular regions may be af- 
fected by changes in moisture level more than other 
regions, eg, fiber bundles vs parenchyma cells in 
vegetables. The texture of fabricated foods such as 
cookies, crackers, and sausages can be affected by 
changes in formulation. For example, changing the 
fat content (which is hydrophobic and essentially in- 
ert to changes in moisture content) can affect the 
structure and the manner in which overall texture 
responds to changes in A,,. 

8. Fundamentals. Theories such as water acting as a 
plasticizer in food and of glass transitions in food 
polymers are being developed that may eventually 
explain fundamental relationships between A,, and 
textural properties of foods (26,35,39,56). In the 
meantime we have to continue to gather empirical 
data for each food for each A,, level. This information 
will support or discredit the fundamental theories 
that are presently under development. 
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WATER ACTIVITY: GOOD 
MANUFACTURING PRACTICE 


Water activity (a,,) is a measure of the free moisture in a 
product. It is defined as the quotient of the water vapor 
pressure of the substance (p) divided by the vapor pressure 
of pure water (po) at the same temperature; a,, = p/po. 
The amount of free moisture is of critical importance in 
supporting the growth of microorganisms. The primary 
public health concern associated with improperly pro- 
cessed low-acid foods is the possibility of a foodborne in- 
toxication due to botulinum toxin. 

The current good manufacturing practice (GMP) regu- 
lation for thermally processed low-acid foods packaged in 
hermetically sealed containers, Title 21 Code of Federal 
Regulations, Part 113 (21 CFR 113), establishes the spe- 
cific level of a,, and pH to define the low-acid foods. Low- 
acid foods means any foods, other than alcoholic beverages, 
with a finished equilibrium pH >4.6 and an a,, >0.85. 
Commonly recognized low-acid canned foods (LACFs) with 
water activity level near 1.0 depend on thermal destruc- 
tion of spores of pathogenic bacteria for safety. Water- 
activity-controlled LACFs are protected by achieving a safe 
a,, level, which is unfavorable for the germination and out- 
growth of spores having public health significance. The ap- 
plication of mild heat treatment is intended to eliminate 
vegetative forms of microorganisms. 

Control of water activity may be achieved through the 
proper design of product formulation. The rate of destruc- 
tion of microorganisms when subject to heat is believed to 
be logarithmic in order. Knowledge of a,, control, thermal 
processing, and GMP requirements enable us to study this 
unique method of food preservation. 
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WATER ACTIVITY: GOOD 
MANUFACTURING PRACTICE 


Water activity (a,,) is a measure of the free moisture in a 
product. It is defined as the quotient of the water vapor 
pressure of the substance (p) divided by the vapor pressure 
of pure water (po) at the same temperature; a,, = p/po. 
The amount of free moisture is of critical importance in 
supporting the growth of microorganisms. The primary 
public health concern associated with improperly pro- 
cessed low-acid foods is the possibility of a foodborne in- 
toxication due to botulinum toxin. 

The current good manufacturing practice (GMP) regu- 
lation for thermally processed low-acid foods packaged in 
hermetically sealed containers, Title 21 Code of Federal 
Regulations, Part 113 (21 CFR 113), establishes the spe- 
cific level of a,, and pH to define the low-acid foods. Low- 
acid foods means any foods, other than alcoholic beverages, 
with a finished equilibrium pH >4.6 and an a,, >0.85. 
Commonly recognized low-acid canned foods (LACFs) with 
water activity level near 1.0 depend on thermal destruc- 
tion of spores of pathogenic bacteria for safety. Water- 
activity-controlled LACFs are protected by achieving a safe 
a,, level, which is unfavorable for the germination and out- 
growth of spores having public health significance. The ap- 
plication of mild heat treatment is intended to eliminate 
vegetative forms of microorganisms. 

Control of water activity may be achieved through the 
proper design of product formulation. The rate of destruc- 
tion of microorganisms when subject to heat is believed to 
be logarithmic in order. Knowledge of a,, control, thermal 
processing, and GMP requirements enable us to study this 
unique method of food preservation. 


WATER ACTIVITY AND CONTROL 
OF MICROBIAL GROWTH 


The purposes of food preservation are to extend shelf life, 
prevent microbial spoilage, and destroy potentially harm- 
ful microorganisms. The growth of microorganisms is in- 
hibited at lower water activity levels. In the a,, range below 
1.0 to 0.93, all known foodborne bacterial pathogens can 
grow in the upper part of this range. At a,,, 0.93 to 0.86, 
the only foodborne bacterial pathogen that can grow and 
cause an outbreak is Staphylococcus aureus. Under 
anaerobic conditions this nonsporulating bacteria is inhib- 
ited at an a,, level of 0.91, but aerobically it is inhibited at 
0.86. Scientific evidence showed that the decimal reduction 
time D for microorganisms is greater at lower water activ- 
ity levels. In one investigation, the minimum water activ- 
ity for the growth of spores and toxin production was found 
to be 0.95 for Clostridium botulinum types A and B, and 
0.97 for type E, at the optimum growth temperature (30— 
40°C) and pH (7.0). Another work showed that the mini- 
mum a,, for supporting the growth of botulinum types A 
and B was at 0.94 (1). 

Thermal processing of commonly canned low-acid foods 
resembles wet heat sterilization (a, = 1.0), whereas 
water-activity-controlled low-acid canned foods resemble 
dry-heat sterilization in that the water activity level inside 
the sealed container will be less than 1.0 during and after 
sterilization. Scientific evidence reveals that greater ther- 
mal resistance of microorganisms occurs when a reduced 
water activity level is encountered. In other words, the 
heating rate of an a,,-controlled low-acid canned food is 
lower than that of a wet low-acid food (a,, = 1.0). 

A published paper showed that when a,, decreases from 
1.0 to 0.90, and 0.80, resembling dry-heat sterilization, the 
decimal reduction time D increases from 7-fold and 33-fold, 
respectively. The resistance of bacterial spores to thermal 
kill increases with the decrease in a,, levels consistent with 
those for most a,,-controlled low-acid foods. The D value of 
C. botulinum spores increases with an increase in pH; the 
effect is greatest at lower processing temperatures (2). The 
synergistic effects of low a,,, pH, Fz, and preservatives 
have clearly been proved to be effective against the growth 
of microorganisms. Generally, a,,-controlled foods contain 
large amounts of solutes and their a,, levels are between 
0.8 and 0.95. Intermediate-moisture (IM) foods with a,, = 
<0.85 are not covered by 21 CFR 113. The microbial resis- 
tance to thermal kill will be different from that of wet-heat 
sterilization. For example, the Dgs-c values of S. aureus in 
skim milk, with 10 and 57% sugar, are 4.88 and 22.35, 
respectively. Although microorganisms show a greater re- 
sistance to thermal kill when at lower a,, levels, the addi- 
tion of humectant(s) such as a high concentration of sugar, 
salt, or a combination of the two, for example, have proved 
to be effective in the preservation of foods. Thus, the 
growth of microorganisms in foods may be prevented by a,, 
control. 

USDA's Agricultural Research Service developed a 
pathogen-modeling program (PMP) to predict the growth 
characteristics of various bacteria in food systems. This 
PMP is based on the equations derived by response surface 
analysis of growth data fitted using the Gompertz function 
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in conjunction with nonlinear regression analysis. The pro- 
gram considers effects and interactions of sodium chloride 
(or a,,), acidity (or pH), temperature, under aerobic and 
anaerobic conditions, and so on. Evaluation of the models 
has indicated that they provide useful estimates of the mi- 
croorganisms’ growth characteristics in food systems. 


ESTABLISHING SCHEDULED PROCESSES 


Many factors influence the intrinsic characteristics andthe 
microbial stability of foods. The five most important factors 
governing the growth of microorganisms in processed foods 
are a,,, pH, container seal integrity, temperature of storage 
and distribution, and thermal processing or equivalent 
treatment (Fp). 

The thermal death time of 2.45 min with a z value of 
17.6 for the 60 billion C. botulinum spores in pH 7.0 phos- 
phate buffer when heated at 250°F (3) is generally accepted 
as a guide in process computations. The correlations be- 
tween the spore resistance in phosphate and in a canned 
food may be expressed by phosphate factor (= resistance 
in food/resistance in standard phosphate buffer). The use 
of the food phosphate factor is a mechanism for adjusting 
the minimum public health sterilization value for a specific 
product. Perkins (4) indicated that many commercial pro- 
cesses are still computed on the basis of Esty and Meyer’s 
classic C. botulinum resistance values, but there are many 
occasions when an Fy of 5 to 7 min and even higher are 
used to achieve the commercial sterility cook for low-acid 
canned foods. 

Alstrand and Ecklund proposed a guide for the selection 
of Fy in relation to pH and carbohydrate content of canned 
foods (5). Many calculated Fo values of successful commer- 
cial processes were presented, and most of those were 
greater than 3.0 rain. Pflug and coworkers (6) developed a 
model showing that at pH 6.0, 5.5, 5.0, and 4.6, the cal- 
culated Fy value for public health processes were 3.0, 2.3, 
1.6, and 1.2, respectively. Pflug (7) pointed out that when 
designing a low-acid canned food-sterilization process, 
three preservation conditions must be considered: (1) pub- 
lic health (Fy = 3.0), (2) nonpathogenic mesophiles (Fy = 
5-7), and (3) thermophiles (Fy) = 5-7). However, if the 
product is expected to be stored and distributed at elevated 
temperatures, then Fy should be 15 to 21. Low-acid foods 
packed in hermetically sealed containers are commonly 
processed in a retort to render the foods commercially ster- 
ile. As pointed out earlier, a minimum public health pro- 
cess of Fy = 3.0 min or greater is usually called for. How- 
ever, commercial sterility may also be achieved through 
inhibition instead of destruction of spores. To achieve this 
goal, factors including the intended level of preservation 
(or length of shelf life), the processing system, the char- 
acteristic of the food, the container type and size to be pro- 
cessed, and the expected commercial production conditions 
are to be considered. 

The severe retorting process may be detrimental to the 
quality of certain foods heated by conduction. Reduced 
thermal processing requirements may be possible in that 
a scheduled process may include a proper combination of 
safe a,, level, a pasteurization process, and other treat- 
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ment(s). The proper combination treatments would render 
the food commercially sterile. One investigator (8) pointed 
out that the canned cured meats with suitable amount of 
salt and nitrite are processed to achieve an Fp value gen- 
erally in the order of 0.05 to 0.6, but it may vary from 0 to 
1.5. This reduced thermal treatment would also provide an 
immediate benefit of energy savings. 

Safe a,, level is a level of water activity low enough to 
prevent the growth of undesirable microorganisms in the 
finished product under the intended conditions of manu- 
facturing, storage, and distribution. The maximum safe a,, 
level is an a,, that will be considered safe for a food if ad- 
equate data are available that demonstrate that the food 
at or below the given a,, will not support the growth of 
undesirable microorganisms. 

FDA Title 21 CFR 113.83 specifies that scheduled pro- 
cesses for low-acid foods shall be established by qualified 
persons having expert knowledge of thermal processing re- 
quirements for low-acid foods in hermetically sealed con- 
tainers and having adequate facilities for making such de- 
terminations (9). 


FDA GMP REGULATIONS GOVERNING THE PROCESSING 
REQUIREMENT 


Canning is the most economical and widely used method 
of food preservation. Commercial sterility must be 
achieved for all thermally processed low-acid food pack- 
aged in hermetically sealed containers, including those 
low-acid intermediate-moisture foods. As defined by FDA’s 
GMP regulation 21 CFR 113.3(e), commercial sterility of 
thermally processed food means the condition achieved (9): 


1. By the application of heat which renders the food 
free of 
a. Microorganisms capable of reproducing in the 
food under normal nonrefrigerated conditions of 
storage and distribution; and 
b. Viable microorganisms (including spores) of pub- 
lic health significance; or 
2, By the control of water activity and the application 
of heat, which renders the food free of microorgan- 
isms capable of reproducing in the food under normal 
nonrefrigerated conditions of storage and distribu- 
tion. 


Water activity is one of the two critical parameters used 
to determine the applicability of FDA’s GMP regulations, 
21 CFR 108, 110, 113, and 114. Figure 1 shows the type of 
foods and the applicable GMP regulations based on prod- 
uct a, and pH levels. 

Title 21 CFR 108.35 specifies that processors must reg- 
ister and file their scheduled processes with the FDA. The 
scheduled processes are reviewed for their adequacy for 
public health protection. When a process is considered po- 
tentially inadequate, follow-up action is generally re- 
quired. Request for process establishment information, in- 
cluding the microbiological basis of a scheduled process, 


has been the course of action most often recommended. Of 
the possible concerns are processes based on the lowest. 
product sterilization values (<3 min) (10). The type of in- 
formation needed by the FDA to evaluate the adequacy of 
a process for a water-activity-controlled low-acid food is 
specific under the following three conditions: 


1. When the filed a,, <= 0.85 and the data appear re- 
liable, the product in question is not covered by the 
LACF (low-acid food) regulations. 

2. When a,, <= 0.85 to 0.90, the production in question 
is covered by the regulations 21 CFR 108.35 and 113, 
and it is necessary for the processor to register and 
file the scheduled process. The filing should include 
the critical maximum a,, necessary to control ger- 
mination and outgrowth of C. botulinum spores and 
the critical thermal treatment necessary to destroy 
vegetative cells of pathogenic bacteria as well as pre- 
vent spoilage. 

3. When the a,, <= 0.90, the product is covered by the 
regulations 21 CFR 108.35 


4. and 113. The processor must register and file the 
scheduled process and will be requested to provide 
appropriate microbiological supporting data dem- 
onstrating process adequacy, in addition to the criti- 
cal factors already mentioned for a,,-controlled prod- 
ucts. The process-supporting data are to be obtained 
and reviewed and must be acceptable before the pro- 
cess filing forms are accepted for filing. 


Title 21 CFR 113.40(i) requires that critical factors 
specified in the scheduled process, such as the a,, used in 
conjunction with thermal processing, shall be measured 
with instruments having the accuracy and dependability 
adequate to ensure that the requirements of the scheduled 
process are met. Official method of analysis for a,, has been 
adopted by the Association of Official Agricultural Chem- 
ists (AOAC) as the official final action method (Ref. 11). 

Food preservation based on the principle of hurdle tech- 
nology is recognized. 21 CFR 113.81(f) states that “when a 
low-acid food requires different solute to permit safe pro- 
cessing at low temperatures, such as in boiling water, there 
shall be careful supervision to ensure that the equilibrium 
water activity of the finished product meets that of the 
scheduled process.” Specific parts and paragraphs of ap- 
plicable GMP regulations from Title 21 of the Code of Fed- 
eral Regulations delineating a,, in relation to control mea- 
sures and safety requirements are: 


1. 21 CFR 110: Current GMP in manufacturing, pack- 
ing, or holding human food; 21 CFR 110.3(n), 
110.3(r), 110.40(f), 110.80(b)(2), 110.80(b\(4), and 
110.80(b)(14) 


2. 21 CFR 113: Thermally processed low-acid foods 
packaged in hermetically sealed containers; 21 CFR 
113.3(e\(ii), 113.3(n), 113.3(w), 113.10, 113.400), 
113.81(f), 113.83, 118.89, 118.100(a\(6) 
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Figure 1. Applicability of the Food and Drug Administration’s good manufacturing practice reg- 


ulations, 


3. 21 CFR 114: Acidified foods; 21 CFR 114.3(b), 
114.3(d), and 114.3(h). 


HUMECTANTS AND THEIR REGULATORY USE 


Manipulation of moisture as a means of extending shelf 
life in perishable foods can be accomplished through either 
dehydration or a,, control. Dehydration and a,, control may 
be viewed as two different technologies. Dehydration is es- 
sentially direct removal of moisture, whereas a,, control is 
the addition of humectant(s) to bind or reduce free mois- 
ture, and not necessarily for the removal of free moisture 
from foods. Foods with the same amount of moisture could 
exhibit different levels of a,,. Foods with a higher amount 
of moisture content could be adjusted to exhibit a lower 
level of a,, than those with less moisture content. Formu- 
lated foods and foods preserved by the addition of salt, 
sugar, and glycerol are typical examples. According to a 
summation of experimental work over many years, it is 
generally conceded that 50% sugar or 10% salt is com- 
pletely inhibitory to outgrowth of the C. botulinum spores 
of the proteolytic types A and B (12). These concentrations 
of sugar and salt correspond to the same a,, of 0.935. 
Through the use of salt, sugar, glycerol, and other humec- 
tants to control a,, levels, many low-acid foods are now pro- 
cessed at low temperatures. Most intermediate-moisture 
low-acid foods contain a large amount of solutes or humec- 
tants. Typical intermediate-moisture low-acid foods in- 
clude salt-cured meat and meat products, salted fish and 
fish products, soup bases, specialty sauces, syrups, some 
preserves, puddings, some preserved vegetables, processed 
cheese products, and some snack foods. 

Some humectants and their CFR-specified uses are 
summarized as follows: 


1. Sucrose, 21 CFR 184.1854 and 582.1 
2. Salt, 21 CFR 182.1 and 582.1 
8. Glycerin, 21 CFR 182.1320 and 582.1320 
4. Sodium nitrite, 21 CFR 172.175, 181.34, and 
573.700 
5. Potassium sorbate, 21 CFR 182.3640 
6. Sorbitol, 21 CFR 184.1835 
7. Potassium chloride, 21 CFR 184.1622 
8. Propylene glycol, 21 CFR 184.1666 and 582.1666 
9. Propylparaben, 21 CFR 184.1670 
10. Lactic acid, 21 CFR 184.1061 and 582.1061 
11. Invert sugar, 21 CFR 184.1859 
12. High-fructose corn syrup, 21 CFR 184.1866 
13. Modified food starch, 21 CFR 172.892 


WATER ACTIVITY DETERMINATIONS. 


There are many ways to estimate the water activity of 
foods. The principles governing water activity determina- 
tions may be illustrated as follows: 


Ow = PIPo (by definition) (a) 
=n,/(n, + ns) (Raoult’s law) (2) 
= (Gp); (@w)e (@w)g- ... Gibbs-Duhem (3) 


= ERH/100 by thermodynamic principle (4) 


where ERH is the equilibrium relative humidity. Equation 
1 is the basis of the vapor pressure manometric method, 
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in which the vapor pressure in the evacuated headspace 
above the food sample is determined. This provides a direct 
measurement of the vapor pressure. 

Equation 2 is often used in work in formulating the 
intermediate-moisture (IM) foods and in predicting their 
a,,. The biochemical potential of the idealized solutions 
obeys Raoult’s law. Most nonelectrolytes are also ade- 
quately represented by Raoult’s law up to several molal 
concentrations. A modified equation, a,, = n,/(n, + 1.5n,) 
was found to fit experimental values up to high concentra- 
tions of sugars. 

Equation 3 is commonly used in formulating the IM 
foods and in predicting their a,,. This equation (13) is very 
useful for aqueous systems involving more than two sol- 
utes. It is assumed that in a food system each a,,-lowering 
component behaves independently. The final a,, is a prod- 
uct of each component (q,,),, based on each solute being 
dissolved in all the water in the system. 

Equation 4 is the basis for water activity measurement 
by hygrometers and isopiestic equilibrium methods. Ac- 
cording to the thermodynamic principle, when at equilib- 
rium, the activity of a water vapor equals the activity of 
the corresponding aqueous phase in a closed system. 
Therefore, the measurement of the ERH of a food is a mea- 
sure of the water activity of that food, and a,, is numeri- 
cally equal to the ERH of that food expressed as a decimal 
fraction; a,, = ERH/100. 


DISCLOSURE STATEMENT 

Instruments and methods for water activity determinations are 
detailed in the 1995 (16th) edition of AOAC Official Methods of 
Analysis, Method 978.18. 
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WATER ACTIVITY: MICROBIOLOGY 


The influence of water activity (a,,) on food product quality 
and stability began to receive considerable attention dur- 
ing the early 1950s. Such interest was promoted by incon- 
sistent empirical observations of total moisture content 
and product stability. Microbiologists were among the first 
to recognize that a, rather than total moisture content 
controlled microbiological growth, death, survival, sporu- 
lation, and toxin production by diverse microorganisms. 
Between the 1970s and 1980s, this group of scientists fo- 
cused their interest on the influence of a,, by studying how 
microorganisms respond under different conditions of tem- 
perature, pH, and a,, (1). 


DEFINITION OF WATER ACTIVITY 


Water activity as a broad thermodynamic concept is de- 
fined as a relation of fugacities between liquid and vapor 
phases of a confined system while it is in equilibrium. A 
review of basic and applied thermodynamics is required to 
understand the a,, concept (2). Assuming that fugacity is 
a function of pressure and that the correction factor for 
vapor pressure is the same for an aqueous solution and 
pure water, then the fugacity ratio can be replaced by the 
pressure ratio (3): 


a, = P,/Pi, = RHE/100 


where P,, is the vapor pressure of water in equilibrium 
with a food, P%, is the vapor pressure of pure water at the 
same temperature of the food, and RHE is the relative hu- 
midity in equilibrium. Therefore, the vapor pressure of wa- 
ter in equilibrium with a food can be measured or related 
with the RHE. However, it should be taken into account 
that a,, is defined only for a system that presents a ther- 
modynamic equilibrium, and its value is applicable only 
for specific conditions of temperature and pressure. 

Many multicomponent food systems constituted by two 
or more phases (solid, liquid, aqueous, and oil) do not pres- 
ent equilibrium from one phase to the other (4). For this 
reason, a,, may not be an adequate thermodynamic param- 
eter. Franks (5) proposed that the presence of hysteresis 
in food sorption isotherms (Fig. 1) may imply the presence 
of nonreversible equilibrium. These food systems are not 


Desorption curve 


Moisture content 


Adsorption curve 


Water activity (a,,) 


Figure 1. Typical sorption isotherm showing hysteresis. 
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really stable, but are in a pseudoequilibrium or metastable 
state. Thus, in these cases,the term water activity is not 
applied; instead, relative vapor pressure or relative hu- 
midity is used. However, when hysteresis is not shown, 
vapor pressure can be a measure of ay. 


WATER ACTIVITY AS AN INDICATOR OF MICROBIAL 
SAFETY AND SHELF LIFE 


The influence of food water content on perishability has 
been known since ancient times. Almost every primitive 
culture found a convenient way to reduce food water con- 
tent to a level that would protect against microbial spoil- 
age (eg, drying, salting, adding sugars, concentrating). 
However, the occasional failure of these preservation tech- 
niques produced predictable results: salted products 
turned red because of the development of halophilic bac- 
teria, sugar-preserved foods were fermented by osmophilic 
yeasts, and dried products were occasionally attacked by 
xerophilic molds (6). Also discovered was that food water 
content did not fully define microbial stability, because 
dried milk would rapidly spoil if it contained about 12% 
water, whereas cereals would remain fully sound at about 
14% and dried fruits even at 18%. A better quantitative 
approach to define the influence of water on microbial re- 
sponse in foods was introduced by Scott (7) with the con- 
cept of ay. 

Considering a,, in relation to microbial stability, the 
minimum a,, values that permit microbial growth for dif- 
ferent types of microorganisms are of considerable concern. 
Table 1 presents the a, and microbial spoilage of foods 
with a classification of microorganisms as osmosensitive or 
osmotolerant. Corry (8), Beuchat (9,10), and Gould (11) 
generated extensive tables with minimum a,, values for 
the growth and toxin production of several pathogenic and 
spoilage microorganisms. Table 2 shows minimal ay for the 
growth of foodborne bacterial pathogens at their optimum 
pH and temperature. With the exception of Staphylococcus 
aureus, for which a minimum a,, of 0.86 is needed to avoid 
growth under aerobic conditions, the growth of all other 
pathogens can be inhibited by a reduction in a,, to approx- 
imately 0.92. The major findings of Corry (8), Beuchat 
(9,10), and Gould (11) can be summarized as follows: 


* At ay, < 0.90 to 0.92, most pathogenic bacteria are 
usually inhibited, except Staphylococcus aureus, 
which can grow at a,, 0.86. 

¢ Minimum a,, for growth is always equal or lower than 
minimum a,, for toxin production. 

¢ The minimum a,, for growth depends on the solute 
used to control a,,, the so-called solute effect. 


Water activity is a major factor governing the microbial 
responses in foods. The concept of ay, has been successfully 
applied to the water relations in microorganisms because 
measured values of the food media in which they are im- 
mersed generally correlate well with the potential for 
growth and metabolic activity. Ecological factors and their 
interactions control the microbial responses in foods that 
determine what growth may occur. The combination of the 
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‘Table 1. Wateer Activity and Food Microbial Spoilage 


Range of ay Microorganisms inhibited Examples of foods 

1.00-0.95 Some yeasts, Gram-negative rods, bacterial spores Foods containing 40% sucrose or 7% salt 

0.95-0.91 Most cocci, lactobacilli, vegetative cells of bacilli, some molds Foods containing 50% sucrose or 12% salt 

0.94 Growth and toxin production by all types of Clostridium Meats packaged under anaerobic conditions 
botulinum 

0.91-0.87 Most yeasts Foods containing 65% sucrose or 15% salt 

0.8-0.80 ‘Staphylococcus aureus, most molds Flour, rice, ete. containing 15-17% water 

0.86 Aerobic growth of Staphylococcus aureus Mushrooms 

0.80-0.75, Most halophilic bacteria Foods with 26% salt 

0.80 Production of micotoxins 

0.75-0.65 Xerophilic molds Foods containing less than 10% water 

0.68 Practical limit for fungi 

0.65-0.60 Osmophilic yeasts Confectionery products, fruits containing 15-20% 


water 


food a,, and pH frequently determine whether bacterial or 
fungal growth may take place, and the type of these species 
that will develop is often determined by temperature, gas 
atmosphere, redox potential, nutritional status, physical 
states, antimicrobial substances, and chemical preserva- 
tives (12). 

The predominant microbial flora of a particular food 
(Figs. 2 and 3) can be determined by the interaction be- 
tween its a,, and pH. Although bacteria are the major spoil- 
age organisms in high pH (>4.6) and a,, (0.980-0.999) 
foods, yeasts and molds will dominate when the pH is be- 
low 4.0, In high a,, foods with a pH below 4.0, such as fruit 
juices and yogurt, yeasts as well as some lactic acid bac- 
teria are most likely to be dominant. Some filamentous 
fungi also compete well in high a,—low pH environments. 
The majority of yeasts and molds that cause spoilage are 
nonxerophilic, growing well at high a,, (>0.99) but also at 
ay values below 0.90. In sugar-rich environments where 
bacteria do not seem to adapt, yeasts and molds take over 
as the major spoilage organisms. However, in foods such 
as meat with neutral pH and high a, bacteria dominate 
even though they may not be capable of growing in the food 


Table 2, Minimal a,, for the Growth of Foodborne 
Bacterial Pathogens Under Optimum pH and 


‘Temperature Conditions 

Bacteria ae 
Campylobacter jejuni 0.990 
Aeromonas hydrophila 0.970 
Clostridium botulinum E 0.965 
Clostridium botulinum G 0.965 
Shigella spp. 0.960 
Yersinia enterocolitica 0.960 
Clostridium perfringens 0.945 
Clostridium botulinum A & B 0.940 
Salmonella spp. 0.940 
Escherichia coli 0.935, 
Vibrio parahaemolyticus 0.932 
Bacillus cereus 0.930 
Listeria monocytogenes 0.920 
‘Staphylococcus aureus (anaerobic) 0.910 
Staphylococcus aureus (aerobic) 0.860 


at a,, values below 0.95. Bacteria rarely spoil foods witha, 
values below 0.85, but brines and salted foods may be 
spoiled by moderate and extreme halophilic bacteria (12). 

The a,, concept has assisted food scientists and micro- 
biologists in their efforts to predict the onset of food spoil- 
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Figure 2. Effects of a,, on the growth of bacteria yeasts and mold 
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Figure 3. Interacting effects of pH and a,, on the growth of se- 
lected microorganisms. 


age and identify and control foodborne disease hazards 
that may exist in various food products (13). However, the 
a, of a medium is not the only determining factor regulat- 
ing biological response because the nature of the a,, con- 
trolling solute in the so-called solute effect occasionally 
plays a role as well (14). Consequently, the concept of a,, 
in foods as a determinant of microbial growth has been 
challenged (13). The occurrence of specific effects from dif- 
ferent solutes already posed questions about the role of a,, 
as a credible measure of physiological viability because sol- 
ute effects can mislead the prediction of microbial growth 
based on measured levels of a,, (9,13). During the 1980s, 
an approach that focused attention on the dynamic aspects 
of food systems of the low to intermediate moisture type 
that are nonequilibrium systems also received consider- 
able attention (13,15). This perspective, which addresses 
the importance of maintaining foods in kinetically meta- 
stable, dynamically constrained glassy states, has incor- 
porated the theoretical bases of fundamental structure and 
property principles from the field of synthetic polymer sci- 
ence, which includes the innovative concepts of water dy- 
namics and glass dynamics in what has been called food 
polymer science (15). In many foods and biological mate- 
rials, the solids are in an amorphous metastable state that 
is very sensitive to changes in moisture content and tem- 
perature (15). This amorphous matrix may exist either as 
a very viscous glass or a more liquidlike rubbery structure. 
The characteristic temperature (T,) at which the glass— 
rubber transition occurs has been proposed as a physico- 
chemical parameter that can determine product properties 
such as stability and safety better than a,, (15). However, 
the food science polymer approach may not constitute a 
better alternative to the concept of a, as a predictor of 
microbial growth in foods despite the limitations of the a,, 
concept and possible influences of nonequilibrium situa- 
tions (13). 


OSMOTIC STRESS AND OSMOREGULATION 
IN MICROORGANISMS 


Changes in medium osmolality (decreasing a,,) lead to a 
passive flow of water across microbial cell membranes, 
which results in a loss of turgor. The universal cell mech- 
anism to overcome the initial loss following a hyperosmotic 
shock is the accumulation of cytoplasmatic solute(s) that 
increase the internal osmotic pressure, which in turn can 
restore turgor (11,16). There is great variation in the type 
of solutes accumulated by various microorganisms (eg, cat- 
ions, amino and imino acids, amines, quaternary amines, 
polyols, sugars), but all exhibit a number of common prop- 
erties, such as allowance of continued activity of cyto- 
plasmic enzymes at lower a,, than the external solutes 
commonly present in foods and solubility to high concen- 
trations. 

Control of microbial growth in foods by a,, modifications 
can be achieved by two different strategies: 


1. Using a,, as the only stress factor and therefore re- 
ducing it to very low levels (ie, fully dehydrated foods 
of ay, < 0.6). 
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2. Using other stress factors in combination with the 
low a,, (hurdle approach) that reduce the amount of 
energy available for osmoregulation, or impairing 
some other stresses that increase energy consump- 
tion (ie, intermediate moisture or high a,, foods). 


WATER ACTIVITY IN DETECTION AND ENUMERATION 
OF MICROORGANISMS 


All the ecological factors that are determinants of micro- 
bial response cannot always be considered in the microbial 
examination of foods. As discussed earlier, both the a,, and 
pH of a food substrate have a major influence on the type 
of microflora capable of colonizing and causing spoilage or 
foodborne diseases. These are facts that need considera- 
tion for reliable isolation and enumeration of significant 
microorganisms. The majority of nonxerophilic fungi that 
cause spoilage in moisture-rich foods can be detected, with- 
out special considerations, on general-purpose enumera- 
tion media such as acidified potato dextrose agar, malt ex- 
tract agar, or dichloran rose bengal chloramphenicol 
(DRBC) agar (17). Conversely, the consideration of product 
a,, in intermediate and low moisture foods, such as syrups, 
confections, fruit concentrates, honey, dried fruits, salted 
dry fish and meat, grains, legumes, nuts, or spices, is of 
major relevance. Such products have characteristic myco- 
flora that are determined by factors such as a,,, type of 
solutes present (sugar or salt), and storage conditions, 
such as temperature, CO, concentration, and available ox- 
ygen (12). Because many fungi species require reduced a,, 
media; they are not capable of growth at a,, 0.99 and may 
be underestimated or undetected when traditional meth- 
ods and media are used (ie, general plate enumeration in 
acidified potato dextrose agar, malt extract agar, or DRBC 
agar) (18). 

Xerophilic fungi have been described as capable of 
growth below a,, 0.85. Under at least one set of environ- 
mental conditions they include osmophilic yeasts and xe- 
rophilic filamentous fungi: Debaryomyces hansenii, Zygo- 
saccharomyces bailii, and Z. rouxii among the yeasts and 
several fungi species of Aspergillus (moderate xerophilic: 
A. restrictus series and A. glaucus series or Eurotium) and 
Penicillium as well as Chrysosporium, Eremascus, Paece- 
lomyces, Wallemia, Xeromyces, Basipetospora, Polypaecy- 
lum, Geomyces and Monascus. Among the fastidious ex- 
treme xerophiles that require reduced a, to grow are 
Chrysosporium farinicola, C. fastidium, C. inops, C. xero- 
philium, Eremascus albus, E. fertilis and Xeromyces 
bisporus; Basipetospora halophila and Polypaecilum pisce 
are halophilic molds. The inadequacy of media with high 
a,, to support the growth of xerophilic fungi is magnified 
when foods under examination contain inhibitory chemi- 
cals or have additional stress factors of a physical nature 
that affect the ability of cells to grow on enumeration me- 
dia (18). 

Among the common media for detection or enumeration 
of fungi in intermediate and low moisture foods is di- 
chloran 18% glycerol (DG18) agar (a, 0.95, pH 6.5), devel- 
oped by Hocking and Pitt (17) for enumeration of moder- 
ately xerophilic molds in commodities such as grains, 
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flours, nuts, and spices. The presence of dichloran in this 
media restricts the growth of rapidly growing mucoraceous 
species such as Eurotium spp. that tend to spread over the 
plates and obscure the growth, detection, and recovery of 
slower growing xerophiles, although this recovery is pres- 
ent in all but fastidious xerophiles. To overcome this prob- 
lem, the addition of nontoxic chemicals (Triton X-301 or 
iprodione) into DG18 to enhance the case of counting col- 
onies formed by the maximum number of viable propagate 
of moderately xerophilic molds present in intermediate 
moisture and dehydrated foods has been investigated. 
DRBC and DG18 are presently recommended as general 
purpose isolation and enumeration media that discrimi- 
nate among foods depending on their a,, values (>0.90); 
DG18 for instance, is less suitable for fresh fruits and vege- 
tables than DRBC. 

To analyze foods with lower a,,, the major selective prin- 
ciples should be high concentrations of carbohydrates or 
sodium chloride. Malt salt agar (MSA) has long been used 
for enumerating molds in flour, but has recently been re- 
placed by the more efficient glycerol-containing medium 
DG18. Other media are glucose citric acid tryptone (50 
GCT) agar (pH 4.0) for enumeration of sugar-tolerant yeast 
in concentrated orange juice; Scarr’s osmophilic wort 
(SOW) agar for xerophilic yeasts in high sugar products; a 
series of malt extract glucose (MYG) agar up to 60% glu- 
cose (a, 0.85); malt extract yeast 70% glucose fructose 
(MY70GF) (a,, 0.76) for isolation of extreme xerophiles that 
may be accompanied by Eurotium spp.; and malt extract- 
yeast extract 5% salt 12% glucose agar (a,, 0.96) (18). In 
bacteriology, there are relatively few uses for salt-based 
media of reduced a, but because salt is an important com- 
ponent of selective enrichment broths and plating identi- 
fication media, these are used to detect and enumerate 
salt-requiring or salt-tolerant bacterium such as many Vib- 
rio species that have a physiological requirement for NaCl. 

It is important to consider the composition and process 
history of reduced a,, foods when selecting methods for my- 
cological analysis (18), cell adaptation to low a,, can occur 
because tolerance to low ay can be gained or lost in the 
presence of various concentrations of solute. Therefore, the 
state of microbial cell adaptation will influence its ability 
to develop colonies on various enumeration media. As for 
diluents, peptone (0.1%) water and 0.05 to0.1M potassium 
phosphate buffers are common for general yeast and mold 
enumeration. Diluents containing a solute are recom- 
mended for analyzing intermediate and low-moisture foods 
for xerophilic fungi in order to minimize osmotic shock to 
fungal cells when making serial dilutions before plating. 
However, if cells are stressed, the use of diluents with re- 
duced a,, can be critical. Rehydration of low a,, foods before 
homogenizing in diluent and plating is expected to en- 
hance the resuscitation of injured cells (18). 

The choice of solutes used to achieve the desired a,, 
value in diluents and detection or enumeration media de- 
pends on the major solute present in the food to be ana- 
lyzed. As such, there continues to be a need for improved 
and new media that will enable a more rapid and accurate 
assessment of foods in which a,, plays a significant role as 
a determinant of microbial growth. 


INFLUENCE OF WATER ACTIVITY ON MICROBIAL DEATH 
AND SURVIVAL 


When a microorganism is transferred to a new environ- 
ment, it either survives or dies depending on its ability to 
adapt. A generalized growth response of a microbial veg- 
etative cell subjected to a reduced a,, is presented in Figure 
4. Other than the presence of nutrients, the most impor- 
tant factors for growth and toxin production are tempera- 
ture, a,,, pH, and oxygen. The basis for survival and death 
of microorganisms as influenced by a,, is complex. Several 
intrinsic and extrinsic factors differing within food types 
and processes and among types of microorganisms may af- 
fect this relation. Temperature, oxygen, and chemical and 
other physical treatments are some extrinsic factors that 
influence microbial spoilage in foods and the a,-microor- 
ganism response. The use of combinations of extrinsic and 
intrinsic factors together with lowered a, levels are com- 
mon in the food industry. Generally, as the minimal a,, for 
growth of a microorganism is approached, changes in other 
environmental factors will have a greater impact on death 
or survival. 

The effects of temperature on the survival of microor- 
ganisms are widely documented; the heat resistance of 
vegetative cells and spores as influenced by ay is probably 
the most extensively studied area in terms of microbial 
inactivation. In general, vegetative cells and fungi spores 
are more resistant as the a,, of a heating menstruum is 
reduced. The type of solute used to adjust a,, to some value 
may result in significant differences in the heat resistance 
of a given microorganism. Small molecular weight com- 
pounds such as sodium chloride and glycerol have been 
shown to decrease heat resistance in Salmonella strains, 
whereas larger molecular weight solutes such as sucrose 
exerted a more protective effect against heat inactivation. 


WATER ACTIVITY MEASUREMENT 
The demand for quality control in the food industry neces- 
sitates accurate, fast, and convenient methods of measur- 


ing a,,. This is particularly true for food in which a, is a 
controlling factor of microbial growth. This section pres- 
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Low a,, 


Microbial growth 


Time 


Figure 4, Generalized microbial growth response as affected 
by ay. 


Table 3. Relative Humidities Generated by the Saturated 
Solutions of Different Salts 


Salt °c 15C 20C 25°C) =—380°C 
Lithium bromide 71 69 6.6 6.4 6.2 
Sodium hydroxide _ 9.6 8.9 8.2 16 
Lithium chloride 11.3 11.3 11.3 11.3 11.3 
Potassium acetate 23.5 23.5 23.0 22.5 22.0 


Magnesium chloride 33.5 33.0 33.0 33.0 32.5 
Potassium carbonate 44.0 43.5 43.0 43.0 43.0 


Sodium bromide 60.0 59.0 58.0 57.5 56.5 
Copper chloride 68.0 68.0 68.0 67.5 67.0 
Potassium iodide 72.0 71.0 70.0 69.0 68.0 
Sodium chloride 76.0 75.5, 755 75.5, 75.0 
Ammonia sulfate 81.0 80.5 80.5 80.0 80.0 
Potassium chloride 87.0 86.0 85.0 84.5 84.0 
Sodium benzoate 88.0 88.0 88.0 88.0 88.0 
Potassium nitrate 95.5 95.0 94.0 93.0 92.0 
Potassium sulfate 98.0 98.0 97.5 97.0 97.0 


Source: Ref. 21. 


ents some of the available methods used to measure a,, in 
foods (19-21). 


Vapor Pressure Measurement 


Based on the definition of ay, food is placed under vacuum 
conditions until it reaches equilibrium (at controlled tem- 
perature) with the surrounding atmosphere of known and 
constant relative humidity (Table 3), and then the vapor 
pressure of the atmosphere that is in equilibrium with the 
sample is measured with a manometer or pressure trans- 
ducer. Therefore, the vapor pressure could be a direct mea- 
sure of the a,. The disadvantage is that the time needed 
to reach equilibrium is long, making this method inade- 
quate for quick routine analysis. 


Depression of the Freezing Point 


This colligative property can be expressed by the Robinson 
and Stokes equation (3), which is valid for liquid foods of 


Foods with high moisture content 


Ideal behavior 
Raoult's law 
(a, > 0.97) 


Nonideal behavior 
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a,, > 0.97, although it has been acceptable for values as 
low as 0.80. 


Dew Point Hygrometer 


This method, which can measure a wide range of a,, at 
different temperatures, is based on the condensation of wa- 
ter vapor on the surface of a mirror that is cooled to a pho- 
toelectrically detected dew temperature of the atmosphere 
generated by the studied sample. Until recently, a,, meters 
based on the chilled mirror technique (dew point) were the 
only ones to feature measuring times of only a few minutes 
per product sample. 


Thermocouple Psychrometer 


This apparatus measures a,, by taking into account a wet 
bulb temperature, which is the temperature an air volume 
would have if it were cooled to saturation at constant pres- 
sure by evaporating water into it. The a,, measurement is 
based on relative humidity values that are a measure of 
the difference between dry and wet bulb temperatures. 


Electric Hygrometers 


The performance of this hygrometer is based on the use of 
hygrosensors formed by an electrical wire covered by a 
high hygroscopic salt such as lithium chloride. When the 
salt absorbs the water vapor released by the sample, a 
change on the conductance of the wire is provoked. 


Filament Hygrometer 


This low-price instrument uses a synthetic fiber that 
shrinks when exposed to high relative humidity. The di- 
mensional modification is recorded and related to the sam- 
ple a,,. This hygrometer is affected in an important way by 
temperature changes and the presence of volatiles because 
it has a low sensitivity, although it is functional within the 
0.70-0.95 a, range. 


Ferro-Fontan et al. (electrolytes) 
Norrish expanded 


Ferro-Fontan and Chirife (nonelectrolytes) 


Nonelectrolytes eae 
Norrish romley : 
i Pitzer and Kim 
Favetto and Chirife fi cuir 
(0.85 <a, < 0.99) favetto and Chirife 
i (0.85 <a, < 0.99) 
Mixtures 
Ross 


Figure 5. van den Berg’s scheme to predict ay. 
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PREDICTION OF WATER ACTIVITY 


van den Berg and Bruin (4), Chirife (21), and Roa and 
Tapia (22) have presented a series of comprehensive anal- 
yses of the procedures traditionally used to calculate or 
predict a,,. Each discusses the applicability of diverse theo- 
retical and empirical models on foods, including descrip- 
tive examples, Figure 5 summarizes several of these 
methods. 


FINAL REMARKS. 


Even though there are restrictions and problems associ- 
ated with use of the ay term in some food products, its 
measurement or prediction continues to be useful in pro- 
cess design, food formulation, and the selection of storage 
conditions, Water activity is an important factor in food 
microbial responses because their relation to a, has sig- 
nificant impact and practical implications in the food in- 
dustry. Some of the areas where a,, has practical applica- 
tions are in the storage of raw materials, quality of foods, 
and shelf life of foods stored under various conditions. It is 
clear that a,, plays a significant role in the survival and 
death of microorganisms in foods and is also an important 
influence on microbial response when combined with other 
intrinsic and extrinsic preservation factors. 
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WHEAT SCIENCE AND TECHNOLOGY 


References to wheat are worldwide, from the beginnings of 
recorded time (1-14). Ancient Chinese writings describe 
the growing of wheat 2,700 years before Christ, and even 
today wheat is considered a sacred crop in some parts of 
China. 

Theophrastos, a Greek, wrote in 300 B.c. of the many 
different kinds of wheat grown along the Mediterranean 
Sea. Written records, works of art, and the excavation of 
ancient cities show the progressive advancement of the art 
of milling and baking in Greece and Rome and through the 
Middle Ages. 

No one knows where the wheat plant originated, al- 
though it was cultivated where modern humans suppos- 
edly first appeared—in southwestern Asia. As early as 
10,000-15,000 B.c. humans probably used wheat as food. 
In 1948 archaeologists from the University of Chicago un- 
covered an ancient village in Iraq, established 6,700 years 
before. In the ruins they found two different kinds of wheat 
similar to those grown today. 

Most wheaten foods are made from flour and most of 
our flour is used by commercial bakers. Over 40 million 
loaves of bread are sold daily in the United States, and 
some bakers offer as many as 200 different products— 
loaves of bread of various shape, crust and texture, or rolls, 
buns, cookies, crackers, cakes, and pastries. 

White flour is also found in the kitchens of homes and 
restaurants. It is used to prepare home-baked products; as 
a thickening agent in gravies, sauces, soups, puddings; and 
in the filling of pies and cakes. 

Among the most popular forms of wheat are the maca- 
roni foods—spaghetti, macaroni, and noodles. The basic in- 
gredient of the best macaroni foods is obtained from a hard, 
amber-colored wheat called durum, grown especially for 
the macaroni market. The durum wheat is milled with spe- 
cial equipment into a golden-toned, coarse product called 
semolina, or into granulars that contain a higher percent- 
age of flour, or into flour itself (15). 

Macaroni foods made from durum wheat are superior 
because of their desirable yellow-amber color and nutty 
flavor, and because they hold their shape and firm texture 
when cooked. 

Many canned, refrigerated, frozen, dried, or ready-to- 
eat packaged foods contain some wheat or are flour-based: 
crackers, cookies, snack food items, complete meals; frozen 
casseroles, soups, prepared sauces, dressings, and gravies. 

Breakfast cereals include puffed wheat, wheat flakes, 
shredded wheat, and bran flakes in sugar-coated, flavored, 
or plain ready-to-eat form; other cereals are wheat meal, 
malted breakfast food, and farina—to be cooked and 
served hot. 

By-products of wheat milling are used in rations for cat- 
tle, poultry, and other animals. Wheat starches are used 
industrially, and when priced advantageously, may be sub- 
stituted for other starches, as in paper sizing, laundry 
starch, marshmallows, or other products (16-18). 


WHEAT 


Botanically, wheat belongs to the grass family Gramineae 
and the genus Triticum. The 14 species of wheat are 
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(1) Triticum aegilopoides (wild einkorn), (2) T: monococcum 
(einkorn), (3) T: dicoccoides (wild emmer), (4) T. dicoccum 
(emmer), (5) T: durum (macaroni wheat), (6) T. persicum 
(Persian wheat), (7) T: turgidum (rivet wheat), (8) T: polon- 
icum (Polish wheat), (9) T: timopheevi (which has no com- 
mon name), (10) TZ aestivum (common wheat), (11) 7. 
sphaerococcum (shot wheat), (12) T. compactum (club 
wheat), (13) T: spelta (spelt), and (14) T: macha (macha 
wheat). The first two species have 7 chromosomes; the fol- 
lowing seven species, 14 chromosomes; the last five spe- 
cies, 21 chromosomes (1). 

All common wheat such as hard, red winter and spring, 
soft, red and white wheats, and the club wheats are in- 
cluded in the Triticum aestivum classification. Wheat is 
also classified in several other ways. Some of the factors 
involved are winter or spring habit of growth, time needed 
to mature, height, stem leaf, spike, glume, awn or beard, 
kernel characteristics, and yield. 

The common ancestor of all wheats is believed to be wild 
einkorn (one-seed), which cross-bred with an unknown 
grass to produce our 7-chromosome wheat, einkorn. Ker- 
nels of both the wild and cultivated einkorn were found in 
the excavated ruins of a village known as Jarmo, dating 
from 6700 B.C. It is situated in the upper reaches of the 
Tigris-Euphrates basin in southwestern Asia, called the 
Fertile Crescent, the presumed birthplace of modern civi- 
lization. Einkorn wheats still grow in the Middle East. 

The 14- and 21-chromosome species of wheats were be- 
lieved to have developed as natural hybrids of the original 
einkorn and possibly emmer. Of the 14 species of wheat, 
only three—common, club, and durum—account for 90% of 
all wheat grown in the world today (1). 

At the turn of the century, plant scientists began to pro- 
duce new varieties of wheats artificially from parents se- 
lected for desirable traits: greater yield, resistance to dis- 
eases and insect infestation, a shorter growing season, 
better milling and baking qualities, and shorter straw to 
reduce the chance that wind and weather might flatten the 
wheat and make harvesting more difficult. Most of the va- 
rieties of wheat now grown commercially in the United 
States were unknown even 10 years ago. While about 
30,000 wheat varieties belonging to 14 species are grown 
throughout the world, only about 1,000 varieties are of 
commercial significance (1). 


PRODUCTION, TRADE, AND USES 


Wheat is cultivated in most countries on all continents. 
World wheat production, consumption, and net exports 
(imports) are summarized in Table 1. 

The top five wheat producing countries are the former 
Soviet Union, the People’s Republic of China, the United 
States, India, and Canada. Of these five countries, only the 
United States and Canada grow more wheat than they use 
and export to other countries. The other three nations are 
large wheat importers. Some of the top wheat customers 
of the United States have been China, India, the former 
Soviet Union, Japan, and Brazil. 

A nation of one billion people, China is traditionally re- 
garded as a rice-eating nation. But China grows almost as 
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Table 1. Wheat: World Production, Consumption, and Net 
Exports, 1985/1986 (million metric tons)* 


Net 
Country Production Consumption _ exports 
Major exporters 
United States 64.68 30.21 32.53 
Canada 23.50 5.50 17.50 
Australia 17.00 3.10 15.20 
EC-10 70.07 53.07 14.30 
Argentina 11.50 4.85 6.70 
Turkey 13.00 13.70 ~0.15 
Major importers 

USSR 83.00 100.00 —19.00 
China 87.00 94.00 ~7.00 
Eastern Europe 38.98 38.97 -0.21 
Other Western Europe 9.57 9.68 ~0.29 
Brazil 2.20 6.40 -4.40 
Mexico 4.40 4.50 ~0.30 
Other Latin America 05 2.72 2.69 
Japan 19 6.35 —5.50 
India 45.00 43.00 1.40 
South Korea 02 2.37 -2.30 
Indonesia 0 1.37 -115 
Other Asia 17.56 25.21 ~8.14 
Egypt 1.85 8.45 -6.70 
Morocco 1.83 414 -2.30 
Other northern 

Africa-Mideast 11.83 25.47 -14.23 
Other Africa 3.58 9.48 —5.85 
Residual 2.43 10.34 -3.92 
Total world 509.84 502.88 
Source: Grain and Food Division, USDA. 
Trade on July—June years. 


much wheat as the United States and buys and uses more 
wheat than any other country in the world. Each person 
in China on the average consumes 180 lb of wheat every 
year, mostly in the form of noodles. The average American 
eats only about 116 lb of wheat flour per year in all types 
of wheat-based products. Some nations have much higher 
per capita consumption, up to 300 lb of wheat per year per 
person (1,19,20). 

Wheat is grown in most of the 50 states of the United 
States. The kind of wheat grown and quantity vary widely 
from one region to another. In total over 200 varieties are 
grown annually. Winter wheats are planted in the fall. Af- 
ter the grasslike seedlings emerge from the ground, they 
lie dormant during the winter. They come up again in the 
spring, ripen, and are harvested in early summer. Spring 
wheats are planted in the spring and harvested in late 
summer. Spring wheats grow best in the northern areas of 
the United States where the summers are not too hot for 
the young plants. Winter wheats grow best in areas of the 
country where the winters are not too harsh for the young 
plants. 

The many varieties of winter and spring wheat are 
grouped into five official classes. The class a variety fits 
into is determined by the hardness, the color of its kernels, 
and its planting time. Each class of wheat has its own rela- 


tively uniform characteristics, including those related to 
milling, baking, or other food uses (1,19,20). Protein range 
and flour use of major wheat classes are listed in Figure 1 
(21). 

Hard red winter (HRW) is an important bread wheat 
that accounts for more than 40% of the United States’ 
wheat crop and wheat exports. This fall-seeded wheat is 
produced in the Great Plains, which extend from the Mis- 
sissippi River west to the Rocky Mountains, and from the 
Dakotas and Montana south to Texas. Significant quanti- 
ties are also produced in California. HRW has moderately 
high protein content, usually averaging 11-12%, and good 
milling and baking characteristics. 

Hard red spring (HRS), another important bread wheat, 
has the highest protein content, usually 13-14%, in addi- 
tion to good milling and baking characteristics. This 
spring-seeded wheat is primarily grown in the north cen- 
tral United States—North Dakota, South Dakota, Minne- 
sota, and Montana. HRS constitutes about 15% of U.S. 
wheat exports. Subclasses based on the dark, hard, and 
vitreous (DHV) content, include Dark Northern Spring, 
Northern Spring, and Red Spring. 

White wheat (WW) is a preferred wheat for noodles, flat 
breads, and bakery products other than loaf bread. WW, 
which includes both fall and spring-seeded varieties, is 
grown mainly in the Pacific Northwest. This low-protein 
wheat, usually about 10%, comprises about 15% of U.S. 
wheat exports, destined primarily for East Asia and the 
Middle East. Subclasses include hard white, soft white, 
western white, and white club. 

Soft red winter (SRW), which is grown in the eastern 
third of the United States, is a high-yielding wheat, but 
relatively low in protein, usually about 10%. SRW best pro- 
vides flour for cakes, pastries, quick breads, crackers, and 
snack foods. This fall-seeded wheat constitutes about one- 
quarter of U.S. wheat exports. 

Durum, the hardest of all U.S. wheats, provides semo- 
lina for spaghetti, macaroni, and other pasta products. 
This spring-seeded wheat is grown primarily in the same 
northern areas as hard red spring, but small winter sown 
quantities are also grown in Arizona and California. Du- 
rum represents about 5% percent of total U.S. wheat ex- 
ports. Subclasses are hard amber durum, amber durum, 
and durum. 

Grades and grade requirements for all U.S. wheat 
classes are given in Table 2. Table 3 compares some im- 
portant quality characteristics of the five classes. Soft 
white samples are listed separately for the East (SWE) and 
West (SWW) and club wheats. Values of the total domestic 
consumption of wheat products as foods in the United 
States are listed in Table 4. 


GROSS COMPOSITION 


The chemical composition of wheat, in common with that 
of other cereal grains, varies widely, for it is influenced by 
genetic, soil, and climatic factors. Variations are encoun- 
tered in the relative amounts of proteins, lipids, carbohy- 
drates, pigments, vitamins, ash, and mineral elements. 
Wheat is characterized by relatively low protein and 
high carbohydrate levels; the carbohydrates consist essen- 
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weaker wheats for 
bread flour 

* Whole wheat bread, 
hearth breads 
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Figure 1. Protein range and flour 
uses of major wheat classes. Flour 
uses are listed according to the ap- 
proximate level of protein required 
for specified wheat products, Durum 
is not traded on the basis of protein 


layer cakes content. Source: Ref. 21. 
Table 2. Official U.S. Standards for Grain (USDA) 
Minimum limits of Maximum limits of 
‘Test weight per bushel (Ib) Wheat of other classes* 
Hard red Heat- Wheat of 
spring wheat Allother damaged Damaged Shrunken Contrasting other 
orwhite  classesand kernels kernels, Foreign and broken Defects, classes classes 
club wheat? —_ subclasses (%) total (%)° material kernels (%) total (%)* (%) (Hy 
US. no. 1 58.0 60.0 0.2 2.0 05 3.0 3.0 10 3.0 
US. no. 2 57.0 58.0 0.2 4.0 10 5.0 5.0 2.0 5.0 
U.S. no. 3 55.0 56.0 0.5 7.0 2.0 8.0 8.0 3.0 10.0 
U.S. no. 4 53.0 54.0 10 10.0 3.0 12.0 12.0 10.0 10.0 
US. no. 5 50.0 51.0 3.0 15.0 5.0 20.0 20.0 10.0 10.0 


U.S. sample grade’ 


*Unclassed wheat of any grade may contain not more than 10% of wheat of other classes. 
“These requirements also apply when Hard Red Spring wheat or White Club wheat predominate in a sample of mixed wheat. 

“Includes heat-damaged kernels. 

“Defects (total) include damaged kernels (total), foreign material, and shrunken and broken kernels. The sum of these three factors may not exceed the limit: 
for defects. 

“Includes contrasting classes. 

U.S. sample grade shall be wheat that (a) does not meet the requirements for U.S. grades 1, 2, 3, 4, or 5; or (b) contains 8 or more stones, 2 or more pieces 
of glass, 3 or more crotalaria seeds (Crotalaria spp.), 2 or more castor beans (Ricinus communis), 4 or more particles of an unknown foreign substance(s) or 
a commonly recognized harmful or toxic substance(s), or 2 or more rodent pellets, bird droppings, or equivalent quantity of other animal filth per 1,000 g of 
wheat; or (c) has a musty, sour, or commercially objectionable foreign odor (except smut or galic odor); or (4) is heating or otherwise of distinctly low quality. 


tially of starch (=90%), dextrins, pentosans, and sugars. 
The various components are not uniformly distributed in 
the different kernel structures. Composition of different 
parts of the wheat kernel is shown in Table 5 (2). The hulls 
and bran are high in cellulose, pentosans, and ash; the 
germ is high in lipid, protein, sugar, and ash. The endo- 
sperm consists primarily of starch and is lower in protein 
content than the germ and, in some cereals, than the bran. 
It is also low in crude fat and ash. In milling, the hulls, 
germ, and bran are removed. The composition of the main 
anatomical parts of wheat and of flours that differ in ex- 
traction rate are compared in Table 6. The values in the 
table are representative averages. Analyses of ash, pro- 
tein, crude fat, crude fiber, and starch of whole wheat and 
mill streams are summarized in Table 7. 


Starch 


The starch content of wheat flour is, in general, inversely 
related to protein content. In flours below 80% extraction, 
the starch content ranges from about 65-70% (on an as-is 
moisture basis) and the proportion of linear (amylose) to 
branched (amylopectin) fractions in starch is about 1:3. 


Proteins 

The protein content of wheat is an important index of its 
quality for the manufacture of different food products and 
is influenced by climate, weather, soil, and the variety of 
grain (25,26). The breadmaking potential of bread-wheat 
is largely associated with the quantity and quality of its 
protein. The quantity of protein is influenced to a large 
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Table 3. Mean Values of Studied Parameters in Wheats 


Parameter HRW HRS SRW SWE sww CLB DUR 
Test weight, Ib/ou 60.9 614 61.9 618 61.0 60.7 618 
1,000-kernel weight, g 28.0 32.1 33.3 37.8 36.0 29.1 39.3 
Wheat 
Density, g/mL 1.4594 1.4605 1.4252 1.4224 14417 1.4451 1.4583, 
Ash, % 1.57 1.56 1.48 1.49 146 1.34 1.59 
Protein, % 11.7 13.7 97 93 10.0 10.5 13.4 
Flour yield, % 72.9 152 71.8 69.6 72.1 72.7 10.4 
Mill rating (hardness) 6.1 73 33 19 3.2 34 95 
Starch damage, % 7.0 12 44 42 5.0 44 138 
Particle size index, % 28.0 26.5 417 413 36.6 38.4 15.7 
Flour protein, %° 10.7 13.1 8.6 8.2 89 94 126 
Bake absorption, % 63.9 675 
Mixograph development time, min 3.7 3.6 33 3.0 2.2 2.0 28 
Loaf volume, mL 879 985 
Crumb grain’ 3.7 2.5 
Specific loaf volume, mL/1% protein 58.7 56.0 
Cookie diameter, em 9.5 95 9.2 94 


‘Source: Ref. 22. 
14% moisture basis, N x 5.7. 


‘The higher the number, the harder the wheat. Average = normal hard-wheat hardness, 6~8; S/A = softer than average, 5; Q-S = too soft to be milled as 
hard wheat, 3, 4; U-S = satisfactory for use with hard-wheat blends, 1, 2; Q-U = harder than normal hard wheat, 9,10. The higher the score, the poorer the 


crumb grain. On a scale of 1-10, 1 = satisfactory, 10 = very unsatisfactory. 


Table 4, Value of Total Domestic Consumption of Grain 
Products, 1983" 


Product ‘Value of consumption 
(million U.S. $) 
Baked goods? 26,052.9 
Bread and rolls 9,354.1 
White bread 6,494.7 
Other bread 1,595.7 
Rolls 1,263.8 
Crackers, cookies® 10,498.1 
Sweet goods? 6,200.6 
Frozen and refrigerated baked goods 1,868.6 
Cereal, flour, pasta® 8,390.5 
Cereals® 4,170.6 
Flour* 2,141.3 
Pasta" 1,526.4 
Macaroni 373.9 
Noodles 273.9 
Spaghetti 480.4 
Total 36,312.0 
Source: Ref. 23. 


All consumption, whether at home, in restaurants, or institutions, in terms 
of retail store valuation. 

“Total minus cereal, flour, pasta, frozen and refrigerated baked goods. 
“Includes snacks (chips, pretzels, popcorn). 

4Cakes, pastries, doughnuts, pies, and in-store bakery. 

“Includes rice. 

‘Cold and hot cereals, hominy grits, infant cereals. 

#Cake flour, corn meal, family flour, pancake and waffle mixes, and prepared 
mixes, including cakes and frosting. 

“Includes canned pasta. 


extent by environmental factors; the quality of protein is 
heritable. In wheat varieties grown under comparable en- 
vironmental conditions, a high-quality wheat produces 
good bread over a fairly wide range of protein levels, 
whereas a low-quality wheat produces relatively poor- 


quality bread even when its protein content is high. For 
many years it has been believed that differences in protein 
content among varieties of wheat grown under comparable 
conditions are small compared with differences due to en- 
vironment. In recent years, however, it has been shown 
that the protein content of wheat can be greatly increased 
by selective breeding. 

The proteins in wheat (Fig. 2) include water-soluble pro- 
teins (albumins), salt-soluble proteins (globulins), alcohol- 
soluble proteins (prolamins or gliadins), and acid-and 
alkali-soluble proteins (glutelins). When water is added, 
the wheat endosperm proteins (gliadin and glutenin) form 
a tenacious colloidal complex known as gluten, which is 
responsible for the superiority of wheat over the other ce- 
reals for the manufacture of leavened products. Gluten is 
responsible for the retention of carbon dioxide produced by 
yeast or chemical leavening agents. 

As a class, cereal proteins are not as high in biological 
value as are the proteins from certain legumes, nuts, or 
animal products (28). The limiting amino acid in wheat 
endosperm proteins is lysine. Although biological values of 
the proteins of entire cereal grains are greater than those 
of the refined mill products, which consist chiefly of the 
endosperm, many diets normally include animal products 
as well as cereal products. With mixed diets, different pro- 
teins tend to supplement each other, and thus cereals can 
be important and valuable sources of amino acids for the 
synthesis of body proteins. 

Lipids 

Total wheat flour lipids (ca 1.4-2.0%) contain about equal 
amounts of nonpolar and polar components. Triglycerides 
are a major component of nonpolar lipids; digalactosyldi- 
glycerides, of glycolipids; and lysophosphatidylcholines 
and phosphatidylcholines, of phospholipids. Wheat germ 
is an abundant source of a-tocopherol, as vitamin E (28). 
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Table 5. Composition of Different Parts of the Wheat Kernel 
Kernel tissue” Crude protein (%) Lipid(%) Starch(%) Reducing sugars(%) Pentosans(%) Cellulose (%) Ash (%) 
Whole kernel 12.0 18 58.5 2.0 66 2.3 18 
Pericarp 15 0.0 0.0 0.0 34.5 38.0 5.0 
Testa and hyaline 15.5 0.0 0.0 0.0 50.5 11.0 8.0 
Aleurone layer 24.0 8.0 0.0 0.0 38.5 3.5 11.0 
Outer endosperm 16.0 2.2 62.7 16 14 0.3 0.8 
Inner endosperm 79 16 717 16 14 0.3 0.5 
Embryo and scutellum 26.0 10.0 0.0 26.0 6.5 2.0 45 
Source: Ref. 2. 


*Protein content calculated by nitrogen x 5.83; moisture content, 15%. 


Table 6. Weight, Ash, Protein, Lipid, and Crude Fiber Contents of Main Anatomical Parts of the Wheat Kernel and of 


Flours Varying in Milling Extraction Rate* 


Wheat kernel fractions (%) 


Parameter Pericarp Aleurone layer Starchy endosperm Germ Milling extraction 
Weight 9 8 80 3 5 85 100 
Ash 3 16 0.5 5 0.5 1 15 
Protein 5 18 10 26 u 12 12 
Lipid 1 9 1 10 1 15 2 
Crude fiber 21 ti >05 3 >0.5 0.5 2 
Source: Ref. 24, 
“Expressed on a 14% moisture basis. 
Table 7. Gross Chemical Composition of Wheat and Mill Streams* 

Yield (%) ‘Ash (%) Protein, N x 5.7 (%) Crude fat (%) Crude fiber (%) Starch (%) 
Wheat 100 1.2-1.7 9.2-13.8 11-19 1,7-2.6 54.1-61.8 
Flour 72.6-11.0 0.35-0.42 8.6-13.0 0.8-1.0 = 64.3-73.7 
Germ 0.6-1.1 35-43 21.7-24.5 63-106 2.8-4.0 14.0-23.9 
Red dog 144.7 1.5-2.7 12.7-15.2 2.3-4.7 12-32 37.0-47.8 
Shorts 6.6-8.9 3.14.3 13.8-16.5 3.7-6.3 5.6-7.2 15.9-21.7 
Bran 12.5-16.9 4.7-7.1 12.1-15.4 3.0-4.2 9.2-11.6 4.6-7.2 
Source: Ref. 24. 


“Expressed on a 14% moisture basis. 


Vitamins 


Wheat has a relatively high content of thiamine and niacin 
compared to other cereal grains. It is low in riboflavin and 
contains no vitamin A or C (28). 


MILLING 


Conventional, Modern Milling 


Before wheat can be used in the production of most foods, 
it must undergo several mechanical and chemical changes. 
The first change involves milling of wheat into flour (1,25). 
The steps involved in wheat-to-flour production are wheat 
selection, blending, cleaning, conditioning, milling, and 
maturing. The endosperm, which forms about 83% of the 
kernel, is the source of white flour and contains 70-75% of 
the kernel’s protein. The bran, forming about 14% of the 
kernel, is included in whole wheat flour, but is more often 
removed and used in animal or poultry feed. Because the 
cellulosic material of the bran cannot be digested and tends 


to accelerate the passage of food through the human di- 
gestive tract, the total nutritive contribution of whole 
wheat flour is less than that found in enriched white flour 
products. The germ, forming about 3% of the kernel, is the 
embryo or sprouting tissue of the seed. It is usually sepa- 
rated out because it contains oil, which limits the keeping 
quality of flours. Although the germ is available as human 
food, it is usually added to animal or poultry feed. The mod- 
ern milling process is depicted in a diagrammatic form in 
Figure 3 (1). 

The mill flow diagram begins with a separator, where 
the wheat first passes through a vibrating screen that re- 
moves straw and other coarse materials, and then over a 
second screen through which drop small foreign materials 
like seeds. An aspirator lifts off lighter impurities in the 
wheat. After the aspirator, wheat moves into a disk sepa- 
rator, consisting of disks revolving on a horizontal axis. 
The disk surfaces are indented to catch individual grains 
of wheat but reject larger or smaller material. The blades 
push the wheat from one end of the machine to the other. 
The revolving disks discharge the wheat into a hopper or 
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Vitamins 


Wheat has a relatively high content of thiamine and niacin 
compared to other cereal grains. It is low in riboflavin and 
contains no vitamin A or C (28). 


MILLING 


Conventional, Modern Milling 


Before wheat can be used in the production of most foods, 
it must undergo several mechanical and chemical changes. 
The first change involves milling of wheat into flour (1,25). 
The steps involved in wheat-to-flour production are wheat 
selection, blending, cleaning, conditioning, milling, and 
maturing. The endosperm, which forms about 83% of the 
kernel, is the source of white flour and contains 70-75% of 
the kernel’s protein. The bran, forming about 14% of the 
kernel, is included in whole wheat flour, but is more often 
removed and used in animal or poultry feed. Because the 
cellulosic material of the bran cannot be digested and tends 


to accelerate the passage of food through the human di- 
gestive tract, the total nutritive contribution of whole 
wheat flour is less than that found in enriched white flour 
products. The germ, forming about 3% of the kernel, is the 
embryo or sprouting tissue of the seed. It is usually sepa- 
rated out because it contains oil, which limits the keeping 
quality of flours. Although the germ is available as human. 
food, it is usually added to animal or poultry feed. The mod- 
ern milling process is depicted in a diagrammatic form in 
Figure 3 (1). 

The mill flow diagram begins with a separator, where 
the wheat first passes through a vibrating screen that re- 
moves straw and other coarse materials, and then over a 
second screen through which drop small foreign materials 
like seeds. An aspirator lifts off lighter impurities in the 
wheat. After the aspirator, wheat moves into a disk sepa- 
rator, consisting of disks revolving on a horizontal axis. 
The disk surfaces are indented to catch individual grains 
of wheat but reject larger or smaller material. The blades 
push the wheat from one end of the machine to the other. 
The revolving disks discharge the wheat into a hopper or 
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Figure 2. Schematic presentation of the main pro- 
tein fractions of wheat flour. Source: Ref. 27. 


into the continuing stream. The wheat then moves into a 
scourer—a machine in which beaters attached to a central 
shaft throw the wheat against a surrounding drum. Scour- 
ers may be either horizontal or upright, with or without 
brushes, and adjusted for mild, medium, or hard scouring. 
Air currents carry off the dust and loosened particles of 
bran coating. 

The stream of wheat next passes over a magnetic sep- 
arator that pulls out iron and steel particles. A washer— 
stoner may be the next piece of equipment. High-speed ro- 
tors spin the wheat in a water bath. Excess water is thrown 
out by centrifugal force. Stones drop to the bottom and are 
removed. Lighter materials float off, leaving only the clean 
wheat. In the production lines of some mills, a dry stoner 
is also used. The wheat passes over an inclined, vibrating 
table that pushes stones and heavy material away from 
the lighter wheat, discharged separately. 

The clean wheat is then tempered before the start of 
grinding; in the process moisture is added. Tempering aids 
the separation of the bran from the endosperm and helps 
provide a constant, controlled amount of moisture and 
temperature throughout the milling process. The percent- 
age of moisture, length of conditioning, and temperature 
are the three important factors in tempering, with differ- 
ent requirements in soft, medium, and hard wheats (1). 
Some water for tempering may be added, dampening the 
wheat; the wheat may be washed until a certain amount 
of moisture is absorbed; or the wheat may be subjected to 
steam under low pressure. The dampened wheat is held in 
a bin for a prescribed period—usually 8-24 h, depending 
on the type of wheat. The outer layers of the wheat berry 
tend to be brittle, and tempering toughens the bran coat 
for better separation of the endosperm. Within the kernel, 
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tempering also mellows the endosperm so that the floury 
particles break more freely in milling. When the moisture 
content is properly dispersed in the wheat for efficient mill- 
ing, up to approximately 16%, the grain is passed through 
an Entoleter scourer-aspirator as a final step in cleaning. 
Disks revolving at high speed in the scourer-aspirator 
throw the wheat against fingerlike pins. The impact cracks 
unsound kernels (including insect-damaged), which are re- 
jected. The sound wheat flows to a grinding bin or hopper 
from which it is fed in a continuous metered stream into 
the mill itself (1). 

The first-break rolls of a mill are corrugated rather than 
smooth like the reduction rolls that reduce the particles of 
endosperm further along in the process. The rollers are 
paired and rotate inward against each other and at differ- 
ent speeds. The clearance between rollers and the pressure 
as well as the speed of each separate roller, can be ad- 
justed. At each breaking step, the miller selects the milling 
surface and the corrugations; the speed of and interrela- 
tion between the rollers depend on the type and condition 
of the wheat. 

The next major step introduces the broken-ground par- 
ticles of wheat and bran into a sifter where they are shaken 
through a series of bolting cloths or screens to separate the 
larger from the smaller particles. The fractions, and par- 
ticles of endosperm graded by size are carried to purifiers. 
In a purifier, a controlled flow of air lifts off bran particles 
while bolting cloth at the same time separates and grades 
coarser fractions by size and quality. Four or five additional 
break rolls, with successively finer corrugations and each 
followed by a sifter, are usually used to rework the coarse 
stocks from the sifters and reduce the wheat particles to 
granular middlings as free from bran as possible. Germ 
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Figure 3. Milling process of flour. Source: Wheat Flour Institute, Chicago, Ill. 


particles, being somewhat plastic, are flattened by passage 
through the smooth reduction rolls and can be separated. 
The reduction rolls reduce the purified, granular middlings 
or farina to flour. 

The process is repeated until the maximum amount of 
flour is separated, consisting of at least 72% of the wheat. 
This flour is made up of the various grades shown in Figure 
4 (29). The remaining percentage of the wheat berry is clas- 
sified as millfeed. The flour can be classified in several 
ways. Straight flour is all the flour produced, with various 
streams of flour mixed into one. Flour emerges at a number 
of points in the milling process, with the purified middlings 
yielding the extrashort or patent or bread flour. In hard 
wheat mills, as much as 75-80% may be run together as 
first clear or split into fancy clear and second clear. 

In a soft wheat mill, 40-60% of the fancy patent may be 
taken off separately, leaving about 55% of the remaining 
flour to be classified as fancy clear. The chart (Fig. 4) is a 
generalization rather than an exact description of the yield 


of and single mill from a particular kind of wheat. It shows 
how the various streams of flour may be classified, starting 
with fancy patent, through short, medium, and long patent 
flours, leaving less and less to be classified as clear flour. 
The extrashort or fancy patent is the finest, with grades 
dropping down the scale to clears (30,31). 

Toward the end of the millstream, the finished flour 
flows through a device that releases a bleaching—maturing 
agent in measured amounts. For bakery customers, the 
finished flour flows into hoppers for bulk storage, since 
most bakers add their own form of the enrichment formula 
to dough—a combination of thiamine, niacin, riboflavin, 
and iron. For packing as family flour, the enrichment in- 
gredients are added in another mixing machine as the flour 
flows to the packing room. If the flour is self-rising, a leav- 
ening agent and salt are also added. 

In milling of durum wheat for the macaroni trade, spe- 
cial equipment is required, especially additional purifiers 
to separate the bran from the semolina, a coarse granula- 
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Figure 4, Grades of flour. Source: Ref. 29. 


tion of the endosperm (15). By federal definition, semolina 
is prepared by grinding and bolting durum wheat, sepa- 
rating the bran and germ, to produce a granular product 
with no more than 3% flour. Durum millers also make 
granulars, or a coarse product with greater amounts of 
flour; or they grind the wheat into flour for special use in 
macaroni products, particularly in noodles. 


New Milling Developments 


In the early 1960s it was found that wheat could be ground 
to a very fine flour by impact milling and that the product 
could be further separated into products varying widely in 
protein. Finished flour from a conventional roller mill is 
further reduced in particle size in a highspeed grinder, an 
impact or pin mill. Disintegration of the flour particles 
takes place as they strike one another, the surface of the 
rotors, and the pins. The flour is fractured in granular form 
rather than pressed and broken as in a roller system. The 
reground flour contains a mixture of relatively coarse en- 
dosperm chunks, intermediate fragments, and fines. 

The reground flour is channeled to a classifier, where 
swirling air funnels the larger particles down and away 
while the smaller fines are lifted up and separated. Re- 
peating the process as shown in Figure 5 (1), 20-30% of 
the flour is separated into a low-protein product suitable 
for cakes and pastries; 5-15% makes up the fine fraction, 
containing 15-22% protein. 

The high-protein flour may be used to fortify or blend 
with other flours. Recombining some of the high-protein 
fraction with the coarse portions permits a miller to tailor 
a flour of protein value to a buyer's specifications. 

Fine grinding and air classification make possible the 
production of some cake flour from hard wheat and some 
bread flour or high-protein fractions from soft wheat. Ap- 
plication of the process theoretically frees the miller from 
dependence on different wheats, either hard or soft, that 
change each crop year. The problem is how to market the 
larger volume of low-protein or starch fractions at prices 


adequate to justify the installation and operation of the 
special equipment (1). 


Bleaching and Maturing Agents 


Flour is often bleached, both for use by bakers and for the 
family flour trade. Bleaching improves the color of the 
flour, and some bleaching agents mature the flour and con- 
dition the gluten, improving baking quality. Flour fresh 
from the mill may be aged in storage or treated with a 
bleaching-maturing agent to improve baking quality. In 
aged, unbleached flour or in treated flour, the proteins are 
slightly oxidized by oxygen from air. The oxidation of flour 
makes gluten stronger or more elastic and produces better 
baking results. Cookie, pie crust, and cracker flours usu- 
ally perform better when no bleach is used. 

Dough handling properties can be modified beneficially, 
or adversely, by the addition of minute amounts of reduc- 
ing agents (such as cysteine). In addition, the performance 
of a flour can be improved significantly by the addition of 
certain oxidizing agents. A list of oxidizing and reducing 
agents used to improve the baking quality of wheat flour 
is given in Table 8. 


FLOUR TYPES 


Hard-wheat flours are usually higher in protein than are 
soft-wheat flours. They may be milled from either winter 
or spring wheat varieties. Those with highest protein 
content, characterized by their capacity to develop the 
strongest gluten, are used in commercial bread production 
where doughs must withstand the rigors of machine han- 
dling. Other hard-wheat flours with more mellow gluten, 
easier to develop in kneading by hand, are packed as fam- 
ily flour, all-purpose flour, and self-rising flour. The protein 
in hard spring wheat flour runs from 11 to 16%; in hard 
winter wheat flour from 10-14% (19,20). 

Soft-wheat flours are sold for general family use, as bis- 
cuit or cake flours, and for the commercial production of 
crackers, pretzels, cakes, cookies, and pastry. The protein 
in soft wheat flour runs from 7 to 10%. There are differ- 
ences in appearance, texture, and absorption capacity be- 
tween hard- and soft-wheat flour subjected to the same 
milling procedures. Hard-wheat flour falls into separate 
particles if shaken in the hand whereas, soft-wheat flour 
tends to clump and hold its shape if pressed together. 
Hard-wheat flour feels slightly coarse and granular when 
rubbed between the fingers; soft-wheat flour feels soft and 
smooth. Hard-wheat flour absorbs more liquid than does 
soft-wheat flour. Consequently, many recipes recommend 
a variable measure of either flour or liquid to achieve a 
desired consistency. 

Whole wheat flour, according to FDA specifications, is a 
coarse-textured flour ground from the entire wheat kernel. 
It contains the bran, germ, and endosperm. The presence 
of bran reduces gluten development. Baked products made 
from whole wheat flour tend to be heavier and denser than 
those made from white flour. Whole wheat flour is rich in 
B-complex vitamins, vitamin E, fat, protein, and contains 
more trace minerals and dietary fiber than does white 
flour. In most recipes, whole wheat flour can be mixed half 
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Figure 5. How flour is fractionated. Source: Wheat Flour Institute, Chicago, Ill. 


and half with white flour for a satisfactory product. Gra- 
ham flour is synonymous with whole wheat flour, named 
after a physician, Dr. Sylvester Graham, who advocated 
the use of whole wheat flour in the first half of the nine- 
teenth century (19,20). 

According to FDA standards, wheat flour must be 
milled from cleaned wheat, essentially free of bran and 
germ, and be ground to such a degree that the product will 
pass through a sieve having 65 openings per lineal inch (or 
4,225 openings per square inch). The moisture content 
must not exceed 15%. 

All-purpose flours are designed for home baking of a 
wide range of products—yeast breads, quick breads, cakes, 
cookies, and pastries. Such flours may be made from low- 
protein hard wheat, from soft or intermediate wheats, or 
from blends of hard and soft wheat designed to achieve 
mellow gluten a homemaker can manipulate, and tender- 
ness of structure in the final baked product. All-purpose 
flour, sometimes called general-purpose or family flour, is 
most commonly used for home baking. Most modern 
recipes for home baking are designed for use with all- 
purpose flour. 


Self-rising flours are all-purpose flours to which leav- 
ening agents and salt have been added. The leavening 
agents used are sodium bicarbonate and an acid-reacting 
substance, monocalcium phosphate, sodium acid pyro- 
phosphate, sodium aluminum phosphate, or a combination 
of these acids. The sodium bicarbonate and the acid ingre- 
dient react in the presence of liquid to release carbon di- 
oxide. The leavening agent and salt are added in amounts 
sufficient to produce not less than 0.5% of their combined 
weight of carbon dioxide. Their combined weight must not 
exceed 4.5 parts per hundred parts of flour. Phosphated 
flour is all-purpose flour to which the acid-reacting ingre- 
dient, monocalcium phosphate, has been added in a quan- 
tity of not more than 0.75% of the weight of the finished 
phosphated flour. It assists in stabilizing gluten and helps 
nourish yeast. Bromated flour contains potassium bromate 
in a quantity not exceeding 50 ppm. The bromate has an 
oxidizing effect that improves the baking qualities of the 
flour. Such flour must be labeled as bromated. 

Cake flours are milled from low-protein soft wheat es- 
pecially suitable for baking cakes and pastries or from low- 
protein fractions derived in the milling process. Cake 


Table 8. Flour Treatment Agents* 


Compound 
Bromate Todate ‘Anodicarbonamide Chlorine dioxide Chlorine Benzoyl peroxide L-Ascorbie acid L-Cysteine 
° ° Q g ae 7 00H 
Structure KBr0, KI03 HyN-C-N=N-C—NH, C102 a, (\-<-0-0-e-4_) HOR REE 
OH OH 
Form Powder Powder Powder Gas Gas Powder Powder Powder 
Introduced 1916 1916 1962 patent 1948 1912 1921 1935 1962 patent 
Regulations 
Flour 50 ppm max. ‘Not allowed 45 ppm max. Sufficient for Sufficient for _-—-«U.S.—suficient for bleaching: 200 ppm max. USS. pot allowed; 
US. whole wheat, bleaching bleaching Canada—150 ppm max Canada—90 ppm 
75 ppm max. max. 
Bread U.S.—175 ppm 45 ppm max. (see U.S. and Canada, 45 U.S. and Canada—90 
max, (see below) ppm max. Canada—200 ppm ppm max. 
below) max. 
Can—100 ppm 
max. (see 
below) 
Labeling Potassium Potassium iodate Bleached flour Bleached flour Bleached flour Bleached flour Ascorbic acid added 1-Cyateine 
bromate or as a dough 
bromated flour conditioner 
Used in Bread flour and Breaddough Bread flour and Bread flour Cake flour Bread and cake flour Bread flour and Flour (Canada only), 
dough dough dough miscellaneous 
doughs 
Action Oxidant— Oxidant— Oxidant—improver, Oxidant— Oxidant— Oxidant—bleaching Reductant—oxidant— Reductant—mix 
improver improver, mix maturing maturing, maturing, mix reducer, reducer, relaxer 
reducer bleaching bleaching improver 
Reaction rate Slow Fast Fast Fast Fast 1-3 days Medium Fast 
Reaction product Bromides Todides Biurea Chlorides Chlorides Benzoic acid 
‘Usage rates, 
ppm 
flour, normal 15 0 5 15 120 50 70 30 
total. range 10-75 10-20 2-20 25-500 30-100 50-100 15-70 
Overtreatment Open grainholes Low volume Dry, bucky dough; low Poor volume; poor Low volume, None None Weak, sticky doughs; 
effects Keyholling Weak, sticky volume; poor grain; grain dense crumb poor grain and 
Incorrect volume doughs crust checking texture 
‘Testing 
Flour, spot AACC 48-02 No No No AACC 48-06B Yes—good Yes—fair 
Flour, AACC 48-42 Yes—difficult. No pH used Flour color Yes No 
quantitative 
Bread Very difficult Difficult No No No Benzoiec acid—hard No No 
Pennwalt, Bromolux Maturox Dyox Flour Novadelox No—D-Lay No—D-Lay 
products No—D-Lay Dependox Chlorination _Zerolux AA25 Assist 
systems 


Source: Courtesy: Pennwalt, Buffalo, NY. 
"These oxidating-reducing agents are used to improve the baking quality of wheat flour. They are added at the flour mill, the bakery, or both. Having the proper oxidation treatment is critical; it ranks second 
only to protein quality and quantity in determining flour quality. 
Government regulations on bakery use are as follows: United States—potassium bromate, calcium bromate, potassium iodate, calcium iodate, and calcium peroxide, or any combination of these, cannot exceed. 
75 ppm. This includes any bromate added to the flour. Canada—potassium bromate, calcium peroxide, ammonium persulfate and potassium persulfate, or any combination of these, cannot exceed 100 ppm. 
This includes any bromate added to the flour. Calcium iodate, potassium iodate or any combination of iodates cannot exceed 45 ppm. 
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flours are usually not enriched, but are bleached. The sale 
of cake flours declined during the 1950s as packaged cake 
mixes became more popular. Instantized, instant blending, 
or quick-mixing flour is a granular or more dispersible type 
of product for home use. It is free-pouring like salt, and 
dust-free compared to regular flour. It eliminates the need 
for sifting, since it does not pack down in the package and 
since it pours right through a screen or sieve. Granular 
flour instantly disperses in cold liquid rather than balling 
or lumping as does regular flour. The granular flour is pro- 
duced by special processes of grinding and bolting, or from 
regular flour subjected to a controlled amount of finely dis- 
persed moisture that causes the flour to clump or agglom- 
erate. It is then dried to a normal moisture level (19,20). 
Gluten flour is milled to have a high wheat gluten and a 
low starch content and is used primarily by bakers for 
dietetic breads, or mixing with other flours of a lower pro- 
tein content. 

Semolina is the coarsely ground endosperm of durum 
wheat. High in protein, it is used by American and Italian 
manufacturers for high-quality pasta products such as 
macaroni and spaghetti. In Africa and Latin America it is 
also used for a dish called couscous. Durum flour, a by- 
product in the production of semolina, is used to make com- 
mercial American noodles. Farina is the coarsely ground 
endosperm of hard wheats. It is the prime ingredient in 
many American breakfast cereals. It is also used by man- 
ufacturers for inexpensive pasta. 

The following is a list of additional basic wheat products 
(20): 


1. The wheat berry is another name for the wheat ker- 
nel. Wheat berries can be used to grow sprouts which. 
are then added to salads or baked goods. The cooked 
whole kernel can be used as a meat extender, break- 
fast cereal, or substitute for beans in chili, salads, 
and baked dishes. 

2. Bulgur is processed by soaking and cooking the 
whole wheat kernel, drying it, and then removing 5% 
of the bran and cracking the remaining kernel into 
small pieces. Bulgur absorbs twice its volume in wa- 
ter and can be used in place of rice in some recipes. 

3. Cracked wheat is similar in nutrition and texture to 
bulgur. It is the whole kernel broken into small 
pieces, but has not been precooked. Cracked wheat 
can be added to baked goods for a nutty flavor and 
crunchy texture or cooked as hot cereal. 

4, Wheat germ is often added to baked goods, casse- 
roles, and even beverages to improve the nutritional 
value and give a nutty, crunchy texture. 

5. Bran makes a nonnutritive addition to baked goods 
for additional dietary fiber. 

6. Commercial cereals can be prepared from wheat and 
eaten as snacks, breakfast cereals, or added to baked 
products. Ready-to-eat cereals can also be used as 
coatings for meats, toppings for casseroles, and ex- 
tenders for meat loaves and casseroles. A variety of 
ready-to-eat wheat cereals are available. The wheat 
may be shredded, puffed, flaked, or rolled. The bran 
may be in the form of flakes or granules. Bran cereals 


‘WHEAT SCIENCE AND TECHNOLOGY 2651 


are a nutritious addition for muffins, breads, bis- 
cuits, and other baked goods providing an excellent 
source of fiber in the diet (19,20). 
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WHEY: COMPOSITION, PROPERTIES, 
PROCESSING, AND USES 


In the dairy industry, the term whey denotes the greenish 
translucent liquid that separates from clotted milk during 
manufacture of cheese or industrial casein. More generally, 
residual streams from liquid fractionation processes of 
other food systems (especially of other protein solutions) 
have been referred to as whey on occasion, as in oilseed 
protein recovery processes (1) or in alkali extraction of pro- 
tein from meat boning waste (2). This article is concerned 
solely with the traditional dairy whey and similar whey- 
like by-products of the modern dairy processing industry, 
using cow’s milk as the principal raw material. With cer- 
tain minor allowances for compositional differences, much 
of the information presented here is also relevant for whey 
resulting from processing of milk of other milking animals 
such as goats, buffaloes, and sheep. 


TYPES AND FORMS OF WHEY 


The traditional whey is produced as a result of processes 
aimed at recovering casein, the principal protein of milk. 
Separation of casein from the rest of the milk (as in cheese 
making or production of industrial casein and caseinates) 
is usually accomplished by acidification to pH 4.5-4.8 or 
through the action of rennet, a casein-coagulating enzyme 
preparation. In acid coagulation, the pH is lowered either 
by microbial fermentation of the milk sugar lactose into 
lactic acid or by direct addition of a mineral (phosphoric, 
hydrochloric, sulfuric, etc) or an organic (lactic, citric) 


acids. The fermentation route is most often used in the 
production of cottage cheese, quarg, and other fresh 
cheeses, and the direct acidification is typical for produc- 
tion of industrial casein and caseinate products; in both 
cases, the resulting whey is referred to as acid whey. In 
contrast, sweet wheys are obtained in the manufacture of 
most hard and semihard cheeses, including cheddar, 
Swiss, Gouda, and mozzarella, for which the rennet coag- 
ulation principle is employed as well as in the production 
of industrial rennet casein. Because enzymatic clotting of 
milk by rennet occurs at pH 6.0 or higher, the lactic acid 
content of freshly obtained sweet whey is low but may in- 
crease quickly if subsequent bacterial fermentation is not 
controlled by rapid pasteurization and/or by deep cooling. 
Approximately 9 L of whey will be obtained from 10 L of 
milk for every kg of cheese produced; this general ratio will 
vary somewhat depending on the type of cheese, fat con- 
tent of the raw milk used, and other factors. In high- 
moisture fresh cheeses such as cottage cheese (where a 
portion of the original raw milk is returned to the cheese 
as cream dressing), the ratio may be as low as 6:1. 

Either sweet or acid wheys can exist in various forms, 
depending primarily on whether any moisture has been 
removed in subsequent processing. Because whey contains 
on the average about 93-94% water, it is often desirable 
to remove some or most of its water for further handling. 
Application of common food processing operations such as 
evaporation or drying results in concentrated, semisolid, 
or dried forms of whey, the principal difference being the 
residual moisture content (Table 1). Liquid whey forms 
may be further processed into many additional modified 
whey products useful as ingredients for other food proces- 
sors by reverse osmosis (RO), ultrafiltration (UF), electro- 
dialysis (ED), ion exchange (IE), lactose hydrolysis (LH), 
and other modern unit operations now available to the 
whey processing industry. 


OTHER BY-PRODUCTS OF MILK AND WHEY PROCESSING 


The use of UF for cheese making and for further whey pro- 
cessing results in a wheylike liquid waste stream referred 
to as UF permeate. Although in principle UF permeate is 
similar to whey in terms of its physical state and volume, 
the main compositional difference between the permeate 
and the traditional whey is due to the almost complete 
protein recovery in the UF retentate that leaves the per- 
meate virtually protein-free (Table 1). Minor compositional 
differences are normally observed between permeates 
from UF of milk and of the two types of whey, primarily 
because of the variations in the mineral fraction. 


COMPOSITION AND PROPERTIES 


Composition of Unprocessed Whey 


Whey is a multicomponent solution of various water- 
soluble milk constituents in water; the dry matter of whey 
consists primarily of carbohydrate (lactose), protein (sev- 
eral chemically different whey proteins), and various min- 
erals. Fat content of the freshly separated liquid whey may 
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Table 1. Proximate Composition Ranges for Major Whey Forms 


Whey form Total solids (%) Total protein (%) (N x 6.38) Lactose (%) Minerals (% ash) 
Liquid, unprocessed 6.0-7.0 0.4-0.8 4449 0.5-0.8 
Concentrated (RO) 20-25 1.2-3.0 14-20 1.0-3.0 
Concentrated (evaporator) 40-60 4.0-8.0 26-48 3-8 

Dried 96-97 10-13 70-75 7-12 
Liquid UF Permeate 4.0-5.5 0.1-03 39-48 03-08 


Note: After fat recovery by centrifugation, common for many types of cheese whey (eg, cheddar). Fat content of cottage cheese whey is negligible due to the 


use of skim milk. RO, reverse osmosis, UF, ultrafiltration. 


Source: Orientation data based on various sources, including Refs. 3 and 4. 


be up to 0.5-1% depending on the type of milk used and 
the efficiency of the cheese-making operation. However, 
the valuable butterfat is usually recovered by whey cen- 
trifugation and returned to the cheese or processed into 
whey butter. Thus, the fat content usually reported for the 
various types of whey is typically below 0.1 %. Fat content 
of most acid wheys is negligible because skim milk is used 
in the manufacture of these cheeses. The proximate com- 
position of various wheys may show significant variations 
due to the pretreatment of the cheesemilk (heating, cen- 
trifugation, homogenization); the processing differences 
characteristic for the various cheeses (cultures used, me- 
chanical handling, use of processing aids such as the yel- 
low color, use of membrane processes); and the whey han- 
dling and pretreatment processes (pasteurization, 
preconcentration, recovery of casein fines). Average com- 
positional data for cheese wheys of the sweet and acid 
types are shown in Table 2. 

Lactose, the principal component of the whey apart 
from water, constitutes about 4.4—4.9% of the whey “as is” 
depending on the whey type. Lower lactose content is usu- 
ally found in the acid wheys due to the preceding fermen- 
tation process in which some of the lactose is converted to 
lactic acid. The most valuable whey component is the whey 
protein, constituting approximately 0.7% of the whey 
(about 9-11% of the dry matter). In addition, whey may 
contain about 0.2-0.3% of nitrogenous matter denoted as 
protein and reported as total whey protein (N x 6.38). 


‘Table 2. Average Composition Data for Sweet and Acid 
‘Types of Whey 


Sweet whey Acid whey 
Component (pH 5.9-6.4) g/L (pH 4.6-4.8) 
Total solids 63.0-70.0 
Protein (N x 6.38) 6.0-8.0 6.0-7.0 
Lactose 46.0-52.0 44.0-46.0 
Fat 0.2-1.0 0.1-0.5 
Calcium 0.4-0.6 12-16 
Magnesium 0.08 0.11 
Phosphate 1.0-3.0 2.0-4.5 
Citrate 12-17 0.2-1.0 
Lactate* 2.0 64 
Sodium 0.40.5 
Potassium 14-16 
Chloride 10-12 


“No lactate in uncultured rennet or mineral acid whey. 
Source: From various sources including Refs. 5 and 6. 


Whey protein is neither acid nor rennet coagulable and 
thus, when the classical cheese-making processes are used, 
the whey protein will pass from milk into the whey of ei- 
ther type. Finding suitable technological alternatives al- 
lowing recovery of whey protein in the cheese is one of the 
major concerns of current cheese research. Because about 
50-60% of the whey proteins can be coagulated by heat, 
high heating of milk is now practiced for some types of 
fresh, acid coagulated cheese such as quarg (7) or cottage 
cheese where the quality is not greatly compromised and 
the diminished rennet clottability is not a major problem. 
As a result, whey obtained from such cheese-making 
operations will contain mainly the heat noncoagulable 
whey proteins, and its total protein content will be sub- 
stantially lower, often around 0.4% (8). Table 3 shows the 
main components of the whey protein fraction of cow’s 
milk, together with their relative content and heat stabil- 
ity characteristics. 

After lactose and whey protein, minerals constitute the 
third major component group of whey dry matter. The min- 
eral composition shows the greatest variations between 
the two types of whey, together with pH and the lactic acid 
content. Although the overall compositional values for 
each of the two types are dependent on many factors re- 
lated to the cheese-making process, the main differences 
between the two types of wheys reflect the different casein 
coagulation pathways. In addition to lower pH and higher 
lactic acid (and correspondingly lower lactose) content, the 
acid wheys show substantially higher calcium and phos- 
phorus contents caused by the solubilization of the 
calcium-phosphate complex of the casein micelle at the 
acid pH range, used for the acid coagulation of the casein. 
In contrast, the calcium removal from the casein micelle 
does not occur as a result of the rennet clotting at pH 6.0 
or higher; thus, much of the milk calcium is retained in the 
cheese rather than being lost in the sweet whey. The dif- 
ferences in acidity as well as the higher calcium content of 
the acid whey appear to be the main reasons for variations 
in physicochemical properties of the two whey types, in- 
cluding the substantially lower heat stabilities of the dairy 
systems containing added UF retentates from acid wheys 
in comparison to sweet wheys (11); on the contrary, in the 
acidic pH range below 3.9, high-calcium containing acid 
whey appears to be more resistant against heat-induced 
instability (12). 


Composition of Modified Whey Products 


Using some of the typical whey processing unit operations 
such as UF, ED, or IE, numerous modified whey products 
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Table 3. Composition and Thermal Characteristics of the Whey Protein Fraction 


‘Approx. content ‘Total whey protein Denaturation temperature Heat precipitation 
Protein (g/L whey) (%) CO) stability 
a-Lactalbumin 0.6-1.7 20 61 Quite stable* 
f-Lactoglobulin 2.0-4.0 55 82 Labile 
Serum albumin 0.2-04 5 66 Very labile 
Immunoglobulins 0.5-1.0 8 72 Extremely labile 
Proteose-peptones 0.2-0.4 12 Heat stable 
Other (caseins glycoproteins) 0.1 1 
“Due to its renaturation characteristics and despite its low denaturation temperature. 
Source: Adapted from various sources, including Refs. 5, 6, 9, and 10. 
Table 4. Characteristic Composition of Major Types of Modified Whey Products 
Product Total protein (%) (N x 6.38) Lactose (%) Minerals (%) Fat (%) 
Liquid WPC (10% TS) 33 55 0.8 03 
Dried WPC (35% protein) 35.0 50.0 72 21 
Dried WPC (80% protein) 81.0 3.5 3.1 1.2 
Dried WPI (90% protein) 90.0 2.0 4.0 1.0 
Lactose, edible grade 0.1 99.0 0.2 0.1 
Whey powder 
Demineralized (70%) 13.7 15.7 3.5 08 
(90%) 15.0 83.0 1.0 0.9 
Lactose-reduced demin 30.5 51.5 78 2.0 
Regular 12.5 73.5 85 0.8 


Note: WPC, whey protein concentrate; WPI, whey protein isolate; TS, total solids. 


Source: Refs. 3, 6, 13, and product specifications of various manufacturers. 


may be obtained. Table 4 lists some of these products and 
gives their basic composition. Because most of these whey 
modification processes are capable of handling both sweet 
and acid wheys, the compositional differences of the final 
products often reflect the processing techniques used 
rather than the type of whey. Most of the modified whey 
products available on the market today are manufactured 
by various fractionation processes aimed at separation of 
the undesirable components and thereby enrichment of the 
target substance. The main exception is the enzymatically 
modified whey syrup where the constituent disaccharide 
lactose is converted to two monosaccharides, glucose and 
galactose, thus leaving the proximate composition virtu- 
ally unchanged. Similar modifications involving enzymatic 
breakdown of the whey proteins are also of interest (14), 
one of the main industrial applications being the produc- 
tion of hypoallergenic baby formula (15). 


Properties of Whey and Whey Components 


Although whey is a rather dilute aqueous solution of lac- 
tose, whey protein, and some minerals, some physicochem- 
ical properties of unmodified wheys as determined by the 
individual system components are similar to those of wa- 
ter, but others differ rather substantially. As seen in Table 
5, some of the physical properties (such as viscosity or sur- 
face tension) are very similar to skim milk, which can be 
expected from the compositional similarities. Freezing 
points of wheys and UF permeates can vary rather sub- 
stantially depending on the type (19). The main difference 
between whey and skim milk is in the protein fraction, 
which accounts for a major difference in heat stability of 


Table 5. Some Physicochemical Properties of Whey in 
Comparison to Skim Milk (Orientation Data) 


Skim 
Property Whey milk Ref. 
Viscosity (mPa s) 1.2 15 «16 
Surface tension 

(dyn/em) 42 48 16,17 
Freezing point (°C) —0.500/-0.600" -0.520 16,18,19 
Stability against heat 

coagulation 

(standard pH) Unstable Stable 16 
Stability against acid 

coagulation (no heat) Stable Unstable 16 


“Depending on type of whey. 


the two systems. In the absence of casein, whey protein 
will coagulate and precipitate from the solution upon heat- 
ing above the whey protein denaturation temperature, 
which varies depending on the type of protein (Table 3) and 
the heating time. As a general guideline, heating to more 
than 70°C will cause precipitation in whey systems above 
pH 3.9, the severity of the phenomenon being dependent 
on the heating time, temperature, and calcium content. 
Complete precipitation of the heat denaturable whey pro- 
tein will occur upon heating to at least 90°C with holding 
for several minutes. Whey systems containing little cal- 
cium (such as rennet whey, decalcified acid whey, or solu- 
tions of whey protein isolates) will show increased turbid- 
ity but little or no precipitation upon heating (20). At pH 
lower than 3.7-3.9 depending on the calcium content, whey 
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proteins become highly resistant to heat-induced precipi- 
tation; even severe heating above 90°C for 20 min or more 
will not result in protein precipitation or turbidity increase 
(12,21), Heating of sweet or acid whey systems will en- 
hance the already high foamability of whey (22), probably 
due to the effect of heat on some of the heat-noncoagulable 
whey protein fractions. 

Limited solubility and low sweetness are the most im- 
portant properties of the main whey component, lactose, 
influencing many whey processing operations. Because the 
solubility of lactose is only about 20 g/100 g water at room 
temperature and 60 g/100 g water at 60°C, as compared 
with about 188 g/100 g and 235 g/100 g water for sucrose 
at the same conditions (23), whey concentration to more 
than about 36-38% total solids (TS) will result in forma- 
tion of crystalline lactose. This is the principle of the lac- 
tose manufacturing process as well as the reason for spe- 
cific processing steps aimed at avoiding formation of large 
lactose crystals in manufacture of dried whey, the Norwe- 
gian whey cheese mysost, table spreads based on whey 
(8,24,25), and other products containing high concentra- 
tions of lactose. To avoid the lactose crystal formation and/ 
or to increase the sweetness of lactose-containing foods if 
desired, the lactose may be hydrolyzed to its two constit- 
uent monosaccharides, glucose and galactose. The hydro- 
lysis may be accomplished enzymatically using either free 
or immobilized lactase (-galactosidase, EC.3.2.1.23), by 
chemical hydrolysis through high temperature-low pH pro- 
cesses, or by sonicated or otherwise disrupted bacteria 
(26). 

The main differences in physicochemical properties of 
sweet and acid wheys are due to the varying content of 
minerals and acids. Calcium appears to be particularly im- 
portant in terms of whey protein heat stability, and sodium 
and potassium are primarily responsible for the saltiness 
and, together with lactose, for the osmolality of the whey 
(18). The mineral content of whey can be modified by ion 
exchange, electrodialysis, or certain specialized membrane 
processes (eg, nanofiltration). 

Optical properties of the whey and wheylike systems 
are influenced by the content and type of protein present 
and by the most abundant whey vitamin, the riboflavin. 
The greenish color of most traditional whey systems is 
caused by the water-soluble and heat stable riboflavin. 
However, riboflavin is sensitive to light as well as to ion- 
izing radiation treatments, and whey systems exposed to 
these conditions will show fading of the green color (27). 
As a small molecule, riboflavin will be retained by RO but 
not by most UF membranes, so both wheys as well as UF 
permeates of milk or whey processing have the same color 
character. Processing of whey on a metallic UF membrane 
cast within a porous carbon tube resulted in adsorption of 
riboflavin on the carbon support (28); the affinity of ribo- 
flavin for various adsorbents as crystalline lactose or car- 
bon has been known for some time (29). The turbidity of 
most industrially produced wheys is due to the casein fines 
(30). Properly clarified wheys are virtually transparent 
and, in visual appearance, not substantially different from 
good quality UF permeates. Turbidity measurements can 
be used as indication of the heat effects in various whey 
systems; heating will cause aggregation of the whey pro- 


tein into larger clusters that will change the optical char- 
acter of the heated whey system even if no precipitation 
will result. Yellow discoloration of whey may occur after 
prolonged heating, especially in concentrated whey sys- 
tems, because of the Maillard nonenzymatic browning re- 
action between the lactose and whey proteins. Yellowing 
may be also caused by the use of the water soluble annato 
color in the cheese-making process. 


INDUSTRIAL PROCESSING OF WHEY 


Traditionally, whey has been known as a troublesome by- 
product of cheese manufacturing and, because of its very 
high biological oxygen demand (BOD) (about 40,000 ppm), 
as one of the strongest industrial wastewater pollutants of 
any kind (31). The opportunities for using whey as a valu- 
able resource have been recognized for some time, but so 
far, very few countries (eg, the Netherlands) have estab- 
lished a record of nearly complete utilization of all avail- 
able whey. However, the question of whey utilization as 
opposed to whey disposal is becoming increasingly impor- 
tant in view of more stringent ecological constraints world- 
wide. Intensified research activities have resulted in many 
new approaches to industrial whey processing, and the 
value of cheese whey as a raw material for various con- 
sumer products or industrial food ingredients is now being 
recognized. Some of the largest whey processing facilities 
in the world are capable of handling in excess of 107 L of 
whey daily and may rely on supplies of raw or RO precon- 
centrated whey from cheese manufacturers several hun- 
dred kilometers away. The main whey disposal problem 
continues to be the acid whey from cottage cheese and 
other fresh cheese products, because the resulting amount 
of whey is not large enough to warrant separate whey pro- 
cessing facility. One of the possible solutions for these pro- 
cessors could be the production of high-value consumer 
products based on whey, such as whey beverages and whey 
cheeses. 


Consumer Whey Products 


Whey cheeses and whey drinks are traditional foods. The 
use of whey as a beverage has been recorded in history 
since the time of Hippocrates (32), and traditional whey 
cheeses such as ricotta and mysost (24,33-35) have been 
popular in various parts of the world for centuries. These 
products usually require simple processing facilities and 
thus, in their traditional versions, may be suitable for 
small whey processors supplying primarily local markets. 
However, neither whey cheeses nor whey beverages (with 
a few exceptions) have been particularly successful on 
large scale, possibly because of the limited consumer ap- 
peal outside of the traditional producing countries. 


Whey Cheeses. There are two types of whey cheese: the 
Norwegian whey cheese mysost (also known as gjetost, pri- 
most, brunost, or Gudbrandsdalsost) and the Italian whey 
cheese ricotta. Figures 1 and 2 show schematically the ba- 
sic processing steps used in production of these cheeses. 
The technology for mysost production is based on evapo- 
ration of water from the whole whey, followed by solidifi- 
cation of the evaporated mass under carefully controlled 
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Swest’wtiey Table 6. Ilustrative Compositional Data for Ricotta- and 
Mysost-Type Whey Cheeses 
Ricotta type “Mysost type 
Milk Cream Component Fresh Pressed Regular Spread 
Vacuum evaporation Total solids (%) 25 40 80 66 
Protein (%) 12 19 11.5 15 
Carbohydrate (%)* 4 5 36 46° 
Open kettle evaporation Fat (%) 7 10 30 75 
“Lactose only. 


Scraped surface cooling 


Filling info forms 


Figure 1. Main technological steps in the production of mysost 
whey cheese. 
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Figure 2. Main technological steps in the production of ricotta 
whey cheese. 


conditions to avoid growth of lactose crystals beyond sizes 
that would be recognized as grittiness upon product con- 
sumption (24). In contrast, the ricotta-type whey cheese is 
based on the recovery of the whey protein coagulum ob- 
tained by high heating of the whey raw material, often 
containing additional skim milk. As a result, the compo- 
sition of the two products differs rather substantially, as 
shown in Table 6. Because all traditional milk-based 


*May include additional carbohydrate sweeteners. 
Source: Refs. 24, and 34-36, 


cheeses are manufactured by retaining casein and remov- 
ing whey proteins and lactose, describing mysost or ricotta 
as a cheese may be a misnomer, although allowed for in 
the modified FAO definition of cheese (36). The character 
of the protein-based ricotta is closer to the traditional 
cheese than the mysost, in which lactose is the most abun- 
dant component. From the standpoint of whey disposal, 
the mysost technology is much more suitable because it 
leaves no residue, whereas heat precipitation of protein 
from whey still results in a partially deproteinated whey 
stream almost as high in the BOD as the original whey. 
The BOD content of the deproteinated whey is dependent 
primarily on lactose, which is not recovered by the ricotta 
process. More details about the whey cheese manufacture, 
properties, and uses may be found elsewhere (33,35,36). 


Whey Beverages. Incorporation of whey into various 
beverages and developments of whey drinks using numer- 
ous technological approaches have been attempted by 
large number of researchers. Extensive literature reviews 
exist (32,33,37) summarizing many of these attempts. 
However, there are still only a few truly successful whey 
beverages that can be found on market shelves in various 
countries. Virtually no products have established any ma- 
jor international reputation. Table 7 gives examples of 
whey beverage products known to have enjoyed some com- 
mercial success, as an illustration of the types of beverages 
that may be produced from whey. Figure 3 shows diagram- 
matically the main technological pathways available for 


Table 7. Examples of Commercially Available Whey 
Beverage Products, 1983-1988 


Product type Commercial name Country 
Whey with fruit Djoez Netherlands 
juices Taksi Netherlands 
BigM Germany 
Mango-Molke mix Germany 
Latella Australia 
Hedelmatarha Finland 
Nature’s Wonder Sweden, Canada, 
Germany 
Drinkable yogurt = Yor Netherlands 
with whey Interlac Belgium 
Soft drink Rivella Switzerland, Japan 
(carbonated) 


Source: Ref. 33. 
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Whey-based Thirst-quenching 
fruit beverages carbonated beverages 
Natural fruit juices Whey permeate 
Natural fruit flavoring Heat deproteinated whey 
Artificial flavors 


Whey beverages 


i ™ 


Dairy-type Alcoholic 
beverages beverages 
Unfermented Fermented Beer 


Figure 3. Alternative technological path- 


v ways for production of whey-based bever- 
Liqueurs ages. 


Sour milk Wine 
Drinking yogurt 


Flavored milk-type 
Nondairy ingredients 


production of a whey beverage. The most often used ap- 
proach appears to be mixing whey with fruit juices, 
thereby combining the nutritional benefits of high-quality 
whey protein, calcium, and riboflavin from whey with the 
traditionally recognized source of various vitamins, the 
fruit. Nationally successful products of this type include 
the Taksi and Djoez drinks marketed in the Netherlands, 
the Austrian Latella, or the Finnish Hedelmatarha. How- 
ever, frequent market failures of the less successful prod- 
ucts in this category indicate that the seemingly simple 
technology of mixing cannot be applied without careful 
product and market development research. A typical qual- 
ity problem found often in these products is a sediment 
formation, usually caused by the heat-labile whey proteins 
and their interactions with some of the fruit components 
(as pectins) even below the pH range of 3.9-3.7 where whey 
protein should be heat-stable (38). Similarly, drinkable- 
yogurt type products have been developed and, in view of 
the currently increasing popularity of yogurt-based drinks, 
should represent another avenue of success for further 
product development. Contrary to the precipitation in the 
fruit-juice-based products, the pectin can be used to sta- 
bilize these casein-containing beverages as in other fer- 
mented dairy products (39), A third type of whey beverage 
that has been successfully marketed is the clear product 
based on whey UF permeate or heat-deproteinated whey. 
In fact, the main representative of this approach, the Swiss 
product Rivella, is the longest existing, and the most suc- 
cessful, of all whey beverage products. Its popularity on 
the Swiss beverage market rivals that of Coca-Cola. This 
carbonated product, made by mixing the clear deprotein- 
ated whey serum with a flavor extract of various herbs, 
represents a general thirst-quenching beverage rather 
than a nutritious, dairy-based product such as the fruit- 
juice-based or the yogurt-based drinks. In this sense, the 
use of whey for Rivella production is similar to other in- 
dustrial uses of whey, since the Rivella is manufactured by 
a specialized beverage company rather than a dairy pro- 
cessor. 


Industrial Whey Products 


Processing of whey into various industrial products has 
become the most attractive alternative to whey disposal. 
This includes the drying of whey, which may have been 
viewed earlier as a process merely reducing the disposal 
problem, since utilization of the dry whey often has been 
unprofitable. Significant research efforts worldwide have 
resulted in many new alternative technological approaches 
and uses for the industrial whey products, and the whey 
processing industry is today one of the most rapidly devel- 
oping segments within the dairy field. In addition to the 
traditional dairy products made from whey (concentrated 
or dried whey, lactose, whey butter, partially delactosed 
whey, and heat-precipitated whey protein), many new 
whey-based products are now available as ingredients for 
the food industry; these include whey protein concentrates 
(WPC), isolates (WP), or fractions (WPF); blends of whey 
or whey protein with other nondairy sources; demineral- 
ized whey; lactose hydrolyzed whey products; fractionated 
and enzymatically modified whey protein products for spe- 
cialized food, pharmaceutical, and other nonfood uses; and 
various products of the whey fermentation processes, in- 
cluding biomass, food-grade, or fuel alcohol and methane. 
Some of the representative industrial whey products are 
listed in Table 4. 


Whey Protein Products. The most valuable component 
of whey is the whey protein. The oldest process for pro- 
duction of a WPC consists of heating of whey and recov- 
ering the heat-precipitable whey proteins as an insoluble 
high-protein product (usually referred to as traditional lac- 
talbumin). In the modern whey processing industry, vari- 
ous membrane-based separation technologies are being 
used to produce WPCs and WPIs with much improved 
functional properties, in particular regarding good water 
solubility. The predominant technology for production of 
modern WPCs is UF, which is often combined with diafil- 
tration to remove additional lactose and ash and thereby 
increase the protein content of the final product. The typ- 
ical protein content of the ordinary WPC, produced by sim- 
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ple UF as a skim milk replacement, is about 35%, but prod- 
ucts with up to 80% protein are now being produced for 
many food ingredient uses. WPIs with protein content over 
90% are also available for specialized applications. The 
modern WPCs and WPIs have some important functional 
properties differentiating them from other food protein in- 
gredients, such as high solubility (including solubility in 
acidic systems), foaming properties, and heat coagulability 
combined with high water binding in the heat-denatured 
state. Because whey protein from cow’s milk is similar to 
human whey protein, one of the main applications of the 
WPCs and WPIs is in the production of baby formulas. En- 
zymatic modification and/or fractionation techniques to 
separate the individual whey proteins are being developed 
to counteract the possible allergenicity of the most abun- 
dant whey protein, the f-lactoglobulin (15), and to maxi- 
mize the functionality of the individual whey protein frac- 
tions (10,40). Other technological alternatives that have 
been suggested for whey protein recovery include the use 
of chemical precipitants, especially various biopolymers as 
pectin, carrageenan, or carboxymethylcellulose, as well as 
ion exchange resins or gel filtration (4,10). In general, 
whey protein is considered to be nutritionally one of the 
best proteins for human food use, and its versatile func- 
tional properties make it a valuable ingredient for the 
modern food industry. 


Lactose Products. Because lactose is the predominant 
whey component, any protein recovery operation not ac- 
companied by some lactose processing alternative will re- 
sult in a large lactose disposal problem. Traditionally, lac- 
tose has been recovered as an article of commerce by 
crystallization from highly concentrated whey (typically to 
65-70% TS), with or without prior whey protein removal. 
Crystallizing lactose from unmodified whey will result in 
partially delactosed whey residue that can be dried to ob- 
tain a product with sufficiently high protein content to be 
valuable as a skim milk replacement in certain applica- 
tions. When the whey protein is removed before the crys- 
tallization process, either by heat precipitation or by UF, 
yield of both products can be maximized and the rate of 
lactose crystallization optimized (23), but the residual 
mother liquor from the lactose crystallization process could 
constitute a disposal problem. However, lactose-producing 
plants are increasingly using UF permeate as the raw ma- 
terial for lactose manufacture (41). Lactose of edible grade 
or better can be produced also by spray drying of highly 
purified deproteinated and demineralized whey. Because 
the world market for lactose is rather static, new oppor- 
tunities for lactose utilization would have to be found if 
lactose production were to increase substantially. 

Hydrolysis of lactose into its two monosaccharide con- 
stituents, glucose and galactose, will result in increased 
sweetness of the mixture as well as reduced lactose crys- 
tallization problems in concentrated food systems (as ice 
cream). Sweetening syrups can be produced by lactose hy- 
drolysis in purified lactose streams for use in canning, as 
brewing adjuncts, or for other applications. Lactose hydro- 
lysis in whey or whey UF permeate for use in manufacture 
of whey drinks will decrease the caloric content of the final 
product as well as the required sweetener addition when 


using some of the high potency noncaloric sweeteners (42). 
Lactose can be further modified chemically to obtain useful 
food or industrial ingredients such as lactitol, lactulose, or 
lactosyl urea (43); however, the raw material for these lac- 
tose derivatives is usually the isolated lactose rather than 
the whole whey. 


Whole Whey Products. The most common industrial 
whey product is spray-dried whey and its numerous vari- 
ants. Whey drying is not an easy process because of the 
high lactose content and, in the case of acid whey, the high 
content of the nonvolatile lactic acid. For a typical spray- 
drying operation, the whey is first concentrated by multi- 
stage vacuum evaporation to more than 50% TS. Precon- 
centration by RO is often practiced to increase the capacity 
of the evaporator and/or to bring the raw material from a 
distant supplier to the central drying facility. To produce a 
nonhygroscopic whey powder, the lactose should be left to 
crystallize for at least 24 h before the spray-drying opera- 
tion, otherwise noncrystalline, unstable, and highly hygro- 
scopic lactose glass will be formed in the drying process. 
Sometimes, the whey proteins are also purposely heat de- 
natured before the spray drying to minimize a potential for 
protein deposition on the heat-transfer surfaces, resulting 
in processing difficulties. As a result, the hygroscopicity, 
solubility, and other functional properties of whey powders 
may differ substantially depending on the processing con- 
ditions. Other drying procedures traditional for the dairy 
industry, such as drum drying, are seldom used because of 
the great operational difficulties and the inferior quality of 
the final product. 

In addition to regular whey powders, products with 
modified lactose, protein, or mineral content can be pro- 
duced using lactose crystallization, membrane processing, 
demineralization by IE or ED, or blending the liquid whey 
with other nondairy protein sources, including soy, pea, 
and other vegetable proteins as well as bran or other food 
materials. A U.S. patent (44) claims that wet grinding of 
dry cereal or oilseed protein sources (soy, rapeseed, oats) 
in whey or whey UF permeate followed by spray drying of 
the blends will result in improved functional properties, 
especially higher resistance toward lipid rancidity devel- 
opment in the dry product. Other whole whey products in- 
clude sweetened and/or lactose-hydrolyzed concentrated 
whey as an in-house ingredient in ice cream and other 
dairy products and highly concentrated whey in the form 
of semisolid lick-blocks for cattle feeding purposes. 


Fermentation Products from Whey. Because lactose is 
fermentable by certain microorganisms, whey has been a 
traditional substrate for fermentation processes, including 
the production of antibiotics, lactic acid, or biomass. How- 
ever, these established processes of the past have been re- 
placed to a large degree by more economical alternatives, 
such as direct chemical synthesis. Recent developments of 
modern processing approaches as well as the preference of 
natural over synthetic ingredients may revitalize the in- 
terest in various fermentation processes based on whey. 
Production of lactic acid is one of the examples where mod- 
ern technology (45) and the back-to-nature philosophy may 
make the traditional fermentation route successful again. 
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Likewise, production of food-grade alcohol from whey for 
use in dairy-based liqueurs have been successfully devel- 
oped in Ireland (46). In New Zealand and other countries, 
whey fermentation into industrial alcohol in large com- 
mercial installations appears to be profitable (47,48). Use 
of liquid whey medium for bulk propagation of lactic 
starter cultures for in-house use is well established in 
many dairy processing plants. Further fermentation of 
whey for various whey-based beverages is a natural pos- 
sibility, including production of whey wine or whey beer, 
even though lactose is not fermentable by many common 
yeasts without special pretreatments. Alcoholic whey- 
based beverages have been described in literature (32,37), 
but their commercial success is not well documented apart 
from the manufacture of whey beer in Germany during the 
period of scarcity in the World War II. In the nonfood area, 
whey has been used as a substrate for biomass production 
by yeast fermentation (the wheast process), for bacterial 
fermentation into lactic acid with continuous neutraliza- 
tion to produce fermented ammoniated concentrated whey 
(FACW) for ruminant feeding (49), or as a source of biogas 
generated in anaerobic waste treatment installations (50). 
However, these processes may be considered more as al- 
ternatives for whey disposal rather than profitable oppor- 
tunities for manufacture of industrial whey products. 


Whey Disposal and On-Farm Utilization 


Although whey has become much too valuable to be dis- 
posed of on a large scale, there are still many smaller and 
isolated cheese manufacturing operations where whey dis- 
posal can be a major economical and/or ecological burden. 
Where industrial whey processing or manufacture of high- 
value consumer products is not feasible, other methods of 
whey disposal must be selected, based mainly on the as- 
sociated cost. The down-the-drain approach is certainly the 
most wasteful although not always the most expensive al- 
ternative, especially when municipal or existing industrial 
waste treatment facilities are located nearby and the vol- 
ume of whey to be discarded is not great. Spraying the 
whey onto fields is still being practiced by many isolated 
cheesemakers in rural areas, sometimes relying on sophis- 
ticated approaches with time-controlled application sched- 
ules to maximize the potential fertilizer value and to min- 
imize soil salinity and acidity problems inherent in these 
techniques (51). Direct feeding of whey to agricultural ani- 
mals, especially pigs, appears to be one of the most prof- 
itable on-farm uses of whey (52). When the whey feeding 
is combined with methane production from the animal ex- 
creta for use as a fuel in a cheese factory located nearby, a 
truly ecologically enclosed industrial system can be devel- 
oped, as evidenced by several commercial installations in 
Switzerland. 


NUTRITIVE VALUE AND USES OF WHEY 


As a by-product of dairy processing, cheese whey contains 
about 50% of the nutrients found in milk. The most valu- 
able whey components from a nutritional standpoint are 
the whey proteins, the water-soluble vitamins (especially 


riboflavin), and some of the nutritionally important min- 
erals. Acid whey is a particularly good source of calcium; 
its content approaches that of regular cow’s milk. Whey 
protein from either sweet or acid whey is one of the best 
proteins for human food use because of its balanced amino 
acid profile and superior digestibility (53). Dried cheese 
whey composition can be compared to that of regular 
wheat flour (31) in terms of the proximate composition and 
some of the micronutrients. In addition to the unquestion- 
able value of the whey protein, calcium, and riboflavin, 
some sources also emphasize the beneficial effects of the 
high (L+) lactic acid content of whey produced with certain 
dairy cultures (53). 

The use of many industrial whey products as ingredi- 
ents in various foods is based not only on the nutritional 
qualities but also on the desirable functionality of some of 
the products. With the high lactose and protein content, 
dried whey is an ideal substrate for the nonenzymatic 
Maillard browning reaction in foods where such color de- 
velopment is desired, as in breaded meat or fish products 
or in toasted bread. Lack of sweetness in lactose is advan- 
tageous in many applications of whole or modified whey 
ingredients, especially when used in meat products, pro- 
cessed cheese foods, gravies, soups, sauces, salad dress- 
ings, etc. Whey protein is ideally suited for fortification of 
various foods both because of its nutritional quality and its 
functional attributes, including bland taste compatible 
with most food flavors and solubility in aqueous food sys- 
tems (54). Many additional uses of whole whey and whey- 
based traditional or modern food ingredients have been 
suggested in various reviews (4,55-57). Inclusion of whey 
protein in cheese, either by varying the cheese processing 
technology or by reincorporation of the protein recovered 
from the whey, is one of the important research subjects 
concerning whey at the present time. Several alternative 
technological pathways can be used for incorporation of the 
heated whey protein precipitate into fresh cheeses such as 
quarg and quarg-based food products (7), in which the 
cooked flavor and quality impairment, often encountered 
in traditional cheeses, need not be a problem. This option 
is especially attractive for fresh cheese plants where whey 
from production of other cheese varieties is available. 

Although food use of whey and whey-based products is 
the most desirable whey disposal alternative, various non- 
food uses of whey also have been proposed, including in- 
corporation into foamed insulation materials for the con- 
struction industry or use as a binder for iron ore pellets 
(58). Enzymatic modifications of whey proteins for use in 
the pharmaceutical industry may follow the successes pre- 
dicted for the casein (14). Rapid advances in biotechnology 
will likely discover new opportunities for conversion of 
whey into valuable industrial food or nonfood materials 
such as biosorbents, biopolymers, stabilizer gums, flavor- 
ing or coloring compounds, bacteriocins or fat replacers 
such as the Simplesse developed from whey protein and 
egg white (59). With its high lactose content, surplus dried 
whey could be used as a quick source of energy in inter- 
national hunger-relief programs; however, the prevalence 
of lactose intolerance in most third world countries makes 
such use difficult without careful development of foods that 
can be tolerated by the lactose malabsorbers. Incorpora- 
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tion of whey into high-solid indigenous foods should be con- 
sidered because these foods appear to be better tolerated 
by lactose malabsorbers than more liquid products 
(60,61). 

The current interest in functional foods and nutraceut- 
ical products (62) has opened yet another major avenue for 
utilization of whey as a raw material in production of spe- 
cial dietary aids and nutritional supplements. Whey pro- 
tein isolates have become the most valued protein source 
for body-building formulas and similar high protein prep- 
arations (63) used by active athletes following intensive 
training regimes. Some of the minor whey proteins, such 
as lactoferrin, lactoperoxidase, or the various immunoglob- 
ulins, are rapidly becoming prized commodities for both 
food and nonfood uses, including personal hygiene prod- 
ucts such as mouthwashes or skin creams (64); even the 
whey minerals are being marketed as natural food ingre- 
dients (62). A whey-protein-based dietary supplement has 
been patented (65) and is being promoted under the trade 
name Immunocal on the basis of its alleged stimulatory 
effect on immune functions through increased production 
of intracellular glutathione (66). The ultimate success of 
these and other proposed novel whey protein nutraceutical 
applications may depend on the proved physiological func- 
tionality, yet to be documented in humans in many cases, 
as well as on economically feasible utilization or disposal 
of the remaining whey constituents, especially lactose. In 
this regard, the rapidly increasing commercial interest in 
prebiotics of dairy origin, such as galactooligosaccharides, 
lactosucrose, and lactulose, for use in bifidobacteria- 
containing dairy foods may hold promise. Additional phys- 
iologically functional effects of some of these oligosaccha- 
rides, currently being investigated with animal models, 
include calcium absorption and reduction of the risk of co- 
lon cancer (67). 

The possibilities for treating whey as an opportunity 
rather than a problem have increased dramatically in the 
recent years. In some dairy plants recently installed, all 
whey produced in cheesemaking is completely used on site 
in a variety of integrated processes, leaving no residue to 
dispose of. With continued technological developments, the 
emerging scarcity of inexpensive dairy ingredient sources, 
and the increasing emphasis on ecologically responsible in- 
dustrial processes, the image of whey is rapidly changing 
from that of a bothersome by-product to a highly prized 
resource. 
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WINE 


INTRODUCTION 


The word wine was first used for the fermented product of 
grapes, although fermented juices of many fruits (apples, 
berries, peaches, and even herbs) are now called wine (usu- 
ally peach wine, etc). Wine has a long association with hu- 
man artistic, cultural, and religious activities. The quali- 
ties of wine were praised in pre-Christian as well as 
post-Christian times. Addition of herbs and spices was 
common, to provide distinct flavors (and mask off-flavors) 
and to induce supposedly medicinal and aphrodisiac prop- 
erties. The religious and allegorical significance of wine de- 
veloped very early and has been utilized by many religions, 
including Christianity. 

Grape cultivation first began around 6000 years ago. 
Although many of the wines were poor by modern stan- 
dards, a developing devotion and taste for wine (beginning 
with the Roman era) encouraged improvement in grape 
and wine production to the point where the regional qual- 
ity of special wines became recognized. In contrast to the 
invading Romans, who brought grapevines with them, the 
Moslems, in later years, virtually destroyed the wine in- 
dustry of the countries they conquered. From then and 
throughout the Middle Ages, in central Europe monaster- 
ies maintained vineyards as a source of wine for religious 
ceremonies. By the seventeenth century, the coopers built 
more and better casks and barrels so that wines could be 
safely aged for years. At the same time, glass was strength- 
ened when coal (instead of charcoal) was used in its man- 
ufacture. This permitted bottling of sparkling wines. The 
introduction of cork extended the time for which bottled 
wines could be stored. By the nineteenth century, the sci- 
entific revolution, as exemplified by the work of Pasteur 
and others, revolutionized the wine industry: the role of 
yeasts and bacteria and methods for their control changed 
the wine industry from a cottage industry of chance to a 
controlled business. Mechanization of operations in the 
vineyard and winery followed. Although producing quality 
wines is still something of an art, today’s wine industry 
makes some of the best wine ever produced, with minimum 
spoilage and with much less human labor. 


REGULATIONS AND APPELLATIONS 


Wine is the fermented product of the fruit of several species 
of Vitis, mainly of cultivars of Vitis vinifera. The United 
States’s definition of wine is contained in the U.S. Internal 
Revenue Code. Table and sparkling wines (<14.1% alco- 
hol) are distinguished from dessert and flavored (ver- 
mouth, etc) wines (>14.0% alcohol) and from wine coolers 
(<7% alcohol). Each country has its own definitions, and 
the European Community (EC) has regulations for trade 
among its members and for imports from nonmember 
countries. 

In Germany, the eastern United States, and parts of 
France, sugar, grape concentrate, or reduced musts 
(crushed grapes) may be added when the grapes do not 
ripen sufficiently and when local laws approve it. Gener- 


ally addition of water and sugar is forbidden. Limits on 
chlorides, sulfates, lead, arsenic, volatile acidity (mainly 
acetic acid), and sulfur dioxide have been established by 
federal regulations (such as national public-health au- 
thorities). Because a small percentage of asthmatics are 
extremely sensitive to sulfur dioxide, U.S. government 
regulations require a warning about sulfites on wine la- 
bels. 

Appellations of origin are used in many countries. In 
general, these delimit the region, the varieties of grapes 
used, maximum yield per hectare, and often the wine prac- 
tices and in some cases (eg, Portugal [for Port], France, 
Germany, and South Africa) require sensory evaluation of 
each wine to qualify for a regional designation. Typically, 
use of the name of a specific vineyard on a wine label im- 
plies that the wine is of higher quality than those labeled 
for larger districts. In Germany, quality is also related to 
ripeness. The higher-quality wines are made with no sugar 
addition. Whereas France, Germany, Spain, and Italy have 
had protected geographical appellations for many years, it 
was not until 1978 that appellation procedures were insti- 
tuted in the United States. In contrast to European laws, 
US. regulations define the boundaries of the delimited vit- 
icultural area and limit neither the variety of grapes grown 
nor the types of wine produced, In most countries (includ- 
ing the United States), where the appellation does not reg- 
ulate which varieties may be planted, wines are labeled 
with the name of the grape variety from which it is made, 
hence the term varietal wines. 


VITICULTURE (THE SCIENCE OF GRAPE GROWING) 


V. vinifera, the main genus and species of grapes used for 
wine, produces the best grapes in temperate climates with 
mild winters and dry summers; vines are killed by very 
cold winters and are susceptible to mold, mildew, and dis- 
eases in humid summer regions. V. vinifera vines have no 
resistance to the root louse, Phylloxera, which virtually de- 
stroyed the wine-making industry in France and Califor- 
nia in the late 1800s. Other species, such as V. labrusca 
(Concord grape), are resistant to the pest. Today V. vinifera 
vines in France and California are usually grafted to 
Phylloxera-resistant rootstocks. 

Grape leaves appear in early spring, with grape flow- 
ering occurring about 45 days later. The small, hard ber- 
ries continue to expand for 2 months until ripening is ini- 
tiated (known as veraison). From this time on, the grape 
begins to color and soften and the sugar (glucose and fruc- 
tose) rapidly increases. The concentrations of tartaric and 
malic acids, the major organic acids, peak at veraison. 
With the onset of ripening the acid level decreases as the 
berry expands, and in hot climates, the malic acid can de- 
crease rapidly. 

The maximum sugar accumulated by the grape during 
ripening depends on the coolness or warmth of the region 
where they are grown, on the variety of grape, and on other 
viticultural factors such as the crop level (amount of fruit 
per vine). For most varieties, 15 to 25% sugar is reached, 
but late-harvest fruit (such as those used for sauternes 
from France or Beerenauslese or Trockenbeerenauslese 


from Germany) may have 30 to 40% sugar. (High humidity 
during the final ripening of the grapes may result in infec- 
tion with the mold Botrytis cinerea. This fungus loosens 
the skin and permits rapid loss of moisture and shriveling 
of the berry, resulting in a high sugar content and produc- 
ing a honeylike flavor). 

The pH and the concentration of acids, measured as ti- 
tratable acidity, are further indicators of suitability of 
grapes for harvesting. During ripening, if malic acid de- 
creases greatly, the grapes may have a high pH (pH =4). 
Addition of tartaric acid to crushed grapes is sometimes 
necessary to lower the pH in order to reduce susceptibility 
to microbial spoilage. In contrast, in cool-climate regions, 
the acidity may be so high at harvest that processing steps 
may be needed to reduce the acidity. Normal grape juice 
has pH values from 3.0 to 3.6 and with titratable acidities 
of 0.6 to 1.5% (calculated as tartaric acid). Under these 
conditions undesirable microorganisms grow slowly, if at 
all, whereas desirable yeasts grow well. 

Although only a small amount of nitrogenous materials 
(0.3-1.0%) are found in mature grapes, they are significant 
for yeast and malolactic bacteria nutrition as well as for 
flavor development. With very low levels of nitrogen, the 
fermentation may proceed very slowly and may stop before 
the sugar is completely fermented, producing a “stuck” fer- 
mentation. However, nitrogen levels in the grape can be 
controlled by appropriate viticultural practices, such as 
fertilization or reduction in crop level. 

Anthocyanins, the colored pigments of red grapes, are 
located in the epidermal (outer) cells of the skin, although 
a few varieties of grapes have pigments in the pulp as well. 
Tannins (phenolic compounds) are located primarily in 
grape skins and seeds. The tannins, which are found in 
higher concentrations in red wines, have some positive 
health benefits as antioxidants. Recently, evidence has 
been presented that drinking moderate amounts of red 
wine lowers susceptibility to heart disease and exerts anti- 
carcinogenic effects. 


MICROORGANISMS AND FERMENTATION 


Wines are normally fermented with the yeast Saccharo- 
myces cerevisiae, although S. bayanus and S. oviformis are 
sometimes used. The primary or alcoholic fermentation is 
the process of conversion of the grape sugars, glucose and 
fructose, to ethanol and carbon dioxide. In addition to Sac- 
charomyces, other wild yeasts, such as Kloeckera apiculata 
and Metschnikowia pulcherima, can be found on the fruit 
and participate in the early stages of fermentation. How- 
ever, these latter yeasts can impart compounds that alter 
the aroma of the wine. 

Yeast is present at high enough concentrations on the 
grape skins and in the winery to initiate fermentation. 
However, pure strains of yeast cultures are often added to 
assure the completion of fermentation by Saccharomyces. 
To inhibit growth of the wild yeasts and other undesirable 
microorganisms, 25 to. 75 mg/L sulfur dioxide (SO) is 
added in most white wine fermentations and frequently in 
reds. 

In addition to yeast, bacteria are also associated with 
the wine-making process. Although lactic acid bacteria are 
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found on the fruit and are present in the winery, a bacteria 
inoculum is usually added at the later stages of the alco- 
holic fermentation to ensure completion of the secondary 
or malolactic fermentation. During this secondary fermen- 
tation, malic acid from the grape is converted to lactic acid, 
carbon dioxide, and other compounds. These malolactic 
(ML) bacteria also produce diacetyl, which imparts the 
characteristic buttery aroma found in many wines. ML 
bacteria, of which the most frequently found is Oenococcus 
oenii, are very sensitive to SO,; consequently, lower levels 
of SO, are used when the ML fermentation is desired. 

Unlike many other products, no harmful bacteria or 
molds grow on grapes or in wine. However, spoilage organ- 
isms can be found in fermentations and in finished wine. 
The acetic acid bacteria that are inhibited by SO, can pro- 
duce high levels of acetic acid in the presence of air, which 
is desirable only in production of wine vinegar. Once acetic 
acid is formed, the yeast and other microorganisms can 
convert it to ethyl acetate, which contributes a solvent odor 
similar to that of nail polish remover. The yeast Brettan- 
omyces can contribute distinctive aromas ranging from 
barnyard, horsey, leathery, phenolic, and fecal to mousy. 
Although these “spoilage” organisms may enhance the 
complexity of wine aroma at low concentrations, they often 
result in “off-odors” at higher concentrations. 


WINE MAKING 


Still Wines 


The basic steps used in making wine are very similar for 
small producers of the highest-quality wines, large pro- 
ducers of inexpensive wines, and home wine makers, al- 
though the size and sophistication of the equipment varies 
enormously. Grapes are first crushed in a stainless-steel 
crusher-destemmer. These operate at a high speed, sepa- 
rating the stems by centrifugal force and crushing the 
grapes with revolving paddles. The crushed grapes (called 
must) fall through holes in the cylinder as the stems are 
ejected. 

Must pumps transfer the crushed white grapes to 
presses and the crushed red grapes to fermentors, with 
some exceptions. White wines are made from white grapes 
or by pressing crushed red grapes immediately after crush- 
ing. If the skins are rapidly separated from the juice, light 
or pink-colored musts can be produced from red grapes. 
This process is used to make the so-called blush wines such 
as White Zinfandel that comes from the red Zinfandel 
grapes; similarly, blanc de noir sparkling wines are made 
from the red Pinot noir grape by pressing rapidly so that 
minimum pigment is extracted. 

The old-fashioned basket press is still found, but the 
new and larger wineries often use the Willmes press, which 
has an inflatable bag inside a revolving tank. As the bag 
is inflated, the musts are pressed against a perforated cyl- 
inder and the juice flows out to the bottom of the press. 
Some hydraulic presses are horizontally operated, with 
pressure exerted from both ends. The fermentors are usu- 
ally tanks made of stainless steel that has the advantage 
of being chemically inert, thermodynamically uniform, and 
easy to clean. The fermentors are often jacketed to permit 
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computerized control of temperature by the circulation of 
coolants. The size of the fermenting tanks varies with the 
winery from 500 gal to over 100,000 gal. 

Sulfur dioxide (50-75 mg/L) may be added to white 
musts, which are then often centrifuged or settled over- 
night to clarify the juice before transfer to the fermentor, 
at which point a yeast inoculum is added to the white 
musts. In the case of red grapes, yeast and sulfur dioxide 
are added to the crushed grapes after they are pumped into 
the fermentation tank. 

Fermenting tanks of white wines are usually main- 
tained at 10 to 15°C, with the fermentation taking from 3 
to 4 weeks. Red musts are fermented warmer than white, 
typically at temperatures between 18 and 27°C, so that 
fermentation is completed in 3 to 10 days. 

For red musts, the skins rise to the surface, forming a 
cap during fermentation due to the evolution of carbon di- 
oxide gas. To help extract the pigments from the skins, the 
fermenting must at the bottom of the tank is pumped over 
and sprayed onto the floating cap. Depending on the style 
of red wine being made, red musts can undergo an ex- 
tended fermentation on the skins up to 4 weeks before they 
are pressed and then fermented to dryness (a level of sugar 
below 0.5%). Longer contact with the skins provides 
greater extraction of anthocyanin pigments and phenolic 
material, which have a direct effect on the sensory prop- 
erties of wine. Accordingly, these wines are intended to be 
aged before they reach their maximum quality. The wine 
made with shorter skin-contact time is lighter in color and 
less bitter and astringent so that it can be consumed with- 
out aging. 

When the fermentations have reached dryness, the 
wine is transferred from the fermentor to clean stainless- 
steel tanks for clarification or to wood barrels for aging. 
Wines that will not be exposed to oak cooperage are clari- 
fied by settling and transferring (racking) the clear wine 
to other tanks. To prevent formation of crystals of potas- 
sium acid tartrate (cream of tartar) in the consumer’s re- 
frigerator, wines are cold stabilized. The wine is stored at 
—4°C and the precipitated tartrate crystals are removed 
by filtration. Before bottling, the wine is fined by addition 
of an agent to clarify the wine by adsorbing and removing 
suspended or dissolved material. The most common fining 
agent for white wines is bentonite (a clay), whereas reds 
are fined with a variety of agents, including egg whites and 
gelatin. Other fining materials include isinglass, casein, 
polyvinyl-polypyrrolidone (PVPP), and silica suspensions. 

Most red and some white wines are stored in oak barrels 
to extract flavor components from the oak. Wines are 
transferred to 50-gal oak barrels where they are held for 
periods from 3 months to 2 years. During this aging period, 
the level of wine in the barrels is frequently topped off to 
prevent exposure to air. After oak storage, the wines are 
fined and cold stabilized. 

Before bottling, wine is usually filtered to be brilliantly 
clear. If the wine contains more than 0.7% sugar, it is mi- 
crobially unstable. In this case a fine-mesh or sterile filtra- 
tion is also used to remove microorganisms and prevent 
spoilage in the bottle. On automated bottling lines, the fil- 
tered wine is filled into bottles, corks are inserted, labels 
are attached, and the bottles are put in cases. 


Sparkling Wines 


Wines with a visible excess of carbon dioxide (CO) are 
called sparkling wines. In the United States a sparkling 
wine is one that contains a barely perceptible level of CO. 
(above 3.9 g/L at 15.7°C), although the typical level of car- 
bon dioxide is much higher: 4 to 6 atm pressure. The most 
famous sparkling wine is Champagne, produced in the 
Champagne region of France, where it was first commer- 
cialized. Depending on local regulations, sparkling wines 
are also labeled Sekt (Germany), cava (Spain), or just spar- 
Kling. The two primary methods of production are bottle 
fermentation (méthode champenoise) and closed-tank fer- 
mentation (Charmat or Tank). Chardonnay, Pinot noir and 
Meunier wines are used for the premium sparkling wines, 
but other varieties, including Muscat and Riesling, are also 
used. The base wines are blended and yeast and sugar are 
added (24 g sugar per liter will produce a pressure of 6 
atm). The resulting mixture of wine, sugar, and yeast is 
transferred to bottles (750 mL) or to stainless-steel pres- 
sure tanks for the secondary (alcoholic) fermentation. 

The tank process is much cheaper to use, and fermen- 
tation is generally completed in less than 1 month. At that 
time the wine is filtered under pressure, sugar is added to 
achieve a desired level of sweetness, and the wine is filled 
into bottles. In contrast, although the méthode champen- 
oise fermentation is completed in the filled bottles between. 
3 and 6 months, the wines are typically held in contact 
with the yeast for a minimum of 3 years. The bottles are 
intermittently jostled to force the yeast deposit to settle in 
the neck of the bottle. To remove the yeast deposit from 
the bottle, the neck of the bottle is frozen. When the cap is 
removed, the pressure in the bottle pushes out the frozen 
yeast deposit. The bottle is immediately filled with more 
of the same wine, and the dosage (sugar in wine or brandy) 
is added to achieve the desired sweetness before the bottle 
is closed with a cork. 


SENSORY PROPERTIES 


The appeal of wines is due to the complex flavors that are 
often difficult to describe without resorting to poetic im- 
ages. Wine flavor is an overall perception, resulting from 
the integration of appearance, aroma, taste, and mouth- 
feel. Although wine aromas are often very complex, with 
little effort they can be described in terms that are precise 
and can be understood by others. For example, the wine 
aroma wheel (WAW) in Figure 1 lists terms that describe 
the aroma notes most often perceived in table wines. The 
flavor perceived in the mouth is primarily aroma, plus 
sweet, tart, or bitter tastes and an astringent mouth-feel. 
Flavors can be informally described using the WAW ter- 
minology or more formally profiled by trained judges using 
descriptive analysis to provide a “photograph of wine 
flavor.” 

The purpose of the WAW is to facilitate communication 
about wine flavor by providing a standard terminology. 
These terms are precise and not hedonic or judgmental. 
“Floral” is a general but analytical descriptive term, 
whereas “fragrant,” “elegant,” or “harmonious” are either 
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Figure 1. The wine aroma wheel presents descriptive terms for aroma notes that are often per- 
ceived in the aromas of table wines. General terms are located on the inside tier, with the most 


specific terms located on the outside tier. Source: 


imprecise and vague (fragrant) or hedonic and judgmental 
(elegant and harmonious). 

The center of the wheel has very general terms, whereas 
more specific terms are in the outer tiers. These terms are 
not the only ones that can be used to describe wines, but 
they represent aroma notes that are often encountered. 
The aromas for these descriptive terms can be defined by 
physical standards. For example, a small piece of bell pep- 
per, a grapefruit section, or a few drops of vanilla extract 
can be presented to define “bell pepper,” “grapefruit,” or 
“vanilla,” respectively. 

The flavor of wine is influenced by the grape variety, the 
climate and location in which the grapes are grown, viti- 


: Copyright 1990, A. C. Noble. 


cultural practices, yeast and malolactic fermentations, 
skin-contact time, storage in oak cooperage, and aging. The 
characteristic aromas of many of the major V. vinifera cul- 
tivars used for making premium wines throughout the 
world arise from the grape. Zinfandel grapes and wines 
typically have black pepper and berry flavors, whereas red 
wines from Burgundy (made from Pinot noir grapes) and 
Pinot noir varietal wines from other locations are distinc- 
tive for their (straw)berry or cherry aromas. Red wines 
from Bordeaux and unblended red wines made from the 
same varieties (Cabernet Sauvignon, Merlot, and Caber- 
net Franc) typically have berry, black pepper, and 
herbaceous/vegetative aromas such as that of a green bell 
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pepper or asparagus. The white varietal, Sauvignon blanc, 
is similarly characterized by the bell pepper note but also 
by many fruity attributes such as pineapple, peach, and 
apricot, which are found in most white wine varietals. 
Gewirztraminer, Riesling, and Muscat grapes and their 
respective wines are characterized by floral, citrus, and 
apricot notes. 

Chardonnay is a white varietal that is noted for its cit- 
rus, pineapple, peach, and apricot aromas. However, it is 
more typically identified with aromas arising from wine- 
making practices. Chardonnay is sometimes fermented in 
oak and usually aged in oak barrels. Exposure to oak im- 
parts spicy, clove, and vanilla aromas. If the barrels were 
heavily toasted or charred when coopered, then toasted/ 
smoky aromas may also be perceived. Malolactic fermen- 
tation is encouraged in most Chardonnays, thereby infus- 
ing a distinct buttery aroma. Most red varietal wines, 
including reds from Bordeaux and Burgundy, undergo mal- 
olactic fermentation and aging in oak. Thus buttery, spicy, 
and vanilla notes are perceived in addition to the aromas 
coming from the grape. 

Immediately after fermentation, wines tend to be very 
fruity, because high concentrations of fruity esters are 
formed in both red and white wines by yeast during the 
primary fermentation. However, these fruity notes dimin- 
ish fairly rapidly and other very complex flavors develop 
during the aging process. Slow aging in oak cooperage or 
in the bottle results in the development of very complex 
aromas in red wines in which leather, tobacco, soy, and 
other related characteristics can be perceived. White wines 
are usually not aged as long as reds but can also develop 
complex aromas when stored at cool temperatures. 

In sparkling wine, flavor is influenced most strongly by 
the time in which the wine is held in contact with the yeast. 
In the tank process, the wine is in contact with the yeast 
for only a few weeks, and the resulting sparkling wine is 
very fruity. In the bottle-fermented sparkling wines, the 
wines are usually not disgorged until after 3 years. The 
best sparkling wines are often disgorged after 10 years on 
the yeast. The extended contact with the yeast produces 
distinctive flavors through the slow breakdown (autolysis) 
of the yeast. Thus the méthodé champenoise wines are less 
fruity and have very complex flavors, such as caramel, 
malted, and nutty. 

Although this objective approach describes wines well, 
it does not provide an overall preference or quality rating. 
Quality is a subjective and individual response, varying 
from person to person because of different experiences, ex- 
pectations, and preferences. As a consequence, even wine 
experts will have differences of opinion about wine quality. 
Wine consumers also vary considerably in their preference 
ratings in that many factors other than wine flavor influ- 
ence their purchasing behavior and quality judgments. De- 
spite this, sales of many wines are influenced by the med- 
als awarded at wine shows or by comments from wine 
critics. 

Quality of wine is not directly related to price, which is 
influenced primarily by the cost of grapes and wine- 
making practices. The highest-quality grapes are grown in 
cooler climates at lower crop yields on very expensive land. 
Oak barrels are expensive and their maintenance is labor- 
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Figure 2. German white wine (Riesling) label. Source: SLFA 
Neustadt, Neustadt Germany, 1998. 
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APPELLATION CONTROLEE 


DOMAINE ARMAND ROUSSEAU PERE & FILS 
GEVREY-CHAMBERTIN (COTE-D'OR} FRANCE 
TOM Los 19% vl 


Figure 3. A red wine (Pinot noir) label from the Burgundy region 
of France. Source: University of California, Davis, Department of 
Viticulture and Enology Archives, 1998. 


intensive. Aging wines in the barrel or bottle represents a 
capital investment in time and assets. 

With each wine-tasting experience, consumers learn 
more about wines and develop their own preferences and 
expectations, which may change over time. In the end, 
each person is the ultimate judge of his or her own pref- 
erence and wine quality. 


“ee nroy 
LOUISM MARTINI 


Hi 
: 2 9 4 
vanLeEr 


NARA 


4 


Aerviel Sauvignon 
Bae ot Bo CR VE 


Figure 4. Cabernet Sauvignon wine label from Napa Valley, Cali- 
fornia. Source: Louis M, Martini Winery, St. Helena, California, 
1998. 


1996 


LOUIS¥ MARTINI 


NORTH COAST 
CABERNET SAUVIGNON 


ALE 11.58 BY VOL 
Figure 5. Cabernet Sauvignon wine label from Napa Valley, Cali- 
fornia, indicating grapes were harvested from the North Coast 


American Viticultural Area (AVA). Source: Louis M. Martini Win- 
ery, St. Helena, California, 1998. 


READING WINE LABELS 


Wine labels from different countries contain different in- 
formation because of variation in legal regulations and ap- 
pellations of origin (France, Appellation d’Origine Contré- 
lée; Spain, Denominacion de Origen; Italy, Denominazione 
di Origine). The first label (Fig. 2) is typical of those from 
Germany. PFALZ refers to the region, the Palatinate or 
Rheinpfalz, which is the second-largest wine region in Ger- 
many. The grapes for this wine were harvested in 1997 
from the Johannitergarten vineyard in the town of Muss- 
bach. The winery is a state winery (Staatsweingut). At 
least 85% of the grapes are Riesling. Qualitdtswein mit 
Prédikat (QmP) means that it is a “quality wine with spe- 


Figure 6. Cabernet Sauvignon wine label from Napa Valley, Cali- 
fornia, indicating a special vineyard as the source of the grapes. 
Source: Louis M. Martini Winery, St. Helena, California, 1998. 


Table 1. Per Capita Wine Consumption by Country, 1970, 
1980, and 1996 


Ligal 
1996 rank per capita 1996 1980 1970 
1 Italy 61.1/16.2 79.8/21.2 — 110.8/29.3 
2. France 59.9/15.8  90.9/24.0  108,2/28.6 
3, Portugal 54.9/14.5 — 28.8/7.6 23.1/6.1 
4. Luxembourg 53.6/14.2 NA. NA. 
5. Switzerland 411/109 47.0/12.4 ——38.9/10.3 
6. Argentina 39.5/10.4 76.2/20.1 —91.7/24.2 
7. Slovenia 38.8/10.3 NA. NA. 
8. Spain 37.4/9,.9 59.9/15.8 61.4/16.2 
9. Austria 33.1/8.7 35.5/9.4 37.8/10 
10. Romania 31.3/8.3 NA. N.A. 
11. Greece 30.1/17.9  44.9/119 —39.9/10.6 
15. Germany 22.9/6.1 —25.5/6.7 16.2/4.3 
16. Belgium 20.0/5.3 NA. NA. 
17. Australia 18.0/4.8  17.4/4.6 8.5/2.3 
18. Chile 16.243 —50.2/13.3 © -43.9/11.6 
25, New Zealand 105/28  4.38/1.2 2.34/0.62 
26. U.S.A. 9.03/24 8.0/2.1 4.9/1.3 
27. South Africa 8.99/237 9.1/2.4 11.2/8.0 


Source: Ref. 1, provided by Wine Institute, San Francisco, 1998, 


cial distinction” and did not have any sugar added. Kabi- 
nett means the grapes achieved a minimum required level 
of sugar. (If the grapes had been harvested at least 7 days 
later and were riper, the wine could have been labeled Spé- 
tlese). TROCKEN means the wine is dry (<9.0 g per liter 
sugar). The A.P. Nr... is the Amtliche Prifungsnummer 
(State Institute quality control number), which identifies 
the details of the testing for chemical and sensory defects. 
The wine is 11% alcohol by volume and the bottle contains 
750 mL (or 0.75 liter). 

The second label (Fig. 3) is from a wine from the Bur- 
gundy region in France. The wine is a Grand Cru or “great 
growth,” which is the highest-quality classification in the 
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Table 2. Leading Wine Producers by Country, 1996 


Hectoliters (in millions) _ Gallons (in millions) 
1, France 59.65 1576 
2. Italy 59 1559 
3. Spain 32.68 863 
4.USA. 21.95 580 
5, Argentina 12.68 335 
6. 8, Africa 10 264 
7. Portugal 9.53 252 
8. Germany 83 219 
9, Romania 7.66 202 
10, Australia 6.78 179 
11. China 43 14 
12, Hungary 4.19 11 
13. Greece 4.11 109 
14. Chile 3.82 101 
15. Yugoslavia 3.49 92 


‘Source: Ref. 1, Wine Institute, San Francisco, 1998. 


Table 3. Wine Consumption in the United States, Selected 
Years 


‘Total wine per Total wine Total table wine 
capita’ (gal) (in million gals) —_ (in million gals’) 
1997 1.95 523 462 
1996 19 505 443 
1995 1.79 469 408 
1994 1.77 459 395 
1993 1.74 449 381 
1992 1.87 476 405 
1991 1.85 466 394 
1990 2.05 509 423 
1989 211 524 432 
1988 2.24 551 457 
1987 2.39 581 481 
1986 2.43 587 487 
1985 2.43 580 378 
1984 2.34 555 401 
1983 2.25 528 402 
1982 2.22 514 397 
1981 2.2 506 387 
1980 2.11 480 360 
1970 1.31 267 133 
1960 0.91 163 53 
1950 0.93 140 36 
1940 0.68 90 27 


All wine types, including sparkling wine, dessert wine, vermouth, other 
special natural wine, and table wine. Based on resident population. Per 
capita consumption will be higher if based on legal drinking age population. 
*Because of changes in reporting, these numbers include all still wines not 
over 14% alcohol. 

Note: To convert gallons to liters multiply by 3.785. 

Source: Wine Institute, San Francisco, 1998. 


Burgundy area. Grand Cru wines can be named using only 
the name of the winery on the label, here Charmes— 
Chambertin. The regulations that determine the variety of 
grape (Pinot noir) and regulate specific viticultural and en- 
ological practices are defined by this appellation of origin 
(Appellation Contrélée). The winery is located in the village 


Table 4. Wine Production by State, 1995-1997 


(in Thousands of Gallons) 

Rank — % total 
State 1995 1996 1997" 19971997 
AZ NA. 50 CNA NA NA 
AR M7 ONA NA. NA NA. 
CA 397,042 418,376 422,560 1 90.57 
co NA. u47 110.017 0.02 
cT NA 64 50-20 0.01 
FL 1,026 612 640 li 0.14 
GA 1,241 1,163 1,120 7 0.24 
ID 363 301.0 NA. NA NA. 
KY 201 697 820 10 0.18 
MD NA. 57 70 19 0.02 
MA 50 68 90 18 0.02 
MI 27300. NA NA NA 
NC 176 190 210 14 0.05, 
NJ 742 843 840 9 0.18 
NM 85 86 140 16 0.03 
NY 21,096 25,157 23,180 2 4,97 
OH 1,339 843 1,130 6 0.24 
OR 1,586 1,544 1,860 4 04 
PA 317 402 410 12 0.09 
TN 132 130 150 15 0.03 
1x 763 902 980 8 0.21 
vT NA. 1,384 1,550 5 0.33 
VA 391 292 320-13 0.07 
WA 8,660 5,596 5,200 3 111 
Wi 119° ONAL 10 21 0 
Other 1,292 1,178 5100 NA. 1.09 
Total 435,749 458,904 461,440 100 


“May through December are estimated. 
Note: Based on volumes removed from fermenters. 
Source: Ref. 2. 


Gevrey—Chambertin (in the Céte d’Or region). The pro- 
ducer’s name appears above the village name. 

The third label (Fig. 4) comes from the Louis M. Martini 
Winery in St. Helena, California. The U.S. wine appella- 
tion of origin defines the geographical boundaries of Amer- 
ican Viticultural Areas (AVA), which, unlike in the Euro- 
pean system, are not an indication of the wine quality. By 
California law, 100% of the grapes must be grown in Cali- 
fornia if any California place name appears on the label. 
A minimum of 85% of the grapes used in making this wine 
must come from the AVA, Napa Valley. To be bottled as a 
cabernet sauvignon varietal wine, a minimum of 75% cab- 
ernet sauvignon grapes must have been used. To be vin- 
tage labeled, 95% of the wine must have come from grapes 
harvested in the vintage year, 1994. The word “Reserve” 
has no legal meaning in the United States but implies that. 
the wine maker has used his best grapes and aged the 
wines longer before release. 

The fourth label (Fig. 5) comes from the Louis M. Mar- 
tini Winery in St. Helena, California. A minimum of 85% 
of the grapes used in making this wine must come from 
the AVA, North Coast. 

The fifth label (Fig. 6) comes from the Louis M. Martini 
Winery in St. Helena, California. The vineyard designation 
here reflects that the winery chose to bottle the wine made 
from this particular vineyard separately and does not im- 
ply that this vineyard is an AVA on its own. 
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Figure 7. Dollar value (in millions US$) and volume (in millions of gallons) of U.S. exports from 
1986 to 1997. In 1992, there was a decrease in the volume of U.S. wine exports. The price per gallon 
held steady at about $5/gal from 1986 to 1992 and then began a steady increase to approximately 


$7/gal in 1997. 


Table 5. Commercially Produced Wines Entering U.S. Distribution Channels, Calendar Year Average (in Thousands of 


Gallons) 
Domestic Production Imports Total 

Type 1985-1986 1995-1996 1985-1986 1995-1996 1985-1986 1995-1996 
Table 267,088 317,277 97,765 68,267 364,853 385,544 
Sparkling 30,171 22,247 15,029 8,038 45,200 30,285 
Dessert 31,259 18,034 3,380 2,473 34,639 20,507 
‘Vermouth 3,804 2,411 2,845 1,823 6,649 4,234 
Other spec (not over 14%) 12,793 17,431 2,603 491 15,396 17,922 
Total 345,115 377,400 121,622 81,092 466,737 458,492 


Source: Gomberg, Fredrikson & Associates from reports of the California State Board of Equalization, Bureau of Aleohol, Tobacco and Firearms, U.S, Treasury 
Dept., Bureau of Census, U.S. Dept. of Commerce, Data provided by Wine Institute, San Francisco, 1998. 


PRODUCTION AND CONSUMPTION STATISTICS 


Per capita consumption of wine in the United States is low 
(Table 1) compared to the other major wine-producing 
nations. The United States, in 1996, was fourth in world 
production (Table 2) but 26th in per capita consumption. 
In addition to the top ten consuming countries, Table 2 lists 
other countries that are both major wine producers and 
low per capita consumers. Overall, the global per capita 
consumption has decreased sharply since the 1980s, es- 
pecially in France and Italy, who still, nonetheless, retain 
their prominent positions as the leading consumers and 
producers of wine. U.S. consumption declined by 20% from 
the mid-1980s high of 2.43 gallons per person annually to 
1.95 gallons per capita in 1997 (Table 3). 

Ninety one percent (410 million gallons) of the wine pro- 
duced in the United States comes from California, which 
accounts for 71% of U.S. retail sales ($11.4 billion). Con- 
siderable development of the wine industry in other states 
occurred during the decade from 1980 to 1990. Conse- 
quently, increased plantings outside California, as well as 
shipment of California grapes and grape concentrate to 
other states for the purposes of wine production, catalyzed 


industry expansion into approximately 40 states. Table 4 
lists the top 25 states in wine production from 1995 to 
1997. 

As one of the world’s leading producers, the United 
States has witnessed a steady increase in the export of its 
wines (Figure 7). Despite the millions of gallons produced 
for both internal consumption and exportation, approxi- 
mately 18% of the wine on the American market is im- 
ported (Table 5). However, the amount of imported wines 
in all categories (table, sparkling, dessert, etc) has declined 
by 33%, whereas domestic production of table and other 
special wines has increased by 20% and the domestic spar- 
kling, dessert, and vermouth production has decreased by 
23%. 
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SUPPLEMENT 


GENETIC ENGINEERING: ANIMALS 


Animals in many capacities have been important compo- 
nents of human enterprise since prehistory, as food, shel- 
ter, transport, work, companionship, and, in more recent 
times, to determine safety and efficacy of therapeutics and 
as models to study disease. The development of the capac- 
ity to modify animals at the molecular level has expanded 
their roles, especially in the latter areas, and has added a 
new dimension to this compendium, “molecular pharm- 
ing,” the production of valuable products in milk. 

For most of our long intertwined history, animals’ most 
consistent contribution has been within the agricultural 
arena. With increased social awareness, we have begun to 
question and debate their role in this capacity, and with 
the advent of genetic engineering this has taken on a new 
level of complexity. This paper will provide a reasonable 
overview of the development and use of transgenic animals 
and will touch on the ethical and societal implications but 
will leave a more expanded analysis of these issues to more 
qualified reviewers. 

New technologies have been applied in agriculture and 
food production as they evolved. Genetic engineering 
through the application of recombinant DNA methods and 
the use of DNA typing to aid traditional breeding are the 
new technologies currently having the greatest impact. In 
the latter half of the twentieth century, major improve- 
ments in agricultural productivity have been largely based 
on selective breeding programs for plants and animals; in- 
tensive use of chemical fertilizers, pesticides, and herbi- 
cides; advanced equipment developments; and widespread 
irrigation programs. This has been a very successful model 
at raising productivity, yet these improvements have 
brought corresponding problems of increasing uniformity 
in the genetic base of crop plants and domestic animals, 
pests resistant to chemical pesticides, adverse impacts on 
environmental quality, and capital-intensive production. 
In addition, from a global perspective, these advances have 
been the prerogative of more affluent regions. Farmers in 
developing countries have not had access to many of these 
technologies and capital-intensive methods of production. 
The emerging biotechnology revolution is stimulating hope 
that it will provide the basis for more sustainable agricul- 
ture. 

The new aspects of biotechnology differ from previous 
agricultural technologies in a number of ways that are 
likely to be of significance. First, biotechnology can en- 
hance productivity and product quality with minimal in- 
crease in production costs by providing tools to more effec- 
tively develop and incorporate desired characteristics of 
plants and animals. Second, biotechnology can provide 
more effective mechanisms for improving animal health. 
Third, biotechnology has the potential to conserve natural 
resources and improve environmental quality by reducing 
the dependency of chemical inputs through the develop- 
ment of natural fertilizers and of pest-resistant plants and 
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by contributing to the functioning of biocontrol systems. 
Finally, biotechnology can provide modified organisms to 
degrade wastes and pollutants and for biomass conversion 
to reduce dependency on nonrenewable resources. 

In agriculture, biotechnology in the form of recombinant 
DNA technology is a powerful assistant in traditional plant 
and animal breeding. Traditional breeding programs are 
time-consuming, labor-intensive, and limited to transfers 
of genes between closely related species. In addition, be- 
cause the breeder has no control at the genome level, many 
undesirable traits can also be incorporated, such as in- 
creased disease susceptibility and slower growth. Recom- 
binant DNA technology permits the precise and predict- 
able manipulation of genes. Single traits can be modified 
much more quickly than was possible using traditional se- 
lection and breeding methods alone. Because of the capa- 
bility of moving genes between species, desirable traits 
from one organism can be transferred to another. 

There is no evidence that rDNA techniques or rDNA- 
modified organisms pose any unique or unforeseen envi- 
ronmental or health hazards. In fact, a National Research 
Council study found that “as the molecular methods are 
more specific, users of these methods will be more certain 
about the traits they introduce into plants.” Greater cer- 
tainty means greater precision in safety assessments. 

In a world whose population is increasing at a rate that 
threatens to confirm Malthus’s worst predictions, itis hard 
to envisage feeding and sustaining these numbers in a liv- 
able environment without the use of biotechnology. It is 
difficult to imagine a “promising alternative” to biotech- 
nology and industrial agriculture that will sustain such 
numbers without catastrophic consequences. 

The application of recombinant DNA technology to the 
modification of organisms was first demonstrated in 1972 
when Paul Berg of Stanford used enzymes to paste two 
DNA strands together to form a hybrid circular molecule. 
This was the first recombinant DNA molecule. The follow- 
ing year Stanley Cohen and Annie Chang of Stanford Uni- 
versity and Herbert Boyer of UCSF “spliced” sections of 
two different plasmids (an extra-chromosomal piece of 
DNA) cut with the same restriction enzyme, creating a 
plasmid with dual antibiotic resistance. They then trans- 
formed bacteria with the plasmid, thereby producing the 
first recombinant DNA organism. 

Since that time, rapid advances have been made in the 
application of rDNA techniques to increasingly complex or- 
ganisms, from bacteria and yeasts to plants and mamma- 
lian species. Transgenic animals have tremendous poten- 
tial to act as valuable research tools in the agricultural and 
biological sciences. They can be modified specifically to ad- 
dress scientific questions that were previously difficult if 
not impossible to determine. 

Though the first directed “engineering” of animals was 
selection of animals with desirable traits for breeding pur- 
poses, there is no doubt that the first scientificcontribution 
to reproductive physiology in animals was the successful 
attempt to culture and transfer embryos in 1891. The de- 
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velopment of artificial insemination helped with the costs 
and control of breeding, but the first technological shift 
came with Gurdon’s 1970 transfer of a nucleus of a somatic 
adult frog cell into an enucleated frog ovum and the birth 
of viable tadpoles. This experiment was of limited success 
in that none of the tadpoles developed into adult frogs. In 
1977 Gurdon expanded the field further through the trans- 
fer of messenger RNA (mRNA) and DNA into toad (Xeno- 
pus) embryos where he observed that the transferred nu- 
cleic acids were expressed (turned on) (1). Also in the 
1970s, Ralph Brinster developed a now-common technique 
used to inject stem cells intoembryos. When these embryos 
became adults, they produced offspring carrying the genes 
of the original cells. In 1982, Brinster with his colleagues 
gained further renown by transferring genes for rat growth 
hormone into mice under the control of a mouse liver— 
specific promoter and producing mice that grew into 
“supermice”—twice their normal size (2). 

During the two years 1980 and 1981, there were several 
reported successes at gene transfer and the development 
of transgenic mice. Gordon and Ruddle first coined the 
term transgenic to describe animals carrying exogenous 
genes integrated into their genome (3). Since that time this 
definition has been extended to include animals that result 
from the molecular manipulation of endogenous genomic 
DNA, including all techniques from DNA microinjection to 
embryonic stem (ES) cell transfer and “knock-out” mouse 
production. 

Notwithstanding the advent of successful nuclear 
transfer technology with the dawn of Dolly (the cloned 
sheep), the most widely used technique for the production 
of transgenic animals including mice is by microinjection 
of DNA into the pronucleus of a recently fertilized egg. Us- 
ing various transgenic tools such as antisense technology 
(putting a reverse copy to switch off expression), it is now 
possible to add a new gene to the genome, increase the 
level of expression or change the tissue specificity of ex- 
pression of a gene, and decrease the level of synthesis of a 
specific protein. An additional factor added by the new nu- 
clear transfer technology is the capability of removing or 
altering an existing gene via homologous recombination. 
See Table 1 for different mechanisms of creating trans- 
genic animals. 

Since Palmiter’s mouse, transgenic technology has been 
applied to several species, including agricultural species 
such as sheep, cattle, goats, pigs, poultry, and fish (Table 
2). The applications for transgenic animal research fall 
broadly into two distinct areas, namely, medical and agri- 


Table 1, Transgenic Technologies 


Integration of retroviral vectors into an early embryo 

Injection of DNA into the pronucleus of a newly fertilized egg 

Incorporation of genetically manipulated embryonic stem cells 
into an early embryo 

Incorporation of genetically manipulated primordial germ cells 
into an early embryo 

Sperm delivery 

Nuclear transplantation 

Microprojectile injection 


Table 2. Examples of Species to Which Transgenic 


‘Technology Has Been Applied 

Mammals Birds Fish 

Mice Chickens Salmon 

Rats Japanese quail Trout 

Rabbits Talapia 

Cattle Carp 

Pigs Channel catfish 

Sheep Medaka 

Goats Zebrafish 
Loach 
Goldfish 
Northern Pike 

Source: Ref. 4. 


cultural applications. The recent focus on developing ani- 
mals as bioreactors to produce valuable proteins in their 
milk can be cataloged under both areas. Underlying each 
of these, of course, is a more fundamental application, that 
is, the use of those techniques as tools to ascertain the 
molecular and physiological bases of gene expression and 
animal development. This understanding can then lead to 
the creation of techniques to modify development path- 
ways. 

As noted by Pinkert and Murray, there are still funda- 
mental limitations to the widespread use of transgenic 
technology in all animals except the mouse. Limitations 
include (1) lack of knowledge concerning the genetic basis 
of factors limiting production traits, (2) identification of tis- 
sue and developmentally specific regulatory sequences for 
use in developing gene constructs and expression vectors 
and in gene targeting, and (3) establishment of novel meth- 
ods to increase efficiency of transgenic animal production. 
In medicine no doubt the most versatile animal model has 
been the mouse, and this especially applies because the 
technology has been perfected to customize the engineer- 
ing of mice. Up until recently the principal advantage that 
the mouse held over all other species was the ability to 
isolate with relative ease ES cells, which remain pluripo- 
tent and amenable to engineering. ES cells are derived 
from the inner cell mass of the blastocyst formed during 
early embryogenesis. Distinguished from all other stem 
cells, they are pluripotent, able to develop into virtually 
any and all cells and tissues in the body; and, consistent 
with their expression of telomerase, self-renewing, a po- 
tentially limitless source of cells. One of the areas in which 
the mouse has been supreme is the ability, using these ES 
cells, to target with great specificity regions within chro- 
mosomes via what is termed homologous recombination. 
Using this method, researchers can (1) incorporate a novel 
foreign gene into a mouse genome, (2) modify an endoge- 
nous gene, or (3) delete a portion of a specific endogenous 
gene, creating a “loss-of-function” mutant, termed a 
“knock-out” mouse, from which to study phenotypic effects 
of inactivating genes. This flexibility makes the knock-out 
mouse a really good model from which to study disease and 
development in humans. 

Up until November 1998, isolating ES cells in other 
mammals proved elusive, but in a milestone paper in the 
November 5, 1998, issue of Science, James A. Thomson, a 


developmental biologist at the University of Wisconsin— 
Madison, reported the first successful isolation, derivation, 
and maintenance of a culture of human ES cells (hES cells) 
(5). Obviously this is not the focus of this chapter, but it is 
interesting to note as an aside the leap made from mouse 
to man. As Thomson himself put it, these cells are different 
from all other human stem cells isolated to date, and as 
the source of all cell types, they hold great promise for use 
in transplantation medicine, drug discovery and develop- 
ment, and the study of human developmental biology. 

The other great advance in the field of reproductive bi- 
ology and methods for genetic engineering was Ian Wil- 
mut’s landmark work using nuclear transfer technology to 
generate the lambs Morag and Megan, reported in 1996 
(from an embryonic cell nuclei), and the truly ground- 
breaking work of creating Dolly from an adult cell nucleus, 
reported in February 1997 (6). With the birth of Dolly, the 
sheep, Wilmut and his colleagues at the Roslin Institute 
demonstrated for the first time that the nucleus of an adult 
cell can be transferred to an enucleated egg to create 
cloned offspring. This technology supports the production 
of genetically identical and genetically modified animals. 
Thus, the successful “cloning” of Dolly has captured the 
imagination of researchers around the world. This tech- 
nological breakthrough should play a significant role in the 
development of new procedures for genetic engineering in 
a number of mammalian species. It should be noted that 
nuclear cloning, with nuclei obtained from either mam- 
malian stem cells or differentiated “adult” cells, is an es- 
pecially important development for transgenic animal re- 
search. Since that time the clones have been arriving 
rapidly, with specific advances made by a Japanese group 
who used cumulus cells rather than fibroblasts to clone 
calves. They found that the percentage of cultured, recon- 
structed eggs that developed into blastocysts was 49% for 
cumulus cells and 23% for oviductal cells. These rates are 
higher than the 12% previously reported for transfer of 
nuclei from bovine fetal fibroblasts. Following on the heels 
of Dolly, Polly and Molly became the first genetically en- 
gineered transgenic sheep produced through nuclear 
transfer technology. Polly and Molly were engineered to 
produce human factor [X (for hemophiliacs) by transfer of 
nuclei from transfected fetal fibroblasts. Until then 
germline-competent transgenics had been produced in 
mammalian species, other than mice, only using DNA mi- 
croinjection. 

DNA microinjection has not been a very efficient mech- 
anism to produce transgenic mammals. However, in No- 
vember 1998, a team of Wisconsin researchers reported a 
nearly 100% efficient method for generating transgenic 
cattle. The established method of cattle transgenes in- 
volves injecting DNA into the pronuclei of a fertilized egg 
or zygote. In contrast, the Wisconsin team injected a 
replication-defective retroviral vector into the perivitelline 
space of an unfertilized oocyte. The perivitelline space is 
the region between the oocyte membrane and the protec- 
tive coating surrounding the oocyte known as the zona pel- 
lucida. 

In addition to ES cells, other sources of donor nuclei for 
nuclear transfer might be used such as embryonic cell 
lines, primordial germ cells, or spermatogonia to produce 
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offspring. The utility of ES cells or related methodologies 
to provide efficient and targeted in vivo genetic manipu- 
lations offer the prospects of profoundly useful animal 
models for biomedical, biological, and agricultural appli- 
cations. The road to such success has been most challeng- 
ing, but recent developments in this field are extremely 
encouraging. 

From Table 3 it can be seen that the development of 
transgenic animals has tremendous potential in medical 
research and therapeutic applications, including the crea- 
tion of models to study disease, early development, aging, 
and specific gene function and the production of valuable 
proteins in milk (Tables 4 and 5). For example, pigs have 
been engineered as large-animal models for studying cone 
photoreceptor survival and degeneration in retinitis pig- 
mentosa. A novel use also includes the creation of engi- 
neered animals where the surface antigens of the organs, 
such as the heart, have been altered so that they can be 
used for transplantation without rejection by the recipient 
because the latter’s immune system will not see the trans- 
plants as foreign. 


AGRICULTURAL APPLICATIONS 


Since 1985, transgenic farm animals harboring growth- 
related gene constructs have been created, although ideal 
growth phenotypes were not achieved because of an in- 
ability to coordinately regulate either gene expression or 
the ensuing cascade of endocrine events. 

Using DNA microinjection, the types of genes and reg- 
ulatory sequences introduced into livestock species become 
important considerations. To date, for agricultural species, 
the types of transgenes used fall into two main types, those 
encoding growth factors and those encoding proteins for 
expression in the mammary gland. 

The work with growth factors was carried out in an at- 
tempt to alter the efficiency of meat production and alter 
the partitioning of nutrient resources toward increased 
lean production. In addition to the work with livestock 
transgenic for growth factor, considerable effort has been 
directed toward increasing the efficiency of wool growth in 
Australian sheep by insertion of the two bacterial or yeast 
genes required for sheep to synthesize de novo the sulfur 
amino acid cysteine. 

Milk is one of the principal targets for engineering pro- 
ductivity traits. This includes altering the properties or 
proportions of caseins, lactose, or butterfat in milk of 
transgenic cattle and goats. Another focus is engineering 


Table 3. Use of Transgenic Animals in Medicine 


Animal models to study 

Disease—cancer, cystic fibrosis, bovine spongiform 
encephalopathy (BSE), sickle cell anemia 

Development—embryology, aging 

Epigenetic changes—imprinting and telomere shortening 

Gene targeting—gene function, gene therapy 

“Pharming’—producing valuable proteins in milk 

Xenotransplants—immunocompatible organs for transplantation 
from animals 
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Table 4. Human Proteins in Animals 


Protein Use Animal(s) 
a-1-anti-protease inhibitor o-1-antitrypsin deficiency Goat 
a-1-antitrypsin Anti-inflammatory Goat, sheep 
Antithrombin IIT Sepsis and disseminated intravascular coagulation (DIC) Goat 
Collagen Burns, bone fracture, incontinence Cow 
Factor VII and IX Hemophilia Sheep, pig 
Fibrinogen “Fibrin glue,” burns, surgery localized chemotherapeutic drug delivery Pig, sheep 
Human fertility hormones Infertility, contraceptive vaccines Goat, cow 
Human hemoglobin Blood replacement for transfusion Pig 
Human serum albumin Burns, shock, trauma, surgery Goat, cow 
Lactoferrin Bacterial gastrointestinal infection Cow 
LAtPA Venous stasis ulcers Goat 
Monoclonal antibodies Colon cancer Goat 
‘Tissue plasminogen activator Heart attacks, deep vein thrombosis, pulomary embolism Goat 


Source: Table modified from GEN. 


Table 5. Transgenic Animals and Protein Yields, 
Estimated Herd Size for Selected Proteins Produced in 


the Milk of Transgenic Animals 
Estimated 
annual —_ Estimated 
Protein need (kg) herdsize Animal 
a-L-antitrypsin 5,000 33,000 Sheep 
42,000 Goat 
Factor IX 2 13 Sheep 
22 Pig 
Human serum albumin 1,000 300 Cow 
8,300 Goat 


Note: The number of lactating animals may be calculated as (expression in 
g/L) X (annual milk production in L) X (purification efficiency) 


for enhanced resistance to viral and bacterial diseases, in- 
cluding development of “constitutive immunity,” or germ- 
line transmission of specific, modified antibody genes. Cas- 
tilla et al. reported in the April 1998 issue of Nature 
Biotechnology the generation of transgenic mice that se- 
crete virus-neutralizing antibodies in their milk (7). These 
antibodies were directed against transmissible gastroen- 
teritis coronavirus (TGEV). TGEV infection is an impor- 
tant disease in swine that causes a mortality close to 100% 
in 3-week-old piglets and severe diarrhea in young pigs. 
Therefore, the development of transgenic sows that syn- 
thesize virus-neutralizing antibodies in their milk could 
reduce the serious effects resulting from TGEV infection 
in newborn swine. 

Work on the directed expression of new proteins with 
pharmaceutical value to the mammary gland of cattle, 
goats, pigs, and sheep has been more successful. A number 
of pharmaceutically important proteins have been ex- 
pressed in the mammary gland (see Table 4). 

The production of transgenic farm animals is costly and 
time-consuming (Table 6). In mouse experiments, less than 
2 months is required from the time the construct is ready 
for microinjection through weaning of baby mice. In con- 
trast, for pig experiments, 1 month to a year is required 
for a sufficient number of DNA injections and recipient 
transfers to ensure the likelihood of success. In addition, 


Table 6. Use of Transgenic Animals in Agriculture 


To create tissue-specific gene expression 

To study development 

To improve productivity 

To increase disease resistance 

To improve meat and milk quality 

To produce valuable proteins in milk, blood, or urine 
‘To preserve rare or threatened animals 

‘To cross species barriers 


the time frame from birth of a founder transgenic animal 
to the establishment of lines can be 1 to 2 years for pigs, 
sheep, and goats to 4 to 5 years for cattle. Neal First, UW- 
Madison, has come up with an ingenious mechanism for 
testing the feasibility of developing specific transgenics be- 
fore heading down the expensive road of genetically engi- 
neering an entire animal. He first does a test run by using 
replication-defective retrovirus vectors to transiently ex- 
press gene constructs in the mammary gland of animals. 
He has used an alpha virus containing a human growth 
hormone gene to produce human growth hormone in the 
milk of a goat. However, the transformed cells are sloughed 
off over time and the process needs to be repeated, but it 
does establish whether or not the construct will work. 

Transgenic techniques have been developed for other 
vertebrate species in addition to mammals, including poul- 
try and fish. In both instances, genetic selection is an ex- 
ceedingly slow process. Because DNA microinjection into 
pronuclei of embryonic cells in poultry is not feasible, 
transfection using similar retroviruses to that used by 
Neal First has prevailed. As described, methods have in- 
cluded transfection of genes into cells of embryonic blas- 
toderm, insertion of genes using replication-competent 
retroviruses, the use of replication-defective retroviruses, 
and sperm-mediated gene transfer. Although the last 
method has come under critical dispute, the other methods 
have led to the development of experimental models. 

In contrast to poultry studies, work with fish has moved 
ahead with far greater speed. The principal area of re- 
search has focused on growth performance, and initial 
transgenic growth hormone (GH) fish models have dem- 


onstrated accelerated and beneficial phenotypes. DNA mi- 
croinjection methods have propelled the many studies re- 
ported and have been most effective due to the relative 
ease of working with fish embryos. Bob Devlin’s group in 
Vancouver has demonstrated extraordinary growth rate in 
coho salmon that were transformed with a growth hor- 
mone from sockeye salmon. The transgenics achieve up to 
11 times the size of their littermates within 6 months, 
reaching maturity in about half the time. Interestingly, 
this dramatic effect is observed only in feeding pens where 
the transgenics’ ferocious appetites demand constant feed- 
ing. If the fish are left to their own devices and must forage 
for themselves, they appear to be outcompeted by their 
smarter siblings. 


DOMESTIC ANIMALS AS BIOREACTORS 


The second general area of interest has been the develop- 
ment of lines of transgenic domestic animals for use as 
bioreactors. One of the main targets of these so-called 
“gene pharming” efforts has involved attempts to direct 
expression of transgenes encoding biologically active hu- 
man proteins. In such a strategy, the goal is to recover 
large quantities of functional proteins that have thera- 
peutic value from serum, urine, or the milk of lactating 
females. To date, expression of foreign genes encoding ly- 
sozyme, a-1-antitrypsin, tissue plaminogen activator, clot- 
ting factor IX, and protein C were successfully targeted to 
the mammary glands of goats, sheep, cattle, or a combi- 
nation of these swine, (Tables 4 and 5). Similarly, lines of 
transgenic pigs and mice have been created that produce 
human hemoglobin or specific circulating immunoglobu- 
lins. The ultimate goal of these efforts is to harvest pro- 
teins from the serum of transgenic animals for use as im- 
portant constituents of blood transfusion substitutes, or for 
use in diagnostic testing. 


THE FUTURE 


There is no question that the use of transgenic animals in 
medical research has already made contributions in help- 
ing us understand physiological processes. It shows much 
promise for the future in providing tools to elucidate the 
mechanisms of development, disease, and aging; to develop 
effective therapeutics, including gene therapy, and effec- 
tive approaches to disease prevention and health mainte- 
nance; and to generate animals for the production of valu- 
able proteins and modified organs for xenotransplantation. 
The recent acquisition of Roslin Bio-Med by Geron juxta- 
poses three of the major advances in this field in the last 
2 years, namely, nuclear transfer technology; pluripotent 
stem cell, and telomerase, which allows cells to remain vi- 
able. The combined technologies are expected to enhance 
and accelerate the development of new transplantation 
therapies for numerous degenerative diseases such as di- 
abetes, Parkinson’s disease, cancer, and heart disease. 
On the agriculture end, however, while transgenic ani- 
mal technology continues to open new and unexplored 
frontiers, it also raises questions concerning regulatory 
and commercialization issues as demonstrated by molec- 
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ular farming efforts. A number of major regulatory and 
public perception hurdles exist that may affect the time to 
commercialization of transgenic animals. These include 
safety issues related to food produced from genetically en- 
gineered animals and ethical considerations such as ani- 
mal welfare. So the commercialization of genetically en- 
gineered animals in agriculture will have several hurdles 
to overcome on the way to market, including technical, reg- 
ulatory, and consumer perception. Considering the long 
and winding path that genetically modified crops took on 
the road to acceptance, it is expected that for animals the 
path will be even more convoluted and fraught with obsta- 
cles, The potential is so great, however, that I remain op- 
timistic that the future looks bright. 
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NUTS 


Since ancient times, nuts and seeds have been a staple in 
many healthy diets. Worldwide, these foods have been con- 
sumed in main dishes, in desserts, and alone as snacks. 
Nuts contain a variety of nutrients and are important in a 
healthy diet, especially for those who are consuming 
mainly plant-based diets. 

Nuts are classified as either tree nuts or peanuts. Tree 
nuts are actually a one-seeded fruit in a hard shell. Tree 
nuts include cashews, almonds, hazelnuts, Brazil nuts, 
macadamia nuts, pecans, pine nuts, walnuts, and pistachio 
nuts. 


WHERE THE SCIENCE BEGAN 


Many large population studies show that the evidence 
linking frequent peanut and nut consumption to a 25 to 
50% reduced risk of heart disease is strong. A landmark 
study in 1992 at Loma Linda University examined the di- 
ets of approximately 27,000 Seventh-Day Adventists. This 
study was one of the first to suggest that nut eaters are a 
healthy group. Researchers looked at the relationship be- 
tween 65 different foods and coronary heart disease. Out 


of all the foods studied, nuts by far had the strongest pro- 
tective effect on the risk of having a heart attack or dying 
of heart disease. People eating nuts more than 5 times a 
week decreased their risk of heart disease by over 50%; 
those eating nuts 1 to 4 times a week decreased their risk 
by 27% (1). A further diet analysis showed that 32% of the 
nuts consumed by study participants were peanuts. 

Participants enjoyed a wide variety of nuts, including 
peanuts, almonds, and walnuts. They ate them out ofhand 
as a snack, in fruit shakes, and cooked in food. Interest- 
ingly, the participants who consumed nuts were signifi- 
cantly thinner than the rest of the group. Though this does 
not prove that eating nuts makes us thinner, it shows that 
it does not necessarily make us obese. 

This study was validated by the Iowa Women’s Study, 
which looked at the eating habits of 34,000 women. Over 
a 5-year period, the researchers found an inverse relation- 
ship between nut consumption and death from heart dis- 
ease. The scientists determined that women who ate nuts 
were only 40% as likely to die from heart disease as those 
who never ate nuts (2). 

The DASH diet, an eating plan that has been clinically 
proven to lower blood pressure in hypertensive men and 
women, may also be effective in preventing hypertension, 
according to a study in the New England Journal of Med- 
icine (3). Although the DASH diet is an entire eating plan, 
a significant element is that it recommends eating 4 to 5 
servings from the nuts, seeds, and legumes group each 
week. 

Another study, in Australia, found that people who con- 
sumed diets rich in monounsaturated fats, mainly from 
peanuts, experienced a larger decline in LDL cholesterol 
as compared to the low-fat diet. Instead of raising triglyc- 
eride levels as on the low-fat diet, the peanut-enriched-diet 
eaters lowered their triglyceride levels (4). 

Researchers note the favorable fatty acid profile of pea- 
nuts and nuts—low in saturated fat and high in monoun- 
saturated fats (MUFA) and polyunsaturated fats—as one 
possible explanation for their protection against heart dis- 
ease. 

More recent research has further confirmed the rela- 
tionship between consuming nuts and preventing heart 
disease. In the Nurses’ Health Study published in the No- 
vember 1998 British Medical Journal, researchers at Har- 
vard School of Public Health found that “frequent con- 
sumption of peanuts and nuts was associated with a 
lowered risk of coronary heart disease (CHD)” (5). This is 
one of the most prestigious research studies, looking at the 
dietary habits of more than 86,000 female nurses, Those 
who ate more than 5 servings of nuts, peanuts, and peanut 
butter each week decreased their risk of heart disease by 
about one-third, compared to women who rarely or never 
ate nuts. 

Preliminary results of the Physicians’ Health Study, 
presented at the American Heart Association 1998 Scien- 
tific Sessions, found similar results. In a group of 22,000 
male physicians, the risk of cardiac death and sudden 
death decreased as nut consumption increased (6). 

Different types of clinical studies using a variety of 
nuts, such as peanuts, macadamia nuts, and walnuts, 
demonstrate that consumption of nuts can lower LDL cho- 


lesterol levels and possibly reduce the risks contributing 
to both fatal and nonfatal coronary heart disease (2,7-10). 


PEANUTS IN A WEIGHT-LOSS DIET 


Penny Kris-Etherton, professor of nutrition at Pennsyl- 
vania State University, found that a weight-loss diet high 
in MUFA provided by peanuts and peanut butter not only 
lowered cholesterol but also helped subjects lose weight. 
Participants on both low-fat (less than 20% calories from 
fat) and higher-fat (35% of calories from fat, which was 
mainly monounsaturated) diets lost an average of 2 lb per 
week (11). Both diets lowered total and LDL cholesterol, 
known risk factors for cardiovascular disease. 

In this study, the healthy MUFA was added to the diets 
by using peanut butter instead of butter and jam on bagels 
and toast; snacking on peanuts instead of pretzels, cookies, 
or crackers, using peanut butter in sandwiches instead of 
lean luncheon meats; and using peanut-based dressing 
with salads and vegetables. 

According to Kris-Etherton, “Consumers should under- 
stand that ‘fat-free’ does not always translate into weight 
loss and that healthy diets can include favorite foods, such 
as peanuts and peanut butter, while promoting weight loss 
and weight maintenance.” 


NUTS HELP PEOPLE STICK TO WEIGHT-LOSS DIETS 


A real-life example of the benefits of adding peanuts and 
peanut butter to a healthy diet is a study conducted by 
Frank Sacks and Kathy McManus at Harvard Medical 
School and Brigham and Women’s Hospital in Boston. Al- 
most 3 times as many people were able to stick to a higher- 
fat diet that included peanuts and peanut butter during 
an 18-month free-living weight-loss study (12). One hun- 
dred one overweight men and women were assigned to ei- 
ther of two weight-loss diets: (1) a low-fat diet and (2) a 
higher MUFA “Mediterranean-style” diet. 

After 18 months, the researchers found that subjects on 
the Mediterranean-style diet fared better throughout the 
study period. Those on the higher-fat Mediterranean-style 
diet were able to lose an average of 11 Ib each and maintain 
their weight loss, whereas those following the low-fat diet 
gained almost half of the lost weight back, resulting in only 
a 6-lb weight loss. In addition, more than 80% of the par- 
ticipants on the low-fat diet dropped out of the study com- 
pared to fewer than half (46%) of the subjects on the 
higher-fat diet (12). 

The Mediterranean-style diet included foods high in 
heart-healthy MUFA such as peanuts, peanut butter, pea- 
nut oil, nuts, avocados, and olive oil on a daily basis. When 
allowed to choose their own MUFA-rich foods, subjects con- 
sistently chose peanuts, peanut butter, and mixed nuts, 
favorite foods that used to be on a dieter’s “forbidden” list. 

Interestingly, those on the higher-fat diet ate more vege- 
tables, fiber, and protein. This may be due to the fact that 
Mediterranean dishes typically consist of many vegetables 
and whole grains, sprinkled with peanuts and nuts or driz- 
zled with peanut or olive oil to emphasize palatability. 
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McManus, manager of clinical nutrition at Brigham and 
Women’s Hospital, adds, “As obesity becomes an epidemic 
in America, it is more important than ever to identify eat- 
ing patterns that can not only promote weight loss, but 
help sustain that weight loss for a lifetime. Patients were 
delighted to be able to eat peanuts and peanut butter 
again” (12). 


PEANUTS AND NUTS SATISFY HUNGER 


Rick Mattes, a satiety expert at Purdue University, ex- 
amined why peanuts and peanut butter may help people 
stick to weight-loss programs. Mattes and collaborator 
Corinna Lermer found that when 500 cal of peanuts were 
added to participants’ regular diets, substituted in the diet 
for other fat, or eaten freely, the results were the same— 
the men and women automatically compensated for most 
of the additional calories, and they spontaneously com- 
mented on the high satiety of the peanuts (13). Those who 
either added peanuts to their regular diets or substituted 
peanuts for other fats had the added benefit of significantly 
lowering their triglyceride levels (TG), a known risk factor 
for cardiovascular disease (CVD). 

Mattes notes, “Regular consumption of small amounts 
of peanuts does not necessarily lead to weight gain and 
may contribute to a healthy, more satisfying diet” (13). 


NUT AND PEANUT EATERS HAVE BETTER BODY PROFILES 


A study conducted by Brenda Eissenstat at Penn State 
found that the body mass index (BMI), a measure health 
professionals use to evaluate body weight, of peanut eaters 
was more favorable than that of non—peanut eaters (14). 
In addition, peanut eaters consistently tend to have higher 
levels of key nutrients and overall healthier diets than 
their non-peanut eating counterparts. 

Additionally, a number of studies in the United States, 
Israel, and Australia have demonstrated the positive ef- 
fects of almonds and other nuts on heart disease and car- 
diovascular disease risk factors. When suggesting that 
nuts can be a useful food for the population in terms of 
cardiovascular health, a common question is whether they 
will make people fat. In a growing body of evidence on the 
subject, it is interesting to note that in the large population 
studies, frequent consumers of nuts were more successful 
at maintaining their body weight than those who never ate 
nuts. Also, in studies investigating almonds’ effects on 
blood cholesterol, participants consumed up to 3 oz of al- 
monds a day, yet no one gained weight, despite the higher 
fat intake (15). 


PEANUTS AND NUTS DECREASE THE RISK OF A SECOND 
HEART ATTACK 


Lisa Brown at Harvard School of Public Health examined 
the eating patterns of participants in the Cholesterol and 
Recurrent Events (CARE) trial. People who ate 2 or more 
servings of peanuts or nuts a week decreased their risk of 
having another heart attack by 25% (16). Brown found that. 
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a healthy diet that includes peanuts and nuts can have 
benefits above and beyond those provided by drugs alone. 
This study gives further credibility to the diet and disease 
prevention link. 


NUTRIENTS RECENTLY FOUND IN PEANUTS AND NUTS 


Researchers at the United States Department of Agricul- 
ture (USDA) Agricultural Research Service at North Caro- 
lina State University have identified resveratrol, the phy- 
tochemical in red wine, in peanuts (17). The “French 
paradox” associates resveratrol’s presence in red wine with 
reduced cardiovascular disease and refers to the fact that, 
despite consuming a relatively high-fat diet, the French 
have surprisingly low rates of heart disease. 

Peanuts also contain other plant chemicals, such as 
phytosterols and isoflavones. A study at the State Univer- 
sity of New York at Buffalo identified an important phy- 
tochemical, beta-sitosterol (SIT), in peanuts and peanut 
products. SIT has previously been shown to inhibit cancer 
growth, especially prostate cancer. Atif Awad examined the 
SIT content of peanuts, peanut butter, peanut flour, and 
peanut oil and found that the content varied from 44 mg 
SIT/100 g (peanut flour) to 191 mg SIT/100 g (unrefined 
peanut oil), Snack peanuts contain 160 mg SIT/100 g and 
peanut butter contains approximately 120 mg SIT/100 g 
(18), The amount of protective SIT in unrefined peanut oil 
is comparable to that of soybean oil (183 mg SIT/100 g). 

In addition to phytochemicals, peanuts contain signifi- 
cant amounts of heart-healthy MUFA, plant protein, fiber, 
magnesium, and vitamin E, all of which may contribute to 
their healthfulness. Many hard-to-get nutrients such as 
copper, phosphorus, potassium, and zinc are also found in 
peanuts and peanut butter. All of these, plus the many 
plant sterols and phytochemicals that are still being dis- 
covered in peanuts, make them a complex food with many 
health benefits. 


PEANUTS 


Though many people think of peanuts as nuts, they are 
actually legumes and belong to the Leguminosae family. 
They are used in diets and cuisines as nuts, but their 
physical structure and nutritional benefits more closely re- 
semble those of other legumes, such as beans. 


History 


The peanut, though grown in tropical and subtropical 
regions throughout the world, is native to the Western 
Hemisphere. It probably originated in South America and 
spread throughout the New World as Spanish explorers 
discovered the peanut’s versatility. When the Spaniards re- 
turned to Europe, peanuts went with them. Later, traders 
were responsible for spreading peanuts to Asia and Africa. 
The peanut made its way back to North America during 
the slave trading period. Although there were some com- 
mercial peanut farms in the United States during the 
1700s and 1800s, peanuts were not extensively grown. 
This lack of interest in peanut farming is attributed to the 


fact that the peanut was regarded as food for the poor and 
to the slow, difficult growing and harvesting techniques. 
Until the Civil War, the peanut remained a regional food 
associated with the southern United States. 

After the Civil War, the demand for peanuts increased 
rapidly. By the end of the nineteenth century, the devel- 
opment of equipment for production, harvesting, and shell- 
ing peanuts, as well as processing techniques, contributed 
to the expansion of the peanut industry. The new 
twentieth-century labor-saving equipment resulted in a 
rapid demand for peanut oil, roasted and salted peanuts, 
peanut butter, and confections. 

Also associated with the expansion of the peanut indus- 
try is the research of George Washington Carver at Tus- 
kegee Institute in Alabama at the turn of the century. The 
talented botanist recognized the intrinsic value of the pea- 
nut as a cash crop. Carver proposed that peanuts be 
planted as a rotation crop in the southeastern cotton- 
growing areas where the boll weevil threatened the re- 
gion’s agricultural base. Not only did Carver contribute to 
changing the face of southern farming, he also developed 
more than 300 uses for peanuts, mostly for industrial pur- 
poses. 


Early Legislative Action 


As peanut consumption continued to rise, the U.S. govern- 
ment instituted programs in 1934 to regulate the acreage, 
production, and price of this food item. Federal govern- 
ment production controls were lifted during World War II 
to meet the heavy demand for fats and oils required for the 
USS. war effort. Controls were reestablished in 1949, and 
in 1977 a two-tier price-support system was initiated. This 
system has subsequently been revised, most recently by 
the 1995 Farm Bill. 


Peanut Types and Production 


Seven states account for approximately 98% of all peanuts 
grown in the United States: Georgia (37.7%) grows the ma- 
jor proportion of all peanuts, followed by Texas (23.2%), 
Alabama (10.5%), North Carolina (9.3%), Florida (6.4%), 
Virginia (5.4%), and Oklahoma (5.2%). There are approx- 
imately 40,000 peanut farms in the major producing 
regions. (Percentages are based on 1997 production of 
quota and nonquota peanuts.) The peanut-growing regions 
of the United States have direct access to port facilities of 
the Atlantic Ocean and the Gulf of Mexico. The United 
States produces four basic varieties of peanuts: runner, 
Virginia, Spanish, and Valencia. Each type is distinctive in 
size and flavor. 


Runners 


Runners have become the dominant type due to the intro- 
duction in the early 1970s of a new runner variety, the 
Florunner, which was responsible for a spectacular in- 
crease in peanut yields. Runners have rapidly gained wide 
acceptance because of their attractive kernel size range; a 
high proportion of runners are used for peanut butter. Run- 
ners, grown mainly in Georgia, Alabama, Florida, Texas, 
and Oklahoma, account for 73% of total U.S. production. 


Virginia 

Virginia have the largest kernels and account for most of 
the peanuts roasted and eaten as in-shells. When shelled, 
the kernels are sold as salted peanuts. Virginias are grown 
mainly in southeastern Virginia, northeastern North Caro- 
lina, and western Texas. Virginia-type peanuts account for 
about 22% of total U.S. production. 


Spanish 

Spanish-type peanuts have smaller kernels covered with a 
reddish-brown skin. They are used predominantly in pea- 
nut candy, although significant quantities are also used for 
salted nuts and peanut butter. They have a higher oil con- 
tent than the other types of peanuts, which is advanta- 
geous when crushing for oil. Grown primarily in Oklahoma 
and Texas, Spanish-type peanuts account for 4% of U.S. 
production. 


Valencia 


Valencias usually have three or more small kernels to a 
pod, They are very sweet peanuts and are usually roasted 
and sold in the shell; they are also excellent for fresh use 
as boiled peanuts. Because of the greater demand for other 
varieties, Valencias account for less than 1% of U.S. pro- 
duction and are grown mainly in New Mexico. 


Growing 


Peanuts are the seeds of an annual legume that grows 
close to the ground and produces its fruit below the soil 
surface, U.S. peanuts are planted after the last frost in 
April or May when soil temperatures reach 65 to 70°F 
(20°C). Preplanting tillage ensures a rich, well-prepared 
seedbed. Seeds are planted about 2 in. (5 cm) deep, one 
every 2 to 4 in. (5-10 cm) in the Southeast, and 4 to 6 in. 
(10-15 cm) in the Virginia—Carolina area, in rows about 3 
ft (1 m) apart. The row spacing is determined to a large 
extent by the type of planting and harvesting equipment 
utilized. 


Cultivating 


Peanuts may be cultivated up to three times, depending 
on the region, to control weeds and grasses. A climate with 
approximately 200 frost-free days (175 for Spanish pea- 
nuts) is ideal for a good crop. Warm weather conditions, 
coupled with rich, sandy soil, will result in the appearance 
of peanut leaves 10 to 14 days after the first planting. 
Farmers generally follow a 3-yr rotation pattern with cot- 
ton, corn, or small grains planted on the same acreage in 
intervening years to prevent disease. In addition, many 
farmers are using irrigation in an effort to reduce crop 
stress and thereby enhance opportunities for the produc- 
tion of high-quality peanuts. 


Harvesting 


The peanut-harvesting process occurs in two stages. 
Digging, the first stage, begins when about 70% of the pods 
have reached maturity. At optimum soil moisture, a digger 
proceeds along the rows of peanut plants, driving a hori- 
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zontal blade 4 to 6 in. (10-15 cm) under the soil. The digger 
loosens the plant and cuts the taproot. A shaker lifts the 
plant from the soil, gently shakes the soil from the pea- 
nuts, and inverts the plant, exposing the pods to the sun 
in a windrow. The peanuts are now ready for the second 
phase of the harvest—curing. After they cure in the field 
for 2 or 3 days, a combine separates the pods from the 
vines, placing the peanut pods into a hopper on the top of 
the machine. The vine is returned to the field to improve 
the soil fertility or baled into hay for livestock feed. Freshly 
dug peanuts are then placed into drying wagons for further 
curing, with forced hot air slowly circulating through the 
wagons. In this final stage of the curing process, moisture 
content is reduced to 8 to 10% for safe storage. 


Shelling and Grading 


After proper curing, farmers’ stock peanuts (harvested 
peanuts that have not been shelled, cleaned, or crushed) 
are inspected and graded to establish the quality and value 
of the product. The inspection process determines the over- 
all quality and on-farm value of the shelled product for 
commercial sales and price-support loans. 

The inspection and grading of peanuts by the Agricul- 
tural Marketing Service (AMS) of the USDA occur at buy- 
ing stations or shelling plants usually located within a few 
miles of where the peanuts have been harvested. A pneu- 
matic sampler withdraws a representative quantity of pea- 
nuts from the drying wagon, and from this sample the 
USDA inspector determines the meat content, size of pods, 
damaged kernels, foreign material, and kernel moisture 
content. Once the grade is established, the loan value is 
determined from USDA price-support schedules. 

Peanuts are separated into three classifications at this 
farmers’ stock marketing and grading stage: segregation I, 
segregation II, or segregation III. These classifications 
based on USDA grades are mainly concerned with the 
amount and type of damage in the kernels. Peanut shelters 
can buy only segregation I for use in edible products. Those 
peanuts not classified as segregation I are crushed for oil. 

Segregation 1 peanuts move on to the shelling process, 
where they are first cleaned; stones, soil, bits of vines, and 
other foreign material are removed. The cleaned peanuts 
move by conveyor belt through shelling machines in which 
the peanuts are forced through perforated grates that 
separate the kernels from the hulls. Shakers separate the 
kernels and the pods. The kernels are then passed over the 
various screens where they are sorted by size into market 
grades. The edible nuts are individually inspected with 
electronic eyes that eliminate discolored or defective nuts 
as well as any remaining foreign material. 

In-shell peanuts are usually produced from large 
Virginia-type peanuts or Valencias that have been grown 
in light-colored soil. Very immature and lightweight pods 
are removed by vacuum. The largest remaining pods are 
separated into size categories by screens. Stems are re- 
moved and any remaining immature pods are removed by 
specific gravity. Dark or damaged pods are then removed 
by electronic eyes so that only the most mature, brightest 
pods remain. 
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Manufacturing, 


Unlike in other countries where the end products are pea- 
nut oil, cake, and meal, the prime market for U.S. peanuts 
is edible consumption. Only 15% of U.S. production is nor- 
mally crushed for oil. U.S. per capita consumption is ap- 
proximately 6.5 Ib per person (excluding crushing). 


Peanut Butter 


Peanut butter is one of America’s favorite foods. Found in 
about 75% of American homes, peanut butter is considered 
by many to be a staple like bread and milk. By law, in the 
USS., any product labeled “peanut butter” must be at least 
90% peanuts. The remaining 10% may include salt, sweet- 
ener, and stabilizers that prevent the peanut oil from sepa- 
rating and rising to the top. About 40% of the U.S. peanut 
crop is used to make peanut butter. The peanuts are 
roasted and cooled, then the skins are removed. The ker- 
nels are inspected again and then ground, usually through 
two grinding stages, to produce a smooth, even-textured 
butter. The peanut butter is heated to about 170°F during 
grinding. After the stabilizer is added, the peanut butter 
is rapidly cooled to 120°F or below. This crystallizes the 
stabilizer, thus trapping the peanut oil that was released 
by the grinding. Peanut granules can be added at this point 
to make crunchy peanut butter. 


Snack Peanuts 


Americans consume more than 300 million lb of snack pea- 
nuts each year. Most snacking peanuts are shelled and 
blanched (to remove the skins) before roasting. Peanuts 
can be oil-roasted in continuous cookers that take a steady 
stream of peanuts through hot oil for about 5 min or dry- 
roasted in a large oven with dry, hot forced air. About 10% 
of the U.S. crop is sold as in-shell peanuts—usually the 
large Virginia and long Valencia types. The peanuts are 
conveyed over sizing screens that let the smaller pods fall 
through for shelling. In this way, only the largest pods are 
sold as in-shell peanuts. The peanuts are then roasted and 
packaged for sale. In-shell peanuts often are roasted with 
salt and occasionally with spicy seasonings. 


Confectionery 


The confectionery industry uses about 25% of the U.S. crop 
to make candy. Five of the eight top-selling chocolate con- 
fections contain peanuts or peanut butter. Peanut butter 
and chocolate seem to be one of America’s favorite pairs. 


Peanut Oil 


Peanut kernels range in oil content from about 43 to 54%, 
depending on the variety of peanut and seasonal growing 
conditions. Peanuts supply one-sixth of the world’s vege- 
table oil. Oil is extracted from shelled and crushed peanuts 
by one or a combination of the following methods: hydrau- 
lic pressing, expeller pressing, and solvent extraction. Pea- 
nut oil is an excellent-quality cooking oil with a high smoke 
point (440°F) and neutral flavor and odor. It allows food to 
cook very quickly with a crisp coating and little oil absorp- 
tion. Peanut oil is liquid at room temperature. Highly 


aromatic 100% peanut oil and peanut extract are high- 
value products with a strong roasted peanut flavor and nut 
aroma. These products have applications in flavor com- 
pounds, confections, sauces, and baked goods. 


Peanut Flour 


Roasted and naturally processed to obtain a strong roasted. 
peanut flavor, partially defatted peanut flour works well 
as a fat binder in confectionery products or to add flavor 
and extend shelf life. Peanut flour is also high in protein 
(40-45%). 


Export Markets 


World peanut exports are approximately 1.3 million t 
(shelled basis). The major suppliers to the export market. 
are the United States, China, and Argentina. Although 
USS. peanuts represent approximately 10% of world pea- 
nut production, the United States has become one of the 
leading world exporters, accounting for about one-fourth of 
world peanut trade. Other producers such as India, Viet- 
nam, and several African countries, periodically enter the 
export market, depending on their crop quality and world 
market demand. 

Sixty percent of U.S. raw peanut exports are destined 
for the European Union (EU). The major markets for pea- 
nuts within the EU are the United Kingdom, the Nether- 
lands (which serves as the primary port of entry for pea- 
nuts), and Germany. 

Demand in Europe for peanuts has been steady, al- 
though competition within a dynamic snack market has 
put considerable pressure on peanuts to compete with a 
growing range of products (potato chips, extruded prod- 
ucts, pretzel sticks, etc). In addition, quality standards and 
import requirements continue to tighten, requiring the im- 
plementation of improved monitoring and quality-control 
standards at origin. 

Exports of processed peanuts and specialty peanut 
products have steadily increased, representing approxi- 
mately 25% of total U.S. peanut exports by value. The larg- 
est U.S. export market for processed peanut butter is 
Saudi Arabia, followed by Canada, Japan, Germany, and 
Korea. Major snack nut markets are the Netherlands, 
Spain, the United Kingdom, France, and Germany. 


U.S. Quality Control and Research 


Consumers throughout the world are concerned about con- 
sistently obtaining flavorful, wholesome peanuts that are 
uniform in size and free from foreign material and contam- 
ination. The U.S. peanut industry continues to invest 
heavily in plant modernization and the latest designs in 
automated cleaning and sorting equipment to ensure that 
all buyers receive the best possible product. U.S. govern- 
ment inspectors monitor processing at each stage of the 
peanut’s journey from the farm to the manufacturer—and 
to the grocery shelf in the case of domestic production. 


Marketing Agreement 


In 1965, the AMS/USDA, the Food and Drug Administra- 
tion, and the U.S. peanut industry initiated a cooperative 


quality-control program to prevent aflatoxin-contaminated 
peanuts from entering food channels. Under the provisions 
of the agreement, peanuts are subject to strict quality stan- 
dards that are enforced by USDA and federal and state 
inspectors. These inspectors supervise, inspect, and grade 
peanuts from delivery at buying points to shipment from 
shelling plants. Strictly enforced government regulations 
ensure that U.S. peanuts are of consistently high quality. 
In addition, comprehensive lot identification systems en- 
able peanuts to be tracked throughout their various stages 
of processing until final delivery to a domestic processor or 
upon export. 


Industry Research 


Due to the emphasis on production of edible peanuts, both 
the government and the U.S. industry allocate a consid- 
erable amount of time and money to peanut research to 
produce a high-quality food item. Government- and 
industry-funded peanut research provides farmers with 
the latest information on improving quality and yields. 
Since the late 1950s, peanut yields have tripled as a result 
of new varieties, advanced agronomic technology, irriga- 
tion, and totally mechanized operations. 


CASHEWS 


The cashew fruit consists of two distinct parts: a fleshy 
stalk in the form of a pear—also called the cashew apple— 
with a brilliant yellow or red skin that can measure from 
5 to 10 cm; and a gray-brown-colored nut (the cashew) in 
the shape of a kidney, which hangs from the lower end of 
the stalk, or apple. The nut section of the cashew fruit is 
very rich in carbohydrates and vitamin A. 

Cashews are believed to have originated in the north- 
east of Brazil, near the equator. It is likely that Spanish 
sailors first introduced the cashew to Central America in 
the sixteenth century. Later, Portuguese colonists brought 
cashews to territories in East Africa (Mozambique) and In- 
dia (Goa), where its cultivation extended to Indonesia and 
the Philippines. Today the principal cashew-producing 
countries are Brazil, India, and Mozambique. Juices, 
syrups, preserves, wine, and liquors are obtained from the 
stalk or apple. However, the main commercial use is the 
cashew nut itself. Cashews are marketed in the shelled, 
roasted, and salted forms for use as a snack and as an 
ingredient (delicacies, chocolate, etc). 


ALMONDS 


Unlike other flowering fruit trees that bear edible fruit, the 
almond tree’s “pearl” is the delicious nut found inside the 
fruit. 


History 


The exact ancestry of almonds is unknown, but they are 
thought to have originated in China and central Asia. Ex- 
plorers ate almonds while traveling the Silk Road between 
Asia and the Mediterranean. Before long, almond trees 
flourished in the Mediterranean, especially in Spain and 
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Italy. The almond tree was brought to California from 
Spain in the mid-1700s by the Franciscan padres. The 
moist, cool weather of the coastal missions, however, did 
not provide optimum growing conditions. It wasn’t until 
the following century that trees were successfully planted 
inland. By the 1870s, research and crossbreeding had de- 
veloped several of today’s prominent almond varieties. By 
the turn of the twentieth century, the almond industry was 
firmly established in the Sacramento and San Joaquin 
areas of California’s great Central Valley. 

Throughout history, almonds have maintained reli- 
gious, ethnic, and social significance. The Bible’s Book of 
Numbers tells the story of Aaron’s rod that blossomed and 
bore almonds, giving the almond the symbolism of divine 
approval. They were a prized ingredient in breads served 
to Egypt’s pharaohs. The Romans showered newlyweds 
with almonds as a fertility charm. Today, Americans give 
guests at weddings a bag of sugared almonds, representing 
children, happiness, romance, good health, and fortune, In 
Sweden, cinnamon-flavored rice pudding with an almond 
hidden inside is a Christmas custom. Find it, and good for- 
tune is yours for a year. 


Marketing 


The principal almond-producing countries are the United 
States, Spain, Italy, Portugal, Morocco, Tunisia, and Tur- 
key. Almonds are marketed in various forms: in-shell, 
shelled, blanched, slivered, chopped, flour, roasted, sweet- 
ened, and salted. They are used as a snack, in confection- 
ery (marzipan, turron, nougat, etc), in food products (al- 
mond milk, ice cream, chocolate), in culinary recipes, and 
also as a cosmetic base. 


Growing 


In the fall, flower parts begin to develop on the edges of 
the growing bud. By mid-December, pollen grains are pres- 
ent. The tiny bud remains dormant until early January, 
when it grows rapidly. A good chill during November and 
December followed by a warmer January and February 
coax the first almond tree blossoms from their buds. Be- 
cause the almond tree is not self-pollinating, at least two 
different varieties of trees are necessary for a productive 
orchard. Bees pollinate alternating rows of almonds vari- 
eties. From February onward, orchards should be frost- 
free, having mild temperatures (55-60°F) and minimal 
rain so blossoms can flourish and bees can do their job. 

After the petals drop and the trees have leafed out, the 
first signs of the fuzzy gray-green fruit appear. The hull 
continues to harden and mature, and in July it begins to 
split open. Between mid-August and late October, the split 
widens, exposing the shell, which allows the kernel (nut) 
to dry. The whole nut and stem finally separate and, 
shortly before harvest, the hull opens completely. 


Harvest 


State-of-the-art technology is used to ensure the highest- 
quality almonds. California’s growing and sanitary stan- 
dards lead the world, both in the field and in the almond- 
processing plant. To prepare for harvest, orchard floors are 
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swept and cleared. Mechanical tree shakers knock un- 
shelled nuts to the ground, where they are allowed to dry 
before they are swept into rows and picked up by machine. 
Finally, they are transported to carts and towed to the 
huller. 


Packaging 


At the processing plant, a random sample of almond shells 
are cracked open and the nuts inside are graded according 
to size and quality. Almonds are inspected to make sure 
they are whole, clean; well dried; and virtually free from 
decay, rancidity, insects, foreign matter, mold, and any 
kind of breakage or blemish. Almonds are ihen processed 
and packed to specification in an assortment of sizes and 
shapes. Stored properly at 40°F with low humidity, al- 
monds have a shelf life of up to 3 years. 


RESEARCH 


Vitamin E (technically called tocopherol) is a strong anti- 
oxidant that has been associated with reduced risks of de- 
veloping prostate cancer and coronary heart disease. The 
term vitamin E, however, does not refer to a single com- 
pound. Rather it refers to a category of compounds with 
similar, but not identical, biological functions. Stone per- 
formed a chemical analysis of vitamin E as it appears in 
almonds. He found that almonds are an excellent source of 
natural alpha-tocopherol, the most biologically active form 
of the various vitamin E compounds. A single 1-oz serving 
of almonds supplies approximately 10 IU (66%) of the rec- 
ommended dietary allowance (RDA) for men and 83% of 
the RDA for women. Almonds also contain gamma- 
tocopherol, which may participate in neutralizing destruc- 
tive chemicals purported to be involved in the development 
of degenerative diseases. 


BRAZIL NUTS 


Brazil nuts are the large seeds of an enormous evergreen 
tree of the Amazon district, Bertholletia excelsa. This tree 
can reach a height of more than 40 m, with a trunk di- 
ameter of nearly 2.5 m. Its round fruits, with a dark brown 
color, can weigh more than 1.5 kg each and resemble large 
coconuts with a woody shell. 

The first historical reference to Brazil nuts dates from 
1569, when a Spanish colonial official collected thousands 
of these nuts for his tired and hungry troops. Understand- 
ably, the soldiers recovered quickly, as Brazil nuts contain 
a high energy level, with high contents of digestible fats, 
calcium, phosporous, potassium, and vitamin B. 


Growing Regions 


Brazil, Peru, Bolivia, Colombia, Venezuela, and the 
Guianas are presently the principal Brazil nut-producing 
countries. 


Marketing 
Brazil nuts are marketed in in-shell and shelled form and 


are eaten raw, roasted, and salted as well as in ice creams, 
chocolate, and bakery and confectionery products. 


Health 


Brazil nuts contain a notably high amount of bioavailable 
selenium. Earlier research has shown that selenium sup- 
plementation can suppress some forms of cancer growth in 
different animal tumor models (19). 


HAZELNUTS 


Hazelnuts grow in clusters on the hazel tree in temperate 
zones around the world. The fuzzy outer husk opens as the 
nut ripens, revealing a hard, smooth shell. 


History 

One of the oldest agricultural crops, hazelnuts are believed 
to have originated in Asia, then extended into Europe. To- 
day, the principal hazelnut-producing countries are Tur- 
key, Spain, Italy, and the United States. 

Since prehistoric times, proven by fossils found in Meso- 
lithic and Neolithic sites in Sweden, Denmark, and Ger- 
many, the hazelnut formed part of primitive human diet. 
The origin of the hazelnut seems to be in Asia; from there 
it extended to Europe, where it constitutes one of the oldest 
agricultural cultivations. Several hazelnut varieties exist. 
in the world, the most important being the European va- 
riety, Corylus avellana L. The hazelnut was present in 
Greek and Roman mythology and in the Bible, mentioned 
for its extraordinary nutritional and healing values and 
even as a tool for finding buried treasures and subterra- 
nean streams of water. 


Marketing 


Also known as filberts and cobnuts, these sweet, rich, 
grape-size nuts are marketed in in-shell and shelled forms, 
roasted or natural, and are used mostly in the baking and 
confectionery industries and for the preparation of food 
products such as chocolate, ice cream, and nougat. How- 
ever, they can also be used in salads and main dishes or as 
snacks. Hazelnuts have been around for over 4,000 years. 
The hazelnut today is recognized by professional chefs, 
knowledgeable home cooks, and leading food processors 
around the world for its unique nutty-sweet flavor, rich, 
“creamy” texture; versatility; and consistent high quality. 
Hazelnuts are grown and processed using a combination 
of ancient artistry and the latest technology, then made 
available in either a natural or a dry-roasted state in a 
variety of forms for consumer, food service, or food-product. 
manufacturing needs. 


Growing Regions 


Presently the principal hazelnut-producing countries are 
Turkey, Spain, Italy, France, and the United States. Ha- 
zelnuts are grown in the world’s temperate zones. Two 
regions in particular stand out. Turkey is by far the world’s 
largest hazelnut producer, accounting for more than three- 
quarters of annual worldwide production. The hazelnut 
has been an agricultural mainstay along the rugged and 
beautiful Black Sea coast for more than 2,000 years. Tur- 
key’s ancient hazelnut tradition today combines a rich 


heritage with twenty-first-century technology. Oregon is 
America’s hazelnut capital, where rich valley soil, cool 
ocean breezes, and gentle Pacific Northwest winters offer 
an ideal climate for the hazel tree. 


Harvest 


Although hazel trees bloom in the middle of winter, their 
nuts are typically harvested between late summer and 
early autumn, when the mature nut turns from bright 
green to shades of hazel. Then the nuts are cracked and 
processed in either natural or dry-roasted form. The pro- 
cess of dry roasting gives hazelnuts a crunchier texture 
and a richer, more intense flavor. 


Hazelnut Products 


Hazelnuts can be processed into fine particles and are use- 
ful in adding texture and flavor to a dish. They can be used 
to replace added fat; as a binding agent for tempuras, to 
encrust fish, to thicken pies, or to dredge foods for sautéing 
or baking. They can also be used in cake batters, breads, 
fillings, and extruded snacks. Hazelnut butter is made of 
hazelnuts processed to a rich, buttery consistency. It can 
stand alone in a recipe or can be used with additional forms 
of hazelnuts for maximum flavor impact. Hazelnut paste 
is essentially hazelnut butter with added natural sweet- 
eners. Hazelnut oil is a fragrant, full-flavored oil pressed 
from hazelnuts and can be used in salad dressings and 
sautéed foods. 


Health 


Ancient lore has it that hazelnuts held the cure for every- 
thing from baldness to stomachaches. Modern science has 
shown that although those claims may be somewhat over- 
stated, hazelnuts are a good source of vital nutrients. High 
in dietary fiber, calcium, magnesium, potassium, and vi- 
tamin E, and one of the best nut sources of MUFA, hazel- 
nuts are also an excellent source of protein. What’s more, 
hazelnuts, like other plant foods, are naturally cholesterol- 
free. Mounting scientific evidence suggests that MUFA 
may work to lower low-density lipoprotein (LDL) choles- 
terol levels (the so-called “bad” cholesterol), thereby reduc- 
ing the risk of coronary heart disease (CHD) (20). New re- 
search shows that the antioxidant vitamin E could play a 
role in preventing certain kinds of cancer and CHD (21- 
28). 


Storage and Handling 


Store hazelnuts at no more than 40°F for up to one full 
year, Allow the hazelnuts to warm to room temperature in 
an unopened container before using. Hazelnuts can also be 
stored frozen at 27°F or lower for up to 2 yr. Again, for 
optimum product performance, allow hazelnuts to warm to 
room temperature in an unopened container, in a well- 
ventilated area away from odor-producing substances. Ha- 
zelnut oil is best stored under refrigeration to prevent ran- 
cidity. 


Quality and Sanitation Standards 


Hazelnuts are grown and processed under exacting sani- 
tary conditions. They meet or exceed quality and sanita- 
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tion standards set by USDA and the Canadian Food In- 
spection Agency. Hazelnut equivalencies are as follows 
(24): 


1 Ib in-shell hazelnuts = 1 1/2 cups hazelnut kernels 
1 Ib (shelled) hazelnut kernels = 3 1/4 cups 

1 cup hazelnut kernels = 1 1/8 cups large diced 

1 cup hazelnut kernels = 1 1/4 cups small diced 

1 cup hazelnut kernels = 1 1/3 cups meal 


MACADAMIA NUTS 


The macadamia is one of the youngest of the edible tree 
nuts; its commercial cultivation dates from 1858. The fruit 
consists of a fleshy husk that covers a spherical seed pro- 
tected by a hard and durable shell. Inside this shell is the 
macadamia nut, with an exquisite flavor that is sometimes 
compared with that of a superfine hazelnut. In 1882 the 
macadamia was introduced to Hawaii, one of the principal 
production areas along with Australia and New Zealand. 
Although still little known to the consumer, the macada- 
mia is, together with the pistachio and the pine kernels, 
one of the world’s most expensive edible nuts. Very rich in 
calories and proteins, the macadamia is always marketed 
in shelled form and is used mostly as a snack, in confec- 
tionery, and for the elaboration of chocolate. 

Though most people associate the macadamia with Ha- 
waii, the nut is native to Australia. (In fact, it is the only 
commercial food crop that is native to Australia.) The col- 
onization of Australia by the British began in 1788 with 
the establishment of a penal colony at Botany Bay. But it 
was not until 1875 that the recorded history of the maca- 
damia began. Ferdinand Von Muller, Royal Botanist at 
Melbourne, and Walter Hill, director of the Botany Garden 
at Brisbane, were botanizing in the forest along the Pine 
River in the Moreton Bay district of Queensland. They dis- 
covered a species of tree in the family Proteaceae previ- 
ously unknown to European and American botanists. This 
species did not fit into any previously established genera 
in that family, so in 1858 Muller established a new genus, 
Macadamia, named in honor of his friend John Macadam, 
secretary of the Philosophical Institute of Victoria. 

Of course, the British were not the first inhabitants of 
Australia. At the time of their arrival Australia was in- 
habited by a primitive people generally referred to as ab- 
origines whose population numbered around 300,000. 
Their food consisted mainly of fish, shellfish, turtle eggs, 
grubs of certain tree bark insects, kangaroo, koala, wom- 
bat, bandicoot, and other small animals and birds plus 
yarns and grass seeds. However, during the months of fall 
and winter (March to June), they would come from far and 
near to congregate on the eastern slopes of the Great Di- 
vide Range. Here they would feast on the seeds of two 
kinds of trees that were abundant in the area. One tree 
they called BunyaBunya, and the other they called 
kindalKindal. The former we now know botanically as Ar- 
aucaria bidwillii, the latter as the macadamia. 

The Macadamia genus consists of at least 10 species, 
but only two of those produce edible nuts, integrifolia and 


heritage with twenty-first-century technology. Oregon is 
America’s hazelnut capital, where rich valley soil, cool 
ocean breezes, and gentle Pacific Northwest winters offer 
an ideal climate for the hazel tree. 


Harvest 


Although hazel trees bloom in the middle of winter, their 
nuts are typically harvested between late summer and 
early autumn, when the mature nut turns from bright 
green to shades of hazel. Then the nuts are cracked and 
processed in either natural or dry-roasted form. The pro- 
cess of dry roasting gives hazelnuts a crunchier texture 
and a richer, more intense flavor. 


Hazelnut Products 


Hazelnuts can be processed into fine particles and are use- 
ful in adding texture and flavor to a dish. They can be used 
to replace added fat; as a binding agent for tempuras, to 
encrust fish, to thicken pies, or to dredge foods for sautéing 
or baking. They can also be used in cake batters, breads, 
fillings, and extruded snacks. Hazelnut butter is made of 
hazelnuts processed to a rich, buttery consistency. It can 
stand alone in a recipe or can be used with additional forms 
of hazelnuts for maximum flavor impact. Hazelnut paste 
is essentially hazelnut butter with added natural sweet- 
eners. Hazelnut oil is a fragrant, full-flavored oil pressed 
from hazelnuts and can be used in salad dressings and 
sautéed foods. 


Health 


Ancient lore has it that hazelnuts held the cure for every- 
thing from baldness to stomachaches. Modern science has 
shown that although those claims may be somewhat over- 
stated, hazelnuts are a good source of vital nutrients. High 
in dietary fiber, calcium, magnesium, potassium, and vi- 
tamin E, and one of the best nut sources of MUFA, hazel- 
nuts are also an excellent source of protein. What’s more, 
hazelnuts, like other plant foods, are naturally cholesterol- 
free. Mounting scientific evidence suggests that MUFA 
may work to lower low-density lipoprotein (LDL) choles- 
terol levels (the so-called “bad” cholesterol), thereby reduc- 
ing the risk of coronary heart disease (CHD) (20). New re- 
search shows that the antioxidant vitamin E could play a 
role in preventing certain kinds of cancer and CHD (21- 
28). 


Storage and Handling 


Store hazelnuts at no more than 40°F for up to one full 
year, Allow the hazelnuts to warm to room temperature in 
an unopened container before using. Hazelnuts can also be 
stored frozen at 27°F or lower for up to 2 yr. Again, for 
optimum product performance, allow hazelnuts to warm to 
room temperature in an unopened container, in a well- 
ventilated area away from odor-producing substances. Ha- 
zelnut oil is best stored under refrigeration to prevent ran- 
cidity. 


Quality and Sanitation Standards 


Hazelnuts are grown and processed under exacting sani- 
tary conditions. They meet or exceed quality and sanita- 
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tion standards set by USDA and the Canadian Food In- 
spection Agency. Hazelnut equivalencies are as follows 
(24): 


1 Ib in-shell hazelnuts = 1 1/2 cups hazelnut kernels 
1 Ib (shelled) hazelnut kernels = 3 1/4 cups 

1 cup hazelnut kernels = 1 1/8 cups large diced 

1 cup hazelnut kernels = 1 1/4 cups small diced 

1 cup hazelnut kernels = 1 1/3 cups meal 


MACADAMIA NUTS 


The macadamia is one of the youngest of the edible tree 
nuts; its commercial cultivation dates from 1858. The fruit 
consists of a fleshy husk that covers a spherical seed pro- 
tected by a hard and durable shell. Inside this shell is the 
macadamia nut, with an exquisite flavor that is sometimes 
compared with that of a superfine hazelnut. In 1882 the 
macadamia was introduced to Hawaii, one of the principal 
production areas along with Australia and New Zealand. 
Although still little known to the consumer, the macada- 
mia is, together with the pistachio and the pine kernels, 
one of the world’s most expensive edible nuts. Very rich in 
calories and proteins, the macadamia is always marketed 
in shelled form and is used mostly as a snack, in confec- 
tionery, and for the elaboration of chocolate. 

Though most people associate the macadamia with Ha- 
waii, the nut is native to Australia. (In fact, it is the only 
commercial food crop that is native to Australia.) The col- 
onization of Australia by the British began in 1788 with 
the establishment of a penal colony at Botany Bay. But it 
was not until 1875 that the recorded history of the maca- 
damia began. Ferdinand Von Muller, Royal Botanist at 
Melbourne, and Walter Hill, director of the Botany Garden 
at Brisbane, were botanizing in the forest along the Pine 
River in the Moreton Bay district of Queensland. They dis- 
covered a species of tree in the family Proteaceae previ- 
ously unknown to European and American botanists. This 
species did not fit into any previously established genera 
in that family, so in 1858 Muller established a new genus, 
Macadamia, named in honor of his friend John Macadam, 
secretary of the Philosophical Institute of Victoria. 

Of course, the British were not the first inhabitants of 
Australia. At the time of their arrival Australia was in- 
habited by a primitive people generally referred to as ab- 
origines whose population numbered around 300,000. 
Their food consisted mainly of fish, shellfish, turtle eggs, 
grubs of certain tree bark insects, kangaroo, koala, wom- 
bat, bandicoot, and other small animals and birds plus 
yarns and grass seeds. However, during the months of fall 
and winter (March to June), they would come from far and 
near to congregate on the eastern slopes of the Great Di- 
vide Range. Here they would feast on the seeds of two 
kinds of trees that were abundant in the area. One tree 
they called BunyaBunya, and the other they called 
kindalKindal. The former we now know botanically as Ar- 
aucaria bidwillii, the latter as the macadamia. 

The Macadamia genus consists of at least 10 species, 
but only two of those produce edible nuts, integrifolia and 
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tetraphylla. The macadamia was introduced into Califor- 
nia in late 1877 by C. H. Dwinelle of the University of Cali- 
fornia at Berkeley. He obtained seeds from Australia and 
planted several seedlings along Strawberry Creek on the 
Berkeley campus, and at least one of those trees is still 
growing in its original site. The next year the macadamia 
was introduced into Hawaii by Walter H. Perves, manager 
of the Honokoa Sugar Company at Haina, Hawaii. As of 
1995 Hawaii had 22,000 acres planted in macadamias. 

The first large planting of macadamias occurred in 1890 
on the Frederickson estate at Rouse Mills, New South 
Wales. They planted around 250 trees as a source of nuts 
for the family. Many of those trees still exist and are still 
producing a good crop of nuts. Around 1910, two nursery- 
men, Ernest Braunton and Charles Knowlton, started sell- 
ing seedling trees in southern California. But not until 
1946 did a commercial planting finally occur in California. 
Robert W. Todd planted 2 acres of seedling trees on his 
property on Grandview Street in Oceanside. Several years 
later those trees were grafted, and today, more than 100 
of them are still there and still producing. Macadamias are 
grown commercially in Hawaii, Australia, Malawi, Kenya, 
South Africa, Israel, Costa Rica, Guatemala, Mexico, Bra- 
zil, and many other tropical and subtropical regions, in- 
cluding Florida. The macadamia is grown in California 
from San Luis Obispo south to the Mexican border, west of 
the mountains. 

The primary limiting factor in growing macadamias is 
temperature. Macadamia trees can take temperatures as 
low as 28°F for up to about 4 hours, and they start to get 
stressed around 105°F. Southern California has about 
2,500 acres planted to the macadamia. Commercially, only 
M. integrifolia and M. tetraphylla and their hybrids are 
important. They are very similar to each other and botan- 
ically very closely related to a third species, M. ternifolia 
F. Muell, which produces a small, bitter kernel unsuitable 
as a table nut. 

M. integrifolia is commonly referred to as the smooth- 
shell species. The fruit consists of a white kernel, high in 
oil content (72% oil and 4% sugar when dry), very uniform, 
and of excellent quality. It is enclosed in a round, hard shell 
about 1 in. (2.5 cm) in diameter surrounded by a smooth, 
bright green pericarp (husk). The leaves are stiff, oblong 
to lanceolate, 4 to 10 in. (10-25 cm) long in nodal whorls 
of three (rarely four), and either light green or bronze when 
young. The small, perfect white flowers are borne in ra- 
cemes 4 to 8 in. (10-20 cm) long. Only a few flowers in a 
raceme will set fruit. 

M. tetraphylia is called the rough-shelled species be- 
cause of the pebbliness of the shell’s surface. The husk is 
somewhat spindle shaped; grayish green; and covered with 
a dense, white pubescence. Kernels have a grayish base 
and are darker in color and more variable in quality than 
those of M. integrifolia. The oil content averages 67% in 
the dry nut, with 6 to 8% sugar. The leaves are character- 
istically sessile and serrated along the margins, in whorls 
of four at the nodes. The flowers are pink and in racemes 
6 to 18 in. (15-45 cm) long. Cultivars that are hybrids of 
the two species possess characteristics of both, and the 
quality of their nuts compares favorably with that of M. 
integrifolia. The trees of both species are tall and spread- 


ing, reaching 60 ft (20 m) or more in height. The wood is 
hard and brittle; the exposed bark sunscalds very easily. 


Cultivation and Production 


There are approximately 40 described cultivars, most of 
them in Australia. The following varieties have been used 
for commercial plantings in Hawaii: Keauhou, Ikaika, 
Kakea, and Keaau. Kakea, however, is no longer propa- 
gated for commercial use. In California, Elimba, a M. te- 
traphylla cultivar, is also considered of commercial value. 
Beaumont, a productive hybrid cultivar, is also recom- 
mended for home plantings. With good care, cultivars of M. 
integrifolia begin producing 5 yr after planting, but appre- 
ciable yields are obtained only after the 8th year. A pro- 
ductive variety will bear as many as 150 lb of in-shell nuts 
per tree. 

Before large-scale plantings are attempted, cultivars 
should be tested locally. In Hawaii, M. integrifolia cultivars 
are more productive on M. tetraphylla rootstocks in soils 
where they are not likely to suffer from iron deficiency. 
Where this deficiency may be a problem, M. integrifolia 
seedlings should be used as a rootstock. The season of pro- 
duction in Florida for M. integrifolia runs from July 
through November. Very few commercial cultivars have 
been tested in this state, and more information is needed 
to make specific recommendations. 


Climate 


Macadamias are well adapted to warm, subtropical con- 
ditions. Mature trees can withstand winter temperatures 
of as low as 25 to 26°F (3-5°C) for short periods with minor 
damage to the foliage. However, young trees and foliage 
are very tender and are killed by temperatures very near 
freezing. Temperatures below 28°F (-—2°C) cause damage 
to flowers and young fruit and reduce production. In the 
tropics, macadamias are better adapted to medium eleva- 
tions of 2100 to 3600 ft (700-1200 m), but in Hawaii, ma- 
cadamias are not planted commercially above 2500 ft (800 
m). Although the plant is quite resistant to drought, sup- 
plemental irrigation is very important, particularly during 
the flowering and fruit-setting season. Severe moisture 
stress results in considerable drop of young fruit. 


Soils and Fertilizers 


Macadamias are not demanding for soil fertility, but they 
do require good drainage. They also need relatively higher 
amounts of phosphorous in the fertilizer than other fruit 
crops, particularly when the trees are young. 


Pests and Diseases 


Leaves are occasionally infested by thrips and mites, which 
may become serious in large plantings. Green stinkbugs 
cause considerable damage at times by injuring very young 
fruit when the shell is still soft. Rats, squirrels, and nut 
borers also cause substantial losses if unchecked. Anthrac- 
nose (Colletotrichum spp.) attacks leaves and the husks of 
immature nuts. Diseased nuts do not drop when mature 
and usually spoil while still attached. Phytophthora cin- 
namoni, which causes root rot in avocados, produces a 


trunk canker in macadamia that may kill young seedlings. 
Fortunately, the tree is quite resistant to root rot caused 
by this fungus. 


Harvesting and Processing 


Mature nuts fall to the ground and have to be gathered 
manually every week to prevent spoilage, particularly 
from molds. Husking is done soon after harvesting and be- 
fore the nuts are mechanically cracked. They are air dried 
at temperatures not higher than 110°F. The moisture con- 
tent of the kernel is reduced to less than 1.5% to prevent 
development of off-flavors after roasting (either dry roast- 
ing or in a refined coconut oil at 275°F for 12-15 min). 


Uses 


Macadamias at present command premium prices because 
the demand is greater than current production. They are 
ordinarily offered on the gourmet shelves of supermarkets 
as salted nuts packed in glass jars. The largest use, how- 
ever, is in confections. Only whole nuts are packed in jars. 


PECANS 


This native American tree nut is a member of the hickory 
family. Long before the arrival of the Europeans to the New 
World, pecans were part of the diet of the Indian tribes of 
the central and southern regions of the United States. The 
pecan slightly resembles the walnut but is longer in shape 
and has a smoother shell and a higher proportion of kernel 
in its shell (40-60%). The pecan nut is extraordinarily rich 
in fats and calories. The principal pecan-producing coun- 
tries are the United States, Mexico, Australia, and Israel. 
Pecans are marketed in in-shell and shelled forms and can 
be eaten raw or roasted. They are used in the bakery, con- 
fectionery, and dairy industries and in chocolate and ice 
creams. Pecans are also added to cereals, breads, pastries 
and cookies, salads, and main dishes and are eaten as top- 
pings on desserts and as a snack. The wood of the pecan 
tree is highly appreciated for its timber and is often used 
as decorative paneling. 


History 

Pecans can be traced back to the sixteenth century. The 
only major tree nut that grows naturally in North America, 
the pecan is considered the most valuable North American 
nut species. The name pecan is a Native American word of 
Algonquian origin that was used to describe all nuts re- 
quiring a stone to crack and a Natchez Indian word for the 
pecan plant. Originating in central and eastern North 
America and the river valleys of Mexico, pecans were 
widely used by pre-Colonial residents. Pecans were fa- 
vored because they were accessible to waterways, easier to 
shell than other North American nut species, and great 
tasting. 

The pecan’s normal environment is the floodplains 
along the Mississippi, Ohio, Missouri, and Red rivers and 
along many of the large rivers in central Texas and north- 
eastern Mexico. Due to its ready availability, many Native 
American tribes in the United States and Mexico used the 
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wild pecan as a major food source during autumn. The ker- 
nel was used to produce a creamy fluid for cooking and 
drinking. It is speculated that the nut was used to produce 
a fermented intoxicating drink called Powcohicora (this 
was also the source of the name hickory). Because the pe- 
can was a major food and trade item, it is said that the 
pecan tree was cultivated by Native Americans. It is re- 
ported that the Creek tribe possessed an “ancient culti- 
vated field” of pecans. 


Planting 


One of the first known cultivated pecan tree plantings ap- 
pears to have been accomplished in the late 1600s or early 
1700s by Spanish colonists and Franciscans in northern 
Mexico. These plantings are documented to around 1711, 
about 70 yr before the first recorded planting by U.S. col- 
onists. The first pecan planting in the United States was 
in Long Island, New York, in 1772. By the late 1700s nuts 
from the northern range reached the English portion of the 
Atlantic seaboard and were planted in the gardens of east- 
erners such as George Washington (1775) and Thomas Jef- 
ferson (1779). Settlers were also planting pecans in com- 
munity gardens along the Gulf Coast at this time. 


Economics 


In the late 1770s the French and Spanish colonists settling 
along the Gulf of Mexico realized the economic potential of 
pecans. By 1802 the French were exporting pecans to the 
West Indies. It is speculated that the nuts were exported 
to the West Indies and Spain earlier by Spanish colonists 
in northern Mexico. 


Marketing 


In 1805 it was advertised in London that the pecan was “a 
tree meriting attention as a cultivated crop.” Because ofits 
location near the mouth of the Mississippi, New Orleans 
became of great importance in the marketing of pecans. 
The city had a natural market and avenue for redistribu- 
tion of nuts to other parts of the United States and the 
world. This market stimulated local interest in planting 
orchards, which led to the adaptation of vegetative prop- 
agation techniques and demand for trees that produced 
superior nuts. At least 15 commercial cultivars had devel- 
oped in Louisiana by the end of the nineteenth century. In 
San Antonio, Texas, the wild pecan harvest was more valu- 
able than row crops such as cotton. During the 1700s and 
the early 1800s the pecan nut had become an item of com- 
merce for the American colonists, and the pecan industry 
had begun. 

Because pecan groves (trees established by natural 
forces) and orchards (planted by farmers) consisted of di- 
verse nuts of various sizes, shapes, shell characteristics, 
flavor, fruiting age, and ripening dates, a premium market 
for large, thin-shelled pecans was created. With such a 
variability in trees, there was the occasional discovery of 
a wild tree with unusually large, thin-shelled nuts, which 
were in high demand by customers. In 1822 Abner Lan- 
drum of South Carolina discovered a pecan-budding tech- 
nique. This system provided a way to graft (unite with a 
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growing plant by placing in close contact) plants derived 
from superior wild selections. However, this invention was 
lost or overlooked until the 1880s. 


Grafting Pecans 


In Louisiana in 1846 an African-American slave gardener, 
Antoine, successfully propagated pecan by grafting a su- 
perior wild pecan to seedling pecan stocks. This clone was 
named “Centennial” because it won the prize as best pecan 
exhibited at the Philadelphia Centennial Exposition in 
1876. This planting, which became 126 “Centennial” trees, 
was the first planting of improved pecans. The successful 
use of grafting techniques led to grafted orchards of 
superior genotypes and was a milestone for the pecan in- 
dustry. The adoption of these techniques was slow and had 
little commercial impact until the 1880s, when Louisiana 
and Texas nurserymen learned of pecan grafting and be- 
gan propagation on a commercial level. This was the start 
of a booming pecan growing and shelling industry. 


Pecan Timeline (25,26) 
¢ American Indians utilized and cultivated wild 
pecans—1500s 
Spanish colonists cultivated orchards—late 1600s— 
early 1700s 
English settlers planted pecan trees—1700s 
* George Washington planted pecan trees—1775 
* Thomas Jefferson planted pecan trees—1779 
* Economic potential for pecans realized—1700s 
* Pecans exported by the French to the West Indies— 
1802 
* Pecan budding technique discovered—1822 
Successful grafting of the pecan tree—1846 
First planting of improved pecans—1876 
* Commercial propagation of pecans begins—1880s 


Pecan production has steadily increased in the United 
States since 1925, rising from 2.2 million lb in 1920 to 
338.1 million Ib in 1998. Before 1920 the few pecans that 
were consumed were hand shelled by consumers. 

With the development of commercial shelling equip- 
ment, the pecan industry began to grow. In the early 1920s 
pecan processing was developed along with equipment 
used for sizing, separation of faulty nut meats and shells, 
cracking, grading of meats, drying, and packaging. The use 
of pecans was increased by the improvement of storage life 
through controlling temperature, relative humidity, air cir- 
culation, and storage atmospheres, as well as improved 
packaging. Since 1948 more than 80% of the pecans sold 
have been shelled before being marketed. Some shelling 
plants operate year-round, whereas others are seasonal 
(fall months). Many pecan plants have a capacity of 1 to 
30 tons per day. Large plants can have as many as 14 
cracking machines with a capacity of 150,000 Ib a day and 
30 million lb seasonally. Plants usually have a cold-storage 
facility, some capable of holding several million pounds of 
unshelled and shelled nuts. 


Growing Regions 


Not surprisingly, most shelling plants are located in the 
southeastern and southwestern United States, where the 
majority of pecans are grown. The leading production 
states (alphabetically) are Alabama, Arizona, Arkansas, 
California, Florida, Georgia, Kansas, Louisiana, Missis- 
sippi, New Mexico, North Carolina, Oklahoma, South 
Carolina, and Texas. Significant quantities of pecans also 
are produced in Mexico's states of Chihuahua, Coahuila, 
Durango, Nuevo Leon, and Sonora. Modest quantities are 
produced in Australia, Israel, Peru, and South Africa. 


Technology 


Machinery used in shelling plants includes (1) grading and 
sizing machinery equipped with screens and blowers for 
removal of faulty nuts and foreign materials and segre- 
gating nuts into sizes, (2) machines with vats or tanks for 
sterilizing and conditioning pecans for shelling, (3) crack- 
ing machines (called crackers) for cracking the shell, (4) 
shellers for separating shells from the meat, (5) screens for 
separation of halves and broken pieces, (6) dryers to re- 
move excess moisture from meats, (7) grading belts or ta- 
bles for handpicking of dried meats, and (8) electric eyes 
for sorting shell and foreign matter from the meats. 

Shelling pecans reduces their weight from 50% to 65% 
and their volume approximately by half. To prevent the 
shattering of pecan meat, the nuts are moistened, or con- 
ditioned, before cracking. Two methods are used to accom- 
plish this. The cold-water method soaks the pecans for as 
long as 8 h in water with chlorine. The pecans are then 
drained for 16 to 24 h in sacks, vats, or barrels for cracking 
within the next 24 h. Using the steam-pressure method, 
pecans are exposed to hot water or steam pressure for 6 to 
8 min, then cooled and held for 30 to 60 min. This method 
is faster but can cause discoloration of the kernels. 

The nuts are cracked by a machine applying force to the 
ends of the nuts. The cracked nuts are then placed on a 
conveyer that moves them to the sheller machines. Meats 
and shells are separated by a series of shaker screens. 
Shelled pecans are then separated into grades by the 
halve-size or pieces. The sizing is done as meats pass over 
rapidly vibrating machines with holes of different sizes 
(halves come in 8 sizes, based on the number per pound). 
Once shelled, the pecan meats contain from 7 to 9% mois- 
ture. For quality the moisture is reduced to 4% or lower. 
This is done by rapidly circulating dry air through the pe- 
can meats. The meats are then ready for storage. 


Storage 


In-shell pecans are put in refrigerated storage as soon as 
possible after harvest. Refrigerated storage is necessary 
not only to maintain freshness and shelf-life, but also to 
avoid insect infestation during the warm-weather months. 
Freezing pecans from season to season is an excellent 
method for storage. Even at temperatures as low as 
—170°F (solid carbon dioxide), there is no seepage of oil or 
decrease in the nut quality. 

Shelled pecans are packed in vacuum-packed cans, jars, 
glass, cellophane bags, and poly-lined boxes to protect 


against high humidities, foreign flavors, oxidation, insects, 
rodents, and light. After being packaged, the nuts are 
stored or shipped to retail, food-service, or commercial 
markets. There are five U.S. grades for shelled pecans; 
U.S. No. 1 halves, U.S. Commercial halves, U.S. No. 1 
pieces, U.S. Commercial pieces, and Unclassified. 


PINE NUTS 


The pine tree is one of the most familiar trees in both Eu- 
rope and North America, but it is mainly in the Mediter- 
ranean area that it obtains its highest importance with 
regard to production and consumption. The nuts are found 
inside the pinecone. 

The pine kernel, or pine nut, is an edible nut with an 
exquisite flavor and high protein content. The Roman le- 
gions carried pine kernels as provisions, and all over Eu- 
rope it is used as a culinary ingredient in the preparation 
of meat, fish, and vegetable dishes, as well as in the con- 
fectionery industry in chocolates and other delicacies. 


Growing Regions 


Spain, Italy, China, Portugal, and Turkey are the principal 
producing countries of pine kernels. Also called Indian nut, 
pifion, pinoli, and pignolia, the pine nut is marketed in 
shelled form. 

Varieties 

There are two main varieties. The Mediterranean or Ital- 
ian pine nut is from the stone pine. It is torpedo shaped, 
has a light delicate flavor, and is the more expensive of the 
two. The stronger-flavored Chinese pine nut is shaped like 


a squat triangle. Its pungent flavor can easily overpower 
some foods. 


PISTACHIO 


With an antiquity of more than 10,000 years, the pistachio 
is one of the oldest edible nuts on earth. Originating from 
Southeast Asia, Asia Minor, Pakistan, and India, the pis- 
tachio belongs, like the cashew, to the family of Anacardi- 
aceae. The fruit of the pistachio differs from all the other 
nuts because of its characteristic green color and the semi- 
opening of the shell, which in Iran is called the “smiling 
pistachio.” This singular morphology makes the pistachio 
the only edible nut that does not need to be shelled for 
roasting and salting. 

The pistachio has a delicious flavor and a high nutri- 
tional value, being very rich in proteins and vitamins. The 
principal pistachio-producing countries are Iran, Turkey, 
the United States, Greece, and Italy. Pistachios are always 
marketed in their in-shell form, roasted and salted, but 
they can be purchased shelled. They are mainly used as 
snack and confectionery and used in ice creams. 


History 


The history of pistachios includes royalty, perseverance, 
and pride. Pistachios date back to the Holy Lands of the 
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Middle East, where they grew wild in high desert regions. 
Legend has it that lovers met beneath the trees to hear the 
pistachios crack open on moonlit nights for the promise of 
good fortune. A rare delicacy, pistachios were a favorite of 
the Queen of Sheba, who hoarded the entire Assyrian sup- 
ply for herself and her court. The royal nut was imported 
by American traders in the 1880s, primarily for U.S. citi- 
zens of Middle Eastern descent. Some 50 years later, pis- 
tachios became a popular snack food, introduced in vend- 
ing machines. 


Storage 


Pistachios are excellent keepers when stored properly. To 
keep them at their freshest, store pistachios in a refriger- 
ated, airtight container, or keep them in the freezer for 
long-term storage. (A temperature of 832-40°F should be 
maintained with a relative humidity of 70%.) To restore 
crispness to pistachios that have lost their crunch, toast 
the nut meats at 200°F for 10 to 15 min. Any pistachios 
stored in bulk containers should be rotated frequently to 
maintain freshness. Kept in the refrigerator or freezer, pis- 
tachios can be stored for as long as a year. 


Shelling 


To remove the skin from nut meats by blanching, drop 
shelled nuts into boiling water and let them soak off the 
heat for about 1 min. Drain and rub the pistachios with a 
clean towel. To dry, spread on a large baking sheet in an 
oven preheated to 300°F for 10 to 15 min. The nut meat 
can also be removed by toasting. Spread the shelled nuts 
in one layer on a baking sheet. Bake in an oven preheated 
to 400°F for 4 to 5 min, watching carefully that they do not 
burn. Remove and let cool, then rub off the skins. 


Red Color 


The first pistachios available to consumers were imported 
from the Middle East. Importers dyed the shells red, both 
to disguise staining from antiquated harvesting methods 
and to make pistachios stand out among other nuts in 
vending machines. 


Pistachios in California 


Until the 1970s, there was no domestic pistachio industry 
in the United States. California harvested its first com- 
mercial crop in 1976. The entry of California pistachios 
into the marketplace made available nuts with clean, nat- 
urally tan shells. California’s Kerman variety is also larger 
in size and a more vibrant green color. 


Availability 


Pistachios are harvested in September, but sufficient sup- 
ply and state-of-the-art storage systems allow the industry 
to provide pistachios throughout the year. 


Exports 


Through the U.S. Foreign Agricultural Service, California 
pistachios are exported to the following markets: Japan, 
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Korea, China, Malaysia, the Philippines, Thailand, Indo- 
nesia, Canada, and the United Kingdom. 

California pistachio exports exceeded 41 million lb dur- 
ing the 1996-1997 crop year and were expected to exceed 
60 million Ib during the 1997-1998 crop year. The 1997 
harvest produced a record 179.5 million lb. Monthly ship- 
ment and inventory records as reported by industry pro- 
cessors are available. 


WALNUTS 


Consumed since prehistoric times, the walnut has various 
origins, in East Asia, southeastern Europe, and North and 
South America. There exist more than 15 varieties of wal- 
nuts, but the two most popular are the English (also called 
Persian) walnut and the black walnut. A close relative is 
the butternut, also referred to as the white walnut. By far 
the most delicious and commercially important variety is 
the English walnut. The Greeks gave it the name kara 
(head), because of its resemblance to the human skull and 
brain, This similarity is the source of medieval beliefs of 
the walnut’s healing properties for any kind of headache. 


Production 


Today, the world production of walnuts is spread over the 
United States, France, China, India, Turkey, Italy, and 
Chile. Walnuts are marketed in shelled and in-shell forms 
and are primarily used as a snack, in desserts and confec- 
tionery, and for the preparation of several food products. 
Consumers and professionals enjoy adding walnuts to vari- 
ous culinary recipes including salads, pasta, main dishes, 
and baked goods. 


History 


Walnuts have been recognized as one of the oldest tree 
foods known to humankind, dating back to about 7000 B.c. 
Considered food for the gods in the early days of Rome, 
walnuts were named Juglans regia in honor of Jupiter. To- 
day they are commonly called English walnuts, in refer- 
ence to the English merchant marines whose ships once 
transported the product for trade to ports around the 
world. Historians prefer the name Persian walnuts, refer- 
ring to Persia, the birthplace of walnuts. With its mild cli- 
mate and deep, fertile soils, California provides ideal grow- 
ing conditions for the California walnut, producing 98% of 
the total U.S. commercial crop and accounting for two- 
thirds of the world’s trade. 

The Franciscans are credited with bringing walnuts to 
California from Spain or Mexico. The first commercial 
planting began in 1867 when Joseph Sexton, an orchardist 
and nurseryman in the Santa Barbara County town of Go- 
leta, planted English walnuts. For several years, walnuts 
were predominantly planted in the southern areas of Cali- 
fornia, accounting for 65% of all bearing acreage. Some 70 
years after Sexton’s first planting, the center of California 
walnut production moved north to the Stockton area. Bet- 
ter growing areas, improved irrigation, and better pest- 
control methods in the north resulted in greater yields, 
which gradually increase each year. 


Coloring 


California walnuts come in a spectrum of color shades 
ranging from extra light to amber. Color is caused natu- 
rally by a number of factors including the time of harvest, 
location of the tree in the orchard, variety, and probably 
factors we do not yet understand. Darkness of walnuts is 
not a defect. In fact, in parts of the world and in many 
industries, darker walnuts are prized because they nor- 
mally have a stronger walnut taste. At the same time, 
lighter walnuts are always prized by bakers around the 
world as decoration for cakes and pastries. 


NUTS IN DIET PATTERNS 


Nuts are a good fit in a healthy diet. They help achieve 
optimal levels of protein, vitamin E, fiber, zinc, copper, and 
iron in the diet. Substituting nuts in place of saturated fat. 
in any diet can also improve the ratio of unsaturated fats 
to saturated fats. 

Because nuts are consumed in a variety of ways—in 
confections and baked goods, on salads and vegetables, in 
main dishes, or simply as a snack food—it is easy to incor- 
porate them into the diet every day. In the USDA Food 
Guide Pyramid, nuts are found in the meat and legume 
category because of their high protein content. Nuts are a 
great source of protein for many people, especially those 
who choose not to eat animal meat. 


MEDITERRANEAN DIET PYRAMID. 


The Mediterranean-style diet is based on the dietary tra- 
ditions of the people of the many regions bordering the 
Mediterranean Sea, including Greece, southern Italy, 
Spain, southern France, Tunisia, Lebanon, and Morocco. 
People in this region eat an abundance of fruits, vegeta- 
bles, nuts and legumes, and whole grains; some dairy prod- 
ucts, fish, and poultry; and very small amounts of meats. 
The main source of fat, which usually constitutes 35 to 40% 
of calories, is MUFA from olive oil and nuts and omega-3 
fat from fish (26). In addition, a Mediterranean-style diet 
includes moderate amounts of alcohol, particularly wine, 
which has been associated with a reduced risk of cardio- 
vascular disease and seems to be compatible with a 
healthy lifestyle (27). 

Mediterranean diets have long been known for their de- 
licious tastes and flavors. Currently, the many health bene- 
fits of Mediterranean-style eating are being realized. In the 
Mediterranean Diet Pyramid, nuts are on the same level 
as fruits, vegetables, beans, and legumes. They fall closer 
to the bottom of the pyramid, meaning they should be 
eaten more often. 


PEANUTS AND NUTS IN WORLD CUISINES 


Peanuts have been used in healthy traditional cuisines 
around the world. Asian, Mediterranean, African, and 
Latin American people have included peanuts in their 
cooking for centuries. Stir-fries with peanuts, soups and 
satays, salads and vegetable dishes, sweets and 


confections—the list goes on. As nutrition scientists are 
unlocking more of the health benefits of peanuts, chefs are 
finding more and more ways to include them in healthy 
cuisines. 


ALLERGIES 


Although milk and eggs are the most common food aller- 
gens, a peanut or tree nut allergy can be among the most 
severe. A food allergy is an immunological response in 
which the protein from a specific food triggers a reaction 
that results in the release of massive amounts of hista- 
mines and other mediators. Symptoms that can occur from 
this reaction include rash, cough, hives, asthma, swelling, 
difficulty in breathing, cramps, vomiting, and a fall in 
blood pressure. The most severe reaction is called anaphy- 
laxis and can result in shock or death. Some individuals 
are so allergic that a very small amount of the allergen can 
trigger a severe response. The best protection is avoidance. 
In addition, the allergic individual should carry an epi-pen, 
which contains medicine that can relieve even the most 
severe symptoms until the individual can reach a hospital. 

The exact number of food allergy sufferers is unknown, 
but it is estimated that 1 to 2% of the population is affected 
by some food allergy (28). Though individuals who expe- 
rience food allergies as children often outgrow them, pea- 
nut, tree nut, and shellfish allergies tend to be lifelong. 
Researchers, with the help of industry, are working toward 
treatments to prevent or decrease the symptoms of serious 
food allergies. 
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POSTHARVEST INTEGRATED 
PEST MANAGEMENT 


Effective management of pests within systems where food 
is produced, processed, and distributed is critical for main- 
taining an abundant, affordable, and safe food supply. 
More than 100,000 pest species are known to cause losses 
in crop and livestock production and in the systems de- 
signed for processing and distributing food commodities 
(1). It has been estimated that at least one-third of the food 
supply potentially available to the population of the United 
States is lost on an annual basis as a result of pest infes- 
tations during production and after harvest. In addition, 
nearly $8.5 billion is spent annually on chemical pesticides 
applied in agriculture and industry as farmers and proces- 
sors attempt to reduce losses (2). In food production and 
processing systems, the primary approach to pest control 
has been one of eradication, with the objective of total elim- 
ination of pest populations (3). This approach has resulted 
from concerns, arising foremost in production of fresh fruit 
and vegetables, that any pest injury would cause these 
commodities to become aesthetically unacceptable to con- 
sumers (4). Also, these commodities have such high value 
that it is considered unreasonable to risk the possibility of 
reduced yields or grades of produce (5). Demands for erad- 
ication of pests have resulted in excessive reliance on 
chemical pesticides to the extent that applications often 
been made according to schedules without assessment of 
pest infestation levels. 

Gradual changes in approaches to pest control are now 
occurring in food production, processing, and distribution 
systems. Whereas once little consideration was given to 
alternatives to chemical pesticides, greater interest now 
exists for implementation of controls that are less threat- 
ening to the environment and nontarget species (6,7). In- 
tegrated pest management (IPM) concepts are gradually 
being incorporated into the systems that supply food for 
the world’s population. With acceptance of principles of 
IPM has come willingness on the part of farmers and pro- 
cessors to implement control programs that are aimed not 
at eradication of pests, but at reduction of infestations and 
close monitoring of the benefits vs costs of control mea- 
sures. 

The goal of this article is to review general concepts that 
are basic to IPM as developed in the production agriculture 
venue and to provide an overview of the current issues, 
methodologies, and practical concerns relevant to pest 
management in the postharvest food industry. The topics 
included pertain to management of insects or other 
arthropod pests that infest durable commodities such as 
grains, nuts and dried foods, and all the processed food 


products derived from these commodities. Pest issues re- 
lated to postharvest handling of fresh commodities are dis- 
cussed briefly. Canned or otherwise processed fruits and 
vegetables and prevention of microbial contamination are 
discussed in other articles. 


WHAT IS IPM? 


IPM is a systematic approach to pest regulation that em- 
phasizes increased sampling to assess pest infestation lev- 
els and promote improved decision making so that control 
costs can be reduced and social, economic, and environ- 
mental benefits can be maximized (8). From the standpoint. 
of benefit vs cost in IPM, the basic goal of control programs 
is defined by the concept of economic injury levels. The 
economic injury level (EIL) is defined as the pest infesta- 
tion level at which the loss due to pest is equal to the cost 
of available control measures. The EIL concept is used as 
the basis for determining economic thresholds (often called 
action thresholds), defined as the level of infestation at 
which the potential loss due to a pest infestation exceeds 
the cost of an available control measure. In decision mak- 
ing regarding chemical pesticide applications, the eco- 
nomic return from use of a pesticide is maximized when 
the application is made at the time the pest population 
reaches the economic threshold level. Implementation of 
IPM has typically resulted in reduction of purchased in- 
puts, such as chemical pesticides, because of more effective 
assessment of pest infestation levels and well-defined cri- 
teria for determining when controls are warranted. In crop 
production systems, programs involving entomologists, 
plant pathologists, weed scientists, and economists have 
yielded cost-efficient tactics for suppressing pests while 
limiting contamination of the environment and the har- 
vested food commodities. IPM concepts are now empha- 
sized for postharvest systems using benefit-vs-cost princi- 
ples to guide pest control decisions in storage and 
distribution systems, just as has occurred in field settings. 
Considering ecological, as well as economic concerns, IPM 
is regarded as an essential approach to preserving a safe 
food supply and healthy environment, while keeping U.S. 
agriculture competitive and profitable. 

Explaining the context in which the terms pest and 
management are used can be quite helpful to understand- 
ing concepts of IPM. The term pest has historically re- 
ferred to insects, weeds, plant pathogens, and rodents that 
compete for resources valued by humans in production, 
processing, and distribution systems for agricultural com- 
modities. Thus, species attain pest status in the context of 
their association with plant and animal species used by 
humans as sources of food and fiber. The abundance of 
these species, and hence their importance as pests, is often 
enhanced in modern production and distribution systems 
for agricultural commodities because these systems result 
in abundant habitats and vast supplies of resources unlike 
anything that occurs in natural ecosystems. 

IPM makes use of decision-making processes needed to 
produce commodities in carefully planned systems in- 
tended to keep pest populations from reaching economi- 
cally damaging levels, while maintaining profitability of 


the enterprise with limited adverse environmental and so- 
cial effects. The process of managing pests has significantly 
broadened in definition and scope during the past 30 years 
from unilateral controls applied against single species; to 
integrated controls employing multiple tactics against sin- 
gle species; to IPM programs designed to regulate insect 
pests, pathogens, and weeds in production systems; and to 
quite broad concepts of biointensive IPM (1) and integrated 
resource management (9). There is a substantial need for 
increased research and implementation efforts to keep 
pace with the theoretical development of management con- 
cepts. Practical aspects of implementation have tended to 
lag far behind IPM theory (1). 


DEVELOPMENT OF IPM PROGRAMS 


Basic changes in decision-making processes are important 
to development of effective IPM programs. In the past, 
eradication of pests was often the primary objective; now 
programs must address ecological, economic, and health- 
related concerns in conjunction with acceptable levels of 
pest regulation as defined by the EIL concept. IPM pro- 
grams require time and expertise devoted to assessment 
of problems and decision making to gain maximum returns 
on inputs such as chemical pesticides. Significant re- 
sources must be committed to training of personnel or 
hiring consultants who have the necessary expertise to ac- 
curately monitor production fields and postharvest facili- 
ties for the presence of pest infestations and decide on 
appropriate management options. Before IPM programs 
were developed, applications of pesticides were routinely 
made according to schedules as insurance or prophylactic 
treatments. However, to address current economic, envi- 
ronmental, and social concerns, IPM programs require a 
greater time commitment for comprehensive assessment 
of pest infestation levels to ensure that control options are 
employed in a judicious, as opposed to routine, manner. 

Food processors and distributors must realize that most 
pest management decisions have consequences far beyond 
the time and location that pests must be controlled, a les- 
son learned in field settings during the past 30 years. Com- 
prehensive plans for pest management greatly improve ef- 
fectiveness, profitability, and safety of pest control efforts 
over what can be achieved with piecemeal approaches. Im- 
portant keys to effective, profitable, and environmentally 
safe pest management are careful monitoring of pest pop- 
ulations, complete records of infestation levels and controls 
applied, and comprehensive benefit-vs-cost analyses. To 
provide necessary training and technology, IPM programs 
must be supported by multidisciplinary research and ex- 
tension efforts through the USDA and land grant univer- 
sities and working with the food industry. A broad range 
of control options available for incorporation into IPM pro- 
grams now exists. 


1. Biological controls. Natural enemies such as para- 
sites, predators, pathogens, and competitors of pest 
species in applied control programs. 

2. Cultural controls. Methods such as tillage, host plant 
resistance, and crop rotation to reduce pest infesta- 
tions in production systems. 
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8. Chemical controls. Chemical toxicants, repellents, 
protectants, growth regulators, germination inhibi- 
tors that are used to regulate populations of insect. 
pests, plant pathogens, and weeds. 

4. Mechanical and physical controls. Approaches that 
have greatest application in postharvest pest man- 
agement include heat and cold treatments, sanita- 
tion, and protective packaging. 

5. Legislative controls. Imposition of inspection and 
quarantine regulations to prevent importation and 
spread of introduced pests in living plants and ani- 
mals or in harvested commodities. 


IPM programs combine these control options to achieve 
the safest and most cost-effective regulation of all types of 
pests in food production, processing, and distribution sys- 
tems. 


SETTING THE STAGE FOR IPM: THE PESTICIDE ERA 


Throughout most of the history of agriculture, a lack of 
highly effective, unilateral control measures (such as 
modern-day chemical pesticides) resulted in the use of 
various combinations of controls (eg, integrated control) to 
reduce losses caused by pest species. Controls included a 
variety of cultural measures such as cultivation and crop 
rotation; removal of insects and weeds from crops by hand; 
and application of inorganic pesticides containing active 
ingredients such as sulfur, lime, and arsenic. It was not 
until the modern insecticide era after World War II that 
use of highly effective compounds such as DDT and BHC 
(benzene hexachloride) introduced a new philosophy of 
pest control. Within a few years of their first applications, 
these organochlorine insecticides were used extensively to 
eradicate pest populations. Little concern was given to the 
potential for deleterious consequences to nontarget spe- 
cies, hazards to farm workers, or harmful residues in hu- 
man food. The ready availability and high degree of effec- 
tiveness of these pesticides resulted in reliance on them as 
a unilateral control. By 1966, nearly 150 million pounds of 
insecticides were being applied per year in the United 
States, most of which was used in crop production (10). 
Although insecticides were the first of the chemical pesti- 
cides to be used in such vast quantities, research efforts 
led to the discovery of phytotoxic chemicals that were used. 
as herbicides. Herbicide use peaked at more than 450 mil- 
lion pounds per year in 1982 (10). The increase in the quan- 
tity of fungicides applied has been much more modest, 
from 21 million pounds in 1966 to 37 million pounds in 
1992 (2). 

The availability of highly effective chemical insecticides 
has certainly been an important factor contributing to the 
significant reduction in incidence of arthropod-borne dis- 
eases in humans and domesticated animals. Chemical pes- 
ticides contributed to the 230% increase in agriculture pro- 
ductivity in the United States from 1947 to 1986 (11). Ease 
of application and the relatively low cost of these broad- 
spectrum pesticides have resulted in their tremendously 
high levels of use in food production and processing sys- 
tems. By 1970, insecticide use in cotton in the United 
States had exceeded 70 million pounds per year. By 1985, 
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herbicide use in corn had reached 250 million pounds per 
year (10). 

The extensive reliance on chemical pesticides has led to 
serious problems. Questions relating to continued use of 
these compounds continue to be asked and have resulted 
in the cancellation of registrations for many uses of these 
products. In extreme instances, as many as 40 to 60 ap- 
plications of pesticides have been made per year in cotton 
(12), with the result being serious issues of environmental 
pollution and mortality of nontarget species. The following 
are among the problems resulting from excessive use of 
chemical pesticides. 


« Environmental contamination where pesticides in 
soils have entered surface and groundwater, threat- 
ening the safety of water supplies for human and ani- 
mal consumption (2,10). 
Increasing human health risks resulting from expo- 
sure to residues in food and water supplies, particu- 
larly relating to the potential of some pesticides to 
cause cancer, disrupt the endocrine system, and in- 
terrupt normal development of the central nervous 
system in children (2). Despite cancellation of regis- 
trations for nearly all organochlorine insecticides in 
the U.S., residues of these compounds are still com- 
monly detected in food products because of their use 
in other countries and long life in the environment. 
* Threats to nontarget organisms such as wildlife spe- 
cies in both terrestrial and aquatic environments (2). 
* Mortality of beneficial parasitic, predatory, and 
pathogenic species that often serve important roles 
in regulating pest populations (2,13). Destruction of 
beneficial organisms contributes to problems of pest 
resurgence and outbreaks of secondary pest species. 
* Development of resistance in pest species to chemical 
pesticides. This is a growing problem for all types of 
pests worldwide, with more than 600 arthropod spe- 
cies, more than 100 species of plant pathogens, and 
more than 100 species of weeds exhibiting resistance 
to insecticides, fungicides, and herbicides, respec- 
tively, by 1996 (14). 
° Increasing costs associated with intensive usage of 
chemical pesticides in crop production (10). 


The increased urgency to find solutions to these prob- 
lems has resulted in the passage of several major pieces of 
legislation by the U.S, government. The Federal Environ- 
mental Pesticide Control Act of 1972, comprised of exten- 
sive amendments to the Federal Insecticide, Fungicide, 
and Rodenticide Act of 1947, and the Food Quality Protec- 
tion Act of 1996 will continue to have great impacts or 
availability and use patterns for chemical pesticides in the 
future. These problems have also generated great 
emphases for research and extension efforts to develop and 
employ alternative controls. 


SETTING THE STAGE FOR IPM: ENTERING THE IPM ERA 


Although environmental contamination and food safety 
concerns have resulted in some increased interest in de- 


velopment of integrated control programs to reduce reli- 
ance on chemical pesticides, the major impetus for reduc- 
tion in their usage has resulted from political activism. 
Rachel Carson’s Silent Spring (15) was a catalyst that re- 
sulted in a strong negative reaction by the general public 
to the extensive use of chemical pesticides, especially the 
organochlorine insecticides such as DDT. The public reac- 
tion to threats of environmental pollution and contami- 
nation of the food supply by pesticide residues (16) resulted 
in cancellation of all registrations for most organochlorine 
insecticides. Although insecticides belonging to the organo- 
phosphate and carbamate classes reyslaced the organochlo- 
rine compounds for most uses, growing support among 
farmers and consumers for integrated control programs 
has resulted in reduced reliance on these chemical insec- 
ticides and a movement from an industrial to an ecological 
model of pest management (17). 

Public support for the IPM concept has led to gradual 
development of a philosophy that integrates pest control 
tactics and crop management from both agronomic and 
economic standpoints (18). From an original, relatively 
narrow focus on field-crop production (19), application of 
principles of IPM has now attained a much broader focus 
to include processing and distribution systems for food 
commodities. In relation to crop production, application of 
IPM provides a basis for continued profitable production of 
food and fiber commodities with much less threat of envi- 
ronmental degradation or harmful residues in food. Em- 
ploying principles of IPM in processing and distribution of 
commodities is an additional, important step in maintain- 
ing a safe and wholesome food supply. 


FOOD SAFETY AND IPM 


Many countries maintain strict guidelines for the whole- 
someness and safety of food products sold to end-user con- 
sumers. Food products must be free of contamination by 
harmful chemical residues and biological organisms, such 
as insects or microorganisms. They must also comply with 
standards of purity, composition, and preparation that are 
specified by regulatory agencies (see the article FooD REG- 
ULATIONS: INTERNATIONAL, CODEX ALIMENTARIUS). The 
food safety challenge for industry requires delivery of prod- 
ucts that are free of pest contamination while also contain- 
ing pesticide residues that are below legal minimum levels. 


Pests, Pesticides, and Regulations 


Hundreds of species of insects and mites are known to in- 
fest grain and other raw commodities in storage, and many 
of these organisms infest grain-based food products after 
processing and packaging. Pest infestation in raw grain 
can begin a cascade of problems with serious economic and 
food safety implications. Infestation of bulk-stored grains 
by insects can result in weight loss of the grain, as well as, 
increased heating and moisture levels that facilitate 
growth of molds and spread of mycotoxins. The end result 
of these combined infestations by insects and molds is that 
grain may be rendered unusable (20). 

Most insects infesting grain being prepared for milling 
can be removed with grain-cleaning equipment before 


grinding into flour; however, eggs of some species may sur- 
vive cleaning and contribute to subsequent infestations in 
processed foods. Additionally, insect larvae and pupae in- 
side grain kernels cannot be removed, but are milled with 
the flour and remain as fragmentary contaminants. Insect 
fragments, rodent hair, feces, and other foreign material 
are classified as filth that must be kept below legal thresh- 
old levels. Though not toxic, insect fragments can have di- 
rect human health effects as allergens for some persons 
(21). Contamination by insect-related filth signals an over- 
all low level of quality and wholesomeness of food products. 

Chemical insecticides are used in two principle ways to 
limit infestation of stored grains by insects. Insecticides in 
the form of residual protectants are used as grain enters 
storage facilities to prevent infestation during storage (see 
the article GRAINS AND PROTECTANTS). Fumigant insecti- 
cides are used to eliminate insect infestations that have 
developed after commodities are placed in storage. Fumi- 
gants such as phosphine and methyl] bromide usually leave 
no detectable residue that may contaminate food. For this 
reason, fumigants are not considered significant threats to 
food safety; however, the lack of residual effects with these 
chemicals means that they do not protect grain from rein- 
festation after treatment. By contrast, residual protectant 
insecticides, which are used to treat raw grain and are ap- 
plied throughout the food system to treat structures and 
equipment where foods are processed and packaged foods 
are stored, may pose problems through contamination by 
residues. Insecticide residues can remain in stored grain 
for months or years; chemical degradation is slow in the 
storage environment because of low light or darkness, sta- 
ble or gradually changing temperatures, and relatively low 
moisture levels. Milling and, to a greater extent, baking or 
cooking cause substantial degradation of residues. How- 
ever, some residues may still remain as the original chem- 
ical used in treatment or in the form of degradation prod- 
ucts (22). 

Pesticide residues in food pose both proved and sus- 
pected health risks to humans, and they generate much 
public concern and governmental regulatory action 
throughout the world (see the article PESTICIDE RESIDUES 
IN FOOD). The commonly used residual insecticides applied 
in grain storage facilities belong to the organophosphate 
and pyrethroid chemical classes. In the United States, no 
pyrethroids and relatively few organophosphate insecti- 
cides are registered for application directly to grain. How- 
ever, additional organophosphates and certain pyrethroids 
can be used in structural surface treatments (see the ar- 
ticle GRAINS AND PROTECTANTS). The Codex Alimentarius 
Commission has established international guidelines for 
permissible residues of organophosphates and pyrethroids 
in both raw grain and processed food products. Individual 
governmental regulatory agencies in most countries have 
generally concurred with these guidelines by passing ap- 
propriate regulations for enforcement. 

Recent surveys of U.S. stored grain for detection of pes- 
ticide residues have not revealed levels above established 
tolerances, but the majority of samples contained detect- 
able residues of organophosphates (Table 1). In spite of evi- 
dence for compliance by the food industry with established 
tolerance levels for pesticide residues, consumer advocacy 
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Table 1. Detection of Insecticide Residues in Wheat 
Samples from Grain Elevators in Major Wheat-Producing 
Regions of the United States 


Percentage of samples with detectable 
levels in a given year* 


Insecticide 1995 (600) 1996 (340) 1997 (623) 
Carbaryl 05 03 03 
Chlorpyrifos 19.5 14.4 64 
Chlorpyrifos methyl’ 54.2 B32 55.6 
Dichlorvos 0 0 0 
Malathion® 71.0 70.3 68.2 
Methoxyhlor 1.0 47 52 
Methyl parathion 0 03 0.2 


Source: Data compiled from Refs. 23-25. 

“Number in parentheses refers to the number of samples analyzed in a 
given year. 

*Registered by U.S. Environmental Protection Agency for direct admixture 
to grain as a protectant; other insecticides residues presumably resulted 
from other applications, 


organizations have called for stricter tolerance guidelines. 
The Food Quality Protection Act (FQPA) passed by the 
U.S. Congress in 1996 mandates a reassessment of all ex- 
isting pesticide registrations with strict attention to hu- 
man safety. The FQPA emphasizes accumulated risk re- 
sulting from exposure to classes of chemical pesticides, not 
just to individual active ingredients. For example, all or- 
ganophosphates used in a variety of applications to food 
commodities, inside homes, on lawns, and in public areas 
will be considered together in estimating accumulated ex- 
posure. Risks will be assessed based on the most sensitive 
members of the population, among those being infants and 
children. Residues in food appear to constitute the highest 
exposure risks because they result in direct ingestion of 
pesticides. 

Organophosphate insecticides have been targeted as a 
class for initial review and potential elimination by the 
U.S. Environmental Protection Agency because of their ac- 
tivity as neurotoxins and their potential as endocrine dis- 
ruptors (26). Cancellation of registrations for organophos- 
phates currently applied to grain and used throughout the 
food industry would create a great need for effective con- 
trols as replacements. 

The fumigant methyl bromide is a fast-acting, residue- 
free chemical that is used routinely in flour mills, food pro- 
cessing facilities, and warehouses to control insect infes- 
tations. It has perhaps been the most effective insecticide 
used in the value-added food industry, but registrations for 
this product are slated for cancellation. Because methyl 
bromide is an ozone-depleting substance and may pose a 
threat to the protective atmospheric ozone layer around 
the earth, its production and application are scheduled to 
cease in the United States by 2005 as mandated by the 
Clean Air Act. Other industrialized and developing coun- 
tries worldwide are eliminating or severely reducing the 
use of methyl bromide over the next several decades in 
compliance with an international agreement known as the 
Montreal Protocol (27). In this case, an environmental 
rather than a food safety concern is fueling the campaign 
for cancellation of an effective and residue-free insecticide 
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for the food industry. This cancellation could possibly lead 
to increased use of residual insecticides. Ideal substitutes 
for methyl bromide have not been found, but much re- 
search and discussion are aimed at developing safe alter- 
natives for the food industry. One alternative that may be- 
come quite important is IPM, an approach that could keep 
chemical insecticide usage at a minimum while utilizing a 
variety of alternative controls to limit pest populations. 


The Case for IPM in the Food Industry 


It seems apparent that the impact of more stringent reg- 
ulations on pesticide use in the food industry, in combina- 
tion with growing consumer demands for more wholesome 
and pesticide-free foods, must result in more extensive 
adoption of IPM practices. Although purchase contract 
specifications for grain commonly stipulate that there can 
be no detectable pesticide residues, they also stipulate that 
the grain be of relatively high quality with little insect 
damage (28). In addition, the tolerance levels for insect 
contaminants in value-added, finished food products are 
even lower than those for raw commodities, essentially a 
zero tolerance. For the future, it is clear that raw commod- 
ities destined for use in food products must be kept in good 
condition by combined action of several preventative mea- 
sures employed through an IPM program. Similarly, pest- 
free, finished products in warehouses and retail outlets 
that are at risk for reinfestation must be protected until 
purchased by the consumer. 

Managers at all levels of the food processing and mar- 
keting continuum, from bulk storage of commodities to re- 
tail outlets of high-value, finished products, must adopt 
IPM strategies that include sanitation, prevention, effec- 
tive monitoring, and informed decision making regarding 
pest suppression tactics. Informed decision making based 
on cost-vs-benefit analyses is the cornerstone of IPM and 
should guide pest control decisions at all levels of the food 
industry. The EIL concept explained earlier in this article 
must become the basis for these decisions. Because the 
relative value of products varies greatly through the dif- 
ferent levels of the food industry, so also will the economic 
thresholds used to guide control decisions. 


IPM FOR FRESH COMMODITIES WITH ZERO 
PEST TOLERANCE 


Fresh fruits and vegetables are sold as soon after harvest 
as possible, and there is typically little time or need for 
postharvest IPM. However, IPM is practiced during pro- 
duction of these commodities to prevent damage, and those 
involved with postharvest handling must be concerned 
with quality preservation. Only undamaged, blemish-free 
fruits and vegetables are selected for the fresh table mar- 
ket. Producers must avoid damage that is evident in an 
exterior examination and also eliminate insects confined 
within tissues of harvested produce. These pests are not 
only serious problems for the domestic market, but in the 
export market they are often the targets of legal quaran- 
tines enforced to prevent the spread of pest species. 
Fumigants such as methyl bromide and ethylene dibro- 
mide were once commonly used to ensure that fresh fruits 


and vegetables for export were pest-free (29), but these 
chemicals are now being replaced by nonchemical meth- 
ods. Safe and effective physical controls are being used 
commercially, such as cold treatment to eliminate larvae 
of codling moths from apples and vapor heat treatment to 
kill fruit flies infesting papayas (30). Ionizing radiation is 
an effective treatment for killing immature insect life 
stages inside fruits and vegetables while maintaining 
product quality (31). However, radiation has only limited 
commercial adoption for use with fresh produce because of 
serious opposition in some locations by consumers who re- 
ject irradiated food. Research on controlled atmospheres 
using high carbon dioxide concentrations or low oxygen 
levels shows promise for controlling postharvest pests of 
fresh commodities, but practical limitations in maintain- 
ing proper treatment conditions has hindered commercial 
adoption of these methods (32). 


POSTHARVEST IPM FOR RAW, DURABLE COMMODITIES 


Although IPM methods discussed here address stored 
grain almost exclusively, the same concepts and methods 
apply to other durable commodities such as legumes, nuts, 
dried fruits, and other dried commodities that can be 
stored in bulk. Cereal and feed grains comprise the most 
important basic inputs to the world food supply, and be- 
cause of their seasonal growth patterns, they must be 
safely stored and maintained for year-round consumption. 


Grain Storage: Pest Prevention and Sanitation 


Insect pest problems in stored grain can be prevented or 
delayed by limiting access to the storage facility. With ex- 
ception of a few species that may infest ripening grain to 
a limited extent before harvest, stored grain insects do not 
infest crops in the field and normally do not enter storage 
facilities with the new harvest (33). Insects that become 
pests in storage facilities must have dried grains or other 
appropriate food on which to feed and reproduce. Typically, 
the source of insects infesting a newly stored commodity is 
from populations already infesting some previously stored 
material. A common source of infestation is from residues 
of grain in empty storage structures (bins or silos), har- 
vesting and conveying equipment, and transportation ve- 
hicles. Grain storage structures and grain-handling ma- 
chines must be thoroughly cleaned of residual grain before 
a subsequent crop is stored. If grain is stored in an insect- 
free structure then the only source of insects to infest grain 
is by immigration into the structure. Every effort must be 
made to repair leaks and close openings in grain bins and 
silos to prevent insect entry. Complete exclusion of insects 
from grain storages is extremely difficult, but minimizing 
entry points does reduce potential routes of infestation. 
Once storage structures are cleaned and sealed, surfaces 
should be treated with a residual spray of a registered in- 
secticide to provide protection against insects that may re- 
main hidden within the structure or that may immigrate 
into the bin soon after grain is stored. 


Monitoring Storage Conditions 


Insect population growth in grain is dependent primarily 
on temperature of the air and/or grain, moisture content 


of the grain, and the quality of the grain as a food source 
(33). Because most grains and grain products are nutri- 
tionally adequate, unless they have been severely de- 
graded by microbial agents, food quality is rarely limiting 
for insects infesting stored grain. Temperature and grain 
moisture may vary greatly among storage situations and 
are important for insect survival and population growth. 
Biological factors, such as development time from egg to 
adult, survival rates, and the number of eggs produced by 
females all attain maximum levels within optimal ranges 
of temperatures and grain moisture. Typically, these life 
history variables decrease at temperatures and moisture 
contents either above or below the optimal zone. Insects 
that feed as larvae inside grain kernels are more sensitive 
to grain moisture content than are the external feeders. 
Optimal grain moisture levels for growth and survival of 
internal grain feeders ranges from 12 to 15%. Optimal tem- 
peratures for growth and development of stored grain in- 
sects are between 25 and 32°C. Most species experience 
mortality or reduced population growth at prolonged pe- 
riods above 40°C and cease development below 15°C (34). 
It is clear, therefore, that insect population growth can be 
slowed by maintaining grain in a cool, dry condition. 

For effective stored-grain IPM, it is essential to have 
the best information possible about the current status of 
the commodity being managed and the potential pest pop- 
ulations at any time. As grain enters the storage facility, 
it should be characterized for quality factors such as bulk 
density, percent composition comprised by broken kernels 
and foreign material, and moisture content. Information 
on initial moisture content is critical because high- 
moisture grain may need to be stored separately, mechan- 
ically dried, or later blended with drier grain to attain a 
composite grain mass that is safe for storage. 

The storage structure should be equipped with ther- 
mocouple cables or similar devices to monitor grain tem- 
perature at various locations throughout the grain mass 
during the storage period. Temperature cables are typi- 
cally hung from the roof of a storage structure and extend 
vertically through the grain mass. Thermocouples are po- 
sitioned on cables at a spacing of 2 to 3 m from bottom to 
top of the mass, and a series of cables should be deployed 
at 5 to 10 m intervals so that the grain mass is evenly 
monitored. Temperatures from each monitoring point 
should be recorded on a regular basis, ideally weekly or 
biweekly, and any abrupt increases in temperature over a 
short period of time should be investigated by sampling the 
grain mass. Temperature cables are useful in detecting hot 
spots where moisture, mold growth, and insect infestation 
may have begun. Temperature monitoring is also impor- 
tant to check the progress of grain cooling during aeration. 

The species and numbers of insects in stored grain can 
best be monitored by direct and systematic sampling of the 
grain and by use of traps. Direct grain sampling is the best 
monitoring approach, but it is labor intensive and requires 
a certain level of skill. Managers of grain storage facilities 
can easily learn the required methods and implement 
grain sampling for insects as part of their regular com- 
modity management routine. 

Samples can be obtained to a depth of 1 to 2 m by using 
a spear-shaped sampler to withdraw grain from the mass, 
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or sampling may be done as grain is moved from bin to bin 
within a facility using a cup-type (pelican) sampler (Fig. 
1). Increasing the number of samples enhances the level of 
accuracy achieved in estimating insect population density 
(35). For example, five 1-kg samples must be taken from 
each 27 metric tons (1000 bushels) of grain to determine 
with 90% accuracy if a grain mass contains as many as two 
insects per kg, which is a common economic threshold for 
control decisions. Grain samples must be processed with 
an appropriate sieve or sifting device to remove insects for 
identification and counting. Grain probe traps are also 
available that capture insects as they move through a 
grain mass (Fig. 1). These traps are effective for detection 
of insects at low population densities (36), but the data 
obtained are not easily converted to numbers of insects per 
unit of grain volume. 


Decision Making for Insect Control 


Correct interpretation of insect sampling data is important 
for making control decisions in stored grain IPM. As indi- 
cated earlier, decisions should be based on cost-vs-benefit 
analyses that incorporate assessments of the quality pa- 
rameters. Raw grain is marketed based on quality, which 
is quantified by a numerical grade in the United States. 
The highest quality grain, in addition to having a high bulk 
density (test weight) and little or no foreign material, con- 
tains no live insects and has no measurable damage from. 
insects. Damaged kernels result from feeding within by 
species such as weevils in the genus Sitophilus and the 
lesser grain borer, Rhyzopertha dominica, that chew holes 
through kernels. If one or more individuals of these species 
are found in a grain sample or probe trap sample, then 
more extensive sampling should be conducted. Discovery 
of damage by internal feeders may warrant a fumigation 
treatment to eliminate the infestation and prevent addi- 
tional damage. 

The presence of large numbers of external feeding in- 
sects, which cause no direct grain damage, may be revealed 
in grain or trap samples, but they can be tolerated until 
the time of sale as long as grain quality, temperature, and 
moisture remain acceptable. Live external feeding insects 
can be eliminated with an effective fumigation before grain 
is transported. It should be noted that many international 
markets will not tolerate even dead insects in grain, so 
treatment decisions must be adjusted accordingly. 


Nonchemical Controls for Stored Grain Pests 


Effective IPM programs for stored grain involve a variety 
of approaches intended to prevent the occurrence of dam- 
aging pest infestations. Sanitation was discussed earlier 
as a preventative measure used before grain enters the 
storage facility. Among the most effective nonchemical 
means for pest prevention or suppression after grain is in 
storage is use of ambient air cooling with aeration. This is 
achieved with air flow from fans mounted at the base of 
the storage structure that either blow air into the bottom 
of the mass and force it upward or draw air through roof 
vents downward through the grain mass. Effective aera- 
tion cooling occurs only when the outside air temperature 
is below the temperature of the grain. Thermostatically 
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Figure 1. Devices used to sample grain for insect population monitoring. (a) A spear-shaped grain 
trier to extract a sample of grain from bulk storage. (b) An insect probe trap that is inserted into 
a grain mass; insects moving through the grain pass through the holes in the trap and fall into the 
collection tip. (c) A pelican sampler used to collect a sample of flowing grain as it falls vertically. 


controlled fans can be used to ensure that they operate at 
the proper ambient temperatures (37). Because insect de- 
velopmental rates are directly influenced by temperature, 
lowering the temperature of the grain mass below the op- 
timum level for insect growth (below 15°C for most species) 
can significantly reduce population increase and the po- 
tential for damage. Low grain temperatures are achieved 
most efficiently in temperate regions when seasonal 
changes from summer to fall result in lower ambient air 
temperatures. However, even if grain cannot be cooled be- 
low 15°C immediately, any level of cooling can be effective 
in reducing rates of insect population increase (33). 

Simulation models of temperature-dependent insect 
population growth rates have been developed for the most 
damaging stored grain pests. These models verify the 
benefits of aeration for suppression of pest populations 
(Fig. 2). Although costs of aeration depend on local elec- 
tricity costs, in most cases expenditures are justified based 
on reductions in insect infestations that can be achieved 
(38). 

Biological controls may provide additional nonchemical 
methods for pest control in stored grain. The community 
of insect species that infests stored grain includes those 
that consume the grain itself, those that feed on molds that 
infect the grain, and parasitoids and predators that feed 
on other insects. Studies have been published in which ex- 
perimental populations of grain pests have been reduced 
by addition of natural enemies to storage containers (39). 
A recent study conducted in grain bins has validated the 
efficacy of introducing parasitic wasps to suppress popu- 
lations of the lesser grain borer (40). The objective of these 
studies has been to identify beneficial species that can 
maintain pest populations below the EIL. Although some 
companies mass produce and sell parasitoids and preda- 
tors of stored grain pests, the use of beneficial insects in 
grain storage facilities has not yet been widely adopted. 
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Figure 2. Conceptual plot of change in the size of a grain insect 
population, with and without aeration to cool grain. ET, economic 
threshold; EIL, economic injury level. 


Chemical Insecticides for Stored Grain Pests 


When alternative nonchemical controls fail to maintain in- 
sect pest populations below EILs, chemical insecticides re- 
main the most effective tools for pest suppression in stored 
grain. Fumigant insecticides are ideal for bulk-stored com- 
modities because they are released as gases that penetrate 
the commodity in place. Phosphine gas, or hydrogen phos- 
phide, is the most commonly used fumigant for stored 
grain worldwide (41). Phosphine formulated as pellets or 
tablets remains a relatively inexpensive control costing a 
few cents per bushel (38). Phosphine is liberated from pel- 
lets or tablets of aluminum or magnesium phosphide upon 
reaction with water in the air. Because phosphine has a 


density close to that of air, it penetrates bulk commodities 
well. It must be stated, however, that this same low- 
density property can be a detriment because it allows phos- 
phine to dissipate easily if structures are not sealed well. 
Aluminum phosphide pellets are typically added to grain 
that is being transferred from one storage structure to an- 
other or to a transport vehicle, allowing even distribution 
throughout the grain mass. 

Recirculation methods have been developed that allow 
adequate penetration by the gas even when pellets are ap- 
plied just to the top of a large grain mass and/or to a bot- 
tom access via the aeration plenum. Phosphine accumu- 
lated in the headspace above the grain is drawn through 
a pipe in the roof of the structure and reintroduced at the 
bottom of the mass, where it travels upward through the 
mass and attains even distribution (42). Phosphine is rela- 
tively slow acting, and several days exposure at optimum 
temperatures may be required to produce insect mortality. 
Long exposure time for bulk grain is usually not a problem 
because considerable time is available during storage or 
transport. Treatment times may be reduced by use of phos- 
phine gas dissolved in carbon dioxide and contained in gas 
cylinders now becoming available in some countries. This 
formulation also provides a means for rapid, even distri- 
bution of gas throughout a storage structure. 

Grain protectants are among the most commonly used 
controls for insects in stored grain. These residual insec- 
ticides are applied to grain at the time it initially goes into 
storage to provide protection against infestations for sev- 
eral months. Although more expensive than phosphine on 
a per bushel basis, protectants are the preferred control if 
a high risk of infestation exists. Among the disadvantages 
of grain protectants, as mentioned earlier, is the potential 
for residues to remain in the grain at the time of sale. Also, 
as the time grain is kept in storage increases, the possi- 
bility exists that the insecticide may lose effectiveness. 
There is also evidence that some species are not effectively 
controlled because of the development of resistance to the 
insecticides (43). Malathion, for example, remains a com- 
monly used grain protectant in the United States, though 
it is well established that many populations of the common 
stored grain insects have evolved resistance to this com- 
pound (43), Because of these problems and the growing 
expense of protectant applications, the future of this ap- 
proach for control of stored grain insects is in doubt. In 
addition, the use of protectants is not consistent with prin- 
ciples of IPM because they are often applied with little as- 
sessment of potential pest infestation levels. It is possible 
that use of insecticides as preventative measures will be 
restricted to applications as residual sprays in empty 
structures as part of a comprehensive sanitation program. 

Diatomaceous earth is a naturally occurring absorbent 
dust that poses no chemical residue or food safety prob- 
lems. Insects are naturally protected from dehydration by 
waxes deposited on the surface of the exoskeleton. Diato- 
maceous earth kills insects that contact it by absorbing 
and removing waxes from the exoskeleton, and death oc- 
curs due to desiccation (44). However, diatomaceous earth 
is as expensive to use as synthetic chemical insecticides, 
and it reduces the bulk density and the value of grain with 
which it is thoroughly admixed. Additionally, because its 
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effectiveness is yet to be well established, the future con- 
tribution of diatomaceous earth to IPM in stored products 
is not clear. 


IPM FOR FOOD PROCESSING 


The information in this section relates to any facility in 
which a raw commodity such as grain is processed in any 
way to make a more valuable product; such a product may 
be ready for the consumer market or it may be an inter- 
mediate product that is processed further at another facil- 
ity. Thus, food processing here refers to activities of flour 
mills, bakeries, pet food plants, breakfast cereal manufac- 
turers, snack food plants, chocolate factories, and confec- 
tioneries. 

Stored-product insects that infest food processing fa- 
cilities are essentially the same species that infest raw 
grain, but the species composition and their relative im- 
portance is different. Internal grain feeding insects such 
as weevils and borers are not as important in processing 
environments because the concern for grain damage is no 
longer an issue. Species considered secondary in impor- 
tance in raw grain because they feed only on broken ker- 
nels, such as flour beetles, sawtoothed grain beetles, and 
the Indianmeal moth, are considered of primary impor- 
tance in food processing because they can easily infest 
milled products and contribute to problems with contami- 
nants. For example, the Association of Operative Millers 
has listed the red flour beetle as the most important insect 
pest of flour mills because of its ability to survive and re- 
produce in flour. This species is also difficult to control in 
flour mills (45). By comparison, the red flour beetle, though 
common in stored grain, is rarely considered more than a 
nuisance. Also important is the consideration that once 
grain is milled into flour, its value increases greatly, and 
EILs for pests decrease accordingly. 


Sanitation and Prevention 


Food processing facilities must devote personnel and other 
resources to sanitation, pest monitoring, and pest control 
if they are to maintain a level of cleanliness and product. 
quality that is demanded by consumers and mandated by 
governmental regulations. As with stored grain, preven- 
tive measures are basic to pest management programs. For 
flour mills and other processing plants, the sanitation rou- 
tine should include daily or twice daily cleaning of equip- 
ment and floors where flour dust can accumulate (46). Use 
of compressed air to blow dust from machines and floors is 
a popular cleaning tool, but it should used sparingly so that 
dust is not simply blown into hard-to-clean areas. Food 
debris that accumulates in these areas can support resid- 
ual populations of pests that constantly contribute to in- 
festation of the product. Sweeping is effective when com- 
bined with vacuum cleaning. Problem areas for dust 
accumulation should be identified and regularly targeted 
with vacuum cleaning. Spills need to be cleaned immedi- 
ately and broken packages discarded. Broken windows, 
window screens, and other structural components should 
be repaired promptly to limit entry of food pests into a 
facility. Rotation of raw and finished stock to utilize older 
products first represents a simple preventive measure to 
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avoid the opportunity for growth of pest populations. 
Common-sense approaches to sanitation and prevention 
need to be adopted, but in many facilities these simple 
measures are often overlooked in favor of increased pro- 
duction. 


Monitoring for Pest Infestations 


Active efforts at pest detection and monitoring should be 
incorporated into a regular routine with sanitation and 
prevention efforts of food plants. Direct sampling of prod- 
ucts and residues from the production line can alert man- 
agers to the presence of incipient pest problems (46). As 
dust and siftings from different points in the milling pro- 
cess are cleaned up, these materials should be carefully 
inspected daily for the presence of insects. Similarly, floor 
sweepings and the residue from machinery clean-outs 
must be inspected. Boots of elevator legs and the bottom 
trays of vertical conveyor systems contain spaces where 
food and pests can accumulate, and they should be cleaned 
and inspected regularly. Insect traps baited with attrac- 
tants for certain species, or designed to capture any insects 
present, can be used throughout a facility to determine the 
presence, relative abundance, and location of pests (47). 
Traps baited with pheromones are highly sensitive to the 
presence of the target species for the attractant. By de- 
ploying traps in a regular gridlike arrangement through- 
out facilities, managers can identify areas with the highest 
likelihood of insect infestation and concentrate monitoring 
and control efforts in these areas. Monitoring data from 
traps or product and residue samples must be documented 
and the records maintained over time, so that trends in 
pest numbers can be observed and used in IPM decisions. 


Controlling Pests Without Methyl Bromide 


Methyl bromide has been used effectively for many years 
to suppress pest populations in structures such as flour 
mills and food processing plants (48). Grain millers and 
other processors consider this chemical to be an essential 
component of their pest control and sanitation programs. 
Methyl bromide will be unavailable for most uses in the 
United States and in most other industrialized countries 
beginning in 2005. No fumigant gas is available that can 
directly replace methyl bromide for rapid, effective insect 
control without the potential harmful residues in food 
products. Phosphine is registered for use in structures con- 
taining food and leaves no harmful residues on food. How- 
ever, phosphine often requires several days to achieve ef- 
fective insect control, compared to several hours required 
with methyl bromide. Large flour mills and similar plants 
continue production 7 days weekly and cannot operate prof- 
itably with the long shutdowns that would be required for 
phosphine fumigation. Another concern of many food pro- 
cessors when considering fumigation with phosphine is 
that copper and other metal components of machinery can 
be corroded by phosphine at high humidities and warm 
temperatures (49). Electrical wiring, computers, micro- 
processors, and other sensitive electronic equipment may 
be put at risk when phosphine is used in flour mills or food 
processing plants. One innovative application method for 
phosphine as a substitute for methyl bromide is use of rela- 


tively low doses with elevated temperatures and the ad- 
dition of carbon dioxide. This method may increase activity 
of the insecticide and reduce potential damage to machines 
by shorter exposure times, especially in areas where sen- 
sitive electronic equipment is housed (50,51). The presence 
of carbon dioxide and higher temperatures apparently in- 
creases respiration rates of insects and enhances mortality. 

Various other physical and chemical methods have been 
proposed as alternatives to use of methyl bromide for pest 
control in food processing; however, none can be considered 
an effective replacement in terms of efficiency and effec- 
tiveness (52). Controlled atmospheres with high carbon di- 
oxide or low oxygen concentrations have been proposed but 
are not practical or cost effective for food processing facili- 
ties because of the need for enormous amounts of gases 
released in structures that cannot be sealed tightly. Heat 
treatment, or heat sterilization, of entire facilities has been 
attempted with some success; however, for effective insect 
control it is necessary to maintain the temperature at ap- 
proximately 50°C for 24 to 36 h (53). A major problem with 
heat treatment is the difficulty in attaining temperatures 
lethal to insects inside walls and machines and close to 
floors in basements. 

Numerous residual insecticides have been proposed as 
replacements for methyl bromide. Their effectiveness is 
limited, however, because they often cannot be applied in 
all areas where control is needed because of risks of con- 
tamination of food products by chemical residues. Conse- 
quently, control must be attained through residual activity 
on treated surfaces where insecticide residues are not 
likely to contaminate food products with the hope that in- 
sects may be controlled through contact with treated sur- 
faces (43). Also being evaluated in flour mills is a combi- 
nation of elevated temperatures with a thorough dusting 
of diatomaceous earth (54). This method also has limita- 
tions for control of insects harbored deep within structures. 
It seems apparent that when registrations for methyl bro- 
mide are finally cancelled, food processing facilities will be 
forced to develop more intensified efforts at prevention, 
vigilant monitoring, and specialized mitigation measures 
to replace the current unilateral applications of methyl 
bromide for pest control. 


IPM FOR VALUE-ADDED FOOD PRODUCTS 


At the end of the food processing continuum are the high- 
value, packaged products ready for retail marketing to con- 
sumers. After leaving a processing facility, these products 
are typically transported to regional wholesale distribu- 
tion centers where they may be stored for periods ranging 
from a few days to many months. Although ownership of 
these products may reside with retail marketers, problems 
with pest infestations during storage and even at retail 
outlets are often blamed on the food processors. Regardless 
of who takes the responsibility for protection of these prod- 
ucts, substantial investments in preventive measures 
must be made to protect finished products from infestation. 

Internal corporate regulation of finished product qual- 
ity must be maintained through a system of regular in- 
spections and business-partner accountability. As a first 
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avoid the opportunity for growth of pest populations. 
Common-sense approaches to sanitation and prevention 
need to be adopted, but in many facilities these simple 
measures are often overlooked in favor of increased pro- 
duction. 


Monitoring for Pest Infestations 


Active efforts at pest detection and monitoring should be 
incorporated into a regular routine with sanitation and 
prevention efforts of food plants. Direct sampling of prod- 
ucts and residues from the production line can alert man- 
agers to the presence of incipient pest problems (46). As 
dust and siftings from different points in the milling pro- 
cess are cleaned up, these materials should be carefully 
inspected daily for the presence of insects. Similarly, floor 
sweepings and the residue from machinery clean-outs 
must be inspected. Boots of elevator legs and the bottom 
trays of vertical conveyor systems contain spaces where 
food and pests can accumulate, and they should be cleaned 
and inspected regularly. Insect traps baited with attrac- 
tants for certain species, or designed to capture any insects 
present, can be used throughout a facility to determine the 
presence, relative abundance, and location of pests (47). 
Traps baited with pheromones are highly sensitive to the 
presence of the target species for the attractant. By de- 
ploying traps in a regular gridlike arrangement through- 
out facilities, managers can identify areas with the highest 
likelihood of insect infestation and concentrate monitoring 
and control efforts in these areas. Monitoring data from 
traps or product and residue samples must be documented 
and the records maintained over time, so that trends in 
pest numbers can be observed and used in IPM decisions. 


Controlling Pests Without Methyl Bromide 


Methyl bromide has been used effectively for many years 
to suppress pest populations in structures such as flour 
mills and food processing plants (48). Grain millers and 
other processors consider this chemical to be an essential 
component of their pest control and sanitation programs. 
Methyl bromide will be unavailable for most uses in the 
United States and in most other industrialized countries 
beginning in 2005. No fumigant gas is available that can 
directly replace methyl bromide for rapid, effective insect 
control without the potential harmful residues in food 
products. Phosphine is registered for use in structures con- 
taining food and leaves no harmful residues on food. How- 
ever, phosphine often requires several days to achieve ef- 
fective insect control, compared to several hours required 
with methyl bromide. Large flour mills and similar plants 
continue production 7 days weekly and cannot operate prof- 
itably with the long shutdowns that would be required for 
phosphine fumigation. Another concern of many food pro- 
cessors when considering fumigation with phosphine is 
that copper and other metal components of machinery can 
be corroded by phosphine at high humidities and warm 
temperatures (49). Electrical wiring, computers, micro- 
processors, and other sensitive electronic equipment may 
be put at risk when phosphine is used in flour mills or food 
processing plants. One innovative application method for 
phosphine as a substitute for methyl bromide is use of rela- 


tively low doses with elevated temperatures and the ad- 
dition of carbon dioxide. This method may increase activity 
of the insecticide and reduce potential damage to machines 
by shorter exposure times, especially in areas where sen- 
sitive electronic equipment is housed (50,51). The presence 
of carbon dioxide and higher temperatures apparently in- 
creases respiration rates of insects and enhances mortality. 

Various other physical and chemical methods have been 
proposed as alternatives to use of methyl bromide for pest 
control in food processing; however, none can be considered 
an effective replacement in terms of efficiency and effec- 
tiveness (52). Controlled atmospheres with high carbon di- 
oxide or low oxygen concentrations have been proposed but 
are not practical or cost effective for food processing facili- 
ties because of the need for enormous amounts of gases 
released in structures that cannot be sealed tightly. Heat 
treatment, or heat sterilization, of entire facilities has been 
attempted with some success; however, for effective insect 
control it is necessary to maintain the temperature at ap- 
proximately 50°C for 24 to 36 h (53). A major problem with 
heat treatment is the difficulty in attaining temperatures 
lethal to insects inside walls and machines and close to 
floors in basements. 

Numerous residual insecticides have been proposed as 
replacements for methyl bromide. Their effectiveness is 
limited, however, because they often cannot be applied in 
all areas where control is needed because of risks of con- 
tamination of food products by chemical residues. Conse- 
quently, control must be attained through residual activity 
on treated surfaces where insecticide residues are not 
likely to contaminate food products with the hope that in- 
sects may be controlled through contact with treated sur- 
faces (43). Also being evaluated in flour mills is a combi- 
nation of elevated temperatures with a thorough dusting 
of diatomaceous earth (54). This method also has limita- 
tions for control of insects harbored deep within structures. 
It seems apparent that when registrations for methyl bro- 
mide are finally cancelled, food processing facilities will be 
forced to develop more intensified efforts at prevention, 
vigilant monitoring, and specialized mitigation measures 
to replace the current unilateral applications of methyl 
bromide for pest control. 


IPM FOR VALUE-ADDED FOOD PRODUCTS 


At the end of the food processing continuum are the high- 
value, packaged products ready for retail marketing to con- 
sumers. After leaving a processing facility, these products 
are typically transported to regional wholesale distribu- 
tion centers where they may be stored for periods ranging 
from a few days to many months. Although ownership of 
these products may reside with retail marketers, problems 
with pest infestations during storage and even at retail 
outlets are often blamed on the food processors. Regardless 
of who takes the responsibility for protection of these prod- 
ucts, substantial investments in preventive measures 
must be made to protect finished products from infestation. 

Internal corporate regulation of finished product qual- 
ity must be maintained through a system of regular in- 
spections and business-partner accountability. As a first 


step, conscientious food companies should set rigorous, in- 
ternal standards and conduct sanitation audits on their 
own facilities and those of suppliers to ensure that their 
standards and those imposed through governmental reg- 
ulations are met. Sanitation standards or specific good 
manufacturing practices (GMPs) are sometimes outlined 
in supplier contracts, placing suppliers at risk of losing 
business should their facilities fail to pass sanitation au- 
dits (55). All facilities should be inspected through the au- 
diting system, including mills, processing plants, ware- 
houses, and retail outlets. 

Companies that produce value-added products can take 
several measures to prevent pest infestations through pro- 
tective food packaging and even by engineering modifica- 
tions to buildings. Many types of food packaging are at risk 
for penetration by insects; those comprised of paper and 
cellophane are least resistant. Polypropylene and similar 
polymer films provide some additional protection against 
boring and chewing insects, and their resistance to pene- 
tration improves with film thickness (56). The greatest 
protection is afforded by glass and metal containers. Cer- 
tain food-safe, natural insect repellents have recently been 
approved by EPA for use in food packages to deter insect 
infestation, but the effectiveness of these agents has not 
been proved. 

Structural design features for production facilities, 
warehouses, and retail outlets can be improved to enhance 
sanitation and pest control (57). Cracks, crevices, and 
other unnecessary openings in walls and floors should be 
sealed, Wall-to-floor junctions should be protected by con- 
cave molded tile to prevent harborage of pests, and wood- 
to-wood joints should be avoided or appropriately sealed. 
Voids in double-wall construction should be eliminated in 
new structures because they may allow accumulation of 
food debris and provide excellent harborage for pests. 
Physical separation of raw commodity storage areas, pro- 
cessing areas, and warehouses will help to prevent move- 
ment of pests from raw grain storage to high-value pro- 
cessed foods. Building exteriors should be free from 
vegetation, soil, and product spills. Exterior lights should 
not be mounted over doors or windows to avoid attracting 
insects to these openings at night. Rather, lights should be 
positioned away from the building and illuminate the 
structure from a distance. 


ADOPTING IPM: CHALLENGE AND NECESSITY 


The postharvest food industry faces serious challenges in 
pest management as a result of the attractiveness of food 
products to pests; greater public demands for safe, high- 
quality food products; and increasing regulatory con- 
straints on use of chemical insecticides. It is apparent that 
the industry will no longer be able to rely on the quick fix 
provided by chemical pesticides such as methyl bromide. 
The industry must develop and adopt IPM programs to 
meet consumer demands and comply with governmental 
regulations. Fundamental components of the IPM pro- 
grams for the food industry must include preventing 
infestations wherever possible through sanitation and pest 
exclusion by sealing of structures. Also, consistent moni- 


POSTHARVEST INTEGRATED PEST MANAGEMENT 2699 


toring programs and judicious decision making to guide 
the use of chemical pesticides will be critical. Alternatives 
to chemical pesticides, such as physical controls and bio- 
logical control agents, must be used when possible. Thus, 
IPM in the food industry will be both preventive and re- 
sponsive (58). 

Decision-making parameters are not as well defined in 
the postharvest food industry as in production agriculture, 
but EILs and economic thresholds must be established for 
all key pests. Adoption of IPM practices is being encour- 
aged through incentives at various levels in the industry. 
Some retailers are putting IPM labeling on products and 
report a favorable public response to these products. A 
positive public perception of IPM coupled with a desire to 
reduce pesticide inputs is giving momentum to the drive 
for adoption of IPM. Despite adoption of IPM, there are 
many unknowns regarding the safety and quality of the 
food supply with fewer pesticide inputs. Increased adop- 
tion of hazard analysis critical control points (HACCP) and 
related protocols will facilitate co-adoption of IPM for in- 
sect pests and should help ensure safety and quality. 
HACCP programs are customized for each food plant and 
are typically targeted at reducing risk from microbial con- 
tamination by detecting and identifying the potential for 
quality problems in a process or location, the so-called criti- 
cal control points (see the article HAZARD ANALYSIS AND 
CRITICAL CONTROL POINTS [HACCP)). Flour mills also have 
HACCP plans centered around contamination (46), even 
though these facilities have fewer microbial problems com- 
pared to those with wet processes such as meat and dairy 
plants. Increased adoption of HACCP by the food industry 
has fostered a heightened sense of awareness for contam- 
ination and pest problems by facility managers. It should 
be possible for raw commodity and processed food man- 
agers to develop IPM programs modeled after a HACCP 
protocol. Such HACCP-based IPM would be custom de- 
signed for each facility and would identify key locations or 
activities that need to be addressed on a routine basis in 
order to prevent or mitigate pest problems. 
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UNITED STATES FOOD MARKETING SYSTEM 


The United States Food Marketing System connects 
roughly two and half million ranchers, farmers, and fishers 
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to more than 270 million domestic consumers and a much 
larger and growing number of consumers worldwide. The 
primary role of the marketing system is to coordinate the 
vast array of economic activity involved in transporting 
and transforming producers’ products to consumers— 
when, where, and how they prefer them. This coordination 
relies on economic markets, legal contracts, and direct 
ownership of various operations within the vertical mar- 
keting system to give order to the vertical flow of food prod- 
ucts. Although the exact marketing channels used vary by 
product, the general vertical flow is depicted in Figure 1. 
Consumers are the focal point of the marketing system 
because their demands are what everyone else attempts to 
profit from. It is this interplay of what consumers are will- 
ing (based on their needs, wants, and whims) and able 
(based on their incomes and prices) to buy and what sellers 
are willing and able to supply at a profit to themselves that 
makes the U.S. food marketing system an economic mar- 
vel. Americans today purchase essentially all their food 
from others—expending $561 million in 1997, a record 
amount for domestically produced farm foods (Fig. 2). 
Nearly 80% of that amount goes to pay the marketing bill 
to cover the costs of all the activities that lie between the 
primary producers and the ultimate consumers in the ver- 
tical system. The farm value share of food expenditures fell 
to a record low of 21% in 1997 (Fig. 3). In 1952, U.S. con- 
sumers spent $51 million and farmers received 40% of 
those expenditures. Over time, farmers have dramatically 
increased productivity with improved technology and spe- 
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Figure 1. The vertical food marketing system. 
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Figure 2. The distribution of food expenditures between farming 
and marketing, 1970-1997. The marketing bill is 79% of 1997 food 
expenditures. Source: Ref. 1. 


cialization and have seen their share of the consumers’ 
food dollar fall. Others, the so-called middlemen, have not 
only taken on the tasks abandoned by the producers but 
have specialized in providing all the marketing utilities to 
the eventual consumer by getting the right product (form 
utility), to the right place (space utility), at the right time 
(time utility), and at the right price (possession utility). It 
is these utilities that have increased the price of marketing 
bill over time as consumers demand more and more of 
these services. 


AN OVERVIEW OF TRENDS 


An overview should begin with consumers, the ultimate 
and somewhat elusive target of the entire marketing sys- 


2i¢ 


tem. Then the focus shifts to the starting point of the ver- 
tical system to examine primary agriculture (and to a cer- 
tain extent the input sector), and then in turn food 
processing, food wholesaling and retailing, and food ser- 
vice. 

Consumer demands do not stand still, but change along 
with their preferences and incomes. Consumption patterns 
have seen some dramatic shifts over time, as shown in Fig- 
ure 4, In beverages alone huge changes have occurred since 
1970. Coffee consumption has fallen 32% despite the emer- 
gence of gourmet coffee houses. The only growth segments 
are in the smaller specialty-coffee beverages that include 
flavorings. Milk consumption is also down 23%, and only 
the no-fat and lowfat segments show increases. Calcium- 
fortified products have eliminated one of milk’s traditional 
advantages; even orange juice companies suggest consum- 
ers substitute orange juice for milk. The big winner in the 
beverage aisle is soft drinks, up about 118%. The new bot- 
tled water market, flavored and unflavored, continues to 
grow as consumers consider tap water inferior (Table 1). 

Consumption of eggs and red meat has also declined, 
23% and 16% respectively, whereas poultry has increased 
dramatically and rivals beef as the leading meat consumed 
in the U.S. on a trimmed and boneless basis (3). The suc- 
cess of the broiler industry accounts for the majority of the 
poultry consumed. Fish consumption is up 24% since 1974, 
but remains a small part of the consumers’ meat diet de- 
spite its known health benefits. Cheese consumption had 
the largest increase, up 146% since 1970. Americans have 
increased their consumption of fruits and vegetables 24%, 
but also had similar increases in fats and oils and caloric 
sweeteners. In addition, candy consumption reached a rec- 
ord 25 pounds per capita in 1997. 

Much public and private effort has been directed at im- 
proving the diet of Americans. The Federal Food Guide 
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Figure 3. What a U.S. dollar spent for | IL 
food paid in 1997. Source: Ref. 1. Fe 
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Figure 4. Changes in U.S. per capita food consumption, 1970- 
1997. Source: Ref. 2. 


Pyramid was developed as a simple guide to assist consum- 
ers in improving their nutrition (Fig. 5). The pyramid was 
controversial because industry groups positioned them- 
selves to maximize benefit or minimize damage from the 
new recommendations. A study of American diets found 
some improvements, but some concerns as well. For ex- 
ample, consumption of fruits and vegetables did reach a 
record amount in 1996, but the use of caloric sweeteners 
also was a record because “on average, people consume too 
many servings of added fats and sugars and too few serv- 
ings of fruits, vegetables, dairy products, lean meats, and 
foods made from whole grains” (5). The increased popular- 
ity of dining out has also contributed to nutrition concerns 
because consumers tend to eat more healthful foods at 
home than away from home (6). 

Reasons for the changes in consumption can be grouped 
into three general areas: demographics, economics, and an 
explosion in available information (7). American house- 
holds have changed tremendously since 1950. Total food 
consumption in an affluent society is linked to population 
because the amount of food consumed per person has not 
risen much, although more calories are being consumed. 
The U.S. population does continue to grow, roughly at 0.7% 
per year, driven by increased life expectancies, immigra- 
tion, and fertility. In 1999, there were about 270 million 
Americans, but the census projects a population of 400 mil- 
lion by 2050. The U.S. population is aging; in 1996, 12.8% 
of the population was 65 and over, and it is projected to 
reach 20% in 2050 (8). Older people have different food 
interests and needs, and the marketing system will re- 
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‘Table 1. Major Foods: U.S. Per Capita Food Supply 


Food 1970 1980 1997 
Pounds 
‘Total meats* 1773 179.6 192.0 
Beef 79.6 72.1 63.8 
Pork 48.0 52.1 45.6 
Veal 2.0 13 9 
Lamb and mutton 21 1.0 8 
Chicken 27.4 32.7 512 
Turkey 6.4 8.1 14.8 
Fish and shellfish 17 12.4 14.7 
Eggs (number) 308.9 271.1 238.4 
Cheese® 114 17.5 28.0 
Ice cream 178 175 16.2 
Lowfat ice cream 11 Al 19 
Fluid cream products 5.2 5.6 9.1 
All dairy products* 563.8 543.2 579.8 
Added fats and oils 52.6 57.2 65.6 
Peanuts and tree nuts* 7.2 6.6 8.0 
Fruit and vegetables* 573.2 598.8 710.8 
Fruit 237.7 262.4 294.7 
Vegetables 335.4 336.5 416.0 
Caloric sweeteners / 122.3 123.0 154.1 
Sucrose 101.8 83.6 66.5 
Corn sweeteners 19.1 38.2 86.2 
Grain products* 135.6 144.7 200.1 
Wheat flour 110.9 116.9 149,7 
Rice 6.7 9.4 19.5 
Corn products 111 12.9 23.1 
Gallons 
Beverage milks 313 27.6 24.0 
Whole 24.8 16.5 8.2 
Lower fat and skim 5.8 10.5 15.5 
Coffee 33.4 26.7 23.5 
Tea 6.8 13 1A 
Carbonated soft drinks 24.3 35.1 53.0 
Fruit juices 5.7 14 9.2 
Bottled water NA. 24 13.1 
Beer 18.5 24.3 23.9 
Wine 13 2.0 2.0 
Distilled spirits 18 2.0 12 
Source: Ref. 2. 
Note: N.A., not available 
“Boneless, trimmed weight. 
“Excludes full-skim American, cottage, pot, and baker's cheese. 
“Milk equivalent, milkfat basis. 
Shelled basis. 


“Parm-weight, excludes wine grapes. 

‘Dry basis. Includes honey and edible syrups. 

Consumption of items at the processing level (excludes quantities used in 
alcoholic beverages and corn sweeteners). 


spond to this major change. Although the average age is 
increasing, the proportion of young people is also increas- 
ing. In addition, the population is also becoming more eth- 
nically diverse; by 2050 non-Hispanic whites will make up 
53% of the population, down from 74% in 1996. African- 
Americans will increase only slightly from 11.5 to 13.6%, 
and Asians will increase from 1.5 to 9.6%. The majority of 
the population will be over 45 or under 18 by 2010, with 
nearly 50% of children belonging to an ethnic minority (9). 
The increased diversity should be reflected in the food sys- 
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Figure 5. Food guide pyramid. Source: Ref. 4. 


tem. People’s food choices are related to their cultural 
backgrounds, including religious beliefs, and as the popu- 
lation continues to diversify the food brought to the Amer- 
ican table will reflect this diversity. Additionally, most 
Americans, especially younger people, will begin to exper- 
iment with the new ethnic foods. 

The typical U.S. household has become smaller, older, 
and more likely to be a single-parent home. In 1955, 23% 
of households were a married couple, with two or more 
children under the age of 18, and the wife not in the labor 
force (7). By 1992, only 7% of American households fit that 
description. In 1960, 9.8% of households were single- 
parent households, and in 1995, the number increased to 
27% (10). In 1960, 18.6% of married women with children 
under the age of 6 years old were in the labor force. By 
1997, the percent was up to 63.6% (11). By 1996, nearly 
60% of households with children under the age of 7 had 
personal computers (10). Such households have become 
very busy places, and the eating habits have changed ac- 
cordingly. Children often prepare their own meals, usually 
by microwaving a ready-to-heat-and-eat meal. 

Household economics influence consumer demands as 
relative prices change and as incomes rise allowing greater 
spending and increasing the value of leisure time. Rising 
incomes allow consumers to indulge more of their wants. 
Americans, on average, now spend less of their disposable 
income on food than any other country in the world, and 
the average percentage fell to a record low of 10.7% in 1997 
(Table 2). This figure is both a statement about America’s 
wealth and its efficient food system. 

Averages, however, conceal the diversity that exists 
among U.S. households. Households with after-tax income 
of $5,000 to under $10,000, spend 34.2% of their after-tax 
income on food, whereas the food share for households with 
$70,000 and higher after-tax income was only 8.7% (2). The 
average U.S. household income has been flat for 15 years, 
resulting in a reduction in the number of middle-class 


households and an increased number of affluent and low- 
income households (9). Some fear a permanent underclass, 
left behind by a modern information driven economy, and 
& growing affluent segment whose wealth allows dramatic 
lifestyle changes. 

Whereas much of modern business marketing focused 
on the mass market and the efficiencies from the one-size- 
fits-all approach, today mass markets are segmenting, al- 
lowing customized marketing to cater to the needs of the 
various segments—from those with higher incomes to 
those with lower incomes; from those who stress health 
issues to those who prefer taste and convenience. Such seg- 
ments are still large, and combined with new technologies 
and increased incomes, firms can pursue a strategy ofmass 
customization where they attempt to retain the efficiencies 
of mass marketing while providing consumers with prod- 
ucts better suited to their preferences. Dual-earning 
households have more money than time, and such consum- 
ers demand more convenient foods, higher quality foods, 
and other timesaving services. Affluent households now 
hire people to shop, cook, and clean for them. Internet 
shopping has exploded, yet firms find profits elusive to 
date. Firms seek to profit from saving consumers time by 
dramatically altering the way they shop for food. As one 
founder put it, “There is money to be made simplifying 
people’s hectic lives” (12). Also, with or without Internet 
shopping but certainly more so with it, home delivery has 
returned. 

For the middle classes, income growth has stalled, and 
the number of hours worked per week now exceeds 40 
hours. Leisure time is short until retirement, but people 
are retiring earlier and living longer, which greatly in- 
creases the leisure time of retirees. Women have less lei- 
sure time than men because they still do 86% of the cook- 
ing and 91% of the shopping (7). Such time pressure adds 
stress to busy lives and has consumers looking for relief 
from timesaving products. 
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‘Table 2. Food Expenditurs As a Share of Disposable Personal Income, 1967-1997 
Disposal personal income Food at home Food away from home Total 

Year Billions of dollars Billions of dollars Percent _Billions of dollars Percent _BBillions of dollars _ Percent 
1967 562.1 60.3 10.7 19.8 3.5 80.1 14.2 
1972 855.3 84.4 99 313 3.7 115.8 13.5 
1977 1,401.4 131.8 9.4 58.5 42 190.3 13.6 
1982 2,347.3 198.4 8.5 104.5 45 302.9 12.9 
1987 3,363.1 249.0 1A 146.3 43 395.3 118 
1992 4,626.7 321.6 7.0 192.0 4.2 513.6 111 
1997 5,885.2 390.3 66 239.1 41 629.4 10.7 
Source: Ref, 2. 


In single-parent households, there is not the benefit of 
two wage earners, but the time pressure can be even more 
severe. Adults increasingly view dinner as an impulse pur- 
chase. One study found 71% of adults do not plan their 
weekday dinner before 4 p.m., regardless of income level, 
marital status, or education (13). A Nabisco study put the 
figure at 61%, but found working parents are denied the 
fulfillment factor of doing something for their families (14). 
Those in single-parent households seldom have the luxury 
of using increased incomes to buy services to lessen the 
strain of their busy schedules, so they turn to convenient, 
yet inexpensive foods. 

The explosion of studies relating health to diet have af- 
fected consumer demands. Although many such studies 
are controversial and are often sensationalized, the media 
cover them because there is great interest by consumers. 
Everyone wants to feel and look better, to live longer. Al- 
though some consumers have become jaded to the conflict- 
ing news, the information still moves markets. The mar- 
kets for healthful products, including the explosion of 
nutraceuticals and functional foods, cater to these con- 
sumer desires, Consumers still do not want to exert too 
much effort to achieve dramatic results. The long list of 
diet and exercise books and the increasing proportion of 
Americans who are overweight (now a majority) suggest 
that there is a desire but also a lack of will. 

As American households embraced the economic tenets 
of specialization and gains from trade, there has been some 
rethinking of the resulting lifestyle. The additional family 
income gained from dual wage earners is used to buy time- 
saving items and prepared meals. Dining out is no longer 
a luxury to many Americans but is done to save the meal 
preparation time. The dining experience itself must not 
take too long. Drive-up, fast-food windows proliferate be- 
cause consumers cannot afford the time to have a full- 
service dinner experience, and they certainly lack the time 
to make traditional meals at home. The division of labor 
and both sexes in the paid labor force can lead to frustra- 
tion, guilt, and even boredom. People long to do the things 
that their jobs prevent them from doing. Gardening and 
cooking, once dreaded chores, are considered enjoyable, 
but constrained by the lack of time. A recent study found 
only 13% of adults dislike cooking; 37% actively enjoy it 
and 50% do not mind it (15). Cooking is second only to pet 
care as the most enjoyable household task. Cooking has 
regained some popularity; 43% of adults indicated they of- 
ten cook in their leisure time, which is up from 36% in 


1991. Interest in food is up; the number of food magazines 
and cooking shows on cable TV is at an all-time high. Con- 
sumers, however, are left unable to find the time and en- 
ergy to try their new ideas. The same study found 30% of 
adults always willing to try new or unusual flavors, with 
21% having a strong interest in foods from other countries. 
Younger consumers were more likely to try something new. 

The implications for the food marketing system are 
clear. As we move from a mass market where everyone eats 
similar foods to segmented markets with greater choices, 
firms will face new opportunities and challenges. Some 
consumers will avoid bioengineered foods; others will em- 
brace it as science solving important problems. The con- 
troversies will be hotly debated, and food choice will con- 
tain plenty of political overtones. This is nothing new: the 
Pilgrims clashed over whether the making of a minced pie 
was a violation of their prohibitions against Catholic-style 
symbolism (16). Marketing firms strive to give consumers 
what they want, but firms often avoid full disclosure. “A 
1997 survey of 1,000 U.S. consumers found that 93% 
wanted bio-engineered food to be labeled—presumably be- 
cause many would avoid it” (17). Firms, however, do not 
want to label such foods, because they fear consumers are 
either ill-informed or merely paranoid about such tamper- 
ing with foods. Instead, firms stress the advantages bio- 
engineered food can offer—characteristics such as im- 
proved taste, reduced spoilage, and enhanced visual 
appeal, all factors consumers prefer. As technology ad- 
vances, consumer sovereignty in the marketplace will be 
tested. 

There is increasing demand for value-added products. 
Rising household incomes allow greater purchasing of 
value-added products, where the value can be in conven- 
ience, healthfulness, and quality. The aging baby boomers 
and other health-conscious consumers will seek more func- 
tional foods and nutraceuticals. Time-pressed consumers 
of all income levels will be searching for quick meals, and 
families will seek meals that children enjoy, thus lessening 
the stress involved in family dining. Taste remains para- 
mount, and most foods must pass the taste test, even if 
they offer nutrition and convenience, especially in the 
away-from-home segment. McDonald’s reduced-fat burger 
did not survive the consumer taste test. 

Consumers will also respond to environmental con- 
cerns, so-called green marketing. However, again a dis- 
crepancy exists between one’s desires and one’s actual be- 
havior. One study that tracks the attitudes of college 


2706 UNITED STATES FOOD MARKETING SYSTEM 


freshmen found less interest in programs to clean up the 
environment in 1997 than in the early 1970s (18). Fast- 
paced lifestyles and demands for fresh produce year round 
lead to an increased use of transportation and packaging. 
Consumers face numerous conflicting decisions in balanc- 
ing their views with their purchases. In addition to green 
marketing, consumers will respond to products where the 
added value is not product specific but combines nonfood 
attributes with the food item, such as products with “save 
the rainforest” and “save the family farm” themes. Con- 
sumers now realize that voting with their pocketbooks can 
also signal their views on the world in which they wish to 
live. 

The U.S. food marketing system will continue its grow- 
ing involvement in international trade. Immigration and 
increased interest in new foods will bring more global 
trade. Also, the demand for fresh produce year round will 
increase shipments from the southern hemisphere. Be- 
cause industry growth is largely constrained by popula- 
tion, U.S. firms will continue to search for growth in over- 
seas markets. 


PRODUCTION 


Farming still has the greatest number of businesses in any 
of the vertical stages in the food system, but consolidation 
continues. Farming once employed the largest number of 
people in the food system, but machines have replaced peo- 
ple, and it is now the food service sector that employs the 
most people (Table 3). The number of farms has fallen in 
every census year, the latest 1997 census shows 1.9 million 
farms, accounting for under 2% of the U.S. population, a 
record low number (Table 4). The other major trend is to- 
ward greater dispersion between the very small farm and 


Table 3. Food System Employment, 1950-1997 (thousands) 


the very large. In 1992, nearly half the farms had sales of 
under $10,000 but accounted for less than 2% of total farm. 
sales, whereas just over 2% of the farms had sales over 
$500,000 and did nearly 50% of total sales. There is also 
growing diversity among regions of the country and by crop 
speciality. California is the largest agricultural state in 
terms of dollar value, and the top 10 states accounted for 
nearly 53% of farm value in 1997 (Table 5). California is 
an amazing state because it is more commonly associated 
with nonagricultural images, such as Hollywood, yet it has 
almost twice the farm value of Texas, the second largest 
agricultural state. The other leading farm states, like lowa 
and Nebraska, are often associated with agriculture and 
rural communities. 

Increasingly, producers must align their production 
choices with consumer demands, rather than rely on oth- 
ers in the marketing system, mainly processors, to alter 
the primary foodstuffs to match consumer demands. Pro- 
cessors aware of what their consumers are willing and able 
to buy now ask producers to deliver raw products best 
suited to these demands. For example, a potato chip com- 
pany that wants potatoes specially tailored for the chip 
making process will invest in research and technology to 
develop the best chipping potato and seek growers who will 
grow these potatoes under a legal contract. Even food ser- 
vice companies need to align their needs with producers to 
ensure a good match between consumer demand and prod- 
uct supply. For example, KFC (formerly Kentucky Fried 
Chicken) contracts with processors to supply the birds best 
suited to their cooking procedure. 

This increased vertical coordination between farmers 
and processors has become known as the industrialization 
of agriculture (26). Farmers continue to specialize in a nar- 
rower slice of the food marketing system. Great efficiencies 
have been gained from advanced technology and special- 


Year Agriculture Manufacturing* Wholesaling Retailing Food Service 
1950 7160 1626 NA. 1231 NA. 
1960 5458 1571 NA. 1649 NA. 
1982 3364 1676 674 2348 4666 
1992 3295 1541 812 2969 6548 
1997 3399 1602 NA. 3147 7636 
“Includes tobacco manufacturing. 
Note: N.A., not available. 
Source: Refs. 19-24. 
Table 4. Number of Food-System Business Establishments, 1972-1997 

Number of manufacturing Number of wholesale Number of retail Number of food-service 
Year Number of farms establishments establishments establishments establishments 
1972 2,869,710 28,103 60,363 173,084 287,250 
1977 2,455,830 26,656 59,473 171,592 308,614 
1982 2,400,550 22,130 58,766 176,219 319,873 
1987 2,176,110 20,201 42,075 190,706 391,303 
1992 1,925,300 20,798 42,874 180,568 433,608 
1997 1,911,859 20,913 NA. 174,284 N.A. 


N.A,, not available. 
‘Source: Refs. 19-22. 


ized equipment. Inputs previously supplied on the farm 
are now purchased from the input sector. Dramatic growth 
has occurred in the chemical businesses that supply fertil- 
izer, pesticides, and insecticides to farmers. Private seed 
companies have largely replaced public research, and un- 
der protection provided by the 1972 Plant Varieties Pro- 
tection Act, they have invested heavily in patentable seeds. 
Given the protection to intellectual property rights, these 
companies now sell designer seeds with favorable charac- 
teristics. Others view this as dangerous tampering with 
the public’s genetic seed stock that leaves farmers depen- 
dent on the seed companies that hold the patents to seeds 
engineered unable to reproduce. 

The seed companies continue to consolidate into ever 
larger, worldwide firms. DuPont’s announcement to buy 
the remaining 80% of Pioneer Hi-Bred International 
makes this a dominant two-firm industry, with DuPont 
and Monsanto controlling half of the U.S. soybean seed 
market and over half of the corn seed market—the two 
biggest crops (27). In the smaller produce seed markets, 
such as lettuce, tomatoes, and cucumbers, similar consol- 
idation has occurred. A Mexican company has quietly 
amassed a dominant share in many of these markets; for 
example, it holds a 55% share of the U.S. lettuce seeds used 
by commercial farmers (17). It has linked with Monsanto 
to alter its lettuce seeds, making them immune to Mon- 
santo’s Roundup herbicide used by farmers to kill un- 
wanted vegetation. Many consumers would love non- 
browning lettuce, attractively priced, but others view this 
technology as dangerous, sending them to the organic let- 
tuce aisle. 


PROCESSING AND MANUFACTURING 


The processing stage has the fewest number of establish- 
ments in the vertical food system, but the processor/food 
manufacturer is often consider the most powerful, influ- 
ential firm in the system—the marketing channel leader. 
These are the food firms the world knows by name: Philip 
Morris, Coca-Cola, Cargill, Kelloge’s, and so on (Table 6). 
About 80% of all raw domestic food products pass through 
this stage; only produce and eggs avoid processing because 
they only require minimal market preparation services 
such as cleaning, sorting, and packaging (29). Processors 
and manufacturers, hereafter referred to as processors, 
add the form utility to the raw agricultural products and 
have invested heavily in market research to understand 
consumer demands. They buy or contract from farmers 
who have been advised (including through price signals) 
or legally bound to supply raw foodstuffs with desired char- 
acteristics for transforming into the products consumers 
eventually buy. In terms of value added, the economist’s 
preferred measure of economic size, processing once con- 
tributed a smaller portion of value added to the GDP than 
farming, but since the 1950s, it has exceeded farming’s 
value added and remained behind retailing and wholesal- 
ing and food service (Table 7). 

The location decisions made by food processors involve 
a calculated tradeoff between processing costs, including 
input costs, and the costs of delivering their finished prod- 
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ucts to consumers. Since most of the country’s consumers 
live near the coasts and most of the raw agricultural food- 
stuffs come from the middle of the country, the location 
decision is not always obvious. Over time, with modern 
transportation and refrigeration technologies, the balance 
has shifted to locating where the inputs are produced 
rather than where the people live. California is in the 
unique situation of being both the number 1 farm state and 
the number 1 food processing state by far (Table 5). It has 
both the agricultural commodities and the population. 
States such as Nebraska and Kansas, 4th and 5th in farm 
value, rank 24th and 27th, respectively, in processing. 
Overall, there is a strong association between farm value 
rank and food processing rank, with a simple correlation 
coefficient of 0.75. In certain crops it is even more pro- 
nounced, such as wine or broilers. Broiler processors prefer 
to locate within a 25-mile radius of where their chickens 
are raised to market weight, and the leading states in both 
production and processing closely follow a geographical 
pattern known as the broiler belt (3). 

The largest food processors among the roughly 16,000 
companies involved in food processing are huge, both in 
absolute terms and relative to the others. The largest 100 
food and tobacco processors accounted for nearly 80% of 
the value added in 1995 (Fig. 6), almost doubling their 
share since 1954. The top 100 is itself skewed toward the 
very large, with the top 20 firms accounting for over 50% 
of total value added in 1995, more than doubling its 1967 
share (Fig. 7). The remaining 80 firms among the top 100 
firms actually lost share over the last 30 years. The sector 
is best described by a big—small model, where extremely 
large firms control leading positions in most markets and 
smaller companies, including start-ups, operate in a com- 
petitive fringe trying to serve a particular market niche or 
develop a new idea. The large companies know that if a 
new idea turns promising they can buy the entire company 
after the start-up has borne much of the risk. 

The previous figures refer to overall size, or what econ- 
omists call aggregate concentration, but market perfor- 
mance hinges on market concentration—the extent of mar- 
ket power held by leading firms in a well-defined economic 
market. Market power is what enables a firm to enhance 
prices to buyers, extract price reductions from its product 
suppliers, and subdue rivals. Although market definition 
is a complex task, it can be approximated by the census 
four-digit industry group, the four-digit SIC. The food and 
tobacco processing sector had 52 such industries in 1992, 
most of which remain too broadly defined, certainly so on 
the input side because substitution opportunities are much 
greater in consumption than in production (33). Although 
there are no monopolies and several industries are what 
economists call workably competitive (where the four larg- 
est firms have a combined market share of 40% or less), 
most have become oligopolies (Table 8). In oligopolies, 
firms get some of the advantages of market power without 
government regulation that would come if they were mo- 
nopolies (34). Over time, most of these four-digit industries 
have lost companies, averaging a 25.5% reduction in com- 
pany counts, and have increased in concentration as mea- 
sured by the four-firm concentration ratio, CR4, which in- 


Table 5. Ranking of States by Value of Agricultural Products Sold, (1997) and Value-Added in Food Manufacturing, (1996) 


1997 value of agricultural 
Rank products sold 1996 value added in manufacturing 
Food Percent of Cumulative Food manufacturing Percent of | ‘Total manufacturing Food manufacturing as 
State Agriculture manufacturing $ million U.S. total.__ percent ($ million) US. total ($ million) percent of state's total 
California 1 1 23,032 11.7 11.7 20,265 113 188,805 10.7 
Texas 2 3 13,767 7.0 18.7 11,778 6.6 116,631 10.1 
Towa 3 10 11,948 6.1 48 6,367 3.6 27,021 23.6 
Nebraska 4 24 9,832 5.0 29.8 2,549 14 9,218 27.6 
Kansas 5 27 9,207 47 34.4 2,136 12 18,820 114 
Illinois 6 2 8,556 43 38.8 12,602 71 92,011 13.7 
Minnesota 7 15 8,290 4.2 43.0 5,023 2.8 34,716 45 
North Carolina 8 12 7,677 39 46.9 5,144 29 76,475 67 
Florida 9 4 6,005 3.1 49.9 5,071 2.8 38,621 13.1 
Wisconsin 10 8 5,580 2.8 52.8 6,379 3.6 53,619 119 
Arkansas ll 20 5,480 2.8 55.6 3,542 2.0 18,512 19.1 
Missouri 12 9 5,368 2.7 58.3 6,377 3.6 40,208 15.9 
Indiana 13 17 5,230 27 60.9 4,304 24 61,896 7.0 
Georgia “4 6 4,993 25 63.5 6,796 38 51,753 13.1 
Washington 15 19 4,768 24 659 3,582 2.0 31,929 11.2 
Ohio 16 4 4,684 24 68.3 9,786 55 105,497 9.3 
Colorado 17 21 4,534 23 70.6 2,919 16 19,215 15.2 
Oklahoma 18 32 4,146 21 72.7 1,396 08 15,875 8.8 
Pennsylvania 19 5 3,998 2.0 4.7 9,386 53 82,922 113 
South Dakota 20 39 3,570 18 76.5 674 0.4 3,974 17.0 
Michigan 21 11 3,568 18 78.3 5,149 2.9 85,688 6.0 
Idaho 22 31 3,346 17 80.0 1,467 0.8 7977 18.4 
Mississippi 23 29 3,127 16 81.6 1,823 1.0 17,295 10.5 
Alabama 24 30 3,099 16 83.2 1,551 09 27,451 5.7 
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Kentucky 
Oregon 
North Dakota 
New York 
Virginia 
‘Tennessee 
Louisiana 
Arizona 
Montana 
New Mexico 
South Carolina 


New Jersey 
Delaware 
Hawaii 
Vermont. 
Massachusetts 
West Virginia 
Maine 
Connecticut 
Nevada 

New Hampshire 
Rhode Island 
Alaska 

Total 


16 
15 
15 
14 
12 
11 
1.0 
10 
10 
0.8 
0.8 
0.7 
0.5 
04 
04 
04 
0.3 
0.2 
0.2 
0.2 
0.2 
02 
0.2 
0.1 
0.0 
0.0 
100.0 


84.8 
86.3 
87.7 
89.2 
90.4 
915 
92.5 
93.5 
94.4 
95.2 
96.0 
96.7 
97.2 
97.6 
98.0 
98.3 
98.6 
98.8 
99.0 
99.3 
99.5 
99.7 
99.9 
100.0 
100.0 
100.0 


15 
12 
0.3 
3.6 
28 
2.6 
14 
0.8 
0.1 
0.2 
0.7 
15 
O1 
0.6 
23 
0.5 
0.3 
0.2 
13 
01 
0.3 
0.5 
0.2 
0.3 
0.1 
04 
100.0 


35,040 
21,838 
1,808 
90,665 
42,519 
42,288 
25,125 
22,850 
1,707 
11,745 
30,769 
17,455 
999 
11,239 
49,995 
5,791 
1,609 
3,986 
44,047 
8,965 
6,675 
24,772 
3,275 
10,815 
5,407 
1,470 
1,748,981 


UT 
9.5 
29.7 
TZ 
12.0 
11.0 
9.7 
6.0 
9.7 
2.8 
43 
15.6 
14.8 
9.2 
8.3 
15.9 
33,2 
8.0 
5.2 
2.9 
8.1 
3.8 
12.1 
44 
4.6 
46.5 
10.2 


‘Source: Refs. 24 and 25. 


WALSAS DNILIMAVW GOOS SALVLS G3LINN. 


6027 


2710 UNITED STATES FOOD MARKETING SYSTEM 


‘Table 6. The Top 25 Food Processing Companies, 1998 


Millions $ 
Food Total Percent 
Rank Company sales sales _ food 
1 Philip Morris 31,527 71,592 44 
2 Conagra 28,840 28,840 100 
3 Cargill 21,400 51,000 42 
4 Pepsico 20,917 20,917 100 
5 Coca-Cola 18,800 18,868 100 
6 Archer Daniels Midland 16,109 16,109 +100 
7 ~~ Mars 14,000 14,000 100 
8 = IBP 13,259 13,259 100 
9 Anheurser-Busch 12,832 12,832 100 
10 Sara Lee 10,800 20,000 54 
11 HJ, Heinz 9,209 9,209 100 
12 Nabisco 8,734 8,734 100 
13 _Bestfoods 8,400 8,400 100 
14 Nestle USA 7,800 7,800 100 
15 Dairy Farmersof America 7,000 7,000 +100 
16 Kellogg 6,830 6,830 100 
17 Campbell Soup 6,696 6,696 100 
18 ‘Pillsbury 6,500 6,500 100 
19 ‘Tyson Foods 6,356 6,356 100 
20 General Mills 6,033 6,033 100 
21 Quaker Oats 5,010 5,010 100 
22 Proctor and Gamble 4,376 37,154 12 
23 Dole Food 4,336 4,836 ~—-100 
24 Hershey Foods 4300 4,300 100 
25 Land O'Lakes 4,195 4,195 100 
Source: Ref. 28. 


creased on average from 43.9 in 1967 to 53.3 in 1992, the 
last year data are available. 

The immense size of processors has always concerned 
farmers, who fear the processors would exploit their bar- 
gaining power and pay farmers less than fair market value 
for their crops. Such fears led to agricultural cooperatives 
and the Capper-Volstead Act of 1922. Both economic theory 
and empirical studies (35) conclude that open membership 
cooperatives can negate market power imperfections and 
hence benefit both farmers and consumers. In Table 8, the 
share of an industry’s shipments controlled for by the 100 
largest cooperatives ranges from a high of 63% in the but- 
ter industry to several industries without any coopera- 
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Figure 6. Largest 100 food manufacturing companies, census 
years 1954-1995. e, estimated. Source: Ref. 30; 1992 and 1995 
were estimated from trade sources. 


tives, and averages 5.4% for all of food and tobacco pro- 
cessing (36). 

Food processors have long used branded products and 
a pull marketing strategy where they create consumer de- 
mand for their products, so retailers are obliged to carry 
the products or lose sales. New products with strong media 
advertising support, especially television, are central to 
this strategy. Other marketing strategies (eg, coupons) are 
often correlated with new products and advertising efforts 
(29). New product introductions rose from 4540 items in 
1983 to a high of nearly 17,000 in 1995 and fell back to 
12,400 items in 1997 (Table 9). Most, by far the majority, 
do not represent truly new products but variations on ex- 
isting products. Nevertheless, most new products fail in 
the marketplace, underscoring both the difficulty of know- 
ing what the consumer wants and the wastefulness of new 
product launches. Even Coca-Cola, with its huge market- 
ing muscle, misfired with New Coke. Consumers loudly 
voiced their preference for the original; hence, we now have 
Coke Classic and New Coke, with the former far outselling 
the newer product. 


Table 7. Value Added by Industry Sector, Selected Years (in Billions of Dollars) 


Industry sector 1947 1972 1982 1987 1996 
Farming 19.5 22.0 48.1 51.0 95.0 
Processing and manufacturing 113 30.6 65.0 85.7 131.0 
Retailing and wholesaling 30.0 379 87.0 108.3 148.0 
Transportation 15.3 65 16.9 20.5 24.0 
Eating and drinking places 6.0 18.5 468 63.5 169.0 
Other supporting sectors* = 49.9 121.6 165.3 226.0 
Total sector value added 82.1 165.4 385.4 494.3 793.0 
USS. gross national product 252.0 1,212.8 3,166.0 4,526.7 7,636.0 
‘Total sector divided by GNP 32.6% 13.6% 12.2% 10.9% 10.4% 


Source: Refs 11, 29, 31, and 32. 
“Includes auxiliary activities such as packaging. 
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Figure 7. Increasing dominance by the top 20 among the largest 
100 food and tobacco manufacturing companies, census years 
1967-1995. e, estimated. Source: Ref. 30; 1992 and 1995 were es- 
timated from trade sources. 


Food processors outspend all other stages of the vertical 
marketing system advertising their products. In 1997, 
they accounted for over 65% of all media advertising in the 
food system (Table 10). Only restaurants, especially fast 
food, also spend large amounts on advertising, with a 27% 
share of the total. The bulk of the $55 million spent in 
farm-related expenditures was for farm chemicals and pest 
controls that were advertised by the large chemical com- 
panies targeting farmers as consumers of their chemical 
products. Media advertising accounts for somewhere be- 
tween a fourth and a third of marketing dollars spent by 
processors. Within the food system, advertising created 
and maintained for product differentiation provides pro- 
tection from new entrants and inroads from smaller rivals. 
Oligopolists often prefer to compete with their rivals in 
nonprice ways. Advertising and new product rivalry are 
perfectly suited to this strategy because they allow com- 
petition among the few in a manner that collectively erects 
barriers to entry to others not involved in the marketing 
fray. The cola wars are often mentioned as an example of 
the intense competition in the soft drink industry, but a 
former president of Pepsi once commented that such strug- 
gles did not involve “some gladiatorial contest where one 
of us has to leave on a stretcher. We're both winning” (28, 
p. 112). 

Media advertising is not for the cash-starved start-up 
company, but it is standard operating procedure among the 
largest food and tobacco processors. Philip Morris, the 
number one food and tobacco advertiser, spent over a bil- 
lion dollars promoting its brands, which include Miller 
beer, Marlboro cigarettes, Kraft cheese, General Foods 
Post cereals, Oscar Mayer hot dogs, and several other ma- 
jor brands. Of the 16,000 food and tobacco processing firms, 
the top 100 advertisers accounted for 96.4% of media ad- 
vertising, and the top 8 alone accounted for over 50% in 
1992 (Table 11). The vast majority of the remaining 15,900 
food firms use media advertising minimally or resort to 
other marketing tactics. Because advertising-created-and- 
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maintained product differentiation is the major advantage 
in the food system, these firms are at disadvantage and 
are left to compete primarily on price and efficiency and 
the rare, truly new product that captures consumer inter- 
est. The concentration of advertising expenditures has 
risen sharply from 1967 to 1992, the last year the data 
were analyzed, with the four largest advertisers increasing 
their share from 19.4% in 1967 to 36.9% in 1992. 


FOOD WHOLESALING, RETAILING, AND SERVICE 


Wholesalers distribute the food products from points of 
production and processing to the retail stores and food ser- 
vice establishments located in every local community. Food 
wholesalers are classified into three general categories: 
(1) merchant wholesalers who take title of the products 
they distribute, (2) manufacturers’ sales branches and of- 
fices that are the wholesaling arm of food processors but 
report their activities as wholesaling as long as the facility 
is located at a different address than the processor’s loca- 
tion, and (3) agents, brokers, and commission merchants 
who do not take title of the products they distribute but 
work on commissions from the manufacturers whose prod- 
ucts they represent. Merchant wholesalers account for the 
largest slice of the wholesaling function, with over 77% of 
the wholesale establishments and roughly 55% of total 
wholesaling sales in 1992 (39). The other two categories 
share the remainder, with manufacturers’ sales branches 
and offices being slightly larger than the agents, brokers, 
and commission merchants. 

In general, wholesalers are challenged by the proces- 
sors’ own sales forces on the one side and by retailers who 
self-supply on the other side. Nearly half of all retail food 
sales were from retailers who have integrated backward 
and provide their own wholesaling functions. Major whole- 
salers have integrated forward and own retail stores, but 
most remain as merely affiliated with retailers, either ina 
voluntary or a cooperative format. 

Wholesalers must convince processors that they offer a 
more profitable method for distributing the processors’ 
products than could be done through their own sales force. 
In addition, they must convince retailers that self-supply 
is less profitable than specializing in retailing and using a 
wholesaler to supply the products. Wholesalers work 
closely with both processors and retailers to coordinate 
product flows to benefit both parties while profiting from 
their activities and market expertise as well. They under- 
stand the local retail market and can use their personnel 
efficiently to represent processors’ products and still pro- 
vide retailer with supply savings, management, and mer- 
chandising services that only the largest retailers would 
find profitable to provide for themselves. One major service 
merchant wholesalers provide retailers is a line of private 
label products—products that they arrange for processors 
to pack and label with the wholesalers’ label—that often 
sell at prices beneath the national brands and still offer a 
higher margin to the retailer (eg, IGA, President’s Choice, 
and World Classics). 

The wholesaling sector continues to consolidate, with 
larger firms gaining a larger share of the overall business. 
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Figure 7. Increasing dominance by the top 20 among the largest 
100 food and tobacco manufacturing companies, census years 
1967-1995. e, estimated. Source: Ref. 30; 1992 and 1995 were es- 
timated from trade sources. 


Food processors outspend all other stages of the vertical 
marketing system advertising their products. In 1997, 
they accounted for over 65% of all media advertising in the 
food system (Table 10). Only restaurants, especially fast 
food, also spend large amounts on advertising, with a 27% 
share of the total. The bulk of the $55 million spent in 
farm-related expenditures was for farm chemicals and pest 
controls that were advertised by the large chemical com- 
panies targeting farmers as consumers of their chemical 
products. Media advertising accounts for somewhere be- 
tween a fourth and a third of marketing dollars spent by 
processors. Within the food system, advertising created 
and maintained for product differentiation provides pro- 
tection from new entrants and inroads from smaller rivals. 
Oligopolists often prefer to compete with their rivals in 
nonprice ways. Advertising and new product rivalry are 
perfectly suited to this strategy because they allow com- 
petition among the few in a manner that collectively erects 
barriers to entry to others not involved in the marketing 
fray. The cola wars are often mentioned as an example of 
the intense competition in the soft drink industry, but a 
former president of Pepsi once commented that such strug- 
gles did not involve “some gladiatorial contest where one 
of us has to leave on a stretcher. We're both winning” (28, 
p. 112). 

Media advertising is not for the cash-starved start-up 
company, but it is standard operating procedure among the 
largest food and tobacco processors. Philip Morris, the 
number one food and tobacco advertiser, spent over a bil- 
lion dollars promoting its brands, which include Miller 
beer, Marlboro cigarettes, Kraft cheese, General Foods 
Post cereals, Oscar Mayer hot dogs, and several other ma- 
jor brands. Of the 16,000 food and tobacco processing firms, 
the top 100 advertisers accounted for 96.4% of media ad- 
vertising, and the top 8 alone accounted for over 50% in 
1992 (Table 11). The vast majority of the remaining 15,900 
food firms use media advertising minimally or resort to 
other marketing tactics. Because advertising-created-and- 
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maintained product differentiation is the major advantage 
in the food system, these firms are at disadvantage and 
are left to compete primarily on price and efficiency and 
the rare, truly new product that captures consumer inter- 
est. The concentration of advertising expenditures has 
risen sharply from 1967 to 1992, the last year the data 
were analyzed, with the four largest advertisers increasing 
their share from 19.4% in 1967 to 36.9% in 1992. 


FOOD WHOLESALING, RETAILING, AND SERVICE 


Wholesalers distribute the food products from points of 
production and processing to the retail stores and food ser- 
vice establishments located in every local community. Food 
wholesalers are classified into three general categories: 
(1) merchant wholesalers who take title of the products 
they distribute, (2) manufacturers’ sales branches and of- 
fices that are the wholesaling arm of food processors but 
report their activities as wholesaling as long as the facility 
is located at a different address than the processor’s loca- 
tion, and (3) agents, brokers, and commission merchants 
who do not take title of the products they distribute but. 
work on commissions from the manufacturers whose prod- 
ucts they represent. Merchant wholesalers account for the 
largest slice of the wholesaling function, with over 77% of 
the wholesale establishments and roughly 55% of total 
wholesaling sales in 1992 (39). The other two categories 
share the remainder, with manufacturers’ sales branches 
and offices being slightly larger than the agents, brokers, 
and commission merchants. 

In general, wholesalers are challenged by the proces- 
sors’ own sales forces on the one side and by retailers who 
self-supply on the other side. Nearly half of all retail food 
sales were from retailers who have integrated backward 
and provide their own wholesaling functions. Major whole- 
salers have integrated forward and own retail stores, but 
most remain as merely affiliated with retailers, either ina 
voluntary or a cooperative format. 

Wholesalers must convince processors that they offer a 
more profitable method for distributing the processors’ 
products than could be done through their own sales force. 
In addition, they must convince retailers that self-supply 
is less profitable than specializing in retailing and using a 
wholesaler to supply the products. Wholesalers work 
closely with both processors and retailers to coordinate 
product flows to benefit both parties while profiting from 
their activities and market expertise as well. They under- 
stand the local retail market and can use their personnel 
efficiently to represent processors’ products and still pro- 
vide retailer with supply savings, management, and mer- 
chandising services that only the largest retailers would 
find profitable to provide for themselves. One major service 
merchant wholesalers provide retailers is a line of private 
label products—products that they arrange for processors 
to pack and label with the wholesalers’ label—that often 
sell at prices beneath the national brands and still offer a 
higher margin to the retailer (eg, IGA, President’s Choice, 
and World Classics). 

The wholesaling sector continues to consolidate, with 
larger firms gaining a larger share of the overall business. 


Table 8. Concentration in Food and Tobacco Processing Industries, 1967 to 1992 


Concentration-CR4 Change Change © Number ofcompanies ¢, change % Change Aginput Co-op 
sic Name 1967 1987 1992 1967-1987 1987-1998 1967 1987 1992 1967-1987 1987-1998 VA/VS share VSshare 
20+21 All food and tobacco products" 51 66 15 9 26958 15790 16151 —414 23 «388 BA 
2011 Meat packing plant products ey a) 6 18 2529 1328 1296 © ~47.5 -24 116 759 1 
2013 Sausages and prepared meats 1% 26 «2% u “4 1294 1207 1128-67 -65 269 00 1 
2015 Poultry and egg processing 1 2834 13 6 709 «284873 - 59.9. 313-276 68.5 50 
2021 Butter 1% 40° «49 25 9 510 4481-914 -295 94 191 62.8 
2022 Cheese, natural and processed 44342 = ai 891 508 418 -430 17.7 202 47.2 23.4 
2023 Condensed and evaporated milk 414543 4 -2 1799 «124 «163. ~80.7 234 408 361 27.1 
2024 Ice cream and ices 33°25 -8 =i 713 469 «411. - 34.2 -124 824722 60 
2026 Fluid milk 2 21 22 mi 1 2988 652525 - 78.2 -195 264 564 172 
2032 Canned specialities 69 59 69 ~10 10 150 183 200 «=. 220 93 496 5.7 05 
2033 Canned fruits and vegetables 2 29 27 7 ~2 930 462 502 ~503 87 45.8 28.0 13.7 
2034 Dehydrated fruits, vegetables, soups 32-3939 7 0 134 107-124-201 159 512150 142 
2035 ‘Pickles, sauces, salad dressings 33431 10 -2 419 344-332-282 -35 504 103 18 
2037 Frozen fruits and vegetables? 3128 2 ~§ 194 182426 62 45.2 462 84 
2038 Frozen specialities’ 43 40 5 -3 244 «308 -37.1 22 499 59 0.2 
2041 Flour and other grain mill products 3044.56 uu 12 438 «237230 — 45.9. -30 268 © 70.1 10 
2043 Cereal breakfast foods 88 8785 =i -2 30 3342100 273 7478 0.0 
2044 ‘Milled rice and by-products, 45 56 «50 u -6 44-11 -83 380 88.2 44.5 
2045 Prepared flour mixes and refrigerated 63 43 39  -20 4 12 12 166 -48 30.0 487 0.0 

doughs 0.0 
2046 Wet corn milling 6 7% 73 6 <1 3 8k BC BL -97 483 533 0.0 
2047 Dog, cat, and other pet food 46 6158 15 -8 130 102 -116 -215 641 70 02 
2048 Prepared feeds, n.e.c.™ 22 208 -2 3 1821161 - 25.1 -18 22.7 © 160 42 
2051 Bread, cake, and related products 26 348d 8 0 3445 1948 2180-435 19 649 0.0 02 
2052 Cookies and crackers 59 «5856 at ~2 286 «316 «874105 184 65000 0.0 
2053 Frozen bakery products 5945 -14 103 160 553 515 0.0 0.0 
2061 Sugar cane mill products 43° 48 «52 5 4 61 317-492 194 40.7 «813 10.7 
2062 Refined cane sugar 59 8785 28 -2 22 #14 12 -364 -143 181 00 15.5 
2063 Refined beet sugar 6 72° 71 6 = 6 4 18 -67 -11 335 75.3 29.3 
2064 Candy and confectionary* 45 45 0 705 5501.9 0.7 
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2066 Chocolate and cocoa products 69 75 6 173 146 -15.6 46.6 03d 0.0 
2067 Chewing gum® 86 96 96 10 0 19 8 8 —579 0.0 68.8 0.0 0.0 
2068 Nuts and seeds 43 42 1 719 102 29.1 39.8 35.5 25.9 
2074 Cottonseed oil mill products 42 43 62 1 19 91 31 22 65.9 —29.0 22.7 67.6 16.0 
2075 Soybean oil mill products 55 vee bat 16 0 60 47 42 21.7 —10.6 11.1 76.0 16.8 
2076 Vegetable oil mill products, n.e.c. 56 74 89 18 15 4 20 18 ~41.2 -10.0 19.2 70.8 43 
2077 Animal and marine fats and oils 28 35 37 7 2 417 194 159 ~59.3 —18.0 42.7 0.0 15 
2079 Shortening and cooking oils 43 45 35 2 -10 63 67 72 63 75 30.4 0.0 43 
2082 Malt beverages 40 87 90 47 3 125 101 160 -19.2 58.4 53.5 19 0.0 
2083, Malt and malt byproducts 39 64 65 25 1 32 15 16 -53.1 6.7 28.9 85.4 0.0 
2084 Wines, brandy, and brandy spirits 48 37 54 -1l 17 175 469 514 168.0 9.6 43.0 27.0 2.5 
2085 Distilled liquor, except brandy 54 53 62 “iL 9 70 48 43 —314 -104 59.5 2.0 0.1 
2086 Bottled and canned soft drinks 13 30 37 17 7 3057 846 637 —72.3 —24.7 38.5 0.0 4. 
2087 Flavoring extracts and syrups n.e.c. 67 65 69 -2 4 401 245 264 —38.9 78 70.6 0.0 0.3 
2091 Canned and cured seafood inc soup 44 26 29 -18 3 268 153 144 —42.9 -5.9 36.9 0.0d 0.0 
2092 Fresh or frozen packaged fish 26 18 19 -8 1 579 600 3.6 26.8 0.0d 0.0 
2095 Roasted coffee 53 66 66 13 0 206 110 134 — 46.6 21.8 40.5 0.0d 0.6 
2096 Potato chips and similar products 41 62 70 21 8 277 333 20.2 65.5 19.4 0.0 
2097 Manufactured ice 33 19 24 -4 5 688 503 513 — 26.9 2.0 70.0 0.0 0.0 
2098 Macaroni and spaghetti 34 73 78 39 5 190 196 182 3.2 =T1 58.6 0.0 0.0 
2099 Food preparations, n.e.c. 23 26 22 3 -4 1824 1510 1644 -17.2 8.9 52.4 8.3 0.6 
2111 Cigarettes 81 92 93 ll 1 8 9 8 12.5 -111 74.7 2.3 0.0 
2121 Cigars 59 73 4 4 1 126 16 25 -87.3 56.3 55.5 47 0.0 
2131 Chewing, smoking tobacco, snuff 51 85 87 34 2 41 23 23 —43.9 0.0 71.1 42 0.0 
2141 Tobacco stemming and redrying 63 66 72 3 6 54 62 32 148 —48.4 19.0 49.5 0.0 
Means for SIC 20-21 43.9 51.1 53.3 75 2.1 — 25.5 3.0 42.8 24.1 6.9 
Source: Ref. 30. 


Note: CR4s aree from four-digit industry data, where available, or else 4-digit product class data from Rogers. VA/VS is the ratio of value added to the value-of-shipments, percent, 1987 data. Ag input share is, 
the percentage of total cost of materials accounted for by agricultural inputs, 1987 data. Co-op VS share is the 1987 estimated percent of value-of-shipments accounted for by the 100 largest agricultural 
marketing cooperatives. 

*For SIC 20+ 21, the concentration data are the percent of the sector's value added held by the top 100 food and tobacco companies, 

The changes are from 1972, not 1967. 

“In 1992, SIC 2067, chewing gum, was combined with SIC 2064. The 1992 data for SIC 2067 are estimated by Rogers. 

Cocoa, coffee, and fish inputs were ignored. 

“1967 CR4 is estimated. 
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Table 9. New Food Product Introductions, 1983-1997 


Food category 1983 1985 1987 1989 1991 1993 1995 1997 
Baby foods 24 14 10 53 95 7 61 53 
Bakery foods 515 553 931 1,155 1,631 1,420 1,855 1,200 
Baking ingredients 134 142 157 233 335 383 517 422 
Beverages 506 625 832 913 1,367 1,842 2,854 1,606 
Breakfast cereals 34 56 92 18 104 99 128 83 
Condiments 906 1,146 1,367 1,355 1,885 2,043 2,462 2,505 
Candy, gum, and snacks 715 904 1,145 1,701 2,787 3,147 3,698 2,631 
Dairy products 486 671 1,132 1,348 1111 1,099 1,614 862 
Desserts 37 62 56 69 124 158 125 109 
Entrées 319 409 391 694 808 631 748 629 
Fruits and vegetables 126 195 185 214 356 407 545 405 
Pet foods 62 103 82 126 202 276 174 251 
Processed meats 348 383 581 509 798 453 790 672 
Side dishes 133 187 435 489 530 680 940 678 
Soups 135 167 170 215 265 248 292 292 
Total food 4,540 5,617 7,866 9,192 12,398 12,893 16,863 12,398 


Source: Refs. 9 and 37. 


Table 10. Total Measured Media U.S. Advertising 
Spending by Category, 1997 and 1996 


Millions $ e 
Category 1997 1996 Change 
Total farm-related advertising 55.4 49.2 126 
Food and food products 3,361.6 3,209.6 4.7 
Beverages 1,320.7 18245 -03 
Beer, wine, and liquor 1,089.2 10195 68 
Candy and snacks 1,094.4 965.7 13.3 
Pet foods and supplies 360.1 3171 136 
Cigarettes, cigars, and tobacco 455.1 488.3 -68 
Total food and tobacco processing 7,681.1 7,324.7 4.9 
Restaurants and fast food 3,147.1 29608 6.3 
Food and liquor retail 859.6 804.1 69 
Food and liquor-direct mail 19.8 142 © 39.4 
Total food and tobacco related —‘11,763.0 11,153.0 5.5 
Total—U.S. media advertising __73,214.7 66,711.0 9.7 
Source: Ref. 38. 


Table 11. Concentration of Advertising Expenditures in 
Food and Tobacco Processing, 1967-1992 


1967 (%) 1982 (%) 1987 (%) 1992 (%) 
Top 4 19.4 26.8 32.8 36.9 
Top 8 29.9 39.3 47.3 51.0 
Top 20 53.4 65.7 72.1 75.3 
‘Top 50 738.1 88.7 90.6 91.1 
‘Top 100 90.5 95.6 96.2 96.4 


Note: Excludes advertising by associations, boards, and governments. 
Source: Ref. 30. 


Also, retailers continue to explore backward integration, 
and the larger processors often prefer to have their own 
sales force manage the distribution of their products in all 
markets where they have a sufficient volume to justify the 
expense. By 1992, the four largest wholesalers controlled 
11.2% of wholesaling sales, up from 6.5% in 1982, and the 


20 largest held a 25.2% share in 1992, up from 16.9% in 
1982 (Table 12). The two largest wholesalers, Supervalu 
and Flemming Cos., are nearly of equal size and much 
larger than the other wholesalers. Both have invested in 
retail stores, and although wholesaling accounted for 
about three-fourths of their total sales, it has declined and 
their retailing sales have increased. The five largest whole- 
salers are listed in Table 13. 


FOOD RETAILING AND FOOD SERVICE 


Americans spent over $700 billion on food in 1997, includ- 
ing imports and fish, with food at home accounting for 55% 
of the total and the away-from-home market holding a 45% 


Table 12. Aggregate Concentration of Largest Wholesale 
Firms, Grocery Stores, and Restaurants, 1982-1992 


Percent of total sales 


1982 1987 1992 
Wholesale firms 
4 largest 65 19 11.2 
8 largest 10.1 12.2 16.9 
20 largest 16.9 20.9 25.2 
50 largest 27.0 32.5 35.2 
Grocery stores 
4 largest 16.4 174 16.1 
8 largest 24.1 26.5 25.3 
20 largest 35.6 37.2 37.6 
50 largest 44.7 47.7 49.9 
Restaurants 
4 largest 5.6 69 18 
8 largest 9.0 10.3 10.6 
20 largest 12.6 144 15.2 
50 largest 16.1 18.1 18.9 


Source: Refs. 20 and 21. 


Table 13. Top Five Food Wholesalers, 1998 


Total sales No.of _ Private label 

Wholesaler (millions $) shores _ share (%) 
Supervalu 16,552 4,400 10 
Fleming Cos. 16,487 3,500+ 15 
Nash Finch Co. 4,451 12,000 12 
Wakefern Food Corp. 4,300 185 30 
C&S Wholesale Grocers __ 3,400 1,250 10 
Source: Ref. 40. 


share (Table 14). This 55/45 percentage split of total food 
expenditures has remained roughly constant since 1988, 
but it is up substantially from the 75/25 percentage split 
in 1954 (42), Retail food stores have realized that they 
must compete with the away-from-home firms if they are 
to continue to grow as a food supplier. They have countered 
this trend toward away-from-home dining by offering ever 
more prepared foods from in-store delis to entire ready-to- 
serve meals prepared in their stores. No one has solved 
this marketing puzzle completely, but everyone is trying 
as they respond to time-pressed but more affluent shop- 
pers seeking a better solution to their food needs and de- 
sires. 

Food retailing is constantly changing. Store formats 
come and go as retailers strive to achieve greater efficien- 
cies and a competitive advantage. A store’s meat section 
was once the featured department to differentiate a store, 
but today a well-stocked, attractively displayed produce 
section is what consumers value most. Prices are always 
among the leading factors consumers mention when asked 
about why they shop at particular stores, but convenience 
and quality are also primary considerations. Affluent shop- 
pers are willing and able to pay more for time saved. Home 
delivery, a retail method long thought dead, has returned, 
and in 1997 consumers spent $10.3 billion for food home 
delivery and mail order, up over three times in 10 years 
(48). It now accounts for 2.6% of food-at-home expenditures 
and 1.5% of total food expenditures. The proliferation of 
Internet shopping sites adds interest in this format; the 
best known Internet retailer, Amazon.com, has invested in 
an Internet grocery venture (44). 

Retail food stores can be arrayed along two dimensions, 
variety and price, to capture most of the variation found 
in store formats today (Fig. 8). In the middle at the origin 


Table 14. Expenditures for Food, 1977-1997 
Millions $ 


Percent of 


Food Food away Total total 


Year athome* fromhome? (millions $) Home Away 
1977 137,382 84,835 222,167 61.81 38.19 
1982 205,583 139,776 345,359 59.53 40.47 
1987 254,629 198,926 453,555 56.14 43.86 
1992 326,456 264,908 591,364 55.20 44.80 
1997 394,593 320,275 714868 55.20 44.80 
Source: Ref, 41. 

“Food for off-premise use. 


*Meals and snacks. 
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is the conventional supermarket, with a full line of grocer- 
ies, meat, produce, service deli and bakery and with gen- 
eral merchandise and health and beauty aids, which ac- 
count for 6% to 8% of store sales. Alternative formats move 
out from the origin by adding or subtracting the number 
of products carried and by featuring lower or higher prices. 
The traditional mom-and-pop corner store continues to 
lose share but has not been eliminated. Nontraditional for- 
mats, such as wholesale clubs (eg, Costco and Sam’s) and 
Supercenters (eg, WalMart, Kmart, Fred Myer) have in- 
creased their share of grocery volume (defined as items 
commonly found in a traditional channel) to roughly 10% 
(Table 15) (39). Newer formats that operate in the tradi- 
tional channel, such as Superstores and Food Drug Com- 
bos, account for about two-thirds of store sales. The con- 
ventional supermarket’s share of total sales peaked at 70% 
in 1965 and has fallen to just under 25% in 1995. 

Overall or aggregate concentration in food retailing has 
not shown as much consolidation as found in the other sec- 
tors (Table 12) until recently. By 1992, the four largest food 
grocery retailers held 16.1% of total sales, down a point 
from 1987 and essentially unchanged since 1982. Among 
the top 20 (and 50), concentration did increase, but not 
dramatically, from 35.6% (44.7%) in 1982 to 37.6% (49.9%) 
in 1992 for the top 20 (top 50). This stability was sharply 
broken in the 1990s as the 10 largest chains increased 
their share of sales to 60% from 35% in 1995 (46). The five 
leading food retailers doubled their national share to 40% 
in 1998 from 20% in 1993 (Table 16). 

Overall concentration is less interesting to economists 
than market concentration, and in food retailing, the geo- 
graphic size of the market is local rather than national. 
Most economists use the Metropolitan Statistical Area 
(MSA) as the more appropriate geographic scope, but un- 
fortunately the U.S. government does not publish concen- 
tration data at this level unless requested to perform a 
special tabulation, for which they charge. Such tabulations 
have been done in past census years. Alternatively, a trade 
publication does collect and publish data at the MSA level. 
When examined at the MSA level, food retailing markets 
are commonly oligopolies, with a CR4 of 50% or more (39). 
These data are consistent with a more thorough analysis 
of concentration in U.S. grocery MSAs done with special 
tabulations of the census data (48). Franklin and Cotterill 
found average market concentration did increase in the 
1980s, with smaller markets more concentrated than 
larger markets on average. 

The only challenger to the processor for control of the 
vertical marketing channel is the modern retailer. Retail- 
ers face consumers daily and have begun to harness the 
power of information generated by their checkout scan- 
ners. No longer does the retailer turn to the processor’s 
personnel to explain what consumers are buying because 
they now control the most valuable asset in market 
research—data on consumers and their purchases. With 
the use of frequent shopper cards and other incentives, re- 
tailers can link demographic data to food sales in ways only 
dreamed about a decade ago. They are still learning to ex- 
ploit this valuable information, which processors now must 
buy from retailers. No longer are they unsure of what sells 
and which products generate the highest profits. In Eu- 
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Figure 8. Food retail formats. 
Source; Refs. 39 and 45. 


Table 15. Store Format and All Commodity Volume (ACV) Share Trends 


1993 1994 1995 
% of stores % of ACV % of stores % of ACV % of stores % of ACV 
Traditional channel" 
Conventional 9.3 26.1 9.5 25.6 9.5 24.3 
Superstore 3.8 22.4 41 23.3 43 24.2 
Food drug combo 13 10.2 15 11.2 7 12.3 
Warehouse store 15 6.5 13 5A 11 48 
Super warehouse 0.3 34 0.3 3.5 0.3 3.7 
Limited assortment 0.4 0.6 0.6 0.6 0.6 0.6 
Convenience (trad)* 30.2 6.6 30.3 64 29.6 59 
Convenience (petro) 20.8 3.6 22.2 3.7 22.9 3.8 
Other 313 118 29.1 114 28.6 12.1 
Subtotal 98.9 912 98.8 911 98.8 91.6 
Nontraditional channel” 

Hypermarket 0.0 0.2 0.0 01 0.0 0.1 
Wholesale club 04 5.6 0.4 48 04 47 
Mini club 0.1 0.3 0.1 03 01 03 
Supercenter 0.2 15 0.2 2.0 0.3 2.5 
Deep discounter 04 12 0.4 17 0.3 0.8 
Subtotal 11 88 12 89 12 8.4 
Total 100.0 100.0 100.0 100.0 100.0 100.0 
Source: Ref. 39. 

“Merchandise sales only (non-gas). 


*Reflects share adjustments for items not commonly found in traditional grocery channel. 


Table 16. Top Five Food Retailers, 1998 


Sales in Market 
Rank Company billions $* share (%) 
1 Kroger 43.0 10 

2 Wal-Mart? 39.0 9 

3 Albertson's 36.0 9 

4 Safeway 271 7 

5 Ahold USA 22.2 5 
Source: Ref. 47. 


“Sales figures are based on fiscal year, and include mergers through 
2/28/99. 
*Includes grocery sales by Wal-Mart Supercenters and Sam's Clubs. 


rope, the food retailer has long been the channel leader, 
and experts are predicting it to emerge as the leader in 
America as well. In terms of profitability, food retailers av- 
erage only a little over 1% after-tax profit as percent of 
sales, whereas food manufacturers average at least four 
times that (Table 17). To compare these two vertical stages 
based on sales is misleading, and a more accurate compar- 
ison uses after-tax returns to stockholder equity. By this 
measure, manufactures and retailers both have averaged 
just over a 16% rate of return since 1980. 

Today’s consumer is shopping more for complete meals 
rather than meal ingredients to be prepared at home, even 
if such preparation is minimal. Food service outlets have 
long catered to this demand. Food service includes both 
commercial (eg, restaurants) and noncommercial (eg, 
school cafeterias, vending machines, hospitals) outlets, 
with the commercial outlets accounting for about 80% of 
the total sales volume. Consumers believe they have 
greater choice in selecting their food in the commercial sec- 
tor. Currently, many noncommercial food service outlets 
are being replaced by commercial vendors. 

Although food service has not reached an even split of 
the consumers’ food dollar with food at home, it has been 
the growth segment of the retail food business for at least 
40 years. Rising incomes, smaller households, younger 
ages, and time-pressed shoppers all lead to greater interest 
in dining out. The time pressure and younger ages along 
with a car culture drove the fast-food segment from a 4% 


‘Table 17. Profit Margins of Food Manufacturers and 
Retail Food Chains, Industry Averages, 1981-1997 


After-tax profits as a percentage of 


Food manufacturers Retail food chains 
‘Year and Stockholder Stockholder 
quarter Sales equity Sales equity 
1981 3.1 13.6 10 13.9 
1983 33 13.3 11 13.6 
1987 46 17.5 09 12.8 
1989 4.2 171 08 20.7 
1991 48 175 ll 18.8 
1993 3.7 135 08 117 
1995 55 18.5 15 213 
1997 5.6 19.8 16 174 


Source: Ref. 49. 
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share of the away-from-home market in 1954 to 33% in 
1996 (42). The rise of McDonald’s alone charts the success 
of this segment. 

Overall concentration is not high in food service, but. 
like food retailing it is a local market rather than a na- 
tional one. If all restaurants are combined, the largest four 
held only an 8% share and the largest 20 only a 15% share 
in 1992 (Table 12). Within local markets, the shares would 
be much higher, but no data are available, and most mar- 
kets have several competing outlets. The overall concen- 
tration is highest in the fast-food segment, with fast-food 
burger restaurants having the greatest concentration. 
McDonald’s held a 42% national share in 1997 (Table 18), 
and the top 5 chains held a 87.6% share. The pizza segment 
is not as highly concentrated, with the largest firm, Pizza 
Hut, holding a 22.6% national share in 1997 (Table 19). 
The largest chains control a larger share of the advertising 
expenditures in food service than they do in sales, espe- 
cially so in the pizza segment. 

Food retailers have responded to the loss of sales to the 
away from home market and now offer complete meals, 
called home replacement meals (HMR), and consumers 
show increased interest in these products. There has been 
some blurring of the lines between supermarkets and food 
service, fast-food restaurants now reside within retail 
stores and food retailers offer take-home meals such as 
fully cooked pizza and complete meals prepared while con- 


Table 18. Top 10 Fast-Food Burger Restaurants, 1997 


Share of Share of media 
Rank Brand market (%) advertising (%) 
1 McDonald's 42.2 418 
2 Burger King 214 30.6 
3 Wendy's 119 12.4 
4 Hardee's 88 5.8 
5 Jack in the Box 3.3 3.7 
Total top 5 share 87.6 94.4 
Total market $40,600.0 $1,380.9 
Source: Ref. 50. 


Note: Dollars are in millions. Measured media from Competitive Media Re- 
porting. Sales from Technomic. BK sales include major franchisors, Carrols, 
and AmeriKing, Sydran and Quality. Wendy's includes DavCo. Hardee's 
includes Boddie-Noell and the Advantica Hardee's franchises acquired in 
April. Hardee's media estimate. 


Table 19. Top 5 Pizza Chains, 1997 


Share of Share of media 
market advertising 
Rank Brand (%) (%) 
1 Pizza Hut 22.6 42.2 
2 Domino’s Pizza 114 35.1 
3 Little Caesars 8.2 10.4 
4 Papa John’s 4.0 48 
5 Chuck E. Cheese's 2.0 48 
Total top 5 share 48.2 97.3 
Total market in dollars (millions) _ $21,700.0 $349.2 
Source: Ref. 50. 


Note: Measured media from Competitive Media Reporting. Sales from Tech- 
nomic. Pizza Hut also includes franchisor NPC. 
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sumers shop for other groceries. Fast-food outlets are still 
the primary source for takeout food, with a 41% share in 
1997 (Table 20). Other restaurants hold a 21% share, but 
supermarkets have increased their share to 22% from 12% 
a year earlier. If consumers remain satisfied with these 
meals and retailers can eventually profit from supplying 
them, then supermarkets will share in the growth of the 
takeout market. Busy people have less interest in dining 
out because it adds rather than detracts from daily stress. 
Such consumers are eager to take fully prepared meals 
home to be eaten in the comfort and privacy of their own 
homes. 


FUTURE FORCES FOR CONTINUAL CHANGE 


General 


The U.S. food marketing system is a mature sector, but 
one that is constantly changing. To predict the character- 
istics of the food industry in the twenty-first century re- 
quires both the cautious extrapolation of the economic 
trends and insightful consideration of the potential impact 
from the most significant forces exerting pressure on the 
U.S. food marketing system. 

Powerful forces—new technologies, industrialization 
and consolidation, globalization, and the changing 
consumer—will alter the future food system. The changing 
U.S. consumer was discussed earlier along with the impli- 
cations for the food marketing system. Forecasting is al- 
ways uncertain, and it is difficult to project quantitatively 
the impact these areas of change might have on the food 
system. It is impossible to predict the yet-to-be discovered 
information or technology, for example, that might alter 
the course of events in a monumental fashion, yet it must 
be expected that such discoveries can occur. Each individ- 
ual firm’s success, if not survival, and the development of 
the industry will be shaped by the industry’s resilience 
and willingness to accept and adapt—indeed, to take 
advantage—of changes. 


Technological Change 


Much of the early development of the U.S. food system was 
catalyzed by the development and introduction of new 
technologies, especially in production and processing. Sig- 
nificant food science innovations from 1939 to 1989 include 
aseptic processing and packaging, minimum safe canning 
processes for vegetables, the microwave oven, frozen con- 


‘Table 20. Shoppers’ Primary Source of Takeout Food (%) 


1997 1996 Point change 

Fast-food restaurant 41 48 -1 
Restaurant 21 25 -4 
Supermarket 22 12 10 
Deli/pizza, bagel, coffee shop 5 4 1 
Gourmet/specialty store 1 3 4 
Convenience store 1 1 0 
Other/don’t know 3 6 -3 
Souree: Ref. 40. 


centrated citrus juices, controlled atmosphere packaging 
for fruits and vegetables, freeze drying, frozen meals, the 
concept of water activity, food fortification, and ultrahigh 
temperature processing of milk and other products (51). 
Entire businesses have been developed on the basis of such 
technologies. 

In the latter half of the twentieth century, food compa- 
nies, in particular processors, concentrated most of their 
research efforts on the development and proliferation of 
new products rather than development of technology. Most 
of these new products do not represent great technological 
change. In fact, by most measures, the food industry has 
not positioned itself for significant internal technology de- 
velopment. Research and development investments are 
low compared to other industries. Public investment in 
food research for postproduction industries is low, and 
food-industry employment of engineers and scientists is 
considerably lower than other industries (52). Still, pro- 
ductivity in the food industry has grown at an annual rate 
of 3% since 1963, largely due to borrowing technologies 
from other industries. 

A more complicated research effort, but still related to 
new product development, has been the search for fat al- 
ternatives and to offer fat-free versions of popular prod- 
ucts. However, because animal and plant fats are difficult 
to duplicate in the lab, they have had limited success. Proc- 
ter & Gamble’s Olestra is best known and is being used 
commercially by companies, such as Pepsi Co’s Frito Lay 
in their reduced-fat chips. Consumer acceptance is still un- 
clear despite heavy promotional spending. Some consumer 
groups are strongly opposed to products using such alter- 
native ingredients and have sought increased labeling of 
possible harmful effects and even the outright banning of 
such products. In addition, consumers show signs that 
their fat-avoidance days are waning. 

Not all the technological effort in the last half of the 
century has been directed to minor tinkering with con- 
sumer products, and several new technologies have 
brought, or promise to bring, developments to rival any in 
our past history. Separation techniques allow basic com- 
modities to be fragmented efficiently into components for 
restructuring or incorporation into other foods or for re- 
moval of undesirable compounds. Corn wet milling, intro- 
duced in the United States in the mid-twentieth century, 
is an example. The new separation technologies include 
passive membrane filtration (reverse osmosis, ultrafiltra- 
tion, and microfiltration) and supercritical fluid extraction. 
These technologies have already achieved commercial suc- 
cess in the food industry. 

Information processing and automation have had dra- 
matic impacts on the entire food system as more efficient, 
productive methods replace outdated methods. Farmers 
can match fertilizer and pesticide applications to each 
acre’s needs guided by on-board computers running ad- 
vanced geographic information systems. Farm managers 
can harvest vast amounts of information and use it to im- 
prove operations from record keeping to computer- 
controlled nurseries for plants or animals. At the process- 
ing level, computer-aided measurement devices can 
efficiently evaluate product quality and pay producers ac- 
cordingly. Computer-integrated manufacturing, which in- 


tegrates order entry, scheduling, operations, inventory 
control, and other operations management activities, has 
been implemented in many facilities. At the retail level, 
information processing, including the development of di- 
rect product profitability strategies, has helped shift the 
balance of power in the food system from processors to re- 
tailers. New information processing hardware and soft- 
ware, coupled to on-line sensing and control devices, have 
encouraged increased vertical coordination in the industry 
and strategic alliances by linking retail activity with dis- 
tribution, processing, and, perhaps, production. Retailers’ 
scanning information has altered how consumer research 
is done, giving the retailer control of the best marketing 
information ever assembled. 

The growth of the Internet and the growing comfort 
level with on-line shopping has led many visionaries to in- 
vest in Internet grocery businesses, some with home deliv- 
ery. No company has managed to profit from these invest- 
ments to date, but the appeal brings new investors and 
firms on a continual basis. Far more impressive results 
have been with company-to-company Internet sales, esti- 
mated to be five times the consumer retail total. Forrester 
Research, a market research firm, predicts on-line 
business-to-business sales will grow from $43 billion in 
1998 to $1.3 trillion, or 9.4% of such sales within four years 
(53). The Internet will continue as a major force in altering 
businesses, especially in retailing. 

Biotechnology and the related technologies, often called 
bioengineering or genetic engineering, have brought con- 
troversy and promise but few profits to date. Chemical 
companies and other input supply firms view biotechnol- 
ogy as the future and have several products now in wide 
use. Monsanto has been a pioneer in these developments. 
Production agriculture has seen the development of crops 
with unique characteristics, including disease and pest re- 
sistance and improved yield and quality. A gene, patented 
in 1998 and now purchased by Monsanto, causes geneti- 
cally engineered crops to produce sterile seeds (54). Animal 
agriculture has adopted growth regulators, such as bovine 
growth hormone. Genetic manipulation of animals, includ- 
ing cloning, seeks commercial application. The lines be- 
tween food firms and pharmaceutical companies continue 
to blur as these new products emerge. These new advances 
have raised both hopes of a better world and concerns that 
science is out of control and requires regulation before eth- 
ical lapses or mistakes result in unforeseen disasters. 

The new processing technologies have provided more 
efficient means of converting commodities into high- 
quality foods and also have enhanced the consolidation of 
the entire food system. These new larger operations, from 
the biotech firms that supply the growth hormones to the 
mega-hog farms to the slaughtering firms that transform 
the animals into value-added products ready for the re- 
tailer’s meat case, have their critics who charge that any 
benefits from these changes have been at an unacceptable 
cost in terms of environmental hazards, untold future dan- 
gers to health, and a decline in food safety. Massive meat 
recalls in the late 1990s and other food safety problems 
from salad bars to organic fruit drinks have damaged con- 
sumers’ confidence in the safety of their food supply. Busi- 
ness and government have responded with programs such 
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as hazard analysis critical control points (HACCP) and by 
allowing greater use of food irradiation to kill harmful bac- 
teria (55). The use of irradiation in the United States has 
been limited by consumer resistance over its safety, but 
given the routine occurrence of Listeria, Salmonella, and 
other bacteria outbreaks, consumers may accept this tech- 
nology, which has been used in other countries (56). Others 
argue that the problems were created by technology in the 
first place and that a return to more traditional agricul- 
tural methods will eliminate the problems without result- 
ing to technological fixes that may entail unknown reper- 
cussions. 

History teaches that attempts to stifle technology are 
largely unsuccessful. Consumers must recognize that tech- 
nological change itself will be shaped by the marketplace. 
Technologies will be developed and successfully introduced 
only when an economic advantage is afforded or a need in 
the marketplace is met and when consumers are willing to 
accept them or are passive and apathetic regarding their 
use. If consumers refuse to accept certain technologies, 
then businesses will abandon them or public officials will 
ban or regulate them. The Europeans have held firm to 
their disapproval of genetically-altered foods and their re- 
fusal to accept U.S. hormone-enhanced beef, but Ameri- 
cans appear more diverse in their views. Such consumer 
diversity leads to a variety of market niches from small 
organic farms to factory farming enhanced by biotechnol- 
ogy. Perhaps a huge event will grab attention and galva- 
nize consumers against bioengineered foods. Alternatively, 
consumers may find their fears will fade as the products 
deliver promised benefits without side effects. The concern 
over bovine growth hormone in the milk supply did not 
result in any decline in consumption (57), yet an organic 
milk market has evolved during the same period (58). 


Globalization 


The global economy has had a huge impact on countries 
around the world. Trade has been embraced by even the 
most protectionist countries, and trading groups continue 
to form, from NAFTA to the European Union. The United 
States, with its abundant resources and huge size, began 
its international participation as primarily an exporter of 
surplus agricultural products. In the 1990s, however, the 
U.S. trade in high-value products, such as speciality prod- 
ucts (fruit, nuts, breeder livestock, and processed foods) 
and dairy products, beverages, and prepared foods, over- 
took exports of bulk agricultural commodities, exceeding 
$30 billion in 1996 (Fig. 9). Additionally, Americans be- 
came major importers of agricultural products, going well 
beyond those products that cannot be grown profitably in 
the United States, such as cocoa, coffee, bananas, and palm 
oil. In 1996, the United States imported $33.6 billion, up 
from only $4 billion in 1959, on agricultural goods, with 
the vast majority being products that are grown in the 
U.S., such as meat, dairy, fruits, and vegetables (42). Some 
of this growth stems from foreign suppliers catering to U.S. 
consumer demand for fresh fruit and vegetables regardless 
of the season, but other imports represent lower priced for- 
eign goods competing with domestic supplies. Overall, the 
United States maintains a trade surplus in agricultural 
products, some $22 billion in 1997 (11). 
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Figure 9. U.S. high-value and bulk agricultural exports, 1980- 
1996. Source: Ref. 42. 


The United States is the world’s leading importer and 
exporter of processed foods. Some of our leading domestic 
brands are also leading brands around the world, such as 
Coca-Cola soft drinks, Marlboro cigarettes, and Kellogg’s 
cereals. Likewise, many popular brands are imported, such 
as Heineken beer and Perrier water. In 1996, the U.S. ex- 
ported $30.1 billion of processed foods and imported $27.8 
billion, leaving a surplus of $2.3 billion. Except in 1990, 
the United States has had a trade surplus in processed 
foods in the 1990s. 

Actual international trade data fail to capture the full 
globalization of U.S. food marketing firms. U.S. food pro- 
cessing firms often prefer to invest in local facilities or in 
licensing agreements in a host country rather than export 
finished products from the U.S. Such foreign direct invest- 
ment accounts for almost four times the value of sales than 
from exporting (Fig. 10). In 1996, U.S. food processing 
firms had estimated sales of $116 billion from their foreign 
affiliates (Fig. 11). In food retailing and food service, tra- 
ditional exports are not possible, yet foreign direct invest- 
ment allows transporting a firm’s system and reputation 
toa foreign country. McDonald’s operates in over 110 coun- 
tries. The estimated sales of foreign affiliates of U.S. food 
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Figure 10. United States processed food exports and sales of 
U.S.-owned foreign affiliates, 1982-1994. Source: Ref. 42. 
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Figure 11. Estimated sales of foreign affiliates of U.S. food mar- 
keting firms, 1996. Largest share of sales came from food process- 
ing. Source: Ref. 32. 


stores and restaurants reached $27 billion in 1996. Foreign 
direct investment offers firms several advantages over ex- 
porting from lower transportation costs to greater under- 
standing of the consumers and familiarity with local gov- 
ernment officials. It also avoids many tariffs and other 
barriers to trade, while retaining the brand name of the 
U.S. parent company. 

Foreign direct investment also flows from abroad to the 
United States, with several leading firms, such as Nestle 
in food processing, Loblaw in food wholesaling and retail- 
ing, Ahold (owner of several food retailers including Stop 
& Shop and Giant Food Stores), and Diageo PLC (owner 
of Burger King) in food service. In 1996, the estimated 
sales of U.S. affiliates of foreign food marketing firms was 
$152 billion (Fig. 12), with roughly 77% of that coming 
form an even split between food processing ($59 billion) 
and food retailing ($58 billion). 
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Figure 12. Estimated sales of U.S. affiliates of foreign marketing 
firms, 1996. Largest share of sales came from foodstores and pro- 
cessing. Source: Ref. 32. 


The international flow of products and the mixing of 
cultures will continue as transportation improves and com- 
munication links increase around the globe. Jumbo jets 
now fly frozen fish from Taiwan to New York and fresh 
fruits and vegetables from Chile to the United States. In- 
creased consumer diversity and rising incomes will en- 
courage these flows. International trade agreements, such 
as GATT, also reduce the barriers to trade. The World 
Trade Organization (WTO) seeks to resolve trade disputes 
before they erupt into trade wars. Nevertheless, strategic 
moves and counter moves by countries and powerful firms 
will continue to seek an advantage. The current U.S.- 
Europe trade dispute over bananas and hormone-treated 
meat are suggestive of future squabbles, yet pose little 
threat to reversing the increased flow of goods and services 
across national borders. Many of the same issues exist in 
domestic trade as well because consumers vary on their 
acceptance of biotechnology and other practices that affect 
the food supply, such as pesticide residues. 


Industrialization and Consolidation 


American agriculture continues to consolidate and indus- 
trialize as consumers splinter into more segments and 
technology allows catering to the diversity of demands. 
Economic markets can be incredibly efficient in making 
sense out of the economic chaos involved in moving prod- 
ucts from production to consumption because they sum- 
marize the information contained in buyers’ demands and 
sellers’ supplies. In the real world, however, traditional ag- 
ricultural markets are not as perfect as the economist’s 
model suggests; they miss opportunities to link producers 
and processors in more profitable arrangements. For ex- 
ample, major chicken processors have been fully inte- 
grated by ownership from the hatchery to the processing 
plant for decades. They merely hire contract growers to 
raise the birds to market weight without ever transferring 
ownership. They even supply the feed and other inputs re- 
quired for the growout operation. Other industries have 
turned to legal contracts to secure input supplies tailored 
to their operations (eg, vegetables for processing) rather 
than using markets or ownership of the farms (59). Farm- 
ers benefit in lowering their risks and processors are as- 
sured of supplies with appropriate features. Several major 
processors have entered strategic alliances with growers 
where they contract for character-specific raw products in 
a relationship that all parties expect to be ongoing (60). 
Economists understand the benefits of these nonmarket. 
transactions, but also the costs. As more product volume 
moves through nonmarket methods, the less is known 
about true product values because key economic informa- 
tion summarized by price becomes more difficult to di: 
cover. To date, most of these nonmarket arrangements in- 
volve linking the processing and production stages of the 
marketing system. However, other stages have established 
nonmarket coordination in what has been termed supply 
chain management. Large retailers now contract for much 
of the produce they sell rather than buy their produce at 
the various regional markets. Much of the industrializa- 
tion has featured improved information, tailored inputs, 
and reduced cost of production and processing. Consumer 
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concerns arise from whether there will be sufficient com- 
petition to force such efficiencies to be passed on as lower 
prices and rural communities wrestle with major issues 
resulting from factory farms that reduce the number of 
family farms and add to environmental concerns. Even 
producers who entered these contracts worry whether they 
will receive fair prices for their products once the market- 
place is removed or diminished. 

All stages of the vertical system are becoming more con- 
centrated as larger operations increase their size. At the 
same time, there is increased diversity as the larger firms 
get larger and the number of smaller firms increases. It is 
the middle-sized firm that is most endangered by the con- 
solidation movement. Whether in farming or retailing, as 
the largest firms increase their share of the sector’s output, 
a growing number of smaller firms emerge in the cracks 
and eddies left behind by the larger firms. 

Food and tobacco processing has seen the most dra- 
matic consolidation in this century. Merger patterns have 
followed the four great merger movements of the general 
economy. The first major merger wave occurred around the 
turn of the century and created some of the famous trusts 
that antitrust legislation was suppose to prevent (61). For 
example, American Tobacco and General Mills were 
formed during this merger wave. The next wave came dur- 
ing the 1920s when companies such as General Foods were 
being formed through merger. The third merger wave was 
in the 1960s and was characterized by amazing conglom- 
erates being formed as unrelated firms sought manage- 
ment synergies, such as ITT buying Continental Baking. 
The fourth merger movement came in the late 1970s and 
1980s and was a wild period of leveraged buyouts and hos- 
tile takeovers funded with questionable, often illegal, fi- 
nancial instruments. Food companies were at the forefront 
of these mergers with record-setting deals, such as the $25 
million leveraged buyout of RJR Nabisco. The largest food 
and tobacco processor, Philip Morris, is essentially a case 
history in a merger-built business. Starting from its dom- 
inant position in cigarettes, Philip Morris purchased such 
already huge companies as Miller Brewing, General Foods 
(who already had bought Oscar Mayer), and Kraft Foods. 
Few American shoppers now know the parent company of 
the branded goods they bring home from the supermarket. 

It appears that we are in the midst of a fifth merger 
wave, and again the food businesses are major players 
(Fig. 13). Most of the food-related mergers involve food pro- 
cessing and retailing firms, including some the largest 
mergers in history, but increasingly mergers in food service 
and wholesaling are commonplace. Wholesalers are in- 
creasing their ownership of retailers as they seek to sur- 
vive in the modern food system. Some of the failures of the 
previous merger wave are being undone as firms now seek 
brands from other firms as they selectively add and sub- 
tract from their portfolio of brands. Others merely pur- 
chase firms whose brands fit well with their current offer- 
ings. This current merger wave is more horizontal in 
nature as processing firms seek merger partners among 
current rivals. Gone are the wild conglomerate mergers as 
firms now seek to consolidate their hold on leading posi- 
tions in markets where they currently hold a strong posi- 
tion. Some economists have become concerned about the 
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Figure 13. Food mergers and acquisitions, 1973-1998. Source: 
Ref. 62. 


growing concentration and march toward oligopoly in al- 
most every market. There is little evidence of any positive 
benefits from such mergers outside of the stock market 
evaluation of these firms. The stock market rewards down- 
sizing as a cost efficiency, and increased market share en- 
hances profitability potential through uncontested price 
increases. The firm defenses of increased efficiencies and 
productivity gains have been overshadowed by a reduction 
in research and development and diminished employee 
morale. Professional organizations and associations, such 
as the Institute of Food Technologists and agricultural as- 
sociations, have called the U.S. government to increase 
their oversight of this consolidation. Without public policy 
changes these consolidations will continue for several rea- 
sons: (1) the food industry is more predictable and less 
cyclical than most industries; (2) food companies generally 
generate high cash flows; (3) purchase of brands, often 
available through food company buyouts, is particularly 
attractive; and (4) international exchange rates and the 
stable political environment make the assets of U.S. food 
companies especially attractive to foreign companies look- 
ing to increase penetration into U.S. markets. 


The Changing Consumer 


It is appropriate to end this overview of the U.S. food sys- 
tem where we began—with the consumer—and to examine 
the changes that will challenge current firms and provide 
opportunities to new businesses. Consumer demand, in 
fact, will be the principal source of growth and develop- 
ment in the food industry in the future. Economists do not 
forecast significant changes in total caloric intake, al- 
though it has drifted upward slightly over time, but they 
do anticipate consumer demand to be affected by increases 
and demographic changes in the U.S. population, shifts in 
income distribution, and changes in consumer preferences. 
Increases in total consumer demand can be forecasted 
fairly accurately based on Census Bureau projections of 
the U.S. populations. These projections have been made, 
but generally they are based on the premise that consum- 
ers of certain age and income groups in the future will ex- 
hibit the same preference as persons of similar age and 
income groups in today’s population. This premise is not 
universally accepted by marketers. In fact, changes in pref- 


‘Table 21. Average Hourly Earnings of Production and 
Nonsupervisory Employees of Food Industries, 1977-1997 
Wollars Per Hour) 


Manufacturing Wholesale trade Eating and 
food and groceries, and Food drinking 
Year kindred products related products stores _places 
1977 5.37 5.43 4.77 2.93 
1982 7.92 8.25, 7.22 4.09 
1987 8.93 9.53 6.95 4.42 
1992 10.20 11.09 7.56 5.29 
1997 11.49 12.87 8.59 6.05 


Source: Ref. 63. 


erence are almost certain to occur. Some preference 
changes will arise from continued immigration and assim- 
ilation of new cultural values. Others will arise from 
changes in household patterns. Most, however, will arise 
from poorly understood social phenomena. The interplay 
between technology and consumers will be critica] to the 
future food system. 

The workforce experiences the same changes, especially 
with respect to declining numbers of potential workers in 
the age groups normally associated with entry-level jobs. 
Wage rates in many food-related industries are low (Table 
21), and firms have difficulty attracting workers. Some ag- 
ricultural production will be forced offshore because of 
shortages of people willing and able to do manual labor for 
low wages. Another shift has been and will be the increas- 
ing assimilation of women, minorities, and immigrants 
into the workforce, especially in upper management posi- 
tions. The changing workforce composition will place spe- 
cial demands on human resource management and devel- 
opment in the coming years, especially in the food industry, 
where a high percentage of entry-level workers are em- 
ployed. 

The increased diversity of the American consumer along 
with the diversity tapped through globalization provides 
many opportunities for businesses. Marketers no longer 
have to use the mass marketing methods that view all con- 
sumers as similar, They can target those consumers that 
they can best serve—from vegetarians who prefer organic 
foods to cigarette smokers who prefer red meat meals with- 
out the vegetables. The world is a fascinating place with a 
wide array of consumer preferences, and the food system 
has always reflected the entire distribution of humankind, 
making it an exciting place for career opportunities. 
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